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Abstract
As an example of how to deal with nonintegrable systems, the nonlinear partial dif-
ferential equation which describes the evolution of long surface waves in a convecting
fluid
Ut + A(Ugze + 6uuy) + 5Puty + (Upge + 6uuy), =0,

is fully analyzed, including symmetries (nonclassical and contact transformatons),
similarity reductions and the application of the ARS algorithm to the reductions. As
a result of the calculations, the Galilean invariance of the equation is shown and all the
possible solutions arising from the related ODE through these methods are obtained
and classified in terms of the physical parameters.

0. Introduction

Integrable systems are rare in Nature. In instead one encounters often dynamical systems
described by Non Linear Partial Differential Equations (NLPDE) which in spite of its
wide range of application to physical problems are unfortunately of a nonintegral type.
However the definition of integrability may be given (and we have used in this paper a
very precise meaning for it) and the interest still lies in dealing with such nonintegrable
or almost integrable, or partially integrable Partial Differential Equations (PDE), whose
particular exact solutions — in the case they exist — could be of paramount importance in
describing such different physical processes as multilayer fluid dynamics, massive trans-
port information through doped optical fibres, gravity—capillarity microwaves, low noise
detectors based on nonclassical states of light and about one hundred more physical and
even straight technological applications.

This paper is a theoretical attempt in the direction of devising algorithmic procedures
dealing with NLPDE which we know to be integrable from the outset. Actually we show
in the first part of the paper the importance of the equation in the field of two layer
fluid dynamics, but we also show how none of the known procedures based upon Painlevé
Tests, Lie Classical Symmetries, Non Classical Blumen and Cole Symmetries and Contact
Symmetries gives any clue of how the Equation can be treated to yield some information on
the exact solutions that are known experimentally to exist. Then we turn to more advanced
— and still algorithmic — methods (with special attention to the Singular Manifold Method)
that are able to open different ways to extract information on the exact solutions of this
NLPDE and at the same time can be applied to a wide range of other non linear problems.
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The paper is divided as follows. First we derive the Equation from first principles
mainly based upon the Navier—Stokes equation for fluids with the Rayleigh number above
its critical value. In section two the problem of symmetries is analyzed in its various
versions. Next we entirely devote section three to Painlevé Analysis and Similarity reduc-
tions. It is in section four where we deal with the so—called Conditional Painlevé Property
and in section five where we find through the previous analysis a rich class of solutions
that are then classified according to the value of the constant parameters. We close with
future prospects for further work in this direction.

1. The Perturbed KdV Equation for Convecting Fluids

With the purpose of introducing a good example of a nonintegrable system, this section
presents the underlying physical process described by the perturbed Korteveg de Vries
(PKdV) equation for convecting fluids. The proposed equation consists basically of a PDE
including dissipative and nonlinear terms simultaneously. Our interest about the analytical
study of this system was motivated after the work by Garazo and Velarde [1] who found,
by means of numerical techniques, soliton—like structures built in the equation. Therefore
— although it is not a new result — we found very interesting to follow the derivation
of the equation from first principles in order to understand the meaning of the different
parameters involved which, as will be seen in the following sections, play a very important
role in the integrability of the system and then in the form of its (particular) solutions.
For these reasons and relying mainly on the previous work by Aspe and Depassier [2], an
step-by-step derivation of the PKdV equation (23) is deduced!. Finally, and for the sake
of simplifying its further manipulation, a new rescaling of variables is introduced, leading
to the final form (24) [4, 5].

Let us consider in a 2-dimensional geometry (z, z) a fluid layer of thickness d opened to
air, subjected to a vertical temperature gradient VI and supporting a gravitational field
g= —gE. The properties p (viscosity), k (thermal diffusity) and « (coefficient of thermal
expansion) are supposed constant throughout the volume of fluid. Let F' represent the
prescribed normal heat flux over the free surface, k the thermal conductivity of the fluid
and po, 1o, ps some reference values for density, temperature and pressure, chosen as the
values of these variables at z = d in the static state of the fluid ps(z), Ts(2), ps(z). From all
the characteristic parameters, we can adopt a new system of units given by [M] = pod?;
[L] = d; [T] = %2; O] = FTd and then, three dimensionless quantities involved in the
problem can be constructed:

o= Lk; (Prandtl Number),
Po
Fd*
R = % (Rayleigh Number),
KL
d3 pn?
G="1 Mgo (Galileo Number).

TEven through the present derivation is initially due to H.Aspe and M.C.Depassier [2], there is a number
of references in the literature in which this derivation is presented. See, for instance, [1] or [3].
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With these considerations, the dimensionless Navier-Stokes equations governing the
problem read (here the subscripts denote derivatives)[6]:

Uy +w, =0, (1)

Ut + Uy + WUy = —Pg + O (U:r:r + Uzz) s (2)

wy + uwy + ww, = —p, + 0 (Wee + w.2) + oR(T —T), (3)
T+ uly +wl, =Ty +T,,. (4)

Furthemore, the fluid is supposed to be bounded from below by a stress-free plane
surface maintained at constant temperature 7, and above by a free surface which is
deformed as the fluid moves on. Let z = 1 + €?v(x,t) denote its position. The boundary
(dimensionless) conditions are then [7]:

onz=0:

w=1u, =0, (5)
T="1T,, (6)

on z =1+ v(x,t):
w ="y + UMz (7)

20

P = DPa = ﬁ [wz + uxﬁx2 - nsc(uz + ww)] ) (8)
(1- 77:1:2)(Uz + wz) + 20 (w, — ug) =0, 9)
n-VT =-1, (10)

where N = (14 1,%)"/? and @ = (—n,,0,1)/N is the unitary vector normal to the free
surface. Therefore, the problem to be solved is described by equations (1) to (10).

Now, we shall introduce a small perturbation to the static solution of the problem.
To take account of the slow variation of the waveform, a scale transformation of the
independent variables, given by

€=z —ct); =",

is set. As Su and Gardner demonstrated [8], for the final equation to represent a nondissi-
pative system, the value of & must be necessarily 1/2. Then, redefining the small parameter
(e'/2 = €), a simple analysis of dimensions in the system (1)-(10) leads to the following
scaling;:

u(z, z,t) = u(€, 2, t);  w(x,z,t) = SwE z,7); 1z, )A: (&, T);
p(x, z,t) = ps(2) + €p(&, 2,7); T(x,2,1) = To(2) + €0O(, 2,7).

After the scaling, the nondimensional equations become (dropping the " from all vari-
ables):
ue +w, =0, (11)

—ecug + Sur + 63uu5 + Swu, = —€pe + GQUUgg + Uz, (12)

—626’11)5 + tw, + e4uw§ + tfww, = —p, + e?’awgg + eow,, + €c RO, (13)
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—€ecO¢ + 0, + 63’LL0§ + w0, —w=0,, + 62@£§, (14)
and the scaled boundary conditions:
on z =0:

w=u, =0 =0, (15)

on z =1+ e2n(x,t):
w = —cne + €2y + ESung, (16)
Uy = —62’1,U€ + S (u, + 62w5)7752 + 2647]§(u5 —w,), (17)
0. = e'ne + e 3[1 — (1 + SnH)/2, (18)

oR 20¢€

p=Go’n+ 6277’]2 + ﬁ(wz — Eneus — enewe + Suene?). (19)

Regarding € as an ordering parameter, we now look for an asymptotic solution to
equations (11)-(19) of the form

u:uo—i-eul—kequ—i-'”

w:wo—i—ewl—l—62w2+-~
=10+ em + N+ -
p=po+epi+epat -
© =06+ €O + Oy + - -

Besides, as the Rayleigh number R is slightly above its critical value, we shall set
R = R.+ €’Ry. Under these conditions, every order in € gives a system of inhomogeneous
linear equations to be solved sequentially. For the sake of brevity, we here only will
comment briefly the results.

In the first two leading orders the velocity component u(&, 7) is independent of z; its
solution is then given by u(&,7) = f(&,7) +€9(§, 7), where f and g are arbitrary functions
whose evolution equation has to be determined by applying the solubility conditions at
the appropriate order. These conditions are systematically found by putting Eq.(12) into
the correspondent order in e . At orders e and €2, it is easily found that the solubility
conditions determine the values of the critical phase speed ¢ = ¢2G and the critical
Rayleigh number R, = 30, respectively. Taking account of those values and the expressions
for all the variables in the preceding orders, the solubility condition of the approximation
at order €3 shows that f obeys the KdV equation

fr+XMffe+Aafeee =0, (20)
where /G
3 ovVG (1 340

Finally, the evolution equation for g is found by applying the solubility condition at
order €, which leads to:

oR < <
gr F A (f9)e + Xogeee + T;fgg + A3 feeee + Ma(ffe)e =0, (21)
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with the coefficients A and A4 given by

5 6802G + 717 5 8
| —— | : =
3 2079 MG
Combining equations (20) and (21) and taking account of their correspondent order in
€, we have

(f +eg)r +M[ffe +e(fg)e] + Aa(f +e€g)eee + € [Uljzzfgg + A3 feeee + 5\4(ff5)§] =0, (22)

so that the equation for u(&, ) at the correct order in e finally yields

oy

Ur + /\1uu5 + )\2u§§5 + € [ 15

uge + Agugege + X4(W§)4 - (23)
Then, the evolution of the surface displacement is governed by a perturbed KdV equa-

tion in such a way that the excess of the Rayleigh number above its critical value and the

presence of nonlinear terms have a destabilizing effect which is balanced by diffusion.

In order to decrease the number of independent coupling constants in Eq.(23), let

A3 = 65\3, Ay = 65\4 and A5 = 6%}%. Making use of these new parameters and the

rescaling

63 . A5
—_— t) — —.
)\4 u(fl;, ) )\4

Tot=XMm u(§,T) =
A4

Eq.(23) can be transformed into
Uy + Nlgge + 6Uly) + 580Uty + (Upge + 60ty )y = 0,

g 6 (M AQ)
A=22p=2 (222,
S 5()\4 A3

Eq.(24) constitutes the final form of the PKdV that shall be analyzed henceforth.

where

2. Symmetries

As the initial step in the search for solutions of the PKdV equation, in this section an ex-
haustive analysis of its symmetries is presented, including nonclassical Bluman and Cole
symmetries and contact transformations’. As a result of the calculations, the Galilean
invariance of the equation is shown and the related similarity reduction is obtained. In
the foregoing analysis is found that the Galilean is the only invariance exhibited by the
equation, at least until the contact transformations stage. The Lie-Béacklund symme-
tries are not considered in the present paper. For further information about this kind of
transformations see [9, 10].

tAs is argued below, the calculation of the classical (Lie) symmetries is spurious in the present example.
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2.1. Nonclassical symmetries

0

Given a partial differential equation H(z*,u,u,---) = 0, where u = u(z?) and j = R

x
the nonclassical procedure (NCM) to determine its symmetries [9, 10] consists in finding
those infinitesimal transformations of the form

~Nn

="z u), u"

=" (2", u), (25)

with the generator

. 9 )

X = £t ) -~

€0 u) 5+ e u) 5

which leaves invariant the equation and verifies the so—called invariant surface condition
(Eq.(28)). That is, those transformations, for which

(26)

XH(x uyuy---) =0 (27)

and
(@', u) = (@', u)up, (28)

hold. In other words, the nonclassical procedure determines transformations of the form
(25) that leave invariant not only the given equation but also certain boundary conditions
imposed through Eq.(28).

In the case of the perturbed KdV equation

Ut + AU gz + 6ut z) + 50ut 4 + (U gpe + 6ut z) o = 0, (29)

we deal with two independent variables, so 2’ = x,t. Then, it is easy to realize that two
different cases arise from Eq.(28). Firstly assume &¢ # 0, therefore we can set without loss
of generality ¢! = 1. A similar simplification can be established for the case & = 0, where
&% =1 is supposed.

Introducing these simplifications, Eq.(28) reads:

(Case I. €8 =1) n(x,t,u) =uy + £ (z, t, u)u 4. (30.1)
(Case IL. &' =0, =1)  n(x,t) = uy. (30.2)

Then, the nonclassical method leads to two different kinds of transformations de-
pending on whether ¢! # 0 or & = 0. For the considered equation we have found the
expressions of the infinitesimal transformations related to &' # 0 and the differential equa-
tion corresponding to £ = 0 which has to be verified by 7. As this new equation is more
complicated than the initial one (29), the absence of this kind of symmetries is shown
through the Singular Manifold Method.

Case I. £ =1,£% = €. First of all, we have to find out how do the Ugy, Uz, Ugr, Uzre
and U g4z, transform. For the symmetry condition to make sense, it is obvious that the
transformation laws must be of the form

ou ou

~ ~ _aa,a: ~ 8a,maz ~ _8ﬁ,xxa:
o7 e = -

A=y Uge = — Uzxx = o U prxx = p
ox’ oxr or ' oz

(31)

Ut =
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In terms of the infinitesimal generator X, these transformation rules mean that the n;,
Nes Nexs Neze aNd Nzerr are the extensions of € and 1. Therefore, they have to obey

Dn D¢
Th‘ = D.’BZ _u,xﬁa Z:x7t7 (321)
D D
Nex = D?: - u,sziia (32.2)
D D
Nxxz = DU;:E — Ugzx Diy (32.3)
D D
where
D 0 0

= U
DzF — 02F T M ou
Once the extensions are known, we have to use the field equation (29) and the invariant

surface condition (30.1) to eliminate both u; and u g4, from the expressions (32). In our
case the conditions are

Up=1—=Euy (33.1)
and
Uggze = —1 + [§ — (6A+50)u]u z — 6u,x2 — 6UU g — AU gz (33.2)

After substituting Eq.(33) into the expressions (32), we have to determine the functions
¢ and 7 from the symmetry condition (27), which leads to

As both ¢ and 1 do not depend on the derivatives, terms with the same derivative (or
a product of derivatives) of u can be equated to zero independently. Setting the coefficient
of U gz, U zze €qual to zero, we find

g,u = 07 (35)
and equating to zero the coefficient of u ,u 4., We see that

n,uu - 0 (36)

Continuing to equate to zero, successively, the coefficients of u zz4, % 24, - -, and em-
ploying Eqs.(35) and (36), we are led to the relations

477,xu - 65,50(13 + )\f,x =0, (37)

677,:m:u - 4£,x:px + A(gn,xu - 35@:)3) + 61 + 12“5,1 =0, (38)

477,xmxu - g,xmzm - 455,1 + 3)\77,zxu - )\g,zx:r + 1277,z+
(6)\ + 5,8)77 — f,t + 3(6)\ + 55)'“5,3: + 12U7],xu - 6“5@:5 = 07

Nzzzr + 4775,:(3 + )\n,xx:c + 1+ 6U77,xx + (6>\ + 55)“”@ =0. (40)
Now, as Eq.(36) implies that

(39)

n(x,t,u) = T(x, t)u + O(x,t), (41)
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all functions in Eq.(38) are independent of u, so that equating to zero independently those
terms in which u appears and those with no dependence on u, we find

[(z,t) = =284, (42)

1 9\
@(Cl?,t) =5 <8€,x:c:r; + 5,9&) 9 (43)

3 2

and setting Eq.(42) into Eq.(37), we are led to
A

xx — 7,5z — Y- 44
e~ e =0 (44)

Now, putting Egs.(41) and (42) into Eq.(39) gives
—9€ paar — A€z — TAE gz + 120 4 + (A +56)0 — &4 =0, (45)

(6A +58)&z — 54 oz = 0. (46)

Comparing Eqgs.(44) and (46) is straightforward to see that both equations are simultane-
ously verify if
78+ 3X=0. (47)

On the other hand, putting Eqs.(41) and (42) into Eq.(40) and equating to zero terms in

u? lead to 55 1 6)

So that, comparing with Eq.(44), the relations are satisfied if
78 +9X=0. (49)

That is, for the three equations (44), (46) and (48) to be verified simultaneously, the
parameters A and § must vanish. This is a very restrictive condition, as we suppose
them to be free. For this reason, this solution is meaningless and, in order to satisfy the
equations, the condition to impose is

£ =0. (50)
Now, from Eqgs.(42), (43) and (45) we see that
I(z,t)=0, O(z,t)=0, &;=0. (51)
So that, the solution of the system is
¢ =const, 1n=0. (52)
And then, the symmetry is generated by functions
& =x, & =to, n=0. (53)

Consequently, for £¢ # 0, the nonclassical symmetries of the PKdV equation are re-
duced to the Galilean transformations generated by
0 0
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The Galilean invariance of the equation demonstrated following the nonclassical pro-
cedure can be extended to the (classical) Lie case, as the former involves less restrictive
conditions than the Lie method. In other words, the number of nonclassical symmetries
is reduced enough as to assure that the classical method will not give other symmetries
than the Galilean transformations.

Case II. £ = 0,£% = 1. Now, from Eq.(30.2) we can set

U grr = Nax + 27777,mu + 7777,u2 + 77277,mu (551)

Ugz = N+ MMu- (55.2)

If Eqgs.(55) are substituted into the expressions (32) so that the x—derivatives are pulled
out, and the field equation (29) is used in order to eliminate the t-derivative, after the
application of the symmetry condition (35) one finds a single equation that has to be
verified by the function n:

Nt + (6)\ + 55)7“7,% + GUTI,IJU + )\n,rmz + 77,x:pxx+

77[(6)‘ + 5/6)77 + 1277,z + 12un,xu + 3)\77,mcu + 47},xa:xu]+

772(677,u + 6U77,uu + 3)\77,zuu + 677,:m:uu) + 773(/\77,uuu + 477,muuu)+

n477,uuuu + (777:1: + 7777,u)(677 + 3)‘77,xu + 677,xxu)+ (56)
77(77,90 + 7777,u)(3)\77,uu + 1277,muU) + 677,uuu772 (77,90 + 7777,U)+

300 (1,27 + 1P 00” + 20,20) + 40 20 (N + 20 20+ 100”4 171 00)+

Ann (77,9096 + 20M gu + 7777,u2 + 77277,uu) = 0.

In any case, the resulting equation is much more complicated than the initial PDE and
then trying to obtain the symmetries of Eq.(29) from it has no sense. In any case, there is
a procedure that can be extended to any problem which gives full information about the
nonclassical symmetries available for a given equation [4]. Estivez and Gordoa proposed
a connection between nonclassical symmetries and the Singular Manifold Method (SMM)
[11, 12, 13]. Their proposal relies on the idea that all possible solutions obtained through
the NCM can be also derived by means of the SMM, and then both SMM and NCM are
connected by those solutions.

For a given equation

H(x,t,u,uz,ug,...) =0, (57)

and according to the generalization of the Painlevé analysis for PDEs due to Weiss, Tabor
and Carnevale [14], we first impose the solution of the equation to verify the Painlevé
Property (PP), that is

wj(a, 6)[@(x, )P, (58)

K

u(x,t) =
0

<.
I

where ® is an arbitrary analytical function and an integer positive number « is called
leading index. Now we shall pay attention to those solutions for which the former expansion
takes the special form (SMM):

wj(a, £)[@(x, )P, (59)

NE

u(x,t) =
0

<.
I
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where now ® is no more arbitrary, but a function called singular manifold which is fixed
by means of the quantities

D,
= — 60.1
w q)m ? ( )
®I$
= 60.2
v ©x ? ( )
2
v
§=Vs— o, (60.3)
and the relations among them, due to the compatibility condition ®,; = &y, :
vy = Wy + wv, (61.1)
8¢ = Wapr + 25W, + Szw. (61.2)

This set constitutes the so—called singular manifold equations. The quantities w and
s are invariant under homographic transformations but v is not. This point has a crucial
importance in what follows. Note that substitution of (59) into (57) allows us to obtain
the expressions for u; in terms of w,s and v. The auto-Bécklund transformation [15]
related to fact that wu, is also a solution of (57) is also obtained. Therefore, the u, can be
written as functions of the quantities defined in (60), that is

u=u(v,w,s). (62)

Now, keeping in mind the form of the invariant surface condition (28), the connection
between both techniques arises writing out the expressions for u, and u; from the solution
defined by (62). The dependence of u on v is very important here, as the Painlevé Property
is invariant under homographic transformations. That is, to preserve the invariance of the
PP, the singular manifold ® should appear in (29) only as a function of the homographic
invariants w and s, so that the dependence on v must be pulled out from the expressions
too. This condition will allow us to know whether it is possible the existence of nonclassical
symmetries with & = 0.

The Painlevé analysis of equation (29) is fully described in [4, 5]. As the particularities
of the calculations lay out of the scope of the present paper, we here only detail the results
of interest for the purpose of determining the nonclassical symmetries. Once the truncation
ansatz (59) is incorporated into Eq.(29), and the quantities involved are expressed in terms
of w and s, the solution u takes the form

u:u2+2%<u—§>—2<%)2, (63)

where wug is a particular solution of Eq.(29). The former equation constitutes an auto-
Béacklund transformation between two solutions. The truncated solutions verifies two
additional conditions (singular manifold equations)

(u2)t — w(uz)s =0, (64.1)

wy = 0. (64.2)
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From Egs.(63) and (64), given a solution of Eq.(29), its derivatives verify the relations

Uy = (u2)g + 2% [I/g; +v (V - g)} -2 (%)2 (31/ — g) +4 (%)3, (65.1)

up = (u2) + 2% |:l/t + wr (V - g)] -2 (%)2 <3wv - §w> + 4w (%)3 (65.2)

Now inserting Eqs.(65) into the invariant surface condition (28) and imposing the homo-
graphic invariance of solutions, it is straightforward to see that the only possible values
for the infinitesimal generators £%, ¢! and 7 are

& =-w; &=1 n=0. (66)

That is, the only nonclassical symmetry exhibited by the truncated solutions is the Galilean
invariance with ¢ = 1 and there are no possible symmetries with ¢/ = 0. One still may
argue that there can be other solutions different from those obtained by means of the
SMM, exhibiting symmetries with £¢ = 0, but all the equations studied up to now have
shown the direct correspondence between the nonclassical method and the SMM [4].

2.2. Contact symmetries

As is well known [9], a set of transformations in the space of variables (z°,u,u ),

= 3" (2w, ), U= a(rt uug), Gy = (et uug), (67)
is called a set of contact transformations if they satisfy the contact condition that the
transformed derivatives 4 , are extensions to the derivatives of the transformations of "
and u, that is, if

ot
u n — A~ 68
, ozrn (68)
holds. In terms of the infinitesimal generator
X ="', u, ul)@i" + 7z, u, uz);u + (2, u, ul)(‘?uan’ (69)

this condition means that the n; are extensions of ¢™ and 1. Therefore, they have to obey

_ Dn D¢

U Dyt T D (70)

where D 9 5 5
= n— ih— 71
Dzt Ox? Ty, ou T k8u7k (1)

A contact transformation with the generator X, will be called a symmetry of a partial
differential equation H (2", u,u;,---) =0 if

XCH(:Ui,u,u,Z-,---)

0 (72)

holds.
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The functions 7, £&™ and 7; are best given in terms of a generating function

Q(:Eia u, ul) = um&-n -1, (73)
according to
o) oY) o 0Q
n _ —e— o= — s — ). 4
¢ ouy,’ = ou;’ i (uﬂ ou + 8351) (74)

If © is linear in the derivatives u ;, then the transformation (67) is an extended point
transformation. In order to apply this framework to the PKdV equation (29), we have
first to determine the expressions of n;r, Mk and 7Mxrs in terms of Q) according to the
recurrence rules (74), being understood that now the total derivative operator is given as
Eq.(71) shows. Once the prolongations are known, the field equation (29) has to be used
to eliminate u 4,4, from the expressions and then determine the function Qxt, u, u ;) from
the symmetry condition (72).

In the present example the function €2 depends only on the first derivatives, so that
those terms in Eq.(29) depending upon the higher order derivatives can be equated to zero
independently. For the sake of brevity we have introduced the notation v, = p,u; = ¢,
in the foregoing calculation.

Setting the coefficients of u ;1 z20¢ €qual to zero, one finds

Qg =0, (75)
so that
Q(z,t,u,p,q) = U(z,t,u,p)g+ Q(z,t,u,p) =0, (76)

and equating to zero the coefficients of © ;32U gzt and U yape yields to
Qpg =0, ()e =0, ()u=0, (77)

which means Q1 = Q4(¢). On the other hand, if the coefficient of u”me is equated to zero,
we see that

Qpp = 0. (78)

This condition implies that the function {29 is linear on p and then, the whole function Q2
is linear in the derivatives p and ¢, which characterizes a point transformation.

Thus, if now we set to zero the other coefficients of U ;2% oz, U gz, Ugs, -+, it is
straightforward to find that the complete expression for € is

Q =toqg + xop, to, o = const, (79)

and then, taking account of (74), one easily obtains the generating functions of the sym-
metry

& =uxg, &=ty, n=0. (80)

That is, all contact symmetries of the PKdV equation are point transformations related
to the Galilean invariance of the equation, shown before by the NCM.
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2.3. Similarity reductions'

The results of the preceding sections show that, at least until the contact symmetries
stage, the symmetries of the PKdV equation are reduced to the galilean transformations.
If one allows the transformation to depend upon higher order derivatives (Lie-Bécklund
case) [9, 10], other kind of symmetries may be found, although the nonintegral nature of
the equation, demonstrated through the Painlevé analysis [4], indicates that the number of
symmetries cannot be very high. Nevertheless, the Galilean invariance leads to a similarity
reduction (a travelling wave reduction) given by the relation

z = xgo + vot, (81)

where z is the new independent variable and 1y is in principle an arbitrary constant. The
similarity reduction transforms the initial partial differential equation into an ordinary
differential equation (ODE) given by

vou' + Au" + 6un) + (u" + 6un’) + 56un’ = 0, (82)

where the prime means — and «q is the integration constant. This new equation can be

z
integrated once, yielding the final equation
1
u” + M + 5(5ﬂ +6\)u? + 6un’ + vou + ag = 0. (83)

which will be analyzed henceforth in order to obtain travelling wave solutions of the initial
PDE (29).

3. Painlevé analysis of the similarity reduction

The nonintegral behaviour of the PKdV equation (29) implies that the related ordinary
differential equation (83) does not have the Painlevé Property for any value of the free
parameters A, 3,vg, and «g. Nevertheless, the application of the Conditional Painlevé
Property (CPP) method leads to a variety of solutions which can be interpreted as solutions
of (29) by means of the transformation (81). In the following sections, this technique is
fully described showing that, once one finds the similarity reductions (in this case just one)
of a given partial differential equation, the CPP method gives the conditions to impose
over the parameters to assure the integrability of those reductions.

Given an ordinary differential equation, it is said to possess the Painlevé Property
(PP) if its solutions can be written in the form of a Laurent series expanded about its
movable singularities (ARS algorithm [18, 19]), that is

u(z) = i a;j(z — zo)j_o‘, (84)
j=0

where is a a positive integer and a;(j € N) are real numbers. That is, for the Painlevé
Property to be verified, the solutions of the equation have no movable singularities other
than poles.

"By similarity reduction must be understood all those ODE derived from a given PDE by means of
symmetry transformations. See, for instance, [16, 17].
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The coefficients a; and the leading index « are readily found by substituting the ansatz
(84) into the equation. In particular, taking account of the dominant terms in (83) leads
to

o =2, (85.1)
ag = —2. (85.2)
So that, the equation becomes
)
Z (2 —20)" % + g = 0, (86)

Jj=0

where
A= -2 - 3)(j —4)a; + A(j = 3)(j —4)aj1+

87
vaj—3 + 6/\+5ﬁ S 0 Aj_n—1an + 63 _o(n —2)a;_nan. (87)

Since z is the independent variable of the expansion, for equation (86) to be satisfied,
each order in j must vanish independently. In this sense, (87) can be regarded as a
recurrence rule which allows us to determine a; as a function of ug,---,u;—1 and the
parameters. For j = 5, the contribution of oy must be kept in mind in order to cancel
with As.

On the other hand, as the coefficient of a; (with j # 5) in (87) reads

G+DE -4 —6)ay, (88)
for j = —1,4 and 6 the equation (83) shows resonances and, if it possesses the Painlevé
Property, the coefficients a4 and ag must be arbitrary. The resonance in j = —1 can be

interpreted taking account of the arbitrariness in choosing zy. That is, to check whether
the equation possesses or not the Painlevé Property, one has to determine the coefficients
ag, a1, a2, a3 and as, and prove that the expressions for j = 4 and 6 are identically satisfied.
Under these conditions, the equation is said to have the PP.

For the sake of brevity, we shall avoid details of the calculations giving only the final
expressions for the coefficients, which read:

a = —2, (89.1)
al = _§7 (89.2)
a5 = —3%(5a +48), (89.3)

6az = luo —wp — ( )3] (89.4)

6a5 = Oé() — 2a4(5)\ + 6,8) lg(VO - wO)<11A + 9/8) (89 5)
%(g) (17A + 140) — & (g) (5A + 453)(6A + 58) (15X + 138), '
where 5 /( 5) 9
53 ((6A+5
wo =20 (6) . (90)
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Equating to zero the coefficients Fy and Fg gives:
(A + B)(vo — wo) =0, (91.1)

53\ + 50)(2\ + 30)as — ap(3X + 78)+

(Vo — w0)? + (vo — wo) M(A, B) + N(A, B) = 0, (91.2)
with
M\, 8) = % {2(3“75)(11“%) + §(3A+5) , (92.1)
5 4
NOLB) = =4 (9) BA+208) = % (§) BA+TB)ATA+148)+ (92

25 (2)” (3A+ 7B) (5 + 45) (61 + 59) (151 + 134).

It is then obvious that conditions (91) are not identically satisfied for all possible values
of the free parameters. Therefore, we can conclude stating that equation (83) does not
possess the Painlevé Property for any value of A, 3,19 and ag as was supposed after the
analysis of the initial PDE (29). Nevertheless, these conditions provide full information
about the particular solutions of Eq.(83) and then, of Eq.(29). As can be readily seen in
the following section, by imposing conditions (91), one finds a classification of solutions
according to the number of independent constants appearing in the specific ODE related
to each solution. Then, we now seek for these particular values of the free parameters (i.e.,
the physical conditions), for which equation (83) verifies the Painlevé Condition.

4. Finding solutions: conditional Painlevé property

The above analysis shows that Eq.(83) represents a nonintegral ODE when all the four
parameters A, 3,1y and «aq are free. Furthermore, as the equation is of the third order
in the z—derivative, 2y, a4 and ag constitute a complete set of arbitrary constants which
should appear in the general solution of the equation if integrable. As the former analysis
has shown the nonintegral behaviour of the equation, there are no solutions with three
arbitrary constants involving the four free parameters, although by imposing conditions
(91), and then, by imposing certain fixed relations among the parameters, it is possible to
find out solutions with the specified number of arbitrary constants. Needless to say that
these solutions, although general, correspond to very special forms of Eq.(83) and then,
the physical processes described by their related solutions of Eq. (29) have a different
significance than those described in the fist part of the paper. Through the procedure
of imposing conditions over the parameters, we have found the following classification of
solutions:

4.1. CASE 1
By choosing A = 8 =01in (91.1) and v9 = 0 in (91.2), both conditions are identically
satisfied. Equation (83) is then transformed into

u" + 6un’ + ap = 0, (93)
with « free. Integrating once, this equation reads

u” + 3u® 4 agz 4+ 0 = 0, (94)
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which, by means of the scaling
u=—2w, (95)

is transformed into
w" = 6w? — apz + 0. (96)

The latter equation defines the First Painlevé Transcendent (PI) [20]. Then, the so-
lutions of (83) with A = 3 = 0 are given in terms of the transcendental function PI, and
so are the solutions of the PKdV equation if the parameters are subjected to such a re-
striction. Note that the condition imposed here over the parameters is the same neglected
previously in the symmetry analysis of the initial PDE (29) because of its restrictive sig-
nificance, since the condition means that the physical constants appearing in (29) have to
verify the relation A\; = Ao = 0.

4.2. CASE II
Now, Eqs.(91) are satisfied by choosing vy = wg in (91.1) and imposing the restrictions

3\ + 53 =0, (97.1)

—ap(3A+78) + N(\, B) = 0, (97.2)

in (91.2). These conditions fix the values of the phase speed vy and the integration constant
ag in terms of one of the parameters A or 5. For instance, let the latter to be free, then

vy = (55)3’ (98)

and Eq.(83) finally reads:

5 56\° 5
u" — ?ﬂu” + (f) u— 7ﬁ“2 + 6uu’ 4+ g = 0. (99)

As is shown in the following section, this equation can be reduced again in terms of
the transcendental function PI.

4.3. CASE III
Lastly, let 19 = wq in (91.1) and
9N+ 38 =0, (100.1)

—ag(BA+T78)+ N\, 8) =0, (100.2)
in (91.2). These restrictions lead to

vo = 10 <§>3 (101)

3/8 " 1053 2 l
u/” — 7’[1/ —+ 7’[1/ — 2ﬁu + 6UU + o) = 0, (102)

with [ free and ag = () given by (100.2). Now, the resulting equation can be integrated
in terms of the Weierstrassian elliptic function p(z, g2, ¢g3). Section 5 presents the details.



INTEGRABILITY OF THE PERTURBED KdV EQUATION 17

These three cases constitute the only relations which lead to general solutions of Eq.
(83), although, as was mentioned before, the resulting equations (93), (99) and (102) do
not exactly describe the physical problem presented in section 1, but certain restrictions
of it. Then, if one tries to obtain analytical solutions of equation (83) with relevance to
the motion equation (29), the search for solutions must follow another point of view. In
this sense, note that the constant a4 can be fixed in terms of the parameters by means
of Eq.(91.2). Therefore, as a4 is no more arbitrary, the number of constants in Eq.(83) is
reduced to two and then there will be a subset of solutions satisfying the PP but related
to equations of the second order.

After these considerations, the next step consists in finding solutions of Eq.(83) taking
in mind special values for the parameters involved. Note that the Painlevé analysis has
not given us any specific solution but rather provides full information about where we
have to seek for them in the parameter space.

5. Particular solutions of the PKdV equation
In order to simplify the form of Eq.(83), consider the following general transformation
[21]:

u(z) = p(z) + M(2)F[(y)] (103)

introducing this ansatz into Eq.(83), the following equation is obtained:

My F +6M2%yFE + AM(y)2 + 3M'(y')2 + 3My'y"| P+

[6,uMy +A2M"y + My") +3M"y + 3M'y" + My"'} Pt (104)
[M0M -+ 2k M + 6(uM” + M) + AM” + M"|+

(kM2 +6MM')F? + (ag + vop + ku? + 6up’ + M + ") =0

1
where the y—derivative is represented by a dot and k = 5(5ﬁ +6]).
Now, consider the dominant terms (F, FF) in Eq.(104). For their coefficients to be

proportional, one has to choose M = (') so that both terms become:

(3/ )5ddy(F + 3F?%). (105)

Following the same procedure, consider the next order terms (in F, F2). To simplify
the equation, these terms have to become into an expression proportional to F' + 3F2,
after choosing the appropriate ansatz for the variables in Eq. (104). If one tries to do thls,
the following expression is found:

)* K/\ + 9%27) + (k: + 12?) Fz} : (106)

and then, the required proportionality between the expressions arises by imposing the

coefficients to verify
! /!

k122 =3xn o7l (107)
Yy Yy
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That is, the transformed variable y has to satisfy the second order linear equation

n_ By (108)

7%

This equation leads to two kinds of solutions depending on the value of 3:

(6=0) y = bpz, (109.1)

(B#0)  y=boexp (gz) + b1. (109.2)

Now, with these ansatzé and substituting M in terms of y, Eq.(104) becomes

N

L(F+3F2) + L2+ 38)(F + 3F%) + s (6 + 32 + 2867) P+

y')
1 u0+(6/\+76)u+6u’+4/\(§)2+8( )3} F+ (110)

v)?
(y})s (oo + vop + ku2 + 6pp’ + A" + MW) _

[

O o

The integration of the former equation will lead us to particular solutions of the ODE
(83). Note that an arbitrary function which will be fixed in each case by convenience
and the conditions to impose over Eq.(110) in order to simplify its form must be chosen
among the cases analyzed in section 4, which, as was shown there, are the only leading to
integrable equations of the third order. The selection of parameters leading to integrable
second order equations is also analyzed henceforth.

5.1. CASE = 0:
Now, by choosing by in (109.1) and p, the ansatz (103) reduces to u = F and equation
(110) reads:

(v + 3u?) + \u" + 3u?) + vy + a9 = 0. (111)

As was argued in section 4 (case I), if § = 0 then necessarily A = 1y = 0 in order to verify
relations (91). This condition leads straightforward to

(u" + 3u?) + g = 0, (112)

whose solutions are PI as was shown before.

The solutions of the former equation contain three independent constants, although the
conditions imposed over the parameters are severely restrictive. Another way to obtain
solutions from equation (83) consists in imposing vy = wp in Eq.(91.1), which in the
present case implies vy = 0, and choosing a4 = a4(\, ap) in such a way that condition
(91.2) was identically satisfied.

Then, in order to linearize (111), let

G =" + 3u?, (113)

so that G verifies
G +AG+ap=0, (114)

whose solution is

7]

G(z) =y exp(—Az) — 3 (115)
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where 7 is an arbitrary constant. The equation for u then becomes:
" 2 Qo
u' + 3u” + UL exp(—Az). (116)
This equation is integrable only if 79 = 0 [21], in which case can be reduced in terms of

elliptic functions by means of the scaling defined by Eq.(95). Introducing such a transfor-
mation, the equation finally reads:

w" = 6w? — %, (117)

A
whose solution is the Weierstrassian elliptic function p(z — zo, g2, g3), where zg, g3 are
arbitrary constants and go = 2TO‘. Now, introducing the parameters eq, es and e3 through
e1+ex+e3 =0, (118.1)
—4(6162 + eje3 + 6263) = g2, (1182)
4616263 = g3, (118.3)

and taking account of the usual relations between p and the Jacobian elliptic functions
[20], the solution of (117) can be transformed into:

w(z) = eg — k2ko%en®[ko(z — 20)), (119)

where ko? = e — e3 is an arbitrary constant and the elliptic modulus % is defined by

=26 (120)
€1 — €3

Furthermore, the solution (119) can be expressed in terms of hyperbolic functions by
taking the limit k£ = 1; according to expressions (118) and (120), this limit implies:

€3 k02
a=e=-2=t (121)
in which case, solution (119) becomes
2ko® 9 o
w(z) =— 3 + ko tanh®[ko(z — 29)] (122)

and the related (static) solution of the PKdV equation (29) finally reads:

4ko?
u(t,x) = TO — 2ko? tanh?[ko(x — x0)], (123)

where both zq, kg are arbitrary constants. Note that this solution describes the evolution

of waves in the case that the physical parameters in (29) verify i—i = %

5.2. CASE 3 # 0:
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Now, let by = 1, by = 0 in (109.2), and g/ = 0. Furthermore, in order to continue the

simplification of (110), let the terms in (¥, F') be proportional to F+ %
to impose is then:

&) e 4o 2] 3

which fixes p in terms of the constants involved in the problem as

h= <§>2 B 67?%’ (125)

. The condition

vo + (6 + 768)p + <§>2 (47 + ;ﬁ)] , (124)

Then, Eq.(110) reads:

diy(F' +3F2) + %(27 +3B)(F + 3F2)—

2 .
siss (§) S (P A+ (126)
5 4
(§) Jsloo+ OE2(8) - artiam | =0

In order to verify (91) and according to the results of section 4 (cases II and III), let
vo = wo and ap = ap(f) defined by Eqgs.(97) and/or (100), which transforms the latter
equation into:

d - 3 1 .
—(F+3F?) + S(2y+33)-(F+3F*) =0. 127
43 + S (27 +30) - (F o+ 379 (127)

Besides, to completely fulfil the condition (91.2), there is an additional relation that
has to be verified by parameters v and G:

(37 +50)(2y +36) = 0. (128)

Then, depending on how is condition (128) verified, two different subcases, leading to very
different kinds of solutions, arise when is supposed.
First, assume 3v+58 = 0 or, in terms of the physical parameters of the PKdV equation,

ﬁ—i = 2)‘—)\23 Then Eq.(127) becomes:

1

i(ﬁ+3F2) y(F+3F2) =0. (129)

dy

This equation constitutes the transformation of (99) through the ansatz (103). Redefining
variables in a way similar to (113), the equation can be integrated once giving:

F+3F? = 0y, (130)

whose solutions are expressible in terms of PI as is shown in section 4 (case I).
On the other hand, suppose 2y 4+ 33 = 0 in (128). In such a case, Eq.(127) becomes:

d .
@(F+3F2) =0, (131)
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and then, integrating once, the second order equation to be satisfied by F' is

F 4 3F? =, (132)
which by means of the scaling F' = —2w becomes:
& = 6w? + o, (133)

whose solution is given again in terms of the Weierstrassian elliptic function p as:

w(y) = (¥ — Yo, =270, 93), (134)

where yo, 70 and g3 are arbitrary constants. Redefining the free parameters as given by
Eq.(118), the solution (134) can be expressed in terms of the Jacobian elliptic function
en(y | k) as:

w(y) = ez — kK*y*en’[y(y — o)l (135)

where 72 = e; — e3 and the elliptic modulus & is defined by (120). A particular solution
of (131) can be obtained in terms of hyperbolic functions by taking the limit £ = 1 in

(135). This implies that the constants have to be chosen, for example, as vy = —%— and

2
gs = — (%) . Besides, for the sake of simplicity, let y9 = 0. Then (135) becomes:

2
w(y) = -3 + tanh?y, (136)

so that A
F(y) = 3 2tanh?y, (137)

and, by means of (103), (109.2) and (125) the expression for u(z) is

u(z) = gz{l; + exp <§z> l2 — 3tanh? <exp (gz)ﬂ }, (138)

and the related solution of the PKdV equation reads:

u(t,z) = ${123 + exp <§(a¢ + m)) [2 _ 3 tanh? (exp (g(a: + m))ﬂ } (139)

ﬁ 3

where vg = 10 <3> and ( is free, so that the solution represents the evolution of waves

when the physical parameters in (29) are subjected to

A1 4
—_ = —-—. 140
A 93 (140)

As in the case § = 0, it is possible to obtain solutions with 8 # 0 by imposing vy = wg
and choosing a4 = a4(\, ap) in order to verify (91). In such a case, there is no restriction
over the parameters A and (. Then, Eq.(127) has to be integrated without taking into
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consideration the condition (128) and the solution obtained will be given in terms of two
arbitrary constants. Therefore, let the variable F' be redefined as

G =F +3F? (141)

so that Eq.(127) is transformed into the linear ODE

G+ §(2A+35)§ =0, (142)
B Y
and then s
Gy) = oy 73, (143)

~o being arbitrary. The equation for F' becomes:
B4 3F2 = ygy 530, (144)

which again is integrable only if 79 = 0 [21]. Introducing the usual scaling F' = —2w, the
former equation is transformed into

& = 6w?, (145)
whose solution is the Weierstrassian elliptic function

w(y) = oy — ¥0,0,93), (146)

where yo and g3 are the integration constants. In the particular case, in which these
constants are chosen as yy = g3 = 0, the solution reads:

1

w(y) = Tro7 (147)
and then )
F(y) = R (148)
so that, by means of (103), (109.2) and (125), the solution of (83) is
3 1 (B 2 (BN
u(z) = —m(30)\ +1958) — 3 (6) 1 + tanh (127,“)] , (149)
and, finally, the travelling wave solution for (29) reads:
2
u(z) = —2%(30A +198) — % (§>2 1 + tanh? (g(x + vot)ﬂ , (150)
where the phase velocity vy is given by

and there are no restrictions over the physical parameters.
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Apart from the solutions presented throughout this paper, we do know the existence of
another one related to the condition A = —f. This restriction can be used to verify (91.1),
together with the appropriate a4 = a4(\, o) in (91.2) so that there must be a second order
ODE related to a such solution. The connection between that second order ODE with (83)
is still unknown, although the specific form of the solution can be obtained following the
SMM as was shown by Estévez, Gordoa and the authors [4, 5]. The mentioned solution
reads:

2
u(t,x) = % (8k02 + %) + % tanh[ko(x + vot + x0)] — 2ko? tanh?[ko(z + vot + 0)],

(152)
where kg, xg are arbitrary constants and the phase velocity vg is given by
A A2
vo = = | 4ko® — =] . 153
0= % ( 0"~ % ) (153)
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