Group foliation of differential equations using moving frames

Robert Thompson Francis Valiquette
Department of Mathematics and Statistics Department of Mathematics
Carleton College SUNY at New Paltz
Northfield, MN 55057 New Paltz, NY 12561
rthompson@carleton.edu valiquef@newpaltz.edu

http://people.carleton.edu/~rthompson http://www2.newpaltz.edu/~valiquef

Keywords: Differential equations, differential invariants, group foliation, Lie pseudo-groups,
equivariant moving frames.

Mathematics subject classification: 35B06, 53A55, 58H05

Abstract

We incorporate the new theory of equivariant moving frames for Lie pseudo-groups
into Vessiot’s method of group foliation of differential equations. The automorphic
system is replaced by a set of reconstruction equations on the pseudo-group jets. The
result is a completely algorithmic and symbolic procedure for finding both invariant
and non-invariant solutions of differential equations admitting a symmetry group.

1 Introduction

The method of group foliation (also called group splitting, or group stratification) is a
procedure for obtaining solutions of differential equations invariant under a symmetry
group. The idea was proposed by Lie, [27], and subsequently developed by Vessiot,
[56]. Later work of Johnson, Ovsiannikov, and others, [9, 19, 47], showed renewed in-
terest. More recently, group foliation has been used to study equations of mathematical
physics, [30, 34|, and reformulated using the language of exterior differential systems,
[3], demonstrating potential for further development and application.

Consider a differential equation A = 0 with symmetry group G, possibly infinite
dimensional. The method of group foliation uses a foliation of the solution space of
A = 0 by the orbits of the group action to decompose A = 0 into two alternative
systems of differential equations, called the resolving and automorphic systems. An
automorphic system, characterized by the property that all solutions are situated on a
single orbit of G, describes the leaves of the foliation. The resolving system links the
original differential equation to a specific automorphic system in the sense that each
resolving system solution specifies a leaf of the foliation. See Figure 1 for the geometry
of this construction. Application of group foliation may roughly be understood as a
process of removing symmetries; quoting Ovsiannikov, [47]:

The practical significance of group splitting consists in the fact that so-
lutions of the automorphic system are very simply found at the expense
of its automorphic property (by operation with a group transformation on
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any of its solutions), and the resolving system turns out to be simple when
compared with the initial equation A = 0. The latter occurs because the
resolving system has fewer solutions than A = 0 does because of removal of
those excesses which were introduced by the existence of the admitted group

g.

Cross-section to
pseudo-group orbits

Resolving system solution

PDE solution

Automorphic system

Figure 1: The geometry of group foliation.

Our main tool will be the theory of equivariant moving frames, [13, 43, 44]. The
determination of the resolving system relies on the classification of differential invari-
ants and their syzygies, which may be performed algorithmically using the universal
recurrence relation (3.16). The resolving system may be interpreted as a projection of
the original differential equation into a space of invariants, accomplished through the
application of a right moving frame. The automorphic system then provides a method
for reconstructing solutions to the original differential equation from resolving system
solutions. Geometrically, this reconstruction process is the reversal of the right moving
frame projection, accomplished by application of a left moving frame.

Our approach was inspired by Mansfield’s use of equivariant moving frames to solve
ordinary differential equations, [28, Chapter 7|. This approach works for Lie group
actions and relies on the choice of a faithful matrix representation for the group. In
this paper we adapt these constructions to infinite-dimensional Lie pseudo-group ac-
tions. Central to this adaptation is the introduction of the pseudo-group jet differential
expressions which, after pull-back by a moving frame, generalize Cartan’s structure
equations of a moving frame for Lie group actions, [14], and play the role of Mans-
field’s “curvature matrix” equation in the reconstruction process. The reconstruction
step is also related to the reconstruction procedure appearing in symmetry reduction
of exterior differential systems, [2, 3, 48].

In its most general formulation, the group foliation method applies to infinite-
dimensional Lie pseudo-group actions, so we begin by reviewing in Section 2 the basics
of Lie pseudo-groups. The theory of equivariant moving frames is introduced in Sec-
tion 3. We begin our discussion of group foliation in Section 4.1. In Section 4.2 we
incorporate the moving frame apparatus and obtain a new perspective—in particular a
natural geometric approach to the reconstruction step—based on moving frames. The



Lie pseudo-group action

u
f(@)’

considered in [41, 43] is used as a running example for our constructions. This pseudo-
group is also used in [48] to illustrate the method of symmetry reduction of exterior
differential systems admitting an infinite-dimensional symmetry group; we reproduce
these results in Examples 4.6 and 4.25. In Section 5 the group foliation method is
applied to several equations of interest, including a nonlinear wave equation studied
by Calogero, [5], the equation of a transonic gas flow, and a nonlinear second order
ordinary differential equation. Finally, when a symmetry pseudo-group G admits a
chain of normal sub-pseudo-groups, we explain in Section 6 how the reconstruction
procedure splits into a sequence of smaller reconstruction problems.

X=f(z), Y=y U=

2 Lie pseudo-groups

Since we work with infinite-dimensional Lie pseudo-group actions we restrict our con-
siderations to the analytic category. Given an analytic m-dimensional manifold M, let
D = D(M) denote the pseudo-group of all local diffeomorphisms ¢: M — M. For each
n > 0 we denote by D™ the subbundle formed by their n'* order jets jntp. Introduc-
ing the local coordinates Z = o(z) on DO = M x M, we denote by z = (jnp) and
Z = T(jng) the source and target coordinates of . The induced coordinates on D)
are jnp = (2, 2™), where Z(™ indicates the derivatives
k 7b
Zg:w, b=1,...,m, A= (ay,...,ax),

of order 0 < k < n. A local diffeomorphism 1) € D acts on D™ by either left or right
multiplication:

Li/’(jn30|z) :jn(woSD)‘z or Riﬁ(jn@’z) :jn((powil)‘w(z)‘ (2'1)

The definition of a pseudo-group G C D is a natural extension of the concept of a
local Lie group action. We refer to [17] for a precise definition.

Definition 2.1. A pseudo-group G C D is called a Lie pseudo-group of order n* > 1 if
for all finite n > n*

e the pseudo-group jets a: G — M form an embedded subbundle of a: D™ —
M,

e the projection 7"+1!: G+ 5 G ig a fibration,

e every local diffeomorphism ¢ € D satisfying jn+¢ C G belongs to G.

The above regularity conditions imply that in some coordinate chart, the subbundle
G(™) is described by a system of n*™ order differential equations

FO)(z, 2"y = 0, (2.2)

called the determining system of G. For n > n*, G is described by the prolongation
of (2.2).



Example 2.2. As our running example we consider the Lie pseudo-group action

X=f(z), Y=y, U= f € D(R), (2.3)

u
f(@)’
on M = R3\ {u = 0}, defined by the system of differential equations

X,=X,=0, Y=y  U=-—. (2.4)

X
As is generally the case, it is preferable to work with the Lie algebra of infinitesimal
generators of a Lie pseudo-group. Let X'(M) denote the space of locally defined vector

fields on M. In local coordinates we use the notation

“ 0
_ a
v=>) ¢ (Z)@ (2.5)
a=1
to denote a vector field. For 0 < n < oo, let J*T'M denote the ntt order jet bundle of
the tangent bundle with local coordinates j,v = (z,( (”)). Once more, (™ denotes the
collection of derivatives (4, a =1,...,m, 0 < #A < n.
Given a Lie pseudo-group G, let g C X'(M) denote its Lie algebra consisting of local
infinitesimal generators whose flows belong to the pseudo-group. A vector field (2.5) is
in g if its n*-jet is a solution of the linear system of partial differential equations

L(”*)(27<(n*)) =0, (2.6)

called the infinitesimal determining system of g, obtained by linearizing the determin-
ing system (2.2) at the identity jet. When G is the symmetry group of a differential
equation, the infinitesimal determining system (2.6) is obtained by implementing Lie’s
algorithm for determining the infinitesimal symmetry generators, [36].

Example 2.3. The infinitesimal generators of the pseudo-group action (2.3) are

0 0 0 0 0
V—fa—{—na—y—i—qb%—a(m)%—uaz(x)%, (2.7)

where a(x) is an arbitrary analytic function. The coefficients of the vector field (2.7)
are solutions to the infinitesimal determining system

§&=8&=0, n=0 éo=-u&, (2.8)

obtained by linearizing the determining equations (2.4) at the identity jet 1(1). Rela-
tions among higher order vector field jets are obtained by considering the prolongation
of (2.8).

Dual to the Lie algebra g are the G-invariant Maurer—Cartan forms. Since these
play an important role in the sequel we now recall the details of their construction,
[41]. Beginning with the diffeomorphism pseudo-group D, we split the differential
d = dps + dg into its horizontal and group (or vertical/contact) components as it is
done in the standard variational bicomplex construction, [1], and observe that this
splitting is invariant under the pseudo-group multiplication (2.1). Since the target
coordinates Z¢ are right-invariant, the horizontal one-forms

m
o =dyZ* = § - Zpd, a=1,...,m,
b=1
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are also right-invariant. Let Dy1,...,Dzm be the dual right-invariant total derivative
operators defined by

dyF =) (DzaF)o®,  for F: D) R,

a=1
Explicitly,
Dze =Y whDa,  where (uf) = (2)", (29)
b=1
and P P
D, = — Ay — b=1,... 2.1
b 8zb + Z Ab 8ZA7 ) ,m, ( 0)

#A>0

are the total derivative operators on D(>). Then, the right-invariant Maurer—Cartan
forms are obtained by successively Lie differentiating the zero order invariant contact
forms

m
pt=dgZ* =dz" = 7z d
b=1
with respect to (2.9):
w4 = Dgu®.
We denote by u(") the set of right invariant Maurer—Cartan forms of order < n.

For the implementation of the moving frame method, the coordinate expressions of
the Maurer—Cartan forms are not required. It is enough to know that these invariant
group forms exist since, in practice, most computations involving the Maurer—Cartan
forms can be done symbolically.

Under the inclusion map i: G(>) < D(®) the pulled-back Maurer-Cartan forms
p% = i*(p%) are no longer linearly independent. In the following, to simplify the
notation, we systematically avoid writing pull-backs.

Proposition 2.4. Let G be a Lie pseudo-group of order n*. Then for all n > n*, the
restricted Maurer—Cartan forms ,u(”)|g satisfy the n'* order lifted linear relations

LW(Z, ™) =0, (2.11)

obtained from the infinitesimal determining system (2.6) and its prolongation by making
the substitutions 2* — Z* and (9 — p%.

Example 2.5. Continuing Example 2.3, the right-invariant Maurer—Cartan forms of
the Lie pseudo-group (2.3) satisfy the linear relations

py =pp =0, p'=0, pu"=-Upk, (2.12)
obtained from the infinitesimal determining equations (2.8) by making the substitutions
a—=p, na—ph, da—py  and  z—o X, y—=Y, u-U

Linear relations among the higher order Maurer—Cartan forms are obtained by Lie
differentiating (2.12) with respect to Dx, Dy, Dy. It follows that a basis of right-
invariant Maurer-Cartan forms is given by up = p%4, k > 0.
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By pseudo-group inversion, the preceding discussion also holds for the left multi-
plication (2.1). Denote the inverse of Z = ¢(z) by z = ¢ 1(Z). Then the above
formulas may be adapted to the left action by interchanging the variables z* and Z¢.
In particular, the left invariant Maurer—Cartan forms are obtained by successively Lie
differentiating

it =d2" =Y 2%, dZ,

b=1
with respect to
m
Do = WiDgp,  where (W)= (5)7", (2.13)
b=1
so that
A = D7

For the implementation of the group foliation method it will be useful to know
the relation between left and right invariant Maurer—Cartan forms. For the order zero
Maurer—Cartan forms we find that

m m

A =d2" =Y 23,dZ0 ==Y 25,(dZ° =) Zhdz?) == 2put.  (2.14)
b=1 b=1 c=1 b=1

The linear relations among the higher order Maurer—Cartan forms are obtained by Lie
differentiating (2.14) with respect to (2.13)

m

_ A _

=303 () DEGE) DAE) 215)
b=1 B<A

For example, for the first order Maurer—Cartan forms we have the relations
m
B =D () = = Y W25 e 1 + 25 122).
b,c=1

For G C D, the relations between the left and right invariant Maurer—Cartan forms
are obtain by restricting (2.14), (2.15) to the determining system (2.2) and the lifted
determining equations (2.11).

Example 2.6. For our running example, formula (2.14) reduces to

B=n0" = —[ox u" +zy p¥ + 2y pt] = —zx 1, (2.16)
B = = lyxu® +yy ! +yopt] = —p? =0,
. UTXX 1 UTXX
iV = — [ux p* +uy p¥ 4+ uy pt] = pt = —pt = K= upx,
rx rx rx

where we used (2.12) and the determining equations

$Y:$U:0, y:}/a U=—.



Lie differentiating (2.16) with respect to

1 uzT
D, = — Dy + XX

]D)Uy Dy:]D)Yv ]D)UZLUX]D)U
Tx Tx

yields the relations among the higher order Maurer—Cartan forms. For example,

TXX

iy, =Dy (1) = ———p — px,
Trx
2
_ _ x TXXX TXX 1
=D = [ ZXX _ — - .
Mg fC(Mac) ( mg,( xg( )M 1%( mx Tx XX

3 Moving frames

We are interested in the action of a Lie pseudo-group G on p-dimensional submanifolds
S C M, with 1 < p < m = dim M. To this end, let J® = J*(M, p) denote the n'"
order extended jet bundle of equivalence classes of p-dimensional submanifolds under
the equivalence relation of n* order contact, [35]. Locally, we identify M ~ X x U with
the Cartesian product of the submanifolds X and U with local coordinates z = (x, u).
The coordinates = (z!,...,2P) and u = (u',...,u9) are considered as independent
and dependent variables respectively. This induces the local coordinates 2 = (x, u("))
on J", where u™ denotes the collection of derivatives ug, with o =1,...,g and 0 <
#J <n.
We introduce the n'* order lifted bundle

gM — g7 5, g 5 g7

whose local coordinates are given by (z(”),g(”)), where z(") are the n'® order subman-
ifold jet coordinates and g™ are the fiber coordinates along Q(”)] .. On the infinite
order lifted bundle £(°), define the total derivative operators

q
0 .
Dﬂfi:DxiJrZ [U?DWJFZU%M]’ i=1,...,p,
a=1 J
where the expressions for the differential operators D, Do are given in (2.10).
A Lie pseudo-group G acts on J” by the usual prolonged action

(X, U™) = g™ (z,u™) = ¢ 5,8 =jn(g-9). (3.1)
The coordinate expressions of the prolonged action are obtained by applying the lifted
total derivative operators

P
Dyi = Z B!D,;, where (B]) = (D X?)7H,
j=1

to the dependent target coordinates U“:
@, = D{U", a=1,...,q, #J>0.

The lifted bundle £™ has groupoid structure with source map o™ (z(”), g(")) =2
given by the projection onto the first factor and target map (M (2(" (M) = (") . z(7)
given by the prolonged action (3.1). On & () we use o and 7 to denote the source and
target maps.



Example 3.1. The Lie pseudo-group (2.3) is now assumed to act on surfaces in R3
locally given as graphs {z,y,u(x,y)}. In this setting, the prolonged action is obtained
by applying the lifted total derivative operators

1
DX:?Dxa DY:DZ,H
xX
to U. For example, the second order prolonged action is
U Ug fo — Ufzz Uyy
Uy = -2, Ux=—""F7", Uyy = —=,
fa 12 fa
_ Ugy — Uy frx - Uz fo — Ufrax Ux fox
UXY - f2 ) UXX - f4 - 3 f2 .
x xX x

From this point forward, we assume that the Lie pseudo-group acts regularly on J”
for all n. This means that the orbits of the pseudo-group action form a regular foliation
and its leaves intersect small open sets in pathwise connected subsets.

Definition 3.2. Let

() — {gm) € g, - g () = ()

g

be the isotropy subgroup of (™. The pseudo-group G acts freely at z(™ if Qi?,z) = {]l,(zn)}.

The pseudo-group G is said to act freely at order n if it acts freely on an open subset
Y* C J”, called the set of regular n-jets.

Definition 3.3. Let G be a Lie pseudo-group acting regularly and freely on V" C J"
and let K" C V™ be a local cross-section to the pseudo-group orbits. Given z(") e V",
the n't-order right moving frame

oM (zM) = (2, p() (M)

is the section of the lifted bundle £(™ where the fiber component p(™ (z(™) is the unique
n'" order pseudo-group jet in G|, such that 7" [ (2(M)] = p(?) (z(M) . (M) ¢ 7,

Assuming, to simplify the discussion, that " is the coordinate cross-section

i1 i 41 xdy
™M =c, ..., "=, Up D) = Cly s Ug" = Cdy (3.2)

where d,, = dim g<n>| » is the fiber dimension of the subbundle G (”), the corresponding
right moving frame is obtained by solving the normalization equations

X“(z(”),g(”)) = ¢y, e le(z(n)’g(n)) =,
U (2, g™ = cpr, o, U (20, g™) =y,

for the pseudo-group jets g™ = p(™ (2(") so that
o) = (20, ) (0)). (5:3)

To each right moving frame (3.3) corresponds a unique left moving frame 2™ obtained
by pseudo-group inversion:

2 (2 = (pM (2(M) . M) (p) (M) =1y,
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In the following, we let 5 (z(™) = (p(™(2())~1 denote the inverse of the pseudo-
group jet p(™(2(™) so that

2 (M) = (pM) (z(M) . () 50 (z(M)y) where 20 = () (M), (3.4)

Given a (right) moving frame, there is a systematic procedure for invariantizing
differential functions and differential forms. First recall the standard coframe on J*
given by the horizontal one-forms

det, ..., daP, (3.5a)
and the basic contact one-forms
p .
f}‘:duﬁfz ug ; da’, a=1,...,q, #J>0. (3.5b)
j=1

Supplementing (3.5) with the Maurer—Cartan forms ;% |g yields a coframe for the lifted
bundle £,

Definition 3.4. Let w be a differential form on J°°. Its lift is the G-invariant differential
form

Aw) = m3[r*(w)], (3.6)

where 7y is the projection onto jet forms obtained by setting the Maurer—Cartan forms
equal to zero.

We denote by ‘ A
O = X(dz'), 9 = A(69), (3.7)

the lift of the standard jet coframe. When w is a submanifold jet coordinate, its lift is
just the usual prolonged action:

X=Xz, S = A(u9).
The lift map (3.6) may also be extended to the vector field jet (™ by defining
A(CA) = 1
to be the corresponding right-invariant Maurer—Cartan form.

Definition 3.5. Let o = o(°): J® — £() he a right moving frame, then the invari-
antizaton map v: Q*(J*°) — Q*(J*°) is defined by

L=0 0. (3.8)
We denote by

o = (@) = da'),  i=1,...,p,

3.9
G=10709)=u09), a=1...,q, #J>0, (3.9)

the invariantization of the horizontal coframe and basic contact one-forms. Since the
lifted contact forms (3.7) and their invariant counterparts in (3.9) are not used in the
group foliation method we introduce the equivalence notation = to denote equality of



two differential one-forms up to a lifted or invariant contact form. Finally, we denote
the invariantization of the submanifold jet coordinates by

H =(2%), 1Y =u(uy), (3.10)

and refer to them as normalized invariants. By construction, the invariantization of
the jet coordinates (3.2) defining the cross-section K are constant, and for this reason
are called phantom invariants.

Proposition 3.6. The normalized invariants (3.10) form a complete set of functionally
independent differential invariants. In particular, using the invariantization map (3.8)
any invariant .J(z,u(™) can be expressed as

J(z,u™) = o[ J(z,u™)] = J(H, IM).

Example 3.7. We now construct a moving frame for the Lie pseudo-group action (2.3).
A standard cross-section to the pseudo-group orbits is

x =0, uw=1, Ue = 0, k> 1. (3.11)

Solving the normalization equations U = 1, X = Uxr = 0, k > 1, for the pseudo-group
parameters yields the right moving frame

F=0,  fa=ug1, k>1 (3.12)

Up to second order, the invariantization of the submanifold jet coordinates produces
the normalized invariants

u

HY = (y) =y, Io1 = t(uy) = Zy,
Ulgy — UgUy Uyy (3'13)
111 = L(uxy) = T, I()g = L(uyy) = 7

The invariantization of the horizontal coframe gives the invariant one-forms
w’ = 0" (d;X) = udz, w? = 0*(d;Y) = dy.
The corresponding left moving frame is obtained by inverting the right moving frame

(3.12):
7 1 1 3 fra _ Ug

f=u=, fX:E:E’ fXX:_Tg—E, (3.14)
Theorem 3.8. Let w be a differential form on J°°, then
dA(W)] = Aldw + v (w)]. (3.15)
An immediate consequence of (3.15) is that
d[u(w)] = [dw 4 v (w)]. (3.16)

The identity (3.16) is called the universal recurrence relation. We are particularly
interested in the case when w is a differential function, and more particularly, when w
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is one of the submanifold jet coordinates. Substituting 2 and u$ in (3.16) we obtain
the invariant recurrence relations

dH' =@+ M',  dI§ =1§,@" + N§, (3.17)
for the normalized invariants. The correction terms M?, N§ come from the Lie algebraic
term +(v(®)(w)) in (3.16). One of most important features of (3.17) or (3.16) is that

these equations do not require the coordinate expression of the invariant object to be
computed, [43].

Example 3.9. In this example we compute the invariant recurrence relations (3.17)
for the normalized invariants (3.13). To compute the lifted recurrence relation (3.15)
we need the prolongation of the infinitesimal generator (2.7):

0 0 0 0 0
(00) — = = 2 — — .
v a(x) i L (U gy + 2uy ag) oL Uy Ay duy Uyy Qg Ty
- (uy [ + 2U:L’y aac)aT - (u Qxrx + Sux Qgy + 3uacaz ax)aT -
Ty T
Substituting z, y, u, ug, Uy, ... for w in (3.15) we obtain, modulo contact forms,

dX = Q%+,  dY = QY,
dU = Ux QF + Uy QY — U iy,
dUx =Uxx Q"+ Uxy QY — U pxx — 2Ux px,
dUy = Uxy QF + Uyy QY — Uy pux, (3.18)
dUxx =Uxxx Q" +Uxxy QY —Upxxx —3Ux pxx — 3Uxx px,
dUxy = Uxxy Q" + Uxyy Q¥ — Uy uxx — 2Uxy px,
dUyy = Uxyy Q" + Uyyy Q¥ — Uyy px,
Pulling-back (3.18) by the right moving frame p, the left-hand side of (3.18) is identically

zero for the phantom invariants H* =0, I =1, I;o = 0, £ > 1. Solving these equations
for the pulled-back Maurer—Cartan forms up = 0*ux, the result is

uw=—w", pi = Ig—11 @, k> 1. (3.19)

Substituting the expressions (3.19) into the remaining recurrence relations (3.18) yields
the invariant recurrence relations

dHY = wy, dlp1 = 111 wx—klogwy _Igl wy, (3 20)
dlhi = Inw" + L w? — 3111 @Y, dlog = haw" + l3w? — Ionlop ¥,

and so on. Let D; be the invariant total differential operators dual to the invariant
horizontal one-forms w" defined by

p
dF = Z Dy(F) @ for any differential function F(z, u™).
i=1

Since the invariant horizontal one-forms «’ are linearly independent we deduce from
(3.20) the recurrence relations

Dylo1 = I1n, Dylo1 = Iog — I3y,
Dyl = I, Dyl = 112 — 3Ip1111, (3.21)
Dylp2 = 112, Dyloo = oz — Io1lp2,

11



among the low order normalized invariants. Note that the invariant I1o appears twice
on the right-hand side of (3.21). Eliminating this invariant we obtain the relation

Dy lo2 = Dylin + 3101111 (3.22)

Definition 3.10. A set of invariants Z is said to generate the algebra of differential
invariants with respect to the invariant derivative operators Dy, ..., D, if all differential
invariants can be expressed as some function of the invariants I € Z and their invariant
derivatives DylI.

The Fundamental Basis Theorem—first proved for finite-dimensional group actions
by Lie, [26, p. 760], and later extended to infinite-dimensional Lie pseudo-groups by
Tresse, [54]—guarantees that the set Z may be taken to be finite. That is, the algebra
of differential invariants is generated by a finite number of invariants. Modern proofs of
the Fundamental Basis Theorem appear in the textbooks [36, 47]; other proofs based
on Spencer cohomology, [23], Weyl algebras, [32], homological methods, [21] or moving
frames, [15, 39, 44], also exist.

Using Grobner basis techniques, the proof of the Basis Theorem presented in [44]
is constructive and also identifies a generating set. The proof relies on the assump-
tion that moving frames constructed are of minimal order, and hence we assume from
now on every moving frame to be of minimal order. Intuitively, a moving frame is of
minimal order if during the normalization procedure the pseudo-group parameters are
normalized as soon as possible; we refer the reader to [15, 39] for a precise definition.

Understanding functional dependence relations among the invariants will be central
to the implementation of the group foliation method.

Definition 3.11. A syzygy among the generating differential invariants Z = {I',..., I*}
is a nontrivial functional relationship

S(...,DpI', ..., DxI*,...)=0
among the invariants ¥ and their various invariant derivatives DjI".

Example 3.12. Continuing Example 3.9, setting w = dz and w = dy in the recurrence
relation (3.16) we find that

dw® = Iy w9 N @%, dw? = 0.
By duality we deduce the commutation relation
Dy, Dy| = Io1 Dy. (3.23)

Syzygies arising from commutation relations such as the above are called commutator
syzygies. For example, for any differential invariant I one finds by application of (3.23)

the syzygy
D, Dyl = DyD,I + In1D, 1. (3.24)

Definition 3.13. A collection § = {S1,..., Sk} of syzygies is said to form a generating
system if every syzygy can be written as a linear combination of members of & and
finitely many of their derivatives, modulo the commutator syzygies.

12



Theorem 3.14. Let G be a Lie pseudo-group acting locally freely on an open subset of
the submanifold jet bundle J™ for some n > 1. Then the algebra of syzygies is generated
by a finite number of fundamental sygygies.

A comprehensive discussion of syzygies and a proof of Theorem 3.14 appears in [44].
The proof is again constructive and based on Grobner basis methods. We note that
in applications it is generally possible to avoid the introduction of the Groébner basis
machinery. The generating sets Z and S for the algebra of differential invariants and
the algebra of syzygies can be found by direct observation.

Example 3.15. Continuing Example 3.9, we conclude from the recurrence relations
(3.21) that the second order normalized invariants I1; and Iy are expressible in terms
of the normalized invariants Iy; and HY and their invariant derivatives with respect to
D, and D,. The same holds for higher order normalized invariants, and we conclude
that the algebra of differential invariants of the pseudo-group (2.3) is generated by the
normalized invariants Ip; and HY and the invariant derivative operators D, = (1/u)D,,
and Dy = D,.

Also, there is no fundamental syzygy among the generating invariants {HY, Io; }.
Every syzygy must be trivial modulo the commutator syzygies. For example, substi-
tuting I = Ip; in (3.24) and using the recurrence relations (3.21), we recover the syzygy
(3.22).

In the above discussion, the invariant derivative operators Di,..., D, can be re-
placed by any other set of p linearly independent invariant total derivative operators.
In doing so, the structure of the algebra of differential invariants may change. As
the next example shows, the generating set of invariants and fundamental syzygies are
dependent on the basis of invariant total derivative operators.

Example 3.16. We now revisit Example 3.15 using a different set of invariant deriva-
tive operators. To simplify the notation, let

H=HY, J=Iy, K=Ii, L=Iy. (3.25)

From (3.20), we have that
dH AdJ = K @Y A w®. (3.26)

Working on the open subset of jet space where K # 0, one can replace the invariant
total derivative operators D, and D, by the invariant Tresse derivatives Dy and D,
[22]. By the chain rule,

D,=D,H -Dy+D,J -Djy=KDy,
D, =D,H Dy +D,J -Dj= Dy +(L—-J*Dj. (3:27)
In terms of these Tresse derivatives, the algebra of differential invariants cannot be
generated by the invariants { HY, Ip1} = {H, J} since

Dy(H)=D;(J)=1 and Dy(J)=Dyj(H)=0.

In this case, a generating set of invariants is given by the four normalized invariants
(3.25). There is now one fundamental syzygy obtained by expressing (3.22) in terms of
the operators (3.27):

D.L=D,K +3JK <=  KD;L=DyK+ (L—J)D,K +3JK. (3.28)
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4 Group foliation

In the first part of this section we review the classical method of group foliation, mostly
following Ovsiannikov’s treatment, [47]. Moving frames are used when possible to sim-
plify the constructions. In particular, the derivation of the automorphic and resolving
systems is done symbolically without relying on coordinate expressions for the differ-
ential invariants. In the second part of this section, the moving frame method is used
to obtain a symbolic procedure for reconstructing solutions of the original differential
equation from solutions of the resolving system. This reconstruction procedure differs
from the classical approach using automorphic systems, which requires explicit formulae
for differential invariants.

4.1 Vessiot’s group foliation method

Given a differential equation A = 0, group foliation splits the problem of solving A =0
into one of solving two associated systems of differential equations called the resolving
and automorphic systems. More precisely, it is an associated family of equations; each
solution to the resolving system determines a particular G-automorphic system, which
in turns yields solutions to the original equation A = 0.

Definition 4.1. A system of differential equations is called G-automorphic if all of its
solutions can be obtained from a single solution via transformations belonging to G.

We now describe the method rigorously. Suppose that
Az, u™) =0

is an n'" order differential equation admitting a Lie pseudo-group G of symmetries. By
definition of invariance, G maps solutions of A = 0 to other solutions. Thus, there is an
induced action of G on the solution set, partitioning this space into orbits. If the jets
of solutions lie within the set of regular jets V¥  J*, these orbits determine invariant
submanifolds in J*, k > 0, traced out by the action of G on the prolonged graph of a
given solution. The description of these invariant submanifolds using the differential
invariants of G leads to the main idea of the group foliation method.

Let K* be a cross-section to the prolonged action of G on J*¥ and let ug: X — U be
an arbitrary function whose prolonged graph (z, u[()k)(a:)) lies in a neighborhood of KC¥.
Later on, ug(z) will be a solution of the differential equation A = 0, but the immediate
discussion does not rely on this assumption. Consider the orbit under G of the k"
prolongation of the graph (z, u(()k) (x)):

AWy = {g® - (2,0 (2)) : g™ € g(k)|(x’uék))} c gk

Let 7, be the dimension of the intersection of .A(u(()k)) with the cross-section KCF. We
assume that the dimension of this intersection is constant. Increasing the order of
prolongation, we have the non-decreasing sequence

O0<rg<ri<---<p.

Definition 4.2. The smallest order s such that r; = rs4; for all ¢ > 1 is called the
order and r = ry is called the invariant rank of the function ug.
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Figure 2: The orbit of a graph and intersection with a cross-section.

As guaranteed by the Fundamental Basis Theorem, we may choose k > s so that
there is a functionally independent generating set Z of differential invariants of order
< k. These invariants provide coordinates for the cross-section K* and allows us to write
the intersection .A(u[(]k)) N K* as a parametrized submanifold of K¥. For this purpose,
distinguish a set of functionally independent differential invariants {J',...,J"} C Z,
to be used as parametric variables. We may then use the remaining invariants as
dekpendent variables for the parametrization, writing A(uék)) N KF locally as a graph in
Kre

A, K'=Fi(J', ..., J"), KY=F"(J',...,J"), (4.1)

where {J',...,J", K ... K"} is the full generating set of invariants. The system
(4.1) is automorphic and will be called an automorphic system A, of rank r, dropping
reference to ug. In [47], it is shown that every automorphic system on J° has the form
(4.1).

Remark 4.3. In practice we may distinguish the invariants J?, ..., J" by verifying the
independence condition
dJYA - ANdI" £ 0.

on A,. This may be done symbolically, without the need for explicit formulae for the
invariants.

Example 4.4. In this example we obtain the automorphic systems for the pseudo-
group (2.3). The differential invariants and their recurrence relations were obtained in
Examples 3.7 and 3.9. Since the independent variable H = HY = y is an invariant, the
invariant rank of an automorphic system is bounded by 1 < r < 2. Distinguishing the
invariants H and J as parameters, the independence condition (3.26) from Example
3.16 implies that when K =# 0, the invariants H, J are independent and automorphic
systems of rank 2 have the form

Ao :

1 Ulgy — Uglly I <y uy>
K=F'(H,J 3 B ’

When K = 0 we may choose H as a parameter to obtain the rank 1 automorphic

15



systems

Uy
2 _ 1
J = FY(H) W)
Ay K=0 = w _ (4.3)
u
L =F?*H) Uy )
D _ g2y

u

The choice of F'!,..., F” in (4.1) may not be arbitrary. Because (4.1) is expressed
in terms of differential invariants, applications of syzygies among the invariants will
lead to integrability conditions. Consideration of these syzygies leads to a system of
differential equations for the functions F!,..., F¥ in the automorphic system A, that
we call the syzygy system.

We first discuss syzygy systems for full rank automorphic systems, i.e. r = p. Let
S be the set of fundamental syzygies among the generating invariants Z = {J*', ..., J",
K! ..., K"}. Making the chain rule substitutions

Di=) (DiJ" Dy, i=1,....p, (4.4)
k=1

we may write the invariant differential operators D; appearing in each syzygy in terms
of the derivatives D ;;. Without loss of generality, we assume that D;J7, i = 1,...,p,
j=1,...,r, are again functions of the generating invariants Z by increasing the order
of prolongation and adding more invariants to Z if necessary (we do not require Z to
be minimal). Application of the fundamental syzygies to the system (4.1) results in a
system of differential equations for F'!,..., F¥. This system is called the syzygy system.

Remark 4.5. As can be seen from Example 3.16, for any particular symmetry group,
the substitution (4.4) may be made symbolically, without explicit formulae for the
invariants, using the recurrence relations (3.17).

Example 4.6. The syzygy system associated to the rank 2 automorphic system (4.2)
is simply obtained by substituting the functions K = F'(H,.J) and L = F?(H,.J) into
the fundamental syzygy (3.28), resulting in the first order partial differential equation
OF%* 9F! OF!
1 2 2 1
— =—+F"—-J)—=—+3JF". 4.5
aJ 0H ( ) oJ (45)
We now address the case when the automorphic systems considered have less than
full rank, i.e. r < p. In this instance, the substitution (4.4) may introduce new de-
pendencies among the differentiated invariants in addition to the fundamental syzygies
and their consequences. We will call these dependencies restriction syzygies since they
arise from restricting the differential operators to submanifolds (locally) parametrized
by J, ..., J".

Example 4.7. For the rank 1 automorphic system (4.3), the syzygy (3.28) is trivial.
To see this, express the invariant total derivative operators D,, D, in terms of the single
operator Dip:

D, =D,H -Dyg =0, Dy =DyH -Dy = Dy. (4.6)

On the other hand, by substitution of (4.6) into the recurrence relations (3.21) we find

DyJ=L—J?  In=0,  Lis=0, Iyg=DyL—JL, (4.7)
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and so on. Thus, there is a new restriction syzygy
DyJ=1L1—J?

among the generating invariants, arising from the restriction of the invariants and
invariant differential operators to submanifolds of the form (4.3). It can be seen by
inspection that this restriction syzygy is generating. Thus we arrive at the rank 1
syzygy system for the functions F'(H), F2(H):

OF!

O 2 12
o F*— (F)~.

Remark 4.8. We will henceforth refrain from referencing the functions F? in our
examples when it is understood that each invariant K is a function K*(J',... J").

Analogous to Theorem 3.14 in the full rank case r = p (where the restriction syzygies
are identical to the usual syzygies), the restriction syzygies for r < p are also finitely
generated.

Proposition 4.9. Suppose that the Lie pseudo-group G admits a moving frame. For
any choice of distinguished invariants J1, ..., J", the set of restriction syzygies resulting
from substitution of the relations (4.4) into the recurrence relations is finitely generated.
A finite generating set of restriction syzygies is called fundamental restriction syzygies.

Proof. The full rank case r = p follows from Theorem 3.14. When r < p, certain
constraints among the differential invariants are imposed, as can be seen in Example
4.4. Writing the differential invariants explicitly in terms of submanifold jet coordinates
(z,u(™), these constraints give invariant differential equations that u = w(z) must
satisfy. The proposition then follows from the fact that the differential module of
differential syzygies restricted to the solution space of an invariant differential equation
is finitely generated, [22, Theorem 24]. d

Remark 4.10. Our proof of Proposition 4.9 provides only the existence of a finite
generating set of restriction syzygies. A constructive proof would be preferable and
useful for more intensive examples than those treated in this paper.

We are now prepared to define the syzygy system for all ranks r < p.

Definition 4.11. The syzygy system S, for a rank r automorphic system A4, is the finite
system of differential equations for F,..., F¥ as functions of the invariant parameters
JY,...,J" obtained by applying to A, the fundamental restriction syzygies.

Remark 4.12. It is important to note that the syzygy system does not impose extra
conditions on the solutions of the system A,; S, is a collection of integrability conditions
on the functions F7.

Let us now return to the context in which our automorphic systems (4.1) arise as
orbits of solutions ug(x) to a G-invariant differential equation A = 0, and discuss how
to apply these systems to the problem of finding solutions to A = 0.

Starting with a solution wug(x) to a G-invariant equation A = 0, solutions to the G-
automorphic system .A(u(()k)) will again satisfy A = 0 by invariance. Unfortunately, this
observation does not offer obvious practical value for finding solutions to A = 0; indeed,
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if a “seed” solution ug is known, one can simply apply the pseudo-group transformations
to ug and avoid automorphic systems altogether. The preceding construction of syzygy
systems suggests an alternative approach: append to the syzygy system the condition
A = 0. By adding this condition, we ensure that the automorphic systems determined
by solving the syzygy system are those generated by solutions to A = 0. Note that, by
the invariance of A = 0, this amounts to adding new relations among the generating
invariants; these relations will be called constraint syzygies. The constraint syzygies
together with the restriction syzygies give a set of differential equations, called the re-
solving system, whose solutions determine automorphic systems generated by solutions

of A =0.

Definition 4.13. The rank r resolving system R,(A) of a differential equation A =0
foliated by G is the system of differential equations obtained by appending to the syzygy
system S, the constraint syzygy ¢(A) = 0 and its differential consequences.

Example 4.14. We now obtain the rank 2 resolving system for the nonlinear wave
equation
Wy — Uy = U, (4.8)

foliated by the Lie pseudo-group (2.3). First observe that this Lie pseudo-group is a
symmetry group of (4.8). Invariantization of (4.8) gives the constraint syzygy

K=1. (4.9)
Appending the constraint syzygy to the syzygy system (4.5) yields the resolving system
K=1, Dj;L = 3J. (4.10)

Note that there is no rank 1 resolving system because the constraint syzygy (4.9) is not
compatible with the dependence condition K = 0 from (3.26).

Remark 4.15. The addition of the constraint syzygy may, as usual, be performed
symbolically by direct invariantization of the equation A = 0 and use of the recurrence
relation to write all invariants appearing in ¢(A) in terms of the generating invariants.
We assume that the solution space of A = 0 lies within the set of regular jets so that
the equation may be written as a level set of differential invariants; see [35, Proposition
2.56].

All the ingredients for the group foliation algorithm are now in place.

Algorithm 4.16 (Group foliation). Let A(z,u(™) = 0 be an n-th order differential
equation invariant under a Lie pseudo-group G and suppose that G admits a moving
frame on the solution space of A = 0.

e Choose an invariant rank r for which rank r solutions will be sought. Prolong to
order k > s, where s is the order of stabilization of a generic rank r solution, so that
the normalized invariants of order at most k form a generating set.

e Choose distinguished invariants J',...,J" among the normalized invariants so that
D;J? have order no greater than k. These invariants will be used as independent
variables and the remaining normalized invariants K',..., K" as dependent variables

in the automorphic system

A Kt=F\Jt,...,J"), ..., K'=F"(J'...,J".
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e Compute the order r resolving system R,.(A) by applying the restriction syzygies and
the constraint syzygy ¢(A) =0 to A,.

e Find a solution FY(J,... J"),...,F¥(J',...,J") to the resolving system.

e Form an automorphic system A, using the resolving system solution and write the
invariants in this automorphic system explicitly in terms of (z,u(*). Solutions of this
automorphic system will satisfy the original equation A = 0.

Example 4.17. We continue Example 4.14. A general solution to the resolving system
(4.10) is easily found:

K(H,J)=1, L(H,J)= gﬂ + G(H), (4.11)

where G(H) is an arbitrary smooth function. Substituting (4.11) and the explicit
formulae (3.13) for the invariants into the automorphic system (4.2) we obtain the
system of differential equations

2
Uy — Ug Uy Uyy 3 [uy
Y -1 24— X G(y). 4.12
— () vow (4.12)

It is apparent that the method in this instance has been circular; the original equation
itself appears in the final automorphic system and the second equation of (4.12) follows
from the first by cross-differentiation. This unfortunate outcome will be remedied by
the subject of the next section.

Example 4.18. To illustrate the algorithm for non-maximal invariant rank we consider
the differential equation
Ullgy — Uglly = 0. (4.13)

This equation also admits the symmetry pseudo-group (2.3). Using the same notation
as Examples 4.4 and 4.7, (4.13) implies the constraint syzygy K = 0. Since dH AN dJ =
KwY A w® = 0, the invariants H and J are functionally dependent and the resolving
equations in this case are identical to the rank 1 syzygy system already computed in
Example 4.7. A solution to the resolving system is

J(H)=G(H), L(H)=G'(H)+G(H)? (4.14)

where G is an arbitrary smooth function. Substituting (4.14) and the explicit formulae
(3.13) for the invariants into the automorphic system (4.3) we obtain the system of
differential equations

Uy Ullgy — Ug Uy U 9

= = = 4.1
., =G, 3 0, L = GW+G) (4.15)
We do not pursue a solution of (4.15) at present. This will be done by alternative

means in Example 4.27 to follow.

In Algorithm 4.16, all steps except for the last may be executed using the symbolic
calculus of moving frames. It is only the last step that requires explicit knowledge
of the differential invariants and, in the instance of Example 4.17, leads to a dead
end in the computation. In keeping with the intent of moving frames, we propose
an alternative method for reconstruction of solutions from the resolving system that
is completely symbolic, and effective in certain examples — such as Example 4.17 —
where the standard reconstruction method fails.
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4.2 Reconstruction procedure

The method of moving frames is naturally incorporated into our exposition of the group
foliation method. Moving frames are not required per se to perform the algorithm, but
they facilitate the symbolic construction of the automorphic and resolving systems using
only the infinitesimal data of the pseudo-group action and the choice of a cross-section
to the pseudo-group orbits. But, when the automorphic system is used to construct
a solution to A = 0 from a solution of the resolving system, as in (4.12), it becomes
necessary to know the explicit formulae for the generating invariants. Also, as Example
4.17 shows, this final step of the group foliation method may result in a problem no
easier to solve than the original differential equation.

To address these shortcomings, we replace the explicit automorphic system by a
system of reconstruction equations. In essence, the reconstruction system makes use of
the pseudo-group transformations to map the resolving system solution away from the
cross-section, to solutions of A = 0. More precisely: a right moving frame p will project
the jet of an unknown solution along pseudo-group orbits onto the cross-section. This
projection is identical to the intersection of the orbit of the solution with the cross-
section, and hence characterized as a solution of the resolving system R, studied in
the previous section. A left moving frame 9 inverts this process, mapping a resolving
system solution away from the cross-section and back to solutions of A = 0. See
Figure 3 for the geometry of this process. We begin by introducing the pseudo-group
jet differentials of G, which will allow the determination of reconstruction equations in
a purely symbolic manner.

cross-section

solution to resolving system

solution to A =0

Figure 3: The geometry of reconstruction.

4.2.1 Pseudo-group jet differentials

In this section we introduce the pseudo-group jet differential expressions arising simply
from taking the exterior derivative of the pseudo-group jets. Pull-back of these pseudo-
group jet differentials by the right moving frame results in an expression for the exterior
derivatives of the left moving frame components in terms of “known quantities”: in-
variant horizontal differential forms and the right moving frame pull-backs of the right
Maurer—Cartan forms, computed using the universal recurrence relation (3.16). Expan-
sion of these exterior derivatives in the invariant horizontal coframe yields differential
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equations for the the left moving frame; after restriction to a resolving system solution,
these differential equations become the reconstruction equations.

The pseudo-group jet differential expressions rely on the relation between left and
right Maurer—Cartan forms. Recall from Section 2 the right and left zero order Maurer—
Cartan forms, respectively, for the full diffeomorphism pseudo-group:

m m
pt=dz =y Z%d2b,  pt=de" =) 2%, dZ"
b=1 b=1
Higher order right and left Maurer-Cartan forms p% = ID)’%‘M“ and 1% = DAL® are
obtained via Lie differentiation with respect to, respectively,
m m
Dye =) 2paDp  and  Dee=Y ZDy.
b=1 b=1
The Maurer—Cartan forms of a Lie pseudo-group G C D are found by restricting the
diffeomorphism pseudo-group Maurer—Cartan forms to the determining equations (2.2)
and lifted determining equations (2.11) for G, with the interchange z <» Z, u <> 1 for
the left Maurer—Cartan forms.
Using the relation (2.14) between left and right zero order Maurer—Cartan forms we
find the following relations among the diffeomorphism pseudo-group jets:
m
dz* = Z (2%, dZ° — 2%, ub). (4.16a)
b=1
Similar relations among the higher order diffeomorphism pseudo-group jets z4 are ob-
tained by Lie differentiation of (4.16a) with respect to Dza. For example, we find for
the first order pseudo-group jets:
m
dzhe =Y (2550 dZ° — 25 e 1 — 2 plye). (4.16D)
b=1
Definition 4.19. Equations (4.16) and higher order consequences are called pseudo-
group jet differentials for the diffeomorphism pseudo-group. For a Lie pseudo-group
G C D, the pseudo-group jet differentials are obtained by application of the determining
system (2.2), with the interchange of z and Z, and lifted determining system (2.11) to
(4.16).

Remark 4.20. It will usually be more convenient to work with pseudo-group param-
eters instead of pseudo-group jets. The distinction is purely computational; we will
illustrate both approaches in our running example.

Example 4.21. We now compute the pseudo-group jet differentials for the Lie pseudo-
group action (2.3). Applying to (4.16) the determining equations

zy =0, ry =0, y=Y, U= —,
rx
and the lifted determining equations (2.12) for the right Maurer—Cartan forms we obtain
dr = xx (dX — p*)
dy=dY
Uzrxx

1
du = —(dX — %) —
Tx

(dU + Up®).
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Lie differentiation with respect to Dx gives the higher order relations

derxy = xxx (dX — p*) —zx p%

—x 1 U(x rx — 22 U2z
dux = “2X ax gy L - VI E 00 (g ey I
z% rx 5 Tx
and so on. Writing these jet differentials in terms of the pseudo-group parameters
f=x fx =xx,fxx =xxXx,... instead offers some simplification:
dfx = fxx dX — fxx p* — fx p%, (4.17)

dfxx = fxxx dX — fxxx " —2fxx 1% — fx % x,

and so on. The pseudo-group jet differentials involving the jets u,ux,uxx,... may
be disregarded since they are expressible in terms of the jet parameters determined by
(4.17).

4.2.2 Reconstruction equations

Locally, the right moving frame o(z(>) and left moving frame Q(Z(OO)) are completely
determined by their pseudo-group jet functions p(z (0 )) and p( ) respectively. Since
the considerations of this section are purely local, we will refer to p and p as the right
and left moving frames by an abuse of terminology.

Because the right and left moving frames p and p are related by pseudo-group inver-
sion, the right moving frame pull-back of the “inverse” pseudo-group jets 2% produces
the left moving frame pull-back of the “regular” pseudo-group jets Z4:

(2, Z2()) = p*(Z,2(>)),

Thus applying the right moving frame pull-back p* to the pseudo-group jet differentials
will yield an expression for the differential dp = (d(p*z), d(p*2%;), .. . ) of the left moving
frame:

ﬁzzp: P;(p, H, 1)) @, (4.18)

where H,1(>) are the collections of normalized invariants H' = u(z%), I¢ = 1(u%),
respectively, and z = (z,u) as usual. The invariants H, I§, make their appearance in
(4.18) via the normalized Maurer-Cartan forms p*u% and the normalized differentials
p*dX*®, p*dU®. Note that these quantities may all be computed symbolically via the
universal recurrence relation (3.16). Giving a general expression for the functions P;
is possible but not necessary for our discussion. To apply the identity (4.18) to the
problem of group foliation, we restrict to a particular automorphic system A, given by
a choice of resolving system solution. First consider the case of full rank r = p.

Let A = 0 be a G-invariant differential equation, and suppose that a solution to a
full rank resolving system R, is given, determining the automorphic system A,. Let
J ={J, ..., JP} be the distinguished independent invariants for the resolving system.
Because of independence, invariant horizontal projections of the forms

dJb, ..., dJP
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constitute an invariant horizontal coframe, which may be used in place of @', ..., @? in
(4.18). Restricted to A, (4.18) then yields an explicit system of differential equations
for the left moving frame as a function of the distinguished invariants .J via projection
onto this horizontal coframe:

p
dp=>_ Q;(p,J)dJ. (4.19)

J=1

All invariants H, I(>) are expressed as functions of the distinguished invariants via the
recurrence relations. The result is a system of first order differential equations that
must be satisfied by p:

Dyip= Q). (4.20)

We will refer to (4.19) or (4.20) as reconstruction equations.
Theorem 4.22. The reconstruction equations (4.19) are automorphic relative to G.

Proof. Let p; and p, be two solutions of the reconstruction equations (4.19). Then
S1 =p,-(H,I)and Sy = py-(H, I) are p-dimensional submanifolds with same projection
onto K. Since the normalized invariants (H,1(>)) = i(z,u(>)) form a complete
set of invariants and parametrize IC°° the submanifolds S7 and S5 have the same
signatures, [40, 55; that is, (H, I(®))|s, = (H,I(®))|g,. This implies that there exists
a transformation g € G such that g-S; = S2. By construction of S and S, this means
that ¢(°°) - P = Po. O

Remark 4.23. As seen in (3.4), a left moving frame is uniquely determined by its
target point. Since the solution to the reconstruction equations (4.20) are expressed
in terms of the source coordinates (i.e. coordinates on the cross-section K(>)), the
solution is not unique. By the automorphic property of the reconstruction solution, if
p(J) is a particular solution, then the general solutions have the form ¢(>) . 5(.J) where

00) e g(oo
Theorem 4.24. The parametrized graph

p(J) - (H(J), I(])) = (z(]),u(J]))
is the graph of a solution to the differential equation A = 0.

Proof. Let (H(J),I(®)(J)) be a solution of the resolving system. By definition, this
solution must come from the invariantization of some solution (z,u(°(z)) to the dif-
ferential equation A = 0. Let p(x) be the right moving frame sending (z,u(>)(z))
onto (H(J),1(>)(.J)). Suppose that 7 is a solution to the reconstruction equations.
Since p and p~! are both solutions of the reconstruction equations, by the automorphic
property there exists g € G such that

(00) , -1

p=9")p

Since p~! maps (H(J), 1(>)(.J)) onto the prolonged graph (z,u(*)(z)), and ¢(> pre-
serves the property of being a prolonged graph, p(.J) - (H(J), (> (.J)) can be identified
with (z,%(>)(z)) for some function %(z), which must be a solution of A = 0. O
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By Theorem 4.24, to construct a solution of A = 0, we apply p to the graph of the
resolving system solution:

(I, IR (H(TY P I JP)) = (2h L aP ), (4.21)

where the normalized invariants H = (v(z'),...,u(a?)), I = («(u'),...,¢(u?)) are eval-
uated on the resolving system solution.

To simplify notation in the following examples, we will use the same notation for
the pseudo-group parameters and their right moving frame pull-backs.

Example 4.25. Continuing Example 4.17, we apply the reconstruction approach to
obtain solutions to (4.8).We begin by deriving the reconstruction equations (4.19).
Taking the right moving frame pull-back of the zero order pseudo-group jet differential
from (4.17) yields

df = fx @, (4.22)

since, as found in Example 3.9,

p(dX)=0 —and  p'(p*)=-=".
By duality with (3.27) we find

w® = (J* = L)dH +dJ, w¥ =dH,

using the constraint syzygy K = 1 and writing L = L(H, J) for our choice of resolving
system solution from (4.11). Expressing (4.22) in this new coframe we obtain

df = (J? = L) fx dH + fx dJ,
which gives the reconstruction equations for f(H,.J), fx(H,.J):
Dy f=(J-L)fx  Djf=fx.

These equations determine f, fx, which are the only parameters needed for reconstruc-
tion. Using (4.11) the reconstruction equations may be written more explicitly as

2
Duf=—(G +60) Dif. Dif = x, (4.29

which may be solved by the method of characteristics. Acting on the graph of the
resolving system solution in the cross-section (3.11) by the left moving frame deter-
mined by the reconstruction yields a solution to the nonlinear wave equation (4.8)
given parametrically, in terms of the invariants H and J:

1

r=f(H,J), y=H, u:m.

Remark 4.26. The reconstruction result in Example 4.25 was derived in [48] using
the machinery of symmetry reduction of exterior differential systems.
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We now consider the reconstruction process for non-maximal invariant rank, » < p.
In this case, invariant horizontal projections of the forms dJ?', ..., dJ" cannot be used
as an invariant coframe in place of the invariant forms w’. To remedy this situation,
we supplement the invariant forms dJ',...,dJ" with p — r forms @/, ... w/—" from
the standard invariant horizontal coframe in order to form a full invariant horizontal
coframe. Thus the reconstruction equations have the modified form

T p—r
dp=>"Qi(p,J",.... ) dJ +) Pi(p,J, ..., J) @
j=1 i=1

We may then use p — r of these equations to express the supplemental differential
forms w’i in terms of the differentials of p — 7 moving frame components p% = p*(2%),

t=1,...,p—r. Solutions to these non-maximal rank reconstruction equations will then
be parametrized by the invariant variables J',...,J" in addition to the components
ptt ..., p%-m. The addition of these p — r “free parameters” in the reconstruction

transformations is expected; we are attempting to reconstruct the graph of a solution
to A = 0, a p-dimensional manifold, from the graph of a resolving system solution, a
r-dimensional manifold.

Example 4.27. We return to Example 4.18 to illustrate reconstruction for non-maximal
rank. Recall that in this example we have the single distinguished invariant H, and the
resolving system solution

J(H) = G(H)
L(H)=G'(H)+G(H)*

We supplement the form dH with w® so that {dH,w"} is an invariant horizontal
coframe. Applying the right moving frame pull-back to the first two pseudo-group jet
differentials from (4.17) yields

df = fX wx, de = ]EXX w® — fTX JdH. (424)

The first equation of (4.24) allows us to express the invariant horizontal form w@” in
terms of the moving frame components:

reducing the second equation of (4.24) to
dfx = f;fde—fX JdH. (4.25)
X

The component f of the moving frame may be taken as an independent variable so that
fx=Ix(f,H),  fxx=fxx(f H),

and hence (4.25) yields differential equations for fy:

Djfx = == Dyfx = —fxJ.
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The first equation gives fxx in terms of fx; solving the second we find

foZH>:fuﬁe-fﬂH”H:5§g%,

where A(f) # 0, B(H) > 0 are arbitrary functions. Hence we find solutions to (4.13),
parametrized by f, H:

o) = (£ ) = (7850

In agreement with our explicit computation of the left moving frame in (3.14), we have
f =z, and conclude that u(z,y) = B(y)/A(x) solves (4.13).

Remark 4.28. Note that due to the automorphic property of the reconstruction equa-
tions, solutions are not unique. Acting by a transformation of G will produce a new
reconstruction solution, and hence a new solution to A = 0. This freedom of choice in
the reconstruction solution can be seen in all of our examples.

Example 4.29. With explicit knowledge of the left moving frame, we can see directly
the equivalence of the automorphic system and reconstruction equations. In this exam-
ple we compare directly the automorphic system (4.12) and reconstruction equations
(4.23) for our running example. Taking the exterior derivative of the invariants

H:y7 J ==,

we obtain

2
JH = dy, djz<w>dx+<w>dy,
u u

so that by duality

2 2
uY —Uu u
yy Yy
Dy =D, — ()DI, Djy=——D,.
UlUgy — Ugply Ulgy — Ug Uy

Substituting the values of the left moving frame, f = ¢ and fX = 1/u, and writing out
the reconstruction equations (4.23) explicitly:
_ J? _ _
Dy f= <2—G(H)> Dyf, D;f=fx

we recover the automorphic system (4.2).

5 Further examples

In this section we apply the group foliation method to three other examples. Example
5.1 gives another illustration of the method for an infinite-dimensional symmetry group.
Examples 5.3 and 5.4 show how the group foliation method subsumes classical symmetry
reduction techniques for finding invariant and partially invariant solutions to differential
equations. The symmetry groups appearing in all examples may be obtained via Lie’s
standard algorithm, [35].
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Example 5.1. In this example, we solve the nonlinear Calogero wave equation, [5],
Uyt + Ulgy = F(uy) (5.1)

using the group foliation method. The differential equation (5.1) admits the infinite-
dimensional symmetry group

X =z+a(t), T =t, U=u+d(t), (5.2)

where a(t) is an arbitrary differentiable function of ¢t. The Lie pseudo-group action
(5.2) is generated by the vector fields

whose prolongation is

0 0 0
v(®) = a(t) =—+ar=—+(ap —Ug at) =— —Upg Gt = + (At — Ug Qg — 2Ugp Q1) —— ++ - -

ox ou ouy Ougy Ouyy

The recurrence relations (3.15) for the lifted invariants are

dX = Q" 4+ p, dT =,

dU = Ux Q* + Ur Q' + pr

dUx = Uxx Q° + Uxp O,

dUr = Ux1 Q" + Urr Q' + prr — Ux pr, (5.3)
dUxx = Uxxx Q* + Uxxr ',

dUxt = Uxx1 Q° + Uxrr Q' — Uxxpr,

dUrr = Uxrr O + Urrr Q' + prrr — Ux prr — 2Uxr pors

A cross-section to the pseudo-group orbits is given by
X =Up =0, k>0,
which leads to the normalized Maurer—Cartan forms
p=—-w®  pr=-how®,  prr=—u+I1%)z" ... (5.4)

Substituting (5.4) into (5.3) we obtain, up to order 2, the recurrence relations

D, I1o = Iz, Dilho = Ih1,
D, Iz = I3, Dylog = I, (5.5)
DzI11 = Io1 + I10120, Dyl = .

Eliminating Io; from (5.5) we find the syzygy
S: D111 = Dilog + Iglog. (56)
A generating set for the algebra of differential invariants is given by

t, s = I, K = Iy, L = Iy.
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For ¢t and s to be independent invariant variables we require that L # 0 as
ds Ndt = Lw"” N @Y.

Then, the rank 2 automorphic system is

A K = K(s,t), L = L(s,t).
By the chain rule

D, = (Dyt) Dy + (Dys) Ds = L Dy,

Dt:( )Dt+(DtS) —Dt—i-KDs,

and in the variables s, t, the syzygy (5.6) is equivalent to
L(Ks —s) =

The invariantization of the differential equation (5.1) gives the constraint syzygy

Lt + KL (5.7&)

K = F(s). (5.7b)

Equations (5.7) comprise the resolving system. Substituting (5.7b) into (5.7a) we obtain
the first order partial differential equation

Li+ FLy = L(F, — s) (5.8)

for the invariant L. Assuming F'(s) # 0, the solution to (5.8) is

L(s,t) —F(s)h(t—/ﬁfi)) exp [—/F‘(:)ds], (5.9)

where h is an arbitrary differentiable function. To obtain the solution to the original
differential equation (5.1) we solve the reconstruction equation

1 K
db =w" + brdt = st—{— <bT—>dt

which implies

1 K
Db = 7 and br = Db+ T
Hence,
ds
o= [T+ an - [ s+ T v,
with L given in (5.9). Then, the solutions to (5.1) of invariant rank 2 are

(.t u) = 5 (0,1,0) = </ +a(t), t, - a’(t)), (5.10)

where L(s,t) is given by (5.9).

We now assume that L = 0, and search for solutions of invariant rank 1. Firstly,
the automorphic system is now given by

Ay s =s(t), K = K(t), L= L(t) =0,
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and by the chain rule,
D, =0, D; = Ds.

Then, the recurrence relations (5.5) yield the syzygy
DtS = K,

while the constraint syzygy (5.7b) still holds. Thus, the function s(t) is a solution of
the ordinary differential equation

Dys = F(s). (5.11)
From the pseudo-group jet differentials

db = —p+ bpdt = @® + br dt,

(5.12)
dbx = —pr + brr dt = s@w® + bpr dt,
we conclude that
w” = db — by dt,
and so the pseudo-group jets by, brr, ... are assumed to be functions of the pseudo-

group variable b and the invariant ¢. From the second equation in (5.12) we deduce
that

Dy(br) = s, brr = Dy(br) + sbr.

Hence
br(b,t) = b- s(t) + f(1),

where s(t) is a solution of (5.11) and f(¢) is an arbitrary differentiable function. Finally,
the solutions of invariant rank 1 are

(z,t,u) =5 (0,1,0) = (b,t,b- s(t) + f(t)).

Remark 5.2. The solution (5.10) also appears in [25]. It can be seen by comparison
with this author’s computations that the moving frame approach yields the solution in a
completely systematic manner and does not require explicit formulae for the invariants
s, K and L.

We illustrate in the next two examples the group foliation method for finite dimen-
sional Lie groups. In Example 5.3 we show how the group foliation method subsumes
existing algorithms for obtaining invariant, [35], and partially invariant solutions [47].
In the context of finite dimensional Lie groups, the dimension of the automorphic sys-
tem is bounded between p and p+r, where r is the dimension of the Lie group. Let p+4
be the dimension of the automorphic system, 0 < § < r. The number ¢ is called the
defect of the solution generating the automorphic system. Invariant solutions have de-
fect 6 = 0, while partially invariant solutions satisfy 0 < § < r. By limiting our search
to resolving systems of rank p + 0 — r, we discover invariant and partially invariant
solutions of rank d.

Finally, Example 5.4 illustrates the use of the group foliation method to reduce the
order of an ordinary differential equation. Foliating a second order ordinary differential
equation with respect to a two dimensional Lie group, we obtain a resolving system of
order zero, i.e. an algebraic equation.
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Example 5.3. Consider a system of equations for a transonic gas flow, [47],
Uy — Vg =0, uuy + vy = 0. (5.13)

To obtain an invariant solution of (5.13) we foliate the equations with respect to the
group of dilations

X =z, Y =)\y, U=u, V =w, (5.14)

and search for invariant rank 1 solutions of the resolving system. Choosing the cross-
section

K={y=1},
a complete set of invariants is given by

H=u(z),  ILij=t(ugyp),  Jij=t(vgiy)

The recurrence relations (3.17) yield

dH = @' — HwY, (5.15)
and L
lit1j = Dolij, Lijor = Dylij — (i + j)1ij,
Ji+15 = Dadig, Jij+1=Dydij— (i +j)Ji;j-

Thus, a generating set of the algebra of differential invariants is given by
H, I, J
Modulo the commutator syzygies induced by the commutator relation
[Dy, Dy] = Da,

there is no fundamental syzygy.
Searching for order 1 invariant solution, the automorphic system is

Aj: I=1I(H), J=J(H).
By the chain rule
D, = (DyH)Dy = Dy, Dy = (DyH)Dg = —H Dy.
Thus, the invariantization of the differential equations (5.13) yields
HDyl+DyJ =0, 1Dyl —HDyJ=0.

Omitting the constant solution, the integration of the resolving system gives

I(H) = —H2,  J(H) = §H3 el

where C' is an arbitrary constant. Implementing the reconstruction step, we obtain the
reconstruction equation

w? =

> $

(5.16)
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Viewing A as an independent variable, the invariant solution is given by
_ I 2
(z,y,u,v) =X- (H,1,1,J) = (HX\ X, —H?, gH3 +O).

Since A =y, H = 2/\ = z/y and the solution invariant under the dilation group (5.14)

) w(w,y) = —<‘;>2, o(z,y) = §(§>3 +C

We now obtain a partially invariant solution of (5.3) by foliating (5.13) with respect
to
X =z, Y =)\y, U =u, V=v+e (5.17)

This time, a cross-section is given by
K={y=1v=0},

and
H = L(x)7 I = L(u), J = L(Uz)y K = L(Uy)v

form a generating set of invariants. These invariants admit one fundamental syzygy
DyJ =D, K + J. (5.18)
Restricting ourself to the rank 1 automorphic system
I=1I(H), J=J(H), K = K(H),
the corresponding resolving system is
J+HDyI =0, K+IDyl=0, Dy[(H>+I)Dyl] =0, (5.19)

where the first two equations come from the invariantization of (5.13) and the third
equation is a consequence of syzygy (5.18). Hence, provided I(H) is a solution of

(H?> +1)DylI = C,

where C' is a constant, the invariants J and K are completely determined by (5.19).
Implementing the reconstruction step, the first of two reconstruction equations are
given by (5.16). From (5.15), which still holds, we conclude that

w'=dH + H @
A
Hence, integrating the second reconstruction equation
_ . d\
dée=Jw +Kwy:—HDHIdH—CT

we obtain

e=—-Cln\— /HDHIdH.

31



This produces the partially invariant solution
@ﬂwmqu@mHJJﬁﬁqﬂAAJ&m—CmA—/HDHMHy
Since H = z/y and A =y,

u(e,y) = 1efy). olwy) = ~Clay— [ /) I'a/y) d(o/y).
Example 5.4. Consider the nonlinear second order ordinary differential equation
22Uy = (T up — u)?, x> 0. (5.20)

The equation (5.20) is invariant under the two dimensional solvable group of transfor-
mations
X =\z, U=u+ex, with A>0 and eeR. (5.21)

In the pseudo-group framework, the determining equations of the Lie group action
(5.21) are
x X, =X, X, =0, xU, =U —u, U, =1,

and the infinitesimal determining equations corresponding to an infinitesimal generator
v =¢&(x,u) 0y + ¢(x,u) Jy are

Hence, the general prolonged infinitesimal generator is

o = ) o a
V_§“<xax_kzl k“f’“aux) +¢x<$6u+ (9ux>’

and the order zero lifted recurrence relations are

dX = Q" + X p%, dU =Ux Q° + X p%. (5.23)

Choosing the cross-section K = {z = 1, u = 0}, the recurrence relations (5.23) yield
the normalized Maurer—Cartan forms

wyx = —w”, us = —IL @w".
Now, let
A z=11 = t(ug) = x Uy — u, v(z) = Iz = t(Ugg) = 22Uy
be the rank 1 automorphic system, which requires that

v#£0 (5.24)

as dz = vw”®. Since there are no syzygies, the invariantization of the differential
equation (5.20) yields the resolving system

v(z) = 2°.
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Hence, the constraint (5.24) is satisfied provided z # 0. When this is so, w* = dz/v
and the reconstruction equations are

D.(z) =2,  Du(u)= 2+~ (5.25)

Solving (5.25) we obtain

z(z)=Ae V2 u(z) :el/z[/ e

where A and B are two constants. By construction, the parametric curve (5.26) is a
solution of (5.20), to recover the solution in the form wu(z) it suffices to express the
parameter z as a function of x using the first equation in (5.26):

u(ac):—:v[/ﬁ(hf?_i_m+3}

Remark 5.5. When G is a (local) Lie group action as in Example 5.4, we can rely on
the abstract definition of Lie groups to obtain a simple expression for the reconstruction
equations. By Ado’s Theorem, [18], every Lie group is locally isomorphic to some linear
group G ~ G C GL(k) for some k € N, and a right moving frame is a G-equivariant
map p: J* — G satisfying

1/z

z

dz + B], (5.26)

plg-2™M) = p(z") - g7

As for Lie pseudo-groups, the corresponding left moving frame is obtained by group
inversion p = p~!, and the reconstruction equations (4.18) are equivalent to

dp=dp~" =—p-(dp-p") = —pp, (5.27)

where p is the moving frame pulled-back Lie algebra valued right-invariant Maurer—
Cartan form of G (restricted to a solution of the resolving system). Examples of in-
tegrating ordinary differential equations using this point of view can be found in [28,
Chapter 6].

6 Normal sub-pseudo-groups

For pseudo-groups admitting normal sub-pseudo-groups it is possible to split the recon-
struction procedure into a series of sub-reconstruction steps involving smaller pseudo-
groups. This is the moving frame version of Vessiot’s observation, [56], that the inte-
gration of an automorphic system can be replaced by the integration of a sequence of
differential equations automorphic with respect to primitive simple Lie pseudo-groups.

Definition 6.1. A sub-pseudo-group H C G is normal if for all h € H and g € G
gohogleH (6.1)
whenever the composition is defined.

Let h and g denote the Lie algebras of H and G respectively. Infinitesimally, if H is
a normal sub-pseudo-group of G then b is an ideal of g:

(b,0] C b.
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Example 6.2. To illustrate Definition 6.1 we introduce the Lie pseudo-groups
H:  X=z, Ye=y+ga) U=u+g()
and
" /
i (x)fz{(;g ()
where f(x) € D(R) is a local diffeomorphism and g(x) is an arbitrary smooth function.

The pseudo-group H is a sub-pseudo-group of G obtained by setting f = 1 to be the
identity map in (6.2). To verify (6.1), let

G:  X=f(), Y=f(@y+g), U= (6.2)

g-(x,y,u)z (f(x)’f/(gj)y+g(q;)’u+‘fw—|_'gl(‘r)> c g

f'(x)

and

o (0 = (P, P00 Y a0+ TR EEE)

FI(X)
where F(X) = f~1(X) and G(X) = —g(F(X))/f'(F(X)). If

he(z,y,u) = (z,y + h(z),u +1'(x)) € H,
a direct computation shows thats
gehog™ ' (X,Y,U) = (X,Y + H(X),U+ H'(X)) € %,

with H(X) = f/(F(X)) - h(F(X)). Infinitesimally, the Lie algebras of G and H are
spanned by

= span{vo = ala) -+ ya(a) -+ ya (@) 5w = o)+ )5 -

h= span{wb = b(x)aay + b/(a:);u},

where a(z) and b(z) are arbitrary smooth functions. Computing the basic commutators
[Va, Vo] = Vav—bar,  [Wa, W] =0, [Va, Wo] = Wap—pa,
we see that h is an abelian ideal of g.

Given a normal Lie sub-pseudo-group H of G, the definition of the quotient Lie
pseudo-group of G by H is based on the notion of invariant admissible fibration in-
troduced by Rodrigues in [49]. We now recast the main definitions of [49] at the
pseudo-group level. Given a fibered manifold 7: M — N and a Lie pseudo-group G
acting on M, a local diffeomorphism g € G is said to be projectable by 7 if there exists
a local diffeomorphism ¢ € D(N) such that 7o g = ¢ o m. We denote by 7(g) = ¢
the map that sends the projectable diffeomorphism ¢ to its projection ¢. The fibration
m: M — N is said to be G-invariant if every pseudo-group transformation g € G is
projectable.

Recall from Definition 2.1 that the map 7?%: Gk — G(") denotes the standard
pseudo-group jet projection.
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Definition 6.3. A G-invariant fibration 7: M — N 1is called G-admissible if there
are integers ng and ko such that (ker 7)™ N G and 7% ((ker 7) %) N GOHF)) are
sub-bundles of the pseudo-group jet bundle G for n > ng and k > k.

Definition 6.4. Let G and H be two Lie pseudo-groups acting on M and N, respec-
tively. A homomorphism of G onto H is a fibration 7: M — N which is G-admissible
and such that 7(G) = H. If the kernel ker 7 is trivial, then 7 is said to be an isomor-
phism of G onto H.

Definition 6.5. Let H be a normal sub-Lie pseudo-group of G. A Lie pseudo-group Q
isa ~quotient of G by H }Vf there exists Lie pseudo—group~s QNand H C G, an isomorpNhism
7: G — G such that 7(H) = H and a homomorphism §: G — Q whose kernel is H.

Pictorially, we have

GDOH Q

The last three definitions naturally fit within the moving frame framework. Given a
Lie pseudo-group G acting on M and a normal Lie sub-pseudo-group H C G, consider
their isomorphic prolongations G(®) and H(°®) obtained by considering their prolonged
action on the set of regular jets V° C J*® of G(®). Let Ky be a cross-section to the
H(>)-orbits and let oy be the corresponding right moving frame. Then, the projection
T 0oy : V™ — Ky onto the cross-section Ky is a G(°-invariant admissible fibration of
V> The quotient of G by H can then be identified with the projected action of G(°°)
onto K4 which we will write as Q(OO)/H(OO):

G() 5 7()

v\

GOH G(>) /34(=)

Since Ky can be identified with the space of H-invariants, the quotient pseudo-group
G(*) /() has a well-defined action on the space of H-invariants. Finally, we note that
the quotient pseudo-group G /#(*) is isomorphic, [51], to the sub-pseudo-group of
transformations of G that keep the cross-section Ky invariant:

G/H={geG|g™  Kyecky cg.

Example 6.6. Continuing Example 6.2, we now implement the moving frame method
for the normal sub-pseudo-group H. Up to order 2, the lifted invariants are

X =u, Y =y+g(x), U=u+ gz, Ux = Ug + Joz — Gz Uy, Uy = uy,

2
Uxx = Uzz + Gzaz — Yoo Uy — 29, Ugy + o Uyy, Uxy = Uzy — Gz Uyy, Uyy = Uyy -
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Choosing the cross-section
K% ={y =uy =0, k> 0} (6.4)
we find, up to order 3, the invariants

X ==z, Iy = Uy, I = Ugy + U Uyy, Iy = Uy, (6.5)

_ 2 _ _
Do = Upgy + (Ug + Wly)Uyy + 20 Ugyy + U lhyyy,  T12 = Ugyy + Ulyyy, L0z = Uyyy-

We now introduce the quotient pseudo-group G(°°) / () acting on the H-invariants

(6.5):
I TT 1 TTT me 32@
X = f(z), J01=ﬂ+ff27 J11:%+—f g,,f 01—2L,
g = o2 g foTi2 — 2 fux Loz g - Jos
02 — Tga 12 — f;% ’ OS—TEa

In the above action formulas, .J; ; denotes the image of the invariant I; ;. This pseudo-
group is the prolongation to the H-invariants of the sub-pseudo-group

@)y
f'(x)

of G that fixes the cross-section (6.4). The pseudo-group (6.7) originally appeared in
[31], where Medolaghi systematically studies isomorphic representations of the diffeo-
morphism pseudo-group D(R). This pseudo-group was also used by Vessiot, [56], in his
work on automorphic systems.

G/H: X = f(x), Y = f'(2) v, U=u+ (6.7)

Given a differential equation A = 0 with symmetry pseudo-group G, if we assume
that H C G is a normal sub-pseudo-group, then it is possible to apply the group foliation
procedure iteratively. First, we foliate the solution space of the differential equation
with respect to the normal sub-pseudo-group H and project solutions onto the cross-
section Kz; defining a moving frame for H. Let A* and R’ be the corresponding
automorphic and resolving systems.

Proposition 6.7. The resolving system R is invariant under the quotient pseudo-
group! G/H.

Proof. Since syzygies among differential invariants are invariant under the diffeormor-
phism pseudo-group D(M), it follows that R* in invariant under the quotient pseudo-
group G/H as the differential equation A = 0 is G-invariant. O

The invariance of resolving system R* under G/H permits us to foliate the solution
space of R with respect to the quotient pseudo-group G/#H. The result is the same as
foliating the differential equation A = 0 by the full symmetry pseudo-group G.

Assuming a solution to the resolving system Rg is known, Figure 4 shows that
the reconstruction operation splits in two steps. First, we can solve the reconstruction
equations for the quotient pseudo-group G/H to obtain a solution to the resolving

1To be more accurate, we should write G(°°) /’H(OO) instead of G/H, but since the two pseudo-groups are
isomorphic, we, from now on, use the latter to simplify the notation.
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Figure 4: Iterative group foliation.

system R7{. Given a solution, solving the reconstruction equations for the normal
pseudo-group H yields a solution to the original differential equation. At the level
of moving frames, this reflects the fact that the left G-equivariant moving frame is
equivalent to the composition

Pg = PH " Pg/H-

In general, the reconstruction procedure can split in many steps. Given a Lie pseudo-
group G, let G; C G be a proper maximal normal sub-Lie pseudo-group of G. Similarly,
let Go € G1 be a proper maximal normal sub-Lie pseudo-group of G;. Repeating the
procedure, assume it is possible to obtain a finite a chain of sub-Lie pseudo-groups

{1} =611 €6 CGr1<C--CGi1CG =0,

such that for each k = 0,..., ¢, the quotient Gy = Gi/Gr41 is a simple pseudo-group.
Then, the group foliation method reduces to solving the resolving system RY followed
by a series of reconstruction steps for the simple sub-Lie pseudo-groups Gy, ..., Go.
According to Cartan, [6], each sub-reconstruction step will only require the integration
of either ordinary differential equations or linear partial differential equations involving
no more than one arbitrary function.

Example 6.8. To illustrate the iterative reconstruction procedure, we foliate the dif-
ferential equation
Ugyyy =+ U Uyyy + 20y Uy = 0 (6.8)

with respect to the symmetry pseudo-group (6.2). The moving frame construction for
this Lie pseudo-group can be found in [42, 43]. Choosing the cross-section

K ={r=y=umw = uyr =0, uyy =1 : k >0}, (6.9)

and letting I;j = t(ugi,;) and ux, = t(ax), vi = t(bx), where a(z), b(x) are the arbitrary
functions occurring in the infinitesimal generators (6.3), the normalized Maurer—Cartan
forms of order < 2 are

1
ME—wx, uin(Ilzwx—i-Iogwy), MxxEVE—?Dy, vy =vxx = 0.
(6.10)
The recurrence relations for the third order normalized invariants are
3 3
Dylig = Ipg — Iy, Dyl = Iz — ;112103 + 2,
2 2 (6.11)
3 3 9 ’
Dyloz = 113 — 5112-703, Dylo3 = Ios — 5103,
while the fundamental syzygy, modulo the commutator relation
Ios Lo
[D:.Dy) = =D - %Dy, (6.12)
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is given by
Dyloz — Dyli2 = —2. (6.13)

Implementing the group foliation algorithm, we let the third order normalized invariants
s = t(Ugyy), t = t(tyyy),

play the role of the independent invariants, and let the fourth order normalized invari-
ants

Ina(s,t) = t(uy2y2), L3(s,t) = t(ugys), Toa(s,t) = t(uys) (6.14)

be the dependent invariants so that (6.14) forms the automorphic system. Then, the
invariantization of (6.8) yields
s=0. (6.15)

Hence, the automorphic system (6.14) will produce invariant rank 1 solutions. Taking
into account (6.15) the fundamental syzygy (6.13) yields

Dt = —2. (6.16)
By the chain rule
D, = (Dys)Ds + (Dyt)Dy = —2Dy, Dy, = (Dys)Dg + (Dyt)Dy = I Dy,

where I(t) = Dyt = Iy — 3t?/2 by the recurrence relations (6.11). Differentiating
the fundamental syzygy (6.16) with respect to D, and using the commutation relation
(6.12) we deduce the differential equation

7
2D =1 or DIy = it' (6.17)
On the other hand, the recurrence relations (6.11) imply that

122 =0 and [13 = —2. (618)

In summary, the equations (6.15), (6.17), and (6.18) form the resolving system. Inte-
grating (6.17) we obtain
a? + t* a? + 7t?

I(t) = 1 or Io4(t) = 1 ,

where a is a constant of integration.

We are now ready to implement the reconstruction procedure. Based on Examples
6.2 and 6.6, we first implement the reconstruction procedure for the quotient pseudo-
group (6.6). Using the Maurer—-Cartan normalizations (6.10), the reconstruction equa-
tions (4.18) for the quotient action are, up to order 2,

_ _ _ t - _ _ _ _
df = fx @", dfx = fxx@* — ifX w?, dfxx = fxxx @ + (fx —t fxx)=".
(6.19)
From the first equation, we have that

@’ =df/fx. (6.20)
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On the other hand, from the equality
dt = (Dyt)w” + (Dyt)w? = —2w” + [ w?,

we have that

oY = }(dt + 2?){). (6.21)
The second and third equations of (6.19) then reduce to
Difx = —%, Difx = f}(;( - % (6.22a)
Difxx = M, fox = f)}ix Q(fxl};fxx). (6.22b)
From (6.22a) we deduce that
- F(f - . F(H(F'(f)—4t
fX(ta f) = CLQ(—EEQ’ fXX(taf) = (f<)652 _iig)Q )7 (623)

where F'(f) # 01is an arbitrary nonzero smooth function. At the next order, substituting
(6.23) into the first equation of (6.22b) we see that the equation is identically satisfied
while the second equation of (6.22b) defines fxxy. Continuing the computation at
higher order we obtain the expressions for fy«, k > 4, giving the left moving frame
PG /-

The next step in the iterative reconstruction procedure is to construct the left mov-
ing frame p,;. To obtain the reconstruction equations for the pseudo-group jets g, gx,
..., we first compute (4.16) for the full symmetry pseudo-group (6.2) and then restrict
the equations to the cross-section (6.4). This yields

_ = _ _ 7 tgx
dg = gx w" + fx @Y, dgx = gxx@" + < XX — g)wy,

Using (6.20), (6.21), and (6.23), we obtain

Integrating the first equation, we find that

= t 1 t
g=dF(N|——t— +  arctan 2 ) + @
g (f)<2(12(t2 + a?) T g3 Mretan a) + G,
gx ;T t 1 t ;= 8
IX 4P (F) =+ — arctan = | + G'(f) —

fx ( )<2a2(t2 + a?) T g e ana) G 2 + a2’

where G(f) is an arbitrary smooth function. Thus, a parametrized solution to the
partial differential equation (6.8) is given by

o ;-9
(xvyaflj’) = Pg :PH‘PQ/H‘((),O)O) = <f797f—-§)
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Conclusion

Using the machinery of equivariant moving frames, we have attempted to provide a
unified and computationally clear approach to group foliation. The newness and broad
applicability of moving frame theory brings fresh insight to old algorithms and as such,
many unexplored directions present themselves. We list here several possibilities for
further research.

(a)

One of the most obvious applications of group foliation is to the solution of dif-
ferential equations. There are many physically interesting equations that may be
particularly amenable to our version of group foliation because of the complex-
ity of their symmetry pseudo-groups. Four particularly interesting examples are:
the Davey—Stewartson equations, [7], the Infeld-Rowlands equation, [12], the po-
tential Kadomstev—Petviashvili equation, [11], and the Calabi-Yau equation for
Kéhler—Einstein metrics, [57].

The results and algorithms presented in the present paper relied on the construc-
tion of a moving frame. By appropriately adapting the exposition, it is possible
to encompass the situation where only a partial moving frame, [46, 55|, exists on
the solution space of a differential equation. For example, when foliating (4.8)
with respect to its full symmetry group

u

X=f@).  Y=ob) U= g (624
no differential invariants exist on the solution space of the differential equation and
only a partial moving frame can be constructed. In this case, this is a reflection
of the automorphic property of (4.8) with respect to the pseudo-group action
(6.24). A more detailed investigation of the group foliation method in the context
of partial moving frames could be of interest.

The systematic construction of Bécklund transformations using symmetry reduc-
tion of exterior differential systems introduced by Anderson and Fels applies only
to Lie groups. The group foliation/inductive moving frames approach outlined
in Section 6 does not have this limitation. It would be worthwhile to pursue
the possibility of constructing new Béacklund transformations by realizing systems
of interest as resolving systems for infinite-dimensional Lie pseudo-groups; these
ideas are also most likely closely related to the reduction methods for infinite di-
mensional Lie pseudo-groups introduced by Pohjanpelto, [48]. The investigation
of non-maximal rank resolving systems could also produce interesting examples.
Finally, the group foliation algorithm in conjunction with inductive moving frames
may provide a means for constructing coverings of differential equations, [16, 20].

Through the use of joint moving frames and joint invariants, [37, 38|, the moving
frames approach to group foliation may be adapted to finite difference equations.
This adaptation is the subject of a work in progress, [53]. Investigating the pos-
sibility of discrete group foliation as a numerical method for solving differential
equations could be fruitful.

It may also be worthwhile to pursue the construction of Backlund transformations
for finite difference or differential-difference equations and compare these results
with similar notions from discrete differential geometry and integrable systems,
[4, 10].
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In the case of group foliation by finite-dimensional Lie group actions, non-maximal
rank resolving systems correspond to what are called partially invariant solutions,
[47]. The question of when a partially invariant solution is irreducible, i.e. not
obtainable as an invariant or partially invariant solution for a subgroup, has been
studied by Ondich, [45]. This allows for an extension of the classification of group
invariant solutions, [35], to partially invariant solutions. It may be interesting to
investigate the extension of such a classification and the notion of irreducibility
in the context of group foliation.

Invariant submanifold flows find applications in a diversity of fields such as control
theory, [33], elasticity theory, [24], and computer vision, [8, 50], and it is possible
that the idea of invariant flow reconstruction presented in [52] may provide insight
in some of these areas. Theoretical application of invariant flow reconstruction
is also worth exploring. For example, Mansfield and van der Kamp, [29], have
studied the question of when the integrability (in the sense of possessing infinitely
many symmetries) of a differential invariant signature flow “lifts” to integrability
of the flow itself. We suspect that their results could be reinterpreted within our
framework.
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