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Abstract

A striking geometric property of elastic bodies with dislocations is that
the deformation tensor cannot be written as the gradient of a one-to-one
immersion, since its curl must not be zero, but equals to the density of dis-
locations, a concentrated Radon measure in the dislocation lines. In this
work, we discuss the mathematical properties of such constrained defor-
mations and study a variational problem in finite-strain elasticity, where
Cartesian maps allow us to consider deformations in LP with 1 < p < 2, as
required for dislocation-induced strain singularities. In its first part, this
paper addresses the problem of mathematical modeling of dislocations.
It is a key purpose of the paper to first build a framework where dislo-
cations are described in terms of integral 1-currents and to extract from
this theoretical setting a series of notions having a mechanical meaning
in the theory of dislocations. In particular, the paper aims at classifying
integral 1-currents, with modeling purposes. In the second part of the
paper, two variational problems are solved for two classes of dislocations,
at the mesoscopic, and at the continuum scale. By continuum it is here
meant that a countable family of dislocations is considered, allowing for
branching and cluster formation, with possible complex geometric pat-
terns. Therefore, modeling assumptions of the defect part of the energy
must also be provided, and discussed.

Keywords: Cartesian maps, integer-multiplicity currents, dislocations, finite elasticity,
modeling, variational problem.
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1 Introduction

1.1 Physical motivation of the problem

Consider one dislocation loop L in a continuum medium €(¢) at time ¢. At the
mesoscopic scale it is assumed that Q(¢) \ L is an elastic body, and thus that
all dissipative (i.e., including plastic) effects are concentrated in L. It is also as-
sumed that L is a one-dimensional singularity set for the stress and strain fields.
Moreover, if a linear elastic constitutive law is chosen, classical examples of screw
and edge dislocations show that stress and strain are not square integrable [14],
and hence that the strain energy is unbounded near L. This strongly suggests
to consider finite elasticity near the line with a less-than-quadratic strain en-
ergy, possibly matched with a linear law at some distance from the singularities.
A crucial property of (t) assumed as a single crystal (as opposed to a poly-
crystal with internal boundaries) is that the family of dislocations are free to
move in the bulk and through part of the boundary, and hence are likely to
form geometrically complex structures, called clusters (otherwise named dis-
location networks). This phenomenon is enhanced if the crystal is considered
at high temperature or subjected to high temperature gradients, since the con-
strained motion of dislocation on predefined glide planes only holds for moderate
temperature ranges. Overlooking on purpose the specific inter-dislocation dy-
namics [26,29, 30] which causes attraction/repulsion between dislocations and
are responsible for their aggregation, in this paper we consider the cluster as
a mathematical object which must be described in a geometrically unified way
together and accordingly with any single dislocation loop.

1.2 Origin and nature of a dislocation singularity

Another intrisic difficulty of mesoscopic dislocations is that there is no natural
definiton of the displacement field (and so for the fictitious reference config-
uration), whereas the displacement field jump is a physical field attached to
L C Q(t) and called the Burgers vector (this is the famous Weingarten’s the-
orem). Consider the current configuration ©(¢) (a bounded simply connected



set) with a single dislocation L and any dividing surface Sy, containing L. The
set Q(t) \ L is not simply connected, but the upper and lower subsets of (),
Q7 (t) and Q7 (¢) divided by Sy, are simply connected and in each (an inverse)
displacement field ug, : Q(t) — R3 may be defined, which will be discontinuous
at Sp, and will define a reference configuration with a mismatch along a surface
corresponding to the image of the jump set. This is precisely what characterizes
the presence of a dislocation. Now, the map ® := (Id + ug, ) allows us to de-
fine the associated elastic deformation tensor F' = V¢ (to be precise, an inverse
deformation tensorl) which is also discontinuous at Sy. Taking two curves ot
in Q*(¢) with the same startpoint and two distinct endpoints outside and inside

L in Sy, one classically has:
b= / Fdl, (1.1)
at

otherwise said, ¢ shows a jump of amplitude b at the jump set S} enclosed by
L. Hence its distributional derivative writes as D¢ = F' + b ® T'LHQLS% and it
holds — Curl F = Curl (b® nH?_gs) (n representing the unit oriented normal
to S). Thus by Stokes theorem and written in terms of the dislocation density

A=7@bH' L
(with 7 the oriented tangent vector to L C €(t)) it holds

— Curl F = AT, (1.2)

1.3 The variational framework

Coming back to the physics and the mathematical properties of dislocations,
we have already mentioned that in linear elasticity F' € LP(Q(t),M3) with
1 < p < 2, while specific examples for elastic bodies also show that p can-
not be greater or equal to 2 [31]. In fact, this properties originates from re-
lation (1.1) which shows that F' behaves asymptotically near L as the inverse
of the distance to L. Moreover, with a view to a global model, cavitation so-
lutions cannot be ruled out, since they are at the origin of the nucleation of
dislocations from the growth of micro-voids in the bulk [21]. Here, classical
examples show that deformation allowing for radial cavitation are such that
cof F € L9(Q(t),M?) with 1 < ¢ < 3/2 [13]. Thus, one cannot restrict to the
interval 3/2 < p < 2 where some existence results in finite elaticity exists [20],
and must allow F, cof F € LP(Q(t),M3) in the whole range 1 < p < 2. For
this reason, as suggested in [20], Cartesian maps will be considered [12]. More-
over, nucleation of a dislocation loop resulting from the collapse of a void will
provoke locally high pressure gradient and hence the behaviour of the Jacobian
J = detF must be controlled. Therefore, classical pointwise conditions on J will
be considered: these are the non-negativeness (to ensure orientation preserving
deformation and non-interpenetration of matter) or the fact that J — 07 is
precluded by finite energy states. Finally, to avoid any spurious, i.e., concen-
trated and dissipative, effects away from the dislocation set we will assume not

IThis convention — of considering the inverse deformation gradient, defined in Q(t) —, can
also be found in [1]. In fact, it is prefered to have a discontinuous reference configuration,
while the current configuration is the continuous medium containg the —possible moving—
dislocation network. Thus, the energy density of Q(¢) will also depend on such a F'.



only that detF, cof F € LP(Q(t),M?3) but also that their distributional coun-
terpart have no s-dimensional (0 < s < 3) singular parts in Q \ L , that is,
DetF, Cof F' € LP(Q(t),M?) locally away from L [19]. Indeed, the dislocation
induces a jump set where the distributional Jacobian concentrates. As a con-
sequence, the strain energy density W, : M® — R will depend on F, cof F' and
detF' and be assumed polyconvex, i.e., convex in each variable separately, and
satisfying the growth

We(F) > C(|F|P + | cof F|P + | detF|P) — S (1.3)

for some C, 8 > 0. In our problem, strain gradients play a crucial role and thus
a strain-gradient elastic energy involving F' and Curl F' will apply. This can be
achieved by considering an energy of the form W(F, Curl F) = Jo We(F)dx +
Wdefect( Curl F) or equivalently since — Curl F' = AE (here £ denotes the cur-
rent associated to L) in terms of the internal thermodynamic variable Ay as
W(F, L) = fQ Wo(F)dx + Waetect (Az), where

Waeteet(A) > Cl|Az || pm), (1.4)

allowing us to control pathological behaviours of dislocation clusters. The defect
part of the energy can also be seen as the energy depending on the concentration
of the Jacobian of the displacement (see section 6.3).

1.4 Scope and structure of the work

The variational framework was inspired by the pionneer paper [20], where a
single and fized dislocation loop was considered, and hence minimization was
achieved only with respect to the deformation tensor F. The principal aim of
this paper is to generalize the problem, and thus minimization is made also w.r.t.
to the line location. With the aforementioned type of energy, our aim is twofold.
In a first step, to define classes of admissible deformations F' and admissible
dislocations L satisfying (i) a boundary condition in terms of dislocation density
and (ii) the geometric contraint (1.2). In a second step, to prove existence of

solutions to
min ~ W(F, L). (1.5)

— Cur?%:Az

To achieve the proof of existence, a series of preliminary results must be proved
and in particular we define and carefuly analyze two classes of dislocations,
at the mesoscopic and at the continuum scales. To this respect an important
result is Theorem 4.5 which states their equivalence under certain conditions.
Let us stress that each of these two classes has a specific interest in terms of
modeling, according to choice of the dislocation variable: either the line per
se (a current, £, which might be followed with time, though in this work we
restrict to statics), or its associated density (i.e., a measure, Az, while evolution
of £ is not known everywhere). Then, the two existence results are Theorems
6.5 and 6.6, respectively for the class of mesoscopic and continuum dislocations.
Let us remark that by solving (1.5) we consider a static problem, whereas
dislocations are known to be moving defects inside the crystal by the action of
mechanical and thermal forces [1,15]. First, we should precise that by consider-
ing an equilibrium problem at fixed time ¢ we indeed define a thermodynamical



ground-state on the base of which dynamical effects will be added in a sec-
ond step, beyond the scope of this paper. Second, such minimization states
are reached very fast in actual crystals such as pure copper, where resistence
to dislocation motion is negligible [5]. Nonetheless we emphasize that the main
objective of this work is not the minimization result per se, but rather the math-
ematical definition of dislocations, achieved by means of integer-multiplicity
currents with coefficient in a group. A similar approch to continuum dislo-
cations by integral currents was already suggested in [16], [15], and [9], without
a sistematic description. It will be shown that these well-studied mathematical
objects are perfectly adapted to describe countable families of dislocations each
of which can deform and which mutually can be summed, possibly forming com-
plex transfinite geometries (in the sense of Cantor [7]), with appropriate laws
on their Burgers vectors.

The chosen approach to minimize jointly the deformation and the line lo-
cation is more physical, since the fields of deformation and dislocation density
are bound in essence. To our knowledge, this is the first generalization in that
direction. Of course, to achieve this purpose, modeling assumptions on the
defect-part of the energy must be made, since otherwise dense clusters might
appear as limit of minimizing sequences, and hence the mesoscopicity assump-
tion would be violated. We attempted to also give a physical understanding on
the growth assumptions, but our aim was mainly to set a mathematical frame-
work, where the complete problem could be studied. We are certain that better
assumptions exist, but left these considerations for a more model-oriented future
work. In this respect, thanks to our minimization results, the dynamics of the
lines at optimality could be analysed and discussed in a subsequent paper [23].

This paper is self-contained and can be read without previous notions neither
on dislocations nor on currrents. After collecting some preliminaries, in Section
3 the general notion of dislocations as described by integral currents is provided,
while in Section 4 special emphasis is given on its two subclasses of so-called
mesoscopic and continuum dislocations. In particular the relation between these
two notions is discussed in Theorem 4.5. In Section 5, we discuss the admissible
deformations satisfying contraint (1.2). In particular, we show that the class of
admissible deformations satisfying the boundary conditions given in terms of the
dislocation density is well defined and this allows us to solve the two minimum
problems of Section 6. Section 6.3 shows how the concept of deformations in the
presence of dislocations is related to the space of functions oh bounded higher
variations introduced in [17]. Conclusions and plans to further extend the range
of applications of this approach are drawn in Section 7.

2 Preliminary notions and results

The curl of a tensor A will be defined componentwise as (Curl A);; = €, Dr Ay
where D is a symbol for the distributional derivative; if pointwise and distribu-
tional derivative coincide then ( Curl A);; = €;,0rAy. In particular one has

(Curl A,¥) = —(Ai, €juDrtbij) = (A, et Ditbiz) = (A, Curl ). (2.1)

Note that with this convention one has Div Curl A = 0 in the sense of distri-
butions, since componentwise the divergence is classicaly defined as ( Div A), =



DjA;;.? For the remaining of this section, our main references are [11,12].

2.1 Preliminaries on compact sets

Let C be a bounded compact set in R™. We define I(C') as the family of compact
and non-empty subsets of C. We define the Gromov-Hausdorff distance dg (-, -)
in £(C) by

dy (A, B) := max{supd(a, B),sup d(4,b)},
acA beB
for all A, B € K(C). If A is a Borel set in R", we denote by A, the set of points
at distance less than e from A, i.e.,

Ac :={x e R" : d(x, A) < €}.
It is known that the Gromov-Hausdorff distance satisfies
dp(A,B) =inf{e >0: A C B.and B C A},

for all A, B € K(C), and hence the latter can be taken as an equivalent defini-
tion. The following theorem is a standard result, whose proof can be found, for
instance, in [4,6].

Theorem 2.1. (Blaschke) Let C' C R™ be a bounded compact set. Then the
space K(C) endowed with the Gromov-Hausdorff distance dp is sequentially
compact.

In particular, if K, is a sequence in K(C) converging to K, than K is a
compact set. Moreover, it holds (for the proof see, e.g., [4,6]):

Theorem 2.2. (Golab) Let {K,} be a sequence of connected sets in K(C)
converging to K, such that H'(K,) < X\ < oco. Then K is connected, has
Hausdorff dimension 1, and

HY(K) < liminf HY(K,). (2.2)

n—roo

2.2 Currents and graphs of Sobolev functions

Let M,n be integers with 0 < M < n. We denote by AMR™ and Ap/R"™ the
vector spaces of M-covectors and M-vectors respectively. A M-vector £ is said
stmple if it can be written as a single wedge product of vectors, £ = v1 Ava A+ A
vp. Let a be a multiindex, i.e., an ordered (increasing) subset of {1,2,...,n}.
We denote by || the cardinality of «, and we denote by @ the complementary
set of a, i.e., the multiindex given by the ordered set {1,2,...,n}\ a.

For a n x n matrix A with real entries and for o and 3 multiindices such
that |o| 4 8] = n, MZ(A) will denote the determinant of the submatrix of A

2In this paper we therefore follow the transpose of Gurtin’s notation convention [8] but care
must, be payed since the curl and divergence of tensor fields are given alternative definitions
in the literature (including the second author references [25]- [27] where it holds Curl A =
—Ax V).



given by erasing the i-th columns and the j-th rows, for all i € a and j € f.
Moreover, symbol M (A) will denote the n-vector in A, R*" given by

M(A) = Z oo, @)ME(A)eq A eg,
lee|+|Bl=n

where {e;, €; }i<n is the Euclidean basis of R?" and o(«, @) denotes the sign of the
ordered set {a, &} seen as a permutation of the set {1,2,...,n}. Accordingly,

it holds
IM(A) =1+ Y [MEA)H.
lo|+|Bl=n
[8]>0
For a matrix A € M? it is intended by adj A and detA the adjunct, i.e.
the transpose of the matrix of the cofactors of A, and the determinant of A,
respectively. Explicitly,

7 7 1,2,3
Mi(A) = Aij,  MJ(A) = MI(A) = (cofA);; M[137)(A) = detd, (23)

where I and J are the complementary set in {1, 2,3} of {i} and {j}. Moreover,

1/2

IM(A)] = (14> A7+ cof(A)?; + det(A)?) (2.4)

Let us also define
M(A) :=(A,adj A, detA), (2.5)

and |[M(A)| = |M(A)|.

Let Q be an open set in R". For a non-negative integer M < n, the space
DM (Q) = D(2; AMR") stands for of C*°-differential forms with degree M and
compact support in €. Moreover Dy () := (D(Q; AMR™)) is the space of
M-dimensional currents on (2, that is, continuous linear functionals on DM ().
Since Dp(R2) is defined as a dual space, it is endowed with a natural weak
topology. More precisely, the currents Ty, € Djps(Q) are said to weakly converge
to T € Dy (Q) if and only if

Tk, w) = (T, w)

for every w € DM (Q).

If S is a M-dimensional oriented submanifold in R" and S : S — A M (R™)
is a M-vector giving the orientation, symbol [S] € Dp/(R™) will denote the
current obtained by integration on S, i.e.,

[S](w) = /S (w, SYaHM  for w € DM (Q), (2.6)

where (-, ) stands for the duality product between M-vectors and M-covectors,
and HM for the M-dimensional Hausdorff measure.
The boundary of a current Dy () is the current 9T € Dyr—1(Q) defined by

OT (w) := T(dw) for we DM=1(Q),



where dw is the external derivative of w. Using again the duality with M-forms,
if U C R® and V C R™ are open sets and F : U — V is a smooth map, it is
possible to define the push forward of a current T' € Dy (U) through F' as

FT(w):=T((Ffw) for we DM(V),

where F%w is the standard pull back of w and ¢ is any C2°(U) function that is
equal to 1 on sptT NsptF%w (where “spt” stands for support). It turns out that
FyT € Dy (V') does not depend on ¢ and satisfies

OF,T = F,0T. (2.7)
The mass of a current T' € Dys(€2) is defined by

|T| := sup T (w), (2.8)

weDM(Q), |w|<1
and if V' C ) is an open set, we can consider the mass of T in V, i.e.,

Ty = sup T (w). (2.9)
weDM(Q),|w|<1,
sptwCV

Not to weight up some formulas in the following, the following notation
N(T) = [T] +10T), Nu(T) = Tlo + 10T,

will be employed whenever T' € Dj;(Q2) and U C Q is open. Remark that this
number, which measures both the mass of a current and of its boundary, is not
a norm. Moreover, with a little abuse of notation, expression T' C A will mean
in the sequel that the support of the current 1" is a subset of the closed set A.
A set S C R™ is said HM-rectifiable if it is contained in the union of a
negligible set and a countable family of C''-submanifolds. The current S is said
locally finite if for each compact set K C R™ we have HM (SN K) < oo, and that
a HM-rectifiable set is a M-set if it has finite HM-measure. It is well known
that at HM-a.e. point = of a HM-rectifiable set S, there exists an approximate
tangent space defined as the M-dimensional plane 7S in R" such that

lim o(y)dHM (y) = / o(y)dHM (),

A0 J e A (9) T. S

for all ¢ € C2(R™), where 1, : R"™ — R™ is the map defined by n, \(y) =
Ay — x) with z,y € R™ and A > 0.

Moreover, if 7 : S — Ay (R") and 6 : S — R are HM-integrable and such
that 7(x) € TS is a simple unit M-vector for HM-a.e. x € S, then we can
define the current 1" as

T(w) = /S(w(:zz), 7(x))0(z)dHM (z)  for w € DM(Q). (2.10)

Every current for which there exists S, 7, and 6 as before is said rectifiable
current. If also its boundary 0T is rectifiable, then to denote T, the short
notation

T={S,1,0} (2.11)



will be adopted.

The current T € Dy () is rectifiable with integer multiplicity if it is re-
cifiable with rectifiable boundary, and S, 7, and A integer multiplicity current
T such that N(T) < oo is said integral currents. The following compactness
theorem for integer multiplicity (“i.m.”) currents holds:

Theorem 2.3 (Compactness for i.m. currents). Let {7;} C Di(Q2) be a sequence
of integer multiplicity currents such that

Nuy(Ti) <C  foralli and U CC Q,

with C > 0. Then there exist an integer multiplicity current T € Dy () and a
subsequence, still denoted by {T;}:, such that T; = T weakly in  as i — oo.

An integer-multiplicity current T' € Dy, (R™) is said indecomposable if there
exists no integral current R such that R # 0 # T'— R and

N(T) = N(R) + N(T — R).

The following theorem provides the decomposition of every integral current
and the structure of integer-multiplicity indecomposable 1-current (see [11, Sec-
tion 4.2.25]).

Theorem 2.4. For every integer-multiplicity current T there exists a sequence
of indecomposable integral currents T; such that

T=>T and N(T)=)> N(T)).

Suppose T is an indecomposable integer multiplicity 1-current on R™. Then
there exists a Lipschitz function f : [0, M(T)] — R™ with Lip(f) =1 such that

ful0,M(T)) is injective and T = f3(0, M (T)].
Moreover OT =0 if and only if f(0) = f(M(T)).

Approximately differentiability almost everywhere is readily fulfilled if the
function u belongs to W1P(Q, R™). This will always be the case for the functions
considered in the sequel. We refer to [12, Section 3.1.5, Theorem 4] for the proof
of this fact and of Theorem 2.5. Given u € WP(Q,R"), we define its graph
G, C QA xR" as

Gy = A{(z,u(z)) :z € R, NQ}.

The following theorem provides a sufficient condition to guarantee that the
graph is a rectifiable set.

Theorem 2.5. Let u € L'(Q;R™) be approzimately differentiable almost every-
where. Then the graph G, is a H"-rectifiable set. Moreover it holds that if all
the minors of Du are integrable, then H™(G,) < 0.

Let us consider the map (Id x u) : Q@ — Q x R™ defined by (Id x u)(x) :=
(z,u(z)). ffu e WHP(Q;R") and w € D™(2 x R"™), we can extend the definition
of pull-back also to the map Id x u, i.e.,

(Id x u)fw = Z o(a, @)waps(u, w(z))ME (Du(z))dzy Adxy A--- A day,
lal+[B]=n



where
w(x,y) = Z Wap(,y))dz™ A dy®. (2.12)
lef+Bl=n
This allows us to extend the definition of push-forward of a current 7" also
throughout the map Id x u, provided u € W1P(£;R™). Let us consider the
current [Q2], the canonical current given by integration on Q, we set G, :=
(Id x u)4[€], so that, for all w satisfying (2.12), we have

Gy(w)

/Q<w(:c,u(:c)),M(Du(z>>>dz
> [ ol ule) M (Duw)as,

lal+[B]=n

2.3 Cartesian maps

Let uw € WHP(Q;R?), and suppose u; Du; € L*(Q,R?) for all i # j, we define the
distributional cofactor of Du, the distribution Cof Du writing componentwise

(CofDu)ij := Dj1(uiy1 Du(iya)+2)) — Djs2(uit1Dugiva) i)

with indices 4,j € {1,2,3} (taken mod 3 when summed and with the deriva-
tives intended in the sense of distributions). Moreover, AdjDu is the dis-
tributional adjunct of Du, that is the transpose matrix of the distributional
cofactor CofDwu. In general it is not true that the pointwise and distribu-
tional adjuncts coincide. Suppose u;(adjDu)! € LY(Q,R3), with (adjDu)! :=
(adj(Du)11,adj(Du)a1, adj(Du)s1) being the first column of adjDu. The distri-
butional determinant of Du is the distribution DetDu given taking the distri-
butional divergence of u1(adjDu)?, i.e.,

(Det Du, ) := / u1(adjDu)! Dpdr, Yo € C(Q,R?).
Q

As for the adjunct, in general DetDu and detDu differ. Let us define for p > 1
AP(QR") := {u € W'"P(Q,R?) : M2 (Du) € LP(Q) Vo, 8 with |a| 4 |8] = 3}.

In other words, a function u € AP(Q2,R3) if and only if u € WHP(Q,R3), and
adj Du, detDu belong to LP(Q).

Theorem 2.6. If u € AY(Q,R") then G, is an integer multiplicity current
with multiplicity 1 and support given by the rectifiable set G, whose orientation
is given by the n-form

3 M (Du(z))

Gulz,u(z)) == ==
h |M(Du(x))|
which turns out to be almost everywhere orthogonal to the approximate tangent
plane to G, .

In symbols,
= [ o, MDuE))

10



whereby for p > 1, the class of Cartesian maps is defined as the function set
Cart?(Q,R") := {u € AP(;R"™) : 0GuL(oxrm)= 0}. (2.14)
The following closure theorem for Cartesian maps holds (see [12, Section 3.3.3]):

Theorem 2.7. Let uj, € Cart?(£2,R™) a sequence such that
up —u  weakly in LP(Q,R"),
MB(Duy) — o2 weakly in LP(Q),

for all a, B with || + |8 = n, then u € Cart?(Q,R™) and v2 = ME(Du).

The crucial point for our purposes is that for Cartesian maps it is always
true that Det Du = detDu and AdjDu = adjDu. In particular DetDu € LP(Q)
and AdjDu € LP(Q, R™*™).

3 Dislocations as currents

A dislocation in an elasto-plastic body arises as a closed arc, or a path con-
necting two points of the boundary, to which a Burgers vector b € R? and a
measure concentrated on the dislocation line (the dislocation density) are asso-
ciated. Since dislocation densities fullfil linear additivity when dislocation lines
overlap, and since to each dislocation 2 preferential directions are associated,
which also define its density, we will describe dislocations by the tool of integer-
multiplicity 1-currents with coefficients in a group, that in the crystallographic
case is assumed isomorphic to Z3. The coefficient 6 represents the Burgers
vector with its multiplicity, and the fact that it is constant on any dislocation
and that the dislocations are closed correspond to the requirement that such
currents are boundaryless (i.e., that the density is divergence free). Moreover,
integer-multiplicity 1-currents, thanks to Theorem 3.22, are essentialy Lipschitz
curves, and hence a description of dislocations without using the notion of cur-
rents is also possi ble. However the notion of currents, as we will see, simplifies
some descriptions and provides more direct proofs of some of the following state-
ments. In the sequel, we will introduce and discuss two families of dislocations
emphasizing the equivalence between them.

Let © be a bounded and connected open set in R?, with smooth boundary.
Let Z C N be a family of indices.

Definition 3.1. A dislocation is a couple L1 := (L;,b");ez, where L; are closed
integer-multiplicity 1-currents in Q, and b® are vectors of R3. We define By =
{b'};ez the set of Burgers vectors of Lz. Each dislocation Lz can be represented
by mean of the quadruple {L;,7;,0;,b'}icr.

In many applications, the Burgers vector is constraint by crystollagraphic
properties to belong to a lattice. For simplicity this lattice will be assumed
isomorphic to Z3. Let the lattice basis {b',b%, %} be fixed, and define the set
of admissible Burgers vectors as

3
B:={beR*:3p3 € Z° such that b=y B;d'}. (3.1)
k=1

11



Accordingly, if Bz C B, then Lz is called crystallographic dislocation. Without
loss of generality we will assume that b* = e;, that is B := Z?. With this
definition we can identify each dislocation with a current with coefficients in the
group Z3. Specifically, given a dislocation Lz, for all i € Z we define the current

Li = {Li,7i,0:b'}, (3.2)

which has multiplicity in Z®. In other words if w is a 1-form with vector-
valued coefficients, i.e. w = (w);, j = 1,2, 3, with w; = wy;dzy, (with Einstein
summation convention on repeated indices), then, for every fixed i,

Li(w) := L;(wb"),

where wb® = wy;(b?)jdzy. Accordingly, the current associate to the dislocation
is defined by

Lr:=) L. (3.3)
=
In the sequel the space of 1-forms with vector-valued smooth and compactly
supported coefficients will be denoted by D! (2, R?).

The density of a dislocation is a key measure associated to the dislocation
current.

Definition 3.2. The density associated to L1 is the linear functional Ay de-
fined by

(Apow) = Y Li((wb')) = Li(w"dz), (3-4)

i€ZCN €T
for every matriz test function w = [w;] € C®(Q,M?), where (wb')* :=
wkjbé-dzk (with FEinstein summation convention on repeated indices) and dx =

(dzj);.

If Z |L:|[|1b7]] < oo then Ag is well defined as a Radon measure, and we
i€T

write Az € M(Q,M?3).

Definition 3.3 (Equivalence between dislocations). Two dislocations L1 and
L are said geometrically equivalent if

Ap=Agp (3.5)

Definition 3.4 (Geometrically necessary dislocation set). The geometric nec-
essary dislocation set L* is the support of Ars. In particular there are T and
T*, such that {L*,7*,1,Bz«} is said the minimal dislocation equivalent to Lr.

Under suitable assumptions L* turns out to be a H!-rectifiable compact set.
In the sequel we discuss some sufficient assumptions in order for L* to have this
regularity.

12



3.1 Regular dislocations

Definition 3.5 (b-dislocation). Let b € B. A b-dislocation L® is a dislocation

Lz such that (i) b* = b for all i € Bz, (ii) T is finite with cardinality ky, (iii)

there exist ky Lipschitz functions ¢? : [0, T;] — Q with Lip(¢?) < 1 such that
Li = o[, Ti]]- (3.6)

Moreover, for all i < ky we have either @%(0) = @°(T}) or ¢?(0), % (T;) € 0.

We set
Lr=> "L (3.7)
i€l
The current £ defined by R
L0(w) == LY(wb), (3.8)

for all 1-form with vector-valued coefficients w € D*(2,R3), is called b-dislocation
current associate to LL.

In particular, with this definition, we require that a b-dislocation is always
closed in Q.
By Theorem 2.4, one can always decompose £? as follows

ch=>"r (3.9)

i€ZIb

with £? indecomposable 1-current such that Z N(£Y) = N(£%). The compo-
i€Zb
nents L are called current loops. Thanks to the Lipschitzianity of the functions

ks ky T;
¢ one has Z l? = Z/ Hc,b?—”dt < 00, meaning that the total length of the
j=1 j=170
supporting set of the current £° counted with overlapping is finite. Here l? is
the length of the current given by gp?.

We remark that even if the word loop usually refers to a closed path, we use
the same word when refering to a no-closed path (with endpoints belonging to
o).

By definition of rectifiable current, if £° is a b-dislocation then there is a
1-set called dislocation set that we denote by L, such that

Lo(w) = /Lb (w(x), 7°(2))0°(x)dH (z)  for w e DY(Q). (3.10)

We can choose

ky
1= J o1y, (3.11)

for the rectifiable set supporting the current £°, and we will also write £° =
{L’ 7%, 6°}. With such a choice L’ is a compact set. Note that with this choice
for the dislocation set, in general L® does not coincide with the geometrically
necessary dislocation set L*, since somewhere on L’ it may happen that 6° = 0.
Indeed, with this notation, ° may also take the value 0 in a set of H! positive
measure. If £% are the indecomposable components of £ in (3.9), we write

13



(c) (d)

Figure 1: Typical indecomposable dislocation loops and the resulting disloca-
tion currents: in (a), a single b-dislocation loop is equivalently viewed as two
indecomposable b-loops with opposite orientations and connected by a geomet-
rically unnecessary arc Z; the inverse property is observed in (b) where two
identical b-loops give rise to a single connected b-dislocation loop and a geomet-
rically unnecessary arc = where A = 0; in contrast, (¢) describes two b-loops
with opposite orientation which provide a simple cluster showing subarcs with
Burgers vectors b and 2b; the general case is shown in (d) where the cluster is
due to the union of two loops with distinct Burgers vectors obeying to Frank
rule.
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Figure 2: For certain combinations of Burgers vectors, the three separated loops
of (a) might intersect and form the cluster element of (b) where the Frank law
at the intersection points is satisfied.
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Figure 3: Different kinds of cluster components: in (a) the sum of b-current
dislocations £ + £%2 + £b is depicted, whereas (b) shows a single b-current
constituted of three elementary b-loops. In (c) a b-dislocation cluster writing as
Lb = gpg[[[O, T1] is shown: it can be viewed as a countable chain of indecompos-
able b-loops interconnected with geometrically unnecessary arcs.



L = {Lb 7 6}, in such a way that it holds L® = (U;ezs L?) UZ", where Z° is
defined as the set {x € L’ : 0°(x) = 0}.
As for general dislocations, to any b-dislocation we associate a density.

Definition 3.6. The density of a b-dislocation L is the measure A pv € My (€, M?)
defined by
(Apv,w) == LO((wb)*), (3.12)

for every w = [w;;] € C°(Q,M?), where (wb)* := wy,;b;dxy,.

Note that, by (3.8), if we identify smooth compactly supported tensor-valued
fields with smooth 1-forms with vector-valued coefficients, the density and the
current associated to a dislocation becomes the same object.

Since ky is finite Azs is always a Radon measure. In the sequel we will use
the following shortcut notation from (3.10) and (3.12):

App =L @b=1" 200" H' 10 (3.13)

Definition 3.7 (Regular dislocation). A regular dislocation is a sequence of b-
dislocations Ly = {L'}pes whose total density (or associate current) has finite
mass. According to the previous definitions, the dislocation current, still denoted
by ﬁ, and the dislocation density Az, are given by

L= Zﬁb, Ap = ZAU" (3.14)

beB beB

The dislocation set L is defined as

L:= ]I (3.15)

beB

so that we can write £ = {L, 7,0} with

7 € TanL, =" sg(r")6", (3.16)
beB

where sg(7°) being 1 or —1, chosen in such the way that T = sg(7°)7° (note that
6 € 73, while 6" € 7,).

The dislocation current £ = {L, 7,0} is said connected if L is a connected
set. By (3.7), every dislocation current can also be written as

L) =32 =" 3 @bl Tlwh), (3.17)

beB beB 1<j<ky

for all w € D'(Q2,R?), and, enumerating the family of generating functions {4},
we construct a set of indices J = J (L) such that

Yo > Gl0.TII =) el Tl (3.18)

beB 1<j<ksy JjeJ

Moreover, setting S; := ¢;([0, T;]), from (3.11) and (3.15) we also have

L=1Js; (3.19)

JjeT
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Every current of the form £ =3, 7, ¢;[[0, T}j]], where J' C 7, is said a

subcurrent of £, and we write £’ C L. In such a case, setting L' := {J;c 7. 5j,
we can write £’ = {L’,7,0}. Again we say that a subcurrent £’ is connected if

the set L’ is connected.

Definition 3.8. T C L is called a cluster current if it is a mazximal connected
subset of L with respect to the inclusion C.

3.2 Canonical regular dislocations

Among all geometrically equivalent dislocations there exists one representation
which is sharp in the sense that it is expressed in terms of the independent ele-
mentary Burgers vectors. Let £z be a regular dislocation. Since a b-dislocation
LY with b = (B4, B2, 83) has integer multiplicity, it can be written by means of
projections. Recalling definition (3.1) and notation (2.11), we introduce

£t ={Lb 7° Bi6°}, (3.20)

with the corresponding density Agu: := L% ® e; = L® @ Bie;. Observe that for
fixed b it holds

3 3 3
ZALM = Zﬁb’i Re; = ZTb ® Bie; GleLLb: Ao,
=1 i=1 i=1

To any regular dislocation £z we associate univoquely three currents {£1, L2, L3},

with _
Li=Y L, (3.21)
beB

so that £; = {L,7,0;}, 0; defined by

91' = ZSg(Tb)ﬂieb, with b = (/815 /327ﬂ3)5

beB

and sg(7°) being such that 7 = sg(7°)7%. We then define the canonical disloca-
tion current associate to Lg:

ﬁ = ﬁl + EQ + ﬁg, (3.22)
where £; is the i-th component of L defined as
Li(w) = Li(we;) = Li(w;), (3.23)

for all w € DY(Q,R?), and fixed i = 1,2, 3. In other words L; = {L,T,0:e;}.
A usefull property of the decomposition (3.22) is that the three measures
{Ar,}3_, operate on different (pointwise) orthogonal subspaces of C'°(R3, M?).

Lemma 3.9. The following assertions hold true:

(a) The currents L; (i = 1,2,3) are integer-multiplicity currents in Q. As a
consequence L; are integral currents with coefficients in Z3.
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(b) The mass of the current and the total variation of the associated measure
are related by

1Lila = |Lilo = Az | m@) < IAzIlme) = [£]a. (3.24)

fori=1,2,3.

3
(c) The geometrically necessary dislocation set reads L* := U spt(£;) C L
i=1
and coincides with the support of the density A.

Proof. Assertion (a) follows by Theorem 2.3 since Z N(£"") < oo by definition

beB
of regular dislocation.

The equalities in (3.24) follows by definitions and identifying forms with
smooth functions. Moreover it holds

3
Ap=> Ap=> A, (3.25)
=1

beB

and explicitly,
3 3

Ae=) el H'ip=)Y Li®e, (3.26)
i=1 i=1

(recall that 7 and 6; are functions of = € L). So that
[Azllm = Az lm fori=1,2,3. (3.27)

To prove (c), observe first that £; = {L,7,0,;} and by definition of £; and
Ap, it easily follows that sptl; = sptAg,. So we only need to prove that
sptAz = U3_;sptA.,. But this is a direct consequence of the fact that A, acts
on orthogonal subspaces of C2°(R?, M?). O

Definition 3.10 (Un_necessary dislocations). The set of unnecessary disloca-
tions = s defined as L\ L*.

Let us remark that L defined in (3.19) depends on the generating loops of
Definition 3.5.

4 Classes of admissible dislocations

In view of studying the dislocations motion, two classes of dislocations will now
be introduced, the first being usefull if one wishes to follow (for instance, with
time) each line as it deforms, intersect with others etc., whereas the second will
be more appropriate if the model relevant quantity is the dislocation density,
and not the single lines. In the latter case dislocations are determined up to the
equivalence relation (3.5) and the clusters might exhibit locally dense subsets
of unnecessary dislocations.
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4.1 The class of dislocations at the mesoscopic scale

At the mesoscopic scale, it is considered that every dislocation £ has been
generated by a finite number of b-dislocation currents £°.

Assumption 4.1 (Finite generation). The number of generating loops is finite,
i.e.,
krp = Zk’b < 00, (4.1)
beB

with Ky introduced in Definition 3.5.

Let us recall that a finite number of generating b-dislocation currents does
not imply that the dislocation density A, is associated to a finite number of
distinct Burgers vectors, since the multiplicity on each arc of L is not limited
and since countably intersections of arcs may take place (in other words, the
resulting Burgers vector might be very large, provided it is attached to an arc
which is small enough). Moreover, the cluster of Fig. 3(c) made of countably
many loops whose lengths are summable and interconnected by unnecessary
segments, is a mesoscopic dislocation since it can be generated by a single b-
loop.

From the definitions above and Assumption 4.1 the following lemma is read-
ily proved.

Lemma 4.2. The following properties hold for dislocations at the mesoscopic
scale:

(a) The density of a dislocation Az is a bounded Radon measure since

IAclpmey < Y [BlE? < oo (4.2)

. beBL
i=1,....kyp

with BX .= {b € Z3 : ky, # 0} (Recall Y is the length of the dislocation loop

-
(b) The dislocation current L is an integral current with coefficients in 77
satisfying
IAcl=M©L)y < Y bl < oo, (4.3)
beBL
i=1,....ks

with BX := {b € Z3 : ky # 0}. In particular 6 and 0;, fori=1,2,3 are all
summable functions with respect to H'Lp .

(¢) The dislocation set L of the current L (defined in (3.15)) is a closed set
with finite H'-measure. In particular L* C L and L = L* UE.

Proof. To prove (a), observe that £ = {£’},czc and hence |[Az| < Z 1£° ®
beB~L
bl < Y |l£f@b| < > [bli?, which is finite since the sum is finite by

_ beBt . beBt
1=1,..., kb 1=1,..., kb

the mesoscopicity Assumption 4.1. Statement (b) follows from (a) and prop-
erty (b) of Lemma 3.9. Property (c) is a straightforward consequences of the
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T;
fact that H!(L) < Z 2= Z / |¢%||dt < co by the mesoscopicity
0

 beB  beB
i=1,....kp i=1,....kp

Assumption 4.1. O
We are ready to define the class of admissible dislocations at the mesoscale.

Definition 4.3 (Admissible mesoscopic dislocation).

MD = {L£ = {L }vep : L takes the form (3.7) and satisfies Assumption 4.1.}.
(4.4)

4.2 Dislocations at the continuum scale

A set in R" is said a continuum if it is the finite union of connected and com-
pact l-sets with finite ! measure. Let us recall that the geometric necessary
dislocation set L* is the support of Az. The space of admissible dislocations at
the continuum scale is introduced as follows:

Definition 4.4. [Admissible continuum dislocation]
CD :={Lz1,7T C N: there exists a continuum IC such that L* C K}.  (4.5)

When the context is clear, we will write L = L7 and the set of continua IC for
which L* C K will be denoted by Cr = Cr,.

In particular every £ such that the support L* of A, consists of finitely many
connected 1-sets is an admissible dislocation at the continuum scale. Contrarily
to mesoscopic dislocations (cf. Lemma 4.2 (b)), the density of a continuum
dislocation must not be finite (this might happen for an unconstraint family of
Burgers vectors).

4.3 An equivalence result

In the applications, the notion of continuum dislocations is usefull to study the
cases in which Assumption 4.1 is not satisfied. Moreover, if one is not interested
in the particular dislocation current associated to a given dislocation density,
mesoscopic dislocations become a superfluous notion. In fact, crystallographic
mesoscopic dislocations turn out to be equivalent to continuum dislocations, in
the sense that, for any continuum dislocation £, there is a mesoscopic dislocation
L’ such that £ = £’. The proof of this fact is based on the following theorem

Theorem 4.5. Let L be a closed integral 1-current with finite mass and whose
support L* is contained in a connected and compact set IC with finite H!'-
measure. Then there exists a Lipschitz function o : S — K such that £ =

Qg [[Sl]]
To prove Theorem 4.5 we need some preliminary Lemmas:

Lemma 4.6. Let K be a compact connected set in R"™ such that H'(K) < oco.
Then there exists a Lipschitz map v : S — K that is onto and is homotopic to
the constant map.
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Proof. In the following we consider S! as a subset of the complex plane C. Let
P € K and let us consider the set

S:={¢:S' = K satisfying the following three properties} (4.6)

(i) ¢(1) = P.
(ii) ¢ is homotopic to the constant map ¢ = P.

(iii) Letting C = ¢(S') and L = H!'(C), the curve ¢ is Lipschitz with con-
stant LTC

It is easily seen that, since K is a rectifiable set, S is non-empty. Given
¢ € S we want to enlarge its range in order to get an onto map. To this aim
we define the following order relation in S: we say that ¢ < ¢’ if and only if
#(ST)=C CC" = ¢'(S"). Let {¢j};escr be a chain in S (assumed ordered by
the corresponding ordering of the indices in R), and set L; := H*(¢;(S")). Then
the sequence {L;},c; is nondecreasing and bounded by H!(K), so that, since
the maps {¢;} are uniformly continuous in j, there is an increasing sequence
Jr — supJ and a map ¢ such that ¢;, — ¢ uniformly on S'. We claim that ¢
is an upper bound for {¢;};es. Indeed, denoting C; = ¢;(S'), the increasing
sequence {C;} converges to a compact set C' C K with respect to the Gromov-
Hausdorff distance. Since ji, — sup.J we see that for each k € J we have
Ci C C, so that we only have to prove that ¢ belongs to the family S. Setting
L := HY(C), we have L < H!'(K), and since L; < L the uniform convergence
and the uniform bound Lip(¢;) < £ implies that Lip(¢) < £. So (i) and (iii) are
readily fulfilled. Also (ii) is easy to see: let ®; be the homotopy map between
®,;(-,1) = ¢; and the constant ®;(-,0) = P, and up to a rescaling, we suppose
that for all x € S! the map ®,(z,-) is Lipschitz with Lip(®;(z,-)) < L, so
that it readily turns out that ®; are uniformly continuous in j, and uniformly
converge to a map ®; now it is straightforward that ® is a homotopy between
¢ and P, and the claim is proved.

We now are in the hypotheses of the Zorn’s Lemma, so that we get a maximal
element 1 for the class S. It remains to show that ¢ is onto. Suppose it is not
the case. We set Cy := (S1) and suppose X € K \ Cy. Since Cy is closed
and K is connected, there is a Lipschitz continuous arc « : [0,1] — K such that
a(0) € Cy, a(l) = X, and a(y) € K\ Cy for y > 0. Let x € v~ (a(0)), and
split S* = [1,2] U [z, 1]. Consider the restriction of 1 to this two intervals, 1
and 1. Then it is readly seen that the arc ¥ x a* a_1 19, if suitably rescaled
as a function on S, is a map in S that is strictly greater than v, contraddicting
the maximality of 1. Hence the thesis follows. O

Lemma 4.7. Let K be a compact 1-set and ¢ : S' — K be a Lipschitz contin-
uous map homotopic to a constant map. Then ¢;[S'] = 0.

Proof. Suppose for simplicity K C R2?. Since K is compact, K¢ is an open
set, with only one unbounded connected component A. If X € B := K¢\ A,
there exists an open ball centered in X that does not intersect K, so that it
follows that any connected component of B has positive Lebesque measure. As
a consequence there are at most countably many connected components in B.
Let X; be a point in the i-th connected component of B. The homotopic group
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of Lipschitz closed arcs in K coincides with the free group on the generators
{Xi}ien.

Now, if the current carried by 1 is nonzero, the decomposition theorem
implies that there exists T = a;[S'] an undecomposable component of the 1-
current ¢4[S']. Let X, be the homotopy class of T, setting T' = v [S'] — T, it
turns out that the homotopy class of T:= @y[S'] is —X,. Since K is a compact
1-set, the unique arc (up to adding 0-homotopic branches) with homotopy class
X, is the one passing on 9X,,. This means that 9X,, is run (at least) twince, one
time by a and another time by & with opposite direction. But this contradict
the fact that ay[S'] is an undecomposable component. Thus ¢4[S'] = 0 and
the proof is complete. O

Now we can prove Theorem (4.5).

Proof of Theorem 4.5. By the decomposition Theorem there are loops 3; such
that £ =3, B;¢[S*]. Consider a function ¢ like in Lemma 4.6, so that there

are points z; € S* such that ¢(z;) = ;(1). Suppose for simplicity z; = 1 and
z; are clockwise ordered on S'. Setting v; := 9|2}, xj11], then the chain

90::ﬂl*¢1*ﬂ?*¢2*---ﬂj*¢j-'-v

suitably rescaled, will match the required conditions, since ¥, being homotopic
to the constant, is such that ¢4[S'] = 0 from Lemma 4.7. O

The precise equivalence theorem is stated as follows.

Theorem 4.8. Let L1 be a continuum dislocation such that By C 732 and Ar,
is finite. Then Lz is a mesoscopic dislocation.

Proof. Considering the canonical dislocation current L equivalent to L7 (cf. Eq.
(3.22)), the thesis follows from Eq. (3.24) and Theorem 4.5. Indeed the latter
provides three Lipschitz functions o; (i = 1,2,3) such that a;[S'] = £; so it
follows Az = >, ais[S'] @ e;. O

In particular Theorem 4.8 tells us that continuum and mesoscopic dislocation
are equivalent if the energy W of the system does not depend on the particular
dislocation current, but only on its dislocation density. We remark that the
thesis does not hold true if we do not make the assumption that the set of
Burgers vectors B is crystallographic (i.e., isomorphic to Z3).

4.4 Boundary conditions for dislocations
Let U be a bounded open set such that U N 0Q = dp<.

Definition 4.9 (Boundary conditions). A boundary condition is a terne (N, P,ap)
satisfying:

(i) N >0 is a natural number.
(i) P is a terne (Pi, Qi Bp)o<i<n with {P;} and {Q;} sequences of points
in OpQY, and Bp = {b%;}o<i<n a sequence of vectors belonging to B. We

associate to P the 0-current with coefficients in 73 as TD = Z op, bij —
) 0<i<N
00, bp, with 6p the Dirac mass at P.
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(iii) ap := a4+ is the sum of two mesoscopic dislocations in U. We suppose
that « is a closed current with support in Op€) consisting of M < oo loops
a; and Burgers vector bl,, while o consists of the union of N dislocation
loops a; with support in U\ Q, such that for all i, o; has boundary dc,; =
0g, — 0p, and associated Burgers vector blb € Bp.

From (iii) we can define A, , = Z i ® bl + Z ap,, @ b, to be the
0<i<M 0<i<N
density of the dislocation current . According to the definitions of dislocation
currents given above we denote by &p, &, and & the corresponding currents
with coefficient in Z3.

Definition 4.10. We say that the boundary condition (N, P,ap) is admissible
if the following condition is satisfied: there exists a regular dislocation L such
that 0L = Tp. We say that a dislocation L satisfies the admissible boundary
condition (N, P,ap) if it satisfies the previous property.

As a consequence of the previous definition, it turns out that &p +L is closed
in UUQ.

5 The class of admissible deformations

Let us fix an admissible boundary condition (N, P, ap). In the sequel, whenever
we consider an admissible dislocation £, it is always supposed that such £
satisfies the boundary condition (N, P, ap), and hence it will be convenient to
still denote the dislocation £’ := L + « by L. In other words, when referring to
an admissible dislocation current, it is intended that it has been already summed
with &. We also fix a map F € LP(Q,M3) such that — Curl F = (A)" on U.

Definition 5.1.
F:={(F, L) € LP(Q,M?) x MD : F satisfies (i)-(iii) below} (5.1)
(i) The dislocation current E:: {L, 7,0} satisfies the boundary condition and
the function F = XonoF + xoF € LP(Q,M3) is such that — Curl F' =
(Ae)" in Q0 (xa denoting the characteristic function of A).
(i) We require that for every point x € Q\ L there is a ball B C Q\ L centered

at x such that there exists a function ¢ € Cart?(B;R3) with F = D¢ in
B.

(i1i) detF > 0 almost everywhere in €.

Let us recall that if FF = Du is the gradient of a Cartesian map, then
it is readily satisfied that the distributional determinant Det(F') and adjoint
Adj(F) of F are elements of L!(U,M?) and coincide with det(Du) and adj(Du)
respectively. It is also straightforward that smooth functions u € C1(U,R3) are
Cartesian.

We will show that there exists at least one element in F with an admissible
L whose generating b-loops have a finite mutual intersection coincinding with «a
in 0Qp. In the following theorem, we will use the following identity:

—Cuwl F=bo7H'Ly if and only if / F egdH' =b. (5.2)
Cr,
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for all Lipschitz-continuous closed path Cp in € enclosing once L and with
unit tangent vector e,. To check identity (5.2), simply observe that, if Sp, is
a Lipschitz and closed surface in 0 with boundary L and normal v, Q\ Sy, is
simply connected and hence there exists a function ¢ € WP (2\ S1) such that
F =V¢in Q\Sr. By (5.2), ¢ has a constant jump on Sy, (i.e., [¢]s, = b). Thus
the distributional derivative of ¢ writes as D¢ = Vo +b®@ vH2_g, . Multiplying
by a test function ¢ one has by (2.1) that (Curl (b ® vH?Lg,),?) = (b ®
vH?Ls, , Curl ¢). Componentwise, by Stokes theorem, it reads as

/ nibjeirOpbjdH? ij/ TpipdH,
S L

and hence (Curl (b® vH?Lg,),%) = (b& TH L), ).
Theorem 5.2. The set F is non-empty for 1 < p < 2.

Proof. We first construct an admissible function for a simple geometry. Consider
the circle L := {(z,y,2) € R? : |z]* + |[y|* = R?, 2z = 0} as a dislocation loop
with Burgers vector b = Bie; + P26y + f3es = Brhp + Bih; + B:h., with the
local basis on L, {hg,h;,h,} = Q(1){ey,e5,e5} where Q(I) is the matrix of
rotation around e; = h, and with angle [ (see Fig. 4(a)). Let Vs be a tubular
neighborhood of L with radius § > 0, and let (r,6,1) € [0,26] x [0, 27] x [0, 27 R]
be a system of cylindrical coordinates in Vs chosen in the following way: the
origin of 6 is chosen in such a way that all points (z,y,z) € Vs with z =0 and
|z|2 + |y|* < R? satisfy 0 = a + 7/4 for some constant a > 0 which fix the
orientation of the solid angle of amplitude 7/2 constructed on L (cf. the black
triangle on the box below left of Fig. 4(a) denoted as S or V in the sequel),
while the coordinate r is the distance from the set L, and [, as before, R times
the angle around 2 axis. In V5 we denote by g := (gr,ge,gl), with g, = by, the
local cylindrical basis defined on the normal sections OV}, corresponding to such
coordinates. We then consider the function F' inside V5 whose components in
the basis {hp, h;, h,} read

_MﬁR +M5R 0
F(T,G,l) = C(G) 7¥ﬂl +¥ﬂl 0 ) (53)
_Mﬁz +M5Z 0

where (r,0,1) are the coordinates associated to the basis system g, and ( is a
smooth function on [0, 27) which is non-negative in (a, a+7/2), zero outside, and
has integral equal to 1. It is readily checked that curl F = 0 in V5\~. It is known
that there exists a solution to equation F' = V¢; in the simply connected domain
S:={(r0,l):a<<a+7/2,0<r <} with 0 << 2r, and in order to fix
the arbitrary constant, set ¢s = 0 on SN{f = a} and ¢5 = bon SN{0 = a+7/2}.
Let V' be the solid of revolution around the z-axis generated by S. Considering
the axisymmetry we then extend ¢s over the whole V' and note that U is constant
on the sets Cy := {(6,0,1) : 0 <1 < 2R} for every a < 0 < a + 7/2. Let Dy
be the disk with boundary Cj where for every x € Dj, ¢s(x) is defined as
¢5(z) = ¢s(y) with y € Cp; define also D = Uye (4 41r/2) Do- We set g5 = 0
in Q\ V\ D and observe that it is smooth everywhere except at the interface
I between V and D and on J := Dy ./o U (V N {0 = a+ 7/2}) where it has
a constant jump of magnitude b (cf. Fig. 4(b) above). Therefore we introduce
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(55, a C'*-regularization of ¢s in a set D NV, with V a neighborhood of I, in
such a way that ||V¢s||zoprv) < 2[|Vs|lL~(pny) and define F' := Vs, the
absolutely continuous part of the distributional gradient D¢;5 (i.e., the pointwise
gradient of qg(;), while in the jump set J, the jump part of Dq% reads b@v H2Lj.
Moreover, (5.2) and (5.3) together entail that — Curl F = b® 7 H! on L. As
a consequence, we have constructed a function I which is smooth outside L
and vanishes outside T' := V' U D, while from expression (5.3), F' € LP(2) for
p € [1,2), since

IFIL gy < CIBI(RS> + 8" 7 R2), (5.4)

for some positive constant C independent of R and §. Moreover, by adding to F'
an appropriate multiple of the identity it is readily seen that det(F+cI) > 0 for
some ¢ > 0, while det(F + ¢I), adj(F + ¢I) also belong to LP() for p € [1,2).

Finally, fix a ball B C Q\ L: in such a ball the function F' is smooth and
has null rotation and hence there exists a ¢ € C°°(B) such that D¢ = F. In
particular we can take ¢ = (55 when the ball does not intersect the jump set
J, otherwise, if it does, we sum to ¢~75 the constant b at all points of B which
are below J, thereby nullifying the discontinuity due to the jump. Thus ¢ is
smooth, and hence, is a cartesian map.

es=nh

= =z

t
§712 05 J 7

det (cI £33 F) >0

Lg N Ly

(a) (b)

Figure 4: Picture of the tube construction for the proof (a); the case of finitely
many boundary dislocation segments (b)

Let us now reproduce this argument for a finite number of circles with pos-
sible mutual intersection in 92, and show that the constant ¢ > 0 can be chosen
in such a way that the determinant of the resulting deformation still remains
non-negative. Let us consider a finite number of loops Ly with 1 < k < K
with the associated T}, := Vi U Dy, constructed as described above, and observe
that (by possibly adapting the amplitude of the solid angle S, i.e., replacing
w/2 by n/N) the T}’s only intersect at points in Ly for some k’s; while keeping
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the V3’s with empty mutual intersection (cf. Fig 4(b) below left). Let Fj be

defined as (5.3) with fj in place of 8 and aj = ai(l) in place of a such that

fr(0,0) = Bf(l)cos® — BR(1)sing = B cos(0+ L) — Bsin(0+ %) > 0 (for
K

instance, if 81,8, > 0 then ay := 3 — L). Defining F := > Fy + I, (54)
k=1

entails that F, detF, adjF belong to L? and also that

2
detF = < fu(0,1)C(0) + ¢ >0 in Vi, (5.5)
T

while in Dy, one has detF" > 0 provided ¢ > 3maxg{||Fk||r~(p,)} (cf. box
below right in Fig. 4a).

Since the arguments presented above for a finite family of circular loops
remain valid for a finite family of Lipschitz deformation of such loops, with
appropriate Lipschitz deformations of the Tys. In particular, it holds for the
boundary current « and for any finite family of curves joining P;’s to the @Q;’s
without self-intersections and prolonged by a geometrically unnecessary arc in
0§ (an admissible F' can be constructed as above in Q D Q and then restricted
to Q with its curl restricted to ). Thus the proof is achieved.

O

6 Existence of minimizers

Let us recall that U is a bounded open set such that U N 92 = 0p Y, QO =
U U Q. We propose two models in which the energy does not depend on the
particular currents generating the dislocations but only on the density. However,
we remark that in general, energies depending on the loops per se may also
be considered (this was considered beyond the scope of this paper). In the
first existence result the model variables are the deformation and the family of
mesoscopic dislocations. In the second existence result, the model variable is
the sole deformation, while the dislocations are sought at the continuum scale
and hence are only found in an equivalence class.

6.1 Existence result in F x MD

We are given a potential W : F x MD — R such that there are positive constants
C and § for which
W(F, L) ::/ We(F)dx + Waetect (Az) >
Q
CUIME)lp+ D Vsl +ke) — 8. (6.1)
J<kc
with the notation
IME)lp = [|1F1e + [l cof FIIZ, + || detF|7,.

Let us recall that k. is defined in (4.1), {p;}j<k. are the generating loops
defined in 3.7, and M(F) is the vector defined in (2.5). Here, W, is an integrable
function and Wgetect a functional defined on Radon measures. It is also assumed
that
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(W1) We(F) > h(detF), for a continuous real function h such that h(t) — oo
ast — 0,

(W2) W, is polyconvex, i.e., there exists a convex function g : M? x M3 xR+ — R
s.t. Wo(F) = g(M(F)), VF € F,

1 2 :

(W3) Waefect 1= defect + Wietect, With W&efect (Az) = Kike and Wc%efect(AC) =
K2 ) 1< jer, U l[@jllL1, for some constitutive material parameters 1 and
KR9.

(W4) Wi is weakly® lower semicontinuous, that is likminf Wieteer (AF) >
Wieteet(A) as AF = A weakly* in Mb(Q,Ms).

Note that assumption (W2) implies that We(F) := [, We(F)dx is weakly lower
semicontinuous, i.e., hkm inf We(FF) > W,.(F ) as M(Fk) — /\/l( ) weakly in
—00

LP(Q,M?) x LP(Q, M?) x LP(S).

Remark 6.1. The term involving ||¢;||p1 in the energy bound is mandatory
for mesoscopic dislocations, since it controls the length of the lines. In fact,
minimizing sequences of Lipschitz maps (describing minimizing sequences of
lines) might become locally dense, a phenomenon which should be prohibited to
get existence. For a physical viewpoint this term is questionnable since dense
arcs of the dislocation cluster might be nonnecessary, and hence admissible from
an energetical standpoint. This drawback is addressed in the second existence
result for continuum dislocations in Section 6.1. Moreover, recalling (4.2), this
term implies a bound on the densities.

Before stating the existence of minimizers of the problem

inf F A 6.2
(F,AL)lélfoDW( Ac), (6.2)
— Curl F:AE

some technical results should be stated and proven.

Lemma 6.2. Let (Fy, Ly) be a minimizing sequence for the problem (6.2), and
suppose detFy, — D weakly in LP(Q). Then D > 0 a.e. in Q.

Proof. Let A := {D = 0} and suppose A has positive Lebesgue measure.
We have detFj, — 0 weakly in LP(A), which since detF), > 0 on A implies
that liminf detF), = 0 almost everywhere in A. Indeed, if B := {x € A :
liminf detFy(2) > 0} has positive measure, then liminf [, detF > 0 since
XA € L1(A), a contradiction.

Hence from condition (W1) we must have W(Fy,, Az, ) > [, We(Fy, Az, )da >
fA (detFy)dx. By Fatou’s Lemma and the fact that (Fk,ﬁk) is a minimiz-
ing sequence, the contradiction follows, so A must be negligible, achieving the
proof. O

Lemma 6.3. Let v, be a sequence of l-currents inside Q such that v, =
ong[0, M]] for Lipschitz functions ¢, with Lip(yy,) <1 for all n. Then, there
is a 1-current v such that, up to subsequence, v, — v, and v = @4[[0, M]] for
a Lipschitz function ¢ with Lip(p) < 1.
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Proof. The functions ¢,, are equibounded and equicontinuous on [0, M], and by
the Ascoli-Arzela Theorem there is a map ¢ : [0, M] — R? with Lip(p) < 1
such that, up to subsequence, ¢, — ¢ uniformly. So it easily follows that

Yn — 7Y = ‘pii[[[oaM]]]' O

Lemma 6.4. Let £, = {Sn,Tn,0n} be a sequence of equibounded dislocation
currents of the form (3. 22) satisfying the same boundary condition. Then there
is a dislocation current L such that L, weakly converges to L in the sense of
currents and that Ay, := Ar, , the sequence of densities of L,,, weakly™® converges
to A € M(Q,M?3). Moreover L satisfies the boundary condition, it has density
equal to A = Az, and for all i =1,2,3, L7 — L;, Al = Aj, and A, = L; R e;
(with the notation (3.13)).

Proof. As in (3.22) we write L, = EA}L Jrﬁ% + ﬁi, and A, = AL + A2 + A3 with
Al = L, ®e;. By the assumption we have that also £, are boundaryless in
Q and, thanks to (3.24), we have that N(£!) are uniformly bounded, so that,
by Theorem 2.3, we deduce the existence of three closed integer multiplicity
currents {£*}?_, such that £{, — L. Since

3 3
= Z,c;(wi) - Zﬁi(wi)’ (6.3)

for all w € DY(Q,R3), we get L, — L := 25’21 L', The fact that £ satisfies the
boundary condition follows from the fact that £, — L. Identifying D! (Q, R3)
with C°(Q, M3) it is straightforward that A, — A = A* + A? 4+ A3 weakly* in
M(Q,M3), with Ai — A? weakly* in M(Q,M?), and that A’ = L’ ® e; for all
i =1,2,3, achieving the proof. [l

Now we are ready to solve Problem (6.2).

Theorem 6.5 (Existence in F x MD). Under assumptions (W1) — (W4) and
assuming that there exists an admissible (F, L) € FxXMD such that W(F,Az) <
00, there is at least a (F, L) solution of the minimum problem (6.2).

Proof. Let (F,,L,) be a minimizing sequence in F. Then || F,| s, ||adjFy, || L,
| detF}, || » are uniformly bounded, so that there exist F, A € LP(Q,M?3), D €
LP(£2) such that

F, = F weakly in LP(92,M?), (6.4a)
adj F, = A weakly in LP(Q,M?), (6.4b)
detF,, = D weakly in L”(Q). (6.4c)

Since we consider extensions F), of F on Q, it is straightforward that we can
suppose the same boundedness for E, on Q as for F, on (2, so that F, A, and
D are such that (6.4a)-(6.4c) hold for E,, F, A, and D. Moreover, since F),
satisty the same boundary condition, it is obvious that F,=F=Fon \ Q,
so F satisfies the boundary condition.

By the uniform bound on 37, b|[¢;[z1 in (6.1) and by (4.2), it holds

a uniform bound on AZ := — Curl F},, and there is a measure A € M(Q, M?)
such that -
A, — A weakly™ in M(Q, M?). (6.4d)
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The result will follow by the direct method of the calculus of variations and
classical semicontinuity results for convex functionals, since conditions (W1) —
(W4) hold, provided the found minimizer is admissible.

Since the energies at (F,,, £,,) are uniformly bounded by k. in (6.1), we can
suppose that the dislocation currents L, are generated by the same number k

of 1-Lipschitz functions {@? }* jo1 e,
L,(w) = Z @flﬂ[[[O, M]J(wb’) and A, = Z @flﬂ[[[o, M]]®e;.  (6.5)
j=1 -

for all w € Dl(Q,R3). So by Lemma 6.3 we can suppose that for every j we
have

Sﬁiu[[[oa M]]] - @é[[[ov M]]]a

for some 1-Lipschitz functions {7 }h_,. If we set C(w) == > <p§
for all w € D'(2, R3), by Lemma 6.4 we have £,, = L, A,, = 3.
weakly* in M (€, M?), so from (6.4d) we get

A=Y "G, M@ (6.6)

J
Now, for a test function w € C°(Q, M?), it holds
(Curl E,,w) = (F,, Curl w) — (F', Curl w) = (Curl F,w). (6.7)

Since the first term in the left-hand side of (6.7) also tends to (—AT w), we
finally get

—Curl F'=> b @ ¢][[0, M]]. (6.8)

J

Let us set L, := UY_ ¢ ([0, M]) and L := Us_, ([0, M]). We now want to
show that for every point € Q\ L there is a ball B C Q\ L centered at x
and a map v € Cart’(B,R™) such that Du = F' in B. Let x be such a point,
since ¢J, — 7 uniformly, it follows that L,, tends to L in the Gromov-Hausdorff
topology, so that we have BN L,, = & for n sufficently large. In such a ball, by
hypotheses, there are maps u,, € Cart? (B, R"™) satisying Du,, = F,, and, up to
summing suitable constants to wu,,, we can also suppose u,, have all zero average
in B. So that the Poincaré’s inequality provides u such that w, — u weakly in
WP Now Theorem 2.6 implies that A = adjF and D = detF, so the thesis
follows from (6.4a)-(6.4c) and Lemma 6.2. O

We remark that with the formulation (6.1) the potential W (F, Az) depends
explicitly on the dislocation current.

6.2 Second existence result

We now prove an existence result with W a function of F' only, and where the
dislocations associated to the optimal F' are geometrically equivalent to a 1-set.
This means that the dislocation itself can be locally dense and of infinite length.
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As for the first result, we fix a boundary condition a and a map Fe LP(Q, M3)
such that — Curl F' = (A,)T on U. We redefine the set of admissible functions:

F':={F € LP(Q,M?) : F satisfies (i)-(iii) below} (6.9)

(i) There exists a continuum dislocation £ := L7 € CD satisfying the bound-
ary condition such that F' := FXQ\Q—i—FXQ € LP(), M?) satisfies — Curl F' =

(Az)" in Q.
(ii) There is a continuum C such that L* C C and such that for every x € Q\C

there is a ball B C Q\ C centered at z and a function ¢ € Cart?(B;R?)
satisfying F' = D¢ in B.

(iii) detF > 0 almost everywhere in (.
We consider a slightly different set of assumptions on W : F/ — R:

(W5) there is a positive constant C' such that
W(E) 2> C(IIM(E), + || Curl B[y + G(L)) — B,

with
G(L) == inf (H'(K)+&#K), (6.10)
KeCe
where #/C represents the number of connected components of the em-
bedding continuum K and s a material parameter. Note that by Golab
theorem G is also lower semi-continuous.

(W6) there exists a weakly lower semicontinuous functional Wyetect such that
W(F) = We(F) + Waeteer(—( Curl F)T).

It is also assumed that We(F) = [, g(M(DF))dz with g as in (W2) above
and g(M(DF)) > h(detF), for some continuous real function h such that
h(t) = oo as t — 0.

As mentioned for the first minimum problem, again we can assume Wefect =
Wiiteet + Wistoer, With, for instance, W3 ... = kG for some k > 0, whereas a
typical example for W} ;.. is the form

Whte(A) = /L (0, 7)dH, (6.11)

where b, 0, and T represent the Burgers vector, its multiplicity, and the tangent
vector to the dislocation loop L, respectively. Under suitable hypotheses on
the function v, this is proved to be lower semicontinuous in the sense of (W6)
(see [9]). As for the function g, hypothesis (W2) fulfills the requirements.

Since F’ is not empty, we now solve the minimum problem with these new
assumptions.

Theorem 6.6 (Existence in F’). Under assumption (W5) and (W6) and as-
suming that there exists an admissible F € F' such that W := [, W(F) < oo,
there exists a minimizer of problem 1;__1/fW
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Proof. Let F, be a minimizing sequence in F'. We denote the dislocation cur-
rents associated to F,, by £,,, and their densities by A,, = Ar, . Without loss
of generality, if we deal as in the proof of Theorem 6.5, we can assume F,, and
L, be defined on the whole Q. By (W5), F, converges weakly to F in LP
and A, converges weakly-* to a Radon measure A. Thanks to (3.24) {£,} is
equibounded, so that one has by Theorem 2.3 the existence of an integer multi-
plicity current £ such that £, — £, while by Lemma 6.4, A = A = —Curl a
in the distribution sense. Moreover, by admissibility, one can associate to every
L, a continuum K, C Q such that G(£,) = (H'(K,) + k(Ky)). By (W5),
Blaschke and Golab theorems, there is convergence in the Gromov-Hausdorff
sense to a continuum . Now we see that the support L* of L is a subset of
K. Indeed, for all forms w € D'(2, R?) whose support is contained in Q \ K,
it holds lim,, oo Lfn(w) = 0, thanks to the fact that L, has support in /C,
which converges to K in the Gromov-Hausdorff topology. So we find out that
L= (E,T,G) is admissible since L* := supp A C K. Taking now any ball in
0\ K, we conclude as in the proof of Theorem 6.5. O

The physical interpretation of G(L£) is the following. To create a new loop at
some finite distance d from the current dislocation £, it is worth to nucleate (i.e.,
add a connected component) rather than deforming the existent dislocation, as
soon as d > k. However it should be recognized that (6.10) is at this stage a
mathematical assumption whose physical meaning remains to be elucidated. It
basicaly means that the continuum dislocation lies in a compact 1-set which
keeps as minimal the balance between the number of its connected subsets (of
the continuum, not of the dislocation cluster) and its length.

6.3 A weak notion of Jacobian for displacements in the
presence of dislocations

Let us firstly introduce some conventions.

Definition 6.7. For every 1-form w € DY(R3) we identify w = w;dxz;, with
the vector field w = w; € C°(R3,R3) by setting w; := w; for all i = 1,2,3.
Moreover we identify every 2-form w = w;jdx; A dxj € D*(R3) with another
vector field w € C°(R3,R3) by setting w; := (—1)'w;. In particular we introduce
the curl operator on C°(R3,R3) into itself by mean of these identifications,
i.e.,

curl w = dw, (6.12)

where in the right-hand side we first identificate w with the 1-form w, then we
compute the external derivative, and identificate the resulting 2-form with the
corrensponding vector field in R3.

Definition 6.8. We can also identify elements v € R with 2-vectors v €
A2(R3) by A2(R3) 2 v = (—1)'we;. Similarly, elements v € R® are seen as
1-vectors, as v = wv;e;, i = 1,2,3. From this correspondence it is possible to
identify a distribution T € D'(R3,R3) with a 2-current in Da(R?), or with a 1-
current in D1(R3), respectively. In particular we can define che Curl operator
for distributions, Curl : D'(R3 R3) — D'(R3,R?), by

(Curl T, ) := (T, curl p), (6.13)
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for all ¢ € C2°(R3,R3), where curl in the right-hand side has been defined in
Definition 6.7.

With this convention we can see the Curl operator defined so far, if applied
to R3-fields, turns out to coincide with the classical definition of curl. For
instance, if curl denotes the classical operator and F is a vector field in R3,
then (Curl F); = (curl F');, where in the right-hand side we make use of the
previous identification.

As a consequence of this identification, if £ is a 1-current with finite mass,
then it is a measure in M;(Q,R?). The same holds true for 1-dimensional
currents S, that are measures in M, (2, R3). In particular the boundary of a
current corresponds to the Curl of the correspondent measure, since

0S(w) = S(dw) = (S, curl w) = (Curl S, w). (6.14)
We now collect two classic results.

Theorem 6.9. Let ) be a bounded and simply connected open set. Let A\ €
My(,R3) be a Radon measure such that Curl X = 0 as a distribution. Then
there exists a function with bounded variation uw € BV (Q) such that Du = .

This Theorem can be found in [18]. The following one provides a chain
rule to compute the derivative of the composition of a smooth function with a
function with bounded variation (see [3] or [28]).

Theorem 6.10. Let u € BV(Q) with Q C R3 a bounded open set, and let
f € CHQ). Then the distributional derivative of f ow is given by

D(fou) = Df(u)DuLl"™ + Df(a)Du+ (f(u*) — flu™))vs, H? s, (6.15)

where @ is the Lebesgue representative of wu, i.e., u(x) is the Lebesgue value of
u at x.

We can now prove the following result. This states that each strain F' in the
presence of dislocations can be written by mean of the gradient of a Sobolev
map with value in (S1)3.

Theorem 6.11. Let Q be a bounded and simply-connected open set. Let L €
D1(Q) be a closed 1-integer multiplicity current and suppose F € L'(Q,R3)
is such that Curl F = L (with the identification (6.14)). Then there exists
u e WhHHQ, SY) such that —uaDuy + uyDus = F on Q.

Proof. Since L is a closed 1-integer multiplicity current, there exists a 2-integer
multiplicity current S with finite mass and such that —9S = L. Let us now
define the distribution p € D'(, R3) as follows

Ap) = S(p) + (F, ),

for all p € C°(Q2,R?), where we have identified the map ¢ with the 2-form
>, @idz; as in Definition 6.7. The distribution X is easily seen to be a Radon
measure with finite mass. We compute the curl of A, that is

(Curl A\, ) = S(curl @) + (F, curl p) = dS(p) + L(p) = 0,
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for all ¢ € C°(Q,R3), by definition of S. Then Theorem 6.9 implies that then
exists v € SBV () such that Dv = = S+ F. Since S is an integer multiplicity
current, there exist a 2-rectifiable set S with unit normal the vector v and an
integer-valued function § € L'(S,H?) such that S = (S, v,0). In particular we
see that the jump of v is given by the measure v - H?Lg, while the absolutely
continuous part of the gradient Dv is F'. We then set

u(z) = (u1(x), uz(x)) := (cos(2mv(x)), sin(2wv(x))).

The map t — 27t is of class C' on R, so formula (6.15) applies and we obtain
Diug = (cos(2mvT (x))—cos(2mv~(z)))vH" LLsg= 0, since vT —v~ = 0 € Z, and
we conclude that u; has not jump part, and then it belongs to W11(€). The
same being true for us, we get u € W11(, S1). Moreover Duj = — sin(27v)F
and Dug = cos(27v) F so that —us Duj+uy Dus = F and we have concluded. O

This result shows that if F € LP(€, M?) is a map such that — Curl F = £
for some integral closed current L with coefficients in 73, then there is a map
w:= (u',u? ud) € WH(Q, (S)3) such that —ubDjul +ul Djul = Fj; on Q, for
i =1,2,3. The statement and the proof is in the simpler one dimensional case,
but it can be generalized since it can be apply for every row of F.

In some sense, also the opposite of Theorem 6.11 holds true.

Theorem 6.12. Let u € WH(Q, S1) and assume that u satisfies
Curl (—ugDuy + u3 Dus) € My(Q,R?). (6.16)

Then there exists a closed integral 1-current L such that Curl (—usDuy +
uy Dug) = 2wL.

This Theorem is a particular case of [2, Theorem 3.8]. In general, without
hipothesis (6.16), Curl (—ugDuy + u3 Dus) = 27L is a closed 1-current £, pos-
sibly with nonfinite mass. A constructive proof of Theorem 6.12 can be found
in [22, Theorem 2.3.9].

In the theory of functions of bounded higher variation, introduced by Jer-
rard and Soner ( [17]), the distributional jacobian [Ju] of a sobolev map u €
WL1(€, S1) is defined as the external derivative of the pull-back by u of the stan-
dard volume form wg on S', that is wy = x1dxs — xodz;. Noting j(u) := ubwy,
then

[J(w)] == dj(u), (6.17)

that is a 2-form on Q. Using identification 6.7 and 6.8, it turns out that [Ju]
is exactly Curl (—ugDuy + u3 Duz). Hence, standing to the notations of [17],
condition (6.16) is equivalent to require that the map u has bounded higher
variation, and we write u € B2V (Q, S1).

As a consequence we see that the class of admissible displacements in the
presence of dislocations, defined as

U:={uecWHQ,(SH?) : Curl (—ugDuy + ugDusy) is an integral
I-current with coefficients in Z3}, (6.18)
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is exactly the space B2V (9, (S1))3.
Let

U. = {u € B2V (Q, (S"))? : [Ju] belongs to CD,
and u € Cart?(B, (S')%) whenever BN L = @}, (6.19)

where we recall L := spt[Ju]. We can therefore restate our existence result in
the following form.

Theorem 6.13. Let W satisfies (W6) with Waetect = Wietoct TWiretocts Wastoet =
k1G, and

Wieteer([Ju]) = ri2|[Ju]|(2), (6.20)

for some k1,k2 > 0. Then there exists a minimizer u € U, of W(F'), where
Fij = ullDJué — uéD]uzl

In the previous result, it can be tacitely assumed that also a boundary
condition is fixed.

6.4 An example
Let  C R? be the open set defined, in cylindrical coordinates, by

Q:={0<p<R,z€ (—h,h)}.

Let Q) be a e-neighborhood of € and set U := Q\ Q.

With this example we would like to show that provided a boundary condition
for the dislocation density, the dislocation of a minimizer will not be in U but
will stay inside ).

Then we consider the map F : ) — M3 defined as

1 0 0
Fip.o.9=co)( 0~ 1 o), (6.21)
I

for some suitable smooth functions (, so that it turns out that
—Cwl F=bv® ezHngmU,

that is F' shows a screw dislocation on the z-axis 2 with Burgers vector b =
(0,0, ). We want to minimize the energy (6.1) satisfying (W1)-(W4)

W(F, AL:) = / We(F)d$ + Wdefect(AL)a
Q

among all the deformations F' belonging to the class (5.1) with F' as boundary
condition. Let us suppose that the defect part of the energy takes the form

Waseelhe) =7 [ Ie@lis+ 32 o [ leo)lds+plae@). (62)

1<i<kr

where the mesoscopic dislocation £ is the image of k. closed loops ¢; with
Burgers vector b® and of ¢ which is a dislocation with endpoints P := (0,0, h)
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and @ := (0,0,—h) and Burgers vector b. Then let us consider an admissi-
ble deformation which shows only one dislocation path " coinciding with the
segment PQ. In this case kz = 1 and the energy is

vwwnzlbmuﬂmx+wé|w%®mm+umwam=

= [ Wo(F)dx + 2hy + 2hup. (6.23)
Q

Let us now take another admissible deformation F'! with the dislocation path (!
connecting P and ) which has an intermediate point at ©(t) = (2, y, 2t) € Q
with Ry := (z7 +y?)"/2 > 0. In this case we have

1
WMmMUZV/Hﬁ@W%+MMumH
0
> 2y(R7 + h*)'/? + 2hpuB, (6.24)

so that, if 2y(R? + h?)1/2 > [ We(F%)dx + 2hy it turns out that W(F?) <
W(F?'). This may happen if

~ 1 1/2
R>R>Ri= - ((/ W (F%)dx + 2hy)* — h2)
v Q

so that in this case we see that the minimizer of the energy must have the
dislocation path connecting P and @ inside the cylinder {z% + 3% < R,z €
(—h,h)} € Q. In the contrary, if R < R then the dislocation of the minimizer
could lie outside . In particular we see that with our choice of boundary
datum dislocations tends to remain inside the body 2 and not to escape from
the boundary.

7 Concluding remarks

In this paper we have shown that the theory of currents is rather well suited to
describe elastic deformations induced by the presence of dislocation loops and
clusters. Let us emphasize that dislocations in single crystals can form com-
plex structures since there are no internal boundaries known to be preferential
regions of concentration. After a detailed description of the dislocations as cur-
rents, a variational problem is studied with two optimization variables, namely
the deformation gradient F' and the dislocation density A, together bound by
relation — Curl F = AT,

Two approaches coexist in this paper. On the one hand there is the theory
of integer-multiplicity 1-currents which is a sharp tool to describe a single dislo-
cation together with complex geometries such as dislocation clusters, including
their possible evolution in time. Thus it would allow one to model mesoscopic
plasticity, which is due to the motion of dislocations and their mutual interac-
tion. On the other hand there is a variational setting where the model variables
are deformation internal variable F' and the defect internal variable A. From this
point of view the individuality of the lines is replaced by a measure and hence
all geometrically unnecessary dislocation are effectless in the model. These two
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approaches are connected since the mass of a current is finite as soon as the
density is bounded, at least as long as the Burgers vectors are crystallographic,
that is, when canonical dislocation are chosen to represent dislocation currents.

Since Cartesian maps are considered to represent the deformation F', its ad-
junct and determinant are only locally defined away from a continuum, that
is Cof FF = cofF € LY (2 \ K) and DetF = detF € L} (Q\ K). Moreover,
the fact that the adjunct and the determinant might be concentrated distribu-
tions on I means that the continuum (thus not only the support of the density
but also the geometrically unnecessary parts) represents a singular set where
spurious effects might take place, such as cavitation, and hence nucleation of el-
ementary dislocation loops. This makes sense from a physical standpoint, since
dislocations at the mesoscale are by essence the location of field singularities.
From a mathematical point of view it is due to the fact that the currents of
the minimizing sequence might have a dense limit, though of bounded length,
whereas this pathological behaviour is precluded by the presence of the embed-
ding continuum.

It is yet an open question to elucidate the structure of the distributional
determinant, which one would like for physical reasons to be a Radon measure
(i.e., an extensive field) on K. To the knowledge of the authors few results exist
about this issue, without the too restrictive assumptions of field boundedness,
high space dimension and with the current range of p between 1 and 2. Let us
mention a partial answer in a companion paper [24].

The described mathematical framework will be considered for future work in
order to describe evolution problems involving the dissipation due to dislocation
motion. Here a preliminary step before the complete dynamics will be the quasi-
static problem, that is, dynamics under the assumption that optimality (i.e.,
global minimization) is reached within any time step. The role of higher-order
strains acting as constrain reactions to the geometrical condition — Curl F' = AT
will also be studied in forthcomming publications.

Two other extensions of this work are the analysis of the distributional deter-
minant at the continuum K, in particular to address the open question wether
it is a measure, and homogenization of a countable family to the continuum to
the macroscale (see, eg., [10]). About the latter problem let us mention that
our setting at the continuum scale, allowing for countable many dislocations
was thought with a view to homogenization, since limit passage from finite to
countable families must unavoidably be faced.
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