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Nanoscale materials hold the promise of leading to breakthroughs in the development
of electronics. These materials are of great interest especially at low temperatures due
to their thermal stability. In order to predict the evolution of crystal surfaces at such
precision, physical effects across a wide range of scales, from atomistic processes to large-
scale thermodynamics, must be consolidated [71,73].

This thesis aims to incorporate the microscale information carried by the atomic
dynamics to the evolution of an apparently smooth surface at macroscopic scale. At
the nanometer scale, the motion of atomic defects in the surface is described by ordinary
differential equations (ODEs). At larger scale, the atomic roughness is no longer detectable
and the surface evolution can be described by a smooth function for the surface height on
some reference plane. This height function satisfies certain partial differential equations
(PDESs) on the basis of the thermodynamic principles. These ODEs and PDEs separately
yield predictions of distinct characteristics for the morphological evolution of a surface.
While modeling at small scale has the advantage of simple physical principles, observation
at the larger scale offers more tangible intuition for the topographic evolution and it is

often more suitable for relating to experiments [53].



A principal theme of this thesis is to understand the difference or error between
these two predictions. The error can be conveniently assessed numerically but this is
not sufficient to achieve a deeper understanding of the problem. To this end, this thesis
addresses both quantitative notion of the error through numerics and systematic and
conceptual notion of the error. In order to give a concrete notion to this “difference”, it
is crucial to carefully interpret what is meant by a solution of the evolusion PDEs; the
subtlety pertains to the choice of method used to solve the PDE. Recently, it has been
shown that the solutions of PDEs obtained solely from the thermodynamic principles are
prone to deviate from the underlining microscopic dynamics. This thesis investigates the
cause of this discrepancy and propose a reconciliation by exploring a new continuum model

that may plausibly incorporate microscopic influences.
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Chapter 1: Introduction

1.1 Physical description of crystal surfaces

The development of small and precise electric devices requires an accurate manipulation
of crystal surfaces at nano- to micron-scale. In this so-called mesoscale regime, physical
principles in various scales are indispensable and the separation of scales become
ambiguous. Establishing a methodological procedure for such multiscale modeling is a
challenging and long-standing problem in material science, physics, and mathematics.
Interestingly, the crystal surfaces exhibit very distinct morphologies depending on
whether the surface is above or below its “roughening transition temperature”. To
unlock the potential of stable nano-scale material, it is especially important to develop
theories for the systems below the roughening transition temperature; to this end, we
describe surface relaxation in such regime in three scales in the next few paragraphs.

At the atomistic scale, atoms on the crystal surface with sufficient energy may break the
neighbor bonds and hop to another site on the surface or leave the vicinity of the surface
to the surrounding vapor. When the number of these moving atoms, called adsorbed
atoms (adatoms), is large, it is reasonable to study the concentration of adatoms on the
surface rather than the motion of individual atoms. In this thesis, we study the relation
of the adatom concentration and the evolution of the surface in the following scenario:

For temperatures below the roughening transition, even a small crystalline miscut from



the plane of symmetry may introduce thermally stable line defects (steps) [53]. In
epitaxial phenomena, this leads to a simple structure consisting of mono-layers of
adatoms (terraces) separated by steps of atomic height. In the absence of external
forcing, the surface is expected to relax and the atom concentration is described by a
diffusion process on the surface and desorption, supplemented with the attachment and
detachment of atoms to the step edges.

On the other hand, atomistic effects are no longer observable at the macroscale; the
surface appears smooth and is expected to follow the thermodynamic

principles [22,51,53]. Yet this approach is not complete in the presence of flat regions
called facets. It turns out that the formulation of facet has a global influence in the
surface evolution. The difficulty posed by the formulation of facet is explained in the

next section.

1.2 Multiscale modeling in the presence of facet

At the microscale, the step motion is dictated by (i) the motion of atoms (ii) adatom
attachment and detachment to the step edges, and (iii) step line-tension and entropic
and elastic-dipole repulsive step-step interactions [61,78]. Although the step flow model
offer the advantage of simple and unambiguous physical principles, even after
considerable simplifications it leads to expensive computations. Also, this approach is
not suited to tracking topographic changes at long length and times scales.

On the other hand, observations at the macroscale have the merit of less computational
complexity and a concise description of the surface topography. In this view, the
evolution of a smooth crystal surface is characterized by its tendency to lower its free

energy [8,43,55,68,97]. The facet has a precise description within the continuum



framework [9,28,62,94,95,97,98] as a flat region at which the free energy develops a
cusp singularity thus a conventional thermodynamic approach is inadequate to study a
surface with a facet. In order to clarify the ambiguity associated with this singularity,
various potential remedies have been proposed.

One approach to circumventing the singularity in the free energy is to treat a facet edge
as the moving boundary for the evolution partial differential equation (PDE) of the
smooth part of the surface. The main objective of this approach is to assign appropriate
boundary conditions at the facet edge; however, the criteria for these boundary
conditions is not adequately understood. We adopt the viewpoint that microscopic
theories provide a guiding principle. In order to investigate the near-facet behavior of
continuum-scale variables consistent with the underlying step motion, the theory of
homogenization [45] may be applied to the discrete picture. The main idea of
homogenization is to extract information from a microscopic structure that influences
the system at a large scale.

Interestingly, the dependence of facet motion on the discrete dynamics appears to rely
on whether the facet height is conserved or not. In this respect, we investigate two

distinct, corresponding geometries:

e We start with a monotone train of N steps separating two semi-infinite facets at
fixed heights. The limiting behavior of discrete schemes for steps to nonlinear
macroscopic laws for crystals is studied via formal asymptotics in one space
dimension. We consider evaporation-condensation kinetics; and surface diffusion
via the Burton, Cabrera and Frank(BCF) model where adsorbed atoms diffuse on
terraces and attach-detach at steps. Nearest-neighbor step interactions are

included. Under the assumption of the existence of self-similar solutions for



discrete slopes, we show how boundary conditions for the continuum slope and
flux, and expansions in the height variable near facets, may emerge from the
algebraic structure of discrete schemes as N — oco. For this purpose, we convert
the discrete schemes to sum equations and further reduce them to nonlinear
integral equations for the continuum-scale slope. Approximate solutions to the
continuum equations near facet edges are constructed by direct iterations. For
elastic-dipole step interactions, the continuum slope is found in agreement with a
previous hypothesis of “local equilibrium” and the boundary conditions are in

agreement with Spohn’s thermodynamic approach [97] in this particular geometry.

The other geometry of interest is an axisymmetric crystal mound. The relaxation
of the surfaces with a facet is studied via an ad hoc evaporation-condensation
model. Unlike long straight steps, the number of steps is not necessarily conserved
in this setting: the top (extremal) atomic layers may shrink and eventually collapse
successively, which decreases the height of the entire profile. At the microscale, the
discrete scheme consists of a large system of differential equations for the radii of
repulsively interacting steps separated by terraces. Each step velocity is
proportional to the step chemical potential, the variation of the total step free
energy; the relevant discrete mobility is assumed linear in the width of the upper
terrace. We focus on two step flow models: In one model (called M1) the discrete
mobility is simply proportional to the upper-terrace width; in another model (M2)
the mobility is altered by an extra geometric factor. At the macroscale, both step
models give rise to free-boundary problems for a second-order PDE. By invoking
self similarity at long time, we numerically demonstrate that: (i) in M1, discrete

slopes follow closely a continuum thermodynamics approach with “natural



boundary conditions” at the facet edge; (ii) in contrast, predictions of M2 deviate
from results of the above continuum approach; (iii) this discrepancy can be
eliminated via a continuum boundary condition with a geometry-induced jump for
top-step collapses; (iv) This jump is equivalent to the Rankine-Hugoniot condition
in the Lagrangian coordinates in the special case of non-interacting steps. In this
limited case, we prove the convergence of the discrete schemes M1 and M2 to its
respective continuum limits. (v) In the presence of step interaction, we propose a
continuum theory that reveals that the formula for the flux jump at the step edge
is independent of the strength of step interaction. In particular, the formula we
obtained as a limit of non-interacting steps remains valid for the interacting steps

in the conjectured continuum limit.

1.3 Burton-Cabrera-Frank model

In this section, the surface evolution under the roughening transition regime is described
at the microscale. Before we continue, we will briefly review the role of roughening
transition temperature. Above the roughening transition temperature, atoms have high
energy and steps are form and collapse instantaneously so they are not observable. This
atomic roughness translates to smooth macroscopic picture with no singularity in the
surface free energy. On the other hand, well-below the roughening temperature Tg, steps
become thermally stable and their lifetime is long enough to be experimentally observed.
Here we focus on the under roughening transition regimen. A basic geometric picture is
the following: Terraces are formed by a large number of surface atoms at one height.
The edge of the terrace with an adjacent terrace (say, a terrace at height= ia where a is

the diameter of atom and at height= (i + 1)a) is called a step. There steps resemble
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Figure 1.1: Diagram of the side view of steps illustrating diffusion and desorption on
terraces, attachment-detachment at step edges. The step at x; will retreat to the left as
atoms detach, while the steps at x;4+1 will advance to the right as atoms attach from above

and below.

smooth curves and we assume that they are countable.

The Burton-Cabrera-Frank (BCF) framework is the starting point of our model, which
was first introduced in 1951 [6]. Three basic ingredients of the BCF model for surface
diffusion are: (i) motion of steps by mass conservation; (ii) diffusion of adsorbed atoms
(adatoms) on terraces; and (iii) attachment and detachment of atoms at steps. The main
assumption of BCF is that there are enough adatoms on the terraces to define adatom
concentration p;(x,t) on the ith terrace. The evolution of p;(x,t) is characterized by the

diffusion rate Dy through a diffusion equation,

T

Opi(x,t) = div (DsVp;(x,t)) — +f (1.1)

where 7 is the mean desorption time and f is the flux of atoms arriving from the vapor
to the surfaces. The step velocity v; at the ith step, ¢ =1,--- , N, is proportional to the

difference in the adatom flux J; = —D;Vp; arriving from the top and bottom terrace:



. (Ji = Ji-1), (1.2)

vi(x,t) = .
where €2 is atomic volume and a is step height.

In this thesis, we follow the BCF approach in the absence of nucleation and external
material deposition from above. In principle, the material parameters included in these
kinetics depend on the individual steps and terraces. However, this thesis addresses only

isotropic surfaces for which the material parameters are uniform among steps. For some

work on anisotropic surfaces, see [47,74,77].

Remark 1. Instead of the step velocity law being described in terms of the adatom
fluxes on top of the terraces, the step velocity law for evaporation-condensation case
describe an exchange of adatoms between step edges and the surrounding vapor. In the
evaporation condensation kinetics, v;(x,t) is proportional to the difference in the
chemical potential of the step edges and the vapor. This model can be formally derived

as an extension of the BCF model (see, Appendix B).

The boundary conditions for (1.1) is given by Robin conditions:

—Ji(z,t) = ky (pi — pi7), T €y (1.3)

Ji(.’E,t) = kid (pz — p:—({-l) , T € Tit1 (14)

where k, (k) is an attachment-detachment rate from upper-(lower-)terrace. p;? is the
equilibrium density at the ith step given through a chemical potential via
Gibbs-Thomson relation [46]. The chemical potential p; is the change of free energy at
x = x;. The total free energy is the combination of the line tension energy FEj;,.(t) and
the pairwise step-step interaction energy Ein:(t). Eint(t) results from steps’ inclination

to repel each other entropically and as elastic dipoles [53]. Detailed description of the



free energy is provided in later chapters. For example, in the special case of straight

steps with zero curvature, line tension is absent. See chapters 2 and 3 for details.

1.4 Thermodynamic approach

Another description of the surface evolution can be given through the thermodynamic
principles. These principles are based on macroscopic topography so it does not capture
atomistic details but it is useful for longer observation time. The first surface evolution
model was proposed by Mullins in 1958 [68]. In his original work, Mullins wrote the
normal velocity of the surface to be proportional to the surface Laplacian of the surface
mean curvature. Instead, we adopt the graph theory and define the height profile h(x,t)
at point x = (21, x2) on the coordinate plane R?. In chapters 2 and 4, we will also utilize
the Lagrangian coordinate system as opposed to the Euclidean coordinate system.

The main idea of the thermodynamic approach is that the system evolves in a way to

minimize the surface free energy on a surface S:

Elh] = /S'y(Vh)ds = /A'V(Vh)\/l + |Vh|2dzdy. (1.5)

where the surface energy density v(Vh) is the energy per unit area of the surface. The
local slope of the surface Vh is often assumed to be relatively small so v(Vh) may
(formally) replaced by its second order expansion. Also, A is the projection of S onto
the reference plane. In his description, Mullins assumed 1" > Tk and the existence of a
smooth free energy function. Mullin’s theory serves as a motivation for the study of the
continuum limit of step structure at 7' < T and we adapt (1.5) with non-smooth ~v(Vh).
The evolution of surface is driven by the surface chemical potential u(x,y), which is the

change in the free energy due to redistribution of atoms at point (z,y)



oE

pla,y) = 05 (16)

where (2 is the atomic volume and ‘;—f is the functional derivative of the free energy E[h].
Note that Equation (1.6) may not be taken literally when 7' < T and E[h] is not
globally smooth. In such case, the energy density 7(Vh) has a singular term proportional
to |Vh|, which plays a crucial role in macroscopic models and makes the evolution PDEs
(1.7) and (1.8) ill-defined on the region on which Vh = 0 (facet). As a matter of fact, the
interpretation of chemical potential for non-smooth E[h] is the main theme of this thesis.
Next, we introduce various mass transport mechanisms. In surface diffusion, the surface
profile changes due to the motion of the atoms across the surface. In other words, the
surface profile evolves due to the redistribution of atoms on the surface so we employ the

conservation law:

ht = —divJ (17)

where J is the continuum surface flux proportional to the gradient of the chemical
potential, J = —MV u, where the surface mobility M in principle may depend on the
slope; however, we focus on isotropic surface with a constant mobility.

We also consider the evaporation condensation regime. In contrast to the case of surface
diffusion, the surface morphology under the evaporation-condensation regime changes
due to the exchange of atoms between surface and vapor. So the mass of atoms in the
vicinity of surface is no longer conserved and the transportation equation is a

second-order PDE, viz.,

hy = —u(Vh). (1.8)



Now we elaborate on the role of facet in surface evolution. In his ground-breaking paper,
Spohn [97] formulated the surface evolution as a free boundary problem. This approach
consists of two elements: (a) a PDE for the height profile satisfied outside facets defined
by (1.7) or (1.8); and (b) boundary conditions at the facet edge, which are derived as an
extension of continuum thermodynamics principles. His free boundary approach has the
merit of keeping the form of the PDE that is in agreement with ODEs outside facets
while singling out the influence of facets through the boundary conditions.

Another attempt at deriving a continuum theory in presence of facets is made through
subgradient theory. Subgradient theory is purely based on the thermodynamic principles
and functional operator theory. This approach does not require an explicit tracing of the
facet motion. Despite this advantage, the application of subgradient theory may not be
suited for our purposes as the solution depends on the form of the subgradient system.
In other words, the choice of the energy and the Hilbert space in the formulation is
crucial. To the author’s knowledge, there is no obvious determining factor for the choice
of subgradient formalism solely at the level of the continuum theory. This approach can
be related to the free boundary approach by applying the natural boundary conditions
found through the solution at the free boundary.

Unfortunately, both the boundary conditions of Spohn’s theory and the subgradient
theory can be incompatible with solutions of ODEs for steps near facets [71]. In the next
section, we take a closer look at the relation between these macroscopic theories with the

microscopic approach.
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1.5 Continuum limit of step flow in 1D

In the limit of a large number of steps, the ODE system for steps is expected to reduce
to evolution PDEs for the surface height and slope profiles away from the facet. In this
process, coarse-graining is applied under the set of assumptions: a — 0, Na = O(1),

ia = x, miy = m(x,t) = O(1), hy = h(x,t) = O(1). In other words, the step size
approaches zero while the step density is kept fixed. The idea is to recognize the step
position z;(t) as a level set of the continuum height h(x,t) at height h = ia. If the
coarse-graining is valid, we expect to see the error between ia and h(x;,t) to vanish in
the limit N — oo. However, when steps are sparse, the surface appears flat and has a
zero-orientation at the macroscale. As previously mentioned, coarse-graining does not
work in such situations.

In order to attain a continuum limit of the ODE system for the whole surface profile
including facets, we need to carefully address the meaning of “continuum limit” of a
discrete system. There are multitude levels of rigor (besides coarse-graining) at which a
continuum limit can be considered: In a phenomenological approach, a continuum limit
is obtained through an educated guess. The usage of subgradient theory as a continuum
limit often belongs to this category (see, section 1.4).

In another instance of phenomenological comparison of the ODE systems and the PDEs,
self-similarity in variables such as slope is often assumed in order to numerically solve
the ODE/PDE system. We will make this assumption in some parts of this thesis.
Unfortunately, the availability of rigorous homogenization results is limited. The
connection of step flow to continuum theories has been studied analytically for

semi-infinite 1D facets at fixed heights in surface diffusion [4,5,65]; however, only the

11



attachment-detachment limited (ADL) regime was addressed rigorously. In this setting,
the surface height is a convenient independent variable that allows to eliminate a free
boundary for the facet (see, chapter 2. Furthermore, step collapses do not occur and,
thus, the total number of steps is preserved. The analysis becomes more involved for
periodic 1D surface corrugations [50,81] and radial geometries [49,71,73]' in which the
facet height changes with time. For such geometries, boundary conditions consistent
with step flow are in principle expected to involve microscale parameters (see, chapter
3), e.g., step collapse times, which result from solving discrete schemes for steps [49, 71].
This means that the resulting theory is not fully continuum; however, in Chapter 4, we
will prove the convergence of the step dynamics to its continuum limit in the special case

of non-interacting steps.

1.6 Mathematical addendum

In this section, we briefly describe elements of the mathematical theories utilized in this
thesis. We assume some familiarity of the reader with basic functional analysis. The
subgradient formalism provides a means of analyzing evolution laws that have a steepest
descent structure with respect to a convex, singular energy functional [55]. An
elementary exposition for the surface diffusion case can be found in [81]. On the other
hand, the theory of viscosity solutions may be applied to more extensive family of

equations that do not necessarily have a steepest descent structure [19].

1We note that there is a fundamental difference between the 1D periodic setting and radial geome-
tries: in the former, steps on facets can be of opposite sign which in turn may affect the nature of their

interactions [50].
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1.6.1 Elements of subgradient formalism

Formally speaking, the notion of the subgradient extends the concept of conventional
gradient (or derivative) to convex functions or functionals that are not necessarily
differentiable everywhere. Let H be a Hilbert space and F' be a convex functional on .
The subdifferential, 0F(x), of F' at the point x of H is the set of all vectors v in H that

satisfy the inequality

F(x+h) — F(z) > (v, h) for all hin H , (1.9)

where (v, h) denotes the inner product of H. We call such v the subgradient of F(x).
Consider first the classic example of the convex function f(x) = |z| where —1 <z < 1.
In this case, H is the one-dimensional space [—1, 1] equipped (trivially) with the product
of reals. Since f(z) is differentiable at x # 0, we find 0f(x) = {sgn(x)}, a singleton,
where sgn(z) = x/|z| is the sign function. The notion of df(x) becomes particularly
useful for z = 0, where f(x) is not differentiable. To compute Jf(0), one notices that for
any real h, f(h) — f(0) = |h| > |wh| only if || < 1. It is easily deduced that

df(0) = [—1,1], the set of all possible slopes of linear graphs bounded above by the
graph of y = |z| in the xy plane. This example can be extended to d space dimensions:
Consider f(x) = |x|, where x is any point in the d-dimensional Euclidean space, R?;
then, f(x) = {x/[x|} if x # 0, and 9f(0) = B%0,1).

The above ideas can be generalized to functionals, i.e., mappings of vectors in H to real
numbers, or more generally to its underlying algebraic field. An abstract formulation
suggests that an evolution with the variational structure can be viewed as ‘trajectories’

of elements of H, in a way analogous to dynamical systems. The associated evolution
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PDE for u is replaced globally by a statement of the form

du(t)
dt

€ —0F(u(t)) forallt>0, (1.10)

with the initial condition u(0) = up € H. A known theorem of convex analysis asserts
that there exists a unique (sufficiently smooth) w(¢) in H for all ¢ > 0 provided the
functional F satisfies certain conditions such as appropriate convexity [38].

In particular, evolution PDE (3.22) for evaporation-condensation can be recast to

form (1.10), where u = h is of bounded variation and F(h) = vQE(h) = [[ ~(Vh) dA,
the singular surface free energy (3.20). The subgradient OF (h) extends the variational
derivative of F'(h) to the facet (Vh =0). A characterization theorem for subgradient
systems states that, for such a functional F', a function f belongs to OF (h) if and only if

there is a pair of continuous vector-valued functions &, and &, in R? satisfying [38]

[ =vQgqdiv(& + g&,) , (1.11)

where £, is an element of 0J1(Vh) and &, is an element of 0J2(Vh) with Ji(p) = |p|
and Jo(p) = |p|®/3. This characterization is central in this framework, with direct

implications to boundary conditions at the facet. By virtue of

{p/Ipl} ifp#0
0J1(p) = : dJ2(p) = {Iplp} , (1.12)

B2(0,1) ifp=0
one can assert that |£;| <1 and &, = 0 for p = 0; therefore, |£| <1 on the facet.

In conclusion, by (1.10)-(1.12), there exists a continuous vector-valued £ such that

Oth = —vQg1divé everywhere | (1.13)

where g1& belongs to dv(p) for p = Vh. In our radial setting, |£| < 1 for r < r¢(¢); and

&, is zero on the facet. These considerations lead to boundary conditions (3.37)
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and (3.39) for g > 0. Since m is continuous for g > 0, so is h. (For g = 0, this argument

needs to be modified since m ceases to be continuous [55].)

1.6.2 Idea of viscosity solution

Viscosity solutions are a type of weak solutions. Roughly speaking, the idea of weak
solution is to pass derivatives that are hard to control onto a smooth test function.
Unlike the classical weak solution approach, viscosity solutions are tested point-wise.
The primary virtues of the theory of viscosity solutions are that it allows merely
continuous functions to be solutions of fully nonlinear equations of second order and
provides very general existence and uniqueness theorems. Moreover, these features of
viscosity solutions go hand-in-hand with a great flexibility in formulating precise general
boundary conditions and passing to limits in various settings [19]. Furthermore, the
theory of classical viscosity solutions offers relatively simple proofs that are generally
through point-wise arguments; however, we are interested in the global effect of the
facets; thus we need a theory in which solutions are tested more strictly than just
point-wise. To this end, we follow in the footsteps of [31] to study the global behavior of

viscosity solutions of degenerate PDEs with a strong singularity.

1.7 Overview

The rest of this thesis is organized as follows:

This thesis is divided into two parts: In Part I, we will focus on the mathematical
modeling aspect of this thesis. Micro- and macro-scale models are developed through
physical principles and analyzed numerically and heuristically. The analysis in Part I

(Ch.2—Ch.4) is mostly formal and it invokes simplifying assumptions without proofs.
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Part IT (Ch.5-Ch.8) is purely mathematical. The well-posedness of some degenerate
parabolic PDEs that describe the evolution of the evaporation-condensation case is
established using gradient flow and a generalized notion of viscosity solutions. Each part
is self-contained.

Although we only study isotropic surfaces in this thesis, our work on anisotropic surfaces
with heterogeneous characteristics can be found in [74,77]. Also, extensive reviews of
elements of epitaxy for crystals can be found in, e.g., [22,37,66, 84, 88|.

In chapter 2, we study straight long steps under the evaporation-condensation and
surface diffusion kinetics. In chapter 3, we study the relaxation of axisymmetric mound
under the evaporation-condensation kinetics. In chapter 4, we discuss an interpretation
of the facet height as a shock wave, and the convergence of the discrete schemes for
non-interacting steps.

In chapter 5, we introduce the degenerate parabolic PDEs and motivate our main
problem by studying easier cases via the theory of gradient flow. In chapter 6, we
provide a rigorous definition for the solution of the equation. In chapter 7, the
comparison principle and uniqueness of proper viscosity solution is established. In
chapter 8, the existence of a unique viscosity solution of our specific problem is proven

via an approximation by regularized parabolic problems.
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PART I: Modeling
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Chapter 2: Long, straight steps

In this chapter, we demonstrate a situation in which the moving facet can be treated as
a stable (unmoving) boundary for the surface evolution PDE. We adopt the Lagrangian
coordinate in which the slopes are written as a function of height. We assume that the
heights of facets do not change therefore they are no longer free boundaries in the new
coordinate [4]. Specifically, we consider two semi-infinite facets separated by a monotone
train of NV steps, N > 1. This setting captures features of a finite crystal and can be
conveniently represented by a (141)-dimensional model. In this special situation, the
analysis can be simplified and the near facet evolution of the surface is studied through
power series expansions.

Besides the assumptions listed in section 1.3, self-similarity for finite N is also assumed;
presumably, this is reached for long enough times [4,28] in various kinetic regimes, but
this property is not proved here. The persistence of semi-infinite facets and monotone
slope during evolution is hypothesized. This formal approach enables us to explore
modifications of the energetics and kinetics of the step model.

This work has been inspired by Al Hajj Shehadeh, Kohn, and Weare (AKW) [4]. These
authors study rigorously the relaxation of the same step configuration by employing the
[%-steepest descent of a discrete energy functional under attachment-detachment limited
(ADL) kinetics. In this case, the dominant process is the exchange of atoms at step

edges. Notably, AKW invoke ordinary differential equations (ODEs) for discrete slopes

18



at the nanoscale, and a PDE for the surface slope as a function of height at the
macroscale. In [4], the positivity of discrete slopes and convergence of the discrete
self-similar solution to a continuum self-similar one with zero slope at facet edges are
proved; the condition of zero flux emerges as a “natural boundary condition” from the
steepest descent. An analogous method for DL kinetics appears elusive at the moment.
Israeli, Jeong, Kandel and Weeks [48] study self-similar slope profiles under
evaporation-condensation and surface diffusion with ADL kinetics for three 1D step
geometries. Their step trains are semi-infinite and thus differ from the finite step train
studied here and in [4]. For this reason, direct comparisons to results of [48] are not
compelling. By contrast to our setting, the self-similar slopes in [4] do not decay with
time. In the same work [48], the condition of zero slope at the facet edge along with a
power series expansion of a certain form for the slope are imposed at the outset. Because
of the different boundaries involved, their scaling exponent (in the self-similarity
variable) and form of the power series for evaporation-condensation are different from
ours.

We adopt the use of the height as an independent variable [4], which is a convenient
Lagrangian coordinate of motion [27,28]. An advantage of this choice in the present
setting, where facets are at fixed heights, is the elimination of free boundaries, as pointed
out by AKW. We invoke equations for the discrete slopes, following AKW as well as
Israeli and Kandel [49,50].

In surface-diffusion, adatoms move by diffusing on terraces and attaching/detaching
to/from the step edges. On the other hand, in evaporation condensation, atoms are
exchanged between step edges and vapor. Although we separate these two mechanisms,

they coexist in realistic mechanical systems.
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h=0

Figure 2.1: Geometry in 1D (cross section): the step height is a; the step position is xj;

and the semi-infinite facets are located at heights h = 0 (top) and h = H (bottom).

2.1 Formulation: step motion laws

Consider a stepped surface with N steps as shown in Fig. 2.1. The step positions are
denoted by x = x(t) where j =0 ... N and ¢t > 0. Each step has a height of atomic
length a. The step train ends with a semi-infinite facets on the each side. Thus we set
h =0 for x < xzo(t) and h = H := aN for z > zn(t); cf. [4,28].
For the ease of computation, non-dimensionalize the variables by substituting & = x/H
and h = h/H and drop the tildes. The atomic length a is replaced by a small parameter
e=a/H so (N +1)e=1 (where N > 1 and e < 1), 0 < h < 1. The discrete slope m; is
defined by

€

i(t) = ————=>0 =0,1,... N—1. 2.1
m]() l'j+1(t)—$](t) > ’ J y ) ( )

m;, are assumed to be positive for all £ > 0, given that m; >0 at ¢ = 0.

To explain the step dynamics, first thermodynamic elements of step motion are

described. For entropic and elastic-dipole step interactions, the energy of the step train
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s [53,78]

1N—l 1 -1
Exy=-— _ — 2.2
X () h T 22

=0 =

The chemical potential of the jth step is the change of the energy per unit volume [53]

3 3
SEn ; ] e
j = = e - — = S _ 0 9.
Hi= e, —°F [(JUJ'-H - SCj) (xj — xj_1> ] e (mj —mj_y) (2.3a)

if j=1,..., N —1. For the extremal steps at = g, )y the chemical potential is set to

be

po =€ tmy . pn = —etmi_; . (2.3b)

The step velocity law depends on the choice of kinetics. Following BCF and considering
special cases of the BCF model, the step dynamics for surface diffusion and

evaporation-condensation are written down.

2.1.1 Evaporation-condensation process

In evaporation-condensation, the step velocity, v;, is driven by the step chemical
potential [53]. The main idea of evaporation-condensation is the atoms move between
the step edges and vapor, from a higher chemical potential to a lower chemical potential.
Thus, the step velocity law reads [53,98]

da; ()

Uj(t) = dr = j’.j(t) = _(/’Lj - :u’o) (.7 =0,1,..., N) ) (24)

where ¥ is the chemical potential of the surrounding vapor. For completion, set p¥ = 0.

In the above equation, a constant mobility has been applied. By combining (2.3) and

21



(2.4), obtain the discrete scheme:

my = —e 'md (i1 — d0) = € *mi(mi —2md) , (2.5a)
iy = € ’mi(mi, —2md4+ml ), j=1,...,N-2, (2.5b)
my_1 = € *mi_(my_s—2m%_1) . (2.5¢)
Equations (2.5) are merged into a single law
e’mi(mi —2mi+md )=m;, j=0,...,N—1, (2.6a)
along with the termination conditions
m_1=0=my . (2.6b)

Furthermore, in order to analyze the discrete scheme, consider a similarity ansatz
m;(t) =p(t) M;  (dM;/dt =0, M; #0) . (2.7)

Comparing (2.7) and (2.6), it is easy to see that p/p> = —C = const. and set C' = 1 thus,

P(t) = (4t + K)~Y4. So, M; satisfy the second-order difference scheme

M}y —2M? + MP | =—

: j=0,...,N—=1 (M;>0), (2.8a)

62
)
M;

M_y=0= My . (2.8b)

2.1.2 Surface diffusion

For surface diffusion, writing down the step velocity law takes more preparation. We
start with the adatom density p;(z,t) and a diffusion equation 0;p; + 0,(D0.p;) ~ 0 for
t>0and {z;(t) <z <zjp(t)}. j=0,---,N —1. Here, D > 0 is the adatom

diffusivity. To simplify the model, it is assumed that there is no deposition and
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desorption. In the quasi-steady regime [53], where steps move slower than adatoms
diffuse, the diffusion equation is reduced to 8%,0]- = %@pj ~ 0.

Therefore the adatom density satisfy a linear relation p;(z) = Az + B; in

{r; <x<zj41}, j=0,..., N — 1. Further, we apply linear kinetics for atom
attachment /detachment at steps. Given that atoms attach/detach with a kinetic rate 2k

(the factor 2 is included for later algebraic convenience) from the upper or lower terrace:

—Jj =2k (pj =i, Ji=2k(p; = P31, - (2:9)

Tj+1
Here, note that setting the attachment/detachment rate to be equal from the upper and
lower terrace, excludes EhrlichSchwoebel(ES) barrier in this model. Also, an equilibrium
density qu = 1+ p; is the density at which the steps are at dynamical equilibrium; here,
kT has been set to 1 [53]. The coefficient A; is computed with respect to the boundary
condition (2.9):

B k
L+ k(241 — ;)

Jj(z) = —4; = (Hjr1—p5) s j=0,...,N—1.  (2.10a)

Equation (2.10a) needs to be extended to j = 0, N. By taking into account p;(z) for
j=-1,x<xzpand j =N, z > xn, where there are no steps and p;(x) must be bounded

in x, the plateau fluxes are found to be
Jfl(l‘):() r<x, JN(x):O x> TN . (2.10b)

In this kinetics, the steps move with respect to the difference in the flux. So the step

velocity law is
v =y =¢ [Jjoaley) = Ji(ey)),  j=1... N—1; (2.11)

Jj(x) = —0yxpj(x) is the adatom flux on the jth terrace, {z; < < 41} (where the

diffusivity is set to unity).
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Finally, combine (2.11) and (2.10) with (2.3) to obtain a system of ODEs for m;:

m() —4 k;E 3 3 3 2k6 3 3
| —9 e —2 , 2.12a
w2 € o keml(m2 my + mg) o+ kemo(ml my) ( )
o _ e _9 _ e
m% mo + kﬁmQ(m?’ my +mi) m1 + ke
k
x my(my — 2m} +md) + moij_kemo(m:f - Qm?))] , (2.12Db)
mi B [mj-i-l + k:em]“(mj+2 2 ) - m; + k:emj(ij
—2m? 4+ m?_y) + Lm‘_l(mg —2m?_ +miy)|
J j— m_1 + ke J j— j—
j=2...,N—-3, (2.12¢)
MmN -2 _ ke mn—s(md_, — 2m3_s +m_y)
m2,_, s & ke N3N N-3 N—2
M _9
gt e N o(miy_g — 2my_g + my_1)
ke 3 3
_ _ -2 2.12d
man_1+ kemN 1(myy_o my_1)| s ( )
my —e? ke my_o(my_s —2m3_o +mi_)
e, o 1 e NV2UMN-3 N—2 N-1
2ke 3 3
- _ -2 . 2.12
mn_1+ kemN 1(myy_o mN—l)] ( e)

We make further simplification by considering two extreme regimes: (i) ADL kinetics [4],
where m; > ke for all j; and (ii) DL kinetics [28], where ke > m;.

ADL kinetics. Equations (2.12) are reduced to the ODEs

m

m—% = —6_4(m§?+2 - 4m§-’+1 + 6m§~ - 4m§?_1 + m?_z) , (2.13a)
J
for =0, ..., N —1, along with the conditions
m_1=0=myn, mg—2m> +m,=0=ml_; —2m} +mi, . (2.13b)
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In (2.13a), we have set ke = 1 by appropriately rescaling time.

In particular, by the ansatz m;(t) = P(t)M;, we find P(t) = (Ct + K)~"/* and set
C = 4, assuming M; > 0. This solution is approached for long enough times [4].
Consequently, M; satisfies the fourth-order difference scheme

€4

3 3 3 3 3
Mj+2 - 4M]+1 + 6Mj - 4Mj*1 + Mj*Q == 7] 5

j=0,...,N—1, (2.14a)
M_1=0=My, Mj—2M3 +M>,=0=My_, —2M3 + My, . (2.14b)

DL kinetics. With recourse to (2.12) we obtain the ODEs

m

mjé = —6_4[mj+1(m§’+2 — 2m?+1 + mi’) —2m; (m?H — 2m? + m?_l)
+mj(md —2md_ +md ,)], j=0,...,N—1, (2.15a)
where
m_1=0=mpy, m_o,myy1: finite; (2.15b)

so, m_1(m3 —2m3, + m3,) =0 =my(m%_, — 2m3 + m?\f—f—l)'

Again, we assume self-similarity: m;(t) = P(t)M;. Plugging this ansatz into (2.15), we
have P(t)/P(t) = —C < 0 and find P(t) = (5Ct + K)~'/5. We set C' = 1 for algebraic

convenience. Given this, we obtain a difference equation for M;:

Mj+1(M]3+2 - 2]\4]3-',-1 + M;)) - 2MJ(M]3+1 B 2M33 + Mf—l)

+ My (M} —2M3 | + M ) = e j=0,..., N—1, (2.16a)

with M; > 0 for j € {0,1,..., N — 1} and extreme step conditions

M 1=0=My and M_o, Myyq: finite . (2.16b)

The choice of the discrete slope at the extreme steps (2.13b)(2.15b) do not automatically

imply zero continuum slope and flux at the facet edges. As a matter of fact the choices
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made for m_q1 and mpy have little importance in the continuum limit. This is in
agreement with the expectation for a robust continuum theory that such an arbitrary

choice in the discrete level should not affect a continuum limit.

2.2 Compatibility of microscopic and macroscopic predictions

The step flow model introduced in section 2.1.2 can be compared with experiments with
macroscopic observation time/spacial length in the realm of the continuum limit.

Steps can be considered as an approximation to the level sets of a height function h(z,t).
One may write down a PDE for the slope function m(z,t). Our presentation in this
section is strictly phenomenological and we assume such continuum limits exist. In other
words, we think of m;(t) as an interpolation of the continuous function m(h,t) where
h=(G+1)e=0(1)asel0,j— oco. Sosetm;(t)=m(z,t).

One way to view the problem at Vh = 0 is by looking at it as a free boundary

problem [97]. To this end, we investigate the boundary conditions and near-facet
expansions for continuum-scale variables consistent with step motion.

We find that in surface diffusion, the large-scale slope and flux vanish at facet edges.
Our technique captures the local behavior of the slope resulting from the structure of
discrete schemes for crystal steps.

The discrete schemes are converted to sum equations, which approach integral equations.
The latter reveal power series expansions in the height variable.
Evaporation-condensation and surface diffusion are treated separately in the absence of
external material deposition; in fact, the evaporation case is exactly solvable under

self-similarity and is invoked for comparisons.
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2.3 Limit of discrete scheme and near-facet expansions

In this section the expansions for the continuum-scale slope near facet edges are derived
from discrete schemes for steps. The main process involves converting the discrete
schemes to sum equations; and show that, in the limit € | 0 with h = (j + 1)e = O(1)
and (N + 1)e = 1, the sum equations become integral equations which indicate via
iterations the slope behavior as A | 0 and h 1 1.

Regarding the behavior of m(h,t) near facets, the order of limits should be emphasized.

First, we let € | 0 with fixed h; next, we allow h | 0 or h 1 1.

2.3.1 Evaporation-condensation kinetics

Consider slopes under self-similarity, m;(t) = (4Ct + K)~'/4M;, and set C' = 1; more
generally, a constant C' # 1 would enter the resulting integral equation for m(h) as a
prefactor of the integral term and the analysis is not essentially different if we consider
C #1.

Rewrite (2.8) by defining v¢; := M 33 , the relevant difference scheme reads

€2

Vi1 =25ty == Y1 =0=9yn, (2.17)
W
where ¢; >0 and j=0,1,..., N —1.

Proposition 1. (A continuum limit in evaporation-condensation) In the limit € | 0,

discrete scheme (2.17) reduces to the integral equation

hh— 2

m(z)

Y(h) =m(h)® = Cih —/0 dz  O0<h<1; (2.18)

thus, limp o m(h) = 0. The constant C is

Cy = /01 1/}1 _1Z/3 / - : (2.19)
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which implies limps; m(h) = 0. By (2.18), a sufficiently differentiable m(h) satisfies the
ODE m(m?)p;, = —1 for 0 < h < 1.

With a slight abuse of notation, we use the symbol m(h) for the space-dependent part of
the self-similar slope; i.e., m(h,t) = P(t)m(h). Assume that the integral in (2.18)
converges and a solution exists in an appropriate sense.

Proof. By (2.17), express ¢; in terms of a finite sum over f;. To this aim, write

_1d¥(s)
! ds

1 [Y(Q)

70_ 2mi Jp ¢l

oy d¢ (i2=-1),j=0,...,N—1, (2.20)

by applying the Cauchy integral formula, where I' is a smooth simple curve enclosing 0

and ¥(s) is the generating function (polynomial) defined by

N

U(s) =Y s’ seC. (2.21)

J=0

—_

This ¥(s) is computed via (2.17).

By multiplying (A.1) by s’ and summing over j we have
sTHW(s) = o + Yns™] = 20(s) + 5[W(s) + 15~ —Ynoas™ ] = F(s),

where F'(s) is defined in (2.25). Thus, we obtain

- s —nst _1sVH L sF(s s
W(s) = o — 1 T,Z)N(l jj)};v 1 +5F(s) _ (173_( 5))2 ’ (2.22)

which leads to (2.25) by virtue of the termination conditions. The point s =1 is a
removable singularity provided P(1) = 0 = P’(1), which yield (2.26).
The coefficient of s/ in ¥(s) is given by (2.20). By restricting the contour I in the

interior of the unit disk (|¢| < 1) and eliminating analytic terms, we have

g L f ot CFQ A
T mi fp (1-Q)F G

=0,....,N—1. (2.23)
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Recalling the binomial expansion (1 — ()72 = 332 (1 + k)¢*, we find the series

1#(21—1-_%(20 ?/)+ZCH1[Z+2+21+Z_ f} (2.24)
p=0

The coefficient of ¢/ is singled out for I = j — 1; thus, by (A.3) we recover (2.27).

The result is

Yo +n_15V T 4 sF(s)
(1—s)? ’

where 1), ¥)n_1 are such that s = 1 is a removable singularity of ¥(s):

U(s) = F(s)= Y fis, (2.25)

—NF(1)+ F'(1)
N+1 ’

YN_1 = _FW+F) . (2.26)

o = Nl

The prime denotes the derivative of F(s). By (2.20), we find (see Appendix A.1)

Jj—1 j—1
=040+ Y (G =pfp=0+)o— Y elf+De—(p+ ey, ? .  (227)
p=0 p=0

This is the desired sum equation for ;.
Let us now focus on the limit of (2.27) as € | 0 with (j + 1)e = h = O(1). With regard to
the computation of 1y by (2.26), note that

1

N—
(N + 1) Z (N + L)e— (5 + D)eJy; e - (1—h)yp(h)"Y3dh ,  (2.28)
§=0 € 0

assuming that the respective sum and integral are convergent; thus,

_ - 1-h
lifél( L) = /w 1/3 = mdh. (2.29)

Let z = (p+ 1)e in (2.27); then, by ¢, — 1(2), we have

7j—1
Z j+1e—(p+ 1) 1/36—\/ —2) —13 gz (2.30)
p=0

This limit is encapsulated in the Euler summation formula; see, e.g., [11]. In view of

(2.29), we wind up with (2.18) and (2.19). The ODE m(m?),, = —1 ensues by
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differentiation (in the usual calculus sense) of the integral equation. This assertion
concludes our heuristic derivation. O
Corollary 1. The constant C1 appearing in (2.18) is positive.

Near-facet expansion. Proposition 1 suggests what the behavior of m near facet edges
should be. Notice that the integral in (2.18) produces a subdominant contribution
O(h?=) if m(h) = O(h*) as h | 0 for some 0 < o < 1. A formal expansion can be
derived by iteration of (2.18). (We alert the reader that our construction of a local
self-similar solution by iteration is heuristic. A rigorous analysis lies beyond our present

scope.) Set m(h) ~ m™(h) to n+ 1 terms as h | 0, where

m D () = Cih / ez mO) = ()P (2.31)
m(n
and n =0, 1, .... Thus, we derive the three-term expansion
m(h) = (Cyh)/3 — 301 — 1l(f?/‘”’hf’/?’ +OM ashlO; (2.32)
10! 1400 ’

higher-order terms are produced directly. Our construction satisfies the estimate

mH+D — () = O(R?7/3+1), Expansion (2.32) is in agreement with the corresponding
exact, global solution; see discussion in Appendix A.3.1.

The formal expansion by iteration can be converted to a power series in  — 'y, where
x7,1,(t) is the position of the left facet edge. By &; = —pu; = —e_l(m? - m?_l), and the
ansatz m;(t) = (4t + K) "4 M;, we ascertain that z;(t) ~ t'/4X; for large ¢t. Hence, the
similarity coordinate is 7 = 2t~'/4 and we set h = h(n); m(h(n)) = K (n). By integrating
(2.32), after some algebra we obtain

1305

28000;8/3h2 +OM)  ashlo0,

C; 1/3 (n—npp) = h2/3 + C—4/3h4/3
where 17, = x 1 (t)t”/4. By inverting in the limit 7 = n — s, | 0, we find

2\*% 12[3 10 3 971
- 2-1/2 —-1-3/2 2 5/2 =7/2
m(h(n)) <3> c, Ln = SO — s O - o) (2.33)
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For the other end point (h 1 1), mirror symmetry applies (under h +— 1 — h).

Remark 1. Integral equation (2.18) can result from integrating the ODE

(m3)pn = —1/m via imposing from the outset m — 0 as h | 0 and h 1 1. Here, we let
this zero-slope condition emerge by directly resolving the discrete scheme.

Remark 2. It is tempting to extend the above calculation to the full time-dependent
setting, with focus on ODEs (2.6). Consider m;(t) — m(h,t). Formally, 1/m(h) (under
self-similarity) is now replaced by 9[m(h,t)~!] in defining f;. If the integral converges,

the relation for m(h,t) now reads
h
m(h, 1) = Oy (t)h — / (h—2)am(=t) " de  t>0; (2.34)
0

C4(t) is given by the t-dependent counterpart of (2.19). Alternatively, differentiate to
get the PDE 9ym = m?87(m?) [98]. Caution should be exercised though: in principle,
(2.34) may not be amenable to iterations in the sense described above, unless ¢ is
sufficiently large. So, it is not advisable to iterate (2.34) to study transients of the slope
near the facet edge.

Remark 3. This discussion suggests that, for a class of initial data,
m(h(z,t),t) = O((x — z¢(t))"/?) x — x¢(t) , (2.35)

at the left- and right-facet edge position, x¢(t), for sufficiently long times. Notably, this
behavior is in agreement with the condition of local equilibrium at facet edges [10, 52].

Furthermore, the integral equation formulation indicates the form of the expansion for

m(h,t) and readily provides the leading-order term. For the derivation of higher-order

terms (to arbitrary order), it is algebraically convenient to use the respective PDE (or

ODE for self-similar slopes). The starting point is the power series expansion

S An(z — x¢(t))™?, in accord with the iterations of (2.18); see also Section 2.3.2.
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This form is to be contrasted with the series used in [48] for a geometry having a single
semi-infinite facet, where the self-similar solution for the continuum slope does not decay

in time.

2.3.2 Surface diffusion

Our analysis for evaporation-condensation can be extended to surface diffusion with a
few (mostly technical) modifications. For DL kinetics, we split the fourth-order discrete
scheme into two second-order schemes. This case is discussed in some detail. We present
fewer details for ADL kinetics where the fourth-order scheme is treated without

analogous splitting.

2.3.2.1 DL kinetics

We first focus on the self-similarity ansatz m;(t) = (5t + K)~/°M; observed in [28], and

set 1; = M J3 The fourth-order scheme (2.16) is split as

e2cpj 62

it =295t i1 = s i = 29 @1 = (2.36a)
¥ ¥

Y1=0=19Yn, p-1=0=0nN; J=01,...,N—-1. (236b)

Recall that ¢; is the adatom flux on the jth terrace, where x; < x < x;41.
Proposition 2. (A continuum limit in DL kinetics) In the limit € | 0, discrete scheme

(2.36) reduces to the integral equation

hz(h — 2 hrz(h—2)(z —
¢(h)_m(h)3_clh—6’2/0 (TiL%(Z))dZ+/0/0 Wd{dz, (2.37)

for 0 < h < 1; thus, limp o m(h) = 0 = limpyo @(h) (¢: flux). The constants Ci, Co are
subject to respective conditions at h = 1: limp4y m(h) = 0 = limp4y @(h). By (2.37), any
sufficiently differentiable m(h) satisfies m[m(m®)pplnn = 1.
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In fact, (2.36) reduces to a pair of integral relations, which yield (2.37). The primary
continuum variables are the slope, m(h), and flux, p(h); see (2.40),(2.41). Assume that
the integrals in (2.37) converge and a solution exists appropriately.

Proof. We proceed along the lines of Section 2.3.1; recall formulas (2.20) and (2.21)
regarding 1 in terms of W(s). Our strategy is to express each of the second-order
difference equations (2.36a) as a sum equation, treating their right-hand sides as forcing

terms, f; (see Appendix A.1). The first one of (2.36a) leads to

j—1
Wy = (1+ j)o - %[(j +1)e— (p+1)d é’/’g (2.38a)

after applying the first pair of conditions (2.36b); the coefficient 1) is given by

N-—
(N + 1)y Z Je — (j + 1)e] fjge. (2.38D)
§=0 h

The second one of equations (2.36a) with the last pair of conditions (2.36b) yield

>—‘

J—

(J+1e—(p+1)e
;= (1+75)p Z 7 €, (2.39a)
p=
where, by analogy with (2.38b),
N-1
(N + 1o =Y [(N+1)e— G+ e, e (2.39b)
7=0
Now let € | 0 with (N 4+ 1)e =1 and (j + 1)e = h = O(1). By (2.38), we have
" p(2)
Wy — (k) = m(h)? = Cyh — / =228 4. ocn<n; (2.40a)
0 m(z)
Cy = lim(e~ L) = /1(1 _ ) g, (2.40b)
0 m(z)
By (2.39), the analogous limit for ¢; is
0; = @(h) = Cah "heta pen<d (2.41a)
j — = Ca2h — ; .
’ o m(z)
Cy = lim(e L ipp) oy (2.41b)
= 111l € = — az . .
20 70 o m(z)



By the definitions of Cy and Cs, we infer limpy m(h) = 0 = limpyq p(h). The
combination of (2.40a) and (2.41a) recovers (2.37). Differentiations of the integral
equations entail m(m3),, = —p, m@p, = —1, by which m(m(m?)p,)p, = 1. O
Corollary 2. The constants C1, Co in (2.37) are positive. Further, for 0 < h < 1, the

3 s concave.

flux o(h) is positive; thus, (a twice continuously differentiable) m(h)
The first statement in Corollary 2 follows from the definitions of C7, Cy and the assumed

positivity of slope. Note that

YR (R BN ET A
6= ), [/o TR e d<]d

The positivity of ¢(h) = —m(m?),, follows from (2.41). O

Near-facet expansion. We notice that if m(h) = O(h*) as h | 0 for some 0 < « < 1, the
integral terms in (2.37) generate subdominant contributions of orders (from left to right)
O(h3~%) and O(h*~2%). This observation motivates an iteration scheme for (2.37), or the
system of (2.40a) and (2.41a). Successive local approximations of m(h) as h | 0 can be

constructed via the scheme

h (n)
m (R)? = Clh—/ (h—2) P 4 Oy = (o)
0

m(”)(z)
(n+1) " h—z (0)
o mi"(z)
where m ~ m™, p ~ go(") ton+1terms; n =0, 1, .... The above construction

produces a formal expansion of m(h) in ascending powers of h. The first three terms are

evaluated in Appendix A.3.2; the result reads

3G, 2—70;4/3118/3 +OMm"Y3 Lo, (2.43)

_ 13 _
m(h) = (C1h) 10 O, 700

Note the powers of h entering (2.43), i.e., 1/3 (leading order), 2 (first correction) and
8/3, in comparison to the powers 1/3, 1, 5/3 appearing in (2.32).
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In the present setting of self-similarity, we have h = h(n) and m(h(n)) = h'(n) where
n = xt~1/5 [28]. By integration and inversion of (2.43), we find an expansion of m(h(n))

in the vicinity of the facet edge, as 7 =n —n¢; | O:

h _ (2 1/201/2’1/2—i(] 3, 8 4 o(ptl/2 9 44
m(h(n)) = 7 g2 + g O (2.44)

Note the absence of the powers 1, 3/2, 2, 5/2; cf. equation (A5) in [28]. Likewise, by
symmetry we can write an expansion for m(h) as h T 1. The above procedure suggests
expanding the slope in integer powers of 7'/2 [28)].

Remark 4. Integral equation (2.37) can result from integrating the slope ODE
m[m(m3)pn]nn = 1 under the conditions m — 0 and ¢ — 0 as h | 0 and h 1 1. Our
technique exemplifies the passage to the continuum limit via the integral equation so that
these conditions emerge directly from the difference scheme.

Remark 5. It is tempting to extend the results of Proposition 2 to the time-dependent
setting (without self-similarity), where m;(t) — m(h,t). The emergent pair of integral

relations for m(h,t) and the continuum flux, ¢(h,t), is

mh,t) = C’l(t)h—/h(h—z) 4GOI
0 m
o(h,t) = Csy(t)h — /h(h —2)0[m(z,t)" Y dz, 0<h<1,t>0, (245)
0

provided the integrals converge; Cy(t), C(t) are subject to the vanishing of m and ¢ as
h 1 1. In principle, it may not be legitimate to iterate (2.45) as above (under
self-similarity) in order to obtain an expansion for m(h,t) near a facet edge, unless ¢ is
sufficiently large. By differentiation of (2.45), we obtain the familiar PDE

om = —m29%(mdim3) [28,62].

Remark 6. By (2.45), the slope is m(h(x,t),t) = O((x — z¢(t))/?) as © — z¢(t)
(position of a facet edge) for sufficiently long times, consistent with the hypothesis of
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local equilibrium invoked in earlier continuum theories, e.g., in [62]. Further iterations
are suggestive of the nature of the expansion for m(h,t) in the vicinity of large facet
edges. To compute coeflicients of the expansion, it is algebraically convenient to make
the substitution m(h,t) = >.°° | A, (t)(z — z¢(t))™? into the PDE for m(h, t); then, the

values Ay = A3 = Ay = A5 = 0 are recovered by dominant balance [28].

2.3.2.2 ADL kinetics

Next, we focus on fourth-order scheme (2.13), which is also the subject of [4]. By the
similarity solution mj(t) = (4t + K)~/4M;, proved in [4], and ¢; = M;’, the related

difference equations read

Wivs — Ay + 605 — Ay 1+ = fi = 'y (2.46a)
for j=0,1,..., N —1, along with the conditions
Y1=0=9n, Yo—2¢ 1+9Y o=0=0¢N_1—2UN+VUNi1; (2.46b)

recall that p; = —(¥j41 — 2¢; +1;_1) is the jth-terrace adatom flux. There are at least
two routes to studying (2.46): either split it into two second-order schemes by using ¢;
as an auxiliary variable, or leave the fourth-order scheme intact and use only ;. We
choose the latter way here.

Proposition 3. (A continuum limit in ADL kinetics) In the limit € | 0, discrete scheme

(2.46) reduces to the integral equation

1 (" (h—2)?
— 3 _ _ 3, = .
¥(h) =m(h)? = Cih — Csh” + 5 /0 B dz, 0<h<1; (2.47)

thus, limp o m(h) = 0 = limp0 (k) (p: fluz). The constants Cy, C3 are subject to
respective conditions at h = 1: limp; m(h) = 0 = limpyq @(h). By (2.47), (a sufficiently
differentiable) m(h) satisfies m(m*)ppnn = 1; cf. [4].
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By our usual practice, we assume that the integral in (2.47) converges and a solution
exists in some appropriate sense.

Proof. We treat the f; in (2.46) as a given forcing term and solve for v; using (2.20)
and (2.21), with recourse to a generating polynomial ¥(s); see Appendix A.2.3 for

details. After some algebra, the variables v; are found to be

1
6 = | 200+ 3+ 2+ )i + 60
j—2
+ G-p=DG-p)G—p+ Y, P j=0,...,N-1, (248)
p=0
where
—NF(1)+ F'(1
Y1 —2¢p = ](V)+ 1 W) , (2.49a)
2(N +1)(¥1 +¢9) = N(@2N —1)F(1)+ (2N? —5N +2)F'(1)
-3(N-1F"(1)+F"(1), (2.49b)
_ N@N +1)F(1) + NN —5)F/(1) = 3(N — 1)F"(1) + F"(1)
Yo = 6N T 1) : (2.49¢)
Recall F(s) = Zévz_ol ;87. The prime in (2.49) denotes the derivative in s.
Now let N — o0, and € | 0 with (N + 1)e = 1. By formulas (2.49), we find
Y1 — 2 "1z
ey e A (2.50a)
Yo+ 1L P1—2-(1-2)3
T /0 —_ dz (2.50b)
Yo =0(e) - 0 . (2.50c)

For fixed height h = (j + 1)e (with j — 00), we let ¥; — 9(h), thus reducing sum

equation (2.48) to integral equation (2.47) with

1 f1-2-(1-2)7
Cy :=lim Yotv1 _ / i Sk dz , (2.51a)
0 3e 6 Jo m(z)
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1= 1 [T1-2z
— ] — d 2.51b
Cs o 66 6 Jo m(z) = (2:51b)

and neglect of 1p. The resulting continuum-scale slope m(h) vanishes as h | 0. In
addition, ¢; — ¢(h) with limp o ¢(h) = 0, as verified directly by (2.47). Equations (2.51)
imply that the slope and flux also vanish at the other end point, as A 1 1. The
differentiation of (2.47) furnishes the ODE m(m?)pnnn = 1 where p(h) = —(m3)pp. O
Corollary 3. The constants C1, Cs entering (2.47) are positive. Further, the large-scale
fluz, o(h) = —(m>)pp, is positive for 0 < h < 1.

Corollary 3 declares the concavity of 1)(h) = m(h)3 proved by AKW [4].

In the spirit of Sections 2.3.1 and 2.3.2.1, a formal expansion for the slope near facet
edges can plausibly be derived by iterations of (2.47). The ensuing slope behavior is
m(h) = (C1R)/3 + O(h7/3) as h | 0; so, the leading-order term is compatible with local

equilibrium. Hence, with n = xt~/4, we have (cf. (2.44))
2\ '/ 1/2-1/2 _7/2 _ _ —1/4
m(hm) ={3) G HOMT) asq—= 0 g=t" e —ap(t) . (252)

Further details of these computations are left to the interested reader.
Remark 7. The derivation can be extended to the full time dependent setting, where

mj(t) — m(h,t). The integral relation consistent with step laws is
3 5, L [" 3 -1
m(h,t)° = Ci(t)h — C3(t)h” + 8 (h—2)° Om(z,t)" "] dz , (2.53)
0

where 0 < h < 1 and ¢ > 0. The PDE reads 9ym = —m?2d{m3 [4].
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Chapter 3: Evaporation-condensation in radial geometry

Radial geometry captures essence of island models. In particular, the radial geometry is
the simplest model that encapsulates the role of the curvature of the crystal surface. To
capture with minimal complexity the main elements that may cause close agreement of
discrete and continuum-scale dynamics, we focus on an ad hoc yet physically plausible
evaporation model that is rich enough to include step curvature, elastic-dipole step-step
repulsions [61,78], and a terrace-width-dependent discrete step mobility. The main mass
transport process of evaporation-condensation kinetics is exchange of adatoms between
steps and the surrounding vapor. In this kinetics, the step velocity is proportional to the
chemical potential and surface diffusion is assumed to be absent, so adatoms on terrace
are assumed to be small in number or even if they exist, they don’t affect the step
motion.

In principle, evaporation coexists with, but is simpler to study than, surface diffusion. In
the latter process, adatoms diffuse on terraces and on step edges, and attach or detach
at steps from or to terraces [53,84]. There have been works on the radially symmetric
surface diffusion models [62,71]; however, due to its complexity, the results are limited to
numerical simulation. We are not aware if this simplified model has a concrete physical
application. Nonetheless, the model serves as a reference case in the study of realistic,
more complicated microscopic theories. In fact, our hybrid scheme approach has been

applied to terrace diffusion in [76]. We also discuss how our model results from the
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simplification of a step scheme that includes desorption, surface diffusion, and a negative
(“inverse”) Ehrlich-Schwoebel (ES) effect [17,21,80,91], by which adatoms on terraces
attach/detach at down-steps with a kinetic rate that is larger than the rate for up-steps.
At the macroscale, our model reduces to a description of generic appeal: The flow of the
continuum-scale height is expressed as the variation of a familiar singular surface free
energy, which we consider as given [40,97]. Outside the facet, this entails to a
second-order parabolic PDE proposed by Spohn [97]. We treat the facet as a free
boundary. One choice is to apply “natural boundary conditions” from the subgradient
formalism which is intimately connected to continuum thermodynamics [55].

At the level of steps, the step velocity is proportional to the step chemical potential, the
variation of a total step free energy, which we also consider as given; the respective
coefficient, or discrete mobility, is chosen linear in the width of the upper terrace, giving
rise to a forward difference scheme and stable step dynamics in the radial setting. We
propose two step flow models, called M1 and M2, each of which formally reduces to
Spohn’s PDE away from the facet. In both models, the step velocity is driven by the
step chemical potential, the variation of the total step free energy. In M1 the step
mobility is simply proportional to the upper-terrace width; whereas in M2 the mobility
is modified by an extra discrete geometry-induced factor. Our numerics under conical
initial data indicate that the discrete slopes become self similar at long time.

Our main findings are:

(i) discrete slopes by M1 are in agreement with predictions of the subgradient theory;
(ii) discrete slopes by M2 deviate from results of the subgradient formalism; and
(iii) the above discrepancy is eliminated by introduction of a jump at the facet edge of a

(properly defined) continuum flux function, which replaces the natural boundary
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condition that this flux be continuous.

The modification of the natural boundary condition in (iii) aims to account for the facet
microstructure: The discontinuity is expressed in terms of the extra, discrete geometric
factor of step mobility evaluated for a pair of extremal steps at times of top-step
collapses; data for this factor is extracted from discrete simulations. In the special case
with non-interacting steps in M2, we verify that this factor has a value close to an exact
result from the convergence of the discrete scheme.

These results indicate that, depending on step kinetics, facets may be incorporated into
a continuum theory by adjusting a coefficient in a known (natural) boundary condition
of the subgradient formalism. This finding essentially justifies the use of this formalism
as our starting point. For nonzero step-step interactions, the natural boundary
conditions include continuity of height, slope and the flux entering the conservation form
of the PDE outside the facet. Retaining these variables, we point out that adjusting the
flux at the facet edge in correspondence to collapses of atomic layers suffices to yield
continuum predictions in agreement with discrete simulations.

We numerically show that this connection depends critically on the step kinetics
(particularly the step velocity law); for example, the subgradient theory is in agreement

with the step flow in the context of MI.

3.1 Formulation

In this section we introduce the geometry of the problem and the governing equations
(ODEs) of step motion. A key element of our modeling is the use of step mobilities that
give rise to discrete dynamics prohibiting step crossing even for zero step interactions in

M1 and M2.
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3.1.1 Geometry

The geometry is shown in Figure 2.1. At the macroscale, the crystal surface is described
by a continuous height profile, h(r,t), with respect to a fixed (zy-) plane of reference.
The (circular) facet has zero-slope orientation, height h¢(¢) and radius r¢(t). We expect
that h¢(t) is nonpositive and 7¢(t) is nonnegative, i.e., the facet loses height and expands,
as in the surface diffusion case [62].

At the microscale, this configuration consists of concentric circular, descending steps of
constant atomic height, a. The ith step has radius 7;(¢), where initially (at ¢ = 0) r; is
nonzero for 0 < i < N with N > 1; by convention, r;(t) =0 if ¢ < 0 and ¢ > N, for all

t > 0. We take N to be large yet finite, so that the structure can be considered as
semi-infinite for all practical purposes (but not in sections 3.3.2 and 4.2). Steps are
expected to shrink and collapse on top of the facet; only steps with n < i < N are
present at times t,, <t < t, 11, where t, is the collapse time of the nth step of the initial
configuration; by convention, set r,(t) =0 if ¢t > t,, (n > 0). Thus, ¢ in nonzero r; is a
variable index enumerating steps of the initial configuration that remain on the structure.
We assume that r;41(0) > r;(0) for all 4; then, r;y1(t) > 7;(t) for all later times (see

section 3.3). Accordingly, the discrete slopes defined by

My=—2 (3.1)

Tigl — T
are positive (M; > 0) and bounded, M; < O(1). Near the top step, r;+1 — r; can be
much larger than a and, thus, M; is small (as we verify numerically).
Let hiop(t) denote the height of the top layer at time t (see Figure 2.1). Because of step
collapses on top of the facet, hiop(t) must decay; evidently, 0 < hiop — hf = O(a) | 0 in

the macroscopic limit. The everywhere-continuous surface height, h(r,t), is the
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Figure 3.1:

continuum limit of the discrete (piecewise constant) height hq(r,¢) which satisfies
htop(t) — ha(r,t) = (i —n)a , (3.2)

for ri_qy <r <r;and t,—1 <t <t,. In the continuum limit, where a | 0 and ia = O(1),
we assert that

ia — he(0) — h(r,t) . (3.3)

The right-hand side is used as a continuum Lagrangian variable in chapter 4.

3.1.2 Discrete equations of motion

In our mass transport process, evaporation-condensation, atoms are exchanged between
step edges and the surrounding vapor. We neglect diffusion along step edges [53]; and
leave out material deposition from above. Hence, the surface is expected to relax only by
lowering its energy. Furthermore, we adapt entropic and elastic-dipole nearest-neighbor
step interactions [53,61,78].

We start with a step velocity law of the form

dr;

dt:f“i:—l/i(:ui_:uo)7 i:O’l"‘7N’ (34)
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which captures the effect of adatoms being exchanged between concentric circular step
edges and the surrounding vapor; N > 1. In (5.3), r;(t) is the ith-step radius, v; is a
(positive) discrete mobility (specified below), " is the constant chemical potential of the
surrounding vapor, and u; is the step chemical potential; this u; incorporates step
curvature (stiffness) and elastic-dipole step-step interactions [53], and depends on
(ri—1,7i,74+1) (see section 3.1). We then obtain a large system of ordinary differential
equations (ODEs) for the step radii. This system describes successive annihilations of
the top (extremal) layers of an axisymmetric structure; each collapse time ¢,, is defined
as the earliest time at which r,(t) =0 (n > 0). We take r;(t) =0if i <n and t > t,.
Because of these annihilations, the surface height is expected to decrease with time. For
definiteness, set u® = 0 in (5.3).

A few comments on the physical origin of (5.3) are in order. The guiding principle is
that atoms on step edges move from higher to lower chemical potential (see, Figure 3.1).
For example, when the top circular step is small enough, its chemical potential (y;) is
dominated by the step line tension and tends to become large; thus, atoms leave the step
edge and this in turn retreats (and shrinks). This behavior is consistent with (5.3).

The associated step mobility reads

v — i 1 for M1
Vv = I/gi % N gz - gz(t) - ) (35)

il M
2?”2'
where a is the step height and v is a positive constant (v > 0). The geometric factor G;
in M2 can be derived as a special limit of the BCF model.
The quantity G; forms a crucial geometric factor. Note that step velocity law (5.3) for

M2 reduces to the one for M1 away from the facet because r;y1 —r; < ry, r41. This

condition breaks down near the facet.
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We assume that r;41(0) > r;(0) for all 4; then, r;y1(t) > r;(t) for all later times (see

section 3.3). Accordingly, the discrete slopes defined by

My=—2 (3.6)

Titl — T4
are positive (M; > 0) and bounded, M; < O(1). Near the top step, ;41 — r; can be
much larger than a and, thus, M; is small (as we verify numerically).
Next, we address the specifics of M1 and M2. The (radial) velocity of the ith step stems

from (5.3) and (5.4):

r— T 1 for M1
i = —v G ——— . —wi;  Gi= ; (3.7)

Tl e M2
2Ti

for n <4 < N and any n > 0, where v has units of length/energy/time; recall that
ri—1(t) =0ifi <mn, t,—1 <t <t,. Weclaim that in M2 the above formula for G; is
compatible with the radial geometry; for a derivation of G; from the BCF model with
desorption and negative ES barrier, see Appendix B.

Note in passing that, in the limit a | 0 with r; —r;_1 = O(a), G; — 1 and ODEs (3.7)
become 0;h = —vu, where p is the macroscopic limit of u;. This outcome is in agreement
with Spohn’s evaporation model [97]; see section 3.2 for details.

To determine p;, we first describe the total step free energy, E?, which accounts for step

line tension as well as entropic and elastic-dipole step repulsive interactions:

N
E(t) = Z 2mri(t) [gra + VO (ri(t), ripa (1))] (3.8)

where the pairwise interaction energy between steps of radii  and p is [49]

2
o a
2mr V(r, p) 1= 27 . 3.9
(r,p) 93p+r(p_r> (3.9)
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In (3.8) and (3.9), g1a is the step line tension (energy/length) and g3 expresses the
strength of step-step repulsion per unit length of a step; for later algebraic convenience,

replace gs by the (macroscopic) parameter [62]

g5 =28 (3.10)

The step chemical potential is defined through the variational formula [64]

Zaj{ pivi ds = QE(t) (3.11)
i Li

where L; is the i-th step curve and v; is the step velocity. Relation (3.11) implies

Q1 o
a 27r; Or;

% 4 ﬂ a{rz [Va(r’iv ri—‘rl) + V“(ri, 7’2'_1)]}
i ria or;

Q a?
9 95 {w(n,ml) —(rim1,mi) +

pi =

2
= -0
T; + 3

[o(ri,risn) + ¢(T¢1,ri)]} ,(3.12)

S =

where € is the atomic volume, Q ~ a3, and

. 2rp 1
w(ra ,0) - p—l—’r‘(p—r)?)’ (313)

2
o(r,p) = <p¢;>(pj02. (3.14)

Accordingly, we obtain the step velocity law

Fo=

Quagy r; —ri— 2ga>
_ Tiglszlgi {1+g3[¢(m7’¢+1)

(1) 4+ d(ri,riv1) *Eéf)(rihm)]} B (3.15)

T g1

where n < i < N for t,—1 <t <t, and ry+1(t) = 0; G; is defined in (3.7). The
parameter g is the relative strength of step line tension and step-step repulsion.
Equation (3.15) can be non-dimensionalized by use of the variables 7; = r;/a and

t = (vg1Q/a®)t; or, alternatively, via units with a = 1 = vg;. We follow this route in
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sections 3.3 and 3.4.5-3.5.3. In sections 3.2-3.4.4, we retain the dimensional variables so

as to indicate transparently the passage to the continuum limit.

3.2 Formal continuum limit outside facet

In this section, we review the derivation of PDEs for the surface height and slope profiles
away from the facet on the basis of the step velocity law (3.15). Our computations are
formal, primarily invoking notions of pointwise convergence (with the exception of (3.21)
for p); similar, yet more detailed, heuristic derivations are presented in [62,64] as parts
of the (technically more involved) case with surface diffusion in 2D, where the step
velocity is the difference of adatom fluxes each of which is expressed in terms of
differences of step chemical potentials of neighboring terraces. We emphasize that the
derived continuum laws are valid only for r > r¢(t). The a priori unknown facet position,
r¢(t), should be determined from solving a free boundary problem (see section 3.4).
Consider N > i > n > 1 with ia = O(1), in view of (3.3).We assume that the discrete
slopes, M;, are kept fixed; cf. (3.6). On each terrace, r;_1 < r < r;, we have

hq(r,t) = const.. A continuum height function h(r,t), slope function m(r,t), chemical
potential u(r,t) are assumed to exist as a continuum limit of ai, M;, p; respectively as

a — 0, ;41 —r; = 0. For this assumption to be valid, it is necessary that r; 11 —r; < r;
(cond.1). When this condition is not met, the “continuum” equations are subject to
influences from the discrete equations, which makes the theory no longer fully
macroscopic. A discussion on the influence of the geometric factor of extreme steps at
the continuum scale is provided in 3.4.3.

Here, we take the continuum limit under the assumption of (cond.1). As r 1 r;(t), the
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differentiation of hq(r,t) with respect to time yields
7 = Oh(r,t)/m(r,t)|,—p,) asa— 0, (3.16)

where m(r,t) = —0,h(r,t) and r > r¢(t). Equation (3.16) reveals the limit of the
left-hand side of (3.15).

On the other hand, the discrete mobility, v; = vG;(r; — r;_1)/a, approaches

vi = v/m(r,t)| r > re(t). (3.17)

r=r;(t)’

for both M1 and M2. Thus, if u;(t) — w(r,t), the continuum-scale chemical potential,
(3.16) and (3.17) yield

Och(r,t) = —vu(r,t) r > re(t). (3.18)

There are at least two routes to obtaining a formula for u. One way is to directly take
the limit of (3.12) under the condition O(a) = r; — r;—1 < r; for large i. For this
purpose, the right-hand side of (3.12) is expressed in terms of discrete slopes, M;, with

the main substitution

a

i~ —
Tl:l:l r m('l", t)?

r=7r;.

The algebraic manipulations of this procedure are detailed in [62] (see also [49]). The

resulting formula reads [62]
p(r,t) = - + Qgg;—(er), r > re(t). (3.19)

Alternatively, by (3.8) and (3.11) one can write u(r,t) as the first variation of the
continuum limit of E5%(¢;a). In view of the coarea formula

>oiagy ~ds— [[Vh]- dA [64], this limit is the well-known surface free energy [40]

E* — E(h) = // <91!Vh| + g33|Vh3> dA, (3.20)

a—0
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where dA = dx dy and integration is carried out on the crystal reference (“basal”) plane.
The free energy density v(|Vh|) = ¢1|Vh| + (93/3)|Vh|? is manifestly singular at the zero
slope surface orientation, Vh = 0, which defines the facet. Now, u is obtained

through [62, 64]

. E
(1, 008) = OB = u(ryt) = 057,

r>re(t), (3.21)
where (i, ¢) = [[ p(z,y)o(x,y) dA denotes the usual L*-inner product, and §E/5h is
the variational derivative of E(h). Equation (3.21) is consistent with continuum
thermodynamics and is valid outside the facet. The use of (3.20) and integration by

parts lead to (3.19).

Equations (3.18) and (3.19) yield a PDE for the height,
Oh = —vQqdiveE, r > re(t), (3.22)
where the radial vector & is
E=Cep, &E(rt) =1+ gm(rt)? (3.23)

and e, is the unit radial vector. The PDE for the positive slope, m = —3d,h > 0, outside
the facet is

Om = —vQg {r~? — g0, [r10, (rm?)]}. (3.24)

It is worthwhile noting that (3.22) has the form of a mass conservation statement, where
& plays the role of a vector-valued flux associated with 0;h.

We emphasize that both M1 and M2 reduce to the same PDE (3.22) outside the facet;
however, as we will see in the next section, the boundary conditions for (3.22) must be
adjusted to M1 and M2 distinctively for the continuum solution to be in agreement with

the step motion.
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3.3 Existence of unique discrete solution

In this section, we prove that, in contrast to diffusion limited (DL) kinetics [26], steps do
not collide in M1 and M2 even for zero step interactions. We give separate proofs for
g=0and g > 0. For g = 0, our proof is uniform in the initial number, N, of steps
whereas this uniformity is lost for g > 0. Thus, for ¢ = 0 we can consider a semi-infinite

surface structure.

3.3.1 Case with zero step interactions, g = 0

The absence of step collisions can be loosely explained by inspection of (3.15) for g = 0.
Suppose two steps tend to coalesce at some time; then, the innermost step moves faster
whereas the other step is slowed down (because of the governing backward scheme), and
step collision is thus avoided. Note that the assumed backward scheme is deemed
natural in our setting, given that the preferred direction of motion of each step (with a
minus sign in (3.7)) is towards the origin.

The main result of this subsection is

Theorem 1. Let N € N be the initial number of steps and I = {0,1,--- ,N}. Consider

r(t) = (ro(t),r1(t), - ,rn(t)) and £(r) = (fo(r), fi(r),- -, fn(r)) where

LgliTTE g
filr) = Ti , (3.25)
0 Ty = 0
and r_1(t) = 0 in the definition of fo; the factor G; is defined in (3.7).

Then, there exists a unique global solution to the initial value problem (IVP)
t=f(r), r0)=r", r'"" e W={xeRV0<2g< - <an} (3.26)

in the domain Q = {x = (x;)ier|z; # 0,7 € I}. Furthermore, this solution stays in W for
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t e [O,to) and in W; = {X S RN’() =Ty =" =TTl < < .CL‘N} fO’f‘t S [ti,ti+1),
where t; is the time when r; reaches 0; here, 0 < tg < t; < --- <ty < 00. r;(t) is

continuous for all t and smooth on (tj_1,t;) for j=0,--- N (here, taket_1 =0).

Proof. 1t suffices to give a proof for M1, i.e., if G; = 1 for all ¢. Because in M2 the factor
G; is bounded for all ¢, the proof for M2 is almost identical; hence, we omit it.

First, we prove the existence of a unique local solution to problem (3.26). Observe that

each f; is smooth on W with Vf; = (0,---,0, X, =552, 0,---,0). So, for every r € W,

Ti Ty

let 0 < § < min;er{r;}. Then, for any y € B™(r,§) we have

1 yr 1 \*  (ri+90)?
. 2 _ i—1 < )
IV fi(y)l : + = <n~ _5> + oo — o) < (3.27)

for each i. Hence, f is locally Lipschitz; by the Picard-Lindel6f theorem [41], IVP (3.26)
has a unique local solution in €. This local solution is smooth since f is smooth.

Let r™™ € W and suppose that [0,7) is a maximal interval on which the problem

i = f(r),r(0) = r'" has a solution in W. Since ro(t) = ri® — ¢, we establish an upper
bound for T

T<ri"<oo. (3.28)

We will show that r(t) approaches OW as t 1T T. Suppose by contradiction that r(¢) does
not approach W as ¢t 1 T'. Then, in particular, we have min; inf;c[o 1) ri(t) > 0 and f is
uniformly bounded on the image r([0,7)). Thus, r(t) is Cauchy-continuous. Therefore,
the (classical) solution can be extended to [0,7 + b) by a standard theorem in the theory
of ODE [14] that states that an extension of the solution exists at T" if limy7 r(t) exists
in W. This assertion contradicts the maximality of 7. We thus conclude that r(t)
approaches OW as t 1 T.

Now, partition W into Vi = {x € R¥|3i € I'\ {0} such that z; = x; 1} and
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Vo = OW \ V1. Suppose by contradiction that r(T") € Vi. Let {r;};cs be a set consisting
of all components of r such that r;(T) = r;—1(T). In particular, J is not empty. So let
Jjo € J be the smallest index. Then, given any € > 0, there exists some interval (T — ¢, T)
on which 7, = —% > —e. By taking e = supy 1) |1"j,—1/, we see that

4 (rjy —Tjo—1) = Fjo — Tjo—1 > —€+€=0on (T — ¢, T). Hence,

limyp[rj, () — rjo—1(t)] # 0 and jo cannot be in J. By this contradiction, we conclude
that (3.26) has a unique global solution whose trajectory meets the subset {ro =0} \ V1
of a hyperplane {ro = 0} at some finite time T'. Define ¢y := T'; by the definition of fj,

ro(t) =0 for ¢ € [tp,00). Next, proceed as in the above argument with the dimension of

the solution reduced by 1. Repeat this procedure until r = 0. O

Remark 2. In the above proof, ¢,, are the step collapse times. For g = 0 and conical
initial data (i.e., r;(0) linear with ¢), we will obtain explicit solutions for the top two
steps of ODEs (3.26), with indices i =n, n+ 1 and t € (t,—1,t,). For this special case,
the explicit solution indicates that steps do not collide, as verified through our numerics

(section 3.5).

Remark 3. A consequence of Theorem 1 is that the discrete slope M; is positive and

bounded for any ¢ and N; the step mobility v; is also positive.
Remark 4. The proof of Theorem 1 holds as N — oo (for semi-infinite structures).

Corollary 1. If the continuum limit of the solution to IVP (3.26) exists, this limit
yields a monotone continuum-scale height for all time t > 0 provided the height profile is

strictly monotone at t = 0.

In fact, we will verify the last statement for the case of conical initial data through an

exact closed-form solution of the evolution PDE for the slope (see section 3.4.5).
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3.3.2 Case with repulsive step interactions, g > 0

For positive g, the proof for the existence of a unique solution to ODE system (3.15) and
the non-crossing property of steps for such a solution is in the spirit of the proof for

g = 0. However, for g > 0, 1(t) becomes unbounded as r; — r;_; for some j in the step
interaction terms of u;. Hence, the proof that we provide below holds only when N is
finite.

The core result of this subsection is

Theorem 2. Let N € N be the initial number of steps and I = {0,1,--- ,N}. Consider

r(t) = (ro(t),r1(t), -+ ,rn(t)) and £(r) = (fo(r), fi(r), -, fn(r)) where

fir) = —giri_:i_l{l + %g [WWWH) —P(riz1,73)
n ¢(Ti7ri+1);¢(m—1,ﬂ)}} T (3.292)
filr)=0  if r;=0. (3.29b)

Here, 1 and ¢ are defined by (3.13) and (3.14), respectively; r—1(t) = 0 in the definition
of fo while rn41(t) =0 in the definition of fn; and G; is defined in (3.7).

Then, there exists a unique global solution to the IVP
t=f(r), r(0)=r", r""eW={xeR|0<z9 < <y} (3.30)

in the domain Q = {x = (x;)ier|x; # 0,7 € I}. Furthermore, this solution stays in W for
te [O,to) and in W; = {X S RN’() =)= =TTl < < .Z‘N} fort S [ti,ti+1),
where t; is the time when r; reaches 0. Here, 0 < tg < t; < --- <ty < oo; and ri(t) is

continuous for all t and is smooth on (tj_1,t;) for j=0,--- | N.

Proof. Again, we only provide a proof for M1, where G; = 1; the proof for M2 is very

similar and thus omitted.
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In the spirit of the proof for g = 0, we first prove the existence of a unique local solution
to problem (3.30). Observe that each f; is smooth on W. For each vector r € W, let

0 < & < minger{r;, (r; — r;_1)/4}. Then, by recourse to ODEs (3.15), for all y € B™(r, )
we note the following bound in regard to partial derivatives of f;:

2

0 (Yi—Yi—1 ) 2YiYit1 1 Yi—1
- - - —(1— 3.31
‘5%‘ < Yi Vg yir1) Yi(Yi + vit1) (i1 — ¥i)? ( Yi ) ( )
2YiYi+1 Yi—1\ 2YiYit1 1 2
It 3 + 3(1 _ (3 1J1 4 S K(é) ,

(Yi + Yit1)? (Yit1 — ¥i) Vi i +Yir1 Yir1 — ¥i)

where K (§) = O(1/6%) for small 6. In (3.31), we used an inverse triangle inequality,
lyi — yi—1| > |ri — ri—1] — |yi — 7i| — |Yi+1 — rix1| = 20 in order to obtain a bound for each
term; for example, the first term in the right-hand side is bounded by

(ri+8)(rit1+9) 1

(9=0) (s Fres1—20) 163 We omit the details on the rest of partial derivatives for f;, since

the procedure is similar to the one for (3.31). Thus, every |V f;| is bounded from above.
Therefore, f is locally Lipschitz; by the Picard-Lindel6f theorem [41], we assert the
existence of a unique local solution to problem (3.30).

Now, as before, let v € W and [0, T) be a maximal interval on which the problem
i =f(r), r(0)=r" (3.32)

has a (classical) solution in W. Notice that on W, 7y(t) < 7"(()0) (t) where 7’(()0) (t) denotes
the first component of the solution for IVP (3.26) with (3.25). Thus,

ro(t) < réo) (t) = ri® — t and we obtain an upper bound for T
T<ri"<oo. (3.33)
By neglecting the negative terms in (3.29) for each i, we obtain the inequality

) < = —————— (3.34)



We now show that r(t) approaches OW as t 1 T. Suppose by contradiction that this
statement is false. Then, r; - r;_1 and the right-hand side of (3.34) is clearly bounded
above on [0,7). Hence, f(r) is uniformly bounded on the image r([0,7)) and, by
recourse to the argument given in the proof for Theorem 1, we conclude that r(t)
approaches OW as t 1 T.

As in the proof of Theorem 1, now partition OW into V; and Vo = 0W \ V. Next, we
prove that r(t) — Vo as t — T". Let {r;};cs be a set consisting components of r such
that r;(T") = rj—1(T"). Suppose by contradiction that r reaches V; at time T’; this implies
that the set J is nonempty. If, for some j € J, 7*; grows unbounded in the positive
direction near time T' yet 7;_; is bounded above, then 7; —7;_1 > 0 on some interval

(T = ¢,T), which contradicts the definitions of T" and J. Thus, the desired result follows:
r does not reach V; by time 7.

Because J is nonempty, there exists the smallest index jo € J and the largest index

Jjx € J such that the sequence jo,jo+ 1, ,j« — 1, j« is contained in J. Since jo — 1 ¢ J,
we have that 7,1 — rj,—2 - 0 and 9(rj,—2,7j,—1) is bounded. Thus, the only positive
term in fj,—1(r) is bounded near time 7', so 7j,—1 = fj,—1(r) is bounded from above in
some interval (T'— ¢,T"). On the other hand, j. + 1 ¢ J implies that

(75, 7j.41), ¢(1j,,7j,+1) are both bounded. Also, since j, € J, we deduce that
&(rj,—1,75,) grows as (rj, — Tj*_l)_2 whereas 1(r;j,_1,7;,) grows as (r;, — rj*_l)_?’.
Thus, 7, (t) must grow unbounded in the positive direction as t — T'.

Hence, the properties that r;,_; is bounded and r;, is unbounded warrant that there
exists some j € J for which 7; grows unbounded above for times near 7" yet ;_1 is
bounded above. We conclude that IVP (3.30) has a unique global solution r(¢) that ends

when the trajectory meets the subset {ro = 0} \ V4 of the hyperplane {ro = 0} at some
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finite time T'. Define o := T'; by definition (3.29) of fo, ro(t) = 0 for t € [tp,00). Now
proceed as above with a new IVP in which the dimension of solution is reduced by 1.

Repeat this procedure until r = 0. ]

Remark 5. The above proof relies on the fact that J is a finite set and there exists the
largest index in J (i.e., J is bounded); in particular, it is necessary that N be finite.
Thus, we may not use our proof for g > 0 in order to assert positivity of the discrete

slope for a semi-infinite structure (as N — 00).

Remark 6. For g > 0, one can state a result analogous to Corollary 1.

3.4 Subgradient formalism and free-boundary conditions

In this section, we start with the subgradient formalism in order to extract the natural
boundary conditions at the facet edge; these conditions form our starting point for the
comparison of continuum solutions to step simulations. Our numerical simulations
(section 3.5) indicate that the natural boundary conditions yield a continuum slope in
agreement with predictions of M1 but not M2. In anticipation of this discrepancy, in
section 3.4.3 we propose a set of modified boundary conditions by incorporating the
discrete geometric factor on top of the facet into one of the conditions in terms of a jump
of the flux (see section 3.5 for numerical studies of this replacement). In section 3.4.4, we
prescribe linear initial data. In section 3.4.5, we analytically solve the free-boundary
problems for g = 0 (non-interacting steps) to single out differences between the two

continuum solutions, without and with a flux jump.
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3.4.1 Subgradient formalism

A guiding principle in the analysis of PDE (3.22) with (3.23) is that the height profile
evolves by the most rapid decrease of the free energy, E(h). Qualitatively speaking, this
principle is consistent with step motion law (3.7) in view of (3.12); clearly, the trajectory
of (ro(t),r1(t), ... ,rn(t)) is driven by the decrease of the total step free energy, E*(t).
At the moment, we lack a more precise energy-based connection of the subgradient
theory with steps.!

By the extended gradient formalism, the evolution law for h is stated as [55]

Ogh(r,t) = —vQg1divé€(r, t) forallr >0, (3.35)

where div€ is proportional to 0 E/dh outside the facet, |£] < 1 on the facet, and & = &e,..
The flux £ is uniquely determined from (3.35) under the assumption of sufficient
regularity. Physically, (3.35) expresses global mass conservation for the height, h, if £ is
interpreted as a mass flux comprising atoms exchanged with the vapor. Some elements

of the subgradient theory are reviewed in section 1.6.1.

3.4.2 Natural boundary conditions

Next, we write down explicit boundary conditions for (3.22) with (3.23). Note that four
(three) conditions are needed, since the PDE for h is of second (first) order for g > 0
(g =0), and r¢(t) and he(t) are parts of the solution. If r < r¢(t) then h = h¢(t). By

continuity of the height, h(-,t), we write

he(t) = h(r,t) asr|re(t) . (3.36)

1To the best of our knowledge, so far such a connection has been established rigorously for a 1D finite

step train connecting semi-infinite facets in ADL kinetics [4, 5].
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This condition is natural on physical grounds but is also inferred from the functional
space for solutions to (3.35) (see section 1.6.1). Equation (3.35) on the facet reads
hy = —vQgir=18,(r€), by which vQgi&(r,t) = —(r/2)hs + C(t)/r if r < r¢(t); set

C(t) = 0 so that £(+,t) be bounded. Thus, continuity of £(-,¢) entails

r(t)
2

hy = vQq[l+gm(r,t)?]  asr | re(t) . (3.37)
For large r, the solution must be compatible with the prescribed initial data:
h(r,t) ~ h(r,0); or m(r,t) ~ —0.h(r,0) as r — oo, (3.38)

which is a “far field” condition.
For g > 0, one more condition must be imposed. Recall that |{| < 1 on the facet,

€ =1+ gm? > 1 outside the facet, and ¢ is continuous. Thus, the slope is continuous:

lim m(r,t) =0 . 3.39
Jim (r,t) (3.39)

Equations (3.36)—(3.39) form the set of natural boundary conditions for PDE (3.22)
outside the facet. In view of (3.39), the differentiation of (3.36) with respect to ¢ can be

used to replace (3.36) and (3.37) by a single condition via elimination of hj.

3.4.3 Alternate condition: flux jump at facet edge

Next, we modify condition (3.37) by introducing an ad hoc jump of the flux &(-,¢). Our
goal is to describe the effect on the macroscopic limit of individual steps collapsing on
top of the facet by retaining the variables (height, slope, flux) of the natural boundary
conditions.

Physically, the main idea can be outlined as follows. In the continuum limit, ¢, is treated

as the continuous time, ¢ [71]. A reasonable boundary condition that captures the events
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of collapsing top layers must express via some effective averaging in time the mass
exchange between top (annihilated) steps and vapor in the time intervals [t,, t,+1]. We
propose an ad hoc possible remedy for the underlying averaging process: an, in principle
time-dependent, jump of the flux £€(+,¢). In the case with self similarity of slopes, which
we focus on, this jump is expressed by a time-independent factor due to a scaling
property of t, with large n. More generally, it is hoped that this approach can be
applied to full time-dependent settings, without restriction to self similarity.

For the step dynamics of M2, in particular, we specify the jump in terms of values of
Gi(t) for pairs of extremal steps at ¢ = t,,. This factor encapsulates, in a simple
geometric form, information about the facet microstructure. At the moment, this choice
is essentially empirical (see Remarks 8 and 9): the only firm justification that we can
provide is the observed agreement of the ensuing continuum slope with step simulations
for M2 (section 3.5).

Our proposal is to keep evolution law (3.35) for 0 < r < r¢(t) and r > r¢(t), along with
height continuity and (for g > 0) slope continuity; but replace (3.37) by the generalized

condition

Tf(t)

hy =vQq1G(t; g)[1 + gm(r,t)?] as 1 re(t) (3.40)

where Gi (t; g) is allowed to differ from unity; we henceforth suppress the g-dependence of
QN . The function QN (t) should be compatible with the vanishing of individual, atomic

layers on top of the facet. In particular, for M2 we propose the definition

G(t) = Gi(t)] . = 20 ) (3.41)

for t, <t < t,+1, accounting for the two extremal steps; recall that r,(t,) = 0.

Remark 7. In section 3.5.2, we numerically test (3.40) and (3.41). First, for M1 we
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show that, for large ¢, the replacement of G (t) by unity produces continuum slopes in
excellent agreement with our step simulations. For M2, we demonstrate that, if n (and ¢)
is large: (i) (3.41) yields g(t; g) ~ ¢(g) where ¢ is a constant computed from data for t,;
and (ii) the resulting continuum slopes follow closely step simulations. In the

subgradient formalism, ¢ = 1.

Remark 8. Notably, some other choices which are almost as simple as (3.41) fail to
yield equally satisfying numerical results for g > 0. For example, suppose we set

G(t) = Gnyork(tn) for k+1 €N and t, <t < t,41, viewing the jump as a function of k
for every fixed n. We numerically observe that the value k = 0 is best for agreement of
the continuum prediction with step simulations for M2; in fact, the factor G is found to

be monotonically increasing with & in this scenario.

Remark 9. Especially for non-interacting steps, g = 0, we can claim that the
continuum theory consistent with M2 has a flux jump yet does not require input from
discrete simulations. Suppose we employ (3.41) in this case; then, we find that G (t)
becomes approximately equal to 0.766 for large n; see Appendix C for related
computations. This value produces a continuum slope in agreement with discrete
simulations (see section 3.5.1.2). On the other hand, by interpreting the facet height as
shock, we can evaluate the flux jump from a Rankine-Hugoniot condition; then, we find
G(t) = 3/4 (section 4.1), which also yields a continuum slope in excellent agreement with
step simulations (section 3.5.1.2). This observation indicates the empirical nature of

(3.41). A detailed discussion on the shock picture is provided in chapter 4.

Remark 10. An emerging question is whether our generalized boundary
condition (3.40) for the flux should require input from discrete simulation data, as

suggested by (3.41) within a full (¢,,-independent) continuum framework for interacting
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steps. We find that numerically computed G (t) of interacting steps does not change
much in value from G (t) of non-interacting steps. Specifically, we see that for g = 0.1,

G (t) = 0.764 and for g = 1, G (t) = 0.762. These value again produce a continuum slope
in agreement with discrete simulations (see section 3.5.2.2). This observation indicates
that the value of G (t) is not sensitive to the value of g > 0 and perhaps independent of
the value of g. In Part II of this thesis, we see that this conjecture is true at least in the

continuum limit.

3.4.4 Initial data

In the remainder of this article, we consider an initial conical profile of unit slope.

Hence, we impose the initial height profile

th ) r < Tfo
h(r,0) = ho(r) = (3.42)
hio — (r —ri0) , 7 >1p0

where ri = 7r¢(0) and hg = he(0). This profile corresponds to the initial step train
ri(0) = ri0 + ia 1=0,1,... N, (343)

where the top layer is located at height Ag.

3.4.5 Exactly solved case: zero step interaction (g = 0)

In this subsection, we analytically solve the free-boundary problems of sections 3.4.1 and
3.4.3 in the absence of step-step interaction. In this case, the continuity of slope,
condition (3.39), is not applicable. First, we restrict attention to a continuous flux, for
G(t) = 1; the resulting formula for m(r,t) exhibits self-similar behavior. Second, we
extend our computation to G (t) # 1. Detailed derivations are presented in Appendix D.

In the remainder of this section, we employ units with vQg; =1 = a.
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For g = 0, PDE (3.22) reduces to

Oyh = —% > re(t) | (3.44)
which leads to the solution
h(r,t) = ho(r) — ; r>re(t) s h(rt) = he(t) r<re(t) . (3.45)
Hence, the slope profile is
m(r,t) =1-— :—2 r>re(t); m(r,t)=0 r<re(t) . (3.46)

It remains to compute the facet radius, r¢(t), by applying initial data (3.42). The height
continuity, h¢(t) = hgo + 710 — r¢ — t/7¢, along with generalized condition (3.40) on &(-, t)

yield an ODE for r¢(t). We now distinguish two cases for the flux &.

3.4.5.1 Continuous flux &

In the special case without flux jump, G(t) = 1, r¢(¢) is computed in simple closed form

for all ¢ > 0 (see Appendix D); in particular,
re(t) ~ V3t ast— o0 (3.47)
Accordingly, we compute the facet height:
he(t) ~ hgy + 780 — 43\/% ast — oo . (3.48)

7

The slope has the form m(r,t) = m(n) with n = r/v/t, where n ~ const. at the facet edge

for large t. By (3.46) and (3.47), note that

m(r,t) — mg :=m(V3) = 2/3 as r | re(t), t = oo . (3.49)
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3.4.5.2 Discontinuous flux &

A similar procedure is applied for G (t) = ¢ # 1; we find an exact expression for ¢ = T'(r),
yet r¢ is no longer computable in simple closed form (see Appendix D). By this
computation, we find

re(t) ~ /(4c — 1)t , (3.50)

4c
vde —1

where ¢ > 1/2. The height and slope profiles are computed from (3.45); evidently,

hf(t) ~ hgy + ri0 — \/7; ast — 0o, (3.51)

m(r,t) = m(n) where 1 ~ const. at the facet edge as t — co. Note that

m(r,t)—)mle—ﬁ asrre(t) , t = 00 ; (3.52)

in particular, m¢ = 1/2 if ¢ = 3/4 (see Remark 9 and section 4.1).

3.5 Numerical simulations

In this section, we provide numerical simulations to compare the discrete dynamics for
M1 and M2 (without and with a geometry-induced step mobility) to continuum theories
(with and without natural boundary conditions). The cases with g = 0 and g > 0 are
presented separately since for g = 0 we invoke ezact continuum solutions; while for

g > 0, in the context of M2, we make use of numerically computed discrete data
(collapse times t,) in our modified boundary condition for the flux &. Especially for

g > 0, we solve numerically PDE (3.24) for the slope profile by assuming self-similarity.
In part of our numerics, we use as a starting point an approximate solution for the
continuum slope that we extract heuristically via boundary layer theory if

0 < g <1 [62]. We apply units with vQg; =1 =a.
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Figure 3.2: Continuum slope m(r,t) (solid line) and discrete slopes M;(t) (symbols) as
functions of r/v/t (where r = r;) in the context of M1 for g = 0 and initial cone of unit
slope with N = 9 x 10? steps. The slope m(r,t) is computed from (3.46) with natural
boundary conditions; and M (t) are obtained at t = t,, by numerically solving (3.15) with
Gi(t) = 1. The vertical line indicates the facet position, n; = r¢(t)/v/t ~ /3. Inset:
Respective simulation data for M, versus r; at collapse times t = t,, (n = 200, 250, 300),
indicating self-similar behavior of M;(t) for n > 1; the simulation data collapse to the

graph of main figure.

3.5.1 Numerics for g=0

Next, we solve (3.15) for g = 0 under initial data (3.43) and compute the corresponding

slopes M; = 1/(r;31 —r;). In Appendix C, we derive exact solutions for the two top-step
positions for validation of our numerics. We consider separately M1, where G;(¢) = 1 for

an idealized step mobility (Appendix C.1); and M2, for a geometry-induced step

mobility (Appendix C.2).
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3.5.1.1 Non-geometric step mobility (M1)

In regard to the continuum slope, we invoke the natural boundary conditions (with a
continuous flux &). In Figure 3.2, we plot simulation data for M; versus r; at different
times t = t,,, and observe that the data collapse to a single graph if 7; is scaled by v/%.
Figure 3.2 also shows that the numerically computed M;(t) follow closely the predicted
m(r,t); in particular, the step simulations verify the predicted slope discontinuity at the
facet edge where m — 2/3 as r | ¢ by (3.49).

The self-similar behavior of the slope profile implies a scaling law for the step collapse
times, t,, for n > 1. We now give a heuristic argument (in the context of M1) for this
scaling by combining the facet height drop due to step collapses with the natural
boundary conditions.? Requiring that the facet height decrease by multiples of the step
size, a = 1, we impose the relation h¢(t,—1) — h¢(t,) = 1 [49,71], which we replace by
—(tn — tn_1)hs ~ 1 assuming (t, — t,_1)|h¢| < |he|. By (3.37) and (3.39), we obtain that,
for large t, 5t(t) ~ 3 r¢(t) where 6¢(t) = t, — t,—1 is the continuum version of the
step-collapse time difference and t,, = t > 1. From (3.47) we obtain §t(t) ~ v/3t/2, by
which t,, ~ (3/16)n?. This scaling law including the prefactor of 3/16 is verified by our
numerics; see Figure 3.3 where the collapse times t¢,, are plotted versus n. This
observation provides additional evidence that, for g = 0, the natural boundary

conditions are consistent with step flow in M1.

3.5.1.2  Geometry-induced step mobility (M2)

Now set g =0 and G; = (r; +7r;—1)/(2r;) in (3.15) for the discrete dynamics. At the

continuum scale, we invoke the slope from generalized boundary condition (3.40) with

2For M2, a similar argument can be sketched but we do not pursue it here.
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Figure 3.3: Log-log plot of step collapse times ¢, versus n for ¢ = 0 (asterisks) and
g = 1 (circles) in the context of M1, numerically computed from (3.15) for G;(t) = 1 and
initial cone of unit slope with N = 400 steps. The dot-dashed (straight) line indicates
the numerically computed large-n asymptotic behavior of ¢,, for g = 0. The scaling law
tn ~ cn® is verified for n > 1 with 8 ~ 2 for ¢ = 0, 1. For ¢ = 0, we graphically find
¢ = 0.1879 =~ 3/16, in agreement with the analytical prediction via natural boundary

conditions.
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Figure 3.4: Continuum slope m(r,t) (solid line) and discrete slopes M;(t) (symbols) as
functions of r/+/t in the context of M2 for long times (n > 1), g = 0, and an initial cone
of umit slope with N = 15 x 103 steps. The discrete slopes M;(t) are determined from
numerically solving at ¢t = t,, ODEs (3.15) with G; = (r; + r;-1)/(2r;). In the main figure,
the slope m(r, t) is computed from (3.46) under jump condition (3.40) with (3.41) using an
exact result for step collapse times (Appendix C.2). Inset: The same step simulation data

for M; in comparison to exact continuum slope (3.46) under natural boundary conditions.

G(t) = ¢ # 1. We consider two cases for ¢. First, we use the value of ¢ (¢ ~ 0.766)
extracted from formula (3.41) combined with exact solutions for the two top-step ODEs,
as shown in Appendix C.2. Alternatively, we use ¢ = 3/4 which we compute analytically
by interpreting the facet height as shock and applying a Rankine-Hugoniot condition
corresponding to a particular hyperbolic conservation law; see section 4.1.

Figures 3.4 and 3.5 show the comparison of continuum solutions to step simulations in
the above two cases; the produced continuum slopes are practically indistinguishable, as

expected. In particular, our step simulations predict that the slope at the facet edge
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Figure 3.5: Continuum slope m(r,t) (solid line) and discrete slopes M;(t) (symbols) as
functions of r/v/t in the context of M2 for long times (n > 1), g = 0, and an initial cone
of unit slope with N = 15 x 10 steps. The continuum slope m(r,t) is now computed from
(3.46) under jump condition (3.40) with G(¢) = 3/4 on the basis of a Rankine-Hugoniot
condition for a hyperbolic conservation law (section 4.1). The discrete slopes M,(t) are
determined from numerically solving at ¢t = t,, ODEs (3.15) with G; = (r; +ri—1)/(2r:), as

in Figure 3.4.

approaches approximately the value 1/2 as r | r¢, consistent with (3.52) for ¢ = 3/4.
Note that the continuum theory under natural boundary conditions fails to produce a

slope consistent with step flow (see inset of Figure 3.4).

3.5.2  Numerics for g > 0

In this subsection, we study PDE (3.24) via numerics for g > 0 by assuming that the
continuum slope is self similar at long time. We are motivated by: (i) the exact solution

of section 3.4.5, where we found that m(r,t) = m(n) with = r/+/t and r¢(t) = O(\/1)
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for t > 1; and (ii) our step simulations for M;(t). Accordingly, we formally reduce the
evolution PDE for m(r,t) to an ODE for m(n); solve this ODE numerically for g > 0
under a boundary condition with a flux jump; and compare the continuum predictions to
step simulations for n > 1.

First, we provide some numerical evidence that the discrete slopes have an apparently
self-similar structure for large enough time: In Figure 3.6 (inset), we plot the discrete
slopes, M;(t), versus r; for g = 1 at different collapse times, ¢ = t,,, in the context of M1.
We observe the data collapse once 7; is scaled with /¢, which indicates self similarity of
M, (t). This observation is also made for other values of g and for M2 via step
simulations.

Next, we introduce similarity variables by writing m(r,t) ~ t“m(n) for n = rt=* and
large t; the real exponents A and w are yet to be determined. By substitution into PDE
(3.24) for g > 0, elimination of ¢ from the coefficients yields (w, A\) = (0,1/2), which is
consistent with the discrete simulations. In particular, the value A = 1/2 implies the
facet radius growth r¢(t) = O(v/t); in this regime, the facet height should decay with
—he(t) = O(t~1/2). By condition (3.40), the factor G(¢) should become time
independent; thus, we set G(t) = ¢ = const.

We proceed to describe the free-boundary problem for m(n) in detail. PDE (3.24) away

for the facet is converted to the ODE

—sm'(n) = =02+ gln m®)T n > g = re(t)/VE (3.53)

here, ¢ is unknown and the prime denotes differentiation with respect to n. Now we

turn attention to boundary conditions for (3.53) by resorting to (3.36) and (3.38)—(3.40)
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Figure 3.6: Continuum slope m(r,t) (solid line) and discrete slopes M;(t) (symbols) for
M1 as functions of 7/+/t for initial cone of unit slope with N = 9 x 103 steps; g = 0.1
(triangles) and g = 1 (squares). The slope m(r,t) is computed from numerically solving
(3.53)—(3.56) with ¢ = 1 (¢ = 1) stemming from natural boundary conditions; and M, (t)
are determined from (3.15) with G;(¢) = 1. Inset: Discrete slopes M; versus position
r = r; at distinct collapse times ¢ = ¢,, (n = 50, 100, 150) for g = 0.1; the simulation data

collapse to the graph of main figure.
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with G(t) = ¢. By elimination of /¢, we find that m(n) satisfies

g(m?) = ¢ nln, (3.54)
m(n) — 1 7 — 00, (3.55)
m(n) = 0 ndne; c:=2c—1. (3.56)

Note that there are three boundary conditions for a second-order ODE because 7 forms
part of the solution. We have not been able to analytically integrate out (3.53)—(3.56);
hence, we proceed to find a solution numerically. We assume (but do not prove) that the
self-similar slope is positive, m(n) > 0 if n > 7.

To solve the (free) boundary value problem of (3.53)—(3.56), we first apply a
transformation of (1, m) that (i) maps (7, 00) to a finite interval, and (ii) renders linear
the highest-order derivative in ODE (3.53) [26,28]. Simply apply a simple translation,

s =1 —ng. This maps (ng, E) to (0, E = E — n¢) where E (E > ng) is a large number
(which replaces infinity). In addition, we convert ODE (3.53) to a system of first-order

v

ODEs for the variables Y;(s) = m?(n) and Ya(s) = (m?)'(n), s € (0, E):

Yi(s) = Ya(s),

_ 1 _ _ _
Yy(s) = (s+m) "2 — 1(3 +np)Y; 1/2Y2 + (s +nr) 2y, — (s + ) ly, |

Q|

along with boundary conditions at s = 0 (facet edge) and s = E, obtained from

(3.54)—(3.56); in particular, Y1 (E) = 1. It is of interest to seek the power series
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expansion®

k
m(n) = Yi(s)"/? ~ Y " es'’? = Si(s) (3.57)
=1

which satisfies condition (3.56). By (3.54), we compute c¢? = (gn/¢)"'. The remaining
coefficients, ¢; = ¢;(ng, g,¢) for L =2, ..., k, are found via dominant balance in (3.53). In
Appendix F, we tabulate the coefficients ¢; for 1 <1 <13 (k = 13).

In our numerics for m(n), we apply an iterative algorithm (e.g., the bvp4c Matlab
routine [44]) based on a suitable initial guess for Y;(s) that aims to satisfy Y7(E) = 1. In
this vein, we can make use of (3.57) as we evaluate Y)(s) at a fixed point sg near 0 in
terms of 7¢; then we choose k = 13. A satisfactory approximate initial guess for Yi(s) for
0 < g < 1, which apparently causes our numerical scheme to converge to a reasonable
slope profile, is constructed through boundary layer theory [45,62]; see section 3.5.3 for

related formulas.

3.5.2.1 Numerics for M1

In Figure 3.6, we plot the discrete slopes M; for M1 and the continuum slope m under
natural boundary conditions versus r/+/t for the values g = 0.1 and 1. Our numerical
comparison shows that step flow is consistent with the predictions of the
extended-gradient formalism.

In particular, we verify that the facet size decreases with g = g3/¢1 at fixed time ¢.
Physically, this effect can be attributed to the tendency of steps to cover a larger part of

the surface if their repulsion (g3) increases or their self-energy (line tension, g;)

3Expansion (3.57) is only postulated. This expansion is consistent with the structure of the evolution
PDE. A similar expansion is derived formally in [65] by direct reduction of discrete schemes to an inte-
gral equation for m and subsequent iteration for the setting of evaporation dynamics of a 1D step train

connecting two semi-infinite facets. We do not pursue a rigorous justification for (3.57).

72



decreases; as a result, in principle any microscale event on top of the facet, i.e., collapse
of a step, is expected to have a more pronounced effect on the macroscopic profile as g
becomes smaller (see, e.g., [71] for a model of DL kinetics).

We now derive a scaling law for the step collapse times, t,, by combining the natural
boundary conditions with the discrete facet height drop (see section 3.5.1.1). By

St(t) ~ 3 re(t), where 6t(t) =ty — tp—1 and t, = t > 1. we find t, — t,—1 ~ C(g)V;
thus, t,, ~ C?n?/4 for n > 1 (cf. Figure 3.3 for g = 1). This C(g) should decrease with g
since stronger step repulsions cause steps to shrink faster on top of the facet [71]; this

monotone behavior is verified by our numerics.

3.5.2.2 Numerics for M2

In Figures 3.7 and 3.8, we compare step simulations for M2 to predictions of continuum
theories for distinct values of g (¢ = 0.1 and 1). Evidently, the generated discrete slopes
are in agreement with the macroscopic slope coming from a flux jump, condition (3.40)
with (3.41), where the requisite t,, are computed from simulations. By contrast, the
continuum slope stemming from natural boundary conditions (including flux continuity)

deviates from step simulation data (see inset of Figure 3.7).

3.5.3 Approximation by boundary layer theory

In this subsection, we formally construct an approximate solution to the free-boundary
problem described by PDE (3.24) with conditions (3.36) and (3.38)—(3.40) if 0 < g < 1.
The assumption of self similarity is not necessary in principle. The main observation is
that by setting g = 0 in the evolution PDE (3.24) it is impossible to obey the continuity

of slope, (3.39). So, we split the domain outside the facet into two regions: an“outer”
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Figure 3.7: Continuum slope m(r,t) (solid line) and discrete slopes M; (symbols) for M2
as functions of 7/+/t for long times, g = 0.1, and initial cone of unit slope with N = 7 x 103
steps. The discrete slopes M,(t) are determined from numerically solving ODEs (3.15)
with G; = (r; +r;-1)/(2r;). Main figure: The continuum-scale slope, m(r,t), is computed
from numerically solving (3.53)—(3.56) with ¢ from (3.41), accounting for flux jump. Inset:
With the same step simulation data, the continuum-scale slope m(r,t) is computed from

flux continuity, for ¢ = 1.
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Figure 3.8: Continuum slope m(r,t) (solid line) and discrete slopes M; (symbols) for M2
as functions of /+/t for long times, g = 1, and initial cone of unit slope with N = 10 steps.
The discrete slopes M, (t) are determined from ODEs (3.15) with G; = (r; + ri—1)/(273).
The continuum-scale slope, m(r,t), is computed from numerically solving (3.53)—(3.56)

with ¢ from (3.41), accounting for a flux jump at the facet edge.
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region, in which the step self-energy (line tension) dominates over the step interaction
energy; and the “inner” region (boundary layer), in which the step interaction energy is
significant [62]. The width of the boundary layer should scale with a positive power of g.
Inside the boundary layer, the slope m varies smoothly from its zero value (m = 0) at
the facet edge to the behavior predicted for g = 0 in the outer region; cf. (3.46). In
general, the outer solution should be compatible with the continuity of height, flux jump,
and far field condition. Hence, we only need to compute the inner solution by imposing
zero slope at the facet edge. Here, we provide only the final formulas; details of our
boundary layer analysis are given in Appendix E.

We start by defining the inner variable

c="" re(t)
—gw(t)
where g*w(t) measures the (a priori unknown) width of the boundary layer, « is a

positive exponent (to be determined), and r¢(¢) = r¢(¢; g = 0) denotes the facet radius for

g =0; ¢ = O(1) inside the layer. After some algebra, we find (see Appendix E)

a=1, w(t)=rt)" {1 - Tf(tt)2] , (3.58)

where formulas for r¢(t) are provided in section 3.4.5 and Appendix D. A composite

formula for the slope away from the facet reads

m(r,t) ~1— :—2 + ap(t)[fo(¢) — 1] r>re(t), ap(t)=1-— (3.59)

which encompasses both outer and inner solutions. The function ag(t) is the limiting

value of the outer slope at the facet edge; while fy(¢) for the inner solution satisfies

fO(g) =1 e—C/Qe—fO(C) C >0. (3.60)
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Note that 1 — fy(¢) decays exponentially as ( — oo; thus, (3.59) properly reduces to the
continuum solution for g = 0 outside the boundary layer. Formulas (3.58) and (3.59) can
be simplified for ¢ > 1 by use of asymptotic formula (3.47), under flux continuity; or,

more generally, formula (3.50) that includes a flux jump.
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Chapter 4: Shock-wave formalism

In this chapter, we discuss the interpretation of the facet height as a shock wave. We will
use this perspective is to show a convergence of discrete schemes with collapsing layers in
special cases with no step interaction. Our starting point is to view the continuum step
position, R, as a function of height and time. We point out that the flux (£) continuity,
which is consistent with step flow in M1, can be read as a certain Rankine-Hugoniot type
condition for general g > 0. Our discussion becomes more concrete for non-interacting
steps (g = 0): We present a family of hyperbolic conservation laws and identify the shock
accordingly.

In particular, we consider M1 and M2 as discretization of respective weak formulations
for distinct conservation laws. In fact, we prove that the discrete solution of each model
converges to the entropy solution of a conservation law; this limit must be the above
shock wave. In this context, the boundary condition for the flux £ is viewed as a
Rankine-Hugoniot-type condition from the corresponding weak formulation; R is zero on
the one side of the shock, as implied by the initial data for step radii. In this vein, we
exactly evaluate the jump of & for M2.

This is not the first time when facets are connected to shocks; see [27,28,34-36,99]
where PDE solutions are recognized as shocks; however, we adapt the shock notion with
a different perspective: to link this picture to step schemes. We are able to establish

indirectly a connection of the subgradient theory to schemes for non-interacting steps.
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At the moment, we are not able to use this analysis for nonzero step interactions.

4.1 Facet height as shock

Consider PDE (3.22) away from the facet. Using Lagrangian variables [27,28], we view
the step radius, R, as a function of height h and time ¢. Let x = h¢(0) — h, which
measures the height relative to the initial surface structure in the (physical) domain with
h < he(t); and set R = R(x,t) in this domain. By the level set motion law 0;R = d:h/m

where m = (0, R)~!, PDE (3.22) reads

(1) + 26510, | R(1490) ) | =0 x> @)= 10 - o), (41

assuming monotone increasing R(-,t). It should be stressed that this PDE holds and is
consistent with step flow away from the facet; and in principle breaks down as x
approaches yf from above because of discrete effects.

Suppose a continuum theory that is consistent with steps is formulated everywhere.
Intuitively, in our models such a theory would have to be compatible with an extension
of the domain of R(-,t) via R(x,t) =0 for x < xt; R(+,t) would acquire a jump at

X = xt- We expect this property to emerge from the discrete schemes since the initial
data and solutions of ODEs for M1 and M2, where step radii are set to zero after their
collapse times, appear consistent with this prescription. A difficulty is that this jump in
principle cannot be derived from existing fully continuum principles. We view this
speculated discontinuity, and any related jump of functions of R, as a shock-like wave in
(x,t); the shock speed is x¢(t) = —he(t), the speed of the facet, which decays with time.
It is now tempting to claim that the boundary condition for the flux &(r,t) at the facet
edge corresponds to a Rankine-Hugoniot-type condition for the shock speed. Specifically,

for M1 we write PDE (4.1) as the conservation statement 0,0 + 0,J = 0 with “density”
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0 = mR? (step area) and associated “flux” J = (2rR)vQg1[1 + g(85R) %] for x > x; and
define o = mR? = 0 and J = 0 for x < xt. Then, &-continuity, equation (3.37), is

~

equivalent to x¢ = [J]/[0] at x = x¢(t), where [g] denotes the jump of g; the strength of
the shock is proportional to the facet area, which grows with time.!
These considerations become more concrete for g = 0, as shown in section 4.2. In this

case, for smooth R(y,t) we can generate a family of hyperbolic conservation laws via

multiplication of (4.1) by R*~! with ¢ > 0:

(R + Qugy <§+§1> Oy(R°) =0 X > xe(t) . (4.2)

The definition of the facet height as shock follows naturally: Extend R(x,t) to all real x
by replacing (4.2) by its weak formulation, assuming initial data with R(x,0) = 0 for

X < xt(0) = 0. In other words, we artificially extend the evolution PDE to the vapor

(h > h¢) by stating that no steps exist there. It turns out that, among all possible weak
solutions of (4.2) compatible with the given initial data [57], step flow is consistent with
a shock wave with R = 0 for x < x¢(¢); in particular, the continuum limit of M1 (M2)
corresponds to (4.2) with ¢ = 1 (¢ = 2). The shock-wave strength is r¢(¢)**1. The precise
statement regarding convergence is deferred to section 4.2.

In particular, we write the Rankine-Hugoniot condition as

“ig(t) = v (gjl) () (4.3)

The corresponding weak solution, u(x,t) = R(x,t)T!, satisfies an entropy condition;
thus, it is the unique entropy solution to (4.2) [57]. In particular, for ¢ = 1, (4.3) is

precisely the continuity of £ in the subgradient formulation with ¢ = 0. Furthermore, for

'The jump of R(-,t), which is present in M1 and M2, should not be confused with the jump of &, which

is introduced for M2 and vanishes in M1. The shock-like wave refers to the former jump.
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¢ =2, (4.3) produces a discontinuous flux & at the facet edge; a comparison to condition
(3.40) entails G(t) = 3/4. Our simulations (Figures 3.2 and 3.5) indicate that step flow is

consistent with the above shock-wave interpretation.

4.2 Convergence of discrete schemes for g =0

Next, we show that for ¢ = 0 and linear initial data for the step radii, r;, the solution to
each of M1 and M2 is the entropy solution of (4.2) with ¢ =1 and 2, respectively. In the
remainder of this section, we adopt the standard formalism of difference schemes for
conservation laws [58,59], assuming that the reader has some familiarity with numerical
methods. We apply units with Qurg; = 1; the step height a is the mesh size (with a — 0).
In this section and Appendix 4.3, the surface structure is assumed to be finite (i.e., it is
contained in a bounded region) so that a compactness theorem can be invoked. In
particular, we restrict the domain of (4.3) to x < h¢(0). We note in passing that solving
(4.3) does not require any condition at this boundary since we use characteristics.
Consider ODEs (3.15) with g = 0 (and replace i by j). We extend the discrete dynamics
to all integer j, by extending the initial data for r; to 0 for j < 0. The ODEs for both

M1 and M2 are recast to the conservative form

U = —-FW1):9) ~ FW ()3~ 1) (1.4)

where Uj(t) = U%(x;,t) is the discrete solution variable, which equals 7“]2- for M1 and r;’
for M2, with x; = ja (mesh in R), x5 = Na = hy(0); and U = U® denotes the
a-dependent, infinite-dimensional vector with components U;. (The fact that the finite

surface structure ends at x = hy(0) does not alter the solution of (7.4) because the ODE
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for U; depends only on U; for ¢ < j.) The numerical flux F' is defined by

F(U(t);4) = (4.5)

where 0 < b <1 and c is a positive constant; (b,c) = (1/2,2) for M1 and

(b,c) = (2/3,3/2) for M2. In the following analysis, set ¢ = 1 without loss of generality.
F is Hélder-continuous with exponent b. It is also useful to define x;11/0 = (j +1/2)a.
One of our goals is to show that the solution to (4.4) with (4.5) and b =¢/(c + 1)
converges to a weak solution of conservation law (4.2). Specifically, we aim to prove that,
as a — 0, U%(t) converge (weakly) to u(x,t) = R(x,t)*™! that is the entropy solution to
(4.2). Equation (4.4) with (4.5) is amenable to known methods for the convergence of
conservative difference schemes [59]. The numerical flux, F, is “consistent” with the
respective conservation law if we extend the definition of “consistency” in [59] to include
Holder-continuous functions with exponents in (0, 1].

We can show that for M1 and M2 there exists a convergent sequence in {U®} as a — 0

(see Lemma 1 in Appendix 4.3). Based on this property, our core result is

Proposition 1. Let U(t) = U%(t) be a solution of numerical scheme (4.4) with flux
(4.5) and initial data that is compactly supported and monotone increasing within its

support. Then, U%(t) converges to the unique entropy solution u(x,t) of the conservation

law Opu + Oy f(u) = 0 with flux

fu) = (4.6)

and initial data u(x,0) compatible with the discrete initial data.
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The proof of Proposition 1 is technical but uses standard techniques [59]; it is therefore
deferred to the next section 4.3.

In the statement of Proposition 1, the term “compatible” is used to mean that the initial
discrete data stems from the cell average of the continuum-scale data [59]. The linear
initial data for r;(t) and h(r,t) of section 3.4.4 satisfy this property: By setting

u(x,t) = R(x,t)**! (by the notation of section 4.1) and 3 = ¢ + 1, we have

Xj+1/2 Xj+1/2 5 XB—H Xj'*‘%“ 5
/ u(x,0)dx =/ X" dx = R = a[x; + O(a)] .
Xj—1/2 Xj—1/2 + 1

Xj—3a

Note that the proof of convergence followed here does not seem applicable to the case
with nonzero step interactions (g > 0). Difficulties include the definition of numerical
flux, apparent unboundedness of the step chemical potential, and the effect of finite N.

The case with nonzero g is the subject of work in progress.

4.3 Proof of convergence of step schemes for g =0

In this section, we provide a proof of Proposition 1 by invoking the formalism of the
Lax-Wendroff theorem [58]. For ease of notation, we suppress dependencies that are not
explicitly used, i.e., let U(t) = (U;(t))jeficzii<ny and Fj(t) = F(U%(t);j) (where Z: the
set of integers). Below, |[u — U®||x means the error, by the metric of space X, in the
approximation of u(x,t) by the piecewise constant function with values U;(t) for

X € (Xj—1/25 Xj+1/2); also, ¢, means J.¢ for z = x, t. We use the notions of total
variation (TV) and TV-stability, defined in [59].

Before we proceed to the main proof of Proposition 1, it is advisable to address the sense

by which solutions of our discrete schemes may converge.

Lemma 1. For a compactly supported initial condition (i.e., a finite height profile) that

83



is monotone increasing within its support, the discrete dynamics for M1 and M2 are TV

dimainishing with time. In particular, the U® is T'V-stable.

Proof. From section 3.3, if the initial data is monotone increasing in j, the dynamical
system preserves the step ordering; in fact, steps do not collide. Therefore, for a class of
dynamics with appropriate initial conditions including linear 7;(0), U;(t) < 0 and Uj(t)

is always non-increasing with respect to time for all j. This fact together with the

monotonicity of {U;} implies TV (U(t)) < TV (U(0)) < oo (by telescoping). O

As a consequence, the family {U%(¢)} is L'-compact for any a — 0, t € [0, 7] and fixed
T [59]. Thus, there exists a L!-convergent sequence in {U%}, which we denote by (U%)
with a slight abuse of notation, for each of M1 and M2 (b = 1/2, 2/3). Without proof,
we claim that this property is true for 0 < b <1 in (4.5), and use it in the proof of
Proposition 1. We improve the above convergence result by showing that all convergent
sequences approach the same entropy solution of a specific (b-dependent) conservation
law.

Proof of Proposition 1. First, we show that every convergent sequence in {U%(t)}
L!-converges to a weak solution of conservation law (4.2). Our proof is similar to the
ones for the Lax-Wendroff theorem [58,59], except for the fact that, for M1 and M2, we
proved above (not simply assume) existence of convergent sequences in {U?}. Fix

T € [0,00) and consider a sequence in {U?} that converges to some

u € L'((—o00, h(0)] x [0,77]). With a slight abuse of notation, we denote elements of this

sequence by U?, with components U¢ = U;. Let ¢ € C§°((—o0,hf(0)] x [0,T)) be a test
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function. We assert that
T T
a/o D el U At = aYy | o(x;,0)U;(0) = —a/o > ol )U;(t) dt
j ; j
T—1
- af 3 e DI (0 = Froa)]

_ —a/ ZSO Xj1,1) (X]’t)Fj(t) dr (4.7)

via summation by parts; boundary terms vanish since ¢ is compactly supported. The
leftmost-hand side (top line) of (4.7) converges to

fOT ffooo er(x, Hulx, t) dydt — fix;o o(x, 0)u(x, 0) dy, in view of boundedness of ¢ (and
©t). Below, we show that the right-hand side (bottom line) of (4.7) converges to

N foT L2 ox (6 ) fu(x, 1)) dxdt:

/ ' | ettt ) dx—a Y E =200 g
0

_ : a
o0 J

= A ox (06 ) flulx t) — ¢<X‘j+1)_¢(X])F(> dedt s (48)
0
j X

a

the terms on the right-hand side are re-arranged to yield

> [ ] et - mw axar

+Z/ /xm [tpx o so(Xm)a— @(Xj)] Fi(t) dyadt (4.9)
X3

recalling that f coincides with F'. Since Fj is bounded in supp(y), the second term in

(4.9) converges to 0. The first term is bounded by

XJ+1
EXe Z / [ — Fy(t)] dxt
X3
<c /0 = Ul dt < € flu— U 51 o (4.10)

where C is a constant depending on the Hoélder exponent, b, of F'; also, the embedding
L C L! on a compact set was used. Because ||u — U®||;1 — 0, we conclude that u is a

weak solution of (4.2) with b =¢/(¢ +1).
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Next, we show that {U“} satisfies a (semi-discrete) entropy condition [59]. Let
n(-) € C*((—o0, hf(0)]) be any convex function? and 1(-) be its entropy flux function,
ie., ¥'(u) =n'(u)f (u) [59], where the prime denotes differentiation in u and

f' € LY((—o0,hs(0)]) is interpreted as a weak derivative. Accordingly, we have

Uj Uj
Ly - e = -1 / o () du = —= / o () () du

a a . a .
U] Ujfl

1(TT. U, .
> —77<QUJ>/ f(u) du = ' (U;)U;(t) = 0m(Uy) . (4.11)
Uj1

The application of a procedure similar to the one applied to show the weak convergence
of the solution leads to the entropy inequality 9yn(u) + 0y (u) < 0 in the weak

sense [59]. Because all convergent sequences in the family {U®} approach the same limit,
we conclude that {U®} weakly converges to the entropy solution. [J

It is worthwhile noting that the finite support of the initial data does not affect our
proof, because each discrete scheme is backward in j for ¢ = 0. This property ceases to

hold for g > 0.

2This function 7(u) should not be confused with the similarity variable n = r/+v/t of section 3.5.
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PART II: Analysis
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Chapter 5: Introduction (Part II)

We shall discuss two singular degenerate parabolic PDEs corresponding to different
physical problems (see, Part I chapter 3 for their physical origin). In radial coordinates,

we write the main equations for a function h(r,t) for r > 0, t > 0:

1 h,
hi — ;8 |:T‘ (’hr| +g|hrlhr>} =0, (5.1)
1 9 hp g
— ——50p — —0Up r|ltr) = U, 2
hi = 550 (7“ w) 20, (1l |hy) = 0 (5.2)

where the parameter g > 0 controls the strength of dissipation in the equations and h, is
the partial derivative with respect to the radial component. As in Part I, we will refer to
the models corresponding to (5.1) and (5.2) as M1 and M2, respectively. Physically
speaking, h(r,t) is a height function of a radially symmetric crystal structure on a
reference plane (see, Ch.3 for details). Both of these PDEs are characterized by the
strong diffusivity effect on facets (where the solution has zero slope).

In the extreme case of g = 0, we will see that the lack of dissipation allows for a special
and simpler treatment of the problem: In such case, both of these PDEs (5.1) and (5.2)
can be formulated as gradient flow equations with respect to the radial coordinates in
certain dimensions. In particular, they can be considered as a total variation (TV) flow
in respective dimensions. Furthermore, equation (5.1) can be considered as a

generalization of a TV flow even in the presence of dissipation (g > 0). The
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well-posedness of the TV flow is widely known and it can be shown via an application of
the theory of monotone operators [2]. However, this convenient setting is not available
for equation (5.2) with g > 0 due to its lack of a divergence form. Hence the main
objective of Part II of this thesis is to develop a theory that provides the well-posedness
for the solution of (5.2) with g > 0. Our study of the model M2 with g > 0 will be
guided by the results for M2 with g = 0 as well as M1 with g > 0.

It is important to note that (5.1) and (5.2) are equivalent when & is smooth and h, # 0.
The difference between the two equations becomes apparent in the behavior of the
surface near the facets (flat regions corresponding to intervals in which h, = 0) on which
hy/|hy| is not well-defined and both equations (5.1) and (5.2) develop a singularity.
Before we continue with our analysis, we recall from Part I the origin of equations (5.1)

and (5.2). Our starting point is the discrete equations:

d?“z‘

EZMZ—W(W—MO)7 2.:071"‘7N’ (53)

where the discrete mobility v; depends on the choice of models M1 and M2:

S 1 for M1
v = v G % : Gi = Gi(t) = , (5.4)

it il e Mo
27“1'
where a is the step size of discretization and we will set v = 1 for simplicity. G; is what
we call a geometric factor in the mobility and the derivation of this factor is provided in
Appendix B. Note that (5.3) for M1 and M2 reduce to the same equation in the
continuum limit away from the facet where ;11 — r; < r;, r;4+1. This condition breaks

down near the facet and the description of continuum limits of M1 and M2 become

ambiguous.
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In Part I, we predicted distinct near-facet behaviors for the continuum limits of discrete
models M1 and M2. The choice of (5.1) and (5.2) is phenomenological yet they are
motivated by the study of step noninteracting case via the shock formulation (see, Ch.4).
Our choice is the result of the expectation that the discrete mobility does not influence
the continuum limit of the dissipation term near the facet at which the dissipation
vanishes.

Our ultimate goal is to understand the connection between the ODEs (5.3) and PDEs
(5.1) and (5.2); however our current presentation is incomplete for the reason that we do
not directly compare the discrete structure with the continuum limit (aside from the
noninteracting case in chapter 4). Nevertheless, we will conclude Part II of this thesis
with what we consider to be a “reasonable” continuum theory that is conjectured to be
compatible with the underlying discrete structure. This is already an improvement over
the previously available method of applying subgradient formulation, which was shown
to be unsuitable in the study of M2 (see, chapter 3 and [49,50,71]). Furthermore, it is
our hope that the following discussion provides an intuition for the determination factor
of the continuum limit depending on the discrete schemes.

Now, we go back to the discussion on (5.2) with g # 0. Recall from the earlier discussion
in this section that this case cannot be written in a divergence form. Instead, by

rewriting (5.2) as

1 1h g
Ohh = =0, |r? | == helhe )| = Z|hy| B 5.5
= 0. [ (S ol )| = L (5.5

it becomes evident that the right-hand side of equation (5) has two terms of very

different nature: one is in a gradient form whereas the other one is of Hamilton-Jacobi
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type. Thus, the analysis of equation (5) calls for a theory capable of handling the
non-local nature of the evolution of facet as well as a Hamilton-Jacobi term with a
spatial dependence, which breaks certain symmetries. To this end, we employ the theory
of proper viscosity solution, which was first applied to problems of this type by Y. Giga,
M.-H. Giga, and N. Pozér [31]. This new approach combines the traditional theory of
viscosity solution and gradient flow.

Roughly speaking, the main idea of this theory is to capture the speed of facet through
the energy by introducing “test facets” and test functions that represent those test
facets. Note that the classic descriptions of viscosity solutions are local; in contrast, the
solution in the present context is anticipated to have a nonlocal behavior by cause of the
strong singularity at the facet.

Our theory differs from [31] in many technical aspects: Most significantly, we adopt a
non-periodic setting to be consistent with our physical motivation (see, chapter 3). Our
diffusion term also contains a spatial dependence, which poses some additional difficulty
in analysis. The effect of these modifications is not trivial and requires a careful
examination. The addition of a diffusion term has some regularizing effect; nonetheless,
it does not prevent the facet formations.

Equations (5.1)-(5.2) are supplemented by the following initial and boundary conditions.

hli=o = ho(r) = =, r>0

he(0,t) =0  te(0,00) (5.6)

lim, o0 A(r,t) = lim, o ho, t>0.

Since our main interest is the near-facet behavior of h(r,t), the choice of boundary

conditions at a large r > 0 is not crucial for our purposes and they are chosen to fit our
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mathematical convenience.

The rest of the thesis is organized as follows: In section 5.1, we describe the solutions of
(5.1) with g > 0 and (5.2) with g = 0. In section 5.2, the main results of Part II are
stated. In chapter 6, some preliminary definitions are introduced leading up to a
definition of viscosity solutions for equation (5.2). In chapter 7, we prove that
sub-/super-solutions satisfy a comparison principle, which immediately yields uniqueness
of viscosity solutions. In chapter 8, we prove the existence of viscosity solutions for a
category of initial conditions.

In the rest of the introduction we will briefly review the theory of TV flow and motivate
our main results.

5.1 The gradient flow approach

In this brief section, we handle the cases for which the theory of the TV flow is directly
applicable. In order to extend the analysis beyond facets, we employ the subgradient

theory.

5.1.1 Case of M1, g >0

First, we observe that equation (5.1) is the radially symmetric version of the following

equation in R?:

a B

Consider the following energies defined on L?(R?):
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I IVol if 6 € BV(Q) N L2(Q)
Ej(¢) = (5.8)

+o0o otherwise

and

Jo IVo| + §|Ve|? if ¢ € BV(Q) N L3(Q), Ve € L*(Q,R?)

+o00 otherwise
There is an extensive theory available to analyze the gradient flow with respect to
equation since (5.8) is exacly the energy for the TV flow [2,3,24,25,33]. Similarly, the
following well-posedness theorem is available for the solution of the gradient flow with

respect to the energy (5.9)

Theorem 3. Let Q be a bounded piecewise smooth open subset of R?. Define

B} : L*(Q) — (—00,00] as (5.9). Then E} is convex, proper, and lower semi-continuous
(I.s.c.) For each ug € L*() there exists a unique function u € C([0,00), L?(Q)) with

u' € L>([0,00); L2()) such that u(0) = ug, u(t) € WH3(Q) for each t >0 and u is a

solution of (5.7) in the following sense:

u'(t) + 3E;(u(t)) 50, forae t>0. (5.10)

Furthermore, we can obtain further regularity for w. First recall that for an energy F,

D(E) denote the domain of E and means D(E) = {f € L*(Q)|E(f) < oo}. Then the

duality theorem [1, Theorem 2.15] with the energy (5.9) yields:
1

Proposition 2. Recall that div(-) = 28, (r+) for radially symmetric functions in R*.

Suppose that u € D(E,) C BV(Q)N WL3(Q) is radially symmetric. Then v € OE; (u) if
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and only if

v =div (z + g|Vu|Vu) € L*(Q) (5.11)
for some z € L®°(Q, R™) and div & € L?(Q) where £ = z + g|Vu|Vu, and 2(z) = % for
a.e. x such that |Vu(z)| # 0.
This proposition provides the notion of curvature extended by the well-defined z

everywhere including the facet. This is a crucial element in the next chapter in defining

what is called a nonlocal curvature.

5.1.2 Case of M2, g =0

The theory of TV flow can be also applied to analyze the case M2 with g = 0. Indeed, in

this case, (5.2) is the radial symmetric version of

<

1. h

in a bounded open subset © of R? and div(-) = T%@r(TQ-). Solution to this equation can

thus be considered using the same theory as before, with the energy:

I IV6lif ¢ € BV(Q) N L2(Q)
Ej(¢) = (5.13)

+o00 otherwise

Remark 11. (i)(5.2) also can be interpreted as a gradient flow with respect to a
weighted energy and norm in R? [30].(ii) The embedding of the problem into R? does

not bear any physical significance.

5.2 Caseof M2, g >0

The last topic of this chapter is the model M2 with g > 0. This is of course the most

interesting case as it is physically important (see, chapter 3) but cannot be handled
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directly with the existing results.

Motivated by the case of M2 with g = 0, we view equation (5) as an extension of a 3D
TV flow with addition of Hamilton-Jacobi term. We wish to investigate what properties
of TV flow carry out after this addition. In particular, we notice that this additional
term does mot prevent the strong diffusivity effect—it may smooth out the edge of facets
but will not prevent facets from forming. On the other hand, the convenient divergence
structure is lost by this addition of dissipation and we may no longer apply existing
theories to (5) when g > 0.

Our main result in Part II is the existence and uniqueness of a proper viscosity solution
for equation (5.2) with g > 0. To that end, we will rewrite (5.2) while separating two

situations:

e On the facet, we view (5.2) as the radially symmetric version of

1. (Vh |Vh|Vh .53
hy — =d —— +2¢9|Vh|Vh —— =0 R 5.14
tT 5 1V<\Vh\ +29|Vh|V >—|—g 2] in (5.14)
e Outside the facet, we interpret (5.2) as

h

he —div (Y 4 g vRvE) =0 in RZ (5.15)
[Vh|

hr

The purpose of (5.15) is to simplify our proofs. We reiterate that since is not singular

[fur|
away from the facet, we expect the solution away from the facet to be independent of the

form of the equation and equations (5.2), (5), (5.14), (5.15) are equivalent in such region.

Here, we state our main result in Part II:

Theorem 4. Suppose that uo(r) € C([0,00)) satisfies the far field condition (5.6). Then

there exists a unique proper viscosity solution u(r,t) (see, Definition 5) to (5.2) with an
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initial data ug(r).

As usual, the uniqueness will follow from a comparison principle, which is interesting in

itself:

Theorem 5. (Comparison Principle) Let u, v be a proper sub- and super-solution of
(5.2) respectively (see, Definition 5). If u(-,0) < v(-,0) on [0,00) then u(-,t) <wv(-,t) for

all0<t<T.

Finally, the following corollary states that the formula for facet motion is unaffected by
the addition of the step-interaction (g term). In particular, we conjecture that this extra
term does not change the facet motion formula that we obtained as a limit (in a weak

sense) of the discrete behavior in chapter 4 remains valid for the step interacting cases:

Corollary 2. Consider proper viscosity solutions of equations (5.1) and (5.2) at time
t > 0 with initial/boundary conditions (5.6). Suppose that hy(t) is the height of a facet of
the solution whose radial coordinate is given by the interval [R4(t), R_(t)] C [0, 00).

Then the formula for the facet speed is independent of the parameter g > 0 and it is

given by
R_—-R
(hs)e = =277— R{ for M1 (5.16)
and
R? — R?

Remark 12. In order to be consistent with Par I, we note that equation (5.16) and

2 p2
(5.17) must be written as (hf); = —BV% and (hy)y = —21/25:22* where v > 0 is a
-y -—hy

material parameter (for the specifics of v > 0, see equations (3.37) and (3.40)) that is
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common in M1 and M2. Since the value of v does not affect our analysis, we set v =1

throughout Part II.

For the rest of this thesis, we will analyze (5.2) with g > 0.
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Chapter 6: Proper viscosity solutions: definitions

In this chapter, we first introduce a notion of viscosity solution for (5.2). We will treat
(5.2) as an extension of TV flow in R? in an axisymmetric setting. To this end, we
define parabolic domains of spatial radius R > 0 in R, R?, R3: Q = [0, R) x (0,7T),

Q2 = B%(0) x (0,T), Q3 = B%(0) x (0,T) for T > 0. Here, B%(0) denotes a ball of
radius R in R centered at 0. We closely follow the footstep of Y. Giga, M.-H. Giga, and
N. Pozer who introduced the theory of proper viscosity solutions in the periodic

setting [31]; however, we need to carefully address a more physically plausible geometry
that is compatible with modelling in chapter 3. With this goal, we incorporate
nonperiodic geometry, which requires an extra care and poses additional challenges.

We also note that the theory of viscosity solution presented here applies to the simple
cases of (5.1) with g > 0 and (5.2) with ¢ = 0. Moreover, it is evident from the following
definitions that the viscosity solutions coincide with the solutions of the TV flow for

these simple cases.

Definition 1. (Support function) Let Q4 be a pair of open sets such that O, C Q_ C R

and ¢ € Lip(R). We say that v is a support function of a pair (20—, Q) if

1?(@ =0 on D = ﬁi\QJr (61)
<0 mQ°
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Definition 2. (Test pair) Let (Q_,Q1) be a pair of bounded open sets in R with

Q. C Q_. Then we say that (2_, Q) is a test pair. Here, Q4 may be ().
In what follows, we build functions that represent the test pairs.

Definition 3. (Admissible faceted test function) Let f € Lip([0, R)) be a support
function of a test pair (Q—,Q4) and & € Q_\ Q4. The function ¢(x,t) = f(z) + g(t),
where g € C([t — 7, + 7)) for some T >0 and t € (0,T), is called an admissible faceted
test function at (&,t) € [0, R) x (0,T) with pair (Q_, Q). The pair (Q_,) is called

the pair associated with ¢ at (I,1).

An admissible faceted test function represents a facet of a graph through the notion of

general position:

Definition 4. (General position) We say that an admissible faceted test function ¢ at
(#,1) € Q with pair (Q_, Q) is in general position of radius n > 0 with respect to
h:[0,R] x [0,T] = R at (&,t) if for all a € [0,n], we have & +n € Q_\ Q4 and if there

exists T > 0 such that
h(z — a,t) — h(2,1) < ¢(x,t) — ¢(2,£)  for allz € [0,R),t € [t — 1,1 + 7). (6.2)

If such an n > 0 exists, we simply say that ¢ is in general position with respect to h at
(&,1).
Finally, we define proper sub-/super-solutions.

Definition 5. (Proper sub-solution). An upper semi-continuous function

w: [0,R] x [0,T] = R is a proper viscosity subsolution of (5.2) if the following holds:

1. (Conventional test). If ¢ € CZ’,}(U) in a neighborhood U C [0, R] x [0,T] of a point
(7,t) € (0, R) x (0,T) is a test function such that uw — ¢ has a local mazimum at
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(7,1) and |9,¢|(7,1) # 0, then
Ou(F, 1) = K7, 0 (7, 1), 020(7, 1)) <0, (6.3)

where k(r,p, X) = %Sign(p) + Iplp| + 2g[p| X for r,p, X € R so that

12 (e

2 g
K 0:0.0%0) = 1 o (v 575 ) + 20, (0,000,

1
= ~sign(9,6) + 20,6|0,0| + 2079/0,4| (6.4)

. (Neumann boundary condition).
Let U C [0, R] x [0, T] be a neighborhood of a point (0,t). If ¢ € Cf”tl(U) is a test

function such that w — ¢ has a local mazimum at (0,%) then it satisfies

min{ lim [¢y(r,) — k(r, 0r¢(r, %), 020(r, )], — rgb(O,f)} <0. (6.5)

r—0+t

. (Faceted test) If ¢ : [0, R) — R is an admissible faceted test function such that ¢ is

in general position of radius n > 0 with respect to u at a point (&,t) € [0, R)x [0,

T), then
. R?2 — R2
bi(2,1) + 3=r——~ <0, (6.6)
R} — RS

where (Q_, Q) is a test pair associated with ¢ at (#,1) and D = [Ry, R_] is the

closed connected component of D = Q_ \ Q. such that & € D.

. (Far field condition) There exists some v € R, A, B, C >0, and ¢ <0, such that

for all t > 0 and large enough r > 0, u satisfies

lu(r, t) — (v + £r)| < Ce Ar+Bt, (6.7)

A proper super-solution can be defined similarly. A function is called a proper viscosity

solution if it is both proper sub-solution and proper super-solution at the same time.
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Remark 13. For a disk shaped facet, the solution of this problem has a facet speed
(he(t))e = —%. This differs from the M1-facet speed (hs); = —% by a multiplicative
factor of G := 3/2. For g = 0, this factor is in agreement with the results from chapter 4,
in which the convergence of the underlying discrete schemes to the respective solutions of
M1 and M2 were proven. Notably, the factor G derived here is independent of the value
of g > 0; this is consistent with the numerical prediction from the chapter 3, in which the
estimates for G did not appear to change significantly with respect to the values of g

(see, (3.37), (3.40), remarks 9 and 10).

Remark 14. For the sake of proving the comparison principle, it is convenient to
replace u by a radially symmetric function (x,t) = u(|z|,t), * € R?, when examining
condition 1 (conventional test) and write (6.3) as a gradient flow. Then condition 1 is

replaced with the following condition 1R:

Definition 6. 1R. (Revised conventional test) If ¢ € C’g%(U) is a radial function in a
neighborhood U C Br(0)x [0, T), where Br(0) is a ball of radius R centered at 0 in R?,

of a point (&,1) such that @ — ¢ has a local mazimum at (&,) and |V|(z,t) # 0, then

Ge(2,1) — k(Vo(,1), V2h(2,1)) <0 (6.8)
where k(p, X) = ﬁtraceX (I — %) + gtraceX (\p| + %) so that (6.8) reads
Bu(#,1) — div (% +g|w3|w3) <0 (6.9)

Note that £ no longer has an explicit spatial dependence. This property will be
convenient in the proof of the comparison principle in chapter 7.From here on, we drop

tilde and denote u also by u for the sake of ease of notation.

Remark 15. Since ¢ € C%tl(U ), it turns out that
lim, g+ [¢¢(r, 1) — k(r,0,0(r, 1)), 02¢(r,1)] <0 if and only if —8,¢(0,¢) < 0. Therefore,
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it suffices to check —3,$(0,%) < 0 in order to verify the condition (6.5). Furthermore, if

we define

T —k(r,p, X) ifr#0
G(r,7,p, X) = (6.10)

—p ifr=0
then the conventional test and the Neumann boundary condition can be combined into
one criterion:
Let ¢ € C2(U) in a neighborhood U C [0, R] x [0, T] of a point (#,7) € [0, R) x (0,T) be
a test function. Suppose that u — ¢ has a local maximum at (7,%) and (i) |0,¢|(7,%) # 0,

and (i) if 7 = 0, lim,0 |9,¢|(r, ) # 0. Then
G(, ¢4(7. 1), 0r (7, 1), 07 (7, 1)) <0, (6.11)
where G is a lower semicontinuous envelop of G [19].

Finally, we reconcile our definition of proper viscosity solutions with the one introduced

in [31].

Lemma 2. Definition 5 of proper viscosity solution is equivalent to [31, Definition 3.3]

of proper viscosity solution for (5.2).

We caution the readers that the setting in [31] is periodic and Lemma 2 truly makes
sense only if we change our domain to a simpler periodic domain; however, such a change
does not make any sense for the physical setting that we want to describe.

In the rest of this section, we will state a series of definitions from [31] leading up to the
notion of proper viscosity solution and prove Lemma 2. In [31], the gradient flow
approach (see, chapter 5) is extended to equations of non-divergence type. The

optimization approach as in the analysis of TV flows is used to find a vector z that
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replaces VI /|Vh| while minimizing ||divz|/z2. Since the gradient flow theory cannot be
applied to (5.2), such a vector z is used in the context of the viscosity solution in order
to approximate the facet speed; it is natural to seek a viscosity solution to a
generalization of the TV model because of possible occurrences of discontinuities in BV
functions and the merit of viscosity solutions to allow discontinuous functions. To this
end, we introduce Cahn-Hoffman vector field in an attempt to extend the solution to

(5.2) across the facets [2,31]:

Definition 7. Let (Q_, Q) be a test pair. We say that a vector field z € [L°°(D)]® such

that div(z) € L?*(D) for D = Q_\ Q4 is a Cahn-Hoffman vector field in D if z satisfies

|z| <1 a.e. in D (6.12)

as well as the boundary condition:

z-vgay =—1 on 004 (6.13)

almost everywhere.

Definition 8. Let (2_,Q.) be a test pair. Let wy be a solution of the variational

problem:

minS, S= {/D |w|? dz|w = divz and z is a Cahn-Hoffman vector field in D}.
(6.14)
Then we call wy the nonlocal curvature of (Q—,Q4) and we denote it by A(Q2—, Q).
Note that it is convex and the set of Cahn-Hoffman vector fields is closed in L*(D). So if

S # 0, then at least one minimizer of S exists.
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The non-locality of wq is evident from the definition because the choice of wg depends on
both Q_ and Q.. Before we proceed to show the uniqueness of the minimizer wg, we

first recall a few definitions: the total variational energy on L?(Br(0)) is defined as

S V¥ if ¥ € BV (BR(0)) N L*(BR(0))
E(y) = (6.15)

400 otherwise

and the effective domain of E is D(E) = {¢ € L?(Br(0))|E(¢) < co} and the domain of
OF is D(OE) = {6 € LX(Br(0))|0E(6) # 0},
Also recall the following property of the TV flow [1]:

Lemma 3. Given ¢ € Lip(QQ), w € —0E(v) if and only if there exists z € L>=°(2),

div(z) € L*(Q) such that

divz = w and z € OW (V) a.e. on €, (6.16)
where W (p) = |p|.

We also introduce the following lemma in the interest of establishing a connection

between support functions and Cahn-Hoffman vector fields later [31, Proposition 2.8].

Lemma 4. Suppose that u € Lip(Br(0)) is a radially symmetric function and define
Gy = {x € Bgr(0) : u(x) > t}. Suppose that = € L>°(Bg(0)), div(z) € L?(Bg(0))such that

z € OW(Vu) a.e. on Bg(0). Then z - vyg, = —1.

Now we return to showing that the variational problem (6.14) has a unique solution.
The following proposition ensures the existence of support functions and of

Cahn-Hoffman vector fields:

Proposition 3. Let (2_,Q4) be a test pair.

104



S =

Figure 6.1: © := —0(dq_) + 0(dq.)
(a) There exists a support function ¢ of (Q_,Q4).

(b) There exists a Cahn-Hoffman vector field z in D = Q_ \ Q.. Consequently, there

exists a solution wy of the variational problem.

(c) In fact, wo = —0°E()(x) a.e. on D for any support function ¢ of (Q_,Q) such

that ¢ € D(OE). Thus, (6.14) has a unique solution.

Proofs of Proposition 3 (a)-(c) can be found in [31]. Here, we give a proof for our simpler

case for the sake of completeness.

Proof. (a) It is clear from the smoothness of 2_ = Br_ and Q4 = Bpg, that a support
function ¢ of (Q_, ) exists; however, for the sake of completeness, we will explicitly
construct such a .

Define a signed distance function dg(z) as
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dist(z, E) if z € B
dp(z) = (6.17)

—dist(z, E°) ifreFE

For 0¢ = dist(92_,0924) > 0, define §(o) to be a smooth function on R satisfying as

o for |o| < do/2
0<10| <1, 0(0)= . (6.18)

360 sign o for |o| > do

Define

—0(dg,)  inQy

() =10 i D : (6.19)

—0(do_)  in(Q)

Clearly, 1 is a support function of (Q2_, ;). Furthermore, v is Lipschitz because

dp € C? for E=Q_, ()"

(b)Using the smooth function 6 from part (a), define

z=-V (0(do_ )+ 0(da,)) = —0'(do_)Vda_(z) — 0 (da, )Vda, (z). Then |z| <1 and
z-vo_ = —0(do_)Vdo_(z)-vo_ = —1. Similarly, z - vo, = —1. Therefore, z satisfies
the boundary conditions of Cahn-Hoffman vector field. In particular, S is non-empty

and there exists at least one minimizer wgy of S.

(c)Let wp be a solution of the variational problem (6.14). Then there exists a
Cahn-Hoffman vector field zy in D such that wg = divzg in D. Let ¢ be an arbitrary
support function of (2_, 24 ) such that ¢ € D(OF). Then by Lemma 3, there exists

zy € L®(intD) such that divzy, = w € L?(intD) and z; € OW (V). Consequently, 2y, is
a Cahn-Hoffman vector field in D due to Lemma 4.
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Define

zo on D,
7= (6.20)
Zy on D¢
Then by definition of 0°E(1)),
vzl 22 () < 1)l 2 (Ba0)- (6.21)
Thus,
ldiv(z)ll2(0) < ldiv(zo)llz2(o)- (6.22)
By the uniqueness of the minimizer, we have wg = divzy, a.e. on D.
O

Hence, the non-local curvature A(2_, €, ) is well defined as a result of Proposition 3.
Finally, we compute an explicit formula for A(Q_, Q) in the radial case, i.e.

Q_ = Bg_(0), % = Br, (0):

Lemma 5. For Q_ = B _(0), Q4 = Bg, (0) C R? and D = Q_ \ Qy, the nonlocal

curvature is given by
2 2
R* — R7

AQ_, Q) = 3=+,
R R

(6.23)

Proof. Construct a Cahn-Hoffman vector field z so that w := divz is a constant. Denote

2 _p2
b:=AQ_,04) = —3%. z is a radially symmetric solution of the Poisson equation
-—h3

with Neumann boundary data:

Ap=0b in D,
(6.24)

Vo -v==1 on |z| = Ry.
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Figure 6.2: The shaded region is D = Q_ \ Q4

Then a usual theory of the Poisson equation implies that ¢(x) = —alz|~! + %|x!2 for
reR3 a= (R+R_)22§7:g$ Then z = V¢ = (a|z|~2 + g\ﬂ)ﬁ is a Cahn-Hoffman
vector field.

Finally, since a Euler-Lagrangian equation of the minimization problem (6.14) is

V(divz) = 0 where z is a Cahn-Hoffman vector field, a constant w = b is a minimizer of

S. O]

Corollary 3. Let D’ be a connected component of D. Then in a radial setting, every

connected component of D is a torus, say, D = Bg_(0) \ B, (0) C R3. Thus,

R? —R?
AQ_, Q)| = —3@ .

Proof. Cahn-Hoffman vector fields are defined on each connected component of D.

Thus, (d) follows from the following Lemma 5. O

Due to Lemma 5, we may rewrite condition 2 (faceted test) in the definition of

108



sub- /super-solution by the following condition 2R:

Definition 9. 2R. (Revised faceted test) If ¢ : B%(0) — R is an admissible faceted test

function such that ¢ is in general position of radius n > 0 with respect to u at a point
(#,1) € Qq, then

di(2,1) — A(Q_, Q1) <0, (6.25)

where (- = B% (0),Q4 = BI%% (0)) is the test pair associated with ¢ at (i,1).
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Chapter 7: Comparison Principle

In this chapter, we prove the following comparison principle, which implies in particular
the uniqueness of the solution. The main arguments in this chapter closely follow the
method developed by [31]; however, our distinct boundary conditions require a careful

examination and extra steps.

Theorem 6. (Comparison Principle) Let u and v be a proper sub- and super-solution of
(5.2) respectively. If u(-,0) <wv(-,0) on [0,00) then u(-,t) < v(-,t) on [0,00) for all

0<t<T.

Proof. Let v, ¢, and ~,, £, denote the constants from the far-field conditions associated
with u and v, respectively. The initial condition u(-,0) < v(-,0) implies that ¢, < ¢, and
in addition, if ¢, = ¢,, then v, < 7, must be satisfied. Let § > 0. Note that the formulas
for k (equation (6.4)) together with (6.3) and the facet speed (6.6) do not depend on the
value of v itself. Therefore, if v is a super-solution, then so is vs = v + ¢ and vy satisfies
the far-field condition in which =, is replaced by 7, + §. So we may assume that for a
large enough Rs > 0, u(r,t) < vs(r,t). On the other hand, if u(r,t) < vs(r,t) everywhere
for all § > 0, then by passing to the limit § — 0, we obtain u(r,t) < v(r,t) everywhere.
Therefore, in what follows, we replace v by vs and show that u(-,¢) < v(-,t) in Br(0) for
some large R > 0 under the assumption that u(-,t) < v(-,t) on [R, o0) for all t € [0,T].

Our argument is based on a type of doubling of variable argument. For positive
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constants €, o, v and £ € R, set functions

w(z,y,t,s) = u(z,t) —v(y,s). (7.1)
t—s> v gl
t,s; = 2
S0, = o Ty (72)
2
\I’g(l',t,y,S;G,O',’Y) = W—FS(t,S;O',’}/) (73)
€
For each &, define
Pe(w,t,y, s7€,0,7) = w(z,t,y,5) — Ve(,t,y, 57€,0,7). (7.4)

In what follows, we will analyze the maxima of ®;.

Suppose that the comparison principle does not hold, i.e.,

mo := sup |u(x,t) —v(z,t)] > 0. (7.5)

(z,t)eQ

The following proposition from [29, Proposition 7.1] yields some useful bounds that is

uniform in £ for small &.

Proposition 4. Set M :=maxg, 5w > mo, m := gmo, k(e) := 3 (e(mo — m6))1/2.

There exist positive constants €y, oo and o such that for any € € (0,€y), o € (0, 09),
v € (0,70) and & € R such that [£| < k(e) the following is true:

If (zg,te, Y, s¢) € arg maxg, oPe(+;€,0,7) then

(i) (xg,tg,yg,Sg) S Q X Q

(ii) |te — sel < (Mo)'/?, |zg —ye — €| < (Me)'/?,

(iii) sup ®¢ > my,.
We consider the following two cases:
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e Case I: For all €, o, v and || < k(e), all the points of maximum lie on the space

diagonals, i.e.
arg maxg, o%e C {(x,t,y,s)é@x@:x—yzi}. (7.6)

e Case II: There exists ¢, o, v > 0, such that |£| < x(€) and

(z,t,y,s) € arg maxp, oP¢ such that x —y # &.

The separation of case I and case II makes the role of £ clear: For case I, V¥, =0 at
(T, fg, Ue, 8¢) for all £ small enough, which provides some room to construct a facet
around Zo = go (£ =0).

For case II, VW¢ # 0 at (¢, t}, U¢, 8¢) so one may treat W¢ as a conventional test

function.

7.1 Casel

Let us fix € € (0,€9), 0 € (0,00), v € (0,70) such that (7.6) holds for all £, [£| < x(e). To
simplify the notation, we set r := %m(e). We also do not explicitly state the dependence

of the following formulas on the fixed ¢, o and . Let us define

£(§) = sup Pe. (7.7)
QxQ
The first step is the application of the following constancy lemma [29, Lemma 7.5] to

show that ¢(&) is constant for |{] < A.

Lemma 6. (Constancy lemma). Let K be a compact set in RN for some N > 1 and let
6 be a real-valued upper semi-continuous function on K. Let ¢ be a C? function on R?
with 1 < d < N. Let G be a bounded domain in R?. For each & € G assume that there is
a mazimizer (¢, pe) € K C (RL,RN79) of
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O¢(r, p) = 0(r, p) — ¢(r — &)

over K such that Vo(re —&). Then

05(§) = sup {O¢(r, p) : (r;p) € K}

1s constant on G.

We apply the constancy lemma with the following parameters:

N=4,d=1, p= (y7t7 3) € [O,R} X [OvT] X [O7T]7 G = B2/\(0)7

2
,
0, ) = wlr +y.t,y,5) ~ S(15), 9(r) = o 15

K = {(ac —y,y,t,8): (x,y) € [0,R]2,(t, s) € [O,T]z}.

Here, K can be treated as a compact subset of R x R x [0, T]%.

Corollary 4. We infer that £(§) = 04(€) is constant for [£] < .

The following lemma is a direct consequence of the consistency lemma and it forms a

bases for the construction of ordered facets:

Lemma 7. Let (2,t,2,5) € argmax ®q. Then

u(z,t) —v(y,s) — S(t,s) <u(,t) —v(z,3) — S(t,3)

for all s,t € (0,T) and z,y € [0, R]* such that |z — y| < X := r(e)/2.

(7.10)

Proof. Note that § = & because max ®y occurs on the diagonal. For |z — y| < k(e), by
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the constancy of £, we have

u(z,t) —v(y,s) —S(t,s) = Cpy(z,t,y,s) (7.11)
< U~ y) = £(0) (112)
= u(#,t) — v(,8) — S(t, 8). (7.13)

Lemma 7 provides room to construct ordered facets, whose support functions will play

the role of admissible test functions for v and v. O

To this end, fix (z,t, %, §) € argmax Py and set

o = u(,1), B :=v(z,5) (7.14)

and define the closed sets

U= {u(-,1) > a} V ={v(-,5) <5} (7.15)

Now, we introduce the generalized neighborhood. For a given set A C R, we define

A=< 4 (7.16)

{reA:B,(z)c A}, p<O.
Replace A? by AP N[0, R] while still denoting A”. Since r = @, we have the following

inequality as a consequence of Corollary 4

Corollary 5.

u(z,t) <a+S(t,8) —S(t,3)  forze V3 te (0,T), (7.17)
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QW yv= Q3O

Figure 7.1: In this simple example, u, v are monotone. In such a case, D = Q_, \ Qy, =

O\ Qs

and

v(y,s) > B+ S(t,s) — S(t,8)  forye U, se(0,T). (7.18)
Let (Q— 4, Q) = (U, U N (V7)) and (2, Q) = (VF, V2 0 (U?)¢). Suppose
that D = [R_, R, ] for some Ry > R_ > 0 is a connected component of U?" N V?" that
contains . In what follows, we construct faceted test functions with these test pairs in
general position at (#,%) and (&, §), respectively.
By the definition of U and V, u(-,#) < a in (U")¢ and v(-,§) > B in (V7). So due to the

upper semicontinuity of v and the lower semicontinuity of v, there exists 7 > 0 such that

u(-,t) < a+ S(t,5) —S(t,5) in (U for t € [t — 1, + 7], (7.19)

v(-,8) > B+ S(t,8) — S(£,s) in (V") for s € [§ — 7,5+ 7], (7.20)

Therefore, together with Corollary 5,
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u(-,t) < a+ S(t,8) — S(£,5) in (UN)UV fort € [t — 7,4 7], (7.21)
v(-,8) > B4 S(t,8) — S(t,s) in (V)CUU for s € [§ — 7,5+ 7], (7.22)
Our goal is to construct admissible faceted test functions that correspond to facets
(Q— 4,4 ), ¢ = u,v, which are in general position with respect to u and v at (&, f).
Therefore, let 1, 1, be the support functions constructed in 3 for pairs
(=, Qi) = (U, U N (VE)E), (Q— ), Q) = (V2 V27N (U)C), respectively.

Define

Gu(,t) = A [0u ()] — pufthn ()] 4+ 4+ S(t, 8) — S(£, 8) (7.23)

Po(,8) = No[tho ()] — polto(2)) - + B+ S(£,8) — S(t, s

~—

. (7.24)

Note that Lemma 7, it suffices to construct ¢, ¢, in the vicinity of D. Next lemma

shows that ¢, and ¢, are in general position of u and v, respectively.

Lemma 8. There are positive constants Ay, ty, chosen large enough and positive

constants b, Ay, chosen small enough, so that

u(z,t) < oy(x — a,t) forz € (0,R),t€[t—7,t+7],a€]0,r], (7.25)

v(x,8) > ¢p(x — a,s) forx € (0,R),s€[§—T1,84+7],a €0,7] (7.26)

Proof. Since the proofs for inequalities (7.25) and (7.26) are similar, we only prove the

case of u and ¢, here.

We start by defining ¢"(z,t) = min,|<, ¢u(z — h,t) € C(Q) for all t € [0,7]. Then the

spatial part of ¢" is a support function of the pair ((H,)™", (Gy)™"). Moreover, the
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statement of the lemma is clearly equivalent to u < ¢" for x € (0, R), t € [t — 7,1 + T].

The interval (0, R) can be divided into three parts:

1. My =U"N (V3. Since 1, > 0 in U N (V37)¢, we obtain
min <, mingz ,, ¥, > 0 and we can choose A, large enough to satisfy u < ¢" in

M x [t — 7,t + 7] due to boundedness of u in [0, R).

2. My =U" N V3. By the definition of support functions, ¢, > 0 on U™ C U?". Also,
u < a+ S(t,5) — S(£,8) in V3. Thus, u < ¢" on My x [t — 1,1 + 7).
3. Mz = (U")¢. Then by (7.19), there exists some 7 > 0 such that

u(z,t) —a— S(t,8) + S(t,8) <0 fort € [t — 7, + 7] and any x € (U?")c. Since u is

upper semi-continuous, we can choose u,, > 0 small enough so that

—ty||Yulloe > max  wu(z,t) —a—S(t,8) + S(f, §). (7.27)
X X[t—T,t+7]

Thus we have u < ¢" with this choice of p, on Mz x [t — 7, + 7].

By definition, ¢, (Z,1) = u(,t) and ¢, (&, §) = v(&, §). Also,

B (2) cUTNVZ CQ_, \ Q4 and similarly, B.(2) CU NVZ =Q_, \ Q4 .
Therefore ¢, is in general position of radius r with respect to u at (&,#). Similarly, —¢,
is in general position of radius r with respect to —v at (&, ).

Therefore, by the definition of viscosity solutions together with ,

R: R

T (7.28)
R~ R
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and

. R? — R?
—8,(£,8) = 3=r——+ >0. (7.29)
R RS
Combining these two inequalities yields
~y ~y R? — R% R? — R? B

0< <3 3

T2 TR B R’

=0, (7.30)

which is a contradiction.

7.2 Case Il

Suppose that for arbitrarily small £, there exists €, o, 7, and (z,t,y, s) € arg maxg, P
such that z — y # . Then =z — y # £ implies that 8x\115(§c,f, 7,8) = —0,¥¢(Z, £, 8) # 0.
First, we replace u, v with radially symmetric functions %, ¥ with R?-spatial dependence
and drop the tildes. Denote \i’g,m = Vﬂl’g(ﬁ:,f,@, s), \i'g,t = 0y Ve(2, £, 8). \ilg’y, @575 are
defined similarly.

Below, we recall a few definitions from conventional theory of viscosity solutions:

Definition 10. (parabolic superjet) Let u : R? x [0,T] — R. and (z,t) € R? x [0,T]. We
denote by P> (u(x,t)) (the parabolic superjet of u at (x,t)) the set of triples
(1,p,X) € R x R? x S (here, S? is a set of symmelric matrices) such that for all

(y,s) € R? x [0,7T] in a neighborhood of (x,t), the following inequation holds:
1
uy, s) Sulz, ) +7(s =)+ (py —2) + 5 (X(y = 2),y — ) +olls —t| + [y —2[%). (7:31)

Similarly, define P*>Tu(x,t) (the parabolic subjet of u at (x,t)) as the set of triples
(1,p, X) € R x R? x S? which are such that for all (y,s) € R? x [0, T] in a neighborhood

of (z,t),

u(y,s) > u(z,t) +7(s—t) +(p,y — x) +% (X(y—x),y —x)+olls—t|+ |y —zf*). (7.32)
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Definition 11. The closure of a parabolic superjet is defined by

f?;r(u(x,t)) ={(r,p,X) e Rx R* x 8?| (2, tn, Tupn, Xn) €O x [0,T] x R x R* x S,

such that (Ty,pn, Xn) € 77(29’+u(:1:n,tn) and (Tp, tr, W(Zn, tn), Tny Pry Xn) — (x,t,u(x7t),7,p7X)} )

The closure of a subjet is defined similarly. Note the slight abuse of the word “closure”

here. Unlike a topological closure, we also require u(xy,t,) — u(z,t), x, — x, t, — t.

We state the following classical result without a proof [19, Theorem 3.2] [82, Corollary

3.6).

Lemma 9. Using the special structure of ®¢, there ewxists matrices X,Y € S2, X<Y

such that

(e Bea, X ) € P2F (uli, 1), (~Bes—Bey ) € P2 (0(5,5).  (7:33)

Case i: T # 0 and ¢ # 0. We first assume that £ % 0 and ¢ # 0. Then by Lemma 9,
there exists (;, ps, X;) € P>* (u(x;,t;)) such that (z;,t;) — (2,1), i — \ifgt, pi — \f/&x,
X; — X and similarly, there exists (h;, ¢, Y;) € P>~ (v(yi, s;)) such that (y;,s;) — (9, 5),
h; — —‘i’gs, qi — _\iJ&yv and Y; —» Y.

Since u, v are proper sub- and supersolutions, in view of Remark 14, we obtain

li — k(pi, X;) <0 (7.34)

—hj — k(g;,Y}) > 0 (7.35)

Since p := \if&x = —\i/&y # 0, k is continuous at (\TI&I,X) and (—\f/&y, Y'). Hence, passing

to the limit ¢ — oo and j — oo yields
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Wy~ k(Teq, X) <0 (7.36)

—We s —k(—We,,Y) >0 (7.37)

Furthermore, combining inequalities (7.37) and (7.36) yields
\ilg,t + \ifg,s <k(g,p,Y) — k(Z,p, X) <0. The last inequality is due to the ellipticity of

—k and the fact that X <Y. Therefore, we establish a contradiction:

7 + v 5 = \ifgjt + @575 <0. (7.38)

Tt T

Case ii: 2 =0 or § = 0. Suppose that & =0 or g = 0 for all [{| < k(e) for which

|z —y —£| # 0 (non-diagonal). First, let us assume
(‘f’s,t, Ve, X ) e P**(u(#,1)), (—@5,3, —xifg,y,y> e P> (v(5,8)). (7.39)

e Suppose that £ = 0. Then £ = 0 or § = 0 would respectively lead to
\ilgyx =—y<0or —\i/&y =1 > 0. Both of these inequalities contradict the

Neumann boundary condition for sub- and super-solution (recall Remark 15).

e Suppose that ¢ > 0. If £ =0, then \iigyx = —¢ — £ < 0, which again contradicts
the Neumann boundary condition for subsolution. So let us suppose that § = 0. In
order for u to satisfy the Neumann boundary condition for subsolution, \115@ must
satisfy \i/&w < 0. Moreover, since other scenarios can fall into the cases we have
already addressed, the only remaining situation to consider is when \ilg,x stays
positive as £ — 0. We now make the £-dependence in & explicit by denoting

x¢ = . Recall:
k(e We o, X) = x—éagn(\llax) + 29| We | X + Ji\quf{,m. (7.40)
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Then due to the sign of \Tlg,x and the fact that z¢ — y: = 0 as £ — 0, we obtain

1 - g e 1
lim inf —sign(W¥ =W o |We | > liminf — = 7.41
minf 2 sten(Yeo) + o Vo[ Peal > liminf o2 = foo (7.41)

By the boundedness of other terms, we deduce from (7.41) that

Uey — (@, Ve g, X) >0 (7.42)
for small enough £ and this contradicts the definition of sub-solution.

e Suppose that ¢ < 0. By symmetry, the argument leading to a contradiction in

this case is parallel to one for £ > 0 with the role of z and y reversed.

Finally, we conclude this proof by noting that due to the nature of the Neumann
boundary condition and the lower/upper semicontinuity of G and G (see, 15), the above

argument extends to the full problem in which

(e Wea, X ) € P2F (uli, 1), (“ien e, Y) € PP (0(3,8).  (7.43)
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Chapter 8: Existence

The main objective of this section is to show the existence of proper viscosity solutions
for a class of initial conditions that in particular includes a conical initial condition. To
do so, we first regularize the equation so that singularities are smoothed out and the
domain is restricted to a finite area. We then construct barriers to show that the
solutions of the regularized equation satisfy the far field condition for all ¢ > 0 in the
limit of the infinitely large domain. Therefore, we derive (5.2) as a limit of a series of
degenerate parabolic equations. Fix a continuous function hg(r), r € [0,00) that satisfies

a far-field condition

|ho(r) — (v 4 0r)| < Ce™ 47 (8.1)

for some constants vy € R, £ <0, 4,C > 0.

8.1 Regularized equations

We start by regularizing (5.2).
We consider the following equation with parameters ¢,e,0 > 0. In [0, R] C R, we define

S

a(s) = W,

Ye(s) = max(1/c, s), (8.2)
and consider the equation

L, : 1
he = |g¥e(|he]) + §a (hr) | B + %Slgn(hr)wc(’hr‘z) + ma(hr)- (8.3)
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Note that a'(s) = Equation (8.3) is accompanied by a Neumann boundary

condition h, = —y at dBR(0), h(r,0) = ho(r). Note that (8.3) is no longer singular in
the limit |h,| — oo,r — oo and |h,| = 0,7 = 0. The coefficient for h,, is
g¥e(|hr|) + 3a'(hy) > 0 so (8.3) is uniformly parabolic and we can apply a standard

theory of uniformly parabolic equations: By Theorem 12.22 of [60], there exists a

solution h(r,t;€,6,c, R) € C(Q) N C?1(Q).

8.2 Bound for h,

In order to get some bound on h, that are independent of ¢, d, ¢, and R, we note that

v := h, is a solution of the following equation:

o= [l + 50 0) o+ [ssignto) + 370 0

b | gD + s @) o - L ol o] (84)

with boundary condition v = —y at r=R,v=0at r =0.

Since gipe(|v|) + 3a’(v) > 0, by a classic theory of parabolic differential
equations(see, [60, Theorem 12.22]), there exists a solution

v(r,t;e, 8, cR) € C([0, R]) N C%*1(0, R) that is bounded uniformly in 6, ¢, ¢, R by the

maximum principle. Therefore, we have proven the following lemma:
Lemma 10. —0 < h, <0 for all parameters €, 9, c, R, where 6 = max (||(ho)r||co,Y)-

Remark 16. Due to the bound on v, h is also bounded locally in L* and so for ¢ small

enough, we have ¥.(|v|) = |v|]. Thus, we may rewrite (8.3) as

1
he = [g[hT\ + 2a'(hT)] hpr + Lsign(hr)|h7«]2 +

s a(hy). (8.5)

o+r
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Or equivalently,

ht:mgﬂwwﬁwm L [+ 6)lhnf?] (8.6)

8.3 Application of Arzela-Ascoli theorem

In this section, we show that the sequence of solutions from the last section converge by

application of Arzela-Ascoli theorem. We start by proving the following lemma:

Lemma 11. There exists a constant C > 0 independent of €,0, R such that for

hz,t) == (h(-,;€,0,¢, R))es.crs the following Holder inequality holds:
|h(x,ta) — h(z,t1)] < Oltg — t1]Y/2. (8.7)

Proof. Rewrite (8.6) as

2¢g(r +9)

0
5 g LT+ 8)|he ] (8.8)

2 +67he = 2 [(r+0)2a(hy)] +

Next, we integrate both sides of (8.8) from x € (0, R] to x + r and find bounds for each
term. Here, 7 > 0 is to be chosen later. Since the exact values of the constants used in
the bounds do not matter, we will use C' > 0 for all the constants for the ease of

notation. Each term of the right hand side of (8.8) is bounded by:

/ o ;y [(r + 6)%a(hy)] dy = (x+ 1+ 8)2a(hy) — (x + 6)%a(hy)

<Cl(x+7140)?—(z+6)% (8.9)

/W UL [y a) ), dy = O+ ) (@ +r+0)—(@+)] (810
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because |h,| is uniformly bounded by a constant v > 0 independent of the parameters
€,0,c and R.

Also,

T+r x+r
/ 2y 4 6)%hy dy = 2@/ (y + 0)%h dy (8.11)

T

So integrating (8.8) in time from ¢ = ¢; to ¢ = ¢2 and using (8.9)-(8.11) yields a bound:

T+r x+r
[ wrorht) dy< [ 0Phn) dy

xT

+C{[(z+r+6)>*—(x+86)?| +r(x+r+8)} (8.12)

On the other hand, because h(y,t) is Lipschitz uniformly in the parameters €, d, ¢, R, we

have

T+Tr

+r
/ (y+ 6)h(y.£) dy — h(x, 1) /

T

(y + 0)> dy’ < Crs. (8.13)
So

T+r -1
(y +6)? dy] X

|h(z,ta) — h(x,t1)| < Cr+ (to — 1) [/
C{lx+7r+0)°—(z+0)?* +r(z+r+48)} (8.14)
otr -1
SCT+|t2—t1||:/+(y+5)2dy:| X

Cllz+r+8)>*+r(x+r+d)}. (8.15)

By choosing r = (t3 — t1)/?, we obtain

T+r -1
\h(z,ts) — h(z, t1)| < Cltg — t1|Y2 + |t2 — t1] [/ (y + 6)? dy} X

Cllz+r+8)+r(x+r+6)} (8.16)

Note that
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T+Tr r 1
/ (y+06)? dy > / y? dy = §r3 (8.17a)

[e=]

/ 82 dy > (x4 8 (8.17h)

Therefore, if  + 0 < [t — t1|"/? = r, then by using (8.17a),

\h(z,ts) — h(z, t1)] < Clty — t1|Y? + (Ju {|ta — t1| + [ta — t1]}
< Olty — t1|'/? (8.18)

And if z 4+ 6 > |ty — t1|1/? = r, then by using (8.17b),

|h(z,t2) — h(z,t1)] < Clta — ta] 2 + (|+6tl|{0:1:+7’+5) + Cr(z +7+6)?}
< Clty —t1)'V? + (|+5|{C z+0)2+Cr(z +r+0)}
<C<|t2—t1\1/2+|t2—t1|W)
<C <|t2—751\1/2+ |ta —t1|@j_®>
< Clty — t1]'/? (8.19)

Therefore, with this Holder bound in the time variable we conclude that we may apply
Arzela-Ascoli’s theorem. So (h(-,;€,0,¢, R))cs.c.r is in a compact subset of C'(K) for any
K cc C(R?). By this compactness, we can extract a converging sequence from

(h(-,-5€,0,¢,R))es.er With a limit h(y,t).

Remark 17. An important consequence of the maximum principle for h,(-,-; €, 6, ¢, R) is
that (1) If the initial data for ho(t) is monotone, then h(r,t) stays monotone (2) |h,| also

stays bounded.
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8.4 Far-field condition

In this section, we construct barriers in order to show that the function h(y,t) found in

the previous section satisfies the far-field condition.

Consider an ansatz v(r,t) = v + fr + Ce=4%tB% where A,C > 0,0 > /£, v € R are

constants used from the equation (8.1) and B > 0 is to be chosen. Then we have

vy = CBe—Ar-i-Bt
vy =0 — CAeAT+Bt

Vpp = OA2€_AT+Bt.

Applying the ansatz to the left-hand side of (8.3) yields an expression

K=K + Ky + K3,

where

€
e — /l),
(o +€)32] "
g 9
(5—|—rvr7
1 Uy
S0+ (v e)l/2

1
Ky = |g|v| + 3
Ky = Sign(vr)

K3

Note that we have the following inequalities: % <1/4, (

v -1

= 9 ) = U, - Y.
e <max(1e ) v <0, vy > 0. So
v €

;

_Ar 1e o
Kl < gw_CAe 4 +Bt‘ + 263:| Urr = |:g(_€+CA6 4 +Bt) +

€

53

N
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|vr\2+e)3/2 S 3

(8.20)
(8.21)

(8.22)

(8.23)

(8.24a)

(8.24b)

(8.24¢)

CAQGfATJrBt’

(8.25)



g 2
Ko = — <0 8.26
2 5 + TUT f— Y ( )
and
1 Uy
K3 = <0. (8.27)

(+7) (07 + )12~

Therefore, combining equations (8.25)-(8.27) with (8.23) yields

Ut—K:Z?}t—Kl—KQ—Kg
> v — Ky

> | B+ glA% — gC A3 — ﬁAQ CeArtBt, (8.28)

Choose B > —glA? + gC A3 + %. Then for all € < 1, (8.28) is nonnegative. Thus, we
found a super solution v of (8.3) that is chosen independent of €, §, and R. It can be

e~ ArtBt {5 4 subsolution for the same choice of B.

similarly shown that v = (v + ¢r) — C
Since u(r,0) < ho(r) < v(r,0), by the maximum principle for the solution h(r,t;€,d, R) of

the problem (8.3), we attain that
u(r,t) < h(r,t;e,0, R) < v(r,t) (8.29)

for all €,0, R > 0. Since the choice of v and v do not depend on the parameters ¢, §, R, by
passing (8.29) to the limit €, — 0 and R — oo, we conclude that the limit h(r, ) from

the previous section satisfy the far-field condition.

8.5 Proper viscosity solution

Away from r = 0, (8.30) is parabolic. So by a classical theory of second order parabolic

equations (see, [60, Theorem 12.22]), we have the following lemma:
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Lemma 12. Suppose that u. s5(r,t) is a sequence of solutions to (8.6). In the limit
d =0, ues(r,t), 7€ (0,R), t € (0,T), approach locally uniformly to

ue € C2((0,R) x (0,T)), which satisfies a parabolic equation
1 / g . 2 1
up = |glur| + 3¢ (ur) | Upr + ;&gn(ur)\uT] + ;a(u,,) (8.30)

in classical sense. Moreover, u. € C°([0, R] x (0,7)) N Lip([0, R] x (0,T)) and u. also

satisfies the Neumann condition u,(0,t) = 0 in the viscosity sense for all t > 0.

Proof. We only check the viscosity Neumann condition of Lemma 12 since the rest of the
above statement is classical. Let ¢ be a C%-test function such that max(u. — ¢) is
achieved at (0,%) and suppose by contradiction that —d,¢$(0,#) > 0. Then by the
convergence of maximum points [13,34], there exist sequences t° — # and 7% — 0 such
that u. s — ¢ achieves its maximum at (r,#°) where u, s is the solution of (8.3). Now, for
small enough §, —8,¢(r,t°) > 0 by the continuity of ¢. So r? cannot be 0 for a small
enough  because this would contradict the Neumann condition for u.s. Therefore, for
small enough § > 0, we have 7% # 0. Again by continuity, we also have

—0,¢(1r%,t%) > n > 0. However, this implies that

- 0 46
3 +58r¢(r ,t°) = 400 as d — 0. (8.31)

Note that when evaluating (8.3) at (9,¢%) and h = ¢, other terms in equation (8.3) are
either bounded or have the same sign as (8.31). Since the classical solution wepsiion,s is
also a subsolution of (8.3), the limit (8.31) contradicts the definition of subsolution.
Therefore, with this contradiction, we conclude that —,$(0,%) < 0 and u, satisfies the
Neumann condition in the sense of subsolution. We can similarly show that u. satisfies
the Neumann condition in the sense of supersolution. Therefore, u. satisfies the

Neumann condition in the viscosity sense. O
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Finally, we conclude this chapter by showing that the limit of the solutions to (8.30) is
indeed a proper viscosity solution of the problem (5.2). We follow an argument parallel

to the proof for the stability theorem in [31, Theorem 5.2].

Theorem 7. Suppose that u, : [0, R] — oo is a solution to
B 1, g._. 2 1
ug = |gluy| + zap, (ur) | upr + ;31gn(ur)|u7~] + ;am(ur). (8.32)

with

S

am(s) =

If u,y, is converging as m — oo with a limit u, then u is a proper viscosity solution to

(5.2).

To check the conventional test, one follows the usual procedure (see, [19, Lemma 6.1]).

So here, we focus on the faceted test.

Proof. Let ¢(r,t) = f(r) + g(t), r € [0, R], be an admissible test function in a general
position of radius n > 0 at (#,{) with respect to u. By definition, f is a Lipschitz support
function of some test pair (22—, y) with some Lipschitz constant L > 0. If 7 = 0 (this is
only possible if Q4 = (}), then by making 7 smaller if necessary, we notice that ¢(r,t) is
also in general position of u at some r € _ nearby 0. Therefore, we may assume 7 # 0
without loss of generality. Observe that the definition also ensures f(7 — z) = 0 for all
|z| <n. We set § =n/4.

The main idea f this proof is to construct admissible test functions for u,, that converge
to ¢(r,t) in some sense. In order to make sense of this convergence while addressing the
singularity in =20 (7"2 fr/l fr|) when f,. = 0, we turn to resolvent problems. Rather than
directly using the convergence of the sequence of solutions u,, of (8.32) to the solution u

of (5.2), we will compare the respective resolvent problems of (8.32) and (5.2).
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To that end, define a singular energy E : L?(Bgr(0)) — R U {+occ} where Br(0) C R3.

B [ (3|V| + 4|Vy[?) de  for ¢ € BV(BR(0)) N LA(Bg(0)) and |V4| € L3(Bg(0)),

+o00  otherwise

(8.34)

and a smooth approximation of E parameterized by m € N:

J (3VIVOP+m=2+ §IVol?) do for v € H'(BR(0)), VY| € L(Br(0))

400 otherwise
(8.35)
Then for any ¢ € D(OE,,), the subdifferential dE,,(¢) is a singleton and its only
element (thus, clearly this is the canonical restriction 3°E,,) has a formula
\Y%
O E,,(v) = —div v + |V VY | . (8.36)

2 (|Vy[2 +m—2)"/2

In the rest of this section, we replace the support function f : [0, R] — R with a radially
symmetric function f(z,t) = f(|r],t) and drop the tilde from f for the ease of notation.
The following lemma whose proof is provided in [31] provides a priori gradient bounds
for the solutions of the resolvent problems, which will be crucial in passing to the limit

m — 0.

Lemma 13. Let f(x) € Lip(Br(0)). Then for positive constants m,T,€, the resolvent

problems:
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fr+71OE(f:) 2 €f

fT,m + TaEm(f‘r,m) > Ef

admit unique Lipschitz continuous solutions fr and fr,, respectively. Also these

solutions satisfy Lipschitz bounds

IV frlloos [V frmlloo < €IV flloo-

Moreover, frm € C**(Bg(0)) for some o > 0.

Define

hT:fT_Ef, hﬂmzw

_ a0
T T - a Em(f7’,m),

where the last equality comes from the fact that O°Ep,(fr.m) is a singleton. If

furthermore, f € D(OF), then also
hy — —YE(ef) strongly in L*(Bgr(0)) as 7 — 0.

Roughly speaking, fr ., f- play the role of approximate support functions.
Since ¢ is in general position of radius 1 with respect to u, there is room for

perturbation. For ¢ :=n/4, let z be a vector satisfying |z| < d and

fT(i. - Z) :lnin fT‘
Bs(&)

Then by [31, Lemma 5.4], we obtain a bound

u(, ) — e inf f(z—2) - g(t) < w(@, t) —g(f)  telt—nt+n\1i

whenever x € U N Z", where U := {u(-,t) > u(f,?)} and Z := {f < 0}.
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Since fr uniformly converges to ef, the bound (8.43) implies that
u(z,t) — fr(z — 2z) — g(t) achieves a maxima on (U" N Z7) x [t — 6, 4 6] for small enough

7. Let (z;,t;), r # 0, be a point of maxima for

(x,t) = u(z,t) — fr(z —z) —g(t). (8.44)

Subsequently, by the uniform convergence f:,, — f-, there exists a sequence

m—0

(@rmstrm) — (xr,t;) such that the mapping

(:Ea t) = um(l‘at) - f‘r,m(x - z) - g(t) (8'45)
attains its maxima at (zrm,tr.m). Here, let m be small enough so that z, ., # 0.

Then since u,, is a viscosity solution to a regularized problem, with a test function

fT,m € 027017

g/(tﬂm) + O0Em(hrm)(@rm —2) + L\V(}‘}-,m(scﬂ-,m — 2|V frm(xrm —2) -1, <0. (8.46)

’xﬂm|

By definition of A, ,, this is equivalent to

9

|rm]

g (trm) = hem(Trm — 2) + IV frm(@rm — 2)|V frm(@rm — 2) - v <0. (8.47)

Now, by the Lipschitz bound (8.39), there exists a vector p, such that a subsequence of
V frm(Trm — z) converges to p, and |p;| < €||V |l = €L. Since & # 0, x is also
nonzero for sufficiently small 7 by the virtue of the continuity of g and the rest of the

left-hand side of (8.47) at x,. Therefore, in the limit of m — oo, we obtain

g
|z |

g (ty) — ho(xr — 2) + |pr|pr - v < 0. (8.48)

Next, the following lemma [31, Lemma 5.5] provides a bound for h;(xz,; — z).
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Lemma 14.

hr(xr —2) < h (2 — 2) = min hr (8.49)

Applying Lemma 14 to (8.48), we arrive at

|pr|prvr < g,(tT) —hr(zr —2) + i|p7"p7'V1” <0. (8.50)

d(t) — min h, + -
’$T|

Bs(#) |z7|
Furthermore, since |p;| < €L, we can choose a subsequence that converges to a limit p as
a — 0. Thus, in the limit of 7 — 0,
g

1/ . . . Al A
¢ (t) — liminf min h; + = |p[p - v» < 0. (8.51)
7—0 35(53) |LU‘

Finally, we take € — 0 in (8.51). By Lemma 13, h, — —9"E(ef) in L? as 7 — 0. On the

other hand, Bs(#) is contained in the facet 2_ \ €4, so for any x € Bs(%), we also have

- +
Furthermore, |p| < eL — 0 as ¢ — 0. Hence (8.51) approaches
~ B2 — R}
/ - +
g —3-=——F <0 (8.53)
R R

as € = 0.

Therefore, h satisfies the faceted test with respect to an arbitrary faceted test function
¢(x,t). Consequently, h is a proper viscosity sub-solution; furthremore, it can be
similarly shown that h is also a super-solution. Hence, h is indeed a proper viscosity

solution. O
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Appendix A:  Computations for facets in (141)D

A.1 Second-order difference scheme

Consider the difference scheme

Vi1 — 205 + Y1 = f; J=0,...,N=1; 9v_1=0=19n, (A1)

where f; can be time dependent but the time is suppressed since it is immaterial here.

By multiplying (A.1) by s’ and summing over j we have
sTHW(s) = vo + ns™] = 20(s) + s[U(s) +orsTh — s = F(s),

where F(s) is defined in (2.25). Thus, we obtain

- s — sV N 4 sF (s s
\IJ(S) _ '¢0 w—l wN (1 j‘;/)}é\f 1 + F( ) — (173_( 8))2 ’ (AQ)

which leads to (2.25) by virtue of the termination conditions. The point s =1 is a
removable singularity provided P(1) = 0 = P’(1), which yield (2.26).
The coefficient of s/ in ¥(s) is given by (2.20). By restricting the contour I in the

interior of the unit disk (|¢| < 1) and eliminating analytic terms, we have

b= L f ke dg

“omi b azee g 4= NoL (A-3)

Recalling the binomial expansion (1 — ()72 = 332 (1 + k)¢*, we find the series

00 l
%%CF(?O:%JFZGH [l+2+2(1+l—p)fp} : (A-4)
(1 C) 1=0 p=0
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The coefficient of ¢/ is singled out for [ = j — 1; thus, by (A.3) we recover (2.27). The

derivation of (2.38) and (2.39) follows from the same procedure.

A.2 Extensions

In this section we discuss two possible extensions of our formulation. First, we address
different laws of nearest-neighbor step interactions; in this case, the slope behavior, i.e.,
the exponent 1/2 (see Remarks 3 and 6), at facet edges is modified accordingly. Second,
we propose a “toy model” where the kinetics of attachment-detachment for extremal
steps are different from the kinetics for other steps. Our discussion aims to indicate the
role that individual steps may play in the derivation of boundary conditions in the
continuum setting.

Another plausible extension concerns the presence of an Ehrlich-Schwoebel barrier, by
which the attachment-detachment law for all steps is characterized by different kinetic
rates, say k, and kg, for up- and down-steps [20,93]. In this case, the effective kinetic
rate for the adatom flux is the harmonic average of k, and ky [64]. Our analysis remains
essentially intact, leading to the same form of continuum laws. This case is not discussed

any further.

A.2.1 Multipole nearest-neighbor step interactions

In this section, we discuss continuum-scale implications of the step energy [64]
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which in principle includes step multipole interactions for integer o > 2 [78]; o = 2 for

dipole step interactions. The jth-step chemical potential is

p= 5 = 71(m?+1—m?j11), j=1...,N—-1; (A.6)
Tj
in addition, pp = e~ ! m8‘+1 and uy = —€~ m?\,ﬂl Formulas for the adatom flux and

step velocity ensue from Section 2.1 via m — maJrl in p;.

For instance, in DL kinetics the discrete scheme for steps now reads

i _ —4 +1 +1 +1 +1 +1

FJZ = —€ "[mjp(m] ]+2 —2m3{y +miT) = 2my(mi = 2mIT +miT)
+mj_ 1( atl Qm?‘jll —i—m;“irzl)] , 7=0,...,N—1; (A.7a)
m_1=0=mpy, m_o, mysq: finite . (A.7b)

Thus, the discrete self-similar slopes read m;(t) = [(a+ 3)t + K]fa%rBMj.
To proceed along the lines of Section 2.3, let ; = M; atl. or, more generally,
¥i(t) = m;(t)*". Our manipulations for 1; remain intact. The analogue of

Proposition 2 contains the relation (cf. (2.37))

m(h)°+! = C1h — C /0 h=2) .y / / O dcdz,  (AS)

where C] and Cy are subject to the vanishing of slope and flux at h = 1.

Iterations of (A.8) yield a formal expansion of the slope near the facet edge (h = 0).
Accordingly, we obtain m(h(z,t),t) = O((x — z¢(t))"/*) as x — x¢(t), the position of a
facet edge, for sufficiently long times. This behavior manifests the intimate connection of

step interaction law and near-facet expansion at equilibrium [10].

A.2.2 Special kinetics of extremal step

In this section we explore the following scenario. Suppose the attachment-detachment

law for extremal steps (j = 0, N) involve kinetic rates, say kg, for j = 0 and kg for
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j = N, which may be different from k. So, according to linear kinetics, the fluxes

impinging on these steps are

—po = 2k (po — pgq) r=x9; @n-1=2kr(pN-1— p‘?\?) T =N . (A.9)

At the remaining steps, the fluxes have rate 2k. We study whether kr, or kr can possibly
distort nontrivially the previous boundary conditions in the macroscopic limit, assuming
this limit is well defined. Without loss of generality, set kr = k # ki, and define

B = ki, /k > 0; hence, we restrict attention to the left facet edge (h = 0). It is tempting
to claim that, in the limit € | 0, the detail of (A.9) disappears and we recover a
continuum-scale boundary condition of zero slope and flux. We discuss formally why this
claim is consistent with steps if 5 = O(1). The situation is subtler if 5 = O(€7), v > 0.
The 0-th terrace adatom flux is g = —e =1 (ke)mo (p{* — pg?)/ (ke + mo) where

k= k"1 +k 1)=1. We focus on ADL kinetics, where surface processes are limited by
atom attachment-detachment at steps, and scale time by ke. The motion laws for the
discrete slopes are described by (2.13a) along with the partially modified termination
conditions

s + (1= B)(mi — 2mi) = 0 = m | (A.10a)
mg —2m3, +m3, =0=m}_; — 2m3 + m?vﬂ . (A.10b)

Equations (A.10b) state that the auxiliary discrete fluxes vanish, in accord with (2.13b);
hence, we expect that the boundary conditions for the continuum-scale flux are intact.
By contrast, (A.10a) indicates a nonzero m_1, which in turn suggests the possibility of a
nonzero continuum-scale slope as h | 0. (Note, however, that in view of (A.10a) the
mirror symmetry of the system is removed.)

We proceed to convert (2.13a) to sum equations via generating polynomials from
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Appendix A.2.3; let ; = m:; After some algebra, we find (cf. (2.48))

¥ = é{/a(wl—2¢0)j2<j+3>+2[w0+w1—2(6—1)<w1—2wo>]j+6wo
j—2

A= DG -G -+ DA (A1)

p=0

where, with F'(s) = ¢* Z;-V:_Ol s7(d/dt)y;(t) /3, the requisite coefficients are

—~NF(1)+ F'(1)
N+1 ’

B(1 — 24h) =

2N+ D+ 41— 206 - (o = 200)] = (287 - N+ 62 B Y

B N+1
2 /8_1 1 / " "
+ (2]\7 —5N+2—6ﬂN+1>F (1)=3(N -—1)F"(1)+ F"(1) ,
_ 2 ﬁ_l N 2
B_l N / " "
+6BN+1>F (1) =3(N = 1)F"(1) + F"(1) .

Note the term 1)y entering the right-hand side of (A.11). The question arises as to
whether 1Yy = O(1) as € L 0 by manipulation of 3.

Consider the limit of (A.11) as N — oo with ¢(N + 1) = 1. By inspection of the
preceding formulas and repetition of the procedure of Section 2.3.2.2, we infer that any
contribution of 3 is negligible if 5 = O(1). In this case, the macroscopic laws are
identical to those for § =1 (Section 2.3.2.2); so, the slope and flux vanish at the facet
edges. These conditions appear to persist provided 8 > O(N~3). In particular, the flux
vanishes at h = 0, 1 for any 8 > 0 (provided the continuum limit is meaningful). A
possibility for nonzero slope as h | 0 may arise if 3 = O(N~3).

Entertaining the scenario of a small, extreme 3, suppose 8 = 3/N3, 3 = O(1) > 0, while
the macroscopic limit makes sense, e.g., N4~ F /(") (1) — fol 2" Lo m(z,t) " dz = O(1)
as N — oo; n =1,2,3,4 and F'(")(s) denotes the nth-order derivative of F(s). By
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dominant balance we wind up with

m(h,t)® = Co(t) + C1(t)h — C3(t)h> + é /h(h —2)3 9 [m(z,t) " dz ; (A.12)
0

cf. (2.53). The coefficients Cy(t), C1(t), Cs3(t) are found to be

1
Colt) =timun(t) = 5 [ (1= 2)ayfm(z.0)"]dz
€ 0
which signifies the nonzero value of the continuum slope as h | 0, and

$1(t) + o(t) — 2(8 — Dgh(t) — 2¢0(¢)]

G = leiﬁ)l 3€
1
_ é/o (1= 6571 = 2) — (1 — 2)Y[m(z,8) ] dz
. 1
Cg(t) _ _lﬁlﬁ)l /B[wl(t)6€32¢0(t)] _ (13/0 (1 _ Z) at[m(z,t)_l] dz .

Note that if 3> 1, (A.12) reduces to the macroscopic limit of Section 2.3.2.2.
A sufficiently small § forces the microscale flux at the top step to become small; thus,
the motion of the extremal step tends to be frozen and the density of steps increases in

the vicinity of the left facet edge. Interestingly, our heuristic analysis indicates the

critical scaling O(N~3) for f3.

A.2.3 Fourth-order difference scheme

Next, consider the difference scheme (2.46). The generating polynomial, ¥(s),

introduced in (2.21) satisfies

sTHW — ahg — h1s + s + oy ) — dsTHT — ohg + oy s)
+ 6V —4s(V + Y157t — wN_lstl) + 32(\11 + 95 24 p_qs!

N-1
— gy T =y oV = F(s) = > fysl
j=0
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In view of termination conditions (2.46b), we thus find

U(s) = (A.13a)
where the numerator is

P(s) = o+ (b1 —40)s + thos” + n_1™ T + (Pn_o — dpy_1)s" 2
+hn_15™ T 4 52 F(s) . (A.13b)
Clearly, the point s = 1 must be a removable singularity in (A.13a); thus, we should have
P(1) =P'(1) = P"(1) = P"”(1) = 0, which entail a system of equations for the

parameters g, V1, YN—2, UN_1:

Y1 — 20+ Yn—2 — 2¢n-—1 = —F(1) ,
Y1 — 2o + (N +2)(Yn-2 — 2¢n-1) = —2F(1) — F'(1) ,
2pg + (N + 1)(N + 2)thy_o — 2(N? + 3N + 1)y = —2F(1)
— A1) - F(1)
N(N + 1)(N +2)¢n—2 — 2(N? = 1)(N + 3)¢n—1 = —6[F'(1)
+F"(1)]-F"(1). (A.14)
The solution of this system leads to formulas (2.49).
Next, we determine 1); in terms of 1, 91 with recourse to (2.20); I' is a contour

enclosing 0 in the interior of the unit disk. By removing the analytic part of the

integrand, we have (for j =0, ..., N — 1)

L [ tot (1 = 4ho)C oG + CF(Q) d¢
4= § 00 G (A.15)

By virtue of the binomial expansion

1

l
(1— 3;z+1 )1+ 2)(1+3)¢ K| <1,
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the integrand in (A.15) has residue equal to

[P0+ 164206 8) + (01— 403G+ DG+ 2) + 0~ 035+ 1)
j—2
+Y G-1-pG-p)G—p+Df| -

p=0

By separating distinct powers of j in the first line, we obtain (2.48).

A.3 Tterations of integral equations

In this appendix, we discuss the integral equations of Section 2.3, especially the use of
iterations for formally constructing expansions of solutions near facet edges. The case
with evaporation-condensation serves as a paradigm for validation of the iteration
procedure, since a simple exact, global similarity solution for the slope is derived

independently.

A.3.1 Evaporation-condensation

Iteration scheme. Consider the sequence {m(™ (h)}>2, defined by (2.31). On the basis of

the proposed scheme, we compute

9 1/3
n=1: mM(h) = (Clh - m011/3h5/3>

= mW(h) —mO(h) = —13—00;% FOMBY  ashl0.  (A.16)

More generally, the difference dm(™ = m( — m(=1 gatisfies

(h — 2)dm=1(z)
mm=1) (2)m-2)(z)

h
5™ M2 | (=D 4 (n=1)2)(p) = / dz (A7)
0

for n =2, ...; m"™(h) ~ (C1h)/? for every n as h | 0. By inspection of (A.16) and

(A.17), we see that 6m(™ (h) ~ a,hb". For instance, for n = 2 we compute
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ay = —(9/280)Cy /*, by = 5/3 and

7M”NWNNM—2;Cf“mﬁ:(ah—ﬁng%Wﬁhg—g;aﬁ“mﬁ,
which immediately leads to the three-term expansion (2.32) for m(h). Higher-order
terms are generated in an analogous fashion, but of course the algebra becomes
increasingly cumbersome with the order, n.
Global similarity solution. 1t is rather fortuitous that m(h) can be determined globally,
thus rendering possible a comparison with expansion (2.32). By ¢(h) = m(h)3, the
governing ODE is ¢" = —¢~ /3, where the prime denotes the derivative in h. If
¥(0) = 0 =1(1), by symmetry we can restrict ¢»(h) in (0,1/2) where ¢'(h) > 0 and

¢'(1/2) = 0. The ODE is split into the system
W =w, w=—yp 3 (A.18)
to which we associate a constant of motion via the “energy”
E(h) = Jw(h)? + 3¢(h)¥3; &'(h)=0. (A.19)

Thus, solutions of (A.18) can be parametrized by the constant ¢ = £(h).
Suppose that we look for solutions consistent with integral equation (2.18). So, we

require that v, w solve (A.18) for h € (0,1/2) under the conditions
P(0)=0, w(1/2)=0. (A.20)

By definition of £ and w we compute h(m) by

m=m 3 (A.21)

h—/w(m—c<mﬂm—m1—mﬁ~
0 \/2c—3e273 V3 ’ 2
and 0 < h < 1/2 along with w = d¢/dh > 0. The solution h(m) for 1/2 < h <1is

obtained by reflection. In principle, (A.21) (and its reflection) can be inverted to
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generate m(h). The constant ¢ can be found by setting h = 1/2 in (A.21) and using the
definition of £(h) and w(1/2) = 0. Thus, we deduce

1 e ge

0 V2 — 3¢2/3

and m(1/2) = 37 1/421/27=1/2,

c=30(1/2)*3/2 = ¢=3/r1, (A.22)

We proceed to generate a power series of m(h) in h by inversion of (A.21). We write the

Maclaurin expansion

TR+ 4
h— 2 2+l =
" lz; ar) w-1" m<1,

where I'(2) is the usual Gamma function. The inversion of the last series up to three

terms yields

2

_3ah 3 (3axh\*® 3 (3xh
B 280

7/3
~ 3 3

This expansion is in agreement with (2.32) provided C; = 31/42Y/27=1/2, 1t is worthwhile
noting that the complete h-expansion produced by inversion of the exact solution is

convergent in a neighborhood of A = 0.

A.3.2 DL kinetics

Consider scheme (2.42). Because of the increasingly elaborate algebra, we compute up to

three terms for m(h(n)).

”L(l)(h)3 = C1h - /h 7]1 Coz dz = Cr1h — — C: h8/3 (A.24)
' 0 (012)1/3 2 ' 0011/3 ’ .
‘P(l)(h) Czh /h h—z dz = C h——C’_l/3h5/3 ;
2 0 (012)1/3 2 10 1 ’

(1)
P (h) _ Co yags 9 23 73
:>m(1)(h)—011/3h 1001 2+ O(h'?) hlo.
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Accordingly, an approximation for m((h) comes from

h o
)’ = G- /0 (h=2) iu)((z))

9 Gy 8/3 3! —2/3,10/3 13/3
1

which leads to (2.43) where m(h(n)) = h'(n). By integrating in 1 we find

_ 3 -1/3 2/3 9 CZ 7/3 9 —213 4
_3 228 o2y h hl0.
=34 380 5P 7001 O ‘

The inversion of this expansion yields

2\ %2 1/2 32 2 4 8 5 13/2
() cy 0 —%Cﬁ +mﬁ +O(7777), (A.26)

which is reduced to (2.44) through differentiation.
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Appendix B: Evaporation model as limit of BCF-type model in radial setting

In this chapter, we discuss we discuss the source of the geometric factor by deriving M2
as a special case of surface diffusion in the BCF framework; M1 follows from
simplification of this model.

First, we provide a modified evaporation-condensation model, M3, which is derived as a
special limit of surface diffusion in the context of BCF theory [6,84] in the presence of
desorption and an inverse ES effect. M3 is subsequently simplified to model M2. Outside
the facet, these models reduce to the same PDE for the slope profile.

Let C; be the concentration of adatoms on the ith terrace, r;_1 < r < r;, and tqs be a
typical desorption time. In juxtaposition to our ad hoc models M1 and M2, here we
adopt the viewpoint that the step velocity is driven by changes in the adatom flux across
terraces. So, we start with a diffusion equation for the concentration, C;, of adatoms

including desorption under the quasi-steady approximation:

OrrCs + rfla,,Ci — /1201‘ =0 rio1 <r<r;, (B.l)

where k2 = (Dstgs) ™! (k > 0). Equation (B.1) has the general solution [100]

Ci(r) = Ailp(kr) + B Ko(kr) , (B.2)

where Iy(z) and Ky(z) are modified Bessel fuctions of zeroth order; and A; and B; are

integration constants to be determined from the boundary conditions at the bounding
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step edges. The requisite conditions are
—Ji(r,t) = ky(C; — C’fq) , r=r;, (B.3a)
j(’l" t) = kd(C CZ+1) s r=Ti+1 , (B.3b)

where J;(r,t) = —D30,C;(r,t) is the adatom flux on the ith terrace, k, (kq) is the
kinetic rate for atom attachment/detachment at an up-step (down-step), and C;® is the

equilibrium concentration at the ith step edge. By (B.2) and (B.3), we obtain

1 k kq
4 = ————C{Y | Kpy(kri Ko(kr;
o i) + e Ka(erio)
kaq e Ky
_70121 [Ko(m’z) DSIQKO(HTi):|} ;
ku
Bi = D H—l IO I{Tl) Disﬁlo(li’r‘i)
k k
g {Io<m+1>+Dj,go<m+1>]},

where the prime denotes differentiation with respect to the argument and

ke, k
D; = [I(/)(/m) — Io(fﬂ“i)] [K(/J(Hri—i—l) + DdﬁKo(/sz‘Jrl)]

S

kd u
_ |:I(/)(I€Ti+1) + DSIQIO(HTi+1):| |:K6(K,’I”Z) — Ds,{Ko(li’r‘i):| . (B4)
The step velocity law for surface diffusion reads [6, 53]
Q
T = E(jifl - Ji) =T (B.5)
By (B.2), the step velocity becomes
Q
’l.“i = —*HDS [Aifll[,)(/ﬂ“i) + BiflK(/)(eri) — Azl(/)(/ﬂ"z) — BzK(/)(/{TI)] . (BG)

a

We now simplify the right-hand side of (B.6) under the conditions

kutgs < 1y,  Kr; L1, Ky < kg, ‘7“7; — Ti_1| L kgtys - (B.7)
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Note that the second inequality implies that the diffusion length /Dty is large
compared to the step radius. The third inequality expresses an inverse ES effect. Thus,

we obtain the simplified step motion law

Qritrioar—ria

cea (B.8)

ri = _Q 2r; a ’
which reveals the (geometric) structure of the discrete mobility if C;? is affine in the step
chemical potential, p;. Now recall the usual Gibbs-Thomson relation [53],

CY = Csexp(pi/T) ~ (Cs/T)(T + i) for |pi| < T where T is Boltzmann’s energy (or

absolute temperature in appropriate units); evidently, M2 results from (B.8) by removal

of the constant T [cf. (3.7)].
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Appendix C: On discrete equations with g = 0 in radial setting

In this appendix, we solve exactly the equations of motion (3.15) with ¢ = 0 for the two
top steps, aiming to obtain a recursion relation for the time differences 6,, = t,, — t,_1.
Our results enable us to check the accuracy of our numerical scheme for solving the step

ODEs. We employ units with vQ2g;1 =1 = a.

C.1 Model M1

First, consider times ¢,_1 < t < t,, for fixed collapse number n (n > 1). For g = 0, (3.15)

reduce to
TP — Ti_
fi=———— L >, (C.1)
r;
In particular, for ¢ = n we have 7, = —1 by which
Pn(t) =tn —t, tnq <t<tn. (C.2)
We proceed to determine r,,11(t), which satisfies 741741 = —Tn+1 + tn — t in view of

(C.2). We seek a solution in parametric form by using another independent variable, say,
7. Let t, —t = o(7) and r,41(t) = o(7)p(7) where o and p are to be determined. The
ODE for 7,41 (t) yields

o pp

s P optl 3

which can be integrated exactly; 6 = do/dr. By setting p(7) = 7 (without loss of
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generality), we find o(7) and thereby compute ¢ and 7,41 as functions of 7:
ras1(t(r)) = C (72 —71+1)7 200,
tr) = ta—C(r2—71+1)7V2MD, (C.4)

where 7 > 7, (and 7, depends on n) and

V3(1 —27)
K(r) = ——=tan ' | —— 2|, C.5
(7) 23 [1+27—2T2] (C.5)
The (in principle n-dependent) constants C' and 7, are determined by the initial
conditions ¢(7i) = tp—1 and 741 (t(7)) = rny1(tn—1) = Ry. Thus, we obtain
1/2
7'2 — T« + 1 K
- _ e T T2 (T)—K(7)
t(7) tn (5n(7_2_7_+1 e ,
) ' 1/2
N ik () K () o6
s (7)) %(TQ_TH) re , (C6)
where
R
Y = —. C.7
n=7 ()

As the nth step collapses, t 1 t,, and thus 7 — oo; the radius 7,41 (t,) follows from (C.6).
Now consider times ¢, < t < t,,11, after the nth step collapses. Then, 7y, 1(t) = tp+1 — t.

By continuity of 7,41(¢) and use of (C.6), we find the recursion relation

) ©8)

where Ten = Tx = mn/(sn = 7"n+1(tn71)/5n'

It is of interest to discuss implications of (C.8) in the limit n — oo, under the
assumption that 6,41/, 2 1. By (C.8), 7, cannot approach 0. If in addition 6,41/, is
assumed to be bounded with n, as is presumably the case for an initial conical profile
(where 7;(0) in linear in i), we assert that 7, , must approach a finite value: 7., — 7, as
n — o0o. Thus, 7, obeys

(12 — 7o + 1)Y/2e7K(m) — 1, (C.9)
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By numerically solving this transcendental equation, we find 7, =~ 1.66, in agreement

with our (independent) numerical simulations for (3.15).

C.2 Model M2

Consider times t,_1 < t < t,, for fixed collapse number n (n > 1). For g =0, (3.15)

reduce to
. Tyt Ti—1 T — T .
L= > n. C.10
i 2r; T b=n ( )
In particular, for ¢ = n we have 7, = —1/2 by which
1
ra(t) =5 (tn =), ooy <t<tn. (C.11)

We proceed to determine r,,41(t), which satisfies
872 1Fn1 = — (2rpg1 + tn — t) (2rn41 — (& — t)) in view of (C.11). As before, we seek a
solution in parametric form by using an independent variable 7. The ODE for 7,11 ()

yields
& pp?

o pP-Qp+1)2p-1)/8

where o(7), p(7) are the functions defined as in the case M1. By integrating the above
equation exactly and by setting p(7) = 7, we find o(7) and thereby compute ¢ and 7,11
as functions of 7. Accompanied by initial conditions ¢(7.) = t,—1 and

Tnt1(t(74)) = 41 (th—1) = Ry, these solutions become

HT) = by — 0, R

1 (t(r)) = G, TR (C.12)
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where 7 > 7, (and 7, depends on n) and

As the nth step collapses, t 1 ¢, and thus 7 — oo; the radius r,41(t,) follows from (C.12).
Now, consider times t,, <t < t,t1, after the nth step collapses. Then,
Tn+1(t) = & (tn41 — t). By continuity of 7,41(t) and use of (C.12), we find the recursion

relation

6n+1 e
5 2 II (= wmr, (C.13)
w;elU
where 7, , = 7 = Ry, /6y = rip1(tn—1)/0n.
By (C.8), 7y cannot approach 0. If in addition 0,,1/0, is assumed to be bounded with
n, as is presumably the case for an initial conical profile (where r;(0) in linear in ), we
assert that 7., must approach a finite value: 7., — 7, as n — oco. Thus, 7, obeys
2 H (7o —wi)“iil—l =1.
w; €U

By numerically solving this transcendental equation, we find 7, ~ 0.94, in agreement

with our (independent) numerical simulations for (3.15). Finally, using this result, we

n Z(tn)“l’rn l(tn) —
t 2rn+2(t75 =0.77.

obtain g = limy_, G(t) = limy,, o0
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Appendix D:  Continuum solutions for g = 0 in radial setting

In this appendix, we provide some detailed derivations of formulas needed in section
3.4.5.
Consider the PDE solution (3.45). The differentiation of height continuity, equation

(3.36), with respect to ¢ under initial data (3.42) entails

he(t) = —7¢(t) —

Accordingly, generalized condition (3.40) on &(-,t) yields an ODE for r¢(¢):

2G(t) — 1]

i) = Tf2 -t

;o re(0) =g (D.2)

Once r¢(t) is computed, h¢(t) can be found via (3.36) and (3.45).
Next, specify values of G(t) by Remark 7. For G = 1, r¢(t) satisfies

Tt

. 0) = o - D.3
gt 0 =r (D.3)

i =
This ODE is solved exactly by inversion, ¢ — T'(r¢) = t:
t=T(r¢) =— (riy/3) ry ' +17/3 . (D.4)

Hence, r; satisfies the cubic polynomial equation 7“? — 3try — 7“?0 = 0 and turns out to

be [7] r¢(t) = [r)/2 + 9] + [rd,/2 — 9(t)]Y/? where 9(t) = /7S /4 — 3 (the positive

square root is taken for ¢ < 2_2/37“?0). For ¢t > 2_2/3rf20, the solution reads

1 418 —riy
re(t) = 2Vt cos<3 tan~! 3> .

Tf0

(D.5)
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Equation (D.5) leads to asymptotic formula (3.47). The facet height is furnished by
height continuity, h¢(t) = hg + ro — r¢ — t/r¢; in particular, we wind up with (3.48).

Now set G (t) = ¢ # 1. Then, again by inversion, (D.2) is exactly solved by

(4e—1)/(2¢—1)
t=T(ry) = (4c— 1)1 7 [1 - (fO) e ] . (D.6)

Tf
This equation no longer leads to a polynomial in ¢, in contrast to (D.4). We have been
unable to invert (D.6) analytically. Nonetheless, we can obtain an asymptotic formula
for 7¢ in the limit ¢ — oo. Notably, growth of a real, nonnegative r¢(t) as t — oo implies
¢ > 1/2. For these values of ¢, the first term on the right-hand side of (D.6) dominates
for large enough ¢. A more precise argument to deduce the growth of r¢(¢) can be
sketched as follows. As ¢t — oo, we have either 7 — +o0 or 7¢ | 0 (since r¢ > 0). Suppose

that 7¢(t) decays as t — oo. Consider large ¢. For ¢ < 1/4, (D.6) would entail

(1 — 4e)t ~ 7’(4“71)/(2“1)@1/(1’2‘)

0 , a contradiction. A similar contradiction is encountered

if 1/4 <c¢<1/2. For ¢ > 1/2, by (D.6) r¢(t) would not be compatible with a real
solution. Therefore, r¢(t) — 400 as t — oo, which implies (3.50) with ¢ > 1/2. In the
exceptional case with ¢ = 1/2, by (D.2) r¢(t) = rg for all ¢ > 0; there is no facet

evolution.
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Appendix E: Formal boundary layer analysis for facets in radial setting

In this appendix, we provide heuristic derivations of formulas presented in section 3.5.3
by invoking elements of singular perturbation theory [45]. Self similarity is not needed
for our main arguments.

First, m(r,t) is recast to a form that manifests the boundary layer width. Inside the

boundary layer (inner region), write

o —re(t)

m(r,t) = ao(t) fo(C, 1) ¢= gO‘T(t) =0(1) . (E.1)

The substitution of (E.1) into PDE (3.24) yields

1
(rt + gow()?

2
9" 280 { (1 + g"wC) Ol (rs + g"wO) £} -

, 000 ,. o
ao fo + aodifo — g EO(Tf + g“w(Q) O¢ fo = —

By treating ¢ as well as ag, fo, w, 7t and their derivatives as O(1) quantities for
0 < g < 1, we observe that the O(¢~%) term on the left-hand side of the last equation
must be balanced by the O(g'~2%) term; thus, a = 1, as claimed in (3.58).

The resulting equation for fy reads
dec(f§) = —ldcfo  ¢>0; L:=wit/ag . (E.2)

Now let us match ag(t) fo(¢,t) as ( — oo with the outer solution for m given by (3.46) as

r | r¢(t), assuming there is a region where the two solutions overlap. Accordingly, we
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choose to set ag(t) equal to 1 —t/r?, as displayed in (3.59), while we take
fo—1 as(— 0. (E.3)

By integrating (E.2), in view of (E.3), we obtain

(fe=t1—fo) ¢>0; fo=0 as¢lO. (E.4)

Here, we impose the condition of slope continuity at the facet edge. We henceforth
consider 9, fy = 0 and set £ = const. By (E.4), we obtain 2fy 4+ In(1 — fo) = —¢¢, which
must be reconciled with (E.3). Thus, ¢ > 0; without loss of generality, set £ = 1. This
value leads to formula (3.60). It is of some interest to note that

fo(Q) = 1+ W(—e 17¢/2) where W (z) is the Lambert function [15].

By definition of ¢ in (E.2), we extract a formula for the boundary layer width in accord
with (3.58). This finding concludes our computation of the inner solution for m. As
usual, a composite formula can be constructed by adding the outer solution (3.46) to the
inner solution, ag(t) fo(¢), and subtracting their common limit (valid in the overlap

region where ¢ — o0) [45]; cf. (3.59).
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Appendix F:  On near-facet expansion for m(n)

In this appendix, we provide the coefficients ¢; for the sum Sy introduced in (3.57) with
k = 13. In this vein, we also invoke the coefficients, d;, of expansion M;(s) ~ Zle dist.
By dominant balance in the similarity ODE (3.53) along with the facet condition (3.54)

and after some algebra we derive the following formulas. Set § = g/g.

dy = co=0, di=mgy ", c=+di, do=—c1n/(33), c2=da/(2c1),

e 1 C% ds — C% 4 377f201 + 317?03
dy = —12=24 — 4 L o= , dy=— — + 3dant |,
49 2gn¢ - 2m 2¢1 1577 49 K
dy — 2coc3 1 30277f2 + 2647]? ds — 2cocy — C%
C4 261 ) 5 67]? 2§ + 37 ), Cs 201 )
4 3eine + 90317f2 + 56577? dg — 2coc5 — 2c3¢4
dg = ~— 5ds /4 + 10d , = ,
6 3572 ( 15 + 5d2/4 + 10d s Cé 2%
1 [/ 3can + 6can? + 3cen? d7 — 2¢c9c6 — 2¢305 — 2
d = ——— 270 4z7f an+3d3+15d577f o= 7 2C6 3C5 1
1277 29 2c1
4 c1 + 9csne + 150577f2 + 70777?
dg = — — + 21d4/4 + 21d ,
8 637 ( 15 4/4 + 21dgns
cg = (dg - 20207 — 20306 — 20465)/(261),
1 ca + 6cans + 9cgn? + degn?
dy = ——— 2 47t . 67 87l¢ + 8ds + 2871 ),
20m; 29
co = (dyg —2cacg — 2c3c7 — 2c406 — ¢2)/(2¢1),
4 (3cs3+ 15¢5me + 21ern? + 9eon?
dyp = ———p( DB I T SO T IO | 45dg /4 + 36dsry ),
99n; 4g
clo = (dio — 2cacg — 2c3c8 — 2c407 — 2¢5¢6) /(2¢1),
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C11

di2

C12

di3

C13

1 (204 + 9cenr + 12¢sm? + Serong

— — + 15d7 + 45d f),
3072 25 7 o

(du — 202010 - 26309 — 26468 — 26507 — C%)/(ch),

4 <5C5 + 21erns + 27con? + 1leyng

— 77dsg/4 + 55d ,
1432 1 + 77dg/ 1077f)

(d12 — 262011 — 203010 — 20469 — 20568 — 20667)/(261),

1 (366 + 12¢csm¢ + 15¢10m7 + 6c12m}

— 24dg + 66d ,
4277f2 2% + 9 1177f>

(dlg — 262612 — 203611 — 204610 — 20569 — 26668 — C%)/(ch).
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