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Abstract: In the present paper, the Sawada—Kotera equation is considered by Lie symmetry analysis. All of the geometric
vector fields to the Sawada—Kotera equation are obtained, and then the symmetry reductions and exact solutions of the
Sawada—Kotera equation are investigated. Our results show that symmetry analysis is a very efficient and powerful

technique in finding the solution of the proposed equation.
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1. Introduction

Recently, the mathematics and physics fields have devoted considerable effort to the study of solutions to ordi-
nary and partial differential equations (ODEs and PDEs). Among many powerful methods for solving equations,
Lie symmetry analysis provides an effective procedure for integrability and conservation laws, reducing equa-
tions and exact solutions of a wide and general class of differential systems representing real physical problems
[14, 18]. Sinkala et al. [17] performed the group classification of a bond-pricing PDE of mathematical finance
to discover the combinations of arbitrary parameters that allow the PDE to admit a nontrivial symmetry Lie
algebra, and they computed the admitted Lie point symmetries, identified the corresponding symmetry Lie
algebra, and solved the PDE. Under the condition that the symmetry group of the PDE is nontrivial, it con-
tains a standard integral transform of the fundamental solution for PDEs, and a fundamental solution can be
reduced to inverting a Laplace transform or some other classical transform in [3]. In recent years, conserved
vectors associated with Lie point symmetries have been widely used to investigate the existence, uniqueness,
and stability of solutions of nonlinear PDEs. In [9], by the direct construction method, all of the first-order
multipliers of the generalized nonlinear second-order equation are obtained, and the corresponding complete
conservation laws of such equations are provided. Muatjetjeja and Khalique [12] constructed the conservation
laws for the Benjamin-Bona—Mahony equation with variable coefficients equations and obtained an exact solu-
tion for the equation using the double reduction theory. Muatjetjeja and Adem [11] computed conservation laws
for the 2D Zakharov—Kuznetsov equation using Noether’s approach through an interesting method of increasing
the order of the equation, and they obtained exact solitary, cnoidal, and snoidal wave solutions for the 2D
Zakharov—Kuznetsov equation by using the Kudryashov method and Jacobi elliptic function method. Further-
more, Lie symmetry analysis helps to study their group theoretical properties and effectively assists to derive

several mathematical characteristics related to their complete integrability [10]. Lie symmetry analysis and the
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dynamical system method is a feasible approach to dealing with exact explicit solutions to nonlinear PDEs and
systems (see, e.g., [5-7, 13]). Liu et al. derived the symmetries, bifurcations, and exact explicit solutions to
the KdV equation by using Lie symmetry analysis and the dynamical system method [8]. In the present paper,
we will investigate the vector fields, symmetry reductions, and exact solutions to the Sawada—Kotera equation
(2, 4, 16]

Up + Bugy + DUglay + duluy + usy = 0, (1.1)

where u = u(z,t) is the unknown function, z is the spatial coordinate in the propagation direction, and ¢ is
the temporal coordinates, which occur in different contexts in mathematical physics.

The rest of this paper is organized as follows: in Section 2, the vector fields of Eq. (1.1) are presented
by using the Lie symmetry analysis method. Based on the optimal dynamical system method, all the similarity
reductions to Eq. (1.1) are obtained. In Section 3, the exact analytic solutions to the equation are investigated
by means of the power series method, hyperbolic function method, and trial equation method, respectively.
Finally, the conclusions are given in Section 4.

2. Lie symmetry analysis and similarity reductions

Recall that the geometric vector field of a PDE equation is as follows:

sz(xatau)aw +T($atvu)at+n('r7t7u)au7 (21)

where the coefficient functions &(x, ¢, u), 7(x,t,u), n(z,t,u) of the vector field are to be determined later.

If the vector field (2.1) generates a symmetry of the equation (1.1), then V' must satisfy the Lie symmetry

condition
PI‘V(A) |A:0 = O,

where PrV denotes the 5th prolongation of V', and A = wu; + Suusy + Sugtoy + buu, + us,. Moreover, the
prolongation PrV depends on the equation

PrV =n0y, + 1" 0y, + 7729”31% + ngauh + 774z8u4z + 775zau5mv

where the coefficient functions n**(k = 1,...,5) are given as
nke = D’;(n — Tup — §Ug) + Tzt + EUpy1ye, K =1,...,5.
Here symbol D, denotes the total differentiation operator and is defined as

Dy = 0y + ugOy + Ut Oy, + U250y, + - - ..

Then, in terms of the Lie symmetry analysis method, we obtain that all of the geometric vector fields of
Eq. (1.1) are as follows:
Vi =20, + 5t0; — 2u0,, Vo =20,, Viz=20;.
Moreover, it is necessary to show that the vector fields of Eq. (1.1) are closed under the Lie bracket, and we

have
Vi, 1] = [Va, Vo] = [V3, V3] = 0,

[Vh‘/ﬂ - *[‘/Qavl] - ‘/2, [Vlv‘/ﬁ"] = 7[V37‘/1} = 5‘/3a [V27‘/3} = 7[V3av2] =0.
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Based on the adjoint representations of the vector fields, we obtain the optimal systems of the Sawada—Kotera

equation as follows:

{‘/17‘/2a ‘/37‘/3 +/U‘/2}7

where v is an arbitrary constant.

In the preceding section, we obtained the vector fields and the optimal systems of Eq. (1.1). Now we deal
with the symmetry reductions and exact solutions to the equation. We will consider the following similarity
reductions and group-invariant solutions based on the optimal dynamical system method. From an optimal

system of group-invariant solutions to an equation, every other such solution to the equation can be derived.

(1) For the generator V1, it yields

u=t"%f(z), (2.2)
where z = 2t~ 5 . Substituting (2.2) into Eq. (1.1), we reduce it to the following ODE:
2 1 / " ! gl 2 pl "
o f oA AT AL S+ =0, (2.3)

_ d
where [ = .
(2) For the generator Vi, we get that the trivial solution to Eq. (1.1) is u(z,t) = ¢, where ¢ is an
arbitrary constant.

(3) For the generator Vi, we have
u= f(z), (2.4)
where z = 2. Substituting (2.4) into Eq. (1.1), we obtain the following ODE:
SEf" +5ff"+5F2f + f =0, (2.5)

where f' = Z—J;.

(4) For the generator V3 + vVa, we have
u= f(z), (2.6)
where z =z — vt. Substituting (2.6) into Eq. (1.1), we have

71}‘](-/ + 5ff/// + 5f/f// + 5f2f/ 4 f///l/ — 0’ (27)

where f/ = %, and v is an arbitrary constant.
3. Exact solutions

By seeking exact solutions of the PDEs, we mean those that can be obtained from some ODEs or, in general,
from PDEs of lower order than the original PDE. In terms of this definition, the exact solutions to Eq. (1.1)
are obtained actually in the preceding Section 2. In spite of this, we still want to detect the explicit solutions
expressed in terms of elementary or at least known functions of mathematical physics, in terms of quadratures,
and so on.
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3.1. Exact power series solution to Eq. (2.3)

We know that the power series can be used to solve differential equations, including many complicated differential

equations [1, 15], and so we consider the exact analytic solutions to the reduced equation by using the power

series method. Once we get the exact analytic solutions of the reduced ODEs, the exact power series solutions

to Eq. (1.1) are obtained. In view of (2.3), we seek a solution in a power series of the form

f2)=> cn2" (3.1)
n=0
Substituting (3.1) into (2.3) and comparing coefficients, we obtain the following recursion formula:
1 n
Cnts = — 5 n—k+1)(n—k+2)(n—k-+3)crc,—
5 (n—|—1)(n—|—2)(n+3)(n—|—4)(n—|—5)< kZ:O( I I Jekente+s
n n k
+5) (n—k+1)(n—k+2)(k+1)cr1cnrr2+5 Y (n—k+1)cicr icn ki1 (3.2)
k=0 k=0 i=0
2 1
— =Cp — zncn |,
5 5
forall n=0,1,2,....
Thus, for arbitrarily chosen constants ¢; (i =0,1,...,4), we obtain
cy = —i(50201 + 30¢coc3 + 10c1co — gc )
5 120 (>0 0C3 2= 500)
Furthermore, from (3.2), it yields
1 2 2 5 3
e = ~vag (106001 + 10cjea + 120¢gcq + 60cyc5 + 205 — 501), (3.3)
1 9 3 4
1= —5es5 (30cociea + 15¢5es + 300cocs + 5t + 180cicq + 120co¢3 — 302), (3.4)
and so on.
Thus, for arbitrary chosen constant numbers ¢; (i = 0,1,...,4), the other terms of the sequence {c,}>2,

can be determined successively from (3.3) and (3.4) in a unique manner. This implies that for Eq. (2.3), there

exists a power series solution (3.1) with the coefficients given by (3.3) and (3.4). Furthermore, it is easy to

prove the convergence of the power series (3.1) with the coefficients given by (3.3) and (3.4). Therefore, this

power series solution (3.1) to Eq. (2.3) is an exact analytic solution.
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Hence, the power series solution of Eq. (2.3) can be written as

o0
f(z)=co+c1z+ 22?4 e32% + gzt + 52 + E Cny52" T
n=1
4

1 2
=co+ 12+ 2% + 32 + g2t — ﬁ(56?)01 +30cocs + 10cicp — 300)25

oo 1 n
,nzz:l SR CE S (52(71 E+1)(n—k+2)(n—k+3)ckcn_k+3

k=0

n

n k
+5 (Tl —k+ 1)(’)1 —k+ 2)(k + 1)ck+1cn,k+2 +95 Z Z(n —k+ 1)cick,icn,k+1
k=0 k=0 i=0
2 1

+5
— gcn — 5ncn) PAML

Thus, the exact power series solution of Eq. (1.1) is

: 1 2
u(z,t) = cot_% + clxt_% + szQt_% + et 4+ 0453415_g — ﬁ('f)cgcl + 30cocs + 10c1co — gco)xSt_%

oo 1 n
_ ; SR (5 kZ:O(n —k+1D)(n—k+2)(n—k+3)crCn_t+3

o (3.5)

+5 Z(n —k+1)(n—k+2)(k+1)cpr1cn—kt2+5 Z Z(n — k4 1)cick—iCn_k+t1
k=0 k=0 i=0

ol N

1 _nt7
cn—gncn T,

Remark 1 We would like to reiterate that the power series solutions that have been obtained in this section
are exact analytic solutions to the equation. Moreover, we can see that these power series solutions converge

for the given chosen constants ¢; (i =0,1,...,4) of (3.5); it is an actual value for mathematical and physical

applications.

3.2. Exact analytical solutions to Eq. (2.5)

We will consider the exact analytic solutions to the reduced equation by using the hyperbolic function method,
and the exact analytical solutions to Eq. (1.1) are obtained. Integrating Eq. (2.5), we have

5ff// + gfg 4 f-//// +ec=0, (36)

where ¢ is an integration constant.

Considering the homogeneous balance between the highest order derivative and the nonlinear term in
Eq. (3.6), we deduce that the balance number n = 2. Then we set

f=ao+aT+ axT? (3.7)
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where T = 1 — T?, T = tanh(z). Substituting (3.7) into Eq. (3.6), collecting all the terms of powers of T,

and setting each coefficient to zero, we get a system of algebraic equations:
T': 16a; — 10aga; + 10aias + 5a3a; = 0,
T?:  136ay — 30apas — 10a? + 10a3 — 10agay + 5aga? + Salay = 0,
T3 . —40a; — 50aias + 10aga; + gai’ + 10agaias = 0,
T*:  —240ay — 4063 + 30agas + 1043 + 5a2as + 5aga3 = 0,
T : 24a; +40aia + 5aa3 = 0,

5
T%: 120ay + 3043 + gag =0.

Setting PS = {T',T?,...,T%}, by Wu’s elimination method, we obtain the characteristic series C'S as

follows:

Cy = 5ag —40ag + 76, Cy:=a;, Cs3:= a% + 18ay + 72.

Since the initial formula of the series C'S is a nonzero constant, then Zero(PS) = Zero(CS). Calculating
Zero(CS), we have

20 + 24/5
ag = % a1 =0, ay=—6 (3.9)
or
20 + 8v/5
ap = % a1 =0, ay=—12. (3.10)

Substituting (3.9) and (3.10) into Eq. (3.7), we obtain the solitary wave solutions of Eq. (1.1):

20 £ 2v/5
u(x,t) = T\f — 6 tanh?(z),
or
20 £+
u(z,t) = OTM — 12tanh?(x).

3.3. Exact traveling wave solutions to Eq. (2.7)

Considering the exact analytic solutions to the reduced equation by using the trial equation method, the exact

traveling wave solutions to Eq. (1.1) are obtained. By integrating Eq. (2.7), it yields
5
5ff”+§f3+f””—vf+c:o, (3.11)

where c¢ is an integration constant. According to the polynomial trial equation method to the nonlinear PDEs

with rank homogeneous, take the trial equation as follows:

[ = a2 f* + a1 f + ao, (3.12)
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where a;, (k=0,1,2) are constants to be determined later. Integrating Eq. (3.12), we have

(f)? = ;@f3 +arf? +2a0f +d, (3.13)

where d is an integration constant. From (3.12) and (3.13), we obtain
10
"= ?agf?) +5arasf? + (6agaz + ai) f + 2a2d + agay. (3.14)

Substituting (3.12) and (3.14) into (3.11), we obtain the following equation:

bsf? +bof? +bif +bo =0,

where bs = %a% + bas + %, by = bajas + Hay1, by = 6agas + a% + 5ag — v, by = 2a2d + agay + c.

For determining the coefficients ag, a1, as,d, set by =0 (k=0,1,2,3), and we can obtain an algebraic
equations system and solve it as follows:

Case 1. az = —1, a; = an arbitrary constant, ag = a} —v, d = 1(a} — a1v +¢).

Case 2. agz—%,alzo,aoz d=c.

59
For Case 1, (3.13) can be rewritten as

() = =27+ a2 +2(ak )] + 5(ad — v+ o) (315)

Set w = (—%)%f7 dy = al(—g)’%, dy = 2(a? —v)(—%)*%, do = 1(a} —a1v +¢), and then (3.15) can be

(=3) 5 (W) =&+ do? + diw + do. (3.16)
Solving Eq. (3.16), we have
i = ) (3.17)
where F(w) = w3 + dow? + diw + dy, 29 = const..
For (3.17), we have the following results:
(1) When —27 (28"l | eizawre | D Maioniaimsay2 o 2)-4 (3 ) ﬂﬁ =0

_4
and 2(—%)_%(a%—v)—(_%)% <0, then F(w) = (w—a)}(w—74), a,f € R, and a # 3. In view of w > f3,

the traveling wave solutions of Eq. (1.1) are as follows:

ui(x,t) = (—%)—% ((a — B) tanh? ((—%)% a2_ ﬁ(x — vt —2p)) + B), (a > p),
us(t) = (—2) 7 (o= Byeoth? (- 2F V2P vt~ 20)) 48), (2> )
sz, ) = (—g)—% ((~a+ ) tan? ((—%)%7V_(;M(x vt =) +8), (a<p)
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2

o 3 1, ., : _
(1) When —27 (24— 4 alogute (8 S(0oplelnnto)? (3 2)~ (af —v) - =i

_4

and 2(—%)*%(61% —v) — (7%)% =0, then F(w) = (w— «a)®, a € R, and the traveling wave solution of Eq.
(1.1) is

2 2
ug(x,t) = 4(—5)_§(a: —ut —2z) 2+ a.

_ 1 _4
(111) When 727(2(—%2)7 %a? + a:f*a21v+c _ -3 3(‘1?—;)@1?—&104—0))2 74(2(7%)7%(03 71)) _ (-2 Sa?)ﬁ’) >0

_4
and 2(—%)’%(@ —v) — (7%)% <0, then F(w) = (w—a)(w—B)(w—"7), a, 8,7 R, and o < 8 <y, and

the traveling wave solutions of Eq. (1.1) are as follows:

u;,(a:,t):(—%)*%<a+(ﬂ—a)sn2((—§)% 727a(x—vt—zo),m)),
2 1 7—5sn2((—§)% (@ — vt — z9),m)
ug(x,t) =(—=) 3 T = ,
R U G Ty )
where m? = £=2

—2 1 5 E _4
() When —7(2= ey st B Sedoplebomesa? g5 24 a0 - S <o,

2.1 2/ a? + pa +
ur(a,t) = (—3)7F (a+ o ~ Vot pata),

1+ cn((—%)*%(oz2 + pa+ q)i(x — vt — o), m)
a+% )

h 2=11- —=—2—
where m? = 1 ( W
For Case 2, (3.13) can be read as

(f")? = —%f3+vf+c. (3.18)

Set w=(—2)5f, di = (—1)73v, dy = ¢, and then (3.18) yields

(—g)_%(wl)2 = w’ + dyw + do. (3.19)
Solving Eq. (3.19), we have
dw 1.1
=4+(—2)3(z — 29), 3.20
[ T =gt ) (3:20

where F(w) = w? + diw + dp.
For (3.20), we have the following results:
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_1
(i) When —27(c — iﬁ,gm)z +1203 =0 and v > 0, then F(w) = (w — a)?(w — B), a # 3. In view of

w > B3, the traveling wave solutions of Eq. (1.1) are as follows:

ur(,t) = (-3)73 (o= 8) tan? (58 Y E -t = 20)) +8), (o> ),
us(t) = (—2) 7 ((a = Byeoth® (— ¥ 2P — vt~ 20)) 48), (0> ),
us(,t) = (=) ((mact B tan? ()8 Y2 B e — vt - 20)) +8), (@< )

1
(ii) When —27(c — M)Q + 120 = 0 and v = 0, then F(w) = (w — «)?, and the solution of Eq.
(1.1) is as follows:

uy(z,t) = 4(—%)-%(95 —20) 2 4o

_1
(iii) When —27(c — wy +12v% >0 and v > 0, then F(w) = (w—a)(w—B)(w—"), a < B <7,

and the traveling wave solutions of Eq. (1.1) are as follows:

us(z,t) = (—%)—% (a + (8- a)sn%(—%)é 72_ a(x — vt — zo),m)),
1.1 7—65112((—%)% 1% (x — vt — z9),m)
ug(z,t) = (—=)73 — ,
ol ( 3) ( en?((—3)3 Y52 (2 — 29), m) )
where m? = £=2

]

_1
(iv) When —27(c— LBBUC)2 + 1203 < 0, then F(w) = (w—a)(w?+pw+q), and p? —4q < 0, in view

of w > B, and the traveling wave solution of Eq. (1.1) is as follows:
1

2 2
ur(a,t) = (—3)} ot ~VaTipata).

o+ i i
3 ( 1+cn((—3)7%(a? 4+ pa+q)i(z — vt — 29),m)

a+% )

Va2 +patq

where m? = %(1 —

Remark 2 Under the conditions of the generator Vi and V3 + vVs, we can also obtain the power series form

solutions to Eqs. (2.5) and (2.7), respectively; the details are omitted.

4. Summary and discussion

In this paper, we have obtained the symmetries and similarity reductions of the Sawada—Kotera equation by
using the Lie symmetry analysis method. All the group-invariant solutions to the Sawada—Kotera equation (1.1)
are considered based on the optimal system method. Then the exact solutions to the equation are investigated
by means of the power series method, trial equation method, and hyperbolic function method, respectively, and
we can see that these power series solutions converge. The basic idea described in this paper is efficient and
powerful in solving wide classes of nonlinear PDEs, e.g., Caudrey—Dodd—Gibbon equations.
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