Variational Techniques for
Quasistatic Evolutionary Models

CANDIDATE SUPERVISOR

Chiara Zanini Prof. Gianni Dal Maso

Thesis submitted for the degree of
“Doctor Philosophiae”

Academic Year 2005/2006






Ringraziamenti

Desidero ringraziare il mio relatore Gianni Dal Maso poiché i suoi consigli, la sua disponi-
bilita, il suo entusiasmo e la sua incredibilmente vasta e profonda conoscenza della mate-
matica mi hanno guidata e sostenuta in questi anni. In particolare il suo intuito, la sua
capacita di ascoltare, dar forma e far funzionare anche idee appena abbozzate, e la sua
abilita a tradurre (quasi) istantaneamente le idee in parole, e poi le parole in precise
formulazioni matematiche, sono stati per me un grande incentivo e insegnamento.

Ringrazio Rodica Toader con cui ho condiviso gioie e dolori di quest’ultimo anno di
lavoro in SISSA, e Fabio Zanolin che ha trovato il tempo, ’energia e ’entusiasmo per
continuare la nostra collaborazione dopo la tesi di laurea fino a produrre alcuni lavori
nuovi sull’esistenza e molteplicita di soluzioni periodiche in un modello di fibra nervosa.

Un ringraziamento a tutti gli amici della SISSA che hanno condiviso con me questi in-
dimenticabili anni. Un grazie particolare a Laura, Paolo e Fabio per la loro nutriente
vicinanza.

Ringrazio i miei familiari per il loro insostituibile affetto, la fiducia e il continuo sostegno.
Desidero ringraziare in modo speciale il mio papa Luigi: i suoi consigli mi hanno sempre
pacificata consentendomi cosi di liberare nuove energie.

Un grazie dal profondo del cuore a mio marito Cristian per il suo amore, la sua presenza
e disponibilita, la sua infinita pazienza e bonta, il suo modo unico e prezioso di andare
incontro alla Vita.

Trieste, 8 Settembre 2006.






A1 miet nonni






Contents

[nfroduction
0.1 Origin and development of the problem and its mathematical formulatiod . 1
8
17
11 Setfing . . . oo 18

|2_Sj_ngnlar perturbations of finite dimensional eradient. flowd 45
D1 Setting of the problerd . . . . . . . ... 45
|2 2 Preliminary resultsl ............................... 54

3.1 Settine of the problemd . . . . . . . .. 69
I&Ll_fthfhm&;r.eme_mn.ﬁ.gmaﬁm_a.nd_thmadd .............. 69
312  The bulk energaz] ............................ 70
3.13  The boundary displacement. | . . . . . . . . . . ... ... .. ... 70
B1l4 Theesternalloadsl. . . . . . ... ... ... . 70
13.1.5 _The admissible displacements and their total energyl ........ 71
3.1.6  Moving to a fixed domain] . . . . . ..o 71

3.2 Critical points of the energaj .......................... 73

B_B_Lmamﬂmmmmmmmoﬂ ........................ 82

3.4 Quasistatic evolution and the Tmplicit Function Thearerd . . . . . . . . . . 90

3.5 Monatonically increasing in time boundary displacementd . . . . . . . . . . 93

[Bibli h 105



i



Introduction

0.1 Origin and development of the problem and its

mathematical formulation

The idea of consider the crack propagation as the result of the competition between the
volume energy and the surface energy (needed to create new fracture) is the basis of
the mathematical formulation for irreversible quasistatic evolutionary models that will be
used in the present thesis.

The fracture process is assumed to be irreversible, so that the crack set can only
increase in time, and quasistatic, i.e., at each time the configuration describing the body
is in equilibrium.

The link between the crack propagation and surface and bulk energies of the body
is due to Griffith [21]. In 1920, making some precise experiments on a metallic body
subjected to alternating or repeated loads, he pointed out the necessity of modify the
hypotheses of rupture commonly used for elastic solids, by which a fracture may be
expected if either the maximum tensile stress or the maximum extension exceeds a certain
critical value. Hence, he proposed a new criterion, the celebrated Griffith’s criterion,
linking the crack process with a decrease in the potential energy. More precisely, he
added to the known statement that the potential energy of an elastic body in equilibrium,
deformed by surface forces, is a minimum, the following one:

Rupture has occurred if the system can pass from the unbroken to the broken
condition by a process involving a continuous decrease in potential energy.

Moreover, under the assumption that the surfaces of the crack are traction-free, he
proposed to express the increase of surface energy, due to the crack propagation, by the
product of the increment of surface with the surface tension (toughness) of the material.

In 1998 Francfort and Marigo in [I8] proposed a mathematical formulation inspired by
Griffith’s criterion, and then based on energy minimization, for the study of quasistatic
crack growth in elastic bodies.

To be more specific, let 2 C R? represent the crack-free reference configuration of a
linearly elastic, isotropic and homogeneous body, let 9;£2 be a part of its boundary and



let ¢: 9;Q — R? be the displacement at the points of 9;€. Then, for a given crack set
I' C Q of finite 1-dimensional Hausdorff measure, and for a boundary displacement 1, the
set of admissible displacements is given by

AD(,T) :={uc H'(Q\T;R*) :u=1 on 9;Q\T},

where the equality has to be considered in the sense of traces. According to [I8], the total
energy associated to a boundary displacement ¢ and a crack I" is given by

&, T) = min {W(Ev) + k" (T') : v e AD(y,T)} (0.1.1)
where Fv denotes the symmetrized gradient of v and the bulk energy is defined by

W(Ev) := 1/ A(x)Ev - Evdx
2 Jor
where A(x) is the elasticity tensor. In the surface energy, k.#*(T"), k denotes the toughness
(surface energy density) of the material and ! is the 1-dimensional Hausdorff measure.
The evolution is driven by time-dependent imposed boundary displacements v(t) for
t € [0,7], and in [I8] is studied in the case of monotonically increasing loadings

to(x) fort >0
0 for t <0,

P(t)(x) = {

with 1y : 9,8 — R™ an H'-function.

The mathematical formulation of Francfort and Marigo consists of finding a time-
dependent map ¢ +— I'(t) describing the evolution of the crack during the loading process
generated by the imposed boundary displacement. More in detail, the map t — I'(¢) shall
satisfy the following three conditions:

(a) global stability:

EW(),I'(t) < &EwW(t),K) for every K D UF(S);

s<t
(b) wrreversibility: the map t — I'(t) is monotonically increasing;
(c) energy inequality:

EW(t),I'(t) <&Y(s),I'(s)) forevery 0 <s<t<T.

This formulation, as condition (a) shows, deals with global minimizers for the energy
functional. In [I§] the authors pointed out that a more realistic approach would be to
investigate local minimizers, but because of the mathematical difficulties, this approach
was not considered at that moment.



Condition (b) expresses the irreversibility of the crack process, that is, the fracture
can only increase, while condition (c) is a constraint in order to bound the number of
solutions.

The authors indicated also how to obtain the existence of this evolution, that is by a
time-discretization process. Indeed, let us fix a sequence of subdivisions (¢} )o<;<x of the
interval [0, T, with

0=t0<ti<---<th=T,

li t -t =0.

G max (£ — £,7)
For i = 1,...,k we set ¥, = 9(t). For every k € N, we may define the discretized
evolution I by induction as follows. Let Iy be given and set T := T';. Then I' is
defined through the two conditions written below:

r,oryt
EW,Th) < &, T)  forevery L DT, 1.

As a next step, for every t € [0,T], we can define the piecewise constant functions

Tu(t) =Th,  w(t) = i,

where i is the greatest integer such that ¢; < t. Therefore, the real evolution I'(t) will
be obtained as the limit as the time step goes to zero (i.e., k — 400) of the discrete
evolutions 'y ().

This is the “abstract” scheme of the proof. The “real” one needs a suitable mathemat-
ical environment in order to get the existence of the discretized evolution I't, some apriori
bounds on I'k(¢) in order to deal with a convergent subsequence, and the right notion
of convergence, togheter eventually with some mathematical tool, which guarantees that
the minimality properties at the discrete level of the sequence I'y(t) are transferred to the
limit function I'(¢).

Now we shall see how Griffith’s criterion, in the case when the crack path is prescribed,
is written through this notion of evolution. Let us suppose that the crack path is a
rectifiable curve I' parametrized by its arc-length ~y(s). We define

['():=ToU{v(s): 0<s< 1}

and
F(0) == min { /QW) Ax)Bv- Buods v € AD(vo, T(0))}.

(2

The Griffith’s criterion is given in terms of the trajectory of the crack along its path, i.e.,
the map ¢ +— ((t), and states the following.

(1) £(t) = 0;



(2) —t% (@) < k;

(t)(k+ 2% F(0(t))) = 0

where £(t) is the time derivative of the map £(t). Indeed, if the energy release rate,
—tQ% F(£(t)), equals the toughness k, then the crack propagation will take place, and it
will not if on the contrary in condition (2) the strict inequality holds.

As noticed before, this formulation needs to be treated as a well-posed mathematical
problem in order to be meaningful. In [I8] the authors pointed out the correspondence
of the minimization problem (in its discrete form) with the model proposed by Mumford
and Shah [37] in the context of image segmentation, where the well-posed minimization
problem is studied in the space of special functions of bounded variation, SBV(£2), and
they indicate this same space as the right one for their formulation.

However, when the crack path is prescribed, the mathematical problem is well-posed
in a suitable subspace of Sobolev functions, which will be the actual setting of the present
thesis.

Another assumption in order to deal with Sobolev spaces was taken into account by Dal
Maso and Toader in [9]. In this paper they obtained a precise mathematical formulation of
the problem and proved an existence result for an irreversible quasistatic evolution, in the
antiplane case and for general imposed boundary displacements, in the context of linear
elasticity. The admissible cracks are assumed to be connected or with a uniform bound
on the number of connected components. With this restriction the cracks are assumed to
be closed and then the deformation belongs to a suitable Sobolev space, simplifying the
mathematical formulation of the problem. In this paper, the notion of evolution satisfies
the analogous of conditions (a) and (b) while clarifies in some sense condition (c) of the
definition of evolution law in [I8], which is here expressed as

(c) energy balance: the function ¢t — & (1 (t),T'(t)) is absolutely continuous on [0, 7] and

jt"@w“ ())z2/ﬂ\r(t)Vu(t)-V¢(t)dm for a.e. t € [0,7],

where u(t) is a solution of a minimum problem similar to ([LTT) defining & (¢ (t), I'(¢)),
and () is the time derivative of 1 (t).

This condition states that the increment in stored energy plus the surface energy dissipated
in the crack process is equal to the work done by the loadings on 9,0 to produce the
imposed displacement. Indeed, if 9,2 is sufficiently regular, an integration by parts of the
right-hand side of equality in (c) gives

jt"@w“ (1)) = 2 /adQ\F()a,,u(t)lb(t)d%fl for a.e. t € [0,T],
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where v is the outer unit normal to the boundary of €2. This last equality expresses the
conservation of energy in this quasistatic model, since the right-hand side is the power of
the force exerted on 0,82 in order to obtain the prescribed displacement ) (t).

The authors also described and proved the validity of Griffith’s criterion for their
model. For simplicity let us consider here the case of connected cracks. Let then t — I'(t)
be the map describing the evolution during the loading process. Assume that there exists
a simple arc K contained in € and parametrized by the regular path v: [og, 1] — € such
that ['(t) = ['(0) U K (o (t)), where K (o) = {y(7) : 00 <7 <0}, and o: [0,T] — |09, 01]
is a nondecreasing function such that ¢(0) = oy, and 0y < o(t) < oy for every ¢t € (0,7).
Assume also that K NI'(0) = {y(00)}.

Let u(t) be a solution to the minimum problem defining & (¢(t),I'(t)) (quite similar
to ((LTT)). Finally, let k(u(t),o(t)) be the stress intensity factor of u(t) at the tip (o (t))
(for its definition see Proposition in Chapter Bl). Then Griffith’s criterion can be
written here by the following three conditions:

(1) o(t) > 0 for a.e. t € [0,T7;
(2) 1—r(u(t),o(t))? >0 for every t € [0,T7;
(3) (1 —k(u(t),o(t)?)o(t) >0 for ae. t € [0,T].

Indeed, the first condition expresses the irreversibility of the process, while the second
condition, thanks to the link between the stress intensity factor and the energy release
rate (see, e.g., [23]), gives an upper bound for the energy release rate. Finally, the third
condition states that this upper bound is reached at almost every time in which the tip
of the crack moves with a positive velocity.

Chambolle in [3] extended then the existence result of [9] to the case of planar linear
elasticity, under the same restrictive assumptions on the number of the connected com-
ponents but imposed to I' U dx (2, instead of the fracture set I' alone, where Oyx§2 is the
part of the boundary that we have to add to the Dirichlet part of the boundary 0pf2
(where some displacement is prescribed) to obtain the whole boundary 02 of the domain
Q) € R%. The author proposed another improvement to the model, that is to consider
AT\ OnQ) (instead of simply #*(T")) as the energy that must be spent to open the
crack I, following the idea that the possible parts of I" touching Ox2 cannot really be
considered as “cracks”.

Subsequently, the paper [I7] of Francfort and Larsen removed the restriction on the
connected components of the cracks and introduced, in an n-dimensional setting, a weak
formulation of the problem on the set SBV(2) of special functions with bounded variation.
The main mathematical tool developed by the authors in this paper is the so called jump
transfer theorem, which enabled the authors to show how to obtain the global stability
condition for the evolution from the equivalent condition of the approximating evolution.
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In [§], Dal Maso, Francfort and Toader provided the mathematical tools necessary to
solve the problem in the most general situation, without any simplifying hypothesis. For
this reason, we want to describe more in detail their formulation.

The deformation u is this time vector-valued, and maps a subset {2 of R™ into R™
(with m > 1). Due to this assumption, the mathematical formulation shall be given on a
subset of GSBV (2;R™), the space of generalized special functions of bounded variation.

The authors studied the case of nonlinear elasticity, considering an arbitrary bulk
energy W(E), with energy density W (x, &) quasiconvex with respect to & and satisfying
suitable polynomial growth and regularity conditions. They took into account a large
class of time-dependent body and surface forces, whose work on the deformation « is here
denoted by L(t)(u).

In their work, a crack is any rectifiable set I' C Q with 52" 1(T") < +o0, where J#"~!
denotes the (n — 1)-dimensional Hausdorff measure. The work done to produce the crack
[ is given by

K(T) = /F (@, vp (@) A" (2),

where vr is a unit normal vector field. The function x(x,v) depends on the material and
satisfies the standard hypotheses which guarantee the lower semicontinuity of .

An admissible configuration is a pair (u,I"), where I' is an admissible crack and u is
an admissible deformation with jump set S(u) contained in I". The total energy of the
admissible configuration (u, ") at time ¢ is therefore given by

Et)(u,T) == W(Vu) + K(T) — L) (u).

On a part of the boundary, 9,12, they prescribed also a time-dependent deformation (t)
so that the set AD(w(t),I'(t)) of admissible deformations with crack I'(¢) and boundary
deformation 1 (t) is defined now as the set of functions u in GSBV (; R™) whose jump
set is contained in I['(t) and such that u = (¢) in the sense of traces on ;). An
irreversible quasistatic evolution of minimum energy configurations is then defined as a
map t — (u(t),'(t)) satisfying the following three conditions:

(a) global stability: for every t € [0, T

Et)(u(t),I'(t)) <&(t)(u,I') for every I' D I'(¢) and every u € AD(3)(t),T);

(b) drreversibility: the map t — I'(t) is increasing;

(c) energy balance: the increment in stored energy plus the work done to produce the
crack is equal to the work of the external loadings.

In the spirit of Griffith’s theory, a minimum energy configuration at time ¢, is any pair
(u(t),T'(t)), with u(t) € AD(¥(t),I'(t)) which satisfies the global stability condition at
time ¢.



The authors proved the following existence result: if (ug, o) is a minimum energy
configuration at time ¢ = 0, then there exists an irreversible quasistatic evolution t —
(u(t),'(t)) starting from (ug, I'y). The proof is obtained also here by time-discretization.

In the same years, Mielke together with his collaborators (see [34], [31], and [32])
developed a general scheme of continuous-time energetic formulation of rate-independent
processes (see also the more recent study [36] and references therein for an excellent
survey on the subject). Rate-independence means that if ¢ — y(t) represents an irre-
versible quasistatic evolution for the load L(t), then for each strictly monotone time-
reparameterization 7(t), the function y(7(¢)) represents the correspondent evolution for
the load L(7(t)).

Let us describe now this formulation: in an abstract space )}, the unknown is a
function y: [0, +00] — Y, whose evolution is governed by some energy storage potential
€:10,T) x Y — R and some dissipation potential A: ) — [0,400). The continuous-time
energetic formulation consists of finding a map y: [0,7] — Y satisfying a suitable initial
condition (as y(0) = yo, with yo given), and the following two conditions:

(S) Global Stability:

E(t,y(t) < E(LY) + A —y(t))  forevery g € V;

(E) Energy Equality:
E(ty(t)) + / AG(s)) ds = £(0,0) + / 0.€ (s, y(s)) ds.

The previous definition of irreversible quasistatic evolution given in [§] fits actually this
formulation. Indeed, taking y(t) := (u(t),['(t)) with I'(¢) admissible crack and wu(t) €
AD((t),L(t)) (this shall define the state space V), and E(t,u, ") :== W(Vu) — L(t)(u),
we deduce that the Global Stability condition (S) coincides with item (a) in the definition
of irreversible quasistatic evolution and the Energy Equality condition (E) coincides with
item (c), while (b) can be obtained by using a nonsymmetric dissipation distance.

At this point, the precise mathematical formulation with a good notion of irreversible
quasistatic evolution and the way to obtain existence results seem to be clarified in the
case of elasticity, even if the majority of the results remains inserted in the context of
global minimizers. But further steps have to be done in the study evolutionary models,
performing an analysis of the mathematical tools developed so far in order to generalize
them, and taking into account some additional physical or mechanical features, in order
to represent in a more realistic way the fracture process.

Also this part is very difficult, since to any mechanical property added to the model
has to correspond the right mathematical tool in order to obtain the well-posedness of the
problem and then some existence result. Anyway, in the past few years, several contributes
appeared. We cite for example the paper [20] of Giacomini, where he studied the size
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effect for quasistatic crack growth in linearly isotropic elastic bodies under antiplanar
shear. Instead of the Griffith’s energy functional

&(u,T) :/ |Vu|*dz + 2" 1(T) (0.1.2)
O\
the author considered a surface energy of the form

/F o(|[u]|(2))do

where [u](x) := u®(x) —u®(x) is the difference of the traces of u on both sides of the crack
I', and ¢: [0, 4+00[ — [0, +o0] is increasing, concave and constant after a critical length,
and is such that ¢(0) = 0. Therefore in this model we point out the attempt to take into
account the cohesive forces exerted between the lips of the crack through this energy term.
Indeed, we associate the opening of the crack to a nonzero jump [u] of the deformation
and through such a function ¢ we may get the following physical interpretation: the
interaction between the two lips of the crack I' decreases as the opening increases, and
disappears when the opening is larger than a critical length.

The author proved an asymptotic result, that is the following: as the size of the body
increases, despite of the cohesive form of the surface energy, under suitable boundary
displacements the fracture propagates following the Griffith’s functional ([(ILIZ]).

0.2 Contents

The purpose of the present thesis is to continue this investigation, in the case of elasticity,
taking into account different aspects of the fracture process.

Accordingly, in Chapter [[l we study a variational model for which the new feature is
that the fracture energy term depends on the opening of the crack. This term is similar
to the one studied in [20], but here we do not perform an asymptotic analysis and prove
on the contrary an existence result via an energy functional containing this surface term.

The formulation of the problem and the plan of the proof (via a time-discretization
process) fit the scheme proposed in the previous section, including the condition on global
minimizers, but the dependence on the opening of the crack prevents us from applying
directly the tools developed so far in the applications to fracture mechanics of the theory
of free discontinuity problems (see [I8], [9], [10], [B], [I7], [7], &]).

The formulation of the problem studied in Chapter Bl is completely different and is
the result of a preliminary study (performed in finite dimension) in order to deal with
local minimizers and with a notion of approximable evolution which will be considered in
Chapter

To be more specific, let us recall that for a given Banach space X, and for an energy
functional E: [0,7] x X — R, a quasistatic evolution t — wu(t) may be thought as a
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solution of the system
V.E(t,u(t)) =0, (0.2.1)

so that u(t) is a critical point for E(t,-), and, possibly, a local minimizer.
In Chapter ] we consider the limit behavior, as ¢ — 0, of the solutions wu. of the
e-gradient flow

ete(t) + Vo E(t, ue(t)) = 0,

and we prove (in the case when X = R™) that, under very general assumptions on F,
the limit function wu(t) does exist and solves ([(LZJl). In addition, by uniqueness, on its
continuity intervals |¢;_1, ¢;[, the function u(t) is actually defined via the Implicit Function
Theorem. As the main new feature of this chapter, the connection between the limits u(¢;)
and u(t;") is analyzed.

Inspired by the previous two ideas, that are to define the evolution map as a local
minimizer (as also suggested by Francfort and Marigo in their pioneering paper [I8]) and
to characterize the evolution on its continuity intervals via the Implicit Function Theorem,
we study in Chapter Bl a new model of irreversible quasistatic evolution which satisfies a
local stability criterion rather than the “usual” global one.

To simplify the mathematical difficulties, along the thesis we make the assumption that
the crack path is prescribed, and this allows us to use Sobolev spaces in the formulation
of the variational problem. This hypothesis appears to be natural in the study of the
past evolution of a crack. It can also be used to predict the future evolution of a crack
assuming that the body has some natural weaker parts. For example, as already pointed
out by Mainik and Mielke in [32], we may assume that the two sides of the body are glued
together along the prescribed crack path, and that the glue is softer than the material
itself, so that, upon loading, the body can fracture only along the glue.

Let us describe now more in detail the content of this thesis.

In Chapter Ml'we present a variational model for quasistatic crack growth in the presence
of a cohesive force exerted between the lips of the crack.

The evolution of the crack for our model is governed by an energy which is, (like,
e.g., in [§]), the sum of three terms: the bulk energy of the uncracked part, the energy
dissipated in the fracture process, and the work of the external loads, but here, as already
announced, the fracture energy depends on the opening of the crack.

The cracks are constrained to belong to a compact C'-orientable (n — 1)-dimensional
manifold M contained in the reference configuration 2 C R", such that Q\ M is connected.
This restriction allows us to consider very general bulk and crack energies, which may
include constraints on the crack opening, related to the infinitesimal noninterpenetration
of matter.

To be more specific, we assume that the uncracked part of the body is hyperelastic



and that its bulk energy relative to the deformation v € W'P(Q\ M;R™) is of the form

W(x,Vu)dz,
oO\M
where W: (2\ M) x M™™ — R is a given Carathéodory function such that W(zx,¢) is
quasiconvex with respect to & and satisfies suitable p-polynomial growth and regularity
conditions (see Section [[TJ).

The work done by the external time-dependent loads .Z(t) on the deformation wu is
denoted by (Z(t),u), being (-,-) the duality pairing between (W'?(Q \ M;R™))" and
Whr(Q\ M;R™). For the general form of the work done by the external loads see ([CTH).

In order to obtain the work done to produce a crack for this model, we need some
preliminary discussion. If we neglect for a first moment the problem of irreversibility, we
may then assume that the work done to produce a crack can be written in the form

/M o, u]) do™ T,

where p: M x R™ — [0,+00] is a Borel function such that ¢(x,0) = 0 and the map
y +— p(x,y) is lower semicontinuous on R™ for " 1-a.e. z € M.

Suppose now that the deformation u depends on time, i.e., we have a map t — wu(t)
from [0, 7] into W'P(Q2\ M;R™). If no crack is present until time 0 and

p(x, [u(s)](@) < ¢(x, [ut)](z)) A" -ae on M

for every s € [0,¢], then the energy dissipated in the crack process in the time interval
[0,¢] is given, in our model, by

/M (o, [w(t)] () dA™

However, in the general case, the irreversibility of the fracture process leads to in-
troduce an auxiliary time-dependent function ¢ — ~(t) (see Section [[l), defined on the
prescribed crack path, which takes into account the local history of the crack up to time
t. More in detail we assume that ¢ — 7(¢) is the smallest increasing in time function such
that v(¢)(z) > p(x, [u(t)](z)) for " -a.e. x € M and for every t € [0, T], and that the
total energy spent in the process of the crack production in the time interval [0, ¢] is given
by

/M AE) (&) dA

The notion of evolution of the crack (see Definition [L2A) is given in the framework
of Mielke’s approach to a variational theory of rate-independent processes (see [35], [32]),
and satisfies a global stability condition, an irreversibility condition and an energy bal-
ance condition which correspond to the analogous conditions for the evolutionary models
presented in the previous section.
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We prove an existence result (Theorem [C2ZT0) for the quasistatic evolution follow-
ing the scheme already introduced by Francfort and Marigo, i.e., by approximating the
continuous-time problem by discrete-time problems, for which the evolution is defined by
solving incremental minimum problems. The main mathematical difficulty in the proof is
the compactness of the approximating functions ¢ +— 74 (). This is solved by introducing
a new notion of convergence of functions related to the problem, with good compactness
and semicontinuity properties (see Section [3).

In Chapter Bl we use a different approach with the aim of investigating whether there
is the possibility to characterize the jumps of an evolution defined using some criterion
different from the global minimality. The analysis is carried on in a model case where the
main feature is that the dimension of the Banach space is finite.

As already observed in the first part of this section, we recall that the study of qua-
sistatic rate-independent evolutionary models may lead to consider gradient flow-type
problems. Indeed, suppose that X is a given Banach space and f: [0,7] x X — R a time-
dependent energy functional. Then one can regard a quasistatic evolution as a solution
u(t) to the problem

Vo f(t,u(t)) =0. (0.2.2)

In order to obtain such an evolution, it seems natural to study the limit as ¢ — 0 of the
perturbed problem
ete(t) + Vo f(t,u(t)) =0, (0.2.3)

which is actually a gradient flow problem. The intention is to prove that if the functional f
satisfies suitable assumptions, then the solutions u. converge to a limit function u solving
problem ((LZ2) and that this method selects in a sense the most interesting solutions u
of (LZ2) (see [15], [6]).

In Chapter @l we study a model case with X = R". We shall see that, under very
general assumptions on f, the limit function w(¢) is a local minimum of f(¢,-). Moreover,
it may admit some discontinuity times, while the approximating solutions w.(t) of the
e-gradient system ([LZJ) are always continuous.

The first work on similar subjects was written by Efendiev and Mielke [T5], who add to
the energy functional a dissipation term, which is crucial in the proof of the compactness
of u.. In our work, we do not have dissipative terms, but the assumptions on f are
stronger (for the precise assumptions see Section EZTI).

Let us describe now more in detail our model case. We consider a smooth energy func-
tion f: [0,7] x R" — R satisfying a suitable coerciveness condition (see Assumption [II).
We suppose also that u.(0) — u(0), V,f(0,%(0)) = 0, and that V2f(0,u(0)) is positive
definite. We will prove that u. converges, as € goes to zero, to a piecewise regular function
u: [0,T] — R"™, defined via the Implicit Function Theorem, such that V,f(t,u(t)) = 0
and V2f(t,u(t)) is positive definite on each continuity interval ]¢;_;,t;[. Moreover the
limits from the left and from the right, u(¢; ) and u(¢] ), exist. It turns out that at each

11



discontinuity time ¢;, the value of u(t; ) is located at a degenerate critical point of f(¢;,-),
i.e., at a point z € R"™ where the Hessian matrix V2 f(t;, x) possesses at least one zero
eigenvalue.

To conclude this analysis we have to establish the connection between the limits u(t;")
and u(t;"). This will be done by passing to the fast dynamics, i.e., the dynamics governed
by the rescaled system of differential equations

o(s) = —V, f(ti, v(s)). (0.2.4)

In a generic situation we may assume that V2 f(¢;, u(t;)) has exactly one zero eigen-
value, while the other eigenvalues are positive. To discuss the behavior of ([(LZZl), we
are led to consider the autonomous system of differential equations v(s) = =V, f(¢,v(s))
where t is close to t; and plays the role of a parameter. Under very general hypotheses,
the following happens: before t; the vector field V, f(t,-) has two zeroes, a saddle and a
node, at t = t; there is only one zero (the node and the saddle coalesce), and for ¢ > t;
these zeroes of the vector field no longer exist. This corresponds to an abrupt change in
the phase portrait as the parameter varies, and it is known in the literature as saddle-node
bifurcation of codimension one (see [24], [42], [27]).

In Section 2Tl we list the technical assumptions which permit to obtain the main result
of the chapter, Theorem EZZZ7l Without entering all technical details, the setting obtained
from our assumptions is the following one. For every t € [0,7] there is a finite number
of critical points x € R™ of f(t,-) and among them at most one is degenerate. Moreover
there exists only a finite number of pairs (¢, ) such that ¢ is a degenerate critical point of
f(t,-). On the degenerate critical points with only nonnegative eigenvalues, the Hessian
matrix V2f(t,£) has only one zero eigenvalue and satisfies two transversality conditions
(see (b) and (c) in Assumption B). Although we do not prove that Assumptions [Hg
of Section BTl are generic in any technical sense, they cover a wide class of interesting
examples.

If £ is a degenerate critical point of f(¢,-) satisfying all conditions considered above,
then we prove that there is a unique heteroclinic solution v(s) of o(s) = =V, f(t,v(s))
issuing from the degenerate critical point £, and we suppose that v(s) tends, as s — 400,
to a nondegenerate critical point y of f(t,-), with V2 f(¢, y) positive definite. The existence
of such heteroclinic solution is standard. Since we have not been able to find the proof of
uniqueness in the literature, we give the complete proof in Lemma

This analysis leads to a more precise construction of the function v mentioned above.
Accordingly, the main result of this chapter, Theorem 227, states that if u.(0) — u(0),
V. f(0,u(0)) =0, and V2 £(0,u(0)) is positive definite, and Assumptions [[Hd of Section 1]
are satisfied, then u.(t) converges to u(t) uniformly on compact sets of [0, T]\{¢1, ..., tx-1},
where t; are the discontinuity times for u. Moreover in a small neighborhood of t;, a
rescaled version of u.(t) converges to the heteroclinic solution v(s), connecting u(t;)
and u(¢;]). Finally, the graph of u. approaches the completion of the graph of u obtained
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by using the heteroclinic trajectories.

The previous chapter may suggest the following idea, that it may be possible to char-
acterize the regular paths of an evolution u(t) using the Implicit Function Theorem. This
actually has become the key property for the irreversible quasistatic evolutionary model
studied in Chapter Bl of the present thesis.

For this model, the prescribed crack path, I', is a regular arc with one endpoint on the
boundary of the reference configuration {2 and the other inside €2. We assume in addition
that there exists an initial connected crack starting from the boundary point, and that
the crack remains connected during the evolution. Hence, such a crack will be completely
determined by its length o. Here a configuration is a pair (u,o) where u is a scalar
function representing the displacement orthogonal to the plane of €2, and o represents the
length of the crack.

The evolution is driven by time-dependent imposed boundary displacements () on a
part dp§2 of the boundary, and applied boundary forces g(¢) on the remaining part dy{2.
The total energy, &(t)(u, o), of a configuration (u,o) at time ¢, is the sum of the bulk
energy and the surface energy minus the work of the applied forces g(t).

For this model we are interested in obtaining a local stability criterion for the energy
functional rather than a global one. Hence, we focus on this aspect and keep the rest of
the model as simple as possible.

Therefore, the bulk part of the energy is given by the square of the L?-norm of the
gradient of u, while, according to Griffith’s theory, we assume the surface energy to be
proportional to the length o of the crack, the constant of proportionality being given by
the toughness of the material.

For a given crack length o and for a boundary displacement (), let AD(v(t), o) be
the set of admissible displacements, i.e., displacements with finite bulk energy, compatible
with ¢ (t) and o.

Note that for this model, given ¢ and o, there exists a unique minimizer w;, of the
energy & (t)(u,o) in AD(1(t),o). Then let us consider the minimal energy E(t,o) corre-
sponding to the boundary data v (t) and to the crack length o, i.e., E(t,0) := &(t)(ury, 0).
The derivative d,E(t,0) can be computed (see Proposition BZ2Z4) and it is related to the
stress intensity factor of the displacement u;, at the tip of the crack. It plays a crucial
role in the Griffith’s criterion for the propagation of cracks, as reminded in the previous
section (see also, e.g., [9]).

Let us define now the notion of evolution we are interested in. The irreversible
quasistatic evolution problem consists in finding a left-continuous function of time t —
(u(t),o(t)) such that the displacement u(t) at time ¢ belongs to the set AD(¢(t),o(t)),
and the following three conditions are satisfied:
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(a) local stability: at every time t > 0

) (u(t), ot)) < &) (v,a(t)) Vv e AD()(),0(t))
0:E(t,0(t)) 20,

(b) drreversibility: the map t — o(t) is increasing;
(c) energy inequality: for every 0 < s < t we have
E(t)(u(t), o(t)) < &(s)(uls),o(s)) + Work(u; s, 1),
where Work(u; s, t) denotes the work of external forces.

A solution to this problem will be called an irreversible quasistatic evolution.

The main difference with respect to previous models stays in condition (a), where the
pair (u(t), o(t)) shall satisfy the first order necessary conditions for the global stability, but
not the sufficient ones. In condition (c) three terms contribute to the work of the external
forces: two of them are due to the surface forces generated by the imposed boundary
displacement and the third one comes from the applied surface loads.

Despite of the new features, we will prove that conditions (a)-(c) are enough to ensure
that at almost every time t a weak version of Griffith’s criterion is satisfied (see Propo-
sition B:32). We observe also that the globally stable irreversible quasistatic evolution
problem studied in [I8], [9], [B], [I7], K] is actually a particular case of the previous one.
Therefore, this model contains the previously studied globally stable evolutionary models
and continue to ensure the validity of Griffith’s criterion.

In order to obtain an existence result we adopt a selection criterion different from
global stability and based on an approximation procedure with a regularizing effect. This
is performed directly in the time-continuous formulation, in the sense that there is no
need of a preliminary study of time-discrete problems.

We thus propose the notion of approximable irreversible quasistatic evolution (see
Definition B30) defined as an irreversible quasistatic evolution which is the limit, along
a suitable sequence, of some approximating more regular evolutions (u., c.) obtained by
solving suitable nonlinear PDEs (see ((LZH)). We prove that if (u(t),o(t)) is a limit of
such an approximation, then the following property holds.

(P) if on a certain time interval [ty, ;] there exists a regular function ¢°(¢) such that
0,E(t,c’(t)) =0 and 0?E(t,c’(t)) >0 Vit [to,t],

and if 6.(t) > 0 for every t € [to,t;], then the equality o(tg) = 0°(to) implies that
o(t) = o%(t) for every t € [to, t1].
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Since the regular function ¢ — ¢%(¢) can be obtained, under suitable standard assump-
tions, by applying the Implicit Function Theorem to 0,E(t,o) = 0, we deduce that our
evolution can be characterized on the convexity intervals of the energy functional through
this regular function ¢°(¢), provided that some additional assumptions are satisfied. This
feature makes the difference with the globally stable evolution, which is expected to move
abruptly toward the absolute minimum of the energy, while our approximable evolution
is expected to propagate continuously at least on every time interval where property (P)
holds.

Let us now describe more in detail the construction of the approximating evolutions.
First of all, we fix an initial condition: assume that at time ¢t = 0 the crack length is equal
to o9 > 0 and the displacement is equal to ug, in such a way that the initial configuration
(uo, 09) is in equilibrium. Then, for every o between o and &, where 7 is the length of T,
we consider a diffeomorphism &, of €2 that transforms the crack of length o into the one
of length oy. Using ®,, we change variables in the expression of the energy functional &
and transform it into a functional .%# depending on the time ¢, the crack length o, and
the modified displacement v, which takes the form

F(t,v,0) = /Q\F( )(A(O’, x)Dv(x)|Dv(x))dx + ...,

where T'(0g) is the crack of length o¢, A(c,x) is a 2x2 symmetric matrix of smooth
coefficients coming from the change of variables, Dv is the distributional gradient of v
with respect to the spatial variables z, and (-|-) denotes the scalar product in R?. The
advantage of this change of variables is that now the set of admissible functions v does
not depend on ¢, nor on the crack length o. Therefore our argument is developed in terms
of the functional .# (after having proved the equivalence of the critical points of .# and
of &, see Proposition B.2Z.T]).

The same change of variables is considered, in a suitable small neighbourhood of the
crack tip, in order to compute the derivative 0, E(t, o) (see also [23], [2], [28]).

The approximating evolution (v., 0.) is obtained as the solution of a suitably modified
e-gradient flow for the functional . which starts from the initial data (u, 09):

ev. = —grad, . Z (t, v., 0.)

e, = (—=0,.7 (t,v.,0.)) T A(o.)
v:(0) = g

0.(0) =

Here grad,.Z (t,v, o) denotes the gradient of the function v — F(t,v,0) considered as a
function defined on the Sobolev space H'(Q \ I'(0g)) with suitable boundary conditions.

(0.2.5)

0-

The positive part in the second equation guarantees the irreversibility of the evolution,
while A is a Lipschitz continuous positive cut-off function that becomes zero for o = 7,
so that only increasing solutions with crack length less than @ are considered.
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If we are interested in the evolution until a certain crack length o;, with og < 01 < 7,
is reached, then we choose A(0) = 1 for 09 < ¢ < 7. In this way for crack lengths less
than o1, the regularized evolution law is proportional to the gradient flow for .%, with the
constraint that the crack length is increasing, while it is distorted by A for crack lengths
between o and @. Therefore the evolution is considered meaningful only until the crack
reaches the length o;.

Note that, using the form of the functional %, the first equation in ([[LZH) can be
written as

e (t,x) = —=div,(A(o:(t), z) Du.(t,x)) + . ..

with suitable boundary conditions. We preferred the evolution problem in H* to the usual
parabolic one
et (t,x) = —div,(A(o(t), x)Dvu-(t, z)) + ...

which corresponds to the gradient flow in L?, because it helped us to prove property (P),
see Theorem BAl Note also that in this way the first equation in ((Z3) becomes an
ODE and thus the existence of the solution for this modified e-gradient flow follows from
classical existence and uniqueness results for ordinary differential equations in Banach
spaces.

We prove in Theorem B.37 the existence of an approximable irreversible quasistatic
evolution, while in Theorem B.ZJ] we obtain property (P) for our evolution.

Let us remark that this model is not suited for the study of the crack initiation problem.
We also note that the approximating evolutions we consider have been chosen on the basis
of their mathematical simplicity and do not seem to have any mechanical interpretation.
Nevertheless, we think that the notion of approximable irreversible quasistatic evolution
proposed here could be the starting point for the study of different approximations with
a mechanical justification.

The results of Chapter [l are obtained in collaboration with Gianni Dal Maso and
will appear in [I1], while the content of Chapter B corresponds to the paper [#4]. The
results of Chapter B are achieved in collaboration with Rodica Toader and correspond to
paper [41].
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Chapter 1

Quasistatic crack growth for a
cohesive zone model

In this chapter we present a variational model for quasistatic crack growth in the presence
of a cohesive force exerted between the lips of the crack.

We assume that the crack path is prescribed, and, more precisely, that it consists
of a compact C'-orientable (n — 1)-dimensional manifold M contained in the reference
configuration 2 C R”, such that 2 ~\ M is connected. We want to study the time
evolution of the crack in the framework of Mielke’s approach to a variational theory of
rate-independent processes (see [35], [32]).

The evolution of the crack is governed by an energy which is the sum of three terms:
the bulk energy of the uncracked part, the energy dissipated in the fracture process, and
the work of the external loads. The main mathematical difficulty is given by the fact that
the fracture energy depends on the opening of the crack. For this reason we cannot apply
directly the tools developed so far in the applications to fracture mechanics of the theory
of free discontinuity problems (see [I8], [9], [T0], [3], [I7], [7], [&]).

We prove an existence result for the quasistatic evolution (see Theorem [LZTI0), by
approximating the continuous-time problem by discrete-time problems, for which the
evolution is defined by solving incremental minimum problems. The irreversibility of
the crack process leads to introduce an auxiliary time-dependent function ¢ — ~(t) (see
Section [l below), defined on the prescribed crack path, which takes into account the
local history of the crack up to time . The main mathematical difficulty in the proof is
the compactness of the approximating functions ¢ +— 74 (). This is solved by introducing
a new notion of convergence of functions related to the problem, with good compactness
and semicontinuity properties.

The chapter is organized as follows. In Section [Tl we describe the setting of the prob-
lem introducing all the mathematical quantities we need to define, in Section [[CZ], the total
energy of an admissible configuration (u,), where u € WP(Q \ M;R™) represents the
deformation and v belongs to a suitable subset of L!(M), named L'(M)*, and represents
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the internal variable due to the irreversibility of the process. Then we define the notion
of irreversible quasistatic evolution (see Definition [CZZ]) we are interested in and prove
some properties of it. In Section we develop the mathematical tools in order to prove,
in Section [[4l, the main result of this chapter, Theorem In Section we study
the Euler conditions satisfied by globally stable pairs (u,v) € WHP(Q\ M; R™) x L*(M)™.
Finally, in Section [[B we prove that, with some modifications, the main theorem continue
to hold also in the case where the uncracked part of the body in linearly elastic.

1.1 Setting

The reference configuration is a bounded open set €2 of R™ with Lipschitz boundary
0f), which can be written as the union of two disjoint Borel sets JyQ2 and 0,2, with
H1(9p€2) > 0 and 9;Q2 relatively open. Here and henceforth s#"~! denotes the (n—1)-
dimensional Hausdorff measure. On Jy€2, the Dirichlet part of the boundary, we will
assign the boundary deformation, while on 0;€2, the Neumann part of the boundary, we
will prescribe surface forces.

We assume that the cracks are contained in a compact C'-orientable (n—1)-dimensional
manifold M C 2 with boundary 0M, such that €2 . M is connected. Therefore it is rea-
sonable to take the deformation u as a function in the space W'P(Q ~ M;R™), so that
the essential discontinuity points of u are contained in M. Although the natural choice
is m = n, there are no mathematical difficulties in considering an arbitrary m > 1. The
case m = 1 is used in the study of antiplane shears. The number p > 1 depends on the
bounds on the energy density considered below.

We take into account prescribed time-dependent boundary deformations ¢ +— (t),
with () € WHP(Q;R™), in the sense that for each time ¢ € [0,7] we consider only
deformations u € W'?(Q . M;R™) such that

u=1(t) on 2,

where the previous equality has to be considered in the sense of traces. We assume also
that, as a function of time, ¢ — t(t) is absolutely continuous from [0, 7] into WP(Q; R™).
Thus the time derivative ¢ — t(t) belongs to the space L'([0, T]; W'*(€; R™)) and its
spatial gradient ¢ — V) (t) belongs to the space LY([0, T7; LP(Q; M™*™)).
We assume that the uncracked part of the body is hyperelastic and that its bulk energy
relative to the deformation u € W'P(Q ~ M;R™) is of the form

W(z,Vu)dz,

O~M

where W (x,§) is a given Carathéodory function W: (2~ M) x M"™*" — R such that

(W) € — W (z,§) is quasiconvex and C! for every z € Q ~ M;
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(W3) there are two positive constants ag, a; and two nonnegative functions by, by € L' (2
M) such that

ag [§]" = bo(x) < W(z, &) < ar [¢]" + bi(), (1.1.1)
for every (x,€&) € (2~ M) x M™*".

Since & +— W (z,£) is rank-one convex on M"™*" for every x € 2~ M, we can deduce
from (CIJ) an estimate for the partial gradient of W with respect to &, 9:W: (2~
M) x M™*" — M™*"  More precisely, there are a positive constant a; and a nonnegative
function by, € L*(2 . M) such that

[OW (2, €)| < az €[ + ba(2), (1.1.2)

for every (z,&) € (2~ M) x M™*",

To shorten the notation we introduce the function W: LP(Q2~ M; M"™*") — R defined
by

W) = W (x,V)dz,
QM

for every U € LP(Q ~ M;M™ ). By (L) and (CTZ) the functional W is of class C*
on LP(Q ~ M;M™ ™) and its differential OW: LP(2 ~ M;M™* ") — LI(Q ~ M;M™ "),
pt+ ¢!t =1,is given by

(OW (), D) = /Q M@gW(x, U):d dx,

for every @, W € LP(Q) ~ M;M"™ ™) where (-,-) denotes the duality pairing between the
spaces LI(2 ~ M;M™ ™) and LP(Q ~ M;M™ "), and ;W (z, ¥):® denotes the scalar
product between the two matrices 0;W (z, ¥) and .

By the assumptions on W, the functions W and 0V satisfy the following properties:
there are two positive constants ag, @1 and two nonnegative constants 3y, 3; such that

ao [P]) — Bo < W(¥) < ay [|W]]7 + 6y, (1.1.3)
for every W € LP() ~ M;M™*™) and there is a positive constant as such that
(OW(T), @) < aa(1+ || (1) 2], (1.1.4)

for every W, ® € LP(Q2~ M;M"™*™).

For a fixed time ¢t € [0,7], we assume that the external time-dependent loads .Z(t)
belong to (W'P(Q ~ M;R™)), the dual space of W'?(Q2 . M;R™). The duality product
(Z(t),u) is interpreted as the work done by the loads on the deformation .

Let us fix an orientation of M and let u® be the trace of u on the positive side of M,
and u® be the trace of u on the negative side of M. The most general form of the work
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done by the external loads is given by

(L), u) :/ FOude+ [ H(): Vude+
Q~M Q~M (115)
[ tuaas [ (PO g0 w0 ae,

where f(t) € LY(Q ~ M;R™), H(t) € LY(Q ~ M;M™™) g(t) € LI R™), g9(¢)
and ¢°(t) € LY(M;R™), with p~! 4+ ¢! = 1. Actually the representation theorem for
(WhP(Q~\ M;R™))’ shows that it is enough to use just the terms of the first line of (CLLH).
The terms in the second line have been added in order to write in an explicit way the
contribution of the surface forces acting on the Neumann part of the boundary and on
one or both sides of M.

With these assumptions we do not exclude the possibility that H(t) could be discon-
tinuous on M. Moreover, observe that if f(¢), H(t), g(t), g®(t) and ¢g®(t) are sufficiently
regular, then

f(t)— div H(t)
plays the role of the volume forces on €2 ~. M,
g(t) + H(t)v
plays the role of the surface forces on 0,2, and
g®(t)— H®(t)y  and  ¢®(t) + H®(t)v

play the role of the surface forces acting on the positive (respectively negative) side of M,
where v is the outer unit normal to 9(€2~\. M). We observe that, by our positions, v turns
out to be the inner normal on the positive side of M; this is why in the last formula we
take the minus sign in front of H®(t)v.

We assume that, as a function of time, ¢t — Z(t) is absolutely continuous from [0, 7]
into (W(Q ~ M;R™)Y. Thus the time derivative ¢t — Z(t) belongs to the space
LY[0,T]; (WhP(Q ~ M;R™)Y). If Z(t) is represented by ([CTH), then the absolute con-
tinuity of ¢t — Z(t) follows from the absolute continuity of the functions ¢ — f(¢),
t— H(t), t — g(t), t — g®(t), and t — ¢°(t).

If the deformation u has a nonzero jump [u] = u® — u® on M, then the body has a
crack on (part of) M. More precisely the crack is given by the set

{z € M : [u](z) # 0}.

Let us consider now the work done to produce a crack. If we neglect for a moment
the problem of irreversibility, we may assume that this work can be written in the form

/M o, u]) dem T,

where p: M x R™ — [0, 00| satisfies the following properties
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(p1) ¢ is a Borel function;
(02) @(x,0) =0 for " '-ae. € M;
(¢3) the function y — @(z,y) is lower semicontinuous on R™ for s#"-a.e. z € M.

A simple example is given by the function

oloy) = {a+b|y| if y € R™ {0}, 116

0 ify=0,

where a > 0 and b > 0 are real constants. The constant a plays the role of an activation
energy; if b > 0, there is also an energy term proportional to the amplitude of the crack
opening. The classical Griffith’s model corresponds to the case a > 0 and b = 0.
Let L°(M) be the set of extended real valued measurable functions on M and let
L°(M)™ be the set of functions w € LY(M) such that w > 0 5" 1-a.e. on M.
We introduce the function ¢: LP(M;R™) — LO(M)" defined by
o(w)(z) = oz, w(x)),

for every w € LP(M;R™) and for s#" '-a.e. x € M.
Given an arbitrary family (w;)ie; in L°(M)T the essential supremum

w = esssup w
iel

of the family is defined as the unique (up to " !-equivalence) function in L°(M)* such
that

o w>w; " tae. on M forall i € I;
o if 2 € LO(M)T and 2z > w; " '-a.e. on M, then z > w " '-a.e. on M.

For the existence of such a function see, for instance, [39, Proposition VI-1-1].
Suppose now that the deformation u depends on time, i.e., we have a map t — u(t)
from [0, 7] into WHP(Q2 ~. M;R™). If no crack is present until time 0 and

o([u(s)]) < o([u(t)]) S ae. on M

for every s € [0,¢], then the energy dissipated in the crack process in the time interval
0,t] is given, in our model, by

/M o([u(t)]) dom".

This happens for instance when s — ¢([u(s)]) is monotonically increasing " '-a.e. on
M.
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In the general case, the irreversibility of the fracture process leads to introduce an
auxiliary function ¢ — (3(t) from [0, 7] to L*(M), which takes into account the history of
the system up to time t. We assume that for every 0 < t; < t, < T we have

B(ty) = B(t1) Vesssup ¢([u(s)]) " '-a.e. on M, (1.1.7)
t1<s<t2
so that
B(ta) — A1) = esssup(@([u(s)]) — B(t))* A" -ae. on M,

t1<s<t2
where for every a € R, a™ := a V 0 denotes the positive part of a.
In particular

o t— [3(t) is increasing, i.e., 3(t;) < B(ty) " 1-ae. on M for 0 <ty <ty < T;

o 3(t) > ¢([u(t)]) " t-a.e. on M for every ¢ € [0,T].

In our model the energy dissipated in the time interval [t1, t5] is given by

18(t2) — B(t1) 1,0 = / (B(t2) — B(ty)) do™ 1.

M
According to this assumption there is no dissipation in the intervals [t1, t2] where ¢([u(s)]) <
B(t1) A" t-a.e. on M for every s € [ti,1,], while the dissipation is given by

/M (¢([u(t2)]) — gb([u(tl)])) A1

whenever G(t1) < ¢([u(s)]) < ¢([u(tz)]) for every s € [ty, ta].

It follows from ([CIT) that 3(t) is uniquely determined by 5(0) and by the history of the
deformation s — u(s) in the interval [0, ¢]. Since it is difficult to deal with (CI) directly,
we prefer to define the notion of quasistatic evolution by considering a more general
internal variable ¢ +— v(¢) which is assumed to satisfy the following weaker conditions:

e t+— 7(t) is increasing, i.e., y(t;) < y(t2) H#" ae.on M for 0 <t <ty <T;

o y(t) > o([u(t)]) 2" '-a.e. on M for every t € [0,T].

We do not assume from the beginning that ¢ — () satisfies ((LT). This property will be
a nontrivial consequence of the other conditions considered in the definition of quasistatic
evolution (see Theorem [27).

Given functions ¢ € W'P(Q;R™) and v € L°(M)™, it is convenient to introduce
the set AD(1), ) of admissible deformations with boundary value ¥ on 9y and internal
variable . It is defined by

AD(, ) == {u € W"P(Q~ M;R™) : ¢([u]) <~ on M, and u = v on 902},

where equalities and inequalities are considered #" !-a.e., and the last equality refers to
the traces of u and ¢ on 0yf).

An admissible configuration with boundary value 1 on 02 is a pair (u,7y), with
ye LYM)" :=L"(M)nL°(M)" and u € AD(), 7).
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1.2 Definition and properties of quasistatic evolutions

For every t € [0,7], the total energy of an admissible configuration (u,7) at time ¢ is
defined as

E(t)(u,7) :=W(Vu) = (Z(t), u) + 7],
where || - ||1,ar denotes the L'-norm on M.

We now introduce the following definition in the spirit of Griffith’s original theory on
the crack propagation.

Definition 1.2.1. A pair (u,y) € W'P(Q ~ M;R™) x LY(M)7 is globally stable at time
t€[0,T]if u e AD(¢(t),~) and

E(t)(u,y) < E(t)(v,9) (1.2.1)
for every 0 >« and for every v € AD(3(t), d).

In other words, the total energy of (u, ) at time ¢ cannot be reduced by increasing the
internal variable v or by choosing a new admissible deformation with the same boundary
condition.

Remark 1.2.2. For every ¢t € [0,7] let (u(t),y(t)) € W'?(Q ~ M;R™) x L'(M)* be
globally stable at time ¢. By Definition [LZ1]l we can deduce an a priori estimate on ().
Indeed, by comparing & (t)(u(t),y(t)) with &(t)(¢(t),(t)), which is bounded uniformly
with respect to t, we get that W(Vu(t))— (£ (t), u(t)) is bounded uniformly in time. Next,
by the assumption (CI3) on W and the boundedness of Z(t) in (W1P(Q ~ M;R™)),
we obtain that the WhP-norm of u(t), ||u(t)||1,, is bounded uniformly with respect to ¢.
Furthermore from this fact and by Definition [LZ1l we get that the crack term ||v(t)||1,nm
is bounded uniformly in time, too.

Remark 1.2.3. Condition ([CZJ]) is equivalent to

E(t)(u,y) < &) (0,7 V o([v])),

for every v € WP(Q . M;R™) such that v = () 7" -a.e. on 9. This is equivalent
to

W(Vu) = (ZL(t), u) < W(Vv) = (ZL(t),v) + [[($([v]) = 1) lrm (1.2.2)

for every v € WP(Q ~ M;R™) such that v = 9 (t) # " '-a.e. on 2. This implies that
if (u,7) is globally stable at time ¢ and ¥ € L'(M)* satisfies ¢([u]) <5 < v #" l-ae.
on M, then (u,?) is globally stable at time ¢.

Definition 1.2.4. An irreversible quasistatic evolution of minimum energy configurations
is a function ¢ — (u(t),y(t)) from [0, 7] into W'P(Q ~ M;R™) x L'(M)* which satisfies
the following conditions:
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(a) global stability: for every t € [0, 7] the pair (u(t),y(t)) is globally stable at time ¢;
(b) irreversibility: v(s) < v(t) ™ 1-a.e. on M for every 0 < s <t < T}

(c) energy balance: the function t — & (t)(u(t),~(t)) is absolutely continuous on [0, 7]
and

%(éa(t)(U(t),v(t))) = (OW(Vu(t)), V(1)) — (L), (1) — (L (1), u(t)) ,

for a.e. t € [0, T7.
Remark 1.2.5. Condition (c) is equivalent to the following one:

(¢") energy balance in integral form: the function t — (AW (Vu(t)), Vi (t)) — (L (t), u(t))
belongs to L'([0,7T]) and
&(t)(u(t),~(t)) — £(0)(u(0),7(0)) =
= | (@W(Vu9). 9i(s) = (L().0() ~ (£0).u(s) ) ds

for every t € [0, T7.
This can be written in the form

W(Tu(t) = W(Vu(0)) + [1(8) = 1(0) 101 =
= [ (@W(Tu(e). 909} — (209,550 s + (1.2.3)

+(Z(1), u(t)) = (£(0),u(0)) - /0t<3(8),U(S)> ds,

for every t € [0,7]. The first line is the increment in stored energy plus a term which
will be interpreted as the energy dissipated by the crack process in the time interval [0, ¢],
as we shall see in Remark Using the divergence theorem we can show that the
second line represents the work done in the same time interval by the forces which act
on 92 to produce the imposed deformation. The third line represents the work done by
the imposed forces in the interval [0,t]; this follows from an integration by parts when
t — u(t) is regular enough, and can be obtained by approximation in the other cases.

If t — (u(t),v(t)) satisfies condition (a), then (u(t),~(t)) is bounded in W1P(Q \
M;R™) x L'(M)* by Remark [CZ2l Therefore in condition (¢’) it is enough to assume
that t — (IW(Vu(t)), V(1)) — (Z(t), u(t)) is measurable.

In the following theorem we prove one inequality of the energy balance.
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Theorem 1.2.6. Let t — (u(t),y(t)) be a function from [0,T] into W'P(Q ~ M;R™) x
LY(M)* which satisfies the global stability condition (a) and the irreversibility condition
(b) of Definition[I.Z4 Assume thatt — (OW(Vu(t)), Vi (t))—(ZL(t),u(t)) is measurable.
Then

&) (u(t),(t)) — €(0)(u(0),7(0)) =

> / (W (Tu(s)), Vi (s5)) = (L(5), () = (L(s),uls)) ) ds

for every t € [0,T].

Proof. We note that t — (OW(Vu(t)), Vih(t)) — (ZL(t), u(t)) belongs to L'([0,T]) by the
arguments of Remark [C2Z2 The result can now be obtained arguing as in [§] (see the
proof of Lemma 7.1 and the final part of the proof of Theorem 3.15). O

Now we prove that for a quasistatic evolution ¢ — (u(t),~y(t)), the internal variable
t — ~(t) satisfies a condition analogous to (CT1).

Theorem 1.2.7. Let t — (u(t),(t)) be a quasistatic evolution. Then

Y(ty) = v(t1) Vesssup ¢([u(s)]) " *-a.e. on M, (1.2.4)

t1<s<t2
for every 0 <t; <ty <T.

Proof. 1t is enough to prove that

v(t) = 7(0) V esssup ¢([u(s)]) H#" '-a.e. on M, (1.2.5)

0<s<t

for every t € [0,T]. Let 4(t) be the right-hand side of ([LZH). Since t — () is increasing
and @([u(t)]) < ~(t) #" 1-a.e. on M for every t € [0, T}, it follows that 5 (¢) < (t) 2" !-
a.e. on M for every t € [0,T]. As ¢([u(t)]) < F(t) #"'-a.e. on M, by Remark
the pair (u(t),7(t)) is globally stable at time t for every t € [0,T]. Since t — J(t) is
increasing, we can apply Theorem [C2Z6 and we obtain

E(W)(ul(t),3(0)) — £(0)(u(0),7(0)) =
> [ (OW(Vu(), 9i(s) = (Z(5).0() — (£0).u(s) ) ds

for every t € [0,7]. By the energy balance, item (c), it follows that the inequality
&) (u(t),¥(t)) = &(t)(u(t),(t)) holds, ie.,

W(Vu(t)) = (L (1), u®)) + 7Ol = W(Vu(t) — (L (t), u®)) + [7(E)]l,u,

which implies ||5(¢)|l1ar = [[7(@)|l1ar- As F(t) < y(t) H# " -a.e. on M, we deduce that
F(t) = ~(t) A" -a.e. on M for every t € [0,T], which concludes the proof. O
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Theorem [LZ7] can be used to explain the mechanical meaning of the internal variable
~ in the model case p(x,y) := |y|. Indeed, if t — (u(t),~(t)) is a quasistatic evolution with
7(0) = 0 and ¢(x,y) := |y|, then (CZZ) shows that v(¢)(z) coincides with the maximum
modulus of the amplitude of the opening reached by the crack at x up to time t.

Remark 1.2.8. As t — ~(¢) satisfies (L) by Theorem [C2Z7 the mechanical interpre-
tation given in Section [l shows that the term || (¢) — v(0)||1,a in (CZ3) represents the
energy dissipated in the crack process in the time interval [0, ¢].

Remark 1.2.9. In our model, the dissipation term in the energy functional comes from
the expression ||y V ¢([v]) — 7v||1,a and is nonlinear in . This turns out to be the main
mathematical difference between our model and the model considered by Mielke and
Mainik and Mielke in [35, Section 4.2] and [32, Section 6.2], where the dissipation term
is linear.

We are now in a position to state our main result.

Theorem 1.2.10. Let (ug, 7o) € WHP(Q2 ~ M;R™) x LY(M)* be globally stable at time
t = 0. Then there exists an irreversible quasistatic evolution t — (u(t),y(t)) such that

(u(0),7(0)) = (u0,70)-

1.3 Some tools

We introduce a notion of convergence for the functions «, which is the counterpart of the
notion of convergence of sets introduced in [§]. The main property of this convergence
is that, if uj, converges weakly in WH?(2 . M;R™) to some function u and ¢([ug]) < s
S -ae. on M, then ¢([u]) <~ A" '-a.e on M.

Definition 1.3.1. Let 43,y € L°(M)*. We say that v, ob-converges to v if the following
two conditions are satisfied:

(a) if u; — u weakly in W'P(Q ~ M;R™) and ¢([u;]) < vk, S '-a.e. on M for some
sequence k; — 0o, then ¢([u]) <~y S -a.e. on M;

(b) there exist a sequence u' € WP(Q ~ M;R™), with sup, ¢([u']) = v #" '-a.e. on
M, and, for every i, a sequence uy € WHP(Q ~ M;R™), converging to u’ weakly in
WhP(QQ . M;R™) as k — oo, such that ¢([u}]) < 4, " -a.e. on M for every i
and k.

Notice that we do not require any upper bound in L*(M)™ for the functions 7.
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Remark 1.3.2. If 74 ol-converges to v, then in particular there are functions ui and v’
in WhP(Q\ M;R™) such that condition (b) in Definition [C31 holds. We define for every
k the following two quantities

7= sup gb([u’]) and 7 = sup ¢([U?@D

jzlv"'vl .7:17"'7Z

With this notation it turns out that
v=lim+" and 5, >supn,
=00 i€eN
for every k.

Remark 1.3.3. If 4 ol-converges to v, then

v < limsupy,, " '-a.e. on M,
k—00
as we can see by modifing the proof of Lemma [L34 below. Notice that the inequality
can be strict, even when -, converges pointwise to a function 4. As an example, consider
n=2m=1p=2 Q=]-22F and M = [0,1] x {0}. Let v, € L°(M)* be defined as
follows:
1 forx e [i,%—k%[,
Ye(z) == fori=0,...,k—1.

i+l 1 il .

0 fOl"LL’E [T—k—z,T[7
It follows from homogenization theory (see [12], [38], [40]) that condition (a) in Defini-
tion [L3.Tis satisfied with o = 0, hence 7y, o2-converges to 0. Furthermore 7y converge in

measure to 1, so up to a subsequence we have pointwise convergence to 1 =: 4 > ~.

We prove in the following lemma that the L!-norm is lower semicontinuous with respect
to of-convergence.

Lemma 1.3.4. Let v, v € LO(M)*. If v of -converges to vy then
[l ar < Tim inf [l f1,ar- (1.3.1)

Proof. From the hypothesis it follows in particular that there are functions u} and ' in
WhP(Q . M;R™) which satisfy condition (b) in Definition [C3l With notation from
Remark [C32 let us prove that for every ¢

17 lar < hggﬁ [R7AIRwY? (1.3.2)

Extracting a subsequence we may assume that liminfy, |41 is a limit. As [ul] — [u]
strongly in LP(M;R™) for j = 1,...,7, we can extract a further subsequence such that
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[ul] — [u] pointwise #" '-a.e. on M for j = 1,...,i. By the lower semicontinuity
assumption (p3) this implies

7 < li]?i’gjlf vi o " eae. on M.
By the Fatou lemma we obtain (C32), which yields
17 110 < tim inf [l 1,0r-
We then pass to the limit as 7 tends to infinity and obtain ([C3]). O

We now prove a compactness result for the notion of of-convergence.
Lemma 1.3.5. Every sequence in L°(M)* has a ob-convergent subsequence.

Proof. Let us denote the LP-norm by || - ||,. Let v, € LY(M)™, let w;, € L=(Q ~ M;R™)
be dense in LP(2 ~ M;R™), and, for every positive integers [, h, and k, let us consider

the problem
min { [|[Vul[? + £l — w |} }, (1.3.3)

where the minimum is taken over all functions u € WP(Q \ M;R™) such that ¢([u]) <
Ve " L-ae. on M.

To prove that the minimum is achieved, we take a minimizing sequence and we easily
obtain that it is bounded in W'P(Q ~. M;R™). Then, up to a subsequence, we can pass
to the limit and by using our lower semicontinuity assumption (y3) we can prove that
the limit function is actually a solution to the minimum problem ([C33]). This solution,
which is unique by strict convexity, will be denoted by ui’h. Notice that this function is
bounded in W1P(Q ~ M;R™) uniformly with respect to k, thus, up to a subsequence, we
can pass to the limit in k& and get that there is a function ©“" such that ui’h — ybh weakly
in WP(Q ~ M;R™). Further we define

v = sup ¢([u"]) A" '-ae. on M. (1.3.4)
4,heN
In this way point (b) of Definition [[31] is automatically satisfied.

We need to prove point (a). To this aim, let v; — v weakly in W'?(Q ~\ M;R™) be
such that ¢([v;]) < %, #" '-a.e. on M for some sequence k; — co. We want to prove
that ¢([v]) <y " -a.e. on M. By density there is a subsequence of wy,, say wy,, which
converges strongly to v in LP( . M;R™). Let {; — +o00 be such that {;|v — wp,|b — 0

as 1 tends to infinity. By the minimality of uiﬂh, we have

IVafe |+ 6l — w,

b < Vusllf + lillv; — wp,

p

b

Then uf;i_’hi is bounded in W1?(Q \ M;R™) uniformly with respect to j, and passing to
J

the limit as j tends to infinity we get

[Vt

g + &-Huf“hi — Wy,

p < sup [[Vos |7+ Gl — wn|[5-
JEN
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Since {;llv — wp, |2 — 0 as i tends to infinity, this inequality ensures that Vu‘" is
bounded in LP(2 . M;R™) uniformly with respect to i, and uiﬂh — wy, — 0 strongly in
LP(Q~ M;R™). As wy,, — v strongly in LP(Q ~ M;R™), we deduce that u‘" converges
weakly to v in WLP(Q ~ M;R™). Then [u%"] converges strongly to [v] in LP(M;R™).
Passing to a subsequence, we may also obtain pointwise convergence 7" '-a.e. on M.
By [3Z4) we have ¢([ub"i]) < v " lae. on M, so that the lower semicontinuity
assumption (¢3) yields ¢([v]) < v " '-a.e. on M, which is precisely the conclusion to

point (a) in the definition of o?-convergence. O

We shall use the following Helly-type compactness result. We recall that a function
t — ~(t) from [0, 7] into L°(M)T is said to be increasing if v(s) < v(t) #" '-a.e. on M,
whenever 0 < s <¢t<T.

Lemma 1.3.6. Let t — ~(t) be a sequence of increasing functions from [0,T] into
LO(M)*. Then there exist a subsequence Yk, , independent of t, and an increasing func-
tion t +— (t) from [0,T] into L°(M)*, such that yy,(t) o¥-converges to y(t) for every
te[0,7].

Proof. Let D be a countable dense subset of [0, 7] containing 0 and 7". By Lemma [[33],
using a diagonal argument, we can extract a subsequence, still named ~(¢), and an
increasing function ¢ +— ~(t) from D into L°(M)*, such that ~,(t) ob-converges to y(t)
for every t € D.

Let us define

A(t+) = inf y(s) and  A(t=) = sup +(s),

s>t,s€D s<t,s€D
for every t € [0,T7]. It is easy to prove that:
(1) v(t—) = ~(t) = y(t+) for every t € D;
(2) y(t—) < ~v(t+) for every t € [0,T];
(3) if s < t, then y(s+) < y(t—).

Define F := {t € [0,T] : y(t+) = y(t—) H# " '-a.e. in M} and (t) = y(t—) = y(t+)
for every t € E. Note that by (1) D is contained in £ and the definition of () agrees
with the original one on D. Then the definition of of-convergence and the monotonicity
condition imply that 7, (¢) of-converges to y(t) for every t € E.

Let us show now that the set £°:=[0,7] \ E is at most countable. For every pair of
positive integers i,k we set A, = {t € [0,T] : |[[(v(t+) A k) — (v(t=) AN k)|[1,00 > 1/},
so that £ is the union of the sets A;j. Therefore it is enough to show that each set
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A, is finite. Let t; < --- < t, € A; ;. Since, by (3), (y(tj_1+) A k) < (v(t;—) A k) for
j=2,...,7, we get

= <Y ) AR) = (=) ARl < lly(t+) Akl < kA7 (M),

so that r < iks"~*(M), which implies that A, is finite. It follows that E° is at most
countable, thus we can conclude the proof of the lemma by applying again the compactness
Lemma for every t € E°, together with a diagonal argument. O

The following result plays a crucial role in the proof of point (a) in the Definition [CZ4]
of quasistatic evolution.

Lemma 1.3.7. Let vy, v € L°(M)*. Assume that v, o?-converges to y. Then for any
v € WHP(Q . M;R™) with ¢([v]) € LY (M) the following inequality holds true:

lim sup |(¢([v]) - ) e < N(@([w]) = 1) Ml (1.3.5)
Proof. Tt is not restrictive to assume that the limsup is a limit. Let u’ and u} be the
functions considered in point (b) of Definition [L3Jl During the proof we shall use the
notation introduced in Remark [L32 As vi < vy, #" '-a.e. on M, we have

(B([0]) = )" < (o([v]) =)™,
hence
i [[(6([v]) — )l < limin [[(6((0]) 7 fuar (1.3.6)

k—o0
Passing to a subsequence, we may assume that [u}] converges to [u’] " '-a.e. on M.
By the lower semicontinuity assumption (y3) we obtain

< lilgn infv; " '-a.e. on M,
— 00
so that Fatou Lemma gives

lim sup [|(¢([v]) — %) lluar < (@) =) s,

k—o00

which, together with (L3H), yields
B (1@ ([]) = ) Tl < (&) = ) [l

As vt — v A" tae. on M, inequality (C33) can be obtained by passing to the limit as
1 — 0Q. O
Remark 1.3.8. The conclusion of Lemma [[37 does not hold, in general, when v,y €
L>*(M)* and 7, — v weakly* in L>°(M). Consider, for instance, the case n =2, m = 1,
Q =1]-4,4, M = [-m, 7] x {0}, and define ~;(z) := 1 + sin(kz;), where z; denotes the
first coordinate of x. Then, 7, converges to v(x) := 1 weakly™ in L>°(M), but (C3H) is
not satisfied for ¢([v]) = 1, since in this case [[(¢([v]) — &) T|l1.0 = 2 for every k, while

(@ ([w]) =) F Ml = 0.
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1.4 The discrete-time problems and proof of the main

result

In this section we prove Theorem by a discrete-time approximation. We fix a
sequence of subdivisions (t%)o<;<x of the interval [0, T], with

0=t <tp <---<tft<th=T,
li th— = = 0.
kggog%(k K )

Fori=1,...,k weset & = L(ti), i = (ti), & = E(t).

For every k € N we define u}, and +. by induction as follows. Let (ug, o) be a minimum
energy configuration at time ¢ = 0. We set (u,7?) := (uop,7) and define (ui,~i) as a
solution of the minimum problem

min { & (u,7) : v € LN(M)*, v > 77", uw € AD(¥},7)}, (1.4.3)
where the inequality means that v > ~,"" 2" L-a.e. on M.

Remark 1.4.1. Consider the minimum problem
min {W(Vu) (L) + o) VAT s s w = ¥ on 809}, (1.4.4)

where u is assumed to belong to WHP(2 . M;R™). Then the following two conditions
are equivalent:

(a) the pair (u},~;) is a solution to ([CZ3);
(b) ui is a solution to (CZA) and v := v 'V ¢([ui]) " -a.e. on M.

The existence of a solution of (CZ3J) (or equivalently (LCZ4)) can be easily obtained by
using the direct methods of the calculus of variations. The compactness of a minimizing
sequence follows from ([CLI3) and positiveness of ¢. The lower semicontinuity follows from
(W1), (W3), (¢3), and from the compactness of the trace operator.

For every t € [0,T] we define

T(t) =, w(t) = up, Ww(t) =7, ve(t) = D),

| | (1.4.5)
Li(t) = Z (1), &,(t) = &),

where i is the greatest integer such that t; < ¢. Note that ux(t) = ugp(7x(t)), (t) =
Tk (), Yi(t) = ¥ (7k(t)), Zi(t) = ZL(7:(t)) and &k(t) = &(7(1)).
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Remark 1.4.2. Since ¢ € AD(yi,7, '), then by Remark we deduce that the
LP-norms [|Vui ||, and ||ui]|, are bounded uniformly with respect to ¢ and k. Passing to
the piecewise constant functions ¢ — Vug(t) and t — u(t), we have that there exists a
positive constant C' such that

Vur®)ll, < € and - Jlur(t)]l, < C (1.4.6)

for every k and for every t € [0,T]. Since & (t)(ux(t),v%(t)) is bounded uniformly with
respect to k, we get also that

()l < C, (1.4.7)
for every k and for every ¢ € [0, 7.

We introduce now a sequence of functions which play an important role in our esti-
mates. For a.e. t € [0,7T] we set

O(1) := (OV(Vur(t)), V(1)) — (Zi(t), (1) — (L(F), ux(t)). (1.4.8)
In the following lemma we present the main energy estimate for the discrete process.

Lemma 1.4.3. There exists a sequence R, — 0 such that

7k (t)
&(7:(8)) (ur (), (1)) < &(0)(uo, Y0) +/0 Or(s) ds + Ry,

for every k and for every t € [0,T].

Proof. We need to prove that there exists a sequence R; — 0 such that

i

&L (uj, ) < E(0)(uo,v0) + / 01(s) ds + Ry,

0
for any k and for any ¢+ =1,... k.

Let us fix j and k with 1 < j < k. Since ul, " =] " on 9, and [u] ' +4) —l '] =
[ul~'] " -a.e. on M, the function ] ' + o) — /7! belongs to AD(¢], 7)), hence
ENul, ) < & (ul™t + bl — I 477, The proof now can be concluded arguing as in
the proof of [8, Lemma 6.1]. O

We are now in a position to prove our main result.

Proof of Theorem [LZI0. Let (t;), 0 < i < k, be a sequence of subdivisions of the interval
0, 7] satisfying (A1) and (CZXZ). For any k consider the pairs (ui,~i) inductively
defined as solutions of the discrete problems (CZ3J)) for ¢ = 1,...,k with the initial

condition (u?,7?) = (ug,v0). Let 7x(t), ur(t), 1 (t), and ¢ (t) be defined by (CZH) for
any t € [0,7]. By Lemma [[3@ there exists a subsequence of v(t), independent of ¢,
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which o?-converges to 7oo(t) € LO(M)7, for every t € [0,7T]. By (CZQ) and Lemma L34
we have v, (t) € L'(M)™.
Let 0 (t) be defined by (LZF) for a.e. t and let

0o (t) := lim sup O(¢).

k—o0

By (CT4) and (CZ6) we deduce that
106(8)] < ax(CP + DIVED ], + 1L D (Dl + CUL D],

where || - ||, is the norm in the dual space of W'P(Q2 ~. M;R™). Since the right-hand side
of previous formula belongs to L([0,T]), we deduce that 6., belongs to L'([0,T]), too,
and using the Fatou lemma we get

Tk(t) t
limsup/ Or(s)ds < / O (8) ds. (1.4.9)
0 0

k—o0

For a.e. t € [0,7] we can extract a subsequence 6y, of 6, depending on ¢, such that

Buclt) = lim 0 (1)
By (CZ3) the sequence uy, (t) is bounded in WP(Q~ M;R™), therefore we can extract a
further subsequence, still denoted by wy, (), which converges weakly in W*(Q ~ M;R™)
to a function ue(t).

Since ¢([ug,(t)]) < i, (t) " '-a.e. on M, by point (a) in Definition 3T we have
P([uoo(t)]) < Yoolt) S '-a.e. on M. On the other hand, as uy, (t) = ¢y, (t) " '-a.e.
on 9y, we have also uq(t) = ¥ (t) " t-a.e. on N2, so that u(t) € AD(W(t), Veo(t))
for every t € [0, 7.

The next step is to prove that the pair (us(t), Vo(t)) satisfies property (a) of Defi-
nition [[ZZL To this aim, let v € L'(M)", v > 75 (t) and v € AD(¥(t),7). By the
minimality of the incremental solutions (ug(t), v (t)), we have that & (t) (ug(t), v(t)) <
&L () (vk, Yk(t) V o([v])), where vy, := v + () — 1(t). Since the functional u — W(Vu)
is weakly lower semicontinuous and strongly continuous, and the function t — Z(t) is
continuous, it follows immediately that

W(Vus(t)) < ligglfW(Vuk(t)), W(Vo) = khj& W(Vug), (1.4.10)
(Z(t),ux(t)) = lim (Z(1), wr(t)), (L), v) = lim (Z(t),vp).  (1.4.11)

So far we have easily obtained that

W(Vus(t)) = (ZL(1), uso(t)) <
S W(V) = (Z(1),v) + lim sup I(A([w]) = () ar,  (14.12)
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where the last term in right-hand side comes from the equality

(v Vo)) =7 = (¢([v]) =17, (1.4.13)

which holds for every v € L°(M)™. In order to obtain that the pair (us(t), Yoo (t)) satisfies
point (a) in Definition [LZ4 of quasistatic evolution we want to apply Lemmal[[37 To this
aim we need to know that ¢([us(t)]) € L'(M)". By (CZT) in Remark [CZ2 we have that
7% (t)]|1,as is bounded uniformly with respect to k. As ug(t) belongs to AD(¢y(t), vk(t)),
the sequence ¢([uy(t)]) is bounded in L*(M)*, and by the lower semicontinuity assumption
(¢3) we obtain that ¢([us(t)]) € L*(M)T thanks to the Fatou lemma. Then we can apply
Lemma [L37 and we get

W(Vuee(t)) = (Z(1), oo (1)) <
SW(TE) = (2(0),0) + O] — 1) T (1L414)
Applying (CZT3) to the last term in the right-hand side of (CZI4) we conclude that
E (1) (Uoo(t), Yoo (1)) < E() (v, Voo (t) VO ([0])) < E(t)(v,7) for every t € [0,T] and point (a)
of Definition [ is satisfied.
By the definition of the discrete problems, for every k the function t +— ~(t) is
increasing. Passing to the of-limit, the same property holds for ¢ — 7,,(t), so that point

(b) of Definition [[2Z4] is satisfied.
It remains to prove point (c¢). For a.e. t define

0(t) == (OV(Vun (1)), V(8)) = (L(1), 1 (1)) = (L), use(t)).
Arguing as in the proof of [8, Theorem 3.15] we get
O (t) = 0(1), (1.4.15)

for a.e. t € [0,7]. This in particular means that the map t — 6(t) is measurable. Since
we have proved that for every ¢ € [0, T the pair (ue(t), V7o0(t)) satisfies points (a) and (b)
of Definition [CZ4], we are in a position to apply Theorem and get

E () (oo (t), Yoo () — &'(0) (10, 0) 2/0 0(s) ds.

By (L3J)), (L4I0), and (CLTI) we get

E () (oo (1), Yoo (1)) < imiinf &, (£) (ur,(£), 1,(1)) < limsup &(£)(ur(t), v (t)).  (1.4.16)

j—}OO k_)oo

Using Lemma and taking (CZY) and (CZATH) into account, we obtain

lim sup &, (¢) (ur(t), 7(t)) < 66(0)(uo,70)+/0 0(s) ds. (1.4.17)

k—oo
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By (CZTd) and (CZTD) we get that

E () (uoo(t), 750 (1)) < &(0)(uo, 70) +/0 0(s) ds

holds true for any ¢ € [0, 7], and this concludes the proof. O

In the following theorem we prove that for every t € [0, T'] the energy for the discrete-
time problems converges to the energy for the continuous-time problem. We emphasize
that the theorem is true for any irreversible quasistatic evolution ¢ +— (u(t),~(¢)) corre-
sponding to a given t — ~y(t), not only for the one obtained as limit of the solutions of
the discrete-time problems.

Theorem 1.4.4. For every t € [0,T] let ug(t) and vyx(t) be defined as in the beginning of
the proof of Theorem [LZT1. Assume that yy(t) ob-converges to v(t) € L'(M)* for any
t €10,T). Let t — (u(t),~(t)) be an irreversible quasistatic evolution. For a.e. t € [0,T]
let 0k (t) be defined as in (I.7.3), and set

0(t) == (OW(Vu(t)), Vi (1) — (Z(1), (1)) = (L(1), u(t)).
Then
W(Vu(t)) = (Z(t), u(t)) = lim W(Vur(t)) — (Zi(t), ur(t))), (1.4.18)
7@ lhare = Jim (e (€)][1,ar,
for every t € [0, T). Furthermore
O, — 0 in L'([0,T7),
so that there exists a subsequence of 0y which converges to 0 a.e. in [0, T).

Proof. For the proof we need to show that

lim W(Vuy, (1)) = W(Vus(t)), (1.4.19)

J—00

for every t € [0,T], where uy,(t) is the subsequence constructed in the proof of Theo-
rem [CZT0, and e (t) is its limit. To this aim, let v; 1= us(t) + Uy, (t) —1(t). By the mi-
nimality of the pair (ug,(t), 4, (t)) we obtain that &, (¢)(u, (t), v, (1)) < &, () (vy, W, () V
&([uso(t)])), and passing to the limit as j goes to infinity, we get by (C232), (CZLI0), and
(CL1T)

lim sup [W(vukj (t) — <$k] (t)>ukj (t)ﬂ <

< h?lsololp W(Vv5) = (L, (1), 05) + 1(S[ee (D)) — 3, (8) T ll1aa] = (1.4.20)
= W(Vioo(t)) = (L(t), uoo(t)) + limsup || (¢([too(t)]) = va, () [[1,1-

J—00
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Since i, (t) ob-converges to Yoo(t), by Lemma [[37 we have

lim sup || (¢([oo ()]) = v, (8)) " [l1,00 < 0. (1.4.21)

Jj—oo
Taking into account (LZ20) and ([CZZI)) we get in particular that

limsup W(Vuy, (1)) < W(Vus(t)). (1.4.22)

Jj—00

This, together with (CZI0), gives (CZTIY).

To conclude the proof it is sufficient to follow the arguments of the proof of [8, Theo-
rem 8.1]. O

The result can be improved under strict convexity assumption.

Theorem 1.4.5. In addition to the hypotheses of Theorem assume that & —
W (w, &) is strictly convex for a.e. x € QM and thaty — p(z,y) is convex for " ‘-a.e.
x € M. Then ui(t) — u(t) strongly in WHP(Q ~ M;R™), for everyt € [0,T].

Proof. We observe that for every t € [0,7] and v € L'(M)" the functional v — &(t)(v,7)
is strictly convex on the set of functions v € WP(Q~ M;R™) with v = 9 (t) " '-a.e. on
0o€2. Therefore for every t there exists a unique function u € AD(1)(t),~(t)) such that the
pair (u, ) is globally stable at time ¢. It follows that u(t) coincides with the function us(t)
constructed in the proof of Theorem and that the whole sequence uy(t) converge to
u(t) weakly in W1P(Q~ M;R™). Therefore (CZIF) implies that W(Vu(t)) — W(Vu(t)).
Using [43, Theorem 3] we deduce that Vuy(t) — Vu(t) in measure. As

(Vug(t) — Vu(t)|P < 207 tag "W (Vug(t)) + W(Vu(t))] + 28 ag by,

the conclusion follows from the generalized dominated convergence theorem. O

1.5 Euler conditions

In this section we study the Euler conditions satisfied by globally stable pairs (u,7y) €
WP(Q ~ M;R™) x LY(M)*. Let us fix t € [0,7] and let (u,v) € WHP(Q ~ M;R™) x
L'(M)* be globally stable at time ¢, and let v € W?(Q . M;R™) be such that v = 0
S 1a.e. on 9pQ). Hence for every € > 0 the function u+ev belongs to AD(¢(t), vV ([u]+
e[v])), and by the global stability of the pair (u, ) at time ¢, we have that &(t)(u,vy) <
E(t)(u+ev, vV ¢([u] + [v])), therefore

o i SO+ 20,7V 6([u] + £[v]) — E()(u,7)

e—0t g

> 0. (1.5.1)
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The weak formulation of the Euler conditions will be obtained from this inequality. With-
out loss of generality, we assume that £ () is given by ([LTH), and we omit the dependence
on time. After some standard calculation, one can express (L)) in the following form

/ (0eW (2, Vu) — H) : Vodz —/ fodr — / gud" +
QM QM 010 (152)

_/ (géBvéB _'_96,09) d%n—l + lim inf ||(¢([u] +€[U]) - 7)+||1,M Z 07
M

e—0t g

for any v € WP(Q \. M;R™) such that v =0 " -a.e. on 9.
To continue our analysis we need now to specify the form of the function ¢. More
precisely, we consider ¢p: M x R™ — [0, +o0] defined by

o(z,y) == po(x) + ¢(x,y) fory#0 and ¢(x,0):=0 forall z € M, (1.5.3)

where ¢y € L'(M)" and ¢: M x R™ — [0, 400 is a Borel function. We assume that for
every x € M the following properties hold:

(1) ¢(z,y) =0 if and only if y = 0;

(2) the function @(z,-) belongs to the space CO(R™) N CHR™ ~ {0});

(3) &(x,0) = 0;

(4) there exists an L>-function ¢ such that [0,¢(z,y)| < @(x) for any y # 0, where
0yp(x,y) denotes the vector of the partial derivatives of ¢ with respect to y;

(5) the limit )
U(z,y) = elir(g Oyp(x, y)y (1.5.4)

exists and is finite for any y # 0.
Remark 1.5.1. By using de I’'Hopital Theorem, one obtain immediately that

w()hﬂ

e—0t £

for any 2 € M, y # 0. Tt follows from the positiveness of ¢ that ¢) > 0. Moreover, we get
easily that ¢ is positively 1-homogeneous with respect to y, i.e., ¥(z, \y) = Mp(z, y), for
every A > 0. Furthermore, by (L24) and (4), we get also

lh(z,y)| < @(z)|y| for every z € M and y # 0. (1.5.5)

The main result of this section is a theorem which makes explicit the Euler conditions
obtained from (CRZ) in the case of the function ¢ specified above. Before stating the
theorem, we establish a general result concerning closed linear subspaces of L/ﬁ(Q), for an
arbitrary Radon measure p on 2. We will apply this result to the measure p = "1 M.

The characteristic function of any set E is denoted by 1g, ie., 1g(x) = 1if z € E,
1g(z) = 0 otherwise.
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Lemma 1.5.2. Let p be a Radon measure in 2 and let Y be a closed linear subspace of
L, (Q) with the following properties:

(a) if u,v €Y, thenuVov€Y;
(b) ifueY andw € CX(Q), thenwu €Y.
Then there exists a Borel set 2 C Q such that Y = {u € L),(Q) : u =0 p-a.e. on E}.

Proof. We begin by proving that
if u e L}L(Q) and |u| < |v| for some v € Y, then u € Y. (1.5.6)

Indeed in this case there exists w € L;°(€2) such that u = wv and there is a sequence
wr, € C°(€2) such that wy is bounded in Ly°(Q) and wy, — w p-a.e. on 2. By (b) we have
wrv € Y, and by the Lebesgue dominated convergence theorem wyv — wv = u in LL(Q)
Since Y is closed, we conclude that u € Y.

Now we prove that

ifueY andt >0, thenuAt €Y and (u—1t)" €Y. (1.5.7)

As |uAt] < |u], we have u At € Y by ([LEH). Since (u —t)" = u — u A t, we obtain that
(u—t)t ev.
Next we prove that

if ueY and t >0, then 1~y €Y, (1.5.8)

where {u >t} :={x € Q: u(z) > t}. By (CE1) we deduce that for every k > 0 we have
k(u—t)" A1 eY. As [k(u —t)"] A1 — 1g,sy pointwise and [k(u —€)*] A1 < Jul/t, the
convergence takes place in LL(Q) and we conclude that 1g,5, € Y.

Let (uy) be a sequence dense in Y and let £ be the intersection of the sets {u; = 0}.
It is easy to prove by approximation that u = 0 p-a.e. on F for every u € Y. Conversely,
let u € L, () with u =0 p-a.e. on E. For every k let

A ={uzVugV---Vup >1/k}.

By (a) and (LE8) we have 14, € Y, so that (k14,) Aut and (kla,) Au~ belong to Y, by
(C2E). As (kla,)Aut — ut and (kl1a,)Au™ — u™ in L), (Q) we conclude that uw € Y. [

Lemma 1.5.3. Let D C M, let Y' be the set of all functions of the form [v], with
v € WH(Q ~ M;R™) and [v] = 0 " L-a.e. on D, and let Y3 be the closure of Y
in L*(M ~ OM;R™). Then there exists a Borel set D (unique up to " '-equivalence),
containing D, such that Y3 = {w € L'(M ~ OM;R™) : w = 0 A" '-a.e. on D}.
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Proof. Let Yp be the set corresponding to the case m = 1. It is easy to see that Y’ =
(Yp)™. Therefore it suffices to prove the lemma in the case m = 1.

The conclusion follows from Lemma applied to Yp. It is enough to verify that
conditions (a) and (b) are satisfied by Yp. Condition (b) is trivial. To prove (a) we
consider an open set U C Q ~ M, with C! boundary and M C OU, such that U lies on
the negative side of M. Given two functions u and v € W'P(Q \ M) it is easy to check
that [u] V [v] = [uV (v — 0 + @)], where @ and © € WHP(Q) coincide with « and v on U,
respectively. O

In the following theorem we will consider a function v € WHP(Q ~. M;R™) such that
the divergence of the matrix field ;W (z, Vu) — H belongs to LI(2\ M;R™). It turns out
that its normal trace (0¢W (x, Vu) — H)v is defined as an element of (Wl_%’p(ﬁlﬁ; R™))".
Moreover, we have that the normal traces (O:W(z,Vu) — H)®v and (0:W (z, Vu) —
H)®v (defined on the positive and negative side of M) are both elements of the space
(W'"»?(M ~ OM;R™)). The duality pairing between (W' »?(M ~ OM;R™)) and
Wl_%’p(M ~ OM;R™) will be denoted by (-, -).

Theorem 1.5.4. Lett € [0,7] and (u,v) € WHP(Q~ M;R™) x LY(M)* be globally stable

at time t. Assume that p: M xR™ — [0, 4+00] is defined as above in (IL223) and it satisfies
(1)-(5). Then

—div(0W (z,Vu) — H) = f  onQ~ M, (1.5.9)

(OW (z,Vu) —H)jv=g9 on 01, (1.5.10)

(OW (2, Vu) — H)®v + g% = (0:W (z,Vu) — H)°v — ¢®  on M ~ 0OM.(1.5.11)

Let us define

A = {zeM:0<¢(u])(z) =)},
B = {zeM:0=09(u])(x) and v(x) = po(z)},
D = {xeM:~y(x)<por)},

and let D be the set associated with D by Lemma 723,
Then there exists h € L=(M ~ D;R™) such that

(W (2, V) — H)Ev + g, [o]) = /M hlul e, (1.5.12)

for every v € WIP(Q . M;R™) such that [v] =0 " '-a.e. on D. Moreover

(a) for " -a.e. x € A~ D the vector h(z) belongs to the segment joining 0 and
8995(']:7 [U] (I)),

(b) for " '-a.e. x € BN D the vector h(x) belongs to the bounded convex set K (z) :=
{a e R" :ay < Y(z,y), Yy € R™};
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(¢) for A" ' -a.e. x € M~ (AU BUD) we have h(z) = 0.

Remark 1.5.5. It is easy to see that, if D is (5" !-equivalent to) a closed set, then
D=D (up to " 1-equivalence). A more difficult proof shows that the same result is
true if D is (2" -equivalent to) a quasi closed set with respect to (1, p)-capacity.

It is clear that, if ¢y = 0, then D = D = (.

Remark 1.5.6. For s#" 'a.e. z € M the vector h(z), obtained in Theorem 5]
represents the cohesive force exerted from the positive lip of the crack on the negative lip.
The theorem shows the conditions satisfied by the cohesive force on the different regions
of M determined by the respective relations between ¢([u]), v and ¢y.

Proof of Theorem[I.5.4 Since ¢([u]) < v " -a.e. on M, we have (¢([u]) — )" =0
S ae. on M. If [v] = 0 " Lae. on M, then the liminf in (CE2) is actually a
limit and it is zero. Therefore (CRM), (CAI0), and (CETI) can be obtained from (C32)

by standard argument involving integration by parts and a suitable choice of the test
function v € WHP(Q; R™).

To shorten the notation, we set h := (9;W (z, Vu) — H)®v + ¢® on M ~ OM. As
explained before the statement of the theorem, we have h € (Wl_%’p(M ~ OM);R™))".
So far, we may rewrite (CLO.2) as

<_ﬁ’ [UD + liminf H((b([u] + 6[’0]) - 7)+||1,M > 0’ (1513)

e—0t £

for any v € W1P(Q ~ M;R™) such that v = 0 2" 1-a.e. on 9.
Let us extend the definition of ¢ by setting 1 (z,0) = 0 for every x € M. Now we
prove that

o 160 + ew) = )l

- [ (@t b Lt o) 1) e, (15.14)

for every w € L'(M ~ OM;R™) with w = 0 2" !-a.e. on D. To this aim, it is convenient
to split the set M into the union of the following two disjoint subsets A’ := {x € M :
[u](x) # 0} and B' :=={x € M : [u|(z) = 0}.
On A, as ¢([u]) < v H# " '-a.e. on M, we have that
(@([u] +ew) =" _ (@([u] + ew) — ¢([u]))" _ (B(=, [u] + ew) — H(, [u]))*

< = <
£ € €

< (P(x)w)",
S -a.e. on M, where we used ([CR3), and assumptions (3) and (4). Moreover, we have

that
(¢([u] +ew) —9)*
€

— (0,p(z, [u))w)t 14 " -ae on A,
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because A = {0 < ¢([u]) = v}. By the Lebesgue dominated convergence theorem we get

_ )t
[ A2 e [ @yt ) Ladorn (1.5.15)
' M

as € — 0T, for every w € L'(M ~ OM;R™).

Let us consider now the integral over B'. If w € L'(M~0M;R™) and w = 0 7" -a.e.
on D, we have

_ )t
(Plew) =) =0 A" 'ae onD,
£
thus we can focus on the set B’ ~\ D. As v > ¢y " l-a.e. on M ~ D, for every
w € LY(M ~ OM;R™) with w =0 #" '-a.e. on D, we obtain
olew) —)* dlew) — o)t Pz, ew _

S a.e. on M\ D, where we used (LA3)), and assumptions (3) and (4). Moreover, by
Remark [CET] we get that

CEN =T (. w)* 15 = bl )ty A" e on B,

as € — 0T, for every w € LY(M ~ OM;R™) with w = 0 2" -a.e. on D. We can apply
again the Lebesgue dominated convergence theorem and obtain

/ @] ew) =) 4y, / U(w,w) 1 da™ ",

€

as € — 0T, for every w € LY (M ~ OM;R™) with w = 0 2" -a.e. on D. This concludes
the proof of (CAIA). We note that this equality cannot be true if the condition w = 0
" 1a.e. on D is violated, because in this case

o 6w =) s o+ $lew) =)

e—0t IS e—0t £

= +00.

Let Y/} be the space defined in Lemma [Ch3 Notice that Y5' C Wl_%’p(M N OM);R™).
By (CA2I3) and (CEI4) we have

(—h,w) + /M [(0,@(x, [u))w) ™ 14 + ¥ (z,w) 1] ds#"" > 0, (1.5.16)

for any w € YJ}'. In order to localize this inequality, we prove first (LEIZ). Due to our
assumption (4) and to (CH3), if we apply (LEIH) to w and —w we deduce that

(B, w)] < [[@lloollwlltarn (1.5.17)
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for every w € Y. It follows that there exists a function h € L>(M ~ D;R™) such that

(h,w) = / hw dAA™,
M~D

for every w € Y};'. This implies that (CAIJ) is satisfied. By density from (CRI6) we
obtain

/M ] [ — hw + (8,(x, [u])w) " 14 + ¥(x, w) 13] A"t >0, (1.5.18)

for every w € Y. Since by Lemma we have Y = {w € L*(M ~ OM;R™) :
w =0 " '-a.e. on D}, we conclude that

—h(x)y + (8yp(x, [u](2))y) La(@) + d(@,y) 15(z) > 0, (1.5.19)

for every y € R™ and for " -a.e. x € M ~ D.

In particular, for #" -a.e. x € A~ D the equality Oyp(z, [u](z))y = 0 implies that
h(x)y = 0 (it is enough to use (CHIY) with y and —y), so that for a given 2 € A~ D the
two vectors 0,p(x, [u](z)) and h(x) are parallel, hence there exists A\(x) such that

h(z) = M) 0,¢(x, [u](z)) for " ‘ae. x€ AN D, (1.5.20)

and it is easy to verify that 0 < A(z) < 1, by using again (C2T9). In this way we get
condition (a).
On B~ D, from ([5I9) we obtain

—h(z)y +d(x,y) >0 for #" tae x€ B~D, (1.5.21)

for every y € R™, which is precisely condition (b), by the definition of K. On the
remaining part of M \ D, from ([C5I9) we get condition (c). This concludes the proof. O

Remark 1.5.7. If ¢o(z) > 0 for #" tae x € M, and (u,y) = (u(t),y(t)) for an
irreversible quasistatic evolution, then ([CZJ]) implies that the set B ~\ D is nonempty
only if there exists y € R™ ~\ {0} such that @(z,y) = 0, for some = € M. This happens,
for instance, in the Griffith model, where ¢ is given by (LT6) with @ > 0 and b = 0. In this
special case, condition (b) becomes h(x) = 0 " '-a.e. on B\ D, because K (z) = {0}.

Remark 1.5.8. If for every x the functions & — W(x,§) and y — ¢(z,y) are convex,
then for any ¢t € [0, 7] and v € L'(M)*, the functional u +— &(t)(u,y V ¢([u])) is convex.
Therefore, it is possible to prove by standard arguments that conditions (a), (b), and (c)
of Theorem [[LA.4 are equivalent to the inequality

_/ hwd#" ' + lim [ (o([u] +ew) —¥)"|l1m
M

e—0t £

>0

)

for every w € Y. Thus, Euler conditions (CE3), (CEIW), (CEI), (a), (b), (c) are not

only necessary, but also sufficient to global stability.
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We show now an example of a scalar problem, where the Euler conditions of Theo-
rem [0 lead to a simplified set of boundary conditions.
Example 1.5.9. Let m = 1, p = 2, W(z,§) = L€, H(t) == 0, g®(t) = ¢°(t) := 0,
&(y) = |y|, which correspond to the energy functional:
1
Et)(u,v) = —/ \Vu|2dx+/ v — f(t)udz —/ g(t)ud#"1.
2 QM M O~M 010

Let t € [0,T] and (u,vy) € WH(Q ~ M) x L'(M)* be globally stable at time ¢. Then we
are in a position to apply Theorem [L54] and the final part of Remark [L5H, obtaining

(—Au= f(t) on 2~ M,

u:qﬂ(t) Ona(]Q,

0

a—:j:g(t) on 0;£),

ou

P <

5 0 on M N{0 < |[u]] <~},
ou ou

< Tl > =~
ay‘_land ool =0 on M {|fu]] = 7}

By Remark we have also that if u solves the previous boundary value problem for a
given ~, then the pair (u,~y) is globally stable at time ¢.

1.6 The case of linear elasticity

In this section we show that, with some modifications, it is possible to consider also the
case where the uncracked part of the body is linearly elastic, which is excluded by the

first inequality in ((CTTI).
Let p = 2 and m = n > 1. We assume now that the bulk energy relative to the
displacement v € W1H2(Q2 . M;R") has the form of linear elasticity

/ A(z)Eu: Eudz,
QM

where Fu := £(Vu + (Vu)T) is the symmetric part of the gradient of u, and A satisfies
the following properties:

(Ey) for every ¥ € Q, A(z) is a linear symmetric operator from the space M " of

symmetric n X n matrices into itself, and the map = — A(x) is measurable;
(E5) there are two positive constants ¢y and ¢; such that
ol < A@)E: € < e ¢ (1.6.1)
for every x € Q~ M and & € M"<"

sym*
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For the sake of simplicity in the notation we introduce the C* map Q: L?(Q \
M; M2y — R defined by

sym

Q) ::/Q MA(:E)\I/ cWdx

for every W € L*(Q ~ M;M7x"), whose differential 0Q: L*(Q ~ M; Mz ") — L*(Q \
M;M2X™) is given by

sym
(0Q(V), ®) = 2/ A(x)¥: @ dz,
QM
for every @, W € L?(Q~ M ;M2 7), where (-, -) denotes now the scalar product in the
space L?(Q ~ M;Mz7xm).

For every t € [0,T] the total energy of an admissible configuration (u,v) € W12(Q \
M,R™) x L*(M)T at time ¢ is now defined as

&) (u,7) = QEu) = (Z(t), u) + |7/l

Once we have the energy functional, we introduce the notion of global stability as in
Definition [CZT1

Since the (n — 1)-dimension of 9y{2 is positive, Korn inequality holds (see, e.g., [3],
[T4]): there exists a constant C' = C(€2, p€2) such that

|Vulls < C||Eull;  for all uw € W2(€; R") such that u = 0 on 9yS2.
As an immediate consequence, we get the following Korn-type inequality:
[Vullz < Cl|Eully + (C + D[V (1.6.2)

for every u € WH2(Q ~ M;R"), and ¢ € W2(2;R") such that u = ¢ on 9.

Thanks to (CGZ), we still have an a priori bound for the displacement u as in Re-
mark

The definition of irreversible quasistatic evolution of minimum energy configurations
is now given replacing (OW(Vu(t)), V4 (t)) by (9Q(Fu(t)), Evy(t)) in Definition [CZAl

Thanks to the Korn-type inequality (CG2), Theorems [[271, L2210, LA, and [CZH
(and Remark [CZH) continue to hold, with essentially the same proofs, if we replace
W(Vu(t)) and (OW(Vu(t)), Vii(t)) by Q(Fu(t)) and (9Q(Eu(t)), Ey(t)), respectively,

and a similar substitution is done for u(t).
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Chapter 2

Singular perturbations of finite
dimensional gradient flows

In this chapter we give a description of the asymptotic behavior, as ¢ — 0, of the e-gradient
flow in the finite dimensional case.

Under very general assumptions we prove that it converges to an evolution obtained by
connecting some smooth branches of solutions to the equilibrium equation (slow dynamics)
through some heteroclinic solutions of the gradient flow (fast dynamics).

The chapter is organized as follows. In Section Pl we fix the mathematical assump-
tions, while in Section we prove some preliminaries and define the evolution we are
interested in (see Definition 2ZZ7l). Section consists in the proof of the main result of
the chapter, Theorem 227

2.1 Setting of the problem

Throughout the chapter, for fixed T' > 0, we make the following assumption:

Assumption 1. f: [0,T] x R" — R is a C3-function satisfying the property
Vof(tz) x> colzf’ — ao,

for some ag > 0 and ¢y > 0,

where V. f = (fuy, ..., fz,) denotes the gradient of f with respect to its spatial variable
xr € R™

We may deduce from this assumption that there exist two positive constants M and
¢ (depending on ag and ¢p), and a constant a (depending also on f and T') such that

f(t,x) > élz|> —a for every |z| > M and every t € [0,T]. (2.1.1)
For given t € [0, T, we say that a point z € R" is a critical point for f(t,-) if V, f(t,z) = 0.
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Remark 2.1.1. Note that by Assumption [ all critical points for the function f(¢,-)
belong to the compact B, where B := B(0, \/agc, 1) is the closed ball in R™ centered at 0
and with radius y/agc;'. Moreover, taking the minimum of f(¢,-) in B it is immediate to
get a critical point. Hence, for every ¢t € [0, T, critical points for f(¢,-) exist and belong
to B.

We denote the set of zeroes to the gradient of f by I'y, namely,
Ip={(t,z) €0, T] xR":V,f(t,z) =0}, (2.1.2)

and observe that I'; C [0,7] x B, by Remark ZZT_11

We recall that a critical point £ for f(t,-) is said to be degenerate if the kernel of the
Hessian matrix V2 f(t,€) := (fo.0,(,€))s; is nontrivial, ie., detV2f(t,£) = 0.

In this chapter, a particular interest will be given to the set Zy of all pairs (¢, &) such
that £ is a degenerate critical point for f(t,-), i.e.,

Zp:={(t,6) €Ty : det V2£(t, &) = 0}. (2.1.3)
We make the following assumption.

Assumption 2. The number of all pairs (t,), such that £ is a degenerate critical point
for f(t,-), is finite, i.e.,
card(Zy) =m < +o0.

Moreover, let 11: Z; — [0,T] denote the projection of Zy on the time-segment [0,T], then
we assume that I1 is injective and that 0,1 ¢ I1(Z;).

Throughout this chapter we will focus on a particular class of degenerate critical points.
More in detail, we make the following assumption.

Assumption 3. For every 7 € [0,T] and for every degenerate critical point & € R™ for
f(7,"), such that V2 f(7,€) is positive semidefinite, there exists { € R™\ {0} such that the
following conditions are satisfied:

(a) ker V2 f(7,€) = span({);

(b) Vofi(1,&) - € # 0, where fi(1,€) denotes the partial derivative of f with respect to
the time variable t;

(c) Zi,j,k Joiwjo, (T, )il il # 0.

Notice that condition (a) means that 0 is a simple eigenvalue of V2 f(7,£) with eigen-
vector ¢, while the remaining n — 1 eigenvalues are positive. Conditions (b) and (c) are
known in the literature as transversality conditions (see, e.g., [24]).
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Remark 2.1.2. Let (7,£) € Z;, with V2f(7,&) positive semidefinite. An argument
based on the Implicit Function Theorem (see, e.g., [42]), implies that if (7,&) satisfies
Assumption B, then there exists a smooth curve of solutions of V, f(t(\), z(A\)) = 0, for A
in a neighborhood of zero, with (£(0), z(0)) = (7,&).

More precisely, if conditions (b) and (c¢) have the same sign, then for every ¢t < 7 and
near 7 there are two solutions for the problem V., f(t,z) = 0, while for ¢ near 7 but ¢t > 7
there are no solutions. If conditions (b) and (c¢) have opposite sign, then the reverse is
true.

Moreover, the curve of zeroes passing through (7,&) possesses a vertical tangent at

(7,€)-

Remark 2.1.3. From our assumptions it turns out that I'; is the union of a finite number
of C?-curves with end-points contained in ({0} x R") U ({T'} x R"), see Figure 2.1 below
for an example of the set I'y.

| \\/ t/

tl tz 2f?) t4 T

Figure 2.1: An example for the set I'y: m and M stand for local minimum and maximum,
respectively.

Remark 2.1.4. The assumptions we made imply that for every ¢ € [0, 7] there exists a
finite number of critical points for f(¢,-). Indeed, if t ¢ I1(Z), then Assumption Pl ensures
that there are only nondegenerate critical points for f(t,-). Assumption [[limplies that all
critical points belong to the compact set B, while by Assumption [ it follows that they
are isolated. On the other hand, by Assumption B at ¢t = 7 € II(Z;) there is only one
degenerate critical point & for f(7,-).

Let us freeze now a point 7 € II(Z) and consider the autonomous system of differential
equations in R™ (depending on the single parameter 7)

w(s) = =V f(r,w(s)). (2.1.4)
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This is obviously a gradient system and, thanks to Assumption[I], (since positive semiorbits
are bounded) we may apply the well known result that the w-limit set is contained into
the set of equilibria of equation [ZIZ) (see, e.g., [26, Theorem 14.17]). Moreover, since
the equilibrium points are isolated (see Remark ZZT4]), such an w-limit set is a single
equilibrium point.

The following lemma ensures the existence of a unique heteroclinic solution w issuing
from (7,&) € Zy, while previous argument guarantees that w has limit as s — 400, and
this limit is a (nondegenerate) critical point for f(7,-).

Lemma 2.1.5. Suppose that Assumption [l and conditions (a) and (c¢) of Assumption 3
are satisfied. Let (7,€) be a point of Zy such that V2 f(7,€) is positive semidefinite. Then
there exists a unique (up to time-translations) solution of the problem

’UJ(S) = _vmf(Tv w(s))

lim w(s)=¢.

§— —00

(2.1.5)

Proof. The proof is obtained by adapting a proof of the existence of the global center
manifold, based on the Contraction Mapping Principle (see, e.g., [A2]). The main difficulty
is that usually, when the linearized part of a system of ordinary differential equations has
some zero eigenvalue, there is, in general, existence of a heteroclinic solution, but not
uniqueness (this is related to non-uniqueness of the local center manifold, see, e.g., [24],
@2, §1.4]). Here the uniqueness is obtained thanks to the particular conditions (a) and
(c) of Assumption

During the proof, we will use the following notation: g(z) := f(r, x), for every x € R".
To simplify further the formulation we make a number of preliminary transformations:
a translation to take £ to the origin, and a linear transformation to bring VZ¢(0) in
a diagonal form where the first eigenvalue is zero with eigenvector e; = (1,0,...,0).
Therefore we are reduced to the following hypotheses:

0 0

ORI OB (G

) Cand e () £0, (210
where A is an (n—1)x(n—1) diagonal and invertible matrix. Moreover, by our assumption,
the diagonal entries of A are all positive real numbers. In order to simplify the notation,
we also suppose that 30,44, (0) = 1.

The existence and the uniqueness for the problem

w(t) = =Vg(w(t)),
lim w(t) =0,

t——o00

(2.1.7)

will be obtained applying the Contraction Mapping Theorem. As a first step, for every
r € R" we take the following decomposition x = (z1,Z), with T := (29,...,2,) € R*!
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and consider the space Y of all functions y: (—oo,0] — R™, y(t) = (y1(t), y(t)), such that

lyilly, == sup|(t = D)ya(t)| < 00, and |[|7lly:=sup|(t —1)*5(t)| < oo,
t<0 t<0

endowed with the norm
lylly = llyilly, + [l9lls-

For every # € R™ let Vg(x) = (D1g(x), Dg(z)). Using now the Taylor expansion for z in
a neighborhood of 0 € R", we get

Dig(x) = 2t + 1 - T+ (T, 7) + of|z[*)

_ 2.1.8
Dg(z) = Az + 23b + 21 BT + ®(%,7) + o(|z|*), (2.18)

where b is a suitable vector in R*™1, ¢: R"! x R*! — R and ®: R*! x R*~! — R*!
are bilinear symmetric forms (whose coefficients depend on the third derivative of g at
the origin), A is the matrix which appears in ([ZI6), and B is a (n — 1) X (n — 1) matrix
whose entries depend on the third derivative of ¢ at 0.

More in detail, let a;ji = goz,2,(0), %, j,k = 1,...,n. Then b € R"" is defined by
bi = 2a11341), 0 = 1,...,n—1, p: R*™IXR™ — Riis given by (2, 2) 1= Y7, agjnaiz;,
the (n — 1) x (n — 1) matrix B is given by B;; := 2a1441)j+1), ©,J = 1,...,n — 1, and
®: R*"' x R — R" ! is the bilinear symmetric form ®(7,7) := Y7, asjwin i,
fork=1,....,n—1.

Moreover, for every y € Y we define

hi(t) :== —D1g(y(t)) + y1(2)*
h(t) = —Dg(y(t)) + Ag(t). (2.1.9)

and observe that due to ([ZIJ) the asymptotic behavior at —oo is hy(t) ~ (¢t — 1)72,
and h(t) ~ (t — 1)72, respectively. For every h = (hi,h) satisfying these estimates,
let us consider the function x = (x1,z) obtained by solving the following two problems
depending on a parameter € > 0, which will be fixed later.

iy +ex? =¢ehy(t) on (—o0,0],

(2.1.10)
0)=—=
1’1( ) o
and
T+ AZ =¢ch(t) on (—o0,0],
i (2.1.11)
lim z(t) =0

We shall prove that problem (ZITT]) has a unique solution with ||Z||y finite, and that for
e sufficiently small the solution of problem (T.I0) does exist and satisfies

lim a1(t) =0. (2.1.12)

t——00
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Note that, if h = (hy, h) is defined by (I9), and if x = y, then w := ex solves prob-
lem (ZT7).

From the variation of constant formula it follows that the unique solution of problem
([EZTT) is

t
H#) = e / A= (s) ds (2.1.13)

Moreover ||Z|y < 0.

Let us discuss now the existence of a solution of problem ([II0). For sake of intuition,
let s = —t and define v(s) := z1(t). Hence, problem (ZII0) becomes, in terms of the
function v,

v —ev?="n(s) on [0,+00)

where h(s) := —hy(—s) is such that

~ M
) <

Thanks to this bound, the existence of the solution will be obtained using differential
inequalities. Accordingly, let us begin with the auxiliary problem related to an upper
solution:

a+s2 7 [0, 0] (2.1.14)

We observe that this is a particular case of the Riccati equation (see, e.g., [33]), and can

be solved as follows. Putting v(s) = sg‘l(j)s)

we get

U u . u? . M
e(14+s)  e(l+s)? 2(1+5)2 (14 s)2
S (1+s)u=e"M+u+u’.

By separation of variables, since u(0) = —1, we obtain

/“<S> du [t ot
L w2 tu+e2M oy 1+t
Now, the second order equation u? 4+ u + €M = 0 has the following two solutions

—1 -1 —4e2M b —1 4+ 1 —4e2M
a:= =
2 2
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provided that ¢ < (2v/M)~!. Notice that a < b < 0. Hence,

/“<S> du 1 /“<8> du_ 1 /“<S> du
. w4 ut+e2M b-a), u—a b-—aj), u—>b
_ 1 10g<\u(s)—b\|—1—a\>.

b—a lu(s) —al| —1—1|

Thus, being —1 < a < b, we have obtained that

lu(s) =b|1+a
lu(s) —al1+b

(1+5)" < |u(s) — b = Clu(s) —al(1 +s)"7,

where C' := % Since —1 < a, we have u(s) < a for every s > 0. Then we get

_b—aC(1+s)
u(s) = 1—-C(1+s)ba”’

and u(s) — a as s — +o0.

Therefore, we have obtained that for e < 1/(2v/M) the function v(s) = u(s)(e(1+s))~"
solves the auxiliary problem (ZI.I4) and tends to zero as s — +o0.

Let us pass now to consider the auxiliary problem related to the lower solution:

M
on |0, 400
(1+s)? 0, 0] (2.1.15)

0 —ev?=—¢

Putting again v(s) = —¢)

= it and arguing as before, we are reduced to consider the following
problem

(1+s)u=—e*M +u+u* on [0,+00)
u(0) = —1.

By separation of variables we obtain

/“<8> du _/8 dt
. owltu—e2M o fy 1+t

Now, the second order equation u? 4+ u — e2M = 0 has the following two solutions

—1—V1+4e2M b —1+V1+4e2M
a:= =
2 2 ’

with a < 0 < b, so that in particular u(s) < b for every s > 0, being a < —1 < b. Arguing
as before, we deduce that the function v(s) = u(s)(g(1+s))™" solves the auxiliary problem
(ZTTH) and converges to zero as s — +oo, for every € > 0.

Using now differential inequalities (see, e.g., [20, Theorem 6.1]), and then passing
from s € [0,400) to t € (—o0, 0], we may conclude that there exists ey = £¢(M) such that
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problem (T.T0) admits a unique solution satisfying also the limit condition ([2I.12), for
every € < 9. Moreover, it is immediate to prove that the asymptotic behavior of z(t) at
—oo0 is like (¢ — 1)~

As a next step, for ¢ < gy we define the map I': Y — Y by setting

L(y)(t) := (v:(1), 2(t)) (2.1.16)

where 1 (t) is the solution of (ZTI0)—([II2), and Z(¢) is given by [ZII3), with h; and
h defined by (TJ). Obviously, I'(y) belongs to Y, while it remains to prove that the

map y — ['(y) is a strict contraction, for e sufficiently small.

Let us begin with the first component of I'(y). For every y € Y, let h(t) = (hy(t), h(t))
be defined as in (22I.9), and let us pass from ¢ to —t, as before. Next, we notice that there
exists H; € L*>(0,4o00) such that —hy(—t) = (ﬂ%)z for every t > 0. Let v(t) := x1(—t)
be the solution to the following problem

. _ Hi(?)
v—av—i(1+t)2 on [0, 4+00)
v(0) = —

In the same way, starting from y* € Y, we define h* = (hi, h*), Hf € L=(0,+oc0), and
v*(t) as the solution of an analogous problem having H; in the right-hand side, instead

of Hy. Put as before v(t) = Ea(ft), so that u(t) solves the problem

(1+t)a=eHi(t) +u*+u on [0, +00)
u(0) =—1.

By this choice of the initial datum, we deduce that
lu(t) + 1| < M, (2.1.17)

for every t > 0, being M an upper bound for the L*>®-norm of H;. Arguing in the same
manner for v*, we define u*. We want to prove now that

u(t) = u*(t)] < 2C|[Hy - Hi | (2.1.18)

for every t > 0, so that, passing from ¢ to —t and setting x(—t) := v*(t), we will get
5

fra(t) = i(0)] < oy

Clly—y*lly foreveryt <0,
where we used the inequality ||H; — Hf||c < C||ly — y*||y, which follows from ZId). We
will obtain that ]

lzr = 21lv < Slly = 97lly, (2.1.19)
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having supposed that eC' < % :
Therefore, we are reduced to prove ZIIH). Let z(t) := u(t) — u*(t), and «a(t) =
—u(t) —u*(t) > 0. Then z(t) solves the problem
(1+1t)z2=e*(H(t) — Hf(t)) —a(t)z+2z on [0,+00)
2(0) =0.

By the variation of constant method, we deduce that the solution z(t) can be represented
by the following formula:

t * t a(o)—
z(1) = 52/ Hhis) — Hits) e i 47 s
0 1+s

Due to ([ZII7), we obtain that u(t) < —2 for ¢ sufficiently small, and the same is true
for u*(t). Hence, a(t) > 2, for ¢ sufficiently small. Then

* ! 1 _1 rt _do
|z(t)|§52||H1—H1||OO’/O i s | =
1 t
=y~ | [ o) ] < 22— )
(1+1t)z1Jo

This last estimate gives (2118, and therefore (ZIT9) is proved.
Let us consider now the second component of I'(y). Let I'(y)(t) = (z1(t),Z(t)) and
C(y*)(t) = (z7(t),z*(t)). Therefore,

t

z(t) —z*(t) = 5/ (h(s) — h*(s))e =) ds .

—00

Hence, using the fact that, by @I3), |h(s) — h*(s)] < Clly — y*[ly (s — 1)72, we get

t —A(t—s)
(t= el =20 < Cet =1 | T dslly =l

Since

t e—A(t—s)
sup ((t — 1)2/ — ds) < 400,

<0 oo (8 —1)?
we deduce that there exists a positive constant C* such that (t — 1)?|z(t) — z*(t)| <
eC*ly — v*|ly, ie.,

1z —2"ly < Slly —v'llv, (2.1.20)

|~

having supposed that eC* < %
This estimate, together with (ZZLTY), guarantees that the inequality

* 1 *
IT() =Ty = Slly —y"lly
holds true, and this concludes the proof. O
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Throughout the chapter, we make the following assumption.

Assumption 4. For every (1,£) € [0, T] xR"™ such that € is a degenerate critical point for
f(r,+), satisfying the assumptions of Lemma 213, let w be the unique solution of (Z1.3)
corresponding to T and §. Let we, := limg_, o, w($), then we assume that

V2f(T,we) is positive definite. (2.1.21)

2.2 Preliminary results

Starting from a suitable point (¢, Z) € [0, T[xR"™ we prove in the next lemma the existence
of a maximal interval [£,#], and of a regular function u, defined on [£,#[, such that u(t) is
a critical point for f(t,-), for every t € [£,].

Lemma 2.2.1. Let 0 < ¢ < T, and let T € R"™ be such that V,f(t,z) =0 and V2f(t,7)
is positive definite. Suppose that Assumptions O and @ are satisfied. Then there exist a
mazimal interval of existence [t,t[, and a function u: [t,{] — R™ of class C?, such that
u(t) = T and V. f(t,u(t)) = 0 for every t € [t,t[. Moreover, either t = T ort belongs to
II(Zy) (defined in Assumption[3).

Proof. The Implicit Function Theorem ensures that there are a maximal interval of ex-
istence [f, ] and a function u: [t,#[ — R™ of class C? such that

V.f(t,u(t)) =0 and V2f(t,u(t)) > Oispositivede finiteonlt, t|.

The next step is to prove that w(t) has limit as ¢ approaches # to the left. This is trivial if
t =T. For the case t < T, we introduce the following auxiliary result that will be proved
later.

Lemma 2.2.2. Under the same assumptions of Lemma[ZZ1, let us define the following

set
K :={z € R"|3s; /t:u(sy) — v} (2.2.1)

Then K is a compact and connected set, composed only of critical points of f(t,-). More-
over, if t < T then det V2f(t,z) =0 for any z € K.

Proof of Lemma [ZZ1l (continued). Let us suppose that Lemma is true, and let us
prove that
lim u(t) (2.2.2)

t—t—
does exist. Indeed, let K be the nonempty set defined by ([ZZT]). We need to show that K
reduces to just one point. Assume by contradiction that the limit (222) does not exist.
Then there are at least two sequences si t, 7= 1,2 and two distinct points w;, wy € R™
such that u(st) — w;, i = 1,2. But K is a connected set, thus there exists a continuous
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path v: [0,1] — R", connecting w; to wg, such that v([0,1]) C K. The contradiction
comes from the fact that by Lemma x € K implies (£,7) € Z;, which is finite by
Assumption 21

Finally, if ¢ < T, then by Lemma det V2f(t,2) = 0 for any = € K, while by
continuity V,f(f,x) = 0, i.e., every x € K is a degenerate critical point for f(#,-). Hence
by Assumption B, ¢ € TI(Z;), and this concludes the proof of Lemma EZZZT1 O

Proof of LemmalZZ2. We begin with compactness. By definition the set K is closed,
while Assumption [[l guarantees that it is bounded (see Remark 2ZT]T).

We continue by proving that K is connected. This can be done in two steps. The first
one consists into prove that for any neighborhood U of the set K there exists k > 0 such
that u(s) € U for any s € Vj := [t — 1, {[, that is, in other words, u(s) converges to K
whenever s — t. This can be done arguing by contradiction and using again Assumption [Tl
The second step consists in taking two closed and disjoint sets A and B and assuming by
contradiction BN K = K \ A, and that distance(AN K, BN K) is positive. Then the first
step gives the contradiction. These two arguments are standard and we omit the details
of them.

Last, let € K and assume ¢ < T. Then by definition there exists s, ¢ such that
u(sy,) converges to x as k — oo. By continuity, det V2 f (s, u(s;)) tends to det V2 f (i, z),
and, moreover, V. f(t,z) = 0. If det V2 f(f,2) # 0, then the Implicit Function Theorem
could be applied, a contradiction with the definition of ¢. This concludes the proof. O

Starting from ¢ = 0 and from a suitable point y, € R™, we may repeatedly apply
Lemma 22Tl and Lemma obtaining the result stated in the following proposition.

Proposition 2.2.3. Suppose that Assumptions ] are satisfied. Let yo be such that
V. f(0,90) =0 and V2f(0,yo) is positive definite. Then there exist a unique (and finite)
family of times 0 =ty < t; < -+ <ty < tx = T and a unique family of functions
wis [tio1, ti[ — R™ of class C?, fori = 1,...,k, and a unique (up to time-translations)
family of functions v;: R — R™ of class C?, i =1,...,k — 1, such that

(1) u1(0) = o,
(2) for every t € [ti1,t;[, Vaof(t,ui(t)) =0 and V2f(t,u;(t)) is positive definite,

(3) foreveryi=1,... k, there exists x; == lim__,— u;(t), while for everyi=1,....k—1,
(ti, ;) € Zp, V2f(ti, ;) is positive semidefinite and conditions (b) and (c) of As-
sumption [ have the same sign,

(4) for everyi=1,... k—1, function v;(s) solves
0;(s) = =V f(ti, vi(s)) (2.2.3)
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and satisfies

lim v;(s) = lim w;(t) lm v;(s) = w1 (t;). (2.2.4)

§——00 t—t; st
Proof. We apply Lemma 2211 with (£, Z) = (0, o) obtaining the existence of ¢ =: t;, and
of a function u;: [0,¢;[ — R™ of class C? such that u;(0) = yo, V.f(t, ui(t)) =
0,1, and V2 f(t,u(t)) is positive definite on [0,¢;[. This proves conditions (1)
restricted to [0,%].

Arguing as in the proof of Lemma 2] (using Lemma EZ2Z2), we deduce that there
exists @1 := lim,_,,— u;(¢) and all eigenvalues of V2 f(t1,z1) are nonnegative. Moreover,
since for every t < t; the function u,(t) solves the problem V, f(t,z) = 0, then it follows
from Remark that the transversality conditions (b) and (c) of Assumption B have
the same sign. Indeed, if on the contrary they had the opposite sign, then there should
be no solutions for the problem V,f(t,2) = 0 for ¢ belonging to a left neighborhood of
t1. Thus condition (3) (restricted to [0,%[) is satisfied.

By Lemma there exists a unique (up to time-translations) heteroclinic solution
vy issuing from z;. In addition, as s — +o00, v1(s) tends to a critical point y; for f(¢q,-),
and by Assumption B, V2f(¢1,y;) is positive definite, so that condition (4) for i = 1 is
satisfied.

Finally, if ¢; < T, we apply Lemma 22Tl with (¢,Z) = (¢1,y1) and repeat the previous
arguments. O

Definition 2.2.4. Suppose that Assumptions [H4 are satisfied. For fixed y, € R™ such
that V. f(0,y0) = 0 and V2£(0, yo) is positive definite, let u;, i = 1, ..., k be the functions
obtained in Proposition 2233 We thus define the C?-piecewise function u: [0,7] — R™,
such that u(0) = yo, by

= Uy, forevery i =1,...,k.
[ti—1.ti)

Hence, u is discontinuous at t; < --- < t,_; and satisfies

me(t,u(t)) =0 for every te [ti—la tl), U(ti_l) = Yi-1 and lim u(t) =T, (225)

t—>t;
for every i = 1,...,k (cfr. Figure 2.2).
At the points (¢;,7;), by Assumption B, the Hessian matrix V2 f(t;, z;) has one zero
eigenvalue while, by construction, the remaining n — 1 eigenvalues are positive, for ¢ =

1,...,k — 1. By Remark there exist ; > 0 and R; > 0 such that the following
conditions hold true (see also Figure 2.3).

(Cy) There are two regular branches of solutions of V,f(t,z) = 0 for t € [t; — r;,ti],
i=1,...,k—1. Moreover, if kerV, f(t;, x;) = span({;), then the two branches have
common (vertical) tangent (0,¢;) at (¢;,x;),1=1,...,k —1;
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0=ty t ts ts ty=T

Figure 2.2: The C?-piecewise function u, expressed in terms of the functions u; defined in
Proposition [ZZ3, when k = 4.

(C.) We have

forevery i =1,...,k— 1.
By Definition ZZ74] and condition (C}) one of these two regular branches of solutions has

graph contained in {(¢,u(t))|t € [0,7]\ {t1,...,tx}}. Throughout the chapter, the other
one will be called u(t). We notice that u and u have the same limit as ¢t — ¢, .

u(?)
T,
\
Vo f(t,z)] >0
u(t)
ti —T; tl tz +r;

Figure 2.3: The local structure of I'y near t;.

In the second part of this section we study some properties of the following e-gradient
system
ele(t) = =V f(t,u(t)). (2.2.7)

We start by proving the existence of global solutions to Cauchy problems associated to
&Z0). By global we mean here a solution defined on the whole interval [0, 7.
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Lemma 2.2.5. Under Assumption O, for any x € R™ there exists a unique solution
t — u.(t) to equation (2-277), defined on the whole interval [0, T'], with the initial condition
u:(0) = x. Moreover, u(t) is bounded uniformly with respect to t and e.

Proof. Since, by assumption, the function f is regular, it follows from standard arguments
on ordinary differential equations that for every e, the Cauchy problem associated to
@27) has locally a unique solution ¢ +— wu.(t). Moreover, multiplying (Z2Z7) by u. and
using Assumption [[] we get

d Qg Co
—lu()]? < 2—= — 2= u(t) ]2
(1) < 27 = 22 (1),

which in particular implies that for every ¢ the solution w. is defined on [0, 7.
By a standard comparison argument it follows that

e < 2+ e (af? — %) < max {22, a2}
Co Co Co

which gives the uniform boundedness of u. with respect to ¢t and €. This concludes the
proof. O

In the next proposition we deduce another important fact for the sequence (u.)e..

Proposition 2.2.6. Suppose that Assumption [ is satisfied. For every e, let u. be the
solution to a Cauchy problem associated to (2-.27). Then

et — 0 strongly in L*([0,T)),
as € goes to zero.

Proof. Let us first notice that

Ve e =~ F (b )+ Flt) (2.25)

Multiplying equation (ZZ1) by ., integrating between 0 and 7', and taking into account

([Z2Z3), we get

6/0 [ae(t)]* dt = f(0,u:(0)) —f(Tvue(T))Jr/O Jelt; ue(t)) dt.

The conclusion follows now from the fact that the right-hand side is bounded uniformly
with respect to €. 0

Now we are in a position to state the main result of this chapter.
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Theorem 2.2.7. Under Assumptions IHj let yo € R™ be such that V,f(0,y0) = 0 and
V2 £(0,0) is positive definite. Let u: [0,T] — R™ be the C*-piecewise function given by
Definition [2.24 with u(0) = yo, and let u.: [0, T] — R™ be the solution of (2.2-1) starting
from u.(0) =: y. € R™. If y. — yo, then

us — u  uniformly on compact sets of [0,T)\ {t1,...,tx}. (2.2.9)

Moreover, for everyi=1,...,k—1 let v; be the heteroclinic solution of (ZZ3)-(2-23).
Then there exists t. such that t: — t; as e — 0 and

vi(s) = uc(t. +es) — vi(s)  uniformly on compact sets of R. (2.2.10)

)

Finally, if v; :== v;(R) U {zy,y;} represents the trajectory of v; and

G := graph(u) U U({ti} X ), (2.2.11)
then
dist((t,u:(t)),G) =0 ase—0, (2.2.12)

uniformly for t € [0,T].

Remark 2.2.8. In previous theorem the following three facts are established. First,
that out of some small neighborhoods of the critical times ¢;, the distance between the
“perturbed” solution u.(¢) and the limit function u(t) is small uniformly with respect to ¢.
Next, that in a small neighborhood of t;, the solution u. belongs to a tubular neighborhood
of the trajectory of the heteroclinic solution v;.

Notice that these two facts together imply that the graph of u. approaches the comple-
tion of the graph of u obtained by using the heteroclinic trajectories, defined in (2Z2ZTT]).

The third fact is that near the critical times ¢;, a suitable rescaled version of wu,
converges to the heteroclinic solution v;.

2.3 Proof of the main result

The proof of Theorem 2T follows from some intermediate lemmas which we are going
to prove. For simplicity, we focus on the first subinterval [0,¢;] and we start by showing
in the next lemma that (2Z9) holds true.

Lemma 2.3.1. Under the assumptions of Theorem [2.277, if u.(0) — u(0), then u. — u
uniformly on compact subsets of [0,11).

Proof. For every 0 < 7 < t1, by construction of the function u, there exists & = «(7) such
that

VE2ftu(t)y -y > 2alyl’
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for every y € R™ and every 0 < ¢ < 7. (Indeed it is sufficient to take a(7) be equal to one
half of the smallest (positive) eigenvalue of V2 f(t, u(t)) for t € [0, 7]).
By uniform continuity, there exists 0y > 0 such that

Vift,z)y-y > aly|? (2.3.1)

for every y € R™ and every t € [0, 7], provided that |u(t) — x| < dy.

Since u-(0) converges to u(0) as € — 0, then there exists 9 > 0 such that |u.(0) —
u(0)] < do, for every € < g¢. Let t7 be the largest time such that |u.(t) — u(t)| < & for
every t € [0,t)), i.e.,

t7 :==sup{t € [0,7) : Juc(t) — u(t)] < do}.

For every t € [0,%}) and every € < &g, subtracting eu(t) to the e-gradient system Z2Z1),
we deduce that

E(ua(t) - U(t)) = _fo(ta ua(t)) + v:cf(ta U(t)) - Eu(t)

Let us multiply previous equation by w, () := u.(t) — u(t). By the Mean Value Theorem,
and using (ZZ37]) and the Cauchy inequality, we obtain

ed 9 9 € € 9
o 7. 1%We t < - € 3 a o1 WYe t )
S0 < —afun(O + 50+ & lue(t)
where (3 is an upper bound for |1(¢)|?. Using differential inequalities, we deduce that
2 < ( 2, P ) ~(z-1 b 2.3.2
lw: ()] < ( |we(0)] €55 2 )¢ +€2a—5 (2.3.2)

It follows from (2232) that for € small enough |u.(t]) —u(t])| < do, which, by the definition
of t}, implies that ¢t = 7. Moreover, since by assumption w.(0) — 0, we deduce from
(Z332) that w.(t) — 0 uniformly on [0, 7] as ¢ — 0, and this concludes the proof. O

In order to prove condition (ZZTI0) in Theorem 227, we zoom in on a neighborhood
of t; and discuss what happens. Let x; be defined by condition (3) in Proposition 2223
and let A := min{|z; —y|: V. f(t1,y) =0,y # x1} be the minimal distance between x;
and the other critical points of f(¢1,-). Let 0 < 0; < min{A, R;}, where R; is the constant
such that inequality ZZ0) is satisfied for every ¢ € |¢1,t1 + 7], and |z — 21| < R;.

By continuity, since u(t) tends to x; as t — t7, there exists ¢ < ¢; such that

u(t) — 2] < % Ve (Et). (2.3.3)

Consider now an increasing sequence (75,) approaching t; to the left, with 7, > ¢. Since,
for every h, Lemma 3] implies that |u.(t) — u(t)| — 0 uniformly on [0, 72,], we deduce
that there exists g, > 0 such that

lua(t) — u(t)| < % Vte[0,m], V0 <e<ep (2.3.4)

60



Let us define
0 = inf{t > 71 : Ju(t) — z1| > 61}, (2.3.5)

i.e., t9 is the first time larger than 7 such that |u.(t) — 21| = 4.
Lemma 2.3.2. Let t2' be defined by (Z-33). Then

e as e — 0. (2.3.6)
Proof. We begin by proving that

limiglftgl > 1. (2.3.7)
£—

Let t < t; be such that (Z33) is satisfied. Since by definition 71 > ¢, we have that
7, belongs to (t,t;) for every h. Then for fixed 7, it follows from ([Z33), [Z34), and
triangular inequality, that

0 ~
3 - Ry ’ ) :
luc(t) — 1] < 5 Vte (t,m), andeverye <egp

Hence, t2 > 73,, for every 0 < ¢ < g;,. Thus, liminf, o2 > 7, for every h, which
implies (Z31).

On the other hand, by Proposition EZZ6 and by [(ZZ1), for a.e. t* € [0,7] we have
that |V, f(t*,u-(t*))| tends to 0 as ¢ — 0 along a suitable sequence. In particular,
this is true for a.e. t* in a right-neighborhood of ¢;. Condition (ZZH) implies now that
|uc(t*) — x1| > Ry for e sufficiently small. Let us take n > 0 and choose t* € |t1,t + 7].
Since Ry > 4, from the definition of #2! and the regularity of u., we deduce immediately
that t2' < t* for e sufficiently small. This concludes the proof, since the result does not
depend on the subsequence of € chosen. O

Let us observe now that for s € [—t2' /e, (T — 1) /¢], function v5(s) = u.(t2* + €s)
solves the following problem

2.3.8
u5(0) = ua(t). 238)

{ms) = V(12 +es,0{(5))
Moreover, since u.(t2') belongs to the compact set dB(z1,d;), there exists k1 € OB(xy, ;)
such that, passing to a subsequence, u.(t2') — k; as ¢ — 0. Therefore, Lemma and
the Continuous Dependence Theorem imply that v converges uniformly on compact sets
of R to the solution w(s) of the following problem:

{w(s) = =V, f(t1,w(s)) (2.3.9)



The next step consists in proving that w is precisely (up to time-translations) the hete-
roclinic solution vy, defined in Proposition To this aim we introduce a sequence
Ok \\ 0, where ¢; is the constant already introduced (after the proof of Lemma Z3T]), and
define, for k > 1,

% = sup{t <t : Ju(t) — 21| < 6}, (2.3.10)

i.e., t% is the last time before t2! such that |u.(t) — ;| = 6.

Lemma 2.3.3. For s € [t /e, (T — t%)/¢], let vi(s) = u(t% + es), and let t =
t% 4+ eSL* | for some SYF > 0. Then SM* — ), < +00 as e — 0 along a suitable sequence,
and, for every k,

vp(s) = w(s — sg) uniformly on compact subsets of R. (2.3.11)
Moreover s, — 400 as k — oco. Finally, limg_, o, w(s) = z1.

Proof. We begin by observing that 2 converges to t; as ¢ — 0. Indeed, arguing in the
same manner as for 2! in the proof of Lemma 32 we get that liminf. o2 > ¢, while,
since t2 < 21 and 9 — t;, we deduce that limsup,_,t%* < .

Near (t1,z1), using the local structure of the set I'; (defined in (Z12)), given by (C))
and (C,), we can prove that for every k there exists 7, > 0 such that
_ — O

Ff N ([tl — nkatl + 77/6] X B(l’l,Rl)> C [tl - nkatl] X B(l’l, 5) s (2312)

where R; is the constant such that (22.6)) is satisfied for every ¢ € |¢1,t1 + 71| and |z—24| <

R;. Next, we notice that for fixed k, for ¢ sufficiently small and for ¢ € [t%*, %], we have

(t,ue(t)) € Sk = [tl — Mk, 01 +77k] X {ZL’ e R™: 5k < |£L’—£L’1| < 51}

Moreover, we observe that Sy, is closed and since, by [(Z3132), (t,x) € S is quite distant
from both (t,u(t) and (¢,u(t)) (the two regular branches of I'y near (¢;,z;)), we have
Sy NT; =0, so that there exists a positive constant ¢ such that |V, f(¢,z)| > ¢ > 0 for
every (t,z) € Sy. By the fact that (¢, u.(t)) € S for t € [t 2], it follows

g 7€

Vo f(t,us(t))] > cp >0 for every t% <t <% (2.3.13)

and for € small. (See also Figure 2.4)

After these preliminaries, we prove now that SM* — s, < 400, as ¢ — 0 along a
suitable sequence. Indeed, for s € [0, 1] let us define w.(s) := u.(s(t> — %) +t%). Hence,
w, is the solution of the following problem:

L . _ S 40 O
Elvk ’LUE(S) v:c.f(s(ta tE ) + ta ,wa(s)) (2314)

w.(0) = u (t%).
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o1
Ok
| = ®

1
[t1 — mw, t1] x Bz, —k)

Sk

t1 — Mg t1 t1+ g

Figure 2.4: The sets Sy, and [t; — n, t1] X B(z1, %’“) are disjoint.

Multiplying by w. and integrating between 0 and 1 we get:

i [ )P s = ) — e )
(- t5k/f (19— 15) + 19, w.(s)) ds,

where the right-hand side is bounded uniformly with respect to €. If, by contradiction,
Shk — 00 as ¢ — 0 along a suitable sequence, then (S*)~li. — 0 strongly in L?(0,1),
which in particular implies that

1
@we(s) — 0 forae. se|0,1]. (2.3.15)

)

On the other hand, by (23313)) and the definition of w,, for € sufficiently small, we obtain
that
Vo f(s(t2 —12) + 2 we(s))] > e > 0,

for every s € [0, 1], which contradicts (Z314) and (Z3T13).
Now we continue as for d;, and define vg(s) := u.(t% +es), for s € [—t% /e, T — 1% /¢].

It turns out that v}, solves
Uj.(s) a) \te
vi(0) = ue(t2).

Since u.(t%) belongs to the compact set dB(zy,d;), we deduce that there exists xy €
OB(xy,0;,) such that u.(t2) — ki as ¢ — 0 along a suitable sequence. It follows that, if
we define wy, as the solution of

{wk@) = V. f(t1, wi(s))

wk(O) = Rk,

I
I
-
—
~
=
B
+
)
»
<
=
—
~—
N~—
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then v} (s) — wg(s) uniformly on compact subsets of R, by the Continuous Dependence
Theorem. Moreover, the equality vE(S*) = u(t2!) implies wy(sy) = #1. By the unique-
ness of the solution of the Cauchy problem (Z3) we obtain wy(s) = w(s — s;) and
w(—sy) = k. It follows that w(—sx) — x; as k — 400.

Let now s, be such that s, — s, and assume by contradiction that s, < +00. Then,
by continuity, w(ss) = 1 and, since x; is an equilibrium point, from the uniqueness it
should follow w(s) = 1, a contradiction.

It remains to prove that lim, .., w(s) = z7. Indeed this follows from some standard
facts on the a-limit set (see, e.g., [30], [1I).

More precisely, let g(x) := f(t1,x) for every z € R", and let E be the set of critical
points of g, i.e., E = {z : Vg(z) = 0}. Let us denote the a-limit set of w by a(w). Then
x1 € a(w), and we can prove that for every y € a(w) we have g(y) = g(x1). Indeed, for
y € a(w) there exists a sequence §; such that w(—$§;) — y and § — +oo. Moreover,
the sequence g(w(—§x)) converges to g(y) as k — oo. Since the map s — g(w(s)) is
nonincreasing, there exists a € R U {+oo} such that g(w(s)) — a, as s — —oo. But

lim g(w(s)) = lim g(w(=sx)) = lim g(xx) = g(a1),

S§——00 k—o0

so that @ = g(x1) € R and a = g(y), for every y € a(w). It follows that g(w(s)) < a for
every s < 0. By the coerciveness of the function f Il), we deduce that the negative
semiorbit is precompact. Then a(w) is connected, compact, and contained in E.

Since by assumption the points of E are isolated, we have a(w) = {z1}, therefore
limg o w(s) = z7. O

By Lemma there exists a subsequence ¢, — 0 such that
Ue, (tg; +ers) — w(s).

Let us choose now v; satisfying (ZZ3) and ([Z2Z4) of Proposition ZZZ3. Then there exist
a, 3 € R such that
{s eR:v(s) € 0B(x1,61)} C [, 7] . (2.3.16)

From the fact that w(0) = k1 € dB(x1,d1) and by uniqueness, there exists unique ¢ € R
(defined by v;(c) = w(0) = k1) such that

w(s) =vi(s+c). (2.3.17)

In order to prove that our main result does not depend on suitable subsequences of &, we
will use the following lemma (given in an abstract setting).

Lemma 2.3.4. Let C be a nonempty set, let (F,d) be a metric space, and let us consider
a function G:]0,e0[ x C — F. Assume that there exists go € F such that

Ver — 0 E|€kj ,HC eC: G(ekj,c) — (o . (2.3.18)
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Then for every € € |0, o[ there exists c¢. € C such that
G(gv CE) — 4o -
Proof. 1Tt is sufficient to prove that

ing d(G(g,¢),g0) — 0. (2.3.19)
ce

Assume by contradiction that (Z3ZI9) is not true. Then, there exists 7 > 0 such that for
every k € N there exists ¢4 € 0, [ with

112£ d(G(eg,¢),90) > 1. (2.3.20)

But this contradicts the assumption ([Z3.18), since for every subsequence &, of €4 and for
every ¢ € C we should get d(G/(eg;,c), go) > 0. O

Now we are in a position to prove the main result of this chapter.

Proof of Theorem [2-2_] Let us first concentrate on the time interval [0,#;].

Then Lemma 23Tl implies that condition (ZZ9) restricted to [0, ;] is satisfied.

Let us prove now condition [ZZT3). For fixed n € ]0, %[ the goal is to prove that there
exists €9 > 0 such that

dist((t,us(t)),G) <n for every € < gq, (2.3.21)

uniformly with respect to ¢ € [0,#;]. Indeed, let 7 :=t; — Z. Let us take J; < n and
define 9 as in (23H). We consider now ¢ belonging to a suitable sequence tending to
zero such that x; is defined (as the limit of u.(¢%')). Then by Lemma EZ31] there exists
g1 > 0 such that [Z321) is satisfied for every ¢t € [0, 7] and every € < ;. Moreover, from
the definition of t* we deduce that |u.(t) — z;| < §; < n, for every ¢ € |7,t%]. Hence
[Z3ZT)) is satisfied for every t € [0,t21] and every € < ;.

On the other hand, by Lemma and by (Z311), there exists €5 > 0 such that
luc(t2 +es) —vi(s +¢)| < g for every 0 < s < 5, and € < &3,

where S5, € R is such that

lv1(s) —y1| < g for every s > 5,
Let 7! := 2 + &S, — ec and observe that it is not restrictive to assume that 71 > ¢

Hence, for s = S5, and ¢ small enough,
Ju(r!) = vi(Sy)] < 3.
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We have thus obtained that

dist((t,u=(t)), {t:} x 1) <n  on [t0, 7],

recalling that ~; is the trajectory of v;. This, together with the fact that 7! — #,
completes the proof of ([Z3ZI) and begins the proof of the uniform convergence in the
interval [t1,t5]. After a finite number of steps we obtain (ZZ9) and [Z2ZI2).

Since (ZZY) and (ZZI2) do not depend on the particular subsequence chosen, we
deduce that the result holds true for the whole sequence ¢.

More delicate to prove is condition (22ZI0), since the constant ¢ introduced in (Z317)
depends on the subsequence e;. But we recall that u., (£ +e5s) — w(s) = vi(s+c¢), i.e.,

Ue, (12 — enc + exs) — vi(s).

Therefore Lemma 2234 applies with C := [«, 5] (see [(Z3I6)) and F be equal to the set
of continuous functions endowed with the distance induced by the uniform convergence
on compact sets, and we obtain (Z2I10). O
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Chapter 3

An artificial viscosity approach to
quasistatic crack growth

In this chapter we study the crack growth in brittle materials when the prescribed crack
path IT' is a regular arc with one endpoint on the boundary of the reference configuration
2 and the other inside 2. We assume in addition that there exists an initial connected
crack starting from the boundary point, and that the crack remains connected during the
evolution. Hence, such a crack will be completely determined by its length o.

For this model the evolution is driven by time-dependent imposed boundary displace-
ments ¥(t) on a part dpf2 of the boundary, and applied boundary forces g(t) on the
remaining part dy§2. The total energy, &(t)(u, o), of a configuration (u, o) (where u re-
presents the displacement) at time ¢, is the sum of the bulk energy and the surface energy,
minus the work of the applied forces.

Let us introduce now all the ingredients necessary to define the notion of irreversible
quasistatic evolution we are interested in. The set of admissible displacements, i.e., dis-
placements with finite bulk energy, compatible with the imposed boundary displacement
¥ (t) and with the crack length o, will be denoted by AD(v(t), o). Since for this model,
given t and o, there exists a unique minimizer u; , of the energy &(t)(u, o) in AD((t), o),
we consider the minimal energy, F(t, o), corresponding to the boundary data (t) and to
the crack length o, i.e.,

E(t,o) := &(t)(ute,0).

The derivative 0, E(t,0) can be computed (see Proposition BZZ4) and it is related to the
stress intensity factor of the displacement u;, at the tip of the crack. It plays a crucial
role in the Griffith’s criterion for the propagation of cracks.

Now we are in a position to define the notion of evolution we are interested in. The
irreversible quasistatic evolution problem consists in finding a left-continuous function
of time ¢ — (u(t),o(t)) such that the displacement u(t) at time t belongs to the set
AD((t),o(t)), and the following three conditions are satisfied:
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(a) local unilateral stability: at every time t > 0

E)(u(t),o(t)) < E@)(v,0(t)) Vv e AD(Y(t),0(t))
8O'E(t? U(t)) Z 07

(b) wrreversibility: the map t — o(t) is increasing;
(c) energy inequality: for every 0 < s < t we have
&(t)(u(t),o(t)) < &(s)(uls), o(s)) + Work(u; s,1) ,
where Work(u; s, t) denotes the work of external forces.

A solution to this problem will be called an irreversible quasistatic evolution.

We observe that condition (a) deals only with the first order necessary conditions for
the minimality of the pair (u(t),o(t)), neglecting completely the sufficient ones. Anyway
the globally stable irreversible quasistatic evolutions considered in [I8], [9], [3], [I7], [,
fit the previous definition, and despite of the new feature, the three items ensure that a
weak version of the Griffith’s criterion is satisfied (see Proposition B23.2).

The aim of this chapter is to obtain an existence result for an evolution possibly
different from the globally stable one. More precisely, the selection criterion we adopt is
based on an approximation procedure with a regularizing effect. Accordingly, we give in
Definition the notion of approximable irreversible quasistatic evolution (u(t),o(t))
defined as limit of solutions (u.(t),o.(t)) of regular evolution problems (see (B3.7) in
Definition B:33), after having performed a suitable change of variables in order to study
the problem on a fixed Sobolev space (independent of o), to simplify the mathematical
difficulties.

Accordingly, the main result of this chapter, Theorem B3, states the existence of
such an approximable evolution.

In addition, we prove that if (u(t),o(t)) is an approximable irreversible quasistatic
evolution, then the following property holds.

(P) if on a certain time interval [to, ;] there exists a regular function ¢°(¢) such that
0,E(t,0°(t)) =0 and O2E(t,0°(t)) >0  VtE€ [to, t],

and if 6.(t) > 0 for every t € [to,t;], then the equality o(tg) = 0°(to) implies that
o(t) = o%(t) for every t € [to,t1].

In this way, when some additional hypotheses are satisfied (like in (P)) our evolution can
be characterized on the continuity subintervals by the Implicit Function Theorem, which
gives the regular evolution ¢ — o%(¢) (see Theorem BZT]). On the other hand, we note in
Remark B339 that the energy functional decreases when the evolution has a jump. This
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characterization makes the difference with the globally stable evolution that we expect to
move directly to the absolute minimum for the energy functional, while our approximable
evolution is expected to propagate continuously at least on every time interval where
property (P) holds.

Let us remark that this model is not suited for the study of the crack initiation problem.
We also note that the approximating evolutions we consider have been chosen on the basis
of their mathematical simplicity and do not seem to have any mechanical interpretation.
Nevertheless, we think that the notion of approximable irreversible quasistatic evolution
proposed here could be the starting point for the study of different approximations with
a mechanical justification. For a different approach to the irreversible quasistatic crack
growth see also [19].

The chapter is organized as follows. In Section Bl we fix our notations and make some
preliminary calculations in order to write the problem on a fixed domain, independent
of 0. Section collects some (known) results on critical points of the energy, while
in Section we prove our main result, Theorem B3 In Section B property (P) is
obtained. In Section we detail our results in the case of monotonically increasing in
time imposed boundary displacements and compare this evolution with the one proposed
by Francfort and Marigo in [I§], while in Section we provide an example where the
energy, as function of the crack length, has at least a concavity interval.

3.1 Setting of the problem

3.1.1 The reference configuration and the crack.

Let © be a bounded connected open set of R? with Lipschitz boundary 0. The set Q
represents the reference configuration of an isotropic, homogeneous elastic body. Let 0p2
be a closed subset of 9Q with s#(0pQ) > 0, where ' denotes the one-dimensional
Hausdorff measure, and let Oy := 9Q \ 9p€2. On the Dirichlet part of the boundary,
0pS2, we will impose the boundary displacements, while on the Neumann part of the
boundary, dy¢2, we will prescribe the boundary forces.

Let T be a simple C3-arc and let v: [0,5] — T be its arc-length parametrization.
We assume that 7(0) € Oy and v(0) € Q for 0 < ¢ < 7. For technical reasons it is
convenient to extend I' until it reaches another point in Oyx§2, so that it cuts the reference
configuration {2 into two subsets. The extension will still be called I', and its arc-length
parametrization will now be 7v: [0, 0y0.] — I'. We assume that its intersection with the
boundary 0f2 is not tangential. Let v be a unit normal vector field on I'. Then we denote
by Q7 the part of Q \ I' which is positively oriented with respect to v, and by Q~ the
remaining part, so that Q\ T' = QT U Q™. Both QT and Q~ are bounded connected sets
with Lipschitz boundary. We assume that 51 (9pQ2NoNT) > 0 and S (9pQNIQ~) > 0.
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We make the following simplifying assumption: all admissible cracks are of the form
[(o) :={v(s):0<s <o} with 0 < 7.

According to Griffith’s theory we assume that the energy spent to produce the crack
['(¢) is proportional to the length of the crack, and, for simplicity, we take it to be equal
to o.

3.1.2 The bulk energy.

We consider here the case of antiplane shears. Given a crack I'(o), an admissible displace-
ment is any function u € H'(Q\I'(c)), and the bulk energy associated to the displacement
u s

W(Du) = / |\ Du(z)Pdz,
O\[(0)

where Du is the distributional gradient of u and | - | denotes the norm in R?.

3.1.3 The boundary displacement.

In the sequel it will be convenient to work on a fixed time interval [0, 7] with 7" > 0. We
impose a time-dependent Dirichlet boundary condition on dp€2:

u=1(t) on dpf,

where equality on the boundary is considered in the sense of traces. We assume that
¥(t) is the trace on JpS? of a bounded Sobolev function, still denoted by ¢ — 1 (t), with
W(t) € HY(Q) N L>(9Q).

We assume also that ¢ € Wh(0,T; H' () N L>(0,T; L>(2)). Thus, the time
derivative ¢ — 1)(t) belongs to the space L>(0,T; H'(Q)) and its spatial gradient ¢
Dij(t) belongs to the space L®(0,T; L2(Q; R?)).

3.1.4 The external loads.

We are interested in the case of time-dependent dead loads, in which the density, g: [0, 7] x
OnQ) — R, of the applied surface force per unit area in the reference configuration does
not depend on the displacement u. We assume that the function ¢ — ¢(¢)(-) belongs to
Whe(0,T; L*(0xQ, ")), with time derivative denoted by ¢ — ¢(¢)(-). The associated
potential, for a displacement u, is given by

G(t)(u) = /a oD@y

Moreover, we assume that for every ¢ € [0, 7] the support of g(¢) does not intersect the
set I'.
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3.1.5 The admissible displacements and their total energy.

For every t € [0,T7], the set AD(v(t),0) of admissible displacements in §2 with finite
energy, corresponding to the crack I'(c) and to the boundary data v (¢) is given by

AD((t),0) :=={u e H'(Q\T'(0)) : u = () on IpQ},

where the last equality refers to the traces of u and ¥(t) on dp€2. The total energy of a
configuration (u, o) with u € AD(¢(t), o) is given by

Et)(u,0) :=W(Du)+ 0o —G(t)(u).

Note that it does not depend on the particular extension (t) chosen, but only on its
value on the Dirichlet part of the boundary.

3.1.6 Moving to a fixed domain.

Let Hj o(©2\I'(0)) denote the space of functions v € H*(2\ I'(¢)) whose trace on dpQ
is zero. We may consider the energy as a functional defined on Hj o(Q\T'(¢)) by simply
writing @ = u + ¢(t) with @ € AD((t),0) and u € Hy (2 \ I'(c)). Still the domain of
the energy functional would depend on ¢. To transform it into a functional defined on a
fixed domain we consider the following change of variables.

Let 0 < 09 < @. For o € [00,7], let ®(-,0) = $,(-): Q@ — Q be a diffeomorphism
which coincides with the identity near the boundary of €2, leaves invariant both QF and
Q~ and transforms (o) into I'(0p). Let ¥(-,0) = ¥, (:) := ®71(-,0): Q@ — Q. Then
letting = = ¥, (y) we get

/ (Du + Dib(t))(a) ¥l = / ((Du + D(t)) (W () Pdet D, (y)dy .
O\ (0) \I'(00)

For u € Hj o(Q\T(0)) define v(y, o) := u(¥,(y)), so that v belongs to the fixed domain
Hj o(Q\T(0p)), and let ¢(t)(y, 0) := ¥(t)(¥s(y)). With these notations

/ ((Du+ Dy (t)) () Pz = / (DU,)T) () (Do + D)y, 0) Pdet DV, (y)dy.
O\['(0) \I'(00)

and the last integral can be written also in the form
Jove, 35, 50D+ 5N 0.0)D 0+ TNy
QN\I(o0)

with the coefficients a;; given by the change of variables as follows. From

_ ( D1¥i(z) Di¥y(z)
DV, (z) = ( DoV (z) DoWs(x) )
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and

_1 - 1 DQ\IIQ(I’) —Dllllg(l’)
DYoo) = e D, @) ( ~DyUy(z) Dyl (x) ) |
we obtain
(D)) Do+ D8 det DUy = o [(Da(o -+ 3(8) (D20 + (Dr0)) -

— 2D (v + () Do (v + ) (D Wy Dy Wy + Dy Wy DUy )+
+ (Da(v +9(1)))*((D2%1)? + (D101)?)]

which implies:

an(0)(z) == m((m%)z + (D195)%) (),
ale)e) = oa(e)) = - Dy (DWDaV + DD o),

ag(0)(x) = m((p2\1;1)2 + (D19)?) ().

Define A(o) := (a;;(0));; and note that a;;(c) € C(Q), for every o € [0, 7], and every
ij=1,2.

We may assume that 0 < ¢ < ||detD®, || < C independently of o € [0¢, 7], where
| - |loo denotes the L>®-norm on Q. Since I' is of class C?, we may also choose ®(-,c)
(and hence ¥(-,0)) to depend regularly on o in such a way that, as functions of o, the
coefficients a;; be of class C? on [0y, ], uniformly in Q. In particular, we shall use the
fact that there exist five positive constants A\, A, A’, L, L' > 0 independent of o, such that

(A(0)EE) > M€ VEER?, VreQ, (3.1.1)
where (-|-) denotes the scalar product in R?
[(A(@)€[m)]loe < AlE] |7 vEneR?, (3.1.2)
10 A(o)eln)lloo < A'IEN Ml VEn €R?, (3.1.3)
aij(0") — aij(0")]|o < Llo" — o”| and (3.1.4)
105ai5(0") — Dpaij(6")||w < L'|o" — o (3.1.5)

for every o', 0" € [0y,7) and i,j = 1, 2.
Note that, since ¥, coincides with the identity near the boundary of €2, this change
of variables does not have any effect on G:

G(1)(u+(t) = G()(v + ().

Moreover, we can neglect the dependence of 22 on o since, for every o € [0g,7], U,
coincides with the identity near the boundary of €2, and we may assume that the support
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of ¢ is included in the set where, for every o € [09,7], ¥, is the identity. Hence the
change of variables influences only the bilinear term in v.
For brevity of notation, let

V= Hy o(Q\ T(09)).

On V we consider the norm || - ||y defined by |[v|ly := ||Dv]|2, and the scalar product
(v,w)y := (Dv, Dw), where || - || and (-, -) denote the norm and, respectively, the scalar
product in L?(Q) or L*(2\ I'(0p); R?), depending on the context. Let V' denote its dual
space and let (-, -) denote the duality pairing between V' and V.

For every t € [0,T], v € V, and o € [0¢,7] define

F(t,v,0) =
— /Q\F( | Z ai;(0)Dj(v + () D; (v + ¥ (t))de + o —/ g (v + (t))dA".

ije{1,2} oS

Then the functional % can be also written as

F(t,v,0) = /Q\r( )(A(O’)DU|D’U) d:)s+2/ (Dy(t)|Dv) dx —

Q\I'(00)

—/é)NQg(t)vd%”I+a+/Q|D¢(t)|2d:c—/ gy (t) dA”,

ONQ2

or

F(t,v,0):=

= (A(0) Dv, Dv) + 2(Di(t), Dv) — (g(t), v)aya + o + DY ()5 = (9(t), ¥ (t))aye
where (-, -)gyn denotes the scalar product in L*(On$2, 5#1). Hence the elastic energy
becomes .F¢(t,v,0) := F(t,v,0) — o, and there exist four positive constants Az, Az,
w7, and Mz, independent of ¢ and o, such that for every ¢ € [0,T] and every o € [0q, 7]
rg-el( )
yel(t, )

|| HV nz

> A
< Azllly + M,

for every v € V. Indeed, this follows from the uniform ellipticity of the bilinear part and
standard estimates (on QF and Q7).

3.2 Ciritical points of the energy

For every t € [0,T] the function .Z(¢,-,-): V x [09,0] — R is twice Fréchet partially
differentiable with respect to (v, o). In particular, the partial differential 9,.% (t,v, o)
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belongs to V', while the partial gradient grad,.Z (t,v, o) is, by definition, the element of
V given by

(grad, 7 (t,v,0), w)yv = 2(A(0) Dv, Dw) + 2(4p(t), w)y — (9(t), w)aye,
for every w € V. The partial differential 0,.% (t,v, o) is given by
0y F (t,v,0) = (0,A(0)Dv, Dv) + 1.
For fixed v € V and o € [0y, 7], we have that Z(-,v,0) € Wh>(0,T), with
0.7 (t,v,0) = 2(DY(t), Do+ Dy(t)) = (1) v + 9 (1))aye — (9(1), 9 (1))aya
Note that by the regularity assumptions on ¢ and g it follows also that the map
(t,v,0) — (grad,Z(t,v,0), 0, F (t,v,0))

is continuous from (0,7) X V' x (09,7) into V' x R.
The second order partial differentials with respect to (v, o) are given by

((8(21)70)9@, v,0)(wy, 1), (W2, T2))) = 2(A(0) Dwy, Dws) + 2(9,A(0) Dv, Dwy)72 +
+2(0,A(c) Dv, Dwy)11 + (02, A(0) Dv, Dv)1i72,

for every (w;,7;) € V xR, i = 1,2, where ((-,-)) denotes the duality product between
V' xR and V x R.

For fixed ¢t and o, the function v — % (t,v,0), being strictly convex, has a unique
critical point v;,, and v;, is a minimum point. Also the function u — &(t)(u,0) is
strictly convex and its critical point is the unique minimum point u;, € AD(¢(t),0) of
u+— &(t)(u, o). The function u;, satisfies

2/ (Duy o| Dw)dz = / g(t, v)w dA* Vwe Hy o(Q\T(0)).
O\I(o) N

Proposition 3.2.1. For fizred t € [0,T] critical points of F(t,-,+) correspond to critical
points of &(t) in the following sense: minimum points v;, € V of v — F(t,v,0) corre-
spond by the change of variables to minimum points u,, € AD((t),0) of u — &(t)(u,0).
Moreover, 0, (t, v 4,0) = 0,E(t,0), where E(t,0) := &(t)(u4,0).

Before giving the proof we discuss some properties of the minimizers w, . The following
result provides a useful characterization of the “singular” part of the displacement u; .
near the tip y(o) of the crack. For the proof we refer to [22], [23].

Proposition 3.2.2. Let 0 € [04,7]| and u € H'(Q\ T'(0)) be such that
Au € L*(Q\T'(0)) and O,u=0 onT(o). (3.2.1)
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Then there exists k € R satisfying

u— K\/%T%Sing € H*(U\ (o)), (3.2.2)

for every U CC Q open. In (3Z2), r(z) := |z —~(0)| and O(x) is the continuous function
on U\ T'(0) which coincides with the counterclockwise oriented angle between (o) and
x — (o), and vanishes on the points of the form v = ~(o) + hy(o) for h > 0 sufficiently
small.

The coefficient k+/2/m represents the stress intensity factor associated to the displace-
ment u at the tip (o). We shall use its following characterization.

Proposition 3.2.3. Let 0 € [09,7], u € H'(Q \ T'(0)) satisfying (ZZ10), and let k be
defined by [ZZ3A). Then for every ¢ = (¢, d2) € C(;R?) we have

20(1(e)H() = [ (D) = (Dau)(Daon — Do)+

(3.2.3)
+2D,u Dau( Dby + D2¢1)} dz + 2 / Au(Dyuéy + Dougs) da
Q

Proof. The proof follows the lines of [2, Proposition 2.2], but we present it for the sake
of completeness. Let 7 > 0 be such that the closed ball centered at (o) with radius 7,
denoted by B(vy(c),n), is contained in Q and let us consider the following integration by
parts:

/ [(D1)? — (Do) D16y — Dads) + 2DyuDyu( Dy + Dach)| i =

Q\B(v(o),m)

= / [((D1U)2 - (Dzu)z)(Vﬁfh - V2¢2) + 2D1UD2U(V1¢2 + V2¢1)} A"+
0B(v(o),m)

—2/ Au(Dyugy + Dougs) dx
N\B(v(o),m)

(3.2.4)
where (v1,15) is the inner normal to 0B(y(0),n), i.e., it is the outer normal to J(€2 \
B(v(0),n)). Therefore, we obtain the following identity:

/Q [((Dlu)z — (Dyu)?) (D11 — Daghe) + 2D1uDou(D; g + D2¢1)] dz+

+2/ Au(Dyugy + Dougs) do =
Q

/ » Dl“) — (Dau)?)(v11 — vaghe) + 2D1uDou(vig + V2¢1)} A"+

0B(vy(o
+/( Dlu — (Dau)?) (D11 — Dagpg) + 2DyuDou(D; g + D2¢1)] dz+

B(v(o
+2/ u(Diugy + Dyugy) dx

(3.2.5)
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Now, taking into account (B2ZTl) and [B22), we are going to prove that the limit in (B21)
when 7 tends to zero is the left-hand side in (B23).

Thanks to (B2Z2) we may split u into the sum of two terms, the regular one and the

singular one, as follows:
2 1.0
= Upe —rZsin -, 3.2.6
u=u g—i-/i\/;r sin 5 ( )

where w0, € H*(2\ T'(0)). Note that, taking into account (FZ0),

10/ B(y(0).n)

Indeed,

1

/ Au(dyupy + Oguds) dz < ||Aul|a </ (Orudy + Drugry)? dx) ’
B(y(a).m)

B(v(o)m)

Here by (BZT) the first term in the right-hand side is bounded, and the second one is
O(n) (it is sufficient to pass to the polar coordinates and notice that Du = O(r~z)).
Passing to the limit as 1 goes to zero, we get (B:Z1).

Using (B2.8), we can prove also that

lim |:((D1U)2—(D2U)2)(D1¢1—D2¢2)+2D1UD2U(D1¢2+D2¢1)} dr = 0. (328)

10 JB(y(0)m)

Next, we prove that

lim |:((D1u)2 - (Dgu)2)(l/1¢1 - I/gqbg) + 2D1UD2U(I/1¢2 + I/2§Z51):| djfl =

10 JoB(v(o)m) )
= k" o(v(0))¥(0).
(3.2.9)
First of all, note that, by (B2Z0), we can split the left-hand side integrand in three parts.
The first one contains the terms in e, the second one contains mixed terms, and the
third one is given only by the derivatives of v := Ii\/g’/’% sin g, the singular part of u. Since
Ureg has bounded gradient, the first two integrands are bounded uniformly by O(y/r) and
consequently their integrals tend to zero. Thus we have to study the third integral.
Let a be the counterclockwise oriented angle between the vector 4(o) and the half line
{(21,0) : 1 > 0}. Passing to the polar coordinates, after standard calculations we get

/ (D10)? — (Do) (161 — 12) + 2DwDsv (a6 + 1) dt” =
0B(v(o).m)

1

= oo / " 6(1(0) + n(cos( — ), sin(8 — )3 (o) db.
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where we used the fact that 4(o) = (cos «, — sin a), since |¥(c)| = 1. To be more precise
we have (z1,22) = y(0) + r(cos(f — «),sin(f — «)) and

1 1
o 0 ) (3.2.10)

kr~2sin(a — =), kr-2cos(a— =) ).
o (=357 (@ =3)

Further, (v1,v5) = (— cos(f — ), —sin(f — «)) which, together with (B2ZI0) gives

(01, Dyv) = <

/ [((811))2 — (021))2)(1/1¢1 — V2¢2) + 281U82U(I/1¢2 + l/ggbl)] d%l =
B(y(e),n)

2T
- %5277/0 %(sirﬁ(a - g) — cos(a — g))(— cos(f — a)oy + sin(f — a)dy)+
+ 2% sin(a — g) cos(av — g)(— cos(f — a)py — sin(0 — ) py) df =
1

2m
— sin(2a — 0)(cos(0 — ) g +sin(f — a)¢y) df =

= —k? /27T —cos(2a — 6)(—cos(0 — )y +sin(f — a)pa)+
0

1 2
= %KP é1(cos(2a — 0) cos(f — a) — sin(2a — 0) sin(f — a) )+
0
+ ¢pa(—cos(2ae — 0) sin(0 — a) — sin(2a — 0) cos(0 — o)) dO =
2
:ig? ¢1cos v — posinadl =
27 0
1

=5 [ 90a(0) + nleosto — a).sin(0 — ))i(e) df.

Taking the limit as 1 tends to zero, we obtain (B22Z9).

By B2Z3), BZ1), BZF), and [BZ3) we finally reach the conclusion ([B23)).

Proposition 3.2.4. The function o — E(t,0) is differentiable on [0y, 7] and

0,E(t,0) =1—k;,, (3.2.11)

where /ﬁtﬁ\/g is the stress intensity factor associated to u, at (o).

Proof. The proof follows the same arguments of the proof of [2, Theorem 3.3], but for the
sake of completeness we make it.

In order to fix the notation, let us compute the derivative at o* € [0y, 7]. We consider
¢ € C?(Q;R?) such that ¢(y(c)) = ¥(o) for ¢ in a small neighborhood of o*. For |¢| small
enough, ¢ > 0 if 0* = 0y, and, conversely, ¢ < 0 if 0* = &, we consider the application
F:R? — R? defined by F(y) := y + d¢(y). It is a C?-diffeomorphism from Q into
which maps QF into QF, Q™ into 2, I'(¢*) into I'(¢* + &), and does not vary 0.

During the proof we use the following notation: for fixed o, z,(t)(z) := (ut, +¢(t))(2)
and Z,(t)(z) = z,(t)(F(x)). Hence, using the change of variable y = F(z) and the
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approximations DF(x)™! = 2 — 6D¢(x), det DF(z) = 1+ 7 divg we get

/ 1Dz, (t)]2 dy = / (z — 5D¢) Dz, (t)|*(1 + 6dive) dz .
(o) SINES

Since Z,(t)(x) := 2,(t)(F(x)) = 24+ (t)(x) + U, where U is the derivative of Z, at o = o™,
we obtain

d
([ pra) -
7o) 7 (3.2.12)
/ (= 2(Dzo- ()| DDy (£) + DU) + | Dzge (t)dive) dec.
Q\I'(0%)
On the other hand,
i(/ 9(t)z5(t) dﬁl) :/ gUdA". (3.2.13)
do BINEY) lo=0* ONQ

In conclusion, from [B2ZT2) and BZI3) it follows that

iE(t, oo = 1+ / (= 2(D2y+(t)| DDz (t) + DU) + | Dzo-(t)[*dive) dz—
dO’ O\I'(0*)

—/ g(U dA#* =

ON§2
1 [ (2D (01D8Dz () + D (i) e
O\[(0)

because U is a good test function for the equation satisfied by z,« (t). This last equality
concludes the proof, thanks to the characterization of ;.- given in Proposition B2
since equality (B2Z3)), expressed in vector notation, actually becomes:

K2, 6(1(0")3(0") = /

(2(Duy o« | Dp Dty o+ ) — | Dy o« |*dived) dv+2 / Aty o (Dt o+ |§) dx .
Q Q

(3.2.14)
0

Similar computations have been recently done in [28] where the stored energy density
W is a polyconvex function with W(A) = oo for every matrix A with det A <0, and I is
a segment.

Remark 3.2.5. Fix ¢y € |0, T[. The map o — vy, , has the same regularity as ¢ — A(0),
hence, under the regularity assumptions we made on A(o), it is of class C?([og, 7). Since
in this case we are not interested in the dependence on ¢, let us simplify the notation
and set v, := vy, ,. Then standard arguments for elliptic PDE’s allow us to obtain that
for every o* € [09,T] there exists v). € V as strong limit in V' of the difference quotient
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Vg —Vg*

¢—c* and the map o — v is continuous in the strong topology of V. More precisely,
from the equality

Q(A(O-)D'UU’ DUJ) + 2(D¢(t)>DUU) - (g(t)>va)81vﬂ = 0,

it follows that there exists a positive constant C' such that ||Dv,||s < C. Hence there
exists vy« € V with v, = v,« as ¢ — ¢*. Moreover, using v, — v,« as test function for the
equation satisfied by v, and the equation satisfied by v,+, respectively, we get also that
v, — v+ strongly in V. Indeed, the equality

(A(0)Dv, — A(0*)Dvg«, Dv, — Dv,+) = (A(0)(Dv, — Dvy+), Duy — Dugs )+
+ ((A(o) — A(0™))Dvy«, Dvy, — Dug+)

implies that ||Dv, — Dvy+||3 — 0 as 0 — ¢*, and therefore the map o + v, is continuous

in the strong topology of V.
Now we take the difference of the equations satisfied by v, and v,«, for a generic test
function, obtaining

2(A(0)Dvy, — A(0")Dvy+, Dw) =0 for every w € V.

Hence,

(A(a) — A(o¥)

o—o*

Dv, — Dy«
o—o*

Duv, + A(c™) ,Dw) =0 foreverywe V. (3.2.15)

Passing to the limit as ¢ — ¢* we obtain

. D’Uo- - DUO’*
i, (202 Dt

o—o*
. _ 'Uo'_Ug* .
Using w = =2~ in (B2ZT3) we get

(A(U) — A(0”)

o—o*

,A(U*)Dw> = —(0,A(0")Dvy«, Dw) for every w € V.

o—o*

Dv, — Dvy+ Dv, — D+
Du, + A(c™) Yo Voo 2% UJ):O

o—o* | o—o0*
i.e., there exists a positive constant C' such that

D'Uo— — D’UU*

o—o*

2 < C.

Therefore, there exists v.. € V such that

DUJ — D'UU*

/
p— —Dv,. asoc—o",

and solves the following equation:
(A(c*)Duv.., Dw) + (0,A(0*)Dvy«, Dw) =0 for every w € V.
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In order to obtain the strong convergence of v, to v,. in V as ¢ — o, we take the
difference of the equations satisfied by v/ and v/. using w := v/, — v/. as test function,
obtaining

((A(o) — A(c™)), Dv. + A(c*)(Dv., — Dv..), Dv, — Dv..)+
+(0,A(c)Dvy — 0, A(0*) Dvgs, Dv, — Dvl.) = 0.

Now we pass to the limit as ¢ — ¢*, which gives lim,_ .« (A(c*)(Dv. — Dvl.), Dv, —
Dv!.) =0, hence the strong convergence of v/, — v in V is proved.

The same arguments can be repeated to obtain the existence of v”. € V as strong
limit in V' of the difference quotient % , and the continuity of the map o — v with
respect to the strong topology in V. Note that v” solves the following equation

(A(o) D, Dw) + 2(9,A(0)Dv.,, Dw) + (9> A(0)Dvy, Dw) =0 Yw € V.

Proof of Proposition [ZZ. It follows from the change of variables, Proposition B223], and
Proposition B2l

More precisely, taking the usual change of variables y = W, (x) and setting as before
v(y,0) = u(V,(y)), we obtain

(08 (8) (1, 0), w) = 2 / (DulDw) dy — /a ot d A =

Q\I(0) NQ

— /Q\F(UO) [Q(A(U)DMD?IJ) + Q(Dw(t))|DzD)] dx —/ g(t,y)wdA" =

ONQ2

= (grad,Z (t,v,0), D)y,

for every w € Hj_ o(Q\ I'(0)), where w(z) = w(¥,(z)).

On the other hand, let u;, be a minimum of u — &(t)(u,0), ¢ € CHR?) be
such that ¢(¥,(x)) = 0,V¥,(z), and consider the usual change of variables y = U, (z).
Proposition BZZ3, Proposition BZZ4] and the fact that ¢(y(0)) = ¥(¢) imply

2 _
_’%t,o_

1
14 / (= 2Dugs| DéDus ) + | Dug o[ 2dive) dy —
O\I'(o)
(
0

Oy A0, ) Dy o | Doy ) da =

Indeed, from Dv;,(z) = (D¥,)T Duy (¥, (z)) we get

/Q\F( (&,A(U, $>DUt,g(l’)|th’o(x)) dr =

00)

= o ()agA(U, x) (D\I/U)TDut’o(\Ifo (x))|(D\;[,0)TDut’o(\I]0 (2))) da.
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To shorten the notation we denote by Dz ,(x) the term Duy ,(¥,(x)). Then:

DV D1z 5 + DoV Doz
D1VyDszy + DoWeDozyy )

and 9, A(DV,)" Dz, is equal to the vector

( Opa11(D1V1 D121 5 + DoV Dozy o) + Opa12(D1V9 Dy 2y o + DoWoDo 2 ) )
0p12(D1V1 D121 5 + DaW1 Doz o) + Oy (D1Vo D12t o + DaWeDozi ) )

(DY )'Dz, = (

Hence
(0,A(DY,)' Dz ,|(DY,) ' Dz ) =
= (D12t70)2 [80a11(D1\II1)2 + 280a12D1\111D1\I/2 -+ 80a22(D1\II2)2} +
+2D12t’0D22t70 [&,auDl\Ileg\Ifl + 8Ua12(D1\I/2D2\111 + Dg\Ingl\I]1)+
+6Ua22D1\112D2\112] + (D22t70)2 [0Ja11(D2\111)2 + 280a12D2\112D2\111 + agagg(Dg\Ifg)ﬂ .
Developing the terms 0,a;;, 1,7 = 1,2 we get
(0, A(DW,)" Dz|(DW,) " Dz15) = (Diz0)* [D1W1Dadhs + DyW1 D¢y — D1 W2 Dy —
—D2‘1’2D1¢~51} +2D1 21,5 D221 6 [D2‘1’1D2¢~52 — DU, D¢y + DUy D1y — D2‘1’2D2¢~51} +
+(Ds21,)° [D2‘I’2D1<f~>1 + D1 UyDopy — Doy Dy — D1‘1’1D2<f~>2} )
where ¢(z) == 9,V,(z) = ¢(¥,(x)). In conclusion we have obtained the following equal-
ity:
/ (0,A(0,x)Duv | Dy ) do =
Q\I'(00)

= { [(D2210)* = (D1216)°] [D2‘I’2D1¢~51 + DUy Dy — DyWy Digoy — D1‘1’1D2¢~52} -
\I'(o0)
—2D124 3 D22y o (DaW1 Doy — D1V Dypy — DoWo Doy + D1‘~I’2D1¢1)} dx .

Now, for y = U, (), d(y) = ¢(V,(x)), we deduce Dp(¥,(x)) = Dp(y)(DW,)~!, where

DQE(D\PJ)_I _ 1 D2\112D1<%1 — D2‘I’1D1<§2 D1\IJ1D1Q:52 — D1‘1’2D1<§1 .
det DV, D2\I]2D2¢1 — DQ\IIID2¢2 D1W1D2¢2 — DI\I/2D2¢1

Therefore,
/ (0,A(0,x)Duv | Dv,) d =
O\I (o)

= [ oo {10210 = (D20 ] (Drn( Vo) = Daalio)) -

OQ\I'(og
- 2Dlzt,aD22t,a(Dl¢2(\IlU) + D2¢1(\IIU))} det D\I]O' dx =

— [ {Dsn)? ~ Dru (D161 ~ Do)~

Q\I'(0)

— 2Dy s Doty o (Dy1gpa + D2¢1)} dy,
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and this concludes the proof.
O

Remark 3.2.6. Fix t; € |0,7[. With the same notation as in Remark we set
Uy = Uy, and note that the second order differential, 0(21)70)9 (to, vy, 0), of F with respect
to (v, o) is strictly positive definite if and only if the second order derivative of the function
o — F(ty,v,,0) is strictly positive, when both exist. Moreover, by Proposition B2ZT]
this is equivalent to the fact that the second order derivative of o +— E(ty,0) is strictly

positive.
Indeed, as 0,.% (tg, vy, 0) = 0, and o — v, is, by Remark BZZH, a C?-function, we have
(0,0, F (to, V5, 0), w) + (02

v

T (to, Vg, o)L, w) =0 YweV.

Assume that the second order derivative of the function o — % (ty,v,,0) is strictly
positive, i.e.,

0< %(&,ﬁ(to,va,a) + (0pF (to, v, 0),00)) =

= 02, F (9, Vg, 0) + (0,0, F (to, vy, 0),v.) +
—i—(@ivﬁ(to, Vg, )V, VL) + (05 F (to, Vo, 0), V1) .

gr ro

<avaag(t0> Vo, 0-)7 'U/ > +

o

Hence
02, F (to,vs,0) + (0,05F (to, Vs, 0),05) >0,
which implies that
02, F (to, Vg, 0) > (02, F (to, Vg, o)V, VL)

(recall that in our case (0,0,.%,w) = (0,0,F,w)).
Therefore

<<a(2v,cr)ﬁ(t0>vm 0’)(111,7‘), (w>7)>> =
= 02, F (to, Vg, 0)T* + 2(0,0,.F (Lo, Vg, 0), W)T + (02, .F (to, Vs, 0)w, W) >
> (02, .F (to, Vs, o)V, 0LV T2 — 2(0% F (to, v, O )UL, W)T +

+<8§Uﬁ(to,va,a)w,w) >0,

which shows that 0(21)70)9 (to, vy, 0) is strictly positive definite.
It is also easy to see that if 0(20’0)? (to, v,, 0) is strictly positive definite then the second
order derivative of the function o — % (g, v,, o) is strictly positive.

3.3 Irreversible quasistatic evolution

Let 0y an initial crack length and let uy be an initial value of the displacement, such that
the initial configuration (ug, 0g) is in unilateral equilibrium, i.e., unilateral with respect
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to the crack growth:

grad,.Z (0, ug, 00) =0,

809(0, Up, 0'0) >0.
Our purpose is to study a quasistatic evolution of configurations (u, o) which starts from
(Uo, O'(]) .

We are interested in the evolution until the crack length reaches the value o;. We
cannot avoid the solution to have jumps (even at ¢ = 0) to configurations with crack
lengths larger than oy; if this is the case, then the boundary data are not compatible with
a progressive crack growth on the interval [og, 01].

Definition 3.3.1. The irreversible quasistatic evolution problem consists in finding a left-
continuous map t — (u(t),o(t)), where o(t) represents the length of the crack up to time
t, and the displacement u(t) belongs to AD(v(t), o(t)), which satisfies the following three
conditions:

(a) local unilateral stability: for every t

Et)(u(t),o(t)) < &) (u,0(t))  Vue AD((t),0(t))
0-E(t,0(t)) = 0,

where E(t,0) is defined in Proposition B2l
(b) wrreversibility: the map t — o(t) is increasing;
(c) energy inequality: for every 0 < s <t we have
E(t)(u(t),o(t)) < &(s)(uls), o(s)) +
+ / t (2 / (Du(7)| Dib(7))dx — / g()(r)d A" — / g(r)u(r)dA" )dr .
s O\T(o(r)) N N
In terms of the functional .%, the irreversible quasistatic evolution problem consists

in finding a left-continuous function t +— (v(t),o(t)) which satisfies the following three
conditions:

(az) local unilateral stability: for every ¢

grad,.Z (t,v(t),o(t)) =0,
957 (t,v(t),0(t)) = 0;

(b) irreversibility: the map ¢ — o(t) is increasing;

(c#) energy inequality: for every 0 < s <t we have

F(t,v(t),o(t)) < F(s,v(s),0(s)) +/ O F (1,v(1),0(T))dT .
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A solution, ¢t — (v(t),o(t)), to this problem is called an irreversible quasistatic evolution
for F.

Let us remark that, by the very construction of the functional .%, an evolution for .#
is well-defined only for cracks whose length is less than or equal to @.

In terms of an irreversible quasistatic evolution ¢t — (v(t),o(t)) associated to the
functional .%, the Griffith’s criterion can be expressed as:

5(t) > 0
0,7 (t,0(t), 0(t)) > 0 (3.3.3)
0,7 (t,0(t), o(t))é(t) = 0

for a.e. t. Since the first two conditions are included in the definition of an irreversible
quasistatic evolution, it remains to prove the last one.

Proposition 3.3.2. Let t — (v(t),o(t)) be an irreversible quasistatic evolution for F .
Then for a.e. t we have

8, 7 (t,0(t),0(1))a(t) = 0.

Proof. Since o is increasing, ¢ exists at a.e. t. Fix ty such that &(ty) exists. As, given
o(t), the function v(¢) is determined as the unique solution of grad,.Z (t,v,o(t)) = 0, the
hypotheses we made on A(o) and on the data i) and g imply that () exists, as strong
limit in V of the difference quotient %me

More in detail, from the continuity of the map ¢ — grad,.Z (t,v(t),o(t)) and the weak
convergence of v(t) to v(ty) in V as t — t (which can be easily deduced from standard

calculations), we obtain that
(A(e(t))Du(t), Do(t)) — (A(a(to))Du(to), Du(to)) -
Hence, using also the continuity of the map ¢t — A(o(t)) we get
Lim (A(e(8))(Dv(t) = Do(to)), Du(t) — Du(to)) =
lim [(A(o(t))Du(t), Du(t)) — 2(A(o(t)) Do(t), Du(to)) + (A(o(t)) Du(te), Du(to))] =0,

t—to

so that v(t) — v(tg) strongly in V', as t — ;. Thus ©(to) belongs to V, as strong limit in

V' of the difference quotient W
0

Next, let us observe that, as grad,.Z (t,v(t),o(t)) = 0, we have

&ﬁ@M&dmZéﬁwdﬁdm—&ﬁ@M&dmﬂm

and using this fact together with the energy estimate (c#) we deduce that for a.e. ¢
05 F (t,v(t),o(t))o(t) <O0. (3.3.4)

Since ¢(t) > 0 and 0,7 (t,v(t),o(t)) > 0, (B34) implies the equality to be proved.
]
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Going back to the energy functional &, the Griffith’s criterion now reads

(t) > 0
1— K2(t) >0 (3.3.5)
(1—r2(t))a(t) =0

\/g is the stress intensity factor associated to the displacement

for a.e. t, where k(t)
u(t) at the tip o(t) (see Proposition BZZ2). Since by the change of variables we made,
0, F (t,v(t),o(t)) = 1 — k*(t), the previous proposition shows that during an irreversible
quasistatic evolution the Griffith’s criterion is satisfied. Note that this can be proved

directly for &, following, for instance, the lines of [I0), Theorem 6.1].

Let us return to our notion of irreversible quasistatic evolution. We remark that the
globally stable evolutions of minimum energy configurations studied in [9], [3], [17], [
satisfy the three axioms of our Definition B3l Moreover we recall that during a globally
stable irreversible quasistatic evolution the total energy is an absolutely continuous func-
tion of time and the energy inequality (c) becomes an equality. However, this notion of
evolution is not completely satisfactory since, in order to get the global stability, we have
to compare, at each time, the energy of a configuration with the energy of all admissible
configurations with larger crack lengths.

For this reason we adopt here a different selection criterion: among all irreversible
quasistatic evolutions we choose the approzimable ones, i.e., those that can be obtained
as limits of solutions to a regularized evolution problem. In particular we consider here
the approximation problem given by a modified e-gradient flow for the functional .%.

Before giving the precise definition of the approximation problem for .7, we need
some preliminary discussion. Since we are interested in an irreversible crack growth for o
varying in the interval [0q, 01], we ask the function o(t) to be increasing. Hence, we are
led to consider the positive part of the derivative of .%# with respect to o.

In addition, we modify the evolution law for the crack length in such a way that it
never reaches . To this end we introduce a penalization factor A(¢) that can be any
Lipschitz continuous function of ¢ which is equal to one for o < gy, is strictly positive for
01 < 0 <7, and is equal to zero for 0 = @. For instance, let

oVop))" ‘

o) = (T (3.3.6)
o

In such a way the evolution is the one given by the e-gradient flow, with the constraint

that o is increasing, on the interval [0(, 0] that we are interested in, and it is modified

by this artificial penalization term for ¢ > oy, so that we do not consider it meaningful

for o > 0.

85



Definition 3.3.3. A function ¢ — (v.(t),0.(t)) is called a solution to the initial value
problem for the modified e-gradient flow for the functional .# on [0, T]

ev. = —grad, . Z (t, v., 0.)

5d€ = (=0,F (t,v.,0.)) A (o.), (3.3.7)
U5(0> = Ug

0-(0) = 0y,

where \(0) is given by (B30), if v. € C*([0,T];V), 0. is a C'-increasing function from
[0, 7] into [0y, ] and the first equation in (B3) is satisfied in the following sense

(ebe,w)y = —(grad,Z (t,ve,0.),w)y  YweV Vtel0,T].
Note that (B31) is a Cauchy problem for an ordinary differential equation in V' x R.

Theorem 3.3.4. There exists a unique solution (v., o.) to the initial value problem (3-3.7)
with X\(o) given by (Z-34), and the following energy estimate holds: for every s, t € [0,T]
with s < t

/ 6.7 [2dr + / A'(((j‘))m 7 (t,0:(1), 0x(1)) <

(3.3.8)
< F(s,0.(s) / T (7, v.(r), 0.(7)) dr

Proof. Taking into account the expressions of grad,.# and 0,% (see Section B.2), the
equations in (B3) can be written as

(3.3.9)

{5(1'15,10)‘/ = —2(A(0.)Dve, Dw) = 2(¢(t), w)y + (g(t),w)aya Yw eV
eo. = (—(0,A(o:)Dve, Dv.) — 1) T A(02) .

The vector field defining the equation ([B3) depends on ¢ only through the boundary
data 1 and g, therefore it is Lipschitz continuous in ¢t. Moreover, for fixed ¢, standard
estimates show that it is Lipschitz continuous and bounded on the bounded subsets of
V' x R. Hence classical results on ODE’s (see, e.g. [13]) give the local existence and the
uniqueness of the solution. Since there exist o € C([0,77]) and § > 0 such that

(—grad,Z (t,v,0),v)y + 0(=0,F (t,v,0))TA(o) < a@)(|v||} + 02) +

for every (v,0) € V x R, the solution is defined on the whole interval [0, 7).
The function t — .7 (t,v.(t),0.(t)) is then Lipschitz continuous on [0, 7] with deriva-
tive given for a.e. t € [0, 7] by

Eﬁ"(t,va(t),aa(t)) = O F(t,v.(t),0-(t)) + (grad,.F (t,v-(t), o-(t)), 0-(t))v +
+0,.F (t,v.(t), 0.(t))o-(t) .
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Taking into account the equations satisfied by v. and o, for every s, t € [0,T] with s <t

we have
Ft,0:(0), 02(8)) — F (s, 0:(5), 72(5)) =
- [ (0t onte) -l - o2 Y ar,
which implies (B3R) and the proof is complete. 0

Remark 3.3.5. Let t — (v.(t), 0.(t)) be a solution to problem ([B37). Assume ||v.(t)|]y <
M for some positive constant M independent of ¢t and €. By (BI3) and the definition

B34) of the map A,
ed.(t) < (NM? + 1)\(0.(t)) < C(F — 0.(t) T,

for some constant C' > 0. By classical results on differential inequalities (see, e.g. [25,
Theorem 1.6.1]) it follows that for every ¢ € [0, T

o.(t) <T—e (7 — 0p),

hence o, never reaches @.

Note that, since the evolution is constrained to cracks with lengths less than or equal
to @, Griffith’s criterion is meaningful in this setting only until the length @ is reached. As
the penalization factor \(o) is strictly positive for o < @, we may replace the expression
B33) of Griffith’s criterion by

a(t) >0
0, F (t,v(t),a(t)A(o(t)) >0
05 F (t,v(t),o(t))a(t) =0

for a.e. t € [0, T]. Therefore, also the second line in the local stability condition (az) may
be replaced by 0,.% (t,v(t),o(t))A(o(t)) > 0.
We introduce now the following notion of evolution.

Definition 3.3.6. The approxzimable irreversible quasistatic evolution problem on the
interval [0,7] with initial data (ug,00) consists in finding a left-continuous map ¢ —
(v(t),o(t)) from [0, 7] into V' x R which satisfies the following conditions:

(a/5) for every t € [0,T]

grad,.Z (t,v(t),o(t)) =0
)

0o F (t, 0(t), 0 ()Mo (t)) = 0;
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(bg) the map t +— o(t) is increasing;

(cr) forevery 0 <s<t<T
F(t,v(t),o(t)) < F(s,v(s),0(s)) +/ O F (1,v(1),0(7))dT;

(dz) the pair (v(t),o(t)) is the limit, along a suitable sequence, of solutions (v.(t), o-(t)) of
the modified e-gradient flow for .# with initial conditions v.(0) = ug and 0.(0) = oy,
in the sense that for a.e. ¢

o.(t) — o(t),

3.1
ve(t) — v(t) strongly in V. (3:3.10)

A solution t — (v(t), o (t)) to this problem is called an approzimable quasistatic evolution
for 7.

We are now in a position to state the main result of this paper.

Theorem 3.3.7. There exists a solution t — (v(t),o(t)) to the approximable irreversible
quasistatic evolution problem with initial condition (ug, og) on [0,T].

Remark 3.3.8. The fact that an approximable quasistatic evolution starts from (ug, og)
means only that for every ¢ > 0, v.(0) = ug and 0.(0) = 0p. We may always set
(v(0),0(0)) := (up, 09), but in general v and ¢ are not continuous in ¢ = 0. The only case
in which (ug, o) is the initial value for the evolution in a “classical” sense, is when (ug, 0¢)
is the absolute minimum point of % (0, -,-). Indeed, in this case, by semicontinuity and
by the energy inequality (cz), it is easy to see that ¢t — F(t,v(t),o(t)) is continuous in
t=0.

Proof of Theorem[3-3] For € > 0 let (v.,0.) be the solution of the modified e-gradient
flow with initial data (ug,09). Let t € [0,7]. From the e-energy inequality ([B3F) evalu-
ated between s = 0 and t € (0, 7], using the estimates we have on .# (see Subsection B.1.0)

we get
t

Az} < ps + F(0,u0, 00) +/0 (a()llve (DI + b(r))dr

for some functions a,b € L*°(0,7) which depend only on the data i) and g. Then, by
Gronwall’s Lemma, there exists a positive constant C' > 0 independent of ¢ and ¢ such
that

lv-(t)]|vy < C vVt € [0,7]. (3.3.11)

By the e-energy estimate (B38) we now get that there exists two positive constants C
and C5 such that

8H/06H%2(07T;V) S C'1 (3312)
elloellF2i0m) < Co- (3.3.13)
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Let € — 0. By Helly’s Theorem, there exists a subsequence, still denoted by ¢, and an
increasing function o: [0,7] — [09, 7] such that

o.(t) = o(t)  forevery t € [0,7].
The estimate (B311) implies that there exists a function v € L?(0,T; V) such that
Ve— 0 weakly in L*(0,T;V),

while, by B312),
ev. — 0 strongly in L*(0,T;V).

Hence
e(Ve(t), w)y = (—grad,.Z (t,v:.(t), 0:(1)),w)y — (—grad,.Z (t,v(t),o(t)),w)y =0,

for every w € V and for a.e. t € [0, T]. Tt follows that

/0 (A(0.(t)) Do-(t), Du.(t))dt — / (A(o(t)) Do(t), Du(t))dt

which gives the strong convergence in V' of v.(t) to v(t) for a.e. t € [0,7T], by using the
same argument proposed during the proof of Proposition

By B313), co.(t) — 0 for a.e. t € [0,7]. Taking into account the equation sat-
isfied by 0., we obtain that (=30, % (t,v(t),o(t)))"A(o(t)) = 0 for ae. t € [0,T], ie.,
O0pF (t,v(t),o(t))A(o(t)) > 0.

When passing to the limit in the c-energy estimate (B3H), we neglect the terms
containing the norms of the time derivatives of v. and 0., and thus get that for a.e.
s, t€[0,T) with s <t

F(t,o(t),o(t)) < F(s,v(s),0(s)) +/ 0 F (1,0(7),0(T))dT . (3.3.14)

(By semicontinuity the estimate holds true for every ¢ € [0,77.)

Since o is increasing, for every t € [0, 7] there exists the limit 0®(t) := limg_;- o(s).
Let v®(t) be the unique solution to grad,Z (t,v,0°(t)) = 0. Then v(s) — v®(t) strongly
inVass — t7, o(t) = 0°(t) and v(t) = v9(¢) for a.e. t € [0,T]. By construction,
the map ¢t — (v°(t),09(t)) is left-continuous from [0,7] into V' x [0g,7]. Moreover,
Op F (t,0°(t),0°(t))N(0®(t)) > 0 for every t € [0,T]. Let s, t € [0,T] with s < ¢, and
let s, — s7, t, — t~ be such that (B34l holds for s, and t,. Passing to the limit as
n — +00 we obtain

F(t,v°(t),0°(t)) < F(s,0v°(s),0°(5)) +/ O F (1,v°(1),0%(7))dT,

so that we conclude that (v, 0®) is an approximable quasistatic evolution for .# on [0, T]
which starts from (ug, o). O
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Remark 3.3.9. From B314) we deduce that if £ € [0,7] is a discontinuity point of
t— Z(t,v(t),o(t)) then

lim Z(t, 0(t), 0(t)) < F(F, 0(F), o(0))

t—tt
Indeed, note that at every time ¢ the function ¢ — ¢(t) has a right limit. Let o®(#) :=
lim, ;+ o(t), and let v®(¢) be the solution to grad,.% (f,v,c®(t)) = 0. By the regularity
assumptions made on the data, we have that v(t) converges to v®(#) strongly in V, and
hence, using (B3T4), we obtain

lim 2 (t,v(t),0(t) = Z({E02(F),0%(F)) < Z(E,0(f),0(l)).

t—tt

3.4 Quasistatic evolution and the Implicit Function
Theorem

In this section we show that, under suitable regularity assumptions, the solution to the
modified e-gradient flow converges to the continuous solution for the quasistatic evolution
problem given by the Implicit Function Theorem.

We recall that for fixed ¢t and o the map u — &(t)(u,0) admits a unique minimum
point u;, and we set E(t,0) := &(t)(us,, 0) as in Proposition B2l

Theorem 3.4.1. Assume that in (t°,0°) € [0,T] X [00,01[ the following conditions are
satisfied

0, Bt 0%) =0

O2E(t°,0°%) > 0.
Then there exists a time interval [t° t'] and a unique Lipschitz continuous function o :
[t9 1] — [0°, 01] such that

0,E(t,d(t)) =0  Vte [t t].

Moreover, if (v, 0.) is the solution to the modified e-gradient flow and the following two
conditions are satisfied:

o.(t)>0  vte[t’t]

0

o.(t°) — o ase — 0,

then o.(t) — o°(t) and E(t,0.(t)) — E(t,0°(t)) for every t € [t°, t1].

The first part of the theorem follows from the Implicit Function Theorem. As for the
second part, let us remark that even if there are not at the moment general theorems guar-
anteeing the strict monotonicity of o. during the approximation process, in many cases
this will follow, for a suitable choice of the boundary data, from a symmetry argument.
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We now prove the theorem in an equivalent form for the functional .#. Indeed,
since 0,E(t,0) = 0, % (t,v1,,0) (see Proposition BZZTl), if the second order derivative
D2E(t°,0%) > 0, then also £9,.% (t°, v 50, 0°) > 0, and this last condition is equivalent
to the fact that the second order partial differential 0(20’0)9 (t9, vg0 o, 00) is strictly positive
definite (see Remark B22Z0).

Theorem 3.4.2. Assume that in (t° v°,06%) € [0, T[xV X |09, 01 the following conditions
are satisfied

grad, .7 (t°,1° ¢%) =0,
0, F (t°,0°,6%) =0,

and the second order differential, 8(21) J)?(to, 02,0, of F with respect to (v, ) is strictly

positive definite, i.e., there exists a > 0 such that

(02, o) F (1°,0°,0°) (w, 7), (w,7))) > a(lJw][} + |7]*) VweV VreR. (34.1)

(v,0

Then there exist a time interval [t°,t'] and a unique Lipschitz continuous function (v°, 00) :

(9t — V x [0°, 0] such that

grad, 7 (t,v°(t),0"(t)) = 0
Oy F (t,0°(t),0%(t)) = 0
for every t € [t°t'].

Moreover, let (ve,0.) be the solution of the modified e-gradient flow for F given by
Theorem and assume that

v (t°) — 0° strongly in V. and

o.(t") — o° ase — 0.

Assume in addition that 6.(t) > 0 and o.(t) < oy for every t € [t° t']. Then for every
t € [t ¢']

v.(t) — () strongly in V' and

oe(t) = o"(t),
as € tends to zero.

Proof. By our assumptions on the data, 8(21),0)9 (t,v,0) (see Section B2) is continuous with
respect to (t,v,0) € [0,T] x V' x [09,7]. Moreover, the function ¢ — 0Ograd,.Z(t,v,0)
belongs to L>(0,T; V), while 0,0,.% (t,v,0) = 0. By the Implicit Function Theorem (see,
e.g., [29]) applied in (t°,v°, ¢%) to

grad,.Z (t,v,0) =0
0, F(t,v,0) =0,
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it follows that there exist a time interval [t°, #!] and a unique Lipschitz continuous function
(v°,09): [t° '] — V'x[0Y, 01) such that

{ grad, . Z (t,0°(t), 0°(t)) = 0

(3.4.2)
0y F (t,00(t),0%(t)) = 0

for every ¢ € [t°,#!]. By a compactness argument, changing eventually the value of «, we
may assume that there exist o > 0 and r > 0 such that for every t € [t°,#!], for every
v € B, (v°(t)) C V, and for every o € (a°(t) — r,0%(t) + )

(02, VT (t,v,0)(w,7), (w, 7)) > al|w|} + |7]?) VweV VreR. (3.4.3)

(v,0)

Restricting eventually the time interval, we have o°(t) + r < oy for every t € [t°, t1].

Let 0 < r’ < r be a number that we shall choose later. For every £ > 0 small enough
we have [|v.(t%) — v%|ly < 7" and |0.(t°) — 0°| < ’. By continuity, there exists a time
interval, depending on ¢, on which these inequalities hold. Let 7. be the largest time such
that for ¢t < 7., ||v-(t) — v°(¢)|ly < 7" and |o.(t) — o®(¢)| < . In addition, A(o.(t)) = 1
fort < 7.

We want to prove that 7. = t'. Assume by contradiction that 7. < t!. Taking
vo(t) — v°(t) as test function in the equation satisfied by v., multiplying by o.(t) — o°(¢)
the equation satisfied by o., and taking also into account system ([BZ2), we obtain

ed o2 € d 0rn2
thuw—v (B + S lox(t) = () =

(grad F (t,ve(t), (1)) — grad, F (¢, 0°(t), 0°(1)), v=(t) — 0" (t))v +
+ (= 0, F (t, 0 (t), 0c(t) + 0 F (1,0°(1), 0°(1))) (02 (t) — 0°(F)) —
—e(v ( ) <(t) = 0°(t))v — e0°(t)(0:(t) — o°(1))
Setting
C(t) = [Joe(t) = O} + o(t) — (),
in the previous equality and using ([BZ3]), it follows that

%ée(t) < —ae(t) — e(@°(t), ve(t) — v"(t)y — 6" (t)(0:(t) — 0°(t)) <

< —aGu(t) + SO} + Sllo-(t) = @} + 516° O + Slou(t) =B <

2
< (—a+ 2)@( ) + 6 vt e [t°, 7)), (3.4.4)
where (3 is an upper bound for ||0°(¢)]|?, + |5°(¢)|* on [t°, ¢'].
Hence
C(t) < (Ce(to) __be )e<—%+1xt_t°> + pe Vte [t ). (3.4.5)
- 200 — ¢ 200 — ¢ ’

92



Therefore, choosing now 7’ small enough, from (BZH) we get that also ||v.(1.) —0°(7)||lv <
r and |o.(7.) — 0%(7.)] < r. By continuity, these inequalities hold also for some ¢ > 7.,
which contradicts the maximality of 7., and so we deduce that 7. = t'. We observe that
r’ is independent of ¢, since we can take r’ and g such that

Beo

2(T/>2 + 200 — €o

<r,

and observe that the previous inequality remains true for every e < &.
We have thus obtained that (B4H) holds for every ¢ € [t",¢!]. Passing now to the limit
in (BZH) as ¢ — 0, we reach the conclusion. O

By the change of variables that defines the functional .%#, and by the uniqueness of
the regular evolution given by the Implicit Function Theorem, it follows that the regular
evolution in Theorem corresponds to the one in Theorem BTl

Proof of Theorem [FZ_1] continued. Let (v.,0.) be the solution to the modified e-gradient
flow. By Theorem BZ2 o.(t) — 0°(t) and v.(t) — v°(¢) strongly in V for every ¢ € [t°, ¢!].
Since the function v — grad,.# (t,v,0) is continuous from V to V with respect to the
strong topology, it follows that

grad,.Z (t,v.(t), 0.(t)) — grad,.Z (t,v°(t),0°(t)) = 0.

Let now 7.(t) be the element of V' associated to u¢ .. () by the change of variables,i.e.,
Te(t) () = Ut o.(ty (Yoot (2)). As grad, F (t,7.(t),0-(t)) = 0 we deduce that v.(t) —v.(t) —
0 strongly in V. This implies that

F(t,0(t), 0(t)) — F (¢, v:(t), 0.()) — 0,
On the other hand,

(1), 0c(t)) = F(1,0°(1), 0°(t)) = E(t, 0°(1))

(t,0:(1), 0=(1)) = E(t, 0.(1)),

so that we conclude that E(t,0.(t)) — E(t,0%(t)) for every t € [t°,¢]. O

3.5 Monotonically increasing in time boundary dis-
placements

In this section we consider the setting proposed by Francfort and Marigo in [I8] and com-
pare the evolution defined therein with a solution to the irreversible quasistatic evolution
problem.

93



Assume (t) = tihy, with 1y € H'(Q2), and g(t) = 0, and define
E(0) := min{||Du|l5 : u € AD(¥py,0)}.

Since H'(Q\ T'(¢’)) € H' (2 \ T'(¢”)) for ¢’ < ¢”, we have that FE(¢’') > E(c”), so that
the function o — E(0) is decreasing.

As in Definition 4.13 of [I8], we define a crack trajectory t — o, (t) by the following
three properties:

(i) t +— opy(t) is increasing;
(ii) t2E(0FNI (t)) + O-FM(t) < tzE(U) + o, for every o > O-I:A{(t);
(iii) 2E(0py(t)) + 0pp(t) < 2E(0pp(8)) + 0pu(s), for every s < t.

The following result shows that if ¢ — F/(0) is concave in some subinterval of (¢, 7) then
t — opy(t) is discontinuous.

Proposition 3.5.1. Let t — o, (t) be a crack trajectory which satisfies properties (i)-
(7ii) above. If there exists a subinterval (a,b) C (0¢,7), with a < b, where o — E(0) is
concave, then o (t) has some discontinuity points.

Proof. Let tg > 0 be such that oz (ty) < a. We first prove that there exists ¢ > ty such
that opy(t) > a. Indeed, assume by contradiction that op(t) < a for every t > t.
Then conditions (i), (ii) and the fact that o — FE(0) is decreasing imply the following
inequalities:

ED) +b > 2 E(0py (1) + 0pu(t) > 2E(a) + 05y (t) > 2 E(a) + 0w (to).

In particular, we deduce that t> < b(FE(a) — E(b))~!, which, up to considering 7' large
enough, represents a contradiction.

If 0pp(t) # a for every t € [0, T then oy, is discontinuous and the proof is concluded.
Otherwise, let ¢ be the first time such that o,y () = a. We claim that

oru(t) =a forevery t <t <t (3.5.1)
where
P N (3.5.2)
\ E(a) — E(b) o

Indeed, fix ¢ € (¢,t*) and assume by contradiction that oz, (t) € |a, b]. Then there exists
a € ]0,1] such that o4, (t) = aa + (1 — a)b. By condition (ii) and the concavity of
o +— F(o) on (a,b) we have

tPE(b) + b > t2E(0py (1) + 0en(t) > t2aE(a) + t*(1 — a)E(b) + aa + (1 — )b,
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that is
t*E(a) + a < t*E(b) + b. (3.5.3)

Therefore
t2E(aFM(t)) + opp(t) > a(t2E(a) +a)+(1- a)(tzE(b) +b) > tzE(a) +a.  (3.54)

Since (B4 is in contradiction with condition (iii), we deduce that o), (t) = a.
Consider now the case t = t*. Formula (B353]) becomes the identity

(t)2E(a) + a = (t*)2E(b) + b.

Assume there exists « € |0, 1] such that o), (t*) = aa + (1 — a)b; then, arguing as before,
we obtain that
() E(0r(t")) + ora(t’) = () E(a) +a,
which, by conditions (ii) and (iii), implies that o, (t*) = a.
To conclude, we prove that

opy(t) > b fort >t (3.5.5)

Indeed, let us fix ¢ > ¢t* and assume by contradiction that o, (t) < b. Then there exists
a € ]0,1] such that o, (t) = aa + (1 — a)b, and this fact together with condition (ii)
implies that

2 < b—0opu(t) alb—a)

N E(UFM(t)) — E(b) - aE(a) + (1 — Oé)E(b) _ E(b) = (t*) ) (356)

a contradiction. This fact concludes the proof, since we have shown that for ¢ < t*
oprn(t) = a, while oy, (t) > b for t > t*. O

Let (u(-),o(-)) be an irreversible quasistatic evolution. Recalling that wu(t) is the
minimum point of || Dul|3 on AD(t1y, o (t)), we have that | Du(t)|% = t*E(o(t)). We may
now express conditions (a), (b) and (¢) of Definition B3] of an irreversible quasistatic
evolution, in terms of ¢ (), and, in the case of this particular choice of the data, we obtain:

(a') 14+ t*E'(o(t)) > 0 for every t > 0;

(/) the map t — o(t) is increasing;
t
() t*E(o(t)) +o(t) < s*E(a(s)) +o(s) + 2/ TE(o(T))dr, for every 0 < s < t,
where E'(o(t)) denotes the derivative of E with respect to o computed at o ().
Since E(o(1)) < E(o(s)) for 7 € [s, ], condition (¢’) implies condition (iii).
In terms of this evolution t — o(t), the Griffith’s criterion can be expressed by condi-

tions (a’), (¥') and the following one: (1 + t*E’(o(t)))o(t) = 0 for a.e. t € [0, T].
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Remark 3.5.2. Let t — o(t) be a left-continuous map on [0, 7'] which satisfies condition
(/) and define
o(t) —o(s)

6°(t) := lim sup

s—t— —S
Then
(1+#*E'(a(t))o"(t) <0 (3.5.7)
for every t € [0,T]. Indeed, let ¢, "t be such that
t)—ol(t
lim M = de(t).

k—o0 t—ty

Then condition (¢’) between t; and t can be written as
(2 =) E(o(t) + 1 (E(o(t)) — E(o(tr))) + o(t) — o(ty) < 2/t TE(o()) dr,

and (BRT) follows dividing by ¢ — ¢, and letting k — +o0.

In the last part of this section we analyze the behavior of the evolution ¢ — o(t)

distinguishing between the concavity and convexity intervals for the energy functional
E(o).

Remark 3.5.3. Let ¢t — o(t) be a left-continuous map on [0, 7] which satisfies conditions
(a), (V'), and (), and let ¢ > 0 be such that 6°(¢t) > 0. Then, by Remark and
conditions (a') and (V'), it follows that

d 1

E'o(t)) = ToL@)le=oty = — 35

which implies that o(¢) does not belong to the concavity intervals of E (o), since t — o(t) is
increasing, and ¢t — FE’(o(t)) would be decreasing, while the right-hand side is increasing.
More precisely, let (a,b) C |09, 7], with a < b, be such that o — E'(0) is strictly decreasing
on (a,b) and let ty > 0 such that o(ty) € (a,b) and d(ty) > 0 (or 6°(tg) > 0). Let ¢t > tg
with o(t) € (a,b). Then o(t) > o(ty), and condition (a’) and our assumption on E’(0)
imply
L B < Blott) = —% < - L
2 = 2

a contradiction.

In order to specify better the monotonicity needed in the above remarks we introduce
the following notion. We say that tq is a local left-constancy point for o if there exists
e > 0 such that o is constant on the interval [ty — ¢, to].

Proposition 3.5.4. Let o: [0,T] — [09,7T] be a left-continuous map which satisfies con-
ditions (a'), (V'), and ('), and let ty > 0. If
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(1) to is not a local left-constancy point for o and
(2) there exists (a,b) C |00, 7| such that E'(c) is strictly decreasing on (a,b)
then o(to) ¢ (a,b).

Proof. If ty is not a local left-constancy point for o, then, given ¢ > 0, there are ¢!, €
[to — &,t0] such that o(t!) # o(t?). Therefore, there exists t. € [ty — ¢, to[ such that
°(t.) > 0. Then [B57) together with (@) imply that 1+ t*E’(o(t.)) = 0. By Remark
Bh3 o(t.) ¢ (a,b) and we conclude by passing to the limit as ¢ — 0 (since o is left-

continuous). O

Proposition 3.5.5. Let o : [0,7] — [o0,7[ be a left-continuous map which satisfies
conditions (a'), (b'), and (¢'). Assume that E(c) is convex on (a,b) C [0¢,7]|. Then o(t)

is continuous at every t with o(t) € (a,b).

Proof. Assume by contradiction that o(t) < o(¢*). Then condition (¢’) and condition (a’)

imply
Efo(t") - E(e(t))) _ 1

o(tt) —o(t) -2

a contradiction. O

3.6 Concavity and convexity intervals for the energy

functional
In this section we consider the energy functional
o+ E(0) := min{||Dul|3: u € AD(3,0)},

and construct an explicit example of Q2 and 1) for which F(o) is concave on some subin-
terval. Let B_s denote the ball of radius 1 centred in (—2,0), let By denote the ball of
radius 1 centred in (2,0), and let I" := [-3, 3] x {0}.

For € > 0 let

T.:=]—2+cose,2 —cose[ x | —sing,sine], Q. =B _yUT.UDBs.
Further, for every o € [—3, 3] let
(o) :=[-3,0] x {0}.

Let (p,0) and (p, @) be polar coordinates around (—2,0) and (2, 0), respectively, where the
functions € and 6 are chosen, as in Proposition B.2Z2 such that §(zq,z) — —7if 25 — 0—
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B,Q B2

Figure 3.1: The set ..

and 1 < —2, 0(x1,15) — 7 if 23 — 04 and 27 < —2, and, analogously, 5(:61,@) — -7
if 1o — 0— and 1 < 2, 0(z1,22) — 7 if 23 — 0+ and z; < 2.
On 092, we define the boundary data . as follows:

(sin @ n (0B_, N 9Q.) \ (o),
sin &;‘) on (0B, NON) \ I'(0),
() = sin 5 ] =2+ cose, 0] x {sine}, (3.6.1)
—sin § on | —2+cose, 0] x {—sine},
sin £ + 52— (cos £ —sin §) n [0,2 —cose[ x {sine},
| —sin g + 5= L (sin§ —cos5) on [0,2—cose[ x {—sine}.

sin 2 sin § + 5=2t—(cos § —sin § ) i
el 2 e 3
/’/' \\» )
. ' e
! . sing
1l
L M/E }
\,\ F(U) _2 /’, . O
’ / —sing
sin §
e . o
—sin § + 5=—(sin § —cos 5 )

Figure 3.2: The boundary datum ..

For every o € | — 3, 3], let u®(0) € H*(Q. \ T'(¢)) be the solution of the problem:
E.(0) := min { / |Dul?dz : u € AD(y., 0)}. (3.6.2)
Q\T(0)

Our aim is to prove that for e sufficiently small there exists a subinterval [a, b] of [-2, 2]
such that E.(o) is concave on [a, b].
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As 0 — E.(0) is a C*-function, in order to prove that E.(c) cannot be convex on
the whole interval [—2,2], it is enough to show that the following three conditions are
satisfied:

(a) limsup,._ o+ E.(2) is finite;
(b) liminf. o+ E.(—2) = o0;
(c) limsup,_ g+ EL(—2) is finite;

where we denote by ’ the first derivative with respect to o.

In order to prove condition (a) we construct an admissible function . for E.(2) whose
energy, || D1i.||3, is bounded uniformly with respect to e. We define the open sets B, and
B~, by

B, = {(x1,29) € B_y: x5 > 0}
BZ, = {(x1,%2) € B_y : x5 < 0}.

Let vt be the solution to the following problem:

Au =0 on Bt,;
u(x) = sin @ on OB, N OB_y;
dyu =0 on | —3,—1[ x {0}.
Then the function v~ (xy, z3) := —v* (21, —x2) solves the analogue problem on B~,. Let

U be the function which coincides with the harmonic functions that satisfy the boundary
conditions on BT, on B~,, and on By, respectively, that is, @. := v on BY,, 4. := v~
on B7,, and 4. := ﬁ% sing~ on By. On T; \ (By U B_3) we define . in the following
way: on the horizontal line xo = sinf, with 6 € [—¢,¢], we set u.(x1,29) = sing for

x1 € | —24cos#,0] and then interpolate linearly with the boundary data on 0By N

T Ue(xy,20) = sing + 2_2)59((:05% — sin g) for x; € [0,2 —cosf[, if 0 < § < ¢, and

(1, 20) = —sin§ + ;=2 —(—sin§ — cos ) for z; € [0,2 — cosf], if —e <0 < 0. It is

easy to check that 4. € AD(1.,2) and that Di. is bounded in L*(Q. \ I'; R?) uniformly
with respect to €. This implies that

limsup F.(2) < lim sup/ |Dii|* dz < +o0,
Q\T(2)

e—0t e—0t

and condition (a) is satisfied.
We continue by proving condition (b), i.e., E.(—2) tends to infinity as € goes to zero.
Let us first consider the model problem

1 1
min {/ |Dul? dx : u > 5 on O R.,u< —5 on OQRE} (3.6.3)
R.
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where
R.:=10,1[x] —e,e[, OR.:=1[0,1]x{e}, OR.:=[0,1] x { —¢}. (3.6.4)

It is easy to see that problem (BX63) admits a solution and that it is equivalent to
. 2 1 1
min { |Du|*dx - u = 5 on R, u= —5 on DaR.}, (3.6.5)
R

which admits the affine solution u®(z1, z3) := 2_15 xo for every x = (1, x9) € Re.
Going back to the domain ()., let us consider the same problem with different con-
stants: the rectangle R. is defined now by

R. :=]A.,2 —cose[ x | —sine,sineg[ C 1%,

where A, is a positive constant such that .(z) > % on O R, := [A.,2 — cose] x {sine},

(and ¢.(z) < —% on D2 R. := [A.,2 —cose] x {—sine}), when ¢ is sufficiently small. Then
E.(-2) = / | Duf (—2)|2dx > / | Duf(—2)2dx > / | Du®|*dx .
Q\T(-2) . R-

Since [, [Du®[?dz — +00 as e — 0, condition (b) is proved.
It remains to show that condition (c) is satisfied, i.e., that the first derivative of
o+ E.(0) at 0 = —2 is bounded as ¢ goes to zero. Since

El(0) = —rZ(0), (3.6.6)

(for the proof see, e.g. [23, Theorem 6.4.1]), where /@E(a)\/g is the stress intensity factor
associated to u®(o) at the tip (o, 0), see Proposition B22 it is enough to show that k(o)

remains bounded when, for instance, —g <og< —%.
For o € [-5/2,—3/2], let v(0) be the solution of the following problem:

min { / |Dul?*dz : v € H'(B_3\T'(0)), u= sing on 9B, \I'(o)}.  (3.6.7)
B_2\I'(0)

Let us extend v(o) to R x [—1, 1] constantly on the horizontal lines and denote now by
v(o) this extension.
We claim that

u®(0) — v(o) strongly in H'(B_y \ I'(0)). (3.6.8)

Assuming the claim true, we now use the following characterization of k. (see Propo-

sition B23)):

K2(o) = / (D)2 — (D)) Dap + 2D Do Do i (3.6.9)
B_s\I'(0)
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with ¢ € C}(B_3) such that ¢(0,0) = 1. By [BE8) and the definition of v(c), we can
pass to the limit in the right-hand side as ¢ — 07 and define in such a way the quantity:

k(o) = /B o [((Dlv(a))2 — (Dyv(0))*) D1 + 2D1v(0) Dyv(o) Dyp| dx.  (3.6.10)

Therefore, by [B6.4),
3

5
limsup E/ (o) = —k*(0) for every — 3 <o< —5- (3.6.11)
e—07t

As, by (BEI0), k(o) is bounded, formula (B6.11) concludes the proof of condition (c).
Proof of the clatm. Let €0, := T.U By and let w, be the solution of the following problem:

min {/ |Dul?dz : w € HY(.), u = 1. on 9Q. N 8(25}. (3.6.12)
Qe

We consider a cut-off function ¢ € C*(R) such that 0 < ¢ <1, p(z1) =1 for 23 < —32,
and @(z1) = 0 for z; > —3. Then the function ¢ := pv(o) + (1 — p)w. belongs to
AD(3).,0) and

E.(0) = / |Duf (o) dx < / |DC¢|? da. (3.6.13)
Q:\I'(0) Q:\I'(0)
By convexity, we have

/ |D¢Pdr < / \Dv(a)ﬁdx—i—/ |Dw.|*dz + | |Dv(o)|*dz+
Q\I'(0) B_2\I'(0) Q.

e
+ (2Dg0(goDv(a) + (1 — @) Dw.)(v(o) — w.) + |D|*(v(o) — w€)2> dx.
T:-N(suppDyp)
(3.6.14)
Now
lim |Dv(o)|*dz = 0,
E—>0+ T
¢ (3.6.15)
lim |D*(v(0) — w.)? dx = 0,
e—0t T-N(suppDy)
and, for any n > 0,
/ 2D(eDv(0) + (1 — ¢) D )(v(0) - w,) do <
T:-N(suppDyp)
<2 DypDuv(o)(v(o) — w,) de+ (3.6.16)
T:-N(suppDyp)
! Dyl? —w.|?d Dw.|*(1 — ¢)*d
+ |Del*|v(o) — w:|"dz + 7 |Dw:|*(1 — )" dz.
n T:-N(suppDyp) T:-N(suppDyp)

Since the first two terms in the right-hand side tend to zero, it remains to prove that

lim |Dw.|*dr =0. (3.6.17)

e—0t T-N(suppDyp)
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As in the proof of condition (b), we consider first a model problem. Similarly to (B84,
we now set

R.:=]—1,0[x]|—¢,e], O1R.:=[-1,0] x{e}, 0OR.:=[-1,0] x {—¢},
and define h. as the solution to the following problem:

Ah, =0 on R.,

he =35 0 R€7
2 ona (3.6.18)
he = —% on LR,
Ihelloo < 1.
We claim that
lim / |Dh.|* dz = 0, (3.6.19)
e—0t R
where 41
R. =] —S,—S[x]—s,s[CRE.

Indeed, note that the function z.(z1, #3) := 12 solves BHIR) (for ¢ < 1). By a Cacciopoli
type estimate we obtain

|D(he = z)Pde < C | |he — 2]’ dx < C1|R.],
R. R

for some positive constants C' and C; which do not depend on ¢, hence (BGEI9) holds.
Applying this argument with

Rsz} —1,0[><]—sin5,sin5[ and Rez} — 4

l[x] : ine
—, == —sine, sine
5 5 ’

it follows that (B26.17) holds true.
B

jau]l
a
o

Figure 3.3: The rectangle R. where we apply a Cacciopoli type estimate in order to obtain

5T,
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From BET3), BEI), BEIH), BEIH), and B6TD) we deduce that

/ D (0)|2 da < / | Do(o)|? dz +/ Dw.2dz+o(l).  (3.6.20)
Q:\I'(0) B_5\I'(0) Qe
Since
[ D ()2 > / | Duw. [2dz
Qe Qe
we obtain
/ | Du(0)|2 da < / \Do(o) dz + o(1) < C (3.6.21)
B_2\I'(0) B_2\I'(0)
uniformly with respect to e. Thus, there exists u*(c) € H'(B_5 \ I'(0)) such that
uf(0) = u*(0) weakly on H'(B_5\ I'(0)), (3.6.22)
and 9
u*(o) = sin 5 on 0B_5\ I'(0). (3.6.23)

As (Duf(0), D) = 0 for every p € H'(B_5\T'(0)) with ¢ = 0 on B_,\T'(¢), by [(B6.22)
we obtain that (Du*(¢), D) = 0. By (B6.1), this fact, together with (B:6.23)), implies
that

u (o) =v(o). (3.6.24)

In addition, by the lower semicontinuity and by ([BG.21), we have

/ Du(0)|? dz < limin / D ()2 dx < / \Do(o)2dz. (3.6.25)
B_o\I'(0) B_o\T'(0)

e—0+ B_5\I'(0)

By BE22), BLE2d), and BEZH), we deduce that (BEF) holds.
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