Chapter 2

Number Theory and the Symmetry
Classification of Integrable Systems

J.A. Sanders and J.P. Wang

2.1 Introduction

The theory of integrable systems has developed in many directions, and although the
interconnections between the different subjects are clearly suggested by the similar-
ity of the results, they are not always so easy to prove or even formulate. Of the
various methods used to characterize integrable differential equations, including ex-
istence of infinitely many symmetries and/or conservation laws, soliton solutions,
linearization by inverse scattering or differential substitution, Bicklund transforma-
tion, Painlevé property, bi-Hamiltonian structure, recursion operator, formal sym-
metry of infinite rank, etc. [35], the most fruitful for systematic classification and
discovery of new systems has been the characterization of integrable systems by the
existence of a sufficient number of higher order symmetries. The main questions in
this respect are the following:

e Can we decide, given an equation, whether there exists a generalized symmetry
(the recognition problem)?

e And if so, can we answer the question whether this leads to infinitely many sym-
metries (the symmetry-integrability problem)?

e Given a class of equations with arbitrary parameters, possibly functions of given
type, can we completely classify this class with respect to the existence of sym-
metries (The classification problem)?

As it turns out, these three questions are strongly related. In certain cases, they
can be effectively and completely analyzed by an adaptation of the symbolic method
of classical invariant theory [22], after which powerful number-theoretic results on
factorizability of polynomials based on Diophantine approximation theory [2] are
applied to complete the classification.

The history of the subject experienced two developmental periods. In the first,
following the discovery of the Korteweg—de Vries (KdV) equation, a surprisingly
large number of other integrable hierarchies, including mKdV, Sawada—Kotera,
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Kaup—Kupershmidt, were soon found. However, the second period was more dis-
appointing in this respect, as the integrable well quickly dried up, at least in the
most basic case that scalar, polynomial evolution equations are linear in the highest
order derivative. This led to the conjecture that all integrable systems of this partic-
ular form had been found. In this chapter, we describe rigorous classification results
for both commutative and noncommutative systems [24, 27, 28, 33], including a
proof of this particular conjecture and a discussion of the general methods by which
such complete classification results are established, cf. Sect. 2.4.
To do so, we prove that symmetry-integrability of an equation of the form

u=up+ f(u,-+- yuy—1), where u,=D}u 2.1

with f a formal power series starting with terms that are at least quadratic, is deter-
mined by

o the existence of one generalized symmetry,
o the existence of approximate symmetries.

This led to the proof of the remark made in [7]

Another interesting fact regarding the symmetry structure of evolution equations is that in all
known cases the existence of one generalized symmetry implies the existence of infinitely
many. (However, this has not been proved in general.)

under fairly relaxed conditions. In particular, for homogeneous scalar evolution
equations, to prove the integrability of an equation of order 2 we need a symme-
try of order 3; for an equation of order 3 we need a symmetry of order 5; for an
equation of order 5 we need a symmetry of order 7; and for an equation of order 7
we need a symmetry of order 13; this enables us to give the complete list of inte-
grable homogeneous equations. The result also confirms the remark made in [10]:

It turns out from practice that if the first integrability conditions [...] are fulfilled, then often
all the others are fulfilled as well.

However, the conjecture

the existence of one symmetry implies the existence of (infinitely many) others

has been disproved using the example in [1]. This example does not contradict our

theorem, since it proves the nonexistence of certain quadratic terms, the existence of

which is one of the conditions in our theorem. In this chapter, we give the strict proof

that Bakirov’s example has only one symmetry using p-adic analysis, cf. Sect. 2.6.
We should remark that the modified conjecture made in [8]

... Similarly for n-component equations one needs n symmetries

has also been disproved in [11, 12], where the authors found a two-component sys-
tem that has only two symmetries.

This theory was soon successfully applied to noncommutative evolution equa-
tions of the form (2.1) in which the field variable u takes its values in an associative,
non-commutative algebra [24]. In this manner, it was rigorously proved that the list
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of integrable evolution equation in [23] is complete. These equations can be re-
garded as quantizing classical integrable systems; see [6], where the authors treated
the Korteweg—de Vries equation.

The classification problem has been noticed and studied since the 1960s. The
group consisting of A.B. Shabat, A.V. Mikhailov, V.V. Sokolov, S.I. Svinolupov,
R.I. Yamilov and co-workers, cf. [19, 25], was successful in giving the complete
classification for equations of fixed order, allowing for much bigger equivalence
classes. We only work with homogeneous equations and transformations that do not
change the weight of the dependent variables, but this restriction enables us, at least
in the scalar case, to obtain results for all orders of the evolution equation.

2.2 The Symbolic Method

2.2.1 Basic Definitions

The symbolic method was first introduced by Gel’fand-Dikii [9] and used in [32] to
show (as an example) that the symmetries of the Sawada—Kotera equation have to be
of order 1 or 5 (mod 6). The basic idea of the symbolic method is simply to replace
u;, where i is an index — in our case counting the number of derivatives — by u&’,
where & is now a symbol. We see that the basic operation of differentiation, i.e. re-
placing u; by u;. 1, is now replaced by multiplication with &, as is the case in Fourier
transform theory. For higher degree terms with multiple us, one uses different sym-
bols to denote differentiation; for example, the noncommutative binomial u;u; has

symbolic form u2§1’<§2’ . In the commutative case, one needs to average over permu-
tations of the differentiation symbols so that u;u; and u;u; have the same symbolic
form. However, in the noncommutative case, this is no longer necessary. In other
words, the noncommutative symbolic method works with general tensors, while in
the commutative case one restricts to (multi)-symmetric tensors, or polynomials for
short.

Usually one replaces u; by &7, but this leads to confusion for the expressions like
u" since the distinction between the powers disappears.

With this method one can readily translate solvability questions into divisibility
questions and we can use generating functions to handle infinitely many orders at
once. While this does not mean that the questions are much easier to answer, we
do now have the whole machinery which has been developed in number theory
available, and this makes a crucial difference.

For simplicity, we restrict our attention to the case of a single independent vari-
able x and a single dependent field variable u. Extensions of the basic ideas to several
(noncommutative) dependent variables are immediate, see Sect. 2.5, and to several
commutative independent variables can be found in [34].

A differential monomial takes the form u; = u;, u;, - - - u;, . We call k the degree of
the monomial, #/ = i; + - - - + i the index, and max(ij, j=1,--- k) the order. For
brevity, [u] is used to denote the set of arguments u, u;,ua, .. ..
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We denote by % the set of differential polynomials in [u] of degree k+ 1 and
index n. Let %% = @, %}, and % = @0 %", the algebra of all differential poly-
nomials. Notice that we consider k > 0 that excludes the constant case, i.e. 1 ¢ % .
The order of a differential polynomial is the maximum of the orders of its con-
stituent monomials.

The symbolic transform defines a linear isomorphism between the space % * of
(non)-commutative differential polynomials of degree k + 1 and the space 7% =
R[&, ..., &y 1] of algebraic polynomials in k+ 1 variables. It is uniquely defined by
its action on monomials.

Definition 1. The symbolic form of a differential monomial is defined as

ity oy, W< ENER - GE >
kéi' ... i" (noncommutative);
- z 5" ’2 Ll 20) (commutative),
n:eS

where S¥ is the permutation group of k elements.

In general, in analogy with Fourier transforms, we denote the symbolic form of P €
%, whether it is commutative or not, by P. The transform has two basic properties:

DP(Er, . &) = (& + -+ &) P&, &),
5\ k+1 ai+l’\ )
G 6 8= T X a6 E0.8 ) .

The following key result is a consequence of these formulae.

Proposition 2. Let K € %™ and Q € %". Then Dx(Q) € ™", where Dk is the
Fréchet derivative of K, and

o 1 m+1

Dk[Q] = el
=1

X <?9[,j (51,...,‘51—1, i ér+xa€r+n+1,...,§m+n+1> Q(éf,...7éf+n)>_
k=0

Proof. Using (2.2), we compute

- (35

11 g 9K
_<Z Z 81/[(8&1_)1'(&17”'76‘571707&1’7""ém)

~ilm+1 &

(G4 4+ 6u)' 081, 7Cn+1)>
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1 mtl ai(\ n+1 .
= rﬂle <au (517... 75171”;1@'(’&1"” 7§m> Q(gh 7§n+1)>

and the conclusion follows. O

For any K,Q € %, we define [K, Q] = Dg(K) — Dk (Q). This bracket makes % into
a graded Lie algebra.
The following polynomials play a critical role in the analysis.

Definition 3. The G-functions are the (commutative) polynomials

m k
G](( ):élk++5ylfl+1_ (§l+"'+5ﬂ’l+1) .
The key fact is the following formula for the bracket of a differential polynomial
with a linear differential polynomial:

P ~

[ur, Q] = G,(Cm)Q, whenever ocum. (2.3)

This follows directly from Proposition 2 and the fact that u; has symbolic form i, =
u §{c . An immediate application is the known result that the space of the symmetries
of linear evolution equations u; = u, with n > 1 is %°, as shown in the following:

Proposition 4. Consider the linear evolution equation u; = Zle Aju;j, where the A;
are constants and A, # 0. The space of its symmetries is

o %iffp=1
o %iffp>1.

Proof. LetQ €% and Q =Y O, where Q' € % ".lSince % 1is a graded Lie algebra,
Q is a symmetry of this equation iff [2?:1 Ajuj, Q'] =0 for any i > 0. Formula (2.3)
leads to

14 .
Y 4,64 =o.
i=1

Under the assumption, this holds iff either p=1or p # 1 and i = 0. O

The crucial step is the following result [2] on the divisibility properties of the G-
functions. The proof relies on sophisticated techniques from diophantine analysis.

Proposition 5. The symmetric polynomials Gﬁ,k) can be factorized as

Gg,k) = ];gs,k),where (g,(lk),gﬁ,lf)) =1, foralln<m,
and tff is one of the following polynomials:

o k=1:

-m=0 (mod 2): &&
~m=3 (mod 6): &&(E+E)
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-m=5 (mod 6):  &1&(&+&)(EF+E16+E7)
~m=1 (mod 6): EE(E +E)(EE+EE +ER)

-m=0 (mod 2): 1
—m=1 (mod 2): (G +&)(&1+&)(&+E3)

Proof. For k = 1, this was proved by F. Beukers using diophantine approximation
theory [2]; for k = 2, see Appendix 2.8; and k > 2 is a special case of Theorem
16. O

Despite the innocent look of the polynomials involved, we have not been able to
find a simpler proof for k = 1. It is conjectured that the g£,,1 ) are Q|[&]-irreducible.

2.2.2 Computational Example: Fifth-Order Symmetry of KdV

To illustrate how the symbolic method works, we give the symbolic calculation for
the fifth-order symmetry of the Korteweg—de Vries equation. When one computes
a symmetry, the natural approach is to do this degree by degree. So for instance, if
we have the equation

w=K=K)+K =uz+uu;  (KdV)
then we try a symmetry
S5 = S(S)—I—Sé + - =us+ajuuz +ayuruy+-- -,
where Klrj,S{ € %l’ We have to solve [KY,S3] + [K],59] =0, i.e.

DISY+uD,S? + uy S2
_ nSel 3 0 0 2 -0 0
= DiK| +a1uD; K5 +aju3 K3 + aru1 D K3 + arur D K3

Translating this to the symbols, we have
E+&) S+ (515 + 525) K|
= (G +&) K + (8 +&) 85,
where K| = % (€1 +&). We can now (formally) express S} in terms of K/ :

ol _ Ei+&)V -8 -8 4
S Erar g
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()
. , , o GV e
By Definition 3, this can be rewritten as S} = ﬁKﬂ This is a real solution if S}

turns out to be a polynomial. Thus we have transl;ted our problem into the question
whether the polynomials Ggl) and Ggl) have common factors.

The symbolic method brings the possibility to apply the invariant theory of the
permutation group to attack the classification problem.

Let us introduce &y by requiring that &y + &; + & = 0. For odd n, we have
2
1
G =Yg
i=0
that is, the GEZI) are S3-invariants, where S° permutes the &-indices. Let

2
=& n=2,3. 2.4)
i=0

The invariants of S® are generated by ¢, and c3. This implies that Ggl) =c¢3 and

Ggl) = cpc3 up to multiplication by constants, since there is only one way in which
we can write 5 as an additive combination of 2 and 3. Therefore S} = c2K/. To be
explicit,

$=2 (G +ae+B) k] =2 (6 12828 +258 + &)

W W

Let us compute 57 by solving [S}, K]+ [S?,KY] = 0. By Proposition 2, this leads to

§(51+<§2)(‘§2+53)(§1+§3)(§1+§2+<§3)u3_i 2
6 Grarby-B-g-g ¢ merera

Note that [S?,K]] = 0 in the next degree. Thus, the fifth-order symmetry is

8§ =

S5 = S(5)+S§ +S% =us+ %um + 13—0u1u2+ %uzul,
the well-known Lax equation.

This illustrates both the simplification induced by the symbolic method as well
as the role of the G-functions in the whole analysis. The fact that the fifth-order
integrable equations like Kaup—Kupershmidt and Sawada—Kotera have hierarchies
with period 6 can now be explained by the invariant group S>.

2.2.3 The Higher Order Symmetries of KdV

What do we need in order to show that there exists a symmetry at every odd order
for the Korteweg—de Vries equation? Let us sketch the computation for a higher
order symmetry
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0 i
Sokt1 = 52k+1 JrSzk_l + s = Uggy T arUUg—1 F AU U2+ -
First we have to solve (K98}, ]+ [K{,S9,,] = 0. If we translate this to the sym-

bols, by Definition 3 we obtain
¢ ) p
Y8y — Gy ki =0,
We can now (formally) express S}, | in terms of K| as

(1)
A Gyl &
S$-1 = f;;KL
G;

and this is a real solution if Sék_l turns out to be a polynomial. Since the invariants
of S3 are generated by ¢; and c3, cf. (2.4), that is, Gg}c)+ | is a polynomial in these two,

we must have C3|G$€)+l. Therefore, S%kfl is polynomial. Note that the whole argu-
ment is completely independent from the fact that we started with the Korteweg—de
Vries equation; it only depends on the equation being third order. This means in
general that there are no obstructions to be expected in computing the quadratic
terms of an odd-order symmetry for third-order equation. The first obstructions do
occur in the computation of the cubic terms.

2.3 An Implicit Function Theorem

In this section we formulate a theorem that leads to the proof that the existence of
one generalized symmetry implies infinitely many under fairly relaxed condition.
The theorem itself, stated in the context of graded (or filtered) Lie algebras, is not
difficult to prove. Its difficulty lies in formulating and checking some technical con-
ditions, which derive immediately from the symbolic formulation. Here we give the
theorem in graded Lie algebra version so that the reader can understand it better.
The filtered Lie algebra version is put in Appendix 2.9.

Consider a graded Lie algebra g = [~ g’ and let V be a graded g-module
17, V', where the action of g on V is such that if X’ € g’ and v/ € V/, then
Xyl eviti,

Example 6. A typical example is g/ = ¥/ = %7, the set of differential polynomials
of degree j+ 1, and the action of g on ¥ is the usual adjoint action given by the Lie
bracket.

Definition 7. We call K° € g° nonlinear injective if Kerk?- c V°.

For Example 6, any element in g° is nonlinear injective unless it is a multiple of 1,
cf. Proposition 4.

Definition 8. We call 5° € g° relatively /-prime with respect to K? € g° if $°- X/ €
ImK® = X/ € ImK? for all j>1.
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We know from formula (2.3) that the Lie bracket of a differential polynomial with
an element in g° equals the multiplication with a G-function, cf. Definition 3. In
this case, this definition can be checked by answering whether the corresponding
G-functions of S° and K° have common factors.

Theorem 9. Let K = Y* OK’ and S = 2 oS, where K',S" € g' and 0 < k,s € N.
Suppose there exists Q) € VI, j=0,---,1— 1 such that

[K,S] =0,

KO is nonlinear injective,

SV is relatively I-prime with respect to K°,
ZLOK’-QP” =0forp=0,---,1—1and $°-Q° =0

Then there exists a unique Q = ¥~ 0.0 cVisuchthat K-Q=5-0Q=0.

Proof. First we prove that ¥/_ §/=1. Q! =0 for all 0 < p < [ by induction.

For p = 0 this is true by assumption. Suppose it is true for all j < p <[ —1.
Now we show it is also true for p + 1. We know that the action of a Lie algebra on
amoduleis [K,S]- =K-S- —§-K- and that the assumption that [K,S] = 0 implies
that Z?ZO[Kj, §9-J] =0, for any g € N. It follows

p+1 ) oAl . o ptl . .
KO' 2 Serlfl _Ql _ 2 I:KO,Serlfl:I Ql+ Z Sp+lfl 'KO'Ql
i=0 i=0 i=0
p+1p+1—i p+1
:_ZZ[K/SP‘HIJ]Q ZSPH!EK/QJ
+1p+1 j ptlptl
SR I RCE R R W S
j=li=j
p+1p+1—/ . o . o S
= 21 ;} ([K/75p+l—t—/].Q!+Sp+l—t—/.K/.Ql)
=1 i=
p+l1 p+l—j

:_ZK] 2 Sp+l i—j . Ql iKpfjJrl.Zj“iji.Qi:O
j=1 Jj=0 i=0

By the nonlinear injectiveness of K, we obtain that Z,’.:rol spl=i gl =0

Next we suppose that there exists 2?;3 O/ satisfying ¥/ K/~"- Q' = 0 and
> oS0 =0for j=0,...,p—1.

For p = [, this follows from the previous.

p—1 p—1
KO zsp i Ql_z [KO,Spfi:I.Qi_i_ZSp*l‘.KO.Qi
i=0 i=0
p—1p—i p—1 i
:_ZZ[stl’l]] i_ZSIH'.sz.Qlﬁ
i=0 j=1

i=0 j=



98 J.A. Sanders and J.P. Wang

2 [Kj751’*i*/} .Qi_ i i p—i KJ
j=1i=j

i=0

|| ||
T Mw T Mu

- 1
(pz: K/ Plj] Q’—i— zjsplej Q)

=0 i=0

— i isPlJQl+SO ZK/ P =5°. ZK/ or—.

j=

We have X K/- QP € ImK° since S is relatively /-prime with respect to K°.
So we can uniquely define Q7 by

KO-Q”:—in-Q’Fj_

Jj=1

We then automatically have Y7  KP~Q' = 0. That ¥7_ SP~'Q' = 0 follows from
the first part of the proof. Again by induction on p, we prove that Q can always be
extended such that all graded parts of K - Q and S - Q vanish. O

If one thinks of the application of this theorem to the computation of symmetries
of evolution equations, cf. Example 6, then this proves (at least up till the existence
of Zfzo Q') the long-held belief that one nontrivial symmetry S of the equation K is
enough for integrability. With such a strong result one has to inspect the conditions.
The strangest of them seems to be the relative prime condition. In the next sections,
however, we show that for scalar equations with linear part i#; = u; any symmetry
S starting with us, s ¢ {1,k} satisfies the conditions of the theorem with / = 2 when
K'#£0and /=3 when K' =0 and K> #0.

2.4 Symmetry-Integrable Evolution Equations

2.4.1 Symmetries of A-Homogeneous Equations

In this section we give the complete classification for homogeneous scalar commu-
tative and noncommutative evolution equations. A key result is that it suffices to
compute the linear and quadratic terms, or cubic if the quadratic terms are zero,
of a nontrivial odd-order symmetry in order to guarantee its existence. This speeds
up the classification process, since any obstructions to the existence of symmetries
have to show up early in the computation.

The differential equation (2.1) is said to be A-homogeneous of weight p if it
admits the one-parameter group of scaling symmetries

(x,t,u) — (a~'x,a M1, d*u), aceRT.
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For example, the Korteweg—de Vries equation u; = Uy + uu, is homogeneous of
weight 3 for A = 2.

Two evolution equations u; = K and u, = Q are symmetries of each other if and
only if [21]

K, 0] = 0. (2.5)

An equation is called (symmetry-)integrable if it has infinitely many linearly inde-
pendent higher order symmetries.

Any A-homogeneous evolution equation of order n can be broken up into its
homogeneous components, and so it takes the form

u=K= ZK,LM, (Ky 2 €U ) - (2.6)
>0

We assume that K,? =up,n>2,and 0 <A € Q. When il ¢ N, Kr’;_il = 0. This
reduces the number of relevant A to a finite set.

For A = 1, this describes the family of Burgers-like equations and for A = 2 the
family of KdV-like equations.

Let S € % be a symmetry of order m of the evolution equation (2.6). We break
up the bracket condition [S, K] = 0 into its homogeneous summands, leading to the
series of successive symmetry equations

> [s{n_w, ,;7,“}:0, for  r=0,1,2,.... 2.7)
i+j=r

According to Proposition 4, S must have nontrivial linear term, 9 # 0, and we
can set 89 = u,, without loss of generality. Clearly we have [S9,, K0] = 0. The next
equation to be solved is

(S Ka-2] + S Ka] =0, 238)

Condition (2.8) is trivially satisfied if K has no quadratic terms: K ,L 5 = 0. Let us
concentrate on the case K,:_ 5 7 0. We use (2.3) and Proposition 5 to rewrite (2.8) in
symbolic form:

a5 (€.8) 0
Rl ="mrglh =2 DSbsY oD (2.9)
ROt haG+s)
where limg, ¢, p(E1,&2) exists. We next set r = 2 in (2.7) and find
K2, GV +M
S2 g = (2.10)

Gy
where M is the symbolic form of the commutator

M8 K] Q.1
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between the quadratic terms.
We use the notation ¢g|p to indicate that the polynomial ¢ divides the polynomial
p. Consider the set

I ={p1,&) : (&1+8&)|p(&1,8) or &i&|p(&1,&2) }

consisting of bivariate polynomials p(&;,&,) that have either & + &, or £1&; as a
factor.

Proposition 10. Suppose m and n are both odd. Let M and p be given by (2.11) and
(2.9), respectively. Then (&1 + &) (& 4 &) (&1 + &3) divides M iff p € ..

Proof. Using formula (2.9), we compute M to be

i <P(€1 +&2,83)p(81,8)F, ¢, (&1 +§2)>
&16:63(& +§2)2(§1 +&+8)
L <P(§1,§2 +&3)p(62,83)Fe, ¢, (&2 + §3)>
18665+ 8)2 6+ 6+ 8E) ’

where

Fee,(n) =Gy (0.8) G (n —&.6) — Gl (0.&) G (n — &.8).

Here we only write out the analysis for noncommutative case. For the commutative
case, the expression of M needs to be symmetrized. However, the proof is quite
similar, cf. [27].

Notice that & + & is a factor of M. We now prove that limg, +¢2H01\2 = 0. The
second summand has

li F,
1 e 48

=G < &27&2+53>Gm (&2,&) -Gy (— 52,52%) GV (&,8)
=GV (&,&)GY (&,&)+GY (52,53)Gn (&.8)=0.

As for the first part, a straightforward computation shows that

d
F§2153 (0) =0= %ng,é (O)
Moreover,
d2
A s 0 =2 (6 ) 60—

_ic (n— @@) “)(ém) |10
:znm(ggn ten-t_gn- 1&2 ) #0
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This implies that
F,
MY SYCRR S
G+6-0  (&1+86)

and therefore (& +&) JM unless (& +&)|p(& +&, &) p(&1, &) or, equivalently,
(&1 +&)Ip(&1,8) or &|p(&1,&2). Similarly, when we deal with factor &, + &3,
we obtain (& + &) f M unless (& +&)|p(&1,&) or &|p(&1,&). Therefore, the
statement of the proposition follows. O

£0

Corollary 11. Assume m and n are odd. Then (& + &) (& + &) (& + &) divides
I?izAG,(nz) + M if and only iffri,l(§17§2) e s,

We next state a result that says the symmetry algebra of a commutative or non-
commutative polynomial evolution equation is commutative. Moreover, every sym-
metry is uniquely determined by its quadratic terms.

Theorem 12. Suppose the evolution equation (2.6) has a nonzero symmetry S of
order m > 2. Suppose Q;_ 5, is a nonzero quadratic differential polynomial (q > M),
where g & {m,n}, and q is odd if n is odd, which satisfies the leading order symmetry
condition [K,(l), Q}F )L] + [K’L 10 Qg] =0, c¢f. (2.8). Then there exists a unique symmetry
of the form Q = ¥,;~¢ Q;_M. Moreover, the symmetries Q and S commute.

Proof. For even n or m, this follows from Theorem 9, since S, is relatively 2-prime

with respect to K.
We conclude from the existence of S that (& + &) (& + &3) (&1 + &3) divides

A~ 2 ~
K2 G+ [iﬁl,pKJ,x} (2.12)

for odd 1 and m. In other words, K!_, (£1,&) € 7.
Since S is a symmetry, i.e. [K, S] =0, we have

[Ka [Sa Q]] = [S7 [K7 QH

from Jacobi identity. We break it up into its homogeneous summands leading to
2 ([7.0]+[7.2]) - (7.2« [e.2]).
We know that ( g,(,,2 ), g;lz)) =1, and (by exactly the same argument as for S)
E1+&)(&+E) (& +8E)] ({I?l,él} + {I?{Qﬂ) .
This implies that G divides [K',0!] + [K2, 0°). Therefore,

5 _[0.K"+[0" K
Qen="""c0
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is well defined. Since the Gﬁlk) are relative prime for k > 2, this means that K,(,)l is
relatively 2-prime and we can apply Theorem 9 to draw the conclusion that there
indeed exists a symmetry Q commuting with S. O

We make a very interesting observation. Suppose Q is a nontrivial gth odd-order
symmetry of (2.6) with odd n, whose quadratic terms, cf. (2.9), have the following
symbolic expression:

a1 E;LA (512+51§2+§22)57S g((]l)
Qan = oD

Proposition 5 implies that A < 3+2min(s,s’), where s’ = 2 (mod 3) and s = #
(mod 3). Then Theorem 12 implies that

L (G668 82s+3

Q2s+3—7t -
o

gives rise to a symmetry Q = Q(Z)s T Q;S 43y - of the original equation. (Of
course, one can use this argument to generate an entire hierarchy of symmetries.)
This implies that the evolution equations defined by Q and K have the same symme-
tries, so instead of considering K we may consider the equation given by Q, which is
of order g =2s+-3 for s =0, 1,2. It follows that we only need to find the symmetries
of A-homogeneous equations (with A < 7) of order < 7 in order to obtain the com-
plete classification of symmetries of A-homogeneous scalar polynomial equations
starting with linear terms.

A similar observation can be made for even n > 2. Suppose we have found a
nontrivial symmetry with quadratic term

2 (1)
o - K, _2Gq
T b&e!

This immediately implies A < 2. Then QL 2 =2K, K! 2 / gn glves rise to a symmetry
0= Qg + QL 4+ of the original equation. Therefore, we only need to find the
symmetries of equations of order 2 to get the complete classification of symmetries
of A-homogeneous scalar polynomial equations (with A < 2) starting with an even
linear term.

Finally, we must analyze the case when K has no quadratic terms. Assume that

K,’l y=0fori=1,...,j—1, andK”’ Aj # 0 for some j > 1. In place of (2.8), we
now need to solve the leadmg order equation
J J 0
180,11 +(8],_ 5 K =0,

Using (2.3), the symbolic form of this condition is
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ki GY
o _ Ba m
S = VT (2.13)

Proposition 5 implies that this polynomial identity has no solutions when j > 3,

or when j = 2 and n is even, since GE,{) and Gﬁ,j ) have no common factors, and
the degree of K; _ia is n— jA < n, which is the degree of Gﬁ,j ). Thus there are no
symmetries for such equations. When j =2 and » is odd, the equation can only have
odd-order symmetries. If Eq. (2.13) can be solved for any m, it can also be solved
for m =3.

By now, we have proved the following

Theorem 13. A nontrivial symmetry of a A-homogeneous equation with A > 0 is
part of a hierarchy starting at order 3,5 or T in the odd case, and at order 2 in the
even case.

2.4.2 The List of Symmetry-Integrable Equations

Only an equation with nonzero quadratic or cubic terms can have a nontrivial sym-
metry. For each possible A > 0, we must find a third-order symmetry for a second-
order equation, a fifth-order symmetry for a third-order equation, a seventh-order
symmetry for a fifth-order equation with quadratic terms and the thirteenth-order
symmetry for a seventh-order equation with quadratic terms. The last case can be
easily reduced to the case of fifth-order equations by determining the quadratic terms
of the equation. The details of this final symbolic computation are completed as in
the commutative case described in [26].

2.4.2.1 Commutative Case

We list all integrable hierarchies which are A-homogeneous, with A > 0. For A =0,
details can be found in [28]. For A > 0 the equivalence transformations are just
scalings u — o, while for A = 0 we allow arbitrary change of variables u — h(u).
The classification theorem states that every A-homogeneous evolution equation with
linear leading term is equivalent, modulo homogeneous transformations in u, to an
equation lying in one of the following hierarchies.

Korteweg—de Vries
U = uz +uuy

Kaup-Kupershmidt

u; = us + 10uusz + 25uup + 20u2u1
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Sawada—Kotera
u; = us + 10uuz + 10uiup + 20u2u1

Burgers
U = Uy +uuy

Potential Korteweg—de Vries
Uy = u3 + u%
Modified Korteweg—de Vries
Uy = u3z + u2u1
Potential Kaup—Kupershmidt

15 20
w = us+ 10ujusz + 714% + ?u?

Potential Sawada—Kotera
u; = us + 10u us + ?u?
Kupershmidt Equation [19, 4.2.6]
Uy = us + Suquz + SM% — 5u2u3 —20uuiuy — Su% + 5u4u1
Ibragimov—Shabat [5]
Uy = u3z + 3u2u2 + 9uu% + 3u4u1
Potential Burgers/Heat Equation
Uy =u ~ U :ug—i—u%
Potential modified Korteweg—de Vries
Uy = u3z + u?
Potential Kupershmidt Equation

u; = us + Supuz — 5u%u3 — 5u1u% + u?

2.4.2.2 Noncommutative Case

Recently, the analysis of integrable evolution equations in which the field variable
u takes its values in an associative, noncommutative algebra, such as matrix, op-
erator, Clifford and group algebras, has attracted attention. A complete classifica-
tion for A > 0 homogeneous equations with linear leading term was established in
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[24]. (The case A = 0 poses considerable technical difficulties.) There are only five
noncommutative hierarchies, each generalizing one of the preceding commutative
hierarchies.

Korteweg—de Vries
Uy = Uz +uu) +uju

Burgers
Uy = Up + uuy, U =up+uiu

Potential Korteweg—de Vries
Uy = u3z + u%
Modified Korteweg—de Vries I
Uy = U3 +u2u1 —&-umz

Modified Korteweg—de Vries II
U = Uz + uuy — upu — guulu

Interestingly, whereas the mKdV has two inequivalent noncommutative versions,
there is no noncommutative generalization of the Sawada—Kotera, Kaup-Kupers-
hmidt, Kupershmidt, or Ibragimov—Shabat hierarchies.

2.5 Evolution Systems with £k Components

In this section, we use a simple geometric fact to prove that homogeneous evolution
systems with positive weights of order larger than 1 and their linear parts with dis-
tinct nonzero eigenvalues are not symmetry-integrable without quadratic and cubic
terms.

As we mentioned in Sect. 2.2, the generalization of the symbolic method to more
dependent variables is straightforward. We introduce a symbol for each of dependent
variables, like « and v, for instance £ and 7). Thus the symbolic expression for u usv3
is 1&16m3 (&1 + &)u?v, symmetric with respect to & and &, the symbols from us,
and with respect to 1, the symbol from v. If we would not carry along the u’s and
v’s, information would be lost: consider the expressions uv and u?. The alternative
would be to keep the zeroth power of any symbol, so that uv would go to £°17°, but
this is very awkward in actual polynomial computations.

Consider evolutionary vectorfields with two components u and v. Let %,,(l” ) de-
note a set of differential polynomial vectorfields with index m, total number of x-
derivatives, and degree i in u and j in v. This degree can be —1: % € 02/0(71’0).

Assume the weights of u and v are A; and A, respectively, and A, > A; > 0. So
any nth-order homogeneous system can be written:
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d

s +vt - =K = 2 i K ew™, ij>-1. @14

Only when n—iA; — jA; < n € N does the term K (:J) make sense and can appear in

the system. The linear part of the system can be written as K, (0.0) +K, (-1 —n l/l , where

0,0
( )—aluna —i—azvnav,K< 1)

Kn n— 12'*‘11 a3vﬂ*lz+ll ou’ and a; S C-

Assumption 14. We assume that the linear part of the system equals

0,0)
=ajup—=—

+avy=—, aapy#0, ay#a, n>2. (2.15)

d
du av’
Since the linear part is diagonal, it will act semisimply on polynomial vectorfields.

This simplifies the analysis considerably. Let us compute the action of the diagonal
linear part on vectorfields of Q) using the symbolic method:

" (i.J) i
(i.)) amn)} _ Suni’(a1,a2;&;m) 0 N A} (s,
|:Q ’(a2vn (O f\)(,l;l])(alaaz,g,n) Q (é’n),

where Q1) (£;7) is the symbolic expression of Q%) and

K

i+1

" i+1 j
fiil(ar,anéin) = a (ZéﬁZm) —a1 & —a Y g
i=1 i1

(2.16)

£ ax&:m) = (Zéz + Z m) —a Z &' —a Z n.

=1
These are two important polynomials corresponding to the G-functions in scalar
case, cf. Definition 3, and related by

fiiarax:Em) = 50 (@2, anms &), (2.17)
This calculation immediately leads to the following result (cf. Proposition 4):

Proposition 15. The space of the symmetries of a linear system of the form of (2.15)
is % (00) =@, @/moo).

We are now in the position to do the same analysis as in Sect. 2.4. However,
since we do not have the neat results on functions (2.16) as in Proposition 5 for
the G-functions, the analysis is more complicated and difficult, for details see [31],
where we did complete classification for second-order evolution equations with two
components.

Let S be a symmetry of order m of system (2 14). Its linear part is in % (©:0),

Without loss of generality, we set SE,? 0 -

be solved is

=biu, = a + bzvm % . The next equation to
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(0,0) i) _ [ #10.0) o(irf) Fi
|: m ’ Vl lll jkz I(n ’SWL7il1 7]%2 ’ l+'] - 1 (218)
Assume that system (2.14) has no quadratic and cubic terms, that is,

i) L
K\ =0, 1<i+j<2.

We then need to solve (2.18) for i+ j = 3. Translating this to the symbolic language,
we need to study

(ﬁgf;lj)(al7a2;5;n)7flgf;){)(bl7b2;é;n)) , i+ j=3.
If they have no common factors, system (2.14) has no such symmetry.

The following theorem is due to Frits Beukers.

Theorem 16. For any positive integer m the polynomial

hem= (&1 +&+E&+&)" =& =g — e — e,
where Hleci =£ 0, is irreducible over C.

Proof. Suppose that h, ,, = A - B with A, B polynomial of positive degree. Then the
projective hypersurface X given by h,,, = 0 consists of two components Z4,Zp
given by A = 0 and B = 0, respectively. £4 [ Zp consists of an infinite number of
points, which should be singularities of X since

dheym dA

B
iy : WY/ —0.
ag —ag P g

Thus it suffices to show that X has finitely many singular points.
We compute the singular points by setting the partial derivatives of A ,, equal to
Z€ero, i.e.

E+E+EG+HE)" = (&)™ =0
E+E+E+HE)" ! — (&)™ =0,
) (c383) 0
) (cabs) 0.

m—1

E+&E+E+E)" — (38
Ei+&E+E+HE)™ ! -

m—1

~ o~~~

cabs

From these equations it follows in particular that

Gi=C/ct, &a=8/cr, & =C3/c3, &a=Ca/ca,

where Cim_l =1 and C]/Cl + §2/6‘2 + C3/C3 + C4/C4 = 1. For given¢;,i=1,--- ,4,
we get finitely many singular points. 0O

In two-component case, the ¢; are determined by a; and a;. The condition
IT} | ¢; # 0 is automatically satisfied due to the assumption that aja, # 0. This
implies that when system (2.14) has no quadratic and cubic terms, i.e. K(") =0
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(1 <i+ j <2), it is not integrable. One can even make the stronger statement that
it has no nontrivial generalized symmetries at all!

We can draw the similar conclusion to k-component systems from this theorem
that homogeneous evolution systems with positive weights of order large than 1 and
their linear parts with distinct nonzero eigenvalues cannot have nontrivial general-
ized symmetries without quadratic and cubic terms.

2.6 One Symmetry Does not Imply Integrability

As we proved in Sect. 2.4, scalar evolution equations are integrable once one non-
trivial generalized symmetry exists. However, this cannot be generalized to multi-
component systems. The first example was found by Bakirov [1] (see also [21, p.
381], exercise 5.15 and [3]) that the system

_ 2
{ut—bll4+v (2.19)
Vy = §V4

has one symmetry of order 6, but no others were found up till order 53. In this
section, we prove that indeed no other symmetries exist for this system. Further
classification and recognition of integrable such type of equations can be found in
[13].

2.6.1 The Symbolic Interpretation of Bakirov’s Example

We rewrite system (2.19) as (ug + vz)g—u + %m%. Its symbolic form is

Jd 1 d
4 2 4
U+v) =—+ -Nyv=s—
(& ) ou " 5MVgy
Since the system satisfies Assumption 14, from Proposition 15, its symmetry of a
given order m has to start with au,, ;—u + bvm%, i.e.

d d
aélmua—u +bni"v$.
At first sight we are losing some candidates (for being a symmetry) here, since
we implicitly assume the vectorfield to be polynomial. As is shown in [1], however,
this is not a restriction.
Computing the commutator of the quadratic part of system (2.19) with this linear
part of the (potential) symmetry, we have

0 0
m +n2 21 m i m i _ m__ m m Zi
5 Vg luau+bn] vy =(a(m+m)"—b(n"+n3"))v 3
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Notation 17. Let F,") = a(n +m)" — (N +12) and F" = a(x+1)" — (x" + 1).

We now construct the quadratic terms of the symmetry. Provided b # 0, we compute
d A d d
{(éfu—kv )87+ ThV (aéf”u+Av2)(Tu+bni”v5
m _ 1z 29
 (oriy - i) o2
LetA=5b F /F .If A is polynomial in 171,75, then

Aoy O d
(a&lu +Av2) 5 —&-bnlpvg

is a symmetry of system (2.19).
Therefore, the question about the existence of symmetries of an evolution system
of the form (2.19) is translated into:

Question 18. Given a,n, for which b € C and m € N does Fa(”) divide Fb(m)?

This can be answered by the following results.

Theorem 19. Let a € C\{0,1} and n € Nx>,. We consider ™. Suppose that at least
one of the following conditions holds:

1.n>6,
2.n=4,5and ™ has two zeros o,B #0,—1such that o./B,(1+a)/(1+ ) or
of,(1+0o)/(1+1/B) are not simultaneously roots of unity.

Then there exist at most finitely many pairs b € C,m € N such that Fu(") divides Fb<m) .
This theorem will be proved in Sect. 2.6.2.

Remark 20. ¢ For n =2 or 3, it is easy to check that there are infinitely many such
pairs. Condition 2 in the theorem is violated only in seven cases including a = 1,
see [4] for details.

e Since there is one-to-one correspondence between Fa(") and Fa(n), we can trans-
late the results on Fa(") to those on Fa(")

evolution systems.

, and further back on symmetries of the

In particular given a,n it is often possible to compute the complete set of b,m
explicitly. This will be done for the example @ = 5,n = 4 in Sect. 2.6.3, which is
precisely Bakirov’s example. Here we only give the result.

Theorem 21. Suppose F5(4) divides F/fm). Then (b,m) equals (5,4) or (11,6).

In the first case, it leads to the system itself. For (b,n) = (11,6), we find A = Zni+

% mn:+ % 7712- We now translate these results back to results on symmetries of
system (2.19).
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Corollary 22. The system

U = u4+v2,
1
Vy = §V4

has one and only one nontrivial symmetry:

5 i\ 9 1 d
<u6—|—11 (5vvz—|—4vl)> P + 1%,

2.6.2 The Lech-Mahler Theorem

In this section we prove Theorem 19 by using the Lech—Mabhler theorem from num-
ber theory.
First we realize that Fa(") has double zeros for some values of a, which is impor-

tant for our analysis later on.

Lemma 23. Suppose that Fu(") has a multiple zero. Then this is given by an (n—1)th
root of unity § and a =1/({ +1)"". Together with 1/{ these are the only multiple
zeros and they have multiplicity two.

Proof. We solve the simultaneous equations Fa(") = dFa(") /dx = 0. Explicitly, a(x+
1)" =x"+ 1 and a(x+ 1)"~! = ¥"~1. Multiply the second by x + 1 and subtract the
equations. We obtain 0 =1 — X1, Hence the roots of F"u(") , denoted by X, are an

n — 1th root of unity and from the second equation we get a = 1/(1+X)""!. Since

a2F"
dx?

|y =n(n—1) (alx+1)"%—x""2) |y =n(n+1) (Xirl_)lf) #0,

the root X is a double zero. Suppose we have a second (n — 1)th root of unity ¥ such
that a(1+Y)"~! = 1. In particular we find that |1 +Y| = |14 X| and |X| = |Y|. This

implies that either X =Y or X =Y = 1/Y. This proves our lemma. O

For the proof of Theorem 19 we shall use the following theorem from number
theory [14].

Theorem 24 (Lech, Mahler). Let A|,A;, ... A, € C be nonzero complex numbers
and similarly for ay,az,...,a,. Suppose that none of the ratios A;/Aj with i # j is a
root of unity. Then the equation

aAX A+ g,k =0
in the unknown integer k has finitely many solutions.

Repeatedly applying this theorem, we obtain the following corollary:
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Corollary 25. Let A,B,C,D € C be nonzero complex numbers. Suppose that the
equation

A¥ 4 BF = CF 4 DF
has infinitely many integers k with A* + BX = 0 as solution. Then at least one of the
pairs A/C,B/D or A/D,B/C consists of roots of unity.

Proof of Theorem 19. Let o, 3 be complex zeros of Fg(n) not equal to 0,—1 such
that condition (2) of Theorem 19 is satisfied.

For n =4 or 5 such zeros exist by assumption. For n > 6 we shall prove that such
zeros also exist.

Suppose that o/, (1 + o) /(14 B) are roots of unity. Then we have |a| = |B| and
|1+ a|=|1+B|. Hence B lies on the intersection of the circles |z| = |o| and |7+ 1| =
|14 | which implies 8 = o or B = @. Similarly if a8 and (1+a)/(1+41/) are
roots of unity then B = 1/ or B = 1/&. As a consequence of the statement, we
need to prove there exists a root of Fa(") such that it is not in a set of the form
Vo ={0,—1,0,1/0,0,1/0}. If Fa(") has multiple zeros then, according to Lemma
23, the multiple zero is an (n — 1)th root of unity, which we may assume to be equal
to . Together with 1/ these are the only multiple zeros and they have multiplicity
two. Whether G has multiple zeros or not, it is clear that if a # 1 and m > 6, £
has a zero outside Vj,.

Note that o, B being zeros of P implies

(" +1)/(a+1)"=(B"+1)/(B+1)"=aq,

1 n 1 n 1 n 1 n

<1+1/a) +<oc+1> _(1+1/B> +<B+1> |

Suppose EM divides F;m) for some b € C,m € N. Then we also have
1+1/a a+1) \1+1/B B+1) °

Suppose there are infinitely many such pairs (b,m). Then, according to Corollary
25, the ratios

that is,

1+1/a 1+o 1+1/a 1+«
) or Y
1+1/B" 1+8 1+8 " 1+1/B
are roots of unity. Let us assume the first. Then we see that the ratios o/ and (1 +

o)/(14 B) are roots of unity. This was excluded by our assumptions. We deal sim-
ilarly with the second case. O
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2.6.3 Skolem’s Method

In this section we prove Theorem 21. We assume that the reader is familiar with the
concept of p-adic numbers. The set of p-adic numbers is denoted by Q,, and the set
of p-adic integers by Z,.

Lemma 26. (Skolem’s method) Suppose p is an odd prime. Let A,B,C,D € Z, and
suppose they are not zero modulo p. Write

AP =14 pa, B =1+pB, "' =1+py, D" =1+ pé,

where o, 3,7,0 € Z,. Denote for every k € Z, Hy, = Ak 4 BX — k- DK

Suppose that Hy 0 (mod p). Then Hyy,(,—1y # 0 for all r € Z.

Suppose Hy = 0 and oA* + BB — yC* — D # 0 (mod p). Then, for r € Z,
Hy\ (p—1) =0 implies r = 0.

Proof. Note that by Fermat’s little theorem,
Hk+r(,,,1) = Ak+r<pil) +Bk+r(17*1) _ C’H‘"(P*l) _ Dk+r(p71)
=Af+B*—C*—DF=H, (mod p).

Since Hy # 0 (mod p) we conclude that Hy,(,—1) #Z 0 (mod p) for all r € Z and
our first statement follows.
Suppose Hy, (1) = 0 and assume r > 0. Then

0= Ak+r(p=1) +Bk+r(p—1) 7Ck+r(p—1) _ pktrip=1)
= A1+ pa)” + B (1+pB)" = C*(1+ py)" = D*(1+ p8)’

_ i (’;)pi (Akoci+Bk[3i _cky —Dk6i> :
i=1

Suppose that r # 0. Dividing by pr and using the fact that
Liry 1/(r—1
r\i) i\i-1)’

0= Ao + BB — Cky— Dk5+2(r1>

we obtain

i (A"a ++BfBI — V—D"(S").

i—1
The summation is of course empty when r = 1. Since p > 3 the number pf has
p-adic valuation less than 1/p. So after reduction modulo p we obtain

0=A*0+ BB —C'y—D*§  (mod p)
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which contradicts our assumption. Hence we conclude r = 0. When r < 0 we can
repeat the above proof with A=!,B~!,C~!, D~! instead of A, B,C, D. O

Proof of Theorem 21. When F5(4) divides Fb(m) this means in particular that the zeros

of f= F5<4) are a subset of the zeros of Fb(m>. This holds true in any field, also p-adic

()% (s+1)*

fields. Let r,s be two zeros of f. Then clearly, . Suppose f divides

Al T st
— 1 m 1 m
Fb(m> for some b, m. Then we also have (lr;f +)1 = (j,’: +)1 and hence

(r+1)s)"+(F+D)"=((s+1)r)"=(s+1)"=0.
Note that when modulo 181 we have the factorisation
f=4(x—66)(x—139)(x—96)(x—56) (mod 181).

Since 181 does not divide the discriminant of £, this implies that f has four roots in
Q131. They are

66+ 13181, 139+29- 181, 96+93- 181, 56+44-181 (mod 181%).

We now apply Lemma 26 with p =181 andA= (r+1)s,B=r+1,C=r(s+1),D=
s+ 1. We take r,s to be the first two roots. Then, using modulo 1812, we get

A=67+13-181, B=82, C=140+29-181, D=9+165-181 (mod 181?).
We also compute modulo 181,
o =33, =46, y=40, 6 =140 (mod 181).

A straightforward computation shows that Hy = 0 (mod 181) and 0 < k < 180
yields k = 0,1,4,6. Lemma 26 now implies that Hj g9, # O for all r when
k+#0,1,4,6. When k =0, 1,4 or 6 we easily check that H; = 0 and

aA* + BBY —yC* — 8D £0  (mod 181).

Again, application of Lemma 26 shows that Hy = 0=k =0,1,4,6. When k = 6 we

check that b = (fj& =11 and f divides indeed 11(x+1)® —x®—1. o

We finally remark that the method sketched in this section works also for other
cases. When (a,b,n,m) = (29,3599,4,10) we can take p =491. When (a,b,n,m) =
(11,14867171,4,28) or (a,b,n,m) = (17/3,78719/81,4,16) we can take p = 101.

2.7 Concluding Remarks, Open Problems
and Further Development

We have shown in this chapter that the symbolic method, combined with the im-
plicit function theorem for filtered Lie algebras, gives us a powerful technique,
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which translates our classification questions into questions about divisibility. To at-
tack these, we have at our disposal the results of centuries of mathematics, ranging
from number theoretical methods as diophantine approximation theory and p-adic
methods, to algebraic geometry. Still not all problems have been solved, and the
two- and three-variable version of Theorem 16 would be very welcome, even in
some restricted form with relations between the parameters. Nevertheless, all this
seems to be within range, and we may hope that further results along these lines
will enable us to completely classify evolution systems under certain conditions.

We have not discussed here the application of these methods to for instance the
classification of co-symmetries. In principle the same techniques apply, but there
are two difficulties. First of all, the G-functions do not belong to the same class
now, and we have to look at the quotient of a regular G-function and a dual G-
function. This complicates the analysis and makes the results less regular than for
symmetries. The second problem arises when the system does not have a symmetry.
In this case we cannot apply the implicit function theorem for filtered Lie algebras
and we have to go back to ad hoc techniques. These issues are discussed in [26, 29].
Similar remarks apply to the classification of other objects like recursion operators
or formal symmetries.

One can also start, once partial classification results are available, to apply larger
transformation ‘groups’ to the integrable equations, to see which can be transformed
into one another. The introduction of canonical densities as new coordinates can lead
to remarkable simplification of the results, and smaller lists, as was pointed out to
us by Prof. V.V. Sokolov and A. Meshkov.

Further development has shown that symbolic representation can be extended
to differential [30] and pseudo-differential operators [15]. It has been a suitable
tool to study integrability of nonevolutionary [15, 17, 18, 20], nonlocal (integro-
differential) [16] and multi-dimensional equations [34].

2.8 Some Irreducibility Results by F. Beukers

The results in this appendix are obtained by F. Beukers, Mathematical Department,
University of Utrecht and are published here with his kind permission.

Theorem 27. Consider the polynomial G,(Cz) =EF G EFHE (=& - & - &)X
Then G,Ez) is absolutely irreducible if k is even. When k is odd it factors as

(E1+8&) (&1 +E)(&+ 53)8,((2), where g,((z) is absolutely irreducible.

Proof. Consider the projective curve ¢ defined by G,iz) = 0. Suppose that G}({z) =
A-B, where A and B are two polynomials of positive degree. Geometrically the curve
% now consists of two components %, %, given by A = 0, B = 0, respectively. The
curves 47 and %, intersect in at least one point, which implies that the curve % has
a singularity.
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Let us now determine the singularities of ¢, i.e. the projective points (&1, &;,&3)
where all partial derivatives of G,(Cz) vanish. Hence

KEE —k(—8 — & — &) =0,
KEE k(B — & &) =0,
KT k(=& & &) =0

We see that EF71 = E571 = £571 = 571 where &) = —& — & — &. By taking
&3 =1, say, we can assume that &;,&y, & are (k— 1)th roots of unity such that
&+ & +& +1=0. Note that four complex numbers of the same absolute value
can only add up to zero if they form the sides of a parallelogram with equal sides.
Hence one of the &1, &, &3 is —1 and the others are opposite. Suppose without loss of
generality that & = —1 and & = —&. If k is even we see that 1 = E¥ 1 = —(—1) =
— 0"_1, contradicting 63"_1 = éé‘_l. Hence ¥ is nonsingular if & is even. In particular
% is irreducible in this case.

Now suppose that k is odd. Then we have 3k — 6 singular points, namely
(¢,-¢,1), (&,—1,1), (=1,¢,1) where £*~! = 1. Note that we have a priori
3k — 3 singular points, but some of them coincide. Consider such a singular point,
say (§,—&,1). We study the singular point locally by introducing the coordi-
nates & = { +u,& = —{ +v. Up to third-order terms we find the local equation
(E(u+v)—(u—v))(u+v)+---. Since the quadratic part factors in two distinct fac-

tors the singularity is simple, i.e. there are two distinct tangent lines through the
point. Consider now the curves (& + &) (& +&3)(& + &) =0and g,(cz) = 0. These
curves intersect in 3(k — 3) points. Moreover, the first curve has three singularities.
This accounts for the 3k — 6 singular points we found. Hence g,(cz) = 0 cannot have
any singular points and in particular it is irreducible. O

2.9 The Filtered Lie Algebra Version of the Implicit
Function Theorem

We give a filtered Lie algebra version of the implicit function theorem in Sect. 2.3.
The proof is quite neat, but more abstract.

Consider a filtered Lie algebra # = #° > Z! 5 ... 5 .#" > ... and let ¥ be a
filtered .Z-module ¥ =¥ > ¥ >... > ¥" 5 ... (with Ny ¥/ = 0), where the
action of % on ¥ is such that if X' € F' and v/ € ¥/, then X! - v/ € ¥it/,

Definition 28. We call K € .# nonlinear injective if for all X' € #*.1>0,K-X' €
/7/l+1 = Xl c 4//l+].

The nonlinear injectiveness of K € .% implies that K (mod .Z ') # 0.

Definition 29. We call § € .7 relatively /-prime with respect to K € .7 if §- X ie
ImK (mod ¥/™!) = X/ € ImK|,,; (mod #/*1)forall j>land X/ € 7/
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Theorem 30. Let K,S € .7 be linearly independent. Suppose there exists some Q €
¥ such that

e [K,S]=0,

e K is nonlinear injective,

o S is relatively l-prime with respect to K

and there exists some Q € V such that

o K-QcV'andS-Qe .

Then there exists a unique Q = Q+ Q',0' € ¥ such that
K-Q=58-0=0.

Proof. We use the fact that we have an action of a Lie algebra on a module, i.e.
K,S]- =K-S- —S-K-. It follows that

K-5:0=S5-K-0

By the nonlinear injectiveness of K it follows that S-Q € 7.
Now we prove by induction on p that there exists Q satisfies that K- Q € Y'P and
S-Qe VP, p>I For p=1we cantake Q = Q. We have

K-S~Q:S-K-Q

and therefore S-K-Q € im K (mod 7 P*+!). It follows from the relatively /-primeness
that K- QO € ImK|y» (mod #P*!). So we can define Q” € #” by

K-Q°”=-K-Q.

By construction Q = @4 Q” obeys K-Q =0 (mod #7+!). It then follows from the
nonlinear injectiveness of K that - Q € #P+!. Therefore there exists a convergent
(in the filtration topology) sequence with limit Q = O + 2;’:1 4+1 0P such that K - Q
and S - Q vanish. Uniqueness follows from the assumption that (\;_, #"? = 0. This
proves the statement. O
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