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Group-Invariant Solutions and Conservation Laws
of One-Dimensional Nonlinear Wave Equation
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Abstract Based on classical Lie symmetry method, the one-dimensional non-
linear wave equation is investigated. By using four-dimensional subalgebras of
the equation, the invariant groups and commutator table are constructed. Fur-
thermore, optimal system of the equation is obtained, and the exact solutions
can be gained by solving reduced equations. Finally, a complete derivation of
the conservation law is given by using conservation multipliers.
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1. Introduction

Wave equations describe various wave phenomena and have a wide range of applica-
tions in the fields of physics [19], biology and engineering [22,25], making the solution
of wave equations indispensable. The methods of solving partial differential equa-
tions (PDEs) mainly include (G'/G) expansion method [6,14,35], extended hyper-
bolic method [26], inverse scattering method [7], exponential function method [32],
generalized exp-function method [13], Bicklund transformation method [33], Jacobi
elliptic method [2,4, 15], hyperbolic tangent method [1], F-expansion method [11],
homogeneous equilibrium method [24], Lie symmetry analysis method [12,20,21,29]
and so on [3,9,10,34].

The Lie symmetry method can solve PDEs efficiently. In this article, we consider
a one-dimensional nonlinear wave equation

Upp = ((1 + u)2aux) , (1.1)

x

where u is a function of z, t and a > 0 is a constant. In [5], Ames, Lohner and
Adams proposed a general nonlinear fluctuation equation

uy = [B(u)ugy, (1.2)

where 2 is expressed as a function of u. Then, they discussed equation (1.2) with Lie
symmetric analysis, and derived explicit invariant solutions to wave propagation and
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transonic equation in gases. Furthermore, Sophocleous and Kingston [27] attempted
the following three special cases

U = F (ug) ey, U = F (Ugs), Uz = F (u). (1.3)

Equation (1.3) exists in the discrete symmetries groups which form finite order
cyclic groups. In [16], Hu studied the degenerate initial-boundary value problem
of equation (1.1), and obtained the global existence of the solution by using the
eigendecomposition method under relaxed conditions. The global existence of the
solution to a more general 2 x 2 conservation system of equation (1.1) was proven
in [18,30]. In [8,31], the conservation system of equation (1.1) has been studied.
In [28], Sugiyama introduced the large-time behavior of the solution of the equation
under the Cauchy problem, obtained the sufficient conditions for the degradation
of the equation in finite time and derived a threshold for the global existence and
degradation of the separated solution.

This article mainly includes the following sections. In the second section, the
concepts of Lie symmetry and prolongation method are introduced, followed by a
study on Lie point symmetry and one-dimensional optimal system of the equation.
Investigating the group invariant solutions of the equation by the optimal system, we
obtain the exact solutions through symmetry reduction. The third section discusses
the conservation laws of the equation. Finally, a simple summary is drawn.

2. Lie symmetry analysis and optimal system of e-
quation (1.1)

2.1. Definition introduction

Based on the conclusions of Sophus Lie, some concepts of Lie symmetry [23] have
been set up.

Assume that the s-order partial differential equation system @) with ¢ indepen-
dent variable and m dependent variable is

Aq(m,u(”)) —0, Q=1,2,3,--- k (2.1)

in which z = (J:l,xZ, e ,acq) LU= (u17u2, e ,um) and u(™) represents arbitrary

order derivative of u, and its range of value is from 0 to n. Now, let us discuss the
infinitesimal one-parameter Lie group transformation of the system

h =ab + et (zu) +o(?), W =uf +ed” (z,u) + o (?), (2.2)
where ¢ is an arbitrary, and ¢¥, ¢P represent the infinitesimal transformations of

function independent variables and dependent variables respectively.
Considering the n-order differential equations for u

A (m,u(")) —0, (2.3)

in which A denotes a smooth mapping from X x U™ to R :

A:X xU™ SR
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The following subset can be obtained by equation (2.3)

S = {(x,u") cA (x,u(”)) = O} cXxU™.

Assume that S’ is an open subset of X xU®), and A (z,u®) = uy— ((1 + u)2au1)
= 0 is the n-order equation defined on S’. Then, the vector v on the open subset
S’ is

vzf(m,t,u)g—i—T(m,t,u)g—i—(b(x,t,u) 4 (2.4)

Oz ot ou’
in which &, 7, ¢ are infinitesimal generators. The second-order prolongation for
equation (1.1) is
0 0 0

+ Txr + tt__
o ¢

b
8“1 TT autt

Pr®y =u+¢” (2.5)

where
¢x = -D:JC(Z5 - uszf - utDmT>

¢" = D2 (¢ — Eup — Tuy) (2.6)
¢tt = th (¢ —Euy — Tut) ,

where D, and D, are fully differentiable operators with respect to z, t.

2.2. Lie symmetry analysis

First, we consider a one-parameter Lie group of point transformation:
T=x+e{+0(?),
t=t+er+0(e?),
ﬂ:u+5¢+0(62),

in which ¢ is the group parameter, and &, 7, ¢ are infinitesimal variables of x, ¢, u.

Substituting (2.6) into (2.5) and using Maple software to solve the determining
equations, the infinitesimal can be deduced as follows.

(kl — k’3) (1 + u)

E=kx+ke, T=kst+ksy o= —Y (2.7)
where k;(i = 1,--- ,4) are constants.
Thus, the Lie algebra of equation (1.1) is generated by four generators
0 1 0 0 o 1 0 0]
=x—+—(1 — = — =t——-(1 — = —.
v x@era( +u) g 2T o BT o a( +u) u 4 81&28)

Substituting (2.8) into (2.4), we obtain

0 1 0 0 0 1 0 0
v=h (%x%(”“)au) thagy ths <t8t+a(_1_u) au) gy
(2.9)
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Next, in order to get the one-parameter transformation group of equation (1.1),
the system of ODEs with initial values needs to be solved

d . -
d—g(m,t,u)

¢ (z,t,a), (&,6,0)|__, = (z,t,u).

The corresponding one-parameter transformation group of the equation is

K
Ko
K3
K,y

(efx,t, (—
(x +¢,t,u),
: (x,est, (—1 + (14w e‘i)),
sz, t+eu).

If u = f(x,t) is the solution of equation (1.1), then the following function is also
the solution of equation (1.1)

uV = —1+ (1+ f (we™,t)) et
u® = f(z —e,t),

u® = 14 (14 f (x,te7%)) et
u® = f(z,t—e).

2.3. Construction of the optimal system

In the following, we construct the optimal system of equation (1.1) using the com-
mutator table and adjoint representation table. According to the definition of Lie
bracket and adjoint representation,

[Uma Un] = UmUn — UnUm,

1
— € [Umvvn} + 552 [’Uma [Um71)n]] -

We can get the following two tables respectively.

Ad (eXp (5) Um) Un = Un

Table 1. Commutator table

[vi,v;] v v2 U3 U4
V1 0 —v2 O 0
V2 V2 0 0 0
V3 0 0 —v4
V4 V4 0

Using the adjoint table to give the classification of the subalgebras of the vector
fields (2.8), consider the vector

V = a1v] + asvs + azvs + aqv4. (2.10)
First, assume that a; # 0, and take a; = 1,

V =1 + asvs + azvsz + aqvy.
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Table 2. Adjoint representation table

Ad U1 V2 V3 V4
v1 U1 efvo v3 Vg
V2 V1 — EV2 V2 U3 V4
V3 V1 V2 V3 68’04
on U1 V2 V3 — EV4 V4

We act Ad(exp(agvz)) on 'V,
v = Ad (exp (agv2)) v = v1 + agvs + aqv4.

Then, acting Ad(ezp(f*)vs) to v,

V(Z) = Ad (exp (a4’04)> V(l) = v1 + azvs. (211)

as

Therefore, if a; # 0, every one-dimensional subalgebra generated by V is equal
to V1 + asvs.
Secondly, assuming that a; = 0, ag # 0, then we assume that ag = 1. That is,

V = agqvg + v3 + ayvy.
Then act Ad(exp(asvs)) to V,
V3 = Ad (exp (a4v4)) V = agvy + vs. (2.12)
In the third case, when a; = 0,a3 = 0, and V = agvs + a4v4, there are four cases
Vg, Vg = Uy, V. (2.13)

According to (2.11), (2.12) and (2.13), we obtain that the one-dimensional opti-
mal system of the four subalgebras (2.8) is spanned by: (a) vi +asvs, (b) asvy +v3,
(c) va + v4, (d) vo — vy, (€) va, (f) v4.

2.4. Exact solutions for equation (1.1)

In this section, the symmetry reductions and exact solutions are studied for equation
(1.1).
Case 1. For generator

0 1 0 0 1 0
V—v1+a3v3—xam+a(1—|—u)au+a3<tat—a(1—|—u)au>,

the characteristic equation satisfies

dz _ 6t _ du (2.14)
roagt =% (14u) .

The group invariant solution is

w=—1+tw5 f(h), (2.15)
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as

in which h = =

equation (1.1), we obtain

Assuming that a3 = 1, ¢ = 1 and substituting (2.15) into

—2f(f)) + [~ 21+ 2fE=0. (2.16)

Integrating equation (2.16),

(FP-&)f =0, (2.17)
and then we have
f: _'g,fzgafzcb
Therefore, equation (1.1) has self-similar solutions as u = —1 — %, u=—-1+ %
and u = —1+ kq.
Case 2. For generator
0 0 1 0
V= —ay— +t=———-(1 —
G202 U3 “2 9z + ot a (1+v) ou’

the characteristic equation satisfies

dz _ dt du
as t =L+’

The group invariant solution is

where the invariant ¢ = ce’. Taking it into equation (1.1),
2
979" +29(¢')° € + g%g'€ — ¢"¢ —4g'¢ —29=0. (2.18)

Equation (2.18) is a completely nonlinear ordinary differential equation, which
is not easy to solve.
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Figure 1. The dynamical structures of u = —1 + ;: (a) singularity profile of u = —1 + %; (b) density
plot; (c¢) contour plot

dt

0 d
Case 3. When V =vy +v4 = — + 5% the characteristic equation is Ta: =7
p

The traveling wave solution is £ = £(z—t), where u can be expressed as u = f(z—t).
Then, taking it into equation (1.1),

fr=0+%f —k, (2.19)
in which a, k; are arbitrary constants. Integrating (2.19), we get
a+p* po ftke (2.20)
20 +1 2041
(14 % = (2a41) f = k1€ + ko, (2.21)

where k1 and ks are arbitrary constants.
0
Case 4. When V = vy = —, the solution of equation (1.1) can be expressed

z
as u = f(t). For this equation, f” = 0, we can obtain f = kit + ko, where k; and
ko are arbitrary constants.
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0
Case 5. When V = v, = 2 the invariant is £ = x, and then v = f(z). Taking

it into equation (1.1), we obtain
L+ )% f =k, (2.22)
in which k; is an arbitrary constant. Then, integrating equation (2.22), we get

1+ > =2a+1) - kz.

3. Analysis of conservation laws of equation (1.1)

In this section, we discuss the conservation laws of this one-dimensional nonlinear
wave equation. In [17], some definitions of conservation laws are given.
Definition 3.1 Let z, ¢t be the independent variables, u = u(z,t) be the depen-
dent variable, and wu,, u; , uzx, ust, etc, be its partial derivative. Next, we introduce
the conjugate equation and the definition of the multiplier method.
Assume that the s-order partial differential equation with m independent vari-
able can be expressed as

F(I‘,U,U(D,U(g),"' au(s)) :()a (31)
where x = (21,2, -+ ,2m), u(;) represents be derivatives of u with respect to

L1, L2, , Ty
The conjugate equation of equation (3.1) is F* = (x,t, 1, U, Uz, Vg, Uty Vg, Uz, - - ),

* 0 (AF
F (xv“’U’“(l)’v(l)’“(2)vv(2)’ e ,u(s),v(s)) = <5u ) (32)
0 0 0 0 0 0
Th tor— = — — D;— + D;; — Dk D;ipj—— — --- is th
e opera Or6u 90 m + Dy auij ]kauij}c + Dijki auijkl is the

Euler-Lagrange operator, and D; represents the total differentiation of x;.
Definition 3.2 Equation (3.1) and equation (3.2) have a Lagrange

.,?:F:A(F (x,u,u(l),u(g),U(3)~- ,U(S))) 5 (33)

where £ meets % = F*, % = F. For equation (3.1), its conservation laws can
be expressed as

Mi =iz + w2 - D; (8.{) + DDy < 0L ) — DjDi D, <az )

ou ous 7 8u% & au?j o
0L 0¥ 0%
+--- ]+ D; (W) aaka 90 + DD | 5 o— | —
Uyj Uik 8uijkm
0% 0%
+D.Dk(Woz) - 7Dm = —+ ..
! [6uijk <auijkm>
0L 0%
+ D;DyDyy, (W) | e = Dy | oo | + -+,
8uijkm auijkmn
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in which W& = n® — fjujo»‘.
The formal Lagrangian of equation (1.1) is

L= A(z,t,u,ugp,up) (utt — ((1 + u)zauz>m> . (3.5)

Assuming that A = k1x + kot + ksxt, we obtain the following four cases.

0
Case 1. For generator v; = z— + — (1 + u) —, the Lie characteristic function
a

) ox Ju
isW = E(l—l—u)—muw,

14+u

1 N W 2avug(1 2a
M?® = ( _Zu —xu1> (—4avuw(1+u)2a (1 +w)? —I—CM(W)

—v(1+ u)za (%ﬂ — TUgy — uz) ,

1
Mt:—vt< tu —x%) —l—v(%—mum).
a a

Case 2. For generator vy = e the Lie characteristic function is W = —uy,,

x

9 1 2a
M* = — Uy (_CWU;C(—FU/) —+ Ua,(l + u)2a> + ’U,xgﬂ}(l + u)2a7
1+u

M = uvr — Vg,

0 1 0 . . .
Case 3. For generator vz = ta +-—(=1—u) e the Lie characteristic function

a u

1
is W=——(1+u)— tu,
a
1 2av(1 20, "
a

1+u
—o(1+ u)2a (—% — tumt> ,

1
Mt = —U¢ (— tu —tut> —|—v(—ﬂ—tutt—ut).
a a

Case 4. For generator vy = T the Lie characteristic function is W = —uy,
2avuguy (1 + u)*® 2
M?® = z Vg (1 4+ 1)
14+u +ota(l+u)
Mt = —VUtt.

4. Conclusions

We analyze the symmetry of one-dimensional nonlinear wave equation by classical
Lie symmetry method, and then the optimal system of the symmetry are derived.
By solving the reduced equation, we can calculate the solutions of the equation.
Finally, the conservation laws have been established through the use of conservation
law multiplier.
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