Eur. Phys. J. Plus (2016) 131: 98 THE EUROPEAN
DOI 10.1140/epjp/i2016-16098-2 PHYSICAL JOURNAL PLUS

Regular Article

On Lie symmetries, exact solutions and integrability to the
KdV-Sawada-Kotera-Ramani equation

Pan-Li Ma'2, Shou-Fu Tian'?%2, Tian-Tian Zhang?", and Xing-Yong Zhang!?:¢

! Department of Mathematics, China University of Mining and Technology, Xuzhou 221116, People’s Republic of China
2 Center of Nonlinear Equations, China University of Mining and Technology, Xuzhou 221116, People’s Republic of China
3 Department of Applied Mathematics and Theoretical Physics, University of Cambridge, Cambridge CB3 0OWA, UK

Received: 24 November 2015 / Revised: 16 January 2016
Published online: 15 April 2016 — (© Societa Italiana di Fisica / Springer-Verlag 2016

Abstract. In this paper, the KdV-Sawada-Kotera-Ramani equation is investigated, which is used to de-
scribe the resonances of solitons in one-dimensional space. By using the Lie symmetry analysis method,
the vector field and optimal system of the equation are derived, respectively. The optimal system is further
used to study the symmetry reductions and exact solutions. Furthermore, the exact analytic solutions of
the equation can be obtained by considering the power series theory. Finally, the complete integrability
of the equation is systematically presented by using binary Bell’s polynomials, which includes the bilinear
representation, bilinear Backlund transformation, Lax pair and infinite conservation laws. Based on its
bilinear representation, the N-soliton solutions of the equation are also constructed with exact analytic
expression.

1 Introduction

It is well known that nonlinear evolution equations (NLEEs) have an important effect on the study of nonlinear physical
phenomena. Due to the importance of those NLEESs, it is very significative to study their Lie symmetry analysis, exact
solutions, various soliton solutions and completely integrable properties, which includes bilinear form, Lax pairs, infinite
symmetries, Hamiltonian structure, bilinear Bécklund transformation, etc. Nowadays, there are many kinds of methods
to construct exact solutions of the NLEESs in soliton theory, such as the inverse scattering transform [1], Lie group [2],
Darboux transformation [3], Hirota’s bilinear method [4,5], algebro-geometrical approach [6] and Painlevé analysis [7,
8], etc. The Hirota bilinear method developed by Hirota is one of powerful and effective approachs to construct exact
solutions of NLEEs. Once the bilinear form of a nonlinear equation is obtained by a dependent variable transformation,
it will be easy to get its multi-soliton solutions [9-21]. Moreover, by means of the Lie symmetry analysis and dynamical
system method, one can also obtain the symmetries and exact explicit solutions of NLEEs.
In this paper, we will study the following KdV-Sawada-Kotera-Ramani equation [22-26]:

wy 4 a(3u? + Upy)e + (15U + 15Utyy + Uppes )z = 0, (1)

which was used to describe the resonances of solitons in a one-dimensional space by Hirota and Ito [22]. They found
that two solitons near the resonant state exhibit some new phenomena. The existence of conservation law for this
equation was further proved by Konno [27]. The KdV-Sawada-Kotera-Ramani equation (1) is a linear combination of
the KdV equation and the Sawada-Kotera equation.

When b =0, eq. (1) is reduced to the KdV equation as follows:

up + a(buty + Uggy) = 0. (2)

This fundamental equation describes the weakly nonlinear waves in the one dimensional media with weak dispersion.
From [28], one can see that it is the first nonlinear equation integrated by use of the Inverse Scattering Method [29].
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When a = 0, eq. (1) is reduced to the Sawada-Kotera equation given by
wy + b(45uuy + 15Ut + 15Uleps + Uppzzs) = 0, (3)

which belongs to the completely integrable hierarchy of higher-order KdV equations, and has many sets of conservation
laws [30].

The main purpose of this paper is to investigate the Lie symmetry analysis, optimal system and exact solution of the
KdV-Sawada-Kotera-Ramani equation. In addition, based on binary Bell polynomial [31-36], we will systematically
study its bilinear representation, Backlund transformation, Lax pair and infinite conservation laws, respectively.

The structure of this paper is as follows. In sect. 2, based on Lie symmetry analysis method, we study the vector
field and optimal system of eq. (1). In sect. 3, the similarity reductions and exact solutions of eq. (1) are investigated
by means of optimal system. In sect. 4, based on the power series method, the exact analytic solutions of the equation
are obtained. The convergence of power series solutions of eq. (1) is also analyzed. In sect. 5, we systematically
construct the bilinear representation by using Bell polynomial approach, based on which, its N-soliton solutions are
also derived. In sect. 6, we derive the bilinear Backlund transformation and Lax pair of KdV-Sawada-Kotera-Ramani
equation, respectively. In sect. 7, by virtue of the obtained Lax equation, the infinite conservation laws of the equation
are also derived.

2 Lie sysmmetry analysis

In this section, we investigate the Lie symmetry and optimal system of KdV-Sawada-Kotera-Ramani equation. The
geometric vector field of eq. (1) is given as follows:

0 0
+T(!’E,t,u)a+¢(l',t,u)%, (4)

where the coefficient functions &(x,t,u), 7(x, t,u), d(z,t,u) are to be determined. It is equivalent to a one-parameter
Lie group as below

V= f(sc,t7u)8a

X

r* =2+ e&(x, t,u) + o(e?),

t* =t +er(x,t,u) + o(€?),

u* =u+ ep(x,t,u) + o(e?), (5)
where € is a group parameter. If the vector field (4) generates a symmetry of eq. (1), then V should be satisfied the

following Lie symmetry condition:
prOV(F)|p—o =0, (6)

where F' = u; + a(6utiy + Uzpe) + b(45uuy + 15UpUpy + 15UULee + Uzprrs). Furthermore, the prolongation of pr®V
is of the following form:

0 0 0 0 0
(5) F) = T t Y T xt tt
proV(E)=V+o 8u$+¢ 6ut+¢ 8um+¢ 8u$t+¢ Ougt

where

" = Dy — uy D& —w Dy, ¢F = Dyp — uy Di€ — up Dy,

¢" = D2 _uyD2¢ — us D27 — 2upy Dpf — 2y Dy, (8)
and D,, D, are total derivative operators as follows:
D—2+u3+u i—ku i—f—
T Qx Ou T Oy Dy ’
0 0 0 0
Dy = — — ot —— — 9
P T M T g T g T ©)

Then, when b # 0, we get the following vector field of the KdV-Sawada-Kotera-Ramani equation (1) by means of Lie
symmetry analysis method

x  4ad’t 30bu + 2a
Y _ = = . 1
Vi (5 550 ) Jx + tot = ou, Vo = 0t, Vi = 0x (10)
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When b = 0, eq. (1) is reduced to the KdV equation (2). Following the same way as eq. (1), the vector field of
eq. (2) is given by

2 1
Vi = gﬁx + ot — %au, Vo=tdo+ ~ou, V=0t Vi=oa. (11)

Tt is necessary to verify that the vector field is closed under the Lie bracket. In view of the vector field of eq. (1),
one has

[Vh‘/ﬂ = [‘/25‘/2] = [V37‘/3} = 07 [‘/27‘/3] = 7[‘/3;‘/2] = Oa
4a? 1
[Vl7‘/2] = _“/27‘/1] = 2751)‘/3 - ‘/27 [‘/I;V?)] = _[‘/éavl] = _5‘/3? (12)

where the commutator operators [V, Vi] = ViV, — V, V5.
Then by using the following Lie series:

Adlexp(EVV; = V; = <lVi, Vil + 522V W Vill = - (13)

one can obtain the adjoint representation of the vector field. For the KdV-Sawada-Kotera-Ramani equation (1), we
have the adjoint representation of the vector field as follows:

Ad(exp(eVi)V;=V;, i=1,2,3, (14)
4a? 5 4a?
Ad(exp(eVh))Vo = Vo — 2—%6\/}, +eVo, Ad(exp(eVi))Vs =V + ng, Ad(exp(eVa))V1 = V1 + 2—51)5‘/3 —eVa,
Ad(exp(eVi))Vs = V3,  Ad(exp(eV3))Vi =V, — %‘/3, Ad(exp(eVs))Va = Vs, (15)

with any € € R.
The adjoint representation of the vector field of eq. (2) can be obtained in the similar way. According to the adjoint
representation of the vector field, we have the optimal system of the KdV-Sawada-Kotera-Ramani equation as follows:

{Vi,V2, Vs +rVa}, (16)

in which r is an arbitrary constant.
Following the same computational procedure, the optimal system of eq. (2) is given by

{Vi, Va, V5, Vi, Va + 1V3}, (17)

in which r is an arbitrary constant.

3 Similarity reductions and exact solutions

In the preceding section, we study the vector fields and the optimal systems of the KdV-Sawada-Kotera-Ramani
equation and the KdV equation, respectively. In this section, based on the obtained optimal systems, we will study
the similarity reductions and exact solutions of these equations.

3.1 Reductions and exact solutions of eq. (1)

Case I. For the generator V7, one has

2 a
— A 1
=t - (18)
where € = 275 + g—Zt%. Combining (18) and (1), we can obtain the following result
1 2
—J'€ = S4B 150 "+ 15bF 7+ 0] =0, (19)
where f/ = %.

Case II. For the generator V5, one has

u= f(&), (20)
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where £ = 2. Combining (20) and (1), we can obtain the following ordinary differential equation:
a(6f '+ f") + bASS2 + 15 f7 + 157 + f) = 0

where f' = %

Case III. For the linear combination V3 + rV5, one has

u= (),

where £ = —rz + t. Combining (22) and (1), we can obtain the following ordinary differential equation:
' ta (—67‘ffl o Tgf///) +b (—457“f2f/ . 157“3flf” . 157,3ff/// . ,,,5f(5)) =0,

. . _df
in which f' = aE

3.2 Reductions and exact solutions of eq. (2)

Case I. For the generator V7, one has
2

u=f(Et3,

where ¢ = 2%t~1. Combining (24) and (2), we obtain the following result:
2 11
—J'€ = 31+ alI8f €8 + 2717 € 4 36f"¢ +18f'6 + 6/ =0,

in which f/ = j%
Case II. For the generator V5, one has

1

u = f(g) + @$t717

where £ = ¢t. Combining (26) and (2), one reduces this equation to the following ordinary differential equation:

fr+ret=o,
in which f' = 3—2. Solving eq. (27) yields f = ¢, where c is an arbitrary constant. From eq. (26), one has

C T

~ ¢ Gat
Case III. For the generator V3, one has
where £ = . Combining (29) and (2), we can obtain the following ordinary differential equation:
6ff + 1" =0,

in which f' = %. Solving eq. (30) yields
f = 72@(6 +c1, 056 + 62)5

(30)

(31)

where p(-, -, -) is the Weierstrass elliptic function. Considering eqgs. (29) and (31), one can obtain the following solution:

u=—2p(x+c1,0,z + ca).

(32)

Case IV. For the generator Vj, one obtains the trivial solution of eq. (2) given by u(x,t) = ¢, where ¢ is an arbitrary

constant.
Case V. For the linear combination V5 + rV3, one has

where ¢ = 2 — 5-t?. Combining (33) and (2), we have the following result

]. 1
c—+6aff +af =0,
6ar

where f/ = %. One can see that eq. (34) is the first Painlevé-like equation.

(33)

(34)
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4 The exact power series solutions

In this section, based on the power series method, we will investigate the exact analytic solutions of the reduced
equations. Once the exact analytic solutions of the reduced equations are obtained, we can get the exact power series
solutions for the original partial differential equations. In the following, we will take egs. (19), (21) and (23) as examples.

4.1 Exact analytic solutions of eq. (19)

First of all, for eq. (19), we will construct a solution of it in the following form:

O =3 cut™ (35)
n=0

Combining (35) and (19), one obtains the following equation:

oo 0o oo n k
1 . 2
—:|a + Z(n + 1)ent1)€ L} £ — = |0 + Z cn&™| +45b | cier + Z ZZ(n +1—Fk)cjer—jcni1-i&"
n=1 n=1 n=1k=075=0
+ 15b | 2¢1¢0 + Z Z(k +1)(n—k+1)(n—k+ 2)ck+1cn_k+2§”]
n=1k=0
+ 15b |6cocs + Z Z(n —k+1)(n—k+2)(n—k+ 3)ckcn_k+3§”]
n=1 k=0
+b [120c5 + Y (n+1)(n+2)(n +3)(n+4)(n+ 5)cn+5§"] =0. (36)
n=1

When n = 0, comparing coefficients of £ yields

c5 = _%Ob (—gco + 45bccy + 30bcyco + 90b0003) ) (37)
When n > 1, one has
1 n+2 tLE
= Tt Dt D i) | 5 ;;J;o(n BRI

150 Y “(k+1)(n —k+1)(n =k +2)ckp10nkr2 + 150 (n—k+1)(n—k+2)(n—k+ 3)ckcn_k+3] .

k=0 k=0
(38)
From (37) and (38), one can obtain all the coefficients ¢, (n > 5) of the eq. (35), for example
1 3 9 9
G = ~o0p —501 —+ 90bcoca + 90beoey + 180beycs + 60be; + 360bcgey | ... - (39)

Therefore, for arbitrary chosen constant numbers cg, ¢1, c2, ¢3 and ¢y, the other terms of the sequence {¢,, }°, can
be determined from (37) and (38) in a unique manner. It shows that eq. (19) exists a power series solution (35) with
the coefficients given by (37) and (38). Moreover, it is easy to prove the convergence of the power series (35) with the
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coefficients given by (37) and (38). Thus, we can write the power series solution of eq. (19) in the following form:

F(€) = co+ 1€+ o + c38% + sl + 565 + Z CnysE"TP

n=1
1 2
=co+ 1€+ 0252 + 0353 + C4€4 - ?Ob (—500 + 45[)0301 + 30bcico + 90b0003) 55
1 n42 n Kk
_ - 45 —k+1) .
Z;mn+nm+axn+@m+4xn+a 5 ot Z;%;"  eiCh—jnin

+15b Z(kj +1)(n—k+1)(n—k+2)ckr1¢n_k+2 + 15b Z(n —k+)(n—k+2)(n—k+ S)Ckcn_k+3] s,
k=0 k=0 (40)

Furthermore, we get the exact power series solution of eq. (1) as follows:

u(z,t) =co+cy | xt™ 5+—t% + oty | xtT 5+—2§ 4+c xt” 5+—t% 5+Ooc xt*%+a—2t% "
; 0o+ec 5 4 ) 5 5 ”§=1 n-+5 )
coter (ot Lt ) o b (ot h o+ Cet)
= Cp ci1 | T 5h C4 | T 5h
4

1 2 L a4\’
~ 1200 (—500 + 45bcgcl + 30bcico + 9060003> (mt 5 4 % 5)

n

1 n -+ 2

k
_ — n 4 —k 1)e; —jtn+1—
b+ D+ 2+ 3+ D(n+5) | b C‘%5g;Z¥" et 1=

150> (k+1)(n—k+1)(n— k+ 2)ckp10n—kt2 + 150 Y _(n—k+1)(n —k+2)(n — k + 3)crcn_r13
k=0 k=0

—1 a2 4 n+5
X | xt 5—|—%t5 ") (41)

in which ¢;, (i = 0,1,2,3,4) are arbitrary constants, and other coefficients ¢, (n > 5) can be obtained from (37)
and (38).

In physical applications, based on the above calculation, it is more convenient to write the solution of eq. (1) as
the following form:

2 4 1 a2 4 4
u(z,t) =co+ 1 (xt_ 5 5)+...+C4 (xt—5+5bt5>

1 2 a 1\’
- — (—500 + 45bc%cl + 30bc1co + 90b0003) ( 5 4 t5>

1200 5b
= (B e 4 90beges + 90beoc? + 180ber s + 60beE + 3605 s 4 @4 i (42)
790b 5 (&1 CoC2 CoCq C1C3 Co CoC4q X 5h .

4.2 Exact analytic solutions of eq. (21)

For eq. (21), integrating it with respect to x yields

3af? +af” 4+ 15bf% + 15bf " + bf® + ¢ =0, (43)
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in which ¢ is an integration constant. Then we will construct a solution of eq. (43) in a power series of the form (35).
Combining (35) and (43), one obtains the following equation

3a +a

co n k
H15b [+ DD cien—jenig”

n=1k=0j=0

26+ (n+1)(n+ 2en ot

n=1

oo n
s (z ) &
n=1 \k=0

24cq + i(n +1)(n+2)(n+3)(n+4)cnra&"”

(oo} n
4+ 15b | 2¢cpco + Z (Z(n —k+2)(n—Fk+ 1)Ckcn—k+2> el b
n=1 \k=0 n=1
+c=0. (44)
When n = 0, comparing coefficients of £ yields
1
ca=—55 (3aco + 2acy + 15bc3 + 30bcoey + c) (45)
When n > 1, one has
1 n n k
i = — 3 - 1 2Nenia 4+ 15 b iC
T T+ D(n+2)(n+3)(n+ 4) akZZOCkC pheln 2 kZ:OjZ:;JCJCk s
+15bY “(n—k+2)(n—k+ 1)ckcn_k+2> . (46)
k=0
From (45) and (46), one can obtain all the coefficients ¢, (n > 4) of the eq. (35), such as
1
¢ = ~T30% (6acoer + 6acs + 45bcicr + 90beges + 30becs) |
1
c = ~ 3605 (6ac()02 + 3ac? + 12acy + 45b0002 + 45bcocd + 180bcoey + 90be c3 + 30b02) (47)

Therefore, for arbitrary chosen constant numbers co, ¢1, ¢z and c3, the other terms of the sequence {c,}5, can
be determined from (45) and (46) in a unique manner. The power series solution of eq. (43) can be written as the
following form:

1
f(€) = co+ 1€ + 26?4 383 — — (3acg + 2acy 4 15bc3 + 30bcocy + c) &

24

) 1 k
— 1 2 1

B e R [ Oy 3“26’“6” proln i et 5bkzo;)c’ck o
150> (n—k+2)(n — k+ 1)cpcn_pya| € (48)

k=0

Furthermore, we get the following exact power series solution of eq. (1):

u(z,t) = co+ 1z + co1? + 32 — % (3aco + 2aco + 15ch + 30bcges + c)
1 n k
— 3a CkCn_k +an+1)(n+ 2)c,io+ 150 CiCl—iCp
DB ey e [ ey Z renms Faln )t Densa 15D, D epeimens
+15b Z(n —k+2)(n—k+ Depcnpiz| 2™, (49)
k=0

in which ¢; (i = 0,1,2,3) are arbitrary constants, and other coefficients ¢, (n > 4) can be determined from (45)
and (46).
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4.3 Exact analytic solutions of eq. (23)

In the similar way, we also can construct a solution of eq. (23) in the power series form (35). By combining (35)
and (23), and comparing the corresponding coeflicients yields

1
Cq = By (co — 3arc§ —2ar3¢cy — 15b7"08 — 3067’36002 + 9) )
n n k
1 G
= — n— 9 01— ar’ 1 2)Cpio — 15b Cloe i Cr
T TS D+ 2)(n+3)(n+4) | ar;ckcn K —ar’(n+1)(n+ 2)cpia r;)j;)cjck iCnk
_15br32(n—k+2)(n—k+1)ckcn,k+2 , n=1,23---. (50)

k=0

From (50), we can obtain all the coefficients ¢,, (n > 4) of the power series eq. (35), for example

cs (cl — 6arcoey — 6ardcs — 45brc(2)cl — 90brcoes — 30br3clcg) e (51)

= 120000

Therefore, for arbitrary chosen constant numbers cp, c1,c2 and c3, the other terms of the sequence {c,}5%, can
be determined from (50) in a unique manner. It shows that eq. (23) exists a power series solution (35) with the
coefficients given by (50). Following the same way, one can also investigate the power series solution of eq. (25) to find
the corresponding solutions of the KdV equation.

4.4 Convergence analysis of the power series solutions

In this subsection, we will prove the convergence of power series solution (35) for eq. (19). For (38), we have

n k n n
lentsl <M leal + D> lesller—jllentanl + Y lekrallon—rsal + D> lerllenrysl |, n=0,1,2,---,  (52)
k=0 j=0 k=0 k=0

where M = max{45, 15b}. Then, we define a new power series
R=R(E) =3 re", (53)
n=0

withr; = |¢;| (1 =0,1,2,3,4) and 745 = M[rp+Y 1 Zf:o TiTk—jTn—k1F D o peo Tht1Tn—k+2F D o ThTn—k+3], (0 =
0,1,2,---). It is clearly show that
len| <7y n=0,1,2,.... (54)

In other words, the series R = R(§) = Y " r,£™ is a majorant series of eq. (35).

Then, we will show that the series R = R({) has positive radius of convergence. Actually, we can write R(£) in the
following form:

R(&) =70+ 11& + 12 + 1383 +ry&* + Z TnysE" TP

n=0

) oo n ok © n
=ro+r&+ 7‘252 + 7“353 + ’I“4§4 + M Z Tnfn+5 + Z Z Z Tjrk_jrn_k+1§"+5 + Z Z Tk+1’l“n_k+2§n+5

n=0 n=0 k=0 j=0 n=0 k=0

o0 n
) ekl

n=0 k=0
=710 + 1€+ 126% +138% + ra* + M [R(E)E + R*()&* — roR*(€)E* + (R — o) (R — 1o — 11£)&?
+R(R —ro — & —126%)E7] . (55)
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Consider the functional equation about the independent variable &
F(&,R) = R—ro— & — 12 — 138 —ry&* — M [R(£)E° + R*(§)&* — roR*()&* + (R — o) (R — 1o — r1£)&?
+R(R —ro — 1€ —m2€%)E7] . (56)
From the above formula, we see F' is analytic in the neighborhood of (0,r9) and
F(0,79) =0, Fr(0,m9) =1 #0. (57)

Based on the following theorem, we see that the R = R() is analytic in a neighborhood of the point (0,7¢) and
with the positive radius. It shows that the power series (35) is convergent in a neighborhood of the point (0, rg).

Theorem [37]. Let f be a ¢’-mapping of an open set £ C R**™ into R", such that f(a,b) = 0 for some point (a,b) € E.
Assume that A = f’(a,b) and A, is invertible. Then the following properties hold in the open sets U C R™™™ and
W C R™ with (a,b) € U and b€ W.

i) For each y € W, there exist a unique x such that

(z,y) €U and f(z,y) =0. (58)
ii) If x is defined to be g(y), then
g9(b) = a,
flg(y),y) =0 (ye W),
g (b) = —(A:) 7" Ay, (59)

where ¢ is a €’-mapping of W into R".
iii) The function g is “implicitly” defined by (59).

5 Bilinear representation and N-soliton solutions

In order to explore the existence of linearizable representation of eq. (1), one introduces a potential field
u = h(t)qae, (60)

where ¢ = ¢(z,t) and h = h(t) are two free functions to be the suitable choice such that eq. (1) connects with
P-polynomials. Combining transformation (60) and (1) yields

hi(t)qoe + h(t) g2zt + a(6h(t)2q2zqu + h(t)gse) + b(45h3(t)q§zqu + 15k (t)q32qaz + 15h2 (t)q2295: + h(t)grs) = (() )
61

Integrating eq. (61) with respect to « and taking the function h(t) = 1, we obtain the result as follows:
E(Q) = Qe+ a(q4m + 3(153;) + b(15qu + 15¢24 94z + QG:C) +c=0, (62)

where ¢ = ¢(t) is an integration constant. By utilizing the formula (A.6) in the appendix, eq. (62) can be rewritten in
a combination form of P-polynomials

E(q) = Pot(q) + aPia(q) + bPoa(q) + ¢ = 0. (63)
Considering the property of multi-dimensional Bell polynomials and using the following change:
q=2(Inf) <= u=h(t)ges = 2(In f)az, (64)
we can obtain the bilinear representation of KdV-Sawada-Kotera-Ramani equation
P(Dy, D) = (DpDy +aD2 +bD8 +¢)f - f=0. (65)

According to the obtained bilinear representation, we obtain the one-soliton solution of the KdV-Sawada-Kotera-
Ramani equation

u=20%In(1+e"), n=pr— (ap®+bu)t+9, (66)
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20

Fig. 1. Propagation situations of the one solitary wave for the KdV-Sawada-Kotera-Ramani equation (1) via expression (66)
witha=1,b=1, u =1, = 1. (a) The perspective view of the wave. (b) The overhead view of the wave. (c) The corresponding
contour plot.

by taking ¢ = 0, where p # 0, and ¢ is an arbitrary constant. In a similar way, we obtain the two-soliton solution of
eq. (1)
u=202In(1+eM 4 e 4 emtmtiz)y o — g — (apd + bud)t + 05,
eA12 — _ (/‘l’l _ IU’Z)(Vl - VQ) + a’(:ul - /142)4 + b(/‘l - ﬂ2)6
(1 + p2) (1 4+ v2) + alpy + p2)* + b(p1 + p2)®”
vi = —ap; — by, (67)

in which p; # 0, and v4,8;, (i = 1,2) are arbitrary constants. More generally, when ¢ = 0, the KdV-Sawada-Kotera-
Ramani equation admits the following N-soliton solution:

N N
w=2(nf)ee, f= D exp|Y pini+ Y. pipidi ], (68)
J=1

p=0,1 1<j<i<N
with

mi = wiw — (ag; + bud)t + 6,
A — (=) (v = vy) + alps — )" + (s — py)°
(ki + 1) (Vi + v3) + alpi + pg)* + bpa + 1)
vi=—api —bul, (1<j<i<N) (69)

in which p;, v; are parameters characterizing the jth soliton, Zf’g j<i<N I8 the summation of all possible pairs
taken from N elements with the condition 1 < j < i < N, and p—0,1 lepresents the summation over all possible
combinations of p;,p; =0,1 (4,5 =1,2,...,N).

To further investigate the properties of the soliton solutions of KdV-Sawada-Kotera-Ramani equation, we present
some figures to describe the propagation situations of the solitary waves based on the above obtained soliton solutions.
Figure 1 show the propagation situations of the one solitary waves with appropriate parameters in eq. (66). Figure 2
show the propagation situations of the two solitary waves with appropriate parameters in eq. (67).

6 The bilinear Backlund transformation and associated Lax pair

To obtain the bilinear Bécklund transformation of the KdV-Sawada-Kotera-Ramani equation (1), we introduce two
different solutions of eq. (62)

g=2lng, ¢ =2Inf. (70)
Combining (70) and the two-field condition from (62) yields

E(¢)—E(q) = (¢' @)zt +a[(¢ —0)a2+3(¢" = 0)22 (¢ +9)22] +b[(¢' — @) 60 +15(¢5, G — G20 G4 ) +15(q55 — G5, )] = 0. (71)
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Fig. 2. Propagation situations of the two solitary waves for the KdV-Sawada-Kotera-Ramani equation (1) via expression (67)
witha=1,b=1, 1 =1, po = —1.5, 11 = =2, vo = 10.96875, 61 = 1, d2 = 0. (a) The perspective view of the wave. (b) The
overhead view of the wave. (c) The corresponding contour plot.

This two-field condition can be regarded as an ansatz for a bilinear Backlund transformation, which may produce
the required transformation under applicable constraints. In order to find such constraints, two new variables are

introduced by
v=(¢-q)/2=MW(f/g), w=(¢+q)/2=1n(fg). (72)
By using the new variables, condition (71) can be rewritten in the following form:

E(d)—E(q) =E(w+v) — E(w—v) =204 —|—a[2’l}4x+12’[1295(.0235]+b[2U5x+30U4xWQx—|—3O’UQxUJ4x+90’ngw§x + 3011;’30]
= 0:[2% (v) — 3b%s, (v, w) + 203, (v, w)] + Z(v,w) = 0, (73)

where

R(v,w) = b[5ugy + 60V4,wap + 30U3,Ws, + 45V0pwas + 15V,wWse + 60V, V2,3, + 300204,

+ 135v0,w3, + 900, wopw3e + 9002 Va,way + 3003 ws, + 15030, + 3003, ] 4 a[6voswor — 6ULwW3, — 602V,

(74)
By introducing the following constraints:
W ('Ua w) = A,
%w(v,w) + a%(vvw) =, (75)
Z(v,w) is obtained as
R (0,w) = b [—300,02,V3, — 1502045 — 18002v2,wa0 — 6003ws, — 750V, — 15V4zwa, — 1503,ws,
—45025w5, — I0VW2,wss | + @ [BV2ewae — 6V wWs, — 6V, ], (76)
i.e.
B (v, w) = Op[—15bA %, (v, w) + 6a8%, (v, w)], (77)
where \, «, ( are arbitrary parameters.
Combining relations (75) and (77), we can obtain a coupled system of % -polynomials
Zz2n ('an) = A,
Do (v,w) + ap(v,w) = B,
Ox 2% (v,w) + 2a (#a5 (v, w) + 3%, (v,w)) — b (3%, (v,w) + 15A%5, (v,w))] = 0. (78)
By means of the identity (A.5), we obtain the following bilinear Bicklund transformation:
(D =N f-g=0,
(D: +aD, = B)f-g=0,
(2D; + 2aD? + 6a3D, — 3bD> — 15bAD? + ) f - g = 0, (79)

where A, a, § are arbitrary parameters, v = 7(¢) is an arbitrary function.
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Next, based on the system (78), we will construct the Lax pair of eq. (1). By using the Hopf-Cole transformation
v =1In1), the Bell system (78) is linearized into the following system:

(L)Y = V3e + 3uh, — Ap =0, (80a)

(L2)Y = uh + Yy + arpy — B =0, (80b)

(fd + 2(%)1/) = 2’(/)t + 2&(3’11/@/11 + 71)351;) + 601,8'¢x - 3b(1[)5x + 10u¢3z + 5“211% + 15u21/}x> - 15b>\(u¢ + ¢2x) = 0,
(80c¢)

where A\, o, (3 are arbitrary parameters and u is a solution of eq. (1). Under the condition eq. (80b), the expression
Y3zt = Y1 3 yields eq. (1). Thus, the system (80) can be considered as the Lax pair of eq. (1).

7 Infinite conservation laws

In order to redecompose the two-field condition (71) into the z- and y-derivative of % -polynomials, we revisit % (v,w)
in the condition (73) and write it in another form

R(v,w) = [~15bA(V2 4 way) + 6aBv,]s + [20]: = 0. (81)
Moreover, the two-field constraint system (78) can be rewritten in the following form:
V2 + wop + v, — B =0,
V3 + Bvgwag + 05 — A =0,

[2a(v3s + 3vpwas + vi) + 6a8v, — 3b(vsy + 10V3way + BV W4, + 101)12‘,1)3z + 15vxng + 10v2w2z + vi)
— 15\ (V2 + wau)]e + [20.]; = 0. (82)

Introducing the new potential function
n= (¢ — 4)/2, (83)
and utilizing relation (72), we obtain the following formula:
Uy =1, Wy = Qg + 1. (84)

Combining (84) and (82), and taking 8 = &2, A = &3, we can decompose the two-field condition (73) into two
Riccati-type equations

1+ gog + 10 +an —e? =0,
M2w + 30(q2s +1m2) +1° — > =0, (85)
which are new potential functions with respect to ¢, and a divergence-type equation as follows:

0x[2a® + 6asn — 3b(nax + 10602, — 15amme, — 100°n2, — 10mn2 + 15e*n — 30ae?n? + 15a°n® — 20227
+ 20an™ 4 67° + 5¢° — 5ae®n)] + [21], = 0, (86)

where (86) is obtained by using (85).
Inserting the following expansion:

n=c+ Y In(¢ e G, )" (87)
n=1
into the linear combination as follows:
0+ gou + My + an — €% + r[2e + 30(q2s +12) +1° — %] =0, (88)

and equating the coefficients for £, where r # 0, we can obtain the conversed densities .#,’s as follows:

«
j:— _ —
1 U 3'1"7

U 20
Iy =Upg+ — + —,....
2 +3r+9r2
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Then combining expansion (87) and the divergence-type equation (86) yields

Oy {2@53 + 6ae? (5 + Z f,ﬁ‘") —3b [Z Iz "+ 10e? Z Iz " — 1ba <€ + Z fns_”> Z I 2a€ "
n=1 n=1 n=1

n=1 n=1

—10 (5 + Z ﬂ,ﬁ”) Z Inoze " — 10 (e’:‘ + Z f,ﬁ") (Z f,st") + 15e* <€ + Z f,ﬁ")
n=1 n=1 n=1

n=1 n=1

n=1 n=1 n=1

—30ae? (5 + Z fns"> + 1502 (5 + Z fnaé”) — 20e (6 + Z Jn5”> + 20 (5 + Z fn5”>
n=1

oo 5 oo o0
+6 (5 + Z Jna_”> + 5% — bae? (5 + Z fns_"> + 0 (25 +2 Z f,ﬁ‘”) =0. (90)
n=1

n=1 n=1
From eq. (90), the fluxes #,’s are given by
J1 =605 — 3b[I1 4y — 209191 55 — 1097, — 15095 55 — 1595 + 1509 + 18009 95 + 450° I3 + 450° 7],

fg = 6&%4 — 3b[]2,4z — 20f1f2’2w — 20f2f1’2$ — 20f1’wf2’w — 15af1/1’2$ — 150&]3,2@ — 15f6 + 15&«%5

+180a.#, I3 + 9073 + 80aI + 4502 4 + 900> S, o + 120972 5], . . .. (91)
The conversed densities .#,’s and _#,,’s provide us the infinite conservation laws as follows

I+ Ine=0, n=12... (92)

8 Conclusions and discussions

In this paper, we study the Lie symmetries, exact solutions and integrability of KdV-Sawada-Kotera-Ramani equation.
On the one hand, based on Lie symmetry analysis method, the vector field and optimal system are obtained. Then
the symmetry reductions and exact solutions are also obtained by employing the optimal system. Moreover, we
construct the exact analytic solutions of the equation by utilizing the power series method with the convergence of
power series solutions. On the other hand, we systematically investigate the integrability of KdV-Sawada-Kotera-
Ramani equation by using Bell polynomial approach, such as N-soliton solutions, Lax pair, Backlund transformation
and infinite conservation laws. The P-polynomial expression and #- polynomial of KdV-Sawada-Kotera-Ramani
equation are obtained, respectively, which can be cast into the bilinear form and the bilinear Backlund transformation.
Furthermore, by linearizing the Bell-polynomial-typed Béacklund transformation, the corresponding Lax pair is also
derived. Besides, by using the Hirota bilinear method, the N-soliton solutions of the KdV-Sawada-Kotera-Ramani
equation are also obtained. On the basis of binary Bell polynomial form, we found infinite conservation laws of the
KdV-Sawada-Kotera-Ramani equation.

In conclusion, we construct the Lie symmetries, exact solutions and integrability to the KdV-Sawada-Kotera-
Ramani equation. Based on the Bell’s polynomials, a straightforward way is explicitly provided to construct its bilinear
equation, N-soliton solutions, Lax pair, Backlund transformation and infinite conservation laws for such equation. This
method is also suitable for other nonlinear differential equations.

The authors are greatly indebted to the editor and reviewers for their helpful comments and constructive suggestions, and one
of the authors Pan-Li Ma is grateful for Li Wang’s valuable discussion and help. This work is supported by the Fundamental
Research Funds for the Central Universities of China under the Grant No. 2015QNA53.

Appendix A. Multidimensional bell polynomials

In what follows, we simply recall some necessary notations on multidimensional binary Bell polynomials; for example,
to Lembert and Gilson’s work [38—40]. Let f = f(x1, 22, ...,2,) be a C* function with multi-variables, the polynomial

Ynlzl,...,nTmT (f) = Ynl,...,nr (fllxla ey fszT) == 67fa;7411 e 3£;€f (Al)
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is called the muliti-dimensional Bell polynomial, where fi, 2, 1,2, = 35511 ~~~8§g’T (0<1; <ngi=1,2,...,7). Taking
n = 1, the Bell polynomials are presented as follows:
n! -
Yoo (f) =Y (f1, fo,. o fn) = R S =) ks,
(f) (fl f2 f ) ZSl!"'SH!(l!)Sl"'(TL!)S” 1 n ; Sk

To build a relationship between the Bell polynomials and the Hirota D-operator, the multidimensional binary poly-
nomials can be defined as follows [39]:

%lel,...,nTxr(Uyw) = Y7L17~..,7L7‘(f) | Vlyze ol ll 4+ 4+ lr is Odd,
fiyay, o lpar= .
Wiyay,..lpay, 14+ 1. is even,
%(’U,W) = Vg, %m(’l],(d) = Uﬁ + Wy, %,t(vaw) = VgVt + Wety

B (V,w) = V3 + BUgwag 03, (A.3)

which inherit the easily recognizable partial structure of the Bell polynomials. The relation between the % -polynomials
and the Hirota bilinear equation D' --- D" F' - G can be given by the identity [39]

Drvormya,(V=IF/G,w=IFG) = (FG)"'D}*--- D" F - G, (A.4)

where F' and G are both the functions about z and ¢. In particular, taking F' = G, the formula (A.4) becomes

0, if ng+---+mn, isodd,
F2D™...D""F.F=%(0,g=2InF) = ' _ _ (A.5)
1 v Privi, . mean (@), i mi+...4+n, iseven,
in which the P-polynomials can be replaced by an equally recognizable even-part partitional structure,
Pou(q) = G2, Prt(q) = oty Pia(q) = qae +363,, Poo(q) = g6 + 1520440 + 15G3,., - .- (A.6)

The binary Bell polynomials #;,,;, ... n,a,.(V,w) can be divided into P-polynomials and Y-polynomials

(FG)~'Dm

Ty

[ R
T DQTTF G = %11317"'7"T1T (V’ w)|l/:ln F/G,w=In FG

= %lml,...,nrrr(’/a’/+Q)|V:1nF/G,w:1nFG

ni Ny T
Z Z c Z H) <7ZZ> Blml,...,lrrr (Q)Y—(nl—ll)xl,...,(nr—lr)acr(l/)‘ (A7)

ni+nz+--+n,=evenl; =0 Ly

The multidimensional Bell polynomials admit the following key property:

Yoiz1,. neer (v) |V:1n o = Unie,...nezy /1/1, (A.8)

which means that the binary Bell polynomials %, 4, . n,,. (¥, w) can still be linearized by taking advantage of the
Hopf-Cole transformation v = Inw, i.e. v = F/G. The associated Lax system of the nonlinear equations can be
obtained by means of formulas (A.7) and (A.8).
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