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Abstract

Non-linear wave equations are created by the elastic wave propagation through inelastic material. We obtain
the Lie point symmetries for the non-linear elastic wave equation and the optimal system of the symmetry
algebra using Lie symmetry approach. Numerous solutions that are group invariant are obtained under
the optimal system of subalgebras of Lie algebra. Additionally, the variational symmetries are obtained
via Noether approach and the corresponsing conservation laws are presented. The non-linear elastic wave
equation with a damping term is also studied. The local conservation laws using the direct approach are
also discussed in this study.
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1. Introduction

The non-linear theory of elastic waves has come under the spotlight in recent years because of its numerous
applications. In a recent work, J.J. Rushchitsky [1] has presented the developments in the non-linear elastic
waves describing many real problems arising in applications. The linear theory of elasticity is based upon
the assumption that the deformations in the elastic body are small. In this case, the strain tensor ¢;; is
given by

1
€ij = 5 (uij +uji)- (1.1)
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Many real life situations can be studied using the non-linear model in a number of materials such as rubber
exhibits large deformations under stress. J.J. Rushchitsky [I] has presented the developments of such a
phenomenon in recent work [I]. Thus the strain has to be defined as a non-linear function ¢;; given by

1
€5 = §(ui7j + uj; + uk,iukyj). (1.2)

In the event of the strain tensor being non linear, the Hooke’s law is no longer applicable. There are quite
a few models to take into account the non linearity of the strain. We use a unidirectional motion in which
u; = u and (1.2]) has only one component given by

Ly

€11 = Ugp + =UL".

> (1.3)

The Murnaghan equation of state describes the connection between the volume of a body and the deformation
to which it is subjected. For one-dimensional case, Murnaghan potential upto third order takes the form,

presented in [1] given by

1 1 A C
W= GA+ pue’ + GA+p+ 5 + B+ )’ (1.4)

If the continuum body is in static equilibrium, it can be shown that the components of the Cauchy stress
tensor in every material point in the body meet the equilibrium equations. This is in accordance with the
concept of conservation of linear momentum. The Cauchy equation of motion [2] in absence of body force
is given by

tij; = pili, (1.5)

where ¢;; is the stress tensor and is given by ¢;; = gu—wp is the density of a body. The equation 1) with
7,7

A—f—pQu and 3 = 3(>\+2u)+2/§A+3B+C’)

the values of o = can then be written as

ug — (a0 + Pug)ug, = 0. (1.6)

In reference [3], Apostol has studied equation using asymptotic series method. In another reference,
Bokhari et. al. [4] have performed Lie symmetry analysis of equation and presented some invariant
solutions. In a study, Mustafa and Masood [5] have studied equation with third order anharmonic
corrections. In another study [2I], (2 + 1) non-linear elastic wave equation is studied via Lie symmetry
approach.

In non-linear analysis, finding exact solutions of non-linear DEs is a challenging task. Lie theory [7, 8]
provides a technique to obtain group-invariant solutions of non-linear PDEs that are the special type of
solutions admitted by Lie algebra of PDEs. The major goal of this study is to classify the invariant solutions
by identifying the optimal system of Lie sub algebras for the symmetry algebra admitted by equation
and constructing the conservation laws by different approach. In this study, we use the approach proposed
by P.J. Olver [§] to construct the optimal system of subalgebras of their Lie algebras. There is a detailed
discussion of how to create the family of invariant solutions in [9] 20].

In earlier studies [4, [5], the Noether symmetries, conservation laws and multiplier approach were not
discussed. In this study, we perform Lie symmetry analysis, obtained invariant solutions, presented Noether
symmetries and study conservation laws by two methods. The multiplier method has led to some new
conservation laws. The exact invariant solutions and conservation laws provides information about physical
phenomenon and helps in understanding the system.

The study of conservation laws is important because they as a vector remains invariant on the surface
generated by solutions of the differential equation. We discussed the conservation laws of equation in
this work. Due to the fact that they provide conserved quantities for every solution and can be used to
assess the accuracy of numerical solution techniques, conservation laws are of vital importance in the study
of PDEs [14], [15], 16]. Conservation laws do double reduction to obtain the solutions of given PDEs.
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The outline of the paper is following. In section , the Lie symmetry analysis of equation is
performed in order to find Lie symmetries of equation . The discussion of the one-dimensional optimal
system is used to categorise and divide the Lie symmetries generators into disjoint, non-equivalent classes.
Complete set of reductions by similarity variables, forms of group invariant solutions under the optimal
systems are presented in section . In section , variational symmetries of equation and conservation
laws are obtained using approach. Furthermore, the multiplier approach is used to study the elastic wave
equation in section . In section @, we reviewed the classification of Lie symmetries of non-linear damped
elastic wave equation which was already performed by Bokhari et. al. in [4]. In this work, we extended the
study by presenting optimal system of sub algebras, reductions under optimal systems, Noether symmetries
and conservation laws by two methods, Noether approach and by multipliers method.

2. Lie Symmetries and One-Dimensional Optimal System

The procedure for identifying classical symmetries of a PDE is well-known and is covered in several literature,
e.g. [10, 13]. For the symmetry algebra of equation (|1.6]), we consider the infinitesimal generator given by

+ 7(x, t,u)— 4

0
X:€<$,t,U)7 ot

0
o +n(x,t,u)5— B (2.1)

Using the method discussed in [6, [7], we obtain the Lie algebra of infinitesimal symmetries for equation (/1.6])
spanned by six dimensional algebra given by

0 0 0 0
Xl—%7 Xz—a, X3 = 0 X4—7fa
0 0 20 . O

X5 = —53:% 6t— + (—3u+ Fx)a (2.2)
0 8 2a 8

Now by using the technique outlined in [I1], we will obtain the optimal system of sub algebras of Lie algebra
of equation (2.2)) by dividing the previously mentioned Lie symmetry generators into disjoint non-equivalent
classes. The commutator relation for the Lie algebra ([2.2)) is given by

(X0, X,] = X, X, — X;X;, (i,j=1,2,...,6),

Commutator table for the Lie algebra (12.2)) is presented in Table— given by

[Xi, Xj] X1 Xa2 X3 X4 X5 X6
X1 0 0 0 0 —5X1 + %*Xg, 4Xq — %Xg
X2 0 0 0 X3 —6X2 5Xo
X3 0 0 0 0 —3X3 2X3
Xy 0 -X3 0 0 3Xy —3X4
X5 5X; — %‘lxg 6Xo 3X3  —3X4 0 0
Xg —4X1 + %axg —5X,  —2X3  3Xy 0 0

Table 1: Commutator Table

The adjoint representation is given by

62

Ad(exp (GXZ)X]) = Xj — €[Xi, X]] + E[XZ, [X27X]H — e (23)

The adjoint representation table can be constructed using the adjoint expression (2.2)), and presented in
Table— given by
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o8

Ad(e®) X1 Xa X3 X4 X5 X6
X1 X1 Xa X3 X4 5eXi — 26X5 + X5 —4eX1 + 255X + X
Xo X1 Xa X3 Xy — X3 6eXo + X5 —5eXg 4+ Xg
X3 X1 Xo X3 Xy 3eX3 + X5 —2eX3 + Xg
Xy X1 Xo + X3 X3 Xy —3eXy4 + X5 3eXy + Xg
X5 6_5EX1 — %6_35(6_26 — 1)X3 6_6€X2 6_3€X3 636X4 X5 Xg
X eteX; — %626(626 - 1)X3 e%*Xo e2¢X3 e 3¢Xy X5 Xg

Table 2: Adjoint Table

ag
!
[ \
CLG#O a6:0
!
[ \
as #0 a5=0 a5#0 as =
| | | | | |
Case 1 Case 2 Case 3 ag #0 as =0

Case 4 Caseb Case6 Case7 Case8 Case9 Case 10 Case 11

Figure 1: Tree leaf diagram of the case by case study of optimal system

Theorem 2.1. Let L® be the Lie algebra of Lie symmetries with basis (8). The optimal system of one-

dimensional subalgebras is then provided by the following generators given by

SIICX5+X6, C;éo

S? = Xg,

83 = X,

St=+X+ Xy + Xy,
8% = X, + X4,

S8 = Xy + X4,

S = Xy,

S% = X, + Xo,

SY =Xy,

S =X,

St = X;.

Proof: Consider a general element X € £ We have,

X = a1 X1 +asXo + a3 X3 + as X4 + a5 X5 + ag Xe.
Case 1: ag # 0, a5 # 0. Under the adjoint action on X, we have

X' = Ad(e°X1)X = a2 X2 + ay X4 + a5 X5 + a6 X,

(2.4)
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X" = Ad(eEXg)X' = a4 X4 + a5 X5 + agXe, 27)
X" = Ad(€€X4)X// = a5 X5 + agXs. (28)
We can scale ag = 1.
St = cXs5+ Xg, c#0, (2.9)
Case 2: ag # 0,a5 = 0.
X" = agXe, 2.10)
S? = Xg. (2.11)
Case 3: ag =0,a5 # 0.
X" = a5 X5, (2.12)
S3 = X;. (2.13)
Case 4: ag =0,a5 = 0,a1 # 0,a2 # 0,a4 # 0.
X =a1 Xy + aoXo + a3 X3 + ag Xy, (2.14)
X = Ad(€€X5)X = a16_5€X1 + e_6€a2X2 + 636a4)(47 215)
X' = a1ef X1 + as Xy + a4e96X4. (2.16)
We can scale as = 1.
S'=+X| + Xy + Xy, (2.17)
Case 5: ag =0,a5 = 0,a2 =0,a1 # 0,a4 # 0.
X = efa1 X1 + CL4€9€X4, (2.18)
X' = a1 X1 + ase® Xy, (2.19)
We can take a1 = 1.
S® =X+ X, (2.20)
Case 6: ag =0,a1 = 0,a5 = 0,as # 0,a4 # 0.
X' = Ad(€6X4)X = a2 X2 + a4 Xy, (221)
X" = Ad(eX5) X' = e %ay Xy + ase® Xy, 2.22)
X" = asXo + a4€9€X4. (223)
We can scale as = 1.
SO =X, + X, (2.24)
Case 7: ag =0,a5 =0,a2 = 0,a; = 0,a4 # 0.
X/ = Ad(eeXQ)X = CL4X4, (2.25)
S"T=X,. (2.26)
Case 8: ag =0,a4 =0,a5 = 0,as # 0,a1 # 0.
X' = Ad(eEXG)X = €4ECL1X1 + 656(12X2, (227)
X' = a1 X1 + efas Xs. (2.28)

Take a1 = 1.
S% = X1 + Xo.

(2.29)
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Case 9: ag =0,a4 =0,a5 =0,as =0,a1 # 0.
X' = Ad(e°X6) X = a1 X, (2.30)

SY = X;. (2.31)
Case 10: a5 = 0,a6 =0,a4 = 0,a1 = 0,a9 # 0.

X/ = Ad(€6X4)X = (IQXQ, (232)

S0 = X5, (2.33)

Case 11: ag =0,a4 =0,a5 = 0,a; = 0,a2 = 0.
X = a3X3, (2.34)

S = X3, (2.35)

By considering the general element from £° and by applying the suitable adjoint action from the Table—,
we have constructed the optimal system of sub algebras of their Lie algebras in this section. The case by
case study of optimal system is presented with the help of tree-leaf diagram.

3. Similarity Reductions and Group Invariant Solutions

In this section the reduction under the optimal system has been performed and the exact invariant
solutions are presented. The given (1 + 1)-dimensional non-linear elastic wave equation can be reduced to
ODEs using similarity reduction. They are frequently referred to as similarity reduction equations and can
produce group invariant solutions. For the symmetry generator X, the associated characteristic equation
is given by

der  dt du

1 0 0
The similarity variables are s(x,t) =t and uw = f(s). Similarity variables s(z,t) =t and v = f(s), further
reduce the equation into the reduced ODE given by

" =o. (3.1)

The reduced ODE f” = 0 yields the form of an exact solution f(s) = ¢1s+ cy. Consequently, the given PDE
(1.6) has an exact solution that is invariant under X; presented by

u(z,t) = c1t + co.

Corresponding to the symmetry generator Xo, the characteristic equation is given by

de _di _du

0 1 0
The invariant variables s(z,t) = z and u = f(s) reduced the ([1.6)) to a reduced ODE given by

~f"(a+Bf)=0. (32)
Thus, the equation o + Bf" = 0 yields the function f(s) = ¢; — %s which is an exact solution of the PDE
(1.6) that is invariant under the symmetry generator Xy given by

o'
u(z,t) =c — =uw.

=
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For the symmetry generator X; + X5, we have

dx

dt
1 1 0°
The similarity variables are s(z,t) =t —x and u = f(s). Using these transformations PDE (|1.6)) reduces to
an ODE given by

" —a+pf)=0. (3.3)

The equation 1 —a+ Sf" = 0 yields f(s) = 35— 5 +c1. Consequently, the PDE lb has an exact solution
that is invariant under X; + X» given by

« r—1
u(z,t)=c1+=(t—z)+
g g
For generator X; + X4, the associated characteristic equation is given by
de. dt  du
1 0 t°

The invariant variables are s(x,t) =t and u = tx + f(s). Using these transformations equation reduces
to a ODE given by
f=o. (3.4)
The equation f” = 0 yields f(s) = c¢1s + co. Consequently, the PDE has an exact solution that is
invariant under X; 4+ X4 given by
u(x,t) = (z + c1t) + ca.

For symmetry generator Xs + X4, the invariant variables s(z,t) = z and u = 24y (s) reduce the PDE

2
(1.6) to a ODE given by
1+ (—a— Bf)f" =0. (3.5)

The equation 1+ (—a — Bf")f” = 0 thus yields an exact solution of the given PDE (1.6) that is invariant
under X5 + X4 given by:

4z + 4c1) B + 20 o t2
u(z,t) = ( 1)26 )\/(201+2m)ﬁ—|—a2——x+——|—02.
65 BT 2
Similarly, corresponding to the symmetry X; + Xo + X4, the PDE (1.6]) reduces to a ODE given by
(1—a—Bs+8f)f" —Bf +Bs+a=0, (3.6)
where the similarity variables are s(x,t) = —z +t and u = _sz + tx + f(s). This implies
3
(2Bc1 +a? —28s —2a+1)2  « 2 s
_ X S 5. 3.7
(s = T L (3.7

Consequently, the PDE (1.6 has an exact solution that is invariant under X; + Xy + X4 given by

((—4x — 4cy +4t)B — 2(a — 1)?)

6,32
-1 t2
(aﬁ )(t—x)+2+62.
The complete symmetry reduction is performed in this section under the optimal system of sub algebras.
The characteristic method is used to performed the reduction. The reduced ODEs are obtained and the
exact invariant solutions are presented corresponding to each symmetry generators under the optimal system
of sub algebras of equation (|1.6]).

u(z,t) = V(2¢1 4+ 22 — 2t) B + (a — 1)2

+
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4. Conservation Laws via Noether Approach

A non-trivial conservation law of exists if there exist a vector (1%, T%) whose divergence D;T* + D, T*
vanishes on the solutions of (6). To obtain the conserved vectors, we will apply Noether theorem [17,[7]. The
Noether approach is linked with the variational problem and the Lagrangian. Following Noether approach
first we will find the variational symmetries which are also called Noether symmetries. Then by using
Noether theorem formulas we can obtain the Noether conservation laws. The Lagrangian of Euler-Lagrange

equation (|1.6]) is given by

[\

2 3
Qg Bux . Uy

= —. 4.1
L=+ = (4.1)
The variational symmetry has the form given by
0 0 0
X — 4.2
o0 ot T ow (4.2)

which is also known as Noether symmetry of equation (|1.6|) associated with the Lagrangian (4.1)) that satisfies
the identity given by

XUz + £(D.¢ + Dir) = D,G* + D,G?, (4.3)
where G%(z,t,u), i = 1,2 are gauge terms. We now obtain a set of determining equations from the
expression (4.3)) given by

ane — G2 =0

I} « Q
any — ay — 5771+§Tt+§£m =0

B B o B

_agu_277u+2§x+25u+67t+§§m:07
B B
S Su *u:O
2§+6§
_aTx+£t:07
—aTy o+ o7, =0
Tu 27-.72 27'u—
BTuZO
éuzo
B _
-
6
_nt_G’llL:
Tt f:(:
T + T¢ 5 5*0
’Tu_
Tu—? 0
GI+G2=0

By solving the above set of determining equations, we obtain the following infinitesimals

¢ c1 n ‘4 5cq n 20y 4ot +
=—x+c T=c c =—u x+ec c
1 35 1 2, 7N 11 113 4 59
and the gauge terms G and G? given by
2002¢
G'= —cqu+ fo, G*=—fi+ Lu+ g(t).

1g "
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We can set f = g = 0, then we have G! = —cqu, G?= %u. Noether symmetries are given by
Xlzﬁ; G'=0,G* =0,
Oz
=2 =06 =0
8t7 ) )
9 1 2
X3s=—; G =0,G“=0,
ou
9 1 2
X4:t7; G :—U,G ZO,
ou
x 0 0 5 20cx, O 200%u
Xsg=——+t—+(— — G'=0,G*= .
= o e YT 1 ’ 118

The Noether symmetry generators generate indeed a subalgebra of the algebra generated by Lie symmetry
generators. We will now find the conserved vectors corresponding to the previously discussed Noether
symmetries by using the formula [I8] given by

. . . . oL . oL
T =G = €L O — )5 = Y Div (0 = €45) 51—, (44)
s>1 11...s
where (SU% is the Euler operator defined as
1) 0 0
_—= = -1)°D;, i ——. 4.5
5”? 8”? + SZZI( ) J1---Js 8”%1‘75 ( )
Here, D; represents the total derivative operator given by,
0 0 0
Dl:8$2+ugam+u%@+ (4.6)

By the expression (4.4), we obtain the following set of conservation laws which are presented in the form of
conserved vectors given by

L. FrXi=2; G'=0,G*=0

T = —uguy,
7% = %ufj+§u§+u2—§

2. For Xo=2; G'=0,G2=0
T = - Ll -

— 2
T = augus + guwut,

3. For X3=2: G'=0,G*=0

Tt = Uy,
T = —ouy, — gu%
4. For Xy =tZ; G'=-u,G*=0
Tt = —u—l—tut,
T = —t(ou, + gui)
5. For X5 = &2+t + (Fu+2e2) 2, G1=0,G* =2
Tt — (% 4 ﬁgi “7?) + (24 21010‘6“3 — rUe — tug)uy,

1
3 2
TP = 25— 05+ 5 ) — (aws + 5 G + 3 — frus — tw).
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The Noether conservation laws are presented in the form of conserved vector T = (T, T*) corresponding to
Noether symmetries such that it holds for all solutions of equation and satisfy the divergence expression
DiT*+D,T* = 0. Some of the conservation laws describe physical quantities and explain natural phenomena
like as momentum, energy, and object motion, the rest of the conservation laws describe the geometry of the
surface formed by the partial differential equation. The Noether theorem states that there is a conserved
quantity that corresponds to a symmetry, although it can be challenging to identify that quantity’s physical
characteristics. This theorem can be used to explain the conservation laws that result from a variational
principle. Furthermore, these conservation laws describe the geometry of the surface formed by the solution
of the partial differential equation.

5. Conservation Laws via Multiplier Approach

The study of conservation laws for the partial differential equations is significant because they explain the
geometrical properties of the surface formed by solution and are simply mathematical objects. Conservation
laws via multiplier approach are presented in this section. We follow the direct approach proposed by Anco
and Bluman [6] 9] to find conservation laws. In this work, we use the multiplier approach to compute the con-
servation laws of the non-linear elastic wave equation. Multipliers are dependent on variables {x, t, u, u,, u; }
for which the corresponding conservation laws are formulated. Consider a multiplier M = M(x, ¢, u, uz, ut)
satisfying

0

ﬁ[M(m,t,u,ux,ut)(utt — QUgy — BUuzlyz,)] =0, (5.1)
where % is the Euler operator. From lb we obtain the following system of determining equations for the
multipliers

My, =0

My, =0

My =0
* (5.2)

My, =0

M, =0

The solution of the system of equations (.2)) gives

M = cit + coup + c3 (5.3)

where ¢;, ¢ = 1,2,3 are constants. The multiplier M of the equation F = wuy — oy, — Bugzuy, has the
property
D, T" = MFE (5.4)

for arbitrary functions u(z,t). From (5.3)) and (5.4]), we obtain the conservation laws presented in the form
of conserved vectors given by

1. Ty = (T, T%) = (tuy — u, tug — u)

2. Ty = (T, T7) = (Gui + §ul + uf, —[gus + Jusur)

3. Tz = (T, T%) = (uy, —%ﬁufc — Quy)
The local conservation laws are presented in the form of conserved vector T = (T%,T*) corresponding to
each multipliers such that it holds for all solutions of equation (1.6 and satisfy D;T* + D, T® = 0. The

conservation laws presented in this section are obtained using the multiplier method that has led to some
new conservation laws.



F.D. Zaman et al., Journal of Prime Research in Mathematics, 19(1) (2023), 55-72 65

6. Non-linear Damped Elastic Wave Equation

In the study, Bokhari Et. al. [4] introduced the non-linear damped elastic wave equation by adding a
damping element wu; to equation (1.6)) given by

g — (a0 + Pug)ugy +yur =0 (6.1)

The point symmetries of equation (6.1)) forms a five dimensional algebra spanned by

Xlzﬁ, X2:Q7 X3:g7 X4:€—Vtﬂ’
ox ot ou ou
(6.2)
X = £+(3 +2£ )3
5T T TN T gy

The commutator table of the Lie symmetry algebra is presented in Table @ given by

X4, X5 X4 Xo X3 X4 X5
X3 0 0 0 0 Xy + %Xg
Xo 0 0 0 —vXy 0
X3 0 0 0 0 3X3
X4 0 vX4 0 0 3X4
X5 —X1 — %ﬂxg 0 —3X3 —3Xy 0

Table 3: Commutator Table

The adjoint representation values are presented in the Table @ given by

(X4, X,] X4 Xo X3 X4 X5
X X1 Xo X3 Xy X5 —eXy — %%XS
Xa X3 Xo X3 eV Xy X5
X3 X4 Xo X3 Xy X5 — 3eX3
Xy X, Xo — veXy X3 Xy X5 — 3eX4
X5 eXq + %66(62e — 1)X2 Xs 83EX3 635X4 X5

Table 4: Adjoint Table

Theorem 6.1. Let L£® be the Lie algebra of Lie symmetries with basis (60). Then the optimal system of
one-dimensional subalgebras is given by the following set of generators:

SIZCX2+X5, c#0

S§? = Xs,

8% = X + X;,

S = X, + X5,

8% = Xi,

Sb = Xy, (6.3)
8" =X, £ X3+ Xy,

S% = X34+ Xy,

SY = X3,

S10= X, + Xy,
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Proof: Consider a general element X € £5. We have,
X =a1 X7 4+ asXo 4+ a3 X3 + ag Xy + a5X5. (64)
Case 1: a5 # 0. Under the adjoint action on X, we have
X = Ad(eEXl)X = asXo + ay X4 + a5 X5, (6.5)
X" = Ad(e°X4) X' = a2 Xs + a5 X5, (6.6)
Take a5 =1
Sl=cXo+X5. c#0 (6.7)
Case 2: a5 # 0,a2 = 0.
X" = a5 X5, (6.8)
S? =X, (6.9)
Case 3: a5 =0,a1 # 0,a2 # 0,a3 # 0.
X = Ad(€6X4)X = a1 X1 + as X9 + a3 X3, (610)
X" = Ad(e* X5) X' = a1e° X1 + aze>* X3, (6.11)
X" = a1 X1 + CL362EX3, (612)
We can scale a1 = 1.
S¥ =X+ X3 (6.13)
Case 4: a5 =0,a1 = 0,az # 0,a3 # 0.
X' = Ad(6€X4)X = a9 X9 + a3 X3, (6.14)
X" = Ad(efX35) X' = asXo + aze> X3, (6.15)
We can take as = 1.
St =X, + X3. (6.16)
Case 5: a5 =0,a3 = 0,a1 # 0,as # 0.
X = Ad(€6X4)X = a1X1 + a2 Xo, (617)
X” = Ad(6€X5)X/ == a1X17 (618)
S° = X;. (6.19)
Case 6: a5 =0,a1 =0,a3 = 0,as # 0.
X/ = Ad(€6X4)X = (IQXQ, (620)
S = X,. (6.21)
Case 7: a5 =0,a2 = 0,a; # 0,a3 # 0.
X' = Ad(efX35)X = efa1 X1 + ¢*a3 X3 + e3as X4, (6.22)
X' = a1 X1 + 626a3X3 + 626a4X4. (6.23)

We can scale a; = 1.
S§" =X, £ X3+ Xy.

(6.24)
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[ \
a5750 CL5:0
|
[ \
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Case 1 Case 2 az # 0 a3 =0 az # 0 a3 =0
CL1750 a1:0 a17é0 CL1:0 a17é0 CL1:0 a17é0 CL1:0
as #0 a4 =
Case3 Case4 Cased Case6 Case7 Case 10 Casell

Case 8 Case 9

Figure 2: Tree leaf diagram of the case by case study of optimal system

Case 8: a5 =0,a2 =0,a1 =0,a3 # 0,a4 # 0.
X = Ad(eeXg)X =a3X3 + a1 Xy. (625)

We can take ag = 1.
S = X3+ X,. (6.26)

Case 9: a5 =0,a4 =0,a2 =0,a; =0,a3 # 0.

X = a3X3, (6.27)
SY = X3. (6.28)

Case 10: a5 = 0,a3 =0,as = 0,a1 # 0.
X' = Ad(e X)X = a1 X1 + €' a4 Xy. (6.29)

Take a1 = 1.

S =X+ X, (6.30)

Case 11: a5 =0,a3 =0,a2 = 0,a; = 0.
X = a4X4, (631)
S =Xy, (6.32)

The case by case tree-leaf diagram is presented in Figure 2. The optimal system of sub algebras of non-linear
damped elastic wave equation is presented in this section.

6.1. Reduction under Optimal System and Invariant Solutions
For X, the associated characteristic equation is given by

de dt du

1 0 0

The invariant variables are s(z,t) = ¢, wu = f(s). From these transformations equation (6.1)) reduces to
the ODE given by

f +f =o0. (6.33)
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The equation f” +~f" = 0 yields f(s) = ¢1 + coe™7*. Consequently, the equation (6.1]) has an exact solution
that is invariant under X; given by
u(z,t) = c1 + cpe 7t

For X5, we have

de  _dt du

0o 1 o0
The invariant variables are s(z,t) = x, u = f(s). From these transformations equation reduces to
the ODE given by

—f"(a+Bf") =0. (6.34)
The equation a + Sf" = 0 yields f(s) = ¢1 — %s. Consequently, the equation 1D has an exact solution
that is invariant under X given by

u(z,t) =1 — .

p

For X; + X3, the associated characteristic equation is given by
de dt du
1 0 1

The invariant variables are s(x,t) =t, u = x + f(s). From these transformations equation (6.1)) reduces
to the ODE given by
ey f =0. (6.35)

The equation f” + vf' = 0 yields f(s) = z + ¢1 + coe”7%. Consequently, the equation (6.1)) has an exact
solution that is invariant under X; + X3 given by

u(z,t) = +c1 + coe "

For X; + X4, the invariant variables are s(z,t) = t, u = ze " + f(s). From these invariant variables
equation (6.1)) reduces to the ODE given by

f"+~f =0. (6.36)

The equation f” + ~f' = 0 yields f(s) = x + ¢1 + cae”7*. Consequently, the equation (6.1)) has an exact
solution that is invariant under X; + X4 given by

u(r,t) =z + c1 + coe

For X7 + X3+ X4, the invariant variables are s(z,t) = ¢, wu = ze " +x+ f(s). From these transformations
equation (6.1]) reduces to the ODE given by

" +~f =0 (6.37)

The equation f” + ~f" = 0 yields f(s) = x + c1e77® + ¢5. Consequently, the equation (6.1)) has an exact
solution that is invariant under X; + X3 + X4 given by

u(z,t) = (r+c1)e” " +x + co.

For Xs + X3, the invariant variables are s(z,t) =z, wu =1t+ f(s). From these invariant variables equation
(6.1) reduces to the ODE given by

(—a =B "+~ =0. (6.38)
3
The equation (—a — Bf")f" +~ =0 yields f(s) = _(25701;5226,7%0‘2)? — §s+ c2. Consequently, the equation

(6.1) has an exact solution that is invariant under Xy 4+ X3 given by:
(—28(c1 + z)y — a?) !
28(c1+x)y+ a2 — -z +1t+ co.
3B%y V2 B
For the non-linear damped wave equation, the reduced ODEs and invariant solutions are presented in this
section.

u(z,t) =



F.D. Zaman et al., Journal of Prime Research in Mathematics, 19(1) (2023), 55-72 69

6.2. Conservation Laws via Noether Approach

A non-trivial conservation law of the equation (6.1)) exists, if there exist a vector (T, T%) whose divergence
DyT' + D, T* vanishes on the solutions of the equation (6.1). The Lagrangian of the equation (6.1]) is given
by

2 3 2
ol pul

— ot ——t
L=e"( 5 5 5 ). (6.39)
The Noether symmetry is presented in the form given by
0 0 0
X=£(— — — 4
o0 Tt Mo (6.40)

is known as Noether symmetry of equation (6.1)) associated with the Lagrangian (6.39) that satisfies the
following identity given by
XMz + (D¢ + Dir) = D,G* + D,G?, (6.41)

where G¥(x,t,u), 4= 1,2 are gauge terms. We obtain a set of determining equations from (6.41]) given by

ae, — Gy =0,

[0
e”ta(nu — &)+ gevtmg + ie'Yt(Tt +y7+ &) =0,

et o
%(Tt + 7+ gz) - 57} + 7+ fz)gu + geyt(nu - éx) =0,
7evtnt = G71u
1
3¢ (0 =T = &) = — &) = 0,
etr, =0,
e (—ar, + &) =0,
woo P -
e ( 5 Tu 27',; 0,
gevtgu = 07
GL+G:=0.

By solving the above set of determining equations, we get the following infinitesimals

Xt « C1
E=c3e5’, T=cix+co, n= Bclx—i—cu%—gu#—c&
and the corresponding gauge terms given by
o2
G' = —cqu+ et + ce, G? = Fclu — c4x + c5.
Noether symmetries of non-linear damped wave equation are given by
0 Q u, 0 a?
1=rg (TR, g

0
Xo=—; G'=0,G"=0

Ox

0
Xs=e"—, G'=0,G*’=0
ST ot
9 1 2

Xy=t—; G =t—u,G"°=—=x

ou

9 1 2
Xs=—. G =0,G"=1

ou

From (4.4) we obtain the following set of conserved vectors given by
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L For X1 =a2 + (S2+ %2 G'=0,G?=%u
Tt = —e'ytut(o‘x + %‘ — Tuy),
T® = ?u —ze(Sud + Bud — Lud) + e (Ga + § — aug)(qug + Bu2).
2. For Xy = 2 GLO,G2:0
Tt = e tuguy,

T® = - (3aul + 2Bud — $u?).
3. For Xg_estgt, G'=0,G2=0
Tt = e57t( 24803 - 3ud),

T® = —e3M ut(ozu + ’8 2).
4. For X4—tau, Gt —t—u,G2: —
Tt = —u+t —tetuy,
T* = —z + te" (o, + ’8 u?).
5. For X5 = 2; G'= o,G2 =1
Tt = —etuy,
T% =1+ e (auy + Su?).

The Noether conservation laws are presented in the form of conserved vector T' = (T, T*) corresponding to
Noether symmetries such that it holds for all solutions of equation (6.1]) and satisfy the divergence expression
DTt + D, T* = 0.

6.3. Conservation Laws via Multiplier Approach
By using the multiplier approach on equation (6.1)) with the multiplier M = M(z,t, u, u,, u;) depending on
the variables (z,t, u, uy, uy), we have

0

%[M(l‘a t,u, Uy, ut)(utt — QUgy — Bumuxx + ')’Ut)] =0, (642)

where % represents the Euler operator. From 1 , we obtain the following system of determining equations

for the multipliers given by

My —yMy =0
My, =0

My, =0 (6.43)
Mz=0
M, =0

The solution of the system of equations (6.43|) provides us the following multipliers given by
M=c + Czevt. (6.44)

where ¢;, i = 1,2 are constants. The multiplier M of the equation E = uy — Qg — Bugtz: + Yur has the
property ‘
DT = ME, (6.45)

for arbitrary functions u(z,t). From (/6.44]) and (6.45)), we obtain the conserved vectors given by

LTt =wuy +~yu, T®= —%51@

2. Tt =eVlyy, T% = f(gux + a)ertuy,
The local conservation laws are presented in the form of conserved vector T' = (T%,T*) corresponding to
each multipliers such that it holds for all solutions of equation (6.1 and satisfy D;T* + D,T® = 0. The

conservation laws presented in this section are obtained using the multiplier method that has led to some
new conservation laws for the non-linear damped elastic wave equation.
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7. Conclusion

The Lie symmetry classification of non-linear elastic wave equation and non-linear damped elastic
wave equation is reviewed which was already done by Bokhari et. al. [4]. Since there exist infinite
many linear combinations of Lie symmetry generators so the classification upto non-equivalent classes of
symmetry generators is necessary. This can be obtained by constructing the optimal system of sub algebras
of their Lie algebra. The optimal systems of non-linear elastic wave equation (|1.6) and non-linear damped
elastic wave equation are presented in section and section @ respectively. The discussion of the
one-dimensional optimal system is used to categorise and divide the Lie symmetries generators into disjoint,
non-equivalent classes. These optimal systems further categorise group invariant solutions. Complete set of
reductions by similarity variables, exact invariant solutions under the optimal systems are presented in this
study for both equations and . Explicit new solutions are also obtained. Variational symmetries
of equation and equation are studied and conservation laws are derived using Noether approach.
Furthermore, the multiplier approach is used to study the conservation laws of equation and equation
(6.1). The conservation laws obtained using the multiplier approach has led us to some new conservation
laws.
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