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Abstract: This study investigates via Lie symmetry analysis the Hunter-Saxton equation, an equation
relevant to the theoretical analysis of nematic liquid crystals. We employ the multiplier method to
obtain conservation laws of the equation that arise from first-order multipliers. Conservation laws
of the equation, combined with the admitted Lie point symmetries, enable us to perform symmetry
reductions by employing the double reduction method. The method exploits the relationship between
symmetries and conservation laws to reduce both the number of variables and the order of the
equation. Five nontrivial conservation laws of the Hunter-Saxton equation are derived, four of which
are found to have associated Lie point symmetries. Applying the double reduction method to the
equation results in a set of first-order ordinary differential equations, the solutions of which represent
invariant solutions for the equation. While the double reduction method may be more complex to
implement than the classical method, since it involves finding Lie point symmetries and deriving
conservation laws, it has some advantages over the classical method of reducing PDEs. Firstly, it is
more efficient in that it can reduce the number of variables and order of the equation in a single step.
Secondly, by incorporating conservation laws, physically meaningful solutions that satisfy important
physical constraints can be obtained.

Keywords: double reduction; Hunter-Saxton equation; lie symmetry analysis; conservation law;
invariant solution

1. Introduction

In this research article, we focus on the Hunter-Saxton equation, a mathematical
model described by the partial differential equation (PDE),

(e + uuy), = Ju2, 1)

which arises as an Euler-Lagrange equation of a variational principle in the study of a
nonlinear wave equation for the director field of a nematic liquid crystal [1]. Equation (1)
has attracted significant attention from researchers, prompting numerous studies on it and
its derivatives. These investigations have often employed Lie symmetry analysis to explore
various properties of the equations and, in certain instances, to uncover solutions.

Nadjafikhah and Ahangari [2] determined the Lie point symmetries of the equation
and used the symmetries to find conservation laws and conduct symmetry reductions of
the equation. An optimal system of one-dimensional subalgebras of the symmetry algebra
of the Hunter—Saxton equation was also constructed. San et al. [3] investigated a modified
version of the Hunter—Saxton equation, a third-order nonlinear PDE. Their work featured
the utilization of Ibragimov’s nonlocal conservation method to derive conservation laws
for the equation. Liu and Zhao [4] undertook the study of a generalized two-component
Hunter-Saxton system of equations. They determined similarity variables and executed
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symmetry reductions for this new generalized system, leading to the discovery of some
exact solutions of the system. Yao et al. [5] tackled the periodic Hunter-Saxton equa-
tion, introducing a variable coefficient into the generalized equation. They succeeded in
finding exact solutions for specific selections of the variable coefficient by employing the
classical approach to finding invariant solutions. Johnpillai and Khalique [6] also used
Lie symmetry analysis to find exact solutions for yet another generalized version of the
Hunter-Saxton equation.

In line with the research outlined above, our study is dedicated to examining the sym-
metry reductions of the Hunter-Saxton equation, utilizing the double reduction method.
Our objectives encompass the identification of Lie point symmetries, the determination of
conservation laws through the multiplier method, and the application of the double reduc-
tion method to achieve symmetry reductions. This research serves as a valuable addition to
the existing body of work on the Hunter-Saxton equation, while also contributing insights
into the double reduction method in the search for solutions of PDEs. It must be noted that
the double reduction routine we adopt in this article is based on the generalized approach
proposed by Bokhari et al. [7], which can be used to study PDEs such as those studied
in [8-10], of dimension higher than 1 + 1.

The double reduction method, introduced by Sjoberg [11,12], is a technique for solving
PDEs based on the use of Lie symmetries and conservation laws. For a (1 + 1) PDE
of order g, the double reduction theory allows for the reduction in the PDE to an ODE
of order g — 1, provided that the PDE possesses a conservation law and an associated
symmetry. Generalizations of the double reduction method have been proposed to handle
higher-dimensional PDEs and systems of PDEs [7,13,14]. Anco and Gandarias [15] have
introduced a further generalization of the double reduction method to handle partial
differential equations (PDEs) with n > 2 independent variables and a symmetry algebra of
dimension at least 7 — 1. In their work [15], they present an algorithm for identifying all
symmetry-invariant conservation laws that reduce to first integrals for the corresponding
ordinary differential equation (ODE) governing symmetry-invariant solutions of the PDE.

Moreover, Anco and Gandarias [15] propose an improved formulation for assessing the
symmetry invariance of conservation laws by utilizing multipliers. This refined formulation
enables the direct derivation of symmetry-invariant conservation laws, eliminating the
need to first obtain conservation laws and subsequently verify their invariance.

The subsequent sections of this paper are structured as follows: Section 2 provides
an overview of the necessary preliminaries and outlines the fundamental principles of
the double reduction theorem. In Section 3, we calculate the Lie point symmetries and
conservation laws for the Hunter-Saxton equation, determining which conservation laws
are associated with symmetries. Section 4 focuses on executing symmetry reductions for
the Hunter-Saxton equation. Finally, in Section 5, we present our concluding remarks.

2. Fundamentals of the Double Reduction Theorem

In this section, we present the double reduction routine for a gth-order (g > 1) partial

differential equation with 1 independent variables x = (x!,x?,...,x") and one dependent

variable u = u(x), namely

F(x,u,u(yy,u),- -, t(g)) =0, )
where Uy denotes the collection {uq} of gth-order partial derivatives. In this connection,
we first present the following well-known definitions and results (see, e.g., [7,16-19]).

1.  The total derivative operator with respect to x' is

0 5} 0

D,=—+u—+uj~—+---, i=12,...,n, 3

! 8x1+ ’8u+ ”au,-+ 3)

where u; denotes the derivative of u with respect to xt. Similarly, ujj denotes the
derivative of u with respect to x’ and /.
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X:

Ann-tuple T = (T, T?,...,T"), i=1,2,...,n,such that
D;T' =0 4)

holds for all solutions of (2) is known as a conservation law of (2).
Multiplier A for Equation (2) is a non-singular function on the solution space of (2)
with the property

D,T' = AE (5)

for arbitrary function u (xl, x2,..., x).
The determining equations for multipliers are obtained by taking the variational

derivative 5
s-(AE) =0, ©)

where the Euler operator §/4u is defined by

) d d d d
°_°% p%24yp. % p. % ... 7
ou  du "ou; Vi o lfkaui]«k + @

A Lie symmetry of (2) with infinitesimal generator X = ;0x; + du is said to be
associated with a conserved law (4) if the symmetry and the conservation law satisfy
the relations [16]

[Tf, X} — X(Ti) +T'DE —TIDE, i=1,...,n ®)

Suppose that the PDE (2) admits a Lie point symmetry with infinitesimal generator
¢i0x; + nou that is associated with a conservation law D;T* = 0. The following steps

constitute the routine of the double reduction method:

L

1L

III.
Iv.

Find similarity variables %;,i =1,2,...,n and w,

(S
—~
=
<
=
3
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I
g
—
=
\H
=
N
=
2
~—
&

such that in these variables X = Fr
n
Find inverse canonical coordinates

ir~ = . .
¥ = X%, %, En), i=1,2,...,n

u(xl,xz,. ..,x”) = (%1, %,..., Tn)w.

Write partial derivatives of u in terms of the similarity variables.
Construct matrices A and A~! as follows:

D1x1 D1x2 cee Dlxn Dlil lez cee Dljn

Dyx1 Daxp ... Doxy 1 D%y DXy ... DX,
A = . . . . 7 A_ =

Dyx1 Dyxo ... Dyxy D,% D% ... DX,
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V. Write components T’ of the conserved vector in terms of the similarity variables as

follows: B
Tl Tl
T2 | T2
=L ©
o T

where ] = det(A). Note that T!,..., T" in (9) are easily expressed in terms of the
similarity variables in light of II and III.
VI. The reduced conservation law becomes

DiT '+ DyT? +---+ D, T" ' =0. (10)

3. Symmetries and Conservation Laws of the Hunter-Saxton Equation

The Hunter-Saxton Equation (1) is a (1 + 1) PDE with two independent variables

x = (x!,x?) = (t,x) and one dependent variable u = u(t, x). It admits the following four
symmetries:
X1 J + l/li X2 = E
Yox T Mou ot (11)
X3=t2 122 Xi= 22 pod yonl
at " ox YT ot ax ' Tou

The symmetries are easily computed using MathLie, the symmetry-finding package for
Mathematica [20] developed by G. Baumann [21]. We use the multiplier approach to derive
conservation laws for the Hunter-Saxton Equation (1). We seek first-order multipliers

A= A(x, t,u,uy, up) (12)

of (1), for which the determining equation according to (6) is

2 {A((ut ), 5 uxzﬂ o, (13)

where the standard Euler operator §/Ju, as defined in (7), is

59 9 9 5,9 9
°_9 p2 _p, D2 D DD, 2 ... 14
ou ou tow  P¥auy T Piau, T oL TP ’ (14)

and total derivative operators D; and D, using (3) are

Dy 2-l-uta—i-utta +utxa +---
ot ou ouy duiy ’

D zi—ku J +u 8 +u I + -

T ou T M ouy T ouy

The determining equation for the multiplier A after expansion takes the following form:

Qo + w1 + O + (14x)* Q3 + 1 Oy + gty Qs = 0, (15)
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where

Oy =

O =

1 2 1 3 1 2 2
Ux Ay — *uxAtut + Apx — *uxAuux — *uxutAuuf + uuxAuu + uxuAyy

2 2 2
1 3u2A
+ 2utte Ayy + U Nyy + U\ xx — EM;ZCAqu + XTM + uxAy,
1 2
uxAuu, - EuxAu,u, + Axu,r
2utty Ay, + 2Ny, — U2 Ay, + 200,
uAutut - Autuxr
Atux - uAtut + utAuux + quux + uuxAuux - uutAuut - Eu;chuxux

+2ulNy — ux Ay, — urNy, + A,
Autux - UAufu,p

The multiplier determining Equation (15) splits with respect to different combinations of
the derivatives uyy, sy and uy yielding an overdetermined linear system of equations for
the multiplier. The system of equations was solved using Mathematica [20] to obtain

o2 b}
A =u (52 + o3t — 12> + uyx (83 — S1) + 61x + Squiy + u—g, (16)
X

where é;, i = 1,2,...,5, are arbitrary constants. From (5) and (16), we obtain

where

TX

1 5112
[(ut +utiy), — 3 uxz] {ut ((52 + 63t — 12) + uyx (63 — 61t)

5
+ 81X + Squiy + u;] = D;T! 4+ D, T%, (17)

X

0t2 b st d3 Ot J b}
— 2 a2 ot % _at %) _ 9%
= ux(u<4 5 2)+x(2 2>+2> ux+¢2(X)

+ ux(élx — Oq1tu + q>1(u)),

5 &t &2 5  it\ 61\  dsu  30sx
2% 938 9b 2 9% _ at 94 _ &BH | 2054
- ”f<2+2 4>+“”"<x(2 2>+2) w12

2
+ 1y (uut <(52 + 63t — 51;) + 61ux) +up(S1tu — ¢1(u)) + ¢3(t)

for arbitrary functions u(t, x). When u(t, x) is a solution of Equation (1), the left hand side
of (17) vanishes and we obtain conservation laws of the Hunter-Saxton Equation (1) for
which the conserved vectors (Til, TZ), i=1,2,...,5, are given by

1

1, ruz 1.,
= uy|ux — stuuy | — —+ — Stuuex + u(tu — ¢y (u)) + ¢3(t),

2 4 2

Py tx

2 <4 - 2) ity (x — b+ g (1) + o (x),

2

)} = ¢3(f)+”ux”t*ut¢1(u)+%,
2
T2 = ey (u) + do(x) — o

2 4
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Ts = tuugu; + % + ¢3(t) + %uuix — w1 (u),
= (55 F a0+ ),
Ty = ¢3(t) —wigpr(u) + u;i/
= o) () + 1,
T3 = ¢3(t) — g (u) — uix + %x
B = ) i () - o

According to (8), symmetry X is associated with conservation law D;T* + D, T* = 0 if
the following formula is satisfied:

T! Dyt Dyt T! ¢ T!
X( T ) - ( Dt Dyt )\ 1x )T PEHDE) (g =0 (18)
It turns out that the association of symmetries and conservation laws of (1) is obtained in
the following cases:

2
T u )
21 = 2t 1th UllxUy

2 _ Oquy @_uu% ’
T u + X

K1 (X1 +2X3) +1Xo — {

2 = 2
T] _ uu,z( _ Siu
4 — 2 u
Kl(Xl + X3) traXp = T2 — [ %) ul
e

1 ou u 3x
X3 T51: 2 —alr_ u o ox
2Ky —Kqt 2
K1<X1—2 + KXy — Tz_(gfﬁx’i@:’i e ,
£ =x

u X Uy

2

o s ] T =0 B Sux — g (u)

3 T2_0;2 2(x _ tu '
5= F (3 %) Tt (w)

It is important to observe that among the five computed conservation laws, we identi-
fied associated Lie point symmetries for only four. Notably, the conservation law T; lacks
any associated Lie point symmetry of the Hunter-Saxton equation.

4. Double Reduction of the Hunter-Saxton Equation
4.1. Double Reduction of (1) by (x1(Xq + 2X3) + 12 X3)

We transform the generator Z = «1(X; + 2X3) + k2 X, to its canonical form Y =
0% + % + 0%. Therefore, canonical coordinates r = r(t,x), s = s(t,x) and w = w(t, x,u)
must be found such that Z(r) = 0, Z(s) = 1 and Z(w) = 0. While the coordinates r and w
are obtained from invariants of Z, the coordinate s may be determined by inspection. More
systematically, it can be obtained from an invariant ] = v — s(x, y) of the extended operator
Z + 9y, where v is an auxiliary variable [19]. We obtain

X Inx u

T 2rat+)3? 3k J2Zattrg

, 5= , K1 # 0, 19
(2K1f + K2)3/2 3x1 17 (19)
where w = w(r). Inverse canonical coordinates follow from (19) and are given by
€2K13 _ K272/3

.
21172/3

K18
x = e3K]S we
’ A3

(20)

u =
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Computing A and (A1) T, we obtain

82K15
A — ( Dyt Dyx ) _ T 3Ky ro/3 0
- - 2K1S
D¢t Dgx 6;2/13 363K15K1

and

(A—l> T — Dt?’ Dxr _ —3672;(157(11’5/3 37733’:(1?7
Dys  Dys 0 e3:1 .

3K1

The partial derivatives of u from (20) are given by

ur = Ky Vre 5 (w —3rwy), uy = 12/ 3p,e~%as
Uy = —K1r4/3e_4"15(31’w,, + 2w,), (21)
Uy = 1P Pwpe 8,

The reduced conserved form is given by

T\ _ _\T th
(g)_(A) T ) 22)
where | = det(A) = — % By substituting (20) and (21) into (22), we obtain

2,2

9 KTw: 3
T; = 1K1 + 3d3K1 + 3K%rwwr — EK%r2w3 — 12 + Emrww% — xqwtwy,
23
T, =w Kw—(s—l—wf2 +ﬁ—K1wz+w2 w—ﬂ =
2=\ w  3r 3r  6br ’ 2 )
where the reduced conserved form satisfies
D,T; =0. (24)
From (23) and (24), we have
9 K2w?
3iirww, — sx3r*w? — —— + Sryrww? — kwtw, =k,
2 2 2
where k is an arbitrary constant.
4.2. Double Reduction of (1) by (x1(X1 + X3) + x2X2)
Canonical coordinates determined from (xq (X7 + X3) + k2 Xp) are
X Inx u
= —, S =—, w=——, K 0, 25
(x1t + %2)2 211 Jx 17 )
where w = w(r), and the inverse canonical coordinates are given by
t = _M, X = €2K15 u= weKls. (26)
K17
Therefore, the partial derivatives of u from (26) are given by
1
up = =2x17°"%w,, Uy = Ee*"ls(er, + w),
Uty = 76_2;(151(11’3/2(21’@0”4 —+ 3wr, (27)

1
Upy = —1673’{15(&) —Ar(rwyy + wy)).
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Asfor Aand (A7) T, we obtain
A_(Drt Drx>_ —ﬁ 0
Dst  Dsx % 20215k, )7
and
A*1 T Dir Dyr —2€_K15K11’3/2 €_2Klsr
(47) = Dis Dys )~ 0 e )
Therefore, from
Tr T/ Tt
4\ — -1 4
() =10 ( ), )
where | = det(A) = —%; /2 , we obtain
2.2 rw? 1 3/2. .2
= 01K1 + 263K1 + K r°ws + Kyrww, + 1 5 ww W Eﬁw wy,
29
T — _dwy w’ B w?w, B Vrww? @9)
4 w 16x173/2 4y /7 41,
From the reduced conservation law D, T; = 0, we obtain
K1W 1
K12 w? + Ky rww, + 1T - §r3/2ww2 - W — E\fw wy =k,
where k is an arbitrary constant.
4.3. Double Reduction of (1) by <K1 (Xl — —) + K2X2>
Canonical coordinates determined from <K1 (X1 73) + K2X2> are
2Inx u
r=x(2Kp —11t), s= o w= 5 K #0, (30)
where w = w(r), and the inverse canonical coordinates are given by
1
2 — —7K1$ K15
t= &, x = e%, u = we* (31)
K1
Therefore, the partial derivatives of u from (31) are given by
818 K8
up = —Kwre 2, Uy =e2 (rwy +2w),
U = —K1° (rwyy + 3wy), (32)

Uyy = ¥(rwy + 4w,) + 2w.

Therefore,
E—%Kls
A ( D,t D,x > B -2 0
- - _1 K1s
Dst  Dgx %6 1K15, %6 i
and
K18 1
A1 T Dir  Dyr —e2T Ky e 2%
= = _1
( ) Dis  Dys 0 2¢ 2"1°
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Therefore, from
T _ T Tt
(%)= ) @
where ] = det(A) = —3, we obtain

2K1 (2617w, + 461w + S3rwy + 253w — 1) — 265 (rw, + 2w) — r(3rw, + 4w)
4rw, 4+ 8w
261K 77 w2 + 41K rww, + 20 rww, + 46,w? + 3r’ww, + 4rw?
B 2K r2ww, + 4y rw? ’

T __
Tz = ,

(34)
TS =

From the reduced conservation law D, T = 0, we obtain

2K1 (261w, + 461w + 31w, + 263w — 1) — 262 (rw, + 2w) — r(3rw, + 4w)
4rw, + 8w

—k,

where k is an arbitrary constant.

4.4. Double Reduction of (1) by (X3)

Canonical coordinates determined from X3 are
x
r:?, s=Inx w=u, (35)
where w = w(r), and the inverse canonical coordinates are given by
t=—, x=¢ u=uw. (36)

Therefore, the partial derivatives of u from (36) are given by

up = —r2eSw,, Uy = re Swy,

Uty = —r2e (7’wrr + wr)/ (37)

Uy = 17 5wy,

As for A and (A_l) T, we obtain

A— (Dt Dex\ _ —;; 0 ,
Dst  Dgx 67 e

T _ ,—5,2 —s

(A’1> _ Dir Dyr _ e 5r eisr '
Dis  Dys 0 e
T3\ _ _N\T T3t
( T3 ) =1(a7) (1} ) (38)

where ] = det(A) = —e;, we obtain

and

Therefore, from

T; =6 — 0,
1 6 (39)
T; = Ew%(w —r)— 71 — wr (w).

It is remarkable that in this case, because T} in (39) is simply a constant, the reduced
conservation law D, T} = 0 does not result in an ODE that can be solved for w. Therefore,
no invariant solution arises via the double reduction method from the association of X3
and the conservation law Tj.



Math. Comput. Appl. 2023, 28,92 10 of 11

5. Concluding Remarks

In this paper, a study of the Hunter—Saxton equation using Lie symmetry analysis
was presented. Symmetry reductions of the equation were carried out by employing the
generalized approach to double reduction theory proposed by Bokhari et al. [7]. By utilizing
the multiplier method, nontrivial conservation laws for the Hunter-Saxton equation were
derived. These conservation laws, along with the Lie point symmetries of the equation,
were employed to perform symmetry reductions via the double reduction method.

Through the analysis, a set of first-order ODEs was obtained, whose solutions represent
invariant solutions for the Hunter-Saxton equation. Out of the five nontrivial conservation
laws constructed, it was observed that only four had associated Lie point symmetries
according to the definition provided by Kara and Mahomed [16]. The conservation law T;
did not have any linear combination of symmetries associated with it. Additionally, it is
noteworthy that despite the conservation law T3 having an associated Lie point symmetry,
X3, the application of the double reduction method in this case did not yield a symmetry
reduction of the Hunter-Saxton equation. This outcome could be attributed to the “collapse”
of the first integral, which was expected to represent a reduced ODE for the PDE but instead
resulted in a constant value.
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