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Abstract. This paper is concerned with the fine properties of monotone func-
tions on R™. We study the continuity and differentiability properties of these
functions, the approximability properties, the structure of the distributional
derivatives and of the weak Jacobians. Moreover, we exhibit an example of
a monotone function u which is the gradient of a C™® convex function and
whose weak Jacobian Ju is supported on a purely unrectifiable set.

Introduction

This paper is devoted to a systematic analysis of the properties of monotone
functions defined on a finite dimensional space R™. The initial motivation
of our work is the following: in the last years, several questions concern-
ing the “right” definitions of Jacobian determinant and of graph area for a
nonsmooth function (e.g., belonging to a Sobolev space) have been debated
(see for instance [Ba], [GMS1], [GMS2], [Mul], [Mu2], [Muc]). We will see
that for maximal monotone functions there is a natural and completely sat-
isfactory way to introduce these concepts, getting continuity properties and
strong approximability by smooth functions. We notice that the monotonic-
ity property allows discontinuities and the existence of “vertical parts” in the
graph; however, maximal monotone functions are in some sense very smooth,
because for them several weak objects are univocally defined and there is a
good description of the singularities.

Our paper has also been conceived as a review on the fine properties
of monotone functions, such as continuity, differentiability, structure of the
distributional derivative. Our review collects many results scattered in the
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literature (see for instance [Al], [Ale], [AG], [AK], [Be], [Br], [Mi], [Mig]) and
is, as far as possible, self-contained. We will assume only well-known results
on Lipschitz functions, namely Rademacher’s and Kirszbraun’s theorems, and
the area formula.

Our starting point is the one to one correspondence, observed and used by
Minty in [Mi], between graphs of monotone functions and graphs of 1-Lipschitz
functions. Specifically, the Cayley transformation

1
(,y) —» —=(z+y,—z+Yy) (r,y) € R" x R"

V2

(a clockwise rotation of 7/4 if n = 1) transforms the graph
Tu={(z,y) e R"" xR": y € u(x)}

of a monotone function u in the graph of a 1-Lipschitz function. We will
see that this correspondence is extremely useful to unify and simplify several
proofs existing in the literature: for instance, Rademacher’s differentiability
theorem for Lipschitz functions leads to an analogous property for monotone
functions and Kirszbraun’s extension theorem for Lipschitz functions leads to
a characterization of maximal monotone functions as those monotone func-
tions u such that u+1 is surjective. We also notice that the theory of cartesian
currents developed in [GMS]1] is strongly founded in the identification between
a function and its (generalized) graph.

Now we briefly describe in a more detailed way the content of our paper;
bibliographical and historical comments will be given after the statements of
main theorems.

In the first section we fix our notations and we prove in Proposition 1.1 the
above mentioned correspondence between graphs of monotone functions and
graphs of 1-Lipschitz functions. After the statement of some classical proper-
ties of monotone functions (Proposition 1.2 and in Corollaries 1.3, 1.4, 1.5) we
define a natural topology on the space .#on of maximal monotone functions
which is related to the Kuratowski convergence of the associated graphs. In
Proposition 1.7 we prove that any sequence (uj) of maximal monotone func-
tions either admits a convergent subsequence or “goes to infinity” (i.e., the
intersection of the graph of u, with any bounded set in R™ x R™ is empty for
sufficiently large h).

In the second section (Theorem 2.2) we prove that the singular sets

SF(u) = {z € R": dimu(z) >k} for k=1,...,n,

are countably J#"~F-rectifiable, i.e., S#"~*-almost all of ¥*(u) can be covered
by a sequence of C! surfaces of dimension (n — k). We notice that u is
continuous outside ! (u).
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In the third section we prove a uniform estimate on the area of the graph
I'u of a monotone function u (see Proposition 3.1)

%"(Fu N B(m,r)) < 22" (1)

and we infer, using the area formula and Rademacher’s theorem, the following
differentiability property (see Theorem 3.2): for almost every Z € Dm u\ X! (u)

Y= 0(E) = Vu(@) - (2~ 2)

e ===l

=0, (2)

here Dmwu is the set of all points where u has non-empty value, and then
Dmu \ X!(u) is the set of all points Z such that the set u(zZ) consist of one
point, which is then identified with u(z).

In section 4 we associate to any maximal monotone function u a n-current
Tu in R™ x R™ without boundary associated to the integration on the graph
I'u. Indeed, by Minty’s correspondence with graphs of 1-Lipschitz functions,
I'u can be oriented in such a way that Stokes’s theorem holds

/ do=0 Ywe€ 2" R"xR").
Tu

The mapping u — Tu enjoys natural continuity properties which are a direct
consequence (after performing the Cayley transformation) of the continuity
properties of f +— T f in the class of functions satisfying an equi-Lipschitz
condition.

In section 5 we prove that the representation of the graph of u as a n-
current implies, among other things, that any mononotone function is of class
BViec in the interior of Dmwu (Proposition 5.1). Moreover, the monotonic-
ity property is characterized in Dmu by the positivity of the distributional
derivative Du (Theorem 5.3). Consequently, we analyze the structure of Du,
splitting it into three parts: the absolutely continuous part D,u, the jump
part Dju, and the Cantor part D.u (paragraph 5.6). We present in Theo-
rem 5.10 a very simple proof of the rank-one property of the measures D;u,
D.u, based on the area estimate (1) and on Reshetnyak’s continuity theorem
(this proofs seems to work for monotone functions only and the proof of the
rank-one property for a general BV function is much harder, cf. [A1]).

For any maximal monotone function u we can also define the weak Jaco-
bian Ju, as the positive measure given by

Ju(B) := £, (u(B))

for any bounded Borel set B contained in the interior of Dmw (cf. Definition
5.12). It turns out that the map u +— Ju is continuous with respect to the



4 G. Alberti, L. Ambrosio

natural topologies, and that Ju coincides with the measure det(Vu)-.%,, when
w is a C! function. Furthermore,

/gb(w) dJu(z) = Tu(p(z) dys A ... A dyy)

for any smooth function ¢ with support contained in the interior of Dm w.

In section 6 we prove that any maximal monotone function u may be
approximated by a canonical sequence of 1/e-Lipschitz maximal monotone
functions u. (the so-called Yosida approximation of u) so that u. — w, Tu. —
Tu and |Tu.| — |Tu| (see Theorem 6.2 for precise statements). The function
ue is given by (eI +u~1)~! and its graph I'u. is given by

Tu. = {(z+ey,y): (z,y) €Tu}.

Hence, the graph of u. is, for small ¢, a slight deformation of the graph of u.
The convergence of Tu. to T'u implies, in particular, the convergence of the
distributional derivatives Du. to Du. We also notice that the convergence
|T'uc| — |Tu| (often called convergence in area) is a quite strong property and
implies, via Reshetnyak’s theorem, that |Du.| — |Dul, that is, the conver-
gence in variation of the derivatives.

If we choose u. to be the standard mollified functions, then the conver-
gence in variation of the derivatives still holds, but we don’t know whether u,.
converge in area to u or not (see Remark 6.4). The difficulty comes from the
nonlinearities involved in the computations of the determinants of all minors
of Vu.

In section 7 we confine our attention to a special class of monotone func-
tions, the subgradients df of convex and lower semicontinuous functions
f : R"™ =] — 0o,+00]. Using the differentiability property (2) we quickly
recover the Aleksandrov’s theorem on the almost everywhere second order
differentiability of a convex function (more precisely, we prove the existence
almost everywhere of a second order Taylor expansion, see Theorem 7.10).
Moreover, in Proposition 7.13 we show that setting u := 0f, the approximat-
ing functions u. of section 6 are exactly the gradients of the inf-convolutions

fe(z) := min {f(z/) 4 2—1€|x/ - x|2} ‘

x! ER’H.

Section 8 is completely dedicated to the construction of an example of
maximal monotone function u whose weak Jacobian has a nontrivial structure.
Indeed, we find a Holder continuous monotone function u : R?> — R? such
that the weak Jacobian Ju is supported on a Lebesgue negligible, purely
unrectifiable set A and such that det(Vu) = 0 a.e. in R?. Moreover, u is the
gradient of a convex function of class C* N W?2P for every p < 2.
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We will obtain u by a method related to the construction of Hutchinson’s
self-similar fractals. The requirement of being the gradient of convex function
is a source of difficulties (see the discussion in paragraph 8.8) and forces us
to choose a countable family of similitudes ¥; taking the unit ball B(0,1) to
balls B(x;, ;) which cover almost all B(0,1).

It turns out that the Hausdorff dimension of A is related to the so-called
packing exponent of this covering, and is never lower than 1 (see paragraph
8.10 and Remark 8.11). In paragraph 8.12 we discuss some conjectures about
the “dimension” of the measure Ju. In particular, we believe that the param-
eters of our construction can be arranged in such a way that the dimension
of Ju is any prescribed number in |0, 2.

Finally, in paragraph 8.15 we discuss the possibility of closure theorems
for special classes of monotone functions (e.g. monotone functions on the
plane whose distributional derivative and weak Jacobian can be written as
a sum of integer dimensional measures) in analogy with the theory of SBV
functions. We modify the construction of the function u (see Definition 8.13
and Proposition 8.14) to exhibit a sequence of monotone functions which
shows that no analogous of the closure theorem for SBV functions holds for
monotone functions.

Acknowledgement. The first author gratefully acknowledges the hospitality and the support
of Institute for Mathematics and its Applications of the University of Minnesota, where part
of this paper was written.

1. Preliminary definitions and basic results

We first recall some basic notation. We denote by .%,, the Lebesgue measure
in R"; |B| := £,(B) for every Borel set B in R” and w,, is the Lebesgue
measure of the unit ball; in addition, J#™ is the n-dimensional Hausdorff
measure (on any metric space). By measure we always mean a measure on
Borel sets. The restriction of a measure i to a Borel set E is denoted by
pl E,ie., pl E(B) := u(E N B) for any Borel set B; we also set

fu(B) = /B f(z) dpu(z)

provided that the integral at the right hand side is defined. We say that u
charges E when |u|(E) > 0, and p is supported on E when the restriction of
1 to the complement of F is zero.

For every function f, we denote by Df the distributional derivative of f,
and by V f(z) the gradient at the point x (both in the classical sense and in
the approximate sense).
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An n X n matrix A is termed positive if it is positively semi-definite, that
is, if (Av,v) > 0 for every v € R", and it is termed symmetric if A = A, We
say that a matrix-valued function f is positive (resp. symmetric) if f(z) is
always a positive (resp. symmetric) matrix. A matrix-valued distribution A
is positive (resp. symmetric) if (A, ¢) is a positive (resp. symmetric) matrix
for every positive real valued test function ¢.

For every set B in R™, Int B and Conv B denote respectively the interior
and the closed convex hull of B.

In this paper we deal with set-valued maps u : R™ — R"™ (that is, maps
which take every point z € R™ in some set u(x) C R™). We call these maps
multifunctions (on R™), or simply functions when no ambiguities may arise.
We denote by I both the identity function on R™ and the n x n identity matrix.

We say that u is univalued on some set B if u(z) consists of at most one
point for every x € B, and that w is k-Lipschitz if |y; — ya| < k|z1 — 22| for
every x; € R", y; € u(z;), i = 1,2 (clearly every Lipschitz multifunction is
univalued).

Let be given multifunctions u, v, real numbers A\, u € R and a set B C R".
For all x € R™ we set

domain of u, Dmu = {x : u(z) # @} ,
image of u, Imu:={y: Jz, y€u(z)},
graph of u, T'u := {(z,y) e R" xR" : y € u(z)} .
inverse of u, [u™)(z) :={y: = €uly)},
Dt () = D4y’ < v € ule), o € ol@))
u(B):={y: Jx € B,y €u(x)} .

We write v O v when the graph of u includes the graph of v, i.e., when
u(x) D v(x) for all z. We say that u is monotone if

(y1 —y2, 21 —x2) >0 Vo, € R", y; € u(zy),i=1,2. (1.1)

A monotone function u is called mazimal when it is maximal with respect to
inclusion in the class of monotone functions, i.e., if the following implication
holds:

v D u, v monotone = v=1u.

Clearly for any monotone function u there exists a maximal monotone function
u which includes u. We remark that u is a (maximal) monotone function if
and only if =1 is a (maximal) monotone function. It is also immediate that
the class of monotone functions is a cone.

The definition of (maximal) monotone function can be readily extended
to multifunctions on Hilbert spaces. Monotonicity can be defined also for
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multifunctions from a Banach space X into its dual X*, but there exists also
a notion of accretive function for multifunctions from X into X; these two
notions agree on Hilbert spaces (see for instance [Br], section II.1).

Monotone functions in Hilbert spaces play an essential role in evolution
equations and in many other fields of functional analysis, but in this paper we
are concerned essentially with the finite dimensional case. For further details
and references about monotone functions we refer to [Br], chapter II.

Following [Mi], we prove that the graph of a maximal monotone function
u is a Lipschitz submanifold without boundary of R™ x R™. Moreover, there
exists a one-to-one correspondence between the class of maximal monotone
functions on R™ and the class of 1-Lipschitz functions from R” to R™.

Let @ : R” x R™ — R™ x R™ be the Cayley transformation, i.e., the linear
isometry defined by

O (z,y) — %(:p +y,—z+vy) V(z,y) € R" x R™. (1.2)

Then we have the following result (first proved in [Mi], Lemma 3 and Theorem
4):

Proposition 1.1. Let u be a mazimal monotone function. Then (u + I)~!
is defined on the whole R™ and ®(T'u) is the graph of the 1-Lipschitz function
Fu:R™ — R” given by

Fu:zr— [z—x/i(u—i—[)_l(ﬁz)] Vz e R"™. (1.3)

Conwersely, for any 1-Lipschitz function ¢ : R™ — R™ the set ®~1(T'¢) is the
graph of a maximal monotone function on R™.

Proof. Let u be a monotone function, and let Fu be the multifunction whose
graph is ®(I'u). We claim that Fu satisfies (1.3) and that Fu is 1-Lipschitz
in its domain (and in particular it is univalued).

Let z € R™. By (1.2), we have that v belongs to Fu(z) if and only if there

exist € R™ and y € u(x) such that z = %(w +y) and v = %(—m +y), or,

equivalently, z = %(2 —v)and y = %(z + v). This means that v € Fu(z)

z+wv zZ—=0
cu(5) 14
7 7 (1.4)
and then v € z — v2(u + I)7}(v/22). Let 2/ € R® and v/ € Fu(z'). By
applying (1.4) both to (z,v) and (2/,v’), and taking the monotonicity of u
into account, we infer

if and only if

(v+2)— (W +2),(z=v)= (=) >0
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which yields |v —¢'|? < |z — 2/|2.  This shows that Fu is a 1-Lipschitz
function.

The same argument shows that ®~! maps graphs of 1-Lipschitz functions
in graphs of monotone functions. Assuming now that u is maximal monotone,
we claim that the domain of Fu is R". Indeed, were this not true we could
use Kirzsbraun’s theorem (see for instance [Fel], 2.10.43) to extend Fu to a 1-
Lipschitz function L defined on all R™ and then ®~1(I'L) provides a monotone
extension of u, which contradicts the maximality of u. O

Proposition 1.2. Let u be a monotone function. Then

(1) ifu is mazimal, Tu is closed, and u(x) is a convex, closed (possibly empty)
set for every x € R"™;

(2) w is maximal if and only if (u+1I) is onto, i.e., if and only if the domain
of (u+1I)~1 is R";

(3) (u+I) and (u+1)~"' are monotone functions and (u-+1)~1 is 1-Lipschitz;

(4) for any set X C Dmu, Z in the interior of Conv X and g € u(Z) we have

C
~ dist(z, R™ \ Conv X))

9] < (1.5)

where C := [sup inf [y|] - diam(X).
zeX yecu(x)

Proof. The proof of statement (1) is trivial, while (2) follows from Proposition
1.1.

About (3), it is easy to see that (u + I) is monotone, and thus (u + I)~1
is monotone too. For any choice of z; € R and y; € u(z;) (¢ = 1,2) we have

21 — @2|® < {(y1 — y2) + (21 — 22), 21 — 22) (1.6)
< (1 +21) — (Y2 + 32)| 21 — 22|

so that |z; — 22| < |(y1 + x1) — (y2 + x2)|. In particular, when y; + ;1 =
Y2 + x2 then x7 = x5, and this means that (u+ I )_1 is univalued. Thereafter
(u+ I)" (y; + z;) = x;, and (1.6) yields the Lipschitz property of (u + I)~!
Eventually we prove (4). We may assume with no loss in generality that

z = 0. We take § € u(0), and a positive number d < dist(0,R" \ Conv X).
We set z := dy/|y|. Then z belongs to the interior of the convex hull of X,
and we can find finitely many points z; € X and positive real numbers «;

such that
Z%’:l, Zai:vi:z.
i i
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Moreover we take m so that

m > [sup inf ]yq .
ze€X yecu(z)

Since X € Dmu and z; € X, we can find y; € u(x;) so that m > |y;| for all
i. By the monotonicity of u we infer (g, x;) < (y;,x;), and then

dlyl =y, 2) = Zai<ga ;) < Zai<yia$i> <m-sup|z;| <m-diam X .

Inequality (1.5) follows by taking the supremum over all admissible d and the
infimum over all admissible m. O

Corollary 1.3. Let u be a maximal monotone function. Then

(1) w is upper semicontinuous, i.e., if xp, — x, yno — y and yp € u(xy) then
y € u(x);
(2) the domain of u contains the interior of its convex hull, that is,

Int Conv(Dmwu) C Dmu C Conv(Dmu) ; (1.7)

(3) for any B relatively compact in the interior of Dmu, the image u(B) is
bounded;

(4) if u(z) consists of exactly one point y, then x belongs to the interior
of Dmu, and u is continuous at x, i.e., xp, — x and y, € u(xy) yield
Yn — Y-

Proof. Property (1) is a restatement of the closure of the graph of u (Propo-
sition 1.2(1)).

Take T in the interior of the convex hull of Dmu. We claim that T € Dmw;
this would prove statement (2).

By the choice of £ we may find finitely many points z; € Dmu, i € I, so
that Z belongs to the interior of the convex hull of X := {x; : i € I}. For
every i € I we choose y; € u(x;), and for every € > 0 we set u. := (el +u~1)~!
(cf. Definition 6.1).

Since u~! is maximal, then eI +u~! is surjective (cf. Proposition 1.2(2)),
and then the domain of u. is R™. Therefore we can choose y. € u.(Z) for every
e > 0. Every cluster point y of the sequence (y.) belongs to u(z): indeed
Ye € ue(Z) implies y. € u(Z — ey.), and passing to the limit as ¢ — 0 we
obtain y € u(Z) (apply statement (1)). Hence the claim is proved if we show
that the sequence (y.) is definitively bounded, which is obtained by a suitable
application of estimate (1.5). For any ¢ > 0 we set X, := {x; +ey; : i € [};
since y; € uc(x; + €y;) for every i, then

sup inf |y| <suply;| < o0 .
z€X. yEuc(z) i€l
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Since Z belongs to the interior of Conv X, then there exists d such that
dist(z,R™ \ ConvX) > d > 0, and then dist(z,R™ \ ConvX.) > d defini-
tively in €. Hence we may apply inequality (1.5) with y. instead of § and X,
instead of X to prove that (y.) is definitively bounded.

About statement (3), we recall that for every set B relatively compact in
the interior of Dm u, there exists a finite set X C Dmw such that B C Conv X.
Hence we may apply Proposition 1.2(4) (notice that the right hand side of
inequality (1.5) is finite whenever X is a finite set).

About statement (4), we first prove that if u(z) is a singleton, then z
belongs to the interior of Dm u. Take indeed x in the boundary of Dm u. Then
x belongs to the boundary of Conv (Dm w), because the interior of Conv (Dm u)
is included in the interior of Dmu (statement (2)). Therefore Hahn-Banach
theorem yields a non-trivial e € R™ such that (e, z) > (e, 2’) for all 2’ € Dmu;
if we take y € u(x), 2’ € Dmu and y' € u(z’) we obtain

(y+e)—ye—a)=(y—y,z—-a)+{ex-2)>0.

This means that y + e belongs to u(x) because u is maximal, and then u(z)
is not a singleton. The rest of statement (4) follows immediately by (1) and
(3). O

Remark. About statement (2) of Corollary 1.3, we remark that the domain
of u may be not convex. Indeed let u be the function on R? defined by
u(£1,0) := (£1,0), u(0,t) = (0,logt) for every ¢ > 0. It may be easily
verified that v is monotone, and if we take any maximal extension u of w,
then Dm @ contains the points (£1,0), but the point (0,0) never belongs to
Dm a: assume by contradiction that (y1,y2) € 4(0,0), then the monotonicity
condition yields

(logt —y2)t >0 for every t > 0,

that is, yo <logt for any ¢ > 0, which is impossible.

Corollary 1.4. Let u be a monotone function which is upper semicontinu-
ous and whose values are closed and convex. Then u agrees in the interior
of its domain with every maximal monotone function which includes u. In
particular every continuous univalued monotone function with domain R™ is
maximal.

Proof. Let u be a monotone function, let © be a monotone function which
includes u, and let = be a point in the interior of Dmw such that u is upper
semicontinuous at x, and u(zx) is closed and convex. We claim that u(z) =
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Take r such that B(z,7) C Dmu. Take y € u(x), and assume by contra-
diction that y ¢ u(x). Since u(zx) is convex and closed, Hahn-Banach theorem
yields a unitary vector e € R™ and € > 0 such that (y' — y,e) > ¢ for all
y' € u(x). Therefore, if we take y; € u(x + te) for every t with 0 <t < r,

1
lye —y'| > (g — v, €) = ¥<yt —yte)+{y—y'e)>e  Vy €u(x).

This means that the points y; do not converge to u(x) when ¢ — 0, which
contradicts the assumption that u is upper semicontinuous at z. O

Corollary 1.5. Let be given maximal monotone functions u and v and an
open convex set A so that u(x) Nv(z) # @ for every x in a dense subset of A.
Then u(x) = v(x) for every x in A.

Proof. Let w the monotone function which takes every z € R™ in the set
u(z) Nwv(z); thus w(z) is always closed and convex (cf. Proposition 1.2(1)),
and w is upper semicontinuous (cf. Corollary 1.3(1)).

Let D := Dmw. By assumption we have that Dmu and Dm v contain D,
and since D is dense in A we deduce that Dmu and Dm v contain A. Hence
both u and v are locally bounded on A, therefore the same holds for w, and
recalling that w is upper semicontinuous we deduce that w(x) is non-empty
for every x € A, that is, D D A. Now we can apply Corollary 1.4 to obtain
that w(z) = u(z) = v(x) for every z € A. O

Eventually we want to endow the class of all maximal monotone functions
with a suitable topology. It turns out that the “natural” topology is related
with the Hausdorff distance between closed sets. For more general results and
details on the Hausdorff distance, Kuratowski convergence and related topics
we refer to [CV], chapter II.

Let (E, d) be a metric space. We say that a sequence of closed sets Cj, C E
converges to C' in the sense of Kuratowski when the following two conditions
are satisfied:

xp € Cp = every cluster point of (z5,) belongs to C, (1.8)
Vx e C,dxy, € Cf such that x;, — x.

We remark that C is uniquely determined by (1.8) and (1.9). When C = ¢,
(1.9) is always verified and (1.8) is equivalent to say that any compact set
K C F intersects finitely many C}, only.

For every couple of closed sets C, C' C E we define the Hausdorff distance

5(C,C") := sup dist(z,C") V sup dist(z',C) . (1.10)
zeC xz'eC’
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When FE is compact the Hausdorff distance ¢ induces the Kuratowski con-
vergence, and the class of all closed subsets of E is a compact metric space.
Thereafter, taking into account that the empty set is an isolated point, we
have that any sequence of non-empty closed sets admits a subsequence which
converges to a non-empty closed set (see [CV], section I1.4).

Definition 1.6. Let X be the class of all closed subsets of R™ x R™, let
E = (R" x R™) U{oo} be the one-point compactification of R™ x R"™ (endowed
with a suitable metric) and let 6 be the Hausdorff distance on the class of all
closed subsets of E. Let i be the map which associates to any C' € X the set
CU{oc} C E, and set

d(C,C"):=06(i(C),i(C"))  VC,C"eX . (1.11)

It may be easily checked that d is a distance inducing the Kuratowski con-
vergence in X, and then X is compact. In the following we identify maximal
monotone functions with their graphs, and denote by .Zon the class of all
maximal monotone multifunctions on R™. By Proposition 1.2(1) the graph of
a maximal monotone function is closed subset of R™ x R™. Hence .#on is a
subset of X and we endow it with the distance d defined in (1.11). Then the
following proposition holds:

Proposition 1.7. .#ZonU{®} is a closed subset of X. Since X is compact, this
means that for every sequence (up) C Mon either we may find a subsequence
which converges to some u € Mon, or (up) converges to oo, which means that
for every compact set K C R"

inf {|y| : y €up(z), z€ K} — 400 as h — +o0.

Proof. Tt is enough to prove that for every sequence (Cj) C .#on which
converges to C' # @ there holds C € .#on. Let up be the maximal monotone
multifunctions whose graphs are C}, and let u be the multifunction whose
graph is C, i.e.,

u(z) :={yeR": (z,y) €C} VaxeR"

We first prove that u is monotone. Let be given x; € Dm (u) and y; € u(x;),
i =1, 2; by (1.9) we can find sequences (z; ,y; n) € Ch, converging to (x;, y;).
Hence

(y1 — Y2, 1 — T2) = hli_{gO(yl,h —Ya.h, T1,h — T2,h) >0,

by the monotonicity of wup,.
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In order to show that u is maximal, according to Proposition 1.2(2) it is
enough to prove that Dm (u + I)~! = R"™. By Proposition 1.2(2) and (3) the
functions (uj + I)~! are 1-Lipschitz functions defined on R”, and we claim
that they converge to (u+1)~! uniformly on compact sets, which would imply
Dm (u+ I)™! = R" (hence the maximality of u).

Notice that our claim is proved if we show that there always exists a
subsequence which converges to some 1-Lipschitz function v uniformly on
compact sets, because this would imply v = (u + I)~!. Now, since the func-
tions (uy, +I)~! are equi-continuous, it is enough to find a bounded sequence
2, € R™ such that (up, + I)7!(zp) is bounded and then apply Ascoli-Arzela
theorem. Since we assumed C non-empty, we can take (z,y) € C and by
(1.9) we may find (xp,yn) € Cp which converges to (x,y). Eventually we
set z, := x5, + yn; the points z;, converge to = + vy, and (u+ I)"1(z3) =
converge to x, and then both sequences are bounded. O

Remark. The mapping v — Fu considered in Proposition 1.1 is an homeo-
morphism of .#Zon in the space of all 1-Lipschitz functions from R™ into R™,
endowed with the topology of uniform convergence on compact sets.

2. Rectifiability of the singular sets

In this section we are concerned with the structure of singular sets of a mono-
tone function, that is, sets of points where the function is not univalued.

Definition 2.1. Let u be a mazximal monotone function and k =1,...,n an
integer. We define

YF(u) = {z e R": dimu(z) >k} . (2.1)

where dimu(z) is the dimension of the set u(z).
(By Proposition 1.2(1) u(z) is a convex set, and thus its dimension is the
dimension of the affine space spanned by it). We note that
Y (u) Cc E"Hu) C ... C Zh(u) .

The following theorem provides an upper bound on the Hausdorff dimension
of ¥ (u).

Theorem 2.2. The Hausdorff dimension of the set ©*(u) is at most (n—k).
More precisely ¥F(u) is countably S~ F-rectifiable, and this means that we
can find countably many C' submanifolds T'; C R™ of dimension (n—k) which
cover " *-almost all of X¥(u), i.e.,

%ﬂ”—k(zk(u) U ri) —0. (2.2)
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In particular X" (u) is at most countable.

Proof. Tt is clear that ¥*(u) = ¥*(u+ I). Let G(n,n — k) be the Grassmann
manifold of (unoriented) (n — k)-planes in R", let S be a countable dense
subset of R” and F' a countable dense subset of G(n,n — k). We claim that

Skt 1) C (ut 1) ( U y+P) U w+D'(y+P).
yeS yeS
PeF PeF

Indeed, if € X¥(u + I) then (u + I)(z) contains a closed convex set of
dimension greater than k, so that we can find y € S and P € F such that
(y+ P)N(u+I)(z) # @. In particular, z € (u+ 1)~ *(y + P).

Since the class of countably J# " *-rectifiable sets is stable under countable
union, it is enough to show that the set (u+1)~!(y+ P) is countably " *-
rectifiable for any y € R™ and any P € G(n,n — k). Since (u+I)"!is a
Lipschitz function (cf. Proposition 1.2(3)), this follows by the fact that the
image of an affine (n — k)-plane through a Lipschitz function is countably
H"F_rectifiable (cf. [Si], section 11). O

Remark 2.3. As a particular case of this theorem we have proved that for
every (maximal) monotone function u the set of all points € Dm u such that
u(x) contains more than one element (that is, ¥!(u)) has dimension (n — 1)
and is o-finite with respect to J#" 1.

The proof we have given allows for a slight refinement of the statement
of Theorem 2.2: for every k, the set ¥* can be covered by countably many
Lipschitz images of (n — k)-planes. In fact, ¥ may be covered by countably
many sets which are graphs of Lipschitz functions from R”~* into R*. This
strong form of Theorem 2.2 was first proved by Zajicek in [Z1].

Our proof can be extended to the case of monotone functions defined on a
separable Hilbert space, while the technics used in [Z1] apply also to monotone
functions on Banach spaces with separable dual. Another proof (of the strong
form of Theorem 2.2) can be obtained by modifying the argument given in
[AAC] for the rectifiability of the singular sets of subdifferential of semi-convex
functions.

Theorem 2.2 is not optimal: Zajicek conjectured that the singular set
¥*(u) can be covered by countably many (c-c)-surfaces of codimension k,
namely, graphs of functions g : R"~* — RF such that each component of
g is the difference of two convex functions. In particular this would imply
that % can be covered (up to an J#" *-negligible set) by countably many
surfaces of codimension k and class C?. This conjecture is proved in the case
n =2, k=1 (see [Ve]) and when u agrees with the subdifferential of a convex
function (see paragraph 7.9). As far as we know, the general case is still open.
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3. Differentiability properties

Using Proposition 1.1 we give in this section a simple proof of the fact that a
monotone function is almost everywhere differentiable. Moreover, we estimate
the Hausdorff n-dimensional measure of the graphs of (maximal) monotone
functions.

Proposition 3.1. For any monotone function u and for any ball B C R™ xR"

of radius r we have
A" (Tun B) <2 2w,r™ (3.1)

and for every Borel set A C R™

A" (Tun (A xR"Y)) < 220, [diam A + osc(u, 4)]" (3.2)
where osc(u, A) stands for the supremum of |y1 — ya| over all y1,ys € u(A).

Proof. Let Fu be the function in Proposition 1.1. Estimate (3.1) follows by
the fact that the Cayley transformation ® in (1.2) is an isometry and by
the fact that the Lipschitz constant of z — (z, Fu(z)) does not exceed v/2.
Inequality (3.2) follows from (3.1) because I'u N (A x R™) is included in a ball
of R" x R™ of radius r = [diam A + osc(u, A)]. O

Now, using essentially Rademacher’s differentiability theorem for Lipschitz
functions and the area formula we can prove the following differentiability
property of monotone functions.

Theorem 3.2. Let u be a mazimal monotone function and let D be the set
of points x such that u(x) is a singleton (that is, u(x) consists of exactly one
point which we still denote by u(x)). Then, u is differentiable at almost every
T € D, that is, there exists an n x n matriz Vu(z) such that

im YT u(z) — Vu(z) - (x — 7)

ygé:(:i) |x B @’

=0. (3.3)

Moreover, the determinants of all minors of Vu are integrable on every
bounded set B such that u(B) is bounded.

Remark 3.3. We already proved in Corollary 1.3(4) that every = where u
is a singleton belongs to the interior of Dmwu, and that u is continuous at =,
and in Theorem 2.2 we proved that u(x) is a singleton for all x € Dm u except
the (n — 1) dimensional set ¥ (u).

To our knowledge, this result was originally proved in [Mig]. Since the
gradient of a convex function is a monotone function (see section 7), the above
theorem can be viewed as an extension of a classical differentiability theorem
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by Aleksandrov (see [Ale]) to monotone functions. We will see in Theorem
7.10 that Aleksandrov’s theorem is an easy consequence of this result.

Proof of Theorem 3.2.

Since the graph of u is an n-dimensional Lipschitz manifold without bound-
ary in R™ x R™ (Proposition 3.1), it admits an n-dimensional tangent space
Tan(v) for all points v € T'u outside an exceptional set N which is -
negligible (this is an immediate and well-known corollary of Rademacher’s
differentiability theorem for Lipschitz functions).

Let 7 be the projection of the product R™ x R™ on the first R™, and let
S be the set of points v € T'u \ N so that the restriction of 7 to Tan(v) is
one-to-one (in other words, so that the projection of Tan(v) has dimension
n). The proof of Theorem 3.2 will be achieved by proving the following two
claims:

(i) if (x,y) € S, then x € D and u is differentiable at x;

(ii) 7(S) has full measure in Dmu.

Proof of claim (i).

With no loss in generality we may assume that z = 0, y = 0. We denote
by M the tangent space Tan(0,0).

Assume by contradiction that u(0) is not a singleton. Thus there exists y €
u(0) such that y # 0, and then «(0) contains the interval [0, y] by Proposition
1.2(1). Hence the tangent space M contains the vector (0,y), which belongs
to the kernel of 7w, and this contradicts the assumption that 7 is one-to-one
on M.

We denote by p be the projection of R™ x R™ onto M and by 7 the
restriction of m to M. Since @ : M — R" is one-to-one, there exists an n by
n matrix A such that x — (z, Az) is the inverse of 7. Therefore for every
v = (x,y) € R" x R™ there holds

0,y—Az)= (I -7 'm)v=(I—7""7) (v—p(v)) . (3.4)

Take xp, € R", x5, — 0, and yp, € u(zp). Then y;, — 0 because u is continuous
at 0 (cf. Corollary 1.3(4)), and if we denote by v, the points (xp,ys), (3.4)
becomes

lyn — Azp| < ||T— 77 7| |vn — p(on)] - (3.5)

Now, by the definition of tangent space, we have that |vs — p(vn)| = o(|vnl),
and it may be verified that |v,| = O(|zs|) (indeed, if this were not true we
could find a non-zero vector v in M such that m(v) = 0). Hence (3.5) yields

lyn — Azp| = o(|zsl) ,
and (3.3) follows with Vu(0) := A.
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Proof of claim (ii).

Let Ny be the set of all points in I'u \ NV such that the projection 7 is
not one-to-one on the tangent space. Then the set Dmwu \ 7(S) is given by
m(NUN;y). Since N is S "-negligible, so is w(V) (recall that 7 is 1-Lipschitz).
Moreover by area formula (see [Fel], 3.2.22, or [Si], Chapt. 2) we get

A (r(NY)) < / J(v) 4" (o)
N1
where J stands for the determinant of the restriction of 7 to the tangent space
Tan(v) of I'u in v. Since by definition the restriction of 7 to Tan(v) is never
one-to-one, then J(v) = 0 for every v € Ny, and then m(Ny) is S "-negligible
too, proving the claim.
Eventually we remark that the integrability of the determinants of all

minors M, Vu of Vu follows by the area formula and (3.2), taking into account
that

1/2
/ (3 (et vu))?) " d, < 2" (Cun (B xu(B)) . (36)
Bnx(s) ¢
Inequality (3.6) follows by the area formula and the fact that 7(S) can be
covered by a sequence of sets Dy so that the restriction of u to each Dy, is
Lipschitz (see [Fel], 3.1.8, or [GMS3]). O

4. The current associated to a graph

In this section we show that the graph of a maximal monotone function u may
be endowed with the structure of an n-dimensional current T'u in R™ x R",
and that the maps which takes each u in the current T'u is continuous. Since
Proposition 1.1 shows that the graph of a maximal monotone function agrees,
up to an isometry of R™ x R", with the graph of a 1-Lipschitz function, we
begin with recalling the canonical way to endow the graph of a Lipschitz
function with the structure of an n-current.

In the rest of this section k denotes a positive integer, m denotes the
projection of R” x R¥ onto R™ and f = (f!,..., f¥) : R® — RF is a Lipschitz
function. An n-dimensional current in R” xR¥ is a continuous linear functional
on the space 2™ (R"™ x R¥) of all smooth n-forms in R¥ with compact support
(we refer to [Fel] or to [Si], [Mo] for the general results and notations in
current theory).

Definition 4.1. Given an n-dimensional Lipschitz submanifold I of some
euclidean space which is closed, oriented, and without boundary, we define
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a current T by integrating n-forms on I'. More precisely, since I' admits a
tangent space Tan(T',y) for all y € T' except an J™-negligible set N (this is
an tmmediate corollary of Rademacher’s differentiability theorem for Lipschitz
functions), for ally € I'\ N we can choose an orthonormal basis {e1, ..., e,}
of Tan(T',y) which preserves the orientation, and we denote by o(y) the n-
covector ey A\ ... Ney,. Thus we set

T(w) = /F(w,a)d%”” Yw € 2" (R™ x RF) | (4.1)

The graph T'f of a Lipschitz function f : R® — R* is an n-dimensional
Lipschitz submanifold of R™ x R¥, and we may orient it so that the orientation
induced on R™ by the projection is the usual one (that is, for every point
x € U'f where f is differentiable we choose a basis {61, . ,en} of the tangent
space Tan(I'f,x) so that {71'(61), . ,W(en)} is a positively oriented basis of
R™). We denote by T f the current associated to the graph of f.

The linear functional 7" in (4.1) is an n-current without boundary by
Stokes’s theorem; more precisely in Geometric Measure Theory T is called
a multiplicity one integral current without boundary. For any Borel set
B C R™ x RF we have

|T|(B) =2"(I'NB), (4.2)

where T is viewed as a vector measure on R” x R¥, and the positive measure

|T| is its total variation.

In order to prove convergence results, the following representation of T f
is often useful. Let’s denote a point of R” x R¥ as y = (y1,...,Ynix), where
(Y1, Yn) €ER™ and (Yni1,-- ., Ynsk) € R¥, and let I(n,n+ k) be the set of
all strictly increasing functions

a:{l,...,n}—>{1,...,n—l—k}.

The set of all n-covectors dyq 1) A. .. Adyam) with a € I(n,n+k) is a basis of
the space of all n-covectors in R” x R*. Hence every n-form w € 2"(R" x R¥)
may be canonically decomposed as

w= Z Wa(Y) dYa) N - A dYa(n) - (4.3)
acl(n,n+k)

For every a € I(n,n + k) we denote by J, f the Jacobian determinant of the
map

€T = (xla o 7$n) — (xa(l)a <o Ta(k)s foz(kJrl)fnu sy fa(n)fn) ;
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where k is the maximal h such that a(h) < n. Then the following represen-
tation formula holds:

Proposition 4.2. Let f : R" — RF be a Lipschitz functions and let Tf be
the n-current associated to the graph of f. Then

TH(w) = Z/ o, f(2) Juf (@) dLp(zx)  Vwe Z(R" x RF). (4.4)
Moreover, for any Borel set B C R"™ x R¥ there holds

(S0 f)2>1/ ‘e, . (45)

«

TF|(B) = #"(BATS) = /

m(B)

Proof. Equality (4.4) is essentially a consequence of the area formula, which
allows to carry the integration from I'f to the domain of f (see for instance
[GMS1], [GMS3]). The second equality in (4.5) easily follows from (4.4). O

Remark. Notice that the integral representation of T'f given in (4.1) (or the
one given in (4.4) as well) provides an extension of T'f to compactly supported
n-forms with bounded Borel coefficients.

The continuity properties of the mapping 7' are given in the following
proposition.

Proposition 4.3. Let fj, : R® — RF be equi-Lipschitz functions which uni-
formly converge on compact sets to some Lipschitz function f. Then T fp
converge to T f in the sense of currents, i.e.,

Tfh(w) = Tflw) Ywe 2"R™ x R) (4.6)

(In fact this holds for any continuous n-form w with compact support).

Proof. Taking formula (4.4) into account, this proposition follows from
the continuity of determinants of minors of derivatives as maps from
Wl’OO(R”,Rk), endowed with the weak* topology, into LS (R™), endowed

loc loc

with the weak™ topology (see [Da], section 4.2.2, Theorem 2.6). O

Using the results above and Proposition 3.1 we can define the current Tu
for every maximal monotone function u.

Definition 4.4. Let ® be the isometry of R™ x R™ given in (1.2), and u a
maximal monotone function. By Proposition 1.1, ®(T'u) is the graph of the
Lipschitz function Fu : R™ — R" and is oriented as in Definition 4.1, and
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then Tw is a Lipschitz submanifold of R™ x R¥ equipped with the orientation
induced by ® (that is, for " a.e. y € I'u we choose an orthonormal basis
{e1,...,en} of Tan(T'u,y), so that {x®(e1),...,mP(en)} is a positively ori-
ented basis of R™). We denote by Tu the current associated to the graph of
u.

It may be checked that this definition of current associated to the graph
of a function is consistent with the one given in Definition 4.1: one has sim-
ply to verify that for every function v which is Lipschitz and monotone, the
orientation of I'u given in Definition 4.1 agrees with the one given in before.

Remark 4.5. The currents Tu and T'(F'u) are connected by the following
(immediate) formula:

Tu(w) = T(Fu)(w(P)) Vwe 2"R"™ xR") , (4.8)

and then |Tu|(B) = |T'(Fu)| (®(B)) for all Borel sets B C R™ x R™. In ad-
dition, we observe that T is as a local operator, i.e., for any pair of max-
imal monotone functions u, v which agree on some open set ¢} we have
Tu(w) = Tv(w) for all smooth n-forms w with support included in © x R™
(more generally, when u and v agree on some Borel set B, then Tu(w) = Twv(w)
for every compactly supported n-form w with bounded Borel coefficients which
are 0 out of B x R™).

The operator T' maps the space .#Zon of all maximal monotone function
into the space %, (R™ x R™) of all n-currents on R™ x R" continuously. More
precisely, the following statement holds:

Theorem 4.6. If (uy) is a sequence of maximal monotone functions converg-
ing to u in the sense specified in Definition 1.6, then Tu;, converges to Tu in
the sense of currents, i.e.,

lim Tup(w) =Tu(w) Ywe Z2"(R" xR") .

h—oo

Proof. We know from the proof of Proposition 1.7 that the functions (u,+1)~!
converge in R™ to (u + I)~! uniformly on compact sets; then the maps Fuy,
given in (1.3) converge to Fu uniformly on compact sets, and since their
Lipschitz constants do not exceed 1, we may apply Proposition 4.3, which
yields that the currents T'(Fuy) converge to T'(Fu). Hence the currents Tuy,
converge to Tu by formula (4.8). O

5. Distributional derivatives
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In this section we are concerned with the structure of the distributional deriva-
tive of a monotone function.

Let be given a monotone function u, and an open set €2 relatively compact
in the interior of Dmw. By Corollary 1.3(3) and Remark 2.3, u is bounded
and almost everywhere univalued in 2, and then we may consider it as an
element of L>°(Q2,R™). The following theorem holds:

Proposition 5.1. The function u, viewed as an element of L>°(Q,R"™), be-
longs to BV (2, R™). Moreover

/ |Du| < C,, [diam © + osc(u, Q)}n , (5.1)
Q

where Cy, is a constant which depends on n only, and osc(u,Y) is defined as
in Proposition 3.1.

Proof. Take integers ¢ and j such that 1 < 4,57 < n. We want to prove that
the distributional derivative D;u; is (represented by) a Borel measure on 2.

We denote points of R™ x R™ as (z,y) with x = (z1,...,2,) and y =
(y1,---,yn). We denote by dz the n-covector dx; A ... A dzx,, and by dr;
the (n — 1)-covector dzy A ... ANdzx;—1 ANdxip1 A ... Adx,. Take a function
¢ € CL(Q), and let w be the form given by

w(z,y) == ¢(z)y; dx; . (5.2)

Then w is an (n — 1)-form of class C! with compact support in R™ x R™.
Since the graph of u is a Lipschitz manifold without boundary, we may apply
Stokes’s theorem to get

dw =0 . (5.3)
T'u

By (5.2) we obtain that
dw = (=1)""1(D;) y; dz + ¢ dy; A dz;

and then (5.3) yields

/ (Di) u; A2, = / (Did)yyde = (~1) [ ddy ndzi.  (5.4)
Q T'u

Tu

Thus, denoting by M the intersection of I'u with € x R™,

| [ (Di)us da] < ol 0) )
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Now, since u is bounded on €2, by inequality (3.2) we obtain that the S (M)
is finite, and then (5.5) implies that the partial derivative D;u; is a bounded
measure on {) with total variation

| Dyus|| < (M) < 22w, [diam Q + osc(u, Q2)]" |

and (5.1) immediately follows for a suitable constant C,,. O

Remark 5.2. A careful examination of this proof shows that inequality
(5.1) can be improved; in fact there holds

/ |Du| < C’n(diamﬂ)n_losc(u, Q) ,
Q

where C,, is a constant which depends on n only.

Proposition 5.1 is a particular case of the following more general result
(which may be proved in the same way). Let u : @ — R™ a bounded function,
and let T' a rectifiable n-current with multiplicity 1 in £ x R™ and boundary
with finite mass which is supported on a J#™-rectifiable set S. For every
x € ), let S, be the set of all y € R™ such that (z,y) € S. If S, consists of
the point u(x) only for a.e. x € 2, then u belongs to BV (2, R™).

The following theorem characterizes monotone functions in term of distri-
butional derivatives.

Theorem 5.3. Let Q) be an open convex set in R™.

(i) If u is a (maximal) monotone function such that Dmu D €, then u €
BVioe(2,R™), and Du is a positive (matriz-valued and locally bounded)
measure.

(ii) Conversely, if u € L (Q,R™) and Du is a positive (matriz-valued) dis-
tribution on €1, then there exists a maximal monotone function v such
that Dmv D Q and v = u a.e. in ). Therefore Du is a locally bounded

measure by statement (i).

Remark 5.4. We remark that when A is a positive matrix-valued distribu-
tion, then the symmetric part of A, %(A—i—At), is a locally bounded measure,
but nothing can be said about the skew-symmetric part of A. Statement (ii)
of Theorem 5.3 shows that when A is a (distributional) derivative, then also
the skew-symmetric part of A is a locally bounded measure (the proof we
give actually works for derivatives of locally summable functions, but this
hypothesis may be easily removed).

Remark 5.5. For every function u € Li (2, R™), let Eu denote the sym-

loc

metric part of the derivative, that is, fu = %(Du + Dtu). By Korn’s
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inequalities, if Eu belongs to LP for some p €]1,4o00], then Du belongs to L?
too.

Korn’s inequality does not hold when p = 1: there exists a function u,
smooth out of a point singularity, such that £u € L' and Du ¢ L' (see
for instance Example 7.7 in [ACD]). On the other hand we have just stated
that this can never happen when u is monotone and bounded. Therefore the
following question arises: is it possible to prove some Korn type inequality for
monotone functions? in other words, we want to find a constant C' (depending
on the set Q only) such that | Du|| < C||€u|| for every monotone function u
with Dmu D Q. A simple application of Baire’s theorem shows that such a
constant C' exists if (and only if) || Dul| is finite whenever ||Eul| is finite.

Proof of Theorem 5.3.

Statement (i) follows immediately from Proposition 5.1.

The converse is proved as follows. For every € > 0, let €. the set of all
x € 2 such that the ball B(x,¢) is relatively compact in © (then 2. is convex
and open), and take positive smooth mollifiers p. so that p; has support
included in the ball B(0,1).

The mollified function u. := ux*p. is well-defined in ()., and Du. = Duxp.
is a positive matrix-valued smooth function on €).. Therefore u. is monotone:
indeed, for every z, h such that x and x 4+ h belong to €., there holds

(ue(x 4+ h) —uc(x), h) = /01 (Du(z +th)-h, h)ydt >0 .

Now, for every € > 0, let v. a maximal monotone function which includes
ue. By Proposition 1.7, possibly passing to a subsequence we may assume
that the functions v, converge to some maximal monotone function v (in the
sense given in Definition 1.6). Moreover u(z) € v(z) for every z such that
ue () — u(x) (cf. condition (1.5)), and since this happens for every Lebesgue
point x of u, we deduce that u(x) € v(x) for a.e. z € Q. O

Now we want to examine the structure of the distributional derivative of
u. In order to do this, we recall some well-known facts about (vector-valued)
BV functions.

5.6. Decomposition of derivatives of BV functions
Let 2 be an open subset of R™, k a positive integer, and v a function
in BV(Q,R*). Then the distributional derivative Dv is (represented by) a
bounded Borel measure on 2 which takes values in n x k£ matrices.
According to [Am1], [Am2], Dv can be split into three parts: the absolutely
continuous part, the jump part, the Cantor part. Indeed, let D,v, Dsv be
respectively the absolutely continuous and the singular part of Dv with respect
to Lebesgue measure, let Sv be the complement of Lebesgue points of v. Then,
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the jump part Djv is defined as the restriction of Dsv to Sv, and the Cantor
part D.v is defined as the restriction of Dsv to Q \ Sv. In this way we have
Dv=D,v+ D.v+ Djv.

The function v is almost everywhere approximately differentiable (see [CZ],
or [EG], section 6.1), and the approximate gradient Vv agrees almost every-
where with the density of D,v (and then of Dv) with respect to Lebesgue
measure, that is, D,v = Vv - %,.

The set Sv is countably J#" !-rectifiable, and for J#" !-almost every
r € Sv, v admits one sided traces v*(x), v~ (z) with respect to a suitable
direction v(z), i.e., the functions v, defined by v,(y) := v(z + py) when
z + py € Q, and 0 otherwise, converge in L. (R™,R¥) as p \, 0 to the step
function

v (z) if (y,v(x)) >0,
vo(y) = (5.6)
v (x) if (y,v(z)) <O0.

Vol’pert proved in [Vo] that the jump part of the derivative D;jv can be written
in term of the traces v, v~, and of the direction v (see also [Fel], 4.5.9):

Dijv=@w"—v)@v - A" L Su. (5.7)

Very little is presently known about the Cantor part of derivative. In [Aml]
the second author proved that |D.v|(B) = 0 for any Borel set B such that
H""Y(B) < 4+00. Hence the (n — 1)-dimensional part of the derivative is
given by D;v only, and the derivative does not charge any set which is J#"~!-
negligible.

Remark 5.7. When u is a maximal monotone function, then u belongs to
BV (2, R™) for every open set € relatively compact in Dmwu (Proposition 5.1).
Moreover Su = X' (u)NQ and [u™ (z),u™ ()] = u(x) for ™ -almost every
x € Su (in fact, for every x € X1 (u) \ ¥2?(u)).

The inclusion Su C X'(u) is immediate because u is continuous in the
complement of ¥!(u) (cf. Definition 2.1 and Corollary 1.3(4)), while the
opposite inclusion is slightly more delicate. Take indeed Z € (3! (u)\ Su) N,
and let ¢ be the approximate value of v in Z. We may assume Z = 0 and
g = 0. Since u(0) is not a singleton, we may find y" € w(0) such that y" # 0.
Let C be the cone of all x such that (x,y’) > |z||y’|/2. The monotonicity of
u yields (y,z) > (y/,z) for every x € R"™ and y € u(x), and if in addition x
belongs to C' then

/

/
wa) o Wl

] [ 7 2

ly| >

Since C' has positive density in 0, this contradicts the assumption that u has
approximate limit equal to 0 at 0.
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5.8. Rank-one property of derivatives of BV functions
Identity (5.7) shows that the density of the jump part of the derivative D;v
with respect to its total variation |D,v| is a rank-one matrix for |D;v|-almost
every point. The first author proved in [A1] that the same property holds for
the Cantor part too, that is, the density of the singular part of the derivative
Dsv with respect to its total variation |Dsv| is a rank-one matrix for |Dgvl-
almost every point.

Using the rank-one property and a blow-up argument one can show that
any vector BV function asymptotically depends only on one variable in the
neighborhood of |Dgv|-almost every point. In the analysis of functionals de-

fined in spaces of vector-valued BV functions this information is crucial (see
[AD], [FM]).

The original proof of the rank-one property for a general BV function
is very long and complicated. In Theorem 5.10 below we present a simple
proof which works for monotone functions (and then for gradients of a convex
functions as well, cf. section 7). A partial result in this direction was also
obtained in [AG]. Our proof of the rank property is mainly based on the
estimate (3.4) and on the following version of Reshetnyak’s continuity theorem
(see [Rel], or the appendix of [LM]):

Theorem 5.9. Let Q C RN be an open set and let (un) be a sequence of
vector measures in ) with p components, weakly converging to p in €, and
assume that

i gen ($2) = [ (€2) -
Then
. Hh _ . z
lim Qg(x,w(x)> d|,uh|($)—/ﬂg< 7|M|( )> dlpl(z)

h—oco
for any bounded continuous function g : Q x SP~1 — R.

Here 4 /|u| stands for the density of the measure p with respect to its
total variation |ul.

Theorem 5.10. Let u be a monotone function on R™, and let Q0 be an open
set such that u belongs to BV (2, R™). Then the density of the singular part
of the derivative Dsu with respect to its total variation |Dgu| is a rank-one
matriz for |Dsu|-almost every x € Q.

Proof. We assume {2 = R", the proof of the general case being a straightfor-
ward generalization.

For all € > 0 let p. be positive smooth mollifiers. Set u. := u * p., and let
f be the density of Du with respect to |Dul|. For any n x n matrix A we set

M(A) = (Z |det B|2>1/2 (5.8)
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where the sum is taken over all 2 x 2 minors B of the matrix A. We remark
that a matrix A has rank 1 or 0 if and only if M (A) = 0.
The proof depends on the following two properties:

(a) for any ball B such that |Du|(0B) = 0 the total variations |Du.|(B)
converge to |Du|(B);
(b) for any compact set K C R™ there exists a constant C'x such that

/ M(Du.)d%, < Cx  Vee(0,1).
K

The first property is well-known. Indeed, if B = B(z,r), and we take 7 so
that B(0,7) includes the support of p;, it may be easily verified that

/|Dusr—/rDu*pgrs / Dul .
B B

B(z,r+eT)

We deduce that

iimsup [ |Ducl < |Dul(B) = [Dul(B)
B

e—0

and the liminf inequality follows by the lower semicontinuity of v — |Dv|(B)
in the L. (B) convergence.

The second property follows by the estimate (3.2) on the area of the graph
of a monotone function by remarking that the functions u. are smooth, mono-
tone and uniformly bounded on every compact set of R™.

Now, let us fix a ball B such that |Du|(0B) = 0 and a continuous function
g € C.(B). By (a) the measures Du. converge to Du in variation, as matrix-
valued measures on the ball B. Since the function (x, A) — g(x) /M (A) is
uniformly continuous on B xR™*™ and 1-homogeneous in the second variable,
by Theorem 5.9 we infer

lim Bg\/M(Vug)di”n—/Bg\/M(f)d\Du\. (5.9)

e—0

Since (5.9) holds for every g € C.(B), we obtain that

VM(Vu.) - %, — /M(f) - |Dul weakly* (5.10)

as positive Borel measures on B.
On the other hand, by (b) the functions /M (Vu,) are uniformly bounded
in L?(B). Therefore (5.10) implies that the measure /M (f)-|Dul| belongs to
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L?(B), and then it has no singular part. This means that /M (f) is almost
everywhere 0 on B with respect to |Dsu|, and then f(x) is a rank-one matrix
for |Dsul-almost every x € B. Since the collection of all open balls B such
that |Du|(0B) = 0 covers R”, the proof is achieved. O

In the last part of this section we briefly discuss “the right way” to extend
the definition of Jacobian determinant to monotone functions. Taking into
account section 4, the “natural” approach is to use the fact that the graph of
u is a Lipschitz manifold without boundary (clearly this construction works
as well for the determinant of every minor of the derivative of u).

Let Q a bounded open convex set in R™; we denote by J the operator
which takes every function u € C1(£2,R") in the Jacobian determinant Ju :=
det (Vu), considered as a real valued locally bounded measure in .#,.(£2).

We denote by .Zon (§2) the class of all functions on €2 which agree almost
everywhere with some (maximal) monotone function whose domain includes
Q. Since every monotone function is locally bounded in the interior of its
domain (cf. Corollary 1.3(3)), we may regard any function in .Zon (§2) as an
element of LS (Q,R™).

Thus J is well-defined on the subset C! N .#on (), and the following
theorem provides an extension of J to the whole of .#Zon (2).

Theorem 5.11. The operator J : C* N ton () — M. () admits a unique
continuous extension, which we still denote by J, from .#on (R2), endowed with
the Li . topology, to Mioc(RY), endowed with the weak* topology.

For every u € Mon (QY), Ju is a locally bounded positive measure, and if
u is any mazximal monotone function whose domain includes 2 and which
agrees a.e. with u in ), then for every Borel set B relatively compact in )

the following generalization of the area formula holds:
Ju(B) :/ e dyi A - A dyn = |a(B)] - (5.11)
r'a

FEventually, J is a local operator, that is, for every couple of functions u,v €
AMon () which agree a.e. on the open set A, the measures Ju and Jv agree

on A.

Before proving this theorem, we remark that it provides a definition of
Jacobian determinant for maximal monotone functions so that area formula
holds (cf. (5.11)), and then the following definition is clearly justified:

Definition 5.12. For every function u in .#on () we define the weak Ja-
cobian of u as the positive measure Ju € Moc(?), where J is the extended
operator given in Theorem 5.11, that is

Ju(B) = |u(B)| for every Borel set B C Q.



28 G. Alberti, L. Ambrosio

Proof of Theorem 5.11:

The uniqueness of the extension follows from the density of C'' N .Zon ()
in .#on (), which can be easily proved by mollification (see also Theorem 6.2
and Remark 6.3).

For every u € .#on(f2), let u be a maximal monotone f unction whose
domain includes €2, and which agrees a.e. with u, and let u, be the set
function given by

o (B) = / lpyrndyr A ... ANdy, VB Q. (5.12)
Ia

The p,, is a well-defined locally bounded measure (use inequality (3.2) recalling
that u is bounded on any set relatively compact in 2 by Corollary 1.3(3)).

First of all we claim that given u,v € .#on(Q2) which agree a.e. on a
convex open set A C ), then the measures p,, and pu, agree on A (this shows
implicitly that u, does not depend on the choice of the maximal monotone
function @, and that w — u, is a local operator). More precisely, we claim
that given maximal monotone functions @ and © corresponding to u and v
respectively, then @(z) = v(x) for every x € A. Indeed, since u = v a.e. in A,
then u(x) = v(z) a.e. in A (recall that u and v are a.e. univalued), and then
u(z) = v(x) for every x € A by Corollary 1.5.

Now, since ju, = Ju for every function u of class C*, the existence of the
continuous extension and the first identity in (5.11) will be proved once we

have shown that
u / g djiy
Q

is a continuous map on .Zon (2) for every continuous test function g with
compact support in €.

Now, let (up) a sequence converging to u in .#Zon (£2), and let uy the cor-
responding maximal monotone functions. Possibly passing to a subsequence
we may assume that the functions u; converge to u a.e. in §2, and the func-
tions u, converge to some maximal monotone function v (in the sense given
in Proposition 1.7), and then u(x) € v(z) for a.e. x. Therefore the domain of
v includes © and u(z) = v(x) a.e. in €.

Hence by (5.12) and Theorem 4.6 we obtain that

/ 9y, = / g(@)dyr A ... Ndyy = (Tup, w) —
Q Tup

—><Tv7w)=/r g(fﬂ)dyl/\---/\dyn:/ggduu
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where w(z,y) := g(z) dy1 A. . .Adyy, (actually w does not have compact support
in R™ x R™, and the above convergence can be derived from Theorem 4.6 by
recalling that the functions u,, are uniformly bounded on the support of the
test function g).

Eventually we prove the second equality in (5.11). We denote by 7 the
function which takes each (z,y) € T'u into y € R™, then 7 is a Lipschitz func-
tion from the n-dimensional oriented Lipschitz manifold without boundary
'z into R™, and for every Borel set B C €2 there holds

/ lpyrn dyr A ... Ady, = / deg(m, B x R",y) d.%,(y) , (5.13)
T'a n

where deg(m, B x R", y) is the Brower degree of the function 7 relative to the
open set B x R™ and the point y (see for instance [Fel], 4.1.26, or [GMS3]).
By Theorem 2.2, ¥!(771) is Lebesgue negligible, and then 7~!(y) consists of
one point for a.e. y. Hence deg(m, B x R",y) = 0 for every y ¢ u(B) and
‘ deg(m, B x R™, y)‘ =1 for a.e. y € u(B), and taking into account our choice
of the orientation of I'u (see Definition 4.4), we obtain deg(mw, B x R",y) =1
for a.e. y € a(B). Thus deg(m, B x R",-) agrees a.e. with the characteristic
function of the set u(B). Hence (5.13) becomes

/ ]-BXR” dyl/\/\dyn: |’L_L(B)| . O
T'u

Remark 5.13. Notice that the weak Jacobian Ju may not agree with
the pointwise determinant det(Vu). Take indeed u(z) := z/|z| on R?: by
approximating v with smooth monotone functions and using the continuity of
J, we obtain that Ju is the Dirac mass concentrated in 0. On the other hand a
direct computation shows that det(Vu) = 0 almost everywhere. Nevertheless
the pointwise determinant is connected to the weak Jacobian by the following
relation:

Proposition 5.14. For every monotone function uw € #on(Q2), the abso-
lutely continuous part of the measure Ju with respect to Lebesgue measure
is represented by the pointwise determinant det(Vu) (recall that u is almost
everywhere differentiable by Theorem 3.2).

This statement was originally proved by S. Miiller for the distributional
determinant Det Du of a Sobolev function (provided that Det Du is defined
and is a measure), but the proof in that case is remarkably more difficult (see
[Mu2], Theorem 1 and following remarks).

Proof. Since u is of class BVjo.(Q2), then we may find an increasing sequence
of Borel sets Dy which cover almost all of  and such that u agrees in Dy,
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with a function uy, of class C! (see for instance [EG], section 6.6). Hence for
every h, Vu = Vuy, a.e. in Dy, and T'un (Dy x R™) = T'up, N (D), x R™), and
then for every Borel set B C D}, there holds

/det(Vu) dﬁfn:/ det(Vup) d%,
B B

:/ leRndyl/\.../\dyn:/ Ipxrn dyi A ... A dy, = Ju(B)
Tup Tu

(the second equality holds because uy, is a function of class C*, while the fourth
one follows from the definition of Ju). Hence for every Borel set B C D), there
holds [, det(Vu) d.%, = Ju(B). Moreover this equality may be extended to
every Borel set B included in the union of the sets Dy, and since this union
cover almost all of €2 the proof is complete. O

Remark 5.15.  We recall that det(Vu) € LL_(Q) for every u €

loc

WI})’C"(Q, R™), and u — det(Vu) is continuous with respect to the correspond-
ing strong topologies (see [Da], section 4.2.2); on the other hand Det Du is
a well-defined distribution on €2 for every locally bounded u € VVlicn _1, and
is continuous with respect to the natural topologies (see for instance [Ba],
[Mul]). Clearly det(Vu) = Det Du for every u € W\

Using the continuity of the extended operator J and a density argument,
we deduce that Ju agrees with the pointwise determinant det(Vu) for every
monotone function u which belongs to VVli’C"(Q,R”), and with the distribu-
tional determinant Det Du for every monotone function v which belongs to

whrhQ,Rm).

loc

6. Approximation by smooth functions

In this section we approximate a maximal monotone function u by Lipschitz
maximal monotone functions defined in R™ in such a way that Tu; converge
to Tw and the measures |T'uy| converge to |T'u|. Simple examples show that,
in general, the convergence of Tu;, to T'w does not imply the convergence of
the variations |T'up| to |Tul.

Definition 6.1. For every ¢ > 0 we set V.(x,y) := (z + ey,y) for all
(z,y) € R™ x R™, and for every mazimal monotone function u we define u.
as the multifunction whose graph is V. (T'u), that is, Tu. = {(x + ey, y) :
(z,y) € Tu}. Hence

ue = (el +u~ 1)1, (6.1)
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Then we have the following result (cf. [Br], section 2.4, or [At], section
3.7.1):

Theorem 6.2. Let u be a mazximal monotone function, and let u. be given
as in Definition 6.1. Then

(1) we is a 1/e-Lipschitz mazimal monotone function on R™ for every e > 0;
(2) we converges to u as € — 0 in the sense specified in Definition 1.6;

(3) Twu. converges to Tu as € — 0 in the sense of currents (cf. section 4);
(4) |Tuc| converges to |Tu| as € — 0, in the sense of measures, i.e.,

/gd|Tu5\ ~ /gd\Tu| Vg e Cu(R” x R™):;

(5) for every convex open set @ C Dmu, Du. — Du and |Du.| — |Dul in
the sense of measures on Q (cf. Theorem 5.3), i.e.,

/gDu6 A<, — /gd(Du)

/g\Dugldfn - /gdyDu Vg CuS).

Remark 6.3. Theorem 6.2 shows that we may approximate any maximal
monotone function v with Lipschitz maximal monotone functions u. (with
domain R™) so that properties (1)—(5) hold. Clearly we may also ask that the
functions u. are smooth (regularize the approximating Lipschitz functions
by convolution), and that they are diffeomorphisms (add to each smooth
approximating function the term eI).

Remark 6.4. Notice that when u is a C! function with domain R”, then
the standard regularization by convolution provides a good approximation of
u with smooth functions u. (and good means in particular that Tu. — Tu
and |Tue| — |[Tul).

When u is not a C! functions, this trick does not work, even when the
domain of uw is R". In fact, we may still define the regularized functions
Ue = u * pe; the functions u. are still smooth maximal monotone functions
and Tu. — Tu, but we are able neither to prove that |Tu.| — |Tu| nor to
find counterexamples showing that this convergence might not hold.

Proof of Theorem 6.2.
By (6.1) we obtain that u. = %(IJr%u_l)*l. Since v~ ! is maximal, u=?! /e

is maximal too, and then (I +ut/ E) “lisa 1-Lipschitz function defined on R™
(by statements (2) and (3) of Proposition 1.2). Hence u. is a (1/¢)-Lipschitz



32 G. Alberti, L. Ambrosio

function on R™, and then it is maximal (Corollary 1.4), and statement (1) is
proved.

To prove statement (2) we show that conditions (1.8) and (1.9) holds. Let
be given sequences (g5,) and (zp,yn) € 'ue, such that e, — 0 and (zp,yn) —
(x,y). Since (xp—enYn, yn) belongs to I'u (by definition of u. ) and I'u is closed,
we get (z,y) € I'u, and then (1.8) is verified. Conversely, given (z,y) € I'u,
the points (z + €y, y) belongs to I'u. and converge to (z,y) as ¢ — 0, hence
(1.9) holds.

Statement (3) follows by Theorem 4.6 and statement (2).

By formula (4.2) we have that for any Borel set B C R™ x R™,
Tu.|(B) = A" (Tu. N B) = A" (V. (Tu) N B) .

Therefore statement (4) follows by Lemma 6.5 below (recall that I'u has locally
finite S measure). In particular

[Tue|(A) — [[Tull(A) (6.2)

for any bounded open set A such that |Tu|(0A) = 0.

Finally we prove statement (5). By formula (5.4) we obtain the following
representation of the partial derivative D;u;:

(0 D) = [ (=) ody Nl Ve Cue),

so that, denoting by T u the (i, j)-th component of Tu which appears at the
right hand side, N
[Dius|(B) = [TV u|(B x R")

for any Borel set B C Q. Therefore Du. — Du weakly™* in .#,.(Q2, R"*™) by
statement (3), and |Du.| — |Du| weakly™® in .#,.(Q2) by statement (4), (6.2)
and Theorem 5.9. O

Lemma 6.5. Let be given integers k,n with k > n, and a set M C R* with
locally finite " measure. Let U, : R¥ — RF be C1 diffeomorphisms such
that Uy, (y) — y and DV, (y) — I uniformly on compact sets. Then for every
continuous function g with compact support in R¥ there holds

/ gdixt" —>/ gdit" . (6.3)
7 M

r(M)

Proof. By the assumptions we deduce that the maps \Ifgl converge to the
identity map uniformly on compact sets, and since also DW¥;, converge to I
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uniformly on compact sets, for every e > 0, R > 0, there exist h such that
W, (y) —y| < Rand | DV, (y) — 1| < ¢ for every h > h, y € B(0,2R). Hence,
for every h > h, and every set A C B(0,2R),

(1 —¢)diam A < diam ¥p,(A) < (1+¢)diam A .

By the definition of Hausdorff measures this yields, for every Borel set A C
B(0,2R),

(1—e)" " (A) <H"(Vh(A) < (1+e)"H"(A) . (6.4)
Moreover for every set C' C B(0, R), ¥, '(C) C B(0,2R) and then (6.4) yields
(1—e)" o™ (U, {(C)NM) < A" (CNTR(M)) < (L+e)" o™ (T, H(C)NM) .

Hence for every positive Borel function g with support included in B(0, R) we
get

(1—¢) /Mg(\I/h)d%” §/II}L(M)gd%” < (1+s)"/ o(U,) A" . (6.5)

M

Taking into account that € and R are arbitrarily taken, (6.5) shows that for
every positive Borel function g with compact support

lim gdAH"™ = lim g(Uy)dA™ . (6.6)
h—o0 \I/h(M) h—oc0 M

If in addition ¢ is continuous, by the dominated convergence theorem we get

lim g(Up)dH"™ = / gdA" . (6.7)
h—oo Jar M
Equalities (6.6) and (6.7) yield (6.3). O

7. Convex functions

An important class of monotone functions is represented by the gradients
(subdifferentials) of convex functions. In this section we examine some prop-
erties of convex functions and extend the results previously established for
monotone functions to the gradients of convex functions.

Definition 7.1. We denote by Gonv the class of all lower semicontinuous
conver functions f : R™ —]| — oo, 400]|. For every f € %onv, we denote by
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Dm f the set of points x € R™ such that f(x) < +oc0 and we say that y € R™
s a subgradient of f at x if

reDmf, f(a)>f(z)+ (y,2' —x) Vi'eR™. (7.1)

We denote by Of the subdifferential of f, i.e., the multifunction which takes
each x € R" in the set of all subgradients of f at x.

Unless differently stated, throughout this section by convex function we
mean a function in %onv.

Remark 7.2. Tt follows immediately from definition that z is a minimum
point of f if and only if 0 € f(z).
A convex function f is differentiable at the point z if and only 0f(x) is

a singleton, and in this case Jf(x) consists exactly of the gradient of f at x,
which we denote by V f(z).

Notice moreover that for every € Dm f, y belongs to d0f(x) if and only
if (7.1) holds for all 2’ in some neighborhood of x, and this yields that the
subdifferential is a local operator on open sets, i.e., given convex functions f
and g which agree on some open set €2, then df and dg agree on §2.

Remark 7.53. By applying the Hahn-Banach theorem to the epigraph of f
(which is a closed convex set in R™ x R), we obtain that df(x) is never empty
when z is in the interior of domain of f, and then

Dmf D> Dm(df) D IntDm f .

Notice that both inclusions may be strict, and Dm 0 f may be not even convex
(cf. Corollary 1.3(2) and the following remark).

Moreover df is a maximal monotone function unless f = 400 (cf. [Br],
example 2.3.4). Indeed, the monotonicity of df is an easy consequence of
the convexity, and by Proposition 1.2, the maximality is equivalent to the
subjectivity of (0f 4+ I). Let y € R™ be given, and take 2z € R™ the (unique)
minimizer of the coercive lower semicontinuous function

v (@) + glal — ()

Then 0 is a subgradient of this function at z; hence y € 9(f(z) + |z|*/2) =
(0f + I)(zx), and the subjectivity of (Of + I) is proved.

The subdifferentials of convex functions have been characterized as maxi-
mal cyclically monotone functions (cf. [Br], section IL.7).

Remark 7.4. Since Of is monotone, then it is bounded on every open
set relatively compact in the interior of its domain (Corollary 1.3(3)), and
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by Remark 7.3 IntDm f = IntDm (9f). Using the non-smooth version of the
mean value theorem (see [Cl], Theorem 2.3.7), we deduce that every convex
function f is locally Lipschitz in the interior of its domain.

7.5. A notion of convergence in Gonv
We may associate to every convex function f its epigraph Ef := {(z,t) €
R*xR: t>f (a:)}, and FEf is a closed convex set; accordingly we say that
a sequence of convex functions (f;) converges to f in the sense of epigraphs
if the (Efy) converge to Ef in the sense of Kuratowski as h — +o00. This
yields a compact metrizable topology on the class of all lower semicontinuous
convex functions %onv (cf. section 1, Definition 1.6 and Proposition 1.7).
Note that if f, — f and K is relatively compact in the interior of Dm f, then
K C Int(Dm fp,) for h large enough and f}, converge to f uniformly on K.
The convergence of epigraphs of lower semicontinuous (convex) functions
in the sense of Kuratowski has been widely studied in the infinite dimensional
case (namely when R” is replaced by some functional space) and is equivalent
to the notion of I'-convergence for the corresponding functions (see for instance
[DM], chapter 4, and [At]). This notion is particularly relevant from the
variational viewpoint, since it carries over the convergence of minimizers: this
means that if the convex functions f,, converge to f in the sense of epigraphs
and x,, is a minimizer of f,, then every cluster point of the sequence (x,,) is
a minimizer of f.

Remark 7.6. Let Q C R™ be an open convex set, and let onv(€2) be the
space of all convex functions f : @ — R. We endow as usual %onv(2) with
the (metrizable) topology of uniform convergence on compact subsets of ).
Thus a set of functions in Gonv(Q2) is relatively compact if and only if the
functions are locally uniformly bounded.

We may extend a function f € %onv(Q) to a convex function f € Gonv
by setting

f(z) if v € Q,
f(x) = { liminf f(2') ifzeQ)\Q, (7.2)
+00 if z € R™\ Q.

This extension is a continuous map from %onv (€2) (endowed with the topology
of uniform convergence on compact sets) to Gonv (endowed with the topology
of convergence of epigraphs).

Theorem 7.7. Let (fn) be a sequence of convex functions which converges
to f and assume that f # +oo. Then (0fy) converges to Of (cf. Definition
1.6).

Proof. By Proposition 1.7, we may assume that 0 f, converge to some u where
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u is a monotone function. We claim that v D df. Were this true, we would
get u = Jf because df is maximal. Take (x,y) € Jf; we want to show that y
belongs to u(x). We may assume with no loss in generality that (x,y) = (0,0).
Then 0 is the (unique) minimum point of z — f(x) + |z|?. For each h, let z,
be the unique minimum point of x +— f;,(x)+|z|?; then 0 € dfy,(xp)+21p, ie.,
—2xp, € Ofn(xp), and moreover x;, — 0 because minimum points converge to
minimum points (cf. Remark 7.5). Hence (z, —2xj) belongs to I'(9f;,) and
converge to (0,0), and by (1.8) this means that (0,0) belongs to I'u. O

Notice that the following converse holds: if df; converge to some non-
empty multifunction, then there exist constants ¢p such that f, + ¢, converge
to some convex function f, and hence 0f, — Of.

Remark 7.8. Let T be the operator which associates to the graph of a
maximal monotone function u the current Tu (cf. Definition 4.4). It follows
immediately from Theorem 7.7 that the mapping f — T(9f) is continuous,
i.e., that for any sequence of convex functions f; which converge to f in the
sense of Remark 7.5 (or in Remark 7.6 as well), the currents T'(0f) converge
to T'(0f) in the sense of n-currents of R™ x R™.

7.9. Singular sets of convex functions

As we did for monotone functions (cf. Definition 2.1), for every f € onv and
every integer k = 1,2,...,n we denote by X¥(f) the set of all points z € Dm f
such that df has dimension greater than or equal to k. From Theorem 2.2
we obtain that X*(f) is a countably /" F-rectifiable set. This kind of result
was first proved by Anderson and Klee ([AK], see also [Be]).

This rectifiability property is not optimal: ¥¥(f) is actually a countably
"k rectifiable set of class C?, i.e., we can find countably many C? sub-
manifolds of dimension (n — k) in R™ which cover J#"*-almost all of ¥*(f).
This was proved by the first author in [A2], but it is also an immediate corol-
lary of Theorem 1 in [Z2]. In fact in both papers a slightly more precise
result is proved: ¥*(f) can be covered by countably many graphs of functions
g : R" % — R* such that each component of ¢ is the difference of two convex
functions.

Notice that Theorem 2 in [Z2] generalizes this result to lower semicontinu-
ous convex functions on a separable Banach space. In [AAC] the rectifiability
of singular sets is proved for semi-convex functions.

We proved in Theorem 3.2 that a monotone function is differentiable at
almost every point of the domain. If we apply this result to the subdifferential
of a convex function f, we obtain that for almost every £ € Dm f where f
is differentiable (i.e., where Jf is a singleton, cf. Remark 7.2) there exists a
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matrix V2 f(Z) such that

L U= VIE) - V@) ()
T—T ‘,q; — j'|
yEOf(x)

~0. (7.3)

Using (7.3) we can recover Aleksandrov’s differentiability theorem for convex
function (see [Ale]); simple proofs were also given in [CIL], Theorem A.2, and
in [BCP]. Notice that Fréchet and Gateaux (first order) differentiability of
convex functions on Banach spaces have been widely investigated (see [Asp],
[PZ]; see also [Ph] for a survey on this topic),

Theorem 7.10. Let x be a point where (7.3) holds. Then, f has a second
order differential at x, i.e.,

o F@ 1) = £(@) = (VS @), 1) = (T2 ) b, b)

lim e =0. (74

Proof. 1t is not restrictive to assume x = 0, f(z) =0 and V f(z) = 0.

Let A be the matrix V2f(0). Let ¢(h) := f(h) — 1(Ah,h). We have to
prove that ¢(h) = o(|h|?).

Let be given h # 0. By the non-smooth version of the mean value theorem
(see [Cl], Theorem 2.3.7) there exist y in the segment joining 0 to h, and

p € 0¢(y), such that ¢(h) — ¢(0) = (p, h), i.e.,
¢(h) = (¢ — Ay, h) (7.5)

for some vector g € df(y). From (7.3) we infer

g — Ayl = o(ly]) = o([n]) ,

and in conjunction with (7.5) this implies ¢(h) = o(|h|?). O

As we did in Theorem 5.3 for monotone functions, we can characterize
convex functions in term of distributional derivatives (this is a well-known
result, see for instance [Du], [Re2]).

Proposition 7.11. Let Q a convexr open set of R™. If f : Q — R is converz,
then Df is monotone, and D?f is a positive and symmetric (matriz-valued
and locally bounded) measure. Conversely if f € L _(Q) and D*f is a positive
(matriz-valued) distribution on §2, then f agrees almost everywhere on € with

a convex function g such that 0 C Dmg.

The proof of this proposition is the same as Theorem 5.3 and we omit it.
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A standard way to approximate from below a l.s.c. convex function is the
inf-convolution, also known as Moreau-Yosida approximation (see for instance
[Br], section 2.7, or [At], section 2.7):

Definition 7.12. Given f € %onv, for everye >0, x € R™, we set

fe(x) := min {f(x’) + 2i€|:v/ - $|2} : (7.6)

x’ ER™

The function f. is well-defined and finite for every x € R™ because z’ —
f(@') + 2|z’ — x|? is lower semicontinuous and coercive, moreover it may be
easily verified that the functions f. converge to f in the sense of epigraphs
(see paragraph 7.5).

This approximation is tightly connected to the approximation of monotone
functions given in section 6, as shown in the following statement (cf. [Br],
Proposition 2.11).

Proposition 7.13. For any e > 0, f. is a CY! convex function and O(f.) =
(0f)e, where (Of). is given in Definition 6.1.

Proof. A simple computation shows that f. is convex. Hence f. is of class
C11 once proved that (f.) = (9f)., because (9f). is a Lipschitz function
(Theorem 6.2(1)).

Since (0f). is maximal monotone, we need only to show that the inclusion
(0f)e(z) C O(fe)(x) holds for every x. Let z and y € (0f).(z) be fixed. Since
(x — ey, y) belongs to I'(Jf), we have

(@) > f(z—ey) + (g2 —z+ey) Vol €R™. (7.7)

On the other hand, the Cauchy inequality yields |e y|?+|z” —2'|? > 2(e y, 2" —
x'), and then

_‘{L_//

5 —2'* > —%!y\Q +(y, 2" — 2’y V', 2" eR". (7.8)
€

By summing (7.7) and (7.8) side by side, we obtain

1
flz") + g\x'—x"P > flx—ey)+ §|yl2 +(y, 2" —x) V', 2" eR". (7.9)

Now, setting " := z in (7.9) yields

1
F@)+ ol = o = flx—ey) + Syl Vo' €R"
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so that, taking (7.6) and equality £|y|* = 5-|(z — ey) — z|* into account, we
get

€
fe(@) = fl@ —ey) + 5ly* - (7.10)
If we replace (7.10) in the right hand side of (7.9) we get
1
f(m’)+%]x/—m”2Zfs(:v)—i—(y,x’/—w) Vl‘/, x//GRn )

and taking the infimum over all 2’ we obtain
fe(@”) = fe(z) + (y,2" —z) V" eR".

This proves that y € df.(z). O

8. An example

In this section we give an example of monotone function whose weak Jacobian
(see Definition 5.12 and following remarks) has a non-trivial structure. In fact
we exhibit a function u : R? — R? so that

(1) w is Holder continuous and belongs to W'licp for every p < 2; moreover u
is the gradient of a convex function of class C;

(2) the weak Jacobian Ju is supported on a purely unrectifiable and Lebesgue
negligible set A, and det(Vu) = 0 a.e. in R2.

Our example is given in dimension 2, but similar constructions can be general-
ized to higher dimensions. We obtain u as the limit of a sequence of functions
ui. The construction and the description of the approximating functions uy
is divided into several steps (from paragraph 8.2 to Lemma 8.5), and in The-
orem 8.6 we show that these functions converge to a limit u, and describe the
main features of u (see also paragraphs 8.8 — 8.12). We conclude this section
by constructing another sequence of subdifferentials of convex functions which
converges to u (see Definition 8.13 and Proposition 8.14) and then we discuss
some consequences of this example (see paragraph 8.15 and Remark 8.16).

Other examples of Sobolev functions with Jacobian determinant supported
on (fractal) sets of arbitrary dimension were constructed in [Mu3] and, with
a slightly different viewpoint, in [Po].

8.1. Some notation

Throughout this section the capitol letter B always denotes an open ball in
R2, and B = B(x,r) is the open ball with center x and radius r. For every
a > 0, aB denotes the rescaled ball with same center and radius multiplied
by a, that is, aB := B(z,ar).
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A similitude is an affine map ¥ : R? — R? such that for every couple of
points z,y € R?, there holds |¥(z) — ¥(y)| = a|z — y|, where a € (0, +o00) is
the scaling factor of W.

We say that a set is purely unrectifiable if its intersection with any Lips-
chitz curve is J#'-negligible. We remark that by the coarea formula (see for
instance [EG], section 5.5), the derivative of a BV function can never charge
a purely unrectifiable set.

8.2. Construction parameters

Our construction basically depends on the following parameters: a > 1 is
a fixed real number, and {Bi 1 el } is a countable collection of pairwise
disjoint open balls which cover almost all of the ball B(0,1). We denote by
pi the radius of each ball B;, and by p the maximum of all p; (thus p < 1).
The family {Bi riel } is called basic cover.

Definition 8.3. For every i € I, we denote by V; the similitude which takes
the unit ball B(0,1) into éBi, that is, the map given by

U, (x) :=ax; + %(m —x;) forx € R?

(here x; is the center of B;). For every integer k = 1,2,... and every i =
(i1,...,ix) € I* we set (cf. figure 1 below)
Bff == (U, 0---00;,)(B(0,1)) (8.1)

1

(in particular B} = LB, for every i € I). Then we set Ay := B(0,1) and

A= Bf, A::ﬁAk. (8.2)
k=1

ielk

Fig. 1 (A): in grey, the set A, i.e., the union of the balls {Bl2 i€ I2};
(B): in grey, the set A, covered by the balls {aBf : i € I?}; (C): in grey,
the set Ag = B(0,1), covered by the balls {B; = aB} : i € I}.
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Let us fix k > 1 and i € I*, and let ¥; := (V;, o--- 0 W, ); then BF =
U;(B(0,1)) and Bé“lt)l = \Ili(éBi) for every ¢ € I, and moreover ¥; is a
similitude with scaling factor a=¥p;, - - - p;, , and then BF is a ball with radius
of’“pil -+ pi,. Since the balls {Bi S I} are pairwise disjoint and cover
almost all of B(0,1), then the balls {ozBé“iﬁ)l 11 € I} are pairwise disjoint
and cover almost all of BF. We deduce that for every k the balls {ozBikJrl :
iel k+1} are pairwise disjoint and cover almost all of Ay, and then we

immediately derive the following result:

Proposition 8.4. The following facts hold:

(1) the sets {Ar} are a decreasing sequence of open sets with intersection A;
(2) for every k >0, the balls {aBik tie Ik} cover almost all of Ap_1;

(3) each set Ay, has measure Ta~ 2% and A has measure 0;

(4) each ball Bf has radius o %p;, -+ pi, < (p/a)”.

Now, we briefly outline the construction of the function u. First we con-
struct for every k a map fr : R? — R? which takes each ball Bf onto aBF for
every i € I*. Thus fi takes Ay onto the union of the balls aBf for i € I*,
and by Proposition 8.4(2) this implies that fix(Ay) covers almost all of Aj_;.

Then we set uy := foo---o fi, and hence ug(Ay) covers almost all of
Ap. Using the area formula we show that the Jacobian determinant of wy is
therefore supported on the set A, and has integral always equal to 7, while
the measure of A decreases to 0 (cf. Proposition 8.4(3)).

Eventually we define u as the limit of the functions uy as k — 400, and we
show that the weak Jacobian of u is a positive measure with mass 7w supported
on the set A, which is negligible and purely unrectifiable. Moreover we show
that u, like the functions uyg, is the gradient of a convex function and belongs
to W1? for every p < 2.

loc
This construction is divided in several steps.

Step 1. For every ball B = B(Z,r) we set

T+alz—z) ifjlz—2z| <,

fe(z) = r—7 (8.3)

T+ar — if |z —z| > 7.
|z — 2|

Then function fp satisfies the following (immediate) properties:

(1) fp takes B onto aB linearly, takes aB\ B onto d(aB), and agrees with
the identity on the boundary of aB;

(2) fp is a-Lipschitz on R%, and agrees in B with a similitude with scaling
factor a;
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(3) Vfp(x) is a positive symmetric matriz for a.e. x € B. In fact, fp is the
gradient of the convex function F' defined by

Fl) ._{<£,x>+%|x—§c]2 if | — |

<r
B <3?,x>+ar]:r—:1‘c\—°‘7r2 if |le — x| >r.

Step 2. For every integer k =1,2,... , we set

fiem (@) ifze aBF for some i € I*,
fe(x) = (8.4)

x otherwise.

Then the functions fi satisfy the following properties:

(1) fr(Ao) C Ao, fx(Ax) cover almost all of Ay_1, and fir(z) = = for
x € R? \ Ap_q;

(2) fr is a-Lipschitz in R?, and everywhere differentiable in Ay and in R? \
Ap_1;

(3) [fu@) — felw)] < |o -yl +4ar*pk for every z,y € R,

(4) Vfi(x) =al for every x € Ay;

(5) Vfi(x) is a positive symmetric matriz for a.e. v € R2.

Proof. Once recalled that the union of the balls {Bf€ riel k} is A, and that
the balls {aBf : i € I*} cover almost all of Ay_q, all statements but (3)
easily follow from the properties of the functions fp stated in Step 1.

The proof of (3) is slightly more delicate. Take indeed x € R2. If x does
not belong to the union of the balls aBf, then fi(z) = z, while if z belongs
to aBF for some i € I*, then fi(z) belongs to aBF too (cf. (8.4) and Step 1,
statement (1)). In both cases there holds |fi(z) — ZL" < 2ar, where r is the
supremum of the radii of the balls BF, and since r < (p/a)* by Proposition
8.4(4),

| fi(@) — 2| < 201k p¥ Ve R?. (8.5)

Therefore for every x,y € R? we obtain
’fk(x) _fk(y)l <l|r—y[+ }fk(ﬂf) —ZU’ + ’fk(y) —y‘ <lz—yl+4arFp* . O

Step 3. We define fj by setting fo(z) := z if |z| < 1 and fo(z) := z/|z| if
|z| > 1. Then for every integer k = 0,1,... we set

up = foo---0 fi . (8-6)

The functions ug enjoy the following properties:
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(1) up(R?) C Ay and ui(Ay) covers almost all of Ag, up(x) = up(z) for
every x € R?\ Ay and every h < k, and u,(z) = fo(z) = z/|z| for every
S RQ \ AO;

(2) wuy is (a)-Lipschitz;

(3) for every z,y € R? and every h, k there holds

4ph+1

1—pla’

(4) Vug(x) = o*I for every x € Ay and Vuy(z) = oIV fi(x) for almost
every x € Ag_1;
(5) Vui(z) is a positive symmetric matriz for a.e. x € R2.

|uk(z) —ur(y)| < oz —y| + (8.7)

Proof. Statements (1) and (2) follow from the definition of u; and statements
(1) and (2) of Step 2 respectively.

Let us prove (3). Take x,y € R?; if k < h then (8.7) follows by statement
(2). Assume then that £ > h > 0: we claim that

k—1
ur(@) = wn(y)] < " (o = ol + 40> (p/)') - (8.8)
i=h

This inequality may be proved by induction on k: the case k = h reduces
to |ug(z) — uk(y)| < oF|z — y|, which follows from statement (2), and the
inductive step may be easily proved using statement (3) of Step 2 and the
recursive formula uy = ug_1 o fr. Now inequality (8.7) follows from (8.8)
by replacing the finite sum Zi_l(p/oz)i at the right hand side of (8.8) with
>on (p/a)t.

Since the sets Ay are a decreasing sequence of open sets (cf. Proposition
8.4(1)), from statement (4) of Step 2 we immediately deduce that Vug(x) =
a*I everywhere in Ay. The rest of statement (4) follows from the identity
Up = Up—1 © fr.

Statement (5) is proved by induction on k. For k = 0, up = fp and
then statement (5) follows by explicit computation. Take now k£ > 0. From
statement (4) we know that Vuy(z) = a* =1V fi.(z) for almost every » € Aj,_,
and then statement (5) of Step 2 yields that Vug(z) is a positive symmetric
matrix a.e. in Ax_;. On the other hand uy, agrees with us_; a.e. in R2\ A_
(statement (1)), and then Vuy, agrees a.e. in R?\ Ay_; with Vuy_1, which is
a positive symmetric matrix by the inductive hypothesis. O

Now we can prove the following result:

Lemma 8.5. The functions uy defined in Step 3 are Lipschitz and enjoy the
following properties:
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(1) up(R?) C Ay and ui(Ay) covers almost all of Ag, up(x) = up(z) for
every x € R?\ Ay and every h < k, and u,(z) = fo(z) = z/|z| for every
S RQ \ AO;

(2) for k> 1, the functions uy satisfy the inequality

‘uk(:l:)—uk(y)} < (1+ ) |x—y|” whenever |z —y| <1, (8.9)

4
1—p/a

with 7y := log p/ log(p/a);

(3) the gradients Vuy are uniformly bounded in LP(Q2) for every p < 2 and
every bounded open set Q C R?;

(4) the functions uy are gradients of convex functions.

Proof. Statement (1) is statement (1) of Step 3, and statement (4) follows from
statement (5) of Step 3 and Proposition 7.11. Let us proved statement (2).
Fix k > 0 and x,y € R? such that |x —y| < 1, and let h be the largest integer
below log |z —y|/log(p/c). Then h > 0and h > (log|z—y|/log(p/a)) —1,
and by statement (3) of Step 3 there holds

h 4ph+1 4
‘uk(x)—uk(yﬂ <a'lz—y|+ 1—p/a < (1+m> |z —y|7 .

Concerning statement (3), since Vuy(z) = V(z/|z]) for every z € R?\ 4y,
and V(z/|z|) is bounded in R? \ Ay, then it is enough to prove that the
gradients Vuy, are uniformly bounded in LP(Ap). By Step 3, statement (2),
|Vug(z)| < o a.e. in R%, and by Step 3, statement (1), Vuy(z) = Vug_1 ()
a.e. in R?\ A;_;. Hence

[ V@l iz <ana) s [ V@] iz
Ao Ao\Ax—1

< raltP—2)k +/ ‘Vuk,l(x)‘pd.,% )
Ap

Therefore by induction on k& we obtain

k—1
7TOé2

/ |Vuk|pd$2 S 7TOép Z a(p—?)i o T* -
Ao 5

~a2Pr—1"

Lemma 8.5 implies the convergence of the functions ug. More precisely,
we have the following theorem:

Theorem 8.6. The functions ug converge uniformly on compact sets to a
continuous function u : R? — R2. Moreover
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u(R?) C Ay and u(A) covers almost all of A;

u € C%Y with v := logp/ log(p/a);

u € WLP(R?) for every p < 2;

w is the gradient of a convex function of class C';

the weak Jacobian Ju is a positive singular measure supported on the set
A, and det(Vu) =0 a.e. in R?;

(6) the set A is purely unrectifiable.

[\

N

N N N /S /N
— — — ' ~—

Remark 8.7. Since p < 1 and o > 1, we have that 0 < v < 1. Moreover we
can choose a and p so that ~ is any prescribed real number between 0 and 1.
We remark that the set A is a decreasing intersection of open sets. Therefore
it is not immediate to prove that A is non-empty: indeed this follows from
the fact that the measure Ju is non-trivial and supported on A.

Proof. By Lemma 8.5(1), the sequence (ug(x)) is definitively constant for
every x ¢ A, and this set has measure 0 (Proposition 8.4(3)). Hence the
functions uy converge almost everywhere, and then we have the uniform con-
vergence on compact sets because the functions uy are equi-continuous (cf.
(8.9)). Hence statements (1)—(4) follow immediately from (1)—(4) of Lemma
8.5, respectively.

Since u is the gradient of a convex function of class C!, it is a maximal
monotone function (cf. Remark 7.3), and then Ju is a positive Borel measure
on R? which satisfies Ju(B) = |u(B)| for every Borel set B C R? (cf. Theorem
5.11 and Definition 5.12). Taking statement (1) into account we get Ju(R?) =
Ju(A) = w. Therefore Ju is supported on the negligible Borel set A. In
particular this implies that det(Vu) = 0 a.e. in Ay (cf. Proposition 5.14).

Let us prove that A is purely unrectifiable. This means that for every
Lipschitz curve C in R? there holds J#1(ANC) = 0. In fact it is enough to
prove this statement when C' is a curve which agrees (up to an isometry) with
the graph of a Lipschitz function ¢ : R — R, and thus the proof relies on the
following fact (which we shall prove below): if B is a ball in R? and aB is the
corresponding rescaled ball, then

A (BNC) <64 (aBNC), (8.10)

where 0 is strictly lower than 1 and depends on « and the Lipschitz constant
of g only. Assume for the moment that (8.10) holds. For every k& > 0 and
every i € I*, the balls {aBé“it)l el } are pairwise disjoint and included in
Bf, and then (8.10) yields

Y AN (BEENC) <Y AN aBiENC) <A (BfNC) .
el el
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Taking the sum over all i € I* we obtain
HN (A 1N C) <6 (ALNC)
and by iterating this inequality,
HYHANC) < A A1 NC) < F A (A NCO)

and then #'(ANC) = 0 by passing to the limit as k — +oc.

Finally we prove (8.10). Assume that aB N C' is not empty. Let ¢ be the
Lipschitz constant of g, let  be the radius of the ball B, and let E the set
of all ¢ € R such that (¢,9(t)) € B. The set E is included in an interval of
length 2r, and then

%1(300):/ VIT@P <2 Vite. (8.11)
E

Since the curve C' touches both the ball B and the boundary of the rescaled
ball aB, the intersection of C' and aB \ B has length (o — 1)r at least, and
by (8.11) we get

A ((aB\B)NC) > (a—1)r > 25171_102%1(Bﬂ(]) ,
and then
A (aBNC) =" ((aB\B)NC) +#(BNC)
> (1 + 2517;—1@2) HNBNC) . (8.12)
Tnequality (8.10) follows from (8.12) by letting & := (1 +3 %>_1. 0

Now we want to discuss some details about the function u. In particular
we address the following questions:

(a) Do we need such a complicate construction?
(b) What can be said about the dimension of the set A?
(¢) What can be said about the dimension of the measure Ju?

8.8. Why such a complicate construction?

The construction of the function w is rather complicate, and it is not imme-
diately clear whether it can be simplified or not. For example, one of the key
point of this construction is the choice of the basic cover (cf. paragraph 8.2):
obviously we had better take a finite cover rather than a countable one, but
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this seems impossible. Indeed the balls {B; : i € I} must cover almost all
of the unit ball, otherwise the set A would support no part of the Jacobian
determinant Ju, and it is clear that finitely many pairwise disjoint balls can
never cover almost all of a ball.

On the other hand, we may consider the possibility of replacing the ball
with any other plane figure C' which can be covered, up to a negligible subset,
by finitely many pairwise disjoint rescaled copies of C' (e.g., rectangles, or
triangles). But in this case the construction of the equivalent of the function
fB in Step 1 would fail: C has to be a polygon, and it may be proved that
this being the case there is no continuous monotone function f which takes
C into C, agrees with the identity on dC, and takes a smaller copy of C onto
C.

Nevertheless if we drop the monotonicity assumption on the functions wug
and u, we are allowed to replace the basic cover in the construction with a finite
one (e.g., by taking four squares which cover the unit square), and in this case
u is an example of function in V[/Iif N C%7 whose weak Jacobian determinant
is supported on A, and A is a compact self-similar fractal in the sense of
Hutchinson [Hul; moreover we can choose the construction parameter « so
that the dimension of A is any fixed number between 0 and 2 (cf. paragraph
8.10). Similar examples were described in [Mu3].

If we drop the assumption that u is a Sobolev function, and we simply
look for a convex function whose subdifferential u has weak Jacobian Ju
supported on a purely unrectifiable set, then we can consider the following
simpler construction (cf. [Am3]).

8.9. A simple construction

Take a finite non-atomic positive measure p on R which is supported on
a Lebesgue negligible compact set C. Let v be a continuous function on R
whose distributional derivative is p, and let g be a function whose derivative
is v, e.g.

va) = pll—ooa)) . g@)i= [ @-pduy)  Veek.

—0Q

Then v is a continuous increasing function and g is a convex function of class
CL.

Now we set f(z,y) := g(z) + g(y) and u(z,y) := (v(z),v(y)). Then f
is a convex function of class C' on the plane, u is the gradient of f and
Diug = p® 2, Dous =2 @ p, Diyus = Dou; = 0. Moreover we claim
that Ju = p® p (and then it is supported on C' x C'). Take indeed Borel sets
B, B’ C R. Thus u(B x B') =v(B) x v(B’), and then

Ju(B x B') = |u(B x B')| = [v(B)| - [v(B")| = u(B) - u(B') ,
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and the claim is proved.

We remark that the set C' x C' has negligible projection on both axes, and
therefore is purely unrectifiable. Moreover if C' is a self-similar fractal in the
sense of Hutchinson (e.g. a Cantor type set), and p is a self-similar measure
on C, then the same holds for C' x C' and Ju, and we may choose C and u so
that the dimension of Ju is any prescribed real number between 0 and 2 (cf.
paragraphs 8.10 and 8.12).

8.10. The dimension of the set A
We have proved in Theorem 8.6 that A is a purely unrectifiable set. Now

we want to compute its Hausdorff dimension. We begin by recalling that A
satisfies the identity A = T'(A) where T : P(R?) — P(R?) is defined by

T(C):=|J®:(C) forall C CR2 (8.13)
el

According to Hutchinson [Hu], if {¥; : i € I} is a finite family of similitudes
with scaling factor r; < 1 and there exists a bounded open set D such that the
sets {\Ilz(D) 1 el } are pairwise disjoint and included in D, then the map
T admits only one compact fixed point C C D. The set C is a self-similar
fractal with Hausdorff dimension d, where d is the (unique) solution of the

equation
dord=1. (8.14)
7
(In fact there holds a stronger result: 0 < #¢(C) < +o0, and also the box-
counting dimension of C' is equal to d. For a good exposition of Hutchinson’s
results see also [Fal], section 8.3, or [Fa2|, chapter 9).
Our case is slightly different: the set A is not closed, and {\Ifl riel } is a

countable family of similitudes with scaling factor p;/a. Nevertheless similar
conclusions holds for A. Indeed let ® be defined by

O(t) := Z(pi/a)t for every t > 0. (8.15)

)

Then @ is convex, lower semicontinuous, decreasing, and ®(0) = +oo, ®(2) =
S (pi/a)? = 1/a? < 1 (since the balls B; cover almost all of the unit ball,
then Y p? = 1). We claim that A has dimension

d:=inf {t: ®(t) <1} . (8.16)

Proof. Take t such that ®(¢) < 1 and fix § > 0. Now choose a positive integer
k so that 2(p/a)* < §. Then the balls {BF : i € I*} cover A (cf. (8.2))
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and have diameters equal to 2a=%p;, - p;, < 2(p/a)® < § (cf. Proposition
8.4(4)). Hence

HL(A) < % Z (diamBi’“)t = wy Z (piy -+ .pika_k)t
ierk ierk
k

_ wt(Z(pi/Oz)t) = wy (B(1))" < wy

el

(here 3 is the t-dimensional Hausdorff pre-measure, and w; is a renormal-
ization factor which agrees with the measure of the unit ball in R* when ¢ is
integer).

Since § is arbitrarily taken, we obtain that J#*(A) < w; and then dim(A) <

t, and since this holds for every ¢ such that ®(¢) < 1, by the definition of d
we deduce that dim(A) < d.

It remains to prove the opposite inequality. Take s < d. Then ®(s) > 1,
and so there exists a finite subset J of I such that

> (pifa)* = 1. (8.17)

i€J

Let Ty : P(R?) — P(R?) be the map associated to the finite family of simil-
itudes {¥; : i € J} as in (8.13). Notice that each ¥; has scaling factor
r; == pi/a, and if we set D := B(0,1), then the balls {¥;(D) : i € J} are
pairwise distant and included in D. Hence T; admits a closed fixed point
C C D, and the dimension of C is the unique solution of the equation

> (pija) =1, (8.18)

ied

so that dim(C) > s by (8.17). Moreover C is given by (see [Hu])

CZﬁ(U (\I/ilo-~-0‘11ik)(b)):ﬁ<UB—ik>’

k=1 icJk k=1 icJk

and since B_lk C aBff C Ay for every k and every i € I*, we obtain that
C C A, and then dim(A4) > dim(C) > s. Since s is any real number smaller
than d, we have proved that dim(A4) > d. O

Remark 8.11. In (8.16) we give an explicit formulation for the Hausdorff
dimension d of the set A, and d depends both on the choice of the parameter
a and of the basic cover {B; : i € I} (cf. the definition of the function ® in
(8.15)), but it is not clear which values d can actually assume.
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In particular we remark that the basic cover {B;} may be taken so that
>, pt = +oo for every ¢ < 2, hence ®(t) = +oo for every t < 2 (regardless of
the value of «), and then dim(A) = 2 even if A is negligible (cf. (8.15) and
(8.16)).

It turns out that the dimension of A is tightly connected with the so-
called exponent of the packing {B; : i € I}. Let us recall some notation: a
(spherical) packing of a closed domain € in the plane is any family {By, : h €
N} of closed balls included in Q with pairwise disjoint interiors which cover
almost all of Q; a packing is called osculatory if the ball By, is chosen in
order to maximize the radius among all closed balls contained in the closure of
O\ (31 U---U Bh); the residual set of the packing is the set E = Q\ UBy; the
exponent of the packing is the infimum e of all real numbers ¢ such that the
radii pp of the balls By are t-summable, that is, e := inf {t >0: Y, 0k <
+00}. When Q is a closed ball, it is known that e > dim(E) > 1.03 for every
packing, and 1.315 > e = dim(£) > 1.300 for every osculatory packing.

For a complete survey of the results about plane spherical packings, and
for detailed references as well, we refer to the remarks at the end of section
8.4 in Falconer [Fal]. For recent results about general packings in arbitrary
dimension see also [Gr].

Now let e be the exponent of the basic cover {B; : i € I}, and fix any
real number ¢ such that e < ¢t < 2. Then ) p! < 400, and we may choose
the parameter « so that ®(t) = a™*Y p! = 1. Hence dim(A) = ¢. On the
other hand ®(t) = +oo for every ¢t < e (regardless of the value of ), and
then dim(A) > e. Taking the previous estimates on e into account, we deduce
that for every choice of the basic cover {B; : i € I} and of the parameter «,
dim(A) > 1.03, and if the basic cover is an osculatory packing, then we may
choose « so that dim(A) is any number between 1.315 and 2.

Eventually we give a simple example of packing with exponent strictly
lower than 2 which was suggested to us by E. De Giorgi. Let 2 be any bounded
open set in R? with smooth boundary, and take a,b so that 0 < b < 1 and
0 < a < 1/2. Now let Cp := R?\ Q, and let F; be the family of all closed
balls B(z,ab) whose center = belongs to the lattice bZ? and whose distance
from Cy is not lower than b. Now let C'; be the union of Cjy and all balls
in 71, and let F, be the family of all closed balls B(x,ab*) whose center z
belongs to the lattice bZ? and whose distance from C; is not lower than b2.
Define Fj, in the same way for h = 3,4,... and let F be the union of all
families F},. It is not difficult to prove that F is a packing of €2 provided that,
say, b < (1 — 2a)(v/2 +2 — 2a)~!, and that the exponent of F is lower than
2 —log(1 — a?/8)/logb (both inequalities are far from optimal).

8.12. The dimension of the measure Ju
The pointwise dimension of a finite positive measure p is defined at every
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point z in the support of u as the following limit (if it exists)

o log pu(B(z,7))

8.19
r—0 logr ’ ( )

and we say that p has dimension d if it has pointwise dimension equal to d
for p-almost every point (the number d is unique, but it does not necessarily
exist).

Let © be a measure with dimension d. It follows immediately from the
previous definition that the ¢-dimensional density of u is p-a.e. equal to +oo
if t > d, and p-a.e. equal to 0 if ¢ < d. Therefore by Proposition 4.9 in [Fa2],
we obtain that

(i) for every Borel set B, dim(B) < d implies p(B) = 0;
(ii) there exists a Borel set E' with dim(FE) = d which supports u.

(We remark that (i) and (ii) do not imply that x may be represented as f-.#¢
for some f € L'(%); in order to obtain such representation we would need
that the d-dimensional upper density of u is finite and strictly positive p-a.e.).

In general a measure p has no specific dimension. Yet the dimension is
well-defined, and more or less explicitly computable, for a large class of “self-
similar” measures. As in paragraph 8.10, let be given finitely many similitudes
{U; : i € I} with scaling factor r;, let D be a bounded open set such that
the sets {\Ill(D) 1 el } are pairwise distant and included in D, and let
C be the compact set such that T(C') = C, where T : P(R?) — P(R?) is
defined as in (8.13). Fix now positive numbers {p; : i € I} so that )  p; = 1.
Then there exists a unique probability measure p supported on C' such that
1(B) = p; u(¥;(B)) for every Borel set B C C' (which is therefore referred to
as the self-similar probability measure associated with the families {¥; : i € I}
and {p; : ¢ € I'}). This measure is determined by the condition

Wi 00 W, (D)) = pi -+
for every k =1,2,... and (iy,...,ix) € I¥,

(8.20)
and it may be proved that p has dimension equal to
. > pilogp
d == 8.21
im(p) S pilog i (8:21)

In particular we obtain that p and C' have the same dimension if and only
if the ratio logr;/logp; does not depend on i, otherwise dim(p) < dim(C).
Moreover, we conjecture that the measure x4 can be represented as f - #¢ for
some d and some f € L'(J#?) if and only if dim(u) = dim(C) (this fact is
proved when I consists of two elements).
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The equality (8.21) seems to be a well-known result, but somehow hidden
in the literature about multifractal decomposition: for example it may be
found in [CM], putting together Remark 2.12 and Theorem 3.3 (in the notation
of that paper p plays the role of p, t; of r;, and «(1) = f(a(1)) turns out to
be equal to the right hand side of (8.21)).

Now we want to show that the measure Ju may be regarded as an example
of self-similar measure in the above sense. We already remarked that Ju is
supported on A, and that A is the fixed point of the map T associated in (8.13)
with the countable family of similitudes {U; : i € I} given in Definition 8.3.
Moreover each ¥, has scaling factor p; /o, and it may be verified that for every
k=1,2,...andi= (iy,...,ix) € I*, the map u (in fact, the map uy, for every
h > k) takes the ball Bik into a ball of radius p;, - - - p;,, and then Ju satisfies
the following analogous of (8.20):

Ju(BF) = ’u(Blk)‘ =7(pi, - ~pik)2 for every k and i € I*. (8.22)

Thus in this case p;/a plays the role of r; and p? plays the role of p;, and
therefore we conjecture that, at least when > p? log p; is finite, the dimension
of Ju is given by the following analogous of (8.21):

2 Jog(p2 25" 52 log p;
dim(Ju) = > pilog(py) > pilogp (8.23)

Y pilog(pi/a)  —loga+ Y plogpi
Notice that when « ranges in (1,400) the right hand side of (8.23) takes all
values between 0 and 2. For technical reasons we have carried out the proof
of (8.21) only when I is a finite index set, and so identity (8.23) is only a
conjecture.

We conclude this section by showing that the function u given in The-
orem 8.6 is also the limit of a sequence of monotone functions (@) whose
derivatives and Jacobians have a particular structure (see Definition 8.13 and
Proposition 8.14), and then we use this example to discuss the possibility of
an equivalent of the SBV theory for monotone functions, which involves also
the weak Jacobian (paragraph 8.15). A certain knowledge of the SBV theory
is requested.

Throughout the rest of this section we assume a < 1/p.

Definition 8.13. For every ball B = B(%,7) and every o < 1, we define the
multifunction fs gy on R? by setting

z if lv — z| < or,
fopy(x) = T+ [O,Tli:%] if |lx — x| = or, (8.24)
50—}—7"1’_53' if |lx — x| > or.
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For every k = 1,2... and every i € I¥, we set r; == o Fp;, ---p;., and
oi == a2kri/2. Thus 73 is the radius of the ball Bf (cf. proposition 8.4(4)),
and o3 < 1/2 (because we assumed o < 1/p). Hence the following definitions
are well-posed:

fonpmy (@) if x € B for someie I,

fe(x) = (8.25)
x otherwise,
and B
U = Uk © fk s Dk = U 8(01Bl"’) . (826)
ielk

Notice that fk and uy are multifunctions.

The function f(a’ B) takes the rescaled ball 0B into the center of B, takes
d(oB) onto B, and B\ a? onto the boundary of B, and f(, p)(z) = x for
every x € dB. Moreover f(, p) is the subdifferential of the convex function
(Z,x) + r max {o; |z — Z|}, it is smooth in every point out of d(sB), and
Elf(U7B) = (o B) while 2 f(, py is empty (cf. Definition 2.1).

Proposition 8.14. The functions uy given in (8.26) enjoy the following
properties:

(1) the sequence (uy) converges to u uniformly on compact sets;

(2) g is the subdifferential of a conver function, 'ty = Dy and X%uy, is
empty;

(3) the distributional derivative of uy, has no Cantor part (cf. paragraph 5.6),
and since the singular set of uy is Dy, this means that

Duy = Vi - ZLp + (0f — ;) @v- "' Dy ; (8.27)

moreover |Viyg| < |Vuy| a.e., and |u} — | = o*r; < pF in Dy;

(4) the weak Jacobian of uy is given by Juy = ' Dy, and H#*(Dy) =7
for every k.

(5) the gradients |Vuy| are uniformly bounded in LP(§) for every bounded
open set ) and every p < 2,

Proof. Take z € R2. If x does not belong to Ay then fi(z) = z, and if z
belongs to B for some i € I* then fi.(z) C BF. Hence for every z € fi(z)
there holds |z — x| < 2(p/a)* (because the diameter of BF is lower than
2(p/a)¥), and then ‘uk(z) - uk(x)] < 2p" because uy is (a)-Lipschitz (cf.
Step 3, statement (2)). This means that for every x € R? and every y € iy (x)
we have ‘uk(w) — y‘ < 2p*, and since the functions uy converge to u uniformly
on compact sets, the same holds for the functions . Statement (1) is proved.
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~ Let k be fixed. In order to prove statement (2) we consider the functions
[i defined as in (8.25) by replacing f(,, ) with

z if |z —z| < (1 —¢)or,
ff(fayB) =<0 T+ g(l (|1x:2‘0>(55 —z) f(1—¢)or <|z—2z| <or,
R if |z —z| > or.

|z — 2|

E-?\

[z —2
It may be checked that f is a Lipschitz function whose gradient is a symmetric
matrix for almost every point, and reasoning as in the proof of statement (5)
of Step 3, we obtain that also wuy o f,‘i is a Lipschitz function whose gradient
is a symmetric matrix for almost every point, and then uy o f,i is the gradient
of a convex function g, of class O,

Moreover when ¢ tends to 0 the functions uy o f,i converge to uy o fk = U
with respect to the Kuratowski convergence of graphs (cf. Definition 1.6),
and then uj is the subdifferential of a convex function (more precisely, the
subdifferential of the limit of the functions g., cf. Theorem 7.7), and the rest
of statement (2) follows by recalling that wy, is Lipschitz, X' f, = Dy, and
Y2 f;, is empty.

To prove statement (3) we take an increasing sequence of finite sets Jip
whose union is I*, and consider the functions fi; defined as in (8.25) with I*
replaced by Jgp. Then frn and uy, o frp are of class W1 in the complement
of the set Dy, given by the union of the circles 9(o; BF) over all i € Ji, (notice
that Dy, is closed because is a finite union of closed circles).

Then the distributional derivative of uj o fr, has no singular part in
R2\ Dy, and since Dy, is rectifiable, then it has no Cantor part at all (cf.
paragraph 5.6). Moreover it may be verlﬁed that when A tends to infinity, the
functions uy o fkh converge to ug o fk = U in the BV norm on every bounded
open set, and then Dy has no Cantor part. The rest of statement (3) follows
from statement (4) in Step 3, paragraph 5.6 and formulas (8.24) and (8.25).

From equality (5.13) we obtain that Juy(B) = |ux(B)| for every Borel set
B, and moreover, for every i € I*, f; takes the circle 9(o; BF) onto Bf, and
uy, takes BF onto a ball of radius o/“rl (recall that by statement (4) in Step
3, uy agrees on BF with a similitude with scaling factor a*). Hence

Jiy(0(oyBE)) = ]ak( (0yBF ’ = ’uk Bk)| m(afr)? = 2wy

Moreover it is clear from the construction that the measure Juy is uniformly
distributed on the circle 8(013{“), which has radius ojri, and then Juy L
O(0;Bf) = A 0(0;BF). Hence

Juy Dy, = 1Dy, . (8.28)
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Eventually we remark that Jug(Dy) = |ug(Dy)| = |ux(Ax)] = 7 and
Jiug(R?) = |ug(R?)| = |4g| = 7 (c¢f. Lemma 8.5(1)). Hence Jiy is sup-
ported on the set Dy, and then (8.28) implies statement (4). Statement (5)
follows from Lemma 8.5(3) and statement (3). O

8.15. About special classes of monotone functions

The class BV of all functions with no Cantor part in the derivative (see
paragraph 5.6), the so-called SBV space, has been widely used in the recent
years to study variational problems involving volume and surface energies
(see for instance [Am1], [Am2] and references therein). The basic theorem of
the theory of SBV functions is essentially a closure result: if we denote by
G(p, C) the class of all SBV functions on a bounded open set ) satisfying the
condition

/ IVl dZp + A7 (Su) < C < +o0 | (8.29)
Q

then the closure of G(p, C') with respect to the weak convergence in BV () is
contained in SBV provided that p > 1 (a more general version of this theorem
was given by the second author in [Aml], see also [AM] for a simple proof).

Roughly speaking, the point of this closure theorem is the following: given
a sequence (up) in SBV which converges weakly in BV (2), condition (8.29)
forces the absolutely continuous part of derivatives D,uy and the jump parts
Djuy, to converge respectively to an n-dimensional and a (n — 1)-dimensional
measure, which turn out to be the absolutely continuous part and the jump
part of the derivative of the limit function, which has therefore no Cantor
part.

At least for n = 2 we would like to define the analogous of the SBV class
for monotone functions as a class of functions in .Zon (£2) whose distributional
derivatives and weak Jacobians belong to a restricted class of measures. This
would be a first step towards theorems for more general classes of functions.

There are different possible definitions: for example we can introduce the
class .#on(92) of all monotone functions in SBV () whose weak Jacobian
is a sum of a 2-dimensional and a 1-dimensional part, that is, Ju may be
represented as (cf. Proposition 5.14)

Ju = det(Vu) - Lo + @) - A", (8.30)

where ®} is an J##!-summable function (we may assume in addition that ®}
is supported on a countably J#!-rectifiable set). We can also define the class
AMon2(2) of all monotone functions in SBV () whose weak Jacobian is a
sum of h-dimensional parts with h = 0,1, 2, that is, Ju may be represented
as

Ju = det(Vu) - L + ®L - o + 00 . #° | (8.31)
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where ®1 and ®° are respectively ! and #°-summable.

Now the sequence (1) given in Definition 8.13 shows that for both classes
there holds no analogous of the closure theorem for S BV functions. Indeed the
sequence (uy) is included in G(p, C) for every p < 2 for suitable C' (statements
(3) and (5) of Proposition 8.14), and the weak Jacobians can be written as
Jur = 1 |_ D; where the sets Dy are J¢!'-rectifiable and the measure
H1(Dy) are uniformly bounded (statement (4) of Proposition 8.14), while
the weak Jacobian of the limit u can be written neither in the form (8.30) nor
in the form (8.31) (cf. statement (6) of Theorem 8.6; see also paragraphs 8.10
and 8.12).

Remark 8.16. The conclusions of the previous paragraph hold even if we
restrict our attention to subdifferentials of convex functions (cf. Proposition
8.14(2)).

We remark here that given a convex function f on the plane, the distri-
butional derivative and the weak Jacobian of the subdifferential are tightly
connected with the weak definitions of the second fundamental form and the
Gaussian curvature of the graph of f, viewed as a 2-dimensional convex sur-
face in the space (see [Fe2] for a precise definition of curvature measures),
and paragraph 8.15 is therefore related to the existence of closure theorems
for special classes of convex surfaces (e.g., surfaces whose curvature measures
can be written as a sum of integer dimensional measures) considered in [AO],
section 5 (see also [Os]).

References

[A1] G. Alberti: Rank-one property for derivatives of functions with bounded vari-
ation, Proc. Royal Soc. Edinburgh 123-A (1993), 239-274.

[A2] G. Alberti: On the structure of singular sets of convex functions, Calc. Var.
2 (1994), 17-27.

[AAC] G. Alberti, L. Ambrosio, P. Cannarsa: On the singularities of convex func-
tions, Manuscripta Math. 76 (1992), 421-435.

[ACD] L. Ambrosio, A. Coscia, G. Dal Maso: Fine properties of functions in BD(),
Arch. Rat. Mech. Anal. 139 (1997), 201-238.

[AD] L. Ambrosio, G. Dal Maso: On the relaxation in BV(Q2;R™) of quasi-convex
integrals, J. Funct. Anal. 109 (1992), 76-97.

[AG] P. Aviles, Y. Giga: Singularities and rank one properties of hessian measures,
Duke Math. J. 58 (1989), 441-467.

[AK] R.D. Anderson, V.L. Klee: Convex functions and upper semicontinuous func-
tions, Duke Math. J. 19 (1952), 349-357.

[Ale] A.D. Aleksandrov: Almost everywhere existence of the second differential of

a convex function and some properties of convex surfaces connected with it,
Leningrad Univ. Ann. (Math. ser.) 6 (1939), 3-35 (in Russian).

[Am1] L. Ambrosio: A compactness theorem for a special class of functions of
bounded variation, Boll. Un. Mat. Ital. 3-B (1989), 857-881.



[Am2]

[Am3]

[CIL]

Monotone functions in R™ 57

L. Ambrosio: Existence theory for a new class of variational problems, Arch.
Rat. Mech. Anal. 111 (1990), 291-322.

L. Ambrosio: Su alcune proprieta delle funzioni convesse, Rend. Mat. Acc.
Lincei (ser. IX) 3 (1992), 193-202.

G. Alberti, C. Mantegazza: A note on the theory of SBV functions, Boll. Un.
Mat. It. (7), 11-B (1997), 375-382.

G. Anzellotti, E. Ossanna: Singular sets of convex bodies and surfaces with
generalized curvatures, Manuscripta Math. 86 (1995), 417-433.

E. Asplund: Frechét differentiability of convex functions, Acta Math. 121
(1968), 31-48.

H. Attouch: Variational Convergence for Functions and Operators, Research
Notes in Math., Pitman, London 1984.

J.M. Ball: Convexity conditions and existence theorems in nonlinear elasticity,
Arch. Rat. Mech. Anal. 63 (1977), 337-403.

G. Bianchi, A. Colesanti, C. Pucci: On the second differentiability of convex
surfaces, Geom. Dedicata 60 (1996), 39-48.

A.S. Besicovitch: On singular points of convex surfaces, in Proceedings of
Symposia in Pure Mathematics VII, pp. 21-23, Am. Math. Soc., Providence
1963.

H. Brezis: Opérateurs Maximaux et Semi-groupes de Contractions dans les
Espaces de Hilbert, North Holland, Amsterdam 1973.

M.G. Crandall, H. Ishii, P.L. Lions: User’s guide to viscosity solutions of sec-
ond order partial differential equations, Bull. of the Amer. Math. Soc. 27
(1992), 1-67.

F.H. Clarke: Optimization and Nonsmooth Analysis, John Wiley & Sons, New
York 1983.

R. Cawley, R.D. Mauldin: Multifractal decomposition of Moran fractals, Adv.
in Math. 92 (1992), 196-236.

C. Castaing, M. Valadier: Convex Analysis and Measurable Multifunction,
Lect. Notes in Math. 580, Springer-Verlag, Berlin 1977.

A.P. Calderén, A. Zygmund: On the differentiability of functions which are of
bounded variation in Tonelli’s sense, Rev. Union Mat. Argentina 20 (1960),
102-121.

B. Dacorogna: Direct Methods in the Calculus of Variations, Applied Math.
Sciences 78, Springer-Verlag, New York 1989.

G. Dal Maso: An Introduction to I'-convergence, Progress in Nonlinear Diff.
Eq. and Appl. 8, Birkh&user, Boston 1993.

R.M. Dudley: On second derivatives of convex functions, Math. Scand. 41
(1977), 159-174.

L.C. Evans, R.F. Gariepy: Lecture Notes on Measure Theory and Fine Prop-
erties of Functions, Studies in Advanced Math., CRC Press, Boca Raton 1992.
K.J. Falconer: The Geometry of Fractal Sets, Cambridge University Press,
Cambridge 1985.

K.J. Falconer: Fractal Geometry. Mathematical Foundations and applications,
John Wiley & Sons, Chichester 1990.

H. Federer: Geometric Measure Theory, Springer-Verlag, Berlin 1969.

H. Federer: Curvature measures, Trans. Am. Math. Soc. 93 (1959), 418-491.
I. Fonseca, S. Miiller: Relaxation of quasiconvex functionals in BV(Q,RP? for
integrands f(z,u,Du), Arch. Rat. Mech. Anal. 123 (1993), 1-49.

M. Giaquinta, G. Modica, J. Soucek: Cartesian currents, weak diffeomor-
phism, and existence theorems in nonlinear elasticity, Arch. Rat. Mech. Anal.



58

G. Alberti, L. Ambrosio

106 (1989), 97-159. Erratum and addendum, Arch. Rat. Mech. Anal. 109
(1990), 385-392.

M. Giaquinta, G. Modica, J. Soucek: Graphs of finite mass which cannot be
approximated in area by smooth graphs, Manuscripta Math. 78 (1993), 259-
271.

M. Giaquinta, G. Modica, J. Soucek: Area and the area formula, Rend Semin.
Mat Fis. Milano 62 (1992), 53-87.

P.M. Gruber: How well can space be packed with smooth bodies? Measure
theoretic results, J. London Math. Soc. 52 (1995), 1-14.

J.E. Hutchinson: Fractals and self-similarity, Indiana Univ. Math. J. 30
(1981), 713-747.

S. Luckhaus, L. Modica: The Gibbs-Thompson relation within the gradient
theory of phase transitions, Arch. Rat. Mech. Anal. 107 (1989), 71-83.

G. Minty: Monotone nonlinear operators on a Hilbert space, Duke Math. J.
29 (1962), 341-346.

F. Mignot: Controle optimal dans les inéquations variationelles elliptiques, J.
Funct. Anal. 22 (1976), 130-185.

F. Morgan: Geometric Measure Theory. A beginner’s guide. Academic Press,
Boston 1988.

S. Miiller: Weak continuity of determinants and nonlinear elasticity, C.R.
Acad. Sci. Paris, 307-1 (1988), 501-506.

S. Miiller: Det=det. A remark on the distributional determinant, C.R. Acad.
Sci. Paris, 311-I (1990), 13-17.

S. Miiller: On the singular support of the distributional determinant, Ann.
I.H.P. Analyse non linéaire 10 (1993), 657-696.

D. Mucci: Approximation in area of graphs with isolated singularities,
Manuscripta Math. 88 (1995), 135-146.

E. Ossanna: Superfici Generalizzate Dotate di Curvature Deboli, PhD thesis,
University of Trento.

R.R. Phelps: Convex Functions, Monotone Operators and Differentiability,
Lect. Notes in Math. 1364, Springer-Verlag, New York 1989.

S.P. Ponomarev: Property N of homeomorphisms of the class W"?, Siberian
Math. J. 28 (1987), 291-298.

D. Preiss, L. Zajicek: Fréchet differentiation of convex functions in a Banach
space with separable dual, Proc. Amer. Math. Soc. 91 (1984), 202-204.
Yu.G. Reshetnyak: Weak convergence of completely additive vector functions
on a set, Siberian Math. J. 9 (1968), 1039-1045.

Yu.G. Reshetnyak: Generalized derivatives and differentiability almost every-
where, Math. USSR Sb. 4 (1968), 293-302.

W. Rudin: Functional Analysis, Mc Graw-Hill, New York 1973.

L.M. Simon: Lectures on Geometric Measure Theory. Proc. of the Centre for
Mathematical Analysis 3, Australian National Univ., Canberra 1983.

L. Vesely: On the multiplicity points of monotone operators on a separable
Banach spaces I and I, Comment. Math. Univ. Caroline27 (1986), 551-570,
and 28 (1987), 295-299.

A.L. Vol'pert: Spaces BV and quasi-linear equations, Math. USSR Sb. 17
(1967), 225-267.

L. Zajicek: On the points of multiplicity of monotone operators, Comment.
Mat. Univ. Caroline19 (1978), 179-189.

L. Zajicek: On the differentiability of convex functions in finite and infinite
dimensional spaces, Czechoslovak Math. J. 29 (104) (1979), 340-348.



