ESAIM: COCV 26 (2020) 30 ESAIM: Control, Optimisation and Calculus of Variations
https://doi.org/10.1051/cocv/2019014 WWW.esaim-cocv.org

ON THE CONTINUITY OF THE TRACE OPERATOR IN GSBV ()
AND GSBD(9)

EMANUELE TASSO*

Abstract. In this paper, we present a new result of continuity for the trace operator acting on
functions that might jump on a prescribed (n — 1)-dimensional set I", with the only hypothesis of being
rectifiable and of finite measure. We also show an application of our result in relation to the variational
model of elasticity with cracks, when the associated minimum problems are coupled with Dirichlet and
Neumann boundary conditions.
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1. INTRODUCTION

The space SBV () of special functions of bounded variation has been introduced to study the so called free
discontinuity problems (see De Giorgi [7] and De Giorgi and Ambrosio [8] for the definition of such problems).
Tt is composed of functions in BV (Q2) such that the singular part of their distributional gradient is concentrated
on an n — 1 dimensional set, called the jump set J,. The prototype of the free discontinuity problems is the
Mumford-Shah functional, whose definition for u € SBV () is:

F(u):/ |Vu|2dx+H"_1(Ju)+/ lu — g|*dz, (1.1)
Q Q

where 2 C R™, Vu denotes the density of the absolutely continuous part of the distributional gradient with
respect to the n-dimensional Lebesgue measure £7, H"~! indicates the (n — 1)-dimensional Hausdorff measure,
and ¢ is some square integrable function. The study of some minimum problems for F, leads us to introduce
the following subspace of SBV (Q):

SBVZ(Q) :={u € SBV(Q) | u € L*(Q),Vu € L*(Q)}.
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2 E. TASSO
When the function g appearing in (1.1) is bounded, a useful notion of convergence is the following:

supy, ([[uelloo + [IVurll2 +H" " (Ju,)) < C
up — u, in LY(Q) (1.2)
Vuy — Vu, weakly in L' (2, R").

Indeed some compactness theorems (see for example [2], Thm. 4.8) can be applied to obtain the convergence
(in the sense of (1.2)) of suitable minimizing sequences in the Mumford-Shah minimization problems.

If we would like to consider some minimum problems of the Mumford-Shah with prescribed Dirichlet boundary
condition, we have to study the behavior of the trace operator in the SBV context. When 2 is regular enough,
the trace operator Tr: BV (Q) — L'(0Q,H""!) is well defined, and continuous with respect to the strong
topology in BV (2). Unfortunately, if we consider the space SBVZ(Q2) C BV () then:

Tr: SBV(Q) — LY(9Q, H" 1),

is not continuous with respect to the convergence requirements in (1.2). This lack of continuity is due to the
fact that a sequence in SBV(£2) may have jump sets getting infinitesimally close to the boundary of Q. Having
this in mind, one can easily produce counterexamples to continuity which lead to a free discontinuity problem
with no solution. For example, if one consider the Mumford-Shah functional in one dimension with Dirichlet
boundary condition:

1 1
min / |u'|? da 4+ HO(J.,) +/ lul? du, (1.3)
w€SBVE((0,1)) Jo 0

u(0)=X

it is easy to see that for sufficiently large value of A, any admissible function pays strictly more then 1 in (1.3),
while there exists a minimizing sequence for which the functional (1.3) converges to 1 in the limit.

To bypass this problem, it seems convenient to fix an (n — 1)-dimensional set I', and to study the trace
properties of functions whose jump sets are contained in I". So we introduce:

SBV(Q;T) :={uec SBV(Q) | J, CT},
and
SBVY(4T) :=={ue SBV(Q;T) | u e LP(Q),Vu € LP(Q)}, (p > 1).

More generally in this paper we study the properties of the trace operator when u € GSBV (). These are all
the £™-measurable functions such that at any level of truncation, the truncated functions belong to SBVj,.(£2).
This space has been introduced to guarantee existence of a solution to minimum problems which implies no
bounds on the L>°-norms of the minimizing sequences; for example when the function g appearing in (1.1) is
only in L?(€).

We can define the following spaces:

GSBVY(Q) := {u € GSBV(Q) | ue LP(Q),Vu € LP(Q)}, (p>1),
endowed with the following notion of convergence:

supy, ([luellp + [Vurllp, + H" 1 (Ju,)) < C
ur — u, in LY(Q) (1.4)
Vuy, — Vu, weakly in L'(Q).
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Note that the bound in the first line of (1.4), when p > 1, ensures compactness with respect to this notion of
convergence. As it is shown for example in ([2], Def. 4.30), in GSBV () there is still a notion of trace and of
jump set J,,, that can be defined through the notion of approximate limit. As before, since we have no control
on the distance of J,, from the boundary 0f2, there are still no continuity results for the trace in GSBVP (1)
under conditions (1.4).

Then also in this case it seems convenient to study the properties of the trace in the space of functions that
jumps on a prescribed (n — 1)-dimensional set:

GSBVY(41) :={ue GSBVI(Q) | JuCT}, (p>1).
The main result of the paper is that there exists a function © such that:
Tr: GSBVP(T) — LY(0Q,0H" 1), (p> 1), (1.5)

is continuous for every 1 < ¢ < p when we consider the strong topology on L?(9Q, ©H" 1), and also for ¢ = p
when we consider the weak topology on L4(9€, ©H"~1). The function © is a weight function that depends only
on the geometry of T and is H" -a.e. strictly positive (see Thm. 5.1 and Rem. 5.2). We have also showed that
g = p cannot be reached in (1.5) when one considers the strong topology, by exhibiting a counterexample.

When I is a compact subset of  then GSBV(€;T) is equivalent to the Sobolev space W' (Q\T'). Moreover,
if T is regular enough, the Sobolev embedding holds and in particular « € LP" (Q). If T is not regular, we cannot
deduce that u € GSBVP(Q;T') implies u € LP"(Q), but if we assume u € LP (), then we can improve our
summability results on ¢ appearing in (1.5), and say that the trace operator is continuous:

Tr: GSBVP(;T) N LP*(Q) — LY(09Q,0H™ 1) (p > 1),

for every 1 < ¢ < p(n —1)/(n — p) when we consider the strong topology on L%(d92,©H"~ 1), and also for
q =p(n—1)/(n —p) when we consider the weak topology on L4(9€2, ©H"~1). Notice that p(n — 1)/(n — p) is
the usual critical exponent for the trace of Sobolev functions in W1?().

Looking at the definition of ©, it is easy to see that when I' CC € then © > dist(I', Q) > 0. In the paper
we give a finer property for I', that is an adaptation of the classical cone condition, in such a way to guarantee
that essinfgn © > 0, and to deduce the classical continuity properties of the trace without the use of weights
(see Prop. 3.15 and Rem. 3.16).

An alternative way to obtain a trace estimate without weight on 02 is to consider a suitable weight ¥ defined
on ). More precisely we have proved that there exists ¥ such that, if in addition to the convergence conditions
in (1.4) we add the uniform bound on the LP(Q, ¥L™) norm, we have the continuity:

Tr: GSBVP(Q;T) N LP(Q,UL™) — LY0Q,H™ ™) (p > 1), (1.6)

for 1 < ¢ < p if we consider the strong topology on L4(9€, H"~1), and also for ¢ = p if we consider the weak
topology on L(9Q, H"~1); here V¥ is a weight function defined on 2, locally integrable, and that depends only
on the geometry of T' (see Thm. 5.1 and Rem. 5.2). A refined version of this result allows us to prove the
following inclusions (see Thm. 3.17 and Rem. 3.19):

GSBVY(;T) N LP(Q,¥L") C SBVP(Q;T), (p > 1), (1.7)

which can be considered as an improvement of the obvious inclusions GSBVP(€;T) N L>(Q) C SBVP (4 T).
All the results mentioned above are true in the context of vector fields having bounded deformation BD(f),
and moreover, not only for the trace of u on the boundary of €2, but also for both traces u® on I'. Since the proofs
in this context present more technical difficulties, we decide to prove our theorems with all the details in this
case. Actually we deal with GSBD(), the space of generalized special vector fields having bounded deformation.
This space has been introduced in Dal Maso [4] to solve some variational problems coming from the theory
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of linearly elastic fracture mechanics, and is a generalization of SBD(), the space of special vector fields of
bounded deformation. At this point we would like to mention only that SBD(2) are the integrable vector fields
such that the singular part of their symmetric distributional gradients Eu, as measure, are concentrated on an
n — 1 rectifiable set Ju:

Bu=EuLl" + ([u] © v)H" L Jy,

where Eu is the density of the absolutely continuous part of Fu with respect to the n-dimensional Lebesgue
measure L£", and [u] ® v denotes the symmetric tensor product between the jump [u] = ut —u~ of u and the
orientation v. For BD() we refer to Temam [14] for its functional properties and to Ambrosio, Coscia, Dal
Maso [1] for the fine properties of BD functions.

The reason why we studied the trace operator in these spaces (more precisely in GSBDS(Q;F)), comes
from the theory of elasticity with cracks, when we consider a traction applied to some part of the boundary
OnQ C 99. This leads to a linear term of the form:

FudH™ 1,
N

in the weak formulation of the problem, where F' represents the traction force acting on the Neumann part of
the boundary. Hence asking about the continuity of this linear form is equivalent to ask about the continuity of
the trace operator acting on all the admissible u € GSBD3(2;T'). In the last section of this paper we propose
a way to solve this problem: the idea is to restrict our attention among all the traction forces F', living in the
dual of the Hilbert space L?(dn$, OH"1).

In the literature, the problem of the integrability of the trace in BV (£2) has been studied for example by
Maz’ja in ([12], Chap. 6), where the trace was defined for open set  of finite perimeter. The main results were
obtained under the assumption of connectedness of 2 and that normals in the sense of Federer exist almost
everywhere on the boundary. The results were generalized to the class of open and connected sets €2 with the
only hypothesis that its topological boundary is an (n — 1)-rectifiable set, by Burago and Kosovski? [3]. Both
works rely on the fact that for u the Coarea Formula holds true, and so the distributional gradient of u, as
measure, can be reconstructed by averaging the perimeter of each level set of u. In this case, under some more
regularity conditions on the boundary, one can control the L' norm of the trace of v with the full norm in BV
times a constant that depends only on €2 (see [12], Sect. 6.6.4).

In Temam [15] some continuity properties of the trace operator are studied in the space BD(Q2), with Q@ C R"
open set with smooth boundary. Here BD(2) is endowed with the norm given by the total variation of the
symmetric distributional derivative. In this case, he introduces a notion of convergence, where substantially our
hypothesis of fixing the jump sets of some sequences (uy)r C GSBD(S2), is substituted by asking that the total
variation of the symmetric distributional gradient ||Fugl|/(2) converges to the total variation ||Ful/(Q2) of the
limit u. Under this notion of convergence, it is possible to show the continuity of the trace in L'(9Q, H"1).

To make a parallel with the papers mentioned above, we have to notice that our results hold true in particular
in the SBD and SBYV cases. We work with notion of convergence that do not take care of the jump part of the
total variation measure |[u™ —u~|- H" 1L J,, while we fix a jump set I'. On one side this leads us to introduce
proper weights in order to have continuity results of the trace, but on the other side we do not make any
regularity assumptions on I' neither on Q (except to be respectively n — 1-rectifiable with finite #"~!-measure,
and to be an open set of finite perimeter). Moreover, we can develop a theory in the SBD (even GSBD) context,
where any kind of Coarea formula seems not to be true.

2. NOTATION AND RESULTS IN GBD((Q)

For the space GBD(2) we always refer to the seminal paper [4]. For convenience of the reader we will recall
some useful notations and results.
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For every £ € S" 1 = {¢ e R" | |¢| = 1} let TI¢ := {y € R" | y - £ = 0} to be the hyperplane orthogonal to &
passing through the origin, and let 7¢: R™ — II¢ be the orthogonal projection. For every set B C R™ and for
every y € II¢ we define

£ .
By :={teR|y+te B}
Moreover, for every function u : B — R™ we define the function ag : B§ — R by

ai(t) =u(y +t§) - €.

If u: B — R" is L"-measurable, for H" '-a.e. y € II* the jump set of @f is denoted by J.c. Moreover we set
Y

Joe = {t € Jos | (@) * (1) — (i)~ (O] > 13,
where ()~ (¢) and (@) " (¢) are the approximate right and left limits of 45 at ¢.
If 11 is a Borel measure on a Borel set £ C R, its total variation is denoted by |u|. If A C E is a Borel set,
the Borel measure pL A is defined by (uL A)(B) := u(A N B) for every Borel set B C E.
If U € R™ is an open set, M(U) is the space of all Radon measures on U, My(U) :={pp € M(U) | |u|(U) <
+00} is the space of all bounded Radon measures on U, and M (U) = {u € My(U) | w(B) > 0
for every Borel set B C U} is the space of all non negative bounded Radon measures on U.

Definition 2.1. Let A be an £™measurable subset of R", let v : A — R™ be an £™-measurable function, let
r € R™ be such that

lim sup £1AN B, (@) (40 By(z))
p—0+ p"

>0,

and let a € R™. We say that a is the approzimate limit of v as y — z, and write

opime) = -
if
- Lr({y e An Bp(:;y v(y) —al>¢€}) _, (2.2)

for every € > 0.

Remark 2.2. Let A,v,z and a be as in the previous definition, and let ¥ be a homeomorphism between R™
and a bounded open subset of R™. It is easy to prove that (2.1) holds if and only if

lim — h(o(y)) — (a)ldy = 0.
p—=0% P JAnB,(z)

In particular if v is £"-measurable, then L£"-a.e. v admits an approximate limit.

Definition 2.3. Let U be an open set of R™. For every L£"-measurable function v : U — R™ we define the
approzimate continuity set as the set of points x € U for which there exists a € R™ such that

ap lim v(y) = a.

Yy—x

The vector a is uniquely determined and is denoted by o(x) . The approzimate discontinuity set S, is defined
as the complement in U of the approximate continuity set.
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Definition 2.4. Let U be an open subset of R”. For every £"-measurable function v : U — R™ we define the
approzimate jump set J, as the set of point 2 € U for which there exist a,b € R™ with a # b, and v € S*~!
such that

ap lim v(y) =a and ap lim wv(y) =b. (2.3)
(y—z)-v>0 (y—z)-v<0
YT YT

The triplet (a,b,v) is uniquely determined up to a permutation of (a,b) and a change of sign of v and is
denoted by (v (z),v™(x), vy(x)). The jump of v is the function [v] : J, — R™ defined by [v](x) := vT(z) —v ™ (x)
for every x € J,. Finally we define

Jy = {z | |vl(z) | =1} (2.4)

Remark 2.5. By ([4], Prop. 2.6) we have that S,,.J, and J! are Borel sets and ¢ : U\S, — R™, defined as
o(x) = ap lim,_,, v(y), is a Borel function.

Moreover, for every x € J,, we can choose the sign of v(z) in such a way that v+ : J, - R™ v~ : J, — R™
and v, : J, — S?~! are Borel functions.

Definition 2.6. We define 7 as the space of all functions 7 of class C', defined on the real line R, such that

1 1
5 <T<5 and with bounded derivative |7/| < 1.

Following ([4], Def. 4.1), we are now in position to define the space GBD(2). In what follows € is an open
set of R™.

Definition 2.7. The space GBD(Q) of generalised functions of bounded deformation is the space of all
L"-measurable functions u : 2 — R™ with the following property: there exists A\ € M;(Q) such that the
following equivalent (see [4], Thm. 3.5) conditions hold for every & € S"~1:

(a) for every 7 € T the directional derivative D¢(7(u - §)) belongs to M;(£2) and its total variation satisfies
[ De(r(u-)|(B) < A(B) (2.5)

for every Borel set B C (1;
(b) for H" l-a.e. y € II¢ the function ﬂg belongs to BVlOC(Qg) and

[ DI\ TLg) + 1B 0 T () < A(B) (26)
T1¢ Y Y

for every Borel set B C ().

Remark 2.8. Following ([4], Def. 4.16) and ([4], Prop. 4.17), for every u € GBD(2), there exists a measure
fiu € M which is the smallest measure A that satisfies (a) and (b) of the previous definition.

Definition 2.9. The space GSBD(Q) of generalised function of bounded deformation is the set of functions
u € GBD(Q) such that for every £ € S"! and for H" '-a.e. y € II* the function @ belongs to SBVje.(€25)

Remark 2.10. The spaces GBD(Q2) and GSBD(Q) are actually vector spaces (see [4], Rem. 4.6).

Now we want to recall some results about the space GBD(Q). Let us start with the trace on a regular
submanifold.
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Theorem 2.11. (Traces on regular submanifold) Let w € GBD() and let M C Q be a C' submanifold of
dimension n — 1 with unit normal v. Then for H" 1-a.e. x € M there exist uj,;(z) , uy,(z) € R" such that

ap im  wu(y) = uf/[(:zj) (2.7)
+(y—x)v(z)>0
Y=z

Moreover for every € € S"~! and for H" -a.e. y € TI¢ we have

ui(y+t€)-€= aplim ﬂg(s) for every t € Myg, (2.8)
:I:a'g (t)(s—t)>0
s—t

where o : M — {—1,+1} is defined by o(x) := sign(€ - v(z)). Finally, the functions uﬁ : M — R" are H*1-
measurable.

Proof. See ([4], Thm. 5.2) for a detailed proof. O

Definition 2.12. Let u € GBD(Q) and let M C Q be a C''-manifold of dimension n — 1 oriented by v. The
R"-valued H"~!-measurable functions u}, and uy;, defined H" 1-a.e. on M and satisfying (2.7) , are called the
traces of u on the two sides of M.

Just for convenience of the reader we recall the definition of rectifiable set.

Definition 2.13. We say that I' C R is a countably (%" ™!, n — 1)-rectifiable set (according to [10], Def. 3.2.14)
if T is H"~!-measurable and

r=|Jr;un, (2.9)

i=1

where H""1(I'g) = 0, and there exists a sequence of lipschitz functions (f;)$°; and a sequence of bounded
subsets of R"~1, (C;)22,, such that T'; = f;(C;) for each i > 1.

The following proposition will be useful later on.

Proposition 2.14. T' C R” is countably (H"~',n — 1)-rectifiable set if and only if there exists a sequence of
bounded open sets of finite perimeter (U;)$2, such that

HHT\ G FU;) =0, (2.10)

i=1
where FU; denotes the reduced boundary of U; (see [2], Def. 3.54).

Proof. Using ([10], Thm. 3.2.29) we know that H"~! almost all of I" is contained in a countably union of (n — 1)-
submanifold of R™ of class C'!. So we can reduce ourselves to prove the statement for a single (n — 1)-submanifold
M of class C'; moreover by basic fact about differential geometry we have that M can be covered by countably
many graphs of maps from R” ™! to R of class C'. So for our purpose it is enough to prove the proposition for
a (n — 1)-submanifold of the form M C graph(f) where f € C'(R"™1).

To prove this last assertion we can consider a countable measurable partition of R"~! made for example by
open cubes (Q;)52,. For every i € N, up to a translation on M, we may assume that infg, f > 0. Finally we define:

Up={(y,t) |y € Qi, 0 <t < f(y)}.
Clearly each U; is an open set of finite perimeter such that:

graph(f L Qz) C .FUi,
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and

H T MAJFU) <1 (M graph(£LQ0) = 0.

O

Definition 2.15. (Orientation) Let I' C R™ be a countably (H"~!, n — 1)-rectifiable set. We call an orientation
of T any map v : I' — S"~1 which is #"~!-measurable and such that v(z) is orthogonal to the tangent space of
[ at z for H" t-ae. z € T.

Here we recall a fundamental theorem about the jump set of a GBD(?) function (see [4], Thm. 8.1). In
particular this result tells us that the jump set can be reconstructed by the jump points of the one dimensional
slices.

Theorem 2.16. (Slicing of the jump set). Let u € GBD(Q) , then J, is a countably (H"~',n — 1)-rectifiable
set. Moreover let € € S"! and let

J§ ={zeJ,| (ut(z) —u (z))- £ +#0}. (2.11)
Then for H" ‘-a.e. y € II¢ we have

E\E
(T = e, (2.12)

ut(y +t€) - &= (ﬁg)i"g(t)(t) for every t € (Ju)i7 (2.13)

where o : M — {—1,41} is defined by o(z) := sign(¢ - v, (x)), and Vae = 1.

Remark 2.17 (Integrable jump implies BD). The previous theorem says that the jump set J,, can be recon-
structed through the jump points of the one-dimensional restriction J.¢ for every direction £ in Sn=1. In
Y

particular if u € GBD() has integrable jump, i.e. [u] € L*(J,, H"'), then u is actually a function in BD(f2).
Indeed, by definition of BD() (see [1]), we need only to check that for every £ € S"~1:

/HE |Da|(Q5) dH™ ! (y) < o

But relation (2.13) implies in particular that [u - £](y + t&) = [a5](t) for every t € J.c and H" '-a.e. y, so that
Y
we can write:

/ D | () dH" ™ (y) < / IDASI5\ o)+ D Il €]y +1&)] M (y)
e ne ted ¢

a

< A(ﬂ\Jm/J ]| A,

and we are done.

Every u € GBD(R) admits an approzimate symmetric gradient Eu L™-almost everywhere, which is a map
Eu: Q — M2X" such that

sym

ap lim (u(y) — u(x) — Eulz)(y —x)) - (y — x)

p li o = 0. (2.14)
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Formula (2.14) says that the approximate symmetric gradient is unique. The following theorem proves that
Eu is an L'-function.

Theorem 2.18. Let u € GBD(RY) . Then there exists a function Eu € L*(Q;M2X") such that (2.14) holds for

sym

L"-a.e. x € 2. Moreover for every & € R™\ {0} and for H" ' —a.e. y € I we have (see [{], Thm. 9.1)
(Eu)5¢ - € = Vi, (2.15)

Ll-a.e. on Qg

When (2 is an open set of finite perimeter and u € GBD(Q), it is possible to extend u to a vector field defined
on the whole of R™ which belongs to GBD(R"™). Before doing this, we need the following proposition concerning
an extension property of BV functions in one variable:

Proposition 2.19. Let E = Ui\il I, where I, = (ag, br) C R are open intervals (possibly unbounded) and
pairwise disjoint. If u € BV (E) then the function defined by:

o(t) i {u(t) ift e B,

0 otherwise.

belongs to BV (R). Moreover

M

Dv =Y "(u" (b)dy, — u"(ax)da,) + Du(E), (2.16)
k=0

where 6.y denotes the Dirac’s delta, and

M
Do = " (Ju (be)| + |w* (ax)]) + [Du|(E). (2.17)
k=0
Proof. 1t is a simple application of the theory of BV functions in one variable. O

Proposition 2.20. (Eztension of GBD functions) Let Q@ C R™ be an open set of finite perimeter (see [2],
Def. 8.85) and let u € GBD(Q). If we define:

(z) = {u(x) ifzeQ

0 otherwise,

then uw € GBD(R™). Moreover if we denote the reduced boundary of Q as FS), we have:

(a) Jy C Jy, UFQ;
(b) for every Borel set B C R™ and every £ € S*~! the following inequality holds true:

/ (IDESI(BS\ The) + HO(BE N TL)) dH™ ' (y) < fuu(B) + H' ' (FQNB),  (2.18)
i€ =y =y

where i, is the smallest measure relative to u that satisfies conditions (2.5) and (2.6) (see Rem. 2.8);
(c) the approzimate symmetric gradient of u is such that:

Eulr) = {Eu(x) if x € Q, (2.19)

0 otherwise.
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(d) if ue GSBD(Q) then uw € GSBD(R™).

Proof. First we show that (2.5) holds true. Fix £ € S*~! and 7 € 7. By (]2], Thm. 3.103) we have

Derw-I(B) = [ ID(r-©5) (B (2:20)
for any Borel set B C R", and

/ |D1¢ |(R) dy = |[Delg|(R™) < HHFQ) < 0. (2.21)
¢ Y

It follows that for H" '-a.e. y € II¢, Qg has finite perimeter. By the characterization of sets of finite perimeter

in R, we know that for those y € II¢, Qg is equivalent to a finite union of open pairwise disjoint intervals. Notice
that

T(w-§) =7(u-§la +7(0)Lae. (2.22)

Now for each y € II¢ such that |D1¢| < oo, we can apply Proposition 2.19 to the one dimensional sections
Y

t— T(ﬁg):ﬂ.gg + 7(0)1(90)27 and by using also (2.20) and the Coarea formula we have that:

Der(w-1(B) = | 1D(r(i) Lo + 7OV )|

< /HE (|DT(ﬁ§)|(Q§ QBS) + Z |T(a§(t))o§(t) —T(0)|> dy (2.23)

te FQ5NB;
< |Der(u-E|(BNQ) +H" Y (FQNB) < 1, (BNQ) +H"HFQNB),

for every Borel set B C R", where o(x) = sign(vrq(x) - €) and vrq denotes the measure theoretic inner unit
normal. Let 7 := fi, + H" "1 L FQ then

[Der(Lou - §)|(B) < n(B), (2.24)

for every 7 € T and for every ¢ € S*~!. This is exactly (2.5), and we deduce that u € GBD(R").

Point (a) can be deduced simply by Theorem 2.16.

To show estimate (2.18) it is enough to notice that the two definitions of GBD(f2) are equivalent (see
Def. 2.7).

Point (c) follows from the characterization of the symmetric approximate gradient given by the formula
(2.14).

Finally (d) follows from Proposition 2.19 using the same argument as above. O

Remark 2.21. Under the assumptions of Proposition 2.20 let F€2 be oriented by its measure theoretic inner
unit normal. Then the extended function w of the previous proposition, is such that u~ = 0 for H" '-a.e.
z € FC. Roughly speaking, u has almost everywhere zero trace from the complement of 2. Indeed we can
consider a finite measurable partition of F(2, say (Z'j)j-v:l. To each X; there exists an orthonormal basis of
R™ {&,..., &} such that v(z) - & # 0 for every x € X; and for every ¢ = 1,...,n (see Rem. 3.6). If we call
o(x) =sign(vrq(zx) - £), it is easy to see that for any i = 1,...,n, it holds

(@gi)—ag(t) (t) =0, for every t € J ¢, and for H e y € TI%, (2.25)
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Since F§ can be covered by countably many submanifold of dimension (n — 1) and class C!, using Theorem 2.11
and v(z) - & # 0, we can conclude

urq(z) =0 for H" 'ae z € X;. (2.26)
Because of the fact that (Ej)j»v:l is a measurable partition of F(2 we have
urq(r) =0 for H" -ae. z € FQ, (2.27)

which is the desired result.

3. INTEGRABILITY OF THE TRACE IN GBD({)

Given I' C Q countably (H"~!, n — 1)-rectifiable with finite measure (H"~}(T') < o) , we want to introduce
a family of functions (6%) cesn—1, 6¢ : R™ — R*, called one sectional distance, which will play a fundamental role
in the integrability of the trace of a GBD function. Before doing this, let us recall a property of rectifiable sets
with finite measure.

Remark 3.1. Let I' C R” be a countably (H"~!, n — 1)-rectifiable set with finite measure. Choose any £ € S"~!
then

0
H (Fi) < oo for a.e. y € TI°. (3.1)

This fact is a simple consequence of the Coarea formula applied to the projection map 7€ from R™ onto II¢
restricted on T

Definition 3.2. (One sectional distance) Let I' C R™ be a countably (H"~!,n — 1)-rectifiable set with finite
H"~! measure, and let £ € S"~1. Writing x € R™ as z = y + t£ (for (y,t) € I* x R), we define §5: R® — R* in
such a way that:

‘ti+1 — t1| Al ifl< HO(Fg) <ooandte (ti,ti+1)

1 otherwise,

0 (y + t£) ={

HO(TE
where (ti>i:1( v) are the elements of the set I‘g ordered so that t; < --- <t; < -+ < tHo(Fg).
E Yy

Proposition 3.3. Let I' C R™ be a countably (H™™', n — 1)-rectifiable set with finite measure, and choose
£ € S"7L. Then the function 65 of Definition 3.2 is L™-measurable.

Proof. By ([10], Thm. 3.2.29) T is contained in a countable union of C'* submanifolds of R" say (My)xen up to
a H" l-negligible set. If we define I'* := {x € T | vp(x) - € # 0} and M,f = {x € My, | var,(x) - € # 0}, where
vr(-) and vy, () are respectively an orientation of I" and of M}, in the sense of Definition 2.15, then

H T | M) =o0.
k

For each k, M, ,f can be covered by countably many n — 1 dimensional submanifolds of class C*, say (X ;)ien,
which are the graph of C*! functions, say (fx.;)ien, defined on some open subset of IT¢ (using Lindélof property and
the Implicit Function Theorem). Hence, possibly re-enumerating the (X ;) ijen2 as (Xi)ien (and respectively
the (fk,i)(k,i)€N2 as (fi)iEN)7 we have

H NI\ ) =0 (3.3)
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to be the one sectional distance relative to the rectifiable

fhiZ is £™-measurable for any (i1, 42). In this

For any couple of indices (i1,42) € N2, define Gfmé

set X;, U X,,. Suppose for a moment that we already know that 6
case we can define

05 . (y+18) if yers(TNE,)nas(Tn5,)

05, 4, (y + t€) = {1 (3.4)

otherwise.

Clearly éfhiz is £L"-measurable because the set 7¢(I'N Y;, ) N7 (0N Y;,) is H™ L-measurable and we use Fubini’s

theorem on the product space IT¢ x R (see [9], Sect. 1.4) to deduce that the set (75(I'N X5, ) Nas(T'NX;,)) xR
is L™-measurable. With (3.4) it is easy to see that

05(z) = inf 65 3.5

@) (z‘l,gl)aw .02 (%); (3.5)

for any x =y + £ such that (I'*)§ C ;2 (%)% Thanks to (3.3), the previous inclusion holds for H" '-a.e.
y € II¢, hence (3.5) holds for L"-a.e. x € R™. This gives that 6¢ is £L"-measurable.

Finally it remains to prove the measurability of 9§l7i2. It is enough to notice that on the set of point where

fil < fiz:

951(y+t§): |f2(y) fl(y)‘/\ 1 y€7r( 1)ﬂ’ﬂ'( 2) fl(y)< <f2(y) (36)
v 1 otherwise,
while on the set of points where f;; > fi,:
2\Y) = Ji Lif §(Z §(Z i i
9§1i2(y+t€):{|f2(y) Fa@IAL i yen(Ta) Nas(Z) s fuly) <t < fuly) 57)
7 1 otherwise.
O

Remark 3.4. The one sectional distance #¢ of a rectifiable set I' with finite H"”~! measure, has finite total
variation in the direction £. In fact it can be easily proved that:

| Det*|(R™) S/FIV(x)-i\d’H"’l(x) <H"HD). (3-8)

So given any countably (H"~!,n — 1)-rectifiable set I' C R™ with finite measure, by ([4], Thm. 5.1), we can talk
about the trace of 6% on the set {x € E | vg(z) - £ # 0}.

Definition 3.5. Let £ € S" ! and let 0 < L < 1.
We define the cone with axis ¢ and opening L as

C& L) :={x e R"\ {0} [ [€ - | > Lxl}.
We define the upper half cone with axis £ and opening L as:

CH(§, L) = {z e R"\ {0} | £ - = > Llal},
and analogously the lower half cone cone with axis £ and opening L as:

C (L) ={xeR*"\ {0} | £ -z < —L|x|}.
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Remark 3.6. Consider = := {&;,...,&,} an orthonormal basis of R™ and let  be a real number such that
0 < § < 1/y/n. Define:

C(&, 6):= ﬁ C(&, 1/v/n—-086) NSt (3.9)

i=1

Notice that C(Z,0) is open in the relative topology of S"~! and contains for example the vector Y i, &/v/n.
This means that the family A :={C(Z,6) | = orthonormal basis} is an open covering of S"~!, and so by
compactness we can always extract a finite subcovering from A.

We denote by N(d) the minimum number of elements of A that needs to cover S*~1. N(§) is a constant that
depends only on the dimension n and on 4.

Let us introduce the space of vector fields that jump on a prescribed set:

Definition 3.7. Let I' C Q be a countably (H"~!,n — 1)-rectifiable set with finite measure and let p > 1. We
define the following spaces:

GSBDE(Q) := {u € GSBD(Q) | u € LP(Q),Eu € LP(Q)}, (3.10)
GBD(Q;T) := {u € GBD(Q) | J, C T}, (3.11)
GSBDE(O;T) = {u € GSBDE(Q) | J, CT}. (3.12)

Remark 3.8. Actually one can show that GSBD} (€4;T) is a vector space, and that can be endowed with the
norm [|ull, + [[€ull,. Thanks to ([4], Thm. 11.3), GSBD}(Q; ') with this norm || - ||, is a Banach space.

Now we want to extend the notion of trace operator for an arbitrary open set of R™ having finite perimeter:

Definition 3.9. (Trace operator in GBD()). Let & C R™ be an open set of finite perimeter, and let u €
GBD(;T). We define the trace operator as:

Tr(u)(z) := ukq(z), for H* -ae. x € FQ, (3.13)
where u is the function extended to 0 outside of Q given in Proposition 2.20, and the trace from above u™ is

considered with respect to the inner measure theoretic unit normal vzq of the reduced boundary FSQ.
Moreover in order to simplify the notation, when there is no misunderstanding, we simply write:

it (2) ifexel,
utle) = {Tl;(u)(x) if x € FQ, (3.14)
and:
R A o

Remark 3.10 (Coincidence of Trace). When € is a Lipschitz-regular domain, our definition of trace coincides
with the usual one in the space BD().

First of all in this case, the reduced boundary F coincides with the topological one. Moreover on the space
of regular functions up to the boundary, our definition coincides with the restriction operator on 9€). Then using
a density argument together with identities (5.3) and (5.5) in [4], we deduce the coincidence of our notion of
trace with the usual one in BD(Q).
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Now we are in position to prove our main results about the integrability of the trace in GBD(Q;T') and
GSBDJ(;T). As mentioned in the introduction, we will consider the trace on F( and both traces u® on T.
We decide to split our results into two theorems, the first concerns the case GBD:

Theorem 3.11. (Trace inequality in GBD(Q)). Let Q@ C R™ be an open set of finite perimeter, and let T C Q
be a countably (H"t, n — 1)-rectifiable set, with H"~*(T') < oo and oriented by v. Then there exist two H™ 1-
measurable functions OF : T'U FQ — R depending only on the geometry of T, its orientation v, and on Q,
such that denoting with u* the traces of u according to Definition 3.9 , we have

(a) H" 71 ({©F =0}) =0 and ©F € L®(D UFQ, H" 1) (in particular |©0F || < 1);
(b) For every u € GBD(;T) N LY (Q,R™) we have:

/F r [u® (2)|0F (2)dH" ! (z) < C(n) (,&u(Q\Ju)+ /Q |u(:v)|dx). (3.16)

Proof. Let u € GBD(R™;T'U FQ) be the function extended to 0 outside of 2 as in Proposition 2.20. In order
to simplify the notation, we write I' to denote I' U F(2, and v to denote the orientation that coincides with the
given orientation v on T, and with vrq on F€. By our definition of u* (Def. 3.9) and by Proposition 2.20 (in
particular point (b) tells us that fi, < fi, + H" 'L FQ), (3.16) can be rewritten as:

[ lale* @t < e (@ 2+ [ juolas ). (3.17)

n

So let us prove (3.17) for any function in the space GBD(R™;T' U FQ).

Consider A the covering of S”~! of Remark 3.6 and by compactness define (C (Z%, (5))?,:({5 ) to be a subcovering
of A. If we define for any i =1,..., N, I'; := v=(C(5;,6)) then (I';)XL, is a finite measurable covering of T'.
By definition of A, for any £ € =; and for every x € I';, we have | - v(z)| > 1/4/n — 4.

Now we fix 7 and & € =;. We write the generic point € R" as (y,t) € II¢ x R, and from now on we will work
on the set of points y € 7¢(I";) such that Q;’; € BVioe(R) and HO(I') < oo; from the Definition 2.7 of GBD and
Remark 3.1 we already know that "' almost all of 3 have these properties.

0(¢
We call (tk)?::ir”) the point of the slicing F§ ordered such that tj < tx41 for any k.

Let ¢ : E — RJ; be the one sectional distance introduced in Definition 3.2. Thanks to Remark 3.4, for z € T’
we can consider #¢" (x) the trace respectively from above and from below on I';.

By Theorem 2.16:

u(y+18) - & = (@) (1) if t € (1)} and v(z) - € >0, (3.18)
and
ut(y+t€) - €= (a5)"(t) if t € (I')5 and v(z) - £ < 0. (3.19)

Since ¢ has been fixed, in order to simplify the notation, we omit the dependence on ¢ and write F;-" =
DiN{v-€>0}and T :=T;N{r-&<0}. Let’s focus for example on the set I';:

t
a5 () — (@) (tk) = /t dDi, for t; € (1) and t), <t <ty (3.20)
k
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Now at fixed y € 78(I'j") we can integrate again on t € (tx, tr41) to get

tht1 tha1
(s — IG5 ()] < (Fips — ) / 4D + / 1 (1)),
tr tr (321)

for t;, € (I‘+) , and tgp1 —tp < 1,

and

1+t 14+t
(@) ()] < / " || + / g ()] dt,
th tr (3.22)

for t, € (Fi ) , and tgq1 —t > 1.

Using the fact that 05" s equal to tx11 — t or 1 on the set {y +t& | tx, <t < tgy1}, we sum on ty € (Fj)g to
get

to0sT (y+tr€) t5 405" (y+tid)
/ D+ [ 5500 )

tr tr

S 1" O+ 14) <Z(

ty

(3.23)
tr05" (y+t18)

< |D@|(R\ J;, +Z/ |5 (t)] dt.

The first term in the left hand side of (3.23) is a measurable function of y. In fact thanks to Theorem 2.16,
(@g)*(tk) is the trace on I'j" of u - £ hence H"~*-measurable, and 65" is H"L-measurable as well because trace

of a measurable function. Then approximating |u™ - £ |9£+ by simple functions (s.,)5°_, and applying the Coarea
formula with the projection map 7€ on Fj, we have in particular that the maps:

ye oy

tee(T)§

are H"~l-measurable for every m € N, hence we deduce directly that the term in the left hand-side of (3.23) is
H"L-measurable.
The term |Dug (R Jﬁg) is a measurable function of y just by definition of GBD, while the last term in the

right hand-side of (3.23) is a measurable function of y once we show that the set:

A = {(y,t) € TE(TF) X R | 1y, < £ <ty + 05 (y+ 148), ti € (T7)S ),

?

is L"-measurable. To show this, we notice that since I' € {x € T | v(x) - £ # 0}, then using the characteri-
zation of rectifiable set (as explained in Prop. 3.3), H" !-almost all of I‘+ can be covered by countably many
submanifolds of class C! say (X;)° 520, which are graphs of C! functions ( fj )% 52 defined on some open subset of

II€. Clearly if we call Az{j the set of points (y,t) € TI¢ x R such that :

yent(2;NTF) and fi(y) <t < fi(y) + 65 (y+ f;(n)€),

then Af; is L™-measurable, simply because both maps appearing in the left hand side and in the right hand
side of the previous inequality are restriction of H"!-measurable functions on a H"~!-measurable set. Finally



16 E. TASSO

we notice that:
n AL ] AET _
LMAS AJAS)) =
j=0

and we are done.
So we can consider the integral on 7 (I')") on both sides of (3.23). By Theorem 2.16 J ¢ = (J§)§ for a.e. y.

Since (Jg)g nr; = (Ju)g NT;, after integration we have:

/ Pl w08 dy < [ IDASIR () dy
Tri(rﬂ T & (0F)
> te+0ST (y+n€) (3.24)
-/ ( / uly +16)| dt) d
& (TF) t, Ytk
Analogously we have the same inequality on the set where {v - £ < 0}:
/ ST @010 -+ 06 o < / DI ()5) du+ | @i g

Summing the two inequalities (3.24) and (3.25), by the relations between the trace of the function and the trace
of its slicing (2.12) and (2.13), we have:

HO((T9)5)
/ STty ) €657 (y + 146 dy < 2 / IDESI(R\ (1)) dy +2 / lu(z)| dz.  (3.26)
T s i :

Finally Coarea formula on the rectifiable set I'; applied to the projection 7¢ with the fact that |v(z) - &| >
1/y/n — §, allows us to write:

l‘ﬂ / () - €657 (2) dH (o / (@) - €] (e) - €67 () dH" (a)

HO((T9)5)

=/ ( >, |ﬁ§(tk)|9£+(y7tk)) dy < 2/ ID@fjl(R\(Ju)i)der?/ |u(x)|dz (3.27)
& (T5) ¢ & (Ts) B R™
tre(T)y
< 270, (740 X BIVL) +2 [ Jufa)ld,
Repeating the same argument for every {; € =; we may write:
/ > lut(@) - 169 (2) dH" ! (@)
T §J€~'
2n3/2
<
< 2 Y (O ) xRV + e [ o) s (3.28)

5] E€Z;

< % (ﬂu(R” \ Ju) + /]R u(@)] dx)-
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Now define ©1: I'; - RT as:
+
0T (z) :=min {#% (2) | & € 5;} for x € T. (3.29)

By construction for each j = 1,...,n the functions 65 are strictly greater then zero H" '-a.e. on I';, hence
OF(x) > 0 for H" l-a.e. 2 € T; and this gives (b). So by inequality (3.28) and the definition of ©F we can write

) 3/2
[t @0 @) 0w < 17 (B \ 2+ [ o] az) (3.30)
Now summing the last inequality (3.30) for every i, together with the choice § = 1/(2y/n), we get:
Jlr@ler @) anw -t < an¥ 281 2v) (uE L)+ [ o) de ). (331
F n

which is (3.17) for u™. Defining ©~: I'; — R* as
O~ (z) :=min {#% () | & € 5;} for x € T, (3.32)
using the same argument we can prove (a) for ©~ and (3.16) for u~, and we conclude. O

The following is analogous of Theorem 3.11 in the case GSBD}:

Theorem 3.12. (Trace inequality in GSBDE(RQ)). Let Q and T' be as in Theorem 3.11. Then there exist two
H" L -measurable functions ©F : T'U FQ — RT depending only on the geometry of I', its orientation v, and on
Q, such that denoting with u* the traces of u according to Definition 3.9 , we have

(a) H*1({0F =0}) =0 and ©F € LT U FQ,H™ 1) (in particular |0F ||o < 1);
(b) For every u € GSBD)(S;T) (p > 1) we have:

/ lutPOE dH" 1 < C’(n,p)(/ |5u|de+/ ulP d:c), (3.33)
TUFQ Q Q

where C(n,p) is a constant depending only on n and p;
(c) Let p* =np/(n—p) (1> p < n) be the usual critical Sobolev exponent, then we have:

/ w5 o A < C’(n,p)< / EulP da + / Juf”” d:c), (3.34)
rUFQ @ @

for every uw € GSBDE(Q;T) N LP*(Q).

Proof. Let u € GBD(R™;T'U FQ) be the function extended to 0 outside of 2 as in Proposition 2.20. In order
to simplify the notation, we write I' to denote I' U F(2, and v to denote the orientation that coincides with the
given orientation v on I', and with vrq on FQ. By our definition of u® (see Def. 3.9) and by Proposition 2.20,
(3.33) and (3.34), can be rewritten as:

/ W PO* ! < C(n, p)( / EulPda + / luf? dz), (3.35)
T R Rn

and

/ |5 e an! < O, p)( / Eul? dz+ / uf” dx>. (3.36)
T R™ Rn
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We argue similarly to the proof of Theorem 3.11: consider (I';))Y.; the partition of ' given in Theorem 3.11,
and let =; be the orthonormal basis of R™ associated to I';. Fix ¢ and £ € =;.

From now on we will work on the points y € 7¢(I';) such that @, € SBVjoc(R) and HO(I‘E) < oo; from the
Definition 2.9 of GSBD and Remark 3.1 we already know that H"™~ 1—ahrnost all of y have these properties.

We call (tk)kzg ) the points of the slicing Fg ordered such that t; <ty for any k. Let 6¢: E — R* be the

one sectional distance introduced in Definition 3.2. For 2 € T let 65~ (z) to be the trace of #¢ according to v.
Now we work on I';. By Theorem 2.16

ut(y+t€) - &= (@5)T(t) if t € (Ty)5 and v(z) - £ > 0, (3.37)
and
ut(y+18) - &= (@) (t) if t € (Ty)5 and v(x) - € < 0. (3.38)

Since ¢ has been fixed, in order to simplify the notation, we omit the dependence on £ and write I’j =
Lin{v-£>0}and I'; :=T;N{v-£ < 0}. Let’s focus for example on the set I';":

f(t) F(tr) / vid r)dr, for t; € (F+) and t <t < tp41, (3.39)

passing to the modulus and raising to the power p:

tht1
[@5)* (tr) P < 277 (thgr — tk)pfl/ Vs ()P dr 4207 &g (¢)[7,
te (3.40)

for tp € (IF)§ and t), <t < tgy1.

The same holds true for |(4)~| on the set T'; . Notice that by Theorem 2.18 Va§(t) = Eu(y + t€)& - € for "1
a.e. y € I1¢ and H'-ae. t € (25 So exactly as in Theorem 3.11, at fixed y we can integrate on t € (tk,tx+1) SO

that we don’t touch points of the slicing (T'; )5 then we integrate with respect to y € 7*(I';) and we use Coarea
formula with the fact that |v-&| > 1/v/n — 5

1—+/nd HAT)
— /N + +
Lov0 [t () o () amn < §j ot 16) - €765 (3, 1) dy
(3.41)
4 . P
<2 /ﬂi(m (/leu(yﬂé)& él dt) dy

+2p/ |u(z)|P de.

Summing (3.41) for every &; € =; we get:

[ X wrgpe e scwn S [ ([l op ) d

7{6”' Eje

n

<ot [ lewor aes [t as).

+ C(n,p)/ lu(z)[P da (3.42)
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Now define for every i = 1,..., N (where N is the dimensional constant introduced in Rem. 3.6), exactly as
in (3.29):

O (x) := min {953'+ (x) | & € 5} forz €Ty, (3.43)
so that (3.35) holds for u™. Now (a) follows exactly as in Theorem 3.11. Analogously by defining

O (z):=min{#% (z) | { € 5;} for z € Ty, (3.44)
we can prove (a) for ©~ and (3.35) for the trace from below u~.

To prove (3.36) fix i and £ € =;. Then we notice that for H" !-a.e. y € II¢ we have all the properties mentioned
in the first lines of this proof and moreover that @5 € LP*(R), V@g € LP(R). Then we elevate the one dimensional

sections Qg to the power p(n — 1)/(n — p) and we notice that for H" 1-a.e. y we have gg € Wl’p((tk, tk+1)) S0
by means of the chain rule formula we get

n—p
bt p(n—1)
[ g (3.45)

tk

A p(n—1) n—1) [t pn—1) 4 _
(s — 0@ ()| 55 < (1 — ) 2= [ s i) a
L

for tx € ()}, and tx — t <1,

and
A po-n) _ p(n—1) [T pn=1) _q
(@) ()] < ?/ a5, (r)| 7 Vs ()| dr
p tr
1+tg
N p(n—1) 3.46
[ s at (3.46)
k

for ty € (Fj’)i, and tg41 —tr > 1,

Holder’s inequality with exponents p/(p — 1) and p, and then Young’s inequality with the same exponents yield

to:
trkt1
[ s
tr

p—

p(n=1) ;1 tht1 N Tl tht1 %
1 vag ()] dr < < / 1 ()P dr) ( / Vil ()P dr)

L tr

N ’ e (3.47)
<P [T mr are s [ vas e an

p tr tr

Now we first integrate on the interval (¢, tx+1) both inequalities (3.45) and (3.46) using also (3.47), and then
we integrate with respect to y € II¢. Finally we can conclude exactly as before, getting (3.36) for u*. The same
argument works for 4~ and we conclude. O

Definition 3.13. Given I' C R™ a countably (H"~!,n — 1)-rectifiable set oriented by v, we say that I' satisfies
the cone condition, if there exist 0 < 7 <1, 0 < L < 1, and two H™ '-measurable maps n*: T' — S*~1, such
that for every x € I we have

{z+CT(n*(x),L)} N B.(z)NT =0, (3.48)
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and
{z+C (0 (x),L)} NBy(z)NT = 0. (3.49)

Remark 3.14. For example if I" is the boundary of some Lipschitz-regular domain {2 C R" then it satisfies the
cone condition.

Proposition 3.15. (Trace inequality with no weights). Let Q and T be as in Theorem 3.11. Suppose that T'U FQ
satisfies the cone condition with parameters r and L (see Def. 3.13), then we have:

(a) If w € GBD(;T) N LYQ) then u* € LYT U FQ,H" 1), and moreover there exists a constant
C(n,L,7)>0 such that:

/Fum lut| AH" ' < C(n, L, 7) <ﬂu(ﬂ \ Ju) + /Q Ju| dx> (3.50)

(b) If w € GSBDR(:T) (p > 1) then u* € LP(I'U FQ,H"'), and moreover there exists a constant
C(n,L,7r,p) > 0 such that:

/ P dHL < C’(n,L,r,p)</ Eul? de +/ jul? dz) (3.51)
TUFQ Q Q

Proof. We prove (a). The proof of (b) is similar.

Let w € GBD(R™;T'U FQ) be the function extended to 0 outside of © as in Proposition 2.20. In order to
simplify the notation, we write I' to denote I' U F€2, and v to denote the orientation that coincides with the
given orientation v on I', and with vrq on FQ. By our definition of u* (see Def. 3.9) and by Proposition 2.20,
(3.50) and (3.51), can be rewritten as:

Lmﬂ dH™ ' < C(n,L,7) <ﬂu(R" \ Ju) +/n |ul dx>, (3.52)

and

/\gi|p dH™ ! < C”(n,L,T,p)(/ |EulP d:E+/ |u|P dx>. (3.53)
r R" R"

We prove (3.52), the proof of (3.53) is similar. Let us focus on the trace from above u™: first notice that if z € T’
admits an approximate tangent space', say Tan(z,T'), then it must lies on the set of points y € R"\C*(n*(z), L):
this is simply because by definition of approximate tangent space?:

H L (F;x) — H"" ' Tan(z,T) as A — 0T,

weakly in the sense of measure, i.e. tested against every continuous functions with compact support in R"™;
by our hypothesis for every A > 0, 152 N C*(n*(z), L) N B,/5(0) = (), and this means that the limit measure
H"~ 1L Tan(z,T') has support disjoint from the open set CT(n*(z), L).

Thus we have the uniform bound on the scalar product:

v(z)-nt(z) > m, for every z € T. (3.54)

TBy ([11], Thm. 5.4.5) H" !-a.e. x € I’ admits an approximate tangent space.
2See ([11], Def. 5.4.4) for the definition of approximate tangent space.
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Now consider € > 0 small enough such that (L +1)/2—¢> L and € < VI-L(VI+L-1) VQHH By compactness we can
find a finite covering of S"~!, made of closed balls of radius €/2, say (Bl-)gvz(f). Define for each i = 1,..., N(e),
T; :=nt '(B;), then T C U, i For every I'; # 0 (i = 1,..., N(e)) choose x; € I'; and define n;" := n™(z;). We
claim that:

{z+CT(nf,(L+1)/2)} N B.(x)NT =0, for every z € T;. (3.55)

In order to show (3.55) it is enough to notice that if y € 2 +C*(n;", (L +1)/2) then by using (L +1)/2—¢ > L,
we have:

(@) (y =) =" (y—2)+ (@) —n) - (y—2)| > 0" - (y — 2)| = ely — |
> (L;fl_e>y_x| (3.56)

> Lly — x|,

which implies y € z + C*(n*(z), L) N B,(x) and proves the claim.
Now we work on I';. Consider a basis of R", say =; := {{1,...,&,}, such that:

& eCt(nf (L+1)/2), forevery j=1,...,n. (3.57)
Notice that by the fact € < VI-L(vi+L-1) W we have:

v(z) & =v(@)- (& —n) +v(@) - (0 —nf (@) +v@) 0 (@)

> g ) ek VI 12
>—V1—-L—-e+V1-12

VI—L(WV1+L-1)
2

Now proceeding exactly as in the proof of Theorem 3.11 we have for every §; € =;

/ S 1@5 ) (t)16S (y + 1) dy < D& [(R\ (Ju)57) dy

4 (renfv-g,>0)) 4 sz (N {v-€;>0))
+ ) lute) d.
Fi xR

Using (3.55) we have that 65 (z) > r for every &; € Z; and every z € I';. In fact, since {; € C*(n;7, (L +1)/2),

if for some x =y +t§; € I; it holds 05 () < r, by the definition of #% (-) it means that there exists a point
T =1y +t& € I' such that 0 <t —1% < r, hence

(3.58)

te{z+Ct(nf,(L+1)/2)} N B,(z)NT,

which is a contradiction with (3.55).
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So by means of Coarea Formula applied to 7& on the set T';, we can write:

T‘Vl 7L(\/21+L7 ].) /FI |g+($) é’]‘ df}_[nfl

(x)
(3.59)
<

DS |(R\ (Ju)§) dy + / lu(z)| da.

/Trﬁa' (Tin{v-£;>0}) I; xR

Summing the inequalities (3.59) for every &; € =; we get

[ X w6 an @) < o) (@) +

15)‘651' iXR

lu(z) |dx> . (3.60)
Now call A; € M™*"(R"), the matrix whose j-th columns is composed by the vector {; € =;. Then we have:

S ut(a) 6] > ( Yt (@) _£j|2)2 > @l (3.61)

— =T
§jEE; §iES; ||Az ||M"X"

So finally we can write:

/F |u* ()] dH" " (z) < C"(n, L, ) (ﬂu(R" \ Ju) + /]R u(a)] dx), (3.62)

where C”(n, L, r) is a constant which depends only on n, L, r. Analogously we have the same inequality for |u ™|,
so that by summing on ¢ = 1,..., N(n) we obtain:

/F ()| dH () < C(n, L, 1) (ﬂu(R"\Ju)+ / |u(x)da:>, (3.63)

n

which concludes the proof. [

Remark 3.16. A particular case of Theorem 3.12 and of point (b) of Proposition 3.15 is when u €
GSBVY(; )" (p > 1). By definition every u € GSBVP(2)" is a vector field in LP(2,R") whose approximate
gradient Vu belongs to € LP(Q,M™*™). Therefore GSBV,P(Q; )" C GSBD;(;T). In particular Theorem 3.12
and point (b) of Corollary 3.15 apply to GSBVP(€;T')" with u replaced by Vu.

An alternative way to obtain a trace estimate without weight on FQ UT is to consider a suitable weight W
defined on €2 as explained in the next theorem:

Theorem 3.17. Let Q and I’ be as in Theorem 3.11. Then there exists an L™-measurable function ¥ : Q — RT
depending only on the geometry of T, its orientation v, and on €, such that denoting with u* the traces of u
according to Definition 3.9, we have:

(a) The function ¥ € L} (). In particular:

loc

/ ¥ dz < C(n) (H"—l(r N B) +2H" 1 (9B) + £”(B)>, (3.64)
B

for every ball B C Q.
(b) The following inclusions hold true:
(i) GBD(Q:T) N LY(Q, L") € BD(T) and

/wm [u™| dH" " < C(n) <ﬂu(Q\Ju) + /Q |ul \I/dm); (3.65)
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(ii) GSBDH(Q; 1) N LP(Q,WL") C SBDH(;T) (p > 1) and

/ lut [P dH" 1 < C(n,p)(/ |EulP dx—l—/ |u|P \Ildac>. (3.66)
TUFQ Q Q

(¢c) Given p <n let p* =np/(n — p) be the usual critical Sobolev exponent, and consider u € GSBD(;T) N

p(n—1)

P (Q)NL »=» (Q,¥L"). Then:

/ ut P gyl < C(n,p)(/ |Eul? dx—i—/ u
TuFQ Q Q

(d) If TUFQ satisfies the cone condition (see Def. 3.13), then ¥ can be chosen equal to 1.
(e) If T is such that:

B wde 4+ / Jul?” dx). (3.67)
Q

/ U7dz < oo, for some v > 1, (3.68)
Q

then we have GBD(;T) N L7=1(Q) € BD(T) and GSBD?(Q;T) N L5-1(Q2) € SBDR(;T).

Remark 3.18. If Q C R™ is a Lipschitz-regular bounded domain, and T' = (), then clearly FQ(= 02) satisfies
the cone condition. Thanks to point (d) of the previous theorem, esssup,cq ¥ < 0o, therefore (3.67) becomes:

/ (Tr(u)| 55 dH™1 < C(n, p,F,Q)( / Eul? o+ / uf dm). (3.69)
Ely) Q Q
Moreover one can prove that on the open set {2 holds true a Sobolev-like inequality of the form:

[ullp- < C(n,p, T, Q) (1€ullp + [ullp)- (3.70)

p(n—1)

This last inequality, together with (3.69), proves the L™ n—» (9Q, H"~!)-integrability of the trace of u, which is
the usual critical exponent for the trace of Sobolev functions in W1?().

Proof. (Thm. 3.17) Let w € GBD(R™;T'UFQ) be the function extended to 0 outside of § as in proposition 2.20.
In order to simplify the notation, we write I' to denote I' U F€2, and v to denote the orientation that coincides
with the given orientation v on I', and with vzq on F(Q.

By following the proofs of Theorem 3.11 and 3.12, thanks to our definitions of u* and by Proposition 2.20,
we can prove the analogous of inequalities (3.65), (3.66), and (3.67) for the function wu.

We first prove (a) and (b): consider A the covering of S"~! as in Remark 3.6 and by compactness we consider
a subcovering (C(Z;,6))Y,. If we define for any i = 1,...,N, I'; := v~ 1(C(Z;,9)) then (I';)X, is a finite
measurable cover of I'. Note that by definition of the covering A, for any ¢ € =; we have | -v(z)| > 1/v/n— 9§
for every x € T';.

Now we fix 7 and & € Z;. We write the generic point z € R"™ as y + t£ where (y,t) € II¢ x R, and from now on
we will work on the set of points y € 7¢(T;) such that @i € BVjoe(R) and 7—[0(1"5) < 005 from the Definition 2.7
of GBD and Remark 3.1 we already know that H"~! almost all of y have these properties.

o(é
We call (tk);::gpy) the point of the slicing I' ordered such that t; < tg41 for any k.
Since ¢ has been fixed, in order to simplify the notation, we omit the dependence on ¢ and write T'j" :=
Lin{v-¢€>0} and I :=T; N{r-& < 0}. Let’s focus for example on the set I';. Proceeding exactly as in
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Theorem 3.11, we have for H" l-a.e. y € n¢(I'})

tht1 trt+1
quww@ﬁmnsmﬂ—m/ dm%H/’|%mMu
tr tr (371)

for t;, € (rj)j, and ty1 — tx < 1,

and

1 1
wﬁmws/ﬂ%wﬁu/+ﬁﬁmMu
- 123 e 123 e (3'72)

for t € (IF)5, and te — tx > L.

Since 6¢ coincides with ¢4 1 — t; or 1 on the set {y +t£ | ¢, < t < tj41}, we can divide both sides of the previous
inequality by #¢ and then we sum on ¢ € (F;“)i to get

- te 40" (y+x) ¢ k0 (y+iad) \ftf,(t)l
. < DA - g7
%:I(@y) (tr)| < ; (/tk d| ﬂy“’/ 95(y+tf)dt>

tr
o ’ (3.73)
B0 (i) 1S (¢)|

¢ i
< |Dag|(R\ Jge) +Z/ 795(1/“5)(11&.

The term in the left hand-side, and the last two addends on the right hand-side of (3.73) are measurable functions
of y (as explained in the proof of Thm. 3.11). By Theorem 2.16 J,« = (JS)% for a.e. y. Since (JS)S Nnr; =
a u/ u/y

(Jl)f/ N T, by integrating over 7¢(I';") we get:

t dy</ DaS|(R\ (J,)5) dy
L, SN @l s [ 1D85IE ()

ti+05 " (y+tid) "
+/ ( / lu(y + t€)| dt) dy.
s (0F) t

A 0% (y + )
Again by arguing as in the proof of Theorem 3.11, we find the same inequality on the set I';, then by means of
the Coarea formula on the rectifiable set I'; applied to the projection 7¢, and by summing on every directions
in Zj, we get:

(3.74)

tee(T)§

/n Iu+(x>|dHn1(x)<C(n)< W(R™\ J,) / 3 I% ) (375)

§iEE:
Now define %, ¥ : R® — R* as:

N(n)

Ul(z) == Z_ efjl(x) and U (z Z U(z (3.76)
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To prove (a) it is enough to notice that for each ¢ € S*~! and for each ball B C R™ we have:

1 1
— dx :/ </ _ dt) d
/B 0 () \JBg 05(y +t§) Y

B /71'5(3) < Z ;gzr;+tt§’f)> W (3.77)

tLe((CNB)UIB)S
g/ <H°((rm3)§)+2+%1(35)> dy
w&(B)

<H"HT'NB)+2H" *(0B) + L™(B).

Hence ¥ € L}, (). By summing on i = 1,..., N(n) inequality (3.75) becomes:

loc

[l o) < ) (@A) + [ lu(o)] ) ). (79)

Analogously we can prove the same inequality for the trace from below:

[l @) 4 ) < ) (@ )+ [ o) vl ). (3.79)

n

Thanks to Proposition 2.20, (3.78) and (3.79) are exactly (3.65). In particular this means that the jump function
[u](x) = ut(z) — u~(z) belongs to L'(J,,H" 1), and as a consequence that u € BD(f2) (see Rem. 2.17).

In order to pass to the LP-norm in (3.66), we can proceed as in the proof of Theorem 3.12. Then by arguing
as in the previous proof of inequality (3.65), we get also (ii) of point (b).

To prove (c) fix i and ¢ € Z;. Notice that for H" !-a.e. y € m*(T;) we have all the properties mentioned in
the first lines of this proof and moreover @5 € LP*(R), VQ§ € LP(R). So we elevate the one dimensional sections
@g to the power p(n — 1)/(n — p) and we notice that for H" l-a.e. y we have @5 € WP ((tg, tp41)). Thus by
means of the chain rule formula we get:

. p(n—1) pln—1) [T+ pn—1) 4 _
(s = )| @5)* ()] 55" < (11 — )P [ 0] 519 0]
=

tht1 p(n—
[ s (3.80)
tr

Y

for t), € (Fj)j, and tyoq —tp < 1,

and:

A pn=n) _ p(n—1) [P pn=1) | _
|(H§)+(tk)\ nr < Thep |@§(7’)| n=p |VM§(7”)| dr
tr

1+t
N p(n—1) 3.81
[ g 6 (351

tr

for t;, € (I‘j)i, and tg41 —tp > 1,
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Holder’s inequality with exponents p/(p — 1) and p, and then Young’s inequality with the same exponents yields
to:

P

ki1 'S P(” 1)_1 et N3 p* ;1 tit1 £ » %
/t 128 () |Vu<>|dr§(/t 14 (r) dr) (/ Vil (r) dr)

-1 tht1 . 1 tht1
<Pz |5, (r) [P dr+4:/ |Vas,(r)|P dr,
p t p tr

(3.82)

First we can use inequality (3.82) to estimate the first term in the right hand side of (3.80) and of (3.81), then
we can argue in the same way as in the proof of (b) in order to get (c).
The proof of (d) is similar to the one of Theorem 3.15 always starting from inequalities (3.71) and (3.72).
Finally we prove (e). It is enough to apply Holder inequality with the two conjugate exponents vy and v/(y—1)
to the integrals on the right hand side of (3.65) and of (3.66), respectively. O

Remark 3.19. Under hypothesis of Theorem (3.17) inequalities (3.66), (3.67), statements (3.17) and (3.17),
hold true in GSBVP(Q;I')" with the full approximate gradient instead of the symmetric one as specified in
Remark 3.16.

4. CONVERGENCE OF TRACE IN MEASURE

This section is devoted to prove a fundamental result about the continuity of the trace operator. We will
show that the trace operator acting on the space GSBD} (©;T), is continuous in measure with respect to the
notion of convergence (4.15). This result, together with our previous trace inequalities, allow us to deduce the
continuity properties of the trace cited so far in the introduction.

For convenience of the reader, we remind the notion of convergence in measure:

Definition 4.1. (Convergence in measure). Let p € MZ'(IR") a bounded positive Radon measure. Consider
(vi)ien vi: R™ — R a sequence of p-measurable functions and let v: R™ — R be a y-measurable function. Then
the v; converge to v in p-measure, if for any € > 0 and § > 0 there exists an index ¢ € N such that:

p({z € R | jvi(z) —v(z)| > €}) <6, Vi>i. (4.1)

Remark 4.2. If v; converge to v in measure, then there exists a subsequence v;, that converges to v pointwise
p-a.e. Moreover if y € M;(R") is concentrated on A, and (A;) ey is a p-measurable covering of A, in order to
check the convergence in measure, it is enough to check the convergence in measure of the v; L A; to vL A;, for
each 7 =1,2,....

Now we introduce the notation for the truncation functions:

Definition 4.3. (Truncated function). Let a, b be two real numbers. Define 0,,,0%: R — R to be the truncation
function from below at level a, respectively from above at level b, as:

%&%:{a# t<a (#@%:{t# t<b 42)

tif t>a, bif t>b.
Define o%: R — R to be the truncation function from below and above at level a and b (a < b), as

aif t<a
ol(t):=<Stif a<t<b, (4.3)
bif t>b.
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Proposition 4.4. Let u € M;‘(R”) be a bounded positive Radon measure. Let (vj)jen, v;: R™ = R, be a
sequence of p-measurable functions and let v: R™ — R be a p-measurable function. Suppose that for any a < b
holds:

ol (v;) — ol (v) for j — oo, weakly* in L=°(R", ). (4.4)

Then the v; converge to v in measure.

Proof. First of all fix two positive parameters € and § as in Definition 4.1. Then find M > 0 big enough such
that u(R™\ {—M < v < M}) < §/2 (this is possible because 1 is a finite measure). To simplify the notation
we write Vi == {-M <v < M}.

Let ~ := min {%, 5}, where ¢ = W, and consider a partition of [—M, M) made of intervals of the form
[ti,tit1), such that t;41 —¢; =, for any i = 1,...,2M /vy (we may suppose that M = - N where N is a
sufficiently large natural number).

Define for any i the set A; := v~ 1([t;,t;11)) and #; := (t;11 + t;)/2 the middle point between t; and t; ;.
Notice that by triangular inequality and by recalling that v < e:

i} oM
{lv; —v| > ey N4 C{v; — L] > %}mAi fori=1,...., == and jEN. (4.5)
This means that:
2M/~ .
p({les = ol > O Var) £ 37 u{loy I > 510 A)
=t (4.6)

2M/y
= Z |:/j,<{’l}j —Ei > %} ﬁAl) +/.L({1}j —ii < —g} ﬂAl) .

For every i, let us introduce the function:

i —{1 if v; —1; > & (4.7)
€ _ _
%(’Uj—ti) ifOS’Uj—ti<§.

For every ¢ and j we have:

bl (2 —%
2oz, (5 (@) t], Ve € R™. (4.8)

Ly, —7i5ep23 () < .

We claim that for every i = 1,...,2M/~, there exists a j(i) € N (depending on i) such that for any j > j(i):

: du() < cop(Ay), (4.9)

/ 20or /2 (v (w)) — T
A;
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where ¢ = m . In fact using the hypothesis of weak convergence at any level of truncation we can write:
71', e/2 T
. 2oz "/ (v;(x) ~ 1]
lim sup : dp(z)
j—oo J A, €
2007 " (03 (@) = 07T (0(@))]
= lim sup (/ : : dp(z)
N c
= 5_11/2 ) (4.10)
203 " (v(x)) — 1]
+ : dp(z)
A €
207" (v(a) ~ 1]
<] =t dpu(x) < 2 () < cop(Ay).
Now define:
J=max{j(i) | i=1,...,2M/~}, (4.11)
hence the following estimate holds true:
2M /~ 2M /v
- € n 5 . ~
> u{v —t > SHNA) < > edu(A) < eop(R™) = T Vizi (4.12)
i=1 i=1
Analogously we repeat the same argument for the other addends of (4.6). So finally we have:
p({lv; —v| > €N Vi) <6/2. (4.13)
By using (4.13) and by the definition of M, for any j > j we get:
u({lv; — ol > e}) = u({lv; — vl > e} N Var) + p({lv; — v > €} \ Vi)
1)
< S H(R\ Vi) (4.14)
0o 0
<24%_5
-2 + 2 ’
obtaining the desired estimate. O

In the case of vector fields having bounded deformation there is a notion of convergence analogous to the one
given in the introduction in the SBV context®. As we mentioned so far, this notion of convergence is useful in
order to ensure the compactness for suitable minimizing sequences in several minimization problems that come
out in the framework of variational models for fracture mechanics.

When we will speak about continuity of the traces, we will always refer to the following notion of convergence:

Definition 4.5. Let (u;);en be a sequence in GSBDb(Q2), and let v € GSBDE (). We say that the sequence
(u;); converges to u if and only if there exists a constant C' > 0 such that the following three conditions hold
true:

sup; (Huznp + ngin + Hn_l(Jui)) <C
w; — win LY(Q), as i — oo (4.15)
Eu; — Eu weakly in LY(Q), as i — oo.

3See Section 1.
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Definition 4.6. If I is a countably (H" !, n — 1)-rectifiable set with orientation v, for every ¢ € S*~! we define
the set T¢ := {z € T | v(z) - € £ 0}.

We are now in position to prove our result about the convergence of traces in measure.

Theorem 4.7. (Convergence in measure). Let Q C R™ be an open set of finite perimeter, and let ' C Q be a
countably (H"~1,n — 1)-rectifiable set with finite measure oriented by v. Let (u;);en be a sequence converging
touw € GSBDY(S;T) (p > 1) with respect to the convergence (4.15), then (ui)E, 7 converge in measure (with

respect to H' LT U FQ) to ud r¢-

Remark 4.8. Just to simplify the notation we prefer to give the proof of the previous theorem when (2 is
the entire space R™. Using the extension argument given by Proposition 2.20 the same argument works for the
general case.

Proof. Thanks to Proposition 2.14 there exists a countable family of bounded open sets of finite perimeter, say
{U;}52,, such that

rclry; (4.16)

j=1

up to a H" '-negligible set. Hence, by Remark 4.2, in order to prove our statement we can reduce ourselves to
prove that for every j € N, (ul)% converges in H" ! L (I' N FU;)-measure to ulé Because of the fact that:

(us)f () = {m)%% (2)  ifor(@) = vru, (@)

(U’i)]—'Uj (x) if l/r(.%‘) = —I/]:Uj (3}),

up to a measurable change of sign of vr, it is equivalent to prove that (ui)ij converges to uj}E-Uj in H" 1L FU;-
measure. ' '
Now we fix j € N and we prove that for any f € st (uz)j{-U -& converges to u]tUj LinHP L ]-'Ujf—measure,

and to simplify the notation, we denote u;" (ul);U and ut = uJ}CU

By Proposition 4.4 it is enough to ShOW that given any pair a,b € R with a < b we have:

ob(uf &) = ob(ut - €), weakly* in L(FUS, H" ). (4.17)
For each i € N let u; and u be the functions extended to zero outside of U; (see Prop. 2.20). We know that
uf =uf and ut = u+ on FUj, so we can prove our assertion for the sequence (;);en.

By hypothesw we have that u; — u strongly in L'(R",R"). As a consequence also o®(u; - £) — o2(u - &)
strongly in L'(R™) and in partlcular this means that:

Deol(u; - €) = Deoy(u-€) in D'(R™), (4.18)

in the sense of distributions. Moreover we have the bound on the total variations along the direction &:

(E(u)¢, O] dw+ |b—a|H" ' (TN T;) U FUS)

sup | Dot (u; - €)|(R") < sup /

€N ieN n
= / (E(ui)€, )] dz +[b—alH" (T NU;) U FUS)

B (4.19)

< sup L™(U;)' "> (/ |Eu; [P dx) g b—aH" (TS NU;) U FUS)
1€N U]'

< Ho00.
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Hence the convergence in (4.18) still holds true in the weak sense of bounded Radon measure. Since by hypothesis
E(u;) — E(u) weakly in L'(R™; M™X"), we can write:

sym
Deob(u; - €) — E(uw,)€ - €L™ — Deol(u-€) — E(w)E - (L™ weakly in My(R™), (4.20)

and it follows:
[Ug(gi -9))¢ - vHP [02(@ -9))E - vH" ! weakly in M(R™). (4.21)

On the other hand, thanks to the truncation between a and b, the sequence ([0 (u; -&)])ien is relatively
sequentially compact in the weak* topology of L, and call for example « one of its limits. Given any
¢ € L*(R™, H"" 1 L[(T' N U;) UFU;]) we can use ¢¢ - v as test function in the weak* convergence:

lim (ot (s, - ©)16€ - v AH " (2) = / adt v AN (z), (4.22)

=% J(TU;)UFU; (I'NU;)UFU;

this together with (4.21) means that every weak* limits « is equal to [0 (u - £)] on the set (IS N U;) U .FUf.

Recall that by Remark 2.21 u; = 0 a.e. on FU;, and by Proposition 2.20 y:r = u;r a.e. on FUj, hence for
every ¢ € N:

[02(% &) = Uz(u;" -€), H" '-a.e. on FUj,
and also:

(02 (w-€)] = ab(ut - &), H" '-ae. on FU;.

a

Therefore:

ob(uf - €) — ol(ut - €) weakly* in LOO(]:Ujg, H™L). (4.23)
Using R™ \ U; instead of U; we can prove in the very same way that:

ol(u; - &) — ol(u™ - £) weakly* in Loo(fo,H”ﬂ).

Thanks to the arbitrariness of £ € S®~!, we can use the argument of Remark 3.6 to deduce:

b(uf) — ol (ut) weakly* in L=®(FU;, H" 1),

and thanks to the arbitrariness of a,b € R, by Proposition 4.4 we have:

+

ut — ut in H"L L FUj-measure,

which is our desired result. O

Remark 4.9. Let  and I' be as in Theorem 4.7. As explained in Remark 3.16 we have the following inclusion
GSBVY(;I)" C GSBDy();T), hence thanks to Theorem 4.7, if (u;)ien C GSBVP(Q;T') converges to u €
GSB Vpp(Q; I') with respect to the following notion of convergence:

u; — u, in L1(Q) (4.24)
Vu; — Vu, weakly in L'(Q),

sup; ([uilly + [IVuill, + 1" (Jy,)) < C

then (u;)E 7o converges in H"~ 1L (T U FQ)-measure with respect to uf; | r(,.
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5. CONTINUITY OF THE TRACE AND AN APPLICATION
Now we summarize our previous results, Theorems 3.12, 3.17, and 4.7, into the following theorem:

Theorem 5.1. Let @ C R™ be an open set of finite perimeter, and let T C Q be a countably (H"™*, n —1)-
rectifiable set, with H"~'(T') < oo and oriented by v. Consider the space GSBDE(Q;T) (p > 1) endowed with
the notion of convergence (4.15), the functions ©F defined in Theorem 3.12 and ¥ given in Theorem 4.7. Then:

1. the trace operators from above and from below:
(VFurq: GSBDE(T) — LYT UFQ,05H™ ) (p > 1), (5.1)

are strongly continuous for every q € [1,p) and weakly continuous for every q € [1,p] if p > 1.
2. if we add the uniform bound on the || - || Lr(,weny-norm along the sequence in the notion of convergence
(4.15), the trace operators from above and from below:

(VE rq: GSBDP(QT) N LP(Q,¥L™) — LYT UFQH" ) (p > 1), (5.2)

are strongly continuous for every q € [1,p) and weakly continuous for every q € [1,p).

Remark 5.2. By Remarks 3.16, 3.19 and 4.9, the previous theorem applies also to the space GSBV}(Q;T).
Moreover the continuity properties of the trace operators mentioned so far in the introduction, are simply a
consequence of this previous theorem, when we restrict our attention on 9€2. In fact when Q is Lipschitz-regular
the reduced boundary F§2 coincides with the topological boundary 952, and our notion of trace operator coincides
with the usual one.

Proof of Theorem 5.1. Tt is a consequence of the convergence in measure of the traces given in Theorem 4.7
plus estimate (3.33) to prove (a), and estimate (3.66) to prove (b). O

Remark 5.3. In the case p = 1 Theorem 5.1 is not more true due to the non reflexivity of the spaces L'(T'U
FQ,0FH 1) and LY (T UFQ, H"~1). This is coherent with the continuity property of the trace operator defined
for example in W11(Q).

Now we give a counterexample to the strong continuity of the trace operator in (5.1) when g = p:

Example 5.4. Consider in R? the set

E:= G ({—2;72;]2+(n70))7

n=1

made of infinitely many squares E,, of side 1/n? and centered at (n,0) € R2. Clearly E is a set of finite perimeter
so we can choose as I its reduced boundary F E oriented with respect to its inner measure theoretical unit normal
vg. Define the sequence of functions (u,)%; C GSBD3(Q;T) as

1
Up () = ——=1g, (x) for every n,

VL2 (En)

and notice that ||u,||2 =1 for any n.

Clearly the trace functions u;} converges pointwise (O+H! LT)-a.e. to 0 for any choice of ©F i.e. for any
choice of an orthogonal basis {1, &2} of R? as in (3.43). This means that any strong L?(T', ©TH1!) limit of
must be the zero function. But we claim that for each choice of ©F as in (3.43) we have that

/F it PO AH > C(O) fun |2 > 0,
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where C'(©71) is a strictly positive constant which depends only on ©%, which is a contradiction. Remember
that in order to construct ©%F, we divide T' in finitely many parts (I';)¥,, and we associate to each T'; an
orthonormal basis {&}, &5} such that |& - vep(x)|, €5 - ve(x)| > ﬁ for z € I';. This means that for each n there

exists i(n) € {1,..., N}, such that:

YFE
HY(FE,NTi)) > w (5.3)
Possibly passing through a sub-sequence we may suppose for example that for every n:
i(n i(n 1
H ({x € FE, N Ty | 0587 <057 )) > SH (FEL O Tig)- (5.4)

To simplify the notation we omit the dependence on n and we write T';, £, €% to denote respectively Citny, d("),

;("); so we have:
Jriper anwtz [ juli@Pet @) i
T FE,NI';
1

>

T L2(ER) /fE,mrim{eﬁkef%}
1 1 i

> - ) 77_[1 En 1 d[:l

= L2(Ey) /wi’i(Efﬁ) 2v2 (( )y) ()

LB

- L2(By)’

0% (z) dH (z)

where for each n, Eﬁ ={(yt)eE, | ye 6 (FE, NT;N {65 < 953})}. Finally from (5.3), (5.4), and

. 2, €1
1€ - ve(x)| > ﬁ (for every i), it is a geometric fact that for every n the quotient 22((?37;1)) is greater then

a strictly positive real number which depends only on the H!-measure of the projection 7t (Egl) and on the
scalar product |&} - vg|. Hence we have showed the claim.

Finally, we show an application of our results in the theory of elasticity with cracks. Before doing this, we
want to make a remark between the classical way to formulate the Dirichlet condition and the way that we
present via the theory of trace.

Remark 5.5. Our formulation to the Dirichlet boundary condition is slightly more general than the standard
one. In fact, a classical way to formulate the Dirichlet problem in a domain € is to consider a larger set ' such
that Q C @, 9pQ = Q' NI, and to prescribe the value of all admissible functions in Q' \ Q. Precisely, given
u' € WH2(Q'\ ;R™), one minimizes among all u € GSBD3()) such that u = v’ on '\ Q. In our case, since
the jump sets are confined in I' C 2, the minimization problem is

min E(u), (5.5)
u€EGSBD3(Q;T)
u=u’ on Q'\Q

where E(u) could be for example the functional (5.7).
Instead of (5.5), (5.5), given w € GSBD3(;T), our formulation for the Dirichlet problem is of the form (see
example 5.6)

min E(u). (5.6)
w€GSBD2(Q;T)
u=w on Op§
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Since any admissible function in (5.5) has jump set J, contained in T', and T' C €0, we have that any minimizer
of (5.5) is also a minimizer of (5.6). On the other hand, it is clear that if a minimizer of (5.6) is also a minimizer
of (5.5) then there must exist u’ € W12(€'\ Q; R™) whose trace coincides with the trace of w on dpQ. We show
with an example that this is not always the case.

Consider €, C R? to be Q := (0,1) x (0,1) and €’ := (0,1) x (—1,1), respectively. Define the Dirichlet
part of the boundary to be dpQ := (0,1) x {0}. Let I" C © be the graph of the function f: (0,1) — R defined
as f(x) := 2% Now, since I' forms a cusp with dp(Q, it is clear that there exists a function u € GSBD3(;T)
whose trace on dp(2 is not square integrable. But on the other hand, since '\ Q is a Lipschitz-regular domain,
any function u € WH2(Q'\ Q;R"™) has trace on dpQ which is square integrable.

This shows that the approach (5.6) allows to treat more general Dirichlet conditions.

Example 5.6. Let ) C R" be a regular domain which represents the reference configuration of an elastic body,
and let I' C R™ be a crack described by a countably (H"~!,n — 1)-rectifiable set with finite H"~!-measure; we
consider two disjoint measurable subsets of 0f), respectively dp€) and dn€) which are respectively the Dirichlet
part and the Neumann part of the boundary. On the set 9Q \ (0pQ2 U InQY) and on the crack we impose the
homogeneous Neumann condition.

We consider the following minimization problem:

min E(u) ::/ |Eul? dx—i—/ lu — g|* da —/ F-Tr(u) dH™ ™, (5.7)
ueGSBD’;’a(Q;F) Q Q INQ
u=w on Ipf

where w is some function in GSBD32(Q;T), F is a vector field representing the traction force, and g is some square
integrable vector field. Usually, in the variational model for quasistatic growth of brittle fracture, for example
in [6], the functional takes into account also the H"~!-measure of the jump sets of all possible displacements
w; in fact, in this case the jump sets are free to move inside an open set Q5 C § such that Oz N 9pQ = 0 and
QpNONQ = 0. In our case the finitness of the jump sets is ensured by requiring the stronger condition J,, C T,
but on the other hand J,, might have possible interaction with both Dirichlet and Neumann part. Minimization
problems like (5.7), arise for example in the minimizing movements technique, for example in [5] or in [13],
in order to solve respectively the wave equation or the equations of elastodynamics, in a prescribed arbitrary
growing cracks domain.

In order to prove the existence of a minimum, we need to specify the space of all admissible Neumann terms:
let ©F be the weight function given in Theorem 5.1, then we consider all the measurable vector fields F' such
that fBNQ g—i dH"~! < 00, or equivalently such that F' = Gv/©+ for some vector field G € L*(9).

Roughly speaking the function ©7 measures, somehow, how much I is close to the boundary. From a physical
point of view, this might be interpreted as the fact that, when the elastic material between the Neumann
boundary and the crack is infinitesimally small, then the elastic reaction to the traction force will be infinitesimal
t00; hence, in order to reach the equilibrium, the traction forces need to decrease their intensity (proportionally
to ).

First of all we show the coercivity of E(-). By Theorem (5.1) we can bound the Neumann term from above

as:
1/2 1/2
/ P Tr(u) dH"~ < (/ G2 dH”l) </ (Tr(u)[20+ de”l)
ONQ ONQ ONQ
< C(||5U||2 " ||u2),

where C' > 0 is a constant which depends only on the dimension n and on F'. As a consequence we immediately
deduce the coercivity:

B(u) > [|Eu])3 + 2]lull3 — 2]lgl3 — CUI€ull2 + [lull2)-



34

E. TASSO

Hence every minimizing sequence satisfies the uniform bound

S%P(ngkﬂz-FHukHz-F7{”_1(JukD < oo,

and we are in position to use the compactness result in ([4], Thm. 11.3) to deduce that there exists u €
GSBD3(;T) such that (up to subsequences):

u — u, in LY(Q)

5.8
Eup — Eu, weakly in L1(Q). (5.8)

This means that uj converges to u with respect to the notion of convergence (4.15), and by Theorem 4.7 u still
satisfies Tr(u) = Tr(w) on dpQl.

The first two terms of E(-) are clearly lower semi-continuous with respect to the convergence (4.15), while
the Neumann term is even continuous: this is a simple consequence of the fact that by Theorem 5.1 the trace
operator is weakly continuous in L?(£2, ©FTH"~1), thus we can write:

G
lim F-Tr(ug) dH" ! = lim — . Tr(ug) OFTdH" !
NGO (i) E Jono VOT (ur)

G
= ~Tr(u) ©OFdH" !
/aNQ VAo ks ()

= / F-Tr(u) dH™ L.
NG

Hence our functional is coercive and lower semi-continuous, so we are in position to apply the standard direct
method in the calculus of variation to deduce the existence of a minimum.
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