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Abstract

We generalize the classical Frobenius Theorem to distributions that are spanned by locally Lipschitz
vector fields. The various versions of the involutivity conditions are extended by means of set-valued Lie
derivatives—in particular, set-valued Lie brackets—and set-valued exterior derivatives. A PDEs counterpart
of these Frobenius-type results is investigated as well.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction
1.1. The problem and an outline of the paper

1.1.1. The main problem

A distribution A on a differentiable manifold M is a set-valued function g ~~ A, which maps
apoint ¢ € M into a subspace A, of the tangent space T, M. If n is the dimension of M, a distri-
bution A with constant dimension k < n is called (completely) integrable if in a neighborhood of
any point ¢ € M one can find local coordinates (x, y) = (x!, ..., xK, vy, ..., y"K) such that (i)
each level set L; = {q | y(q¢) = y(q)} is a k-dimensional submanifold of M, and (ii) the tan-
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gent space to Ly at a point g € L; coincides with A,. The sets L, are called (local) integral
submanifolds of the distribution A. Clearly, the question whether integral manifolds do exist is
trivial when k = 1, for the problem reduces to a question of solutions’ existence for an ODE. On
the contrary, if k > 1, local integral submanifolds do not exist unless a geometrical condition,
namely involutivity, is verified. As is well known, the Frobenius Theorem characterizes local
integrability by means of involutivity. We recall that a distribution A is called involutive if for
every pair of fields (f, g) belonging to A, the Lie bracket

[f.gl=Dg-f—Df-g

belongs to A as well.

The minimal assumptions under which the Frobenius Theorem is usually stated include the
fact that A is of class C!.2 In this paper we are going to investigate the (local) existence of integral
manifolds in the case when the distribution A is only Lipschitz. Let us justify our interest in this
topic by means of a few basic considerations:

(A) Local Lipschitz continuity is enough in the case when the distribution A is one-dimensional:
indeed, there is no bracket condition when k = 1, so one is allowed to ignore the problem
of the differentiability of the involved vector fields. So it seems natural to investigate the
Lipschitz case also for k > 1.

(B) Among the areas that could benefit from an extension of the Frobenius Theorem to non-
smooth distributions, let us mention Foliation Theory, Geometric Control Theory, and
Classical Mechanics. In particular, in Classical Mechanics the Frobenius Theorem can
be rephrased as a characterization of those (linear) non-holonomic constraints which
can be represented, in fact, as holonomic constraints. Clearly the question of the regularity
of the integral submanifolds—i.e., of the state-constraints—is crucial in the determination of
the dynamical equations.

(C) From a purely theoretical viewpoint, the extension of the Frobenius Theorem poses some
intriguing questions. For instance: what should the usual Lie bracket be replaced by when
the vector fields are not differentiable? What about involutivity in this case?

(D) The usual results of the “smooth” theory do not indicate an obvious way for well-posing
the problem in the case when A is merely Lipschitz. Indeed, in the case when the f;’s are
of class C!, the Frobenius Theorem states that, provided involutivity is verified, the local
integral manifolds—namely the level sets y = y—are submanifolds of class C'. In fact, this
is nothing but a consequence of the Implicit Function Theorem, since the maps y are of
class C'.

Based on that, one could expect that in the case of a Lipschitz distribution, the integral
submanifolds should be at most locally Lipschitz. Then a problem arises: what does it mean
that a submanifold is an integral submanifold of a distribution A?

The questions in (C) will be dealt with by making use of the set-valued bracket intro-
duced in [12]. In particular, this bracket allows us to extend the involutivity condition into an

1 we say that a vector field f belongs to A if f(q) € Ay forevery g € M.

2 We recall that a distribution is said to be Lipschitz (respectively of class chyifina neighborhood U of any point
q € M there are vector fields fi, ..., fx which are locally Lipschitz (respectively of class C 1y and such that Ag is the
linear span of the vectors f1(q), ..., fkx(q).
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everywhere-defined inclusion relation, the set-involutivity—see Definition 4.6 below. In a simi-
lar way, we extend the classical conditions that, in the smooth case, are equivalent to involutivity
and involve exterior derivatives and Lie derivatives. Actually, the need of generalizing Lie deriv-
atives and exterior derivatives motivates the contents of Sections 2 and 3 (see 1.1.2 below).

As for the questions raised in (D)—namely the problem of giving a notion of integrability for
a Lipschitz distribution—Ilet us observe that, in principle, (i) something like the tangent bundle
does not exist for a Lipschitz submanifold, even though there exist several nonsmooth analogues
of the notion of tangent space at a point; and (ii) the problem is made subtler by the fact that one is
looking for the existence of a foliation rather than a single integral manifold. Yet, the answer our
main result—namely, Theorem 4.11—gives to these problems is, at a first glance, surprisingly
simple: if set-involutivity is verified, then local foliations exist and are made of submanifolds that
are of class C1113

Let us point out that, on one hand, the character of our results is local. On the other hand, even
in the smooth case the passage from the local version of the Frobenius Theorem to the global one
is a mainly topological issue.

In Section 5, the classical PDEs parallel of the Frobenius Theorem is generalized as well to
the Lipschitz case. In particular, we prove the local existence of vector-valued, locally Lipschitz,
solutions of the corresponding Cauchy problems. Obviously, the regularity result included in
Theorem 4.11 is interpreted as a regularity property of the level sets of the Cauchy’s problem
solution.

Partial versions of the (so-called) Frobenius Theorem in the smooth case were originally
proved in [6,7], and [8]. In [4] the result was established in the form we know it today. Obvi-
ously, one can also refer to several textbooks and lecture notes—see e.g. [11,14]. As for Lipschitz
distributions, an integrability theorem is contained in the first part of [15]. Next, this theorem is
utilized to prove an interesting result on the existence of global cross sections to Anosov flows. In
our view, some points in the integrability result need some elaboration. Yet, we wish to thank the
author of [15] for stimulating (e-mail) conversations occurred while the present article was be-
ing prepared. An interesting extension of the Frobenius Theorem on metric spaces can be found
in [3], where vector fields are replaced with arc fields. An involutivity condition in [3] is also
expressed in terms of brackets of arc fields. Yet, the result in [3] is hardly comparable with the
one presented here. Indeed, the mentioned involutivity condition can be reasonably rephrased in
terms of vector fields only if the latter are twice differentiable.

1.1.2. Derivatives of Lipschitz tensors

In the standard case of a smooth distribution A, there are essentially three kinds of condi-
tions that characterize complete integrability. The first type of condition deals with vector fields
belonging to A and their Lie brackets. The second variant involves the 1-forms that span the
codistribution annihilating A and their exterior derivatives. The third kind of characterization
deals, in fact, with both vector fields and 1-forms and includes the notion of Lie derivative of
a I-form. Aiming to extend all of these conditions to the case of a Lipschitz distribution, we
needfully have to face the question on how Lie brackets, exterior derivatives, and Lie derivatives
can be generalized to the case when the tensors to be differentiated are just locally Lipschitz.
Actually, Sections 2 and 3 are devoted to such issues. In particular, in Section 2 we introduce
the notion of set-valued, convex, envelope of a section of a fiber bundle, which turns out to be a

3 We recall that this means that, in a neighborhood of each point, these manifolds are level sets of differentiable maps
whose derivatives are locally Lipschitz continuous.
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chart-invariant concept. In Section 3 we apply this notion to Lie derivatives and exterior deriva-
tives, with the aim of extending these derivations to the Lipschitz case. Let us point out that the
enveloping of Lie and exterior derivatives works well because these tensors are robust—see De-
finition 2.11—that is, their envelopes can be reconstructed starting from any full subset of their
domain. Incidentally, it turns out that both Clarke’s generalized gradient (2.9) and the set-valued
Lie bracket introduced in [12]* are nothing but instances of envelopes of the corresponding clas-
sical objects.

1.2. Preliminaries and notation

1.2.1. Lipschitz maps and manifold structures

If r, s are positive integers, U CR", V C R’ are open subsets, ¢ is a non-negative integer, we
say that amap m: U — V is of class C&! if m is of class C¢ and its £th order partial derivatives
are locally Lipschitz.

If r = s we say that a map m : U — V is an isomorphism of class C* if m is a bijection such
that both m and m ™~ are of class CY. Moreover, an isomorphism m : U — V of class C! is called
an isomorphism of class C*' if both m and m~! are of class C*!. Isomorphisms of class C%!
are sometimes called lipeomorphisms.

If £ is a non-negative integer, we shall say that M is a manifold of class C* [respectively C*1]
if M is a finite-dimensional, second-countable, Hausdorff, manifold whose transition maps are
of class C* [respectively C!]. A manifold of class C*! is also called a a Lipschitz manifold.

If M is a n-dimensional manifold and ¢ € M, by saying that a pair (U, x) is a coordinate
chart near q we shall mean that U is an open subset of M containing ¢ and x: U — R” is an
element of the maximal atlas of M.

Convention. By manifold (with no further specification) we shall mean a manifold of class C2.

Let M, N be manifolds. If £ =0, 1,2 [respectively £ =0, 1], amap m: M — N is of class
C*t [respectively C©!]if for every ¢ € M there exist a coordinate chart (U, x) of M near g and
a coordinate chart (V, y) of N near m(q) such that m(U) €V and Yy omox~':x(U) — ¥(V)
is a map of class C* [respectively C*!]. Maps of class C%! will be also called locally Lipschitz
maps. Let n be a positive integer, let M be an n-dimensional manifold, and let U € M and
A C R”" be open subsets. If £ =0, 1,2 [respectively £ = 0, 1], an homeomorphism of class ct
[respectively C!] x: U — A such that x ! is of class C? [respectively C%!] as well—where A
is endowed with the standard manifold structure induced by R"—is called a coordinate chart of
class C* [respectively C%!]. (In particular, the original charts of M coincide with the coordinate
charts of class C2.)

It is clear that the family of coordinate charts of class C* [respectively C©'] on M is an atlas
which gives M a structure of manifold of class C* [respectively C%']. We call this structure the
natural structure of class C* [respectively C*!] on the manifold M.

If M is a manifold, we say that a subset F C M is a full subset—equivalently: F has full
measure— if its complement has (Lebesgue) measure equal to zero.” If M’ C M is any subset,
we say that a property P(q) holds for almost every g € M'—or, equivalently, that P(q) holds

4 We remind that the Lie bracket is a special case of Lie derivative.
5 A subset N' C M has zero Lebesgue measure if x(U N S) is a subset of R" of zero Lebesgue measure whenever
(U, x) is a chart of M.
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almost everywhere in M'—if there exists a full subset 7 C M such that P(g) holds for every
geM' NF.

Let N, M be manifolds of class C! and let f: M > N be any map. We shall use DIFF(f)
to denote the subset of differentiability points of f. The well-known Rademacher theorem states
that if f is locally Lipschitz, then it is almost everywhere differentiable on M, that is, DIFF(f)
is a full subset of M.

1.2.2. Submanifolds

Definition 1.1. Let n be a non-negative integer, and let M be an n-dimensional manifold. Let
e=0,1,2 [respectively e =0, 1] and let k be an integer such that 0 < k < n. A subset N C M
is called a k-dimensional, embedded submanifold of class C¢ [respectively of class C® '] if, for
every g € N, there is a coordinate chart (U, x) of class C¢ [respectively C% ! near q such that

x(UNN)=xU) N (R" x {0}), )
where R¥ x {0} C RF x Rk,

Remark 1.2. It is straightforward to check that a k-dimensional, embedded submanifold of
class C¢ [respectively C¢!] is a manifold of class C¢ [respectively C®!] as soon as we en-
dow it with the charts (U N N, x|ynn), where the (U, x) are the charts giving the relation (1.1),
as g runs on N. The charts (U, x) as above are called the submanifold charts.

It will be useful to exploit the notion of embedded submanifold in terms of image of a set
(instead of level set of a function, as in Definition 1.1):

Proposition 1.3. Let n, k be integers such that 0 < k < n, and let M be an n-dimensional mani-
fold. Let A C R¥ be an open subset, and let f: A — M be a map of class C? [respectively C1]
having constant rank k at all points of A. Then, for every a € A there is a real number € > 0
such that the image f(la — €, a + €[ N A) is a k-dimensional, embedded submanifold of M of
class C? [respectively C1-1].

Notice that the statement of Proposition 1.3 refers also to a regularity property which will
be crucial for our purposes in the case of Lipschitz distributions. We omit the proof of this
elementary result, since it relies on the same standard argument as in the C 2 case, see e.g. [10].

2. Set-valued envelopes
2.1. Vector bundles’ sections and their envelopes

Let us begin by recalling some basic notions from the theory of set-valued functions.
Definition 2.1. Let M, N be topological spaces, and let F : M ~ N be a set-valued map.® Let ¢

be a point of M. F is said to be upper semi-continuous—shortly: u.s. continuous—at g if for any
e € F(q) and any neighborhood V of e there is a neighborhood U of ¢ such that

U Fu@Hcv.

q'eU

6 A set-valued map F : M ~ N is amap from M into the set P(N) of parts of N.
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F is said to be lower semi-continuous at q if for every e € F(q) and every neighborhood V of e
there is a neighborhood U of g such that

F(¢)NV£P Vq' eU.

F is said to be continuous at q if it is both upper and lower semi-continuous at g.
F is said to be upper semi-continuous [respectively lower semi-continuous, continuous] if it
is upper semi-continuous [respectively lower semi-continuous, continuous] at each g € M.

Let M a manifold, and let E be a M-based vector bundle of class C!. Let 7 : E — M be the
bundle projection of E into M.

Definition 2.2. Let M’ be any subset of the manifold M. A (single-valued) section of E on M’
isamap s: M’ — E such that = o s coincides with the identity on M’. A set-valued section of E
on M’ is a set-valued function S: M’ ~ E such that

n(S(@)={q} YgeM.

(We shall use the expression set-valued section of E to mean a set-valued section of E on M.)
A set-valued section of E on M’ is called convex if, for every g € M’

S(q) = co[S(q)].”
Definition 2.3. Let M’ be a dense subset of M, and let s : M’ — E be a section of E on M’. Let
us define the upper semi-continuous envelope of s as the set-valued section of E
shiM~E

whose graph coincides with the closure of the graph of 5.8 In other words, for every ¢ € M one
has

Ve S;Et (@)
if and only if there exists a sequence (¢ )meN in M’ such that
lim(s(qm)) =(q,v).
Definition 2.4. The set-valued section ss(: M ~~ E that maps any g € M into the subset
Sset(q) =co [S;Et(CI)]
is called the convex upper semi-continuous envelope of s.
T)(isa real vector space and A C X, we use co[A] to denote the the convex hull of A, that is, the intersection of all

convex sets containing A.
8 In the language of [2], sstt is the upper limit of s.
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As for the regularity of set-valued envelopes, we have

Proposition 2.5. Let M’ be a dense subset of M, and let s : M’ — E be a locally bounded section
of E on M'. Then both sstt and sger are upper semi-continuous set-valued maps (from M into E)
with non-empty, compact values.

Proof. Let us set K = J, ¢y 5(¢), and let K be the closure of K. Then si,(¢) = K N Eg, for
every g € M. Since M’ is dense in M and s is locally bounded, this implies that s:gt(q) is non-
empty and compact. Moreover, the graph of s, is clearly a closed subset of E, so the map s\, is
upper semi-continuous—see e.g. [1]. Since for every ¢ € M sgi(q) is the convex hull of s;t (q),
the map sge¢ turns out to be upper semi-continuous as well, with non-empty, compact, values. O

The next, elementary, result concerns an inclusion property which, in its version for robust
sections—see Proposition 2.13 below—will play an important role in the proofs of Frobenius-
type theorems of Section 4.

Proposition 2.6. Let M’ be a dense subset of a M, and let s: M' — E be a locally bounded
section of E on M'. Moreover, let G : M ~ E be a convex, upper semi-continuous, set-valued
section with closed values. Then the following conditions are equivalent:

(1) s(qg) € G(g), forallg € M’;
(i) sset(q) S G(q), forallqg € M.

We omit the trivial proof of this result.

Remark 2.7. If ¢ € M’, both sstt (9), and sgt(g) contain the element s(g). However, unless s is
continuous at g, they do not coincide, in general, with the singleton {s(g)}.

Corollary 2.8. Let M’ be a dense subset of M, and let s : M’ — E be a section of E (on M').
The following conditions are equivalent:

(1) the upper semi-continuous envelope s;gt :M ~~ E is single-valued (and continuous);
(ii) the convex upper semi-continuous envelope of Sset : M ~» E is single-valued (and continu-
ous);
(iii) the function s is continuous (on M").

In particular,
/ / /
s(g)=0 Vqg'eM
is equivalent to
sset(q) ={0} VgqeM.
Proof. Observe that an upper semi-continuous set-valued map whose images are singletons is
continuous. The equivalence of (i) and (ii) is trivial. Moreover, if § denotes the unique continuous

extension of s to the whole M, then (i) follows from (iii) by Proposition 2.6, as soon as we set
G(q) ={g(g)} for all ¢ € M. Finally, let us assume condition (i), and let us notice that, for every
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q € M',onehas {s(q)} = s;’gt (g). Since sy is continuous on M, its restriction to M’ is continuous
as well, so s is continuous. O

Example 2.9 (The Clarke generalized gradient). Let m, n be positive integers, let M C R be an
open subset, and let f: M — M x R" be a locally Lipschitz section (of the trivial vector bundle
M x R™). By Rademacher’s theorem the set of differentiability DIFF(f) is a full subset of M. So
the derivative Df is a bounded measurable section of the trivial fiber bundle M x R"*" defined
on the dense set DIFF(f). The set-valued section (Df )¢ is nothing but the Clarke generalized
gradient of f—see [5].

Example 2.10 (A Lie bracket for Lipschitz vector fields). Let M be a manifold of class C? and let
f, g be locally Lipschitz vector fields. Then, in view of Rademacher’s theorem, the Lie bracket
[f, g] is a locally bounded, measurable section of the tangent bundle TM defined on the full
subset DIFF(f) N DIFF(g). Hence we can consider the convex u.s. envelope

LS, &lset-

This set-valued section coincides with the set-valued Lie bracket that was introduced in [12] with
the purpose of giving an extension of the Chow’s Theorem in the case of locally Lipschitz vector
fields. This bracket has been also used in the commutativity results in [13], and is here used in
the Frobenius-type result below—see Theorem 4.11.

2.2. Robust envelopes

Definition 2.11. Let M’ be a full subset of M, and let s : M’ — E be a section of E on M'. We
say that s is robust if, for every full subset 7 C M’, one has

Sset = (S]F)set

Remark 2.12. Let us notice that, in general, a section needs not to be robust. Consider, for
instance, the trivial, R-based, fiber bundle £ =R x R. Let s : M — E be defined by

. r,0) ifreqQ,
s(r)_{(r,l) ifr ¢ Q.

Then
se () ={(r,0), (r, D}, sset() ={r} x [0,1], VreR,
while

GlR\Q)% () = GlR\Qset () = {1}, VreR.

Of course, continuous sections are robust. Moreover, it is well known—see e.g. [S]—that the
section Df in Example 2.9 is robust. Namely, for every full subset 7 C DIFF(f) one has

(Df|.7-')set = Dfset-

In other words, differentials of locally Lipschitz maps are robust—and their convex, upper semi-
continuous, envelopes coincide with their Clarke’s generalized gradient.
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The Lie bracket [ f, g] of two Lipschitz vector fields f and g—i.e., the section considered in
Example 2.10—is further instance of robust section. That is, for every full subset 7 C DIFF(f)N
DIFF(g), one has

(Lf: 81| ) o = LS 8)set-

This was already proved in [13]. Moreover it is a consequence of a more general result which is
stated in Proposition 2.14 below.
By Proposition 2.6 we obtain

Proposition 2.13. Let M’ be a full subset of M, and let s : M' — E be a robust, locally bounded,
section of E on M'. Moreover; let G: M ~ E be a convex, upper semi-continuous, set-valued,
section with closed values. Then the following conditions are equivalent:

1) s(g) € G(q), for almost every q € M’°
(i) sset(q) € G(q), forallq € M.

In particular,
s(g)=0
Sfor almost every q' € M' if and only if

sset(q) ={0} Vge M.

Proof. In view of Proposition 2.6, condition (i) follows from (ii). Conversely, let us assume that
there exists a full subset M* C M such that s(¢) € G(g) holds true for all g € M’ N M*. Since s is
robust, (ii) follows from (i) by replacing M’ with M’ N M* in Proposition 2.6. The last statement
is a consequence of Corollary 2.8. O

In Proposition 2.14 below we give a sufficient condition for a section to be robust. Next we
will exploit this result in order to define Lie derivatives and exterior derivatives for Lipschitz
tensors and Lipschitz k-forms, respectively.

Let M be a n-dimensional manifold, and let E, E{, and E, be M-based vector bundles of
class C!, having dimension m, m1, and m,, respectively.

Proposition 2.14. Let s1, 52 be locally Lipschitz sections of E1 and Ej, respectively, and let
s: M’ — E be a locally bounded, measurable section of E such that:

(1) M’ is a full subset of DIFF (s;) N DIFF(s3);
(i) if S, S1, and Sy are the arrays representing s, s1, and s2, respectively, on a coordinate chart
(U, x), then there exist continuous functions

woRMT S R AR o Hom (R M) R™)10

9 This means that there exist a full subset M¥ C M such that s(q) € G(q) holds true forallg e M’ N Mm*.
10" We use Hom(R"("1+m2) R™M) to denote the vector space of homomorphisms from R*("1+M2) jnto R
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such that
S(x) =W (81(x), $2(x)) + A(S1(x), $2(x)) - (DS1(x), DS2(x)), 2
where we have used A(v) - w to denote the image of w through the map A(v).
Then the section s is robust.

Remark 2.15. It is straightforward to check that in fact conditions (i) and (ii) in Proposition 2.14
are chart-independent.

Proof of Proposition 2.14. The statement is of local character, so we can assume M to be an
open subset of R” and identify s, s1, and s, with the arrays S, S1, and S>, respectively. Let us fix
x € M. We have to show that, for every full subset 7 C M’, one has

Sset(x) = (S|]-')set(x)~
Let us consider the section
(DS1, DS,): DIFF(S1) N DIFF(S,) — (DIFF(S1) N DIFF(Sy)) x R mitm2),

As it has been recalled in Example 2.9, (DS, DS>) is robust (and its convex u.s. envelope is
nothing but the Clarke gradient of the map (S1, S»)). Hence, in particular,

((DS1, DS)I 7). = (DS1, DS2)ser

set

Therefore, by the continuity of ¥ and A (and the linearity of each map w + A(v) - w), for
every v € R™17"2 we have

Seet(x) = co[ S ()]

co[ (¥ (S1. $2) + A(51. 52) - (DS1, DS2) L (0]

[

[

(S100), $2(0)) + A(S1 (%), $2(x)) - co[(DS1, DS E(x)]
(S100), $2(0)) + A(S1(x), S2(x)) - (DS, DS2)ser(x)
(
(
[
[

S1(x), $2(0) + A(S1(x), $1(0) - (DS, DS F) ()
S1(x), $2(0) + A(S1(x), $2(0) - co[ (DS, DS £) L, ()]
co[¥ (S1(), $1(0) + A(S1(x), 2(0)) - ((DS1, DSHIF) -, ()]

co[(S1A) ()] = (S|F)se(x). O

v
v
v
v

3. Lie and exterior derivatives in the Lipschitz case
3.1. Lie and exterior derivatives in the smooth case

Let us begin by recalling the classical notions of Lie derivative and exterior derivative. Next,
we will extend these notions to the case when the involved functions are just locally Lipschitz.
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3.1.1. Lie derivatives

Let M be a manifold, let r, s be non-negative integers and let E be the (7, s)-type tensor
bundle on M. If T: M — E is a section of E (i.e. a (r, s)-type tensor field) of class C! and f
is a vector field on M of class C', then the Lie derivative L fT of T along f is the (continuous)
section of E defined as follows.

Let (U, x) be a coordinate chart, and let

. 9 ) .
— Tlhentr e J - Js
T@=T; ;@5 5@ ®o - @dx/I @ - @dx! Vqel,
where: (i) the multi-indexes i, ..., i, and ji, ..., js; range, respectively, over all r-tuples and
s-tuples of elements of {1,...,n}; (ii) the real functions T;l' ''''''''' ;: are of class C'; and (iii) the

summation convention is adopted. Then the Lie derivative L T is expressed on U by

0

9 . .
T = Wit ce J ce Js
LyT = le,...,js Py @ Py RAdxN®-- - @dx’s, 3)
where, for every value of the multi-indexes (iy,...,i) and (ji,..., js), the map W;IIZ :
U — R is defined by '
S 1.l afh ) afir i
Wl_l ..... ir - fc Ji-Js T-C"'lr- L T{]...z.,_lc
Jlseees Js axc‘ axC J1-Js axc J1-Js
ofC iy fc iy i
+ Jx 1 TC-~-js Tt 9xJs le--»j.r—lc'

As is well known, this definition is in fact chart-independent. Finally, let us point out that if g is
a vector field, then

3.1.2. Exterior derivatives
Let n be a positive integer, let M be a n-dimensional manifold, and let U C M be open. For
every integer & such that 0 </ <nandevery g € U, let Az denote the space of skew-symmetric,

h-linear forms, on (T, M Yt Let A"(U) be the (U-based) corresponding vector bundle, and, for
every r =0, 1 let us use

M)

to denote the set of sections of A" (U) that are of class C” . Namely, .Qf’(U ) is the set of h-forms
on U that are of class C”. In addition, we use

25,U) (W)

11 This means that, for each g € M,

Eq=T;M® - @TyMRT/M® - QT;M

r times s times



F. Rampazzo / J. Differential Equations 243 (2007) 270-300 281

to denote the set of h-forms defined on U that are of class C%!, also called locally Lipschitz
h-forms. In particular, .QO(U ) and .Q 1 (U) denote the set of real functions defined on U that
are, respectively, continuously dlfferentlable and locally Lipschitz.

Let us recall the definition of exterior derivative for a 2-form of class C'.

Definition 3.1. Let /2 be an integer such0 <2 <n—1,and letw € .Qh (U). The exterior deriva-
tive dw of w is a (h + 1)-form of class CY defined as follows: if

w(q) = ch. op dXTTA o A dxin 12
is the local expression of w on a coordinate chart (U’, x), then

3
dw(q)—zz C“ """ Bgx" AdxOUA - Adxh, (4)

o r=I1

forallg e U'.13
3.2. Lie and exterior derivatives in the Lipschitz case

3.2.1. Lie derivatives

Let M be a manifold and let E be a tensor bundle based on M. If T is a locally Lipschitz sec-
tion of E and f is a locally Lipschitz vector field on M, then for all ¢ € DIFF(T) N DIFF(f),
LT (q) can be defined as in (3). In other words, LT is a section of E on the full subset
DIFF(T) N DIFF(f). Lemma 3.2 below establishes that, as in the case of Clarke’s generalized
gradient, the convex u.s. envelope of L ¢ T coincides with the convex u.s. envelope of any restric-
tion of L ¢T to a full subset of DIFF(T) N DIFF(f).

Lemma 3.2. The section L T : DIFF(T) NDIFF(f) — E is robust. That is, for every full subset
F C DIFF(T) NDIFF(f), one has

(LfT | F)set = (LfT)set~

Proof. This result follows directly from Proposition 2.14, because of the local form (3) of
LfT. O

Definition 3.3 (Set-valued Lie derivative). The convex upper semi-continuous envelope
(LfT)ser: M~ E

—which, in view of Lemma 3.2, coincides with (L ¢ T'| 7)set, for every full subset F—will be
called the (set-valued) Lie derivative of T along f.

12 Of course the coefficients Coy,...,0, are functions of class C", and the summation is performed over all strictly
increasing h-tuples o = (o7, ..., o) with values in {1, ..., nj.

13 Agis well known, this definition is in fact independent of the system of coordinates x, so that the exterior derivative
d is a well-defined map from Qf (U) into Qf’f]l ).
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By Proposition 2.5 we obtain

Proposition 3.4. The Lie derivative (L y T )set is an upper semi-continuous, set-valued, section of
E having non-empty, convex, compact values.

Remark 3.5. In particular, if T coincides with a vector field g, at every g € DIFF(f) NDIFF(g)
one has

Lyg(q) =11 gl(q).

Hence, we obtain

(Lrg)set(q) =1f, glset(q) Vg eM,

so recovering, as a particular case, the set-valued Lie bracket introduced in [12]—see Re-
mark 2.10.

3.2.2. Exterior derivatives

Let M be a manifold of dimension » and let /& an integer such that 0 < h <n — 1. Let w
be a locally Lipschitz h-form. Then, by Rademacher’s theorem, dw is a measurable, locally
bounded, section of "1 (DIFF (w))—namely dw is a measurable, locally bounded, (& + 1)-
form on DIFF (w). Therefore, we can consider its convex u.s. envelope. This envelope turns out
to be robust, as stated in Lemma 3.6 below.

Lemma 3.6. The section dw:DIFF(w) — I'"tY(M) is robust. That is, for every full subset
F C DIFF(w), one has

(do| F)set = (dw)set.-

Proof. This result follows directly from Proposition 2.14, because of the local form (4) of
do. O

In view of Lemma 3.6, it is meaningful to give the following definition:

Definition 3.7 (Set-valued exterior derivative). The convex upper semi-continuous set-valued
envelope

(dw)er: M ~ T ()
will be called the (set-valued) exterior derivative of w.
As in the case of the Lie derivative, by Proposition 2.5 we obtain

Proposition 3.8. The exterior derivative dwse; is an upper semi-continuous, set-valued, section
of I h+1(M) with non-empty, convex, compact values.
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4. A Frobenius-type theorem
4.1. Distributions and codistributions

For any finite subset {vy, ..., v, } of areal vector space V, let us use span{vy, ..., v} to denote
the linear subspace generated by {vy, ..., v.}.

Definition 4.1. Let n, k be non-negative integers such that k£ < n, and let M be a n-dimensional
manifold. By a k-dimensional distribution of class C' [respectively C%!] we mean a subset
A C T M such that, forevery g € M,

(i) A3 =ANT;M is alinear subspace of T; M of dimension &,

(ii) there is a neighborhood U of g and vector fields fi, ..., fi of class C! [respectively C*!],
defined on U verifying

Aq =span{fi(q),.... i@}

for all ¢ € U. Any such set of vector fields is called a local frame of class C! [respectively
C%1 for A.

Definition 4.2. Let n, h be non-negative integers such that 42 < n, and let M be a n-dimensional
manifold. By a h-dimensional codistribution of class C! [respectively C%!] we mean a subset

® C T*M such that, for every g € M,

(i) O3=4AN Tq*M is a linear subspace of Tq*M of dimension £,
(ii) there is a neighborhood U of ¢ and 1-forms w!, ..., " of class C! [respectively C*'],
defined on U verifying

Oy = span{a)l(q), e a)h(q)}

for all ¢ € U. Any such set of 1-forms is called a local frame of class C! [respectively C%!]
for ©.

We shall be mainly concerned with distributions [respectively codistributions] of class C%!,
which we also call Lipschitz distributions [respectively codistributions].

Definition 4.3. If A is a distribution on a manifold M, and f is a vector field defined on a subset
M’ C M, we shall say that f belongs to A if, forevery g € M’, f(q) € A,. In a similar way, we

define the notion of a 1-form belonging to a codistribution.

Definition 4.4. Let M and A as in Definition 4.1. The (n — k)-dimensional codistribution A"
defined by

Al ={oeT*M|(w.v)=0VveA,} VgeM,

is called the annihilating codistribution of A.
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Remark 4.5. By the Implicit Function Theorem,'# a distribution A is of class C! [respectively
CY%17if and only if the codistribution AT is of class C! [respectively C*1].

4.2. Involutivity, commutativity, and integrability

Let us extend the notion of involutivity to Lipschitz distributions. Actually, two kinds of ex-
tensions of this concept will be given. Indeed, one can either assume involutivity in a classical
sense on a full measure subset—so adopting a “weak derivative” approach, as in [15]—or con-
sider an everywhere defined notion of involutivity by relying on the afore introduced set-valued
Lie bracket. The two notions are in fact equivalent, as proved in Theorem 4.11 below. Let us
remark that in the case of vector fields of class C!, the extended involutivity notion turn out
coincide with the classical one.

Definition 4.6 (Involutivity of distributions). Let n, k be non-negative integers such that k < n,
let M be a n-dimensional manifold, and let A be a Lipschitz, k-dimensional distribution on M.
We say that A is set-involutive if, for every pair of locally Lipschitz vector fields f and g (on M)
belonging to A, one has

Lf. glset(q) C Ay Vg eM. &)

In addition, we say that A is involutive almost everywhere if, for every pair of locally Lipschitz
vector fields f and g (on M) belonging to A and for almost every ¢ € M, one has

[f. &l(q) € 44.
Definition 4.7 (Involutivity of families of vector fields). Let n be a non-negative integer, and let
M be a n-dimensional manifold. Let U € M be an open subset and let }V be a family of Lipschitz

vector fields on U. We say that V is set-involutive if, for every pair f, g €V and every g € M,
one has

[f. glset(q) C span{h(q) | h € V}. (6)

In addition, we say that V is involutive almost everywhere if, for every pair f, g € V and for
almost every g € DIFF(f) N DIFF(g), one has

/. 81(q) € span{h(q) | h € V}.
Let us give a notion of commutativity for locally Lipschitz vector fields.
Definition 4.8 (Commutativity of vector fields). Let n be a non-negative integer let M be a n-
dimensional manifold. Let U € M be an open subset and let f and g be locally Lipschitz vector

fields on U. We say that f and g set-commute if

[f, glset(q@) = {0} Vg eU. 7

14 In some version fit for locally Lipschitz maps—see e.g.[5].
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In addition, we say that f and g commute almost everywhere if, for almost every g € DIFF(f) N
DIFF(g), one has

L. gl(q) =0. (®)
Finally, let us give a notion of integrability for a Lipschitz distributions.

Definition 4.9 (C 1’1-integmbility). Let n, k be non-negative integers such that k < n. Let A
be a k-dimensional Lipschitz distribution on a n-dimensional manifold M. We say that A is
completely C''-integrable if for each ¢ € M there exist a neighborhood U of ¢, open subsets
XCRK, Y CR"* anda Lipschitz coordinate chart (U, (x, y)) verifying (x, y)(U) =X x Y,
such that the following condition is satisfied:

Ifqg eUand (x,y) = (x,y)(q) then:

() the inverse image (x, y)~ ' (X x {¥}) is a submanifold of class C"'; and
(i) T;((x, ») 71 (X x {7)) = 4.

Remark 4.10. As we pointed out in the Introduction, in the case when A is of class C ! one
does not require the submanifold (x, y) "1 (X x {J}) to be of class C 2, actually, this would be the
natural analogue of the regularity property we are assuming in (i). In fact, when A is of class C!,
the coordinates (x, y) turn out to be of class C, so the Cl-regularity of (x,y) M (X x {3}) is
guaranteed by the Implicit Function Theorem. And this is enough to make (ii) meaningful. One
the contrary, our definition of C'!-integrability includes a non-trivial regularity requirement,
namely condition (i), without which (ii) would be meaningless. The noticeable fact—see Theo-
rem 4.11 below—is that Lipschitz distributions that are almost everywhere involutive are, in fact,
C'-integrable. That is, in the integration process one gains regularity—see also Remark 4.12.

4.3. A Frobenius-type theorem

We are going to present a Frobenius-type result for locally Lipschitz distributions. Let us point
out that in the case when the involved distributions are of class C', there are three types of con-
ditions that are equivalent to complete integrability. In fact, some of them involve only vector
fields and their Lie brackets. These are the commutativity and the involutivity conditions. Other
versions of the Frobenius Theorem deal only with the forms spanning the annihilating distribu-
tion and their exterior derivatives. Finally, Frobenius Theorem can be formulated by means of a
condition involving both forms and vector fields (and the Lie derivative of the former along the
latter). A similar classification can be applied, respectively, to the subsets (2)—(7), (8)—(11), and
(12)—(13) of the set of twelve conditions of Theorem 4.11 below, which turn out to be equivalent
to complete integrability. Furthermore, within each group, the same condition is given in a a.e.
version and in a set-valued version.

Theorem 4.11. Let n, k be non-negative integers such that k < n, and let A be a k-dimensional
Lipschitz distribution on a n-dimensional manifold M. Then the following conditions are equiv-
alent:

(D) A is completely C"'-integrable.
(II) A is set-involutive.
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(II) A is involutive almost everywhere.
(IV) Every Lipschitz local frame of A is set-involutive.
(V) Every Lipschitz local frame of A is involutive almost everywhere.
(VI) For every q € M there exists an open neighborhood U € M of q and a Lipschitz local

frame {g1, ..., gi} of A such that for every i, j =1,...,k, g; and g; set-commute.

(VII) For every g € M there exists an open neighborhood U C M of q and a Lipschitz local
Sframe {g1, ..., gk} of A such that for every i, j=1,...,k, g and g; commute almost
everywhere.

(VII) If U € M and {0, ..., "%} are an open subset and a frame of A" on U, respectively,
then, for every o =1, ...,n —k and for every q € U, one has

(do*) (@) C AyM) Ao (q) + -+ AY(M) A" F(g).
(IX) IfU and {o', ..., "%} are as in condition (VIII), then, for everya =1,...,n —k, and
for almost every q € ﬂg;’i (DIFF(?) N U), one has
do®(q) € Ay(M) A" (q) + -+ + AL (M) A" K (g). )
(X) IfU and {o', ..., @" %} are as in condition (VIII), and we let I’ = o' A -+ A", then,
foreverya=1,...,n—kand every q € U, one has
(dw®) (@) AT (q) ={0}.1°

(XI) IfU, T, and {0, ..., "%}, are as in condition (X), then, for everya =1, ...,n —k and
almost every q € ﬂz;ﬁ (DIFF(?) N U), one has

do®(@) AT (q) =0. (10)

(XII) If f is a locally Lipschitz vector field belonging to A and w is a locally Lipschitz 1-form
belonging to AT, then, for every q € M, one has

(L rw)ser(q) € AT (q).

XIMD) If f and w are as in (XIN), then, for almost every q € M, one has

Lrw(g) € AT(q).

15 The right-hand side denotes the subset of elements of Aé (M) having the form

O A0 (@) + -+ O A" R (),

where 6y eA;(M) foralla =1,..., n—k.
16 The left-hand side denotes the subset of all elements of Ag_k"'z(M ) having the form

BAT(q),

where B € (dw®)set(g). Moreover, both conditions (X) and (XI) are meaningful only if k > 2.
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Remark 4.12. Let us point out that passing through commutativity—which is assumed in con-
ditions (VI) and (VII)—is essential in order to establish C!! regularity. Indeed the flow of a
locally Lipschitz vector field is of class C!! in the time-variable but it is only locally Lipschitz
in the initial state. The main point is that commutativity allows us to avoid the uncomfortable
dependence on the initial state when one differentiates compositions of several flows.!” Notice
that this is not possible when commutativity is replaced with the involutivity assumption. The
remarkable fact, however, is that involutivity is still sufficient for establishing C''! regularity.
Similarly, a simplified version of the here exploited arguments would show that, when » > 1, the
local integral manifolds of a distribution of class C" are, in fact, of class C” +1 Perhaps, the fact
that this is not usually noticed derives from the misleading circumstance that integral manifolds
are level sets of functions of class C" (and not C"*1). However, this does not prevent these level
sets from being of class C*, with s > r. This is, in fact what happens in our case: the level sets
of the maps y; are submanifold of class c!!, though the y ; are just Lipschitz.

5. A PDEs counterpart

Let n, k be integers such that 0 < k < n, let M be a n-dimensional manifold, and let f1, ..., fk
be locally Lipschitz vector fields on M. Let us assume that, for every ¢ € M, the vectors
f(@), ..., fr(g) are linearly independent, and let us consider the system of k x (n — k) dif-
ferential equations

(dui(q). fi(@))=0,

(du1(q). fi(q))=0,
(11D
(dun—i(@). f1(q))=0,

(dun—i(q). fi(g))=0

where we mean that u = (u1, ..., u,—x) is a map from M into R,

Definition 5.1. Let U € M be an open subset. We shall say that a map u : U — R* ¥ is a solution
of (11) if:

(1) u is locally Lipschitz;
(i1) (11) is verified at almost every g € U.

5.1. Almost everywhere complete systems

Definition 5.2. System (11) is said to be almost everywhere complete if, for every g € M, there
is a neighborhood U of g and a solution

u= @i, ... up_y):U—> R"*

17" See the beginning of the proof of Theorem 4.11.
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of (11) such that, for almost every
qeUNDIFF(uy)N---NDIFF(uy—),

the subset

span{du1(q), ..., du,—(q)}
is a (n — k)-dimensional subspace of Tq*M .

This definition is a natural extension of the classical concept of complete system—see e.g.
[9]—where the functions uy, ..., u,_; are required to be of class C 1 and to solve (11) at every
q € U. Actually, in the case when the vector fields are of class C 1 the Frobenius theorem can be
rephrased by saying that system (11) is complete if and only if, forallg €e M and i, j =1, ...k,
one has

[fi. fil(@) € span{ f1(q). ..., fi(q)}.

The next theorem extends this result to the case of locally Lipschitz solutions.
Theorem 5.3. The following conditions are equivalent:

(D System (11) is almost everywhere complete.
(1) The family { f1, ..., fi} is set-involutive.
(IIl) The family { f1, ..., fr} is almost everywhere involutive.

Proof. By Theorem 4.11, conditions (I) and (III) are equivalent. Let us prove that (II) im-
plies (I). By Theorem 4.11, for each g € M, there exist a neighborhood U of g, open subsets
XCRK YCR"* anda Lipschitz chart (U, (x, y)) verifying (x, y)(U) = X x Y, such that the
following holds true:

If q is a point of U and we let (x,y) = (x, y)(q), then

(i) (x, y)"NX x {3)) is a submanifold of class C'!, and
(i) Ty((x, »)NX x (7)) =span{ f1(@), ... fi(@)}.

Hence condition (I) follows from (II) as soon as one lets u; (-) = y;(-) foralli =1,...,n — k.
Indeed, if g € DIFF(u) andi =1, ...,n — k, one clearly has

span{ f1(q), ..., fx(@} =T, ((x, M X x {3})) € Ker(du; (@)).
Therefore, for every j =1, ...k,
fi(q) € Ker(dui)(q) N---NKer(dun—i)(q).

This means that (11) is verified at g. Since DIFF (u) is a full subset of U, (11) is almost every-
where complete.
In order to prove that (I) implies (IIT) we will rely on the following elementary result.
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Lemma 5.4. Let U C M be an open subset and let u: U — R" ¥ be a solution to (11). For every

j=1,...,k, let ¢tfj denote the (local) flow of the vector field f;. Then, for every i =1,... k,
every q € U, the map

t—uog;'(q),
which is defined on a open interval containing t = 0, is constant.

Proof. The proof is standard and based on mollifications. Yet, we do not omit it for the sake of
completeness. Obviously, it is sufficient to prove the result in the case when M is an open subset
of R" and t € [—¢, €], for a suitably small €. Let r be a real number such that g + 2rB C U.
By standard arguments we can construct a Lipschitz map i : R" — R" ¥ such that u = i on
g+rBcUandii(g) =0 forall g € R"\(q +2rB C U). Let us fix a non-negative, real-valued,
function ¢ on R”, such that ¢ € C, fR” ¢(q)dg =1 and ¢(x) = 0 whenever | ¢g|| > 1. For
every j=1,...,n —k and any p > 0, let us consider the p-regularization of it/ as the function
iy R" — R"~* obtained by setting, for every g € R”",

i (q) = /<p(h)ﬁf(q + ph) dh. (12)
R~?
It is well known that i, is function of class C*° and that, for all ¢ € R”,
Diil (q) = /w(h)Dﬁ-’(q + ph)dh.
R~

Let g € R" and let € > 0 be such that t — ¢; (@) turns out to be defined on [—e, €]. Then, as
soon as p € [0, 1] there exists a compact subset K C R” such that, for every ¢ € [¢, €] one has

i) o ¢} (q) — i) (q)
t t

d . .
= [ @ ool @)dr= [(()oof @). H6F @)t
0 0

t
= [ [ otp@ o8l G+ o). 501G + pi))dx
0 K
t
+ / / eU(D (@ 0 611G+ ph). fi (0 @) — Fi(9L: G + ph))dhdz.  (13)
0 K

Since the spatial integral inside the last integral is a convex combination of the values of the map

h— (D(i’ 0 ¢f1(G + ph)). f: (6L (@) — fi (@G + ph))),
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which is essentially bounded on K, uniformly for 7 € [—e, €], it follows that the last integral is
infinitesimal when p tends to zero. By hypothesis the map (Du/, f') is equal to zero almost
everywhere. Hence

t
/ / o(W)(D(it o ¢ (G + ph)), fi(¢41(G + ph)))dT =0,
0 K

for every sufficiently small p. Therefore the right-hand side of (13) converges to zero as p goes
to zero. Since ftf) converges to i, uniformly on compact sets, it follows that

i o ¢/ (@) — il (@ =0

for all r € [—e¢, €]. Let us notice that u(r) = u(t) for every t € [—¢, €], provided € is sufficiently
small. Hence the lemma is proved. O

Conclusion of the proof of Theorem 5.3. Let us choose ji, j» =1,...,k, g € DIFF(u) N
DIFF(f1) N--- N DIFF(f;), and let u be a almost everywhere solution of (11). In particular
there exists an open neighborhood U of g such that span{du(q), ..., du,—(q)} has dimension
n — k at almost every g € U. Let us define the map & : R — R by letting

t
0)=0, =— Vt#0.
£(0) (1) NG t#

Furthermore, for sufficiently small ¢, let us set

S 5 fh 1
F(1) = 6750 © P © Piid) © Pery:

Finally, let us consider the function
t—uokF(1).

Clearly there is a positive number € such that the map F(¢) is well defined for every ¢ € [€, €]
and takes values in U. Moreover, by the previous lemma, the function u o F is constant on [€, €].
In addition, in [13] it has been proved—as a special case of an asymptotic formula valid for
semi-differentiable vector fields—that F is differentiable at r = 0 and

dF _
= O = fhl@)-

Therefore, foreveryi =1,...,n —k,
d(u; o F) _ _
0= ’dit(O) =(Dui(@). [ f1» [1)@).
Hence

i fl@e [ Ker(dui(@) =span{ fi(@). ... fi(@)]}.

i=1,...,n—k
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Since the set DIFF(u) N DIFF(f1) N --- N DIFF(f) has full measure, this concludes the
proof. O

5.2. Cauchy problems

In order to formulate a “Cauchy problem” for system (11), let us consider a (n — k)-
dimensional submanifold N C M of class C'. Let us assume that N is non-characteristic
for (11). This means that for any ¢ € N and any i = 1, ..., k, the vector f;(q) € T;M is not
tangent to N.

An initial value on N is a locally Lipschitz map ug: N — R" %,

Definition 5.5. A pair (U, u) is called a local solution of (11) with initial value ug provided
U C M is an open subset containing N and u is a map from U into R”% which solves (11)
(almost everywhere on U) and verifies the initial value condition

u(q) =uo(g) Vg €N. (14)

Theorem 5.6. There exists a local solution (U,u) of (11) with initial value uo. Moreover, if
(U, ) is any such solution, then

u(@)=1i(g) VYgeUNU.
Finally, if (U, u) is a local solution with initial condition u, for every q € U, the level set
Ly = {q €U lu(q) =u(@)}

is the union of sub-manifolds of U of class C'\. In particular, if ug is injective then every such
level set is a submanifold of class C1-1.

Proof. Let us consider the map
F(,t1,.... 1) = ¢} 00 @'t ().

By the Inverse Map Theorem for Lipschitz functions, there exists an open subset A C N x R¥
verifying N x {0} € A and such that F is a Lipschitz, invertible, map from A onto the (open)
subset U = F'(A) C M. Moreover, the inverse of F|4, which is here denoted by F -1 s Lipschitz.
Of course one has N € U, since for every n € N, one has F(n,0,...,0) =n. Let = denote the
canonical projection of N x R¥ onto N, and let us define the map

u:U — Rk, u(q)iuooﬂOF_l(‘I)-

The map u is locally Lipschitz and verifies the initial condition (14). Moreover, for every g € N,
i=1,...,k, and any s such that ¢y’ (¢) € U, one has u o ¢}’ (q) = u(q), i.e., u is constant along
the trajectories of the vector fields f1, ..., fx. In particular, for every ¢ € DIFF (u) N DIFF(f1) N
---NDIFF(fy),i=1,...,n—k, j=1,...,k, one has

d .
| G 11(@))) = (Dui(@). f;)=0.
S s=0
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Since DIFF(u) N DIFF(f1) N --- N DIFF( f) has full measure, it follows that (U, u) is a local
solution of (11) with initial condition equal to ug. Since by Lemma 5.4 every such solution is
constant along the trajectories of the vector fields fi, ..., fk, the uniqueness stated in thesis of
the theorem follows.

Still by Lemma 5.4, one has

Lu@) = U Sq>
{geN|u(q)=u(q)}

where
Sg = {F(noF_l(q),t) } (ﬂoF_l(q),t) GA}.

On the other hand, by Proposition 1.3, each S, is a submanifold of class C1!, Hence the final
statement is proved both in the general case and in the case when u is injective. Actually, in this
event, one has

Lug) =S¢
forallg e U. O

Remark 5.7. Even in the case when uy is injective and, say, of class C?, there is no hope of im-
proving the general result about the regularity of the a solution to the Cauchy problem (11)—(14).
In fact, though the level sets are sub-manifolds of class C'!, this solution is just locally Lipschitz,
as shown in the following example. Let us set

1
k=1, M =TR?, N={0} xR, X,y) = , uo(y) = v,
{0} fx,y) (w(x’y)> o) =y
where
y ify >0,
“’("’y):{—fgz ify <0.

Clearly f is locally Lipschitz, but it is not differentiable. Moreover u is of class C°°. The unique
solution to the Cauchy problem

D _ u 8u_0 0 _
((Du, f)=) £+<p(x,y)5— . u(0,y)=uo(y)

is the function u defined by

. 9) ye ™ ify >0,
u(x,y) = ;.
Y lsz ify <0,

which is not differentiable at (x,0) as soon as x # (0. Notice, however, that the level sets are
submanifolds of class C*°. Indeed, if ¢ > 0 the level set L. is the graph of the map y = ce®,
while, as soon as ¢ < 0, L. coincides with the graph of y = c(1 + x2).



F. Rampazzo / J. Differential Equations 243 (2007) 270-300 293

6. Proof of Theorem 4.11

The proof of Theorem 4.11 will be based on a combination of the properties of set-valued
Lie brackets, Lie derivatives, and exterior derivatives, and the fact—established in [13]—that the
orbits!8 of commutative vector fields are C!:! submanifolds.

6.0.1. Some preliminaries

Let n, k be integers such that 1 < k < n, and let (U, z) be a chart on M. Let us con-
sider k locally Lipschitz vector fields f1,..., fx on U such that, for every ¢ € U, the vectors
f1(q), ..., fr(q) are linearly independent.

Forj=1,...,kandl=1,...,n,let f]l. :U — R denote the /th component of f; with respect

to the coordinates z. That is, f jl is (the locally Lipschitz map) defined by
filg)=(dZ', fi(9)) vqeU.
Then
fll o fkl

Fay=| ff - gt

.

is a (n x k)-matrix valued function on U of class C%!. Moreover, for every ¢ € U the rank of
F(q) is equal to k.

Hence, up to reordering the coordinates {z” }—and, if necessary, taking a smaller domain U—
we can assume that the (k x k)-submatrix

fll fkl
A= : : (15)
flk fkk

is non-singular, for every g € U.
Let GL(k) denote the space of k x k, non-singular, real matrixes. If, for every g € U, we use
(,8; (q)) j,i=1,... k to denote the inverse of the matrix A(g), we obtain

Lemma 6.1. The map q +— (,Bj- (q))lj.zzll”‘_‘:ﬁ from U into GL(k) is locally Lipschitz. Moreover,
letting

k
g@ =) Bi@filg), YgeU, Vj+1,...k (16)
=1

18 The orbit through a point ¢ of a family F of vector fields is the subset which can be reached from g by means of
finite concatenations of trajectories of the fields belonging to F.
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the set {g1, ..., gk} turns out to be a local frame of A verifying
(a2, gj(@) =4, (17)
forall j,l1=1,...,kand q € U, where 8.1/ is the Kronecker symbol.
This allows us to show that:

Lemma 6.2. Let f be a vector field belonging to a Lipschitz distribution A. Then f is locally
Lipschitz if and only if, for every coordinate chart (U, z) and every local frame {fi,..., fr}
defined on U, there are locally Lipschitz maps

al,...,oek:U—HR
such that
k .
f=) alfj (18)
j=1
Proof. Let f, (U,z),and {f1, ..., fr} as in the above statement. By standard arguments, we can
also assume that (U, z) is such that the matrix A(g) defined in (15) is non-singular for every
qeU 19 Moreover, let (ﬂ;)ljzzll”'_‘:ﬁ and {g1, ..., gk} be as in Lemma 6.1. In particular, for every
g € U, there exist real numbers y!(g), ..., y*(g) such that
k
f@=Y v @ea@.
=1
Since
(e, f@)=v"@), VI=1,....k q€U,
the maps y!, ..., y¥ turn out to be locally Lipschitz continuous. Therefore, since for every g € U
one has

k k
f@=Y Y@@ =Y v'@8s @@,

I=1 ji=1

the thesis follows, with «; =YX y/g/, forall j=1,...,k. O

19 The more general case may be recovered in a standard way, by means of partition of unity.
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6.0.2. Proof of Theorem 4.11

As pointed out in Remark 4.12, the fact that the commutativity condition (VI) implies condi-
tion (I)—that is, C!-!-integrability—was, to a great extent, established in [13]. Let us just point
out that the main argument consists in the fact that, under hypothesis (VI), the map

< ! ik
@(q,tl,...,tk)=¢glo~~-o gk(q)
verifies

i (0] 19

o1 =gjoL. (19)
This is a consequence of the commutativity result established in [13]. Notice that, for every
g € U, @(g,-) can be defined on a ball B, centered in the origin of R¥ and having a suitable
radius r,. Moreover, (19) implies, in particular, that, for every g € U, (i) the map ®(q, -) is
of class C!, and (ii) the tangent space to the submanifold @ (g, Bq)20 at a point ¢’ coincides
with A,/

Let us show that (I) implies (IIT). Let A be a locally Lipschitz, completely C'-!-integrable,
distribution on M. Let f and g be locally Lipschitz vector fields belonging to A, and let
q € DIFF(f) N DIFF(g). Let (U, (x,y)) be a coordinate chart near g as in Definition 4.9.
In particular the vector fields h; = %, j=1,...,k, form a local frame defined on U. So,

by Lemma 6.2, there exist locally Lipschitz functions al,....af, b, ... b*:U — R such that

k k
.9 )
q) = J__—_ q) —= b]_
1@ E <o g(q) § ix,
j=1 j=1
for all g € U. Therefore

k ; .
_ abs o x~1 _ _ dal ox~! _ _ a
f8)@) =) (T(x@)a’(q) - T(x(q))bl(q))m,

ji=1

so, in particular, [ f, g](q) € A;. Since DIFF(f) N DIFF(g) is a full subset of M, (III) is proved.
The fact that (IT) is equivalent to (III) is a straightforward consequence of Proposition 2.13.
Moreover, it is clear that (IIT) implies (V). Let us prove that (V) implies (IIT). Let f, g be

vector fields belonging to A. Clearly, it is sufficient to show that for every open subset U C M

belonging to an open covering of M and for almost every g € DIFF(f) N DIFF(g) N U, one has

[f. gl(q) € Aq.

Let (U, z), {f1,..., fx} be a coordinate chart and a local frame of A on U, respectively. By
Lemma 6.2 there exist locally Lipschitz real maps al, ... ak, ,81 AU ,3" defined on U such that

k k
r=Y"alfi g=> Bl
j=1 j=1

20 T view of Proposition 1.3, this submanifold is of class cll,
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For every g € m’;: \(DIFF(f;) N DIFF (a/) N DIFF(B/)) one has

k

Lf. 8l =Y (/@B @) - Lfs. fill@)

jil=1
+ (@B’ @). £i@)) - fi@) — (B @[dd @), £i(@)) - /i(@).
By (V) we have [ f}, fil(g) € Ay, foralli, j =1,..., k. Therefore, we obtain
[f; gl(g) € Ay,

which yields the thesis, since m’;zl (DIFF(f;) N DIFF(a’) N DIFF(B7)) is a full subset of U.
Let us prove that (V) implies (VII). Let g , (U, z), and {f1, ..., fx} be, respectively, a point
of M, a coordinate chart near g, and a local frame for A defined on U 2 By Lemma 6.1 there

,,,,,

k
g =Y Bifi,
=1

one has that the set {g1, ..., gk} is a local frame of A verifying
(2, gj(q)) =" (20)
forall j,l=1,...,k and g € U. In particular, for every
k
gelU = ﬂ (DIFF(fj) N DIFF(,Bf))
jilr=1
one has
(d2',lgj, & 1(@) =0 VI, j,r=1,.. k. Q1)
On the other hand, since { f1, ..., fx} is almost everywhere involutive, there exists a full subset

U” C U’ such that, for every g € U” one has

k k
[g), 8-1(q) = [Zﬁﬁfz, Zﬂffm}

=1 m=1

k
= Y (B5@B"@ - Lfi. ful@) + B @dBs (@), fn (@) fi(g)
l,j,m,r=1
— B @dB (@), fi(@)) - fu(@)) € span{fi(q),.... fi(q)}
=span{g1(q)..... & (q)}. (22)

21 gf necessary, U have to be reduced to a smaller neighborhood of g.
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By (20)—(22), we get
lgj,&1(@) =0 VgeU".

Since U” is a full subset of U, (VII) is proved.

In order to prove that (VII) implies (V) it is sufficient to write the elements of a given local
frame { f1, ..., fkx} as linear combinations of the elements of a frame {g, ..., gk} whose elements
commute pairwise. Indeed, by Lemma 6.2, the corresponding coefficients are locally Lipschitz
function, so (V) follows by direct computation.

The equivalence of (IV) and (V) is a consequence of Proposition 2.13. The latter also implies
that (VI) is equivalent to (VII).

In order to prove the equivalence of conditions (VIII), (IX), (X), and (XI), let us begin by
recalling a basic result on the exterior algebra of a finite-dimensional vector space.

Lemma 6.3. Let h, k, n be non-negative integers such that 1 <h <k <n.Let W andV C W be
a n-dimensional, real, vector space, and a k-dimensional subspace, respectively. Let VT denote
the annihilator of V—i.e. the subspace of W* made of all forms w such that V C Ker v—, and
letw,...,0" * bea basis for V. Let us choose 6 € A", where A" denotes the vector space of
alternating h-linear forms on W. Then the following conditions are equivalent:

1) 6(v1,...,vp) =0 forall h-tuples (vi,...,vp) € vh,
(i1) There exist forms 01, ...,0,_j € A"V such that

=0 A + -+ Opp A

(iii) Ifwe sety =w' A -+ A", then
oAy =0.

The equivalence of conditions (IX) and (XI) is a straightforward consequence of Lemma 6.3.
Indeed, fora =1,...,n—kand g € ﬂg;ﬁ (DIFF(wP) N U), it is sufficient to set 6 = dw®(g) to
obtain that (9) holds true if and only if (10) is verified.

The equivalence of conditions (IX) and (VIII) is a consequence of Proposition 2.13.7

In order to establish that (XI) is equivalent to (X), let us observe that obvious arguments
including compactness and linearity imply that

(dwa A F)set = (da)a)set AT
Then the thesis follows from Proposition 2.13.

Let us prove that condition (IX) is equivalent to condition (V). For this purpose, it is clearly

enough to prove the following fact:

22 Notice that the set-valued section
1 1 1 n—k
g~ Ay(M)ANw (g)+ -+ Ag(M) Aw™ " (q)

is continuous and convex.
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Claim A. For every open subset U C M, every frame {f1,..., fx} of A on U, every frame

{wi,...,0" & of AT on U, there exists a full subset U’ such that for each
k n—k
geU" = ﬂ ﬂ (U' N DIFF(f,) N DIFF(of))
r=1p=1

the condition
Lfi, fillg)e A, Vi, j=1,...,k, (23)
is equivalent to
do(q) € Ay(M) Ao (g) + -+ Ay(M) A" (q) Ya=1,....n—k. (24)

In order to prove Claim A let us recall a basic result connecting Lie bracketing with exterior
differentiation:

Lemma 6.4. Let n, h be non-negative integers such that 1 < h < n. Let M be a n-dimensional
manifold and let w be a locally Lipschitz h-form on M. Moreover; let f1,..., fn+1 be locally
Lipschitz vector fields. Then, for each point q € ﬂf’;rll (DIFF(w) N DIFF(f;)) one has,

do(fi,..., frr1)(q)
At

==Y Dd(@fr, s fir oo i) @), fi@)
i=1

— D EOHo(lfis i) fioees fis o frn) (@) (25)

1<i<j<htl
In particular, for h = 1 one has
do(f1, f2)(q) ={d(«(2))@), /i) = {d(&(D) @), (@)= o(Lf1, f21)(@).
Remark 6.5. This result is usually formulated when all objects are of class C'. However, a direct
computation in a system of local coordinates shows that the above version—which concerns
points of common differentiability—holds true as well.
In view of Lemma 6.4, forevery g e U”, o =1,...,n —k,and i, j=1,...,k, one has
do® (fi, [1)(q) ={d(@*(f)) @), fi(@) = (d(e* (f))(@), fi(@)) — *(Lfi: fi1)(q). (26)

Since 0®(f;) = @*(f}) = 0 identically on U, this yields

do®(fi, f)(q@) = —o*([fis f11)(@)- 27

23 Here, the hat over an argument means that that argument is omitted.
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Hence (23) holds if and only if

do®(fi, fj)(q) =0.

Since this holds true for all « = 1,...,n —k and i, j = 1,...,k, by Lemma 6.3 we obtain
Claim A. This ends the proof that (IX) implies (V).

As a consequence of Proposition 2.13, conditions (XII) and (XIII) are equivalent. In order
to conclude the proof of Theorem 4.11 it is sufficient to establish that (XIII) is equivalent to
condition (IX). In turn, for this purpose it is clearly enough to prove the following claim:

ClaimB. Let U C M, {f1,..., fx}, and {a)l, e a)”fk} be, respectively, an open subset, a frame
of A on U, and a frame of A" on U. Then there exists a full subset U' C U such that, for every
i,j=1,....,k,a=1,...,n —k, and every

qeU" = n (U’ N DIFF(f,) N DIFF (o)),
r=1p=1
the condition
do®(q) € Ay(M) A" (g) + -+ AL (M) Ao (q) (28)
is equivalent to
Lj0%(q) < A (g). (29)

Similarly to what is usually done in the smooth case, we will exploit Lemma 6.7 below, which
establishes a relation between Lie derivatives of forms and exterior derivatives. In order to state
this result, let us recall the notion of interior product of a vector field and a differential form.

Definition 6.6. Let n, i be integers such that 4 < n, and let M be a n-dimensional manifold.
Let M’ C M be any subset, and let # and g be a h-form and a vector field, respectively, defined
on M’. The interior product of g and 0 is defined as the (h — 1)-form on M’ obtained by setting,
for any (h — 1)-tuple (X1, ..., X;_1) of vector fields (defined on M),

ig0(X1, ..., Xp—1)(q) =h0(g, X1,...., Xn-1)(q), YgeM'

Lemma 6.7. Let n, h, M, M’, 0, and g be as in Definition 6.6. Let us assume that M' = M and
that 6 and g are locally Lipschitz. Then, for every q € DIFF(g) N DIFF(0), one has**

Lgb(q) =igdb(q) +d(igh)(q).
In particular, if h = 1, one has, for every q € DIFF(g) N DIFF(0) and v € T, M,

(Lgb(q),v)=db(g(q).v)+(d(0, g)(q),v).

24 Like in the case of Lemma 6.4, the result stated in Lemma 6.7 is non-standard, for it concerns nonsmooth objects.
However no extra proof is required to establish it, as it can be checked by direct computation in a system of coordinates.
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In order to prove Claim B, it is now sufficient to identify 6 and g with »® and f;, respectively.
Since f; belongs to A and w* belongs to AT, this yields

(L1,0%(@).v) =do™(f;(a).v)

forall g € U”. Therefore (29) holds forall j =1, ..., k if and only if, for any pair (w, v) € (Aq)2,
one has

do*(w, v) =0.

By Lemma 6.3 this is equivalent to (28), so Claim B is proved. The proof of Theorem 4.11 is
concluded.
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