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Introduction

The present thesis is the result of the study of several variational problems
arising from mechanical systems of elastic and elasto-plastic bodies. The the-
sis is divided in two main parts. In the first part, concerning the macroscopic
theory, we focus on the dynamics of these systems. Our analysis leads us to
solve systems of nonlinear partial differential equations. When the inertia and
the viscosity of the bodies are taken into account, such systems of PDEs con-
tain a hyperbolic equation for the displacement coupled with some flow rules,
which govern the evolution of internal variables used to describe the nonlinear
phenomena occuring in the considered systems. In our specific cases, these are
the plastic response of the bodies to the stress and the deterioration of the
adhesive which keeps two bodies glued together. The quasistatic limit of the
dynamics evolution is studied when the inertia and the viscosity of the bodies
are neglected.

In the second part of the thesis we study plastic bodies from a mesoscopic
point of view. This approach involves the concept of dislocations, that we at-
tack by mean of tools of geometric measure theory, in particular the theory of
currents and of Cartesian maps. In this setting minimization problems are con-
sidered and their solution requires also to solve systems of partial differential
equations involving elliptic equations.

The thesis consists of two chapters. In the first one we consider evolution
problems in two mechanical systems: respectively, an elasto-plastic body and
the system of two elastic bodies that are glued by an adhesive on a interface. The
former is an elastic body where nonconservative deformations might take place.
In particular, the stress satisfies a constitutive equation which does not involve
the whole deformation gradient. A part of the deformation gradient (the plastic
strain) does not contribute to internal forces, but still evolves according to a
flow rule which depends on the stress. Instead, the system of glued bodies is the
union of two perfectly elastic bodies, where the movements and the high stress
provoke the destruction of molecular links of the adhesive, deteriorating the glue
and weakening its effect. This phenomenon is much studied in literature and is
referred to as delamination process; it takes place untill the glue is completely
ineffective, causing the rupture of the connecting surface and allowing the two
bodies to separate.

In both devices we consider the inertia and the viscosity of the bodies. We
prove some original existence results for the evolution of the displacement of
the systems, and we give an energetic formulation of the solution, that is, we
prove that a displacement u solves the considered system of PDEs if and only
if it satisfies an energy balance and some “dynamic equilibrium” conditions.
Once we have obtained the existence results, we analyse the behaviour of the
solutions when the density and the viscosity of the materials are neglected. This
analysis is equivalent to study the asymptotic limit of the solutions when the
data of the problem become slower and slower. In literature, sometimes such
analysis is referred to as slow-time limit. In the plasticity contest, we prove
that the solutions approximate a quasistatic evolution in perfect plasticity. The
quasistatic evolution is here not expressed explicitly as a solution of a system
of PDEs, but it is convenient to consider a weak formulation, by requiring that
it satisfies a stability condition and an energy balance. This is the classical
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formulation given by Suquet in [73]. One of the main difficulty is that the
solutions of the quasistatic evolution do not belong to Sobolev spaces, but it is
necessary to introduce the space of functions with bounded deformation and to
deal with space of measures. In the case of delamination, the solutions tend to
the solution of an energetic problem that is not exactly a quasistatic evolution.
Indeed we can prove only an energy inequality, and we also show that the strict
inequality takes place in some cases. In some specific cases a more detailed
description of the quasistatic limit is also given.

All the results described in this part are essentially contained in the two
papers [19] and [67].

The second chapter contains results obtained in a two-years long study about
the structure of dislocations in single crystals and about the nature of the de-
formation gradients around the dislocations. In the presence of dislocations the
deformation gradient is well defined only in a local sense. Indeed it is a matrix-
valued field which is not curl-free, its curl concentrating upon some Lipschitz
curves inside the crystal called dislocations. As a consequence the displacement
cannot be defined univocally, but it can be reconstructed only in simple con-
nected domains not intersecting the dislocation lines. From a physical point of
view, dislocations are responsible of the dissipative phenomena in the bulk, and
macroscopically, their presence gives rise to plastic response of the material.

A relevant part of the discussion is dedicated to construct a mathematical
model for dislocations by mean of integral currents. The equilibria of a single
crystal with dislocations is obtained by minimizing suitable energies depending
on the strain and on the dislocations. The description of dislocations by integral
currents is useful to give a precise mathematical formulation of these minimum
problems under very general assumptions on the geometry of dislocations and
on the regularity properties of the strain. In order to solve this variational
problems we make use of some tools of geometric measure theory, as Cartesian
maps and the concept of currents carried by the graphs of Sobolev maps. We
prove the existence of minimizers in many cases, under different hypotheses on
the energy and on the class of admissible deformations. Some of these results
require a finer description of the behaviour of the strain in a neighborhood of the
dislocation line. This is obtained by recostructing the deformation in a specific
space of functions which take values in the three dimensional torus. As a result,
it is possible to explicitly compute the boundary of the graphs of such maps,
allowing us to use well-known convergence results on the sequence of graphs.
These provide the existence of minimizers. From the existence of minimizers we
are able to compute the variation of the energy, and then to obtain an explicit
formula of the so-called Peach-Koeler force, which is a force acting between
dislocations.

Many of the results described in this part are contained in the three papers
[68], [69], and [70].



Chapter 1

Dynamic evolution
problems in
visco-elasto-plasticity and
delamination

Preamble

The quasistatic evolution of rate independent systems has been often obtained
as the limit case of a viscosity driven evolution (see [73], [47], [24], [21], [77], [48],
[37], [38], [43], [44], [49], [50], [64], [65], [46]). In the present chapter we present a
case study on the approximation of a quasistatic evolution in linearly elastic per-
fect plasticity (see [73] and [20]) and of a quasistatic evolution in delamination
(see [39] and [66]) by dynamic evolutions. The corresponding approximation in
a finite dimensional setting has been presented in [3]. Similar approximations
obtained by dynamic processes can be found in literature (for approximation of
quasistatic evolutions of similar mechanical problems see, for instance, [7] for the
perfect plasticity, and [64] for the delamination). The results we present in the
first three sections are contained in the paper [19], written in collaboration with
Gianni Dal Maso, while Sections 1.4 and 1.5 contain the results of the paper [67].

The visco-elasto-plastic model. In Section 1.2 we consider a model of
dynamic visco-elasto-plastic evolution in the linearly elastic regime. This model
couples dynamic visco-elasticity with Perzyna visco-plasticity (see [34], [75], and
[45]). The reference configuration is a bounded open set  C R™ with sufficiently
smooth boundary. The linearized strain Fu, defined as the symmetric part of
the gradient of the displacement u, is decomposed as Fu = e + p, where e is
the elastic component and p is the plastic one. The part of the strain that
contributes to the stress o is only the elastic part. The constitutive law for the
stress is

o= Age + nAié, (1.0.1)

which is the sum of an elastic part Ape and a viscous part puA;é, where Ag is the
elasticity tensor, A; is the viscosity tensor, ¢ is the derivative of e with respect

11



12 CHAPTER 1. PLASTICITY AND DELAMINATION

to time, and p > 0 is a parameter connected with the viscosity of the material.
In our model, we assume, as usual, that Ag is symmetric and positive definite,
while we only assume that A; is symmetric and positive semidefinite, so that
we are allowed to consider also A; = 0, which corresponds to the case where
the elastic viscosity is neglected.

The balance of momentum gives the equation

pii — dive = f, (1.0.2)

where f is the volume force, and p > 0 is the mass density. As in Perzyna
visco-plasticity, the evolution of the plastic part is governed by the flow rule

Up = 0p — TKOD,

where op is the deviatoric part of o and 7wk is the projection onto a prescribed
convex set K in the space of deviatoric symmetric matrices, which can be inter-
preted as the domain of visco-elasticity. Indeed, if op belongs to K during the
evolution, then there is no production of plastic strain, so that, if p = 0 at the
initial time, then p = 0 for every time and the solution is purely visco-elastic.
This can be interpreted as follows: when the strain is small enough, then the
body behaves as perfectly elastic, while only high strain (and then stress) is
needed to produce irreversible deformations.
The complete system of equations is

Eu=e+p, (1.0.3a)
o= Ape + pAiéa,, (1.0.3b)
pii — dive = f, (1.0.3¢c)
Up = 0p — TKOD, (1.0.3d)

where e, denotes the projection of e into the image of A;. This system is
supplemented by a Dirichlet boundary conditions w, a Neumann boundary con-
dition, and by initial conditions. Other dynamic models of elasto-plasticity with
viscosity have been considered in [6] and [7]. The main difference with respect
to our model is that they couple visco-elasticity with perfect plasticity, while we
couple visco-elasticity with visco-plasticity.

In Section 1.2 we prove two results of existence and uniqueness of a solution
to (1.0.3) with initial and boundary conditions (Theorem 1.2.1 and Theorem
1.2.9). In the first existence result we assume that the visco-elastic tensor A; is
only positive semidefinite. This general assumptions has as a consequence the
lack of some a-priori estimates on the norm of the elastic part e of the solution.
In order to obtain good estimates, we need to make strong assumptions on
the regularity of the external data, i.e. the volume force f and the boundary
condition w. The second existence result is instead simpler, since we make the
stronger assumption that A; is positive definite. With this hypothesis we are
allowed to weaken the assumptions on the external data. The proof of this
second result is actually very similar to the first one and is not discussed in
detail. Indeed all the preliminary results to the proof of Theorem 1.2.1 can be
adapted and obtained with some stronger regularity on the solutions.

Before proving Theorem 1.2.1, in analogy with the energy method for rate
independent processes developed by Mielke (see [47] and the references therein),
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we prove that system (1.0.3) has a weak formulation expressed in terms of
an energy balance together with a stability condition (Theorem 1.2.4). Then
the proof of the existence of a solution to this weak formulation is obtained
by time discretization. This standard procedure consists in dividing the time
interval [0, 7] into N equal subintervals of length 7 := T'/N, and then to solve
a suitable incremental minimum problem at every discrete times. A piecewise
affine interpolation of these minima will give rise to approximating functions
that will converge to a solution when we let the time step 7 tend to 0.

In Section 1.3.4 we analyze the behavior of the solution to system (1.0.3)
as the data of the problem become slower and slower. Before performing such
analysis we introduce the concept of quasistatic evolution in perfect plasticity
and prove some preliminary results (Section 1.3). As usual in the theory of
rate independent systems, an energetic formulation is given to a quasistatic
evolution. This formulation consists of two conditions: an equilibrium condition,
that says that at every time of the evolution the solution is a minimum of the
energy functional, and an energy balance, which expresses the fact that during
the evolution there are no dissipations due to non-conservative phenomena, and
at every time the energy equals the initial energy plus the work done by the
external forces on the system. For the development of quasistatic evolution in
perfect plasticity we refer to [73] and [20]. The energetic formulation is given
in Definition 1.3.4. Instead the strong formulation of the quasistatic evolution
is expressed by the system

Eu=-e+p, (1.0.4a)
o = Ape, (1.0.4b)
— dive = f, (1.0.4c)
op € K and p € Ngop, (1.0.4d)

where Ngop denotes the normal cone to K at op.

Dynamic approximation of the quasistatic evolution. Section 1.3.4
is devoted to show the already mentioned convergence result. The quasistatic
evolution is obtained as the limit of approximate dynamic evolutions that are
given by a suitable rescaling of time. The rescaling leads us to a suitable change
of variables. More precisely, we start from an external load f(¢), a boundary
datum w(t) defined on the interval [0, 7], and initial conditions wug, €g, po, and
vg. We then consider the rescaled problem with external load f.(t) := f(et),
boundary condition we(t) = w(et) on the interval [0,T"/¢], and initial conditions
ue(0) = ug, e.(0) = eg, pe(0) = po, and @(0) = evy. The dynamic solutions of
the corresponding systems (1.0.3) are denoted by (uc(t), ec(t), pe(t), oc(t)).

To study the limit behavior of (uc(t), ec(t), pe(t), oc(t)) on the whole interval
[0,T/€] it is convenient to consider the rescaled functions (uf(t), e€(t), pc(t), o(t))
= (ue(t/e),ec(t/e),pe(t/€),oc(t/€)), defined on [0,T], and to study their limit
as € | 0. A straightforward change of variables shows that (u€,e€, p¢, o€) will
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satisfy the following system of equations on [0, 7]

Eu® =€+ p°, (1.0.5a)
0 = Ape’ + epAiély (1.0.5b)
e2pii€ — dive® = f, (1.0.5¢)
epf =0 —mKo", (1.0.5d)

with the same boundary and initial conditions. As it can be seen, this system
is equal to (1.0.3) with the only difference that the new mass density is €2p and
the viscosity is eu. The rescaling of time can be interpreted as follows: we slow
down the speed of the process and we see what happen to the solutions. What
we show is that the dissipative and inertial effects disappear as e tends to O.
This analysis is equivalent to compute a vanishing inertia and viscosity at the
same time. More precisely, as observed, we analyze the behavior of the solutions
when the viscosity tends to 0 as € and the mass density tends to 0 as €.

The main result of this section is stated by Theorem 1.3.10 where, under
suitable assumptions, we show that the solutions (u€, e, p¢,0¢) of (1.0.5) tend
to a solution of the quasistatic evolution problem in perfect plasticity, accord-
ing to Definition 1.3.4. The proof of this convergence result is obtained using
the energetic formulation of (1.0.3) expressed by energy balance and stability
condition (see Theorem 1.2.4). We show that we can pass to the limit obtaining
the energy formulation of (1.0.4) developed in [20]. A remarkable difficulty in
this proof is due to the fact that problems (1.0.3) and (1.0.4) are formulated in
completely different function spaces (see Theorem 1.2.1 and Definition 1.3.4).
Theorem 1.3.10 can be applied also to solutions of Theorem 1.2.9 with slightly
weaker assumptions. This is not discussed in detail since it is a straightforward
analysis that can be obtained following the lines of the proof of Theorem 1.3.10.

The delamination model. The model discussed in Section 1.4.1 consists
of two elastic bodies ; and 25 glued by an adhesive on an interface I'. Ex-
ternal forces and high stresses due to elastic deformations of the bodies may
break the macromolecules of the adhesive, weakening its effect. Such process is
irreversible, in the sense that the deteriorated adhesive cannot be restored. The
state of the adhesive is described by the delamination coefficient z, that is a
function defined on the interface which takes values in [0, 1] (see Section 1.4.1).
Until the glue is effective the movements of the bodies at the interface are con-
strained. Moreover some constrains at the interface are always considered due
to the non-interpenetrability of the two bodies or to the pressure of the system
(see Section 1.4.1). In our model we consider both inertia and viscosity in the
bulk, and also the evolution of the internal variable z is not rate-independent
since we consider the viscous effects related to the deterioration of the adhesive.
In the bulk we neglect the thermal effects. In [63] and [62] it is considered a
system where also thermal effects are analyzed, while no viscosity of the delam-
ination coefficient is considered. Terms related to friction of the adhesive have
been studied in different settings where inertia is neglected (see, e.g., [15], [10]).

As in the plasticity model, the constitutive law for the stress is

In contrast to (1.0.1) the elastic part of the strain e is here replaced by the
whole symmetric gradient Eu. This is due to the absence of plasticity. As usual
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Ap is symmetric and positive definite, and in this case we also assume that A;
is symmetric and positive definite. The balance of momentum is still expressed
by the equation

pii — dive = f. (1.0.6b)

The equations above are supplemented by boundary conditions, by initial con-
ditions, and by a condition of interaction of the two bodies

ov=-VV([u])z onT, (1.0.6¢)

where v is the unit normal to I', V' is the energy introduced in Section 1.4.1,
and [u] is the jump of the displacement at the interface. As it can be seen, the
interaction between 7 and Qo depends on [u], that is the difference between
the two traces of u from €y and €, and it is null when z = 0, i.e., when the
glue is no more effective. As for the evolution of the delamination coefficient z,
the flow rule is expressed by the following system of equations

£ <0, (1.0.6d)
d< —pusz, (1.0.6e)
2d+ pz) =0, (1.0.6£)
d € ol + V([u]) —a, (1.0.6g)

valid on I'. Here « is a bounded positive function on I' connected with the
dissipative effects of the delamination, 01y 1) is the subdifferential of the char-
acteristic function of [0, 1], and p > 0 is the viscosity of the adhesive.

As usual in delamination problems, it is natural to consider constrains on
the sign of [u] - v. To avoid interpenetration of the two bodies one is led to
require that [u] - < 0. In some models a bilateral constrain is required, arising
in the condition [u] - ¥ = 0. These are models under high pressure, where no
cavitation phenomena are allowed, and then the two bodies cannot separate.

In Section 1.4 we prove a result of existence for solutions to (1.0.6) (Theorem
1.4.9), without constrains on the jump [u] at the interface. As in the case of
plasticity, we formulate the problem in a weak form, consisting of three weak
equations, and prove the existence of a solution by time discretization. In this
case, at each time step, we solve a minimum problem for the displacement, and
then solve a minimum problem expressed in terms of this solution for the de-
lamination parameter. Again the piecewise affine interpolations of these minima
provide the approximate solutions. Also in this case the solutions turn out to
satisfy an energy balance that is proved in a second step. We finally prove the
existence of an evolution with a bilateral constraint at the interface in Theorem
1.4.11.

The dynamic approximation. In Section 1.5 we want to study the asymp-
totic behavior of the dynamic solutions obtained by rescaling the time as in the
case of plasticity. The rescaling leads us to a dynamic solution (u€, z¢) satisfying
the equations

o0¢ = AgEu’ + ep A Euf (1.0.7a)
e pii€ — dive® = f. (1.0.7b)
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with
ov=-VV([u)z¢ onT, (1.0.7¢)
and the flow rules
<0, (1.0.7d)
d < —euzs, (1.0.7¢)
2°(d 4+ euz) =0, (1.0.7f)
d e 0l + V([u]) — o (1.0.7¢)

The convergence result is state in Theorem 1.5.1 whose proof is only sketched,
since it is very similar to the proof of the main result of [64], where the same
asymptotic limit is analyzed for solutions of a dynamic process where the vis-
cosity on the adhesive is neglected. A different argument and proof are needed
to prove the following lemmas, which describe the limit flow rule. In contrast
with the case of plasticity, the limit of the rescaled dynamic evolutions is not a
quasistatic evolution in delamination. Indeed we prove that the limit satisfies
an equilibrium condition, while in general an energy balance does not hold, but
only an energy inequality, showing a lack of energy that takes the form of resid-
ual dissipation. This residual dissipation is the limit of the viscous dissipations
of the dynamic evolutions, and it is expressed by two nonnegative Borel mea-
sures up and g, which concentrate in the product spaces [0, 7] x (21 Us) and
[0,1] x T, respectively. As a consequence, the quasistatic limit shows disconti-
nuities in time, where it jumps from a minimum of the energy of the system to
another.

In Subsection 1.5.1 we focus our analysis on the one-dimensional case, where
we give a finer description of the behavior of the solutions at the limit. We prove
that, in most the cases, the evolution shows a jump where the delamination
coefficient switches instantaneously from 1 to 0. In some sense, Theorem 1.5.14
shows that the dynamic solutions cannot approximate a quasistatic evolution
in delamination (in the sense of [39]), with the only exception of very particular
(and unrealistic) cases.

1.1 Notation

Vectors and Matrices. If a,b € R", their scalar product is defined by a-b :=
> aibi, and |a| == (a - a)'/? is the norm of a. If n = (n;;) and & = (&) belong
to the space M"*™ of n X n matrices with real entries, their scalar product is
defined by 1 - & 1= 2, mi;&ij. Similary [n] == (n - n)'/? is the norm of 7. M
is the subspace of M"™*" composed of symmetric matrices. Moreover M,*"
denotes the subspace of symmetric matrices with null trace, i.e., n € Mp™ if n
is symmetric and trp = ), 75 = 0. The space M5 can be split as

sym

Man — M’%Xn @ RI,

sym
where [ is the identity matrix, so that every n € M} can be written as
n=mnp + t—lel, where np, called the deviatoric part of 7, is the projection of n
into M.
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Duality and Norms. If X is a Banach space and u € X, we usually denote
the norm of u by [|ul|x. If X is LP(Q2), LP(Q;R™), LP(Q; MZ), or LP (S M<™)
the norm is denoted by |lu||r». In general, if X is a Banach space, X' is its dual
space and (u,v)x denotes the duality product between u € X’ and v € X. The
subscript X is sometimes omitted, if it is clear from the context.

If V represents the space R, R¥, MZr, M™, then the symbol My, (A, V)
denotes the space of Radon measures on the open set A with values in V.

If © C R" is an open set and u is a function in WH1(Q,R"), then the its

symmetrized gradient Fu is defined as
1 T
Eu := §(Vu + (Vu)™).

If u represents the displacement of a body, Fu is its linearized strain. Sometimes
we will deal with displacements u whose derivatives are not in L!(Q2). In these
cases the linearized strain is also denoted by Eu and is defined as the Mg "~
valued distribution with components E;;u = 1(D;u;j + Dju;).

1.2 Visco-elasto-plastic evolution

1.2.1 Kinematical setting

The Reference Configuration. The reference configuration is a bounded
connected open set ) in R™, n > 2, with Lipschitz boundary. We suppose that
00 =Ty Uy Ul where I'g, I'1, and OI' are pairwise disjoint, 'y and I'; are
relatively open in 0f2, and OT is the relative boundary in 92 both of I'y and I';.
We assume that T'g # @ and that H"~1(9I') = 0, where H" ' denotes the n—1
dimensional Hausdorff measure. On I'y we will prescribe a Dirichlet condition
on the displacement u, while on I'y we will impose a Neumann condition on the
stress o.

Elastic and Plastic Strain. If u is the displacement, the linearized strain
Fu is decomposed as the sum of the elastic strain e and the plastic strain p.
Given w € H'(Q,R"), we say that a triple (u,e,p) is kinematically admissible
for the visco-elasto-plastic problem with boundary datum w if v € H(2;R"),
e € L2 Q;M3™), p € L2(Q;ME*™), and

Sym

Eu=e+p on{, (1.2.1a)
ulp, =w  onTy. (1.2.1b)

We denote the set of these triples by A(w). It is convenient to introduce the
subspace of H*(2;R") defined by

H} (Q;R") == {u € H' (4 R™) : ulp, = 0}

and its dual space, denoted by Hlfol (;R™). Tt is clear that (u,e,p) € A(w) if
and only if u —w € H%U(Q;R”) and Fu = e + p, with e € LQ(Q;MQYXYF?) and
p € L2(Q;Mp*™).

Stress and External Forces. In the visco-elasto-plastic model the stress o
depends linearly on the elastic part e of the strain Fu and on its time derivative
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é. To express this dependence we introduce the elastic tensor Ag and the visco-
elastic tensor Ay, which are symmetric linear operators of M T into itself. We
assume that there exist positive constants aq, [y, and 3 such that

|A%¢] < Bilg], fori=1,2, (1.2.2a)
Ao - € > agl¢* and 416 -€ >0, (1.2.2b)

for every £ € M2 <™. Note that A; = 0 is allowed. Inequalities (1.2.2) imply

sym
AT < BiA'E - €, (1.2.2¢)

for every £ € ML and for i = 1,2.
For every ¢ € M;’yﬁ‘ let €4, be the orthogonal projection of ¢ onto the image
of A;. Then there exists a constant oy > 0 such that

ALl €= anléa, (1.2.3)

for every £ € MZ2X",

sym
The stress satisfies the constitutive relation

o= Age + Ajé. (1.2.4)

The term A;é in the equation above is the component of the stress due to
internal frictions. To express the energy balance it is useful to introduce the
quadratic forms

Qule) = SAcE-€ and  Qi(€) = A &

For every e € L?(;M2X") we define

sym

Qule) = / Qo(e)dz and Qy(e) = / 1 (e)d.

These function turn out to be lower semicontinuous with respect to the weak
topology of L?(§); M) Qo(e) represents the stored elastic energy associated
to e € L*(Q; ML) while Q;(é) represents the rate of visco-elastic dissipation.

We assume that the time dependent body force f(t) belongs to L?(2;R™)
and that the time dependent surface force g(t) belongs to L*(T'y, H" 1;R"™). It
is convenient to introduce the total load L(t) € HE:(Q;R") of external forces

acting on the body, defined by

(L), u) = (f(1),w)a + (9(t), w)r,, (1.2.5)

where (-,-) denotes the duality pairing between Hlfol (Q;R™) and H{ (4 R™),
(-, ) denotes the scalar product in L?(Q;R™), while (-,-)r, denotes the scalar
product in L2(T'y, H" 1 R™).

When dealing with the visco-elasto-plastic problem, we will only suppose
that the total load L(t) belongs to Hlfol (©;R™), without assuming the particular
form (1.2.5). The hypotheses on the functions ¢ — L£(¢) and t — w(t) and
the regularity of t — (u(t),e(t), p(¢)) will be made precise in the statement of
Theorems 1.2.1 and 1.2.4 below.
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The law which expresses the second law of dynamic is
i(t) — dive(t) = f(¢t) in Q, (1.2.6)

where we assume that the mass density of the elasto-plastic body is 1. Equation
(1.2.6) is supplemented with the boundary conditions

u(t) = w(t) on Iy, (1.2.7a)
o(t)y =g(t) onTy. (1.2.7b)

To deal with (1.2.6) and (1.2.7), it is convenient to introduce the continuous
linear operator divp, : L2(£;M2X") — Hlfol(Q; R™) defined by

Sym
(divr,o, ) == —(0, Ep) (1.2.8)

for every o € L*(€; ML) and every ¢ € Hp, (9;R™).

If f(t), g(t), o(t), u(t), To, and T'; are sufficiently regular and L£(t) is the
total external load defined by (1.2.5), then we can prove, using integration by
parts, that (1.2.6) and (1.2.7b) are equivalent to

i(t) — divp,o(t) = L(t), (1.2.9)

interpreted as equality between elements of Hlfol(Q; R™). In other words (1.2.9)
is satisfied if and only if

(i(t), ) + (a(t), Ep) = (L(t), ) (1.2.10)

for every ¢ € Hllo (€;R™). In the irregular case, equation (1.2.10) represents
the weak formulation of problem (1.2.6) with boundary condition (1.2.7b).
Plastic Dissipation. The elastic domain K is a convex and compact set
in M7*". We will suppose that there exist two positive real numbers 4 < Ry
such that
B(0,m) C K C B(0, Ry). (1.2.11)

It is convenient to introduce the set
K(Q) := {€ € L*(Q; M) : £(z) € K for a.e. x € Q}. (1.2.12)

If 7k denotes the minimal distance projection of ML*™ into K, and I ()
denotes the projection of L?(£; M7™) into (), then it is easy to check that

(m@)é)(w) = mé€(x) forae z€Q, (1.2.13)

for every ¢ € L*(Q;MB*™).

The evolution of the plastic strain p(t, 2:) will be expressed by the Maximum
Dissipation Principle (Hill’s Principle of Maximum Work, see, e.g., [34], [45],
[73]): if o is the stress, then p will satisfy the following

(op(t,x) —&)-p(t,z) >0 for every £ € K and a.e. x in Q2
op(t,z) —p(t,x) € K, forae. xin,

where we assume for simplicity that the viscosity coefficient is 1. Thanks to
the characterization of the projection onto convex sets (see, e.g., [36]), this
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condition is satisfied if and only if op (¢, z) — p(t, z) coincides with mxop(t, ),
for a.e. x € Q. By (1.2.13), this can be written as

p(t) = op(t) — mop(t). (1.2.14)
We define the support function H : My*"™ — [0, +oo[ of K by
H(&) =sup (& (1.2.15)
CeK

It turns out that H is convex and positively homogeneous of degree one. In
particular it satisfies the triangle inequality

H(E+¢) < H(E) + H(C)

and the following inequality, due to (1.2.11):
rlél < H() < Ralg]- (1.2.16)
We define H : L?(Q; M5*") — R by

H(p) = /Q H(p(x))da. (1.2.17)

If p e HY([0,T); L*(Q; M5*™)) and p(t) is its time derivative, then H(p) repre-
sents the rate of plastic dissipation, so that,

/TH(p)dt (1.2.18)

is the total plastic dissipation in the time interval [0, T].
We notice that, by the definition of H, the subdifferential of H satisfies (see
e.g. [61, Theorem 13.1])
OH(0) = K. (1.2.19)

From (1.2.19), it easily follows
OH(0) = K(£2), (1.2.20)
where OH (&) denotes the subdifferential of H at &.

1.2.2 Existence results for elasto-visco-plastic evolutions

Given an elasto-visco-plastic body satisfying all the properties described in the
previous section, we fix an external load £ and a Dirichlet boundary datum
w, and look for a solution of the dynamic equation (1.2.9) and of the flow rule
(1.2.14), with stress o defined by (1.2.4) and strain satisfying equation (1.2.1).
Our existence result for an elasto-visco-plastic evolution is given by the following
theorem.

Theorem 1.2.1. Let T > 0, let L € AC([O,T];H{;(Q;R”)), and let w be a
function such that
w e L=([0,T]; H (9 R™)), (1.2.21a)
w € CO([0, T); LA R™) N L2([0, T); H (4 R™)), (1.2.21b)
W € L2([0,T); L*(Q;R™)). (1.2.21c)
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Then for every (ug, eo,po) € A(w(0)) and vo € L*(Q;R™) there exists a unique
quadruple (u,e,p, o) of functions, with

u € L*([0,T]; H(Q;R™)), (1.2.22a)
w € L=([0,T]; L*(;R™)), (1.2.22b)
it € L*([0, T); Hp, (% R™)), (1.2.22¢)
e € L=([0,T]; L* (ML), (1.2.22d)
p € L>([0,T]; L*(Q; M), (1.2.22e)
éa, € L*([0,T]; L*(; M757)), (1.2.22f)
p € L2([0,T]; L*(Q; M7<™)), (1.2.22g)
o € L*([0,T]; L*( MZh)), (1.2.22h)

such that for a.e. t € [0,T] we have
Eu(t) = e(t) + p(t), (1.2.23a)
o(t) = Aoe(t) + A1éa, (1), (1.2.23b)
ii(t) — divp,o(t) = L(t), (1.2.23c)
p(t) = op(t) — mc@yon(t), (1.2.23d)

and
u(t) =w(t) on Ty, (1.2.24)
u(0) =uo,  p(0) = po, (1.2.25a)
h

Jim, h/ lle(t) — eol|32dt =0, hli%l+%/0 |i(t) — vol|32dt = 0. (1.2.25b)

In (1.2.22f) and in the rest of the paper the symbol éa, denotes the time deriva-
tive (in the sense of distributions) of the function ea, defined before (1.2.3).
Moreover (u,e,p,o) satisfies the equilibrium condition

—H(q) < (a(t),n) + (B(t), @) + (i(t), ¥) — (L(t), ) < H(—0q), (1.2.26)

for a.e. t €[0,T) and for every (v,m,q) € A(0), where {(-,-) denotes the duality
pairing between Hp, (Q R™) and H{ (Q;R™) in the terms containing i and L,

while it denotes the scalar product in L? in all other terms.

Remark 1.2.2. In view of (1.2.21) and (1.2.22) we see that u, w, u, W, ea,,
and p are absolutely continuous in time, more precisely,

w e AC([0,T]; H'(Q;R™)), (1.2.27a)
u,w € AC([0, T); L*(Q; R™)), (1.2.27b)
i€ AC([0,T); Hi, (9 R™)), (1.2.27¢)
ea, € AC([0,T]; L*(; M), (1.2.27d)
p € AC([0,T]; L*(; My*™)) (1.2.27e)
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(see, e.g., [12], Proposition A.3 and following Corollary). Properties (1.2.27b)
and (1.2.27¢) give a precise meaning to the initial conditions (1.2.25a).
Moreover since u is bounded in H!(2;R") by (1.2.22a), we deduce from
(1.2.27b) that t + u(t) is weakly continuous into H*(£; R™). Similarly, thanks
to (1.2.27¢) and since u € L>=([0,T]; L*(Q;R™)) by (1.2.22b), it follows that
t + 4(t) is weakly continuous into L2?(2;R"™). Moreover, e = Eu —p €
HY([0, T); H=1(Q; M2 by (1.2.22a), (1.2.22b), (1.2.22¢), and (1.2.22g), thus

sym

e € AC([0,T); H=1(Q;M2X™)). Since we have also e € L°°([0, T']; L*(Q; M2 X™))

sym sym

by (1.2.22d), we conclude that ¢ ~ e(t) is weakly continuous into L?(§2; M2X").

Sym
In particular for every ¢ € [0, T] the functions u(t), e(t), p(t), @(t) are univocally
defined as elements of H'(Q;R™), L*(Q; MZ5"), L* (M), and L*(Q;R™),
respectively.

Remark 1.2.3. From (1.2.22), (1.2.23a), and (1.2.25) it follows that

1 h
lim — t) — uo||pdt = 0. 1.2.28
Jim 5 [ ut) = wly (1.225)

Indeed, by (1.2.27b) we have %foh [lu(t) —uol|2.dt — 0, and (1.2.22g), (1.2.23a),
while (1.2.25b) give L [ || Bu(t) — Euo|2.dt — 0.

Before proving Theorem 1.2.1 we will first state the following result, which
characterizes the solutions of equations (1.2.23¢) and (1.2.23d).

Theorem 1.2.4. Under the hypotheses of Theorem 1.2.1, let us assume that
(u,e,p,0) satisfies (1.2.22), (1.2.23a), (1.2.23b), (1.2.24), and (1.2.25). Then
(u,e,p, o) satisfies (1.2.23¢) and (1.2.23d) for a.e. t € [0,T] if and only if both
the following conditions hold:

(a) Energy balance: for a.e t € [0,T] we have

Qule(t) + 3l =0l + [ @eais+ [ilads+ [ Hipas -
= Qu(eg) + %Hvo —1(0)]|22 +/O (o, Ew)ds — /0 (W, 0 — w)ds
L), u(t) — w(t)) — (£(0), uo — w(0)) — /0 (£ — w)ds, (1.2.29)

(b) For a.e. t € [0,T] the equilibrium condition (1.2.26) holds for every
(,m,9) € A0).

Moreover, if the two previous conditions are satisfied, then
(op(t) = (1), (1) = H(B()) for a.c. t € 0,T]. (1.2.30)

Remark 1.2.5. If A; is positive definite, then (1.2.27d), (1.2.27¢), and the
Korn inequality, imply that u € AC([0,T]; H*(£;R™)). If moreover the data w
and L are sufficiently regular, £ has the form (1.2.5), then we can integrate by

parts the terms fg(ﬂ),wds and fot (10, 1)ds obtaining that we can rewrite the
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energy balance as follows:

Qofe(t)) + 532 + /Q1 dS—i—/leleds—i—/H
/O<O',Ew>d8+/<f,u >ds+/0< g, —w)r,ds

t
+/O (i, w)ds + Qo(eg) + §HU0||2L2a

which becomes, using @i = divp,o + L:

Qole(t)) + 3 ie) 3 + /Q1 ds+/|\p||pds+/%

- / (ov, iyrods + / (f, ids + / (g, i)r,ds + Qoleo) + 5 luoll22

where we have used @ = w on I'g. This is the usual formulation of the energy
balance. Indeed Qq(e(t)) is the stored elastic energy, L|lu(t)[|2. is the kinetic

energy, fot Q1 (é(t))ds is the visco—elastic dissipation, fot [p]|32ds is the visco-
plastic dissipation, and fo p)ds is the plastic dissipation. On the right-hand

side the terms fo ov, 1 pods, fo g,u)r, ds, and fo f,1)ds represent the work
done by the external forces on the Dirichlet boundary, on the Neumann bound-
ary, and on the body itself, while the two terms Qq(eo) and $||vo||2, are the
stored elastic energy and the kinetic energy at the initial time.

Lemma 1.2.6. Let T > 0, let L € AC([O,T];H{;(Q;R”)), let w satisfy
(1.2.21), and let (u, e, p, o) be a quadruple satisfying (1.2.22), (1.2.23a), (1.2.23b),
(1.2.23¢), (1.2.24), and (1.2.25). Then

Qo(e(t)) — Qoleo) + | Ql(éAl)dS/O (J,Eu'))der/O (op,p)ds

1. . 1 . Lo
+ §Hu(t) —w(t)[|72 — §|Ivo —w(0)[7. = —/O (W, 1 — w)ds

+ (L(t),u(t) —w(t)) — (L£(0),ug — w(0)) — /o (L,u—w)ds, (1.2.31)

for a.e. t €[0,T).

Proof. Given a function ¢ from [0,7] into a Banach space X, for all h > 0
we define the difference quotient " : [0,7 — h] — X as s"0(t) := +(I(t +
h) —9(¢)). By (1 2.21), (1.2.22), and (1.2.24) for a.e. ¢t € [0,7] the function
@ = s"u(t) — s"w(t) belongs to HE (9 R"™). We use this function in (1.2.10)
first at time ¢ and then at time ¢ + h Summing the two expressions we get

(iU(t+h) — o (t+h)+i(t)—i(t), s"u(t)—sMw(t)) + (hs"o(t), s"p(t) — s"Bw(t))

+ (Age(t + h) + Aréa, (t+ h) + Age(t) + Aréa, (1), s"e(t)) = (1.2.32)
= —((t + h) +w(t), s"u(t) — s"w(t)) + (L(t + h) + L(t), s"u(t) — s"w(t)).
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We now integrate in time on the interval [0,¢]. An integration by parts in time
gives that the first term is equal to
(Ut + h) —w(t + h), s"u(t) — s"w(t)) + (a(t) —i(t), s"u(t) — s"w(t))
= (a(h) = w(h), s"u(0) = s"w(0)) — (a(0) — @(0), s"u(0) - s"w(0))
1 t+h 1 h
- —/ [a(r) — (r)||F2dr + — / [[a(r) — 2 (r)||22dr. (1.2.33)
h Ji h'Jo
As for the third term we find that it is equal to

2 t+h

7 [ utetrar - 2 /0 Qo (e(r))dr + /0 (Ar(Ea, (r + h) + éa, (1), e, (r))dr,
(1.2.34)

while the last one is equal to

t+h h
7 [ e —wedr = [ o)) = winar

- /0 (s"L(r),u(r +h) —w(r + h) +u(r) —w(r))dr. (1.2.35)

Now (1.2.21), (1.2.25b), (1.2.27b), the weak continuity of 72 on [0, 7] into L?(£2; R™)
(see Remark 1.2.2), and the Lebesgue mean value Theorem, allow us to pass to
the limit as h — 0 in (1.2.33) for a.e. ¢t € [0,7]. By similar arguments, using
(1.2.21), (1.2.22), (1.2.25b), (1.2.28), and the weak continuity of v on [0, 7] into
H'(Q;R") (see Remark 1.2.2), we pass to the limit in (1.2.34), (1.2.35), and in
the other terms of (1.2.32), so that we obtain (1.2.31) for a.e. ¢t € [0,T]. O

Proof of Theorem 1.2.4. Let us suppose that the quadruple (u,e,p,o) satis-
fies (1.2.26) and (1.2.29); let us prove (1.2.23c). Let ¢ € Hf (% R™); since
(¢, Ep,0) € A(0), we can choose n = Ep and ¢ = 0 in (1.2.26) and for a.e.
t €10,T] we get

(Aoe(t) + Aréa, (£), Bi) + (ii(t), ) — (L(), 0) =0, (1.2.36)

which is equivalent to (1.2.23c), thanks to (1.2.10) and (1.2.23D).
It remains to prove (1.2.23d). Choosing (0, ¢, —q) € A(0) in (1.2.26) for some
q € L*(Q,M}*"), for a.e. t € [0,T] we get

—H(—q) < (Aoe(t) + A1éa, (t),q) — (B(t). a) < H(q), (1.2.37)
which, by (1.2.23b), says that
op(t) —p(t) € OH(0) = K(Q) (1.2.38)

thanks to the arbitrariness of q.

Now we observe that (u, e, p, o) satisfies the hypotheses of Lemma 1.2.6, so
(1.2.31) holds for a.e. ¢t € [0,T]. This, together with the energy balance (1.2.29),
implies that (1.2.30) holds for a.e. ¢ € [0,T]. As a consequence, by the definition
of H, we deduce that for a.e. ¢ € [0,T] and for every & € K(£2) we have

(op(t) —p(t), p(t)) = (&, p(1)),
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which is equivalent to

(op(t) = (on(t) = p(t)),§ — (on(t) — B(t))) <0.

Thanks to (1.2.38), op(t) — p(t) belongs to IC(€2); therefore the arbitrariness of
¢ and the well-known characterization of the projection onto convex sets (see,
e.g., [36], Chapter 1.2) give that op(t) — p(t) = mcyop(t) for a.e. t € [0,T7].

Conversely, suppose (u,e,p, o) to be a solution of the system of equations
(1.2.23). Then (1.2.23d) implies (1.2.38), which in turn gives (1.2.37). On
the other hand (1.2.23b) and (1.2.23c) give (1.2.36). Subtracting (1.2.37) from
(1.2.36) term by term and taking into account (1.2.1a), we get (1.2.26).

In order to obtain the energy balance we first prove that, if a function
(u,e,p,o0) satisfies (1.2.23), then (1.2.30) holds. Indeed, if & € K(2), then
from the properties of convex sets it follows that for a.e. ¢ € [0, 7]

(cp —p)-p=mkop-(op —TKoD) >

>ngop - (op —7kop)+ (§ —7kop) - (op —Tkop) =& - (0p — TKOD)

almost everywhere in Q, that is (op —p) - p > H(op — 7xop) = H(p) thanks
to the definition of H. Since op —p € K a.e. in Q and for a.e. ¢t € [0,T] by
(1.2.23d), the definition of H gives also the opposite inequality. So integrating
on Q we get (1.2.30).

Now since (u,e,p,o) satisfies the hypotheses of Lemma 1.2.6, we obtain
(1.2.31), which together with (1.2.30) gives the energy balance (1.2.29) for a.e.
t e [0,7T]. O

Proof of Theorem 1.2.1. The proof is reminiscent of that of [7, Theorem 3.1],
with some important differences. In [7, Theorem 3.1] only Dirichlet conditions
are considered and the data of the problem are more regular than ours: the
external load f belongs to AC([0,7]; L?(£;R™)) and the boundary datum w
belongs to H?([0,T]; H(;R™)) N H3([0,T]; L?(£;R™)). Moreover, the model
discussed in [7] is slightly different from ours: in [7] the plastic component of
the strain plays a role in the viscous part of the stress, while we assume that
the component p of the strain rate does not affect the viscous stress, which only
depends on é. This leads to a different flow rule, whose strong form cannot
be proved directly from the approximate flow rules as in [7]; for this reason we
prefer to prove first the energy balance and then to derive the flow rule from it.

As in [7] we will obtain the solution by time discretization, considering the
limit of approximate solutions constructed by solving incremental minimum
problems. Given an integer N > 0 we define 7 = T/N and subdivide the
interval [0,7) into N subintervals [t;,t;41), ¢ = 0,..., N — 1 of length 7, with
t; = 17. Let us set

u_1 =wug— T, w_1 =wy— Tw(0),

1 tit1
w; =w(t;), L= —/ L(s)ds.
T Jt

7

We construct a sequence (u;, e;,p;) with ¢ = 0,1,..., N by induction. First
(ug, €0, po) coincides with the initial data in (1.2.25). Let us fix ¢ and let us
suppose (u;,e;,p;) € A(w;) to have been defined for j = 0,...,4. Then
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(Uit1,€it1,pit1) is defined as the unique minimizer on A(w;4+1) of the func-
tional

1 1 1
‘/i(uaeap) :§<A0€,€> + Z(Al(e - 67;),6 - ei) + Z”p _sz%?

+H(p —pi) +

%Hu Gi WimWiolepw), o (1.2.39)
T
which turns out to be coercive and strictly convex on A(w;41).
To obtain the Euler conditions we observe that (u; 11, €41, pi+1)+A(©, 1, q) €
A(witq) for every (¢,1n,q) € A(0), and for every A € R. Evaluating V; in this
point and differentiating with respect to A at 0% we get

1 1
—H(q) <(Ao€it1,m) + ;<A1(€z‘+1 —€i), 1) + —(pit1 — i, q)
1

+ ;<'Ui+1 — i) — (Li, p) < H(—q), (1.2.40)
where we have set 1
Uj = ;(’LL] — Ujfl). (1241)
We now define the piecewise affine interpolation u,,e,, p,,w, on [0,T] by

ur (t) = ug + =L g if £ € [ti,tie1) (1.2.42a)
er(t) = e+ Ly if 1€ [t tisn) (1.2.42b)

T

_ Pit+1 — Di .

p-,—(t) =p; + 7@ - ti) ift € [tiati-i-l) (1.2.42C)

T
w(t) = w; + =L g i€ [t i) (1.2.42d)

T

To simplify the notation we also set w; = L(w; —w;—) = 1 :_11 w(s)ds and
define, for ¢ € [0, 77,

t—1t; .
wT(t) = w; + ((AJZ'+1 — wz)T ift € [ti, ti+1), (1243&)

t—t; .
—_— ift € [ti, ti-‘,—l)- (1.2.43b)

v (t) = vi + (vig1 — i)
The proof now is divided into five steps: in the first one we prove that a
subsequence of (u, e,,p;) has a limit (u,e,p) as 7 — 0, and we show that this
limit satisfies the regularity conditions (1.2.22). In the second step we pass to the
limit in (1.2.40), obtaining the equilibrium condition (1.2.26). In the third step
we obtain the energy balance (1.2.29) for (u,e,p). In the fourth step we prove
that (u,e,p) satisfies the initial conditions (1.2.25). From this and Theorem
1.2.4 it will follow that (u,e,p) satisfies the required equations (1.2.23). In the
last step we prove the uniqueness.
Step 1. Since @ € L?([0,T]; L?(Q;R™)) and w € L?([0,T]; H*(;R™)), we
see that

w, — w strongly in L*([0,T]; H'(Q; R™)), (1.2.44a)
W, — b strongly in L2([0,T]; H'(Q; R™)), (1.2.44b)
w, —  strongly in L2([0, T]; H'(Q;R™)), (1.2.44c)
Wy — 1 strongly in L*([0, T]; L2(€; R™)). (1.2.44d)
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The proof of the first three properties is straightforward. To prove (1.2.44d) we
first put @, (t) := < tt_”ltb(s)ds € L2(;R™) for t € [t;,t;41). Since 0, tends to

0, it suffices to show that w, — w, tends to 0 strongly in L?([0,T]; L2(£;R™)).
So we write

2 1 tit1 1 s ] ) )
| o 2L = — - n o -
|07 —Wrl[72(p2) 2. THT /t (T /S_T w(r)dr w(s)) S‘ <
1 Nl tit1 s ,
=7 o(r) — drds <
= r ; /tl sf-,—H’LU(T) w(S)HLZ rds <
N-1 ti t.
1 i+1 it1 ) )
< T Z / / l(r) — w(S)H%zdrds,
i=0 Jti—1 Jti—a
where we set w(s) = 0 for s < 0. Defining W(r,s) = ||w(r) — w(S)H%z, We see

that the integral in the last line is bounded by

2 27 T
—/ dh/ W (r,r + h)dr,
T J—2r 0

that turns out to go to 0 as 7 — 0, because h fOT W (r,r+ h)dr is continuous
and vanishes at h = 0.

We shall use the three following identities:

tit1 tit1
<A0€i+1, €ir1 — €i> = / <AO€7—, €T>d8 + % / <A0é7—, é-,—>ds, (1.2.45)

ti ti
0
<A €i+1,E’LUZ'+1 — Ew1> =

tit1 T tit1
:/ (A%, B, )ds + 5/ (A, B, )ds, (1.2.46)
t t

Vi1 — Vi) — (Wit1 — Wi), Vig1 — Wit1) =
{( )= ( ) )

1 s 1 o T (M
= S ||Vi41 — Wit1||2 — F||Vi — Wil|L2 - Ur — Wr||2as.(1.2.
ol 172 = Flloi —willfa+5 [ 72ds.(1.2.47)
t

We put

© = Ui41 — Uj — (wi+1 - wi);
n=eiy1 — e — (Bwit1 — Ew;),
q = Pi+1 — Pi, (1.2.48)

into (1.2.40) and take the sum over ¢ = 0,...,j5 — 1. Using (1.2.45)-(1.2.47) we
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get

t; t t
/ (A%, & Vds + I/ (A%, &, )ds +/ (Ale,, e, )ds
0 2 0 0
KN 2 T -2 1 2
+ [ prlzeds + 5 llor —r[Pds + S llor(t41) — wr(ti0))I <
0 0
tj
< /0 H(=pr)ds + (L(t;), ur(t;) — wr(t;)) — (£(0),ur(0) — wr(0))
— / (Lyur —wy)ds — / (Wry Uy — Wy )ds
0 0
t
n %Hvo —woll? + / (A%, + Alé, + %AOéT, B, )ds, (1.2.49)
0

By (1.2.16) there exists a constant C' such that H(q) < C||q||r2 for every ¢q €
L2(; M7™). Therefore we obtain

1 tj tj
St erlt)) + 5 [ (s + [ Ateres
2 2 Jo 0
b . 2 1 2
+ ; P~ [I7.2ds + §|\Ur(tj+1) —wr(tjr1)lze <
t

i I A[E , 1
<C [lprllvadt + o5 [ rlds 5 [ e = e ads + o 1206
0 0 To

2X /o 2
A ) [ ., A )
gl =l + 55 [ UE s+ 5 [ e Iy ds
3 (b A [l
+ 53 ; HEwT||2L2ds+§/O | A% ||% .ds
A [ A [
+§/ ||A1é7|\%zds+% | A% ||72ds + D, (1.2.50)
0 0

where A is an arbitrary positive number, that we will choose later, and C' and
D are positive constants independent of \.

From (1.2.44) and the hypothesis on £ we see that the term

t

tj 1 tj .
[ Norleds 445010+ [ e ads+ [ [Bir]ads
0 2)\ T 0 T 0

is bounded from above. By Poincaré and Korn inequalities there exists a con-
stant v such that

lr —wellZ < y(llerllZe + lIprlzz + | BwrlZ2).

Since for some constant C7 > 0

tj ) 1 tj ) 5
c/ HerdeSSCHJr—/ 16+ 122,
0 2 0

writing p,(¢;) = fotj prds and then using the Cauchy inequality and formula
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(1.2.2), we get from (1.2.50)

t; t; t;
oo [ A 1 /9.
lert)2e + == [ NeérlZads +ar [ (er)ayl2eds + 5 [ pell22ds
2 2 0 0 2 0
+ e (ty) — e ()72 <

T

< estt) e + 2=

6
||PrHL2d3+ = | ||€T||%2d8

A [ A
+§/ [[ier — w'r”L?deL ﬂl/ ll(é )A1||L2d5+7 50/ H67||L2ds+M>\,
0 0 0

where M) is a constant depending on A. Choosing now A in such a way that
2Ny < ag, 2MT < 1, \3? < aq, 2A\B2 < ap, and X < 1 we obtain

t t t
Qg aoT [T [ T [7.
—Mer @72 + == | llerlZads + = [ (€r)a,lIZods + 5 [ llprll7zds

1. .- Lo S IR AZE )
Sl 65 €)1 < %2 [ s + 5 [ i il 5 2
2 4 ), > J;
(1.2.51)

Now neglecting some non-negative terms in the left-hand side we get

o Lo

Pller Ol i ()7 Ol < K+ [ Plleror iz =7 s (1252
for all ¢ € [0,T], where K is a positive constant independent of 7 and 4, —w,
denotes the left-continuous representative of the piecewise constant function
iy — 1, € L([0,T]; L*(2;R™)). So we can use Gronwall lemma to obtain that
e; and 1, are bounded in L>°([0,T]; L*(; ML) and L>([0,T]; L*(Q; R™))
respectively, uniformly with respect to 7. Going back to (1.2.51) we also obtain:

u, € L=([0,T]; L*(;R™)), (1.2.53a)
er € L®([0,T]; L2 (4 M2S)), (1.2.53b)
(ér)a, € L*([0,T]; L*(Q; ML), (1.2.53¢)
pr € L2([0,T); L2(; M5™)), (1.2.53d)

and r,er, (é-)a,,Pr are bounded in these spaces uniformly with respect to 7.
For the first condition above we have used that w, is uniformly bounded in
Lo°([0,T]; L*(Q;R™)), as a consequence of (1.2.21) and (1.2.43). Moreover from
the same estimate we find that

T3¢, € L2([0,T); LA(9; MXM)), (1.2.54)

sym

uniformly with respect to 7. We can then pass to the limit as 7 tends to 0 in a
subsequence, and find functions v, e, h and ¢ such that

i, — v weakly* in L°°([0, T]; L*(Q; R™)), (1.2.55a)
er — e weakly* in L™([0,T]; L*(; M), (1.2.55b)
(ér)a, = b weakly in L*([0, T]; L*(Q M), (1.2.55¢)
pr — g weakly in L*([0,T7; L*(Q; MY™)). (1.2.55d)
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From (1.2.55b) we see that (er)a, — ea, weakly* in L>([0, T]; L*(Q; M),
and writing (e,)a, (t) = fot(éT)Alds + (e0)a, we see that

(e+)a, is bounded in L>°([0, T]; L*(2; R™)), (1.2.56a)
(er)a, (t) = ea,(t) weakly in LQ(Q;M;LYXJ)), (1.2.56b)
(ér)a, = €a, weakly in L*([0,T7; L*(Q; ML), (1.2.56¢)

From the estimates (1.2.55) and from the equalities u,(t) = fot Urds + ug and
pr(t) = fot prds + po it follows that

u, is bounded in L>([0,T]; L*(€; R™)), (1.2.56d)
pr is bounded in L ([0, T]; L*(Q; M7,*™)), (1.2.56¢)
t
ur(t) = u(t) := / v(s)ds +ug weakly in L*(Q;R"), (1.2.56f)
0
t
pr(t) = p(t) == / q(s)ds +po weakly in L*(; ML) (1.2.56g)
0

for every ¢ € [0,T]. Note that, by (1.2.55a) and (1.2.55d) we deduce that

w € L([0,T); L*(%;R™)), (1.2.57a)
p e L=([0,T]; L*(; MpB™)). (1.2.57b)
and in particular
pr — p weakly* in L°°([0, T]; L*(Q; M™)),
In view of (1.2.56) we see that u and p are absolutely continuous and that their
derivatives with respect to ¢ coincide with v and ¢ almost everywhere in [0, 77,

in other words

i, — 4 weakly* in L>([0,T]; L*(Q; R™)),
pr —p weakly in L2([0, T); L2(€; MI™)).

Now, the identity
Eu,(t) = e-(t) + p-(t), (1.2.58)

together with conditions (1.2.53b) and (1.2.56e), implies that Fu,(t) is bounded
in L2(Q; M%) uniformly with respect to 7 and t. Then the Korn inequality

Sym
implies that Du,(t) is actually uniformly bounded in L?(Q;M"*"), so since
ur(t) — u(t) weakly in L2(Q;R™)), we get u(t) € H'(;R™) and

u,(t) — u(t) weakly in H'(€;R") and strongly in L*(Q;R™) (1.2.59)
for all ¢ € [0,T]. Hence (1.2.58) passes to the limit giving

Eu(t) = e(t) + p(t) (1.2.60)
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for all t € [0,T]. To summarize the previous discussion, we have obtained the
following convergences

u, —u weakly* in € L>=([0,T]; H*(;R™)), (1.2.61a)
iy — 0 weakly* in L>([0, T]; L*(€; R™)), (1.2.61b)
er = e weakly* in L™([0,T]; L*(; MIET)), (1.2.61c)
(ér)a, = €a, weakly in L*([0,T7; L*(; MZ)), (1.2.61d)
pr — p weakly* in L>°([0, T; L*(Q; M™)), (1.2.61e)
pr — p weakly in L*([0, T]; L*(Q; M5™)). (1.2.61f)

Let ¢ € Hf (Q;R"). Putting n = Ep and ¢ = 0 in (1.2.40) we get

. . €i+1 — € Vi+1 — U
—leFo (A0€i+1) — leFo (Al - ) + - =L,

which allows us to deduce from (1.2.53b) and (1.2.53¢) that 0, = “H==" ig

T

bounded in L2([0, T7; H{(}(Q;R")) uniformly with respect to 7, thanks to the
continuity of the operator divr,.
So, using the Holder inequality, we estimate

H’U-,—(t) — UT(ti‘f‘l)HHl?Ol S T1/2M fort e [ti, ﬁi+1),

for some positive constant M independent of 7, ¢, and ¢. Since . (t) = v, (tit1)
for ¢ € [ti, t;+1) we have

lv-(t) — uT(t)||H;01 < 712,

so that v; — 4, tends to 0 strongly in LOO([O,T],Hlfol(Q;R”)). From this it
easily follows that the two sequences v, and %, must have the same weak* limit
in ([0, T]; Hy,' (€ R™)), so

vy — i weakly* in L>([0,T]; Hy ' (€ R™)). (1.2.62)

The boundness condition proved above implies that v, tends, up to a subse-
quence, to a function ¢ weakly in L2([0,77; H;;(Q;]R")), and it easily follows
that ¢ = 4. Therefore

by — i weakly in L*([0, T]; Hp,' (; R™)). (1.2.63)

We now define o(t) := Age(t) + A1éa, (t). The results proved so far imply
that (u, e, p, o) satisfies (1.2.22).

Step 2. In order to show that the functions above satisfy (1.2.23) we need
to pass to the limit in (1.2.40). We consider the piecewise constant interpolation
é, defined by

éT(t) = €i+1 if ¢ S [ti,ti+1).

We want to prove that

€, —e weakly* in L>([0,T]; L*(9; M2X™)). (1.2.64)

sym
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Since €, is bounded in L>([0,T]; L*(Q; M5)) it is not restrictive to assume

that &, — & weakly* in L>([0,T]; L*(Q; M51")). Since e, = Eu, — p,, by
(1.2.61b) and (1.2.61c) we have that

(e2)r>0 is bounded H'([0,T]; H™(Q;M™X™)). (1.2.65)

sym
Therefore, using the Holder inequality, we obtain
ler(t) — er(tig1)||g—r < T2M  fort € [t tit1),

for some constant M > 0 independent of 7, ¢, and 7. Since é.(t) = e, (t;11) for
t e [ti, ti+1), we have

ler(t) — ér ()] -1 < 7Y2M  for all t € [0,T).

This implies e = € and concludes the proof of (1.2.64).

We also define the piecewise affine interpolation £, by

t—t;
T

Lr(t)=Li+ (Lit1 — L)

if te [tiati-i-l)a

where £; := L(t;). By standard properties of L? functions and of their approx-
imation by averaging on subintervals, we have that

L. — L strongly in L*([0,77; Hp ' (€ R™)), (1.2.66a)
L. — L strongly in L*([0,T]; Hp (4 R™)). (1.2.66b)

For fixed 7 (1.2.40) says that for a.e. ¢t € [0, 7] we have

7H(q) < <A0é‘ra 77> + <A1(éT)A1an> + <p‘r; Q> + <i)‘rv 90> - <‘C‘Fv 90> < /H(*Q)

for every (p,1n,q) € A(0). All terms in the formula above converge weakly
in L1([0,7]) as 7 — 0, thanks to (1.2.61d), (1.2.61e), (1.2.63), (1.2.64), and
(1.2.66). So for every (¢,n,q) € A(0) we can pass to the limit obtaining

—H(q) < (Aoe,n) + (Aréa,,m) + (P, q) + (i, 0) — (L, 0) <H(—q) (1.2.67)

for a.e. t € [0,T]. Since the space A(0) is separable, we can construct a set of full
measure in [0, 7] such that (1.2.67) holds in this set for every (p,n,q) € A(0),
which gives (1.2.26).

Step 3. We will now prove the energy balance (1.2.29). Let A € (0,1) and
put ¢ = uip1 — AUir1 —ui) + Mwip1 —w;), N = €1 — Aeip1 —ei) + A(Bwipr —
Ew;), and ¢ = pi+1 — A(pit1 — pi), so by the minimality of (u;11, €41, pit1) for
the functional V; defined by (1.2.39) we have V;(u;t1, €it1,pi+1) < Vi(e,1n,q).
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This implies

1 1 1
§<A0€i+1, eir1) + E<A1(€i+1 —€),€ip1 — €;) + lepi“ —pill7-

1
+ H(piv1 — pi) + §||Uz’+1 —villZ2 — (L uip) <
(1—N)? A2

< 5 (Aoeit1,eit1) + A1 — N)(Apeit,ei) + ?@4061‘, ei)
)\2
+ ?<A0(E’wi+1 — Ewi), Fw;y — Ewl> + )\<A0€i+1, Ew;y — Ewi)
5 (1=))?
— M (Ao(eir1 — €i), Bwip1 — Bw;) + T(Al(ei-i-l —€i),€i+1 — €i)
)\2
+ E<A1(Ewi+1 — Ew;), Bwiy1 — Ew;)
Al =X\
+ ¥<A1(€i+l —¢;), Bwiy1 — Bw;)
(1=X)?

1
+ it —pillfe + (1 = NH(piy1 —pi) + S llviss = vill72
A2 9
+ ?Hvi-i-l —wit1|72 = AMvig1 — v — (Wit1 — wi), Vig1 —wig1)
Wit1 — Wg

—(Li,uiqr) + AT(L; — ,Vig1 — Wit1)-

Dividing by A we get

2—-A
—5 (Aoitr,eivr) — (1= A)(Aoeirr, i)
— <A0€i+1, EwiJrl — E’LUZ> + /\<A0(€i+1 — 61'), EwiJrl — Ew1>

A 2—A
(Ao(Pwit1 — Bw;), Bwi11 — Ew;) + ?<A1(€i+1 —€i),€it1 — €;)

]
2\ ) A

+ 7”171'-‘:-1 = pillze + H(pit1 —pi) — E<A1(Ewi+1 — Ew;), Bwiy1 — Ew;)
1—A

- T(Al(ei-i-l —e€i), Bwip1 — Ew;) 4+ (Vig1 — v — (Wig1 — W), Vig1 — Wig1)

Wit — ws
— (L, - 2=

A A
SVt — wir1) < §<A06ia€i> + §||’Ui+1 —wir1]|2e.

Since (Apeit1,e41) > 0 and A € (0,1) it follows that

2-A €i+1 — € €i41 — €

(1 = A){Aoeir, eir1 —ei) + —5—7(A - )
€; — € Ewi — Ewi
_ <A0€i+1, Ewi+1 — Ewi) + )\T2 <A0 +1T R +1T >
A Fw;y 1 — Fw; FBwiy1 — Bw;
o B B B~ P
T T

€; —€; Ewi — Ewi 2— A\ Pi — Di

— (1= 74— )+ T =—=3

T T 2 T
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Pir1 — Pi
+ TH(%) + ((Vit1 — v3) = (Wi1 — wi), Vi1 — wit1) <

Wit1 — Wi
(£; — =+ =
T

< s Vitl — Wit1)

AT Ewi+1 — Ewi Ewi_H — Ewi
1

A
(Aoei, eq) + §|\Uz'+1 —wiy1ll7s + 7(14 - ) -

+

(NI

).
Now, thanks to (1.2.45)-(1.2.47), from the last inequality we get

tit1 2\ tita1
(1- )\)/ (Aoer,eryds + 202 [ (Are ey

ti t;

2\ titv1 .o tiv1 )
H 252 [ irleas s [ H s
ti

ti

o[l 1 1 )
+3 107 = &rllz2ds + Sllvits — witalze = Sllvi —willz2 <
ti
ti+1 ti+1 .
< —/ (Wry Uy — Wy )ds — / (L,ur —w,)ds
ti ti

6— 7\ bity
+ (L(tit1)s Wit1 — wig1) — (L(t;), u; — wi) — 5 T/ (Aoér, ér)ds
t

i

A ti+1 )\ ti+1
+ 2—/ |ty — 2oy ||%2ds + ) / (tAgFriy + Ay Frboy, Eiby)ds
T Jt; t

i

tit tita
+/ (Aoer + Arér, Eri)ds +/ (5~ M) Aoér —Asé, iy )ds
ti ti
A tiv1 A tit1
+ > § (Aper,er)ds — B /t (Aoer, é;)ds,

where we have used that

by by tit1
S (Aoei, ei) = —/ (Ager,er)ds
2 27 J.
P A+ [t
) /ti <A06'ra 6.,->dS + ED) . <A0é7, 6.,->dS

We now sum over ¢ =0, ..., and we obtain

1-—A 1—A
T<A0€r(tj+1)a er(tjv1)) — —5— (Aoeo, €o)

9 _ )\ [ti+: ti+1

S 2N [ .
2 A @) A () s + 222 / e 12ads + [ HG.)ds
2 0 2 0 0

T

AR -2 1 2 1 2
42 [ o = rlBads + s - wpaallEs = 3o = wolfa <
0
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tj+1 ti+1
<o [T e = indds = [ L = w0 )ds (L)~ wy)
0 0

—(L(0), w0 — w(0)) +/Oj+l<AoeT+A1(éT)A1,Eu'JT>ds

A i A [l s
+ o J, (Aoer, e )ds + Z/o [ty — s ||72ds
6—T7A
12

ti+1 T A ti+a
+ / <(§ — )\T)Aoé'r - AAl(éT)A17EwT>dS D) / <A0€T’ éT>d8'
0 0

tj+1 A [ti+
T/ (Agér, ér)ds + 5/ (TAoEw, + Ay Ew,, B, )ds
0 0

We now take A = o(7) and then pass to the limit as 7 — 0. To this aim we
fix t € [0,T] and, for every 7 > 0, we define £, = t;,1, where j is the unique
index such that ¢; < ¢ < ¢;;,. For the third, fourth, and fifth term in the left-
hand side of the previous inequality we just use the lower semicontinuity with
respect to the convergences in (1.2.61); the sixth term is nonnegative; to deal
with the first and the seventh term we apply Lemma 1.2.7 below taking into
account (1.2.44c), (1.2.44d), (1.2.61c), (1.2.62), (1.2.63), and (1.2.65), obtaining

er(tjz1) = e-(t,) — e(t) weakly in Hﬁl(Q;ngXHf),

Vjt1 — wjt1 = vr(tr) — wr(f7) — 4(t) — () weakly in H;:(Q;R").

Since the L? norm is lower semicontinuous with respect to weak convergence in
H~' and Hlfol (this can be proved by a duality argument), we obtain a lower
semicontinuity inequality also for these terms.

As for the right-hand side of the previous inequality, we can pass to the
limit in the first two terms thanks to (1.2.44), (1.2.61a), (1.2.61b), and (1.2.66),
which implies also that u, — u weakly in H'([0,T]; L?(£;R™)). This implies
by Lemma 1.2.7 that w1 = u-(f;) — u(t) weakly in L2(Q;R"). Since u;41
is bounded in H'(£;R™) by (1.2.61a) we deduce that u;41 — u(t) weakly in
H'(Q;R"™). We can now pass to the limit in the third term of the right-hand
side thanks to (1.2.44) and (1.2.65), and in the fifth term thanks to (1.2.44b),
(1.2.61c), and (1.2.61d). The eighth has a negative coefficient, while all other
terms tend to 0 by (1.2.44), (1.2.54), and (1.2.61). Thus we obtain

Qu(e(t) = Qu(e(0) + [ Quléads + [ plads + [ s + 5t —ito)
_ /O (Aoe + Aréa,, Bi)ds — %Hvo O +/O (i, 1 — w)ds
+/0 (L,u —w)ds — (L(t),u(t) — w(t)) + (£(0),up — w(0)) < 0. (1.2.68)

To prove the energy balance (1.2.29) we need to show that also the opposite
inequality holds. To this aim, for a.e. ¢ € [0,7], we use the first inequality of
(1.2.26) with ¢ = shu(t) — s"w(t), n = s"e(t) — s"FEw(t), and q = s"p(t), we
sum this expression to the one obtained from (1.2.26) at time t 4 h, using the
same test functions. Then, using an argument similar to the one employed in
(1.2.31), we get the opposite inequality in (1.2.68) for a.e. t € [0,T].
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Step 4. Equalities (1.2.25a) follow easily from (1.2.61) and from the ini-
tial conditions satisfied by the approximate solutions (u,,e,,p,). Moreover by
(1.2.65) the functions e, converge to e weakly in H'([0,T]; H~'(Q; MZ5r)) as
7 — 0. Since e, (0) = eq for all 7, we conclude that e(0) = eg. Since t — e(t) is
weakly continuous into L?(Q; M™X") by Remark 1.2.2, we deduce that

sym

e(t) = e weakly in L*(Q; ML) ast — 0. (1.2.69)
Similarly, using (1.2.63), we find that v, — @ weakly in H*([0, T7; Hlfol (C;R™)).
Since v,(0) = wvg for every 7, we conclude that 4(0) = vg. Since t — u(t) is
weakly continuous into L?(Q; R"™) by Remark 1.2.2, we deduce that

u(t) = vy weakly in L2(Q;R"™) ast— 0. (1.2.70)

In order to deduce from (1.2.69) and (1.2.70) the stronger conditions (1.2.25b)
we use the energy equality (1.2.29). Let ¢ be a sequence in [0, 7] converging to
0 such that (1.2.29) holds for ¢ = ¢;. Then

%Ha(tk) —(t)||22 + Qole(ty)) — %Hvo —w(0)]2: + Qole).  (1.2.71)

Since w € C°([0,T]; L?(;R™)), the weak convergence (1.2.69) and (1.2.70)
together with (1.2.71) imply that e(tx) — eo strongly in L?(Q; M%) and
u(ty) — wo strongly in L?(Q;R"). Equalities (1.2.25b) follow now from the
arbitrariness of the sequence t.

We are now in a position to apply Theorem 1.2.4: since the quadruple
(u, e, p, o) satisfies (1.2.26) and (1.2.29), it satisfies also equations (1.2.23c) and
(1.2.23d) .

Step 5. It only remains to prove that the solution is unique. Let us suppose
that (u1,e1,p1,01) and (usg,ea,p2,02) are solutions. We set u := ug — uq,
e = e —e€1, P = ps —p1, 0 := 0y — 01, and observe that the quadruple
(u, e, p, o) satisfies the hypotheses of Lemma 1.2.6, implying that (1.2.31) holds
for a.e. t € [0,7]. Since the map & — £ — mx& is a monotone operator from
ML ™ into itself (see e.g. [12, Chapter 2]), it follows from (1.2.23d) that

(op(t),p(t))ds >0

for a.e. ¢t € [0,T]. Using this inequality in (1.2.31) we obtain that

Qufet) + [ Quléa)ds + 3lidt)I s =0

for a.e. t € [0,7], taking into account the initial and boundary conditions
satisfied by u. This implies by standard arguments that u(¢t) = 0 for all ¢ € [0, T,
concluding the proof. O

Here we prove the lemma we have used in the previous proof.

Lemma 1.2.7. Let X be a Banach space. Assume that g, tends to qy weakly
in H*([0,T); X) as T tends to zero. Then

qr(tr) = qo(to) weakly in X (1.2.72)

for every t,,to € [0,T] with t; — to as T — 0.
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Proof. Since H'([0,T]; X) is continuously embedded in C*/2([0,T]; X), we
have ¢, — qo weakly in C%1/2([0,T]; X). This implies in particular that

qr(t) = qo(t) weakly in X (1.2.73)

for all t € [0,T]. If t, — to we have

tr
lar (t2) — s (t0) | < / i ldt < M(tr — t0)/2,

to

where | - || is the norm in X and M is an upper bound for the norm of ¢, in
HY([0,T]; X). Now (1.2.72) follows from the previous inequality and (1.2.73).
(|

Theorem 1.2.8. Let (u,e,p,0) be the solution of the problem considered in
Theorem 1.2.1. Then u € C°([0,T]; H'(;R™)), e € CO([0,T]; L*(; M7xr)),

i € C°([0,T]; L3(Q;R™)), and the energy balance (1.2.29) holds for allt € [0,T).

Proof. We may assume that w and £ are defined on [0, T + 1] and satisfy the
hypotheses of Theorem 1.2.1 with T replaced by T' 4+ 1. As for w, it is enough
to set w(t) := w(T) + (t — T)w(T) for t € (T, T + 1], noticing that w(T") can be
univocally defined as an element of H!(Q;R") arguing as in Remark 1.2.2. By
Theorem 1.2.1 the solution on [0, 7] can be extended to a solution on [0,7 + 1]
still denoted by (u, e, p, o).

Let us fix t* € [0,7]. Thanks to Remark 1.2.2, the functions u(t*), e(t*),
p(t*), u(t*) are univocally defined as elements of H'(;R™), L*(Q;ML5T),
L2(Q;ME*™), and L?(Q;R™), respectively. Therefore we can consider the so-
lution (u*,e*,p*,0*) of the problem of Theorem 1.2.1, with [0, 7] replaced by
[t*,T + 1] and initial data u(t*), e(t*), p(t*), and @(t*) in the sense of (1.2.25),
with 0 replaced by t*. It is easy to see that the function defined by (u,e,p, o)
on [0,t*) and by (u*,e*,p*,0*) on [t*,T + 1] is a solution of the problem con-
sidered in Theorem 1.2.1 on [0,7 + 1], with initial data wg, eg, po, and vy. By
uniqueness (u*,e*, p*, 0*) = (u,e,p,0) on [t*,T + 1].

In view of Theorem 1.2.4, we can fix ¢ € (t*,T + 1] such that the energy
balance (1.2.29) between 0 and ¢ holds for (u,e,p,o) and the energy balance
between t* and # holds for (u*,e*, p*,¢*). Since (u*,e*,p*,0*) = (u,e,p,0) on
[t*, 1], by difference we obtain the energy balance for (u, e, p, o) between [0, t*].
Since t* is arbitrary, this implies that the energy balance holds for all ¢ € [0, T7.

Now the energy balance, together with the continuity of £ and the weak
continuity of v — w, implies that the term Qg(e) + ||& — wl[|3, is a continuous
function on [0,T]. Then for all ¢t € [0, 7] and any sequence t;, — t € [0,T] we
have

Oole(t)) + () — b (®)[3> = Jim Qofe(t)) + ilt) — tb(ti) 3.

This and the weak continuity of e and @ — w, thanks to the fact that Qg is
equivalent to the norm on L2(Q;M™*") imply that e(t;) — e(t) strongly in

sym
L2(Q; M), and a(ty) — w(tr) — a(t) — w(t) strongly in L?(Q;R™). Thanks
to (1.2.21b), this implies that e € C°([0,T]; L*(; ML) and also that @ €

C°([0,T]; L*(Q;R™)). Instead, using (1.2.21b) and (1.2.27e) we conclude that
u € C°[0,T); HY(Q; R™)). O
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1.2.3 Existence result with A; positive definite
When A; is a positive definite tensor it is possible to prove the following exis-

tence result, where the hypotheses on the data £ and w are weakened.

Theorem 1.2.9. Let T > 0, let £ € L*([0,T); Hy,'(€:R™)), and let w be a
function such that

w € L*([0, T]; H(Q;R™)), (1.2.74a)
w e CO([0, T); LA R™)) N L2([0, T]; H (S R™)), (1.2.74b)
W € L*([0,T7; H (9 R™)). (1.2.74c)

Then for every (ug, eo,po) € A(w(0)) and vo € L*(Q;R™) there exists a unique
quadruple (u,e,p,o) of functions, with

we L=([0,T); H' (9;R™)), (1.2.75a)
w € L*([0,T]; L*(Q;R™)) N L2([0, T); HY(Q; R™)), (1.2.75b)
i € L2([0, T); HR (@ R™), (1.2.750)
e e L=([0,TY; LQ(Q M), (1.2.75d)
p € L>([0,T]; L*(; MB*™)), (1.2.75¢)
é € L2([0, TT]; L*(; M), (1.2.75f)
p e L*([0,T); L*(;Mp™)), (1.2.75g)
o € L*([0,T]; L*(9; Mg,5), (1.2.75h)

such that for a.e. t € [0,T] we have

Bu(t) = ()+p() (1.2.76a)

o(t) = A%(t) + A'e(t), (1.2.76b)

ii(t) — d1vr0 o(t) = L(1), (1.2.76¢)

p(t) = op(t) — m@yon(t), (1.2.76d)

" u(t) =w(t) on Ty, (1.2.77)
u(0) = ug, €(0) =eo, p(0)=po, w0)= v (1.2.78)

Moreover (u,e,p, o) satisfies the equilibrium condition

~H(q) < (A%(t),n) + (Ale(t),m) + (B(t), q)

+ (i(t), ) — (L(1), ¢) < H(=q), (1.2.79)
for a.e. t € [0,T] and for every (p,n,q) € A(0), where {-,-) denotes the duality
pairing between Hlfol (;R™) and H%O (Q;R™) in the terms containing i and L,
while it denotes the scalar product in L? in all other terms.

Remark 1.2.10. In view of (1.2.74) and (1.2.75) we see that u, w, 4, w, e and
p are absolutely continuous, i.e.,

u,w € AC([0, T]; H*(Q; R™)), (1.2.80a)
u,w € AC([0,T]; H, (2 R™)), (1.2.80b)
e € AC([0,T); L* (S MZH)), (1.2.80c)
p € AC([0, T); L*(; ME™)) (1.2.80d)
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(see, e.g., [12], Proposition A.3 and following Corollary). Moreover [81, Propo-
sition 23.23] implies that

w— € C°([0,T]; L*(Q; R™)), (1.2.81a)
la —w||Z. € AC([0,T)), (1.2.81b)
Lli — |22 = 2(ii — i, 0 — ) ae. t €[0,T], (1.2.81c)

where (-,-) denotes the duality pairing between Hr_ol (;R™) and Hp (;R™).
Since w € C°([0, T]; L*(Q; R™)), from (1.2.81a) we obtain

u € C°([0,T); L*(Q;R™)). (1.2.82)

This property gives a precise meaning to the initial conditions (1.2.78).

1.3 Perfect plasticity

In this and in the next sections we study the behavior of the solutions of (1.2.23)
when the data of the problem, i.e., the external load and the boundary condi-
tions, vary very slowly. We are going to prove that the inertial and viscosity
terms become negligible in the limit, and that the solutions of the dynamic prob-
lems actually approach the quasistatic evolution for perfect plasticity. To this
aim we provide in this section the mathematical setting and tools to formulate
and solve the perfect plasticity problem. In Section 1.3.4 we will then rescale
the time as described in the preamble and study the system of equations

Eu® =ef+p°, (1.3.1a)
0 = Ape® +eArély (1.3.1b)
€%ii¢ — divp, (0°) = L, (1.3.1¢)
ept =0 —mKo°, (1.3.1d)
with boundary and initial conditions
ut(t) =w(t) on Ty for everyt e [0,T], (1.3.2)
UE(O) = Uo, 66(0) = €0, pe(o) = Po, UE(O) = vo-

We shall prove (Theorem 1.3.10) that, under suitable assumptions, the so-
lutions (u€, e€, pc,0¢) of (1.3.1) tend to a solution of the quasistatic evolution
problem in perfect plasticity, according to Definition 1.3.4.

1.3.1 Preliminary tools

Space BD. In perfect plasticity the displacement u belongs to the space of
functions with bounded deformation on 2, defined as

BD(Q) ={u e L'(R™) : Bu € My(Q; ML)}
Here and henceforth, if V' is a finite dimensional vector space and A is a locally
compact subset of R™, the symbol My(A; V) denotes the space of V-valued
bounded Radon measures on A, endowed with the norm ||[A|m, = |A(A),
where |A| is the variation of A.
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The space BD(f) is endowed with the norm
lullzp = llullzr + | B,

Besides the strong convergence, we shall also consider a notion of weak* conver-
gence in BD(§2) . We say that a sequence uj, converges to u weakly* in BD()
if and only if uy converges to u weakly in L!(€;R™) and Euy converges to Eu
weakly* in My, (Q; M), Every function u in BD(€2) has a trace in L' (9Q; R™),
that we will still denote by wu, or sometimes by u|gpq. By [75, Proposition 2.4
and Remark 2.5] there exists a constant C' depending only on 2 such that

lullzr) < Clllullrre) + 1 Eulla,@)- (1.3.4)

For technical reasons related to the stress-strain duality, in addition to the
assumption already introduced in Section 2.1, we now suppose that

02 and 9T are of class C*. (1.3.5)

Elastic and Plastic Strain. In perfect plasticity the plastic strain p be-
longs to My(Q2UTo; M'y*™). The singular part of this measure describes plastic
slips. Given w € H(£;R™), we say that a triple (u, e, p) is kinematically admis-
sible for the perfectly plastic problem with boundary datum w if u € BD(Q; R™),
e € L2 M), p € Myp(QUTo; ME*™), and

sym

Eu=e+p onQ, (1.3.6a)
p=(w—u)©@vH" ' onTly, (1.3.6b)

where v denotes the outer unit normal to 92 and ® denotes the symmetrized
tensor product.

The set of these triples will be denoted by Agp(w). Note that in this defi-
nition of kinematical admissibility, the Dirichlet boundary condition (1.2.1b) is
replaced by the relaxed condition (1.3.6b), which represents a plastic slip occur-
ring at Ty. It is also easily seen that the inclusion A(w) C App(w) holds, so that
every admissible triple for the visco-elasto-plastic problem is also admissible for
the perfectly plastic problem.

The following closure property is proved in [20, Lemma 2.1].

Lemma 1.3.1. Let wy, be a sequence in H'(Q;R™) and (u, ex, pr) € App(wi).
Let us suppose that wy — woo weakly in HY(LR™), up — us weakly* in
BD(R), e — exo weakly in LQ(Q;M?yX"?), and pr — Poo weakly® in My(2 U

Lo; M™). Then (too, €00 Poo) € ABp(Woeo)-

Stress. In addition to the assumptions of Section 2.1, we now suppose that
the elastic tensor Ay maps the orthogonal spaces M')*™ and RI into themselves.
This is equivalent to require that there exist a positive definite symmetric op-
erator Agp : M*™ — M7™ and a positive constant k" such that

Ao& = Aopép + rO(tré)I. (1.3.7)
In the perfectly plastic model the stress o is related to the strain by the equation

o = Age (1.3.8)
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where e is the elastic component of the strain Eu. Therefore if (u,e,p) is
kinematically admissible, then o belongs to L*(€; MZ").
In perfect plasticity the stress satisfies the constraint

op € K(Q), (1.3.9)
where K(Q) is defined in (1.2.12). In particular
op € L*(Q;M5*™). (1.3.10)

Convex Functions of Measures. In perfect plasticity we need to define
the functional (1.2.17) for p € My(Q U To; M'y*™). This is done by using the
theory of convex functions of measures (see [32] and [75]): for every p € M;(QU
Lo; M'™) we consider the nonnegative Radon measure H (p) on QUTy defined
by

H(p)(B) = /B Hp/lp))dlp| (13.11)

for every Borel set B C QUT, where p/|p| is the Radon-Nikodym derivative of
p with respect to its variation |p|. We also define

H(p) := H(p)(QUTy) = H(p/Ip|)d|p].

QU

The function p — H(p) turns out to be lower semicontinuous with respect to
the weak* topology of M;(2UTo; M*™), and satisfies the triangle inequality.
Moreover if p;, — p weakly* and [py|(QUT o) — [p|(QUTy), then H(pr) — H(p).

Stress-Strain Duality. If o € L?(Q;MZ5"), with dive € L*(Q;R"), we

define the distribution [ov] on 02 by setting
([ov], p)oq = (diva, @) + (o, Ep), (1.3.12)

for each ¢ € H'(Q;R™). It turns out that [ov] € H~2 (9% R") (see e.g. [75,
Theorem 1.2, Chapter I]). We define the normal and tangential part of [ov] by

[ov], = ([ov] - v)p, [ov]} = [ov] — [ov],, (1.3.13)

and we have that [ov], and [ov]1 belong to H ™% (9Q; R™) thanks to the regu-
larity assumption (1.3.5) on 9. If op € L>°(Q; M}*™), by [40, Lemma 2.4] we
also have that [ov] € L*°(09Q;R") and

1
oVl [loo,00 < %Hopl\m. (1.3.14)

The set of admissible stresses for the perfectly plastic problem is defined by

(Q) := {o € L* (4 MIET) : dive € L™(;R™) and op € L=(Q;ME*")}.
The set of admissible plastic strains IIp,(2) is the set of all p € Mp(Q U
Do; M7,*™) such that there exist u € BD(Q), e € L*(Q;M5") and w €
HY(Q;R") satisfying (u,e,p) € Agp(w).
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If o € 3(Q) it turns out that o € L"(Q;MLX") for all » < +oo (see [76,

Sym

Proposition 2.5]). For every u € BD(Q) with divu € L?*(Q) we define the
distribution [op - Epu] by

{[ep - Epu], ) = —(divo, pu) — %(tro, edivu) — (o, u © V) (1.3.15)

for every p € C°(Q). As proved in [76, Theorem 3.2] the distribution [op - Epu)
is a bounded Radon measure in €.
As in [20], if 0 € X(Q2) and p € IIp, (), we define the bounded Radon
measure [op - p] on QUTy by setting
[ep-p|:=[op-Epul—op-ep on {2,
[op - p] := [ov]}E - (w —u)H" ! on Iy,

where u € BD(Q2), e € L*(Q;ML%") and w € H'(;R") satisfy (u,e,p) €

App(w), and we notice that this definition does not depend on the particular

choice of u, e, w (see [20, page 250]). We also define the duality pairing between
o€ 3(Q) and p € T, () by

(op,p) :==lop - pl(QUTY). (1.3.16)

The following inequalities between measures hold (see [20, (2.33) and Propo-

sition 2.4)):
llon - pll < llopllze=p| on QUTy, (1.3.17)
[ep-p] < H(p) on QUT, (1.3.18)

where H (p) is the measure introduced in (1.3.11). The following integration by
parts formula is proved in [20, Proposition 2.2] when ¢ € C*(). The extension
to Lipschitz functions is straightforward.

Proposition 1.3.2. Leto € X(2), f € L™(;R™), g € L*°(T'1; R™) and suppose
(u,e,p) € App(w) with w € HY(Q;R™). If —dive = f on Q and [ov] = g on
I'y, then it holds
(op,p) + (0,6 = Ew) = (f,u —w) + (g, u —w)r,. (1.3.19)

Moreover

([op - pl,@) + (o - (e = Ew), ) + (0, Vo © (u— w)) =

= (£, o(u—w)) + (g, p(u —w))r,, (1.3.20)
for every ¢ € C*1(Q).

As a consequence of the formula above we obtain the following lemma.

Lemma 1.3.3. Let 0,0 € E(Q), W, W € Hl(Q;Rn), (uk,ek,pk) S ABD(wk),
and (u,e,p) € App(w) be such that

n><n)
sym /

o — o strongly in L*(S; M
divoy, — divo strongly in L™(2; R"),

(ok)p are uniformly bounded in L (; ML*™),
up — u weakly in L%(Q;Rn),

wy, — w weakly in H'(Q;R™),

er — e weakly in L*(Q; M™X™),

sym
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then ([(o)p - prl, @) — ([0 - pl, @) for every p € CH1(QUTY).
Proof. Our hypotheses imply that o, — o strongly in L™(Q;MZ2X") by [76,

Sym
Proposition 2.5]. The conclusion follows now from (1.3.20). O

1.3.2 Hypotheses on the data

We discuss here the hypotheses on the data for the quasistatic evolution problem
in perfect plasticity.

External Load. In contrast to the dynamic case, in perfect plasticity
it is not enough to assume that the total load L(t) belongs to HF_Ul(Q;R").
Instead, we assume that £(t) takes the form (1.2.5), with f(¢) € L™(Q; R™) and
g(t) € L*>*(T'1;R™), so that now the duality (L£(t),u) is well defined by (1.2.5)
for every uw € BD((2).

The balance equations for the forces are

—dive(t) = f(t) in Q, (1.3.22)
[o(t)v] = g(t) onTt, (1.3.23)

where [o(t)v] denotes the normal component of o (), which can be defined as a
distribution according to (1.3.12), since divo(t) € L?(Q;R™) by (1.3.22). As for
the time dependence, we assume that

f e AC([0,T]; L™ (% R™)), (1.3.24a)
g € AC([0,T); L°(T';; R™)). (1.3.24b)

This implies that for a.e. ¢ € [0, 7] there exists an element of the dual of BD(Q2),
denoted by L(t), such that

(L(t),u) = mmw

s—t s—t

) (1.3.25)

for every u € BD(Q) (see [20, Remark 4.1]).

As usual in perfect plasticity problems, we assume a uniform safe-load con-
dition: there exist a function ¢ : [0, 7] — L*(Q,MZ5") and a positive constant
d such that for every ¢ € [0,T] we have

—divo(t) = f(t) on 9, (1.3.26a)
[o(t)v] = g(t) on T'y, (1.3.26b)
and
op(t) + & € K(Q) for every & € M™ with [§] < 6. (1.3.27)
Moreover we require that
t+— o(t) and ¢t — pp(t) are absolutely continuous (1.3.28)

from [0, 7] to L*(Q; MZ2") and L™ (Q; M[,™) respectively, so that the function
t = o(t) belongs to L'([0, T; L*(Q; M) and
en(t) — on(s)

; — op(s) weakly* in L>®(;ME") ast — s, (1.3.29)
—s
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for a.e. s € [0,7], and
t > ||o(t)]| = belongs to L*([0,T7) (1.3.30)

(see [20, Theorem 7.1]).
Using (1.3.17) and (1.3.28) we see that for every p € I, (£2) the function

t— (op(t),p) belongs to AC([0,T7). (1.3.31)
Moreover, by (1.3.24a), (1.3.26a), (1.3.27), and (1.3.28), we obtain

Llop(t),p) = (ép(t),p) for a.e. t €[0,T], (1.3.32)

thanks to [20, formula (2.38)].

Boundary Conditions. The boundary condition on I'y is given in the
relaxed form considered in (1.3.6b) with a time dependent function t — w(t).
We assume that

w e AC([0, T); H*(Q; R™)). (1.3.33)

Plastic Dissipation. In the energy formulation for the quasistatic evo-
lution problem for perfect plasticity, it is not convenient to use formulas like
(1.2.18), because they require the existence of the time derivative of p(t). In-
stead, for an arbitrary function p : [0,7] — M;y(Q U To; M™) we define the
plastic dissipation in [a,b] C [0,T] as

Dp(a,b;p) := sup Z H(p(ti+1) — p(ti)), (1.3.34)

where the supremum is taken over all the possible choices of the integer N > 0
and of the real numbers a = tg < t; < ... < ty_1 < ty = b. One can
prove (see [20, Chapter 7]) that, if p: [0,7] = M(QUTo; M} ") is absolutely
continuous, then

b
Dula,bin) = [ M) (1.3.35)
where p is the derivative of p defined by

p(t) == w*- 1}11}1% pi(si : f(t) )

(1.3.36)

As a consequence of the safe-load condition (1.3.27) we can easily prove that
for every ¢ € [0, 7]

H(q) — (o(t), @) = vllallr,, (1.3.37)

for every ¢ € L' (92, M}*™), where the positive constant ~ is independent of ¢
and ¢ (see [20, Lemma 3.2]). Moreover we have that

H(q) —o(t) ¢ >0 a.e. in Q, (1.3.38)

for every ¢ € L' (Q,My*").
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1.3.3 Quasistatic evolution in perfect plasticity
We recall here the energy formulation of a perfectly plastic quasistatic evolution.

Definition 1.3.4. Let ug € BD(Q), eq € L*(;MZ5"), and po € My(Q U
Lo; M™). Suppose that f, g, £, o, and w satisfy (1.2.5), (1.3.24), (1.3.26),
(1.3.27), (1.3.28), and (1.3.33). A quasistatic evolution in perfect plasticity with
initial conditions ug, eg, po, and boundary condition w on I'y is a function
(u,e,p,0) from [0,T] into BD(Q,R™) x L*(2, MZ3") x My(Q U Do, ME™) x
L2(Q, MIX), with

u(0) = up, €(0) =-ep, p(0) = po, (1.3.39)

o(t) = Ape(t) for every t € [0, T, (1.3.40)

such that ¢ — p(t) has bounded variation and the following two conditions are
satisfied for every t € [0, T):

(a) (u(t),e(t),p(t)) € App(w(t)) and
Qo(e(t)) — (£(1),ult)) < Qo(n) — (L(H), ) +H(g—p(t))  (1.3.41)

for every (¢,7m,q) € App(w(t));
(b) Qo(e(t)) — Qoleo) + D (p;0,t) :/o (o, Ew>d5*/0 (£, w)ds

L), u(t)) — (£(0), uo) —/O (£, uds, (1.3.42)
where Dy (p; 0,t) is defined by (1.3.34).

The integrals in the right-hand side of (1.3.42) are well defined thanks to [20,
Theorem 3.8 and Remark 4.3].
If (uo, €0, po) € App(w(0)) satisfies the following stability condition

Qo(en) = (£(0), uo) < Qo(n) — (£(0), ¥) +H(q — po) (1.3.43)

for every (p,7m,q) € App(w(0)), then there exists a quasistatic evolution in
perfect plasticity with initial conditions wg, e, pg, and boundary condition w
on Ty (see [20, Theorem 4.5]). Moreover the function ¢t — (u(t),e(t),p(t)) is
absolutely continuous from [0,7] into BD(Q;R™) x L*(;MZX") x M;(Q U
Lo; MY™) ([20, Theorem 5.1]).

In our analysis of the behavior of the solutions (u€, e, p¢, o) of (1.3.1) ase —
0 we find that (u€, e, p,0¢) converges to a function (u,e,p, o) which satisfies
conditions (1.3.41) and (1.3.42) only for a.e. ¢ € [0,T]. The following theorem
shows that this is enough to guarantee that (u, e, p, o) is a quasistatic evolution,
according to Definition 1.3.4.

Theorem 1.3.5. Let ug, eg, po, f, g, £, w, and o be as in Definition 1.5.4.
Let S be a subset of [0, T] of full L* measure containing 0 and let (u,e,o) : S —
BD(Q) x L*(; Mz ) x L2(Q;M2X") be a bounded and measurable function
satisfying (1.3.39) and (1.3.40) for all t € S. Suppose that p: [0,T] = Mp(QU
Lo; MY™) has bounded variation and that conditions (a) and (b) of Definition

1.3.4 are satisfied for every t € S. Then there exists an absolutely continuous
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function (u,e,0) : [0,T] = BD() x L*(; MZ") x L* (€ M) which extends
(u,e,0). Moreover p is absolutely continuous and (u,e,p,0) is a quasistatic
evolution in perfect plasticity with initial conditions ug, €g, po, and boundary

condition w on I'y.

Remark 1.3.6. Let t € S, (u(t),e(t),p(t)) € App(w(t)) and o(t) := Ape(t).
As shown in [20, Theorem 3.6] the following conditions are equivalent:

(a) Inequality (1.3.41) is satisfied for every (¢,7,q) € App(w(t));
(b) =H(q) < (Aoe(t),n) — (L(t),v) < H(—q) for every (v,1,q) € App(0);
(c) o(t)eX(2), op(t) (), —diva(t)=f(t) in Q, and [o(t)v]=g(t) on T';.

The following lemma gives an elementary but useful tool for the proof of
Theorem 1.3.5.

Lemma 1.3.7. Let p: [0,T] — My(QUTo; ME") be a function with bounded
variation and let ¥ (t) := Dy (p;0,t) for t € [0,T). Assume that there exists a
set S C [0,T) of full L' measure such that p|s and v|s are absolutely continuous
on S. Then p is absolutely continuous on [0,T].

Proof. The absolute continuity on S implies that

lim (s) = lim (s)

s—t s—tT
ses ses

for every ¢t € [0,T]. Since v is non-decreasing, we deduce that the common
value of the limit coincides with ¢(¢). This shows that 1) is continuous on [0, 7.
Since

p(t1) — p(t2)llm, < Du(psta,te) = Y(ta) — ¥(t1)

for every 0 < t; < to < T, we conclude that also p is continuous on [0,77].
Moreover the fact that the restriction of p to S is absolutely continuous implies
that it is absolutely continuous on [0, 7] as well. O

Proof of Theorem 1.3.5. We first prove that the functions e, p and u are abso-
lutely continuous on S. We argue as in the proof of [20, Theorem 5.2] using
only times ¢1, to and s in the set S, and we obtain that for any ¢y, to € S with
t1 < ty we have that

le(t2) — e(t1)[1Z> < / le(s) — e(t)ll2dls)ds + ([ dls)ds)?,

t1 t

where ¢ is a suitable nonnegative integrable function. As a consequence of [20,
Lemma 5.3] we get that [le(t2) — e(t1))|r2 < 2 ;12 @(s)ds so that t — e(t)
is absolutely continuous from S into L*(€; MZ"). Continuing as in the proof
of [20, Theorem 5.2] we obtain also that p and u are absolutely continuous on S.
From equation (1.3.42) it follows that ¢t — Dy (p;0,t) is absolutely continuous
on S, so that, applying Lemma 1.3.7, we get that p is absolutely continuous on
[0,7]. Now (u,e) admits an absolutely continuous extension to [0,7] that we
still denote by (u,e). By continuity this extension satisfies (1.3.41) and (1.3.42)

for every ¢ € [0,T]. This completes the proof. O
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Remark 1.3.8. Under the hypotheses of Definition 1.3.4, for every ¢t € [0, 7]
condition (b) of Definition 1.3.4 is equivalent to the following condition:

(b') The function p: [0,7] = M;(2UTo; M*™) has bounded variation and
Qo(e(t)) + Du(p; 0,t) — (o), e(t) — Ew(t)) — (en(t),p(t)) =

— Qy(eo) — (0(0), e(0) — Ew(0)) — (2n(0), p(0)) + / (0, Evs)ds
*/ <é,ewa>dsf/ (0D, p)ds. (1.3.44)
0 0

This is proved in [20, Theorem 4.4] using the integration by parts formula
(1.3.19). Note that the duality product (op(t),p(t)) is well defined for a.e.
t €[0,7] by (1.3.24a), (1.3.26a), (1.3.28), and (1.3.29).

1.3.4 Limit of dynamic visco-elasto-plastic evolutions

Here we prove the main result of the Section, which state that solutions to (1.3.1)
approach to a quasistatic evolution in perfect plasticity. We state this result
starting from the solutions provided by Theorem 1.2.1. However, under suitable
hypotheses, the same proof works if we start from solutions given by Theorem
1.2.9. It is easy to see that such hypotheses are actually the ones ensuring
existence of solution in Theorem 1.2.9, and then corresponding hypotheses on
the data as e — 0.

Hypotheses on the Data. The regularity assumptions on the data con-
sidered in the dynamical problem are not sufficient to study the limit of the
solutions of (1.3.1). Therefore we introduce a new set of hypotheses, which
includes also the case of data depending on € and converging in a suitable way
as € tends to 0.

Let M > 0 be a constant. For € € (0,1) we consider the following assump-
tions.

(i) Hypotheses on w® and w:

w® € L*([0,T); H'(Q;R™)), (1.3.45a)
we € CO([0,T]; L*(Q; R™)) N L*([0, T]; HY(Q;R™)), (1.3.45b)
W € L*([0,T]; L*(Q; R™)), (1.3.45¢)
w e AC([0,T); H (; R™)), (1.3.45d)
w® — w strongly in WH1([0, T]; H*(Q;R™)), (1.3.45¢)
ellw(0)[[zz — 0, (1.3.45f)
ellic(t)|| L2 < M for all t € [0, T], (1.3.45g)
6/T [ |71 dt — 0, (1.3.45h)
’ T
62/0 [|@€]|3 2dt — 0. (1.3.451)

(ii) Hypotheses on f¢, ¢, f, and g: we assume that there exist p¢ and p
satisfying (1.3.26) and (1.3.27) with f€, ¢¢ and f, g respectively, and with



48 CHAPTER 1. PLASTICITY AND DELAMINATION

¢ independent of e. We also suppose that

fee AC([0,T); L™ (S, R™)), (1.3.46a)
g¢ € AC([0,T]; H™2 (I'1; R™)), (1.3.46b)
o € AC([O,T];L"(Q;M;L},);?)), (1.3.46¢)
f € AC([0,T); L™ (S;R™)), (1.3.46d)
g € AC([0,T]; L>=(I';; R™)), (1.3.46¢)
0 € AC([0,T]; L™ (2 MK, (1.3.46f)
op € AC([0, T); L (Q; MIL<™)), (1.3.46g)
f¢ — f strongly in WH([0, T]; L™(Q; R™)), (1.3.46h)
0° — o strongly in WHH([0, T; L™ (€ MIT)). (1.3.461)

The functionals £(t) and L(t) are defined by (1.2.5) with f<(¢), ¢°(¢) and
f(t), g(t) respectively.

(iii) Hypotheses on the initial data (u§, €§, p§), (o, €o, o), and v§.

(ug, €5, 5) € A(w(0)), (1.3.47a)
(uo, €0,p0) € App(w(0)), (1.3.47b)
(uo, €0, po) satisfies the stability condition (1.3.43), (1.3.47¢)
u§ — ug strongly in L7-1(Q;R™), (1.3.47d)
e§ — eo strongly in L?(€; M), (1.3.47e)
Py — po weakly® in My(QUTo; M), (1.3.47f)
vy € L*(Q;R™) and e||v§| g2 — 0. (1.3.47g)
Remark 1.3.9. If we assume that
op € AC([0,T]; L=(; Mp™™)), (1.3.48a)
T
| = dolle o (1.3.48)
0

then we can replace (1.3.46¢), (1.3.46f), and (1.3.461) by the weaker conditions

0e; 0 € AC([0,T1; L*( M), (1.3.48¢)
0° — o strongly in WHL([0, T); L2(€; M2X™)). (1.3.48d)

sym

Indeed using [76, Proposition 2.5] (see also [75, Chapter 2, Proposition 7.1]) from
(1.3.30), (1.3.46h), and (1.3.48) we deduce that o, 0 € AC([0, T]; L"™(Q2; M)
and that (1.3.461) holds.

We now state the main result.

Theorem 1.3.10. Assume hypotheses (i)-(iii) above. Let (u€, e, p, o) be the
solution of (1.3.1), with L replaced by L€, satisfying the boundary condition w*
on Ty for every t € [0, T], and the initial data

ut(0) = ug, €°(0) = e5, p°(0) =p5  w(0) = vg.
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Then there exist a quasistatic evolution in perfect plasticity (u,e,p, o), with
initial conditions (ug, e, po) and boundary condition w on Ty, and a subsequence
of (u¢,e€,p, o), not relabeled, such that

ut(t) = u(t) weakly* in BD(Q), (1.3.49)
e“(t) — e(t) strongly in L*(Q; ML), (1.3.50)
for a.e. t €10,T], and
p(t) = p(t) weakly™ in My(QU To; ME™), (1.3.51)
for all t € [0, T). Moreover there exists M > 0 such that
@)l + ez + [Pl m, < M (1.3.52)
for every e € (0,1) and every t € [0,T7].

Proof. From Theorem 1.2.4 we get the energy balance formula

Qu(e“ (1) + S (-0 (0] +e/91 &, ds+e/|\p ||des+/fH
= [ ot Bihas (710,000 = w0 (0) = (770). 0 (0) ' (0)

- /O (f€ou —wyds + {g°(8), u(t) = w(1)r, — {g°(0), u(0) = w(0))r,

(1.3.53)

where 0¢ = Age® + eA;€5 . Using the safe-load condition (1.3.26) and (1.3.27)
and integrating by parts in space, we get

Qu(e () + 1= O3 + e Qe s+ [ 371+ [H)a

=/0<0€,Ew€>ds+< (1), Buc(t) — Bur (1)) — (¢°(0), But(0) — Bw’ (0))

2

t t
- /0 (6°, Bu® — Bwf)ds — 62/0 (i i — w)ds + Qo(eh) + 5 [l — i (0) 3.
(1.3.54)

By (1.2.2), (1.3.45¢e), (1.3.45g),(1.3.451), (1.3.461), (1.3.47¢), and (1.3.47g), using
the Cauchy inequality, we get a positive constant Dy such that

Qo

€ 62 . € : € ¢ 5 € ! - €
Sl @ + S 0= O +¢ [ Qu(es, s+ [ ads
t t t
+/7—L(p‘)ds gﬂo/ ||66HL2HEU'}€||L2ds+e/ | A€y, ||z || Ewe| p2ds
0 0 0
t

(). € (1)) — (°(0), e(0)) — / (6, ¢)ds + / (06, 5°)ds

2 t
+%/ 4 — ¢ |2ads + Do, (1.3.55)
0
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for every e € (0,1), where we have integrated by parts in time the term fot (0%, p°).
Using again the Cauchy inequality and the inequality [le€||z2 < 1+ [|e€]|32, we
obtain that for every A > 0 the right-hand side of (1.3.55) can be estimated
from above by

t t t
B / e |22 | B | ads + e / 1Ay, [ 2ads + Ae (8)]122 + / 16 22 e[| 2 ds
0 0 0

€

t 9t
+/O (gi;,pﬁ)der?/O Haﬁ—u}EH%gds—i—D,\, (1.3.56)

for a suitable constant D) independent of € that can be obtained using (1.3.45e),

(1.3.45h), (1.3.46i), and (1.3.47¢). Taking A = min{<%?, ﬁ} and recalling that

[Aresy 172 < B1Qu(é%,) by (1.2.2¢), from (1.3.37), (1.3.55), and (1.3.56) we get

2 t t
Qo . € e e € ‘e e
— e ()74 s llac(t) = (®)]|72+ 5 [ Qu(eq, )ds + €[ [|p°]|72dt
4 2 2 /o 0
t t 62 t
+ |\p€||L1dsg/ ¢€||e€||ist+5/ @€ —0f||22ds + Dy, (1.3.57)
0 0 0

where 1€ = Bo|| B¢ 12 + | 0¢]| 2. Since 9¢ is bounded in L'([0, T]) by (1.3.45¢)
and (1.3.461), using the Gronwall Lemma we obtain that ||e€(¢)|| .2 and % [l (¢)—
we(t)||3, are bounded by some constant independent of ¢ and e. Together with
(1.3.45g) and (1.3.57), this gives

llec(®)]lL2 < M for all ¢t € [0,T], (1.3.58a)
ellaf(t)||2 < M for all t € [0,T), (1.3.58b)
t
6/0 Q1(€%,)ds < M, (1.3.58¢)
T
e/ lp€]13 2ds < M, (1.3.58d)
0
T
/ [Pl Lads < M, (1.3.58¢)
0

for all € € (0,1) and some constant M > 0 independent of ¢ and e.

Since L'(Q; M5*") is naturally embedded into My(QUTo; M5*™), the func-
tions p© are actually continuous functions from [0, 7] into My (Q U Lo; M™),
and inequality (1.3.58e) says that the total variation of p© is bounded uniformly
with respect to e. Taking into account (1.3.47f), we can employ a generaliza-
tion of Helly Theorem (see [20, Lemma 7.2] and [8, Theorem 3.5, Chapter 1]),
which implies that there exist a subsequence, still denoted by p€, and a function
p:[0,T] = My(QUTo; ME™), with bounded variation, such that, as e — 0,

p(t) — p(t) weakly™ in My(QUg; ME*™) for every ¢ € [0,7].  (1.3.59)

It then follows that p(t) is bounded in M;(QUTo; M5*") uniformly with respect
to t.
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From (1.3.58a) we also get, possibly passing to another subsequence, that
there exists e € L°°([0, T']; L*(Q; MX™)) such that

sym

ef — e weakly™ in L>([0, T]; L*(€; M™X™)), (1.3.60)

sym

as e — 0.

Writing E(u® — w®) = e + p¢ — Ew, by (1.3.45¢), (1.3.47f), (1.3.58a), and
(1.3.58e), we see that E(u® — w®) is bounded in L>([0, T]; L' (€ ML) uni-
formly with respect to €, so that, thanks to (1.3.4), u® — w® is bounded in
L*°([0,T]; BD(2,R™)) uniformly with respect to e. Then, as a consequence of
the embedding BD(Q) < L7#-1 (£; R™), there exists u € L>([0, T]; L7=-1 (Q; R™))
such that

u® — u weakly* in L=([0, T]; L7 (Q; R")), (1.3.61)
again for a suitable subsequence, as ¢ — 0. Using the equality Eu® = e + p°,
from (1.3.59) and (1.3.60) we obtain that v € L*°([0,T]; BD(2)) and Eu = e+p.

By (1.2.26) we see that the function (u€, e, p¢) satisfies the equilibrium con-
dition
—H(q) < (Aoe(t),n) + (eAréy, (£),n) + (b (1), )
+ <€2’d€(f), (10> - <f€(t)a (P> - <g€(t)a (P>1"1 < H(_Q)a (1362)
for every (¢,7,q) € A(0) and a.e. t € [0,T].

Let us fix a smooth and nonnegative real function ¢ on [0, 7]. Multiplying
the previous formula by 1) and integrating on [0, 7] we get

- / H(q)b(s)ds < / (Aoe (5), )b (s)ds + / (eAréSy, (3),m)(s)ds
0 0 0

T

T T
+ / (b (5), g (s)ds + / (2ii(5), Q)b (s)ds — / (F5(s), @) (s)ds

- /O (9°(5), p)ry1b(s)ds < /O H(—q)i(s)ds, (1.3.63)

for every (p,n,q) € A(0). It is easily seen that, if ¢ has compact support,
thanks to (1.3.58b) the term

/0 (2ii(s), )b(s)ds = —€ / (i (), 9} (s)ds

vanishes as ¢ — 0, and the same is true for the term

/0 (ep(s), ayb(s)ds

thanks to (1.3.58d).
By (1.2.2¢) we have

T 1 T . T %
e/ ||A1éf41||L2ds§eﬂf/ Q1 (¢4, )¥ds < (6251/ Ql(éi,l(s))ds) .
0 0 0
By (1.3.58c) this shows that

eA1e9, — 0 strongly in L*([0, T]; L*(; MZ)), (1.3.64)

sym
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as € — 0. This implies that the term

/0 (eAré, (s), m)(s)ds

vanishes as € — 0.
Since (¢,7,q) € A(0), by (1.3.26) we can write

/0 ((F(5),0) + (g°(5), )y () ds = / (o°(),m + Q)(s)ds,

and, thanks to (1.3.461), we obtain that the last expression tends to

/ (o(s).m + gyb(s)ds = / ((F(5).0) + (g(s), @) )o(s)ds.
0 0

So from (1.3.60) and (1.3.63) we get
T T
/ H(q)b(s)ds < / (Aoe(s),ny(s)ds — / (F(5), @)ib(s)ds

*/0<(> )T, Y ds</7—[

and thanks to the arbitrariness of 1) we conclude that

—H(q) < (Aoe(t), ) — (f(1), ) = (9(t), o)1, < H(=q), (1.3.65)

for a fixed (¢,71,q) € A(0) and for a.e. t € [0,7]. The fact that A(0) is
separable allows us to prove that for a.e. t € [0,T] inequalities (1.3.65) hold for
every (p,n,q) € A(0).
Let us define o(t) := Ape(t). For each ¢ € L*(Q; M} "), since (0,q,—q) €
A(0), we see that
—H(=q) < (o(t), ) < H(q), (1.3.66)

which says that op(t) € IH(0) = K(£2) (see (1.2.20)). Moreover, since for each
¢ € Hp (€ R™) we have (o, Ep,0) € A(0), from (1.3.65) we obtain

(o(t), Bo) = (f(t),) = (9(t), ¢)r, for all p € Hp (4 R"). (1.3.67)

From this we get divo(t) = f(t) a.e. in , and [o(t)v] = g(t) on I';. Therefore,
(u(t),e(t),p(t)) satisfies condition (c) of Remark 1.3.6. This implies that for
a.e. t € 10,7, (u(t),e(t),p(t)) satisfies the minimality condition (1.3.41) for all
(p,m,q) € App(w(t)). We now set S :={0}U{t € (0,7]: (1.3.41) is satisfied}
and we define u(0) := ug and e(0) := eg. Since p(0) = po by (1.3.47f) and
(1.3.59), we deduce from (1.3.47¢) that condition (1.3.41) is also satisfied for
t=0.

Since ¢t — p(t) has bounded variation from [0, 7] into M;(Q2 U To; M'*™), it
is globally bounded and there exists a countable set N C [0,7] such that for
every t € [0,T]\ N

p(s) — p(t) strongly in My(QUTo; ME™) as s — t. (1.3.68a)
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By the minimality property of (u(s),e(s),p(s)) for s € S we can apply [20,
Theorem 3.8] and for every t € S\ N we obtain

e(s) — e(t) strongly in L*(Q; ML) as s — t, (1.3.68b)
u(s) — u(t) strongly in BD(Q) as s — t. (1.3.68¢)

By the continuity of the embedding BD(Q) «— L=-1(Q;R"™) we also get
u(s) — u(t) strongly in L71(Q;R™) as s — L. (1.3.68d)
In order to prove the energy balance (1.3.42) we fix t € S\ (N U{0}). For
every k let 0 = tf < t§ < ... < t¥ =t be elements of (S\ N) U {0} such that
max; (tF — % ) — 0 as k — oo. Then, since (u(tF) — (w(tF) —wtr ), e(tF) —
(Bw(t}) — Bw(t} ), p(tf)) € App(w(t_)) by (1.3.41), we have
Qo(e(ti 1)) = (f(ti 1), ulth 1)) — (gt 1) u(t ), < Qole(t)))
— (Aoe(tf), Bw(t}) — Bw(ti,)) + Qo(Bw(t})) — Bw(t},))
= (FOE ) ) = (wtf) — w(tf,)))
= (g(ti_y),u(t?) — (w(t}) — w(ti_y)))r, + Hp(t) — p(ti1))-

Employing the integration by parts formula (1.3.19) and then summing up over
i=1,...,k, we obtain

k k
Qo(e(t) = Qoleo) +Y_ Hp(t!) —p(tf1)) + Y Qo(Buw(tf) - Bw(tl_,)) >

i=1 i=1

Z (Ave(ty), Bw(tf) — Bw(ti_y))+(o(t), e(t) — Ew(t)) —{0(0), e(0) — Ew(0))

(o(t?) = olti_y), e(t7))

-

Il
-

+{en (), p(t)) — (en(0),p(0)) —

k

+ Y (oth) = olth_y), Bw(t})) —

i=1

v (1.3.31), (1.3.32), (1.3.45d), (1.3.46f), (1.3.46g), and (1.3.68) we can apply
Lemmas 1.3.11 and 1.3.12, with S replaced by S\ (NU{0}), and we obtain that
the four Riemann sums in the right-hand side of (1.3.69) converge to

/Ot<0, Ew)ds, /Ot<é,6>ds, /Ot@, Ew)ds, /()t<@D,p>dS_

Moreover we see that Zle Qo(Bw(tF) — Ew(tf 1)) tends to 0 as k — oo,
thanks to the absolute continuity of ¢ — Ew(t). Therefore, passing to the limit
n (1.3.69) we obtain

Qulelt)) + D (p:0,) — {o(t), e(t) — Bu(t)) — (on(t),p(t)
> Qyfeo) — (0(0), ¢(0) — Fw(0)) — (op / (o, Bid)d

K2

(on(t}) = on(ti-1), p(t]))- (1.3.69)

M=

1

.
Il

—/0 <@,6—Ew>ds—/0 (0p,p)ds, (1.3.70)
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for a.e. t € [0,T], where o = Age.

We want to show that actually equality holds. In order to prove the opposite
inequality we consider equation (1.3.54).

Thanks to the semicontinuity of Qy(-), by (1.3.60) we have

/ Qole dt<hm1nf/ Qol(e (1.3.71)

forall 0 < a < b<T. We claim that

/ab (DH(P;O,t) —(op(t),p(t)) + {0p(0), po) + /Ot(ép,p)ds)dt <

b t t
ghminf/ (/ ’H(pe)ds—/ <g;7,p€>ds)dt, (1.3.72)
e—0 a 0 0

for all 0 < a < b < T. This, together with (1.3.71), implies

t

/ (QO(e(t))+DH(P§Oat)_<9D(t)ap(t)>+<QD(0)aPO>+/O (QD,p)dS)dtS

e—0

t t t
+e/ |\p€|\§2ds+/ H(pﬁ)ds—/ (g5, 5°)ds ) dt =
0 0 0

= lim inf /ab (/Ot(aﬁ, Ew)ds + (o°(t), e (t) — Ew*(t))

e—0

b 2 t
3hnnn{/ (90@70>**%ﬂﬁ%ﬂ**dfﬁﬂﬁ2+*i/ Qi (¢4, )ds
a 0

@wmé@Ewm»AaﬁéEMMs

t 2
€ € . € € € € : €
_ 62/0 (W, 0 —w)ds + Qoleg) + 5 lvg — w (0)||%2)dt, (1.3.73)

where the equality follows from (1.3.54) after an integration by parts in time.
Using (1.3.45f), (1.3.45g), (1.3.451), (1.3.47g), and (1.3.58b) it is easily seen

that
b t
62/ (/ (wf,uf—wﬂds)dtﬁo, (1.3.74a)
a 0
€?[lvg — @ (0)[[ 22 — 0, (1.3.74b)

while

/ab (/Ot<"€’Ew€>dS)dt - /ab (/Ot<0, Eii)ds) dt, (1.3.74c)

Qo(eg) = Qoleo), (1.3.74d)
/ (0°(1), e(t) — Ew( dtﬁ/ — Fw(t))dt, (1.3.74e)
(0°(0),€e°(0) — Ew(0)) — (0(0),e(0) — Fw(0)), (1.3.74f)

/ab (/Ot@e’ee _Ew€>d5)dt—>/a (/O <g,e—Ew>ds)dt, (1.3.74g)
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thanks to (1.3.45e), (1.3.45h), (1.3.461), (1.3.47e), (1.3.60), and (1.3.64). This
implies that

b t
/ (Qo(e(t))+DH(p;0,t)—(QD(t),p(t»+<9D(0),po)+/0 (QD,p>dS)dt§
b t
g/ (/O (o, E)ds + Qo(eo) + (o(t), e(t) — Euw(t))
7<g(0),e(0)wa(O)>f/0 <g’,ewa>ds)dt. (1.3.75)

From the arbitrariness of a and b and from (1.3.70) for a.e. ¢ € [0,7] we obtain
(1.3.44), which is equivalent to (1.3.42).

It remains to prove claim (1.3.72). This will be done by adapting the proof
of [20, Theorem 4.5]. Let ¢ : [0,400) — R be a nonnegative C*° function
such that ¢(s) = 0 for s < 1 and ¢(s) = 1 for s > 2. For 6 > 0 we define
Vs(x) == ¢(3dist(z,T'y)) for z € Q.

Since H is positively 1-homogeneous and satisfies (1.3.38) we have that

t t t t
/H(wapf)ds—/ (0D, P Ys)ds < H(pe)ds—/ (0%,p)ds.  (1.3.76)
0 0 0 0

Integrating by parts with respect to time and using then (1.3.20), this is equiv-
alent to

/ H(1)sp©) d5/0t< , (€€ = Bw® )1/15>d5+/t<f6,1/15(uew6)>d5
—/‘g<u—w>GVWMwwwm> () s) + {[05(0) - pF(0)], s) <

/H dsf/ (05, ) ds. (1.3.77)

The lower semicontinuity of the variation, together with (1.3.35) and (1.3.59),
implies

¢
Dy (vsp; 0,t) < limi(l)af/ H(sp©(s))ds. (1.3.78)
e— 0

By (1.3.27), (1.3.45¢), (1.3.46h), (1.3.461),(1.3.47d), and (1.3.47¢), using Lemma
1.3.3 we obtain

([ep(0) - p*(0)), ¥5) = ([en(0) - p(0)], ¥s)- (1.3.79)

For what concerns the term ([0%,(¢) - p<(t)],¢s), we fix 0 < a < b < T and
integrate on [a, b] with respect to time. Usmg (1.3.20) we write

b b
[ e v wstds = [ (o (e~ ), vids
b b
+/ (fe,wa(ué—wé))ds—/ (0%, (u° — w®) ® Vibs)ds,
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where we have used the fact that s is zero in a neighborhood of I';. The last
three terms pass to the limit thanks to (1.3.45¢), (1.3.46h), (1.3.46i), (1.3.60),
and (1.3.61). Therefore, using again (1.3.20) we obtain

b b
/ (5 - 7], ¥s)ds — / (lep - Pl s)ds. (1.3.80)

We now integrate in (1.3.77) with respect to time. By (1.3.45¢), (1.3.46h),
(1.3.461), (1.3.60), (1.3.61), and (1.3.78)-(1.3.80) we get

b t t
| (a0~ [ (- (e~ Bwpvoyis + [ (Fvstu—w)as
— [ e tu=w) © Vus)ds = (lon ) - (0 vs) + (len(0) - p(O)). 1) )t <

ghminf/ab (/Ot’H(p‘)ds/Ot<gED,p‘>ds)dt. (1.3.81)

e—0

Using (1.3.20) we get

t

b
| (Prtspi 0.0~ len (0000 v5) + Uen(0)9(0). v5)+ [ (208wt <

b, gt t
§h§l}51f/a </0 H(p )ds/o (0D, D >ds)dt.

Letting 6 — 0 and using the semicontinuity of Dy we then obtain (1.3.72). This
concludes the proof of (1.3.42) for a.e. t € [0,T].

Since (1.3.41) and (1.3.42) are satisfied for a.e. ¢ € [0,7], and in partic-
ular for ¢ = 0, we can apply Theorem 1.3.5. We obtain that p : [0,7] —
Mp(Q U To; M'E*™) is absolutely continuous and we can redefine u(t) and e(t)
on a set of times with measure zero so that u : [0,7] — BD(Q) and e :
0,T] — L*(Q,MZ5r) are absolutely continuous and the function (u,e,p,0),
with o(t) = Ape(t), is a quasistatic evolution in perfect plasticity with initial
conditions ug, eg, po, and boundary condition w on I'y.

From (1.3.74) and from the energy balance (1.3.42) it follows that the in-
equality in (1.3.73) is actually an equality and that the liminf is a limit. So,
since

b 62 ) t t )
| (Gl =it +e [ Qe+ e [ liads)ar = o

it follows that equality holds also in (1.3.71) and (1.3.72), and that the liminf
is a limit also in this formulae. In particular

T T
/ Qo(ec(t))dt — / Qo(e(t))dt, (1.3.82)
0 0
Since e¢ — e weakly by (1.3.60), from (1.3.82) it follows that
e — e strongly in L*([0, T]; L*(; ML), (1.3.83)

which gives (1.3.50) for a suitable subsequence. From this and (1.3.59) we
conclude that

Euf(t) = Eu(t) weakly™ in My(Q U To; ML), (1.3.84)

sym
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for a.e. t € [0,T.

Let us fix ¢ for which (1.3.50) and (1.3.84) hold. Since u(t) € A(w*(t)), it
follows from (1.3.4) that u(¢) is bounded in BD(£2) uniformly with respect to e.
Up to a subsequence we may assume that u¢(t) converges weakly* in BD(2) to
a function v. By Lemma 1.3.1 it follows that (v,e(t),p(t)) € App(w(t)). Since
we have also (u(t),e(t),p(t)) € App(w(t)), we deduce that Ev = Eu(t) in  and
(w(t) —v)Ov = (w(t) —u(t)) ©v H" t-almost everywhere on I'y. This implies
that v = u(t) H" ! almost everywhere on I'g, and applying inequality (1.3.4)
to v —u(t) we obtain that v = u(t) almost everywhere in 2. This concludes the
proof of (1.3.49).

O

1.3.5 Appendix

This section contains the proof of two technical results concerning the conver-
gence of suitable Riemann sums for functions with values in Banach spaces.

Lemma 1.3.11. Let X be a Banach space, let ¢ € WH1([0,T); X), let S C (0,7
be a set of full measure containing T and let ¢ : S — X' be a bounded weakly*
continuous function. For every k > 0 let {tF}o<i<k be a subset of SU {0} such
that 0 =tf <t <--- <t8 =T and maxt_, [tF —tF || = 0 as k — +oco. Then

k

T .
i S (w(eh). o) — otk 1)) = [ {wie), oo,
=1 0

where (-,-) denotes the duality product between X' and X .

Proof. Let 1y : [0,T] — X’ be the piecewise constant function defined by
Yr(t) = Y(tF) for th | <t <tk. Then

k T )
S0, o) — otk 1)) = [ nle). S0

Since )y, (t) —1(t) weakly* for every t € S we have (¢ (1), ¢(t)) — (¥(t), (1))
for a.e. ¢t € [0,7]. The conclusion follows from the Dominated Convergence

Theorem. O

The next lemma extends the previous result to the case of the duality product
introduced in (1.3.16).

Lemma 1.3.12. Let p be the function introduced in the safe-load condition
(1.3.26)-(1.3.28) and let p : [0,T] — Mp(QUTo; ME*™) be a bounded function.
Assume that there exists a set S C (0,T] of full measure containing T such
that for every t € S the function p is continuous at t with respect to the strong
topology of My(QUTo; ME*™) and p(t) € I, (Q). For every k > 0 let {t¥}o<i<k
be a subset of SU {0} such that 0 =tk < t§ < ... <tk =T and maxt_, |tF —
th || =0 as k — +oco. Then

k T
lim <0D(tf)0D(tf1)7p(tf)>/O (op(t), p(t))dt,

k—o00 4
=1

where (-,-) denotes the duality product introduced in (1.3.16).
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Proof. Let py, : [0,T] — T, () be the piecewise constant function defined by
pi(t) = p(tk) for tF | <t <t¥. Using (1.3.31) and (1.3.32) we obtain that

k

S on(t5) — op(th_,),p(th)) = / (60 (1), pi(1))dt =

= T T
- / (8p(t). pi(t) — p(t))dt + / (6p (1), p(t))dt. (1.3.85)
0 0

By (1.3.17) we have

T

/|<éD(t)7pk(t)*p(t)>|dt§/ [op @)l Lo llp(t) — p(t)[|a, dt
0 0

Since ||pk(t) — p(t)||m, — O for a.e. ¢ € S by our continuity assumption and
t— ||o(t)||L= belongs to L'([0,T]) (see [20, Theorem 7.1]), we obtain

T
lim [ [{(op(t), pr(t) — p(t))|dt =0 (1.3.86)

k—oo Jq

by the Dominated Convergence Theorem. The conclusion follows from (1.3.85)
and (1.3.86). O
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1.4 The delamination problem

1.4.1 Preliminaries

Reference configuration and notation. We consider an hyperelastic body
that occupies a bounded open domain 2 C R™, n > 1, with Lipschitz boundary.
We suppose that

Q=0 UT'UQo,

where I' is a Lipschitz surface which is the common boundary of the two disjoint
connected and open sets {2; and 2. The body is perfectly elastic on €1 U s
while the surface I' represents the interface where €27 and 5 are glued and
where delamination may occur. We denote by v the normal to I'" that points
from Q4 into Q5. We also suppose that the boundary 9€) writes as the union

0 := IpQLUINQ,

where Op€) and (2 are the closure in 02 of two disjoint open sets with common
boundary. We assume that dp( has positive (n—1)-Hausdorff measure and that
it has nonnegligible intersection with both 02, and 0¢)s.

Stress and Strain. The class of admissible displacements of the delamina-
tion problem is the space H'(Q2; Uy, R™). It is convenient to define

HH( UQeR™) :={uec H(Q; UQy,R™)) : u =0 on dpQ}. (1.4.1)

The jump on T of a displacement u is denoted by [u] = us —u; where uy and us
are, respectively, the trace on I' of u € H'(Q1,R") and u € H'(Q,R"™). The
continuity of the trace operator from H'(€;, R") into Hz (', R™) reads

lallinsay < S llull e, (1.4.2)
for a positive constant v, and then we have
Iulll iz < Yllullmy- (1.4.3)
In H5 (91 UQo;R™)) the following Korn inequality holds
lull g1 < B||FBul|l>  for every u € Hp,(Q1 U Qy, R™)), (1.4.4)

for a positive constant /.

The two elasticity tensors Ay and A; are symmetric and positive definite.
As in the case of plasticity we assume that there exist positive constants a; and
[3; such that

aolnl* < (Aon,n) < Bolnl?, (1.4.5a)

arlnl® < (Ain,m) < Bulnl?, (1.4.5b)
for all n € M™*™. Also in this case it is convenient to introduce the following
notations

Qo(e) = %<A0€,€>, (1.4.6)

Qi(e) = (Are,e), (1.4.7)
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for all e € L?(Qy U Qg, MX™).

sym
The stress o satisfies the constitutive relation

o= AoFu+ pA Eu, (1.4.8)

where p > 0 is the viscosity parameter in the bulk. Then the second principle
of dynamics reads

pi(t) —dive(t) = f(t) in Q, (1.4.9)

where we assume that the mass density of the elastic body is the constant
p > 0. Together with (1.4.9) we require that the following boundary conditions
are satisfied

u(t) =w(t) on dpl, (1.4.10a)
o(t)v =g(t) on INQ, (1.4.10b)
o(t)y = =VV([u(t)])z(t) onT, (1.4.10¢)

where V' and z are the potential and the delamination coefficient introduced in
the next Section. We can define the total external load of the system L(t) €
Hgl(Ql U QQ,R”) by

(L(t), ) == (f(1), ) + (9(t), plane (1.4.11)

for all o € HH( U o, R™). To deal with (1.4.9) and (1.4.10), we define the
continuous linear operator divp : L2y U Qo, M"*") — H;'(Q; U Qq, R") by

(divpo, @) = (o, Ep), (1.4.12)

for every o € L*(Q1 U Qy, M) and every ¢ € Hp(Q1 U Q,R™). Hence,
if f(¢t), g(t), o(t), u(t), OpQ, and INQ are sufficiently regular and L(t) is the
total external load defined by (1.4.11), then (1.4.9), (1.4.10b), and (1.4.10c) are

equivalent to
pii(t) — divpo(t) = L(t) + T(u, 2), (1.4.13)

where equality holds in Hp'(Q1 U Q2,R"), and where T'(u, z) is the linear op-
erator on Hp'(Qy U Qs, R™) defined by (1.4.17) below. In weak form (1.4.13)
reads as

(pii(t), o) + (a(t), Ep) = (L(t), ) = (VV([u]) - [¢], 2)r, (1.4.14)

for every p € HL (21 Uy, R™).

Delamination parameter and energy stored by the adhesive. As
in the modelling approach by M. Frémond (see [27], [28]), at a fixed time the
state of the glue on the interface I' is described by the variable z : I' — [0, 1].
The state z(z) = 1 means that the adhesive is completely undestroyed, while
z(x) = 0 means that the molecular links are all broken and the interface is totally
debonded at z € I'. The deterioration of the glue is considered irreversible, that
is the variable z is a nonincreasing function of the time. This turns into the
condition

2 <0.
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The class of admissible delamination parameters is denoted by
Z:={z€L*T):0<z<1}.

During the evolution of the system the energy needed to delaminate is de-
noted by a € L°(T"), and such energy is dissipated in two ways, by heat pro-
duction, whose cost we denote by a; = a1(z) > 0, z € I', and by creation of new
delaminated surfaces, whose cost we denote by a — a1 := ag = ap(xz) > 0, z € T.
Hence the dissipation due to these effects in the time interval [t1,¢2] reads

Da(t1,ta) := f/ 2<a0 + a1, 2(s))rds. (1.4.15)

t1

When evolution is quite fast we also consider the dissipation due to the viscosity
of the glue. We consider a parameter p = u(x) > 0, € T', for which the energy
dissipated by viscosity effects during the delamination process in the interval
[t1,t2] Teads
ta
D (t1,t2) == / (uz(s), 2(s))rds. (1.4.16)
t1

In the sequel we will adopt the simpler (but not restrictive) hypothesis that p
is constant on I" and coincides with the friction p introduced in (1.4.8).

The energy stored in I' by the adhesive is modeled as follows: let V : R™ — R
be a smooth nonnegative and convex map such that

(i) V(0) =0 and V(z) > 0 if # # 0. In particular x = 0 is the only local
minimum of V.

(ii) VV : R™ — R" is Lipschitz with constant L > 0.

(iii) There exists 1 < § < 6* and C' > 0 such that |V (z)| < C(|z| + 1)? for all
xr € R™

Here 6* = +oo for d < 2 and 6" = =L for d > 2. Since from (i) VV must
vanish at the origin, property (ii) has the following consequence

(iv) For all z € R™ it holds |VV (z)| < L|x|.
The energy stored on I' at a fixed time then reads:
&r(u, z) = (V([u]), 2)r.

We remark that in dimension d < 3 we can take V([u]) := $K[u] - [u] where K is
called elastic coefficient of the adhesive. Such matrix is supposed positive defi-
nite and symmetric. With this choice we see that the growth of V' in (iii) above
is § = 2. In higher dimension such a choice cannot be done for compactness
reasons that will be clear in the proof of Theorem 1.4.1.
For all u € Hj(Q1 UQ2,R™) and z € L=(T) we define T'(u,z) € Hp' (2 U
Q2,R"™) as
(T(u,2),0) = (VV([u]) - [¢], 2, (1.4.17)

for every ¢ € H}(Q1 U s, R™), so that, from (1.4.3), one has

(T (u, 2), o) < [IVV([uD)llz2ll[lll 2]zl e < 2L llull my 1ol mry 121 2os
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which implies that there exists a positive constant C' such that
1T (w; 2)|| g1 < Cllul g ll2] o (1.4.18)

Mechanical constraints and delamination process. When delamina-
tion occurs on the interface I' it may happen that the two parts €, and €5
of the body separate. In particular cavitation phenomena or shear movements
may occur. Such phenomenon arises by the appearance of a non-zero jump of
the displacement on I'. Since interpenetration of 2; and s must be avoided,
classically such jump is constrained to have a nonnegative normal component.
Such condition is known in literature as Signorini contact condition. A gener-
alization of the Signorini condition is usually considered, in the following way.
Let D(x) C R™ be a convex and closed cone, possibly depending on 2 € T'. This
induces an ordering relation on the set of functions v : I' — R"™, as follows,

v1 <X vy if and only if ve(z) — v1(z) € D(z) for a.e. z € T.
The dual ordering =* induced by the negative polar cone to D is given by
¢ =" 0if and only if ¢(z) <0 for all w € D(x), for a.e. x €T.
Possible choices for the cone D(x) are the following,

D(z)={veR":v v(x) >0}, (1.4.19a)
D(z) ={veR":v v(x) =0}, (1.4.19b)

the first case being the classical unilateral Signorini contact condition, the latter
being considered when cavitation cannot occur, for instance in systems under
high pressure. The delamination mode (1.4.19a) and (1.4.19b) are usually re-
ferred to as Mode I and Mode II respectively. The constraint on the jump [u]
and the normal stress t(o) := ov on I than reads

[u] = 0, (1.4.20a)
t(o) + T(u, z) =* 0, (1.4.20b)
(t(o) + T(u,2)) - [u] = 0. (1.4.20c)

The behavior of the variable z is strictly connected to the evolution of [u].
Whenever [u] varies this has the effect of destroying molecular links on T, that
turns into a decrease of the corresponding glue state z. When the glue is com-
pletely erased, that is z = 0, any change of [u] will not require energetic cost
due to delamination. This is expressed by the constitutive equations

220, (1.4.21a)
d < —pz, (1.4.21D)
Hd+p2) =0, (1.4.21c¢)
d € 9lp,1)(2) + V([u]) — e, (1.4.21d)

where 0I|g 1) is the subdifferential of the function Iy 1), that is the function with
equals 0 on [0, 1] and +o0 on R\ [0,1]. The parameter p > 0 is the viscosity of
the adhesive. Let us remark that as soon as z = 0 equations (1.4.21b)-(1.4.21d)
lose their significance and system (1.4.21) reduces to z = 0, and no restriction
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to the evolution of [u] is prescribed. At the same time, when z > 0 system
(1.4.21) reads

£ <0, (1.4.22a)
2(V([u]) + pz — o) = 0. (1.4.22D)

Since z is a function defined on the interface I', equations (1.4.21) and (1.4.22)
must be intended to hold everywhere on T'.

1.4.2 Existence of unconstrained dynamic solutions

Theorem 1.4.1. Let £ € L*([0,T], H; (21 U Qo;R™)), ug,v0 € Hp(Q U
9, R™), and zyg € Z. Then there exists a triple (u, o, z) with

u € L°°([0,T], H(Q1 U Qa, R™)), (1.4.23a)
e L2([0,T], Hp (21 UQe, R™)) N L=([0,T], L*(2, U2, R™)),  (1.4.23b)
i€ L*([0,T), Hp (91 U Q2,R™)), (1.4.23¢)
o € L*([0,T], L*(1 U Qq, MZXT), (1.4.23d)
z e H'Y([0,T],L%(T)) N L>=([0,T], L>=(T)), (1.4.23¢)
satisfying, for a.e. t € [0,T],
pii(t) — divpo(t) = L(t) + T(u, 2), (1.4.24a)
o(t) = AgEu(t) + pA Eu(t), (1.4.24b)
the flow rule
(t) <0, (1.4.25a)
2t)(KV ([u(t)]) + pz(t) —a) =0, (1.4.25b)
on I,
V([u®)]) + pi(t) —a <0, (1.4.26)
on I'N{z(t) > 0}, and the initial data
u(0) =wug, w(0) =wvg, 2(0)= zp. (1.4.27)

Remark 1.4.2. Let us remark that, when £ takes the form (1.4.11), in the
regular case, (1.4.24a) means that

o(t)y = =VV([u(t)])z(t), (1.4.28)

on I', and
pi(t) — dive(t) = f(t) in Q, (1.4.29a)
o(t)v =g(t) on InS. (1.4.29b)

This is proved as follows. Integrating by parts (1.4.14) we get

(pit, o) — (dive, ) — (L, p) =
—(VV([u]) - [¢], 2)r = (ov, [¢])r — (ov, p)aya, (1.4.30)
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where v represents both the normal versor to I' pointing from 5 into 25 and
the outer normal to dn€2 . If we set [p] = 0 we obtain the strong form (1.4.29),
which together with (1.4.30) implies

(VV([u]) - [ 2)r = —(ov, [¢])r,
that is (1.4.28).

To prove Theorem 1.4.1 we proceed by time discretization, and solve a mini-
mum problem at every discrete time. For all integer n > 0 we divide the interval
[0,7] in n equal subintervals of length 7 := T /n. We set tI' := i,

uy =wug, U’y i=ug—TVy, 2 = 20,

and define £7 := 1 fttg“ L(s)ds for all n > 0. Then for 1 < i < n we recursively

define u?* € H},

—~

Q1 Uy;R™)) as a minimizer of

n pLu—ul U —up n
U () s= B L - LR 2 9 (Bu) + (V (), 2
+ §<A1(Eu — Eu ), Bu— Eu ) — (L7, u), (1.4.31)
and z' € Z as the minimizer of
n l'l/ n n
Wi (2) = 5Nz = 2l + V(] 20r = (@ 2)r. (1.4.32)

Computing variations in the variable w at the minimum u}" of (1.4.31) we get

p U —ul ulr = ul
;< Tl L~ 17 =2 o) + (Ao Eu}, Eg)

+ $<A1(EU? — Bui'_ 1), Ep) = (L}, ) = (VV([ui']) - [¢], 2 )r, - (1.4.33)

for every ¢ € H' (€3 UQ9;R™). Instead taking variations 7 of the minimum z?
of (1.4.32), and taking into account that z; must be non-negative, we get

n H,on n
<V([uz ])a 77>Fﬁ{z-;>0} + ;(zz —Zi—1s 77>F - <CY,7’]>1" >0, (1434)

for every n < 0.

Moreover, if the variation n < 0 is such that z; & en € [0, z;—1] for some
e > 0, then we will have equality. Denoting by V(z;) the set of such variations,
we have

V([ ) m)r + E(ep = 221 mhr = (e =0, (1.4.35)

n n
Uy Uiy

for all n € V(z;). Now we set v} := and define the following piecewise

linear (or constant) functions

n n u?—i-l —U? n 4n
ur) =+ (- ) T o e )

n n Z?—i-l _Z? n 4n
2O = - )T e )

n n vln-i-l 71}? n ogn
’U-,—(t) = Ui +(t—tz)77_ forte [ti’ i-‘rl)’

Lo(t) = LD for ¢ € [£7,£7, ), (1.4.36)
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fori=0,...,n— 1. The fact that
L, — L strongly in L*([0, 7], Hp' (1 U Qq, R™)), (1.4.37)

is standard and will often be tacitly used in the sequel. The following statement
holds.

Proposition 1.4.3. There are a function uw € H ([0, T], H5(Q1 UQa, R™)) and
a function z € L*([0,T], L*(T")) N Z such that

ur —u  weakly in H'([0,T], H5 (2 UQy, R™)), ( )
ur(t) = u(t)  weakly in Hp(Qy U Qg R™), for every t € [0,T], ( )
2r =z weakly* in L°°(]0,T], L*(T)), (1.4.38c¢)
z:(t) = z(t)  weakly* in L*(T) for every t € [0,T],, ( )

as 7 — 0. Moreover o € H'([0,T], Hp'(Q1 U Qa,R™)), z € H'([0,T], L*(I)),
and

ve =0 weakly* in L°°([0,T], L*(Q1 U Qa, R™)), (1.4.38e)
Oy — i weakly in L*([0,T), Hp* (4 U Qa, R™)), (1.4.38f)
Z, =% weakly in L*([0,T)], L*(T")). (1.4.38g)

Proof. We choose ¢ = ul —u]' { and n = 2]’ — 2" ; in (1.4.33) and sum it with
(1.4.35), we get

P Ui — Uity o P Uiy —Uio o P — Uy U — Uy

SlI=—"""1l%: 5| R e [
1

+ Qo(Buf) — Qu(Buf 1) + 5 (Ao(Buf — Bufy), Buf — Fuily)

+ S (B} - Buil ), Buf = Bul'y) — (L}, uff = uf)

a, (27 = 21 ))r + (VV([uf]) - [uf! —wiy], 2 )0
[

n n n l'l/ n n
V(i) (2" = 221 )r + ;sz — 2472 <0. (1.4.39)
Using the notations introduced in (1.4.36) and keeping into account that

(VV([ui]) - [ui" —wia], 22 )r + (V([w?]), (2" = zil))r =
= (VI([ui]), 27" )r = (V([ui”1]), 2 )0

([ V() - li] = YV () - fisdt, 2 ) (1.4.40)

ti—1
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we can rewrite (1.4.39) as follows

T
P n P n PT ‘ ; n
5 llor (t; s — 5llv7(ti71)lli2 + 7/ 07 [|72dt + Qo(Eu-(t}))
oy
" & &
— Qo(Bu,(ti 1)) +7/ Qo(EuT)dHu/ Ql(EaT)dHu/ 127172t
o 1 t,

*/ti (o, Zr)dt + (V ([ur (6)]), 2 (7)) = (V ([ur (1)), 20 (81))

i—1

e o
< / (L, 0r)dt +/ (VV ([ur]) - [tr] = VV([ul]) - [0r], 2;1)dt. (1.4.41)
ti Ly
Using the fact that VV is Lipschitz, the continuity of the trace operator (1.4.3),
and the Korn inequality (1.4.4) we write

& o

L (VV([ur]) - [ir] = VV([0]) - [ir], 20 1) rdt] < TkL/ ] l3dt

n n
tifl tifl

n

t; tr
STL’}/Q/ ||1lT||§11dt§7L7252/ | By ||72dt. (1.4.42)

L [

Summing over ¢ = 1,...,j expression (1.4.41) and then using (1.4.5), one gets

t
p pT [ o
Lo g+ 5 [ Norldt + 21 Bur ()12

T
aoT J

t;l t;l
+ N ||E’[LTH%2dt+OZ1M/ ||E'l.147'|‘%2dt+ﬂ/ ||27—H%2dt
0 0 0

- / "l o)t + (V([ur (1)), 20 (E2))

n
tj

t"
§/1<£T,u7)dt+7L7252/ | Bitr|2adt + C, (1.4.43)
0 0

for a constant C' > 0 depending on ug, vg, 20, i, p, but independent of 7. Now
we write

t ALt [
Loy )dt < — Lol vdt + = 17| 3 dt
|t < 2 [T e a5 [
232 t7
< %/J | Bity||22dt + C, (1.4.44)
0

where we have used the Korn inequality (1.4.4), C' > 0 is a constant depending
on the squared norm of £ € L%([0,T], Hp'(2,UQ2,R™)) and on a fixed arbitrary
positive number A, but independent of 7. Then (1.4.43) implies

t" t"
P pT o[ oy T
(I + 5 / o7\ 72dt + =~ | Bur ()12 +u/ 1217 2dt
0 0

T (g —5) / |\ By |2 dt — / a2yt + (V([ur (E)]), 2 () < C,
(1.4.45)
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where § := /\%2 +7Lv2B3? and C is a positive. Since for A sufficiently small and
7 small enough all the terms in the left hand side are positive, we entail that all
such terms are bounded. In particular there is a constant L > 0 such that

le-(I7= < L, (1.4.46)

for all ¢t € [0,T], n and 7 = 7(n). So that there are an increasing sequence ny
and a function e € L>([0,T], L?(£2; U Qa, M%) such that

sym

BEur(n,) — e weakly* in L([0,T], L*(Q1 U Qo, M), (1.4.47a)

sym

as k — oo. We will write 7 — 0 for £ — oco. Using the Korn inequality, from
(1.4.46) we get for all t € [0,T]

ur @l < C, (1.4.47b)

for some constant C' > 0. This implies that, up to a subsequence, there is a
function u € L*°([0,T], H5 (21 U Qa,R™)) such that

u, —u  weakly* in L>([0,T], Hp (1 U Qq, R™)), (1.4.47¢)

as 7 — 0. (1.4.47¢) also implies that Fu(t) = e(t) for a.e. t € [0,T]. Moreover
(1.4.45) gives, up to passing to another subsequence,

Et, — 1 weakly in L*([0, 77, L*(Q1 U Qg, M), (1.4.47d)
v, = v weakly® in L>([0,T], L*( U Qq, R™)), (1.4.47e)
2, — 2 weakly* in L>([0,T], L*(T")), (1.4.47f)
%, —h weakly in L([0,T], L*(T)), (1.4.47g)

as 7 — 0, for functions I € L*([0, T, L*(Q; UQy, M), v € L>=([0, T, L*(Q, U
Q9,R™)), 2 € L*>([0,T],Z), and h € L*([0,T],L*(T)). Moreover z, are all
functions with bounded variation on [0, T, and their variations are bounded by
the same constant. A generalization of Helly Theorem (see Lemma 7.2 of [20])
then implies that

zr(t) — z(t) weakly® in L>°(T), (1.4.47h)

for all t € [0,7] as 7 — 0, for a function z € L?([0,T], Z).

Writing z,(t) = 20 + fot 4-(s)ds and multiplying by a test function in L*(T)
we see that h(t) = 2(t). Multiplying z, by a test function in L*([0,T], L?(T")) it
is easily seen that it must be 2 = z. A similar argument shows that [(t) = Eu(t)
for a.e. t € [0,7]. The Korn inequality and (1.4.47d) implies that there is a
function @ € L?([0,T], H5(Q1 U Q2,R™)) such that

i, — 0 weakly in L*([0,T], Hp, (1 UQq,R™)), (1.4.471)

and writing u.(t) = ug + fot i, (s)ds, arguing as before, we entail that u in
(1.4.47¢) belongs to L*([0,T], H5 (21 U Q2,R™)), that @ = 4, and also that

ur(t) = u(t) weakly in Hp(Q) UQq, R"™), (1.4.48)

for all ¢ € [0, 7.
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From (1.4.33) it follows
pUr(t) = —divp(Ager (t7') + pAié (1)) + L — T(u-(t7), z-(t7)),  (1.4.49)

for all t € [t}, ¢}, ] and all 4. From the continuity of the operators divp and T,
and from the convergences (1.4.47) we see that the right-hand side of the last
expression is uniformly bounded in L2([0, 7], H;'(Q2;R™)), so that the same is
true for 9, and, up to subsequences, there exists ¢ € L2([0, T], HBl(Ql UQs, R™))
such that

v, — 0 weakly in L*([0,T], Hp* (2 U Qa, R™)). (1.4.50)

Now, v, (t) — 1, (t) = (7 — (t — 7))o () when t € [t}, 7], for all i, so that
fOT [vr =7 |12, 1ds = T fOT |0+ ||, _1 ds, which, for the boundedness of ¥, tends
D D

to zero. In particular, by (1.4.471), since 4 = @, we find out that @(t) = v(t) for
a.e. t € [0,7] and

vr, Uy — 4 weakly® in L°([0,T], L*(91 U Qg, R™)). (1.4.51)
Finally we write v, (t) = vo + fot 0-(s)ds and multiplying by a test function
in L2([0, 7], H5 (1 U Q9,R™)) we get u(t) = vo + fotﬁ(s)ds, and then we get

that @ is differentiable in time and i = & € L?([0,T], H5' (21 U Q2,R™)). This
concludes the proof. O

Corollary 1.4.4. For the same subsequence of Theorem 1.4.1, it holds

[u,] = [u]  weakly* in L>([0,T], H? (T)), (1.4.52a)
[ur(t)] = [u(t)] weakly in H? (L), for everyt € [0,T], (1.4.52b)
[ur ()] = [u(t)]  strongly in LYT), for everyt € [0,T], (1.4.52¢)

for every 1 < q < ¢* with ql* = Q(dd_fl) if d> 2, g8 =+o0 otherwise.

Proof. (1.4.52a) and (1.4.52b) are straightforward consequence of (1.4.38a),
(1.4.38b), and continuity of the trace operator. (1.4.52c) follows instead from
(1.4.38b) and the fact that the embedding Hz < L7 is compact for all ¢ <
qr. [l

Let us introduce the piecewise constant functions

Ur = ur(t7) for t € [t7, ¢ ),
Zr = 2 (t]) for t € [t7', 7, 1), (1.4.53)

for all i < (n—1). It is easy to show that convergences (1.4.38a), (1.4.38b), and
(1.4.38d) holds true also for @, and Z; in place of u, and z,. Now we are ready
to prove the first Euler condition.

Proposition 1.4.5. Let u and z be the functions obtained in Proposition 1.4.3.
Then it holds

(pii, ) + (Ao Eu+ pAi1Bi, Ep) — (L, ) + (VV([u]) - [¢], 2)r =0, (1.4.54)

for all ¢ € HH(Q1 UQo, R™) and for a.e. t € [0,T).
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Proof. We start from (1.4.33), that with the notation introduced above reads

p<’0'rv 90> + <AOE'&T + ,UAlE'(:L'rv E‘P> - <‘CT7 90> + <VV([€LT]> ’ [50], 2’1’>F =0.
(1.4.55)

For ¢ € C°((0,T)) we write
/O (<A0Eﬁ'r + MAlE/l'LT) E50> - <‘CT7 90> + <VV([1~1'T]) ! [50], 2’1’>F)"/)dt

T
= —/O pvr, )i, (1.4.56)

and letting 7 — 0, thanks to (1.4.47) we get
T
| (oBus niBi B) = (£.6) + (VY ([a) - el 2w
0

= 7/0 p{t, ). (1.4.57)

Arbitraryness of ¢ then implies (1.4.54). O

In order to prove the next Lemma we need to recall the Fréchet-Kolmogorov
Theorem. For all h € R? we introduce the h-translation in R™, that is the
function s, : L*(R™) — LY(R™) defined by s,(f)(x) := f(z + h) for all z € R®
and f € L*(R™). Then the following Theorem holds true.

Theorem 1.4.6 (Fréchet-Kolmogorov). Let B be a subset of L'(R™) such that
for all f € B it holds f = 0 out of a bounded set U C R"™. Then B is a
relatively compact set in L*(R™) if and only if there exists a continuous non-
negative function w: R™ — R such that w(0) =0 and || f — sn(f)|1 < w(h), for
all f € B and for all h € R™.

See, e.g., [13] for a proof.
Lemma 1.4.7. For all ¢ > 1 and t € [0,T] we have

zr(t) — z(t)  strongly in LI(T). (1.4.58)
Proof. Since
2 = argmin geoc, (V) = o, 2)r + 2=z = 212,
we see that the value of z;(z) in z € T' is exactly the minimizer in [0, z;_1(x)] of
(V([us@)]) = (@), 2)r + 5]z — 21 (@) (1.4.50)

so that, denoting a(x) := V ([u;(z)]) — a(x), we can explicitly compute the value
of z;(x). If 2(x) := —ﬁa(m) + z;—1(x) is the minimizer of (1.4.59) on R, then we
have, omitting the symbol =z,

2>z 54 a<0 = Zi = Zi—1,
0<2<z.1 & 0Za<bz . = z= —n0+ zio1, (1.4.60)
z2<0 = a>Ez_4 = z; =0,
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from which it follows

wir = —(a A Ezi,l)Jr, and z; = z;—1 — (Ia/\ zio1)t. (1.4.61)
T I

From (1.4.52¢) and the definition of V' we see that V([u,])(¢) is a converging
sequence in L*(I',R™). So that from Theorem 1.4.6 we get a function w : I' &
R9=1 — R such that w(0) = 0 and

Il (2) = sn(fur]* (@)1 < w(h), (1.4.62)
for all h € R?~! and for all 7 and ¢ € [0,7]. Without loss of generality we can
also suppose that ||a — sp(a)|l1 < w(h), since a € L>(T). _

For fixed 7, let us prove by induction on i that [[z; — sn(zi)[1 < “Fw(h).
Indeed, using the expression of z; obtained above, we have

2 — sn(z0)ll 1 = ||zz-_1—<£a A zio1) = (Sh<zi_1>—<53h<a> A sn(zim)) )l

T T
< lzier = sw(zi-1)llr + [[=a — —sn(a)| e
wooop

=7 oy e Ty =
’ (h)+u (h) ’ (h), (1.4.63)

where the first inequality follows by the fact that the function (z,y) — x —
(x Ay)T is 1-Lipschitz in both the two real variables, and the second inequality
follows by the inductive hypothesis. Now, recalling that 7 = %, (1.4.63) implies
that for all 7 and ¢ € [0,7] it holds ||z-(t) — sn(z-(¢))|1 < %w(h). Since
z-(t) € [1,0], we have |z (t) — sp(2-(t))| < 1, and then also

T
127(t) = sn(z ()] < ;w(h)- (1.4.64)
Using (1.4.47h), the last formula implies (1.4.58). O
We are now ready to prove the conditions governing the flow rule.

Proposition 1.4.8. Let u € L*([0,T], H(Q)) and z € L*([0,T],L>*(T)) be
the functions defined in (1.4.47c) and (1.4.47h). Then for a.e. t € [0,T] it holds

(V([w(®D: 2)r + ull2(0)1 22 — (o 2(t))r =0, (1.4.65)
and

(V([u(®)]),m) {2501 + ulz(E), mr — (e, mr >0, (1.4.66)
for alln e L>(T), n <0.

Proof. Let us fix t € [0,T], and for all 7 we decompose the interface I' as
the union of the three sets I' = A U BL U C! where, if t € [t; — 1,¢;), then
Afr = {Zi =0< Zi—1}7 Bf_ = {Zl = Zi—l}; Cf_ = {0 <z < Zi—l}- We
recognize these three cases as the three options of (1.4.60), so that it is readily
seen that

V([ur])2r + pl2: > — i, =0, (1.4.67)

on B! and C?%, while on AL

V([ur]) + pzr —a > 0. (1.4.68)
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The latter being true for all ¢ € [0,T]. In particular, for every positive smooth
function ¢ on [0, T}, recalling that 2z, < 0, we have

| @ zr + e B = (o) ede <0, (1469

We would like to pass to the limit in (1.4.69). To this aim, we first observe that
from (1.4.52¢) and the definition of V' we see that actually V ([u.])(¢) is converg-
ing in L?(I',R). Thus we have V([u,]) — V([u]) strongly in L?([0,T], L*(T)).
This together with (1.4.38g) and the Fatou lemma implies

| @20+ 15 = (o 5o < 0 (1.4.70)

Now formula (1.4.34) provides

/O (V([@r)), mragz, >0y + ulZr mr — (@, m)r)edt > 0. (1.4.71)

for all n < 0. We note that, by definitions of 2z, and 2 it holds xyz >0y =
X{z,>0}- From Lemma 1.4.7 we know that z, — z strongly in L*(I" x [0,77),
so that we can suppose it converges almost everywhere in I' x [0,7]. As a
consequence we entail

limsup Xz, >0} = X{2>0}-

Then, from (1.4.71), taking into account that n < 0 and that V([u,]) — V([u])
strongly in L*(T' x [0,77]), we obtain

/O (V([u]), m) {250y + (2 m)r — (o, m)r)edt > 0, (1.4.72)

for every smooth nonnegative function ¢ on [0,7], and for all n < 0. From
arbitrariness of ¢ we get (1.4.66). Now, plugging n = Z we recover the opposite
inequality of (1.4.70) provided Z = 0 almost everywhere on the set {z = 0}.
But this is a straightforward consequence of the fact that z is non-negative,
then (1.4.65) follows and the Proposition is proved.

O

Proof of Theorem 1.4.1. Let us prove that conditions (1.4.54), (1.4.65), and
(1.4.66) implies equations (1.4.24) and (1.4.25). Equation (1.4.24b) holds by
definition, while (1.4.24a) is expressed by (1.4.14), that is exactly (1.4.54). From
arbitrariness of 7 equation (1.4.66) readily implies

V([u(t)]) + nz(t) —a <0 ae onI'N{z(t) > 0},

that is (1.4.26), while (1.4.65) implies (1.4.25a) and (1.4.25b), keeping into
account that z is nonnegative and nonincreasing. To prove (1.4.27), we use
(1.4.38b), (1.4.38d), and the fact that u,(0) = ug and z,(0) = 2 for all 7. Tt
remains to show that 4(0) = vy. We first note that (1.4.38¢) and (1.4.38f) imply
that

v, =4 weakly in H'([0,T], Hp'(Q1 UQq,R™)),

so that we entail v, (t) — u(t) weakly in Hp'(Qy U Qq,R") for all t € [0,T].
Thesis follows since by definition v, (0) = vg for all 7. O
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When we deal with nonhomogeneous boundary datum the existence theorem
is stated as follows:

Theorem 1.4.9. Let £ € L*([0,T], Hp (©1UQs; R™)), ug,v9 € H' (Q1UQ2, R™),
20 € Z, and let w € H'([0,T], H5(Q,R™)) with v € H'([0,T], Hp* (2, R™)) be
such that w(0) = ug and w(0) = vy on OpS). Then there exists a triple (u, o, z)
with

u € L*([0,T], H (1 U Q9; R™)), (1.4.73a)
w € L2([0,T], H (2 UQa; R™)) N L°([0, T], L2(2 U Qo R™)),  (1.4.73b)
i€ L2([0,T), Hy' (91 U Q2, R™)), (1.4.73¢)
o€ L*([0,T], L2(91 U Qg M), (1.4.73d)
z € H*([0,T], L*(T)) N L>([0, T}, Z), (1.4.73¢)
satisfying
pii(t) — divpo(t) = L(t) + T(u, 2), (1.4.74a)
o(t) = AgFu(t) + pAi Eul(t), (1.4.74b)
for a.e. t € [0,T], the Dirichlet condition
u(t) = w(t) on OpL, (1.4.74c)
for a.e. t €[0,T], the relations
4(t) <0, (1.4.75a)
2@)(V([u(®)]) + pé(t) —a) =0, (1.4.75b)
on I,
V([u®)]) + p(t) —a <0, (1.4.76)
on I'N{z(t) > 0}, for a.e. t € [0,T], and the initial data
u(0) =wup, w(0)=wvo, 2(0)= z. (1.4.77)

The proof is essentially the same of Theorem 1.4.1, that can be easily ar-
ranged.

Proof. We set w™; := w(0) — 7w(0), wl = w(t?), W = % for i =
0,...,n, then we define the piecewise affine functions
wy = wl + (t — tﬁ)u for t € [, 17 1), (1.4.78a)
wr =0 + (t — t?)M for t € [t7, 11 1), (1.4.78D)
for e =0,...,n — 1. The fact that
w, — w  strongly in H'([0,T], H'(2,R™)), (1.4.79a)

w, — 1 strongly in H'([0,T], Hy'(Q,R™)), (1.4.79b)
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is standard and easily checked. We also define the piecewise affine function
I :[0,T] — Hp'(Q,R™)) by setting

l; := pw; — divp (Ao Bw, + pA Ew,), (1.4.80)
so that property (1.4.5), the continuity of divp, and (1.4.79) imply that
I, — 1 strongly in L*([0,T], Hy'(Q,R™)), (1.4.81)

where [ := pw—divp (Ao Fw+pA; Ew). Arguing as in the proof of Theorem 1.4.1
we solve the minimum problems (1.4.31) and (1.4.32) with £ — I(¢}) in place
of L and denote by ] and z* their minimizers. Standard arguments taking
into account relation (1.4.81) ensure one that the same estimates (1.4.45) hold
for the functions u}, z;, v, defined as in (1.4.36). So that we found functions
u' € HY([0,T], Hh(Q1 U Qo R™)) with o/ € H'([0,T], Hp' (21 U Q2,R™)) and
z € L*>=([0,T], L*(T")) n H([0,T], Z) such that

ul — ' weakly in H'([0,T), Hh(Q1 U Qa, R™)), (1.4.82a)
ul (t) = /(t) weakly in Hp(Q UQy,R™), for every t € [0,T], (1.4.82b)
zr =z weakly* in L>([0,T], L*(T")), (1.4.82¢)
2:(t) = z(t) weakly* in L*°(T") for every t € [0,T],, (1.4.82d)
vl =4 weakly* in L>([0,T], L*(Q U Qq, R™)), (1.4.82e)
oL — i’ weakly in L([0,T], Hp" (1 U Qa,R™)), (1.4.82f)
2, — % weakly in L*([0,T], L*(T)). (1.4.82g)

Moreover we also get (1.4.34), (1.4.35), while (1.4.33) is replaced by the following

ol 0) + (AoBi, + Ay Bil, Bg) + (VV([i)) - o), 30)r
=(L; — 17, ), (1.4.83)

for all ¢ € H}, and for a.e. t € [0,7]. Arguing as in Proposition 1.4.5 we see
that (1.4.83) passes to the limit as 7 — 0 and leads one to

plii', ) + (AoEil, + p Ay Bil,, Bg) + (VV ([u]) - o], 2)r
Lo (1.4.84)

for all ¢ € H}, and for a.e. t € [0,T]. If we define u := v/ + w, observing that,
since w € HY(Q,R"), [w] =0 on I, then (1.4.84) reads

pli, ) + (Ao Bu + pAi Eu, Eg) + (VV ([u]) - [¢], 2)r = (£,0). (1.4.85)
At the same time (1.4.34) and (1.4.35) pass to the limit like in the case of

homogeneous boundary datum, and give rise to the same equations (1.4.65)
and (1.4.66). The conclusion easily follows. O

The following Proposition provides the energy balance of the system.
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Proposition 1.4.10. Let u be the solution of Theorem 1.4.9. Then for all
0<t; <ty <T, the following energy balance holds

to

gllﬂ(tz) —w(t2)]| 72 + Qo(Bu(tz)) + (V([u(t2)]), 2(t2))r + p ) Q1 (Ei)ds
T 2||2||2L2d8 —(a, 2(t2))r = gHu(h) —w(t)]|72 + Qo(Bu(t1)) — (o, z(t))r

+ (V(Ju(t1)]), z(t1))r + / 2(0, Ew)ds +/ (L — pw, i — w)ds, (1.4.86)

t1 ty
where 0 = AgEu + pAi E.

Proof. We put ¢ = @ — w in (1.4.84) and sum this expression with (1.4.65).
Integrating in time on [t1, 2] we get (1.4.86). O

1.4.3 Processes in Mode 11

In order to prove the existence of solution of the problem in Theorem 1.4.9
which also satisfy constrains as in (1.4.20), we use a standard argument dealing
with a penalization term.

Let D C R™ be the convex and closed cone defined in (1.4.19b). Let & :
R — R be a smooth nonnegative and convex map such that

(i) ®(0) =0 and ®(x) > 0 if = # 0.
(ii) The derivative @’ of ® is Lipschitz with constant L > 0.

(iii) There exists 1 < § < ¢* and C' > 0 such that |®(z)| < C(|z| + 1)? for all
z R

2(d

d

Here ¢* = +o00 for d <2 and ¢* = %21) for d > 2. As for V, property (ii) has

the following consequence
(iv) For all z € R it holds |®'(x)| < L|z|.

Now we define V : R" x I' = R the function V(y,z) :=
then define V : LY(I') — LY(T) as V([u(z)]) := V([u (z)],
Finally, for all positive integers h > 0, we set Vi := hV.

Let us remind the constraint conditions on the jump of [u] that we want to
satisfy. They read

O (dist(y, D(x)). We
x) when [u] € LY(T).

[u(t)] = 0, (1.4.87a)
o(t)v + T(u(t),z(t)) =* 0, (1.4.87b)
(o(t)v + T(u(t),2(t))) - [u(t)] = 0. (1.4.87c)

for a.e. t € [0, T]. Since o(t) is not in general an element of L*(T', R™), we prove
a theorem where the solutions satisfy (1.4.87) in a weak form.

Theorem 1.4.11. Let D be the cone in (1.4.19b) and let L, ug, vo, 2o, and
w be as in Theorem 1.4.9. Then there exists a couple (u, z) satisfying (1.4.73),
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(1.4.74c), (1.4.77), and such that, for a.e. t € [0,T], it satisfies conditions
(1.4.65), (1.4.66), and
u(t) € D, (1.4.88a)
(i, p) + (nALEU + Ao Bu, Ep) + (VV([ul) - [¢], 2)r = (L, ), (1.4.88D)

for all o € HY with [p] - v = 0.
D

We will give a sketch of the proof, being it very similar to the one of Theorem
1.4.1. Moreover, for simplicity, we will only treat the case with homogeneous
boundary datum.

Proof. Let u}' be the minimum of the potential

N W
2 T B

+ S(A1(Bu = Bufly), Bu - Buly) — (L] w) + [ Vallu] - )| 2o,
(1.4.89)

T2 4 Q) + (Y ([u]), 2

and z' the minimum of (1.4.32). The discrete Euler condition then is

PR M TR gy (Ao, B) + (V4] ) gl i
A (B — B ). B) — (£.0) + (FV([2) - [ 220 = 0. (1490

for all p € HL (21 UQs, R™). Arguing in the same way as in proof of Proposition
1.4.3 we obtain the same bounds and convergences (1.4.38) and the further
information

IV ([ur ()] )l L1y < C. (1.4.91)

Passing to the limit as 7 — 0 we find that the functions uj, € L>([0,T], H(Q,U
Q9;R™)) and 2, € H([0,T], L*(T)) satisfies (1.4.65), (1.4.66), and, in place of
(1.4.54),

(piin, ¢) + (Ao Eup + pAy Etp, E@) + (VV ([un]) - [¢], zn)T
= (L, ) — (Vi([un] - v), [¢] - v)r, (1.4.92)

for all p € H5(Q1 UQ2,R") and for a.e. t € [0,T].
The same argument for Proposition 1.4.10 gives the following energy balance

213 + Qo(Bun(t)) + {V ([un (O]). (B + / 0, (Biy)ds
Tu / lénl2ads — / (0 20r + [Vl lun(®)] - vl ey

= gH’UoHiz + QO(EU()) + <V([u0]), Zo>p — / <E,1lh>ds, (1493)
0

for all ¢ € [0, 7] We write

t ) 1 t ) ﬂA t ) )
; (L, tan)ds < o ; LIy ds + =~ ; (| Einl3ds,
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where \ = “2%1 so that, plugging this into the energy balance (1.4.93) and using
(1.4.5) we obtain that there is a positive constant C' independent of h such that

Elan(®3: + S Bun (@) + (V ([un (), 2(¢ r%-ﬁfit/‘uEuhnzds

t t
o [ aalds = [azadeds +1Th(unt] D)y €. (1492)
0 0

Thanks to this a-priori estimate we have that there exists u € H'([0, 7], H} (21U
0, R")) and z € H'([0,7T], Z) such that, up to a subsequence,

up, —u  weakly in H([0,T], H,(Q1 U Q2, R™)), ( )
up(t) = u(t)  weakly in Hp,(Qq UQq,R™), for every t € [0,T], ( )
zn — 2z weakly® in L>°([0,T], L*(T")), (1.4.95¢)
zp(t) = 2z(t)  weakly™ in L*(T") for every t € [0,T], ( )
Z, — % weakly in L*([0,T], L*(T)). ( )
as h — 4o00. The proof of this fact is identical to the proof of Proposition

1.4.3. Moreover, since the Sobolev embedding H 3o LYT) is compact for all
1< q < q*, (1.4.95b) implies

[un(t)] — [u(t)] strongly in LY(T), for every t € [0,T], (1.4.95f)

for all 1 < ¢ < ¢* as h — +oo0. By definition of Vi, one has ||V, ([un(t)] -
iy = AV ([un(t)] - V)| 1 ry, so that (1.4.94) implies

V([un(t)] -v) = 0 strongly in L*(T), for every t € [0, T, (1.4.95g)

as h — 400, and in particular we get that xpe([un(t)] - v)[un(t)] - v — 0 almost
everywhere on I for all ¢ € [0, T]. This implies the important condition

[u(t)] € D. (1.4.96)

Thanks to convergences (1.4.95) it is now easy to pass to the limit as h —
+00 in (1.4.65) and (1.4.66). Indeed, passing to the limit in the first one, we
get the inequality (1.4.70), thanks to (1.4.95d) and (1.4.95f). To get (1.4.66) we
argue as in the proof of Proposition 1.4.8, getting also equality in (1.4.70), and
then (1.4.65). Instead (1.4.92) passes to the limit in the case that [¢] - v = 0
providing condition (1.4.88b). This concludes the proof. O

Corollary 1.4.12. Let (u,z) be a solution of (1.4.23), (1.4.65), and (1.4.88).
Then the energy balance (1.4.86) holds.

Proof. The proof is the same as Proposition 1.4.10, since @ satisfies the con-
straint [4] - v = 0 and we can employ (1.4.88b) with ¢ = 4 — w. O
1.5 Limit of solutions in rescaled time

In this section we study the asymptotic behavior of dynamic evolutions when
the rate of the external loads and the boundary conditions become slower and
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slower. This can be done through a suitable rescaling of the data as described in
the introduction. This procedure shows that the new rescaled solution (u., z¢)
solves the same equations of (u,z), with a scalar e appearing besides all the
terms with one time derivative, and €2 appearing beside the second derivative.
In other words, this rescaling provides that (u,z.) are the solutions of the
beginning delamination problem with a density mass equal to pe? and a viscosity
parameter equal to pe. For simplicity in what follows we simply replace p by €2
and p by e.

Now we are ready to compute the limit of (u., z¢) as the parameter e vanishes.
We will restrict to the dimension n < 3, and we will assume that the potential
V([u]) has the form

Vi({ul) = 5Kl - [l

where K is called the elastic coefficient of the adhesive, and is constant on I.
We assume also that K is positive definite, that is (K[u] - [u])r is a an equivalent
norm on L?(I',R™). Such hypothesis are classical in literature. Moreover we
will need to assume more regularity on the data. In particular we suppose that
w e H2([0,T], H5(Q,R™)) and £ € H([0,T], H;' (2, R™)).

We first state the Theorem in the case of homogeneous boundary datum.
Theorem 1.5.1. Let £ € H*([0,T], H5'(Q,R™)) and ug, vo, 20 as in Theorem
1.4.1. Let (uc,z.) be a solution of the problem in Theorem 1.4.1, then there
exist u € L®([0,T], H5(Q1 U Q2)) and z € L*([0,T)], Z) such that, up to a
subsequence,

ue — u strongly in L*([0,T], Hp(91 U Qg, R™)), (1.5.1a)

ze =z weakly* in L*(]0,T], Z), (1.5.1b)

ze(t) = 2(t)  weakly* in L°°(T)for allt € [0,T], (1.5.1¢)

as € = 0. There also exist two nonnegative Borel measures pu, € M([0,T] x ')
and py € M([0,T] x Q) such that, for the same subsequence

€22 — p, weakly* in M([0,T] x T), (1.5.1d)

€A1 E, - Eue — pp weakly™ in M([0,T] x Q). (1.5.1e)

as € = 0. Moreover (u, z) satisfies for a.e. t € [0,T] the semistability condition

(AoEu(t), Be) + (Klu(t)] - [¢], z())r = (L(), ¢), (1.5.2)
for all p € HL(21 UQ2,R™), and the energy equality

Qo(Eu(t2)) + <%K[U(t2)] [ult2)], 2(t2))r — (@, 2(t2))r — (L(t2), u(t2))
= Qo(Bu(t1)) + (%K[U(h)] [ut)]s 2(t))r = (o, 2(t))r — (L£(t1), u(tr))

4 (t ta] X T) + (Jt, t2] % Q) + /tz (£, u)ds, (1.5.3)

ty
forae 0<t; <ty <T.

The proof of the theorem is essentially the same of [64, Proposition 3.2],
with the only difference that we have the addition of viscosity in the adhesive.
We summarize some important steps and emphasize some differences, and then
refer to [64] for a complete discussion.
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Proof. Step 1: apriori bounds. We recall the energy balance for the solution
(ue, 2¢), that is

lie(t) 3 + Qo(Buc(t)) + (G Lue(0)] - (D), ze(t))r +e / Q1 (Fit,)ds

+e / 2el|2ads — / (0 2e)r

= €*||luol|7> + Qo(Fuo) + <%K[UO] - [uo], zo)T +/ (L, e)ds. (1.5.4)
0

Integrating by parts in time and then using the Cauchy and the Korn inequali-
ties, we see that the right-hand side of (1.5.4) is bounded by the quantity

Co  BA ¢
S+ Rpui+r [ 1Bl

for some constants Cy, C7; > 0 depending on the data of the problem but

independent of €, and for an arbitrary constant A > 0. Setting A\ = g‘—g, from

(1.5.4) we obtain

SO + 1Bl + (GEluc(b)]- [ 2+ eor [ 120 s

t t 2 C t
+e/ |\2€H%2ds—/(a,2€>p < 25 +cl/ | Bu||2ds, (1.5.5)
0 0 0

Qo

and in particular, since all the term in the left-hand side are non-negative, we
entail

t
|Bu(t)|3 < C +C / | Bu|3ds, (1.5.6)
0

for some constant C' > 0 independent of €. The Gronwall Lemma then implies
that the right-hand side of (1.5.5) is bounded by a constant. This provides the
following estimates: there exists a constant C' > 0 such that

| Buc(t)]|3 < C  forall t €[0,T], (1.5.7a)

<%K[u€(t)] fue(®)], ze(t))r <C  forall t € (0,77, (1.5.7b)

ellact)la <C  forallt e 0,7, (1.5.7¢)
/Te||Eu€||§ds <c (1.5.7d)
0T

/O €l|z|l3ds < C. (1.5.7¢)

and arguing as in [64, Proposition 3.2] we find z € L>°([0, 7], £) such that
ze(t) — z(t)  weakly™* in L>°(T), (1.5.8)
for all t € [0,7]. The boundness

luc®) |z <€ for all £ € [0, T, (1.5.9)
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implies that there exists u € L>([0,T], H5 (21 U Q2,R™) such that, up to a
subsequence,

ue — u weakly® in L ([0, T, Hp (21 U Qa, R™)), (1.5.10a)

[u]. — [u] weakly* in L>([0,T], H? (T',R™)), (1.5.10Db)
as € — 0. Finally, the bounds (1.5.7d) and (1.5.7e) show that the functions €2
and €Ay E, - B, are uniformly bounded in L([0, 7] x T') and L*([0,T] x Q)
respectively, so that there exist two nonnegative Borel measures p, and up such
that, up to a subsequence,

€22 — p, weakly* in M([0,T] x T), (1.5.10c)
€A1 Bt - Eue — pp weakly* in M([0,7] x Q). (1.5.10d)
Step 2. The two following key lemma is proved in [64, Proposition 3.2].

Lemma 1.5.2. For all p € H'(Q;UQ2,R™) and all ¢ compactly supported real
smooth function on [0,T], it holds

T T
tim | (Kluc(s)]1(s) - [¢], 2e(s))r = / (Ku(s)l(s) - [¢], 2(s))r.  (L5.11)
0 0

Lemma 1.5.3. It holds

e—0

/ (Klu(s)] - [u(s)], z(s))rds < hrninf/ (Klue(s)] - [ue(s)], ze(s))rds. (1.5.12)
0 0

Step 3. Let ¢ be a smooth and compactly supported positive function on
[0,T]. Multiplying equation (1.4.85) by v and integrating in time on [0, 7] we
obtain

/0 ((C’OEuE + €A1 Eue, Eo) + (Klue] - [¢], z€>p)1/)ds

T
:/0 (2tie, ) + (L, p)ibds. (1.5.13)

Lemma 1.5.2 allows us to pass to the limit obtaining, thanks to (1.5.7¢), (1.5.7d),
(1.5.7¢), (1.5.8), (1.5.10), and the arbitrariness of 1,

(AoBu(t), ) + (Klu(t)] - [¢], 2()r = (£(1), 9), (15.14)
for all p € H5(Q1 UQ2,R") and a.e. t € [0,T]. The
Taking ¢ = u, in (1.4.84) and then integrating in time on [0, ¢] we obtain

t

€ (tie(t), ue(t)) + %Ql(Eue(t)) +/O e[la]l* + Qo(Buc)ds

= e2{vg, ug) + %Ql(Euo)) - / (Klue] - [te], ze)r + (L, ue)ds, (1.5.15)
0

and taking into account the bounds (1.5.7¢), (1.5.7d), and (1.5.7e), letting e — 0,
we entail

lim/o QO(Eue)—f—(K[uE]-[ug],zg>pds:/0 (£, u)ds. (1.5.16)

e—0
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From (1.5.14) with ¢ = u, the right-hand side equals fot Qo(Eu) + (Klu] -
[u], z)rds. Now,

t t
/ Qo(Fu) <lim inf/ Qo(Fue)ds,
0 0

e—0
and, from Lemma 1.5.3,

/0 (K[u] - [u], 2z)rds < Hminf/O (Klue] - [ue], ze)rds,

=0
so that by (1.5.16) we entail that equalities hold, and hence
ue — u strongly in L2([0, T), H5 (91 U Qa, R™)). (1.5.17)
In particular this gives that for a.e. ¢ € [0,7] one has

ue(t) — u(t) strongly in Hh(Q; U Qy, R™), (1.5.18)
[ue](t) — [u](t) strongly in H? (I, R"), (1.5.19)

so that, thanks to (1.5.8), we also have
(Klue] - [ue], ze(0))r = (Klu] - [u], 2(t)r, (1.5.20)

for a.e. ¢t € [0,T]. This allows us to pass to the limit as e — 0 in (1.4.86),
getting (1.5.25).

Step 4. The same argument of [64, Proposition 3.2] applies to prove (1.5.3).

O

Theorem 1.5.1 easily generalizes to the case of nonhomogeneous boundary
datum. Let us remark that in this case v € H' and no longer in H},, so
convergences (1.5.1) hold with this difference.

Theorem 1.5.4. Let £ € H'([0,T], H; (Q,R™)), w € H?([0,T], H5(Q,R")),
and ug, vo, zo as in Theorem 1.4.1. Let (uc, z¢) be the solution given by Theorem
1.4.1, then there exist u € L°([0,T], H*(Q1 U Q2)) with u(t) = w(t) on dpL,
and z € L*([0,T), Z) such that for a subsequence (1.5.1) hold as € — 0 and for
a.e. t €10,T] the semistability condition holds

(AoEu(t), Ep) + (Klu(®)] - [¢], 2(£))r = (L(), ), (1.5.21)

for all ¢ € H(Q1 UQo,R™). Moreover the energy equality

Qo(Eu(t2)) + éK[U(tz)] [u(t2)], 2(t2))r — (@, 2(t2))r — (L(t2), u(t2) — w(t2))
=Qo(Bu(t1)) + (%K[U(tl)]'[u(tl)]aZ(t1)>r —(L(t1)ult) —w(t1)) — (a, 2(t1))r

to

+ pa(Jt1, ta] X T) + pp(Jtr, ta] x Q) — / 2<£,u —w)ds +/ (0, Ew)ds,
1 1 (1.5.22)

is true for a.e. 0 <t <ty <T, where o := AgFEu.
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Proof. The following energy balance holds

%I\lle(lf)*w(t)llizvL Qo(Buc(t)) + <%K[ue(t)] ue(®)], ze(D)r + 6/Ql(EU'e)dS
0

t
+ 6/ [[2e[72ds —(ov, ze(t))r = €*|lvo — tino|7> + Qo(Buo) —(av, z(0))r
0

1

+ <§K[u0] - [uo], zo)r +/O (oc, Bw)ds +/O (L — 2, 1 — )ds, (1.5.23)

where 0. = AgEu, + €A1 Et.. We then write
t t .
[ €= s < (O, uct) = w©)] + [ 1Ll fue -~ wlnds + €
0 0
t
S OILO g1 | Bue(t) — Bw(t)|2 + C/ 1Ll g1 | Eue — Ew(t)||2ds + C
0
t
< C 4 C|But)]s + c/ | Bu||ads
0
Qo 2 ! 2
<C+ LB +C [ |Budlids
0
for some constant C' > 0 possibly different from line to line. Moreover

T T T
/ (0e, Eti)ds < C + c/ | Bu||2ds + % | Ee || 2ds,
0 0 0

and

t T T
|/ (€21, 11 —w)ds| < C + 62/ ||| 71 || Et|2ds < C + 62/ | Eal|3ds.
0 0 0
Hence the right-hand side of (1.5.23) is bounded by

t T T
Q cx . .
C+ —40 [Buc(t)ll3 + C/ [EBucl3ds + —21 [ Bcl3ds + 62/ 1Ea3ds,
0 0 0

and we are lead to

SOl + GIPu01 + GRIucO)] - [z + ¢ [ zlads

[\

ey —2e2 [T b K 9
+ — | Ecllsds — [ {a,zZe)r < C+ C | ||Euc||3ds, (1.5.24)
0 0 0

for some C' > 0. This again implies (1.5.6) and the a-priori bounds (1.5.7). The
proof now is very similar to the previous and can be arranged straightforwardly.
O

An immediate consequence of (1.5.3) is the following:
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Corollary 1.5.5. Let (u,z) be the evolution obtained in the previous theorem.
Then

Qo(Eu(ts)) + <%K[U(t2)] [u(t2)]; 2(t2))r — (e, 2(t2))r — (L(t2), u(t2) — w(t2))

< Qo(Bu(ty)) + <%K[u(t1)]~[u(t1)], z(t1))r — (L(t1),u(t1) —w(t1))

7<o¢,z(t1)>p7/2<E.,u7w>ds+/2<a,Eu')>ds, (1.5.25)

t1 t1
fora.e. 0 <ty <ty <T.

Remark 1.5.6 (Limit of processes in mode IT). The limit of evolution with
constrains as provided by Theorem 1.4.11 is straightforwardly arranged. The
limit (u, z) will satisfy for a.e. ¢ € [0, T] the property

ult) € D, (1.5.26)
while the semistability condition (1.5.21) is replaced by
(Ao Eu(t), Ep) + (Klu(®)] - [¢], 2(t))r = (£, 9), (1.5.27)
for all ¢ € HL(Q1 UQg, R™) with [¢] - v = 0.

We are now in position to discuss the flow rule of the limit evolution (u, z).
The presence of the viscosity term Z in the flow rules (1.4.65) and (1.4.66), in
contrast to [64] where the flow rule is rate-independent, makes the following
analysis necessary.

Lemma 1.5.7. For a.e. (x,t) € T' x [0,T] it holds

%K[u(x,t)] Ju(x,t)] — a(z) <0 or z(z,t) = 0. (1.5.28)

Proof. By (1.4.26), for all € > 0 it holds

1 .
(5Kue] - [ue] — eze — CY)X{ze>0} <0.

2

Up to a subsequence we have that x. oy — ¢ weakly* in L>([0,T] x T') for
some ¢ € L*>([0,7] x I"). Thanks to (1.5.7¢) we know that ez, — 0 strongly
in L%([0, T], L*(I)), while thanks to (1.5.9) and (1.5.19) we know that 3K[u,] -
[ue] = 2Kl[u] - [u] strongly in L'([0,T], L'(T')), so that at the limit as e — 0 the
previous relation gives rise to

(%K[u] Ju] = a)C <0, (1.5.29)
almost everywhere on [0,7] x I'. Now the thesis follows if we prove that ¢ > 0
on the set {z > 0}. Let A :={(¢t,z) € [0,T] xT': 0= ((t,z) < z(z,t)}, and let
us prove that |A| = 0. Then suppose |A| > 0. From the fact that z.(t) — z(t)
weakly* in L>°(T') for all ¢ € [0,T], the Fubini Theorem and the Dominated
Convergence Theorem implies that

0< | z=1lim [ z,
A e—=0 /4
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but, on the other side we see that the right-hand side must be zero. Indeed we
claim that z. — 0 strongly in L'(A). Since z. < 1, the claim follows if we prove
that [{ze > 0} N A| — 0. But this is true since [{ze > 0} N A| = [, X{z.501 =
f 4 ¢ = 0 by hypothesis, and the lemma is proved.

O

Now we prove that there is a representative Z : [0, 7] x I' = [0, 1] in the class
of z € L1([0,T] x ') such that for a.e. (t,x) € [0,7] x T there exists the time

derivative £ z(t, ) € R. Let us define

Z(t,x) := liminf/ z(t,y)dy, (1.5.30)
6—0 Ba.s
where B, ;5 is the ball in I" centered at x and with radius 6 > 0. It turns out that
such limit exists and coincides with z(¢, z) for a.e. (¢,z) € [0,T] x I'. Moreover
for all z and all 0 < ¢; < to < T it holds Z(t1,x) < Z(t2, x), since this inequality
holds for z. and we have fBz,a 2(t,y)dy = lim._,0 fBI,s 2e(t,y)dy for all § > 0 by
(1.5.8). In particular for all fixed z € T the function ¢ — Z(¢, z) is nonincreasing
so that it is differentiable almost everywhere on [0,T]. Note also that with
such definition for all ¢ € [0, T the function Z(t,-) coincides with z(t,-) almost
everywhere on I', that is Z(t) is a particular representative of z(t) in L>°(T).
For z the following is true.

Lemma 1.5.8. For a.e. (t,x) € [0,T] x T it holds
(%K[u(t,x)] Ju(t, 2)] — a(@)3(t7) = 0. (1.5.31)

Proof. For all real numbers 0 < a < b < T and all open set A C I" we can define
the total variation of z. on [a,b] x A as

Var(ze, [a,b] X A) := (x4, ze(a) — z:(b))r, (1.5.32)

that defines a nonnegative measure on the Borel subsets of [0, 7] x I'. Defining
similarly the total variation of z we see that Var(z.,-) — Var(z,-) weakly*
in the space of nonnegative Radon measures My, ([0, 7] x T'). Writing z.(a) —
ze(b) = —f; 2¢(s)ds and similarly z(a) — 2(b) = —f; D;z(s)ds where Dy is
the distributional derivative in time, we also obtain that for all Borel set B C
[0,T] x T,

—/ z < Var(z, B) < Var(z, B) = —/ Ze, (1.5.33)
B B

where the first inequality is due to the fact that —Z is only the part of —D;z
that is absolutely continuous with respect to the Lebesgue measure, while the
second one follows by the lower semicontinuity of the mass.

Now from the fact that $K[u]-[ue] — 1K[u]-[u] strongly in L ([0, 7], L*(T'))
we have that $1Kuc(t,z)] - [uc(t,z)] — 5K[u(t,2)] - [u(t,z)] for ae. (t,z) €
[0,T] x T'. Let us define C := {(t,z) € [0,T] x ' : z(t,z) # 0, iKu(t,z)] -
[u(t, z)] — a(xz) # 0}. From the fact that Z is nonnegative and nonincreasing it
is straightforward that z = 0 on the set z = 0, so that condition (1.5.28) tells
us that |CAC’| = 0, with C" := {(t,z) € [0,T] x ' : 2(t,z) # 0, 3K[u(t,z)] -
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[u(t,z)] — a(x) < 0}. Let us then prove that |C’| = 0. Suppose it is not the
case, so that for some n > 0 it holds that |C,| > 0, with C,, := {(t,z) €
[0,T) x T : z2(t,z) # 0, 3K[u(t,2)] - [u(t,z)] — a(z) < —+}. Thanks to the
pointwise convergence of K[uc] - [uc] to $K[u] - [u] we can find a subset B C C),
with positive measure and a number €y such that for all € < ¢y and all (¢,z) € B
it holds Klue(t, z)] - [ue(t, x)] — a(x) < 0. This means that, thanks to (1.4.25b),
Ze(t,x) =0 for all € < g and all (¢,z) € B. So that

0=—lim zezf/,é,
e—=0 Jp B

where we have used (1.5.33). But since —Z is nonnegative we find z = 0 almost
everywhere on B, contradicting the hypothesis. O

Let us define € : [0, 7] — R the energy of the limit evolution (u, z) obtained
in Theorem 1.5.1 as

E(t) :=Qo(Bu(t)) + %K[U(t)] [u(®)], 2(8)r
— (o, z(t))r — (L(t), u(t)) +/0 (L, u)ds, (1.5.34)

for all t € [0,T]. Inequality (1.5.25) says exactly that £ is an essentially nonin-
creasing function. Essentially means that there exists a negligible set N C [0, T
such that £ is nonincreasing on [0,7]\ N. We can then always extend it to a
(unique) left-continuous nonincreasing function on the whole [0, 7"]. As a conse-
quence the new & is discontinuous on an at most countable set Jg C [0, T], and
this set does not depend on the value of £ on N. We will also denote by .J, the
subset of [0, 7] where the function z is discontinuous with respect to the strong
topology of L!(T'). Since z is a nonincreasing function with values in [0, 1], we
see that J, is at most countable as well.

Theorem (1.5.1) shows that the evolution (u, z) limit of (u., z.) satisfies the
stability condition almost everywhere on [0,7]. The next Lemma gives a more
precise description of the set of times where stability holds, and at the same time
tells us that we can change the map u € L>([0,T], L?(£2,R™)) on the negligible
set N in such a way that the energy & is globally nonincreasing.

Lemma 1.5.9. Suppose t € [0,T]\ (Jg U N) is such that z is continuous at
t with respect to the strong topology of L*(T'), i.e. t & J,. Then the stability
condition (1.5.2) holds at such t.

Moreover there exists a representative of u € L*([0,T], L*(Q,R")), still
denoted by u, such that the stability condition (1.5.2) holds at all t € [0,T]\ J,
and the corresponding energy (1.5.34) is nonincreasing and continuous at all
tel0, 7]\ Js.

Proof. Condition (1.5.2) tells us that u(t) is the (unique) minimizer in H{(Q; U
Q2,R™) of the potential

1
Wi(u) = Qo(Fu) + <§K[u] u), 2(8)r — (L(t), uw). (1.5.35)
Let us denote by M(¢) := min W;. The fact that z is continuous at ¢ entails

that also M is continuous at ¢. Let us choose a sequence t,, such that ¢, ¢ N
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and u(t,) satisfies the stability condition (1.5.2) for all n > 0, then we have

n—o0 n—oo

lim &(t,) = lim (M(tn)+<a,z(tn)>7/0”<ﬁ'7u>d8)

— M) + (o 2(5) — /0 (£, uhds = E(D), (1.5.36)

where the last equality follows from the continuity of €. This says that Wi (u(t)) =
M (t), which, thanks to the uniqueness of the minimizer of Wi, entails that u (%)
is such minimizer, so that it also satisfies (1.5.2), and the first part of the state-
ment is proved.

Let us now fix t € [0,7]\ J., if we choose t,, such that ¢, — ¢ and u(t,)
satisfies the stability condition (1.5.2), formula (1.5.36) still holds with ¢ replaced
by ¢ thanks to the continuity of z and proves that we can redefine u at all points
t € N\ J. as the minimizer of W;. We see that the new u coincides with the
old one almost everywhere and satisfies (1.5.2) at all ¢ € N \ J, by definition.
This concludes the proof, noting that the new &£ corresponding to the new u is
continuous on [0, 7]\ J,. O

Remark 1.5.10. A consequence of Lemma 1.5.9 is that the set of times t €
[0, 7] such that the new w(t) does not satisfy the stability condition (1.5.2) is
an at most countable set. Let us denote it by S,. Lemma 1.5.9 then reads

(Su U JE) C J..

Another consequence of this fact is that at any time where z is continuous,
also u is continuous with respect to the strong topology of HL(Q; U Qq,R™). If
we denote by J,, the set of times where u is discontinuous, then J, is at most
countable and J, C J,.

Another consequence of Lemma (1.5.9) is that the definition of the new
implies that for all ¢ € [0,7]\ J, relation (1.5.28) holds true for H¢ !-a.e.
rely.

Let us finally remark that, with the new definition of £, the energy inequality
(1.5.25) holds for all t1,t5 € [0,T]\ J..

Theorem 1.5.11. Suppose that there exists 0 < s < T such that z(t,x) > 0 at
a.e. © €T for all0 <t < s. Then the energy & is constant on [0,s]\ J,, i.e.
E(t) =E&(0) for allt € ]0,s]\ J.. In particular pr, =0 on [0,s] xT' and pup =0
on [0, s] x Q.

Proof. Taking into account (1.5.25), it suffices to show that £(0) < &(s). To
prove this, for all integers n > 0 let us choose a sequence of times 0 = ¢ty <
t1 < .-+ < t, = s such that t; € [0,T]\ S, for all ¢ < n and such that
max;<n |tit1 — t;| — 0 as n — oo. The minimality of W;, at u(¢;) implies
Wi, (u(t;)) < Wi, (u(tisq)) for all 0 < ¢ < n. This is equivalent to

Qo(Bu(t:)) — Qo(Eu(tis1)) — (L(t:), u(ts)) + (L(ti1), utitr))
+ (GKlu(t0)] - [u(to)], 260 — (GRu(te)] - (o)) 2(tia))
< (5K[u(tiv1)] - [utivr)], 2() — 2(tiva))r + (L(Eig1), ultivr) — u(ts))

1
2
o, 2(t;) — 2(ti1))r + (L(tiv1) — L(E:), ultiv1)), (1.5.37)

<{
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where in the last inequality we have used (1.5.28) with Remark 1.5.10. Summing
this expression for ¢ = 0,...,n — 1 we obtain

Qo(Eu(0)) = Qo(Eu(s)) — (£(0),u(0)) + (L(s), u(s))

+(5K[(0)] [u(0)], 2(O)r — (SK[u(s)] - [u(s)], (5))r
< (o200 — (@ 2(s)e + 3 (Lltiar) — L) ultier). (15.38)
1=0

but the last term tends to f;(ﬁ, u)ds as n — oo thanks to the regularity of £
and the fact that J, is at most countable. So that the inequality above implies
exactly £(0) < £(s), and the thesis follows. O

Remark 1.5.12. If we do not redefine the functions £ and u as in Lemma 1.5.9,
Theorem 1.5.11 still holds, with the only difference that the equality £(t) = £(0)
holds only for a.e. t € [0, ]\ (N U.J,). To see this it suffices to apply the same
proof with the only difference that we have to choose the times t; in the set
where (1.5.21) holds for the original w.

1.5.1 The one-dimensional case

In this section we consider the case d = 1. Without loss of generality we set

Qy :=]0,1[, Q2 :=] — 1,0, T := {0} and 9pQ := {—1,1} and assume that

Ap =1 and K = 1. We denote by u the displacement, and we want to study

an evolution with Dirichlet conditions u(t,1) = a;(t) and u(t,—1) = a_1(t)

for all ¢ € [0,], and external forces L(¢,z). This arises imposing w(t,z) :=

a—1(t)+ 2 (a1 (t) —a—1(t)). We assume that at the initial time we have zg = 1.
Let us first state the following preliminary fact:

Lemma 1.5.13. £ € Hp'(] — 1,0[U]0,1[,R) if and only if there exists F' €
L3(]—1,0[U]0, 1[) such that (L, p) = —(F, ), for all o € H5(]—1,0[U]0, 1[,R).

Proof. We can write

(L 0) < Cillella < Collpall2,

thanks to the Poincaré inequality. In particular, since the linear map A : HBl —
L?(] —1,0[U]0, 1]) given by A(p) = ¢, is bijective, we see that the map Lo A~?
belongs to the dual of L2(] — 1,0[U]0,1[), and then there exists F € L?(] —
1,0[U]0,1[) such that £ o A= () = —(F,4) for all p € L?(] — 1,0[U]0, 1[). The
claim follows by writing ¥ = ¢,. (|

Lemma 1.5.9 guarantees that (u, z) satisfies (1.5.21) and (1.5.25) everywhere
on [0,7]\ J.. Now we prove that, up to suitably change the function t —
(u(t), z(t)) on a negligible set, we can assume that such conditions are satisfied
for all ¢ € [0,7[. In the one-dimensional case z(t) is just a real number, and
convergence (1.5.1¢) ensures that z is nonincreasing, and then coincides with z

defined in Lemma 1.5.8. We define

Z(t) :== lim z(s).

s—t—
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In particular Z is left-continuous. Let S, C [0,7] be the set of all ¢ at which
(1.5.21) does not hold. Then for all t € S, we define «/(t) as the (unique)
solution of problem (1.5.21) with z(¢) replaced by Z(t) and boundary datum
w(t). Then we set

() = {u’(t) iftel

u(t) otherwise.

Not to weight up the notation since now on we will still denote (@, 2) by (u, 2).
Let us remark that, thanks to Lemma 1.5.9, the fact that z is left-continuous at
all t € [0,;], it is easily seen that the energy (1.5.34) turns out to be globally
nonincreasing, i.e. it is a nonincreasing function on the whole interval [0, ¢;].

In other words we have first redefined z in order that it is left-continuous,
and then we have redefine u as in Lemma 1.5.9. Thanks to the left-continuity of
z we see that the proof of Lemma 1.5.9 provides that the new u satisfies (1.5.21)
on the whole [0, t1].

When (¢, z) are fixed, (1.5.21) is equivalent to the fact that u is the minimizer

of the functional . .

§<uza uw) + 5[“]2'2 - <‘C’u>a

among all the functions u € H'(]—1,0[U]0, 1) with u(1) = w(t, —1) and u(—1) =
w(t,1). Equivalently, this is expressed by the following system of equations

u —

—Uge(t, ) = L(t, x) on ]—1,0[ U ]0,1],
5 (10) = L 01:0) L59)
u(=1) = w(t,1).

It is not difficult to compute explicitly the solutions of such system. Let F €
HY([0,7T], L*(] — 1,0[U]0,1])) be the function provided by Lemma 1.5.13, such
that (L(t),¢) = —(F(t),.) and set G(t,z) := [ F(t)(y)dy for all z €] —
1,0[U]0, 1], the solution u = u(t,z) of (1. 5 39) takes the form

o) G(t,1) = G(t,7) + g(t) omgy (= 1) + w(t, 1) if >0
u(t,xr) = e .
G(t,~1) = G(t,7) + g(t) Ty (@ + 1) + w(t, —1) if z <0,
(1.5.40)

where g(t) := G(t,1) — G(t,—1) + w(t,1) — w(t, —1). We can compute

()] = 5 5(22( ) (1.5.41)
Let us define
to = iItlf{%[u(t)]2 —a >0},
- irtlf{%[u(t)P —a>0), (1.5.42)

and let these values be T if the corresponding infima are computed on empty
sets. Obviously we have tg < t;. We see that the times ¢ty and ¢; depend only
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on g and the value of z, in particular

<M
N
g(t) = V2a

C2V2a0

= inf{z(t) |2

t = irtlf{z(t) }. (1.5.43)

The energy (1.5.34) reads

(1) :1<um(t, ), ug (t, ) + %[u(t)]Qz(t) —az(t)

2
(P (), ua () — wa (1)) - / (F(5), ta(5) — wa(s))ds

t
= [ sl s,
0
and plugging the formulae found above in this expression we obtain
21+ 22( ) 2

. / o(s)ils)

14+ 22(s)

We will now employ a standard formula providing the expression of the dis-
tributional derivative of the composition of a smooth function with a function
with bounded variation (see, e.g., [78], or [4]). If z: [0,T] — R is a BV function
and f : R? — R is smooth, such formula applied to the function t — f(¢, 2(t))
reads

Dif(-,2(-) =
Fls 2L+ fal 2() Drzcot Y [£( — f(s,2(s7)))0s, (1.5.44)

seRt

where f; is the derivative of f with respect to the i-th variable, £' is the Lebesgue
measure on R, Z is the continuous representative of z on the set C.,, the set where
2z is continuous, z(s*) (resp. z(s7)) is the limit from the right (resp. left) of z
at s € R, and J; is the Dirac delta at s € R. We use this formula to compute
the distributional derivative of £. Let us recall that the function z itself is
continuous at every t except at the jump times. Therefore we find

1 g(t)?

DiE(t) =(5 m*a)(»éJric)

1 g(sT)z(sT) 1 g(s™)z(s7) B
+sezo:T G T r2a(7)  2(Lt2a(ey) @) Hesls ))ds.

(1.5.45)

where Z and 2¢ are the absolutely continuous part of Dz, with respect to
L' and the Cantor part respectively. We can write the jumps of (1.5.45) in the
following equivalent way

-2 (/Z(t) %% foedr)és. (1.5.46)
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From the energy inequality we know that the energy is a nonincreasing function,
so that its total derivative (1.5.45) must be a nonpositive measure on [0,T].
Since the absolutely continuous, the Cantor and the jump part of this measure
are mutually singular, they must all be nonpositive. This applied to the jumps
implies that the integrals appearing in the sum (1.5.46) are all nonnegative. On
the other hand we have

/“” LI O) /Z“’ L9 <o
2t+) 2(1+2r)? T Jawry 2(1422(87))? 7

1_g(s)?
2 (1+2r)?
creasing, and the second inequality follows until ¢ € [0,1][. Moreover, the first

2
inequality is strict if g(s) # 0, since r — %% — « is strictly decreasing

in this case, while if g(s) = 0 the second inequality is strict since @ > 0. In
particular we find out that no jump can occur in the interval [0, ¢1].

where the first inequality follows from the fact that r — — « is nonin-

We claim that, if there is a jump of z, than such jump is unique and takes
place at t = t;. Moreover z(t) = 0 for ¢ > t;. Without loss of generality suppose

1_ g(t)

2
t1 < T. Since z is left-continuous, the function 3 T2 — @ is left-continuous,

so that by definition of ¢; it holds %(1_‘_92(2% —a <0, and there is a sequence
tr \¢ t1 such that f(tx) > 0 for all k. Again, since f is left-continuous we
obtain that for all 6 > 0 the set of all ¢ such that f(¢) > 0 has positive Lebesgue
measure on [t1,t; + 0]. This, thanks to (1.5.28), implies that z(¢) = 0 for t > 1,
getting the claim.

Let us now consider the Cantor and absolutely continuous part of (1.5.45).
We see that Z and Z° might concentrate only on the set A := {t € [0,#] :

2 —V2a ..
%% —a=0}={te0,t:1]:2(t) = %} This is the set where the

continuous function g(t) coincides with f(¢) := v/2a(1 + 22(t)). We claim that
the distributional derivatives of the BV functions g and f coincide on A. It is
a particular case of a more general fact provided by [18, Theorem A.1]. As a
consequence we get

g = 2V2a(z + £°),

which implies that 2¢ = 0 since the right-hand side is absolutely continuous
with respect to the Lebesgue measure. Moreover we find out that z = 2\/15 g.

We can summarize our discussion with the following results, which holds in
the 1-dimensional case:

Theorem 1.5.14 (1-dimensional case). Let (u,z) be the limit of dynamic pro-
cesses giwen by Theorem 1.5.4. Then there is a representative of z that is left-
continuous. Let tg, t1 be as in (1.5.43). Then there is a representative of u such
that u(t) is the solution of (1.5.39) for allt € [0,t1]. For these representatives,
still denoted by (u, z), it holds that z is constant on the interval [0, to] and it is
such that z(t) = 0 for t > t1. Moreover z can jump only at t = t1, 2° =0 on
[0,T], and % is concentrated on the set

A= {t € [to,t1] : 2(t) = T2}, (1.5.47)
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where it also holds Z = ﬁg, with g(t) := G(t,1)—G(t,—1)+w(t,1)—w(t,—1).

In formula

.
WQXA-

In terms of the data of the problem we can state the following:

Theorem 1.5.15. Let (u, z) be the limit of dynamic processes given by Theorem
1.5.4 with initial condition z(0) = zo > 0 and suppose z is left-continuous. Let

to:= inf {g(t)> (1+ 2,20)\/%}, ty = inf {g(t)> (1+ 2,20)\/%},

te[0,T] te[0,T]

then it holds 2(t) = zo if t < to, 2(t) = 0 if t > t1, 2 = ﬁg)m, and z can
jump only at t = ty.

Corollary 1.5.16. If g(t) is strictly increasing and is such that g(0) < (1 +
220)V2a, then there is only one solution t > 0 of (1.5.47) and z(t) = zo for
t <t, while z(t) =0 fort > t.

Proof. In such a case typ = t; = . Note that hypothesis g(0) < (1 + 2z¢)v 2«
prevents that ¢ = 0. O

The last statement proves that the function (u, z) given by an external load
and boundary condition as in the example of [64, Section 4] coincides with
the couple of such example. We emphasize that Theorem 1.5.14 refers to a
couple (u,z) which evolves without constrains on the jump. However, if the
jump remains positive, as in the example of [64, Section 4], the evolution itself
satisfies the constraint of mode I.

We conclude the section with the following remark, that show that the con-
ditions we have obtained by the analysis of the limit (u, z) is not sufficient to
conclude whether jumps occur or not.

Remark 1.5.17. Suppose that the function g € C*>°(R) be such that ¢g(0) =
9(1) = 3v2a, g(2) = V2a, and g is strictly monotone in the intervals [0, 1] an

[1,2]. Let then z =1 on [0,1], z(t) = g(;)rm for t € [1,2], and z(t) = 0 for
t > 2. Then let u(t) be the solution of (1.5.39), i.e. the function in (1.5.40).
For such (u,z) we see that (1.5.21) holds by definition while (1.5.45) shows
that (1.5.22) holds true with pp = p, = 0. This is an example of an evolution
satisfying the conditions of the limit of dynamic processes with initial condition
zo = 1, and which does not show any jump, actually being smooth in time.
However it is still not clear if there exists some dynamic process whose limit is
such function. In particular it is not clear if the measures u; and p, must be
strictly positive, as in the case of Corollary 1.5.16, or may vanish.



Chapter 2

A geometric approach to
dislocations in single
crystals

Preamble

Dislocations are material defects that arise as small closed curves, called loops,
or also long path going through the body and connecting two points of its
boundary. Their presence is responsible of many nonconservative and dissipative
effects, first of all the plastic behavior of the material. Such phenomena are
concentrated on the dislocation lines, whereas, at the mesoscopic scale, the
body is perfectly elastic outside them. Let us consider a single dislocation loop
L in a continuum medium 2. The set L is a one-dimensional singularity set
for the extensive fields such as stress and strain. If {2 is assumed as a single
crystal (as opposed to a polycrystal with internal boundaries) then 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.
This phenomenon is enhanced if the crystal is considered at high temperature
or subjected to high temperature gradients, since the constrained motion of
dislocations on predefined glide planes only holds for moderate temperature
ranges. In Section 2.2 we model dislocations by mean of integer multiplicity
l-currents. In particular, the assumption that all the dislocation curves are
closed or begin and terminate at 02 implies that these currents are closed.
With any point of the dislocation line it is associated a vector, called Burgers
vector, that is linked to the type of discontinuity of the strain in a neighborhood
of the dislocation. For this reason it is convenient to introduce the concept of
integral 1-currents with coefficients in R3. The Burgers vector associated with
a dislocation loop being constant along the dislocation, the integral currents are
assumed closed in the set occupied by the crystal.

As already introduced, an intrisic difficulty of mesoscopic dislocations is that
there is no unambiguous definiton of the displacement field (whatever the refer-
ence configuration) in the whole body. In the linear elastic model this amounts
to observe that the displacement field as defined by line integration of appro-
priate combinations of the strain and strain curl is path-dependent, rendering
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the displacement field multiple valued and hence uneasy to properly handle
in a mathematical model. The Burgers vector measures the mismatch of the
displacement when we compute an integration along a closed path around a
dislocation, so this turns out to be a multiple of the width of the atom layers
(see Section 2.1.1). Hence the Burgers vectors must belong to a discrete lattice,
that is assumed to be 27Z3. This has the important consequence that every
closed path integration of the displacement gradient F' gives rise to a mismatch
that belongs to the lattice 27Z3 (specifically, the result of the path integration
is the sum of the Burgers vectors of all the dislocation the path winds around).
This allows us to univocally define a deformation w which takes values in the
three dimensional torus T? := R3/27Z3. The rigorous theory of torus-valued
Sobolev maps which describe the deformations in the presence of dislocations is
developed in Section 2.1.3 and Section 2.3.

The minimum problem. After the dislocation lines have been properly
defined, we face the main subject of the chapter, which is the following minimum
problem. We consider an energy VW which depends on the strain and on the
density of the dislocations, and we want to minimize it among a suitable class
of strains and dislocations F x D. The minimum problem reads

min ~ W(F, L), (2.0.1)
(F,L)EF XD

where the strain F' and the dislocation £ are constrained by the relation

—Curl F = A, (2.0.2)

with A, the density induced by the dislocation £. As usual in variational
problems where elastic bodies are considered, we assume that the energy can be
written as W = W, + Waefecr, where W, is the bulk energy and depends only
on the strain W,(F) = fﬂ We(F)dx. The defect part of the energy Waesect,
called core energy, is a function of the density of the dislocation.

We assume that this energy depends only on the Curl of the strain, and
then is concentrated on the dislocation line L. Indeed continuum models with
linear constitutive elastic laws cannot be used since the energy turns out to be
unbounded at the line. Some continuum approaches therefore consider that a
tube around the dislocation is removed (the core) in order for linear elasticity to
hold. We disagree with this approach from a mathematical standpoint, although
it might be justified from a physical point of view. In fact it seems to unnatural
to allow classical treatment and modeling. Moreover, the physics of the core
is atomistic, whereas in the bulk, continuum models are perfectly suited. The
interrelation between these models at various scales of matter description is very
delicate, since it requires careful matched asymptotic analysis at the core inter-
face. Let us mention the results in terms of core modeling by quasicontinnum
models (let us here quote the pioneer work by Tadmor et al [74]). We then
prefer to consider that distributional quantities are concentrated in the line and
develop appropriate tools and functional spaces for their study. This is the core
of the present research.

If a linear elastic constitutive law is chosen, classical examples show that the
stress and the strain are not square integrable (see [35] and [82]), and hence
that the strain energy is unbounded near L. This shows that, although linear
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elasticity with a quadratic energy is perfectly valid away from the line (from
the core), it is not valid on the line. This suggests to consider finite elasticity
near the line with a less-than-quadratic strain energy, possibly matched with a
linear law at some distance from the singularities, since it is also known that
linear elasticity and the small strain assumption are perfectly valid to describe
the single crystal away from the dislocations (see [52]). We then consider a
bulk energy which has a p-growth with 1 < p < 2, so we have also to consider
deformations F' € LP, 1 < p < 2. Moreover, with a view to a global model,
cavitation solutions cannot be ruled out, since they are at the origin of the
nucleation of dislocations from the growth of micro-voids in the bulk (see [60]).
Here, classical examples show that deformations allowing for radial cavitation
are such that cof FF € L7 with 1 < ¢ < 3/2 (see [33]). Thus, one cannot restrict
to the interval 3/2 < p < 2 where some existence results in finite elasticity exists
(see [57]), and must allow F, cof F' € LP in the whole range 1 < p < 2. Moreover,
nucleation resulting from the collapse of a void will provoke locally high pressure
gradient and hence the behavior of the Jacobian J = detF” must be controlled.
Therefore, classical pointwise conditions on J will be considered: these are
the nonnegativeness (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., concentrated and dissipative effects
away from the dislocation set, we will assume not only that detF, cof F' € LP
but also that their distributional counterpart have no s-dimensional (0 < s < 3)
singular parts in Q\ L , that is, DetF, Cof F' € LP locally away from L (see [53]).
As a consequence, the strain energy W, will depend on F, cof F' and detF’, and
be assumed polyconvex, with a growth bounded from below, writing for instance
as
We(F) > C(|F|P 4 | cof FI? + |detF|P) — 8

for some C, 8 > 0. The defect part of the energy controls pathological behaviors
of dislocation clusters, so it satisfies a growth condition of the type

Wdefect(A) > CHAHM(Q)

This variational framework was inspired by the pioneering paper by S. Muller
and M. Palombaro [57], where a single and fixed dislocation loop was consid-
ered, and hence minimization was achieved only with respect to the deformation
tensor F'. We propose three existence results for the solutions of problem (2.0.1)
where minimization is made also with respect to the dislocation lines. Moreover
we will impose boundary conditions in terms of dislocation density and of the
strain too.

To achieve the proof of existence, we will apply the direct method of calculus
of variations. This needs suitable properties of closure of the class of admissible
strains and dislocations. As for the latter, we define and carefully analyze two
classes of dislocations, at the mesoscopic and at the continuum scales. The de-
sired closure property is then provided by the compactness of integral 1-currents
and of compact connected 1-sets. As for the strains, a more delicate analysis
must be done. We define a suitable class of admissible displacements whose gra-
dients will coincide with the strains F' away from the dislocation lines, and then
we introduce the concept of graphs of these maps, seen as rectifiable currents.
The assumption that these displacements are locally Cartesian maps allows us
to employ the well-known closure and compactness theorems for them (see [31]).
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Then, the two existence results are given in Theorems 2.6.6 and Theorem 2.6.8,
respectively for the class of mesoscopic and continuum dislocations.

In order to obtain an existence result for a more general class of dislocations
(i.e., not only mesoscopic neither continuum), much more work is needed. In
particular, we apply a stronger closure theorem for maps whose graphs is a recti-
fiable current. This result (Theorem 2.1.12) states that the class of torus-valued
Sobolev maps whose graphs are uniformly bounded integral currents is actually
a closed class. To apply it, in Section 2.7.1 we explicitly compute the boundaries
of displacements generating dislocations. We emphasize that many preliminary
results are needed, in particular we have to solve some systems involving elliptic
PDEs and to study the properties of particular harmonic maps which shows
a jump on a prescribed surface; these results are achieved in Section 2.4.1 and
Section 2.4.2. Hence we provide the third existence result for solutions to (2.0.1)
(Theorem 2.7.10). Here we must restrict to dislocations whose Burgers vectors
are all multiple of a fixed generating b € 2773, i.e., to dislocation densities of
the form A = b® L, with £ an integral 1-current. Moreover we assume that WV
is a second order energy, that is, it depends also on the gradient of F'. In par-
ticular we assume that it has a growth bounded from below by the norm of its
divergence. At the same time, this result is more general since it also consider
competitors whose dislocations are locally dense or completely disconnected in
the bulk.

Some hypotheses on the energy considered in the first two existence results
are very important from a mathematical standpoint, although can be questioned
from a physical point of view. A discussion of the model is carried out in Section
2.7.3 and throughout the chapter. We get rid of these hypotheses in the third
existence result, where, however, we need to consider a second grade energy,
that is, the energy depends on the strain and on its gradient too. We emphasize
that even if some hypotheses remain questionable from a physical standpoint,
existence results for minimizers in a general setting where dislocations are free
in the bulk and edge and screw dislocations are considered at the same time are
quite new (to the knowledge of the authors), and many improvements can be
still be done in the future developments.

Variations of the energy at minima and the Peach-Ko6hler force. In
Section 2.8 we consider variations of the energy at the minima obtained by the
existence results mentioned above. The variation, by a formal chain rule, can
be written as

(()‘LVV(F‘7 AL:) = (SFVV(F‘7 AL)(SLF + (SAW(F, AL)(SLAL.

As we have seen, W is the sum of a deformation and a defect part, the first
one depending on F, the second on Ay = — (Curl F )T. However both variables
are related to L in a specific manner. Moreover the constraint (2.0.2) must be
expressed in some simpler form, for instance providing a one-to-one correspon-
dence between strains and dislocations densities. This requires to invert the curl
operator, as obtained in Section 2.4.1. Moreover, we need a Helmholtz-type de-
composition of the strain since in general the maps associating to each density
the corresponding strain is not onto.

Finally, computing §.)V amounts to consider that a certain (configurational)
force exerted on the dislocations is vanishing. Therefore, a moving dislocation
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will evolve with a velocity proportional to this force (this is a well known fact in
dislocation theories [1,35]), force that originates from the variation of the defor-
mation part of the energy. In the final Theorem 2.8.5 we show that at optimality,
there is a balance of forces, one of which being the Peach-Kohler force, while the
other is a line-tension term provided by variation of the defect part of the energy.

Future developments. The aforementioned analysis is done with view to
a future study of the evolution of dislocations. In particular the existence results
for minima of the energy is the start point for the analysis of the quasistatic
evolution. We emphasize that there are still open questions even about the
obtained existence results. For instance, the third existence result (Theorem
2.7.10) holds true only for deformations whose dislocation densities are associ-
ated to only one generating Burgers vector. The main challenging task is to
generalize this result to a general dislocation density. Moreover there are still
open questions about the nature of the distributional determinant and adjunct
of F', that, for physical reasons, it would be good to be Radon measures with a
singular part concentrated on the dislocation lines. A more detailed description
of these open problems is done in Section 2.7.3 and 2.8.6.

2.1 Notation and preliminaries

2.1.1 The displacement in the presence of dislocations

As explained in the introduction, in crystals with dislocations a displacement
cannot be defined by path integration of the strain F. This is due to the fact
that the integration depends on the chosen path. The path dependence is a
consequence of the nonvanishing of the elastic strain incompatibility inc &£ :=
Curl (Curl S)T with £ = So, o the stress tensor, and S the compliance tensor.
Let us assume for a while that there are no dislocations and that the current
configuration €2 is simply connected. In finite elasticity, frame-indifference im-
plies that the strain energy will depend on C, the metric tensor in 2. Then
it is known that C can be written as C = V¢! V¢ for some reference config-
uration €’ and some smooth immersion ¢ : Q' — R3 such that ¢(Q') = Q if
and only if the Riemannian curvature tensor associated to C vanishes identi-
cally in ©Q (see [16]). Let us emphasize that the Riemannian curvature is the
finite-elasticity counterpart of the aforementioned incompatibility tensor. By
eigendecomposition one has C = FTF for some F and hence C = V' V¢ for
some ¢ as soon as Curl F' = 0in . In this case the displacement field is defined
asu:=® — Id and FF = V® = [ + Vu is called the deformation gradient asso-
ciated to Q. Otherwise, Curl F' and the Riemann curvature are nonvanishing,
which is a specific geometrical constraint for the deformation in the presence
of dislocations. The dislocations which generate curvature are called geometri-
cally necessary (see [54,56]) and will be given a precise mathematical meaning
in Section 2.2, together with their companion geometrically unnecessary (called
“statistically stored” in the engineering literature) which solely contribute to
plastic strain in the absence of strain gradients.

The precise expression of Curl F' in the presence of dislocations will now
be described with some detail, since the concepts of displacement, deformation
and reference configuration become uncomfortable in the presence of disloca-
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tions. First, we emphasize that no perfect, that is, dislocation-free reference
configuration can be considered. Second, the fundamental issue is that even if
the reference configuration is needed to consider finite elasticity, the dislocation
line is better defined in the current configuration. It is worth describing what
happens in the presence of a dislocation loop in finite elasticity (the following
discussion is illustrated in Fig. 2.1). Consider the current configuration Q(t) at
time ¢ (a bounded simply connected open set) with a single dislocation loop L
and any dividing smooth surface Sz, containing L. The set (¢) \ L is not simply
connected, but the upper and lower partition of Q(t), QT (¢) and Q7 (¢) divided
by Sp,, are simply connected and in each it holds inc £ = 0. Thus there exists
a linear-elasticity displacement field ug, = ui such that £ = Vug, in QF(t).
For any smooth one-to-one ¢, the map ¢ := ¢ o (Id — ug,) defines a reference
configuration. It turns out that in the presence of a dislocation the map ¢ is
multivalued, i.e., there is a mismatch in the reference configuration due to pres-
ence of the dislocation. Indeed, let QF := ¢(Q*(¢)) define the lower and upper
parts of the reference configuration while F = F* = V¢ are the associated de-
formation gradients. Now take two points P and @ in Sp,, respectively outside
and inside L, and consider a curve o™ in QT (¢) and o~ in Q7 (t) both with start
point P and endpoint Q). We assume that the value ¢(P) is prescribed. We can
compute the value of ¢ by path integration of F' starting from P. However inte-
grating F along a® we get two different values ¢(Q)*, whose difference defines
the nonzero Burgers vector b attached to L, b := fa+ Frdr — fa, F~dz. Thus
Sy, is mapped into two surfaces which match outside L (i.e., at P), but do not
coincide inside (i.e., at Q). The region of Sy, inside L is denoted by S7, and it
is observed by Stokes Theorem that b is independent of @) € S%.

Q=0*

ot =1t (1)

\\\\ Q" :=d" Q7 (1))
>~ 1(P)

Figure 2.1: Current and reference configurations show a jump of the displace-
ment due to the presence of dislocations.
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Summarizing, this procedure ”a la Volterra” yields

b:/ai v(;le(gc):/ai Fdl, (2.1.1)

otherwise said, ¢ shows a jump of amplitude b in S%, while F = V¢ in Sp, \ S.
Hence, if v represents the unit normal to S, its distributional derivative can
be written as D¢p = F +b® Z/HESZ and it holds — Curl F = Curl (b ® VHESZ).
Thus by Stokes theorem and written in terms of the dislocation density

A=7@bH!,,

we find
—Curl F = AT, (2.1.2)

whereby (2.1.1) is equivalent to (2.1.2). The fact that Curl F' is a measure
concentrated on L can therefore be understood as L preventing F' to be globally
the gradient of a deformation and hence preventing the right Cauchy-Green
tensor C to write as C = VT¢V¢ for some immersion ¢. This is the main
difficulty when dealing with minimization problems involving deformations in
the presence of dislocations. In the present chapter we propose an original
approach consisting of defining the deformation in a suitable space in such a
way that we can deal with it as it was the standard gradient of a Sobolev map.

2.1.2 General tools

Distributions. In the following of the chapter for x € R™ we will denote
it in euclidean coordinates by = = (x1,22,...,2,). Let U C R™ be an open
set. The space of real distributions on U is denoted by D(U). Let the symbol
R stand for either R = R" ™ or R = R”. Often we will consider R-valued
distributions whose space is denoted by D(U,R). The symbol (-,-) denotes
the duality product between distributions and C2°-functions. If X is a Banach
space with dual X', we denote by (-, -) x the duality product between X’ and X.
Often we will omit the symbol X when it is clear from the context. In general,
if U is a n-dimensional manifold and f, g are square integrable functions on U,
the symbol (-,-) is used to note the classical inner product in L*(U), i.e. the
integration with respect to the n-dimensional Hausdorff measure,

(f.g) = /U o

Accordingly, if it is not clear from the context, we will write (-,-)y to stress
that the integration takes place on U. We will sometimes use the same notation
(-,")u to mean the duality pairing in the sense of distributions on U, or in a
Banach space of functions or measures defined on U.

Solenoidal measures. Let U C R? be an open set. In the following the
symbol R stands for either R = R3*3 or R = R3, while R’ stands for R? or R,
respectively. The space of solenoidal Radon measures in U is defined as

Maiv (U, R) == {p € My(U,R) s.t. (u,Dp) =0 VYeoin CHU,R)}, (2.1.3)

with D denoting the distributional derivative, and where the duality product
yields a real-valued tensor whose components read ({uij, Djpr)),,.. Recall that
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p € CH(U,R) if ¢ and Dy are continuous and if for every e > 0 there exists a
compact K C U such that ||¢(2)]e and ||De(x)||s are smaller than e for any
x € U\ K. Observe that Mg, (U, R) is a closed subset of M, (U, R) an hence is
a Banach space, endowed with the norm of total variation |u[(U) = sup{{(u, ¢) :
0 € CYU,R), ||¢llso < 1} (see [4] for details on vector- and tensor-valued Radon
measures).

Functions with bounded variation. Let 2 C R™ be an open set. The
symbol BV () denotes the space of real functions on € with bounded variations,
i.e., the space of summable functions whose distributional gradient is a Radon
measure in M,(Q,R"™). If u € BV (Q), then we write Du = D% + D*®u, with
D%u denoting the part of the gradient of u that is absolutely continuous with
respect to the Lebesgue measure, and with D®u being the singular part. It is
well know that the singular part can be decomposed as D%u = D°u + D7, the
Cantor and the jump part, respectively. The space SBV (), called space of
special functions with bounded variation, is the subspace of BV (2) consisting
of those functions whose Cantor part of the gradient is null. If u € BV () then
Diu can be written as Diu = [u]v - H?L;,, where J, is a (n — 1)-rectifiable set
with unit normal v pointing from the side — to the side +, and [u] := ut — u~
is the jump of u on J,, i.e., the difference between the traces u® of u.

Curl and matrices. Let A be a R3*3-valued field. The curl of the tensor
A is defined componentwise as (Curl A);; = € DAy where D is the symbol
for the distributional derivative. In particular one has

<Cur1 A,’L/J) = _<Ail;€jlek1/1ij> = <Ail;€lijk1/1ij> = <A, Curl ’L/J), (2.1.4)

for every ¢ € D(, R3*3). Note that with this convention one has Div Curl A =
0 in the sense of distributions, since componentwise the divergence is classically
defined as (Div A), = D;A;;. If N is a vector, we use the convention that
(N x A)j = —(Ax N)yj = —€jrAixN;. In general, if ¢ has not compact
support and € has smooth boundary with outer normal N, formula (2.1.4)
becomes
(Curl A, ¢y = (A, Curl ¢) +/ (N x A) - pdH>. (2.1.5)
o0
Let u € WHP(Q;R?), and suppose u; Du; € L' (2, R3) for all i # j, we define
the distributional cofactor of Du, the distribution Cof Du writing component-
wise

(CofDu)ij := Djt1(uit1 Dugiya)j+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)! € L'(92,R?), 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 uj(adjDu)!, i.e.,

(Det Du, ) := / ui(adjDu) Dpdz, Yo € C(,R?).
Q
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As for the adjunct, in general Det Du and detDu differ.

An ordered (increasing) subset « of {1,2,...,n} is said to be a multi-index.
We denote by |a| the cardinality of «, and we denote by @ the complementary
set of a, i.e., the multi-index given by the ordered set {1,2,...,n}\ a.

If A is a nxn matrix with real entries and v and S8 are multi-indices such that
la| + B8] = n, MZ(A) denotes the determinant of the submatrix of A obtained
by erasing the i-th columns and the j-th rows, for all i € o and j € 5. Moreover,
the symbol M (A) denotes the n-vector in A, R?" given by

M(A) = > ola,a)ME(A)eq Neg,
jal +15l=n
where {e;, &; }i<n is the Euclidean basis of R*" and (v, @) denotes the sign of the
ordered set {«a, @} seen as a permutation of the set {1,2,...,n}. Accordingly,
it holds
IM(A)] =L+ Y [MIA))
lal+[B]=n
18>0

For a matrix A € R®*3, the symbols adj A and detA denote the adjunct,
i.e., the transpose of the matrix of the cofactors of A, and the determinant of
A, respectively. Explicitly,

Mi(A) = Aij,  M(A) = (cofA);; M35 (A) = detA. (2.1.6)
Moreover,
M) = (143 4% + 3 cof(A)3 + det(4)%) 2. (2.1.7)
i i
It is convenient also to introduce the following notation
M(A) := (A, adj A, detA). (2.1.8)

Compact sets. Let C' be a compact set in R”. We define (C) as the
family of compact and nonempty subsets of C'. We define the Gromov-Hausdorff
distance dg(-,-) in K(C) by

dp (A, B) := max{sup d(a, B),supd(A,b)},
acA beB

for all A,B € K(C). If A is a set in R™, we denote by A, the set of points at
distance less than e from A, i.e.,

Ac i ={x e R" : d(x, A) < €}.
It is known that the Gromov-Hausdorff distance satisfies
diy(A,B) =inf{e >0: AC 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 [5,14].
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Theorem 2.1.1. (Blaschke) Let C C R™ be a compact set. Then the space
K(C) endowed with the Gromov-Hausdorff distance dy is sequentially compact.

In particular, if K, is a sequence in K(C) converging to K, then K is a
compact set. Moreover, it holds (for the proof see, e.g., [5,14]):

Theorem 2.1.2. (Golab) Let {K,} be a sequence of connected sets in K(C')
converging to K, such that H'(K,) < A < co. Then K is connected, has finite
1-Hausdorff measure, and

HY(K) < liminf H(K,). (2.1.9)

n—o0

2.1.3 Currents

Some definitions are given here. For more detail our main references are [26,31,
42].

Let k,n be integers with 0 < k < n. We denote by A*R"™ and A;R" the
vector spaces of k-covectors and k-vectors respectively. The duality product
between covectors and vectors is denoted by (-,-). A k-vector £ is said to be
simple if it can be written as a single wedge product of k£ vectors in R", i.e.,
5:1)1/\1)2/\~~~/\vk.

Let Q C R™ be an open set, then D*(£2) denotes the topological vector space
of compactly supported smooth k-forms on 2, that is the topological vector
space of compactly supported and smooth maps on Q with values in A*R™. The
dual space of D*(Q), denoted by Dy (1), is called the space of k-currents on
Q. Since Dy () is defined as a dual space, it is endowed with a natural weak
topology. More precisely, the currents 7;, € D () are said to weakly converge
to T € Dy () if and only if

Ti(w) = T (w)

for every w € DF(Q). For all T € Dy(f2) the mass of T is the number M (T) €
[0, +00] defined as
M(T) = sup T (w).

weDkE(Q), |w|<1

If V C Q is an open set, we can consider the mass of 7 in V, i.e.,

[Ty = sup T (w). (2.1.10)
weDM(Q),|w|<1,
sptwCV

If M(T) < 400 then T turns out to be a Borel measure in My (€2, AgR™), and
its mass coincides with M (7). Moreover the mass is lower semicontinuous with
respect to the weak topology in Dy(Q). Indeed if limsup;,_, . M(Tn) < 400
and Ty, — T then we also find that T is a Borel measure and 7, = T weakly*
in My(Q, A*FR™), so that the lower-semicontinuity of the mass follows from the
lower-semicontinuity of the mass in My (2, A*R™).

The boundary of a current T € Dy (2) is the current 07 € Dy_1(§2) defined
by

OT (w) := T(dw) for we DM1(Q),

where dw is the external derivative of w.
We also define the quantity
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for every T € Dy(). We remark that this number, which measures both the
mass of a current and of its boundary, is not a norm.

If S is a k-dimensional oriented submanifold in R and S : § — Ag(R™) is
a k-vector giving the orientation, the symbol [S] € Dy (R™) denotes the current
obtained by integration on 9, i.e.,

[S](w) /S<w,§>d7-[k for w € DH(Q), (2.1.11)

where HF¥ is the k-dimensional Hausdorff measure.
Let U C R™ and V' C R™ be open sets and F : U — V be a smooth map.
Then the push-forward of a current T € Dy (U) through F' is defined as

ET(w):=T(Fw) for weD¥V),

where Fw is the standard pull-back of w and ¢ is any C* function that is equal
to 1 on spt7T NsptFfw. It turns out that F;T € Dy (V) does not depend on ¢
and satisfies

OFRT = FOT. (2.1.12)

Rectifiable and integral currents. Let 0 < k < n. A set S C R" is
said to be HF-rectifiable if it is contained in the union of a negligible set and
a countable family of C'-submanifolds of dimension k. We also say that a H*-
rectifiable set is a k-set if it has finite H*-measure. It is well known that at
HF-a.e. point x of a HF-rectifiable set S, there exists an approximate tangent
space defined as the k-dimensional plane 7,S in R™ such that

lim p(y)dH" (y) = / p(y)dH" (y),
70 e A (8) T.S

for all ¢ € C2(R™), where 7, : R™ — R" is the map defined by 1, .(y) =
ALy — x) with 2,9 € R® and A > 0. Moreover, if 7 : S — Ax(R") and
6 : S — R are H*-integrable functions with 7(x) € 7,,S a simple unit k-vector
for HF*-a.e. x € S, then we can define the current 7~ as

T(w) = /S(w(x),T(x)W(x)de(x) for w € DF(Q). (2.1.13)

Every current for which there exists S, 7, and 0 as before is said to be rectifiable
current. If also its boundary 97 is rectifiable, then we adopt the following
notation

T={S,1,0}. (2.1.14)

The current 7 € D () is rectifiable with integer multiplicity if it is rectifi-
able, it has rectifiable boundary, and the function 6 in (2.1.13) is integer-valued.
A integer multiplicity current 7 such that N(7) < oo is said to be integral
current.

The following compactness theorem for integral currents holds:

Theorem 2.1.3 (Compactness for im. currents). Let {T;} C Dy(Q) be a
sequence of integer multiplicity currents such that

Nuy(T)<C  foralli and U CC 9,

with C > 0. Then there exist an integer multiplicity current T € Dy(Q) and
a subsequence, still denoted by {T;}i, such that T, — T weakly in the sense of
currents on 2 as i — oco.



102 CHAPTER 2. DISLOCATIONS

An integer multiplicity current 7 € Dy (R™) is said to be 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 [26, Sec-
tion 4.2.25]).

Theorem 2.1.4. For every integer-multiplicity current T there exists a se-
quence 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

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

Graphs and Cartesian maps. For a measurable set A C R" its upper
density 0*(A,z) at € R™ is defined by

) |B(z,7) N A|
0" (A, x) ;= limsup ———————.
(o) = lm o> =)

Similarly one defines its lower density 6. (A, z) at € R™ as

| B(x,r) N A]
0.(A x) = hglﬁl(r)lf B
Whenever the upper and lower densities of a set A at x coincides we define the
density of A at = by their common value 0(A, z) := 0*(A,z) = 0.(A, ).

Let A C R™ be a measurable set and suppose u : A — R™ is a measurable
function. Let x € A be a point of positive density in A. Then we say that
l € R™ is the approximate limit of u as y tends to x in A if for all € > 0 the set
A :={y € A:|u(y) — | > e} has density 0 at z. In such a case we write

[ := aplim u(y).
Yy—x
yeEA

We say that the function u : A — R"™ is approximatively continuous at x € A if
u(z) = aplimy—j u(y). Among the properties of the approximate limit, we point
ye

out that, whenever it exists, it is unique (for more details see [31]). It turns
out that if u : A — R™ is measurable, then it is approximatively continuous al-
most everywhere in A with respect to the Lebesgue measure. Moreover, we say
that the function u is approrimatively differentiable at x if there exists a matrix
L € R™*™ such that for all € > 0 the set A, :={y € A: |%| > €}
has density 0 at z. If u is approximatively differentiable at = we call L the
approximate differential of u at z. It turns out that if u € W11(A4,R™), then
it is approximatively differentiable almost everywhere in A and its approximate
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differential coincides almost everywhere with Du, its distributional gradient.

Let © C R™ be an open set and consider the space 2 x R™. Denoting

x = (x1,Ta,...,2,) for z € Q and y = (y1, 92, ..,Yn) for y € R™, every n-form
w € D™*(Q x R™) can be decomposed as
w(z,y) = Z Was(T,y))dz™ A dyP. (2.1.15)
la|+|8]=n

with wep € C2°(Q x R™), and where the sum is computed over all multi-indices
a and f such that |a| + |8 = n.

For 1 < p < 400 we define
A, (Q) == {u e LP(Q,R") : u is approx. diff. a.e. on Q, and
ME(Du) € LP(Q) for all |o| + |8 = n},

where Du is the approximate differential of u. We set

[ullav = Jlullp + [[M(Du)]|p,
which is not a norm on AP(2,R™). In other words, a function u € AP(2,R™)
if and only if uw € LP(Q,R™), Du € LP(Q,R"*"), adj Du € LP(2,R™*™), and
detDu € LP(Q).

A weak convergence is defined on A,(2) when p > 1. We say that the
sequence up, € Ap(2) converges to u € A, () weakly in A, (Q) if up, — u weakly
in LP(€) and M2 (Duy) — M2 (Du) weakly in LP(2) for all multi-indices o and
£ with |a| + |B] = n.

Given u € A; (2, R™), we define its graph G,, C  x R™ as

Gy = {(z,u(z)) : x € Q}.
Note that this set is defined up to a L™-negligible set. Let us consider the map
(Id x u) : Q@ = Q x R™ defined by (Id x u)(x) := (z,u(x)). If u € A;(Q;R")

and w € D"(Q 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 (e, @)wap (u, u(z))ME (Du(x))dzy Adzy A--- A day,.
lal+]B]=n

This allows us to extend the definition of push-forward of a current 7 also
throughout the map Id x w, provided v € A;(Q;R™). Let us consider the
current [€2], the canonical current given by integration on 2. We define the
current carried by the graph of u as follows

Gu = (Id x u);[Q]. (2.1.16)

Explicitly we have
Gu(w) = /Qa(a,d)waﬂ(:n,u(m))Mg(Du(:E))d:E, (2.1.17)

for all w € D" (2 x R™).
The following Theorem (proven in [31]) says that G, is an integer multiplicity
current whenever u € A;(2;R™).
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Theorem 2.1.5. 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

=  M(Du(x))
Gy(z,u(x)) = M,

which turns out to be almost everywhere orthogonal to the approximate tangent
plane to G, .

In symbols,

_ [, MDu@) \ om
gu(w)—/Q< ’|M(Du(z))|>dH G- (2.1.18)

Lemma 2.1.6. Let p > 1. Let u., u € Ay(Q) be such that ue — u weakly in
A, (Q), then G,, — G, as currents.

Proof. This is a straightforward consequence of formula (2.1.17). O

For 1 < p < +oo the class of p-Cartesian maps is the subset of A, (2, R?)
defined as follows

Cart?(Q,R?) := {u € A,(Q,R?) : 9G, = 0}. (2.1.19)

If u € WHP(Q,R?) with p > 3, then it is easy to see that u € Cart' (€, R?).
See [31, Section 3.2.2] for details.

The following closure theorem for Cartesian maps holds (see [31, Section
3.3.3)):

Theorem 2.1.7. Let p > 1. Let uy € Cart’(Q,R™) a sequence such that
up —u  weakly in LP(Q,R"),
MB(Duy) — o2 weakly in LP(Q),

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

The crucial point for our purposes is that for Cartesian maps in dimension
3 it is always true that DetDu = detDu and AdjDu = adjDu. In particular
DetDu € LP(Q2) and AdjDu € LP(Q,R"*™).

For maps that are not Cartesian the following closure Theorem holds true:

Theorem 2.1.8. Let p > 1. Let uy be a sequence in A,(2,R™) such that
uy — u strongly in LP(Q,R3) and suppose that there exist functions vg € Lr(Q))

such that M2 (Duy) — v? for all multi-indices o and B with |o| + 8| = n. If
M(9G,,) < C <+ (2.1.20)
for all k> 0, then u € A, (Q,R3) and v’ = M2 (Du).
This is proved in Theorem 2 of [31, Section 3.3.2].

Graphs of maps with values in the torus. We introduce the torus
T = R/ ~, where ~ denotes the equivalent relation given by a ~ b iff a—b € 27Z.
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Now we will consider graphs of maps u : Q@ — T". These turn out to be n-
rectifiable currents in €2 x T™. Note that the space of n-forms in Q x T", i.e.
D" () x T3), are exactly the space of n-forms in  x R™ that have coefficients
which are smooth and 2m-periodic (with all their derivatives) in the last three
variables (actually, they do not have compact support). As a consequence, if T~
is a n-current in D, (2 x R™) that has compact support in Q x R™, then it is
well-defined the current T(7T) € D, (2 x T™) defined as

T(T) = TI_'Dn(QX’]I‘S). (2121)

Moreover, since in general smooth functions in 2 x R™ are not periodic in the
last three variables, it turns out that M(T(T)) < M(T).

Let u € A,(Q2,R™), then we define T'(u) : 2 — R™ by mean of the standard
projection 7 : R — T, i.e. T'(u) := 7p(u). It is easily seen that, T being locally
isomorphic to R, T'(u) is almost everywhere approximatively differentiable with
the same approximate derivatives of u. As a consequence Gr(,) is a n-rectifiable
current in € x T". It is also easy to see that in such a case Gp,y = T'(Gy). This
fundamental identity follows from the fact that the approximate differential of
u and T'(u) coincides almost everywhere and from (2.1.17), where we use that
if w is 2m-periodic in the second variable, then w(z, u(z)) = w(z, T(u(x))).

We introduce the space A, (€2, T™) as follows:

Definition 2.1.9.

A (Q,T") := {u € LP(Q,T") : u is approx. diff. a.e. on €2, and
ME(Du) € LP(Q) for all |o] + |3] = n} (2.1.22)

In such a way we see that for all u € A, (€2, T™) the graph G, is well-defined
as n-rectifiable current. A consequence of the fact that the mass of a current
does not increase when we compose with 7" is that, if there exists @ € A, (Q, R™)
such that T'(a) = uw and Gy is an integral current, then G, is an integral current.
Note that it might happen that such @ does exist with Gz unbounded, while
M(0G,) < oc.

Remark 2.1.10. The fact that v € A,(2, T™) does not imply, in general, that
there exists u € A,(Q,R™) such that T(a) = u. However, in Section 2.3, we
provide a condition under which such correspondence holds true. In particular
Theorem 2.3.9, together with Remark 2.3.10, have the consequence that if u €
WP(Q, T3) satisfies Curl Du € M,(2,R?), then there exists 4 € SBVP(Q,R3)
with T'(a) = w.

Lemma (2.1.6) readily applies to the case of maps with value in T".

Lemma 2.1.11. Let p > 1. Let u,, u € A,(Q,T") be such that u. — u weakly
in Ap(Q2,T™), then G,, — G, as currents.

Proof. This is again a consequence of formula (2.1.17) and the fact that currents
in D, (2, R™) belong also to D,, (2, T"). O

Theorem 2.1.8, being a consequence of the compactness theorem for integral
currents, straightforwardly applies also to the case of maps with values in T™.
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Theorem 2.1.12. Let p > 1. Let ui be a sequence in A,(2,T™) such that
ug — u strongly in LP(Q,T™) and suppose that there exist functions vg e LrP(Q)
such that M2 (Duy) — v? for all multi-indices a and B with |o| + 8| =n. If

M(9G,,) < C < 40 (2.1.23)

for all k >0, then u € A,(Q,T" and v2 = MP(Du).
P [e% @

2.2 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 € R3 and a
measure concentrated on the dislocation line (the dislocation density) are asso-
ciated. Since dislocation densities fulfill linear additivity when dislocation lines
overlap, and since to each dislocation 2 preferential directions are associated,
which is also linked to its density, we will describe dislocations by the tool of
integer-multiplicity 1-currents with coefficients in a group, that in the crystal-
lographic case is assumed isomorphic to Z3. The multiplicity @ 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 2.2.22, are essen-
tially Lipschitz curves, and hence a description of dislocations without using the
notion of currents is also possible. However the notion of currents, as we will
see, simplifies some descriptions and provides more direct proofs of some of the
following statements.

We point out that a similar description of dislocations by use of currents has
been given in [17], where no variational problems are considered, but a relax-
ation result on the core energy, that we will treat in the next paragraphs (see
Section 2.6).

Let Q be a bounded and connected open set in R3, with smooth boundary.
Let Z C N be a family of indices.

Definition 2.2.1. A dislocation is a couple L7 := (L;,b;)icz, where L; are
closed integer-multiplicity 1-currents in €2, and b; are vectors of R3. We define
Bz = {bi}icz the set of Burgers vectors of Lz. Each dislocation L7 can be
represented by means of the quadruple {L;, 7;,0;,;}icz.

In many applications, the Burgers vector is constrained by crystallographic
properties to belong to a lattice. For simplicity this lattice will be assumed
isomorphic to Z3. Let the lattice basis {by, b, b3} be fixed, and define the set
of admissible Burgers vectors as

3
B:={beR?:38 e Z® such that b = Zﬁil_)i}. (2.2.1)
k=1

Accordingly, if Bz C B, then Lz is called crystallographic dislocation. Without
loss of generality we will assume that b; = e;, that is B := Z3. With this
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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

ﬁi = {Li,n,eibi}, (2.2.2)

which has multiplicity in Z2. In other words if w is a 1-form with vector-valued
coefficients, i.e. w; = wyjdxy, j = 1,2,3 (with Einstein summation convention
on repeated indices), then, for every fixed 1,

ﬁl(w) = Ei(wbi),

where wb; = wy;(b;)jdzs. Accordingly, the current associated to the dislocation
is defined by

Lr:=) L (2.2.3)
=
In the sequel the space of 1-forms with vector-valued smooth and compactly
supported coefficients will be denoted by D! (2, R3).

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

Definition 2.2.2. The density associated to L7 is the linear functional A,
defined by

(Ap,w) =Y Li((wb')"), (2.2.4)

i€ZCN

for every w € C°°(Q,R3*?), where in the right-hand side w := (wb)* is the
covector writing componentwise (wb)* := wy;b;jdxy.

If ZM(EZ)|bz| < oo then A is well defined as a Radon measure, and we
i€

write Az € My(€, R3%3).

Definition 2.2.3 (Equivalence between dislocations). Two dislocations £z and
L are said geometrically equivalent if

Ar = Apr. (2.2.5)

Definition 2.2.4 (Geometrically necessary dislocation set). The geometric nec-
essary dislocation set L* is the support of As. In particular there are 7* and
Z*, such that {L*, 7%, 1, Bz« } is said to be 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 that L* has this
regularity.

We will need some specific characterization of dislocations which are physi-
cally admissible. This is why we need to introduce finer classes of dislocations
in the sequel.

Regular dislocations. We introduce the following definition.
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Definition 2.2.5 (b-dislocation). Let b € B. A b-dislocation £ is a dislocation
Lz such that (i) b; = b for all i € Bz, (ii) Z is finite with cardinality ky, (iii)
there exist k; Lipschitz functions ¢? : [0,7;] — Q with Lip(¢?) < 1 such that

L; = [0, T]]- (2.2.6)
Moreover, for all i < k, we have either ©%(0) = ¢?(T;) or ¢?(0), % (T;) € 9.

We set
L=y L. (2.2.7)
=
The current £° defined by R
LO(w) == LO(wb), (2.2.8)

for all 1-form with vector-valued coefficients w € D (2, R?), is called b-dislocation
current associated to L.

In particular, with this definition, we require that a b-dislocation is always
closed in €.
From Theorem 2.1.4, one can always decompose L as follows

=3z, (2.2.9)

i€Zb

with £? indecomposable 1-current such that Z N(£Y) = N(£%). The compo-

1€
nents LY are called current loops. Thanks to the Lipschitzianity of the functions
ks ky T;
<p? 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 we refer to a no-closed path. However the closeness
property of the current implies that in such a case one has that the boundary
of the path belongs to 0f.

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

L0(w) = /Lb (w(x), ()0 (x)dH (z)  for w e DY(Q). (2.2.10)
We can choose .
L= ] (0, 1y)), (2.2.11)

for the rectifiable set supporting the current £°, and we will also write £b =
{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 LY are the indecomposable components of £° in (2.2.9), we write
£l ={L% 7" 6"}, in such a way that it holds L’ = (U;ez» L?) U ZP, where =P is
defined as the set {z € L*: 0°(z) = 0}.
As for general dislocations, to any b-dislocation we associate a density.
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(c) (d)

Figure 2.2: Typical indecomposable dislocation loops and the resulting dislo-
cation currents: in (a), a single b-dislocation loops is equivalently viewed as
two indecomposable b-loops with opposite directions and connected by a ge-
ometrically unnecessary arc Z; the inverse property is observed in (b) where
two identical b-loops give rise to a single connected b-dislocation loops and a
geometrically unnecessary arc = where A = 0; in contrast, (c) describes two
b-loops with opposite direction 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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.y b —b
¥ 3 b3
At P by +bg + b3 =0 b
by + boy b2 =
>
by ba
P
L, by + b3
x
t ¥

—bs by
(a) (b)

Figure 2.3: 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.

Q

[1]”

Q

Q

(a)

Figure 2.4: Different kinds of cluster components: in (a) the sum of b-current
dislocations £ + £¥2 4 £% is depicted, whereas (b) shows a single b-current
constituted of three elementary b-loops. In (c) a b-dislocation cluster writing as
Lh = gpg[[[O, T1] is shown: it can be viewed as a countable chain of indecompos-
able b-loops interconnected with geometrically unnecessary arcs.

8@
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Definition 2.2.6. The density of a b-dislocation L£P is the measure Ayv €
My (Q, R3%3) defined by

(Apv,w) == LO((wb)*), (2.2.12)

for every w € C°(Q,R3*?), where in the right-hand side w := (wb)* is the
covector writing componentwise (wb)* := wy,;b;jdzy.

Note that, by (2.2.8), 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 Ags is always a Radon measure. In the sequel we will use
the following shortcut notation from (2.2.10) and (2.2.12):

App =L @b=7" 200" HILL. (2.2.13)

Definition 2.2.7 (Regular dislocation). A regular dislocation is a sequence of
b-dislocation Lp := {L£},ep whose total density (or associated current) has
finite mass. According to the previous definitions, the dislocation current, still
denoted by ﬁ, and the dislocation density A, are given by

L:=) L A=) Ap. (2.2.14)

beB beB

The dislocation set L is defined as

L=, (2.2.15)
beB

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

7 € TanL, =" sg(r")6", (2.2.16)
beB

b

where sg(7%) being 1 or —1, chosen in such the way that 7 = sg(7%)7" (note

that 0 € Z3, while 0° € 7).

Note that, in general, the multiplicity # of the dislocation current £ may
be also zero in some non-negligible set. Moreover, the dislocation current £ =
{L, 7,0} is said to be connected if L is a connected set. By (2.2.7), every
dislocation current can also be written as

L(w) = Zﬁb(w) = Z Z go?ﬁ[[[O,Tj]]](wb), (2.2.17)

beB beB1<j<ky

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

Yo D Gl Tl =) el 7] (2.2.18)
beB1<j<ky JjeJ
Moreover, setting S; := ¢;([0,T;]), from (2.2.11) and (2.2.15) we also have

L=1]Js, (2.2.19)
JjeT
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Canonical regular dislocations. Among all geometrically equivalent dis-
locations there exists one representation which is sharp in the sense that it is
expressed in terms of the independent elementary Burgers vectors. Let Lz be
a regular dislocation. Since a b-dislocation £® with b = (31, B2, 33) has inte-
ger multiplicity, it can be written by means of projections. Recalling definition
(2.2.1) and notation (2.1.14), we introduce

L= {Lb 7" B0}, (2.2.20)

with the corresponding density Apv: := L @ e; = L? ® Bie;. Hence to any
regular dislocation £g we associate univocally three currents {L£1, Lo, L3}, with

L= L, (2.2.21)

beB

so that £; = {L, 7,0;}, 0; defined by

91' = ZSg(Tb>ﬂi9b, with b = (ﬂlvﬂ?a /33>5

beB

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

L£=2Ly+ Ly + Ls, (2.2.22)
where £; is the i-th component of L defined as
ﬁi(w) = Ei(wei) = Ei(wi), (2.2.23)

for all w € DY(Q,R3), and fixed i = 1,2, 3. In other words L; = {L,7,0;e;}.
A useful property of the decomposition (2.2.22) is that the three measures
{Az,}2_, operate on different (pointwise) orthogonal subspaces of C2°(R3, R3*3).

Lemma 2.2.8. 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.

(b) The mass of the current and the total variation of the associated measure
are related by

[Lila = |Lile = 1Az, |m@) < 1Azl (2.2.24)

fori=1,23.

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

Proof. Assertion (a) follows by Theorem 2.1.3 since Z N(£5) < 0o by defini-

beB
tion of regular dislocation.
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To prove (b), observe first that for fixed b it holds

3 3 3
S Api =Y LM@e=> 7@ Bie; O"H' L' = Ap.
=1 =1

i=1

Thus it also holds

3
Ar :ZAN :ZAQ = Az, (2.2.25)
beB i=1
and explicitly,
3 3
Ap=> 71@ebi H' L=> Liwe, (2.2.26)
=1 1=1

(recall that 7 and 6; are functions of z € L). Note that

[Aclam = 1Agllm > [[Ag,

M fori=1,2,3, (2.2.27)

and since Az, = L; ® e;, it holds [|Az;[[m) = |Lilo = |Lila so that yields
(2.2.24).

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°(R3, R3*3). O

Definition 2.2.9 (Unnecessary dislocations). The set of unnecessary disloca-
tions = is defined as L\ L*.

Let us remark that L defined in (2.2.19) depends on the generating loops of
Definition 2.2.5.

2.2.1 Classes of admissible dislocations

Two classes of dislocations will now be introduced, the first being useful 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 (2.2.5) and the clus-
ters might exhibit locally dense subsets of unnecessary dislocations.

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

Assumption 2.2.10 (Finite generation).

k=Y ky < o0, (2.2.28)
beB

with ky defined in Definition 2.2.5.
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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. 2.4(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 2.2.10 the following lemma is
readily proved.

Lemma 2.2.11. The following properties hold for dislocations at the mesoscopic
scale:

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

Azl < D (bl < oo (2.2.29)
beBL
i=1,....ky
with B := {b € Z® : ky, # 0} (Recall 1 is the length of the dislocation loop
©;)-
(b) The dislocation current L is an integral current with coefficients in Z°
satisfying
IAcl =MLy < Y bl < oo, (2.2.30)
beBL
i=1,..., ky

with BX = {b € 73 : ky # 0}. In particular 6 and 0;, fori=1,2,3 are all

summable functions with respect to H'_L.

(¢) The dislocation set L of the current L (defined in (2.2.15)) is a closed set
with finite H'-measure. In particular L* C L and L = L* UZE.

Proof. To prove (a), observe that £ = {£’},czc and hence |[Az| < Z I1£° ®

beB~
b|| < Z Lt @b| = Z |b]12, which is finite since the sum is finite by the
beBL beBL
1=1,..., kb 1=1,..., kb

mesoscopicity Assumption 2.2.10. Statement (b) follows as a direct consequence
of the definition of b-dislocation current and from (a) and property (b) of Lemma
2.2.8. Property (c) is a straightforward consequences of the fact that H!(L) <

T;
Z 12 = Z /0 |%||dt < oo by the mesoscopicity Assumption 2.2.10.

beB beB
1 1

O

From the preceding results, we are ready to define the class of admissible
dislocations at the mesoscale.
Definition 2.2.12. [Admissible mesoscopic dislocation]
MD = {L = {L}1ep : L takes the form (2.2.7)
and satisfies Assumption 2.2.10.}. (2.2.31)
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Dislocations at the continuum scale. A set in R” is said to be a con-
tinuum if it is the finite union of connected and compact 1-sets with finite H!
measure. Let us recall that the geometric necessary dislocation set L* is the
support of Ay. The space of admissible dislocations at the continuum scale is
introduced as follows:

Definition 2.2.13. [Admissible continuum dislocation)]
CD :={Lz1,7T C N: there exists a continuum K such that L* C £}. (2.2.32)

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

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. Remark
that contrarily to mesoscopic dislocations (cf. Lemma 2.2.11 (b)), the density
of a continuum dislocation must not be finite (this might for an unconstrained
family of Burgers vectors).

In the applications, the notion of continuum dislocations is usefull to study
the cases in which Assumption 2.2.10 is not satisfied. However, if one is not
interested in the particular dislocation current associated to a given dislocation
density, mesoscopic dislocations become a superfluous notion. In fact, crystallo-
graphic mesoscopic dislocations turn out to be equivalent to continuum disloca-
tions, in the sense that, for any continuum dislocation L, there is a mesoscopic
dislocation £" such that £ = £’. The proof of this fact is based on the following
theorem

Theorem 2.2.14. Let L be a closed integer-multiplicity current with finite mass
and whose support L* is contained in a connected and compact set K with finite

H'-measure. Then there exists a Lipschitz function a : S' — K such that
L= oy[S'].

To prove Theorem 2.2.14 we need some preliminary Lemmas:

Lemma 2.2.15. Let K be a compact connected set in R™ such that H'(K) < oco.
Then there exists a Lipschitz map ¢ : S' — K that is onto and is homotopic to
the constant map.

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} (2.2.33)

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

(iii) Letting C' = ¢(S') and Le = H(C), the curve ¢ is Lipschitz with con-
stant £<,

It is easily seen that, since K is a rectifiable set, S is non-empty. Given a
¢ € 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
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#(ST)=C CC"=¢'(S"). Let {¢;}jescr 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,};je, is non-decreasing and bounded by H'(K), so that, since
the maps {¢;} are uniformly continuous in j, there is an increasing sequence
Jjr — 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 jix — supJ we see that for each k € J we have
Cj, € 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 := ¥(S') 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 € ¥~ 1(«(0)), and
split ST = [1,2] U [z,1]. Consider the restriction of ¢ to this two intervals, ¢
and 1. Then it is readily seen that the arc i1 x axa_1 %), if suitably rescaled
as a function on S*, is a map in S that is strictly greater than 1, contradicting
the maximality of 1. Hence the thesis follows. O

Lemma 2.2.16. Let K be a compact 1-set and ¢ : S' — K be a Lipschitz
continuous map homotopic to a constant map. Then ’L/Jﬁ[[sl]] =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 Lebesgue 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
of Lipschitz closed arcs in K coincides with the free group on the generators
{Xi}ien.

Now, if the current carried by ) is nonzero, the decomposition theorem
implies that there exists 7 = a4[S'] an undecomposable component of the 1-
current 14 [S*]. If X = 1)(a) = 1 (b), then, since 1 is homotopic to the constant,
we can replace i with 1&, setting ﬂL[a, b = X and @L[a, b]¢ = 1), getting a map
that is still homotopic to the constant. Moreover the homotopy class of a loop
in K does not change under homotopy in the space K, so that the operation
above does not change the homotopy class of the current. In this way we find
out that a must belong to the same homotopy class of ¢». On the other hand,
since « is an injective loop, its homotopy class is [] X,eA X, with A being
the bounded connected set with boundary «. Thus the homotopy class of ¥
is nonzero, contradicting the hypothesis that 1 was homotopic to a constant
map. O
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Now we can prove Theorem (2.2.14).

Proof of Theorem 2.2.14. By the decomposition Theorem there are loops f3;
such that £ =}, B;[S']. Consider a function ¢ like in Lemma 2.2.15, so that
there are points z; € S* such that ¢(z;) = 3;(1). Suppose for simplicity z; = 1
and z; are clockwise ordered on S'. Setting ¢; := ¥ [z;,x;41], then the chain

Oz::ﬂl*’L/)l*ﬂQ*’L/)Q*...ﬂj*’l/)j...,

suitably rescaled, will match the required conditions, since ¢, being homotopic
to the constant, is such that ¢4[S'] = 0 from Lemma 2.2.16. O

The precise equivalence theorem is stated as follows.

Theorem 2.2.17. Let L7 be a continuum dislocation such that By C 73 and
Ap, is finite. Then Lz is a mesoscopic dislocation.

Proof. Considering the canonical dislocation current £ equivalent to £7 (cf. Eq.
(2.2.22)), the thesis follows from Eq. (2.2.24) and Theorem 2.2.14. Indeed the
latter provides three Lipschitz functions «; (i = 1,2,3) such that a;[S'] = £;
so it follows Az = >, ai[S'] ® e O

In particular Theorem 2.2.17 tells us that continuum and mesoscopic dis-
location 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).

Boundary conditions for dislocations. Let U be a bounded open set
such that U N oY = Opfd.

Definition 2.2.18 (Boundary conditions). A boundary condition is a triple
(N, P,ap) satisfying:

(i) N >0 is a natural number.

(ii) P is a triple (P;, Qq, Bp)o<i<n with {P;} and {Q;} sequences of points
in 0pQ, and Bp = {bpi}o<i<n a sequence of vectors belonging to B. We
associate to P the 0-current with coefficients in Z?> as Tp = Z Op,bp;i—

0<i<N
00,bpi, with 0p the Dirac mass at P.

(i) ap := a+a’ is the sum of two mesoscopic dislocations in U. We suppose «
is a closed current with support in dp{2 consisting of M < oo loops «; and
Burgers vector b?,, while o consists of the union of N dislocation loops «;
with support in U\ 2, such that for all i, a; has boundary do; = 6¢, — dp,
and associated Burgers vector bp; € Bp.

From (iii) we can define A, ,, = Z ap: @ bl + Z ap,, @bp; 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.
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Definition 2.2.19. We say that the boundary condition (Np,P,ap) is ad-
missible if the following condition is satisfied: there exists a regular dislocation
L such that 9L = Tp. We say that a dislocation £ 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.

Some remarks. So far, dislocations are mathematically represented by
currents but it is crucial to keep in mind their physical origin and formation.
A dislocation loop in the bulk results from nucleation, that is, the collapse of
a void (i.e., a cavitation formed by aggregation of vacancies) which has become
unstable. Another source of dislocations is the flux of vacancies or interstitials
at the crystal boundary. In each case, the basic dislocation is a loop which
is associated to a single Burgers vector that depends on the crystal structure.
Submitted to thermal and mechanical forces, to diffusion, anihilation, recombi-
nation and any kind of mutual interactions, these loops might in turn deform
and move inside the crystal and through its boundary, but also form clusters
which themselves will either evolve or behave as fixed obstacle to the motion of
other loops, provoking material hardening.

These considerations are at the basis of the notion of reqular dislocation in-
troduced above. According to the dislocation physics, the basic object will be
the loops associated to a given Burgers vector b, i.e., the functions gog- intro-
duced in Definition 2.2.5. These simple generator loops will then be smoothly
deformed and summed (in the sense of currents) in order to form dislocation
clusters. Moreover, it should be emphasized that the limited number of Burg-
ers vectors of the generating loops might increase significantly as clusters are
considered since Frank law applies at dislocation junctions [35]. For this reason,
our restriction to finite families of regular loops associated to a finite number
of distinct Burgers vectors (Assumption 2.2.10) does not preclude the forma-
tion of complex structures. As a consequence, a dislocation of this kind might
be formed by countably regular loops connected by arcs which are effectless
in terms of the intrinsic geometry of the crystal, and therefore referred to as
geometrically unnecessary = (Definition 2.2.9). Moreover, though being 1-sets,
the clusters might exhibit complex geometries at the countable intersections or
at the sets of accumulation points of their generating loops. It should neverthe-
less be clarified that since overlapping of dislocations is not acceptable from a
physical viewpoint, it should be equivalently understood as a non-overlapping
curve associated to a scalar multiple of the Burgers vector.

Let us now describe a dislocation cluster which is not a mesoscopic disloca-
tion. Consider the cluster of Fig. 2.4(c) but instead of assuming that each loop
possesses the same Burgers vector b, suppose that the family Bz ¢ 73 of Burgers
vectors is non-crystallographic, that means that if Bz = {b;};cn then the ratios
b;/b; is never rational for every ¢ # j. Thus, it clearly appears that this cluster
cannot be made of regular dislocations without violating Assumption 2.2.10.
Instead, it turns out that the broader notion of continuum dislocation holds for
this kind of pathological cluster, as long as the sum of the length of the loops
is finite. We emphasize that from a strictly mesoscopic standpoint allowing the
Burgers vectors to take countably many values (Bz ¢ Z? non-crystallographic)
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is not physical, all the more for bounded crystals. However it can become im-
portant to permit this limit case, for instance if one considers homogenization,
or from a statistical viewpoint, ensemble averaging of dislocations.

If £ is a regular mesoscopic dislocation, the fact that £ € CD does not
imply that H'(L) < oo, even if A, is finite. Indeed continuum dislocations in
CD might be quite wild, since they can consist of countable fully disconnected
loops and may admit geometrically unnecessary arcs which are locally dense,
i.e., H'(Z) = oo. Moreover, since disconnected pieces of a dislocation can be
connected by adding geometrically unnecessary arcs Z (cf. Fig 2.4), it might
also happen that H!(Z) = cc.

The introduction of continuum dislocations might be convenient for some
other reasons. First, considering time-evolution of dislocations, this latter class,
as opposed to the former, allows us to consider an evolution of the unneces-
sary part Z(t) such that ' (2(¢)) — oo (or H' (£(t)) — oo) as ¢ converges to
some limit time. Time-evolution of some subset of K to a pathological = is also
possible within this setting, and it might be taken into account since unneces-
sary dislocations play an effective role in dynamics (as obstacle to motion, i.e.
hardening), whereas they do not contribute to the dislocation density. Second,
continuum dislocations conceptually suits better engineer models of dislocations
in which necessary and unnecessary dislocations are treated by distinct, though
coupled, equations.

2.3 Maps in T? with bounded curl

In this section we prove a characterization of the maps in L?(£2, R**3) whose
Curl is the density of a regular dislocation (This is the space BCP™(Q,R3%3)
introduced in (2.5.15) below). We prove that to each such map F' corresponds a
function u in the Sobolev space W1P(Q, T?) (or, equivalently, in W1P(Q, (S1)3),
where S! is the set of points in R? with norm equal to 1) such that Vu = F.
Moreover, if o represents an inverse of the projection 7 : R — S, then we prove
that to each map u in W1P(€, T3) such that the gradient of o u is a map in
LP(Q,R3*3) with curl a Radon measure, then such Radon measure must be the
density of some dislocation. We will state our result for vector-valued fields
(BCP(£2,IR?)) instead of R3**3-valued tensors, which will correspond to maps in
WP (Q,T). In order to achieve the proof of this correspondence we need some
preliminary tools of measure theory.

Preliminary facts. Let u € WH(Q, R™), then we define the set of regular
points of u as the set R, of all z € (2 such that x is a Lebesgue point for both
u and Du, and the value u(x) concides with its Lebesgue value. Of course, the
complementary set of R, is negligible in €.

Theorem 2.3.1. Let u € WHL(Q,R™). Then there exist a countable family
of closed sets Fy, C  and Lipschitz functions uy : @ — R™ such that u = uy,
on Fj, Ry C UpFy, and for all k we have Du(x) = Dug(z) for a.e. = € Fy.
Moreover uy, — u strongly in WH1(Q,R™).

This statement is proved in [31, Theorem 4 of Section 3.1.3] with the help
of [31, Proposition 1 of Section 3.1.1].
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Also the following Theorem is needed. We refer to [31, Theorem 2 of Section
2.2.7].

Theorem 2.3.2 (Boundary Rectifiability Theorem). Let S be a m-integer mul-
tiplicity current such that OS has finite mass. Then 0S is a (m — 1)-integer
multiplicity current.

Definition 2.3.3. For every 1-form w € D'(R?) we identify w = w;dx; with
the vector field w = (w1, wq, w3) € C*(R?,R3) by setting w; := w;. Moreover
we identify every 2-form w = w;dr; € D?(R?) with another vector field w; =
(—1)"1w,;. With this convention we can see the external derivative dw of a
1-form w as the curl of the corresponding vector w, i.e., w;dr; = w; and dw =
(Curl w);dx;.

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 2-dimensional
currents S. 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). (2.3.1)
The following Theorem is a classical result, whose proof is given in [51].

Theorem 2.3.4. Let Q be a bounded and simply connected open set. Let u €
My(,R3) be a Radon measure such that Curl u = 0 as a distribution. Then
there exists a function with bounded variation uw € BV () such that Du = p.

Moreover we need the following Theorem which provides a chain rule to
compute the derivative of the composition of a smooth function with a function
with bounded variation (see [4] or [78]).

Theorem 2.3.5. Let u € BV (Q) with Q C R™ a bounded open set, and let
f € CYR). Then the distributional derivative of f ow is given by

D(f ou) = Df(u)DuLl" + Df(a)Du+ (f(u®) — f(u™ )y, H?Ly,, (2.3.2)

where @ is the Lebesgque representant of w, i.e., u(x) is the Lebesgue value of u
at x.

Let ¥ be a Lipschitz map between two Riemannian manifolds M™ and N™
of dimension m and n respectively. The differential DU (z) of ¥ at a point
x € M™ is a linear map between the tangent space T, M and Ty ) N. We can
then define the Jacobian JU(z) of ¥ at x as

JU(z) := /DY (x)DV(x)T.

The classical Coarea Formula for Lipschitz maps is given by the following.

Theorem 2.3.6. Let M™ and N™ two Riemannian manifolds of dimension m
and n respectively, with m > n. Let ¥ : M™ — N" be a Lipschitz map. Then
for all functions g € L*(M™,R) it holds

[, swire@anr@ = [ ([ gwor @), e
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The space of Sobolev functions in the torus. We denote by W11(€, S1)
the space of all u € W11(Q, R?) such that |u(z)| = 1 for a.e. z € . Obviously
Wh1(Q, 81) is a closed subspace of W11 (0, R?).

For all B € [0,27) we denote by 77 : R? — R? the anticlockwise rotation of

an angle 3, i.e.,
B C?Sﬁ —sinf .
sinf  cosf3
We define the function o : R? — [0, 27) as

arctan(—7L) + 5§ if 22 >0,
0 if x1 >0 =0

az) = S (2.3.4)
T if z1 <0, 2 =0,

arctan(—1%) + 3T if zy < 0.

We see that « is smooth outside the set {x; > 0,29 = 0}, and it has a jump of
width 27 on this set. For convenience we also introduce, for all real number 5 €
[0,27), the function o : R? — [0,27) defined by o := r=% o a. In particular,
composing with r~#, we have moved the jump of a to the set {a(x) = S}.

Let ¢ € C*(£2,R?). For all real numbers 3 € [0,27) we define the o’-lifting
of ¢ as a® o p: Q — [0,27). Computing the differential of o o ¢ at a point =
such that ¢(z) is not on the jump set of o we get

Do’ 0 p)(w) = ( —U2|(5()£|12<P(w), ul(ﬁ)(l;jg(x) )T_ (2.3.5)

The aforementioned assumption on u € W1h1(Q,S') that the gradient of
aowu is a map in LP(2,R?) with Curl a Radon measure is rigorously expressed
in the following form (see also Remark 2.3.10 below):

Assumption 2.3.7. There ezists a Radon measure i € My(Q,R3) such that
(—u2Duy + w3 Dug, Curl ¢) = / wdj, (2.3.6)
Q

for every ¢ € C(Q,R3).

Main result. The following Theorem states that each strain F' in the
presence of dislocations can be written as the gradient of a Sobolev torus-valued
map.

Theorem 2.3.8. Let ) 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 (2.3.1)). Then there exists
u € WH(Q, 81) such that —uzDuy + 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 —0S = L. Let us now
define the distribution p € D'(, R3) as follows

plp) == S(p) + (F, ),
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for all p € C°(2,R?), where we have identified the map ¢ with the 2-form
Zf’zl(—l)igoidx; as in Definition 2.3.3. The distribution y is easily seen to be a
Radon measure with finite mass. We compute the rotation of u, that is

(Curl p, @) = S(Curl ¢) + (F, Curl @) = dS(p) + L(p) =0,

for all p € C°(Q,R3), by definition of S. Then Theorem 2.3.4 implies that
then exists v € SBV(Q) such that Dv = 4 = § + F. Since S is an integer
multiplicity current, there exist a 2-rectifiable set S with unit normal 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 I'. We then set

u(x) = (ug(x), u2(x)) := (cos(2mv(x)), sin(2wv(x))).

The map t — 27t is of class C* on R, so formula (2.3.2) applies and we obtain
Diuy = (cos(2mvT (z)) — cos(2mv™(z)))vH?Ls= 0, since v+ — v~ =0 € Z, and
we conclude that u; has not jump part, and then it belongs to W11(€). The
same being true for uz, we get u € W11(€, S1). Moreover Duj = — sin(27v)F
and Dug = cos(27v)F so that —usDug + u1 Dus = F and we have concluded.
O

The main result of this section states that also the opposite of Theorem 2.3.8
holds true.

Theorem 2.3.9. Let u € WH(Q,SY) and assume that u satisfies hypothesis
2.3.7. Then there exists a closed integral 1-current L such that Curl (—ugDuy+
uyDug) = 27 L.

Remark 2.3.10. Note that S' is obviously isometric to T. The isometry is
the function o : S — T given by (2.3.4). This isometry is smooth and has
differential (—z2,71)T. So that, if u € WH1(Q, ) and @ := a(u) € WH(Q,T)
is the corresponding map with values in the torus, then the quantity —usDuy +
w1 Dus is exactly the gradient of 4. In particular, in terms of maps with values
in the torus, the previous Theorem states that if u € W1(Q, T) is not constant
and Curl V4 is a Radon measure, then Curl V4 is represented by a closed
integral 1-current.

Without lose of generality we suppose the set {z € Q : ug(z) = 0} is negli-
gible (otherwise it suffices to choose another basis of R?). Let {F}}x>0 be the
closed sets provided by Theorem 2.3.1. By this Theorem we know that w is
Lipschitz on Fy and we can extend uL , to a Lipschitz map u* : Q — R? (with
the same Lipschitz constant). Moreover u* — u strongly in W11(Q, R?).

We prefer to divide the proof of Theorem 2.3.9 in several steps. We provide
some lemmas and propositions, the first one being the following.

Lemma 2.3.11. There is a positive real number r < 1 such that the level
set {|uF| = r} has finite 2-dimensional Hausdorff measure for all k > 0, and
H2({|u*| =7}) = 0 as k — oo.

Proof. Since the maps |u”| are Lipschitz, the coarea formula applies and gives

uk(x) % 7 +o0 2 (1]
/Qﬂ{uk;éo} ||uk($)|Du (x)|dz = /O H({ " = t}))dt- (2.3.7)
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The Dominated Convergence Theorem implies that ‘Z—’,Z'Duk = qupDu = Dlu| =

0 as k — oo, so that we obtain that the functions t — H2({|u*| = t}) are
converging to zero strongly in L!(R). In particular they converge to zero almost
everywhere, and then there exists 0 < r < 1 such that H2({|u*| =7}) = 0. O

It is convenient to introduce the following notation. We set
Np, = {|uk| < T}

and, up to choosing another r in the previous lemma, we can assume that
{|u*| =7} = ON}, U M, with M}, a H?-negligible set for all k > 0. We also set

Q= Q\ {|u*] <7}, (2.3.8)

so that € — Q. Consider the closed sets S§ := {u5 = 0}. We now prove the
following Lemma where we deal with the function « introduced in (2.3.4).

Lemma 2.3.12. There is a real number t € (0,27) such that the level set
{aou? =t} NQy has finite 2-dimensional Hausdorff measure for all k > 0 and

H2({aouf =t} nQy) = H2({aou =t} N (UpFy)) < +oo. (2.3.9)

Proof. The maps « o u” are locally Lipschitz on Uy :=  \ S§, therefore the
Coarea formula applies and gives

[ e w@ls@in= [T ([ swoem)a. @)

for all functions g € L*(Q). Setting first g = xr, and then g = Xre we find

27

/ |D(cv o ub)(x)|de = H>({aou® =t} N QN Fy)dt
QrLNFy 0

2
= H2({aouf =t} N Fy)dt, (2.3.11)
0
since Fj, C Q, and
2
/ |D(x o u®)(z)|dx = H:({aou® =t} N\ Fy)dt. (2.3.12)
U\ 0
. k . . k 7ukDuk+ukDuk
Now, since |u”| > r > 0 in Q by (2.3.8), it holds D(a o u”) = —
so we see that |D(a o u¥)|xyy, < | — ukDu} + u¥Dub|r—2xq, — | — uaDuy +

uy Dug|r=? strongly in L(), so that the left-hand side of (2.3.12) is converging
to 0 since Qp \ Fr, C Q\ Fr | Q\ UpFg, that is negligible. This proves that
the function ¢ + H2({a o u* = t} N Q \ F}) is converging to 0 strongly in
L'((0,27)), and in particular tends to 0 for a.e. t. Let us denote by X the
subset of (0,27) where pointwise convergence holds.

The left-hand side of (2.3.11) is uniformly bounded by a constant. Moreover
the functions t — H2({aou* =t} N F},) are increasing and pointwise converging
to t = H?({aou = t} N ULF;) thanks to the fact that F}, are increasing and
that {aouk =t} N F, = {aou =t} N F} by definition of u*. So the Monotone
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Convergence Theorem implies that the maps t — H2({aou* =t} NQ N F) are
converging to t — H2({aou® = t}N(UrQ)N(Uk Fr)) = H2({aou® = tIN(ULFY))
strongly in L'((0,27)). Again there is a subset ¥ of (0,27) of full measure
where pointwise convergence holds.

Writing

{aocuf =t} Q) = {aou® =t} n Fk)U({aouk =t} NQ N FY), (2.3.13)

we deduce from the observations made so far that if ¢ € 31 N X5 is such that
H2({aou =t} N (UpFy)) < +oo, then

H2({aouf =t} N Fy) + H2{aou =t} N (UpFy)), (2.3.14)

and
H2({aou® =t} N NEE) — 0. (2.3.15)

In particular (2.3.13) implies that (2.3.9) holds and the proof is complete. [

Let us define S* := QN {aou® =t}. Let v:=7 —t € (0,27), and consider
the maps a” o u¥, so that by the definition of @7 the maps a” o u* have a jump
of high 27 on the set S*. Hence the maps (a7 o u¥)xq, belong to SBV (),
being Sobolev on the set Qf \ Sk.

Proposition 2.3.13. The map o o u belongs to SBV(Q) and (" o u*)xq,
converges to aY ou strongly in SBV (). Moreover it holds
, 1 1 .
S(p) = | v-pdH* = —(—u2Duy + u; Dus, p)q + — (a7 o u, Div ¢)q,
s 2m 2m
(2.3.16)

for all o € C(Q,R3), where S = {aou =1} N (UpFy).
Proof. The Divergence Theorem on the open set . \ S* provides

- kD k kD k
/ [ayouk]wydeer/ oY oukp - vdH? —( ug Duy + uj u27¢>9k
Sk N |uk|?

+{a7 o u®, Div ©)Q s
(2.3.17)

for all ¢ € C°(Q,R?), where [a” o uF] = (a” o uF)T — (a7 o u¥)~ is the jump
of a” o uF on the two faces of S¥, and v is the normal to S* pointing from the
face with trace (a” o u*)* to the face with trace (a” o u*)~, and let v denote
also the normal to ONj pointing inside Nj. It is seen that the two traces on
Sk are the two constants 0 and 27, so assume (a” o u¥)* = 7 + 7 and hence
[@” o u¥] = 27. In particular

/ [ o uF)p - vdH? = 27r/ @ - vdH?.
Sk Sk

Now we define the distributions S*¥ and N* by

S*(p) ::/ o-vdH? and  N*(p) ::/ o ouFp - vdH?,
Sk ONp
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for all ¢ € C°(Q,R3). Let us first note that S¥ and A'* are Radon measures,
more precisely S¥ = v H?Lg, and N* = (aouF)v-H? yy,. Thanks to the fact
that a” o u* is bounded, Lemma 2.3.11 shows that

N* <0 weakly* in My(Q,R?), (2.3.18)
while Lemma 2.3.12 implies that there exists S € My(£, R3) such that
St =S weakly* in M,(Q,R?), (2.3.19)

as k — 0o. Moreover we claim that S = Z/'HQL{aou:t}m(Uka) and that the limit
in the previous formula holds with respect to the strong topology of M (£, R3).
To see this we set &' = v - HQL{QOU:t}m(Uka) and using (2.3.9) we write

IS" = SF| < [v - H2L {aou=tyn(r\F)| + [V - H>L {qouk —t}n2n )

)

where we have set F' := Uy F}, and both the terms in the right-hand side vanishes
as k — oco. The first one vanishes since we can write H2({aou = t} N (F\ F})) =
H:{aou=1t}NF —H*({aouf =t} N F}) and use (2.3.14), the latter term
vanishes thanks to (2.3.15). This proves that S = 8" = v - H2L {aou=t}nF-

k k k k
. —ukD D
By definition of €, we know that |u*| > r on Q4 so that %xgk
converges to 77“213“‘55“113“2 = —ugDuy +uy Dusg while o ou® converges to oY ou

strongly in L!(2). We can then pass to the limit as k — oo in (2.3.17) and using
(2.3.18) and (2.3.19) we obtain

27r/ ©dS = (—uaDug + u1 Dus, p)q + (@ o u, Div p)q, (2.3.20)
Q

for all p € C°(Q,R3). Thanks to the fact that S = v - ’HQI_{aOu:t}ﬂ(Uka) the
previous formula is equivalent to (2.3.16).

Formula (2.3.17) also shows that the absolutely continuous part of the gra-

. k . 7ukDuk+ukDuk . .

dient of (oY ou")xq, is WXQ“ and that the jump part is the mea-
sure 7Sk + Ny. Now formula (2.3.16) shows that the distributional derivative
of a” o u is given by the measure S — usDuy + w1 Dus. But we have proved so
far that D(a” o uk)xgk converges to S — ugsDuy + w1 Dug strongly as measure,
so (a7 o u¥)yq, converges to a” o u strongly in SBV (). O

Lemma 2.3.14. The measure S = v - 'HQL{aOu:t}ﬂ(Uka) is a 2-dimensional
integral current, i.e., S is a l-integer multiplicity current.

Proof. The fact that S is a rectifiable current is straightforward and it has finite
mass (formula (2.3.9)). Moreover, from (2.3.16), we can write

1
dS(p) = / v- Curl pdH? = %<—u2Du1 + w3 Dug, Curl ¢)q, (2.3.21)
S

where we have identify the 1-form ¢;dx; with the vector field ¢. So from (2.3.6)
it follows that S € My(Q,R?), and in particular it has finite mass. Now
Theorem 2.3.2 implies that dS is an integer multiplicity current, and the thesis
follows. O

The proof of Theorem 2.3.9 is now complete thanks to formula (2.3.21) that
shows that Curl (D(aowu)) = Curl (—uaDuy + u3 Dug) = 2708, with IS an
integral 1-current.
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2.4 Functional properties of the strain in the
presence of dislocations

2.4.1 [LP-fields with bounded measure curl

Let 1 < p < oo and let  C R3 be an arbitrary open set. We introduce the
vector space of tensor-valued fields

BCP(Q,R3*3) := {F € LP(Q,R*>*3) s.t. Curl F € Mg;, (Q,R**3)}, (2.4.1)
which, as endowed with norm
[Fllser == [IFllp + | Curl F|(€2), (2.4.2)

turns out to be a Banach space. Here the curl of F' € BCP(Q, R3*3) is intended
in the sense of distributions.

Remark 2.4.1. The “antinormal” tensor F'x N = (Fr4) @78 — (Frg) @714 is
distinct from the tangent projection F — FN @ N = (F14) @ 74 + (Frg) @ 78
with (74, 75) the 2 tangent vectors of 9.

Helmholtz decomposition for tensor fields. The following Lemma is a
direct tensor extension of the theorems of existence and uniqueness of Neumann
problem as shown in [72] (see also [30, Lemma III.1.2 and Theorem I11.1.2]).

Lemma 2.4.2. Let G € LP(2,R3*3) with 1 < p < oo and let  C R3 be a
bounded and simply connected open set with boundary of class C*. Then there
exists a unique solution (up to a constant) u € WHP(Q,R3) of

Oovu = -GN on ON. (2.4.3)

{ —Au = DivG in Q
Moreover the solution satisfies || Dul|, < C||G||p.

Let us remark that equation (2.4.3) is a formal strong form meaning that
the following weak form is solved (see [80]):

—(Vu, V) = (G, V) Yo e WHe'(Q,R3*3), (2.4.4)

Indeed GN is not well defined on 9€2. This issue will be addressed by Lemma
2.4.3.
Let us define

LE (R = {F e LP(Q,R*3) st. Div F =0}
= adh {F € C®(Q,R¥**3) st. divF =0}, (2.4.5)
L (QR*P) = {Fe LP(QR>?) st CulF =0}

= adhpe{F GCOO(Q,RB’XB) s.t. curlF = 0}. (2.4.6)

Let 1 <p < oco. Let V € LP(Q,R3) with Div V € LP(Q,R), then there ex-
, /
ists VN € W-1/»2(9Q) := (Wl/w (aQ)) . Moreover, if V € LP(Q,R?) with

Curl V € LP(Q,R3), there exists V x N € W~1/PP(9Q,R?). These proper-
ties straightforwardly apply to tensor-valued maps, where VN (componentwise,
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Vi;N;) and V x N (componentwise, €;;,ViiN,) mean, with an abuse of nota-
tion, the bounded normal and antinormal traces of V in W~1/77(99, R?) and
W=1/P2(9Q, R3*3), respectively. In particular, these traces are well defined for
tensors belonging to the spaces LA, (2, R**?) and L (9, R?**?) (see [41] and

curl
references therein). Specifically, the following Lemma holds.

Lemma 2.4.3. Let Q C R3 be a bounded open set with boundary of class C*
and let F € LP(Q,R3*3) be such that Div F € LP(Q,R3). Then there exists
!

FN € W-1P»(9Q, R?) := (Wl/PvP'(aﬂ,Rg’)) such that
(FN,~(¢)) := (Div F,¢) 4 (F, Do) (2.4.7)
for all o € WHP'(Q,R3), with v(¢) € WY/PP (9Q,R3) the boundary trace of ¢.
Proof. Let us define the linear functional on W/P# (9Q) by
(FN,v) :=(Div F,p) + (F, Dyp),

where ¢ € W' (Q,R?) has trace v on dQ. First observe that FN does not
depend on the particular ¢ chosen as extension of (). If 1, 2 are two such
extensions, then their difference has zero trace and

0 = (Div F, 1 — p2) + (F, D(¢1 — ©2)),

by definition of the distributional divergence. Thus we chose a lifting operator
Log : WHYPP(9Q,R3) — WP (Q,R3) so that by its linearity and continuity
(cf. [23]), it holds

[(FN,7)] C([Fllp + I Div Fl[ze) | Lot lwre ()

C(IFllp + 1Div Flle) [[vllw/o.0 a0

IN A

achieving the proof. O
A similar proof provides the following:

Lemma 2.4.4. Let Q C R3 be a bounded open set with boundary of class C*
and let F € LP(2,R3*3) be such that Curl F € LP(2,R3*3). Then there exists

, !/
Fx N € W-1/pp(9Q, R?) := (Wl/w (GQ,R?’)) such that
(F x N,v(¢)) := (Curl F, ) — (F, Curl ¢) (2.4.8)
for all o € WHP'(Q,R3), with v(p) € WYPP (90, R?) the boundary trace of .

Let us introduce the spaces

VP(Q):= {V €L (QR>?): Curl Ve LP(Q,R**®),V x N =0on 6Q},
(2.4.9)

{V e Lh (QR*>?): Curl V e LP(Q,R*?), VN =0 on 09} .
(2.4.10)

VP(Q) :

Lemma 2.4.5. Let Q C R3 be a bounded open set with boundary of class C*
and V€ VP(Q). Then (Curl V)N = 0 in the sense of Lemma 2.4.5.



128 CHAPTER 2. DISLOCATIONS

Proof. Take any ¢ € W' (Q,R3). By part integration (equations (2.4.7) and
(2.4.8)), it holds

((Curl V)N, p)aq = (Curl V, D) = (V x N, Dp)sq = 0.
Since ¢ is arbitrary, the proof is achieved. [l

The following estimate can be found in [41].

Lemma 2.4.6 (Kozono-Yanagisawa). Let Q C R® be a bounded open set with
boundary of class C' and assume F € VP(Q) or F € VP(Q). Then F €
WP (Q,R3*3) and it holds

IVF[l, < C (]| Carl Fll, + [[Fllp) - (2.4.11)

This shows that V?(Q) and VP(Q) are closed subspaces in W1P(Q, R3%3).
In simply connected and bounded domains the following better estimate can be
obtained (see [79]). Note that this is a classical result for smooth functions with
compact support.

Lemma 2.4.7 (von Wahl). Let Q be a simply connected and bounded domain
and let F € VP(Q) or F € VP(Q2). Then it holds

IV, < C||Curl F|,. (2.4.12)

As a direct consequence the following result holds.
Lemma 2.4.8. Let F € VP(Q) or F € VP(Q). Then Curl F=0 <= F =0.

We remark that, when F € VP(Q), Lemma 2.4.8 amounts to proving the
uniqueness property of Lemma 2.4.2. Moreover, in [41], a more general state-
ment is established without the simply connectedness assumption. In general,
for Q a smooth and bounded subset of R*, Curl F' = Div F = 0, coupled with
the boundary condition V' x N = 0 or VN = 0, has a non-trivial solution.
In particular Kozono and Yanagisawa [80] show that the solutions belong to a
subspace of C>(Q, R3*3) with positive finite dimension, depending on the Betti
number of 2.

The following result is well known in the Hilbertian case L? but is not classi-
cal for the general Banach space LP. It is basically proven with help of Lemma
2.4.2 (for a complete proof see [41,80], cf. also [30,55]).

Theorem 2.4.9 (Helmholtz-Weyl-Hodge-Yanagisawa). Let 1 < p < oo and
let Q be a bounded, simply connected and smooth open set in R3. For every
F € LP(2,R3%3), then the two following statements hold true:

(i) There exist ug € Wy P (Q,R3) and V € VP(Q), such that
F = Dug + Cwrl V. (L”(Q,R3X3) = VW P(Q,R?) & Curl 9?(9))
(2.4.13)

(ii) There exist u € WHP(Q,R3) with Onu = FN on 9Q, and Vi € VP(Q),
such that

F=Du+ Curl V. (LP(Q,R¥3) = VWHP(Q,R®) @ Curl VP(Q))
(2.4.14)
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Moreover the decompositions are unique, in the sense that ug, V', Vo are uniquely
determined, while u is unique up to a constant, and it holds || Duo||p, || Dull, <
C||F||p, respectively.

By Lemma 2.4.5, the potential u of (2.4.14) is found by solving (2.4.3) with
G = —F, this also gives a meaning to the condition dyu = F'N.

Remark 2.4.10. When F is smooth with compact support, decompositions
such as (2.4.13) and (2.4.14) are classically given by Stokes theorem and explicit
formulae involving the divergence and the curl of F' (see [79], [9]). Notice that
no boundary data for I is here given.

Remark 2.4.11. Let F € C'(Q,R3*3). In the particular case Curl F' = 0 the
Helmholtz decomposition is trivial if € is a simply connected domain. Indeed it
is well-known that in such a case there exists u € C?(Q, R?) satisfying F' = Du.
This result extends for F' € LP with 1 < p < 400 as shown in [30]. See [41] for
a complete treatment of Helmholtz decomposition in LP, relying on the pioneer
paper [29]. Moreover, if Div F' = 0 then, by Theorem 2.4.9, F = Curl V' with
Ve (©). We remark that for smooth functions F, this result holds for any
simply connected domain with Lipschitz boundary.

Remark 2.4.12. Smoothness of the boundary is a strong requirement which is
needed for the following reason: (2.4.13) and (2.4.14) require in principle to solve
a Poisson equation Au = Div I’ with the right-hand side in some distributional
(viz., Sobolev-Besov) space for which smoothness of the boundary is needed. It
is known [25] that for a Lipschitz boundary the solution holds for restricted p
(namely 3/2 — e < p < 3+ ¢€) for some € = €(2) > 0. Note that for p = 2 a
Lipschitz boundary would be sufficient.

Invertibility of the curl. A key equation behind the results of this work
is the following system:

—CwlF = uv in Q
DivF = 0 in Q (2.4.15)
FN = 0 on 09,

with #7 a Radon measure in Mg;, (9, R3*3). Existence and uniqueness of a
solution is given by the following Theorem 2.4.13, for which Lemma 2.4.2 (or
Lemma 2.4.8) will be required. Let us introduce the following linear subspace
of BCP(Q, R3*3):

BCE. (Q,R¥**3):={F € BCP(Q,R**?) : Div F =0
and FN =0 on 9Q}. (2.4.16)

In the last definition the divergence is intended in the sense of distributions.
The following results generalize to the case of measures the result in [11].

Theorem 2.4.13 (Biot-Savart). Let Q C R? be a bounded and simply connected
open set with boundary of class C'. Let u be a tensor-valued Radon measure
such that pT € Mgy (2, R3*3), and let it be extended by zero outside Q. Then
there exists a unique F in BCY, (Q, R3*3) solution to (2.4.15). Moreover F
belongs to BCh, (L, R3*3) for all p with 1 < p < 3/2 and for all such p there
exists a constant C' > 0 satisfying

1]l < Clul(2). (2.4.17)
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Proof. Step 1. Let ® be the fundamental solution of the Laplacian in R? (i.e.,
A® = §j) and let ¢ € C2°(R3,R). It holds

/Rs p()dpij(x) = (pij, o) = (pij, (A®(x =), ()

= (uij: (D®(z — -), De(-))), (2.4.18)

Here the subscript « means that the field on which it is appended is a function
of .

Let (x) i= D® % p(x) = fu DD — E)p(€)dE = — foy DB(E — ) p(€)dE =
— Jas D®(y)¢(z + y)dy € Cj(R*,R?), where we have used the odd and asymp-
totically decreasing properties of D®. By solenoidal property of xT, one has
{(pij, Dipr) = 0, and recalling that €;gmemi = 0ik0q — di10qr while DP(§ —z) =
—D®(x — &), we rewrite (2.4.18) as

</Lij7 p) = 7<Mk]’7 eiqumleqSZl> = </L91§ja 6iqmﬁmkl<qu)(')a Dq@(' +z)))

= 6iqmemkl/ dﬂkj(x)/ Dltl)(y)chp(ery)dy
R3 R3

= o [ DIBE—a)duy(@) [ Diplé)ie,

which by definition of the convolution between distributions (cf. [71, Théoréeme
LVL,2;5]) reads (€mmDi® * fikj, €igmDep) = (€igm Dy (€muDi® * purj) , ), im-
plying that

Hij = €igmDq (€min D1 P * pugj) (2.4.19)

as a distribution.
Therefore the solution G writes componentwise as

Gi(2) =~ (D 1) (0) = [ e DIB(E ~ )pns (). (2:4.20)
R3

and satisfies, by (2.4.19),
~CwlG=pu" in Q. (2.4.21)

Step 2. First observe that D® € LP(R3,R3*3) with 1 < p < 3/2, since
D®(x) = O(|z|~?), and hence, posing R := |z — y|, while R is the radius of a
ball centered in 0 and containing €2,

R
| Db < / R™?PR?*dR, (2.4.22)
0
where the last factor in the right-hand side is bounded as long as 1 < p < 3/2.

The boundedness in LP (hence the continuity) now follows from Minkowski’s
inequality since for some C' > 0, it holds (see also [71, VI.I;4]),

IGllp < Clul(9).
Now, taking ¢ € W1#' (R? R3)), we have
(Gim, Dmtpy) = {emun(D} P(§ — ), ik (€)), Dimh; ()

=~ [ oD ~ ), Doty () €

= /R3 emik(Dm D1 P (€ — z),q/,j (z)>d,ukj (&) =0,
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where the last equality follows from the smoothness of ®. In other words
Div G =0.

Step 3. Let us now prove that FN = 0. By Lemma 2.4.3 (with © in place
of Q), since Div G = 0 the normal trace of G, denoted as GN, exists as an
element of W~1/PP(9Q, R?) and satisfies

(GN, ©)oq = (G, V) + (Div G, @) = (G, V) Ve WP (R3 R?)(2.4.23)

If ¢ € WHP(Q) we have that F := G + D¢ also satisfies — Curl F = ™. Thus,
Lemma 2.4.2 (with  in place of Q) provides a solution ¢ such that Div F' =0
in 2, FN =0 on 0%, and such that (2.4.17) holds.

Step 4. We now prove the uniqueness of solution. Assume that there
exist two solutions and denote by H € LP their difference, one has Curl H =
Div H = 0 in 2 while HN = 0 on 0f). From Remark 2.4.11 there exists
u € WHP(Q,R3) such that H = Vu. Taking the divergence one gets Au = 0 in
Q. Moreover from HN = 0 we also have dyu = 0 on 9Q2. By Lemma 2.4.2 this
implies that there is a constant ¢ with v = ¢ in ), whereby H = 0, achieving
the proof of uniqueness. The proof is complete. O

By uniqueness, there exists a linear one-to-one and onto correspondence
between v € Mg (2, R3*3) and F € BCH, (€2, R3*3). Thus the map

Curl 7't Main (Q,R¥3) — BCh (Q,R¥3), v F = — Curl ~'(v)(2.4.24)
is well defined and linear. Therefore, we may write
BCh, (2, R¥3) i= Curl ~" (Mai (2, R¥%)) . (2.4.25)

Moreover, for any F € BCH (2, R3<3) we recover by Eq. (2.4.17) the LP-
counterpart of Maxwell relation in L? [55], that is,

|F|l, < C| Curl F|(€). (2.4.26)

Remark 2.4.14. In case () is not simply connected the uniqueness of solution
of problem (2.4.15) does not hold. In such a case, Lemma 2.4.8 would also not
hold, since the problem might exhibit non-trivial solutions, as shown in [80].

2.4.2 Harmonic maps with prescribed jump on a surface

Lemma 2.4.15. Let C be a smooth closed curve in R? and let S be a smooth
bounded surface with boundary C and unit normal N. Let b € R. The solution

of

Au=0 in R3\ S
[u] :=ut —u™ =10 on S (2.4.27)
[Onu] := OyuT — Onyu™ =0 on S

is given by (up to a harmonic map on R3)
u(z) = —b/ ONT (2 — 2)dS(a'), (2.4.28)
S

for x € R3\ S, where T is the solution in R® of AT = &.
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Proof. Let Sy be a thin ellipsoid enclosing S and V the set containing S whose
boundary is Sy with outer unit normal N. Let u be an arbitrary smooth real
function. We have the identities in V'

/V (0@ N’ —2))ds’ = [ @)’ — ) Ne(a)aS ()
and
/V O (u(@ )T (2! — 2))da’ = /5 w(@ )R — 2)Ni(a)dS(2).

Thus by subtraction it holds

/V@kalu(ac')l"(x’ ~ ))da’ — /Vu(x')akall"(ac'  2))da' =

[5 (Ouu(a) " T(@ — 2)Ne(')dS(a') — [5 (@)D (@ — 2)Ni(2)dS ().
Moreover, the same identities in R3 \ V' yield
/ oo\ — a))da’ / u(@) AT — a))da’ =

R3\ 7 R3\ TV

- / (Ou(z) T T(2' — 2)Ni(2')dS(2') + / uf (2o (2" — )Ny (2')dS(2").
Sv Sy

and hence, by summing,

/ OOu(x T (2" — z))dx’ —/ w(x )OOl (2" — x))dz' =
R\ Sy RS\ Sy

- / (@) D(2 — 2)Ne(a')dS(z') + / (@ oD@ — 2)No(a')dS(z').
Sv Sv

Contracting with dy; yields

/ Au(x"\T(z' — x))dx’ —/ u(@ )AL (2" — z))dz’ =
R3\ Sy

RS\ Sy
— / [Onu(z")T (2" — z)dS(z") +/ [u(x)])ONT (2" — z)dS ("),
Sv Sy
(2.4.29)

that is, for # € R?\ Sy,
/ Au(2"\T(2' — z))dx’ — u(z) =
R3\ Sy

- / w02 — 2)dS(') + / (2 |OnT (2 — 2)dS(a").
SV SV
(2.4.30)

Since u is arbitrary, let us set

w=—b /S ONT(y — )dS(y).
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so that u is seen to be harmonic in R?\ S, Au(z) = 0 for z € R?\ S, and hence,
by (2.4.30)

u(zx) = /SV [Onu(2)|T (2" — 2)dS(2) — /s [u(z")]ONT (2" — 2)dS ('),

\

for all z € R?\ Sy. Consider now any smooth tensor function with compact
support ¢ in place of the tensor I'. By (2.4.29), it holds

/, u(z ) Ap(x')dx' = / u(z")Ap(z)dx’
R3\Sy R3

= /S[aNu(x’)]ga(z/)dS(:c’)/ [u(z")]One(x')dS(z). (2.4.31)

Sv

Let S{,” and Sy, be the upper and lower faces of Sy with respect to S. Define
the distribution v[b] concentrated on Sy as

(Y[, ) == =b | One(y)dH?(y).

+
SV

By definition, u(xz) = —b [¢+ ONT(z — y)dH?*(y) = —(y[b],[(x — -)). Observe
that
Au = —7[0]

holds in the distribution sense, since for any smooth test function with compact
support ¢, by definition of the convolution between distributions [71], it holds

(u, Ap) = (Au, ) = —((y[b],T'(z =), Ap(z)) = —(7[b], (Al (z — ), p(2)))
= —(v[b], ). (2.4.32)

Subtracting (2.4.32) from (2.4.31) yields

0= /SV [aNU(;L'/ﬂ@(;L'/)dS(z/) /S ([u(x/)] _ b) aNQD(ZL'/>dS(:L'/),

+
\4

thereby proving that

Au=0 in R3\ S
ut —u= =0 on S
Onut —Onyu— =0 on S{,”

Now, letting S;> = S (while the lower face Sy, can be arbitrarily located below
S) entails that

u(z) = —b/ ONT (2" — 2)dS(x")
S
satisfies (2.4.27), achieving the proof. O
By (2.4.28), it holds

du(z) = —b/5(| Ni —3N'(””_$')(””i_$g))ds'. (2.4.33)

x—a|3 | —2'|®
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Lemma 2.4.16. Let Q C R3 be a bounded open set. Let C be a closed Lipschitz
curve in Q and let b € 2nZ3. Then for any Lipschitz surface S with boundary
C, if u € BVP(Q,R3) has components u; satisfying (2.4.27) with b = b;, then
Div Vu = 0 and — Curl Vu = b® L as distributions, with Vu the part of the
gradient of u that is absolutely continuous with respect to the Lebesgue measure.

Proof. Let u be a solution to (2.4.27). Then Vu € LP(Q,R3*3). Tt has been
shown that u is smooth outside S where it has a jump of amplitude b. In
particular u belongs to SBV (2, R?) and its distributional derivative is given by

(Du, p) := —{u, Div ¢) = S(¢) + (Vu, ), (2.4.34)

for all p € D(2, R**?), where S is the distribution S(¢) = — [¢ N;bipi;dH>.
Let us prove that — Curl Vu = L®b. To this aim let us take ¢ € D(2, R3*3)
and write

— (Curl Vu,¢) := —(Vu, Curl ) = —(Du, Curl ¢) + S(Curl )
= / iji’lbijd,Hl = b® E(’L/J),
C

where the second equality follows from (2.4.34) with ¢ = Curl ¢, and the third
one by Stokes theorem.
We now prove that Div Vu = 0. Again, we take 1) € D(Q, R3) and write

— (Div Vu,v) := (Vu, Vi) = (Du, Vo) — S(V), (2.4.35)

and using the explicit formula (2.4.28) for u we obtain
(Du. Vo) = bu(D: [ yTi(a’ ~ )as('), Div) =
s
— [ AT =, DNy ) = ~bi [ ()i () = 5(70)
s s

where I"(2')(x) := I'(x — 2’) for x € R3. So that plugging the last identity in
(2.4.35) we obtain Div Vu = 0. O

_ In order to prove that Div Vu = 0, we might also argue as follows. Let
S D S such that S separates €2 in two parts Q= and Q7. Then for every test
function ¢ € C°(Q,R3) it holds

/Vquad:c:/ Vquad:ch/ VuVedr =
Q Qt Q-

— / Div Vupdr — / Div Vuepdz + oyutVodr — Onu~pdr = 0.
Q+ Q- S+ 5-

Remark 2.4.17. The statement of Lemma 2.4.16 readily applies to the case of

C being a finite union of Lipschitz curves.

Lemma 2.4.18. Let C and S be as in Lemma 2.4.15 and u be the explicit
solution of (2.4.27) given by (2.4.28). Then it holds

0]
d(z,C)’

|Oiu(z)| < 87 (2.4.36)
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Proof. Let us first prove that the value of the derivative 0;u(z) does not depend
on the surface S appearing in (2.4.27). Let indeed S’ be another smooth surface
that does not contain the point z and has C' as boundary. For simplicity let
us suppose it is disjoint from S. Let «' be the solution of (2.4.27) with S’
replacing S and let A be the open set enclosed by S and S’. By formula
(2.4.28), (u —u)(z) = c+ b [,, 0nT (2" — x)dS(z") = c + bxa(z), the first
equality being a consequence of the Divergence theorem. In particular we see
that w — «’ is constant in a neighborhood of z, so that d;u(x) = d;u/(x). By
approximation, we can also extends this to the case of Lipschitz surface S’, and
then to every rectifiable current S’ with 95’ = C' and whose support is outside
a neighborhood of z. Let By(x) be a ball with radius d = d(z,C') and center
x. Let mq : R — 9By(x) be the orthogonal projection onto the sphere 0By(z)
and let Cy be the image of C' throughout m4. Let us consider the Lipschitz
homotopy @ : [0,1] x [0,1] — © such that ®(0,[0,{]) = C, ®(1,[0,1]) = Cy4, and
(-, t) is affine for all t € [0,1]. Then E := ®4][0, 1] x [0, ] is a rectifiable current
with boundary C' U Cy. Let D be the spherical cap on 9Bg(x) bounded by Cy
with minimal area!. The rectifiable current S’ := E + D has boundary C, so
we can consider the map v’ solution of (2.4.27) with S replaced by S’. Now
J5 ONT (2" — 2)dS(2") = 0 since T is radial with respect to z and N is always
orthogonal to ' — x by construction of E, so that by (2.4.28),

u(z) = —b/D ONT (2" — z)dS ("),

that explicitly gives

_ Ni N-(w—a) (i =2\ o,
()| = |b/D (ww R 2|
Afb] 2 o _Smlbl
d <
.07 o™ < T g
since H2(D) < 27d(x,C)?, and the thesis follows. O

Remark 2.4.19. Actually, if Cy is not simple, D is not well-defined. In general
it is a rectifiable current that can be constructed as follows. Let P ¢ Cy4 be a
point on dB,(x). We construct an homotopy ¥ : [0,1] x [0, 27] — OBg4(z) that
satisfies UF(0,-) = P and ¥ (1,0, 27]) = Cy, and we can consider the current
M0, 1] x [0,27]]. Then we can set D := ¥{’[[0, 1] x [0, 27]], where P is chosen
in such a way that \Ilég[[[(), 1] x [0, 27]] has minimal mass.

Remark 2.4.20. In Lemma 2.4.18 we also proved that the integral in (2.4.28)
does not depend on the particular surface S, but only on its boundary C.

Corollary 2.4.21. Let C be the union of N > 0 Lipschitz closed curves Cy, let
S be the union of the corresponding surfaces Sy with boundary Cy respectively,
and let u be the solution to (2.4.27) in (2.4.28). Then (2.4.36) holds true.

Proof. Actually the same proof of Lemma 2.4.18 applies, since we can always
consider N — 1 smooth curves connecting all the Cj, so that it is not restrictive
to assume that N = 1. O

ISee following Remark.
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Lemma 2.4.22. Let b € 2rxZ. Then the solution u of (2.4.27) belongs to
C>(Q\ C,T) and it is harmonic in Q\ C.

Proof. As we have proved in Corollary 2.4.18 if we choose a surface S’ with
boundary C' disjoint from S, and denote by u’ the corresponding solution of
(2.4.27), then u — v’ = by a, with A the open set with boundary S U S’. Since
b € Z we see that u = u' as maps into T. Moreover if z ¢ S then u is smooth
at z, so in particular, up to change the surface S, we obtain that it belongs to
C>(2\ C,T) and u is harmonic at z for all z ¢ C. O

Lemma 2.4.23. Let S as above and let u be the solution of the elliptic problem

Au=0 on R3\S
ut —u= =1 on S . (2.4.37)
Ofu—0yu=0 on S.

Then, if U is a tubular neighborhood of C, for all (p,0,z) € U with 6 # 0
there exists the limit im,_ o+ u(ep,0,z) = % + ¢, where ¢ is a fized arbitrary
constant. Moreover |lim._,o+ O, u(ep, 0, z)| < ¢ < +00 for some constant ¢ > 0
that depends only on the curve C.

Proof. With no loss of generality we can suppose that the curve C' that repre-
sents the boundary of S passes through the origin of an euclidean coordinate
system and that it is tangent to the z-axis in such a point. Moreover we choose
the coordinates x7 and o in such a way that z1 = pcosf and zo = psinf, so
that it follows that the point (ep, 8, z) coincides with (ex1, exo, z). For simplicity
we take z = 0 and denote x = (x1,x2,0), while S is orthogonal to the zo-axis
in 0. From Lemma 2.4.15 we have the explicit formula

u(ep, 0,0) = u(exy, €x2,0) = —/ OND (2" — ex,y — ey, 2")dS(2',y, 7)),
s
with the change of variables (ex!, ex}), ez") = (2, 2%, 2’) we obtain
u(exy, €xs,0) = */ ONT (2] — @1, 25 — 29, 2")dS (a7, 23, 2"),
1
:S

where we have used the explicit expression of I'; with dy being the partial
derivative in the new variable. Letting € go to zero we obtain

lim u(ep,0,2) =— | On[(2" —x)dS(x"),

e—01 o
where Tl is the half-plane {z = 29 = 0,27 > 0} and we have used the shorter
notation o’ = (2, 24,2"”). Thanks to Lemma 2.4.15, we see that the right-
hand side coincides with w(z1,22,0), where u is the solution of (2.4.37) with
S = IIp. But it is well known that such solutions are given by, in cylindrical
coordinates, u(p,d,z) = % + ¢ for an arbitrary constant c¢. In particular we
have lim,_,o+ u(ep, 0, z) = % + c.

To prove the last statement we use the explicit expression (2.4.33), which

reads, after the change of variables ' = ex”,

. o o
3Zu(ez1,ex2,0):—l/ <| Ne  gN-(z=al)z=z )>dS”. (2.4.38)
1s

€ x_$//|3 |.T—$”|5
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We fix R > 0 and consider the ball B, with center (exy,exo,0) and radius R.
We then write the last integral as

71\/ NZ 73N'(:C7ZL'N)(27Z”) dsl/
¢ Jisnp, \|z —a"? o —2"[?

,1/ N G N-@=o)e-) o
¢ Jisop: \fg—a7P v — 2P

and thanks to Remark 2.4.20, up to choose R small enough, we can assume that
the surface S is everywhere orthogonal to the vector (ex — 2’) in B,, that is, to
(z —2") in 1B, so that the integral above becomes

; N, N . Y o
—1/ N N dNEZ)N G (9.4.30)
€ Jisnp, & —a"| |z — " |z —2"]?

Let us now estimate the second term in (2.4.39). In B¢ it holds |ex — 2’| > R,
that is, |[v — 2”| > e 'R, so it is easy to see that this term can be estimate by

H2(S)
R3

CP?
7?7

< (2.4.40)
where |C| is the length of C' and v > 0 is the constant of the isoperimetric
inequality.

It remains to estimate the first term. Let us consider the plane II passing
through 0 and tangent to the versor z and x — 0. Let II™ be the half-plane
in II bounded by the axis Z and not containing the point z. Thanks to the
smoothness of C, we can assume that there exists a smooth one-to-one map
®: 11" N B. — SN B, so that also N o ® : It 5 &’ + N(z’) is smooth, and
then in B, NIIT we can use the Taylor expansion of N o ® at 0. Going back
to the variable 2’ = ex” (and &’ := ez”), we find that the first term in (2.4.39)
reads

[ g [ TNOEE e
SNB. SNB.

ex — '3 lex — 2/|3 lex — 2/ |3

The Taylor expansion of ® at 0 provides 2/ = &' + V2®(0)2' - 2’ + ro(2')
and if R is small enough we can assume that [V2®(0)3 - &’ + re(2)| < $[2/|.
Note that, since C is smooth, we can find such a R > 0 satisfying the last
inequality globally, i.e., R is independent of the point x. In particular we find
lex — /| > |ex — &' — |V2@(0)2 - &' + ro (&) > |2'| — 2|2'| = 3|2/| for all € > 0,
so that the integral is bounded by

/ [VEN(0)3"- & | rn(#%) o
T+ B, |2/]3 j&]? ’

and taking into account that R > 0 can be small as we want, we assume that
Irn (2")] < [V2N.(0)2" - |, whereby the last integral can be estimated by

1
Co/ TdS(:i’),
n+NB, |
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where the constant Cy is independent of R and x, and whose limit as e — 0
reads by the monotone convergence theorem

1
Co / Las@,
I+NB(0,R) |12/

which is uniformly bounded. Now, since the value of R is independent of the
point x but only depends on the geometry of the curve C, we achieved the
proof. O

Remark 2.4.24. Let us point out that Lemma 2.4.23 still holds true if we do
not assume that C' is connected. Indeed if C' is the union of a finite family of
smooth closed curves, the surface S will be the union of a finite family of smooth
surfaces and the arguments used in the proof of Lemma 2.4.23 still work.
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2.5 Minimizers of a continuum dislocation en-
ergy

In this Section we focus on the main object of discussion of the Chapter, that
is the minimum problem

min W(F,Az), (2.5.1)
(F,L)eA
where the energy W satisfies some appropriate convexity and coerciveness condi-
tions, while A is the space of admissible couples of deformations and dislocation
currents.

We will provide three existence results with some important differences on
the hypotheses on the energy and on the class of admissible dislocations. In
particular, we first solve problem (2.5.1) in a narrow class of couples (F,Ar),
where L is a dislocation generated by a finite number of Lipschitz curves (meso-
scopic dislocation). As a second step we solve the problem among a class of
deformations whose curl is the density of a continuum dislocation. In contrast
with the first existence result, here the energy depends on the total length of
the dislocation set L which is assumed connected.

Let us describe a pathological case which we do not treat in this first analysis.
Consider a countable family of loops Liez of lengths liez, with >,z H'(I;) is
finite. If the set L := UL;c7 turns out to be somewhere dense in €2, then
mesoscopicity assumption will be violated since for some points outside L there
is no ball centered at them with empty intersection with L. Moreover every
connected set C' that contains the dislocation set L turns out to have unbounded
H! measure. In order to solve problem (2.5.1) in a class of competitors where
also this case is taken into account, a more detailed analysis of the deformations
graphs is needed. This is accomplished in Section 2.7.1. This leads to the third,
more general, existence result provided in the following Section.

2.5.1 Preliminaries

It is convenient, with no loss of generality, to assume that €2 is bounded and
simply connected, with smooth boundary. Recall that U be a bounded open set
such that U N 92 = 0pf). Moreover we assume:

Assumption 2.5.1. Let Q be a bounded and simply connected open set with
smooth boundary such that (U U Q) C €.

In order to simplify the notation, let us also assume that the atomic spacing
of the material is a multiple of 27, that is, we are supposing that the crystallo-
graphic assumption holds with the lattice 27Z.

We will restrict our attention to the class of continuum dislocations (c.d.),
defined by Definition 2.2.13. We have seen, thanks to Theorem 2.2.17, that
L is a continuum dislocation if, for ¢ = 1,2, 3, there exists a 1-Lipschitz map
A2 [0, M7] — € such that £; = A[0, M*]. Moreover, since all such currents are
boundaryless by definition, we can rescale the functions A’ and suppose they
are defined on S'. In such a case, the density of a continuum dislocation in €
can be written as the sum of the three measures

3 3
Ap=Y A=) N[S']q ® e, (2.5.2)
1=1 1=1
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that we can equivalently write as A; = ()\Z ® ei))\é?{l, where )\é/Hl is the push-
forward of the 1-dimensional Hausdorff measure on S* through \’.

We then introduce the class of dislocation density measures in Q as

MAQ R :={ v e M(Q,R>*3):3 L cd. with density
—(AL)T = v}, (2.5.3)
Setting gpg\j(s) = 0ij(M(s)) = djrpij(\F(s)) for every ¢ € C.(Q,R3*3)

(where no sum is meant in the second term), the density px := —(A;z)" which
is associated to A reads

3
() = / P(A(s)) - (er @ Ar(s))dH 1 (s)
k=1"5"

:/ @f‘j(s) ()\Z) (s)ds = / ©i;Ti0idH", (2.5.4)
St J L
with L = U2_; X\*(S1) be the dislocation set. In (2.5.4), we have introduced

)'\i

Ou(P) =5 € (W) (P) s 7is) = ()}
Cbse (V) (P): |§—Z|<s> — (P},

for every P € L, which stands for the multiplicity of the dislocation with Burgers
vector e;. Here 7;0;dH" = (\);ds. The correspondence between the arcs A and
the Burgers vectors of the dislocation will appear clearer in Remark 2.5.2 below.

If £ is a continuum dislocation, then there exists a set C, C QO containing the
support of the density A, which is a continuum, i.e., a finite union of connected
compact sets with finite 1-dimensional Hausdorff measure. Note that such a set
is not unique, and that we can always take, for example, C; = U?_; \'(S1) = L.

Remark 2.5.2. When we deal with a dislocation £ generated by only one loop
with Burgers vector b = (51, 82, 83) = Bies, 8i € 2nZ (b # 0) (i.e., e; is the
lattice spacing), then we have a Lipschitz function * € W1(S? R3) such that
L= ’yé’[[Sl]]LQ and fM;Fb = Az = L ®0b, that is the measure such that

— (b = b($)) - 0(s))ds = ij b(s i'l?ss
) = [ o) @3 s = [ oMb
:/gpijijiQd’Hl, (255)
L

where 0(P) represents the multiplicity of the dislocation and is defined for every
Pel as
by—1 AP
0(P) :=f{se (") (P): W(S) =7(P)}

—#{se (") (P): L(s) = —7(P)}. (2.5.6)
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For every u € MA( ,R3%3) it is easy to check that Div y = 0 in Q, since £;
are closed integral currents. In fact for all ¢ € C2°(€2,R?) one has 7<D1/1, wy=
(DY, Y 1en @ ANFNEHL) =30 | [0 Dybs(N)Aids = [ Dip(AF)dt = 0. We
then get My (Q, R¥*3) € Mg (2, R3%3).

We can now identify the space M (Q, R¥*3) with W11(S!,Q3), through the
map T : WHL(S1, 03) = M, (Q, R3*3) given by

T(\) = uy defined in (2.5.4). (2.5.7)
The map T is by definition onto, while for every A € Wht(S1t, Qg) it holds
1Tl < A L1, (2.5.8)

implying the continuity of T'. However T is not an injective map. We now define
an equivalence relation ~ in W11 (S, 0%) by writing A ~ X if and only if T'(\) =
T(N). Then we set Wh1(S1, 03) = lel(sl (%) j~ = WS, O3) /ker(T),
and so we may define the inverse of T as T~ : M (Q, R3*3) — Wh1(S1,Q3)).
If we define a new norm | - || on W11(S, 93), given by [|Al|~ = infy o |V 2
then by virtue of the open mapping theorem, 7~ is also linear and bounded,
whereas with the norm of W11(S', (3) an inverse of T is in general not contin-
uous. For every pu € Ma (€, R3*3) we set

m(p) == infy [N = [|A]~, (2.5.9)
AS a consequence,

T(lel(sl,QB)) = Ma(Q),R37), (2.5.10)

_1(MA(Q,R3X3)) = WIS, 03). (2.5.11)

where the infimum is taken over all A € T71(u). Introduce also

BCPA(Q,R3*3) .= {F € BCP(Q,R**3) : Curl F € MA(Q,R¥>3)}, (2.5.12)
and its proper subspace

BCEA(Q,R¥3) := {F € BCA, (Q,R¥*®) : Curl F € Mp(Q,R¥>3)}  (2.5.13)
in such a way that by Theorem 2.4.13 and (2.5.11), it holds

BCHA (Q, R¥3) = Curl ~ (MA(Q,R?’“)) = Curl ~ ( (Wl (s, 0P ))

5.14)

Moreover we introduce

BCPA(Q,R3*3) .= {Fe BCP(Q,R**3) : IF € BCPA(Q,R¥3) . F = F.q}.
(2.5.15)

2.5.2 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 £’ := £ + « by £. 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, R3*3) such that — Curl F = (Ay)T on U.
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Definition 2.5.3.
F:={(F, L) € LP(Q,R**3) x MD : F satisfies (i)-(iii) below}  (2.5.16)

(i) The dislocation current L = {L,,0} satisfies the boundary condition and
the function F' := XQ\QF + xoF € LP($), R3*3) is such that — Curl F =

(Az)" in Q.

(ii) We require that for every point € Q\ L there is a ball B C Q\ L centered
at z such that there exists a function ¢ € Cart?(B;R?) with F = D¢ in
B.

(iii) detF > 0 almost everywhere in (.

Let us recall that if F' = 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, R3*3) and coincide with det(Du) and adj(Du)
respectively. It is also straightforward that smooth functions u € C*(U, R?) are
Cartesian.

We denote by

ADP(Q) == {F e BCP(Q,R3*3) : F satisfies (i) above}, (2.5.17)
ADPAM(Q) = {Fe BCP(Q,R3>*3) : 3Fe ADP(Q)) : F = F.q}. (2.5.18)

Thanks to the equivalence between mesoscopic dislocation and continuum dis-
location we see that the class F concides with the set of functions in ADP* ()
satisfying also (iii).

Remark 2.5.4. As a consequence of the crystallographic assumption, that is,
the hypothesis that the Burgers vectors belong to the lattice 27Z3, it turns out
that ADP(Q) is not a linear subspace of BCP(Q, R3*3). Indeed it is easy to see
that if ' € ADP(2) has density —( Curl F)T, then nF, with n an irrational real
number, has density —(nCurl F)* which has not Burgers vectors in 277Z3.

We also introduce the proper subset of ADP (Q)
ADE (Q):={F ¢ Bde (Q, R>*3) : F satisfies (ii) above}. (2.5.19)
The following regularity result holds:

Theorem 2.5.5. Let i € M (Q,R3*3), then the solution F := Curl ~'(n) of
(2.7.19) in Q satisfies (ii) above. In other words

AD,, (@) = BC (0, R).
Proof. By hypothesis there is a A € W11(S1,03) such that pT = — 2?21 N ®
eNH'. Let G, = U X'(S"), that is a closed set of finite length. Let us fix
a ball B with B C (Q\ C,). We first see that the function z — G(z) defined
n (2.4.20) turns out to be C*°(B), thanks to the fact that for fixed z, the map
y — V¢(z —y) and all its derivatives are uniformly continuous on C,. Now
F = G + D where 1 is the solution of (2.4.3) with Div G = 0. Since C,, does
not intersect 9 we see that GN is smooth on 92, so that t is smooth in (2
and we find out that F is smooth on any ball B C \ C. In particular, in any
such ball, since F' is curl-free, it is the gradient of a smooth map, and thus the
gradient of a Cartesian map. O
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We will now show that there exists at least one element in F with an admis-
sible £ coincinding with « in 0Qp. In the following theorem, we will use the
general fact:

—Curl F=b®7 H' L if and only if / F egdH' =b. (2.5.20)
Cr

for all Lipschitz-continuous closed path Cp, in 2 enclosing once L and with unit
tangent vector ey. To check identity (2.5.20), simply observe that, if Sp is a
Lipschitz and closed surface in Q with boundary L and normal v, Q\ Sy, is simply
connected and hence there exists a function ¢ € WP (Q\ Sy ) such that F = V¢
in Q\ Sr. By (2.5.20), ¢ has a constant jump on §;, (i.e., [¢]s, = b). Thus
the distributional derivative of ¢ writes as D¢ = Vo +b® Z/HE s, - Multiplying
by a test function ¢ one has by (2.1.4) that (Cuwrl (b ® vHZg, ),¢) = (b ®
vH? s, » Curl ). Componentwise, by Stokes theorem, it reads as

/ nbj€ir O dH> :bj/7p¢jdel’
Sp L

and hence (Curl (b® vH2g ),¢) = (b @ TH! L), ).
Theorem 2.5.6. 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?, z = 0} as a dislocation loop
with Burgers vector b = Bie; + P26y + Paes = Brhp + Bihy + B:h,, with the
local basis on L, {hp,h;,h,} = Q(){e;,¢es,e5} where Q(I) is the matrix of
rotation around e; = h, and with angle [ (see Fig. 2.5(a)). Let V5 be a tubular
neighborhood of L with radius 6 > 0, and let (r,60,1) € [0,24] 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 6 = 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 right of Fig. 2.5(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 Vs we denote by g := (gr,ge,gl), with g, = h;, the
local cylindrical basis defined on the normal sections 0V}, corresponding to such
coordinates. We then consider the function F' inside V5 whose components in
the basis {hp, b, h,} read

*MﬂR +M5R 0
F(T, 95 l) = <(9> 7¥ﬂl +gﬂl 0 5 (2521)
_Mﬁz +M52 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, a47/2), zero outside, and
has integral equal to 1. It is readily checked that curl F = 0 in V5\~v. It is known
that there exists a solution to equation F' = V¢; in the simply connected domain
S:={(r0,l):a<0<a+7/2,0<r <} with 0 <1< 27, and in order to fix
the arbitrary constant, set ¢5s = 0 on SN{# = a} and ¢5 = b on SN{f = a+7/2}.
Let V' be the solid of revolution around the z-axis generated by S. Considering
the axis-symmetry we then extend ¢s over the whole V' and note that U is
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constant on the sets Cy := {(6,0,1) : 0 <1 < 2wR} for every a < 0 < a + 7/2.
Let Dy be the disk with boundary Cj where for every x € Dy, ¢s(z) is defined
as ¢s(x) = ¢s(y) with y € Cp; define also D := Upe (4, 44n/2) Do We set 5 =0
in @\ V' \ D and observe that it is smooth everywhere except at the interface
I between V and D and on J := Dgyr/o U(V N {0 = a+ 7/2}) where it has a
constant jump of magnitude b (cf. Fig. 2.5(b) above). Therefore we introduce
bs, a C®°-regularization of ¢5 in a set D NV, with V a neighborhood of I, in
such a way that ||V¢5HLOC(D0V) < 2[|[Vés| Lo (pnyy and define F' := = V¢s, the
absolutely continuous part of the distributional gradient D¢5 (i.e., the pointwise
gradient of ¢;5), while in the jump set J, the jump part of D¢s reads by H2LJ.
Moreover, (2.5.20) and (2.5.21) together entail that — Curl F =b® 7 H! on L.
As a consequence, we have constructed a function F' which is smooth outside L
and vanishes outside T := V' U D, while from expression (2.5.21), F' € LP(2) for
p € [1,2), since

IFIE ) < CIBI(RS® + 87 R2), (2.5.22)

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 + cI), adj(F + ¢I) also belong to LP(2) 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 ¢ = ¢s when the ball does not intersect the jump set
J, otherwise, if it does, we sum to g?)g 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=h,

det (cI +333_, Fy) >0

(a)

Figure 2.5: 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-
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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 L with 1 < k < K
with the associated T := Vi U D}, constructed as described above, and observe
that (by possibly adapting the amplitude of the solid angle Sy, i.e., replacing
m/2 by 7/N) the T}’s only intersect at points in Lj, for some k’s, while keeping
the Vi’s with empty mutual intersection (cf. Fig 2.5(b) below left). Let Fj, be
defined as (2.5.21) with Sy in place of § and ax = ax(l) in place of a such that
fr(0,0) = Bf(l)cos® — BE(1)sing = B cos(0+ L) — Bisin(0+ %) > 0 (for

K
instance, if 81,8y > 0 then ay, := 3% — £). Defining F := Y Fy + I, (2.5.22)

2 R
k=1
entails that F, detF, adjF belong to L? and also that
2
detF = 7f‘k(e,Z)g(e) +c* >0 inVj, (2.5.23)

while in Dy, one has detF" > 0 provided ¢ > 3maxy{||Fi||z~(p,)} (cf. box
below right in Fig. 2.5a).

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 o and for any finite family of curves joining P;’s to the @;’s
without self-intersections and prolonged by a geometrically unnecessary arc in
dQ (an admissible F' can be constructed as above in D Q and then restricted
to Q with its curl restricted to ). Thus the proof is achieved.

O

2.6 Existence of minimizers

We propose two models in which the energy does not depend on the partic-
ular 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.

2.6.1 Existence result in F x MD

Here we study the existence of solutions to the problem

inf W(F,Az), (2.6.1)
(F,L)EF X MD
— Curl F=AT
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where the energy W : F x MD — R is such that there are positive constants
C and S for which

W(F, £) Z:/ We(F)d-T + Wdefect(Aﬁ) >
Q

CIME) e + > Vil +ke) — B. (2.6.2)

J<kc

Let us recall that k. is defined in (2.2.28), {y;};<k, are the generating loops
defined in 2.2.7, and M(F') is the vector defined in (2.1.8). Here, W, is an
integrable function and Wgefeet @ functional defined on Radon measures. For
the elastic part of the energy we introduce also the following notation

Wa(F) = /Q W (F)dz.

It is also assumed that

(W1) W.(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 : R?*3 x R¥*? x
RT = R s.t. We(F) = g(M(F)), VF € F,

(W3) Waetect 1= Wéefect+W§efectv with Wéefect (Az) = k1|Az] and W(?efect (Ag) =
K2(D 1< jery P ll@jllLs + ki), for some constitutive material parameters 1
and ky.

(W4) Wi ... is weakly™ lower semicontinuous, that is liminf W} . (A*) >
Wieteet(A) as A¥ — A weakly* in M, (Q, R3*3).
Note that assumption (W2) implies that also W, is weakly lower semicontinuous,
ie., likminf We(F*) > Wo(F) as M(F*) — M(F) weakly in LP(Q, R3*3) x
— 00
LP(Q,R3%3) x LP(Q).
Remark 2.6.1. A simple example for the functional Wi ;... to satisfy condition
(W4) is just
W(}efect (A) = C|A|(Q)

In [17] it is consider the following form for the functional Wi .. . satisfying
(W4):

Wiegeer () = /L b(0b, 7)dH, (2.6.3)

with the function v satisfying some properties of smoothness and convexity, and
where b, 0, and T represent the Burgers vector, its multiplicity, and the tangent
vector to the dislocation loop L, respectively. We will deal with this functional
in Section 2.8 below (see formula (2.8.4)).

Remark 2.6.2. The term involving ||¢;]| .1 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
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lines) might become locally dense, a phenomenon which should be prohibited
to get existence. Moreover, recalling (2.2.29), this term implies a bound on the
densities. From a physical viewpoint this term is questionable 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 2.6.2. See also the discussion about
the model in Section 2.7.3.

Before stating the existence of minimizers of the problem (2.6.1) some tech-
nical results should be stated and proven.

Lemma 2.6.3. Let (Fy, Lr) be a minimizing sequence for the problem (2.6.1),
and suppose detFy, — D weakly in LP(Q2). Then D >0 a.e. in Q.

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

Hence from condition (W1) we must have W(Fy,Az,) > [, We(Fy, Az, )da >
Juh 4 h(detFy)dr. 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. [l

Lemma 2.6.4. Let v, be a sequence of 1-currents inside Q such that v, =
©ns[[0, M]] for Lipschitz functions g, with Lip(py,) < 1 for all n. Then, there
is 1-current v such that, up to subsequence, v, — =y, and v = ¢4[[0, M]] for a
Lipschitz function ¢ with Lip(p) < 1.

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 — Y= QDIi[[[O’M”]' O

Lemma 2.6.5. Let L, = {Sn,Tn, 00} be a sequence of equibounded dislocation
currents of the form (2.2. 22) all satisfying the same boundary condition. Then
there is a dislocation current £ such that L., weakly converges to L in the sense of
currents and that Ay, := Az, , the sequence of densities of L, weakly™® converges
to A € M(Q,R3*3). Moreover L satisfies the boundary condition, it has density
equal to A = Ag, and for all i =1,2,3, LI = L;, AT = A;, and A\; = L; Q@ e;
(with the notation (2.2.13)).

Proof. As in (2.2.22) we write £, = L} + £2 + £3, and A, = AL + A2 + A3,
with Al = £, ®e;. By the assumption we have that also £!, are boundaryless in
Q) and, thanks to (2.2.24), we have that N(£!) are uniformly bounded, so that,

by Theorem 2.1.3, we deduce the existence of three closed integer multiplicity
currents {£'}?_, such that £{, — L. Since

3 3
w) = Zz;(wi) - ZU(“’”’ (2.6.4)

for all w € D'(Q,R?), we get L, — £ := Y7 | L', The fact that £ satisfies the
boundary condition follows from the fact that £, — dL. Identifying D (Q, R3)
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with C2°(Q,R%*3) it is straightforward that A, — A = A" + A% + A’ weakly*
in M(Q,R3*3), with AY, — A® weakly* in M(Q,R3*3), and that A’ = L' ® ¢,
for all © = 1,2, 3, achieving the proof. [l

Now we are ready to solve Problem (2.6.1).

Theorem 2.6.6 (Existence in F x MD). Under assumptions (W1)—(W4) and
assuming that there exists an admissible (F, L) € F X MD such that W(F,Az) <
00, there is at least a (F, L) solution of the minimum problem (2.6.1).

Proof. Let (F,, L;) be a minimizing sequence in F. Then || F,||r», |[adjEy | Lr,
|| detF,||z» are uniformly bounded, so that there exist F, A € LP(Q,R3*3),
D e L?(Q) such that

F, = F weakly in LP(Q,R**?), (2.6.5a)
adj F,, = A weakly in LP(Q,R?*?), (2.6.5b)
detF,, = D weakly in LP(Q). (2.6.5¢)

Since we consider extensions Fn of F' on Q, it is straightforward that we can
suppose the same boundedness for F, on Q as for F, on (2, so that F, A, and
D are such that (2.6.5a)-(2.6.5¢) hold for 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 7, . b |41 in (2.6.2) and by (2.2.29), it holds

a uniform bound on AT := — Curl F},, and there is a measure A € M(Q,R3*3)
such that -
A, — A weakly* in M(Q,R3*3). (2.6.5d)

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,, L) are uniformly bounded by k. in (2.6.2), we
can suppose that the dislocation currents £,, are generated by the same number

k of 1-Lipschitz functions {7 }* j=1, Le.,

k k
L) = Y@, 00, MJwb))  and Aw=3 @l l0,M]®e  (266)

j=1 j=1

for all w € Dl(fl, R3). So by Lemma 2.6.4 we can suppose that for every j we
have

110, MI] = [0, M]],
for some 1-Lipschitz functions {7 }5_, . If we set L(w) == > <p§[[[0, M]](wb?) for
all w € D'(Q,R?), by Lemma 2.6.5 we have L, — L, A, — >, ¢! [[0, M]] @ &/
weakly* in M (€, R3*3), so from (2.6.5d) we get
A= olflo, M @b (2.6.7)
J
Now, for a test function w € C(Q, R3*3) it holds

(Curl F,,w) = (F,, Curl w) — (F', Curl w) = (Curl F,w). (2.6.8)
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Since the first term in the left-hand side of (2.6.8) also tends to (—AT, w), we
finally get
— Curl F = Zbﬂ ® ¢[[0, M]]. (2.6.9)

J

Let us set L, := UY_ ¢ ([0, M]) and L := Ui_,7([0, M]). We now want to
show that for every point x € Q\ L there is a ball B C Q\ L centered at x
and a map u € Cart?(B,R™) such that Du = F in B. Let x be such a point,
since ¢J, — ¢’ uniformly, it follows that L,, tends to L in the Gromov-Hausdorff
topology, so that we have BN L,, = @ for n sufficiently large. In such a ball, by
hypotheses, there are maps u,, € Cart? (B, R") satistying Du,, = F,,, and, up to
summing suitable constants to u,,, we can also suppose u,, have all zero average
in B. So that the Poincaré’s inequality provides u such that u, — u weakly in
WP, Now Theorem 2.1.7 implies that A = adjF and D = detF, so the thesis
follows from (2.6.5a)-(2.6.5¢) and Lemma 2.6.3. O

We remark that with the formulation (2.6.2) the potential W(F,Az) de-
pends explicitly on the dislocation current.

An example. Let Q C R3 be the open set defined, in cylindrical coordi-
nates, by
Q:={0<p<R,z€ (—h,h)}.

Let Q) be a e-neighborhood of € and set U := 2\ Q.
With this example we would like to show that provided a boundary condition
for the dislocation density, the dislocation of the minimizers will not be in U
but will stay inside €.
Then we consider the map F : Q) — R3*3 defined as
1 0 0
F(p,0,2) = ¢(0) 0 1 0], (2.6.10)
ey wseg

for some suitable smooth functions (, so that it turns out that
—Cwl F=b®e.H' znv,

that is I shows a screw dislocation on the z-axis 2 with Burgers vector b =
(0,0, ). We want to minimize the energy (2.6.2) satisfying (W1)-(W4)

W(F, AL) = We(F)d-T + Wdefect(Aﬁ)a
Q

among all the deformations F belonging to the class (2.5.16) with F' as boundary
condition. Let us suppose that the defect part of the energy takes the form

1
Wasee(he) =7 [ e@lds+ 32 a4 [ lgs)lds + plAc(@)]. @:61)
0 1<i<kp

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

1
WUN%:/\%Uwa+WAIWWﬂM5+MAm@N:
/ W (FO)dx + 2hy + 2hup. (2.6.12)

Let us now take another admissible deformation F'! which has the disloca-
tion path ! connecting P and @ which has an intermediate point at op(t) =
(24, Y1, 2) € Q with Ry := (22 + y2)'/2 > 0. In this case we have

1
tmmawwzv/n¢@M%+umﬂmn
0
> 29(R? + h*)'/? + 2hup, (2.6.13)

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;>R:= > ((/ W (F°)dx + 2hy)? — h2>
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 {2? + y?> < R,z €
(—h,h)} € Q. In the contrary, if R < R then the dislocation of the minimizer
could lie outside 2. 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.

2.6.2 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.
As for the first result, we fix a boundary condition o and a map F' € LP(Q, R3*3)
such that — Curl F' = (A,)T on U. We redefine the set of admissible functions:

F':={F € LP(Q,R**3) : F satisfies (i)-(iii) below} (2.6.14)

(i) There exists a continuum dislocation £ := Lz € CD satisfying the bound-
ary condition such that F := F)(Q\Q + Fxq € LP(Q,R3*3) satisfies

—Curl F = (AL) 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 x and a function ¢ € Cart?(B;R3?)
satisfying F' = D¢ in B.

(iii) detF > 0 almost everywhere in €.

We consider a slightly different set of assumptions on W : F' — R:
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(W5) there is a positive constant C' such that
W(E) = C([[|ME)l[e + || Curl F|lpqay + G(L)) — B,

with
G(L) == inf (H'(K)+ s#K), (2.6.15)

where #/K represents the number of connected components of the embed-
ding continuum K. Note that by Golab theorem G is also lower semi-
continuous.

(W6) there exists a convex and weakly lower semicontinuous function ¢ and a
weakly lower semicontinuous functional Wyefect such that

WI(F) = We(F) + Waeeer(—( Curl F)T).

It is also assumed that We(F) = [, g(M(DF))dx 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 Wiefect =
Wi itect + Witoer, With, for instance, W3 .. = kG for some k > 0, whereas a
typical example for W} ;. is the form

Whiteer (A) = / (06, 7)dH. (2.6.16)

Under suitable hypotheses on the function v, this is proved to be lower semi-
continuous in the sense of (W6) (see [17] and formula (2.8.4) below). As for the
function g, hypothesis (W2) fulfills the requirements.

Remark 2.6.7. Again, the term Wj,.., involving the function G is slightly
unnatural from a physical point of view. However it has a crucial role and is
mathematically necessary. The physical interpretation of G(L£) is the following.
To create a new loop at some finite distance d from the current dislocation L,
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
(2.6.15) is at this stage a mathematical assumption whose physical meaning
remains to be elucidated. It basically 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.

In the third existence result we get rid of this mathematical tool, but we
need a more delicate analysis of the strain.

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

Theorem 2.6.8 (Existence in F'). Under assumption (W5) and (W6) and
assuming that there exists an admissible F € F' such that W := [, W (F) < oo,
there exists a minimizer of problem 1;__1/f W.
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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 2.6.6, we can assume F,
and £, be defined on the whole Q. By (W5), F, converges weakly to F' in L?
and A, converges weakly-* to a Radon measure A. Thanks to (2.2.24) {£,} is
equibounded, so that one has by Theorem 2.1.3 the existence of an integer multi-
plicity current £ such that £, — £, while by Lemma 2.6.5, A = A » ;= —Curl a
in the distribution sense. Moreover, by admissibility, one can associate to every
L, a continwum K, C Q such that G(£,) = (H'(Kn) +k(K,)). 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 Q2 \ K,
it holds lim,,_soo ﬁn( ) = 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,7,0) is admissible since L* := supp A C K. Taking now any ball in
O\ K, we conclude as in the proof of Theorem 2.6.6. O

2.7 Third existence result

2.7.1 Boundary of graphs of harmonic maps

We introduce the following notation. For all b € R3 we define the 1-current
b€ D1(T?) as

- T b0 bof bs
Bw) = /O (22 20 %) yap, (2.7.1)
for any 1-form w € DY(T3). It is easy to see that M (b) = 2|b| The fact that we
are on the torus, i.e., w is 27-periodic on R3, implies that b is a closed current
whenever b € 27Z.

Let C be a closed loop of class C'. There is a cylindrical neighborhood U
with cylindrical coordinates (p, 8, z) € [0, R] x [0, 27] x [0, h]/ ~, where ~ means
that the coordinate @ = 0 (and z = 0) is identified with § = 27 (resp. z = h).
The neighborhood U is also parametrized by the coordinates (x,y, z) setting
x = pcost and y = psinf. Let S be a smooth surface with boundary C' and
such that S N U coincides with the set {§ = 0}.

In the sequel we will use the notation ® := I'd x v : Q —  x T3,

Proposition 2.7.1. Let S be a smooth surface in  whose boundary C is
a smooth and closed curve in Q. Let b = (by,be,b3) € 27Z3 and let u =
(u1,uz,uz) : Q — R3 be the map with u; given by (2.4.28) with b = b;. Then G,
is an integral current in D3 (2 x T3) and its boundary is given by

G (w) = L A b(w), (2.7.2)
for all w € D*( x T3).
Before proving Proposition 2.7.1 we state the following preliminary fact:

Lemma 2.7.2. Let u be as in Theorem 2.7.1. Then u € A, (2, T?) for allp < 2.
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Proof. Lemma (2.4.22) shows that u is well-defined in T?. In order to prove that
it belongs to A, (2, T?) we need to show that all its minors MPE(Du) belong to
LP(Q). Thanks to Lemma (2.4.18) it is easy to see that every 1 x l-minor
belongs to LP(€2). Moreover from Lemma 2.4.15 we have that uy, ug, and ug
differ from a constant, so that the rows of the matrix Du are linearly dependent.
In particular all the minors greater than 1 x 1 vanish, and the thesis follows. O

Proof of Proposition 2.7.1. Let u. be the restriction of the map w to €. :=
O\ De, u. == uLgq,, where D := {(p, 0, z) € [0, R]x[0,27]x[0,h]/ ~=V : p < €}.
The graph G, is the restriction of the graph G, to the open set . x T3.
Formula (2.1.17) and the Dominated Convergence Theorem readily implies that
Gu., — G, as current. As a consequence we find

0Gy. — 0G,.

In order to compute explicitly the boundary of G, we write 0G,,_(w) = G, (dw),
for w € D?(Q x R3). Lemma 2.4.22 implies that u is smooth outside a neigh-
borhood of C, so that we can apply Stokes theorem and find

od 0P
G, (w) = /6D€ (wo ®, 5 A a—x3>dx,

where (7,23) is an orthogonal coordinate system in the tangent space to 9D..
The gradient of ® reads

1 0 0
0 1 0
0 0 1
D((I)) = Ouy Ouy Ouy . (273)

le BZQ 6Z3
6uz 671,2 671,2
aml amg amg
Qug  Qur  Oug
aml amg amg

Let 0D, = [0,27] X [0,h]/ ~ for all (0,z) € dD.. In the coordinate system
(p7 T,T3,Y1,Y2, yS) it holds

0 0
1 0
0% 0P 0 1
buy  Duz
67’ 8I3
Qus  Oug
67’ amg

If w = wijdz; Ndzy, with 1 <7 < j < 6, where we have defined 2z, = p,
2o =T, z3 = x3, and zpy3 = yi for k =1,2,3, we can write

o 0P o ~
/6D€ (wo @, 5 A 8—,7:3>d$ = /aDE o (i, 1)wij(z, u(z)) M (D(PLop, (x)))dx,

N (2.7.5)
with M} (D(®Lsp_(x))) being the minor of D(®Lsp, ) given by the i-th and j-
th rows. From (2.7.4) we see that the (2 x 2)-minors of D(®Lgp,) which are
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nonzero are the only ones involving either the second or third row. So (2.7.5)
reads

6
6uk_3 Ouj—3 o
/BD wag(z, u( ; wag(z, u(x) 8:63 () + wsk(x, u(z)) 5y (x))dx =

6 27 l
/61) wos(x, u(x))dx — Z/ / e(dgk(e,ﬁ,xg,u(eﬁ,zg))ag;;B (6,0, x3)dxsdl

_ Z/ / " (e, 0,3,u(e, 0 953))6a (c,0, 25))d0dxs, (2.7.6)

where @ := wdetWl, with ¥ : [0, €] x [0,27] x [0,]] = D, is the map of change
of variables. Note that by the assumption of smoothness of C', we have that ¥
is smooth and det¥ = 1 on C. Now the first term vanishes as ¢ — 0 since w
is bounded and H2(0D.) — 0. Integrating by parts the second term and using
Lemma (2.4.23) we obtain

27
Z/ / 8w2k (6,0, 25, u(e, 0, 23))ur—s(c, 0, x3)drsdd =
6303

2 &ng 9bk—3
Z/O 6/0 a—@)(e,@,m,u(e,@,xg))( o + o(1))dx3df (2.7.7)

6 2 t S 8&12k auh obk,3
Jrz € ; Z n (e,@,xg,u(e,t?,:cg))a 3(6 L0, 23)( 5 + o(1))dxsdo,

where o(1) — 0 as € — 0, so that its absolute value can be estimated by
[| %21 || o(1), and thus also this term vanishes. As for the third term of (2.7.5),

O3
we first set

6 27 l
_ Z/ / eAGsp(e, 0,75, ule, 0, 23)) L2 (e, 0, 25) ) s ),
= 0 0 87_

with Aws (€, 0, x5, u(e, 0, x3)) := O3k (€, 0, x5, u(e, 0, x3)) =031 (0, 0, 23, u(e, 0, x3)).

Since % = %%, we obtain

6 27
— Z/ / @O3(0,0, 23, u™ (0,0, zg))azggg (6,0, x3))d0dxs + R(e) =

b10 baf b3l o=2m
_Z/wgkOng,; ,227T 23 ) Uk — 3(69$3)0 dwg

g b10 bob bs0
JrZ/ / —wgk 0,0, xs, 217T, 2271-’ 237T Yuk—3(€, 0, x3))d0dxs + R(e).

(2.7.8)
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Using Lemma 2.4.18, we estimate

6 27 l
~ auk* ~ ~
)l<> /O /O€||ACU3k(:E,u(:E))|Lx(aDEm{e_é})| a_T3(e,9,z3)|dz3d9
k=4

27
< 1672(by + by + bg)z/o 1AGak (@, w2 50y 88— O,

as € — 0, being w3k (€, 0, x3,u(e, 6, x3)) uniformly continuous at e = 0, again
thanks to Lemma 2.4.23 and the fact that C' is compact. So that letting e — 0
n (2.7.8), using Lemma 2.4.23 and integrating by parts again, (2.7.8) becomes

6 l 2m
b16 020 bsb
Z/ / w3k(05 07:63; 21_7'('7 22_7'[', ;_ﬂ)bk73d9d1'3

2 b10 byl b3l
// w(0,0, 23, % ! ;ﬂ 23) 7 A b)dfdas

75/\bwo<1)) (2.7.9)
and the proof is completed. O

Corollary 2.7.3. Let S be a Lipschitz surface in Q) whose boundary C' is a Lips-
chitz and closed curve in Q. Let b= (by,ba,b3) € 27Z and let u = (u1, uz,u3) :
Q — R3 be a map with u; satisfying formula (2.4.28) with b = b;. Then G, is
an integral current in D3(Q x T3) and (2.7.2) holds.

Proof. We proceed by approximation. Let {Ck}r>0 be a sequence of smooth
closed curves approximating C' (uniformly and in the sense of 1-currents) and let
{Sk } >0 be smooth surfaces with boundary {C%}r>0 and converging (uniformly
and in the sense of currents) to S. Let uy be maps as in theorem 2.7.1 with
C replaced by Cj and S replaced by Sk. Thanks to the uniform convergence
of S to S and using formula (2.4.28) we see that uj converges pointwise to u,
and then strongly in LP(Q, T?). Since Cj are converging uniformly to C' whose
length is finite, the lengths of Cj are uniformly bounded so (2.4.36) gives a
uniform bound in L?(2), for some 1 < p < 2, for the 1 x 1 minors of Duy, while
the greater minors are all null. Therefore there are maps v € LP(Q) such that,
up to a subsequence, Mg (Dug) — vg weakly in LP(2). Finally, the lengths of
C}, being uniformly bounded, Theorem 2.7.1 provides an uniform bound on the
masses of dG,,. Now Theorem 2.1.12 applies and implies that u € A, (2, T?),
p > 1. In particular we have that u; — u weakly in A, (2, T3), thus Lemma
2.1.6 implies that 0G,, — 0G,, as currents, and the fact that for uj the explicit
form (2.7.2) holds true implies that it holds also at the limit, concluding the
proof. [l

Theorem 2.7.4. Let S be the union of N > 0 Lipschitz surfaces Sy in  whose
boundary is C, the union of the corresponding boundaries CY, that are closed
curves in Q. Let b = (by,ba,b3) € 20Z3 and let u = (ur,uz,u3) : & — R3 be a
map with u; satisfying (2.4.28) with b = b;. Then G, is an integral current in
D3(Q x T3) and (2.7.2) holds.

Proof. Let us first suppose that S; and C} are smooth and that the curves C
are mutually disjoint. Then we will obtain the general result by approximation
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by mean of Theorem 2.1.12, arguing as in the proof of Corollary 2.7.3. Since N
is finite, we see that C is compact and there is a tubular neighborhood around
C. We can then argue as in the proof of Lemma 2.7.1, obtaining a formula
similar to (2.7.8). Now the same estimates hold thanks to Lemma 2.4.23 and
Remark 2.4.24. The thesis follows. O

Lemma 2.7.5. Let S, C, b and u as in Theorem 2.7.4, and let v € C1 (£, R?).
Then Gty is an integral current in D3(Q x T3) and it holds

M(8Gy+0) < (1 + 64V37%(| D[ ()| £ @ b (). (2.7.10)

Proof. Asin Proposition 2.7.1, we first prove the result for a smooth loop C and
then we obtain the general case arguing as in Theorem 2.7.4. Let us check that
u+v € Ay(Q, T3). To this aim let us prove that adj(Du+Dv) and det(Du+ Dv)
are summable functions. Since the rows of Du are linearly dependent and
recalling the identity detA = EijkAMAQjAgk = eijkAilAjQAkS; it follows that

D’Ul Du1 D’Ul D'Ul
det(Du+ Dv) = det| Dvg | + det| Dvg | 4+ det| Duy | + det| Dus
Dus Dus Dus Dug

Since Dv; € C°(Q,R3), in particular it is bounded, so that all the determi-
nants belong to LP(Q, R3) thanks to (2.4.36). A similar arguments applies for
adj(Du + Dv).

To compute the boundary of G, 1, we proceed as in the proof of Proposition
2.7.1, obtaining (2.7.5). This formula, setting w := u + v, takes the form

3
8uk 8uk
[9D was(x, w( ; wop (2, w( 8363( )+w3k(z,w(x))ﬁ(z))dz

3t o) 22 ) ) 2 et

-
< k=1
+ > / wij(z, w(z)) M (Dd x v)Lap, (x))dz
4<i,j<6 9D
- ou; 01)] ou; % au] ov; % ov;
+ Z /BDS wij(, wiz ))(81'3 or ot Oxs t oy Oxs or O O3

4<i,j<6

)dx.
(2.7.11)

The first row, as seen, tends to (2.7.9), the second and the third ones vanish as
e — 0 since they tend to 0G,(w) and since v is smooth dG,, = 0. The last row
can be estimated, by virtue of (2.4.36), by

(8m)%1([b1] + |b2| + [b3]) | DV|| Lo ()
< 64V3m21|b||| D[ oo () = 64v/372| L @ b(Q)[| Dv]| s (1) - (2.7.12)

This together with (2.7.9) gives (2.7.10), taking into account that [£Ab| = |£&®b].
The proof is complete.
O
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2.7.2 The minimum problem

For the rest of this section we assume that U is a neighborhood of the whole
o0 (i.e., OpQ = 9N), so that Q € Q) := U UQ. Moreover 2 is simply connected
and has smooth boundary. As usual we fix a boundary condition in U, so
that in particular, for all admissible dislocations L, it is controlled the distance
d(L, aQ), with L := suppL. We deal with an energy W with the form

WI(F) := W.(F, Div F) + Wyetect( Curl F), (2.7.13)
where we assume the following properties on W, and Wyefect:

(i) The following coerciveness condition holds: there exists positive constants
g, O, ﬂo, and ﬂl such that

We(F, Div F) > Bi(|F||, + adjF |7, + || detF||7, + || Div F|7,) — Bo,
Wdefect(A) Z 051|A|(Q) — Q.

(i1) Waefect is a function on M (2, R3*3) which is lower semicontinuous with
respect to the weak* convergence.

(iii) W, is a function of M(F) (i.e., of F, adj F, and detF') and Div F, it
is lower semicontinuous in M (F') with respect to the weak convergence
in L?, and is lower semicontinuous in Div F' with respect to the weak
convergence in L.

For instance, in order that (iii) be satisfied, we can choose W, (F, Div F) =
Jo 9(M(F), Div F)dzx, with g a convex function that has p-growth in M(F)
and g-growth in Div F.

Remark 2.7.6. The form (2.7.13) of the energy shows that a particular form
of gradient elasticity is chosen, namely with the rotational part of the strain
derivatives incorporated in the defect contribution of the energy, whereas the
divergence part is related its elastic part. In general we can attribute the present
model to the general second grade models, where the energy is a function of the
strain and of its gradient, i.e., W = W(F,VF).

Remark 2.7.7. Hypotheses (ii) is weaker than the corresponding hypotheses
on Wyetect given in the previous minimum problems. Indeed, here we can get
rid of the term W3 ., and we can consider functionals of the form

Wieteer (1) = Whteea (1) = / b(0b, 7)dH,
L

again with suitable assumptions on .

As for the previous minimum problems, we fix a boundary condition « for
the dislocation and a map F € LP(Q, R3*3) with — Curl F = A4 on , and the
additional property that Div FelL (Q, R3). Let ¢ > 1 and let b € 277Z? a fixed
Burgers vector, then we define the class of admissible functions as

FP={F e LP(Q,R>?): —Div F € LY(Q,R?), —Cwrll F=b® L
for some closed integral 1-current £, and F = F on Q\ Q}. (2.7.14)
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Let 1 < p < 2, let F' € BCP($),R3*3) be such that — Curl F' = b ® £, with
b € 27Z3 and L a l-integer multiplicity current which is closed in Q and its
support is compact in €. The Helmholtz decomposition in L? (Q, R3) provides
v e Wh2(Q,R3) with dyv = FN on 99 and G € V?(Q2) such that

F = Dv + Curl G. (2.7.15)

If we set V := Curl G, then of course Div V' = 0, while since — Curl F = b® L,
we also have —Curl V = b ® £. Moreover VN = 0 on 9. Thanks to the
decomposition theorem for 1-integer multiplicity currents (Theorem 2.1.4) we
find a sequence of Lipschitz maps

fi: 8" = Q such that L= fis[S']. (2.7.16)
k>0

Let us denote by Cj, the closed Lipschitz curves fi(S?).

Theorem 2.7.8. Let L be a closed integral current with compact support in Q,
and let Ve LP($,R**®) be such that — Curl V- =b® L in 2. Then there exists
a map i € Ap(Q,T?) such that Vi =V almost everywhere in ), and

M(8Ga) < C|L @ b|()(1 + |£ @ b|()), (2.7.17)

with C > 0 a constant depending only on Q and on d(L, 8()) >0, L := suppL.
Moreover = u — v with v € CI(Q,']T3), u € AP(Q, T3), and

9Gu(w) = L A bw), (2.7.18)
for all w € D3(Q x T?).

Proof. To prove the Theorem we will use the fact that the following system

—CuwlU = p in Q
DivU = 0 in Q , (2.7.19)
UN 0 on 99

)

has a unique solution that also satisfies ||U]|» < C|u|(€2), with C' = C(Q). This
is proved in [58].

Another key fact is the following: if ) is a bounded open set with smooth
boundary, g € C°(99, R?) with [, gNdS = 0, and v € C*(,R?) is the zero-
mean value solution to

{ Av. = 0 in Q (2.7.20)

Ovv = g on o0,

then it holds [[v] 1 < C|lgllco, with C = C(S).

We use the decomposition (2.7.16) for £ and we first suppose that the maps
fir are smooth. The general case will follow from this by using an approximation
argument and proceeding as in the proof of Theorem 2.7.4. If C} is a smooth
closed curve, we can choose a smooth surface S; with boundary Cj. Then we
set S := USk and C := UiCy, we want to find u as a solution of (2.4.27)
with these S and C. Let us also set Sn = Up_ySk and C‘n = Up_(Ck. For
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i =1,2,3, let u? be the solution of (2.4.27) with S,,, C,,, and b;. Lemma 2.4.16
and Remark 2.4.17 show that the distributional divergence of Vu™ is zero, while
the curl is given by —b® >_'_ fez[S']. Up to subtracting a constant to u", we
also suppose it has zero mean value.

By hypotheses it holds inf}, d(C}, GQ) > 0, and then u" are of class C*° on
91, and their C" norms are uniformly bounded with respect to n for all h > 0
(taking into account that the set C' = Uy Cy, has finite length, and then S = U Sk
has finite H? measure). Let v™ be the solution to (2.7.20) with g := dyu™.
From the estimates of this solution we find [|[v"||c1 < Cy||[dnu"]|co < Coq, for
some constant Cy independent of n. Setting 4" := u™ — v™, we see that Va"
solves system (2.7.19) with g = ™ :=b® >_p_ frs[S'], so that we also have
[Var|, < |u"(©) < Cs, with C independent of n. In particular we get
[l lwie < 0" lwie + [|[@™]|wre < C, for a constant C' > 0 independent of n.
Therefore u™ — u weakly in W1P(Q,R?), for some v € WP (Q,R3). Similarly
a"™ — 4 and v — v weakly in Wl’p(Q,R3), with v = % 4+ v. Since the rows of
Vu™ are equal up to a multiplicative factor, we also get that all the minors of
u™ are uniformly bounded in LP. Then, by Theorem 2.1.12, u™ weakly converge
in AP(Q, T3) to u. Moreover Theorem 2.7.4 implies that for all n > 0 equation
(2.7.2) holds for u", with £ replaced by Y;_ fez[S']. Lemma 2.1.6 implies
that G, is an integral current and its boundary satisfies

0Gu(w) =" frslS'T A b(w), (2.7.21)
k=1

for all w € D3(2 x T3). To conclude the proof it suffices to observe that the
maps @" are smooth in a neighborhood of 9 with dy@" vanishing, and hence
OnT also vanishes, in such a way that Va satisfies (2.7.19) with p:=b® L. By
the smoothness properties of v™, it is also true that v satisfies (2.7.20) with a
bounded and smooth g = dywu, so it is smooth in Q) and Lemma 2.7.5 applies
(2.7.10). Since we can compute g by using formula (2.4.33) and d(L, ) > 0,
we find a constant Cy > 0 such that [|g||cr < C4|b@L|(€), so that the inequality
[[v]lcr < Cllgllco together with (2.7.10) gives (2.7.17). O

Remark 2.7.9. By definition of the u*, we have observed that for all k the
three components u¥, i = 1,2, 3, differ in a multiplication factor. In particular
we have seen that their gradients Vu! (i.e., the rows of the matrix Vu) are
linearly dependent differing in a multiplication factor. As a consequence the
same is true for the gradients Va,;. Thus, the three components of the harmonic
function v have as boundary data On; three linearly dependent vector fields.
This implies, by the uniqueness of solution of elliptic equations, that also Vv, are
linearly dependent. So that we find that the final matrix V = Vu = Vu — Vo
has linearly dependent rows and its pointwise adjunct and determinant are

constantly zero.
The existence of a minimizer of W in F}"? is provided by the following:

Theorem 2.7.10. Let p > 1 and g > 3. If W satisfies (i), (i), and (iii), then
there exists a minimizer F € F.'* of W.

Proof. We will apply the direct method. Let {Fj}r>0 be a minimizing se-
quence. From the coerciveness (i) we see that there exists F' € LP(2,R3%3)
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A e LP(Q,R¥3), and D € LP()) such that

Fp, = F  weakly in LP(Q,R%*?), (2.7.22a)

adjF, =~ A weakly in LP(€, R®*?), (2.7.22b)

detF, =~ D weakly in LP(2), (2.7.22¢)

Div F, =~ R weakly in L(Q, R?). (2.7.22d)
Moreover we find a measure A € M, (€, R3*3) with

Ap — A weakly* in M, (Q, R*3), (2.7.23)
where we have set Ay, = Ay, = — Curl Fi,. As [59, Lemma 7.5] shows, there

exists a regular dislocation current £ such that (Ly); — £; in D1(2) and A =
A = 2?21 L; ® e;. In order to prove the Theorem we have to show that
Div F=R, —Curl F =A;, A=adjF, and D = detF.

The Helmholtz decomposition gives

F. = Dwy, + Curl Gy, (2.7.24)

with wy, € Wl’p(Q,R?’) which satisfies —Awy, = — Div F}, with Oywy, = F,N =
FN on 89, and Gi € VP(Q). Since Div F, € LY(Q,R3), with ¢ > 3, by
the regularity theory of elliptic problems and the Sobolev embedding Theorem,
we find that wy, € C'(Q,R**3) and that the L norm of their gradients are
bounded by a constant,

| Dwi|os < C. (2.7.25)

Moreover we have, up to a subsequence, that
wy —w  weakly in WH9(Q,R?), (2.7.26)

for some w € W1Ha(, R3).

Let us set V, := Curl Gy. Now —Curl Vj; = Ag,, and Theorem 2.7.8
provides functions uy, € A,(€, T?) and vy € C1(Q, T3) such that Vuy, — Vo, =
Vi satisfying

9Gu, (w) = Li A bw), (2.7.27)

for all w € D3( x T3), and
| Dv||oe < C|b & Li](2). (2.7.28)

Thanks to (2.7.22a), (2.7.26), and (2.7.28), we can assume that there exist
u € W}*’(Q, T3) and v € W1P(€, R3*3) such that uy — u and v, — v strongly
in LP(Q,R3),

Vur, — Vu  weakly in LP(Q, R**3). (2.7.29)
and

Vo, — Vo weakly in LP(Q,R3*?). (2.7.30)

Thanks to estimates (2.7.25) and (2.7.28), Lemma 2.7.5 applies providing

M(9Gutu—0) < C(L+ Az, [(@)]Ag, [(©) < C. (2.7.31)
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This allows us to apply Theorem 2.1.12, obtaining
adj(Dyy) — adj(Dy)  weakly in LP(Q, R?*3), (2.7.32)

det(Dvy) — det(Dv))  weakly in LP(Q), (2.7.33)

with ¢ := wi, + up — vg and ¥ ;= w + u — v. As a consequence of (2.7.22a),
convergences (2.7.32) and (2.7.33) read adjFy, — adjF weakly in L?(2, R3%3)
and detFj, — detF weakly in LP(Q)). Therefore A = adjF by (2.7.22b), and
detF = D from (2.7.22¢). Moreover, for every test function ¢ € C2°(X2, R3) we

have

(F,V) = (Vw,Vp) = (Vwg, Vo) = lim (Div Fg, Vi),

lim
k—o0 k—o0
and from (2.7.22d) it follows R = Div F. Finally we write
(Curl Fy, ) = (Fg, Curl ¢) — (F, Curl ¢) = (Curl F, ¢),

for all ¢ € D(Q,R3*3), and by (2.7.23) we conclude — Curl F = AZ achieving
the proof. O

2.7.3 Some remarks on the variational approach and open
questions

In the last section we proposed three existence results for minima of the energy
of a single crystal containing dislocations. In the first and second theorems we
consider an energy depending on the strain F' and its curl. Actually, the defect
part of the energy, which coincides with the high order part of the energy,
do not depend only on the total density of the dislocations, but also on their
representation by mean of currents. Even if the current used to parametrize the
dislocation has not a direct effect on the physics of the body, it can be related
on the history of nucleation and annihilation of dislocations. To be precise, let
us consider two single, simple, and disjoint loops in a body. In this case, the
defect part of energy taken into account in Theorems 2.6.6 and 2.6.8 might be
exactly a multiple of the total mass of the density. At the same time, if we
consider a slow evolution of this system with the two dislocation loops (having
equal Burgers vectors with opposite sign) overlapping until they coincide, then
the density becomes null, and so the energy of the system, while, representing
the dislocations still by two Lipschitz curves, the energy still counts 2 times
the length of the single loop. This is an advantage if we are looking for an
energy conservation law during the (quasistatic) evolution. In other words, the
unnecessary dislocation obtained by the overlapping of two identical loops takes
its part in the energy balance of the evolution, since otherwise, for instance,
after their overlapping we might see a mysterious lost of energy.

As for the term considered in (2.6.15), it reflects the fundamental issue that
nucleation of dislocations has a discrete and strictly positive cost. Indeed, the
configuration of two single loops with identical Burgers vectors can be obtained
either by two nucleations and dilations of dislocations, or by a single nucleation
followed by the division of the single loop. It is quite natural to think that, if
the given loops are far enough, it is energetically cheaper to proceed with the
former evolution, while, if they are very close, it is too expensive to have a new
nucleation.
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On the contrary, we get rid of the representation of the dislocations in the
third existence result. This fits quite better in order to study the absolute
minima of the energy. As we already focused out, this result is stated for
dislocations whose Burgers vectors belong to a 1-dimensional lattice, whereas
its generalization is still an open problem. Moreover, in Theorem 2.7.10, we
make the assumption that the energy is of the second order type, that is, it
depends on F' and on its first derivative. Since the norm of the gradient can be
controlled by the norms of the divergence and the curl, it is natural to assume
that this energy depends directly on these objects.

Moreover we emphasize that in the first two results we assume also a strong
requirement on the regularity of the admissible deformations outside the dis-
location lines. However we recover this regularity in the third result by the
assumption on the integrability of the divergence, which, being quite natural,
justifies the previous assumption. We remind that Cartesian maps are consid-
ered to represent the deformation F', so that its adjunct and determinant are
only locally defined away from a continuum, that is Cof F' = cof F' € L? (Q\K)

loc

and DetF = detF € L] (Q\K). The fact that the adjunct and the determinant
might be concentrated distributions on I means that the continuum represents
a singular set where spurious effects might take place, such as cavitation, and
hence nucleation of elementary dislocation loops. This makes sense from a phys-
ical standpoint, since dislocations at the mesoscale are by essence the location
of field singularities.

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 our knowledge 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.

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 qua-
sistatic problem. The role of higher-order strains acting as constrain reactions
to the geometrical condition — Curl F = A7 is studied in the next section.

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 whether
it is a measure, and homogenization of a countable family to the continuum
to the macroscale where I'-convergence tools may be considered (see, eg., [22]).
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 homoge-
nization, since limit passage from finite to countable families must unavoidably

be faced.
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2.8 Configurational forces at minimizing dislo-
cation clusters

Certain forces apply on the dislocation clusters, solutions to the minimization
problems considered in the previous Section. They are due to the combined
effect of the deformation and defect part of the energy. The line having no
mass, these forces must be understood as being of configurational nature. All
results of previous sections will allow us to prove Theorem 2.8.5, which consists
of a balance of forces at minimality. The keypoint to obtain this balance law is to
perform variations around the minima of Problem (2.6.1) in the largest possible
functional spaces. As far as the deformation part of the energy is concerned,
this amounts to proving the existence of an appropriate Lagrange multiplier to
account for the constraint
— Curl F = AL.

This will be achieved thanks to Theorem 2.8.4. In principle, variations can be
made with respect to (i) F, (ii) the dislocation density A, and (iii) the dislocation
set L. In the first case one recovers the equilibrium equations, where the Piola-
Kirchhoff stress is written as the curl of the constraint reaction. The second case
is more delicate since the space of variations is not a linear space (due to the so-
called crystallographic assumption), thus creating a series of difficulties which
we do not address further. Most interesting is the variation with respect to the
line, that is, with respect to infinitesimal Lipschitz variations at the optimal
dislocation cluster L*. The difficulty here is that both F' and A depend on L.
In the case of A, the dependence is explicit since L is in some sense the support
of A = Az (see (2.5.2)). In the case of F', the dependence is implicit since it
holds

F=Vu+ F°, (2.8.1)

where F' implicitly depends on £ through F° solution of Curl F° = — (AI;)T.
Therefore, since the energy consists of one term in I’ and another in A, variation
of the energy w.r.t. to £ will require an appropriate version of the chain rule.
This computation is the main objective of this Section, which to be carried out
carefully requires a series of preliminary steps.

2.8.1 Review of the existence of minimizers

We will compute the variation at minima of problem (2.5.1). We write in a
slightly different setting the already stated existence results, and then we will
employ some variational tecnique to the solutions.

Let us define

F":={F € AD"(Q) : F := Fxq+ Fxy € AD?(Q),— Curl F = (A;)" on

for some closed and connected dislocation current £ in Q}.  (2.8.2)

We remark that, asking for the connection of the dislocation current L,
amounts to requiring that the dislocation set L is connected, that physically
corresponds to the presence of a unique dislocation cluster. Connection is equiv-
alent to the fact that we always suppose that, for an admissible F', there exists
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A e WH(S,03) such that — Curl F = (A)T = T(\). In general, this does not
imply that a unique Burgers vector b is assigned to L.

The coerciveness conditions on the energy W are summarized as follows. We
assume that there are positive constants C' and ( for which

W(F) = W(F,Az) = We(F) + Waeteet(A) > C(||M(F)||» + m(Az:))(* B, :
2.8.3

with FF € F" and M (F) = (F,adjF, detF'). Moreover we consider the following
assumption

(H) We assume that
Vvdefﬁ'ct (AL") = W(}efect (AL") + Wgefect (AL")’

the second term being bounded from below by m(Az), defined in (2.5.9).
Moreover Wdefect is lower semicontinuous with respect to the weak™* topol-
ogy in M, (€2, R3%3).

In [17] (where no variational problem is solved) an expression for Waefect is
suggested as

W&efect(u):Aw(ebaT)dHIa (284)

whenever = b ® 4[S'] = b ® 07H L is the dislocation density of a cluster
generated by the loop v € WH(S1 R3) and Burgers vector b = fBie;, 3 €
277 (b # 0), while it takes the value o0 if p is not of this type. Here 1) :
2773 x R? — R is a nonnegative function satisfying (0, ) = 0 and (b, t) > c[b|
for a constant ¢ > 0. Note that the first entry of v is given by the Burgers
vector of the dislocation, that in general does not coincide with b everywhere,
but is a multiple of it since also the multiplicity of the current must be taken
into account. We remark that within our formalism the multiplicity, defined in
(2.5.6), depends on the image of the curve .

Remark 2.8.1. In general such a Weefect is not lower semicontinuous. However,
the main result of [17] stated that its relaxation also writes in integral form

Wdefect(ﬂ) :/L'l/;(eb,T)d,Hl, (285)

for a function ¢ satisfying some properties (see for details [17]).

According to Remark 2.8.1, we introduce the following alternative assump-
tions to (H):

(W4') Waetect(Az) := Witeet (Az) + W3t (Az), the second term being bounded
from below by m(A.), defined in (2.5.9), and the first being of the form
(2.8.4) (if it is already semicontinuous) or (2.8.5) (else).

(W5’) g and Wgefect are weakly lower semicontinuous.

The proofs of Theorems 2.6.6 and 2.6.8 actually provide the following:
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Theorem 2.8.2. Let W be a potential satisfying assumptions (2.8.3) and either
(W1), (W2), (W4), and (W5), or (W1), (W2), (W4’), and (W5’). Then there

exists a minimizer of W in F".

Remark 2.8.3. As opposed to Theorem 2.6.8, in Hypothesis (2.8.3) we do
not consider the term of the energy which accounts for the number of connected
components of the dislocation set. This hypothesis is replaced by the restriction
on the set of admissible deformations F” to show only one dislocation cluster as
singularity set. Moreover since projections have been considered in (2.5.2) and
(2.5.4), a bound on m(A.) in (2.8.3) is, contrarily to Theorem 2.6.8 and thanks
to (2.5.8), sufficient to prove existence.

2.8.2 Existence of a constraint reaction

In the next sections we will deal with a linear and continuous map,
d : BCP(Q,R**3) - R, (2.8.6)
such that |®(F)| < C||F||, for some C' > 0, and satisfying

LZD

curl

(Q,R3*?) C ker ®. (2.8.7)
An important result for maps of this kind is the following.

Theorem 2.8.4. Let 1 < p < 3/2 and let ® be a linear and continuous map
on LP(Q,R3*3) satisfying ®(Du) = 0 for every u € WP (Q,R3). Then there
exist two linear and continuous maps L, L : Mgy (2, R3*3) — R belonging to

0(6,R3X3) N VAVLP/(Q,R?’M), with 3 < p' < oo, 1/p+1/p’ =1, such that, for
every F € LP(Q,R3*3),

®(F) = (Curl L, F) = (Curl L, F), (2.8.8)

and satisfying Div L = Div L =0 in Q, N xL =0 and LN = 0 on 0.
Moreover it holds

®(F) = (L, Curl F) = (L, Curl F) + (N x L, F) 0. (2.8.9)
Proof. Since ® is linear and continuous it holds
O(F) = (T, F), (2.8.10)

for some T € L? (2, R3*3). Now, for every ¢ € C>° (), R3) we have (T, Dg) =
®(Dyp) = 0, proving that (i) DivT = 0 in Q and, by integration by parts,
that (ii) TN = 0 on 0X2. By Theorem 2.4.9 (Eq. (2.4.13) or (2.4.14)), there
exist a unique IL € Lg;v(Q,R3X3) satisfying N x L = 0 on 9 and a unique
Le Lﬁ;v(Q,R3X3), with LN = 0 on 52, such that

Cuwrl L + Du = Curl L 4+ Dug = T. (2.8.11)

Since Div T = 0 in ©, one has ug = 0, and from Curl LN = TN = 0 on 95,
we get Du = 0. By Maxwell-Friedrich-type inequality (i.e., the generalization
of (2.4.11), see [80]), i.e.,

VL[|, < C (|| Curl Ll + [| Div Ll + [[Tfl) , (2.8.12)
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the fact that L € LF'(Q,R®*3) with Curl L € LF'(Q,R**3) and Div L = 0,
implies that L € W1 (Q, R3*3), which, since 3 < p/ < oo, entails by Sobolev
embedding that

L € O(), R3¥3). (2.8.13)

The same is true for L. Integrating by parts the identities (2.8.8) we get, since
N x L =0 on 09,

O(F)=(Curl L, F) = (L, Curl F),

and similarly

®(F) = (Curl L, F) = (L, Curl F) + (N x L, F) 5.

achieving the proof by (2.8.11). O

In the applications, ® will be the defect part of the energy. In the sequel
we will restrict to those variations whose deformation curl is concentrated in a
closed curve, and, specifically, is associated to some dislocation density measure.

2.8.3 Internal variations at minimality

The energy functional W, introduced in (2.8.3) can be extended to L (), R3*?)
by setting

We(F) := | We(F)xadx,
Q

for all F € LP(Q,R3*3). Let us fix F* € ADP(Q) and (A*)T = — Curl F* on Q.
Variations F' of the deformation F* still satisfying the constraint — Curl (F* 4+
F) = (A*)T must belong to AD? (Q) := {F € ADP(Q) s.t. Curl F = 0}.
Moreover, such variations at the minimum points of the energy VW must provide
a vanishing variation of WW. Within our formalism, it is assumed that W depends
on the density A via the W1(S1, 03)-field X := (A', A2, \?) as defined in (2.5.7),
viz.,

W(F,\N) = W°(F,\), (2.8.14)
with A € T71(—=AT).
Specifically, by Theorem 2.4.13, Eq. (2.5.11) and Theorem 2.5.5, it holds
ADY ()= Curl (T (W (81,0%) ),

while for any admissible deformation F € ADP () it holds by Helmholtz de-
composition (Theorem 2.4.9) that F = Du+ F° with F° € ADY, (), so that

W(F) = W(F, A) = We(Du + F°) + W5geer( Curl F°) := W°(u, ), (2.8.15)

the latter being well defined, since F° is associated to a unique curve A by
(2.8.15). Here W,goe is defined by Wt (4) := Waetect (—AT).

We make the assumption that the energy density We : LP(Q) — R of (2.6.2)
is Fréchet differentiable in L?(Q)) with the Fréchet derivative of F — W (F, A*)
denoted by Wg € LP (2). As a consequence, for every F' € LP(), it holds
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(A1) SWH(F) := LW(F* + eF,A")|c—o = | W Fdz = dW.(F*)[F],
Q
where Wi := Wg(F*, A*). Since F™* is a minimum point, for every F' € L}C’ml(ﬂ),
it holds
SW*(F) = 0. (2.8.16)

From (A1), (2.8.16) and Theorem 2.8.4 it results that there exists L* such that
P:= W = Curl L*, (2.8.17)

and hence

PN =0 on 0 ° (2.8.18)

{ ~DivP =0 in Q
in such a way that W} is identified with the first Piola-Kirchhoff stress.
Recalling (2.4.9) and observing that (Al) means that OWe(F*) = W} €

LP'(Q,R3*3), we make the additional assumption that
(A2) Wi e VP (Q),

and in particular that Curl W} (extended by zero in Q\ Q) belongs to L¥ (€2).

2.8.4 Shape variation at minimizers

Let L be a single smooth enough dislocation loop with tangent vector 7, normal
vector v, curvature x, and total Burgers vector B. We introduce

F* = (Wi x )" Boy,
G* = (Y(b,7) = V(b,7) - 7+ VVY(b,T) - v @ V) VL,

the so-called deformation-induced Peach-Kohler force and line tension, respec-
tively, where 1 is the energy density as introduced in (2.8.4).

At minumum points, the following theorem holds. Note that restricting to
a single generating loop with Burgers vector b is chosen for the simplicity of the
exposition, and the reader interested by generality, can find the complete force
formulae in the proof developments.

Theorem 2.8.5. Assume that Wepecr satisfies (W4’) and (W5’) with 1,1 :
2773 x R® — RT, of class C%. Under Assumptions (A1),(A2), let F* be a
minimum point of W(F), and assume that the optimal cluster L* associated to
F* was generated by a single loop with Burgers vector b, associated to a density
Ape = d@;[S'] withy* € W*(S1). Then, the associated Peach-Kihler force
F* is balanced by a defect-induced force G* in L*, i.e.,

F 4G =0.

If the line is straight then F* = 0. Moreover at F* it holds Div Wj =0 in Q
and WiN =0 on 0S).

Note: We recall that L* is the dislocation set of the current L* with Curl F* =
— (A"
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Remark 2.8.6. In the proof we will consider the core energy Wye fect as given
only by Wi, fect» I contrast with the hypotheses (W3) and (W6) in Section 2.6.
However, since we are computing variations which are continuous with respect
to the line, the presence of such terms do not change the computation. In
particular it is not restrictive to set Wge feet = 0 and the statement of Theorem
2.8.5 still holds true for energies as in Theorems 2.6.6 and 2.6.8. See also Remark
2.8.8.

Proof. We define the linear map
S Wwh(sh 0P — BCg’if}(Q,RM?’) : S:=Curl 'oT,
where Curl ~! is the solution of (2.4.15). By Theorem 2.8.2 there exists F* €
BCPA (€, R¥*3) a minimizer of the energy (2.8.15) with Curl F* = T'(X\*), where
F* = Du* + S(\*) by (2.4.14). We then define, for all A € W1>°(51 Q3),
W2(A) = WEA) + Wiceer (V) (2.8.19)
where W2 () := We(Du* 4+ S(X)) and Wigeet (A) := Wioteet (T (N)). In particu-
lar, W°(A\*) = W(F*). We now want to perform variations in W1°(S*, Q%) of
We(A*). For A € Wh*°(S1 O3) we have
W (N[N = WS (NN + OWicreer (AN (2.8.20)
Here OWS (A\)[A] = (WE, DS(A*)[A]) and DS(A\*) is the Fréchet derivative of S
in A\*. Let us recall the notation @f‘j(s) 1= i (N (8)) = djupij (A\¥(s)) (With no
sum in the second term), valid for every ¢ € C*(£2, R3*3). Then,
DS(\)[A] = lim (Curl “HTOV +eN) — Curl “HT(NY))) Je =
e—
Curl ~H(DT(\9)[N),

while, from (2.5.4) and (2.5.7), we entail by a Taylor expansion of ¢ that
OTOOAL#) = [ e @)+ Degl (IO (s)ds, (2820

for all p € C1(Q,R3*3).
Recall that Curl Curl A = DDiv A — AA, and hence

Curl Curl L* = —AL* = Curl W}*? in O
Div L* = 0 on 8Q , (2.8.22)
L*x N = 0 on 00

which is an elliptic system in the sense of Agmon-Douglis and Nirenberg (see [2]),
and has a unique solution (see [41, Theorem 10.5]). Remark that the right-hand
side of (2.8.22) being in L? (€2, R3*3), the solution L* is by elliptic regularity
results in W2# (2, R3*3), and by Sobolev’s embedding Theorem, since p’ > 3,
in C1(Q, R3*3). Therefore, it holds

SWEN)[A] = (W5, Curl ~H (DT (\*)[N])), (2.8.23)
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which, since W5 = Curl L* by (2.8.17), is equal to

WA = (DT[N L)
/gl(L*)%*(S)Aﬁ(S) + D)3 () (A1) (5) X (s)ds,

where we have used (2.8.21). Integrating by parts the last expression we get

W ()] =
[ DRLEP (ME)N5) = Dl ()W) ()N (s)ds =
[ (i)Y () = DL () ()X (s (2.8.24)

Let us now particularize (2.8.24) to the case where the density A* is gener-
ated by one single loop v* € Wh>°(S1, Q) with Burgers vector b = S;e;, 3; €
2Z (b # 0) (cf. Remark 2.5.2). For variations of the form ~* + ey with
v e Whe(81 (), (2.8.24) becomes

*

e = [

[ ()7 - Dy

(5))(’7*)k(8)bi’yj(s)ds. (2.8.25)
For a dislocation density of the form ;1 =b® 4 [[,5’1]], (2.8.4) writes as

W(cl)efect / 1/1 |l (5)|d5 (2.8.26)

We can now compute the first variation of the energy (2.8.26) at the point
v e WHE(SY Q). Setting Waetect := Wieteer © T it holds

5Wdefect ('7*) [7] =

= | Dwlo, |l|< 9))(

S1

12 = A
P

,Y] /y‘]
17|

() + (0, ' *|( ) (757 (5))ds,

where Dyt is the derivative of w with respect to the k-th component of its

second variable. Denoting 7 = Iv I and 7 = h [ =TT h [ we integrate by parts
to obtain

5Wdefect (7*) [7] =

/51 —D;Dypp(b, T)(Tr7y; — TTjTpVp) — (w(b, 7) — T D) (b, T))fj'yjds =
7/51 (1/)([) 7)1 — Do (b, 7)1 75 + D Diap(b, 7). — DpDitp (b, T)TkTij)’y]dS

where we dropped the variable s. Plugging the last expression in (2.8.20) and
using (2.8.25), we obtain

W = |

Sl
— D Dyib(b, 7). + Dy Dy (b, T)+k7p7j)7j(s)ds. (2.8.27)

(DR 4tbi = Dy b — (b, 77 + Dicth(b, T)mity
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From the condition
SWP(v*)[7] =0 for all vy € Whoe (ST RY), (2.8.28)

due to the minimality of v*, we then get from (2.8.27),

/Sl (Dk(sz)v*"W:bi — D;(L5)" 4kbi — (b, 7)1 + Dyap(b, 7)1

— D; Dyb(b, 7Y + Dy Dyt (b, T)mr,,fj)yj(s)ds —0, (2.8.29)

for all v € W1>(S1 R3), which implies, by arbitraryness of v € W1(51 (),
that

Dy (L) (s)4k (8)bi — D;(I) 7" (8)43 (5)bi — (b, 7)75 + Drab(b, 7) 77
— DjDyap(b, 7)7 + DpDyap(b, 7)1, =0 for all s € S*. (2.8.30)

Equivalently, recalling that 7; = kv; and D; Dy (b, 7)1 = 77 Dp Ditp (b, T) 71 +
vjvp Dy Db (b, )7y, it holds for every s € S that

Gi(s) = Y(b,7)7 — Dpyp(b, 7)Ti 7 + DjDyab(b, 7)1 — DpDitp(b, T) Tk TpT;
= (b, 7)7j — Dpyp(b, 7)1 + DpDitp(b, )TV,
= &b, 1) = Ditp(b, 7)7 + Dp Ditp (b, T)vpu) v
= e Curl L), (5)bii (s)-

Recalling (2.5.5), the last formula becomes

Fi(P)+G;(P) =0, (2.8.31)
at every point P € L, with
f;(P) = ejpk(Curl L*)ip(P)epbiTk(P),
Gi(P) = k@(0pb,7) = Dpp(0pb, 7)) + DpDtp(0pb, T)vp1) v,

where Op = 6(P) is defined by (2.5.6) and stands for the multiplicity of the
dislocation (accounting for the loops of the cluster whose Burgers vector is a
multiple of b). The result follows by writing

Fr=Wpx7n)'B=(CulL* x1)" B, (2.8.32)

where B := 0pb is the total Burgers vector (i.e., associated to a nonnecessary
unit multiplicity). O

Remark 2.8.7. Actually, (2.8.31) holds at H!'-a.e. P € L, and not at all P.
This is due to the fact that it might happen that a point P € L is the overlapping
of parts of v which, although having the same tangent vector 7, do not have the
same curvature x nor the same ortogonal vector v.
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2.8.5 A modeling example

Let us analyze equation (2.8.31) in an explicit situation. In [17] it is considered
a potential Wiefeet Of the form (2.8.4) with

(b, 7) = |b]* + (b, T)?, (2.8.33)

where n > 0 is a constant.

In the particular case where b = fe;, 8 > 1, it is shown that 1 and 1
share the same expression up to the multiplicative factor 5. In particular, they
have the same regularity, i.e., are both smooth. In such a case, the above
computations entail that

G5(P) = (b2 = n(b, 7)* + 2n(b,v)? ) v,
so that at minimum of the energy, it holds
9123((1 — )b, 7% + (1 + 21)(b, u>2)m/j = €;pr( Curl L"), (P)0pb;7i(P).

Note that the line curvature at equilibrium is given by

o= (= m) ) 4 (1 20)(6,)2) vy ( Curl L)y (PYO5 bimi(P)
= ((=m®n2 + 1+ 2m)0, y>2)_1( Curl L*) . (P)bi6p,

the latter equation holding for a plane loop.

Remark 2.8.8. Let us note that energy (2.8.33) alone does not satisfy the
hypothesis (W4’) necessary to have existence of minimizers among the class
ADP(2). In particular in such a case W3, ., = 0, that is, such energy does
not take account of the number of connected components of the dislocation.
In order to recover an existence theorem in the class ADP(§2) we can still add
a term W3 .. .. as in (W4’), justifying its presence by the fact that such term
takes account of the number of nucleations needed to form the clusters, which
are known to be energetically expensive. Note however that the term with
|b|? in (2.8.33) permits a control of the length of the curve «y; without such
control, it might happen that the dislocation would form countable many small
disconnected branches which turn out to be dense in some part of the crystal,
even if their total mass remains small [59]. Let us emphasize that such term does
not change the expression of the Peach-Kohler force, since it is not dislocation
depending, rather it depends only on the history of the crystal evolution.

2.8.6 Concluding remarks

On the way to mathematically understand time evolution of dislocations, The-
orem 2.8.5 introduces two forces balancing each other at optimality, the first
deriving from the elastic part of the energy and named after Peach and Kohler
(and well-known in dislocation models [35]), and the second deriving by shape
variation of the defect part of the energy. Here crucial use has been made of
the decomposition F' = Vu + F° where '° and Curl F'° depend of the line.

It turns out that the sum of these two forces naturally provides an expression
of the velocity of the dislocation (for instance, a linear law is acceptable under



172 CHAPTER 2. DISLOCATIONS

certain working assumptions, see [1]). Of course, a nonvanishing velocity, i.e., a
nonzero force, means that the solution does not coincide with energy minimiza-
tion, as well-known for evolution problems. A proper task in the future is to
determine the dissipative effects, the balance equations, and analyze in detail
the evolutionary scheme.
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