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Abstract. The connection between the singular manifold method (P&nlexpansions
truncated at the constant term) and symmetry reductions of two members of a family of Cahn—
Hilliard equations is considered. The conjecture that similarity information for a nonlinear
partial differential equation may always be fully recovered from the singular manifold method

is violated for these equations, and is thus shown to be invalid in general. Given that several
earlier examples demonstrate the connection between the two techniques in some cases, it now
becomes necessary to establish when such a relationship exists—a question related to a deeper
understanding of Painlévanalysis. This issue is also briefly discussed.

1. Introduction

In the search for a complete characterization of thieegrability of nonlinear partial
differential equations (NLPDES) attempts have been made to relate different properties of
soliton equations, such as the underlying Lie algebraic properties, the Hirota bilinearization
technique, and the Painlevproperty [1,2]. A more recent approach [3—6] has been to
broaden the scope to include non-integrable NLPDEs as well. In particular, these recent
efforts have recovered the symmetries of NLPDEs (obtained by either the method of
non-classical symmetries [7-9] or the less general technique proposed by Clarkson and
Kruskal [10-12]) from the apparently unrelated technique of singular manifold expansions
[1,2,13,14] (or Painle& expansions truncated at the constant term). This connection
between the symmetry reductions and singular manifold expansions of NLPDEs has
been persuasively demonstrated (though not proved, as the authors of [3-6] mention) by
considering a large variety of NLPDESs. In all the cases considered to date, it is found that
the symmetry information may be completely recovered from the singular manifold method
and it has been conjectured that this may be the case for any NLPDE.

The purpose of the present paper is to consider this connection further in the context of
a family of Cahn—Hilliard equations. The Paingeanalysis [15] of this family of equations,
as well as their symmetry reductions obtained using both the Lie group and the Clarkson—
Kruskal direct technique [16] have been considered earlier. Here, we reconsider the results
of [15] and [16] more closely using the technique of [3-6] to explore the connection
between them. Somewhat to our surprise, and in contrast to earlier examples, we found
that the singular manifold method is unable to recover the symmetry information for these
equations. In the absence of any earlier proof that non-classical symmetries and the results
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of the singular manifold method are necessarily connected, this also serves to establish that
such a relationship need not exist. We shall comment further on this in section 5.

The rest of this paper is organized as follows. Section 2 briefly reviews the singular
manifold method (we shall follow [3-5], and abbreviate this henceforth as SMM). Sections 3
and 4 consider the connection between the SMM and the symmetry reductions for two
different members of the family of Cahn—Hilliard equations. In section 5, we present our
conclusions and discuss the results. The reader should also note that some statements in
[16] regarding the direct technique of Clarkson—Kruskal yielding the most general similarity
reductions of a NLPDE (following the claims in [10-12]) are now dated, having been
subsequently disproved [17,18].

2. The singular manifold method

First, we briefly summarize the method. Further details may be found in [5,13,14]. The
singular manifold method (SMM) is based on the self-consistently truncated series solutions
of partial differential equations satisfying the Pairéeproperty (PP), or the conditional
Painle\e property (CPP), in the form of

w="3" w00 DIB G, DY = uop® +uadt e . (2.1)
j=0
Here, ¢ is the singular manifold, which makes (2.1) hold, andx, ¢) are analytic functions
that are determined in terms @fthrough the recurrence relations obtained by substitution
of (2.1) into the corresponding partial differential equation (PDE).
We also introduce the following quantities, which are used throughout the paper:

c= % (2.2)

V= q;;x (2.3)
2

5=, — —, (2.4)

2

From the compatibility condition,, = ¢,, and¢,., = ¢.:x, One obtains the following
relationships among the quantities,v, ands:

v, = (¢ +vO)y (2.5)
S; = Cyxx + 25Cy + CSy. (2.6)
The PP (CPP) are invariant under homographic transformatiogs[6f19, 20]
ap +b
. 2.7
P> oy d (2.7)

Here, ¢ and s are invariant under the 8&bius or homographic group (2.7), but not
Substituting (2.1) into the corresponding PDE, one can obtain the coefficigmtsterms

of ¢, s, andv. Also, it follows from the substitution that, is a solution of the PDE,
which means that the ansatz (2.1) plays the additional role of being an aatddBd
transformation among two solutions and u, of the same PDE. Since, is a solution

of the PDE, the singular manifold must satisfy an additional equation, which can always
be written as a relationship among the homographic invariants and their derivatives [5].
This last equation, together with (2.5) and (2.6), defines the singular manifold. They are
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called the singular manifold equations henceforth. Using this procedure we can express the
solutionu, in terms of the singular manifold quantities as

Uy = ug(v,c,s) (2.8)

wherec ands must satisfy the singular manifold equations. Clearly, the SMM is applicable
to equations having both the Painkeproperty (PP) or the conditional Paingeproperty
(CPP).

3. Cahn-Hilliard equation for m=1 and one spatial variable

In this section and the next, we shall apply the singular manifold method to the Cahn—Hilliard
equation with one spatial variable for the cases= 1 and 2, respectively. Following the
procedure outlined by Estevez and co-workers [3-5], we shall then consider the connection
between the SMM and non-classical Lie group symmetries to see whether the latter are
derivable from the former.

The family of Cahn—Hilliard equations considered is

Uy = [”mux]x — Kty yxx

with different values ofn for various cases of interest.

3.1. The singular manifold method

The Painle® analysis for the Cahn-Hilliard equations far= 1

Ur — Mf — Ullyy + Kllgyxx = 0 (31)

has already been carried out [15]. This equation possesses the CPP. The SMM allows us
to write a truncated solution’ for (3.1). Let

W =uop > +urp "t +u. (3.2)

Substitution of (3.2) into (3.1) yields a set of coupled partial differential equations order by
order in powers ofp from O(¢—°) to O(¢°). Solving the first two yields

o = 12k ¢? (3.3)
U1 = —12% ¢y (3.4)
Using (3.3) and (3.4) in (3.2)4 can be written as
, ¢x>
=u—12k| — 3.5
W =u ( “) (3.5)

whereu must be another solution of (3.1) agds the singular manifold. Substituting (3.3)
and (3.4) into the equations at the following four orderg@) to O(¢°), and using the
guantitiesv, s, andc defined in (2.2)—(2.4) yields the set of equations

u = 4ks + 3kv? (3.6)

c+ks, =0 (3.7)
3psx

2(cy + ksyx) + (c+ksy) =0 (3.8)

X
2

3V
Cxx + 2V (cx + kSyx) + kSyxx + (S + T) (c+ksy)=0. (39)
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Using (3.7), (3.8) and (3.9), we have

¢y +ksyy =0 (3.10)

Cox + kSyxr = 0. (3.11)
Compatibility of ¢ ands yields

S; = Cyxx + 20,5 + €Sy (3.12)
which, with (3.7), yields

S + kSgrex 4 2ksse, + ks = 0. (3.13)
Using (3.6) and (3.7), the equation at#9) yields

S; + kSeror + 2ksSey + kizf =0. (3.14)
Thus, from (3.13) and (3.14), the singular manifglds overdetermined and

sy = 0. (3.15)
Hence, using (3.7),

c=0. (3.16)
Also, by either (3.13) or (3.14),

s, = 0. (3.17)

Taken together, (3.15) and (3.17) imply that constant.
Following Estevez and coworkers [3-5], we shall eliminafeom the equations because
it is not a homographic invariant. From (3.6)

1/u
2—_ PE—
v_3<k 4s) (3.18)
S u
==+ —. 3.19
=3t e (319)

We also need the quantities andu,, which with the help of (2.5), (2.6), (3.15), and
(3.17)—(3.19), are found to be

u, = 2kvs + uv (3.20)
u, = 2uc, — 8ksc, + v[bkc,, + 2kes + uc]. (3.21)

3.2. The SMM and the non-classical method

To establish the relationship between the SMM and the non-classical symmetries, the sym-
metry condition requires that the vector field compond#ts, ¢, u); t(x, t, u); n(x, t, u)}
satisfy the invariant surface condition [7-9]

E(x,t,Wu, + t(x, t,w)u; = n(x,t,u). (3.22)

Comparing (3.20) and (3.21) with (3.22) shows thaand r must be such that the result
of substituting (3.20) and (3.21) into (3.22) should only be dependent on the homographic
invariantsc ands. Suppressing the terms requires

&(2ks 4+ u) + t(6kcyy + 2kes +uc) =0 (3.23)
or equivalently
E+ct=0 (3.24)

Cox = 0. (3.25)
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Equation (3.25) is satisfied automatically since- 0. Hence, from (3.24), we gét=0
andt arbitrary.
Putting the above results together, the generators of the infinitesimal Lie group are

£=0 (3.26)
T =h(x,t,u) (3.27)
n=20 (3.28)

whereh is an arbitrary function.

Unlike the fairly large number of NLPDEs considered in [3-6], these symmetries are
not the same as those obtained from the classical and non-classical Lie group methods. The
general Lie symmetry group (which in this case are just classical translations and dilations
(scalings)) is [16]

§(x,1)=ax+p (3.29)
T(x,t) =4dat +y (3.30)
n(x,t,u) = —2au (3.31)

wherew, 8, andy are arbitrary coefficients.

4. Cahn—Hilliard equation for m=2 with one spatial variable

In this section, we consider the relation between the SMM and the method of non-classical
symmetries for then = 2 Cahn—Hilliard equation.

4.1. The singular manifold method

The Painleg property for the Cahn—Hilliard equations far= 2
u, — 2uuf —uPuy + kg =0 (4.1)

has been studied in [15]. The equation possesses the conditional Bgintgerty (CPP).
The truncated Painlév expansion of (4.1) can be defined through the autokRind
transformation:

u' = uodfl + u. (4.2)

Substitution of (4.2) into (4.1) yields a set of coupled partial differential equations order by
order in powers ofy from O(¢~°) to O(¢°). Solving the first of these yields

ug = vV6ke,. (4.3)
Thus, we have the autoaBklund transformation

W = VO (44

whereu must be another solution of (4.1). Substituting (4.3) into the equationg¢t‘®
to O(¢°) and using the quantities, s, andc yields the set of equations

u= —@v (4.5)
s=0 (4.6)
2ks, +3kvs +¢c =0 4.7)

2ksyy + dkvs, + 2c, + 2ks® + 3kv?s + 2vc =0 (4.8)
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2v(cy + cv) — 2(Cyx + 2vey + 5 + %cvz) + 10kv3s + 7kvzsx

—2kvs® — 6kv3s — Bkss, — s, — 2kvsy, — ks = O. (4.9)
By (4.6),
c=0. (4.10)
Thus, (4.8) and (4.9) become identities. Using (4.5), we have
2
V= ———U. 411
NG (4.11)
Next, (2.4), (4.6), and (4.11) yield
1 2
= —u’. 4.12
Ve = gl (4.12)

We also need the quantities andu,. Using (2.5), (4.10), and (4.12), these are

/1 5
L= 413
u 6ku ( )

u, = 0. (4.14)

4.2. The SMM and the non-classical method

As in section 3.2, we next consider the connection of the SMM to the method of non-classical
symmetries. The substitution of (4.13) and (4.14) into the surface invariant condition

E(x,tywux +T(x, t, wu, =n(x, t,u)

n(x,t,u) = —E\/guz. (4.15)

Thus, the generators of the infinitesimal Lie group are

§=Jf(x,1,u) (4.16)
T=g(x,t,u) (4.17)

nx,t,u) = —g\/glﬂ (4.18)

where f andg are arbitrary functions.

For this equation the non-classical symmetries with the SMM are, once again, not
the same as those determined through the classical and non-classical Lie methods. The
general Lie group (which in this case are just classical translations and dilations (scalings))
generators are [16]

leads to

Ex,t)=ax+ 8 (4.19)
t(x,t) =4dat +y (4.20)
U(X, t, u) = —ou (421)

wherea, 8, andy are arbitrary coefficients. Again, this is in contrast to the various NLPDESs
considered in [3-6].
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5. Conclusions and discussion

The Cahn-Hilliard equation witth = 1 and 2 considered in sections 3 and 4 provides
examples of NLPDEs for which the SMM is not versatile or general enough to recover all
information regarding the symmetry properties of the equation. As mentioned, this is in
contrast to the large number of examples considered in [3—-6] where the relationship between
the SMM and the symmetry reductions has been examined and found to hold. However,
as conjectured in [3—-6], these examples only served to indicate that there might indeed
always be such a connection. To date, there does not exist any proof that the SMM is
indeed always guaranteed to recover all symmetry reductions of any NLPDE having either
the Painle@ or conditionally Painle¥ property. As such, the examples in sections 3 and

4 serve to establish the converse, i.e. one cannot always recover symmetry information for
an arbitrary NLPDE from the SMM.

Of course, such a connection does indeed exist for some NLPDES, as the examples in
[3-6] clearly demonstrate. However, it now becomes necessary to establish when this is
indeed the case. Clearly, this is related to the difficult issue of a complete understanding
of Painlee analysis. While it is not the purpose of this paper to address this question,
we should like to conclude by making some preliminary observations concerning features
which might make such a connection hard to establish, or unlikely, or even non-existent.
One requirement for the implementation of the technique proposed in [3-5] appears to be
that after substitution ofi, andu, in the surface invariant condition, one should be able
to solve for the homographic invariant(in terms ofu andn) for use in the compatibility
condition (2.6). If this is hard, then the implementation of the method of [3-5] to establish
the connection between the SMM and the symmetries is difficult to accomplish. This makes
the establishment of such a connection non-obvious using the technique of [3-5]. However,
whether it also indicates the non-existence of such a connection for the given NLPDE, or
simply points to the need for an alternative technique remains to be investigated. It appears
that the choices of NLPDEs in [3—-6] fortuitously resulted in SMM equations where the
technique could be implemented. However, examples of the opposite are not hard to find.
For instance, for the* equation [21], the equations far, andu, (following the procedure
in section 3) are

2 1—c2y? 1—c2\¥?
M'Y:<1—c2>|: 5 7—{—( > > s—ucc{|

1—c2\1 1— c2\Y? 1— c2\Y? cf1—c2\"Y?
u,:—( > ) ucc,—}—( > > cxx+ucx+< > ) CS+§< > ) u’.

Solving for ¢ (for substitution in (2.6)) in terms af andn after substitution of these in the
surface invariant condition is virtually impossible in this case. For the long-wave equations
[22], the equations are even more complex and implementation of the technique of [3-5] is
even harder!
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