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Abstract: We consider the structure of divergence-free vector measures on the plane. We show that such
measures can be decomposed into measures induced by closed simple curves. More generally, we show that if
the divergence of a planar vector-valued measure is a signed measure, then the vector-valued measure can be
decomposed into measures induced by simple curves (not necessarily closed). As an application we general-
ize certain rigidity properties of divergence-free vector fields to vector-valued measures. Namely, we show that
if a locally finite vector-valued measure has zero divergence, vanishes in the lower half-space and the normal
component of the unit tangent vector of the measure is bounded from below (in the upper half-plane), then
the measure is identically zero.
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1 Introduction

In this paper we study the structure of vector-valued Borel measures u solving the equation
divu=p (1.1)

in the sense of distribution on R4, where d > 1 and p is a given (R-valued) Borel measure on R4, Many equa-
tions of the mathematical physics can be written in the form of (1.1), for instance the continuity equation.
A simple (but important) example of a measure satisfying (1.1) is a measure M, induced by a Lipschitz curve
y: [0,1] — R4, which is defined (via Riesz—Markov-Kakutani Theorem) by

1
(m,, @) = J D-dp, := j Oy(t) -y'(t)dt forall ® e Co(RY; RY).
R4 0

Here Co(R%; RY) is the closure of the set of compactly supported continuous functions C, (RY; RY) with respect
to the uniform norm. It is easy to see that H, solves (1.1) with p := 8y(0) — 6y(1), where §, with x € R4 denotes
the Dirac measure concentrated at x.

Clearly every finite linear combination of measures of the form p,, still solves (1.1). More generally, let
T := Lip([0, 1]; R?) denote the space of all Lipschitz functions f: [0, 1] —» R?, endowed with the sup-norm.
Let . (X; RY) denote the set of R%-valued Borel measures on a topological space X (for d = 1 we will simply
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write .# (X) := .#(X; R) and .#,(X) for the set of non-negative Borel measures). Let |u| denote the total vari-
ation of p € .#(R%; RY) and recall that [u| := [u|(R?) is a norm on .#(R%; RY). Suppose that n € ., (T) is
such that fr I yyll dn(y) < oco. Then using Fubini’s Theorem one can show that the measure

M= Juy dn(y),
r

which is defined by
(4, @) = J(py, @) dn(y) forall ® e Co(R%;RY,
T

solves (1.1) with
p= J(5y(0) - 6yn)) dn(y)
r

(which is defined similarly). Therefore a natural question is whether the converse implication holds true, i.e. if
any solution p € .7 (R%; RY) of (1.1) (with some p € .#(R9)) can be written as jr py dn(y) forsomen € .#.(T).

Decompositions of this kind were used in [20] in order to derive the so-called superposition principle for
the measure-valued solutions of the continuity equation (which was proved in [2, Theorem 12] for Euclidean
spaces). In turn, such a superposition principle was used in [5] in order to obtain certain uniqueness results
for solutions of the continuity equation. The main result of the present paper can be stated as follows:

Main Theorem. Letd = 2. Suppose that p € .#(R%) and p € .# (R?; R?) solve equation (1.1). Then there exists
n € #+(T') such that

u= | mano. (1.22)
T

Iul = J lu, 1 dn(y), (1.2b)
T

dival = [Idivp,| dn(y) (1.2)
T

and for n-a.e.y € I there exists y € I which is injective on [0, 1) such that p,, = p;.

For d > 2 in general such a decomposition is not possible due to examples provided in the celebrated paper
[19] (in particular, one can consider pu associated with an irrational winding of a torus). However in [19] it
was proved that for any d > 2 the measure u can be decomposed into the so-called elementary solenoids in
such a way that (1.2) hold. Recently this decomposition result was generalized for metric spaces in [15, 16].
Note that for d > 2 the set of elementary solenoids is strictly larger than the set of measures induced by
Lipschitz curves. However, by the Main Theorem, all elementary solenoids are induced by Lipschitz curves
in the case d = 2.

Following [15], @ € .#(R%; RY) will be called a cycle of pif dive = 0 and |u|| = || - @] + | @]. Moreover,
u will be called acyclic is @ = 0 is the only cycle of u. It is known [15, 19] that any measure p € .7 (R%; R9)
can be decomposed into cyclic and acyclic parts (see e.g. [15, Proposition 3.8]):

Theorem 1.1. For any p € .#(R4; R?) there exists a cycle o of u such that p — @ is acyclic.

A curve y € T will be called simple if y is injective on [0, 1). The acyclic part of u solving (1.1) can be decom-
posed into measures induced by simple Lipschitz curves (see e.g. [15, Theorem 5.1]):

Theorem 1.2. If uis acyclic, then there exists n € .#(T') such that (1.2a)—(1.2c) hold and for n-a.e.y € T there
exists simple y € T such that p,, = p;.

In view of Theorems 1.1 and 1.2 it is sufficient to prove the Main Theorem for p = 0. We provide two differ-
ent proofs of this result. Both proofs are based on a weak version of Poincaré Lemma: every divergence-free
measure p in R? can be represented as p = V*f, where V* = (-0, 1) and f: R> — R is a locally integrable
“potential” function with finite total variation.
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The first proof (inspired by a remark in [19]) exploits functional analytic tools and relies on Choquet’s
Theorem (see e.g. [17]), in view of which it suffices to characterize the extreme points of the unit ball in the
space of divergence-free measures. Using the weak version of Poincaré Lemma mentioned above, we construct
a certain space of functions with finite total variation, denoted by FV(IR?), which is isometrically isomorphic
(via the mapping V+) to the space of divergence-free measures. Then it remains to characterize the extreme
points of the unit ball in FV(IR?). In order to do this we apply the Coarea Formula and a fine analysis of sets
of finite perimeter using the techniques from [1]. Eventually we show that the extreme points of the unit ball
in FV(IR?) are (normalized) characteristic functions of simple sets (see Definition 2.9 and Definition 2.13).
Using the results from [1] and [6], we show that the divergence-free measures associated to extreme points
are induced by closed simple Lipschitz curves.

In the second proof of the Main Theorem we construct the appropriate measure n directly. First we decom-
pose the “potential” f of u into a countable family of monotone functions fj € FV(IR?) using a modification
of the result from [7] (Which we prove in the Appendix). Then we construct the desired measure 7 for each
component fy directly using the Coarea Formula and ultimately construct 7 as the sum of 1. An advantage
of this approach is that it provides a more detailed description of the measure 1 in view of monotonicity of f.

1.1 Applications to rigidity properties of vector-measures

As an application of our decomposition of vector-measures into measures induced by curves, we establish
a certain rigidity property for vector-valued measures (extending one of the results from [13]). Let .#oc(R%)
denote the space of locally finite Borel measures on RY. Rigidity properties were introduced in the paper [13]
to study fine properties of the trace (in the Anzellotti’s sense [4]) of bounded, divergence-free vector fields
on a class of rectifiable sets. Here we consider the following generalization of [13, Definition 1.1]: recall
that, given pu € .Z4,c(R%; R?), by polar decomposition (see e.g. [3, Corollary 1.29]) there exists a unique
7 e L (Jjul; RY) with [7(x)| = 1 for |pu|-a.e. x € R? such that u = |p].

loc

Definition 1.3. Let.Z c .#joc(R?; RY). We say that the linear rigidity property holds for .7 if for any ¢ > 0 and
for any v € % such that

1) v(x=(x1,...,xq) e R?: x4 <0}) =0,

(ii) divv = 0 in the distributional sense,

(iii) T4(x) = c|T(x)| for |v|-a.e. x € RY,

one has that v = 0.

For .7 consisting of locally finite vector measures which are absolutely continuous with respect to Lebesgue
measure (and have uniformly bounded density) the linear rigidity property was established in [13, Theo-
rem 1.2]. Using the decomposition of vector measure into measures induced by curves, we can prove the
following result, which holds true in every dimension:

Theorem 1.4. For any d € NN, the linear rigidity property holds for F = #joc(R%; R?).

2 Preliminaries and notation

In this section, we collect some useful and preliminary results and we set some notations that will be used
throughout the paper.

2.1 General notation

The d-dimensional Euclidean space will be denoted by R¢, with d > 1. Usually, Q c R? stands for a generic
open set. The indicator (also characteristic) function of a set A is denoted by 1, and the complement by A°€.
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The Lebesgue measure on R? will be .4 while the k-dimensional Hausdorff measure, for k < d, will be X,
If (X, || - ||) is a normed space, we will denote by B)l‘ the closed unit ball with center 0 and radius 1, i.e.

BY :={xeX:|x| <1}

If U c X, the notation U will denote the closure of U.

If u is a measure, the restriction of u to some measurable subset A is p_4. The space of p-integrable func-
tions (resp. locally p-integrable functions) on Q will be denoted in the usual way by LP(Q) (resp. Lf oc(Q)), for
1 < p < +o0, and the symbol | - ||, will stand for the usual norm in the former space.

If X is a topological space, then .7 (X; RY) will denote the set of R%-valued Borel measures on X. Ford = 1
let .#(X) := .#(X; R) and let .#, (X) denote the set of [0, +oco]-valued Borel measures. For any u € .Z(X; RY)
let |u| € .#.(X) denote the associated total variation measure. Recall that

Ipl.z == |pl(X)

is a norm on .#(X; R?) with respect to which this space is complete (see e.g. [8]).

If X is a locally compact and separable metric space, then .# (X; R?) can be identified (by Riesz—Markov—
Kakutani Theorem) with the dual of Co(R%; RY), where Co(R%;RY) is the closure of the set of compactly
supported continuous functions C.(R%; R?) with respect to the uniform norm. By default in this case we will
endow .7 (X; RY) with the weak-x= topology. Note that the total variation norm on .7 (X; RY) coincides with
the norm induced by duality with Co(X; R?) (see e.g. [3, Theorem 1.54]).

Recall also the definition of push-forward of a measure y on some space X through a Borelmapf: X — Y:
we denote by fsu the measure on Y defined by (fau)(A4) := u(f~1(A)) for any Borel set A ¢ Y. It is well known
that the measure f3u satisfies the following equality for every bounded Borel function ¢p: ¥ — R:

[ 00 ane = [ 90 dg.
X Y
The divergence of a vector-valued measure p € .# (R%; RY) is understood in the sense of distributions, i.e.

(divp, ¢y = — J V() dux) forall ¢ € CO(RY).

R4

2.2 BV functions, perimeters, tangents

Let Q ¢ R9 be an open set.

Definition 2.1 (BV functions, [3, Definition 3.1]). We say thata function u € L1(Q) has bounded variationin Q
if the distributional derivative of u is representable by a finite Radon measure in Q, i.e.

J u% dx = - I ¢d(D;u) forevery ¢ € C2°(Q)andforeveryi=1,...,d
! Q
for some R9-valued vector measure (D1, .. ., Dqu) in Q. The space of functions of bounded variation in Q
is denoted by BV(Q).

The space BV(Q) is a normed space under the norm

lullgv := llully + |Dull.z-

Definition 2.2 (Variation, [3, Definition 3.4]). Letu ¢ Llloc(Q). The variation V(u, Q) of u in Q is defined by

V(u, Q) :=sup { I u(x)divegp(x)dx : ¢ € C2°(Q;1Rd), lPlloo < 1}.
Q
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The variation enjoys several properties (see e.g. [3, Remark 3.5]): the map u — V(u, Q) is Ls.c. in the
Llloc(Q)-topology. On the other hand, for fixed u € L}OC(Q), it is possible to define V(u, A) for any open
set A ¢ Q and then, via the Carathéodory construction, extend V(u,-) to a Borel measure that will still
be denoted by V(u, -). Such measure has finite total variation in Q if and only if u € BV(Q) and in this case
V(u, Q) = |Dul(Q) (see [3, Proposition 3.6]). For simplicity, we will simply write V(u) to denote the variation
in the full space V(u, R9).

We recall that, as for Sobolev spaces, BV functions enjoy some higher integrability properties: these are

usually expressed via embedding theorems. For our purposes, the following general result will be needed.

Theorem 2.3 (BV embeddings, [3, Theorem 3.47]). Let d > 1. Then for any function u € Llloc(IRd) satisfying
V(u) < oo there exists a unique constant m € R such that

lu - m"Ll*(]Rd) < yV(u)
for some universal constant y = y(d), where

L, d>1
1% = «ld—l g (2.1)
d=1.

>

8

If u € LY(RY), then m = 0, u € BV(RY) and hence one has |u] L ey < yYV(u). In particular, the embedding
BV(RY) — L1"(R?) is continuous.

Definition 2.4 (Sets of finite perimeter, [3, Definition 3.35]). A Lebesgue measurable set E ¢ R9 is said to be
of finite perimeter in Q c R if the variation of 1 in Q is finite and the perimeter of E in Q is

P(E, Q) := V(1g, Q).

We recall also the Coarea Formula for functions of bounded variation (see [3, Theorem 3.40]): for any function
u € L1(Q) it holds

V(u, Q) := IP({X €Q:u(x) > f)dt,
R
where the equality is understood in the sense that the right-hand side is finite if and only if the left-hand side
is finite and in this case their values coincide and u € BV(Q).

We also recall the isoperimetric inequality, see [3, Theorem 3.46]: for any set E C R4, d > 1, of finite
perimeter either E or R \ E has finite Lebesgue measure and there exists a universal constant ¢ = c(d) such
that

min{Z4(E), 24(R9 \ E)} < c(d)P(E)7=. (2.2)

We now recall the definition of approximate tangent space to a rectifiable set. Let k ¢ N with k > 1. If p is
a Radon measure on R? and E ¢ R¥ is a Borel set, we define, for x € R and r > 0,

y—-Xx
.

Mx,r(E) := (Dx,)#U(E), where Dy (y) :=

If M is a locally .#’X-rectifiable set, then we define the approximate tangent space to M at x, denoted by
Tan(M, x), to be the set of limit points of the measures r %y, , as r | 0 in the weak-* topology. It is possi-
ble to prove (see, e.g. [14, Theorem 10.2]) that for #*-a.e. x € M there exists a unique k-plane 7, such that
Tan(M, x) = {7k L.} We further emphasize that the approximate tangent space to a smooth set is related to
the ordinary tangent space, in the sense of differential geometry. More precisely, we have the following:

Proposition 2.5 ([3, Proposition 2.88]). Let ¢ : RK — R4 be a one-to-one Lipschitz function and let D c RK be
an £*-measurable set. Then E = ®(D) satisfies

Tan(E, x) = {fkadd)drl(x)(]Rk)} for #*-a.e.x € E,

where d¢ is the usual differential of ¢.
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2.3 Fine properties of sets of finite perimeter

Given a Lebesgue measurable set E ¢ RY, we define the upper/lower densities at x by

Z4(E n B, (x)) Z%4E n B,(x))

D(E, x) := limsup » DE ) :=lminf =27 27
r

-0 Z4B;(x)

bl

and D(E, x) denotes the common value of D(E, x) and D(E, x) whenever they are equal. In particular, we will
denote by EY, for t € [0, 1], the set of points of density ¢

El:={xeRY: D(E, x) =t}.
The essential exterior of E is E° and the essential interior of E is E*. Ultimately, the essential boundary of E
is
O°E := RY\ (E° U EY).
Following [3, Definition 3.54], we define the reduced boundary of a set E ¢ R to be the set of points

x € supp |[D1g| such that the limit
V() = lim 2LEBr00).
rlo |D1gl(Br(x))

exists in R? and satisfies |vg(x)| = 1. We denote by FE the reduced boundary and the function vg: FE — §d-1
is called generalized inner normal to E.
The celebrated De Giorgi’s Theorem can thus be stated as follows:

Theorem 2.6 (De Giorgi, [3, Theorem 3.59)). Let E be a Lebesgue measurable subset of R? of finite perimeter
in R4, Then FE is countably (d — 1)-rectifiable and |D1g| = #%1_s5. In addition, the approximate tangent
space to E at x coincide with the orthogonal hyperplane to v (x) for % -a.e. x € FE, i.e.

Tan(FE, x) = vg(x).

The link between the reduced boundary, the essential boundary and the set of points of density % is aremark-
able theorem, due to Federer (see [3, Theorem 3.61]):

Theorem 2.7 (Federer). IfE c R has finite perimeter, then
FE c E? ¢ 0°F
and #7941 (3°E\ E2) = 0.

In particular, if E ¢ RY has finite perimeter, then #9-1(E2) = #91(FE) < co. However it is known (see e.g.
[12, Theorem 6 (2)]) that the condition #4~1(E?) < oo is not sufficient for E ¢ R to have finite perimeter.

Remark 2.8. Taking into account De Giorgi’s Theorem 2.6, we can write the Coarea Formula for a function
u € BV(RY) in the following way (see e.g. [3, Formula (3.63)]:

\Dul(B) = J%d-l(aE{u >t} B)dt for every Borel set B ¢ RY, 2.3)
R

2.4 Indecomposable and simple sets

From [1] we recall the following definitions.

Definition 2.9 (Decomposable and indecomposable sets). A measurable set E ¢ R? of finite perimeter is
called decomposable if there exist two measurable sets A, B ¢ R? with strictly positive measure such that
E=AuUB,AnB=0and P(E) = P(A) + P(B). A set E which is not decomposable is called indecomposable.

The following theorem shows that any set with finite perimeter can be decomposed into at most countably
many indecomposable sets [1, Theorem 1].
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Theorem 2.10 (Decomposition Theorem). Let E be a set with finite perimeter in R9. Then there exists a unique
(up to permutations) at most countable family of pairwise disjoint indecomposable sets {E;}ic; such that
S4E) >0, E = Uier Ei and P(E) = Y; P(E;). Moreover, for any indecomposable F < E with ZYUF) > 0 there
exists a unique j € I such that LAUF\ Ej) =0.

Definition 2.11. The sets E; defined above are called the M-connected components of E. The set {E;}ics is
denoted by eeM (E), without loss of generality I < {0,1,2,...}and 0 € I.

By Theorem 2.10 the M-connected components of E are maximal in the following sense: any indecompos-
able F ¢ E with #4(F) > 0 is contained in exactly one of the M-connected components of E, up to Lebesgue
negligible subsets. We refer the reader to [1] for a comparison between indecomposability and the topological
notion of connectedness.

The statement of Decomposition Theorem can be slightly strengthened with the following simple result
from [1, Proposition 3] (see also [1, equation (10), Remark 1]):

Proposition 2.12. Let E ¢ R9 be a set with finite perimeter. Let CCM(E) = {E;}ic1, where I is at most countable.
Then P(Uiehu]2 Ei) = P(Uid1 E;) + P(Uie]Z Ey)for any disjoint sets 11,1, < I.

Definition 2.13 (Holes, saturation, simple sets). Let E be an indecomposable set. Any M-connected compo-
nent of R? \ E with finite measure is called a hole of E. The saturation sat(E) of E is defined as union of E and
all its holes. The set E is called saturated if sat(E) = E. Any indecomposable saturated subset of R? is called
simple.

Observe that simple sets are necessarily of finite perimeter; for d > 1, the only simple set E with #4(E) = co
is E = R%.

2.5 Further facts on indecomposable and simple sets
We finally collect in this paragraph some useful, different characterization of indecomposable and of simple
sets. We begin by considering indecomposable sets and we present a lemma which will be useful later.
Lemma 2.14. Let F c E c R? be two sets of finite perimeter. Then

0°F ¢ 0°Emod 7% = "1 (0°FnEY) = 0. (2.4)
Furthermore, if E is indecomposable and one (hence both) of (2.4) holds true, then #%(F) = 0 or Z4(E\ F) = 0.

Proof. Let us show first the equivalence. First notice that from F c E, together with the monotonicity of the
Lebesgue measure, we deduce E° c F°. Hence, the following equalities hold modulo s#4-1:

°F = (0°FNEY) U (0°F N E®) U (0°F N 9%E) = (0°F N E) U (9°F N 9°E). (2.5)
From (2.5) we easily get the equivalence: on the one hand, if 9¢F ¢ 0¢E, then we must have
(0°FNEY) U (3°F N 9°E) = 0°F ¢ 9°E mod 7?1

and therefore the only possibility is that .#4"1(9¢F n E') = 0. Viceversa, if 7#4"1(0¢F n E') = 0, from (2.5)
we get
O°F = (0°F N EY) U (3°F N 9%E) = (°F N 9°E) ¢ O°E mod #91,

which is what we wanted. Let us now turn to prove that there are no non-trivial subsets F c E satisfying
conditions (2.4) if E is indecomposable. Let F < E be a set of finite perimeter with 0¢F ¢ 0¢E mod #4 1,
Then it is easy to check that

0°(E\ F) c 0°E\ 0°F mod #9471, (2.6)
Let us show (2.6): on the one hand, it is clear that 0¢(E \ F) c 0°E. On the other hand, we show that

#91(98(E\ F)n 0°F) = 0.
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Indeed, 79 1-a.e. x € 0°(E\ F) satisfies D(E \ F,x) = by De Giorgi-Federer’s Theorem 2.7. Similarly,
A% 1-a.e. x € 0°F satisfies D(F, x) = 1: thus, for 7#41-a.e. x € (0°(E \ F) n 9°F) we have

1 1
D(E,x):D(F,x)+D(E\F,x)=5+5=1,

which contradicts the fact that 0¢(E \ F) N 0¢F ¢ 0°E. Having shown (2.6), we get, taking Hausdorff measure
of both sides,
A TOCE\ F) < AT (0°E \ 0°F) = % (9°E) - 71 (9°F)

or equivalently
P(E\F) + P(F) < P(E).

The other inequality is trivial by subadditivity of the perimeter, hence
P(E\F) + P(F) = P(E),
which implies the desired conclusion, being E indecomposable. O

Proposition 2.15 (Dolzmann-Miiller). A set E c R? of finite perimeter is indecomposable if and only if for any
u € BVioc(RY) with V(u) < oo the following implication holds true:

[Dul(E’) =0 < 3ceR: :u(x)=cforae. xcE.

Proof. Let E be indecomposable and u € BVio.(R9) a function with [Du|(E) = 0. Set v := ulg € BVioc(RY)
and observe that, by Coarea Formula (2.3), we have

\DVI(Ey) = J 910 (u > £} 0 E) N EY) dt < J 91(9%u = £} U O°E) n EY) dt,
R R

where we have used the elementary inclusion 0¢({u > t} N E) c 0¢{u > t} U 9°E. Taking into account that
0°E n E' = ¢, we can continue the above chain of inequalities as follows:

IDVI(Ey) < J%d—l(ae{u > £} UO°E) N EY) dt = J;ﬁd-l(ae{u >t} nEY)dt = |Dul(EY) = 0
R R
by the Coarea Formula applied on u. Thus we have #TL°(fu >t} NnE)nEY) = 0 for a.e. t € R. Now we
apply Lemma 2.14 to F := {u > t} N E ¢ E: since E is indecomposable, we deduce

u=>tnE)=0 or 2% u<tnE)=0

for a.e. t € R, which is easily seen to be equivalent to u being constant in E. O

Concerning simple sets, we want to prove that simplicity for a set E with |E| < co is equivalent to indecom-
posability both of E and of E€. We need the following preliminary:

Lemma 2.16. LetE c RY, d > 1, be a set of finite perimeter and assume L4E) = +00. Let CCM(E) = {E;}ie1 be
the family of its indecomposable components. Then there exists a unique j € I such that #%(E ;) = +00.

Proof. The statement is a consequence of the convergence of the series Y;.; P(E;) and of the isoperimetric
inequality. Indeed, by contradiction, let us assume that for every i € I it holds .¥ 4(E;) < 0o. In particular, for
every i € I it has to be #4(R? \ E;) = +co and hence, by the isoperimetric inequality we would get

24E) = 24| JE:) < ¥ #E) < Ca Y PE:) < CaP(E) < o,
iel iel iel
which is absurd. Hence there must exist at least one element j € I such that .Z4(E i) = +0o. Let us now prove

the uniqueness of j: assume that there exists ji, j, € I such that i (Ej,) = .Zd(E,-Z) = +00. Since

P(Ej,) + P(Ej,) < ) P(E;) = P(E) < +0o,

iel
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we have that P(Ej,) < co and P(Ej,) < oco. Furthermore, by the definition of indecomposable components the
sets Ej, and Ej, are (essentially) disjoint, i.e. Ej, N Ej, =  mod .#“. In particular, we deduce that

Ej, CE = +oco=2%E},) < LUES)

o) ffd(E,-l) =1 (Efl) = +00, which is a contradiction with the fact that P(Ej,) < co (and the isoperimetric
inequality). Thus j € I has to be unique and the proposition is proved. O

We are now ready to present the following characterization of simple sets:

Proposition 2.17. LetE c RY,d > 1, beaset with finite positive measure, #4(E) € (0, +00). The set E is simple
if and only if E and E€ are indecomposable.

Proof. Assume that E is simple. Then it is clearly indecomposable; thus it is sufficient to show that E€ is inde-
composable. Since .Z4(E) € (0, +00), we have |E€| = +c0. Letting CCM(EC) := {U;}ic; be the indecomposable
components of E¢, by Lemma 2.16 there exists one and only one j € I such that ¢ (Uj) = +o00. Soif §I > 1,
the other components {U;}ixj of E° must have finite measure, i.e. they are holes of E. This contradicts the
simplicity of the set E: hence $I = 1 and E€ is thus indecomposable.

To prove the converse, let us now assume that #4(E) € (0, +00) and both E and E€ are indecomposable
and we want to prove that E has no holes. By definition a hole of E is a indecomposable component of E€ of
finite measure. Being indecomposable, E€ has a unique indecomposable component, which coincides with
itself. But #4(E€) = oo since E has finite measure, and this implies that E has no holes, hence it is simple. [

Remark 2.18. The necessary condition in Proposition 2.17 holds even if £4(E) = +oo if d > 1: indeed, as
already observed, if E is simple and S4(E) = +c0, then E = RY, hence the claim is trivial, being the empty set
indecomposable.

2.6 Jordan curves in IR?

In this subsection we collect some results about Jordan curves in the plane R?2.

Definition 2.19. A set C ¢ R? is called a Jordan curve if C = y([a, b]) for some a, b € R (with a < b) and some
continuous map y: [a, b] — RR?, one-to-one on [a, b) and such that y(a) = y(b).

Remark 2.20. If s#(C) < oo, then y can be chosen in such a way that it is Lipschitz (see [1, Lemma 3]), and
in this case I' is called a rectifiable Jordan curve.

Without any loss of generality, when dealing with Jordan curves, we will always suppose [a, b] = [0, 1]. The
following result, borrowed from [1], will play a crucial role in the paper.

Theorem 2.21 ([1, Theorem 7]). Let E < R? be a simple set with .Z?(E) € (0, +00). Then E is essentially
bounded and 0°E is equivalent, up to an '-negligible set, to a rectifiable Jordan curve. Conversely, int(C)
is a simple set for any rectifiable Jordan curve C.

Here int(C) denotes the bounded connected component of R? \ C, given by the celebrated Jordan Theorem
(see e.g. [10, Proposition 2B.1]).

2.7 Extreme points and Choquet theory

In this subsection we recall the main facts about extreme points of compact, convex sets in normed spaces.
Standard references are [17, 18].
Let X be a topological vector space and let K ¢ X. A point x € K is an extreme point of K if

V,zeK: te[0,1], x=(1-t)y+tz = x=y=2z.

The set of extreme points of K will be denoted by ext K.
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Remark 2.22 (The set of extreme points is a Borel set). Recall that ext K is a Borel subset of K if the topology
of X is induced by some metric p. Indeed, the set K \ ext K can be written as | J,, Cn, where

z 1
Cp:= {y% v, ze K, p(y,z) > H} for everyn € Nwithn > 1.
Given that each set Cy, is a closed subset of X, we conclude that ext K is Borel.

In the case K is a convex, compact set the (closed convex hull of the) set of extreme points of K coincides with
the set K itself, as the following theorem states:

Theorem 2.23 (Krein—Milman). If K ¢ X is non-empty, compact, convex set, then K = co(ext(K)).

We recall that, in a vector space X, the convex hull co(A) of a set A ¢ X is the intersection of all convex sets
containing A.

Definition 2.24 (Vector-valued integration). Let u be a measure on a non-empty set Q. Let f: Q — X be an
X-valued function such that (Af)(q) := A(f(q)) is u-integrable for every A: X — R linear and continuous.
If there exists y € X such that
Ay = J Af du
Q
forevery A: X — Rlinear and continuous, then we say that y is the integral of f with respect to p and we write

dep =y,
Q

Theorem 2.25 (Representation of the convex hull). Let Q ¢ X be a compact set and let H := co(Q). Assume
that H = €o(Q) is compact as well. Then

yeH & Juec20Q):y-= dey(x).
Q
One of the fundamental results in functional analysis and convex analysis is the following theorem, which

can be obtained combining Theorem 2.23 with Theorem 2.25:

Theorem 2.26 (Choquet [17]). Let X be a metrizable topological vector space and let § + K c X be convex and
compact. Then for any point x € K there exists a Borel probability measure p on X (possibly depending on x),
which is concentrated on ext K and satisfies

X = J ydu(y),
extK

where the integral is understood in the sense of Definition 2.24, i.e. explicitly

Ax) = j A(y) du(y) forevery A: X — R linear and continuous.
extK

Remark 2.27 (Extreme points and isomorphisms). Let (Y, | - |ly) be a normed space. Suppose that ¢: X — Y
is a linear isomorphism between X and Y. Then for any set A ¢ X it holds

ext p(A) = p(ext A).

Indeed, consider z € ext ¢(A). Being ¢ one-to-one and onto, there exists a unique a € A such that z = ¢(a).
We want to prove that a € ext A: let
figeA: Af+(1-Ng=a.

Since ¢ is linear, we have

Ap(H) + (1 -Dp(g) = ¢p(a) = z,
but z was an extreme point, hence ¢(f) = ¢(g) = z, which implies f = g = a, i.e. a is also extreme. An analo-
gous proof shows that if b € ext A, then ¢(b) is also extreme of ¢(A).
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3 Extreme points of the unit ball of BV functions in R?

Let us consider the Banach space X := (BV(RY), || - |lgy) and let us characterize extreme points of B)f , the
closed unit ball.

Proposition 3.1 (Extreme points of unit ball in BV(R?)). A function f € X is an extreme point ofo if and only
if there exists an indecomposable set E ¢ R of positive, finite perimeter and positive, finite measure and a

constant o € {+1} such that
1g(x)

—_— 2% qe x e RY,
[1glBy

fx)=0
We will need the following auxiliary lemma.

Lemma 3.2. Let f € BVioc(RY) and let, for any A € R,
fi ==max{f -A,0} and f; :=f-f} =min{A,f}.
Then for every open set Q e R it holds
IDA(Q) = ID(FHIQ) + ID(F)IQ). (3.1)
Proof. Tobegin we consider the case A = 0 and we notice that, in this case, the decomposition of f into f} + f;
coincides with the standard decomposition into positive/negative part:
fo=f" and f;:=-f".

Iff e Wl (Rd), then, fixed Q e RY, it is enough to apply the Chain Rule Theorem [9, Section 4.2.2, Theo-

loc
rem 4 (iii)]. For the general case, consider a sequence (f;), ¢ WH1(Q) n C*(Q) with f, — f strongly in L1 (Q)

and |Df,|(Q) — |DfI(Q) (such a sequence can be obtained using Anzellotti—-Giaquinta’s Theorem, see e.g.
[9, Section 5.2.2]). Then for every n € N it holds

IDfaI(Q) = ID(FDIQ) + IDF)I(Q),
hence
IDA(Q) = lim [Df»|(Q) = lim inf [Df,|(Q)
= lim inf(|D(f;)I(Q) + D(f;)I(Q))
> lim inf [D(FHIQ) + lim inf [D(f,;)I(Q)
> [D(FHIQ) + IDE)HIQ),

where the last inequality is a consequence of the l.s.c. of the total variation, since f;/ — f* and f, — f~
in L1(Q). The statement is thus proved for A = 0; to obtain the general case, we can apply the above claim
to the function g := f — A € BV}oc(R9), noticing that

g =fi, §=A-f
and
Dg=Df, Dg"=Dfy, Dg =-Dfy,
whence (3.1). O
We now show the following lemma, which ensures that extreme points lie in the set of normalized indicators

of sets of finite perimeter. Recall that for any set of finite perimeter E c RY, either E or E€ has finite Lebesgue
measure by the isoperimetric inequality (2.2).

Lemma 3.3. Letf € X be an extreme point of the closed unit ball B’f . Then there exist a set E < R? with positive,

finite perimeter and positive, finite measure .Z%(E) < co and a constant ¢ € {+1} such that f = Um 1g.
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Proof. We divide the proof into three steps.

Step 1. Any extreme function has constant sign. Let f € X be extreme of B’f. Then, by standard facts, we have
necessarily |flgv = 1. Let us decompose f into positive and negative part as f = f* — f~. By the very definition
of Lebesgue integral for signed functions we have that

Al = 1F N+ 1Ny
while, by Lemma 3.2 with A = 0, we have that

IDAl.# = IDf . + IDf ||z -
Adding up the two equalities, we find out that

Iflsv = If " lsv + If gy

and this can be used to decompose f into a convex linear combination of two signed functions with unit
BV norm
f‘

+ f
f=1f"llsy - v +1f sy - v

Hence any extremal point is necessarily a function with constant sign and, without any loss of generality,
we consider f > 0.

Step 2. Any extreme function attains at most one non-zero value. We now would like to prove that f(x) € {0, a}
for some a > 0 for #4- a.e. x € RY. Suppose by contradiction that it is not true: hence, there exist two
points x1, x2 such that f(x1) # 0, f(x2) # 0 and also f(x1) # f(x2). Without any loss of generality, suppose
f(x1) < f(x2). We can also assume that x1, x, are Lebesgue points of f (this property being satisfied almost
everywhere by standard facts). Consider an arbitrary A € (f(x1), f(x2)) and define the non-negative functions

fi =max{f-A,0} and f :=f-f; =min{A,f}.
By Lemma 3.2 we deduce
IDAl.z = IDENDN.z + IDUD).z»
while from the pointwise equality f; +f, = f, together with non-negativity, we get
Il = I e+ 1yl
and thus

1Ay = Ify By + Ify By

In particular, we can decompose

i i

. 3.2

f=1f{lsv- "fA - +Ify sy - IIfAlle (3.2)
EBX eBX

Notice that the choice of A € (f(x1), f(x2)) together with the fact that f(x1) # O # f(x,) grant that the decom-
position (3.2) is non-trivial and well-posed, in the sense that:
(1) the functions ff are linearly independent: if af; + bf, = 0for a, b € R, then evaluating at x; we deduce

bf(x1)=0 = b=0

and evaluation at x, yields
a(f(x)-A)=0 = a=0,

(2) we have ||f/1i lgv > O: indeed, if it were e.g. [|f; lsv = O, then f = f; a.e. which means
fx)= A for #%ae. x € RY. (3.3)
On the other hand, x; is a Lebesgue point of f with Lebesgue value f(x1) < A, so by definition
A foa) =tim § fpdy=tim f ady -2
Br(x1) Br(x1)

(where “>” follows from (3.3)), which is a contradiction.
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Thus (3.2) is a non-trivial, convex decomposition of f which contradicts extremality: the contradiction stems
from the assumption that there exists two points x1, x, such that f(x1) # 0, f(x2) # 0 and f(x1) # f(x2). So we
must have f(x) € {0, a} for a.e. x for some a > 0.

Step 3. Any extreme function is an indicator function. From Step 2 we immediately deduce
f(x) = allg, whereE :={x e R?: f(x) = a}.

The set E has finite perimeter because f € BV(R4) and, being ||flzy = 1, we deduce that necessarily a = ||1 Ellg\l,.
This concludes the proof. O

We can now prove the main result of this section.

Proof of Proposition 3.1. We split the proof into two steps.

Sufficiency. Let E c R? be a set of positive, finite perimeter and assume it is indecomposable. Let ¢ = ﬁ and

let us prove that f := clg is an extreme point of B)f . Assume that for some functions g, h ¢ B)f and A € [0, 1]
we can write
f=Ag+(1-A)h

and let us prove that necessarily g = clg and h = clg. Since |f]gy = 1, we have that

1 < Allglsy + (1 = Alhlsy
and we claim that actually equality holds. If it were

1 < Aligly + (1 = Dliklsv,
then we would get, being f, g € BY,

1 <Algllsy + (1 = Alhley <A+ (1-24) =1,
a contradiction. In a complete similar way, one can prove that | g|lgy = 1 = | h|lgv. All in all, we can represent
lg=¢+y (3.4)

with
I1elsv = l@llev + Plsy (3.5)

being ¢ = c"'Ag and i) = ¢ (1 - A)h. Notice that ¢, 1 have the same sign a.e., otherwise we would have

j () + ()] dx < j 00| + (0] dx,

R4 R4

which would yield
¢+ Plsy = llp +Pli + ID(P + Pz < lpls + 1Yl + IDPll.z + DYz = Pllsy + [Pllv,
contradicting (3.5). Since 1 = ¢ + Y, we have ¢, i > 0 a.e. and therefore
¢=19Y=0 a.e. onkE". (3.6)
Notice furthermore that it holds
ID1g| = |Dg| + |Dyp| as measures in R, 3.7)

Indeed, by (3.4) and the triangle inequality we get |D1g| < |[D¢ + DY| < |D¢| + |Dy|; the converse inequality
then follows exploiting (3.5). In particular, computing (3.7) on the Borel set E it follows

IDGI(E") + IDYI(E!) = [D1E|(E") = O,
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where the last equality follows from De Giorgi’s Theorem. Hence
ID@I(E') = 0 = [DY|(E").
By Proposition 2.15 and by the indecomposability of E, there exist constants c1, ¢ € R such that
p(x)=c1, YPHx)=c, a.e.inkE. (3.8)
In particular, combining (3.8) together with (3.6), we obtain
d(x) = c11p(x), PX) =c1p(x) ae.inR?

and this in turn implies that
8 = alg(x)
for some a € R. Being ||g[lgv = 1, we obtain that the constant has to be
a= L.
P(E)
One can argue similarly with h and the conclusion is now achieved: we have proved that the only convex

combination of elements in B)f representing f is the trivial one, i.e. f is an extreme point of B’f .

Necessity. By Lemma 3.3, we can already infer that there exist a set E ¢ RY with finite perimeter and o € {+1}
such that f = om 1f a.e. with respect to the Lebesgue measure. Now we prove that E is indecomposable.
Suppose by contradiction that E is a decomposable set, i.e. E = A U Bwith A n B = ¢ and P(E) = P(A) + P(B).
Since by additivity of the Lebesgue measure it holds .#4(E) = #4(A) + #%(B), we have

[Mglgy = [Mallsv + [I1BlBY.

Hence
1 . (Maley  1a  |1glley 1B
[1ElBY I1elsv lMalley, 1ElBv |18lBY
eBf eBf

is a representation of f as a non-trivial convex combination of elements of B’f , contradicting extremality.
Therefore if % is an extreme point then E has to be indecomposable. O

4 Extreme points of the unit ball of FV functions in R?

Definition 4.1. We define the space FV(RR?) as the function space
FV(RY) := {f e LY (RY) : V() < +00}.

We recall V(f) = V(f, RY) is the variation of a locally integrable function, see Definition 2.2, while 1* is defined
in (2.1).

Remark 4.2. It is easy to see that BV(R?) c FV(RY) c BV},c(R?) and both inclusion are strict. Indeed, any
constant function is certainly locally integrable with zero total variation, but it is not in LP(R9) for any p.
On the other hand, the function f: RY — R defined by

1
fx) =g(Ix]), where g(s) := min{l, s—d},

is in FV(R?) but not in BV(R?). Let us verify this claim:

+00

I F00) dx = Cy j g(s)s41 ds = +oo,
R4 0
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while taking into account that 1* := d;fl we have
+00 +00
J IfOOIY dx = Cq J’ g(s)@Ts% 1 ds = E}(l + J st ds) < +00.
R4 0 1

Notice that the variation of f is finite

+00 1 +00 1
_ d-1 g _ 1
V(f)—CdJSst ds—CdJSZ<+oo.
1 1
We now prove that the map |- [lrv: FV(RY) 5 f — ||flev = V(f) gives to FV(R?) the structure of a normed
space.

Proposition 4.3. The space Y := (FV(RY), || - |py) is a normed space.

Proof. Positivity and 1-homogeneity are clear from the definition of || - |[ry and the triangle inequality as well.
We have to prove only definiteness: for, let f € FV(RY) with

Iflev = V(f) = 0.
Applying Theorem 2.3, we deduce that there exist m € R and a constant y > 0 such that

If = mlli <yV(H),
whence |f - m|;- = 0 and f = m almost everywhere. Being f ¢ L’ (RY), the only possibility is that m = 0,
hence the proposition is proved. O

We now aim at characterizing extreme points of BY | the closed unit ball in Y. Observe that, if f is the charac-
teristic function of a measurable set A, variation and perimeter coincide, i.e.

V(1,) = P(A, R?) = P(A).

Proposition 4.4 (Extreme points of unit ball in FV(R?)). A function f € Y is an extreme point ofB}' if and only
if there exist a simple set E c RY of positive, finite perimeter and a constant o € {+1} such that

_ 1g()
f(X) - UW’

Proof. The proof is divided into two steps.

Y%qe.x e RA.

Sufficiency. Let E ¢ RY be a simple set. Let ¢ = ﬁ and let us prove that f := clg is an extreme point ofo.
Assume that for some functions g, h € Bf and A € [0, 1] we can write

f=Ag+(1-A)h
and let us prove that necessarily g = clg and h = clg. Since |f]ry = 1, we have that
1 < Aliglev + (1 = Alhllpy
and we claim that actually equality holds. If it were
1 <Allglev + (1 = Dlhlgv,
then we would get, being f, g € BY,
1 <Algley + (X =Dlhllev <A+ (1 -21) =1,
a contradiction. In a complete similar way, one can prove that | g|lry = 1 = ||h|ry. All in all, we can represent
lg=¢+y (4.1)
with
Ieley = I@lley + 1Plley (4.2)
being ¢ = c"'Agand ¥ = ¢c"1(1 - A)h. Notice actually that it holds

ID1g| = |Dg| + |Dyp| as measures in R, (4.3)
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Indeed, by (4.1) and the triangle inequality we get [D1g| < |D¢ + DY| < |[D¢| + |Dy|; the converse inequality
then follows exploiting (4.2). In particular, computing (4.3) on the Borel set E?, it follows

ID@I(E!) + IDYI(E") = ID1g|(EY) = O,
where the last equality follows from De Giorgi’s Theorem. Hence
ID@I(E!) = 0 = [DY|(E").
By Proposition 2.15 and by the indecomposability of E, there exist constants c1, ¢ € R such that
¢(x)=c1, PYKx)=c, ae.inE. (4.4)

In particular, c; + ¢, = 1. In an analogous way, we also get [D¢|(E®) = 0 = [D|(E®): being E° = (R4 \ E)', by
the indecomposability of E€ (recall Proposition 2.17), we conclude again by Proposition 2.15 that there exist
constants c3, ¢4 € R such that

¢(x)=c3, Yx)=c4 a.e.inkE".

By the Isoperimetric Inequality (2.2), either E or E€ has finite measure and, up to rename everything, consider
the case in which E has finite measure. Then E€ must have infinite Lebesgue measure and the functions ¢, i
are constant functions which are in L1" (R%): thus it must be c5 = ¢4 = 0, i.e.

d(x)=0=1(x) ae.inE".
Combined with (4.4), this gives that
d(x) = c11p(x), PYx)=(1-c1)lpx) ae.inR%

In particular, we deduce that

g = alg(x)
and being | g|lrv = 1, we obtain that the constant has to be
1
a= PE)

One can argue similarly with h and the conclusion is now achieved: we have proved that the only convex
combination of elements in B{ representing f is the trivial one, i.e. f is an extreme point of Bf.

Necessity. The argument used in the proof of Lemma 3.3 can be repeated verbatim here, yielding an analo-
gous conclusion: an extreme point f of B{ has necessarily the form

1E(x)
P(E)”’
for some set of positive finite perimeter E c R, It remains thus to show that E has to be simple. Let us show
first that E is indecomposable. To this end, assume that it can be written as E = A U B with An B = 0 and
P(E) = P(A) + P(B). Hence

f)=0 % ae xeRY,

1 P4) 1 PB) 1
P(E) "~ P(E)P(A) " " P(E)P(B)
is a convex linear combination of indicators of sets (normalized by perimeter). Therefore if
extreme point of the unit ball in Y, then E has to be indecomposable.
In view of Proposition 2.17, it remains to show that E€ has to be indecomposable, too. For let us suppose
that C, D are such that E = C u D with Cn D = ¢ and P(E€) = P(C) + P(D). Arguing as above, we get that

1

20 1 is an

E=C°ND°=C'"\D = 1g=1¢ - 1p,
with C' = C¢. Consequently, since P(E) = P(E€) = P(C) + P(D), it holds
1, kO 1 P(D) -1
P(E) "~ P(E)P(C) © " P(E) P(D) "
is a convex linear combination of indicators of sets (normalized by perimeter). Therefore if ﬁ]l g is an

extremal point of the unit ball in Y, then E, E€ have to be indecomposable, hence E is simple and this con-
cludes the proof. O
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5 Hamiltonian potential of divergence-free vector measures in IR?

5.1 Divergence-free measures and FV

We now define the space of vector-valued divergence-free measures.

Definition 5.1. We will denote by J (R%) the following set of vector-valued measures:
JRY) := (e .#/(RYRY) : divu = 0},

where the divergence operator is understood in the sense of distributions.

The space 7 is a real vector space under the usual operations of additions of measures and multiplication by
real numbers and it can be equipped with a norm given by the total variation:

Iplly == [uI(R?).

Remark 5.2. As already observed in the Introduction, an important (somehow paradigmatic) example of
a measure belonging to g is the one associated to a Lipschitz closed curve: if y: [0, 1] — R? is a Lipschitz
mabp, injective on [0, 1) and with y(0) = y(1), we can define the measure M, € M(R?; R?) to be

(D, ) = J ®(2) dA yop(2) forall® e CORE)?,
IRZ

which, by the Area Formula, can also be written as

1
(@, 1,) = [ @)y @ de.
0

Notice that this definition is well-posed, in the sense that it does not depend on the parametrization y of the
curve. Itis easyto see that div p, =0in the sense of distributions, as a consequence of the fact that y(0) = y(1),
sou, €J (R?).

The following proposition establishes a functional analytic connection between J(IR?) and FV(R?).
Proposition 5.3. The map
Vi FV(R?) - J(R?), fr p:=Vif= (=0yf, 0xf)
is an isometric isomorphism.
Proof. We divide the proof into four steps.

Well-posedness and linearity. The map V+ is well-posed, because div V*f = 0 for any f € FV(IR?): indeed, for
any test function ¢ € C®(R?),

(div v, ) = j V() - V()
]RZ

- j(axqb(z), 3,0(2)) - d((~0,f, 0x)(2)

R2

- [ d0p@f@ dz - | 2:0,9)f(z) dz = 0.
R2 R?

Linearity of V+ is trivial.
Injectivity. The kernel of V* is given by the functions f for which
Vif =0,

which means f is constant in R?, in particular f = 0 in FV(IR?): injectivity follows.
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Surjectivity. Pick u € J(IR?) and let {p.}¢-0 be a standard family of mollifiers in R?. Set

D20) = pel) = [ pelx - Y)dp(y)
IRZ
and observe that by standard facts @, € C2°(R?; R?) with div @, = 0. By the Poincaré Lemma, for every € > 0,
there exists f; € C‘CX’(]RZ) such that V*f, = ®.. Notice that for any € > 0,

V(fe) = 1Dellx < lIpllg,

hence (f:)es0 ¢ FV(RR?). By Theorem 2.3 there exist {m.}.»o ¢ R and a universal constant y > 0 such that

Ife = mellpr ey < yV(fe) < vlplg.
In particular, if we now fix any open Q € R?, we have using Hélder inequality
Ife = mellii) < LUQ)aNfe - mellpe ) < y-2 Q)4 Iplly.
On the other hand,
V(fe —me, Q) < V(fe - me) = V(fe) < lullg

and hence we are in a position to apply the Compactness Theorem [3, Theorem 3.23]: there exists a function
f e L} (R?) such that, up to a subsequence, (f; — m¢) — f strongly in L} (R?) as &€ — 0. In particular, f is
also in FV(IR?) by the 1.s.c. of the total variation

V(f) < liminf V() < clpl.
€

It remains now to check that V*f = u: for any smooth, compactly supported test function ¥ € C®(R?, R?) it
holds
J fOO) div¥(x)dx = lin‘(l) J fe(x)div¥(x) dx
R2 o R?
= 1i1r(1) J ¥(x) - ©f(x) dx
E— R
- [ woo dut o,
R2

where in the last passage we have used that ®, — p as € — 0 (see e.g. [3, Theorem 2.2]).

V' is an isometry. It remains thus to show that V' is an isometry: taken f € FV(IR?), by definition

Iflev = V(f, R?) = sup{ J fx) div®(x) dx : @ € CP(R?), [Plleo < 1}
]RZ
= sup{(D, V) : @ € CX(R?), [Plloo < 1}
= sup{(®@, V*f) : @ € CX(R?), [Dloo < 1}

= sup{J divd(x) d(VEH(x) : @ € Cgo(IRz), [P]leo < 1}
]RZ
= IV*flig. O

6 Simple sets and closed curves

Aim of this section is to give a detailed description of the extreme points of the unit ball of J. Since V+ is an
isometry we have
B? = v+(BY)
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and hence, by Remark 2.27, we have

ext(BY) = ext(V*(BY))
= V*(ext(BY))

{ Vi]lE
9PE)

. E ¢ R? simple set, P(E) > 0 and 0 € {11}}. (6.1)

Let us introduce the following notation:
T:={y: [0, 1] — R?: Lipschitz on [0, 1], injective on [0, 1) and y(0) = y(1)}.

For any y € I', we define its length to be

1
e(y) = j Y (©)]dt € (0, +00).
0

Notice, in particular, that any y € T’ induces a rectifiable Jordan curve C := y([0, 1]), and viceversa every rec-
tifiable Jordan curve can be parametrized by some y ¢ T'. Being a subset of (Lip[0, 1])?, the space I can be
thought as a normed space, being the norm the (restriction of the) uniform one | - ||oo.

We now want to prove the following proposition.

Proposition 6.1. The following equality holds true:
1
ext(Bf) = {Ty)yy 1y € F}.
Proof. Letu € ext(Bf). From (6.1) we have that
ol oo
H= Uﬁv 1k

for some simple set E ¢ R? with P(E) > 0 and o € +1. From Theorem 2.21, the essential boundary 0°E, is
equivalent, up to an .#’!-negligible set, to a rectifiable Jordan curve. Using Theorem 2.7, we can conclude that
also FE can be parametrized by some Jordan curve, which can be taken to be Lipschitz (see [1, Lemma 3]).
All in all, we have that there exists y € I" such that

([0, 1]) = FE,

up to a 21 -null set.
On the one hand, by De Giorgi’s Theorem 2.6, for s#!-a.e. x ¢ FE we have

Tan(FE, x) = span(vg(x)), (6.2)

where vg(x) is the generalized inner normal to E and span(vg (x)) denotes the orthogonal line to vg(x).
On the other hand, since FE = y([0, 1]), we have using Proposition 2.5,

Tan(y([0, 1]), x) = span(y' (y " (x))). (6.3)

Since the approximate tangent space is a one-dimensional vector space and since vg(x) is unit vector for
2'-almost every x € FE, equalities (6.2) and (6.3) force that for s#1-a.e. x € JE,

Y (y 1 (x)
[y (y1(x)]

This means that the vector vg (x) is tangent to the curve y at the point y(y~* (x)) for #*-a.e. x € y([0, 1]). Since
div(vz " y0,11)) = 0, we can apply [6, Theorem 4.9], obtaining that

AU
ly'(6)]

Vg (X) = 0(x) for o(x) e {£1}.

36 € {+1}: vE(y(t)) for #t-ae.t € [0, 1].

o




898 —— P.Bonicatto and N. A. Gusev, On the structure of divergence-free measures on R? DE GRUYTER

Reversing the parametrization of y, if necessary, one can achieve that ¢ = 1. Then for any test function
@ € CX(R%; R?), using the Area Formula, we obtain

(H,(D>= EVLHE,(D>
_/_ 1
_<p(E)Vi:jf LfEa(D>
1
P(E)]R‘[CD(X) VE(X)dff L’J"E(X)
_ 1 Yo o)) o oa
- @]R[ (D(X)'mdf Ly(0,1) (%)
1
1 Yy
= — () . d
P(E)Oj (0 Lty o1t
1 1
= &9 J D(y(t) - y'(0) dt
1
- <ry>"w @), (6.4)

where we have also used the fact that
P(E) = V(1g) = Ve LgEll.ae = 21 (y([0, 1)) = £(y)

(which also follows from the Area Formula).
Thus we have shown that any extreme point u of B? has necessarily the form %y) M, . The converse impli-
cation, namely that normalized measures yu, are extreme, follows immediately from the second part of Theo-
rem 2.21: any y € I' induces a rectifiable Jordan curve C := y([0, 1]), hence int(T') =: E is a simple set by

Theorem 2.21. Extremality follows from (6.1), noticing that
1 1,

M = rE "

as above, and the proof is thus complete. O

7 Measures as superposition of curves I: A proof using Choquet
theory

In this section we prove the Main Theorem with p = 0.

Theorem 7.1. Let u € J(R?), where J(R?) is as in Definition 5.1. Then there exists a o-finite, non-negative
measure n € .#.(T') such that (1.2a) and (1.2b) hold.

Consider the maps p: T — J(R9) and F: p(I') — J(R?) defined by

~, Vv#0,
pY) i=py,  F(v) = {1 v
V)= Hy 0, v=0.
For any m € N let
T i={y € Tt [y(O)] + ' lloo < m}.

In view of the Arzela—Ascoli Theorem, I'y, is a compact subset of T' (with respect to the topology of the uniform
convergence).
The lemma below works in any dimension d (not only d = 2).
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Lemma 7.2. The maps p and F defined in (7.1) have the following properties:

(1) For any m € N the map p: T'y — J(R?) defined in (7.1) is continuous (with respect to uniform topology
on I'y, and weak-+ topology on J (R%)).

(2) Themap F: J(RY) — J(RY) is Borel.

(3) The sets p(T') and F(p(T')) are Borel.

(4) The F: p(T') — F(p(T')) has Borel inverse F~1.

Proof. 1t is sufficient to verify sequential continuity of p. Let (yx)kew € ' be a sequence with y,, — y for
acertain y € I'y,. Let us show that M, A M, first in the sense of distributions: let ® € C‘C’O(le ; RY). Then

1 1

| @0ao) -y ae- [oo)-y'® dt‘

(0]

|<}‘yn’ qD) - (}‘ly’ CD>| =

1
D(yn(t)) - D(y(1))) - yu(t) dt - J Oy(1) - (Y () = yn(t) dt‘
0

Il
S——,. ©
—~~

1

d
Oj ZO(O) - (V0 - ya(0) dt‘

<sm | |D(yn(8) - D(y(t) dt +

1

|D(yn() = D(y())l dt + [VPlloo J ly(t) - yn(O)] dt — 0O
0

o-_,_. Ot .

as n — +0o0. Moreover, SuUp,cn ||]1y | < m. Hence the functionals u, € Co(R%; RY)* are uniformly bounded
and converge to u pointwise on the set C®(R?; R?) which is dense in Co(R?; R?). Therefore M, —H
asn — oo.

Since for any m € N the set p(T',;) is compact (being an image of a compact under a continuous map),
the set p(I') = J, e (I) is Borel.

For any @ € Co(R%; RY) the map v — % is Borel. Indeed, the numerator is a continuous function of v
and the denominator is lower semicontinuous (hence Borel). Therefore F is a Borel map from .#(R%; R9)
to .2 (R9; R?) (with respect to weak-* topologies). Since for every m € N the set p(I',) is contained in a closed
ball of .#(R%; R9) (note that this ball is Polish with respect to weak-* topology) and F is injective on p(T'y,),
it follows that F(p(I'r,)) is Borel (see e.g. [8, Theorem 6.8.6]). Therefore F(p(T')) = (Jp=1 F(p(T'r)) is Borel. Sim-
ilarly, the image of any Borel subset of p(I') under F is Borel, and by injectivity of F on p(T') this means that
F: p(T') — F(p(T')) has Borel inverse. O

Lemma 7.3. Suppose that u € J(R?) and there exists a finite measure ¢ € .#,(J(RY)) concentrated on F(p(T))
such that
w= [ vagw, wi= | wagw. (7.2)
J(RY) J(RY)
Then there exists o-finite n € .#+(T') such that (1.2a) and (1.2b) hold for p and 1.

Proof. By Lemma 7.2 the map F: p(I') — F(p(T')) has Borel inverse F~1, hence we can change variables using
the map F~1:

yasy) = | FEo)am = | FmdEom - [ vakw,
F(p(I)) F(p(I)) p(D) p(D)
where & denotes the measure on .7 (R%; RY) defined by

P o 4O,
A\{o}
A c .#(R%; R?) being an arbitrary Borel subset (clearly { is concentrated on p(F))

Since p(T') = Upen P(T'm), we can write f as a sum of its restrictions .{m on the sets p(Tm+1) \ P(Tm),
where m € IN.
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By Lemma 7.2 themap p: ', — .#(R%; R?) is continuous and the set T', is compact, hence there exists
a Borel set By, ¢ T'y; such that the restriction of p to By, is injective and p(By,) = p(T'y,) (see e.g. [8, Theo-
rem 6.9.7]). Therefore the inverse map q,: p(I';) — ', is Borel. Now we change variables using qp,:

[ vagaw = [ panw) o) = [ p0) d@nemm) = [ 1, dm.
p@) p(Tm) T r
where 1, := (qm)#é“m. Denoting 17 := Yoo _; m, We ultimately obtain
M= Iuy dan(y).
r
Equality holds for total variations as well: indeed, by the triangle inequality,
Ul < J |}ly| dn(y) asmeasureson RY.

r

If the inequality above were strict, then by evaluating it on the whole R we would get a contradiction:
uuu=|uKR@><jﬁuyKRdnbNy>: J'|vumﬂ)dav)=nuw

r J(RY)
Since [|u|l = j IIyyll dn(y)and forany k € Ntheset{y e I': II}lyII > k~1}is Borel, it is clear that 1 is o-finite. [
We are now ready to prove the Main Theorem.

Proof of Theorem 7.1. By Proposition 6.1 we have

1
ext(Bf) = {

aﬁuwyef}CHMDl

By Remark 2.22 the set ext(B‘;J) is Borel.
Let 0 # p € J(R?) and consider the normalized measure

H J
— ¢ BY.
T
By Choquet’s Theorem 2.26 there exists a Borel probability measure 7 € &?(ext Bf ) such that
H J' d
Too = T[( ),
i~ ) 7Y
exth

the integral being understood in the sense of Definition 2.24. By the triangle inequality we deduce from the
equality above that

<l | lyldno.
exth
Note that the latter inequality is in fact an equality, since otherwise by evaluating it on R? we would get

a contradiction:
wndmnj|Mmmw=ww

ext BY

In order pass to integration over I instead of ext(B?) c #(R?; R?), it remains to change variables by applying
Lemma 7.3 with ¢ := ||u|i7. This concludes the proof. O

Note that the elements of I' are not necessarily simple. However, since the measure 7 is concentrated on a set
of measures induced by simple curves, it is easy to see from the proof of Theorem 7.1 that for n-a.e. y € T
there exists a simple y € T such that p, = p;.
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8 Measures as superposition of curves Il: A proof using
decomposition of FV functions

In this section, we present an alternative proof of Theorem 7.1. This proof does not rely on Choquet theory,
but it is based on the following decomposition result for FV functions.

Theorem 8.1. Let f € FV(R?). There exists an at most countable family {fi}icr ¢ FV(RY) of monotone functions
such that the series
Y

iel
converges as an element of FV(R?) and
f=Yfi with Iflev =Y Ifillev. (8.1)
iel iel
For the definition of monotone function and for a proof of Theorem 8.1 as well we refer the reader to
Appendix A.

Proof of Theorem 7.1 using Theorem 8.1. Let u € J(R?) and let H € FV(IR?) be the function such that p = V* H,
whose existence and uniqueness are granted by Proposition 5.3.

Case 1. Suppose first that H is monotone. Let E; := {H > t}. Since the function H lies in FV(R?), we have
H e LV (R?): using Chebyshev’s inequality, this integrability property implies that for a.e. ¢t € R it holds
£%(E¢) < 0o. Combined with the Coarea Formula, this observation yields the existence of a set N ¢ R such
that .#1(N) = 0 and E has finite measure and finite perimeter for every t € R \ N. Consider now the function
g: R — J(R?) defined by

o0 Sk if #2(E) > 0and t ¢ N with P(E) > 0,
"o otherwise,

and the measure p € .Z,(R)
p(dt) := P(E;).21(dt).
By the Coarea Formula, we have

viH - [ (0 dp(0 (8.2)
R
and Fubini’s Theorem further ensures that f is a measurable measure-valued map (see [3, Definition 2.25]).
In particular, from (8.2) we deduce for any ¥ € C.(R?)?,

(VAHL ) = [ (60, W) dp(© = [ . 0) dny), (83)
R fIR)
where we have set
§ 1= gup.
From (8.3) and from the arbitrariness of test function ¥, we deduce the sought formula

V'H = I ydn(y).
J(R?)
Observe that, for every t € R \ N such that .#2(E;) > 0 the computations in (6.4) yield the equality

where y; is the parametrization of 0* E; given by Theorem 2.21. Thus, by the very definition of g, the measure ¢
is concentrated on F(p(T)) (see (7.1)). Moreover,

161 = llig#pll = lloll = JP(Et)-i”l(dt) = |V*H. (8.4)
R
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Case 2. If H is not monotone, apply Theorem 8.1 to the function H and let {H;}ic; be at most countable
family of monotone functions satisfying (8.1) (without loss of generality we may assume that I = IN). Let &;
be a measure representing V- H; (obtained as in Case 1, since H; is monotone). Then it is easy to see that

£:=) &
i-1

defines a measure on J(IR?), as the series converges strongly: indeed, by (8.4) and (8.1) we get
o0 o0
Y N&l =Y IVEHi|| = [V H]| < co.
i=1 i=1
Since the series above converge, we can pass to the limit as n — oo in the equalities
n n n n
Y ViH; = j y d(z si)(y), Y IVH;| = j Iyl d(z &)(y).
i=1 4R i=1 i=1 4R i=1

We thus see that p and ¢ defined above satisfy (7.2). It remains to change variables using Lemma 7.3. O

9 Linear rigidity for vector-valued measures
In this section we give a proof of Theorem 1.4, which is inspired by (and generalizes) one of the results
from [13] (see Theorem 1.2 therein).

Lemma 9.1. Let u € .#(R%RY) and consider its polar decomposition p = T|u|. Suppose that there exists
n € #.(T) such that (1.2a) and (1.2b) hold. Then for n-a.e.y € T,

y'(t) = T(y()ly' (0]
forae.t e [0,1].

Proof. Since |p| is a finite measure and Cc(RY) is dense in L'(|u]), we can use T as a test function in the
distributional formulation of (1.2a), obtaining

I T-dp = If-uy dn(y) = J Jl T(y(0) - y'(t) dt dn(y).
ro

R4 r
On the other hand,
1
[ = iy - j 1y dny) = j [ vratane).
R4 ro
Therefore

(T(y(®) - y'(®) = ly'(®]) dt dn(y) = 0. 9.1)

J

The integrand is non-positive, since

© o,

T(y(0) -y (&) < Ity - Iy' O = 1Y (B,

hence by (9.1) for n-a.e. y,
T(y(1) -y () = ly'(B)]
fora.e. t € [0, 1]. O

Recall the following definition: @ € .#(R?; R?) is called a subcurrent of u € .# (R%; R?) if

Il = g - ol + lla].
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Proposition 9.2. Let u € .#(R%; RY). Then 0 € .# (R%; RY) is a subcurrent of p if and only if
0 =gu,

where g € L(|p|) satisfies 0 < g(x) < 1 for |u|-a.e. x € RY.

Proof. We split the proof into two parts.

Sufficiency. If g € L1(|u]|) satisfies 0 < g(x) < 1 and ¢ = gu, then

lu-ol+lof=(1-g)ul+glul = |ul,
and it remains to evaluate the equality above on R<.
Necessity. By the Radon-Nikodym Theorem there exist mutually singular 69, 6° € .7 (R%; RY) such that
0% < |pu|, 05 L |ul and o = 6% + ¢°. Then by the definition of subcurrent

°I

lpll = e = ol + ol = | — 0%l + l0%] + 20°] > [}l + 2]l

by the triangle inequality, hence [|6°| = 0. Therefore ¢ = 0| and u = t|u| for some 6, T € L*(|ul; RY) (by
polar decomposition). Writing again the definition of subcurrent we obtain

[ e 1~ 61~ 160 dip - o,
which implies (in view of the triangle inequality) that
IT(0)] = [T(x) = 0(x)| = 16(x)| = O (9.2)

for |ul-a.e.x € R4, In particular, for [ul-a.e.x € R4if 7(x) = 0, then B(x) = 0. Since the two vectors a = (x) and
b = 1(x) — 6(x) with a # 0 satisfy |a + b| — |a| — |b| = 0 ifand only if b = Iblﬁ, we conclude that there exists
g = g(x) € R such that 6(x) = g(x)T(x). Substituting this into equation (9.2), we conclude that 0 < g(x) < 1
for |u|-a.e. x € R9, O

Corollary 9.3. Suppose thatv € .#ioc(R%; R?) has polar decomposition v = t|v|.If T1(x) > O for [v|-a.e. x € RY,
then v is acyclic.

Proof. For any p € .#(R%; RY) satisfying (1.1) with some p € .#(R9) the distributional formulation of (1.1)
holds for any test function ¢ € C*(R?) such that ool + IV@lleo < 00. In order to prove this, it is sufficient to
consider w € C2(RY) such that w(x) = 1if |x| < 1 and w(x) = 0 if |x| > 2 and pass to the limit in

- | VR0 - duto = [ pLowR ) dpt)
R4 R4
as R — oo using the Dominated Convergence Theorem.
In particular, if ¢ is a cycle of v, then by Proposition 9.2 there exists g € L'(Jv|) such that 0 < g(x) < 1
for |v|-a.e. x € R? and ¢ = gv. Writing the distributional formulation of div(g) = 0 with the test function
¢(x) = atan(xy), we get

- [ £ di = o,
1+x3
R4
hence g(x) = 0O for |v|-a.e. x € RY. Therefore ¢ = 0 is the only cycle of v. O

Proof of Theorem 1.4. Suppose that v € .Zo.(R%; R?) satisfies (i)(iii) from Definition 1.3.

Let w € C2(RY) be a nonnegative function such that w(x) = 1if [x| < 1 and w(x) = 0if [x| > 2. Let h > 0
and r > 0 and let R > 0 be such that 2 + h2 < RZ and r + ¢ *h < R, where ¢ > 0 is the constant from Defini-
tion 1.3.

Let u = f- v, where f(x) = w(%). Clearly div u belongs to .# (R?) and is concentrated on

A:={xeR?¥:x4>0,R<|x| <2R}.

Moreover, u is acyclic by Corollary 9.3.
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Xa

h+rc

-R _y_h -r +r R Xo

als

r+
Figure 1: The region depicted in yellow is the set T defined in (9.3) (in the case d = 2). In the proof of Theorem 1.4, we show that
n(T7) = 0, i.e. the set of curves y such that u,(T) > 0 is n-negligible. From this we deduce that u(T) = 0.
For any x € R9 let x, := (X1, ..., X4-1). Let
Ti={yeRY:0<yq<h, yol<r+c ' (h-ya)} (9.3)
(see Figure 1). Let n € .#..(T) be given by Theorem 1.2 applied to p (in particular, (1.2a)-(1.2c) hold). Let
I7:={y e T: |u,(T) > O}.

Note that p = 7f]v| = 7|p| is the polar decomposition of u. Hence by Lemma 9.1 for n-a.e. y € I'r for
a.e.z € [0, 1] we have
Y'(2) =t(y@)ly' (2)].

Writing this equation for y; and y, separately and using condition (iii) from Definition 1.3, we get

lYo@) = 1To(y@)] - ly' @) < [T(y(2)] - Iy (2)] < %rd(y(z)) Y@= %y;(z)- (9.4)

For n7-a.e. y € T'r there exists t € (0, 1) such that y(t) € T. Then by inequality (9.4) we obtain

1
[Yo(O)l < lyo(O)] + < lyo(O)] + E(Yd(t) -va(0)),

Jt yh(2) dz
0

hence y(0) € T. Clearly y); > 0 a.e., s0 y4(0) < ya(t) < h, since y(¢) € T.
Note that for n7-a.e. y € I'r we have y(1) # y(0). Indeed, otherwise the measure

o= [ manw
{yel : y(0)=y(1)}
would be a nonzero cycle of u, which is not possible since u is acyclic. Therefore for n-a.e. y € I'r,
|div p, |(T) = 8,(0)(T) + 6y(1y(T) = 1
since y(0) € T. But |div M| is concentrated on A and AN T = @, hence
n(T) = [ 1dn() < [Idiva, I(T) dn(y) = IdivI(T) = 0
Tr Tr

and therefore
HICT) = [ I, (D) dny) = o.
Ir

By the arbitrariness of h and r we conclude that y = 0. O
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A Decomposition Theorem for FV functions

We begin with the following definition.

Definition A.1. A function f € FV(IR) is said to be monotone if the sets {f > t} and {f < t} are indecomposable
fora.e.t € R.

Notice that, by Remark 2.18, a function f such that the superlevel sets {f > t} are simple for a.e. t € R is
necessarily monotone.
The goal of this appendix is to give a self-contained proof of the following theorem (see also [7]).

Theorem A.2. Foranyf € FV(RY) there exists an at most countable family {fi}ier € FV(RY) of monotone func-
tions such that

f=)fi and IDfl=} IDfi. (A.1)

iel iel
In particular,

IAlev =) Ifillev.

iel
Remark A.3. Observe that from the embeddings of FV (see Theorem 2.3) the first series in (A.1) converges also
in L'*(RY) but, in general, we cannot improve this to convergence in L' (R?). Secondly, we remark that the
decomposition provided in Theorem A.2 is not unique: we refer the reader to the counterexample presented
in the paper [7].

The proof of Theorem A.2 will be presented at the end of the appendix and it requires some preliminary
lemmas.

Lemma A.4. Let ¢, € FV(R?) and assume 0 < < ¢.
(1) Iffora.e.t € Rit holds
P({p > t}) = P({e > ]\ { > t}) + P({Y > t}), (A.2)
then
lelev = g = Ylev + 1PlEv.
(2) Iffora.e.t € Rit holds
P({p > th) =P({e > 1\ {Y > t}) + P({p > t}), (A.3)
then
1¥llrv = l@lev + 1o - Plrv.

Proof. We present the proof of the two claims.
(1) Concerning the first point, it suffices to show

1Dl = ID(@ - Yl + IDYl.z»

because the other inequality is trivial by the triangle inequality. Using the layer cake representation and
Fubini’s Theorem we get

ID(@ - W)y = sup j(so(x) Y00) - divw() dx = sup j (Lpo () — Lo (0)) - div w(x) dit dx
R4

lwleo<1 lwleo=1

O!—‘g

d

%

”w"oo<1 ”w"oo

J Lipse\y>(x) - divw(x) dt dx = sup J J Lipse\y>a (x) - divw(x) dx dt
0 0 R4

< sup
lwllw<1

o—3g %;_,

(D1 ipsippog> @) dt < j P(ip > 4\ {p > ) dt = j P(ip > ) - P({yp > &) dt,
0 0]

where the last equality follows from (A.2). Applying again the Coarea Formula, we obtain the conclusion.
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(2) The proof of the second claim is similar to the proof of the first one. Notice that |Dw| = |[D(-w)| as
measures for any w € FV(RY) hence

IDYIl.z < 1D@ll.z + ID(@ = ).z 5

which is equivalent to

ID(@ = Y)ll.z = IDYl.r = 1DPllz -
It thus remains to show

ID(@ = ).z < IDYl.r = 1DPllz -
By layer cake representation and Fubini, as in Point (1), we have

(o)

ID(@ — )y = sup j(go(x) —p()-divw(x) dx = sup j j(nw(x) e () - divew(x) dt dx

lolleos1 5, Ioleos1 3, 5

o0 [ee]
= sup J J Lip>ep\wst(X) - divw(x) dtdx = sup . J Lips>ep\(w>e (X) - divw(x) dx dt
0 0

lwlleo=1 lwlloo=
R4

IRd
< sup. [ P10 0 de < [ Plip > 6\ W > By de = [ Py > ) - P > B at,
Wleo=1 5 0 0

where the last equality follows from (A.3). Again the application of the Coarea Formula yields the desired
conclusion. O

Lemma A.5 (From superlevel sets to function). LetI c [0, +00) be an interval and let (A)¢c1 be a family of sets
such that t, s € I with s < t implies A; c As. Then there exists a measurable function w: R? — [0, +c0) such
that {w > t} = A¢ (up to Lebesgue negligible subsets) for a.e. t € I.

Proof. Due to monotonicity of the family (A¢)¢c, the function h(t) := |A¢| is non-increasing on I. Therefore
there exists a Lebesgue negligible set N c I such that h is continuous at every t e I\ N. Let Q < I\ N be
a countable set, which is dense in I. For any x € R4 we define

w(x) :=sup(t- 14,(x)).
teQ

Clearly w is Lebesgue measurable. By definition of w forany s € I\ N,

{w>s}= U As.
teQn(s,+oo)NI

Since for any s < t it holds |A; \ As| = 0 and Q is countable, it follows that

(U e

teQn(s,+oo)NI

=0.

On the other hand, let € := |Ag \ UteQn(s,+oo)n1At|- Forany t € Q n (s, +0o) NI we have A; C Ag, hence

At C As.

teQn(s,+oo)NI

In particular, we can estimate

|As| =

A\ U At|+

teQn(s,+oo)NI

At| > &+ |Ad.
teQn(s,+oo)NI
Since Q is dense in (s, +00) N I and h is continuous at s, the only possible case is € = 0. We have thus proved
that |{g > s} A As| = 0 for a.e. s € I and this concludes the proof. O

The following lemma is a building block of the proof of Theorem A.2. It allows to “extract” from a non-
negative FV function (whose superlevel sets in general are not indecomposable) a non-trivial function with
indecomposable superlevel sets.
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Y 4

| /RAA |

4
X

Figure 2: Situation described in the proof of Lemma A.6. The black curve represents the graph of a generic function f € FV(RY).
The red segments make up the level set E,4. The red, thick segment is the component R and the blue and green ones are
respectively R; and Rs. The area depicted in yellow is the subgraph of the function g, whose superlevel sets are indecomposable.

Lemma A.6 (Extraction Lemma ). Let f € FV(RY) and assume f is not identically zero and non-negative. Then
there exists g € FV(R?) with 0 < g < f and g # O such that:

(i) fora.e.t > 0 theset{g > t} is indecomposable,

(i) it holds |fllev = If - gllev + lgllev.

Proof. Foranyt > OletE; := {f > t}.Since f € FV(R?), there exists a Lebesgue negligible set N < (0, +c0) such
that for any ¢ € (0, +00) \ N the set E; has finite perimeter. Let Ef denote the k-th M-connected component
of E¢, t € (0, +00) \ N.

Fix some a > 0 such that |E,4| > 0. Let R be some M-connected component of E,. For any ¢ € (0, a) \ N
we have E; 2 E; 2 R, and R is indecomposable, hence by Theorem 2.10 there exists a unique j = j(t) such
that

IR\E[”| =o.

Let R¢ := E’;(t), t € (0,a) \ N. Note that for any s, t € (0, a) \ N with s < t it holds that
[Re\ Rs| = 0.

Indeed, Es 2 E; 2 Ry and Ry is indecomposable, hence again by Theorem 2.10 there exists a unique k such
that |R; \ EX| = 0. But |[R \ R¢| = 0, hence

EX\R=(EXnRnR)U(EKNRENRS) < (R \R)U(EX\ Ry)

is Lebesgue negligible. Therefore k = j(s) by the uniqueness of j(s). Applying now Lemma A.5, we can con-
struct a function g: R — [0, a] such that {g > s} = R, (up to Lebesgue negligible subsets) for a.e. s € (0, a).
(See Figure 2.)

Observe that |flgv = Iflev + If v, where f(x) = min(a, f(x)) and f := f - f. For a.e. t € (0, a) we have

F>t=¢>6=B0v J E,

k#j(6)
hence by the construction of g and Proposition 2.12,
P({f > t}) = P{g > t) + PUf > t} \ {g > t}).

Hence by Lemma A.4 we have
Iflev = Iglev + If - gllpv.
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Then by the triangle inequality

Wlev = IFlev + IFlev = glew + If — gllev + Iflev = lgley + If — g + Fllev

and |fley = llg + f - g + fllrv < Iglev + IIf - g + fllrv, hence property (ii) follows. O

Lemma A.7 (Extraction Lemma Il). Let f € FV(RY) and assume f is not identically zero and non-negative. Then
there exists h € FV(RY) with h # 0 such that:

(i) fora.e.t >0 theset{h > t} is simple,

(ii) it holds |flrv = IIf — hllev + | Allpv.

Proof. First of all, we apply Lemma A.6 and we obtain a function g € FV(R?) such that G, := {g > t} is inde-
composable for a.e. t > 0 and
Iflev = IIf = gllev + lglev. (A.4)

Let us now work on the function g. By the construction of g, for a.e. t > 0 the set G, is indecomposable.
Fix some a > 0 such that |G,4| > 0 and G, is not simple (otherwise there is nothing to prove): let us denote
by {Fi}ic;, the non-empty family of holes of G, (i.e. C€M(R?\ G() = {Fi}icp,).

Observe that, if H is an hole of G, for any ¢ € (a, +o0) \ N, we have G ¢ G4, and hence G{ 2 G§ 2 H: this
means that H is an hole of G, for any ¢t € (a, +c0) \ N: by the uniqueness claim in Theorem 2.10 there exists
a unique j = j(f) such that [H\ F[”| = 0.

For any t € (0, a) define S; := sat(G;). Observe that the sequence (S¢)te(0,q) iS monotone [1, Proposi-
tion 6 (iii)] and thus, applying Lemma A.5, we obtain a function h: RY - R such that {h > 1} = S, (up to
Lebesgue negligible subsets) for a.e. r € (0, a). By construction the function h is non-negative and {h > r}
is simple for a.e. r € (0, a), because the saturation of an indecomposable set is simple. It thus remains
to show property (ii) of the statement. For, notice preliminarily, that h — g > 0 by the construction of h;
by [1, Proposition 9], it holds for any t € (a, +oco) \ N,

P(G;) = P(sat(Gy)) + P( U Fi>,
iel;

which can be also written as

P({g>th) =P({h>th +P(th> t}\{g > t}).

We are now in a position to apply Lemma A.4 (ii), choosing ¢ := h and ¥ := g (which is possible since h > g):
we obtain
Igllev = lhlev + Ig = hllpv. (A.5)

It is now easy to check that property (ii) follows combining (A.4) with (A.5) — and the triangle inequality:

Iflev < IIf = hllev + I hllev

< |f - gllev + g = hllgv + lAlley

(A.4)
=" Ifllev - lgllev + g = hllpv + lIAllpy

(A.5)
= |fllev - lIglev + lIgllev = IRlry + Ihlev = Iflev,

and this completes the proof. O

Lemma A.8 (Extraction Lemma Ill). Let f € FV(R?) and assume f is not identically zero. Then there exists
m € FV(RY) with m # O such that:

(i) mis monotone and sign m = constant a.e.,

(ii) it holds |filev = If — mlev + Imllpv.

Proof. Let us decompose f = f* — f~. Suppose ||f "||py > 0. Since f* > 0, we can apply Lemma A.6 to f*, thus
obtaining a function u > 0 such that {u > t} is indecomposable for a.e. t > 0 and it holds

If*llev = I = ullpv + llullpy. (A.6)
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Applying now Lemma A.7 to u > 0, we obtain a function m € FV(RY) such that for a.e. t > 0 the set {m > t} is
simple and it holds

lulry = llu — mlgy + [mllpy. (A.7)

By the triangle inequality,

Ifllev < If = mllgy + Imllev
<|f" = mlgy + If " llpv + Imlley
<|If* = ullpv + lu — mllev + If " llev + Imlley

(A7) _
=" If* = ulley + lullev + If " lpv

(A.6)

= W lev + 1 llev = Ifllev,

hence property (ii) holds true. Since the function m is monotone, this concludes the proof in the case
If*llrv > O. It remains to consider the case in which f* = 0. If f~ = 0, there is nothing to prove; if |f~|ry > O,
then we repeat the same argument above for the function f := —f € FV(R?). We end up with a monotone
function m of constant sign such that

IFlev = If = mlley + |17l
which is clearly equivalent to property (ii) (renaming - as m). O
Now we prove Theorem A.2 using Lemma A.8 and transfinite induction:

Proof of Theorem A.2. Let X := {g € FV(R?) : g is monotone and ||g|ry > 0}. For any h € FV(R?) let

Y(h) :={g € X : |hlev = [|h - gllrv + lIgllFv}-

Note that by Lemma A.8 Y(h) = ¢ if and only if h = 0. Ultimately, let s: 2(FV(R?)) — FV(R?) denote a choice
function (given by the Axiom of Choice).

Let us define, for any ordinal a < w; (where w; is the first uncountable ordinal) and any transfinite
sequence {g¢}s<q C X U {00},

0 if 00 € {g¢}sca OTif ¥ i I8¢ llEV = 00,
E({ge}e<a) == 15(Y(f ~ Xeca 88, if Yeeq Igellrv < 0o and Y(f ~ ¥, 82) # 0,
0, if e g Igelry < coand Y(F — Y, o 8¢) = 0.

By transfinite recursion (see e.g. [11, p. 21]) there exists a transfinite sequence {g4}a<w, such that

Sa = E({8¢}¢<a)

forany a < w;.
Note that for any a < w1 the following properties hold:

00 ¢ {8¢tecas (A.8a)
> lgellev < Ilev, (A.8b)
é<a

v =[r - Y g+ Y teslev. (A.80)
é<a FV é<a

Observe that (A.8b) follows from (A.8c), but without (A.8b) the term Y t<q 8¢ 1N (A.8a) is not well-defined.
Indeed, these properties trivially hold for a = 0. Let § < w1 and suppose that these properties hold for any
a < B.In order to show that (A.8a)-(A.8¢) hold with a = 8, we consider two cases.

First, if  is not a limit ordinal, then = y + 1 for some ordinal y, so by the definition of {g;}.,, we have

Sy+1 = s(Y(f - gyg;))-
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Hence
M == Y ge] + Y el =|f- Y ge -]  +lgylev+ Y leeliev
2 A > {<y v é<y

and it follows that (A.8a)—(A.8c) hold with & = y + 1.
Second, if B is a limit ordinal, then 8 = Ua</3 a. Consequently,

{gelecp = U{g£}£<a,
a<f
hence condition (A.8a) holds with a« = . Furthermore, since 8 is at most countable, we can enumerate it as
B = {an}nen. Let Ay := @1 U--- U @y, (note that for any n € IN there exists m € {1,..., n} such that 4,, = a,).
Since B = Ugcp @ = Unen An, we have

Y ligelry = Y, (supa,®)igelev =sup Y lIgelev < supligelry < Iflev,
B §<p "N neN gea, a<p

hence (A.8b) holds with & = 8. Consequently,

D 8¢=lim } g
E<p EeA,

and

Y lgeley = Jim > ligglrv.

&<p §eh,
Writing (A.8¢) with a = A, and passing to the limit as n — oo, we conclude that (A.8c) holds with a = 8. We
have thus shown that (A.8a)-(A.8¢) hold with a = 8. Hence by transfinite induction (A.8a)-(A.8c) hold for
any a < w1.

By (A.8b) for any € > O the set {a < w1 : ||gallpv > €} is finite and thus the set A := {a < w1 : ||g4llrv > O} is

at most countable. Setting y := sup 4, we have g,,1 = 0. As already noted above, by Lemma A.8 this means

that
f=) 8
§<y
and
IAlev = ) lgeley
§<y
by (A.8c).
By the triangle inequality,
IDA < ) IDgsl.
&<y

If this inequality were strict, we would have

Iflrv = IDAMRY) < Y IDgelR?) = Y ligelev = Ifllevs

é<y §<y

which is a contradiction. O
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