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On the integrability problem for systems
of partial differential equations in one

unknown function, I

Antonio Kumpera

Abstract. We discuss the integration problem for systems of partial diffe-
rential equations in one unknown function and special attention is given to
the first order systems. The Grassmannian contact structures are the basic
setting for our discussion and the major part of our considerations inquires
on the nature of the Cauchy characteristics in view of obtaining the necessary
criteria that assure the existence of solutions. In all the practical applica-
tions of partial differential equations, what is mostly needed and what in fact
is hardest to obtains are the solutions of the system or, occasionally, some
specific solutions. This work is based on four most enlightening Mémoires
written by Elie Cartan in the beginning of the last century.

Awnoranisi. B crarri BuBuaerbes npobiiema inrerposuocti cucrem S nude-
peHIiaJIbHUX PIBHSHb B YACTUHHUX ITOXIJIHUX Bij OJHIET HEBiOMOT DyHKIIIT,
MIPUIOMY OCOOJIMBY yBary TPHJILIEHO CHCTEMAM MEPIIOTO TOPSIKY. 3 TeOMeT-
pudHOl TOYKH 30py Mu MaeMo cuctemy [ldbadda Tak 3Banol KaHOHIIHOI KOH-
TaKTHOI CTPYKTYDH, AKa BH3HAYAETHCH I'DACMAHOBUM IIYYKOM KOHTAKTHUX
eJIEMEHTIB TIeBHOTO MOpsiaKy. Harr miaxis € nBosikuM: 3 OHOTO OOKY MU BU-
KOPUCTOBYEMO xapakrepuctukn Kaprana mist 3BefieHHs mpobsaemMu 10 MiHi-
MAaJIbHOI KIJIBKOCTi 3MIHHUX, & 3 IHIIOTO — JIOCJIII?KYEMO XapaKTep XapaKTe-
puctuk Kormri gis orpumanis HeoOXiTHUX KPUTEPIiB iCHYBaHHST PO3B’S3KiB
s cucremu daddba P = P(S), aconiiioBatol 3 3a/I1aHOI0 CUCTEMOIO DiB-
HSHb B YACTUHHUX HOXITHUX S 1 OTprMaHOl 0OMEKEeHHSIM BUINEBKA3aHOT Ka-
HOHIYHOI KOHTAKTHOI CTPYKTYPH Ha I IMHOTOBHUJ, S, 10 BU3HAYAE JTaHE PiB-
HaHHd. MU TakoXkK OKa3yeMo, M0 IHTErPOBHICTH cUCTEMHU S EKBIBaJEHTHA
peryJisipaocTi xapakTepuctuk Ko noB’s3anux 3 BiIIOBIIHOIO PO3MipHICTIO.
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Ilepira yacTuHa cTaTTi HOCUTH BCTYIHHUN XapakTep i € IiJIroTOBYOIO JIJIst
JIPYrol YaCTWHU B sIKiii BUBYATUMYThHCS TU(EpPEHIiaIbHI PIBHSIHHS B YaCTHH-
HUX TOXiTHUX T0BLIbHUX mopsiakiB. g pobora 6a3yeThcss HA IOTUPHOX PO-
6orax Eni Kaprana Hanncanux Ha IIOYATKY MUHYJIONO CTOJITTA (AuB. 61610~

rpadiio).

Tum HE MeHTII, TpeCTABICHE B Hill AeTaabHe OOTOBOPEHHS XaPAKTEPUCTHK
Hap6by, Komi Ta Kaprana, BusiBjisie aeraJi, f9Ki, HACKIJIbKU HAM BiZIoOMO, HE
Oysn Hizte omyOsikoBaHi. 30KpeMa, BHINE3raIaHAil Pe3ysIbTaT PO IHTerpy-
Banus (muB. Teopemu 7.12 1 7.17) BHIaeThCs HOBUM KPOKOM y T€OPil iHTErpy-
BaHHA JiuepeHIiaJlbHuX cucTeM. TaKoXK y po3/1iji b HaBEJIEHO JIBa MOJIOBHUX
MIPUKJIAJIA: TPACMAaHIBCHKUI IIyYOK TiIEPILIONIUH Ta JIYBIJIJIEBA CTPYKTyPa Ha
KOJOTHYIHOMY PO3IIapyBaHHi, Ki LIIOCTPYIOTH OaraTo izeit onncannx B gaHiit
poboTi.

Harmi MeTo/in Tako>K 3aCTOCOBYIOTHCS JI0 BUIIAJIKY HEIHTEITPOBHUX CHCTEM,
1 B OCTaHHIX JIBOX PO3ijIaX OTPUMAHO JESKi I[IKaBi pe3ysIbTaTH, M0 JII0CTPY-
I0Th IX 3a JIOOMOrOI0 ciucTeM nparopis. OcranHi cucTeMu MOYKHA PO3IJISIATH
4K “Haiibiapi HeinTerposui” cucremu Ildadda ne quBnaaUCch HA TE, MO €10~
HUMU {HTErpaJbHIME MAMHOTOBUJIAMHY €, BJIACHE, IHTerpasbHi Kpusi (To6TO
KPUBI, JIOTUYHI 0 JIHINHIX KOHTAKTHUX €JIEMEHTIB, Kl 3aHYJISAIOTHCI CUCTe-

Mmoo [dadda).
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1. INTRODUCTION

It is our purpose, in this paper, to study the integrability problem for
systems S of partial differential equations in one unknown function, special
emphasis being given to first order systems. The geometrical setting is
provided by a Pfaffian system, the so-called canonical contact structure,
defined on a Grassmannian bundle of contact elements of a certain order,
our approach being twofold.

Firstly, we make appeal to the Cartan characteristics in view of redu-
cing the problem to the minimum number of variables and, secondly, we
inquire on the nature of the Cauchy characteristics in view of obtaining the
necessary criteria that will assure the existence of solutions for the Pfaf-
fian system P = P(S) canonically associated to S. This latter system is
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obtained by restricting the above mentioned canonical contact structure to
the sub-manifold § that defines the equation. We prove that the integrabi-
lity of § is equivalent to the regularity of the Cauchy characteristics allied
to the appropriate dimension. Partial differential equations of arbitrary
order will be considered in the second part of this paper,

The present first part is essentially a preparatory digression aimed at
setting the necessary foundations for the discussion in the part two where
the desired new results do appear. Nevertheless, our present detailed dis-
cussion of the characteristics brings out details that, to our knowledge, do
not appear in print elsewhere and are the underlying ingredients for our
later discussion in the second part. More so, the above mentioned result on
integrability and stated in the Theorems 7.12 and 7.17 seems a new step in
the integration of differential systems.

2. PFAFFIAN SYSTEMS, DEFINITIONS AND NOTATIONS

Let M be a finite dimensional connected differentiable (C°°) manifold,
T = TM its tangent bundle and T* = T*M the co-tangent bundle. A
regular Pfaffian system defined on M is, by definition, a locally trivial
vector sub-bundle P of T*. Its annihilator ¥ = P+ is a sub-bundle of
T, (T/Y)* ~ P and T*/P ~ ¥*. Such a sub-bundle of T" is called a
regular distribution, occasionally a field of first order contact elements, on
the manifold M.

Given a vector bundle E (or, for that matter, any bundle), we denote
by I'(E) the module of all the global sections and by I'y(E) the pre-sheaf
composed by the local sections. A local automorphism of P (or of ) is a
local diffeomorphism ¢ of M satisfying the property ¢*P = P, this property
being equivalent, by duality, to p,3 = X. The set Aut(P) of all the local
automorphisms of P is a pseudo-group of transformations of order 1 though
not always Lie since it might fail to be complete.

An infinitesimal automorphism of P (or X) is a local vector field £ defined
on M and generating a local 1-parameter group of local automorphisms. It
can be characterized by the condition §(£)I'y(P) C I'y(P) or, equivalently,
by 6(§T(X) C Ty(X), where 6(§) is the Lie derivative along the vector
field £&. The set £(P) of all the infinitesimal automorphisms of P is a not
necessarily complete infinitesimal pseudo-algebra of order 1. The eventually
singular distribution L induced by L(P) i.e., defined by L, = L(P),, = €
M, satisfies the integrability criterion of Stefan and Sussmann, its maximal
integral manifolds being the connected components of the orbits of Aut(P).

We say that P is homogeneous when Aut(P) operates transitively and
infinitesimally homogeneous when £(P) is transitive i.e., when L = T'M.
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Since M is assumed to be connected, infinitesimal homogeneity implies
homogeneity, the converse statement being however inexact.

Finally, given a second Pfaffian system P’ on a manifold M’, we shall
say that (P,z) is locally equivalent to (P’,z’) when there exists a local
diffeomorphism ¢ : U — U’, U and U’ being open neighborhoods of z and
a’ respectively, such that p(z) = 2’ and ¢*P’ = P. Two systems P and P’
are said to be locally equivalent when the above mentioned property holds
for any pair of points (z,2') € M x M'.

Occasionally, we shall consider distributions and Pfaffian systems that
are not regular in the sense adopted in the beginning of this section and
shall specify, in each case, the appropriate conditions.

3. DARBOUX CHARACTERISTICS

In this section we only consider scalar differential forms defined on the
manifold M though some of the considerations apply as well to vector
valued forms.

Let w be an exterior differential form defined on an open subset U of M
and denote by w, the induced form on T, M. The annihilator of w at the
point x € U is, by definition, the vector subspace V, C T, M defined by

Ve ={veT,M|i(v)w,; =0}.

When w is a 1-form then V, = ker w,. It is easy to prove that w, factors to
an exterior form defined on T, /V, (i.e., w, = ¢*©, where ¢ is the quotient
map) and that V,, is the largest subspace of T,,M having this property. If
the degree of w is equal to , then V;* C T*M is generated by the family
{ileji A---Nej,y)wl,

where {e;} is any set of generators for T, M. Moreover, V- is the smallest
sub-space W of T M such that w, belongs to the sub-algebra of AT, M
generated by R+ W.

A local automorphism of the form w is a local diffeomorphism ¢ of M
such that ¢*w = w and an infinitesimal automorphism is a local vector
field £ generating a local 1-parameter group of local automorphisms. It is
characterized by the condition #(§)w = 0 in terms of Lie derivatives. The
infinitesimal automorphism ¢ is said to be characteristic when i(§)w = 0
which means that £, € V,, for any point x in the domain of w. Characteristic
infinitesimal automorphisms are therefore defined in terms of the equations

i(§w =0(§w =0
or, equivalently, by

i(§)w =1i(§)dw =0 (3.1)
in view of the relation 6(¢) = [i(£), d].
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The sum and the constant scalar multiples of infinitesimal automor-
phisms are infinitesimal automorphisms since 6([¢,n]) = [0(£),0(n)] and
the bracket of infinitesimal automorphisms is again an infinitesimal auto-
morphism. Furthermore, the formula ([, n]) = [i(£),0(n)] shows that the
bracket of characteristic infinitesimal automorphism remains characteristic
and, finally, the formulas

i(f8) = fi€)  and  0(f§) = fO(E) + df Ni(E)

show that f¢ is characteristic when £ is, whatever the function f. In sum,
the set L.(w) of all the characteristic infinitesimal automorphisms of w is
closed under addition, scalar multiplication by an arbitrary function and
under the Lie bracket.

We denote by A C T'M the eventually singular distribution on the ma-
nifold M (or, rather, on the open set U) induced by the family £.(w) i.e.,

Ay ={& | § € Le(w)}

and call it the characteristic distribution of w. Its annihilator A+ c T*M
is the characteristic system of w. The distribution A satisfies the integra-
bility criterion of Stefan and Sussmann and its maximal integral manifolds
are the Cauchy characteristics of w. In view of the equation (3.1), the
elements of L.(w) are the local vector fields & on M taking values in A.
When the dimension of A,, x € U, is constant, we say that w has regu-
lar characteristics in which case A is a regular and integrable distribution
on M (rather on U) and At is a regular Pfaffian system. The following
result enables us to reduce, locally, the form w to an expression involving
only the characteristic variables i.e., the first integrals of A. The proof is
straightforward.

Proposition 3.1. Let w be an exterior differential form of degree r with
reqular characteristics and let {y1,--- ,ys} be a fundamental system of in-
dependent first integrals of A defined in a meighborhood of a given point
x € M. Then w has the local expression

w= Z iy, (y) dy™ A - A dy'T,
where the sum is extended to all the sequences 1 < iy < --- <1, < 8.

Corollary 3.2. Let w be an exterior differential form with reqular charac-
teristics and let us assume that its degree is equal to the co-dimension of A.
Then, for any x € M, there exist s first integrals {z1,--- ,zs} of A, defined
in a neighborhood of x and such that w = dzy N\ --- Ndzs. These forms are
therefore closed and locally decomposable.
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Based on the equation (3.1), we now examine a point-wise approach to
the characteristics and define, for any « € U, the vector sub-space of T, M

A, ={veT,M|i(v)w, =i(v)dw, = 0}.

In general, A = U A, is a singular vector sub-bundle of T'M since the
dimensions of the fibres can vary and clearly A C A. When w has degree
r, then A is defined by the linear equations

[i(wi A Awp_1)w](v) = [i(wi A - A wy)dw](v) = 0,

where (w1, ,w,) runs through all the r-tuples of vectors in T, M and
therefore its annihilator AL C T*M is generated by the linear forms

{ifwi A+ ANwp_1)wg , S(wp A Awy)dwy }.

It suffices, of course, to consider r-tuples (e;,,--- ,e€;.), where {e;} is a
basis of T, M, such that 1 < iy < --- < 4, < dim M. Since dimA, is
lower semi-continuous and dim A, upper semi-continuous, it follows that
dimA,, z € U, is constant if and only if A = A. Furthermore, since the
dimensions are integers and in the present case bounded, they are locally
constant on open dense subsets of U where after the equality of A, with
A, also takes place on an open dense subset.

The integer ¢; = codim A, is precisely the class of w at the point z.
When A = A, then ¢, is constant (assuming U connected), this integer
being the Cauchy class of the form w. In what follows, we state the main
results involving the notion of class.

Proposition 3.3. The class of a differential 1-form w is equal to 2p + 1,
at the point =, if and only if we A (dwz)? # 0 and (dwz)P™' = 0. Under
these conditions,

Ap(w A dw®) = Vy(w) N Vi (dw)
forany £=0,...,p.

Proposition 3.4. The class of a differential 1-form w is equal to 2p, at
the point z, if and only if (dwz)P # 0 and wy A (dwz)P = (dwz )Pt = 0. This
being the case,

Ar(w A dw') = Ap(dw?) = Vy(dw)
forany £ =0,--- . p—1and q=1,---,p. If, moreover, w, # 0 then the
last condition (dw, )P =0 is a consequence of the first two.

Proposition 3.5. The class of a closed differential 2-form w 1is, at every
point, an even integer. This class is equal to 2p, at the point x, if and only
if Wy #0 and WP = 0. Under these conditions,

Am(wf) = Vz(w)
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forany £ =1,--- ,p and Wk is decomposable.

Theorem 3.6 (Darboux). Let w be a differential 1-form of constant class
defined on the manifold M. When this class is equal to 2p+ 1 then, at any
point ¥ € M, there exist local coordinates (x%) vanishing at x and such that
w has the local expression

w=da' + 2%dz® + - + 2Pz,

When this class is equal to 2p and, moreover, when w is everywhere non-
singular, then it admits the local expression

w=(1+2zYde? + 23da + - + 2P 1d2?P.

Theorem 3.7 (Darboux). Let w be a closed differential 2-form of constant
class equal to 2p defined on the manifold M. Then, at any point x € M,
there exist local coordinates ('), vanishing at x, such that w has the local
exTpression

w = dz' A dx? + dzd Adat + -+ da®PTH A da?P
We finally observe, as a consequence of the Corollary 3.2, that non-
singular n-forms (n = dim M) always have the local expression
w=dx' A ANda,
non-singular closed (n — 1)-forms the local expression
w=dz' A Adz" L
and non-singular (n — 1)-forms satisfying dw, # 0 the local expression
w=(1+zdr? A Ada"

in a neighborhood of z. In all the above displayed expressions of the local
canonical forms, the coordinates z* figuring in these expressions are neces-
sarily first integrals of the characteristic distribution A namely, they are
the so-called characteristic functions.

4. CARTAN CHARACTERISTICS

Let P be a Pfaffian system defined on the manifold M. Inasmuch as
above, an infinitesimal automorphism & € L(P) is said to be characteristic
whenever it is tangent to X i.e., when £ € I'y(X). The set

L(P) = L(P)NT(%)
of all the characteristic vector fields of the system is an infinitesimal pseudo-
algebra of order 1. Moreover, it is a pre-sheaf of modules with respect to

the local C'*°-functions on M hence f¢ is characteristic whenever £ is, f
being any local function on M. We remark that Frobenius’ integrability
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condition, in terms of brackets, amounts to say that P is integrable if and
only if L.(P) = I'¢(X). The module L.(P) induces an eventually singular
integrable distribution

AZ.%'GM—)szﬁc(’P)x,

called the characteristic distribution of P, its annihilator A+ C T*M being
the characteristic system of P. The maximal integral manifolds of A are
the Cartan characteristics of P. Again, P is integrable if and only if A = 3,
in which case the Cartan characteristics coincide with the integral leaves of
Y. Since 0(§) = i(&)d + di(§), it follows that L.(P) is the pre-sheaf of all
the local vector fields £ on M satisfying the equations

(€ w) = (& i(n)dw), (4.1)

for all w € T'y(P) and n € ['y(X), and therefore L.(P) is the set of all the
local vector fields on M taking values in A. When the dimension of A,, = €
M, is locally constant, we shall say that P has regular characteristics.
The result that follows provides a method enabling us to reduce locally
the Pfaffian system P to the sole characteristic variables i.e., to the first
integrals of A.

Theorem 4.1 (Cartan). Let P be a Pfaffian system with reqular characte-

ristics and {y',--- ,y*} a fundamental system of independent first integrals
of A defined in a neighborhood of a given point x € M. There exists then
a local basis {w', --- ,w"} of P, defined in a neighborhood of x, such that

wi :Za;(yla 7ys)d?/] ) 1 SZST

Given a regular integrable distribution > on the manifold M, we say that
the open set U is simple with respect to 3 when the foliation associated to
the restricted distribution 3|U admits a quotient, this meaning precisely
that the quotient space U /¥, modulo the leaves of ¥|U, admits a manifold
structure for which the quotient map p: U — U/X is a submersion.

The manifold structure of U /3 is then uniquely determined by the struc-
ture of U.

Expressed in geometrical terms, the previous theorem can be transcribed
as follows enhancing the role of the finite automorphisms.

Corollary 4.2. Let P be a Pfaffian system with reqular characteristics, U
an open set of M simple with respect to the characteristic distribution A
and p: U — U/A the quotient submersion modulo the leaves of A. Then
there exists a unique Pfaffian system P, defined on U/A, such that

p*P = P|U.
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Moreover, L.(P) = 0, the finite and infinitesimal automorphisms of P|U
are locally p-projectable onto the corresponding automorphisms of P (they
are globally projectable when their domains have connected p-fibres) and, for
any x € U, there exists an open neighborhood U, such that the projections

L(P|Us) = L(Plp(Us))  and  Aut(P|Uz) — Aut(P|p(Us))

are surjective. Finally, any integral manifold V of P (not necessarily of
mazimal dimension) gives rise, by a lift up process, to the integral manifold

p~ (V) of P.

Conversely, the following statement also holds.

Corollary 4.3. Let P be a Pfaffian system defined on the manifold M and
let us assume that, for every x € M, there exists an open neighborhood U,
a submersion py 1 Uy — V, onto a manifold V,, and a Pfaffian system 75x,
defined on Vy, having null characteristics (i.e., Lo(Py) =0) and such that

PlU, = p;(ﬁx)
The dimension of Ay is then constant (i.e., P has regular characteristics),
each U, is simple with respect to A and the family (py) is a foliated atlas
for the characteristic foliation of P.

With the notations of the Corollary 4.2, we shall say that each quotient
manifold U/A is a space of characteristic variables for P and the system P
will be called a local reduction of P to its characteristic variables. Further-
more, a complete set of local first integrals of A will be called a complete
set, or system, of characteristic variables for P.

It is useful to examine the point-wise approach to the calculation of the
characteristics, this being actually the standard approach. Based on the
relation (4.1), we define, for every point x € M, the vector sub-space of
T.M,

Ay, ={veX, |i(v)dw e Py VweT(P)}.

Since this space is defined by the linear equations (v,i(w)dw) = 0, with
w € ¥, and w € T'y(P), its annihilator A7 is the subspace of T M generated
by

{wy, i(w)dw, | w € Xy, w e Tp(P)}.

The family A = (A,) is, in general, a singular vector sub-bundle of TM
(the fibres might not have, locally, constant dimensions) even if A is regular.
The integer s, = codim Am is called the class of P or of ¥ at the point
x € M. We observe that A C A and that £.(P) is the pre-sheaf of all the
local vector fields € on M taking values in A.
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Furthermore and on account of a semi-continuity argument, the equality
A = A holds locally if and only if either A or A have, locally, constant
dimension. When this equality occurs, the integer s = s,, whose value is
locally independent of the point x, is called the class of the Pfaffian system
‘P or of the distribution X.

Usually, the Darboux and the Cartan Theorems are proved under more
restrictive assumptions on the class constancy though this is quite irrele-
vant. In any case, both distributions A and A have locally a constant
dimension in open and everywhere dense subsets of M, the subset corres-
ponding to the later being contained in that corresponding to the former.
One last remark is due namely, that the preceding corollaries admit the
following additional comment. If, in the corollaries, one of the systems P
or P satisfies A = A the same will also hold for the other.

5. CLASSICAL CONTACT STRUCTURES

In this section we consider a distribution 3 of co-dimension 1 namely, a
field of hyperplanes or, equivalently, a Pfaffian system of rank 1 defined on
the manifold M, and recall a few basic facts.

Lemma 5.1. Let P be a Pfaffian system of rank 1. Then, for any point
x € M, the co-dimension of A, is odd and consequently the class of the
system P is always odd.

When A, = 0 (resp. dimA, = 1), then forcibly the dimension of M is
odd (resp. even). The results that follow establish the relationship between
the Darboux class of the local generators w and the Cartan class of P.

Proposition 5.2. Let P be a Pfaffian system of rank 1 defined on the
manifold M. Then the following properties are equivalent:

(a) The class of P is mazimum (i.e., A, =0).

(b) dimM = 2n 4+ 1 and any local generator w € T'y(P) — 0 satisfies the
condition w A (dw)™ # 0 everywhere.

(c) dimM = 2n + 1 and, for any point x € M, there exists an element
w € I'y(P)—0, defined in a neighborhood of x, such that wyA(dwy)™ # 0.

Pfaffian systems of rank 1 and maximum class equal to dim M are, in
view of the property (b), the classical contact structures on odd dimensional
manifolds defined by a covering (Uy,,ws) where the w, are differential 1-
forms of maximum Darboux class, defined on the open sets U,, and satisfy
the compatibility condition wg = fgawa on the overlap U, N Ug.
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Proposition 5.3. Let P be a Pfaffian system of rank 1 on the manifold
M. Then, the following properties are equivalent:

(a) The class of P is equal to dim M — 1 or, equivalently, dim A, = 1.

(b) dimM = 2n + 2 and any local generator w € T'y(P — 0) satisfies
everywhere the condition w A (dw)™ # 0.

(c) dimM = 2n + 2 and, for any v € M, there exists w € I'y(P — 0),
defined in a neighborhood of x, such that w, A (dwy;)™ # 0.

(d) dim M = 2n + 2 and, for any v € M, there exists w € I'y(P — 0),
defined in a neighborhood of z, such that (dw,)" ! # 0.

(e) dim M = 2n+2 and, for any x € M, there exists w € I'y(P—0), defined
in a neighborhood of x, such that wy A (dwy)™ # 0 and (dw)" ! = 0.

Pfaffian systems of rank 1 and class equal to dim M — 1 are, in view
of the property (d), the classical contact structures on even dimensional
manifolds defined by a covering (U,,w,) where each w,, is a Pfaffian form of
maximum Darboux class defined on the open sets Uy, these forms satisfying
the compatibility condition wg = fgawa on the overlap. Any such structure
is, locally, the inverse image of an odd classical contact structure.

We next indicate a general result, consequence of the Cartan Theorem,
concerning Pfaffian systems of rank 1 and constant class. Initially, we state
the following

Lemma 5.4. Given a Pfaffian system P on the manifold M, the following
properties are equivalent:

(a) The rank of P is equal to 1 and the class is constant (i.e., A = A).

(b) There ezists, for any x € M, an open neighborhood U, a submersion
p:U — U and an odd classical contact structure P, on U, such that
PIU = p*P.

When these equivalent conditions are satisfied, the equality
class P = class P

holds. In particular, the even classical contact structures are precisely those
Pfaffian structures obtained, locally, as inverse images via submersions p
with 1-dimensional fibres.

Theorem 5.5. Let P be a Pfaffian system of rank 1 on the manifold M.
Then the following properties are equivalent:

(a) The class of P is constant and equal to 2p + 1.
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(b) Any w € I'y(P — 0) satisfies, everywhere, the conditions

wA (dw)P #£0 and  w A (dw)P™t =0.

(¢) For any © € M, there exists a form w € T'y(P — 0), defined in a
neighborhood of x, such that

wg A (dwg)? #0 and  wy A (dwgy)PT = 0.

(d) For any © € M, there exists a form w € Ty(P — 0), defined in a
neighborhood of x, such that

wz A (dwg)? # 0 and (dw)P™t = 0.

(e) If dim M > 2p + 1, then, for any x € M, there exists w € T'p(P — 0),
defined in a neighborhood of x, such that

(dwg )P #£ 0 and  wy A (dwg)PT =0,

Corollary 5.6. Two Pfaffian structures (P,M) and (P',M’), of rank 1
and constant class, are locally equivalent if and only if dim M = dim M’ and
class P = class P'. In particular, any such Pfaffian structure is transitive.

We shall now illustrate the previous discussion by examining two among
the most relevant classical contact structures namely, the Grassmann or
canonical contact structure on the manifold of hyperplanes and the Liouville
structure on the cotangent bundle.

Example 5.7. The Grassmannian bundle of hyperplanes. Let M be a
manifold of dimension equal to n+ 1 and let us denote by G(M) the Grass-
mannian bundle of all the hyperplanes contained in the various tangent
spaces to the manifold M.

We indicate the elements of G(M) by H or by H, whenever it is desirable
to specify the base point x € M (H, C T,M) and by 7 : TM — M
the standard projection. Local coordinates can be assigned to G(M) as
follows: Let H, be an element of G(M) and (U,2%), 1 <i < n+ 1, any
coordinate system on M with domain U, containing the point a. There
exists a sequence 1 < i1 < -+ < 1, < n+ 1 for which the restricted linear
forms da®t|H,, - - - ,dx'|H, constitute a basis of H}.

Let us assume for convenience that i; = j, denote by y the remaining
coordinate "1 and consider the subset & C 7~ U of all the hyperplanes H
for which the family {dz‘|H}, 1 < i < n, is free. Coordinates (z%,y,p;) can
now be assigned to any element H € U by simply taking the coordinates
(x%,y) of 7(H) and writing

dy|H = Zpid:vi, 1<i<n. (5.1)
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If N C M is a sub-manifold of co-dimension 1 and T,N € U then, by the
inverse function theorem, N is locally, in a neighborhood of a, the graph of
a function y = f(al, -+ ,2"), pi(T,N) = (0f/0z")p, and b = (x'(a)).

We observe that G(M) can be identified with the real projective bundle
RP(T*M) since any hyperplane H C T, M is annihilated by a line in T M.
A simple computation shows that the coordinates p; are, up to a sign, the
inhomogeneous projective coordinates in the fibres of RP(T*M). More
precisely, p; = —p;i/Pn+1, 1 < i < n, where the (p1,--- ,pn+1) are homoge-
neous coordinates on the fibres of RP(T*M).

We next consider the line bundle ® on G(M) whose fibre, at the point
H, is equal to Ty )M /H. This bundle is simply the quotient 7 W(TM)/E,
where £ is the canonical vector bundle on G(M) with fibre £y = H. The
fundamental form © on G(M) with values in ® can now be defined as the
quotient of T'mr mod £ namely,

Q(v) = Tn(v) mod H,

for any v € TyG(M). Taking the coordinates (U;z?,y, p;) introduced ear-
lier and observing that the vector field 0/dy, on G(M), factors to an every-
where non-vanishing local section [0/0y] of the bundle ®, we infer from the
relation (5.1) that

QU =w[9/9y],
where
w=dy— Zpidxi.

Let ¥ =kerQ C TG(M) and P = X+, The Pfaffian system P is called the
canonical contact structure on G(M) and, since it is generated on the open
set U by the contact form w, we infer from the Proposition 5.2 that P is an
odd classical contact structure. A simple computation of the characteristic
system will now show that the class of P is equal to 2n + 1. In fact, it
suffices to observe that Yz = Tn~!(H) and thereafter determine a set of
free generators for ﬁﬁ

It is interesting to observe that ¥ is composed by those tangent vectors
v to the point H corresponding to the infinitesimal motions tangent to H
i.e., the infinitesimal motions of the base point x that are contained in H.

Example 5.8. The Liouwville structure on the cotangent bundle. Let us
now turn our attention to the Liouville structure on T*M. For this, we
define the distribution ¥ on the cotangent bundle T*M by assigning, to
each point u, the hyperplane ¥, = (T,,q)~*(ker u) where ¢ : T*M — M is
the standard projection.

Denoting by A the Liouville form on T*M defined by A, = ¢*u i.e.,
Au(v) = ((Tuq)v, py, it follows that ¥, = ker \,, hence the Pfaffian system
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P = fl, defined on the manifold T* M, is generated by the Liouville form A.
The distribution ¥ as well as the Pfaffian system P are regular on 7*M —0,
where 0 stands for the null section, the latter being called the Liouville
structure on the co-tangent bundle. Taking local coordinates (z°,p;), the
Liouville form assumes the expression A = Y p;dz’ hence its Darboux class
is equal to 2n + 2 (dimM = n + 1) and consequently, according to the
Proposition 5.2, P is an even classical contact structure on T*M. It is
nevertheless interesting to have a closer look at the characteristic system.
A straightforward calculation, using the above specified coordinates, will
show that the characteristic subspace A, is contained in the tangent space,
at the point u, to the fibre XM, x = g(n), and, since we can identify
canonically T}, Ty M with Ty M, it also follows that ﬁ# is the 1-dimensional
subspace of T}, Ty M generated by p. The tangent co-vector i belongs there-

fore to A,.

We shall try, next, to retrace the above considerations within a more
geometrical context. Let L be the Liouville vector field on T*M namely,
the infinitesimal generator of the 1-parameter group of homothetical trans-
formations (¢, ) — hi(u) = e'u. A simple calculation shows, under the
above-mentioned identification, that L is the vertical vector field (tangent
to the fibres) defined by L, = p and, therefore, that L =) p;0/0p; in local

coordinates. The previous discussion also shows that L generates A = A
on T*M — 0, a result that follows directly upon using the homothetical
transformations. Let us also observe that 6(L)A = A and, since (L, \) =0,
that the Liouville vector field is characteristic, hence the characteristic al-
gebra of P is precisely equal to the set of all the multiples {fL} where f is
an arbitrary function.

The maximal integral manifolds of the characteristic distribution A are
the rays, emanating from the origin, in the various fibres of T*M — 0,
hence the characteristic foliation admits a quotient manifold (7*M —0)/A
that is diffeomorphic to a sphere bundle over M. The Pfaffian system
P then factors to a system P on the quotient manifold, the class of P
being maximum and equal to dim(7T*M — 0)/A = 2n + 1. The system
P is therefore an odd classical contact structure as predicted, locally, by
Lemma 5.4.

We can however do slightly better. From the commutativity of the diag-
ram

T*M -0 ——> RP(T*M)

| |

M:M
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and the sole definitions of ¥ and ¥, it follows that ¥ projects onto X via the
quotient map though the Liouville form A cannot project onto a generator of
P. However, restricting our attention to the open subsets where p,+1 # 0,
we can replace the generator A of P by the local generator

(1/pry)A = dz™ ™+ " (pi/pns1)da’,

the later form projecting onto RP(T*M) and giving rise to the standard
generator w = dy — > p;dx’ of P since p;/pni1 = —Pi/Pnr1 and 2" =y,
the right hand side tildet coordinates being those considered in the first
example. N

The system P obtained by reducing P to its characteristic variables sits
on the twofold covering space (T*M —0)/A of G(M). It is rather interesting
that P can further be reduced to P. As a consequence of the last corollary,
we can also state the following

Corollary 5.9. Any odd classical contact structure is locally equivalent
to the Grassmann structure on the manifold of hyperplanes and any even
structure s locally equivalent to the Liouville structure on a co-tangent
bundle.

6. CAUCHY CHARACTERISTICS

We consider again the canonical contact structure P defined on the
Grassmannian bundle G(M) by the fundamental form €2, the manifold M
being of dimension n + 1. We also denote by w the scalar representative of
Q) in a coordinate patch (U; 2%, y, p;).

Given an n-dimensional sub-manifold N of M, we denote by N7 the set
of all the tangent spaces T, N with € N (it being desirable to distinguish
N; from TN). The set N is an n-dimensional sub-manifold of G(M) dif-
feomorphic to NV via the projection 7 and is transversal to the fibres of 7
i.e., TyN1 N Tyn~Y(x) = 0 for any H = T,N. Manifolds such as Ny will
be called holonomic sub-manifolds of G(M). The following lemma is easily
verified, in local coordinates, using the form w.

Lemma 6.1. (i) The subspace X = kerg$Q is generated by all the
contact elements T N1 where Ny is an arbitrary holonomic sub-manifold
containing H. Equivalently, the canonical contact system P is generated by
all the local 1-forms that vanish simultaneously on every holonomic sub-
manifold.

(i) The sub-space X contains Tyn~'(x) where x = n(H).

(i) An n-dimensional sub-manifold N of G(M) transversal to the fibres
of m is locally holonomic if and only if it is an integral manifold of P i.e.,
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*Q =0 (or, equivalently, *w = 0) where v : N’ — G(M) is the inclusion
map.

The property (i) shows that P admits, at any point, n-dimensional in-
tegral manifolds that are transversal to the fibres of 7 and the property (ii)
shows that each fibre 77!(x) is also an n-dimensional integral sub-manifold.
There are however n-dimensional integral manifolds other than those men-
tioned above, for example the sub-manifold defined by the equations:

l=...=2z"1 =0, y=z", pp = 1.

More generally, let N be a g-dimensional sub-manifold of M, 0 < ¢ < n,
and denote by Nj the set of all the hyperplanes H € G(M) that are tangent
to N namely, those verifying T, N C H where x = n(H) € N. Clearly,
Nj is an n-dimensional sub-manifold of G(M), the restricted projection
m: N1 — N is a submersion and, since t*Q2 =0, ¢ : Ny — G(M), we infer
that Np is also an integral sub-manifold of P.

In particular, when ¢ = n, N7 becomes a holonomic sub-manifold and,
when ¢ = 0, it is a discrete collection of fibres 7~ 1(x), x € N. We now
show that such sub-manifolds are, generically, all the n-dimensional integral
manifolds of P.

Lemma 6.2. Let N be an n-dimensional integral sub-manifold of P and let
us assume that w|N has constant rank. Then N is, locally, a sub-manifold
of the form Ny with dim N = rank | .

Proof. We can assume, without loss of generality, that 7(AV) = N is a
connected g-dimensional sub-manifold of M and that 7 : N'— N is a sub-
mersion. Further, we can also assume that 0 < ¢ < n since the remaining
two cases correspond precisely to the isolated fibres 7~!(z) and to the holo-
nomic sub-manifolds. Taking local coordinates (U;z*,y,p;) on G(M), the
condition that w = dy — p;dx’ vanishes on N implies that (*dy is a linear
combination of the restricted differentials (*dx? where ¢ : N' — G(M) is the
inclusion map.

Moreover, since the projection N is g-dimensional, we can choose, lo-
cally, n — ¢ functions among the !, say for convenience {x!,--- 2" 9},
such that the differentials *dz’ = d(2*|N), 1 < i < n — g, are linearly
independent, the remaining differentials ¢*d2’, j > n — ¢, and (*dy being
linear combinations of these. It then follows, always locally, that on N,

l']‘j\/:f](xl‘_/\/'”(]jn*q‘_/\[) and y’N:g(x1’N77xnfq’N)
hence, on M, the equations

) — f(z)y=0 and y—g(z')=0 (6.1)
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define a g-dimensional sub-manifold N. Finally, the vanishing of w on N
coupled with the local expressions of the functions 7|\ and y|, in terms
of the z*|N, provide further n — ¢ independent equations

dg/0x" — (pl- + ijafj/(')mi) =0, ji>n-—gq, (6.2)

that, together with the equations (6.1), define locally the sub-manifold N
and, for each z € N, the equations (6.2) define the fibre (7|A)~1(x). It is
now straightforward to verify that the equations (6.2) define precisely, in
coordinates, the set of all the hyperplanes contained in I/ that are tangent
to N. The proof is complete. O

We also emphasize that the integral manifolds of P have at most the
dimension n. In fact, we shall prove in the sequel that (n + 1)-dimensional
integral contact elements do not exist, such elements being those linear
sub-spaces W for which w|W = dw|W = 0.

(a) If W is transverse to the fibres of 7, then the linear forms
{da"|W, dy|W}, 1<i<n,
are linearly independent hence w|W # 0.
(b) If W D Tym~!(x), where H is the base point of W, then

Vj = (8/8])])}] eWw

and consequently i(v/)dw = —dz’ vanishes on W. Since w|W = 0, it also
follows that dy vanishes on W hence this sub-space has at most dimension
n. More generally, let p = dim(Tg7(z) N W), p > 0, and let us denote
by (v',---,vP) a basis of the intersection.

Setting v/ = Za{@/@pi, the matrix a{ has rank p and therefore the
linear forms

pl =i(v))dw = = alda’, (1<j<p),

are independent, vanishing on W.
We next consider the sub-space V- =T7n(W) C T, M. Since

dimV =n+1-—p

and since dy|V = 3. pidxt|V, p; = pi(H), it follows that a basis of V*
can be chosen among the forms of = dz‘|V, say {a!,--- ,a"*'"P}. Taking
vectors wi, - -+, Wnp41—p € W that satisfy the relations

we can write

wy, = 0/9z" 4+ %09y + Z *0/Op;
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and, consequently,
Nk = i(wg)dw = i(wg) Z dat A dpg = dppmod (dzt, - -, dz™).

We thus obtain a family of n + 1 linearly independent 1-forms {u’,n;}
vanishing on W, whereafter dimW < n.

Remark 6.3. The above indicated proof is, in fact, an argument involving
only the 2n-dimensional vector space Xy and the exterior 2-form dw|X g
of maximum rank equal to 2n. Abstracting the specific context involving
the Grassmannian space G(M) as well as the Pfaffian system P, it actually
proves a well known result concerning Lagrangean linear sub-spaces.

Let V be a 2n-dimensional real or complex vector space and w an exterior
2-form of rank 2n defined on V. Then the largest dimension of a linear sub-
space W C V on which w vanishes is equal to n. This algebraic result, alone,
limits the dimension of the integral sub-manifolds of P.

We now turn our attention to the Cauchy problem for partial differential
equations and, initially, restrict our discussion to first order systems since
these already exhibit all the nuances of the theory and, to a great extent,
simplify the language. By definition, a first order partial differential equa-
tions in one unknown function, on the manifold M, is a sub-manifold S of
co-dimension 1 contained in G(M).

To simplify the terminology we shall replace the full expression simply
by differential equation and observe that, in the present context, it is far
more befitting to consider contact elements rather than first order jets of
local sections as is usually done. A solution of S is an n-dimensional sub-
manifold N of M such that N C S.

Taking coordinates (U;z¢,y, p;), the sub-manifold S can be described,
locally, by means of an equation F(x%, y,p;) = 0 and, if NV is the graph of
a certain function y = f(z!,---,2"), this sub-manifold will be a solution
of § if and only if the function f is a solution of the partial differential
equation

F(2',y,0y/0z") = 0. (6.3)
We indicate by €2|S the restriction of 2 to the sub-manifold S i.e., the form
t*Q, where ¢ : § — G(M) is the inclusion, and by P|S the Pfaffian system
on the manifold S generated by Q|S. It is, according to the general the-
ory of partial differential equations, the canonical contact Pfaffian system
restricted to the equation.

We finally denote by X|S the annihilator of the aforementioned Pfaffian
system, this annihilator being equal to the kernel of Q|S or, equivalently,
the intersection ¥ NTS. Inasmuch, if w denotes a local generator of P,
then its restriction t*w to S becomes a local generator of P|S.
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To integrate the differential equation &, in the sense given to this prob-
lem by Sophus Lie, consists in determining the n-dimensional integral sub-
manifolds of the Pfaffian system P|S and, of course, the integral manifolds
corresponding to the solutions of the differential equation S will be precisely
those sub-manifolds transverse to the fibres of .

In Section 7 we shall examine the integration procedure for such Pfaffian
systems, as conceived by Sophus Lie, via the geometry of contact transfor-
mations. At present, we simply compute the class of P|S, the method being
essentially the same as that employed for P. In the paragraphs that follow,
the symbol * indicates a coefficient that needs not be written explicitly.

We observe initially that 2|S cannot vanish on any open subset U of
S for then U would be a 2n-dimensional integral manifold of P which is
never the case. However, since Q|S can eventually vanish on nowhere dense
closed subsets, we shall assume that P|S is a regular Pfaffian system on
the whole manifold S in the sense that (2|S)y # 0 for all H € S (i.e., the
form Q|S never vanishes) or, equivalently, that

TyS + ker Qg = THG(M)
We consider next the following two cases:
(a) Tym—Y(x) C TyS. In this case, v/ = (8/pj )y € (X|S)u, 1 <j <n,
and dim T'7(THS) = n hence the rank of the linear forms
i(v))dw|S = —da’|S and w|S = dy|S mod (dz'|S)
is precisely equal to n. Further, since
Tyn~(z) C (2[S)x,
then
dimT7[(E|S)g] =n—1

and we can choose vectors wy, € (X|S)y, 1 < k < n—1, as well as a sequence
of indices 1 <i; < - - < iy—1 < nin such a way that (wy,dz") = 5£. It
follows that

i(wg)dw|S = (dp;,, + *dp;, )|S mod (dwi\S) ,

where i, is the remaining index, whereafter the set of 2n — 1 linearly inde-
pendent 1-forms

{i(v")dwlS, i(wy)dw|S, w|S}

generates the characteristic system Aﬁ of P|S.
(b) Tgn~Y(z) ¢ TyS. In this case,

dim(Tyn Y (x) N TgS) =n — 1,
Tn(TyS) = Ty M and dim T'7((X[S)g) = n.
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Choosing a basis {v!,--- 0" "1} of the intersection
Tyr Y (z) N (2|8,
we obtain n — 1 linearly independent 1-forms p/ = i(v7)dw|S since the

dz'|S are linearly independent on S. Moreover, we can choose n vectors
wy, € (X|8)p such that (wy,dz’) = ¢ and therefore obtain further n linear
forms n, = i(wg)dw|S. The dimension of the intersection being equal to
n — 1, the rank of the forms dpy|S becomes also equal to n — 1 hence the
rank of the forms

w|S = dy|S mod (dz'|S),
1! = 0mod (dz'|S),
ik = dpy|S mod (dz?|S)

is at least equal to 2n — 1. Since, by Lemma 5.1, the rank of the characte-
ristic system is always odd and since dim S = 2n, we infer that the above
rank is constant and equal to 2n — 1.

One can prove, by a straightforward though rather long calculation on the
manifold S, that the rank of the forms {u?,n;} is, modulo w|S, precisely
equal to 2(n — 1) thus obtaining the desired rank for the characteristic
system. However, if we follow Cartan and compute on the space of all the
variables, namely on G(M), then it is quite easy to arrive at the desired
conclusion and obtain, along the way, a very convenient representation of
the characteristic system. Taking local coordinates (U;z*,y,p;) on G(M)
and representing S, locally, by the equation F' = 0, we observe that a vector
w € Ty G(M), written as

w=Y u'd/0x' +ad/dy+ > v0/dp; ,
belongs to (X|S)y if and only if

(i) (w,w) =0, hence a = p;u’ and
(i) (w,dF —w) = 0, hence

OF OF\ . OF
) =0 4
Z<8x2+p 8y>u +Zapi” 0 (6.4)

Since, by the regularity assumption on P|S, the forms w and dF are inde-
pendent, the linear relation above is non-trivial and, furthermore, it is the
only relation imposed on the coefficients {u’,v;}. We infer that the space
of linear forms

{i(w)dw = Z(uidpi —wdx') @ w e (E|S)H}
has rank 2n — 1 hence the linear system
{w, (w)dw : we (X|S)u}




Partial differential equations 55

has rank 2n, when considered on the manifold G(M ), and consequently its
kernel Vg has dimension equal to 1.

Moreover, since the linear sub-space (X|S)y is odd-dimensional, the re-
stricted 2-form dw|(X|S) i has a non-trivial annihilator that is clearly equal

to Vi hence the characteristic space (A)g of P|S is also equal to Vg and
the restricted system

{w|S,i(w)dw|S : we (Z|S)u},

on the manifold S, has rank 2n — 1 as desired. The characteristic distri-
bution A = A being of dimension 1, it reduces to a system of ordinary
differential equations. The relations

Zuidpi —vdzt =0 and dy — Zpidaci =0
together with (6.4) provide the system:

daxt _ dx? B dx” —dp
OF[0py  OF /0p:

-~ OF/0p, OF/0x!+p0F/0y
o —dpy, - dy
- OF/0z™ + p,0F /0y X p;OF /Op;

on the manifold G(M), corresponding to the distribution H — Vj, hence
its restriction to S provides the Cartan characteristics of the Pfaffian system
P|S. These characteristics coincide, in view of the equation (6.5), with the
well known characteristic stripes of the partial differential equation (6.3)
i.e., with the Cauchy characteristics of this equation. The system (6.5)
applies as well to the case (a) since neither assumptions (a) nor (b) are
relevant in Cartan’s argument. It should however be observed that the case
(b) is, in fact, the natural context for the partial differential equation (6.3).

The previous results extend easily to systems of partial differential equa-
tions. By definition, such a system of order 1 on the manifold M (and in
one unknown function) is a sub-manifold S of G(M). When codim S = ¢,
this sub-manifold is locally defined by a system of ¢ independent equations
{F, = 0}, these being called the local equations of S. A solution of S is
an n-dimensional sub-manifold N of M such that N; C S hence, if we are
concerned in studying integrability problems, the systems of co-dimension
q > n + 1 become irrelevant.

We shall therefore assume that ¢ < n + 1, the integer g being called
the rank of the system S. Taking local coordinates (U; %, 3, p;), the single
relation (6.3) is now replaced by

Fo(2',y,0y/02") =0, 1<a<q.

Similarly, we introduce the restricted form Q|S, the restricted Pfaffian sys-
tem P|S, the restricted distribution X|S and the restricted generator w|S.

(6.5)
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We also restrict our attention to those equations S providing regular Pfaf-
fian systems P|S in the sense that they are locally trivial sub-bundles of
T*S and call such equations regular. When ¢ < n, the restricted form Q|S
cannot vanish on any open subset i of S otherwise this open set would
be an integral manifold of P of dimension greater than n. We infer that
the regularity of P|S, when ¢ < n, simply means that (Q|S)y # 0 for
any H € S. However, when ¢ = n + 1, P|S can be the null system as is
necessarily the case when it admits solutions.

We say that S is integrable when every point H € S belongs to an n-
dimensional integral manifold of the Pfaffian system P|S and now prove
that such a system has regular characteristics. If ¢ = n+ 1, integrability of
S implies that P|S = 0, the null system admitting regular characteristics
since the manifold § is a characteristic. Moreover, § is locally a holonomic
sub-manifold of G(M).

Theorem 6.4. Let S be a system of regular and integrable first order
partial differential equations of rank ¢ < n + 1 defined on the manifold M.
Then the associated Pfaffian system P|S, on the manifold S, has regular
characteristics and its class is equal to 2(n — q) + 1.

Proof. We follow Cartan’s argument and begin by taking a local coordinate
system (U; 2%y, p;) on G(M) as well as local equations F,, = 0 for S. Since
the forms {w, dF,} are linearly independent, the equation (6.4) is replaced
by a system of independent equations

OF, 0F, i 0F, .
Z(&xi + i 8y>u +Zapivz—0,

hence the kernel Vg of the system {w, i(w)dw : w € (¥|S) g} has dimension
g. Further, the characteristic sub-space Ay of P|S being necessarily con-
tained in Vi, it suffices to show, as a consequence of the integrability, that
dim Ay > ¢. In fact, S being integrable, the linear space (3|8) g contains
an n-dimensional sub-space W on which dw vanishes.

Let us write p = dw|(X|S)g. Then, since dim(X|S)y = 2n — ¢, we can
choose a basis {vi,---,van—q} of (X|S)y in such a way that v; € W for
j < n and consequently the characteristic sub-space A becomes the kernel
of the linear forms

{i(vg)p = 1 <k <2n-—q}.

Observing now that p|WW = 0, we infer that i(v;)u|/W = 0 for j < n and
that the forms {i(vg)p|W : k > n} vanish on a sub-space of dimension at
last equal to n — (2n — ¢ — n) = ¢ hence dim Ap > q as desired. The class
of P is therefore equal to (2n+1—¢q) —q¢=2(n —q) + 1. O
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We terminate this section by discussing the integration procedure of the
system P|S via its characteristics. We integrate, in the first place, the cha-
racteristic distribution so as to obtain, locally, the characteristic variables
of P|S.

In the Part II, we shall discuss an algorithm especially devised for this
purpose. Next and according to the Corollary 4.2, we reduce locally the
system P|S to the space of is characteristic variables and observe, in view
of Lemma 5.4, that the quotient system 75|S is an odd classical contact
structure defined on a space of dimension 2(n — ¢q) + 1.

It will then suffice to take an (n — ¢)-dimensional integral manifold V of
75\8 , this being achieved by reducing 75\8 to its canonical form ji = 0 with

i=dZ -y PdX', 1<i<n-—q,

(recall the previous discussion concerning the integral manifolds of the
canonical contact structure P on G(M)) and lift it to an integral mani-
fold V = p~1(V) of P|S, the dimension of V being equal to (n —¢q) +¢q = n.
From a practical point of view, the above discussion boils down to finding a
generator p of class 2(n — q) + 1 for the system P|S, expressed in canonical
form.

The above integration procedure also provides, as an extra dividend, a
result that puts in evidence the full significance of the characteristics.

Corollary 6.5. Let S be a regular system of partial differential equations
of rank ¢ < n+1 on the manifold M and let us assume that the associated
contact Pfaffian system P|S has regular characteristics of dimension equal
toinf{q,n}. Then S is integrable.

Regularity of the characteristics together with the appropriate dimension
is therefore a necessary and sufficient condition for integrability.

7. CONTACT TRANSFORMATIONS

In this section we study more carefully the geometry of the contact struc-
ture defined on the Grassmannian bundle G(M) by the fundamental form
Q. Several results are generic statements concerning odd dimensional classi-
cal contact structures and could as well be developed in the general context,
others are more specific to the structure on G(M).

Let P be the canonical contact structure on G(M). The finite automor-
phisms of P are called the (first order) contact transformations and the
infinitesimal automorphisms the infinitesimal contact transformations or
Lie vector fields. In local coordinates (U;x%,y, p;), contact transformations
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@ are defined by the equation ¢ * w = wmodw and Lie vector fields £ by
0(&)w = wmod w.

Among all the contact transformations, the simplest are those that arise
from the transformations on the base space M. Any local diffeomorphism
¢ : U — U’ of M operates, via T, on the linear contact elements of M
defining thereafter a local diffeomorphism

pp 1 Y U) — Y U")

on G(M) by setting pp(H,) = Tp(H,). The first statement in Lemma 6.1
assures that oy is a contact transformation. The assignment ¢ — gy is
obviously functorial i.e.,

pld =1d, p(Y o) = pv o pp, ple™") = (pp)~

and local i.e., p(Up,) = Upp, where Up, denotes the transformation
obtained by patching together the transformations ¢, that agree on the
overlaps.

We infer, in particular, that a differentiable 1-parameter family (¢;) of
local diffeomophisms of M (resp. a local 1-parameter group) gives rise to a
differentiable 1-parameter family (p;) on G(M) (resp. alocal 1- parameter
group) hence any local vector field £, defined on an open set U of M and
generating the local 1-parameter group (¢;), gives rise to the Lie vector field
p€ = %papt\tzo defined on the open set 7~1(U). The assignment & — o€ is,
of course, local with respect to the patching of vector fields. Moreover, since
p¢ can as well be defined by the above derivative where (¢;) is replaced by
any differentiable 1-parameter family satisfying ¢¢ = Id and %got]t:g =,
and since

1

d
§+n= pridl Yili=0,

d
- = (6% =0> R,
af dt(p tlt=0 =

d
[5777] = %‘P—sdj—s(ﬁsws’t:ﬂv s = ‘t‘l/Qv

we infer that the above assignment is functorial with respect to the Lie
algebra sheaf structure i.e.,

P& +n) =p+pn, pad) =aps, p[§n] =[P enl

It should be observed, however, that p(f¢) is not equal to fp€ unless f is
a constant function and the general expression is, of course,

o(f€) = fp& +(f)8,

where ¢ is a certain Lie derivative. The transformations p and p are
called the prolongations of ¢ and &, respectively, to the bundle G(M) and
project, via 7, onto the initial transformations (mopp = or and € = §).
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Lemma 7.1. A necessary and sufficient condition that a contact trans-
formation ¢ (resp. a Lie vector field £) be the prolongation of a base
transformation (resp. a base vector field) is that it projects, via w, onto a
local diffeomorphism ¢ (resp. onto a local vector field &) of M. This
being the case, then ¢ = oo (resp. & = &) on the common domain.

The proof will be omitted since it is obvious.

We consider again, as in Section 5, the line bundle ® on the manifold
G(M) and define, for each Lie vector field &, Section he = (£,Q) of ®
whose domain coincides with that of . The section h¢ is called the contact
hamiltonian of £&. According to the notations of Section 5, we denote by
L(P) the set of all the Lie vector fields, P being the canonical contact
structure on the manifold G(M), and by I'y(®) the set of all the local
sections of ®.

Lemma 7.2. The mapping L(P) — T'¢(®), £ — he, is bijective.

Proof. We first argue locally. Taking a coordinate system (U;x%,y,p;)
on G(M), we consider the local section [0/0y] = 9/Jdymod & (cf. the
Example 5.7) of the bundle ®, induced by the vector field 9/dy on G(M).
This section is everywhere non-null and therefore trivializes the bundle ®
on the open set U.

Since QU = w[0/0y], the hamiltonian he = (£, w)[0/0y] can be replaced
by the scalar function He = (£, w) called the hamiltonian of £ relative to w.
Furthermore, since £ is an infinitesimal automorphism of P, then

0w =i(§)dw + di(§)w = Iw
hence
(i(§)dw + dHg) ANw = 0.

A straightforward computation will also show that, conversely, given any
differentiable function f, the equations

i(§w=f and (df +i(§)dw) Nw =0 (7.1)

have a unique solution &, this solution being, of course, a Lie vector field

since the second equation is simply [0({)w] A w = 0. More precisely, the
coordinate expression of ¢ is given by

aof o af 0 af afy\ o

E=-> o (f- n) o+ (55 pins )

Op; Ox' Opi~ /0y oxt 0y / Op;

The injectivity of the mapping in Lemma 7.2 is now obvious since, assuming

that he = 0, the scalar hamiltonian Hg, defined on any coordinate patch,

also must vanish and therefore £ = 0. We observe that the injectivity

follows inasmuch from the fact that the system P has null characteristics.

(7.2)
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If f = (&, w) = 0, then £ is a characteristic vector field of P and consequently
£E=0.

In order to prove the surjectivity, we take a local section o of ® defined on
an open set U, a coordinate system (U; 2%, y, p;), trivialize the bundle ®|/ by
means of the section [0/dy] and consider the unique solution & of the equa-
tions (7.1), where f and w are determined respectively by o|lU = f[0/0y]
and QU = w[0/dy] restricted to the open set U N U. We claim that two
such solutions ¢ and &, defined via two coordinate systems (U;xz,y,p) and
(U;7,7,P), do agree on the overlap, defining thereafter a unique Lie vector
field on the open set U whose hamiltonian is the given section o. We leave
the details of the proof to the reader since it only involves straightforward
calculations. O

The Lie bracket defined in £(P) can now be transported, via the isomor-
phism of Lemma 7.2, to a Lie algebra bracket on the space I'y(®) namely,
the Lagrange bracket for contact hamiltonians. Given a coordinate system
(U; z,y,p), hamiltonians can be replaced by differentiable functions and
the Lagrange bracket becomes a Lie algebra bracket on functions. If £ is
a Lie vector field and f = ({,w) the corresponding hamiltonian, then it is
easy to verify that

[f, 9] = &g — gOf /Oy. (7.3)

We next observe that

(€, df) = (&, df +i(§)dw) = (§, Aw) = Af,

hence (£,df)ry = 0 whenever f(H) = 0 and of course, under these condi-
tions, ({,w)y = 0. Expressed in other terms, the Lie vector field £ with
hamiltonian h € T'y(®) is tangent to the variety h~!(0) and, at these points,
takes values in the contact structure ¥. We observe that h~1(0) needs not
be a regular sub-manifold of G(M) since the function f can admit singu-
larities. Nevertheless, for any H € h=1(0), the curve expt£(H) is entirely
contained in 2 ~1(0) since the relation (¢, df) = Af is equivalent to £f = \f
and therefore equivalent, when H € G(M) is fixed, to the linear homoge-
neous equation

© F(expte(H)) = Mexpte(H)) f (exp tE(H),
in the unknown function f(expté(H)). If H € h=1(0), then

fH) = 0= f(exp0¢(H)),

hence f(expt&{(H)) = 0. We infer that exp t§(H) is an integral curve of the
system P contained in the level variety h=1(0).
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Lemma 7.3. Let £ be a Lie vector field with hamiltonian h and N a
regularly embedded sub-manifold of G(M) contained in h=1(0). Let us
further assume that N is an integral manifold of P (i.e., QN = 0) and
that £ & TyN for any H € N (i.e., the vector field £ is transversal to N').
Under these assumptions, the union of all the flow lines of & containing
points of N is, for small values of t, a reqularly embedded integral sub-
manifold of P. More precisely, we can choose, for any H € N, an open
neighborhood Vi C N and a constant ey such that

Uy exp t§(K),

HeN, K e Vy, |t| < eq, is an integral manifold N of P whose dimension
is equal to dim N + 1.

Proof. It will suffice to argue locally and glue together the local integral
manifolds thus obtained. Let us take a point H € N and choose appro-
priately a neighborhood V of H in N as well as a constant ¢ > 0 such
that expt{(K), K € V, |t| < e, is defined. The transversality condition
on ¢ implies that the mapping |e, e[xV — G(M), (t, K) — expt&{(K), is an
immersion for small T" whereupon its image is a regularly embedded sub-
manifold for, eventually, a smaller constant € and a smaller neighborhood
V. We can therefore assume that the image is in fact a sub-manifold N
that is furthermore contained in A~!(0) since H is the hamiltonian of £ and
YV C h=10).

To prove that N is an integral sub-manifold of P, we first observe that
the curves exp t&(K) are integral curves of P and, since ¢ is an infinitesimal
automorphism of this Pfaffian system, we infer that V; = expt{(V) is, for
any fixed value of ¢, an integral manifold of P. We next observe that the
tangent space to N, at any point L = exp t£(K), is generated by the tangent
space 17 V; together with the vector &7, tangent to the curve exp t&(K). It
then follows readily that the form 2 vanishes on T; N and therefore that
N is an integral manifold of P. O

We now examine more closely the flow of the Lie vector field & with
hamiltonian h (or f). From the local expression (7.2), we infer that &g =0
if and only if

) = 5 = (5% 40 = (7.4

a result that can be obtained as well, from the equation (7.1), as follows:
we observe that these equations provide pointwise conditions on the vector
&m namely, given any function f and any point H € G(M), there exists a
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unique vector v € Ty G(M) for which
i(v)wg = f(H) and dfg +i(v)dwg = 0.

In fact, let v’ be a second vector satisfying the above condition. Then
i(v — v )wg =0 de, (v—2") € Xy and (i(v — v')dwy) A wyg = 0 hence
(v—"2") =0 since dwy|X g has maximal rank. We infer that £y = 0 if and
only if

JUH)=0 and dfg Awy =0 (or (i(¢n)dwy) Awy = 0),

the later condition asserting that kerdfy D kerwy = Y. Therefore, if
df gy Awir # 0 everywhere, the flow lines of £ are 1-dimensional sub-manifolds
of G(M). Replacing now the function f by ¢f, the equations

i(g&w = (¢f)(H)  and  (d(gf)+i(g&)dw) Nw =0

are satisfied at any point H € f~1(0) hence the Lie vector field  with
hamiltonian gf coincides with g¢ along the variety h~1(0). When g is every-
where non-zero, the flow lines of £ and ¢ & provide the same 1-dimensional
sub-manifolds, the flows differing only by their parametrizations.

Coming back to partial differential equations of order 1, we defined them
in Section 6 as being sub-manifolds S of co-dimension 1 in G(M) and
assumed that P|S is a regular Pfaffian system on this same sub-manifold.
Equivalently, this amounts to say that the restricted fundamental form Q|S
never vanishes. Such a sub-manifold is defined locally by a non-singular
equation f = 0 (i.e., dfy # 0 for any H € §), any other non-singular
equation, in the neighborhood of the same point Hj, being of the form
gf = 0 with g(H) # 0 for any H € S. Such a local equation f = 0 gives
rise to a Lie vector field £ on G(M) with hamiltonian equal to f, this vector
field being tangent to the sub-manifold & and consequently providing an
infinitesimal automorphism of the Pfaffian system P|S.

Furthermore, since (¢,w) = f vanishes on S (locally equal to f~1(0)), we
infer that &|S is a characteristic vector field of P|S. Finally, since the regu-
larity condition on P|S simply means that (df Aw)g, H € S, is everywhere
non-zero and since the Cauchy characteristics of P|S are 1-dimensional sub-
manifolds, we infer that the vector field £|S is also everywhere non-zero and
that its flow lines are open subsets of the characteristics, any other local
non-singular equation f = gf = 0 providing the same flow lines.

In conclusion, the Cauchy characteristics of P|S are unions of flow lines
of Lie vector fields whose hamiltonians arise from local regular equations
for the sub-manifold S.

We can now restate, in the context of contact transformations, the results
of section 6 concerning the Cauchy characteristics of a single equation.
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Theorem 7.4. Let § be a first order partial differential equation on the
manifold M, denote by € the Lie vector field with hamiltonian f and assume
that f = 0 is a reqular local equation of S. Then £ is tangent to S and
the flow lines of the restricted vector field £|S are open subsets of the (1-
dimensional) Cauchy characteristics of P|S, independently of the particular
choice of the hamiltonian f.

Any mazximal (=n) dimensional integral manifold of the Pfaffian system
above is the union of such flows and, given any (n—1)-dimensional reqularly
embedded integral sub-manifold N of P|S that is transversal to the Cauchy
characteristics, it can be extended to an n-dimensional integral manifold by
taking the union of all the flow lines of & beginning at the points of N .

It is often useful to handle a version of the previous theorem when the
function f is replaced by the hamiltonian A. With this in mind, we claim
that it suffices to determine conditions under which the equation h = 0
is equivalent to a regular local equation f = 0, where h is a local section
of the line bundle ®, ¢ the Lie vector field with hamiltonian h = (£, Q),
f=(§w) and h = f[0/0y].

We recall (|6]) that, given any vector bundle E with base manifold M
and projection 7, the following short sequence is exact:

0sTM®E % LE 2 ESo0,

where J1 F is the first order jet bundle of the local sections of 7 : E — M.
Each 1-jet identifies with an n-dimensional linear contact element of E,
transverse to the fibres of 7 (n = dim M). In particular, the line bundle ®
with base space G(M) provides the following short exact sequence:

05T GM e 5 51d 5 oo

Given a hamiltonian h € T'p(®), its image H is a sub-manifold of ® and
therefore H1 = U T;H, y € H, is also a sub-manifold of J;®. The set of
points H € G(M) where h vanishes is equal to the projection, in G(M),
of H N Og, the second term being the null section, hence at these points,
B(ThmyM) = 0 and therefore Ty, yH = 1(upy) with uy € T*G(M) ® ®. It
is easy to check that h = 0 is a regular equation if and only if uy # 0 at
any point H € G(M) where h(H) = 0.

We now extend the previous results to systems of partial differential
equations and state, firstly, some auxiliary lemmas, establishing thereafter
the desired results. The remark following the relation (7.4) and the fact
that a linear combination, with constant coefficients, of Lie vector fields is
again a Lie vector field implies the following
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Lemma 7.5. Let {{,} be a family of Lie vector fields with associated
hamiltonians {fa}, consider a fized element H € G(M) and assume that
the family {(dfa Nw)m} is linearly independent. Then the family {&n(H)}
is also linearly independent and, if moreover fo(H) = 0 for all o, the above
sufficient condition becomes as well necessary.

Using the local expression of the Lagrange bracket and an argument
involving linear homogeneous ordinary differential equations similar to that
preceding Lemma 7.3, we also derive the following result.

Lemma 7.6. Let {{,} be a family of Lie vector fields with associated
hamiltonians {fo}, and let {gg} be an arbitrary family of local functions
on G(M). In order that the family of vector fields {{,} be tangent to the
variety W defined by the equations gg = 0 (i.e., (§,dgg) = 0) it is necessary
and sufficient that [fa, gg]|W = 0 for all the indices o and . Under these
conditions and restricting our attention to finite subsets of indices «, the
image of the exponential map (t*) — exp(d> t*¢,)(H) initiating at points
H €W is entirely contained in V.

Again, the remark following the relation (7.4) and the local expression
of the Lagrange bracket yield the following two lemmas.

Lemma 7.7. Let {fo} be a finite family of independent functions defined
locally on G(M), {£.} the corresponding family of Lie vector fields, W the
reqularly embedded sub-manifold defined by the equations { fo = 0}, {9z} an
arbitrary family of functions vanishing on W and {ng} the corresponding
family of Lie vector fields. Under these conditions:

(a) Each ng|W is a linear combination of the restricted fields &)WV and,
setting gg = A3 fa, the equality ng|lW = Ag{a\W holds.
(b) The condition [fu, for]|WW = 0 carries over to [ga, gar]|VW = 0.

We observe that, unless all the Lagrange brackets vanish on W, the vector
fields &, and 7g are not necessarily tangent to W, the notations £,|W and
ng|W simply indicating vector fields along the sub-manifold W.

Lemma 7.8. Let & and n be two Lie vector fields with hamiltonians f
and g respectively and let us assume that f(H) = g(H) = [f,g9](H) = 0,
where H € G(M) is a given point. Then, [£,n]g is a linear combination of
{€u.nu} and, in coordinates, &, 0]y = (99/0y)n&n — (Of /Oy)rnu .

We next prove a result that extends Lemma 7.3.

Lemma 7.9. Let &, 1 < a < ¥, be a family of linearly independent Lie
vector fields, fo the corresponding family of hamiltonians and N a regularly
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embedded sub-manifold of G(M) contained in the variety W defined by
the equations {fo = 0}. We assume, furthermore, that N is an integral

manifold of P, that
[fo, f5]IWW =10

and that the linear subspaces Zg C TyG(M) generated by the vectors
{&a(H)} are transversal to N at every point H € N (i.e., Zg N TN = 0).
Then the union of all the {-dimensional flows exp ) t“¢n(H) initiating
at points H € N s, for small values of the parameters (t*) (in a sense
analogous to that of Lemma 7.3), a reqularly embedded integral sub-manifold
N of P contained in W, its dimension being equal to dim N + £.

Proof. The condition [fy, f3]|VV = 0 implies that the vector fields &, are
tangent to VW and that each flow exp t*¢,(H), initiating at a point H € W,
is contained in W (Lemma 7.6 in the special case where f, = go). The
transversality condition implies that the union of all these flows initiating at
points of N is, for small values of the parameters ¢, a regularly embedded
sub-manifold A/ of dimension equal to dim N + /.

Lemma 7.5 asserts, further, that the differential forms {df, A w} are li-
nearly independent at every point of W hence, a fortiori, the differentials
{df} are also linearly independent along W. It follows that W is a regu-
larly embedded sub-manifold of G(M). By Lemma 7.8, the distribution Z,
defined on W by the vector fields &, |V, is integrable and of course the flow
exp Y t*¢,(H) is, in a neighborhood of H, an open subset of the integral
leaf of = containing the point H.

We next observe that each Lie vector field &, is an infinitesimal auto-
morphism of the system P and that its restriction &,V is a characteristic
vector field of =. The local 1-parameter group generated by any linear
combination, with constant coefficients, > a® £,(H) transforms integral
manifolds of P into integral manifolds and preserves the leaves of =.

Finally, let K € A be an element of the form K = exp 3. t*¢(H), with
H € N, and denote by ¢; the local 1-parameter group generated by the
vector field > a® &, (H). Then, since the transversality is preserved by
diffeomorphisms,

TK./\/ =T¢, (THN) D T¢1(EH)

and, on account of the above remarks, it follows that {2 vanishes on
Th1(TuN) = Tk p1(N)

as well as on T¢1(Ey) = Zk, hence it also vanishes on TKJ\7 , the sub-
manifold N being therefore an integral manifold of P contained in W. O

Remark 7.10. The existence of the integral manifold N being only as-
sured locally, we can relax the Lagrange bracket condition by requiring
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that [fa, f3][W vanishes only in a neighborhood of N and we can as well
only require that the vector fields {£,} be linearly independent along the
sub-manifold N'. We could also compute directly the tangent space, at the
point K, to the flow exp > t*¢,(H) by using the formula of [5, Proposition
4.1]. However, Lemma 7.8 seems to be a more convenient technical device.

We finally need the following linear algebraic result:

Lemma 7.11. Let p be an exterior 2-form of rank 2n defined on a real or
complex vector space V, H a hyperplane of V, ui the induced form on H
and A = {v € V]i(v)u = 0} the annihilator of p.

(a) If dimV = 2n then rank u; = 2n — 2.

(b) If dimV =2n+1 and if AN H =0, then rank u; = 2n.

(c) IfdimV =2n+1 and if AN H # 0, then rank u; = 2n — 2.

Proof. (a). Since dim H = 2n—1, the form p; has a non-trivial annihilator
Aj. However, v € V +— i(v)u € V* being an isomorphism, the kernel of
the restricted map v € V — (i(v)u)|H € H* is 1-dimensional and therefore
dim Al =1.

(b) and (c). Under the present hypotheses, dimA = 1. If AN H =0,
then the annihilator A; is necessarily trivial otherwise any non-null vector
v € Ay would also belong to A. If AN H # 0 or, equivalently, if A C H,
then A C A; and, factoring all the data to the quotient space V /A, we
recover the data of the first case. (]

Theorem 7.12. Let S be a system of regular first order partial differential
equations of rank ¢ < n+ 1, on the manifold M, and {f, = 0} a set of
local equations of S. Let us also denote by &, the Lie vector field with
hamiltonian f, and assume that

[fo, f5]lS =0
for all the indices a and 5. Then the following statements hold.

(a) The vector fields {£,} are tangent to S and the restrictions {£,|S} are
everywhere linearly independent.

(b) Each &,|S is a characteristic vector field for the system P|S and the
family {£4|S} generates the characteristic distribution of P|S.

(¢) Each g-dimensional flow exp > t*¢n(H), H € N, is locally (i.e., for
small values of the parameters t®) independent of the particular choice
of the local equations of S, being therefore intrinsically associated to
the system S. Moreover, it is locally an open subset of the Cauchy
characteristic containing the point H.
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(d) Any mazimal (= n) dimensional integral manifold N of the Pfaffian
system P|S is the union of flows exp > t*Eo(H) with H € N.

(e) Given an (n — q)-dimensional regularly embedded integral manifold N
of P|S transversal to the Cauchy characteristics, it extends to an n-
dimensional integral manifold N by taking the union of all the flows
exp Y t*,(H) initiating at points H € N

Proof. Regularity condition Q|Sy # 0, H € S, is obviously equivalent to
the linear independence of the forms {wy, (dfs) g} and a simple calculation
shows that the later property is equivalent, inasmuch, to the linear inde-
pendence of the forms {(df, Aw)g} hence, since S is regular, we infer from
Lemma 7.5 that the vectors {({s)r} are linearly independent along S.

The tangency, to the manifold S, of the vector fields {{,} follows, by
Lemma 7.6, from the bracket condition [f,, f3]|S = 0. Observing that
each f, vanishes on S, we also infer that (§4)n € (X|S)q, for any H € S,
hence the restrictions &,|S are characteristic vector fields of the system P|S.
The remaining statements are now direct consequences of the Theorem 6.4
for dimS = 2n + 1 — ¢ and therefore the dimension of the characteristic
distribution of P|S is equal to

2n+1—q)—(2n—2¢+1)=gq.

It is often useful and always instructive to carry out a complete proof
independently of the Theorem 6.4 and the argument runs as follows. Denote
by = the distribution, on the manifold S, generated by the vector fields &,|S.
Then Z is intrinsically associated to the system S for, by Lemma 7.7, any
other set of local equations for § provides the same distribution.

We also infer, from this Lemma, that the bracket condition is as well
intrinsical. Next, we know from the proof of Lemma 7.9 that each flow
exp Y t%,(H), H € N is, locally, an open subset of the integral leaf of
= containing H hence two such flows, associated to different sets of local
equations for §, will agree in a neighborhood of H, this settling part of the
item (c).

Clearly, the item (e) is a restatement of Lemma 7.9. Since P and there-
fore P|S admit integral manifolds of dimensions at most equal to n and
since a flow is the union of all the integral curves, initiating at H, of the
characteristic vector fields Y a® £, (within the adequate bounds for the
coefficients a®), the statement (d) is a direct consequence of Lemma 7.9,
in the special case where £ = 1, for these characteristic fields must then be
tangent to \V.

Finally, to prove that the flows exp Y t%¢,(H), H € S, are locally open
subsets of the Cauchy characteristics, it is enough to prove that the vector
fields {£.|S} generate the characteristic distribution of P|S. For this, we
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consider the systems
Ri={fi=0}, Re={fi=fa=0}, ..., Rg=R={fa=0}

and argue as follows: The restriction dw|X is a 2-form of rank 2n defined
on the vector space ¥y of dimension 2n and (3|R;)y is a hyperplane of
Y (X|R1 means the characteristic system of R;). Therefore, according
to Lemma 7.11, the rank of dw|(X|R1)m is equal to 2n — 2. Similarly,
(X|R2)m is a hyperplane in the (2n — 1)-dimensional vector space (X|R1) g
and, therefore, the rank of dw|(X|Rg2)y is either 2n — 2 or 2n — 4.

Proceeding inductively, we infer that the rank of dw|(X|Rp)m is at least
equal to 2n — 2p hence, at the final stage, the rank of dw|(X|R)y is at
least equal to 2n — 2q. It follows that the dimension of the characteristic
subspace Ap of P|S is, at most, equal to

dim(X[R)m — (2n —2¢) = (2n — ¢) — (2n — 2¢) = ¢.

Since Zfy C AH and since dim Zx = ¢, we conclude that = = A.

The reader will have noticed that the present argument is nothing but a
fancy way to deal with the Cartan argument introduced in the proof of the
Theorem 6.4. O

Remark 7.13. We could of course enlarge the integral manifolds of P|S
by taking, step by step, either individual Lie vector fields &, or sub-families
{€a,} since such sub-families generate, in view of Lemma 7.8, integrable
sub-distributions of =.

When ¢ = 1, the above theorem reduces to the Theorem 7.4, the bracket
condition then becoming trivial. When ¢ = n, the n-dimensional distribu-
tion X|S is, under the hypotheses of the Theorem, generated by its charac-
teristic vector fields and therefore is completely integrable.

We now examine the case ¢ = n + 1 excluded in the statement of the
Theorem. Since the manifold S has, in this case, the dimension n, the
system admits n-dimensional solutions containing any of its points if and
only if Q|S = 0, the regularity hypothesis Q|S # 0 being void of sense.

Lemma 7.14. Let N be an n-dimensional integral manifold of the system
P and {f,g} two functions vanishing on N'. Then [f,g| also vanishes on
N.

In fact, the corresponding Lie vector fields £ and n must be tangent to A/
otherwise we could enlarge this manifold to an (n + 1)-dimensional integral
manifold of P. If, for example, £ were transverse to N then (df Aw)gy # 0
hence dfy # 0 and the level variety f~!(0) would become a manifold, in a
neighborhood of H, containing /. We could then, according to Lemma 7.3,
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enlarge the integral manifold N. The tangency of ¢ and n implies that of
[€,n] and therefore the hamiltonian [f,g] = ([, n],w) vanishes on N since
wlN =0.

Lemma 7.15. Let N be an n-dimensional sub-manifold of G(M) defined
locally by the independent equations {fo, = 0} and let us assume that
[fas f8]IN = 0. Then QN = 0 and, furthermore, all the Lie vector fields

&o with hamiltonians {fo}, are tangent to N, their restrictions generating

TN.

The proof will be omitted for being almost a repetition. The above
Lemma shows that a system {f,} of rank n + 1 and satisfying the above
bracket condition defines in fact an integral manifold of P. The associated
Pfaffian system P|N is therefore null, its characteristics are regular and the
characteristic distribution, equal to TN, is generated by the vector fields

EalN.

Corollary 7.16. In order that an n-dimensional sub-manifold N of G(M)
be an integral manifold of P, it is necessary and sufficient that [fa, f3]|N =0
whatever the choice of the local equations {f, = 0} for N.

We can now settle the integrability problem for the system S namely,
the existence of n-dimensional integral manifolds for the associated Pfaffian
system P|S.

Theorem 7.17. A reqular system S is integrable if and only if

[fOH fﬂ] ’S =0
whatever the choice of the local equations {fo = 0} for S.

When rank S = ¢ = n + 1, the result is a restatement of the last Corol-
lary. Assuming that ¢ < n, the necessity of the condition follows from
Lemma 7.14 and the sufficiency from the Theorem 7.12 for, under the stated
condition of regularity, the Pfaffian system P|S has regular characteristics
with the appropriate dimension (¢f. the Corollary 6.5).

Remark 7.18. We infer, from Lemma 7.7, that the integrability condition,
expressed in terms of the Lagrange bracket, is intrinsically associated to the
equation S. It could as well be restated as follows. The bracket of any two
functions vanishing on S also vanishes on §. Geometrically speaking, the
condition states that, in a neighborhood of any point H € S, there exist ¢
Lie vector fields &, with independent hamiltonians vanishing on S and such
that [£q,&8]y € Xy whenever y € S. Since the Lagrangean bracket [f, g]
reduces, on the variety defined by the equations f = g = 0, to the Jacobi
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bracket (cf., Part 11, section 2), it follows that the above bracket condition
boils down, when ¢ = n, to the classical Frobenius integrability criterion.

We end up this section by discussing the infinitesimal contact automor-
phisms of the partial differential equations under consideration. The results
will become useful in the second part.

Clearly, a Lie vector field £ is, in restriction to &, an infinitesimal auto-
morphism of the Pfaffian system P|S if and only if it is tangent to S. Such
a vector field will be called an infinitesimal contact automorphism of the
equation . Lemma 7.6 then specializes to the following result.

Lemma 7.19. A Lie vector field n with hamiltonian g is an infinitesimal
contact automorphism of the equation S if and only if [g, fo]|S = 0 for any
choice of local equations {fo = 0} for S.

Given an element H € S, we denote by gy the Lie algebra of all the
germs of infinitesimal contact automorphisms of S, at the point H, and set

9gH = EH‘Sv h’H = {g : [97704”5 = O}’

where g is a germ of a function at the point H and {f, = 0} indicates the
germs, at H, of a set of local equations for S at H.

Theorem 7.20. The Lie algebra gy is isomorphic to hy/(fa)?, where
(fa) denotes the ideal (in the sense of associative algebras) generated, in
the algebra of all the germs, by the functions fq.

Proof. Let n be an infinitesimal contact automorphism of P|S with hamil-
tonian g and let us assume that 7|S = 0. Then g|S = 0 and, by writing
locally g = > A*f,, where {f,} is a set of local equations for S, we infer
that

0=(dgAw)y =Y X'(H)(dfo Aw)n

whenever H € S, hence A*|S = 0. Conversely, if g € (f,)?, then n|S = 0.
It should be noted that the infinitesimal contact automorphisms of P|S
coincide with those of its characteristic system. O

In all the preceding discussion, the scalar hamiltonians f can always be
replaced by ®-valued hamiltonians h except, eventually, when expressions
involving dh and h? should occur. The differential dh is meaningful and
takes the role of df only at those points where h vanishes. However, the
expression h? is meaningless and the ideal (f,)? has to be replaced by the
subset of all the germs of ®-valued sections h vanishing to order 1 on S.

Among the many Lie vector fields that we had the occasion to deal with
in this section, let us recall those introduced in the very beginning and
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obtained, by prolongation, from vector fields coming from the base space M.
In view of Lemma 7.19 and the local expression of such prolongations, the
hamiltonians f of such prolonged vector fields are characterized, locally, by
the condition 9%f/ OpiOp; = 0 hence are semi-linear functions with respect
to the variables p;.
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