RELAXATION OF NON-LOCAL ENERGIES FOR STRUCTURED DEFORMATIONS

WITH APPLICATIONS TO PLASTICITY

JOSE MATIAS, MARCO MORANDOTTI, DAVID R. OWEN, AND ELVIRA ZAPPALE

ABSTRACT. An integral representation result is obtained for the asymptotics of energies including both local
and non-local terms, in the context of structured deformations. Starting from an initial energy featuring
a local bulk and interfacial contribution and a non-local measure of the jump discontinuities, an iterated
limiting procedure is performed. First, the initial energy is relaxed to structured deformation, and then the
measure of non-locality is sent to zero, with the effect of obtaining an explicit local energy in which the
non-linear contribution of submacroscopic slips and separations is accounted for. Two terms, different in
nature, emerge in the bulk part of the final energy: one coming from the initial bulk energy and one arising
from the non-local contribution to the initial energy. This structure turns out to be particularly useful
for studying mechanical phenomena such as yielding and hysteresis. Moreover, in the class of invertible
structured deformations, applications to crystal plasticity are presented.
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In continuum mechanics, structured deformations [I4] provide a rich tool for including the multiscale
geometry of deformations. In light of the modern developments of analytical tools for the energetic formu-
lation of mechanical phenomena, structured deformations have been cast in a variational framework in the
pioneering work of Choksi and Fonseca [I1]. In their setting, a (first-order) structured deformation is a pair

Date: July 6, 2019.
2010 Mathematics Subject Classification. 49J45 (74G65, T4A60, 74C99, 74N05).

1



2 JOSE MATIAS, MARCO MORANDOTTI, DAVID R. OWEN, AND ELVIRA ZAPPALE

(g9, G), where g represents the macroscopic deformation and G represents the contribution at the macrolevel
of smooth submacroscopic geometrical changes; in order to allow the macroscopic deformation g to include
non-smooth behavior, such as slips and separations, Choksi and Fonseca required that g € SBV (£;R%), the
space of special functions of bounded variations (see [2]). The matrix-valued field G € L'(Q; R?*Y) captures
the contribution of the smooth submacroscopic geometrical changes to the deformation gradient Vg, so that
a relevant object in the theory of structured deformation is the disarrangement tensor M = Vg — G.

The connection between structured deformations and the actual submacroscopic geometrical changes
occurring during a deformation is captured in the Approximation Theorem [I4, Theorem 5.8] and [T,
Theorem 2.12], stating that for each (g,G) € SD(;R?) = SBV(Q;RY) x L(Q;R>N) there exists a
sequence u, € SBV (2;R?) such that

U, — g in L'(Q;RY) and Vi, =G in M(; RN, (1.1)

In the formula above, M (Q; R¥*¥) is the space of matrix-valued Radon measures and the symbol X denotes
the weak-* convergence in M(Q;R4*Y). (In the context of SBV functions, the symbol V is used to denote
the part of the distributional derivative which is absolutely continuous with respect to the Lebesgue measure.)
The approximating functions u,, in are interpreted as a description of both smooth and non-smooth
submacroscopic geometrical changes, and we may write
M= V( lim un) — lim Vu,,
n—oo n—oo

so that the disarrangement tensor emerges as a measure of the non-commutativity of the limit operation
and taking the absolutely continuous part of the distributional derivative; because of this, it captures the
contribution in the limit of the jump discontinuities of the u,’s. Notice that the approximating sequence u,
in (1.1)) need not be unique.

The main issues that Choksi and Fonseca addressed were the assignment of an energy to a structured
deformation and the establishment of an integral representation for that energy. They took an initial energy
Er: SBV(Q;R?) — [0, +00) featuring a bulk energy density W: R4*Y — [0, +0c) and an interfacial energy
density 1: R4 x SV =1 — [0, +00) in the form

Ep(u) = / W(Vu(z)) dz +/ D([u] (), va(x) dHY (@), (1.2)
Q QNS

where dz and dH™~1(x) denote integration with respect to the N-dimensional Lebesgue measure and the
(N — 1)-dimensional Hausdorff measures, respectively, S, is the jump set of u and v, (z) is the outer unit
normal at z € S,,.

Because of the non-uniqueness of the approximating sequence u,,, the energy I, (g, G) for a given structured
deformation is defined as the most economical way, in terms of energies Ef(u,) in (1.2), to reach (g,G).
From the mathematical point of view, this corresponds to a relaxation procedure, namely

Ir(9,G) = {un}CSigf“/(Q;Rd) { linrgicgf Er(uy) : up converges to (g,G) as in (1.1]) and "

SUD [Vt | o sy < 00}
n

where p > 1. The representation theorems [11, Theorems 2.16 and 2.17| state that, under suitable hypotheses
on W and 1, there exist a certain relaxed bulk energy density H: RN x R¥*N — [0, +00) and a certain
relaxed interfacial energy density h: R? x S¥=1 — [0, +00) such that

1(0.G) = [ H(Vg(a),Glado+ [ hllglta),vy(e)) dH @), (14)
Q Qns,
Formulas for the relaxed energy densities H and h are obtained via the blow-up method [0 24, 25] and
involve the contributions of both W and v for H and of ¢ alone for h. We refer the reader to Section
for the integral representation theorem providing . As a matter of fact, we will present a more general
version where we allow the initial bulk and surface energy densities W and v to depend on the space variable
x. We remark that this analysis neglects second-order effects such as curving and bending, which are instead
captured by second-order structured deformations [8], 22, [36].
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In [I6] a one-dimensional procedure inspired by that in [II] was carried out for the notion of structured
deformations introduced in [14]; there the initial energy ([1.2) had the form

Er(u)= [ W(Vu(@)dz+ Y 9([u](2)) (1.5)

0 ZES,,

and the resulting integral representation (1.4]) was shown to be

I1(g.G) = / (W(G(@)) + N(Vg(x) — G@) dz+ 3 6((g)(2),

z€S8,

where A := liminf._,o+ ¥(¢)/¢. In this example, the contribution to the relaxed bulk energy density H of the
initial interfacial energy density ¢ has a special character: as the definition of A shows, only arbitrarily small
jumps influence the relaxed bulk response, which, in turn, is linear in the disarrangement tensor M. This
result seems unduly restrictive in light of the descriptive power in the context of structured deformations of
non-linear dependence of the bulk energy on M = Vg — G as illustrated in [I0]: there (and subsequently
in [I7, [18]) a periodic dependence upon M was shown to account for yielding, hysteresis, and hardening in
single crystals undergoing two-level shears.

A proposal in [16] toward capturing a non-linear dependence on M was to modify the initial energy
as follows: for each r € (0,1) let

Fr(u) = /OIW(Vu(x))da:—&— 3 ¢([u](2))+/01w< 3 Wii”)dx, (1.6)

zZ€ESy zeS,N(x—r,z+r)

where the added, non-local term includes the bounded and uniformly continuous bulk energy density
¥: [0,+00) — [0,400) which accounts for the average of the jumps within each interval of radius r.

Relaxing the energy F" in (L.6) to structured deformations and then taking the limit as r — 07 yields
(see [16], Proposition 2.3 and (2.21)])

1 1
J(g9,G) :/0 (W(G(2)) + \(Vg(z) = G(x))) dz + Y ¥([g)()) +/0 ¥(Vy(z) — G(z))dz, (1.7)
z€ES,

where a second, possibly non-linear, dependence on the disarrangements appears through the density ¥ in
the last integral above.

The goal of this paper is to show that an analogous procedure in higher dimensions can be carried out in
the SBV framework of [I], by adding to the energy E, in a term analogous to the last term on the
right-hand side of . Let © € RN be a bounded connected open set with Lipschitz boundary 99; for a
continuous function ¥: Q x RN — [0, +00) and for u € SBV(Q;R?), define

E% (u) := /Q U(z, (D*u* a,)(z)) dz, (1.8)

where D*u is the jump part of the distributional derivative Du = Vul® + D*u; for r > 0, Q,. == {z € Q :
dist(z, 0Q) > r}, B, is the ball of radius r centered at the origin, and

Q. = %a(%), (1.9a)

where
a € Cy(B1) = {a: By — [0,+00) : « is continuous and bounded} and / afz)dr = 1. (1.9b)
B1

The symbol * denotes the convolution operation which, for a generic u € M(Q;R?%) and f a continuous
function, is defined as (see |2, Definition 2.1])

(1 () = /Q f(z — ) du(y). (1.10)

Notice that we have introduced an explicit dependence on z in the non-local energy density ¥ in (|1.8). The
need for such a dependence is motivated by some explicit applications to yielding, hysteresis, and crystal
plasticity that we have in mind, and that we will discuss in Sections [6] and [7}
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Putting (1.8) and (1.10) together, and using the structure theorem for the derivative of SBV functions
(see formula (2.5) below), yields the following form for the averaged interfacial energy E*r

B = [ (=) e =) @ ) ) (1.11)

with B, (z) = x + B, the ball of radius r centered at z. We notice that in the expression above the non-local
character of the averaged interfacial energy emerges through the appearance of two iterated integrations, the
inner surface integral with respect to #¥~—1 and the outer volume integral with respect to £V.

Remark 1.1. The definition of the energy E%" in as the integral on Q. is motivated by the fact that
the convolution operation is well defined on the sum of the supports. Noting that €2, + B, = Q, the energy
E° is well defined according to [2 page 41]. In principle, it can be convenient to define the non-local energy
as an integral over all of Q (thus having the dependence on the parameter r only in the integrand function).
To this aim, we define

Eo (u) = / U (z, (D*u * a,)(x)) da, (1.12)
Q
which, in the spirit of (L.11)) can be written as

B = [w(e [ e =) @ AWy ) (1.13)

with the understanding that the points = €  such that dist(x,9Q) < r contribute with a different weight
to the averaging process. As we shall see in Lemma [£.1] the difference between the relaxed energies given by
E“r and E%" respectively is lost in the limit as r» — 0.

Our primary results deal with the relaxation of energy to reach a target structured deformation
followed by taking the limit 7 — 0%. Notice that E% in and E* in describe two different aver-
aging processes, so that it is expected that they give rise to different energies, say I~ and I @r respectively,
when relaxing to structured deformations. Besides the difference in the definition of the energies and
, two different notions of convergence are needed to perform the relaxation to structured deformations.
Yet, in view of Remark it is useful, for the purpose of this introduction, to write the relaxation by means
of a unified notation: we will denote by £ either E“" in or £ in , and by Z%" either I*" or
I @r the relaxed functionals mentioned above.

Recalling the relaxation in (L.3)), given (g,G) € SD(Q;R?), we first fix 7 > 0 to obtain a representation
of the relaxation of £*r

I%(g,G) = {un}cggf"/m;m) { linniioréfgar(un) D up ~ (g,G) and sup [V Lp(urax vy < oo.} (1.14)
The symbol ~ above denotes the convergence in when relaxing E“" to I“", and the same symbol
denotes the convergence in 7 complemented by the following condition in which M*(£2) denotes the set
of positive Radon measures on :

there exist scalar fields Ag, A7 such that A, = AZEN + A‘;”HNfl LS, € MT(Q) and

) (1.15)
|D%up,| = Ay in MT(Q),

when relaxing E° to I%. We will use the notation uy, SR (g,G) to denote the convergence in (|1.1)),

whereas, when adding the condition (1.15]), we adopt the symbol u, s (9,@G).

We state now our first result concerning the representation of Z% (g, G) in (L.14). In item (i) of the
following theorem, Co(B1) = {a € Cy(B1) : a|op, = 0} (see Section [2.1] for the precise definition).
Theorem 1.2. Let @ C RY be a bounded Lipschitz domain, ¥: Q x R¥*N — [0, 400) be a continuous
function, and, for r >0, let o, be as in (.9). For any (g,G) € SD(2;RY)

(i) if £ = E* as in (1.8) and o € Co(B1), then the relazed energy I (g, G) in , taking ~ as

g, has the following integral representation

I%(9,G) =1*(9,G) = / \I/(x, (Vg — G LN % a,)(z) + (D%g * ozr)(x)) dz, (1.16)

d
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namely, in the spirit of (L.11),
0.6 = [ 9(a [ at-a(Te- G
Q B, (x)

s

(1.17)
[ a2l s ) dHN-1<y>)dx;
B, (z)NS,

(ii) if E% = E* as in (1.12), then the relazed energy T° (g, G) in , taking ~> as 5B has the
following integral representation

7% (g9,G) = 1°7(g,G) = / U (z, (Vg — G\ LN x a,)(x) + (D?g * o) (z)) dz, (1.18)
Q
namely, in the spirit of (1.13),

I°(g,G) = /Q\P(x/B(l)a(y —z)(Vg — G)(y)dy )

' /BTWQ arty = )ll(0) @ 1 (4) AHY ) )

Remark 1.3. Recalling that the condition o € Cy(By) is part of (1.9b]), we highlight the difference in
the hypotheses of cases (i) and (ii) in Theorem In (ii), no further restrictions on the regularity of the
convolution kernels «;, is assumed, whereas we need them to take zero value at the boundary in (i).

In Theorem[1.2]i) the formula (1.17)) remains valid for a larger class of convolution kernels « (in particular,
not necessarily vanishing at the boundary of B;), provided that the convergence S0 (i) is replaced by
S8 On the other hand, if one restricts the class of convolution kernels in Theorem ii) to a € Co(By),

then the formula (1.19)) remains valid even if we weaken the convergence 5B in (ii) to S In view of this,
the theses of Theorem can be summarized as follows

() a € Co(By), ~=22, { gor = poar }:>{ (1.17) }

gar — For (1.19)

. SD Eor = o (1.17)
€ Cy(By1), ~=-"=, = = '
(i) « »(B1) { gar — For } { (11.19) }

After proving Theorem [I.2] in Section [J] and obtaining an integral representation for Z%", we devote
Section [f] to deducing an explicit formula for its limit

I(g9,G) == lim I%(g,QG). (1.20)
r—0t

To introduce our main result concerning the limit above, we restrict our attention to functions ¥ with at
most linear growth at infinity. By denoting

w=(Vg—G)LYN + D%g and pr = (p* )LV, (1.21)

the functionals I°" in (T.16) and I in (T.18) can be seen as functionals defined on measures and open
subsets of 2, and €, denoted by A(£2,) and A(2), respectively:

Iar(va) = J’!'(IL’LT;Q’I') ::/ \I/(x> (M*QT)(x)) dz, far(g’G) = j/(,ur;Q) ::/Q \I/(xa (//L*OZT)(J?)) dz, (122)

r

where the values of .#,: M(;R¥>N) x A(,) — [0,4+00) and v M RN 5 A() — [0, +00) are

defined to be O I
U(x, —(x dx—i—/ U (x, ——(z) ) d|A°|(z 1.23
G gaw@)aes [ e (o @) i (123

for A € A(,) and A € A(Q), respectively; in (T.23), A € M(Q;R™*N), X* is the part of A which is singular
with respect to £V, |\ is its total variation, and ¥ denotes the recession function at infinity of ¥ (see
below).

We notice that for every A € A(f2,.) we have

I (pr; A) = Fr(pr; A),
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so that we can consider the difference
I (pr; Q) = I (pr; Q) = /Q\Q U (@, pr(2)) do = I (p; 2\ Q) (1.24)

whenever the class of convolution kernels o and one notion of convergence ~~ in Theorem [T.2] are chosen in
such a way that they both apply to parts (a) and (b) at the same time (see Remark|1.3)). Since we will prove

in Lemma that .# (11,; 2\ Q) can be controlled by a quantity vanishing with 7 as r — 07, we can choose
I%(9,G) =1""(9,G) = I (ur; )

to compute the limit in . This analysis requires tools from measure theory to deal with the presence of
concentrated limiting measures. In fact, the linear growth of W at infinity allows one to detect the contribution
of the singular part of these limiting measures via the application of Reshetnyak-type continuity theorems.
We focus on two different classes of continuous functions ¥: Q x RN — [0, 4-00), namely

(E) for all z € Q and ¢ € RN there exists the limit

(', t&
lim M; (1.25)
' = t
g —¢
t—+o0

(L) W is Lipschitz with respect to the second variable, i.e., there exists Ly > 0 such that

|U(x,&) — V(x,&)| < Lyl€ - ¢, for all x € Q; (1.26)

there exists C' > 0 such that
[ (z, &) < CO+1€)) for all z € 9, (1.27)
and there exists a continuous function w: [0, +00) — [0, +00), with w(s) — 07 as s — 0, such that
|U(x,&) — V(2 &) <w(|lz —2'|)(1 +[¢]), for all 2,2’ € Q, £ € RN, (1.28)

A detailed description of the class (E) can be found in [30], Section 2.4], where it is also pointed out that
functions ¥ belonging to (E) satisfy automatically the at most linear growth at infinity condition (1.27)).

Remark 1.4. The two classes (E) and (L) have a non-empty intersection, but also a non-trivial symmetric
difference.

An example of a function which belongs to (E) but not to (L), with N = d = 1, is the function ¥: R — R
defined by ¥(§) = /1 — &2 for £ € [—1, 1] and extended by periodicity. The limit in (1.25) exists and equals
0, but W fails to be Lipschitz.

An example of a function which belongs to (L) but not to (E), again with N = d = 1, is given by
P: R — R defined in terms of the sequence {x,,}52 , defined recursively by £, = 1 and &,+1 = 2né&,, for
n € N\ {0}, and such that

0, 0<¢&<1,
W) = { €=, §n<§<€"+%, n €N\ {0},
b -6 I Cecg L, neN\ (o)
Then ¥(£,)/€, =0 for all n € N\ {0} and
\Il(gn+£n+l) (¢ o 1
2 _ Sndl no_

for n € N'\ {0}.

§n+€n+1 7€n+1 +&n N n+1’
2
Consequently,
lim —" —0<1= lim ——2 2,
e €, nieo Ep +Enta
2

so that the recession function for ¥ is not defined.

We are now in a position to state our result concerning the limit ([1.20]).
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Theorem 1.5. Let Q C RY be a bounded Lipschitz domain, let ¥: Q x RN — [0, +00) be a continuous

function belonging to (E) or (L), let a,. be as in (L.9), and let 7 be given by (1.22)). Then for any (g9,G) €
SD(Q;R?) we have that

lim S (13 Q) = 5 (1;9), (1.29)

r—0+

namely, recalling (1.21)) and (1.23)),

77 sof, 4D°g s
A = [ 9@ V9(e) - G@)dot [ v (o 12 @) dD%gl @), (1.30)
Q QNSy d[Dsg|
with ¥ defined by
\P / U
U*(x,€) = limsup 1) (1.31)
' =z t
g'—¢
t——+o0

for every x € Q, € € SN=1 and extended to RN by positive 1-homogeneity.

Remark 1.6. We observe the following:
e Theorem [T.5] together with Lemma [.1] imply the following equalities

F(;Q) = Tl_i)I(I)l+ I Q) =Z(g,G) = 1(g,G), (1.32)

so that the dependence upon « disappears in the limit and we can use the symbol (g, G) to denote
the energy in .

e The recession function ¥ defined in is finite whenever ¥ is in (E) or (L). Notice that it is a
limit if ¥ is in (E).

e In Theorem|[I.5] the resulting bulk energy density retains the character of the function ¥ that defines
the initial non-local energy . Moreover, we observe that since the recession function ¥ vanishes
in the case of sublinear growth at infinity the formula reduces to

19.6) = | W(z,Vg(w) - Gla) do (1.33)
Q
when W has sublinear growth.

It is now natural to consider an initial energy that combines both a local contribution, described by
the functional Ep in , and a non-local one, described either by E%r in or by E° in .
Recalling the notation £ introduced just above , we focus our attention on the relaxation to structured
deformations, in the context of [II], of the energy functional

For(u) = Er(u) + £° (u), (1.34)
namely, we consider
T (9,Q) = {un}csi'%ﬁ/(Q;Rd) { linrgigf]:ar(un) tun ~ (g9,G) and Sl:;p [Vtn || e (@urax vy < OO} (1.35)

where p > 1. If the convergence ~~ is g, the coupling between the local and non-local parts is immediatel
understood recalling the definition (1.3)) of I1,(g, G); on the contrary, if the convergence ~ is g, Lemma
grants that the recovery sequences for the relaxation (|1.3) satisfy property (1.15)), so that they can be used
as competitors for the strong convergence 5B We will prove in Theorem that

T (9,G) =1I(9,G) + 1% (9,G), (1.36)
so that, defining
J(g,G) = lim J%(g,Q), (1.37)
r—0+t
we immediately obtain, by Theorem and (1.32)
J(9,G) =19, G) + 1(9,G). (1.38)

The formula above couples together the contributions to the total energy J(g, G) coming from the local part
I1(g9,G) and from the limit (g, G) of the non-local energy. The contribution of the singularities of g enters
the expression of J(g, G) both through the surface term of I, (g, G) and through the surface term of I(g, G),
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via the recession function ¥°°, thus retaining the linear character at infinity of ¥. The effect of ¥ on the
disarrangements is encoded in the bulk term of I(g, G).
The present approach to relaxation of non-local energies rests on two limiting processes:

(1) Starting from a submacroscopic level at which a weighted average of disarrangements within each
neighborhood of a fixed size r > 0 determines the initial energy density, one passes to the macrolevel,
permitting disarrangements to diffuse throughout each such neighborhood. This limiting process
determines a structured deformation as well as the non-local dependence of the energy density on
that structured deformation.

(2) Starting at the macrolevel from neighborhoods of the given size r above, one passes to neighborhoods
of smaller and smaller sizes to obtain in the limit » — 0 purely local bulk and interfacial energy
densities for the structured deformation identified above.

Previous research on relaxation of energies for continuous bodies has rested on one or the other, but not
on both, of these two limiting processes. In [7), [Tl 12| [T6] 87, [39] the first process is carried out for purely
local energy densities, so that the parameter r does not appear, and the second process is irrelevant. The
important results in [39] (that are exemplified in [7, 12} [16] B7]) show that the relaxed bulk energies obtained
via the limiting process (1), when the initial energy is both purely local and purely interfacial, form a class
that excludes the periodic functions used in [I0] to predict yielding and hysteresis.

Peridynamics provides a context in which only the second limiting process is employed: for example,
classical, local theories of elasticity and fracture are recovered in [38] and [33] from peridynamic theories
under the limiting process r — 0. In the case of peridynamics, the principal focus with respect to storage
of energy and with respect to associated field theories is the non-local case in which the “horizon” r remains
fixed, while the present approach via the two limiting processes achieves a purely local relaxed energy that,
unlike the relaxations based on process (1) alone, admits periodic relaxed energy responses in the context of
the field theories [20] 21}, 5] for bodies undergoing structured deformations.

We note that there are particular classes of local initial energy densities W and v for which explicit
formulas are available [7, [37 [39] for the relaxed energy Iy (g,G) in . Notice that formula does
provide an explicit formula for the non-local energy I(g,G), so that an explicit formula for J(g,G) could
then be obtained via . Moreover, in the one-dimensional case, explicit formulas for I; are available
in [12] and [16, Part II, Sections 2.1-2.5]. The distinction between the types of dependence of the relaxed
bulk energy on the disarrangement tensor M = Vg — G that we pointed out earlier in this introduction
(see ([L.7)) for the one-dimensional results in [I6] remains apparent in the multi-dimensional cases where
explicit formulas are available for both. Specifically, Remark [6.1] provides sufficient conditions in the multi-
dimensional case in order that the relaxed bulk energy density be given by the sum W(x, G(z))+ ¥ (z, M(x)),
with W the initial bulk energy response function and ¥ the initial non-local bulk energy response function.

The overall plan of this work is the following: in Section [2] we fix the notation and recall some basic
results used throughout this article. In Section [3] and Section [d] we prove Theorem [I.2] and Theorem [I.5]
respectively, that are the main novel contribution of this work. In Section [5} we consider an initial energy
featuring both a local and a non-local term and discuss its relaxation and the limit for a vanishing measure of
non-locality. The brief Section [5.3] contains some comments on the inversion of the two limiting procedures
and discusses why, at least in the present context, we cannot expect a commutability result to hold. In
Section [f] we show how our results provide a firm foundation for the predictions of yielding and hysteresis
in earlier studies based on structured deformations; in Section [7] we turn to crystal plasticity to present an
example of bulk energies of the type recovered by our relaxation of non-local energies.

2. PRELIMINARIES

We start this section by fixing the notation used throughout this work; then we recall some results on
measure theory and give a contained presentation of special functions of bounded variation, and finally we
conclude by introducing structured deformations in the framework of [I1].

2.1. Notation. We will use the following notations

- Q C RY is a bounded connected open set with £V (9Q) = 0;
- A(Q) is the family of all open subsets of §;
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- M(2) and M(Q;R?) are the sets of (signed) finite real-valued or vector-valued Radon measures on
Q, respectively; M () is the set of non-negative finite Radon measures on Q;

- given p € M(Q) or u € M(Q;R?), the measure |u| € M (Q) denotes the total variation of y;

- LN and HN~1! denote the N-dimensional Lebesgue measure and the (N — 1)-dimensional Hausdorff
measure in RV, respectively; the symbol dz will also be used to denote integration with respect to
LV, while ¥ ~! will be used to denote surface integration with respect to HVN~1;

- given u € M(;R?), we denote by . = m*LY 4 p* its decomposition into absolutely continuous part
with respect to the Lebesgue measure and singular part; for every A € A(Q), we define (u)(A) =
Ja V14 me(@)]? dz + |p®](A);

- S¥~1 denotes the unit sphere in RY;

- for any r > 0, B, denotes the open ball of RY centred at the origin of radius r; for any x € R¥,
B, (z) = x + rB denotes the open ball centred at z of radius r; Q = (—%, %)N denotes the open
unit cube of R centred at the origin; for any n € S¥~1, @, denotes the open unit cube in R with
two faces orthogonal to n;

- forany r > 0 and Q C RV, Q,. == {z € Q : dist(2,09) > r} and Q" := Q + B,;

- C represents a generic positive constant that may change from line to line;

- Cp(By) = {a: By = [0,400) : v is continuous and bounded};

C¢(By) == {a: By — [0,+00) :  is continuous and has compact support in By };
Co(B1) denotes the closure of C.(Bj) in the sup norm;
- for any p € [1,+0c0), LP(£2;R?) denotes the space of vector-valued functions whose p-th power is
integrable;
BV (Q;R?) denotes the space of vector-valued functions of bounded variation;
SBV(Q;R?) denotes the space of vector-valued special functions of bounded variation;
- the set of structured deformations SD(€2; R?) is defined as SD(Q; R?) := SBV (Q; R?) x L (Q; R*N).

2.2. Measure Theory. We collect here some basic definitions and results from measure theory that will
be used throughout the paper. In particular, we introduce the notions of weak-* and (-)-strict convergences
and conclude by stating the Reshetnyak Continuity Theorem. Throughout this subsection, the symbol u
denotes a general measure.

Given Q@ C RY a measurable set, we denote by M (;R?) the set of Rf-valued Radon measures defined
on . The Radon-Nikodym Theorem [2, Theorem 1.28] ensures that, for any u € M(;R?) there exists a
unique pair of Radon measures % and p® such that p® is absolutely continuous with respect to the Lebesgue
measure £V, ;* is singular with respect to £V, and g = pu® + u®. Moreover, there exists a unique function
m® € L'(Q;R?) such that u® = m*LN, so that p = m*LY + p*. The singular part u* of u is supported on
a set of Lebesgue measure zero.

Definition 2.1. Let p, = meLY + s € M(Q;R) be a sequence of measures and let p = m*LN + p* €
M(Q;RY).
(i) We say that pi,, converges weakly-* to u (in symbols i, — ) if
i [ ole) dun(e) = [ @) du(e)  for cvery o € Co(S)
Q

n—oo 0

(ii) We say that p, converges (-)-strictly to wu if n — p and (u,)(Q) — (u)(Q), where, for every

Ae AQ),
() (A) = /A VIt M@ P dz + 5| (A).

Proposition 2.2 (|2, Proposition 1.62(b)]). Let p, € M(S;RY) be a sequence of bounded Radon measures
locally weakly-* converging to p. Then, if |uy| locally weakly-* converges to A, then A = |u|. Moreover, if
E is a relatively compact p-measurable set such that A(OE) = 0, then p,(E) — u(E) as n — oo. More
generally,
[ u@)duta) = lim [ (o) dpno)
Rd

n—oo R4

for every bounded Borel function u: R — R with compact support, such that the set of discontinuity points
is A-negligible.
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Theorem 2.3. Let p € M(;RY) and, for r > 0, let a, be as in (L.9). Then p* o, € LL _(Q;R?) and

(i) the measures u, = (u* a,.)LN locally weakly-* converge to i as r — 0% and, for every E € Q, a
Borel set,

/mmmMM<mwm
E

the measures || locally weakly-* converge in Q to |ul;
(i) of |p[(0Q) = 0, it follows that (ur)(2) — (u)(Q), that is u, converges {-)-strictly to p according to
Definition [2.1](ii).

The theorem above presents some straightforward generalizations of known results in measure theory to
convolutions with kernels «,. € Cy(B,) only. More precisely, part (i) generalizes [2, Theorem 2.2(b) and (c)]
and part (ii) generalizes [4, Proposition 2.22(iii)], both of which are proved in the case a, € C°(B,.).

The following theorem collects two results concerning the continuity or upper-semicontinuity of functionals
defined on measures. Given = m*LN + p* € M(Q;R?) and ®: Q x R — [0, +00) continuous, let

a o0 dus S
sy = [ amenas [ 0o J00) dl)
Q Q d|ps|
where ®° is the recession function of ® at infinity, defined by
d(2’, t&’
D (x,£) = limsup ot (2.1)

2’ —ax t
€ ¢

t—+oo

for every x € Q, ¢ € S*~! and extended to R’ by positive 1-homogeneity (compare with (T.31))). We say that
® € E(Q x R?) if ® belongs to the class (E) defined in the introduction. Notice that if ® € E(Q x Rf), then
®° is a limit, namely
(2’ te
O%(p,€) = lim 1) (2.2)
' =z t
g —¢
t—+oo
for every z € Q, ¢ € S*~! and extended to R’ by positive 1-homogeneity. We point out that (i) continuous and
positively 1-homogeneous functions and (ii) convex functions with linear growth are two classes of functions
belonging to E(Q x RY) (see [31]). We refer the reader to [30, Section 2.4] for a detailed description of the
class E(Q x RY). Motivated by the fact that Lipschitz functions do not necessarily belong to E(2 x R) (see
Remark [1.4), we made the distinction between (E) and (L) in the Introduction.

Theorem 2.4. Let p1,, = meLYN + us € M(Q;RY) be a sequence of measures and let p = m*LN + p* €
M(Q;RY) be such that p, (-)-strictly converges to p. Let ®: Q x R® — [0, 4+00) be a continuous function.

(i) (Reshetnyak continuity theorem, [30, Theorem 4]) if ® € E(Q x RY), then & is given by [2.2) and
I (pn) = F (1) as n — oo;
(ii) (Reshetnyak upper-semicontinuity theorem, [4, Corollary 2.11]) if ® has linear growth at infinity (see

(11.27) ), then @ is given by (2.1) and
S () = limsup & ().

n—oo

We conclude this subsection by proving the following property for functions ® belonging to the class (L).

Lemma 2.5. Let ®: Q x R® — [0, +00) belong to the class (L). Then the recession function ® defined in
(2.1) can be computed as

PD(z,t
®°(z,£) = limsup (=, #)
t—4o0o t

, forallz € Q, € € RY. (2.3)

Proof. Fix x € Q and ¢ € R’. The inequality ®>(z,¢) > lim SUPy_, 100 L1 ®(x, €) is obvious from the defi-
nition of lim sup. The proof of the converse inequality is a matter of a computation, using the subadditivity

of the lim sup and keeping ((1.26]) and (1.28]) in mind. O
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2.3. BV and SBV functions. We start by recalling some facts on functions of bounded variation. We
refer to [2] for a detailed treatment of this subject.

A function u € L'(Q;R?) is said to be of bounded variation, and we write u € BV (£; R?), if the distri-
butional derivative Du € M (Q; R¥N) that is, it is a (signed) finite Radon measure. The space BV (2;R9)
is a Banach space when endowed with the norm ||ul| gy (ray = [|ullp1(ire) + [Dul(£2). Since this norm is
too strong for practical applications, it is customary to consider the weak* convergence in BV, which is the
appropriate notion for compactness properties (see [2]). We say that a sequence u,, € BV (Q;R?) converges
weakly-* to a function u € BV (€;R?), in symbols u,, — u, if

u, — u in L*(Q;RY) and Du, = Du  in M(Q;R>*N),
Since Du € M(£;R¥*N) it can be split into the sum of two mutually singular measures D% and D*u. By
Vu we denote the density of D%u with respect to £V, so that we can write
Du = VulY + D%u.

The measure D*u can be further split into the sum of two contributions, D7u measuring the discontinuities
of v and D®u measuring the Cantor-like behavior of the distributional derivative. In particular, denoting by
S, the set of points = € Q for which there exist two vectors a,b € R¢ and a unit vector v € S¥~1, normal to
Su at x, such that a # b and

1
lim — lu(y) — aldy = 0, lim —

e— £ / €Ex+e —x e— € / €Ex+e —x)-
0 N {y Qu (y ) V>O} 0 N {y QV (y ) V<0}

the triple (a, b, v) is uniquely determined by (2.4) up to permutation of @ and b and a change of sign of v and
is denoted by (u™(z),u” (x),vy,(x)). The set S, is called the jump set of u and it is (N — 1)-rectifiable. In
conclusion, the distributional derivative Du can be written as the sum of three mutually singular measures
as
Du=VuLl +[u] ® v, HN 1L S, + D°u,

where [u] :=ut —u~.

The space of special functions of bounded variation, SBV (£2;R?) is the space of functions u € BV (£; R%)
such that D°u = 0; therefore, for each u € SBV (Q; R%)

Du = Vul" + [u] @ v, HN 1L S,,. (2.5)

2.4. Structured deformations. Following [I1], we define the set of structured deformations as
SD(;RY) == SBV (4 RY) x L(; RN,

We introduce the shorthand notation ||(g, G)|[spare) = 9]l v (@ra) + |Gl L1 (@irex~), which we are going
to denote simply by ||(g, G)||sp when no domain specification is needed.

A fundamental result in the theory of structured deformations is the Approximation Theorem [14, Theo-
rem 5.8], a counterpart of which was recovered in [I1, Theorem 2.12] in the SBV framework. Its proof is a
consequence of the following two results.

Theorem 2.6 ([I, Theorem 3|). Let f € L*(Q; R™N). Then there exist u € SBV (;R?), a Borel function
B: Q= RN and a constant C > 0 depending only on N such that

Du= LY 4B LS, [ (8@ @) < Ol oo,
M

Lemma 2.7 ([II, Lemma 2.9]). Let u € BV (Q;R?). Then there exist piecewise constant functions @, €
SBV (;R?) such that @, — u in L*(Q;R?) and

Dul(©) = lim_|Du,|(©) = lim [ [[a](@)] dHY (@),

Theorem 2.8 (Approximation Theorem (see [I1, Theorem 2.12|)). Let (g,G) € SD(Q;R?). Then there
exist u, € SBV(Q;R?) such that u, SR (9,G) in the sense of (L.1) and there exists C > 0 such that

| Duy|(2) < C(1+ (9, G)llsp)- (2.6)
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3. RELAXATION OF THE NON-LOCAL ENERGY £%"

We start by proving that for each structured deformation (g, G) € SD(Q;R?) the relaxed energy 7% (g, G)
defined in (|1.14) is finite.

Lemma 3.1. Let Q C RY be a bounded Lipschitz domain, let ¥: Q x RN — [0, +00) be a continuous

function and, for r >0, let o, be as in (I.9). Then for any (g,G) € SD(;R?) the relaved energy I°7 (g, G)

defined in ([1.14)) is finite, namely there exists a positive constant C,. (given in (3.5) below) such that
I%(9,G) < C. (3.1)

In addition, if ¥ has at most linear growth at infinity, then the estimate above is uniform in r, namely there
exists a positive constant C' (given in (3.6]) below) such that

I (9,G) < C. (3.2)
Proof. Let (g,G) € SD(£;R%) and let u,, € SBV(Q;R%) be the sequence provided by the Approximation
Theorem 2.8l Then

I (g,G) < liminf B (u,) = lim inf/ U (z, (D%up * o) () da. (3.3)
Q,

n—oo n—oo

Recalling that for every x € €,

(D, * av)() = / (= )] (9) ® v, () AHN 1 (9),
Q,-NB,(z)NS

we have

|(Dsun * O‘r)@)l < Ca, Dsunl(Br(x)) < Cy, Dun|(Q) < Coc7-0(1 + ||<97G)||SD)>
where C,, = supp_|a,| and we have used (2.6). This implies that, for every = € Q,, (D*u, * a,)(z) will
take values in the closed ball of radius C,, ||(9, G)||sp in R¥*N. Therefore, the continuity of ¥ implies that,
for every z € €,

| (2, (D%t + o) (3)) | < max {\I/(x, A) iz e, Al < Co, C(1+ (9, )l sp02m)) } (3.4)

In conclusion,
1°(g,G) < || max {W(w, 4) : @ € Q0. |A] < Ca, C(1+ (9, Dlspi02m0) }: (3.5)
which is (3.1).

Consider now a continuous ¥ with at most linear growth at infinity. Then we can bound the integral in
the right-hand side of (3.3)) and, reasoning as in the proof of [2, Theorem 2.2(b)], we obtain, using also (2.6]),

/Q Cu(1+ (D * ap)(2)) dz < Cu (2] + [Dun|(2)) < CoC(12] + 1+ [[(9: D) sp(urs)),  (3-6)

which provides (3.2)). )
It is easy to see that the same estimates (3.5) and (3.6|) also hold for I (g, G). O

Proof of Theorem[I.4 We start by proving part (i), namely we take £ = E® from (1.8), a € Cy(B),

and the relaxation problem with respect to the convergence LEN (see (L1))). Let (g9,G) € SD(%;RY)
be fixed and let p = (Vg — G)LY + D*g (as in (L.2I))). For any admissible sequence u, € SBV (;R?) for
the relaxation problem , let py, == D*®u, and observe that, since u,, converges to (g, G) in the sense of
7 we have

fin = . (3.7)
By standard results on convolutions of measures, (see, e.g., [2, page 41]), we then have

Ihn % 0t — ok o uniformly on compact sets as n — oo,

which, in particular, ensures that i, * @, — p*a, and ¥ (z, g, ) — U(x, px ) LY-a.e. in Q,., as n — oo.
We now wish to prove that (|1.16]) hold. To this end, it is sufficient to show that

lim E% (uy,) = / U (z, (1 * ar)(z)) de. (3.8)

n— oo
T



RELAXATION OF NON-LOCAL ENERGIES 13

We observe that the integrand in the right hand side of (3.8)) is bounded £V-a.e., by the continuity of ¥ and
the fact that u * a,. € C(R?); indeed, analogously to (3.4)), the following estimate holds

O (@, i+ ar)(2)] < max {¥(z, A) : x € Qr, |A] < Ca, (9, G)llsp },
Moreover, (3.4) guarantees that, the the sequence of functions W(-, y,, * a;(+)) is equi-integrable, thus (3.8)
follows by the Vitali-Lebesgue convergence theorem (see [23, Theorem 2.24]). This concludes the proof of
part (i).
We now prove part (ii), namely we take £ = E*" from (1.12) with «, as in (1.9 and the relaxation

problem (|1.14)) with respect to the convergence 5D (see (1.1) and ([1.15))). Let us fix a structured deformation
(9,G) € SD(Q;R?) and let us recall that S, is a (N — 1)-rectifiable set, so that for every fixed r € (0, 1), the
set

N, = {z € Q:H (9B, (x) N S,) > 0}
has Lebesgue measure zero.

We notice that, for any sequence u, 5B (9,G) and for p,,p as defined in the proof of part (i),
holds; moreover, by Proposition we can infer that for every z € Q\ N,

Dun(@nB,w) > [ (Vg - Gl dy+ [ B0 9 ) ). (39)
B (2)NQ QNB,(z)NS,

For every x € Q\ N, (that is, for LN-a.e. z € Q) we define

frn(@) = / 4 (4 — ) n) (9) ® v, () AHY (1),
QNB(z)NSu,,

fol) = / ar(y — 2)(Vg(y) — Cy)) dy + / an(y — 2o (v) © vgly) AHY ().
QNB, (z)

QN B, (z)NS,

By classical results (see, e.g., [3]), f-. and f,. are LY -measurable in { if we prove that they are continuous
LN-a.e. in Q. Indeed, fix z, 2" € Q\ N, such that |D*u,,|(0B,(r)) = 0 (this happens for £LV-a.e. z); we have

Frn@) = Frae)l=| | (ar(y = 2) — a4y (y — 2')) s (1) © 12, () AHV ' (1)
QN (Br(z)ABr(x'))NSy,,

< Co |D*un| (2N (By () AB,(2'))) — 0

when &' — x, where C,, = supp,_ |a,|, which proves the continuity of f,.,, for LN-a.e. x € Q. The continuity
of f,. can be proved in a similar way. Moreover, we have the bound

/ oo (@)] d2 < Co, |9 D%un () < 400, (3.10)
Q

which proves that f,., € L'(Q;R?N); similarly we can conclude that also f,. € L'(;R¥YN). Finally, by
(3.9), since o, € Cy(B,) and hence in &(RY) (the space of continuous linear forms on C*°(RY)), and by
[26, Theorem 5.1.3] we conclude that f;., X f, in the sense of distributions. It is easily seen that the bound
in also entails that the limit is also in the sense of measures.

Defining

frn(x) 11/ ar(y = )lfun](y) @ va, ()| dHY " (y),
QNB,.(x)NS

Un

71” — , _ Aa - _ As N—-1 ,
foa) /Q P dy ¢ /Q o, OO )

and recalling (1.15) we obtain that fnn 2 f., by applying [26, Theorem 5.1.3] once again. Again by
Proposition [2.2{ we get that f,, — f, LN-a.e. in Q.
The proof of

lim [ U(z, frn(x))de= /Q\I/(x,fr(:c)) dx

n—oo Q

follows along the lines of the proof of (3.8]), and this completes the proof of Theorem O
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4. THE LIMIT AS r — 0

In this section we deal with the limit 7 that is, we find an explicit formula for the energy in the limit
as the measure of non-locality r tends to zero. As mentioned in the introduction, we restrict our attention to
continuous functions ¥: Q x RN — [0, +-00), belonging to the class (E) or (L). We start with the assertion
that, in the limit » — 0T, the difference between functionals 19" in and I in vanishes. To
do this, we rely on the formalism of the functional 7 defined in , where p, and p are the measures

introduced in (1.21)).
Lemma 4.1. Let Q C RY be a bounded Lipschitz domain, let ¥: Q x R>*N — [0, 4+00) be a continuous

function with (at most) linear growth at infinity, that is, there exists Ciy > 0 such that ¥(z,£) < Cg (1 + [€])
for each v € Q, £ € RN and let o € Cy(By) satisfy (1.9). Then for any (g,G) € SD(Q;R?)

SA(HRA ﬁr) < Cy (|Q \ Q[+ [|(g, G)”SD(N,.;W)); (4.1)

where N, = (Q2\ Q,.)" is the r-neighborhood of Q\ ... In particular,
lim 1 = lim I : 4.2
i (9,6 = iy, 119, G) "2

Proof. Let us fix (g,G) € SD(;R%). It is possible to extend g outside of 2 without adding jumps at the
boundary OS2 (see [27], also |28, Theorem 1.4] for a simple proof). Extend G by zero outside of Q as well, to
obtain (§,G) € SD(Q + By;RY) such that

@ @a=(9,@)  and (G Plsp@+pszry <209, Gllspame)- (4.3)

Define the measure ji == (V§ — G)LN + D*j and observe that filq = p, where u is defined (T.20); define
i accordingly. Then, by the (at most) linear growth of ¥ and the properties of convolutions (see [2]
Lemma 2.2(b)]), we have that

I O\ Q) = I (3 2\ Q) :/Q\Q U(z, (VG- G)LY x a,)(z) + (D*G * ar)(x)) do
<Cy / 5 (V3 =G @] + (07 5 ar)(@)) do

<Co (12\ 2l + 113 D llspev, 20 )

which is (4.1)). Equality (4.2)) follows immediately from (1.24)) and (1.22]), keeping in mind that |D*g|(0Q2) = 0.
The lemma is proved. O

Now we prove Theorem [I.5

Proof of Theorem[I.5 Let us fix (g,G) € SD(;R?). Recalling the definition of g, from , we claim
that
fr — g in M(Q; RPN (4.4a)
and
el 5l i ME(Q). (4.4D)
Indeed, starting from the extension (3, G) € SD( + By; RY) of the proof of Lemma construct g and fi,.
according to and notice that il = u, by the first relationship in . Therefore, by Theorem i)

we get
(@) < 17el@) = [ s an@lda= [ | [ r(w)ar(m—y)dﬂ(y)‘dxg L[ oo g
= [ arla = dedlil(e) = 171@) < |7+ B) <+

where the last inequality follows from the second relationship in (4.3). Thus, up to a subsequence (not
relabeled) of y,., there exists p* € M(;R?*N) such that u, - p* and there exists A € M*(Q) such that

|| 2 X. Now it remains to identify p* and X. Recall that convolution kernels c, as in (1.9) converge in
the sense of distributions in € to the Dirac delta dy centred at the origin as r — 07. Thus, u, converges to




RELAXATION OF NON-LOCAL ENERGIES 15

i in the sense of distributions as r — 0% by |26, Theorem 5.1.3]. On the other hand, the uniqueness of the
distributional limit and , — p* entail that p* = . This proves .

The nonnegativity of A and the lower semicontinuity of the total variation with respect to the weak™*
convergence in the sense of measures entail that A > |u|. On the other hand, since |u,| < |u| * oy, by
applying [26, Theorem 5.1.3] to the sequence |u| * o, we obtain || > A. Thus, A = |u| so that is
proved. In particular, we have

lur| = [Vg = GILY +|D*gl. (4.5)
Finally, in order to prove that i, (-)-strict converges to u (see Definition [2.1f(ii)) we are left to showing
that
(ke ) (€2) = (1) ().
To this end, it is sufficient to exploit the same argument as in [4, Lemma 2.2(iii)], replacing the sequence of
standard mollifiers therein by ., and exploiting the convergence of i, — i, convergence 7 and the fact
that |u|(09Q) = 0.
Finally, if ¥ belongs to the class (E), since the liminf in the definition of ¥ is indeed a limit (see

Remark we can apply Theorem i), to obtain ([1.29).
If ¥ belongs to the class (L), Theorem (ii) provides the upper bound

im su z, (p* o) (x)) de x —G)(z))dz ° xﬂx Sg|(x
1123+p/ﬂw< (px ar)(@)) d </Q\1v( (Vg - G)(x))d +/Wgw (= qprg @) dDl@) (46)
We now prove that
o, 4D°g ] .
/Q\I/(:L',Vg(x)fG(:I:)) der/QmSg\I/ (:U,m(x)> d|D%g|(x) gllrnﬁlégfélll(z,(u*ar)(x)) dz (4.7)

To this end, set {0} € M (Q) by 0, := ¥(-, (u* a,.)(-)) LY. Since this is a bounded sequence of Radon
measures, it converges weakly-* to some positive measure . We obtain (4.7) if we show that

%(33) > U(z,(Vg—G)(z)) for LN-ae. z €, (4.8a)

do (@) Oo( dDsg
x) > T,
d|Dsg| d|Dsg|

We start with (4.8a]). By the linearity of the convolution operator and the definition of p,., we know that,
asr — 0T,

(x)) for HN "-ae. x € S, (4.8b)

(Vg—) LN 5, ) LN = (Vg—G)LY  and  (Dg*a,)LN 5 Do, (4.9)
and, by [29, Corollary 2.1.17], we have
(1 a)(z) = (Vg — G)(x) for LN-a.e. 2 € Q. (4.10)
Let us fix zyp € 2\ Sy which is a Lebesgue point for Vg — G and let us compute
do . H(Q(s(ﬂio)) . . 97‘(@6 (-rO)) . . 1 /
— = lim —>o 0 lim ——~ORE/ ] lim — v ” d
az ") = B N Qu oy TR Ty TR BB GE g, T (e D A

= lim lim L/ U (z, (Vg—G)LY xa,)(z) + (D°g * ) (z)) da
Qs (x0)

k—o0 r—0t 6k

1
ko0 r—0* Oy Qs,, (z0)
where we have used (1.26)). Since, by the second convergence in (4.9)), the last integral is the Radon-Nikodym
of | D*g| with respect to £V, it vanishes, so, that we have
1

do 1
e 7/ Uz, (Vg — QLN ¥ a,)(2)) de > lim — ¥ (z, (Vg — G)(x)) da
acy k—oor—ot 6I]cv Qs), (z0) ( ) ko0 5I]fv Qs (z0) ( )

Ly
U(z,((Vg— LY x o) () dz — lim lim = [(D?g * o) ()| de,
( ) k—oor—0t 5{3\/ Qs,, (z0)

k—o0 Q

where we have used the continuity of ¥, (4.10), and Fatou’s Lemma in the first line above, a change of
variables and ([1.26)) and (1.28)) in the following estimates. This proves (4.8a)).
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dDs
To prove (4.8b)), let us fix 9 € Sy and let 7(z) = C”ng'

U (g, 7(x0)) can be computed using formula (2.3)). Let now {t;} be a sequence diverging to +o00 as k — oo
along which the lim sup in (2.3 is indeed a limit, that is,

(x0). By Lemma [2.5] the recession function

U (xg,t
U (g, 7(x9)) = lim Yo, t(20)) kT(xO)).
k—o0 tr
Since W is Lipschitz continuous, a reasoning analogous to that of [4, Lemma 4.2] grants that the sequence
{tr} can be chosen as

¢ [D°9l(@s, (20))
k — 5N )
k

with {0} a vanishing sequence such that 0(9Qs, (x¢)) = 0. Then

(4.11)

U(z, (u*ap)(z))de
do = lim 0(Qs, (%0)) = lim lim 0r(Qs, (x0)) = lim lim Qo (@) ( )

D710 = 2 Tl (@, (n)) — K B0 TDg1(Qs, (0) — P [D7g1(@, (20))

1
= lim lim — / \Il(xo + 0y, (@ x ) (o + 5ky)) dy
Q

k—oo r—0+ g

where the last equality follows by a change of variables, taking (4.11)) into account. Defining

(1 * ar) (20 + OkY)
t

wk,r(y) =

b

we can continue the chain of equalities above as follows

a0 1
Y ()= lim lim — [ @
dDrg ™) = o, b /Q (@0 + b, (ux ar)lao + i) dy

1
= lim lim —/ U (20 + Oy, thwk,r(y)) dy
Q

k—o0 r—0+ g

WV

lim lim [1/62\11(x0,tk7'(m0)) dy —L\p/Q|wk,T(y) —T(mo)|dy

k—oo r—0+ | T

1
— i [l o)) an] > ¥ oo, e
* JQ
where we have used (1.26)) and (1.28)) and where the last two terms in the square bracket vanish since
limg_s o0 lim,. o+ fQ wir(y)dy = 7(x0) by (4.11) and by the properties of the modulus of continuity w.
This concludes the proof of (4.8b|) and, consequently, of (4.7). Combining (4.6) and (4.7]) yields a chain of
equalities, which is precisely ((1.30)) O

Recalling (1.32)) in Remark the limiting energy ﬂ,u; Q) in ((1.30]) can be written as

1(9,G) :/Q\I/(m,Vg(x)—G(x))dx—l—/QmS (. ddg:;(m)) d|D%g|(x)

(4.12)
N / V(o Volo) - G) do+ [ 0 (algl(0) ©(a)) MY (o)

ans,

Moreover, as a particular case of ¥ with sublinear growth, one can consider a bounded V¥. In this case, the
formula above reduces clearly to ((1.33]) (since ¥ = () and we observe that the proof of Theorem can
be obtained by a simple application of the Lebesgue Dominated Convergence Theorem, in view of (4.10)).

5. COUPLING LOCAL AND NON-LOCAL ENERGIES

In this section we extend the results first proved in the pioneering paper [II] to the case of z-dependent
energy densities. The integral representation results [II, Theorems 2.16 and 2.17] are expected to hold
with the obvious modifications, namely with the relaxed energy densities depending on x as well. This
generalization is somewhat natural and can be obtained with minor modifications to the original proofs,
but since it is not presented elsewhere, we highlight here the adaptation of the proofs from [I1] for sake of
completeness.
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5.1. Relaxation of the local energy E;. In this subsection we present the relaxation results for local
energies, like Fj, defined in , contained in the pioneering paper [II]. We start by introducing the
assumptions on the bulk and interfacial energy densities W and 1. Let p > 1 and let W : QxRN — [0, +o0]
and ¢: Q x R x S¥=1 — [0, +00[ be continuous functions satisfying the following conditions

(W1), there exists C > 0 such that, for all € Q and A, B € RN,
W (z, A) = W(z, B)| < C|A = B|(1+ AP~ +|BIP™Y)
(W2) there exist C,T > 0 and 0 < a < 1 such that, for all z € Q and A € RN with |A| = 1,

W (z,tA) < C

W (o, 4) - — N <

for all t > T, where W denotes the recession function at infinity of W (with respect to A), namely

tA
W (x, A) = limsup 7W(z, ).

)
t—+o0 t

(5.1)
(W3) there exists a continuous function wy : [0, +00) — [0, +00) with wy/ (s) — 0 as s — 07 such that,
for every zo € Q and A € R¥*N,
(W (x, A) = W(zo, A)| < ww |z — zo]) (1 +[AP);
(¥1) there exist ¢, C' > 0 such that, for all z € Q, A € R, and v € SN,
Al < (A v) < CIAL
(42) (positive 1-homogeneity) for all z € Q, A € RY, v € SV~ and t > 0
P(x, tA V) = t(z, A\, v),
(¥3) (sub-additivity) for all z € , A;, Ay € R%, and v € SV,
Wz, A1+ Ao, v) < Y(x, A, v) + (Ao, v).

(¢4) there exists a continuous function wy : [0, 4+00) — [0, +00) with wy(s) = 0 as s — 01 such that, for
every zo € 2, A € R?, and v € SV~ 1,

|9 (; A, v) = (o, A, v)| Swy (|2 — 20[)|A]-
Given W and 1 as above, and u € SBV (£;R?), we defined the initial energy E (u) as
Er(u) = / Wz, Vu(z)) dx +/ O(z, [u)(x), vy (x) AHN 7 (2) (5.2)
Q Qns,
and, given (g, G) € SD(Q), we defined the relaxed energies I,,(g, G) as
I,(9,G) = inf {lim inf By, (uy) : un — (g, G) in the sense of (L.I]),

{u, }CSBV ({;R?) n—o00 (53)

(1= 81(p)) D [Vt | ooy < 00}

In the formula above, and in the sequel, we use the symbol d;(p) as the Kronecker delta computed at p,
namely 6;(p) = 1 if p = 1 and zero otherwise, and use it as a selector between the cases p=1and p > 1. In
particular, in , the control on the LP norm of |Vu,| does not appear in the formula if p = 1, since, in
that case 1 — d1(p) = 0.

We introduce now the classes of competitors for the cell formulae for the relaxed bulk and surface energy
densities. For A, B € R™*N Jet

CIE(A, B) = {u € SBV(Q;R?) : u|pg(z) = Ax,/ Vudz = B, |Vu| € LP(Q)} (5.4)
Q

and for A € R? and v € SV 1 let

Crieee(,v) i= {u € SBV(QuiRY) : ulag, () = 1r, (@), 61(p)€1(w) + (1 — 1 (p))C(w) },



18 JOSE MATIAS, MARCO MORANDOTTI, DAVID R. OWEN, AND ELVIRA ZAPPALE

where the function uy , is defined by

(2) A ifx-v>0,
Uy, (x) =
A 0 ifx-v<O0,

and the conditions € (u) and €(u) are
¢ (u) = / Vudz =0 and C(u) <= Vu(z) = 0 for LN-a.e. z € Q, (5.5)
Q

We state now the integral representation theorem for the relaxed energies I, defined in . It generalizes
the results contained in [I1, Theorems 2.16 and 2.17] to the inhomogeneous case considered here. For the
sake of being concise, we give a unified statement through the use of the selector d; (p), which takes into
account the different nuances between the case p = 1 and the case p > 1.

Theorem 5.1. Let p > 1 and let W: Q x RN — [0, +00[ and 1: Q x R x SN~ — [0, +00[ be continuous
functions satisfying hypotheses (W1),, 61(p)(W2), (W3), (¥1), (¥2), (¥3), and (¢¥4); let (g,G) € SD(Q2) and
let I,(g,G) be given by . Then there exist Hy: Q x RN x RN — [0, +-00) and hy: @ x RE x SV=1 —
[0,4+00) such that

1,(9.G) = / H, (2, Vg(x), G(x)) dz + / (2, [0)(2), vy () AHN 1 (2), (5.6)

Qns,
For allz € Q and A, B € RN,

Hy(z, A, B) :=inf { / Wz, Vu)dz +/
Q Q

forallz € Q, Ae R, and v € SN—1,
hp(z, A\, v) == inf {51 (p)

with W defined in .
Remark 5.2. Theorem collects the content of Theorems 2.16 and 2.17 in [II] in a compact form. In
particular, the form of the integral representation of the relaxed energies provided by formula is
structurally the same both for p =1 and for p > 1: it features a bulk energy and an interfacial energy.
We make the following observations.
e The condition |Vu| € LP(Q) in is redundant if p = 1 (see [11I, Remark 2.15]);
e If p = 1, hypothesis (W?2) is required and we notice that in formula the recession function at
infinity W defined in appears, to account for concentration phenomena arising when taking
the limit of functions in L!.
o In , condition @; contains condition €, so that, for every A\ € R? and v € S¥~!, we have the
inclusion Cf,“;{ace(/\, v) C C5urtace () p).
e The cell formula for p > 1 corrects formula (2.17) in [I1], where the dependence on the normal
v was mistakenly omitted, as already noted in [37, Theorem 3] and [39, formula (4)].

O(x, [u], vy) dHN L i € Cgulk(A, B)}; (5.7)

NSy

W (z, Vu) da + /

O(x, [u], vy) dHN L e Czurface()\, V)}, (5.8)
Q,NSy

Qv

We point out the following final remarks.

e hypothesis (W1), could be strengthened to include coercivity (p-growth from below). Although this
would be a strong restriction from the mechanical point of view, it would make the proofs easier.
We refer the reader to [I1l Step 1 in the proof of Proposition 2.22] for a discussion on this.

e If p > 1, hypotheses (1) and (¢62) can be relaxed. We refer the reader to [II, Remark 3.3] for a
discussion on this.

These final remarks pave the way for a statement of Theorem [5.1] under the minimal set of hypotheses.

Sketch of the proof of Theorem[5.1. Formula (5.6) is obtained by using the blow-up method [6l 24, 25] to
prove that the energy densities and provide upper and lower bound for the Radon-Nikodym deriva-
tives of suitable measures associated with I,,(g, G) with respect to £V and |[g]|H#~ =1L S,. The dependence
on z is not involved in this process, and the existence of the moduli of continuity wy and wy is a strong
enough assumption to estimate the error when passing from the evaluation of the energy densities at generic
x € Q(x0,9) to the evaluation at xo. A similar strategy was undertaken in [8], in the spirit of [6]. O
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5.2. Relaxation of the complete functional.

Lemma 5.3. Given (9,G) € SD(;RY), there exists a sequence of functions u, € SBV(Q;R?) admissible
for the relaxation process of Theorem

satisfying (1.15). In particular, u, 5B (9,G) as n — oo.

Proof. The Approximation Theorem provides sequences u,, that converge to (g, G) in the sense of .
We claim that any recovery sequence underlying Theorem is such that (1.15) holds. In fact, by the
coercivity of the surface energy density ¥ (see property (1)), |D*u,| is bounded uniformly with respect to
n and therefore it converges weakly-* to a measure Ay, whose singular part is concentrated on S, by .
The lemma is proved. O

Theorem 5.4. In the conditions of Theorem and Theorem the relazation of the initial
energy (1.34) admits the integral representation (1.36), where, for any (g,G) € SD(Q;R?), the relaved
energy I1,(g,G) of the local initial energy Ey, in (L.2)) is given by and the relazed energy I%(g,G) of
the non-local initial energy £ is provided by Theorem[1.2 In particular,

(i) under the hypotheses of Theorem[1.4(i), using (1.16]), we have the formula

/ H(z, V(). G(x)) dz + /Q i g)(@). vy (o) M (@)

(5.9)
+ [ W (V9= G ran)@) + (D + ) (@) day
(ii) under the hypotheses of Theorem (1.2 (zz), using (1.18), we have the formula
T (0.6) = [ B Vola).G@)de+ [ e o)) a1 @
NS, (5.10)

/Q ( , (Vg — Q) xap)(z) + (D%g = ozr)(x)) dx.

Proof. In case (i), the representation formula (5.9) is an immediate consequence of Theorem [1.2|i) and
Theorem and the superadditivity properties of the liminf. In case (ii), Lemma yields that the
recovery sequences for the relaxation of Theorem indeed converge in the 5D sense, therefore, they are
admissible for the relaxation process of Theorem ii). Invoking again the superadditivity properties of the

liminf allows us to obtain (5.10). O

Corollary 5.5. In the conditions of Theorem and Theorem for any (g,G) € SD(Q;R?), the func-
tional J(g,Q) defined in (1.37) admits the integral representation in (1.38]), namely, recalling the expression
(4.12) for I(g,G) and the expression (5.6) for I(g,G),

G) = /Q H(z, Vg(x), G(x)) d + /Q b g)(w). vy () AR @)

(5.11)
+ / ¥(z,Vg(z) — G(z)) dz + / T (z, [g](z) @ vy(z)) dHN ().
Q ons,
Proof. The result follows immediately by Theorem and Theorem O

5.3. On the reverse order of the limits. After the presentation of the iterated limiting procedure carried
out in Sections 3] and [4] a legitimate question is whether the two operations commute, namely, whether we
obtain the same result if we reverse the order in which the two limits are taken: first letting » — 0 and then
letting n — oco. The problem is a relevant one in the scientific community and a similar question was studied
in [9] for a problem of dimension reduction in the context of structured deformations. In the following few
lines, we will give a brief explanation of why in the present case a commutability result does not hold.

Under the hypotheses of the previous sections on W, 1, and V¥, let us consider the reversed iterated
limiting procedure for an initial energy of the type Ep + E%, with Ep as in and E° as in .
We first let the measure of non-locality tend to zero and then relax to structured deformations, namely we
consider, for u € SBV (; R?)

Ip(u) = lim (EL(u) + E* (u)) (5.12)
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and then we relax this energy as in (5.3), for (¢, G) € SD(Q;R?):

II()R)(g7G) = liminf I, (uy,) : up — (9, G) in the sense of (1.1)),

,S%gﬁ/' Q;R4 {
. n—00
{un}C (4R4) (5.13)

(1= 81(9)) 5D [Vt | o ey < 00 .

Given that E, is independent of r, it is easy to deal with (5.12)). Since ¥ belongs to the class (E) or (L), an
application of the Reshetnyak Continuity Theorem i) with ® = ¥ gives

i A (y) = lim z, (o * D°u)(2)) doe = x x "OacdDix Sul(x
tim B () = Jimy [ (e (o, = Du)@) do = [ W@ 0)do+ [0 (o G @) D" @)
:/ \Il(x,())d:r—i—/ \Il‘x’(x, [u](x)@l/u(x)) d’HN_l(x).
Q QNS.

Therefore, in we obtain
In(u) = Ep(u) + /Q U(z,0)dx + / e (z, [u](z) ® l/u(I)) dHNfl(x).

QNS.,
Now, it is easy to prove that if ¥ is in the class (L), then also ¥°° is in the class (L). Therefore, for either (i) ¥
belonging to (L) or (ii) ¥ belonging to (E) with ¥ Lipschitz in the second variable uniformly with respect
to the first one, it is immediate to see that W™ is a surface energy density that satisfies hypotheses (1),
(¥2), and (13) (seeﬁ, Remark 3.3] and [34, Remark 3.1]). Thus, the relaxation process is the same

as that of Theorem [5.1|for a local energy of the type (5.2) whose densmes are W (z,A) = (.13 A)+T(x,0)
and ¥(z, A\, v) = ¥(z, A\, v) + U®°(z, A\ ® v). The cell formulas and ( i 5.8) imply that only the behavior

of ¥(z,A) at A = O or as |A| = oo can influence the relaxed energy in 1 , whereas the presence of the
third integral in shows that all of the values of ¥(x, A) can 1nﬁuence the relaxed energy J(g,G) in
.11).

6. BULK RELAXED DENSITIES OF THE FORM W (x,G(z)) + U(z, Vg(z) — G(z))

The representation (5.11)) of the relaxed energy J(g, G) established in Corollary [5.5| contains the bulk part

/Q (H(z, Vg(x), G(x)) + U(, Vg(x) — G(x)) dz,

in which the bulk relaxed density is a sum of the contribution H(x, Vg(x), G(z)) from the initial local energy
Er(u) in and the contribution ¥(z, Vg(x) — G(x)) from the initial non-local energy E* in or
from E®r in (T.13). The second term ¥(xz,Vg(z) — G(z)) has the distinction of capturing a bulk energy
density due to disarrangements alone through its sole dependence on the deformation due to disarrangements
M (z) = Vg(x)—G(x), while the first term H (z, Vg(z), G(z)) can be written as H (x, G(x)+ M (z), G(x)) and
so depends in general on both the deformation due to disarrangements M (x) and the deformation without
disarrangements G(x). This situation leads naturally to the question of finding conditions on the initial local
energy Fp(u) that imply that the term H(z, G(z) + M (x), G(x)) depends on G(x) alone or, more generally,
that

H(z,G(z) + M(x),G(x)) = H\(z,G(x)) + Haq(x, M (x)), (6.1)
in which case the bulk relaxed density becomes
H(z,G(z) + M(z),G(z)) + V(x,M(x)) = H\(z,G(x)) + (Ha(x, M(x)) + ¥(x, M(x))), (6.2)

a function H\ of deformation without disarrangements plus a function Hy + ¥ of deformation due to disar-
rangements.

The existence of a decomposition of the form 1D was raised in [10] and was shown not to be available, in
general, in the study [32]. A modiﬁed form of (|6 as established in [5]: there the z-dependence was absent,
and the term H\ (z,G(x)) in was replaced by H\(G(x),VG(z)). In the context of plasticity addressed
in the articles [10) 13, 17], the avallablhty of was shown to provide a variational basis for describing
and predicting the phenomena of yielding, hystere51s and hardening observed in both single crystals and
in polycrystalline materials. In this section we provide conditions on the initial local energy Ey (u) that
guarantee that and hold with H, identically zero. This outcome provides a setting in which
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the term H\(z,G(z)) in (6.2) arises solely from the local part Er(u) of the initial energy while the term
U(x, M(x)) arises solely from the non-local part E4" of the initial energy in (1.11]).

Remark 6.1. Consider the local, purely bulk initial energy
Ep(u) = / W (z, Vu(z)) dx (6.3)
Q

where W: R3*3 — R is a continuous function that satisfies with p > 1 the condition (W1),, so that the

initial local energy in is employed with the interfacial energy 1 identically zero. Consequently, the

conditions (¢2) and (¢3) are satisfied, but not the linear lower bound in (¢1). Nevertheless, the final

point in Remark along with the fact that the lower bound in (¢1) was used only in proving part (ii) of

Theorem allow us to use and in Theorem to obtain the following representation formula
53):

for the relaxed local energy
I,(9,G) = / W(z,G(x)) dx.
Q

This formula rests on the fact that in the absence of the interfacial energy in E, causes no penalization
of jumps in w, so that H,(z,A,B) = W(x,B). Therefore, under the assumption and under the
hypotheses of part (i) of Theorem the bulk part of the relaxed energy J(g, G) is given by the expression
JoW(z,G(x)) + W(x, M(z))) d.

7. EXAMPLE FROM CRYSTAL PLASTICITY

We turn to the subject of the mechanics of single crystals to identify an example of bulk energies of the
type recovered in the volume integral in through our relaxation of non-local energies. The example
emerges within the special class of invertible structured deformations (g,G) in which the tensors G and
Ky in below play the role of F¢ and (FP)~! in the standard treatments of crystal plasticity.

7.1. Invertible structured deformations. The main mechanisms of deformation in single crystals are
the distortion without disarrangements of the crystalline lattice and the shearing due to disarrangements.
The articles [14] [19] show that the class of invertible structured deformations is appropriate for capturing
such multiscale geometrical changes. In the present setting, we can identify (g, G) as an invertible structured
deformation when (see [I4] for a broader setting for this notion)

(I1) g is a diffeomorphism of class C! for which Vg and (Vg)~! are Lipschitzian,

(I2) G is continuous with invertible values,

(I3) the macroscopic volume change multiplier det Vg and the multiplier for volume change without
disarrangements det G are equal: det Vg = VG.

For an open set Q C R3, we define
ISD(R?) = {(g9,G) € SD(;R?) : (11), (12), and (I3) hold}.

Invertible structured deformations turn out to be a useful setting for understanding some kinematical ingre-
dients in continuum models of single crystals undergoing plastic deformations, partly because the relation
det Vg = det G reflects the fact that the disarrangements occurring in single crystals typically do not involve
changes in volume, i.e., arise without the formation of submacroscopic voids.

One useful mathematical property of invertible structured deformations rests on the notion of composition
of invertible structured deformations: if (¢g,G) € ISD(Q?) and (h, H) € ISD(g(f2)), then the composition
(h,H) ¢ (g,QG) is defined by

(h,H) o (g,G) := (hog,(Hog)G). (7.1)
It is easy to show that (h, H) ¢ (¢,G) € ISD(Q2) and each (g,G) € ISD(2) has the factorization
(9,G) = (9,Vg) o (i, K(g,)) (7.2)

where i = z + x is the identity mapping on © and K, ) = (Vg)~'G. The factor (g,Vg) € ISD(Q)
carries all of the macroscopic deformation and is a classical deformation, i.e., it causes no disarrangements
because My vq) = Vg — Vg = 0. The factor (i, K4 ¢)) € ISD(Q) is purely submacroscopic, i.e., it causes
no macroscopic deformation, and carries the disarrangements

Mk, o) = Vi—Kge =1—(Vg)'G=(Vg) (Vg —G) = (Vg) ' M. (7.3)
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Moreover, both factors in (7.2)) are invertible structured deformations, because det K, ) = det G/ det Vg =
1 = det Vi and, trivially, det Vg = det Vg.

7.2. Slip systems for single crystals; crystallographic structured deformations. For a single crystal
in the reference configuration 2 the crystallographic data required for the analysis of crystallographic slip
consists of pairs of orthogonal unit vectors (s*,m?) fora = 1,..., A, with A the number of potentially active
slip systems. For crystallographic slip, the discontinuity in deformation arises only across a limited family
of slip planes identified via the slip systems. The unit vector s® provides the direction of slip, while the unit
vector m® is a normal to the slip plane for the a'® slip-system (s%,m®). For the case of face-centered cubic
crystals, the vectors m® are chosen from the normals to the faces of a preassigned regular octahedron and
the slip vectors s* are chosen to be one of the directed edges of the face associated with m®.

We wish next to identify a collection of invertible structured deformations for which the disarrangements
arise only through the action of the slip systems of a give crystal. To this end, we recall [15] that for each
structured deformation (g, G) in the sense of [14] and, hence, for each invertible structured deformation there
exists a sequence of injective, piecewise smooth deformations f,, such that

fn—g in L®(;R3), Vi, — G in L™®(Q;R¥*3),

and, for every such sequence and for every x € €2, the disarrangement tensor M, ) is given by the identifi-
cation relation

Moy () = Vote) = Gl = iy im o [ R0 @, 0w, (7

and the deformation without disarrangements G by the identification relation
G(z) = lim lim

r—0n—o0 V(r) /Br(ar) V/nly) dy. (7.5)

In both and 7 V3(r) denotes the volume of the three-dimensional ball of radius r. Suppose now
that the approximating deformations f,, are such that the dyadic fields [f,] ® vy, are compatible with the A
slip-systems of the crystal in the sense that for every n € N and for every r > 0 there exist continuous fields
Ye(yr): @ = Rfora=1,..., A such that

A
[ 1) @) ) = Y (e n) V(s o me, (7.6)
Br(l)ﬁan a=1
and such that lim, o lim, . y2(x,r) = v%(x) exists for every z € Q and for a = 1,..., A. Under these

assumptions, the identification relation (7.4]) becomes

A
Myc)(x) = 7" (x)Vg(x)s® @ m®,
a=1

so that the first relation in (7.3)) becomes

A
M ko) (1) =1 = Kga(z) =Y 7" (x)s* @m" (7.7)
a=1
and )
K@) =T-) 7"(x)s* @m* (7.8)
a=1

We have provided through sufficient conditions that the disarrangement tensor field M; , ) for
the purely submacroscopic part (i,(Vg) 1G) of (g,G) is a linear combination of the (spatially constant)
crystallographic slip dyads s* ® m® for a = 1,..., A associated with the given crystal. In this context we
may say that the invertible structured deformation (g, G) generates disarrangements only in the form of
crystallographic slips or, more briefly, that (g, G) is crystallographic. We note in passing that the article
[19] provided a precise sense in which one may consider approximations by crystallographic slips of the
disarrangement matrix M, ¢y = Vg — G of any invertible structured deformations. Since we here restrict
our attention to those invertible structured deformations for which holds, the approximations in [19]
become exact in the present context.
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For a crystallographic structured deformation (g, G) and a point € Q we say that a slip-system a is
active at z if v%(x) # 0, and we say that single slip occurs at x if there is only one slip-system that is
active at x. If more than one slip system is active at 2 we say that multiple slip occurs at z. If (g,G) is
crystallographic, so that , , and hold, we may use the relations tr(s® ® m®) = s*-m®* =0
for all a and det K(, ) = det G/det Vg to conclude from and the definition of invertible structured
deformations that

tr Kg.q) =3 and det K4,y = 1. (7.9)

Consequently, the crystallographic structured deformations are among those for which K, o) = (Vg)~ i@
satisfies . We note that a slip system a is active at « for (¢, G) if and only if a is active at x for the
purely submacroscopic part (i, K4 ) of (g,G).

Examples of crystallographic structured deformations that undergo single slip at every point are the
two-level shears (gj; , ,G}) fora=1,..., A, for u,v € R and for z, €

g v (@) =20+ (I + ps” @ m®)(z — x,)
Gi(x) =1+ vs* @m?,

for which it can be verified [14] via the “deck of cards” family of approximations f, that (7.6) is satisfied,
and for which

(7.10)

Vg (r) = I+ ps" @m?, (7.11a)
M . oy(x) = (p—v)s* @m?, (7.11b)

and
Ko . co)@) =1+ (v—p)s*@m* =1-Mgys ca(z) (7.12)

The “deck of cards” approximations f,, show that each two-level shear (g;; , ,Gy) is approximated for each n
by smooth shears of amount v of the crystal lattice between n — 1 slip planes, along with slip-discontinuities
in the direction s* across the n— 1 planes, each slip-discontinuity of amount #-* times a reference dimension

in the direction m®. By virtue of the “deck of cards” approximations f, and, in view of , 2,
, and the trivial relation

p=v+p-v),
we may then call y the macroscopic shear, v the shear without slip, and g — v the shear due to slip for the
two-level shear (gj; , ,Gy). Of particular interest is the case v = 0, i.e., the two-level shear (gj; ., ,I), in
which the region between slip planes undergoes no shear and the macroshear p arises entirely from slips on
slip-system a.

7.3. Slip-neutral two-level shears. We now summarize arguments provided in [I0] in a more limited
setting that are based on the observation that crystallographic slip is physically activated within very thin
bands, the so-called slip-bands, whose thickness is typically of the order 10?> atomic units, while the separation
of active slip-bands is typically of order 10* atomic units. The arguments in [I0] indicate the following: for
each a = 1,..., A, there is a number p® > 0 such that a two-level shear (g;; , ,G7) for which the shear due
to slip i — 7y is an integral multiple of p® gives rise to submacroscopic slips equal to an integral number of
atomic units in the direction of slip s*. The dimensionless number p® equals a shift of one atomic unit in
the direction of slip s* divided by the thickness in the direction m® of the slip-band associated with system
a (measured in the same atomic units). Consequently, p® is of the order of 1072, and a two-level shear
(94,0 G7) With

=y =mnp, with n € Z, (7.13)
produces a shift of n atomic units and so does not produce a misfit of the crystalline lattice across the active
slip bands, no matter what the amount of shear without slip . Thus, when holds, the disarrangements
due to slip are not revealed by the deformed positions under the two-level shear attained by the lattice points
away from the slip bands. We refer to a two-level shear (gfwo7 G%) satisfying as slip-neutral for the
slip-system a. In particular, when v = 0 we have G% = I, and the two-level shear (gZ, I) is slip-neutral if the
macroshear y = p— v is an integral multiple of p*. Although a slip-neutral shear of the form (gzpa ,I) causes
a macroscopic shearing of the body, not only does it cause no misfit of the lattice across slip bands, it also
causes no distortion of the lattice. Consequently, we call the two-level shear (ggpa , I) completely neutral for
the slip-system a.



24 JOSE MATIAS, MARCO MORANDOTTI, DAVID R. OWEN, AND ELVIRA ZAPPALE

We suppose now that the given body undergoes a completely neutral two-level shear (gimo,f ) with
w = np?, starting from the region €2, and suppose further that (gz,xo ,I) is then followed by a crystallographic
deformation (g, G), so that we have the composition and factorization as in (7.1) and (7.2):

(9:G) o (g, 1) = (90912, G0Gin,) = (90910, V(90 90,)) 0 (i K(goga . coga . ))s

with K(gogﬁ,mo»Gogﬁ,xo) given by

a — a a a -1 a
K(gogﬁ,zo,Gogﬂ,zo) = (V(g © gu,wo)) 1(G © gu,xo) = ((v.q © gu,zo)v.gu,a:o) (G © glhlo)
= (Vi) ' (Vgogn, ) (Gogh,)=((Vei.) (Vo) 'G)og .,
= (vgg7xo)71K(g>G)) OQZaxo
and with K(ga 1) given by |)
Ko, n=1-ps"@m*= (Vg )"

9 w0
Therefore, we have the relation
K(g.a)0(g2,0.1) = Koz, . (K(g,6) © Gpu, )
and the relations M; i, .) =1 — K(y,6); 7.8), (7.11b)), and (7.12]) then yield
I'= M,k 0000 00) = K@.010(5,0.0 = Koz L0 (K9,6) © Gpia,)

mpa
(= My, )= My o) 0 5hr,)
=1=M; i, e ® e~ Mgz, + Mia MK 6) © Iua, (7.14)
=1- M(i,K(g,G)) °Gpw, — Mga 1)+ p(s® @m®) Mi i, ) © 9oz,

=1 =M i, ) Ihws = Mgy 1) + 185" @ (MG g ) © Gpaa,) M
When p # 0 the last term in vanishes at a point z if and only if M(T;,K(g,c))(gz,mo (x))m® = 0, and,
because g, , (7o) = T,, we conclude from (77):
Remark 7.1. The disarrangement tensor M(i’K(g,cMgg,xo,1))(%) at z, € Q for the submacroscopic part

of the composition (g,G) ¢ (g;; ., I) of a crystallographic deformation (g, G) with the completely neutral
two-level shear (gf, , , 1), where p = np®, is given by

M(i’Kw,c)o(g,‘i,zoJﬂ(xo) = M k0 (T0) + Mgy 1) (0) (7.15)
if and only if
A
Z'yb(x)(sb -m®)m® = M&K(g,c))(l’()) m® = 0. (7.16)
b=1
The identification relation ([7.4)) for M shows that the vanishing of M (7; Kip.) (z,) m®in ([7.16) is the statement

that, on average, as n — oo and r — 0, the jumps in approximating deformations f,, must be parallel to the
slip plane for the a'" slip system. A sufficient condition on the crystallographic deformation (g, G) in order
that the sum in vanish is the following: every slip system b that is active at x, for (g, @) satisfies
s%-m® = 0, i.e., the slip plane for the completely neutral two-level shear (gfma , I) contains every slip direction
s of every slip system b, active at x, for (¢, G). In particular, if (g, G) is a double slip at x, with active
slip systems (s',m!) and (s%,m?), then holds for every a such that s'-m? = s - m® = 0. Such
double slips (g, G) include the case of “cross slip” in which (s*,m!) = (s%,m!) and (s%,m?) = (5%, m?) with
m® =m! # m? in which slips in one and the same direction s occur in two different slip systems at ..

Our discussion above of the relationship between the disarrangement tensor M; r 00980, 1) for the
purely submacroscopic part of the composition (g,G) ¢ (gf, ., I) and the disarrangement tensor M(;, K(y.c))
for the purely submacroscopic part of (g, G) is of particular interest for energetics, because (9,2, 1) was
assumed to be completely neutral for the slip-sytem a, i.e., u = np® with n an integer. In that case, the
lattice on which (g,G) acts when following (g, ., I) differs from that on which (g, G) acts when not fol-

lowing (gj; ..., I) only by undetectable translations of the lattice between active slip-planes for system a.
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Consequently, the submacroscopic kinematical states of the crystal attained by means of the two purely sub-
macroscopic structured deformations (i, K (9,:G)o(8 0. » ) and (i, K(4 ) are indistinguishable. In particular,

the corresponding disarrangement fields M;, K(y.690(00 and M;, K(y.c)) ar€ indistinguishable, so that the
, a, ,

)
validity of would have significant implications with respect to properties of the energetic response of
the crystal. We now provide specific circumstances under which the relaxed energies recovered in Corol-
lary |'5;5| would be subject to those implications, and we set the stage by highlighting the role of M(i,K(g,m)v
the disarrangement tensor for the purely submacroscopic deformation (i, K4 ¢)), in providing constitutive
relations for the energetic response to crystallographic deformation that are frame-indifferent (independent
of observer).

7.4. Frame-indifferent energetic responses. We noted in the text above the relation (7.3)) that contains
the formulas

Mk, o) =1 = Kga = (V9) ' Mya),

relating M, &), the disarrangement tensor for an invertible structured deformation (9,G), and M, Kiy.0))
the disarrangement tensor for the purely submacroscopic deformation (i, K4 ¢)) in . Because Vg and
M both are premultiplied by a rotation () under a change of observer associated with the rotation @, the
tensor field K, ) as well as the disarrangement tensor M, Ky.c)) ar€ unchanged under such a change of
observer. Therefore, for a function ¥; : R3*3 — R the mapping

x = UMk, o) (@) = Ui (Vg (@)™ Mg.0)(2))

has the property that its dependence on the structured deformation (g, &) is independent of observer. The
function ¥; specifies the energetic response of a body from the reference cofiguration €2 to the disarrangements
arising in purely submacroscopic deformations.

If we define for the given macroscopic deformation g the mapping ¥, : Q x R3*3 — R by,

U, (z, L) :==U,;((Vg(z))"'L),  forall L € R3*3 (7.17)

then the mapping  — W, (z, M, ¢ (2)) = Vi(Vg(z)) "My () also has the property that its depen-
dence on (g,G) is independent of observer. The following constitutive assumption for the dependence on
invertible structured deformations (g, G) of ¥: Q@ — R, the free energy density due to disarrangements,
namely,

(@) = Ui( M i, o) () = Wi((Vg(2) " Mgy (2) = Wy, Mg (x), z€Q, (7.18)

then is independent of observer and carries the assumption that the free energy density due to disarrange-
ments depends only on the disarrangements associated with the submacroscopic factor (i, K4 )) in .
When (g,G) is a crystallographic deformation, then the response functions ¥; and ¥, determine the free
energy density due to crystallographic slip as a function of the disarrangement tensors M;, Kig.0)) and M, @y,
respectively.

7.5. Periodic properties of the energetic response ¥, to crystallographic slip. Let x, € Q, a €
{1,..., A}, p = np® with n € Z, and a crystallographic structured deformation (g, G) be given. We argued
above that the lattice on which (g, ) acts, when following the completely neutral two-level shear (gj; , , 1),
differs from that on which (g, G) acts, when not following (gf, . ,I), only by the undetectable transla-
tions of the lattice between active slip bands for system a. Consequently, the submacroscopic kinematical
states of the crystal lattice attained by means of the two purely submacroscopic structured deformations
(Z”K(Q,G)O(gﬁ,zo, 1)) and (i, K4 ) are indistinguishable. We invoke this indistinguishability to assert that
the free energy density 1(x,) due to crystallographic slip should be the same for (i, K (9.G)0(g2 .. 1)) and for
(i, K(g,z)) at the fixed point z, of 9y1.5,- Under the constitutive assumption applied to the point z,
this assertion means that, for every p = np® with n € Z,

\I/i (M(i7K(g,G)<>(gﬁ7zo ,1))(‘%)) = \Ili(M(i,K(g,G)) (:L’O)). (719)

We wish to translate (7.19) into a property of the response function ¥;: R3*3 — R by invoking the
additivity property (7.15) in Remark This property requires that we restrict attention to matrices
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M € R3*3 of the form

A
M=>"p's"om (7.20)
b=1
with B, ..., 84 € R such that
MTm* =0, (7.21)
and such that
det(I — M) = 1. (7.22)

If we define

M := {M € R¥>*3 : ([7.20), (7.21), (7-22) hold},

then it is easy to show that if there exists b € {1,..., A}, s € R?, ¢ € R, such that s-m® = 0 and
M = s®@m®+ &(m® x m®) @ m° (7.23)

then M € M®. When mb® = £m® then the matrix M in reduces to s ® m® and represents disar-
rangements arising from slips in the crystallographic plane with normal m®, but not necessarily in one of
the slip directions in the list of slip systems for the crystal. When m? # +m?, s* = m® x m® = s, and
€ # 0, M represents disarrangements of the previous type along with slips in the direction m® x m? in the
crystallographic plane with normal m® and so corresponds to the cross-slip described in Remark @

Suppose now that (g, G), a, and x, are such that M(i’K(gyc))(xo) € M*. By Remark @ holds for
every completely neutral two-level shear (g;;,a ., 1), i.e.,

,1))(930) = M(i»K@,G))(xO) + M(ga I) (o)

np®,xo’

(1. K(g,0r092,,

a xo

which by ([7.11b)) we may write in the following form
M(LK(QYG)O(Q&%J))(.’170) = M(Z-QK(&G))(JJO) + np®s® @ m®.

Consequently, when M(; k., G))(:zro) € M?, this formula and the constitutive restriction (|7.19) on the response
function ¥; yield the relation

Wi (M iy ) (o) + 1p%s® @m®) = Wi (M i, o)) (o)), for every n € Z. (7.24)
For matrices M € M? satisfying ([7.23)) this restriction takes the form
Ui((s 4 npts®) @ m® 4+ £(m® x m®) @ m®) = ¥;(s @ m® + £(m® x m®) @ mb) (7.25)

for every s € {m?}+, b€ {1,..., A}, £ € R, and n € Z. In other terms, (7.25) is the assertion that for each
be{l,...,A} and £ € R the mapping

5+ Ui(s @m® + £(m® x m®) @ mb) (7.26)

is periodic on {m?}+ with (vector) period p®s®. Thus, the presence of completely neutral two-level shears
(gpas 1) has led via (7.24) to the identification of a family of affine subspaces

Mj ¢ = {s @m* + {(m" x m?)@mb: s e {m*}t}

of R3*3, each two-dimensional and on each of which the restriction of ¥; is periodic with corresponding
period p®s®.

7.6. Form of the relaxed energy appropriate for crystalline plasticity. In this subsection we take
the basic constitutive assumption and the property of U, that reflects the complete neutrality
of certain two-level shears, and we identify additional properties of ¥, that permit the application of our
principal relaxation result Theorem when W, appears in place of ¥ in the formula for the averaged
interfacial energy. The following theorem provides conditions on ¥; and (g, G) sufficient for the application
of Theorem [I.5] in the context of crystal plasticity. We note in advance that the fact that the macroscopic
deformation g for a crystallographic structured deformation (g, G) is smooth (as is the case, more generally,
for (g,G) € ISD(Q)) means that the singular part D®g of the distributional derivative Dg is zero and,
consequently, that the term in involving the recession function Wg° is zero. (This would not be the
case were one to use the original definition of invertible structured deformation in [14] in which g is allowed
to be discontinuous.)
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Theorem 7.2. Let Q C R3 be a bounded Lipshitz domain, and let W;: R3*3 — R be Lipschitz continuous
and satisfy for each a,b € {1,..., A} and for each £ € R the periodicity condition . Moreover, for each
crystallographic structured deformation (g,G) let Wy: Q2 x R3%3 — R be given in terms of ¥; by , and
for each u € SBV (Q;R3) define as in the averaged interfacial energy

Eyr(u) = / U, (z,(Dux*a,)(x))da.

Then for each mollifier « € Cy(By), for each r > 0, and for the convergence in (L.1), the relazed energy
7% (g,G) in (1.14)) is given by

1°(3.6) = [ Wy(,(Vg - G)+a,) () dz, (7.27)
Q.

and the relaxed energy Z(g,G) in (1.20) takes the form given in (1.36) (|1.33)

I(g,@) = lim 1% (9,C) = /\I'g(x,Vg(x)—G(x))dx=/\I'i(I—Vg(x)’lG(ar))dx
" % @ (7.28)

- /Q (1 — Ky () do = /Q WM 1, o) () d
In particular, the relaxed bulk energy density retains the periodicity property (7.26)).

Proof. We note that for (g,G) € ISD(Q) the Lipschitz continuity of (Vg)~! and the assumed Lipschitz
continuity of ¥; imply that U, satisfies (L), so that we may invoke not only part (i) of Theorem to

obtain (7.27) but also Theorem [I.5| to obtain (7.28). O

This result provides a representation formula for the relaxed energy associated with crystallographic slip
only, and so does not provide information about energy stored due to distortion of the crystal lattice. To
remove this shortcoming, we add to the averaged energy E¢" (u) considered above the local, purely bulk
initial energy

Epr(u) ::/QW(Vu(:U))dx

where W: R3*3 — R is a continuous function that satisfies with p > 1 the condition (W1),. Remark
then yields the formula for the relaxed local energy

Ip(9,G) = /Q W (G(z)) dz.

Therefore, the energy stored due to smooth distortion of the crystal lattice emerges alone from the relaxation
of the local initial energy Ey,. Moreover, that remark permits us to conclude that the relaxation of the initial
energy by + Egr followed by taking the limit as r goes to zero results in the following purely bulk energy
for the crystal

J(9.G) = / W(G(@) + (M g, ()] (7.29)

It has the distinctive property that the (bulk) energy density is the sum of a function W of the deformation
without slip G and of a function ¥; of the deformation M;, Kio.c)) due to slip. Moreover, the latter has the
periodicity property reflecting the ability of the crystal to undergo completely neutral crystallographic
slips. Both of these properties arise in earlier variational studies of the basic phenomena of plastic behavior:
yielding, hysteresis, and the existence of an elastic range. An additive decomposition of the bulk energy
similar to that in was the starting point in the study [L3], and that very property along with the
periodicity property of the energy due to slip was central to the energetic studies [10, [I8].
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