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ABSTRACT. We present new computational algorithms, based on equivariant moving frames, for
classifying the differential invariants of Lie symmetry pseudo-groups of differential equations and
establishing the structure of the induced differential invariant algebra. The Korteweg—deVries
and Kadomtsev—Petviashvili equations are studied to illustrate these methods.

1. INTRODUCTION

Differential invariants play a fundamental role in wide range of applications including equiv-
alence problems for geometric structures, classification of invariant differential equations and
variational problems arising in the construction of physical theories, solution methods for ordi-
nary and partial differential equations, computer vision, the design of numerical algorithms, and
so on. The focus of this paper is the differential and algebraic structure of the space of differential
invariants of Lie group and pseudo-group actions, with particular emphasis on those arising as
symmetry groups of systems of differential equations. The most basic feature is an analog of
the Hilbert Basis Theorem for such differential invariant algebras. The moving frame methods
developed in [4, 27, 28, 29] provide a constructive algorithm for determining the fundamental gen-
erating differential invariants and exposing their differential algebraic structure. In this paper,
we develop and implement the moving frame calculus in the context of two representative exam-
ples: the symmetry (pseudo-)groups of the Korteweg—deVries (KdV) and Kadomtsev—Petviashvili
(KP) equations.

Let M be a smooth m-dimensional manifold!, known as the total space. We will study
the action of finite-dimensional Lie groups and infinite-dimensional Lie pseudo-groups G on p-
dimensional submanifolds N C M. In many applications, the total space is coordinatized by the
independent and dependent variables for a system of differential equations, the submanifolds are
the graphs of solutions u = f(z) and the (pseudo-) group G is the symmetry group of the system.

For 0 < n < oo, let J*(M,p) denote the n'® order (extended) jet bundle for p-dimensional
submanifolds of M, whose local coordinates (z, u(”)) consist of the independent variables !, the
dependent variables u®, and their derivatives u§ = 07 u®/0z” for 0 < #J < n. The action
of G on submanifolds of M induces an action on J*(M,p), known as its n'® prolongation. As
usual, a differential invariant is a function® I: J*(M, p) — R that is not affected by the prolonged
action. We let Z(G) denote the algebra® of differential invariants. The over-riding goal of this
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n many applications, M is endowed with a bundle structure, but this is unnecessary in the general geometrical
formulation of symmetry groups of differential equations, [24].

2Th]roughout7 we allow the domain of any map to be a (proper) open subset of its source space. Thus, a
differential invariant need only be defined on an open subset of the jet space.

3In our geometric approach to the subject, the term “algebra” is to be taken in a loose sense. We classify
differential invariants up to functional dependency, [23]. Keep in mind that differential invariants may only be
locally defined, and so functional combinations must respect the various domains of definition. A more technically
precise development would recast everything in the language of sheaves, [33, 13]. However, as our primary target
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research is to determine the detailed structure of the differential invariant algebra Z(G) when G
is a symmetry (pseudo-)group of a system of differential equations.

The first step in this program is to establish a differential invariant version of the Hilbert Basis
Theorem — that the differential invariant algebra Z(G) is finitely generated. However, “gener-
ated” does not mean in the algebraic sense — keep in mind that we are working up to functional
independence, and so algebraic dependencies among differential invariants are automatically ac-
counted for — but rather that, under suitable hypotheses, the differential invariant algebra Z(G)
is (locally) generated by a finite number of differential invariants and their invariant derivatives.
The undefined terms in our version of the Basis Theorem can be found in the body of the paper
and in [10, 28].

Theorem 1.1. Let G be a Lie pseudo-group acting on M that acts reqularly and locally freely
on an open subset V. C J"(M,p) for all sufficiently large n. Then, locally on V', the differential
invariant algebra Z(G) admits a finite generating set Iy, ..., I, and invariant differential oper-
ators Di,...,Dp, so that every differential invariant can be locally expressed as a function of
the generating invariants and their invariant deriatives: Djl,, = D;j Dj,---Djl., k =1,...k,
1=#J > 0.

The original version of the Differential Invariant Basis Theorem is due to Tresse, [31]. Proofs
in the case of finite-dimensional Lie groups can be found in [24, 26, 30]. For infinite-dimensional
pseudo-groups, a rigorous modern formulation, based on the machinery of Spencer cohomology,
can be found in Kumpera, [13]. Our version emphasizes the role of freeness, as defined below;
indeed, Kumpera’s cohomological growth bounds are closely tied to the local freeness of the
prolonged pseudo-group action. In [29], we will present a fully constructive proof of the general
result based on moving frames and Grobner basis techniques. Generalizing the Basis Theorem
to non-freely acting pseudo-groups will be the subject of future research.

In general, the differential-algebraic structure of Z(G) is subject to the following complications:

e While the number p of independent invariant differential operators is fixed a priori by
the the dimension of the submanifolds (or, equivalently, by the number of independent
variables), the number k of generating differential invariants and their minimum order
in the jet variables depend on the pseudo-group and are difficult to predict in advance.

e The invariant differential operators do not necessarily commute. Thus, effective compu-
tations in Z(G) will, of necessity, rely on the methods from noncommutative differential
algebra, [11].

e In general, the differentiated invariants are not necessarily functionally independent, and
are subject to certain functional relations or syzygies

S( ,DJIH, )EO

Finding and classifying these syzygies is essential to understanding the structure of, as
well as computing in, the differential invariant algebra Z(G).

A well-known example of a differential invariant syzygy is the Codazzi equation relating deriva-
tives of the principal curvatures (or, equivalently, the Gauss and mean curvatures), which are
the generating differential invariants in the geometry of surfaces S C M = R? under the action
of the Euclidean group, [2, 12].

The structure of the differential invariant algebra is completely revealed by appealing to a new,
equivariant approach to Cartan’s method of moving frames that was initiated in [9, 10], and then
developed through a series of papers, including [12, 27, 28]. The construction of moving frames

audience is oriented towards applications, we will refrain from this additional technicality, and proceed to work
locally on suitable open subsets of the indicated manifolds and bundles.
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for finite dimensional group actions can be effectively extended to the infinite-dimensional case
by allowing the pseudo-group jet bundle coordinates to assume the role of the group parameters.
Once a moving frame is fixed, the task of explicit construction, via invariantization, of differential
invariants of all orders, as well as invariant differential forms, invariant differential operators, etc.,
becomes a routine algorithmic procedure. The resulting recurrence formulas, relating normalized
and differentiated invariants, can then be used to prescribe a minimal generating set of differential
invariants, and, once the commutation formulas for the invariant differential operators have been
established, complete classification of the syzygies among the differentiated invariants. This
procedure relies essentially on the associated Maurer—Cartan forms, which, for Lie pseudo-groups
(and groups) are realized as invariant contact forms on the pseudo-group jet bundle, [27, 4].

In [4], we formulated an algorithm for obtaining the structure equations of symmetry (pseudo-)
groups directly from the infinitesimal determining equations. In a similar fashion, we show here
how to uncover the structure of their differential invariant algebras. Remarkably, our algorithms
require only linear algebra and differentiation, and do not require any explicit formulas for either
the moving frame, or the differential invariants and invariant differential operators, or even the
Maurer—Cartan forms! Our methods will be illustrated by the well-studied examples of the
Korteweg—deVries (KdV) and Kadomtsev—Petviashvili (KP) equations, [1] — although it should
be emphasized that these examples were chosen due to their familiarity, and not their remarkable
soliton properties. Our algorithms are applicable to arbitrary systems of differential equations.
The theoretical foundations underlying these computational methods were established in the
earlier papers [27, 28], and in [29]. In this paper, we quote the basic theorems from these
references, where detailed proofs can be found. In the interests of brevity, the general algorithms
will be illustrated mainly on the running example of the KdV equation; the technically more
complicated case of the KP equation will be deferred until the end of the paper.

Applications in case of the finite-dimensional symmetry groups can be found in many of the
references, including [12, 18, 19, 20, 25]. These include solution to equivalence and symme-
try problems, invariant variational problems arising in differential geometry and mathematical
physics, solution of symmetric overdetermined systems of partial differential equations, Poisson
geometry and integrability of flows in homogeneous spaces, as well as applications in computer
vision and numerical analysis, to name a few. Elsewhere, we will develop the corresponding
applications of our methods in the case of infinite-dimensional pseudo-groups, as well as the
construction of explicit solutions to nonlinear partial differential equations by Vessiot’s group
splitting method, [21, 22, 30, 32].

2. PRELIMINARIES

Throughout, we will use the basic framework and notation of [23, 24] without further comment.
We are concerned with the point* symmetry group of a system of differential equations

Ay(z,u™y=0  v=1,2...,k (1)

involving p independent variables x = (x!,...,2P) and ¢ dependent variables u = (u!,..., u%)
and their derivatives u§ up to some finite order n. We regard z = (z,u) as local coordinates on
the total space M, a manifold of dimension m = p 4 ¢, and so the system defines a subvariety
SA C JU(M,p) of the n'" order (extended) jet bundle of p-dimensional submanifolds of M, that
is, graphs of functions u = f(z). To avoid unnecessary technicalities, the system (1) is assumed
to be locally solvable, [23], and define a regular submanifold of J"(M, p).

4In this paper, we restrict our attention to point symmetries. Extensions of our methods to, say, projectable
(fiber-preserving) or contact symmetry groups, [24], are straightforward.
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Let X(M) denote the space of smooth vector fields

v= Y El) Y ) @
i=1 a=1

on M. Let

v — Z

i=1 a=1 #J=0

3)

denote the n'™ order prolongation of the vector field to J*(M,p), whose coefficients are given by
the well-known prolongation formula

p p
0l =Dy (cpo‘ - ZU?SZ) +> ug, (4)
i=1 =1

obtained by repeatedly applying the total derivatives D; = D,i, ¢ = 1,...,p, to its character-
istic. Observe that each ¢! is a certain linear function of the derivatives £f4 = AL 924,
% = 074> /024, of the vector field coefficients with respect to all variables z = (v,u) =
(x,...,2P,ul,... u9) with coefficients that are polynomials of the derivative coordinates uf{

A vector field v € X (M) is an infinitesimal symmetry of the system of differential equations

(1) if and only if it satisfies the infinitesimal invariance condition
v(")(A,,) =0 on Sa for all v=12,...,k. (5)

When expanded out, this typically forms an overdetermined system of homogeneous linear partial
differential equations for the coefficients &', ¢* of the vector field (2). We let

Loty oo u® €, 9%, ...)=0 (6)

denote the completion of the system of infinitesimal determining equations, which includes the
original determining equations along with all equations obtained by repeated differentiation.

The solution space g C X' (M) to the infinitesimal determining equations (6) is the Lie algebra
of infinitesimal symmetries of the system (1), and can be either finite- or infinite-dimensional. In
[4], we developed new algorithms for directly determining the structure of the symmetry algebra g
that completely avoided integration of the determining equations. The goal of the present paper
is to develop analogous computational algorithms for studying the structure of its differential
invariant algebra Z(G).

2.1. The KdV equation. Our running example will be the celebrated Korteweg—deVries (KdV)
equation, [1],

Up + Ugpy + Uty = 0. (7)
The total space M = R? has coordinates (,z,u), and its solutions v = f(¢,z) define p = 2-
dimensional submanifolds of M. The prolongation of a vector field

0
+ (,D(t,ZE,’LL)—

9 +£(t,ac,u)E 5

ot ox

v ="1(t,x,u)

on M to J"(M,2) has the form

—T——i-f——i- Z o’ 8uJ
#J>0
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whose coefficients are given by the well-known explicit formulas, [23],
O = o+ Wpuy — T — U Ty — Ugly — UptlaEu,

SDw = Qg T UgpQy — UtTy — UpUg Ty — uw&x - uigua (8)

The vector field v is an infinitesimal symmetry of the KdV equation if and only if

TrxT

v (g + Upge + Utiy) = @' + " +u@® +uy o =0 whenever Ut + Ugpe + vty = 0.

Substituting the prolongation formulas (8), and equating the coefficients of the independent
derivative monomials to zero, leads to the infinitesimal determining equations which together
with their differential consequences reduce to the system

To =Tu =28 = ¢t =z =0, ¢ =& — 3um, Py = —3T = —2&,, (9)
while all the derivatives of the components of order two or higher vanish. The general solution
T = c1 + 3eqt, & =co + cst + ¢y, (p = c3 — 2cqu,

defines the four-dimensional KdV symmetry algebra with the basis given by
vi = O, vy = Oy, vy = t0y + Oy, vy = 3t0; + 10, — 2ud,. (10)

3. STRUCTURE OF LIE PSEUDO-GROUPS

Each vector field in the symmetry algebra g generates a one-parameter local transformation
group. These combine to form the (connected component of) the symmetry pseudo-group G
of the system, which forms a sub-pseudo-group of the pseudo-group D = D(M) of all local
diffeomorphisms of the total space M. Let us briefly discuss the structure and geometry of the
diffeomorphism and symmetry pseudo-groups, referring the reader to [4, 27| for details.

For 0 < n < oo, let D™ < J*(M, M) be the subbundle D™ — M consisting of the n'"
order jets, j,v, of local diffeomorphisms ¢: M — M. Local coordinates (x,u, X U™) on
D) consist of the source (base) coordinates z*,u® on M, the corresponding target coordinates®
X', U®, along with their derivatives X,U%, 1 < #A < n, with respect to the source coordinates.
We view the jet coordinates Xf;x, U§ as representing the group parameters of the diffeomorphism
pseudo-group D.

The local coordinate expressions for the prolonged action of a local diffeomorphism of M on
the submanifold jet bundle J"(M, p) are obtained by implicit differentiation. In view of the chain
rule, this action only depends on n'" order derivatives of the diffeomorphism at the base point,
and so factors through D). To formalize the process we introduce the lifted horizontal coframe

p p

q
dpX' =Y (D;X")da? = > (X;j +> s 5a> de?,  i=1,2,...,p, (11)
a=1

j=1 j=1

where d g denotes the horizontal differential. Here Xfcj , X!o are first order jet coordinates on D),
[e%
J
coframe consists of p one-forms on the bundles £™ — J*(M, p) obtained by forming the pull-

back bundle of D™ — M under the usual jet projection 7" J"(M,p) — M. Coordinates on £ (n)

while u¢ are first order jet coordinates on J'(M, p). Thus, strictly speaking, the lifted horizontal

5Throughout, we adopt Cartan’s convention that source coordinates are denoted with lower case letters, while
target coordinates of diffeomorphisms and their jets are denoted by the corresponding upper case letters.
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consist of the submanifold jet coordinates 2, uG along with the diffeomorphism jet coordinates
(or group parameters) X%, Uq.
The dual lifted total differential operators, denoted Dx1, ..., Dxp, are defined so that

P
dgF = Z(DxiF) dg X' for any function F: &M — R. (12)
=1

The prolonged action of a diffeomorphism jet (X ) U7 (")) e D™ maps the submanifold jet
(z,u™) € J*(M, p) to the target jet (X,U) e J*(M,p), whose components®

UY=Dyj - Dy UY,  0<k=#J<n, a=1,...q, (13)

are obtained by Eepeatedly applying the lifted total differential operators to the target dependent
variables U% = U%.

Warning: In these formulas, as in (11), the total derivatives D; = D, act on both the
submanifold jet coordinates u§ and the diffeomorphism jet coordinates X,iqu,?f in a natural
manner. See [27, 28] for full details.

The symmetry group G forms a sub-pseudo-group of the diffeomorphism pseudo-group D, and
hence its n*™ order jets determine a subbundle’ Q(”) c D™, When n < oo, we let 7, be the
fiber dimension of the subbundle G, which can be identified with the pseudo-group dimension
at order n. Clearly

0§T’0§T’1§7"2§---. (14)

In the finite-dimensional case when the pseudo-group G represents the (local) action of a Lie group
G, the fiber dimensions stabilize: r, = r < dim G for n > 0. On the other hand, for infinite-
dimensional pseudo-group actions, the fiber dimensions continue to increase without bound as
n — oo. Local coordinates on G(™ consist of the source coordinates z*,u® on M along with r,
group parameters A = (A, ..., A, ) that parametrize the fibers.

The prolonged action of the pseudo-group G on the submanifold jets J*(M, p) is then given by
restricting the prolonged diffeomorphism action (13) to ¢™ < DM, Or, once a parametrization
of the pseudo-group subbundle is specified, one can directly apply the induced lifted differentiation
operators as in (13).

3.1. The KdV symmetry pseudo-group. When M = R? has coordinates (t,x,u), the in-
duced coordinates on the diffeomorphism jet bundle D™ are denoted by

(t,[L’,’LL,T, X7 UvnaTwyTqutyX.’EyXuy Ut7 U:Ev UU7Ttt7nr,TIE(EanuvauaTuuaXttaXtrvawy .. )

By integrating the infinitesimal symmetries (10), we recover the action of the KdV symmetry
group G gy on M, which can be obtained by composing the flows of the symmetry algebra basis
and is given by

(T, X,U) =exp(Agvy) o exp(A3vs) o exp(Aava) e exp(A1vy)(t, x, u) 1)
=(eM(t+ A1), eM(Ast+ 2+ MAz+ Xa), e M (u+ A3)),

6we place hats over the transformed submanifold jet coordinates (7"}‘ to avoid confusing them with the diffeo-
morphism jet coordinates U§.
TAs always, we are assuming regularity of the symmetry pseudo-group.
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where A1, A2, A3, A4 are the group parameters. A parametrization of the subbundle G c pM g
obtained by repeatedly differentiating T', X, U with respect to t, x, u, which yields the expressions

T = e3>‘4(t+)\1), X = e)‘4()\3t+x+)\1)\3 + A2), U= 6_2>‘4(u+)\3),
T,=e™, T,=0, T,=0, X;=Xe™, X,=¢eM, X,=0, U;=0, Up=0, U,=eM,
T;tt:()y Tthoa Tmmzoa Ttu:(), Txuzoa Tuuzoa Xttzoa thzoa Xmmzoa

(16)
implying that the fiber dimension of G s rp =4 =dim@ for all n > 1.
The lifted horizontal coframe, when restricted to G, is
AT = (T} + uTy)dt + (T 4 u,T,)dx = e3Mdt,
A X = (X¢ + u X,)dt + (X, + u Xy )de = AzeMdt + eMdz, {17)
with dual lifted total derivative operators
Dy =e3MD, — )\36_3)\4Dw, Dx = 6_)‘4Dx, (18)

where now Dy, D, are the usual total derivative operators on J*°(M,2). A repeated application
of these to U = U = e~ ?M(u+ \3), as in (13), produces the explicit formulas for prolonged action
of G on the submanifold jet space J"(M,2). Specifically, we have

T:€3A4(t+)\1), X:e)‘4()\3t+$+)\1)\3+)\2), ﬁ:U:e_”“*(u—i-)\g),

ﬁT = DT[? = 6_5)‘4(% — Asuy), ﬁx = Dxﬁ = e My,

Urr = D3U = e ™ (uy — 203wz + Nugs),  Urx = DxDrU = e (ugy — Agtigy), 19)
Usx = DXU = e Muyy,  Urrr = D30 = e " (ugyy — 3N3uste + 3\3ttas — Ataaa),
Urrx = DxD3U = e (g — 230100 + Ntgaa),

Urxx = D% DrU = ¢ ™ (ugy — A3tiaz), Uxxx = DYU = e My,

4. MOVING FRAMES AND INVARIANTIZATION

In the finite-dimensional theory, [10], a moving frame is defined to be an equivariant map from
(an open subset of) the jet bundle J*(M, p) back to the Lie group G. In the more general context
of pseudo-groups, [27, 28], the role of the group is played by the bundles (or, more accurately,
groupoids) g™ — M. Let HW — J"(M,p) be the pull-back of G™ along the usual jet
projection 7™ : J*(M,p) — M, which, assuming regularity, forms a subbundle H™ < €M) Local
coordinates on H(™ have the form (z,u™,A(), where (x,u(™) are jet coordinates on J"(M, p)
while the fiber coordinates A are the pseudo-group parameters of order < n. Since G acts on
J™(M, p) by prolongation, and on G™ through right jet multiplication, G also acts on H(). The
key definition was first proposed in [28]:

Definition 4.1. An n'® order moving frame for a pseudo-group G acting on p-dimensional
submanifolds N C M is a locally G-equivariant section p(™ : J"(M,p) — H™ of the bundle
H) - J7(M,p).

As in the finite-dimensional version, necessary and sufficient conditions for the existence of a
moving frame are that the action be locally free and regular, [28]:
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Theorem 4.1. A locally equivariant moving frame exists in a neighborhood of a jet (w,u(”)) C
J*(M,p) if and only if the G-orbits near (z,u™) form a regular foliation having r,-dimensional
leaves.

Remark: The local freeness condition requires that, at order n, the dimension of the intersection
of the pseudo-group orbits with the jet fibers J"(M,p) |, is the same as the fiber dimension of
G(™_ In the case of finite-dimensional group actions, local freeness in the usual sense (discrete
isotropy) implies local freeness as a pseudo-group, but not conversely, [28]. In practice, local
freeness does not need to be checked a priori, but is a consequence of the successful solution to
the moving frame normalization equations.

A practical way of constructing a moving frame p(™ is through normalization based on the
choice of a cross-section to the G-orbits. The computational algorithm is as follows:

(i) First, explicitly write out the local coordinate formulas (13) for the prolonged pseudo-
group action on J*(M, p) in terms of the jet coordinates (z,u(™) and the 7, independent
pseudo-group parameters A

(X, UMy = PO (g, 0™ AM), (20)
(ii) Set 7y, of the coordinate functions (20) to constants,
P,.@(a;,u("), )\(")) = ¢, k=1,2,...,7, (21)

suitably chosen so as to form a cross-section® to the pseudo-group orbits.
(iii) Solve the normalization equations (21) for the independent group parameters

AT = ) (3, (22)

in terms of the submanifold jet coordinates. The induced moving frame section
p™ IV (M, p) — H™ is given by

p" (@, u™) = (@, u™ B (2,u™)). (23)

From here on, we assume that the pseudo-group acts eventually locally freely, which means that
it acts (locally) freely on an open subset of J*(M,p) for all sufficiently large n > n*. According
o [26], all finite-dimensional Lie groups (more correctly, all those that act locally effectively on
subsets) act eventually locally freely. For infinite-dimensional pseudo-group, it can be proved,
[29], that local freeness at order n automatically implies local freeness at all higher orders; the
minimal such n will be called the order of freeness of the pseudo-group. Pseudo-groups that
act eventually freely admit an infinite order moving frame: a hierarchy of mutually compatible
moving frames. In practice, compatibility is assured by retaining all lower order cross-section
normalizations when proceeding to the next higher order. See [28] for details, as well as a Taylor
series version of the algorithm that performs all moving frame normalizations simultaneously.

4.1. A moving frame for the KdV equation. As noted earlier, the KAV symmetry group
has dimension 4. Let us choose the cross-section to the G-orbits in J"(M,2), n > 1, defined by
the four normalization equations

T =eM(t+ \) =0, U=eMu+A3) =0, -~
X =eMAst+ 2+ MA3+ Ao) =0, Ur = e M (uy — Aguy) = 1.

8Thus, we restrict our attention here, for simplicity, to coordinate cross-sections. Moving frames based on
general cross-sections can be treated by adapting the methods presented by Mansfield, [18].
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On the subset? V = {u; + uu, > 0}, these can be solved for the group parameters
A = —t, Ao = —x, A3 = —u, M = %log(ut + uuy), (25)

thereby prescribing the moving frame p(™ : JY(M,2) — H™ < €M for n > 1. Namely, by sub-
stituting into (16), o™ maps the point (t, z,u, Ug, Ug, Ugt, Uy, - - . ) € J(M, 2) to the pseudogroup
jet in H™ with fiber coordinates

T=0, X=0, U=0, T,=1, T,=0, T,=0, X;=—u(us+uug)?,

Xo = (w+uu), Xu=0, Uy=0, Uy=0, U= (ue+uuy) > (26)
,Ttt:(), ﬂxzoa Txx:07 Xttzoa ﬂuzoy Txuzoy Tuu:07 thzoa Xxxzoy cee e

By Theorem 4.1, the existence of a moving frame implies that the action of G is locally free
and regular on the subset V = {u; + uu, > 0} C J*(M,2) for all n > 1. In practice, the
existence of moving frames can be verified through direct (and successful) implementation of the
normalization procedure, rather than checking the condition of local freeness and regularity of
the action a priori.

Once a moving frame is fixed, the induced invariantization process v associates to each object
on J"(M,p) — differential function, differential form, differential operator, etc. — a uniquely
prescribed invariant counterpart with the property that they coincide when restricted to the
cross-section. In local coordinates, this is accomplished by writing out the transformed version
of the object, and then replacing all occurrences of the pseudo-group parameters by their moving
frame expressions (22). In particular, invariantizing the n'® order jet coordinates (z,u(™) leads
to the normalized differential invariants

H' = (2%, I = o(u9). (27)

These naturally split into two classes: Those that correspond to the r, coordinate functions used
in the normalization equations (21) are equal to the corresponding normalization constants ¢,
and are known as the phantom differential invariants. The remaining s, = dimJ"(M,p) — r,
differential functions form a complete system of functionally independent differential invariants,
in the sense that any differential invariant of order < n can be locally uniquely written as a
function of the non-phantom differential invariants (27).

Theorem 4.2. If the pseudo-group G acts locally freely and regularly on an open subset of
J"(M,p) for n > 0, then the non-phantom normalized differential invariants (27) of all orders
n > 0 are functionally independent and generate the differential invariant algebra Z(G).

Invariantization is clearly an algebra morphism, so
L((I)(Fl, ‘e ,Fk)) = @(L(Fl), vy L(Fk))

for any function ® of the differential functions Fi,...,F,. Moreover, it defines a projection,
meaning that tor = ¢; see [10, 28]. In particular, ¢ does not affect differential invariants, which
implies the elementary, but extremely powerful Replacement Theorem, [10]:

Theorem 4.3. If I(z,u™) =1I(... 2", ... ,u5,...) is any differential invariant, then

I, u™) = o(I(z,u™))=1(..., H',... | 15,...)

90ne can define alternative moving frames that include points where u; + uu, = 0 by employing different
cross-sections. For brevity, in this paper we only deal with this particular choice of moving frame.
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on the domain of definition of the moving frame. Similarly, any invariant system of differential
equations A(x,u(")) =0 can be rewritten'® in terms of the normalized differential invariants by
1nvariantization:

LA, u™))= A(.. HY LTS, ) = 0.

The alternative, classical method for generating higher order differential invariants is by in-

variant differentiation. A basis for the invariant differential operators Dy, ..., D, can be obtained
by invariantizing the total differential operators D1,..., D,. More explicitly, we let
wl:(p(n))*dHXZ7 i:1727"'7p7 (28)

be the contact-invariant't horizontal coframe obtained by pulling back the lifted horizontal
coframe (11) via the moving frame. In practice, the one-forms (28) are found by substitut-
ing for the pseudo-group parameters in the lifted horizontal coframe (11) in accordance with the
moving frame formulas (22). The invariant differential operators are the dual total differential
operators, defined so that

P
dgF = Z (D;F) W* for any differential function F:J'(M,p) — R. (29)
i=1
They can be obtained directly by replacing the pseudo-group parameters in the lifted total
differential operators Dy by their moving frame expressions.

4.2. Differential invariants for the KdV equation. For the KdV symmetry group, the
differential invariants are obtained by invariantizing the jet coordinates t, x,u, us, Uz, Utt, Utg, - - -
which is equivalent to substituting the moving frame expressions (25) into the prolonged action
formulas (19). The constant phantom differential invariants

H' = (t) =0, H? = 1(z) =0, Ip = (u) =0, Lo = v(u) =1, (30)
result from our particular choice of normalization (24). The invariantizing the remaining co-

ordinate functions yields a complete system of functionally independent normalized differential
invariants:

Uy gt + 2utpy + Ul Uy
_[ = Llu = s _[ = LU = s
on = () (up + uug)3/5 20 = t(un) (ug + wug)®/®
Uty + UlUgy Ugy
—[ = LU = Q= > I = LU =0,
1= tlus) (ug + wug)%/° 02 = Uttaz) (ur + uug)4/?
gt + SUlgrz + BUPUzy + UPlgry Utte + 2Uligr + UWlUape

Iso = () = ) Iy = t(upy) =

)

(ug + uwug ) 11/5
Utgr + Ulzzy
(ug + uug )75’

(ug + ury )9/5
Ugzx

IO3 = L(uxxx) = m7
T

Lo = 1(Utee) =
(31)
The Replacement Theorem 4.3 allows us to immediately rewrite the KdV equation in terms of
the differential invariants by applying the invariantization process to it:
Ut + Uly + Uzzy
up + uug

0= e(up + uty + tUgyy) =1+ Ipg =

10The invariantized system may include an additional multiplier.

Hhese one-forms are invariant if the pseudo-group acts projectably, but only invariant modulo contact forms
in general, cf. [12, 28]. A familiar example is the arc length form w = ds in Euclidean curve geometry, which is
only contact-invariant under general Euclidean motions, [24].



DIFFERENTIAL INVARIANTS OF SYMMETRY GROUPS 11

Note the appearance of a nonzero multiplier indicating that the KdV equation is initially defined
by a relative differential invariant, [24]. The invariant horizontal one-forms

w' = (uy + uug ) dt, w? = —u(uy 4 uug)Odt + (up + uug)/°de, (32)
are obtained by substituting (25) into the lifted horizontal coframe (17), while the corresponding
invariant differential operators

D, = (ut + uux)_3/5Dt + u(ut + uu:c)_g/sny Dy = (ut + Uu:c)_l/sD:ca (33)

can be found either by using duality (29), or by directly substituting the moving frame expres-
sions (25) into the lifted total derivative operators (18). Higher order differential invariants can
then be constructed by repeatedly applying the invariant differential operators to the lower or-
der differential invariants, and hence can be expressed in terms of the normalized differential
invariants. For example,

Dilyy = =21, + Iy — 2101150, Doloy = =215, + Iog — 2101111,

as can be checked by a somewhat tedious explicit calculation. In the next section, we will develop
an algorithm for constructing these recurrence formulas in a much simpler, direct fashion.

5. THE ALGEBRA OF DIFFERENTIAL INVARIANTS

Unlike the normalized differential invariants obtained from Theorem 4.2, the differentiated
invariants are typically not functionally independent. Thus, it behooves us to establish the
recurrence formulas relating the normalized and differentiated invariants, which will, in turn,
enable us to write down a finite generating system of differential invariants as well as a complete
system of syzygies or functional dependencies among the differentiated invariants. The required
recurrence formulas rely on the Maurer—Cartan forms for the pseudo-group, and so we begin by
briefly reviewing their construction, as developed in [4, 27].

5.1. The Maurer—Cartan forms. First, the Maurer—Cartan forms for the diffeomorphism
pseudo-group D are explicitly realized as the right-invariant contact forms on the infinite jet
bundle D(>). A basis is labeled by the fiber coordinates X%, U} on D) and we use the
symbols

X, p%, for i=1,...p, a=1,...,q, #A >0, (34)

to denote the corresponding basis Maurer—Cartan forms. Their explicit formulas, along with the
complete system of diffeomorphism structure equations, will not be required here, but can be
found in [4, 27] .

The Maurer—Cartan forms for a Lie pseudo-group G C D are obtained by restricting the
diffeomorphism Maurer-Cartan forms'? (34) to the subbundle G(>) c D). Of course, the
resulting differential forms are no longer (pointwise) linearly independent. But remarkably, the
complete system of linear dependencies among the restricted forms can be immediately described
in terms of the infinitesimal determining equations for the pseudo-group.

Theorem 5.1. The restricted Maurer—Cartan forms satisfy the lifted determining equations

Lo, X500 Xy, - pS,...)=0 (35)

1276 avoid unnecessary clutter, we will retain the same notation for the restricted forms.
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that are obtained by applying the following replacement rules to the infinitesimal determining
equations (6):

zh— X, u® — U“, &4 — x4, % — 1%, for all i, a, A.  (36)

As discussed in [27] (see also [4]), the structure equations for the pseudo-group G(* can simply
be obtained by imposing the dependencies (35) on the structure equations of the diffeomorphism
pseudo-group.

In the construction of recurrence formulas, the most important forms are not the Maurer—
Cartan forms per se, but rather, their pull-backs under the moving frame map. In what follows,
we will only need the horizontal components of the resulting invariantized forms, as specified by
the splitting of coordinates on M into independent and dependent variables, [24, 28].

Definition 5.1. Given a moving frame p(™: J"(M,p) — H™ we define the invariantized
Maurer—Cartan forms to be the horizontal components of the pull-backs

By =mul(P™)Xa), G =mul(e™) ). (37)

*

Remark 5.1.1. Tn general, the pull-backs (p(™)*x% and (p™)*u% are one-forms on J*(M, p)
with non-trivial vertical or contact components. Only the horizontal components are required
in the analysis of the algebraic structure of differential invariants. The contact components are
important in the study of invariant variational problems and the invariant variational bicomplex,
[12], and will be the focus of future research.

Applying the moving frame pull-back map to (35) and then extracting the horizontal com-
ponents of the resulting linear system, we deduce the corresponding dependencies among the
invariantized Maurer—Cartan forms.

Theorem 5.2. The invariantized Maurer—Cartan forms satisfy the invariantized determining
equations

L(... HY, ... 1% ... B4, ... .5, ...)=0. (38)

We next extend the invariantization process to include, besides differential functions and forms,
the derivatives (jet coordinates) of vector field coefficients'® by setting

UE4) = B, ) = G- (39)
The invariantization of any linear differential function'*
S Fiw,ul)eh + 3 Fi (e u®)gs,
i,A A
on the space of vector fields X' (M) is the corresponding invariant linear combination
STFWH IM)E + T FY(H, 1M, (40)
i A @A

of invariantized Maurer—Cartan forms. In other words, to invariantize, we replace jet coordinates
x',uG by the corresponding differential invariants H*, 1§, while derivatives of the vector field

3Each derivative €4, % serves to define a linear function on the space of vector fields X (M), and so should
properly be viewed as a differential form. Thus, the fact that its invariantization is another differential form should
not come as a complete surprise.

ANl sums are finite.
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coefficient are replaced by the corresponding invariantized Maurer—Cartan forms for the pseudo-
group. In particular, applying the invariantization process ¢ to the infinitesimal determining
equations (6) yields the linear dependencies (38) among the invariantized Maurer—Cartan forms.

5.2. Maurer—Cartan forms for the KdV symmetry group. Let us apply our constructions
to the KdV symmetry group. Its Maurer—Cartan forms are obtained by restricting the diffeo-
morphism Maurer-Cartan forms to the pseudo-group subbundle G(>) c D(®). Let vy4, x4, 114
be the diffeomorphism Maurer—Cartan forms (34) corresponding to the target jet coordinates Ty,
X4, Us. According to Theorem 5.1, the restricted forms satisfy the linear equations

vx =vy =xu = pr = px =0, p—xr+ 3 Uvp =0,

2

(41)
MU:_3VT:_2XX7 VTT:VTX:”’:O,

obtained from the determining equations (9) by using the replacement rules (36). From these
equations we see that the forms v, y, u, vy form a basis for the Maurer—Cartan forms for the four-
dimensional symmetry group G of the KdV equation. In [4], this fact was used to establish the
structure of the KdV symmetry group directly without having to solve the determining equations.

We now pull back the Maurer—Cartan forms by our moving frame map. The resulting (hori-
zontal) invariantized Maurer—Cartan forms are denoted by

Ura) =aa,  u(€a) =PBa,  tlpa) =7a. (42)

They are subject to the equations obtained by invariantization of the determining equations (9),
and so, in view of the normalizations (30),
ax =ay =Pu=yr=7x =0, ¥—PBr =0,
_ 2 _ o (43)
Ww=—-30r=-20x, arr=oarx=--=0
As with the lifted forms, we can use these linear relations to write all of the invariantized Maurer—
Cartan forms as linear combinations of

a = (1), 8 =1(8), v = (o), ¢ =ar = u(n). (44)

5.3. The Recurrence Formulas. According to the prolongation formula (4), the coefficients
gpfa] of a prolonged vector field are certain well-prescribed linear combinations of the derivatives
£y 9%, #A < #J, of its original coeflicients. Let

Wl = 1) (45)

denote their invariantizations, which, in accordance with the general procedure (40), are linear
combinations of invariantized Maurer—Cartan forms ﬁfg,(l‘f{ defined in (39) whose coefficients
are differential invariants; in fact, they are certain universal polynomial functions of the basic
normalized differential invariants I¢. These particular invariant differential forms provide the
crucial correction terms in the recurrence relations for the differentiated invariants. See [28] for
a proof of this key result.

Theorem 5.3. The recurrence formulas for the normalized differential invariants (27) are

p p P
dgH) =) (DiH))o' =w'+ 8,  dyl§ =) (Dilf)w' =) If;0' +¢l.  (46)
i=1 =1 i=1
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The recurrence formulas (46) split into two types: First, whenever H’ or I ¢ is a phantom
(constant) differential invariant, its differential is identically zero, and so the left hand side of
the phantom recurrence equation in (46) vanishes. Under the assumption that the pseudo-group
acts locally freely at order n, the resulting equations can be solved for all the independent
invariantized Maurer—Cartan forms of order #A4 < n; see [29] for the general proof. We then
substitute the resulting expressions for the invariantized Maurer—Cartan forms into the remaining
non-phantom recurrence equations in (46) to produce the recurrence formulas. Identifying the
induced coefficients of the invariant horizontal coframe w',...,wP results in a complete system
of recurrence formulas relating the differentiated and normalized invariants.

Thus, the basic recurrence formulas have the form

DiHI =6 + M, DIy =I5+ M, (47)

where 5;- is the usual Kronecker delta, and the correction terms MZ] , M f}‘l are fixed by the preceding
algorithm. Iterating, we establish the general recurrence formulas

valid for any multi-indices J, K. In computations, the correction terms M7 are rewritten in
terms of the generating differential invariants.

The most striking fact is that the preceding algorithm establishes the recurrence formulas,
without any need to explicitly compute the Maurer—Cartan forms or their pull-backs in advance,
nor the explicit formulas for the differential invariants and invariant differential forms, nor the
infinitesimal generators or symmetry group transformations. Once the cross-section normaliza-
tions have been chosen, the algorithm is entirely based on the standard prolongation formula,
and the resulting infinitesimal determining equations for the symmetry group!

With the recurrence formulas (47, 48) in hand, the generating set of differential invariants and
the syzygies can, at least in relatively simple examples, be found by inspection along the same
lines as in the finite-dimensional version presented in [10]. A more sophisticated approach relies
on the additional algebraic structure underlying the differential invariant algebra revealed in [29],
which we now briefly summarize.

Let R[z] be the ring of real-valued polynomials p(z) = > ; c;2” in the independent variables

zt,...,2P. Let Rlz;u] be the R[z] module consisting of polynomials g(z,u) = 3 ;cjaz’u®
which are linear in the dependent variables u!, ..., u%. By Dickson’s Lemma, [5], any monomial
submodule J C R|x;u| is generated by finite number of monomials L alru . We call

a subspace J C R[x;u] an eventual monomial module of order n if it is spanned by monomials,
and its “high degree” component J,, that is spanned by all monomials z/u® of degree #J > n
in J, forms a module. A generating set for an eventual monomial ideal of order n is given by a
Grobner basis for J~, along with all monomials z’u® € J of degree #I < n.

Given a moving frame (of infinite order) based on compatible coordinate cross-sections, we
identify each non-phantom normalized differential invariant I with the monomial z/u®. We
let M(G) C R[z;u] be the subspace spanned by these non-phantom monomials. An infinite
order moving frame is called algebraic of order n if M(G) is an eventual monomial module of
order n. Moving frames for finite-dimensional Lie group actions are always algebraic; indeed, if
the moving frame has order n, then M(G)~,, contains all monomials of degree > n, and so is
trivially a module. Under mild regularity assumptions, it can be proved, [29], that if an infinite-
dimensional pseudo-group action is eventually free of order n, then it admits an algebraic moving
frame of order n.
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The following results will be established in [29]. For simplicity, we shall assume that the
pseudo-group acts transitively on the independent variables, and that the cross-section has been
chosen so that all H® = 1(z') = ¢;, i = 1,...,p, are phantom differential invariants. (Including
cases when some of the independent variables lead to non-phantom differential invariants requires
only technical modifications of the results.) We now state a constructive version of Tresse’s Basis
Theorem.

Theorem 5.4. Suppose G acts eventually freely at order n, and let p(®°): J®°(M,p) — H() pe
an algebraic moving frame. Then, the non-phantom differential invariants 1§ corresponding to
the generators of its order n eventual monomial module M(G) generate its differential invariant
algebra Z(G).

Furthermore, in [29], we apply Grobner basis methods to analyse the algebraic structure of
syzygies amongst the generating system constructed in Theorem 5.4. As in the finite-dimensional
theory, [10], under suitable regularity assumptions, the generating syzygies fall into two classes.
The first one consist of syzygies of the form

where I is a generating differential invariant and I, = c% is a phantom differential invariant,
while the second one consists of all equations of the form

Dylix —Dklf; = Mlk ;— MLk, (50)

where I, and I{; are generating differential invariants, the multi-indices K NJ = ) are disjoint
and non-zero, and L is an arbitrary multi-index. Note that the first type of syzygy (49) only
arises when I§ has order < n, and usually don’t occur. All other syzygies amongst the gener-
ating differential invariants are invariant linear combinations of the invariant derivatives of the
generating syzygies.

Fine details of the algorithm are illustrated in the course of the following examples.

5.4. Recurrence formulas for the KAV equation. In the case of the KdV equation, the
prolongation of the general infinitesimal symmetry generator

v = (€1 + 3cqt) 0y + (ca + cst + c42) 0y + (c3 — 2¢4u) 0y,
has
gpjk =—3 C3Upj—14k+1 — (3] + k+ 2) CaUyj ks Jj+ k> 1, (51)

as the coefficient of 0/0u, .. Identifying cg = &, ¢4 = %Tt, the corresponding invariantized
forms are

a=ur), B=us, P=ue)=m

3j+k+2 (52)

Y = L g1y — 3 Lk G, jt+k>1
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Thus, according to (46),
0=dyH'=w'+ a,
0=dpH?=uw?+3,
0=dyly = Liow! + Inw? + ¢ = w' + Inw? + 7,
0 =dylip = Iow' + I1w? + " = Dow' + Iiw?® — Iy — 3¢,
dplor = Iiw' + Ingw? + ¥~ = Iyw' + Ippw? — IniC, (53)
dulao = Isow' + Inw? — 2111y + Y7 = Isgw! + Ijw? — 2111y — §150¢,

¢TX

dpliy = Iyw' 4 Iaw?® — Inoy + = Lyw' + Iow? — Ty — 2111,

dplop = Tow' + Tpsw® + ™% = Ipw' + Togw? — 3162,

The left-hand-sides of the first four recurrence formulas in (53) are all zero since they are the
differentials of the phantom invariants (30). Thus we can solve those phantom recurrence equa-
tions to establish the explicit formulas for the independent invariantized Maurer—Cartan forms
in terms of the invariant horizontal coframe:

a=-uw', f=-u" y=-w-Inw’ (=2o+ln)w +2 [+ 5w (54)
Substituting these results into the recurrence formulas for the differentials
dyl = (D1 ])w' + (Do )w?

of non-phantom invariants, and equating the coefficients of w',w? on both sides yields the com-
plete collection of recurrence formulas for the differentiated invariants:

D1l = Iy — 215, — £Io1 1, Doloy = Iog — 215, — 2101111,
Dyl = I3 + 2111 — Elo1Ing — 213, Dylag = Iny + 2001111 — $15,In0 — $ 111120, 55)
Dyl = Io1 + lop — SIo11vy — $Tido0,  Doliy = I+ Ionlop — $15, 1 — 17,
Dy Ioz = Ia — 2101102 — 2102120, Dyloz = Iog — 2131102 — 2102111,
and so on.
In general, the expressions (52) yield the recurrence formulas
3]+ k+2 .
Diljp = Lipp— = g 2o+ dou) Iy + 5 Ljm1 et
i+ k42 for all 4,5 >0, (56)
Doljs = Lijrs — === (I + I Lo+ Ton Ly,

for the normalized differential invariants, where, by definition, I_; ; = 0. As a consequence, we

conclude that every normalized differential invariant can be obtained from the two fundamental

differential invariants

gt + 2y + U Uy
(g + uug)d5 7

Uy
Ip1 =

3/5, 120 = L(utt) = (57)

(ug + uuy,)

by invariant differentiation, and hence Iy; and Isg generate the KAV differential invariant alge-
bra Z(Grqy). This is in accordance with Theorem 5.4, since the module corresponding to the
non-phantom differential invariants induced by our choice of cross-section is generated by the
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monomials zu ~ Iy and t?u ~ Ip. Finally, according to (49, 50), there is one fundamental
syzygy, namely,

Dilor + 211 Dylag — Dalao + (2120 + 2I01) Dilor — Dolon — 1115y — =151 10 + 2215, = 0.

5.5. The algebra of differential invariants for the KP equation. In this example, we will
show how to obtain the structure of the algebra of differential invariants, including a minimal set
of generators and a complete list of basic syzygies, for the symmetry pseudo-group Gxp of the
KP equation

Uy + %uum + %ui + %umm + % €Uyy =0, €= =1, (58)

without having to establish its (prolonged) action in advance. Earlier work on its symmetry
group and differential invariants can be found in [6, 7, 8, 14, 15, 16, 17]. The underlying total
space is M = R* with coordinates (t,z,y,u). Applying the standard Lie algorithm, [23], we find
that a vector field

0 0 0 0
V= T(t,lﬂ,y,U)a +£(t,$,y,U)% +77(t7x>yau)a_y + @(t,x,y,u)%

is an infinitesimal symmetry of the KP equation if and only if its coefficients satisfy the infini-
tesimal symmetry determining equations

Tz =0, Ty:07 Tu = 0, gm_%thoy £y+%677t:07 guzov (59)
Nz =0, Uy_%TtZOa M =0, 90_%&‘1‘%1“3:07

along with all their differential consequences.

Our actual choice of cross-section that defines the moving frame will be deferred until we
acquire some familiarity with the structure of the recurrence formulas. First, invariantization of
the determining equations (59) implies the complete system of linear dependencies among the
invariantized Maurer—Cartan forms

ikl = L(Tijkl)a 5ijkl = L(fz‘jkl)y Yijkl = L(nz‘jkl)a Cz‘jkl = L(%’jkl),
namely,
=0 =0 =0, Ox= 1 Oy = 2 GBu =0
ax =0, ay =0, ay=0, = —ar, = ——€nT, =
X Y U X 3 T Y 3 T U (60)

vx =0, 7y =32ar, w=0 (=38r— 3lyoor,
and so on. Here we denote the corresponding normalized differential invariants by
Hl = L(t)v H2 = L($)7 H3 = L(y)7 Iijk = L(uijk)a

some of which will be phantom, i.e., constant, once the moving frame is fixed. As in [4], a basis
of the invariantized Maurer—Cartan forms is obtained from the involutive completion of the lifted
determining equations (60) and, for example, is seen to be given by the forms

agmn, 5T"7 YT, n > 0. (61)
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The remaining lifted invariant forms can now easily be expressed in terms of the basis forms (61).
We have

apnxryayr = 0, if (p7 q, 7") 7é (07 0, 0)7
1 2 4 1
ﬁTnX = 307n+1, ﬁTny = —3€7n+1, ﬁTnyy = —g¢ ﬁTnJrz, YTy = 3Q7n+1,
Braxryaur =0, ~raxeyayr = 0, for all other choices of (p, q,7);
n
C _ 2 _ 2 n I _
n = 307n+1 3 s s00QPn—s+1, CT”X = OéTn+2 3 leaT”*S+17
S=

n (62)
_ 4 o 4 ) n I
CT"Y = —9€Vrnt+2 — 3 E 501aTn s+1, CTnyy = —57€Qnt3 — 3 s 5020 n—s+1,
5=0

n
n
Crnxrysd = —% <S>IquaTns+l, for all other choices of (p,q),
0

s=

CT”U = —%O[Tn+1, (TnXpqur = 0, if r > 2.

Let Di1,Dy,D3 be the invariant differential operators dual to the invariantized horizontal
coframe

= 1(dt), w? = 1(dx), w? = 1(dy). (63)
As above, the explicit formulas are not required at the moment.
It follows from (60) that the correction terms 1 in equation (45) for the KP symmetry algebra

are precisely the coefficients of the invariantization of the vector field obtained by first prolonging
the vector field

B 0 0 0 9 0
and then applying the relations

61‘ = %Ttu fy - _%enh le - %Tt (65)

and their differential consequences to express the resulting coefficient functions solely in terms of
the repeated t-derivatives of 7, £ and 7. This yields the expression

4 8
T;Z)pqr = q15r0aTP+2 - _5q05r1€’7Tp+2 - ﬁ5q05T2€ Qirpp+3

24+q+2r p—s -
<>< +3+1>Ip sqraTé+1+9€7‘ 7'—1 Z s p 8,q+1,r —2QPs+2

s=

p
p p
<S> p—s,q+1, 7“5TS - § <S> Ip—s,qm—i—l’YTS + %ET 50 <S> Ip—s,q+1,r—1’YTS+1
s§=

s=1

- Z
—i
(66)

for the correction terms 14, = ¥7»xayr, where d;; denotes the Kronecker delta.
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With (66), equations (46) directly yield the recurrence formulas

dgH'! = W' + a, dgH? = W + 3, dgH? = w¥ + 7,
drlooo = Toow" + Toiow” + Too1w? — 2Iooocr + 307,
dpTr00 = Ta00w’ + Iiow” + io1w? — 3Tooor — 2looocert — TowoBr + 2817 — Toorr,
dgloo = Iiow' 4 Iogow” + Ioniw? — Ipwoor + arr,
dprloor = Lioiw' + Toiw” + Iooew? — $loorar + % € loiovr — 5 €V,
dprl200 = Iz00w" + Lnow” + Ioo1w? — $Iagoar — Lhooarr — 2losoarrr
— 2I10Br — IowBrr + 2Brrr — 2Lhovyr — Tooryrr,
dpliio = Izw’ + Iizow” + hiiw? — 2Ioar — Iowoorr + 2arrr — oo Br — Tonnyr, (67)
drlior = orw' + Ihw® + hoew? — Thorar — 3Ioororr — Toi Br
+ (3 eI110 — Too2)vr + 3 e lowovrr — § €vrrTs
drlozo = Tiaow" + Tosow” + Tog1w? — 3oz,
dplonr = Linw' + Ipnw® + Inow? — SIoniar + 2 € Ipsoyr,s

t 4 8 4
dplooz = Toow" + lo12w” + Ioosw? — 2loo2ar + g € lowoarT — 9= €arrr — 5 € lo11yT,

In general, a specification of normalization equations defines a valid cross-section to the pseudo-
group orbits if and only if the resulting phantom recurrence equations (67) can be solved for the
basis (61) of invariantized Maurer—Cartan forms. For this, we choose the normalizations

H'+— 0, H? — 0, H? — 0, Ippp — 0, Iigo = 0,  Ipi0 — 0,
Ipor — 0,  Izp0 — 0, Iip1 — 0, Ipog — 1, Ioi1 — 0,  Inp2 — 0, (68)

Lipor—0, Ii101+—0, Ii20p2+—0, forall >3,

which, when substituted into equations (67), yield the expressions

a=—uw B =—-w", v =—wY,
ar = 3(Igow' + Togow” + To21w?),  arr = 3(Iow' + w®),
arrr = Z e (Ipaw® + Iogsw?), ...
Br=0, Brr=—-3Lww", Brrr=—-5biow*, ... ;
vr = =3 (Iinw' + Iopw® + Io1ow?), ~rr =0,

vrrr = e (—Iolinw' + (It — ooz )w® — Iiiolorzw?),
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for the basic invariant forms. The higher order invariantized Maurer-Cartan forms can be recur-
sively determined from the equations

p—1 p
o7 3 p 27 p
aqpis = F€ (Iprow” + Ipozw”) + 3 E <s> Ip—21007s+2 — € <s> Ip—s,1.201s
s=0

s=1

p—1 P
D p
+ % <S> Ip—s,1,17T3+1 - %E Z <S> Ip_370737TS’
s=1

s=0

p—1
3 3 p
Bro+1 = —5Ip10w” + 5 E <S> Iy s1,087s,
s=1

p—1 D p—1 D
9 9 E 3 E
’YTP+2 = ZE —[pllwx _ ZE <S> [p_871715’1‘s + § <s> [p_s’LO’YTs«kl.
s=1 s=0

Next we substitute expressions (69) for the invariantized Maurer-Cartan forms into the equa-
tions for the non-phantom variables in (67) to derive the recurrence formulas between the differ-
entiated and normalized invariants

DiT110 = 210 — 211101120,  Doliio = Ti20 — 3 Tioloso + € Ino,
D3li10 = i1 — 311101091 + 2€ Toos,

D110 = Is10 — IIa10120 + Se Iy + 311 loos + 1217,

Dy la10 = I20 — 2101030 + 3€ T112 + € I dozr + 3100321 + 3 T10,
D3lo10 = Ioi1 — 3o10lo21 + 3€ I Lot + 3 Tios + 310121003,

D1 11o0 = Inoo + S€ Iy dozy — $1790 + 61110,

Doliog = Tigo — TT120030 + S€ Igy, + 6,

D320 = Ta1 — $Ti0lo21 + € Tz Toz,

DyIi1 = Doyt — (3T120 — SeIo12) 1,

Dylii1 = Iion — (T2 — 3€ I12) Joo1 — 201111030,

D31 = Iz — (2o — 3€ Io1z) Ionz — 211111021,

_ 5 _ 5 72 _ 5
D1lozo = Ii30 — 71o30l120, D21lozo = loao — 71030,  DPsloso = Loz — 71030021,

(71)

Diloo = a1 — TosoTi11 — 311201021,

Doloo = Ios1 — 3ozolo21,

D3loo1 = Tooz — Tozolorz — 31551,

Dy Io1z = Iz — 2l i1 — $Tis0Io12 — 21410,

Dylorz = Tooz — 2159, — Flosolo12 — 2,

D3loiz = Ioiz — 2Io21 o1z,

D1loos = Thos — 3Lo121111 — 21003120,  D2loos = lo1s — 3lo121o21 — 210031030,

DsInos = Tooa — 31315 — 210031021,

By a repeated application of the operators Dy, Dy, D3, these formulas can be used to express
higher order normalized invariants in terms of the lower order invariants. As an example, the
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first four equations in (71) yield the expressions
Isio = Dili1o + (31120 + 3Da 110 + Z Tioloso — 22e In12)DiIiio + 2 Iiol120Da1110
— 3e(D3I110)* — (3e Iiioloo1 — 21003) Psli10 + 21110D1 1120 (72)
+ (8 LiooTozo — He Igy, ) I71o — She IioTiaoloz + 2211101091 Loos — 1215,

Moreover, in light of the results in [29], we derive the following fundamental syzygies amongst
the basic differential invariants 1110, 1030, 1021, 1012, 10031

Dslorz — Daloos + 21121021 — 210301003 = 0,
Daloor — Dslozo + SIo211o30 = 0,
Dsloor — Dalorz — 51501 — 310121030 — 2¢ =0,
DyDsI119 — Diloso — 3€ D3loor + S1110D21o30 + 2Lo30D21110
— 2e I8y + Selosolonz + 315301110 — 3 =0,
DyDs1110 — Diloor + IozoDsli10 + Lo21Dalr1o + S1110D3los0
— 3¢ Daloos — 31110d030l021 — 3¢ Tozoloos — 3€ Toz1 Loz = 0,
DyD3l110 — Dilogt + TosoDsli10 + Toz1Dal110 + 31110 D20z
+ 2 Ii1odosolo21 — 2€ Daloos — 3¢ Toa1lorz — 2€ Iozoloos = 0,
D3D3l110 — Diloiz + 21021 Dsli10 — 31012D2 1110
+ (8Dodoi2 + 318y, + € ) 110 — 3€D3loos — 12e 15, = 0,
D3sD3Dsli10 — D1D2loos — 21030 D11oo3 + 31021 D11o12 — 2100311030
+ (2D31991 — $1851 ) D3110 + (2 I121021 — 3D3I12)D2l11o
+ (3D3D3loo1 — 21021 D3loo1 — 2DsIpialozo + S Io21Inaloso
+ 3185, + 6€ Iog1 ) I110 — 3e D3D3loos + 3¢ Loz Dsloos

(73)

— 5T Io12Dslo1z + 3e ToosDslozr — 2€ 15y Toos — 31003 + gx€ Lo21 151 = 0.
These allow us to reduce the number of generating differential invariants:

Theorem 5.5. The differential invariants I119, lo21, loog form a generating set for the algebra
Z(Gkp) of differential invariants for the KP symmetry pseudo-group.

Computations indicate that 119, Igo1, lgos form, in fact, a minimal generating set. However,
a few details remain to be overcome.

After some work, the standard algorithm [23] for constructing a group action from the infini-
tesimal generators yields the finite KP symmetry transformations which are given by

T =F(t),
=P/ (t)'/% — Zey? F/(t) B (t) — 2eyF'(t) VPH' () + G(2),
=yl () + H(1), (74)
= uF'(£) 2% + JaF'(8) PP F(t) — gy (e F'(0) "7 F" (1) + 3F' (1) F' (1))
FAey(F')TBF (R (t) — F'(t)"Y3H"(t)) + 2e F'(t) 2H'(t)* + 2F'(t) ' G/ (v),

where F(t) is an arbitrary smooth, invertible function and G(t), H(t) are arbitrary smooth
functions; see also [16]. Thus the prolonged action of the KP symmetry algebra on submanifold
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jets can be obtained by applying the differential operators
Dx = F'(t)™3D,, Dy =F(t)7*3Dy + e (3yF'(t)°3F"(t) + 2F'(t) /3G’ (t)) Dy,
Dr=F')"'Dy+ (—3aF' ) °F"(t) + ey (3F'(t)% F"(t) — 24F'(t) °F"(t)?)

75
+ey(3F (1) PRG" (1) — QF () PF ()G (1) — F'(t) P H'(t) (%)
2P TRG (02) Dy + (—2yF () 2F" () — F() PG (1) D,

to U in (74). Now normalizations (68) yield the expressions
I = u;ﬁp (um + %uum + %ui + %e uyy),
[030 = u;§/4uxxx7
1021 = um_m5/2 (ummummy - umyummm)a (76)
Ioio = u;f“(uimuxyy — QU Upy Uy — 2€ uxuix + uiyumx),

—5/,.3 2 2 3
[003 = Ugy (umuyyy - 3ummu1‘yu$yy + 3u1‘1‘umyuﬂﬁxy - uwyul‘l‘l‘)7

for the basic differential invariants for the KP symmetry algebra as well as the expressions
Dy = u;f“Dt + %u;xll/‘l(Quuix — euiy)Dm + %e uxyugg/‘lDy,
Dy = u, /4D, (77)

D3y = —u;ﬁpuwa + u;mlpr,

for the invariant differential operators.

Additionally, by applying the invariantization map as in Theorem 4.3, we see that KP equation
(58) can be written in terms of the normalized differential invariants as

1110 + %1040 = u;:?/z(um + %’LL?C + %6 ’LLyy + %uum) + %u;:?/zumm =0. (78)

The KP symmetry algebra is known to possess a Kac-Moody—Virasoro structure. It would be
an interesting problem, which now can be systematically studied by our methods, to investigate
to what extent the Lie algebra structure of a symmetry algebra determines the structure of its
differential invariant algebra.
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