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Abstract

This thesis is devoted to the mathematical analysis of atomistic modelling of fracture
in a crystalline solid. In particular, we focus on a single Mode III crack defect in an
infinite two-dimensional square lattice under anti-plane displacements and nearest-
neighbour interactions, show that the associated lattice equilibration problem is
well-defined over a suitable function space and discuss different regimes of the key
parameter known as the (rescaled) stress intensity factor & > 0, which in continuum
fracture mechanics characterises the strength of the stress singularity at the crack
tip and more broadly acts as a loading parameter on the crack.

In the first part of the work, we focus on the small-loading regime with k
sufficiently small and, under the assumption that interactions across the crack are
disregarded, prove existence, local uniqueness and stability of atomistic solutions
and further establish their qualitatively sharp far-field decay estimates.

The latter result requires establishing existence and decay estimates for the
corresponding lattice Green’s function in the anti-plane crack geometry, which con-
stitutes the main technical result of the thesis.

In the final part, we go beyond the small-loading regime and focus on cap-
turing crack propagation in a quasi-static analysis aided by bifurcation theory. We
provide evidence that k is a natural bifurcation parameter and that the resulting bi-
furcation diagram is a periodic “snaking curve”. Subsequently we investigate cell size
effects in a finite-cell approximation to the infinite problem by proving sharp con-
vergence rates and obtaining a superconvergence result for critical values of k. This
enables us to capture the phenomenon of lattice trapping and how it is significantly

influenced by the computational domain size.



Chapter 1

Introduction

A crystal is a solid material characterised by a periodic arrangement of its atoms
known as a lattice. Such an exactly repeating pattern is prone to being broken by a
variety of irregularities, known as defects, which can drastically alter the mechanical,
electrical and chemical properties of the underlying material [69]. Typical crystalline
defects include point defects, affecting e.g. conductivity of the material [55]; disloca-
tions, known as carriers of plastic, irreversible, deformations [48]; as well as cracks,
whose propagation facilitates the process of failure known as fracture [21].

The general aim of static modelling of defects at an atomistic scale is to find
an equilibrium configuration of atoms which contains a given defect. This can be
achieved via a variational approach, in which such an equilibrium corresponds to a
critical point of an associated energy. Our interest lies in first applying this principle
to the case of fracture, which in itself presents a number of challenges, and then
consider a related quasi-static problem of crack propagation.

The energy in the variational approach is constructed by taking into account
interactions between atoms. This procedure is particularly subtle in the case of a
crack, which in its essence concerns a situation where, following a successive loss
of an interaction bond between neighbouring atoms in a crystal, a sharp cut in
the material is formed. This process is inherently discrete in nature, hence the
modelling of fracture at an atomistic scale holds key to the full understanding of this
phenomenon.

Due to the obvious length-scale limitations of an atomistic setup, the classical
treatment of this problem, however, employs a continuum approach. Its origins can
be traced back to a classic paper by Griffith [44], in which a condition for crack
extension, known as Griffith’s criterion, is derived from the fundamental energy

theorems of thermodynamics and mechanics. It postulates existence of some critical



value k¢ of the loading parameter known as stress intensity factor (SIF), k, beyond
which it is energetically feasible for a crack to propagate. The universal insights of
this pioneering work gave rise to the well-established theory of fracture mechanics
[58], which draws heavily from the more general theory of continuum elasticity [50].
In the more recent mathematical literature, several models generalising the Griffith
theory have been proposed [30], 311 [38].

The principal motivation for our work stems from the following limitation
of the continuum approaches: Consider a domain D C R?, representing a cross-
section of a three-dimensional elastic body, with a crack set I'p C D. Given a
material-specific strain energy density function W : R>** — R U {+o0} (where
k € {1,2,3} depending on the loading mode), c.f. [56], one can hope to find a non-
trivial equilibrium displacement v : D — R* accommodating the presence of a crack

by minimising the continuum energy given by

E(u) = W(Vu)dz,
D\I'p
over a suitable function space. In line with continuum linerised elasticity (CLE), one
can approximate W by its expansion around zero to second order and obtain the

associated equilibrium equation

—div(C: Vu) =0 in D\ I'p, (1.0.1)
(C:Vu)r=0 onTIp, (1.0.2)

supplied with a suitable boundary condition coupling to the bulk [39]. Here C is the
elasticity tensor with entries (ng = 0iaigW(0).

It is well-known that regardless of the details of the geometry of D and I'p,
near the crack tip, the gradients of solutions to — exhibit a persistent
1/4/r behaviour, where r is the distance from the crack tip, c.f. [71]. The singularity
at the crack tip implies the failure of CLE to accurately describe a small region
around it where atomistic (nonlinear and discrete) effects dominate. This near-tip
nonlinear zone is argued to exhibit autonomy |21, [39], meaning that the state of
the system in the vicinity of the singular field is determined uniquely by the stress
intensity factor k, and therefore systems with the same SIF but different geometries
will behave similarly within the near-tip nonlinear zone.

In order to better understand the microscopic features of this zone, we may
exploit the spatial invariance of elasticity and zoom in on the region near the crack tip

by performing a spatial rescaling Ru(z/R), which leads to a simplified geometry of



an infinite domain with a half-infinite straight crack line, as illustrated in Figure [I.1}

As we increase the spatial rescaling parameter R we eventually approach the atomic

Figure 1.1: A schematic illustration of the setup. A domain D with the crack set
I'p =T'1 UT'y. The autonomy of the crack implies we can zoom in on each crack tip
to obtain a simplified geometry of a ball of radius R. In the limit R — oo of the
spatial rescaling we obtain a domain R? and a half-infinite crack I'y.

length-scale at which the hypothesis that the material behaves as a continuum breaks
down.

Furthermore, several atomistic studies of fracture revealed phenomena not
accounted for in the continuum description. In [24] it has been demonstrated that
crack propagation can only occur in certain directions compatible with the crystalline
arrangement of atoms. In their seminal paper, Thomson et.al. [82] introduced a
simple fracture model exhibiting a phenomenon known as lattice trapping in which
the lattice keeps the crack trapped until the stress intensity factor reaches some k4
larger than kg, thus violating Griffith’s criterion. This clearly indicates that it is
the near-crack-tip zone in which continuum descriptions fail that drives the process
of fracture and cannot be disregarded.

In the particular case of a brittle material, in which failure occurs with lit-
tle prior plastic deformation, fracture processes are key to determining macroscale
physical properties of a material. The inherently discrete nature of fracture and the
briefly described failure of continuum approaches render the task of creating accurate
and efficient simulations of this phenomenon on a large scale particularly difficult [§].
Many of the simulation techniques in operation today rely on simplifying assump-
tions which are often phenomenological; for example, it is generally unclear under
which conditions the standard continuum models of fracture mechanics become in-

valid, which in practise leads to overly conservative safety measures in engineering



designs [43].

1.1 Recent mathematical results

In the last 25 years, there has been a wealth of interest within the mathematical
community devoted to the modelling and analysis of crystalline materials and their
defects on an atomistic scale and how it relates to the classical continuum approaches.
Our ensuing study of atomistic fracture draws heavily from these efforts and thus
in what follows we give a brief account of how this rather versatile research field
developed over time, highlight different techniques and approaches employed and
discuss the appropriate key results that paved the way for our study.

1.1.1 Atomistic approaches to elasticity and their connection to
the continuum counterparts

The key early approach employed in a series of papers starting with [I3] centred
around the idea of postulating a simple, often one-dimensional model of N equis-
paced particles interacting via a (nearest-neighbour) pair-potential and employing
the framework of I'-convergence [29] to recover the corresponding continuum integral
functional as N — oo and thus justifying the continuum theory as an approximation.
This approach was subsequently generalised with the help of a broad compactness
result in [2], which the authors applied to characterise a class of I'-limits of dis-
crete energies defined on n-dimensional cubic lattices under pair-interactions with
suitable growth and decay assumptions. In this framework, however, the compu-
tation of the limiting integral representation is highly non-trivial for cases beyond
nearest-neighbour interactions and involves macroscopic homogenisation [10}, 64] and
relaxation [12].

The further difficulty when working with models beyond nearest-neighbour
interactions was laid bare in the pioneering work of Friesecke and Theil [40], who
considered a simple two-dimensional linear mass spring model and in particular
showed that the inclusion of second-nearest-neighbour interactions creates a nonlin-
earity of universal geometric nature, which in certain cases can lead to the failure of
the so-called Cauchy-Born (CB) rule, which is considered the classical link between
atomistic and continuum descriptions.

The study of the validity of the Cauchy—Born rule has been another area
of research aimed at understanding connections between atomistic and continuum
descriptions. The CB rule, as discussed in [36], or more recently in in a review paper

[35] can be summarised in laymen terms as follows: each atom in a deformed material



follows the macroscopic deformation gradient and thus the continuum stored energy
function associated to an affine deformation is given by the energy (per unit volume)
of a crystal deformed by the same mapping. This has been verified as theorem by
Friesecke and Theil in [40] for their model in the small strain regime, but also shown
to fail for large displacements as well as for certain not physically feasible choices of
interaction parameters. The validity of the CB rule in the small strain regime was
later generalised to arbitrary dimensions in [28]. These results were combined in [17]
with the aforementioned I'-convergence methods to further generalise [2] to full finite
range many body interatomic potentials and show that in the small strain regime
the limiting energy is consistent with the CB rule. Since in our study we make use
of the theory of continuum linearised elasticity (CLE) - classically understood to be
applicable in the small-strain regime - we further note that it was shown in [I5] and
subsequently generalised in [76] that one can derive CLE functionals directly from
nonlinear discrete models.

In a separate effort motivated by the fact that the machinery of I'-convergence
requires insight into the global energy minimisation and is thus inherently incompat-
ible with realistic interatomic potentials such as the Lennard-Jones potential, E and
Ming in [32] introduced a different approach. They show that, under suitable stabil-
ity assumptions, closely related to the fact that elastic deformations are only local
minimisers of the energy, solutions of certain equations of continuum elasticity are
asymptotically approximated by corresponding atomistic equilibrium configurations.
In particular, they further discuss that the CB rule holds true for elastically deformed
crystals as long as the right unit cell is used in formulating the rule. This approach
has been generalised to a large class of interatomic potentials in [68] for a simplified

geometry.

1.1.2 Atomistic modelling of point defects and dislocations

The body of work discussed in Section[I.1.1], together with [5], in which authors intro-
duce a framework allowing for a rigorous description of dislocations in an atomistic
setting, paved the way for the atomistic study of defects (in particular dislocations)
and its even more intricate relation to continuum theories.

The work of Ponsiglione in [70] exploited the machinery of I'-convergence to
obtain the first atomistic-to-continuum results for a simple anti-plane model of screw
dislocations as the lattice spacing becomes arbitrarily small. This has been extended
in [3] by characterising higher order terms in the asymptotic expansion as well as
discussing the associated dislocation dynamics.

The key framework particularly suited for the atomistic study of both point



defects and straight dislocations has been introduced in [34]. In their seminal con-
tribution, Ortner et. al. showed that the decomposition of the atomistic equilibrium
u = U + u into a far-field predictor u, and a core corrector u can be exploited to
gain quantitative insight into the locality of atomistic effects and to further prove
rigorous error estimates for finite-domain numerical simulation techniques. The far-
field predictor @ is chosen so that it both enforces the presence of the defect by
specifying a suitable boundary condition at infinity and also ensures that the core
corrections have finite energy norm. In particular, it is shown that by coupling
atomistic and continuum descriptions through the CB rule, the resultant continuum
linearised elasticity equation provides such a predictor. In this regard [34] employs
the already-mentioned view advanced by E and Ming in [32] that elastic deforma-
tions are local minimisers of the energy and hence disregard questions of existence
of solutions and simply assume that the existence of a solution with suitable sta-
bility property is an inherent feature of the lattice and the interatomic potential.
The predictor-corrector approach has also been employed in the preceding study of
a model for an anti-plane screw dislocation in [50].

The particular advantage of this approach is that it allows to quantify the
strength of atomistic effects by rigorously establishing that, in the case of a straight
dislocation, |Da(x)| ~ |z|7!, while |Du(z)| < Clx|~2log |z|, where D denotes the
discrete gradient operator. The faster decay of % encodes the locality of the defect
core relative to the far-field and can be used to prove convergence rates for finite-
domain approximations, thus allowing for a rigorous numerical analysis of various
multi-scale simulation techniques such as [9] 26} 53] 611, (62, [63], [77, [79].

We further note that the theme of locality of defects was subsequently ad-
vanced in [I9], in which authors introduced and developed techniques to substan-
tially improve the locality of core corrections by prescribing a more accurate far-field
predictor. This particular idea proves useful in the context of studying atomistic
fracture and is discussed in Chapter [3]in Section [3.6

For completeness, we conclude by mentioning that this approach was ex-
tended to point defects in multilattices in [65] and was also studied in depth in
particular case of anti-plane screw dislocations in [50] - a setup which bears a signif-

icant resemblance to the anti-plane model of fracture to be introduced in Chapter [2

1.1.3 Previous approaches to atomistic fracture

Throughout the development of many of the mathematical tools described in this
literature review, many of the studies were directly related to fracture and thus

we would like to single them out as particular relevant to our study. Already in



the pioneering work of Braides et. al. in [I3] the focus was on the phenomena of
cleavage fracture, which refers to the tendency of crystalline materials to split along
crystal planes. While in the present work we consider a more complex mechanism
of fracture, it is worth pointing to the related earlier work by Truskinovsky [83],
which to the best of our knowledge is the first article discussing atomistic fracture
as a bifurcation phenomenon. An example of a more involved model in the same
framework of simple one-dimensional atomistic models is discussed in [14], where
the authors consider a general class of suitable interatomic potentials and show that
in certain scaling regimes in the I'-limit some Griffith-type fracture energy can be
recovered. Similarly, in [II] authors consider in detail the case of next-to-nearest-
neighbour interactions and through a careful consideration of higher-order terms, the
authors are able to obtain a localisation result for fracture under the Lennard—Jones
potential.

Of particular relevance to the ensuing study of atomistic fracture are the
works of Li [59, [60], in which the tools from bifurcation theory in Banach spaces
[27] are used to numerically capture crack propagation, which is shown to follow a

snaking curve, as will be discussed in Chapter [5]in more detail.

1.2 Main results of the thesis

The primary aim of this work is to lay foundations for a robust mathematical theory
of crack propagation at an atomistic scale, which would provide a rigorous grounding
for a subsequent study of bottom-up multiscale and coarse-grained models, which
are key to bridging the gap between length-scale limitations of purely atomistic
approaches and deficiencies of a purely continuum consideration.

As mentioned in Section [[.1.2] a general approach to describe a single lo-
calised defect embedded in a homogeneous host crystal has recently been rigorously
formalised in [19] 34] 50} [65] for point defects and straight dislocations. This frame-
work, however, has so far explicitly excluded cracks due to two challenges that do
not arise for point defects and dislocations. Firstly, as is already evident when com-
paring continuum linear elasticity approaches to modelling screw dislocations [48]
and cracks [58], the latter involves a slower rate of decay of strain away from the
defect core, which makes it more difficult to prove that the corresponding atomistic
model is even well-defined.

Furthermore, in order to employ an atomistic model in the presence of a
crack, one has to consider a domain that is both discrete and inhomogeneous, since

the crack breaks translational symmetry even locally. A particularly limiting conse-



quence of this is that before one can establish results about regularity of the resulting
discrete elastic fields, one first has to prove the existence and decay properties of a
lattice Green’s function, G, in the crack geometry. While the cases of point defects
and dislocations permit a spatially homogeneous setup of the reference configura-

tion, allowing us to obtain the lattice Green’s function via the semi-discrete Fourier

transform, this approach breaks down in the presence of a crack.

Figure 1.2: The geometry of the problem with and without the crack present.

1.2.1 Chapter

Chapter 2 introduces the general framework, which can be summarised as follows.
To simplify the presentation, we restrict the analysis to a mode III fracture on a
two-dimensional square lattice A := Z2 — (1/2,1/2) with anti-plane displacements
u : A — R. In what follows we always consider an energy difference functional of
the form

E(u,k) = V(Dig(m) + Du(m)) — V(Dig(m)). (1.2.1)

meA

Here D denotes the discrete gradient operator, encoding deformed distances between
neighbouring lattice sites. Depending on the context, it will be defined in two ways
- either with interactions across the crack disregarded or included. This will be
discussed in Section [2.1] and is shown in Figure [1.2] Furthermore, V is a suitable
C? interatomic site potential with for o > 5, as discussed Section [2:3] Finally, with
details presented in Section the function 4 : A — R is the CLE solution to
— in the anti-plane setup with zero Neumann boundary condition on



the crack and is given in polar coordinates x = (r cos 6, rsin ) by

() == ky/rsin (0/2). (1.2.2)

The prefactor k is the (rescaled) stress intensity factor, which we can vary and is
conventionally set, without loss of generality, to be nonnegative. The function v is
an atomistic correction, thus the total displacement is given by 4y +u. The rigorous

details of discrete kinematics and the model are presented in Chapter

1.2.2 Chapter

In Chapter [3] we formulate the equilibration problem on a lattice in the presence of a

crack as a well-defined variational problem on an appropriate discrete Sobolev space
H.

Theorem 1. Let the discrete gradient operator D be such that it excludes interactions
across the crack. For a fized k, the energy difference functional E(-; k) in (1.2.1)) is

well-defined on H' and a-times continuously differentiable.

We further establish existence, local uniqueness and stability of equilibrium

displacements for small loading parameters.

Theorem 2. Let the discrete gradient operator D be such that it excludes interac-
tions across the crack. For a fized stress intensity factor k sufficiently small, there
exists a locally unique minimiser @ € H' of E(-; k) defined in that depends
continuously on € and, under suitable assumptions on V, satisfies strong stability,
that is there exists X > 0 such that for all v € H!

82E (s k)v,v] > )\HUH%I.

Crucially, we also prove qualitatively sharp far-field decay estimates of the
atomistic core contribution to the equilibrium fields in order to quantify the “range”

of atomistic effects.

Theorem 3. For any k € R fized, every critical point i € H' of the energy difference

functional £(-; k) in (1.2.1)) satisfies
|Da(l)] S kjI| 32, (1.2.3)

for any § >0 and l € A with |l| large enough.



1.2.3 Chapter

The regularity result ((1.2.3)) requires a careful characterisation of the lattice Green’s
function in the crack geometry, which is schematically shown in Figure[I.3]and which

we define as follows.

Figure 1.3: A schematic representation of the lattice Green’s function in the crack
geometry with a point-source s at the centre of the dark blue bonds.

Definition 4. Let the discrete gradient operator D be such that it excludes inter-
actions across the crack and define the Hessian operator H as a discrete divergence
of D. A function G: A x A — R is said to be a lattice Green’s function G for the

anti-plane crack geometry if for all m,s € A,

HG(m,s) = Oms
G(m,s) =G(s,m),

where d,,s denotes the Kronecker delta and H is the Hessian operator applied with

respect to first variable.

We note that in our setup the more general notion of the Hessian operator
H coincides with the notion of a discrete Laplacian, however in more general setups
it is not necessarily the case. This is highlighted in Chapter |4]in (4.1.2)).
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Chapter [ is devoted the study of G. We overcome the problem of inhomo-
geneity of the domain and are able to prove existence and decay estimates for G. The
approach employed is centred around the observation that the problem of finding G
can itself be cast as an instance of coupling between continuum and atomistic de-
scriptions, as we prescribe the explicit continuum Green’s function G as a boundary
condition. This construction ensures the existence of G and is then followed by a

technically involved argument establishing the decay properties of G.

Theorem 5. There exists a lattice Green’s function G : A x A — R such that, for
any 6 > 0,
ID1D2G(1, 8)] S (1+ [w(D)]|w(s)||w(l) = w(s)**) 7

where D (respectively Do) is the discrete gradient operator with respect to first (resp.
second) variable and w is the suitably defined complex square root mapping, which

will be introduced in Section [2.7)

1.2.4 Chapter

In order to capture crack propagation at an atomistic scale, one has to go beyond
the small-loading regime of Chapter In Chapter [5] we do this by introducing
an extended framework in which atomistic crack propagation can be captured by
tracing a continuous curve of critical points of the energy difference introduced in
(1.2.1). The mathematical tools we exploit to do so are taken from bifurcation
theory in Banach spaces [27]. While this idea has already been explored numerically
in [59, [60], a key new conceptual insight is that the stress intensity factor k, which
acts as a measure of stability in continuum fracture can be interpreted as the “loading
parameter” on the atomistic crack through the far-field boundary condition allowing
us to obtain rigorous results about cell size effects.

More specifically, it is clear from that the SIF enters the model as a
scaling parameter multiplying the CLE solution, and so varying it naturally leads to
a bifurcation diagram. Moreover, the fact that the CLE crack equilibrium displace-
ment does not belong to the energy space ! suggests that the bifurcation diagram
consists solely of regular points and quadratic fold points, at which the equilibria
found transition from being linearly stable to linearly unstable (or vice versa).

This observation and the numerical evidence we obtain together motivate
structural assumptions on the bifurcation diagram: we assume (and confirm nu-
merically) that it is a ‘snaking curve’ [80] with the stability of solutions changing
at each bifurcation point. In particular, under our assumptions, a jump from one

stable segment to another captures the propagation of the crack through one lattice

11



cell, with the unstable segment that is crossed in that jump being the collection of
corresponding saddle points, which represent the energetic barrier which must be
overcome for crack propagation to occur at a given value of the SIF. This allows us
to capture the phenomenon of lattice trapping [45, 82], which in this context refers
to the idea that in discrete models of fracture there can exist a range of values of SIF
for which the crack remains locally stable despite being above or below the critical
Griffith stress.

The notable difference in the models considered in Chapters [3] & [5] is that
in Chapter [3, in order to prove that the variational problem is well-posed, the in-
teractions crossing the crack were explicitly removed by a suitable definition of the
discrete gradient D; by contrast, in Chapter [5] we modify D so that they are included
in the interaction range, and instead, the fact that they are effectively broken is en-
coded in the interatomic potential and in the strain. This gives rise to a physically
realistic periodic bifurcation diagram, for which we subsequently prove regularity
results both in terms of its smoothness as a submanifold of an appropriate space, as
well as uniform spatial regularity of the equilibria along the corresponding solution
path. These results can be considered as analogues of Theorems[1] & [3| In contrast,
the corresponding result equivalent to Theorem [2| has to be assumed.

Our results for the infinite lattice model naturally lead to an investigation of
the numerical approximation of these solutions on a finite-domain. In Chapter [3] we
develop the technical tools to establish sharp convergence rates as the domain radius
tends to infinity and subsequently use them in Chapter [5 with the notable novelty

that there the results apply uniformly to finite segments of the bifurcation diagram.

Theorem 6. Let the discrete gradient operator be such that it includes the in-
teractions across the crack and R denote the radius of a computational domain
Agr := AN Bgr(0). For any B > 0 there exists Ry large enough such that for all
R > Ry, there exists an approzimate bifurcation path {(af, k) € H' x Ry}, where
all © A — R with uf(m) = 0 for m ¢ Ag such that

alt — gl + K — k| < RTV/2HP 1.2.4
S H S ~
and
|E@f, kF) — £(ue, ky)| S BT, (1.2.5)

where s denotes the arc-length parameter.

Moreover, in Chapter [5| we establish a superconvergence result for the critical

12



values of the SIF at which fold point bifurcations occur with estimates of the form
kit — k| S R8P for any 8> 0. (1.2.6)

Since the unstable segments of bifurcation diagram correspond to index—1 saddle
points of the energy, our work in this regard also extends the convergence results
of [16] for saddle point configurations of point defects and suggests possible future

extensions to a full transition state analysis [6l (18] [37, 46 [84].
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Chapter 2

The atomistic model of anti-plane

fracture

In this chapter we introduce the general formulation of the model under considera-
tion. We begin by describing the discrete kinematics, emphasising the subtle role of
the interactions across the crack. Subsequently we discuss the function space setup,
followed by a detailed discussion about the assumptions on the interatomic poten-
tial and how the discrete setup can be coupled with the continuum elasticity via the
Cauchy-Born rule. Finally, we provide a rigorous definition of the atomistic energy
difference introduced in in the Introduction.

2.1 Discrete kinematics

Let A denote the shifted two dimensional square lattice defined by

We consider a crack opening along
Fo = {($1,0)|£C1 SO} (211)

and distinguish the collection of lattice points directly above and below I'y. These

are defined as
Iy = {m=(mi,ms) € A’ml <0 and my = £1}

and we refer to Figure for a visualisation of the setup. For the purposes of our
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Figure 2.1: The geometry of the problem with and without the bonds across the
crack. The (predicted) crack tip depicted by a red dot. In (]E[) the crack cut Iy
from is shown as a dashed black line and the lattice points on I';. and I'_ are
highlighted.

analysis, it is helpful to consider two notions of interaction neighbourhood for lattice
points. First, the nearest neighbour (NN) directions of the homogeneous square
lattice are given by

R = {e1,e2,—e1, —e2}.

Second, in many cases we may wish to modify these interaction neighbourhoods by
disregarding the directions across the crack, as the basic modelling assumption used
in treating a crack is that these bonds are effectively broken. For any m € A, we

therefore define

Rm) = R for m¢g (Dy UT-), (2.12)
R\ {:Feg} for m € I'y.

For an anti—plane displacement defined on the lattice u: A — R, we define
the finite difference operator as D,u(x) := u(x +p) —u(x) and introduce two notions
of the discrete gradient, denoted by Du(m), Du(m) € R® and defined as

(Du(m))p = Dyu(m), (2.1.3a)
(Dum)), = | Do) o R, (2.1.3b)
0 if p € R(m).
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Figure 2.2: The visual representation of Du(m) from (2.1.3).

The discrete gradient Du therefore corresponds to homogeneous NN interactions,
whereas Du reflects a defective lattice, as when m € I'y, the components of Du(m)

which correspond to erased lattice directions are always null. A visualisation is
provided in Figure

Remark 2.1.1. For future reference, we note that in Chapters [3] & [4] we are only
concerned with the formulation of the model with bonds across the crack disregarded.
In Chapter [5] however, we will shift our attention to the formulation in which they

are included.

2.2 Function space setup

The introduction of the discrete gradient operator D that disregards interactions
across the crack allows us to define the appropriate discrete energy space (discrete
Sobolev space) for handling arbitrarily large differences in the far—field displacements

across the crack,
b.— {u: A — R | Due(?and u(%,%) :0}, (2.2.1)

which has associated norm
1/2

1/2
lullga == [Dulle2 = (Z !DU(m)!2> =1> > @

meA meA peR(m)
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and inner product

(u,v) g1 1= Z Du(m) - Dv(m) = Z Z D,u(m)D,v(m).

meA meA peR(m)
The choice to restrict u(%, %) = 0 ensures that only one constant displacement lies

in the space, making || - ||;;; @ norm. This restriction will play a subtle role in the
analysis of the lattice Green’s function in Chapter [ We stress that it is the ’crack-
aware’ discrete gradient D defined in that is used to define H!, emphasising
the fact that arbitrarily large finite differences across the crack are allowed.
For analytical purposes, we also introduce the space of compactly supported
displacements,
HE :={u : A — R| supp(Du) is compact}. (2.2.2)

Functions in this space will be employed throughout as test functions

2.3 Assumptions on the interatomic potential

Throughout the thesis, we consider an interatomic potential V : R® — R, which is
a material-specific function capturing interactions between atoms. In what follows

we assume it to be a nearest-neighbour pair-potential of the form

V(Du(m)) = ¢((Du(m)),), (2.3.1)
PER

with ¢ € C*R) for o > 5 satisfying ¢(0) = 0, ¢(—r) = ¢(r) and ¢"(0) = 1.
The assumption ¢(0) = 0 is made without loss of generality since we may always
replace ¢(r) — ¢(r) — ¢(0) without changing the energy difference. The assumption
¢(—r) = ¢(r) is consistent with anti-plane mirror symmetry (see also [19, Section
2.2.| and the relevant discussion in Section [3.6). We note it thus follows that
¢'(0) = ¢"(0) = 0. Finally ¢”(0) = 1 may be assumed without loss of generality as
long as ¢"(0) > 0 (upon replacing ¢(r) — c¢¢(r)). This latter condition is equivalent

to lattice stability [32] [34] [50], which is satisfied for virtually all bulk materials.
We further note the condition ¢(0) = 0 is compatible with the fact that
the ‘crack-aware’ gradient operator D is used to define the space H! in .
However, as mentioned in Remark in Chapter [5]| we will consider a setup with
the interactions across the crack included. This raises the issue that for any m € I'x

and p & R(m) crossing the crack surface, we have D,i(m) ~ |m|'/2. This will be
shown in ([5.5.11). Thus, in order to avoid summation difficulties, we introduce a
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further assumption that the pair-potential satisfies
there exists Ry > 0 such that ¢'(r) =0 Vr with |[r] > Ry. (2.3.2)

Such an assumption is sufficient for our purposes and simplifies the exposition, but
can be easily replaced by an appropriate decay property (e.g. exponential or suffi-

ciently fast algebraic decay).

Remark 2.3.1. For future reference, we note that in Chapter [3] we are only concerned
with the setup where bonds across the crack are disregarded, hence (2.3.2)) is not

assumed there.

2.4 Cauchy-Born rule and continuum linearised elastic-
ity

With V' specified, we invoke the Cauchy-Born rule [32] [68], as already discussed in
Section and couple the atomistic potential V' with its continuum counterpart
W: R? — R (the so-called Cauchy-Born strain energy function), via W (F) :=
V((F - p)per). Subsequently, we expand W around 0 to second order (compare

with the derivation of (1.0.1)-(1.0.2)) in the Introduction) to obtain the resulting
anti-plane CLE equation

~At =0 in R?\TY, (2.4.1)
Vi-v=0 on I'o\{0},

with the boundary condition corresponding to a crack at I'y. The particularly simple
form of the equation is due to the fact that under the Cauchy-Born coupling we have
§2W(0) = cld, as explicitly calculated in [19].

This equation has infinitely many solutions with the canonical choice being
the sole solution (up to rescaling) that ensures local integrability near the crack tip
and induces a stress which decays at infinity [78]. This solution can be characterised
via the complex square root mapping w: R? — R2. In polar coordinates, z =

(rycos By, sinf,) € R%\ Iy, it is given by

w(z) = (wi(x),ws(z)) = (Vg cos (%), resin (%)) (2.4.2)
and the canonical solution to ([2.4.1)) is
g (z) = kwa(z). (2.4.3)
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Here k is the (rescaled) stress intensity factor, which in continuum linear elastic
fracture mechanics measures the intensity of the singular field near the crack tip, as
discussed in [78, Chapter 3|. In our case, it acts as a loading parameter. Without

loss of generality we assume k > 0, as

a_k(z) = ky/rgsin (—%) = @ ((21, —22)).

As per Lemma below, we further note that |V7a(z)| < |z|'/277 for any j € N,
|z| > 0.

Remark 2.4.1. While in the case of an anti-plane screw dislocation the predictor
tis derived from CLE only just fails to be in the discrete energy space H! (namely
Diig € (710 for any § > 0, as described e.g. in [48]), in the case of a crack it is only
true that D@ € 419, This phenomenon is a key reason why the analysis of a general
crack defect is more involved. In the anti-plane case one way of circumventing it is
to impose the assumption of mirror symmetry, which in our setup is equivalent to
¢"(0) = 0, but in a more general setup it is an open problem. We refer to Section

[3.6] for an extended discussion.

Remark 2.4.2. In Chapter (3| we disregard interactions across the crack, thus the
(trivial) case k = 0 is included and thus in that chapter we assume k& > 0. However,
in order to include interactions across the crack in our model, as will be the case in

Chapter [5], it is necessary to assume that in fact £ > 0.

2.5 Definition of energy

Throughout the thesis we consider the energy difference functional £ : H! xR — R
given by

E(u,k) = V(Ditg(m) + Du(m)) — V(Dig(m)), (2.5.1)

meA

where either ©® = D (in Chapters& or® = D (in Chapter|5). Here V : RR R
is a suitable interatomic site potential as discussed in Section 2.3 and 4y : A — R
is the CLE predictor, introduced in Section The function v € H! is a core
correction, thus the total displacement is given by y = 3 + u. The renormalisation
in the form of subtracting contributions of the CLE solution is crucial in that it
ensures the resulting variational model is well-defined on a Hilbert space H!, even

though y & H'.
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In what follows, we are interested in characterising the set
S = {(u,k) € H' x R|5,E(u, k) =0 € (H')*},

where 6, : H! xR — (H')* is the partial Fréchet derivative of £ with respect to
w and will be shown in Chapters |3 and |5 to be given by, for any v € H?,

(0u(u, k), v) = > VV(Di(m) + Du(m)) - Dv(m).

meA

Importantly, any (@, k) € S gives rise to an equilibrium displacement § = Uy, + u.
The premise of this formulation is three-fold. Firstly, by treating u as a
perturbation of 4, it seeks to validate CLE as an accurate approximation of the
atomistic effects away from the defect core in a crack defect setup. On the other
hand, it also shows that the CLE solution can serve as an appropriate boundary
condition for finite-domain numerical computation in a discrete setup, as tested in
numerical tests described in Sections & Finally, the inclusion of the stress
intensity factor k as a variable makes this formulation consistent with the abstract

framework of bifurcation theory on Banach spaces.

Remark 2.5.1. For future reference, we note that in Chapter 3| we are only concerned
with the small loading regime where k is kept fixed and assumed small enough. In
Chapter [5| on the other hand k is varied and is the key to tracing a bifurcation

diagram corresponding to crack propagation.
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Chapter 3
The small loading regime

In this chapter we rigorously formulate the equilibration problem on a lattice in
the presence of the crack for a small enough loading parameter. In particular, we
are concerned with proving Theorem [I} Theorem [2] and Theorem [3| which together
establish that the underlying variational problem is well-defined, that in the small-
loading regime there exists a locally unique stable atomistic equilibrium and that its

far-field decay, i.e. the locality of the core corrector, can be sharply estimated.

3.1 Introduction and notation

Throughout this chapter we consider the energy introduced in Section in the
small loading regime, that is when the stress intensity factor k£ introduced in Sec-
tion is sufficiently small and the interactions across the crack are excluded, as
discussed in Section 2.1]
To be precise, we consider the energy difference functional £ : H! x R — R
given by
E(u, k) = Z V (Dt (m) + Du(m)) — V(Dug(m)), (3.1.1)
meA
where 1 was defined in . We recall that D defined in is the discrete
gradient operator that disregards interactions across the crack, V' is the interatomic
potential introduced in (2.3.1)) (noting that the additional assumption on the pair-
potential introduced in is not assumed in this chapter). Subsequently we set
the stress intensity factor & introduced in to be small enough and in view of

the fact that k is fixed throughout, we resort to a minor abuse of notation

E(u) :==E(usk) (3.1.2)
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to simplify presentation.

Outline of the chapter: In Section [3.2] we state the main results rigorously.
In Section [3.3] we consider the finite-domain approximation and prove the small-
loading regime equivalent of the convergence rate in . The numerical tests
are presented in Section The discussion about the model is in Section We

conclude the treatment of small-loading regime by gathering proofs in Section [3.5]

3.2 Results about the model

Following the theory developed in [19, [34] [50] for point defects and straight disloca-

tions, we formulate the static crack model as a minimisation problem
find @ € argmin&, (3.2.1)
’}_Ll

with the energy difference functional defined in (3.1.2). We proceed to state the

main results of this chapter.

Theorem 3.2.1. The energy difference functional £ in is well-defined on
HY and a-times continuously differentiable. Furthermore, for k sufficiently small,
the minimisation problem has a locally unique solution u € HY that depends
continuously on k and satisfies strong stability: there exists A > 0 such that for all
veH

528 (@) v, v] = AJjv (3.2.2)

2
||7-L1

For the proof, see Section [3.5.2]

Theorem 3.2.2. For any k > 0, every critical point of the energy difference func-

tional £ in (2.5.1) satisfies
IDu(D)| S k|t =22, (3.2.3)

for any 6 > 0 and |l| large enough.

For the proof, see Section [3.5.2] The sharpness of this result is tested numer-
ically in Section . The appearance of arbitrarily small § > 0 in is due to
the way we construct the lattice Green’s function, as will be discussed in Chapter
after Theorem 2.2
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3.3 Rate of convergence to the thermodynamic limit

In this section we consider a supercell approximation to (3.2.1) on a finite domain
confined to a ball of radius R and establish the rate of convergence as R — oo.
The setup is similar to the one descibed in [19, [34], that is we consider a
domain BR NA C Qr C A with the boundary condition @ on A\ Qg and state it as
a Galerkin approximation
find up € arg H7_1[iong, (3.3.1)

R

where

HY:={v: A= R|v=0in A\ Qr}.

We now prove that the finite-domain approximate problem has a solution and how

it relates to the solution of the infinite problem.

Theorem 3.3.1. If 4 is a solution to (3.2.1)) that is strongly stable in the sense of
(13.2.2)), then for all B > 0, there exist C, Ry > 0 such that for all R > Ry, there

exists a stable solution upr to (3.3.1)) satisfying
iR — il < CR™VE,

The proof of the statement follows almost immediately from the correspond-
ing result in [33] Theorem 3.8|, as long as we extend the discrete Poincaré inequality
described therein to the domain with a crack. This requires a construction of a
suitable interpolation operator that correctly takes into account the region between
I'g and 'y UT_. This construction shall be carried out as part of the proof of The-

orem [3.2.1] For the sake of completeness we present a detailed proof of Theorem

B3 in Section 3.5.3

3.4 Numerical results

In this section we present results of numerical tests that confirm the rate of decay of
| D) established in Theorem and the convergence rate from Theorem . The
setup precisely follows the one described in [19, Section 3|, with the pair-potential
employed given by

o(r) = é(l — exp(—3r?)).

Theorem suggests that |Da(z)| < |«|73/2, while Theorem suggests that
in the supercell approximation (3.3.1) we expect ||ur — @l[z1 ~ O(R~1/?), where
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R is the size of the domain. To compute equilibria we employ a standard Newton
scheme, terminating at an ¢*°-residual of 107%.

In Figure we plot the decay of |Du| rescaled by the value of k used, as
well as the convergence rate to the thermodynamic limit, confirming the predictions
of Theorems and 3371

Remark 3.4.1. We also carried out a similar set of tests for the anti-plane crack prob-
lem on a triangular lattice, obtaining qualitatively equivalent results. This indicates
that the current restriction to the square lattice has purely technical origins and that

it is to be expected that it is possible to extend our results to other Bravais lattices.
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Figure 3.1: The decay of the corrector rescaled by the loading parameter, i.e. %]Dﬁ\,
for different values of k. Transparent dots denote data points (|z|,|Du(x)|), solid
curves their envelopes. We observe the expected rate of |z|~%/? and the linear scal-
ing of Du is evident. Bottom right: The rate of convergence of the corresponding
supercell approximation. The expected rate R~/2 is observed.

3.5 Proofs

3.5.1 Additional concepts

In this section we introduce the remaining notation and concepts to be used through-

out that were left out of the introductory section of this chapter.
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Firstly, we define sets
Qp = {IL’ERZ‘.Tl < % and x9 € (—%,%)}\Fo, I':= 8Qp\1“0, (3.5.1)

with ' being the line that includes lattice points encompassing I'g and, similarly, Qr
being the space that I' encompasses, except for I'g itself.

We further comment on the definition of the gradient operator D in
and why we set the contribution of a bond across the crack to zero. This formulation
allows us to sum by parts in a convenient way. For instance, for any u,v: A - R

with compact support, we have that

> > Dyu(m)Dyo(m) = > Du(m)-Dv(m) =Y (—DivDu(m))v(m),

meA peR(m) meA meA

where the discrete divergence operator Div is defined as

Divg(m) := — Z gp(m —p) — gp(m), forg: A —RF. (3.5.2)
PER

Here we note that R is a standard short-hand notation for RI®I, where |R| denotes
the number of elements of R, which at the same time introduces ordering with
respect to interaction stencils p € R. In our case we have R = {e1, —ej1, €2, —€32}, so
|R| = 4, which implies R® is a four-dimensional space and thus if g : A — R?, then
g(m) = (9,(m)) e

In the following it is often of interest to only sum over bonds at the crack
surface. To this end, for any m € A and p € R(m), we introduce the notation

b(m,p):={m+tp|t € [0,1]} and the following short-hand summation notation

2. = X

b(m,p)CT  meA,peR(m),
b(m,p)CT

together with an analogous definition for bonds not on the crack surface. Likewise,
it is important to distinguish the following sets corresponding to the unit square

centered at the origin
Qo:=rN[-33% Qo:=QnNT. (3.5.3)

We also introduce a shorthand notation related to the complex square root mapping,

we = w(z), Wy i=w(@) —w(s), wl=w)+w(s) (3.5.4)
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and quote the following standard result without proof.

Lemma 3.5.1. For j € N, the complex square root map w defined in (2.4.2) satisfies

Viw(@)| S |22

3.5.2 Proofs for static anti-plane crack model
Proof of Theorem [3.2.1]

We separate the proof into two parts, with one devoted to £ defined in (3.1.2]) and
the other to the solution to (3.2.1]).

The energy difference functional £ is well-defined and differentiable: For

any v : A — R with compact support we can rewrite the energy difference functional
£ as

E(v) = &(v) + (6€(0), v), (3.5.5)

where

Z Z ( m) + Dyv(m)) — QZ)(Dpﬂ(m))—¢/(Dpﬂ(m))Dpv(m))

meA peR(m)

and

=> > D po(m).

meA peR(m))
Since ¢ € C*(R) for a > 5, a simple Taylor expansion argument ensures that &
is well-defined on H' (cf. [34]). Thus the proof relies on showing that 6€(0) is a
bounded linear functional on H!, as then (3.5.5) holds for any v € H!. Noting that
¢'(0) = ¢"(0) =0 and ¢"(0) = 1, we Taylor-expand ¢’ around zero to get

> Di(m

meA

(0€(0), v)| 5

+ Z Rgy(m) - Dv(m)( , (3.5.6)

meA

where Ry represents the higher-order terms in the Taylor expansion and is given by

W) (Em)
24

(Ro(m)), = Dyi(m)*,

where &, € [0, D,a(m)]. Due to the fact for all m € A, |Da(m)| < |m|~V/2 < C
and the fact that ¢ € C*(R) for o > 5, it is immediate that ¢(*)(£,,) is bounded
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uniformly and hence

|R(m)] < |m| 5/ (3:5.7)

and hence

S 1Dz

>~ Ry(m) - Dv(m)

meA
It remains to estimate the first term of the right-hand side of (3.5.6]). To this end we
shall exploit the fact that @ solves the equation given by (2.4.1]), in particular after

constructing a suitable interpolation operator that takes any lattice function to the

continuum space. Firstly we tessellate the domain R? \ Ty as follows. We carve the
squares in the lattice into two right-angle triangles and introduce a (P1) piecewise
linear interpolation operator I over the resulting triangulation (see Figure .

In order to exploit the boundary condition that @ satisfies (c.f. (2.4.1)), we
also want Iv to be well-defined on 2 and continuous across I'. Away from the
defect core this is possible by extending it so that it aligns with the the values of
Iv(z) for z € T' and is constant in the normal direction, as shown in Figure
Additionally, near the origin we create two new interpolation points as shown in
Figure |3.2] one at the origin and one in-between points a and d and we denote it
by ad. We define the interpolation there as Tu(0) == % (u(a) + u(b) + u(c) + u(d))
and lim_ — u(z) = u(d) whereas lim_— u(z) = u(a), emphasising the fact that the
resulting P1 interpolant does not need to be continuous across I'y, but is continuous
across the triangle 75.

We can thus write

0= CA/ (—AU(z))Iv(x) dx = CA/ Via(z) - VIv(z) dx,
R2\I'g R2\T'g
where in particular the second equality follows from integration by parts and the
boundary term is not there due to the boundary condition in (2.4.1). Hence we in

fact aim to estimate

mZg;\(Dﬂ(m), Duv(m)) — Cx /RQ\(QFUFO) Vi(zx) - VIv(z) — Cy 0. Vi(zx) - VIv(zx).

Remark 3.5.2. The constant C) depends on the lattice under consideration. In the
case of the square lattice, Cy = 2, but for in instance if we were to consider the
triangular lattice with NN interactions, the constant would be 2v/3. The freedom
of choice is a consequence of the fact that @ satisfies Laplace equation with zero

Neumann boundary condition. It also justifies why @ is a valid predictor for any
choice of the stress intensity factor k in (2.4.3]). This is in contrast with the work in
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Figure 3.2: di_-ib The tessellation of the domain R? \ I'g, with triangles away from
the crack and rectangles at the crack surface. In blue a typical region of integration
associated with a bond.

(]EI) For some lattice function u : A — R each red dot represents the point in the three
dimensional space corresponding to (I1,l2,u(l)) for some lattice point [ € A. The
orange region represents the graph of the corresponding interpolant Iu, in particular
clearly illustrating its extension to Qr \ I'g (here looking from above).

Near the origin we create two additional interpolation points, one at the origin
and one half-way between lattice points on the crack surface closest to the origin
and impose a triangulation as shown. The resulting P1 interpolation introduces a
collection triangles {71,...,T5} and we stress that Ju is not continuous across the
common edge of 77 and T5.

Chapter ] on the lattice Green’s function in the anti-plane crack geometry, where in
a corresponding argument, to be discussed in Section we have to prescribe the

correct constant in the equation for the corresponding predictor.

The triangulation of R? \ Qr induced by the P1 interpolation introduces a
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collection of triangles 7. Inside any given T € T both components of VIv are
constant and each corresponds to D,v(l) for some bond b(l, p) being an edge of T'.

As a result we can write

C'A/ Vi(z) - VIv(x V,i(x)dx | Dyv(m),
IPRCCRZIEES v ol R CTH PR

meA peR(m)

where Uy, is the union of triangles for which a given bond b(m, p) is an edge (cf.
Figure . The constant Cy = 2 disappears due to the fact that the set of lattice
directions under consideration counts each bond twice.

A similar analysis is applicable to the integral over Qp. Away from g (the
unit square centred at the origin defined in ), it can be tessellated into a
collection of rectangles (Qmp), each associated with one lattice bond b(m, p) C T'\ Qo
(cf. Figure , where we recall Qp = Q¢ N I'. Due to how we construct the

interpolant of v, we can thus conclude that
C’A/ Vi(z) - VIv(z)dx = Z ( V() dm) D,v(m).
fr\(h) b(m.p)C(M\Qo) \” @rme

It can also be readily checked that (using the notation from Figure

A Va(z,s) - VIv(z)dr = Cpq(v(b) —v(a)) + Cep(v(c) — v(b)) + Cyc(v(d) — v(c)),

where the coefficients are given by

1
Cha = 7(3 Veia+2 | Vei+ | Veat+ | Veart veza—/ vela),
2 T Ty Ty T3 Ty Ts

(3.5.8)
Cupi= ( Vei+ | Vit [ Veat+ | Vei —/ vela), (3.5.9)
Tl T2 T3 T4 T5
1
Ce 1= f( Veiit | Vei— | Veia—2[ Vea+ v€2a—3/ vela).
2 T1 TQ T3 T4 T4 T5
(3.5.10)

We note that the directions with respect to which finite differences are taken can be

reversed, thus we also define

Cop = —Chq, Cpe = —Ccp and C,q:= —Cg. (3.5.11)

29



We can therefore write

Y Di(m)-Dv(m)= ) (Dpﬂ(m)— V() dx) Dv(m)

meA b(m.)ZT Ume

Py (Dpﬁ(m)— /U . vpa(x)dx> D,v(m)

b(m,p)C(I'\Qo)

+ Z (Dpti(m) = Cptpm) Dpv(m),
b(m,p)CQo

where the coefficients Cyy,4pm are given by (3.5.8)-(3.5.11)). Since

1
/ |Vi(x)|de ,S/ 2 de < oo,
B1(0)\I'o 0

it is clear that for any b(m, p) C Qo, ( p(m) — Cryyp,m) can be bounded uniformly.
Bearing in mind that D,u(m fo pu(m + tp)dt and observing that for

b(m,p) ¢ T, we have |Up,| = 1, we exploit the fact that both regions of in-

tegration share the same mid-point. A Taylor expansion around the mid-point

e = 3 (m +m+ p) yields

D,ii(m) / dt+/ vV (V )-(m+tp—mm,)dt  (3.5.12)
T / V2 (61 (m))) [m + tp — 1,2 dt
0
and

Y i(e) dz = V,a(ri,) / da (3.5.13)
Ump

/ /1 V(9 ,i(y)) - <m+p2<>+p1 (8) —mp> ds dt

+ V2 (V,a(&2(m))) [z — m,)? do

Ump

Ump

where & (m), & (m) € R? depend on m and are such that |, — &(m)| < 1/2 (the

Lagrange form of the remainder). It can then be explicitly calculated that

1 1
|V (Vi) - - tp = i) de =5 (T,iiing)) - [ (¢ 1/2)dt =0
0 0
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and similarly it can be verified that, for any p € R,

1 pl—t s "
/0 /_t V (Vyu(my)) - <m+,02 <t> + p1 (s) mp> dsdt = 0.

It thus follows that

b(m,p) ¢ T = |D,,a(m)— V,a(x) de| < [V3a(m)|.

Unmp

On the other hand, for b(m, p) C T'\ Qo there is only one triangle and thus
|Upmp| = %, but we also have |Qyn,| = 5. While regions of integration no longer share
a mid-point, we still Taylor-expand and realise that the constant terms in
and still cancel one another out, implying that

b(m,p) CT'\ Qy = ‘D,)a(m)—/U V,a(x) de| < [V2a(m)|.

pUQmp

Finally, since Lemma implies that for both j = 2,3 and m € A with m =~ 0 we
have |V74(m)| ~ O(1) (in particular finite since |m| > % as we consider a shifted

lattice), we can incorporate any bond b(m, p) C Qo into the general conclusion that

Z Di(m) - Dv(m)

meA

S Y IVRam)|[Dpe(m)| + Y [VEa(m)[|Dyv(m))|
b(m,p)¢T’ b(m,p)CT"

(3.5.14)

and since |V3a(m)| < |m|~%/? and |V2a(m)| < |m|~3/2, then

> Di(m) - Dv(m)

meA

S 1D

Thus we can conclude that for any v € 7:[17
[(6€(0), v)| < [|Dvllg2.

The fact that £ is at least a-times continuously differentiable then naturally follows
from ¢ € C*(R), see [68] for an analogous argument.

This proves the first statement of Theorem [3.2.1

Existence, local uniqueness, and strong-stability of solutions: We begin by

quoting the Implicit Function Theorem, adapted from [57]:
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Theorem 3.5.3 (Implicit Function Theorem). Let X, Y, Z be Banach spaces. Let
the mapping ' : X XY — Z be continuously Fréchet differentiable with respect
to both x and y. If (zo,y0) € X XY, F(xo,y0) = 0 and the mapping z
DF(xg,y0)(x,0) is a Banach space isomorphism from X onto Z, then there exist
neighbourhoods U of xg and V' of yo and a Fréchet differentiable function g : V — U
such that F(g(y),y) = 0 and F(x,y) = 0 if and only if x = g(y), for all (x,y) €
UxV.

In our setting, we have X = HLY =R and Z = (7—[1)* Interpreting again
the energy difference functional £ as defined on H! x R we set F := §,E. We
notice that for k& = 0 we have a trivial solution @y = 0, thus giving us the pair
(79, 0) € H' x R. We further observe that

(DF (ug,0)(v,0), w) = 62& (up, 0)[v, w] = Z #"(0)Dv(m) - Dw(m)
meA

and since ¢”(0) = 1, the mapping DF(ug,0)(-,0) is indeed an isomorphism, as it
is in fact the Riesz map from Riesz Representation Theorem for Hilbert spaces (cf.
7).

Hence all the assumptions of the theorem are fulfilled and we can conclude
that in a neighbourhood of (@,0) we have a unique solution path of the form
{(u(k), k) |k € [0, kerit)} with continuous dependence of u on k. The strong-stability
(13.2.2) of solutions for k..;; small enough follows from the fact that it is trivially
satisfied for up with A = ¢”(0) = 1 and the continuous dependence of solutions on

k, as we can always write
(02€ (u(k), k)v, v) = ((62€ (u(k), k) — 62&(uo, 0)) v, v) + (62€ (ug, 0)v, v)
and we have
(02 (u(k), k) = 52E (ug, 0)v, v)| S [lu(k) = uollg 017 S EllvllZ:-
This concludes the proof of the latter statement of Theorem [3.2:1] O

Proof of Theorem [3.2.2

We begin by stating the definition of a lattice Green’s function for an anti-plane

crack geometry.

Definition 3.5.4. A function G : A x A — R is said to be a lattice Green’s function
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G for the anti-plane crack geometry if for all m,s € A,

HG(m,s) = Oms (3.5.15a)
G(m,s) =G(s,m), (3.5.15Db)

where 0,,s denotes the Kronecker delta and H := —Div D (recall (3.5.2))) is applied
with respect to the first variable.

It will be shown in Chapter [4 in Theorem [£.2.2] that there exists a function
satisfying this definition and further satisfying, for any § > 0,

— 12—\ —
[Dpo(m)] S (1 + Jwml ey, *7°) 7

where v(m) ;== G(m,l+7) — G(m, 1) with 7 € R(l).
We can thus write that

=Y 4"0) Du(m)

meA

=3 > ( m)) + " (0)Di(m)

meA peR(m) _¢( pu(m)+ppa<m)>)Dpv(m>

—Z Z ¢/(Dpﬁ(m))Dpv<m)

meA peR(m)

= Z A(m) - Du(m) — B(m) - Dv(m)

meA

where we exploited the fact that @ is a critical point, that is it satisfies

=3 3 #Dpa(m) + Dyua(m))Dyv(m) =0 Yo HL. (3.5.16)

meA peR(m)

A Taylor expansion of ¢’ around zero, followed by application of the standard Young’s

inequality, yields that
[A(m)| S [Da(m)|* + [Da(m)* < |wm| ™" + [Da(m)|?,

where we used |Va(m)| < |m|~'/? = |wy,| ™!, Similarly

Z B(m

meA

meA

+| > Ry(m) - Dv(m)‘,

meA
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where Ry as in (3.5.7)). In light of (3.5.14) we thus obtain

> B(m) - Dv(m)

meA

S D lwml[Du(m)],

meA

which, when put together with the decay of v implies that

D] S Jwm| (14 |wnm|wr||w,, [*~0) (3.5.17)
meA
+ ) 1Da(m) (1 + |wm|lwr|w,, [2~0) 7"
meA

The first term on the right-hand side of (3.5.17)) can be estimated as follows. We
define

Y fm) =Y (1 fwml®) L+ fwmllwnl e, 20) 7

meA meA

and observe that away from the sharp spikes at m = [ and m = 0 we can bound this

series by the corresponding integral, that is we can say

™ Fm) S 7D+ £(0) + /D fdm,

meN

where D := (R?\ Tg) \ (B1(l) U B1(0)). Firstly we note that
fO) = +laf)™" and f(0) = (1+ w7

For the integral term we introduce a change of variables & = w,,, which leads to

¢ :=wy, and dm = |¢|2d€. As a result, we have

/fmw:/ € 2

; ) (L EP) + (E[ICIE — <P
< —1 -2 _ —2+5d = ~d )
NLMM €172 — ¢["2Hde meg

Bearing in mind that
w(D) =R%\ (B1(0) Uw(B1(1))),
we decompose the region of integration into

Qp := B§ (0)Nw(D), Q¢:= B§ (O)Nw(D) and Q :=w(D)\ (2 UQ)
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and estimate the integral over each region separately as follows:

rtdr S [¢IT* M log ¢,

fde < \<|—3+5/2
QO 1
%
fde <1¢3 / B et e (3.5.18)
QC 5

where,in the second integral, ﬁ appears due to the exclusion of Bj () from D which

translates in the domain of integration to

1 1 1
> > 3.5.19
€+ <1 g+ 1< ™ Il (3519

The last inequality in (3.5.19)) follows from [£| < [¢]. The first inequality in (3.5.19)),

on the other hand, follows from

€ = [€-(]>

1< m =1 = |wllws| = [€ = ¢llg +¢I.

The first equality here is a crucial spatial relation that will be discussed in Chapter

in . Finally,

[ Faesirt [ estar 51,
Qo I<]
Since ¢ = wy, we can thus conclude that

D Jwm| A+ Jwml el P07 S e T log |wi| S Jwr|F, (3.5.20)
meA

for any & > 4.
For the second term on the right-hand side of (3.5.17), we look at three
regions separately: € := B (0), Q2 := By (1) and Q3 := A\ (1 UQ2). We observe
2 2
that

> 1Dam)P(1+ wmllwillw, )7 S el Dl S Jer] 7
me
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Similarly, m € Q3 = |w, ;| 2 |wi| and |wy,| 2 |wi|, hence

Y 1Dam)P(L+ wmlwilwr, [P S e ™ Y [Da(m)|?

mes mel3

< |~ Dal < Jenr

Finally, we can always replace one power of |Du(m)| with the {*°—norm , thus al-

lowing us to apply the Cauchy-Schwarz inequality to obtain

> 1Da(m)P(1 + wm|lwl oy, ) "
mea
1/2

_ _ — |4—928\—
S 1Dl ) 1Dl 20 | Y (14 lwoml e[ 72) 7
mels

Noting that the sum is finite and that Qo C A\ By (0) we combine this with (3.5.20))
2

to obtain that there exists a constant C' > 0 such that for |I| large enough it holds

that

|D-u(l)] < C (Msw + 1Dulle2a\B,, (0)) DUl e (a\B, (o))) :
2 2

Subsequently we define w(r) := || D[ (a\ B, (0)) and employ a technical result de-
tailed in [33, Lemma 6.3, Step 2| originating from the regularity theory for systems
of elliptic PDEs [42], to conclude that the function

v(r) = 3240 () (3.5.21)

is bounded on R, where 26 = 4.
To this end, we note that

_ 1__
| D] 2 A\ B, (0) < o2 s

for r large enough, since ||Dill,2 < oo and thus | Diil|p2a\,0)) — 0 as 7 — oo.
Hence, for [ € A with |I| > R for some R large enough, it holds that

|Da(l)] < Clar| = + 273Dt oo (a8, (0))- (3.5.22)

al
2

We can take the supremum over all [ € A with |I| > R of (3.5.22) to deduce

w(r) < Cr3/249 4 973y, (;) (3.5.23)
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for » > R, where 26 = 5. Thus

et <0+ (53

for r > R. If further § > R, then we can apply (3.5.23)) to w (%) and we continue to
iterate this argument, that is: if 57 > R, then

= 1 1 1 ro\2 T
3/2—6
r3/ w(r)§C<1+2+---+2n>+2n+l(2n+1) w(2n+1>.

We now note that the n-term sum in the brackets can be bounded above by 2.
Furthermore, one can always find n € N so that 577r < R and noting that w is
monotonically decreasing, we thus obtain that w (Zn%) < w(R). We can hence
conclude that v defined in is bounded, since in fact

v(r) <14 (2R)*w(R).
This implies that
[Dra(l)| S Jwr 73+

This estimate holds for an arbitrary 7 € R(I) and arbitrarily small § > 0, hence we
have established the result. The linear scaling with k is evident from the fact that in
the interpolation trick used to obtain (3.5.14)), the loading parameter can be taken

outside the summation, thus persists linearly. O

3.5.3 Proof of convergence

In this section we shall prove Theorem In the argument we closely follow the
argument in [33, Theorem 3.8]. We begin with the discrete Poincaré inequality on a

domain with the crack.

Lemma 3.5.5. Let 0 < R; < Ry and set A:= AN (Bg, \ Br,). Then there exists
a constant Cp > 0 such that, whenever Ry — R1 > 4 and Ry > 6,

HU—CLH@(_A) < RQCP”DUHEQ(_A/) Yu : .A,—>R,

where A" := AN (Bpry+3 \ Br,—3) and a := JC(BR \Bg, )\To Tudzx with I being the P1
2 1
interpolation operator introduced in the proof of Theorem [3.2.1] in Section[3.5.3.

Proof. We recall from the proof of Theorem that the aforementioned interpola-

tion operator I is constructed as a P1 interpolation on a triangulation 7 of R? \ Qr
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(with the definition of Qr given in (3.5.1])) and then extended to the tessellation of
Qr \ Qo, with Qg defined in (3.5.3]) into a collection of rectangles Q.
Let A := (BR2 \BRl) \ I'p and

A = U T|U QUQ Q

TeT €
TNAZD QNAAD

The fact that Rs — Ry > 4 ensures that for any [ € A there exists T' € T such that
l €T and T C A (and hence the same is true for some @ € Q). This implies

lu—allezy < ClI(u—a)llL2a)-

We note that despite the exclusion of I'g, the standard continuum Poincaré inequality

applies to domain A, since it satisfies the cone property [75] and thus
|u = allp2a)y < CR2||Vullp2(a) < CpR2||Vul r2(ary < RaCpl|Dullp2 4y,

where the scaling with Ry in the first inequality is standard and discussed e.g. in
[47] and the final inequality follows from the fact that any triangle T' € T such that
T C A’ and any rectangle Q € Q such that Q C A’, both have their vertices in
A O

We also require a result about a suitable truncation operator.

Lemma 3.5.6. There exists a truncation operator Tr : H' — HE, where HE was

defined in , such that, for any u € H*,
|DTru — Dullz S [|[Dulle2(a\ By »)- (3.5.24)
Proof. A possible choice for the truncation operator T : H! — HE is given by
Tru(l) :=n(|l|/R)(u(l) — ar),

where the cut-off function n : R — R satisfies n(r) = 1 for r < 4/6 and n(r) = 0 for

r > 5/6 and smooth and monotonic in-between, and

aR = ][ Tudzx.
(Bsr/6\Baryss)\To
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We note that
Dpu(l) = DpTru(l) = (1 = n(l + p))Dpu(l) — Dpn(l) (u(l) — ar)

and subsequently we take the 2 norm of both sides. Noting that |D,n(|l|/R)| < R,
we apply the discrete Poincaré inequality from Lemma to the right-hand side

to conclude that indeed

[DTru — Dullez S [[Dullz(a\By»)-

We can now prove the convergence result.

Proof of Theorem[3.3.1] Recalling that @ denotes the strongly stable solution to the

infinite problem (3.2.1)), we note that the inequality in (3.5.24) implies that for the
truncation operator Tx from Lemma it holds that Tru converges strongly to

@ in the H!'-norm. Furthermore, Theorem establishes that £ € C'“ where « is
assumed to satisfy a > 5 (c.f. Section. It hence follows that 28 (Trt) — 62& (1)
in the operator norm. Recalling , we can thus conclude that for the domain
size R large enough, for all v € H,

_ 1
(0 (Tru)v, v) > 5)\”UH3_’L1-
Moreover it follows that
(6E(TRu), v) = (0E(Tru) — 0E(u), v) < ITrRU — lln [Vl

The fact that for R large enough a strongly stable solution ug to (3.3.1) exists thus
follows from a standard application of the inverse function theorem [33, Lemma 7.2],
which further establishes that

”TR’Q — ﬂRH’;{l g HTRQ — ﬂ”’)—[l (3.5.25)

Exploiting (3.5.24)) and (3.5.25]) as well as the decay estimate (3.2.3)), we can conclude
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that

lar — allzp = l[ur — Tru + Tt — allgn S [[Tru — @llgn S [[Dulleeapy )

- 1/2
< / T,r—3+2§ dr < R—l/?—i—ﬁ’

with 8 arbitrarily small, since § can be chosen arbitrarily small. O

3.6 Discussion

The results of this chapter extend the mathematical theory of atomistic modelling
of crystalline defects studied in [19] 34} [50] to the case of an anti-plane crack defect
under nearest-neighbour interactions on a square lattice. This work can be regarded
as a first step towards an extension to general atomistic models of fracture, including
vectorial models on an arbitrary lattice under an arbitrary interatomic potential.
In this chapter we have laid out many of the steps needed to achieve this,
and in what follows we discuss some of the key technical difficulties which must be

overcome to extend the present work.

Anti-plane models on an arbitrary Bravais lattice under many-body finite
interactions potential: The missing ingredient needed to extend the results to
anti-plane models beyond NN interactions on a square lattice is the ability to es-
timate the lattice Green’s function in the crack geometry G, which is discussed in
Chapter [4] and is needed to prove Theorem We refer to the discussion in Sec-
tion for further details.

More general static crack models: Already in the simplified anti-plane setup,
the key limiting consequence of the the slow decay of the predictor & can be seen by
looking at
@), v) = 3 #(Dyalm) + Dya(m))Dyo(m)
meN peR(m)

and Taylor-expanding ¢’ around 0. Crucially, without the further assumption of
mirror symmetry, which in the case of a square lattice, as discussed in [I9 Section
2.2.], fails if both ¢(—r) # ¢(r) and the interaction range is such that each nearest-

neighbour finite difference is accounted for only in one direction, that is R = {e1,e2}
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(with suitable adjustments in the resulting R(m) for atoms at the crack surface T'),

the slow decay rate of @ implies that

¢>’” 'S S (Dyatm)?Dym) | ¢ (1 (3.6.1)

meN peR(m)

unless ¢”'(0) = 0, which is usually not true when considering the 2D lattice as
a projection of an associated 3D lattice. Note that ¢(—r) # ¢(r) is not in itself
enough for the mirror symmetry to fail, because for R(m) defined in , it holds
that

meAN and pe R(m) = m+pe€ A and —peR(m+p),

which renders (with inner sum over R(m) and not R(m)) null even if ¢"(0) #
0, since the contribution of (m, m+ p) is cancelled by the contribution of (m+ p, m).

To extend the theory beyond models with mirror symmetry one has to follow
the idea of development of solutions introduced in [19], which consists in prescribing
a predictor of the form @+ o, with the additional term arising from the higher-order
expansion of the atomistic model and how it can be linked to linear PDEs related

to nonlinear elasticity. This ensures that

v > ¢"(0)Dig(m) - Dv(m)

meA

up to leading order cancels with (3.6.1). The role of 4y is especially important for
vectorial models, since the concept of mirror symmetry does not translate to mod-
els that allow for in-plane displacements, meaning that the vectorial equivalent of

(3.6.1)) never automatically vanishes.

In-plane static crack models: A further complication related to vectorial mod-
els is that as soon as we look beyond nearest-neighbours interactions, we begin to
observe surface effects, as for instance investigated in [8I]. These effects, induced by
the crack surface, do not enter the analysis of vectorial models for dislocations and
point defects in [34] and thus pose a major new challenge, as they can potentially
lead to surface atoms assuming a different structure compared to the bulk which
renders the approximation of CLE invalid. Likewise, this may have an impact on
the corresponding lattice Green’s function and can potentially make obtaining its

decay estimates much more involved.
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The role of loading parameter k: It is the appearance of k that ensures we can
prove existence of strongly-stable solutions to the problem in , as it allows
us to employ the Implicit Function Theorem. This is in contrast with dislocation
problems, where, except for specific cases with stringent assumptions as e.g. in [50],
we simply assume that a solution exists. The use of IFT also points to a potential
bifurcation occurring for some critical ke, which is a further deviation from the
known theory, as in CLE the choice of k is irrelevant. This idea will be discussed in
detail in Chapter
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Chapter 4

Lattice Green’s function in the

anti-plane crack geometry

In this chapter we investigate the notion of a lattice Green’s function in the anti-
plane crack geometry, as discussed in the Introduction in Definition [ which we
already used in the proof of Theorem We recall from Section [I.2] that this is
particularly difficult due to the fact that the crack breaks the translational symmetry
of the setup, thus rendering the usual Fourier methods, as employed e.g. in [34], not
applicable. However, as is the case in translation-symmetry-preserving setups, the
underlying principle that we follow is that in the far-field away from a source point,
a discrete Green’s function is well-approximated by its continuum counterpart. We
exploit it to construct a suitable Green’s function with desirable decay properties.
Theorem [5] which characterises the decay properties of such a lattice Green’s
function in the anti-plane crack geometry, constitutes the main technical result of
the thesis upon which all other results rely. In particular, in proving Theorem
we ensure that Theorem [3] discussed in Chapter [3| can be proven. Furthermore, the
underlying construction and characterisation of a lattice Green’s function in this
geometry is of independent interest and can be employed, e.g. to study upscaling of

screw dislocations [49] in the vicinity of a crack.

4.1 Introduction and notation

In order to ensure clarity, we recall several relevant notions already introduced, start-
ing with the discussion about the discrete kinematics in Section In particular we
recall the definition of the discrete gradient operator D in ([2.1.3)), which disregards
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interactions across the crack by imposing that for any lattice function v : A — R,
if meT'y and p & R(m), then (Dv(m)), =0.

This, as discussed in Section [2.2] gives rise to our function space setup, noting that
in particular the definition of the Sobolev space ! in (2.2.1)) tells us that

veH = Dvef® and v(3,3)=0.

We remark that the latter restriction, used to ensure that the associated || - || =
|| D-||¢2 is a norm, plays a subtle role in the way we construct a lattice Green’s function
for the anti-plane crack geometry. This is discussed below in the concluding part of
Section [4.3.1]
We further recall the definition of the discrete divergence operator from
(13.5.2)):
Div g(m Z gp(m —p) — g,(m), forg: A —RF (4.1.1)
PER
and adapt the general formulation of the Hessian operator H from [34] to the case
of the pair-potential defined in (2.3.1)), in particular noting that ¢”(0) = 1, which

results in

(Hu, v) Z Du(m) - Dv(m) = Hu(m) = —DivDu(m) VYmeA, (4.1.2)
meA

with the pointwise formulation following from summation by parts.
In what follows we often work with functions in two variables, thus we intro-

duce a notation for finite differences as follows. If v: A x A = R, then
Dijv(m,l) :=v(m+p,l) —v(m,l) and  Dyyu(m,l) :=v(m,l+ p) —v(m,1)
and for j € {1,2}, we have D;v(m!', m?) € R® with

Djpo(m',m2) i p € R(md),

, (4.1.3)
0 if p € R(m?).

(Djv(m)), =

Finally, we refer to Section [3.5.1] in which several other technical concepts of
relevance to our investigation are introduced, in particular the definition of regions
Qr, I', Ty, Qo, the short-hand notation related to the complex square root mapping

w and the short-hand summation notation that we employ throughout.
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Outline of the chapter: In Section [£.2] we introduce a rigorous definition of a
lattice Green’s function in the anti-plane crack geometry and discuss a general strat-
egy to prove its existence and to characterise its decay properties. We also introduce
some relevant notation. This is followed by the construction of the Green’s function
in Sectionfd.3] and the proof of its decay properties in Section [£.4, We conclude with

a discussion about possible extensions to more general setups in Section 4.5

4.2 Main Result

We begin with the definition of a Green’s function.

Definition 4.2.1. A function G : A x A — R is said to be a lattice Green’s function

G for the anti-plane crack geometry if for all m,s € A,

HG(m, s) = Oms (4.2.1a)
G(m,s) = G(s,m), (4.2.1b)

where d,,s denotes the Kronecker delta and H is applied with respect to first variable.

We note that in (4.2.1a)) one can view s as a parameter and H as a difference
operator applied with respect to the first variable. However, due to , it is
also true that holds with H applied with respect to the second variable.
Furthermore, G is not uniquely determined, since any discretely harmonic function
can be added, i.e. if v: A — R is such that Hv = 0, then G(m,s) + v(m) + v(s)
also satisfies .

For any G satisfying Definition , any solution % to can be rewritten

as

Dyu(l) = > (H(D2:G(m,1))i(m) = Y Du(m) - D1Dy;G(m, 1),

meA meA
hence highlighting why finding a lattice Green’s function that has desired decay
properties of its mixed derivative is key to proving Theorem
We establish the following.

Theorem 4.2.2. There exists a lattice Green’s function G : A x A — R satisfying
Definition such that, for any 6§ >0, p € R(l), and o € R(s),

[D1,D20G(1,5)| < (1 + ‘lewSle—SF—é)—l’ (42.2)

where w is the complex square root map defined in (2.4.2) and we recall the shorthand
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notation introduced in (3.5.4), that is

w=w(l), w, =wl)—w(s), wi=wl)+w(s). (4.2.3)

4.3 Construction of the Green’s function

The approach we employ is based on the observation that finding G, similarly to the
crack problem in Chapter [3| can also be cast as a predictor-corrector problem, with
the decomposition G = Q +G , where Q has an explicit expression and G belongs to
the energy space ! in both variables. This idea has already been explored in [34],
but was notably aided by the applicability of Fourier methods due to the spatial
homogeneity of the reference configuration. The novelty and difficulty of the present
setting stem from the fact that the discreteness and inhomogeneity of the domain
means that Fourier analysis is no longer applicable. In particular, it renders the task
of establishing the decay estimates on G much more challenging. In our approach we
first establish suboptimal estimates on G with the help of the homogeneous lattice
Green’s function G™, which we define in , employed together with suitably
chosen cut-offs and a local mapping onto a discrete Riemann surface corresponding
to the complex square root. We then use this initial estimate in a boot-strapping
argument. The appearance of arbitrarily small § > 0 in follows from the fact

that this argument saturates at the known decay of G.

Remark 4.3.1. While |w,,| = |m|'/2, in general it is not true that |w | ~ |m — s|~1/2,

as in fact
(4.3.1)

[ — 5| = |wps|lwihs-
The estimate is thus expressed in terms of w-map, as one can then conveniently
resort to a change of variables £ = w,, when estimating sums involving wiy,, ws, Wt .
See Figure [1.1]

We proceed by first considering two closely related predictor-corrector prob-
lems: one to find Gy (-, s) € H' that satisfies for a fixed s and the other to
find Ga(m,-) € H' that satisfies for a fixed m but with H applied to the
second variable. To conclude the there exists a Green’s function satisfying Definition
, one then has to make a suitable adjustment that takes into account how #!

is defined, in particular the restriction that, for

&= (; ;) , (4.3.2)

we have G1(#, s) = Go(m, ) = 0 as a result of ([2.2.1).
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Figure 4.1: The complex square root w maps the square lattice (left) onto a distorted
half-space lattice (right). In particular, the distorted lattice lives in Ri, the half-
space with positive first coordinate. The dots represent lattice points and their
images under w and also their reflections across y-axis.

Rewriting both problems in variational form, we consider

find G; € argmin &;, (4.3.3)
Hl

where

&1 (F) = Z [; (\Dlé(m, s) 4+ DF(m)|? — yDlé(m,s)|2) (4.3.4)
meA
- 5ms (é(m, S) + f(m)) ] R
and
E(F) =) [; (|Dzé(m, s) + DF(s)|2 — |D2G(m, s)|2> (4.3.5)
seA

— Oms (Q(m, s) + f(s)) ] .

As in the case of the crack problem itself, the crucial step is the correct choice of the
predictor G, which ensures the minimisation problems are well-defined. This can be
achieved by prescribing G which, away from the point source, is equal to G satisfying

the corresponding continuum problem, i.e. solving, for s € A fixed,

—Cp\AG(z,8) =6(x —s) for z € R2\ T (4.3.6)
V.G(x,8)-v=0 for x € T,
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and, for x € A fixed,

—Cp\AG(x,5) =0(z—s) for s € R2\ Ty (4.3.7)
VG(z,s)-v=0 for s € I'y.

Here 6 represents the Dirac delta. The constant C'y is equal to Cy = 2 in the present
case, however generally it depends on the choice of the lattice and the interatomic
potential — this is closely related to the discussion in Remark

Since w introduced in ([2.4.2)) is a conformal mapping, it preserves harmonicity
[1]. Further, it maps the crack domain to a half-space domain (cf. Figure [i.1]), for
which a Green’s function can be obtained by a reflection argument. It therefore can
be verified that has a solution

G(z,s) = 57Cn

[log(lw(z) — w(s)]) +log(lw(z) — w*(s)])], (4.3.8)

where w*(x) is defined as the reflection of w(x) through vertical axis, that is

w'(z) = (— T4 COS (%”), T4 Sin (%’)) ,
where we refer to Figure [4.1] for a visualisation.
It is easy to see that

G(z,s) = G(s,z), (4.3.9)

since

w(z) = w(s)l|w(z) —w(s)| = [w(z) — w(s)l|w"(z) —wls)],

thus G also solves (4.3.7)). It is worth recalling that the complex square root mapping
is also used to construct .
Finally, bearing in mind that G (s, s) is not well-defined in the pointwise sense,

the predictor G : A x A — R we prescribe is given by

~

. a if
Gm,s) = 4 O3 iTm s, (4.3.10)
0 if m=s,

since near the point-source it will always be true that G(s,s) ~ O(1).
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4.3.1 Proof of Theorem [4.2.2, Part 1: existence of a Green’s func-

tion

We begin by investigating the predictor G and estimate the decay of its derivatives

of relevant order.

Lemma 4.3.2. For any z,s € R?\ Ty with x,s # 0 and x # s, and o € {1,2,3,4}

IVeG(z,8)] S (1+ [we 2 Mewm )™ 4 (14 |we| e *)
=: g\ (x,5) + g (@, 5) (4.3.11)

and

VoV Gz, )| S (14 |wa [ Mawsllwzs )7+ (14 Jwe|*os |zl
=: bl (z,s) + A (z, 5). (4.3.12)

Consequently, if m, s € A and p € R(m) and o € R(s), then
|D1pD20'gA(m7 8)‘ S hga) (m7 5)‘

Proof. We first notice that it is sufficient to estimate L(zx, s) := log(|w_,|), since the
part of (4.3.8]) that includes w*(s) does not decay any slower. We calculate that

1

VelL(x,s) = ﬁvw(‘r)w;s = |[VaL(z,s)| S lwp| 7 V(@) S lwal ™ Hwg
Wzs
Similarly,
1
V2L(z,s) = WAE (V2w(2)wy,] + Vw () - Vw(z)) — AT (Vw(x)w;s)m,
Wzs Wes

which implies that

IVEL(2, 5)| S lwzal ™ VPw(@)] + ozl 72 V(@)

S lwa| ozl ™+ e ez 72

For mixed derivatives we first calculate

2

‘WI_SH

1

’W;s|2

VsV L(z,s) = (Vw(2)wg,) @ (Vw(s)w,,) Vw(z) - Vw(s)

= |VsVoL(2,5)| < il 7| Vw(@)][Vw(s)] S |wa|™Hws| ™ w

— |,2
s
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and further realise that

V3V, L(z,s) =

B |W;S|6

(Vw(a:)wgs) % (Vw(s)w;s)

+ o (V)] + Visla) - V() @ (Vas(a)or)
+ |w4|4 (Vw(z)wy,) @ (Vw(s) - Vw(z)) - |w;2v2w(x) [Vw(s)],

which leads to
VAV Lz, 5)| S lwe| ™ ws| ™ w72 + |wel 72 |ws] ™ wis] 72

Remaining cases can be calculated along similar lines, but for the sake of brevity we
choose to omit these tedious calculations. In particular, for o > 3 there begin to
appear extra terms corresponding to intermediate permutations of powers, but these
can always be bounded by the two extreme permutations stated.

The facts that |D1ngag(m,s)| < Vi VG (m, s)| and hga) = hgb) conclude
the proof. O

Proposition 4.3.3. For any s € A (m € A respectively) the energy difference
functional &, (€ resp.) in [@.3.4) (([(E3.5) resp.) is well-defined on H' and infinitely

many times differentiable.

Proof. Here we will explicitly consider the part of the proof related to &, as then
the variable symmetry of the predictor, i.e. G(m,s) = G(s,m), implies the other
part.

For any v € H! we can rewrite the energy difference functional & given by
(4.3.4) as

E1(v) = E(v) + (6£1(0), v),

where
5 Loa o 15 2
Eo(v) =) 51 D1G(m, 5) + Do(m)[* — | D1G(m, s)|
meA
— D1G(m, s) - Dv(m) — 6,sG(m, s)]
and
(6€10), v) = 3 (Dlg’;(m,s) - Du(m) — (5msv(m)).
meA
Due to the quadratic nature of the energy, & reduces to £y(v) = %Hv”il —G(s,s)
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and thus is well-defined on H1.

For the second term, we aim to establish that 6&;(0) is a bounded linear
functional on H! and to achieve that we use the fact that G solves the equation
given by by applying the same interpolation construction as in Section m

Consequently, we can write

Z Omsv(m) = v(s) = CA/ VG(x,s) - VIv(x)dz,
meA R2\Tg

and in particular the second equality follows from the weak form of (4.3.6) and the
boundary term is not there due to the boundary condition in (4.3.6). Mirroring the

argument in Section [3.5.2] we can conclude that
600 = 3 (D40 -
b(m,p)ZT'

+ Z (Dlpg(m,s)— Vpé'(x,s)dm

b(m,p)CT’ Ump

V,,(?(:):, s) dx) D,v(m)
Unnp

- Vpé(w, s) dZL‘) D,v(m)
Qmp

+ 3 fms)Dpo(m),

b(m»p)CQO

where this time |f(m, s)| < |ws| 7!, as

1
/ VC(x, )|dz < \ws_l/ 2" 2dg < Juws| L.
Bl(O)\F() 0

Once again employing a Taylor expansion followed by a standard quadrature result
(as discussed in Section [3.5.2)) results in

SIVEG(a, )]

b(m,p) ¢ I' = ‘Dlpg(m, s) — V,G(x,s)dx
Ump

and

b(m,p) CT\ Qo = ‘Dlpg(ma s) — VoG, 5) de| < |V2G(x,5)].

Ump

Finally, since Lemma implies that for both 7 = 2,3 and 9 ~ 0 we have

IV4.G(x0, s)| ~ |ws| L, we can incorporate any bond b(m, p) C Qo into the general
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conclusion that

with

L(v):= > g m)IDpm), L) = Y ¢ (m)Du(m) (43.13)
b(m,p)ZT b(m,p)ZT

and

L= > g m)IDpm), L) = Y ¢ (m)Du(m)], (43.14)

b(m,p)CT b(m,p)CT’

where g((xa) and g((xb) were defined in (4.3.11)).

11/2, we have |g§a)\, |g§b)| < |m|=3/2, which is enough to con-

Since |wp| = |m
clude that I1(-) and I(-) are bounded on H'.

Similarly, |g§a)|, |g§b)| < |m|! and thus I3(-) and I,(-) are bounded on H!,
since their domain of summation is one-dimensional. Hence we can conclude that
for any v € H?,

(661(0), v) < [1Dv]l 2.

To conclude & is C* we first note that 1| DF(m)|? = 2 peR(m) ¢(D,F(m)), where
1

QNS(T) = 57"2 is a quadratic pair-potential, with ¢U) = 0 for j > 3, thus, similarly as

in the corresponding part of the proof of Theorem the argument of [68] applies.
Likewise, the first variation of the Kronecker delta term can be explicitly calculated

and all subsequent ones vanish, thus giving the result. O

Lemma 4.3.4. For any s € A, the minimisation problem (4.3.3) for i = 1 has a
unique solution g](', s) € HY. Similarly, for any m € A, the minimisation problem

@33) fori =2 has a unique solution Go(m,-) € H'.

Proof. The existence 61(', s) and Go (m,-) is guaranteed by the quadratic nature of
the energy &;, which implies that the problem of finding its critical point is linear,

thus allowing us to invoke the standard Lax-Milgram lemma. The minimisers satisfy
(6£1(G1), v) =0 and (6&(G), v) =0 Vv e H, (4.3.15)
where

<551(§1), v) = Z (Dlg(m, s) + Dlgl(m, s)) - Dv(m) — dpsv(m),

meA
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(6€2(G2), v) = > (D2G(m, s) + DaGa(m, 5)) - Dv(s) — bamu(s).

sEA
O

It can be readily checked that in fact Go(m, s) = Gy (s, m), in particular since
the restriction in the definition of ! is satisfied, that is for m € A we indeed have
Go(m, ) = G1(2,m) = 0, with & defined in (@.32).

To conclude the result one thus requires to establish that in fact C;l = C;Q,
or in other words that Gi(m,s) = Gi(s,m). The reason why two minimisation
problems were introduced in , however, is that this cannot be guaranteed
without making a suitable adjustment that correctly takes into account the definition
of H'. The following weaker preliminary result is first obtained. For notational

convenience in what follows we set G = Gy.

Lemma 4.3.5. For anyl,s € A and A\ € R(l), 7 € R(s), the unique solution G from
Lemma satisfies

D1>\D2Tg~(la 5) = DQ)\DngN(S’ l)
Proof. The first equation in (4.3.15) implies that, for any v € H* and any [ € A,

= > Di(G +G)(m,1) - Dv(m). (4.3.16)

meA

Since for any A € R(l) we have [ + A € A, we also have

v(l+X) =Y Di(G+G)(m,1+ X)- Dv(m). (4.3.17)

meA

Subtracting (4.3.16)) from ([4.3.17) and letting v = Do, G(-, s), we obtain

D1\D2-G(l,s) = Y D1Dsx(G + G)(m,1) - D1D2,G(m, 5)
meA

and since Lemma [4.3.2| ensures that <D2>\§’;(-,l) - DQA,C’;(.@,Z)) € H!, we can split

this infinite sum and write

D1\D2:G(l,s) = A+ B,
where
A= Z D1D27g~(m, S) : D1D2)\g~(m7 l)

meA
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and

B = Z DngTg(m, S) : DIDZAG(mvl)‘
meA

Since 0, is linear, one starts by observing that the first equation of (#.3.15)
implies, for all v € H?,

0= (8(G(-, 5 + 7)), v) — (6E1(G(-, 8)), v) = (6E1(DarG(-8)), v).  (4.3.18)

Treating (DZAQ(-, 1) — DoG (i, l)) € H! as a test function in (4.3.18)), we subtract

this expression from B to conclude that

B = Z —D1D2,G(m, s) - D1D2xG(m,1) + D1, DaxG(s,1).
meA

The same analysis can be employed to further conclude that
DoyD1:G(s,1) = A+ C,
where A is defined above and

C:= Z D1Dy\G(m, 1) - Dy Do, G(m, s)
meA

= Z —D1 DG (m, 1) - D1 Do, G(m, s) + DixDa,G(1, s),
meA

where the final passage follows from applying the first equality in (4.3.15)).
Finally, noting that the variable symmetry of G stated in (4.3.9) implies that

D17D2AQ(Sa l) = Dl)\DQ‘rQ(la 5),
we can conclude that B = C, thus establishing the result. O

We are now in a position to prove the main result of this section.

Proof of Theorem[[.2.3, Part 1: existence of a Green’s function. Starting with the
equality established in Lemma we can apply the indefinite sum operator (dis-
crete anologue of indefinite integration, cf. [52]) in the second variable to conclude
that

DiAG(m, s) = DaxG(s,m) + fr(m),

for some lattice function fy : A — R. Similarly, applying indefinite sum operator in
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the first variable implies that

G(m,s) = G(s,m) + F(m) + K1(s), (4.3.19)

where DyF(m) = fi(m) and K; a is a lattice function to be determined and origi-
nating from indefinite summation. We can repeat the procedure in the reverse order
to obtain

Dy,G(m, s) = D1:G(s,m) + k.(s).

Taking 7 = A and exchanging m and s we obtain that for any lattice direction A we

have kx(m) = —fa(m). Indefinitely summing one more time results in

G(m,s) = G(s,m) — F(s) + Ky(m). (4.3.20)

Comparing (4.3.19) and (4.3.20) we conclude that Ki(s) = —F(s) and Ky(m) =
F(m) and thus

G(m,s) =G(s,m)+ F(m) — F(s), (4.3.21)

for some F that arises from the restriction in the definition of the energy space H!.

By adding and subtracting the same constant we can in fact also write that
G(m, s) + Fa(s) = G(s,m) + Fp(m),

where Fy(m) := F(m) — F(2), which conveniently implies that F5(2) = 0. We now
let m = % and realise that

Fy(s) = G(s,2).
Thus the actual relation is given by

G(m,s) + G(s, &) = G(s,m) + G(m, &) (4.3.22)

and we can conclude the proof by stating that the atomistic correction G we sought is
given by G(m, s) := G(m, s)+G(s, &), as it clearly satisfies both equations in (4.3.15)
and in addition, due to (4.3.22), G(m, s) = G(s,m). O]
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4.4 Proof of Theorem [4.2.2, Part 2: Green’s function

decay estimate

4.4.1 Preliminaries

The decay of |DyDoG| is explicitly calculated in Lemma thus we turn our
attention to the decay of the corrector G. The general approach we employ is to get
insight in the decay behaviour of G in different regions on A. For a fixed s € A with

|s| large enough, we carve the lattice into three regions:

Qu(s) == Biaip(0) N A, A(s) == (Basjsi(0) \ Bisifp(0)) N A,
Qa(s) == (R?\ Bsjs,(0)) NA.

Figure 4.2: The lattice with point-source s depicted in dark blue and Q;(s) being
the inner ball with red boundary, Q2(s) the outer region with green boundary and
A(s) the annulus in-between.

In the following we will extensively use the fact that locally the defective
lattice does not differ from a homogeneous lattice and thus the result from the
spatially homogeneous setup apply, as long as we introduce suitable cut-offs. The
general idea behind the cut-off function n: R? — R to be used throughout is as
follows. We define it as n(x) := f(lz —9l/R), where /) : R — R is such that 7(z) =1
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for x € [0,¢1], n(z) = 0 for > ¢y, and smooth and decreasing inbetween. As a
result Dn will only be non-zero on an annulus that scales like R. It is also clear,
by Taylor expansion, that |D7n(z)| < R7/. The radius R, the lattice point ¢, and
constants ¢; < ¢y will be chosen as needed.

Finally, we also recall the existence and the decay of the homogeneous lattice

Green’s function "™ corresponding to the homogenous hessian operator H:

Hu(m) := Div Du(m), (4.4.1)

where we recall the definition of discrete divergence in (4.1.1)) and also from ([2.1.3)
that Du(m) = (Dpu(m)) per

a much more general setup that there exists GM™ : A — R such that

i.e. we always use full stencils. It is proven in [34] in

HGM™(m —1) =6,y VYm,l €A,
where § denotes the Kronecker delta, and
|DIGh ™ (m — 1) < (1 +|m—1PP)~ L (4.4.2)

With these tools in hand we can gain preliminary insight into the decay behaviour of
G, however the appearance of the cut-off function restricts us to a suboptimal result.

We proceed in a number of steps, listed in separate section for clarity.

4.4.2 Decay of the first derivative of G away from the origin

Lemma 4.4.1. Ifl € A\ Qi(s) and 7 € R(l), then
D16 (1 8)| S (1 + |wrllwg)) "
Proof. Due to the spatial restriction on [, we can always choose § = [,
R = |wilw,]

with ¢; and ¢ such that the support of the cut-off function 1 does not reach the
origin, e.g. ¢] = %, co = %. This is true because |w;| = |I|'/?
jwi + fws| < (1+v2)|wil.

We distinguish two cases and deal with them separately. The distinction is

and trivially |w; | <

motivated by the fact that the first case concerns the region away from the crack
and translates almost verbatim to vectorial models on an arbitrary Bravais lattice

with a finite-range interatomic potential. On the other hand, in Case 2 we handle
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the near-crack region with an argument that heavily exploits the setting of a scalar

anti-plane model posed on a square lattice under a nearest-neighbour pair-potential.

Case 1: suppn NI = (bulk).
With the support of the cut-off function not crossing the crack surface, we can

directly write

D17G(l,s) = D1-[G(L, s)n(1)]
=" HDGM™(m — 1)]G(m, s)n(m)

meA

=Y Y D,DG"™(m —1)D1,[G(m, s)n(m)), (4.4.3)

meA peR

where the first equality is due to the fact that near [ the cut-off is just 1, the second
follows from the definition of the homogeneous lattice Green’s function and the fact
that with the cut-off in place we effectively sum over a finite region, where there is
no disparity between H and H. The last equality is just summation by parts.

In order to use the fact that G satisfies equation given in , we need to
push the cut-off onto the other term by exploiting the discrete product rule satisfied
by any f,g : A — R and given by

D, [fg)(m) = f(m + p) Dpg(m) + f(m)Dyg(m) (4.4.40)
— g(m + p)Dyf(m) + g(m) D, f (m) (4.4.4b)
— A, f(m)Dyg(m) + D, f(m) Ag(m), (4.4.40)

where A,f(m) := % (f(m+ p) + f(m)) is the average operator.
This leads to
D1:G(l,s) = S1 + Sa,

where the first term is in the form allowing us to exploit the equation, namely

=373 D,[D:G"™ (m — 1yn(m)| D1,G(m, 5)

meN peR

and the second term makes sure that the right-hand side is consistent with (4.4.3)),
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that is

=D > Dpn(m)| A,D-G " (m — 1) D1,G(m, 5)

meA peR

+ D,)DTghom(m — Z)Alpg(m, s)|.

Here A1, f(m,s) = 3 (f(m+ p,s) + f(m,s)).
We deal with both terms separately. For S; we realise that

v(m) := DG (m — [)n(m) (4.4.5)

is in fact compactly-supported, so is an admissible test function in the energy space
H!. In particular, it satisfies |D,o(m)| < |m — 1|72 = |w,,|72|w;,| 72, a relation
established in , and for m € Bc,gr(l), which is equal to suppn, we trivially
have that |w | > |wy,|, from which it further follows that

|m — 1| |m — 1]

ml‘_ w;l — ’Wm|

where the first equality is due to . We can further establish that m € B, r(()
implies |m — | < eaR < H—‘[M and \l\ ( - 1+T‘[> < |m|, which after elementary

rearranging implies that |w' | > |wm,| > |w |, which ultimately leads to
[m =172 S w2 em] 7 < ey |7 (4.4.6)

Exploiting the fact that G satisfies (4.3.15]) we conclude that

|51|—‘— (0E1(0 ‘ ZI

where I, ..., I are defined in (4.3.13)) and (4.3.14)).
We look at each term separately and begin by noting that

Lv)S Y, Ot lonlPlon) ™ A+l Plom® ™ = > fi(m)

mEBC2R(Z) TTLEBCQR(Z)

and observe that away from the potential sharp spikes at m = [ and m = s we can
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bound this series by the corresponding integral, that is we can say

B0 S 510+ A1) (6) + [ , i@

where Dg(l) := Be,r(1)\ (B1(1)UBi(s)). The indicator function 1 covers cases when
s & Be,r(l). Clearly
f@) = (1 + |l lwz DT

whereas fi(s)1 (s) # 0 only if s € B,r(l), but then |s| ~ |I|, which implies

BCQR(l)
F1(8) 1B, py(5) S (L4 lwrPlwg )7 (4.4.7)

For the integral term we introduce a change of variables £ = w,,, and set

v 1= ws, ¢ := wy, leading to dm = [£]?d€. As a result we have

2
d d
/DRU)““‘) ‘”C</w<pR T+ = FE—cm®

/ 3
wDRl)

where the first inequality follows from (4.4.6)).

Carving the region of integration into

QW - B"Yg“ (7) N W(DR(Z))a (4-4-83‘)
Q¢ = Bp_a (¢) Nw(Dr(1), (4.4.8b)
Q' = w(Dr() \ (2, UQ) (4.4.8¢)

and noting that depending on where [ and s are, some of them could be empty, we
can estimate the integral as follows.

First we notice the following spatial relations

£ ew(Dr(l) = [¢] ~ ¢, (4.4.9a)
£€Q = [E-¢l2I¢C—1l, (4.4.9b)
£€Q = -2l (4.4.9¢)
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Thus

fude s — L / L e

Q, L+ ¢ =" Ja, T+ ICPIE =]
o kP / I
STHCAR ), T

S A+ICPle =17

where the lower limit of integration in the third integral follows from the fact that
we exclude a unit ball around |s| in the original domain. The same reasoning was

used to estimate (|3.5.18]).

Likewise,

1| 1

L+ [¢PIC =] Jo, 1+1¢ — Jade s+ CPIC—aD~"  (4.4.10)

frde <
Q¢

and

1
I+ CPIC=yNA+ ¢ —

fide < ) / €2de < (11 [CPIC — AP,
Q Q!

where the final passage relies on the fact that we can map back to B.,r(l) and have
a volume term that scales like R? = |(|*|¢ — |2

For Is(v) (recalling its definition from (4.3.13))), similarly,

L)S Y, OHlonPlon) QA+ loy,Plom® ™ = Y fa(m)

mEBC2R(Z) mEBCQR(l)

and hence

I(v) S fo() + fa(s)1p,, n ) (5) + / fo(z)dx.

Dr(1)

We observe that, due to the same reasoning as in (4.4.7)), we have
L) = 0+ Pl )t and fo(s) s, (s S (1+ o) (4411)

Furthermore,

€2
de —
/DR(Z) fale)de /UJ(DR(I)) (T +[EB[E =)+ [€21€ — ¢?)

: / e,
Dr(1))

dg

61



with estimates, again arising from the spatial relations established in (4.4.9),

i 2 |
d¢ < d
/m R FaTCET: /Q 17 [CPlE - B %

I95 S
< v — _d
~ T ICRIC =P /il T IePr ™
SA+CPRE =P, (4.4.12)
; €17 1
<
o P S TR /QC T+ 1Pl — ™

S @+ CPIC =) log ¢ —

and

. 1
de < 2d
o 2R TP AR A+ 1K =) /Q 61 d

S A+ICPle =7

Finally, since for now we assume that suppn N T = (), we trivially have that
I3(v) = I4(v) = 0. It can be thus concluded that S; < (1 + |C2|/¢ — )7 =
(1 4 wy|*|w;, ), with the exponents taken from combining (4.4.10), (4.4.11)) and
Eim).

For Sy we realise that D,n(m) is only non-zero for m € Ag := Be,r(l) \

Be,r(l), which corresponds to a volume term that scales like R? = |w;|*lw; 2. It
also in particular implies that [m —I| and |w;||w;,| are comparable. We can thus use

Cauchy-Schwarz inequality and the decay of each term to conclude that

_ o 1/2 _
1901 5 (Il T2 | SH2) DG 5)]

B o 1/2 _
o (el T | D) T AGC ) e

< (U + |willwz D
where the last inequality is due to [|AG(-,5)|l;2(ap) S RIDG(:,s)lle2, a result that
immediately follows from |33, Lemma 7.1].
Case 2: suppn NI # () (near crack surface).

To cover this more problematic case we resort to a technical trick at present only
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seems to be applicable to a square lattice with NN interactions. We begin by con-
structing a discrete equivalent of a Riemann surface corresponding to the complex
square root map,

M =72 x {~1,1}, (4.4.13)

that is, we look at two copies of the square lattice and so £ € M is such that
k = (ki, ky), where k; corresponds to a lattice site and k; determines whether we
are on the positive branch or the negative branch (as with the complex square root
mapping).

For ##: M — R and a lattice direction p € R, we also define the notion of a
finite difference Q)p and of a swapping finite difference @; as

@pu(k) = u(kl + p, kb) — u(kl, kb)
@;u(k) = u(kl + p, _kb) — u(kl, kb)

Since ky € {—1, 1}, we note that in the latter case we simply jump from one branch
to another. The corresponding manifold discrete gradient operator as Du(k) € R*

can then be defined as

(Du)) - Duk)  if p e R(ky), i)
P Dsutk) it p & Rik). -

Comparing this with the definition of the discrete gradient in , we observe
that the they only differ at lattice points on I'yx UT'_. This underlines the reasoning
behind the construction - we take two copies of the lattice and glue them together
at the ’cut’ created by the crack, thus ensuring that in fact we always work with full
stencils. Consequently, we can again locally use the homogeneous lattice Green’s
function Qhom, as long as we avoid the origin of M.

We further define the manifold equivalent of H! defined in as

Hi={u: M—>R|Duc*and u(i,+1)=0}. (4.4.15)

Likewise, we can extend the notion of the predictor G defined in (4.3.10) to
the manifold setup by defining QM : M xZ? 5 R as

N

. k if by =1
Garls) i G(ky, s) if ky =1,

A~

Q((kll,—klz),s) if kp = —1,

that is, for the negative branch, we reflect the original predictor across z-axis. Note
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that the manifold finite difference operators are always applied with respect to the
first variable.

Finally, we can also consider a manifold equivalent of the energy-difference
&1 defined in , which we define as

EnmlGr) = [;(wak, o+ (DGn(k, 5)),)* — (Diu(k,5))?)

keM pER

- (5(ka (Sa 1)) + 5(kv ((51, _52)’ _1))) (QM (k;7 S) +OMm (kv S)) ] .

(4.4.16)

It follows immediately from Proposition m that Ex is well-defined over H}M and
smooth. Thus we can again look at the problem of finding a stationary point Gy

which satisfies
(6EMm(Gr), W) =0 Yu e Hly, (4.4.17)

where

<5<§M(g_/\/i)v u) = Z [Z (@ng(k,S) + ng_M(k,S)) D,u(m)

keM LperR

— (6(k, (s,1)) + 6(k, ((s1, =s2), —1))) t(k) |-

Crucially, the way we define Guq implies that the contribution from the new bonds
across I' is null, as e.g. for I € I'_ we have [+e3 = (1, —l2), hence Q)jQQM((Z, 1),s) =
0. This in turn tells us the solution to (4.4.17) is given by

G(ki, s) if kp =1,

Gk, s) =
g((kha_kh)as) if ky = —1.

Thus to obtain the decay estimate for |D1,G(l,s)|, we proceed as follows.
Without loss of generality we can assume that [ < 0 and accordingly define a

reflected version of G = G + G as Gret : A — R with Gret = Gref + Gref, Where

4 G(’m, s) if mo <0,
Gref(m, s) :== ¢
G((m1,—ma),s)  ifmg >0
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and
G(m,s) if mg <0,

g_ref<m7 3) = _
g((ml,—mg),s) if mo > 0.

Hence, by construction we have D1,G(l,s) = D1,Gre(l,s) and we can write

D1-G(l,8) = Dir[Gret (L, s)n(1)] = > HDG"™ (m — 1)Gyes(m, s)1(m)
meA
=" 3" D,D-G""(m — 1) D1y [Gret (m, s)n(m)]
meA peR
=51+ 59,
with
=" 3" D,[DGM (m — 1)i(m)]| DipGret (m, 5),
meAN peR
and

So = Z Z D,n(m) ApDrghom<m - Z)Dlpg_ref(m’ s)

meA peR

+ DPDTghom(m - Z)Alpg_ref(m’ 8) :

Noting that the nullity of bonds across the z-axis of G, due to reflection
ensures that ||D1Gret(, 8)|l;z < 00, the argument for Sy is unaffected, thus we can
immediately conclude that Sy < (1 + |w;||wy,|)~!. For Sy we recall the definition of
v in and define its manifold equivalent voq : M — R by

v(kl) if (]QQ <0 /\kaI)\/Uﬂ2 >0Aky = —1),
om (k) = .
0 otherwise.

As a result we have

= 3 DGk, s) - Duw(k)

keM
and thus we can exploit (4.4.17)) to conclude that

S1 =Y =DGp(k,s) - Doa(k) + vpma((s, 1)) + vml(s, —1)).

keM
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We can now introduce

~ GM((mv 1)’ 8) if ma < Oa
g+(m75) =
0 if mo > 0,
N QM m,—1),s) if mg >0,
6 msy o JGlGm19)
0 if mo <0,
if < 0, if > 0,
v (m) = vim) i m; v_(m) = vim) i m; (4.4.18)
0 if mg > 0, 0 if mo < 0.

and are able to conclude that in fact

S1= <Z —D1Gy (m, s) - Dvy(m) + U+(5))

meA

n (z ~DiG—(m, s) - Do_(m) + v_((s1. —sz>>>

meA
= S+ + S_,

i.e., we look at the positive and negative branch separately. We further note that

due to reflection we always have
DiG-(m,5) - Dv_(m)| < |D1Gs (m1, —ms), s) - Du (1, —ma))],

and consequently any estimate that applies to | S| equally applies to |S_|. Further-
more, |Sy| can be estimated as in Case 1, except now I3(v4 ), I4(vy) # 0, but we can
estimate them as follows.

With I'; := B, gr(l) N T, we first note that

I(oy) S D (L wmlPlwmsl) 7@+ lwpy Ploky )7 =2 Y fa(m)

mEFl mGFl

and again argue that
I3(vy) S f3(0) 1, (1) + f3(s) 1, (s) + - fs(x)d,

where T} := T\ (B1(l) U B1(s)). The indicator function 1 is there to cover cases
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when [, s € I';. It is clear that
f3) = 1+ il D™ and - fs(s)Lr (s) S (1 + fwnf*[wg )7

where in particular for the second inequality we argue as in (4.4.7)).
For the integral term we again introduce a change of variables £ = w,, and
due to w(I;) being a one-dimensional line, we can conclude that dm < [£|d€. As a

result, we have

"
de —
[ fs@)de /w@) T IEFIE — AN+ 1€~ CPIE T <P

_ / - he)de.
w(Ty)

Mimicking the approach for I1(v) and Is(v), we carve the region of integration into

o

r,:= B% (v) Nw(Ty), (4.4.19a)
FC = B|754| (C) N w(fl), (4419b)
T} = w(ly) \ (T, UTe) (4.4.19c¢)

and observe that the spatial relations in (4.4.9)) remain valid. Hence,

i i |
d¢é < d
L BES TEpIc e /r T ICPE =™

S+ =) (log [¢] + log ¢ — 1),

<l 1
L+ [CPIC =l Jr, 1+ [CPIE — €7

A fadé < de < (1 +¢HC =)
¢

and

1
(T4 [CPIC =P A+ [CPIC =D Jr,

| a6 S €ldg < (1+ ¢ =17

thus allowing us to conclude that
L(oy) S L+ [CPIC =D = (14 oo )
The exact same argument can also be employed to establish that

Li(v4) S A+ ICPIC =)™ = (1 + JwrPlag )
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which implies [S1| < (1 + |w;[*|w;;|) ™" This concludes the proof. O

4.4.3 Decay of the mixed second derivative of G in an annulus

Lemma [£:4.T] sets the scene for the rest of the proof. In particular we exploit it to
establish the first result for the mixed derivative of G.

Lemma 4.4.2. Ifl € A(s), 7 € R(l), and X € R(s), then
1D17D2xG (1, 5)| S (1 + |l jws o, )7

Proof. Using the same cut-off function 7 as in Lemma [£.4.1] we again distinguish

two cases.

Case 1: suppn NI = 0.
We write
D1:D2)G(l,s) = S1 + Sa,

where this time

Z Z D,[D,G"™(m — 1)n(m)]D1,DaG(m, s)
meA peR
and

=3 > Dyn(m)|A,DrG ™ (m — 1) D1,D22G (m, 5)

meA peR

+ Dqu—ghom(m - Z)Al,pDQAG(ma S) :

The S part can be treated similarly to before, with the key difference being that
we have an extra s-derivative on terms corresponding to the predictor. We thus let
v(m) := D;G"™(m — I)n(m) and estimate

4
1S11S ) Ji(v)

~
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where (J;) are defined as similarly ([;) in (4.3.13)-(4.3.14), but with an additional

derivative with respect to s, namely

= 3 WD) Be)= 3 A mIDum)]  (4.4.20)

( ,,0)¢F (m p ¢F

and

= Y w2 m)|Dyu(m)), = Y W m)Dwm)), (44.21)

b(m,p)CT’ b(m,p)CT’

with 2" and h{? defined in (E.3.12).

Throughout we apply the same procedure as in the proof of Lemma [4.4.1
thus we omit some repetitions. We begin by recalling the decay estimate of the
homogeneous Green’s function G**™ given in and the subsequent discussion
following the definition in , which together imply that

JW) S Y U e lwsllwms )TN+ oy Plom) 7= Y0 gu(m)

mGBCQR(Z) mGBCQR(l)

which then leads to

1(0) S 910) + 91() 5y (s) + /D o

It is further true that

-1 -1

g1() = L+ |wiPlwsllw )™ and - g1(s)1p,, 0 (5) S (1 + |willws|[wgs]?)

We then consider

g2 i
dr = dé =: d
/DRm gi(e)de /MDRU» A+ [EPRIE— P+ ¢ /W(DR(Z)) gu(6)de

and recall the regions of integration from (| . Following the same logic as in the
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proof of Lemma [4.4.1] we can thus conclude that

) 1% 1
dé < d
/mgl R T /Q T3 CPRIE — %

9 I
5|<|4/ e
LH|C= S 1+ [CPhir

S @+ CPAIC =) Hog ¢ — A,

~ |C|2 1 3 2\—1
d¢ < de < (1 _
/gggl 5 L+ [CPPAIIEC — 2 /QC L+[¢ = ¢ 3 AFlclhllc=1)

and

1
1 d€ < 20¢ < 3 EVEAESY
/Qr‘“ R TH PRI =B+ £ - /Q Srde = el =t

For Js(v), similarly,

D) S Y (A |wmPlwsllwms )T A+ Jwpy Plom) T = Y ga(m)
mEBeyr(l) meBe,r(l)
and thus

1o(0) £ 02(D) + 925V, () + | o

We further note that
g2(D) = (L + JwrPlosllw D™ and - ga(s)1p, 0 (s) S (1 + fwl[ws]w[*)

and

€2
dx, = d
/DRm ga()dz, /MR@) L+ [€FRIE A T eee— ™

— / Ga)de,
Dgr(1))

with estimates

) <2 1
dé < d
/m 24 S TR /Q T [CPRlE =A%

’C‘Z ‘C;’Y‘ r
Srme—n [, T S (BRI - AP
T+ ICPIC =P /li T+ [P
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N ¢I? 1 3 -1
d¢ < d¢ < (1 — 1 —

and

1
o
/ 2R S PRI A A T PIE = AP

This establishes that

;[ leRde S (@ IPllc =l

1511 S @+ ICIYIE =A™ = (1 + ol wslwyg)

For Sy, we note that due to variable symmetry we have Dy)G(m,s) =
D10G(s,m) and since [ € A, then m € B,g(l) is such that

N W

Im| < |I| + caR < JI](1 + c2(1 + V2)) <
2
3(1+ ca(14+v2))

(14 co(1+ \/5))]3]

= |s| 2

As a result, with ¢ = # we have that s € A\ Q1(m) and the result of Lemma m
applies, thus DoxG(m, s) < |ws| ™ wms| ™!, We can exploit this fact by summing the

first term by parts and hence consider

S2 = Saa+ Sy i= > = Div (Dy(m) © AD;G"™(m — 1)) DyrG(m, s)

meA

+ > > Don(m)DpD-G"™ (m — 1) A1, DoxG(m, ),

meA peR

where Dn(m) ® AD;G"™(m — 1) = (D,n(m)A1,D;G"™(m — l))pgg-

For Sa, we note that since |Dn(m)| < R = |w;|~Hw;;| ™!, we can estimate

[Sap| S (1+ Jwrllws D™ D (L fm = 1) 7M1+ fws o) 7
meA,;

where again A; = Be,r(l) \ Be,r(1). With the substitution £ = wy, and the identity

in (4.3.1]), we thus obtain

€12
() L+ PIE =D+ 1€ = CPIE+¢1?)

1Sl < (14 111 — ) / s

- / fi(e)de
w(Ar)

We carve w(A;) into Uy := Bjc_y)/2(7) Nw(A;) and w(A;) \ Uy, noting that in some
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cases U, can be empty, but it does not affect the argument.
We first note that

/f1d5< <P / L g <)
u, Y AHICPIC=P) Ju, L IE =l T

On the other hand, if £ € A; \ Uy, then |£ —~| 2 [ —v|. Furthermore, (4.3.1])
together with how A; is defined implies that

1€ = ClIE + ¢l ~ R = Jwilwg | = [C]I¢ =] (4.4.22)

Hence

1dé S 2< _2y-1
/wuu)\mh 5”( +y<y3|»yug A1) / !E\ S T+ [ClIE=17)

As a result

[Sas] S (1 +[CIIC =)~

For Ss,, when we apply the discrete divergence operator, we use the product
rule discussed in (4.4.4) to obtain two sub-terms

Séfl) = Z Z Dpn(m) (ApDTghom(m —p—1) = A,D:G""(m — l)) DoxG(m, s)

meA peR

and

= Z Z Dyn(m — p) — Dyn(m)) AyDrG™ (m — p — 1) DarG(m, s).

meA peR

In the first one the additional derivative goes onto D,G"™ (m —[) and thus this can
be estimated in the same way as Sop.

For the other sub-term we have the additional derivative on the cut-off func-
tion, which leads us to exploit |[D*n(m)| < R™? < (1 + |wi|?*|w;,|*) . Hence

1SS < (1wl D70 ST (1 fm— 1) + |wsllwms])
meA,;
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Similarly to how we argued for Sop, we write

S8 5 @+ 1Pic - AP [ B e
ooty L+ PIE= AN+ €= E+ )
-/ 6 G
Looking at sets Uy and w(A;) \ Uy separately again, we get that
[ 2t 5 e L, e S 0 Kl =

whereas, again exploiting (4.4.22)), we have

A 1
fode <
LMMM/Q (L + [P = A

2 <1 _ A1
)AMMMKIN(+MWM 212)

Hence
1SS < (1 + (¢l = v1A) 7Y,

which concludes the result.

Case 2: suppn NI # 0.
Looking at the corresponding proof in Lemma [{.4.1] we notice that the result will
follow from the same manifold M construction introduced in (4.4.13)), as long as

we correctly estimate J3(vy) and Ju(vy ), defined in (4.4.21), with a formula for vy

given in (4.4.18). We proceed as follows.
We first note that

J3(v4) S D (L |wm P wsl [ P) 7L+ Joony Pl )™ =2 D g3(m)

mel’; mely
and thus
J3(vy) S g3(D)1p, (1) + g3(s)1r,(s) +ﬁ g93(z)dz,
ry
where
93(1) = (1 + |wi[*ws|w;;|*)
and

93(s)1r,(s) = (1 + Jws Pl ) ™ S (1 + Jwnllws oy 1)
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For the integral term we argue that

€ ]
do = d§ =: de.
/fl alalde /wm) T+ EPAIE P+~ CPIE+ P /w(fl)%@ ¢

As before we now look at regions defined in (4.4.19) and observe that

~ ‘C| 1 4 2\—1
dé < de < (1 _
/pf’?’ 5”1+|<|2|<—v2/n1+rq3wua—v|2 ¢ 5 rllie=ai

~ |C’ 1 4 2\—1
dé < de < (1 _
/r,;g?’ SR THICERIC =P /pc T eple - cp e & (Il hlie =)

1
~d < d < 1 4 _ 3\—1
/F;935~<1+|<|2|<—vr2><1+rcw3|v|<—vr2>/m'f'5~( FIERlie =217

thus allowing us to conclude that
3(v4) S wi—v|7) = wy||lws||lwg|®) -
Ja(vy) S L+ [Cllwl¢ = 127! = (1 + |willws| w7
Finally, a corresponding argument can be employed to establish that
4(V4) YNE—=717) ~ = wil|ws|jw |7) 7,
Ja(vy) S A+ [CAIC =)™ = (1 + Jwl|wslw;, 1)~

which implies [S1| < (1 + |wi||ws||wj;|?) ™! and concludes the proof. O

4.4.4 Preliminary norm estimates for the mixed second derivative
of G

The procedure described in Lemmal4.4.2|cannot be employed if we are too close or too
far away from the origin relative to s. It turns out, however, that for [ € Q;(s)UQa(s)

one can obtain a preliminary result in the form of norm estimates.

Lemma 4.4.3. For any s with |s| large enough and T € R(s), the function g(m, s) :=
Do.G(m, s) satisfies

ID1G(, 8l (sy) S lwsl > and  ID1g(-, 8) le2(as(s)) S lws| 7>
Proof. We begin by noting that the equation that g satisfies is
Hg(m,s) = —Hg(m,s) form e Qq(s)UQa(s)

where §(m,s) := Dy,G(m,s). This point-wise equation is obtained from (%.3.15)
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after testing with v(l) = &;,, (the Kronecker delta) and noting that inside §2;(s) we
are away from s.

We multiply both sides by g(-, s)n? or g(-,s)n3 and sum over m. The cut-
off function n; is defined to be identically 1 inside €;(s) and to go smoothly and
monotonically to zero over an annulus of radius c3|s| where the choice of ¢3 ensures
that dist(suppn;,s) ~ |s|. A particular choice of 1; and 79 that works is as follows:
m(m) = 1 for m € Bss;3(0) and n1(m) = 0 for m € A\ Bejsis(0). Similarly,
n2(m) =1 for m € A\ Buysi5(0) and n2(m) = 0 for m € Biojs(0). Thus c3 = :

s|
. 4 . .
Note that as a result we have |D7n;| < [s|™ = |ws|™% and also that it is

and the aforementioned annuli are still at least &' away from s.

non-zero only in the region where the result from Lemma [£.4.2] can be applied. It
can be essentially thought of as imposing a boundary condition on a discrete variant
of the Poisson equation on €;(s). Following summation by parts on the left-hand

side we get

Y Dig(m,s) - Dilg(m,s)nf(m)] = = Y (Hg(m, s)) g(m, s)i (m).  (4.4.23)
meA meA

Furthermore, we can rewrite the left-hand side of (4.4.23]) due to the discrete product
rule identities discussed in (|4.4.4)) which establish that any two f,g : A — R satisfy

Dplfgl(m) = f(m + p)Dpg(m) + f(m)D,g(m)
=g(m+ p)Dpf(m) + g(m)Dpf(m),

which implies that (suppressing the s-dependence of g and i-dependence of n in

notation for brevity)

Dyg(m) - Dpl(gn)nl(m) =Dpg(m) - [g(m + p)n(m + p)Dyn(m) + n(m)D,lgn](m)]
=D,g(m)Dpn(m)g(m + p)n(m + p)
+ Dyg(m)*n(m)n(m + p) + Dyg(m)n(m)g(m) Dyn(m).

A similar calculation reveals that

DIgn](m) - D[gn](m) = D,g(m) - D,[(gn)n](m) + Dpyn(m)*g(m + p)g(m),
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which allows us to rewrite (4.4.23)) as

1D1[g( )il = = > (Hg(m, s)) g(m, s)r; (m) (4.4.24)
meA

+ > (Dyni(m))* g(m, 5)g(m + p, 5)
meN peR
and subsequently we hope to estimate the right-hand side, in particular noting that
[g(m + p, s)| ~ |g(m, s)| inside supp 71 U supp 1.
We first deal with terms that are not on the crack surface. For m ¢ I' we
know that H coincides with the homogeneous Hessian operator H defined in ,

thus a Taylor expansion of

Hg(m,s) =Y Diyg(m — p,s) = Dipg(m, s)
PER

up to fourth order, as calculated explicitly in the proof of [I9] Theorem 5.6], together
with the fact that G (,-, ) solves the Laplace equation away from s we can conclude
that

|[Hg(m,s)| < Hvi‘nvsé(vS)HLOO(31/2(m))-
Hence, bearing in mind ,
[Hg(m. )| S h (m, ) + b (m, s).

If, on the other hand, m € T', then a careful examination of terms in Hg(m)

reveals that

Hy(m,s) =2 > Diyg(m,s).
PER(M)

Applying a Taylor expansion, this implies

. _ . 13 _
[Hg(m,s)| S| D <2Vmg(m, $) - p + Vi g(m, s)lp, o + 3V g(m, )lp. p, p])
PER (M)

+ Vi VG, $)|Loe (B, /o (m))
SIVmg(m, s) - eallpoe (s, pm) + IV VGl 8) oo (B, jp(my)s  (4:4.25)

where the final line follows from the fact that

mely — E 2Vimg(m, s) - p = £2V,g(m, s) - ea,
PER(M)
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meTs = 3 V2g(m,5)[p, ] = 28mg(m, 5) — V2,5(m, 5) Eea, o]
PER (M)

= —V2,G(m, s)[xes, +es),
since g(m, s) solve the Laplace equation away from s. Finally,

mely = Z V3 a(m, s)[p, p,p] = iSVS g(m, s)[teq, Lea, tea].
PER(m)

The second term in [4.4.25|can be estimated as in (4.3.12]). For the first term,
using the boundary condition in (4.3.6)), we can Taylor-expand this around mgy € T
vertically aligned with m, allowing us to gain one extra derivative. As a result
V., g . < h(a) h(b)

For i = 1 we note that in the first term on the right-hand side of (4.4.24)) we
I

only sum over m € By (0), thus Lemma [4.4.1|ensures that g(m, s) < |ws| ™ tw;,,
4

|m — s||w;,|7! and exploit

Furthermore, recalling (4.3.1)), we can rewrite |w,. .| =

the fact in the region of interest |m — s| 2 |s| = |ws|? and |w .| < |wm| + ws| < ws|.
Finally, we note that due to placing the defect core at the origin, we always have

m € A = |m| > 1/v/2. Thus we can estimate
> mms)lglm s S D0 (1wl ) T L+ wilesl)
m€B3|S| (0) mEBB|s| (0)
4 4
(4.4.26)

S |WS|_5 Z ‘Wm’_7 S |ws|_5,
meA

b _ _ _ _ _
S P ms)gm )l S Y (1 lwiml wsllomel®) T L+ lwpmallws]) !
meB 34 (0) meBg)s) (0)
4 g

(4.4.27)

S |WS|_8 Z |Wm‘_4 S |Ws|_8 log |ws],
mEBy (0)
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S B (m,s)lg(m, s)| (4.4.28)

m€B3‘5‘ (o)nr
4

S Y (U wmPlwsllwms )T + wmsllws)
m€B3‘S‘ (O)OF
a4

Slosl™ D ol ™ S w7
m€B3‘S‘ (o)nr
a

S wP(m,s)[g(m, s)] (4.4.29)

m€B3‘S‘ (O)HF
a

s D (1 + fwm[*Jws Jwmsl?) THL + lwmllws) ™
mEB3‘S‘ (0)nr
4

Slosl ™ Y w7 S fws 7 log fwsl-
m€B3‘s‘ (o)nr
4

Similarly, for the boundary term we note that if ¢ = 1 then we only sum over
m € Bss(0) \ Bsjs (0) and we can estimate
4 8

) (Dmi(m)g(m, s))? < Jws| > 1< |ws| ™% (4.4.30)

meA peR(m) meB¥ (0)\Bi\zsr\ (0)

For ¢ = 2 the estimate of boundary term in (4.4.30) still holds with the only
difference being that we now sum over m € Bi1j5(0) \ Bsjs(0). On the other hand,

8 4
as now we sum over m € A\ B (0), the result of Lemma [4.4.1f does not apply
4

to g(m,s). However, we can reproduce the proof of Lemma [4.4.1| using a cut-off
function 7, as introduced at the beginning of Section with R = |s| and ¢; = %
and ¢y = %. One can readily check that the argument for S; remains unaffected,
whereas the for Sy a general result for this type of argument is that [Sa| < R™! and

in this case R™! = |s|~! = |ws| 2. Thus we obtain
g(m, 5)| = [D1-G(s,m)| S (1 + wsllwpmsl + lws*) 7S (1 + Jws) 7,

since |w,,| = |m — s||wt | = Im||(|wm| + |ws)) ™! 2 Jwm| 2 |ws|, as in the region of

interest |m| (= |wm|?) and |m — s| are comparable and |m — s| > |s|.
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Thus we can estimate

Z <hff)(m, s) lg(m, s)| (4.4.31)

mGA\Bg,‘S‘ (0)
a4
I D P R O T O O
mGA\BS‘S‘ (0)
-
o

Skl ® Y el TSl [ e S

mEA\B5|S| (0) 4

4

Analogous calculations result in

S (1 0ms) lgm, ) < fedl (4.4.32)
mEA\Bs|45| (0)

S (10ns) 1g0m. )| S sl (4.4.33)
mEA\Bg,‘S‘ (O)OF

4

S (1 0ms) lgm, ) < fesl (4.4.34)

meA\B 5]s] (o)nr
4

Since the particular choice of the cut-off functions specified at the start of
the proof implies that
Qi(s) c{meA: n(m)=1},

we have thus established that

IDG(- 9)lez (s < IPGC $)milller S Jws| 2

O

4.4.5 Improving norm estimates for mixed second derivative of G
through bootstrapping

Arguments in Sections together provide the preliminary suboptimal esti-
mates of G over the whole space. Together with Lemma they make G = Q +G
a partially-functioning technical tool for estimating the decay of discrete functions
defined on H! in a crack geometry. In particular, we can use it to improve the decay
estimates of (j to get better norm estimates over €2;.

By looking at the estimates (4.4.26)-(4.4.34)), it is evident that we can improve
these sub-optimal norm estimates as long as we are able to get a better rate in
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(4.4.30), with the summation over an annulus near the boundary of €;(s), namely
for m € B35 (0) \ Bsjs (0) and likewise over an annulus near the boundary of s(s),
4 8
namely for m € Bi1js(0) \ Bsjs(0). This is possible if, instead of using a cut-off
8 4

ghom

function and the homogeneous lattice Green’s function , we employ G.

Lemma 4.4.4. Let § € A be such that |3| is large enough. If m € A is such that
m € By (0) \ Bsjs (0) or m € Biys (0) \ Bsjs (0), then
4 8 8 4

9(m, 3)| < lw(3)77,

~

where g(m, §) = Da,G(m, 3).

Proof. Since g(m,3) = D1,G(3,m), we change the notation to keep it in line with
previous proofs by letting [ = § and m = s. Consequently we will in fact estimate
D1,:G(l,s) for I € Bsjs (0)\ Bajs (0) and I € Bujs(0) \ Bss) (0) with the hope that we
can conclude that Dng‘ (1,s) §3 |w;|73. With G Sand its sulkl)optimal decay established,

we can write

Dng(la 5) = Z (HD2Tg(m7 l)) g(m’ S) = Z Dlg(ma 5) ’ Dlg(ma l)7
meA meA
where g = § + g defined in the proof of Lemma [4.4.3] Noting that both §,§ € H,
we exploit the fact that G satisfies (4.3.15)) and, similarly to the strategy employed

in the proof of Lemma [4.4.1 we conclude that

W~

|D1,G(1, s) Z ; (4.4.35)

where the terms are as in (| . Recalling that Lemma establishes
that |D1,g(m,1)| = \DlngTg(m l)| < (1 + Jwm|lwi|lw,,;|*) " and noting the fact
that in the region of interest |l — s, ||, and |s| are all comparable, we can directly

estimate four summands corresponding to this term arguing as in the proof of Lemma
44T
We begin by writing

L(9) S ) (1 fwmPlom) ™ @+ lwmllwrllwn, )™ = D ha(m

meA meA

We first observe that

> hi(m) < ha( )+h1(5)+/D/~11(§)d£,

meA
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where

hi(§) ==

and

D :=R2\ (B (0)UB.

€I

(14 1€P1E =D (A + [€1IC]1E = ¢I?)

Q) UB1(7)),

1
<l v

. _ .. L i . .
with e, = y/1/4/2. The fact that we exclude balls of radii i and o] Is as in (4.4.8]).

It is clear to see that

(D) = 1+ lwPlag) ™ < lwrl =5,

hi(s) = (1+ fwsllwillw )7 < o] ™

and away from the spikes we would like to estimate the integral term separately for

regions close to the origin, v and ( separately.

To this end, we define radii

Ry

= mm{"ﬂ, ’CH’

R, == min{ly]. [y - ([},
R := min{[c|, ¢ — |},

Ry i= max{|q], [} + 2o )
and look at

0= (D1 By 0),

Q, = (D1 B, (),

0 = (D1 B (0).

= (D1 B, (0) (U9, U0,

2 i (D\ B, (0)).

(4.4.36a)
(4.4.36b)
(4.4.36¢)

(4.4.36d)

(4.4.37a)
(4.4.37b)
(4.4.37¢)

(4.4.37d)
(4.4.37¢)

Exploiting the spatial properties of each of these sets and that ||, || and |y — (]| are
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all comparable, we can conclude that

liE P
hade < d£§v—{/ Lar <l
/Qo ! Qo 1+ ’§|6‘7|4 | ‘ €x 73 ’ ‘
Ry

~

[
R

/ hid§ < !7\4/ ;df S |’Y’4/2 L gdr
Qc ~ o L+ PIE=C2 ™ 1 1+ |y

< |yl Clog(Re) < I¢1%log [¢],

<l
z —4 —4 [ -6
t/m@sw /M|@sW|ﬁ23msm,
0 0 o T

2
o0
- _ _ _ 1 _
l/m&sw4/wwmsww/ Lar <1,
Q Q/ R T

Likewise for the second term we begin by saying

L(§) S (1 + fwm P lwms®) ™ (1 + Jwmllwrl[w, )™ = > ha(m)
meA

where

— g2
ha(8) = T e = AT €l =)

It is clear that

ha(l) = (L+ |wiPlwgg ) ™ S el ™,

ha(s) = (1+ |wsllwillwg )7 < o] ™
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and for the integral term we look at regions defined in (4.4.37)) again to obtain

7 g 6 [ —6
had§ < dé€ S *dT< ¢ log ¢
/QO a0 1+ €116 " €7 logcl
1 27 r
ﬁd£§72/§N72/ ———dr S ¢
/Q.Y ? h o, L+ 1PlE—~P g L L+ d

Rc

1 r
hads S [ et ST [ e
fi s <o [ e s, e

[<]
< Iyl Clog(Re) < 1¢1 % log [,

Ri1q
. Bede il [ tae s e e S i og
2

/ ade < |y / €[ Tde < [y / Lar <l
Q Q R T

The same strategy applies to the boundary terms, as we can write

I3(9) SO (L JwmPlwms!) T L+ Jwmlwrllw, [H) 7 =2 > hg(m),
mel’ mel’
and
S ham) € ha(O)1r() + ha(s)1r(s) + [ Bud
meA D
where €l
hs3(§) ==

(L+EPIE =D (L + [€[¢][E — <)
It is clear that

ha(l) = (1 + lwrPleg )™ S Jwrl ™,

ha(s) = (1 + |wsllwillw )71 < Jer ™
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and also

- e 4
hadé < / d¢ S fdr SIC
/Qomw(r) ’ Qonw(T) 1+’f|4\7|4 g <™

Ry

/ e 5 1~ / ;dé Shi [ e
Q. Ne(T Q,nw(m) L+ [13€ =] 1 |y

[
S ¢ log Ry S (¢ log (¢,

Rc

~ 1 1
e S [ e s bl [
gémw M oo T REE=R X~ |

<l

R1 1
/ e 5 I / €] 73de < 7| / ar <17,
Q1Nw(T Q1Nw(T) =2 T

_ _ _ > 1 _
/ e 5 | / €] Pde < 7] / Lar <1,
Q' Nw(T Q'Nw(I) R T

Finally,
L(9) S (U |wm w72 (1 A+ |wmllanlfwpy )™ = > ha(m
mel mel
and
Z ha(m) < ha(D)1r (1) + ha(s)1r(s) +/ hadé,
meA D
where

. §
h4(5) T (1 + |£|2|£ — 'y|2)(1 + |£HC||£ - C|2)

It is clear that

ha(l) = (1+ wrPlw )7 S ol ™,

ha(s) = (1 + |wsllwillw )71 S Jer ™
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and also

Ro

/ had€ < / Ldf S |7|_5/2 Sdr < ¢|?
QoNw(T) ~ QoNw(T) 1+ |£’3|7’5 ~ €x r? ~ ’
1 T
ade < 7‘3/ b ges 7—3/ <
/vaw(r) g o, nw(m) L+ [721€ =72 g L P <l
1 X
hde S [ de sl [ ar <1,
/anw(r) Qcrw(m) 1+ [P — (]2 Ly

R

~ B _ -~ 11 _
[ st [ et s b, <1
Q1Nw(T) Q1Nw(T) 70 r

- _ _ _ oo 1 _
/ Fad < 1| / € %de < |y / Lar <.
QNw(T) QNw(T) R T

Since in each estimate we get at least |(|™* = |w;| ™%, we can conclude that

4
> L) S il
i=1
For the other four terms on the right-hand side of , in light of Lemma
, we look separately at the summation over (1), Q2(l) and A(l). The first
two we investigate in detail, but for the sum over A(l), we simply note that in there
we have a point-wise estimate D1,g(m, 1) < (1 + |wp||lwi|lw,,;|*)~!, as established in

Lemma, so the above estimates translate verbatim and we get

4

D L3, AD) S el

=1

where

L, AD) = Y g m)Dyu(m), Lv,AD) = Y ¢ (m)Dy(m)]

b(m,p)¢ZT b(m,p)ZT
meA(l) meA(l)

(4.4.38)

and

Lo, AD) = Y g m)|Dyo(m)l, Li(v, AD) = > g (m)[Dyu(m)],
b(m,p)CT b(m,p)CT
meA(l) meA(l)

(4.4.39)
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Due to the spatial restriction on [ relative to s, we have that m € Q;(l) =
|m — s| > |s|, which also implies that |w,. | = |m — s||lw] ] = |ws|?(Jwm| + |ws|) 7t

As a result we can conclude that

1/2

2
LS| D lwml ™ wnd ] IDGle@ @) + ol ™ S el .
i=1 \me, (1)

An analogous argument for the remaining terms reveals that

1/2
2
L@ SY | D wnl Clemd ™| I1Ddlle@uay + el ™S el ™
=1 \meQ;(l)
) 1/2
L@ SY | D wonl Pl | I1Ddlle@uay) + el ™S el 7,
=1 \meQ;(l)
) 1/2
L@ SY | D lwnlMwmsd ™| 1Dglle@u) + lwl ™ S el

i=1 \meQ;(l)

We have thus estimated each summand in (4.4.35)) and this concludes the proof. [
As a result, we can improve the norm estimates in Lemma [£.4.3 slightly.

Lemma 4.4.5. For any s with |s| large enough and T € R(s), the function g(m, s) :=
Do.G(m, s) satisfies

1Dg(, $)ll 20,y S lws| ™2 and  |Dg(8) |20y S s~

Proof. With Lemma in hand, the estimate (4.4.30) now becomes
% < fws| S 4.4.40
Dpni(m)g(m, s))” < |ws| ™, (4.4.40)

meA peR m)

which is enough to conclude the result, as now the terms with the lowest rate of
decay are given by (4.4.26]) and (4.4.28)), but these only apply to Q;(s). O

To proceed further we improve upon the estimates in (4.4.26)) and (4.4.28).

Lemma 4.4.6. Let s € A be such that |s| is large enough. If m € A is such that
m € B, (0) then
4

g(m, )| S Jws| /2.
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Proof. Proceeding as in Lemma[4.4.4] we will estimate D1,G(1, s) for I € A\ By (0),
3
which can be achieved by arguing that

4
1D1,G(1L,5)| S Y 1) + 1:(9), (4.4.41)
i=1

where the terms are as in (4.3.13))-(4.3.14). The terms corresponding to g can be
estimated as in Lemma [£.4.4] with the only difference being that we longer have

IC| ~ ||, but now |¢| Z |y|. We still have that |¢| ~ [ —~y|. It can be thus verified
by redoing the estimates from Lemma [I.4.4] that in fact

4

D) ST = el

i=1
For the other four terms we can still write, e.g.

1/2
9 /

L@ S | D A wml Pl ™) IDgll 262 1)) + lwi] ™%,
=1 me; (1)

but since as |l| grows larger, we eventually have s € 4(l), it implies that the
summation over (1) is O(1), thus we can only rely on the result of Lemma [£.4.5]

’—5/2

which tells us that ||Dglleq,q) S |wi and so it easy to see that we can only

conclude that .

> L(g) S el 2,

=1

thus giving us the result of the lemma. O

Lemma 4.4.7. For any s with |s| large enough and T € R(s), and any § > 0, the
function g(m, s) := Da,G(m, s) satisfies

_ —3+6
IDG(-, 9)ll 20y S lws| 2+

Proof. The result of Lemma in particular implies that the terms (4.4.26)) and
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(4.4.28)) can now be estimated, respectively, by

> W mlgm ) S Y (el el )
m€B3|S| (0) mEBB\s\ (0)
4 4

(4.4.42)

S |WS|_H/2 Z ’Wm|_7 S |WS‘_H/2a
m

> mPmslgms)l S DT (Ll Plesl )7L+ )72

meBS|s| (0)nr m€B3‘S‘ (0)nr
a v
(4.4.43)
S ’“8|_11/2 E ‘wm|_3 S |WS‘_11/27

m€B3|S| (o)ynr
T
which in particular, repeating the argument in Lemma implies that
~ —11/4
IDG( 9) |2y S Jews| %

We can thus redo the argument in Lemma to conclude that for |m| < % we

have |g(m, s)| < \ws|_11/4

, which in turn implies that
IDG(, )20y S lws| =234

It is hence apparent that we can repeat this process ad infinitum with the result

after k iterations given by

HDg(a 5)”{2(91) S |ws|_d(k),

k
1 b
d(k)_3( 2+2k>

=1

where

where b = % < 1, which ensures that d(k) < 3 Vk € N, but with limy_,., d(k) = 3,

thus establishing the premise of the lemma. O
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4.4.6 The concluding pointwise estimate for the mixed second
derivative of §

The bootstrapping argument of Section [£.4.5]ensures we can obtain a global pointwise
decay estimate for |D; D2G| and hence for |D1D2G| as well.

Lemma 4.4.8. Ifl € Q;(s) UQa(s), 7 € R(l), and X € R(s), then for any § > 0
D1 D2xG (1, 8)| S (1 + o fews |l [270) 1

Proof. Consider s,l € A such that |s| is large enough and [I| < % and [I|] > 4.

We create a cut-off function n that scales with |I|, namely we say n = 1 in By ({)
4

and 7 = 0 outside By, (I) and smooth and decreasing in-between. Mimicking the

approach in Lemma @, we conclude that
D1:DxG(l,s) = S1+ S2

where

4
1511 S Ji(w) S (1 fwrllws w7
i=1

due to a verbatim repetition of the argument in Lemma [£.4.2] Likewise, we can

immediately conclude that

[S2] < Lt 1 D1g (-, 8)lle2

where g(m, s) := D2,G(m, s) and A; := By (1)\ By (I). Crucially, we observe that in
2

the region under consideration we have By (I) C

2

Lemma [4.4.7] to conclude that

1
f)l(s), thus allowing us to employ
|Sa| S (1 + Jwr*wsP~0) 70 S (1 + s o [*0) 7

where the final passage follows from the fact that we have |ws| 2 |w;,| in the region
of interest.

We further note that this partial result together with the norm estimate over
Q1 (s) in Lemma implies that if |{| < 4, then

[D1rDoAG (L 8)| S lws| 20 S Jws| eyl 747,

which is precisely the result we want for [ ~ 0. Finally, for [ such that % <|I| < %,
we simply note that the choice of regions Q1(s),.A(s), and Qa(s) at the start of
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Section [£.4] was arbitrary in the sense that we can always choose different constants
with the |s| scaling and none of the arguments are affected except for having to
readjust the constants for |s| scaling of the cut-off functions used throughout. Thus
we have shown that if [ € Q1(s) then

D1 DaxG (1, )| S (1 + ||l P0)

which thanks to variable symmetry of G established in the proof of Theorem
implies the same for [ € Qa(s). O

We are at last ready to prove the main result of this section.

Proof Theorem[{.2.3, Part 2: decay estimate for the mized derivative of G.
Lemma and Lemma together establish that for all I, s € A and 7 € R(1),
A € R(s), we have for any § > 0

|D1:DaxG (L, 8)| < |Wl|_1|ws‘_1|wl;|_2+6-

Lemma m provides the same result for G (including the case § = 0) and since
G=G+ G, then in fact

D17 DaAG (1 8)] < | ™ Hows| ™ ool 7247,

which is what we set out to prove. O

4.5 Discussion

In the concluding section of this chapter, we discuss to what extent the key ingre-
dients of the proofs presented in Sections and [£.4] rely on the present setup of a
two-dimensional square lattice under nearest-neighbour interactions and anti-plane
displacements and whether we can adapt the proof to work in a greater generality.
We begin by noting that the construction of the Green’s function described in
Section based upon coupling the discrete problem with its continuum counterpart
translates verbatim to certain more involved settings, for instance, in the anti-plane
setup, to any Bravais lattice under finite-range pair-potential, subject to prescribing
the correct constant Cj in . In a general case of a vectorial model with
under finite-range interatomic potential, however, surface effects play a vital role,

potentially rendering the continuum approximation invalid near the crack surface.
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This has been discussed already in Chapter [3] in Section [3.6] and requires further
thought.

Similarly, most of the decay estimate proof detailed in Section [£:4] can be
easily extended to the general case, in particular the pointwise estimates in Sec-
tions applied to the bulk (Case 1 in the proofs of Lemma and
Lemma . This is because these arguments apply to the region where any
surface effects are negligible, as we effectively exclude a fixed crack-encompassing
infinite cone centered at origin.

However, in order to obtain norm estimates in Sections which
translate verbatim to more complicated setups, one first needs to obtain pointwise
estimates of Sections (4.4.2 near the crack surface (Case 2 in the proofs of
Lemma and Lemma . In this crucial step we rely on a construction of
a locally isomorphic mapping from the defective lattice to a homogeneous lattice,
which preserves the fact that G is a critical point of the associated energy-difference
functional.

A similar construction based on a different reflection can also be carried
out for the triangular lattice under NN interactions, but this approach is ill-suited
to arbitrary finite-range interactions. This is because as we enlarge the radius of
interaction, we increase the number of constraints required for the extended version
of G to remain a critical point of the corresponding extended functional, whereas
any argument based on reflection (possibly coupled with translation and scaling)
has a fixed number of degrees of freedom associated with it. For the same reason the
current framework only permits many-body terms in the interatomic potential that
do not contribute to the Hessian, which is why we restrict ourselves to pair-potentials

in the first place.
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Chapter 5

Cell si1ze effects 1n atomistic crack

propagation

5.1 Introduction and notation

In this chapter we introduce a framework in which atomistic crack propagation can
be analysed. In particular, we move away from the small-loading regime of Chapter
and introduce the stress intensity factor k discussed in Section as a variable
in the energy which was introduced in Section Furthermore, in order to work
with a physically-realistic periodic bifurcation diagram, the interactions across the
crack are now included, as discussed in Section (recall the notational conventions
introduced therein). This setup requires us to assume the premise of Theorem
(adjusted to the new setup), but, with a suitable adjustment in the assumption on
the interatomic potential V', as discussed in Section the equivalents of Theorems
and [3] will be proven.

We are again interested in investigating cell size effects in the finite-domain
approximation under structural assumptions on the bifurcation diagram. In partic-
ular, Theorem @] will be proven, as well as the superconvergence estimate .

The be precise, we consider the energy difference functional £ : H! x R — R
given by

E(u, k) = Z V (Dt (m) + Du(m)) — V(Dii,(m)), (5.1.1)

meA
where 5 was defined in . We recall from that D is the homogeneous
discrete gradient operator, thus interactions across the crack are now included. The
interatomic potential V' was introduced in 7 and crucially, following the dis-
cussion in Section and given that D is employed, we note that is assumed
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throughout this chapter, namely

there exists Ry > 0 such that ¢'(r) =0 Vr with |[r] > Ry. (5.1.2)

Outline of the chapter: In Section [5.2] we introduce the bifurcation theory ma-
chinery, discuss the structural assumptions and state the main results. In Section
[5.3] we consider the finite-domain approximation and provide rigorous statements of
results about the rate of convergence of the approximate bifurcation diagrams, as

introduced in ([1.2.4)-(1.2.6). The numerical tests are presented in Section The

discussion about the model is in Section [5.6l We conclude by gathering proofs in
Section

5.2 Results about the model

We begin by stating the following result, which will be proven in Section [5.5.2

Theorem 5.2.1. Let I be an open bounded interval in Ry that excludes the origin.
The energy difference functional € expressed in (5.1.1)) is well-defined on H* x I and

s a-times continuously differentiable.

The inclusion of the stress intensity factor k € I as a variable in the definition
of £ allows us to employ bifurcation analysis to describe the propagation of the crack
as a series of bifurcations, which we view as corresponding to bond-breaking events.

The primary task of our analysis is to characterise the set of critical points

of the energy, S, defined as
S = {(u,k) eH! ><I|5u5(u,k):()e (7—[1)*}7 (5.2.1)

where 0, : H' x I — (H')* is the partial Fréchet derivative given by

(6u€ (u, k), v) = > VV(Diig(m) + Du(m)) - Dv(m).
meA

For future reference, we summarize our notation for linear and multi-linear

forms, in particular defining the meaning of (6, (u, k), v). For any n-linear form

L, we write L[vy,...,v,] to denote its evaluation at vy,...,v, and if m < n, then
Livi,...,vp] is the (n — m)-linear form
(W1, .oy Wyem) > LUty Oy W1 e W]
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For the sake of readability and only when there is no risk of confusion, we often write
(L, v1) for linear forms and (Ljv1, ve) as well as Liv; = Lq[v1] for bilinear forms.
It is of particular interest to compute continuous paths contained in S, as it
allows to characterise the response of the model to variations in SIF. This is often
possible if we are able to identify one particular pair, say (g, ko) € S and it can be

further shown that it is a regular point, by which we mean
Hy := 62,E (g, ko) = H' — (HY)* is an isomorphism. (5.2.2)

In this case, a standard application of the Implicit Function Theorem [57] yields
existence of a locally unique path of solutions (s, ks) in the vicinity of (g, ko)
which we will assume to be parametrised with an index s € R; exactly this strategy
was used in Chapter [3] to show existence of solutions in a static crack problem with

crack bonds removed from the definition of &, for k small enough. We will set
Hy = 62,E(tis, ks) = HY — (HY™. (5.2.3)

As we will see in the numerical examples of Section [5.4] beyond some critical

value of k, bifurcations of the following type begin to occur.

Definition 5.2.2. A (simple quadratic) fold point occurs at (uy,ky) € S if there
exists 7, € H' such that Ker(Hj) = span{y},

O & (1w, Fip) [y, 1] # 0, (5.2.4)
52uug(ﬂba Eb)h/ba Vb, ’Yb] 7& 0, (525)

with formulae for these variations of energy given in ((5.5.12) and (|5.5.13)), respec-
tively.

A schematic representation of the idea behind Definition [5.2.2] is shown in
Figure The fact that the predictor 4y introduced in Section 2.4] given by

Ug(z) = k \/rysin (%ﬂ”) ,
is such that |V7ay(z)| < k|z|'/2~7 implies that 4y, ¢ H'. This is key to (5.2.4) being
true, and suggests that a full bifurcation diagram is an infinite non-self-intersecting
snaking curve [80], consisting solely of regular and fold points as shown in Figure
B.IBl Our functional setup is well-suited to considering an arbitrary finite segment

of it, so we begin with the following set of assumptions.
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Figure 5.1: @ An illustration of typical behaviour near quadratic fold point (de-
picted as a blue dot). Solid (respectively dashed) lines represent stable (resp. un-
stable) solutions. A change in stability at such points as shown in Proposition
is guaranteed by , which ensures that the smallest eigenvalue passes through
zero with nonzero ‘velocity’.

(]ED: A schematic representation of a snaking curve with dots representing bifurcation

points. The sets of solutions Bpos and By defined in (5.2.9)-([5.2.10)) are represented
in blue and red, respectively. Note that By includes the entirety of the unstable

segments, as well as bifurcation points and small parts of the stable segments.

Assumption 1. There exists a bifurcation diagram in the form of an injective

continuous path B : [0,1] — H! x I given by

B(s) == (us, ks), (5.2.6)

where Im(B) C S (defined in (5.2.1)) is compact and for each s € [0,1], B(s) is
either a regular point, as in , or a fold point, as in Deﬁnition We further
b} C(0,1).
In particular, this implies that Im(B5) is a non—self-intersecting curve.

assume that there are finitely many fold points occuring at s € {b1, ..

For future reference, if f : B — X, where X is a Banach space, is differen-

tiable, then we write f! := d%fs.

Assumption 2. There exists ¢ > 0 such that for each s € [0, 1] there exists a

subspace U, of H! of codimension at most 1 for which it holds that

(Hgv, v) > ¢ ||v||3_[1 (5.2.7)

for all v € Us.

Assumption [2] is the natural analogue of the notion of strong stability from

Theorem [2] which in Chapter [3|is proven to hold for the locally unique solution in
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the small loading regime.

The fact that a succession of fold points occurs is assumed to be an inherent
feature of the lattice and the potential in place, much as the existence of a solution
to a static dislocation problem is assumed in [34]. Assumption [2| ensures that each
B(s) = (s, ks) represents either a bifurcation point, a stable solution or an unstable
solution which is an index—1 saddle point. This assumption is motivated by the fact
that the anti-plane setup and lattice symmetry naturally binds the crack propaga-
tion to the zi-axis, leaving little room for any more involved bifurcating behaviour.
Moreover, this is also supported by numerical evidence presented in Section [5.4]

As will be shown in Proposition requiring that holds ensures
that a change in the stability of the solution occurs at each fold point. This im-
plies that near bifurcation points and on the unstable segments the infimum of the
spectrum of H is an eigenvalue, which motivates the following decomposition of the
parametrisation interval [0, 1]: since we look at a finite segment of the full bifurcation
diagram, we will assume for notational convenience that it starts on a stable segment

and that the number of fold points M lying in Im(B) is even. We then define sets

M2
Too = (J I C[0,1] and Tpes :=1[0,1]\ Ty, (5.2.8)

k=1
where I, := (bog_1 — &, bog + &) with £ > 0 small enough to be specified in in the
proof of Proposition [5.2.:4] The cases where M is odd or we start on an unstable

segment can be handled in an entirely analogous way. We refer to
Byt = B(Zpt) (5.2.9)

as the collection of segments of the bifurcation diagram with o,(Hs) # 0 (non-empty
point spectrum) and to
Bpos := B(Zpos) (5.2.10)

as the collection of segments with o(Hs) C [c,00) (positive spectrum, ¢ from As-
sumption .

We note that both the unstable segments and neighbourhoods of the bifur-
cation points belong to By, thus the constant ¢ in Assumption |2| can be chosen to
be small enough so that

5§ € Tpos = Us =H". (5.2.11)

We now establish some initial results about the model. First, a regularity

result, to be proven in Section [5.5.2]
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Proposition 5.2.3 (Regularity of the diagram). The set Im(B) € H' x I is a

one-dimensional C*~ manifold.

This result entails that without loss of generality, we may make the following

assumption concerning the parametrisation B.

Assumption 3. The function B : [0,1] — H!' x I is a constant speed, C*~!
parametrisation of the manifold Im(B) C H! x R.

Next we state a result concerning the existence of linearly unstable directions
and corresponding negative eigenvalues for some sections of the bifurcation diagram.

This will be proven in Section [5.5.2]

Proposition 5.2.4 (Existence of an eigen-pair). Under Assumptions 6’9’@ there
exist C*~2 functions v : Ty — HY and p - Zpt — R such that

Hyys = psJys, (5.2.12)

where Hg was defined in (5.2.3) and J represents the Riesz mapping [T4], i.e. an

isometric isomorphism between H' and (7:[1)*, thus we can equivalently say that

(HS’YSv ’U> = Ns(’)/&v);_p f07’ allv € 7-.[1,

Furthermore, for j =1,..., M, we have pp; = 0 with the corresponding eigenvector
Vo, introduced in Deﬁm’tion and also ,u;)j £ 0, implying that a change of stability

occurs at s = b;.

We subsequently establish the following decay and regularity results for the
atomistic core corrector, which rely on the precise characterisation of the lattice
Green’s function for the anti-plane crack geometry developed in Chapter 4l Details

are presented in Section [5.5.2]

Theorem 5.2.5 (Decay properties of solutions and eigenvectors). For any s € [0, 1]
and l € A with || large enough it holds that for any & > 0 the atomistic correction
ug satisfies

|Das(1)| < CJ|=3/2, (5.2.13)

If s € Tunst, then the eigenvector s € H' from Proposition satisfies
| Dy (1)| < Ci|=3/2+. (5.2.14)
In both cases C is a generic constant independent of s.
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5.3 Approximation

As numerical simulations are naturally restricted to a computational domain of finite
size, we now consider and analyse a finite-dimensional scheme that approximates the
solution path B defined in and establish rigorous convergence results.

The starting point is a computational domain Qg with BR N A C Qr C A
(where Bp is a ball of radius R centred at the origin) and the boundary condition
prescribed as @ on A\ Q. The approximation to can thus be stated as a

Galerkin approximation, that is we seek to characterise
Sr = {(uf k) € Hr x I|6,E(uf k) =0€ (HR)}, (5.3.1)
where
HY ={v: A5 R|lv=0in A\ Qg}.

We can prove the following results, noting that the details of the proofs are presented

in Section B.5.3

Theorem 5.3.1. Under Assumptions[1], [q € [3, there exists Ry > 0, such that for
all R > Ry, there exists a C*~ approzimate bifurcation path Br : [0,1] — 'HOR x I
given by

where Im(Bgr) C Sg, such that for any 8 >0

@l — sl g + |EE — k| S RTVZP (5.3.2)
and
|E (@l k) — E(ug, ks)| S RV (5.3.3)

where B(s) = (ts, ks) as in (5.2.6).

While the estimate in (5.3.2) appears to be almost sharp (our numerical
results in Section [5.4] indicate that this estimate holds with 8 = 0, possibly up to
log-factors), more can be said about the approximation of the critical values of the

stress intensity factor for which fold points occur.

Theorem 5.3.2. For R suffiently large, the approximate bifurcation path Br from
Theorem contains M fold points in the sense of Definition |5.2.4 occuring at
se {bft,... b} C (0,1), and for each of these we have

‘]_ﬂlﬁ{ — ]_ﬁbj‘ <R for any B > 0.
J
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This superconvergence result is well-known in bifurcation theory [27], and is

observed numerically in our tests in Section |5.4

5.4 Numerical investigation

In this section we present results of numerical tests that confirm the rate of decay of
|Diig| and | D] established in Theorem [5.2.5] as well as the convergence rates from
Theorems [5.3.1] and [5.3.2] The computational setup is similar to the one described
in [19, Section 3|, with A and R as specified in Sections and the pair-potential
given by

(r) = é(1 ~ exp(—3r)). (5.4.1)

We employ a pseudo-arclength numerical continuation scheme to approximate Bgr
[7]. To compute equilibria we employ a standard Newton scheme, terminating at an
¢>®-residual of 1078,

Theoremssuggests that |Dis(1)| < |1]73/2 and |Dv,(1)] < |I|73/2. This
is verified in Figure[5.2] Theorem [5.3.1] suggests that in the supercell approximation
of B in we expect [|@lf — ]|z + [KE — k| ~ O(R~1/?), where R is the size
of the domain. To verify this numerically, we first compute B for R = 32,...,256
via a pseudo—arclength continuation scheme. The results are shown in Figure [5.3
with stable segments plotted as solid lines and unstable segments as dashed lines. To
measure the distance between the segments of the bifurcation diagram, we compute
the Hausdorff distance [73] with respect to || - ||;;1-norm between the critical points
on By (for R = 32,...,90.51)and on Bg,, where R, = 256. The result is shown in
Figure [5.44]

Finally, we test the superconvergence result for the bifurcation points from
Theorem |5.3.2, which predicts that ]I;:é} — ky,| ~ O(R™1). To this end we accelerate

the convergence of the sequence {12:53} (for R = 32,...,256) by employing Richardson
j _
extrapolation [72], thus giving us an approximate limit values for kp;. The values of

the approximate limits, as well as the R~! convergence is exhibited in Figure [5.4b|

Remark 5.4.1. The pair-potential ¢ defined in does not satisfy the strong
assumption of compact support of ¢’ introduced in , but has the slightly
weaker property of exponential decay in first derivative. It thus illustrates the point
mentioned in Section that is by no means a necessary condition.
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distance to crack tip distance to crack tip

Figure 5.2: The decay of Dus and D~s. Transparent dots denote data points
(1], |Dus(1)]), solid curves their envelopes. We observe the expected rate of |I|~3/2.

0.46 0.48

Figure 5.3: The bifurcation paths Br for R = 32,...,256, that is for R = 2"/4 for
n = 20,...32. Solid lines denote stables segments, dashed lines unstable segments
and dots the bifurcation points.

5.5 Proofs

5.5.1 Preliminaries

Our approach is based on two classic results from bifurcation analysis on Banach
spaces, cf. [27], which we state in this section for convenience. The first result is
known as ’ABCD Lemma’ and is adapted from [54].

Lemma 5.5.1 (ABCD Lemma). Let H be a Hilbert space with dual H* and consider
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(a)
Figure 5.4: The approximate rate of convergence of the supercell approximation
of B, measured by the Hausdorff distance with respect to || - ||,;:-norm, compared

against the domain with R = 256.

(]ED The convergence rate of the values of stress intensity factor at which bifurcations
occur. The approximate limit values as predicted by Richardson extrapolation are
given in the legend entries. The fact that all unstable-to-stable (and separately
stable-to-unstable) fold points occur at the same values indicates that in the limit
the bifurcation path is exactly vertical.

the linear operator M : H x R — H* x R of the form

A b]
(C")H d ,

M =

where A : H — H* is self-adjoint in the sense that (Av, w) = (Aw, v) for all
v,we H,be H*\ {0}, ce H\ {0} and d € R. Then

(i) if A is an isomorphism from H to H*, then M 1is an isomorphism between

H xR and H* x R if and only if d — (¢, A=1b)y # 0; and

(i) if dimKer(A) = codim Range(A) = 1 with Ker(A) = span{~}, then M is an
isomorphism if and only if (b, v) # 0 and (¢,v)g # 0.

To state the second result we introduce the following setup: let X, Y and
Z be real Banach spaces and F' € C¥(U x Y;Z) for some k > 1, where U is a
bounded open subset of X. The total derivative of F' at (z,y) € X x Y is denoted
DF(z,y) € L(X x Y, Z), with partial derivatives denoted D, F(z,y) € L(X, Z) and
DyF(z,y) € L(Y,Z). We now state a version of [20, Theorem 1| tailored to our
setting.

Theorem 5.5.2. Suppose a function y : U — Y is Lipschitz continuous with Lips-
chitz constant ce, and there exist constants co and c1 and a monotonically increasing

function L1 : R — R such that the following hypotheses are satisfied:
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(i) for any xg € U, DyF (x0,y(w0)) is an isomorphism of Y onto Z with

sup || Dy F (w0, y(x0)) || < co; (5.5.1)
zoeU

(ii) we have the uniform bound

Slg[)] HDxF(l‘(),y(l'o))H <ep; (5.5.2)

(111) for any xo € U and all (x,y) satisfying ||x — xo|| + ||y — y(z0)|| < &, we have
IDF(2,y) — DF (w0, y(z0) || < L1(§) (lz — @oll + Ily — y(@0)l])-

It then follows that there exist constants a,d > 0 depending only on cq,c1,co and Ly

so that whenever

sup ||F($an(x0))|’ < da
zoeU

then there exists a unique function g € C*(J B(xzo,a),Y) such that

zroeU
F(z,9(z)) = 0.

Moreover, for all zo € U and all z € B(z, a),
o) — ylao)ll < Ko(llz = woll + || F (0, y(x0))]| ) (5.5.3)

where Ko > 0 depends only on the constants co and cy.

For future reference we note that a suitable choice a is given by

i b
a:min{;,m}—e (5.5.4)

where a = ﬁ, b is such that bLy(b) < 517, M = max{co,1 + coc1} and € > 0

is sufficiently small to ensure that a is positive. This can be seen by tracing the

constants in the proof given in [20)].

5.5.2 Proofs about the model

We begin with a technical lemma that is required to prove Theorem [5.2.1

102



Lemma 5.5.3. Ifv e H', then, for any | € T,
(D] < ol (1 +log [1]). (5.5.5)

Proof. The argument in [66, Proposition 12(ii)| proves the result for the case without
a crack present. In that setting, the proof follows directly from [67, Theorem 2.2|.
For a crack geometry, we modify the argument. We distinguish two cases, depending
on whether [ € I'y or [ € I'_. We recall that £ = (%, %) and that by definition
veH = v(z)=0.

Case 1: Let | € I'y, which implies that (I — %) - ey = 0. We consider a
sequence of squares (Q;)N, C R?\ (Qr UT) (recall the definition of Qr in (3.5.1))
aligned in the direction es (which is possible due to the assumption on /) and defined
as follows. Q¢ and @y are unit squares corresponding to sites & and [, defined in
such a way that & (respectively 1) is the midpoint of the side of Qg (resp. @x) which
borders I'y. The squares Q1,...,Qn_1 are defined to fill the space between & and
[ in such a way that they have disjoint interiors and are such that their side-lengths
differ by at most a factor of 2, with one side of the smaller square contained in one

side of the larger square. It is easy to see that there is at most
N<S(2+logll—2]) S 1+ logll

squares in the sequence. See Figure [5.5

O
Q
P
P
¢

._
*—O0—9o—® .

Figure 5.5: An example of construction of squares. The white dot represents &, the
green dot is a, the purple dot a site in Case 1 and the orange dot is a site in Case 2.

For any two neighbouring squares @j, ;41 it follows from a special case of
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[51, Lemma 2] that

()@ — (W), S VIVl L2@e\ry) = 0]l (5.5.6)

where

1
(v)g; = m 0. Iv(z) dz

and I denotes the crack domain P1 interpolation operator employed throughout this
thesis (in particular first discussed in the proof of Theorem [3.2.1]).

As a result

WE

[(Way = (W), [(wq, — (W, (5:5.7)

1

<.
I

M=

S D IVIvli@avrg) = Nlvllyn S 2+ log 1) [|v]l -

1

.
Il

Furthermore, it is naturally true that

[(W)@o = v(@)] < IVvllLe(qyy  and [o(l) — (V)on| < [VOlleu) (5.5.8)

and since on each @);, the piecewise linear interpolant v belongs to a finite-dimensional

space, we obtain
I90lze S 1970200y S IVell2@oreey = ol (5.5.9)

where the first inequality follows from the equivalence of norms for finite-dimensional

spaces and the second from extending the domain from @; to the whole of R? \ Ty.

With (5.5.7) and (5.5.8)-(5.5.9) in hand, we obtain

()] = (D) — v(@)] < (D) - o] + @)ay — ©)g] + [@)g, — v(@)] (5.5.10)
< (1 +log 1) lell

which concludes the proof for [ € T'.

Case 2: Let [ € I'_. The fact that [ is on the other side of the crack relative
to & deems the previous argument invalid, as we can no longer define the sequence
of squares aligned with & and [ which will be a subset of R?\ (2 UTg). Thus we
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first ’jump’ to the other side. By defining a = (%, —%) we conclude that

[o(@) = v(@)] < [o(l) = v(@) +[v(a) — v(2)]
S vl (1 +log I — al))
S [0l (1 +log 1)),

where the second inequality follows from applying (5.5.10) to a sequence of squares
between [ and a and the fact that a bound on |v(a) — v(Z)| can be incorporated into

the general form . O

We now show that the model is well-defined, with the particular emphasis on
two new elements of the analysis that are distinct from previous arguments of this
kind, e.g. [22] [34].

Proof of Theorem [5.2.1. We can decompose the energy into a bulk part and a crack

surface part by writing
S(u, k) = 5bu1k(u, k‘) + & (u, k‘),
where

Eputk (u, k) Z Z ¢(Dpag(m) + Dyu(m)) — ¢(Dpar(m)),

meA peR(m)

=Y > o(Dyir(m) + Dou(m)) — ¢(Dyiix(m)).

mel't peR\R(m)

We notice that &gk excludes the bonds across the crack and thus is well-defined on
H! x I, as shown in the first part of Theorem m

To establish the same for the &, we note that we have the symmetry
() = tp(ly, —l2);

using this observation, for m € I'x and p € R\ R(m) (that is bonds crossing the

crack) we have
| Dyt (m)| = | — 2ug(m)| ~ klm|Y? as |m| — oo. (5.5.11)

We note here that the condition k # 0 originating from the definition of [ is crucial

here.
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Furthermore, Lemma establishes that, for any v € #! with m € I'y and
p € R\ R(m), we have |D,u(m)| < log|m|, which in particular implies that

|Dyiig,(m) + Dyu(m)| = Colm|"/* — Cy log |ml,

for suitable constants Cy, Cy. Therefore, using assumption ([5.1.2)), it follows that for
any m € 'y with |m| sufficiently large,

¢(Dytie(m) + Dyu(m)) — ¢(Dpig(m)) = 0;

this entails that for each u € H! we effectively only sum over a finite domain, and
implies that &p is indeed well-defined over H! x R.

The differentiability properties of the functional follow from a standard ar-
gument, see [68]. In particular we note that due to the assumptions on interval I
the issues near £ = 0 do not enter the analysis. Here we simply provide formulae for

derivatives of relevance to our subsequent arguments. In particular, we have

(k€ (u, k), A) = Y (VV(Dig(m) + Du(m)) — VV (Dig(m)) - (ADitg(m)),

meA
(0uE(u, k), Z VV(D + Du(m)) - Dv(m),
meA
Okl (u, k)[v, A = > VPV (Dig(m) + Du(m))[ADiy(m)] - Dv(m),  (5.5.12)
meA
(62, (u, k)v, w) Z ViV (m) + Du(m))Dv(m) - Dw(m),
meA

63 W E(u, k) v, w, 2] ZV?’ (Dii(m) + Du(m))[Dv(m), Dw(m), Dz(m)].
et (5.5.13)

O
As stated, the foregoing expressions are valid for v € H¢. To define them for v € H*

one requires an extension argument relying on showing that 8,€(0, k) € (H')*, which
is proven in Chapter [ in Theorem [3:2.1] and analogous results for the remaining

terms.
We now turn to the analysis of the bifurcation path B.

Proof of Proposition|5.2.5 This is a standard result and follows from Theorem [5.5.2
and the fact that £ is a C“ functional, so we may apply the local uniqueness of the

function g whose existence was asserted in Theorem [5.5.2] We therefore only outline
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the proof. Define sets corresponding to neighbourhoods of fold points

M
Tio= i = &b+ and  Bp:= B(Ty),
=1

Since Im(B) is compact, then so is Im(B) \ By, thus the latter can be covered with a
finite collection of neighbourhoods of points {(is,, ks, ) }i=1....

It will be shown in the proof of Theorem that Hs, = 62,&(us,, ks,)
at each such point is an isomorphism, thus rendering Theorem applicable to
5u€ (s, , ks
which by its uniqueness together with injectivity of B has to coincide with (us, ks),
thus Im(B) \ By is a piecewise C*~! manifold.

To establish the same in By, for each fold point b;, one considers an extended
system F : (H' x I) x R given by F(u,k,t) = (6,(u, k), (u — Up, s Vo) — 1),
where ~,, was introduced in Definition The ABCD Lemma is applicable to
this extended system evaluated at (@, , ks, , b;), thus ensuring that Theorem is

also applicable, giving us a locally unique C*~! graph t + (u(t),k(t)), where in

.), giving us a locally unique C®~! graph of critical points k +— u(k),

particular k(0) = kp,. Again, due to uniqueness this must coincide with (s, ks), and

hence this finishes the argument. O
Likewise, the existence of an eigen-pair can be established.
Proof of Proposition[5.2.7. In what follows we always consider a system G : B x

Y — Z where B C [0,1], Y = H! xR and Z = (H')* x R, given by

G(s,7, ) = (Hsy — pdv, (¢, 7)gn — 1), (5.5.14)

where ¢ € H! will be chosen appropriately. We consider two subsets of Bt seperately.

Throughout this proof we endow the product spaces with their canonical norms, for
example, |[(u, k)llz1 g = llullg: + Kl
(a) Vicinity of a bifurcation point: We let ¢ = =, introduce the notation

y := (v, ) and observe that

DyG(bis Yo, ;) = ( : ) ) :

(C, ‘)7—’[1 0

Thus, Lemma and Theorem together imply that, for s € (b; — &, b; + &),
where £ > 0 is small enough (cf. (5.2.8), there exists an eigen-pair (s, ys). To show
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that ul, := dc{f: # 0 at s = b;, we differentiate both sides of (5.2.12]) with respect to
s to obtain

52uug(ﬂ87 ES)WQ» Vs) + 53uk5(ﬂ8a ES)[T‘S’ E;] + Hs [’Y;] = :U/SJ['YS] + ,USJ[V;]- (5.5.15)

By definition, at a fold point we have E{n = 0 and since along the bifurcation path
we have 0,& (s, ks) = 0, we can differentiate both sides with respect to s to get
Hgi!, + klbs = 0, it follows that u, = ay, for some o # 0 (constant speed of

parametrisation). Testing (5.5.15) at s = b; with =, and simplifying, we obtain

,ugi = a<53uu£(ﬂbi7 ]_fbi)['ybw'Ybi]? foz'> # 0, (5'5-16)

which is nonzero by Assumption (5.2.5). This completes case (a).

(b) Unstable segment away from bifurcations: ~We assume without loss of
generality that at the bifurcation point b; we switch from a stable segment to an
unstable segment. The result in (a) establishes existence of an eigenvector for s €
(b — &, b; + &), so we let t; := b; + & — €, where 0 < € < £ and thus are able to set
c =", in . A subsequent application of Theorem to system G with
this newly chosen c yields existence of a new interval (¢; —&;,t1 +&1) C Zpt for which
the premise of the theorem is true. This procedure can be iterated, for example
by incrementing to := t; + &1 /2 and repeating the argument. To cover the entire
unstable segment in this way we need to bound &; from below, independently of ¢;.

Due to we know that p; < 0, which implies that the subspace U,

from Assumption [2] can be characterised as
Up = {veH" [ (v,7%) 5 = 0}. (5.5.17)

With this in hand we consider any (u, k) € H! x R, decompose u as u = avys + v,

where o € R and v € U, and aim to uniformly bound
1Dy G (t, e, ) [us k]| = || Hyw — peu — kT ||+ [ (76 )51

from below.

To do so, we observe that

<(Ht - ,U,tJ)’U, - kJ"}/t, m) = <(Ht — ,U,tJ)’U, m> Z (C - /,Lt)H’UH,}_‘[l, (5518)
<(Ht — utJ)u — ]CJ’)/t, —’}/t> = <(Ht — ,LLtJ)OL’}/t — k’z]’yt, —’}/t> =k (5519)
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Together, ((5.5.18]) and ([5.5.19) imply that

[Heuw — pJu — kJyl| = sap [(Hyu — peJu — kJv, 0)]
DEH!
l[ol=1

> max (|c — pelllvllgye, ‘k‘)

> 2min (Jc — pel, 1) ([[vllzn + |K])- (5.5.20)

Moreover, we trivially have
(v, w)gpn | = el = llayellyg- (5.5.21)
Let &(s)™! = min{3(c — ), 2} > min{3(c), 3} =t ¢;', then combining

(5.5.20) and (5.5.21)) yields

1Dy G(t, e, ) [, K| = Z0(t) I (u, B).
In a similar vein, we observe that
IDsG (v, s O < 110500 € (@i, Re) | 4 10518 (e, k) [[|K] =2 &1 (8) < e,

where ¢ := maxer,, ¢1 (t), which is guaranteed to exist due to £ being a C* func-
tional and that B is a C“~! function of s, where o > 5 by assumption.
It is also evident that Condition (iii) from Theorem is satisfied with

Ly(§) = sup ID*G(s,y)
(s,y)ES(E,'yg,pg,S)

where S(3,7s, 15, €) = {(5,7, 1) € R X H! X R: |s = 3] + ||y — sl + [ — s < €}
Guided by , we define M := max{cg, 1 + cpc1}, choose b such that
bLi(b) > 57, let @ = ;2 and recall from that £ = min{%, %} — € with
sufficiently small € > 0 is an admissible choice for ¢ which is in particular independent
of t.
This completes the proof of part (b).

(¢) Regularity: Tt remains to establish the C“~2-regularity of

s (s Ys), S € Lyt

To that end, we note that G is a smooth function of v and p and C®~2 function

with respect to s, thus uniqueness and regularity parts of Theorem [5.5.2]immediately
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imply that v and p are C*~2(Z;) functions. O
We are now in a position to prove the spatial regularity of @ and ~s.

Proof of Theorem[5.2.5. We begin by defining v(m) := Da;G(m,l), where G is the
lattice Green’s function for the anti-plane crack geometry, as introduced in Theorem

and proven to satisfy decay property
[D1Ds:G(m, 1) S (1 + [w(m)| lw(D)] [w(m) —w(D)*)~,
where w is the complex square root mapping defined in polar coordinates as
w(l) := r/%(cos(8/2), sin(6/2))

and § > 0 is arbitrarily small. Here, and throughout this proof, < should be read as
< Cs where Cy is a constant that may depend on J.
Proof of Theorem : estimate ((5.2.13]): We first prove the decay estimate

for us,. We can write

Tus Z Dus ( )

meA

=> > (Dptis(m) — ¢/ (Dpity, (m) + Dptis(m)))Dyv(m)  (5.5.22)

meA peR(m)

+ 3 S (¢ Dy, (m) + Dyt (m))Dyo(m),  (5.5.23)

mel's peR\R(m)
noting that the second equality follows from the fact that §,&(is, ks) = 0, which

implies we effectively subtract zero. The term (5.5.22)) can be estimated by |l|_3/ 2+6
due to the argument given in Theorem that is,

‘ (Dytis(m) — ¢ (D, (m) + Dyiis (m))) Dyv(m)| S |72/
meA peR

The additional term appears because we define the energy with the
homogeneous discrete gradient operator and can be estimated as follows. Using
(5.5.11]) we see that we only sum over at most QRZ)) lattice sites in and thus
we can decompose D,v(m) into a sum of finite differences along bonds that go around

the crack. There will be at most QRg many of them and each separately decays like
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|D1,DarG(m,1)| < |1|73/%F9, thus ensuring that (5.5.23) can be bounded by

‘ (_‘b/(Dpﬁl%s (m) + Dpyus(m)))D,yv(m)| S 0‘11—3/%57
mely peR\R m)

where C' < 4Rg (though an optimal C' might be much smaller). This concludes the

proof of ((5.2.13)).

Proof of Theorem .' estimate (5.2.14): To estimate s we employ an

analogous argument. We begin by writing

Dyrys(l Z Drys(m) - Dv(m)
= Z Z p’Ys - ¢//(Dpﬂl_cs (m) + D,us (m))Dpvs(m))Dpv(m)

meA peR(m)
(5.5.24)

+ Z Z (—¢"(D plg, (M) + Dytis(m))Dpyys(m))Dyv(m).

mely peR\R(m)
(5.5.25)

Using precisely the same argument as for ((5.5.23]) we can bound (5.5.25|) by \l\*3/2+5.
To estimate (5.5.24)) we Taylor-expand ¢” around 0 and observe that

ST ST (Dprelm) — 6" (Dyig, (m) + Dytia(m))Dyye(m) Dyo(m)|  (5.5.26)

meA peR(m)

1/2
S sl (Z |R(m)[*| Du(m)| ) :

meA

where |R(m)| < |m|™! is the remainder of the expansion. This readily implies
that |D,vs(1)| < |I|~!. Thus looking again at ([5.5.26)), instead of applying Cauchy-

Schwarz inequality, we directly observe that

S 3" (Dprs(m) — ¢"(Dyiig, (m) + Dyiis(m)) Dyys(m)) Dpv(m)
meA peR(m)
< N IR(m)| | Ds(m)][ Du(m)| < 173/,

meA

since |R(m)||Dvys(m)| < |m|~2. As before, § > 0 is arbitrarily small. This completes
the proof of the second bound ([5.2.14]). O
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Remark 5.5.4. It is interesting to note that while the model includes a full interaction
between nearest-neighbour atoms, even across the crack, it is nonetheless the lattice
Green’s function for the fractured domain that is employed to estimate the atom-
istic solutions. The homogeneous lattice Green’s function fails because the finite

differences of iy, (m) across the crack grow like ~ |m|'/2,

5.5.3 Convergence proofs

In tandem with the results from bifurcation theory stated in Section [5.5.1] in order
to prove the results from Section [5.3| we rely on the following auxiliary result from
[34] that was adapted to domain with cracks in Chapter [3]in Lemma [3.5.6]

Lemma 5.5.5. There exists a truncation operator Tg : H — HOR such that Trv = 0
in A\ Br and which satisfies
1/2
ITrv = vl S 0l avsy ) = > |Du(m)P Yo e HL.  (5.5.27)
mEA\BR/Q

We can now prove the main result of this section.

Proof of Theorem[5.3.11 We consider an extended system F : B x Y — Z where
B=[0,1,Y =H% x I and Z = (H%)* x R given by

F(s,y) = (0u€(uy, ky), (uy — ﬂs,ﬂ;)ﬂl), (5.5.28)

du(s)
ds B

given by yr(s) = (Trus, ks). We shall now show that, with the help of ABCD

Lemma, F satisfies the conditions of Theorem [5.5.2

where @), = and y = (uy, ky). We further introduce a mapping ygp : B = Y

One can easily obtain that

<63UE(TRu5,ks) 5gk5(TRus,ks)> _.< AR R
( .

(’als’ ')7-'[1 0 - T4

Dy F(s,yn(s)) = T
s ) H1L

We further define A, := H, = 62,& (s, ks) (renamed to keep intuitive notation) and
bs := 5Zk€(ﬂs, ks) and observe that

Ay by AR A, bE b,
DyF(s,yr(s)) = ( , ) + ( ) = M} 4+ M2.
(us7 ')Hl 0 0

Here, we treat As as a restriction to H{ and bs as an element of (H{)*. Since
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Trus — ug as R — oo strongly in HE (a consequence of (5.5.27)), the decay estimate
from Theorem and £ € C?),

||ASR - ASHL(HI’(}'[I)*) + ||bSR - bs”(y_[l)* —0 (5529)

as R — oco. Our strategy will therefore be to apply the ABCD Lemma to M},
interpreted as an operator from H' x I to (7—[1)* x R, and show that M2 is a small
perturbation.

To carry out this strategy we begin by differentiating §,& (s, ks) = 0 with
respect to s to obtain

Aty + Klbs = 0 (5.5.30)

along the bifurcation path B. At a fold point, when s = b;, due to (5.2.4), we have
k! = 0, thus revealing that ﬂgi = a7, for some non-zero a € R. For s # b;, the

operator A; is invertible and thus
i, = —k.(As) " 1bs. (5.5.31)

We can now show that M} satisfies the conditions of ABCD Lemma.

Case 1, s € Ios: Suppose that s € Zj,¢ from . In this case A, is an
isomorphism due to (5.2.7) and (5.2.11)). Thus, to apply ABCD Lemma to M}, we
have to check that (@, (As)~'bs);; # 0, which is true since

(ﬂ;, (As)ilbs>7-'[1 = _Eg(ﬁ/ma;)"ﬂl 7& 0,

since by definition at a regular point we have k’, # 0 and @, # 0.

Case 2, s € I,y: Now suppose s € L,y but s # b; Vi € {1,...,M}. It can
be shown that As remains an isomorphism as follows. Proposition tells us that
we have an eigen-pair (us,7s) satisfying . Any v € H! can be decomposed
into v = ays + w, where w € Ug with Uy given by and a € R. Thus,

1 w

JAwwl = sup [(Asw, B = 5 (I{Aw, 7|+ [{Asw, 2p)])
TEH!
oll=1

and we can further estimate

[(Asv, 7s)| = ‘O‘<AS’YS7 ¥s) + (Asw, 78)‘ = |aps,
] = alAys, 120 + (A, 120 > ol = o],
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where ¢ is the stability constant from Assumption [2} This, together with the fact
that [|v]| < |a|+[|w|| readily implies that we can set ¢ := § min{|s], ¢} and conclude
that for all v € H!

[Asv]| = éf|v]-

Thus, as in the case s € T}, ensures that we can apply the ABCD lemma
and deduce again that A is an isomorphism.

Case 3, s = b;: Finally, suppose s = b; for some i € {1,...,M}. Due to
Assumption [2] we know that the kernel of A, is one-dimensional at a fold point and
thanks to Proposition [5.2.4] we know that it is spanned by ~s, which means that
implies that @, = v,. By Definition we know that (bs, vs) # 0, which
implies that the ABCD Lemma is again applicable.

Uniform Stability of M}: We have shown so far that, for all s € [0, 1], M}
is an isomorphism from H! x I to (H')* x R. In particular, this implies that for any
x = (ug, kz) € H' x I we have

1M ]| > el

where ¢5 > 0.

Since s —+ M} is continuous in operator-norm due to smoothness of £ estab-
lished in Theorem and smoothness of s — (s, ks) established in Proposition
5.2.3| it follows that the infimum inf é; is attained on [0,1] and must therefore be

positive. In summary, we have established the existence of ¢ > 0 such that
|Mlz| > ¢z  Vse[0,1], =e&HIxR.
Uniform Stability: Next, using the definition of M2 we can bound

1Dy F (s, yr(s))all > IMga| — | MZz]| > éllz| — | AT — Aslllluall — 165 — bsl|ka|

Y

v

c

for R large enough, thus ensuring that D, F(s,yr(s)) is an isomorphism from H{ x I
to (HE)* x R, thus satisfying condition (i) from Theorem with uniform bound

¢
1Dy E (s, yr(s))zll = Sllzll - Vs €[0,1],€ € Hi xR,

that is ¢o from (5.5.1)) is given by ¢o = %
Conclusion: So far we have confirmed Condition (i) of Theorem m To
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It can be readily checked that
IDsF (s, yr(s)ll = | = 1+ (Trits — ts, ) 3| < 2

for R large enough. Thus the condition (ii) in Theorem is satisfied with ¢; in

(52) given by ¢1 = 2.
The condition (iii) from Theorem is satisfied with

Li(§) = sup ID?F (5., 95,
(-, €S (9 (5).€)

where
S(s,yr(s),€) = {(s0,50) € R x (M’ x 1)+ |s — so| + | Trtts — uyll + |ks — ky| < €}
Finally, we observe that

sup [|F(s,yr(s))| = sup (|0, (TR, ks)|| + [(Trius — s, 7s)|) — 0,

s€[0,1] s€[0,1]
as R — oo, which implies that no matter how large constants cy, c; and ¢y were and
how badly behaved L was, we would still fall within the regime where the result of
Theorem [5.5.2] was applicable for R large enough.

We can thus conclude that there exists Br : [0,1] — HE x R given by
Br(s) := (af, kf), such that F(s, (af, kf)) = 0, which in particular implies

s 1 'Vs s s

5.E(alt ER) = 0.
Furthermore, using (5.5.3) we can conclude that

1 — Trts|ly + kS = k| < Kol F(s,yr(s))l| S ITrts — us]| S B2,

for arbitrarily small 8 > 0. Crucially, Ko depends only on ¢y and c;, which are
independent of s and the last inequality follows from Lemma and the regularity
estimate from Theorem [5.2.5] This concludes the result, since trivially

af =t < |al — Trtts|l g + || TR — |51

Finally, we note that (/5.3.3)) follows as an immediate collorary, arguing exactly
as in the proof of [33] Theorem 2.4]. O
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To prove our final result, the superconvergence of critical values of the stress
intensitt factor, we first need to quote two intermediate technical steps. The first
lemma, which highlights the origin of this superconvergence, is taken from [27, The-

orem 4.1], restated in our notation for the sake of convenience.

Lemma 5.5.6. Let (uy,, ky,) € B be a simple quadratic fold point. Under Assump-

tions [13 € [3, for R large enough, the approximate bifurcation diagram Bgr has a
R

17

quadratic fold point at s = b;*, where |blR —b;| = 0 as R — oo. Furthermore,

- . _ _ 2 . . 2
kr(0]") = k()| < ||@R(b:) — @ (03)][ 31 + |[Fr(bi) — &' (b:)]
+ l[ar(b:) = albi)|| 7y + [kr(bi) — k(bi)|?
. 2
+ vler;{fg [l =, 151 -
To exploit the inequality from Lemma we adapt [20, Theorem 2|, which
is a follow-up result to Theorem for derivatives.

Lemma 5.5.7. Assume the hypotheses of Theorem[5.5.9 and in addition that

sup ||[DF(xo,y(xo)| < c1.
zo€eU

Then there exists a continuous function K : Ry — Ry, which depends only on
co, c1, L1 such that for all xy € U and all x € B(xo,a) it holds that

1Dg(x) — Dy(xo)l| < K(||Dy(xo)l]) (Hw — ol[ + (| (o, y(wo) |

+ |IDF (2, y(w0), Dy(xo)]|).

Proof of Theorem[5.3.2 Lemma [5.5.6] implies that, for a domain radius R large
enough, we have exactly M approximate fold points bf — bj as R — oo. By
assumption, b; € (0,1) and hence also bf’ € (0,1). Arguing analogously as in the
proof of Theorem m it is not difficult to show that F' defined in satisfies
the conditions of Lemma [5.5.7] thus

[ (bs) — @ (03) || + |Ke(bi) — K (bs)| S B2+,
for arbitrary small 5 > 0. Furthermore,
b o=l < TR, =Wl 5 RTYHP,
with the first inequality following from the obvious fact that Try,, € HE and the
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second from the regularity result for 4, in Theorem [5.2.5
Applying Lemma [5.5.6| we therefore obtain the desired result that

kr(bI) — k(b)) S R71HP. O

5.6 Discussion

The results obtained here, in tandem with those of in Chapters [3] & [ introduce
a mathematical framework in which a rigorous formulation and study of atomistic
models of cracks and their propagation is possible. In particular, we have shown how
the theory of atomistic modelling of defects developed in [19] 34, 50] can be combined
with classical results from bifurcation theory [20, 54] to study this problem, and a
key insight is the identification of the stress intensity factor as a suitable bifurcation
parameter which allows us to explore the energy landscape. Our analysis sets earlier
numerical work of [59] [60] into a rigorous framework, and provides a comprehensive
explanation as to why the bifurcation diagram is a snaking curve.

While further work is needed to extend our analytical results to more gen-
eral models (and particularly to the case of other crack modes), from a numerical
perspective several aspects of our theory are of universal applicability. We therefore
conclude by pointing out a series of interesting conclusions which arise from our

analysis.

Periodicity of the bifurcation diagram In an infinite lattice, shifting the crack
tip by one lattice spacing results in a physically identical configuration. Therefore,
it is reasonable to conjecture that Bg in the limit as R — oo generates a bifurca-
tion diagram in which the critical points exist for values of the SIF k within a fixed
finite interval of admissible values. In Section [5.4] we have exploited the supercon-
vergence result in Theorem to test this hypothesis numerically and the results
summarised in Figure confirm this intuition, as the extrapolated limit values of
SIF as R — oo for every second bifurcation point are numerically identical, occuring
at

k=0.45903, k =0.46234, £k =0.45905, k =0.46231, Kk = 0.45905.

A translation invariance in the critical points further implies that, if we denote
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the centre of the CLE predictor by
xy = (A,0) (5.6.1)

for some \ € Z, and define &, : H' x R — R by

Ex(@,k) = Y V(Dig(m — x) + Da(m)) = V(Dig(m — z,)),
meA

then assuming B(s) = (i, ks) € H! x R is a parametrisation as described in Sec-

tion [5.2] we naturally have
Suln(ts(- — xy), ks) = 0. (5.6.2)

We further notice for any s € [0,1] the total displacement y, = ug_ + us can be

rewritten as ys(m) = g _(m — x)) + ws x(m), where A € Z and

ws \(m) = (ag, (m) — dg_(m — xy)) + s(m).

Crucially,
|Di(1) — Dig(l — )| S U732 = wyp € H! (5.6.3)

and for any choice of A € Z
Sula(ws z, ks) = 64, (s, ks) = 0. (5.6.4)

In other words, no matter which x) we choose to centre the crack predictor u; at,
the same configuration ys = 4j,_+ s always remains an equilibrium and w;  exactly
captures the resulting changes to the atomistic correction.

To be precise, let us fix some s € [0, 1] thus giving us a pair B(s) = (us, ks),
let K := ks and further consider

Ik :={s€[0,1]]ks = K}.

Equations (5.6.2) and (5.6.4]) indicate that for any s’ € I'x for which uy is a solution

of the same type as s (either stable, or unstable or a bifurcation point), we can find
a unique A € Z such that %y = ws .

In particular we note that the above strongly suggests that in some cases one
may be able to prove results about periodicity and boundedness in k of the bifurca-

tion diagram, which we hope to achieve in future work.
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Interplay between the stress intensity factor and the domain size and its
effect on lattice trapping. The tilt of bifurcation diagrams seen in Figure [5.3
indicates that the size of the domain heavily impacts the shape of the corresponding
solution curve. Notably, each successive bond-breaking event has a different interval
of admissible values of SIF associated to it and the corresponding unstable segments
are much shorter than stable ones for small domain sizes. The fact that the influence
of such finite-domain effects can still be observed for a fairly large R can be explained
by the very slow rate of convergence in Theorem [5.3.2

In practice, one hopes to investigate crack propagation and associated energy
barriers for a fixed value of SIF and subsequently compare it against other admissible
choices of SIF to measure the strength of lattice trapping [45] 82], measured by the
relative height of the energy barrier. Our work indicates that such investigations
are particularly challenging due to the extent to which finite—size effects dominate,
an effect we observe to be strong even in the simple model considered here. Only a
very large choice of truncation radius R ensures that the resulting solution paths are
close to the periodic results one expects in the full lattice case. It may be possible
to overcome such difficulties by prescribing a more accurate predictor describing the
far—field behaviour, in line with the idea of development of solutions introduced in

[19]: this is a clear direction for future investigation.

Identification of the correct bifurcation parameter. It is interesting to note
that varying the intuitively natural bifurcation parameter A introduced in
to reflect the crack tip at which the continuum prediction is centred in fact fails to
capture the bifurcation phenomenon. This can be seen by considering £ : H! xR —
R given by

E(v,A) =) _V(Ddx(m) + Dv(m)) — V(Dox(m)),

where 0y = Ug(- — ) for some fixed SIF K > 0. This fundamentally differs
from the energy defined in , as in that case we have linear dependence of the
displacement on k, Diy(m) = kDiy(m), which in turn leads to a particular form
of derivatives with respect to k; in particular, this ensures we have quadratic fold

points. In &, however, the dependence is inside 0y, thus the crucial derivative with
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respect \ is given by

6%, E(v, \)[w, h] = hzfs? oz (m) + Dv(m))D fx(m) - Dw(m),

where fy(m) = Viug(mi — X\, ma) - e1. In this case, as in (5.6.3), we can conclude
€ H!. This implies that a fold point cannot occur, as that would require that
there exists v € #! such that

(62,E (v, \)y 252 Dv)\ ﬁv(m))D*y(m) - Dw(m) =0

for all w € !, which further implies that
T E(v, N 1 262 (Di(m) + Dv(m)) D fr(m) - D(m)

= 2(52 DU)\ m) + Dv(m))D’y(m) - Dfx(m) =0,

since fy € H!. This breaches the defining property of a fold point given in Def-
inition [5.2.2} in fact, it is not possible to drive a bifurcation in this way precisely
because of the observation made in (5.6.3|) and the resulting periodicity.

Parameter-driven analysis for other models and defects: An overarching
idea of this chapter is that a careful analysis of a crucial parameter involved in the
model can reveal the energy landscape of the problem, and this can be particularly
fruitful in the study of defect migration. In the case of a crack, using the SIF as a
driving parameter naturally generalises to more complex fracture models, though in
general there may be multiple SIFs.

It would be interesting to undertake future study to see whether such an
analysis is applicable more widely to other defects. In the particular case of disloca-
tions, nucleation and motion have been studied in the atomistic context in a number
of recent studies, including [3, 4], 25, 41], [49]. Since these defects are the carriers of
plastic deformation, the study of their mobility is important, and natural candidates
for the parameters in this case are the shear modulus and externally—applied stress
[56].
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Chapter 6

Conclusions

We conclude by summarising the main findings of this thesis and pointing to inter-
esting open problems that our analysis give rise to. We will also comment on an
on-going collaboration with James Kermode and Punit Patel from Warwick Centre
for Predictive Modelling (WCPM), in which the aim is to exploit our results in the
numerical study of more advanced vectorial models.

Chapter [2| was devoted to introducing the general atomistic formulation of
static crack problems. Firstly, we discussed the particularly relevant discrete kine-
matics setting, which in the case of the crack had to correctly take the inherent
loss of interaction into account. This was shown to be achieved by either manually
removing interaction bonds across the crack or encoding the loss of interaction into
the interatomic potential and strain. We further introduced and emphasised the
importance of the loading parameter £ known as stress intensity factor.

Subsequently, in Chapter [3] we treated the small-loading regime, which refers
to the manual removal of interaction bonds across the crack coupled with requiring &
to be sufficiently small. In this setup we succeeded in proving existence, local unique-
ness and stability of solutions. Crucially, we also proved far-field decay estimates
of the resulting atomistic corrections and thus recovered a result about convergence
to the thermodynamic limit. We refer to the discussion in Section for a more
detailed summary of this particular case.

The far-field decay estimate result was only possible due to the detailed study
of the associated lattice Green’s function in the anti-plane geometry conducted in
Chapter [l We were able to show that there exists such a function and further es-
tablished its decay properties, by considering the problem as an instance of coupling
between continuum and atomistic descriptions. Furthermore, we employed a techni-

cally involved argument to prove the desired decay. Among other things, it included
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a construction of a locally isomorphic mapping of the problem onto a discrete mani-
fold corresponding to the complex square root, followed by a delicate boot-strapping
argument that saturates at the known rate of decay of the corresponding continuum
Green’s function.

We note that this result is of independent interest and in particular it gave
rise to an on-going study of near-crack-tip plasticity, which in our context refers to
movement of screw dislocations in the vicinity of a Mode III crack. A similar study
without the crack present was conducted in [49].

Finally, in Chapter [f] we focused on capturing atomistic crack propagation.
We reformulated our model by introducing interactions across the crack and encoding
the possibility of them being broken into the atomistic potential, proving that the
resulting model is still well-defined. However, this change put us into a setup rather
common in the atomistic study of defects - due to the complex nonconvex energy
landscape, we could no longer rigorously prove that a strongly stable solution exists,
but under the natural assumption that there is one (interpreted as an inherent feature
of the lattice and the potential in place), we employed the tools of bifurcation analysis
on Banach spaces to conduct a detailed study of crack propagation.

We identified the stress intensity factor k as a particularly suitable bifurcation
parameter and, motivated by the fact the continuum linearised elasticity solution
depends on k linearly, we provided strong evidence that the resulting bifurcation
diagram has to be a snaking curve, with the stability of solutions changing at each
fold point. This observation was further motivated by the fact that the anti-plane
setup naturally binds the crack to the horizontal axis. As a result we introduced some
natural structural assumptions on the bifurcation diagram and subsequently studied
cell size effects in finite-domain approximation to the problem on the infinite lattice.
In particular, we were able to prove sharp convergence rates of finite segments of the
bifurcation diagram and established an interesting superconvergence result for the
critical values of k at which bifurcation points occur. We refer to Section for a
more detailed discussion about that particular part of the analysis.

The contributions of Chapters B} constitute a rigorous framework in which
atomistic models of fracture can be formulated and studied. At present, it is not en-
tirely clear how to extend our results to vectorial models and cracks of different mode
due to the following two major obstacles. One is the ability to estimate the lattice
Green’s function in the crack geometry for interactions beyond nearest-neighbours.
At present we rely on a delicate construction involving a discrete manifold - this
is conceptually ill-suited for more general setups. The second, potentially far more

persistent problem is the phenomenon of surface effects induced by the crack surface,
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with atoms near prone to assuming a different structure altogether.

However, while these complications require further fundamental work to be
overcome on a rigorous level, our analysis obtained for a scalar Mode III crack model
is of universal applicability on a heuristic level. In particular the insights about the
decay of atomistic corrections, the crucial role of the stress intensity factor and
the resulting pseudo-arclength continuation scheme all persist for vectorial models.
This is the subject of the aforementioned on-going work with James Kermode and
Punit Patel from WCPM, who are interested in studying energy barriers for atomistic
models of Mode II (in-plane) fracture. With our numerical scheme for tracing energy
landscape as one varies the stress intensity factor, we were able to find a saddle point
in-between two stable solutions, which precisely corresponds to the energetic cost of
propagation. In that sense, we were also able to precisely capture the phenomenon
of lattice trapping, which postulates that the lattice can keep the crack trapped
for a range of values of the stress intensity factor. With this tool one can carry
out a rigorous qualitative analysis of energy barriers and in particular our work
with regards cell-size effects also warns against the possibility of strong numerical
artefacts, should one choose the computational domain not large enough. As already
noted, this is substantially more challenging in vectorial models and notably has to
be combined with the idea of development of solutions discussed in [I9] to create

a convergent numerical scheme. This is an on-going collaboration and we refer to

Figures [6.1] & [6.2] for visualisation.
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Figure 6.1: Atomistic crack propagation captured for a vectorial Mode II fracture
model.
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