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Introduction.

The aim of this paper is to present a mathematical theory where problems of the type

(0.1) inf{/f(:c, u, Vu) dx+/<p(z, ut u,vy) d}(n_l(x)} u:QCcR"” - RF
b

©

can be stated and have a solution. In (0.1), Vu is a differential, S, is a set of discontinuities which depends
on u and is not prescribed a priori, ut, u~ are asymptotic values of u near a discontinuity point, v, is
normal to Sy, and X1 is the Hausdorff (n — 1)-dimensional measure.

The canonical example of functional in (1) is

(0.2) /[]Vulz +aju— w]dz + Hn-1(Su) (B> 0, w € L(Q)).

In the case n = 2 this functional has been recently proposed by Mumford-Shah (see [32], [33]) to study, by a
variational approach, problems of image segmentation. In this case the function w represents an image given
by a camera. By the minimization of the functional (0.2) it is possible to detect the “real” discontinuities of
w, and the discontinuities due only to the digitalization process are smoothed. We prove that the functional
(0.2) admits at least one minimum; a recent result of De Giorgi-Carriero-Leaci (see [15]) shows that any
solution u of the minimization problem is C* outside Sy, and ¥p—1(S. NQ\ Sy) =0.

In order to give a precise mathematical meaning to the minimization problem (0.1), the first problem we
face is to specify a class of functions such that Vu, ut, u™, v, exist, at least in an approximate sense. To
do this we follow the ideas of [18]. Since we are concerned with sets of “jumps” S,, it is natural to think as
domain of the functional in (0.1) the space BV (Q; R¥) of functions u such that all the k components u(9) are
functions of bounded variation. Unfortunately, even if the functional in (0.1) is well defined on BV (Q; R¥),
it is not coercive in this space. The reason of this phenomenon is the following. The distributional derivative
Du of a function u € BV (Q; R¥) can be split into three parts (see [4]):

(0.3) Du=Vu-L,+ (vt —u")®vy - Hn-1]s, + Cu.

The first term in (0.3) corresponds to the absolutely continuous part of Du with respect to Lebesgue n-
dimensional measure £,. The second term is a (n — 1)-dimensional measure, because S, is o-finite with
respect to X,—i. On the contrary, the measure Cu is “diffuse” and singular with respect to £,, and it
may have support on sets which have Hausdorff dimension between n — 1 and n. Recalling the well known
function of Cantor-Vitali, we have called in [18] the measure Cu “Cantor” part of the derivative Du, because
for this function Du = Cu is a measure whose support is Cantor’s middle third set.

Since the functionals in (0.1) control only the n-dimensional part and the (n — 1)-dimensional part of
the derivative, we have defined in [18] the “special” functions of bounded variation as the functions u €
BV (Q; R¥) such that Cu = 0 in (0.3). We use the notation SBV (Q2; R*) to denote this space of functions. In
many cases the functionals in (0.1) are coercive in SBV (2; R¥) (see theorem 2.1). In some cases coerciveness
may fail (see example 5.3), and an enlargemnet of SBV (2; R*) is needed, setting

GSBV (;R*) = {u: 0 — R* : ¢(u) € SBVioc(Q; RF) for every ¢ € C*(R*) with supp(V¢) cc R*}.

In §1 we show that the functionals in (0.1) are well defined in GSBV (Q; R*). In the next section we prove
that coerciveness is ensured provided the following conditions are satisfied

f(z,u,p) > |ul* + |p|?, oz, u,v,v) 2 cA|lu—v|?
with >0, 8> 1,4 < 1, ¢ > 0. The proof of the coerciveness follows by a compactness theorem proved in
[4] in the scalar case (k= 1).

In §3 we investigate about the semicontinuity of functionals in (0.1). The main difficulty arises from the
term

/‘P(z:“+su_:uu) dX, —1(3)

Su
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and we focus our attention mainly on this integral. Following the results of [6], which are relative to the
restriction of the functionals to the set

{ue SBV(Q;R*) : u(z) € T ace. in O}

with T c R* of finite cardinality, we identify two conditions on ¢ related to semicontinuity. The first one,
named BV- ellipticity resembles Morrey quasi-convexity ([12], [31]) and it is necessary and sufficient for
semicontinuity, at least if ¢ is a continuous function. This condition, however, is not easy to be handled,
because is given by an integral inequality. To overcome this difficulty, we have found a condition which is
sufficient for semicontinuity, and which can be easily checked in many practical cases (see example 5.1). The
condition is the following: there exists a convex and weakly* lower semicontinuous function @ defined on the
space of Radon measures p : B(R¥) — R™ such that

P2

Ipl)lpl = é(p(aa - 5”))

‘P(a: b,

whenever a, b € R¥, p € R" \ {0}, and a # b. This condition is trivially satisfied by the integrand in (0.2),
the function @ being simply equal to #/2 times the total variation.

In §4, putting together the results of §2 and of §3, we prove by the direct method of the Calculus of Variations
some existence theorems for minimization problem (0.1).

The last section is devoted to the discussion of some examples. Firstly, we see how BV -ellipticity and
biconvexity can be easily identified and turn out to be equivalent conditions for some special classes of
integrands. In particular, we show that our results yield a solution of the segmentation problem (0.2).

We discuss also about the problem of findind the “best” piecewise affine function near a given function
w € L?(Q2), by minimizing the functional

/ [Vu|2dz + BHp-1(Svu) + a/ ju — w|? dz.

Q Q

Finally, we consider minimization problems of the type

I'Big{/f(x,u,Vu) dz+/1/z(u*,u)d)(,._1(z)}
80

Q

(u* denotes the trace on the boundary) and we suggest weak formulation of these problems in SBV (Q}; R¥)
which lead to the study of relaxed functionals. Problems of this type may occur in connection with the static
theory of liquid crystals ([18], [13], [21], [26]).

1. Approximate limits, approximate differentials and functions of bounded variation.

We first state the notations frequently used in this paper. We denote by £,, the Lebesgue n-dimensional
measure in R™ and by X, the Hausdorff (n — 1)-dimensional measure in R”. Let @ C R” be an open
set; we denote by B(2) the o-algebra of Borel subsets of (1. We set also |E| = £,(E) for every Borel set
E c R"™, and we denote by L, i the space of linear mappings L : R* — R¥.

In this section we shall give a precise mathematical definition of functionals of the type

F(u) =[f(z,u,Vu)dz+/p(z,u+,u’,u)d)( ~1(z)
Q

Su

where Vu is a differential, Sy is the set of jumps, ut, 4™ are asymptotic values near the jump points, and

vy is normal to S,. To do this, we need first to define a notion of limit “up to negligible sets” for Borel
functions.
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Let (E, d) be a compact metric space, let I C R" be an open set, andlet z€ (1, F' € B(0) such that
(1.1) |Boy(z)nF|>0 Vp>o0.
We say that 2 € E is the approximate limit in 2 of a Borel function u : § — E in the domain F' and we

write
z=ap lim u(y),

yeF
if
(f) 9(u(y)) dy
. By(z)nF _ . .
(1.2) p{l‘r& B@nF - g(z) Vg:E—R, g continuous.

We denote by C(E) the algebra of continuous real valued functions defined in E. Since the algebra C(E)
separates points, the approximate limit if exists is unique. We set also

(1.3) S, = {z € 0 : does not exist ap !}1_1% u(y)},
ye

and we denote for simplicity by @ : 2\ S, — E the function

(1.4) ii(z) = ap lim u(y).
yeN

In the following proposition we list the main properties of approximate limits (the most important, for our
purposes, is given in (v)) and we show the equivalence of our definition with other ones existing in the
literature (see [22], [39]).

Proposition 1.1.Let z € Q, F € B(Q) satisfying (1.1), and let u : @ — E be a Borel function. The
following six statements hold:

i M€ B8N F: d(u(u), 2) < 9]

(2) z=ap 31_1.1‘}‘ u(y) > Jlim, B,@ N F| =1 Ve>0;
yEF
5 (j; - d(u(y), z) dy

‘e _ . . plz)N .

(22) z=ap lim u{y) = pl_{\x(r)l+ B,(&) N F| = 0;
yEF
(¢22) z=ap lim uly) = h(z)=ap !}l_rg h(u)(y)
yeEF yeF

for every compact metric space (£, J) and every continuous function h : E — E;

(2v) z=ap Jl_r& uly) <= z=ap Jl_l’r:ln v(y)
yeEF yeF

for every Borel function v : 2 — E such that

lim LY EBe(z) N F: uly) = v(y)}|
p—0t |Bo(z) N F|

=1;
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(v) Let ¥ c C(E) be a set of functions which separates points. Then

3 aplimu(y) <= 3 aplim 4(u)(y) Vée7;
yEF yeF
(v) Sy is a Borel set, |S,| =0, &:Q\ S, — E is a Borel function and ii(y) = u(y) for a.e. y€ N\ S,.

Proof. (i) Assume that z € E is the approximate limit, and let g. € C(E) such that 0 < g. < 1,g.(z) = 1
and g = 0 outside B(z,¢). We have

 HyeB@)nFidulyhs) <ell . . BnF
> = = 1.
lim inf 1B,(z) N F| 2 lim it = 7 9(2) =1

Conversely, let z € E such that
i e By@) 0 F: d{ufy), ) < o}

L, 1B, N F| w1 Yeo
and let g € C(E). Since
J lo(u(y)) — g(=)| dy
Bp(z)nF|Bp(z) - FI < 2"9"00 l{y € Bp(z)‘gpf;i i(;(ly)’z) > e}l + sup{'g(w) - g(z)l : d(z’ w) < 6}7

by letting first p — 0" and then ¢ — 0% we get

[ 9(u(y)) dy

lim B,y(z)nF _ ( )
gm0t |B(m)nF| )

(ii) follows by (i), and (iii), (iv) are straightforward consequence of the definitions.
(v) By (iii), the implication => is trivial. Since the approximate limit commutes with sums and products,
there is no loss of generality if we assume that 7 is an algebra of functions. Assume that in z €  every
function ¢(u) with ¢ € 7 has an approximate limit t4 and set for g € C(E),p >0

I olu(y) dy

_ By(z)nF
L(gﬂ’) - pr(z) n Fi

Since 7 is dense in C(E), the function L(g, p) admits a limit as p — 0% for every g € C(E), because this is
true for every function g € 7. By Riesz’s representation theorem, there exists a probability measure g in E
such that

(1.5) Jlim, L(g,p) = / gdp  VgeC(E)

E
By (1.5), our statement will be proved if y is a Dirac measure §, for some z € E. To prove this, we put in
(1.5) g = ¥(4) for some ¥ € C(R), ¢ € 7 and we get

(1.6) #lto) = [ () n
Equality (1.6) remains true by approximation even for semicontinuous bounded functions . In particular,
taking ¥4(t) = 1 if t = t4 and t4(t) = O otherwise, we obtain u($~2(ty)) = L forevery g € 7. If 7' is a
countable dense subfamily of 7, setting

K= [ ¢7"(ts)

¢EeF!
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we find that u(K) = 1; on the other hand, since 7' separates points in E, K contains exactly one point
z € E, that is, 4 is a Dirac measure.

(vi) We prove first the statement under the assumption that E is a closed interval of the real line R endowed
with the Euclidean distance. Under this assumption, it can be seen that (see [22] , 2.9.12)

Su={z€0:u_(z) < uy(z)}

where u_,u : 1 — R are the Borel functions ([22], 4.5.9) defined by

Bole) Ny €0 ule) <)l _ oy

u_(z) = sup{t € [~o0, +00] : pl_ifg,, | Bo(z)] B

e vat s i [Bo@ Oy €D ) > 8]
uy(z) = inf{t € [~o0, + ]’pl-.o-!- 1B, ()] 0}.

In particular, S, is a Borel set. In addition, it is well known that

lim p™"
p—0t p

/ lu(z) — u(y)|dy=0 fora.e. z€ 1,
Bp(z)

and by (ii) we obtain that |S,| = 0 and % = u almost everywhere. Now we turn to the general case. By (iii)

and (v) one gets
Su = U S¢(u);
PEF
(&) = ¢(u) ae. inQ\S, Voe7;

for every countable dense family of functions 7. In particular, S, is a negligible Borel set and % = u almost
everywhere. Finally, @ is a Borel function because

. .. 1Be)N{yeN:d(u(y),z)<r
{zeQ\S,:4(z) € B(z,r)} = {z€qQ\S, :l;r_n'(;)&f |B,(z) N {y pr(z)(I (v),2) <r}| =1}
for every z € E, r > 0, and
. . ¢ |Bo(z) N B|
z — liminf —2——n—
p—0+  |B,(z)|
is a Borel function for every set B € B(f1). q.e.d.

In the following sections we shall deal with functions u : @ — R*. We take RF = R* U {co} the one point
compactification of R* and we consider these functions as functions with values in R*. The set S, and & are
defined as in (1.3), (1.4); in particular, the function # is allowed to take the value oo, but the set {& = oo}
is negligible.

Using the same ideas, it is possible to define approximate differentials. Let u : § — R¥ be a Borel function,
and let z € 1\ S, such that @(z) # co. We say that a linear mapping L € L,, i is the approximate differential

of u at z if . L
ap lim 1Y) = 8(2) = (L,y - 2)|

yos ly — =l

=0.

The approximate differential if exists is unique, and we shall denote it by Vu(z). The following proposition
lists the most useful properties of approximate differentials.

Proposition 1.2. Let u: @ — R* be a Borel function and let z € 0\ S, with i(z) # co. The following
four statements hold:
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(¢) if u is approximately differentiable at z then for every function ¢ € C*(R*) the function ¢(u) is
approximately differentiable at x and

V(#(u))(2) = Vé(i(z)) Vu(z);
(¢¢) if v : Q2 — R* is a Borel function and

lim 1Be(@) N {y €0 :u(y) = v(y)}] _ |
p—0+ | B, (=) ’

then z € Q\ Sy, ii(z) = #(z), u is approximately differentiable at z if and only if v is approximately
differentiable at z and the approximate differentials are equal;

(#%%) the function u is approximately differentiable at y if and only if all the k components u(¥) are differen-
tiable;

(tv) the set Vy = {y € @\ Sy : ii(z) # o0, 3 Vu(y)} belongs to B(Q?) and Vu : V,, — L, is a Borel
function.

Proof. (i) It is formally similar to the proof of the classical chain rule for derivatives.

(ii) It is a straightforward consequence of proposition 1.1(iv).

(iii) Trivial.

(iv) By (iii), we can assume that k = 1. By [20], theorem 19 and theorem 21, both the statements are true
if the set

G = {(z,w) € (A\ Su) X Lk : ©(z) # 00, there exists the approximate differential in zand w = Vu(z)}

belongs to B(Q2 x L, k). Let z€Q\ Sy, w € Ly i, g€ C(ﬁ.),p > 0 and let W(z,w, g, p) be defined by

Wlew,00) = [ o2ty =T ol =2l g,
Q

where ¢(t) =1if 0 <t < 1 and ¢(t) = O otherwise. By the definition of approximate limit we get

G= n n U n {(Z,w)E(Q\Sn)Xﬁn,k:ﬁ(z)#oo, W(x)w:g’P)< —;l;}

gEF nENpEN pE}O,‘},[nQ '

for every countable dense family of functions # ¢ C*(R). Since for every g € C (f{,) and every p > 0 the
mapping W(:,-, g, p) is a Borel function, G is a Borel set. q.e.d.

We denote by BV () the space of functions u € L*(£1) such that the distributional derivative is representable
by means of a measure Du : B(Q2) — R™ of finite total variation. The functions v € BV (Q) are called
functions of bounded variation; for the main properties of these functions we refer to [22], [25],[39], [40].
The sets E € B(Q2) such that the characteristic function xz belongs to BV () are called sets of finite

perimeter, or Caccioppoli sets. If u = xg, then the set S, defined by (1.3) coincides with the essential
boundary 8*FE of E, i.e.,

3E={zeq:lmsup BEOEl Lo g fimenp IBENEL oy
p—oO"’ P p—$0+ pﬂ.

For every set E of finite perimeter in 2 we have (see [17], [39])

(L.7) |Dxe|(B) = X.—1(BN3*E) VB eB().
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Moreover, Fleming-Rishel (see [23]) proved that the set

{teR:{u>t} has not finite perimeter in 0}

is negligible for every function u € BV (Q2), and

+o0 +oo
(L.8) |Du|(B) = /  IDxos (B = f Yooi(BNO*{u>t})dt VB e B(Q).

- 00

We are particularly interested to properties concerning the approximate continuity and the approximate
differentiability of such functions. By an early result of De Giorgi ([17]) it follows that for every function
u € BV (Q) the set S, is countably (n — 1)-rectifiable, i.e.,

(1.9) Su=|J KhuN
heN

where ¥n—1(N) = 0 and (Kp) is a sequence of compact sets, each contained in a C' hypersurface I'j.
Moreover, in ¥n—; almost every z € S, there exists a triplet (u*(z),u™(z),v4(z)) € R X R x 8"~ such
that

(1.10)
,,E%h " / lu(y) - u™ (z)| dy = pE’(‘)‘+ " / |u(y) — v (z)|dy = 0.

{veB,(=):(y-=.vu(=))>0} {v€B,(2):{y—=z,vu(2)) <0}

In particular, setting

1 (2,vu(2)) = {y ER™ : (y — 5, 0(2)) > 0}, 77 (z,0u()) = {y €R" : {y — z,wu(2)) < O},

there exist the approximate limits

(1.11) ut(z,vu(z)) = ap Jim u(y), u” (z,vy(z)) = ap Jim u(y).
yent(z,vu(z)) yEn~(z,vu(x))

The condition (1.11) means that in ¥,_j-almost every z € S, the function u jumps between two asymptotic
values u*(z), w~(z). The triplet (u*,u~,1,) is uniquely determined by (1.10) up to a change of sign of v,
and and interchange of u*, u~ ([40]). In addition, the versor vy(z) is normal to S, in the following sense

([4], proposition 3.2, [22]): for every representation of S, as in (1.9) the versor v, (z) is normal ¥,_;-almost
everywhere in Kj to the surface I'y,. Since

vr(z) = £vri(z) Hp—y-a.e. n NI
for every pair of C! hypersurfaces T, IV, we obtain the following remarkable property:
(1.12) Vu(z) = £ vy(z) Hn-1-a.e. in S, NS,

for every pair of functions u, v € BV (Q).

Calderon-Zygmund (see [14]) proved that every function u € BV (Q) is approximately differentiable almost
everywhere, and the approximate differential Vu belongs to L!(2; R™). In addition (see [4], proposition 3.1)
the distributional derivative Du can be written as

(1.13) Du=Vu-L,+ (ut —u")vy - Hn-1]s, + Cu

(note that (u* — u™)v, does not depend on the choice of the sign of v,) where Cu is a measure singular
with respect to L,,, such that

(1.14) |Cu|(B) =0 VB & B() with Xu—1(B) < +oo.
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In (1.13) the n-dimensional part of Du is given by Vu - L,,, the (n — 1)-dimensional part is given by
(ut —u~)vyHn-1]|s,, and the “intermediate” part is Cu. Thinking to the well known Cantor-Vitali function,
we call Cu the Cantor part of the derivative Du; for this function, in fact, Vu = 0 almost everywhere, S, = §
and Du = Cu. We recall also that the total variation | Du| can’t assign positive measure to sets with Hausdorff
dimension less than (n — 1), because (1.8) implies |Du|(B) = O for every X,,—i-negligible Borel set.

In this paper we shall consider functions of bounded variation which have null Cantor part of derivative.
We denote by SBV (Q) this space of functions. However, some of the problems we shall study may not be
coercive in SBV (1) (the reasons of this will be clear in §3, see also example 5.3). This is the motivation of
the following definition (see also [18]).

Let 4 :  — R¥ be a Borel function. We say that u is a generalized function of bounded variation in Q if

(1.15) #(u) € BVioc () V¢ € C(RF) with supp(V¢) cc R*.

We denote by GBV (; R¥) such class of functions. The class of functions GS BV (Q; RF) is defined similarly,
by requiring ¢(u) € SBVio(f1). In the case k = 1, it can be easily seen that

u € GBV(M;R) > (uAN)V—N€ BV,(?) YNeN

and a similar equivalence is true for GSBV (}; R). In the case k > 1 the space of test functions ¢ can be
taken equal to C3(R¥), because no compact set disconnects R* at infinity. If u € L*° (Q; R¥), then

u € BVjo(;RF) <= ue GBV(Q;RF)

and the corresponding equivalence holds for GSBV (Q; R*).
The generalized functions of bounded variation inherit many properties of the ordinary functions of bounded
variation. We state the most important in the following two propositions.

Proposition 1.8. Let u € GBV (Q;R*). Then, the set S, is countably (n — 1)-rectifiable. In addition,
there exists a Borel function v, : S, — S"~! such that the approximate limits (1.11) exist X,_;-almost
everywhere on S,.

Proof. Let 7 c C}(R*) c C(R*) be a countable set of functions which separates points in C(R*). By
proposition 1.1(v) we get

(1.16) Sy = U S¢(u))
PEF

which implies, by (1.9), that S, is countably (n — 1)-rectifiable. Using (1.9), (1.12), (1.16), we can construct
a Borel function v, : S, — 8™~ ! such that

Vy = :tl/¢(u) )(n_l-a.e. in S¢(u)
for every function ¢ € 7. By the quoted properties of functions of bounded variation, the approximate limits

ap  lim  $(u)(y), ap lim  4(u)(y)

y—z
yent(z,vu(z)) yEn=(z,vu(z))

exist H,—1-almost everywhere on Sy(y). On the other hand, in the set Su\S¢(u) both the approiimate limits

exist and are equal to ¢(u)(z). In conclusion, it is possible to find a X,_;-negligible Borel set N C S, such
that the above approximate limits exist for every z € S, \ N and every ¢ € 7. Thus, the statement follows
by proposition 1.2(v). q.e.d.

Given a Borel function vy, : S, — S™! as in the statement of proposition 1.3, by the same techniques
exploited in proposition 1.2(iv) it is possible to prove that the domains of the approximate limits (1.11)
belong to B(f2). Moreover, u*, u~ defined by (1.11) are Borel functions in their domains.
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If u € BV(Q), then (1.10) implies that u*, 4~ € R for ¥pn_;-almost every z € S,. On the contrary, for
GBYV functions it may happen that

Ho-1({z€Su:ut(z) =00 or u (z)=00})>0.

proposition 1.4. Let u € GBV (Q; R*). Then Vu exists almost everywhere in .
Proof. Let (41) € C5(R*; R¥) be a sequence of functions such that ¢4 (z) = z for every z € B, (0). By the
Calderon-Zygmund theorem, all the functions ¢%(u) are approximately differentiable almost everywhere in

(). Since almost every z € (1 is a point of density 1 for one of the sets {|u| < h}, the statement follows by
proposition 1.2(ii). q.e.d.

2. Compactness.

In this section we shall state some compactness theorems. Since we deal with functions which are not
necessarily summable (G BV functions), the most natural topology is given by (local) convergence in measure.
We recall that a sequence of Borel functions uj, :  — R* converges in measure to a Borel function
u: ) — RFif
lim [{z€ K : |un(z) —u(z)| > €} =0
h—+oc0

for every compact set K C 1 and every ¢ > 0. Every sequence converging almost everywhere converges in
measure, and every sequence converging in measure admits a subsequence converging almost everywhere to
the same limit.

Let ¢ : [0, +-0o[— [0,+00] be a convex non decreasing function satisfying the condition

(2.1) lim ) _

1

and let © : [0, +00] — [0, +00] be a concave non decreasing function such that

. 0) _
(22) Jm, == = oo

The following compactness theorem is a straightforward consequence of theorem 2.1 of [4], which deals with
the case k= 1.

Theorem 2.1. Let K C R* be a compact set, and let (#n) € SBVioc(2; R*) be a sequence such that

{/qﬁ(quhD dz + / O(|uf — uy |) dX, _1(9:)} < oo
]

Suy,

sup
heN

and up(z) € K almost everywhere. Then there exists a subsequence (us,) converging in measure to a
function u € SBVjo.(Q; R*). Moreover, u(z) € K almost everywhere and (Vun,) weakly converges to Vu
in L*(A; L,1) for every open set A C Q such that |A| < +oo.

The growth condition (2.1) on ¢ is very natural in Calculus of Variations and guarantees compactness, in
the weak L! topology, of the approximate differentials. The condition (2.2) is necessary: if we take for

instance ©(t) = ¢, then it is possible to approximate the Cantor-Vitali function (which is not in SBV) by
step functions uy such that

sup / O(|uf — up ) d¥o < +oo.
heN
up

Under assumption (2.2), the integral
f@(]u"' —u”|)d¥n-1
Su
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has a fast growth when the jumps are small, and this guarantess compactness in S BV}, (€ R")
To deal with problems where no constraint {u. € K} exists, the most natural domain seems to be the class
of functions GSBV (Q; R¥) ( see also [18]). In fact, if for instance © = 1, there is no possibility to control

/ lu+ - u—! d}(n—l
Su

by ¥pn—1(Su), so that limit of functions u, which satisfy the integral condition of theorem 2.1 may have not
finite total variation.

On the other hand, under very mild assumptions on (u,), the sequence converges to a function u €
GSBV (Q; R¥), as the following theorem shows.

Theorem 2.2. Let g(z,u) : @ X R*¥ — [0, +00] be a Borel function, lower semicontinuous in u and satisfying
the condition

(2.3) lim g(z,u) =400 forae. z€l.
lul—++o0

Let (un) € GSBV(Q; R¥) be a sequence such that

:gg{fq&([Vuhl) dz + / O(luf — uy|) d¥Hp-1(z) + / 9(z, un) da:} < +oo.
0 Q

Ch

Then, there exists a subsequence (up,) converging in measure to a function u € GSBV (Q; R*), and (Vus,)
weakly converges to Vu in L'(A; L, x) for every open set A C Q such that |A| < +oo.

Proof. Let 7 C C4(RF) be as in the proof of proposition 1.3. Applying a diagonal argument, we can find
a subsequence (k) and functions vy € SBVi,c(Q) such that ¢(un,) converges almost everywhere to vg for

every ¢ € 7. Since R* is compact, and since ¥ separates points in Rk, it can be easily seen that necessarily
up, converges almost everywhere to a Borel function u : @ — R* such that #(u) = vy almost everywhere

for every ¢ € 7. Let g(a: u): Q2 x RF — [0, +oo] be the extension of g obtained setting §(z, 00} = +co. By
our hypothesis, §(z, u) is lower semicontinuous in u for almost every z € 02, and by Fatou’s lemma we get

/ﬁ(z, u)dz < }cim_‘i_nf/ d(z, un,) dz < +o0,
Y a

so that, u(z) € R* almost everywhere. Let ¢ € C*(R¥) be a functions such that V¢ has compact support.
Since the functions ¢(un) converge almost everywhere to ¢(u), by theorem 2.1 we get that ¢(u) € SBVi,.(f).
Since ¢ is arbitrary, the function u belongs to GSBV (Q2; R¥). By (2.1), the approximate differentials are
weakly compact in L!(A4; Ln,x) for every open set A C Q with |A| < +00. The weak convergence of the

approximate differentials can be easily proved using theorem 2.1 and test functions ¢ as in proposition 1.4.
q.e.d.

3. Semicontinuity.

Let f:Q x R* x L, — [0,+00], ¢: 0 x R* x R* x §*~! — [0, +00] be functions, and let us consider the
functional

Flu) = / f(z, u, Vu) dz + [ oz, ut, 4", v) dHaos(z)  u € GSBV (O RY).
Sy

By proposition 1.3 and proposition 1.4 the functional is well defined, provided f, ¢ are Borel functions, and

(3.1) e(z, u,v,v) = o(z, v, u,—v).
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because the triplet (u*,u™, 1) is not uniquely determined. We shall always tacitly assume in this section
that all the integrands ¢ satisfy this condition.

We are interested in finding necessary or sufficient conditions on f, ¢ which ensure the lower semicontinuity
of the functional F' with respect to convergence in measure. Since for the first integral many semicontinuity
criteria are available ([1], [27], [28], [11]), we shall study in particular the integral depending on ¢.

Let T C R be a finite set, and let BV (€1;T') be the set of all functions u € BV (2; R*) such that u(z) € T
almost everywhere. The functional F is equal on BV (£};T) to the functional

/f(z,u,O)dx+/<p(x,u+,u_,uu)d)(n_1(z).
0

Su

If f(z,-,0) is lower semicontinuous for almost every z € 2, Fatou’s lemma implies that
/f(:z:, 4,0)dz < liminf/ f(z, upn,0)dz
h—+o0
! !

for every sequence (u,) converging in measure to u. Hence, on BV (Q;T) the problem reduces to the
semicontinuity of functionals of the type

(3.2) '/J(fﬂ, u+, u, Vu) dX, _1($)
/

where ¢ : @ x T'x T x 8"~! — [0,4+00] is a Borel function. The functionals in (3.2) act on partitions of
Q in card(T) sets of finite perimeter labeled by the elements of T, and of course the condition T C RF is
not essential. This kind of functionals occur in many problems of mathematical physics and in particular in
problems of phase transitions (we refer to [29], [30], [10] for a wide bibliography on the subject).

In a joint paper with A.Braides the author has studied several conditions which are necessary and sufficient
for the semicontinuity of functionals of type (3.2). We recall briefly the main definitions and results of the
paper.

Definition. Let ' C R* be a finite set, and let ¢ : T x T X S"~! — [0, +00] be a function. We say that
is BV -elliptic if for every triplet (i,7,v) € T x T x S"~! we have

(3.3) /.1[:(u+,u‘,u,,) d¥p—q 2 / (%, 7,v) d¥n-1 Vu € BV (Q; T) with «* = u; ¥,—1-a.e. on 811,
Su QNH,

where 1 is a smooth open set containing 0, H, = {z € R™ : (z,v) = 0}, the function u,; is defined by

1 if (z,v) > 0;
uij(z) =
J if(z,v) <0,

and u*, uj; denote the inner traces on the boundary 30 of the functions u, u;; respectively ([25], Chapter
2). It is not difficult to see that (3.3) does not depend on the choice of 2. The condition means that, among
all partitions u with the same boundary trace of u;;, the minimal one is u;;.

As its name suggests, this condition is closely related with the ellipticity conditions of geometric measure
theory (see for instance [22]). In [6] we have proved the following theorem:

Theorem 8.1. Let ¢ > 0, and let ¢ : @ X T x T x S*~! — [¢,+oo| be a continuous function. Then, a
necessary and sufficient condition for the functional in (3.2) to be lower semicontinuous in BV (Q; T') with
respect to convergence in measure is the BV -ellipticity of ¥(z, -,,-) for every z € Q1.

Even if theorem 3.1 solves the problem of characterization of integrands ¢ which define lower semicontinuous

functionals, the condition (3.3) is not completely satisfactory, because it is of integral type, and in general
it is not easy to be checked.
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In [6] various algebraic conditions on ¥ related to BV - ellipticity are studied, and they are also compared
with other definitions already existing in the literature (see [8]). The most important is given below.
Definition. Let T = {21,...,2m} C RF¥, let {e1,...,e,} be the canonical basis of R™ and let ¢ :
TxTx 8" 1 —]—o00,+00| be a function. We say that ¢ is biconvex if there exists a convex and positively
1-homogeneous function 8 : £, ,, —] — 00, +00] such that

(3.4) ¥(2, 24, l—;—;—‘ﬂpl =0((e; —e;)®p) Vi,j€{L,...,m},i#j peR"\ {0}
We want to emphatize that (3.4) is an algebraic condition. Infact, since (3.4) determines 6 only on vectors

2 € Ly,m of the form (e; — ;) ® p, the function § exists if and only if, denoting by ¢ the 1-homogeneous
extension of ¢ to T' X T' x R", we have

N
(3'5) '/)(z"o’ zjo)FO) < Z 'ﬂl’(zi;\ ) zjup)\)
A=1
whenever
N
(eio —€io) ®po =) (e, ~€;,)®pr  in Lom, do# Jo-
A=1

In [6], by using the Jensen inequality, we have proved also the following result.
Theorem 38.2. Every biconvex integrand y(u, v, v) is BV -elliptic.

It is possible to find many interesting examples of biconvex functions (see §5). There is a close similarity
between BV -ellipticity and Morrey quasi convexity on one hand, biconvexity and rank 1 convexity on the
other hand (see [12], [31] for the definitions of Morrey quasi-convexity and rank 1 convexity). A long standing
conjecture of nonlinear elasticity is the equivalence between quasi convexity and rank 1 convexity. We also
conjecture that BV -ellipticity and biconvexity are equivalent. One implication is given by theorem 3.2. The
idea to prove the opposite implication would be to show that each condition listed in (3.5) is necessary for
semicontinuity. This has been done for some of these conditions, but no general procedure has been found.
For instance, in the case
(ei—e;)@v=(e;—ex)@v+(ex—e;)Qv

or

(ei —e;)®(p1+p2)=(ei—e;)@p1+(ei —e;) D p2
the corresponding conditions

'I’(zt'rzj) V) < gb(z;,zk,v) + 'l,[)(Zk,z_,‘,V) Vv e Sn‘l;
(3.6)

p — 1/;(2,-,2,-, p) is convex in R",
have been proved to be necessary for lower semicontinuity. In [6] it is possible to find a more detailed
discussion on this subject, enriched with examples and conjectures.
The proof of theorem 3.1 is rather technical, and follows closely the proof of similar results in geometric
measure theory ([22], 5.1.5). In contrast, we shall see in theorem 3.6 a much simpler proof of the suffi-

ciency of biconvexity for lower semicontinuity, not based on theorem 3.2. The proof relies on the following
approximation scheme

(3.7) ¥(2,2i,2;,v) = sup (Va(z,z) —Va(z,25),v) <€Q,i#jves8" ),
heN

where V, : 1 x T — R" is a suitable sequence of continuous functions . By a standard technique (see [19],
(2], [3]), the semicontinuity of the functional in (3.2) can be desumed by the semicontinuity of functionals

/ (Vi(z,ut) = Vi(z,u™),vu) T d¥n-1 A CQopen, h€ N
ANS,
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and this is done using chain rule for derivates of compositions of BV functions with Lipschitz functions ([7],
[39], [40]) and integrating by parts (see also the proof of theorem 3.6).

We say that an integrand % : R* x RF x 8"~ — [0, +00] is BV -elliptic (respectively, biconvex) if the
restriction to 7' x 7' x 8"~ is BV -elliptic (respectively, biconvex) for every finite set T C R*.

The following theorem shows that BV -ellipticity, together with continuity of the integrand and with a growth
condition is sufficient for semicontinuity.

Theorem 3.8. Let ¢ > 0, and let ¢ : @ X R* x R*¥ x 8"~! — [¢, 400 be a continuous function such

that o(z,-,-,-) is BV -elliptic for every = € 1. Then, for every sequence (uz) C SBV (Q; R¥) N L>(Q; R¥)
converging in measure to u € SBV (Q; R*) and satisfying the conditions

(%) M = sup |lupleo < +oo;
heN
(%) Vuy, is an equi-integrable sequence in L*(A; L, x) for every open set A CC ;
we have
(3.8) f ola 4™, v) -1 () < limint / oz, uF U, Var) o1 (3)-
Se Suy

Proof. It is not restrictive to assume that u; converges to u almost everywhere and

L= };lgl-ql-lg oz, ut, up y Vuy) AHn—1(z) = h—légloo / oz, vt up ,ve,) d¥n—i1(z) < +oo,

Sup Su

hence

(3.9) limsup ¥,,—1(Su,) < L < +o0.
h~++oc0 ¢

Moreover, we shall assume for simplicity that M < 1, so that all the functions u;, and u take their values in
the set ]0, 1[". Since ) can be approximated by an increasing sequence of open sets A, CC (1, we assume that
@ is uniformly continuous in 02x]0,1[¥x]0, 1[¥x8"~! and we denote by w : [0, +oo[— [0, +0o[ a continuous
function such that w(0) = 0 and

le(z,u,v,v) — o(z, v/, v, )| Sw(lu—v'|+|v—0]) VzeR u v o, €1, resr.

We also assume that (1 is bounded and (Vuy) is equi-integrable in L*(2; L, &).

We approximate the functions u; by step functions, dividing the set ]0,1[* in small cubes. Since we need
step functions whose singular set is not too large, a careful choice of the sides of the cubes is needed, and
this choice depends on the index h. Let p € N, p > 2 and let A, C Q be an open set such that

sup / |Vupldz < 27P, A4,D U Suy, U Sy.
"ENAP hEN

We set
Bp = Ap \ Su,.

By Fleming-Rishel formula (1.8), it is possible to find real numbers 6;3'; 1 such that

(3.10) {ze: ugj) (z) > f{h} has finite perimeter in @ and |[{z € Q: ug) (z) = f,h}l =0;
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2%—-2 2%—1
2p ' 2p

(3.11) 7 €l

J;

. . i/p .
(312)  Hu-1(Bund*{ze0:u(s) > ¢/, }) <2 / Hn-1(B N3*{z € 0: v\ (z) > t}) dt;
(i-1)/p
for every : € {1,...,p}, s € {1,...,k}, h € N. We also set fg’h =0 and f;{-n,h = 1. We denote by § the set

of functions o : {1,...,k} — {0,...,p}, and we set

Qon={zeR*: ¢, <z <el Vie{l,. . K}

Eop = {z € Q:un(z) € Qon}, § = a_p])"
By (3.10), the sets {E,,}ocs are mutually disjoint, have finite perimeter in Q and Mo € @, By (3.11),
(3.12) the functions

e ifz€ E,p forsomeoe §
vh(z) =

0  otherwise.
belong to BV (Q; R*) and |lup — vn|leo < 2k/p. Since A, \ By C Sy, we have (recall (1.12))

4k
o(z, ”l_:-’”;: Vo) d¥n-1(z) < f o(z, ul-:’“;"’uh) d¥n—1(z) +w(;’))(n—1(suh)'

A,,nS.,h\Bh S“h

Moreover, by our choice of f;-'; » and of the open set A, we get by (3.12)

/ (@ 57 97 1 v0n) DHn1(2) < Ccs(Sup 1 Bu) < Oy (| 9 Ep 1 By <
Su,,NBx oES

k p k
1 ) : . . )
<Cp)_ 2D Hn-a(0*{z€0:w)(a) > €} N By) < CpY IDuf?|(By) < Chp2,

J=1" i=1 I=1
where C = sup{p(z,u,v,v):z€Q, |[u| < 1, |v| < 1, ¥ € S"~1}. Adding these two inequalities, we get
- - 4k _
(3.13) / oz, v}, vy vy, ) dHn—1(z) < f oz, ut vy vy, ) d¥n—1(z) + w(;—) ¥n-1(Sus) + Ckp27P.
ApNS,, Suy,

In particular, we get

limsup ¥,—1 (4, N S,,) < 1[L+w(4_k.7.)-[i +C’Icp2"l’] < +o0
h—+oco ¢ p ¢

so that, by theorem 2.1, the sequence (vy) is relatively compact with respect to convergence in measure in
Ap. Let T = {n°},es. Possibly passing to a subsequence, we can assume that

; P 2t—2 20-—-1 . .
g,h _’&?E[Tp—’ 2p ] Vie{0,...,p+1}, 7€ {1,...,k},

and (v) converges almost everywhere in A, to a function w, € SBV (Ap;R*) with values in T. Let
Qo € [0,1]* be the set of vectors (2(1),...,2(¥) such that

& <2 <€ Viell.. k),
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and let

Wp = Z 1°XEq» E, € B(4,).
o€Ss

Since up, converges almost everywhere to u, it is easy to see that |E, \ u=*(Q,)| =0, so that
E,c Apnu~1(Q,)

up to negligible sets. Applying theorem 3.1 we get

/ (p($, w}-r’ w;’ pr) d¥, -1(“") < }‘I_T_'l_gg / p(xi v;:-! Y, Vw.) d}(ﬂ—l(x)’

ApNSy, ApNS,,
which, together with (3.13) gives
+ - 4k. L —p
(3.14) plz, wy,wy ,vy,) d¥a-1(z) < L + w(—z;—)-; + Ckp2™P.
ApNSu,

Now we shall achieve the proof by letting p —~ +o00. Let ¢ > 0 be given, and let pg € N such that all the

diameters of the sets Q, with p > po are less than ¢/3. By (1.16), in ¥,—; almost every z € S, such that
|ut(z) — u~(z)]| > € the sets

ye:ju@) -v @<}, {yven:|uy) -v (=) <3},
have density 1/2 at z, hence, since E, is essentially contained in u=1(@Q,), we have
Se={z€8,:|ut(z)—u(z)]>e} c (4, NSy,)UN
for every p > po, for a suitable Borel set N with ¥,_1(N) = 0. Moreover, by (1.12) we get
Vy, = £ vy HNp-ji-almost everywhere in S..

Since |wp — u| is essentially bounded by 2k/p in Ap, the functions

wi(z) if vu,(z) = vu(z); wy (z)  if vy, (2) = vu(z);

v, (2) = v, () =

w, (z) otherwise, wg (z) otherwise,

converge uniformly to u*, u~ on S, hence

[ P(z, u*, U™, va) Ay (2) < liminf f olz, v}, 5 ve) DHai(2) <
Se Se

p—+oo

<liminf [ o(z, w),w, ,vy,) din-1(z) < Lu_r’x-'l_xg / olz, wl,wy,vy,) d¥p_1(z) < L.
Se ApNSy,

Since S T S, as € | 0, the inequality follows. q.e.d.

Theorem 3.3 is not completely satisfactory, because we do not allow ¢ to take the value +oco, thus excluding
the possibility to include some constraints of the variational problem into the functional to be minimized.
We shall improve theorem 3.3 by assuming on ¢ biconvexity instead of ellipticity. To do this, we first need
to give some definitions.
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Definition. We denote by Mo the space of measures u : R¥ — R"™ of finite total variation such that
p(R¥) = 0, and we endow it by the weak® topology given by the duality

(u,V) = Zn: f VO(z)du)(z) Ve Co(R*;R")

=13
where Cp(R*; R") is the space of continuous functions vanishing at infinity. Let A C M be defined by
A={p(éa— &) :pER", a,b € R¥}
where p6,; denotes the Dirac measure

p ifz€ B;
p8;(B) = { B € B(R¥)
0 otherwise,

and let co(A) € Mo be the convex hull of A, i.e.,

N
co(A) = {Zm:NEN, pl,...,pNEA}.

=1

By the Hahn-Banach theorem, co(A) is w*- dense in Mo, because any linear continuos functional vanishing
on A corresponds to a constant function. To each function p : R¥ x R* x 87~ — [0, +00] satisfying (3.1)
there corresponds in a natural way a positively 1-homogeneous function @ : A — [0, +o0] by setting

‘Aa(P(sa - ‘Sb)) = ‘P(ar b, T:}i)lpl Va,b € Rk) a#b,peR” \ {o}.

It is now easy to see that ¢ is biconvex if and only if there exists a convex function ¢ which extends @ to
co(A). If condition (3.5) is satisfied, the function ¢ can be defined by

N
&(1) =inf{Eg&(m):N€N, Blyeo oy BN EA}

i=1

for every measure u € co(A). We say that ¢ is a regular biconvex function if a stronger condition is satisfied:
there exists a convex and weakly* lower semicontinuous function @ : Mg — [0, +00} such that $ = @ on A.
A simple characterization of regular biconvex functions is given by the following lemma.

Lemma 8.4. Let o : R* x R* x 8*~1 — [0,+00] be a function. Then, ¢ is regular biconvex if and only if

(3.15) o(a,b,v) = sup (Vi(a) —Vi(b),v) Va,beRF, a#b,vesS 1,
heN

for a suitable sequence of functions V}, € Co(R*; R™).
Proof. If ¢ satisfies condition (3.15), the function

(3.16) @(p) = sup (Vh, p)

heN
is the required extension of ¢ to Mo. Conversely, if a convex and lower semicontinuous extension @ exists, we
can assume with no loss of generality that ¢ is positively 1-homogeneous. Then by the Hahn-Banach theorem
it is possible to find a sequence (V) C Co(R*; R") such that (3.16) holds. In particular, if u = v(8, — &),
with b # a, we find

©(a,b,v) = p(p) = é(p) = sup (Vh, ) = sup (Va(a) = Vi (), v)
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and the statement is proved. q.e.d.

We shall see in §5 some examples of regular biconvex functions. By lemma 3.4, regular biconvexity implies
the lower semicontinuity of the function in the set

{(a,b,v) € RFxRFxS" 1:a+# b}.

It is not clear whether the opposite implication is true, that is, if biconvexity and lower semicontinuity in
the above set imply regular biconvexity.

A well known technique exploited to prove lower semicontinuity theorems in spaces of functions which are,
in some weak sense, differentiable goes back to the pioneeristic papers of L. Tonelli ([37]) and J. Serrin ([36]).
This technique is based on the integration by parts. Recently, by using this method, De Giorgi, Buttazzo
and Dal Maso and the author ([2], [3], [19]) have proved general semicontinuity results for functionals of the
type

/f(a:, u, Vu)dz weWhi(Q)

where the integrand f(z,u,p) may also be very discontinuous in (z, u).
Also in this case we want to use the same ideas, and we need a rule to compute the distributional derivative
Dv, where u € SBV(Q; RF), f € C*(R*; R™) and v = f(u). This problem has been studied by A.L Vol’pert

in [39], even in the case u € BV (Q; R*). For functions u € SBV ({2; R*) his result can be summarized as
follows:

(3.17) Du(BNS,) = [ (f(u*) = f(v™)) ® vud¥a—s VB eB(Q).
BNSy

where p ® ¢ € L,k is the tensor product of p € R* and ¢ € R", and
(3.18) Vu=Vf(u)Vu ae inQ.

In a recent joint paper with G. Dal Maso (see [7]), the author has proved that (3.17) remains valid even if
the function f is only Lipschitz continuous. In this case, (3.18) may be meaningless, because V f may not
exist on the range of u. Our result shows that for almost every z € (2 the restriction of the function f to the
tangent space

T¢ = {z€ R*: z = u(z) + (Vu(z),p), p€ R"}
is differentiable at u(z), and
Vv=V(flrs)Vu  ae. in Q.
The following lemma is a straightforward consequence of (3.17), (3.18).
Lemma 3.5. Let V € C}(R*;R"), and let u € SBV (Q; R¥). We have

) gyl
[ (V (u+) = V (u7), va)g(z) DNz (z) + f g(x)zza‘;; aaz - / (V (), Vo) da
ANSy i=1 =1 a

for every open set A C 1, for every function g € C§(A).

Now we have at our disposal all the tools to prove:

Theorem 3.8. Let ¢ > 0 and let p : R¥ x R*¥ x 8"~! — [¢, +00] be a regular biconvex function. Then, for
every sequence (up) C SBV (Q; R¥) N L (Q; R*) converging in measure to u € SBV (Q; R*) and satisfying
the conditions

(2) M = sup |lup|lco < +00;
heN
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(#2) Vuy, is an equi-integrable sequence in L'(A; L, ) for every open set A cC (;
we have
(3.19) f o(u* 6™, 1) dHo-s(2) < limint / (w47, vey) d¥—1(2)-
—+ 400
Sy suh

Proof. It is not restrictive to assume that

L= }.‘.’l‘i’éf / p(uf, uy,vu,) dXn—1(z) = hli{’x_xw f e, up,vu,) d¥n—1(z) < +oo,

Suy, Suy

so that

L
(3.20) limsup ¥p,—1(Sy,) < — < +o0.
h—+c0 c

By lemma 3.4, we can find a sequence of continuous functions V}, : R¥ — R™ such that

(3.21) o(a,b,v) = sup (Vn(a) — Vi(b),v) Va,beR* a#b,ves .
heN

It is not difficult to see that (3.21) implies (see for instance [19])

/go(v’*,v‘,u.,) dHp-1(z) = sup{iv: / (Vi(v?) = Vi(v™),0)* d)(,,_l(z)}

S, =1la:ns,

for every function v € SBV (2; R*), where the supremum is taken over all N € N and over all the families
Aj,..., Ay of mutually disjoint open sets with closure compact in ). Hence, we are led to prove that for
every open set A CC (1 and for every continuous function V : R¥ — R" we have

(3.22) f V(%) = ¥ (u7), va)* d¥o-s (o) < limint [ V() = V(7)) var )t dHoei(a).
~++00
ANS, ANS.,
By (3.20), since V can be uniformly approximated in {z : |z| < M} by smooth functions, there is no loss of

generality if we assume that V € C*(R*; R").
Let ¢ > 0 be given; by assumption (ii) on {Vus), we can find an open set B C A such that

sup / [Vup|dz < ¢, B> U Sus U Sy,
heN heN
B

Let 7 = {ge C}(B) : 0 < g £ 1}. By lemma 3.2 we get

/ (V () =V (4™), va)* dHn-1() = sup{ / (V () = V(u7), v)g(£) Hos (3) : g € 7)

ANSy ANSy

< C’e+sup{/(V(u),Vg) dz:ge ¥} < C’e+}lim4i_nf sup{/(V(uh),Vg) dz:ge 7} <
A A

<20c+limint [ (V) = V(57), vun) ¥ dHoms(2)
ANS.,
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where C > 0 is a constant depending only on V, A, M. Since ¢ > 0 is arbitrary, the proof of the theorem is
achieved. q.e.d.

By a standard localization argument, it is possible to prove theorem 3.6 also for integrands v¥(z, u,v,v)
depending on z, provided the functions ¢(z,-,-,-) are regular biconvex for every z € ! and the functions
¥(-, 4, v, ) are equicontinuous in {2 when u, v vary in compact sets, and v € S*~!. In such a case, one can
approximate the function ¥(z, u,v,v) by the sums

N
Z xv; (z)¥(zi, u,v,v)

=1

with N € N, U; mutually disjoint open sets, and z; € U;.
Using the property

we€GSBV(RY) = $(u) € SBViec(Q) V4 € CLRF)

it is possible to prove also lower semicontinuity theorems in GSBV (; R*). Let ¢ : R™ — [0,+o0[ be a
convex and positively 1- homogeneous functions such that

0<c<P(v) < C<+oo, P(v)=9y(-v) YvreS

and let © : [0, +o0[— [¢,+o0] be a concave, non decreasing function. We set ©(+oc0) = sup{©(t) : t > 0}
and oo — z| = +oo for every u € R*.

Theorem 8.7. Let (uy,) C GSBV (Q};R*) be a sequence converging in measure to u € GSBV (Q; R¥), and
assume that (Vuy) is equi-integrable in L'(A; L, %) for every open set A cC Q. Then

[ ot = w Dblw) s (o) < limint [ @it = w7 lvs) Mo ().

Su Sy,

Proof. The function
elu,v,v) =0(lu—v|)y¥(v) uw,veR*, ves"?,

is regular biconvex (see §5), because ©(s + t) < O(s) + ©(t). We set (oo, u,r) = ©(+o0)9(v) for every
u € R¥, v € 8"~ 1. Let F c C(R* U {c0}) be a countable set of functions such that supp(Vé)cc RF for
every ¢ € ¥, and

(3.29) ju— 1] = sup |$(s) — $(0)] Vu, v €RFU{oo}, u# 0,
PEF

(one can take for instance fpq(z) = p A |z — q| with p € N and ¢ € Q). Proposition 1.1 and proposition 1.2
yield

V($(v) =Vé(u)Vu ae inQ,  Su= ] Spw)
¢EF
and

[(#(w)" = (6(w)) 7| = 1¢(u*) = $(u7)| Hn-1-a.e. in Sy(u) C Su
for every function u € GSBV (2; R¥) and every function ¢ € 7. Applying theorem 3.6 and reéalling (2.12)
we get

O(l4(u*) = $(v7))¥(vu) d¥n-1(2) < liminf / O(l6(uy) — ¢(ur )P (vun) d¥n—1(z) <

ANSp(u) ANSy,
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< liminf O(luf — up )9 (vus) dHn-1(z)

—o+oo
ANSy,

for every open set A C {1. To obtain the statement, we have only to remark that (3.23) implies

[ et — w i) ax -l(z)=sup{i [ elstat) - it )t ¥ _l(z)}

‘=1A‘ns¢;(')

where N € N, A,,..., Ay are mutually disjoint open subsets of 2 and ¢1,...,¢n € 7. q.e.d.

4. Existence theorems.

Our existence theorem is a straightforward consequence of theorem 2.1 and theorem 3.3.

Theorem 4.1. Let p : @ x RF x R¥ x 8"~1 — [0, +00[ be a function satisfying the hypotheses of theorem
3.3. Let f(z,s,p) : @ X R* x L,, x — [0,+00| be a Borel function, lower semicontinuous in (s, p) and convex
in p, such that

f(z,s,0) 2 4(Ipl) Vze, s € Rk: PE Lnk,s
with $(t) as in (2.1). Then, for every compact set K C R¥, the problem

mm{ / f(z,u,Vu) da:+/ o(z,ut,u”, vy) d¥n-1(z): ¥ € SBVio (Q; RF), u(z) € K a.e. in ﬂ}
S«
has a solution in S BVi,.(0; R¥)

Proof. Let (un) C SBVloc(ﬂ RF*) be a minimizing sequence for the problem By theorem 2.1, we can
assume that (up) converges in measure to a function u € SBVioc(Q2; R*). Of course, the function u still
satisfies the constraint u € K almost everywhere. The conditions (i), (ii) of theorem 3.3 are satisfied, because
¢ has a more than linear growth at infinity. Hence

(4.1) /go(z, ut,um,v) d¥n-1(2) < },’Eﬁ‘;f / o(z, i, up, v, ) dHn—1(z).

" bt

On the other hand, since the approximate differentials weakly converge in L!(A4; L, x) for every bounded
open set A C 1, the Ioffe lower semicontinuity theorem (see [27], [28]) yields

/f(z, u, Vu)dz < liminf/ flz, un, Vuy) dz.
h—++oc0
0 Q
This inequality and (4.1) imply that u is the required solution of the minimization problem. q.e.d.

Many variants of theorem 4.1 are possible. For instance, if one needs to consider unbounded integrands

¥(u, v, ), one requires regular biconvexity instead of BV -ellipticity, and using theorem 3.4 proves the exis-
tence of a solution of the problem

min{/ f(z,u,Vu) dz+/t/)(u+,u',u.,) dXn-1(z):u € SBV (Q; RF), u(z) € K a.e. in Q}.
0

A different formulations of theorem 4.1 can be given in GSBV (2; R*), when there is no constraint u € K.
In this case, one can apply lower semicontinuity theorem 3.7 for the “jump” part of the functional. For the
first part, it can be exploited the extension of Ioffe’s theorem proved by Balder (see [11]).
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5. Examples.

In this section we shall discuss about possible applications of our existence theorems to various recent
variational problems.

5.1: Some examples of regular biconvex integrands.

Let us consider the functions o(u, v,v) : R¥ x RF x 87~1 — [0, +o0[ of the form

e(u,v,v) = O(u, v)y(v)
with ¢ : R® — [0,+o00| convex and positively 1- homogeneous function such that ¥(p) = ¥(—p) and

© : R* x RF — [0,+oo[ such that ©(a,b) = ©(b,a). For this class of integrands, BV- ellipticity and
biconvexity are equivalent and can be easily checked.

Proposition 5.1. (i) If  is BV -elliptic, ¢ # 0, then
(5.1) O(a,b) < O(a,c) +©O(c,b)  Va, b, c € RF,

(ii) If © satisfies condition (5.1), then @ is biconvex.
Proof. (i) Follows easily by the definition of BV -ellipticity (see also (3.6)).

(ii) Let é(a, b) = ©(a,b) if a # b and O(a,b) = 0 if a = b. Let 1 be the set of subdifferentials of 9, i.e.,
"¢ ={z€R": ¢(p) > (z,p) ¥p € R"}.
It is easy to see that (5.1) yields
(5.2) ©(a,b,v) = sup{(©(a,c)z — O(b,c)z,p) : c€ R¥, z € ~¢}.
On the other hand, all the function of the type
(V(a) -V (b),v)

with V : RF — R" are biconvex, because equality holds in (3.5). Hence, ¢ is biconvex. q.e.d.

Let © : [0, +oc0[— [0, +o0] be a concave function. Then the integrand

e(u,v,v) = O(lu — v])¢(v)

of theorem 3.7 is regular and biconvex. The biconvexity follows directly by proposition 5.1. Let ©(t) =
O(t) A kt. Since

Ok (Ju — v])¥(v) = sup{(Ok(lu — ¢|)z — Ok(|v — c|)z,v) : z € 3¢, c € R¥}
all the integrands ©x (|u — v[)¥(v) are regular and biconvex. The equality
o(u,v,v) = sup Ok (Jlu—v|)yY(v) u,veR* utv,vresr?
keN

implies the regularity of .
A remarkable example of regular biconvex integrands is given by functions of the form

o(u,v,v) = ¥(u,v) + ¢¥(v,—v)

with ¥(u, p) : R x R™ — [0, +00| lower semicontinuous function, convex and positively 1-homogeneous in

p. In this case, the convex and weak® lower semicontinuous extension of @ is given by (see [34], and [3],
theorem 4.4)

/,, ¢(z,%’,{e,(z)) dJu](2).
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Example 5.2: A functional of pattern recognition problems.

Let 2 € R™ be a bounded open set, o, 8 > 0 and let w : @ — R be a bounded Borel function. Let us
consider the following problem:

(5.3) inf{ / IVu?dz + fNn—1(K) + f lw—uf? dz},

0\ O\K

where the minimization is made over all pairs (4, K) such that K is a closed subset of {2 and u € W2(Q\ K).
Let us call L; the infimum in (5.3). We consider now a weak formulation of problem (5.3) in SBV (Q):

(5.4) min{/ |Vul?dz + BHn-1(Su) + a/ |lw—ufdz:ue SBV(Q)}.
Q Q

By theorem 4.1, problem (5.4) has a solution. Infact, let ¢ = ||w||co; since Scauv—c C Sy and

/|V(c/\u.V—c)|2dz+a/|w——c/\uV——c|2d:t:5/.IVulzdz+a/|w—u|2dz
0 o Q 0

we restrict the minimization to functions u essentially bounded by c. Let us call Ly the minimum value of
the functional. We claim that Ly = Lo. The inequality L; > L is not very difficult, and it is a consequence
of the following proposition (for a different proof, see [15]):

Proposition 5.2. Let K C (2 be a closed set such that ¥,—1(K) < +oo and let u € W11(Q2\ K) N L (Q).
Then, u € SBV(Q) and ¥p_1(Su \ K) = 0.

Proof. We give only a sketch of the proof, leaving the details to the reader. Let # C R™ be an arbitrary
hyperplane normal to v € S*~1, and let

Q.={teR:z+tveN}, uy(t)=ulz+tv)

for every z € w. By theorem 3.3 of [4], it will be sufficient to show that u, € SBV(Q;) for ¥,_;-almost
every z € m, and

/wuzg(n,,) Dni(z) <400, Hmr({y€Q:y=z+tv,zemteS, }\K)=0.

This can be easily done recalling that Xn—1 > Hpn—1|xr X Xo (see [22], 2.10.27), hence R, N{t: z+tv € K}
has finite cardinality for X,_;-almost every z € . q.e.d.

The opposite inequality Ly > L; is much more difficult. Let u € SBV (1) be a minimizer of (5.4). A partial
regularity theorem recently proved by De Giorgi-Carriero-Leaci (see [15]) shows that u € C*(2\ S.) and
Hn-1(Su N2\ Sy) = 0. Therefore, if we take K = S, NQ, then u € WH2(Q \ K) and

/ Vul? dz + By (K) + [ |u—w}2dz=/qulzdz+ﬁ}(n_1(Su)+a/|u—w|2dx.
Q 2

O\K aO\K

In the particular case n = 2, this type of variational problem seems to be suitable to model pattern recognition
problems in Computer Vision Theory (see for instance [32], [33]). In this case w is the image, tipically given
by a camera and corrupted by noise, and the set K represents the edges of the “real” image.
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Example 5.8: Approximation by piecewise affine functions.
Let € R™ be a bounded open set. We say that a function u € W1:2((1) is piecewise affine if u is continuous
and
N
Vu= Z a;xv;(z) a.e. in 0,
=1

with a3,...,ay € R" and V;,..., VN open polyhedral sets such that
N
o\ Jvil=o.
i=1
Let w € L%(0), ¢, B > 0 and let us consider the problem

(5.5) inf{a/ |u—w|?dz+ / |Vu|? dz + BHn—1(7e) : 4 € WH2(Q), upiecewise afﬁne},
Q Q

where 7, is the set of discontinuities of Vu. The functional in (5.5) takes into account the distance (in
L?(02)) of w and u, and too large derivatives and too irregular level sets of Vu are penalized by [, |Vu|?>dz
and AXNn-1(7u) respectively.

Since Vu € SBV({}; R") for every piecewise affine function u, it is natural to give to problem (5.5) the
following weak formulation: we set

g= {(u,v) € WH3(Q) x GSBV((;R") : Vu=v, Vv =0 a.e. in Q}

and

.?'(u,v)=a/|u—wlzdz+/|v|2dz+ﬁ}(n_1(5,,).
Q Q

Using theorem 2.2 and theorem 3.7 we easily see that there exists (uo,vo) € G such that
7 (uo,v0) = min{ 7 (u,v) : (y,v) € §}.

The function uo € W2(Q) can be condidered a weak solution of problem (5.5). A reasonable conjecture is
that #(uo, Vuo) is equal to the infimum in (5.5), and it would be interesting to know whether uo is a piecewise
affine function or not. It is to be noted that the functional ¥ is not coercive in § NW12(Q) x SBV ({}; R"),
because there is no possibility to control the integral

/|v+ — v | W1 ().
Sy

Example 5.4: A class of free boundary problems.

Let 2 c R™ be a bounded open set, let f : @ x R*¥ x £, x — [0,+00] be as in theorem 4.1, and let
¥(z,p) : R¥ x R™® — [0, +0o| be a lower semicontinuous function, convex and positively 1-homogeneous in

p. Let I' ¢ R* be an arbitrary compact set; to fix the ideas, we shall assume that 0 ¢ I'. Let us consider
the problem

(5.6) inf{ / f(z, 4, Vu) dz + / $(u*,v) d¥p_y(2) : |D| = ¢, ueW"l(D;R’“)}
D aD
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where D varies in the open subsets of {2 with piecewise C! boundary, u* is the trace on the boundary 8D,
v is the inner normal to D, and u(z) € I' almost everywhere.

A natural weak formulation of problem (5.6) in SBV (Q2; R*) is the following: we set I = I' U {0} and we
identify the pair (u, D) with the function v € SBV (Q2; R*) defined by

u(z) ifze€ D;
v(z) =
0 otherwise.

Then, the problem (5.6) becomes

(5.7) inf{ / f(z, v, Vv)dz + / gZ(v"',v‘,V,,) d¥n-1(z) : vE€ SBV ((;RF), |{v= 0} = c},
Q Sy

where
. f(z,u,p) fueT;
f(z,u,p) =40 fu=0;
+o0 ifugl’
and
. Y(u,v) fv=0;
(5‘8) 'p(“) v, V) = 1/)(0, ‘—V) if u=0;
+co otherwise.

If > ¢ > 0, theorem 2.1 implies that the functional (5.7) is coercive in SBV (Q2; R*). On the other hand,
the functional is not necessarily lower semicontinuous, because (5.8) allows only jumps between a point in
I' and 0. To deal with a lower semicontinuous functional, we must assign a finite energy to discontinuities

corresponding to points where ut and u~ both belong to I. The most natural way to do it is to relax the
functional in (5.6), setting

(5.9) F(v) = mf{;‘lm_:nff f(z,v,Vv)dz + / (v, v, 1) d¥p-1(z) t vy > vin measure}
Q Sy

for every function v € SBV({};R*). We conjecture that the relaxed functional ¥ admits the following
representation

(5.10) F(v) = / f(z,v,Vv)dz +/$(u+, v, vy) d¥n—1(z)
Q Sy

for every v € SBV (; R*), where
(5.11) ¥(u,v,v) = xr(u)¥(u, v) + xr(v)¥(v, —v).

Recalling the remarks following proposition 5.1, the functional in the right hand side of (5.10) is lower
semicontinuous and admits minimum. The inequality > in (5.10) is consequence of the lower semicontinuity
of the functional in the right hand side. The opposite inequality, which is only conjectured, requires an
explicit construction of the minimizing sequences in (5.9), which might be done placing along S, a strip
(whose thickness tends to 0) on which the functions vy, are 0.

It must be noted that the integrand ¥ is equal to 3 for jumps between u € T' and 0, and it is the greatest
function with this property among biconvex integrands (recall (3.6)).

We are hopeful that such mathematical formulation of problem (5.6) could be useful to solve problems of
static theory of liquid crystals. In this case, @ c R? T = 8% C R®, and the function u(z) in (5.6) represents
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the average direction (optic axis) of the crystal. Tipically, the functions f(z, u,p) contains contributions due
to electric and magnetic fields, plus the Oseen-Frank energy (see [21], [24])

ka1 (divu)? + ka|(u, curlu)[® + ks|u A curlul? + (k2 + kq) (br(Vu)? — (divu)?),
with k; constants depending on temperature. The integrand ¢ is frequently taken as ([26], [38])
¥(u,v) = 7(1 +w|(u,v})

with 7 > 0 and w > —1, and represents the interface energy with an isotropic liquid.

Problem (5.6) has been studied when D and the boundary values are prescribed (the so-called strong an-
choring problem, [13], [26]) or in the case when, being the constant ¢ very small, the first term is negligible
with respect to the second one ([8], [37], [41]).

The formulation above in SBV (2; R*) could perhaps be useful to deal with intermediate problems. The
choice of ¥ in (5.11) corresponds to imagine an infiltration of the isotropic liquid along the discontinuity.
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