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‘We present two methods to reduce the discrete compound KdV—-Burgers equation, which are reductions of the

independent and dependent variables: the translational invariant method has been applied in order to reduce the

independent variables; and a discrete spectral matrix has been introduced to reduce the number of dependent variables.

Based on the invariance of a discrete compound KdV—Burgers equation under infinitesimal transformation with respect

to its dependent and independent variables, we present the determining equations of transformation Lie groups for the

KdV—-Burgers equation and use the characteristic equations to obtain new forms of invariants.
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1. Introduction

The theories of symmetry for continuous dif-
ferential equations are becoming more and more

[1=4] There have been relatively few studies fo-

perfect.
cusing on high-order discrete differential equations, or
even differential-difference equations.®=% Whereas,
finite difference analysis in mathematics, force and
physical fields has attracted a lot of attention.['0—12
The main reason is that when the symmetry prop-
erties of a discrete difference system are defined on
a time and space lattice, the system becomes easily
solvable.

It has taken a long time to apply Lie group theory
in the study differential equations. Lie group theory
is an efficient tool for solving differential equations,
classifying differential equations and determining the
property of solution space.'*16] The methods of Lie
group analysis of differential equations are generalised
so as to provide an infinitesimal formalism for calcu-
lating symmetries of difference equations.

Here, we introduce two methods to study com-
pound KdV-Burgers equations: the first method is
the reduction of independent variables and the other
These
two methods are complementry to each other, for ex-

one is the reduction of dependent variables.

ample, in a case where there are too many indepen-
dent variables in the equation, we should choose to
reduce of independent variables; if there are too many
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dependent variables, we should choose to reduce the
dependent variables. Here, a translational invariant
solution is presented for the reduction of independent
variables. We also show how to use this method to
obtain the corresponding solution of the compound
KdV-Burgers equations present in a variety of phys-
ical contexts and studied by many authors.l'”=37 In
addition, the discrete matrix spectral problem can be
introduced to reduce the number of dependent vari-
ables. Here, the equation for the physical mechanism
of collision between solitons has been taken as an ex-
ample, where a nonlinear difference equation with four
dependent variables can be transformed into a differ-
ence equation with two dependent variables.

The KdV equation can describe many phenomena
in the physical field and it has attracted the atten-
tion of many authors. It is not only a very important
equation in theory but also in practice. It can de-
scribe small amplitude shallow water waves, the cold
plasma MHD wave, an ion acoustic wavelet and wave
processes in biological and physical systems. It is well
known that studies on reductions and conserved quan-
tities for discrete compound KdV-Burgers equations
are still open. The infinitesimal transformation is an
effective technique to obtain the invariants.

We present a new form of infinitesimal transfor-
mation that leads to new forms of invariants. In this
paper, the time and space steps can be made to be in-
dependent variables which appear in an infinitesimal
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operator. Furthermore, infinitesimal &; and 7; con-
tain time and space steps. From this viewpoint, we

can derive many new invariants.

2. KdV-Burgers equation

We express the compound KdV-Burgers equation

in nonlinear terms of any order

Ut + pUUL + qu2um + TUgy — SUgge = 0, (1)

where p, ¢, r, and s are constants, which can be consid-
ered as a composition of the KAV, mKdV, and Burgers
equations, involving nonlinear, dispersion and dissipa-
tion effects. When nonlinear wave problems in physics
and hydrodynamics are studied, we use a compound
KdV—-Burgers equation, which contains the following
particular important cases.
Iftp#£0,qg#0,r=0,s#0, then Eq. (1) becomes
the compound KdV equation

uy + puty + quzuz — SUgze = O.

Ifp=0,q9g#0,r#0,s#0, then Eq. (1) becomes
the mKdV-Burgers equation

2
U + QU UL + TUggy — SUgze = 0.

Ifp#0,g=0,r#0, s #0, then Eq. (1) becomes the
KdV-Burgers equation

Ut + PUUL + TUgg — SUgze = 0.

Ifr=0,p=0,s #0, ¢g# 0, then we obtain the
mKdV equation

2
U + qQU UL — SUgqe = 0.

3. Reduction of the independent

variables in a discrete com-

pound KdV-Burgers equation

3.1. Discrete derivatives

Instead of partial derivatives of u(x), the equa-
tions contain finite difference (variations) of the form
1

Apu = —{u(zy,x9,..
T

— u(xy,xa, . .

S %q)

sg)y, o (2)

Gy Ti—1, T4 + 0m7xi+17 .
3 Li—1, L5y Lit1, - -
and also shift operator T,

Tpou = (21, T2, ... Ty Ti 4 Opy Tig 1, ..., Tg).

The spacing, variations, and shift operators are related
with one another

1
Ay, = — (T, = 1),
g,
A ! (T2 —2T,, + 1)
Ti%i — 01’2 T; T; s
1 .
Asioiw, = — (T2 = 3T7 + 3T, — 1).
o; ‘ 4

Then discrete compound KdV equation can be trans-

formed to
Um,n—i—l - um,n um—i—l,n - um,n
+ PUmn
Ot Ox
U —Uu
2 m+1,n m,n
+ QU
Oy
Um+42,n — 2um+1,n + Um,n
+r 2
0%
Um+3,n - 3Um+2,n + 3um+1,n - um,n
- 07 (3)

3
Oz

where

Ot = tm,nJrl - tm,na Oz = Tm+1,n — Tm,n- (4)

3.2. Reduction of the KdV—-Burgers
equation using a translational in-

variant

To reduce Eq. (3), we shall consider the following
lattice equation

Tm+3,n — 3Tm—+2,n + 3Tm+1,n — Tmn = 0,
T4l — Tm,n = 0,

tm+in — tmn =0,

tm,n+1 - tm,n = C(xm+1,n - xm,n)g' (5)

A solution of Eq. (3), invariant under a translation
generated by Py —aPy, Py = 0;, P = 0, will have the
form

u=u(z,t) =u(z),z =z +at. (6)

Then, the compound KdV-Burgers equation only re-
lies on one independent variable z rather than two x
and t, and then Eq. (3) can be given as

U(me-&-l) - U(me)

+9(00)*w(zm,n) [U(zmi1.0) = wlzmn)]
+¢(00) u(zmn)* [w(zm+1,n) — u(zmn)]
Froafu(zmiz.n) = 2u(Zmi1n) — w(zmn)]
— s[u(zmy3,n) = 3u(zmizn)

+3u(2m+1,n) - 'U'(Zm,n)] =0. (7)
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Furthermore, the lattice equation is transformed to The particular solution of Eq. (9) can be given as
Zm+3,n — 33m+2,n + 3Zm+1,n — Zmn = 0; = cleaz + ¢9, (10)
Zmnt1 = Zmn = (Zmtin — Zm,n)3~ (8)

The particular solution of Eq. (8) is shown to be where ¢1, ¢; = const, and a should satisfy

Zmn = am +a’cn +c, e®@” _ 1 4+ p(c1e®® + c3)(05)% (e — 1)

az 20 az 20z az
SO Zm.n really depends on just one vabiable N = Fq(ere™ +e2)%(e™ = 1) + (e — 2% +1)
m + ca®n (c and a are integration constants). When — 5(e** — 3e*** 4+ 3e** — 1) = 0. (11)
the reduced equation (8) is supposed to be a difference
equation on some lattices, N must vary over integer =~ We can say that by means of a translational invari-
values. Then Eq. (7) can be given as ant, we can obtain the exact solution of a compound
3 9 KdV-Burgers equation.
u(z + ca’) —u(z) + p(oz) u(z + a) — (2)]

+qu(2)*(02)*[u(z + a) - (2)]

trog(u(z + 2a) — 2u(z + a) — () 3.3. Invariants of a KdV-Burgers equa-
— s[u(z + 3a) — 3u(z + 2a) tion
+3u(z+a) —u(z)] = 0. (9) For the general form of difference equation
|
F(xm,nv Tm+1,mn5 -+ s Tm+Ny» tm.n ) tm,n—i—lv . 7tm,n+N2,um,n7 LR um+N3,n+N4) = 07 (12)

the infinitesimal operator X will verify the invariance condition

XF(mm,ny Tmt1,ms -3 TmtNys tmns tnnt 1y -« bnnb Ny Umyns - - - 7um+N3,n+N4) = 0. (13)

With Eq. (4), we can write

Um,n = U(Im,vn tm,n) = u(-rm—i-l,n - Umytm,n+1 - Ut) = u(gjm—i-l,na Oy, tm,n+1; Ut);
Um+1,n = u($m+1,n7tm+1 n) = u(xm nytm n,UI)7

Um+2,n = U\ Tm+42.n, m+2 n U Tm+1,n5 m+1 ns Ot 07")

( ) = u(
Um+3,n = u($m+3 ns m+3 n) u(xm n m ny Oz, Ut)
( ) = u(

Umn+1 = U(Tm n+17 m,n+1 U T m, n, m n,o't) (14)

To study the symmetry, we give the following infinitesimal transformation

t;:n,n == Xl (tm,na xm,na xm—i—l,na tm,n—i—la Ot,0¢, um,n+1a um,na um—i—l,na um+2,n7 um+3,na 5)

tm,n + 5&1 (tm;ru Tm,ny Tm+1,n» tm,n+1; Oty Oxy Um,n+15 Um,n, Um+1,n, Um+2,n, um+3,n) + 0(52)7
xm,n == X2 (tm,na xm,na xm—i—l,na tm,n—i—la Ot,0¢, um,n+1a um,na um+1,n7 um+2,n7 um+3,na 5)
Tm.n + 552 (tm,na Tm,ny Tm+1,n» tm,n+1a Oty Oz Um,n+1) Um,n, Um+41,n5 Um+2,n, um+37n) + 0(52)3

fn,n—&-l - X3 (tm,na xm,na tm,n+17 xm—&-l,na 01,0z, um,na um,n+1> um+1,n7 um+2,n7 um+3,na 5)

= tm7n+1 + 553(tm7n7 Tm,ny tm,n+17 Tm+1,m50t, Oz, Um,n, Umn+1, Um+1,n, Um+2,n, um+3,n) + 0<€2)7
x:n_g_l,n - X4 (tm,na L]S'Tn,na tm,n+17 xm—&-l,na Ot,0¢, um,na um,n+1> um—i—l,na um,—i—Q,na um+3,na 5)
= Tm+1,n + 554(tm,na Tm,ny tm,n-{-la Tm+1,m0t, Oxy Um,ny Um,n+1, Um+1,n, Um+2,n, um+37n> + 0(52)3
O = :n,n+l - t:(n,n =0t + 555(tm,n, Tm,n, um,n) + 0(62)
= tm7n+1 + 5&3(tm7n+17 Tmn+1; Um,n+1, 5) - tm;ﬂ - 551 (tmmv Tm,ny um;ﬂ) + 0(52)
U; = m:(n-&-l,n - x;kn,n =0z + Egﬁ(tm,m Tm,n, um,n) + 0(52)

= Tm+1,n + 554(tm,na Tm,ny um;ﬂ) —Tmn — 5€Q(tm,n7 Tm,n» um,n) + 0(52)7
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m,n = Yl (tm,’ru Tm,ny Lm+1,n, tTrL,n+17 Oty Oz, Um,n, Um,n+1, Um+1,n, Um4+2,n; Um+3,n;, 5)

— 2
= Um,n + €M (tm,na Tm,ns Lm+1,n, tm,n+1a Oty Ogy Um,n, Um,n+1, Um+1,n, Um+2,n, um+3,n) + 0(5 )7

£
um+1,n

}/2(tm7n7 Tm,ny Tm+1,n» tm-l—l,ny Oty Oxy Um,n, Um,n+15 Um+1,n, Um+2,n, Um+3,n, 5)

2
- Um+1,n + 5772 (tm,na xm,na xm—i—l,na tm,n—i-h Ot,0¢, Um,n7 um,n+1> um,—i—l,na um+2,na um+3,n) + 0(5 )7

*
um,n+1 — YB(tm,n7 Tm,ny thrl,ny Tm+1,m5 0t Oxy Um,ny Um+1,ny Um+1,n, Um+2,n, Um+3,n, 5)

2
= Um,n+1 T EN3 (tm,na Tm,ny Lm41,n, tmnt1,0t, Oy Umony Um,nt1, Um41,n Um+2,n;5 um+3,n) + 0(5 )7

*
um+2$n = Y4(tm,n7 Tm,ns Tm+1,n, tm,n+1a Oty Oxy Um,n, Um,n+15 Um+1,n, Um+2,n, Um+3,n, 5)

2
Um+2,n T EN4 (tm,na Tm,ny Tm+1,ns bmont1s Oty Oxs Umons Um nt1 Um+1,n, Um+2,n; um+3,n> + O(E )7

*
um+3,n = Y:B(tm,nv wm,nv l’m+1,n7 tm,n+1; Ot,0¢, um,n; um,n+17 Um+1,na Um+2,n7 um+3,n7 5)

2
= Um+3,n + EnNs (tm,na Tm,ns Tm+1,n» tm,n—i—lv Oty Oxy Um,n, Umn+1 Um+1,n, Um+2,n, um+3,n) + 0(5 )

We write a vector field which covers all points involved in the difference scheme. In the case of system (3), we

have
0 0 0
X = I N
& 6tm,n &2 axm,n +és atm,n+1 +éa axm—&-l,n &5 0oy o Joy
0 0 0
+m + 1o + 13 + 1 + 15 (15)
au7n,n+1 8Um,n 8um-{—l,n arUJm-|—2 n aurn+3,n
. . 2 3
Let X act on Eq. (3) and obtain the coefficients of n (772" n £>um+1,ﬂ — Umni1 = const. (19)
aum,,n aum,n aum,n aum,n aum—‘,—l,n v v
dor "~ Otman  OTmirn  Ooy Otpm
o 4. Reduction of the dependent
and Ll’", and then we can conclude . . .
m,n variables in a discrete com-
G=b=6=4=6=64=0, pound KdV-Burgers equation
m _|_772{ _— 4 Umt1,n — 2Umn Ifwefixp=6, ¢q=0, r=0,and s = —1, then
at Oz Eq. (1) can be transformed to
r s
+ i(QummumHm — 3U$n7n) + - + 3}
Oy o= 0% Us + 67.L’UJI + Ugze = Oa (20)
2
£lmn mo_9l _3°
+773{ O T Oy o2 02} which was presented by Russel in 1834. It is a very

+n4(— 053) = 0. (16)

When 7, = 1o = 0, we can obtain the corresponding
invariants through the characteristic equation, which
can be shown to be

dum+1,n o dum+2,n

= 17
3 N4 a7)
Integrating both sides of Eq. (17), to say
Il = (pum,no—i + qu?n,no—i
—2rog — 38)Um+2.n — Um+3,n
= const. (18)

When 73 = n4 = 0, the invariant will be of a new form

p q 2
I =0 — —Umn— —Up,
Ot (0%

unusual wave movement found in natural phenomena.
However, when limited to mathematical theory and
on a scientific level, one cannot give a satisfactory ex-
planation for its solitary waves. When Korteweg and
de Vries studied the wave of the movement using long-
wave approximation and the assumption of small am-
plitude, the establishment of a one-dimensional math-
ematical model could successfully explain the phenom-
ena of solitary waves, until 1895. Equation (20) can
model the phenomena of the physical mechanism of
collision between solitons. With Eq. (4), Eq. (20) will
be transformed to

Um,n+1 — Um,n Um+1,n — Um,n
: — + 6Um,n :
Ot / Ox
Uma3.n — SUma2.n + 3Umaln — U
+ m—+3,n m—+2,n m—+1,n m,n —0. (21)

(01)3
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Equation (21), together with Eq. (5), will be of an-
other form

Umn+1 — Um,n + 6(Uw)2um,n(um+1,n - UM,TL)
+ Um+3,n — 3Um+2,n + 3um+1,n — Um,n = 0. (22)

In order to simplify Eq. (22), we would use a transfor-
mation. Let u,, , be a lattice function, and the shift
E is defined as

Etp—1n = Um.n- (23)

The discrete matrix spectral problem is written as

where
2 1
U, ) = <0 Oﬂ)n‘i’/an)’ by = ( ;)7 (25)
-1 A—w, .
and

w=) =

where A is a parameter, the two constants o and f3
satisfy the non-degenerated condition o? + 5% # 0.

We assume
Um,n
um+2,n

With this assumption, Eq. (24) will be transformed to
Um, n Um,n
o) =)
Um+3,n Um+2,n

_ ( 0 avfb—kﬂvn)( U, > (25)
-1 A— Wn, Um+42,n

Then we give the equivalent form of Eq. (28)

Um+1,n = (O"U?L + 5vn)um+2,na
Um+3,n = —Um,n + ()\ - wn)um+2,n~ (29)
From this result, we can conclude that w,,4+1, and
Um+3,n can be replaced by up, , and upmy2,. So we
can eliminate them to simplify Eq. (22). Then Eq. (22)
will be transformed to
Um,n+1 T 6(0'95)211,7”,”[(0[’03 + ﬂvn)um—&-Z,n - Um,n]
- 3Um,n + Um4-2,n
x [3(aw? + Buy) + A —w, — 3] =0. (30)
The three dependent variables wp,.n, Wmnt1, and
Um+2,n Can be written as
Um,n = u(tmm; xm,n)7

Um,n+1 = u(xm,n-&-ly tm,n—i—l) = u(mmmv tm,na Ut)7

Um4-2,n = u(x7n+2,n7 tm+2,n) - u(x'm,na t?n,na O'JL) (31)

Because Umn, Umn+1, and Upmi2, depend on
Tmons tmn, Or a0d Oy, Tomon, tmn, 0, and o, will
be chosen as independent variables. At the same time
Um,ny Wm,n+1 a0d Up 2, Will be dependent variables.
In the standard procedure, the infinitesimal transfor-
mation for the problem can be written as

-T:n,n =Tm,n T 551 (tm,na Tm,n,0t, O'x) + 0(52)7

ton = tmn + €82(tmns Tm.n, 01, 02) + o(e?),

of =0 +&3(tmns Tmon, Ot, 0g) + o(e?),

0y =0y + €4(tmn, Tmon, Ot, 0g) + 0(52),

an,n+1 = Um,n+1 + €M (Emon, Timon, 01, 0z) + 0(52),
Upy 1 = U + EN2(tmns Tmons Ot, 0z) + o(e?),
“:z+2,n = Umt2,n + EN3(Em.ns Tmon,s Ot, 0g) + 0(52).

(32)

Then the corresponding infinitesimal operator will be
given as

0 0
+§3870t +§4%

0 N 0
Opn.n 3

Let Eq. (33) act on Eq. (30) and draw the coefficients
of

0
X:&a + &2

m,n 8tm,n

+m + 12 .(33)

au’m,n-‘,—l aum—i—?,n

O O,
b)
atm,n

and then set them to zero. We can obtain that follow-

O O
and ———,

80't ’ 60'_t

)
0L

ing equations

§1=6=8=§=0,

m + 12 [6(UI)2(CWZ + Bon)tmt2.n — 12(‘730)2]
+13[6(02)* (s + Bun)tmn
+3(av? + Buy) + X —w, — 3] =0. (34)

When we fix 73 = 0, we can give the corresponding
characteristic equation

dum,n _ dum+2,n
2 3
Integrating both sides of Eq. (35), we obtain the con-

(35)

served quantity
I = [6(‘790)2(0“}72; + Boy)
+3(av2 + Bun) + A — wp — 3Jumian
+[6(02)? (w2 + Bup) — 12(02)*|tm.n
= const. (36)

From Eq. (36), we can obtain the result that if I; =
const t = C| then

010202-5
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1202 — 602 (av? + Buy,)
602(av2 + poy) + 3(av + fo,) + A —wy, —
C

Um+2,n = 3um,n

. 37
" 602(@0Z + Bua) + B(awd  Bun) + A~y 3 (87)
We can derive the value of 4,42, from t, ,,. If we set the initial value of u(zym n,tm,n) = 0, we obtain
C
U = )
T 602 (a2 + Buy) + 3(ar2 + Bun) £ A — wy — 3
Furthermore, we have
C(1202 — 602 (a2 + Bry))
u. =
T 1602 (aw2 + Bun) + 3(aw2 + Bun) + A — wy — 32
C
T 6 2(an2 5 : (38)
602(av? + Buy) + 3(av? + Brp) + A —w, — 3
So we can derive Uy, 6,n, Um+8,n, - --- 1f N2 = 0, from the characteristic equation given as below
dum,nJrl o dum+3,n
m ns
then we can obtain another conserved quantity written as
Iy = Upmtan + [6(04)%(aw? + BUn ) U n + 3(av? + Bug) + A —wy, — 3)Upm, nt1 = const. (39)
If we set the initial value w(@m n,tmn) = 0, U(Zm nt1, tmns1) = C1, and Iy = const = C, then we obtain
Umion = C + [3(av? + Bu,) + X — w, — 3]C1.
Under the condition that n3 = 0, the corresponding conserved quantity is
I3 = umyn[12(0z)2 —6(0,)%(av? + Bup)Um+2.n] — Um nt1 = const. (40)

If we set different values for arbitrary function 7, then we will gain a lot of different invariants.

5. Conclusion

We present a systemic method to reduce a discrete compound KdV—-Burgers equation and obtain the
invariants for it in order to extend the method into other fields.
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