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Generating Lie Point Symmetry Groups of (2+1)-Dimensional Broer-Kaup Equation
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Abstract Using the (2+1)-dimensional Broer-Kaup equation as an simple example, a new direct method is developed
to find symmetry groups and symmetry algebras and then exact solutions of nonlinear mathematical physical equations.
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Over the past decades, Lie group method has been
used as a powerful tool in mathematical physics!!=3! since
Sophus Liel*=7 introduced it at the end of the 19th cen-
tury. Sophus Lie’s method, the classical Lie method, is an
algorithmic procedure to find the symmetry group and re-
duction of a PDE. Bluman and Colel®! introduced the non-
classical method, which allows us to find the conditional
symmetries associated with a PDE. Any classical symme-
try is a nonclassical symmetry but it is not true conversely.
Another way to find symmetry reductions is the direct
method introduced by Clarkson and Kruskal.[¥) Many au-
thors have applied it for kinds of models.['%11 These two
methods have been studied in detail by Olver.['?] In the
last century, Noether™) found that Lie’s method could
be generalized by adding the derivatives of the dependent
variables as well as the independent and dependent vari-
ables to the transformations. All of these methods for
finding symmetries and associated reductions of a given
PDE is the use of group theory.

The direct method to find similarity reductions is a
very simple method that does not use group theory. The
main idea is to seek a reduction of a given PDE in the

form
w(zy, T2, ..., Tpn)
=W(x1, ®2, ..., Tp, U(z1, 22, ..., 2m)), (1)
(zs = zi(x1, T2y ..oy XTp), 1=1,2, ..., m<n),
which is the most general form for a similarity

reduction.!'¥ For a given PDE,

F(xiv u7 uww u.’Kf,.’Kj)"'?i?j:l? 27”)205 (2)

substituting Eq. (1) into Eq. (2) and demanding that the
result be a lower-dimensional partial (or ordinary) differ-
ential equation for U(z1, 22, ..., 2m) imposes conditions
upon W, z; and their derivatives that enable one to solve
for W and z;.

For many real physical systems, it is enough to seek

the symmetry reductions in a simple form
u(zy, xa, . . ) + Oz, T2, .., )

+ Zm) (3)

) = oz, T, . .
X U(Zl,2’27..

instead of the general form (1).

The traditional direct method is used to find group
invariant solutions and then get the related similar
reductions.'”) In this paper, we try to extend and modify
the method to directly generate finite symmetry trans-
formation group and symmetry algebra for the (2+1)-
dimensional Broer-Kaup equation,

U + 2U0 + 20y + Uy =0,
Uyt + 20V + 20Uz + 2Ugy — Uggy =0, (4)
which possesses symmetry group in the form (3), i.e.
u(z, y, t) =o1 +HUE n, 7),
v(z, y, t) =az+ BV(E 1, 1), (5)

where a1 = iz, y, t), 81 = Bi(z, y, t), as =
az(w, y, t), o = Balw, y, t), & = &z, y, 1), n =
n(z, y, t), and 7 = 7(x, y, t) are functions of {z, y, t}
and should be determined by requiring U (&, 7, T) to sat-
isfy the same (2+1)-dimensional system as u = u(z, y, t)
with the transformation {u, z, vy, t} — {U, & n, 7}.
The invariance properties of some of the integrable
nonlinear evolution equations in (2+1)-dimensions, which
are very important in mathematics and physics, have
been studied through the classical Lie group approaches.
For instance, the Kadomatsev—Petvishilli equation,!!®
the Davey-Stewartson equation,!!fl the three-wave
interaction problem,'”) the cylindrical Kadomtsev—
Petviashvilli equation,'® the stimulated Raman scatter-
ing equation,!? the Nizhnik-Novikov—Veselov equation,
the breaking soliton equation, the sine-Gordon system, 2!
and the long dispersive wave equation,?':22 etc. The
related symmetry groups can be obtained by means of
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the standard Lie group theory, however, the final known
expressions of these types of symmetry groups are quite
complicated and quite difficult for real applications es-
pecially for physicists and other non-mathematical scien-
tists. In this short report, starting with the simple idea
mentioned above, the transformation group and then the
symmetry algebra of the Broer—Kaup equation are given
in detail.

The Broer-Kaup (BK) equation (4) can be obtained
from the symmetry reduction of KP equation.?®! It has
rich local reaction structure and is widely used in statistic
physics, plasma physics, and nonlinear fiber optic commu-
nication.

Now let u,v has the form (5). Substitute it into
the first equation of Eq. (4) and restrict U(&,n,7) and
V(&,1n,7) to satisfy the same equation as Eq. (4),

Vn‘r(ga m, T) = _2‘/5(& m, T)Vn(€7 m, T)
- 2V(§a m, T)‘/ﬁﬂ (6, m, T)
= 2Uee(&,m,7) + Veen(§:m,7)
U‘r (ga m, T) = _2U§ (£7 m, T)V(fa 7, T)
- 2U(§7 m, T)‘/f(ga m, T)
- U§§ (57 , T) . (6)
Ruling out U, and V,; we have
B172Ucs + P1iniUpyz + BinUy + 2001 326, Ve
+ Pl gt U ) =0, (7
where Ugn = OfU, Upn = 0)U, and F(z, y, t, Ue,...)
does not depend on Ugs, U2, Uy, Vg, which tells that
Tw:07n$:07nt:0a alzo' (8)

And then equation (7) becomes
(281202 + 261 822)V — 2B1(7¢ — €u82) Ve
+ 261025 + Bt + Praw + 261.02)U
+ (22611 — &P2)V + 281280 + Prée + 261802
+ B18a0)U — U2 fr( — €7) = 0. )
In the same way, by substitution of Eq. (5) with Egs. (6)
and (8) one gets
Bomi&yVer — Bary&oVerr + F' (2, y, t, U, ..

where F'(z, y, t, Ug, ..
which means

) =0, (10)
.) does not depend on Vg, or Vez,,

gy = 07 (11)

Comparing the coefficients of Eq. (9) and by using Eq. (8)
we get

Ty =0.

n=n(y). T=71), §=n"r+&(),
By=1"% B =0.
Under the help of Eq. (12), equation (9) turns to
(Bt + 2B100,)U

(12)
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+6, (2Tt1/2a2 + € (t) + 51—2)& =0, (13)
Ty
which tells
1 TTtt + 2£1t (t)Ttl/Q
Qg = —— )
4 Tt
b =Fi)m . (14)
On the basis of the above, equation (10) becomes
27" (ny = Fu))Ue> =0,
which means
Fi(y) =y - (15)

In summary, for the general Lie point symmetry group of
the Broer—Kaup equation, we have the following theorem.

Theorem 1If {U = U(z,y,t), V = V(x,y,t)} are solu-
tions of the Broer-Kaup equation (4) then so is {u, v},
which is expressed by

u = nyTtl/QU(§> 1, T) )

1 261, (t)r)
v= - T RO 1y e o)

4 Tt

with Eq. (12).

Whence the finite symmetry group is obtained, to find
its related symmetry algebra is a straightforward quite
work. For the Broer—Kaup equation, the Lie point sym-
metries have the forms:

o =01(f(t)) +o2(g9(y)) + a3(h(t))
() + % f) (zug + u)

1. 1 .
Ftye+ SO, +v) = J2f(0)

g(W)uy + gy (y)u h(t)us
" < 9(y)vy > - <h(t)vw - ;h(t)) ’

which can be obtained from the Theorem by restricting
T(t) =t+ef(t), &(t) =eh(t),
n(y) = eg(y) -

It is very important and difficult work to find some
types of localized excitations in high dimensions. By
means of the theorem given in this paper, we can obtain
many kinds of new exact solutions starting from some sim-
ple known solutions for the Broer—Kaup equation.

Obviously, many kinds of simple exact solutions of
the (24+1)-dimensional Broer—-Kaup equation (4) has been
given by many authors, say, a variable separation solution,

(c3 — c12)P2y
(14 c1p + c2q + c3pg)?”’

_ (a—cs@pe 1pi+tpes
IL+apteqteps 2 pe

, (16)

where p = p(z,t), ¢ = q(y), and ¢;, (i = 1,2,3) are arbi-
trary constants, has been given in Ref. [24].



No. 6
Gene
rating Li
ie Point
Symm
etry G
roups of (2+1)-D
-Dimensio
nal Bro
er—Kau
pE
quation

1049

When
we take
a .
special form of p(
p(z,t) a
) nd
q(y) as

pz,t) =
1) = exp(2z
+ 2t)
L q(y) =
ex
P(2y)7 say, for the fi W
e field u e have a si
,  Kau a simple
pe . strai
quation, raight line solito
n solutio
n Of BI'O
er—

u =

(I+crex 4exp(2z
exp(2z) exp(2t) j_e;(p@y) exp(2t)(c
2exp(2y) + c3 e;p_(ZCI)CQ)
X eXp(Qy) oxp
xp(2t))2

_ ---‘_--._-‘-‘-‘¢--‘--‘-‘---‘_-‘
= -.---‘-..-.--._-¢--‘-‘-‘-.‘-¢‘-‘-
oS -.-.-‘.‘-‘-‘--‘-.‘---‘-‘-‘-‘--

‘--.-.‘.-.--¢.-'---.-.¢‘-‘-“--
— -‘.‘-‘-‘-.¢--¢---‘-._--.-‘-.--.‘
--_.‘._'-¢.¢,.-.¢--.-¢‘-‘---‘-

= --.;-'-__-_,:_-‘-_- ‘-‘.‘-.---_
= S — --‘-“--‘-
= = -'--‘--‘-.‘
‘-.-.-.-‘-.‘-‘

-.-‘-‘-‘-

--‘----.

Sesese o0

Seeeee

——

=

=

o

Seeses
=

!

o
:«t A
W

S
'.-.-.-_-.'«/// A
2 .;._-:—:’:—«”'/?7”4"«\\\\
x = -.-‘-_'—'v”//"/ff‘\\\\\‘
..-.._'—r,///; N
.',-.-.-.-.%'«//,/y AT
4> -.'.-.-‘-_—»'«/////, AN
&= ‘.%’r///////\\\\\-
-‘-_;«,///////f.‘\\\\@ ==
SN S
SN N ..-.'.'.-.'.-.-.'.--..-‘.‘
: -.‘%’«//////’A\\\\\‘ -'-‘-.'-.-.'-.“-.-_'—-.-.'a-'u‘-
6 .-_,;,/////,‘\\\\\ .-..‘..--.-‘-..-“-.-... S5
/AN == -.'.-.--",-.-.-.'.-.-.-‘-_-.-.-..« XNNIR
== NN o ---;--ﬂ--‘-—ﬂ“" g
—.:«,/// \® ‘_‘-‘-‘-_‘-‘-‘-_‘“-“‘-‘-‘-‘-‘-_‘-‘-“-:",‘OO
) S “-,"-—."-"-._'-,‘-.‘-."-"-":"-."-'-' 0
1 2 3

Fi
g. 1 A
sha typic
pe grou al strai .
P defOrmatiOglilt tl»/lne solution t
at t = o th
"6 (b). (241)-di
(b). )-dimensional B
roer—Ka.
up equa .
tlon a
tt =
=0 (a)
and its
special ¢
urve

._______,‘_‘__:_::_______.‘____-_,—.:‘:

S
R

SRS

S

S

K o
=

=

-:-—-:--_-_;:_-:-—:'-1‘-:-:“—"-"'—
===
=

—_ 4 -‘—¢
- i/’ﬁi////// AN f
-.-‘-_-'-‘-‘-:-_‘-_--—: =
! '-‘-‘-""‘-“"""‘"-‘:‘-:‘:é"',/' S NS
= = AN S
e R TN S
—2 2 4 e SR NS R S
s = NS == SR
:'-‘-:-.-'-::-.'«,//, N s SRR
‘-.'.-.._‘_-;:.'-:-f%//////,\\\-‘-:.% = SN
2 == 7\ < n,l;:,r-.-
=== A s S
SN KN e ==
=2 2% /;-':u-‘..‘.‘“.“
SN =5%% I"-'-""-.‘-‘,-:‘:‘
=2/ S ‘-,-‘,-.‘-._,_,.,_,
= --‘-:-::-“-_-.-:“"-"
=Y -."-'.‘.,‘-_‘.-.'-“‘—"
o

u
0 s
"""""""'"“-"""“" ‘,‘-::-:'."-“-""“""‘-"‘- R
.‘.“.‘..““._ ‘.“»,,_“._‘“‘.‘ e
S R _‘.«,____‘-.,‘.. S
== .‘.‘.‘_._‘._‘:_,_‘,,__,_____,_“__“_ =
.y ‘-',‘-‘-,'.‘,_,,— S .“-u_‘,_.‘-‘
S S SRR
S = = SO
5 5 SIS |
=
5 X
=
S .
2 SR
=
""‘;‘ O 8! “I‘I““““““““‘“
0 - i R ,_.,‘-::-‘-""“-__“_-.._
: = S S ETeReees
0 “lN"‘-‘—:-‘m‘-"‘"'“ — S = ==
% {-«.«- S .-‘-‘_“-.“_‘__ e S S \
0 ="-‘,-.=‘-—,-.“‘-"« —4 ««-....‘-.‘ SO O SEsee SO0,
x S N"‘-:“-:“-"""::“"" -‘-‘-.'-“".«.‘-;_'- S e
589 R = ST ‘,‘-_“‘_‘___‘_“ SN
“‘“"ﬁ" ":v‘ ST o -_‘,‘;‘t"-‘- “:“-“,.‘-‘ﬂ_““,‘-“‘““ S
| 0 “‘-
2 -:-“:"‘:'o"'/l'/'.' ““‘““‘,“_-._‘,’_-,___‘_"_ =
-;-“4‘ = ““““:‘“‘ =
“““¢¢'¢' S — '
S e ‘”‘“‘
= oo
.”«,' = ‘
‘,-:“"'é,é = ‘ | “
o y AR east g
““““ o A4
TR A
S A
: ! g: TR d
S
s X
e S
=
2 | e ,‘._:_‘-,:.:-_‘-.‘-:-“‘-"-"-"-‘"":"- )
S5
S -‘::“‘-..-.-“._.‘-,-‘ =%
S e )
e o0 X s “I“‘-ﬂ“ o
5 0 ““‘ ““‘“““‘“ ““ A
/ O S s ‘-“_“““““‘ o
S S o
e 98 O
o

=
X 9
o 55
\‘-“‘-‘

Fig
.2 E
volution
of a strai
raight i
line solution to
a curve
solution
at t =
’ il 0.5. 1

Figu
re 1
selections (a) shows a typi
plCa] str
ucture of
the Sin
gle .
straight line solit
iton stru
cture goi
glven b
- (17) with
the
parame
ter

at time t = 0
solution 1 =cy = 0
) c3 = 1

The
applicat-
ion of th
e symm
etry
group th
(¢
" orem on the si
single straight
ine solit
on (17) yi
yields th
€ grou :
p-anari
ant

U= MyTy
eXp(2£) exp
xp(27) exp
xp(27)(c3
—c1C9)

(1+c
1 exp(2€) exp(2
T) + cyex
p(2n) + c3 exp(2€)
exp(2n) exp(2
T))z




1050 MA Hong-Cai Vol. 43

with the arbitrary function of n(y) and 7(t) and & = Ttl/Qm + & (t) for arbitrary & (t).

Now by selecting the arbitrary functions, n(y) and 7(t), introduced by the transformation group, one can obtain
various types of solutions. In the following we just plot some special group deformations of the straight line soliton.
Figure 1(b) exhibits a plot of the curve soliton with
co=co=0, c3=1, &= (2cos(t))/?z +sin(t), n=—y? 7 =2sin(t)
at time t = —7 /6.
Figure 2 displays evolution of a straight line solution with

c1=c=0, c3=1, &=+6tx+sin(t),

Fig. 3 The special curve solution (a) and the dromion solution (b) at ¢ = 0.

Figure 3(a) displays the special curve solution with
ca=co=0, c3=1, &= (2cos(t)/?z +sin(t), n=—y? 7 =2sin(t)

at time ¢ = 0.
Figure 3(b) displays the dromion solution with

cp=c=0, c3=1, &£=+/2—2tanh(t)?z, n=tanh(y), 7= 2tanh(?)

at time t = 0.

s
20 e greetgtereeces
AN

X
'.oosﬁgg\““
RS

Fig. 4 The special curve solution at ¢ = —7/30 (a) and the two dromion solution at ¢t = 0 (b).

Figure 4(a) displays the special curve solution with
cr=c3=0, ec3=1, &= (2cos(t))?x+cos(t), n=cosh(y), 7 =2sin(t)

at time ¢ = —7/30.
Figure 4(b) displays the two-dromion solution with

cr=c3=0, c3=1, &= (2cos(t))?z+exp(t), n=sech(y), 7=2sin(t)

at time ¢ = 0.
Figure 5 displays the evolution of a kink solution with

co=co=0, c3=1, &=+3tx+sin(t), n=sech(y), 7=2sin(t).
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Fig. 6 The periodic solution (a) and the multi-dromion solution (b) at ¢ = 0.

Figure 6(a) displays the periodic solution with

cr=0c3=0, ec3=1, &= (2cos(t))?x+exp(t®), n=cos(y), 7=2sin(t)
at time ¢ = 0.
Figure 6(b) displays the multi-dromion solution with

co=c=0, c3=1, &= (2cos(t))%x+exp(t®), n=sech(y)sin(y), 7= 2sin(t)
at time ¢ = 0.

In summary, taking the Broer—-Kaup equation as a simple example, the direct method is developed to directly get
the Lie point symmetry groups (finite invariant transformations) of nonlinear systems. To find the related symmetry
algebras becomes only a simple limiting procedure. For the Lax integrable models, the invariant finite transformation
groups can also be directly derived by a combined gauge and space-time transformation.[25] The method reported here

can be applied in principle to all nonlinear systems including both integrable and non-integrable ones and more details
will be reported in a future full paper. (2]
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