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Abstract. Using some different Miura-type transformations, a C-integrable ordinary differential
equation, the Riccati equation, is deformed to some different S-integrable models such as the
(1 + 1)-dimensional and2 + 1)-dimensional sinh—Gordon equations and Mikhailov—Dodd—
Bullough equations.

1. Introduction

In recent years, the study of both the S-integrable (integrable via an appropriate spectral
transform) and C-integrable (solvable via an appropriate change of variables) models
has attracted much attention from mathematicians and physicists [1,2]. To solve a
nonlinear problem, the first two things one wishes to know are: (i) Whether the
problem can be changed to a linear one directly by using some suitable transformations?
(i) Whether a higher-dimensional problem can be (partially) solved by means of some
lower-dimensional ones? For the first problem, many physically significant equations are
solved satisfactorily. Some C-integrable models have been directly changed to linear ones,
for example the Burgers equation and the Liouville equation have been changed to the
linear heat conductive equation and the linear wave equation, respectively, by means of
the Cole—Hopf transformation. Many S-integrable models, such as the Korteweg—de Vries
(KdV), Kadomtsev—Petviashvili (KP), sine—Gordon (sG) and nonlineardihger (NLS)
equations, are solved with the help of some linear spectral problems. The second problem
has been solved partially by using the symmetry constraint (or reduction) methods. The
classical and non-classical Lie symmetry reduction approach has been used to reduce both
integrable and non-integrable models [3-5]. Using the generalized local and non-local
symmetry constraint method (nonlinearization approach of the Lax pairs), many higher-
dimensionalntegrablemodels can be solved by some lower-dimensional integrable systems
[6-8].

In this paper, we are interested in two related problems: (i) Can we change a C-integrable
model to an S-integrable model? (i) May a lower-dimensional integrable model be
deformed to those of higher dimensions? Fortunately, the answer to these two problems
is also positive. In section 2 of this paper, a brief report of the general theory related to
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transformations between two equations is sketched. In section 3, we deform the following
one-dimensional Riccati equation

¢ = ¢° @

(which is C-integrable of course) to sonig+ 1)- and (2 + 1)-dimensional sinh—Gordon
(ShG) type equations. Section 4 is devoted to the study of the deformation of the same
equation (1) to th&l 4 1)-dimensional and (2+1)-dimensional Mikhailov—Dodd—Bullough
(MDB) equations. Section 5 is a summary and discussion.

2. General theory

If the following lower-dimensional evolution equation

¢ = K(¢) &)

is integrable (we may suppose further that it is C-integrable), we may change it to some
other equations by using some complicated transformations, for example

B(¢,v) =0 or ¢ = o). 3

Using the transformation relation (3) and ih@volution equation (2), the relatedequation
can be obtained in the following way: differentiating the transformation relation (3) with
respect to at first, we have

B¢;§¢t + Bu, =0 or b = @, v (4)
whereB;, B, andg, are partial linearized operators 8fandg, say

, . d
Byf =lim ~B(®+ef) ®)
for arbitrary f. Now substituting (2)—(4) yields the evolution equation
v =—B Bl K@lpmpwy O v =9 TK (@) (6)

where B';* and ¢’} ! are the inverse operators 8f and¢/’, .

The answer to the question (ii) can be verified from the above general discussion,
because if the dimension of the transformation relation (3) is higher than that of the original
evolution equation (2), the result equation must possess higher dimensions. Furthermore,
it is also possible to answer question (i) from the above discussion: if some differential
operators are included in the transformation relation (3), some integral operators must be
included in the inverse operata}FU‘1 and the result equation may be S-integrable even if
the original equation is C-integrable. To see the conclusion more clearly, we prefer to turn
to some concrete examples in the following sections.

3. ShG extensions deformed from the Riccati equation

3.1. (1 + 1)-dimensional ShG equation
It is well known that to solve the KdV equation,

u; + 6un, + uyy =0 (7)
the Miura transformation (MT) [9]

U= —J05 — 302 (8)
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plays an important role. The MT (8) changes the solutions of the potential mKdV equation
U+ Uy — 203 =0 )

to those of the KdV equation (7). Taking a Cole—Hopf transformation (CH{T3- (In ),

(8) leads to the linear spectral problem of the KdV equation (the spectral parameter can be
added into the problem simply by replacindoy u — A thanks to the Galileo invariance of

the KdV equation). On the other hand, if we take an alternative transformation

v=Ing¢, (10)
(8) becomes
Lo | 1(0u)
_ T - 11
T2, +4(@> -
and the KdV equation (7) is transformed to its Schwarz form [10]
2+ igix) =0 (12)
where the Schwarz derivatii@; x} is defined as
$uxx 3 <¢” )2
;x = -_ = . 13
wxr="" -3 (13)

Cancellingu from (8) and (11), we get a suitable candidate for deforming one integrable
model to another

2
¢;“ _ % <‘Zj) — v, — %vf = Bi(¢,v) = 0. (14)

Now we apply the MT related transformation (14) to the Riccati equation (1).
Differentiating (14) with respect to and using the Riccati equation (1), we get

(ax + vx)vxt = 4¢xx~ (15)

From (14), one can easily expregs by v; the result reads

x 2
b, =€ (cz +C f g ') dx/) (16)

whereC; and C, are two arbitrary functions of. Substituting (16) into (15) and solving
for v,, leads to the first type of deformed equation of the Riccati equation

vy =203’ — Cae™V + 4e—"cl[cz< / e dy' + € / gt dx’>

+C1( fx e’ /M e ™) dy’ dxy + €2 /x e v /X1 e ') dy’ dx1>]

with C3 being a further arbitrary function of Taking the following further transformations

w=v+m<Q/5> (18)
3

T = / V2C3(t) Ca(t') dt’ (19)

(17)



7262 Sen-yue Lou

(17) can be recast in the form

w,, = sinhw + A(r)(e"” /x e dx’ +e” /x e dx’)

X X1 X X1
+B(r)<ew/ ew("l)/ e ) dy’ dxy + e"’f e*w("“/ e () dy’ dxl)
(20)
2
A(t)y=2|—C
(r) =2 et

When we take the arbitrary integral functiah = 0 (A(r) = B(r) = 0), (20) is the well
known ShG equation. The integrability of (20) is obvious not only because it is obtained
from the deformation of the Riccati equation (1) but also because (20) is really a non-local
flow equation of the potential mKdV equation. It is known that [11]

with

C2
B(r)=41!

t=1"1(1) 3

(21)

t=1"1(1)

K%Y = / sinhw (x”) dx’ (22)

X X1 X1
K% = / (e—ww / &)y’ 4 et / e—w<x>dx')dxl (23)

X X2 X1 ,
K@ = / <e‘w("2) f et / e dy’ dyy

X2 X1
et / el / ew@")dx’dxl) dx, (24)

are all symmetries of the potential mKdV equation with fiald
If we want only to obtain the ShG equation from the Riccati equation, it is enough to
select a special case for the integral functions

C1=0 C3=3 C3=1

in (17).

It is also known that the usual ShG equation is S-integrable [2] rather than C-integrable.
The reasons that one can deform a C-integrable model (1) to S-integrable ones (say, ShG
equation) are: (i) there are some possible C-integrable reductions of an S-integrable model;
(i) the deformation relations (say, equation (14)) may be non-invertable if some differential
operators are included.

3.2. (2+ 1)-dimensional ShG equation

There are different types of extensions of the Miura transformation in high-dimensions.
Using these different types of Miura transformations to deform the Riccati equation (1),
we can obtain different types of ShG extensions. Here we write down only one special
example.

One of the simple significari+ 1)-dimensional extensions of the Miura transformation
may have the form

1 1 * 21 *
u:—zvxx—4v§—e2”(/ vy e”dx’) +§/ (e”/l vy € dx/>y dx;. (25)
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If using transformation (8) on the above equation, we have

I N O N 2 S
"= +4<¢x> _¢§+2f <¢x>ydx' 2

By means of the standard singularity analysis approach [10], one can prove that the
transformation (26) transforms the KP equation to its Schwarts form (up to a transformation
kernel).

As previously shown, cancelling from (25) and (26) yields an appropriate deformation
relation

1 X 2 X X1
Y- évf - 2e‘2”(/ v, €’ dx’) +/ (e‘”/ v, € dx’) dx,
y

Prnx _1<¢”>2 2¢3_/“ (‘1%) 4 — 0 27
+ ér 2\ ¢ - ¢z P /y )

for the Riccati equation. It is obvious that wher{and theny) is y-independent, equations
(25), (26) and (27) are reduced back to (8), (11) and (14), respectively.

Now we can use th€2 4+ 1)-dimensional transformation relation (27) to deform the
same Riccati equation (1) to@ + 1)-dimensional sinh—Gordon equation.

In order to write the final result in differential form we introduce two auxiliary fields
¥(x, t) andr(x, t) as

by
x = 28
"= (8)
Fxx + rxUy = vy <|e Iy = e_v/ Uy eU dx’). (29)

Substituting (28) and (29) into (27) yields

$oex 1 <¢” )2 2
-5 +2y -y, =0. (30)
¢ 2\ ¢« !
As in the derivation of thg1 + 1)-dimensional ShG equation, differentiating (27) (or
(30)) with respect to time and using the Riccati equation (1) yields

(ax + vx)(vxt - %Cl eiv) - 4(rxrxt - wxth) + ryt - Wyt + 4¢xx (31)
where a term with arbitrary functio; = C1(y, t) has been added becausg+v,) e’ =
0. Equation (31) along with (28)—(30) is really(2+ 1)-dimensional ShG extension.
For clarification, we rewrite (28)—(31) in an alternative form
(0x 4+ ve) (v — C18INh) — A(rery, — Yoy + Yyt — 1pyt
+(4v h? + 8hh, + Crv) €8 =0
Fex 70 —vy, =0 (32)
Yox + ¥ (v +2Inh), — (v+2Inh), =0
hex + hyve — hr2 + Shry + hy? — Jhipy, =0
by using the transformation
¢ = h2e'. (33)
It is clear that when the fields arg-independenty = v = 0, h = h(t) = /C1/2,
the (2 + 1)-dimensional ShG equation (32) reduces back to(the 1)-dimensional ShG
equation.
As in the(1+ 1)-dimensional case, th@ + 1)-dimensional ShG equation (32) obtained
from the deformation of the Riccati equation is also S-integrable and it is a variant form of
the negative KP equation [12].

1
—Uygy — évf - 2rf +ry,+
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4. MDB extensions deformed from the Riccati equation

4.1. (1 + 1)-dimensional MDB equation

In the (1 + 1)-dimensional case, in addition to the SG (or ShG) and Liouville equations,
there is another Klein—Gordon-type integrable model, the MDB equation, with spacetime
symmetric form. It is interesting that it can also be obtained from the deformation of the
Riccati equation.

Now we take a similar deformation relation as (14)

¢XXX
éx

The only difference between (34) and (14) is some constant coefficients of the transformation
relations.
Differentiating (34) with respect toand using the Riccati equation (1) again, we obtain

(8x + va)vxt = 6¢xx- (35)

The general solution of (34) now reads

— vy — 2 = Ba(¢, v) =0. (34)

¢, =¢€" <C2 +C1 f efzv(x" dx’) (36)

with C; and C, being two arbitrary functions of. Substituting (36) into (35) and solving
for v,, leads to a MDB-type equation

vy = C36 2 +2C,€" + 2C, (e” / e 20 dy' 2% / ') dx’) (37)
with C3 being a further arbitrary function aof
When we takeC; = 0, (37) becomes the usual MDB equation
wy, = 4 e 2 (38)
with

J 1 _/2C
T :/ (4C2C3)Y3 w=v+-In(=2). (39)
37\ c;

The integrability of (37) is also obvious, not only because it is obtained from the
deformation of the Riccati equation (1), but also because (37) is really a non-local flow
equation of the potential Sawada—Kortera (SK) equation. Using the results of [13], it is
easy to prove that

K9 = / e dyy (40)
K% = / e 2/ dyy (41)
and

k9= / ) (eww [ Ve gy 4 g2 / ") dx’) du  (42)

are all non-local symmetries of the potential SK equation with field
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4.2. (2 + 1)-dimensional MDB equation

To get a(2+1)-dimensional MDB extension, we can make use of the following deformation
relation:

— ¥ ) ¢V ¢X}CX
wf+ﬁ+evfz;émuué— =0. (43)
’ ¢ O
When the fielde and¢ are y-independent, (43) is reduced back to (34).

Differentiating (43) with respect to timeand using the Riccati equation (1) again leads

to
(0 + 2v ) vy = 6y + v, €77 /X vye’dx’ — e’ /x (€"),, dx". (44)
In order to compare the result with that in tlie+ 1)-dimensional case, we rewrite (43)
and (44) as
(B + 2v) (v, — C3€72 — C2€")

X

=6(h, + hv,) €' + v, e‘”/ vye'dx' —e™’ / (€"),, dx’ — 3C2€"v,

(45)
Ryx + 2vchy, — e‘“/ (hn/ e’ dx’) dx; =0
by means of the transformation
¢x =he' (46)

where C, and C3 are arbitrary functions ofy, t}. When the fields are-independent,
Y =0,Cy=Cat), C3=C3(t), h =Cz/2, the(2 + 1)-dimensional MDB equation (45)
reduces back to thél + 1)-dimensional MDB-type equation (37).

5. Summary and discussion

Usually, it is quite easy to reduce a complicated theory to a simple one, for example any
guantum theory will reduce back to a classical one by ignoring the Plank coristantd ™

any relativistic theory will be reduced back to a corresponding non-relativistic theory by
taking the light velocity to infinity. However, the inverse procedure, i.e. the deformation of a
simple theory to a complex one, is very difficult. Fortunately, it is possible to accomplish the
inverse procedure in some special cases. For instance, the classical Yang—Baxter equation
may evolve into the quantum Yang-Baxter equation, some critical phenomenon theory
treated by conformal field theory, where the mass is zero, may be deformed to a theory for
the non-zero mass case [14] and some types of special solutions of the single sine—Gordon
equation may be deformed to that of the double sine—Gordon equation [15].

In this paper, we see that the deformation idea can also be used to obtain higher-
dimensional integrable models from lower-dimensional ones. Using some Miura-type
transformations to a trivial C-integrable model, the Riccati equafipr= ¢2, we have
found some generalized + 1)-dimensional and2 + 1)-dimensional S-integrable models.

The usuak1l+ 1)-dimensional sinh—Gordon and tlig+ 1)-dimensional Mikhailov—Dodd—
Boullough equations are just special cases and these equations have been extéhdéy to
dimensions.

Reducing a higher-dimensional S-integrable model to a lower-dimensional one, one
may obtain a lower-dimensional C-integrable model. Therefore, it is possible to get an
S-integrable model from a suitable deformation of a lower-dimensional C-integrable model.



7266 Sen-yue Lou

From many different methods (such as the classical Lie approach) which can be
used to reduce many higher-dimensional integrable models to ordinary different equations,
one always obtain some trivial C-integrable models or six Paileductions. So we
believe that any higher-dimensional integrable models can be obtained from several lower-
dimensional integrable models by using some suitable deformation relations. In particular,
one can use this idea to obtaiB+ 1)-dimensional integrable models (if they exist). Further
study on this topic continues.
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