A NOTE ON GEOMETRIC PROPERTIES FOR CURRENTS
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1. INTRODUCTION

The celebrated Frobenius Theorem states the equivalence between the complete
integrability of a k-dimensional simple vectorfield &€ = 71 A... AT, € CH(R?; Ay (RY))
in R? — that is, the existence of a local foliation of R? by k-dimensional tangent
submanifolds of class C? — and the involutivity condition for &, that is

[T, Tn](2) € span{T(z) ..., x(x)} we€ RY, Vmyn=1,...,k,

where [-,-] denotes the Lie bracket (commutator) between vector fields in R%.

In this paper, we consider the following natural question: given a k-vectorfield
&, is it possible to generalize the Frobenius Theorem to k-dimensional surface of a
weaker type? In Section 4 we prove the following version of Frobenius Theorem for
integral currents, where we use the standard notation R = [3,£,0] to denote the
current R in R? defined by

Rw) = [ (@) £@)0@) art @), vwe R (REANRY)
for ¥ c R? a k-rectifiable set, & a k-vectorfield and € an integer multiplicity.

Theorem 1.1. Let £ = 7y A... ATy, be a k-dimensional simple vector field in R?,
with 11, ..., € CY(RY), and let R = [%,€,0] be a k-dimensional integral current
in R, Then, for every pair m,n=1,...,k and for every = in the closure of the set
of points of positive density of 3, one has

[T, Tn](2) € span{7 (x),...,(x)}.

The proof of Theorem 1.1 builds upon two results. The first one, which is
probably the main result of the paper, establishes an intuitive geometric property
for the boundary of an integral current.

Theorem 1.2. Let R be a k-dimensional integral current in R? and let € € €*(R%; Ay (R?))
be a continuous k-vectorfield which is tangent to R. Then, the orientation n(x) €
Aj_1(RY) of the boundary OR is a subspace of £(x) for % 1-almost every x in the
support of OR.

This result is studied in Section 3 and it is obtained by a blow-up technique.
The second main tool in the proof of Theorem 1.1 is the following Differential
Geometry result.

Lemma 1.3. If £ is a smooth non-involutive simple k-vectorfield, then there exists
a (k- 1)-form « with the following properties:
(i) (¢,da) #0 on a suitable open set;
(ii) if n is a simple (k—1)-vector field representing a linear subspace of £, then
{n,a) =0.
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The proof of Theorem 1.1 follows quite readily once Theorem 1.2 and Lemma
1.3 are available. Indeed, assuming by contradiction that £ is non-involutive and
representing OR = [X',7,6'], up to a localization argument one obtains

0= /E,<n,a>9’ dA"" = OR(a) = R(da) = /E (€,da)0d* +0.

Let us point out the Theorem 1.1 concerns only one of the two implications
in Frobenius Theorem. One might wonder whether the converse is true in the
following version: given a normal current T = £u, where p is a finite measure on
RY and ¢ € €1 (RY; A (R?)) is an involutive vectorfield, is it possible to “foliate”
T with a family of integral currents in a proper way (that is, without wasting any
mass)? This question was formulated in a broader version by F. Morgan who asked
in [1] whether, given a k-dimensional normal current 7" in R¢, it is possible to find
a family of integral currents (R)),., (where L is a suitable measure space) such
that

(i) T = [, RxdX;
(ii) M(T) = [, M(Rx)d\;
(ii) M(OT) = [, M(ORy) dA.

In Section 5 we study this problem and we show that the normal current 7' = £.£?
does not admit such a decomposition if £ is a non-involutive vectorfield. Indeed,
conditions (i) and (ii) imply that Ry = [2y,&, 0] for almost every A € L, thus
A-almost every Ry should violate Theorem 1.1.

2. NOTATION

In the following, we work with a fixed orthonormal basis {e;,...,eq} of R? and
a dual basis {dzy,...,dxq} such that

(ei;dz;) =045
A basis for the space of alternating vectors A, (R?) is given by
{eig, nooine, s 1<ip <. . <ip<d}.
Correspondingly, a basis for the space of alternating covectors A"(R?) is given by
{dasy A.ooday, s 1<y <. <ip <d} .

Definition 2.1. Given a h-covector w € A"(R9) and a k-vector v € A, (R?), with
h > k, the interior product is defined as

(;v 2w) = (D Av;w) Ve (RY).
Vice versa, if h < k, we can define
(VL w;d) = (v;wAd) Ve AF(RY).

Definition 2.2. Given a k-vector v € Ax(RY), we define the span of v as the
smallest linear subspace V of R? such that v € A, (V), that is

span(v):= [ V.
VcR? Ls.
velAr (V)
Sometimes, when we have v € Ax(R9), v’ € Ay (R?) and span(v’) c span(v), we
abbreviate v’ c v.
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Finally we recall the definition of the Lie bracket in a convenient coordinate
version.

Definition 2.3. Given a vectorfield X : U ¢ R? - R? of class €, we represent its
action on a smooth function f: U — R as X(f) = Vxf = (Vf; X) =3¢, ggX
If X =e; for some i € {1,...,d}, then we also write V;f = afl. Given two ¢'-
vectorfields X,Y : U — R? their Lie bracket is [X,Y]:= XY -Y X and [X,Y](f) =

VxVyf-VyVx/f. In coordinates

d
[Xay]h=<VYh,X) th7 Z
i=1

( 8Yh 0Xy,

-—Y;), ith h=1,...,d.
ox; ox; ) A

3. GEOMETRIC STRUCTURE OF THE BOUNDARY

Definition 3.1. Given a k-dimensional normal current 7" = {u, with orientation
¢ € C(R% Ap(R?)) and p Radon measure in R, and its boundary 97 = nu’, with
orientation 7 and p’ Radon measure in R?, we say that 7" has the geometric boundary
property if

(3.1) spann(x) cspané(x) p'-ae. .

Remark 3.2. If £ is a simple vectorfield, then the geometric boundary property is
equivalent to the existence, p/-a.e. x, of a w e A*(R?) such that

(3.2) 1) =€) L.
In general, (3.2) is stronger than (3.1).

Remark 3.3. The geometric boundary property does not hold for every normal
current 7. For instance, if T = £.2¢, where ¢ is a compactly supported non-
involutive vectorfield in the sense of Theorem 4.2 below, then 0T has orientation
divé and the geometric boundary property does not hold.

Theorem 3.4. Let & be a continuous k-dimensional vectorfield on R? and let R =
[2,£,0] be a k-dimensional integral current, then T has the geometric boundary
property.

The proof of Theorem 3.4 is based on the blow up technique and can be essentially
split in two parts:

(1) for an integral current R with boundary OR = [X',7,6'] it is possible to
do a blow up at % -a.e. point of ¥’ and this blow up commutes with
the boundary;

(2) if zo € X' is one of the points where we could perform such a blow up and
&(xg) is the constant orientation of the blown up current and 7n(z¢) is the
constant orientation of the blow up of the boundary of the current, then
spann(xg) c spané(xg), because

ORo L v(p) =0Ro(v) =—Ro(v Adp) =—RoLv(dp) =0

for every v e AY(R?) such that &(xp) L v = 0.
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4. FROBENIUS-TYPE RESULT FOR INTEGRAL CURRENTS

One of the most important theorems in Differential Geometry fully answers
to this question: under which conditions a given k-dimensional simple vectorfield
E=TI A AT € T (RY AL(RY)) represents the tangent vectorfield of a smooth
manifold M?

Definition 4.1. A k-dimensional simple vectorfield £ = 7y A.. . ATk, with 7q,..., 7 €
(R AL (RY)), is integrable if, for every point zo € R, there exist an open neigh-
borhood U 3 xy and a k-dimensional submanifold M > zg such that

T, M =span{m (x),...,(x)}

for every z € Un M. We will say that £ is completely integrable if, for every zy € R,
there exist an open neighborhood U 3 2 and a €?-function! F : U - R%* such that
its level sets {F' = p} are k-submanifolds with span {1,..., 7} as tangent space.

Roughly speaking, a completely integrable vectorfield is a tangent field for a local
foliation of R? in €2-submanifolds. Obviously, a completely integrable vectorfield
is integrable.

The proof of the following theorem characterizing integrable vectorfields can be
found in [4] or in any other book about the basics of smooth manifolds.

Theorem 4.2 (Frobenius Theorem). A k-dimensional simple vectorfield & = 11 A
AT, with T, .., T € EHRY AR (RY)), is completely integrable if and only if

(4.1) [T, Tn](2) € span {m (z),..., ()}
for every x € R and for every m,n=1,...,k.
Let us remark that condition (4.1) does not depend on the choice of 71,. .., 7,

but only on their product & =74 A ... A T.

Definition 4.3. Consider a k-dimensional simple vectorfield £ =7y A ... AT, such
that 71,..., 7 € €1 (R% Ax(R?)). We say that ¢ is involutive? if (4.1) holds.

Lemma 4.4. Given a non-involutive simple k-vectorfield & = 71 A ... A T, with
1., Tk € €H(RY AR (R)), there exist an open subset U c R and a (k —1)-form
a such that we have

(4.2) (&(x),da(z)) +0 VeeU
and
(4.3) (n(x),a(x))=0 VazeR?

whenever n(x) is a simple (k- 1)-vectorfield representing a linear subspace of £(x).

Consider a non-involutive k-vectorfield ¢ in R?, as above. We may wonder if the
non-involutivity property is strong enough to prevent not only the existence of a
surface with tangent field £, but also the existence of an integral current with such

IFrom this perspective, it is clear that this problem and the problem of the existence of a
potential F: U ¢ R - R for a given map f : U — R?%, with VF = f, are related and we refer to
them as integrability problems.

2Actually, a more general definition of involutivity can be given, after noticing that divé A7y, A
Tn = (=1)*"Y€ A [Tm, Tn]. Indeed, one can say that € = 71 A ... A 7 is involutive if and only if
div€E A T ATp, =0 for every m,n = 1,...,d. This definition applies when 71,...,7; are barely
continuous, provided div¢ is a measure.
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a tangent field. The answer is affirmative, as we state in Theorem 4.5. We begin
with the key theorem.

Theorem 4.5. Let £ = 7 A... AT}, be a k-dimensional simple vectorfield on R?,

with 11,..., 7. € €Y (RY), and let T € S (R?) be a k-dimensional integral current
with R =[X,&,60], then

(4.4) [T, Tn](z) € span {7 (z), ..., 7 ()}

for every pair m,n =1,...,k and for every x in the closure of the set of points of

positive density of %.

Proof. Choose a (k —1)-form « satisfying (4.2) and (4.3) of Lemma 4.4 for some
open set U c R%. Therefore,

0+ (TLU:da) = (dTLU:q),
because of (4.2). But then Theorem 3.4 and condition (4.3) imply
(0T LU;a)=0

and this is a contradiction. O

5. DECOMPOSITION OF NORMAL CURRENTS

An interesting problem in the theory of currents concerns the decomposition of
a normal current by means of a family of integral currents. This problem firstly
appeared in [1], formulated by F. Morgan. More precisely, given a normal current
T € Ng(R?), we ask whether there exists a family of integral currents (Ry)y.;,
where L is a suitable measure space, such that

(i) T = [, RxdA, ie., for every w e 2%(R?), we can write

T(@) = [ Ra@)di;

(ii) M(T) = [, M(Ry)d\;

(ii) M(OT) = [, M(ORy) dA.
Condition (ii) and (iii) express the requirement of a decomposition where no mass is
wasted. In the analysis below, we will discuss also weaker versions of the problem:
we can drop condition (iii), and we can also change the type of “decomposing”
currents, saying we are satisfied with a family of rectifiable currents, instead of
the family of integral ones. We agree that, when we do not specify the type of
currents to which the “decomposing” family belongs, we will always be looking for
a decomposition into integral currents; otherwise, we will always specify the type
of the decomposing currents.

Let us briefly sketch the state of the art for this problem.

(1) When the dimension of the normal current is 1, it is known that there
exists a decomposition satisfying (i) and (ii): see Proposition 4.4 in [5]
and [8] or [7] for the proof (while a decomposition satisfying (i), (ii) and
(iii) may not always exist).

(2) In the special case of codimension 1 with an integer rectifiable bounda-
ry, there exists a decomposition satisfying (i), (ii) and (iii), thanks to an
observation by M. Zworski in [9]. The core of this argument is the Hardt-
Pitts decomposition proved in [3].

Moreover, one can prove the following theorems.
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Theorem 5.1. When the codimension of the normal current is 1, there exists a
decomposition in rectifiable currents satisfying (i) and (ii).

Theorem 5.2. If T = £p is a k-dimensional normal current and & € C1(Ax(R?))
is involutive, then there exists a decomposition in rectifiable currents satisfying (i),
(ii) and (iii).

The existence of a decomposition for normal currents under suitable assumptions
is an isolated result. Indeed, in general the search for a decomposition by means
of integral currents is actually too strong: we claim that any normal current of
the form £.2¢ cannot be decomposed into integral currents satisfying (i) and (ii),
provided £ is non-involutive. This claim follows from Lemma 5.3 and Theorem 4.5.

In [9], M. Zworski exhibited this very same counterexample, claiming that, in
general, a normal current has no decomposition satisfying (i) and (ii), even if we
allow the decomposing currents to be rectifiable only. However the proof in [9] does
not work, as pointed out by Alberti (see Section 4.5 of [6]). There is a gap in the
argument, possibly due to a misunderstanding when referring to the Federer Flat-
ness Theorem 4.1.15 in [2]. We propose the same counterexample for the problem
of decomposing a normal current with a family of integral currents satisfying (i)
and (ii) (at page 66) and the results we got in Section 4 fill the aforementioned gap.

Lemma 5.3. Consider a vector-valued measure p = &|p|, where
£ e ¢ (R% AL(RY))
is a smooth k-vectorfield and assume that

(1) = [; prdX, where (L, \) is a measure space;
(i) lul = [z lualdr.
Then, for X-a.e. uy, we have that

px = Elpal -

Theorem 5.4. Consider the normal current T = ££% € Ny(R?) given by the
smooth non-involutive vectorfield & € €°° (R% A, (R?)). Then there exist no measure

space L and no family of integral currents (Ry),., such that (i) and (i) at page 66
hold.

The proof of this theorem is a consequence of Lemma 5.3 and Theorem 4.5.
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