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The paper deals with the local theory of internal symmetries of underdetermined systems of ordinary differential equations in full
generality. The symmetries need not preserve the choice of the independent variable, the hierarchy of dependent variables, and
the order of derivatives. Internal approach to the symmetries of one-dimensional constrained variational integrals is moreover

proposed without the use of multipliers.

1. Preface

The theory of symmetries of determined systems (the solution
depends on constants) of ordinary differential equations
was ultimately established in Lie’s and Cartan’s era in the
most possible generality and the technical tools (infinitesimal
transformations and moving frames) are well known. Recall
that the calculations are performed in finite-dimensional
spaces given in advance and the results are expressed in terms
of Lie groups or Lie-Cartan pseudogroups.

We deal with underdetermined systems (more unknown
functions than the number of equations) of ordinary dif-
ferential equations here. Then the symmetry problem is
rather involved. Even the system of three first-order quasi-
linear equations with four unknown functions (equivalently,
three Pfaffian equations with five variables) treated in the
famous Cartan’s article [1] and repeatedly referred to in
actual literature was not yet clearly explained in detail.
Paradoxically, the common tools (the calculations in given
finite-order jet space) are quite sufficient for this particular
example. We will later see that they are insuflicient to analyze
the seemingly easier symmetry problem of one first-order
equation with three unknown functions (alternatively, two
Pfaffian equations with five variables) in full generality since
the order of derivatives need not be preserved in this case
and the finite-order jet spaces may be destroyed. Recall that
even the higher-order symmetries (automorphisms) of empty
systems of differential equations (i.e., of the infinite order

jet spaces without any additional differential constraints) are
nontrivial [2-4] and cannot be included into the classical Lie-
Cartan theory of transformation groups. Such symmetries
need not preserve any finite-dimensional space and therefore
the invariant differential forms (the Maurer-Cartan forms,
the moving coframes) need not exist.

Let us outline the very core of the subject for better
clarity by using the common jet terminology. We start with
the higher-order transformations of curves w' = w'(x)
(i = 1,...,m) lying in the space R™" with coordinates
x,w',...,w". The transformations are defined by certain
formulae

E:W(x,...,wg,...),
- | m
w =W (x,...,wj,...) (i=1,...

¢ M),

where the C*°-smooth real-valued functions W, W’ depend
on a finite number of the familiar jet variables

P dw
w! = e (j=1,...,ms=0,1,...). (2
The resulting curve W' = w'(X) (i = 1,...,m) again lying in

R™! appears as follows. We put

EzW(x,...,M,...)zw(x) (3)
dx®
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and assuming

w'(x):(DW)(x,...,M,...> £0
dxs

2 ;o
(p- e 2whiss):

S

(4)

there exists the inverse function x = w™* (%) which provides
the desired result
. . Soy)
T ®) =W (w_l @, (' ®),.. ) . 05)

" dxs

One can also easily obtain the well-known prolongation
formula

w :W’(x,...,wi,...)

( . DW )
W S

s+l = W;i: 1,...,m;s=0,1,...;W(;=W1)

for the derivatives Ei = d'w'/dX" by using the Pfaffian

equations

dw, -w. dx=0 (i=1,..

r+1

L,myr=0,1,...). (7)

Functions W satisfying (4) and W’ may be arbitrary here.

At this place, in order to obtain coherent theory, introduc-
tion of the familiar infinite-order jet space of x-parametrized
curves briefly designated as M(m) with coordinates x, wi (i=
L,...,m;r = 0,1,...) is necessary. Then formulae ((1), (6))
determine a mapping m : M(m) — M(m), amorphism of the
jet space M(m). If the inverse m ™" given by certain formulae

x=W(%...w,...),

- | ®
wo=W,(%...,w,...) (i=L...,mr=01,.)
exists, we speak of an automorphism (in alternative common
terms, symmetry) m of the jet space M(m). It should be noted
that we tacitly deal with the local theory in the sense that
all formulae and identities, all mappings, and transformation
groups to follow are in fact considered only on certain
open subsets of the relevant underlying spaces which is not
formally declared by the notation. Expressively saying, in
order to avoid the clumsy purism, we follow the reasonable
19th century practice and do not rigorously indicate the true
definition domains.

After this preparation, a system of differential equations is
traditionally identified with the subspace M ¢ M(m) given
by certain equations

D'G" =0

k _ Ak j ©)
(k=1,..Kr=0,1,..;G" =G (x,...,w},...)).
(We tacitly suppose that M C M(m) is a “reasonable
subspace” and omit the technical details.) This is the infinitely
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prolonged system. The total derivative vector field D defined
on M(m) is tangent to the subspace M ¢ M(m) and may
be regarded as a vector field on M, as well. The morphism
m : M(im) — M(m) transforms M <C M(m) into the
subspace mM ¢ mM(m) ¢ M(m) given by the equations

DG (W,....W/,..)=0
(D/G) () o
(k=1,....,K;r=0,1,...).

This is again a system of differential equations. In our paper,
we are interested only in the particular case when mM = M.
Then, if the inverse m ™" locally exists on a neighbourhood of
the subspace M ¢ M(m) in the total jet space, we speak of the
external symmetry m of the system of differential equations
(9). Let us, however, deal with the natural restriction m :
M — M of the mapping m to the subspace M. If there
exists the inverse m ' : M — M of the restriction, we
speak of the internal symmetry. Internal symmetries do not
depend on the localizations of M in M(m). More precisely,
differential equations can be introduced without any ref-
erence to jet spaces and the internal symmetries can be
defined without the use of localizations. On this occasion, we
are also interested in groups of internal symmetries. They are
generated by special vector fields, the infinitesimal symme-
tries.

In the actual literature, differential equations are as a rule
considered in finite-dimensional jet spaces. Then the internal
and external symmetries become rather delicate and differ
from our concepts since the higher-order symmetries are
not taken into account. We will not discuss such conceptual
confusion in this paper with the belief that the following two
remarks (and Remark 5) should be quite sufficient in this
respect.

Remark 1 (on the symmetries). The true structure of the jet
space M(m) is determined by the contact module Q(m) which
involves all contact forms

_ i
w=) aw,

i

.1dx, finite sum, arbitrary coefﬁcients) .

(11)

i
(wr—dwr—w

Then the above morphisms m : M(m) — M(m) given in
((1), (6)) are characterized by the property m* Q(m) c Q(m).
Recall that invertible morphisms are automorphisms. Let us
introduce the subspace i : M <C M(m) of all points (9).
This M is equipped with the restriction Q = i*Q(m) of the
contact module. Recall that we are interested only in the case
mM = M (abbreviation of miM = iM). Letm : M —
M be the restriction of m. If m is a morphism then m is
a morphism in the sense that m*Q ¢ Q. Recall that we have
the internal symmetry, if m is moreover invertible. If also m
is invertible, we have the external symmetry m. The internal
symmetries can be defined without any reference to m and
M(m) as follows. Let m : M — M be any invertible mapping
such that m*Q < Q. This m can be always extended to
amorphism m : M(m) — M(m) of the ambient jet space.
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(Hint, recurrence (6) holds true both in M (1) and in M.) So
we may conclude that such m is just the internal symmetry.
Moreover, if there exists invertible extension m of m, then m
is even the external symmetry but the latter concept already
depends on the localization i of M in M(m).

Remark 2 (on infinitesimal symmetries). Let us consider
a vector field

d ; 0
Z:Zaﬁ'zzra—u)i

(infinite sum, arbitrary coefficients)

(12)

on the jet space M(m). Let us moreover suppose &, Q(m) C
Q(m) from now on (where £, denotes the Lie derivative see
also Definition 8). In common terminology, such vector fields
Z are called generalized (higher-order, Lie-Bicklund) infinites-
imal symmetries of the jet space M(m). However Z need not
in general generate any true group of transformations and we
therefore prefer the “unorthodox” term a variation Z here.
(See Section 7 and especially Remark 35 where the reasons
for this term are clarified.) The common term infinitesimal
symmetry is retained only for the favourable case when Z
generates alocal one-parameter Lie group [5]. Let us consider
the above subspace i : M ¢ M(m). If Z is tangent to M,
then there exists the natural restriction Z of Z to M. Clearly
Z7Q ¢ Q and we speak of the (internal) variation Z. If
7 moreover generates a group in M, we have the (internal)
infinitesimal symmetry Z. The internal concepts on M can be
easily introduced without any reference to the ambient space
M(m). This is not the case for the concept of the external
infinitesimal symmetry Z which supposes that appropriate
extension Z of Z on the ambient space M(m) generates a Lie

group.

We deal only with the internal symmetries and infinites-
imal symmetries in this paper. It is to be noted once more
that infinite-dimensional underlying spaces are necessary if
we wish to obtain a coherent theory. The common technical
tools invented in the finite-dimensional spaces will be only
slightly adapted; alas, the ingenious methods proposed, for
example, in [6-8] seem to be not suitable for this aim and so
we undertake the elementary approach [9] here.

2. Technical Tools

We introduce infinite-dimensional manifold M modelled
on the space R with local coordinates h', k... in full
accordance with [9]. The manifold M is equipped with the
structural algebra % (M) of C*°-smooth functions expressed
as f=f (hl, e, e )) in terms of coordinates. Transforma-
tions (mappings) m : M — M are (locally) given by certain
formulae
m'h =H (K, i) (H eFM);i=12..),
(13)
and analogous (invertible) formulae describe the change of
coordinates at the overlapping coordinate systems.

Let ®(M) be the #(M)-module of differential 1-forms
Q= Zfidgi (fi,gi € F (M); finite sum). (14)
The familiar rules of exterior calculus can be applied without
any change, in particularm*g = Y m* f'dm" g’ for the above
transformation m.

Let (M) be the #(M)-module of vector fields Z. In
terms of coordinates we have

; 0
Z=ZZ$

(zi =z (hl, ... ,hm(i)) € F (M), infinite sum),

(15)

where the coefficients z' may be quite arbitrary. We identify
Z with the linear functional on ®(M) determined by the
familiar duality pairing

AW (2)=z]dhW =zh =7 (i=1,2,..). (16)
With this principle in mind, if certain forms (p1,<p2,... €
®(M) generate the #(M)-module, then the values

WV (2)=Zl¢=Z eFM) (i=12..) 1)

uniquely determine the vector field Z and (17) can be very
expressively (and unorthodoxly) recorded by

_i 0 i i P
Z=Zza—¢i (z =¢ (Z) € F (M), infinite sum).
(18)

This is a mere symbolical record, not the true infinite series.
However, if (pl, <p2, ... 1s a basis of the module ®(M) in the
sense that every ¢ € ®(M) admits a unique representation
o= f’fpi ( fi € F(M), finite sum) then the coeflicients
Z; can be quite arbitrary and (18) may be regarded as
a true infinite series. The arising vector fields 9/d¢', 9/0¢?, . ..
provide a weak basis (infinite expansions, see [9]) of (M)
dual to the basis ¢', @', ... of ®(M). In this transcription, (15)
is alternatively expressed as

Z = Zzi% (zi € % (M), infinite sum). (19)
We recall the Lie derivative &, = Z|d + dZ] acting on
exterior differential forms. The image m,Z of a vector field
defined by the property

m'(m,Z) f=Zm"f (feFM)) (20)
need not exist. It is defined if m is invertible.

We consider various submodules QO ¢ ®(M) of differen-
tial forms together with the relevant orthogonal submodules
Q" ¢ T(M) consisting of all vector fields Z € (M) such
that w(Z) = 0 (w € Q). The existence of (local) F(M)-
bases in all submodules of ®(M) to appear in our reasonings
is tacitly postulated. Dimension of an F(M)-module is the
number of elements of an F(M)-basis. Omitting some
“exceptional points,” it may be confused with the dimension



of the corresponding R-module (the localization) at a fixed
place P € M. On this occasion, it should be noted that the
image

m,Zp ((m*ZP)Qf =Zp(m*"f),mP=Q,Pe¢ M) (21)

of a tangent vector Zp at P exists as a vector at the place Q.

Let us also remark with regret that any rigorous expo-
sition of classical analysis in the infinite-dimensional space
R is not yet available; however, certain adjustments of
finite-dimensional results are not difficult. For instance, the
following invertibility theorem will latently occur in the proof
of Theorem 20.

Theorem 3. A mapping m : M — M is invertible if and
only if any of the following equivalent conditions is satisfied:
the pull-back m* : F(M) — F(M) is invertible, the pull-
back m* : (M) — ®O(M) is invertible, and if(pl,(pz, ... S
a (fixed, equivalently: arbitrary) basis of module ®(M), then
m*p',m*¢’, ... again is a basis.

Hint. A nonlinear version of the familiar Gauss elimination
procedure for infinite dimension [9] provides a direct proof
with difficulties concerning the definition domain of the
resulting inverse mapping. Nevertheless if m is moreover
a morphism of a diffiety (see Definition 8) then the prolon-
gation procedure ensures the local existence of m™" in the
common sense.

3. Fundamental Concepts

We introduce a somewhat unusual intrinsical approach to
underdetermined systems of ordinary differential equations
in terms of the above underlying space M, a submodule Q ¢
®(M) of differential 1-forms, and its orthogonal submodule
F = Q" ¢ T(M) of vector fields.

Definition 4. A codimension one submodule Q ¢ ®(M) is
called a diffiety if there exists a good filtration

Q,:QyCcQ C---CcQ=UY (22)

by finite-dimensional submodules ; ¢ Q (I = 0,1,...) such
that
3%01 C Ql+1 (all Z) 5

(23)
Lo+ Q=Q,, (Ilarge enough).
To every subset ® ¢ O(M), let ;5,0 c O(M) denote the
submodule with generators £,9 (Z ¢ #,9 € O). Since
® C £ 50 (easy), the second requirement (23) can be a little
formally simplified as £ 5,Q; = Q.

Remark 5. This is a global coordinate-free definition; how-
ever, we again deal only with the local theory from now on
in the sense that the definition domains (of filtrations (22), of
independent variable x to follow, and so on) are not specified.
It should be noted on this occasion that the common
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geometrical approach [6-8] to differential equations rests
on the use of the rigid structure of finite-order jets. Many
classical concepts then become incorrect, if the higher-order
mappings are allowed but we cannot adequately discuss this
important topic here. Rather subtle difficulties are also passed
over already in the common approach to the fundamental
jet theory. For instance, smooth curves in the plane R with
coordinates x, y are parametrized either by x (i.e., y = y(x))
or by coordinate y (i.e., x = x(y)) in the common so-called
“geometrical” approach [6-8]. However, then already the Lie’s
classical achievements concerning contact transformations
[10, 11] with curves parametrized either by p = dy/dx or
by g = dx/dy cannot be involved. Quite analogously, the
“higher-order” parameterizations and mappings [2-5] are in
fact rejected in the common “rigid” jet theory with a mere
point symmetries.

Definition 6. Let a differential dx (x € F(M)) generate
together with Q the total module ®(M) of all differential 1-
forms. Then x is called the independent variable to diffiety Q.
The vector field D = D, (abbreviation) such that

Ded, Dx=dx(D)=1

F) 2 (24)
mbolically D = — E - —
(sy bolically adx wEQO aw>

is called total (or formal) derivative of Q) with respect to the
independent variable x. This vector field D is a basis of the
one-dimensional module % = Q" for every fixed particular
choice of the independent variable x.

Remark 7. Let us state some simple properties of diffieties.
The proofs are quite easy and may be omitted. A form ¢ €
®(M) is lying in Q if and only if (D) = 0. In particular
ZpQ ¢ Qin accordance with the identities

Zpw = D]dw +dw (D) = D] dw,
(Zpw) (D) = dw (D, D) =0 (25)
(weQ).

(This trivial property clarifies the more restrictive condition
(23).) Moreover clearly

Dfdg — Dgdf, df —Dfdx e Q
(26)
(f.9€F M)
and in particular
DHdW - DWdl, dh' — Dh'dx € Q
27)
(G,j=12,...)

for all coordinates. We have very useful &% (M)-generators of
diffiety Q. The independent variable and the filtrations (22)
can be capriciously modified. In particular the c-lift [9]

Q,,:=0,:0,cQ,c--cQ=UQ

*+C

_ (28)
(Ql = QZ+C,C = 0, 1,)
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with ¢ large enough ensures that ., = Z5Q, + Q, for
all I > 0. We will be, however, interested just in the reverse
concept “Q),_.” latently involved in the “standard adaptation”
of filtrations to appear later on.

Definition 8. A transformation m : M — M is called
amorphism of the diffiety Q if m*Q ¢ Q. Invertible
morphisms are automorphisms (or symmetries) of Q). A vector
field Z € T (M) satisfying & ,Q ¢ Q is called the variation of
Q. If moreover Z (locally) generates a one-parameter group
of transformations, we speak of the infinitesimal symmetry Z
of diffiety Q.

Remark 9. Let us mention the transformation groups in
more detail. A local one-parameter group of transformations
m(A) : M — M is given by certain formulae

m)'H =H (K, 0" (=12 5-e<)A<e)
(29)

in terms of local coordinates, where m(A + u) =

m(A)m(y), m(0) = id is supposed. Then the special vector
field (15) defined by

7= 2m
)

0 _if1 mi)
=—H'(h,...,h"";0
A=0 aA ( ) (30)

(i=1,2..)

is called the infinitesimal transformation of the group (29). In
the opposite direction, we recall that a general vector field (15)
generates the local group (29) if and only if the Lie system

oH'

it 1 n(i) i 1 m(i), i
=2 (HLY L HY), H (W H50) =
(i=12..)
(1)

is satisfied. Alas, a given vector field (19) need not in general
generate any transformation group since the Lie system need
not admit any solution (29).

With all fundamental concepts available, let us even-
tually recall the familiar and thoroughly discussed in [9]
interrelation between the diffieties and the corresponding
classical concept of differential equations for the convenience
of reader. In brief terms, the idea is quite simple. A given
system of differential equations is represented by a system of
Pfaffian equations w = 0 and the module Q) generated by such
1-forms w is just the diffiety. More precisely, we deal with the
infinite prolongations as follows.

In one direction, let a system of underdetermined ordi-
nary differential equations be given. We may deal with the
first-order system

d_wj_fj x,w' w™ dw'"! _dw”’
dx N R P (32)

(j=1....])

without any true loss of generality. Then (32) completed with

dw®
d_s =wf+1 (wlg=wk;k=]+1,...,m;s=0,1,...)
x
(33)

provides the infinite prolongation. The corresponding diffiety
Q is generated by the forms

dw’ — fjdx, clu)ic - wfﬂdx
(34)
(GG=L....k=]+1,...,ms=0,1,...)
in the space M with coordinates
v (j=1....]),
(35)
wf (k=]+1,...,m;s=0,1,...;w§=w

Clearly

0 i 0 kK O
- j
Dx—aﬂLwaﬂszma—wa% (36)
is the total derivative and the submodules ); ¢ Q of all forms
(34) with s < [ determine a quite simple filtration (22) with
respect to the order of contact forms. (Hint: use the formulae

Zp (dw’ - fldx)

of o ofi o (37)
=y % (dw’ - fldx)+ ) a—ij (dw{ - wédx)

1
and ED(de - wirldx) = dw§+1 - wiﬂdx.) However, there
exist many other and more useful filtrations; see the examples
to follow later on.

The particular case ] = 0 of the empty system (32) can
be easily related to the case of the jet space M(m) of all x-
parametrized curves in R™"" of the Section 1. The relevant
diffiety is identified with the module Q(m) of all contact
forms (11), of course.

In the reverse direction, let a diffiety Q) be given on the
space M. In accordance with (27), the forms dh' — DW'dx (i=
1,2,...) generate Q). So we have the Pfaffian system dh’ —
DHhdx = 0(G = 1,2,...) and therefore the system of
differential equations

dn . . A ,

I = g (x,hl,...,hm(l)) (i =1,2,...;9 = Dh’) (38)

of rather unpleasant kind. Then, due to the existence of
a filtration (22) and (23), one can obtain also the above
classical system of differential equations (32) together with
the prolongation (33) by means of appropriate change of
coordinates [9]. This is, however, a lengthy procedure and
a shorter approach can be described as follows. Let the second
requirement (23) be satisfied, if | > L. Suppose that the forms
w = Zaijdh" (j =1,...,] = dim Q) generate module Q;.
Then all forms

P’ (j=1,...,5;k=0,1,...) (39)



generate the diffiety Q. The corresponding Pfaffian system
Z*w = 0 is equivalent to certain infinite prolongation of
differential equations, namely,

i

. - idh
I =N ddn =0 i ivalent t /— =0,
w Z al 1S equivalent to Z al dx
Zpw' = Y Daldh' + ) aldDh (40)

d dh
=0 lent to — =0
is equivalent to P al I

(direct verification), and in general

L' = Y Draldh’ + -+ Zaidikhi

Za dh’

We have the infinite prolongation of the classical system
Yaldh'/dx =0 (j=1,...,]) and this is just the system that
corresponds to diffiety Q.

Altogether taken, differential equations uniquely determine
the corresponding diffieties; however, a given diffiety leads to
many rather dissimilar but equivalent systems of differential
equations with regard to the additional choice of dependent and
independent variables.

(41)
= 0 is equivalent to

Remark 10. Definitions 4-8 make good sense even if M is
a finite-dimensional manifold and then provide the well-
known intrinsical approach to determined systems of dif-
ferential equations. They are identified with vector fields
(better, fields of directions) in the finite-dimensional space M.
Choosing a certain independent variable x, the equations are
represented by the vector field D, or, more visually, by the
corresponding D, -flow. The general theory becomes trivial;
we may, for example, choose 2; = Q for all / in filtration (22).

4. On the Structure of Diffieties

Definition 11. To every submodule ® ¢ ( of a diffiety Q ¢
O(M), let Ker® c © be the submodule of all 9 € ® such
that Z59 € O. Filtration (22) and (23) is called a standard
one, if

KerQ,, =Q, (1>0), )
42

Ker2§20 = Ker Q # Q.

For every w € , the first condition ensures that the
inclusions w € Q, Lpw € €, are equivalent and the
second condition ensures that #,w € Q, implies Zhw € Q.

Theorem 12. Appropriate adaptation of some lower-order
terms of a given filtration (22) and (23) provides a standard
filtration in a unique manner [9]. Equivalently and in more
detail, there exists unique standard filtration Q, : Q, ¢ Q, ¢

- € Q = UQ, such that Q; = Q. for appropriate ¢ € N and
all I large enough. Equivalently and briefly, there exists unique
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T~ T

_\o—//
T

w ng

AN

Original filtration

R(Q) Q Q=0 ...
W= 710 SZDnO

The corresponding standard filtration

FIGURE 1

standard filtration Q, such that Q. = Q.. for appropriate
ron
c,c eN.

Proof. The mapping &, : Q; — (,, naturally induces
certain &% (M)-homomorphism

D: QI/QI—I —> Ql+1/Ql (l > 0, fOrmaHy Q—l = 0) (43)
of factor modules denoted by D for better clarity. Homomor-
phisms D are surjective and therefore even bijective for all
I large enough, say for [ > L. However, the injectivity of D

implies Ker (; = Q;_; (I > L). It follows that we have strongly
decreasing sequence

20, (=KerQ,;) > Q;, (=KerQ)

(44)
>KerQ;_ ;> KerZQL_1 DTN
which necessarily terminates with the stationarity
Ker®Q;_, = Ker“"! Q;_,. Denoting
Q= Kerc_IQL_l,...,
. . . (45)
QC—] = Ker QL—]’ QC = QL—I’ QC+1 = QL’ e

we have the sought strongly increasing standard filtration

Q,:0,cQ ¢ cO:(=0;))
e
C Qe (=Qp) c--cQ=uUQ
of dlﬂiety Q. In particular Ker’ Q, = Ker®'Q, , =
Ker“Q; | = = Ker Q,. O
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Proof of Theorem 12 was of the algorithmical nature
and provides a useful standard basis of diffiety Q) as follows.
Assume that the forms

o (47)
provide a basis of the submodule Ker Q, c Q,

(recall that Ker’Q), = Ker Q, whence Z, Ker Q, ¢ Ker Q)
and moreover the classes of forms

.., e 50 provide a basis of 50/ Kerﬁo (48)

(recall that D : Q,/ Ker Q, — Q,/Q, is injective mapping),
the classes of forms

. S
AR N ON

o . (49)
provide a basis of Q,/ (QO + S%QO)

(recall that D : Q,/Q, — Q,/Q, is injective mapping), and
in general the classes of forms

nj"lﬂ,...,r[j’ € 51
o - (50)
provide a basis of Q;/ (QH + 3%(2,,1).

Alternatively saying, the following forms constitute a basis:

1 K =
T,...,7 of Ker(Q,,
together with 7',..., 7% of O,
. 1 i o+l i =
together with Zp,..., Lo, n™ . 7l of Q,,
together with 2 n',..., L2n, Lo, Lpnh
ogether wi BT L, LT, L,
-~ . _
't of Q,
(51)
and so on. Let us denote
=Ly’ (G=jia+ L), (52)
In terms of this notation
. 7% is a basis of Ker 50 and together with the forms
1 K
T, T,
1 1 i 1
T[O’ )T[éo) T[l"' )T[{O) > T[la 77-[{0)
+1 j jot+1
7.[(.;0 > . )T[(])l) > T[IJEI > . ,T[l]il
L+l
7.[(])1 1 , ',7.[(])1’
(53)

we have the standard basis of Q.

Clearly j, = j;,; = --- and it follows that there is only
a finite number u(Q) = j; of initial forms

1_ 1 ' o _jotl _ _jo+l
=Ty, =g 0 = )t
(54)
ip_1+1 ip1+1 i j
e = g = b

with the lower zero indice. The following forms nf (r > 0)
satisfy the recurrence and the (equivalent) congruence

J—
gDﬂr - ﬂr+1’

dﬂi =dx A 7'[5+1 (mod QAQ). (55)

In this sense, the linearly independent forms ni/ are gen-
eralizations of the classical contact forms w! = dw! -
w! | dx of the jet theory.

Theorem 13. Let Q, be a standard filtration of diffiety Q. Then

the submodule Ker Q, ¢ Q is generated by all differentials df €
Q.

Proof. First assume df € Q. Then Df = df(D) = 0 whence
Zndf = dDf = 0. Clearly df € Q, for appropriate 1. This
implies df € KerQ,_,, if I > 0 therefore df € Ker Q. It
follows that Ker Q, contains all differentials df € Q.
Conversely let 7 € Ker Q,. Due to the equality Ker Q, =
Ker’Q,, we have Zpt € Ker(Q, whence dt = dx A
Zpt (mod Q A Q), consequently
dr = Zaﬁﬂj A ni (mod Ker Q,, sum over i < ]) (56)

rsTr
It follows that @/ = 0 identically by using d(dr) = 0
and (55). (Hint: look at assumed top order product 7':1]'2 A ﬂi
where R > allr. Then d°t involves only one summand with
dx A 7r{2 a A 7! which is impossible since d* = 0.) Therefore
d(KerQ,) = 0(modKerQ,) and the Frobenius theorem

can be applied. Module Ker Q has a basis consisting of total
differentials. O

Definition 14. We may denote %(Q) = Ker Q, since this
module does not depend on the choice of the filtration (22).
Together with the original basis 7', ..., 7% occurring in (53),
there exists alternative basis dt', . . ., dt* with differentials. In
the particular case Z(Q) = 0, hence, K = 0, we speak of
a controllable diffiety Q.

Remark 15. The controllability is a familiar concept of the
theory of underdetermined ordinary differential equations or
Pfaffian systems in finite-dimensional spaces [12]; however,
some aspects due to diffieties are worth mentioning here. If
R(Q) #0 is a nontrivial module, the underlying space M is
fibered by the leaves t* = ¢* € R (k = 1,...,K) depending
on K > 0 parameters. Acurvep : I — M (I ¢ R)is
called a solution of diffiety Q, if p*w = 0 (w € Q). Since
dt* € Z(Q) c Q, we have
prdtf =dp*t* =0, ptr=FeRr
(57)
k=1,....K),
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FIGURE 2

therefore every solution of diffiety Q2 is contained in a certain
leaf (the Figure 2(a)).

In the controllable case, such foliation of the space M does
not exist. However, the construction of the standard filtration
need not be of the “universal nature” There may exist some
“exceptional points” where the terms 7. of the standard
basis are not independent. We may even obtain a solution p
consisting of such exceptional points and then there appears
the “infinitesimal leaf” of the noncontrollability along p
which means that p is a Mayer extremal (the Figure 2(b)).
We refer to article [13] inspired by the beautiful paper [14].
In the present paper, such exceptional points are tacitly
excluded. They produce singularities of the symmetry groups
and deserve a special, not yet available approach. It should
be noted that the noncontrollable case also causes some
technical difficulties. We may however suppose Z(Q2) = 0
without much loss of generality since the noncontrollable
diffiety can be restricted to a leaf and regarded as a diffiety

. 1 K
depending on parametersc,...,c".

Theorem 16. The total number u(Q) of initial forms does not
depend on the choice of the good filtration (22).

Proof. Filtration (22) differs from the standard filtration Q,
only in lower terms whence

dim Q; = dim Q; + const. = y (Q) ] + const.
(58)
(I large enough).

Let another filtration Q, : Q, ¢ Q;, ¢ -+ ¢ Q = UQ,
of diffiety Q provide (corresponding standard filtration and
therefore) certain number fi(Q) of (other) initial forms. Then

dim Q; = dim O, + const. = I (Q) [ + const.
(59)
(I large enough).
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o Q...

(a)

FIGURE 3

However Q; ¢ Q) € Qy for appropriate L(I) and M(I)
whence

Ql+k C 5L(l)+k C QM(l)+k (l,k large enough) (60)

by using (23) and the equality u(Q) = f(Q) easily follows.
O

5. On the Morphisms and Variations

A huge literature on the point symmetries (scheme (a) of
Figure 3, the order of derivatives is preserved) of differential
equations is available. On the contrary, we can mention only
a few fundamental principles for the generalized (or higher-
order) symmetries (scheme (c) of Figure 3) since the general
theory deserves quite another paper. Our modest aim is to
clarify a little the mechanisms of the particular examples to
follow. We will also deal with generalized (or higher-order)
groups of symmetries and the relevant generalized infinitesimal
symmetries (scheme (b) Figure 3) with ambiguous higher-
order invariant subspaces (the dotted lines). Figure 3 should
be therefore regarded as a rough description of the topics to
follow and we also refer to Section 9 for more transparent
details. The main difficulty of the higher-order theory lies in
the fact that the dotted domains are not known in advance.
Modules Q) represent the “natural” filtration with respect to
the primary order of contact forms in the ambient jet space,
see the examples. They depend on the accidental inclusion
M c M(m) mentioned in Section 1 and do not have any
true geometrical sense in the internal approach. It is to be
therefore surprisingly observed that the seemingly “exotic”
at the first glance concept of higher-order transformations
of Section 1 should be regarded for reasonable and the only
possible in the coordinate free theory. On the other hand,
an important distinction between the group-like morphisms
with large number of finite-dimensional invariant subspaces
(scheme (a) and (b)) and the genuine order-destroying mor-
phisms without such subspaces (scheme (c)) is of the highest
importance.
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We are passing to rigorous exposition. Let us recall the
diffiety QO ¢ ®(M) on the space M, the independent variable
x € F(M) with the corresponding vector field D = D, €
Q" = %, the controllability submodule Z(Q) < Q
with the basis dt',...,dt", and a standard basis 7/ (j =
L...,u(Q);r=0,1,...) of diffiety Q.

Let us begin with morphisms.

Lemma 17. If m : M — M is a morphism of Q then
m*Z(Q) ¢ A(Q) and the recurrence

DWm'rn/ | = £ m"7/
(61)
W=m"x;j=1,...,u(Q);r=0,1,...)
modulo X(Q) holds true.
Proof. If m is a morphism then m*"Q ¢ Q therefore
m"Z(Q) < R(Q) (use Theorem 13) and m*7/ =
Y alir, (mod % (Q)). It follows that
m*dr/ = m* (dx A nzﬂ) = DWdx Am" 7’

r+1°

) ' (62)
= Y Daldx AT,
N

+ Z adx AN, =dx NLpm' ]

modulo % (Q) and QAQ. This implies (61) by comparing both
factors of dx. O

Remark 18. On this occasion, the following useful principles
of calculation are worth mentioning:

ifa,feQsatistyda=dxAp (modQAQ)

(63)
then DWm”B = £ ,m"«,

ifu,ve FM), du—-vdx € Q then DWm"v = Dm"u,
(64)

and in general

m'Df -Dm"g=m"Dg-Dm"f (f,ge F(M)). (65)

In terms of notation (21), we conclude that m, Dp = DW(P) -
Dg, and therefore

1 *

m, (—D)zD (W=m"x), (66)
Dw
if the morphism m of diffiety Q is invertible.
Let us turn to invertible morphisms.
Lemmal9. The inverse of a morphism m again is a morphism.
Proof. Assume w € Q, m™' @ = fdx (mod Q). Then

w=m'm " w=m"(fdx)=m"f-dWeQ, (67)

where dW = dm"x = m"dx+0. Hencem"f = 0, f = 0
and thereforem™ " Q ¢ Q. O

We have m*Q ¢ Qifm : M — M is a morphism and

1% % % . . .
moreover m ~ Q C Q hence O ¢ m"Q in the invertible
case. The converse and rather useful assertion is as follows.

Theorem 20. A morphism m of diffiety Q is invertible if and
only ifm*Q = Q.

This may be obtained easily from the following result.

Lemma 21. Let m*%(Q) = R(Q) and T[é e mQ(j =
L,...,u(Q)). Then m is invertible.

Proof. Proof of the Lemma 21 is analogous as in [2, Theorem
2] and we briefly recall only the main principles here. It is
sufficient to prove the invertibility of m* : Q — Q.

Assuming 7/ € m*Q then /., = Zpn/ € m*Q by
virtue of recurrence (61). It follows that Q@ ¢ m*(Q and m*
is surjective. We prove that m* : QO — Q is even injectivity
by using the well-known algebraical interrelation between
filtrations and gradations.

Let us introduce filtrations Q, (€,, resp.) as follows: the
submodule (; ¢ Q (ﬁl c Q) is generated by %(Q2) and
all forms 7/ (m*7/) where r < 1. We also introduce the
gradations

M=o, (M=),
%: ®%l (%l :51/51_1) (68)
(I=0,1,...)

(formally Q_, = Q_, = 0). It follows that the naturally
induced mapping m* : .# — . is surjective and if is
sufficient to prove that this induced m” is also injective.

We are passing to the most delicate part of the proof. The
surjectivity of m* : Q — Q implies that Q, ¢ Q; for L large
enough. Therefore Q; ¢ Q,; by applying the recursion (61)
which implies

dim Q; = 4 (Q) I + const. < dim Q;
(69)
(p(Q) =dimu;;1=0,1,...).

On the other hand, assume the noninjectivity therefore the
existence of a nontrivial identity

0= Z am*a =+ Z apm*7,  (top-order terms).
(70)

Then 0 = ---+ (DW) "' Y akm* 7%, (I = 0,1,...) by applying
operator &, and recurrence (61). Due to the existence of such
identities, it follows that

dim 4, < dim M, = u(Q),
- (71)
dim Q;,; < (u(Q) - 1)1 + const.

and this is a contradiction. O]
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Remark 22. Recall that if m : M — M is a mapping and
Q ¢ ®(M) a submodule, then m*Q ¢ ®(M) denotes the
submodule with generators m*w (w € Q) in accordance with
the common practice in the algebraical module theory. Let
in particular Q be a diffiety and assume %(Q) = 0 for
simplicity. Then module m* Q is generated by all forms m* 7/

and therefore by all forms #,m* 7}, see Lemma 17. It follows
that the invertibility of the morphism m depends only on the
properties of the forms m*7, see Lemma 21. In this sense,
the invertibility problem is reduced to the finite-dimensional

reasonings.
We turn to the variations.

Lemma 23. A vector field Z € T (M) is a variation of diffiety
Q zf and only if

2)=Drl(2) (j=1..,u(Q);r=01,..) (72)

r+1 (

and all Zt* (k =

variablest', ..., tX.

., K; fixed k) are functions only of
Proof. We suppose Z,Q0 < Q which is equivalent to the
congruences

Z,dt* =dzt* =DZt*dx =0 (mod Q),

Ll = Z)dn! +dnl (2) (73)

n

(-7, (2) + Dl (2))dx =0 (mod Q)

by using ((26) and (55)). So we have obtained (72) and more-
over identities DZt* =0 (k = 1,..., K).

It is sufficient to prove that the latter identities imply
dzt* = o (mod dt',...,dt*). However, every differential
df (f € #(M)) can be represented as

df = Dfdx+ Y fXai* + Y find (74)

in terms of the standard basis. Assuming in particular f =
Zt* (fixedk = .,K), we have already obtained the
equation Df = 0 and then identities f/ = 0 easily follow
by applying the common rule d(df) = 0 together with (26).
This concludes the proof. O

Theorem 24. A variation Z of diffiety Q is infinitesimal
symmetry of Q if and only if all forms SZZnO (k =0,1,...)
are contained in a finite-dimensional module.

We omit lengthy proof and refer to more general results
[5, Lemma 5.4, Theorem 5.6, and especially Theorem 11.1].
In future examples, we apply other and quite elementary
arguments in order to avoid the nontrivial Theorem 24.

Remark 25. Tt follows from Lemma 23 that variations Z of
diffiety ) can be represented by the universal series

Z= ZCWJf ~+).D P_g (75)
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=& (.., t5) are arbitrary composed functions
andz = Zx, pj = ﬂ(])(Z) are arbitrary functions in #(M). We
have explicit formulae for all variations (in common terms, for
all Lie-Bécklund infinitesimal symmetries) of a given system of
ordinary differential equations. Recall that these variations Z
need not generate any true group, and though the criterion
in Theorem 24 is formally simple, it is not easy to be applied.
Lemma 17 can be regarded as a counterpart to Lemma 23
since it ensures quite analogous result for the morphism m
or, better saying, for the pullback m* : ®(M) — ®M)
of a morphism. In more detail, the quite arbitrary choice

where ¢

of the initial terms m*rr(]) of recurrence (61) is in principle
possible but provides a mere formal result (corresponding to
the formal nature of variations Z) and does not ensure the
existence of true morphism m. We may refer to articles [2, 3]
where the formal part (the algebra) is distinguished from the
nonformal part (the analysis) in the higher-order algorithms.

We conclude this Section with the only gratifying result
[9, point (v) on page 40].

Theorem 26. The standard filtration is unique in the case
uQ) = 1.

Proof. Let us take a fixed filtration (22) and the corresponding
standard filtration (46). Since u(Q2) = 1, we have only one
initial form 7z} and therefore 7', ..., 7,7}, ..., 7 isabasis of
51; see (53). Let us take another standard filtration . Then
the module O, has certain basis

1 K
T, T

— T_
= arﬂr_.-.

(common forms),

(ag #£0, top-order term) .
(76)

1
+ ATy

These forms together with all 7} = Z57; = -+ +agmg,, (s >
0) generate the module Q and this i 1s p0331b1e only if R = 0.
We conclude that 77} = agry, = agm, which implies O, = Q,

hence Ql Ql for all I. O

Remark 27 1t follows that in the particular case u(Q) = 1,
every symmetry and infinitesimal symmetry preserves all
terms of the (unique) standard filtration. So we have a large
family of finite-dimensional subspaces of the underlying
space M which are preserved too. The classical methods acting
in finite-dimensional spaces uniquely determined in advance
can be applied and are quite sufficient in this case u(Q) = 1.

Remark 28. In more generality, one could also consider two
diffieties O and Q on the underlying spaces M and M,
respectively. Though we do not deal with the isomorphism
problems of two diffieties Q and Q here, let us mention
that such isomorphism is defined as invertible mapping m :
M — M of underlying spaces satisfying m*Q = Q. Quite
equivalent “absolute equivalence” problem was introduced in
[15] and resolved just for the case u(Q)) = y(ﬁ) = 1 (in
our terminology) by using finite-dimensional methods. We
have discovered alternative approach here: the isomorphism
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m identifies the unique standard filtrations of Q and of Q.
On this occasion, it is worth mentioning Cartan’s pessimistic
notice (rather unusual in his work) to the case u(Q2) >
1 : “Je dois ajourter que la géneralization de la théorie
de lequivalence absolu aux systémes differentiels dont la
solution générale dépend de deux functions arbitraires d'un
argument nest pas immédiate et souléve dasses grosses
difficultiés” The same notice can be literally repeated also
for the theory of the higher-order symmetries treated in this

paper.

6. The Order-Preserving Case of
Infinitesimal Symmetries

We are passing to the first example which intentionally
concerns the well-known “towering” problem in order to
examine our method reliably. Let us deal with infinitesimal
symmetries of differential equation

d*u dv
T F( 2= 77
dx? (dx) @7

involving two unknown functions u = u(x) and v = v(x). In
external theory, (77) is identified with the subspacei : M ¢
M(2) defined by the conditions

D" (u,~F) =u,,, ~D'F(v;) =0

0 ) F) (78)
<r:0:1’--~;D: a+zur+la_%+zvr+la_w>

in the jet space M(2). We use simplified notation of coordi-
nates and contact forms

1 _ 2 _ 1 _ 2

- wr’ Ve = wr’ o, = wr’ ﬁr - wr

U,

(79)
(r=0,1,...)

here. We are, however, interested in internal theory, that is, in
the diffiety Q corresponding to (77). Diffiety Q appears if the
contact forms

o, = dur - ur+1dx’ Br = dvr - Vr+1dx
(80)
(r=0,1,...)

are restricted to the subspace i : M ¢ M(2). In accordance
with the common practice, let us again simplify as

=i'u,, v,=i"v, a =i'a,, B, =i"B,  (81)

uT r

the notation of the restrictions to M, and moreover D will be
regarded as a vector field on M from now on.

Let us outline the lengthy path of future reasonings for
the convenience of reader. We begin with preparatory points
(1)-(ut). The underlying space M together with the diffiety
Q is introduced and the standard basis 71y, 77;,... (u(Q) =
1, abbreviation 7z, = 7}) of diffiety Q is determined. The
standard basis is related to the “common” basis of 2 by means
of formulae (93). We obtain explicit representation (99) for
the variations Z with two arbitrary functions z = Zx and

1

p = my(Z) as the final result. Variations Z generating the
true group (i.e., the infinitesimal symmetries Z of Q) satisfy
certain strong conditions discovered in points (1v) and (v).
The conditions are expressed by the resolving system (107)
and (108) or, alternatively, by (112)-(114) only in terms of
the functions p, Dp, D’ p, and D’ p. This rather complicated
resolving system which does not provide any clear insight
is equivalent to much simpler crucial requirements (121) or
(125) on the actual structure of function p; see the central
points (v1)—(vur). Then the subsequent points are devoted to
the explicit solution of these equations (125). This is a mere
technical task of traditional mathematical analysis and we
omit comments at this place.

(1) The diffiety. Let us introduce space M equipped with
coordinates x, uy, u;, v, (r =0,1,...). Then

Uy = D'F(v))

0 0 0 0
<r = 0)1)-~-;D: a +ula_uo +Fa_u1 +Zvr+la—vr>
(82)
are merely composed functions. The forms
oy = duy — udx, a, = du, — Fdx,
(83)
B, =dv,-v,,dx (r=0,1,..)

provide a basis of the diffiety (; however, all forms «, = du, —
U, dx (r = 2,3,...) are also lying in Q as follows from the

obvious rule:
o =B (r=0,1,...) (84)

and the inclusion ZQ € Q.

“CZD‘xr =i

(1) Standard Filtration. There exists the “natural” filtration Q,,
of diffiety Q with respect to the order: submodule Q; ¢ Q
involves the forms «,, 8, with » < [. Alternatively saying,
&y, By is a basis of Q, and

o> Bo» s B> Ba -

Clearly Ker Q;,; = Q;if [ > 1 as follows from (84). However,

B isabasisof O (I>1). (85)

Zpa, = £p(duy — Fdx) = dF — DFdx

(86)
= F' (dv, —vydx) = F'B, € Q,.
(Figure 4(a)) therefore
Zp (“1 - Flﬁo) = F’ﬁl - DF’ﬁo - F,gDﬁO (7)

= - DF'B, € Q.

Then oy, & = a, — F' B, B, may be taken for a basis of module
Ker ), (Figure 4(b)).
Moreover

Zpay = oy =a+F f,
(88)
Zpa = ~DF' B, € Ker Q,
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(a)

KerQ; Q; ... Ker? Q Ker Q)

(2 %) o |

e

T~
/->

Bo B
(b) (©)

FIGURE 4

hence &, & constitute a basis of module KerZQ1 (Figure 4(c))
and finally

Zp (F'a+ DF'a)
= DF'a+ D*F'ay + F' Zpa + DF' %, (89)
= 2DF'a + D*F'a, € Ker’Q),.
Therefore assuming

DF' =F"v;#0 (hence F" #0) (90)

from now on, the form 7z, = F'a + DF'«, may be taken for
a basis of module Ker’Q,,. We have obtained the standard
filtration

Q, :50 = Ker3Q1 cQ, = KerZQ1 cqQ,
(1)
(£(Q) =0),

= KerQ, cQ;=0Q, C---
where forms
7, = Lpm,
(r=0,...,l; (92)

my = F'a+ DF'ay = DF oty + F'at, — (F’)Z'BO)

provide a basis of module Q.
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Abbreviating f = F' from now on, explicit formulae
7, = fa+ Dfex,
m, = 2Dfo + szoco,

1, = 3D fo + D’ faxy + CPBy»

(93)
Ca = D’ fn, - Dfn,,
Cay = -2Dfmy + fm,,
C*B, = Am, + Br, + Cn,,
where & = o) — ff3, and
A=2Df-D'f-3(D*f),
B=3Df-D*f - fD’f, (94)

C = fD*f - 2(Df)’

can be easily found. They will be sufficient in calculations to
follow. Recall that we suppose that the inequality (90) hold
true, hence C = --- + ff'v; = ---+ F'Fv; 0.

(1) Variations. We deal with vector fields

Z:Za 1 0 1 0

aﬁ'zoa—uo +Zla—u1 (95)

2 —
" ov,

(the notation (75) with indices is retained) on the space
M. Recall that Z is a variation if Z,Q ¢ Q. In terms of
coordinates, the conditions are

1 1
z; = Dz, —u,Dz,

fzy = Dz} - FDz, (96)
2 2
z1"+1 = Dzr _VY+1DZ (r = 0’ 1)"'))

where the first and third equations are merely recur-
rences while the middle equation causes serious difficulties
(a classical result. Hint: use £, € Q, L0, € Q, L, f5, €
Q). By using the alternative formula

0 0 0 0
Z=z— — — b,—-,
zadx+aoa%+ala“1+z 38, (97)

the conditions slightly simplify
a, = Da,,

b

T

Da, = fb,,

(98)
a=Db  (r=0,1,..).
(Hint: apply the rule Z,¢ = Z|de + de(Z) to the forms
@ = oy, &y, 3,.) However, by virtue of Lemma 23 and standard
filtration, we have explicit formula

(z=2x,p=m(2)) (99)

r
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for the variations where z and p are arbitrary functions. One
can then easily obtain explicit formulae for all coefficients
ay,a;,b, in (97) and Zé, zh, zf in (95) by using the left-hand
identities (93). They need not be stated here.

(1v) Infinitesimal Transformations. We refer to Remark 27:

variation Z is infinitesimal symmetry if and only if
Ly = Z]dmy +dp = An, (100)

for appropriate multiplier A € % (M). In explicit terms, we
recall formula

my = fa+ Dfay = fa + f’VZOCO, (101)
where
dny=dxAm (modQAQ),
da=d (o, - fBy) = ~df ABy=—f'BiABy  (102)
(mod dx),
and therefore clearly
dmy = dx Ay +(f,ﬂ1/\“_ff’ﬁ1/\ﬁo)
+ (f”"zﬁl + flﬁz) N o
(103)
=dxAm+ A (flo‘ - ff'Bo+ f”"z‘xo)
+ f' By A e
So denoting
z=2x=dx(2), a, =oy(2), a=u(2),
(104)
b.=p(2), p=mn,(2) (r=0,1,...),
requirement (100) reads
zm + b (f'oc - ff"xo + f”"z.Bo) + f,bz“o
- (f'a - ff’ao + f”"zbo) Bi - f’aoﬁz +dp  (105)
= A(fa + Dfay),
where 77, = 2Dfa + D* fa, and
dp = Pu(,‘xo + Pulocl + varﬂr
(106)

= Py, % t py, &+ (fpul + pvg) ﬁO + va,ﬁr

r>0

(mod dx) should be moreover inserted. It follows that
requirement (100) is equivalent to the so-called resolving
system

2zDf + f'by + p, = M,

(107)
zD*f + f"v,by + p, = ADf,

fflbl = fpu1 + PVO’
fla=ff'oy+ f'vya0 = Py (108)

f’aO = pvz'

13
Moreover p, = 0 (r > 2) and therefore p = p(uy, u;,
V> V1> V) is of the order 2 at most.

(v) On the Resolving System. Equations (107) uniquely deter-
mine the multiplier A and the “horizontal” coefficient z =
Zx in terms of the “vertical” coefficients ay, a, b,, and p. For
instance the formula

z= é ('t + pu, ) DF = (f"aby +pu,) f)  (109)

easily follows. So we may focus on (108).

Equations (108) deserve more effort. They depend only
on “vertical” components and can be expressed in terms of
functions p, Dp, D*p, and D’ p if the obvious identities

p =af +a,Df,
Dp = 2aDf + a,D’ f,
D*p =3aD*f + a,D’ f + b,C,
(110)
Ca=D*f-p-Df-Dp,
Cay = -2Df - p+ fDp,

C’by = Ap + BDp + CD’p,
following from (93) together with the prolongation formula

C’by +2b,CDC = D (C’y) = D(Ap + BDp + CD’p)
(111)

are applied. By using the lucky identity DC = -B (direct
verification), one can obtain the alternative resolving system

ff'(C(DA- p+(A+DB)Dp+CD’p)
+2B(Ap + BDp + CD’p)) (112)
=C* (fpu, + £y,)
C((f'D*f -2vf"Df) p+ (v.f" f - £'Df) Dp)
— ff' (Ap + BDp + CD?p) (113)
=C’p,

—2f'Df -p+ ff'Dp = Cp,, (114)

only in terms of the unknown function p. Recall that the
resolving system is satisfied if and only if the vector field (99)
is infinitesimal symmetry.

Our aim is to determine the function p satistying (112)-
(114). Alas, the resolving system does not provide any insight
into the true structure of function p. It will be therefore
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replaced by other conditions of classical nature, the crucial
requirements and the simplified requirements as follows.

(v1) Crucial Requirements. We start with simple formulae
Df = f'v,,  D'f=f"vi+f'vs,
Dsf = f’”"z +3f v,y + flvg,

2 2
D p=-- +pv2vzv3 +Pv2v4

(115)
Dp =+ +p, s

(the top-order terms) .

Using moreover (94), one can see that there is a unique
summand in (113) which involves the factor vg, namely the
summand

1 C-Dp=—ff" ff'vs- 5 (116)

It follows that p, , = 0 identically and we (temporarily) may
denote

p =M (x,up vy, v, v;) + N (g, uy, v, vp) v, (117)

The simplest equation (114) of the resolving system then reads

—2f" f'v, - (M + Nvy) + ff'D(M + Nv,)

(118)
= ((ff" =21")v" + ff'vs) N.
Clearly
D (M +Nv,) =DM + (M, + DN)v, + N, v; + Nvs,
(119)
where the reduced operator
0 0 0
D= +u— +F—— v =— 12
ox ou, " ou, T v, (120)

appears and we obtain three so-called crucial requirements
DM =0, 2Mf' =(M, +IN)f, N, f' =Nf" (21

for the functions M, N by inspection of the variable v,.
Altogether taken, the last resolving equation (114) is equivalent
to three requirements (121). We will see with great pleasure in
(vur) below that requirements (121) ensure even the remaining
equations (112) and (113) of the resolving system.

(vu) The Crucial Requirements Simplified. The right-hand
equation (121) reads

N
Q, =0 (Q - 7) (122)
and the middle equation (121) reads
P, + f2Q=0 (p = %) (123)
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whence altogether

p=Pf*+Qf'v, = Pf* + QDf.

The left-hand equation (121) does not change much; it may be
expressed by 2P = 0.

Let us summarize our achievements. In order to determine
function p given by (124), we have three simplified require-
ments

(124)

9P =0,

f°P, + f'2Q =0, Q, =0

for the coefficients P = P(x,uy, uy, vy, v;) and Q = Q(x, u,
U,V V1)

(125)

(vut) Resolving System is Deleted. Let us recall the primary
transcription (108) of the resolving system. We have already
seen that (125) implies (114) and hence the equivalent and
simplest right-hand equation (108).

Let us turn to the middle equation (108) equivalent to
(113). One can directly find formulae

Dp=DP- f*+PD(f*)+DQ-Df +QD*f

(126)
= PD(f*)+QD’f
by using (124) and (125). Moreover
a = Pf, a, =Q, a, = Day, = 9Q,
b0=a1_a=%—P (127)

f f

by using (124) and right-hand formulae (110). Substitution
into middle equation (108) with

a ! ! ! "
p,, = g(Pf2+Qf v,) =P, f'+2Pff' +Qf"v, (128)
1

gives the identity.
As the right-hand equation (108) equivalent to (112) is
concerned, we may use

2
blsz0:9Q+i(@>V2 vaz:
fooom\ f '
P (129)
2°Q=-9 (—,PV )
f 1
where
2P), = (P P P, =0,
( )Vl ( Vl) + ulf + Yo (130)

(2Q),, =Q, [+ Q.
Moreover
o+ Py = F (P f? +Qu f'v2) + P 2 +Q, f'v, (131)
and (108) again becomes the identity.

(ix) Back to the Crucial Requirements. Passing to the final
part of this example, let us eventually solve (125) with the
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unknown functions P, Q and given function f. This is already
atask of classical mathematical analysis. We abbreviate v = v,
from now on since this variable v frequently occurs in our
formulae.

Let us begin with middle equation (125) which reads

P, = (%) -(‘1+ FQ, + vao) (q =Q, +“1Qu0) (132)

whence

et (o (3

+P (P = F(x,uo,up"o))

(133)

since Q is independent of variable v due to the right-hand
equation (125). We may insert

J(%)Ide:;—v,

(fixed ¥ € R)

(134)

and the remaining left-hand equation (125) is expressed by
the identity

1-(P,+uP,)+F-P, +v-P

Yo

1 F
+?-(qx+u1qu0+F-qul+v-qvo)+<?—V)

’ (Qulx + ulQ“l“o +F- Qulul tve Q“lvo) (135)

+ (; - J ?) .(‘11/0 +F.QV0141 +V'QV°V°)
=0.

Functions P, g, Q are independent of v and thereby subjected
to very strong conditions by the inspection of the coefficients
of functions

15

in identity (135). The final result depends on the properties of
function F and we mention only a few instructive subcases
here.

(k) The Generic Subcase. Functions (136) are in general
linearly independent over R and identity (135) implies

1_)x + ulﬁuo = l_)ul = ﬁ"o - Qulx - ulQuluo =0, (137)
2
(qx + ulquo) = Qxx + zuleuo + ulQuOuo =0, (138)
(qul + Qulx + ulQuluU) = Quo
(139)
+2 (Qulx + ulQ”luo) =0,
(qvo) = vao + MIQuOVO = Qulul
(140)

= Qum, = Qvovo =0.

The unknown functions P and Q can be easily found as
follows. We may suppose that
Q=a(xuy)u, +b(x,uy)vy+c(xuy),
(141)
b(x,uy) =Be€R,

by using (140). Then P, = I_Duo = 1_’,41 = 0; hence P = P(v,)

due to (139). Moreover P = a, + u,a, which implies P =
a, € R, a, = 0; hence a = a(x) and altogether

a=Ax+ A,
Then

P=Av+C (AACEeR). (142
(C,,C,,C; € R)

follows from (138). Hence, C, + 2A = 0 due to (139) and
altogether

c=Cix+Cyuy+Cs (143)

Q= (Ax+A)u, + By, + Cyx - 2Au, + Cs,
B (144)
P=Av,+C.

Recalling moreover (133), we have explicit formulae for the
solutions P, Q of crucial requirements (125) and the symmetry
problem is resolved. While P and Q are mere polynomials, the
total coeflicient P given by (133) depends on the quadrature
j(dv/ f) and this may be globally rather complicated function.
It follows that, in our approach, the elementary and the
“transcendental” parts of the solution are in a certain sense
separated.

(k1) A Special Case of Function F. Let us choose F(v) = e'.
Then series (136) becomes quite explicit; namely,

Le,v,e ", Lve ", (1-v)e,
(145)
(I-vV)vv+1L,v+De,(v+1)ve

and these functions are linearly dependent. Identity (135)
implies smaller number of requirements; the first term in
(137) is combined with (139) into the single equation

l_Jx + ulﬁug 4, * Qulx + ulQuluo =0 (146)
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without any other change. We can state the final solution
Q= (Ax+A)uy + Bvy + Cyx + Cyuy + Cs,
B (147)
P=Avy+(C,+2A)x+C
with only one additional parameter C, € R if compared to
the previous formulae (144).

(k1) Another Special Case. Let us eventually mention the very

prominent function F(v) = v!/2; see [1, 7, 16]. Then the series
2 2,2

L2 v, 2012, 2, 2072 V32 02, 51/3/2, 51/2, 51/5/2 (148)

stands for (136) and the relevant identity (135) implies the
system of equations

P.+uP, =0, (149)
1_)141 +2 (qx + ulquo)
B i (150)
=P, +2(Qu +21,Q,, +15Q,, ) =0,
1_31/0 + zqul + Qulx + ulQuluO
3 (151)
=P, +2Q, +3 (Qulx + ”1Qu1uo) =0,
6qv0 + 3Qu1u1 +2 (Qvgx + uleouo)
(152)
= 3Q”1u1 +8 (Q"ox + ulQVouo) =0,
Quu =0, Q,, =0. (153)
We are passing to the solution of the system of (149)-(153)
with unknown functions Q = Q(x,uy,u;,vy) and P =
P(x,uy,u,,v,). Due to (153), we may put
Q=a(x,uy)vy+b(x,upu,) (154)

and then (152) is expressed by 3b, , + 8(a, + wa, ) = 0,
whence easily
4 5 4 5 - ~
b= g, W1 3l b(x,ug)uy +b(x,uy).  (155)
Moreover (151) reads EO +2(a, vo+b, ) +3(b, c+uib, ) =0,
whence

P= - auov(z) - (2bu0 +3 (bulx + ulbuluo)) v
(156)
+ P (x, ug, 1)«
Remaining equations (149) and (150) do not admit such
simple discussion. Using (154) and (155), identity (149) is
equivalent to the system

Ayt UGy = 0
(157)
(whence a = Auy +a(x),A €R),
2bu0x +3 (bulxx + ulbuluox)
(158)
+ 1y (Zbuou0 +3 (bulxu0 + ulbuluouo)) =0,
Petthp, =0 (159)
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of three equations and identity (150) is equivalent to the
system

—I

28, + 3 (b, + by + 41 ) =287, (160)
Pu, + 2 (bex + 2uby, +Uib,, ) =0, (161)

if (157) is moreover employed. At the same time, (155) can be
improved as
4

b=——Au - gﬁ'uf +b(x,uy) uy + b (x,u).

5 (162)

With this improvement, (160) reads 2Eu0 +3(—(8/4)a" +I;uo) =
2a"" and it follows that

b=2a"u,+b(x). (163)
Analogously (158) reads
_ — 8 _ _
2 (buoxul + buox) +3 <—§a'”u1 +b,, + ulbu0x>
(164)
+ 1y (2B, +3by ) = 0,
which is equivalent to the system
25, +6a%u, +30" =0, 43" +b,, =0, (165)

if (163) is inserted. Altogether, it follows that (158) is equiva-
lent to

26 = -3a""ul = 3b'ug + By (uy) + by, (%),

. (166)
a' = _EbOH = A; €R,
whence
3
A=Ayt A+ Ax+ Ay,
= 167
by = —A3u§+Blu0+BO (167)
(A,, A, Ag By, By € R).
At the same time, we have improvements
b=2(A;+2A,)u, +b,
(168)

2b = —3A,u] — 3b'uy + b (uy) + by (x)

of the above formulae. Let us eventually turn to the remaining
equations (159) and (161). We begin with (161) which can be
simplified to

_ 16 ~ —~ -
P, + 2?A3uf +2b"uy - (30" uy + B ) =0, (169)
whence
_ 16w - - _
p= 2—A3—1 + b”uf - (3b"'u0 + bl") u,
3 3 (170)

+p(xup).
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Then the last requirement (159) is easily simplified as

?)'"uf - (313(4)140 +E{”) U + py

(171)
+u, (—3@”'141 + [Juo) =0
and it follows that
pe=0,  B"-3"+p, =0, b"=0, (72
whence easily
p=p(u), b =-p' =Cs eR,
(173)
b=D,x* +Dx+D,,
b = C3Z +Cyx" + Cix +Cy,
(174)

p=-Cyuy+C
(Cs,Ds,...,C €R).
The solution is eventually done. It depends on the parameters

A, A5, Ay Ay, Ay By, By, Cs,Cy, Cy, Coy G, Dy, Dy, Dy € R
(175)

in the total number of 15. This is seemingly in contradic-
tion with [1, 7, 16] where 14-dimensional symmetry group
(namely, the exceptional simple Lie group G,) was declared.
However, our final symmetry in fact depends on the sum
B, + C, as follows from (166), (167), and (174) and therefore
no contradiction appears. We will not explicitly state the
resulting symmetries Z for obvious reason here. Recall that
they are given by (99) where z, p are clarified in (109) and
(124). Coefticients appearing in (124) are clarified in (133),
(156), and (170) and in (154), (157), (162), (168), (173), and
(174).

It should be moreover noted that our approach is of the
universal nature while the method of explicit calculations which
provides the infinitesimal transformations in [7] rests on a lucky
accident; see [7, Theorem 3.2, and the subsequent discussion].

Remark 29. Variations Z were easily found in (ur). Due
to Theorem 26 and Remark 27, infinitesimal symmetries
satisfy moreover &£ ,m, = Am, or, alternatively saying, they
preserve the Pfaffian equation m, = 0, and this property
was just employed. We will now prove the converse without
use of Theorem 24. The reasoning is as follows. Let a
variation Z preserve Pfaffian equation my, = 0. Then Z
preserves the space of adjoint variables x, ug, uy, vy, v; of
this Pfaffian equation. In this finite-dimensional space, the
variation Z generates a group which can be prolonged to
the higher-order jet variables. It follows that Z is indeed an
infinitesimal transformation.
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Remark 30. Let us briefly mention the case F(v,) = Av; +
B (A, B € R; A+0) as yet excluded by condition (90). In this
linear case, clearly

Zpo; = Lp(duy — (Av, + B) dx)
=d(Av, + B) - Av,dx = A,
(176)
Zp (o = ABy) =0,
T=a, - ABy=d(u, — Av, — Bx) € Z(Q)

and we may introduce standard filtration

R(Q) c Oy =Ker’Q, c O
. . (177)
=KerQ, cQy,=Q,cQ,=Q,c--,

where 7 is a basis of Z(Q) and the forms

Ty = &o» T = &y

1= AP

(178)
m, = ZLpa, = APy, ..

provide a basis of module ; (I > 1). The symmetries can be
easily found. They are the prolonged contact transformations
m defined by m*a, = Ao, depending moreover on the
parameter t = u; — Av, — Bx. Roughly saying, the geometry
of the linear second-order equation u, = Av, + B is
identical with the contact geometry of curves in R*. Quite
analogous result can be obtained also for the Monge equation
F(x,ugy, Uy, vy, v;) = 0 and, in much greater generality, for the
system of two Pfaffian equations in four-dimensional space
(17].

Remark 31. Let us once more return to the crucial require-
ment (125) where operators & and 0/0dv, are applied to
unknown functions P and Q. We have employed the simplic-
ity of the second operator d/0v, in the above solution; see
formula (133). However, analogous “complementary” method
can be applied to the first operator & as follows. Let us
introduce new variables

X=X,
2 (179)

u; = u; — Fx, Vo = Vo — V1%, V=

with the obvious inverse transformation (not stated here).
Then

0 f 0 0 a> 9 (180)
2

"o

(f=f(m)=rm)

in terms of new variables. We again abbreviate v = v = v,.
Passing to new coordinates, the left-hand requirement (125)
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is simplified as P = P(tiy, ti;, v, v). The middle requirement
(125) reads

£ (iﬁ% % (fB, +P,)+ 1‘>V> +f'3.=0
2 (181)

(Q=Q (% 5y, 1y, %, v))

and determines the function Q in terms of new variables as

0oL (125 -2 (5 +B )57 )07
Q= f’<6xP”° z(fPul+PV0)+va>+q, 1)

q= Q(ﬁo’ﬁlﬂ_’o"’) >

where g is constant of integration. This is a polynomial in
variable x and it follows easily that the remaining right-hand
requirement (130) applied to function Q is equivalent to the
system

=0, P, =0, g,=0,

o (=
fﬁul qvo a (%Pv) =0,
f3_ f2 10 (f3_ )
TGPuvt 5 ([P, +P5)+ 2| 7P,
fre (170« 70)+ 35\ 7 (183)
:0’

jﬁ% +2'JC—?9’V+%<§—TQ> =0

(9’ = Py +ﬁ§0).

We will not discuss this alternative approach here in more
detail.

Remark 32. Though the symmetries of (77) can be completely
determined by applying the common methods, several for-
mally quite different ways of the calculation are possible.
It would certainly be of practical interest which of them
is the “most economical” one. Let us mention such an
alternative way for better clarity. We start with the “opposite”
transcription

dv d*u 1

— = — G = F ', the inverse function) (184
dx <dx2 ) ( ) (184)
of (77). The primary concepts are retained, the same under-
lying space M, diffiety ), and contact forms «,, 3, (r =
0,1,...). However, we choose x, uy, u;, .. ., v, for new coordi-

nates on M from now on and the forms

a =du, —u,dx (r=0,1,...),
(185)
Bo = dvy — G (u,) dx
for new basis of (). We have moreover
0 0 5]
D=— — +G— 1
ox Z”’“aur " v, (186)
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in terms of new coordinates. The standard filtration is
formally simplified. The forms

n, = Lpm,
) , (187)
(r:O,l,...;nO =B, -G« +Dch0)

may be taken for new standard basis if the inequality D*G’ #0
is supposed. This follows from the obvious formulae

m =Lpry = DZG’(XO,
(188)
m, = Lpm, = DG ay+ D*’Glay, ...,

simplifying the analogous left-hand side (93). Then, analo-
gously to (95) and (99), we introduce the variations

d Lo L0 9
z=22 S A
Zax+zzfaur+z°avo “dx
(189)

L9

of diffiety Q where z = Zx and p = m(Z) may be arbitrary
functions. Recall that we have even infinitesimal symmetry of
Q if and only if the requirement (100) is satisfied. However
clearly

dmy = dx Am,
1 " I (190)
+G ocl/\(x2+(G uza, + G 043)/\040

and one can obtain the resolving equations as follows. First of
all, we obtain equations

zD*G' + G uza, + G"ay + Pu, = ADG',
Py, = A (191)
(@, = &, (2))

which determine coeflicients z and A analogously to (107).
Moreover

G"a,-p, -G'p,

=G"a, - G"uzay + p,, (192)

=G"a0 —Pu, =P, =0 (r>3)

are conditions for the unknown function p = p(x, u, ...,
us,v,) analogous to (108). The “vertical” coefficients a, can
be expressed in terms of functions p, Dp, D*p and D’ p, by
using the equation

D*G'-a, = D*G' -y (2) = m, (Z) = Dy (Z) = Dp (193)

and the recurrence a,,;, = Da,. As yet the calculations
are much easier then for the above case of formulae (110);
however, the resulting resolving system of three equations
analogous to (112)-(114) is again complicated and will not
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be explicitly stated here. Remarkable task appears when we
investigate the corresponding crucial requirements and try to
determine the structure of function p in terms of new coor-
dinates. For instance, the “very prominent” and seemingly
rather artificial case (xu) turns into the “simplest possible”
and quite natural equation dv/dx = (d*u/dx*)* in new
coordinates.

7. Brief Digression to the Calculus
of Variations

The classical Lagrange problem of the calculus of varia-
tions deals with an underdetermined system of differential
equations (better with a diffiety) together with a variational
integral. We are interested in internal symmetries of this
variational problem.

Let us start with a diffiety Q < ®(M). We choose
a standard filtration 0, and the corresponding standard basis
nZ (G = 1,...,u(Q);r = 0,1,...). For better clarity, we
suppose the controllable case %(Q) = 0. Let x € F(M)
be an independent variable. Let us consider x-parametrized
solutions p of diffiety Q) in the sense

p:I—M (IcCR),

pPw=0 (weQ)), (194)

px=xelcR.

Here I C R is a closed interval a < x < b with a little
confusion: letter x denotes both a function on M and the
common coordinate (that is, a point) in R.

Definition 33. A vector field V € I (M) is called a variation of
solution p of diffiety Q if p* Zw = 0 (w € Q). This is a mere
slight adaptation of the familiar classical concept.

Lemma 34. A vector fieldV € (M) is a variation of p if and
only if

L L d .
Py, (V) = p "D (V) = —p'm (V)

(195)
(G=1L..,u(Q);r=0,1,...).
Proof. A variation V satisfies p* &7/ = 0, where
p Lyl = p* (VJ dn! + dn’ (V))
) ‘ (196)
=p" (-7, (V) + D (V)) dx
by virtue of (55). O]

Remark 35. 1t follows easily that a vector field Z € T (M)
is a variation of diffiety Q) in the sense of Definition 8 if
and only if Z is a variation of every solution p of Q; see
Lemma 23. Conversely, if V' is a variation of a solution p
then there exist many variations Z of Q such that Z = V at
every point of p, and they are characterized by the identities

p*né(Z) =p (V) (j = 1,..., u(Q)) along the curve p; see
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formula (72). We conclude that the concepts “variation Z of
Q) and “variations V of p” are closely related. Roughly saying,
variations V' of p are “restrictions” of variations Z of Q to the
curve p.

Definition 36. A couple {Q, ¢} where Q ¢ (M) is a diffiety
and ¢ € ®(M) is a differential form will be identified with
a variational problem in the (common) sense that diffiety
Q represents the differential constraints to the variational
integral Igo. A solution p of Q) is called an extremal of this
variational problem, if

J-p*ZV(p = J-p* V]de =0 (special variations V)
(197)

for every variation V' of p which is vanishing at the endpoints
p(a), p(b) € M. This definition provides the common classical
extremals; see Remark 43.

Remark 37. The phrase “variation V of p” can be replaced
with “variation V' of Q2" The form ¢ can be replaced with
arbitrary form ¢ + w (w € ). The extremals do not change.

Theorem 38. To every standard basis of Q and given ¢ €
DO (M) there exists unique form ¢ € O(M) such that

¢=¢ (modQ),
) (198)
dp=0 (mod QA Q and all initial forms 71’).
In accordance with (198) we assume that
dg = Zejﬂé/\dx (mod QA Q). (199)

Then a solution p of Q) is extremal if and only if p*e’ = 0 (j =
1,..., u(Q)) and therefore if and only if
p*Zldgp=0

(Z €T (M) (200)

for all vector fields Z € T (M).

Proof (see [9]). For a given ¢ € ®(M), let us look at a top-
order summand

do = Za{nf/\dx = -~-+a£n£/\dx
(201)
(mod QA Q).

If R > 0, the summand can be deleted if the primary dif-
ferential form ¢ is replaced with the new form ¢ + aﬁn{z_l.
The extremals do not change. The procedure is unique and
terminates in form ¢ satistying (198). Then (200) follows from

the identity
p Zldp=p" Z] Zejﬂé Adx =p” Zejné (Z)dx, (202)

where the functions né(Z) may be quite arbitrary if Z is
a variation, see Lemma 34. O
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Definition 39. The differential form ¢ can be regarded for the
internal Poincaré-Cartan form of our variational problem and
equations e/ = 0 (j = ., u(Q)) for the Euler-Lagrange
system.

We turn to the symmetries.

Definition 40. A symmetry m of diffiety Q is called a sym-
metry of variational problem {Q, ¢}, if m*¢p = ¢ (modQ).
A variation (infinitesimal symmetry) Z of Q) is called a vari-
ation (infinitesimal symmetry, resp.) of variational problem
{Q, ¢}, it Z,0 € Q. Let V e T (M) be a variation of
a solution p of diffiety Q. Then V is called a Jacobi vector field
of p, if moreover p*#,¢ = 0. Roughly saying, variations
Z of variational problem {(Q, ¢} are “universal” Jacobi vector
fields for all solutions p of Q). In classical theory, Jacobi vector
fields are introduced only for the particular case when p is an
extremal.

We will see in the following example that Poincaré-
Cartan forms ¢ simplify the calculation of symmetries and
variations. On this occasion, we also recall the following
admirable result.

Theorem 41 (E. Noether). If Z is a variation of varia-
tional problem {Q, ¢} and ¢ is a Poincaré-Cartan form then
p*@(Z) = const. for every extremal p.

Proof. Wehave Z,¢ € Q, p*w =0 (w € Q), and therefore
0=p"Z2¢=p (Z]dg+dp(2))
=p'dp(2)=dp"$(2)

by virtue of (200). L]

(203)

Remark 42. Many concepts of the classical calculus of vari-
ations lose the geometrical meaning if the higher-order
symmetries are accepted; for example, this concerns the
common concept of a nondegenerate variational problem
and even the order of a variational integral. On the other
hand, the most important concepts can be appropriately
modified; for example, the Hilbert-Weierstrass extremality
theory together with the Hamilton-Jacobi equations [18-21]
since the Poincaré-Cartan forms ¢ make “absolute sense”
along the extremals.

Remark 43. In the common classical calculus of variations,
extremals p are defined by the property f p*Zyve = 0, where
variations V satisfy certain weak boundary conditions at the
endpoints (“fixed ends” or transversality) in order to delete
some “boundary effects” of the variational integral. Much
stronger conditions appear in Definition 36. Therefore

classical extremals C our extremals. (204)
However, ¢ can be replaced by the form ¢. Then
J p &g = J p* V]d¢ + boundary term. (205)

Abstract and Applied Analysis

For the above special variations V, the boundary term
vanishes. If p is extremal in the sense of Definition 36, then
(200) and Remark 15 may be applied and it follows that

classical extremals D> our extremals. (206)

In topical Griffiths’ theory [22], extremals are defined by the
property

p" Zld(p+w)=0

(all Z € I (M), appropriate w € Q depending on p)
(207)
which is clearly equivalent to the condition
Jp* Zld(p+w) = Ip*ffz(ww) =0
(208)

(special vector fields Z, appropriate w € Q),

where Z are vector fields vanishing at the endpoints. This
condition trivially implies

J-P*gv (¢ + w) = 0 hence Jp"fﬁﬂu =0
(209)

(special variations V)

with variations V vanishing at the endpoints; see Remark 35.
Therefore

Griffiths extremals C our extremals. (210)
The converse inclusion
Grifhths extremals > our extremals (211)

is, however, trivial since the universal form ¢ = ¢+ @ (@ € Q)
satisfies p*Z|d¢p = 0 even for every extremal in the sense of
Definition 36. We conclude that all the mentioned concepts
of extremals are identical. (We apologize for this hasty
exposition. Roughly saying, the Griffiths’ theory and our
approach are almost identical. The Griffiths’ correction w €
Q depending on p is made universal here. The classical
approach rests on a special choice of boundary conditions for
the variations V. However, such a special choice is misleading
since it does not affect the resulting family of extremals and
we prefer a universal choice here as well.)

8. Particular Example of a Variational Integral

A simple illustrative example is necessary at this place. Let
us again deal with diffiety QO of Section 6. So we recall
coordinates x, uy, U, vy, V1,... of the underlying space M,
the contactforms ., B, (r =0, 1,...) generating (), the vector

field
D = g +u +F—+Zv
ox 1au0 ou, ’“a
(212)
ZO S €T
w€eQ)
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and the standard basis 77y, 77;,... of Q. We moreover intro-

duce variational integrals

Jso (p=gdx,ge 7 (M). (213)
Assuming dg/om, = 0 (r > R) and therefore
dg = Dgdx + ;—D‘Z)oco + aa—flocl + Z :—fr[p’,
(214)
= Dgdx + ;—ino et aa?anR,
we introduce the functions
9r = aaTgR’
(215)
Gr1 = . -Dg, (r=R,...,1)
Then
=gdx+ g7y + -+ grltr_y (216)
is the Poincaré-Cartan form since the identity
dp =gy -myANdx (mod QAQ) (217)

can be directly verified. In accordance with formula (199)

where e = e, m, = m, is abbreviated, we have e = g,. Let
us denote

e=elg] =g
(218)
_ 9% _p99 R
o, o, oy’

for better clarity. The following simple result will be needed.

Lemma 44. Identity e[g] = 0 is equivalent to the equation
g = DG with appropriate G € F(M).

Proof. By virtue of (200), the identity is equivalent to the
congruence d¢ = 0 (modQ A Q). However, if the rule
d(dg) = 0 is applied to the congruence, it follows easily that
d¢ = 0 identically. Therefore ¢ = dG = DGdx (mod Q) by
using the Poincaré lemma. O

Let us mention symmetries m and variations Z of our
variational problem in more detail. In the favourable case
p(Q) = 1, the task is not difficult.

The symmetry m of our variational problem {Q, ¢}
clearly preserves the unique Poincaré-Cartan form ¢ and
therefore also the vector field @ = D/g € # determined
by the condition ¢(2) = 1. We suppose g # 0 here. It follows
that all differential forms

o= Lof = D)dG+dG(D) = eny- Dx = Sy,

9 (219)

oo =Zoit, (r=0,1,..)

21
are preserved, too. Let us moreover suppose e = e[g] #0.
Clearly
1 1
= —ZLpny = — (Dg Ty + E7-[1>,
g g\ g g
. 1 e 220
Ty = _gQZT[r = ﬁﬂr ( )
g
(mod dx, my, ..., m,).

Therefore ¢, 71, 71, ... is invariant basis of module ®(M) in

the sense
m'g =g,
(r=0,1,...).

(221)
m'7, =71,

It follows that the symmetries m of our variational prob-
lem {Q, p} can be comfortably determined. Quite analogous
conclusion can be made for the infinitesimal symmetries, of
course.

Passing to the variations Z of the variational problem,
we have explicit formula (99) for the variations of Q and
moreover condition £, € Q equivalent to Z,¢ € Q.
However,

Lyp= Z]di+di (2)

= Z|(emy Adx) + D¢ (Z)dx (222)
= (ep+ D@ (Z))dx (mod Q)
and therefore
0=ep+D¢(Z)=ep+ DG
. (223)
(G=gz+gop+g:Dp+---+gxD"p).
Assume g+#0. We obtain condition e[ep] = 0 for the

unknown function p. In more precise notation and in full
detail

ele[g] Pl

0 0 0g ag )
= _Dp~ +.. D—L .
<aﬂ0 o, " ) <a710 anl P (229
0.

This is formally a very simple condition concerning the
unknown function p; alas, it is not easy to be resolved.
Paradoxically, variations Z cause serious difficulties.

For better clarity, we continue this example with par-
ticular choice of the variational integral. Let us consider
variational integral f g(x, uy, vo)dx. Equation (214) reads

) )
dg = Dgdx + a—goco afoﬁ

(225)



22

and it follows that

99 _ bf |
om, 9w tnez CZ’
3 f 3 (226)
9 _, L B 99 _9n
om, JwctIncr 55T C
by using (93). We have R = 2 and therefore
99 _ 99 ) 99
d -D— —71,
¢=gdx+ (anl o, Mot o, n
5 5 5 (227)
-9 _p9%  pr%
o, o, o,

by virtue of (215)-(218). Both the Poincaré-Cartan form ¢
and the Euler-Lagrange equation e = 0 can be expressed
in terms of common coordinates, if derivatives (226) are
inserted. We omit the final formulae here. Passing to the
symmetries m, we may simulate the moving frames method
and express the differential

A=Y Cit, Ng+ Y Cyiit, A,
r<s
(228)
=7ty A@+ ) Cpift, AT,
r<s
in terms of the invariant basis (221). Then all coefficients C,.,
are invariants of symmetry m; that is,
D
(#-3)
g

(229)

m"C,, = C,, hence m*2*C,, = @*C,,

In fact we have obtained all invariants. (Hint: for instance,
differential

dity = A% 5¢ = Lo,dg
= Y DCt, At + Loy (77 A §)

+ Z Crsg@ (ﬁr A 7:[s)

does not provide any novelty.) It follows that the symmetry
problem is resolved. Compatibility of the system of (229)
ensures the existence of symmetries m of the variational
problem {Q, ¢} since the Frobenius theorem can be applied to
the Pfaffian system (221). In the most favourable case, C,,
are even constants. Explicit calculation of invariants C,, is a
lengthy but routine procedure. First of all

(230)

d¢ = dg, ANy +dg, Ny + g dm,
(231)
+ g,dm,  (moddx)

by using the primary formula (216). Then

_ Y\ 99 _\ 99
dg, = aﬂrn dg, = o, —m, (moddx) (232)
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may be substituted where the coefficient can be determined
analogously as in (226). As the differential

dmy = B A (f'oc - ff'Bo+ f”"z‘xo)
+ f'B, At

is concerned, we refer to formula in Section 6. The contact
forms must be replaced with the standard basis by using the
right-hand formulae (93). Then we may use the lucky identity

(233)
(mod dx)

dmy, =dZpmn, = L pdn, (234)
in order to determine the last summand in (231). In the end,
the standard basis 7z, in (231) can be easily replaced by the
invariant forms 77, (r =0, 1,...) and we are done.

9. The Order-Increasing Case

Let us eventually return to the main topic, the differential
equations. We will finish this paper with decisive examples
of higher-order symmetries, namely, with symmetries of the
Monge equation

dw

F(x u, v, w, — du dv)
dx

x4 (235)

involving three unknown functions u = u(x), v = v(x), and
w = w(x). Let us directly turn to the internal theory carried
out by using the underlying space M with coordinates

XU, v,w, (r=0,1,..), (236)
diffiety Q ¢ ®(M) with the basis
«, =du, —u,,,dx,
B, =dv,-v,dx (r=0,1,..), (237)

Yo = dwy — F (x, ug, vy, Wy, tiy, v;) dx

and the total derivative

D——+Zu,+la +Zv,+laa +Faie7f (238)

We also introduce functions and differential forms
w,=D'w, € F (M),
Y, = Lpyo = dw, —w,, dx € Q (239)
(r=0,1,...)

for the formal reasons. The natural filtration QQ, in accordance
with the order is such that the forms o, ..., a5, By -> Bp Yo
are taken for the basis of submodule Q; ¢ Q (I = 0,1,...).
Let us determine the corresponding standard filtration Q, .
Clearly

LpYo =1 = F,a +F, Bo+Fy Yo
+F, o +Fv151

(240)
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and therefore
Zp (Yo —F, 0 — Fvlﬁo)

:(F

Uy

(241)

- DFul) o + (FVO - DFVI) By + Fu Yo € Q.

Denoting 7w =y, — F, &ty — F, f3,, we obtain

gDﬂ: (FuO_DFul)a0+(Fv0_DFvl)/';O'i_FwOYO

= Aay + BBy + F, m € Q

(A=F, -DF, +F,F,,B=F, -DF, +F,F,).

Wy™ v

(242)

We will not deal with the case when A = B = 0 identically.
Let us instead suppose that A # 0 from now on. Then Z(Q)) =

0 and we may introduce standard filtration Q, of diffiety Q
where the form

ﬂ(l):n:VO_Ful(XO_FvlﬁO (243)
generates  and in general the forms
n =L (r=0,...,1),
(244)
=B (r=0,...,1-1)

generate module 51 (I = 1). Notation (53) with indices is
retained here. With this preparation, we are passing to the
symmetries of diffiety ). Theorem 26 and Remark 27 fail
since pu(Q)) = 2 in our case. There exist many standard
filtrations of () and we may also expect the existence of the
order-destroying symmetries.

The preparation is done; however, before passing to
quite explicit examples, certain general aspects are worth
mentioning. We recall Figure 3 which can be transparently
illustrated just at this place for the first time.

First of all, every order-preserving symmetry m on scheme
(a) of Figure 3 obviously satisfies certain formulae

1 2 3
miay=aay+aPy+ay

m’ B, = b'ay +b° By + by,

m'y, = Cl‘xo + Czﬁo + Cs)’o’ (245)
at a* &
det| ' b* b’ | #0,
o ol

where the coefficients cannot be in fact arbitrary since they
are subjected to identity (240). In more detail, we have

DW -m™y,
=Zpm’y, (246)

1 2 3 1 2 3
=Dc oy +Dc"By+Dcyy+c oy +c By +cy

(W =m"x)
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in accordance with (63). Alternatively (240) implies

* * * * *
my =mF, mao+--+mF -mp, (247)
where the forms m*«,, ..., m" 3, can be expressed in terms of
forms «, ..., y;. The comparison ;;rovides many unpleasant
interrelations among coefficients a', ..., c’.

However, by using the standard basis, the same symmetry

satisfies shorter formulae
* 1 1
m’ 7, = an,

(hence, automatically DWm*ﬂi = Darr(l) + ani ) , (248)

1
1

m*7, = by + bl + biw
with coeflicients subjected only to the inequalities a # 0 and
b;#0 at this place. We employ the fact that both triples
o, Bo» Vo and 7, 71, 71} are bases of module Q. Moreover
m” preserves the natural filtration Q, and therefore also the
corresponding standard filtration Q,. Especially, the initial
term (), is preserved and m* 7, is a mere multiple of 7z;.

The order-preserving infinitesimal symmetry Z corre-
sponding to scheme (a) satisfies either the system

L7000 = Aoy + Ay + Ay

Lo = oy + By + paYos (249)

LYo = "% + VB0 + v3)0

with coeflicients subjected to many identities analogous as
above or, alternatively, the equivalent and shorter system

1 1
L7y = Yy

(hence &L, m, = Dumy + (u - DZx) ﬂi), (250)

2 1_1 2_2 1_1
Ly = Mgy + Ay + Ay

with arbitrary coeflicients in terms of the standard basis. For
the middle equation use the identity
EL”Zﬂi = EZZDné = ZDZZné - Dzn} (z = Zx).
(251)

This follows from the Lie bracket formula [D, Z] = Dz - D
which is true if and only if Z is a variation of diffiety Q.
The Cartan’s general equivalence method [23] can be applied
to this order-preserving symmetry problem; however, we will
mention the Lie approach later on.

With this result, the simplest possible order-increasing
symmetry m on scheme (c) of Figure 3 can be introduced by
the equations

L RS R
m 7, =a m,+a T,

2 11 422 1.1, 22
m*nozbn0+bﬂ0+b(an1+anl),

1 bl —bD 1
det (Zz bz—bDZZ> #0.

(252)
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Let us prove the invertibility of m. Clearly

DWm'*n| = Zpm*n,
(253)
1_1 2_2 1_1 2_2
= Da iy + Da"my +a m; +a’m

and it follows that

m*ﬂé - bDWm*n}
(254)
= (bl - bDal) my + (b2 - bDaz) n(z) em*Q.
Inclusions 71(1), ”(2) € m” Q) therefore hold true and Lemma 21
can be applied.
In order to state another example to scheme (c), let us
consider the equations

s 1 _ 11, 22 1.1 22
m' 7, = a,m, + dymy + a7y + ay 7y,
(255)
s 2 g1 1 322 31 1 422
m’my = bymy + bymy + by + by
Invertibility of such morphism m is ensured if b; = ba;, by —
bay = aa) (i = 1,2) for appropriate factors a+0,b and if
moreover

11 1
a, a,—Da
det 7% 79 } 0. 256
¢ (af aé—Daf)96 (256)
For the proof of invertibility, apply &£, to the inclusion
1 * * *
—(m m; — bm rré) =am +am em*Q (257)

a

and verify that 7z}, 7; € m*Q.

In both examples, the common general equivalence method
[23] fails. The corresponding variations Z can be introduced
and are rather interesting though they do not generate any
symmetry groups. See Remark 46 below.

It is also easy to illustrate scheme (b) of Figure 3 by using
the symmetries m and infinitesimal symmetries Z such that

L0 N U5 B )

m' 7, =a m, +a T,

% 2 41 1 12 2

m 7wy =bm, +bm,
2

1
det(gl gz) 40,

1 1_1 2_2
Loy = Ay + Ay,

(258)

2_ 11, 22
Lymy = Wmy + W,

(Hint: Theorem 24 can be trivially applied and the natural
filtration is not preserved, if a*#0 and A*#0.) Another
example is provided by the equations

« 1 _ 1.1, 22 22
m 71, = a,m, + a,m, + a,

m*7, = br,
(259)

1 L1, 22 22
L1y = PoTly + UyTly + P71

2 2
Ly, = Y,
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“symmetrical” to the order-preserving case. The classical
Lie’s infinitesimal symmetries and the Cartan’s equivalence
method can be both applied without any change.

We have briefly indicated only the simplest devices here
and refer to [2, Section 4] for the universal construction.
A complete overview of all possible higher-order symmetries
of (235) is lying beyond any actual imagination. For instance,
the composition m; o m, of symmetries and the conjugate
groups m o m(A) o m™' to a given group provide much
more complicated examples than the original components
m;, m,,m, and m(A). The definition equations for such
composition of symmetries can be directly found and they look
rather depressively for the time being.

10. Concluding Examples on
Infinitesimal Symmetries

We deal only with a simplified equation (235), namely, with
the equation

u_p(de v

dx ~ \dx dx

for good reasons to be clarified in the Appendix. Let us
abbreviate

(260)

1
F1:Fu1’ F :Fvl’ F11:Fu1u1’
(261)
1 11
Fl =Fu1v1’ F =Fvlv1
from now on. The crucial identity (240) then reads
ZpYe =1 = Froq + F1/31 (262)

and we recall the standard basis nrl = 5/”},71(1), nf = 357‘[3 =
B, (r=0,1,...), where

1 1
7y =Y — Fiag — F By,

(263)
n} = -DF,ay — DF' B,
in terms of the simplified notation. The formulae
dﬂé =dx A 7'[} + (Fn(xo + Fll,Bo) Aoy
+(Flay + F"By) A By (264)

drnl =dx A B,

easily follow. On this occasion, we also recall more general
adjustments

A" Zpo=Fpm'w
(265)
(weQ,A=DW,W=m"x),
(Zpw)(2) =D (@(2)) (weQ) (266)
of Lemmas 17 and 23. The factor A # 0 appearing here can be
defined by the congruence m*dx = Adx (mod Q) as well.



Abstract and Applied Analysis

Several symmetry problems for (260) will be mentioned.
We start with examples on infinitesimal symmetries Z and
demonstrate our approach both using the traditional order-
preserving case and then employing two technically quite
analogous order-increasing symmetry problems. The calcu-
lations are elementary but not of a mere mechanical nature
and the concise form of the final results is worth attention.
That is, by using the series (268) with the standard basis, the
unknown functions z, p, and q satisfy quite reasonable and
explicitly solvable conditions. Denoting

a, =oy(2),

p=m,(2),

a, = a, (Z) = Day,

q=1(Z) =By (2),

z =2Zx,

(267)

we simulate the procedure of Section 6 and our method again
rests on the explicit formula

3 ;0 ;0
Z=z5-+) D pa—n;+ZD 9z @69

for all variations Z. We recall that infinitesimal symmetries Z
moreover satisfy certain additional requirements in order to
ensure the conditions of Theorem 24. The choice of such
requirements which is arbitrary to a large extent (dotted lines
in Figure 3(b)) strongly affects the final result, the resulting
symmetries Z. Altogether taken, reasonings of this Section 10
belong to the Lie’ theory appropriately adapted to the infinite-
dimensional spaces. On the contrary, we will conclude this
paper with only few remarks on the true (not group-like)
higher-order symmetries m in subsequent Section 11. The
reasonings can be related to the E. Cartan’s general equivalence
method [16, 23] and they would deserve more space than it is
possible here.
Let us turn to proper examples.

(1) The Order-Preserving Symmetry Problem. We again inten-
tionally start with a mere “traditional” case. Let us deal with
infinitesimal symmetries Z satisfying

gz”(l) :P”T(l) = P‘(YO —F1“0—Flﬁo)>

Lot = My + Aome + M) (269)

= plag + 1By + 1y,

We use the “hybrid” equations involving both the standard
basis and the contact forms. Let us recall the explicit for-
mula (268) for all variations. We have moreover the above
equations (269) in order to obtain the true infinitesimal
symmetries. In more detail

ZJd”é +dP:M(Y0_F1‘xo_F1ﬁ0)’
(270)

Z)dmy +dq = plag + 1By + 1y,
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should be satisfied. Analogously as in Section 6, this is
expressed by the resolving system

zDF, + Fja, + F{Dq = Pu, + UFy,

zDF' + Fja, + F''Dg = p, + uF',

. (271)
Fhay+Fq+p, =0,
Flla0 + F“q +py, = 0,
Puw, =
pu,_pv,_o (1’22),
2 3
un:M’ qv():["’ qwo: 5
(272)
G =0 (r=1),
z+q, =0,
g, =0 (r=2)

by using (264) and 3,(Z) = Df3,(Z) = Dgq. It follows that only
(271) with p = p,, , z = —q, inserted and coeflicients a,, a,
given by

a,DF, + gDF' + Dp =0,  a, = Da, (273)

are the most important.
Let us denote A = (Fll)2 ~ F,,F"" and assume A #0 from
now on. Equations (271) are equivalent to

_ Pu, + Puw,F1 + 9, DF, Fyy
ADq = det < Py, + Pu,F' +4,DF' Fl )’
F! +p, F, +q, DF 79
Aa. = det 111 puo pwo 11 qvl 11
1 F'' p, +p,F +4q,DF,)’
F, p
A =det< 111 ul),
q Fl vy
. (275)
F
Aay = det (f}u‘ F111>
We have unknown functions
P = p (%, g, Vo, W, Uy, V1) 5
(276)

q = q (x, ug, vo, wy, ;)

and let us pass to the solution of (273), (274), and (275).
The first equation (273) multiplied by function A reads

(Fllu2 + Fllvz) Aay + (Fllu2 + Fllvz) Aq
(277)
+ (9p + Py Uy +pV1v2)A =0
and therefore implies only the identity

2 d
ap=0 (=2 4u-2 4y 212 ¢
p ( 3x T Mgu Ty, T aub> (278)



26

if both equations (275) are accepted (direct verification).
Alternatively saying, second equation (275) can be regarded
for a definition of function a, it (278) is taken into account.
Let us denote G = Ag, for a moment. Then

DG=DA-aO+A-DaO=DA-§+A'a1,

(279)
A-DG-G-DA=a, - (A)
and the second equation (274) reads
A-DG-G-DA=A-det(---) (280)

with the same determinant. Lower-order terms clearly pro-
vide the equation

— Fll puo + prFl
DG = det (Fll pvo n PwoFl (281)
and coeflicients of v, give

A-G, ~G-A, =0,hence G = g (x,uy, vy, wy) A (282)

for appropriate function g; however trivially g = a,. With this
result, we obtain

A(gu,A+gh, )-gA-A,
(283)

by inspection of coefficients of v,. It follows that g, = g
whence

Vl)

g = R(x, g, v, wy) 1ty + S (%, tig> vy, Wy ) »
(284)
q = R(x,ug, v, wy) vy + T (x, g, v wy) -

Analogously the lower-order terms of the first equation (274)
give

(285)

+ F, F
A'qudet<pu° Pu, 1 11))

1 gl
on + P wUF F 1
while the second-order terms do not provide any new
requirements.

Let us finally recall (275) with a, = g and g given by (284)
inserted. These equations turn into the compatible system

Py, + (Ruy +S)Fyy + (Rv, +T) F =0,

(286)
py, + (Ru, +9) Fl +(Rv, + T)F' =0
for the function p with the solution
p=(F-Fu, -Fv))R-FS-F'T+C
(287)

(C = C (%19, v wp)) -
Then (278) is expressed by the crucial requirement

(F-Fu, —F'v))-QR-F, - 2S-F - 9T +PC =0
(288)
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for the functions R, S, T 'and C. One can moreover verify with
the help of

0= (gp)ul =9 (pul) +Pu0 +pw0F1’

0=(2p),, =2 (p,,) + Py, + Pu, F'

(289)

that the remaining equations (281) and (285) become identi-
ties.

Let us summarize our achievements. Assuming (Fll)2 +
F, F'', all infinitesimal symmetries (268) are determined
by formula (287), the second equation (284) and z =
-q,, = —Rwith functions R,S,T,C of variables x,, g, v,
wy satisfying (288).

Traditional methods are sufficient to analyze thoroughly
(288). Passing to more details, we have

(F - Fyu, - F'v)) (w,R,, + R, +FR, )
—F (S, +u, (S, +R,) + S, +FS, )
(290)
-F' (Tx +u T, + v (TV0 + Rx) + FTwo)
+Cy+uC, +v,C, +F (Cw0 + Rx) =0.

Analogously as in Section 6, the large series of coefficients

Fuy, Fy(u,)*, F'vuy, Fvy, Fyugvy, ., Lug, v, F o (291)

appears. If these functions are R-linearly independent, only
the solution R, S, T, C such that

R, =R, =R, =S,=S, +R,
(292)
=-=C, =C, +R, =0
is possible. It follows that
R=a,x+a,, S =—-a,uy + as,
(293)

T =—-avy +ay, C=-aquw, +as,
where a;,...,a; € R are arbitrary constants. This result
provides the obvious symmetries which are self-evident at
a first glance, the coordinate shifts and the similarity.

For a special choice of function F, the symmetry group
may be very large and less trivial. We can mention the case
F = uyv,. Then the arising system of five equations

R, + Su0 + TVO - Cwo

=R, +T,, (294)
=R, +S,,=T,~C, =5,-C, =0
for the unknown functions
R =R(x,uyv,), S =8 (x,up wy),
(295)

T =T (x, vy, wy) = C (ug, vpr wp)
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can be resolved by
R =a,x +ayuy + azvy + ay,

S = asx + aguy — a;w, + a,,
(296)
T = agx + agv, — a,w, + ayg,

C = aguy + agvy + (a; + ag + ag) wy + ay,

where a,,...,a;; € R are arbitrary constants.

We omit more examples, in particular the interesting
cases (with R-linear dependence of functions F — Fju; —
F'v,, F,, F', 1) where the infinitesimal symmetries depend on
arbitrary functions and the “degenerate” cases when either
A =0 or DF, = DF' = 0 identically.

(1) The Order-Increasing Infinitesimal Symmetry. Let us men-
tion variations (268) satisfying moreover the equations

gzﬂé = ‘[,[(1)7[(1) + ‘1,1(2)7[3 + [/L%Tl'%, gzn'(z) = ‘uné (297)

which provide the order-increasing case, if y; #0. One can
then obtain the resolving system

1
zDF, + Fyya, + F;Dq - p,, — py, Fi

. (298)
=Fha+Fq+p, =z+q, =0
for the unknown functions
P = p (%, ug, Vo, Wy ty, 1) s
(299)
q=q(x,v,v1), z=2z(x,vp, v
and moreover formula
1
2 1 11 19DF" + Dp 11
py = Frag + F q+ py, =-F—————+F q+ py,
DF,
(300)

for the coefficient y7. We mention only the particular case F =
u,v,. Then the resolving system reads —g, v, + Dq - p, -
Puw,V1 =49+ P, = 0and admits the solution

p=—qu + (Qx + qVO"l) Uy + P (x, vty — wy, v, 1)
(301)

where the functions q = q(x,vy,v;) and P = P(x, v u, —
Wy, v, ;) May be arbitrarily chosen. Since the above coefti-
cient

1
u = (qu,+ Dp) + p,, (302)

2
does not in general vanish, we have a large family of order-
increasing infinitesimal symmetries.

(u1) Another Order-Increasing Case. Let us mention variations
(268) satisfying the equations
Loy =My + N,

ané = ylné + yzné (303)
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which provide an order-increasing case if A* # 0. The resolving
system

1
zDF, + Fy a, + F, Dq — Puy ~ pwoF1 =0,

Fhay+Fiq+p, =Flay+F'q+p, =0, (304)
Quy * Gu, b1 =4y, +2=0
for the unknown functions
P = p (%, ug, v, wo, 1y, 1)
q = q (%, tg, vy, Wy, V1), (305)

z =z (x, g, Vg, W ¥y )
looks more complicated. One can also obtain the formula

A’ =g, DF' - Fla, ~F"'Dq+ p, + p,, F' (306)
for the important coefficient A>. Let us again mention only
the particular case F = u,v;. Then the resolving system is
simplified as

4y, V2 = Dq+ py, + Py Vi =9+ Py,
(307)
=qu, +DP_P1/1V2 =qu, T qu,V1 = 0.

It follows immediately that p = —qu, + P and the resolving
system is reduced to the equations

2q=P, +P, v u, 29 = DP,
quo + qwovl =0 (308)
0 0 0 0
D=— — —+F—
( ox ou, T v, * aw0>

for the unknown functions P and g of variables
X, Uy, Vg, Wy, V. This implies that g = Q(x, w, vy, vy),
where w = w, — v,u, and we obtain two equations

Q, + QVOV1 = PM0 + Pwo"p P+ PVUV1 =0 (309)

with the solution P = P(v, — xv,, w, — tyv;,v;) + Q, where
P may be arbitrary function while Q = Q(x;, uy, vy, wy, v;) is
a fixed particular solution of differential equation

Qx + QVO vy = auo + awo V1 (310)

satisfying moreover the identity Q, + 6%1/1 = 0. We may
choose the particular solution Q = (Qy +Q, v1)uy. Then the

identity turns into the requirement (3/dx + v,0/0v,)*Q = 0
which is satisfied if

Q=Q; (wn)x+Qy(wv) (w=wy—vuy). (Gl)
Altogether taken, we have obtained the final solution
p=—qu +P+ (Q)c + Qvovl) Uy,
q = Q = le + QO)

(312)



Q =Q, (w,v),

w = w, — VU,

P=P(vy—xv,w,v,),

Qp = Qq (w,vy),

(313)

and P, Q,, Q, are quite arbitrary functions. The above-
mentioned coefficient A*> does not in general vanish. (Indeed,
look at the top-order summands

AZ="'—F11111+"'="'—a1+"" (314)
where v,a, = --- + Dp by virtue of (263); hence, v,a; = --- +
D?p = ---—D*(qu,) = - - -—qu; may be substituted.) We again

have an order-increasing infinitesimal symmetry.

Remark 45. Variations Z satisfying (269) preserve the Pfaf-
fian system 7y = 7, = 7 = 0 and therefore generate
a group for analogous reasons as in Remark 29. Variations
Z satisfying (297) preserve the Pfaffian system 7y = m; =
ﬂf = 0 and the case of requirements (303) is quite trivial
in this respect. It follows that we have indeed obtained the

infinitesimal symmetries Z.

11. Concluding Example on
Order-Increasing Symmetries

Passing from infinitesimal symmetries Z to the true sym-
metries m, the linear theory is replaced with highly non-
linear area of Pfaffian equations and the prolongation into
involutiveness. In accordance with E. Cartan’s notice, nobody
should expect such easily available results as in the Lie’s
infinitesimal theory. Our modest aim is twofold: to perform
an economical reduction of the symmetry problem to finite
dimension and to point out a useful interrelation between
appropriate variations Z and one-parameter families m(t) of
higher-order symmetries. We again deal only with (260).

(1) Setting the Problem. Let us deal with symmetries m such
that

m* 7}
=day+b'p, +c'y, (315)
= (ai+F1ci)ocO+(bi+F1ci)ﬁo+ciné (i=12).
Invertibility of m is obviously ensured if
det a' + Flc1 a’+ Flc2 ~0
b+ F'¢t b* + F'¢ ’
a' @ Da'-uDa® (316)
det| b' b* Db' —uDb* | #0,
' ¢ D¢ -uDc?
where
1 1 1 1
F F
"y a + Fic b" +Fc (317)

a*+Fc? b+ Fc*
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We tacitly suppose a* + F;c*#0, b* + F'¢*#0 and one
can observe that the particular case u = 0 provides the
traditional order-preserving symmetries. Equations (315) can
be simplified to the equivalent system of equations
1 * 2 1
m’ 77, — um’ 71, = v,
(318)
m*7, = ay + b, + cyps
_ 12 _2 32 2 . g
wherev = ¢’ —uc” anda = a°, b = b*, ¢ = ¢°. The invertibility
is ensured by the inequalities

a F, DF,
b F' DF' | #0.
c -1 0

v#0, det (319)

Equations (318) will be represented by a Pfaffian system
in a certain finite-dimensional space; however, let us again
simplify the notation by bars; for example,

* i * — *
X=m x, T, =m 7, ®, =m a,

(320)

_ =2 _ * _ * 2

:Br_ﬂr_m ﬁr_m T[r’

and so like. Then we have the system
-1 2 1 -2

Ty — UTT, = VT, Ty = acg + bfy + cy, (321)

which should be completed by the exterior derivatives
dry — udm, — du A7T, = dv Ay + vdn,,
dm, = danay+dbA By +dcAy, (322)
+dx A ((a +Fic)a; + (b + Flc) ﬁl) .

We refer to (264) for terms dr,, d7, appearing here. We
have obtained the compatibility problem of (322). The familiar
prolongation criterion can be shortly expressed as follows.
All coefficients and variables with bars are functions of the
primary jet variables. So we may suppose, for example,

du =Udx + Z ua, + Z W, + uy,
(U = Du)

(323)

(with summands of uncertain lengths) and analogously for
dv,da, db, dc with a little adjustment for the differential

dx = A(dx+ ) Ao, + Y A2B, + Ayyp)

(A =Dx =Dm"x = DW).

(324)

Such substitutions into (322) should give identities. However,
a short inspection of the summand F,,&, A &, in differential
dr, implies that then necessarily either u = 0 (the group case)
or F;; = 0 identically.

(1) A Particular Case. It follows that the assumption F =
f(v))uy + g(v;) is necessary; however, let us again suppose
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F = u,v, from now on. Then (321) may be retained and (322)
become more explicit

dx A (7, —umty ) + By NGy + 0 AP, — du AT,
(325)
:dv/\n(1)+v(dx/\n:+ﬁ0/\oc1+0c0/\[31),

dX AT =danay +dbA By +dc Ay,
(326)
+dx A ((a+vic)ay + (b+uc)By).

We turn to the prolongation procedure in more detail.

(u1) On the Equation (326). The prolongation should satisty
the identity

AQM+ZM@+Zﬁ@+ﬁ%)

A % (Aay + BBy + Cyy + (a+vic) ay + (b+uc) By)

= (Adx+ Zarlocr + Z“fﬁr ‘H’SVO) A&
+oeeet (Cdx+2cr1¢x, + Zcfﬁr +C§Yo)/\)’0
+dx A ((a+vic)ay +(b+uc)pf),
(327)

where A = Da, B = Db, C = Dc. All summands with factor
dxA mutually cancel. Then we conclude that necessarily ! =
/\3 =0(r>1) andalsoar1 == cr2 =0 (r > 1). It follows
that the problem is reduced to finite dimension: X, a, b, c are
functions only of coordinates x, u, vy, 4y, v; . Even the explicit
formulae can be easily obtained as follows

a =M A=A (@a+vc),....00 = 2B = AL (b +uyc),
by —a; = A\yB-A2A,
¢ —a = MC— M)A,

- =AC-AB
(328)

for the prolongation where moreover )Lll (b+u,c) = /X% (a+vc)
is supposed.

(1v) On the Equation (325). Calculations modulo dx are also
sufficient here. The prolongation should satisfy

(Agetg + ABy + Agyy + Aoy + A1)
A (Vg + vy + Uty
= (Yupe, + Y 1B, +ugy,) AT
(X v+ Y VB +vye) Ay

= —Bo A A APy +v(By Aoy + g ABy),
where U = Du, V = Dv. We have used the identity

1 o 1 1 -2\ U,
Ty — UMy = XgD (”o - uno) + 37

(329)

(330)
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where ﬁ(l) - uﬁg = vné is moreover substituted. In order to
prove the existence of prolongation, the right-hand side terms
should be made more explicit. We recall the identity (263)
which gives

1 2
T+ V0 + Uyt = 0,
(331)
1 2 2 0
T, + vyl + V0 + UsTTy + UyTT] =

and uniquely determines the forms &, and &, in terms of
forms ﬁi,ﬁé,ﬁé,ﬁf and therefore in terms of contact forms
a,, B, and y,, if the rule (265) is applied to the primary
equations (321). The result is that

Bo Aoy = ﬁg A (a certain sum of forms
o, Bos Yor 1> B1> %, Bo)

_ = 1 ., _ .
Ay AP, = - (uzﬂg + ni) A (a certain sum of forms
2

“0»ﬂ07)’0)“1>ﬁ1)-
(332)

On the other hand, inequalities (266) imply that the factors

Vi + v, + Uty 7o, 11, (333)
on the left-hand side of (329) are linearly independent and we
conclude that the prolongation can be realized. Moreover u
becomes a function of second-order coordinates while x and
v are functions of first-order coordinates x, u, vy, Wy, Uy, v
as before. The problem is again reduced to finite-dimension;
however, we do not state explicit formula for the prolongation
here.

Remark 46. In accordance with Lie’s classical theory, the
existence of infinitesimal symmetries Z (Figure 5(a)) is equiv-
alent to the existence of a one-parameter group m(A) of
symmetries (Figures 3(a) and 3(b)) due to the solvability of
the Lie system ensured by Theorem 24. Alas, the “genuine”
higher-order symmetries (Figure 3(c)) cannot be obtained in
this way and they rest on the toilsome mechanisms of Pfaffian
systems. We nevertheless propose a hopeful conjecture as
follows. Every one-parameter family m(t) of symmetries
ensures the existence of many variations Z(t) depending on
parameter ¢ (Figure 5(b)). We believe that the converse can be
proved as well: one-parameter families of symmetries can be
reconstructed from a “sufficiently large” supply of variations.
Indeed, ift is regarded as additional variable of the underlying
space, then the family Z(¢) turns into a single vector field.

In any case, the existence of many variations is a necessary
condition for the existence of “genuine” higher-order symme-
tries and the following point (v) will be instructive in this
respect.

(v) On the Variations. If a one-parameter family m(tf) = m
(abbreviation) satisfies (318) then the corresponding family
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P = P(0)
(a) Vector field Z: Zp(y) = (d/dA)m(1)P

P(t) = m(t)P

}Z(#)

(b) Variations Z(t): Z(t)p() = (d/dt)m(t)P

FIGURE 5
Z(t) = Z (abbreviation) of variations clearly satisfies the
system
Loy —uZL e —u'm, =v'm,,
(334)
.EZZT[(Z) = a'oco + b'ﬁo + c’yo,
where ' = Zu,...,c’ = Zc may be regarded as new

parameters. Assuming formula (268), one can obtain the
resolving system

!
zv, + Dq—pu0 —av, +uq,

(335)
! !
=q,, tavi+tcv, =0,
zZu, +a; - p, — a'u +u' + uq,,
(336)
=q,, + au, —b' +cu, =0,
q+ Py,
= qul =day + Pvl =z+ qvl (337)

! !
=Pwo_v — UGy, = Gu, — 4 =0.

It follows from right-hand equations (337) that p = —qu; + g,
where g, g do not depend on u,. Recalling the identity

ayv, + qu, + Dp =0, (338)
then the middle equations (337) yield the conditions
q”o + qu V1 = qx + qvg V1
o (339)
=4, Tt v, V1~ quo - qwovl =0
and g = q(x, ug, v, V> Wy), § = G, U, vy, vy, Wy). With

this result, (335) turns into identity and (336) reduces to the
equation

u, =u (qwgul - qvo) + Uq,, +D (%”1 - q"]) + q% (340)
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for the parameter u'. Equations (339) are trivially satisfied if

q=Q (xV1 = Vo, UV — Wy, Vl)’
_ (341)
q=Q (xvl = Vo, UV — Wy Vl) .

There exist many variations corresponding to (318). The neces-
sary condition for the existence of higher-order symmetries is
satisfied.

Remark 47 Let us briefly sketch the connection to
the general equivalence method [23] by using slightly
adapted Cartan’s notation. We consider space R" (and
its counterpart @") with coordinates (x) = (x,...,x,)
(or (x) = (xy,...,x,), resp.) and linearly independent
I-forms w,,...,w, (and w,,...,w,). In the classical equi-
valence problem, a mapping m should be determined such
that

;=) a4 () w,
m'@ Za] u) w; a2)
(Lj=1...,mx)=m" (X),u=u(x)),

where (a;;(u)) is a matrix of a linear group with parameters
(u) = (uy,...,u,). In Cartan’s approach, this requirement is
made symmetrical:

m” Z a; (W) w; = Z a;; (u) w;

((x)=m" (%), u=u(xu).

(343)

This provides the invariant differential forms by appropriate
simultaneous adjustments of both sides (343). Such proce-
dure fails, if (a,-j(x)) is not a matrix of a linear group which
happens just in the case of higher-order symmetries on
Figure 3(c). Then the corresponding total system (342) with
i,j = 1,2,... is invertible only in the infinite-dimensional
underlying space M and (a,-j(u)) need not be even a square
matrix in any finite portion of the system (342). On the
other hand, such a finite portion is quite sufficient since
Lemma 17 ensures the extension on the total space M. The
“symmetrization” procedure cannot be applied, invariant
differential forms need not exist, and only the common
prolongation procedure is available, if the problem is reduced
to a finite-dimensional subspace of M.

12. Concluding Survey

Our approach to differential equations and our methods dif-
fer from the common traditional use. For better clarity, let us
briefly report the main novelties as follows: clear interrelation
between the external and internal concepts in Remarks 1
and 2; introduction and frequent use of “nonholonomic”
series (18); the “absolute” and coordinate-free Definition 4
of ordinary differential equations; the distinction between
variations and infinitesimal symmetries in Definition 8; the
main tool, the standard bases generalizing the common
contact forms in jet spaces; the invariance of constants K =
K(Q) and p = p(Q)), the controllability concept related to the
Mayer problem; the distinction between order-preserving,
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group-like, and true higher-order symmetries in Figure 1;
technical Lemmas 17, 19, and 23 and Theorem 24 which
provide new universal method of solution of the higher-
order symmetry problem; new explicit formula as (136) for
the famous and “well-known” symmetry problem of a Monge
equation with two unknown functions; the Lagrange varia-
tional problem without Lagrange multipliers and with easy
proofs; see Theorem 41; particular results of new kind for the
Monge equation with three unknown functions; a note on the
insufficience of G-structures in Remark 47.

All these achievements can be carried over the partial
differential equations.

On this occasion, the actual extensive theory of the control
systems

Z_’: “fou) (teRxeR,ueR")  (344)

is worth mentioning. It may be regarded as a mere formally
adapted individual subcase of the theory of underdetermined
systems of ordinary differential equations. However, the
exceptional role of the independent variable t (the change of
notation), the state variables x, and the control u is empha-
sized in applications; see [24-26] and references therein. In
particular, only the ¢-preserving and moreover t-independent
symmetries of the system (344) are accepted. So in our
notation (1), such restriction means that we suppose x =
W = x and functions W' are independent of x. This is a fatal
restriction of the impact of the theory of control systems. It
follows that the results of this theory do not imply the classical
results by Lie and Cartan; they are of rather special nature.
The lack of new effective methods adapted to the control
systems theory should be moreover noted. The absence of
explicit solutions of particular examples is also symptomatic.
Last but not least, unlike our diffieties, the control systems
cannot be reasonably generalized for the partial differential
equations.

We believe that the internal and higher-order approach
to some nonholonomic theories are possible, for instance,
in the case of the higher-order subriemannian geometry
[12]. It seems that the advanced results [27] in the theory
of geodesics can be appropriately adapted and rephrased in
terms of invariants (as in [28]) instead of adjoint tensor fields.

Appendix

A nontrivial automorphism m of the jet space M(3) related to
the theory of differential equation (260) is worth mentioning
[9, pp. 44-46] without additional comments. In terms of
usual jet coordinates x,w, (i = 1,2,3;r = 0,1,...) on the
space M(3), we put

1 1 2 2 3
m’w, = wj, m*w, = wj, m'x=w], (Al
and moreover
1 1 1 1
xw; —wy, mw; m w,
3
m"w, = det| xw} - w;, m*'w; m*w; (A.2)

3_ 3
xw) —w, 1 0
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The morphism m is rigorously defined since the transforms

m*w’ . j m'w]
m'w), = —
m*x

m'w =

(j=12) (A3

are well-known due to the prolongation (6). The point of
construction is as follows. We have

m" (x -F (wé, wé))

bl
m*x

m‘x—F (m*wé,m*wé)
(A4)
= wf —F(wi,wf).

So, assuming the invertibility of m, differential equations
(260) are identified with subspaces N c M(3) given by
equations x = F(w}, w}). Every such a subspace N with given
F # const. is clearly isomorphic to the jet space M(2). We
conclude that the diffiety Q corresponding to given equation
(260) is isomorphic to the diffiety Q(2) of all curves in three-
dimensional space R® and therefore admits huge supply of
higher-order symmetries; see [4, Section 7] for quite simple
examples.

Let us turn to the invertibility problem. We introduce
a morphism n which will be identified with the sought inverse
m™". The definition is as follows. Let us introduce functions
a, b, ¢ determined by three linear equations

a w w,)
3
det| b w? w? |=uwp,
1 0
a w w)
det{ b w® W |=w;, (A.5)
c 1 0
a w, w, a w w,
det{ b w? w? |+det| b w? w? |=uws.
c 0 0 c 1 0

It follows that functions a, b, c moreover satisfy

Da w, w, Da w] wé
det| Db wf wg =det| Db wf wg =0 (A.6)
Dc 1 0 Dc 1 0
whence the equations
Da = wn"x, Db = win*x,
(A7)
Dc=1-n"x=n"x
uniquely define function n*x. We finally put
# 1 1 % % 2 2 %
n'w, =wn x-a, n'w, =wyn x-b,
(A.8)
n‘w, = xn*x-c
and then
Dn*w(l) = win*x + wéDn*x —Da = wéDn*x,
Dn*wé == wéDn*x, (A.9)
* 3
Dn w, =---=x.
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. 12
It follows that functions wy, wg, x and hence a, b, c and even
the coordinate w; can be expressed in terms of certain pull-
backs n*. Therefore n is invertible and moreover n = m™\.

Indeed, the last three equations read

1 1 1 1 1

w, = —Dn"w, =n"Dw, =n"w,
Dn*x (A.10)

2 = e e e — * 2 = e e e — * 3

wy =+ =n"wj, x=-=n"w,

in full accordance with the initial equations (A.1) and formula
(A.2) follows from (A.8).
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