A UNIQUENESS RESULT FOR THE DECOMPOSITION OF VECTOR FIELDS IN R?

STEFANO BIANCHINI AND PAOLO BONICATTO

L (R x R4 R4*1) such that dive(p(1,b)) is a measure,
we consider the problem of uniqueness of the representation 1 of p(1,b)£4t! as a superposition of
characteristics v : (t;,tj{) — R%, 4(t) = b(t,y(t)). We give conditions in terms of a local structure
of the representation 1 on suitable sets in order to prove that there is a partition of R4+ into disjoint
trajectories pq, a € 2, such that the PDE

dive,z (up(1,b)) € MR, we LO®RY x RY),
can be disintegrated into a family of ODEs along @, with measure r.h.s.. The decomposition pq is

essentially unique. We finally show that b € Lt1 (BVg)loc satisfies this local structural assumption and
this yields, in particular, the renormalization property for nearly incompressible BV vector fields.

ABSTRACT. Given a vector field p(1,b) € Ll
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1. INTRODUCTION

In this paper we consider the initial value problem for the continuity equation associated to a vector
field b : R x RY — R?, i.e.

(1.1)
U(O, ) = UO(')v
and the corresponding advective formulation, namely the transport equation
8{[1, +b-Vu= 0,
U(O, ) = UO(')7

where u: R} x R? — R is a scalar field and ug: R? — R is a given initial datum.
The aims of this paper are as follows:

{&gu + div,(ub) = 0,
(1.2)

(1) give a new approach for the uniqueness of (1.1), (1.2), based on Lagrangian representation and
the construction of suitable cylindrical neighborhood of characteristic trajectories;

(2) prove that this condition is satisfied if b € L}(BV.)ioc and p,u € L*, a case which implies
Bressan’s conjecture.

To understand why we need to resort to a different approach from the one in the literature, we will discuss
some of the fundamental ideas and methods in the theory of linear transport.

When b is globally bounded and enjoys Lipschitz bounds, existence and uniqueness results for (clas-
sical) solutions to Problems (1.1) and (1.2) are well known. They rely on the so called method of
characteristics which establishes a deep connection between the “Eulerian” problems (1.1), (1.2) and the
“Lagrangian” problem given by the ordinary differential equation driven by b:

{wt) = b(t,y(t), 7: Rt R4,

7(0) = z € R (1.3)

Our aim here is to study the problem of uniqueness in the non-smooth setting. For instance, if we assume
that the vector field b is merely locally integrable, then one can give a distributional meaning to the
following equation

divy; (u(1,b)) := du + div, (ub) =, (1.4)
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provided, for instance, u € L® (Rt x R?) and ¢ € L'(R%!) is an integrable function. Furthermore, one
can prove (see e.g. | ]) that, if u is a weak solution of (1.4), then there exists a map u € L™= (Rt x R?)
such that u(t, ) = u(t,-) for a.e. t € RT and ¢ +— (¢, -) is weakly* continuous from R into L>°(R?) and
this allows to prescribe an initial condition for a weak solution w of (1.4), by imposing that u(0, ) = ug(-)
holds if (0, -) = ug(+).

The definition of weak solutions to the transport equation (1.2) is slightly more delicate: if the spatial
distributional divergence of b is a measure which is absolutely continuous with respect to the Lebesgue
measure, then the equation in (1.2) can be written in the form (1.4) and, as already pointed out, the
latter can be understood in the sense of distributions.

In the case when div, b is a measure which has a non trivial singular part, the notion of weak solution
of (1.2) can be defined within the class of nearly incompressible vector fields.

Definition 1.1. A locally integrable vector field b: R, x RZ — R? is called nearly incompressible if there
exists a function p: Rt x R? — R (called density of b) and a constant C' > 0 such that C~! < p(t,z) < C
for Lebsgue almost every (t,z) € R x R? and

dive s, (p(1,b)) =0 in the sense of distributions on R* x R<.
Accordingly, one can give the following definition of weak solution:

Definition 1.2. Let b be a nearly incompressible vector field with density p. We say that a function
u € L®(R* x RY) is a p-weak solution of (1.2) if

dive z (pu(1,b)) =0 in the sense of distributions on R* x R<.

Thanks to Definition 1.2 one can prescribe the initial condition for a weak solution to the transport
equation similarly to the case of the continuity equation, which we mentioned above (see | ] for the
details).

1.1. The classical approach: renormalized solutions. Once reasonable definitions of weak solutions
have been established, one can start wondering whether they exist and are unique.

On the one hand, existence results for weak solutions are available under quite mild assumptions on b,
due to the linearity of the problems: for instance, one can show that a weak solution to initial value
problem for transport equation (1.2) with a nearly incompressible vector field always exists by means of

a standard regularization argument (see | D-
On the other hand, the problem of uniqueness of weak solutions is more delicate and has been stud-
ied by several authors, since the work of DiPerna-Lions | ]. In that paper, uniqueness was estab-

lished as a corollary of the so called renormalization property. Roughly speaking, a bounded function
u € L®(RY x RY) is said to be a renormalized solution to (1.2) if for all B € C'(R) the function 3(u)
is a solution to the corresponding Cauchy problem:

u+b-Vu=0, . O (B(u)) +b-V(B(u)) =0

u(0,-) = ug Bu(0,-)) = B(uo(-))
This can be interpreted as a sort of weak “Chain Rule” for the function u, saying that u is differentiable
along the flow generated by b. In | | it is shown that the validity of this property for every 8 € C*(R)
implies, under general assumptions, uniqueness of weak solutions for (1.2); furthermore, it is proved that
renormalization property is fulfilled by vector fields b which have locally Sobolev regularity (in space).
The argument relies on an approximation scheme based on commutator estimates: if {p®}.50 is a standard
family of mollifiers in R™ and u® := u * ¢° then one can write

O +b - Vus = T¢ (1.5)

for every 3 € C*(R).

where T° is the commutator defined as
T°:=b-Vu* — (b-Vu) * ¢°
By multiplying both sided of (1.5) times £’(u®) one obtains
BB() + b+ V(A(u7)) = T°H(u7).

If b € WP, one can show that the r.h.s. converges strongly (in LP) to 0, from which one deduces the
renormalization property.
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1.2. Bressan’s compactness conjecture. In the recent years, several efforts have been made in order
to extend these results to a larger class of vector fields, remarkably BV vector fields. In 2004, Ambrosio
[ | proved the renormalization property for vector fields of bounded variation whose divergence is
absolutely continuous.

However, in view of the relevant connections with the theory of hyperbolic systems of conservation laws
(for instance the Keyfitz-Kranzer system, see [ , , ]), it is interesting to consider the
case of vector fields whose divergence has non trivial singular part. In particular, one would like to extend
the DiPerna-Lions theory of renormalized solutions to the transport equation when the vector field b is BV
(locally in space) and nearly incompressible. Notice that, using simple regularization arguments, one can
prove that if divb € L>(R* xR%) then b is nearly incompressible. The converse implication does not hold,
so near incompressibility can be considered as a weaker version of the assumption divb € L>(R* xR?). In
particular, uniqueness of solutions in the BV nearly incompressible setting implies (as shown in | D
the following conjecture on compactness of ODEs, raised by A. Bressan in 2003 (see | ,

Conjecture (Bressan’s compactness conjecture). Let b, : R x R? — R? n € N, be a sequence of smooth
vector fields. Denote by ®,, the flow generated by by, i.e.
d
%(Dn(tv I) = bn(tv (pn(tv I));
®,(0,2) = x.

Assume that ||by|lco + || Vi,abnllLr is uniformly bounded and there exists a constant C > 0 such that
C™! < det(V,®,(t,z)) < C

for all (t,z) € R x R? and all n € N. Then the sequence ®,, is strongly precompact in L

loc*

1.2.1. The chain rule approach and the 2D case. In view of Definition 1.2, in order to establish uniqueness
of solutions to transport equation (1.2) in the nearly incompressible case (and, thus, Bressan’s conjecture),
one is led to consider continuity equation

dep + divg(pb) =0 (1.6)
and would like to prove a uniqueness result for the initial value problem associated to (1.6). By pursuing

the renormalization approach, one has to observe that the chain rule along the flow of b for the equation
(1.6) takes a different form (even in the smooth setting):

0:8(p) + divz (B(p)b)) = (B(p) — pB'(p)) diva b. (1.7)
In general, the r.h.s. of (1.7) cannot be written in that form, being only a distribution; in the case the
vector field b € BV, it can be shown to be a measure, controlled by div, b. As noted in | ], the

main problem is to give a meaning to the r.h.s. of (1.7) when the measure div, b is singular and p is only
defined almost everywhere with respect to Lebesgue measure. To overcome this difficulty, the authors
split div, b € M(R%*1) into its absolutely continuous part, jump part and Cantor part and treat the

cases separately. Their first result (| , Thm. 3]) is that in all Lebesgue points of p the formula
(1.7) holds (possibly being div, b singular), where p is replaced by its Lebsgue value p. This is achieved
along the same techniques of | ], which are in turn a (non-trivial) extension of the ones employed in

[ ]: in general, in the BV setting, strong convergence of commutators does not hold. The argument
can be fixed if div, b is absolutely continuous, by considering suitable convolution kernels which look
more elongated in some directions in order to control the singular terms.

By exploiting properties of Anzellotti’s weak normal traces for measure divergence vector fields (see
[ 1), Ambrosio-De Lellis-Maly managed to settle the jump part: they obtain an explicit formula (in
the spirit (1.7)), involving the traces of b and p(1,b) along a H? l-rectifiable set. We refer the reader
also to [ ] for an extension of these results to the BD case.

In order to tackle the Cantor part, a “transversality condition” between the vector field and its derivative
is assumed: it is shown that, if in a point (¢, Z) one has (Db - b)(t,Z) # 0 (where b(¢, Z) is the Lebesgue
value of b in (Z,7)) then the point (£, Z) is a Lebesgue point for p.

From the analysis of | ], it remains open the case of tangential points, i.e. the set of points at
which Db - b vanishes, which make up the so called tangential set. This is actually relevant, as shown
in [ |: answering negatively to one of the questions in [ ], in [ ] the authors exhibited

an example of BV, nearly incompressible vector field with non empty tangential set. Even worse, the
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Figure 1. Example of [BG16]: the tangential set of the vector field b (only the integral
curves have been drawn here) is a Cantor like set of dimension 3/2. Notice
that each trajectory v meets the tangential set in exactly one point, at time
t,: the density p, computed along the curve, is piecewise constant, having a
unique jump of size 1 in ¢,.

tangential set is a Cantor like set of non integer dimension but, at level of the density p, one sees a pure
jump. This severe pathology is depicted in Figure 1 and we refer the reader to [BG16] for a detailed
construction.

In the same paper, the authors studied the 2D case and established, via a different technique, uniqueness
of weak solutions for a BV vector field, nearly incompressible (with a time independent density): as a
consequence they give explicitly the form of the r.h.s. of (1.7) in the 2D case. Their proof is inspired
to previous results in the divergence free case (obtained by [ABC14]) and takes advantage of the under-
lying Hamiltonian structure of the problem in the two dimensional setting. In [ABC14], the existence
of a Lipschitz Hamiltonian allows to establish a sufficient and necessary condition for uniqueness for
autonomous, divergence-free, bounded vector fields: this is done via a disintegration argument, in view
of the regularity results for level sets of Lipschitz maps obtained in [ABC13]. For an extension of these
techniques to the 2D nearly incompressible case we refer the reader to [BBG16].

1.3. A different method. Our analysis starts from the following observation: the two techniques pre-
sented above (Hamiltonian in two-dimensional setting and Chain Rule) are not suited for the general
case for two different reasons. On the one hand, in the general d-dimensional case with d > 2, the
Hamiltonian approach cannot be applied, as divergence free vector fields in R? do not admit in general a
Lipschitz potential. On the other hand, in the Chain Rule approach the problem is more subtle: clearly,
it seems arduous to construct suitable convolution kernels, which adapt to the irregularity of the vector
field, controlling the errors, once the main term is exhibited. The subtle problem is however to determine
which are the main terms: one has to compute some sort of trace on sets which are not rectifiable, i.e.
Cantor-like sets. Lacking a suitable notion of trace, this task seems quite difficult. Such a notion could
be given by means of a Lagrangian representation 1 of the R4t1-valued vector field p(1,b), and this is
the starting point of our approach.

Lagrangian representations. In the general non-smooth setting, one could recover a link between the
continuity equation (1.1) and the ODE (1.3) thanks to the so called Superposition Principle, which has
been established by Ambrosio in [Amb04] (see also [Smi94]). Roughly speaking, it asserts that, if the
vector field is globally bounded, every non-negative (possibly measure-valued) solution to the PDE (1.1)
can be written as a superposition of solutions obtained via propagation along integral curves of b, i.e.
solutions to the ODE (1.3).
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More generally, let us consider a locally integrable vector field b € Li ((0,7) x RY) and let p be a
non-negative solution to the balance law

Owp + div(pb) = g, pwe M((0,T) x RY). (1.8)
with p € LL ((1+ |b])£4*1) (so that a distributional meaning can be given). For simplicity, we will often

loc
write (1.8) in the shorter form

dive . (p(1,b)) = p. (1.9)
Let us denote the space of continuous curves by
T = {(tl,tg,")/) S RT x RT x C([thtg],Rd), t < tQ}

and let us tacitly identify the triplet (¢1,t2,7) € 7 with +, so that we will simply write v € 7", and in
this case we will denote the interval of definition as [t7, t;“] We say that a finite, non negative measure
71 over the set 1" is a Lagrangian representation of the vector field p(1, b) if the following conditions hold:

(1) 7 is concentrated on the set of characteristics I, defined as
I = {(tl,tg,v) € 7T : v characteristic of b in (tl,tg)};

we explicitly recall that a curve -y is said to be a characteristic of the vector field b in the interval
I, if it is an absolutely continuous solutions to the ODE

Y(t) = b(t,¥(t)),

in I,, which means that for every (s,t) C I, we have

[ b1 =26 [

Here to fix the ideas we can choose a particular representative of b: in any case it is fairly easy
to see that by taking another representative the sets of trajectories differ only by a n-negligible
set.

(2) The solution p can be seen as a superposition of the curves selected by 7, i.e. if (id,v): I, —
I, x R? denotes the map defined by ¢ — (¢,7(t)), we ask that

pLHt! =/F(id,7)uﬁl n(dv);

(3) we can decompose p, the divergence of p(1,b), as a local superposition of Dirac masses without
cancellation, i.e.

n(dy) =0.

j= /F (60 e () = 8,1 o) ()] ),

ul = /F [5t;,v(t;)(dt dr) +0p5 ) (dt dx)} n(d).

The existence of such a decomposition into curves is a consequence of general structural results of 1-
dimensional normal currents (see | ] and, for the case p =0, | , Thm. 12], we will adress more
precisely this question in Section 3.1). The non-negativity assumption on p > 0 (i.e. the a-cyclicity of
p(1,b) in the language of currents) plays here a role, allowing to reparametrize the curves in such a way
they become characteristic of b, i.e. they satisfy Point (1).

Restriction of Lagrangian representations and proper sets. One problem we face immediately
lies in the fact that 7 is a global object, thus it is not immediate to relate suitable local estimates with
7: in other words, in general, n cannot be restricted to a set, without losing the property of being a
Lagrangian representation. If we are given an open set Q C R4 and a curve v, we can write
o0
7o) = ()
i=1

and then consider the family of maps

s Réy}/ =L ity
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We can now define
oo

o =Y _(RQ)m- (1.10)
i=1
In general, the series in (1.10) does not converge. Moreover, even if the quantity in (1.10) is well defined
as a measure, since 7 satisfies Points (1) and (2) of the definition of Lagrangian representation 3.1, it
certainly holds

p(1,b) Ed“m:/(id,v)n((ld)ﬁl)m(dv)-
I

but, in general, Point (3) is not satisfied by 7q (more precisely the second formula): in other words, 7q
might not be a Lagrangian representation of p(1,b)L£%*!Lq: the key point is that the sets of v which are
exiting from or entering in {2 are not disjoint.

Thus the first question we have to answer to is to characterize the open sets  C Rt for which 7q is
a Lagrangian representation of p(1,b)L%*!Lqg. It turns out that there are sufficiently many open sets (2
with this property: apart from having a piecewise C'-regular boundary and assuming that H%_ go-a.e.
point is a Lebesgue point for p(1,b), the fundamental fact is that there are two Lipschitz functions ¢%+
such that
Lo < 67" <1 pirigy,  Lrerng € 0% < lgangpati()
and
%ig(l) pl(1,b) - V> E| £ = p|(1,b) - n| HLsq in the sense of measures on R4*1,

which essentially mean that p(1,b)H? g is measuring the flux of p(1,b) across IQ (see Definition 4.1
for the precise definition). We call these set p(1,b)-proper (or just proper for shortness): our first results
are that there are sufficiently many proper sets and that they can be perturbed in order to adapt to the
vector field under study.

Cylinders of approximate flow. Once we are able to localize the problem in a proper set, we can
start studying which are the pieces of information on the local behavior of the vector field that one needs
in order to deduce global uniqueness results. To begin with, we consider again the case of the jump part
of b in the L* N BV (or L* N BD) case: in this framework, in [ , Thm. 6.2] it has been proved
the existence of a strong trace for p over the jump set of b by taking suitable cylinders, so that on both
sides of the discontinuity the later flux becomes negligible w.r.t. their base (see Figure 2a). By strong
trace we mean that the trace operator, defined in the Anzellotti’s distributional sense, agrees with the
(approximate) pointwise limits defined with integral averages on balls. One could be tempted at this
point to reproduce the proof in the tangential points: ignoring the fact that we do not have a suitable
notion of (strong) trace on these Cantor sets, the main difference lies in the fact that, since the vector
field is not transversal to the measure theoretic normal of the set, the cylinders should be much more
elongated (see Figure 2b).

Thus we have to look for a different approach. Given a proper set Q C R%t! we assume we can construct
locally cylinders of approximate flow as follows:

Assumption 1.3. There are constants M, > 0 and a family of functions {¢€,}Z>O,7€F such that:
(1) for every v € I',£ € RT, the function ¢ : [t7,¢F] x RY — [0,1] is Lipschitz, so that it can be used
as a test function;
(2) the shrinking ratio of the cylinder (/5,‘; is controlled in time, preventing it collapses to a point:

more precisely, for ¢ € [t7, tj/‘ ] and z € RY,

Lyw+Bg,0 () < ¢ (t,x) < L ty+ B2, 0)(@);
(3) we control in a quantitative way the flux through the “lateral boundary of the cylinder” (compared

to the total amount of curves starting from the “base of the cylinder”) with the quantity w: more
precisely, denoting by

flux of the the vector field p(1,b)
across the “boundary of the cylinder” gbfy

- p(t,)|(1,b) - VL (t, )| £+ (do db),
(67 44 xR

Flux®(v) :=
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Jb
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S )lﬂl |
(a) Visual proof of Thm. 6.2 in [ACMO5]: (b) Back to the example of [BGI16]:
the trace of p on the jump set Jp is in the tangential points, the cylin-
strong, as a consequence of the fact ders should be much more elon-
that the flux of b through the lateral gated than in the jump case, as
boundaries of the cylinders is asymp- the vector field is not transversal.

totically negligible w.r.t. the base of
the cylinders.

Figure 2. Strong traces via cylinders: the jump case and the Cantor case.

ot (7) := n-measure of the amount of curves starting from the base of the cylinder (;Sf;
and
7751 ‘= T)QL {curves entering in Q}

we ask that

1 in
/FU%)HUX( )i (dy) < . (1.11)

We decided to call cylinders of approzimate flow the family of functions {¢$}g>oﬂe r, even if they are
actually functions: indeed, if v is a characteristic of the vector field b, the function qﬁﬁ can be thought as
generalized, smoothed cylinder centered at . Notice that the measure 1l makes sense if (2 is a proper
set, in view of the above analysis. Thus the ultimate meaning of the assumption is that one controls the
ratio between the flux of p(1,b) across the lateral boundary of the cylinders and the total amount of
curves entering through its base in a uniform way (w.r.t. £), as the cylinder shrinks to a trajectory . A
completely similar computation can be performed backward in time, by considering 7 restricted to the
exiting trajectories and adopting suitable modifications.
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Passing to the limit via transport plans. At this point, one would like to determine what the cylinder
estimate (1.11) yields in the limit £ — 0. In order to perform this passage to the limit, we borrow some
tools from the Optimal Transportation Theory. The language of transference plans is particularly suited
for our purposes: we define

rrQ):={yer:yt) e}, I™Q):={yel:y(t])econ}

and we consider plans between ng := nqoLre () and the entering trajectory measure ni. Notice that
ng is concentrated, by definition, on the set of trajectories entering in and exiting from Q (crossing
trajectories). In the correct estimate one has to take into account also trajectories which end inside the
set 0 and this, in view of Point 3 of the definition of Lagrangian representation, is estimated by the
negative part p~ of the divergence u, defined in (1.9). By means of a deep duality result in Optimal
Transport | ], one obtains the following

Proposition 1.4 (Theorem 7.17). Let Q C R+ be a proper set and n be a Lagrangian representation
of p(1,b). If Assumption 1.3 holds then there exist Ny C I'*(Q2), No C I'™(Q) such that
cr in : 2/”‘7(9)
NG (N1) +ngy (N2) < Cl};fl {W +2Cw + -1

and for every (v,v') € (I'" \ Ny) x (I''™\ Ny)
either clos Graphy' C clos Graph v or clos Graph v, clos Graphy’ are disjoint. ()

Proposition 1.4 gives essentially a uniqueness result (from the Lagrangian point of view) at a local level,
namely inside a proper set : it says that, under Assumption 1.3, up to removing a set of trajectories
whose measure is controlled, one gets a family of essentially disjoint trajectories (meaning that are either
disjoint or one contained in the other).

Untangling of trajectories. It seems at this point natural to try to perform some “local-to-global”
argument, seeking a global analog of Proposition 1.4. In order to do this, we introduce the following
untangling functional for n'*, defined on the class of proper sets as

fin(Q) := inf {778(]\[1) + 03 (No) : Y(v,7') € (I'\ N1) x (I'\ N3) the condition (%) holds }

and, in a similar fashion, one can define an untangling functional for the trajectories that are exiting
from the domain ). In a sense, these functionals are measuring the minimum amount of curves one has
to remove so that the remaning ones are essentially disjoint, i.e. they satisfy condition (). The main
property of these functionals is that they are subadditive with respect to the domain 2, meaning that

FRO) <O+ V),

whenever U,V C R%*! are proper sets whose union € := UUV is proper. The subadditivity suggests the
possibility of having a local control in terms of a measure w”, whose mass is 7 > 0, replacing the constant
w in Proposition 1.4 with ™ (). In view of Proposition 1.4 one has to combine w” with the divergence
and this can be done by introducing a suitable measure (5 ~ C'w™ + % on R for every fixed C' > 1.
If Assumption 1.3 is satisfied locally by a suitable family of balls, then one can show, by means of a
covering argument, the following fundamental proposition, which is the global analog of Proposition 1.4.
We state in a slightly simplified setting here, and refer to Section 8.2 for the precise statement.

Proposition 1.5. Assume that Assumption 1.3 holds for a family of balls which is a fine covering of R<.
There exists a set of trajectories N C I' such that

N(N) < CaCE(R™Y)
and for every (v,7') € (I'\ N)? it holds
either Graph~ C Graphy’ or Graph~' C Graph~y
or (%x)
Graph~, Graph~' are disjoint (up to the end points).
The interesting situation is when the measure ¢/, can be taken arbitrarily small, i.e. when 7 — 0: in that

case 7 is said to be untangled, i.e. it is concentrated on a set A such that for every (v,7') € A x A the
condition (*x) holds.
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Partition via characteristics and Lagrangian uniqueness. The untangling of trajectories is the
core of our approach and it encodes, in our language, the uniqueness issues and the computation of
the chain rule. Indeed, once the untangled set A is selected, we can construct an equivalence relation
on it, identifying trajectories whenever they coincide in some time interval: this gives a partition of
A into equivalence classes F, := {pq}q, where a runs on a suitable set of indexes 2. This, in turn,
induces a partition of R+ (up to a set pLdT -negligible) into disjoint trajectories (that we still denote
by pq): both partitions admit a Borel section: hence a disintegration approach can be adopted, like in
the two-dimensional setting. One reduces the PDE (1.9) into a family of one-dimensional ODEs along the
trajectories {(q aco: we are thus recovering a sort of method of the characteristic in the weak setting.
We call a Borel map g: R¥! — A a partition via characteristics of the vector field p(1,b) if:

e for every a € A, g~!(a) coincides with Graph~,, where v, : I, — Rt is a characteristic of b in
some open domain I, C R;

e if g denotes the corresponding map g: A — A, g(7) := g(Graph~), setting m := gzn and letting
wq be the disintegration

p L :/m(id,’ya)u(waﬁl)m(da)

then
d
—wy = g € M(R), (1.12)
dt
where w, is considered extended to 0 outside the domain of ~g;
e it holds

p= [ rmamida)  and = [0} el m(da).
We will say the partition is minimal if moreover

lim wge(t) >0 vt € 1.
t—t+
In view of the discussion above, the family of equivalence classes {4 }qc2 arising from the untangled
set A constitutes a partition via characteristics. Moreover, since the function w, is a BV function on R,
in view of (1.12), we can further split the equivalence classes so that it becomes a minimal partition via
characteristics of p(1,b). We have thus obtained the following

Main Theorem 1. Assume that the representation n is untangled. Then there exists a minimal partition
via characteristics £ of p(1,b)L4T1.

If now u € L™ is such that div,,(up(l,b)) = ' is a measure, one can repeat the computations for
(2|uljoo +u)p(1, b) LI+ obtaining that the same partition via characteristics works also for up(1, b) L4+
concluding with the following uniqueness result, which is the second main result of the present work.

Main Theorem 2. Let the assumptions of Proposition 1.5 hold with the mass of (f, arbitrarily small.
If u € L=(pL3*1Y) then the map £ of Main Theorem 1 is a partition via characteristics of up(1,b)L4+!,

In particular, by disintegrating the PDE div(up(1,b)) = u’ along the characteristics p, = £~ !(a), we
obtain the one-dimensional equation

i<U(t, m(t))wa(t)> = Ha-
At this point, an application of Volpert’s formula for one-dimensional BV functions allows an explicit
computation of 4 (B(u o pa)wa), i.e. of div(B(u)p(1,b)) thus establishing the Chain rule in the gen-
eral setting, see Section 9.2.1. We remark that, even without BV-BD bounds on b, the distribution
div(B(u)p(1,b)) turns out to be a measure in our setting, i.e. when the representation 7 is untangled.
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(a) In the absolutely continuous part of (b) The singular case: the cylinders shrink
Db the cylinders evolve under a con- (if divb < 0) in a controlled way,
stant matrix A, which will be taken their sides being graph of monotone
close to D%b. Lipschitz functions which satisfy suit-

able differential equations.

Figure 3. Approximate cylinders of flow in the L} (BV, )i nearly incompressible case.

1.3.1. The BV nearly incompressible case. The last part of this work aims to give an interesting example
where the above construction can be performed: it is the case where b € L} (BV,)ioc. In view of Main
Theorem 2, without loss of generality, we assume p = 1 so that the vector field under consideration is
exactly (1,b)L%*! and we denote by Db = [ Db(t)dt the derivative of b. The construction considers
a local approximating vector field for which the flow is Lipschitz and whose cylinders of flows satisfy
Assumption 1.3.

For any matrix A and v characteristic (and for ¢,6; > 0), one can define the cylinder

+
¢e 61 (t,7(t) + eAty) — {1 _ é dist (y, B¢ (0))

By some computations (similar to the renormalization analysis) one can to show that the integral (1.11)
can be estimated by

ot
/ U% [ / / |(1,b) -vumi"”lﬁdﬂ] n(dvy) < C|Db — ALY (BIL(E, 7). (1.13)
ty

where o©1 is the normalization constant of Assumption 1.3 (in this case independent on the particular
trajectory ) and C' a positive constant, see Proposition 11.1 of Section 11.1. In particular, the right hand
side of (1.13) can be made arbitrarly small in the absolutely continuous part of Db. Roughly speaking
we have replaced the real evolution (under the flow of b) of a ball BZ(0) with an ellipsoid, given by a fixed
matrix A (compare with Figure 3a): the computation behind (1.13) shows that the difference between the
two evolutions (i.e. the lateral flux through the cylinder) is small, when compared to the volume of Bg(0).

The estimates for the singular part are more delicate and depend heavily on the shape of the approximate
cylinders of flow. The main idea is to choose properly the (non-transversal) sides’ lenghts of the cylinders,
in such a way to cancel the effect of the divergence. First of all, by Alberti’s Rank One Theorem | 1,

we can find a suitable (local) coordinate system y = (y;,y") € Rd in which the derivative Db is essentially
directed toward a fixed direction (without loss of generality, the one given by e;). Accordingly, we define
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the (section at time ¢ of the) cylinder
Q=Qp =10+ {y = ) ) <w <) <) )

where ¢ > 0 and Eliﬁ are monotone Lipschitz functions to be chosen. This is indeed a crucial step: in
Section 11.2, we show it is possible to adapt locally the cylinders of approximate flows, by imposing that
the sides’ lengths éliﬁ (t) are monotone functions satisfying suitable differential equations (see Figure 3b).
In a simplified setting, i.e. if the level set of by (t) were exactly of the form y; = constant, then we would
impose

Dt (0) = (Dh) (4(0),7() + €1, (1) (1.15)

(and an analogous relation for El_ﬁ). Plugging the solution of (1.15) into the definition of the cylinder
(1.14), we can show that the flux of b through the lateral boundary of @ is under control. Actually, a
technical variation of this is needed in order to take into account the fact that the level sets are not of
the form y; = constant: to do this we exploit Coarea Formula [ , Theorem 3.40] and a classical
decomposition of finite perimeter sets into rectifiable parts (De Giorgi’s rectifiability Theorem | ,
Theorem 3.59]). We show that, up to a |[D*"8b|-small set, one can find Lipschitz functions y; = Ly 5 (y")
in a fixed set of coordinates (y1,y*) € R x R whose graphs cover a large fraction of the singular part
DSi“gbLBgﬂ(my Corollary 10.4. We can at this point reverse the procedure, i.e. we construct a vector
field starting from the level sets: this yields a BV vector field ¢(¢t) whose component I; can be put into
the right hand side of (1.15) and we can now perform the precise estimate of the flux of b through the
lateral boundary of (). By an application of the Radon-Nikodym Theorem, it follows that on a large
compact set it holds that the flow integral (1.11) is controlled by 7|D*"¢b|(B4*1(%,)) for every fixed
7 < 1. Finally a covering argument implies that the measure (¢ ~ Cww™ + % can be taken to be 7|Db|,
i.e. Theorem 1 holds.

1.4. Structure of the paper. The paper is organized as follows.

Section 2 introduces the main notations used in the paper.

Section 3 collects some results which will be used. After specifying the problem under consideration
and observing that due to the locality of the result it is enough to consider vector fields with compact
support, in Section 3.1 we recall the basic results on the existence of a Lagrangian representation 7
(Definition 3.1), i.e. a measure on the space of trajectories of the vector field b defined in an open
interval. The only variation w.r.t. the results of [ | is that, thanks to the form of the vector field
(i.e. (1,b)), can parametrize the curves with ¢. The fact that 7-a.e. curve is of finite length implies that

FLL ] = et

~

i.e. there exists the limit points 7(t$): in particular for us Graph -y is the graph of v together with its
starting and ending points. Section 3.2 deals with a duality result which will lead to the untangling
properties of the representation n: the fundamental result (Proposition 3.6) is that if B is a Borel set,
and p;, i = 1,2, are two bounded measures (possibly with different mass), then the dual of the optimal

transport problem
sup 7(B) = inf { Z/hl i, h; Borel, Zhl > ILB}

(Pa)pm<pi
has a minimum, which is actually given by some characteristic functions h; = 1p,.
Finally Section 3.3 recalls some fundamental properties of BV functions, which are used in the last part of
the paper when studying the L} (BV,)-case: the most important ones are the Coarea Formula, Theorem
3.11, and the Rank-One Property, Theorem 3.12.

The rest of the paper is divided into 3 parts, each studying a different problem: select suitable sets
which can be used for testing purposes (Part 1), deduce from a local estimate on the Lagrangian repre-
sentation some global uniqueness properties (Part 2), and finally show that b € L} (BV,). satisfies this
local estimate (Part 3).
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In Section 4 we give a property of open sets Q with sufficiently regular boundary which (at the end)
will imply that the normal trace controls the flow of trajectory across 0€2: the idea is that there are
two Lipschitz functions ¢** such that p|(1,b) - Vé*»*|L£4! converges to the outer/inner normal trace.
Definition 4.1 of p(1,b)-proper sets requires more conditions, which are not restrictive being the sets
used for testing purposes; subsequent remarks are addressed to possible extensions. The main results of
Section 4.1 are that there are sufficiently many sets which have a simple geometry and are p(1, b)-proper
(Lemma 4.10) and a condition to construct new proper sets (Proposition 4.11).

In particular, these sets can be perturbed: Section 4.2 construct indeed perturbations €). of proper sets
), which are still proper, arbitrarily close to the original € and such that the entering/exiting fluxes
mainly occur across finitely many time-constant planes, Theorem 4.18.

The restriction operation p(1,b)L4*! s p(1,b)L4 1L has as a key point the computation of traces:
indeed the boundary of 9 adds a trace, i.e. a source/sink for the trajectories . The idea is to consider
the operator

'7_1(9) = U(t'zy’_7t'zy.+)’ Roy = Ve@h— ity
1
and the natural image measure
(Ra)in = Y _(RG)s-
K3
After recalling some known results of (now) classical trace theory for L*°-divergence measure vector
fields, we show in Section 5.1 that the maps ti’i are Borel (Lemma 5.5), and give a representation of

the distributional trace as a countable sum of measures (Tgi)w (Lemma 5.6); an example showing that
the trace in general is not absolutely convergent is given in Example 5.8. A consequence of this lack
of convergence is that (R)yn is not a Lagrangian representation of p(1,b)LIH1 g since the balance of
the divergence is not true. By increasing the regularity of the vector field, one can obtain an absolutely
convergent sequence of measures representing the trace for Lipschitz sets: this is the case of BV or BD
vector fields, and this is studied in Section 5.2. After a trivial extension to LI(BDI)lOC of the chain rule
for traces (Proposition 5.10), in Proposition 5.11 we show that (Rg)sn is an absolutely convergent sum of
measures. '

The main aim of this analysis is to identify two disjoint subsets A% of 9 such that (Tgi)un is
concentrated on A*: this is exactly the case of proper sets, and it is studied in Section 6. The key fact,
used several times in the section, is that the trace controls the flux of trajectories across 9f2: using the
perturbations QF of Section 4.2 one can further show that a weak differentiability holds, Corollary 6.6,
and finally that (Rq)4n is a Lagrangian representation of p(1, b)L*1 o, Theorem 6.8. Further regularity
properties and stability w.r.t. perturbations are analyzed in Corollary 6.9 and Proposition 6.10.

This concludes Part 1, and next we begin with Part 2.

The starting point of Section 7 is to give a set of assumptions in a proper set {2 which implies uniqueness

up to a set of trajectories whose n-measure is controlled: this is mainly Assumption 7.1 of Section 7.1.
(See also Remark 7.5 for essentially equivalent conditions, Assumption 7.6). This uniqueness result is
divided into two propositions: in the first, Proposition 7.2, we control the trajectory which starts from the
same point of the boundary and subsequently bifurcate. In Proposition 7.3 instead we use transference
plans to control the amount of trajectories starting from two different points of 92 and intersecting at
a later time. Example 7.4 shows that Proposition 7.2 is sharp, in the sense that in general one cannot
hope for a full control of transference plans 7 between 1™ and itself.
Restricting to the crossing trajectories, instead, it is possible to have such a control: indeed, Corollary
7.12 gives the estimate on the m-measure of trajectories starting from two different points and intersecting,
while at the expenses of o(1)u~ (£2), Proposition 7.11 considers the other case. The final result is Theorem
7.15, which follows from the above two bounds and Kellerer’s duality results | ]: it states that, after
removing a set of trajectories whose n-measure is explicitly controlled, the remaining curves are either
disjoint or one a subset of the other. For convenience, the analysis is performed first on perturbation of
propers sets, and then passed to the limit as shown in Theorem 7.17.

The next section, Section 8, addresses the problem of passing the local results obtained in Section
7 to a global estimate. From the estimates of Theorem 7.17, it is natural to introduce the untangling

functionals f"" and f°", Definitions 8.1 and 8.2. The main result of Section 8.1 is their subadditivity,
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Proposition 8.3. Lemma 8.4 gives a simple but useful estimate on their relationship.

Being the untangling functionals subadditive, it is natural to control their values with a measure: this
is exactly Assumption 8.5, Section 8.2. A standard covering argument yields Theorem 8.9, which is
the global version of Theorem 7.17. In the case the comparison measure can be made arbitrarily small
(which will be the case if Assumption 8.13 is satisfied) then Corollary 8.11 shows that the Lagrangian
representation n is untangled, Definition 8.10.

The last section of this second part shows that if 7 is untangled then, as in the classical case, there
exists a partition of R¥*! into trajectories of b (Proposition 9.1) such that the PDE div(p(1,b)) = u can
be decomposed into ODEs on the characteristics (Proposition 9.3). The final result of Section 9.1 is the
existence of a partition via characteristics, Definition 9.4 and Theorem 9.5.

In the second part, Section 9.2, we prove how a partition via characteristics is the same in the class
p' € L% (p), Theorem 9.6; this allows the explicit computation of the chain rule, performed in Proposition
9.8.

The last part, Part 3, shows that b € L; (BV,)jc satisfies Assumption 8.13.

In Section 10, we exploit Coarea formula and Rank-One Theorem to show that it is possible to
approximate locally the singular part of Db with a measure concentrated on uniformly Lipschitz graphs,
Corollary 10.4. The proof of this fact is split into several steps (Proposition 10.2 and Corollary 10.3) and
relies ultimately on the properties of sets of finite perimeter, in particular the De Giorgi Rectifiability
Theorem. Using the Rank one property, the vector valued case is reduced to the previous analysis and
we obtain the desired decomposition in Corollary 10.4.

The key section is Section 11, where the explicit form of the local cylinders is exhibited. We have to
consider two cases.

In the absolutely continuous part of Db, Section 11.1, one compares the Lagrangian flow n with the linear
flow generated by a constant matrix A. In this case, the analysis is pretty much similar to the standard
renormalization estimates, giving in Proposition 11.1 the correct bounds.

The singular part (Section 11.2) is definitely more involved: the cylinders are constructed by solving a
PDE (equations (11.7)) using the approximate vector field constructed in the previous section. Lemma
11.2 guarantees that the Lipschitz regularity of sets is preserved in time, so that they can be used as
approximate cylinders of flows. Lemmata 11.3, 11.4 estimates the lateral flows of these cylinders and
yield Proposition 11.5, giving the correct bound for the singular case. We thus conclude with Theorem
11.6, which states that Assumption 8.13 holds for b € L} (BV,)iec-

We collect in the last section, Section 12 the proof of Lemmata 11.3, 11.4.
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2. NOTATION

We fix in this section some notations which will be used throughout the paper, for the usefulness of
the reader.

Euclidean spaces and topology. For an integer d > 1, the d-dimensional euclidean real vector
space will be written as R?, and its norm by |- |. In the following we will often consider the space R4*!
or the space Rt x R? whose coordinates will be denoted by ¢ (time) and = (space), with ¢ € R,z € R?.
The open ball in R? centered at a point z € R? with radius r is

Biz):={yeR:|y—z| <r}.

When x = 0 and there is no risk of confusion we will simply write B2 to denote BZ(0). The unit sphere
in R4 of center 0 will be denoted by S%:= dBI*1(0) ¢ R4+ |

If X is a metric space, the ball centered in z € X with radius r will denoted B:X (), and B,(x) when
no confusion occurs about X. If £ C X then dist(x, F) is the distance of z from the set F, defined as
the infimum of d(z,y) as y varies in E.

The norm in a generic Banach space will be denoted by || - ||, with an index referring to the space
whenever some confusion may occur. If not otherwise stated, Q will stand for a generic open set in R?.
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The closure of a set A is denoted by clos A, usually being clear the ambient topological space. The
relative closure of A in the topological space B is clos(A, B). Similarly, the interior will be written as
int A or int(A, B). The boundary will be written as Fr A or Fr(A, B) and, in some cases (mainly for
Q) c R?%), we will use the more conventional notation 9Q. We will say that A € B if clos A is a compact
set contained in B. A neighbourhood of x € X will be written as Uy;. The power set of set X will
be denoted by P(X). Given a product space X x Y, we denote the projection on the space X by px:
sometimes we will also write p; : [[, X; — X to denote the projection on the j-component X;. In the
product space X x Y, for all sets A we will denote its sections as

Ale) ={y: (z,y) € A}, A(y) = {z: (z,y) € A}.
We say that the family {Aq}aer (I some set of index) is a covering of A if

AcC UAa,

and, if the elements of the family are disjoint, i.e. A, N Ag =0 for o # 3, we say it is a partition.

Functions and vectors. If A is a set, we will denote by 1 4 the characteristic function

ti={g T5i

The notation id is for the identity function id(z) = . The symbol g o f denotes the usual composition
of the two functions f: X — Y and g: Y — Z. When the function is defined in a subset of the ambient
space, the domain will be written as D(f) and its range (or image) as R(f). The graph of a function
f is denoted as Graph f, and the support by supp f. The restriction of a function f to a set A will be
written as fL 4.

In the case of vector valued functions (vector fields), we will use bold letters, e.g. b = (b;)%_,. We will
write 2, = (z-n)n and 25 =  — z,. A generic vector in R*! will be written as B: we will sometime
use this notation when the particular structure of B is not important. If the vector field b : R4+ — R?
is time dependent, then we will use either the notation b(t): R? — R? or by.

In general, given X,Y topological spaces, C(X,Y") will stand for the space of continuous functions
f: X =Y. If X =R CF (Rd,Rdl) is the space of real valued functions with continuous partial
derivatives up to order k. The space of compactly supported smooth functions in an open set Q C R¢
will be denoted by C2°(€2). The space of distributions over © will be 2’(€2). The duality pairing between
a distribution f € 2'(2) and a smooth test function ¢ € C°(Q) will be written as (f, ). In the case of
1-dimensional BV functions f (or, in general, whenever the limits exist), we will write

f(@£) = lim () (2.1)
r—x
for the right/left limit.
Given a point € R? and r > 0, we define the rescaling of f about x € R? as

foly) = flz +ry). (2.2)

A smooth, non-negative function ¢ with compact support and integral equal to 1 will be called convolution

kernel. We will use the notation ¢® = e_dgo(l)/e (

o= e (2).

in the notation (2.2) above), i.e.

We will denote the convolution in R? by .

Differential operators. The distributional partial derivatives of a real-valued function f defined on
a subset of R x R? will be written as 0, f;, 9., f. The differential of a smooth function f will be written
as Df, and the divergence of a vector field b by divb. The same notation will be used also for the
distributional counterparts of these operators. Finally, if e is a unit vector, the derivative of b along
e= (ei)le will be denoted by Def = Z‘::l €0 f.



16 STEFANO BIANCHINI AND PAOLO BONICATTO

Measure theory. We will denote the Lebesgue measure in R? by £ and by H? the d-dimensional
Hausdorff measure in R** &k > 0. The Dirac mass at = will be written as d,. The d-dimensional
Lebesgue measure of the unit ball in R? will be denote by wy, so that

LYBL0)) = war.

Consequently, the H9~1-measure of the unit sphere S¥~1 in R is dwg. A negligible set (w.r.t. some given
measure) will be often denoted by N.

For a generic signed Radon measure p on RY we will write |u| for its total variation. Given another
Radon measure v, the Radon-Nikodym derivative of v w.r.t. the positive measure p > 0 will be written
as d— We say that v, 1 are orthogonal and we write p L v if there exist two disjoint sets A;, As such

that A; U Ay = R? and |u|(A2) = |v|(A;1) = 0. The Radon-Nikodym decomposition will be written as

dv
:@:U‘+VJ_7

where vt is orthogonal to pu. If v+ = 0 then v is a.c. w.r.t. p and we will write v < . When the

measure 4 = L%, then the first term will be denoted by v (sometimes, with a slight abuse of notation,
meaning either the function or the measure).

The push-forward of a measure p on X with respect to a Borel function f: X — Y is defined as the
measure on Y given by fyu(B) := u(f~'(B)) for all Borel set B C Y. Notice that for a Borel map
g: Y — R it holds

/ o(y) (fap)(dy) = / (g0 f)(@) p(de).
Y X

The restriction of a measure y to a set A will be written as u_4. For a measure p, similarly we define

o | fwan = [ 1 ( * y_> )

The set of signed Radon measures over X is denoted by M(X), the non-negative Radon measures
with M™*(X) and the bounded Radon measures by M;,(X). Since all results in this paper are local in
space-time, we will not distinguish between weak and narrow convergence, and sometime we will just
write weak (or weak®) convergence of measures to denote both of them.

Integration theory. Usually the integral of a Borel function f w.r.t. a measure p will be written
(when it exists) as
/ fu

/fcd /fdx

We will also use the standard notations L (g, Y") (L°°(u,Y)) for the space of measurable functions with
values in Y whose norm is p-integrable (u-essentially bounded). Whenever the measure p = £ and
Y = R we will just write L'(R?) (L>°(R?)), and we add in case the index loc to denote properties which
holds locally, e.g. local integrability (local boundedness). When the space Y is clear from the context,
we use the notation L!(u) (L°° (1)) and we will sometimes avoid to write the set of integration, being
implicitly characterized by the measure w.r.t. we are integrating.

and in the case u = £ as

The average integral on a set will be written as

]ifu:ﬁ/Afu-

The disintegration of a measure pu w.r.t. a partition {4y}, will be written as

n= /ua fep(dav),

where f is the partition function, i.e. f~1(a) = A,. Usually f will be a projection.
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Lipschitz domains. A generic open set in R? will be often denoted by €. An open set Q C R? is
said to be Lipschitz or Lipschitz reqular if 0X) is Lipschitz: this means that for every point z € 92 there
exists a local orthogonal coordinates system z = (z3,74) € R¥™! x R, a neighborhood Uwi C Re7L of

x7, and a Lipschitz function ¢, : Ux; — R and r > 0 such that

00N BY(x) = Graphg, = R(id,s,).

The notation ¢ is usually reserved to some particular functions, and will have some apex/index de-
pending on the case. The same for particular sets Q). Moreover, when Q@ C R x R?, we will denote 0'Q
the intersection of 0Q with {(¢,z): t € int(p1Q)}.

About the value of the constants. To conclude this section, we will use L to denote a scale factor,
Cq for a dimensional constant and C' for a generic constant which may change from line to line. If f is
some function, we will write O(f) for a quantity bounded by a constant factor times f and o(f) for an
infinitesimal quantity w.r.t. f: usually the point where the limit is taken is clear from the context.

3. PRELIMINARIES

In this section we recall some basic results concerning measure divergence vector fields (in particular
their representation as superposition of curves, as e.g. in | D), duality for transportation problems
[ ] and properties of BV functions | ]

3.1. Lagrangian representations. Consider a vector field of the form

p(1,b) € L}(R4T RITL), (3.1)
where
p: R 5 RY, b: R4 5 RY (3.2)
We assume that p, b are compactly supported and that it holds in the sense of distribution,
div(p(1,b)) = pu € M(R 1), (3.3)

which means that p(1,b) is a measure-divergence vector field. To avoid dealing with sets of £%-negligible
measure, we will assume that p, b are defined pointwise as Borel functions.
An absolutely continuous curve v: I — R?, where I C R is an open time interval, is a characteristic
of the vector field p(1,b) if it solves the ODE
d
Z(®) = bit, (1),
the equality holding £'-a.e. in I.
We consider the space 1" of curves «: more precisely, let

T={(t12,7) 1t <ts, v € C(ltr, 2] B) |
with the distance
[t1 — 11| + [t2 — t| +max {|7(s) =/ (s)],s € [tr, 2] N [}, 15]},
and its subset made of characteristics
I'= {(tl,tg,*y) € T : v characteristic in (tl,tg)}.

One can show that I is a Borel subset of 7.

Clearly, given t; < t3 and a function v continuous in the closed interval [t1,ts], it can always be
extended to the real line, so that 7" can be seen as a quotient of the space R?? x C(R,R%) with the
quotient topology. In what follows, to shorten the notation, instead of the triplet (¢1,t2,7) we will write
only v, and denote its interval of definition by [t , tfyr]

We will often consider v as defined only in the open interval I, = (t;, tfyr), ie v= Ve )} this is for
convenience, since our results concern the intersection properties of family of curves in the open interval
where they are characteristics. Notice that the existence of the end points (¢ ), ’y(tjy') is assured in our
settings.

Definition 3.1. We say that a bounded, positive measure 7 € MZ’(T) is a Lagrangian representation of
the vector field p(1,b) LT if the following conditions hold:
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(1) n is concentrated on the set I" of absolutely continuous solutions to the ODE
Y(t) = b(t,¥(t)), (34)
which explicitly means for every s,t € I,
¢
| 0 =6 = [ bt dr|nian) o
(2) if (id,v): I, — I, x R? denotes the map defined by ¢ — (¢,7(t)), then
(1) £ = [ (i) (1 5)£") nle)

(3) we can decompose the divergence p as local superposition of Dirac masses without cancellation,
ie.

4= /F {@M(t;)(dt,dx) — 5t¢ﬁ(t¢)(dt,d:ﬁ)} (dv),

lul = / {5t;,w(t;)<dtvd$> + 6t$,v(t¢)(dt’dx)} n(d),

where we recall that, for every ~, the interval in which it is a characteristic is denoted by (t; , tfyr)
L.

The existence of such a measure 7 is ensured by the following

Theorem 3.2 (Smirnov, | ). Let p(1,b) be a vector field as in (3.1), i.e. satisfying (3.2) and (3.3).
Then there exists a Lagrangian representation of p(1,b) in the sense of Definition 3.1.

Proof. The proof follows from the analysis of | ], where the more general case of 1-dimensional
normal currents is addressed (see | ] for the classical results for currents in Euclidean space and
[ , ] for an extension to Ambrosio-Kirchheim currents). For a more detailed proof we refer to
reader to e.g. | , Chapter 3]. Here we observe that the only substantial difference between our
statement and the conclusion of | | concerns the parametrization of the curves. Indeed, consider any
curve 7 — (¢(7), (7)) solving the normalized ODE (3.4),

a_ 1 v _ 1 ey Gt ]
&I ar ) P = ) ().

Define now s = s(t) as the inverse of the strictly increasing Lipsch1tz function 7 +— ¢(7): s is strictly
increasing, so that ¢ — v(s(t)) is continuous. From Coarea formula we deduce that the following change
of variables holds:

ta s(t2)
/t |b<t,v<s<t>>>|dt=/(t) Ib(t(r), 1(r)] 5 dr

so that in particular b(¢,v(s(t))) € Ll (being n-a.e. of finite length) and again by Coarea without
modulus ¥(s(t)) = b(t,y(s(t)). O

Observe that for all « the interval of definition is a bounded time interval (recall that we assume
p(1,b) L4 with compact support), so that if u* is the positive/negative part of the divergence we can
disintegrate 1 according to

0= / e 1 (dz) = / neit(dz), ot = () (3.5)

Notice that v can be defined in the closed or open interval: adding or subtracting the end points does
not change the representation. Nevertheless, when we need to study some sets, we will consider the graph
of v in the closed interval, i.e. with a slight abuse of notation

Graph v = clos Graph 7. (3.6)
We remark finally that, by the first and second points of Definition 3.1, it follows that

U el [ e~ e

~

so that the total variation of n-a.e. curve is finite, and thus 'y(tf) € RY exists.
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3.2. Optimal transport and duality. In this section we recall some results contained in the paper
[ ]. Given finitely many finite measures u; > 0 over Polish spaces X;, define the set of admissible
transference plans Adm({u;}icr) defined by

Adm({ui}iej) = {7T >0: (pi)ﬁﬂ' < Mi} C M+(HX1>

Given a positive Borel function h > 0, consider the following duality problem:

sup /hw = inf { Z/hl i, h; Borel, Zhl > h} (3.7)
) i i

Adm({;}

Remark 3.3. One can get rid of the fact that the measures pu; have different mass by adding an additional
Z; point to X; and putting a Dirac delta in z; of suitable mass. Extending h to [[, X; U{Z;} by putting
h = 0 on the set U;p; ' (Z;), the values of the two sides of (3.7) is unchanged.

Remark 3.4. Notice that the left hand side is maximized when (p;)sm = p;, because of the positivity of
the measures.

We thus are in the setting considered by Kellerer, and we can thus state the following.

Theorem 3.5 (Theorems 2.14,2.12 of | ). The equality (3.7) holds if h is a Borel function, and the
mfimum is actually a minimum.

Moreover, in the case of 2 factors X1, X5 and when h is a characteristic function, the infimum can be
restricted to Borel sets.

Proposition 3.6 (Proposition 3.3. of | D- If n =2 and h = 1p, then the r.h.s. of (3.7) can be
replaced by
mf{ > wi(Bi), B; Borel, Y 1p, > 113},
i=1,2 i=1,2

and the minimum is attained.

3.3. BV and BD functions. In this paragraph we collect definitions and important results about func-
tions of bounded variation and of bounded deformation. All results can be essentially found in | ,
a part from Alberti’s Rank One Theorem, for which we refer either to | ] or | ].

Given b € L} (R% R?), we denote by Db = (D;b”); ; the derivative in the sense of distributions of b,

loc

i.e. the R¥?_valued distribution defined by

DV (p) := — y bj% dz Vo € C°(Q), 1<4,7<d.

Furthermore, we denote by Eb = (E;;b);; the symmetric part of the distributional derivative of b, i.e.,

1 .
Eiyjbi= 5D + D;b), 1< j<d

Definition 3.7 (BV and BD functions). We say that b € L!(R%;R¢) has bounded variation in R?, and
we write b € BV(R?;R?) if Db is representable by a R?*%-valued measure, still denoted with Db, with
finite total variation in R%. We say that b € L'(R%;R?) has bounded deformation in R, and we write
b € BD(RY), if E;;b is a Radon measure with finite total variation in R? for any i,j = 1,...,d.

We now recall some properties of BV functions, starting from the definition of approximate jump
point. To this aim we introduce the notation

{Bj(x,e) ={yeB,(z): (y—x,e) >0}
B, (z,e) :={y € By(z) : (y —=,e) <0}

being e € S¥~! a given direction.
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Definition 3.8 (Approximate jump points | , Def. 3.67]). Let b € L*(R% R?) and x € R%. We
say that z is an approzimate jump point of b if there exist bT, b~ € R? and e € S¢~! such that

lim |b(y) —bT|dy =0, lim |b(y) —b~|dy = 0.

PO J B (z,e) 0 /B> (z,e)

The triplet (b*,b™, e) is uniquely determined up to a permutation of (b™,b™) and a change of sign of
e. The set of approximate jump points is denoted by J,.

With this definition we can now recall the following theorem.

Theorem 3.9 (Structure theorem for BV). Let b € BV(RY,R?). Then the set of approzvimate jump
points Jy, is (d — 1)-countably rectifiable and the measure Db can be decomposed into three parts

Db = Da.c.b+ Dsingb _ Da.c.b+ Dcantorb_’_Djumpb7
where
(1) D*“b is the a.c. part of Db w.r.t. L%,
(2) D*"&b is the singular part of Db w.r.t. L%,
(8) DI"MPh is the (d — 1)-rectifiable part, absolutely continuous w.r.t. to H1 1L, ,
(4) Db s the residual part, orthogonal to the Lebesgue measure, and such that each set with
finite HO~-measure is D" b-negligible.
We can give a better description of the jump part, thanks to the following

Proposition 3.10. Let b € BV(RY, RY). Forz € Jy, and r > 0, let b", be the blow-up of b defined as in
(2.2). Then the functions b%, converges in L*(R% R?) as r — 0 to the function

_ b~ .
b:{ z-n <0, (3.8)

for a suitable n € S¥~1. The function n can be chosen to be Borel measurable and it is an approximate
unit normal to Jy according to Def. 3.8.

In particular it follows that

. (Db); - -
lim == = (b = b™) @ nH L fpnm)-

In the case of scalar functions f € BV(R?; R) the following Coarea formula holds. We denote the super
level sets by Ej, := f~1((h,+0o0)). In the case the function f needs to be specified, we will write E,{

Theorem 3.11 (Coarea). It holds
|Df|:/|D]lEh|£1(dh), Df:/D]lEh L£'(dh).
R R

In the case of vector fields b € BV (R?; R?), we recall the following deep result, due to Alberti [ ]
(see also the lecture notes | D.

Theorem 3.12 (Alberti’s Rank-One). Let b € BV(RY,R?). Then there exist Borel functions M: R% —
R4 gnd n,m: R* — R¢ such that the following points hold true.
e The derivative of b can be written as
Db = M(z)|D*“b| 4+ m(z) @ n(z)|D"eb).
o M(z) = Vb(z) for L-a.e. x € R, being Vb the approzimate differential of b at x (which exists
in view of | , Thm. 3.83]); in particular |D*<b| = |M|L.
e |m(z)| = |n(x)| = 1 for |D*"8b|-a.e. x € RY.
e m(z) ® n(z)|D"™Pb| = (b* —b~) ® nHI1LJ,. Furthermore, n can be chosen to agree with n
of Proposition 3.10 and it holds
DiwmPh = [bt — b |14
In the following we will use the notation M (z), n and m to denote the functions defined in Theorem
3.12. Note that from the orthogonality of the decomposition it holds

|Da'c'b‘ _ ‘Db|a'c', ‘Dcantorb‘ _ |Db|cantor, |Djumpb| _ ‘Db|jump.
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3.3.1. Sets of finite perimeter. Let F' C R? be a Lebesgue measurable set: we will say it is of (locally)
finite perimeter is the characteristic function 1r € BV(R%R) (resp. locally of bounded variation). We
recall that the reduced boundary O*F of F' is the set of points such that
_ |D1p|(Bi(z)) . D1p(Bl(x))
lim == ) lim ——F\Pr\Y))
Mo ot W By~ ")
where n(z) is the measure theoretical inner unit normal.
We finally recall the following (see, for instance, | , Thm. 5.7.3]), [ , Theorem 3.59]:

Theorem 3.13 (De Giorgi). If F C R? is of locally finite perimeter, then O*F is countably H!
rectifiable and
|D]lF| = 'HdilLa*F,

Furthermore, it holds

. 1
lim i
N0 wyr

1 1

LYFNBz)N{z n(z) >0}) = 3 711\% wdrd['d(F NB(z)N{z n(z) <0}) =0.
If F' is a set of finite perimeter, the Structure Theorem of BV (Theorem 3.9) can be applied to the
characteristic function 1z and it provides useful information: in particular, 0*F agrees with Jy,. (up
to an H9~1- negligible set), the measure theoretical inner unit normal coincides (up to a sign) with the

normal vector to Jy, (defined in Def. 3.8) and the measure D1 has only jump part, i.e. more precisely
DILF = an_ll_a*F.

We refer the reader to | , Section 3.5] for further properties of sets with finite perimeter.
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Part 1
Proper sets, Lagrangian representations and traces

This part addresses to the following

Problem. Characterize the open sets @ C R?*! such that, if 1 is a Lagrangian representation of
p(1,b) LT and Roy = YL(id,.)-1(q) is the restriction to € of a trajectory, then (Rq)yn is a Lagrangian
representation of p(1,b) L4t q.

In order to formalize a little bit more the problem, for a given curve v € 7" one can compute

(id, )~ () = J .15,

ieN
so that a single curve split into countably many curves yL (= ity Neglecting regularity problems in this
Y thded

introduction (see Lemma 5.5), we obtain the maps R, : 7 — 7" which associate to each 7 its restriction

eyt

Ry = Yoyt

Hence we can formally define the quantity

(Ra)in = Y _(RG)s- (3.9)
ieN
In general, the series in (3.9) does not converge in the sense of measures; nevertheless, for a fixed vector
field p(1,b) it is possible to give sufficient conditions on 2 such that (Rg)yn is well defined and provides
a Lagrangian representation for p(1,b) L9+ o. The sets which enjoy this property will be called p(1, b)-
proper sets and they can be characterized by a strong trace approximation property.

The convergence of the series is indeed deeply related to the fact that it is possible to split the boundary
09 into two disjoint sets A* where the trajectories are only entering or only exiting. Whenever the vector
field has more regularity, one can relax the requests on proper sets: an important example is the class of
BD vector fields, where the set can be taken merely Lipschitz.

4. PROPER SETS AND THEIR PERTURBATIONS

This section is divided in two parts.

In the first one we define a family of sets which have good trace properties for a given vector field of
the form p(1,b) € L'(R¥1 R4*1): we call these sets p(1,b)-proper. Their main properties are that their
boundary 9% is piecewise C, it is made of Lebesgue points of p(1,b) and more importantly that the
measure p(1,b)H g is the strict limit of the measures p(1,b) - V; ,¢%*, where

¢+ (2) = max {1 - ditlen ) o}, ¢ (z) = min { Aot BN 1}.

See (4.2) for the definition of strict limit. These conditions will be essential to show that p(1,b)-nH%Lsq
is actually measuring the flow of p(1,b) across 9. Since these sets are used to test the vector fields,
we will not consider the most general definition: we just want to have sufficiently many sets for testing
purposes, and we prefer to avoid unnecessary technicalities.

In the second part of this section we perturb these sets in order to take advantage of the fact that the
vector field has the form (1,b): the idea is to have the inflow and outflow occurring on time-constant
hyperplanes, i.e. regions of the boundary 99 such that their outer normal is n = (£1,0). Also this step
is done to avoid some technical computations later on.

4.1. Definition and basic properties of p(1,b)-proper sets. We start by giving the following defi-
nition.

Definition 4.1 (Proper sets). An open, bounded set Q C R4t is called p(1,b)-proper if:
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(1) 99 has finite H%measure and it can be written as

00 =|JU;UN,
ieN
where N is a closed set with H(N) = 0 and {U;};en are countably many C'-hypersurfaces
such that the following holds: for every (t,z) € Uj;, there exists a ball BI*1(¢,z) such that
89 N BH(t,z) = Uy
(2) H%a.e. point of N is a Lebesgue point of p(1,b);
(3) if the functions ¢>* are given by

is T is z), Rét1
¢>F (t, ) == max {1 - dt((%)’m,O}, O (t,x) == min{d (@ )ZSR - \Q),l}, (4.1)

then
lim [p(1,b) - Vo™ | L4 = [p(Lb) - n| Hilon, ' Mp(RIY), (4.2)

where n is the outer normal to €, defined H%a.c..

In the following we will write proper instead of p(1,b)-proper when there is no ambiguity about the
vector field.

Proposition 4.2. Proper sets enjoy the following properties:

(1) the Lebesgue value p(1,b) - nLpq belongs to L*(H aq);
(2) it holds

(%ig(l) p(1,b) - VoL = p(1,b) - nH ' ga,  w'-Mu(R);
(3) |pl(09) =0, where p = dive 2 (p(1, b)).

Proof. Point (1) follows from the well known fact that weakly convergent sequences are uniformly

bounded.

To prove Point (2), let €T be a weak limit (up to subsequences) of the sequence p(1,b) - V¢o+La+1
and notice that, due to the weak l.s.c. of the norm, it holds

€7 < |p(1,b) - n[H o0,
For notational convenience we will write £+ H%_gq. It is thus enough to prove the statement locally inside
each set U; for a fixed ¢. We can also assume that its normal n satisfies
_ 1
In —n| < X

so that U; is locally a subset of the graph of a function whose domain is {(¢,z) - n = 0}: we will denote
the domain by y* € R? (with a slight abuse of notation), and the function by g(y*) = - (¢, ).
For a e R, m € N set

By ={y =" 9")) € Ui+ |p(1,b)(y) — a| <27},

Using the facts that:

(1) L%-a.e. point y € E™ is a Lebesgue point for p(1,b) w.r.t. the measure £41;
(2) g is a C'-function, so that one can use the sets

Upw= U (&) +(=r)n
yteygt+B2(0)
in place of B4T1(y, g(y)) for computing the Lebesgue limit;

for every € we can find 7 > 0 and a compact subset K" C E™ such that H(ED \ KI*) < ¢ and for every
y=(y*,9(y")) € K, 0 <r <7 it holds

1
m/ |p(1,b)(t,x) — a| L4(dxdt) < 27™.
U,L

y—,r
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Now, by Besicovitch’s Theorem | , Theorems 2.17,2.18], we cover p,. (K) = {y* : (y*,g9(y*)) €
K"} with finitely many closed balls Bf(yjl), j=1,..., N, of radius r < 7 such that

N7 < Cal(py (K)-
By the assumption on n(y), it follows that

% <dist ((y*,g9(y™) +7),U;) <.

Then, choosing 7 = 2§ and since |V¢>*| =~ 1/§, we have that
/ ’(p(l,b) _a) 'V¢5’+|£d+1
U;+(0,26]

:/ / |(p(1, )y, g(y™) +5) —a) - Ve (y*, g(y™) + )| dy*ds
LU (0,26)

5/ [y P 0 5) s
120 /g (y+) Jse(0,20)

/ / |(p(1,b)(y, g(y™) +s) —a) - Vo’ (s,y)| dy* ds
p,LUi \U, By ( y] s€(0,28)

—mN 6d
o [ J o om0 Vot rtat) + o) + 5 dotas
LLUNU, B (v Jse(0,20)

< 0@ LY (py (K))

a
o [ [ w5 et gt )+ By s
yL Ui \U; Bgs( yJ ) 7/ s€(0,26)

Passing to the limit in 7 one concludes that for a test function ¢ whose support is in U; + [—c¢, ¢|i it holds
[ s man - [ vma e i)

< liminf/ [Y[|(p(1,b) — a) - Vgt | L1
NO U 40,20]m

< 0@ ™) Yl (py (KT Nsuppe)
0W)vl [ (1010 95)) - mly™ 9y )| + lal] dy*
L ((supp 9NU:)\U; Bgs(y7))
< O@ ™)l £(p, - (K (1 50pD)

0(1)||¢||m/ D [|p(1,b)(yﬁg(yl))~n(yL,g(yL))|+|a|}dyL-

Given now K C K" and a sequence of functions 0 < ¢» < 1 whose support is in V' C U; 4+ (—c¢, ¢)in and
such that they converge in L'(H% p,) to sign(¢éT —a-n)lg, K C KT, the above inequality gives that
for every open set V O K

/K €7 (y) —a-n(y)| H(dy) < OR™HUKT NV)
d
+O(1)/<Vnu>\m Dp (1,b)(y) - n(y)| + |a|} H(dy).

Letting now V N\, K (up to a H%_y,-negligible set), we obtain that

/K €5 (5) = p(1,b)(y) - n(y) [H(dy) < O™ HU(K).
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Since this inequality holds for all K C K", it follows that

€5 (y) — p(Lb)(y) -n(y)| <O2™™)  H%ae. on K"

In particular the same holds in E}*, by inner regularity of Radon measures, and by letting m — oo we
conclude that ¢+ (y) = p(1,b) - n(y) for H¥-a.e. y € V.
The proof for the weak limit of p(1,b) - V¢>~ is completely similar.
The last point is a consequence of the second one. If 1) is a C'-function in R4*!, then for the test
function
Y=gt (1— 6

one obtains
[ olptb) - (V65 =) et g [ 65— ) (1) Vi) £+ [ =,
Q Q Q

Letting § — 0, the first term converges to 0 by Point (2), the second term to 0 because 9Q is L£I+1-
negligible, and then we conclude that

Yp=20
o0

for all ¢ € C'. Hence |pu|(092) = 0. O

Remark 4.3. It is possible to provide a more general class of proper sets as follows: let f : R4t — R
be a Lipschitz function whose level sets Ej, = f~!((h,+00)) have compact closure: assume that there
exists a closed set N C R4*t! with H4(N) = 0, such that f € CL(R¥1\ N) and Vf # 0 in R4T1\ N.
By the Coarea Formula (Theorem 3.11) and the local invertibility of C'-functions outside critical points,
it follows that for £!-a.e. h the set Ej, satisfies Point (1) and Point (2).

Define now the functions

5+ L N G- _ 1 +
h 1_5[h_f] ) Cbh = min 1,g[f—h] .
Condition (3) of Definition 4.1 is then replaced by

vt,zf
|Vt,a:f|

lin lo(1.b) - Vo £ = p(1.b) - T, (43)

in the weak*-convergence of measures.

Being the map
Vt,zf
‘Vt,xf|

an integrable map, the following Lusin’s type argument shows that

Ro>h—

Heop, € My(RTTY)

Lemma 4.4. Formula (4.3) (i.e. the strict convergence of the measures) holds for L -a.e. h.

Proof. The statement can be seen as a direct application of a general version of Lusin Theorem | ,
Theorem 4.18]]: we give a proof of the above statement since in our case it is quite straightforward.
Consider the finite measure m on R defined by
Vt,wf

m(dh) = (/M plLb) - T

If ¢, € CO(R¥*1 R), n € N, is a dense sequence of test functions, then by the standard Lusin’s Theorem
in R we obtain that up to an open set NN,, such that m(N,) < e27" the function

”Hd> LY (dh).

his dy, (h) := / p(1,b) - Vel
6Eh
is continuous. By density of the set {1, },, it follows that
vt :Jvf ‘
his dy(h) = / 1,b) VH
w(h) o, p(1, Vouf]

is continuous in R\ U, N,, for all ¢ € C°(R4T! R), and being
dy L1 < [[¢lloc m
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it follows that every Lebesgue density point of R\ U, N,, w.r.t. the measure m is a Lebesgue continuity
point of dy,. Being £!(U,,N,,) < €, the conclusion follows. O

By means of the notion of trace, it is also possible to refine the definition of proper sets. We start by
recalling some well known definitions.

Let © ¢ R be an open set and let B: Q — R4+ be a locally integrable vector field with measure
divergence, i.e.

B € Lipe R R divy, B € Mioe(RT).

Definition 4.5. The inner normal trace of B over 99 is the distribution denoted by Tr'™(B, Q) - n and
defined by

(Tr™(B,Q) - n,v) ::/sz(t,x) (divB)(dt,dx)+/QB-Vtyxw(t,x)ﬁd“(dt,dx)

for every compactly supported smooth test function 1 € C2°(R4*1). Similarly, we define the outer normal
trace by

Tr°"(B,Q) -n = — Tr'™(B,R¥!\ clos Q) - n. (4.4)
Notice that
(T"(B,Q) - m, ) — (Tr(B,Q) -m,¢) = [ o (divB) +/ BV LT
oQ 2Q
In particular they coincide if 9 is negligible w.r.t. both £¢+! and div B.
Remark 4.6. Observe that in general n is not well defined without further assumptions on the set €:
we use it only to keep the notation similar to the smooth case, where the value of B on 0f) is defined.
Later on we will show that in the case of a proper set it coincides with the unit outer normal, and
Tri"/°%(5(1,b), Q) will be the Lebesgue value of the vector field on 92, both defined H%-a.e..
Definition 4.7 (Inner proper sets). An open, bounded set 2 C R%*! is called p(1,b)-inner proper if:
(1) 99 has finite H%measure and it can be written as
0Q=|JU;UN,
€N
where N is a closed set with H(N) = 0 and {U;};en are countably many Cl-hypersurfaces
such that the following holds: for every (t,z) € U;, there exists a ball B4T1(¢,z) such that
anBg+1(t,$) :Ul, )
(2) the distributional inner normal trace Tr'™(p(1,b), Q) - n of the vector field p(1,b) is a measure
and satisfies

T (p(1,b),Q) - n < Hsa.
In this case we will denote the trace as

Tri® (p(l,b), Q) -nH% 0,

i.e. as a function in L'(H% p0);
(3) if

¢”~ (x) := min { dist(z, Iidﬂ \ D) ; 1},

then
;{% lp(1,b) - V¢*~ | L = | Tr™ (p(1,b),Q) - n| HiLsq, w*- MR,
A similar definition for p(1, b)-outer proper, i.e. R¥1\ closQ is p(1, b)-inner proper. If the outer and
inner normal traces coincide and the boundary 92 is made of Lebesgue points, then € is p(1, b)-proper:

it is fairly easy to construct an example showing that Condition (2) of Definition 4.1 is not implied by
being inner and outer regular.
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t

2rL

r,L
{ Vi

Figure 4. The cylinder Cy

Remark 4.8. One can extend the definition of proper sets to sets with Lipschitz boundary (i.e. locally
graph of Lipschitz functions), being the relevant quantities (i.e. Conditions (2), (3) of Definition 4.1)
still meaningful. Also the use of Lebesgue points on 9 is not needed, one can just take p(1,b) - n as its
inner/outer trace.

The p(1, b)-proper sets are used for testing purposes, so requiring additional regularity is not a problem
when we can prove that there are sufficiently many of these sets.

In particular, Definition 4.1 is sufficient for the analysis. We will refer to Definition 4.7 when only
half of Condition 3 of Definition 4.1 is needed. In some cases one can compute the trace of p(1,b) for
sets with Lipschitz boundaries, and in that case we will only verify that these sets are proper when the
requirement of having piecewise Cl-boundary is relaxed to Lipschitz (see Corollary 5.12).

To show that there are sufficiently many proper sets and to construct perturbations of these sets which
are particularly suited for the study of the distribution p(1,b)Lq, we consider the following family of sets.
As usual we assume that b is a Borel function, hence defined everywhere.

Definition 4.9. For every fixed (¢,z) € R4 and r,L > 0, the cylinder of center (t,z) and sizes r, L
(see Figure 4) is defined by

ovlpy = {(ry) i lr =t < L [y — 2 = b(t,2)(r — ) <r}.
We now show that almost all balls and cylinders are proper sets: indeed, we have the following

Lemma 4.10. For every (t,z) consider the family of balls { BT (t,x)},~0 and the family of cylinders
{Cyl?’f}mo with L > 0 fized. Then for L'-a.e. v > 0 the ball B (t,x) and the cylinder Cyl:i are
proper sets.

Proof. The statement is a consequence of Remark 4.3, respectively using the Lipschitz functions

(1,9) — |(T,y) — (t,m)|, (1,9) — max{|y —z—Db(t,z)(t—1t)|,|T— t|/L}. O
Proposition 4.11. If Q4,95 are proper sets with
(e (9 N 992,00 U002) ) =0, (4.6)

then Q := Q1 U Qs is proper.

Proof. Clearly, the set 9 is piecewise C! and the set of Lebesgue points of p(1,b) has H% gq full
measure. It remains to prove Condition (3) of Definition 4.1. We will study only ¢>+.
If (bf"" is the function given by the first formula of (4.1) for ;, with ¢ = 1,2, observe that

¢"" = max {77, 637}
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and we write for any continuous function v

/ (1, b) - Vgt | L+

- {/Al+/A2+/Aj|p(1,b).V¢5,+|w£d+1

- / p(1,b) - Vo[ £ 4 / p(1,b) - Ve |y £+ + / 1p(1,b) - Vg £4+1
Aq As As

where
Ay = {(t,:c) :dist ((t,2), Q) < dist ((t,x),Qg)},
As = {(t,x) s dist ((t,2),Q2) < dist ((t,x),Ql)},
Ay = {(t,x) dist (£, 2), Q) = dist ((m),szz)}.
We prove that
[ 1o1,5) - Ve et (1, b) - ] He. (4.7)
Aq 91 \clos Qo

Consider the set int (A1, 9Q) which is relatively open by definition, so that by 1.s.c. of the weak convergence
on open sets we deduce

p(1,b) - 0| HLine(a,00)< lim inf |p(1,b) - Vot £y,
On the other hand,
clos(A1,00) C int(A1,00Q) UFr(As, 0Q)
and
Fr(As, 0Q) = Fr(0Q N 00, Q) = Fr(9Q1 N 0N, 921 U 9Ns).
Being the latter sets #%-negligible (by assumption) and using the u.s.c. of the weak convergence on closed

set (clos(Ay,08) in this case), we get
lim sup |p(1,b) - Vo L9414, < [p(1,b) - 0| HO cios(as,00)
=

< |p(1,B) - n| Hin(a, 00)urr(As,00)
=|p(1,b) - n] HdLint(Al,aﬂ)-
This gives (4.7).
The proof for As is analogous, i.e.
[ 1o1,0) - ot [p(1,b) - ny H. (48)
Az 9Q2\clos Q4
Finally it holds
¢6,+Lint Az3— (bf’-‘rl—int Az3— ¢g7+Lint Ass
and then in a completely similar way for As
[ letub) - vol oot [p(1,b) - nfy . (4.9)
int Ag 03 \Fr(0921N08Q42,00)
Concerning the set of point on 0Ags, it follows that for § < 1

[ 1o ve et < [ ) veit st
0A3 o
where O is an open neighborhood in R¥*! of Fr(9§2; N 90y, 0Q) containing the support of 1. Hence

hmsup/ |p(1,b)~V¢>5v+!¢£d+ls/ |p(1yb)-n|\wmd§||wlloo/ |p(1,b) - m| A,
0As 0NN onNoN

6—0

and by the assumption on the H%negligibility of Fr(9Q; N 98,09) one obtains that this integral is
arbitrarily small. Adding (4.7), (4.8) and (4.9) the conclusion follows. O
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The above proposition allows to construct sufficiently many proper sets for our purposes, starting from
Lemma 4.10.

Corollary 4.12. The finite union of proper balls and proper cylinders is proper.

Proof. Indeed their intersection has the property (4.6) by elementary geometry. O

4.2. Perturbation of proper sets. Let Q C R%*! be a p(1, b)-proper set, and N be as in Condition 1
of Definition 4.1.

Lemma 4.13. For every € > 0 there exist a compact set K& C 9Q\ N and « > 0 with the following
properties:

(1) =t < p,|(1,b) -n| and p, |b| < a for H-a.e. (t,x) € K*;
(2) the remaining set has small normal trace, i.e.

/ pl(1,b) - n| 1Y < e.
20\ K=

Proof. 1t is enough to observe that

a—+oo N{a—1<p,|(1,b)-n|}Nn{p,|b|<a} o0

since p|(1,b) - n| is an L'-function w.r.t. H% 5o and
09 C {p,|(1,b) -0, [b] =0} U J{a™" < p,|(1,b) 0|} N {p,[b| < a},
«
which are Borel sets. O

By simple geometric manipulation, it follows that for 7 sufficiently small and L > 2a? (L > o? would
be enough for most of the theorems, but later we need some extra room) the cylinder

Cylz,’f = {(7, y):|T—t| < Lr,

y—x —b(t,x)(T — 1) <r}

has top and bottom faces contained one inside € and the other outside, for every point in (¢,2) € K*:
more precisely, if (1,b) -n > 0 then

{(t + Lr,y): ‘y —x — Lb(t, x)r‘ < r} C R4\ clos Q, (4.10a)

{(t—Lr,y) |y —x+ Lb(t, z)r| <7“} c Q. (4.10b)

The opposite relations hold for (1,b) - n < 0. Moreover, being 92 of class C! in a neighborhood of K¢,
we have

Bf} (t.x)N0Q C Gyl NoQ C B (t,2) N o9, (4.11a)

HY(OCyl L N oQ) =0, (4.11b)

again by simple geometrical arguments.
We now recall the following elementary

Lemma 4.14. If (t,x) is a Lebesgue point for p(1,b), then for every L > 0 fized it holds

r—0 71 Td

1 /"J1
lim — [/ |p(1,b)(1,y) — p(1,b)(t,2)| H Y (dy)dT| ds = 0.
0 atCylyk
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Proof. We have, using Fubini’s Theorem,

1 /71 )
7/0 |: /E)lel:sz |p(1,b)(7',y) —P(l,b)(tx)’?{d* (dy)dr| ds

r rd
1 r 1 t+Lr B
- [5] [p(L,b) (7, ) — (L b)(t, )|~ (dy)dr | ds
TJo LT Jt—Lr JOBI(z—b(t,x)(r—t))
1 /tJrL’r‘
= i1 p(lab)(Tvy) 7p(1,b)(t,x) dydT
T f e JBie—bte)(r—1) | |
1
rdt+ d (t,x)
(+ziblta)r b
= wgt1(1 4+ L|b|(t, a:))d—H ][ ) |p(1,b)(7‘, y) — p(l,b)(t,x)|dyd7‘ — 0,
By Libi(t.ayyr(t:®)

since (t,x) is a Lebesgue point for p(1,b). This implies the statement. O

Using Lemma 4.10 and 4.14, we have that for every fixed ¢’ > 0, for any (¢,z) € K¢ Lebesgue point
for p(1,b), we can choose the r < &’ such that:

r,L .
e Cyl;’, is proper;
e it holds

1 t+Lr B
a (1, b)(r,) — p(1, b) (¢, 2)| M (dy)dr < ' (4.12)
" Jt—Lr JOBd(z—b(t,z)(T—t))

e conditions (4.10) hold;
. Cylz,’L N 99 is equivalent to a ball and its boundary is H? negligible, i.e. (4.11) hold.

T

In the following we will call a cylinder satisfying the above condition p(1, b)-proper (¢', Q)-reqular cylinder,
or for brevity proper reqular whenever the vector field p(1,b) and dependence on the &’ or Q) is clear from
the context or not essential to the computation.

We can proceed further by observing that 0 is a Lebesgue density point for the set satisfying (4.12)
for all &’ > 0. On the other hand, it is easy to see that the other three properties are verified £L'-a.e. r.
We state it in the following lemma.

Lemma 4.15. If (t,z) € K* is a Lebesgue point for p(1,b), the set of r such that Cyl,’;’f satisfies the
above condition has 0 as a Lebesque point w.r.t. the measure L':

1 !’
li\r"% fﬁl({r' € (0,7) : Cyl} ;% is proper (5’,9)—regular}) =1.
r r ’

Thus we obtain the following extension of Lemma 4.13:

Lemma 4.16. For every ¢’ > 0, there exists ¥ > 0 and a compact set K?El C K¢ made of Lebesgue
points of p(1,b) such that

(1) o~ < p,|(1,b) -n| and p, |b| < a for Hi-a.e. (t,z) € K< ;
(2) the remaining set has small normal trace,

/ /p|(1,b)~n|7-£d<2€,
PQ\K=*

and for every (t,x) € K?E,, r’ < T there exists a proper (e',Q)-reqular cylinder Cyl?’f with ' /2 <1 < r'.
By (4.11) we get the next proposition.

Proposition 4.17. For every v’ < T, there exists a finite covering of K;’E/ with cylinders {Cylgf}fvzri

with L > 202 and ' /2 < r; <1’, such that

e they are all proper (¢’,Q)-regular,
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e it holds ,
Ny (1) < 29Cq 1 o LMY (KZS)
and
Nt oty Lrg ,
Z/ / |p(1,b) 0| H! < (14 @)Cy pae’ LU (KF®), (4.13)
=1 Jti—Lm; 8B;§i (i —b(ti,xi)(t—t;))

where the constant Cq 1, o depends on the values o, L determined by the choice of K¢, but not by

e

Proof. By Lemma 4.15 for every point of K,f’gl, r’ <7 we can find cylinders Cylz)’g{“ which are proper sets

with /2 < r < v’ and by (4.11a) their intersection with 9 is equivalent to balls (by the assumption
L > 2a?).

We can apply | , Theorem 5.10] and obtain that there is a covering {Cyl}""~

NT‘I . .
tu fimy satisfying

/ d N, )
2N <L> <D HI(Cyl N09) < CaroMI(KE),
i=1
with Cy 1, o is constant bounded by

Cata < Ca((1+a)(1 + La))* ™.

Indeed, using the fact that Cyl;,’f is convex and (¢, z) is its center, for (¢,x) € K?El it holds

diam Cylyr < O(1)(1+ a) (1 + La) dist ((t, ), RT\ Cylph),

t,x
which implies that the covering is a star blanket | , Definition 5.6]: the constant Cy 1 o is computed
as in | , Theorem 5.10].
The other claim follows from (4.12), because of the triangle inequality
ti+Lr;

/ p|(1,b) - n| 14
ti—Lr; BB;?i (z=b(ti,x;)(t—t;))
ti+Lr;

< p(T, :17)|b(7', z) — b(t;, zz)| "del(d:c)dT

t;—Lr; /(’}B?,L (:rfb(ti,xi)(tfti))

ti+Lr;
< / / |p(7,2)b(7, ) — p(t;, ;)b(t, z)| HI Y (dx)dr
ti—Lr; JOB] (z—b(ti,zi)(t—t:))

ti+Lr;

+ [b(ti, z;)] Ip(t,z) — p(ti, z;)| H ! (dz)dr

t;—Lr; /(i’\Bgl (Cr*b(ti,il)i)(tfti))
< (1+a)rd. a
We thus obtain the main result of this section.

Theorem 4.18. For every € > 0 there exists a proper set Q¢ such that
(1) Q C QF C Q+ BYY0);
(2) if
o0 = {(t,x) € 09° :n = (1,0) in a neigborhood of (t,x)},

then 09 is made of Lebesgue points of p(1,b) and

ot = [ pl(1,b)m) ) <
o0

908
(3) if
005 = {(t,a:) € 90 :n = (—1,0) in a neigborhood of (t,x)},
then 05 is made of Lebesgue points of p(1,b) and

/8 pHd—/mp[(l,b)-ner

<E.
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Figure 5. Perturbation of the proper set {2 constructed in Theorem 4.18.

Additionally to the fact that proper sets can be perturbed, the advantage of the perturbations con-
sidered here is that essentially all inflow and outflow of p(1,b) are occurring on open sets which are
contained in countably many time-flat hyperplanes (see Figure 5). Due to the special form of the vector
field, many computations occurring in the next sections are greatly simplified.

Proof. First we find a compact set K/7 such that Properties (1), (2) of the statement of Lemma 4.13
hold for £/7. By inner regularity of the measure H¢, we can further find two disjoint compact sets K</6+
such that K¢/6 .= K=/6+ U K*/6:~ satisfies again Lemma 4.13 but

(1,b) - nL gers,+ 2 0.
Choose €’ such that -
(14 a)C a0 o' (207 HA(0) < ©.

We apply Lemma 4.16 in order to obtain a compact set Kg/G’E, C K¢/6 such that

&
1,b) -n|H! < -.
/ e P B < 2

Next, by Proposition 4.17 with

dist(K=/6+, Ke/67) €

' ’ h that Q+ BLH0)\ Q) < 4.14
S e @+ B0\ 9) < £, (.14
we conclude that there exists a covering of K2/%° with finitely many &/-proper regular cylinders {Cylgifz }ﬁv::'l,

with /2 < r; < r’ such that (4.13) holds. By the choice (4.14) it follows that the coverings of
K&/t K,f/e”e and K¢/6—n K§/6’s are disjoint.
Define

ti,x;

Q7= u Joyl2,

By Proposition 4.11 and Corollary 4.12 the set ¢ is proper and Point (1) is clearly satisfied.
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To prove Point (2), partition the boundary of Q¢ \  as

o\ Q) = [895 N U {(tz +2a%r;,y) ’y —x; — 2a2b(ti,xi)| < ri}}

(ti,m;)EKE/67+

U [895 N U {(ti — 2a2ri,y) : ‘y —x; + 2a2b(ti,xi)| < rl}]

(ts,2:)EK=/0— (4.15)
U [89 n U cyl;gjjﬂ U {asm U cyl,f;jfz] U S,
(ti,mi)€K5/6’+ (ti,wi)GK5/6'7
=S51USUSfuUS; US,.
See Figure 5. The set Sy satisfies
Sy C Ual l:io‘ = U {(T7 y) T —ti| <207, |y — @ — b(ti, z:) (7 — t)| = ri},
so that from (4.13)
/ p|(1,b) - n| H? < (1+ a)Cyaa2,a8 (20%) " HU(09Q) < % (4.16)
Sa

by the choice of &’
The balance of the equation divy ;(p(1,b)) = p for the covering of K§/6’€ N K</%% and the continuity
property (4.14) give

\/&pad Al(1,b) -] 1

3

g/ pI(1,b) - n| H 4+ |25\ Q) < =
S4

where we observed that
a( e \Q) C S USFUS,
(ti,w;)EKE/6+
in order to apply the divergence to the proper set U(t o) ERE/6+ Cyl o 20‘ \ Q. From the properties of

,—E./ 6’ , we eventually get

\/ pb) m! = [ ol b)) < [ (1) - < .
st oK/ 3

This concludes the proof of Point (2) because S; C 9.
The proof of Property (3) is similar and it is omitted. O

5. LAGRANGIAN REPRESENTATIONS AND FLOW TRACES
In this section we study the effect of the functional operation
p(1,b) L3 p(1,b) L4 g
where Q C R4 is an open set and
divi . (p(1,b)) = p € A, (I x RY),

from the point of view of a Lagrangian representation 1. We will see that there is a strong relation between
the map v — YL(idq,4)-1(q), the trace operator and the construction of a Lagrangian representation for
p(1,b)Lq starting from a Lagrangian representation 7 for p(1,b).

In this section we first show how one can use n to represent the trace of p(1,b) as a (possibly non-
absolutely convergent) sum of measures denoted (Rg)yn, see (5.5), (6.1). The structure of the series is
strongly related to the fact that (Rq)yn is a Lagrangian representation for p(1,b) L1 o: indeed, as shown
in the second part of this section, this turns out to be true for a generic Lipschitz set if b € L} (BDy)ioc
and p € LS. (see Proposition 5.11). This will be proved using a chain rule formula for traces of BD
functions (proved in [ D.
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5.1. Flow traces. The first step is to show that, using Lagrangian representations, it is possible to
represent the normal trace over a generic closed set of a vector field B = p(1,b) € LL (R RI*1) with
measure divergence as a (non absolutely convergent) sum of signed measures. In the case of a compact set
Q C R4+ with Lipschitz boundary and when b € L} (BD,)ioc, p € LS (R91) the series turns out to be

loc
strongly convergent and thus gives back the usual definition of trace as a measure (absolutely continuous

w.r.t. Hepq). For general measure divergence vector fields, the same conclusion can be obtained when
the set € is p(1, b)-proper, and it will be addressed in the next section.

5.1.1. Traces for regular sets and vector fields. If the domain Q is sufficiently regular and if B € L>(R*1)
or B = pB’, with p € L®(R¥*!) and B’ € BDjo.(R4*1), there are well known results that allows to
characterize the trace. We list here the main ones and we refer for more details to | ] and [ ,
Chapter 7].

Proposition 5.1. If Q is of class C* and B € L™ (R4 Rt div B € Myoe(R**1), then there exists
a unique g € L=(H% sq) such that

(1B, mw) = [ gunt, v eCx@),

Sometimes we will refer to g as Tr™(B, Q)-n € L>(H% sq), with a slight abuse of notation. We collect
here other important results on Anzellotti’s weak traces:
Proposition 5.2. Under the same assumptions of Proposition 5.1, it holds:

o div B < H? in the sense of measures in R,
o if ¥ is a C! hypersurface then

div Big= (Tr*"(B,Q) -n — Tr'"(B,Q) - n) Hs,
where Q a set whose oriented boundary is ¥, see (4.4) for the definition ot Tr°"* (B, Q) - n.

The orientation of ¥ does not play a role in the second formula, because of (4.4). Finally, we recall
the following proposition.

Proposition 5.3 (Fubini’s Theorem for traces). Let B be as above and let f € C1(R4Y). Then
TP(B,{f >t}) n=B-nHgpsy for L -a.e. tER,
where n denotes the exterior unit normal to {F > t}.

We remark that in the above results one can replace C' regularity with Lipschitz, see for example
[ , Remark 6.3].

5.1.2. The non smooth setting. We now drop the assumption that €2 has a regular boundary and we
assume only that div B is a measure. We are going to prove (using Lagrangian representations) that the
traces Tr™ (B, K) - n can be represented by a countable sum of Radon measures.

The case of one hitting time. To begin with, let us consider a simplified setting, i.e. assume that
|| (0€2) = 0 and that there exists a well defined map
T : I'DD(T) — I x 00
gl = T(y) i= (8, 7(ty))
such that vy(¢y) the unique point along the trajectory belonging to Q2 with (for the orientation)

(id,7)([t5 , t4)) C €, (id, ¥) ((t4, tF]) € R\ clos Q.

e

(5.1)

We assume moreover that a Lagrangian representation 7 is concentrated on D(T). In this case, we can
prove the following

Proposition 5.4. The distributions Tr'™(B,Q) - n and Tr°"*(B,Q) - n are induced by a measure, i.e.
T(B,Q) -n=Tr""(B,Q) -n =Ty,
where T is the map defined in (5.1).
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Proof. By a direct computation, for any test function ¢ € C>°((0,T) x R?) it holds
(Tr(B,K) -n,¢) :/qu divB+/QB-Vw£d+1
= [ v div(oi b)) + [ p1b)- 9,000

= [wtt eyt + [ [ 0pea0) - Vvt o) ] nia

/dJ v V(ty)) n(dv), 7

where we have used that 7 is a Lagrangian representation of p(1,b). O

The general case: multiple hitting times.
In the general case, fix a countable dense sequence {t;};cny C R, and label each open component of

=, P= @),

JEN

as follows

(1) if 7= =t7, then denote ¢+ = ¢5:F;

(2) if 9+ =t then denote t/'~ = t9~;

(3) for the remaining open intervals I,JY', relabel I’ as

Ii = (t%’_,tff), where @ =min {7 : t; € I%}
Let Dy, D0+7 D; C I be the domains of tg’_, t9/’+, tiv’i respectively.
Lemma 5.5. The functions
Dy 3y —1t97, Df >y t3T, D; 3y th bt

are Borel and
YHR) = (5,19 U )U U (57, 85)

where some of the intervals may be empty.

Proof. First of all, by the very definition of the topology of I', the domain of the functions tg’i

and being the complement of €2 closed it follows by elementary argument that t%‘“ is l.s.c. and t%_ is
u.s.C..
The domain of tlv’i is the set

is open,

Dii={vit; e @)\ {{’yeD fe (.0 Uy e Dyte (1. 0))
U{weDmt e (£t )}

The first set is clearly open, and if we assume that the tiy/i and D;, i’ < i, are Borel, we deduce that
also D; is Borel. By induction the domains D; are Borel for all ¢ € N.

The observation that R?!\ Q is closed gives that t?ﬁ is Ls.c. and ¢57 is us.c. in D;, as in the case
o+, O
¥

Trivially it holds for any test function ¥ € C'*°
/( I Sop(t, (0 dt = [0, 7(19)) — 015 75 )] + [0l — (22 (07)
> (vt ) — ety (7).
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where the sum converges (as it is written) due to the estimate
[ () = 0t 7)) £ IVt oo ((BF = 157) + (85 = 2(E57)])
¢t (5.2)
<Vt [ (141G ds

~

It thus follows that
/B Viath L +/ Y div B
Q Q

[ d
[, et D] ntn)
+/[¢(t§,7(t§))>m(t§w(t§))*¢(t$,7(t¢))m(t$,v(t$)) n(d)
-/ (W00 A1) — (e A +Z[ (5 A ))—w(ti"xy(t@_))Hn(dv)-

Thanks to (5.2) and the formula

/ / (Oldtn(d) = [ p(t,0)lbit, )£ drdo),

consequence of the definition of Lagrangian representation, we can partition the last sum as
/Z (E5F, 9 (t51) — (s, (7)) n(dy) = Z/ (5t (1)) — o(th ™, v(t57))] n(dv)
_Z< T§2+ TQ )Wﬂ@,

where
i+ i, i,
Tg oy = (5, 4(t5F)) € o0 (5.3)
We thus have obtained the following lemma.
Lemma 5.6. The distributional trace of B = p(1,b) can be represented as the countable sum of measures

supported on 0, namely

o0

T (p(1,1), Q) -n = 3 [(T57 ) — (T3] (5.4)

i=0
and the series convergences in the sense of distributions.

It is now natural to define the following operators.
Definition 5.7. Define now the restriction operators R?ji, Rg, Ro as
0,— .— i e
R'Q V= s 0 R 7 =0 ity Rov = Yot ().t ()

0, 0,~ ;
Ray =Ry v URG v U (JRo,
ieN

(5.5)

and the measures 7}, as
1o = (Ro)g- (5.6)

Note that R is multivalued, and in the next sectlon we will just denote the whole family of operators
as just {R4} whenever the analysis is the same for RQ ,RY. See Figure 6.
It is clear that if

piy(1,b) Lo+ = / (i, 1) ((1.4) £) iy (), (5.7)

b) = Zp&%(lvb)

then in €2
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Figure 6. Restriction operator Rg in the case (2 is a ball B2(¢,z). The curve v (depicted
in black) is cut into the three red pieces which make up Rg7y.

and

T (p(1,b), Q) - n = (T§7 e — (Tg )en = dives (p6(1,b)).
We remark that even if for n{, the series in (5.4) reduces to a finite sum of measures, the measure 7}, is
not in general a Lagrangian representation of pf,(1,b), unless

(Tg )emey L (T6 gy Vi g
The aim of this example is to show that the restriction (Ryy,<0})sn = (R?’;@})w + (R?;@})ﬁn of a
Lagrangian representation 7 is not a Lagrangian representation of the restriction of p(1,b) to {x; < 0}.
Example 5.8. One can construct an L*-vector field supported in [—1,0] x [0, 1]? with the following
properties:
(1) it is divergence-free, smooth outside {z; = 0} and of the form (1, b(z1,z 1)), (z.2") € R x R?;
(2) the flow X+ :[~1,0] x [0,1]?> — [0, 1]? generated by the ODE

ax+t - .
:b(zlaX)7 XJ_(_lva—):xla

d&Cl
has the property that it can be extended by continuity to 1 = 0 and it holds

- ~ 1
(X0 (L2 0,1/2)x(0.1) = (X O)s(L2 /2,1 x001) = 5L 0,02
The above assumptions yields that if
ﬁ(—l’zL) = 1(1/271)x(0,1)($l) - 1(0,1/2)x(0,1)($l)7

then the function

L (X ) T (@, at) —1<m <0,
p(xl,x )_ {O T ¢ (_170)7

satisfies
pl—l<z <0)e{-1,1}, p(z1>0)=0,
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and it is a solution to

div, (5(1,b)) = (1(1/2,1)><(0,1)(1'L) = T(0,1/2)x(0,1) (7 ))H L{ei=—1}

which is w*-continuous in L w.r.t. z; > —1. An example of a construction can be found in | ,
Example 3.8], see also | ]
Define the vector field

b(ey,at) = ((1,b))(z1,27),

so that it is divergence free in 2y > —1, and its trace on {z; = 0} is 0. In particular p~ := 1, <o} is a
solution to

divt . (p(1, b)) = (]1(1/2,1)><(0,1)(1'L) - ]1(0,1/2)x(0,1)(QCL)>H3L{11:71}-

Let 17~ be a Lagrangian representation for p~ (1, b): due to the uniqueness of X (z1, z+) = (21, X+ (21, z1))
(consequence of the smoothness outside {z; = 0}), the set of curves on which n~ is concentrated is the
set of curves such that, if ¢, is the time where v(¢,) € {1 = 0}, then

() = X(t—ty,zt7) —1<t—t, <0,
T ZAX (=t —ty) i) 0<t—t, <1,

with 22~ € (1/2,1) x (0,1), 23" € (0,1/2) x (0,1).
If now we extend the vector field b to the region x; > 0 by symmetry

b(z,zh) = (— 1 b( T1,T J‘)),
then a Lagrangian representation n is obtained by adding n~ with
=5,
where S(7) is the symmetric curve w.r.t. {z; =0},
SM() = (=71,7)(1).

Now we can construct a new Lagrangian representation n’ for the extended (1, b) by piecing together
the curves v and S(7y) in order to let both cross the surface: more precisely, defining the maps

X(t—ty,ay7) t<ty, | _ [ X(t—ty, 2l t<t,
X (t—ty),at) Vb b= e = L(=(t-t)att) t> 1

X((t—ty),2-7) t<t, (X1, XY 1+ (t—ty),zb7) t<t,
t

S =7 Ga(y) = { 5
X(I=(@—ty),aT) t>t, } ) X(1—(t—ty),a") t>t,
then a new Lagrangian representation is given by
= (G1)in~ + (G2)gm
A simple computation yields for #’ it holds
0,+ 0,— —
(T{$1<0}) ' (T{$1<o})ﬁ77/ = n'll,

while being Tr'(b,{z; < 0})-n = 0 both terms should be 0 if the restriction (R{z,<0})4n’ were a
Lagrangian representation.

A small variation of the above example (i.e. letting the curves cross the surface several times) shows
that the sum (5.4) is diverging in the general case.
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5.2. Bounded variation vector fields. Before considering a general vector fields p(1,b) € L} (R*1),
we improve the regularity of p, b so that the restriction operator R preserves the property of being a
Lagrangian representation if 2 has a Lipschitz boundary.
Let Q C R4*! be an open set with a Lipschitz boundary 92 and assume that b € (Li );((BDjoc)z). Let
p € L™ be a positive solution to div; . (p(1, b)) = p and let n be an associated Lagrangian representation.
We recall that BD-functions b have a full inner trace on open sets © C R? with Lipschitz boundary,

i.e. there exists a vector valued measure which is a.c. w.r.t. H4 'Lpq, which we will denote it by
Tr' (b, Q) H,

with a slight abuse of notation, and such that

lim |b(r,y) — Tr'™ (b, Q)(z)| dy =0,

™0 JBd(z)nQ
for Hé-a.e. x € 99 (see [ ). The following result holds (see | , Theorem 4.2] and subsequent
remarks).

Theorem 5.9 (Change of variables for traces). Assume b € (L™ N BDyye)(R%, R?), and p € L= (R?)
such that

div(pb) = u € M(R?).
Let Q C R4 be an open domain with a Lipschitz boundary and let 3 € Lip(R). Then the trace of pb is
a.c. wr.t. H¥ ' 5q and
Tr'"(pb,Q) -n

" (3(,0)1% Q) e 6( Trin(b Q)-n

> Trin (b, Q) ‘n HPq.e. on 09,

where the ratio is arbitrarily defined at points where the trace Trin(b,Q) - n vanishes.

Again we have written Tr'™ (B(p)b, Q) -n as the density of the inner trace w.r.t. #% !, no confusion
should occur.

Consider now  C R¥*! with Lipschitz boundary, and let n be the outer normal defined H% g-a.e..
Then the following slight extension of the above theorem holds.

Proposition 5.10. Assume now b € L} (BD, (R4 R?)), and p € L=®(R?) such that div, .(pb) = p €
MR, Then the trace of the vector fields p(1,b) is a.c. w.r.t. H sq and for all B € Lip(R)

Tr'(p(1,b),Q) - n
T((1,b),Q) n

Tr" (B(p)(1,b). Q) -n = /3( > T ((1,5),2) - n H'-a.e. on 90

Proof. The proof proceeds as for the previous theorem, with some easy generalizations: we will only
sketch it. It is not restrictive to localize the problem in a large ball BE(0,0), and to assume 3 € C*(R)
by approximation.

The fact that

T ((1,b),Q) :/[—@]lgl,el] L’d(dx)—l—/[Tri“(bt,Qt)Hd_ll_aQt]dt<<7-ld|_ag

is a consequence of the linearity of trace, Fubini’s Theorem and Coarea Formula, while using the strong
convergence of traces for BD vector fields one can show that

T (p(1,b),Q) -n=0Tr" ((1,b),Q) H,

with 6 € L>(HY) (actually [|0]|co < [|plloc)- Recall that QfF = QN {t =}, Qz = QN {z = z}.
Step 1. First note that by the classical computation for renormalized solutions it holds

03(p) + div (8(p)b) < [u + [ [EB]dt,

with Eb the symmetric part of Db. Indeed, disintegrate

= /Nt m(dt), m = (p¢)s|pl,
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and decompose m in its continuous m®™ and atomic part m*°mic = 3~ m;s,.. If o° € C°(RY) is a
smooth compactly supported convolution kernel in R? depending only on |z|, then

0p° +div(ph)* = [ yf mido)

where with the apex € we mean the convolution with ¢°. The chain rule for one-dimensional BV functions
thus yields for 8 € C*

B(p°) + div (B /@ meon(dt) +Z (ti—) +mps)) — Bl (ti—))]

+div (8(p°)b) — B (p° )(dlv(pb)) .
= [i* + B(p°) divb
+ ﬁ’(/f)/p(t,x oy ) —blhz—cy)

. - Ve(y) £L4dy),

with
w /5 ) meom (dt) +Z F(ti=) + map,) — B(p*(ti-))].
Clearly |fif| < 2||8’ 0 p|loo| -

Using that V¢(y) has the same direction as y by the radial symmetry of ¢, the last term of the r.h.s.
of (5.8) is bounded by (assuming supp ¢¢ C B{(0))

bi(x) — bi(z — ey) ‘
0

€
which converges weakly to a measure a.c. w.r.t.

/ |(Ebey, y)| dy.
B{(0)

Since the constant depends only on |||l and ||p||ec, the same estimate holds for 8 Lipschitz.

Step 2. The formula in the statement holds for p, b in W11 N L (R¥*1) by the strong continuity of
traces, so that it is enough to show that for all § > 0 it is possible to extend p(1,b) in R¥*1\ Q with a
Wl L*-vector field (1,b’) and W1 N L*-function p’ such that

| TA" (¢/(1,B), R\ clos @) - = Tr" (p(1,b), ) - n|

y\ £(dy),

<4, (5.92)
LY (Hepq)

<4, (5.9b)

| T (1B, R clos ) = Te™ ((1,b), )|

LY (HeLpq)
where the last formula means that the traces almost coincide as vectors, or equivalently in the sense of
boundary traces of BD functions.

Indeed, setting

p”(]-v b//) = p(lv b)]]-ﬂ + p/(]-v b/)]]-R'i\closQa
by (5.9a) it follows that
|div (p"(1,0"))](09) < 6

and (5.9b) yields that |[Eb”|(0Q) < §. Thus by Step 1 the inner trace of 3(p”)(1,b”) differs by O(1)d in
norm from the outer trace, where the W' !-computation can be performed. Letting § — 0 and using a
pointwise convergent subsequence p’, b’ in (5.9), one obtains the formula in the statement.

Step 3. Being 2 Lipschitz, it follows that for £!-a.e. £ € R the set Qy is of Lipschitz regularity, and
thus by the surjectivity of traces of W' into L' let b} be an extension on R?\ Q such that

Tr" (b, 0(R\ clos Q) = Tr'™ (b, 0 ) Lyyn(p o0,y <an  L'-a.e. t.

By inspection of the proof of Gagliardo’s theorem [ , Theorem 1.IT], one can check that we can also
require that b’ € Lt oe(WE1) N L, because

Trin((l’ b)7 Q)LTri“(b,aﬂt)<2"L € L1100<HdL89) nL>™.
It is fairly easy to see from the definition of trace that (5.9b) holds.
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Step 4. Being the function
_ Tr(p(1,b),00)
~ Tr((1,b),09)
in L>=(H% pq), again by Gagliardo’s theorem there is p’ € W1 0 L (R4 \ Q) such that (5.9a) holds.
Being b’ and p’ bounded functions, we are in the setting of Step 2 above. O

Using the above theorem we show that the restriction of a Lagrangian representation in the sense of
(5.5) is a Lagrangian representation of the vector field p(1,b)L% ¢ for vector fields in b € L} (BD,,) and
functions p € L (R+1),

Proposition 5.11. The measure
R):n =Y _n6 =Y _(RG)sm
( i
is a Lagrangian representation of p(1,b)L*1 q.

Proof. Let p, be defined as in (5.7); in particular, the distribution T (ph(1,b), Q)-n is now representable
as sum of two Radon measures (Tg™ )yn,, being Th* defined as in (5.3).
By applying now Theorem 5.9 with () =| - |, we deduce the following:
o o T (ph(1,),09Q) -n| _,

Tr' (po(1,b),092) -n = Tr'™ (|pg|(1,b),092) -n = . T ((1,b),00) - n
because pl, > 0. It thus follows that Tr' (pk,(1,b),09Q) - n has the same sign of Tr™((1,b), Q) - n, which
means that (Tai)ungz are orthogonal.

Hence there exists two disjoint Borel sets AT such that for all i € N

T (ph(1,b),00) -0 = ((T5)snd) L ax,

where A* are determined by
TP ((1,b),09Q) -n = Tr" ((1,b),09) - nL 4=,

up to Tri“((l, b), 09Q) - n-negligible sets. Here the apex + means the positive/negative part of the trace.
Furthermore, repeating the argument for a finite sum of nf, it follows

N .
> o<
and

N N
DT (po(1,0),092) n= 3 T (po(1,b),09) - nuye
N .
= (ZTrm (pa(1,b), Q) 'n> LA*
) N
= (Tl’ln <Zp§?(1ab)79> : n>LAi
. N
=T (Y (1) 9) n

< T (p(1,b),9) - n,
where we have used the monotonicity of the trace (consequence of Proposition 5.10). It follows that

ZTrin,:l: (pﬁ(l,b)ﬂ) n = TrinE (p(1,b),Q) -n < 400,

where the equality follows from the weak convergence of the sum to the trace. O
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Another consequence of Proposition 5.10 is the following (see also | , Theorem 6.2]). We consider
here the definition of inner proper, Definition 4.7, extended to Lipschitz sets as suggested in Remark 4.8.

Corollary 5.12. A Lipschitz open set Q is inner proper for the vector fields p(1,b), with p € L (R¥+1)
and b € L} (BD,).

Proof. Indeed, the chain rule and the strong convergence of traces for BD vector fields yields that Con-

dition (3) of Definition 4.7 holds. O

6. RESTRICTION OPERATOR R AND PROPER SETS

We now show that for generic vector fields p(1,b) € LL (R9*!) whose divergence is a Radon measure,

if Q is a p(1, b)-proper set, then the reduction operator R introduced in Proposition 5.11, namely

Ra)sn == > _(RQ):, (6.1)

K2

generates a Lagrangian representation of p(1,b)L£% 1 . The idea of the proof is to show that there are
two disjoint sets where n-a.e. curve v is only entering or exiting. We conclude this section with some
useful properties of the operator R for proper sets.

We begin with the following elementary lemma.

Lemma 6.1. For every Lipschitz function 0 < ¢ <1 it holds

n({r s Graphy 0 {8 = 1} £ 0, Graphy 0 {y = 0} £0}) < /p}(l,b) VgL,
Proof. Setting

A= {7 : GraphyN{y = 1} # 0, Graphy N {¢ = 0} # @},

one has for y € A
t+

/ (1, b) - V| dt = Tot.Var.( o ) > 1,
t

~

so that
n(A) < / Tot.Var. (¢ o ) n(dy) < /p|(17b) V| £
A
which concludes the proof. O

Applying Lemma 6.1 to a proper set  with the functions ¢>* and passing to the limit as 6 — 0 we
obtain the following

Proposition 6.2. It holds
77({7 : Graphy Nclos Q # 0, Graph \ clos Q # (Z)}) < / p‘(l,b) . n’ H, (6.2)
a0
and

77({7 : Graphy N Q # 0, Graphy \ Q # (Z)}) < /asz p‘(l,b) . n’ He. (6.3)

In particular, for every proper set we deduce that

n({’y : Graphy N 99 # 0, Graphy ¢ aQ})
< n({7: Graphy N # 0, Graphy R\ 2 £ 0} )
+ ({7 : Graphy 1 clos Q # 0, Graphy AR\ clos # 01} )
< 2/39;;](1,b)-n|7—[d.

At the end of this section Corollary 6.9 gives that the constant 2 can be replaced with 1.

(6.4)
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Let Q be a proper set and let €2¢ its perturbation constructed in Theorem 4.18: moreover, if K,f’sl C 00

is the compact set constructed in Lemma 4.13, w.l.o.g. we can assume that p(l,b)\_K§,5’ is continuous.

Recall the decomposition
A(Q°\ Q) =51USUSf US; US,

given in (4.15), where S;, Sy are subset of finitely many hyperplanes {¢ = const}, and Sy is a subset of
the lateral faces of the cylinders given by Proposition 4.17.
Applying (6.4) to the lateral boundary of a cylinder

310}’1;:,5?2 = {(S,y) ts — ti] < 207, |y — i — bty x)(s — 1) = Ti}7
and considering the trajectories restricted to

J,Zy = [t;, t,JYr] N [ti - 20[2’[”z', ti + 20[27‘1],

we obtain

({’y : Graph ’yl_t]%ﬂCyl;fZ if‘ # (), Graph "YI_J}'Y\CYIZZ,;%?[ ) # @})

77({ : Graph e j: Nclos Cylr“%‘ # (), Graph g \ clos Cyl”’%‘ £ })

< 2/ ol b) - nH.
aCyl; "

77({ : Graphy N 8lelT1’2a # (), Graphy N (J2, x RY) ¢ GleIZV’if })
<n
+

Then we can prove the following
Lemma 6.3. It holds
n({7: Graphy N Sy # 0}) < 2(1 + a)Cy2a2,08 (20%)H(09Q).

We recall that « is the bound of Point (1) of Lemma 4.13 and the constant Cy 1, , is given in Proposition
4.17.

Proof. We observe that

{v:Graphy NSy # 0} C U{ Graphy,z; C 8leI”’2a }

{ : Graph o s: No'Cyly ¢ 207 # 0, Graphyu s \o'Cyly e 207 # (7)}

The curves in the first set are curves are the ones which lie on the lateral boundaries of a cylinder for

2
a positive set of times: thus they have n measure 0 because £d+1(alcy1;;;§f‘ ) =0 for every i € N.
For the other set, the computation leading to (4.16) yields

7]<U { : Graph L no'c Cylii 207 # (), Graph i \o'C vl 207 + (ZJ})

< 2(1 4 @)Cyaaz .0’ (202)1HA(0),

where we have used (6.5). O

We now estimate the flux across the region 9 \ K& Recall that the set K2 is defined in Lemma
4.16.

Lemma 6.4. [t holds for e’ < 1

n({7 : Graph~ N (0Q\ K2)}) < 5e.
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Proof. As before we observe that
{ : Graphvy N <8Q \ U Cylr“h ) # @}

- {V:Graphvcaﬁ\UC Iy }

U {'y : GraphyN Sy # (Z)}

ulJ { Graph'yﬂaQ\UCyl“’Qa # 0 : Tot.Var.(¢? "+ ory) > 1}
neN

ulY {7 GraphmaQ\Ucyr“?“ # 0 : Tot.Var.(¢? " o0n) > 1},
neN

where the functions ¢? "* have been introduced in (4.5).
For the first term, as in the proof of the previous lemma, we have that (having all curves in I" a positive
length)

17({7 cy C aQ\Lijc 1;~§f }) :n<{7 :int ((1d y)~ (6Q\UCy1:“m2f‘ )) £ (z)}) =

For the second term, by Lemma 6.3, we infer
{7 :Graphy N Sy # 0} < 2(1 + @)Cyanz,0e"(202) H(00).

Finally, to settle the last terms we argue as in Proposition 4.11: using condition (4.11b) and the fact
that

|p(1,b) - (Vo "*) [T — |p(1,b) - n[H Loq,

we deduce that
pl1.0)- (762 et (R oz ) - | o000
p RA+1\{J, Cyl;i 2"

Now we have

/ o202 !p(l,b)-nWC‘Lagg/ |p(1,b) - n|H o< 2e.
RAFI\UJ, Cyl}i PONKEE

Summing up, and Monotone Convergence Theorem in the first inequality because for m < n

{ : Graphy N 00\ U Cylr“zo‘ # 0Tot.Var.(¢* T o) > 1}

{ : Graphy N 99 \ UCle“%‘ #0: Tot.Var.(¢? " oy) > 1},

7

and using Lemma 6.1 for the last term, we get
({ : Graph~ N (aQ \ Ucyl“ 2 ) # (b})
< n({y: Graphy N 54 #0})
+ limn<{'y : Graphvy N <GQ \ U Cy1:§a2> #0: Tot.\/ar.((j)z_"v+ o) > 1})
+ limn<{'y : Graphy N <8Q \ U CylfﬁaQ) # 0 : Tot.Var.(¢? "~ oy) > 1})
< 2(1 4 a)Cyaaz.q08’ (20%) H(00Q) + 2/ lp(1,b) - n[H g

IN\K:®
2(1 + @)Cy 902 0 (202)HU(OQ) + 4e.
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Choosing now ¢’ < 1 we obtain that
77({7 : Graphy N (39 \ UCyl:§a2> + @}) < Be.

Being a covering of K,f’a/ we conclude that the statement holds. O
With the same tools we have also the following result.

Lemma 6.5. It holds
Zn({’y 3t |s| < oy (V(t) €o0n Cylgﬁf‘z A |y(t+s) = y(t) = b(ti, z;)s| > 4ri) })

%

< (14 @)Cy202.08"(20)H(OQ).
Proof. By (half of) (6.3) we have

n({fy : Graph L N0Q N Cylfj”if‘z £, Graph’yLJ%,Q_ Cylazf‘z}> < / p|(1,b) - n|H?.
P

r;,2a2

Cylt;,mi

Now, observe that

{7 3, |s| < oPry ('y(t) € 00N Cylziﬂ’if‘z A |yt + s) = y(t) = b(ti, z:)s| > 27’1-)}
c {7 : Graph ey M99 N Cyl 20" # 0, Graph oy & Cyly2 }

Summing over i we get

Zn({’y : Graphy N 9N Cyl?io‘2 #0:3s| < oPri(|y(t+s) — y(t) — b(ts, zi)s| > 277)})

< Z/ ,p|(1,b) - n|H? < (14 @)Cyaaz,a’ (20)H(09),
— Jacyli2e

because of (4.13). m

ti,@;

From Lemma 6.5 we can prove the following weak differentiability of the curves:

Corollary 6.6. For all o > 0 it holds

limsup77<{7 () e koo, [1EHS) =)

s—0 S

- b(m(t))‘ > 52}) < (14 @)Czaz.08 (20)HL9).

Proof. By Lemma 4.16, we can assume that s < 7, and that there are regular cylinders in all points of
2
ln,2o¢ }NS

K?’El with radius r such that ‘%T < s < o?r. Then, using these cylinders for the covering {Cy tiwe fim1

’
€,E
of K7°

{7 LA(t) € Ki7

Ny
C U {7 : dt,
i=0

Applying Lemma 6.5 the proof is concluded. O

(it +s) = ()

s o?

~ b)) > 5}

2,..
a2n <s<alr: (’y(t) € 90N Cyli 2" A |y(t+s) — 7(t) — blts, 2:)s| > 4n-) }

We now present the following proposition which plays the role of the first part of the proof of Propo-
sition 5.11. Recall the definition of the measures

no = Ro)m,  pill,b) LU= /(idﬁ)u((ld)ﬁl)néz(dv),
given in (5.6), (5.7).
Proposition 6.7. If Tgi are the operators defined in (5.3), then it holds
(T65)emy < pl(1,b) - m)]* Hpo.
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Proof. First of all observe that the results obtained in this section so far holds also for n%,: indeed all
proofs depend only on the quantity p|(1,b) - n|, which is monotone in p.

By Lemma 6.4 it is enough to prove the statement in K?E/, and assume that the interval of definition
of v has length at least 27. Hence for r; < 7/a2, up to a set of trajectories of ni,-measure of the order of ¢’
. ’ . 2
obtained by Lemma 6.3 when applied to R¥*1\ clos 2, all trajectories of n{, starting from K2 N Cyll:ia
exit the cylinder by crossing one of the flat bases. In particular we deduce that up to O(e+¢’) trajectories,
(T:%)4mé, is concentrated on K2 N {(1,b)-n = 0}. Hence (T4 )4ni, are orthogonal.
Since it holds

0< /pi(|(1,b) Viad” | = (1,b) - vt,ﬂzf**) Lo < /p(|<1,b) Viad” | = (1,b) - vt,m&*) £,

using the weak convergence of p(1,b) - V; ,¢%~ and p|(1,b) - V; ,¢%~| together with the fact p; < p we
obtain the statement. O

In particular the behavior (entering/exiting) of trajectories which crosses Q does not depend on the
particular characteristic, but only on the sign of (1,b) - n. It follows from the trace analysis that the
same property of BD vector field holds also for proper sets.

Theorem 6.8. If Q is a proper set, the restriction operator Rqg maps a Lagrangian representation of
p(1,b) to a Lagrangian representation of p(1,b)Lq.

Proof. Using Proposition 6.7 we can define the sets
A ={(t,x) €9Q: (1,b) n(t,z) = 0}.
Now it is sufficient to repeat the proof of Proposition 5.11. O

Corollary 6.9. A Lagrangian n of p(1,b)L3*! is concentrated on the set
N N

U {7 (d, )TN = (), (dy) N (cosQ) = [ [1, 857 with 51 < tfyﬂ’}.

NEN i=1 i=1
Moreover, if n° is a Lagrangian representation of p(1,b)L4 1 -, then

611_% n°({~: (id,7)"*(©) is not an interval}) =

Proof. For the first part of the statement, observe that by the absolute convergence of the series Z(Tgi)ﬁn
it follows that 7 is concentrated on the set

N
U{ s (id, y) 7 U t”_ tH'}
NeN i=1

On the other hand, since the set of curves which lie on 9 for a positive amount of time is negligible, it

follows that
N

(id,v) " (clos Q) = U [tiY ,ti;ﬂ
i=1
for n-a.e. curve such that (id,v)~1(Q) is made of finitely many open intervals. Finally, by Corollary 6.6
the set of curves which have t5~ = t:*1~ is negligible.
The second part of the statement follows by observing that if a curve + is such that Graphy C Q¢ and
(id,7)1(€2) is not an interval, then up to a measure of order &’ it must re-enter in Q (re-exit from Q) in

the same cylinder Cylr“zo‘2

entering (exiting) flow in a neighborhood of K?E, n{(1,b) > 0} (Kﬁ’g/ N{(1,b) < 0}), this can be made
arbitrarily small as € — 0. 0

where it just exited (entered). By Proposition 6.7, this is controlled by the

To end this section we present the following

Proposition 6.10. Let Q C R be a proper set and N C I' a Borel set. It holds

n({'y :3i s.t. Ry = V(i 4it)€ N}) < (R)in(N).
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Proof. Let N be the set given by

Ni={(ni) € I'x N: Ry = sy N,

which is a Borel set because the map R, is Borel (see Lemma 5.5). Let

m(N) 2y = i(v)
be a Borel selection which exists because N is countable union of Borel graphs. We estimate by using
the definition of Rq

(Ro)sn(N) = > (&) (N)

J

> > ®h)m({y :i(y) = 5})

J

=> n({y:i(y) =4}

J

=n(m1(NV)). O
Together with Corollary 6.9 we deduce
Corollary 6.11. For all N C I' it holds
lim (Roe )ym({y = 3i s.t. RoY € N}) = (Ra)sn(N). (6.6)

Proof. Just observe that the equality in (6.6) above holds when (id, ) "1 (Q) is a single interval, and apply
Corollary 6.9. d
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Part 2
Cylinders of approximate flow and untangling of
trajectories

This part deals with the main result of the paper:

give a local condition on the vector field in order to construct a partition of R%*! into disjoint trajectories
such that n-a.e. v is a subset of these curves.

We call this property untangling: it is stronger than uniqueness for initial data at some given time ¢ (even
if it can be deduced from this uniqueness by the analysis below), because it implies that no crossings occur
on “bad” sets (i.e. non rectifiable, Cantor-like, in general sets on which one cannot assign meaningful
initial data).

The condition we give is quite general, and can be adapted to the particular case under consideration: it
can be resumed by saying that we control the measure of trajectories entering and exiting from arbitrarily
small cylinders around 7-a.e. trajectory -y in terms of the measure of entering trajectories of their base.
This yields a control of the amount of trajectories which bifurcate in the future or in the past from
another given trajectory, and it can be nicely expressed in terms of transference plans.

A duality result yields that a control on the flow across the boundary of these cylinders implies an
estimate of the amount of trajectories which have a common point but are not subsets of a unique
trajectory. This leads to the introduction of the untangling functional, which measures the minimal
amount of trajectories one has to remove in order to obtain a disjoint set of trajectories such that n-a.e.
v is a subset of these. This functional turns out to be subadditive, allowing a natural condition in order
to extend a local estimate to a global one.

The last part shows that in the case of untangling the structure of the representation allows the
complete description of the disintegration of the PDE, in particular the computation of the chain rule.

7. CYLINDERS OF APPROXIMATE FLOW

7.1. Cylinders of approximate flow and transference plans. Consider a proper set Q C R%*!, and
let ©2¢ be the perturbed set constructed in Theorem 4.18. For convenience, in the first part of this section
we will drop the index e and refer to Q¢ directly as . Furthermore, the idea is to study the Lagrangian
representation (Rq)yn, but since some of the statements apply to every Lagrangian representation of
p(1,b)L4F1L o we will use the notation 7 only in this section.

Recall that the set S5 is defined in (4.15), so that essentially all inflow of p(1,b) are occurring on open
sets which are contained in finitely many time-flat hyperplanes {t = ¢;}. We can assume without loss of
generality that p:(S2) C {{t = t;} is locally proper}. Define now

ﬁin = /S (ﬁm)zp(z) Hd(dz) = (ﬁ)‘—{GraphvﬂSl#@}v

according to (3.5), where (7). are the conditional probabilities of the disintegration of 7™ w.r.t. pH%Lg,.
We assume that the following holds.
Assumption 7.1. There are constants M, > 0 and a family of functions {¢£}g>oﬁep such that:
(1) for every v € I¢ € R*, the function ¢ : [t7, 3] x RY — [0,1] is Lipschitz;
(2) fort € [t;,t3], z € R?
¢
Ly h+82,0) () < &5t @) < 1,44 B4 (0)(@);

(3) it holds

/{W/ﬁ Uﬂ(t)l(l,b)-vaﬁﬁ(t)md} dt}ﬁin(dfy) <, (7.1)

5
where

o(f (1) = / F(t 2)p(t, ) £3(dr), (7.2)
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zzqﬁfy

Figure 7. A cylinder of approximate flow ¢§- The yellow region is the region where
gb?y =1, the green where QS‘; =0, and 7 is the red curve.

for every t € p1(S1).

From now onwards we will often refer to the family of functions {¢£}1€>0,7€ r as cylinders of approzimate
flow: indeed, if v is a characteristic of the vector field b, the function (bg can be thought as generalized,
smoothed cylinder centered at y (see Fig. 7). In particular, Point (3) is saying that the flow through the
“lateral boundary of the cylinder” is controlled by the quantity .

Introduce the set

W.=WuUuWycCcIl'xI
where W is the open set
Wi == {(v,7') : Graph~y N Graphy' = 0}.
while W5 is the closed set

Wy = {(% ~") : Graph~ N Graph+' = Graph (’YL[max{t;,t;,},min{ti,tj, }]) }

Thus the set W is a Borel set (we recall that Graph+y is the set of points (¢,7(¢)) for ¢ in the closed

interval [t7,¢7], see (3.6)). In the following we will use the notation I = I" x I".

Proposition 7.2. Under Assumption 7.1, it holds
/ i @i (I \ Wa)p(z) H(d2) < w.
S1

Proof. We split the proof in several steps.
Step 1. For fixed £ > 0 and v € I" we introduce the following set
Ef; := {7 : Graph W/L[t;7t¢]§ supp ¢’l;} cr

and consider the functional

(7)== / 7 (EL) 6l (1, 2ot ) HA(d).
Sin{t=t;}
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This functional computes the weighted amount of curves 4 starting inside supp QS?Y N.S; and exiting from
the cylinder.
Noticing that

Tot.Var.(¢€ o 'y’L[t;ﬁ]) > (bfy(z') when +/(t; =t.,) = 2/, Graphy' Lt SZ supp ¢7,

we have

DL (7) = /S o TS o ) )

O (15,7 (65,)) 1™ (dy)

IA

vty =t ,, Graphv'c sZsupde,‘;,qbe (v'(t2,))>0}
y

) Tot.Var. (qbf; o 'y'\_[t;’t;r]) "™ (dy')
fity =t iy Graph v’ Lo ,(Zbupp ¢fya¢[ (€4 (t ~))>0}

IN

J
J
/Tot.Var.(qﬁ{; o ’yll_[t;t;r}) ﬁ(d’yl)

& o
§/t [/ Pt 2)| (1, D) () - Vi ot (1, )| £9(da) | dt,

so that using Point (3), we deduce

! ~in
/p m‘péxit(’ﬂ 7" (dy) < @

Step 2. Consider now a sequence ¢; — 0 such that
0 ‘;
> gl (73)
Due to Point (2), Assumption 7.1 this can be achieved if
/-
lit1 < Mi’
because with this choice
supp @571 (t) C (t) + By, C () + Bf jy C {05 (1) = 1}. (7.4)
Step 8. Thanks to the choice of the sequence ¢; in Step 2, we can estimate for j < 4

1 P
w > 7@ J't in d
—/U(qbgj(m) exit (V) 77 (d)
_ 1 ~in 7 Z/ d Z/ ~in
| BT o) PN 0 )

£ £ 1 ~ir/1 i\ 125 Z/ Z’ d Z/ ~in )
(5L cEy>2/0(¢$j(t7_)){/mt_tw}nz (B2)6% (ol ) | ()

Now, for fixed i, we pass to the limit as j — +oo and we observe that

_ in gl ddz) — weakly™

ST o, T G ) v

in duality w.r.t. continuous, bounded functions for 7j®-a.e. . This follows from the fact that pH%a.e.
2’ € 81 is a Lebesgue point for the map 2’ + 7} (w.r.t. the weak convergence of measures, and we use
the fact that the measures on a separable metric space are tight in order to use the separability of the
weak convergence) and the set of 7y starting in a H%negligible set in S; is 7' negligible. Notice that for
every ¢ € N the set Ef; is open, so that thanks to the L.s.c. of the weak convergence on open sets, we
have

1
The E < lim mfi/ .05 (2) (ES) p(2") HA(dZ').
777(15 )( ) j—s00 0((25?(15;)) Sinft=t=} n y ( )( 0 )P( ) ( )
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Step 4. Using Fatou’s Lemma, we conclude that

= > limint [ | { / 0(1 { / e B (o) %d(dn} ﬁz/(dv)}p(Z')Hd(dZ’)

e #7 (7))
- /s {/ h“bian{ / o, TS C0l) ’Hd(dz)} ﬁzf(dfy)}p(zl)%d(dz/)
= /S 1 { / ﬁz/(Eﬁ")ﬁz/(dv)}p(z/md(dz')

:/S iz @ i ({(v,7) 27" € ES }) p() 1Y (d2").

(7.5)

Observe now that when i — oo
{(v,7) v € ES Y /T2 \ W

By the Monotone Convergence Theorem, we then conclude

/ ﬁz’ by 'F]z’ (F2 \ WQ)p(Z/) Hd(dzl) = hm ﬁz/ ® ﬁz’ ({(777/) : ,Y/ € E%})ﬁ(z/) Hd(dzl) < w,
Sl v Sl

which concludes the proof. O

To analyze the trajectories which are entering into the cylinder ¢, we have to introduce a new object.
Let 7 € Adm(7'®,7) be an admissible plan between the measures 7" and 7: this means that

(P1)sm = @™, (p2)im = gol,

with 0 < g1, g2 < 1 are Borel functions. Observe that by disintegration we have

m= [ m " (dy) = my i (dy) | p(2) 1 (dz),
/ IRTAT

with |74 || = ¢g1(7), and similarly for the disintegration w.r.t. the second marginal 7.
The following proposition states a similar result to the one in Proposition 7.2 for the plan 7, the
difference being that we measure how many trajectories can intersect if the initial point is different.

Proposition 7.3. Under Assumption 7.1, it holds

/ { /W.Y/ ({(7’,7”) :9"(t5,) ¢ Graph, (’Y/L[t;,ti),’}/ﬂl_[t;i;r)) € FZ\Wl}) ﬁizn®ﬁ;n(d'yd”y’)}p(z) HY(dz) < w.

Proof. We split the proof in several steps.
Step 1. For fixed £ > 0 and v € I" we introduce the following set

AL = {(7’,7”) L (7 (max{t2,,1531) = 0, (Vi 207 vy ) €17 \W1}, (7.6)

and consider the functional
B = [ [ [ a3 )| 40 ),
Sin{t=t5}

This integral computes the weighted amount of curves +" starting outside the cylinder (;5‘; and touching
a curve 7' which starts inside the region supp qﬁf{ (t7) in the time interval [t7, t,ﬂ For shortness, in what
follows we will write sometimes (bfy(w’(t)) for ¢¢ (t,7/(t)).

We observe that for every (v/,7") € Af/ it holds

Tot. Var. (¢!, o ’YII_[t;’tj{—]) + Tot. Var.(¢f, ’y”l_[tﬁ—“tj{—]) > ¢! (), when Yt =ty)=2" (7.7)
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Then we have, by integration,

V) = [ . [ty oe mias)

/ oL (7 (£5,)) m(dv d")

AL ﬂ{('y )ty =t /}

_ / ¢ (v (t5) m(dy dy")[ <]

Zm{(,y f‘/”) t'y =t /a¢£ ('Y ( /))>O}

so that, taking into account (7.7), we get

=),

) ) {Tot.Var.(¢g o ’}//L[t’;’t’t]) + Tot.Var.(¢f; o 7”L[t;7tm)} m(dy'dy")
£ r1{('7 ) —t,y/v Q%; (’Y/(t,yl))>0}

=/ o B WW,(AQ)Tot.Var.(ngOfy’._[t;t;r])ﬁi“(d»y’)
{y'it5 =t,.04 (+'(1,))>0}

+/ T (AN {y 1t = =1, oL (v () > 0})Tot.Var.(¢f, o fy"l_[t;’t;r]) 7(dy")
{94 (v (max{ty 7, }))=0 }

< Tot.Var.(quf, o ’y’\_ t+]) " (dy)

/{’y’:t,y_t’y, B4 (v (t,))>0}

n / Tot.Var.((ﬁf; ° ’YHL[f t*]) i(dy"”)
{7 ¢f (v (max{ty t 7, 1))=0} -

< /Tot.Var.(qSW O’y/'—[t;7tj,']) ﬁ(d’Yl)
t+

< /tf [/p(t,x)|(1,b(t,x))-Vt,qug(tw){ﬁd(dx)] dt

~

Integrating in v and using Point (3), we deduce
1 0 ~in
Wq)enter( v) 7" (dy) < w. (7.8)
y\¥Y
Step 2. Consider now a sequence ¢; — 0 such that

{8 >0} {oh =1} (7.9)

for every ¢ < j as in Step 2 of Proposition 7.2.
Step 3. We now pass to the limit. By (7.8), we have

1
w2 [ el
o(¢ (t7))

1 / {/ i\ ~i / Ci( o ! d ’ ~i

= —— T (AT ) 72 (dy') | 57 (") p(2") HE(d2") p 77 (d),

/ o (¢ (t;)){ Sin{t=t7} T K
where we recall the set A% is defined in (7.6) as
A= {0 S a5 1) = 0, (g Vi) €T\ -

To overcome the difficulty given by the fact that the condition qbf;( "(max{t_,,,t})) = 0 is not open, we
take into account Step 2 and for 0 < a < 1 define the set

Ai’a = {(r}/ar}/l) : (b{;( (maX{t st vy })) <a, (7,‘—[75 t3] 'Y L[t ]) er? \Wl}
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Notice so that, thanks to the (7.9), Af;"a C A{f for i < j and hence

a(#}(t‘)) /sm{t_tw} [/ my (A7) 7731(‘17’)] 6L ()p(=") H(d2')
= W /Sm{t_tw} [ / T (A ) 7125 (' )]qb (2"p(2") HE(d2") (7.10)

Y

o(qbifl(t;)) /slm{t_t;} ( / 10v. ', gi)ﬁ?(dV’)) 8% (2')p(') HA(d2"),

where W1 (y) C I'? is
Wi(y) = {(7’,7”) : Graph ('y’L[t;ﬁ)) N Graph (’y"L[t;7t¢)) = @}
and where we have set
I(v,7',4i) == (T ra\wy () ({7 : ¢f;( "(max{t_,,t;})) < a}.
Step 4. Define for t; < to the set
Wi(ty,t2) = {(7/77”) S (V') Y ) € r#\ Wl}
= {(7’77”) : Graph ('L, ¢,]) N Graph (YL, 1,)) = (Z)},
and consider
T2\ Wy(ty,tz) = {(fy’,v”) : Graph 'Ly, 4,0 Graph "'y, 4,7 (Z)}.
Accordingly let
I(t1,t2,7,4;) = (T P2\ Wy (4 ,£2) )/ ({’y ~" (max{t “7t7} < a}).

Now, as in Step 3 of Proposition 7.2, pH%a.e. 2/ € S; is a Lobcsguc point for the map

7 / [(TLra\wy (1)) ] T2 (dY),

w.r.t. the weak® topology, and hence, arguing as in the same proposition, passing to the limit in j and
using the Ls.c. on open sets (i.e. {y": ¢ (v/ "(max{t_,,,t7})) < a}) we deduce

/I(tl7t277 E) 'Y(t )(d’}/)

< liminf

1
. I 1o, /; ~in / (! ! Hd dz
J=rtoo a(d’gj (ty)) /Sm{t—t;} [/ (t2,t2, 7', ) 03 (dy )} P ()Pl ) HdZ)
for 7'"-a.e. .

Step 5. Take a partition of a set where 7™ is concentrated into finitely many disjoint sets {A}Cn }N k¥, so
that

ik‘fnc{'yefztn—2_k<t; gt;<t;<t¢§t:+2—’“}

of 27%72 and
observe that the trajectories neglected are the one with length < 27% which form a set of arbitrarily
small 7j"-measure for k — oo.

Step 3 above gives

=2 [ i m_m{ [ i b (o e i)

>N§/ i e, 1 o e ) ),

because I(v,7',4;) D I(t, ,t;7,~',¢;) when v € A}Cnn

and a set A" whose measure is arbitrarily small: just consider an enumeration (¢, ;)
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Using Fatou’s Lemma, we conclude that

w>1jlg+lgof2/m L [ | e wia |
SN mgg}@){ o |1 ol e e i)
3> / . [t i )| ),

(7.11)

Observe that when k — oo for every « it holds ¢,; \ 7, t;/ 7t by the definition of A}Cnn,
k — oo we have for every ~/

Z I(tr_za t;ta 7/7 gl)]lAL“ﬂ

n

so that, when

S (w)wf({w” : qbgl( '(max{t_,,,t})) < a,Graph (v Lz, )ﬁ Graph (7" e t+)) # @})

k—oco

and since ¢ (7'(t5,)) = 1 we conclude that
ZI(t;7t;§7’ylagi)]—A§c“n /l I(’y"y/’fi),
n " k—oo
on a 7j-conegligible set, so that by passing to the limit in n we conclude by monotonicity that

WZ/F [/ (7Y ) 3, (dY) | 7™ (). (7.12)
Observe now that when ¢ — +o0
{(V9") £ 65 (7" (max{t],, 1)) < a} S {(Y,7") 10 < 13,9 (max{t],,15})) ¢ Graph~})
={(y\7") : t; <t5,9"(t,) ¢ Graph~})

because for 7"-a.e. v we have v(t5) € S1. By Monotone Convergence Theorem, we then have

wZ/{/[WW'({(’Y/:’YH)ZtW,, t3,7"(t5,) ¢ Graphy} N T2\ Wi(y ))} T (dfy)}ﬁin(d,y)

(7.13)
= [{ [ [rr i 76  Gravhod 1\ i) i a2,
which is what we wanted to prove taking into account the definition of 12\ W1 (%). 0

Example 7.4. In general Proposition 7.2 is sharp and it holds
7" @I\ W) <m(T2\ W),
so that we cannot expect a control on the quantity w(I"2\ W). For example, consider three curves 4, s
and . starting at the same time (¢ = 0) such that
Ya =0 % Vo F Ve

with weight a, b, c. See Figure 8.
Then one has

7" @™ (I \ W) = 2be,
while by duality
max 7(I'? \ W) = 2min{b, c}.
Remark 7.5. By inspection, one can observe that to deduce Propositions 7.2 and 7.3 one can relax
Point 2 to the following:

(2’) for fji"-a.e. ~ there are two sequences of Lipschitz functions qS?;‘, qﬁff’ such that
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Vb Ye

Ya

Figure 8. The discrete case described in Example 7.4: 7j = " = ad,, + bd,, + cds,,
where a,b,c > 0 are positive real numbers. The red and blue curves (resp.
Vb, Ve are distinct but they have non trivial intersection, which coincides with
Ya, the green curve. It is clear that 7" @ 7 (I'?\ W) = bc + cb = 2bc. On the
other hand, if e.g. b < ¢, we can construct a plan which moves bé., to bd,,
and bd,, to bd,, (leaving the remaining (¢ — b)d., fixed). For such a plan it
holds 7(I'*\ W) = b+ b = 2b = 2min{b, c}.

(a) (7.3), (7.9) are satisfied by ¢% and

¢>£i (Graph~) =1, Zlg(l)lo supp gf)g" = Graph~, (7.14)
(b) it holds
o((£65)(t5)) . o((£65)(t5)) .
im ———1 1 = ), im —— 1 = ),
P oy 0O Gy T

for all integrable functions f and 7j"-a.e. 7, where o(-) is defined in (7.2).
On can further require that (7.3), (7.9) hold up to a set of trajectories which vanishes when computing
the limits (7.5), (7.11), and the same requirement for (7.14).
Finally, in some cases it is easier to substitute qﬁfy with the characteristic function of an inner/outer
proper set, replacing the integral of p|(1,b) - n| with the inner/outer trace as follows.

Assumption 7.6 (Inner proper cylinders). There are constants M, o > 0 and a family of sets {Q,[E/}[>0,’YE[‘
(called inner proper cylinders) such that:

(1) for every v € I¢ € R*, the set QY C R4 is p(1,b)-inner proper;

(2) fort € (t5,tF)

Y(8) + Bf4(0) € Qr € 4(t) + Bify(0);
(3) it holds
1 / 1
_— Tr (p(1,b), Q) H ag |7 (dy) < w, (7.15)
/ L(ILQQ(% ) Jtets 1) ( )
where o is given by (7.2).

The key observation is that being inner proper, up to an arbitrarily small quantity one can replace
(7.15) with (7.1) because of Condition (3) of Definition 4.7. The two definitions are essentially equivalent
because of Remark 4.3.

The assumption in the case of outer proper cylinders is analogous, and one can image also combinations
of the two cases.
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7.2. Forward uniqueness. We now turn our attention to the set of crossing trajectories, i.e. the
trajectories which enter from S; and leave the domain Q¢ from Si: since the estimates depend on e, we
will now return to the original notation for Q°. Set

= {y () € S2,7(tF) € 51}

and define accordingly the measures
N =dper, 05 = TaLper.
Observe that 7 < 7.

Remark 7.7. Notice that ||75"|] may be less than 1, hence it is not the standard normalized disintegration
of 7% w.r.t. pHegs,. By prOJection, the corresponding density p® > 0, defined by

PpE(t ) L7 = (e4) 47T
satisfies
divy (pcr(l, b)) = pcr'HdLsz —pcr'Hdle .
Furthermore, for H%a.e. z € Sy it holds
p™(2) = 17" lp(2).
We start by observing that if (t}) € S1, then one can replace the requirement
2
(Vg 10 Y g ) € T2\
with
(v',2") € T2\ W,

because in this case either v # « or (v,~”) € I'>\ Wi: in particular (7.7) holds for all (v/,~") € I'>\ W
for £ <« 1. By restricting the estimate in Proposition 7.3 to 7", we then deduce the following.

Lemma 7.8. For any transport plan m € Adm(7°", ™) it holds

LA Tt s ey n e i) o emitas) < =
S1
Proof. First note that S7,Ss are contained into finitely many time constant sets
Scllt=t}  Sicl =t
m n
and, taking into account the observation above, for °-a.e. 7 such that for all £ < 1 and (7/,7") € I'*\W;
14 / 0 " e ig— =\
Tot.Var.(¢, 09') + Tot.Var.(¢, 07") > ¢, (2'), when (£, =t;)=2"

Indeed in this case a trajectory may exit or enter ¢fy only through it lateral faces. In particular, by
neglecting a set of trajectories N, whose measure is negligible as £ — 0, we can assume that ¢ can be
chosen uniformly in 7.

Hence, by defining accordingly

A = {7 6 (0 (max{t5,,65 1) =0, (+',7") € T2\ Wh },

A= {7 8 (0 (max{t,, 17 1) < 0, (7,77) € L2\ WA},

and limiting the trajectories to n°", we can rewrite (7.10) when integrated w.r.t. v as

oz [ {m Lo [ A )| 6 (p W ) — o)
> [ Lo, | i) ae wias) o an) - ot

Z/t”m, _t,L}{(WLIO{t_t;} [/I(v ' 4) g (dy )]rzb (z")p (z')Hd(dz')}ncr(d»y)o(1),
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where o(1) takes into account the set Ny, and it vanishes as £; — 0, and

I(y,7, ;) = (mipavwy )y ({7 5 ( "(max{t7,,t7})) <a}).

As in the proof of Proposition 7.3, using Fatou’s Lemma for j — oo and the Monotone Convergence
Theorem for i — oo we obtain

[ [T i )] )

- / { / [ (79" (65) # Graph ) 0T\ W) | () ) )
_/{/:ﬁv,({(y',y”) ")) £ ()} N T \Wl)}ﬁf(t;)(dv’)}ﬁ“(dv)
= [ e ter v v eprars iz o etias,

where we have used the observation that if v,~” start on 9Q° then the condition ~” (t,:,,) ¢ Graph-y

reduces to v"(t2.,) # v(t;) = 7/(t;,) = z by the domain of integration. O

Our goal now is to estimate in a quantitative way how much 77" differs from a superposition of Dirac
masses. This will be achieved using two main ingredients: on the one hand, we will use the estimates
given by Proposition 7.2 and Proposition 7.3; on the other hand we will get rid of the divergence p inside
the domain Q° (the quantity which measures how many trajectories start or finish inside Q°) playing
with constants.

Lemma 7.9. It holds
(p(2) = p(2)) HU(dz) < = (Q°) + O(e).

Proof. The balance of the divergence gives

/ (pl2) — o7 () He(dz) = / (1= 7711 o(z) HA(d=)
So S1
- [S 71, (0\ T)p(2) 1 (dz)

pr@ s [ el n) e < (@) +06),

because the curves which enter in So but do not arrive in S; necessarily have the final point 'y(tj) inside
QF or exit from 09° \ S;. The O(e) is related to the estimates given in Theorem 4.18. O

Since clearly 7" < i, by Proposition 7.2 we deduce the estimate
[ @R Wape i de) < . (7.16)
S1

Observe now that, when we restrict to I'®", the following equality holds:

(I \Wa = {(v,7) € (') sy #7'}.

Thus, we can rewrite (7.16) as

/S 7 @7 ({(1.7) € (T%)? -y # ') p(2)HA(d2) < (7.17)

To proceed further, we need the following elementary lemma.
Lemma 7.10. For any bounded, non negative measure m on a Polish space Y it holds
[Iml[(lIm| — max m({y}) <me@m{(y,y): y#y'}).
In particular, for probability measures

1-— g?% m({y}) <me@m{(y,y'): vy #Y'}).
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Proof. Decompose
cont
me™ + E cndy, s
n

so that

meam{(y,y): y#y'}) =ImlI> =D e

Assume that

n+—cy

is decreasing, and estimate

Zci <c ch < cq||ml]].
n n

Hence
mem({(y,y): y#y'}) > [ml[(Im]| = c1),
with
€1 = maxcy,
which is the claim. O

Combining Proposition 7.2 (which gives (7.17)) with Lemma 7.10, we deduce the following proposition.
Proposition 7.11. For any real constant C' > 1, we have the estimate

P () +O()

[0~ e () oe) ae) < O+ P

Proof. Write for C' > 1

[ e o g (o) 2 ) b )

gl llagt]]

[/cr>p/c+/pcr<p/CH||n @ ({0075 7#7})};) ) HLs, (dz)

= C/pcr>p/c {f];r ® ﬁgr((Fcr)z \ W2) }p(z) HiLg, (dz) + /p P (2)HL s, (d2)

r<p/C
p () + 0(e)
i jc

<Cw+

where in the last passage we have used Lemma 7.9. Now the conclusion follows directly applying Lemma
7.10. =

Using the same proof above, we can deduce from Lemma 7.8 the following

Corollary 7.12. For any transport plan 7 € Adm(i,7™) and C > 1 it holds

P () +0(e)

o (7.18)

T({(,7") 4" () 4/ (t5)} N T2\ Wh) < Cw +
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Proof. Following the same line as in the previous proof we have
r({7"(65,) # /() ) N T2\ Wa) = /S { / [, ({3 (t5) #2650} N 2\ Wl)}nzf(dv'>}p<zmd<dz>
:{A@WC+AW@M]{/W%%W5»#vw;wmfﬁv%yfwvﬁM@H%W>
<o [ { [ [ £ ey arsyw i po i
3 I [ COUARCD

<Cot [ Famis )
pr<p/C

B () +O().

< Cw + -1

O

From Proposition 7.11, we deduce that, up to a set of trajectories whose 7-measure is controlled, the
measure 77 is essentially a superposition of Dirac deltas. More precisely, we can find a family of crossing
trajectories = C I'“" such that

and

4]

(7)), =75 Lz=m,0,,, v, € T (7.19)

This additional piece of information can be combined together with Proposition 7.2 in the following way.
Consider an admissible plan 7@ € Adm(7=, 7). We have the following lemma.

Lemma 7.13. Let
S ={(r7)1ty) =7(t;)} c I'%,
i.e. the set of curves which start from the same point. Then
FLs(IP\Ws) < . (7.20)

Proof. By Disintegration Theorem (applied w.r.t. the map S 3 (v,7') = 7(t7)), we have

TLs= ./51 (7~T|_s)zp(z) He(dz),

where (7Ls). € Adm(7iZ,7i") for He-a.e. z € S;. Being 75 the Dirac delta m,d,. in view of (7.19), it
follows that every transference plan in 7, € Adm(7Z, ") satisfies

7o <O @0 <0 @0
so that Proposition 7.2 directly implies the statement. d
By summing up the results in Lemma 7.13 and Corollary 7.12 we deduce the following corollary.
Corollary 7.14. For any admissible transport plan = € Adm(7°", 7™) and constant C' > 1, it holds

2 B (2°) + O(e)
w(I*\ W) <w+2Cw+2W.
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Proof. For any plan m we have
r(I2\W) =n((Z x D)\ W) +r((I'\ Z) x T)\ W)
<7 (EXD)\NW) +37(I\ 5)

Q5+ 0
by (7.19) and Proposition 7.11 < #7((E x I\ W)+ Cw + %
Sa((ExIn{y(ty) =)} \W)
- _ _ w(QF) +O(e
Fr((E X PO {0(85) £/ (65)) \ W) + G L) HOE)
- (QF
by Corollary 7.12 and Lemma 7.13 < w + 2Cw + 2%.
O
Notice that we can rephrase Corollary 7.14 by saying that
~(QF
sup m(I?\W) < w+2Cw + ZM. (7.21)
WEAdm(’F]",ﬁi“) C - 1
for all C' > 1.
Invoking the deep duality results of | ] recalled in Section 3.2, we can prove the following

Theorem 7.15. There exist Borel sets Ny C I'*, Ny C I'™ such that for all constant constant C > 1

. —(QF
ﬁcr(Nl)"i_ﬁln(NZ) §w+2cw+2u (C)_+1O(E)7

and for every (v,v") € (I'"\ N1) x (I'™\ N3) either Graph+’ C Graphvy or Graph~ N Graph~’ = ().
Equivalently we can say that

(I \ V1) x (I'™\ N2) € W.

Proof. Taking into account Theorem 3.5 and Proposition 3.6, we have that there exist Borel sets Ny, Ny
such that
In, +1n, 2 Lrerxrpw

and

i (7.21) —(QF O
PN TN = s a([P\W) < w420 42V FOE)
rEAdm(Fer ijin) C-1

which is exactly the claim. O

In particular, by Proposition 5.11, we can assume that
ﬁ = (RQE)WL
so that we obtain the following corollary.
Corollary 7.16. There exist Borel sets Ny C I'°", Ny C I'™ such that for all constant constant C > 1

(R )om)™(N2) + (R )gn) "(No) < o+ 205 + 21 ELIEOE),

and for every (v,v') € (I'°"\ N1) x (I'™\ Ny) either Graph+’ C Graphvy or Graph~ N Graph~’ = ().

So far, we have been working with QF, being 2 a proper set and 2° D () the perturbed set constructed
in Proposition 4.17. In some sense, we now want to pass to the limit the above estimates as ¢ — 0.
Let Q C R%*! be a proper set and 7 be a Lagrangian representation of p(1,b) £+, Set

rrQ)={yerl :ytf) e o}, I™Q):={yel:1(t;)econ}.

Assume that Theorem 7.15 holds for a family of perturbations Q°» with constant .



A UNIQUENESS RESULT FOR THE DECOMPOSITION OF VECTOR FIELDS IN R¢ 61

Theorem 7.17. There exist Ny C I'*(Q), Na C I'™(Q) such that

cr in : I (Q)
<
(e (30) + (@) (V) < jnt { o + 20 + 2
and for every (v,7') € (I'" \ Ny) x (I'™\ Na) either
Graphv/LciosoC Graphyicosa o Graph yicoes 0N Graphv/Ceos o= 0.

We recall that Graph+ is closed, i.e. it contains its end points.

Proof. From Corollary 7.16 applied to every Q°", we obtain two sets Ni" and N5™ such that

(@) + 0(e")

((Raen )sm) ™ (NE7) + ((Rapen )gn) ™ (NE") < w + 20 + 22 o :

and for every (v,7') € (I'"(Q) \ N;™) x (I'™(Q%~) \ N5™) either
Graph/Lelos en C Graphyiclosgen 0r  Graph v Lcios 0en N Graph Yiclos gen = 0.
Now Rq(I"°*(Q2°n)) C I"°"(2) and
[(Re)m) (I (9)) — ((Raen )gm) (I (7)) | < Ofen)
from Theorem 4.18 and the estimates therein. In the same way, Ro(I"™(Q%")) C I'"(Q2) and
[((Re)gm) (I7(92)) = ((Ra=n )gn(D)™(Q°))] < O(en).
If we now consider the sets
Ni":=Ro(N;{") U (I () \ R (I (")) and  N5" :=Rqo(N5") U (I'™(Q) \ Ra (1™ (Q°))),
we have by Corollary 6.11 as €, — 0 that

(€) + O(e)

(R)sm)™ (NF) + (R)sm) ™ (N5") < @ + 20w + 22 o(1)

c-1
:w+20w+2“0£91) +o(1),

and for every (v,7) € (I'*(Q) \ Ni*) x (I'™(€) \ N5*) either
Graphv/Laos0C GraphyLaeso  or  Graphy/Leios 0N Graph yicios o= 0.

In particular, it follows that

1 ()
c-1’

it { (0o (040) + () (42) (17 \ M) x (I \ N) € W} < 4 20 +2

and we apply again Proposition 3.6 in order to find two actual minimizers. O

8. UNTANGLING FUNCTIONAL AND UNTANGLED LAGRANGIAN REPRESENTATIONS

This section is divided into two parts. In the first part, following the analysis of Theorem 7.17, we
define two functionals on the family of proper sets which measure how much the trajectories used by a
Lagrangian representation 7 cross each other. The main result is that these functionals are subadditive,
so that it seems natural to compare them with a measure w”. This is the main result of the second
part, which shows that if one can bound the untangling functional in sufficiently many sets by a given
measure, then we can have an estimate on how many trajectories one has to remove in order to obtain
an untangled set of trajectories, i.e. trajectories which do not cross each other.
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8.1. Subadditivity of untangling functional. For Q C R**! proper set we give the following defini-
tion.

Definition 8.1. The untangling functional for n'* is defined as
£7(9) = inf { (Ra)r™ (M) + (Re)en™(N2) = (I'\ V1) x (I'\ N2) € W} (8.1)

Setting

™ = [ np@](1,b(:) ()] A ),

we can define analogously the untangling functional for n°ut,

out

Definition 8.2. The untangling functional for n°** is defined as

£U(Q) = inf { (Ra)gn™ (V1) + (Re)g”™(N2) : (I'\ Nu) x (I'\ N2) € W . (8.2)

As noticed before, the condition (v,7') € (I'*(Q2) x I'™(2)) N W is equivalent to say that
either Graphy/LcesoC Graphyicosa or  Graphyices oM Graphy/Laeso= 0,

and similarly for (y,7') € (I'" x I"°"*) N W. Recalling now Theorem 7.17 we can infer that the infima in
(8.1) and (8.2) are actually minima.
We now show the following remarkable property of the untangling functionals:

Proposition 8.3. The functionals fin and fout are subadditive on the class of proper sets. More pre-
cisely, if U,V C R are proper sets whose union Q := UUV is proper, then

fin(ﬂ) Sfm(U)‘f’fm(V), fOUt(Q) Sfout(U) +fout(V).

Proof. We prove the assertion only for the functional f in, being the other case completely similar. By
definition, there exist sets Ny (U) C I'"(U) and N2(U) C I'™®(U) such that

FU) = Ro)n™ (N1 (0)) + (Bu) g™ (Na(V))
and _
(F”(U) \Nl(U)) X (Fm(U) \NQ(U)) CcW.
Let Ny (V), N2(V) be a corresponding couple of sets for V. Set
Ny = {y e I(Q): 3i (Riyy € Ni(U)) } U {y € I'"(Q) : Ji (R{yy € Mi(V)) }
and ' 4 . '
Ny :={y € I'™(Q): 3i (Ryy € N2(U)) } U {y € I'™(Q) : Fi (Ryy € N2(V)) },
where we recall R}, R, are the restriction operators as in Definition 5.7. By Prop051t10n 6.10
n(N1) +n(Na) < n({y € () : 3i (RL(v) € N(U))}) +n({y € I"(Q) : 3i (RL(7) € N2(U)) })
+n({y € () : 3i (B (v) € Nu(V)) }) +n({y € I(2) : Ji (B (7) € N2(V)) })
< (Ru)gn(Ni(U)) + (Ru)gn(N2(U)) + Rv)in(N1(V)) + Ry )gn(N2(V))
= £ U) + (V).
It remains to show (I"*(Q2) \ N1) x (I'™(Q) \ N2) C W: this follows from the observation
Ry(I'"(Q2)) c I'*"(U),
and ‘ ‘
Ru(I™ () € I"™(U)
and the same for V. Hence, if Graph yLcios o) Graph v/ Lcios 07 § then they must coincide either in clos U
or clos V and, by elementary arguments, in clos U U clos V = clos (2. O

We conclude this paragraph with the following lemma, which shows that f  and f U are related.
Lemma 8.4. It holds

FQ) — () < FOQ) < £7Q) + pt ()

where we recall that u, u~ are the positive/negative part of the measure p = div(p(1,b)).
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Proof. We prove only fout(ﬂ) < fin(Q) + T (Q), the other case being analogous. Let 7 be a Lagrangian
representation of p(1,b)L%* 1 g, and Ny, Ny a minimal couple for f . Since
7 (N2) < 7™ (Na),
then it follows that (I"°*(Q) \ (V7 U N3))2 C W. As already observed in Lemma 7.9,
I =0 < nT(Q),
so that the conclusion follows by considering the couple Nj = Ny U Ny and Ny = {7 : y(t]) € Q}. O

8.2. Untangled Lagrangian representations. Assume the following:

Assumption 8.5. Let 7 > 0 and C' > 1 be such that
(1) there exist K™ compact sets satisfying
/,(,:t<KT’:F) _ O, M:i: (Rd+1 \KT,:I:) <7

(2) there exists a positive measure w” such that
(a) for all (t,z) € K™~ there exists a set R of radii such that 0 is a Lebesgue density point of
R and the balls {B*+1(t,x)}, are all proper such that it holds

£ BE(,2) < (20 + 1)@ (B () 4 22 B2,

(b) for all (t,z) € K™ there exists a set R of radii such that 0 is a Lebesgue density point of
R and the balls {B4*+1(¢,x)}, are all proper such that it holds

F B 1,2) < (20 + 1 (B 1)) 4 2 BT,

(c) for all (¢t,2) € R4\ (K™~ U K™%) there exists a set R of radii such that 0 is a Lebesgue
density point of R and the balls {BZ*!(¢, )}, are all proper such that it holds

min {f (B (¢, 2)), £ (B (¢, 2)) )} < (20 + 1)@ (B (t,2)) + 2—‘”|(Bg+_l (f’ x)).

By the choice of the sets K™+ we can have in a sufficiently small ball the following estimate.

Proposition 8.6. For every (t,x) € R+ there exists v, , such that for the families of balls { B&*1(t,x)},
as above and for r < ry, it holds

£ B 1,2). £ (B (10)) < 0+ D (B2 1,) + 2B
- (8.3)

C+1 . o
+ G B 2) VKT UKT),
Proof. Tt (t,2) € K™, then by Point (2a) of Assumption 8.5
in - Bd+1 t
F(BE (1,2)) < (20 + Do (B 1,)) 4222 0))

and since (t,z) € K™, by Point (1) we can take r < 1 such that
p (B (t,@))
C-1 ’
One thus applies the Lemma 8.4 above. A completely similar computation holds for K.

For points in the open set R¥ 1\ (K™~ U K™%) just take a ball B¢t (¢t,z) c R\ (K™~ U K™F)
and combine Point (2c¢) and Lemma 8.4. O

pH(BI (@) <

For future reference let us define the measure

T s, 2wl O+
=20+ )" + % oo MmO (8-4)

A covering argument yields the following global estimate.
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Corollary 8.7. If Q C R¥! is a proper set with compact closure, then
FR(Q), £O(Q) < CacE(clos ), (8.5)
where Cyq is a dimensional constant.

Proof. Thanks to Proposition 8.6 and Vitali Theorem, for any € > 0, we can cover the compact set clos (2
with finitely many proper balls B; such that the estimates (8.3) hold and

Z C&(B;) < CyCl(clos) +e.

Thanks to the subadditivity (and the monotonicity) of f e can thus write
) < f < U Bi> me ) < CyCl(clos Q) +

Sending £ — 0 we obtain (8.5). The same proof holds for the functional f*"* O

Let now N C I be a set such that
(P\N)>c W,
where

W:{( v Graphvl_( t+)ﬂGraph'y(t ) :(2)}

U {(% ~") : Graph~ N Graph+' = Graph (VL[max{t;,t;,},min{t;r,tj,}]) }

In the last part of this section we want estimate the measure n(N) in terms of (5 (R**1) = ||¢Z||. To this
aim, define a countable increasing sequence of compact sets
ot g 1—
Krc{yerl:tf—t;>2""}
such that, given € > 0 there exists n > 1 such that

n(I'\K") <e
If (v,~') € I'2\ W, then there exists n € N such that v,+ € K" and
Graph’y\_[t;H,n’qd,“]ﬂ Graph~' # 0, (8.6a)
sup {w(t) — ()]t € [max{t; +27", ¢}, min{t — 2-",@,}]} >0, (8.6b)
so that we can write
mw=Jzn

n

where
Z" = {(v,7') € (K™)?: (8.6) holds}.
Now consider a covering of the compact set
K" .= U Graph'yL[t;+2_n7t¢_2_n]
~exn

made up of finitely many proper balls B; := Bﬁfl(ti, x;) with radius less than 27", for which Proposition
8.6 holds together with (7 (9B;) = 0, and define
=JB.

We now have the following lemma, whose proof is elementary.

Lemma 8.8. If (v,7') € Z™ then
a) if Graph~y N B; # 0 then Rp,y € I'*(
b) if Graphy/ N B; # 0 then Rp,y € '™
¢) there exists i such that (Rp,7v,Rp,7)

Sy

t);
i) U I"(B;);
w.

*’*E
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Applying Corollary 8.7, we obtain N* C K™ and NJ* C K" such that
n(NT') +n(Ny') < Ca¢é(clos O") = Ca(i(O™)
and
Relos 0 (K™ \ NT') X Relos on (K™ \ N3') € I\ Z™.

Now send n — 400 with the same reasoning of Theorem 7.15 we finally obtain the following result.

Theorem 8.9. There exists a set N C I' such that
n(N) < Caly (R
and )
(PC\N)?cW.
The following definition seems now natural:

Definition 8.10. A Lagrangian representation 7 is called untangled if there exists a set A C I" such that

a) Ax AcCW and
b) 7 is concentrated on A.

By inner regularity we can assume A to be o-compact. In Figure 9 we show graphically the effect of
removing trajectories in order to end up with a untangled family.
We conclude by pointing out the following important point.

Corollary 8.11. Suppose there exist sequences T; \, 0 and C; / 400 such that Assumption 8.5 holds
for 7;, C; and moreover
Cil|l@™|| — 0.
Then n is untangled.
Proof. 1t is enough to observe that CE& — 0. g

Remark 8.12. We remark that in Assumption 8.5 the measure w is supposed to depend only on 7. It
is also possible to consider the case where w depends on 7 and on C as well: Corollary 8.11 holds also
in this case, provided that the mass of the corresponding (7 (as in (8.4)) converges to zero for suitable
sequences 7; N\, 0 and C; 7 +oo.

Notice that the assumptions of the above corollary are satisfied if one assumes that in each point of
the compact sets K™% (of Point (1) of Assumption 8.5) there exists a family of proper balls B, such that
Assumption 7.1 or Assumption 7.6 holds in B, (with arbitrarily small 7): basically, we are replacing the
assumption of the control of the functionals with the existence of (local) cylinders of approximate flow.
The precise assumptions reads as follows:

Assumption 8.13. For all 7 >0
(1) there exist K™% compact sets such that
/j,i(Rd—H \Kr,i) <7
(2) there exists a measure w” of mass 7 such that
(a) for all (t,2) € K™~ there exists a family of proper balls {BI*!(t, )}, with 0 as Lebesgue
density point and such that Assumption 7.1 or Assumption 7.6 holds forward in B4+ (¢, ),
(b) for all (t,r) € K™% there exists a family of proper balls {B2*1(¢,z)}, with 0 as Lebesgue
density point and such that Assumption 7.1 or Assumption 7.6 holds backward in B4*1(¢, z),
(c) for all (t,z) € R4\ (K™~ U K™7) there exists a family of proper balls { B4*1(¢, )}, with
0 as Lebesgue density point and such that Assumption 7.1 or Assumption 7.6 holds either
backward or forward in B+ (¢, z);
(3) it holds ||@7|| < 7.

Indeed, for all (¢,2) € K~, by Theorem 7.17 and monotonicity of f in, for L'-a.e. proper balls
B3FL(t, ) of the family and for all C' > 1 it holds

FBI(t,2)) < (2C + Da" (B (¢, x)) + Qw.

The other cases are completely similar.
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Y(t) = b(t, (1)) (<

(a) Initial configuration: the curves ay in-
tersect several times, overlap and bi-
furcate.

Y(t) = b(t,¥(t))

(b) Final configuration: after the untan-
gling, the curves are disjoint, thus
forming a partition {@q}e of R4+ up
to a pL3*1-negligible set.

Figure 9. Visual effect of the untangling of trajectories: we start by removing locally a
set of curves, whose 77 measure is controlled, in such a way that the curves are
disjoint in a small ball. Iterating this step - thanks to subadditivity - we end
up with a family of disjoint, untangled trajectories.

9. PARTITION VIA CHARACTERISTICS AND CONSEQUENCES

In this section we use the assumption that the representation 7 is untangled to show that there exists
a partition of R4 made up of characteristics g, such that each + is a subset of these. By disintegrating
w.r.t. this partition one can show that the PDE reduces to a one-dimensional ODE with measure r.h.s.,
and thus a complete description of the solution can be obtained. Moreover, if p’ € L>®(pL%*!) solves
div(p’(1,b)) = p/, then the trajectories of its Lagrangian representation 7’ are subsets of the same
partition p,. In particular the explicit form of distribution div(5(p)(1, b)) is obtained, settling the Chain

Rule Problem.
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9.1. Construction of the partition and disintegration. Let 1 be an untangled Lagrangian repre-
sentation and A a o-compact set as in Definition 8.10, and consider the following relation A:

y~q == 3NeN{wY¥,cA: (7:71771\;:7’ A #(Graph~ N Graph~y') >2).

It is standard to check that this is an equivalence relation: let E,, a € 2, be the equivalence classes,
being 2 an appropriate set of indexes. Define now g, as the curve defined in an open interval of time
whose graph is

Graph p, = U Graphm_(t;’ti).
YE€E.

One can check that g, is an absolutely continuous curve in I for every a and furthermore it holds
Graph g, N Graph g = 0

for every a # a’. We now show that the partition induced by the equivalence classes of this relation is a
Borel partition, according to the following

Proposition 9.1. There exists a Borel map f: R™! — R such that £~'(a) = Graph pq.

Proof. Tt is enough to construct the map restricted to the set of curves p, whose interval of existence
contains a fixed time £: by repeating the process for a countable set of times one constructs the map in
the general case.

The equivalence classes intersecting A C {¢ =t} can be written as

A)=Jsa(4)

where Sp(A4) = A and recursively
Sp(A)={yeA: Graphyi ;- )N Sn—1(A)}.

Being the valuation map v — e;(y) = (¢) continuous, it follows that each S, (A) is Borel if A is Borel,
and then the conclusion follows. O

Using again that the evaluation map is Borel, we deduce also
Corollary 9.2. There exists a Borel map £: A — R such that £~ '(a) = E,.

9.1.1. Disintegration. Having at our disposal a partition of the space-time into trajectories, one can try
to disintegrate the equation div(p(1,b)) = p over this partition obtaining a family of one-dimensional
equations: this is the aim of this paragraph.

First, using the fact that £ is a Borel map, we can disintegrate n w.r.t. the measure m := fﬁn, so that

we write:
n= / Na m(da)
2A

with the property that, for m-a.e. a € 2 the measure 7, is concentrated on F,. Recall that, by definition
of Lagrangian Representation 3.1, it holds

pLAtt = /F ((d,y)eL) n(dy), n= /F (Gtaez) = Faamn) n(d)-

Thus, we have

pLi+! = / [ /P (id, 7)sL! na(dv)}m(da),

/[/F (147 (57) 5<id,w)<t¢))’7a(d7)} m(da).



68 STEFANO BIANCHINI AND PAOLO BONICATTO

Using the property that for m-a.e. a € 2 the measure 7, is concentrated on {~ : v C Graph p,} we have,
by Fubini Theorem, for any bounded continuous function ¢

//R+ . o(t, z)p(t, ) LI (dt dx)
-/ /] ot () £1(d) na(dw] m(da)
_ /Q‘ //R ) (O£ dv)} m(da)

=[] [ oteeoain( [ 1 e omatan) €200 mian

-/ | [ ot alt)un(o) €0 i
where we have set _

wq(t) = /F 1 ,ti)(t)na(d'y) =na({y € : vis defined in t, ie. t € (t;,t?;)})

Thus, in view of the computation above we have obtained the following decomposition for p£%+1:

pLitl — /m (id, pa)s (wal) m(da). (9.1)

In a similar fashion, we define for p

Ha = /P [Barmes) = damien) | mald);
so that
p= [ pamian) (9.2)
A

Notice that the above formula is not a disintegration of y because the sets of starting and ending points
may be not disjoint in general. However, there is no cancellation of mass, since it holds

= [ ol ).
2A
consequence of the fact that u* are orthogonal and 7 is a Lagrangian representation. By putting together
the equation div(p(1,b)) = p with the decompositions (9.1) and (9.2), we prove the following

Proposition 9.3. There exists a measure m on the set A such that the decompositions (9.1) and (9.2)
hold and p

7 Wa = Ha form-a.e. a €, (9.3)
where we consider wy extended to 0 outside the domain of pg.

Proof. Indeed we have
d d
o= [ [t o] = e .
Since it will be useful later, we want to give a special name to the partitions of the space-time on
which one can split the equation div(p(1,b)) = p as in Proposition 9.3.

Definition 9.4. We will call a Borel map g: R4 — 21 a partition via characteristics of p(1,b)LI+! if:

e ©q:=g !(a) is a characteristic in some open domain Ig;
e if § denotes the corresponding map g: A — A, g(v) := g(Graph ), setting m := gzn and letting
wgy be the disintegration

p£d+1 :/(id7 pa)u(waﬁl)m(da)
2
then

d
23 Wa = Ha € M(R), for m-a.e. a € U,
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where w, is considered extended to 0 outside the domain of gg;
e it holds

b= /m (d pa)eparm(da)  and  |u = /m (id, pa)slita] m(day).

We will say the partition is minimal if moreover

lim wq(t) >0 vt € I,.
t—t+
Thus, one can rephrase Proposition 9.3 by saying that the map f is a partition via characteristics of
p(1,b). Moreover, taking into account the BV regularity of the functions w, (for m-a.e. a € 2, in view
of (9.3)), we have that f can be modified so to be a minimal partition via characteristics.

Theorem 9.5. There exists a minimal partition via characteristics of p(1,b)L+!,

Proof. From Proposition 9.3, we get w, € BV(R) for m-a.e. a € 2: hence, we can decompose R into
countably many open intervals I := (tg'~, tﬁ*), with n € N, such that w, > 0 in each I and
lim  wqa(t) =0 or lim  wq(t) =0.
t—(tTT)— t—(te " )+
Accordingly, we can define a new partition by further decomposing g, into countably many curves

©n = @al1n. By construction, this new partition is again a partition via characteristics of p(1,b) and it
is indeed minimal. g

9.2. Uniqueness of partition via characteristics and consequences. Having proved ezistence of
a minimal partition via characteristics of a vector field of the form p(1,b), with div(p(1,b)) = p € M,
we now face the problem of uniqueness of such partition. In this section, we will show that the partition
constructed in Theorem 9.5 is unique in a suitable sense, provided every Lagrangian representation of
p(1,b) is untangled. More precisely, assume that p(1,b)L£%*! satisfies Assumption 8.13, and consider
o' € L= (pLd*h) with
div (p'(1,b)) = 4.

Without loss of generality, being p’ € L>®(pL£*!), we can assume (by dividing the equation by a large
constant C' > 1 and relabelling ') that [p’| < £ so that
Sp—Fp'S%. (9.4)
Let i’ be a Lagrangian representation of (p + p’)(1,b), which exists because p 4+ p’ > 0. We now repeat
the analysis above considering (p + p’)(1,b)L£%*!: notice that, in view of the bounds (9.4), the vector
field (p + p')(1,b)L4F! still satisfies Point 2 of Assumption 8.13 if p(1, )£+ does: indeed, the lateral
flux of p+ p’ (in Assumption 7.1) is controlled by 3/2 of the lateral flux of p.

As before, we thus find a partition of R (up to a p£4T1-null set) into classes (Hp)pen. If now we
consider the function u € L* such that up = p + p’ we have

NI

div (up(1,b)) = p+ p' =: v.
By applying Proposition 9.3 with the classes @, we deduce

wp L1 = / (id, Go)s (0 Gows L)m(db), v — / (id, G )gvo m(db),
and

d

%(ubwb) = Vp, where up := u 0 Q.

Notice that the density wyp appearing in the disintegration is controlled (up to constants) from below and
from above by w, in view of (9.4). This means that the graph of the classes ¢y contains the graph of the
equivalence relation induced by g, i.e. it has to hold

9b = Ne UU@agJ
n
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where Ny is a possibly non-empty closed set in @y, and {aP} is the countable set of indexes a such that
©a C pp. Furthermore, it holds
wp = Zw%‘% and Tot. Var.(wp) = ZTot.Var.(wag)
n

because pq is a partition via characteristics. Then since up € L™ and wp > 0 inside I, it follows that
u o Qp is BV and at the endpoints

liminf |upwe| < [Jul|oo lim inf jwy| = 0.
t—t t—t
Then it is fairly easy to see that
Tot. Var.(upwp) = ZTot.Var.(ubwag)
n

and thus we conclude with the following universality result.
Theorem 9.6. If p' € L>®(pLYTY) then the map £ is a partition via characteristics of p'(1,b)L4HL.
In particular one can deduce that
Corollary 9.7. The minimal partition via characteristic is unique up to a n-negligible set of trajectories.

Proof. The set of equivalence classes must be the same up to n-negligible sets, because every represen-
tation is untangled. Being the p, determined up to m-negligible sets, it follows that p, are uniquely

determined too, and the in particular the intervals where w, > 0. d
9.2.1. Chain rule. Using Vol’pert’s Chain Rule (see, e.g. [ , Thm. 3.96]) we obtain the following:
for any 8 € C*(R) with 3(0) = 0 the distribution
d
ME = %(/B(u)wa)

is a measure given by
W= 3 [Blualtwaltl) = Blualt)walty)] + 6 (wa) (D e )i + 8(uta) D e

t; jump

= Y0 [Blualt)walth) = Blualt)walt)] + B (ma) (va) ™ + (Bla) — e (ua) JHe™.

t; jump

(9.5)

A simple computations yields that
gl < 18" oo 1all + 2018 oo el oo [l all-

The above estimate allows to conclude with the following proposition.
Proposition 9.8. For any 3 € C* the distribution
div (B(u)p(1,b)LHL) = P,
where the measure 1 is given by
= /uf m(da),
with il defined in (9.5).

In particular, Proposition 9.8 establishes completely the chain rule formula (and, as a consequence,
renormalization property) for vector fields p(1, b) satisfying Assumption 8.13.
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Part 3
The L (R;BVi,.(R%) case

loc

The final part of the paper is devoted to prove that that for b € L}(BV,) the vector field (1,b)L£d*!
satisfies Assumption 8.13, and then it has a minimal partition via characteristic. The construction of
the approximate cylinders of flow depends on the local structure of the vector fields, in particular for the
singular part of the derivative we strongly rely on Alberti’s Rank-one Theorem 3.12 in order to find an
ODE describing the main part of Db.

10. A COVERING OF Dsingh

The aim of this section it to construct a decomposition of the set where the singular part of the
derivative of b lives into a family of Lipschitz surfaces: we approximate the component of b in a particular
direction with a function whose super-level sets are regular and share essentially a common direction.
This will be useful in the following sections to construct the cylinders of approximate flow in the L} (BV)
setting.

The decomposition we present here relies essentially on Alberti’s Rank-One Theorem (and ultimately
on the properties of sets of finite perimeter, in particular the De Giorgi Rectifiability Theorem, see e.g.
[ , Thm. 3.59]).

10.1. BV functions and cones. Fore € S !, z € R? and 0 < a < 1, let

Cle,a;z) = {y € R?: a|(y — ) - e > |y — [}
be the closed, convex cone about e of vertex x and opening a. We will often think z to be the origin,
so we will often write C(e, a) to denote C(e, a;0). We highlight that C(e,a) C C(e,d’) if a < a’. The

following proposition is an important ingredient in the original proof by Alberti’s proof ofthe Rank-One
Theorem 3.12 (see | ] or | D-

Proposition 10.1. | , Prop. 5.1] Let C = C(e,a) be a closed conver cone and v € BV(R%R). Set

Dv
G:= D Cy.
= <}
For any closed convex cone C' := C(e,a’) with a < a’ there exists w € BVioe(R%R) such that |Dv|Lg<

|Dw| and
Duw

[ Dw|
For our purposes, we need a slight modification of Proposition 10.1. More precisely, we show

Proposition 10.2. Let C = C(e,a) be a closed convex cone and v € L' (R, BV(R%;R)). Set

G:= {a: : %(x) € C}.
For any closed convex cone C' := C(e,a’) with a < a’ and for any & > 0 there exist T > 0 and a compact
set Kg, . C R™! such that:
(1) |Dol(G\ KT, 7) <e;
(2) for all (t,z) € K, - there exists a function w = wgz) € L'(R, BV(R%, R)) such that, if we set
El = {w(t) > h}, then EI' is a (d — 1)-dimensional a’-Lipschitz surface whose normal belongs to
C/ .
(3) fmi r < T it holds

[ 1Do(®) = D) (B2 E2)0) £ dt) < = [ Dol (B E.0)i) £ (a)
Here and in the following, with a slight abuse of notation, we will write

Dv = /Db(t) dt, D"y = /Dsmgv(t) dt, D*®v= /D“'v(t) dt,

(z) e’ for |Dwl|-a.e. x € R%

and similarly for w, b, etc.. When we consider a time slice we will write Duv(t) or Dv;.
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Proof. The construction of a function w such that for every a’ > a” > a

Duw(t)
€ C":=C(e,d") for |Dwl|-ae. (t,z), |Dv|La< |Dwl,
|Duw(t)]
follows the same lines as in [ ]. Moreover, by the very same arguments of | ] (or by using Rank

One), it follows that
Du(t)  Duw(t)
[Do(t)] - [Dw(t)]

We now consider separately the singular part D*"&y and the absolutely part D<v

for |D¥"8y|-a.e. (t, ). (10.1)

Singular part. Using (10.1), there exists a Dw-integrable scalar function a : R? — R* such that
D&y = g Dw.
Define then
w(f,:i) (tv JI) = a(ﬂ i‘)UJ(t, ZE),
so that for every Lebesgue point (¢, Z) of a there exists T(t,z) such that for r < 77 z) we have
Dsingy — Dw(t—@)\(Bf“(f, 7)) < g|Dw(z z) |(B3+1(t, T)). (10.2)
Since we can assume that a > 0 and moreover that (¢, ) is such that
Dsingv Bd +1 T
i DB )
70 |Do|(BrT (¢, 7))

we can deduce from (10.2) that
|Dv— Dy | (BE(£,2) < 26| Diz. o [(BE (1,7)) < 4e| D80 (B (£,7) < 8e| Dol (B (7, 7))
if r <z < 1.

Absolutely continuous part. Let (f,Z) be a Lebesgue point of D*¢v such that
Da-c- (Bd+1<f ;E)) DaAC.w(Bd+1<£ j’))
lim =veC\{0 lim L =we C"\{0}.
r—0 Ed(Bd+l( )) \{ } r—0 ,Cd(Bg+1(t,f)) \{ }
Moreover assume that
| D¥e|(Bi (7)) | DMBw|(Bi (7))
rh—>mO rd+1 - Th—% rd+1 =0

Define the rotated and scaled function

where M is an orthogonal matrix such that
fy —, Mc" c !
Wl [Vl

ifa"—a< 1.
It follows from the choice of the point (£, ) that

lim e Do — Dt (B F,2)) < Timy VLB, 7))
1 -
+ Thg%) ) | D7, z) — VLY (BTt 7)) = 0.
Thus for 77 z) sufficiently small we obtain that
_ 4 _
|Dv — D | (BT (E 7)) < 2ert+! < i||Dv|(B;?+1(t,f)).

v
We have proved that in each point (¢,Z) € G there exists T(,z) > 0 such that for all r < 7z there

exists a function @ z) € Li,.(BViac) such that Points (2)-(3) hold. To obtain the compact set K¢, ., just
use Egorov theorem to have 7 independent of (¢, T). O
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By varying the cone C' and C’, we can remove the condition that (¢, Z) € G. More precisely, given any
5 > 0, we pick a set of unit vectors {n,,s = 1,...,Js.} C R? in such a way that

Js.,
B 0) c | J C(ny,6./2). (10.3)
s=1

By choosing @’ = §. and applying Proposition 10.2 to each of the cones C(ns,d./2), we obtain the
following

Corollary 10.3. Let v € L'(R,BV(R%R)) and let 6. > 0 be given. Let C(ng,d./2), s =1,...,Js,, be
the cones such that (10.3) holds. Then set

D
Gs := {x: wzl(x)EC(ns,éc/Q)}, s=1,...,Js,.
For every € > 0 there exist ¥ > 0 and a compact set Kgff such that Points (1), (2) and (3) of Proposition
10.2 hold.

10.2. Decomposition for vector fields Li (R,BVj,.(R% R%)). We now consider the vector-valued
case, i.e. we take b € L (R, BVjo.(R%, R?)) and we are interested in covering the singular part of Db:
in order to achieve this, we have to exploit Alberti’s Rank one Theorem 3.12. More precisely, let us

denote by n,m the two unit vectors given by Rank one property, i.e. such that
Df"8h = m @ n|D""8)|. (10.4)

Consider the points (¢, Z) with the following properties:

e (£,2) is a point where the measure Db is essentially singular, i.e. it is a density point for D*"¢b.
More precisely, (¢, ) is such that for every € > 0 there exists 7(¢,t,Z) > 0 such that for 0 <r <7
it holds

DIb|(BI (£,7) > (1 - )| Db|(BI (7, 7); (105)

e (£,7) is a Lebesgue point of the matrix valued map (¢, z) — m®n(t, z), which is defined | D*"¢b|-

a.e., that is to say for every € > 0 there exists 7 (g,¢,Z) > 0 such that for 0 < r < # it holds
/ Im @ n — 7 @ 7| D"Eb| (dtdz) < £| D "Eb|(BI(E, 7)), (10.6)
Bt (E3)

having denoted by m ® n the Lebesgue value in (f,Z).

By a standard application of Egorov Theorem, for every fixed e > 0 we can find a sequence (7;);en (where
7; depend only on €) and a family of compact sets (G (e, Tl))z en C R covering almost all the set where
Dsn8b is concentrated and such that the limits (10.5) and (10.6) are uniform on each G(e,r;) (i.e. with
r; in place of 7, 7). Moreover, we can further split the compact sets G(e, ;) according to the direction:
indeed, we denote by G(e,r;,s) the set of points (t,z) € G(e,r;) such that m(t,z) € C(ms,,d./2),
n(t,z) € C(ns,,d./2) for s = (s1,82) € {1,...,Js5, }*.

Now, denote by by, := b-m the component of b along m € S¥~!. By Rank One, the (scalar) function
bm,, = b-my, has polar vector i € C(n,,,d./2) in (,7) € G(e,7i,s). Therefore, we are in position to
apply Corollary 10.3 to bm,, in the set G(e,r;, s): there there exist 0 < 7 < r; and a compact set ngf
such that for all (£, 7) € K;'*, there is a function @(z,z) € Lj (BV.)i0c) whose level sets {wyz(t) > h} C R
have normal in C(ns,, d.) such that for all r < 7,

| Db, — Dz |[(BIT(E, 7)) < e|Dbm, |(BET (¢, 7). (10.7)
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By using (10.5), (10.6) and (10.7) we compute for r < 7
Db — DU o |(BE#1(7, 7)) < [Db — D™sb| (B (£, 7))

S]]
|

in m(t: T =
+ ‘DS ¢b — Db, (Bt (L, 1))

mg, -m(t,T)

‘ m(t, T)
m,, -m(t, )
< O(e)|D¥™#b|(B (T, 7).

|Dbm51 Dz |(BF (T, 7))

We can finally state the following

Corollary 10.4. Let b € LL (R, BVoc(R%,R%)). Then for every R >0, € > 0, d. > 0 there exist ¥ > 0
and a compact set K§ ;. C C R4 such that

[D*eb| (BE(0) \ K5, ;) < e|D™™Eb|(BE(0))
and if (t,7) € K§_ then there exists a function U = Ugz) € Li, (R, BViee (R4, RY)) such that

(1) if we set & = (z*, 2l), where 2l = -7 and x* belongs to the (d—1)-dimensional space orthogonal
to 0, then there exists a family of 6.-Lipschitz functions Ly, : RT™1 > ot — zl € R, with Borel
reqularity w.r.t. (t,h), such that

DU = {[m ® (id, Vi Ly n)]6: @ ((id, Ly p)s £47Y) }dhdt;
RQ

(2) it holds for all r < 7
|Db — DU|(BE(E, 7)) < €| D¥"8b| (BT (¢, 7).
The first point is just a rephrasing of the fact that Dw gz € C(ns,,d.).

11. CONSTRUCTION OF APPROXIMATE CYLINDERS OF FLOW IN THE BV SETTING

The aim of this section is to construct locally some approximate flow cylinders, which maintain a quite
regular shape and have a small boundary flow. We want to verify that Assumption 7.1 or Assumption
7.6 holds in a neighborhood of every point (¢, ), and that then Assumption 8.13 is valid.

As observed in Remark 4.8, one has to control the lateral flow either for a family of Lipschitz functions
qbf/ or Lipschitz sets Qﬁ the two conditions being equivalent.

11.1. Estimates for the absolutely continuous part. We begin by constructing the cylinders in the
absolutely continuous part of the derivative. Roughly speaking, we will show that the evolution of the
flow of a linear equation (with a fixed matrix A) locally differs from the true flow tube of a quantity
which can be controlled by the difference ||Db — AL?||. This can clearly be made arbitrarily small in
the Lebesgue points of the derivative of b (by Radon-Nikodym’s Theorem), indeed these cylinders are
cylinders of approximate flow.

Let us fix a matrix A € R¥? and v € I" and define the cylinder

+
0,51 _ d - d
¢ (t,2) = |1 — @ dist ( Yz —~(t)), By (O))] , te(t, ), z € R%
Notice that if
2 =(t) + ety (11.1)
for some ¢ € (t;,t3) and y € R? we have
+
¢fy’51 (t, () + eAty) = {1 ~ 5 dist (y, Bg(o))} )

In particular

d
- (05 (£, (1) + ey)] =0,
i.e.

L (t,v(t) + eMy) + Voo (8, 7(t) + eMy) - (b(t,y(t) + Ae?ty) =0,
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which in terms of z reads as

B (t,2) = =Va o2 (¢, 2) - (b, 7(t)) + A(z = (1)) (11.2)

Set now

+
6o — 1-— B¢
o /Rd [ 50 dist (z, B{(0))| dx

and compute

1
0'2751 n/ti / ‘(]‘7 b) : vt,I(bg’él |(t1 Z) £d+1(dt dZ)

<1L2>

L
(£7(0) +eMy) = b(t, (1) — Aety) - ™A

AT N C
= 01l Jiyee,144) oty

where we have used the change of variable (11.1) in the third line and the explicit computation of qubf;‘;l

in the fourth. Now if 7 is a Lagrangian representation for (1,b)L£%* 1 o with Q Lipschitz (because of
Proposition 5.11) we have

JEl [ fron sl

+
ty

Voo (t,2) - (b(t,1(1) + Az = 1(1))) + b(t, 2) - Vags¥ (1, 2)| L4 (dt d2)

Va2 (ty(t) + eMy) - (b(t, (1) + Ae™'y) +

+b(t,y(t) + eMy) - Voo (8, (1) + e?My)

etrAt £d+1 (dt dy)

etrAt £d+1 (dt dy),

1 — At
S/[/ W/| oo ‘b(t,v(t)+e"‘ty) —b(m(t))—Ae“ty)we"‘”ﬁd“(dtdy) n(dy)
ty yl€e(1,1+61)

1 / —2At 2di1
< — b(t,r + z) — b(t,z) — Az| L2 (dtdzdz)
O1wal L Je—atzicp(1,1461) |€ AtZ| ’ |

1 le2
< — —2z||Db, — ALY (9, + B? ,(0)) £ (dtd
= Oqwgldt? /eAtz|€£(1,1+61 le=Atz] |Z” b ’( t T Bgse panee( )) (dtdz)
< Cg)| 2| o (p,0) | Db — ALY (Q + {t = 0} x ngl)uewHWM)K(O)).

(11.3)

Letting ¢,d; — 0 and choosing the matrices A in order to approximate the a.c. part of Db, we conclude
with the following proposition.

Proposition 11.1. For every point (t,z) there exists Tt such that for L'-a.e. 0 < r < Ty, the ball
Bd*Y(t,x) is (1,b)-proper and Assumption 7.1 holds with constant w,(t,z) such that

(t,2) < 7|Db|(B&tY(t,z))  (t,z) Lebesgue point for |D* b,
w.(t, .
Cd|Db|(Bf~l+1(tvx)) otherwise.

The proof is just an application of the Radon-Nikodym theorem, and it will be omitted.

11.2. Estimates for the singular part. Fix 0 < 7 < 1, and set

By Corollary 10.4 of Section 10, there exists a compact set K ;. such that

(1) its complement has small measure

|DSingb‘(Rd+1 \K:S—C,f) <7
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(2) each (¢,T) € K3 is a Lebesgue point for m ® n, being m,n the two vector-valued functions
obtained by Alberti’s Rank One Theorem 3.12: denote by

men=m®an(,z)
its value, and for every r < 7 it holds
|D*<b|(BIFL(t, %)) + / ) Im ® n — m @ 7||D*"eb|(dtdx) < 73| D*™eb|(BI (L, 7)); (11.4)
Bt (6,2)
(3) for every (t,%) € Kj§ ;.7 < T there exists a compact family of d.-Lipschitz functions {yz =
Li 1(y3) }ner such that defining the function U by

U(t,z) =0, DU(t) = / {[M® 0, =V, L)) 6 @ ((d, Lon)s£) } dtd,
H n
then it holds
|DU — Db| (BT (t, 7)) < 72| Db|(BIT(t, ©)). (11.5)
This compact set is obtained by the union of the compact sets Kgg; of Corollary 10.4, with 7 < 1.

11.2.1. Construction of the approximate cylinders of flow. We can assume that n = e;, and write y =
(y1,y%) € R x R4~ for the corresponding coordinates. Set
0 =7, 8 =712, £>0, (11.6)
and let 17 be a Lagrangian representation of p(1,b)L£4 1L Bt
We consider three cases.

t,z)"
Case 1: m; =m-n=m-e; < —7. For every v € I', define the functions Eliﬁ Dt x Bi71(0) - R
by solving the following ODEs:

Oty (ty™) = =Uy (£, (1) + (=0, (L y )+, y)) + U (t,7(E) + (=61 = 6)04+,0)), (11.7a)

Ol (8 y™) = U (8 (8) + (6, (ty ™) =y ™)) = Un (8,7() + (61 + 8c)E—,0)), (11.7b)
with initial data Eli’,y( ;,yl) = (1. We recall that U; = U - e; = U - 7 where we have been using the
1-dimensional slicing of BV functions (see [ , §3.11], | , Theorem 5.3.5]). Consistently, we
denote by £ the right/left limits of 1-d BV functions, as in (2.1).

Lemma 11.2. The solutions to (11.7) satisfy:
(1) [t5,t5] 5t Eli,,y(t, yt) is decreasing;

5
(2) BJ7H0) >yt — Eliﬁ(t,yl-) is 0.-Lipschitz continuous;
(8) 61 < Kliﬁ(t,yj-) < &y for all (t,y*) € [t5, 3] % BiY(t, 7).
Proof. We prove the lemma for EI,Y, being the analysis of {; , equivalent. The existence of a unique
solution which is decreasing in time is standard, see for example | |: indeed for fixed (¢,y")

Y1 = Z/{l(t7 (yla yL))

is decreasing because m; < 0, and then classical results on the flow of monotone operators apply.
The fact that the level sets of U; are d.-Lipschitz in the coordinates (y;,y~) implies that

so that the solution starting from ¢; = 74 > (81 + d.)¢ satisfies
G y™) > 610+ 6.(0— [y ]) > 6
when |yt| < L.
For 7t fixed, again from the d.-Lipschitz regularity of the level sets of U, it is easy to see that the

cone
lyr = 5, (6, 5)] < Sely™ — 7|

is invariant for the flow of the ODEs (11.7): indeed, if y; > éfv(t,gL) — 8|yt — #*| then it holds
Ur(yr,yt) < L{l(ﬁfv(t, gh),yt) while if y; < Efv(t, g%) + 0 )yt — gt then it holds U (yy,yt) >
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U (Efw(t, 7+),yt), hence the flux is entering the cone and thus for any fixed time ¢ the map €fw(t,yl-)
is d.-Lipschitz.

Case 2: m; > 7. Define the functions Ef,y st x B{~' — R by solving the ODEs (11.7a) backward
in time with final data Eliﬁ(t;r, y*) =/¢;. As in Lemma 11.2, one can check that
(1) [t5,tF] = €, (t,y*) is increasing;

(2) B&YH0) 3yt — Eliﬁ(t,yl-) is d.-Lipschitz continuous;

(3) 616 < L3, (t,yh) < 4.
Case 3: |my| < 7. In this case set éf,y(t) = {; constant.
Define (see Figure 10b and 11b)
ny(t) = Qg;{wg = Qg;ﬂ/,gtwg(t) = {y = <y17yl) : —Ef(t,yl) <y< Ef(t,yl), |yL‘ < E}

For future reference we call
Q= {y =y —L<y<h, |yt < ﬁ},

see also Figure 10a and 11a. Define the lateral sides of Qéli ,(t) as
Y

Lliﬁ(t) = :I:Graphfliﬁ(t), Ly, (t) = {(yl,yl), —Kiw(t,yL) <y < Efﬁ(t,yL), lyt| = Z}.

After some standard computations, we have that the lateral inner flow across @ g is given by
Y

T ((1,b t)) - n(t)| H? — Iy, I I
Jo o T (DL Qe D) 00| Wiy = Do 4 5 4 T

where
£
I, = /_ / |(3(t) = b7) - et | 14 dt (11.8)
ty L2~ (1)
and
t
I ::/ / |(0:e] je1 +% —b7) - n| Hdt, (11.9a)
’ ty JLT () ’
_ = . - i
IM::/ / |(— 0ty e1 —5+Db7) -n|H" dt. (11.9b)
’ t; JL7 () ’

To simplify notations we put an apex — to denote the inner trace of b on the boundary of a Lipschitz
set, and we recall that n = (1, —VyLEfn/(t))/\(l, —VyLEfA{(t))L

11.2.2. Estimates on the fluz. The following lemmas will be proved in the next section.

Lemma 11.3 (Transversal flux). For all (t,) € K5 7 r+20<T it holds
1 -
/Cd(Q)IZ’Y n(dy) < Cd717'|Db|(Bg-&—-_21€(tax))~
Lemma 11.4 (Non-transversal flux). For all (t,z) € Kf ., v+ 2¢ <7 it holds
1 -
/N(Q)Iﬂ n(dv) < Ca—17|Db|(B5(% 7).
From these results we deduce the following proposition.

Proposition 11.5. For every point (t,T) € K§ ; and 0 < e <7, there exists a family of (1,b)-proper

balls {BIH1(t,%)},, with r + ¢ < 7 having 0 as a Lebesgue point, such that Assumption 7.6 holds with
constant

@,(t,%) < Ca17|Db|(BLTL(E, 2)).
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(a) The base of the cylinder, i.e. the set Q. (b) The base of the cylinder at a time ¢,

i.e. the set Q(t).

Figure 10. Time sections of the cylinder of approximate flow in the singular, 2D case.

Proof. First of all, by the regularity assumptions on b, it follows that the lateral boundary of Qﬁ: g is
4

inner regular, so that Point (1) of Assumption 7.6 is verified. Moreover by construction Point (2) holds
with constant M = §;, being §;4 < va. Finally for 2¢ < € one applies the above Lemmas to recover
Point (3). O

By the above proposition and Proposition 11.1 we thus conclude that

Theorem 11.6. Assumptions 8.13 holds for a vector field b € Li (R, BVi,.(RY, R?)).

loc
Proof. By choosing the local balls accordingly to Proposition 11.5 on Kj ;. and according to Proposition
11.1 in the remaining points, one sees that the measure w” can be taken to be

o7 — Cd717_|Db|\_Ka,c,UKTC,F—|—Cd|Db||_Rd+1\(Ka.c.UKgcj)a

where K2 is a compact set made of Lebesgue points for D*%b. In particular the measure @w”™ can be
made arbitrarily small by letting first 7 — 0 and then 7 — 0, so to have K*¢ U K5 - SR g

12. FLUX ESTIMATES AND PROOF OF LEMMATA 11.3 AND 11.4

Here we prove the two lemmata that allow to control the boundary flux of (1,b) on in{: o We will

just prove the case m; < —7, being the second case completely analogous by inverting time and the case

Kliﬁ = (; a simple variation of the first situation.
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(b) The base of the cylinder at a time ¢, i.e. the set Q(¢).

Figure 11. Time sections of the cylinder of approximate flow in the singular, d-
dimensional case.
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Qi

Figure 12. Evolution in time of the cylinder of approximate flow in the singular, 2D case.

Observe that for a given positive Borel function f(x,y) it holds

/ / ), 9) KO (dy)n(dy) < / ), ) M ()
L“(t L2 (12.1)

[ [ re g i),
(BETH(L,3)) J Lo

where we used the notation
Ly == {(y1.y™), | < b, ly™| = ¢},

and (BT (#,2)), is the t-time section of the ball where (p; )y is concentrated.
12.1. Proof of Lemma 11.3. We recall that the quantity I, was defined in (11.8) as

I, = /f / |(%(t) = b(t,v(t) +y—)) - e | H (dy)dt.
t; JL,

Since this quantity is defined for a curve v and then integrated in 7, by the a.c. of the projection of 1 on
{t} x R% we will consider b defined on suitable planes passing through ~(t). We will also avoid putting
the — sign to remember that we are taking the inner trace: for this term indeed, being the surface Lo
a subset of  + {|y1]| < £1} x B~*(0), one can assume that it is made of Lebesgue points of b.
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81
Proof of Lemma 11.3. Observe first that, for fixed ¢, adding and subtracting the term b(t, (y1(¢t) +
y1,7+(t))) and using the triangular inequality, we can write

/L <t>‘<w)_b(“%(f)+ymL(t)+y¢>)) et 1 (dy)

: / ‘ [b(t’ () +y1, v @) + 1)) = b(t, (1 (t) + v, vL(t)))} : el‘ HE(dy)  (12.2)
La (1)
Jr/L ®) ‘ [b(t’ (7(®) + y1,7 (1)) — "y(t)} , ej_‘ Hi (dy).

Integrating (12.2) in i and dividing by £4(Q) = 2ws_1£?1¢;, we have that

Q //sz(t) b(t, (vi(t) +y1, 7 () +y7))) -
<

e [ H' ! (dy)n(d)
Ld 5 //L (t)‘bL ty(%(t)ermL(t)erL))—bl(t,(m(t)+y1,vL(t)))‘Hd‘1(dy) (dv)

e .// b (0, (0 0) 3,7 (0) — (30| 22 ()
L Q La, w(t)

= SBV(t) + .

We now proceed to estimate the two terms separately.

Step 1: estimate of the term SV

1
il I
2T L) Jr e

@) b (¢, (v (t) + 1,y (t)+yL))—bl(t,(m(t)+y1,vl(t)))‘Hd‘l(dy)n(dv)
1
(

) Q) /<B:?+1<t‘,z>>t /

b (¢, (1 + yr, @t + yh) = (L (o 4 g, at)) | - (dy) £ de)
L-

(t). By (12.1) we have

By Fubini and the one dimensional slicing of BV functions | , §3.11], [ , Theorem 5.3.5], we
deduce

1

SBV (1) < 10 / {/ . ‘DLbﬂ(xl +y1, (x5 2t +yh)) Ed(dx)} H(dy)
L4Q ) Lo LJ(B(L,2)),

1 7 -

5 L AP g

1 _

. 2(d — Vw1020, - 4| Do (BT
- 2wd_1€d_1£1 ( )Wd ! ! ‘ |((

r+(1+7’)€(t_’ j))t>
< Cdfl‘letLKBg—tZle(z T))e).

Sﬁd

Finally, integrating in time and using (11.4), we obtain

/SQBV(t) L(dt) < Cq_1|D b*|(BE,,(£,7)) < Cq—17|Db|(BEE, (£, 7)).

2t (12.3)

Step 2 Estimate of the term S5¥(t). Using again (12.1), we have

1
0=z /.|
ﬁd Q Lo ’Y t)
< 5@ Ly, |
L (Q) (B (£,7)); J L

bL

(t ((6) + 31,74 (1)) = GOY | H (dyn(d)

(t (1 + y1,2%)) = b (1 2)| MO (dy) £ (de),
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and arguing as before, using Fubini and the one dimensional slicing of BV functions, we obtain

S35 Ed} / /BM ‘bl (21 +1,04)) = b (t,2)| £2(dw) e (dy)
1
(@

vl / elwlbt\((Bfi; (F.)):) 1 (dy)

1

- . 2(d-1 _Ed—Qtﬁ_lﬁ Db Bd+1 _
= 2wy 10117, ( JWd—1 1-01|Dy t|(( (t, x))t)

r+0,

/{ _
< Cd—l?l|D1bt|((Bgigl (t,7)))

< Cd_17|D1bt|((Bﬁi§ (,2))t).

Integrating in time we obtain
/S Ydt) < Cq_ 17'|Db|(ij:£1 (t,2)). (12.4)

Summing up (12.3) and (12.4) we finally deduce, for 7 < 1,

; T L dl 1
ﬁd@)/ﬁ“”‘“ ,cd / / /L> b(t.z+y)) - e | 1 (dy) L (dt)n(d)

/S t) L (dt) + /S t) £ (dt)

< Ca17|Db|(BE,(E 7).

which is the claim. O

12.2. Proof of Lemma 11.4. The proof of Lemma 11.4 depends heavily on the shape of the cylinders,
which cancel the effect of the divergence thanks to the choice of Kfv(t, y*). The goal is to show Lemma
11.4, i.e.

E‘%Q)/Ilﬁ 1(dy) < Ca—17|Db|(B+20).-

We will prove only the estimate for I, ;"” being the other case identical.

Proof of Lemma 11. for Iffv. Recall that the quantity Iffv was defined in (11.9a) as
ti
:/ / |(8t[1i_7€1 —l—"y—b_) ~n”Hd_1dt
t5 JLT (1) 7
tt
< /r / » ]€i7+% — by (t,(t) + (Efv(t),yL))‘Ed_l(dyL)dt
v yt|<
tt
+/ . / o g’(ﬁl = b () + (6, (8),5™)) - Vb ()| 27 dy e
<
/ / » ]bl TL®),y) = ba(t, () + (61 + 6c)£,0)) _gf(t)‘ﬁd-l(dyﬂdt
y+I<
/ / [y (17(8) + (81 + 50)6,0) = 41(0)| £ (dy )t
ytl<e

+/t_v /H Z’(WL*bL(t,v(t)+(£fW(t),yL))) .vyszﬁ(t,yL)‘cdfl(dyL)dt.
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Integrating at a fixed time ¢ the above inequality in v and dividing by the area of ), we have that

w10 )] e 50 =57 0) a7 i)
- ﬁ/ / e ‘bl(m“) (6, (). 55) = b (£9(8) + (81 + )8, 0)) — £ (1) £~ (dy™ ()
616/ /Hd B2 (£ 7(8) + (81 + 86,0) = 1(8)| £ (dy ()

551 //Ld loL (t.7(1) = b (t4(1) + (6,(1),57))) .vquw(t,yL)‘Edfl(dyL)n(dV)
)+

— SRL( +Str )

We now proceed to estimate the terms separately.

Step 1: estimate of the term S3V(t). We have

G0 Jy P00 (050000 0] £t

/ / ‘bl (1, + (51 + 60)6,0)) = b (1, ))| £4(d)
T 20, (BEFL(E,2))e J |yt <t

< %mb (B (,7)):)
< 7|Dby|((BUL (T, 2)),)

by Fubini and the one dimensional slicing of BV.

Step 2: estimate of the term SFU(t). By the definition of £]_(t,y*) through the ODE (11.7b) we obtain

SRL( le / /IW ba (1,9(0) + (1,5, 5)) = ba (6,79(0) + (61 + 806,0)) — £ (1,5)] £7 (dy* ()

@
- 55 / / o= (304 1) = (o1 = U) (090 + (G +0060)] €47 i)
< ﬁdiQ / / e a0+ ) - o 1) (1,79() + (51 + )6,y )| £ (dy ()

T F/ /Hd (by —Uy) (t,v(t) + (61 4 6c,y™0)) — (by —Us) (¢, 7(2) + ((61 +6c)£,0))‘ L (dy ™ )n(dy)
_EdQ /\Db DU|(v(t) + {ly*| < £,61€ < y1 < €1 })n(dy)

1
+ = / / ‘(bl —U)(t,z+ (61 + 5C7yL)) — (by =) (t,z+ ((61 + (56)&0))‘ L3 (dyt) £4(dx)
LYQ) S+ @y, iyt 1<
1
<
- 2wd_1£d*1€1
L
2wd_1€dflgl

072 _
<C4- (T+ T; )|Dbt|((3gizlz(t 7)) < Od—lT\Dbt|((Bﬁ;z( ))e),
1

2wq_ 1My - | Dby — DU|((BE,(E,7)):)

2wq- 17 | Dby — DU ((BES,(5,7))e)

where we applied (11.5) and (11.4) to control the normal derivative.
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Step 3: estimate of the term Si*(t). For the last term, recalling that y* Efﬁ is d.-Lipschitz by Lemma
11.2, we have

1 —
T LIQ) //w|<e =D (690 + (L, Gy )y ) - Vb, (6 y )| £ (dy ™ )n(dy)

< ch //Hq)bl (£:A(8) + (€5, (ty), yH) = b (67 (0) | £47 [y In(a).

Again enlarging the set Qzli (1) to @ we obtain

SU(t) < e /| _ (D] B (B, (42):) 47 )
ytI<
d—1 d+1 /7 -
< m ~wg—14 : (7' + 1)£|Dbt|((3r+2£(t>$))t)
< Ca17| Dby | ((BEE3,(E,7))1),
by the choice of . < 72.

Integrating in time and summing up the three terms we conclude the proof of Lemma 11.4. 0
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GLOSSARY

C(X,Y): space of continuous functions over X. 15
dist(x, E): distance of the point z € X from the set £ C X in a metric space X. 14

A: generic set. 15

A € B: set A whose compact closure is contained in B. 15

Adm({u;}iecr): sets of admissible transference plans between the measures p;. 19
AL: set of intersecting curves. 50

A*: subset of 9Q where trajectories are exiting or entering, respectively. 45

fA f p: average integral on the sets A. 16

A(z): x section of A C X xY. 15

B: generic vector field in R4, 15

b = (b))% ,: vector. 15

B&(x): balls of radius r centered at z € R?. 14

O(f): notation for constant of the order f. 17

Fr A: boundary of a set A. 15

Fr(A, B): relative boundary of A in B. 15

09Q: boundary of a set in R?. 15

b;: equivalent to b(t) for time dependent vector fields. 15

C': generic constant. 17

Cy: dimensional constant. 17

C(e,a): closed convex cone about ¢ of vertex 0 ant openint a. 70

C(e,a;x): closed convex cone about ¢ of vertex x ant openint a. 70

1 4: characteristic function of the set A. 15

Ck(R4, Rd'): space of functions on R? with continuous derivatives up to order k. 15
clos(A4, B): relative closure of the set A in B. 15

clos A: closure of the set A. 15

C°(Q): compactly supported smooth functions defined in the open set Q C R?. 15
x: convolution in R%. 15

Cyl?’f: p(1,b)-proper cylinder. 27

D, f: directional derivative of f along e. 15

D3 b: absolutely continuous part of Df. 20

Deantorh: Cantor part of D8 f. 20

0, Dirac mass at z. 16

d1: maximal shrinking coefficient of an approximate cylinder of flow. 75
Df: differential of the function f. 15

p= [ pio fapp(de): disintegration of p w.r.t. the partition {A,},. 16
2'(Q): space of distributions over the open set  C RY. 15

div b: divergence of the vector field b. 15

Di"mPh: jump part of DS f. 20

D(f): domain of the function f. 15

D#"gb: singular part of Df. 20

e: unit vector. 15

Eb: symmetric part of the derivative Db. 19
E,: equivalence classes of ~. 66

Ef/: set of curves not contained in supp qbff. 48

E,{: upper level set of the function f. 20

Ej: upper level set of a function. 20

/1: starting shape of the approximate cylinder of flow in the BV case. 75
Ef,y: evolution of the e;-boundary of the approximate cylinder. 75
n: Lagrangian representation. 17
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7°": restriction of 7 to I'°*. 55

ng: push forward of n by Rg,. 36

7: Lagrangian representation of p(1,b)Lq, only used in Section 7. 47

n=: restriction of n to =. 58

¢: particular functions used in the paper, usually with an index/apex. 17
#%*: inner/outer distance functions from a set. 23

L oo (7): functional computing intersecting curves across (bg. 50

(I)gxit
(;5,‘;: approximate cylinder of flow. 47

(7): functional computing the curves exiting the cylinder ¢fy. 48

£ (2): untangling functional for n'®. 61

f Out(Q): untangling functional for n°. 61

2A: suitable set of indexes. 66

fra: restriction of the function f to the set A. 15
fr: rescaled f about z € R%. 15

fyp: push-forward of the measure p through f. 16
f(zx): right left limit of a 1d function at z. 15

~: curve define in an interval of time. 17

~v ~ ~': equivalent relation among untangled trajectories. 66

g o f: composition of two functions. 15

Graph f: graph of the function f. 15

Graph~: Graph of the a.c. curve « in the closed interval of definition. 18

f: quotient map for {Ey}4. 66
H?: d-dimensional Hausdorff measure. 16

I, ,: flow across L . 76

id: identity function. 15

L, =(t, tjy‘): interval of definition of the curve . 17
I : flow across Ly . 76

int A: interior of the set A. 15

int(A, B): relative interior of the set A in B. 15

[ f dx: integral of a Borel function f w.r.t. £4. 16

[ f p: integral of a Borel function f w.r.t. p. 16

+ . +
I+ flow across Ly . 76
Jp: approximate jump set of b. 20

K2 ¢ K*: compact subset of 9 defined in Lemma 4.16. 30

K": projection of K™. 63

K5 i compact set with suitable local covering. 74

K7 #: compact sets where the untangling functionals are controlled. 62, 64

L: scale factor. 17

LY(u,Y): space of functions whose modulus is u-integrable. 16
Ls: lateral boundary of @ with normal e;. 79

Ly : lateral boundary of Qeliwe with normal ef-. 76

(f,v): distribution f evaluated on v. 15

£%: Lebesgue measure in R%. 16

L>(u,Y): space of functions with p-essentially bounded Y-norm. 16
Lliﬁ: lateral boundary of fov’e given by the graph of wa. 76

M(X): set of Radon measures. 16
m: direction of the variation in the rank-one property. 20
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K™: compact subset of I' of trajectories with existence interval > 21", 63
S: sets of curves with the same initial point. 58

My(X): set of bounded Radon measures. 16

m: direction of the variation in the rank-one property at the point (¢,Z). 75
MT(X): set of positive Radon measures. 16

M: deformation factor. 47, 54

e generic signed Radon measure. 16

u1P: measure div(8(p)(1,b)). 69

15: disitegration of the measure div(3(p)(1,b)). 69

|pe|: total variation measure of p. 16

uh: rescaled p about z € R, 16

puLa: restriction of the measure p to the set A. 16

M (x): matrix derivative of the absolutely continuous part of a BV vector field. 20

»

N: negligible set w.r.t. some measure. 16

n: outer unit normal to the p(1,b)-proper set Q C R4+, 23
normal to the rank-one property. 20

n: normal to the rank-one property at the point (¢,Z). 75

|

|

>

| - |]: norm in a generic Banach space. 14

-|: norm in R%. 14

v®¢: absolutely continuous part of v. 16

v < p: v is absolute continuous w.r.t. u. 16

vt: orthogonal component of v w.r.t. to another given measure. 16

a.c.

Q: generic open set. 14

wg: volume of the unit ball in R%. 16

QF: perturbation of a proper set constructed in Theorem 4.18. 31
u L v: orthogonal measures. 16

0'Q: lateral boundary of the set Q. 17

09)5: subset of 0f) defined in Theorem 4.18. 31

095 subset of 02 defined in Theorem 4.18. 31

0*F: reduced boundary of the set of finite perimeter F. 21
0z, f+ spatial partial derivative along the i-th direction. 15
Oy fr: time partial derivative. 15

m: transference plan. 19

px: projection on the space X. 15

Q): sets of particular shape, with some index/apex. 17
@: base of the cylinder Qeit o 76
el

Qg: cylinders of approximate flow. 54

Q-

L approximate cylnder with shape determined by K%ﬂ{, L. 76
sy Ly ’

g—:: Radon-Nikodym derivative of v w.r.t. > 0. 16
R(f): range of the function f. 15

R%: d-dimensional real vector space. 14

p: positive solution to transport equation. 17

pé: evaluation of the measure ng,. 36

Ry: i-th restriction operator. 36

R%’i: 0-th restriction operators. 36

0 ((t, z)-evaluation of n®*. 55

Rq: restriction operator. 36

(Rn)ym: push forward of n by the multivalued map Rgq. 40
(Rq)sn°": restrition of (Rq)sn to the exiting trajectories. 61
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Sy: subset of 9(Q2° \ Q) defined in Theorem 4.18. 32

Sy: partition of the set 9(Q° \ ), Theorem 4.18. 32

S5+ partition of the set 9(Q° \ 2), Theorem 4.18. 32

S partition of the set 9(Q° \ ), Theorem 4.18. 32

Sy: partition of the set 9(Q2° \ Q), Theorem 4.18. 32

S?: unit sphere of dimension d. 14

o(f(t)): evaluation of the function f w.r.t. the measure p(t)L£%. 47
o(f): notation for constant infinitesimal w.r.t. f. 17

supp f: support of a function f. 15

T: hitting point map. 34

t: time coordinate. 14

tﬂy’_: entrance time of v in Q. 35

thT: exit time of y in Q. 35

Téii: mapping of v to its Q entering/exiting point. 36
t>: initial time of the interval I,. 17

5
tfyr: final time of the interval I,. 17

Tr'™(B,Q) - n: distributional inner normal trace. 26
Tr°"(B,Q) - n: distributional outer normal trace. 26
Tr'"(b,Q): inner trace of the vector fields b. 38

f: quotient map for {pq}q. 66

u: L*°-solution to div(up(1,b)) € M. 68
Uy: neighborhood of x. 15
U: function locally approximating b. 75

A: set of untangled trajectories. 64

I': space of characteristics. 17

I'°": set of trajectories crossing a domain. 55

I°r(Q): set of Q-crossing trajectories. 59

I'n(Q): set of Q-entering trajectories. 59

@: Convolution kernel. 15

w: constant controlling the flux across the lateral boundary of approximate cylinders of flows. 47
w’: measure controlling the untangling functional. 62, 64
¢z: local representation of a Lipschitz boundary. 17

Y: product space of intervals in R and curves in R?. 17
Z: set of uniqueness of 7. 58

W set of trajectories with good intersection properties. 48

Ww: trajectories with good intersetion properties in the open graph. 63
Wy set of disjoint trajectories. 48

Wyt set of trajectories whose intersection is still a trajectory. 48
wq(t): density of the disintegration of L9t w.r.t. {pq}q. 67

pat evaluation of the equivalence class F,. 66

X: generic metric space. 14
x: space coordinate. 14
ZTpn: coordinate along n. 15

ry: coordinates orthogonal to n. 15

¢&: measure locally controlling the untangling functionals. 62
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