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UPSCALING A MODEL FOR THE THERMALLY-DRIVEN MOTION OF
SCREW DISLOCATIONS

T. HUDSON

ABSTRACT. We formulate and study a stochastic model for the thermally—driven motion of interacting
straight screw dislocations in a cylindrical domain with a convex polygonal cross—section. Motion is
modelled as a Markov jump process, where waiting times for transitions from state to state are
assumed to be exponentially distributed with rates expressed in terms of the potential energy barrier
between the states. Assuming the energy of the system is described by a discrete lattice model, a
precise asymptotic description of the energy barriers between states is obtained. Through scaling of
the various physical constants, two dimensionless parameters are identified which govern the behaviour
of the resulting stochastic evolution. In an asymptotic regime where these parameters remain fixed,
the process is found to satisfy a Large Deviations Principle. A sufficiently explicit description of
the corresponding rate functional is obtained such that the most probable path of the dislocation
configuration may be described as the solution of Discrete Dislocation Dynamics with an explicit
anisotropic mobility which depends on the underlying lattice structure.

1. INTRODUCTION

Dislocations are topological line defects whose motion is a key factor in the plastic behaviour of
crystalline solids. After their existence was hypothesised in order to explain a discrepancy between
predicted and observed yield stress in metals [39, 40, [45], they were subsequently experimentally
identified in the 1950s via electron microscopy [29, 9. Dislocations are typically described by a curve
in the crystal, called the dislocation line, which is where the resulting distortion is most concentrated,
and their Burgers vector, which reflects the mismatch in the lattice they induce [30].

Although the discovery of dislocations is now over 80 years distant, the study of these objects
remains of significant interest to Materials Scientists and Engineers today. In particular, a cubic
centimetre of a metallic solid may contain between 10° and 10°m of dislocation lines [33], leading to
a dense networked geometry, and inducing complex stress fields in the material which are relatively
poorly understood. Accurately modelling the behaviour of dislocations therefore remains a major
hurdle to obtaining predictive models of plasticity on a single crystal scale.

In this work, we propose and study a discrete stochastic model for the thermally—driven motion of
interacting straight screw dislocations in a cylindrical crystal of finite diameter. The basic assump-
tions of this model are that all screw dislocations are aligned with the axis of the cylinder, and that
the motion of dislocations proceeds by random jumps between ‘adjacent’ equilibria, with the rate of
jumps being governed by the temperature and the energy barrier between states: this is the minimal
additional potential energy which must be gained in order to pass to from one state to another. To
describe the system, we prescribe a lattice energy functional, variants of which have been extensively
studied in recent literature [411 [32, 2] 31, [1].

By rescaling the model in space and time, we identify two dimensionless parameters, and with a
specific family of scalings corresponding to a regime in which dislocations are dilute relative to the
lattice spacing, the time over which the system is observed is long and the system temperature is
low, we find we may apply the theory of Large Deviations described in [21] to obtain a mesoscopic
evolution law for the most probable trajectory of a dislocation configuration.

The major novelties of this work are the demonstration of uniqueness (up to symmetries of the
model) of equilibria containing dislocations, a precise asymptotic characterisation of the energy
barriers between dislocation configurations, and the rigorous identification of both a parameter regime
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UPSCALING THERMALLY-DRIVEN DISLOCATION MOTION 2

in which the two—dimensional Discrete Dislocation Dynamics framework [3],[46] [13], [12] is valid, as well
as a new set of explicit nonlinear anisotropic mobilities which depend upon the underlying lattice
structure. The nonlinearity and anisotropy of the mobilities obtained is in contrast to the linear
isotropic mobility often assumed in Discrete Dislocation Dynamics simulations.

1.1. Kinetic Monte Carlo models. The stochastic model we formulate is based on the observation
that at low temperatures, thermally—driven particle systems spend long periods of time close to
local equilibria, or metastable states, before transitioning to adjacent states, and repeating the same
process. It is a classical assertion that such transitions are approximately exponentially distributed
at low temperatures, with a rate which depends upon the temperature and energy barrier which
must be overcome to pass into a new state; the transition rate from state p to state v, R(u — v), is
given approximately by the formula

Ry — v) = A(p — v) e PBH=), (1.1)

where

e 3:= (kgT)!is the inverse of the thermodynamic temperature of the system, with kg being
Boltzmann’s constant and 7" being the absolute temperature;

e B(u — v) is the energy barrier, that is, the additional potential energy relative to the energy
at state p that the system must acquire in order to pass to the state v; and

e A(pn — v) is the entropic prefactor which is related to the ‘width’ of the pathway by which
the system may pass from the state p to the state v with minimal potential energy.

The discovery and refinement of the rate formula is ascribed to Arrhenius [6], Eyring [20], and
Kramers [34], and a review of the physics literature on this subject may be found in [27]. For It6 SDEs
with small noise (the usual mathematical interpretation of the correct low—temperature dynamics of
a particle system) has recently been rigorously validated in the mathematical literature: for a
review of recent progress on this subject, we refer the reader to [7].

We may use the observation above to generate a simple coarse-grained model for the thermally—
driven evolution of a particle system. Begin by labelling the local equilibria of the system, u, and
prescribe a set of neighbouring equilibria AV, which may be accessed from p, along with the transition
rates R(u — v), for v € N,,. Given that the system is in a state u at time 0, we model a transition
from p to a new state v/ € NV, as a jump at a random time 7, where

T ~ greljl\ﬁ Exp (R(p — v)) = Exp (V§ R — V))

R(u— v)
e, Rt 1)’

This defines a Markov jump process on the set of all states: such processes are sometimes called
Kinetic Monte Carlo (KMC) models, and are highly computationally efficient for certain problems
in Materials Science [47]. As an example of their use, KMC models have recently been particularly
successful in the study of pattern formation during epitaxial growth [8, 44]. Due to the ease with
which samples from exponential random variables may be computed, KMC models allow attainment
of significantly longer timescales than Molecular Dynamics simulations of a particle system, with the
tradeoff being that fine detail on the precise mechanisms by which phenomena occur may be lost.
A major hurdle in the prescription of a computational KMC model is the definition of the rates
Z(p — v). In practice, these must be derived or pre-computed by some means, normally via a
costly ab initio or Molecular Dynamics computation run on the underlying particle system to be
approximated. Likewise, a large part of the analysis we undertake here is devoted to rigorously
deriving an asymptotic expression for energy barrier B(y — v), which then informs our choice of

R(p — v) using formula (1.1)).

and Plu—v|t=71]=
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1.2. Modeling screw dislocations. In order to use the KMC framework described above to model
the motion of dislocations, we must give an energetic description of the system which allows us to
define both corresponding metastable states p and the energy barriers B(p — v). In several recent
works [41], 32 2, 31l [I], variants of an anti-plane lattice model have been studied in which the notion
of the energy of a configuration of straight screw dislocations can be made mathematically precise,
and in which screw dislocations may be identified using the topological framework described in [4].
Here, we will follow [32} BT] in considering the energy difference

Euy:9) = ) [¥(dy(e) —w(dj(e))],
e€Dy 1

which compares the energy of deformations y and gy of a long cylindrical crystal with cross—section
nD: the scaled cross—section nD C R? is a convex lattice polygon in either the square, triangular or
hexagonal lattice, D,,; denotes a set of pairs of interacting columns of atoms, d is a finite difference
operator, y and ¢y are anti—plane displacement fields, and v is a periodic inter—column interaction
potential, here taken to be ¢(s) := $Adist(s, Z)>.

We define a locally stable equilibrium to be a displacement y such that v = 0 minimises E,,(y+u;y)
among all perturbations which are sufficiently small in the energy norm

fulha = 3 \du<e>12)1/2.

eeDn,l

Configurations containing dislocations are identified by considering bond-length 1-forms associated

with dy, the definition of which is recalled in §2.5] In analogy with the procedure described in §1.3 of
[30], this construction allows us to define the Burgers vector in a region of the crystal subject to the
deformation y as the integral of the bond-length 1-form around the boundary of the region. This
defines a field p, which we call the dislocation configuration, and we say that the displacement field
y contains the dislocations L.

The results of |31} 2 [I] demonstrate that there are a large number of locally stable equilibria in
this model which contain dislocations for a range of underlying lattice structures. Nevertheless, since
these existence results are ultimately all based upon compactness methods, they do not provide a
fine description of the equilibria, nor a guarantee of uniqueness up to lattice symmetries, for a fixed
choice of the dislocation configuration p. The first achievement of this work is therefore Theorem [3.1]
which provides a novel construction of the equilibria corresponding to dislocation configurations in

the particular case where v(s) := \dist(s,Z)2. This construction uses a form of lattice duality

-2
to show that these minima may be characterised as the ‘discrete harmonic conjugate’ (interpreted
in an appropriate sense) of lattice Green’s functions satisfying Dirichlet boundary conditions on a
finite lattice domain. In particular, this representation enables us to show that, given a dislocation

configuration, there exist corresponding equilibria which are unique up to lattice symmetries.

1.3. Energy barriers. For two dislocation configurations p and v, we define the energy barrier for
the transition from u to v as
B,(p—v):= min max E,(y(t);u,),

~vyel, (u—v) te(0,1]

where u,, u, are locally stable equilibria containing dislocation configurations p and v respectively,
and [', (@ — v) is the space of continuous paths connecting these equilibria. The second major
achievement of this work is Theorem which gives a precise asymptotic formula for B, (u — v)
as the domain and dislocation configuration are scaled, in terms of the gradient of the renormalised
energy |14, 43, 2]. In the course of proving this result, in we constructively demonstrate the
existence of {ransition states uy, such that

En(ups up) = By — v).

The construction of u; again uses the form of lattice duality we describe and lattice Green’s functions
on the finite domain. Moreover, the properties of Green’s functions allow us to compute B, (@ — v)
explicitly in terms of a single finite difference of the dual lattice Green’s function. In Theorem [4.6]
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we obtain a precise asymptotic description of this finite difference in terms of the gradient of the
continuum renormalised energy as the domain is rescaled, and hence to provide an asymptotic formula
for B,(;n — v). Our strategy for proving Theorem is t develop a theory akin to the classical
gradient estimates for solutions of Poisson’s equation (see §3.4 of [24]) in a discrete setting.

1.4. Upscaling via a Large Deviations Principle. Once we have obtained the asymptotic repre-
sentation of B, (i1 — v) given in Theorem [3.2] we apply formula to define the rates R, (1 — v)
and hence the stochastic model considered. We then seek to understand the behaviour of this
model in the regime where the distance between dislocations is significantly larger than the lattice
spacing. Scaling the various physical constants inherent in the model enables us to identify two
non—dimensional constants which govern the evolution.

Fixing these constants leads us to consider the asymptotic regime in which the temperature is
low, the diameter of the cylindrical domain and the spacing between dislocations is large relative
with the lattice spacing, and the time over which the process is observed is long. In this regime, we
find that the processes satisfy a Large Deviations Principle, which provides a means of describing
the asymptotic probability of rare events in random processes. A general theoretical framework for
proving such results has been developed over the last 50 years, and major treatises on the subject
describing a variety of approaches include |22 [I8] 16} 21].

More precisely, a sequence of random variables X™ taking values on a metric space M is said to
satisfy a Large Deviations Principle if there exists a lower semicontinuous functional Z : M — [0, +0o0]
such that for any open set A C M,

liminf L log P[X" € A] > — inf Z(x),

n—00 €A

and for any closed set B C M, we have that
limsup = log P[X" € B] < — inf Z(z).

n—00 reB
The function Z is called the rate function of the Large Deviations Principle, and is called good if
each of the sub-level sets {z |Z(z) < a} for a € R is compact in M (a property normally referred to
as coercivity in the Calculus of Variations literature). The existence of a Large Deviations Principle
may be interpreted as saying that, for any Borel set A,

PX" € A] :exp(—n;_‘glz(m)), as n — 0o,

i.e. the probability of observing events disjoint from Z~!(0) becomes exponentially small as n — oo.

In the setting considered here, the random variables X correspond to trajectories of the dislocation
configuration through an appropriate state space. In order to prove a Large Deviations Principle, we
apply the theory developed in [2I] and summarise the main results of this treatise in a form suited
to our application in Theorem The existence of a Large Deviations Principle is then asserted in
Theorem which also gives an explicit description of the ‘most probable’ trajectory of the system.
This trajectory corresponds to a solution of the equations usually simulated in the study of Discrete
Dislocation Dynamics [3] 13 [12], with an explicit anisotropic mobility function MILLL p which depends
upon the underlying lattice structure.

We conclude our study by discussing the interpretation of this result, and show that the additional
regimes identified in [10] also apply here: in particular, we show it is possible to recover the linear
gradient flow structure normally used in Discrete Dislocation Dynamics simulations [3, 13, 12| in
a further parametric limit, but we argue that in the appropriate parameter regimes, a stochastic
evolution problem may be more appropriate to model dislocation evolution.

1.5. Structure and notation. In order to give a precise statement of our main results, §2]is devoted
to describing the geometric framework which is both used to describe the Burgers vector of a lattice
deformation in our model and the notion of duality which we use in the subsequent analysis.

In we state and discuss our main results. These are Theorem which characterises equilibria
containing dislocations, Theorem which provides a precise asymptotic formula for the energy
barrier between equilibria, and Theorem [3.4] which asserts the existence of a Large Deviations
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Principle for the Markov processes and asymptotic regime we consider. The proofs of these results
are given in f] §5] and §0| respectively.

Since we introduce significant amounts of notation in order to concisely state our results, Table
is provided for convenience.

2. PRELIMINARIES

As stated in the introduction, the construction of the local minima corresponding to dislocation
configurations we give below relies upon a particular dual construction which corresponds in some
sense to the construction of a ‘discrete harmonic conjugate’. This construction is most conveniently
expressed using a discrete theory of differential forms, which also provides the basis for a definition
of the Burgers vector of a deformation. The reader already familiar with this theory may wish to
refer to Table [I] for our choice of notation and skip to §2.3] where the particular examples necessary
for the subsequent analysis are given.

2.1. Lattice complex. We begin by recalling some facts about lattice complexes, which provide the
correct tools to study dislocations in the model we consider. Lattice complexes are a particular class
of CW compler, which are objects usually studied in algebraic topology, and were defined with a
particular view to applications in the modelling of dislocations in crystals in [4]: we follow the same
basic definitions and terminology here. For further details on the definitions below, we refer the
reader to Section 2 of [4], and for background on such constructions in a general setting, see either
the Appendix of [28], or [38].

To provide some intuition to those less familiar with the notions described here, we remark at the
outset that a lattice complex may be thought of as a ‘skeleton’ of sets of increasing dimension which
is built on the lattice points and fills R?. The elements of this skeleton are p—cells, where p refers to
the ‘dimension’ of the particular element. The key idea behind the definition of a lattice complex is
that it provides a means by which to make rigorous sense of

e the boundaries of sets;
e operators analogous to the gradient, divergence, and curl, and
e versions of the Divergence and Stokes’ theorems which relate the above notions.

Since these are likely to be familiar, we will point out some analogies with these more familiar calculus
concepts along the way. The reader is invited to refer to Figure [l for an illustration of the particular
lattice complexes used in the subsequent analysis.

2.1.1. Construction of a lattice complex. Given a Hausdorff topological space S, a O—cell is simply a
member of some fixed subset of points in S. Higher—dimensional cells are then defined iteratively:
for p > 1, a p—dimensional cell (or p—cell) is e C S for which there exists a homeomorphism mapping
the interior of the p-dimensional closed ball in R? onto e, and mapping the boundary of the ball onto
a finite union of cells of dimension less than p.

A CW complex is a Hausdorff topological space along with a collection of cells as defined above,
such that S is the disjoint union of all cells. The CW complex is d-dimensional if the maximum
dimension of any cell is d, and S is referred to as the underlying space of the complex: S, will denote
the set of all p—cells in the complex.

Each p-cell may be assigned an orientation consistent with the usual notion for set in R?, and
we write —e to mean the p—cell with opposite orientation to that of e. We may define an operator
0, called the boundary operator, which maps oriented p—cells to consistently oriented (p — 1)—cells,
which intuitively are ‘the boundary’ of the original cell. Similarly, the coboundary operator 6 may
be defined, mapping an oriented p—cell, e, to all consistently oriented p+ 1-cells which have e as part
of their boundary.

We now recall from [4] that a lattice complex is a CW complex such that:

e the underlying space is all of R?,

e the set of O—cells forms an d—dimensional lattice, and
e the cell set is translation and symmetry invariant.
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TABLE 1. Notation conventions.

Symbol Description
L m~—dimensional multilattice identified with a lattice complex
Tr, Sq, Hx Triangular, square and hexagonal lattices in R?
K, KV, V* | Constants depending on L
D Convex lattice polygon
1 Position and interior angle of corner [ of D
Ly,Ly Set of p—cells in the primal and dual lattice complexes induced by L
Dup,Dip Set of p—cells in the primal and dual lattice subcomplexes induced by nD
Ext(Dy ) Set of p—cells in D,, ,, at the ‘edge’ of the complex induced by nD
Int(D,, ;) Set of p—cells in D,, , which lie ‘away from the edge of nD’
e A p—cell
[eo, €1] 1-cell e such that de = e; U —ey.
e+a p—cell obtained by translating e by the vector a
d,0 Boundary and coboundary operators
(s W) Differential and codifferential on forms defined on the lattice complex
A Hodge Laplacian on forms
W (L,), # (Dyp) | Set of p~forms on L and D
Z3(L,) Hilbert space of square-integrable p—forms on L
#o(Dp) Set of p—forms on D which vanish on Ext(D,, )
() Duality mapping on p—cells and p—forms
E.(y;9) Energy difference between deformations y and g
Y Potential giving energy per unit length of interaction between columns of atoms
[du] Set of bond-length 1-forms corresponding to du
Uy, Locally stable equilibrium containing dislocations pu
R — v) Exponential transition rate to pass from u to v
A,(p— v) | Entropic prefactor for transition from p to v
B, (n—v) Potential energy barrier to transition from p to v
L(p —v) Space of paths in deformation space connecting w,, and u,
Uy Transition state, i.e. deformation where B,(u — v) is attained
g, o Bond-length 1-forms corresponding to the transition state
1. p—form which is +1 on +e and 0 otherwise
Gt Green’s function for the full lattice L
Q" Polygonal set of radius r in the lattice
w? Harmonic measure for Q" evaluated at e € Ext(Qf)
G- Solution to A*G .« = p* in #4(D;, )
gy Continuum Green’s function, solving —AG, = %}(Sy in D, G, =0 on 0D
M Set of ‘well-separated’ dislocation positions
ME, Set of macroscale ‘well-separated’ dislocation positions
o) Inverse thermodynamic temperature
T, Characteristic timescale of observation
D([0,T]; M) | Skorokhod space of cadlag functions from [0, 7] to a metric space M
Q,, H, Infinitesimal and nonlinear generators of the KMC process
’H,':L B L,Lax, B The Hamiltonian and Lagrangian for KMC process
& Renormalised energy
\II';L B Dissipation potential

Large Deviations rate functional
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Throughout, we will denote such a lattice complex L, and the set of p—cells of the corresponding
complex will be L,. Due to the translation invariance of L, it will be particularly convenient to
consider translations of lattice p—cells, so for e € L, and a vector a € RY, we define

eta={zeR|z=y+ayce}.

We will always assume that we have chosen coordinates such that {0} € Ly and, abusing notation,
we will write 0 to refer to this O—cell.

A second convenient notational convention we will occasionally use is the representation of a 1—cell
through its boundary; we write

e =[ep,e1] tomean e €Ly suchthat dJe=e; U —ep.

2.1.2. Spaces of p—forms and calculus on lattices. For the application considered here, we wish to
describe deformations of a crystal. These are appropriately described in the lattice complex frame-
work as p—forms, which are real-valued functions on p-cells which change sign if the orientation of
the cell on which they are evaluated is reversed. We define #/(L,) to be the space of all p—forms,
that is
W (L) :={f:L, > R|fle)=—f(—e), for any e € L,}.

It is straightforward to check that this is a vector space under pointwise addition. We also define
the set of compactly—supported p—forms,

Wi(L,) = {f e #(L,) | Ule| fle) £ 0} is compact in Rd},

where here and throughout, A denotes the closure of A C R%
Let A C L, be finite; then for f € #(L,), we define the integral

[ 1= 1.

ecA

The differential and codifferential are respectively the linear operators d : #/(L,) — #(L,—1) and
0: W (L,) = #(Lyt1), defined to be

df(e):= | f and of(e):= [ f.
Oe de

For a O—form on a lattice complex, the differential is simply the finite difference operator defined for
a pair of nearest neighbours, and in a continuous setting the same operator is the gradient. Similary,
d acting on 1-forms is either (the negative of) the discrete or continuum divergence operator. In a
three-dimensional complex, both d acting on 1-forms and é acting on 2-forms may be thought of
as the curl operator.

The bilinear form

(fr9)= [ fg
Lp

is well-defined whenever f € #.(L,) or g € #.(L,). Moreover, if f € #.(L,) and g € #.(Lp11), we
have the integration by parts formula

(df.9) = (f,09); (2.1)
this statement should be compared with that of the Divergence Theorem and variants, using the
vector calculus interpretation of d and & given above. Furthermore, by defining the space £?(L,) :=
{f e 7(L,) } (f, ) < +oo}, this bilinear form defines an inner product. It is straightforward to
show that this is then a Hilbert space with the induced norm, which we denote |Jul|y := (u,u)"2.
We recall the definition of the Hodge Laplacian as the operator

A:w(L,) —#(L, with Af:=(dd+dd)f (2.2)

when p # 0 and p # m, and in the cases where p =0 and p = m, A = dd and A = dJ respectively.
Note that, in a continuum setting, this definition of the Laplacian agrees with the interpretation of
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d as the gradient on O—forms and d as the negative of the divergence on 1-forms. Any function
satisfying Af =0 on A C L, is said to be harmonic on A.
Finally, 1. will always denote the p—form

N | £l € = *e,
Le(e’) := { 0 otherwise.

2.2. Dual complex. The common notion of duality which occurs in algebraic topology relating to
CW complexes is that of the cohomology. This is usually presented as an abstract algebraic structure,
since it is only this structure which is needed to deduce topological information about a CW complex.
In some cases it may also be given a more concrete identification, which will be particularly important
for the subsequent analysis.

Given an m—dimensional lattice complex, when possible, we define the dual complex as follows:

e For any e € L,,, let e* := fe x dz, the barycentre of set e in R?, and let
Ly :=={e"|e € L}

e For a collection of elementary m-—cells A € L,,, let

A* = U e (2.3)

ecA
e Now, iterate over p =m —1,m —2,...,0: for each p, let e € L,,, and consider de € L,4; as a
sum of elementary p-cells. Find the corresponding cells in L}, , ;. Define e* € L}, to be

the convex hull of (de)* with (de)* removed, assigning e* the same orientation as e. For A, a
sum of elementary p—cells, we again define A* via (2.3).

We define boundary and coboundary operators on the dual lattice complex, 0* and 6*, so that
0*e* = (de)*, and d§"e" = (de)". (2.4)

By construction, x : L, — L}, defines an isomorphism of the additive group structure usually
defined on lattice complexes (see §2.2 of [4]). The equalities stated in (2.4) may then be interpreted
as the statement of the Poincaré duality theorem (see for example Section 3.3 of [28]), and the
construction described above is succinctly represented in the following commutation diagram.

0 0
L L L
p+1 P p—1
1 1)
L* 5—*> L* 5—*> L*
m—p—1 T m—p ? m—p+1

Since the differential and codifferential operators inherit features from the structure of the CW
complex on which p—forms are defined, we now show that similar duality properties hold for the
differential complexes on L and L*. For any f € #/(L,), we define f* € # (L}, ) via

fr(€) = fle).
Again, it may be checked that % : #(L,) — #(L},_,) is an isomorphism; in fact, * defines an

m—p

isometry of the spaces £?(L,) and Z*(L;, ,). The differential, denoted d* : #/(L;) — #/(L;_,(L*)),
and codifferential, denoted 6 : #/(L;_,) — #'(L;), are then

A )= [ =] f=60), ad FpE)= | =] p=dfe)

O*e* o*e*
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FIGURE 1. The square, triangular and hexagonal lattices respectively, and their duals.
Primal lattices are shown in grey, dual lattices in red; 2—cells are left uncoloured.
Particular primal cells are highlighted in black, and their respective dual cells are
given in blue.

Again, this relationship is concisely expressed in the following diagram.

d d
W(Lp-i—l) — W(Lp) — W(Lp—l)

{ | } | }
* 9 * ¢ *
W(mepfl) — W(mep) — W(meerl)

dr d*

2.3. Examples: the square, triangular and hexagonal lattices. In the analysis which follows,
we focus exclusively on 2-dimensional lattice complexes, and in particular the triangular, square and
hexagonal lattices denoted Tr, Sq and Hx respectively. Let R, and Rg be the rotation matrices

0 -1 ;%
R4::(1 0) and Rg:= */73 % .

For convenience, we define e; := a; := (1,0)%, and

ei =R e, foriec{1,2,3,4}, and a;:= Ré_lal for j € {1,...,6}.
The triangular, square and hexagonal lattices are defined to be

Tr = [ay, a9 - Z°, Sq:=7Z% and Hx:=V3RTrU [V3R,Tr+e;

the nearest neighbour directions in Sq are therefore e;, and a; in Tr or Hx. We may define lattice
complexes based on these sets (see §2.3.2 and §2.3.3 of [4] and [5]), and moreover

Tr* = \/TgR4Hx +3(as+a3), Sq"=Sq+ i(e;+e), and Hx = V3R, Tr + \/?g(al + as).

Figure 1| illustrates the three lattices and the duality mapping between L and L*.
At this point, we give the definitions of some lattice—-dependent constants which will arise during
our analysis:

3 if L = Hx, 2 if L = Hx,
K: =< 4 if L=Sq, and Y:=< 4 if L =9q, (2.5)
6 if L=Tr. 6 if L=Tr,

For convenience, we will write V* and K* to mean the relevant constants for the dual lattice. Note
that IC is the number of nearest neighbours in the lattice.

2.4. Finite lattice subcomplexes. For the particular application we will consider, we will make
use of finite subcomplexes of the full lattice complex, and so we now make precise the notation we
use as well as the particular assumptions made throughout our analysis. The reader may find it
useful to refer to Figure [2| which illustrates the construction in a couple of simple cases.
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2.4.1. Induced subcomplexes. Given a finite subset Ay C Ly, we define the induced lattice subcomplex
by inductively defining

A, :={eel,|deC A}
This is a well-defined CW complex when the corresponding boundary 0* and coboundary §* oper-
ators are defined by restriction, i.e.

Me:=0enA, 1, and de=(de)NA,; foralleeA,.

The induced differential and codifferential operators d* and 6” are then defined in the same way as
d and 4, using * and 6* in place of d and §, and we may define the spaces #(A,) and £?(A,).

It will be convenient to distinguish what we term the exterior and interior p—cells of the CW
complex A, respectively defined to be

Ext(A,) := {e € A, |de # 0%}, and Int(A,) := A, \ Ext(A,).

The former set may be thought of as the ‘edge’ of the lattice subcomplex, and the latter as the
‘interior’ of the lattice subcomplex.
We now define a subcomplex of the dual lattice complex which we call the dual subcomplex induced
by Ag. Let Af = {e* € L’ |e € A}, and inductively define
A ={e el

for p > 1. We remark that this definition is not equivalent to defining sets of sets of dual p—cells by
directly taking the dual of the primal p—cells; however, we do have the inclusion

[Ap]* C A, foreachp,

* * ok * *
e’ € 0"a” for some a” € A}, .1}

where equality always holds when p = m by definition. The other inclusions follow by induction
on p: note that e € A, with p > 1 implies that e € §*a for some a € A, 1, §a C da, and hence
e* € 9*a* for some a* € Ay, _ . As before, we may define 9" and 6*" by restriction, which in turn
leads us to define operators d*” and 6*" analogously.

Similarly, let

Ext(A5) := {e* € A

0" #£ 6% ¢*}, and Int(A%) := A’ \ Ext(A%).

By construction, Ext(A;) = 0, and e € Ext(A},_)) if and only if there exists no a € A, with e = a*
(see Figure [2| for an illustration).

From now on, it will always be clear from the context whether we are referring to the relevant
operators on L and L*, or on A and A*, so for the sake of concision, we will suppress A from our
notation.

2.4.2. Subcomplexes induced by a domain. We will say that an induced lattice subcomplex is path—
connected if for any e, e’ € Ay, there exists v C Ay such that

Oy =eU—¢,

and call such v C Ay a path which connects e and €. We will say a lattice subcomplex is simply—
connected if for any v C A; such that 9y =0, v = JA for some A € A,.

Throughout our analysis, D will always denote a closed convex lattice polygon, i.e. a non—empty
compact convex subset of R? which has corners ¢; € L and internal angles ¢; where [ = 1,... L
indexes the corners, following [25]. We consider the scaled domains nD, for n € N, noting that nD
remains a lattice polygon, and denote D,, to be the largest induced lattice subcomplex with respect
to inclusion such that

e D, , CnD for all p,
e D}, CnD for all p,
e D, and D} are both path connected and simply connected.

It can be shown that such a complex always exists as long as n is sufficiently large, since D is convex:
we give an example on the right—hand side of Figure
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FIGURE 2. On the left, an example of primal (in black) and dual (in red) induced
subcomplexes for a general subset of the triangular lattice: Ag is the set of black
points. On the right, a lattice polygon D in the square lattice, and the corresponding
primal and dual subcomplexes, which are both path— and simply-connected.

2.4.3. Counting and distances. For a collection of p—cells A C D,,,,, we write #A to designate the

smallest number of elementary p—cells e; such that A = Ufj €;.
We define diam(D) to be

diam(D) := max {|z — y|| z,y € D},

and we note that there exists a constant C* > 0 which depends only on the underlying lattice L such
that

max { min {#y | YC Dy, 0y=e—¢}|€ec Ext(Dn,o)} < Ctndiam(D).
We write dist(A, B) to mean the shortest distance between two sets A, B C R? i.e.
dist(A, B) :=inf {|z —y| |z € A,y € B}.

2.4.4. Spaces of p—forms on lattice subcomplexes. The space of p—forms on the lattice subcomplex
induced by nD is denoted

# (Dnyp) = {u:Dyp — R|ule) = —u(—e)}.
As for the space of forms defined on L, we define the inner product and induced norm

(u,v) ::/ wv, and |jully = (u,u)"?

DVL,P

Since D, , is finite, these are always well-defined; we will also make occasional use of the norm

||t]|so := max |u(e)].
e€Dnp

We denote the subspace of p—forms vanishing on Ext(D,,,)
#o(Dpyp) = {u € # (D,,) }u =0 on Ext(Dmp)},
which is clearly a vector space, and the bilinear form

(u,0)) == /D dudv

n,1
is a well-defined inner product on #4(D,,0). #,(D,.0) is thus a Hilbert space with the corresponding
norm, denoted |ul|;2 := (v, u))'/2. We now demonstrate positive-definiteness of the inner product,
since we will use the resulting version of Poincaré inequality below.



UPSCALING THERMALLY-DRIVEN DISLOCATION MOTION 12

Since D,, is path—connected, for any e € Int(D,, ), there exists v C D, ; such that 0y = e U —¢/,
with € € Ext(D,) and #v < Cindiam(D). For any u € #4(D,0), we then have u(e) = fv du, so
applying the Cauchy-Schwarz inequality, we have

/du
N

Integrating over D,, o, and noting that there exists a constant Ct > 0 which depends only on the
underlying lattice L such that #D,, o < Ckn?diam(D)?, we have

/ lu|? < C’;‘n?’diam(D)?’/ |dul?, (2.6)
Dn,O

Dn,l

Ju(e)|* =

2
<i [lauf < [ lau
Y Dn,l

where C5 = CGCT. We note that the same inequality also holds for v € #4(D; ) by a similar
argument.

2.4.5. Duality for p—forms on lattice subcomplezes. We define the duality mapping * : #/(nD,,,,) —
#o(Dr ) as follows:

n,2—p

sy Joule) a=e*€nt(D;, ),
w(a) = { 0 a€Ext(Di, ).

We note that this mapping is well-defined since as noted in §2.4.1} a € Ext(D;, ,) if and only if

there exists no e € D, with @ = e*. This duality mapping defines an isomorphism from #'(D,,,) to
#o(D;,_,) as vector spaces; as, in addition

I R
nDn p Int(nD}; ,) nDj, p

n

it follows that  defines an isometry of the spaces .Z*(nD,,) to £*(Dj,_,
e € nD,,p, we verify that

du(e):/ u:/ u*:/ ut =8 "u"(e"),

Oe (0e)* o*e*

and 5u(e):/ u:/ u*:/ ut = d"u*(e").
de (de)* O*e*

2.5. Dislocation configurations. We now recall some definitions from [31] which will permit us to
give a kinematic description of screw dislocations in the setting of our model. Given u € #/ (D, ),
we define the associated set of bond-length 1-forms

[du] :={a € # (D) | lalo < 3,0 — du € Z}.

29

). Moreover, for any

(2.7)

A dislocation core is any positively—oriented 2—cell e € Dy such that

dafe) :/aea?éo.

Let pn € #(Dsg), with  : Dy — {—1,0,+1}. We will say that u is a deformation containing the
dislocation configuration p if

Ja € [du] such that da = p.

The 2-form g represents the Burgers vectors of the dislocations in the configuration, which are the
topological ‘charge’ of dislocations; see [30L B3| for general discussion of the notion of the Burgers
vector and its importance in the study of dislocations, and [4] 3] for further discussion of the physical
interpretation of this specific definition.
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For the purposes of our analysis, we define sets of admissible dislocation configurations. For ¢ > 0,
n €N, and b; € {£1} for i = 1,...,m, we define the set #Z(by,...,by) of 2—forms

ME(byy . by) = {u = Zbijﬂ‘ei e; € Dy positively oriented, dist(e;, Ext(D,,0)) > ne,

=1

dist(e;, e;) > en,for all 4,j € {1,...,m},i # j}.

Each 2—form in this set represents a collection of m dislocations with respective Burgers vectors

bi,...,b, and cores eq, ..., e,,: these dislocations are separated from each other and from the bound-
ary by a distance of at least en. Since we will assume that the number of dislocations m, and the
Burgers vectors by, . .., by, are fixed throughout, we will suppress the dependence on (by,...,b,,) from
now on.

3. MAIN RESULTS

3.1. Energy and equilibria. As stated in the introduction, we follow [4, A1), 2, 32] [I, BI] and
consider a nearest—neighbour anti—plane lattice model for the cylinder of crystal. Let ) : R — R be

1

given by ¢ (z) := {\dist(x, Z)?%; we consider the energy difference functional

Eu(y: ) = / [(dy) — ¥(dg)].

This functional is a model for potential energy per unit length of a long cylindrical crystal, and points
D, o correspond to columns of atoms which are assumed to be periodic in the direction perpendicular
to the plane considered. For further motivation of this model, we refer the reader to §1 of [I].

Following Definition 1 of [31], we will say that y € #/(D,,0) is a locally stable equilibrium if there
exists € > 0 such that

E,(y+u;y) >0 whenever |Jul|;2 <e.

Due to the periodicity of ¢/, we note that any locally stable equilibrium generates an entire family
of equilibria: letting z € #'(D,,o) taking values in H + Z for some H € R, if y is a locally stable
equilibrium, then so is y + z. These equilibria are physically indistinguishable, since they correspond
to a vertical ‘shifts’ of columns by an integer number of lattice spacings, and a rigid vertical translation
of the entire crystal by H. We therefore define the equivalence relation

u~wv ifandonlyif w=v+2 where z:D,0—Z+ H forsome H € R, (3.1)

and denote the equivalence classes of this relation as [y].

We recall that Theorem 3.3 in [31] gives sufficient conditions such that locally stable equilibra
containing dislocations exist in the case of a more general choice of ¥ than that chosen here. Our
first main result is similar, but in addition provides a very precise representation of the corresponding
bond-length 1-form in the case considered here, and asserts the uniqueness (up to lattice symmetries)
of local equilibria containing a given dislocation configuration.

Theorem 3.1. Fiz ¢ > 0 and D a convex lattice polygon; then for all n sufficiently large, the
following statements hold:

(1) For every 2—form pu € M, there exists a corresponding locally stable equilibrium w,, which
contains the dislocation configuration p;

(2) Each such equilibrium w, is unique up to the equivalence relation defined in (3.1); and

(3) For any u € [u,], there is a unique bond-length 1-form a € [du| satisfying o = d*G -,
where p* is the 0—form dual to p, and G« € #5(Dyy) is the solution to

AGy = p* in Int(D}, ), with Gy =0 on Ext(D;, ). (3.2)
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Strategy of proof. The proof of this theorem is the main focus of We begin by showing that if u
is a locally stable equilibrium containing dislocations p, then o € [du] must necessarily satisfy

o < 3, da = pon Dy, and  da=0on D,p. (3.3)
We show that these conditions are satisfied by at most one a € #/(D,, 1), and using the duality
transformation described in §, we verify that a € #/(D,1) satisfying o = d*G~ verifies the
latter two conditions. Showing that [lafe = [|d*G |l < 3 is the most technical aspect of the
proof, and requires us to develop a theory which is analogous to obtaining interior estimates for
solutions of a boundary value problem for Poisson’s equation in the continuum setting. To conclude,

we obtain the class [u,] by ‘integrating’ o

3.2. Energy barriers. Let C([O, 1]; V/(Dmo)) denote the space of continuous paths from [0,1] to
W (D). For pand v € A, we define the set of continuous paths which move any local equilibrium
in Ju,] to any other local equilibrium in [u,] to be

Lu(p = v) = {7 € C([0,1;#(Dno)) [ 7(0) € [u,],7(1) € [w],
vt € [0,1], € [dy(t)] implies dov = p or dev = v}

In the case where we will apply this definition, i.e. where v—pu = b;[1,—1,] with ¢* = p*+a* for some
nearest—neighbour direction a* in the dual lattice, corresponding to a single dislocation ‘hopping’ to
an adjacent site, the final condition on the paths in the above definition ensures that the Burgers
vectors of the configurations along the path vary only on the 2-cells p and ¢. In other words, we
make the modelling assumption that dislocations move strictly from one site to an adjacent site, and
not via a more complicated route.

We define the energy barrier for the transition from u to v for u,v € A, to be

B,(p—v):= min max E,(y(t);u,). (3.4)

Y€l (u—v) t€]0,1]
Our second main result concerns an asymptotic representation of this quantity.

Theorem 3.2. Suppose that p,v € M) are 2-forms such that v — p = b;[1, — 1,] for some i, where

q" = p* + a* for some nearest neighbour direction a* in L*. For ¢ = 1,...,m, let x; € D be such

that dist(z;, %ef) < % Then there exist a constant co which depends only on the underlying lattice
complex L such that

B — v) = Ao + A0 |0 VE;(z;) -a* + Z b;biVG,,(x;)-a*| +o(n™"),
i i
where

(1) X is given in the definition of 1,
(2) y; solves the boundary value problem

Ag;=0inD,  g;(-) = gz log(| - —;]) on 9D,
(3) G, is the solution to
AG, = %% in D, with G, =0 on dD,

where we recall the definition of V from (2.5)), and
(4) o(n™') satisfies no(n™') = 0 as n — oo, uniformly for all u € ;.
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Strategy of proof. The proof of this result is the main focus of Our main task is the explicit
construction of a transition state, i.e. up € # (D, ) such that

E,(u;;u,) = min max E t);u,).

nlws ) VET (=) t€[01] n (105 ,)

This may be seen as a generalisation of the notion of a critical point, but is not a true critical point,
since E, is not differentiable at u;. Nevertheless, we show that o € [du,]| has a dual which is closely
related to the interpolation of d*G - and d*G,~ which are solutions of (3.2)). This dual representation,
combined with the precise asymptotics obtained for d*G), in order to prove Theorem , allow us
to derive the expression of B, (i — v).

3.3. Remarks on the model. Here, we collect a few remarks concerning the choice of model, the
notion of duality we use, and some further links between the results above and the way in which
dislocations are modelled in continuum elastoplasticity.

More general potentials. The derivation of the energy we consider as given in §2.2 of [2] suggests that
potential ¢ should be chosen to be smooth, in keeping with the usual assumptions on interatomic
potentials. On the other hand, our results rely heavily on the definition of v, since the structure
of the potential chosen permits us both to prove the characterisation and uniqueness of o given
in Theorem , and to be precise about the set on which B(u — v) is attained. This ultimately
provides us with a means by which to prove Theorem [3.2]

In spite of this, a result similar to Theorem may hold in cases where ¢ is more general, but
is sufficiently ‘close’ to the choice made here (see for example the structural assumptions made in
§5 of [2]). Since the interatomic distances rapidly approach those predicted by linear elasticity as
one moves away from a dislocation core (see Theorem 3.5 in [I7]), and much of the potential energy
is carried by the elastic field at significant distances from the dislocation core where a harmonic
approximation of the energy is valid, heuristically one might expect that the energy barrier should
be similar to that given in Theorem 3.2 However, due to the complexity of possible transitions in
a more general case, such a result does not seem tractable without very strong assumptions on the
potential, and significant additional technicalities: we therefore do not pursue such results here.

Dynamics in the infinite lattice. We remark that a significant amount of our analysis is devoted to
verifying the first condition in holds. This aspect of the proof of Theorem would be signifi-
cantly simplified if we were to consider the problem in an infinite domain, since in this case integral
representations of the lattice Green’s function are available via Fourier—analysis. Nevertheless, we
pursue the evolution on a finite domain here, both because this is a case of physical relevance, and
because we are able to demonstrate that the boundary affects the evolution of the configuration in
exactly the manner described in §2.1 of [46].

Equilibrium conditions and geometry. Finally, we remark that the two latter conditions in (3.3) are
analogous to the requirement that a continuum strain field ¢ satisfies

curle) =p and div(C:¢e) =0.

These are the conditions usually prescribed on a strain field € which contain dislocations described
by a measure £ in a linear elastic setting (see for example (1.1) in [14]).

We also note that the precise notion of duality which we use is specific to two-dimensional modelling
of dislocations, as it is only in this case that L; and L] are related by duality. The fact that dual
1-—cells are orthogonal segments suggest that one should view the construction of a by duality as a
version of the Cauchy-Riemann equations for harmonic conjugate functions.

3.4. KMC model for dislocation motion. With the asymptotic expression for B, (u — v) given
by Theorem we are now in a position to apply (1.1)) and formulate the KMC model for dislocation
motion we wish to study. In doing so, we make several modeling assumptions, which we now discuss
in detail.
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Our first assumption is that the only possible transitions are from p € Z° to v € . satisfying
v—pu="0bil,—1, forsomeie{l,...,m},
with p* =¢*+a* for some dual lattice nearest—neighbour direction a*.

This requirement prevents the following possible situations from arising:

(1) Multiple dislocations cannot move together in a coherent way: it seems reasonable to dismiss
this possibility since we consider a regime where dislocations are far apart.

(2) Single dislocations cannot make successive correlated jumps over several lattice sites. Since
we consider a low temperature regime, we expect the probability of multiple correlated jumps
to be negligible.

(3) Dislocations cannot be spontaneously generated in the material during the course of the
evolution. In this case, we expect the energy barrier for dipole creation to be higher than
that for the motion of single dislocations, so once again, we expect such events to be of very
small probability and we therefore neglect them.

We therefore assume that the transition time for a dislocation p to v is exponentially distributed
with rate

Rupt = v) = Au(pt = v) exp (= BBalp = 1)), )

where:

(1) B,(p — v) is the energy barrier for the transition from y to v defined by (3.4),

(2) B = (kgT)™! is the inverse thermodynamic temperature, and

(3) A.(nn — v) is the pre—exponential rate factor which is related to the entropic ‘width’ of the
pathways connecting p and v, and hence also depends on the inverse temperature f3.

Formula may be interpreted as follows: the exponential factor encodes the probability that
thermal fluctuations will result in the system achieving the potential energy necessary for a transition
to happen. The prefactor then determines how often such energy levels will lead to a transition: if
the passage between states in the energy landscape is very ‘narrow’, then even if the system achieves
sufficient energy to exit, it may only rarely find the the pathway to achieve such a transition.

Our second main assumption will be that A, (u — v) = Ay + o(1), as f — oo and n — oo, where
Ay is independent of p and v. In the case of a finite-dimensional system with a smooth potential
energy V', having local minima at x and y, and a saddle point at z with a single unstable direction
where the minimal energy barrier between x and y is achieved, the form of the prefactor is (see
formula (25) in [34] for the original one-dimensional derivation, or |[27] for an overview of variants
derived in a variety of situations)

Y2+ 4\ (2)| = | det V2V (2) (1). (3.5)

Alp = v) = o detvev(z)

Here v is a friction coefficient, with units of time™, and A;(2) is the eigenvalue of the Hessian at
z which corresponds to the unstable direction. The rate can be reduced if either the eigenvalues
of V2V (z) are made smaller, reducing its determinant, or if the positive eigenvalues of V?V (z) are
increased. The former means the potential energy ‘basin’ around x is wider, and the latter means
that the ‘mountain pass’ in the energy landscape through which the system can travel most easily to
arrive at state v is narrower. This coefficient therefore encodes entropic effects related to the shape
of the energy landscape.

In our model, we have shown that there is a discontinuity in the first derivative at the energy barrier
between states, so the exact expression cannot be valid; however, in directions for which second
derivatives exist, the Hessian of the energy at the transition state and at equilibria are identical,
motivating the assumption that A4, is constant as n — oo and  — co. We remark that it is usual
in practice (except in symmetric situations where multiple transition pathways with the same energy
barrier exist) to choose a constant prefactor in KMC simulations, since eigenvalue decompositions of
the Hessian of the energy are often be unavailable, and transition events may be too rare to obtain
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a sufficiently accurate numerical estimate of the rate. In order to describe the limit, we define the
set of admissible (macroscale) dislocation positions to be

M = {(xl, cey Ty) € D™ ‘ x; € D, |x; — x| > €, dist(x;,0D) > €,Vi, j with i # j},
and identify .Z¢ with a subset of this space by the embedding

Ly o M — M, where Ln<z bi]lei) = (Le},..., 2er). (3.6)
i—1

It is clear that this map is well-defined, and by endowing .Z with the metric

ro(p,v) = Z Ldist (e, (¢})*) where pu= Z bile, and v = Z biler,
i=1 i=1 i=1
and Z< with the metric

/

ooty V) = Zdist(mi, r) where p=(x1,...,2,)and v=(2],...,2)),
i=1

Ly is an isometric embedding. It is straightforward to see that each of these spaces is compact.
Given a differentiable function f : Z$ — R, we will write 9;f(x) to mean the R?-valued function
such that

Oif(x)-a= f(x1,...,xi+a,...,0m) — f(x1,...,2m) +o(la]) for all a € R%

Let D([0,T); #) denote the Skorokhod space of cadlag maps from [0,7] C R with values in .Z,
and denote the space of continuous real-valued functions defined on .Z; to be C(.Z;R): this is in
fact the space of all real-valued functions on .Z, since the metric r,, induces the discrete topology.

Define
B =T,
Ny i={ve dy|ra(p,v) =d"}, where d-= 1 L=Sq,
V3 L =Hx

Since we expect our modelling assumptions to break down as dislocations either approach one another

or the domain boundary, we stop the evolution in such an event. We therefore denote what we term
the boundary of ¢, defined to be

oM, = {u = ibﬂlei € M,
i=1

v ¢ A such that r,(u,v) = d"}.

We consider the sequence of Markov processes Y € D([O, T}, //;) which are killed on the boundary
O/, having infinitesimal generator Q, : C(Z5;R) — C(#; R) where

Y TRalp = W) (v) = W), ne a5\ 0,
[0 f1(1) = ven,
0 pe ok,

and R, (1 — v) is defined in (1.1)). Since R, (1 — v) is strictly positive and bounded for all i, v €
and n € N, 2, is a bounded linear operator. Defining X} := ¢, (Y;"), it follows that X" is a Markov
process on the space .Z°..

3.5. The Feng—Kurtz approach to Large Deviations Principles. The last of our main results
will be to show that in a specific asymptotic regime, the Markov processes X" satisfy a Large
Deviations Principle. To do so, we apply the general theory developed in [2I], which provides
an approach to proving such results by demonstrating the convergence of a sequence of nonlinear
semigroups. For convenience, we provide the following theorem as a synthesis of the results of
Theorem 6.14 and Corollary 8.29 in [21], adapted to our application.

Theorem 3.3. Suppose that the following conditions hold:
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(1) M is a compact subset of RY, viewed a metric space with the usual metric induced by the
Euclidean norm.

(2) For all n € N, (M,,r,) is a complete separable metric space and there erists a sequence
ln » M, — M of Borel measurable maps such that for any x € M, there exists z, € M,
satisfying tn(z,) — .

(3) For each n € N, Q, : C(M,;R) — C(M,;R) is the infinitesimal generator of a Markov
process on M,. Suppose the martingale problem is well-posed, i.e. for any initial distribution
o on M,, the distribution of the Markov process at all later times is uniquely determined,
and the mapping from y € M, to trajectories with initial distribution 6, is Borel measurable
under the weak topology on the space of probability measures defined on D([0, +00); M,,).

(4) For any n € N, and any f € C(M,;R), define the nonlinear generator

H,f(z) = te @ [Q,e"] (). (3.7)

Let H be an operator mapping C'(M;R) to the space of bounded measurable functions on M,
which is represented as

Hf(z) =H(z, Vf(2)),

where H : M x RN — R satisfies the following conditions:

e H is uniformly continuous on the interior of M x B,.(0) for all r > 0,

o H is differentiable in p on the interior of M x RV,

o H(x,p) =0 for all p € RY when v € OM, and

e Forallx € M, p— H(x,p) is a convex function.
For each pair (f,g) such that g = H f, there ezists a sequence (fn,gn) such that g, = Hy, fy,
|fotn—full = 0, gn is uniformly bounded, and for any sequence z, € M, satisfying t,(z,) —
x, we have

g'(x) < liminf g,(2,) < limsup g, (2,) < g"(x), (3.8)

n—00 n—00

where ¢g' and g* are respectively the lower and upper—semicontinuous reqularizations of g,

¢'(z) :=1lim inf g(y) and g¢“(z):=lim sup g(y).
r—=0yeB,(z) 70 ye B, (2)

(5) There exists L : M x RY — [0, +00| such that
L(x,§) = sup {&-p—H(z,p)},

peRN
lim L(x,&)
glsoo €]

and for each xg € M, there exists x € WH([0, T]; RY) satisfying x(0) = x¢ and

= +oo forallz € M and £ € RY, (3.9)

/Tﬁ(x(t),x'(t)) dt = 0. (3.10)

Then the sequence of M -valued processes X,, := 1,(Y,) with X,,(0) = ¢,,(y,), where y, € M, and
tn(Yn) — o as n — 00, satisfy a Large Deviations Principle with rate functional

/ L(z,)dt =€ WH([0,400); RY) with z(0) = xo,
0

400 otherwise.

J(x) = (3.11)

§0] contains the proof of this result, which amounts to checking that the assumptions above correspond
to a series of conditions in [21].
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3.6. Asymptotics for the KMC model. An important condition of Theorem [3.3]is the verification
of the convergence of the nonlinear generator, H,. It will be this which motivates our particular choice
of regime after we have non-dimensionalised the model. Since we are interested in the physically—
relevant case of observing a large system over a long timescale, we let 7, > 1 be the timescale of
observation, which will be taken relative to the typical timescale on which a dislocation configuration
changes. We then multiply all rates by this timescale, which we view as corresponding to observing
the process over a long timescale.

Now, recalling the definition of the nonlinear generator given in (3.7)), suppose that f € C'(.Z<; R),

and and let x, = (Le,...,Ler). By Taylor expanding f, we find that

m K*
H,(f oun)(xy) ZZ N_>V>[exp(@if(xn)si,j%—o(l))—1] as n — 0o,
=1 j=1

where s; ; are the nearest neighbour directions in L* at e}, and KC* is the number of nearest neighbours
in L*. Now, by applying Theorem and the assumption that A,(u — v) = Ay + o(1), we have
that

T Ru(pp = v)  TpAge P2

exp {— %@'5(%) 'Si,j] + 0(%)7

n
where &E(z) == Zb?@j(%) - Z %bibjgzi(xj)-
i<j

Here, following [2] we have defined the renormalised energy, £. —0;E(x) is the Peach—Kdhler force on
the dislocation at x;, and hence the gradient flow dynamics of £ corresponds to Discrete Dislocation
Dynamics. We identify two parameters in this expression,

—BAco
—7;“/406 and B := 6)\
n on’
which are dimensionless, upon recalling that:

(1) 7, has units of time,

(2) n is the diameter of the domain relative to a fixed reference domain, and hence is dimension-
less,

(3) B = (kgT)~! is the inverse thermodynamic temperature of the system per particle,

(4) X has units of energy per particle, and

(5) Ay is the rate of successful exits from p — v, and has units of time

A=

-1

We may think of Ape ™ as being the number of times a dislocation hops a single spacing in the full
lattice per unit time, when subject to zero stress. Dividing by n and multiplying by 7,,, this becomes
the proportion of the domain crossed per proportion of time over which the system is observed. The
product S is the ratio between the potential energy required to allow transitions to occur relative
to the available thermal energy; dividing by n gives this quantity relative to the ratio between the
lattice spacing and the domain diameter.

We therefore consider the asymptotic regime where n — oo with A and B are held constant:
assuming that A\ and Ay remain constant as n, § and 7, vary, this entails that g and 7, tend to
infinity, and hence we consider a regime in which a large system is observed at low temperature for
a long time. In this regime, we obtain the following result, which is proved in §6] as an application of
Theorem [3.3] It corresponds to a rigorous validation of the equations of two—dimensional Discrete
Dislocation Dynamics [3| 12] 13] for screw dislocations in the given physical parameter regime.

Theorem 3.4. Suppose that L = Hx, L = Sq or L = Tr and X' = 1,,(2™) where 2" — xy € A<,
as n — oo. Then the sequence of processes X}' satisfies a Large Deviation Principle with a good rate
function as n — oo with A and B fized.

Moreover, in each case, the rate function is minimised by the unique solution of the ODE

i=M4[—VE@®)], with x(0)=u, (3.12)



UPSCALING THERMALLY-DRIVEN DISLOCATION MOTION 20

where £ : M, — R is the renormalised energy, and M[:LB is the mobility function

(

m 6
D) Asinh(B¢ -aj)a; L =Hx,

i=1 j=1

m 4
Mh}B[{f] = Z ZAsinh(B& -ej)e; L=Saq, (3.13)

i=1 j=1
i Z?:l ASIHh(BfZ . a_j)aj
23 2 COSh(B& . % [agj + agj_l})

i=1 2uj=1

~ iy y d
where a; and e; are as defined in §2.3

L="Tr,

3.7. Generalised gradient flows and mobility functions. As has been noted in [36] [10], there
is a close link between minimisers of Large Deviations rate functionals and gradient flows: we also
observe this phenomenon here in the cases where L = Hx and L = Sq. In those cases, it is shown in
that the rate functional takes the form

T
Th(w) = B [ 05,5(2) + 5 p(~VE(®) + (VE(w), ) d
0
where MY 5 = VWY 5, and ®Y 5 is the Legendre-Fenchel transform of WY 5. This entails that the
minimiser of the rate functional is a solution of a generalised gradient flow in the sense described
in [37]. Furthermore, as in Theorem 3.1 of [10], we may recover a quadratic dissipation in the limit
where A — oo and B — 0.

Proposition 3.5. Suppose that A — oo and B — 0 with AB — w. Then
Mb,B[&] - %Wv*f

uniformly on compact subsets of R*™, where V* is the constant V for L*. Consequently, for sufficently
small T, solutions x : [0,T] — D™ of (3.12) converge uniformly converge to the solution of

i =—3wV*'VE(x), with z(0)=mz
as A — 400 and B — 0 with AB — w.

The proof of this result follows directly from representing MZLLL p Vvia series expansion, and we omit
it. Recalling the interpretation of A and B given in this could be viewed as suggesting a Large
Deviations Principle in the regime where the thermal energy is much larger than the energy barrier
to dislocation motion, but where the proportion of the cylinder crossed by a dislocation during the
observed time is small. However, recalling the definition of A and B from §3.4] we note that

AB = Z;LAOB/\eXp (006)\).
n

If 3, A and Ay are fixed as n — oo, choosing AB — w corresponds to a diffusive scaling of the
Markov process. We would therefore expect that randomness would persists on a macroscopic scale
in such an asymptotic regime, a connection which should be explored in future work.

Finally, we remark that is also possible to consider the other scaling regime analysed in [10], in
which B — oo with log(A) = —c¢; B for some ¢;. In terms of the parameters described in this

entails that
log Tndo =06 <co — ﬂ)
n 2n
Assuming that A and Aj remain fixed, the only way in which this scaling regime can be attained is
if n remains small and fixed, with § — oo and 7,, — oo. Since our analysis relies upon the fact that
n — oo to ensure that lower—order terms vanish in R,,(¢ — v), we cannot be certain that this limit
corresponds to a physically—relevant limit, and thus we do not study it here.
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4. PROOF OF THEOREM [3.1]

In this section, we develop discrete elliptic estimates which will allow us to prove Theorem [3.1}
many of the tools used are analogous to those used in the regularity theory of scalar elliptic partial
differential equations. To motivate our approach, and to provide the reader with some intuition, we
recall the following result, proved in §3.4 of [24]: given Q = {z € R?||z - e, |7 - x| < d}, f € C(Q)

and u € C*(Q) N C(Q) satisfying Au = f, then
2 d
Vu(0) -ei] < Zsupul + Ssup | £1
d a0 2 9

Our approach will be to apply the discrete analogue of the techniques used to prove this bound,
i.e. the maximum principle and elementary potential theory. The application of these techniques in
combination with fine residual estimates, will then allow us to conclude the proof.

4.1. The discrete Poisson boundary value problem. We begin by proving existence of solutions
to the Poisson boundary value problem in a general path—connected subcomplex D,, .

Lemma 4.1.  Suppose D, is a path—connected lattice subcomplez; let g : Ext(D,o) — R, and
f :Int(D,0) — R then there exists a unique solution u € # (D, ) to the problem

Au= f inInt(D,o) with w=g on Ext(D,).

Proof. We employ a discrete version of the Dirichlet principle: extend g to a 0—form by defining
g(e) :=0 for all e € Int(D,,9), and let I : #4(D,.0) — R be given by

I0) = Yd(w+g)dlo+ ) - [ o
Int(Dn,o)
It is straightforward to verify that this functional is twice Gateau-differentiable, with
(DI w) = @+ ghdw)~ [ fu and (DTw)u.0) = ()
Int(Dnyo)

It follows that [ is strictly convex, so has a unique minimiser. By setting v = 1, for any e € Int(D,,),
this minimiser v satisfies

A(v+g) = fin Int(D, ),
and v+ g = g on Ext(D,,o) by definition. O

Our next auxiliary result is to prove the following discrete maximum principle.

Lemma 4.2. Suppose that uw € # (D). Then

Au >0 on Int(D,o) implies engifo u(e) = eeE]g%%gn’O) u(e), and
Au < Int(D ‘ ‘ = .
u <0 on Int(D,o) implies erenliico u(e) eEEr)r(lt?gmo)u(e)

Proof. We prove only the former statement, the proof of the latter being almost identical. Suppose
that u satisfies Au > 0 on Int(D,, ), and that there exists e € Int(D,, o) such that

— 3 /
u(e) = _in u(e).

n,0
Either e € Ext(D,, ), so there is nothing to prove, or else e € Int(D,, ). Since
Aule) = > [ule) —u(e')] >0,

EIEDn,o
dist(e’,e)=1

it follows that u(e) = u(e’) for all €’ with dist(e,e’) = 1. Iterating, and using the fact that D, is
finite, we find that min.cp, , u(e) = min.cpx(p, o) u(e), as required. O
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4.2. Green’s functions in the full lattice. We next assert the following lemma, concerning the
existence of a full lattice Green’s function G*.

Lemma 4.3. Suppose that L = Sq, Tr, or Hx. Then there exists a lattice Green’s function
G" € # (Lo) such that

G-(0) =0, AG = 1,.
In addition:
(1) G* is invariant under the group of lattice point symmetries, i.e. if R : R? — R? is an
orthogonal linear transformation such that RLg = Ly, then

G-(Re) = G*(e).
(2) sup [dG"(e)| = K, where K is defined in (2.5).

ecly
(3) There exists a constant Ct € R such that if u(e) == G-(e) + C* + 3-log|dist(0,e)| for
e €L\ {0}, then
lu(e)| < [dist(e, 0)| " log |dist(e, 0)] (4.1)
and |du(e)| < |dist(e, 0)| "2 log|dist(e, 0)|. (4.2)

The usual method of constructing G is via the Fourier transform, and the existence of such a
Green’s function in the case of Bravais lattices is a classical assertion, as is the symmetry asserted
in (1). The bounds and are proved in Theorem 3.5 of [I7] for all Bravais lattices, thus
covering the cases where L = Sq and L = Tr. It therefore remains to prove (2) and the other results
in the L = Hx case: the main observation used here is that Hx may be viewed as a subset of Tr.

Proof. We first prove (2) for L = Sq and L = Tr. Fix a to be a nearest neighbour direction in the
lattice. By the symmetry of Gt from (1), we have

1= AG"(0) = KG(0) — KG“(0 +a) = —KG*(0 + a).
Hence dG([0,0 + a]) = K. Now consider v € # (Ly) defined to be
v(e) =G (e +a) — G(e).
It follows that Av = 1y_, — 1. Applying Lemma [4.2| on the lattice subcomplex induced by the set
Bl :={e€l, ‘ dist(e,0) < r,e # 0,0 — a},

we note that the maximum and minimum of v are attained on Ext(B,), since G* is harmonic on
Int(B),). Now, applying (3) and letting r tend to infinity implies the desired result, noting that
v(0) = —v(0—a) =KL

It remains to prove the theorem for the case where L = Hx. Recall from §2.3] that Hx may be
written as

Hx = V3R, Tr U (V3R Tr + 1),
and define G™ € #/ (Hxo) to be

3G™(RYe/V3) e e 3R,T,
G™(e) := > G™(e) eeVBRTr+e,

e’|dist(e’,e)=1
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where G is the lattice Green’s function for L = Tr. We note that AG"™(e) = 0 by definition for
e € V3R, Tr + e, and for e € v3R,Tr,

AG™(e) =9GT(e/V3) - Y { > GHX(e”)},
e’|dist(e’,e)=1 "€ |dist(e”,e’)=1
=667/ V) = Y GT(E/VB),
e/|dist(e/,e)=v/3
= 10(6).
Moreover GH*(0) = G™(0) = 0, and the symmetry of G™ also implies (1) for G™.
Let C" be the constant in statement (3) for the case where L = Tr, and for e € Hx \ {0}, define
u™(e) := G™(e) + £ log |dist(e/\/§, 0)| + 3CT = G™(e) + o log |dist(e, 0)| + 3C™ — L log(3).

we see that for e € /3R,Tr, ut® satisfies (4.1) by the assertion for the case where L = Tr. For
e € V3R, Tr\ {0}, define v™(e) := G™(e/V/3) + & log |dist(e/V/3,0)|; then for e € v/3R(Tr + €1, we
have

u™(e) = & log ‘dist(e/\/g, 0)] + Z (vTr(e') — &= log !dist(e’/\/g, O)!)
e/|dist(e,e’)=1

Since log || is harmonic away from 0, Taylor expanding to third—order about the point e and using
the symmetry of Hx implies that

L log |dist(e/V/3,0)| — Z Llog [dist(e'/v/3,0)| < |dist(e, 0)| 7> (4.3)
e’|dist(e,e’)=1
Applying this estimate and (4.1 for L = Tr, we obtain that
|u(e)| < |dist(e, 0)| 7" log |dist(e, 0)]

for all e € Hx \ {0}.
To demonstrate (4.2, suppose without loss of generality that e € /3R, Tr and e +a € /3R, Tr+e,
for some nearest neighbour direction a. Recalling the definition of a; from §2.3] for some i, we have

|du™([e, e + a])| = ’UTr (6 + \/gai-i-l) + o™ (6 + \/gai) — QUT'(e)‘
+ 5 log |dist(e + a,O)/\/§| — Z & log !dist(e’,())/\/gl,

e’|dist(e+a,e’)=1
Using the definition of v™, and then applying statement (3) in the case L = Tr as well as (4.3)) gives
the result. 0

4.3. The harmonic measure and interior differential estimates. We now define the harmonic
measure, which allows us to express functions which are harmonic in a region in terms of their
boundary values. In order to do so, we introduce ()", which should be thought of as ‘balls of radius
r’ in the lattice, and are defined to be:

Qr::{ {w€R2

Lemma 4.4. Let Q" be as defined in (4.4). Then for each e € Ext(Qy), there exists wl, € # (Q}))
satisfying

[—r,r>NL L= Saq,

oGt el e (@ ta)l < brbol L=TrHe (Y

!a: (a1 + a9)

1
Aw! =0 4n Int(QF), with w. = ———— on Ext(Q}).

In addition, w] satisfies the following properties:
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(1) If u € W (Q}) is harmonic in Qf, then for any € € D, ,

u(e) = Z wh(eu(e).

e€Ext(Qp)
(2) There exists a constant Ct > 0 depending only on L such that
|dw’ (0,0 + a])| < Ctlog(r)r— (4.5)
for any nearest—neighbour direction a.

The function w] is called the harmonic measure, and enjoys a variety of interpretations, both
probabilistic and and analytic: for further detail, we refer the reader to [23]. Tts principal use will
be as a tool by which we can estimate the effect of the boundary conditions on the solution in the
domain interior.

The existence of w! and statement (1) follow directly from Lemma In the case where L = Sq,
a proof of with the improved upper bound Ctr=2 is given in Lemma 3 of [26] using an explicit
construction of w]. Further results on the harmonic measure in the square lattice may also be found
in Chapter 8 of [35].

Proof. It remains to prove (2). We use the discrete analogue of Green’s formula:

/Int(ggA)v — vAu = /Em(ggv —vAu= ) | {u(e) < /6 dv> - U(e)(/de dvﬂ :

e€Ext(Qf

which follows by applying (2.1)) to the extension of u,v,du and dv by 0 to the full lattice complex.
Now, consider v which is the solution to

Av =0, v(e) = GH(e +a) — G(e) on Ext(Qp).
Such v clearly exists by Lemma [4.1] and by applying Lemma [4.2] and then Lemma [£.3] we obtain
that
sup |[do(e)| <2 sup [v(e)| <2 sup  |u(e!)| < Chrtlog(r). (4.6)
e’'eQy e’'eqQy e’ €Ext(Qf)
Defining u € #/(QF) to be u(e) :== Gt(e +a) — G-(e) — v(e), u vanishes on Ext(Q}), and we have
that Au = 1., — 1., and hence

T r r T . Aue)
dw!([0,0+ a]) = /Int((sée)Au — uAw, = /Ext(Qg) W Au — uAwW!, = (L)
Now, applying and ([4.6)), we obtain
|Au(e)] < CHr~?log(r)
which completes the proof. U

The harmonic measure now allows us to obtain the following interior bound on the differential of
a harmonic lattice form w.

Lemma 4.5.  Suppose that uw € W (D,o) satisfies Au = 0 and and uw = g on Ext(D,) with
g : Ext(D, ) — R. Then there exists a constant C* > 0 depending only on L such that

log(dist(e, Ext(D,.0)) p
\ ’ sup |g(e for any e € Dy, 1.
dist(e, Ext(D,,0)) e’eExt(Dn,o)‘ ©) 1

|du(e)| < ct

Proof. Suppose that e = [eg, e1] € D, 1, and let x € D be the vector corresponding to ep. Let Q"
be as defined in (4.4)), where r = |dist(ep, Ext(D,0))]; then x + Qf C D, , and statement (1) in
Lemma implies that

w(e) = Z whe)w(e'), so dw(e) = Z dw?, (e)w(e’).

e’ €Ext(x+Qg) e’ €Ext(a+Qy)
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Applying statement (2) of Lemma [£.4] and Lemma [£.2] it follows that

[dw(e) < sup Jw(@)] Y |d

e’ €Ext(x+Qp) e/ €Ext(x+Qp)

dut(e) < 0 el 0

T e/cExt(Dn0)

4.4. Asymptotics for Green’s functions on finite subcomplexes. We have now collected the
necessary analytical tools with which we will prove Theorem our final auxiliary result is the
following precise description of the differential of solutions to (3.2)).

Theorem 4.6. Suppose that =3 ", bil,, € Ay, and let G, € W (D}, ) be the solution to (3.2).
Let e € D}, , with le,e+a] € Dy, and let x € R2 correspond to the dual O0—cell e; then we have

d*G - ([e;e +a]) = b;d*G" (e — x;,e +a—x]) +n" [biVy‘,»(%x) ca+ Z b; VG, () - a}
J#i
+ O(n_l_‘S log(n)),

where:

(1

(2
(3
(4

) GV s the full lattice Green’s function for L*, whose existence was asserted in Theorem,
) eX minimises dist(x, ) over alli=1,...,m,
) for each i, x; € D satisfies dist(x;, %ef) < %,
) Gy is the continuum Dirichlet Green’s function on D corresponding to the point y, i.e. the
solution to
—AG(-)=Y6(-—y) in D, with G, =0 on 9D,
(5) y; solves
—Ay; =0in D, with i(s) = 5=log(|s — x;|) on dD,
(6) 6 > 0 is an exponent which depends only on ¢y, the interior angles at the corners of the lattice
polygon D, and
(7) O(n~'=°log(n)) denotes an error term which is uniform for all p € M.

The proof of this result is technical, so we first outline the main strategy, which is similar in spirit
to the approach taken in the proof of Theorem 3.3 in [31]. We decompose G- as a sum of

(1) full lattice Green’s functions restricted to D}, ,
(2) continuum boundary correctors g;, and
(3) discrete correctors.

Each of these components are treated separately, applying Lemma , the regularity theory of [25],
the maximum principle proved in Lemma and the interior estimate of Lemma to analyse each
piece. Since the entire proof takes place in the dual complex D}, for brevity we drop * from our
notation throughout.

Decomposition of G,. For i =1,...,m, let x; € R? be the vector corresponding to the point e;. We
begin by decomposing

ZbGLe—xZ +Zyz e) +vle), (4.7)

where:
(1) Gt is the full (dual) lattice Green’s function,
(2) §?(x) == yi(2x), where ; solves Ay; = 0 on D with boundary values
Ji(x) = prbilog(|z — %),
(3) w is the solution to the discrete Poisson problem

Au=0 with u( Z [0:G (e —x;) + 4 (e)] on  Ext(Dnyp), and

=1
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(4) v is the solution to the discrete Poisson problem
Av = — Z Ayl with wv(e) =0 on Ext(D,0).
i=1

In combination, Lemma the theory of boundary value problems on polygons in [25], and
Lemma [£.1] allow us to conclude that each of the terms in this decomposition is well-defined. Fur-
thermore, equality follows since solutions to the Poisson problem are unique by Lemma [4.1

Regularity of y;. We now recall some facts concerning the regularity of y; from [25]. Applying
Theorem 6.4.2.6 in [25], there exists o € (0, 1) such that g, lies in the space

X :=C* (D) +span{S,, |m € N,0 <m < (44 0)p/7},
where &, is given in polar coordinates (1, 6;) about the ¢;, the Ith corner of D as

rlmfr/@l sin (%01)77(77), mﬂ'/@l ¢ N7
nmﬂ/w log(ry) [Sin (%91) + 0, cos (%91)}0(77), mm /¢ € N.

Sim(r, 6) = {

We recall that ¢; is the interior angle at ¢;, and we set n € C5°(R) to be a cutoff function so that
n(z) = 1 for |z| sufficiently small, and supp{&; ,,} Nsupp{Sy ,,} = 0 for any n,m € N and any [ # ['.

We note that i; only fails to be C*° at the corners of the domain D, and since D is convex,
7/¢1 > 1, which implies that &;,, € C"(D). Hence y; € C**(D) with § := min/{m/¢, — 1} € (0, 3].
X is a Banach space when endowed with the norm

vt Y CinGim| = lleey + D> [Craml- (4.8)

O<m<(4+0)p /T X 0<m<(4+0)p; /T

Furthermore, it can be checked that the mapping
S:{z € D|dist(z,0D) > €/2} - X where S(z;):=u
is continuous, and is hence bounded, since the domain of S is compact.

Estimating dG*- and dy}. Applying (4.2) for any e; which is not the closest point to e in the support
of i, we have that

1
dGL(e—xj,e+a—xj)—/
0

which holds uniformly for p € Z¢ since _dist(e,ej) > Ldist(e;,e;) > sen. Furthermore, using the

homogeneity and regularity of (z,y) — —yy|2 to Taylor expand under the integral, we have

|z—

1 e+ta—x; A de <10g|dist(e—xj,0)|

— : =0(n?1
V7 le +ta — x;|? ™~ dist(e — x;,0)? (" log(n)),

dG([e — xj,e +a—x;]) = n’l—% -a+O0(n?log(n)). (4.9)

Using the representation of ¢; € X and Taylor expanding, we have

L
gy (e, e +a]) —n'Vgi(te) -a] <n ™) |dist(Le, o). (4.10)
=1

Estimating du. We now use Lemma to estimate du. Defining ¢ : Ext(D,,0) — R to be
g(e) ==Y b;G"(e = x;) + 7} (e). (4.11)
j=1

By applying (4.1) and again invoking the definition and regularity of 7 to Taylor expand near the
boundary, we have that

19]le (Ext(Dn0)) S 7 7]l + O(n~ log(n)),
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where the latter term is uniform in n for fixed e. Lemma [1.5 now implies that

| du(e)] < ntlog(n)]dist (e, Ext(Dno))|_1 (4.12)

Estimating Ay}. For the purpose of estimating dv, we first obtain bounds on Ay?. Let e € Dy \
Ext(D, ), and z € D be the corresponding vector. We use the regularity of y; to Taylor expand,
obtaining

ZZ/ V(2 (x +ts)) - 2s; dt,

7j=1 =1

m K 1
= /1svsy]( x)[si,si,8i) + 201 — 0PV (L (x + ts)[si, S0, S0, 8] dE, (4.13)

j=1 i=1

where s; are nearest neighbour directions in the dual lattice, and the terms involving Vy; and V2,
cancel respectively by lattice symmetry and the fact that y; is harmonic. If the dual lattice is Sq or
Tr, then the terms involving V?y; also cancel, which entails that

m 1
\Ag}‘(e)\gén“‘Z/o( 1|V, (L + 1)) dt.
=1

By using the description of g; as a sum of v € C*?(D) and &;,,, it can be seen that each of the
integrands in the estimate above is bounded any e € D,, o and s;, and moreover

(A7 (e)] < Sn gl Y [dist(Le, ) |79 (4.14)
l

Returning to the case where the dual lattice is Hx, we first Taylor expand to third-order to obtain
that

A7) (e)] < 307 dist(Le, o) 2 (4.15)
.

Define
A= {e € Int(Dyyp) |e,e+ e € Int(Dyp)}; (4.16)
then for all e € A, we have

3 Z (vBy] )[a2i, a2i, a2i] — V275 (L (e + 1)) [az;, a2, a?i])‘

3 1
%n‘A‘Z/O V4§j(%(€+te1))[e17ai,ai,az‘] )

< §nty dist(e, )™ gl
l

Using this estimate, and the argument used above in the case where the dual lattice was Tr, for any
e € A, we deduce that

|A7(e) + Ay (e +e)| < 2n” 4Zdlst Lo e)™2 =47 x- (4.17)

Estimating dv. It remains to bound dv. We proceed by constructing upper and lower bounds on v
by using estimates (4.14)), (4.15) and (4.17)) and the full lattice Green’s function. Recalling the result
of Lemma for any x € D, we note that

A[GY(- — z) + ;L log|ndiam(D)|] = 1. in Int(D, ), and
G“(- — ) 4+ 3= log [ndiam(D)| > 0 on Ext(Dy).
Next, we define neighbourhoods of each corner of the domain
B = {e € Int(D,, ) | dist(%e,cl) < e}.
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Recalling that 0 := min{Z- — 1} € (0, 1], estimate (4.14) implies that

A7} (e)| Sn 7' *|lgilx on Int(Dpno) \ | Bue. (4.18)
l

We now define
vE(e) = —{ Z Ayt (e') GHe — e')} + C,,
e'GDn’o

where C,, is a small constant depending upon n that we will choose later. We note that Afv—v*] = 0,
so choosing C,, such that v > 0 and v~ < 0 on Ext(D,,), Lemma would imply that

v (e) <wv(e) <vt(e) forall e € Int(D,y).
When the dual lattice is either Tr or Sq, applying estimate (4.18]), and summing,
lvE(e)| S HgHX{ Z n PG e =€)+t Z dist(e’, nc;)’?|G (e — €) || + Cun®.

elelnt(Dn’o) EEUl By .
e/¢Ul Bl,e

Treating each sum separately, we see that

Z |G (e —€)| S [ Z log |dist(e, ¢') + 1@ < n?log(n),
e’€Int(Dy,0) e’€Int(Dp,0)
8/¢Ul Bl,e e’%Ul Bl,s

Z |dist(e/, ne;) | ?|G (e — €') | < log(n) Z |dist(e’, ney) |2 < log(n),
e'elU, Bi,e ecU, Bi,r

recalling that statement (3) of Theorem [4.3|implies that |G'(e)| < log |dist(e, 0)|, diam(nD) = O(n),
and the sum on the second line converges since § < % < 1.
These estimates imply that

[0 (e)] S [[gllan™ " log(n) + Cn?,
so choosing C,, = O(n~?"%1og(n)) gives
lv(e)| = O(n '’log(n)), and hence |dv(e)|=0(n"'"’log(n)) (4.19)
for all e € D, 1.
When the dual lattice is Hx, recall the definition of A from (4.16), and set
A :={e € Int(D,p)|e—e ¢ Int(D,0)}.
For any ¢’ € A let xX' € D be the corresponding vector. We apply (4.15)), (4.17), and the conclusions
of Theorem [4.3 to deduce that
|G™(e = X)Ayr (e) + G™(e +e1 — X) A (e + )|
< |G™(e = X)n~dist(Le, )79 + |dGP (e — X e + &1 — X)[n7?|dist(Le, ) [/
log |dist (e, x)|

< log|dist(e, x')|n~|dist(Le, ¢)[7#~* + dist(e, x')

n 3| dist(Le, )| 93,

By summing over ¢’ € A, we obtain
> |G (e—xX)AF () + G (eter —X) A} (e'+e1)| S [15]lx[log(n)n 2 +n " log(n)]. (4.20)
e'cA

Next, we sum (4.15) over A’, noting that #A’ = O(n), to obtain
S I6He = NATEN S Inllelogtn)| Y b4t Y dise(e )2,

e'e A’ e'eA’ e'eA’
e’%U[ Bl,e EIGUl Bl,e

< yilla [66_2 log(n)n_2 +n 10 log(n)]. (4.21)
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Putting (4.20]) and (4.21) together, and applying similar arguments to that made for the other cases
above, we deduce that (4.19) also holds in the case where the dual lattice is Hx.

Conclusion. Combining (4.9)), (4.10), (4.12)) and (4.19) and noting that

1 x—x;

\%77 — 2 = VG, (x),

yj(I)+V7r|x—xj|2 g](l’)
we have proved Theorem

Theorem [4.6] implies the following corollary.

Corollary 4.7. Given € > 0 and a convex lattice polygon D C R2, for all n sufficiently large,
sup |d*G-(e)| < 1 for any pu € M.

eeD>

n,1

Proof. Let e* € D} |, and let ¢ € argmin {dist(e*,e}) | e} € supp{u}}. Applying Theorem and

splitting Gy, (z) = 5= log(|z — x;|) + 7i(x), we obtain the estimate

1dG,. (e)| < sup 1d*GY (e)| +n! [%;73) +) Hgl-u,y} +0(n" " log(n)),
ecly i—1

where we recall the definition of the norm || . || from (4.8). Further, from we have that ||7;|| » is

uniformly bounded for z; € {z € D | dist(z, dD) > €}, and so applying statement (2) of Theorem ,

we have the result. O

4.5. Proof of Theorem We now complete the proof of Theorem using the results above.
Our first step is to verify the necessity of the equilibrium conditions given in (3.3).

Let u be a locally stable equilibrium containing the dislocation configuration p € .Z:. By inspect-
ing the proof of Lemma 5.1 in [2], it follows that if du(e) € 5 + Z for some e € D,, 1, then there exist
lower energy states arbitrarily close to u, and so any « € [du] has [|a|/« < 3. By definition, we have
that da = p. Finally, let v € #/(D,,); then for ¢ sufficiently small, || + tdv||~ < 3, hence

E,(u+tv;u) :/ (o + tdv) — () :/ At aodv + 27| dol>.
Dn,l Dn,l

It follows that (o, dv) = 0 for any v € #/(D,,), hence da = 0.

Next, we show that if « satisfies the equilibrium conditions , then it is unique. Suppose that
« and o satisfy ([3.3). We define 8 = a — «/, and note that 8* € #o(Dy, ) satisfies d*3* = 0 and
0*f* = 0. Since nD* is simply connected, the former condition implies that §* = d*w for some
w e %<D2,0)7 which must satisfy A*w = 0: by the uniqueness of the solution proved in Lemma ,
it follows that w = 0, hence § = 0, and thus o = /.

Since * is a bijection between #/(D, 1) and #4(D;, ), there exists a € #/(D,,1) such that o =
d*G,-. Furthermore, by using (2.7), we have that

da(e) = 6"d*"G,-(e") = p*(e*) = pu(e), for e € Dy,
and da(e) = (d*)’G - (e*) =0 for e € D, .
0, hence applying Corollary , it follows that « satisfies ((3.3])

Finally, we note that ||/ = ||dG
if n is sufficiently large.

To demonstrate that o € [du,] for some u, € #(D,y), fix ¢ € D,p, and define u,(e’) = 0.
Using the fact that D,, is path—connected, let +¢ be the path such that 0v¢ = ¢’ U —e, and define
uu(e) = [, a. Letting b = [eo, e1] € Dy, we find that

du(b):/ a—/ a,:/ oz—i—/a.
yel €0 ~ye1U—~e0U—b b
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Noting that 9(7y°* U —y® U —b) = @, we apply the fact that D,, is simply connected to assert that
v — % — b = 0A, for some A € Dy, hence

du(b) = a(b) +/ o= a(b) + / neab)+ 7.
0A A
It follows that o € [du,]. To prove that w, is unique up to the equivalence (3.1}, we note that if
« € [du] and « € [dv], then by the definition of a bond-length 1-form (see §2.5)), it follows that
du(e) =dv(e) + Z(e) forallee D, , with Z:D,; — Z.

Moreover, dZ = 0, so Z = dz, and it is straightforward to check that 2z : D, o — H + Z for some
H € R, completing the proof of Theorem (3.1

5. PROOF OF THEOREM [3.2]

This section is devoted to the proof of Theorem [3.2] and we proceed in several steps. We first
demonstrate that there exists v which ‘solves’ the min—max problem used to define B,,(; — v) via a
compactness method. We then identify necessary conditions for such a solution, and show that these
necessary conditions identify a pair of bond-length 1-forms. The required bond-length 1-forms are
then constructed via duality using an interpolation of dual Green’s functions, and we verify that the
necessary conditions are satisfied to conclude.

5.1. The min—max problem. To establish existence of a solution, we transform the problem via
taking the quotient of the space of deformations with respect to the equivalence relation defined in
; in other words, we identify deformations ‘up to lattice symmetries’. This space turns out to
be compact, hence the existence of a critical point follows directly by a compactness argument.

5.1.1. Quotient space. Recall from (3.1)) that ~ is the equivalence relation on v € #/(D,,0)
u~v whenever u=v+2+C forsome z:D,o— Z and some C' € R.

Define the quotient space 2 := #'(D,,0)/~ of equivalence classes [u]; we claim that this is a metric
space when endowed with the metric

do([u], [v]) = |lall2, where a € [du — dv], for any u € [u] and v € [v].

If u~ v, then du € dv + Z, and hence [du] = [dv]. Symmetry is immediate, and 0 € [du — dv]
implies that u — v ~ 0, hence dg(u,v) = 0 implies that u ~ v. Finally, for the triangle inequality, by
checking cases it may be shown that

B € [du], 5 € [dv] and a € [du+ dv] imply that |a(e)| < |8(e)| + |8'(e)] for all e € Dy, ;.

The triangle inequality follows, and hence the metric is well-defined. Moreover, the space is complete
and totally bounded, so the Heine—Borel theorem applies, and 2 is compact. We recall that the
mapping u — [u] is the natural embedding of #'(D,,) in 2.

5.1.2. Redefining the energy. As noted in §3.1] for any u, v/, v € #/(D,0) such that u ~ «’, E,(u,v) =
E,(u,v). Tt follows that the mapping E,, : £ — R,

En([u]) := En(u,v) for some u € [u]
is well-defined. Suppose that u € [u], and v’ € [u'], and that « € [du — du/]. Then

|Ea([u]) = En([u'])] = ‘/D Y(du’ + a) —P(du) SC/D laf S llellz = do([ul, [wT),

where we use the fact that ¢ is uniformly Lipschitz, and then apply the Cauchy—Schwarz inequality.
It follows that F, is uniformly Lipschitz on 2.
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5.1.3. Space of continuous paths. Define the metric space C([0, 1]; 2) of continuous functions from
[0,1] to 2, with the usual metric

d%(v,7") == sup da(v(t),7'(1)).

t€(0,1]

The mapping v — maxcjo,1) En(v(t)) is continuous with respect to this metric, since E,, is uniformly
continuous on 2.

We suppose that n is large enough such that the conclusion of Theoremholds, and write [u,] to
mean the equivalence class containing u,, which is the set of all locally stable equilibria corresponding
to the dislocation positions p € . Define the sets of paths

T, — v) = {r € C([0,1; 2) | 7(0) = [u,], v(1) = [u"], @ € [d(¢t)] has dev € {p, v}, V¢ € [0,1]};

this should be thought of as the set of paths through phase space which move dislocations from u to
v without visiting any intermediate states.

5.1.4. Fxistence. We recall that the energy barrier was defined to be
B,(p—v)= inf sup E,(y(t);u).

YETn (1v) ¢e0,1]

The following lemma now demonstrates the existence of a transition state.

Lemma 5.1. Ifn is sufficiently large, for any p,v € S such that I',,(n — v) is non—empty, there
exists uy € # (Dy0) such that
En(upsu,) = By(p — v).

We will call uy a transition state for the transition from g to v.

Proof. We first note that since 2 is compact, C([0, 1]; 2) is compact. By assumption, I',,(u — v) is
non-empty, and so the space I',, (4 — v) is non—empty by applying the natural embedding ~(t) —

[v(#)]. Moreover, we have that

E “u,) = E .
max W (7 (1)) max 2 ([v(®)])

Since ¥ — maxyejo 1] E,(5(t)) is continuous, there exists a minimiser

’?Eargmin{maxE "yéf’(u—)y)}
te[0,1]

where T,,(1 — ) denotes the closure of Ty(u — v) in 2. As t — E, (3(t)) is also continuous, it
follows that there exists uy € Jut] with [ur] = y(t*) € I',(w — v) for some t* € [0, 1], which satisfies
E,(ur;u,) =  min maXEnNt = min max F(vy(t);u,). U

(1t up) ST () LE[0,1] (1)) ~VED (u—v) tE[0,1] (v(0): )
5.2. Necessary conditions. We now identify necessary conditions on the transition states identified

in Lemma [5.Il We remark that the proof of the following lemma relies crucially on the particular
choice of potential .

Lemma 5.2. Suppose that uy € # (D) is a transition state for the transition from p to v, where
v—p="0bl,—1,] and ¢* = p* +a for some nearest-neighbour direction in the dual lattice, a. Then
ur € {u € #(Dyy) | € [du] has a(l) = £5}, where I* = [p*, ¢*], and moreover there exist exactly
two oy, oy € [duy|, satisfying

(1) doy = p, da) = v,

(2) day(a) = day(a) =0 for all at ¢ 0L,

(3) dar(eo) + dar(er) =0 and davy(eo) + dayy(er) = 0 for eg and ey such that | = [eo, €], and

(4) —ar(l) = ay(l) = 3bi.
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Proof. We begin by proving that all transition states lie in the set
B :={u € #(Dy) | a € [du] has a(e) = +3 for some e € D, 1 }.

We remark that any v € I',,(# — v) must pass through B, since it is only on this set that we may
have a, o’ € [dvy(t)] with

da(p) =b;, da(q) =0, and ddo'(p)=0, dd/'(q)=b;.

Suppose that v € I',,(u — v) solves the minimisation problem (3.4)), and attains a transition state
ur = y(t*) at t = ¢*. Suppose further that us ¢ B.

Taking an interval with ¢t* € [t1, t5] such that v(t) ¢ B for all t € [ty,ts], and y(t1),v(t2) # v(t*),
we define

B(t) = { tyt i V(t) T ¢ [t T,
t;ftl fy(tl) + thtll’)/(tQ) t e [tl, tQ]
This is a valid competitor for the minimum problem, and moreover by using strict convexity of 1 (z)
for © € [n — 3+,n + 3] for any n € Z, we obtain

En(y(t");u) < sup En(B(t); ) < max {Ep(y(h);up), Bn(v(t2); wa) } < En(y(7);w),

te(t1,t2)

which is a contradiction.

Suppose once more that v is a minimal path, and maxcp 1) E[y(t); u,] attaining a transition state
at t = t*. Suppose also that a € [dv(¢*)] has a(e) = £3 for some e # +I. Let a € de such that
e ¢ £0l. Then by considering v(t*) + s1,, and following the strategy of proof of Lemma 5.1 in [2],
it may be checked that there exists ¢ > 0 such that for all s € [0, ) or for all s € (=, 0],

(1) a € [d(y(t*) + sl,)] satisfies da € {u, v}, and
(2) E[y(t*) + slg;vy(t*)] < 0if s # 0.

By redefining 7 to pass through ~(¢*) + s1, in a neighbourhood of t*, it follows that (¢*) cannot be
a transition state, and hence if u is a transition state with o € [du], a(e) = +1 if and only if e = £,
By considering paths § which have 5(t*) = v(t*) + s1, with a ¢ Ol, we obtain that

E,(v(t); up) < En(y(t7) + sTa;u,)

for all s sufficiently small. If o € [d7(t*)], we have that
/ adl, = dala) =0.
Dn,l

By considering v(t*) + s[1., + 1,|, where [ = [eg, €], we obtain that
504(60) + 606(61) = 0,

hence we have proved that a transition state must satisfy conditions (1)—(4).

Next, we prove that day = p, ap(l) = 1 and conditions (2) and (3) define a unique 1-form, which
is an elastic strain at the transition state. Suppose that ay and o satisfy these conditions. Defining
0 := oy — af, we have that df = 0, hence § = dv for some 0-form v since D,, is simply connected.
Furthermore, dv(l) = 0(1) = 0, Av(b) = s and Awv(c) = —s for some s € R. Then we have

(0,0) = (dv,dv) = (Av,v) = s[v(b) — v(c)]sdv(l) = 0,

implying that 6 = 0, and hence a4 is unique. It may be similarly verified that o exists and is unique,
completing the proof. [l
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5.3. Construction of the transition state. In Theorem [3.1] we found that the bond length 1-
forms corresponding to local equilibria containing dislocations are related to dual Green’s functions.
By considering this relationship, it is natural to consider strains dual to interpolations of these Green’s
functions as possible candidates for the transition state u. We therefore define G* := (1—1)G  +1G »,
where t € [0,1], G~ and G~ solve . We note that for any e* € D;,

A*GHe*) = (1 = ) A G (e) +tA*Gye(e¥) = (1 — t)p*(e¥) + tv* (e*);
and in particular, A*G'(p*) =b;(1 —t) and A*G'(¢*) = b;t.

As in Lemma , set [ € D1 with [* = [p*, ¢*]. Since Lemma entails that the the transition
state must have o (1) = $b;, we choose t € [0,1] such that

& (1=t +d*GH(I") = by,
& th; — d*G'(I*) = Lb

A*G(p") + d*GH(I*) = b,
and  A*GHq") — d*GL(I") = Lb

Solving, we find that
b +d*G

. ()
b; + A" G (I*) — d* G- (I7)

(5.3)

Noting that d*G,,- (I*) = d*Gr+ ([0, 0+a])+0(1) = #=b;+0(1) and similarly, d*G,«(I*) = —2=b;+o(1),
as n —> oo by applylng Theorem [4.6] and statement (2) of Lemma [£.3] we see that ¢ € [0, 1]; indeed,
t —> s asn — o0.

We now define oy and o via

er o | d*GH(e*) e #£ £l e o d*GHe*) e #£ LI,
ai(e’) = { :F%bj ¢ = 11", and aj(e’) = :F%bj ¢ =1l

where t is given by (5.3). Letting «, € [du,], for any e € Dy with e # p, ¢, by duality we have
dlay — a,)(e) = A*GH(e*) — A*G i (e) = t[A*G, (") — A*G e (e")] = 0.

Again, by duality we also have

dlor — a](p) = A*G'(p7) + d"G'(I") + 3b; — AGye (p7)

0,
dlor — a](q) = A*G'(q") — d"G'(I") — 3b; — A"Gy(p") =0

Similarly, d[a; — o, ] = 0. It follows therefore that there exist vy and v such that a4 € [du, + dv],
and a4 € [du, + dv,].
We also note that if a ¢ £00 and | = [eg, 1], then

Bl — (@)
J[O‘T - O‘u](QO) + 5[O‘T - Oz“](el)

(d)(G" — Gy)(a®) =0,
(d)[G" = Gy J(e5) + (dIG" — Gyel(ed) = 0.

It follows that a4y and o satisfy conditions (1)-(4) of Lemma [5.2] and hence we have constructed
the bond-length one forms corresponding to the transition state.
Finally, we define v € T',,(up — v) via

o uu—|—2tUT t€[07%]7
{CE I Akt |

which demonstrates that I', (1 — v) is non—empty, and hence B,(u — v) exists.
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5.4. Proof of Theorem . We now use the dual representation of o4, a, o, and a, to give an
asymptotic expression for B, (u — v) as n — oo. We use duality to compute

Bn(u — V) =k, (U/L + UT,UM)

= —>\[ o, ap) — (o, )],
= IA[(d*G", d*G") — (A" G-, d*G ) — A*GH(1F)* + 1],
IA[20(d*Gr — A* G, d*G ) + (A G e — A*Gpe, d*Goe — d*G e ) — A*GH(1F)? + 1],
= 3A[2¢( A*GV* A*Gye, o) + (A Gy — A*Gye, Gy — G ) — d*GHIM)? + 1],
IN[th;d* G (I") + th;d* G (1I*) — d*G'(I")* + 1]
IN[th;d* G (1) + 3b,d* G (1) + 1]
=3A[3 jd*Gm > 31, (4G (1) + 4G (17)) + 3], (5.4)

where we use (2.1)) and the definition of G/~ and G- as Green’s functions; to arrive at the penultimate
line, we factorise and use (5.2)), and use the definition of G* to obtain the final line. As a consequence
of Theorem [4.6] we have

b;d" G- (I") = b3dGY([0,0 +a]) + 0" [bivﬂj(%') ca+ ) bbVG, (x)) - a] +o(n™),  (5.5)

i#]
bi[d*G - (IF) — d* G, (I*)] = 265dG ([0,0 + a]) + o(n ™), (5.6)
and bj [d*GH* (l*) + d*GV* (l*)] = 2n_1 [b?vg]<ﬂfj) -a+ Z b]bzvgml (Ij> : ai| + O(n_l) (57)
i#]

Using ((5.6)), it follows that
Lh; + b2dGE ([0,0 +a]) + n~! [bgvg;j(xj) cat Y, biby VG, (2) - a] +o(n™h)
bj 4 203dGY([0,0 + a]) 4 o(n~1) ’
1 iV () cat 30,0V, (x5) - a

R Traact (005 o) (5:8)

Substituting ((5.5)), (5.7) and (5.8]) into ((5.4)), we obtain
Bu(i— 1) = LA+ 1AdGY ([0,0 4+ a]) + Lo~ {ng(xj) 2t bb VG, () a] +o(nY).
]
Finally, setting ¢y := § + $dG"([0,0 + a]) completes the proof of Theorem

6. PROOFS OF LARGE DEVIATIONS RESULTS

This section is devoted to the proofs of the Large Deviations Principles. §6.1] verifies Theorem
by using the results of [2I]. Theorem is then split into the cases where L* is a Bravais lattice,
i.e. L =Hxor L =Sq, and where L* is a multi-lattice, i.e. where L = Tr. These separate cases are
covered by Lemma and Lemma [6.2] and the proofs of these results constitute the remainder of
the section.

6.1. Proof of Theorem Where not otherwise stated, all references given in this section are to
results in [21].

Conditions (1)-(4) assumed in Theorem [3.3| are particular cases of assumptions of Theorem 6.14.
The only additional conditions we need to verify to apply this theorem are first, that the equation

Fy(, f(2), VI (2)) 1= [(@) = 0H (2, V f(2)) = hlx) =0, (6.1)

where Fs : E x R x RV — R, satisfies a comparison principle for all § > 0 sufficiently small, and
second, that the domain of H is dense in C(F;R). The second condition is immediate, since H is
defined on C*(E;R).
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We recall that a comparison principle is the statement that viscosity sub— and supersolutions of
(6.1]) are globally ordered. When x lies on the boundary of M, H vanishes, hence Fs(x,r,p) = r—h(z)
for all z € 9M. Thus any subsolution f and supersolution f must satisfy

f(z) < f(z) forallz € OM.

Theorem 3.3 in [I5] asserts that Fjs satisfies a comparison principle on the interior of M if

(1) There exists v > 0 such that

v(r —s) < Fs(z,r,p) — Fs(z,s,p)

for all x in the interior of M, r,s € R and p € RV; and
(2) There exists a function w : [0, 4+00) — [0, +00) with lim; ,ow(t) = 0, such that

Fy(z,r,a(z —y)) = F5(y,r.alz —y)) < w(alz =y’ + [z - y])
for all x and y in the interior of M, v € R and r € R.

It is straightforward to verify that the former condition holds with v = 1 for Fs as defined in (6.1));
since we have assumed uniform continuity and differentiability of H on the interior of M x RY, the
second condition is also straightforward to verify, since M x {a(z — y)|z,y € M} is compact in
M xR¥. Thus, a comparison principle holds on the entirety of M, and it follows that the conclusion
of Theorem 6.14 holds, i.e. the sequence of Markov processes satisfies a Large Deviations Principle.

To conclude that the rate function takes a variational form, we will first apply Corrolary 8.29.
This requires us to check the conditions of Theorem 8.27. In the case considered here, the operators
H; = H; = H, thus we need only check that Conditions 8.9, 8.10 and 8.11 hold.

To verify Condition 8.9, we note the following, which demonstrate that each of the subconditions
(1)—(5) are satisfied.

(1) In our case,
Af(x,u) =u-Vf(x), (6.2)

which is well-defined on C'(M;R); this set separates points, so Condition 8.9.1 is verified.
(2) Here, T' := M x R¥: for any zy € M, define x(t) = x, for all t € [0, +00) and \(ds x du) =
do(du) x ds to verify Condition 8.9.2.
(3) Condition 8.9.3 is satisfied by assumption (5).
(4) Condition 8.9.4 is trivially satisfied by taking K = M, since M is compact.
(5) Condition 8.9.5 is satisfied due to our assumption that L satisfies the growth condition (3.9).

Condition 8.10 is satisfied upon taking A(ds x du) = 6;(s)(u)ds X du, where x is the function whose
existence was asserted in (3.10)).

Finally, to verify Condition 8.11, we follow the Legendre-Fenchel transform approach described in
§8.3.6.2. Define

4s(x) = { OH (@, 91(@) = € M\OM

This is well-defined, is continuous on the interior of M, and there exists a solution to the ODE
t = qf(z) with 2(0) = zo and z(t) € M for all ¢ € [0,400), for any initial condition zo € M.
Therefore, Condition 8.11 holds upon choosing x to be this solution, and A(duxds) = g, (z(s)) (du) xds.

We have thus verified the assumptions of Corollary 8.29, which allows us to conclude that the rate
functional has a variational representation as a control problem, given in (8.18) in [21I]. To conclude
that the rate function takes the precise form we have here, where the solution to the minimisation
problem over admissible controls is stated explicitly, we may apply an identical proof to that given
for Theorem 10.22, noting that, under our assumptions, Iy(x) is 0 if x = z, and +oo otherwise. We
have therefore proved Theorem [3.3]



UPSCALING THERMALLY-DRIVEN DISLOCATION MOTION 36

6.2. Proof of Theorem [3.4: the cases L = Hx and L = Sq. When the lattice is Hx or Sq, the
respective dual lattices are 1somorph1c to Tr and Sq, and hence the set of nearest neighbour directions
in the dual lattice is always the same; on the other hand, since Tr* is isomorphic to Hx, which is
a multi-lattice, different techniques are required, and we therefore treat this case separately in the
following section.

Take f € CH#Z;R); as A5, is compact, there exists a uniform modulus of continuity w; :
0, +00) — [0, +00) with lim, ,owy(r) = 0, such that for v = (2q,...,2,,) € A and y € AL,
Thus, for all z € .Z5, n € N and s € R? such that z; + %s € A, we have

|f(@r, ey + 2s, o wn) — fla) — 20f(2) - s| < Blwg (o —y)).

As n — oo in the parameter regime we prescribed in with 2 in the interior of .Z¢

<, and a
sequence x,, € 4, with dist (Ln((En), x) — 0 as n — oo, we have

Hof o tp(,) = Hf(x) + O(wy (dist(e,(z), ), setting

ZZA[GXP (8 flx)-s > } exp [ (VyZ ;) Zb bV, (xl)) -sj],

i=1 j=1
where s; are the nearest neighbour directions in L*. If x,, € 0.4, then H,, f o,,(x,) = 0, so we define
Hf(x):=0 forazedH:,.
Recall the definition of y; as the solution to
—Ay; =01in D, and  yi(z) = 5= log(|z — a4]) on 8D.

Following the approach of [2] and [I], we define the renormalised energy for z € .Z< to be

~ bib;

E(x) = — E W—;log |z — x|) E bib;yi(x;).
iy']%:‘l i,j=1
i#j

Recalling the definition of G, from Theorem we have that
0E(x) = Vi(x:) + > bib;V Gy, (7).
J#i

For z in the interior of .Z¢ , this allows us to write

— ZZA(cosh f(x) — Baig(l’)) 'aj] - COSh[_ B (x) - ajD'

i=1 j=1

We define the Hamiltonian, HY g : A5, x R*™ — R, as

m K*
Z Z A[COSh ([pi — BO:E(x)] -'s;) — cosh ( — BOE(x) - Sj)} r € MNOME,

i=1 j=1

%E,B(xap) =
0 xe€dH,

where p = (py,...,pn) with p; € R? for each i. The Lagrangian is the Legendre-Fenchel transform
(for further details on this topic, see §26 in [42]) of the Hamiltonian of HY 5 with respect to its
second argument, i.e.

LY p(2,8) = sup {(£,p) — Hip(z.p)},

p€R2m
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where (-, -) is the inner product on R*™ given by (£, p) := > """, & - p;. We now follow [10] in defining
U, U5, R?™ — R via

6

US(f) = i Z Alcosh(Bf; - aj) — 1],

=1 j=1

\I/iqB :ZZ% [cosh(Bf; - e;) — 1],

i=1 j=1

W~

which permits us to write
Hh,B(fEaP) = B[\P;,B(%p - VS(x)) - \I’,IK,B( - Vg(ff))}

\IJILLL p is (strictly) convex, and hence has a convex dual, given by its Legendre-Fenchel transform,
denoted <I>1L47 - Moreover, by properties of the Legendre-Fenchel transform, we have that

VCD,I&,B(S) = %p - Vé(xr) & €= V‘I’,IQ,B(%JU - VE(m))
& p€argmax{(§,p) — Hj p(x.p)}-

Using this fact, we have that

L5 p(x,6) = (BV®] () + BVE(x), &) — My 5 (2, BVPY 5(€) + BVE(x))
= (BV®} 5(§) + BVE(2),€) — B} 5 (VP 5(€)) + B p( — VE(x))

Using the property that (u,v) = U4 p(u) + @Y z(v), we then have
Li.p(w,§) = BO; 5(€) + BY, 5( — VE(x)) + B(VE(2),£),

which leads us to define the rate functional J 5 : D([0,T]; .Z%) — R with

/ L‘,IZLB (x,x) dt =z ¢ Wl’l([O, +00); //loeo),
" 400 otherwise,
4 p(q) + Vi p(— VE()) +(VE().q) = e M5\ 0,

and LY z(z,q) = 0 z€du, and ¢ =0,
+oo x € 0.4 and q # 0.

ijx_,B(x) =

We may now state the following result, asserting a Large Deviation Principle for the sequence of
processes in this case.

Lemma 6.1.  Suppose that L = Hx or L = Sq, and that X = 1,(z™) where 2" — xy € M
as n — oo with & > €. Then the processes X|' satisfy a Large Deviations principle with good rate
function j){,B-

This result is very similar to those obtained in Chapter 5, §2 of [22], or §10.3 of [2I], the main
difference being that there is no diffusive part of the process. We also refer the reader to [II] for
related results concerning a discrete—time model on a lattice.

Proof. As stated, we wish to apply Theorem [3.3] to prove Lemma [6.1] The main conditions we are
required to check are (3), (4) and (5), since conditions (1) and (2) are straightforward to check when
M, = A, M = #¢, and 1, is as defined in (3.6)).
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Verifying Condition (3). ¢ is a finite state space and is endowed with a topology which is equivalent
to the discrete topology. Therefore, by the Lebesgue Decomposition Theorem (see for example
Theorem 3 of §1.6 in [19]) all measures p on .Z¢ may be expressed as

= > f(y)d,(da)

yedy

where the density f : .Z: — R is continuous (as are all real-valued functions on .Z). Next, fix a
probability measure y,(dx,0) = 6,(dx) on ., and define

oy (d, t) Z fy(z, )0
zEME
where f, : A X [0,+00) — R solves 9, f,(x,t) = QL f(z,t) with QI being the adjoint of €, and
fy(z,0) = 6,(x). It is straightforward to see that f, exists and is unique, since QI is a bounded
linear operator, and therefore the ODE system 0, f, = QI f, has a unique solution for all time, so
the martingale problem is well-posed. Moreover, the mapping from y to p, is trivially measurable,
since the topology on M, is the discrete topology.

Verifying Condition (4). MY p clearly satisfies the regularity conditions required, since € is harmonic
on the interior of M, and cosh is smooth, and hence HY 5 is smooth on the interior of M x R*™.
The third condition holds by definition, and since x +— cosh(Bz - a) is a convex function on R? for
any fixed a € R?, HY; 5 is convex in p for any = € <.

We take g = Hf for f € CY(#5;R) and f, = f ot,, which trivially satisfies the required
convergence condition. Since f € CY(.Z5;R), it is straightforward to check that g, = H,f, is
uniformly bounded, since Vf is uniformly continuous, and /H,IA,B is smooth, so the convergence
statement made at the beginning of holds uniformly for sequences ¢,(x,) which approximate
points in the interior of .Z<. When (z,p) is in the interior of .Z x R*™, HY 5 is continuous, so
verification of follows from the same arguments. When = € 0., there are two possible limits,
either 0 or the limiting value for lim,_,, 7-[1';‘7 5(y,p) for sequences of points y lying in the interior of
AL, Supposing i, (x,) — x € M, we therefore have

min { ;gr}p thB(y,p), O} < hm me wfn(zn) < limsup H, f,(z,) < max { ;1233 H5 5y, p), O},

n—oo

which verifies the statement (§ m

Verifying Condition (5). For x € 0.4, we have that

5;73(5375):{ —1—02 g;g’ )

o (3.9) is trivially satisfied. Next, using hyperbolic trigonometric identities and the fact that
| sinh(z)| < cosh(z) for all x € R, we obtain

cosh ([p — VE(z)] - a) — cosh ([-VE(z)] - a) < 2cosh(|p|) cosh(]VE(x)]).
Applying this estimate to the definition of 7—[5"3, we find that for some M sufficiently large,

Hip(z,p) < MY cosh(pil).
i=1

Define 9(y) := M cosh(]y|) for y € R?; it may be verified that the Legendre—Fenchel transform of
this function, ¥*, is

2
v ) = lylsion™ () J1 4

By the ordering properties of the Legendre—Fenchel transform, we therefore have

£ 5,6 > v (&),
=1
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and since sinh ! (r) — oo as r — oo, we have that w‘fi) — 00 as |&] — oo, thus LY p satisfies (3.9).

Next, recalling that \IJIIZLB and <I>';LB are conjugate functions, we have that for any o, 3 € R?™,

Vi p(@) + 55(8) = (o, ),
where equality holds if and only if 3 = VWY z(a). This implies that LY z(x, i) > 0 for all (z,) €
M x R, and LY p(x, ) = 0 when « lies in the interior of .Z% if and only if

i =V (- VE(x)).

Given that the function on the right—-hand side is uniformly Lipschitz for x in the interior of .Z<, it
follows that there exists a solution « € C([0,T]; M) to the ODE

i(t) = VU5 5(— VE(z(Y)), z(0) = o,
where T is chosen such that (7)) € 0.4, and x( lies in the interior of .Z< . Then, setting =(t) =

x(T) for all t > T, we have that (t) = 0 for all £ > T, and thus
| ehsato. i) a = o

we have therefore verified condition (5) of Theorem so applying its conclusion, we have proved
the result. 0

To conclude the proof of Theorem we note that, by properties of the Legendre-Fenchel trans-
form, for x € ML\ OME,, LY 5(x,q) > 0,

E,IZLB(:C, q) =0 ifand only if ¢= V\I’,IZ,B( — VE(2)),
and by definition, MY 5 = VY 5

6.3. Proof of Theorem [3.4: the case L = Tr. The case where L = Tr is more complicated
than the cases treated above, since Tr* is isomorphic to Hx, which is a multi-lattice rather than a
simple Bravais lattice. The value of €2, f therefore oscillates depending upon the specific sublattice
on which each dislocation lies, and so the verification of the convergence condition in Theorem [3.3]
requires an additional step in this case. The technique which we use to prove convergence bears
significant similarities to the use of a periodic ‘corrector’ as used in the theory of homogenisation for
differential operators with rapidly oscillating coefficients, and our approach may be viewed as the
discrete analogue of the strategy used in Example 1.10 in [21].

For clarity, we first fix some notation which we use throughout the proof: recall from §2.3] the
definition of a;, and the fact that Tr" is the union of 2 translated copies of \/?gTr. It will therefore be

convenient to define
al = %(a% +agq) fori=1,2,3, Trl:=Tr4+aj, and Tr :=Tr—aj.

7

By definition, we have that Tr* = Tr, UTr"; the subscripts refer to the fact that the nearest neighbour
directions in Tr* are

{af,a5,a5} fore"* € Tr and { —aj,—aj, —aj} fore" e Tr .
With this notation, if u* = (ef, ..., ek,) with roo(u*, ) = O(n™'), we have

Z ZnAexp[— BO:E(x) - as +o(1)] [flef,....ef +al,....en) — f(u)]

ilereTrt j=1

+ Z ZnAexp BO:E(x) - a5+ o(1)] [flel,....ef —al,....el) — f(u)].

ilefeTrs j=1

We see that the generator oscillates in value depending upon whether each ef € Trl or ef € Tr’.
To obtain a Large Deviations Principle, we must show that the nonlinear generator converges in the
sense of condition (4) in Theorem We suppose that f € C! (//;;R), and define a sequence
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fa() = fou(p) + 2hy(en(p); 1), where hy @ A5 x (Tr*)™ — R will be defined shortly. For
convenience, we also deﬁne Tip:=(e1,...,e;+5,...,ey), and calculate

Hyf(p) = e "0 e"f( )

=A Z Zexp — Bo;E(x) - a ][exp (&-f(a:)-a;+hf(x,el,T;;u)—hf(:mu)) —1]

ileyeTry j=1

+ A Z Zexp [BO:E(x) - af] [exp (— 8:f(x) - a} + hf(x,Tfa;u) — hy(z, p)) — 1]

ilefeTrr j=1

+o(nt).
Our aim is now to define hy such that for some g € C(.Z;R),

sup |Hy(f oty + Lhy)(1) —gotn(p)] =0 asn — oo.
WEME

As long as hy(x, ) is uniformly bounded for (x, p) € 5 x (Tr*)™, this will imply the convergence
condition required in Theorem We make the ansatz that

hi(x) ef €Tr}
el § h (vief) =< 7 LT
he(zyel,....en) hyi(z where hy;(z;el) { W) e e T

7

thus, each hy; : AL x Tr* — R depends only on whether ef € Tr or ef € Tr’. In order that
H,(fou,+ %hf) — g o, tends to zero independently of the choice of sublattice for each e}, we then
choose h]jfz(x) to satisfy the ‘corrector problem’

H Mw Il Mw

[exp Oif(x) — B(?ié'(a:)} -a; + h;z(x) - h}rz(x)) — exXp ( — Bo;E(x) - a;)}

[exp [BO:E(x) — 0, f(x)] - a} + hf (x) — by (x)) — exp (BOE () - aj)]. (6.3)

i

Equating terms which contain +[h} (x) — h7,(x)] and solving, we set

+ - + —\2 Fi—
Vi —% )T Ve = )2+ 400,
hj—fz(x) = j:%log (( ) \/<25+ ) ,

and thus  g(x) = AN /1O +70)2 +6767 =i — 507 +0),
=1

3 3
where ~F = Zexp (FBOE(x)-al) and 6 = Zexp (£ [0:f(x) — BoE(x)] - af).

Jj=1

By the convexity of the exponential function and the fact that aj + aj +a} = 0, we have v;°, 6" > 3;
in addition, \/(7;" —7; )2 +40,0; +7;" —7; >0, so hjfl(:t) is well-defined for all z. Since v;* and
5 are continuous functions of x € .Z<, we also have that h]i(x) depend continuously on z, and is
thus uniformly bounded for x € .Z<..
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By now expressing g(x) in terms of hyperbolic trigonometric functions, we define Hf(x) :=
HY p(z,Vf(x)), where the limiting Hamiltonian H) z(x, p) is defined to be

HAB(QL' p \/TAB (95( )}24-\1/}’3[%]?1 —@5@)} —\I/XB[—@S(I)} —TAB[@S(x)},

i= 1
for v € M\ O, and HY p(x,p):=0 forz € oM,
6 3
where W} p[¢] = A® Z cosh [B& -a;j], and T,p[¢] = AZcosh[B@- -aj).
We define the conjugate function L} 5 : 5 x R*™ — R U {400} to be
EI{,B(%S) = SUP {5 p— AB(iE p)}
and the corresponding rate functional 7 : D([O, +00); AE) — R U {+00} to be

/ EXB (:U,m) dt z € lel([()’ _;_OO);RM)’
0

+00 otherwise.

«723(@ =

We now state the following theorem, which asserts the existence of a Large Deviations Principle for
the model for dislocation motion for the case L = Tr.

Lemma 6.2. Suppose that L = Tr, and that X = 1, (2") where 2" — xg € M, as n — co. Then
the processes X}' satisfy a Large Deviations Principle with good rate function jer

Once more, we prove this result by checking the conditions of Theorem

Proof. As in the proof of Lemma conditions (1) and (2) are straightforward to verify with
M, = #; and M = ¢, and condition (3) holds by an identical argument.

Verifying Condition (4). It is clear from the arguments of the previous section that 7} z(x, p) satisfies
the necessary regularity conditions, and by definition the ’HX’ 5 vanishes for © € 0.2 ; the convexity
condition is also evident for x € 0. . Next, let z lie in the interior of .Z: then the second
derivative of H} z(x,p) with respect to p; is

IQVQ\IJ 4 815 X
3;2,7;7'123(%17) _ 2B AB[Bp ( )]Tr e
(Ya5[0:E (@) + VT pl5p: — i€ ()] — W 5[-0:E(2)])
4]132 V\IJA B[Bpl 65(:15)] ® v\IJA B[sz azg(x)]
(Yapl0€ (@) + W] ggpi — 0:€ ()] = W] 5[~ 0i€ (2)])
To verify convexity of H A, we check that this matrix is positive definite. This reduces to verifying
that, as symmetric matnces

3/2°

S (CaslCP — W plC) + UTple] ) VAUT ple] — AVUT 46 © VO 4l > 0 forall € ¢ € R

Pre-multiplying by v” and post-multiplying the matrices in the above expression by v for some
v € R2, we have

6
VAU plE] : [v,0] = Z A?B? cosh[B¢ - aj](v - a;)?,

J=1

and (v- V\I/XB[Q)Z = (ZAQB sinh[B¢ - a;](v - aj)) .

=1
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It is immediate that V2W) 5[¢] : [v,0] > 0 for all v € R?, since cosh is bounded below by 1, and the
vectors a; span R% Next, we note that

LT LI VPO BlE < o,0] — (v VET E])

6
= % Z A*B? cosh[B¢ - aj| cosh[B¢ - ag](v - aj)2

jk=1
18
~ 1 Z A*B? sinh[B¢ - aj] sinh[BE - a;](v - a;) (v - ).
jk=1

Using the identity (v-a;)(v-a) = 1[v- (aj +ap)]* — 3(v-a;)? — 3(v - ax)? and the symmetry of the
vectors a;j, we have

LN " sinh[BE - a] sinh[BE - ay) (v - a,)(v - ay)

k=1
6 6
=1 sinh[B¢ - aj] sinh[BE - agl[v - (a; +a,)]* = 2 ) sinh[B¢ - a] sinh[BE - ag)(v - a,). (6.4)
jik=1 jk=1
The latter sum vanishes, since sinh is an odd function and v-ap = —v-ag,3 for £k = 1,2 or 3. Splitting

the sum, interchanging indices j and k£ and then using convexity and the fact that cosh is postive,
we have

6 6
Z cosh[B¢ - aj] cosh[BE - ag)(v - a;)* = 5 Z cosh[B¢ - aj] cosh[BE - ag (3 (v - a;)* + (v - ay)?)
Jik=1 g k=1

>4 cosh[B¢ - aj] cosh[BE - ag|[v - (a; + ak)]z. (6.5)

k=1
Combining (6.4]) and (6.5)), and using the addition formula for hyperbolic cosine, then bounding cosh
below by 1 and dropping all terms except for those where j = k, we find that

LT[ VAT ] - [v,0] — (v VEIE))?

6
> 1A'B? Z cosh [BE - (aj + ag)|[v - (a; + ax)]?,
jk=1
6
> JA'BYY (v-a;) = SA'B* ol (6.6)
j=1
It remains to verify that (Y4 5[¢]* — W) 5[¢])3 VUL (€] > 0 for all £, ¢ € R? This is immediate
upon noting that

2
Tasl(? =Wyl =00+ =% =100 =) (ZAsmh B¢ - aj]) >0, (6.7)
7=1
and using the positive-definiteness of V*W ' 5[¢]. Estimates and entail that 92 H )\ p(z,p)
is strictly positive definite for all z in the interior of .Z%, and therefore 7} satisfies the convexity
condition.

To verify that the convergence requirement of Condition (4) is satisfied, we define h,, : Z5 — R
to be hy(p) := h(wa(p), ). Then as hy(x,ef,...,€},) is uniformly bounded for all z € .S and
e; € Tr", so

HfOLn—f—%hn—fOLn” <en' =0 asn— oo.
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Since Vf, 0;€ and x +— hy(z, 1) are uniformly continuous on .Z%, and H} 5 is smooth and hence
uniformly continuous on the interior of .Z<, x B,(0) for any r > 0, we have that  — M} 5 (z, V f(z))
is uniformly continuous. Using the fact that hy was chosen to satisfy (6.3), it is now straightforward

to check that
HHn(fOLn—i— %hn)(,u) —HfOLnH —0 asn — oo,

and so convergence is verified.

Verifying Condition (5). Given that H}r p s a significantly more complex function than the Hamilto-
nians obtained in the previous cases, we do not have as explicit an expression for EX 5 as we obtained
in the cases where L = Sq and L = Hx. We therefore verify Condition (5) indirectly using properties
of the Legendre-Fenchel transform.

First, we verify that L} p(z,£) > 0. We note that since 7} 5(x, p) is smooth and strictly convex
in p, L} p(,€) is also smooth and strictly convex, and H ) p(x,p) = supgcpem {p- & — LY p(2.€)}.
It follows that

0= HXB(x,O) = sup { — EXB(x,f)} = — inf L (2, 8).

ceR2m £eR2m

To verify the growth condition (3.9), we estimate H | Ap(z,p) above. Using the elementary inequality
Va+b<a+ Vb for any a,b > 0, the AM—GM inequality, and the property that vE > 3, we find

— |+ 0 — 50 + 7))

VIO =086 = L0 7)< A
(5+ +5 ) mm{% 77@ } < <5+ +5 ) (68)

<

N[ [\')l»i

Noting that cosh(v-a;) < cosh(%g\v]), formula (6.8), along with the definition of H} 5, the convexity
of cosh and the fact that 0;,€(x) is uniformly bounded for all x € .Z<, implies that there exists a
constant C' > 0 independent of x such that

m

m 3
HY p(a,p) <D Acosh ([p — BoE(x)] -a3) < A cosh [L|p,]] + C.

=1 j:l =1

A similar argument to that used in the proof of Theorem now allows us to conclude that (3.9
also holds in this case.
Next, we note that

0=0eLY p(x,&) ifand only if &= 0,H] (z,0).
Computing 0, , we find that if 2 solves

VU p[—0iE(x)]
2TA,B [818(56)]

T = with  z(0) = =, (6.9)

where ¢ is in the interior of .Z<, then (3.10) is verified. As \I/XB and T4 p are smooth, T4 p is
bounded below, and 0€(x) is bounded on .Z<, an identical argument to that given in the proof of

[oop)

Theorem [6.1] entails that this condition is satisfied.
Having now verified all conditions of Theorem [3.3] its application implies Lemma O

Finally, upon noting that £X p 1s minimised when is satisfied, and setting

VUL 5]

Tr _
MAp() = 5 7 Tonldl’

we have proved Theorem
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