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1 Introduction

Our interest is to find explicitly the “macroscopic” quantities which ma-
terialize the integrability of a given nonlinear differential equation, such as
particular solutions or first integrals. We mainly handle partial differential
equations (PDEs), although some examples are taken from ordinary differen-
tial equations (ODEs). Indeed, the methods described in these lectures apply
equally to both cases.

These methods are based on the a priori study of the singularities of the
solutions. The reader is assumed to possess a basic knowledge of the singu-
larities of nonlinear ordinary differential equations, the Painlevé property for
ODEs and the Painlevé test. All this prerequisite material is well presented in
a book by Hille [f7] while Cargese lecture notes [R§] contain a detailed exposi-
tion of the methods, including the Painlevé test for ODEs. Many applications
are given in a review [[L02].

As a general bibliography on the subject of these lectures, we recommend
Cargese lecture notes @] and a shorter subset of these with emphasis on the
various so-called truncations [P4].

Throughout the text, we exclude linear equations, unless explicitly stated.

2 Various levels of integrability for PDEs, definitions

In this section, we review the required definitions (exact solution, Backlund
transformation, Lax pair, Darboux transformation, etc).

The most important point is the global nature of the information which is
looked for. The existence theorem of Cauchy (for ODEs) or Cauchy-Kowalevski
(for PDESs) is of no help for this purpose. Indeed, it only states a local prop-
erty and says nothing on what happens outside the disk of definition of the
Taylor series. Therefore it cannot distinguish between chaotic equations and
integrable ones.

Still from this point of view, Laurent series are not better than Taylor
series. For instance, the Bianchi IX cosmological model is a six-dimensional
dynamical system

0?(Log A)" = A2 — (B — C)?, and cyclically, 0% =1, (1)

which is undoubtedly chaotic [[[07]. Despite the existence of the Laurent series

B
Alo=x""+axx+0KX*), x=7—m7,
B/o =box + bix* + O(x*), (2)
Clo=cox + cix® + O(x?),

which depends on six independent arbitrary coefficients, (71, by, o, b1, ¢1, a2),
a wrong statement would be to conclude to the absence of chaos.

(x
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This leads us to the definition of the first one of several needed global
mathematical objects.

Definition 1. One calls exact solution of a nonlinear PDE any solution
defined in the whole domain of definition of the PDE and which is given in
closed form, i.e. as a finite expression.

The opposite of an exact solution is of course not a wrong solution, but
what Painlevé calls “une solution illusoire”, such as the above mentioned
series.

Note that a multivalued expression is not excluded. From this definition,
an exact solution is global, as opposed to local. This generically excludes
series or infinite products, unless their domain of validity can be made the
full domain of definition, like for linear ODEs.

Ezample 2. The Kuramoto-Sivashinsky (KS) equation
Ut + Wy + Py + VUggee = 0, v £ 0, (3)

describes, for instance, the fluctuation of the position of a flame front, or the
motion of a fluid going down a vertical wall, or a spatially uniform oscillating
chemical reaction in a homogeneous medium (see Ref. [[§ for a review), and
it is well known for its chaotic behaviour. An exact solution is the solitary
wave of Kuramoto and Tsuzuki [@] in which the wavevector k is fixed

k k\® (60 5\ k k
u = 120v (5 tanh 5{) + (E,u — 30vk ) 3 tanh 55 + ¢,

11
Sy o E (4)

=z —ct—uxg, k2=
§=w—cl =0, 190 190

which depends on two arbitrary constants (¢, o). On the contrary, the Lau-

rent series

120.11
192

60
u= 120067 + opgt + e - 1€+ uet® + 0(&Y), (5)
which depends on three arbitrary constants (c, o, ug), is not an exact solu-
tion, since no closed form expression is yet known for the sum of this series.

There exists a powerful tool to build exact solutions, this is the Bécklund
transformation. For simplicity, but this is not a restriction, we give the basic
definitions for a PDE defined as a single scalar equation for one dependent
variable v and two independent variables (z,t).

Definition 3. (Refs. [[]] vol. ITI chap. XII, [B(]) A Bécklund transfor-
mation (BT) between two given PDEs

El(U,CC,t):O, EQ(UaXvT):O (6)



4 R. Conte

is a pair of relations
Fj(U,CC,t,U,X,T):O,jzl,Q (7)

with some transformation between (z,t) and (X, T'), in which F; depends on
the derivatives of u(x, t) and U (X, T'), such that the elimination of u (resp. U)
between (Fi, Fy) implies Fo(U, X, T) = 0 (resp. E1(u,z,t) = 0). The BT is
called the auto-BT or the hetero-BT according as the two PDEs are the
same or not.

Ezample 4. The sine-Gordon equation (we identify sine-Gordon and sinh-
Gordon since an affine transformation on v does not change the integrability
nor the singularity structure)

sine-Gordon : E(u) = ug + 2asinhu =0 (8)

admits the auto-BT

—U

(u+U)y + 4\ sinh — — =0, 9)
2

(u—U)t—Tasinhu;U —0, (10)

in which A is an arbitrary complex constant, called the Bdcklund parameter.

Given the obvious solution U = 0 (called vacuum), the two equations
(B)-(L0) are Riccati ODEs with constant coefficients for the unknown e*/2,

(€"/?)e = M1 — (*/2)?), (11)
(€"/2)e = —a(l = ("/2)%)/(2M), (12)

therefore their general solution is known in closed form
u/2  tanh6, 9 = (Ax = =t 2) 13
€ anh v, € 2\ 20 |, ( )

with (A, zg) arbitrary. This solution is called the one-soliton solution, it is
also written as

tanh(u/4) = —6_20, uy = 4\sech 20, u; = —2a\"'sech20.  (14)

By iteration, this procedure gives rise to the N-soliton solution [@,ﬂ], an
exact solution depending on 2N arbitrary complex constants (N values of
the Béacklund parameter A\, N values of the shift zp), with N an arbitrary
positive integer. A remarkable feature of the SG-equation, due to the fact
that at least one of the two ODEs ([)-([L() is of order one, is that this N-
soliton can be obtained from N different copies of the one-soliton by a simple
algebraic operation, i.e. without integration (see Musette’s lecture [R]).
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Ezxample 5. The Liouville equation

Liouville: E(u) = ugt + ae® =0 (15)

admits two BTs. The first one
(u—v), = areW+)/2, (16)
(u+v), = =237 70/2, (17)

is a BT to a linearizable equation called the d’Alembert equation

d’Alembert: E(v) = vz = 0. (18)
The second one is an auto-BT
-U
(u+U), = —4\sinh = — (19)
(u—U) = A taewt0)/2, (20)

The first of these two BTs allows one to obtain the general solution of the
nonlinear Liouville equation, see Section ﬂ

This ideal situation (generation of the general solution) is exceptional
and the generic case is the generation of particular solutions only, as in the
sine-Gordon example.

The importance of the BT is such that it is often taken as a definition of
integrability.

Definition 6. A PDE in N independent variables is integrable if at least
one of the following properties holds.

1. It is linearizable.

2. For N > 1, it possesses an auto-BT which, if N = 2, depends on an
arbitrary complex constant, the Backlund parameter.

3. It possesses a hetero-BT to another integrable PDE.

Although partially integrable and nonintegrable equations, i.e. the ma-
jority of physical equations, admit no BT, they retain part of the properties
of (fully) integrable PDEs, and this is why the methods presented in these
lectures apply to both cases as well. For instance, the KS equation admits the
vacuum solution v = 0 and, in Section H, an iteration will be built leading
from u = 0 to the solitary wave ([); the nonintegrability manifests itself in
the finite number of times this iteration provides a new result (N = 1 for the
KS equation, and one cannot go beyond (f) [B9).

For various applications of the BT, see Ref. [[L04].

When a PDE has some good reasons to possess such features, such as the
reasons developed in Section E, we want to find the BT if it exists, since this
is a generator of exact solutions, or a degenerate form of the BT if the BT
does not exist, and we want to do it by singularity analysis only.

Before proceeding, we need to define some other elements of integrability.
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Definition 7. Given a PDE, a Lax pair is a system of two linear differential
operators
Lax pair: Ly (U, A), La(U, A), (21)

depending on a solution U of the PDE and, in the 1+ 1-dimensional case, on
an arbitrary constant A, called the spectral parameter, with the property
that the vanishing of the commutator [Ly, Lo] is equivalent to the vanishing
of the PDE E(U) = 0.

A Lax pair can be represented in several, equivalent ways.
The Laz representation [[2 is a pair of linear operators (L, P) (scalar or
matrix) defined by

Ih=L—-—X\ Lo=0,— P, L1ixp =0, Ly =0, A\, =0, (22)
in which the elimination of the scalar A\ yields
Ly = [Pa L]a (23)

i.e. , thanks to the isospectral condition \; = 0, a time evolution analogous
to the one in Hamiltonian dynamics.

The zero-curvature representation is a pair (L, M) of linear operators
independent of (9, O¢)

L1 =08, —L, Ly=0;,— M, Lygp =0, Lygp =0,
[0y — L, 0y — M) =Ly — My + LM — ML = 0. (24)

The common order N of the matrices is called the order of the Lax pair.
The projective Riccati representation is a first order system of 2N — 2
Riccati equations in the unknowns ¢;/¢1,5 = 2,..., N, equivalent to the
zero-curvature representation (R4).
The scalar representation is a pair of scalar linear PDEs, one of them of
order higher than one,

Llw = Oa L2¢ = Oa
In 1+ 1-dimensions, one of the PDEs can be made an ODE (i.e. involving
only z- or t-derivatives), in which case the order of this ODE is called the

order of the Lax pair.
The string representation or Sato representation [@]

[P,Q] = 1. (26)

This very elegant representation, reminiscent of Hamiltonian dynamics, uses
the Sato definition of a microdifferential operator (a differential operator
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with positive and negative powers of the differential operator 9) and of its
differential part denoted ()4 (the subset of its nonnegative powers), e.g.

Q=0%—u,

L=Q'?

(L), = 07 — (3/4){u, 8.},

(L°), = 02 — (5/4){u, 03} + (5/16){3u” + tsa, O},

27
28
2

30

=)

(27)
(28)
(29)
(30)

in which {a, b} denotes the anticommutator ab+ba. See Ref. [[[ for a tutorial
presentation.

Example 8. The sine-Gordon equation (E) admits the zero-curvature repre-

sentation
o-n () =0 = ("2 ). (31)

@—m) () =0, m=—@2p (0 e’ (32)
o ’ eV 0 )
equivalent to the Riccati representation, with y = 11 /1o,

Yo = A+ Usy — Ay, (33)
Y = —g)\fleU + g)\flery? (34)

Ezxample 9. The matrix nonlinear Schrodinger equation
1Qr + (b/a)Quz — 2abQRAQ =0, —iR; + (b/a)Ryr — 2abRQR = 0, (35)

in which (@, R) are rectangular matrices of respective orders (m,n) and
(n,m), and (i, a, b) constants, admits the zero-curvature representation ([f7

Eq. (5))
(0 — L)Y =0, (9 — M)y =0, (36)
L=aP+ )G, M = (—aGP?+ GP, +2\P + (2/a))\*G)b/i, (37)

in which X is the spectral parameter, P and G matrices of order m+n defined

as
(0 Q (1, O
P 9)oa=( 0. o
The matrix G characterizes the internal symmetry group GL(m, C)@GL(n, C).
The lowest values
m=1n=1 Q= (u), R=(U), (39)

define the AKNS system (Section P.1)), whose reduction U = 4 is the usual
scalar nonlinear Schrodinger equation.
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Ezample 10. The 2 + 1-dimensional Ito equation [(2]
E(u) = (ummt + 60 Y Ugptigy + a1t + G2yt + A3ULs + a4uty)x =0 (40)

has a Lax pair whose scalar representation is

L = 83 +a10; + (ag + 60" Uy, )0y + @40y — A (41)
Lo = 8,0, — pdy + (% 1207 1U,,) (42)
a[Ly, Ly] = 2E(U) + 6Uyzy Lo (43)

In the 2 + 1-dimensional case a4 # 0, the parameter A can be set to 0 by the
change 9 + 1pe*¥. This is the reason of the precision at the end of item 2 in
definition ﬁ This pair has the order four in the generic case a; # 0, although
neither Ly nor Lo has such an order.

Ezxample 11. The string representation of the Lax pair of the derivative of
the first Painlevé equation is

[P,Q] =[((92 - u):”)Jr ,07 —u] = —(1/4)ugea + (3/Duu, = 1. (44)

Ezxample 12. The Sato representation of the Lax pair for the whole Korteweg-
de Vries hierarchy is

O, L=1[(L*""), L], L=Q"* Q=02 —u, m=1,3,5,... (45)

From the singularity point of view, the Riccati representation is the most
suitable, as will be seen.

The last main definition we need is the Darboux transformation (DT).
The working definition given below is very simplified (this is an involution)
as compared to the one of Darboux [@]7 but it is sufficient for our purpose.
The full definition is given in Musette’s lecture [@]

Definition 13. Given a PDE, a Darboux transformation is a transfor-
mation between two solutions (u, U) of the PDE

DT: u=Y DyLogrs+U (46)
0

linking their difference to a finite number of linear differential operators Dy
(f like family) acting on the logarithm of functions .

In the definition (@), it is important to note that, despite the notation,
each function 7; is in fact the ratio of the “tau-function” of u by that of U.

Lax pairs, Backlund and Darboux transformations are not independent.
In order to exhibit their interrelation, one needs an additional information,
namely the link

Vf . Df LOg Tf = Ff(d)), (47)

which most often is the identity 7 = 1), between the functions 7; and the
function ¢ in the definition of a scalar Lax pair.
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Ezample 14. The (integrable) sine-Gordon equation (f) admits the Darboux
transformation

u=U — 2(Log 71 — Log ), (48)
in which (71, 72) is a solution (11, %2) of the system (B1))-(B2).

Then its BT (P)-([l) is the result of the elimination %f 71 /T2 between
the DT (ig) and the Riccati form of the Lax pair (BJ)-(B4), with the cor-
respondence 7y = 9y, f = 1,2. This elimination reduces to the substitution
y = e~ (=U)/2in the Riccati system (B)-(B4), and this is one of the advan-
tages of the Riccati representation. Therefore the Bécklund parameter and
the spectral parameter are identical notions.

Ezample 15. The (nonintegrable) Kuramoto-Sivashinsky equation admits the
degenerate Darboux transformation

u=U + (60092 + (60/19)ud,) Log T, (49)

in which U = ¢ (vacuum) and 7 is the general solution ¢ of the linear system
(a degenerate second order scalar Lax pair)

Ly = (07 — k*/4)y =0, (50)
L21/) = (at + c@m)w = 0, (51)
[Ll, LQ] = 0 (52)

The solution u defined by (ftd) is then the solitary wave ([), and this is
a much simpler way to write it, because the logarithmic derivatives in (
take account of the whole nonlinearity.

Since, roughly speaking, the BT is equivalent to the couple (DT, Lax
pair), one can rephrase as follows the iteration to generate new solutions. Let
us symbolically denote

E(u) = 0 the PDE,

Lax(¢, A\,U) = 0 a scalar Lax pair,

F the link (i7) DLogr = F (%) from ¢ to T,

u = Darboux(U, 7) the Darboux transformation.

The iteration is the following, see e.g. [@]

1. (initialization) Choose ug = a particular solution of E(u) = 0; set n = 1;
perform the following loop until some maximal value of n;

2. (start of loop) Choose A,, = a particular complex constant;

3. Compute, by integration, a particular solution v,, of the linear system
La’X(d)a >\na unfl) = 07

4. Compute, without integration, D Log T, = F(1,,);

5. Compute, without integration, u,, = Darboux(u,—1, 7);

6. (end of loop) Set n =n + 1.

Depending on the choice of A, at step 2, and of ¢, at step 3, one can
generate either the N-soliton solution, or solutions rational in (z,t), or a
mixture of such solutions.
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3 Importance of the singularities : a brief survey of the
theory of Painlevé

A classical theorem states that a function of one complex variable without
any singularity in the analytic plane (i.e. the complex plane compactified by
addition of the unique point at infinity) is a constant. Therefore a function
with singularities is characterized, as shown by Mittag-Lefller, by the knowl-
edge of its singularities in the analytic plane. Similarly, if u satisfies an ODE
or a PDE, the structure of singularities of the general solution characterizes
the level of integrability of the equation. This is the basis of the theory of
the (explicit) integration of nonlinear ODEs built by Painlevé, which we only
briefly introduce here [for a detailed introduction, see Cargese lecture notes :
Ref. [§] for ODEs, Ref. [RB4] for PDEs].

To integrate an ODE is to acquire a global knowledge of its general so-
lution, not only the local knowledge ensured by the existence theorem of
Cauchy. So, the most demanding possible definition for the “integrability” of
an ODE is the single valuedness of its general solution, so as to adapt this
solution to any kind of initial conditions. Since even linear equations may
fail to have this property, e.g. 2zu’ +u =0, u = cz~ /2 a more reasonable
definition is the following one.

Definition 16. The Painlevé property (PP) of an ODE is the uniformizabil-
ity of its general solution.

In the above example, the uniformization is achieved by the change of in-
dependent variable = X?2. This definition is equivalent to the more familiar
one.

Definition 17. The Painlevé property (PP) of an ODE is the absence of
movable critical singularities in its general solution.

Definition 18. The Painlevé property (PP) of a PDE is its integrability
(Definition E) and the absence of movable critical singularities in its general
solution.

Let us recall that a singularity is said mowvable (as opposed to fized) if
its location depends on the initial conditions, and critical if multivaluedness
takes place around it. Indeed, out of the four configurations of singularities
(critical or noncritical) and (fixed or movable), only the configuration (critical
and movable) prevents uniformizability : one does not know where to put the
cut since the point is movable.

Wrong definitions of the PP, alas repeatedly published, consist in replacing
in the definition “movable critical singularities” by “movable singularities
other than poles”, or “its general solution” by “all its solutions”. Even worse
definitions only refer to Laurent series. See Ref. [E], Section 2.6, for the
arguments of Painlevé himself.
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The mathematicians like Painlevé want to integrate whole classes of ODEs
(e.g. second order algebraic ODEs). We will only use their methods for a given
ODE or PDE, with the aim of deriving the elements of integrability described
in Section [ (exact solutions, ... ). This Painlevé analysis is twofold (“double
méthode”, says Painlevé).

1. Build necessary conditions for an ODE or a PDE to have the PP (this is
called the Painlevé test).

2. When all these conditions are satisfied, or at least some of them, find
the global elements of integrability. In the integrable case this is achieved
either (ODE case) by explicitly integrating or (PDE case) by finding
an auto-BT (like equations (f))~([L0) for sine-Gordon) or a BT towards
another PDE with the PP (like ([L6)—([L7) between the d’Alembert and
Liouville equations). In the partially integrable case, only degenerate
forms of the above can be expected, as described in Section E

4 The Painlevé test for PDEs in its invariant version

When the PDE reduces to an ODE, the Painlevé test (for shortness we will
simply say the test) reduces by construction to the test for ODEs, presented
in detail elsewhere [2q] and assumed known here.

We will skip those steps of the test which are the same for ODEs and
for PDEs (e.g., diophantine conditions that all the leading powers and all
the Fuchs indices be integral), and we will concentrate on the features which
are specific to PDEs, namely the description of the movable singularities, the
optimal choice of the expansion variable for the Laurent series, the advantage
of the homographic invariance.

4.1 Singular manifold variable ¢ and expansion variable x

Consider a nonlinear PDE
E(u,z,t,...)=0. (53)

To test movable singularities for multivaluedness without integrating,
which is the essence of the test, one must first describe them, then, among
other steps, check the existence near each movable singularity of a Laurent
series which represents the general solution.

For PDEs, the singularities are not isolated in the space of the independent
variables (z,t,...), but they lay on a codimension one manifold

<P(~’Ca i,.. ) — Yo = 0, (54)

in which the singular manifold variable ¢ is an arbitrary function of the
independent variables and ¢y an arbitrary movable constant. Even in the
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ODE case, the movable singularity can be defined as p(z) —¢o = 0, since the
implicit functions theorem allows this to be locally inverted to x —xzg = 0; the
arbitrary function ¢ thus introduced may then be used to construct exact
solutions which would be impossible to find with the restriction ¢(z) = =
lazlz]

One must then define from ¢ — g an expansion variable x for the Laurent
series, for there is no reason to confuse the roles of the singular manifold
variable and the expansion variable. Two requirements must be respected:
firstly, x must vanish as ¢ — @9 when ¢ — ¢g; secondly, the structure of
singularities in the ¢ complex plane must be in a one-to-one correspondence
with that in the y complex plane, so x must be a homographic transform of
© — o (with coefficients depending on the derivatives of ).

The Laurent series for v and E involved in the Kowalevski-Gambier part
of the test are defined as

—+oo —+oo
u:Zqujﬂ”, —peN, E:ZEij+q, —qeN* (55)
j=0 j=0

with coefficients u;, F/; independent of x and only depending on the deriva-
tives of .

To illustrate our point, let us take as an example the Korteweg-de Vries
equation

E = buy + uger — (6/a)uu, =0 (56)

(this is one of the very rare locations where this equation can be taken as an
example; indeed, usually, things work so nicely for KdV that it is hazardous
to draw general conclusions from its single study).

The choice x = ¢ — g originally made by Weiss et al. [[L19] makes the
coefficients u;, I; invariant under the two-parameter group of translations
© — p+ b, with ¥ an arbitrary complex constant and therefore they only
depend on the differential invariant grad ¢ of this group and its derivatives :

2

2
u = 2a<p926X7 —2a<pmmxfl+abﬂ+_a@_g [@

2
600 3 on 2| o ] +O(X), x = ¢—w0-
(57)

There exists a choice of x for which the coeflicients exhibit the highest
invariance and therefore are the shortest possible (all details are in Section

6.4 of Ref. [6]), this best choice is [[LJ]

—1
Y — %o ¥ P
Po — 5—(p—po) LPTYO ¥
204
in which = denotes one of the independent variables whose component of
grad ¢ does not vanish. The expansion coefficients u;, I/; are then invariant
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under the six-parameter group of homographic transformations

do+l

— T a'd —bd #0, (59)

in which a’,¥’, ¢/, d’ are arbitrary complex constants. Accordingly, these co-
efficients only depend on the following elementary differential invariants and
their derivatives: the Schwarzian

2
Oazz 3(<pm>
S={pjx}="———-=-(—) , 60
{p; 2} o 2o (60)

and one other invariant per independent variable ¢, y, . ..

C=—0t/Pz, K=—0y/¢z, ... (61)

The reason for the minus sign in the definition of C' is that, under the travel-
ling wave reduction £ = x — ct, the variable C' becomes the constant c. These
two invariants are linked by the cross-derivative condition

identically satisfied in terms of .
For our KdV example, the final Laurent series, as compared with the
initial one (f7), is remarkably simple :

u=2ax"% - ab% + ? —2a(bC — 8)x + O(x?), x = (58). (63)
For the practical computation of (u;, E;) as functions of (S,C) only,
i.e. what is called the invariant Painlevé analysis, the above explicit ex-
pressions of (S,C, x) in terms of ¢ are not required, the variable ¢ com-
pletely disappears, and the only necessary information is the gradient of the
expansion variable y defined by Eq. (5§). This gradient is a polynomial of
degree two in x (this is a property of homographic transformations), whose
coefficients only depend on S, C':

S
Xo =1+ 5%, (64)
1
xt = —C+Cpx — 5(05 + C’M)XQ. (65)

The above choice (Bg) of x which generates homographically invariant
coefficients is the simplest one, but it is only particular. The general solution
to the above two requirements which also generates homographically invariant
coefficients is defined by an affine transformation on the inverse of x @]

Y '=B(x"'+A), B#£O. (66)
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Since a homography conserves the Riccati nature of an ODE, the variable Y
satisfies a Riccati system, easily deduced from the canonical one (f4)-(f5)
satisfied by x, see ([L1§)—(L16).

A frequent worry is : is there any restriction (or advantage, or inconve-
nient) to perform the test with x or Y rather than with ¢ — ¢q? The precise
answer is : the three Laurent series are equivalent (their set of coefficients
are in a one-to-one correspondence, only their radii of convergence are differ-
ent). As a consequence, the Painlevé test, which involves the infinite series,
is insensitive to the choice, and the costless choice (the one which minimizes
the computations) is undoubtedly x defined by its gradient (54)-(53) (to per-
form the test, one can even set, following Kruskal [@], S=0,C, =0). If the
same question were asked not about the test but about the second stage of
Painlevé analysis as formulated at the end of Section E, the answer would be
quite different, and it is given in Section @

Finally, let us mention a useful technical simplification. From its definition
(E9), the variable x ! is a logarithmic derivative, so the system (64)-(63) can
be integrated once

T = (¢ —po)p, /%, (67)

(Log¥). = x, (68)
1

(LogW); = —Cx ' + 5095. (69)

This feature helps to process PDEs which can be defined in either conservative
or potential form when the conservative field v has a simple pole, such as the
Burgers equation

E(u) = buy + (u*/a+ ug). =0, (70)
F()=bvg +v2/a+ v +G(t) =0, u=v,, E=F,. (71)

Despite its (unique) logarithmic term, the -series for v

v =aLog¥ + vy + (2vg » — abC)x
+(F(vo) — aS/2 + abCy [2)x* + O(x%), (72)

in which vg is arbitrary, is “shorter” than the Laurent series for u

u=ax '+ (ab/2)C + ugy
+ [(a/4)(B*(Cy + CCh) + 2bCas — Sz — u2,2)| X* + O(x*),  (73)
in which wug is arbitrary, and the resulting series for F(v), which is not a -

series but a Laurent series, is much shorter than the Laurent series for E(u).
See Section [7.d for an application.
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4.2 The WTC part of the Painlevé test for PDEs

As mentioned at the beginning of Section , we do not give here all the
detailed steps of the test nor all the necessary conditions which it generates
(this is done in Section 6.6 of Ref. [Pf]). We mainly state the notation to be
extensively used throughout next sections.

The WTC part | of the full test, when rephrased in the equivalent
invariant formalism , consists in checking the existence of all Laurent series
(pH) able to represent the general solution, maybe after suitable perturbations
[%@ not describe here.

The gradient of the expansion variable y is given by (p4)-(F3), with the
cross-derivative condition (f2). This condition may be used to eliminate,
depending on the PDE, either derivatives Sp,q ne, with n > 1, or derivatives
Crnaz,nt, with m > 3, and all equations later written are already simplified in
either way.

The first step is to find all the admissible values (p, uo) which define the
leading term of the series for u. Such an admissible couple is called a family
of movable singularities (the term branch should be avoided for the confusion
which it induces with branching, i.e. multivaluedness).

The recurrence relation for the next coefficients u;, after replacement of
(pa ’LLO),

Viz1: Ej=P@u;+Qj({w [ 1<j}) =0 (74)

depends linearly on u; and nonlinearly on the previously computed coeffi-
cients u;.
The second step is to compute the indicial equation

P(i)=0 (75)

(a determinant in the multidimensional case of a system of PDEs). Its roots
are called the Fuchs indices of the family because they are indeed the char-
acteristic indices of a linear differential equation near a Fuchsian singularity
(the name resonances sometimes given to these indices refers to no resonance
phenomenon and should also be avoided). One then requires that all indices
be integral and obey a rank condition which, for a single PDE, reduces to
the condition that all indices be distinct. The value i = —1 is always a Fuchs
index.

The third and last step is to require that, for any admissible family and
any Fuchs index ¢ (a signed integer), the no-logarithm condition

Vie Z, P(i)=0: Q; =0 (76)

holds true, so that the coefficient u; is an arbitrary function of the indepen-
dent variables. In the multidimensional case, this is the condition of orthog-
onality between the vector Q, and the adjoint of the linear operator P (7).
Whenever there exist negative integers in addition to the ever present value
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—1 counted with multiplicity one, the condition (@ can only be tested by a
perturbation [Rg.

This ends this subset of the test which, let us insist on the terminology,
is only aimed at building necessary conditions for the PP.

The Laurent series for u built in this way depends on at most N arbitrary
functions (if N denotes the differential order), namely the coefficients wu;
introduced at the N Fuchs indices, including ¢ for the index —1.

Any item u;, E;, Q; depends, through the elementary invariants (S, C),
on the derivatives of ¢ up to the order j+1, so the dependences are as follows:
ug = f(C), up = f(C, Cy, Cp), us = f(C,Cy, Ct, Cr, Cut, Cit, S), - ..

Let us take an example.
Ezample 19. The Kolmogorov-Petrovskii-Piskunov (KPP) equation [f7p3
E(u) = buy — gy +2d %(u—e1)(u — e2)(u —e3) = 0, e; distinct, (77)

encountered in reaction-diffusion systems (an additional convection term wu,
is quite important in physical applications to prey-predator models [[L05])
possesses the two families (d denotes any square root of d?)

p=—1, ug =d, (78)

each family has the same two indices (—1,4), and the Laurent series for each
family reads

w=dx '+ (s1/3 - (bd/6)C) (79)
—(d/6) ((b°/6)C* — 6az — S — bCy) x + O(X?), (80)

with the notation
s1=e1 +exte3, ax = ((62 —e3)®+ (e3—e1)* + (er — 62)2) /(18d%).(81)
At index i = 4, the two no-log conditions, one for each sign of d [[Lg],

Q4 = C[(de’ + 81 — 361)(bdc + 51 — 362)(bdc + 51 — 363)
— 32d3(Cy + CC,)] =0 (82)

are not identically satisfied, so the PDE fails the test.

It is time to define a quantity which, although useless for the test itself,
is of first importance at the second stage of Painlevé analysis, which will be
developed in Sections E to E This quantity is defined from the finite subset
of nonpositive powers of the Laurent series for u.

Definition 20. Given a family (p, uo), the singular part operator D is defined
as
Log ¢ — D Log ¢ = ur(0) — ur(c0), (83)
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in which the notation ur(pg), which emphasizes the dependence on the mov-
able constant g, stands for the principal part (T like truncation) of the
Laurent series (E), i.e. the finite subset of its nonpositive powers

-p
ur(po) = > uix’ . (84)
i=0

For most PDEs, this operator is linear. For the Laurent series already consid-

ered (@), (@), 3, (), the operator is, respectively, D = —2ad?, a, a0y, d0,.
For the Kuramoto-Sivashinsky equation ()7 there exists a unique Laurent se-
ries @ with p = —3 (given by (ﬂ) for a particular value of x, and by the
derivative of () for any x), with a singular part operator equal to

D = 60v02 + (60/19) 0. (85)

This is precisely the third order linear operator on the rhs of ().

4.3 The various ways to pass or fail the Painlevé test for PDEs

If one processes a multidimensional PDE the coefficients of which depend
on some parameters p,

E(u,x; u) =0, (86)

(boldface means multicomponent), the Painlevé test generates the following
output :

1. leading order (p,uo), Fuchs indices ¢ and singular part operator D for
each admissible family,

2. diophantine conditions that all singularity orders p and all Fuchs indices
1 be integral, conditions whose solution creates constraints of the type

F(u,C) =0, (87)

3. no-log conditions
Vivn Yu; @ QF(u, S,C,uj) =0, (88)

arising from any integral Fuchs index ¢, in which n is the Fuchsian per-
turbation order [R§] if necessary, u; are the arbitrary coefficients warh
introduced at earlier Fuchs indices j.

In particular, the Laurent series (55) are of no use and should not be
computed beyond the highest Fuchs integer. All this output (items 1 and
3) is easily produced with a computer algebra program and, in all further
examples, we will simply list these results without any more detail.
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Strictly speaking, the answer provided by the test to the question “Has
the PDE the PP?” is either no (at least one of the necessary conditions fails)
or maybe (all necessary conditions are satisfied, and the PDE may possess the
PP but this still has to be proven). It is never yes, as shown by the famous
counterexample of Painlevé (the second order ODE with the general solution
p(ALog(ci1x + ¢2), g2, g3), which therefore has the PP iff 2wi) is a period of
the Weierstrass elliptic function p, a transcendental condition impossible to
generate by a finite algebraic procedure).

Now that the necessary part (i.e. the Painlevé test) of Painlevé analysis
is finished, let us turn to the question of sufficiency.

To reach our goal which is to obtain as many analytic results as possible,
we do not adopt such a drastic point of view, but the opposite one. Instead
of the logical and performed by the mathematician on all the necessary con-
ditions generated by the test, we perform a logical or operation on these
conditions. Therefore the above Painlevé test must be performed to its end,
i.e. without stopping even in case of failure of some condition, so as to collect
all the necessary conditions. Turning to sufficiency, these conditions have to
be examined independently in the hope of finding some global element of in-
tegrability. An application of this point of view to the Lorenz model, a third
order ODE, can be found in Section 6.7 of Ref. [Rf].

If the PDE under study possesses a singlevalued exact solution, there must
exist a Laurent series (E) which represents it locally. Therefore the practical
criterium to be implemented deals with the existence of particular Laurent
series, and the result of the test belongs to one of the following mutually
exclusive situations.

1. (The best situation) Success of the test, at least for some values of p
selected by the test. The PDE may have the PP, and one must look for
its BT;

2. There exists at least one value of (i, ¢, uar,) Which ensures the existence
of a particular Laurent series. For these values, an exact solution may
exist;

3. There exists at least one value of (u, , uar,) enforcing some of, but not
all; the no-log conditions of at least one particular Laurent series. Quite
probably no exact solution exists, but there may exist a conservation law
(a first integral for an ODE);

4. (The worst situation) There is no value of (i, ¢, uab) enforcing at least
one of the no-log conditions of the various series. Quite probably the PDE
is chaotic and possesses no exact solution at all.

Examples of these various situations are, respectively :

1. All the PDEs which have the PP (sine-Gordon, Korteweg-de Vries, ... ),
but also the counterexample of Painlevé quoted above;

2. The equation of Kuramoto and Sivashinsky (f), with the particular Lau-
rent series (f);
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3. The Lorenz model for b = 20, for which the no-log condition at ¢ = 4 is
violated and there exists a first integral;

4. The Rossler dynamical system for which the unique family has the never
satisfied condition @2 = 16 = 0.

5 Ingredients of the “singular manifold method”

The methods to handle the integrable and nonintegrable situations are
the same, simply a more or less important result is obtained.

The goal is to find a (possibly degenerate) couple (Darboux transforma-
tion, Lax pair) in order to deduce the Bécklund transformation or, if a BT
does not exist, to generate some exact solutions.

The full Laurent series is of no help, for this is not an exact solution
according to the definition in Section E Since this is the only available piece of
information and since a finite (closed form) expression is required to represent
an exact solution, let us represent, and this is the idea of Weiss, Tabor and
Carnevale [, an unknown exact solution u as the sum of a singular part,
built from the finite principal part of the Laurent series (i.e. the finite number
of terms with negative powers), and of a regular part made of one term
denoted U. This assumption is identical to that of a Darboux transformation
([i6), in which nothing would be specified on U.

This method is widely known as the singular manifold method or trunca-
tion method because it selects the beginning of the Laurent series and discards
(“truncates”) the remaining infinite part.

Since its introduction by WTC [[L19], it has been improved in many di-

rections @,@,@,@,@,, and we present below the current status of
the method.

5.1 The ODE situation

For the six ordinary differential equations (ODE) (P1)—(P6) which bear
his name, Painlevé proved the PP by showing [@, the existence of one
(case of (P1)) or two ((P2)—(P6)) function(s) 7 = 71, 72, called tau-functions,
linked to the general solution u by logarithmic derivatives

(P1): u=DiLogt (89)
(Pn), n=2,...,6: u=Dy(Logm —Logms) (90)

where the operators D,, are linear:

Dy = —02, Dy =Dy = +0,, D3 = +e “0,, (91)
D5 = e~ (20) Y20, Dg = ta(x —1)e %(2a)"2%0,.  (92)

These functions 7y, 72 satisfy third order nonlinear ODEs and they have the
same kind of singularities than solutions of linear ODEs, namely they have
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no movable singularities at all; they are entire functions for (P1)-(P5), and
their only singularities for (P6) are the three fixed critical points (00,0, 1).
ODEs cannot possess an auto-BT, since the number of independent ar-
bitrary coeflicients in a solution cannot exceed the order of the ODE. They
can however possess a Schlesinger transformation (see definition Section )

5.2 Transposition of the ODE situation to PDEs

For PDEs, similar ideas prevail. The analogue ofé@)(), with an ad-
ditional rhs U, is now the Darboux transformation ({6), and the scalar(s) 1
to which the scalar(s) 7 are linked by ([L7) are assumed to satisfy a linear
system, the Lax pair.

Another interesting observation must be made. There seems to exist two
and only two classes of integrable 1 + 1-dimensional PDEs, at least at the
level of the base member of a hierarchy : those which have only one family
of movable singularities, and those which have only pairs of families with
opposite principal parts, similarly to the distinction between (P1) on one
side and (P2)—(P6) on the other side. Among the 1 + 1-dimensional inte-
grable equations, those with one family include KdV, the AKNS, Hirota-
Satsuma and Boussinesq equations; they also include the Sawada-Kotera,
Kaup-Kupershmidt and Tzitzéica equations because only one of their two
families is relevant [,@ Equations with pairs of opposite families include
sine-Gordon, mKdV and Broer-Kaup (two families each), NLS (four families).

5.3 The singular manifold method as a Darboux transformation

As qualitatively described in Section E, the singular manifold method
looks very much like a resummation of the Laurent series, just like the geo-
metric series

too
Z 2, x—0, (93)
j=0
becomes a finite sum in the resummation variable X = z/(1 — x)
1
> x7, x —o. (94)

J=0

The principle of the method is the following [ One first notices that
the (infinite) Laurent series (F) in the variable ¢ — ¢q can be rewritten as
the sum of two terms

u = DLogT + regular part. (95)
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The first term D Log 7, built from the singular part operator defined in Sec-
tion .2, is a finite Laurent series and, if 7 is any variable fulfilling the two
requirements for an expansion variable enunciated in Section @, it captures
all the singularities of u when ¢ — ¢¢. The second term, temporarily called
“regular part” for this reason, is yet unspecified. The sum of these two terms
is therefore a finite Laurent series (hence the name truncated series), and the
variable 7 is a resummation variable which has made the former infinite series
in ¢ — ¢ a finite one. One then tries to identify this resummation (Pg) with
the definition of a Darboux transformation ([f§). This involves two features.
The first feature is to uncover a link (i) between 7 and a scalar component
1 of a Lax pair. The second feature is to prove that the left over “regular
part” is indeed a second solution to the PDE under study.

5.4 The degenerate case of linearizable equations

The Burgers equation ([1]), under the transformation of Forsyth (Ref. [[i§]
p. 106),

v=alogT, T="1, (96)
is linearized into the heat equation
bt + e + G(t)Y = 0. (97)

This can be considered as a degenerate Darboux transformation (EGD, in
which U is identically zero and 1 satisfies a single linear equation, not a pair
of linear equations, so this fits the general scheme.

Another classical example is the second order particular Monge-Ampere
equation s + pq = 0, linearized into the d’Alembert equation s =0 :

8+ pq = Uyt + uguy =0, (98)
u=Logt, T=1, ¥y =0. (99)

5.5 Choices of Lax pairs and equivalent Riccati pseudopotentials

To fix the ideas, we list here a few usual second order and third order Lax
pairs depending on undetermined coefficients, together with the constraints
imposed on these coefficients by the commutativity condition.

It is sometimes appropriate to represent an n-th order Lax pair by the
2(n — 1) equations satisfied by an equivalent (n — 1)-component pseudopo-
tential Y of Riccati type, the first component of which is chosen as

Y1 = u /1), (100)

in which ) is a scalar component of the Lax pair.
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Second-order Lax pairs and their privilege
The general second-order scalar Lax pair reads, in the case of two inde-
pendent variables (x, t),

L1yp = tpge — dipy — arp =0, (101)
Loth = 4y — biby — ctp = 0, (102)
(L1, Ls] = Xo + X105, (103)
(104)

Xo = —ay +agb+ 2aby + cpp — cod = 0, (105)

X1 = —dy + (by +2¢ — bd), = 0. (106)

For the inverse scattering method to apply, the coeflicients (d, a) of the z-part
(@) are required to depend linearly on the field U of the PDE.

The Lax pair ([L01)-([[03) is identical to a linearized version of the Riccati
system satisfied by the most general expansion variable Y defined by (f6),
under the correspondence

Y:B*lwi, B #0, (107)

d=2A a=A,—A*-S/2, b=-C, c:C’m/2+AC’+/Atd3:,(108)

and the commutator of the Lax pair is ().
In particular, when the coefficient d is zero or when, by a linear change

ddz/2
P e/ 1, it can be set to zero without altering the linearity of a on
U, the correspondence is [B{]

X:%,B:l,A:O, (109)
d=0,a=-85/2, b=-C, ¢c=C,/2, (110)
S
Cq
Loty = vy + Crpy — 71/) =0, (112)

Therefore second order Lax pairs are privileged in the singularity ap-
proach, in the sense that their coefficients can be identified with the elemen-
tary homographic invariants S, C' of the invariant Painlevé analysis and, if
appropriate, A, B. Conversely, and this has historically been the reason of
some errors described in Section @, at the stage of searching for the BT,
these homographic invariants S, C' are useless when the Lax order is higher
than two and they should not be considered.
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As explained in Section @, given a Lax pair, one should define from it
either one or two scalars ¢ y. Consider the second order Lax pair defined by
the gradient of Y. Then, for one-family PDEs, this unique scalar v is defined
by . For two-family PDEs, the two scalars ¢y are defined by

W
Yo’
which leads to the zero-curvature representation of the Lax pair

(0 = L) (%) =0 L= (B?i__i;fg//é) A+ BBlle/2> - (115)

Y (114)

Y1) _
@ (1t) =0 (116)
Mo AC +C,/2 - B 'B;/2 —-CB™!
T\ B((CS+Cypz)/2+ A +CA2+C,A) —AC —C,/2+ B 'B,/2 )"

The reason why the Riccati form is the most suitable characterization of the

Lax pair is that it allows two linearizations [B§[[01], namely ([07) and ([[14),
depending on whether the PDE has one family or two opposite families.

Third-order Lax pairs
The general third-order scalar Lax pair is defined as

L1 = Yore — fhze — atpe — b3 =0, (117)
Lot =ty — gy — ditpy, — erh) = 0, (118)
(L1, Lo) = Xo + X10, + X202, (119)

Xo=—by —aeg + €zgq + bpzc+ 2bcfy +bexf — exn f
+3bcyy + 3bycy + 3bd, + byd = 0, (120)

X1 = —a + 3egy + 2bpc + apaC + dype + 3aCe, + 2ad,
+3azcy 4 3bcy + azd + 2acf, + ace f — 2e,f — dyef =0, (121)
Xo=—fi +(cf?> 4+ cfp + 2o f +df + 2ac + cpp + 3d, + 3€), = 0.(122)

An equivalent two-component pseudopotential is the projective Riccati
one Y = (11,Y) ,@ (written below, for simplicity, in the case f = 0)

gt

Y1 > Ys 0 (123)
Vie ==Y + Y, (124)
Y2, =—Y1Ys +aY; +b, (125)
Yie=—(dY1 + ¢Y2)Y1 + (ac + dy)Y1 + (¢p + d)Y2 + €5 + bc(126)

= (CYQ + le + e)m; (127)

Yo = —(dY1 + ¢Y2)Y2 + (2acy + azc + be + dyy + ad + 2¢,)Y1
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+(Cow + 2dy + ac)Ya + 2bcy, + byc + bd + €4y, (128)
H,tm - }/l,mt = Xl + X2}/1; (129)
}/2,tm - }/2,mt = _XO + X2}/2 (130)

When there is no reason to distinguish between x and ¢, for instance
because the PDE is invariant under the permutation (Lorentz transformation)

P (00, 0y) — (01, 0y), (131)

it is natural to consider the following third-order matrix Lax pair, invariant

under ([[31]), defined in the basis (¢,, v, ¥) B,

(= i f2 fs
(8m - L) Wy =0, L=|g1 92 93|, (132)
P 1 0 O
(= g1 G2 g3
@ —M) | v | =0, M= h hy hs]. (133)
() 0 1 0
In the equivalent projective Riccati components (Y7, Ys)
AR (134)

with the property Y; ; = Y5 4, it is defined as

Yie ==Y+ iYi+ foYo + fa,
Yo, = V1Yo + g1Y1 + g2Yo + g3,
Yi; = -Y1Ys + g:1Y1 + g2Y2 + g3,
Yo=Yy +h1Y1+ haYo + hs.

135
136
137

(
(
(
(138

O — =

The nine functions f;, g;, hj, j = 1,2, 3, must satisfy six cross-derivative con-
ditions X; =0

Y1)t — (Yi4)e = Xo+ XaY1 + XoY5 =0, (139)
(You)t — (Yor)e = X3+ XuY1 + X5Y5 =0, (140)

easy to write explicitly. It is worth noticing that there exists no such invariant
second-order matrix Lax pair.

5.6 The admissible relations between T and

By elimination of 9, one of the two PDEs defining the BT to be found can
be made an ODE, e.g. (54) or ([.59). This nonlinear ODE, with coefficients
depending on U and, in the 14 1-dimensional case, on an arbitrary constant A,
has the property [ of being linearizable. This very strong property restricts
the admissible choices ([7)) to a finite number of possibilities, and full details
can be found in Musette lecture [BF].
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6 The algorithm of the singular manifold method

We now have all the ingredients to give a general exposition of the method
in the form of an algorithm. The present exposition largely follows the lines
of Ref. [pq.

The various situations thus implemented are : one-family and two-opposite-
family PDEs, second or higher order Lax pair, various allowed links between
the two sets of functions (7, ).

Consider a PDE (p3|) with only one family of movable singularities or
exactly two families of movable singularities with opposite values of ug, and
denote D the singular part operator of either the unique family or anyone of
the two opposite families.

First step. Assume a Darboux transformation defined as

u=U+ D(Logm — Logms), E(u) =0, (141)

with u a solution of the PDE under consideration, U an unspecified field
which most of the time will be found to be a second solution of the PDE, 7
the “entire” function (or more precisely ratio of entire functions) attached to
each family f. For one-family PDEs, one denotes 71 = 7,72 = 1, so the DT

assumption ([[41]) becomes
u=U+DLogt, E(u) =0. (142)
A consequence of the assumption ([[41]) is the existence of the involution
Vi (w,U,7f) — (U,U,T;I), (143)
since the operator D is linear, and, for two-family PDEs, of the involution
Y(u,U): (D,711,72) — (=D, 12, 71). (144)

Second step. Choose the order two, then three, then ..., for the unknown
Lax pair, and define one or two (as many as the number of families) scalars
1y from the component(s) of its wave vector (e.g. the scalar wave vector if
the PDE has one family and the pair is defined in scalar form). Such sample
Lax pairs and scalars can be found in Section @

Third step. Choose an explicit link F

Vi DLogr; = F(iy), (145)

the same for each family f, between the functions 7; and the scalars v
defined from the Lax pair. According to Section p.{, at each scattering order,
there exists only a finite number of choices ()7 among them the most
frequent one

YV T =y. (146)
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Fourth step. Define the “truncation” and solve it, that is to say : with the
assumptions ([[41) for a DT, ([[45) for a link between 7; and vy, ([[01)([[02)
or ([L17)—(L18) or other for the Lax pair in v, express F(u) as a polynomial in
the derivatives of ¥y which is irreducible modulo the Lax pair. For the above
pairs and a one-family PDE, this amounts to eliminate any derivative of ¥ of
order in (z,t) higher than or equal to (2,0) or (0,1) (second order case) or
to (3,0) or (0, 1) (third order), thus resulting in a polynomial of one variable
/1 (second order) or two variables 1), /1, 1z, /1 (third order)

—q
E(u) =Y E;(S,C,U)(1)/1px)"* (one-family PDE, second order), (147)

7=0
BE(u) =YY Eria,b ¢, d, e, U) 0/ 1) (0 /1))
k>0 1>0
(one-family PDE, third order). (148)

Since one has no more information on this polynomial E(u) except the fact
that it must vanish, one requests that it identically vanishes, by solving the
set of determining equations

Vi E;(S,C,U) =0 (one-family PDE, second order) (149)
Vk ¥Vl Egi(a,b,c,d,e,U) =0 (one-family PDE, third order) (150)

for the unknown coefficients (.S, C) or (a, b, ¢, d, €) as functions of U, and one
establishes the constraint(s) on U by eliminating (S, C) or (a,b,¢,d,e). The
strategy of resolution is developed in Section E

The constraints on U reflect the integrability level of the PDE. If the only
constraint on U is to satisfy some PDE, one is on the way to an auto-BT if the
PDE for U is the same as the PDE for u, or to a remarkable correspondence
(hetero-BT) between the two PDEs.

The second, third and fourth steps must be repeated until a success occurs.
The process is successful if and only if all the following conditions are met

1. U comes out with one constraint exactly, namely : to be a solution of
some PDE;,

2. (if an auto-BT is desired) the PDE satisfied by U is identical to (f3),

3. the vanishing of the commutator [Li, Lo] is equivalent to the vanishing
of the PDE satisfied by U,

4. in the 1+1-dimensional case only and if the PDE satisfied by U is identical
to (@), the coefficients depend on an arbitrary constant A, the spectral
or Béacklund parameter.

At this stage, one has obtained the DT and the Lax pair.

Fifth step. Obtain the two equations for the BT by eliminating ¢ [@]
between the DT and the Lax pair. This sometimes uneasy operation when the
order n of the Lax pair is too high may become elementary by considering
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the equivalent Riccati representation of the Lax pair and eliminating the
appropriate components of Y rather than . Assume for instance that 7 = 1),
D = 0,, and the PDE has only one family. Then Eq. ([[41]) reads

Vi—u-U (151)

with Y7 defined in ), and the BT is computed as follows : eliminate all
the components of Y but Y; between the equations for the gradient of Y,
then in the resulting equations substitute Y as defined in ([L51)).

If the computation of the BT requires the elimination of Y5 between ([L24])—

([29), this BT is

Vi oo +3Y1Y1. +YP —aYs —b =0, (152)
Yi¢— (cYie +cY?+dYi +e), =0, (153)
(}/l,acm)t - (Yl,t)mx = XO + Xlifl + X2}/12 = Oa (154)

in which Y7 is replaced by an expression of u — U, e.g. ()

Although, let us repeat it, the method equally applies to integrable as
well as nonintegrable PDEs, examples are split according to that distinction,
to help the reader to choose his/her field of interest.

6.1 Where to truncate, and with which variable?

This Section is self-contained, and mainly destinated to persons accus-
tomed to perform the WTC truncation. Although some paragraphs might be
redundant with Section E, it may help the reader by presenting a comple-
mentary point of view.

Let us assume in this Section that the unknown Lax pair is second order.
Then the truncation defined in the fourth step of Section ﬁ is performed in the
style of Weiss et al. [, i.e. with a single variable. This WTC truncation
consists in forcing the series (@) to terminate; let us denote p and ¢ the
singularity orders of u and E(u), —p’ the rank at which the series for u stops,
and —q’ the corresponding rank of the series for F

- —q
u=Y w27 ugu_py £0, E=> E;Z™, (155)
j=0 j=0

in which the truncation variable Z chosen by WTC is Z = ¢ — ¢¢. Since one
has no more information on Z, the method of WTC is to require the separate
satisfaction of each of the truncation equations

Vj=0,....—¢ :E;=0. (156)

In earlier presentations of the method, one had to prove by recurrence
that, assuming that enough consecutive coefficients u; vanish beyond j = —p’,
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then all further coefficients u; would vanish. This painful task is useless if
one defines the process as done above.

The first question to be solved is : what are the admissible values of p/,
i.e. those which respect the condition u_, # 07

The answer depends on the choice of the truncation variable Z. In Section
@, three choices were presented, Z = either ¢ — ¢, x or Y, respectively
defined by equations (@), (@), (@)7 with the property that any two of their
inverse are linearly dependent.

The advantage of x or Y over ¢ — ¢ is the following. The gradient of x
(resp. Y) is a polynomial of degree two in x (resp. Y'), so each derivation of a
monomial aZ* increases the degree by one, while the gradient of ¢ — g is a
polynomial of degree zero in ¢ — ¢, so each derivation decreases the degree
by one. Consequently, one finds two solutions and only two to the condition

u_py # 0 [1L00

1. p’ = p,q = q, in which case the three truncations are identical, since the
three sets of equations E; = 0 are equivalent (the finite sum Y F; 2714
is just the same polynomial of Z~! written with three choices for its base
variable),

2. for y and Y only, p’ = 2p, ¢’ = 2q, in which case the two truncations are
different since the two sets of equations E; = 0 are inequivalent (they are
equivalent only if A = 0).

To perform the first truncation p’ = p,q¢’ = ¢, one must then choose
Z = x since Y brings no more information and ¢ — ¢ creates equivalent but
lengthier expressions.

To perform the second truncation p’ = 2p,q¢ = 2q, one must choose
Z =Y, since x would create the a priori constraint A = 0.

The second question to be solved is : given some PDE with such and such
structure of singularities, and assuming that one of the above two truncations
is relevant (which is a separate topic), which one should be selected?

The answer lies in the two elementary identities [B1]

tanh z —

= —2isech [224—1’%] , tanh z + — 2tanh [224_1'%] .
(157)
Let us explain why on two examples, the ODEs whose general solution is

tanh(z — o) and sech(x — x), namely

1
tanh 2 tanh 2

E=v+u*—1=0, u=tanh(z — zo), (158)
E=v?+a"%0" —v? =0, v=asech(z — z), (159)

(this is just for convenience that we do not set a = 1). Equation ([[5§) has
the single family

p=—1,g=—2,ug = 1, Fuchs indices = (—1), (160)
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and equation () has the two opposite families
p=—1,q = —4,v9 = ia, Fuchs indices = (—1), (161)
in which ia denotes any square root of —a?. The first truncation
—p _ —q _
u=Y up*, E=3 Bt Vj B =0, (162)
=0 =0
generates the respective results

u=x1 S=-2 (163)
v=riax ', By =0d*(1-S8) =0, B3=0, By = —a®5%/4, (164)

of equation ([L58)), and no solution at all for equation ).
The second truncation

thus providing (after integration of the Riccati ODE (%he general solution
(

—2p —2q
uw=">Y u Y E=3"EYIT Vj :E;=0, (165)
=0 =0

generates the respective results

u=B"'Y'+(1/4)BY, A=0, S=—1/2, B arbitrary, (166)
v=1iaB~'Y ' — (1/4)iaBY, A=0, S = —1/2, B arbitrary, (167)

thus providing, thanks to the identities ([[57), the general solution for both
equations.
The conclusions from this exercise which can be generalized are :

1. for PDEs with only one family, the second truncation brings no additional
information as compared to the first one and is always useless;

2. for PDEs with two opposite families (two opposite values of ug for a same
value of p), the first truncation can never provide the general solution and
can only provide particular solutions, while the second one may provide
the general solution.

This defines the guideline to be followed in the respective Sections [ and
E. The question of the relevance of the parameter B, which seems useless in
the above two examples, is addressed in Section H

7 The singular manifold method applied to one-family
PDEs
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7.1 Integrable equations with a second order Lax pair

There is only one truncation variable, which must be chosen as .

Weiss introduced a nice notion, initially for one-family integrable equa-
tions with a second order Lax pair, later extended to two-family such equa-
tions by Pickering [[L01]. This is the following.

Definition 21. ([0]) Consider the set of —g-+p determining equations ([[49)
E; =0, which depend on (S, C,U). One calls singular manifold equation
(SME) the result of the elimination of U between them.

In the two-family situation, these determining equations also depend on
(A, B), see ([163), and the extension of this definition [L01] is to also require
the elimination of (4, B).

Despite its name, originally restricted to integrable equations, the SME
can be made of several equations in the nonintegrable case.

The SME has the following properties.

1. unicity, whatever be the integrability of the PDE,

2. invariance under homography by construction [E], i.e. dependence only
on one Schwarzian S and as many C quantities as independent variables
other than the one in the Schwarzian,

3. the SME set is made of one and only one equation if and only if the PDE
is integrable.

Although one can define a SME whatever be the order of the Lax pair,
it is inconsistent, as will be explained in Section @, to do so whenever this
order is higher than two.

The Liouville equation
It is convenient to consider, following Zhiber and Shabat [], the equa-
tion

E(u) = g + e + a1 + aze™?" =0, a #0, (168)

which has the advantage to include the Liouville equation a; = as = 0, the
sine-Gordon equation (a3 # 0,a2 = 0) and the Tzitzéica equation (a; =
0,as # 0). As to the case ajas # 0, it fails the test. Let us consider here the
Liouville case. The results to be found are its auto-BT [@] and its hetero-
BT to the d’Alembert equation. This will be achieved with two different
truncations.

Although not algebraic in u, the PDE is algebraic in either e or e™™.

Equation ([[6§) always possesses the family

e ~ —(2/a)pLpi( — o) 2, indices (—1,2), D = (2/a)0.0;. (169)

For Liouville, this is the only family.
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The special form of Liouville equation allows the assumption
e =DLogT+¢eY, E(u) =0, D= (2/a)d.0;, (170)

to be integrated twice to yield
2
u=—2Log7+V, E(u) =Y E;777? =0, (171)
j=0

in which nothing is assumed on V.

The Liouville equation is nongeneric for the singular manifold method in
the sense that it is linearizable into another equation (thus, it should even
not be part of the Section [.])).

Therefore we define the first truncation in an exceptional way, namely we
do not assume any linear relations on 7 = ¢ and just treat 7 as the truncation
variable. The three determining equations are then quite simple [@]

Ey =277 +ae¥ =0, (172)
Ei=71,4=0, (173)
Ey=V, =0, (174)

and their general solution depends on two arbitrary functions of one variable

™= f(z) + g(t), (175)

e = 2rn=—21 )0, (176)
W 2nm 2 Py

T T AU e {77

eV =772 + %% =0. (178)

Thus, the two fields v and V' are the general solution of, respectively, the
Liouville and d’Alembert equations. The hetero-BT between these two equa-
tions is provided by the elimination of f and g between ([L76)), ([L77) and the
2— and t—derivatives of ([L71))

(u—v), = axelvt)/2) (179)
(u+v) = =227 tevv)/2, (180)

in which v is another solution of d’Alembert equation defined by

eV = (W) 2V = —%)\*2 J;//((f)) (181)

Remark. When performing the truncation ([L70), Tamizhmani and Lak-
shmanan } already found eV = 0,7, = 0 as a particular solution, while
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the above truncation ([L71]) proves it to be the general solution. Another dif-
ference between the two truncations is the presence of a field V' in (|L71]),
which allows us to find in addition the hetero-BT between the Liouville and
d’Alembert equations.

Let us now define the second truncation, by the assumption

u=—2LogT + W, (182)

and the link ([[46), with ¢ solution of the Lax pair ([L01))-([0g). Introducing
the Riccati variable Y defined by ([l07), this second truncation is equivalent

to [B7)
u=—2LogY + W, Y™ =B(x" '+ A),
4 .
E(u) =Y E;(S,C,A,B,W)Y™ Vj: E; =0, (183)
=0
and its result is recovered from the truncation of sine-Gordon in Section

by simply setting a; = 0.

The AKNS equation
The AKNS equation [J]

E(u) = Ugpet + 407 (2(ugp — Btgs + (us — V) tzz) = 0 (184)
admits the single family
p=—-1, ¢= -5, up = «, indices (—1,1,4,6), D = ad,, (185)

so the assumption for the DT is () Let us choose at second step the scalar
Lax pair ([LL1])~([L1d) for ¢, at third step the link ([46]) between 7 and 1. Then

there are only three non identically zero determining equations ([[49) [R3]

By = 4aSC +8(Ur —v) — 16C(U, — 3) = 0, (186)

Es = —a(CS, +45C;) + 16C,(Uy — 8) — 8Up + 4CU,, =0,  (187)

Es = E(U) + (/2)(28S; — CSSy — Suwt — SeCuz) — 28 (Up — )
=45, (Uy — B) — 4SU¢ + 2(SC + Cuy)Uyz = 0, (188)

plus the ever present condition X = 0, Eqn. ([L13). Their detailed resolution
for (U, Uy) is as follows. One eliminates U; between Fy and Fs

Es+ Eyp = 3C(—4U,, + aS,) = 0, (189)

discards the nongeneric solution C' = 0,U; = ,.5; = 0, introduces an arbi-
trary function of ¢ after one integration, and solves for U,

Up — B = (a/4)(S + 2\(1)). (190)
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Then F» is solved for U,
U —v=aAt)C. (191)
The cross-derivative condition U,; = Uy, is solved for S;
Sy = 4AN(t)Cy — 2N (2). (192)

Substituting U, Uy, Sy and Cy,, taken from () in E5, one obtains the con-
dition

Es =2a\(t)N(t) =0, (193)

which introduces the spectral parameter as the arbitrary constant .
The solution for (U,, Uy) is

U. — 8= (a/4)(S+2N), U —v=alC, (194)

and the elimination of U defines the SME

g_; =0, (195)
The solution for (S, C) is
S =(4/a)(Us = B) =2X, C = (U =)/ (aN), (196)
and its cross-derivative condition
X=EU)/(aXN) =0 (197)

creates on the field U the only constraint that U satisfy the AKNS PDE.
The BT is the result of the substitution x™* = (u — U)/a in (64)-(F7).

The KdV equation
The Korteweg-de Vries equation for u (@) is defined in conservative form,
so it is cheaper to process the potential form

E(v) = by + Vepe — (3/a)v2 + F(t) =0, v = u,. (198)
Its unique family is
p=-1, ¢g=—4, vg = —2a, indices (—1,1,6), D = —2a0,. (199)
With the assumption

v=V+4+DLogr, E(v)=0, (200)
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for the DT, the choice of the second-order scalar ([L11])—([[19) for v, the link
() between 7 and 1), one generates the three determining equations

By = —2a(bC + 28) — 12V, = 0, (201)
B3 =2a(bC — S), =0, (202)
1

After one integration of Fs, the system (FEsq, Fs) is solved for (S, C)
S = =2\(t) — (2/a)Vy, bC =4\(t) — (2/a)V,, (204)

in which A(¢) is an arbitrary integration function. Then FE4, as seen from
its above written compacted expression, expresses that V satisfies the PDE.
Last, the cross-derivative condition (f2)

X = —2XN(t) — 2(E(V)),/(ab) = 0 (205)

introduces the spectral parameter as an arbitrary complex constant and
proves that a Lax pair has been obtained for the conservative (not the po-
tential) equation. This Lax pair can be written, at the reader’s taste, either

in the scalar representation ([[11)-([12), with U = V4,

L =092 -Ula— ), (206)
Ly = b0, + (4\ — 2U/a)0, + U, /a, (207)
alLy, Ls] = bU; + Upys — (6/a)UU,, (208)

or in the zero-curvature representation ([L15)—(|L16)

0 1
L_(U/(H—)\ 0)’ (209)
-1 —U./a 2U/a — 4\
M=b (—Um/a LU/ NUSa -2 Usfa ) » (210)
or in the Riccati representation for w = x~! (see (p4)-(f5) and (59))
wx:—g—uﬂ: (%4—)\) —w?, (211)
wi = (—Cw+ Cy/2)e =b""((2U/a — 4\ w — Uy /a)s. (212)

This last representation is by far the best one, for it allows one to deduce
immediately two quite important informations, namely the auto-Backlund
transformation of KdV and the hetero-Bécklund transformation between
KdV and mKdV. Firstly, the substitution of the inverse relation of (R00)

w=(w-=V)/(—-2a) (213)
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in (211))-(212) provides the auto-BT for the conservative form of KdV

a(v+ V) = =2a*X + (v — V)?/2, (214)
ab(v+ V) —2F'(t)) = —(v = V)(v = V)au + 2(V.2 + v, Vi +02), (215)

after suitable differential consequences of the z-part have been added to the
t-part in order to suppress A and cubic terms in (R15).

Secondly, the elimination of U between ()%) leads to the mKdV
equation () for w, with the identification w = aw, v = A; since conversely
the elimination of w leads to the KdV equation for U, the system (7
(R12) also represents the hetero-BT between KAV and mKdV ([f1] Eq. (5.16),
i),

As to the SME, it results from the elimination of V between (FEsq, F3, FE4)

bC — S — 6 = 0. (216)

Most of these results for KAV were found in the original paper of WTC [

Remark. The transformation (R11)) between w = aw and U is often called
a Miura transformation, but it is really just one half of the hetero-BT. The
advantage of the hetero-BT it that it is invertible, while the Miura transfor-
mation as defined in the previous sentence is not.

7.2 Integrable equations with a third order Lax pair

Let us process a few PDEs which possess a third order Lax pair, and let
us first perform their one-family truncation with the (wrong) assumption of
a second order Lax pair, because this often provides interesting results.

The Boussinesq equation

The Boussinesq equation (Bq) is often defined in a two-component evo-
lution form [[L24]

_ us — 1y =0, (o, B,¢) constant,
ﬁ““”:{n+?%w+aV+wwmwmm—a (217)

Let us consider its one-component “potential” form
pBq(v) = vy + €2 ((vs + @)® + (62/3)%“)96 =0, u=uvy, r=1v. (218)
Equation (R1§) has only one family of movable singularities
p=—1, ¢ = -5, indices (—1,1,4,6), D = 23%0,, (219)

and it passes the Painlevé test [[L17]. Since (R18§) is a conservation law, the
computations can be reduced by considering the “second potential Bq” equa-
tion

pqu(’LU) = Wy + 52 ((wmx + 04)2 + (62/3)wmxxm) =0, U=V = Wy, (220)
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whose single family is of the logarithmic type w ~ 232 Log x
p=0", ¢=—4, indices(—1,0,1,6), D = 23°. (221)
Let us assume for the would-be DT the relation
w = 2(3* Log T + W, ppBq(w) =0, (222)

and for the link between 7 and 4 the identity ([46).

Let us first assume that i satisfies the second-order scalar Lax pair (7
(12). This is equivalent to the usual WTC truncation in the invariant for-
malism [[L]]

4
ppBq(w) = > Ej’ ' =0, (223)
=0

and this generates the three determining equations

Ey = (4/3)5%€2S — 20?% — 4e*(Wyyp + ) = 0, (224)
E3 = -2(C; — CC, — (5%?/3)S,) = 0, (225)
Ey=(SEy — F34)/2+ C2 + ppBq(W) = 0. (226)

From the last equation E4; = 0, the desired solution ppBq(WW) = 0 cannot
be generic, so this second-order assumption fails to provide the auto-BT.
However, it does provide another information, namely a hetero-BT between
the Boussinesq PDE and another PDE. Indeed, under the natural parametric
representation of E3 (which, by the way, would be the SME if the second order
were the correct one),

S =3z —3(8e)*22/2, C = (Be)*z, (227)

the field z, by the cross-derivative condition (fJ), satisfies the modified Boussi-
nesq equation [@

MBq(2) = 2 + ((82)%/3) 2ewee + 2(8)* 2200 — 2(B)* 22200 = 0. (228)

Just like for the KdV equation (Section )7 this leads, after a short
computation left to the reader, to the hetero-BT between the Boussinesq
and the modified Boussinesq equations.

Going to third order, the assumption (R23) and ([14€), with 1 solution of
the scalar Lax pair ([L17)-([L1§), generates

2 2
ppBa(w) = Y Y B YPYS, k+1<2. (229)

k=0 1=0
These six determining equations Ej; = 0, plus the three cross-derivative

conditions ﬁ =0,7=0,1,2, are solved as follows in the Gel’fand-Dikii case
f=0:[B1,
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Eop = (Be)?2 —c2=0 = c= [,

Fi1=d=0 =d= O,

E2=3(Vy +a)+23%a =0 =a=-3(V, +a)/(28%),

Eio=€eVie — Ber =0 = €y = ﬂilsvmma

X1 =3V + 36eVigs +48%b, =0=b=g(t) — 3(87 2V, + B 3e71V}) /4,

Xo = (3/(4e3?))pBq(V) =0 =V satisfies the PDE (218),

Eoo =23%¢'(t) =0 = g(t) = A,

(230)

in which A is an arbitrary constant. The coefficients a, b, ¢, d, e are
a=—(3/2)82(Vy +a), b=X— (3/4)8 Vo, — (3/4)8 %V,
c=pe d=0, e= 3"V, + ), (231)
Xo = (3/(4e4%))pBa(V), X1 =0, X = 0, (232)

and they define a third-order Lax pair of the potential Boussinesq equation

(B19) [L23[24BT.
The BT is just ([[53)-([(5) or equivalently, after substitution of Y7 =
(v =V)/(25%),

(0 =V)ee +367 e LW+ V) +3872(v — V)((v+ V), + 20)
+87 v —=V)? =832\ =0, (233)
W4V — B e o =V)i+ 620 —=V)v—=V), =0. (234)

The Hirota-Satsuma equation
Defined as [6(]

HS(w) = [wget + (6/a)wzw]y =0, a # 0, (235)
it is better processed on its potential form
pHS(w) = wyat + (6/a)w,wy + F(t) =0, a # 0. (236)

The second order assumption ([11))—([L13) generates the three determining
equations

Ey = —2aS5C — 6W; +6CW, =0,

E3 =aS; + 2a5C,; — 6C, W, =0, (237)
E, = pHS(W) — a(S?C + Sut/2 + SChy) — 3SWy + 3(SC 4 Cpp)Wo = 0.

In the generic case C, # 0, their general solution is unknown, in particular

we have not succeeded to perform the elimination of (S, C') to find the con-
straint(s) satisfied by W. It is easy to eliminate W but this gives rise to two
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equations for (5, C)

St CS;
I:2 —_—, = , 2
6W, aS—!—aCm 6W, =a . (238)
CSt St
Moz = — (2 — | = 2
o= () ~(502) -0 ()

My=1-6a"'F(t)— O ' (4CSS; + CSput + 2C10St)
— C;3(205? + C?5;S, — 2CC1Sy) — 2C3CC2,S; = 0, (240)

and their possible functional dependence is unsettled. Anyhow, the field W
cannot be a second solution of (235) |

.
The third order assumption ()%)7 with the link ([14€]) and the trun-

cated expansion
w=W + a0, Log, (241)

generates seven determining equations ([L50). They are easily solved [B6] and
their unique solution defines the Lax pair (R68)-(R69), with W a second
solution of (36).

The Tzitzéica equation
The equation is defined by ([L6d), in the case (a1 = 0, as # 0). It posseses
two families, the first one defined by ([69), the second one by

e ~\/(1/az) ozt (p — o)~ ', indices (—1,2). (242)

These two families are not opposite, but the second family is irrelevant be-
cause the Tzitzéica equation has a one-to-one correspondence [@ with a
one-family equation, namely the potential form () of the Hirota-Satsuma
PDE in the particular case F'(t) = 0. This correspondence is obtained by the
elimination of as in equation ([L6§)

(F(t) =0,¢e" = iwt> = (62u(62uTZi(u))m = (M>t> . (243)

ax we

The irrelevance of the second family is confirmed by the negative result of
Weiss ,@} obtained when performing a truncation on e™".

All the truncations will accordingly take the same form ([L70]) as for the
Liouville equation, which implies that 7 is an object invariant under the
permutation () Depending on the Lax pair assumption, the link between
7 and ¢ will be either the identity (case of a scalar ¢ invariant under the
permutation ([131))) or not (if the scalar 1 is not invariant, e.g. because the
Lax pair itself is not invariant), as detailed below.

Let us first assume a second order Lax pair. To the author’s knowledge,
one cannot define a scalar ¢, linked to such a Lax pair, which, like 7, would
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be invariant under ([L31]). This is probably the reason why the assumption
7 = v with v solution of the noninvariant Lax pair ([[11])—([129) generates so
intricate determining equations that their general solution has not yet been
obtained }; these equations are however consistent in the sense that one
easily finds the particular exact solution

2 2

) - 20@(93 +ct — x2, g2, A— fed
8c3

(152X0%
8c3

ae' =2cp(x — ct — x1, g2, A+ ),(244)

depending on five arbitrary constants (x1,z2, ¢, g2, A) and representing the
superposition of two traveling waves of opposite velocities.

From this second-order WTC truncation, and with appropriate assump-
tions, one can also find a particular solution which represents a binary Dar-

boux transformation .

Let us now turn to the third order assumption. One can postulate either
a Lax pair invariant under ([131]), such as the matrix pair ([32)-([33), or a
noninvariant Lax pair such as the scalar pair ([[17)([L18). In the first case, one
must assume the identity link 7 = v, while in the second case the assumed
link must be noninvariant. Both assumptions lead to a success [B7]. Let us
detail here the invariant assumption, i.e. a prior:i the simpler one.

The truncation is defined by ([[7(), the link ([[46)), and the matrix Lax

pair ([133)-(33)
3
E(u) =Y Eulfi, 95, by U)YLFYS, VE, 1+ Ep =0,  (245)

in which (Y7,Y2) are the two components of the projective Riccati pseu-
dopotential ([135)-([138) equivalent to the Lax pair. To these ten determining
equations in U and the nine unknown coefficients, one must add the six cross-
derivative conditions X; = 0 ([.39)([[40).

During their resolution, one first proves that the product foh; cannot
vanish (otherwise az would be zero). This makes the sixteen equations alge-
braically independent and equivalent to the fifteen differential relations

fj,t;gj,x;gj,t; hj,m,gj,xt = P({fkagka h'k}a k= 1a 2a3)a .] = 1a 2737 (246)

with P polynomials whose coefficients depend on U, U,, Uy, U, plus the sin-
gle algebraic relation

4 2
EOO = a2 — ? (gg =+ gi192 =+ (04/2)6[]) =0. (247)
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They are solved successively as [equations are referenced as in (R46|)—(R47)]

93,2t — (93.2) - E(U) =0,
91,2 — g2,t :3go(w,t): g1 = go,t; 92 = 9o,z

g2, : g3 = —ae” — go.2go,t — Jo.xts

Ego 3 fo(z,t) #0: fo= JaaW = fo, i = JaaW 1 fi ",
notation W = eV + (2/a)go

92,z D f3 = =@ W fogo.r — f190.0 — 962 + 90,00

93,2 : fl :WI/W+290,90;

fo.e thoy = Wi /W +2g0,0 — fo,i/ fo,

hl,m : fO,m = 0,

g1, thg = go,t(foe/fo — Wi/W — got) + goue — VazW 90,2/ fo.

g3t : fo,e =0,

h2,m 90,0t = 0.

(248)
The irrelevant arbitrary function go reflects the freedom in the definition
(I70) of 7 and can be absorbed by redefining 7 as T7e~9. Thus the solution
is unique : the field U must satisfy the Tzitzéica PDE, and fy is an arbitrary
nonzero complex constant A. Accordingly, one has obtained a Lax pair and
a Darboux transformation. The equivalent projective Riccati representation
of the matrix Lax pair is

Yie = —Y2+U.Y1 + azhe VYa,
You = -Y1Ys — ae’,
Vig=-Y1Ys — ae’,
Yo =Y +UYas + Vasd te VY,
with cross-derivative conditions proportional to the Tzitzéica equation

Yiw)e = V)e = VIEU), (Yao)t — (You)o = Y2E(U).  (253)

This Lax pair is the rewriting in matrix form of the scalar triplet given by
Tzitzéica [[L10]

—Tee + UsTo + \/CL_2>\€7U7} =0, (254)
—Ti + Uy + Vaz)\te U, =0, (255)
— T — e’ T = 0. (256)

The Lax pair admits by construction the involution [,m]

1 2 T,
(Ta eUa )\) - (;5 _eU - E 7_2t ) _)\> ) (257)

equivalent to

(7, v, A) — (1/, eV + DLog, =), (258)
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which defines another, equivalent, writing of the Darboux transformation

2 TpTy
et =—eV — =

(259)

a 127

Remark. Knowing these results, one can also write this DT E] as
a difference of the two fields v — U in terms of the two components of a
projective Riccati pseudopotential

u="U + Log(—2\y10 — 1), y; = o~ V/2A"1e U2y, (260)

in a quite similar manner to the DT of Liouville and sine-Gordon (B92).
However, the field w is multivalued.

In order to find the BT, one must now eliminate one of the two equivalent
projective components, and this defines two possible, different, eliminations.

In the first elimination, one takes Y5 from (R49) and substitutes it into
the three remaining equations, which results in

Yy = (Ve +YP = UsY1)eV /(Vaz)), (261)
ODE =Y 40 +3V1Y1 . + VP — eV (eY)uV1 + ay/azA =0,  (262)
PDE=Yi,; +e” (V1Yi. +Y7) — Y2U,) /(Va2)) + ae? =0, (263)
ey,
N3
[ODE,PDE] = (Y1 22): = (Y1,t)ze = Y1(e*V E(U))s. (265)

(252) = -1 E(U) — ODE + (2Y; — U, + 0,)PDE =0,  (264)

Only two of them are functionally independent, as shown by relation (R64)),
but the commutator (26§) of equations (R63)-(R63) shows that this elimina-
tion fails to generate the auto-BT of Tzitzéica equation.

However, it does provide another result, which we now derive. The ODE
(R62) belongs to the classification of Gambier — this is the number 5, see
Section @ —, 1t is linearizable by the transformation Y; = 0, Log1 into a
third-order linear ODE, with the relation 7 = ¢ between the two functions.
This transformation also linearizes the PDE (R63), and the resulting linear
System

Texx — (Umx + Um2)7-m + \/@OZ)\T =0, (266)
—Vaz Aty + eV 1pp — UpeV 7, = 0, (267)

which cannot be a scalar Lax pair of the Tzitzéica equation, is, in fact, the
scalar Lax pair of the Hirota-Satsuma equation (), see Section E,

Texx — (G/Q)wm'rm + At = O, (268)
Ay — (2/a)wiTer + (2/ @)Wy = 0, (269)

under the change of variables (P43).
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In the second elimination, one takes Y7 from (R5(]) and substitutes it into
the three remaining equations

Vi = (Yo + ae”)/ Yz, (270)
ODE = Y2Y3 4o — 2Y5, — (UpYa + 3ae”)Ya,
+yazAe VYE — a2e?V =0, (271)

PDE = Yo Yo, + Y5 — U YE + Var A Ha+ e UYs,) =0, (272)
(251) = E(U) + (9, — aeV Y, 1 )PDE

—azA"1e VY, 20DE = 0, (273)
[ODEaPDE} = (Y2,mx)t - (}é,t)mx
= (3ae? +U,Ys +3Ya, — Y20,)E(U). (274)

Only two of them are functionally independent, as shown by the relation

(B73), and the vanishing of the commutator (R74) of equations (R71)-(R73) is

equivalent to the vanishing of the Tzitzéica equation for U. This elimination
therefore generates the auto-BT of Tzitzéica equation, by the substitution

Yz = (a/2) / (" —eV)dz (275)

into (B71)-(E7D).
The ODE part (R71) of the BT is equivalently written as [P1]

_ _9 VaAN TV 276
we W, w_w T eveRAT : (276)

with the notation Yz = (a/2)(w — W), e" = w,, eV = W,.
The nonlinear ODE (R71)) again belongs to the equivalence class of the
fifth Gambier equation (G5), see section p.6, and its linearization

Y, ' =—a"te7 Y9, Log(eVv) (277)

transforms the two equations (271)-(R73) into the third-order scalar Lax pair
of the Gel'fand and Dikii type (i.e. f =0 in ([17)-([1g))

LY = Vppy + (2Uss — UDy + ((2Usz — U2)/2 + Jazad)y = 0, (278)
My =y + az(aX) e 2 (Yup + Upthy + Upat))

+(U; + / (ae” + aze™?Y) dz)yp =0, (279)
(£, M] =3Ed + (2(eY),E + E,)0,
+(eV)oEy + (3U,. — U?)E, E = E(U). (280)

Thus, the noninvariant (under ([L31)) link between 7 and ¢ that one would
have had to postulate if one had chosen the scalar Lax pair (I17)-(119) is «



Exact solutions by singularity analysis 19 February 2000 43

posteriori provided by the linearizing formula () and the Riccati equation
(B51), this is the invertible transformation

V1= (YY), VY = —a"ln, (281)
and it clearly breaks the invariance under (|L31)).
The Sawada-Kotera and Kaup-Kupershmidt equations
Because of their duality [@, it is convenient to introduce simultane-

ously the Sawada-Kotera equation (SK) and the Kaup-Kupershmidt equation
(KK). These are defined as

30 60
SK(u) = fus + (umm + Uiy + —2u3> =0, (282)
(0% (0% -
30 60
pSK(U) = B’Ut + Vezzaa + —VzVzzax + _2’02 =0, (283)
(0% (0%
4
« 2a 2 .
30 45 60
pKK(U) = ﬂvt + Vzzazas + —VazVzaa + _'Ufm + —’Ug = 0, (285)
a 2a a?

in which u denotes the conservative field and v the potential one, with u = v,.
Both equations have the Painlevé property [ Each of them has two

families [[[17]

pSK,F1:p=—1, vg = a, indices —1,1,2,3, 10, (286)
pSK,F2: p = —1, vy = 2a, indices —2,—1,1,5,12, (287)
pKK,F1:p=—1, vg = /2, indices —1,1,3,5,7, (288)
PKK,F2 : p = —1, vy = 4a, indices — 7, —1,1,10,12. (289)

The singular part operator D attached to a given family is D = v90,. The two
families have residues which are not opposite, but fortunately each potential
equation possesses in its hierarchy a “minus-one” equation [[2(]]

6
PSK_; : Uput + Vel = 0, (290)
39,6
PKK_; : 00zt — 7 Vet + Ul = 0, (291)

which has only one family (the first one is nothing else than the Hirota-
Satsuma PDE, already processed in Section D) The equations SK and KK
are therefore to be considered as possessing the single family F1, Eqs. (R86))
and (P89).

Let us assume the one-family DT (R00) and, succesively, the second-order

scalar Lax pair ([LL1))-([L19), then the third-order scalar one (L17)-([18) with
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the Gel’fand-Dikii simplification f = 0. As to the link between 7 and 1, at
second order this is the identity, while at third order it can be, as outlined in
Section @ and detailed in Musette lecture [@]7 either the linearizing trans-
formation of the fifth Gambier equation or that of the twenty-fifth Gambier
equation.

Therefore, at the fourth step of the singular manifold method, for each
PDE, one has only three possibilities to examine : order two and Riccati,
order three and (G5), order three and (G25). This is done in the next two
Sections.

The Sawada-Kotera equation
First truncation (order two and Riccati). The one-family truncation ([L47))
with 7 = 1 generates the three equations [@]

By = BC — 452 4+ 98,, + 60SV, /a — 180(V,/a)? — 30Vius /o = 0,(292)
Es = —fC, — 255, + Spra + 305, Va/a = 0, (293)
E¢ = pSK(V) + (SE4 — Fs.2)/2 + 555(3Via /o — Sy /2) = 0. (294)

These equations possess two solutions [@]7 a nongeneric one S, =0

S=—k%/2, C=c+co, c=k* [+ 2c0/3,
V/a={((x—(c—co)t, k' /12 + Beo/9, g3) — k*x /12
+ ((5(k* + Beo)k? /36 — 12g3)t) /3, (295)

in which ¢ is the Weierstrass function and (k, ¢g, g3) are arbitrary constants,
and a generic one S, # 0 defined by the four equations

Ve = a(BCy + 255, — Spz)/(30S,),

Vi=...

M, = (G/S2)ee — G — S2G2/5+ 285G, /S, =0,
My = 29 terms = 0, also vanishing if G = 0,

in which G is defined by
G = Spx +45% — BC. (300)

The general solution (S, C) of the system M; = 0, M2 = 0 has not yet been
obtained, for the elimination of S or C' is difficult. This difficulty reflects the
fact that second order is not the correct order. Nevertheless, these compli-
cated equations admit the very simple particular solution [[L15] (it would be
interesting to prove that this is the general solution),

G =0, V, =aS/3, pKK(V) =0, (301)
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so the field V in the DT assumption (R00) satisfies a different PDE, namely
the potential KK equation. This defines a hetero-BT between the conservative
forms of SK and KK @,@,@]

av+V/2)p+w-V) =0, Blo+V/2);+...=0,
pSK(v) = 0, pKK(V) =0 (302)

(see Ref. [(§ for the exact expression of the {-part).

With G = 0, the linear system ([11)-([1J) is a degenerate Lax pair for
KK, since it lacks a spectral parameter.

Still when (@) holds, the field x ! satisfies a fifth order PDE, the Fordy-
Gibbons equation, and the explicit writing of its hetero-BT with the SK
equation is left to the reader.

Second truncation (order three and (G5)). This assumption creates no a
priori constraint on the coefficients (a,b) of the spectral problem ([L17)), and
the linearizing transformation of (G5) is just the identity 7 = . This gen-

erates six determining equations () The process is successful ,,@

and V is found to be a second solution of pSK (notation U = V,, as usual)

b=\ (303)

a=—6U/q, (304)

Ly =0+ GQ&C - (305)
(0%

2
Ly = 30, + (18% - 9>\> 02 + (36U—2 - 6%> Dy — 36>\g,(306)
« « « «
[L1, Lo) = 68 ta 'SK(U). (307)

This is the Lax pair given by Satsuma and Kaup [[L06].
The BT results from the elimination of Ya, which provides Eqgs. ([L52))-
() for Yl = Y,

Yow +3YY, + Y2 +6(U/a)Y — X\ =0, (308)

BY; —9[(\ = 2U, /a) (Y, +Y?) (309)
+4(\U/a — (U/a)?*Y) + (2/3)(Upe /)Y ] = 0,

B((Yaz)t — (Yi)za)/Y = —(6/a)SK(U), (310)

followed by the substitution ¥ = (v — V)/«,

(v—=V)ga/a+3(v—=V)(v+ V)m/oz2 + (v— V)g’/oz3 —-A=0, (311)
5(” - V)t/O‘ - (3/2)[(7} - V)rrxr/a

F(50 = V)0 + V)aze + 150+ V)a(v = V)er) fa?

+(15(v = V)20 = V) o + 30(v — V) (v + V)2)/a?

+30(v = V)3 (v + V) /ot +6(v +V)®/a®], =0, (312)

a result due to Satsuma and Kaup [[LO§].
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The Kaup-Kupershmidt equation
First truncation (order two and Riccati). The one-family truncation ([L47))
with 7 = 1) generates the three equations ]
Ey =15(5/4 -3V, /a) =0, (313)
Ey=BC)24 75 /44 3845/4—15(SVy + Viaa) /o — 90(V/a)? = 0, (314)
Eg = (S/2)Es/a+ (48(CS + Cag) — S® + (21/2) 52 + 145,42 — 4S2000)/16
+(15/4)(35% — 28,) Vi /oo — 458(V,. /a)? + pKK (V) = 0. (315)
As opposed to the (difficult) SK case, these equations are easy to solve and
possess the unique solution [[L17]
V, = aS/12, pSK(V) =0, S, +5%/4— BC = 0. (316)

This is a strong indication that the particular solution (B01)) of (296)(R99)
should be the general one. One again recovers, by a nice duality, the hetero-
BT between KK and SK.

Second truncation (order three and (G5)). This generates thirteen deter-
mining equations ([[50). This truncation fails and provides no solution at all
(one determining equation is Fy2 = 45/8 = 0), not even the one-soliton
solution. Indeed, the one-soliton solution of Kaup corresponds to constant
coefficients for the scalar Lax pair ([[(17)-([[1§) with f = 0, and, with the
above procedure, the only way to obtain it [B1}[L01] is to enforce the two first
integrals K; and Ks which result from the zero value of b,

Ky = ue —ap, Ky = 1/)923 - m/)Q = 2(Ygx — arh)y. (317)
Third truncation (order three and (G25)). This assumption implies, among
the coefficients (a,b) of the spectral problem (), the a priori constraint

B3

b—az/2=A\¢), (318)

and the linearizing transformation of (G25) defines the link between 7 and 1
x t x

o _ A) v, = Yo (319)

T Yi.+(1/2)Y2—a/2 '

This generates fourteen determining equations ([L5(]) (i.e. the same order of
magnitude as for the (G5) assumption) in the basis (¢, /1, ¥z /10— (V2 /1) +
byhs /(b)) — a)/2); they are solved as follows (g5 denotes an arbitrary inte-
gration function, A an arbitrary integration constant) [P(]

Eyq4:c=9\1)/85,

E375 a= —va/Oé,

Ervs:d= 3Viga/a - (6Vm/04)2)/5a

Eo5: A(t) = X independent of ¢,

Eoyg : pKK(V) = 0,

Ei1a:e=ga(t) + (36AVe/a + T2V Vi /02 + 3Vizws /) / B,
X1 1 b=g4(t) — 3Vax/a + Vaua/(3c)),

Xo g4 = )\7

(320)
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and the result is, with U =V,

b=\-3U,/q, (321)
a=—6U/a, (322)

A
O o = T D af D) + 3T a) (323)
Ly :a§+6gam+3& - (324)

@] @]

2
Ly = (30, — 9\D2 + (3 Uoe | 36U—2> o, — 3%z
@] @] @]

—72 U[f” _an Y (325)

@] @]
B[L1, L] = (6/)KK(U)0: + (3/)KK(U ). (326)

This is the Lax pair given by Kaup [@] The integration of the first-order
ODE (@) modulo the Lax pair yields the DT given by Levi and Ragnisco

4 :
T = Pthee — (1/2)02 +3(U/a)?, 1. = W2 (327)

Although the relation 7, /1) = constant is the same as in the case of KdV
(see Eq. (4.14) in Ref. [[L1]), it cannot be taken as an a priori assumption,
it is the result of the method.

Starting from the vacuum solution U = 0, the general solution ¢ of L1¢) =
Oa L2¢ = Oa

5 : 2 75 -2 75
1/) _ CleKm+9K t/ﬁ+c2€JKx+9] K t/ﬁ—FCgeJ Kxz+9jK t/ﬁ,

in which ¢1, ¢o, ¢35, K are arbitrary complex constants, leads by () to the
one-soliton solution of Kaup 5]

u = (a/2)9% Log(2 4 cosh(k/2)(z — (k/2)%t/B)), k€ R (329)

for the choice (c1,c2,c3) = (0,52, —75), K? = —k?/12, which corresponds to
the entire function

7= —(k?/12)(2 + cosh(k/2)(x — (k/2)*t/B))e*/D @+ E/2)"/5) (330)

Let us now obtain the auto-BT of KK, by an elimination. In order to
perform this elimination easily, it is convenient to choose one of the two
components of the pseudopotential Y so as to characterize the DT,

Ww=V) _m_ oy (331)

(0% T

KK :
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The chosen equivalent system is the system satisfied by (Y7, Z)

vi=¥e g (332)
P T
Vie=-Y?/2+XZ7' —3U/a, (333)
Zy =217 — 72, (334)
BY14 = [9IAY?/2 — (3Ups/a+ 36(U/a)?)Yy + 9N Z 1
+3Uppn/a + 720U, /0 + INU /], (335)

BZ; = [18A\U/a + 9N’ Z" + 9AY}
+(45(U/)? 4+ 6(Upe /) — 18(U, /) Y1
+27(U/a)Y? + (9/49)Y 1 Z] . (336)
The BT then arises from the elimination of ¥; between (B33), (B34) and

(B36) (Eq. (B3§) must be discarded), which results in the two equations for
Z=Y

9

Yow — (3/4)Y2)Y +3YY,/2+Y3/44+6(U/a)Y —2X =0, (337)
BY; — (3/16)[3Y° + 15YY,2 + 30Y Yy, + 8Yp0as

+30(Y3 + 2V, ) (Y, + 4V, /a) + 60Y (Y, + 4V, /a)?

+30Ys (Yar + 4Vaa/a) + 20Y (Yewe + 4Vawe/@)]e = 0, (338)
B((Yaz)t — (Yi)za)/Y = —(6/)KK(U), (339)

followed by the substitution Y = 2(v — V) /a, [9(]
(0 =V)az/a = (3/4)(v = V)3 /(a(v = V))

+3w—=V)w+V)e/a?+ (v =V)*/a® == (340)

Blo=V)i/oa—(3/2)[2(v = V)awaa /o 4 60(v — )3(

[ +V)e/a?
+12(v = V)®/a® + (10(v = V) (0 + V) aze + 300 + V)a(v = V)
+15(v = V)o(v + V)ea)/a® 4+ (30(v — V)2(v — )
+60(v—V)(v+ V)2 +15w —V)(v—-V)2)/a%], = 0. (341)

The simple form of the conservative equations (B12]) and ( results from
the addition of suitable differential consequences of (B11)) and (B4(). The
x-part of the BT has already be given by Rogers and Carillo [ for A =0.

If we write (B33)-(B34) in the variables (Y1, Zy = Z~1),
Y1.=-Y?2/2+ X2y — 3U/a, (342)
Zyyw=—2Y1Z5+1, (343)
both systems ([24)([25) and [B42)-(B4]) are coupled Riccati systems, with
the difference that the transformation from Yj to v, /v is a point transforma-

tion while the one from Zs to 1, /v is a contact one. Thus, the Riccati sys-
tem ([[24)-([L23) is in the classification of linearizable coupled Riccati systems
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given by Lie (this is the projective one), while the Riccati system (B49)—(B43))
is outside it.

A minor open problem is to find a bilinear BT for SK equation (the one
given in Ref. [p{] contains a nonbilinear term).

7.3 Nonintegrable equations, second scattering order

Strictly speaking, nonintegrable equations have no associated scattering
order. What is meant in the title of this section is that one assumes a given
scattering order to process some nonintegrable PDEs.

For algebraic PDEs in two variables, particular solutions in which (S, C)
are constant are quite easy to find. They correspond to solutions u polynomial
in tanh & (z — ¢t — x¢). The privilege of tanh is to be the general solution of
the unique first order first degree nonlinear ODE with the PP, namely the
Riccati equation tanh’ + tanh? +5/2, in the particular case S = constant.

A characteristic feature of nonintegrable equations is the absence of a BT.
Therefore, the iteration of Section E can only generate a finite number of new
solutions @,E}, this will be seen on examples.

The Kuramoto-Sivashinsky equation

It is worth to handle this example in detail because it exhibits all the
features of what should be done and more importantly of what should not
be done when solving truncation equations.

The equation of Kuramoto and Sivashinsky (f) (notation p = 194/) pos-

sesses a single family [p4,[1d]

134+ iv71

5 , D = 60093 +60u0,.

(344)
and the orthogonality condition at index 6 is satisfied. Since equation (f]) is
a conservation law, we therefore study it on its potential form

p=-3, q=—7, ug=120v, indices —1,6,

2
E=v+ v?x + Wze + Vg + G(t) =0, u = vy, (345)

which has the unique family

13 +4/71

o D= 60102 + 60y

(346)
Although the no-log condition at index ¢ = 2 is not satisfied, the 1-series

p=—-2, g=—6, vg = —60v, indices — 1,2,

v = —60vx "%+ 60y’ Log ey 4+ va + 0(x), ve arbitrary function, (347)

in which the gradients of ¢ and x are given by (5d)-(69) and (B4)-(B3),
contains one logarithm only, which cancels by derivation.
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The one-family truncation assumption is
vp =voX > +v1x "+ vo2 Log v + va, vgp constant (348)

equivalent to a truncated series (—3 : 0) for u. Substituting (B48) in (B45)
and eliminating any derivative of x and 1, one obtains

6
E=> Ex"° (349)
j=0

Together with the identity (@, this defines a system of eight equations in
the six unknowns (vg, v1, vo2, v2, S, C).

Equations j = 0,1, 2 are solved for vg, v1, vg2, v2 exactly as in the Painlevé
test and yield the values in ( The next five equations (j = 3,4,5,6 and

(F4)) now read 9

Es =120v (—C + 1505, + v2 4) = 0, (350)
Ey = 60 (—60°Spe — 4025 —20p/vS + 2vC, + 114/%) =0, (351)

S
Es = §E3 + 60 (—,u’C + 20/ vS,y — 20258, + 12S40a

~Cyy + p'v2,2) =0, (352)
Eg = E(va) + 30 (W Cyp —19p%S — p/'v(205% + Syz)

—12(45° + 352 +458,,)) =0,
X =8 + Coao + 20,8 + CS, = 0. (353)

The principles to be obeyed during the resolution are the following.

1. Never increase the differential order of a given variable. On the contrary,
solve for the higher derivatives in terms of the lower ones, and substi-
tute the result, as well as its differential consequences, in the remaining
equations.

2. Never integrate a differential equation, unless it is just a total derivative.
On the contrary, perform an algebraic resolution.

3. Never solve for a function of, say, one variable as an expression in several
variables.

4. Close the solution by exhausting all Schwarz cross-derivative conditions.

This computation is systematic, and its algorithmic version is known as
the construction of a differential Groebner basis [@,ﬁ]

The full system is split into (E3, Ey, Es5), independent of 9, and (Fs, X),
explicitly depending on d;. The subsystem (FEs5, Fy4) is first solved, according
to rule 1, as a Cramer system for (vs 4, Sze). After substitution of (va 4, Syz)
and their derivatives in all the other equations, equation Ej is solved, accord-
ing to rule 1, for Cy, and the result is recognized as being an x—derivative.
This allows us to solve for C, after the introduction of an arbitrary integra-
tion function X of ¢ only. As to (Fg, X), they are solved, according to rule 1,
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as a Cramer system in variables involving only ¢-derivatives, namely (va ¢, St),
for expressions independent of 9;. To summarize this first stage, the original
system is now equivalent to

3 5y '
xr — T4 5. 0 22 4
N 28 2VKSHLSVZ(/ML )s (354)
12
Com Vg2 g B gy o) (355)
2 2 Sv
V2, = C — 1508, (356)
vy 1 1243’3 w3 u'?
== —G(l) + — 5 + 1655 A+ 10— (A - 2)§
1 12
+110p/ 8% — 502 +15C8, — 5”52 (357)
B 5,[1/3 Iu/2 55’u 5 I/ 3
St_—16y2(>\+22)—8—y(>\—116)5 -9 -5
—CS, + 5vS82. (358)

One equation, and only one, namely ()7 is an ODE. Integrating it as
an elliptic ODE for S [@] would create useless subcases and complications
and should, according to rule 2, not be done. This ODE should also not be
replaced by its first integral, because the integrating factor S, could be, and
will indeed be, zero. According to rule 3, it is also forbidden to eliminate
A(t) by solving e.g. (B58)) for it. The only thing to do is (rule 4) to close this
solution by cross-differentiation. There are two such conditions:

/4 13
(Szz)t — (St)zz = —64 =(3)\% + 308\ 4 5324) + 5‘;2 (15X + 374)S
12
+2585 (A —16)S% — 165“ il 7?7”34
,U/2 /
=\ 2+ 251/553 =0, (359)

12

(vo,t)2 — (V2,0)e = —Cy — 'l;—(?))\ +22)C — 5# —SC + VS2C

5u

(BA+ 71)S, — 2554'vSS,
—1501/282& =0. (360)
The latter is solved for C; and provides a third cross-derivative condition

_ 14
(Co)e — (Coa _ _ 6‘;/3 (81A% + 4028 + 47476)

13 /2
LOH 101A + 2322)8 + 27 (55 + 96)S?
8 2

8y
14154 . 8250 ,
2 S 4 S
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3/1/2

535,/
+ Su2

N+ Tsﬁ + 2750852 = 0. (361)

This ends the linear part of the resolution, and now comes the nonlin-
ear part (algebraic Groebner). The two remaining equations (B59) and (B61)),
considered as nonlinear in the two unknowns (S, S), imply without compu-
tation S, = 0, which then allows one to solve %or the monomial S? as a
polynomial in S of a smaller degree. Equations (B59) and (B61)) thus become
linear in S and X, and their resultant in )\ factorizes as a product of linear

factors 40
(A+33)(A—11+7VS) =0. (362)

The first factor yields no solution. The second one provides the unique solu-
tion

11
(S - 38%) (S + 38—5> =0, C = arbitrary constant ¢ (363)

and it leads to the two-parameter (c,xo) solution (ff). The two equations
(B63) represent the SME.
If one performs the iteration of Section , starting from u = ¢, one gener-
ates the solitary wave ([f) and no more [p9].
The reduction u(z,t) = ¢+ U(£),& = x — ct of the PDE (B) yields the
ODE
vU" +pU' +U?/2+ K =0, K arbitrary, (364)

with the indices —1, (13 4 i7/71)/2. Due to the two irrational indices, the
general analytic solution (see definition in Section @) can only depend on
one arbitrary constant. This one-parameter solution, whose local expansion
contains no logarithm, is known globally only for K = —450vk?/(19%u), this
is (@), but its closed form expression for any K is still an open problem.

Being autonomous, the ODE (B64]) is equivalent to the nonautonomous
second order ODE for V(U)

dU d*(V?) U?+ 2K
= : +2u+ ——=

VEE T Tare v

0, (365)

an equation which has been studied from the Hamiltonian point of view [f.

7.4 Nonintegrable equations, third scattering order

An example is given in the Section .

8 Two common errors in the one-family truncation

Two errors are frequently made in the method of section ﬂ
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8.1 The constant level term does not define a BT

Consider the one-family truncation as done by WTC (the subscript T'
means “truncated”)

—p
u%VTC = Z u}}VTC<pj+p (366)
j=0

in which ¢ is the function defining the singularity manifold.
In the WTC truncation, one considers three solutions of the PDE

1. the lhs u}YTC of the truncation (B66)),

2. the “constant level” coefficient UYVEC

3. the field U which appears in the Lax pair after the successful completion
of the method.

The frequently encountered argument “The constant level coefficient u"V'1¢

also satisfies the PDE, therefore one has obtained a BT” is wrong. This is
obvious, since nonintegrable PDEs, which have no BT, nevertheless have this
property. One can check it by taking the explicit example of a nonintegrable
PDE 9.

A hint that the above argument might be wrong is the fact, observed
on all successful truncations, that the U in the Lax pair is never u"IC.
Let us prove this fact, with the homographically invariant analysis [E] The
truncation of the same variable in the invariant formalism is

—-p
ur =) ux’*?, (367)
=0

in which x is given by (F§). This ur depends on the movable constant g
and one has

WTC
up -~ =wur(po=0)
W 368
{ufc = ur(pg = 00). (368)

Since the results of the truncation do not depend on the movable constant g,
this proves that the lhs u%VTC of the truncation and the constant level coeffi-
cient uWTC are not considered as distinct by the singular manifold method.
Since the U in the Lax pair cannot be the truncated u (otherwise one would
not have a Darboux transformation), this ends the proof.

8.2 The WTC truncation is suitable iff the Lax order is two

We mean the truncation as originally introduced, not its updated version
of Section ﬂ

When the Lax pair has second order, everything is consistent. When the
Lax pair has a higher order, e.g. three, the original method, as well as its
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RA

original invariant version [Bq], presents the following inconsistency. In a first
stage, it generates the —g + p equations E;(S,C,U) = 0 of formula (),
which intrinsically correspond to a second-order scattering problem (and this
is precisely the inconsistency), and in a second stage it injects in each of
these —¢q + p equations a link between (S, C) and the scalar field ¢ of the
Lax pair of higher order, thus generating determining equations which are
hybrid between the second order and the higher one. The first nearly correct
treatment has been made in Ref. [R7).

For the same reason, in order to obtain the Lax pair when its order is
higher than two, it is also inconsistent to consider the so-called singular man-
ifold equation (SME) @,@], defined in Section @ When the Lax order
is three, the correct extension of this SME notion would be the set of three
relations on (a, b, ¢, d) resulting from the elimination of U between the four
coefficients of the Lax pair (e is derivable from ([[27) so we discard it), but
this seems of little interest.

Although these inconsistencies may still provide the full result for some
“robust” equations (Boussinesq [[[17], Sawada-Kotera [[[15], Hirota-Satsuma
[), there do exist equations for which it leads to a failure, and the Kaup-
Kupershmidt equation [P(] is one of them.

9 The singular manifold method applied to two-family
PDEs

By two-family, we mean two opposite families.

This includes also the one-family truncation as a particular case.

When the base member of the hierarchy of integrable equations has more
than a single family, these families usually come by pairs of opposite singular
part operators, just like (P2)—(P6). Examples are enumerated at the end of
Section . Then the sum of the two opposite singular parts

DLogti —DLogm (369)
only depends on the variable
71
Y =—. 370
- (370)

The current status of the method @@], which used to be called the
two-singular manifold method [BY], is as follows. Most of the method for
one-family equations still applies, with the difference that it is much more
convenient to represent the Lax pairs in a Riccati form than in a scalar linear
form. Let us restrict here to second-order scattering problems (for the third
order case, see Section P.2) and to identity links ([L46) between the two 7 and
the two v functions. Then Y satisfies a Riccati system and, as explained in
Section f.1], its most general expression is given by (b).
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In the first step, 7 is simply replaced by Y in the assumption () for a
DT.

In the second step, the scattering problem is represented by the Riccati
system satisfied by Y, whose coefficients depend on (S, C, A, B).

The fourth step contains the main difference. Rather than truncating u
at the level j = —p, one truncates it at the level j = —2p [,, in order to
implement the two movable singularities 71 = 0 and 72 = 0. So the truncation
is [[L01] (for second order Lax pairs only)

u=DLogY + U, (371)

Y1 =B(x ' +A4), (372)
—2q

B(u) =) E;(S,C, A BU)Y'", (373)
j=0

Vj E;(S,C,A,B,U) =0, (374)

in which nothing is imposed on U.
Let us remark that the relation A # 0 does not characterize two-family
PDEs, see the Liouville case in Section P.1]

9.1 Integrable equations with a second order Lax pair

The sine-Gordon equation

The sine-Gordon equation is defined for convenience as the case a1 #
0,a2 = 0 of the equation (@) Although not algebraic in u, it becomes
algebraic in e* and it possesses two opposite families (opposite in the field
u), both with p = -2, ¢ = -2

e ~ —(2/a)ppi(p — @o) 2, indices (—1,2), D = (2/a)d,0;. (375)
e ~ (2/a1)pr0i (@ — po) 72, indices (—1,2), D = —(2/a;1)0.0;. (376)

The resulting DT assumption
e+ (ar/a)e ™ = (2/a)0,0; LogY + W, E(u) =0 (377)

with Y defined by (B70), can be integrated twice due to the special form of
the PDE, resulting in

u=—2LogY + W, E(u) =0, (378)

in which nothing is imposed on W (we use W to reserve the symbol U for
future use). For a; = 0, this truncation is what was called in Section the
second truncation of Liouville equation.
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The five determining equations in the unknowns (S, C, A, B, W) are [[L01}

Eo=aB?*"V —2C =0,

E, =2(Cy +2AC) =0,

E; =0, (Fuchs index)

Es=—0y—0(Cp +2AC) =0,

Ey=0(Co+ (Cp +2AC),) /2+a; B 2™V =0,

with the abbreviation

o=S8+424% - 24,,

(384)

and, together with the cross-derivative condition (f2)), they are solved as

usual by ascending values of j
ow _ 2

Ey: B =—C,
e

1
Ei: A= —§(L0gC’)m,
C2  Cus

202 C
E4 . CCM - Cmct + F(I)CB + alaF(:c)*lc = 0,

X: a1 F'(x)=0.

Eg: S:—F(I)+

(385)
(386)

(387)

(388)
(389)

in which F' is a function of integration. For sine-Gordon, F'(z) must be a

constant

F(z) =2\~

(390)

In the Liouville case, for which the truncation imposes no restriction on F(x),
let us also require that F'(x) be a constant. Then, for both equations, Log C

is proportional to a second solution U of the PDE

(0%

C:2

A2V B(U) =0,
and one has obtained the Darboux transformation

u=—2Logy+ U, y= ABY,
in which y satisfies the Riccati system

Yo = A+ Uy — A7,
y = =32 + (@ /a)e V),
(Log y)rt - (Log y)tr = E(U)

(391)

(392)

(393)
(394)
(395)
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The linearization

Y =P1/¢2 (396)

yields the second-order matrix Lax pair

(0, — L) (5;) =0, L= (UIA/Q —Ui/z>’ (397)

(8, — M) (5;) =0, M =—(a/2)\" (_(al/oa)e[, eg) . (398)

The auto-BT (classical for sine-Gordon, Ref. [B1] for Liouville) results
from the substitution y = e~ (“~Y)/2 into (B93)-(B94)

(u+U), = —4\sinh = 5 v (399)

(u—U) =71 (ae(“+0)/2 + alef(““k])ﬂ) . (400)

It coincides in the sine-Gordon case with the one given earlier, equations
(B)-(L0). The ODE part (B93) of the BT is a Riccati equation.
The SME is [[[0]]

1
S+ 0 1Ch — 50*205 +2X\? =0, (401)

and it coincides, but this is not generic, with the one [,@] obtained from
the (incorrect) truncation in .
Remarks.

1. The reason for the presence of the apparently useless parameter B in the

]

definition (Bd) is to allow the precise correspondence ([44)
T =1, T2 = P2 (402)

for some choice of B, namely
B=X1'y=Y, W=U. (403)

2. In the Liouville case a; = 0, this is an example of a PDE with only one
family and a nonzero value of A.

The modified Korteweg-de Vries equation
This PDE has the same scattering problem as sine-Gordon, so the com-
putation should be, and indeed is, quite similar to that for sine-Gordon.
Since this PDE has the conservative form

mKdV(w) = bw; + (wee — 2(w — B)*/a® + 61/w)m =0, w =1y, (404)
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it is technically cheaper to process its potential form
p-mKdV(r) = bry + 7pee — 2(re — 8)%/a® + 6v(r, — B) + F(t) = 0.(405)

Its invariance under the involution w — 8 — —(w — B) provides an elegant
way [@} to derive the BT of the KAV equation and its hierarchy. Although
the constants 8 and v could be set to zero by a transformation on (r,z,t)
preserving the PP, it is convenient to keep them nonzero, for reasons explained
at the end of this Section. This last PDE admits the two opposite families
(o is any square root of a?)

p=0", ¢g= -3, r ~aLogt, indices (—1,0,4), D = «. (406)
The truncation is defined by
r=alogY + R, (407)

with (B71)-(B74), and this generates five equations F; = 0 [[[01], with the
notation (B84) for o

E, =6aA—6((R—aLogB), — ) =0, (408)
By = a(24, +4A%* —bC — 20 + 6v) —a ' (E1 +60A)? /6 =0, (409)
E3 = p-mKdV(R — aLog B) — (3/2)a"'o,

+(0 —4A* — (1/3)a By, — 24,)Ey — 2AE; , — 2AE; — B, (410)
E4 = expression vanishing with F1, Es, Fs, Es, (411)
Es = (3/4)aco, + (1/4)0*E, =0, (412)
X == 5+ Copo +2C, S+ CS, = 0. (413)

They depend on (R, B) only through the combination R — « Log B. Equation
j = 4 is a differential consequence of equations 7 = 1,2, 3,5, because 4 is a
Fuchs index, and the other equations have been written so as to display how
they are solved:

Ey: A=a'((R—-aLogB), —f), (414)
Es: o =—2(\(t)* —v), X arbitrary function, (415)
Ey: bC =24, — 2A% + 4\ (t)* + 2v, (416)
Es: p-mKdV(R — aLog B) =0, (417)
X: N(t)=o0. (418)

Thus, their general solution can be expressed in terms of a second solution
W of the mKdV equation (fl04) and an arbitrary complex constant A [[[01]

W =(R—-alLogB),, A=W —3)/«,
bC = 2W,/a — 2(W — B)2/a? + 2v 4 4)%
S =2W,/a—2(W — B)*/a? + 2v — 2)\2, (419)
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A

and the cross-derivative condition X; = 0 (Eq. ([L06)), equivalent to the
mKdV equation () for W, proves that one has obtained a Darboux trans-
formation and a Lax pair.

The SME, obtained by the elimination of W between S and C,

bC — S —6X% =0, (420)

is identical to that of the KdV equation (16).
The auto-BT of mKdV is obtained by the substitution

Log(BY) = a™* /(w —W)dx (421)

in the two equations for the gradient of y = BY

. 1 W —

%:A(;—y)—Q aﬂ, (422)
_ _ 2

b% = i (_4,\Wa B +(2(Wa26) +2%—4>\2)y> . (423)

In the same manner as in the KdV truncation, these two Riccati equations
can also be interpreted as the hetero-BT between the mKdV equation and the
PDE satisfied by the pseudopotential y, called the Chen-Calogero-Degasperis-
Fokas PDE.

The nonlinear Schrédinger equation

For the AKNS system of two second order equations in (u,v) (whose
reduction @ = v is NLS, see (Bd)), no two-family truncation has yet been
defined which strictly follows the method and provides the desired result.
It should be noted that the fourth order equation for u resulting from the
elimination of v, known as the Broer-Kaup equation or classical Boussinesq
system, admits a two-family truncation without any problem [BY].

The full result (DT, BT) can be found [B4] for the AKNS system by
performing the one-family truncation [[[17] and then applying four involutions
to the result of Weiss.

A second open problem for this PDE is that its bilinear BT is not yet
known.

9.2 Integrable equations with a third order Lax pair

In principle, there is no additional difficulty to extend the method to a
scattering order higher than two. A good equation to process would be the
modified Boussinesq equation

E= { —up+ (v = (3/2)a%u?)y =0, (424)

—vp — 3a2(um —uv + a2u3)x =0,



60 R. Conte

which has two opposite families
un~ (2/a)x7t, v~ 6T (425)

and a third order Lax pair like the Boussinesq equation.
The one-family assumption [[{7]

u=U++(2/a)d,LogT, v=V —692LogT, E(u,v)=E(U,V) =0, (426)

with the identity link 7 = 1 and the choice of the scalar Lax pair ([17)-([[1J),
already leads to the solution

f=—(3/2)alU, a=(V —3a*U? — 3aU,)/4, b=\,
c=—3a, d= —3a’U, e=0. (427)

Despite this success, it would be more consistent with the two-family
structure to process this PDE with a two-family assumption, removing in
passing the restriction E(U, V) = 0 in (24). This could make the coefficients
(f,a,b) linear in (U, V), which is not the case in (f27).

Table [lf summarizes, for a sample of PDEs, the currently best method to
obtain its Lax pair, Darboux and Béacklund transformations from a trunca-
tion.

9.3 Nonintegrable equations, second and third scattering order

A nonintegrable equation has no determined scattering order, so this sec-
tion cannot be split according to the scattering order.

The KPP equation

The KPP equation ([7) possesses the two opposite families (F§)—(B0) and
it fails the test at index 4, so there can only exist particular solutions. Let us
first review all the known solutions to this equation.

In addition to the notation (BI)), it is convenient to introduce the sym-
metric constant

a; = (261 — €9 — 63)(262 — €3 — 61)(263 — €1 — 61)/(3d)3 (428)

and the entire function

3
Us = Z Cnek"(x + (B/b)k"t), k, = 36"37551, C,, arbitrary, (429)
n=1

i.e. the general solution of the third order linear system ([[17)-([[1§) with
constant coefficients [B]]

ol



Exact solutions by singularity analysis 19 February 2000 61

Table 1. The relevant truncation for some 1 + 1-dimensional PDEs. The
successive columns are : the usual name of the PDE (a p means the potential
equation), its number of families (a * indicates that only one family is rele-
vant, see details in Ref), the order of its Lax pair, the truncation variable(s),
the link between 7 and v, the singularity orders of u and E(u), the Fuchs
indices (without the ever present —1), the number of determining equations,
the reference to the place where the right method was first applied (earlier
references may be found in it). The “?” in the AKNS system entry (the one
whose NLS is a reduction) means that the method has not yet been applied
to it, see text.

Name f |Lax|Trunc. var. T —p: —q |indices |nb. det. eq.|Ref
Liouville 1 T 0:2 2 3 5]
KdVv 112 |x P 2:5 4,6 2 119]
AKNS eq. 112 |x P 1:5 4,6 3 S
p-mKdV 212 |Y P 0:3 0,4 4 10]]
sine-Gordon |2 |2 |Y P 0:2 2 4 101
Broer-Kaup |2 |2 |V ) 0:4 0,3,4 |4 101]]
pp-Boussinesq|1 3 (Yo /%, Yz /1) |0 0:4 0,1,6 |6 71
p-SK %3 |(¥z/, Yz [1) | 1:6 1,2,3,10(6

p-KK 1%[3  |(Ya/), Yua /1) |G25(2p)|1 : 6 1,3,5,7 |14 R5
Tzitzéica 1|3 |(Yz /0, e /W) | 2:6 2 10 371
AKNS system|4 |2 |? 1:3,1:3|0,3,4 B4

Let us also denote (j,1,m) any permutation of (1,2,3). Three distinct
solutions are presently known.
The first solution is trigonometric, this is a collision of two fronts @]

u = %1 + dd, LogWs, C1CC3 #0 (431)

which depends on two arbitrary constants Cy /Cs, Co/Cs. For C; = 0, C;Cy, #
0, it degenerates into three heteroclinic (i.e. with different limits at both
infinities) propagating fronts which depend on one arbitrary constant x

e+ em k k
l 5 + d§ tanh 5(:0 —ct — xo), (432)

k2= (k= km)2, ¢ = —3(ki + km)/b.

u =

The second solution is elliptic [E],

u=81/34+ di.\/p(), v ="s3, g3 =0, go arbitrary, a; =0, (433)

it only exists under the constraint (codimension is one) that one root e; be at
the middle of the two others and it depends on the four arbitrary constants
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C1,Cy,C3, go. Its degeneracy ga = 0 (i.e. p(v) = 1~2) is the degeneracy
a1 = 0 of the collision of two fronts solution (31).
The third and last solution is the stationary elliptic solution u(z)

u(z): —u” +2d7%(u—ey)(u —ez)(u —e3) = 0. (434)

A trigonometric degeneracy bounded at infinity is made of the three homo-
clinic stationary pulses

€l — €Em h L€l — Em
sech
V2 dv'2
it has codimension one and it depends on the arbitrary constant z.
Let us now apply the various methods we have seen, in order to retrieve
these solutions, namely

u=e;+ (x —x0), a1 =0, 2e; —e; — ey = 0,(435)

. enforcement of one of the two no-log conditions (BJ),

. enforcement of the two no-log conditions (§3),

. one-family truncation with a second order assumption,
. one-family truncation with a third order assumption,

. two-family truncation with a second order assumption,
. two-family truncation with a third order assumption.

ST W N~

The single no-log condition (@ has two solutions. The first one C' = 0
implies u; = 0 and thus defines the reduction u(x), i.e. the elliptic equation
(£34)). The second one is a first order nonlinear PDE for C(z,t), integrated
by the method of characteristics as [@

F(I,I5) =0, ¢, = 3k,/b= (3¢, — s1)/(bd),

I =e"(C — c1)P (C — c2)P?(C — c3)P3, (436)

Iy =e'(C = 1) (C = c2)”(C — ¢3)™,
in which p,, g, depend on e;. Unless some specific choice of the arbitrary
function F' is made, or (x,t) are no more taken as the independent variables,
one cannot integrate further the system (54)-(53) for x and S.

The two no-log conditions (BJ) together, apart the already encountered
solution C' = 0, provide the two relations

a; = 0, €1 = (62 —|— 63)/2,
b2d?C® — (9/4)(eq — e3)*C — 3bd*(C, + CC,) =0, (437)

whose solution is similarly

ap = 0, F(Il,IQ) = 0,

_ bC —(3(e2 — 63)/(2d))6(62 —e3)z/d
LT b0+ (3(ea — e3)/(24)) o .
L c? ez —e3)?t/(bd®)

(bC)? — (3(e2 — e3)/(2d))?
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The one-family truncation ([142)) with 7 = ¢ and the second order as-
sumption ([[1])-([1J) generates three determining equations E;(S,C,U) =
0,7 =1,2,3. After solving the first one for U

U = s1/3 — bdC/6, (439)

the two remaining equations, with the ever present condition (@), are [@}

Ey = —6ay — S+ (b?/6)C? —bC, =0 (440)
Fs = asbC — 2a1 + bSC/2 — b3C? /108
+8,/2 = b2C1 /6 + 2bCp /3 = 0. (441)

The elimination of S and C} yields a factorized equation

—b?Cy 4+ bCyp — 20°CC, + (4/9)(bC)? — 12a2bC — 12a; = 0, (442)
[bC e — b2CCy + b2C? /9 — 3asbC — 3a1]C = 0. (443)

The subcase C' = 0, hence S = —6ag, a; = 0, yields the degeneracy a; = 0 of
the three fronts (33). In the other subcase, the system for C' is linearizable
into the third order system (S) ([£30) in which both 9, and d; change sign,
the generic solution (S, C') of (Eq, E3) is therefore

bC = —30, LogW3(—x, —t), S = —6ay + (bC)?/6 — bC,,  (444)

and there only remains to integrate (54)—(p) for x or (p)(B1)) for . Since
the one-form dz — Cdt possesses an integrating factor [f], the PDE (B1)) for

@ can be integrated by the method of characteristics,

WI—FIGQLP efkgmfkgt/b

Y= QS(F)? F= Wm +k3w efkgmfkgt/b'

(445)

Note that the cyclic permutation of the roots e; is broken when going from
(S, C) to . With the classical identity on Schwarzians

{pya} ={P; F}F; + {F;a}, (446)
the third order ODE (B() for ¢ becomes
{®; F} =0, (447)
which integrates as

AF+ A

p=d(F)= LET A, A;j arbitrary constants, A;As — AgAs # 0. (448)

The value of y~!

F, Fpx .
x = F_F  oF Fy arbitrary constant, (449)
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is again invariant under a cyclic permutation of the roots e;, and the solution

u finally obtained is ([£31)).
The one-family truncation ([[49) with 7 = ¢ and the third order assump-

tion ([17)-([1§) generates five determining equations ([[50), their straight-

forward resolution yields

u = dd, Log 1) + s1/3 + dU, (450)
Vowa + 3Uae — 3(az — U — Up)tby

— (a1 +3aoU —U? —bU; /2 — 6UU, + Uyy/2)1 =0,  (451)
bipy — 3thpe — 3Uth, — 66U = 0, (452)

in which U is constrained by two relations. But, since the coeflicient f can be

set to zero without loss of generality, the choice U = 0 represents the general

solution (just like 1@} where constant values were assumed ab initio for
)

Q

the coefficients in ([L17)—([L1g)), and it represents again the collision of two
fronts (f31]).

The contrast of difficulty between the second order assumption (laborious)
and the third order assumption (immediate) is the signature that the good
scattering order of KPP is three, despite the irrelevance of such a notion for
nonintegrable equations.

The two-family truncation with a second order assumption (B71))-(B74)
[,@} generates five determining equations. Despite the factorized form
of F5, we have not yet found their general solution. The three particular so-
lutions for which (S, C, A) are constant provide immediately the three pulses
(), for they belong to the class of polynomials in tanh and sech, generated
by negative and positive powers of x according to the elementary identities
(&)

The elliptic solution (#33) can also be written
U = 51/3 + 8I LOg(HS(d}) - CSW’))’ 1/’ = W?H g3 = 07 92 arb., a; = 07 (453)

a relation in which the argument of the logarithm is the ratio of two entire
functions. Therefore it could be possible to find it by a suitable extension of
a two-family truncation with a third order assumption.

This solution was first found by the following two-step procedure [@],
which, unfortunately for this nice method, only works for a restricted class
of PDEs (those with p = —1,ug = g, u1 = ¢1C +c2, ¢; = constant, see (Bd)).
The first step is to define the truncation

u = dd; Log(¢ — o) + U, U = constant,

3 B j—3
E@—Z@@M%%mm@?@),w:@—u@w
j=0

x

whose general solution is U = $1/3,¢ — ¢9 = W3 (indeed, comparing with
(Bd), this assumption a priori implies by — 34, = 0). The second step is
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not a truncation, but the change of function u +— f
u = s51/3 + (d0; Log ¥3) f(¥3), (455)
which transforms (f7) into
U" —2U° +2a1%55 =0, U(W) = f(1) /9. (456)

This is an ODE iff a; = 0, in which case its solution is ([33). Therefore,
the assumption (5§) has defined a reduction of the PDE to an ODE. This
subject will be further examined in Section @

The cubic complex Ginzburg-Landau equation
The cubic complex Ginzburg-Landau equation (CGL3)

E(u) = iug + puge + qlul*u —iyu =0, pg # 0, (u,p,q) €C, v € R, (457)

with p, ¢, v constant, is a generic PDE describing the propagation of the sig-
nal in an optical fiber as well as superfluidity, spatiotemporal intermittency,
pattern formation, etc.
One easily checks that |u| generically behaves like a simple pole. The
dominant behaviour
e~ agx T T~ Gy T, (458)

in which ag is a complex constant, o a real constant, is solution of the non-
linear algebraic system

p(—1 +ia)(—2 + ia) + gaz =0, (459)
p(—1 —ia)(—2 —ia) + gaz =0, (460)

with as = |ag|?. This defines two families for |u|? (four for |u|) [{]

~ 9IpP 3
az = 2|q|2d12 [dr+ 4], a= 2d, (d, + A4Q), (461)
Do g, —id;, A? =@+ (8/9)d2. (462)
q

To prevent these irrational expressions to mess up all subsequent computa-
tions (Fuchs indices, no-log conditions, truncations), the system (59)-([i60)
can equivalently be solved as a linear system on C [@,

as = _2(1 —ia)(2 — i), (463)
p=Kp(l—ia)(2—1ia), = Kq(l +ia)(2+ia), (464)

in which K is an irrelevant arbitrary nonzero complex constant.
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The indicial equation is the determinant [@] of the second order matrix

pi) = (P o0 )
qao aoao )q
)G~ 2+ 80), 7 — 1~ ia)(j — 2 — ia), (465)

and with the resolution ([i63)—([i64) it evaluates to

+diag(p(j — 1 + i

det P(j) = (j + 1)j(§* — 7§ + 6a* +12) = 0. (466)

For generic values of (p, ¢), two of the four indices are irrational.
Let us consider, for simplification, the solitary wave reduction

u(zx,t) = U(&)ei(Wt + w(ﬁ)), E=x—ct, (467)

in which (U, ¢) are functions of the reduced independent variable £, and let us
restrict to the pure CGL3 case Im(p/q) # 0. The general solution of the fourth
order system of ODEs for (U, ¢) a priori depends on six arbitrary constants,
the four constants of integration plus the two reduction parameters (c,w).
From these six constants, one must subtract

1. the irrelevant origin &, of £ (Fuchs index —1), which represents the in-
variance under a space translation,

2. the irrelevant origin ¢ of the phase (Fuchs index 0), which represents
the invariance under a phase shift,

3. and the number of irrational Fuchs indices, generically two. Indeed, these
irrational indices represent the chaotic nature of CGL3 (see the expansion
(48) in [Bl]) and they cannot contribute to any analytic solution.

Therefore only two relevant arbitrary constants are present in what can be
called the general analytic solution of the reduction (167).

Presently, one only knows four particular solutions of the reduction £ =
x — ct with a zero codimension (no constraint on (p, ¢,7)). These are

1. a pulse or solitary wave [p9]
u = —iagksech kzetlaLogeoshka + Kit] e p2 o — o (468)
2. a front or shock [P

k
k k il Log cosh =& + Ksc€ — K ct
u—aoi[tanhile:l]e[ geosh 58 + Kyl — Kact] (469)

3. a source or propagating hole [E]
k k .
u=ao |5 tanh 5{ + (K1 +iKs)c

k
t[a Log cosh 55 + K3c€ — (K4k? + K5c?)t]

xe , Kek? + Kqc* = 7,(470)
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4. an unbounded solution [B1]
k
mP:axmﬁ§§+Kﬂ,c:o (471)

In the above expressions, all parameters (as,, k,c, K;) are real and only
depend on (p, q,7), except in () where the velocity c is arbitrary.

These four particular solutions are four different degeneracies [B1 of the
yet unknown general analytic solution.

In experiments or computer simulations, one has observed @,@,@,@
other regular patterns which should correspond to other degeneracies of the
general analytic solution. One of them [@] is a homoclinic hole solution, com-
plementing the heteroclinic hole ([7d). Another one, of the highest interest in
fiber optics, is a propagating pulse, extrapolating () to ¢ # 0 and reducing
in the NLS limit (p, ¢ real, v = 0) to a “bright soliton” of arbitrary velocity.

Let us now address the question of retrieving these four solutions (and
ideally of finding the unknown one ar at least other degeneracies) by some
truncation. For a truncation to be successful, the truncated variables should
be free of any multivaluedness in their dominant behaviour. This is not the
case of the natural physical variables (u, @) or (Rew, Imwu), which are always
locally multivalued as seen from ([i5§). A more detailed study [BI] uncovers
the best representation for this purpose, namely a complexr modulus Z and a
real argument © uniquely defined by

u=Ze"°, u=27Ze°, (472)

and the above four exact solutions are written in this notation. For each
family, if one excludes the contribution of the irrational Fuchs indices, the
three fields (Z, Z, grad ©) are locally singlevalued and they behave like simple
poles. The physical variables (Ju|?, grad argu) also have this nice property of
being locally singlevalued (they respectively behave like a double pole and a
simple pole), but they are not as elementary as (Z, Z, grad ©).

The one-family truncation of the third order ODE satisfied by |u|? (after
elimination of ), with a constant coefficient second order assumption, ev-
idently captures all four solutions, since |u|? is a degree-two polynomial in
tanh k€. Such a truncation generates cumbersome computations and provides
no additional solution.

The one-family truncation of (Z, Z, grad ©) with the same constant coef-
ficient second order assumption is defined as [@,@]

Z =ao(x '+ X +iY),
Z = Eo(xil + X — ’LY),
O =wt + aLogy + K¢, (473)
(Logy) = x"1 X' = 1— (K*/4)x*,
Be™© = Z?:o Ejx’—3,

in which y and 1 are functions of ¢ = z—ct, (w, X, Y, K, k?) are real constants.
One has to solve the four complex (eight real) equations E; = 0 in the eight
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real unknowns (az, o, w, X,Y, K, c, k%), the two complex parameters (p, q),
and the real parameter v. If there exists a solution, the elementary building
block functions evaluate to

k&

k k
x = = tanh 3 CR

5 5 1 = cosh (474)
The good methodology [@,@] is again to select, among the eleven complex
variables considered as equivalent, four variables which make the system a
linear one of Cramer type. The system (Ey, E1, F2) is of Cramer type in
(a2, K,w), and after its resolution the last equation E3 is independent of

(p, q,7, c) and factorizes into a product of linear factors
By = [k* —4(X +iY)?](aY —2X) = 0. (475)
Finally, this one-family truncation recovers all four solutions except the pulse
16).
( 'I2 he two-family truncation of (Z, Z, grad ©) with the same constant coef-
ficient second order assumption retrieves the pulse solution ([6§), but finds

nothing new.
Similar truncations for two coupled CGL3 equations can be found in

B3B3

The nonintegrable Kundu-Eckhaus equation
The PDE for the complex field U(z,t) 68§

2 .
Vs + aUss + (U + 267 (UP)U =0, (0 8.b7) €R, (476)

with a3 cosy # 0, is linearizable when b2 = 32 into the Schrédinger equation

[« V
Vi +aVy, =0, U= . 477
t 23 cosy /f|V|2d3: (477)

This suggests considering the PDE for v = [ |V]*dx

2 bsi 2
2 «
1
+2(b cos V) uS Ugpy + 2—(uttui + Ut — 2Ustptyg) = 0. (478)
«

When b% # 32, this PDE fails the test [L5] because, for each of the two families
for u, one index is generically irrational. However, its one-family truncation
with a second order assumption (i.e. the usual WTC truncation) is a very
rich exercise [@ which yields quite unusual solutions, among them an elliptic
one involving the ODE of class 11T of Chazy [[L3].
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10 Singular manifold method wversus reduction
methods

In order to find exact solutions of PDEs, there exist two main classes of
methods. The first class, which has been detailed in these lectures, is based
on the structure of the movable singularities and it can be called, in short,
the singular manifold method.

The second class, presented in another course of this school , basically
relies on group theory and consists in finding the reductions to a PDE in a
lesser number of independent variables, and at the end to an ODE. These
reductions are obtained either by looking for the infinitesimal symmetries
of the PDE (space translation, etc) and by integrating them, or by a direct
search not involving any group theory. The main methods in this second class
are known as (see references in [[[21]) the classical method (point symmetries),
the nonclassical method (conditional point symmetries), the direct method
(direct search).

The question of the comparison of these four methods by their results is
an active research subject [@,@,, and its current state is given in [E?I,

Let us take as an example a second order nonintegrable PDE, this is
enough to give an idea of the comparison. The KPP equation ([/'7]) has been
studied in detail with the singular manifold method, Section P.J. It has also
been investigated with the three other methods, and the results are the fol-
lowing.

In the classical and nonclassical methods, let us denote

(@, b uue + §(2, b w)ue — n(z, t,u) =0 (479)

the PDE for u(z,t) which, after computation of the symmetries (7,&,n),
defines the constraint on u susceptible to yield a reduction if the constraint
can be integrated.

Classical method. Tt yields only two reductions u(z,t) — U(2) [0, one
noncharacteristic (i.e. conserving the differential order two)

z=x—ct, u=U, ~U" —bcU" +2d 23U —e1)(U — e3)(U — e3) = 0, (480)
one characteristic (i.e. lowering the differential order two)
z=t, u=U, bU' +2d 32U —e1)(U —ea)(U —e3) =0.  (481)

This is in fact a unique reduction z = Az + ut, but the splitting according to
the characteristic nature is relevant for the Painlevé property. None of these
two ODEs has the Painlevé property, unless ¢ = (3e; — s1)/(bd) in (180)).
Nonclassical method. It yields three sets of values for (,£,7) [Pg], two
with 7 # 0 and one with 7 =0,& # 0.
The first one [@] has codimension one

a1 =0, e; = (e2 +e3)/2, buy — 3d"2 (Log ). (u —e1)), = 0, 1 = W3, (482)
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its integration defines the noncharacteristic reduction to an elliptic equation
ar =0, 2=, u=e; +dz,U(z), U'—2U° =0, (483)

and one finds the solution (E33).
The second one has codimension zero

bug +d (u— 51/3)up +3d72(u — e1)(u — ex)(u —e3) =0,  (484)

and, remarkably, this first order PDE, which fails the test, identifies to the
no-log condition (8) with 3u—s; = bdC. Its integration ({36]) cannot define a
reduction unless some choice of the arbitrary function is made. Nevertheless,
the common solution to the PDEs ([7) and (§84) is (E31)).

The third one [p{] is

Uy —n =0, (485)
in which 7 satisfies the second order PDE

Naz + 2NNzw + 77277uu + 2d72(u —e1)(u—e2)(u — e3)ny
—2d7%(3u? — 2s1u + 53 /3 — 3d%ag)n + by, = 0. (486)

Integrating (f86) is equivalent to integrating the original PDE ([77), since the
transformation (U8H) simply exchanges them, so one is stranded. The only
way out is to put some additional constraints on n. The consistent way to do
that ( [@ page 634) is to eliminate u, and its derivatives (in this case gy
only) between (E85) and ([77), which results in a nonlinear first order ODE
for the function t — u(x,t) (i.e. with = as a parameter)

bug — (N + 1u) + 247 (u — e1)(u — e3)(u — e3) = 0. (487)

Requiring the invariance of this ODE under the infinitesimal transformation
(=0, =1,n) of the classical method creates constraints on 7, an exercise
which is left to the reader.

Direct method. The search for a reduction u(z,t) — U(z) in the class

u(z, t) = Mz, )U(2(x, t)) + p(z, t), (488)

apart from the characteristic reduction z = ¢,u = U, yields the noncharac-
teristic reduction [94]

U" = 2U3 + g1(2)U' + g2(2)U + g3(2) = 0, (489)
u=dz U+ 81/3, zx #£0, (490)

provided z, g1, g2, g3 satisfy the system

bzt — Zpwe — 6002, + zggz =0,
bz — 3240 + 2291 = 0, (491)
2a1 — 22 g3 = 0.
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The constraint z, # 0 splits the discussion into a; = 0 and a; # 0. The case
ay arbitrary defines the reduction [9q]

z=x—ct, u=dU +51/3, U’ +cU" —2(U? - 3aU — a;) = 0,(492)

identical to (E8(). In the case a; = 0, hence g3 = 0, the system is solved for
(Zzwx, 2t), and the condition (zgzq )t = (2¢)zae reads

2
(18 (im) + 18?—; +2¢1(2) — g1(2)0, + 383) Q(2) =0, (493)

Q(z) = 992 — 297 — 3g}. (494)

For Q(z) # 0, the condition integrates as

= Gzfi(t) + fa(D), (495)

in which G is an arbitrary function, and (f1, f2) are further constrained by
f1 =0, f,=0. The result is a; = 0, 2 = G(x), and the ODE ( transforms
to an elliptic equation under

f(G7H(2)

Uz) = a0

) f// - 2f3 + 6a2f = Oa (496)

in which G~! denotes the inverse function of G. This solution is not distinct
from the stationary elliptic reduction ([[34).
For Q(z) = 0, if one defines the function G by

g91(z) = —=3(Log(G'(2)))’, (497)

the system ([i91) is equivalent to

g2 = (2/9)g% + (1/3)g},
(33—3a28) (2(x, ))—0

(3( 33)(( )=

_ ) (498)
Z) -2f(2)° =0, U( ) = G(f(2), Z=G(2),

and this proves that the particular solution g; = g2 = 0 considered in [P{] is
the general solution, equivalent to the reduction z = %3 in ({39).

11 Truncation of the unknown, not of the equation
When applied for instance to the second Painlevé equation (P2)
(P2) E(u)=u" —2u® — 2u —a =0, (499)

the one-family singular manifold method in the case of a second order scat-
tering problem, i.e. the one originally performed by WTC, see Sections
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and [7.3, presents the following drawback. The (P2) ODE has two families
u~ex !, e? = 1. With the definition of grad

X' =1+(5/2)x%, (500)

the one-family truncated expansion for v is found to be

u=¢ex ', BE(u)=¢(S—2)x '+ (—a—eS/2)X", (501)
Ey=¢(S—12)=0, (502)
Ey=—a—eS'/2=0, (503)

and its general solution is
S=ux 2a+e=0, u=-ce(LogAi(z)), Ai" +(z/2)Ai=0. (504)

One therefore finds only a one-parameter particular solution in terms of the
Airy function, at the price of one constraint on the parameter «. This is
unsatisfactory because the method fails to find the highest information on
(P2) (highest in the context of these lectures), namely its Schlesinger trans-
formation. Such a transformation is by definition a birational transformation
between two different copies of (P2), denoted u(z,a) and U(X, A), and it
reads [[3]

24-1  2a-1
20/ +U2) + X 20w —u?)—=x

z=X, ut+U= , a=A+1.(505)

A method to remedy this drawback is the following [@] We rephrase it
in the homographically invariant formalism, which simplifies the exposition.
Firstly, rather than splitting FE(u), defined in (@)7 into one equation per
power of y, one retains the single information F(u) = 0, and one eliminates
u and X between the three equations (F00) and (F01)) to obtain the second
order ODE for S(x)

2(8 —x)S" — 87 +28 +285° — 425% + 225 + 4a(a +¢) = 0. (506)

This ODE for S(x), which is birationally equivalent to (P2) under the trans-
formation

_ _ _ _ S’ + 2ea
u=ex"", S=-2x"" -2x7? x 1:m,

(507)

bears the number 34 in the classification of Painlevé and Gambier [51].
Secondly, despite the fact that one already knows the general solution S(x)

in terms of the (P2) function u(z, «), one takes advantage of the two-family

structure of (P2) (the sign ¢ is 1) to perform an involution by representing
S(x) with another (P2) function U(X, A) as

S =2V —2V? U=¢eV, e3=1, U'-2U% - XU - A=0, X =z.(508)
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The elimination of S between (F07) and (F0§) provides a relation between
(ea, e2A) only

(A4 e2/2)% = (a +¢/2)% (509)

The solution A = —e3(eav + 1) is the Schlesinger transformation.
An equivalent presentation can be found in Ref. [@] In the latter, one
first computes the two coefficients ug, u; of the Laurent expansion

w=upx '+ u1, (510)

then the Schlesinger transformation is readily obtained by (more precisely,
the computation of [fg reduces to) the elimination of the three variables
u, Z,U" between the four equations (ug, u1,u, U, Z, s are functions of X = x)

u=uyZ '+, (511)
7 =142V "My 5 (512)
Uug 2
(Pn)(u, 2, @, 8,7,6) = 0, (513)
(Pn)(U, X, A, B,C, D) = 0. (514)
Equation (11)) is an assumption for a Darboux transformation, and (p12))

defines a Riccati equation for the expansion variable Z which depends on a
free function s. The elimination is differential for v and Z, algebraic for U"”,
and it results in

F(U/,U;S,S/,S//,O[,ﬂ,")/, 57 A7 B’ C’ D) = O' (515)

The algebraic independence of (U’,U), consequence of the irreducibility of
(Pn), requires the identical vanishing of F' as a polynomial of the two variables
(U’,U), and this provides two solutions: the identity (u = U, Z~! = 0) and,
at least for (P2) and (P4), the Schlesinger transformation. The result for (P2)
is

g(A—a)
2U' 4+ ¢(2U? + )

(P2) eZ'=u—-U-= ,a+A+e=0, s=0, (516)

and the inverse transformation

(A —a)

P) u-U=—_ 1
(P2) u—U 2u’ + e(2u? + 1) (517)
follows from the elimination of U’ between (516¢) and
(U —u) +e(U? —u?) =0, (518)

itself obtained by the elimination of Z between (511)) and (513). This Schlesin-
ger transformation is identical, thanks to the parity invariance of (P2), to

(5og).
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The result for (P4) is

(P4) v —u?/(2u) — (3/2)u® — dou?® — 22%u + 2au — B/u =0,  (519)

_ de(a— A)U
2l —U=
c u-v 3U" 4+ ¢(3U2% + 62U — 2A — 4a) + 6’
de(a— A)u
= 2
3u’ + e(3u? + 6zu — 2c0 — 4A) + 6’ (520)
(U —u) +e(U? —u? 4+ 22(U — u) + 2(a — A)/3) = 0, (521)
96+ 2(a+2A —36)> =0, 9B +2(A+2a — 3¢)? =0, (522)
s=4(A—-a)/3. (523)

12 Conclusion, open problems

The singular manifold method, which is based on the singularity structure,
is quite powerful to provide exact solutions or other analytic results. There
still exist many challenging problems, in particular in nonlinear optics and
spatiotemporal intermittency [ﬂ,@], in which the equations, although nonin-
tegrable, possess some regular “patterns” which could well be described by
exact particular solutions. The difficulty to find them [@] comes from the
good guess which must be made for the functions 1, which do not necessarily
satisfy a linear system any more. Methods from group theory usually pro-
vide complementary results, although they also fail in the two just quoted
examples.
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