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ASYMPTOTIC ANALYSIS OF AMBROSIO-TORTORELLI
ENERGIES IN LINEARIZED ELASTICITY*
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Abstract. We provide an approximation result in the sense of I'-convergence for energies of
the form [, 21(e(u)) do +aH" 1 (Ju) + b I, 93/2([14 ® vy)dH" 1, where Q C R™ is a bounded

open set with Lipschitz boundary, 2y and 2; are coercive quadratic forms on M?yxn’f , a, b are

positive constants, and u runs in the space of fields SBD2(Q); i.e., it’s a special field with bounded
deformation such that its symmetric gradient e(u) is square integrable, and its jump set Jy, has finite
(n—1)-Hausdorff measure in R™. The approximation is performed by means of Ambrosio—Tortorelli-

2
type elliptic regularizations, the prototype example being [, (vle(u)|? + % +v¢|Vv|?) dz, where
(u,v) € HY(Q,R")xH(Q),e <v < 1,and v > 0.
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1. Introduction. The variational approximation of free discontinuity energies
via families of elliptic functionals has turned out to be an efficient analytical tool and
numerical strategy to analyze the behavior of those energies and of their minimizers.
(See the book [14] for more detailed references.) The prototype result is the approx-
imation by means of I'-convergence in the strong L' topology of the Mumford-Shah
energy defined as

/ |Vul? dz +aH" " (J),
Q

with a any positive constant and u in the space of (generalized) special functions with
bounded variation, i.e., u € (G)SBV (). (We refer to section 2 for all the notation and
the functional spaces introduced throughout this section.) The two-fields functionals
introduced by Ambrosio and Tortorelli [8] for this purpose are of the type

_ )2
(1.1) Ex(u,v) := /Q ((v + i) |[Vu)? + % + £k|Vv|2)dx

if (u,v) € HY(Q)xH(,[0,1]) and oo otherwise in L'(2) x L1(Q), with n, = o(ey) >
0.

The quoted result has been later extended in several directions with different
aims: to approximate energies arising in the theory of nematic liquid crystals [9],
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general free discontinuity functionals defined over vector-valued fields [24, 25], the
Blake and Zisserman second order model in computer vision [5], or fracture models
for brittle linearly elastic materials [16, 17, 29]; to provide a common framework for
curve evolution and image segmentation [33, 1, 2]; to study the asymptotic behavior of
gradient damage models under different regimes [22, 28]; and to give a regularization
of variational models for plastic slip [7].

The condition 7, = o(ey) is instrumental for the quoted T'-convergence statement,
this can be easily checked by a simple calculation in one dimension. In addition,
choosing the infinitesimal 7, to be strictly positive makes each functional Ej in (1.1)
coercive, thus ensuring the existence of a minimizer by adding suitable boundary
conditions or lower order terms. The convergence of the sequence of minimizers of
the Fj’s to the counterparts of the Mumford—Shah functional is then a consequence
of classical I'-convergence theory (see [20]).

Instead, the regime 7, ~ € has been investigated only recently in the papers
[22, 28] to study the asymptotics of some mechanical models proposed by Pham
and Marigo [30, 31] (see also [32]) in the gradient theory of incomplete damage in the
isotropic and homogeneous antiplane case. To investigate those models the functionals
above are equivalently redefined as

(1.2) Ek(u,v):/Q(MVuP—I—

if (u,v) € HY(Q)xV,,, where V., = {v € HY Q) :e, <v<1L"ae. in Q}, and
oo otherwise in L'(Q) x L'(Q2). The constraint on the auxiliary variable v has the
interpretation that complete damage is forbidden. (We refer to the paper [32] for more
insight on the mechanical model; see also [22, 28].) In this new regime an additional
term in the limit energy appears in a way that not only the measure of the jump set
of the corresponding deformation is taken into account but also a term depending on
the opening of the crack is present. More specifically, from the variational point of
view of I'-convergence, the asymptotic behavior of the sequence (E}) is described by
the energy

1— 2
(Gl + sk|Vv|2)dx
€k

/|Vu|2dx+aH”_1(Ju)+b/ |[u]|dH"
Q Ju

for some positive constants a and b and for all deformations u € SBV (Q).

In this paper we are concerned with studying the complete case of linearized elas-
ticity, for which several additional difficulties arise. Let us stress that we carry out our
analysis for a broad class of families of quadratic forms rather than the perturbation
of the euclidean one in (1.2). (See the definition of the energy Fj in formula (3.1)
and the subsequent assumptions (H1)-(H4).) However, in this introduction we stick
to the simple case analogous to (1.2) for the sake of clarity:

_ )2
(1.3) Fi(u,v) = /Q (v|e(u)|2 + % + 5;€|Vv|2)dx

if (u,v) € HY(Q,R")x VL, , where V., = {v e H'(Q) : e, <v <1 L"ae. in Q}, and
oo otherwise in L1(Q,R™) x L'(Q2). Recall that e(u) denotes the symmetric part of
the gradient field of u, i.e., e(u) = (Vu + VTu)/2.

In what follows we shall prove that the asymptotic behavior of the sequence (F})
is described, in the sense of I'-convergence, by the energy

(1.4) Plu) ::/§z|e(u)|2dx+aH"_1(Ju)+b/] ] © v |dH" !
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for suitable positive constants a and b and for all fields u in SBD(2), the space of
special functions with bounded deformation, and F is co otherwise in L' (€2, R"™). The
symbol ® in (1.4) denotes the symmetrized tensor product between vectors, J,, is the
set of jump points, and v, denotes its measure theoretic normal. (See section 2 for
all the relevant notation.)

A first interpretation for the last integral in (1.4) can be given using the termi-
nology of fracture mechanics. A constant force acts between the lips of the crack
Ju, whose displacements are u* and u™; therefore the energy per unit area spent
to create the crack is proportional to |[u] ® 14|. This interpretation is not properly
covered by the classical Barenblatt’s cohesive crack model [10], due to the presence
of an activation energy H" (J,) and to the fact that the cohesive force bridging the
crack lips is not decreasing with respect to the crack opening and does not vanish for
large values of the opening itself.

The functional in (1.4) and its regularization via I'-convergence were recently in-
vestigated in [7] in connection with a variational model for plastic slip in the antiplane
case. The different approximations of the energy (1.4) introduced in that paper are
obtained by perturbing the Ambrosio—Tortorelli elliptic functionals in (1.1) as follows:

1— 2
/ ((v + k)| Vul? + (Gl + Ek|Vv|2)da: + / (v — 1)?|Vu|dz,
Q €k Q

with u,v € H1(Q), 0 < v < 1, and 1 = o(€;) > 0. The unpinned surfaces .J,,, after
the overcoming of the energy barrier, are now seen in terms of sliding surfaces in a
strain localization plastic process. Therefore |[u]| here represents the surface plastic
energy—that is, the work per unit area that must be expended in order to produce
plastic slip, supposed to occur at constant yielding shear stress. The model neglects
the final failure stage eventually leading to fracture, so that infinite energy would be
necessary to produce a complete separation of the body.

Going back to the discussion of the contents of our paper, we note that the natural
compactness for the problem and the identification of the domain of the possible limits
are two main issues. To deal with the former, one is naturally led to fix the strong
L' topology—actually any strong LP topology would work for p € [1,1*)—while the
latter is given by the space SBD?(2), an appropriate subset of SBD(Q). To prove
such assertions we establish first the equi-coercivity in the space BD of the energies
Fy, in (1.3) (see (4.7)). Given this, we use a global technique introduced by Ambrosio
in [3] (see also [24, 25]) to gain coercivity in the space SBD. To this aim we construct
a new sequence of displacements, with SBV regularity, by cutting around suitable
sublevel sets of v in order to decrease the elastic contribution of the energy at the
expense of introducing a surface term that can be kept controlled (see (4.14)). Thus,
the SBD compactness result leads to the identification of the domain of the I'-limit,
and it provides the necessary convergences to prove the lower bound inequality for
the volume term in (1.4) simply by applying a classical lower semicontinuity result
due to De Giorgi and Ioffe (see estimate (4.4)).

From a technical point of view, the preliminary BD-compactness step is instru-
mental for two main reasons. On one hand, it allows us to fulfill the assumptions
of the compactness theorem in SBD without imposing L*>° bounds on the relevant
sequences as typically happens in problems of this kind (see, for instance, [16, 17] and
the related comments in [21]); on the other hand, it enables us to develop our proof
completely within the theory of the space SBD without making use of its extension
GSBD, i.e., the space of generalized special functions with bounded deformation. Re-
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cently, the latter space was introduced in [21] as the natural functional framework for
weak formulations of variational problems arising in fracture mechanics in the setting
of linearized elasticity. Roughly speaking, GSBD provides the natural completion
of SBD when no uniform bounds in L* can be assumed for the problem at hand,
analogous to SBV and its counterpart GSBV'.

The two (n — 1)-dimensional terms in the target functional in (1.4) are the result
of different contributions: the H™ ! measure of the jump set is detected as in the
standard case by the Modica—Mortola-type term in (1.3), and it quantifies the energy
paid by the function v, being forced to make a transition from values close to 1 to
values close to ¢y, (see (4.5)); the term depending on the opening of the crack, instead,
is associated to the size of the zone where v takes the minimal value €, and in the
general case, it is related to the behavior close to 0 of the family of quadratic forms in
(3.1) (see assumption (H4)). A refinement of the arguments developed in establishing
the compactness properties referred to above and the blow-up technique by Fonseca
and Miiller are then used to infer the needed estimate (cf. (4.6)). All these issues are
dealt with in the proof of Theorem 3.2 below.

Technical problems of different nature arise when we want to show that the lower
bound that we have established is matched. Recovery sequences in I'-convergence
problems are built typically for classes of fields that are dense in energy and having
more regular members. Recently, in the paper [29], this issue has been investigated
for linearly elastic brittle materials in the functional framework of GSBD fields. Such
a result allows the proof of the full T'-convergence statement in the regime 1, = o(eg),
thus completing the conclusions obtained in the papers [16, 17] under the usual L™
restriction. In our setting the density result established in [29] enables us to prove
the sharpness of the estimate from below only for bounded fields in SBD?*(Q) (see
Theorem 3.3). Actually, we can extend it also to all fields in SBV?(£), R") by means of
classical density theorems. (See Remark 4 for more details.) Clearly, these are strong
hints that the lower bound we have derived is optimal and that we cannot draw the
conclusion in the general case for difficulties probably only of technical nature.

Let us state briefly the structure of the paper: Section 2 is devoted to fixing the
notation and recalling some of the prerequisites needed in what follows. The main
result of the paper, Theorem 3.1, is stated in section 3, where some comments on the
imposed hypotheses are also discussed. Finally, in section 4 the proofs of Theorems 3.2
and 3.3 are presented, from which that of Theorem 3.1 eventually follows.

2. Notation and preliminaries. Let n > 2 be a fixed integer. The Lebesgue
measure and the k-dimensional Hausdorff measure in R™ are denoted by £" and H*,
respectively. For every set A the characteristic function x4 is defined by xa(z) :=1
itx € Aand by xa(z) :=0if z ¢ A.

Throughout the paper € is a bounded open subset of R™, and ¢ denotes a generic
positive constant that can vary from line to line. We shall always indicate the param-
eters on which each constant ¢ depends in the related estimate.

Let us denote by M, (§2) the set of all bounded Radon measures in © and by
M () the set of nonnegative ones. Given jy, u € My(f2), we say that u, — u
weakly* in My (Q) if

/@duk%/@du for every p € C§(9),
Q Q

where CQ(€2) is the completion of continuous and compactly supported functions in
Q with respect to the supremum norm.
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For the definitions, the notation, and the main properties of the spaces BV
and SBV we refer to the book [6]. Here, we recall only the definition of the space
SBV?(Q,R") used in what follows:

SBV*(Q,R") := {u € SBV(Q,R") : Vu € L*(Q,M"*") and H" ' (J,) < o0},

with M"™*™ the space of all nxn matrices.

Instead, we recall briefly some notions related to the spaces BD(€2) and to its
subspace SBD(2). For complete results we refer to [35], [34], [11], [4], [12], and [23].

The symmetrized distributional derivative Eu of a function u € BD() is by defi-
nition a finite Radon measure on 2. Its density with respect to the Lebesgue measure
on € is represented by the approximate symmetric gradient e(u), and the approximate
jump set J, is a (H"~!,n — 1) rectifiable set on which a measure theoretic normal
v, and approximate one-sided limits u® can be defined H" '-a.e.. Furthermore, we
denote by [u] := u™ —u~ the related jump function.

For uy,u € BD(R), we say that ux, — u weakly* in BD(Q) if uy, — win L1 (Q,R")
and Fuy — Bu weakly™ in My(€, M), where M7 is the space of all nxn
symmetric matrices.

We define SBD?(Q) by
(2.1) SBD*(Q) := {u € SBD(Q) : e(u) € L*(Q,M}") and H" " (J,) < +00}.

sym

Fixed £ € S"! := {£ € R" : |¢] = 1}, let m¢ be the orthogonal projection onto
the hyperplane I := {y € R" : y - £ = 0}, and for every subset A C R" set

Ag ={teR:y+tEc A} foryell.
Let v: Q — R and u : Q — R"”, then define the slices vf/,ug : Q% — R by
(2.2) vg(t) =y + t€) and ug(t) =u(y +t&) - &

We recall next the slicing theorem in SBD (see [4]).

THEOREM 2.1. Let u € L*(Q,R") and let {&1,...,&0} be an orthonormal basis
of R™. Then the following two conditions are equivalent:

(i) For everyé =¢,+&;,1<1,j<n, u% € SBV(QE) for H" '-a.e. y € TI¢ and

/m | Du | (95) dH™ 1 (y) < 001

(ii) v € SBD().
Moreover, if u € SBD(Q) and £ € R™ \ {0}, the following properties hold:
(a) V(ug)(t) =e(u)(y+t&)&-€ for Ll-a.e. t € Qg and for H" '-a.e. y € TI¢;

(b) Jus = (JS)EJ for H* 1-a.e. y € TI¢, where
JS={xeJ,: [ul(z) €£#0};
(c) for H" 1-g.e. £ € S*71
(2.3) H T\ JS) = 0.

Note that, if ug, v € L*(Q,R") and uj, — u in L'(Q, R™), then for every ¢ € SP—1
there exists a subsequence (ug;) such that

(uk])g — ug in Ll(Qg) for H" la.e. y € me(Q).

Finally, for the definitions and the main properties of I'-convergence we refer to
[20].
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3. Statement of the main result. Let 2 C R™ be a bounded open set, let
l<p<oo, q:= 1%, and let e, > 0 be an infinitesimal sequence.

Consider the sequence of functionals Fj: L*(Q, R")x L*(Q2) — [0, +-oc] defined by

¢(U) pfl P . 1 n
Fi(u,v) = /Q (Q(v,e(u))+ . + el |Vl )dx if (u,v) € HY(Q,R")xV,,
400 otherwise,
(3.1)
where 0 < v < oo and
(3.2) Y € C°([0,1]) is strictly decreasing with (1) = 0,
(3.3) Ve, ={ve WhP(Q) i ep <v<1L"ae. in Q}.

Moreover, the function 2 : (0, 1]xM7x" — R* satisfies the following:
(H1) 2 is lower semicontinuous and for every A € M the function 2(-,A) is
continuous at s = 1;
(H2) for every s € (0, 1], the function 2(s, ) is a positive definite quadratic form;
(H3) for every s € (0,1] and A € M?%" the following inequalities hold:

sym
(3.4) c1s|AP? < 2(s,A) < cas|A?

for suitable positive constants ¢; and co;
(H4) the quadratic forms 2s(A) := s712(s,A) converge uniformly on compact
sets of M7 to some function 2y as s | 0F.

Note that by items (H3) and (H4) above 2 is a quadratic form satisfying

ca1lA? < 29(A) < co]A?  for every A € MZX™

sym *

. 1/2 .
In particular, QO/ is a norm on M ", and

(3.5)  c3's25(A) < 2(s,A) < c3s Pp(A)  for all (s,A) € (0,1] x Mg
with ¢3 := ¢o cl_1 > 1.

Remark 1. Let us stress that, thanks to (H2) and (H3), assumption (H4) is
rather natural, as it is satisfied by families 6;12(81“ 2), €k 4 0%, up to the extraction
of subsequences.

For instance, given 2y and 21, two coercive quadratic forms on Mg, the family
(s,A) = s(s21(A) + (1 — 5)Zy(A)) satisfies all the assumptions (H1)—(H4) above.

The asymptotic behavior of the family (F}) is described in terms of the functional
®: L1(Q,R"™) — [0, +00] given by

/ 2, (e(u))da + aH" N (J) +b | 282 ([u) ® v)dH"
Q

Ju
D(u) : if u € SBD?*(Q),

400 otherwise,
(3.6)

where 21 (A) = 2(1,A) for all A € M/i"', according to the convention introduced in
(H4), and

1
(3.7) a :=2¢"/9(yp)'/" / V(s)ds, b= 20"2(0).
0
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The I-limit of the sequence F}, is identified in suitable subspaces of L*(Q, R™)x L*(Q)
(cf. Theorem 3.1 and Remark 4 below).

THEOREM 3.1. Assume the conditions in (3.1)—(3.7) are satisfied, and let
be a bounded open set with Lipschitz boundary. The I'-limit of (F}) in the strong
LY(Q,R™)x LY(Q) topology is given on the subspace L™= (Q, R™)xLY(Q) by

f ®(u) ifv=1L"-ae inQ,
(3.8) Flu,v) = { +oo  otherwise.

As usual, we shall prove the previous result by showing separately a lower bound
inequality and an upper bound inequality. To this aim we define
(3.9) F':=T-liminf Fj, and  F" :=T-limsup F.

k—o00 k—o00

Then Theorem 3.1 follows from the ensuing two statements. In the first we establish
the lower bound inequality in full generality and identify the domain of the (inferior)
I'-limit; in the second instead we prove the upper bound inequality on L due to a
difficulty probably of technical nature. In addition, in Remark 4 we extend the upper
bound inequality to all maps in the space SBV.

THEOREM 3.2. Assume (3.1)—(3.7). Let (u,v) € L*(Q,R")xL1(Q) be such that
F'(u,v) is finite. Then v =1 L"-a.e. in Q and

(3.10) O(u) < F'(u,1).

THEOREM 3.3. Assume (3.1)—(3.7) and assume that  is a bounded open set with
Lipschitz boundary. Then for every u € L= (2, R™) we have
(3.11) F"(u,1) < ®(u).

4. Proof of the main result. We start off by establishing the lower bound
estimate. We need to introduce further notation: we consider the strictly increasing
map ¢:[0,1] — [0,00) defined by

(4.1) o(t) == /0 YY(s)ds  for every t € [0, 1].

Proof of Theorem 3.2. By the definition of I'-liminf it is enough to prove that if
(u,v) belongs to L*(Q,R™)xLY(Q) and if (ug,vr) € LY (Q,R")xL1(Q) is a sequence
such that
(4.2) (ug,vx) — (u,v) in LY(Q,R™)x L}(Q),

(4.3) sup Fy (ug,vi) < L < 00,
k

then u € SBD?*(), v = 1 L"a.e. in , and the ensuing estimates hold true with
A e (0,1):

lim inf Q(vk,e(uk))dxz/Ql(e(u))dw,

(4.4)

iint [ (X Yo > 209609 P(900) — SO0 (),
k—o0 Q\Qi Ek

(4.5)
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and with fixed 6 > 0 there is A5 > 0 such that for all A € (0, \s)

nkrggf/% (o@(vk, e(up)) + %’C’“))dx > 21/2()) /J D2 ([u] © v)dH" + O(6),
(4.6)

where we have set Q) := {vx < A}. Given (4.4)-(4.6) for granted, we conclude (3.10)
by letting first A | 0 and then ¢ | 0.
In order to simplify the notation, we set

I,i = D(vg, e(u)) dz,
o\
I? ::/ <¢(Uk) +752_1|Vvk|p) dx,
o\ €k

I} = /Q2 (o@(vk,e(uk)) + %Zk)) dx.

Clearly, if (ux,vy) satisfies (4.2) and (4.3), then vy — v = 1 in L*(£2). The fact that u
belongs to SBD?(f2) and inequalities (4.4) and (4.5) can be obtained as a by-product
of a slicing argument, following along the lines of [29, Theorem 4.3]. Here, we pursue
a global approach, arguing as in [25, Lemma 3.2.1] (see also [24]).

We first notice that (ug) is pre-compact in the weak™ topology of BD(). To
verify this it is sufficient to prove that

(4.7) sup/ le(uk)|dr < oo.
k Ja
More precisely we show that

(4.8) Fy(uk,vi) > K1 / le(ug)| dz — ko,
Q

with k1 1= maxyep,1] (2(c1 p(A)/2 A LCT}(?Z)) and kg := 2(c1 (0))'/2. Indeed, on one
hand, by (3.4) and the Jensen inequality we have

2
Il = (v, e(ur))dz > ¢1 )\/ le(uy)2dx > il A (/ |e(u;€)|d;v) ,
o\ o\ L)\ Sy

(4.9)

and on the other hand, since vy, > ¢y, by the Cauchy—Schwartz inequality we find

I} = /m (o@(vk,e(uk)) + %l;k))d:r > cr e /m le(ug)|>dx + %;\)E”(Q?)
(4.10) > 2(e1 B(\) /2 /Q le(ug)|da.

Adding up estimates (4.9) and (4.10) eventually we get

A ’ 1/2
Filue,vs) > s ( Lo |e<uk>|dx> 2o [ fetw]da,

k
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from which it is then easy to obtain inequality (4.8). In conclusion, (4.7) follows
directly from (4.3) and (4.8).

Therefore, from (4.7), as uy converges to u in L'(Q,R"), we deduce that u €
BD(2) and that actually up — u weakly*-BD(Q).

Proof of estimate (4.4) and that u € SBD?*(2). We construct a function 4y in a
way that it is null near the jump set J, of u and coincides with uy elsewhere.

Recalling the very definition of ¢ in (4.1) we have that ¢(vy) € W1P(Q), and
moreover, the Young inequality and the BV coarea formula yield

2> gVa(yp)/7 / W9 (04) Vol de
o)

#(1)
IV (é(ox))ldz = g/(y p) /7 /¢ ", Per((otu) > 1), 0)ar

qu/"(vp)l/”/

o\
(4.11)

Fix X € (A1), the mean value theorem ensures for every k£ € N the existence of
ti € (¢(N), ¢(X\)) such that

(1)
(4.12) /¢ , Per((600) > 8,20 2 (6Y) —p0)Per ({6(0x) > ), 9).

Set g := ¢~ 1(t); then note that Q\ Qz’“ = {o(vg) >t} is a set of finite perimeter
satisfying, by the latter inequality and (4.3),

(4.13) Per (Q\ O, Q) <c

for some ¢ = ¢(\, N, ¢, L). Now let ay, := Xop o Uk Then the chain rule formula in
k
BV [6, Theorem 3.96] yields that @, € SBV (Q,R™) with

Diig, = X oo VUL L Q + g, @ vy 3 H LTk
k

k

Xo\q

In particular, H"~*(Jg, \B*Q;’“) = 0; then by (4.9), (4.11), and (4.13) the functions
) satisfy

(4.14) / le(@g)|*dz +H" " (Ja,) < c
Q
for some ¢ = ¢(\, N, ¢, L, ¢1) < 00, and in addition

(4.15) |ty — uHLl(Q’RTL) < JJug — U”Ll(QJRn) + /)\ |u|da.

Qk
Asvg — 1in LY(Q) we find £7(2}) | 0; thus (4.15) implies that @, — u in L*(Q,R"™).
Since we have established that w € BD(Q), it is easy to deduce from the SBD

compactness theorem [12, Theorem 1.1] (see also [16, Lemma 5.1]) and from inequality
(4.14) that actually u € SBD?(), with

(4.16) e(tiy) — e(u) weakly in L*(Q, ML)

and

(4.17) H' () < liminf 77 (g, ).
—00
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Eventually, by taking into account that

lim inf D(vg, e(ug da:—hmlnf/ 2 (vg, e(uy))

k—o00 Q\Qg k—o00

(4.4) follows from (4.16) from the convergence vy, — 1 in L*(Q) and from [15, Theorem
2.3.1].

Proof of estimate (4.5). Regrettably, inequality (4.5) is not a straightforward
consequence of the previous arguments. Indeed, (4.11), (4.12), (4.17), and H" 1 (Jz, \
8*92’“‘) = 0 lead to an estimate differing from (4.5) by a multiplicative factor 2 on the
left-hand side. Therefore, we need a more accurate argument. To this aim, we note
that by (4.11) and the Fatou lemma we have

é(1)
liminf 17 > ql/q(’yp)l/p/ lim inf Per ({¢(vg) > t}, Q) dt
k—oo s\ k—oo
Then in order to conclude (4.5) it suffices to prove that

(4.18) limkinf Per ({¢(vy) > t},9Q) > 2H""(J,) forall t € (p(N), p(1)).

This follows via a slicing argument as established in [25, Lemma 3.2.1]. (See also [13,
Lemma 2], where the proof is given in a slightly less general setting.) We report in
what follows the proof of estimate (4.18) for the sake of completeness.

With fixed t € (¢(N), ¢(1)) for which the right-hand side of (4.18) is finite, we
define 7 := ¢~ 1(¢) and U] := Q\ Qf. For every open subset A C Q and vector
¢ € S"!, we claim that

(4.19) lim inf H' ™ (T NA) > / HO(J e N A)dH
me(A) !

for H" *-a.e. y € m¢(A). (Recall the notations and the results in Theorem 2.1.) Given
(4.19) for granted, the coarea formula for rectifiable sets and the Fatou lemma yield
the following lower semicontinuity estimate:

limkinf Per ({o(vg) > ¢(7)}, A)
= liminf H"~1(J xup N A) > / HO(J e NA)dH ! = 2/ |V - E|dH" L.
k e (A) v J5NA
(4.20)

Since H"(J, \ JS) = 0 for H" L-ae. £ € S*~! (see (2.3)), we infer from (4.20) that

(4.21) timinf Per ({6(ux) > 6(r)}, 4) > 2/ v - €l dH 1.

JuNA

In conclusion, inequality (4.18) follows from (4.21) by passing to the supremum on a
sequence (&) dense in S"~! and applying [6, Lemma 2.35], since the function

A— 1imkinf Per ({p(vy) > é(7)}, A)

is superadditive on disjoint open subsets of (2.
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Let us finally prove (4.19). Note that there exists a subsequence (u,., v,.) of (ug, vx)
such that

(4.22) lim inf H Ty, NA) = lim H (S, N A),

-
XU,c

(4.23)  ((u,)§ (vr)g) — (ug, 1) in Ll(Qg)xLl(Qg) for H" la.e. y € me(Q),

Yy Y

and with fixed 5 > 0, for H" t-a.e. y € m¢(2) we find

v,)8 P
limrinf (17 /Aﬁ ((vr)g |V((ur)§)|2 + w +yepl |V(('Ur)§)} ) dt
(4.24) +7—L0(JX(UT)§ N A)) <00

by (3.4), (4.3), our choice of 7, and the Fatou lemma.
Fix y € m¢(Q) by satisfying (4.23), (4.24), and assume also that ’HO(JHS NA)>0.

Let (tm, vm) be a subsequence of (u,., v,-) such that the lower limit in (4.24) is actually
a limit. Note that the extracted subsequence depends in principle on y.
Let {t1,...,t;} be an arbitrary subset of .J ¢ N A, and let (I;)1<i<; be a family of
¢ <i<

pairwise disjoint open intervals such that ¢; € I;, I; CC Ag. Then, for every 1 <i <1,
we claim that

s; = limsup inf(vm)g = 0.

m 11

Indeed, if s;, was strictly positive for some h € {1,...,1}, then
; N > Sh
lﬂf (vj)y = 5

for a suitable subsequence (v;) of (v,), and thus (4.24) would give

IV ((u)8)]" dt <
Iy

for some constant c. Hence, the Rellich-Kondrakov theorem and (4.23) would imply
the slice u$ to be in W' (I,,R"), which is a contradiction since by assumption
HO(J,e N1IL) > 0. So let t!, € I; be such that

hm(“ﬂ)i(ﬁn) =0,
and oy, 3; € I;, with a; < t!, < f3;, be such that
lim(vm)g () = 1im(vm)§ (8;) = 1.

Then there follows

NI)>2.

lim inf H°(J.

Xwr)§
Hence, the subadditivity of the inferior limit and the arbitrariness of [ yield

lim inf H°(J,, NA) > 2H°(J,e NA).

CEAH
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Therefore, by the choice of (uy,, v,,) we obtain

Uy ¢ p
limrinf (17 /A5 ((vr)g |V((ur)§/)|2 4 %T)y) +yebt |V(('UT)§)‘ ) dt
+HO(JX(UT)E nA)) > 2H"(J e N A),

which, integrated on m¢(A) by (4.24), gives

nmkian”*l(JXUT NA)>2 / HO(J e NA)dH™ " —ne
g e (A) !

for some positive constant ¢ = ¢(L). As n | 0 we find (4.19).

Proof of estimate (4.6). We employ the blow-up technique introduced by Fonseca
and Miiller in [27]. First, we observe that, since vy > €, by the Cauchy—Schwartz
inequality we have

Vk €

(o@wk,e(uk»)w i

Vg

I]? 2 £k /Q)\ ‘Q(vkﬂe(uk))dx+ w(:) En(Qz)

(4.25) > 2123 /

&

Thus, in order to get (4.6), it suffices to show that for all § > 0 there is As > 0 such
that for A € (0, As) we have

1/2
(M) i > / 25/ ([u) © va)dH" ! + 0(0).
Ju

Uk

(4.26) 1imkinf/

o

Actually the uniform convergence on compact sets of M{ " assumed in (H4) above

implies that, with fixed § > 0, for some A; > 0 and all A € (0, ;) we have

Qe ), e(w)
/Q; (M) di = Qie@i,ffz)( Y le(ug)ldo

vk le(u)]
> [ (2 () ) etz 2 [ 2V ctuste — s Ewsi@),

where we recall that 2,(A) = s712(s,A), s € (0,1]. Thus, inequality (4.26) is
reduced to prove

(4.27) lim inf 2 (e(ue))dz > | 283 ([u] ® v)dH™
o T

being § > 0 arbitrary and (|Eug|(2)) being bounded as shown in (4.7).
Let (u,) be a subsequence of (ux) such that

lim inf Qé/Q(e(uk))dx = lim Qé/Q(e(ur))dw.
ke Jax r Jax
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In order to prove (4.27), for every Borel set A C Q we introduce

podys= [ B etu)a,

004) = [ 23 (elu, ),
¢ (A) :== Fr(up,v,, A),

where F,.(-,, A) denotes the functional defined in (3.1) with the set of integration
replaced by A.

It is evident that the former set functions are finite Borel measures, with (),
(0,), and (¢,) actually equibounded in mass thanks to inequalities (4.3) and (4.7).
Hence, up to subsequences not relabeled for convenience, we may suppose that

(4.28) fr — g, 0, —0, and ( — ¢ weakly* in M} ()

for some g1, 0 and ¢ € M} (), respectively.
With

lim 41, (Q2) = p(€2),
to infer (4.27) we need only to show that

(4.29) du > 202 (u) ©vy) H' -ace. in J,

dH 1L, —

where ﬁ is the Radon—Nikodym derivative of y with respect to H" 'L J,.
We shall prove the latter inequality for the subset of points z¢ in J, for which

the Radon—Nikodym derivatives

dp 9 d¢

(4.30) 17, @) iy, @) g, (%)

exist finite,

d.2y* (2| Bu|

dlEu] p1/2
(431) e (@0) = 25/(] 0 1) (wo),
and
n—1
(4.32) Jim 72 (Ju 0 ?”(”’O’p)) -1,
p—0 P
where v := v, (x0), @, is any unitary cube centered in the origin with one face

orthogonal to v, and Q,(zo,p) := z¢ + p Q. Formula (4.32) is a consequence of the
(H"~ 1, n —1) rectifiability of J,, (see [6, Theorem 2.83]). Note that all the conditions
above define a set of full measure in J,,.

By selecting one of such points xg € J,,, we get

du ( ) -k u(Qy(xo,p)) ﬂr(Qu(anp))
o) = 1m ———— - o1

dH 1L J, p—0 pnl - 1,}?} rlgrolo pn—1
p—0
. . 1 A
(433) - %é? rli)n;o pn,]_ (GT(QV(xoa p)) - GT(QV(xoa p) \ QT’)) )
p—0
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where

= {pe( —dist(w0,09)) : #(0Qu (w0, p)) = B(DQu (w0, p)) = C(OQu (w0, p)) = 0 }.

o

Note that I is a subset of radii of full measure in (0, %dist(xo, 01)) and that the sec-

ond equality in (4.33) easily follows from the convergence u, — p weakly* in M (Q).
Further, we claim that

0r(Qu(z0,p) \ )

(4.34) lim lim T =0.
pel T—>o0 P
p—0

Indeed, the Holder inequality, the very definition of F} in (3.1), and (3.5) imply that
0r(Qu (o, p) \ Qi\)

pn—l
=), (et e < 2,/%, (e(ur))d
= o (py E(Ur))aT
P Qo0 ~ 0 Jau@enay W
L"(Qy (o, )\Q’\ 1/2
< (e e - Dy oy (elur) )

- FT uT7UT7 174 ) 1/2 - r v x b) 1/2
< (e3p)/2 1/2( ( anl( P))) — (e3p)'/2 1/Q(W) .

Finally, equality (4.34) is a consequence of the latter estimate and condition (4.30).
By taking (4.34) into account, (4.33) is rewritten as

W ()= T (a)
a1 g, T gyt g, o)

The convergence of the symmetrized distributional derivatives, i.e.,

(4.35)

Eu, — Eu weakly* in M, (Q,M7""),

sym

is a result of (4.2) and (4.7), in turn implying that

dEu
4.36 0(Q, (x0, p z/ 9L/? d|Fu
(4.36) Qo) [ (G )dEu

by the convexity of Q(l)/ % and the stated convergence. Thus, by (4.31) and (4.36) we
get

dH L J, p—0 pr1 d[Eul
(4.37)

Eventually, (4.35) and (4.37) conclude the proof of (4.29) and then of (4.27). a
The proof of the I'-lim sup inequality in Theorem 3.3 takes advantage of density
theorems for GSBD(Q) [28, Theorem 3.1] and for SBV(2,R™) [19, Theorem 3.1]
stated below for convenience of the reader. Theorem 4.1 below builds upon the pre-
vious contributions [16, 17]; in those papers the case of fields in SBD(Q) N L(Q, R™)
was analyzed, apart from issue (4), which is first proved in [28, Theorem 3.1].
THEOREM 4.1. Assume that Q has Lipschitz boundary, and let u € GSBD?(2)N
L*(Q,R™). Then there exists a sequence (uy) C SBV? N L®(Q,R") such that each

df 1 dEu
(20) > lim inf /( )33/2( )|l = 25/2([u] © ) (o)
Zo,p
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Ju,, @8 contained in the union Sy of a finite number of closed connected pieces of
Ct-hypersurfaces, each uy, belongs to WH2°(Q\ Sk, R™), and the following properties
hold:

(1) [luk — ullL2@rn) — 0,

(2) lle(ur) — el 20 panzr) = 0

(3) H" Y (Ju, AJw) — 0,

(4) fJukUJu luf —uF| A MdH* — 0 for every M > 0.

Remark 2. Note that the expression in (4) makes sense by [21, Theorem 5.2],
since one can define the traces u* of a function v € GBD(S2) on any C' submanifold
of dimension n — 1.

We recall next a density result in SBV, for which we need to introduce further
terminology. We say that u € SBV(Q,R") is a piecewise smooth SBV-function if
u € Wm(Q\ J,,R") for every m, H" 1((J, N Q) \ J.) = 0, and the set J, N Q is a
finite union of closed pairwise disjoint (n — 1)-simplexes intersected with .

THEOREM 4.2. Assume that Q has Lipschitz boundary. Let w € SBV? N
L>(Q,R™). Then there exists a sequence (uy) of piecewise smooth SBV -functions
such that

(1) uk = ullr2(@rny — 0,

(2) |[Vur — Vul[z2Qumnxny — 0,

(3) limsupy, fZ”Juk oz, uf  uy vy, )JdH L < meJu (@, ut,u™, v, )dH" !,
for every open set A C Q and for every function ¢ : QXR"xR"xS"~1 — [0, +0)
upper semicontinuous and such that

cp(x,a,b,u)ch(aj,b,a,—l/) fOT’ZEEQ,

lim sup o(y,a’ b’ 1) < +oo  for z € O
(y,a', b, p)—= (2, a,b,v)
yeQ

for every a,b € R" and v € S*1.

Remark 3. Note that if Q C R™ is an open cube, then the intersection .J,, N is a
polyhedron. Therefore, adapting the arguments in [19, Remark 3.5] and [18, Corollary
3.11] we can construct a new approximating sequence () satisfying all requirements
of Theorem 4.2 and such that J;, CC .

Remark 4. The I'-limsup inequality in Theorem 3.3 is stated only for fields
in the subspace L>(Q,R")x L(Q) of L}(Q,R")x L(Q) since Theorem 4.1 does not
guarantee the convergence

(4.38) /J ] =R 0

for every w in SBD?(Q) N L?(Q,R™). If (4.38) was true, then Theorem 4.1 combined
with Theorem 4.2 would allow us to prove the I'-lim sup inequality for those fields u
that are piecewise smooth. In such a case, the construction of recovery sequences fol-
lows quite classical lines, and by density the I'-lim sup inequality in L?(Q, R™)x L*(Q)
would be completely proved.

Nevertheless, this argument applies to fields in L>(Q2,R™) since the approxi-
mating sequence (uy) in Theorem 4.1 is constructed in a way that |ug|/zeorn) <
[ull o (,rm)-

The same conclusion of Theorem 3.3 can be drawn for all fields in SBV?(Q,R™).
Indeed, the functional in (3.6) is continuous on sequences of truncations; therefore
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the conclusion follows by Theorem 4.2 and a diagonal argument. In this respect, take
also into account the equality GSBV?(Q,R") N BD(Q) = SBV?(Q,R").

Finally let us prove the upper bound estimate.

Proof of Theorem 3.3. Let u € SBD?(2) N L>°(Q,R"); then by the lower semi-
continuity of F” and Theorem 4.1 it is not restrictive to assume that u belongs
to SBV?2 N L>(Q,R"). By a local reflection argument we can also assume that
Q C R™ is a open cube, and again by the lower semicontinuity of F”, by Theo-
rem 4.2, and by Remark 3 we can restrict ourselves to proving (3.11) for a piecewise
smooth S BV -function v with .J,, C €. Finally, up to a truncation argument, condition
u € L>(Q,R") is preserved.

For the construction of the recovery sequence we shall follow the lines of [28,
Theorem 3.3] (see also [22, Theorem 3.3]).

Since .J, is a finite union of closed pairwise disjoint (n—1)-simplexes well-contained
in 0, we reduce to study the case when S := J, is a (n — 1)-simplex. In order to
simplify the computation we also assume S C {z, = 0}, we denote the generic point
r € R" by x = (T,z,) € R"! x R, and we orient .J,, so that v, = (0, 1).

Let

Qi::{xEQ::I:xn>0}

and let L be the maximum between the Lipschitz constants of v in QF and Q~. Also
let
(4.39) o1(@) = —L D ([u(T,0)] ©e,) for every T € .

2¢(0)1/2
With v and u~ being Lipschitz functions, we deduce that oy is in turn a Lipschitz
function and that

(4.40) |Vor(T)| < ceg

for H""t-a.e. T € S and for a suitable constant ¢ = c(¢, L, 2y) > 0. Moreover, o), = 0
on 95, where 9 is the boundary of S in the relative topology of R"~!x{0}.
We set for p € (0,1)

1—p

£ = =) o)i= ([ 6 eas) L and b= (7-9) 5(0)

and we introduce the infinitesimal sequence py := h~!(g;) having the property that

(4.41) Fow) _ & g as kit oo

€k 9(pr)

Denote by wy, the only solution of the following Cauchy problem in the interval [0, T})
(uniqueness on such an interval follows from (3.2)):

r_ (4 VP 1/p
(4.42) Wy, = (’Yp) e, P (wy),
wk(O) = Ek,

where T}, € (0,00] is given by

1/ 1
Ty = (%) psk/ ¢_1/p(s) ds.
er
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Furthermore, define py, € (0, Tk) :
1/p 1—pp
(4.43) g = (%) gk/ PP (s) ds.
€k

Thus py, is infinitesimal by (4.41).
We are now in a position to introduce the sets

Ay = {xeR”: (7,0) € S, | < ok(f)},
By = {x eR": (z,0)e S, 0< |$n| — o0, (T) < Mk},

Cr = {a: eER": (7,0) ¢ S, d(z,05) < ,Uk},

where d(x,095) is the distance of the point « from the set 95.
Consider the sequence (uy,vy) defined by

‘T + _’ — — — — g —
I OUD) (45, 04(7)) — u(F, ~ox (7)) + u(F. ~0u(T))
ok (T)
ug (T, xp) = if z € Ay,
u(zx) itxeQ\ A
and
Ek lf T € Ak,
wi(|xn| — ok (T)) if x € By,
v (x) ==
wi (d(z, 09)) if z € Cf,
1— pi otherwise.

Then (uy,vi) — (u,1) in L1(, R™)x L1(2); moreover we shall show that it provides

a recovery sequence following the arguments used in [22, Theorem 3.3, inequalities

(71)-(78)]. First note that, for every component u}, of uy for L -a.e. (T,x,) € Ay we

have that

u'(T, 0k(T)) — u'(T, —ok(T))
207 (7)

?&)Dg‘ o (T)

| Dju (T, 2)| <

+ Djui(f, —Uk(f)) — Dnui(f, —0p (T))DjUk (f) + Djui(f7 Uk(f))

+Dyu' (7, 01(F))Djor(T) — Dju' (T, —0k(F)) + Dpu' (T, —0k(T)) Dok (T)

(4.44) < |Djow(7)] (% + 4L) +3L<e,
where j =1,...,n—1, and
= | (@ 0(@) — u'(T, —ox(T))
PRCES — |
i (@, 0 (@) ' (7,0) W' (7,0) —u'(7,0) | u'(T,0) —ui(i,—ak(i))‘
20 (f) 20;.;(5) 20 (f)
[w'@,0)]] _ ¢
(4.45) §L+W§a,
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in the previous estimates ¢ = ¢(L) and we have used (4.40). In particular, we deduce
that uy is a Lipschitz function.

As far as the computation of the energy Fj(ug,vy) is concerned we shall mainly
focus on the term

(v, e(ug))dx.
Ay

The others are estimated in an elementary way following [28, Theorem 3.3]. More
precisely, we have

(4.46) lim sup (v, e(ur))dx = lim sup Q(vg, e(u))dx < / 21(e(u))dx
k O\ Ay k O\ Ay, Q

by dominated convergence thanks to assumptions (H1) and (H3); then as a result of
a straightforward calculation we infer

: 7/’(”1«) . ¢(5k) 1/2 n—
hmksup o do < hlxcn MOLE /Ju 2y ([u] ©® en) dH 1
(4.47) _ g D2 ([u] © ep) dH™ Y,
Ju

furthermore from the very definition of wy and (4.43) we find
/ (_1/)(7%) +7€£71|Vvk|p)da:
B, N Ek

s <20s0EnE ([ uis) as) e )

€k

finally by the coarea formula and again by the definition of wy, it follows that

(4.49) /C (¢S:~c) +76£_1|Vvk|p)da: < cuk/

€k

1—pk
$9(s) ds < e,

where ¢ < oo. Therefore, by collecting (4.46)—(4.49), to conclude we need only to
verify that

b
lim D(vg, e(ug))dx = = 23/2([u] © en)dH" L.
ko Ja, 2/,
To this aim, observe first that assumption (H3), the very definition of uy, vy, and
estimates (4.44), (4.45) imply

(v, e(uy))dr = /

1
Q(sk, ~A(Dpup, ..., Dyui™", 2Dnu};‘))dx—|—o(1) as k 1 oo,
Ag

A 2

where A : R™ — Mg is defined by
(4.50) (A(z1,....,20))i; =0 ifd,j<n, (A@i,...,2n))in:=z; ifi<n.
In addition, the definitions of uy, of oy in (4.39), and of Ay and the 2-homogeneity of
2 yield
1
/ Q(ak, §A(Dnu,1€, ooy Dyt 2Dnu’g))dx
Ay

b

- T -1/ T n—1
— 5/@ 2., (@) - 25 ([W)(7,0) © en)dH" 1,
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where we recall that 2,(A) = s71.2(s,A) and

Ck(T) = %A(ul (T, 01(T)) — u' (T, —ok(T)), ..., u" YT, 01(T)) — u" (T, —ok(T)),

2(u™ (7, o1 (T)) — u"(, —ok(f)))).

Eventually, the conclusion follows by (4.50), by (H4), and by the dominated conver-
gence theorem as (j) converges uniformly to [u](-,0) ® e, on S as k T co. O
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