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In this paper we consider the minimization of a novel class of fractional linear
growth functionals involving the Riesz fractional gradient. These functionals lack the
coercivity properties in the fractional Sobolev spaces needed to apply the direct
method. We therefore utilize the recently introduced spaces of bounded fractional
variation and study the extension of the linear growth functional to these spaces
through relaxation with respect to the weak* convergence. Our main result
establishes an explicit representation for this relaxation, which includes an integral
term accounting for the singular part of the fractional variation and features the
quasiconvex envelope of the integrand. The role of quasiconvexity in this fractional
framework is explained by a technique to switch between the fractional and classical
settings. We complement the relaxation result with an existence theory for
minimizers of the extended functional.
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1. Introduction

Motivated from both the practical and theoretical point of view, the study of non-
local aspects in the calculus of variations has received widespread attention in the
literature recently. From applications in peridynamics [35, 44], imaging processing
[6, 8, 26] and machine learning [5, 30], to the abstract study of lower semiconti-
nuity [12, 31, 32, 38] and localization [2, 10, 13] of various nonlocal functionals.
Especially the introduction of the so-called Riesz fractional gradient by Shieh &
Spector [42, 43], which for ¢ € C2°(R™) and « € (0, 1) is defined as

a _ @(y)—(p(fﬁ) y—x n
\% cp(x)fun,a/Rn [y — e |y—x\dy for x € R,

has seen a dramatic rise in interest and has opened up the possibility to study new
types of fractional problems. We refer to just a few of the recent works [9, 11,
22, 23, 32]. The Riesz fractional gradient provides an alternative to the more well-
known fractional Laplacian and shares many similarities with the classical gradient.
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In fact, it is the unique translationally and rotationally invariant c-homogeneous
operator [46], which makes it a canonical choice for a fractional gradient.

The definition of the fractional gradient can be extended in a distributional way
to define the naturally associated fractional Sobolev spaces

SUP(R™R™) = {u € LP(R™;R™) : Vo € LP(R™; R™™)}, (1.1)

with a € (0, 1) and p € [1, oo], see [14, 16, 17, 32| for more details. With these
new spaces came an inherent class of variational problems to study, that is, integral
functionals depending on the Riesz fractional gradient. Precisely, with 2 C R™ open
and bounded, p € (1, o) and g € S*P(R™; R™), one defines the functions subjected
to a typical complementary-value condition

SgP(GR™) = {u € S“P(R";R™) : u =g ae. in Q°Y},
and aims to minimize the functional

SgP(GR™) 3 uw f(z, V¥u(x)) dz; (1.2)
RTL
here f : R™ x R™*" — R is a Carathéodory integrand with suitable p-growth and
coercivity bounds.

The weak lower semicontinuity and existence of minimizers of these functionals
was initially shown in the scalar setting in [42, 43] under the condition of convexity
in the second argument of f and later extended to the vectorial case under polycon-
vexity in [9]. More recently, in [32] the weak lower semicontinuity of the functional
in (1.2) was fully characterized in terms of the notion a-quasiconvexity, which is a
condition on a function h : R™*™ — R that requires that

h(A) < / h(A+V%p(y))dy for all A€ R™ ™ and ¢ € Cpe,((0,1)";R™),
(0,1)"
see [32, Definition 4.6]. The proof of this result relied on a method to translate
fractional gradients into classical gradients and back by using the identities

V% =VI_ap and Vo =V*—A)7 ¢ for p e CX(R"), (1.3)

and actually revealed that the notion of a-quasiconvexity is independent of « €
(0, 1) and equivalent to Morrey’s well-known quasiconvexity [37]. Therefore, the
weak lower semicontinuity of the functionals in (1.2) can be characterized in the
same way as the classical integral functionals in the calculus of variations.

Inspired by the rich history on classical linear growth problems, cf. [3, 21, 25, 28,
33, 39, 41], we build upon the above results and exploit the distributional character
of the fractional Sobolev spaces to consider the first class of fractional linear growth
functionals in the literature. This class constitutes the natural extension of (1.2) to
p = 1, namely, functionals of the form

Folu) = fz, V(x))de for u e S’;"I(Q;Rm), (1.4)
Rﬂ.

with f:R™” x R™*"” - R a linear growth Carathéodory integrand and g €
SR R™).
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The immediate difficulty in the minimization of the above functional is the non-
reflexivity of S$!(€;R™), which prevents the direct method from being used with
respect to the weak convergence in S%1(R"™;R™). Therefore, taking up a similar
approach as in the classical case, one can suitably extend the functional F, to
a larger space of bounded fractional variation, in which compactness holds with
respect to the weak* convergence.

These spaces of bounded fractional variation and their properties have already
been thoroughly studied by Comi & Stefani and coauthors in [14, 16, 17] and can
be understood as

BVQ(RH;RW) = {u c Ll(Rn;Rm) - D% € M(Rn;Rmxn)}’

with D%u the so-called fractional variation measure of u defined in a distributional
sense. We also use the notation

D% = V% dx + DSu,

where V@u € LY(R™; R™*") is the absolutely continuous part of D%u with respect
to the Lebesgue measure and DSu € M(R™; R™*™) is the singular part. This new
class of bounded variation spaces possesses interesting similarities and differences
with the classical BV -spaces and has sparked a lot of further investigations. Aspects
such as the description of precise representatives [15], Leibniz rules [19], and the
failure of a local chain rule [18] have been considered. Very recently, the fractional
total variation has been used in the context of image processing providing a nonlocal
alternative to the total variation regularization [6].

For the sake of finding an extension of F,,, we introduce the complementary-value
space

BV (Q;R™) = {u € BV*(R™;R™) : u= g ae. in QY

bounded sequences in S;’l(Q; R™) will converge up to subsequence to an element
of BV*(Q;R™) with respect to the weak* convergence (see §3). Therefore, with
an eye towards minimization, the natural extension of F, to BV;*(Q;R™) is the
relaxation defined by

Frel(u) = inf {liminf}"a(uj) t (uy); C S‘;’l(Q;Rm), uj = uin BV;‘(Q;RT”)}
j—oo
(1.5)

for u € BV(Q;R™). The useful features of the functional F3 are that it admits
a minimizer under suitable coercivity conditions and that minimizing sequences of
F., converge up to subsequence to minimizers of Frel.

To benefit from these attributes, it is key to find an explicit representation of the
relaxed functional. For this, one must, in particular, account for the concentration
effects that fractional gradients of sequences in S§°'(Q; R™) can exhibit and how
they relate to the singular part of the limiting fractional variation measure. The
well-known concept of the (strong) recession function (cf. [33]), which describes the
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way an integrand f behaves at infinity, is capable of this and is defined as

A /
oz, A) = lim 7]”(;10 ,tA’)
(z',A")—(z,A) t

t—o0

for z € R™ and A € R™*"™, (1.6)

whenever it exists. We also recall the upper recession function f#, which is always
well-defined, by replacing the limit in (1.6) with a limit superior. In addition,
throughout the paper we use the following growth and coercivity bounds

|f(va)| <M|A|+a(x) for all z € R" andAeRmX"’ (G)
with M > 0 and a € L*(R") N L>°(R") and
ulAl —c < f(x,A)  for all z € R™ and A € R™*", (€)

with p, ¢ > 0. Note that the growth bound ensures that f has linear growth and
Fo is well-defined and finite. We now state the following representation result for
the relaxation of F,, which is the main result of the paper.

THEOREM 1.1. Let v € (0, 1), Q CR™ be a bounded Lipschitz domain and g €
SL(R™;R™). Assume f: R" x R™*" — R is a Carathéodory integrand that satis-
fies (G) and (C), and that

qc A/
[ (x, A) exists and (ch)#(:aA) = lim sup M
A=A
t—o0

for all (z, A) € Q x R™*",

(1.7)

with f9° the quasiconver envelope of f with respect to its second argument. Then,
the relaxation of Fo in (1.4) given by (1.5) can be represented as
dD%u
:1:7
d|Dgul

rel () = C(z, V) dx ac\# “u z, V) dz
Fw = [ e v et [ ( ) apu+ [ g ve s

(1.8)
for uw e BV¥(Q;R™).

This theorem provides a fractional analogue to the relaxation result in the classi-
cal BV-setting [7, 34] and an extension of the p-growth fractional relaxation in [32,
Theorem 1.2]. The reason that the quasiconvex envelope arises in the relaxation
is related to the fact that quasiconvexity is the correct characterizing notion for
lower semicontinuity similarly as in the p-growth case from [32]. However, the inte-
grand remains unchanged for z € ¢, since fractional gradients of weak™ convergent
sequences in BV (©2; R™) converge strongly in sets with a positive distance from §2
(lemma 3.5). Furthermore, the second integral relating to the singular part of the
fractional variation is only integrated over §), because for u € BV (Q; R™) the mea-
sure D%u is supported on €. This follows since the singular part of the fractional
variation actually behaves locally, cf. remark 3.4, implying that DSu = Dgg =0
outside of Q. A sufficient condition for (1.7) only in terms of f is given in remark
5.1(c).
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The proof of the lower bound of the relaxation result hinges on a characterization
of the weak* lower semicontinuity of functionals of the form

Folw) = [ fla, vou)da + /ﬁ o (x

R

dDSu
" d[Dgul

) d[Dgu| for u € BV (Q;R™),
(1.9)

see Theorem 4.1. It states that the lower semicontinuity is equivalent to f(x, -)
being quasiconvex for a.e. x € Q and is proven by using an analogue of the identities
n (1.3) for functions of bounded variation as established in [17]. In addition, we
make substantial use of the theory of generalized Young measures developed in
[1, 24, 33] for linear growth problems, which allow one to capture the oscillation
and concentration effects of sequences of measures. A technical issue arises from the
fact that we only assume that f> exists for 2 € Q, requiring some care to account
for the possible mass that comes from outside €2 and concentrates on the boundary
of.

The construction of a recovery sequence for the upper bound is carried out in
two steps. We first find for u € BV,*(Q;R™) a sequence (u;); C S (2 R™) that
converges to u in a strong enough sense so that the values of the functional along
the sequence converge. The natural notion, which has been utilized in the classical
case [34], is that of area-strict convergence (definition 3.7). To exploit the properties
of area-strict convergence, we prove that S'(€;R™) (and even g+ C°(Q;R™))
is dense in the larger space BV,;*(€;R™) with respect to this convergence, see
Theorem 3.9. The second step can then restrict to smooth functions to recover the
quasiconvexification of the integrand and relies on adaptations of the argument in
[32, Theorem 1.2] and the identities in (1.3).

Finally, we complement the relaxation and lower semicontinuity result with
corresponding statements about the existence of minimizers under the coerciv-
ity condition (C), see Corollary 4.2 and remark 5.1 (a). This actually requires
an improved version of the fractional Poincaré inequality (proposition 3.6) that
only involves the fractional variation over a bounded domain. In particular, the
area-integrand f(A4) =+/1+ |A]? — 1 in example 4.3 is an admissible candidate,
providing a fractional analogue to the famous Plateau problem [27].

An interesting open problem for further study is the relaxation of F, when
the integrand admits additional dependence on the values of w. Indeed, in the
introduction of [15] it is mentioned for v € BV(R"™;R™) that D®u can be non-
zero on sets of Hausdorff dimension n — 1, just as the classical variation, while the
precise representative of w is only defined for H"~“*¢-a.e. x € R™ for any ¢ > 0.
This discrepancy between n — 1 and n — « is not present in the classical case and
makes it hard to deal with the singular part of the relaxation.

The structure of the text is as follows. In § 2 we present the notation and necessary
preliminaries such as generalized Young measure theory and fractional calculus.
Section 3 revolves around the spaces of bounded fractional variation and contains
the proof of the density result with respect to area-strict convergence. The next
section is devoted to the characterization of the weak* lower semicontinuity of
extended functionals as in (1.9), and §5 rounds off the paper with the proof of
Theorem 1.1.
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2. Preliminaries

2.1. Notation

The ball centred at € R™ with radius » > 0 is denoted by B,(z) = {y € R" :
|z —y| < r}. The notation £ € F for sets £/, F' C R" means that £ is compactly
contained in F', i.e. E C F and E is compact. We denote by

1 f E
Ip@) =4 7% serr
0 otherwise,

the indicator function of a set £ C R".

By Lip,(R™) and Lip,(R"™), we refer to all the functions ¢ : R — R that are
Lipschitz continuous and bounded or Lipschitz continuous with compact support
on R™, respectively; we write Lip(¢) for the Lipschitz constant of ¢. Furthermore,
for X C R"™ open or closed we denote by Cj(X) the Banach space obtained by taking
the closure of the smooth compactly supported functions C2°(X) with respect to
the supremum norm. In particular, if X is compact then Cy(X) consists of all
continuous functions from X to R.

The space M(X) consists of all finite Radon measures on X and is the dual space
of Cy(X). As such, we say that (u;); C M(X) converges weak* to p € M(X) if
Jx eduj — [ edpforallp € Co(X). More generally, one can define for f : X — R
Borel measurable and p € M(X) the duality bracket (f, u) = [ fdp. By MT(X)
and M!'(X) we denote the space of positive and probability measures, respectively.
We utilize the usual notation for the Radon-Nikodym derivative and for p € M(X)
the Radon-Nikodym derivative with respect to the Lebesgue measure is written as
3—’; € LY(X), while u* € M(X) represents the singular part of p with respect to
the Lebesgue measure. The measure |u| € M™(X) constitutes the total variation
measure of y € M(X).

Finally, for U C R™ open we write BV (U) for the space of functions of bounded
variation and denote by Du the total variation measure of a function u € BV (U).
We use in this instance Vu for the absolutely continuous part of Du and Dgsu for the
singular part of Du with respect to the Lebesgue measure. The variant BVj,.(R™)
consists of the functions that lie in BV(U) for all open and bounded U C R™.
We refer to [4, 47] for more details on functions of bounded variation. All of the
mentioned spaces also possess vector-valued counterparts, which are denoted in the
second argument like, for example, BV (U; R™) and M(X;R") with m, N € N.

2.2. Generalized young measures

Generalized Young measures are a tool to study the asymptotic behaviour of
sequences of functions or even measures and are able to capture both the oscillation
and concentration effects. Therefore, they are very well suited for studying linear
growth problems in the calculus of variations. In this section we recall the basic
definitions and properties that we need in the paper. We refer to [33, 40] for more
on this topic.

We begin with the definition of the (strong) recession function, which encodes the
values of an integrand at infinity. For U C R™ open and bounded and f : U x RY —
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R it is defined as
/ /
[z, A) = lim f,t4)

(z',A")—(x,A) t

t—o0

for x € U and A € RV,

provided the limit exists. If the limit exists, then f*:U x RY — R is automat-
ically jointly continuous and positively homogeneous in the second argument.
We now present the definition of a generalized Young measure, see [33] or [7,
Definition 2.3].

DEFINITION 2.1. Let U C R™ be open and bounded, then a triple v = (v, Ay, v5°)

x
is called a (generalized) Young measure on U with values in RN, we write v €

Y(U;RY), if:
(i) (V2)zer € MY(RN) is a parametrized family of probability measures on RY ;
(i) A\, € M4 (U) is a positive measure on U;

(iii) (15°) e C© M (SNTY) is a parametrized family of probability measures on
N-1

Additionally, it is required that x v (|-|, v,) € LY(U) and the maps
(f(x, ), ve) and x v (f(x, ), v°) are respectively Lebesque measurable and

\,-measurable for all Carathéodory integrands f:U x RN — R for which >
exists.

Intuitively, the Young measure is designed so that (v,).cy encodes the oscilla-
tions, while A" determines the location and size of the concentrations, and (v3°), .7
the direction of the concentrations. The main result about generalized Young
measures is that bounded sequences of measures generate Young measures up to
subsequence. Precisely, the following statement is a combination of [33, Theorem
7 and Proposition 2].

THEOREM 2.2. Let U C R" be open and bounded and (1j); C M(U;RN) a sequence

such that sup;|u;|(U) < co. Then, there evists a subsequence (not relabelled) and a
Young measure v € Y (U; RN with

dy dys
lim f(x“) do + / 7 () djpg)
e Ju T\ da o s3]

:/U<f(x,-),z/m)dx+/(fw(x,o),y;’o>d)\u,

U

for all Carathéodory integrands f : U x RNV — R for which > exists.

In the setting of the above theorem, we say that (1;); generates the Young
measure v. We can also associate to a u € M(U; RY) the elementary Young measure
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Slp] € Y(U;RYN) with

(6[u))z = 5%(1)7 Asi) = p°] and (6[p])Z” =0 _aus ()’ (2.1)

dfps]

with d4 the dirac measure at a point A € RY. One can then interpret the conver-
gence in Theorem 2.2 as weak* convergence of §[u;] to v in Y(U;RY), where the
duality arises from testing Young measures with integrands f. When we have an
integrand without a well-defined strong recession function, we can still define the
upper recession function

f#(xaA) = limsup M

for 2 € U and A € RV, (2.2)
(@A) = (2, 4) ¢

Then, if (u;); € M(U;RY) generates the Young measure v € Y(U;RY) and f:
U x RN — R is jointly upper semicontinuous, it holds that

_ du®
i [ (o 22 - [ % o 25 g
oo JU dz T dps|

T, ), v, x #(x, ). v
</U<f(7), ) d +/ﬁ<f(,),x>d/\m

(2.3)

see [7, Corollary 2.10].

2.3. Fractional calculus

Here we introduce the fractional operators and their properties, which we use
throughout the paper. Firstly, for an integrable function u € L*(R"™), the Riesz
potential I,u of order a € (0, n) is defined as

1
Tyu(z) = / uw) dy for x € R",
Tn,a JR |JL‘ - y|n—a

where v, o = 7/ 22“%. It is well-known that the above integral is finite

for a.e. x € R and I,u € L] _(R"), cf. [36, 45]. Next up, we have the three dif-
ferent fractional differential operators: The Riesz fractional gradient, the fractional
divergence and the fractional Laplacian. We introduce these notions for the class of
bounded Lipschitz functions. Precisely, for o € (0, 1) and ¢ € Lipy(R™) the Riesz

fractional gradient V®p : R® — R" is given by

oY% _ gD(y)—gD(SL’) y—x n
V% (x) = ptin.a /Rn P — dy for x € R", (2.4)

with ft, 0 = 2‘17r_"/2%7 and the fractional Laplacian (—A)*/2¢ : R® —
R is defined as

—A)2p(x :yna/ Md for x € R™,
(A 2p(a) = v [ SO ED
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with v, o = 2“77_”/2%. Both these operators are well-defined and bounded
functions for ¢ € Lip,(R"™), see [16, Section 2.2]. Finally, for a vector-valued func-
tion ¢ € Lip,(R™;R™), the fractional divergence div®¢ : R™ — R is the natural
analogue of the fractional gradient

div¥p(z) = Hn,a/ wly) = @_E:z:) R dy for z € R", (2.5)
re [y — ey —

which is also a well-defined bounded function. We note that it is proven in [46] that
these three fractional differential operators are the unique operators that satisfy
translational and rotational invariance, a-homogeneity and a weak requirement of
continuity. The fractional gradient and divergence are dual, in the sense that for
all p € CX(R") and ¢ € C°(R™;R™) the integration by parts

/ pdiviypdr = —/ V% -y dx (2.6)

holds. For more on these differential operators, such as composition rules and
extension to different orders than « € (0, 1), we refer to [46].

3. Spaces of bounded fractional variation

The spaces of bounded fractional variation were first introduced by Comi & Stefani
in the recent series of papers [14, 16, 17]. We recall the definition of these spaces,
which is based on the fractional divergence in (2.5).

DEFINITION 3.1. Let a € (0, 1). A function u € L*(R™) belongs to BV *(R") if
sup{/ udiviedz : ¢ € CZ(R™;R"), |||l oo (rnjrr) < 1} < 00. (3.1)

It follows from the structure theorem [16, Theorem 3.2] that u € BV*(R") if
and only if u € L*(R") and there exists a (necessarily unique) finite vector-valued
Radon measure D%u € M(R™;R™) such that

/ udiv¥pdr = —/ ¢ - dD% for all p € C°(R™;R™).

The measure D%u is called the fractional variation measure of v and it constitutes
a natural extension of the Riesz fractional gradient (2.4) to the space BV*(R™)
based on the integration by parts formula (2.6). The space BV*(R™) endowed with
the norm

lullpve@ny = lullpr®n) + [D%ul(R™)

is a Banach space [16, Corollary 3.4], where |D®u|(R™) denotes the total variation
of D% on R™ and equals the left-hand side of (3.1). One can also decompose

D% = V% dx + Diu,

where Veu € L'(R™;R™) is the absolutely continuous part of D%u with respect
to the Lebesgue measure and D%u € M(R™;R™) is the singular part. We write
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BV*(R™;R™) for the vector-valued analogue with matrix-valued fractional varia-
tion. We also introduce the fractional Sobolev space with exponent p =1

S R™) = {u € BV*(R") : D%u =0},

which consists of those BV *-functions with an absolutely continuous fractional vari-
ation. In fact, this corresponds to the space S“P(R"™) defined in (1.1) when p = 1,
that is, the functions v € LP(R™) with weak fractional gradient V®u € LP(R"™;R");
see e.g. [14, 16, 17, 32] for more on these fractional Sobolev spaces.

As in [32], the main tool we use to prove the lower semicontinuity and relaxation
result is a method to transform the fractional gradient into the classical gradient
and back. It relies on the Riesz potential and fractional Laplacian and is proven in
the BV-framework in [16, Lemma 3.28].

PROPOSITION 3.2. Let o € (0, 1), then the following holds:

(i) For u € BV*(R™) one has that v = I;_ou € BVjoc(R™) with Dv = D*u in
M(R™;R™).

(ii) Forv € BV(R™) one has that u = (—A)FTQU € BV*(R") with D*u = Duv in
M(R™;R™) and

|ull pye @) < cnallvl By @n)-

Another ingredient we need is the Leibniz rule for the fractional variation, in order
to employ localization techniques. We define for ¢ € C2°(R™) and ¢ € Lip.(R™) the
operator

(y = 2)(p(y) = () (P (y) = ¥ (x))

|y _ x|n+a+1

VL, ¥)(x) = /tn,a/ dy, forxz e R",

n

which can be continuously extended to ¢ € L'(R™). The following Leibniz rule for
BV“-functions is from [15, Lemma 5.6], see also [19] for more general Leibniz rules.

LEMMA 3.3. Let a€(0,1), o € Lip.(R") and we BV*R"). Then, vu€
BV*(R") with

D% (pu) = p D%+ (V9 + Vi (u, ¢)) da
and there is a constant C = C(n, o) > 0 such that
[V + Vg (1, 6)ll 2wy < CIONE g Lip(@) oy (3:2)

REMARK 3.4. Even though the fractional variation is a nonlocal object, the above
Leibniz rule implies that the singular part of the fractional variation behaves locally.
Indeed, if we have u, v € BV*(R"™) with u = v in an open set U C R", we find for
all x € C2°(U) (extended to R™ as zero) that

xDgu = D¢ (xu) = DS (xv) = xDgv.
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For our minimization problems, we restrict to functions satisfying a
complementary-value condition, which is a nonlocal counterpart of the common
Dirichlet boundary conditions. For 2 C R™ open and bounded we define

BV () = {u e BV*(R") : u =0 a.e. in Q°},
and for g € S*1(R")
BVR(Q) = g + BV (R™).

Here, we take g € S®!(R"™) since our initial motivation comes from studying linear
growth functionals on the fractional Sobolev space. With this in mind, we also intro-
duce the spaces So°'(Q) and 52-1(Q) in a similar way as above. For u € BV (Q),
it follows that the singular part D%u has support inside €, because of the local
behaviour of the singular part of the fractional variation (cf. remark 3.4).

A key reason to consider the fractional BV -spaces as extension of the fractional
Sobolev spaces, is the property that bounded sequences have convergent subse-
quences in BV*(£2) in an appropriate sense. We say that (u;); C BV,*(£2) converges
weak™* to u € BV*(Q) if

uj — win LY(R™) and D%u; = D% in M(R™;R") as j — oo.

A direct application of the Banach-Alaoglu theorem and the compactness result
[16, Theorem 3.16] shows that bounded sequences in BV;*({2) admit weak* con-
vergent subsequences. Moreover, we have the following result stating that weak™®
convergence improves to strong L'-convergence outside €. We omit the proof as it
is almost identical to that of [32, Lemma 2.12].

LEMMA 3.5. Let a € (0, 1), Q be open and bounded and g € S“'(R™). If (u;); C
BVX(2) converges weak™ to u in BV,*(S2), then for every open Q' 3 Q we find

Veu; — Ve in L'((Q)%R") as j — oc.

We also need an improved version of the Poincaré inequality for fractional BV-
functions in [17], which only requires a bound on the fractional variation on some
open and bounded set as opposed to the whole space R™. This allows us to consider
interesting integrands with slightly weaker coercivity properties, such as the area-

integrand in example 4.3.

PROPOSITION 3.6. Let o € (0, 1) and Q be open and bounded, then there exists an
open and bounded set ' 3 Q and a constant C = C(2, n, «) > 0 such that

ul| pve @y < ClDYul (),

for all uw € BV§(Q).
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Proof. Define for r > 0 the function
X :R" =R, x(z)=max{l—rd(z,Q),0},

with d(z, ©) the distance from z to Q. Then, we have y € Lip.(R™), Lip(x) < r,
X =1onQand

supp(x) = Q. :={x e R" : d(z,Q) < 1/r}.
We deduce that u = xu and conclude from the Leibniz rule (lemma 3.3) that
D% = D(xu) = xD%u + (uV*x + Vi (u, x)) dz.
Therefore, we find by (3.2) that
V¥ ull L1 (@eirmy = [uV*x + VRL (W X)L (0eirm) < CrJul| L1 n).- (3.3)

Now using Hélder’s inequality on the scale of Lorentz spaces, see [29, Chapter 1.4]
for an introduction on Lorentz spaces, in combination with the weak Gagliardo-
Nirenberg-Sobolev inequality from [17, Theorem 3.8] yields

lellza@y < 1Lally 2 g Nl 2. o

O a/n
<™ (l Enal D¥U|(R™) = ¢y 0.0l D*ul(R™), (3.4)

for all u € BV{*(£2). If we choose r > 0 such that Cr® < (2¢,,4,0) " we obtain from
(3.3) and (3.4) that

[ullzr@) < nan ([D%ul(Qr) + D%l (27))

ULt N
o)

1
<cuma (1D + 5,

n7a7

which, after rewriting, becomes
||u||L1(Q) g 20n7a,Q|D°‘u|(QT). (35)
Therefore, we obtain

ull Bvemny = lullLr@) + [D%ul(2r) + [Dul(27)

1
< (14 gy Il + D700

< (2cn,a,Q + 2)|Dau|(QT>7
which proves the result with any open set Q' 3 Q,.. (]

Next, to extend the linear growth functionals from S¢!(€;R™) to BV,*(Q; R™)
we need to be able to approximate functions in BV,*(Q;R™) with functions in
Sg’l(Q;Rm) in a strong enough sense to also have convergence of the functional
values. However, since S'(€;R™) is closed with respect to the BV *-norm, we
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have to consider a convergence notion that is also weaker than the one induced by
the norm. The relevant notion here is a type of area-strict convergence, which is
in between norm convergence and weak™ convergence. Like in [34], we define the
area-functional for 4 € M(R™;RY) and U C R" Borel measurable as

W)= [ 1] 2] el

with p® the singular part of p with respect to the Lebesgue measure. We also write

(A) := /14 |A]? for A € Rm*",

DEFINITION 3.7 area-strict convergence. We say that a sequence (uj;); C
BV (G R™) converges area-strictly to u € BVX (S R™) if uj — w in L'(R™;R™),

(Du) () — (Du)(Q) and V%u; — V*u in L'(Q%R™ ™) as j — oo.

REMARK 3.8. The key property of area-strict convergence is that when restricted
to ©Q, the sequence (D%u;); C M(Q;R™*™) generates the elementary Young mea-
sure 6[D%u] (cf. (2.1) and [40, Proposition 12.4]). The convergence V%u; —
Ve in LY(Q¢R™*") also excludes any concentration effects happening outside
Q, which are in general not ruled out by lemma 3.5.

We now prove a density result with respect to the area-strict convergence, which
plays a key role in the construction of a recovery sequence when extending the
linear growth functionals. The proof exploits the fractional Leibniz rule and invari-
ance properties of the fractional variation to incorporate the partition of unity and
mollification techniques from the classical case (as in e.g. [40, Lemma 11.1]). Note
that we implicitly assume that functions in C°(€2; R™) are extended to R™ as zero.

THEOREM 3.9. Let aw € (0, 1), Q CR™ be a bounded Lipschitz domain and g €
S®LR™;R™). For every u e BVX(Q;R™) there exists a sequence (u;); C g+
C(Q;R™) such that

u; — u area-strictly in BV*(Q;R™).

Proof. Step 1: Shrinking the support. We show that for every € > 0, we can find a
v € BV*(§;R™) such that supp(v — g) € Q,

[ = vl 1 resrm) + IV = V0| L1 (geipmxny <€
(R™;R™) ( ) (3.6)

and (D%0)(Q) < (D*u)(Q) +e.

To this aim, we take a representative of u that is identical to ¢ in Q¢ and set
ug :=u — g. Then, since  is a Lipschitz domain, we find a partition of unity
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X0, X15 * s XN € C(R™) and vectors ¢, -+, (v C R™ such that

in =1lonQ, xo€CX(Q), and supp(rac(Xxiuo)) € Q, (3.7

for all A > 0 small enough, where 7¢(w)(z) := w(x + {) denotes translation by ¢ €
R". In view of lemma 3.3 we can define the function

v =g+ Xoto + Y _ T, (xito) € BV (% R™),

i=1

which satisfies supp(v — g) €  due to (3.7). Using the first identity from (3.7), we
have that

N

lu = vl L1 (gngm) < ZHXWO = 7ae; (Xito) | L2 (germ) < €/2,
=1

for A small enough given the continuity of translation on L!(R"™;R™). Moreover,
we have by the translation invariance of V¢ that

N
V%% = V% + Z ae; (V¥ (xiuo)) — V¥(xiuo)

i=1

so that the continuity of translation on L!(R™; R™*") again yields

[V = V¥ul| 1 g gomxny = ZHTAC “(Xiuo)) — V*(Xiuo) | L1 (mrjmmxny < €/2
for A small enough. This shows the first part of (3.6) and at the same time that

/(V"v) dz < /(V“u> dz + [V — V| L1 qrmxn) < /(Vo‘u) dz + €/2,
Q Q Q
(3.8)

where we have exploited the 1-Lipschitz continuity of A — (A). Finally, for the
singular part we note that

N N
Dgv = xoDSuo + Y mac; (xiDSuo) = XoDgu+ Y mac, (xa D)
i=1 i=1
in virtue of lemma 3.3. Hence, it follows with (3.7) that

D20|(@) < / de|Dau|+Z / x: d[D%4]

ag; ()

ey [ vzl = 10z @.
=0
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which proves the second part of (3.6) in combination with (3.8).

Step 2: Mollification. Let v be as in Step 1, then we show that there is a w €
g+ C(£2; R™) such that

H’U — 'LUHLl R7;R™ + ||Vav — Vaw”Ll Qe;Rmxn < €
( ) ( ) (3.9)

and (DYw)(Q) < (D)(Q) +e.

Let ns € C°(B5(0)) for 6 > 0 be a standard mollifier and choose ¢ small enough
such that

ns x (v —g) € CF(Q;R™),

which is possible since supp(v — g) € Q. Setting w = g+ ns * (v — g), standard
properties of mollification show that

[v— w1 ®nrm) < €/2,
for § small enough. Furthermore, by [16, Lemma 3.5] we have
Ve =V +ns %« V(v —g) +ns * DJv.
In particular, since ns * Dv has support inside 2 we have
V50 = Voull s ey = IV (0 = 6) = 0 % V(0 = )| s esmen) < /2,

for small ¢, thus proving the first part of (3.9). Furthermore,

(D*w)(Q) = / (V¥ +n5x«V*(v — g) + ns * DIv) dz
Q

< /(Vag+na*vo‘(v*9)>dx+/Ina*D?v\dx
Q Q

< / (Vg + 15 % V(v — g)) dz + | D20 ()
Q

< / (V0) da + e + [D20| (@) = (D0) (@) + e,
Q

where in the last line we utilize Lebesgue’s dominated convergence for small enough
§, recalling the fact that 75 * V(v — g) — V(v — g) in L*(R™; R™*™). This yields
(3.9).

Step 3: Conclusion. By combining Step 1 and 2 we may find a sequence (u;); C
g+ C(2;R™) such that

uj — uin L*(R™R™), V%u; — V%uin L'(Q%R™ ™) as j — oo
and

lim sup (D%u;) () < (D*u)(9).

Jj—oo

In view of this bound we have that u; — u in BV (€ R™). Therefore, we may
use the weak* lower semicontinuity of the area-functional on M(Q; R™*™) for
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some ' 3 2 open and bounded, which follows from the convexity of A — (A), and
Lebesgue’s dominated convergence theorem to conclude that

lim inf(D%u;)(Q) = liminf(D%u;) (') — lim (V%) dz

> (Dnu(@) - [ (90)do = (D"u)(@),
QN\Q

which finishes the proof. O

4. Lower semicontinuity

In this section we characterize the weak™ lower semicontinuity of functionals as in
(1.9), which is interesting in its own right and is used in the proof of the main
relaxation result in §5. Recall that a continuous function A : R™*™ — R is called
quasiconvex if

h(A) < / h(A+ Vp(y))dy for all A€ R™™ and ¢ € Wy ™((0,1)"; R™),
(0’1)71

see [20, 37]. We prove the following statement, whose proof relies on the connection
between the classical and fractional variation and the theory of generalized Young
measures. We note that even though f*°(x, A) is only assumed to exist for z € €,
we do allow the sequences 2’ — x from (1.6) to approach from outside Q.

THEOREM 4.1. Let o € (0, 1), Q CR"™ be open and bounded with [0Q =0, g €
SOL(R™;R™) and f : R® x R™*" — R a Carathéodory integrand that satisfies (G).
If

o (x, A) eists for all (z,A) € Q x R™*"

then the functional

Folu) = fla, V) dx + /

R" Q

dD¢
fee <x s 9 ) d[Dgul  foru € BV (Q;R™),
Q

"d|Dgul
is weak* lower semicontinuous if and only if f(x, -) is quasiconvez for a.e. x € Q.

Proof. Step 1: Necessity. The weak™ lower semicontinuity of F, implies, in
particular, that

Folu) = . f(z,V¥(z))dz foru e S’!‘;"I(Q;}Rm)7

is weakly lower semicontinuous on S;“’l(Q; R™). A simple adaptation of
[32, Theorem 4.5] to the case p = 1 yields that f(x, -) is quasiconvex for a.e. x € .

Step 2: Sufficiency. Let u; Suin BV (;R™) and fix Q' 5 Q open and bounded.
By proposition 3.2 (i) we can find a sequence (v;); C BV(Q;R™) and v e
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BV (Q;R™) such that

Dvj =D%; on ' for j e N and Dv= D% on (4.1)

we can also ensure that v; Sy in BV(Q;R™) by continuity properties of the
Riesz potential, see [36, Theorem 2.1 (i)]. Up to a non-relabelled subsequence,
(Dvj); C M(Q;R™*™) generates a BV-Young measure v € Y (2;R™*") on .
Before we proceed, we can redefine f, similarly to [40, Proof of Theorem 12.25],
such that its recession function is defined in a larger region. Indeed, by definition
of the strong recession function f* :Q x R™*" — R, it is automatically jointly
continuous, so that we can continuously extend it to €/ x R™*™. If we set
oV x R — R equal to f on © x R™*™ and f* on (Q'\ Q) x R™*" then
/" is a Carathéodory integrand with a well-defined strong recession function on
Q' x R™*", Now, applying Theorem 2.2 to f’ and Q' yields

4D
lim inf f(m7vauj)dm+/ £ ( Sl ) d[ D%,
Jj—00 Q/ O d|D |

> lim inf f’(ac,V“uj)der/ (7% (2, 3224 ) g pony,|
j—oo S or d|D°‘ 7|
—sup [ (7= 1) V) do (4.2)
jeN Jano

> [ e [ (=)
msp [ £ ) e

Due to the strong convergence Vv; = V®u; — V®u = Vv in sets away from {2
(lemma 3.5), we ~also find that the support of the concentration measure A, is
contained inside Q and v, = dyay(y) for a.e. z € Q"\ Q; that is, we find

/ (f'(z,"),ve)dz = I (z,V®u)dx. (4.3)
oN\Q oNQ

Furthermore, since v is a BV-Young measure generated by (Dwv,);, we may argue
as in [33, Theorem 10] and [40, Theorem 12.25] using the generalized Jensen’s
inequalities from [33, Theorem 9] in combination with the quasiconvexity, conti-
nuity and linear growth of f(z, -) for a.e. # € Q and of f*°(z, -) for all z € Q (by
continuity of f*°) to conclude

[t (=@

dDq
/f (z, Vv) dx+/ f°°< d|va|> d| Do (4.4)

dDSu
= | f(z,V% dx—i—/fo"(x, - )dD;"u7
fy e aas s = (o e ) aot
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with the last equality exploiting (4.1). Additionally, since V¥u; — V*u strongly in
LY((2)¢R™*™) by lemma 3.5, the growth bound (G) and Lebesgue’s dominated
convergence theorem yields

lim f(z, V&) dz = / f(z, V) da.

j—o0 (Q/)c (Q/)c

Combining this with (4.2), (4.3) and (4.4) results in

liminf Fo(uj) = [ f'(z,V*u)dz
Q/

j—o0
dD%u
+/ x, Viu dx—i—/ e (m, = )dD?u 4.5
—sup [ (7 = )@ V)| da
jeN Jana

Finally, since
(f = f)®(x,A)=0 forallz € Qand A € R™*",
we may choose ' potentially smaller and find a R > 0 such that
[(f = f)(x, A)] < €|A| forall z € Q' and A € R™*" with |[A| > R,
for any given € > 0. With C' := sup;||V¥u;|| 1 (gn;zmxn) < 00, we obtain
sup [ 10 = £ 97u;)| dx < LR+l ) 9\ 9] 4 <.

so that we can deduce the result by first letting Q' | Q, given that f = f/ on Q x
R™*" and secondly letting € | 0 in (4.5). O

In order to get the existence of minimizers, we also impose the coercivity bound
(C) and utilize the improved Poincaré inequality from proposition 3.6.

COROLLARY 4.2. Let a € (0, 1), Q C R™ be open and bounded with |0Q =0, g €
SR R™) and f : R™ x R™*" — R a Carathéodory integrand that satisfies (G)
and (C). If

°°(z, A) exists for all (z,A) € Q x R™*™,
and f(x, -) is quasiconvez for a.e. x € Q, then

Folu) = s f(x,V“u)dqu/ﬁf“ <x ddlg;:jI) d[D&u|  for u € BV (QR™),

admits a minimizer on BV*(;R™).

Proof. We fix Q' 3 large enough as in proposition 3.6 and such that
M|Dv|((¥)¢) < §|D*|(') for all v € BV*(Q;R™), which is possible by (3.3)
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and (3.5). Now using the coercivity condition of f on €, the growth bound on
(©2')¢ and proposition 3.6, we find for all u € BV;*(€; R™) that

Folu) = p| Dl () — M|Du|((2')") — C’
> p|D%(u— g)[() — M|D*(u — g)|((2)°) = C”
> %HU - g”BVO‘(R";Rm) -,

Hence, a standard argument using the direct method and the weak* lower
semicontinuity from Theorem 4.1 finishes the proof. |

ExXAMPLE 4.3. An example integrand that satisfies all the hypotheses of Corollary
4.2 is

FRT KR [0,00),  f(r, A) = VITTAR ~ 1,
since f is convex, f°°(z, A) = |A| and

Al —1< f(z,A) <|A| for all z € R" and A € R™*".

Hence, the following type of fractional area-functional
Folur) :/ VIT VP — 1da + [D2|(@),
]Rn
is weak™ lower semicontinuous on BV*(Q; R™) and admits a minimizer.

5. Relaxation

We are now in the position to give the proof of the main result. For a Carathéodory
integrand f : R™ x R™*™ — R that satisfies the bounds (G) and (C), it follows from
[20, Proposition 9.5] that

f9(z, A) = inf {/(0 e Fl@, A+ Vo(y))dy : o € Wy™((0, 1)”;Rm)}

for (z, A) € R™ x R™*" is a Carathéodory integrand and from [20, Theorem 6.9]
that the function f9¢(z, -) is the largest quasiconvex function below f(z, -). Note
also that f9¢ still satisfies (G) and (C) for x € Q since f9¢ < f and the lower bound
in (C) is quasiconvex in the second argument.

Proof of Theorem 1.1. Denote the functional on the right-hand side of (1.8) by F,.
We split up the proof into the lower and upper bound.

Step 1: Lower bound. Let (u;); C S&' (€ R™) with S uin BV (;R™) as j —
o0, then we can completely follow the proof of Theorem 4.1 without using the
generalized Jensen’s inequalities to conclude (up to a non-relabelled subsequence)
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that

liminf F, (u;) > / (f(x,),vy)da + /7<f°°(x, D, vy dA, + f(z, Vo) de,
Joo Q Q Qe

with v the generalized Young measure generated by the sequence (V®u;); (on
some domain containing ). Using the bounds f > fI€ and f> > (f9)#, we can
now proceed as in Theorem 4.1 by using the Jensen’s inequalities for the quasi-
convexification f9° to obtain the lower bound. Here, we make crucial use of the
second part of (1.7), since the Jensen’s inequalities for upper recession functions in
[33, Theorem 9] can only be directly applied in the z-independent case.

Step 2: Upper bound. We first show that we can restrict to the case u € g+
C&(;R™) for the upper bound. To this aim, we take u € BV*(Q;R™) and a
sequence (u;); C g+ C°(;R™) which converges area-strictly to u, possible by
Theorem 3.9. Hence, Lebesgue’s dominated convergence theorem and the growth
bound (G) yields

lim f(z,VPu;)de = f(z, V) da. (5.1)

j—oo Jqe Qe

Next, if we denote by g :  x R™*™ — R the (jointly) upper semicontinuous enve-
lope of f9¢ restricted to € x R™*™ then it is not hard to verify that g% = (f9°)#
via the definition of the upper recession function in (2.2). We take for R > 0 a
truncation function Tr € C°(R™*™) with 0 < Tr(A) < 1 and Tr =1 on Bg(0)
and bound

f9(, A) < Tr(A) f4 (2, A) + TRr(A)g(z, A),

with T (A) := 1 — Tr(A). The first integrand on the right-hand side has zero reces-
sion function, whereas the second integrand is jointly upper semicontinuous with
upper recession function g7 = (f9°)#. Applying Theorem 2.2 and (2.3) then gives,
in combination with the fact that (D%u;); C M(Q; R™*™) generates the elementary
Young measure 6[D%u] (cf. remark 3.8),

lim inf / f4(x, Vu;)da
Q

J—0

< lim | Tr(V%uy) f99, VYuy) do + limsup/ TE(V%uj)g(x, Viu,) da
Q Q

< / Tr(V%u) f9(x, Viu) + T (V) g(z, VYu) dz
Q
dDSu
ae)# =) d[D%ul.
+ [ (o gpe ) Dz

Letting R — oo, using the dominated convergence theorem and adding the limit in
(5.1) results in

liminf Fy (uj) < Faolu).
J—00

Therefore, if we find for each j € N a recovery sequence for u;, then we can conclude
the result using a diagonal argument; here, the coercivity of f is important to be
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able to extract convergent diagonal sequences. We can restrict to the case u €
g+ C(£;R™) from now on.

The remaining argument is an adaptation of [32, Theorem 1.2] to the linear
growth setting. To prove the upper bound when u € g+ C°(Q;R™), we take a
Lipschitz domain O € €2 and apply proposition 3.2 (i) to find a v € WH1(O;R™)
such that

Vv = V% on O. (5.2)

Then, we apply a classical relaxation theorem [20, Theorem 9.8] to find a sequence
(vi)e € WHL(O;R™) with the same trace values as v on the boundary 9 such
that v, — v in L*(O;R™) and

lirn/f(m7Vvk)dx:/quc(:c,Vv)dx. (5.3)

k—o00 o)

In view of the coercivity of f we may also suppose that v, — v in BV (O;R™).
Now define the auxiliary sequence (%), C WH(R™; R™) via 9, := vx — v on O and
0 = 0 in O°. By proposition 3.2 (ii) and [32, Eq. (3.3)], we find that the sequence
(iig)x C S*L(R™;R™) defined by iy, = (—A) 2" ¥, satisfies

@ — 0 in L*(R™;R™) as k — oo (5.4)
and its fractional gradients are given by
V%, =V(vg —v)in O and V%, =0 in O°. (5.5)

Take a cut-off function y € C°(9) such that 0 < x <1 and x|o = 1. Then, we
define the sequence (wy), C S (;R™) by

wy = u + Yl — u in BV (Q;R™) as k — oo,

where the convergence follows from (5.4) and the Leibniz rule (lemma 3.3).
Moreover, we have by (3.2) the convergence of the residuals

g o= Vo, — Vo — xV%0y, — 0 in L'(R"; R™*™). (5.6)

In O, we find in view of (5.2) and (5.5) that V*wy = Vuy, + Rj. Due to the
strong convergence of Ry, to zero it follows by testing with the Lipschitz basis from
[33, Lemma 3] that the sequences (V)i and (V*wy ), when restricted to O gen-
erate (up to a non-relabelled subsequence) the same generalized Young measure
v € Y(O;R™*™). As a result, we use Theorem 2.2 twice to conclude

imint [ @ V0w de < [ (e + [ (00 an,

k—oo

= lim / f(z, Vo) dx*/ f9(z, Vo) d (5.7)

k—o0

= / f9(x, V¥u) de,
0
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where we use (5.3) and (5.2) in the final two equalities. Additionally, in O¢ we have
that V*wy = V*u + Ry, thanks to (5.5). Hence, we find using (5.6) and (G) that

lim sup f(z, V¥wy) da
k—oco JO\O

= lim sup (2, V¥ + Ry) dx < [|M[V®u| + a| 1 \0)- (5.8)
k—oo JOQ\O

Finally, using Lebesgue’s dominated convergence theorem and (5.6) we derive

lim f(z, V) de = klim f(z, V¥ + Ry) da = flx, V) dz. (5.9)
Qc

k—o0 QC — 00 QC

Summing (5.7), (5.8) and (5.9) together, we obtain

lim inf flx, Vi) da

k—oo Rn

< / Fa, Ve de + [ e Vou)de + MV + all o),
0] Qe

which yields the result if we let O T Q2 and extract a diagonal sequence. O

REMARK 5.1. (a) Because of the coercivity condition of f, the functional F¢! is
in particular weak™ lower semicontinuous on BV;*(Q2; R™). Interestingly, this fact
does not immediately follow from the lower semicontinuity result in Theorem 4.1,
since the strong recession function of 1g f49° 4+ 1ge f need not exist. An application
of the direct method as in Corollary 4.2 provides the existence of minimizers of

Frel,
(b) A simple argument using the theory of Young measures shows that the
functional
Folu) £z, Vou) d +/f°° DU 41pou| for u e BVA(Q:R™)
u) = x, V) dx T, —— u T U ;
: R o " d|Dgul ’ SR

is the area-strictly continuous extension of F, to BV,*(;R™). This immediately
implies that this functional is also the relaxation of F, if f(x, -) is quasiconvex for
a.e. ¢ € (), given the lower semicontinuity result from Theorem 4.1 and the density
with respect to area-strict convergence.

(¢) The requirement (1.7) on f9¢ is needed for the application of the Jensen’s
inequalities in the lower bound and allows the relaxation result to be phrased for
general Carathéodory integrands. However, one can dispose of this assumption if
we assume a continuity condition similarly as in [7, Theorem 1.7], that is,

[f(@,4) = fy, Al Sw(lz —yl)(A+]A]) forall z,y € Q and A € R™*",

where w : [0, 00) — [0, 00) is a continuous and increasing function with w(0) = 0.
Indeed, one can utilize (G) and (C) as in [40, Theorem 7.6] to deduce that fa°
inherits the same continuity condition (up to a different modulus of continuity),
after which (1.7) readily follows.
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