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1 Introduction

This paper is devoted to the study of the trace properties and of the pointwise
behaviour of vector fields C' in R? of the form wB, where w is a scalar function,
the distributional divergence D - C' of C' is a Radon measure and B is a weakly
differentiable vector field. We will consider in particular the case when B has locally
bounded deformation (and we write B € BDj,), i.e. the symmetric distributional
gradient EB of B is a vector-valued Radon measure (see [28], [5]). This regularity
class seems the natural one in view of the following facts: on one hand the first
author established in [3] an extension of DiPerna-Lions theory [21] to the case when
B has bounded variation; on the other hand it was proved in [16] that still the
theory works under the assumption that EB € L{_. So a natural attempt is to
improve both results extending the theory to the case when EB is only a Radon
measure. We don’t achieve completely this goal, but we obtain partial results and
some auxiliary facts of general interest, that will be used in the forthcoming paper
[7].

The plan of the paper is the following. In §2 we fix our main notation and recall
the main facts about functions of bounded variation and functions of bounded defor-
mation. In particular we show in Proposition 2.5 that the splitting of the difference
quotients of a BV function into a strongly converging part and a weakly converging
part (one of the main tools used in [3] to show that distributional solutions are
indeed renormalized solutions) extends to BD functions, taking the symmetric dif-
ference quotients into account. This leads to the fact, proved in Theorem 2.6, that
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all limit points of the modulus of the commutators
(D (wB)) % p. — D~ ((w + p.) B)

as € | 0 are singular with respect to the Lebesgue measure .#¢, provided the convo-
lution kernel is radial.

In §3 we study the trace properties of locally bounded vector fields whose diver-
gence is a measure. Almost all the results of this section appeared in [17] (see also
[9], where first the existence of the normal trace was proved, the unpublished paper
[11] that influenced a lot our work and the more recent paper [18], where even mea-
sure fields are considered), but we prefer to write all results in a self-contained way,
consistent with our purposes. The starting point is that the normal trace Tr(C, 02)
on a bounded open set Q with a C! boundary can be defined as a distribution, by
the identity

(Tr(C,00), ¢) :z/V@-Cdx—l—/godD-C Vi € C°(RY). (1.1)
Q Q

It turns out that this distribution is induced by a locally bounded function defined on
0f), which coincides with the pointwise normal component of C' on 0f) for “generic”
open sets ) (see Proposition 3.6 for a precise statement). Moreover the trace ope-
rator is local not only on open sets, but also in the following stronger sense: for any
pair of C! open sets €, €, we have

Tr(C,00) = Tr(C, 0€) A ae. on {x € 90 NN, : vo,(z) = v, (x)},

where vq, and vg, are the outer normals to ©; and 5 respectively (no regularity is
imposed on the intersection of the two boundaries). This fact is crucial in order to
extend the trace operator to countably 7% !-rectifiable sets which, in general, are
not locally the boundary of an open set.

In §4 we go back to our special class of vector fields C' = wB with w, B € L
and B € BD),. and we establish the chain rule for traces

Tr(wB, 00)
Tr(B, 00)

Its proof requires the quantitative version of the commutator estimate given in §2
and a suitable extension argument, based on Gagliardo’s theorem.

In 85 we show how the DiPerna—Lions theory can be extended to special vector
fields of bounded deformation, i.e. those fields B € BD,. such that the singular
part of EB is concentrated on an #% '-rectifiable set. We have also to assume,
as in [3], also that the distributional divergence of B is absolutely continuous with
respect to Z%. The key property is the renormalization lemma

B-Vw=c% = B-V(h(w))=ch'(w)Z* forany hc C'(R).

00
loc

Tr(h(w)B, ) = Tr(B,90)h ( ) vh € C'(R).
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Unlike [3] (see also [25], [12], [20]) its proof can not be achieved by choosing very
anisotropic convolution kernels, as for BD functions only radial kernels ensure good
estimates of the commutator. We use instead the chain rule for traces to rule out the
possibility of a concentration of B-V(h(w)) on hypersurfaces. In the last part of the
section we illustrate several standard consequences of the renormalization lemma:
well-posedness of the continuity equation, existence and uniqueness of regular La-
grangian flows, and stability of regular Lagrangian flows with respect to smooth
approximations.

Finally in §6 we analyze the pointwise behaviour of w. This is an important
issue in the perspective [7] of defining a “precise representative” of w to be used in
a kind of chain-rule formula for the computation of D - (h(w)B) even when D - B
is not absolutely continuous with respect to .Z¢, thus extending all renormalization
lemmas known so far. We show first the existence of approximate one-sided limits
on C' hypersurfaces, relating them to the distributional trace, and then, using the
coarea formula, we are able to prove when B € BV, the existence of the one-sided
approximate limits |DB|-a.e. However, we are able to show these properties only
on the set where the vector field is transversal, in a suitable sense, to its derivative
(see (6.5), (6.6)). The precise estimate of the size of the non-transversal set is still
an open problem.

2 Main notation and preliminary results

We denote by .£? the Lebesgue measure in R? and by s#%(E) the Hausdorff k-
dimensional measure of a set £ C R%. In the sequel we denote by ) a generic open
set in R%. Given a nonnegative Borel measure y in € we say that y is concentrated
on a Borel set F'if pu(Q2\ F) = 0. For a Borel set F' C (2, the restriction uL F' is
defined by

UL F(E) = pu(FNE) for any Borel set E C €.

The same operation can be defined for vector valued measures p with finite total
variation in 2. We will sometimes use the following differentiation property (see for
instance [23] or Theorem 2.56 of [8]):

pLE =0 = u(B.(z)) =o(r*) for #*-ae. xckE. (2.1)

The approximate discontinuity set Sp C ) of a locally summable B :  — R™
and the approzimate limit are defined as follows: = ¢ Sp if and only if there exists
z € R™ satisfying

limr_d/ |B(y) — 2| dy = 0.
rl0 By (z)



The vector z, if exists, is unique and denoted by B (x), the approximate limit of B
at z. It is easy to check that the set Sp is Borel and that B is a Borel function in
its domain (see §3.6 of [8] for details). By Lebesgue differentiation theorem the set
Sp is Lebesgue negligible and B = B Z%a.e. in Q\ Sp.

In a similar way one can define the approzimate jump set Jg C Spg, by requiring
the existence of a, b € R™ with a # b and of a unit vector v such that

1imr‘d/ |B(y) —a|dy =0, limr_d/ |B(y) — b|dy =0,
rl0 B (z,v) rl0 By (z,v)

where

(2.2)
B (z,v) :={y € B,(x): (y—z,v) <0}.
The triplet (a, b, v), if exists, is unique up to a permutation of a and b and a change of
sign of v, and denoted by (B*(z), B~ (z),v(z)), where B*(z) are called approzimate
one-sided limits of B at . It is easy to check that the set Jp is Borel and that B*
and v can be chosen to be Borel functions in their domain (see again §3.6 of [8] for
details).
For B € LL _(Q;R™) we denote by DB = (D;B’) the derivative in the sense of

loc

distributions of B, i.e. the R™*%valued distribution defined by

{Bj(:c, v):={y € B.(x): (y—z,v) >0},

. )

D;B’(p) ::—/B]ago dr YoeCr(Q), 1<i<d,1<j<m.
Q i

In the case when m = d we denote by E B the symmetric part of the distributional

derivative of B, i.e.,

1 . .
BB = ByB),  ByB=g(DiB+ DB 1<t j=d

Definition 2.1 (BV and BD functions). We say that B € L'(€;R™) has bounded
variation in Q, and we write B € BV (Q;R™), if DB is representable by an R™*4-
valued measure, still denoted with DB, with finite total variation in €.

We say that B € L*(Q;R?) has bounded deformation in Q, and we write B € BD((Q),
if ;B is a Radon measure with finite total variation in 0 for any i, j =1,...,d.

We consider, for B € BVj,.(€2; R™), the canonical Radon—Nikodym decompo-
sition of DB into an absolutely continuous part D®B with respect to .#% and a
singular part D*B with respect to .£¢. Analogously, for B € BD,.(Q2), we consider
the Radon—Nikodym decomposition of B into an absolutely continuous part £*B
with respect to .Z?% and a singular part E°B with respect to .Z¢. We denote also
by &B the Borel map with values into symmetric d x d matrices representing the
density of E*B with respect to .Z%, i.e. E°B = &§B.Z".
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The distributional divergence D - B := >, D;B* = > . E;B is a well defined
measure with finite total variation in 2 when B € BD(f); defining div B as the
trace of & B, the splitting of D - B into absolutely continuous and singular part with
respect to .Z? can be read as follows:

d
D-B=divBZ"+) E;B=divBZL'+D’-B.

i=1

Definition 2.2 (Countably 579 !-rectifiable sets). We say that E C R? is a count-
ably 2% -rectifiable set if there exist (at most) countably many C' embedded hy-
persurfaces T'; C R? such that

¥ (E U rl-) = 0.

In a similar way, choosing oriented hypersurfaces I';, one can define an orientation
vg choosing pairwise disjoint Borel sets E; C I'; such that the union of the E;’s covers
A% 1_almost all of £ and defining

Vg = T, on F;.

This orientation depends clearly on the choice of the decomposition, but only up
to the sign, due to the fact that for any pair of C! hypersurfaces I' and IV we have
v € {—vp,vp} A ae. on T'NTY.

We recall that for a BV function B the approximate discontinuity set Sp and
the jump set Jp are countably J#?!-rectifiable and

A (Sp\ Jg) =0 (2.3)

(see Theorem 4.5.9 in [23] or Theorem 3.78 in [8]). For functions B € BD(Q) it
is known that Jp is countably #?~!-rectifiable (see [5]) but the validity of (2.3) is
still an open problem.

Definition 2.3 (SBV and SBD functions). We say that B € BV (2;R™) is a special
function of bounded variation, and we write B € SBV (Q;R™), if D*B is concen-
trated on a countably S -rectifiable set. Analogously, we say that B € BD() is
a special function with bounded deformation, and we write B € SBD(Q)), if E*B is
concentrated on a countably 7% -rectifiable set.

Since (see for instance Theorem 3.77 of [8])

DBLF = (BT - B ) @ugH*'LFNJg (2.4)
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for any countably ##¢~1-rectifiable Borel set F' C 2, it turns out that B € SBV ()
if and only if |D*B| is concentrated on Jg, and in some sense Jp is the minimal set
where the measure is concentrated. Analogous remarks hold in BD((2), due to the
fact that (see Chapter II in [28])

EBLF =(BT—B)ouve#" 'LFNJp (2.5)

for any countably .74~ !-rectifiable Borel set F' C ) (here a®b denotes the symmetric
tensor product of a and b, i.e. (a®@b+b® a)/2).

Let us recall now some fine properties of functions with bounded deformation that
will be used in this paper, referring to [5] for detailed proofs and more informations.
It is well known that, in analogy to what happens for BV (see Section 3.11 of [§]
for the corresponding statements in BV'), the space BD(f)) can be characterized
by means of the one dimensional sections: a function B € L'(Q;R?) belongs to
BD(Q) if and only if, for every direction { € S := {¢ e R?: |[¢| =1}, we have
BS € BV(Q;R) for s -ae. y € QF and

/ DBE| (95)d () < +oo,

Qs

where Qg ={teR: y+t£ € Q} is the one dimensional section of 2 on the straight
line passing through % in the direction &, Q¢ := {y € e : Q§ #+ (D} denotes the or-
thogonal projection of 2 onto ¢, the hyperplane orthogonal to £ passing through

the origin, and Bf := B(y + t£) - £ for every t € Q5.
Furthermore, Fubini’s theorem gives that [, DBSd#2*'(y) = (EBE,£), ie.

L§<D35’¢s,y(')>dﬁd_l(y) = —/ (BS, L) dA "\ (y)

— [edEBey  voecr@),
0
where ¢, (t) = p(y+t€). The structure theorem for BD functions (see Theorem 4.5

of [5]) states that also the scalar products (E*B¢, ) and (E°BE, £) can be recovered
in an analogous way from the corresponding parts of the derivative of Bg , l.e.

e - [

D”Bgd%d_l(y) oc=a,s
¢

and also that

(E7 BE, €)| = /Q DB A o=as
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We also recall that for BD functions the following uniform estimate of symmetric

difference quotients (i.e. in the direction z and with the scalar product along z)
holds.

Lemma 2.4. If B € BD,;,.(0), then for any vector z € R and any compact set
K C Q we have

lA«Bw+wy—Bu»-4dxsuEBaauKz> (2.6)

where K\, is the open |z|-neighbourhood of K, provided |z| < dist(/, 09).

Proof. Let f € C*(;R?) and let z € RY, then for any compact set K C Q we
have
1

/K|(f($+z)—f($))2’| dr = (Vf(x+tz)z, 2)dt| do

< /O/K|(Vf(x—l—tz)z,z>|d:ndt
< Viy)z, z)| dy.
[;J< (v)=.2)] dy

So (2.6) is true for functions f in C*(2;R%). Given a convolution kernel p : R? —
[0, 4+00), let us define B, := B p, and let us apply (2.6) to B, with 2’ = (1 —§)z to
get

/K |(Be(x 4 2') — Be(z)) - 2’| de < |(EB.2, 2")| (K|1)).

Using Fatou’s lemma and Jensen’s inequality (see for instance Theorem 2.2(b) of
[8]) we obtain

/| (x+2)— B(z)) - 2| dz

IN

nmnﬂ/|gux+z)—34myzmm
510 K
lim sup |<EB€Z/, Z/>| (K\z’\>

€l0

limsup [(EB 2, ') » pe| (Ki)
€l0

limsup [(EB 2, )] (Kpo12)
€l0

< (BB, )| (K.
Recall that 2’ = (1 — §)z, so passing to the limit as § | 0 in the inequality

/ﬂ (x+7) — B(x))- |dz < |(EB#, 2| (Kp.)

and taking into account the strong continuity in L{ _ of translations the thesis is
achieved. 0

IA

IN



We know that some properties of BV functions can be suitably extended to BD
functions. For example the following proposition provides more information on the
behaviour of the symmetric difference quotients of BD functions and, as expected,
we get a result similar to the analogous one for difference quotients of BV functions
(see Theorem 2.4 of [3]).

Proposition 2.5. Let B € BDy,.(R%) and let = € RY\ {0}. Then the symmetric

difference quotients
B(z+0z) = B(x) =z

5 RE

can be canonically written as By(z)(x) + B3(2)(x), where

BY2)(-) — (€B()2, ﬁ> strongly in LL_(R%R) as § | 0 (2.7)
V4
and .
lim sup / B2(2)| dr < - |(E*Bz, 2)| (K) (2.8)
510 K 2]

for any compact set K C R?. In addition we have the uniform bound

sup sup Z)| + z)|dx < sup |z x : dist(x, <e .
KBg Bi(z)|d up EB di K 2.9

zeK'’ 5€(0,¢)

whenever K, K' are compact subsets of R? and € > 0.

Proof. Let K be a compact subset of R? and let B = (B!, B?,..., BY) € BDy,.(R?).
Given z € R?, without loss of generality, we can suppose that z is a unit vector.
Up to a rotation we can also assume that z = ey, so we can write x = (2/, z4) with
7’ € g ~ R4 (the hyperplane orthogonal to e4) and x4 € R. We denote by K¢
the orthogonal projection of K on 74 and set K¢ := {t e R: (2/,t) € K}. Then we
have

B(x',t+6) — B(2',t) . B2’ t +6) — Bi(a',t)

5 T 5
By the characterization of BD functions, we know that B%(z',-) € BVi,(R) for
4 ae. ¥ € K9 so, using the result about difference quotients of BV functions
of a real variable (see Theorem 2.4 of [3]), we can canonically write

Bzt +6) — Bi(a', 1)

= (B)5(',1) + (B3 (', 1),

where J
(BHi(2,-) — EBd(x’, -} strongly in L, (R) as § | 0 (2.10)



and

limsup/ (BN3 (2, 1)| dt < |D*BY2/, )| (KY) for % -ae. 2/ € K4 (2.11)
sl Jk

d/

In addition, we have
sup / [(BY)s(2', )| + [(BY3 (2, )| dt < |DB(a',-)|({t = dist(t, K5,) < €}).
5€(0,¢) K;l,

(2.12)

By the structure theorem for BD functions we know that for s#% -a.e. 2’ € K we
have

d B4
EBd(x',t) = 88—(17',15) = (B2, t)eq, eq) for L'-ae. t € K9, (2.13)
Xd

Then, (2.10) and (2.13) yield (2.7), taking also into account (2.12). Analogously,
from the identity

/K DB, )| dA T (@) = [(B Beg, ca) (2.14)

and from (2.11) we obtain (2.8), taking again (2.12) into account. O

In the following theorem we analyze the behaviour of the commutators
T. := (D - (Bw)) * p. — D - (B(w * p.)), (2.15)

proving that all limit points as € | 0 of their modulus are measures singular with
respect to Z%. In order to give a quantitative estimate we define

1(p) := / V)] d (2.16)

Theorem 2.6 (Concentration of commutators). Let B € BD),.(2) and let w €

L2 (). Let pe be a family of mollifiers induced by a radial convolution kernel p.
Then:

(i) The distributions T. defined by (2.15) are induced by measures with locally
uniformly bounded variation in 2 as € | 0.

(i) Any limit point, in the distribution sense, of |Tc| as € | 0 is a measure o with
locally finite variation in §2 satisfying

o(A) < ||wl|zey({(p)|E°B|(A) + |D* - B|(A)) for any open set A CC S,



Proof. (i) Let A CC Q and let € < dist(A, 0). We check first that
Tezrefd—w*peD-B in A,
where

re(x) = /Rdw(y) {(B(z) = B(y)) - Vpe(y — x)} dy. (2.17)

Indeed, for any test function ¢ € C'°(A) we have that (T, ) is equal to

—/ wB - Vp.*xpdy — /dng-VpE*wdx—/dw*pegpdD-B
R

- /Rd /Rd ) - Vpe(y — x)p(x) dedy
/Rd/Rd 2)Vpe(z — y)w ()90<x)dydx—/Rdw*pegodD-B

= /rgapdx—/ w* pepdD - B
Rd Rd

(in the last equality we used the fact that Vp, is odd). Now, using the fact that
p(z) = h(]z]) is radial we obtain

TE(I):E_l_d/ w(y)(B(x)—B(y))'(y—r)h,(Iy—x\) d

ly — | €

and changing variables we get

re(z) = /Rd w(z — €2) 7] h'(|2]) dz. (2.18)

Finally, by integration on A, from (2.6) we get the uniform L' bound on A as € | 0.
(ii) Let o be any limit point of the distributions ||, along some sequence ¢;, and
consider an open set A CC (). By Riesz theorem and (i) we know that ¢ is a measure
with locally finite total variation in Q. Given ¢ € C°(A) with 0 < ¢ < 1 we have
that (o, ) is equal to (with the notation w; = w * p,)

lim (|r, — widiv B|.Z%, ¢) + (Jw;D® - B|, p).

1—00

The second term can be uniformly estimated from above with ||w/||e(a)|D* - B|(A)
for i large enough. The first term can be estimated using (2.17) and Proposition 2.5
as follows

lim sup / o(x)
A

1—00

/Rd Wiz — 62y BE =GR = B@) 2y div B(a)

Ei\z|

< liririilp/Ago(x) /RdBeli(—z)w(:L'—eiz)h’ﬂz\)—w(m)divB(x) dzdx
+1i?iilp[4¢(x) /R B2 (—2)w( — ci2)H(|2]) dz| do

10

dzdx



The first limit is equal to 0 because

w(SC . €iZ)Beli(_Z>($) — w(x)(é"B(l’)(—Z)a é

(taking into account the strong Lj () convergence of Bl (—z) in (2.7) and the

loc
strong continuity in L{. . of translations) so that the limit equals
/

using the fact that

) stronglyin Li ()

auto) ([ (@B -2, o aDds - aiv Bo))

dx =0,

z

/Rd<<o@B(x)z, W (|z))dz = /Rd<éaB(x)z, Vo(z)) dz

2]
. /R pE)div(8 B(r)2)d
= —trace &B(x) = —div B(x).

The second limsup can be estimated with 1(p) [[w]| 4y |E°B| (A) using (2.8). Since
¢ is arbitrary we obtain that o(A) < [Jwl| 4 (I(p)ﬁEsB| (A)+|D* - B|(A)) , and
therefore the estimate of the thesis. O

3 Weak traces of vector fields with measure di-
vergence

In this section we assume that C': Q C R? — R? is a locally bounded vector field
whose divergence, in the sense of distributions, is a locally finite Radon measure in
Q, denoted by D - C. We denote by M (£2) the class of these vector fields.

Given a domain with C' boundary ' CC € we can define the trace of the
normal component of C' on 99" as a distribution as follows:

(Tr(C,0Y),¢) := [ Vo -Cdr+ / pdD - C for any ¢ € C°(Q2).  (3.1)
o o

This definition is obviously consistent with the Gauss-Green formula, in the case
when C' € C'((/,RY), and gives that the distribution is induced by the integration
on 0 of C' - vq, where vq is the outer normal to €. In general it turns out that
this distribution is induced by the integration of an L* function on 9¢?, that we
will still denote by Tr(C,0€'), and moreover this function depends only on 9€)’ and
its orientation, rather than on 2'. First of all, we need the following approximation
lemma.
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Lemma 3.1. Let Q' CC Q be a domain with C* boundary. For any ¢ € C()
and any € > 0 sufficiently small there exists ¢ € C°(Q) such that

- @ —  vanishes in a neighbourhood of 0V,
- N @ellze@y < llllze@),
- Pe=00n QA ={xeQ: dz,00) > €} and

B fQ/ Vo] < e+ faQ/ |l

Proof. Since Q) € C!' it is easy to find (using for instance the fact that 0 is
locally a graph) a family of open sets 2, such that €, C ', Q, 1 Q" as h — oo and

lim sup |DXQ}L|(Rd) < |DXQ/|(]Rd).

h—o0

Consider h sufficiently large, so that Q;, D Q, and 7, = xq, * ps, with § = §(h) > 0
sufficiently small so that § < dist (0€2,,0€") and the interior of {n, = 1} contains
QL. Setting ¢p = (1 — np)ep, it suffices to check that also the last property holds for
h large enough. Indeed, by Jensen inequality we still have

lim sup | D, |(R?) < | Dy |(RY)

h—o00

and since (by the lower semicontinuity properties of the total variation)

1i}1lrn inf |Dny|(A) > |Dxar|(A) for any open set A C R,

we obtain (see for instance Theorem 1 in §1.9 of [22]) that |Dny| weakly converge,
in the duality with C.(R?), to |Dxq|. We have then

V] do < / (1— m)| V| do + / (ol [V der — / ol dt.
Q/ Q/ Q7 o0/

Hence we can set . = ¢, for sufficiently large h. O

Proposition 3.2. The distribution defined in (3.1) is induced by an L™ function
on O, in the following still denoted by Tr(C, ), with

| Te(C, 0Y)|| Lo a0y < ||C| oo () -
Moreover, if ¥ is a Borel set contained in 02y N0y and if vo, = vg, on X, then

Tr(C,00;) = Tr(C,00,)  H#*'-a.e. on X (3.2)
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Proof.  First, it is immediate to check that the support of the distribution Tr(C, 0)
is contained in 0§Y. Let € > 0 and ¢ € C°(Q2) and take ¢, as in the previous lemma.
We can estimate in the following way:

(TH(C.09), )] = (THC.02),5.)
< | [ e +1Clma [ 19
194 94
< | [ saw-o) +iClmen ([ 16l+e)
QY oY
<

IellimnlD- CUON )+ [Cllimn ([ 1ol +e).

If € = 0 we get [(Tr(C,0), )| < [|C|ze@ ||l o0y and it follows that we can
represent Tr(C, 0Q2') with an L* function on 0.

For the second part of the proposition, let T and 75 be the traces of C' on 0€),
and 98, respectively. Take y € C°(R?) with 0 < x < 1 and with support contained
in the unit ball B;. Take z € ¥ satisfying the following two conditions:

(a) z is a Lebesgue point for T} and Ts,
(b) (2.1) holds at « with = |D-C|L(Q, UQy), E=Y and k =d — 1.

Observe that these properties are satisfied s#9 1-a.e. in X, so it will be enough to

show that T (z) = Ty(z) for any such x.

Now define x,(y) = X(y;px): we have that the support of x, is contained in

B,(z). We are going to use a blow—up argument to show our thesis. If p is small
enough, we can use X, as a test function in the definition of trace to obtain

/ Tixp:/ pr-Cdx+/Xpd(D-C) fori=1, 2.

Let us now estimate the two differences that appear writing explicitly |, o0, T1Xp —
Joa, Tox,- First of all we have

Uy O [ V€] < 22 (90 A ) N By(a)) = o)

‘ Ql Q2

because the symmetric difference between €2; and 25 becomes very small when
p — 0. Moreover, we have

‘/ﬂl xp,d(D - C) — /Qz Xpd(D - C’)‘ <D - C|((Q1 U Q) N B,(z)) = o(p™")
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because of assumption (b) on x.
From these estimates we get

/ TiX, —/ Tox, = o(p™). (3.3)
891 892

Observe that, for i = 1,2, we have

[ @-n@pda < [ ) - Tt ) = o)
Pier 9%NB, ()

because x is a Lebesgue point both for 7} and T3, by assumption (a). Moreover

T [t < i) [ @)

x

where II, is the tangent plane to X (that is, to 9Q; and 0€2) in x. This can be
easily seen changing variable, z = %, and observing that in a small neighbourhood

of x the rescaled sets 99, = (9€; — x)/p converge in C* to IL, as p | 0.
Then, using the triangular inequality, we get

1
pi-1

TN () = Tiw) [ (@),

09 2
Recalling (3.3) and observing that we can find x such that [;; x(2)d#*"'(z) # 0
we obtain that T} (z) = Ty(z). O

We can use the property (3.2) to define the traces Tr™(C,X), Tr (C,X) on a
oriented C' hypersurface ¥ CcC Q. Indeed, choosing an open C! domain ' CcC Q
such that ¥ € 09 and v = vy, we define

Tr(C, %) :=Tr(C,00)  onX.

Analogously, choosing this time an open C' domain Q" CC € such that ¥ C 99"
and vqr = —vs, we define

TrH(C, %) == —Tr(C,0Q")  on X.

With the convention that boundaries of open sets are oriented by the outer
normal, it turns out that Tr™ (C, X)) is equal on ¥ to the trace Tr(C, ") defined
in (3.1). If Tr™(C, %) = Tr (C,X) we will sometimes indicate with Tr(C,Y) the
common value.

14



Definition 3.3 (Normal trace on countably 74~ -rectifiable sets). Using the pre-
vious locality result we can give a meaning to the normal trace of C' on any oriented
countably % -rectifiable set . Indeed, we can find countably many oriented C!
hypersurfaces ¥; and pairwise disjoint Borel sets E; C ; such that % (X \ U, E;) =
0 and vs(z) is the classical normal to X; for any x € E;, and then we can define

T (C, %) =T (C, %), Tr (C,%):=Tr (C,%;) A a.e. on F;.

The locality property ensures that, up to J#¢ !-negligible sets, this definition
does not depend on the choice of ¥; and E;; nevertheless, as in the case of oriented
O hypersurfaces, it depends on the orientation.

Proposition 3.4. Let C be a vector field in My, (2). Then:
(i) |D - C|(B) =0 for any 7% *-negligible set B C Q;
(ii) for any C' oriented hypersurface ¥ C Q we have

D-CLY = (Tr"(C, %) — Tr—(C, %)) #LY.

Proof. (i) By inner regularity it is enough to show the thesis for any compact set
K C Q such that 297 1(K) = 0. Then we will show that

(xkD-C,p) =0 for any ¢ € C°(Q). (3.4)
Fix any € > 0 and take a finite family of balls {B;} such that K C U;B; and
S, A HOB;) < e. Let x. be the characteristic function of U; B; and let x5 = xe*ps

with ps a standard convolution kernel. If ¢ is small enough, we can suppose that
the supports of all x.s are contained in a compact set K C 2. Then we have

(XeoD - C,p) = — / C - V(Xesp) dr = — / @0C - Vxesdr — / Xe,sC - Vo dx
Q Q Q

and a simple estimate gives

[(XesD - C, )| < ||C||Lo<>(f<) [H@HLOO(R) /Q [VXes| dx + ||V90||L°°(f{)$d({Xe,6 > 0})] :
Since Vxes = Dx. * ps, Jensen’s inequality gives

lim sup lim sup/ |V Xes| dx < limsup |Dx.|(£2) = 0.
€l0 510 Q €lo

Hence we can apply the estimate above with a suitable §(e¢) — 0 to obtain (3.4).
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(i) Since the statement has a local nature we can test the identity with ¢ €
C>(A), where A CC Q and ¥ is equal in A to the 0 level set of F' € C'(A) with
IVF| > 0 in A. Setting At = AN{F > 0} and A~ = AN {F < 0} and using the
definition of Tr*(C,¥) and Tr™ (C, X)), we get

—/TrJr(C,E)god%”d_l:/
s

At

Vgo~Cdx+/ pd(D-C)

At

and

/Tr‘(C,Z)god,%”‘H: Vgp-C’dx+/ wd(D- ).
b

.
Taking into account that [, Vo -Cdz = — [, ¢dD-C, because p € C°(A), adding
up these two equalities we get

/ESOd(D -C) = /Z[Tr+(C, ¥) —Tr=(C, %)]p ds#*

O

Definition 3.5 (Families of level surfaces and graphs). Let I C R be an open interval
and let Xy, t € I, be a family of oriented hypersurfaces. We say that {X;}er is a
family of level surfaces in Q' CC Q if there exists F € CY (V) such that F(V) =1,
{F =t} =% foranyt € I, |VF| >0 in Q' and X, is oriented by VF/|VF|.

We say that {¥;}ier is a family of graphs in Q' CC Q if, in addition, in a suitable
system of coordinates, we have

QO = {x eRY: (x1,...,24.1) €D, f($1,...,:)3d_1)—xd61}
for some open set D C R¥ and some f € CY(D), and
F(l‘l,...,l’d):f(l‘l,...,l'd_l)—Lj Vo € V.

The following proposition shows that the weak trace is generically consistent
with the pointwise values of the vector field on families of level surfaces.

Proposition 3.6. Let C € M () and let Xy, t € I, be a family of level surfaces
contained in ' CC Q as in Definition 3.5. Then

C-vyg, =Tr"(C, %) =Tr (C, %) A ae. on' Sy, for L-ae. t e

Proof. Since D - C' is locally finite, there exists N; C I at most countable such that
D-CLY, =0forallt € I\ N;. For these values of ¢, using Proposition 3.4, we
have Tr(C, %) = Tr (C, %).

16



Let us now approximate C' with smooth vector fields C'. = C % p. by convolution,
so that C, are locally uniformly bounded in L and converge to C'in L} (). Since
D-C. = (D-C)x*p. by a general property of convolutions of measures we have
that |D - C,| weakly*-converge, in the duality with C.(Q2), to |D - C|. Hence (see
for instance Proposition 1.62(b) of [8]) we have also D - C. — D - C' weakly*, in the
duality with continuous and bounded functions in €, for every open set Q CcC

such that |D - C|(9Q) = 0. For such an €, using the definition of trace we have
Tr(C.,00) — Tr(C,99Q)

in the sense of distributions on Q. Observing that Tr(C., dQ) are uniformly bounded
in L=(9Q) as € | 0, we deduce that we have also convergence weak* in L (9).
Noticing that, for every ¢ € I\ Ny, we can find an open domain Q with &, ¢ 9Q
and |D - C|(99Q) = 0, we easily deduce that

Tr(Ce, 3y) — Tr(C, %) weakly™ in L>°(3;) for any ¢ € I\ Ny.

Recalling that 2 CC 2, we can extract a “fastly converging” subsequence C, ,
i.e. a subsequence such that ), ||Ce, — C||11(@) < +00. Then we have

/ S~ Clogydt = 3 / IC,y = Clluss dt
I h 3 I

= Z/ IVF||C,, — C|dx < +00
n Y

and it follows that Y, ||C., — CllLi(s,) < oo for all t € I'\ N, with £*(N) = 0.
Clearly this means that

Céh |2t_> C |2t in Ll(zta %d_l |—Et>
for all t € I'\ N,. Recalling that for smooth vector fields the trace is the classical
one, we get the desired result for all ¢t € I\ (N7 U Ny). O

Finally, in the more particular framework of families of graphs (with the same
notation introduced in Definition 3.5), we investigate the continuity of the maps
t — Tr"(C, %) and t — Tr (C,%;). Looking at the traces as functions on D,
it turns out that the maps are weakly* continuous but not strongly continuous in
general.

Theorem 3.7 (Weak* continuity of traces). Let ¥y, t € I, be a family of graphs as
in Definition 3.5 and let C € M (). Fiz ty € I and set

a(z’) = Tem(C, 5 (@', f(2') — o),
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a(z') = Tet(C, %) (2, f(2) —t) fort > t,.
Then we have
%iﬁn o (2)) = a(z))  weakly® in L®(D, £ 'L D).
0

Proof. Let ¢ € C°(D) and set ®(2', z4) = ¢(2') and
O ={(a",2g) : 2" € D, f(a) =t <xqg < f(2') —to}.

Observing that we can test against ® in the trace formula and estimating in the
obvious way, we get

‘ /émt [Tr+(C, ) (x)®(z) — Tr™ (C, Zto)(x)cl)(g;)] dﬁfd_l(x)‘

V@-Cdx—/

‘ Qt Qt

< Vel @ 1O o)L () + [l (0| D - Cl()

cI)d(D-C)‘

that clearly vanishes as ¢ | ty. This shows that
[ alero@ie) i = [ a@otopta)d
D D

(where o(2') = /1 + |V f(2')|? is the area element) for any ¢ € C°(D). Thanks

to the density of smooth functions and to the uniform boundedness of «; it follows
that
}tll:gn a(2)o(2') = a(z)o(z')  weakly® in L>(D, £ 'L D)
0
and observing that o(z’) > 1 we get the desired convergence. O

Obviously a similar result holds in the case of convergence of Tr™(C,%;) to
TrH(C,%,) as t T ty. Let us now show that w*-continuity is the best we can hope
for. The following example is taken from [11].

Example 3.8. Set Q = R? and ' the unit ball. Consider the horizontal stripes
Qj = {23% <y< 2% and € = {—2% <y < —23%} for j positive integer. Then
divide each stripe into squares and consider in each square the vector field (of unitary
modulus and constant in each triangle) drawn in the figure. Observing that the
discontinuities of the vector field are always parallel to the discontinuities lines,
thanks to Proposition 3.4 we deduce that it is divergence-free, so it clearly belongs
to M (£2). It is also immediate to check that the trace on {y = 0} vanishes, but in
this case we cannot expect strong L' convergence to 0 of the traces on the horizontal
lines, due to the oscillations of the field.

18



4 Chain rule for traces on hypersurfaces

In this section we assume that C' € M () has the form wB with w :  — R,
B : Q — R? both locally bounded, with B € BD),.(2). We show first that this
class of vector fields is stable under “renormalization” of the scalar component w.

Lemma 4.1 (Weak renormalization). Under the assumptions above, we have h(w)B €
Mo (Q) for any h € CL(R). Furthermore, for any open set ' CC Q we have

|D- (h(w)B)| < o W6 (MI(p)|E*B| + M|D*- Bl + |D - (wB)])

4 osup |[tH(t) —h()||D-B|  in <,
M]

te[—M,
with M = ||w||r~y and I(p) defined as in (2.16).
Proof. Let T, be defined as in (2.15) with w, = w * p., so that
T.=(D-(Bw))* p. — B-Vw.Z* —w.D - B.
Multiplying both sides by h'(w,) we obtain
D - (h(we)B) = W(w,) (D - (Bw)) * pe + (h(we) — K (w)w)D - B — h'(w.)T.. (4.1)
Passing to the limit as € | 0, the thesis is achieved using Theorem 2.6(ii). O]

The following theorem is one of the main results of the paper: due to the nonlinea-
rities involved its proof cannot be achieved using only the w*-continuity properties
of the trace operator. The proof involves a suitable extension argument, based on
Gagliardo’s theorem, and the quantitative estimate in Lemma 4.1.

Theorem 4.2 (Change of variables for traces). Let Q' CC Q be an open domain
with a C boundary and let h € C'(R). Then

Tr(wB, o)
Tr(B, 0)

where the ratio Tr(wB, Q) /Tr(B,08Y) is arbitrarily defined at points where the
trace Tr(B, 0Y) vanishes.

Tr(h(w)B,0Q) = h < ) Te(B,0QY) A" '-ae. on O,
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Proof. It is not restrictive to assume that the larger open set €2 is bounded and
that it has a C' boundary.
STEP 1. Let Q" =Q\ (V. In this step we prove that

Tr(wB, 0Q")

Tr(h(w)B,092") = h ( Tr(B, 0"

) Tr(B,0QY") " *a.e. on 09,

under the assumption that both w and the components of B are bounded and belong
to the Sobolev space Wh1(Q"). Indeed, the identity is trivial if both w and B are
continuous up to the boundary, and the proof of the general case can be immediately
achieved by a density argument based on the strong continuity of the trace operator
from WHH(Q") to LY(9Q", 91 L0Q") (see for instance Theorem 3.88 of [8]).
STEP 2. In this step we prove the general case. Let us apply Gagliardo’s theorem on
the surjectivity of the trace operator from Wh! into L! to obtain a bounded vector
field B, € [Wh1(Q")]¢ whose trace on 9 C 99" is equal to the trace of B, seen as
a function in BD(§Y). In particular Tr(B, 0§Y) = —Tr(By,0Q") on 0. Defining

Blz) = B(x) ?foQ
By(z) ifxeQ”,

it turns out that B € BDy,.(Q) and that (see (2.5))
|EB|(09) = 0. (4.2)

Let us consider the function 6 := Tr(wB, 0Q')/Tr(B,0) (set equal to 0 wherever
the denominator is 0) and let us prove that ||0|| = @aq/ is less than ||w|| Lo (/). Indeed,
writing 9 as the O-level set of a C' function F with [VF| > 0 on 99 and {F =
t} C @ for L'-a.e. t > 0 sufficiently small, by Proposition 3.6 we have

—||w|| ooy Tr (B, 0{F > t}) < Tr(wB, 0{F > t}) < ||wl|pee(onTr (B, 0{F > t})

A1 ae. on {F = t}. Passing to the limit as ¢t | 0 and using Theorem 3.7 we
recover the same inequality on {F = 0}, proving the boundedness of 6.

Now, still using Gagliardo’s theorem, we can find a bounded function w; €
W) whose trace on 9 is given by 6, so that the normal trace of w,B; on 9§
is equal to —Tr(wB, 02') on the whole of J€)'. Defining

@) = {w(:c) itz € QY

wy(z) ifx e,
by Proposition 3.4 we obtain

1D - (wB)|(9) = 0. (4.3)
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Let us apply now Lemma 4.1 and (4.2), (4.3), to obtain that the divergence of
the vector field h()B is a measure with finite total variation in €, whose restriction
to 0 vanishes. As a consequence, Proposition 3.4 gives

Trt (h(w)B,0Q) = Tr~ (h(w)B,0) A" *-ae. on Q. (4.4)

By applying (4.4), Step 1, and finally our choice of B; and w; the following chain
of equalities holds #%'-a.e. on O€):

Te(h(w)B, o) = T~ (h(@)B,8%) = Tr(h(w)B, o)

Tr ’LUlBl Q// )
= —Tr(h(w)By,00") = —h ’ Tr(B;, 09"
(h(ur) B, () (s 00)
B Tr(wB, o) ,
_ <—Tr(B,an) )Tr(B,aQ).
U

5 The Cauchy problem with a SBD velocity field

In this section we show that any distributional solution of the transport equation
B -Vw = c%? is renormalizable, according to the terminology intruduced by Di
Perna and Lions in [21], when the vector field B belongs to SBDjo.(€2) and D - B <
Z¢. In the rest of the section we illustrate several by now standard consequences
of this fact, based on the tools introduced in [21] and in [3].

Theorem 5.1 (Renormalization lemma). Let B € SBD..(2) be a locally bounded
vector field with D-B < £, Ifw is a locally bounded function satisfying D-(wB) <
£ then

D (h(w)B) = —Lh(w)D - B+ h'(w)D - (wB),

with Lh(t) = th'(t) — h(t) for any h € CY(R).

Proof. Passing to the limit as e | 0in (4.1) of Lemma 4.1 and using Theorem 2.6(ii)

we obtain
D - (h(w)B) = —Lh(w)D - B+ h'(w)D - (wB) + o

for some measure o absolutely continuous with respect to |E*B|. By the SBD
assumption the measure |E*B| is concentrated on some countably ¢~ !-rectifiable
set 3. Therefore, it suffices to show that D - (h(w)B)LY = 0.

By the rectifiability of ¥ we can cover % !-almost all of ¥ by compact sets
K;, each contained in a C" oriented hypersurface 9);. Taking into account the first
statement in Proposition 3.4, it suffices to show that D- (h(w)B)L0$2; = 0 for any i.
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Since the divergences of B and wB are absolutely continuous the second statement
in Proposition 3.4 gives

Tr™(B,0Q;) = Tr~(B,09;) and Tr'(wB,90Q;) = Tr (wB, %)
% _a.e. in 0L);, so that the change of variables formula for traces gives
Tr (h(w)B, 08;) = Tr™ (h(w) B, 0Q;).
From Proposition 3.4 again we obtain that D - (h(w)B)L0S); = 0. O

Introducing the notation (justified by the absolute continuity assumption on the
divergence)

(B-Vuw,p) = (D (wB),p) — (wD-B,p)  peCRY
we can read the renormalization lemma in an easier way:
B-Vw=c% = B-V(h(w))=ch'(w)Z* forany h c C'(R).

Notice that in the general case B € BDy,.(Q) and D - B < £? the previous
argument still gives that the absolutely continuous part of B-V (h(w)) is h'(w)B-Vw
and that B - V(h(w))LY = 0 for any countably J#? !rectifiable set, but these
informations are not sufficient to conclude, as B -V (h(w)) could a priori have also a
“Cantor” part, neither absolutely continuous with respect to -Z?, nor concentrated
on rectifiable sets.

In the final part of this section we briefly recall the consequences of the renor-
malization property for SBD functions, referring to [3] for more details, since the
proofs here will be omitted because they are just the same ones we have in the BV
case.

First we can apply the renormalization property to derive uniqueness and compa-
rison results for bounded weak solutions of the transport equation d;w + b - Vw =
c.Z%1 in the autonomous case and also in the nonautonomous case, when b is SBD
with respect to the spatial variables.

We fix T' € (0,+00), and consider a vector field B of the form B = (1,b), with a
function b(t,z) : (0,T) x R? — R satisfying the following conditions

bi(x) = b(t,z) € SBDoo(R?) for L'-ae. t € (0,T), (5.1)
/ |b| dtdz +/|Ebt| (Bg)dt < +o0o0  whenever R > 0 and I C (0,T). (5.2)
(0,T)x Bg I

We also assume that for Z'-a.e. t € (0,T) the distribution D - b; is representable
as div b, 2% with

T
/ |div be[| o () dE < +00  whenever R > 0. (5.3)
; :
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With the particular choice of B = (1,b) the renormalization property, which can
be proved along the same lines of Theorem 5.1 by a mollification along the spatial
variables only, reads as follows:

B-Vi,w=c?"" = BV (hw))=ch(w)ZL™  forany h € C'(R).
(5.4)
Moreover the equation on the left hand side reduces to a transport equation of the

form
0wt

E + bt . Vmwt = C¢ in (0, T) X Rd, (55)
(with wy = w(t,-), ¢ = ¢(t,-)). When ¢ = e;w; for this PDE the same comparison
result that the first author proved for BV functions in [3] holds (the proof uses
Gronwall inequality and (5.4)). For the reader’s convenience we recall the statement

of the theorem.

Theorem 5.2 (Comparison property). Let w!, i = 1,2, be solutions of the transport
equation (5.5) in (0,T) x R? with with ¢; = e;w; and fOT €]l oo (5 At < +00 for
any R > 0. Assume that b satisfies (5.1), (5.2), (5.3) and that there exist constants
C >0, R >0 such that

|will, <C, w;=0 L% a.e. in R\ Bg
for any t € (0,T). Then wh < wi implies w} < w? for any t € [0,T).

As showed in [21] and in the last section of [3], the comparison property can also

be used as a tool to study the generic uniqueness of the ODE Y = b(t, 1), through
the notion of reqular Lagrangian flow. Let us recall the basic definitions in this
context before stating the two relevant theorems in this discussion, concerning the
existence and uniqueness for regular Lagrangian flows, and the stability of regular
Lagrangian flows with respect to the approximation of b with vector fields which are
Lipshitz with respect to the x variable.
Let A C R? be a Borel set and let us denote by . (R?) the space C([0,T]; R
endowed with the sup norm. Given an #%-measurable map ¢ : A — Z(R9),
we say that ¢ is a Lagrangian flow starting from A relative to b if ¢ (z)(-) is an
integral solution of the ODE 4 = b(t,~) starting at = (i.e. v € C([0,T];R?) and
Y(t) = x + [[b(r,7(7)) dr for any t € [0,T]) for L%ae. x € A. Furthermore,
we say that a Lagrangian flow v is regular if there exists an increasing sequence of
Borel sets A;, whose union is A and constants C}, such that

/ o () (t)) de
Ap

The natural extension to the SBD case of the results in Section VI of [3] are the
following theorems:

<G [ lowldy ¥ e CurY), te 0.7)
R
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Theorem 5.3 (Existence and uniqueness). Assume that
(i) be L=((0,T) x R%RY);
(ii) by € SBDyoo(R?) for L1-a.e. t € (0,T), |Eb|(Bg) € LL_(0,T) for any R >0
and

T
/ H[divbt]_HLw(BR) dt < +o00 VR >0.
0

Then, for any £%-measurable A C RY there exists a reqular Lagrangian flow starting
from A.

Furthermore, if ¥; are reqular Lagrangian flows starting from £*-measurable set
A, CR? i =1,2, we have

Uy (x) = hy(x)  for Lae. x € AN A,

Theorem 5.4 (Stability). Assume that (i) and (ii) in Theorem 5.3 hold. Let
bu(t,x) : (0,T) x RY — R? be satisfying

bi(-,x) is L -measurable in (0,T) for any v € RY,
sup [|bp]|, < C and b, —b inLi ((0,T) x R:RY),
h

Vbu(t,-) € L®((0,T) x Br;R>?) VheN,VR>0.

Let ¢y (z)(t) be the unique solutions in [0,T] of the ODE #(t) = by(t,(t)) with the
initial condition v(0) = z and assume that for any R > 0 there exists a constant Cg
such that

/B o (2)(1)) de

< CR/ lo(y)|dy Vo € C.(RY), t €[0,T]
By

with Mp = R+ T'supy, ||bn|,. Then, denoting by ¢ the regular Lagrangian flow
relative to b starting from R? given by Theorem 5.3, the functions 1, converge in
L (R .Z(RY)) to the function 1, i.e.

loc

lim sup [¥(z)(+) — Yp(x)(-)| dv =0 VR > 0.

h=00 J By [0,T]
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6 Continuity points, jump points and traces

In this section we compare the trace operator, defined in the sense of distributions
in Section 3, with the (approximate) pointwise limits defined with integral averages
on balls, used in the definitions of the approximate discontinuity set S,, the approx-
imate limit u, the approximate jump set J, and the approximate one-sided limits
ut. When u = B € BD, the following well known result provides a complete

solution of this problem (see Chapter II in [28]):

Proposition 6.1. Let ¥ C Q be a C' oriented hypersurface and B € BDiy(S).
Then, up to A -negligible sets, we have

B'I/g OTLZ\SB
Tr"(B,X) =< Bt vy onXNJgN{vg=rs}
B_'VZ OnZﬂJBm{VB:—Vz}.

In addition, we have 1 ((Sp \ Jg) NX) = 0.

An analogous result holds for functions u € BVj,.(€2; R™), see for instance The-
orem 3.77 and Theorem 3.84 of [8]. In the following theorem we try to extend these
properties to locally bounded scalar functions w satisfying wB € M (2). It turns
out that this is possible out of the set where the normal trace of B on X vanishes.

Theorem 6.2 (One-sided limits of w on C' hypersurfaces). Let ¥ C Q be a C!
oriented hypersurface and let w, B be locally bounded functions with B € BD).(£2)
and wB € My (). Then, for % 1-a.e. x € ¥ such that Tr" (B, X)(z) # 0, we
have (recall the notation (2.2))

TrH(wB, 2
limr_d/ ‘w(y)— - wa . 2)(@)
rl0 B (2,05 () Tr™ (B, ¥)(z)

An analogous result holds replacing B} (x,vs(x)) with B (z,vs(z)) and Trt with
Tr.

~0. (6.1)

Proof. By the same extension argument used in the proof of Theorem 4.2 (based
on Gagliardo’s theorem on the surjectivity of the trace operator from Wl! to L)
we can modify w and B only the “negative” side of ¥ in order to obtain that
D - (wB)LY = 0. This modification of w and B does not affect the statement of the
theorem, due to the fact that the Lebesgue measure of the negative side of ¥ inside
B (z,vs()) is an infinitesimal faster than r¢. Moreover, taking into account the
change of variables for traces, the same extension ensures also that D-(w?B)L Y = 0.

Let F' C X be the set of points where Tr"(B,Y) = 0. We fix z € ¥\ F where
the following properties hold:
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(a) z is a Lebesgue point for the maps Tr*(wB,Y) and Tr* (w?B, ), i.e

lim 71~ / Tt (wB, B)(y) — Trt (wB, £)(x)| dA"(y) = 0
By (x)

rl0
and
h%l rl—d/ |Tr+(w237 E)(y) _ T1"+(’LU2B, Z)($)| d,%ﬂd_l(y) _y
" B (x)

2

(b) Tr (B, X)(2)Tr " (w?B, %) () = [Tr* (wB, Z)(2)];
() |D - (B)|(B,(x) = o(r*"1) and |D - (w?B)|(B, () = o(r~1);
(d) For some vector B € R? we have

limr_d/ |B(y) — B|dy =0
o B (z,v5(x))
and B - vs(z) = Tr" (B, X)(x).

All the properties above hold out of an ¢~ *-negligible subset of ¥\ F' (recall
the change of variables for traces, property (2.1) with £ = d—1 and Proposition 6.1),
hence if we show that these properties imply (6.1) we have completed our proof.

Up to a translation and a rotation we can assume with no loss of generality that
x = 0 and that vs(x) = €4, the d-th coordinate vector of the canonical basis of
R?. Since 0 ¢ F we have that By # 0 and we can assume, to fix the ideas, that
By > 0 (possibly replacing B with —B this is not restrictive). We describe ¥ in a
neighbourhood of 0 as the 0 level set of a C'! function ®, with V& parallel to vy, so
that ®(0) = 0 and V&(0)/|VP(0)| = eq.

+
al Qr A QT

Us;

wal]




Denoting by = (2/,z4) the generic point in R¢, we consider the “parallelo-
grams”

=@ 0) 4B te (—— L, |1 < /2
Q= {0 +1B: e (- ] <o/
(where ||2'|| = sup{|z;| : 1 <i<d—1}) and their intersections QF with {® >

0}. Notice that the normal component of B vanishes on all faces of Q,., with the
exception of the “top” face U, (in the hyperplane {x, = r}) and the “bottom” face
D, (in the hyperplane {z4; = r}). We denote by 9,Q, the boundary of @, without
the top and bottom faces. Notice also that Z%(Q;) = r? + o(r?), since ¥ is a C*
hypersurface.

Let r; | 0 and let s; € (1, 2r;) be such that

/ |B—B|d,%”d_1§r;1/ |B — B|dy
aQsi Q2ri

and Tr* (B, 0Qs,) coincides % -a.e. on Q,, with B-v, v being the outer normal to
Qs, (the existence of s; is ensured by the mean value theorem and by Proposition 3.6).
STEP 1. We show first that

1—00

lim 5 / wBady = Tr* (wB, 5)(0). (6.2)
Qs

Choose indeed the test function ¢;(y) = s; — yq and apply the definition of trace to
obtain

—/Q+ wBydy = —/Q+ w;d(D - (wB)) + /8Q+\U goiTr(wB,aQ;)d%”d_l ,

because ; = 0 on U,,. The first integral in the right hand side is o(s%), by condition
(c) on the divergence of wB. The domain of integration in the second integral can
be split into two parts, intersecting with 0@, (and this intersection is contained in
AQ,,, for i sufficiently large) and with ¥. Using the fact that B - v = 0 on 9,Qs,,
the first of these two parts is again o(s¢), by the estimate

/ [iTr(wB, 03] dA! :/ illwB v —wB - v da i (y)
8lei 81@32-

- M/ B~ Bldy
T Q2r;

and by our choice of s;. It remains to consider

/ @/ Tr(wB,0Q}) d# "' = — / o TrT (wB, X)) ds#* .
0Q%, N Q%N
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Here we use condition (a) (that, by a comparison argument, holds for the family @,
as well) and the fact that ¢; = s; + o(s;) on @, N X to obtain that this integral is
equal to

~Trt (wB, 2)(0)s] + o(s}).

STEP 2. In this step we show that

lim s /
1—00 Q;rz

Indeed, repeating the argument of Step 1 for the vector field w?B (recall that pro-
perties (a) and (c) have been imposed for the vector field w?B as well) and using
conditions (b) and (d) we obtain

Trt (wB, ¥)(0) B
w — T (B.5)(0) dy = 0. (6.3)

TrH (wB, $)(0)]”
lim s;d/ w?Bydy = Tr* (w’B,%)(0) = [T (wB, 2)(0)
Q3

1—00 Bd ’
therefore condition (d) again gives
lim s;d/ w’Bj;dy = [Tr* (wB, Z)(O)]z. (6.4)
1—00 Q;rz‘

Expanding the squares and using (6.2) and (6.4) we get

lim s;d/ lwBy; — Trt (wB, ¥)(0)|*dy = 0.
Qs

1—00

Eventually, adding and subtracting w By and using condition (d) again we get (6.3).
STEP 3. Conclusion. If 7 > 0 is such that B (0,e4) C Q1, we obtain by Step 2 and
by a comparison argument based on the fact that B;.(0,e;s) C Q, and that

R (BF(0,eq) NQ,\ Q) = o(r?)

the property T wB, 5)(0)
r (wh, 0
Tr™ (B, X)(0)

1ims;d/ w — ‘dy:()
e Brj;z (Oved)

lim 7; ¢ /
e B'ljr,b (O’ed)

Since the initial sequence r; is arbitrary the proof is achieved. O

and therefore - +( B.5)(0)
T (w
- ‘ dy = 0.
YT T (B,D)(0) ' ’
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Remark 6.3 (One-sided approximate limits of w on countably .79 !-rectifiable
sets). The previous result trivially extends to countably #9~1-rectifiable sets ¥ C
(), where in this case vy, is an orientation of ¥. Indeed, by the very definition of
orientation, we can find countably many C! hypersurfaces ¥; and pairwise disjoint
Borel sets E; C %; such that 54 (X \ U;E;) = 0 and vs(x) is the classical normal
to X; for any x € E;.

When the vector field has bounded variation we can say something more, proving
existence of one-sided approximate limits |DB|-a.e. out of the singular sets where
the normal component of B vanishes. According to Alberti’s rank one theorem [1] we
can write D*B = n®¢&|D? B for suitable unit vectors &, n € R? uniquely determined
|D*B|-a.e. up to a common change of sign. Comparing this representation with the
one given in (2.4) on Jp, we see that we can orient Jp in such a way that vg = .
Then we define

Fio= {x €O\ Sy B(x) &(z) = o} U{zeJp: B (x)-&(x) =0}, (65)

Foo= {er\SB: B(x)-{(x)zO}U{erB: B (x)-&(x) =0}.  (6.6)

Observe that the sets F5 depend on the choice of ¢, since ¢ is defined only |D*B|-
a.e. by Alberti’s theorem. Nevertheless this ambiguity will not influence our results,
because in Theorem 6.5 we will prove a property that holds |D*Bl-a.e. Furthermore
notice that, once we choose ¢, Fif and Fj differ only on Jp, where BT and B~
could have different scalar products with &.

When u = xg is the characteristic function of a measurable set, the approximate
discontinuity set S, coincides with the essential boundary 0*F, i.e. the set of points
where the density is neither 0 nor 1. On the other hand, choosing v, in such a
way that u™ > 7, it turns out that u™ = 1 and v~ = 0 at any approximate jump
point. With this convention v, is called approximate inner normal to E and we set
vg = vy. When u € BVj.(2) (i.e. the set E has locally finite perimeter in €2) using
a result due to De Giorgi and Federer (see Theorem 3.59 and Theorem 3.61 of [8])
we have

|Dxp| = A LO'E and Dxp = vps LO'E. (6.7)

Lemma 6.4. Let B € BVioo(Q;RY), let i € {1,...,d} and let E C Q be an £°-
negligible Borel set. Then, for £1-a.e. t € R the following property holds: (sgnn;) &
is the approximate inner normal to {B; > t} for % -a.e. x € ENO*{B; > t}.

Recall that sgnn; is not defined only on a | D®B;|-negligible set, so the lemma is
correctly stated, again in view of Theorem 6.5.
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Proof. Without loss of generality we assume that £ CC . We use (see for instance
Theorem 3.40 of [8]) the coarea formulas and (6.7) to obtain for any Borel bounded
map ¢ with compact support in €2

/(pd|DBi|=// (pde%ﬂd_ldt, /(pdDBi:// Spftde%ﬂd_ldt,
Q R *{B;>t} Q R Jo (B>t}

where & is the approximate inner normal to {B; > t}. Using these formulas we get

/R HTWENG (B, > t))dt = |DBi|(E) = (senn;) EDBi(E)

= // (sgnm;) € - & ds" dt.
R J ENO*{B;>t}

Comparing the two expressions we see that equality can hold only if the property
stated in the lemma is true. U

We can now prove existence of the approximate one-sided limits | D Bl-a.e. out of
the sets F ét. By Lebesgue differentiation theorem it suffices to consider the singular
part of DB only.

Theorem 6.5. Let B € BVi,o(;RY). Then for |D*B|-a.e. x € Q\ F}; we have

lim 7~ / lw(y) — w ()] dy = 0 (6.8)
rl0 B} (2,£(2))

for a suitable w*(x) € R. Moreover, in any Borel set E C Q\ (Fg U Sp) such that
|D*B|LE < |DB;|, we can characterize w* by

Ha) — Tt (B, 0'{B: > Bi(w)})(x)
T (B, 0{B; > Bi(x)})(2)

Proof. Since Sp is countably s#¢l-rectifiable the existence of the one-sided ap-
proximate limit on Sg is a direct consequence of Theorem 6.2 and of Remark 6.3.
Therefore, we consider in the following only points out of F U Sp.

Since |D*B| < Y, |D*B;| we can find pairwise disjoint and .#*-negligible Borel
sets E1,...,E; such that |D°B|LFE; < |D*B;| and the union of the FE;’s covers
|D* Bl-almost all of Q\ (F U Sp). We will prove that w™ exists for |[DB|-a.e.
r € F; and

for |D°Bl-a.e. x € E.

(o) - BB (B> Bi)(2)
T (B, 9*{B; > B;()})(x)

for |D*B,l|-a.e. x € E;. (6.9)

By Lemma 6.4 we have that for #!-a.e. t € R the following two properties hold:
first, { B; > t} has locally finite perimeter in 2; second, the approximate unit normal
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to {B; > t} is given by (sgnn;) £(x) for 4 tae. x € E;NO*{B; > t}. For any
such ¢, by Remark 6.3, Theorem 6.2 and by rectifiability of 0*{B; > t}, we obtain
that (6.8) holds for % *-a.e. x € E; N O*{B; > t}, with

v T (wB,0*{B; > t})(x)
w () = Tt (B, 04{B; > t})(z)

Since E; does not intersect Sp we have that t = B;(z) for any = € E; N 0*{B; > t}.
Indeed, if z € 9*{B; >t} and t < B;(z), then £%({B; <t} N B,(x)) should not be
o(r?), but using Chebyshev inequality we should have

(B;(z) — t)i”d({Bi <t} N B,(z))

< (Bilx) - t)$d<{|Bi — Bi(z)| > Bi(x) — t} n BT(I))

g/ B, - Bi(x)|
By ()

and this integral is o(r?) because x ¢ Sp. In the same way we can prove that ¢
cannot be strictly greater than B;(z). Therefore the formula for w*(z) given in
(6.9) holds and finally, by integration with respect to ¢, the coarea formula gives the
existence of w™ for |D*B;|-a.e. z € Ej. O
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