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Abstract: Two class of fractional type solutions of Riccati equation are constructed from its three known
solutions. These fractional type solutions are used to propose an approach for constructing infinite number
of exact traveling wave solutions of nonlinear evolution equations by means of the extended tanh—function
method. The infinite number of exact traveling wave solutions of the long—short wave interaction system and
the generalized variable coefficients Korteweg—de Vries equation are obtained by the approach. The obtained
new solutions not only can recover old solutions but also can give infinite number of new exact solutions for
nonlinear evolution equations. The method also can be applied to find infinite number of exact traveling wave
solutions of the other nonlinear evolution equations.
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1 Introduction

Seeking new exact solutions for a given nonlinear evolution equation(NLEE) is an interesting hot topic in the soliton
theory. Some direct methods, such as the extended tanh-function method (ETFM)[1-4], F—expansion method[5, 6],
G’/ G—expansion method[7, 8], auxiliary equation method[9—12], exp(—p(&))—expansion method[13, 14] and so on, had
been carried on this topic and found some new exact solutions of the considered NLEEs. All these methods are connected
with two elements, i.e, an auxiliary ordinary differential equation(s) (AODEs) and an expansion expression involving the
solution of the chosen AODEs. Therefore, new solutions of a given NLEE can be found by modifying one or both of the
elements. The modification on the AODEs contains two situation that is to give new AODESs or new solutions for the old
AODE:s. In this work, we shall consider how to construct new solutions of the NLEEs by using the ETFM. In order that
the Riccati equation used by Fan in ETFM[1] of the form

(&) =b+ f2(9), (1)

is taken as the AODE and then try to construct its new solutions. If it is possible to find some new solutions of the Riccati
equation (1), then we can construct new solutions for the given NLEEs by using the obtained new solutions of the Riccati
equation (1) to replace the old solutions which used before in the extended tanh—function method.

Based on the above idea, in Section 2, we shall give two class of fractional type solutions with two parameters of the
Riccati equation (1) starting from its three known solutions. We find our fractional type solutions not only can recover the
old solutions given by Fan as below

—+/—btanh (\/jbg), b <0,
—+/—bcoth (Jjbﬁ), b <0,
f&) = Vb tan (\@ f) , b>0, 2)

f bcot(\/Bg), b>0,
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but also can give infinite number of new solutions for Riccati equation (1) as its parameters varying.

In Section 3, we shall use our fractional type solutions to construct infinite number of new exact traveling wave
solutions of the long—short wave interaction system (LSWIS) and the generalized variable coefficients Korteweg—de
Vries(GVCKDV) equation through use of the ETFM . As a result, the old solutions are recovered and infinitely many
new exact traveling wave solutions are also constructed. Finally, in Section 4 give some conclusions.

2 Two Parametric Solutions for Riccati Equation

As we know that the Riccati equation has fractional type solution[15] which can be constructed from its three known
solution f1, f, f3 by the formula[16]

(fr = fo)(fr = f3)/(f2 — f3)
(fi—=1f3)/(fa—f3) +c

where c is an arbitrary constant. This formula allows us to construct the non—trivial and non—degenerate fractional type
solutions of the Riccati equation (1). In order that, when b < 0 we choose three known solutions of the Riccati equation (1)

) f1() = —V=btanh (V=b) . f2(6) = —v=beoth (V=b¢) , fa(€) = =V, ©

then using formula (3) we get

f=h- 3)

V—=b (ctanh (\/jb §) — 1) .

Replacing ¢ and —1 in (5) by r; and 75, respectively, we obtain
B V—b (7"1 tanh (\/jb 5) + 7“2)
(&) =- "+ ra tanh (Vb &) , b<O. (6)

where A = \/=b(r3 — %) # 0 and 71, ro are two real parameters. Direct calculation shows that (6) is just the solution
of the Riccati equation (1) and which is non—trivial and non—degenerate if and only if the two real parameters r; and 79
must be satisfy the condition

Ty # £, 72 472 #0. (7)

Clearly, if r; = 1,79 = 0, then (6) is reduced to the old solution

£(€) = —v/—btanh (\/Tb 5) L b<0,
and if r; = 0,7 = 1, then (6) gives the old solution

7€) = —v=beoth (V=b¢) , b<0.

When (r1,72) # (1,0), (0, 1), the fractional type solution (6) is a new class of solutions for the Riccati equation (1).
In the case of b > 0, we observe that v/—b = iv/b, tanh (2\/5 f) = {tan (\/5 f) and set r3 = 1,74 = iro, then we
obtain the second class of fractional type solutions of the Riccati equation (1)

Vb (7“4 — rytan (\/5 {))
r3 + 74 tan (\/I; §)

in which A = \/l;(rg +r2) # 0 and r3, 74 are real parameters. This solution is non-trivial and non-degenerate if and
only if

r3 413 #0. 9)
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Also we can see that, if r3 = 1,4 = 0, then (8) is reduced to the old solution
fl§) = \/l;tan(\/l;ﬁ)7 b >0,
and if r3 = 0,74 = 1, then (8) gives the old solution
f(€) = —Vbeot (\/55) , b>0.

In addition, by setting (r1,72) = (1,v/=b), (r3,74) = (1,1) and (r1,72) = (—3,1), (r3,74) = (3,1) in (6) and (8) we
obtain solutions No. 7-No. 10 in Ref.[2].

As shown above, from the solutions (6) and (8) we not only can recover the all old solutions but also can give infinite
number of new solutions of the Riccati equation (1). Therefore, following the procedures of the ETFM equipped with
solutions (6) and (8) we can get infinitely many new two parametric solutions for a given NLEE.

3 Illustrative Examples

According to the discussion in Section 2, if we use the fractional type solution (6) or (8) to replace the solution (2), then
we can obtain new type of exact traveling wave solutions of the given NLEEs from the ETFM. To illustrate this, we now
consider two examples as below.

3.1 The long-short-wave interaction system

Now let us consider the long—short—wave interaction system (LSWIS)[17]

{ iwt+wmz_wvzoa

v+ 0. + (JP2), =0, (10)

in which v (z,t) is a complex function and v(z, t) is a real function. This system describes the interaction between one
long longitudinal wave and one short transverse wave propagating in a generalized elastic medium. The exact solutions
of the system (10) were obtained in the literature [18-20].
Let
Y(x,t) = u() exp(in),v(z,t) =v(§),& =z + wt,n = ax + Bt, (11)
where w, o, 3 are constants to be determined. Substituting (11) into (10) and setting the real part and the imaginary part
to zero, we get

3
u"—(5+a2+c)u+1it2a:0, (12)
and
u2
v:2a_1+c,w:—2a, (13)

where c is an integration constant. Balancing the highest order derivative term '’ with the highest power nonlinear term
u? in (12) gives leading order n = 1. Therefore, we may take the solution of (12) as

u(&) = ag + ar f(§), (14)

where ag,a; are constants to be determined. Substituting (14) into (12) and setting the coefficients of f7(¢) (j =
0,1,2,3) to zero yields a set of algebraic equations

3a0a% ~0
1-2a
3
a
2 L —9
mt o, =Y
(B4 0%+ Jap + —9_ =9
— [0 cla =
T o0
3aa,
%—f—a®— 071 _ .
( B—« c)a1+1_2a 0
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Solving this set of algebraic equations we obtain

ag=0,a1 = £+/2 b— ﬁ—i—a +¢). (15)

Taking (15) with (6),(8) into (14) and using the relations (13) and (11) we obtain the exact traveling wave solutions of the
LSWIS (10) as follows

ritanh /(=8 — a? — ¢)(z — 2at) + 72
vi(e,t) = Fexplilaz+ )]/ (20 - 1)(-f - a® —c) . (16)
rotanh/s(—=8 — a2 —¢)(z — 2at) + 1

2

[ I

ritanh /2 (=8 — a? — ¢)(z — 2at) + 1o
v t) = —(B+a’+c) +e, (17
rotanh /s (=8 — a? — ¢)(x — 2at) + 71

ry —rytan /3 (8 + a2 + ¢)(z — 2at)
Yalw,t) = texplilaw+8t)] v/ (2a—1)(B+a? +¢) —— LR -

ratany/1(B+ a2 +c)(z — 2at) + 13
2

N[

ry —r3tany/1(8+ a® + ¢)(z — 2at)
vo(z,t) = (B+a?+¢) +ec. (19)
rytan /(B + a2 +c)(z — 2at) + 13

The above two class of solutions will give infinite number of exact traveling wave solutions of the LSWIS (10) with the
variation of their parameters r; (¢ = 1,2,3,4). Especially, when choosing 71 = 1,7 = O and r; = 0,7y = 1, the
solution (16)—(17) can recover the known solution (16)—(17) and (18)—(19) in [20], respectively, they are

Yra(z,t) = =+expli(ar + Bt)] /(2a —1)(—f — a® — ¢) tanh %(—,6’—042 —¢)(z — 2at),
vig(z,t) = —(B+ a®+ c)tanh? %(—ﬂ—ag —¢o)(z — 2at) + ¢,
Yip(x,t) = Fexpli(az + Bt)]v/(2a — 1)(—=B — a2 — ¢) coth ;(—B —a? —¢)(r — 2at),

vip(, t)

—(B+ a® +¢) coth? 4/ %(—B —a?—c)(z—2at)+c

When rg = 1,r4 = 0 and rg = 0, r4 = 1,the solution (18)—(19) is reduced to the old solution (21)—(22) in [20]

Yoa(z,t) = =£expli(az + Bt)] /(2o —1)(B + a? + ¢) tan (ﬁ—&—oﬂ—&— ¢)(xz — 2at),

vog(x,t) = (B+a®+c)tan? \/ (B+ a?+c¢)(x — 2at)

and

Yop(2,t) = Fexpli(ax + )] /(2 — 1)(B + a2 +¢) cot (5+a2+ c)(xz — 2at),

vop(z,t) = (B+a®+c cotQ\/ (B+ a2 +¢)(z — 2at)

3.2 The generalized variable coefficients KdV equation

Now we consider the generalized variable coefficients KAV (GVCKDV) equation

us + 268(t)u + [a(t) + B(t)x] uy — 3ey(t)uuy + y(t) gz = 0, (20)
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where the wave amplitude u(z, ¢) is a function of the scaled space = and scaled time ¢,«(t), 5(t),y(t) are differentiable
functions of ¢ and c is a constant. The exact solutions of the GVCKDYV equation have been obtained by the Exp—function
method [21], the F—expansion method [22] and the polynomial expansion method [23], etc. The N—soliton solutions of
the GVCKDV equation were constructed by means of the Wronskian technique in [24].

By balancing the highest order derivative term u,,, with highest power nonlinear term uu, in (20) gives the leading
order n = 2. Therefore, according to the procedure of ETFM, we can set

u(z,t) = ao(t) + a1 (t) f(£) + az(t) f7(€), & = p(t)z + q(t), 1)

where ag(t),a1(t), az(t),p(t), ¢(t) are undetermined functions. Taking (21) into (20) and then setting the coefficients of
x, 2t f7 (i =0,1;5 = 0,1,2,3,4) to be zero, we obtain the following ordinary differential equations (ODEs)

ay (t)b’ <d];$) + 5(t)p(t)) =0,i=0,1, (22)
2a5(t)b' (dil;it) + ﬂ(t)p(t)) =0,i=0,1, (23)
3p(t)y(t)aa (t) (2p*(t) - 3caz(t)) 24)
6p(t)y(t)as(t) (4p*(t) — cas(t)) = (25)
~3ep(t)y(Ban(t)an (1) — ep(t)r(a (aat) + d“;f“
tapan(t) + 00, 0) 1 28(0)as(t) = 26)
=alt ((test) = (0110 3k i)
28 (1) (1)aat) + 20(Dp(t)as(r) + 298 1) < 0, @
~3bep(t) (D)ao(Bhas () + 25(2)ao ) + d“dt( » bai)p(t)n (1)
F100%% ()Y (H)as (t) + bdq( Jar(t) =0, (28)
~Sbep(t) (1) (1) — Gbep(t)y (Dan(t)as(t) + T 1 aba(p(r)an()
+320%p3 (t)y(t)az(t) + dez—?@(t) +2B(t)ay (t) = 0. (29)
We find this set of ODEs is solvable if and only if
ar(t) = 0. (30)
Because ax(t) # 0,thus (23) leads .
PO | st =0 G
which solves .
plt) = exp (- [ 5r)an) 62)
Under (30), the relation (24) is automatically satisfied and (25) ;ives rise to
ox(t) = 270 = Lo (-2 [ d(r)an) 3
Because of (30), the equation (28) is reduced to
200 | 28(0)ao(t) = 64
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which solves

t
ao(t) =exp (=2 [ B(7)dr). (35)
to

Under (30) and (33), the equation (26) is automatically satisfied, (27) and (29) are reduced to the following ODEs

166501 (1) + Gep(t) ()ao(t) — 20(0)p(t) ~ 2740 =, G6)
800" (1)9(8) + Bep(t)r(Dao(t) — a(tp(t) — Z — g @)

Its solution is found to be
q(t) = /t [(30 — 8b)v(s)exp (—3 /S B(7)dT) — a(s) exp (— /S B(T)dT)] ds. (38)

Substitution of (30), (33), (35), (6), (8) into (21) gives two infinite number of exact traveling wave solutions of the
GVCKDV equation as below

= eenia [ s [ % (ratanh(Vb(p(Da +q(0) + 1)

ui(z,t) = exp(-2 . B(r)dr) ll - (rgtanh(ﬁ(p(t)x+q(t)))+r1> ], (39)
i [ g |1 4 (i rstan (VB0 + a() )

ualt) = el Z/to Blrydr) 11+ <r4tan(\/5(p(t)a:+q(t)))—I—r3> 0

where p(t¢) and ¢(t) are determined by expression (32) and (38), (39) and (40) also satisfy the condition (7) and (9),
respectively.

In particular, when r; = 1,7 = 0 and r; = 0,72 = 1, the solution (39) is reduced to the old solitary wave like
solutions [23]

u14(,t) = exp (—Q/t B(r)dr) [1 — 4—Cbtanh2(\/—7b(p(t)x + q(t)))] ,b <0, 41)
uip(z,t) = exp (—2/ B(7)dr) [1 - 4?bcothQ(\/—ib(p(t)sc + q(t)))} ,b< 0. 42)

where p(t) and ¢(t) is given by (32) and (38).
When r3 = 1,74 = 0 and r3 = 0,74 = 1, the solution (40) is reduced to the old trigonometric periodic like
solutions [23]

Ugq(x,t) = exp (—Z/t B(T)dr) [1 + 4?btanQ(\/B(p(t)alc + q(t)))] ,b>0, 43)
ugp(x,t) = exp (—2 t B(7)dT) {1 + %cotz(\/l;(p(t)x + q(t)))] ,b>0, (44)

in which p(t) and ¢(t) are determined by (32) and (38).
Finally, if we consider the case b = 0,then the solution of Riccati (1) is found to be

(&) =—-= (45)
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and correspondingly the set of equations (22)—(29) solves

(1) ao(t) = ar(t) = oxp (-2 / B(r)dr), as(t) = 0,p(t) = 0,q(t) = g,
(2) aolt) = as(t) = exp (-2 / B(r)dr), as(t) = 0,p(t) = 0,q(t) = g,

B)a(t) = ai(t) = as(t) = exp (= t B(r)dr), p(t) = 0,4(t) = g,

(4) ap(t) = exp(-2 t B(T)dr),a1(t) = 0,a2(t) = %exp (=2 [ B(r)dr),

to

p(t) = exp(- /t Br)dr),q(t) = / p(7) Bey(r)ao(r) — a(T)] dr.

t
to

which leads the exact solutions of the GVCKDV equation as follows

t
u(z,t) = <1 — ;) exp (—2 B(7)dr), (46)
to
1 t
u(z,t) = (1 + q2> exp (—2 /to B(r)dr), 47)
t
u(z,t) = (1 - é + q12> exp (—Z/to B(r)dr), (48)
t
u(z,t) = exp (—2/ B(r)dr) |1+ . 1 5| s (49)
to c (x exp (— fto B(r)dr) + q(t))
where ¢ in (46), (47) and (48) is constant, ¢(t) in (49) is given by
t s s
= 3 -3 dr) — — d ds. 50
o) = [ sers)exn (3 [ a(rrar) —ats)exp (- [ a(rian)| ds (50)

4 Conclusions

Two class of fractional type solutions of the Riccati equation were obtained from its three known solutions. By the ETFM
we constructed the infinite number of exact traveling wave solutions of the LSWIS and the GVCKDV equation by using
the obtained fractional type solutions (6) and (8) to replace the solution (2) of the Riccati equation (1). As a result, some
old solutions are recovered and the approach is applicable to find infinite number of new exact traveling wave solutions
for other NLEEs. It is noted that the approach is an essential generalization of the ETFM and the ETFM is a only a special
case of the approach.
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