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ABOUT POINCARE INEQUALITIES FOR
FUNCTIONS LACKING SUMMABILITY

MICHELE CARRIERO*, ANTONIO LEACI* & FRANCO TOMARELLI**

Dedicated to our colleague and friend Vincenzo Bruno Moscatelli

Abstract.
We present in a unified context several Poincaré type inequalities involving median:
the list includes also inequalities which hold true for functions lacking summability
properties.

1. INTRODUCTION

Several kinds of LP estimates of a function u in terms of L4 norms of its distri-
butional derivatives are named Poincaré inequalities ([18], [24]). These inequalities
are very useful in both existence and regularity theory for variational problems in
Sobolev spaces and BV spaces. Our objective is to give an overview of analogous
estimates in functional settings whose elements lack summability. Such inequalities
take the form of LP estimates of suitable truncations of u in terms of LY norm of
the absolutely continuous part of the derivatives.

These finer inequalities can be applied to several free discontinuity problems, mainly
in image segmentation ([2], [17], [10], [13]) and in continuum mechanics ([8], [23]).
In Section 2 we introduce the notation.

In Section 3 we recall some classical results.

The main results related to Poincaré inequalities in SBV, GSBV and GSBV? (The-
orems 4.4, 5.2, 5.3) are given in Sections 4 and 5, together with some comments on
their consequences.

2. NOTATION

Given a set E C R", we denote its k-dimensional Hausdorff measure by H*(E)
(0 < k < n), its Lebesgue outer measure by |E|, its topological closure by E and its
topological boundary by 0E. We denote the ball {y € R™; |y — x| < o} by B,(z),
and we set B, = B,(0), w, = |B1].

Definition 2.1. For a given measurable set E in R™ with |E| > 0 and u in L*(E),
we define the mean value ug of u as follows:

),
Ug = — udx .
|E| Jg
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Definition 2.2. For a given measurable set E in R™ with |E| > 0 and u a.e. finite
measurable real function in E, we say that a real number m = m(u, E) is a median
of u in E (here we do not require u € L'(E)) if

1 1
fu<m)nE[ < SIEL {u>m)nE| < LBl
We denote the set of medians of w in E by M = M (u, E).

Existence of medians follows by a simple continuity argument. Evaluating me-
dians m(-, F) is a multivalued non linear operator which has no simple relationship
with the mean value ug. Anyway the medians fulfil the following properties:

e The set of medians M = M (u, E) is always a non empty compact interval.

e Weset m,=m.(u, E) = min{m € M(u, E)}, m*=m*(u,F) = max{m €
M(u, E)} and we call respectively m., m*, the least and the greatest me-
dian of u in F.

e {x€eE: m,<ulx)<m*} =0

e For any € > 0, any increasing map ¢ : R — R, which is strictly increasing
in [ms —e,m* + €|, we have

(1) e(M(u, E)) = M(p(u), E) .
e For any measurable set F' C E and any median m(u, E) we have

o m(u, E)| < % /E|u\dx vm(u, B)  (see [24], (5.12.10)).

In some case median, least median and greatest median prove more useful than
mean value, because (in contrast with the mean value ug) they are defined even if
u does not belong to L!(E) and they commute also with monotone nonlinear maps,
as stated in (1): a choice of ¢ may be the usual truncation operator, provided
the truncation operates on value outside the interval [m., m*]. Useful examples of
commutative truncation operators are given by the choices ¢(u) = @ and p(u) =
T(u,a,n) referring to (13) and (21) (see Theorems 4.4 and 5.2).

In this Section 2 denotes a non empty open set in R™. We denote the Sobolev
space of functions u € LP(Q) such that Du € LP(Q;R") by W1P(Q) (p > 1).

For every u € Li .(2) we define the total variation of u as follows:

i =swn{ [ wdivods o e cy@rn. o) <1}
Q Q

We denote by BV (Q) the Banach space of all functions u of L'(Q) with [, |[Du| <
+00; by BVoc(R2) we denote the space of functions which belong to BV (') for
every open set Q' CC Q (i.e. @ is compact and @ C Q).

If E C R™ is a Borel set, we define the perimeter of £ in Q as P(E,Q) = [, |Dxz|
where x g is the characteristic function of F.

For the main properties of functions with bounded variation we refer e.g. to [2],
[18], [19], [20], [24], in particular we recall the following statements.

Theorem 2.3. (see [6], 18.1.3) For any ball B C R™, n > 2 we label
1 (wn>(n71)/n

Wp—1

(3) Tn = 2
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the relative isoperimetric constant in a ball of R™ : i.e. for every Borel set E
(4) min {|E N B|(=D/m B\ EWH)/"} < v, P(E, B).

Theorem 2.4. For any u € BV (Q) the following coarea formula holds true (see
9. [24], 5.4.4):
“+o0
(5) / |Du| = P({u>1t},Q)dt
Q

— 00

3. CLASSICAL POINCARE INEQUALITY
FOR SOBOLEV AND BOUNDED VARIATION FUNCTIONS

In this Section we list the Poincaré inequalities for a function up to the correction
with its integral mean value or median, when the function belongs to a Sobolev or
BV space.

Theorem 3.1. Assume B is a ball in R", n >2,1<p<mn, p* =np/(n—p) and
u € WYP(B). Then there erists a constant C' = C(n,p) such that:

. 1/p* 1/p
(/ |lu—upgl? dac) SC(/ |Dupdx> .
B B

Theorem 3.2. Assume B is a ball in R®, n > 2, u € WYP(B), m € M(u, B). If
in addition 1 < p < n, and p* = np/(n — p), then

1/p* 1/p
. -1
(/ lu —m|P dx) < Y pn—1) (/ |Dul? dac) .
B n—p B

Otherwise, if p > n, then
L 1/p
» (/ |Du|pda:> Vg >1.
B

1/q
—1
(/ |u—qux> < %%B 1i1_
B

Theorem 3.3. Assume B is a ball in R", n > 2, 1* =n/(n—1) and u belongs to
BV(B). Then there exists a constant k = k(n) such that:

1/1*
(/ lu —up|* dw) < k:/ |Dul .
B B

Theorem 3.4. Assume B is a ball in R", n > 2, 1* =n/(n—1) and u belongs to
BV (B). Then

117
</ lu —m|* dm) < 'yn/ | D VYm € M(u, B),
B B

where the constant v, is optimal.

Proof. (Theorem 3.4) Notice that M (u, B) = M (sign(u) |u|", B) for any r > 1.
Up to addition of a constant, it is not restrictive to assume m = 0. Then, by Lemma
3.48 of [2], isoperimetric inequality and coarea formula (see (3), (4), (5)), we get

/|u|1 dm—/ (" >t}|dt=/0 {Ju] > /7Y dt =

) 1"
/ [{lul > 5)] “dss</ |{|u|>s}|1/1*ds) <
0 0
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(% /OOOP({|u > s}) d8>1*: (7”/BDU|>1*

Optimality of the constant follows by substituting the characteristic function of the
half-ball to u in the inequality. O

Proof. (Theorem 3.2) If p = 1, then the first inequality is a straightforward conse-
quence of Theorem 3.4.

If 1 < p < n, we may apply in a standard way Theorem 3.4 to the function v =
sign(u) |u|? where ¢ = p(n—1)/(n—p), recalling that M (u, B) = M (sign(u) |u|", B)
for any r > 1.

If ¢ > n, by the preceding case and by the Holder inequality, we achieve the second
inequality. O

For the proof of Theorems 3.1 and 3.3 see Theorem 2 in Section 4.5.2 and The-
orem 1.ii in Section 5.6.1 of [18].

4. POINCARE INEQUALITY IN SBV

We recall the main definitions and properties of functions whose derivatives are
special measures in the sense of De Giorgi.

In this Section u : Q2 — R always denotes a Borel function.

For any = € , z € R = RU {00} we set, according to [16], z = aplimu(y), (the

Yy—x
approximate limit of u at x, denoted also by u(x)) if

= lim —— u(z +y))d
9(z) = lim 1B, / y)) dy
for every g € C°(R); if z € R this definition is equivalent to 2.9.12 in [19].
The set
Sy = {x € Q; aplimu(y) does not exist}
y—x

is a Borel set of negligible Lebesgue measure. Let 2 € Q\ S, be such that u(x) € R;
we say that u is approximately differentiable at x if there exists a vector Vu(z) € R™
(the approximate gradient of u at ) such that

i 1) = () = V@) - (y — )
Yy ly — x|

=0.

Here we recall only that for every u € BV () the following properties hold:
S, is countably H "~ !-rectifiable, say there exist countably many Lipschitz func-
tions f, : R®~1 — R™ such that

o0
(A (Su\ U fh(R“)) =0;
h=0
H " {z € Q;u(x) = 0o}) = 0; Vu exists a.e. on Q and coincides with a Radon-
Nikodym derivative of Du with respect to the Lebesgue measure; moreover, for
H ™! almost all z € S, there exist v(z) € dB1, uy(z) € R, u_(z) € R with
uy(x) > u_(z) such that (see [19], 4.5.9(17), (22), (15))

lim o~

o [ e +9) s (@) dy = 0,
¢ {yeBoiy-v(2)>0}
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lim o™ lu(z +y) —u_(x)|dy = 0,

0—0 »/{yGBg;y-V(m)<O}

(6) /|Du|2/ |Vu|dx+/ (uy —u_)dH™ ',
Q Q SN

According to [16], we recall the definition of a class of special functions of bounded
variation which are characterized by a property stronger than (6).

Definition 4.1. We define SBV(Q) as the class of all functions uw € BV (2) such
that

(7) /|Du\:/ |Vu|da:+/ (uy —u_)dH™ L.
Q Q 5.NQ

By SBVioe(2) we denote the class of all functions which belong to SBV () for
every open set Q' CC (.

We recall that the well-known Cantor-Vitali function has bounded variation but
does not satisfy (7).

Remark 4.2. Let v € BV(Q) and set u, = (uAa)V (—a) for 0 < a < +00. The
following properties hold:

Vu| < Vul ae on € HH(S,,\ 5.0 NQ) =0

/ | Dy | g/ | Dul; / |[Vu|dz = lim |Vug| dz;
O\K O\K O\K a=+0 Jo\K

/ |[Du| = lim | Dugl; H" S, NQ) = lim H" (S, NQ).
O\K a—+00 O\K a—+00

For any u € BV() we have that v € SBV(Q) if and only if ¢(u) € SBV(Q) for
every ¢ : R — R uniformly Lipschitz continuous with ¢(0) = 0.

We point out some properties of the functions in SBV (2); for further results we
refer to [1], [2], [16].

Lemma 4.3. Let Q C R" be open and u € L*>°(Q) N LY(Q). Let K C R™ be closed
and assume

ue CH(Q\ K), / |Vu|dz < 400, H" LK NQ) < 400.
\K
Then
ue SBV(Q) and S,NQCK.
We remark that, for u € SBV(Q) (see e.g. [19], 4.5.9(30)):

(8) weWP(Q)iff H" (S, NQ) =0 and / (IVul? + ul?) de < 0.
O\K

In order to prove a Poincaré inequality in the space SBV(B), where B C R™ is an
open ball, we introduce some notations.

For every measurable function u : B — R we label u, the non-decreasing rearrange-
ment of u:

(9) ui(s,B) =inf{t e R; [{u <t} NB|>s} for 0 <s<|B|.
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In particular, the least median of v in B m, = m.(u, B) fulfils:
1
(10) o B) = . (51B15)

moreover for every u € SBV(B) such that (2v,H""1(S, N B))"/"~1 < 1B|,
where 7, is the relative isoperimetric constant (3), we select the lower and upper
levels 7/, 7" of truncation and w as follows

(11) P =7(wB) = u ((2%71 n=1(S, N B))”/("*l),B> ,
(12) " =7"(u,B) = wu. (\B| — (29, H" (S, N B))M (D), B) )
(13) u = (uAT"(u,B))V7'(uB).

In the next theorem we show some estimates which were first proved in [17] for
M = M.

Theorem 4.4. Assume B is an open ball in R", n > 2,1 <p<n, p* =np/(n—p),

u € SBV(B) and H""1(S,NB) < %(%|B|)(”’1)/”. Referring to (9)-(13),we have

(14) /|Dmg2/ V| da
B B

and

(15) ( /B @ —m[”" dx)w QW ( / IVulpdx>

for any median m € M (u, B).
If p > n, for every q > 1, we have

29ng(n — 1
n

14,1 1
(16) @ = mll o) < B3Vl ) -

Proof. By assumption 7’ < m, < m < m* < 7”. We may assume that m = 0 and
moreover that H"1(S, N B) > 0 (because, if H""1(S, N B) =0, then u = u €
W11(B) and the assertion is well known). Since w € SBV (B) we have, by (7),

/ |Da| = / |Va| dz +/ (g —u_)dH™ !,

B B SanB

and also, since H"~1((Sz \ S,) N B) =0,

(17) / | D g/ \Va|de + (7" — ') H""1(S, N B).
B B

By using the coarea formula (5) and the isoperimetric inequality (4), we have

1"

/BDu:/T/T P({T < t}, B)dt

1 /0 1 (7
7—/ |{ﬂ<t}mB|<”—1>/”dt+7/ B\ {u < t}|™"=V/" dt.
n Jr’ n J0O

"

Since for 7/(u, B) <t < 0,

1
7|{a <tynB|"H/m > 9y n=1l(S, N B)
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and for 0 < ¢t < 7"(u, B),
CIB\ {u < 0 2 28, 0 B,
we have '
/ Dl > 2(+" — ) H"(Su N B),
Hence, by comparison W?th (17),

(T“(u,B)—T’(u,B))H"*(SmB)g/B|W|dx;

/\Dﬂ|§2/ V| da,
B B

which proves (14). Eventually by Theorem 3.4 we obtain

(n=1)/n
( / |/ ("= da:) < 27, / |V dz.
B B

Thus the proof is complete for p = 1. For 1 < p < n, since u is bounded, we may
apply in a standard way the previous inequality to the function v = [u|?~'u where
q=p(n—1)/(n—p).

If p > n, by the preceding case and by the Holder inequality, we achieve the
thesis. O

therefore, again by (17)

Remark 4.5. With the previous notation and under the same assumptions as in
Theorem 4.4, we have, by the definition of @ and by (14), that

T £ u} N B <2 (27, H" (S, nB)" "V
If, in addition Vu € LP(B), then

1/p
/ |D7| < 2/ |Vu| dz < 2|B|P~D/P (/ |Vu|pd:r> :
B B B

Theorem 4.4 may be extended to any class of bounded open sets € fulfilling an
isoperimetric inequality of the following type:

Jyq>0:  min {|E N Q=1/m 0\ E\Wl)/n} < vaP(E, Q).
Moreover the following statement holds true.

Corollary 4.6. Assume € is a bounded open set with Lipschitz boundary. Then
the estimates (14), (15) and (16) hold true if B and 7y, are substituted by Q and

Q-

Proof. The proof is the same as the one given above, starting from the existence of
a relative isoperimetric inequality for a Lipschitz domain (see [19], [24]). O

We show a relevant example arising in regularization of weak minimizers, in case
where blown-up sequences do not even belong to SBV. Starting from Theorem 4.4,
we deduce a compactness and lower semicontinuity result in SBV(B), which is
useful in studying the regularity of weak minimizers for variational problems with
free discontinuity ([16], [22]).

When dealing with sequences, in order to avoid further selections, we always choose
the least median of each element in the sequence.
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Theorem 4.7. (Compactness and lower semicontinuity)
Assume B C R"™ is an open ball, (up) C SBV(B), p>1 and

sup/ |Vup|? de < +o0, limH " 1(S,, NB) =0.
heNJB h

Then
(i) the functions up, — m.(up, B), defined as in Theorem 4.4, are uniformly bounded
in BV (B);
(ii) there exist a subsequence (up,) and a function us € WHP(B) such that
lim [up, — mw(up,, B)] = oo a.e. on B.
Moreover
H" (S, NB) < liminf H "' (S5, NB) =0,
and
/ [V P do < lim.inf/ [Vup, | dr < +o0.
B i B

Proof. (i) In the proof of the assertion we may assume 1 < p < n. For h large
enough, by Theorem 4.4, we have

(18) / [, — M (un, B)[P dz < const.;
B

moreover, by Remark 4.5,
/ | Dwy,| < const.
B

Therefore the functions @, — m.(up, B) are uniformly bounded in BV (B).

(ii) From (18) in the case 1 < p < n or from (16) in the case p > n, by virtue
of the compactness theorem in BV (B) (see e.g. [20], Theorem 1.19) there exist a
subsequence (up,) and us € BV(B) such that

(19) lim [T, — o (s, B)] = 11
in L"(B) for every 1 <r <mnp/(n—p)if 1 <p < n,and in L"(B) for every r > 1 if
p > n. Now, by the semicontinuity results in [1], us belongs to SBV (B); moreover
H" Sy, N B) < liminf H "' (S5, NB) =0,
and
/ [Vieo|? dz < lim‘inf/ [Vup,|P de < 400,
B ¢ B

thus, by (8), us is in W1P(B). Finally, since from Remark 4.5

n/(n—1)
[{@n, # un,} 0B < 2 (29217 (S, N B))

from (19) it follows that, possibly by restriction again to a subsequence,
lim [up, — M. (up,;, B)] = oo a.€. on B.
K3
O

A significant application of the above theory is the regularization of SBV min-
imizers for the Mumford-Shah functional, arising in image segmentation. The fol-
lowing result has been proved in [17].
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Theorem 4.8. Letn € N, n > 2, let Q C R™ be an open set, ¢ > 1, a > 0,
w >0, g€ LI(Q)NL>X(Q); then there exists at least one pair (K,u) minimizing
the functional G defined for every closed set K C R™ and for every u € C1(Q\ K)
by

(20) G(K,u) := / |Du|2dx—|—u/ lu — g|9dz + aH""H (K NQ),
O\K O\K

If the datum g in the Mumford and Shah functional (20) is unbounded, the
maximum principle fails, therefore the natural class of competing functions must
include possibly unbounded functions: this class is given by GSBV () (see [21] or
[2] for other applications).

Definition 4.9. The class of generalized functions with special bounded variation
is defined as follows:

GSBV (€2) = {v:Q — R Borel function; —k Vv A k € SBV,c(Q) Vk € N}.

For v € GSBV () we have that S, is countably (H"~!,n — 1) rectifiable and
Vo exists a.e. in Q. If we assume that

/ Vo dy < +oo, H"!(S,) < +oo,
Q

then for every a,b € R,a < b we have (a Vv Ab) € SBV (),

b
/|D(a\/v/\b)|:/ P({v > 0},9)do,
Q a

and (a Vv Ab)xg € SBV(Q) for every set E with finite perimeter in 2.
Theorem 4.4 has been proved for scalar valued functions of the class SBV in a

ball. Now we use a technical refinement of Theorem 4.4, which is useful in the class
GSBV ().

5. POINCARE INEQUALITY IN GSBV?(Q)

In order to study second order variational problems in image segmentation ([3])
and elasto-plastic plates ([23]) we introduced Poincaré inequalities ([8], [9], [11],
[12]) for non integrable functions whose gradient has a non integrable absolutely
continuous part. In this context the truncation of competing functions v has to
be smoothed so that it operates with a controlled increase of Vv and avoids the
introduction of discontinuity in the gradient itself: in this way an interpolation
inequality (see [9] or Theorem 2.8 of [10]) provides estimates of first gradient and
existence of GSBV?(Q) minimizers.

In the regularization process, there is no way of truncating gradient Vv and pre-
serving the curl Vv = 0 property at the same time. Area and perimeter of the set
where v and Vv are too high can be a priori estimated by H " 1(S, U Sv,), hence
instead of truncating v in this set we replace v by a suitable affine polynomial, in
such a way that least median of modified function and of its gradient are preserved.

Definition 5.1.
GSBV*(Q) = {ve GSBV(Q), Vv e (GSBV(Q))"}.
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We emphasize that v € GSBV?2(Q) does not even entail that either v or Vo
belongs to L}, .(2).
We state a Poincaré inequality in the class GSBV (), which is used also for esti-
mating derivatives involved in the study of the Blake and Zisserman functional (see
Theorem 5.5).
For every v € GSBV(B) and a € R with (27, H""1(S,))"1 < a < 3|B|, we set

7'(v,a,B) =inf{t e R; {v<t}NB| > a},

7" (v,a,B) =inf{t eR; [{v >t} NB| < a},

where 7, is the isoperimetric constant relative to the balls of R™ (see (3) and (4)).
For every > 0 and a as above we define the truncation operator

(21) T(v,a,n) = (7'(v,a,B) —n) Vv A (7" (v,a, B) + 7).

We get easily T(T(v,a,n),a,n) = T(v,a,n), m«(T(v,a,n),B) = my(v, B) and
T(Av,a,\n) = AT (v,a,n) for every A > 0 . Moreover |VT(v,a,n)| < |[Vv| a.e.
on B and

(22) {v#T(v,a,n)} < 2a.

In case v is vector-valued the operators med and T are defined componentwise.

In this Section we write explicitly the dependence of medians, 7/, 7" on function,
level set and the domain, since they are not fixed and we must operate “truncations”
on both the competing functions and their gradients.

Theorem 5.2. Assume B C R™ is an open ball, n > 2, p > 1, v € GSBV(B) and
a € R with

(23) (21" (5.)) ™ <a< 5Bl

Letn >0 and T'(v,a,n) as in (21). Then

(24) / |DT<v,a,n>|s2|B|”pl( / |VT(v,aﬂ7)|pdy>p+277”H"_1(5u)~
B B

If in addition p < n, setting p* = n"—f;, then for any median m(v, B)

/ IT(v,a,) — m(v, B dy
(25) b fd

1/4 _\? » .
< = ( fanp(n=1) P .
< 5 (Hptns) (/BWT(v,a,on dy> + (20" a

If in addition p > n, then for every s > -"5 and for any median m(v, B)

‘T(Ua a, 77) - m(v, B>|de

< 5 (Hawatn=n))” (/ |VT(v,a,0)|pdy) "B 4+ (2n)a

3
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Proof. We may assume that m(v, B) = 0 and the right hand sides are finite. If
H"1(S,) =0 and a =0 then v € W'P(B), T'(v,0,n) = v and the inequalities are
well-known. By Theorem 5.3, T'(v,a,n) € SBV(B) and we obtain

/B DT(v,a,1)|
o = /B VT (0, a,m)| dy + /S (T (0, a,m))* — (T(v, 0, 7))" |dH
T(v,a,7)
< /B VT (v,a,n)|dy + (7" (v,a, B) — 7' (v,a, B) + 2n)H "_1(Sv).

By the coarea formula and the isoperimetric inequality we obtain

+oo
/ |DT (v, a,n)| :/ P{T(v,a,n) <o},B)do
B

— 00

n—1

1 7 . o B
7 / |{T(va aﬂ?) > U} n do + 7 / |{T(U, a, ’17) < J}| nldJ
n J0O n Jr’

> —(7"(v,a,B) — 7' (v,a, B))a" " .

n

(28)

v

By the assumption on a and by comparison with (27) in the case n = 0 we have
2(7"(v,a, B) — 7' (v,a, B))H""*(S,) < %(T”(’U, a,B) — 7'(v,a,B))a""
< /B VT (v,0,0)|dy + (" (v,0, B) — (0,0, B)H""\(S,),

hence

(29) (7" (v,a,B) — 7' (v,a, B))H"(S,) < /B VT (v,a,0)|dy.

By substitution in (27), we obtain for every n > 0

(30) [ 107w e <2 [ VI, am)dy+ 27 (S))
B B
so (24) follows by Holder inequality. By (28) and (30) we get also

1

(31) (7" (v,a, B) — 7' (v, a, B))an%

< 2, (IBIPPI (/B VT (v, a,mn)| dy) ’ +7ﬂi"1(5v)> :

By Theorem 3.4 applied to T'(v,a,n) we get

(32) [ 1w < (% / |DT<v,a,n>|)l*.

We define
E={ye€ B;7(v,a,B) <v(y) <7"(v,a,B) },

E'={yeB;v(y) <7'(v,a,B) }, E"={ye Biv(y)>7"(v,a,B) }.
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Then, by taking into account (21), (22) and (24), we have for every s > 1
/ [T (v, a,n \sdyz/ |T(v,a,0) |de—|—/ |T(v,a,n)|*dy
E'UE"
/\TvaO\dy—i—/ |7 (v, a, B) |dy—|—/ |7 (v, a, B) + n|°dy
/\TU a,0)[*dy + 2°- 1(/ IT(v,a,0)[* dy+775|E’UE”|>
E'UE"

< 25~ 1/B|T(v7a,0)| dy + (2n)°a

Hence if p =1, by (33) with s = 1%, (32) and (30) for T'(v, a,0) we get

1*
/ IT(v,a,n)|" dy <2~ <2%/ VT (v, a,0) dy) +(2n)" a,
B B
so that (25) is proved in the case p = 1. We focus now the case 1 < p < n. We set
w="T(v,a,0)|T(v,a, 0)|%:_1

and we notice that w € SBV(B), m.(w, B) = m.(v, B) and

[Vw| = |T(v a,0)|= 1\VT(U a,0)] a.e. on B.

By plugging w in (32) and (30) with 7 = 0 and by Hélder inequality

1
1

(f T(v,a,ow*dy)ll*— ([ rewaora)”

< 2*yn%/ |\VT(v,a,0)||T(v,a,0) llj*:_ldy

<2fyn </|VTvaO|pdy) (/|Tva0|pdy)

3)

Dividing by ||T'(v, a,0) , which is finite since T'(v, a, 0) is bounded, we get

||Lp (B)
%

. n_1)\?"
(B [ylTw.a,0) dy < (2225 ([, 19T (v,a,0)dy)

y (33) with s = p* and (34) we obtain
[ 1z aml dy
B

p,&
1 . 2 *
iR ([rmeaors)” s

If p>n, fix any s > -5 and set r = 2. Then r < n and r* = s, hence by (25)

and Holder inequality, still assuming m., (v, B) = 0 and setting ¢ = (4, r(n— 1)) =

n—r
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(4, S(”n_l) )¢, we have

c 7
[ reantar <5 ([ 1970000 d) "+ @0
B B

T

< §|B|(1*5)3 (/B VT (v, a, 0)|de>” +(2n)%a

<583 ([ 9T or )+ @i

and the proof is completed. O

We show that, besides the volume estimate (22), also the perimeter of the set
{v#T(v,a,n)} can be estimated for sufficiently many n € (0, 1).

Theorem 5.3. Let B C R™ be an open ball, n > 2, s > 1. Let v € GSBV(B) and
a € R with (29, H"71(S,)) ™" < a < 1|B|. Then there exists n € (0,1) such that

(35) P({v>71"(v,a,B)+n}, B)
< 3q'"¢ (/ VT (v,a, 1)|sdy> +3H"Y(S,),
{v>7"(v,a,B)}
(36) P({U <T/(U,avB)7n}7B)

@ =

<3a'"% (/{ ) |VT(v,a,1)sdy> +3H"(S,).
v<1’(v,a,

Actually |{n € (0,1) : both (35) and (36) hold }| > %

Proof. By coarea formula and by the definition of SBV (B)

41
/ P({U>a},B)dG:/B|D(7'”\/v/\(7'”+1))|

"

< / VT (0,0, 1) dy + H"(S,) < [VT(0,0,1)|dy +H"1(S,),
{r""<v<7"" 41} {r""<v}
and analogously

’
T

P({v < 0}, B)do — /B ID((+ —1) Vo)

T/—1

g/ VT (v, a,1)| dy + H"1(S,) g/ VT (v, a,1)| dy + H"1(S,).
{r'—1<v<7r’} {v<r’}

We get the thesis by Chebyshev and Holder inequalities and by (22). a
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Now we show how the previous Theorem 5.2 can be used to obtain a compactness
and lower semicontinuity theorem useful in regularity theory.

For any given function in GSBV?2, we define an affine polynomial correction such
that both median and gradient median vanish.
Let B.(x) C Q and v € GSBV?(B,(z)); for every y € R" we set

(My r0)(y) = ma(Vo, By (2)) - (y — )

(P, 0)(y) = (Mo ;0)(y) + mu(v — My 0, By (2)).
Since m.(v — ¢, By(x)) = my(v,Br(z)) — ¢ for every ¢ € R and V(Px,v) =
V (M, v) = my(Vv, By(x)) then we have Py, (v — Px,rv) = 0, say
My (v — Px v, Br(z)) =0, m«(V(v — Px,v),Br(z)) = 0.
We notice that there are v such that m. (v, B.(x)) # ms(Pxrv, Br(z)), take e.g.
v(z) = (2§ — x1)H(—21) — %-H(x1), where H is the Heaviside function.
In the following we denote by s’ the conjugate exponent of s in the Holder inequality.

Theorem 5.4. (Compactness and lower semicontinuity) Letp > n > 2,
B,(z) C R"™ be an open ball, (v;) C GSBV?(B,(z)).
Set Ly, :== H""1(S,, U Svyy, ). Assume

(37) sup [ [Vunlrdy < +o0,
h B, (z)

(38) lim Ly, = 0.

Then there exist 2 € W*P(B,.(z)), a sequence (z,) C GSBV?(B,(z)) and a positive
constant ¢ (depending on the left hand side of (37)) such that up to a finite number
of indices,

(39) | {20 # (0h — P on)} < L™

(40) P({zn # (vh — Px.ron)}, Br(z)) < cLp.

Moreover there is a subsequence (zyp, ) such that for every ¥ > 1

(41) lilgn zh, = z strongly in LY (B,(z)),

(42) liin Vzpn, = Dz strongly in LY(B,(x),R"),

(43) / |D?2|Pdy < lim inf/ |V22, [Pdy < lim inf V20, [Pdy,
B, (z) k B, () k By (x)

(44) 1i£n (vhk — Pxr vhk) =z a.e. on B.(x),

(45) liin V (v, — Px,rvn,) = Dz a.e. on B.(x).
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Proof. We can assume z = 0, Py v, = 0 and we extract subsequences without
relabeling. We use properties of functions that hold true only up to a finite number
of indices, hence by (38) we can assume that

' 1
ap = (27nLh)n < §|BT|.

Arguing separately on each component of Vv, we deduce that Vh € N, Vk €
{1,...,n}, there exist ¥ € (0,1) and ¢ depending on the Lh.s. of (37) such that

(46) {T(Vxvn, an,nf) # Vion}| < eLy™,

U1 P({T(Vivnannl) # Vion}, By) < c (L;;" +H"—1<svkvh>).

Inequality (46) follows by (22), while (47) follows by Theorem 5.3 with s = p applied
to Vivp and estimating VT (Vvp, ap, 1) through (37).

We define small subsets Ej) C B, where we have to modify v, in order to force
boundedness of Vv, and we perform a former tuning of v;,. To this aim set

(48) B = | J{y € Bi;T(Vavn, an,nf) # Vivn},
k=1

(49) Wh = VhXB,\E-

Since my(vp, B) = 0 then my(wy, B.) = 0 by (2); moreover by the definition
m.(Vwp, By) = m.(Vop, B,) = 0. By (47) Ej, has finite perimeter, hence by
Theorem 5.3 we have w;, € GSBV?(B,.) and Vw,, € SBV(B,,R") N L*(B,,R").
Then summarizing

Po,rwp, =0,
(50) (Viwn| < |T(Vivn, an,nf)|,  |V2wn| < |V20h| ae. on B,
H"1(Sy, USvuw,) <c (Lh + Lh> ,
and by (38), (46) and (47)
li}rln (|Eh| + P(E, BT)) =0.

Fix 9 > p. Since 0 < n¥ < 1, by (50), (26), (37) and (38) we get

/|kah|19dy§/ |T(Vyon, an,mp)|” dy
B, B

1) %
<c (/ VT (Viop,an,0)|P dy) + 2%, < ¢ < +oo.
B,

By (50), (29) and by the assumptions (37), (38) and p > n, we get

DV | < / V2| dy
B, B,
(52) +(T”(kah, anp, BT) — T’(kah, anp, BT) + 2)7'[ nil(Svkwh)

. b
< 2|B,|¥ (/ |V 2wy, |P dy) +2H " (Sy ) < ¢ < 400

r



16 MICHELE CARRIERO, ANTONIO LEACI & FRANCO TOMARELLI

Now we want to force boundedness of (wy). By (50) we can assume
_ ro1
b = (29 H " (Sw, U Svuw,))" < 51Br|

and there are ny, € (0,1) and a constant, depending on the Lh.s. of (37), such that

’

(53) HT (wn, ba,nn) # wi}| < c (L,f: + Lh) ;
(54) P({T(whﬂbmnh) 7& wh}vBr) <c (L}Z;,Q + L}? + Lh> .

Inequality (53) follows by (22), while (54) follows by Theorem 5.3 with s = p,
applied to wy, taking into account (50) and (51). Then we define

Un ={y € By;T(wh;bn,nn) # wa}
and we perform the following tuning of the sequence (wy):

zn =T (wh, b, 1n)-
We notice that z;, € GSBV?(B,) and

M (21, Br) = 0, T(2n,bn,nn) = 2, {21 # vn} = Ep U Uy,

(55) |Vizn| < |Viws|, |V2zh| < |V2wy| a.e. on By,

n'2

H1(S,, USy.,) <c (L;j2 + L +Lh> :

Hence (39) and (40) follow by (46), (53), and (47), (54) respectively, taking into
account the assumption p > n. By (27), (29) and (51) we have

/ | Dz
B

"

(56) S/ [Vwn|dy + (7" (wh, b, Br) = 7' (why b, By) + 2)H "7 (Sw),)

T 1

< 2|BT|§ (/ |th|pdy) ’ +2H " (Sy,) < ¢ < +o0.

B’V‘

Moreover, by (55) and (51),

(57) / [Vizn|”dy < / \Viewn|Pdy < ¢ < 400,

B, B,

and by (50), (55) we get

/|Dszh|§/ |V22p| dy
B

+ (7" (Vyon, an, Br) — 7' (Vivn, an, By) + 2)H ™ 1 (Sy,2,)
n/2

< c/ |V2un| dy + (7" (Vivn, an, By) — 7' (Vgon, an, By) + 2) (L,fm + L,’? + Lh),

"

hence by (31) and the assumption p > n we have

(58) / |DVzp| < ¢ < +00.

r
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Since 0 < n, < 1, by (26) and (57)

1 e\ L Y
(59) /Blz;z\ﬂdy S§(W) (/B |VT(Zhvbh,0)|pdy) |B7-\1+Z 9

+ 27 (2%{)—[ ”71(5%))”/ < ¢ < +oo.

By (57), (58) and the compactness theorem in BV(B,) applied to (Vzy) there
exists f € BV(B,,R") such that

(60) Vzp = f strongly in L°(B,,R") Vs e [1,1%).
By (55), (37), (38) and Theorem 2.1 in [1], f € SBV(B,,R™) and also
/ |V fIPdy < liminf/ |V22,|Pdy,
B, hJB

M (Sy) < limH ™ (Sg.,) =0,
hence f € WHP(B,,R"). By (57) and by (60) we get
(61) Vz, = f strongly in L*(B,,R") Vs € [1,9).

By (56), (59) and the compactness theorem in BV (B,.) applied to (z,) , there exists
z € BV(B,) such that

(62) zp, — 2z strongly in L*(B,), Vs € [1,1%).
By (55), (57) and Theorem 2.1 in [1] we have z € SBV(B,.) and also
(63) Vz, = Vz  weakly in L?(B,,R"),

H (S, < h}anHn_l(SZh) =0,
hence z € WP(B,) and also by (59) and (62)
Zh = 2 strongly in L°(B,) Vse€|[l,9).

By (61) and (63) f = Vz = Dz so that z € W?P?(B,). By the arbitrariness of 1,
(41), (42), (43) hold true and (44), (45) follow by (39). O

The Blake & Zisserman functional was proposed for the study of a 2-dimensional
monochromatic image of brightness intensity ¢ in [3] and [9]. For the most recent
results and updated bibliography on this functional we refer to [4], [5], [12] and [14].
Precisely the strong formulation of the Blake & Zisserman functional is

F(Ko, Ki,u) = / (|ID?ul?® + plu — g|?) dz
(64) O\ (KoUK1)

+at (KoNQ) + BH (K1 \ Ko)NQ),
to be minimized over triplets (Ko, K1, u).
Theorem 5.5. (see [10]) Under assumptions n = 2 and

¢>1,u>0,0<pB<a<28,gelPQ)NLIQ),

loc

there is at least one triplet among Ky, K1 C R? Borel sets with Ky U K, closed
and u € C*(Q\ (Ko U K1)) approzimately continuous on Q\ Ko minimizing the
functional (64) and having finite energy. Moreover the sets KoM and K1 NQ are
countably H*-rectifiable.
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We remark that if (Ko, K7, u) is a minimizing triplet of F, then Ky and K; can

be

interpreted respectively as the jump set and the crease set of the image ¢, and

u as a smoothing of g.
An application to image inpainting, which has been announced in [15], follows
from [13] and is performed in [7].

(1

(10]

(11]

(12]
(13]
14]
(15]
[16]
(17)
(18]
[19]
[20]
(21]
(22]
23]

[24]
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