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On the LP-differentiability of certain classes
of functions

GIOVANNI ALBERTI, STEFANO BIANCHINI, GIANLUCA CRIPPA

ABSTRACT. We prove the LP-differentiability at almost every point for convo-
lution products on R of the form K * u, where u is bounded measure and the
kernel K is homogeneous of degree 1 — d. From this result we derive the LP-
differentiability for vector fields on R? whose curl and divergence are measures,
and also for vector fields with bounded deformation.

KEYWORDS: approximate differentiability, Lusin property, convolution prod-
ucts, singular integrals, Calderén-Zygmund decomposition, Sobolev functions,
functions with bounded variation, functions with bounded deformation.

MSC (2010): 26B05, 42B20, 46E35.

1. INTRODUCTION

Let u be a convolution product on R? of the form
w:=K=*p (1.1)

where y is a bounded measure and the kernel K is of class C? away from 0
and homogeneous of degree 1 — d. The main result of this paper (Theorem 3.4)
states that u is differentiable in the LP sense' at almost every point for every
p with 1 < p < (1), where v(q) := qd/(d — q) is the exponent of the Sobolev
embedding for W4 in dimension d.

Using this result, we show that a vector field v on R is LP-differentiable
almost everywhere for the same range of p if either of the following conditions
holds (see Propositions 4.2 and 4.3):

(a) the (distributional) curl and divergence of v are measures;
(b) v belongs to the class BD of maps with bounded deformation, that is,
the (distributional) symmetric derivative 1(Vv + V') is a measure.

A few comments are in place here.

Relation with Sobolev and BV functions. If the measures in the statements
above were replaced by functions in L9 for some ¢ > 1, then v and v would be
(locally) in the Sobolev class W1 (see Lemma 3.9), and it is well-known that
a function in this class is L7(@-differentiable almost everywhere when ¢ < d,

1 The definition of LP-differentiability is recalled in §2.2.



2 G. ALBERTI, S. BIANCHINI, G. CRIPPA

and differentiable almost everywhere in the classical sense when ¢ > d, see for
instance [5, Sections 6.1.2 and 6.2].”

Functions in the BV class—mnamely those functions whose distributional de-
rivative is a measure—share the same differentiability property of function in
the class WH! (see [5, Section 6.1.1]). Note, however, that this result does not
apply to the functions v and v considered above, because in general they just
fail to be of class BV, even locally.?

A Lusin-type theorem. Consider a Lipschitz function w on R? whose (dis-
tributional) Laplacian is a measure. Then Vw satisfies assumption (a) above,
and therefore is L'-differentiable almost everywhere. Using this fact we can
show that w admits an L!-Taylor expansion of order two at almost every point
and has therefore the Lusin property with functions of class C? (see §2.4 and
Proposition 4.4). This last statement is used in [1] to prove that w has the
so-called weak Sard property, and was the original motivation for this paper.

Comparison with existing results. The proof of Theorem 3.4 relies on argu-
ments and tools from the theory of singular integrals that are by now quite
standard. This notwithstanding, we could not find it in the literature.

There are, however, a few results which are closely related: the approximate
differentiability at almost every point of the convolution product in (1.1) was al-
ready proved in [7, Theorem 6], expanding a sketch of proof given in [3, Remark
at page 129] for the spacial case K(x) := |z|'~? and u replaced by a function
in L. It should be noted that the notion of approximate differentiability (see
Remark 2.3(v)) is substantially weaker than the notion of L!-differentiability;
in particular, in Remark 4.7 we show that the result in [7] cannot be used to
prove the Lusin property mentioned in the previous paragraph.

Finally, the L!-differentiability of BD functions was first proved in [2, Theo-
rem 7.4]. As far as we can see, that proof is specific of the BD case, and cannot
be adapted to the more general setting considered here.

The rest of this paper is organized as follows: in Section 2 we introduce
the notation and recall a few basic fact on differentiability in the LP sense, in
Section 3 we state and prove the main result (Theorem 3.4), while in Section 4
we give a few application of this result.

Acknowledgements. This work has been partially supported by the italian
Ministry of Education, University and Research (MIUR) through the 2008
PRIN Grant “Trasporto ottimo di massa, disuguaglianze geometriche e fun-
zionali e applicazioni”. We thank Piotr Hajlasz for many helpful comments.

21n the case q > d we refer to the continuous representative of the function.

3 An example of u := K # ju which is not BVi.. is obtained by taking K (z) := |z|'~¢ and
1 equal to the Dirac mass at 0. An example of v with vanishing curl and measure divergence
which is not BVioc is the derivative of the fundamental solutions of the Laplacian, see §4.1.
Examples of vector fields v which are in the BD class but not in BV are more complicated,
and are usually derived by the failure of Korn inequality for the p = 1 exponent, see for
instance [2, Example 7.7], and [9, ***].
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2. NOTATION AND PRELIMINARY RESULT

2.1. Notation. For the rest of this paper d > 2 is a fixed integer. Sets and
functions are tacitly assumed to be Borel measurable, and measures are always
defined on the Borel o-algebra.

We use the following notation:

diam(FE)
1g
diSt(El, EQ)

diameter of the set E;
characteristic function of the set £ (valued in {0, 1});

distance between the sets F1 and FEs, that is, the infimum of
|x1 — xo| among all x1 € Eq, x9 € Eo;

B(x,p) open ball in R? with radius p and center z € R?
B(p) open ball in R? with radius p and center 0;
Si=1 .= {x € R?: |z| = 1}, unit sphere in R%
fE fd = ﬁ fE f du, average of the function f over the set F with
respect to the positive measure u;
p - i measure defined by the measure p and the density function
p, that is, [p- p](E) := [ pdp for every Borel set E;
1g - p  the restriction of the measure p to the set Ej
|u|  positive measure associated to a real- or vector-valued mea-
sure pu (total variation);
|l = |p|(R?), total mass of the measure ;
Z?  Lebesgue measure on R%;
% k-dimensional Hausdorff measure;
wg = 2L%B(1)), Lebesgue measure of the unit ball in R?
v(q) = qd/(d—q) for 1 < g < d and v(q) := +oo for ¢ > d;

exponent of the Sobolev embedding for W4 in dimension d.

When the measure is not specified, it is assumed to be the Lebesgue measure,
and we often write [ f(xz)dz for the integral of f with respect to 1.
As usual, we denote by o(p*) any real- or vector-valued g function on (0, +00)

such that p~%g(p) tends to 0 as p — 0, while O(p¥) denotes any g such that
p~*g(p) is bounded in a neighbourhood of 0.

2.2. Taylor expansions in the L” sense. Let be u a real function on R
Given a point z € R%, a real number p € [1,00), and an integer k > 0, we say
that v has a Taylor expansion of order k in the LP sense at x, and we write
u € t*P(z), if u can be decomposed as

u(z + h) = PX(h) + RE(h) for every h € RY, (2.1)

where PF is a polynomial on R? with degree at most k and the remainder R¥
satisfies

1 IRk a o). (22)
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As usual, the polynomial P¥ is uniquely determined by (2.1) and the decay
estimate (2.2).

When u belongs to t%P(x) we say that it has LP-limit at = equal to P2(0).
When u belongs to t17(z) we say that u is LP-differentiable at = with derivative
equal to the VPL(0).

Moreover we write u € T*+1P(z) if the term o(p*) in (2.2) can be replaced
by O(p**1). Accordingly, we write u € TOP(x) if

1/p
[][ |u(z + h)P dh =0(p).
B(p)

The definitions above are given for real-valued functions defined on R", but
are extended with the necessary modifications to vector-valued functions defined
on some open neighbourhood of the point x.

Finally, it is convenient to define t*°°(x) and T%>(z) by replacing the left-
hand side of (2.2) with the L> norm of R¥(h) on B(p). Note that u belongs to
tk:°0(z) if and only if it agrees almost everywhere with a function which admits
a Taylor expansion of order k at x in the classical sense.

2.3. Remark. (i) The space t*P(z) and T%P(x) were introduced in a slightly
different form in [4] (see also [10, Section 3.5]). The original definition differs
from ours in that it also requires that the left-hand side of (2.2) is smaller that
cp” for some finite constant ¢ and for every p > 0 (and not just for small p).*

(i) The function spaces t*P(z) and T*P(x) satisfy the obvious inclusions
TFP(z) C T*4(x) and t*P(z) C t*9(z) whenever p > ¢, and TF1P(z) C
thr(x) C TFP(x).

(iii) Concerning the inclusion t*?(z) C T*P(z), the following non-trivial
converse holds: if u belongs to T*?(z) for every z in the set £, then u belongs
to t*P(x) for almost every x € E [10, Theorem 3.8.1].°

(iv) We recall that function u on R? has approximate limit a € R at z if the
set {h: |u(x + h) — a| < e} has density 1 at 0 for every € > 0. It is immediate
to check that if u has LP-limit equal to a at x for some p > 1, then it has also
approximate limit a at x.

(v) A function u on R? has approximate derivative b € R? at = (and approx-
imate limit a € R) if the ratio (u(x +h) —a —b- h)/|h| has approximate limit 0
as h — 0. It is easy to check that if w has LP-derivative b at x then it also has
approximate derivative b at x.

4 This additional requirement is met if (and only if) the function w satisfies the growth
condition IBW [u|P < cp?™*P for some finite ¢ and for sufficiently large p.

5For k = 0 this statement can be viewed as an LP-version of the classical Rademacher
theorem on the differentiability of Lipschitz functions. The fact that our definition of t"”(z)
and T*P(z) differs from that considered in [10] has no consequences for the validity of this
statement.
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2.4. Lusin property. Let E be a set in R? and u a function defined at every
point of E. We say that u has the Lusin property with functions of class C* (on
E) if for every € > 0 there exists a function v of class C* on R? which agrees
with u in every point of F except a subset with measure at most ¢.

Using the LP-version of the Whitney extension theorem [10, Theorem 3.6.3]
one easily shows that u has the Lusin property with functions of class C*
provided that u € t®!(x) for a.e. x € E, or, equivalently, v € T%!(z) for
a.e. ¢ € F (recall Remark 2.3(iii)).

Assume indeed that E has finite measure: then for every € > 0 we can find
a compact subset D such that Z%(E \ D) < &, u is continuous on D, and
estimate (2.2) holds uniformly for all z € D% and therefore u agrees on D with
a function class C* on R? by [10, Theorem 3.6.3].

3. DIFFERENTIABILITY OF CONVOLUTION PRODUCTS

3.1. Assumptions on the kernel K. Through the rest of this paper K is
a real function of class C? on R\ {0}, homogeneous of degree 1 — d, that is,
K(\z) = M=K (2) for every x # 0 and A > 0.

It follows immediately that the derivative VK : R4\ {0} — R? is of class C*
and homogeneous of degree —d. Moreover it satisfies the cancellation property

VKdx#"'=0. (3.1)
gd—1

Indeed, let a be the integral of VK over S*¥~1, Q the set of all z € R such that
1 < |z| < 2, v the outer normal di 99, and e an arbitrary vector in R?. By
applying the divergence theorem to the vector field Ke and the domain €2, we

obtain
Ke-vawit = [ 2K jga.
o9 o Oe
Now, using the fact that K is homogeneous of degree 1 — d we obtain that the
integral at the left-hand side is 0, while a simple computation shows that the
integral at the right-hand side is equal to log 2(a - €). Hence a-e = 0, and since

e is arbitrary, a = 0.

3.2. First convolution operator. Take K as in the previous paragraph, and
let 1 be a bounded real-valued measure on R?. The homogeneity of K yields
| K (z)| < ¢z~ for some finite constant ¢, and therefore a simple computation
shows that we can define the convolution product K * p by the usual formula

Kop(o):= [ Ko =yuty). (3.2)
and K * p belongs to L (R?) for every p with 1 < p < y(1).

6 That is, the functions g,(z) := p~* fB(p) |RE(h)| dh converge uniformly to 0 as p — 0.
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In order to give an explicit formula for the derivative of K * u we need to
give a meaning to the convolution product VK x* p.

3.3. Second convolution operator. Since VK is not summable on any neigh-
bourhood of 0 (because of the homogeneity of degree —d), we cannot define
VK * p by the usual formula. However, a classical result by A.P. Calderén and
A. Zygmund shows that the convolution K * u is well-defined at almost every
point as a singular integral. More precisely, given the truncated kernels

(VE):(x) = {VK () if 2] > e

3.3
0 if || < g, (38:3)

then the functions (VK). % u converge almost everywhere to a limit function
which we denote by VK * . Moreover the following weak L'-estimate holds:

.Zd({x D VK s« p(z)| > t}) < CHtM‘ for every ¢t > 0, (3.4)

where c is a finite constant that depends only on d and K.

If 1 is replaced by a function in L', this statement can be obtained, for
example, from Theorem 4 in [8, Chapter II].7 One easily checks that extending
that theorem to bounded measures requires only minor modifications in the
proof.

We can now state the main result of this section.

3.4. Theorem. Take u:= K x u as in §5.2. Then
(i) w is LP-differentiable for every p with 1 < p < v(1) and almost every
z € RY;
(ii) the derivative of u is given by
Vu=VK=x*xu+0gf a.e., (3.5)
where VK x f is given in §5.3, f is the Radon-Nikodym density of u
with respect to the Lebesque measure, and Bk is the vector defined by

Bk = /Sdl x K(x)dat(z). (3.6)

3.5. Remark. The range of p for which LP-differentiability holds is optimal.
Take indeed K (z) := |z|'~% and

W= Z 27465
%

where §; is the Dirac mass at x;, and the set {x;} is dense in R
Since K (z) does not belong to LYM(U) for any neighbourhood U of 0, the
function u := K * u does not belong to L'Y(l)(U) in any open set U in R%. Hence

"In order to apply such theorem, the key point is that VK is of class C', homogeneous of
degree —d, and satisfies the cancellation property (3.1).
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u does not belong to 707 () (and therefore not even to t17(1)(x)) for every
r € R4

Note that the previous construction works as is for any nontrivial positive
kernel K; a suitable refinement allows to remove the positivity constraint.

The rest of this section is devoted to the proof of Theorem 3.4.

The key point is to show that u is in T1P(x) for all z in some “large” set
(Lemma 3.11). To achieve this, the basic strategy is quite standard, and consists
in writing u as sum of two functions uy and u; given by a suitable Calderén-
Zygmund decomposition of the measure y. Then we use Lemma 3.9 to show that
ug is a function of class W4 for every q > 1, and therefore its differentiability
is a well-established fact, and use Lemma 3.10 to estimate the derivative of wuy
on a large set. This last lemma is the heart of the whole proof.

In the next three paragraphs we recall some classical tools of the theory of
singular integrals used in the proofs of Lemmas 3.9 and 3.10.

3.6. Singular integrals: the L? case. We have seen in §3.3 that the con-
volution product VK * p is well-defined at almost every point as a singular
integral.

When 4 is replaced by a function f in LI(R?) with 1 < ¢ < oo there holds
more: taking (VK). asin (3.3), then |[(VK):* f||4 < c||f||4 for every e > 0 and
every f € L4(R?), where c is a finite constant that depends only on K and gq.
Moreover, as ¢ tends to 0, the functions (VK). * f converges in the LP-norm to
some limit that we denote by VK % f; in particular f — VK * f is a bounded
linear operator from LP(RY) into LP(R?).

These statements follow, for example, from [8, Chapter II, Theorem 3].

3.7. Marcinkiewicz integral. Let 1 be a bounded (possibly vector-valued)
measure on R%, and F a closed set in R?. Then the Marcinkiewicz integral

dist(y, F)
I(u, F,x ;:/ ikl LA 3.7
o Fe)i= [ i) (3.7

is finite for almost every x € F, and more precisely

[ 1Py o < clul. (3.8)

where c is a finite constant that depends only on d. This is a standard estimate,
see [8, Chapter I, §2.3].

3.8. Maximal function. Let x be a bounded (possibly vector-valued) measure
on R%. The maximal function associated to y is

Hl(B(z,p) 59)

M(p, z) := sup y

p>0 Wwap
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Then M (i, x) is finite for almost every x, and more precisely the following weak
L'-estimate holds:

cllull

LYWz M(p,x) >t}) < for every ¢t > 0, (3.10)

where c is a finite constant that depends only on d.

In case p is absolutely continuous with respect to the Lebesgue measure this
statement can be found, for example, in [8, Chapter I, §1.3]; the proof for a
general measure is essentially the same, cf. [8, Chapter III, §4.1].

3.9. Lemma. Let f be a function in L' N LI(R?) for some q with 1 < q¢ < 400,

and let u:= K % f.
Then u belongs to Llloc(]Rd) and the distributional derivative of u is given by

Vu=VEKx*f+Pxf (3.11)

where VK x f is defined in §3.6, and Br is given in (3.6).

Since VK * f belongs to LY(R?), then Vu belongs to LI(R?), and therefore
w is LD -differentiable almost everywhere when ¢ < d, and is continuous and
differentiable almost everywhere in the classical sense when q > d (in both cases
the pointwise derivative agrees with the distributional one almost everywhere).

PRrROOF. We only need to prove formula (3.11); the second part of the state-
ment follows indeed from §3.6, the standard differentiability result for Sobolev
functions (see for instance [5, Sections 6.1.2 and 6.2]), and the fact that K x f
is continuous for ¢ > d (a matter of elementary estimates).

For every € > 0 consider the truncated kernel K. defined as in (3.3), that is,
K¢ := 1pa\g() K. Then the distributional derivative of K¢ is given by

VK. = (VK). + o

where o is the (vector-valued) measure given by the restriction of the Hausdorff
measure 7?1 to the sphere dB(¢) multiplied by the vector field K (z)x/|z|.
Hence
V(Kex f) = (VEK)ex f+o0ex [,
and we obtain (3.11) by passing to the limit as € — 0 in this equation.
In doing so we use the following facts:
(i) K. — K in the L'-norm, and therefore V(K. * f) — V(K * f) = Vu in
the sense of distributions;
(ii) (VK).* f — VK * f in the Li-norm (see §3.6);
(iii) the measures o. converge in the sense of measures to Sk times the Dirac
mass at 0, and then o, x f — Ok f in the L9-norm. U

3.10. Lemma. Let F be a closed set in RY, {E;} a countable family of pair-
wise disjoint sets in R® which do not intersect F, and pn a bounded real-valued
measure on R? such that

(i) [pl(RY\ UsE;) = 0;
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(il) pw(E;) =0 for every i;

(iii) there exist finite and strictly positive constants c¢i and cy such that
cp dist(F, Ef) < diam(E;) < codist(F, Ef) for every i, where Ef de-
notes the convex hull of E;.

Then for every x € F and every p with 1 < p < y(1) the function ux K satisfies
1/p
e n —u@pan) < M) T Fo o G12)
B(p)

where I(p, F,x) and M(p,x) are given in (3.7) and (3.9), respectively, and c
is a finite constant that depends only on ci, ¢, p, d and K.

Thus u belongs to TYP(x) for every x € F such that M (u,z) and I(p, F,x)
are finite, that is, for almost every x € F.

PROOF. For the rest of the proof we fix a point € F, p > 0, and then denote
by J the set of all indexes ¢ such that dist(z, Ef) < 2p.
Using assumption (i) we decompose u as

u= Zui, (3.13)

where u; := K * p; and p; is the restriction of the measure p to the set F;.

Step 1: estimate of |u;(x)| fori € J. Choose an arbitrary point y; € E;, and
for every s € [0,1] set

99 i= [ Ko sy (1= ) duto).

Then ?

= | K(z—vy)— K(z—y)du(y) = g(1) — g(0),

and by applying the mean-value theorem to the function g we obtain that there
exists s € [0, 1] such that u;(z) = g(1) — g(0) = g(s), that is,

wie) = [ VE(z =+ (0=90) i-dute). (G4

~~

z

8 When we apply this lemma later on, the constants ¢1 and ¢z will depend only on d, and
therefore the constant ¢ in (3.12) will depend only on p, d and K.

9 The second identity follows from the fact that u(E;) = 0 by assumption (i), and the third
one follows from the definition of g.
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Since VK is homogeneous of degree —d, there holds |[VK (z)| < ¢[z|~%,'" and
taking into account that |z| > dist(z, Ef) and dist(z, Ef) < 2p we get

cdiam(E;) cp diam(E;)
K(z2) - (y;: — < |VK =yl < < .

Moreover, for every y € E; assumption (iii) implies diam(E;) < cdist(y, F') and
|z —y| < cdist(z, EY), and therefore
cpdist(y, F)

|z — y|dt1

Plugging the last estimate in (3.14) we obtain

@l <ap [ Wwy) . (3.15)

i

IVK(2) - (yi —y)| <

Step 2: estimate of |ui(xz + h)| fori € J. We take p with 1 < p < (1) and
denote by p’ the conjugate exponent of p, that is, 1/p' + 1/p = 1. We also
chose a positive test function ¢ on B(p), and denote by ||¢||,s the L?-norm of
¢ with respect to the Lebesgue measure on B(p) renormalized to a probability
measure. Then !

f i + 1) () dh
B(p)

<[ / WK h= et an alul(y)

< e an] [ K n—ppran] o
E; L/ B(p) B(p)

¢ dh 1/
< i — d
< [ Vel |5 [ ] )

c dz 1/p c
< =< _loll _= E) < —— ol lul(E:)
< pllelly| [ ] W) < Sty L)

10Here and in the rest of this proof we use the letter ¢ to denote any finite and strictly
positive constant that depends only on ci, ¢z, p, d, and K. Accordingly, the value of ¢ may
change at every occurrence.

W For first inequality we use the definition of w; and Fubini’s theorem; for second one we
use Holder inequality, for the third one we use that K is homogeneous of degree 1 — d and
therefore | K (z)| < c|z|'~¢; for the fourth one we use the change of variable z = z + h — y and
the fact that for every y € E; assumption (iii) yields

|z +h —y| <|z—y|+ |h| < dist(z, E;) + diam(E;) + p < cp.

Note that the integral in the last line is finite only if and only if p < (1). Here is the only
place in the entire proof were this upper bound on p is needed.
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and taking the supremum over all test function ¢ with ||¢||,; <1 we finally get
1/p c
 lutrnra] < ). (3.16)
B(p) P

Step 3. Using the estimates (3.15) and (3.16), and taking into account that
E; is contained in B(z, cp) for every i € J (use assumption (iii)), we get

> []{B e+ m) - Ui(w)lpdh] "

ied
< Z [][ i ( x+h)|1’dh} v + |u;(z)]

i€J
< MO o | - e dlul ()
< [M(p,z) + I(p, Fyx)] cp (3.17)

Step 4: estimate of |ui(x + h) — ui(x)| for i ¢ J. Let y; be a point in F;.
Then for every h € B(rho) there exist ¢, s € [0,1] such that '*
/ Ko +h—y) — K(z — ) du(y)
= / VEK(x+th—y)-hdu(y)
= / [VK(z +th —y) — VK (z + th — y;)] - hdu(y)
E;

= /E (V2K (2 +th— (sy+ (1 —s)y)) (yi —v)] - hdp(y).  (3.18)

Now, assumption (iii) and the fact that dist(x, Ef) > 2p yield
1
2] 2 Jo — (s + (L~ )u)| — t}h] > dist(, ) — p > Ldist(e, E),

and then, taking into account that V2K is homogeneous of degree —d — 1,

V2K (2)(yi — y)] - h| < |VEK(2)||yi — y| |h] < m

12The second and fourth identities are obtained by applying the mean-value theorem as
in Step 1, the third one follows from assumption (ii).
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Moreover assumption (iii) implies that diam(F;) < cdist(y, F) and |z — y| <
cdist(z, EY) for every y € E;, and then

V2K (2) (5 — )] - h] < m

Hence (3.18) yields
dist(y, F')

e+ )=o) <o [ ST ). (319)

(3

Step 5. Inequality (3.19) yields

Z [][ |ui(x + h) —ui(az)pdh] v <I(u,F,z)cp,
igg W BP)
and recalling estimate (3.17) and formula (3.17) we finally obtain (3.12). O
3.11. Lemma. Take u as in Theorem 3.4. Take t > 0 and let

Fy={zeR?: M(uzx)< t},

where M (u, ) is the mazimal function defined in (3.9).
Then u belongs to TYP(z) for every p with 1 < p < ¥(1) and almost every
x € Ft-

PROOF. Step 1: Calderén-Zygmund decomposition of p and u. Since M (u,x)
is lower semicontinuous in x (being the supremum of a family of lower semicon-
tinuous functions), the set F} is closed.

We take a Whitney decomposition of the open set R%\ F}, that is, a sequence
of closed cubes @); with pairwise disjoint interiors such that the union of all
Q; is RA \ F}, and the distance between F; and each @; is comparable to the
diameter of @);, namely

C1 diSt(Ft, QZ) < dlam(Ql) < Co diSt(Ft, Qz) 5 (320)

where ¢; and ¢z depend only on d (see [8, Chapter I, §3.1]).

We consider now the sets E; obtained by removing from each ); part of its
boundary, so that the sets F; are pairwise disjoint and still cover R? \ F.

The Calderén-Zygmund decomposition of p is o = g+ pp,, where the “good”
part p4 is defined by

fg = 1F, -,u—i—ZailEi - 2% with a; =

7

(3.21)

and the “bad” part up is

L ::21&-#—@2-1&-3% (3.22)
)
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From this definition and that of a; we obtain

]| < ZQIMI(Ei) =2|u|(RY\ F). (3.23)

Finally we decompose u as
U = Ug + Up,

where ug := K * iy and up := K * jp. To conclude the proof we need to show
that u, and u;, belong to T1P(x) for every 1 < p < 7(1) and almost every
x € F;. This will be done in the next steps.

Step 2: the measure pg can be written as g - L% with g € L>®(RY). Tt suffices
to show that
(i) the measure 1f, - u can be written as § - .2 with § € L™°(R%);
(ii) the number a; in (3.21) satisfy |a;| < ¢t for some finite constant c
depending only on d.
Claim (i) follows by the fact that the Radon-Nikodym density of |u| with
respect to .Z¢ is bounded by ¢ at every point x of F}, because M(p,z) <t.
To prove claim (ii), note that each FE; is contained in );, which in turn
is contained in a ball centered at some x; € F; with radius r; comparable
to diam(Q;), and therefore with Lebesgue measure comparable to that of Q;.
Hence, taking into account that M (u, z;) <t,

6l (B:) < |ul(Bai,ri)) <t LUB(i, 1)) < et Qi) = et LU(Ey),
and this implies |a;| < ct.

Step 3: wy is differentiable at x (and in particular belongs to T“P(z) for
every 1 < p < +00) for almost every x € R%. Since the measure ftg is bounded,
the function g in Step 2 belongs to L' N L°(R?). Then, by interpolation, g
belongs to L' N LY(RY) for any ¢ > d, and Lemma 3.9 implies that u;, = K * g
is differentiable almost everywhere.

Step 4: uy belongs to TYP(x) for almost every x € Fy and every 1 < p < ~(1).
It suffices to apply Lemma 3.10 to the set Fji, the measure pp, and the sets E;
(use equations (3.20), (3.21) and (3.22) to check that the assumptions of that
lemma are verified). O

PROOF OF THEOREM 3.4, STATEMENT (i). It suffices to apply Lemma 3.11
and Remark 2.3(iii), and take into account that the sets F} form an increas-
ing family whose union cover almost all of R? (because the maximal function
M (p, ) is finite almost everywhere). O

PROOF OF THEOREM 3.4, STATEMENT (ii). Since we already know that w is
LP-differentiable almost everywhere, we have only to prove identity (3.5).

Moreover, by the argument used in the proof of statement (i) above, it suffices
to show that (3.5) holds almost everywhere in the set F; defined in Lemma 3.11
for every given ¢ > 0.
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Step 1: a decomposition of p and u. We fix for the time being £ > 0, and
choose a closed set C' contained in R?\ F; such that |u|(R?\ (F, UC)) <e.

We decompose p as p/ + p” where p/ and p” are the restrictions of p to the
sets R?\ C and C, respectively, and then we further decompose p’ as fg + i,
as in the proof of Lemma 3.11. Thus p = pg + p, + p, and accordingly we
decompose u as

u = u’g + u{, +u”

where ug := K * pg, wy = Ky, and u” .= K p".

Using estimate (3.23) and taking into account the definition of n’ and the
choice of C we get

lpll < 20/ |(RE\ Fy) = 2|ul(RT\ (F,UC)) < 2. (3.24)

Step 2: the derivative of u;. Going back to the proof of Lemma 3.11, we
see that u, can be written as ¢’ - £? with ¢’ € L' N L>°(R?), and therefore
/

ug = K ¢’ is differentiable almost everywhere. Moreover formula (3.11) yields

Vug]:VK*g—l—ﬂKg:VK*,u;—i—ﬁKg a.e.

Next we note that the restrictions of the measures pg, p' and p to the set
F; agree, and therefore g = f almost everywhere on F;, where f is the Radon-
Nikodym density of 1 with respect to .#¢. Thus the previous identity yields

Vuy, = VK * p, + fr f ae. in Fi. (3.25)

Step 3: the derivative of uy. Going back to the proof of Lemma 3.11 we
see that we can use Lemma 3.10 to show that uj belongs to T'!(x) for almost
every z € Fy. By Remark 2.3(iii) we have that uj is L!-differentiable almost
everywhere in Fy, and therefore estimate (3.12) in Lemma 3.10 yields

|Vup(z)| < e M(p,x) + cI(p, Fy,x) for ae. x € F.1° (3.26)

Step 4: the derivative of u”. By construction, the support measure p” is
contained in the closed set C' and therefore the convolution v” := K x p’ can
be defined in the classical sense and is smooth in every point of the open set
R4\ C, which contains F;. Hence

Vu' = VK * "  everywhere in F;.'* (3.27)
Step 5. Putting together equations (3.25) and (3.27), and the fact that
= py + py, + 1, we obtain
Vu— (VK * p+ i f) =Vu, — VK % iy a.e. in Fy,
13 Here and in the rest of this proof we use the letter ¢ to denote any finite and strictly

positive constant that depends only on d and K.
14 Note that this “classical” convolution agrees (a.e) with the singular integral.
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and using estimate (3.26),
(Vu— (VK xpu+ B f)| < e M(up, ) +cI(up, )+ VK xuy| ae. in Fy. (3.28)

Finally, using the fact that ||z || < 2¢ (see (3.23)) and estimates (3.10), (3.8),
and (3.4) we obtain that each term at the right-hand side of (3.28) is smaller
than /e outside an exceptional set with measure at most cy/e.

Since ¢ is arbitrary, we deduce that Vu = VK * 4+ Bx f almost everywhere
in F}, and the proof is complete. O

4. FURTHER DIFFERENTIABILITY RESULTS

4.1. The kernels Kj,. Let G : R\ {0} — R be the fundamental solution of
the laplacian (—A) on RY, that is,

1 2-d
_— fd>2
dd—aw, " >
G(z) =

1 .
— log |z| if d=2,
2

and for every h =1,...,d we set

1
Kp(z) .= —0,G(x) = d—u}d\xrda:h.

We can now state the main results of this section; proofs will be given after
Remark 4.5.

4.2. Proposition. Let v be a vector field in L'(R?) whose distributional curl
and divergence are bounded measures, and denote by pg and ppr, with 1 <
h,k < d, the following measures:

po :=dive and ppg = (curlv)pp = Opug — Opup, - (4.1)

Then, for every k=1,...,d, there holds

d
Uk:Kk*HO+ZKh*th a.e., (4.2)
h=1

and therefore vy, is LP-differentiable at almost every x € R% and for every p
with 1 < p < ~(1).

4.3. Proposition. Let v be a vector field in L'(RY) with bounded deforma-
tion, that s, the distributional symmetric derivative %(Vv + V') is a bounded
measure, and denote by Api, with 1 < h, k < d the following measures:

1
Ahk = 5(8huk + Ogup) - (4.3)
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Then for every k =1,...,d there holds
d
vk =Y (2Kn * Mk — Ki x ) ace., (4.4)
h=1

and therefore vy, is LP-differentiable at almost every © € R and for every p

with 1 < p < ~(1).

4.4. Proposition. Let Q) be an open set in R?, and w a real function in LIIOC(Q)

whose distributional Laplacian is a locally bounded measure. Then w admits an

LP-Taylor expansion of order two for a.e. x € R and every 1 < p < v(v(1)).
In particular w has the Lusin property with functions of class C2.

4.5. Remark. (i) Using statement (ii) in Theorem 3.4 we can write an ex-
plicit formula for the (pointwise) derivatives of the vector fields v considered in
Propositions 4.2 and 4.3.

(ii) Let © be any open set in R%. The differentiability property stated in
Proposition 4.2 holds also for vector fields v in L}OC(Q) whose curl and divergence
are locally bounded measures. The key observation is that given a smooth
cutoff function ¢ on R? with support contained in €, then v is a vector field
in L'(R%) and its curl and divergence are bounded measures.

The same argument applies to Proposition 4.3.

(iii) The range of p in Proposition 4.4 is optimal, and this shown by taking
Q =R? and w := G * u where G is given in §4.1 and p is given in Remark 3.5.
Indeed —Aw = p and one easily checks that w does not belong to LYV1) on
any open set of RY. Hence w does not belong to 707" (D) (z), and therefore not
even to t>70W)(z), for any 2 € RY.

(iv) The range of p in Proposition 4.2 is also optimal. Let indeed v := Vw
where w is the function constructed above: then the curl of w vanishes and the
divergence agrees with the measure —p, and v does not belong to L") for any
open set in R? (otherwise the Sobolev embedding would imply that w belongs
to LY() for some open set).

(v) We do not know whether the range of p in Proposition 4.3 is optimal, and
more precisely whether a map in BD belongs to tlﬂ(l)(x) for almost every .
This possibility cannot be ruled out as above because the space BD embeds in
LYW for regular domains [9, ***].

PRrROOF OF PROPOSITION 4.2. By applying the Fourier transform to the iden-
tities in (4.1) we obtain

> ikpiy = o and iy, = ikin + fink (4.5)
h

where i = v/—1 and & denotes the Fourier variable.
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We multiply the second identity in (4.5) by —i&, and sum over all h; taking
into account the first identity in (4.5) we get

670 = &6 Y Enttn — Y i€nfink = —i&kfio — > infink -
h h h
Now —AG = dy implies G = |€|72 and then Kj = —i&,G = —i&,|€]~2 (see
1), us the previous identity yields
§4.1). Thus th ious identity yield

P —ih . s 5o
i = —3flo+ Y 5k = Keflo + Y Knfun
EARPNT d
and (4.2) follows by taking the inverse Fourier transform. The rest of Proposi-
tion 4.2 follows from Theorem 3.4. O

Proposition 4.3 can be proved in the same way as Proposition 4.2; we omit
the details.

4.6. Lemma. Let k > 0 be an integer, and p > 1 a real number. Let u be a
function in WH(Q) where Q is a bounded open set in RY, and assume that the
distributional derivative Vu belongs to t*P(x) (respectively, T*P(x)) for some
point x € Q. Then u belongs to tF+17®) () (respectively, TF+17®) (1) ).

This lemma is contained in [4, Theorem 11], at least in the case Q = R?
and u with compact support (keep in mind Remark 2.3(i)). Note that we can
always reduces to this case by multiplying u by suitable cutoff functions.

PROOF OF PROPOSITION 4.4. Apply Proposition 4.2 to the vector field Vw
and then use Lemma 4.6 (and recall §2.4). O

We conclude this section with a comment on the last proof.

4.7. Remark. The key step in the proof of the Lusin property for the func-
tions w considered in Proposition 4.4 is the LP-differentiability for Vw in in
Proposition 4.2. Here we argue that the approximate differentiability of Vw in
the sense of Remark 2.3(v), which follows from the result in [7], would have not
been sufficient.

We claim indeed that even in dimension d = 1, the approximate differentia-
bility of the derivative of a function w at almost every point of a set E is not
enough to prove that w has the Lusin property with functions of class C? on
E. More precisely, there exists a function w : R — R of class C' such that
w = 0 on some set F with positive measure—and therefore w is approximately
differentiable with derivative equal to 0 at almost every point of E—but w does
not have the Lusin property with functions of class C? on E.

The construction of such a function is briefly sketched in the next paragraph.

4.8. Example. We fix A such that 1/4 < A < 1/2 and consider the following
variant of the Cantor set: F is the intersection of the set E,, withn =0,1,2...,
where each E,, is the union of 2" closed interval I, , k = 1...,2", all with the
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same length and obtained as follows: Iy = Ejy is a closed interval with length
2, and the intervals I,, 11 ; are obtained by removing from each I, ;. a concentric
open interval J,, ; with length (1 — 2X)A™.

Thus F is a compact set with empty interior such that #*(E) = 1.

Next we construct a non-negative continuous function v : R — R such that
v = 0 outside the union of the intervals J,, j, over all n and k, and the integral
of v over each J, , is equal to (1 —2X)\".

Finally we take w so that w = v.

It is easy to verify that for every n the set E/ := w(E,) is the union of the
disjoint intervals I;z,k = w(lpk), k =1,...,2", all with length A\". Moreover
E;, | can be written as the union of two disjoint copies of E;, scaled by a factor .
Therefore the set E' := w(E) can be written as the union of two disjoint
copies of itself scaled by a factor A\. In other words, E’ is a self-similar fractal
determined by two homoteties with scaling factor A: it is then well-known that
E’ has Hausdorff dimension d :=log2/log(1/\) (see [6, Section 8.3]).

Moreover, denoting by p the push-forward according to w of the restriction
of the Lebesgue measure to F, one easily checks that y is supported on E’ and
satisfies p(1], ;) = 27" for every n and k. Therefore yi agrees with the canonical
probability measure associated to the fractal E’, which in turn agrees, up to a
constant factor, with the restriction of #¢ to E’. In particular, since d > 1/2
we have that p(A) = 0 for every set A which is o-finite with respect to /2.

To show that w does not have the Lusin property with functions of class C?
on F it is now sufficient to recall the following elementary fact: let v : R — R
be a function of class C' such that u has the Lusin property with functions of
class C? on E and @ =0 on E; then the push-forward of 15 - £ according to
w is supported on a set A which is o-finite with respect to Y210
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