Transformations of Darboux Integrable Systems

Ian M. Anderson and Mark E. Fels

Abstract This article reviews some recent theoretical results about the structure
of Darboux integrable differential systems and their relationship with symmetry re-
duction of exterior differential systems. The symmetry reduction representation of
Darboux integrable equations is then used to derive some new and unusual transfor-
mations.

1 Introduction

Broadly speaking, a system of partial differential equations A; = 0 is said to be
Darboux integrable if there exists an auxiliary system of compatible PDE A, = 0
[20] such that

1. The combined system { A; = 0, A, = 0} is a system of total partial differential
equations, that is, one which can be integrated by ODE methods, and

2. The auxiliary system A, = 0 is parameterized by a number of arbitrary func-
tions, sufficient in number so as to insure that every (local) solution to Ay = 0
can be realized as a solutionto { A; =0, A, =0}.

Partial differential equations which admit closed-form general solutions can be
shown to be Darboux integrable ([16], p. 225) but the general definition of Darboux
integrability extends well beyond this special case.

The auxiliary equations A, = 0 are classically referred to as intermediate
integrals for the given system Aj =0 and, apart from E. Vessiot’s remarkable pa-
pers [26], [27], the analysis of the method of Darboux has focused exclusively on
the existence of these integrals. Vessiot observed that inherent in the integration of
Darboux integrable equations are certain ODE systems known as equations of Lie
type and this led, for the first time, to a group theoretical formulation of the method
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of Darboux. In a recent article [2], the authors (with P. J. Vassiliou) re-interpreted
Vessiot’s approach within the more general setting of symmetry reduction of differ-
ential systems and used this general setting to develop a new, algorithmic approach
for the explicit integration of Darboux integrable systems. We also introduced the
concept of a non-linear superposition formula for differential systems and showed
how Darboux integrable systems always admit such a formula. This concept of a
non-linear superposition formula provides a new way of looking at Darboux inte-
grable systems which has proven to be quiet useful.

From the outset, it should be emphasized that the group-theoretic tools which
arise in this new approach to Darboux integrability are rather different from the more
familiar methods due to Sophus Lie — the relevant Lie groups arise, not as symmetry
groups for the given equations, but rather from certain canonical normalizations of
the structure equations for the exterior differential systems associated to A; = 0.
We cite the theory of equations of Lie type [21](Chap. 3), [24] (Chap. 10) and papers
by Cartan [8] and Vessiot [25] as other instances where Lie groups, which do not
arise as symmetry groups, have lead to new integration methods for various classes
of differential equations.

The best-known example of a Darboux integrable equation is the Liouville
equation

Uyy = e". )

The intermediate integrals for this equation are

Uy = %ui +f() and uy, = %ui + (). (@)
It is a simple but nevertheless instructive exercise, to check that the compatibility
conditions for (1) and (2) are satisfied. The method by which one derives (2) from (1)
is well-established (see, for example [7], [3], [4], [23]). Vessiot’s critical observation
is that these intermediate integrals may be viewed as a Ricatti equation and these
are equations of Lie type for the standard fractional linear action of the Lie group
SL(2) on the line.

The method of Darboux is one of the cornerstones of the classical geometric
theory of differential equations developed in the nineteenth century by Monge,
Ampere, Laplace, Goursat and Darboux. For the following reasons, we believe it
remains an important topic:

1. Darboux integrable systems always have infinitely many generalized symmetries
and conservation laws ([4], [23]) and consequently are always present in any
classification of PDE with these properties.

2. One of the principle goals of the geometric theory of PDE is to relate properties
of geometric invariants of PDE to solution techniques and properties of the so-
lutions. Surely Darboux integrable equations afford the simplest situation where
such relationships can be developed.

3. The mathematical physics literature contains many ad hoc methods for finding
closed-form general solutions to reductions of various fundamental field theories.
The method of Darboux, as generalized in [2], provides a completely systematic
and algorithmic approach to the derivation of these solutions.
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4. The integration of PDE by computer algebra systems is a very active area of cur-
rent research and classical geometric methods, such as the method of Darboux,
provide a powerful complement to differential elimination methods.

The goal of the present article is to summarize the key results of [2] and, as
an application, establish some new and rather surprising transformations between
various Darboux integrable differential systems.

2 Symmetry Reduction of Exterior Differential Systems
and the Method of Darboux

We begin this section with the general definition of symmetric reduction of an EDS
([1]). We illustrate this definition within the familiar context of ODE reduction and
make a few comments regarding the general theory. A (non-technical) summary
of the application of symmetry reduction to the study of Darboux integrablity, as
developed in [2], is presented.

Definition 2.1 Let G be a Lie group acting regularly on a manifold M and let
q: M — MJG be the projection map to the quotient space M/G of M by the or-
bits of G. Let Z be an EDS on M and suppose that G is a symmetry group of Z.
Then the G-reduction of 7 is the EDS Z/G on M/G defined by

7/G = {w € Q*(M/G) | q"(w) € T} 3)

To calculate the reduced differential system Z/G, one first calculates the forms
Zsp C I which are semi-basic for the action of G on M. Specifically, if I denotes
the Lie algebra of infinitesimal generators for the action of G on M, then

Iop={weZl|X—w=0forall X eI} 4)

One can interpret Zg as the largest differential sub-system of Z for which each
X e TI' is a Cauchy characteristic. At this point, a standard result on reduction by
Cauchy characteristics (see, for example [5], p. 31) asserts that one can construct a
basis for Zgp in terms of the G-invariant functions on M and their differentials. This
basis naturally projects under q to give a basis for Z/G.
As a simple example, let us consider the problem of integrating the 4th order
ODE ([19],(7.16))
3y//y(iv) _ S(y///)Z =0. (5)

In terms of standard jet coordinates { x, y, y1, y2, y3}, the differential system for
this ODE is the rank 4 Pfaffian system

5 2
I={0'= dy — y1dx, 6% = dy) — yadx, 63 = dy) — y3dx, 0% = dys — ﬁdx}
(6)
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and we take as our symmetry group (with group parameters (a, b, ¢) € RxRxR¥)
the transformation group

y2 y3
x=a+cx, y=b+cy, y1 =y, 2=y3= (7N
The infinitesimal generators for this action are
I'= {0y, 0y, X0y + ydy — 20y, — 2y30y; }. ®)

The orbits of G are two dimensional so that the quotient space M/G has dimension
two with coordinates (say) {«, v }. The invariants for action of G on M are y; and
3/ y% so that we may write the projection q as

Y3
W=y v="23. ©)
Y2
By solving the linear system
X — (a10" + a20% + a30° + a40*) =0 forall X € T (10)

we determine that

2y3 y3 2y3 3
Iy = {0 — == 60>+ =607} = {dy3 — ~, ot 3—32dy1 Loooan

y2 3y; Yy

We substitute y3 = vy% and y; = u into this result to find that the reduced EDS is
7/G = {v’du + 3dv} (12)

and the reduced ODE is
dv 1,
— = —=v".
du 3
This is precisely the result one would obtain using a step-by-step reduction of (5)
following the well-known algorithm as presented in [22], pp. 130-161. In [1] we
show how the general solution to (5) can be obtained from the solution to (13) and
the group action (7).
Thus, for ODE, the reduction procedure given by Definition 2.1 coincides, more
or less, with the usual reduction by differential invariants although it does lead to a
new approach for lifting solutions of the reduced system to the original system and
for dealing with non-regular group actions and singular orbits [13]. What is of real
importance for us here is that Definition 2.1 provides us with a simple, unambiguous
approach to the symmetry reduction of partial differential equations within an EDS
setting. We should emphasize, however, that if 7 is the canonical Pfaffian system for
some system of PDE (obtained by the restriction of the contact ideal on the appro-
priate jet space), then the reduction Z/G may not be the canonical Pfaffian system

13)
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for a PDE with the same order and same number of dependent and independent vari-
ables — even when the Cartan character and Cartan integer remain the same. In this
sense, the ODE reduction presented in the foregoing example, where we effortlessly
passed from the reduced EDS (12) to the ODE (13) is not reflective of the general
situation.

This last remark naturally leads to the PDE recognition problem for differential
systems of the kind discussed by Vessiot (see also Stomark [24], page 274) and
more recently by Yamaguchi [28]. The construction (3) also raises a wide range
of interesting (and often very challenging) problems regarding the behavior of the
various geometric properties for differential systems under reduction. As a simple
illustration, we cite Theorem 5.1 in [1], where conditions under which the reduction
of a Pfaffian system is Pfaffian are established.

We now frame the theory of Darboux integrablity within the context of symme-
try reduction of differential systems. Roughly speaking, a differential system Z is
Darboux integrable if (1) it is algebraically generated by 1-forms and 2-forms; (2)
if the structure equations for the 1-forms decompose, at the symbol level, into a cer-
tain block diagonal form; and (3) if the singular Pfaffian systems determined by this
decomposition admit a sufficient number of intermediate integrals. See [2] for the
precise definition of Darboux integrablity. This definition generalizes the classical
definition of Darboux integrablity for scalar PDE in the plane. We remark that, as
with the classical definition, it frequently happens that a differential system is not
Darboux integrable but that its prolongation to some order is.

The main results of [2] can be summarized as follows.

Result 1. Let W, and W, be Pfaffian systems on manifolds M| and M>, respec-
tively. Then the differential system W; 4+ W, on M; x M> is Darboux integrable
(Theorem 3.1).

Result 2. Let G be a Lie group acting freely on M and M and as symmetries of W)
and W, Asssume that G is transverse to VW and W,. Then the quotient differential
system (W) + W»)/G is Darboux integrable (Corollary 3.4).

Result 3. Let 7 on M be a Darboux integrable differential system with associated
singular Pfaffian systems D and V Then there is a (local) Lie group G and free
Qght and left actions fi: GxM — M and ji: G x M — M such that /i preserves
V, [t preserves V), and [ commutes with /i. (For the complete list of properties
which characterize these actions, see Sect. 5.3 of [2].) The Lie group G is called the
Vessiot group for the Darboux integrable differential system Z.

Result 4. Let 7 on M be a Darboux integrable differential system with associated
singular Pfaffian systems D and V and Vessiot group G. Let W) be the restriction of
Vtoa fixed, maximal integral manifold of P> and let W be the restriction of V to
a fixed, maximal integral manifold of V . Then

7= W +Wy)/G. (14)

We call the quotient differential systems (VV; + Wh)/G the quotient representation
of the Darboux integrable differential system Z. This is Theorem 5.1 in [2].
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Result 5. Every Darboux integrable differential system is uniquely characterized by
its restricted singular Pfaffian systems VW, and W, the Lie group G, and the actions
4 and [i.

Result 6. The integral manifolds of a Darboux integrable differential system Z can

be constructed from the integral manifolds of its restricted singular Pfaffian systems
Wi and W, (Corollary 5.12).

Result 2 is extremely important to the entire subject of Darboux integrablity.
While, in the past, it has been quite difficult to construct new examples of Darboux
integrable systems it is now possible, using Result 2, to create entire new classes of
Darboux integrable EDS.

Result 4 shows that every Darboux integrable system can be realized as a re-
duction of the trivial type of Darboux integrable system consider in Result 1.
Regrettably, the present proof of this result is rather difficult. This is primarily be-
cause there are many groups actions which satisfy the conclusions of Result 3 but
only a very careful and lengthy analysis of the structure equations for the singular
Pfaffian systems leads to the correct choice of group actions required for the validity
of (14).

Result 5 emphasizes the fact that Darboux integrablity, instead of being studied
from the viewpoint of compatibility theory, can now be studied entirely within the
setting of group actions and symmetry groups of differential systems. For example,
(differential) invariants for the action of the Lie group G on the manifold M; and
M, project under q to give the intermediate integrals for the EDS 7.

Result 6 shows explicitly that the explicit integration of a Darboux integrable
7 depends upon the explicit integration of the its restricted singular Pfaffian sys-
tems YV and W In partlcular ong is assured of algebraic, closed-form general
solutions for 7 whenever Y and W can be identified with the canonical contact

structures on jet spaces. Result 6 is also the key to the symbolic implementation of
the method of Darboux.

3 Transformations of Darboux Integrable Systems

The symmetry reduction approach to the method of Darboux described in the previ-
ous section allows us to develop a new, coherent transformation theory for Darboux
integrable differential systems. The following three Principles summarize the key
results obtained thus far. Module various technical transversality conditions these
principles are indeed theorems. Precise statements and proofs of these theorems
will appear elsewhere.

Principle A (Prolongation). [i] Let Z be a differential system with independence
condition J. Let G be a symmetry group of (Z, J) and suppose that Z/G is a (reg-
ular) differential system. Then the symmetry group G lifts to a symmetry group of
any prolongation (or partial prolongation [7]) W of T and
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(I/G)[p] — (I[F'])/ G.

[ii] Let T be a differential system with independence condition J. If T is Darboux
integrable, then every prolongation of L is Darboux integrable.

[iii] Let Z be a differential system with independence condition J. Let G be a sym-
metry group of (Z, J) and suppose that /G is a (regular)differential system. If T is
Darboux integrable, then some prolongation of Z)G is Darboux integrable.

Principle B (Mappings). [i] Let Z be a differential system with symmetry group

G. Let H be a normal subgroup of G and suppose that )G and T/H are regular

differential systems. Then the quotient group G/H is a symmetry group of T/H and
qH

77— s 7H

qc qu/H

7/G

is a commutative diagram of differential systems.

[ii] Let Z and J be two differential systems with a common symmetry group G.
Suppose that /G and J |G are regular differential systems and that T and [J are
equivalent by a G equivariant diffeomorphism. Then there is an induced equivalence

~

7 —

lqc lqc.

~

76—+ J/G

Principle C (Extensions). [i] If 7 : T Tis an integrable extension (see [6]) of a
Darboux integrable differential systems I, then 1 is Darboux integrable.

[ii] If = : 7 — Tisan integrable extension of a Darboux integrable differential
systems L, then there are integiglble extensions my : Wi = Wi andmy - Wr — Wh
and symmetry groups G and G of W; and W;, i = 1,2 such that the diagram of
differential systems

~ ~ 4z ~
VVl—i-VVz—G> A

T X nzl ln

Wi+ W, 36, 7

commutes.

[iii] There is a normal subgroup H of G such that G = 6/H . The projection maps
7, my and wo are all G equivariant maps.
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4 Linear Equations

In this first example we consider Darboux integrable linear partial differential
equations
Uyy +a(x, y)uy +b(x, y)uy +cx, y)u =0. (15)

We describe the quotient representation for these equations and we show how Prin-
ciple B leads naturally to the constructions of the classical Laplace transformations
between linear Darboux integrable equations.

Let J"(R,R) x J"(R, R) be the product of two jet spaces with standard jet
coordinates

()C, ¢7 ¢17 ] ¢m’ yv ‘(/f’ Iﬂl,-~, 1//}1)

and let C"* + C" be the sum of the canonical contact systems

"={0p = dp —¢1dx, 6 =d¢ — ¢2dx, ....0p 1 =depu_1 — P dx}

C"={0o=dy —yndy, 01 =dyn —yady, ..., 01 =dYn_1 — Yndy).
(16)

Result 1 states that this sum is trivially a Darboux integrable differential system.
Principle A states that quotients of C"* + C" will be Darboux integrable. Here we
establish precisely which group actions will lead to the Pfaffian systems for (15).

Let G, be the p dimensional Abelian group acting on J" x J" with infinitesimal
generators defined by the prolongation of the vector fields.

i 9 ind
=f(x)%+f(y)aw, i=1....p. (an

The functions f' are smooth and subject only to the condition stated below in
Theorem 4.1. By definition, G, is a symmetry group for the canonical contact sys-
tem C" + C".

Theorem 4.1 [i] Let p = m + n — 3 and assume that the action of G, on J =2
J"=2 is free. Then the quotient differential system

7=(@C"+C"/G, (18)

is the standard rank 3 Pfaffian system, defined on a seven manifold, for a linear
PDE (15).

[ii] The Pfaffian system for any Darboux integrable linear PDE (15) is a quotient
differential system of the type (18).

Proof. The prolonged infinitesimal actions for G, are

prz' = Z[ <>—+Z[—( >]—
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so that a form
n—1 n—1
o= A6+ By
k=0 1=0

is semi-basic if and only if

m—1 g p . n—=1 1 4
" f d f
Dl @AY 4+ (et =o.

l
k=0 =0 dy

With the functions f i chosen so that action of G, onJ n=2 5 Jm=2 is free, the rank
of this linear system of m + n — 3 equations for m + n unknowns A and B! is
maximal. This implies that G, is transverse to the derived system ¢!+ ¢! and
therefore the quotient EDS is a rank 3 Pfaffian system.

The functions x, y are obviously invariants for this action and there is precisely
1 additional differential invariant U on J™~2 x J®=2)Ag the solution to the
equations prZ i (U) = 0, the function U is linear in the variables ¢, and ¥, this is,

m—2 n—2
U= Ch, ¢+ Y D'x, v (19)

k=0 =0

We next note the six functions x, y, U, D,U D,U and D,,U on Jm=b s g1 are
all G, invariant. But there can only be five independent G, invariant functions on
J"=1 s Jm=1 50 that these six functions are necessary functionally dependent. In
fact, the linearity of these invariants in the variables ¢ and v; forces this depen-
dence to be of the form

DyyU +a(x,y) DU +b(x, y)DyU + c(x, y)U =0 (20)
for some choice of functions a, b, c. These coefficients determine the PDE (15) for
our quotient EDS.

The quotient of J™ x J" by G, is a seven dimensional manifold with coordinates

(X, y,u, uy, uy, uyy, ityy), where the quotient map is defined by

x=x,y=y,u=U, uy =D,U, uy =D,U,
uyx = DxxU, uyy = Dy, U.

On account of (19) and (20), the forms
I={du—uydx—uydy, dux—tyyduy—uyydy, duy—uyy,dx—uy,dy}, (21)
where 1, is given by (15), pullback under q into C" 4 C" and therefore determine

the quotient Pfaffian differential system. The system Z is therefore the canonical
differential system for PDE of the form (15).
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We remark that the intermediate integrals for (15) are given by the projec-
tion of the differential invariants for the action of G, on the individual jet spaces
JmE e, @) and Iy, ). O

This symmetry approach allows one to generate many new families of linear,
Darboux integrable, scalar PDE. But, in order to arrive at some simple concrete
examples for which we can give complete formulas, we consider the elementary
action (17) determined by the functions f(z) = z' fori = 0...4 and acting on the
jet spaces

JFRBRxJ'RR), JSRRxJRR and J*R R xJ*R,R). (22)

In each case the canonical contacts systems on these jet spaces define rank 6 Pfaffian
systems on 12 dimensional manifolds. The quotient differential systems

q:C*'xC*> I, @:CxC—=>J, q:Cxc®->K (23)

are found to be the canonical 3 rank Pfaffian systems for the equations

6u 2v, 6 4w, 4w
T:iuyyw+—=0, JT:ivyy——+—==0, K:wyy———4+—=0. (24
M MRS SN
Here ¢ = x — y. The projection map q is
12¢p  6¢; 129 6y
¢? ¢ ¢? ¢

24 18 6 24 6
uy = DyU = —g¢+ ?¢1 - E¢2+¢3 + §—31/f+ ?1//1,

24 6 24 18 6
uy = DyU =§—3¢—?¢1—§—3¢—?1ﬁ1—zm—1ﬁ3,

DU 72¢ 60¢ n 24¢ 6¢ o 72¢ 12¢
Uxx = =0 = 301+ S5P2— —-P3 4 — — @ — =01,
XX XX §4 §3 ;2 é‘ é_4 ;3
DU 72¢ 12¢ 721// 601ﬂ 24¢ 61,0 "
Uyy = =29 301~ V- ZV1— SZV2— V3 — V4,
vy vy I 3 Iz o3 2 ¢
with partial prolongations ¢''": ¢* x €5 — 719 and ¢/*?1: ¢* x ¢6 — 7102

defined by

288 36 288 252 108 30 6
Uyyy = §_5¢ - §—4¢1 - 5—51/f - §—41ﬁ1 - §—3W2 - Fllfs - EI/M — Vs, and

1440 144 1440 1296 576 168
o =TT e Y

R
é_2 4 é_5 6-
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The projection map q> is

v +24¢ 6¢ 241// 181!/ 61!/ "
U: = -y - A - T - T A - - b
Ao A A CS

72 36 6 72 36 6
vy =DV = —Fd’ + §—3¢1 - gfi’z + §—4¢ + F% + g—zlﬂz,

b= DV =+ — g — = Sy — T — Sy —
¢4 ¢3 ¢4 ¢3 g2 ¢

Uyx = Dy V =+@¢_ @¢1 +ﬁ¢2_ £¢3 - @W— @ 1 — 21//2,
¢ ¢4 g3 g2 ¢ ¢4 g3

288 36 288 252 108 30
vyy = Dy, V = +€_5¢ - Ffﬁl - FW - Flﬁl - §—3W2 - ?%

-y
c 4 5

with partial prolongations q[21’0]: C*x 03— JW% and q[20’1]: C3 x C6 — glonl
defined by

1440 1008 324 60 6 1440
Vyxx = —?¢ + §—5¢1 - §—4¢2 + F% - ?¢4 + 75
n 4321// n 361#
— Y1+ v,
¢3 ¢4

1440 144 1440 1296 576
R A A

168 36 6
— =3 V3 — ¥4 — Vs — de.
¢ ¢? ¢
The projection map qs is

w=W =gy Ry DByt
- AN A AN A A

96 24 96 72 24 4
wy = DyW = —§—5¢ + Fd)l + C—Slﬁ + €—41/f1 + sz + g!ﬁ&

96 96 96 48 16 4
wy = DyW :é_—sqﬁ—Ew—glﬁl—g—yﬁz—gﬁ%_zlﬂ_w&

480 192 24 480 288 72 8
480 480 480 240 80 20
wyy = DyyW = Ffﬁ - FW - §_5W1 - Flﬂz — §—3¢3 - ?1//4

Wyy = Dy W =

sy
¢ 5 6
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with partial prolongations q[31’0]: C3 x €0 — K0 and q[32’0]: 0 x €0 — K20
defined by

2880 1440 288 24 2880 1440 288

§—7¢ + {—6051 - F‘Pz + §—4¢3 + §—71ﬂ + ?‘ﬁl + {—Slﬂz
24 20160 11520 2880 384

+ §_4¢3’ Wyxxx = §8 ¢ — é_7 o1 + é,6 ¢ — C_S

20160 8640 1440 96

87T g T e s

Wyxx = —

24
¢3 + §—4¢4

3.

Because the quotients (23) are all with respect to (the prolongations of) the same
group action, we can use Principle B to calculate the internal equivalences

C4XCS'<1—d>'C4XCS C3X66.<1_d>c3xc6
[0,11] | 10,11 (1,0] [1,0] 0,111 | 0,11 [1,0] (1,0]
2 qul q; szz 2, ]«l‘lz q; l[%
CD[ CDZ
[0,1] [1,0] [0,1] [1,0]
A T J J T K
1 2

4 x 6 <9 o4 o 06

[0,2] [0,2] [2,0] [2,0]
and X Ilql q; lIZ@
D

3
0,2 2,0
71021 —— 5 f[2,0]
W3
We choose cross-sections ¢ = ¢ = ¢ = ¢3 = ¢4 = 0 and, for q

V= —%u” - %ux, Vi = %uxx + %zux, Vo = —%u” = 2ux —u,
V3 = Cuxx + Sux —uy + i—u Va4 = —lex — Uyy + g(”y —Ux) = lgizu
Ws = —lyyy + Zltyy — Sy, Yo = —Uyyyy Q“YW - l_iuy;
¢ ¢ ¢ ¢
for q2
Y= +%Ux + gvxx + %Uxxm Vi = —%Ux - %”m - %”xm

2 3 4 3 2 3
‘ﬁ2=+§2vx+%vxx+§_2vxxx» Y3 = —v —3vy _%vxx - %vxxx’
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6 13 5¢ ¢?
Y4 = +EU + ?Ux — vy + ?Uxx + gvxxxa
6 2 6
Ws =m0+ 2y — vy, V6= — gV F 2y — Uy
2 £V T 3 e yyy
and for q3
5 6 7 8
4
1;0=—§—wx—C—wxx_é‘_wxx)c_C_w)cxxxa Iﬂ5=—w_wy’
24 16 48 576 ¢
(4 ZKU)X‘FEU)XX‘FEWXXX'FinXXX’ V6 = Zw+ Zwy — Wy,
24 24 144 144 S S
503 25¢4 7¢5 ¢°
VET T T g e T g e T gt
5¢2 53 564 &
w?’ = wa + wax + ?wxxx + ﬁwxxxx’
2¢3 ¢
Yy = —w — 4w, — 3§2wxx - waxx - ﬂwxxxx-

The internal equivalences @ ®,, ®3 and their inverses ¥, Ws, W3 can now be
easily computed as the prolongations of the formulas

&1 =g Vo0 =y, Wy = g0V Bl = £
(101, 5:10.1] 2 (0,11 _ [1,0] 2

Oy =q3 0%, :w:vy—zv, U, =q, oX; :v:_wa’
(2,01, 31021 2 0.2  <[2.0] ¢ 3

Q3 =q3"" o X :w:uyy—zuy,\ll3=ql o X3 :":ﬁwm‘i‘ﬁwx-

The maps ®; and P, are precisely the classical Laplace transformations ([11],
Vol 2, p. 23-53, [14], Vol 6, p. 39-104) for the equations defined by Z and 7 so
that, as promised, we have re-constructed these transformations from the symmetry
reduction viewpoint. We emphasize that had these Laplace transformations been
unknown to us, we would have discovered them by applying the algorithms of [2]
to recognize Z, J and K as the quotients (23) by the same group action (17) (with
fi@)=2".

The differential invariants for the action (17) on the individual jet spaces are
simply ¢s and 15 and these project under q[ll’l [2.01 3.0

]’ q; qg to give the following
intermediate integrals

6 6 6
I(Z) = uyxx + Euxx + ?L{x, J(I) = —Uyyy + ~Uyy — Uy,

6
¢



34 I.M. Anderson and M.E. Fels

c? 4 6 6
1(J) = vaxxx + 28 Vyxx + 6V + va, J(J) = _?U + EUy — Uyy,

4 3
5
I(K) = %wxxxxx + %wxxxx + 5C2wxxx + 108 wyy + Swy,

JK) = —w, + §w.

From the orders of these intermediate integrals we can deduce that the Laplace
invariants for our three equations vanish at orders

ha(Z) = h3(J) = ha(K) =0 and k2 (Z) = ki1 (J) = ko(J) = 0.

The inferences of this last computation hold generally [14].

Theorem 4.2 (The Canonical Form for Darboux Integrable Linear PDE) Let Z be
the Pfaffian system for a linear Darboux integrable equation (15). Then there is
another linear Darboux integrable equation (15) with associated Pfaffian system J
such that Laplace invariant ko(J) = 0 and the appropriate partial prolongations
of I and J are internally equivalent.

S Internal Equivalences of Some Non-linear PDE

We have systematically calculated the quotient representations for all the examples
in Goursat [16] and, in so doing, we have uncovered a number of new internal equiv-
alences.

Example 5.1 The canonical Pfaffian systems (on seven manifolds) for the two equa-
tions ([16] p. 124 and p. 134)

T:uyy=e€" and J: vyy =0y (25)

are quotients of the contact systems C> x C> and C* x C* by the diagonal action
of SL(2), acting by fractional linear transformations on the dependent variables ¢
and . The two projection maps

q1:C3xC3—>Z and qz:szC4—>j
are given by
| 2¢1Y1 V2 2Y
=ln ——— and v=——— ,
(@+9¥) Vi 9+ Y

and the prolongations of these equations to order 2. Then, just as in the previous
section, we find that there is an internal equivalence

(26)
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o 71010 5 700 \pith inverse Wi g0 5 71011
which is given by
v=uy, and u =1log(vy). 27

The differential invariants for the action of SL(2) on J3 x J3 are

2¢1¢3 — 3¢5 29193 = 3y3 @8
a0 T
and these project under q to the intermediate integrals

2 1,
I = x, 12=Mxx—§ux, Ji =y, J2=uyy—§uy

for L. These, in turn, are transformed by (27) to the intermediate integrals

1
2 2
},—EU,

- - v 3 - -
L=x, b= ”x—ivfm, Ji=y, J~h=v

Ux

for J.

Example 5.2 A more complex example is given by the two systems ([16], p. 186 and
p. 231)

2

Vaxzy and T wyy + wiwy, + 20wl =0, (29)
xX+y

L:zyy =

Remarkably, the quotient representations for these two differential systems are

q H MW 12 S T and qp PP xHE - T, (30)
where H? is the rank 2 Pfaffian system defined on a 5 manifold with coordinates
{(t.o, ¢, 1.}, by H? = {dp — ¢1dt,do — ¢12 dt}, and where the prolongations
are given by

HPM = H2 Udey — ¢odt} and H>P' = H>M U {dgy — ¢p3dt}.  (31)

(We write the second copy of H?* in terms of the coordinates {s, T, ¥, ¢1, Y} as
{dyr —ynds, dt — Iplzdt}.) The symmetry group for the reductions (30) is the three
dimensional Heisenberg group, acting with infinitesimal generators

{0p — Oy, 05 — 07, 10y + O + 205 + sy + dy; + 290 }. (32)

We are in precisely the situation of Theorem A and therefore W0 and J191 are
internally equivalent. With { = s + t the (prolonged) projection q[ll’O] is given by
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+ 2
x=t y=s, Z:U‘Ff—w, 2 = P2, Zy:sz
Zxx =2PP, Zyy = 2005, Zxxx = 2P[2 +2PPy, where
P:¢+1/f§—§¢1’ Q:¢+¢§—Clﬁ1‘

The projection q[20,1] is

u=t, v=0+1+LYr =2+ VIV, w=1y— ¢,
1

2P+ —CY)
4

2w
Wy = —2§w4zg + 4w4w3 + 2rwwy — @3, Wyyy = 12§2w3 - —2.

3

2
Wy = —¢2 — W wy, Wy = b

Wyy = —20w

Again, we proceed as in Sect. 4 to arrive at the equivalence ® : 79 — 710.11
given by
Piu=x, v=C@+yzy,+2, W=+ /2y
with inverse
e W
w3 ST T 2wy

Under the mapping V the intermediate integrals

V:ix=u y=—u

Z 24 4 ly
L=x, L= ~, si=y, h="2+4 ’
2/ x+y 22y x+y
for 1 are transformed to the intermediate integrals
5
~ ~ - w ~ 2w
L=u, ©L=uww,+w,, 11=——vg—u, Sp=
2w; Wypy Wy — 3W

vV

for J. Note that the invariants Ji and J, are of lower order than that suggested by
Goursat.

6 Moutard Equations

Moutard equations are non-linear scalar PDE of the form

d 0
Vxy + —(Age’) — —(Boe ") + Co =0, (33)
ax ay
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where the coefficients Ay, By and Cyp are functions of the independent variables
X, y. Assuming that By > 0, the change of dependent variables v — v 4+ log(By)
transforms (33) to the standard form

B a
Uyxy + a(Ae”) — 5(6 Y+ C =0, (34)

where A and C are functions of x, y. Let M be the usual rank 3 Pfaffian sys-
tem for (34) on the seven manifold N with coordinates (x, y, v, Vx, Vy, Uxx, Uyy).
Goursat [16] (p. 249) establishes a close relationship between Darboux integrable
Moutard equations and Darboux integrable linear equations. From our perspective
of symmetry reduction, this relationship is given by

Theorem 6.1 [i] Ler £ be the rank 4 Pfaffian system for the partially prolonged
linear PDE (15), and let S be the 1 dimensional scaling symmetry group of £L1-9
with infinitesimal generator

W =udy, +uydy, + uyauy + Uy Oy, + uyyauyy + Uyxx Oy, - 35)

Then the quotient system L1V01/S is the standard Pfaffian system for a Moutard
equation (34).

[ii] Every Moutard system M is the quotient qs: L9 — M of a Pfaffian system
for a linear equation. The projection map qs defines L1V as a rank 1 integrable
extension of M.

[iii] The Moutard system M is Darboux integrable (at some order of prolongation)
if and only if L1V% is Darboux integrable.

Proof. The differential system £!!:%] is the rank 4 Pfaffian system with generators

0 =du—uydx —uydy, Oy =duy — uxydx —uyydy, (36)
Oy =du —uyydx —uyydy, Oy =duyy —Uyxydx —Uyyydy,

where 1y, and uy,, are given by the PDE (15) and its x derivative.
A basis for the semi-basic forms Lgll)’o], with respect to the symmetry group S, is
easily determined to be

Uy
9 =0 — 20, 9 =0, — 20, 03 =0, — 220 (37)
u u u

The quotient map, for the scaling group S, from the eight manifold for £I1:1 to the
seven manifold N is defined by the prolongation of

X=x, y=y, v=-—. (38)

It is a simple matter to re-write the semi-basic forms (37) in terms of v and its
derivatives to deduce that the quotient differential system on N is that of a PDE of
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the form

Uxy + pVxVy + Avy + Buy +C =0, where p=— (39)

b+v)

and where A, B s C are certain functions of x, y, and v. This is not in the form of a
Moutard equation but the point transformation

U= —log(b+v)

will eliminate the quadratic term p vyxvy in (39) and lead to the Moutard equation

(34), with
ab ab  da
A=—+ab—-c¢, and C=—— —. (40)
dy dy  0x

In other words, instead of using the obvious projection map (38), it is better to use
Ux

x=x y=y, v=-—log(— +b). 41
u

To prove the first part of [ii], we simply check that that for given functions
A(x,y) and B(x, y), it is always possible find a(x, y), b(x, y), c(x, y) satisfying
equations (40). To prove the second part of [ii], we need only observe that the form
0 is a complement to the semi-basic forms (37), relative to (36), and that

d6o=0 mod {0, D, I3 ). (42)

Part [iii] then follows directly from Principles A and C. O

The combination of Theorems 4.1 and 6.1 yield the following corollary.

Corollary 6.2 For any Darboux integrable Moutard system M, there is a commu-
tative diagram

cm+l y on &) 11,01

lqs . (43)
K

M
Here C"! and C" are the contact systems (16), Kp41 is the p + 1 dimensional
symmetry group with generators (17) and W = ¢y + ¥ dy (prolonged). The group
Gy is defined as in the statement of Theorem 4.1.

Example 6.1 The quotient of the linear equation [J (the second Pfaffian system in
(24)) by the scaling action v, is the Moutard equation

eV _y 2
Viy — 6DX(§—2) —Dy(e™") — ? =0. (44)
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The composition of the projections qu and qs gives the projection map q : C* x
C> - Mas

£(24¢ — 60¢1 — 24y — 18y — 602y — c3w3))

V =log ( 3 5 (45)
6(—12¢ + 651 — $7po + 12 + 651 + $7Y2)
7 First Order Linear Systems
In this example we consider the simple class of first order linear PDE
uy =aou+pPov, vx=you+3v, (46)

where the coefficients g, Bo, 10, do are functions of the independent variables x, y.
A simple scaling of the dependent variables u and v transforms this system to the
form

Uy =0av, vx=pu. an

We associate to each such system a rank 2 Pfaffian system S on a six manifold.
The quotient representation for Darboux systems of the type (47) can be obtained
directly using the arguments of Theorem 4.1 or indirectly using the integrable ex-
tensions approach of the previous section.

Let C™ and C" be the contact systems (16) and let G, be the p dimensional
Abelian group acting on J™ x J" with infinitesimal generators (17).

Theorem 7.1 The quotient differential system I = (C™ + C")/G,, where p =
m + n — 2 is the standard rank 2 Pfaffian system, defined on a six manifold, for a
linear PDE system (47).

Proof. The detailed argument follows the same lines as given for the proof of The-
orem 4.1. Here we simply note that on J"~! x J”~2 there are three differential
invariants x, y and

U = UO(-x9 y! ¢O’ ¢11 MR ¢I’L—29 wOs wlv M) 1/fm—2) +¢VL—1
while on J"~2 x J"~! there are three differential invariants x, y and
V =Vox,y, 00,01, ..., In—2, V0, Y1, s Ym—2) + Ym—1.

The functions Up and V) are linear in the jet coordinates ¥ and ;. These invariants
are necessarily related by identities of the form

DyU=aV and D,V =BU

which determine the coefficients for the quotient system (47). O
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Theorem 7.2 For any Pfaffian system S defined by (47) there is an integrable ex-
tension to a system L defined by (15). For any Pfaffian system L defined by (15)
there is an integrable extension to the prolonged system S defined by (47).

Proof. We first remark that by change of a dependent variable u — ©(x, y) u one
can always transform (15) to an equivalent linear equation with either » = 0 or
c=0.

If u and v solve (47), then

z=u—v, r=xrlx,y) (48)
satisfies a 2nd order linear PDE
Zyy tazy +bzy +cz=0 (49)
precisely when X satisfies the Moutard equation
Axy + Dy(ae™) — Dy(Be™) = 0. (50)
The coefficients of (49) of are given by
a=—ky, b=0, c= e*ax + e)‘)»xoe —ap. (€28
Note that in the special case where oy = B, then A = 0 is a solution to (50).

Conversely, functions . (x, y) and v(x, y) can be chosen so that for any solution
u to the linear equation (49), with ¢ = 0, the functions

u=p(x,y)zy and v=v(x,y)zy (52)

satisfy a system of the form (47).
The required integrable extensions 71: S!!! — £ and mp: £ — S are deter-
mined by (48) (and its derivatives) and (52). O

Theorem 7.3 For the Pfaffian system L associated to a Darboux integrable 2nd
order linear PDE (15) or for the Pfaffian system S associated to a Darboux inte-
grable 1st order linear system (47), there are commutative diagrams

4, , qg, ,
" x (P ——> Cm+1 % CnJrl _>S[1]
\ qu and qu. (53)
qu qu

S L

The infinitesimal generators for G, are given by (17), Gp_l is a subgroup of G, and
G, = épq ® H. In the first diagram G is of dimension p = n +m — 2 while in
the second diagram Gj, has dimension p =n +m — 1.
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Example 7.1 As a simple example, let G; be the four dimensional Abelian subgroup
of the 5 dimensional group (17) (with f'(z) =z, i = 0...4) obtained by removing
the vector Z'. The quotients Sl.[1J of C* x C* by G; give the first prolongations of the
systems

uy =a; v, vy =piu,

with
2y 5 2x x + 3y 5 3x+y
oy = —_—, = -, oy = ——=, = ——n,
T X - T G- Ty BTy
o y(3x +y) x(x +3y) o 2 8 2
1= Bil=——5—5-, a4= , 4 = — ,
x(x2 —y?) y(x2 —y?) x—y X =y
6y(x + ) 6x(x +y)
%) ﬂ2 =

T =2+ dxy 1y2) T2 Ay 1)

These coefficients all satisfy oy, = Py and therefore all the Pfaffian system Sl!”
quotient to same(!) Pfaffian systems I, defined by (24) (with u replaced by z) via the
projection map 7 = u — v.

8 Goursat’s Equation
Goursat ([15], [18]) showed that the non-linear equation
Uyy = 2A(X, y)\/Uxlty (54)

can be linearized to the first order system
P, =AQ, Q,=AP (55)

by setting
ue="P  uy =07 (56)

or, alternatively, to the second order linear equation

Ax

Uyy — ﬁvy —Av=0 57

by setting v, = u’.

In this example, we shall use Principle C to determine the general form of the
quotient representation for Darboux integrable systems of the type (54) and we shall

study, in some detail, the special case A = .
xX+y
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Let G4 be the canonical rank 3 Pfaffian system (on a seven dimensional mani-
fold) for (54) and let S4 the canonical rank 2 Pfaffian system (on a six dimensional
manifold) for (55). Then (56) defines a map 7w : G4 — Sy for which G4 is an inte-
grable extension of S4. Principles A and C show that (54) is Darboux integrable at
some prolonged order whenever (55) is Darboux integrable (prolonged to the same
order).

We know from Sect. 7 that the linear system (55) is Darboux integrable if it is the
quotient of jet spaces C* x C" by an Abelian Lie group G of dimension m +n — 2,
acting freely. We then infer, again by Principle C, that (54) will be the quotient of
Pfaffian systems D! x £"*! by a Lie group G, where D"+ is a 1 dimensional
integrable extension of C” and £"*! is a 1 dimensional integrable extension of C".
Moreover, there are projection maps 71 : D"+ — C™ and m5: £ — C” such
that the diagram

Dm—i—l + (c:n—i—l E gA (58)

T X Tt’zl l]‘[

cm + cn L S A
commutes. _
Principle C also implies that G is a 1-step solvable Lie group of dimension n +
m— 1.
If we denote the fiber coordinate for the projection map 7| by o, then generators
for the action of G on D! may be taken to be of the form

W=l and %= fi0— b [0t (P -, (59)
=% P T % F 6 e

where & = & (x, ¢, ¢1, ..., dm—1, 0). The integrable extension D"+ can be writ-
ten as
D" =C"U{do — H(x, ¢, 1. ... ¢n_1)dx).

Theorem 8.1 The Goursat equation
Uyy = 2A(X, y)\/Uxlty

is Darboux integrable if and only if it is the quotient of a pair of Monge equations

do do d*¢
— =H —, — ...
I (x, 9, Ix’ dx? )

by a product action of an Abelian or I-step solvable group with infinitesimal gener-
ators (59).

Just as with the case of linear equations (Sect.5), the functions f;(x) can be
prescribed arbitrarily. The functions H and &; can be determined directly from the
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symmetry condition
Zi(H) = Dx(&) whichimpliesthat E(Z;(H))= Z;(E(H)) =0, (60)

where E is the Euler—Lagrange operator for the variable ¢. This over-determined
system of equations can be used to first determine H and then the coefficients &;
(independent of the method contained in the proof of Principle C).

The special case A =

n .
, corresponding to the choice of functions f; = x',
y
is easily solved.
Theorem 8.2 The standard differential system G, for the Goursat system uy, =

2n
) /uxuy is the quotient differential system
XTy

Gn = (H"FH ) Gy, (61)

where H"™t1 is the rank n + 1 Pfaffian system for the generalized Hilbert-Cartan
equation

do d"¢ 12
&~ Lawr]
H LU s the first prolongation of 'Y, and Ga,1 is the 2n + ldimensional,
1 step nilpotent Lie group with infinitesimal generators (59) for fi = x', i =
0...2n— 1.

(62)

The Monge system (62) enjoys a number of remarkable properties which we
describe in the Sect. 9.

As in Sect.4, the explicit formulas for the quotient maps q,: H*tHI1 +
H*HLIT G, are determined by the prolongation of the lowest order joint
differential invariants for the diagonal actions of the group Go,+1. Lety = x + y,
b, = yk¢k, and ¥, = ykwk. Then, for n = 1, the infinitesimal generators are
{35, 0, 10y + 0y, + 2¢05 } and the joint invariant is

1 |®, Bt I:CDO]
=041+ — ; 63
up=o1+r1 > [‘1’0} |:_1 11w (63)

for n = 2 the infinitesimal generators are vector fields X l+ ,i=2,...,6((see (74))
and the joint invariant is

@] [-12 6-12 67 [®o
1| @ 6-4 6-2|| |
mEntntiglyg | -2 6-12 6| |w |’ 64)
Wy 6 -2 6 —4 Uy
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for n = 3 the generators are {W, Xy, X1, X2, X3, X4, X5} (see (76)) and the joint
invariant is

t

ol =720 360 —60 =720 360 —60 || g

o || 360192 36 360 —168 24 || ¥
1 |oy|| 60 36 -9 —60 24 -3 || @,

Us=o3F TS gy | | 2720 360 —60 —720 360 —60 || wo |+ ©
w || 360—168 24 360-192 36 || W,
w || —60 24 =3 —60 36 —9||w,

We can use Theorem 8.2 to establish, in a rather novel fashion a connection
between the systems G, and G,. We start with the simple observation that the
transformation ¢ = @’ defines the equation o’ = [¢]? as the quotient of o’ =
[®"+D]2 by the 1 dimensional group L with generator do,. This, together with
Theorem 8.2, then yields

LI LI

a x qL/T quZnJrl . (66)

n+2,[1] n+2,[1] —— 5
H +H s~
From this diagram and (61) we arrive at

200 2.0

(IG%/ W

3 (67)
gnJr] gn

Now, because G,+3 is a solvable group, every solution or integral manifold
for G,41 determines, by quadratures, an integral manifold to H"*+>[1] x 2011
(see [1], Theorem 6.2) which then projects under 7,43 to an integral manifold for
G, Because the projection map 7,43 is invariant with respect to the flows of all the
generators of G,43 except the last one, the explicit formulas for this construction
turn out to be remarkably simple.

2(n + 1)
(x+y)

_ @DV e T
- (X-I—y)”'H ’ y = (x+y)n+l

Theorem 8.3 If U(x, y) solves Uyy = VUxUy and X(x, y) solves

(68)
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then

(x + )"
Vix,y) = %—sz +U(x.y) (69)
2
solves the equation V,, = ﬁ‘ [V Vy.

This final theorem suggests the very intriguing possibility of adapting these Lie
group theoretic methods towards the construction of Béacklund transformations be-
tween various Darboux integrable systems ([10], [29]).

9 The Monge Equations ¢’ = [¢™]?

Here we review some of the basic properties for the rank 4 1 Pfafian systems " !
defined by the Monge equation o’ = [¢"]?. For n = 1, the Pfaffian system

H*> = {d¢ — p1dx, do — pjdx ) (70)

has derived flag dimensions [2, 1, 0] and is therefore contact equivalent, by Engel’s
theorem (see, for example, [5], p. 50), to

C’(R,R) = {d® — ®1dX, dd| — PrdX }. (71)
An explicit equivalence is given by
x=®, Gd=XPr—D|, $p1=X, o0=XD—2XD +2d. (72)
For n = 2, the Pfaffian system
H} = {dp — dp1dx, dp) — dadx, do — $p3dx ) (73)

has derived flag dimensions [3, 2, 0] (the generic flag dimensions) and, amongst
all generic rank 3 Pfaffian systems in five variables, has the symmetry algebra of
largest dimension, namely, the real split form of the exceptional Lie algebra g,. The
generators for this symmetry algebra are:

Hy =2x0y +3¢0p + ¢10p, — $20¢,, Hz = —(Pdp + 104, + $20¢, + 200,),
L 1,3 301 1 s
X = 7% Oy + §¢x3¢> + (Eq’) + 5X¢1)3¢>1 + (2¢1 — §¢2X)3¢2 +2¢105,
1
Xf =04, X{=xdp+dp, Xf= 5x28¢ + x3p, + dg, + 20105,

X+—138 123 ) 2 20)0,, XTI =20,, X =20
S_EX ¢+§x g1 + X0p, + 2xP1 — 2¢) 05, 6 = 9o | = Ox
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—_‘_‘ 2 _l 3 13 222_ 2_13
X, = (3¢>1x 2¢x 3¢>2x )8x+(6x o+ 3¢1x 2¢ 3% $201)04,
1, 2., 153 4.5, 2 155
H(Zx70 + sP1x — 2001 — —P3x7)3p, + (0x — ZP] + ZxP1¢2 — ZP3Xx7) 0y,
2 3 6 3 3 3
1 8
+Qoxg1 =200 = 53763 = 51,
— 8 2 1 2 4 2 2
X3 = (§X</>1 —2¢ — ¢2x7)0x + (Ex o+ §¢1x — X“¢1) 0y
2 2 1 2.2 2 2 2 1 3.2
+(ox + §¢1 - §¢2x )¢, + (0 + §¢2¢1 - §¢2x)3¢2 + (210 — §¢2X )0o
_ 8 4
Xy = (361 = 26200 + (0x + 3] = 2x$192)0 + (0 = $3:)y,
2 2
—§¢§3¢2 - §x¢§3m
_ 2
X5 = =220 + (0 = 2620109 — $305, — 56305,
_ 2 5, 1 4 5 1 1 5
Xy = (§¢1 — ¢$2)dx + (§U¢> + §¢1 — Papd1)0gp + (§¢>10 - §¢¢2)3¢1
1 5 1 I , 1, 3
+(_§¢1¢2 + 50452)34)2 + (EG - §¢¢2)aa-
(74)
The vector fields X l+ have positive weight, the vectors Hj, H define a Cartan sub-

algebra for g7, and the vectors X;” have negative weight.
For n = 3, the Pfaffian system

H* = {d¢ — dp1dx, dp) — ¢ dx, ddy — dpadx, do — ¢3 dx ) (75)

has derived flag dimensions [4, 3, 1, 0] and, amongst all rank 4 Pfaffian systems in
six variables with such derived flag dimensions, has the symmetry algebra of largest
dimension. In this case the symmetry algebra has Levi decomposition s[(2) x t,
where the radical v is an eight dimensional solvable algebra. The explicit formulas
for this algebra are:

1
W=20,, Xo=2ap, X1=2x0p+0,, X2=§x23¢,+x8¢,1+8¢2,

1 1

X3 = 8x3 dp + Exz dpy + X gy + 0gy + 262 0,
1 4 13 [

X4 = " dg + ra dg, + 5% Iy + X 0gy + (=2¢1 + 2x¢2) 0,

Xs = Lx53¢ + ix4a¢ 41 Ay + 1o 0gy + (26 — 2x¢1 + X°¢2) 0y
120 247 T e 2T T T

R =03y + ¢10p, + @20, + 3 0py +2005, So = 0y,
S1 = 2x8y 4 5¢ 0 + 31 0p, + $2dpy — 3 0p5, S = X7 By + 5x¢ By

+(5¢ +3x¢1) g, + (81 + X$2) 35, + (92 — X$3) Dy + 993 Do
(76)
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The vector fields Sp, S1, S2 define the semi-simple part, the nilradical is the seven
dimensional 1 step nilpotent subalgebra given by {W, Xg, X1, ..., X5}.

For n > 3 this pattern persists. The derived flag for H s [n,n—1,n—3,n —4,
n —5,...] and the symmetry algebra is s[(2) x v, where the radical has dimension
2n + 2. In all cases the nilradical is a 1 step nilpotent algebra of dimension 2n + 1.

The Pfaffian systems H"*1 are also the canonical (flat) models in the Tanaka
theory associated to the unique 2n + 1 graded nilpotent Lie algebras with grading
[2,1,2,1,1,...]. See Doubrov and Zelenko [12], Theorem 3.
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