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Based on two different Riccati equations with different parameters, many new types of complexiton
solutions to the (2+1)-dimensional Burgers equation are investigated. Such complexiton solutions
obtained possess various combinations of trigonometric periodic and hyperbolic function solutions,
various combinations of trigonometric periodic and rational function solutions, various combinations
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1. Introduction

The Riccati equation is used as subequation to find
many algorithms for the construction of particular trav-
elling solutions of a large number of nonlinear evolu-
tion equations [1 - 3]. Generally speaking, the various
extensions and improvements of the Riccati subequa-
tion methods focus mainly on presenting a more gen-
eral expansion ansatz. However, by the existing Riccati
subequation methods the following complexiton solu-
tions can not be obtained: combination of trigonomet-
ric periodic and hyperbolic function solutions, combi-
nation of trigonometric periodic and rational function
solutions, combination of hyperbolic and rational func-
tion solutions. Recently we presented a Riccati equa-
tion rational expansion method [4] to obtain a series of
travelling wave solutions including rational form soli-
tary wave solutions, triangular periodic wave solutions
and rational wave solutions. In the present paper, so-
lutions of two different Riccati equations with differ-
ent parameters are used as two variables in the com-
ponents of a finite rational expansion. This method is
named the multiple Riccati equations rational expan-
sion (MRERE) method, in which we introduce a new
ansatz in terms of a finite rational formal expansion:
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where aﬂjlrjz, ur and pp (rjp = 1,2,---,j; j =

0,1,---.m;n=12;i=12,---) are constants to be
determined later, and the new variables ¢ = ¢ (&) and
v = y(&) satisfy two different Riccati equations, i. e.

d d

% % = hg+ hyy?,
where hg, hy, hs and hs are constants. So we can
find many new types of complexiton solutions: var-
ious combinations of trigonometric periodic and hy-
perbolic function solutions, various combinations of
trigonometric periodic and rational function solutions,
various combinations of hyperbolic and rational func-
tion solutions, etc. We apply the MRERE method to
the (2+1)-dimensional Burgers equation and find many
new types of complexiton solutions, in the hope that
they will lead to a deeper and more comprehensive un-
derstanding of the solution structures resulting from
the (2+1)-dimensional Burgers equation.

= hy + hp¢p?, (1.2)

2. Summary of the Multi-variable Riccati
Equation Rational Expansion M ethod

In the following we would like to outline the main
steps of our method:

Sep 1. Given a system of polynomial PDEs
with constant coefficients, with some physical fields
ui(x,y,t) in three variables x, y, t,

)=0,
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674
using the wave transformation
Ui(€), &=k(x+ly+2t),

where k, | and A are constants to be determined later.
Then the nonlinear partial differential system (2.1) is
reduced to a nonlinear ordinary differential system:

Uix, y,t) = (2.2)

oL, U/ ,++) =0. (2.3)

Sep 2. We introduce a new ansatz in terms of finite
rational formal expansion in the following form:
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where a#llrlz, proand pp (i = 1,2, J =
1,2,---,m; i = 1,2) are constants to be determined

Iater and the new variables ¢ = ¢ (&) and v = w(&)
satisfy two different Riccati equation, i.e.

d dy
% = hy +hp¢?, a€
where hy, hy, hs and h, are constants.

Sep 3. Determine the m; of the rational formal poly-
nomial solutions (2.4) by respectively balancing the
highest nonlinear terms and the highest-order partial
derivative terms in the given system equations (see
[1-5] for details), and then give the formal solutions.

Sep 4. Substitute (2.4) into (2.3) along with (2.5),
and then set all coefficients of ¢P(E)y9(&)(p =
0,1,2,---;9=0,1,2,---) of the resulting system’s nu-
merator to zero to get an over-determined system of
nonlinear algebraic equations with respect to k, tt1, 2
andal;r, (Mi=1,2,--+; j=1,2,--- ,my;i =1,2).

Sep 5. By solving the over-determined system of
nonlinear algebraic equations using the symbolic com-
putation system Maple, we end up with the explicit
expressions for k, u1, up, and a#jlrjz (rji=1,2,--+;
j=12,--- . m;i=172).

Sep 6. According to (2.2) and (2.4), the conclusions
in Step 5 and the general solutions of (2.5), which can
be seen in the Appendix, we can obtain rational formal
exact solutions of system (2.1), which include many
new types of complexiton solutions.

Remark 1: The method proposed here is more
general than the various existing methods [1-4] for
finding exact solutions of nonlinear partial differen-
tial equations (PDEs). The appeal and success of the

—hy+hy?,  (25)
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method lies in the fact that writing the exact solutions
of a nonlinear equation as polynomials of ¢ and v,
whose derivations are in closed form, the equation can
be changed into a nonlinear system of algebraic equa-
tions. The system can be solved with the help of sym-
bolic computation.

Remark 2; Due to using two different Riccati equa-
tions with different parameters as subequations, we
can easily see that when hy # hs or hy # hy, ¢ and
v satisfy different Riccati equations, so hyperbolic
functions and triangular functions can appear in one
solution at the same time. These solutions have not
been obtained by any other Riccati equation expan-
sion method or projective Riccati equation expansion
method [1-5]. Clearly, there are many combinations,
thus we omit them.

Remark 3: W. X. Ma [6] defined the complexiton
solutions and found the complexiton solutions to the
(Korteweg - de Vries (KdV) equation through its bilin-
ear form. By means of a mapping relation, Lou et al.
[7] found many new types of complexiton solutions.
Although our method can not recover all complexiton
solutions obtained by Ma’s method and Lou’s method,
other new types of complexiton solutions can not be
found by Ma’s method and Lou’s method. In particular,
our method is a unified straightforward and pure alge-
braic algorithm to integrable and nonintegrable equa-
tions, which is implemented in a computer algebraic
system. Of course, our method can also be extended to
other integrable and nonintegrable systems.

3. Exact Complexiton Solutions of the
(2+1)-Dimensional Burgers Equation
Let us consider the (2+1)-dimensional Burgers
equation

— Ut + UUy + oVUy + BUyy + otk = 0,

ya (3.1)

An equivalent form of the Burgers equation (3.1) is de-
rived from the generalized Painlevé integrability clas-
sification in [8].

In order to get some families of rational form wave
solutions to the (2+1)-dimensional Burgers equation,
by considering the wave transformations u(x,y,t) =
U(&), v(xy,t) =V(&) and & = k(x+ ly+ At), we
change (3.1) to the form

—AU’ 41UV’ 4+ aVU' + BKI2U"
+ofkU” =0,
U’ —IVvV' =0.

(3.2)
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For the (2+1)-dimensional Burgers equation, by bal-
ancing the highest nonlinear terms and the highest-
order partial derivative terms in (3.2), we suppose that
(3.2) has the formal travelling wave solution

B ¢ +by
v = f1¢ + oy +1
(3.3)
V() =pot RV
¢+ oy +1°

where s, Up, 8o, a1, b1, Ag, A1 and By are constants
to be determined later, and the new variables ¢ and y
satisfy (2.5).

With the aid of Maple, substituting (3.3) along with
(2.5) into (3.2) and setting the coefficients of the terms
o'y to zero yields a set of over-determined algebraic
equations with respect to ap, a;, b, Ao, As, B, 1, Uz,
k I and A.

By use of the Maple soft package “Charsets” by
Dongming Wang, which is based on the Wu-elimin-
ation method, solving the over-determined algebraic

equations, we get the following results:
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(3.4)

where ag, Ag, b1, up and k are arbitrary constants.

According to (3.3)-(3.4) and the general solutions
of (2.5) listed in the Appendix, we will obtain the fol-
lowing exact solutions for the (2+1)-dimensional Burg-
ers equation.

Note that: Since the solutions obtained here are so
many, we just list some new solutions for the (2+1)-
dimensional Burgers equation to illustrate the effi-
ciency of our method.

Family1. Whenh; =1, hy = —1and hg = hy = £1,
then we can get a combination of tanh and tan function
solutions:

(3.5)

B by tanh(&) by tan(§)
M =0T L tanh(€) + patan(€) 11 | £iptann(&) + pptan(&) + 17
v Aot V/—abytanh(&) _ v/—obstan(§)

oz tanh(§) + pptan() +1)

o(£pztanh(8) + pptan() +1)

where & = k(x+ly+ At), ag, Ao, b1, k, | and A are arbitrary constants.
Family 2. When h; =1, hp = -1 and h3 = hy = i%, then we can get a combination of tanh, sec and tan

function solutions:

U =ap+

by tanh(&) . b (sec(£)£tan(&))
2(£2pztanh (&) + iz (sec(€)£tan(€)) +1) | +2pptann(€)+ pp(sec(€)£tan(€))+1’ 5
V/—aby tanh(&) v/~ aby (sec(£)tan(£)) '

=Apt
VZAOZOC

(F2uztanh(E)+uz(sec() +tan(§))+1)

o(F2uztanh(E) +pz(sec(8)+tan(§)) +1)”

where & = k(x+ly+ At), ag, Ao, b1, k, | and A are arbitrary constants.
Family 3. When h; =1, h, = —1, h3 = 0 and hg # 0, then we can get a combination of tanh and rational

function solutions:
bihs

Uz = ap

h4\/—OCb1

~ pztanh(&) (€ + co) — pzhy + ha(hs& + o)

(3.7)

vz =Ag+
o

(uztanh(&)(hs& + co) + pahs + ha(hs€ + o))’

where & = k(x+1y+ At), hy #0, o, g, Ao, b1, k, | and A are arbitrary constants.
Family 4. When h; = —%, hy, = % and hg = hy = £1, then we can get a combination of tanh, sech and tan

function solutions:

us=apt

4by (tanh(&)+isech(&)) 2bstan(&)
(Falfanh ) Sisech(E)) 1240 @) +2) (ol (@) 2isech(©)) + 2 an() 42
4+/—aby (tanh(&)+isech(&)) 2y/—abtan(§) '

Va=AoF

o(Fup(tanh(&)+isech(&))+2uz tan(€)+2)

o(Fup (tanh(€)Lisech(&))+2uztan(€)+2)’
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where & = k(x+ly+ At), ag, Ao, b1, k, | and A are arbitrary constants.
Family 5. When hy = —1, hp = § and hs = hy = £3, then we can get a combination of tanh, sech, sec and
tan function solutions:
by (tanh(&) +isech(&) £sec(&) +tan(&))
+ o (tanh(&) isech(§)) + po(sec(§) £tan(&)) +1°

bi1v/—o(tanh(&) £ isech(&) +sec(€) +tan(€))
a(xup(tanh(&) tisech(§)) + uo(sec(§) £tan(&)) +1)°

where & = k(x+ly+ At), ag, Ao, b1, k, | and A are arbitrary constants.
Family 6. When hy =1, h, = —1, h3 = 0 and hy # 0, then we can get a combination of tanh, sech, rational
function solutions:

Us = ap =
(3.9)

vz =Ag=*

2b;hy
Ho = 80 tanh(&) £ i5ech(€)) (Na& + Co) — 2Htaha + 2ha(Na + co)’
(3.10)
2\/—ch1h4
Ve = Ao+

o(—az (tanh(&) = 15ech(€)) (e + Co) — 2izhy + 2ha(had + &)

where & = k(x+1y+ At), hg £ 0, o, @, Ag, b1, k, | and A are arbitrary constants.
Family 7. When h; = h, = £1, hg = 0 and h4 # 0, then we can get a combination of tan and rational function
solutions:

bihy
U = — 9
"0 T L tan (&) (€ + Co) — Napiz + Na(Nag + Co) (3.12)
J/—absh |
Vo= Aot obihg

o(Fuztan(&)(hag + o) — haptp +ha(haé + o))’

where & = k(x+ly+ At), hy # 0, o, @, Ao, b1, k, | and A are arbitrary constants.
Family 8. When h; =1, h) = —1, h3 = 0 and hy # 0, then we can get a combination of tan, sec, rational
function solutions:

bihy
Ug = —
8= 80 I p(sec(&) £ tan(&)) (s + o) — fizhs + ha(Ne + C)’
(3.12)
\/—O£b1h4
Vg = Ay +

oz (sec(&) +tan(&)) (ha + co) — uaha + ha(heé + o))’

where & = k(x+ly+ At), hy # 0, o, @g, Ao, b1, k, | and A are arbitrary constants.

At the same time, we can also get some new solutions which are not the complexiton solutions and can not be
obtained by another tanh method, such as:

Family9. When hy = hg = § and h, = hy = —1, then we obtain the following solutions:

bi(tanh(&) £ isech(&) £ coth(&) £ csch(&))
—uz(tanh(&) £ isech(§)) 4+ pa(coth(§) £esch(§)) 417
v/—aby (tanh(&) +isech(&) +coth(§) +csch(&))
o(—pp(tanh(&) isech(€)) + ua(coth(€) £ csch(é)) + 1)’
where & = k(x+ly+ At), ag, Ao, b1, k, | and A are arbitrary constants.
Family 10. When hy = h, = £3 and hg = hy = +1, then we obtain the following solutions:
by (sec(&) £tan(&) +csc(&) +cot(&))
Epa(sec(§) £tan(8)) + pz(csc(§) £ cot(§)) +1
byv/—al(sec(§) £ tan(&)  esc(&) £ cot(&)) (3.14)
o(£p2(sec(§) £tan(8)) + pa(cse() £cot(§)) +1)°
where & = k(x+1y+ At), ag, Ag, b1, k, | and A are arbitrary constants.

U =ap*
(3.13)

Vg =Agt

Upo=ap=x

Vip=Ag £
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Fig. 1. Combination of the tanh and tan function solution of the (2+1)-dimensional Burgers fields v (a) and vy (b), where
hy=hg=hy=bi=w=k=1a= —Q, Ay =2,hy =—-1, o =—2 and y = 0. (c) Distribution of singular points of
solutions u; and v;.
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Fig. 2. Combination of tanh, sec and tan function solution of the (2+1)-dimensional Burgers fields w, (a) and v, (b), where

hy=b=w=k=1h=-1h3=h; = % a = —*/Ti, Ap =2, 0 = —2and y = 0. (c) Distribution of singular points of
solutions up and v,.
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Fig. 3. Combination of tanh and rational function solutions of the (2+1)-dimensional Burgers fields u; (a) and vz (b), where

hy=hg=bi=p=k=1h=-1h3=0a= —@, Ay=2, aa=-2,¢c=2and y=0. (c) Distribution of singular
points of solutions uz and vs.
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Fig. 4. Real part (a), imaginary part (b) and the modulus (c) of combinations of tanh, sech and tan solutions of the (2+1)-

dimensional Burgers fields us, wherehy =hy =y =pp =k=1,hp = -1, h3 =0,80 = —v2, Ag =2, . = —2, ¢ = 2 and
y=0.
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Fig. 5. Real part (a), imaginary part (b) and the modulus (c) of combinations of tanh, sech and tan solution of the (2+1)-
dim%nsional Burgers fields v4, where hy =hs =b; =y =k=1,hp =-1,h3 =0, 8 = —Q, Ag=2,aa=-2,¢c,=2and
y=0.
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Fig. 6. Real part (a), imaginary part (b) and the modulus (c) of combinations of the tanh, sech, sec and tan function solution

of the (2+1)-dimensional Burgers field us, wherehy =hy =b; =y =k=1,hp=-1,h3 =0,a = —‘/TE, Ap=2,aa=-2,
cp=2andy=0.
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Fig. 7. Real part (a), imaginary part (b) and the modulus (c) of combinations of tanh, sech, sec and tan function solutions of
the (2+1)-dimensional Burgers field v5, where hy =hy =b; =y =k=1,hy=-1,h3 =0, 8 = —4, Ap=2, a0=-2,

cp=2andy=0.

The properties of these complexiton solutions: the
combination of tanh and tan function solution; the
combination of tanh, sec and tan function solution; the
combination of tanh and rational function solution; the
combination of tanh, sech and tan solution; the combi-
nation of tanh, sech, sec and tan function solution are
shown by some figures (Figs. 1-7). In addition, Figs.
1c, 2c, 3c show the distribution of singular points of
solutions u; and v; (i = 1,2,3). For similarity, other
corresponding distribution of singular points of other
solutions are omitted.

4, Conclusion

Many new types of complexiton solutions to the
(2+1)-dimensional Burgers equation have been inves-
tigated. These complexiton solutions possess various
combinations of trigonometric periodic and hyperbolic
function solutions, various combinations of trigono-
metric periodic and rational function solutions, vari-
ous combinations of hyperbolic and rational function
solutions. It is hoped that the study of these complexi-
ton solutions could further assist understanding, iden-
tifying and classifying nonlinear integrable and non-
integrable differential equations and their exact solu-
tions. In fact, we naturally use two or more really dif-
ferent subequations to replace two Riccati equations in
the multi-variable Riccati equation rational expansion
method, such as the pair of Riccati equations and the
elliptic equation [9]; thus we can obtain more rich com-
plexiton solutions possessing various combinations of
trigonometric periodic and elliptic function solutions,
various combinations of elliptic function solutions and
rational function solutions, various combinations of

hyperbolic and rational function solutions, etc. These
will be further considered.

Appendix
The general solutions of the Riccati equation

dF 2
E =R +RF

are:
1) whenR; = and R, = —3,

F (&) =tanh(&) +isech(&),
F(&) =coth(&) +csch(&),

2) whenR; =R, = +1,

F(&) =sec(&) £tan(S),
F(&) = csc(&) £ cot(E),
3) whenR; =1land R, = —1,
F(§) =tanh(§), F(&) =coth(&),
4.) when Ri =R, =1,
F(&) =tan(S),
5.) when Ri =R, =-1,
F(&) = cot(S),
6.) when Ry = 0and R, # 0,

1

O e



680 Y. Chen and Q. Wang - Exact Complexiton Solutions of the (2+1)-Dimensional Burgers Equation

Acknowledgements

The authors would like to thank the referees very
much for their careful reading of the manuscript
and many valuable suggestions. The work was sup-

[1] E.G. Fan, Phys. Lett. A 277, 212 (2000); E.G. Fan,
J. Phys. A 36, 7009 (2003).

[2] Z.Y. Yan, Comput. Math. Appl. 46, 1363 (2003); Z. Y.
Yan, Phys. Lett. A 292, 100 (2001).

[3] Y. Chen and Y. Zheng, Int. J. Mod. Phys. C 14, 601
(2003); B. Li, Y. Chen, and H.Q. Zhang, Z. Natur-
forsch. 57a, 874 (2002).

[4] Y. Chen and Q. Wang, Z. Naturforsch. 60a, 1 (2005).

ported by the China Postdoctoral Science Founda-
tion, Nature Foundation of Zhejiang Province of China
('Y604056) and Ningbo Doctoral Foundation of China
(2005A610030).

[5] Q. Wang and Y. Chen, Commun. Theor. Phys. 41, 821
(2004).

[6] W.X. Ma, Phys. Lett. 301, 35 (2002).

[7]1 S.Y. Lou, H.C. Hu, and X.Y. Tang, Phys. Rev. E 71,
036604 (2005).

[8] X.Y. Tang and S.Y. Lou, Chin. Phys. Lett. 20, 335
(2003).

[9] Y. Chen, Q. Wang, and B. Li, Chaos, Solitons and Frac-
tals 26, 231 (2005).



