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Abstract

This thesis is devoted to the rigorous study of approximations for (multi-phase) mean curva-
ture flow and related equations. We establish convergence towards weak solutions of the according
geometric evolution equations in the BV-setting of finite perimeter sets. Our proofs are of varia-
tional nature in the sense that we use the gradient flow structure of (multi-phase) mean curvature
flow. We study two classes of schemes, namely phase-field models and thresholding schemes. The
starting point of our investigation is the fact that both, the Allen-Cahn Equation and the thresh-
olding scheme, preserve this gradient flow structure. The Allen-Cahn Equation is a gradient flow
itself, while the thresholding scheme is a minimizing movements scheme for an energy that I'-
converges to the total interfacial energy. In both cases we can incorporate external forces or a
volume-constraint. In the spirit of the work of Luckhaus and Sturzenhecker (Calc. Var. Partial Dif-
ferential Equations 3(2):253-271, 1995), our results are conditional in the sense that we assume
the time-integrated energies to converge to those of the limit. Although this assumption is natural,
it is not guaranteed by the a priori estimates at hand.
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Introduction

Mean curvature flow is one of the most fundamental geometric evolution equations. It can be
viewed as a system of degenerate parabolic equations or as the L?-gradient flow of the area func-
tional, and is thus a very natural object of study in geometry. However, it was not a mathematician
who “discovered” the equation but W. W. Mullins, a physicist who devoted most of his career to
the study of materials. As for many others after him, his motivation for studying mean curvature
flow was grain growth, a coarsening process in polycrystals undergoing heat treatment. If we allow
ourselves to call his paper [70] the hour of birth of mean curvature flow, then it is identical with
the hour of birth of its multi-phase version, where each phase corresponds to a grain in Mullins’
model. It seems that he was the first to write down the mean curvature flow equation

V =0ouH,

where V' denotes the normal velocity and H the mean curvature of the interface. The free energy
density o and the mobility p associated to a grain boundary depend on the mismatch of the two
adjacent crystal lattices and on the orientation of the grain boundary w. r. t. these lattices. In other
words, o = 0;;(v) and = p;;(v) are indexed by the two adjacent phases and are anisotropic,
i. e. dependent on the normal v of the interface. We restrict ourselves to the simplest choice of
mobilities and neglect anisotropies. However, we consider a wide class of surface tensions o5,
including the most popular ansatz for small angle grain boundaries [74]. Especially because of
the application to grain growth, the development and analysis of numerical schemes for simulating
mean curvature flow and its multi-phase version have a long history. This work is devoted to the
analysis of such algorithms. We prove rigorous convergence results towards weak solutions of
multi-phase mean-curvature flow.

Mean curvature flow shares common features with other geometric evolution equations, such
as Ricci flow and the harmonic map heat flow, but also with the semi-linear heat equation. The
latter connection is not surprising since on the curvature level, mean curvature flow is a reaction-
diffusion equation. Let us point out two compelling examples to illustrate these similarities. Only
a few years after Giga and Kohn [39] derived a monotonicity formula for the semi-linear heat
equation to study blow-ups of solutions, Struwe [84] developed a similar theory for the harmonic
map heat flow, and so did Huisken [42] for mean curvature flow. The connection to Ricci flow is
evident when comparing Hamilton’s program for Ricci flow (and in particular Perelman’s recent
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progress [72, 73]) to the work of Huisken and Sinestrari [43, 44, 45] on mean curvature flow with
surgery. To understand the geometry of a surface, they alter it by smooth mean curvature flow (or
its metric by smooth Ricci flow) interrupted by topological surgeries.

The mathematical analysis of mean curvature flow is challenging because generically solutions
develop singularities in finite time. Only in a few examples, such as entire graphs [26], smooth
solutions exist for all times. In the classical setting, the evolving surfaces are described by their
parametrizations. The resulting equation is invariant under reparametrizations which causes its de-
generacy. Starting from a smoothly embedded, compact surface, short-time existence follows from
standard theory after an appropriate choice of a gauge, but the evolution develops singularities in
finite time. Blow-ups at singularities are self-similar solutions which have already been studied by
Mullins. He found examples of homothetically expanding and shrinking solutions and the translat-
ing solution which nowadays goes by the creative name of “grim reaper”. The characterization of
these special solutions is important to understand singularities but is not yet settled.

In order to define solutions past singularities, several notions of weak solutions have been
developed during the last decades. A very robust notion of weak solutions which goes by the
somewhat misleading name of viscosity solution is based on the following comparison principle
of two-phase mean-curvature flow. Two disjoint surfaces stay disjoint during the evolution by
mean curvature flow. In fact, the distance of the surfaces is non-increasing. The viscosity solution
Y(t) is the largest closed set enjoying this comparison property when tested with surfaces evolving
smoothly by mean curvature. In the original papers of Chen, Giga and Goto [22], and Evans and
Spruck [36], the (equivalent) definition of the viscosity solution is based on the level set formulation
of Osher and Sethian [71]. Instead of evolving the surface X.0, they consider a generic function u"
having X0 as a level set, and evolve u” according to the degenerate parabolic equation

Vu

Then they define the viscosity solution 3(¢) as the corresponding level set of the solution w at time
t. Equation (1) is designed such that — at least formally — every level set of © moves by mean curva-
ture. Solutions to (1) are in general not smooth but may be defined by posing tangency properties
for smooth functions [23]. Mean curvature flow is well-posed in this context, the viscosity solution
is unique. But X(¢) may develop an interior, a phenomenon called “fattening”, which reflects the
non-uniqueness of mean curvature flow in special situations. The level set function u gives a natu-
ral interpretation of generic flows and provides a useful framework to prove rigorous convergence
results for the two-phase versions of the approximations we consider here. However, this notion
cannot be generalized to multi-phase mean-curvature flow, where a comparison principle is clearly
absent.

Our guiding principle in this work is instead the gradient flow structure of (multi-phase) mean
curvature flow. In general, a gradient flow structure is given by an energy functional and a dis-
sipation mechanism, given by the geometry of the space of configurations through a Riemannian
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metric. A simple computation reveals this structure for mean curvature flow. If the hypersurface
Y = ¥(t) evolves smoothly by mean curvature (with o = p = 1) the change of area is given by

d
— |3 = - H=—- [ H? 2
g™ /EV /2 ’ @

where V' denotes the normal velocity and H denotes the mean curvature of 3. In view of (2), when
fixing the energy to be the surface area, the metric tensor is given by the L?-metric Js V2 on the
space of normal vector fields. However, some care needs to be taken when dealing with this metric
as for example the geodesic distance vanishes identically [63, 64]. The implicit time discretization
of Almgren, Taylor and Wang [3], and Luckhaus and Sturzenhecker [57] makes use of the gradient
flow structure. In fact, it inspired De Giorgi to define a similar implicit time discretization for
abstract gradient flows which he named “minimizing movements”. His abstract scheme consists of
a family of minimization problems which mimic the principle of a gradient flow moving in direction
of the steepest descent. The configuration X" at time step n is obtained from its predecessor
"~ by minimizing E(X) + ﬁ dist?(2, 7 1), where dist denotes the geodesic distance induced
by the Riemannian structure and A > 0 denotes the time-step size. In the Euclidean case, the
scheme boils down to the implicit Euler scheme. It has been successfully utilized for applications
in partial differential equations and for instance allowed Jordan, Kinderlehrer and Otto [49] to
interpret diffusion equations as gradient flows for the entropy w. r. t. the Wasserstein distance. In
view of the degeneracy in the case of mean curvature flow it is apparent that the scheme in [3, 57]
uses a proxy for the geodesic distance. Their replacement for the distance of two boundaries > =
O and ¥ = 99 is the (non-symmetric) quantity 2 fQ A A dx, where dg denotes the (unsigned)
distance to 9. This variational viewpoint of curvature-driven interface evolutions has proven to
be flexible enough to study a tremendous amount of problems such as the Stefan Problem [57]
and its anisotropic variant [38], the Mullins-Sekerka Flow [76] and its multi-phase variant [16],
volume-preserving mean-curvature flow [69], the evolution of martensitic phase transitions [25],
and many more. Furthermore, Chambolle [20] showed that the scheme [3, 57] which seems rather
academic at a first glance can be implemented efficiently.

While a geometric comparison principle is absent, the gradient flow structure is still present in
the multi-phase case. The energy is then a weighted sum of the interfacial energies, with a normal-
dependent density in the anisotropic case. The metric tensor is the L2-norm on the interfaces,
possibly weighted by anisotropic mobilities. However, multi-phase mean-curvature flow is still
poorly understood in comparison to its two-phase counterpart. The analytical study of the planar
case started with the work of Mantegazza, Novaga and Tortorelli [59] who studied the evolution
of a single triple junction. Recently Mantegazza, Novaga and Pluda [58] extended these results to
the case of two triple junctions. Ilmanen, Neves and Schulze [47] proved short-time existence even
when starting from certain non-regular networks, which should allow to continue the flow through
all generic/stable singularities that form during the evolution of a planar network. Only recently,
global weak solutions were constructed in the substantial work of Kim and Tonegawa [50]. They
proved convergence of a variant of Brakke’s original scheme towards a non-trivial Brakke flow in
any space dimension. Uniqueness of the evolution is still unclear but is expected for a generic flow.
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In retrospect, also Brakke’s pioneering work [14] can be seen as a way of interpreting mean
curvature flow as a gradient flow. His definition is similar to the one of an abstract gradient flow and
characterizes solutions by the optimal dissipation of energy in the spirit of (2). Brakke’s solutions
are varifolds, a concept weak enough to obtain compactness under natural conditions and strong
enough to give sense two either side of (2). In contrast to the abstract framework, Brakke measures
the dissipation of energy only in terms of the gradient of the energy, here the mean curvature.
Therefore he has to monitor localized versions of (2) and — as for an abstract gradient flow — only
asks for an inequality instead of an equality. Since his definition does not involve the metric term,
one loses control over the time derivative and thus weak solutions may be discontinuous in time
and in particular mass can disappear instantly. One of Brakke’s most important contributions is
his regularity theory. He proved that for a k-dimensional Brakke flow with unit density, for all
times ¢ at which the mass does not drop, there exists an exceptional (closed) set with vanishing k-
Hausdorff measure such that around all point outside this set the evolution is smooth (cf. Theorem
6.12 in [14]). Up to now, his regularity theory has only been improved in special situations such
as for mean convex surfaces, see [86]. This is quite remarkable considering that the monotonicity
formula had not yet been available at the time of his work [14].

In this work we use the gradient flow structure to prove rigorous convergence results for several
schemes approximating (multi-phase) mean curvature flow. We consider two classes of schemes,
namely phase-field models and thresholding schemes. Phase-field models are used to model var-
ious interfacial motions, replacing sharp interfaces by diffused transition layers. The Allen-Cahn
Equation

Orue = Aue — éath(ua) 3)

started out as a physical model [2] for the evolution of antiphase boundaries but became a popular
computational scheme. Variants of the equation can be used to model multi-phase systems with
anisotropic surface energies incorporating external forces and even coupling with other equations.
The equation is the (by the factor % accelerated) L2-gradient flow of the Ginzburg-Landau Energy

E.(u;) = /; |Vue|* + éW(us) dzx. )

The derivation of motion by mean curvature as the singular limit of the Allen-Cahn Equation has
a long history and is well-understood in the two-phase case. First formal asymptotic expansions
were constructed by Rubinstein, Sternberg and Keller [78]. Convergence for a smooth evolution
was proved independently by De Mottoni and Schatzman [24], and Chen [21]. Bronsard and Kohn
[17] used the gradient flow structure of (3) to prove compactness, and, in the radially symmetric
case, convergence to motion by mean curvature. For the long-time behavior past singularities the
above mentioned notions of weak solutions have proven to be useful for understanding the singu-
lar limit of (3). Evans, Soner and Souganidis [35] rigorously proved the convergence towards the
viscosity solution — at least if the viscosity solution does not fatten. Barles, Soner and Souganidis
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convolution thresholding

Figure 1: Thresholding for two phases.

[10] showed in particular that this holds true for mean convex or star shaped initial conditions.
Ilmanen [46] proved convergence towards Brakke’s formulation in the two-phase case by translat-
ing Huisken’s monotonicity formula to the phase-field framework of (3). While the question of
convergence of the Allen-Cahn Equation (3) seems to be almost settled in the two-phase case, little
is known in the multi-phase case. Even the work of Ilmanen seems not to apply since he makes
use of comparison techniques at a crucial point. In fact, he raised the question of how to deal with
the multi-phase case in the same paper. Bronsard and Reitich [18] carried out a formal asymptotic
expansion at a triple junction and proved short-time existence. However, to the best of our knowl-
edge, rigorous long-time convergence results past singularities have not been available prior to the
work [54] presented in Chapter 4.

The thresholding scheme is a time discretization for mean curvature flow. Its structural sim-
plicity is intriguing to both, applied and theoretical scientists. Merriman, Bence and Osher [61]
introduced the algorithm in 1992 to overcome the numerical difficulty of multiple scales in phase-
field models like (3). Their idea is based on an operator splitting for the Allen-Cahn Equation,
alternating between linear diffusion and thresholding. The latter replaces the fast reaction coming
from the nonlinear right-hand side of (3). More precisely, given a time-step size h > 0 and the
phase Q"1 at time step n — 1, they convolve its characteristic function "' = 1gn-1 with a
Gaussian kernel G}, of variance v/A and then define the evolved phase Q" at time step 7 as the
super level set {G}, * X"~ > %}, see Figure 1. The convolution can be implemented efficiently
on a uniform grid using the discrete Fourier Transform and the thresholding step is a simple point-
wise operation. Because of its simplicity and efficiency thresholding gained a lot of attention in
the last decades. The popularity of the scheme comes from its natural extension to the multi-phase
case [62]. First, one diffuses each phase independently, and the thresholding step is replaced by
Q; = {Gp, * X;“l > Gp * X}"‘*l forall j # i}, see Figure 2. Large-scale simulations [28, 29,
30] demonstrate the efficiency of a slight modification of the scheme. For applications in materials
science and image segmentation it is desirable to design algorithms that are efficient enough to
handle large numbers of phases but flexible enough to incorporate external forces, variable surface
tensions and even anisotropies. Surprisingly, it took more than twenty years to find a suitable gen-
eralization of the scheme to arbitrary surface tensions. The necessary impulse was an observation
by Esedoglu and Otto [33]. They realized that thresholding preserves the gradient flow structure of
(multi-phase) mean curvature flow in the sense that it can be viewed as a minimizing movements
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convolution thresholding

Figure 2: Thresholding for three phases

scheme for an energy that I'-converges to the total interfacial area. This viewpoint allowed them
to incorporate a wide class of surface tensions including the well-known Read-Shockley formulas
[74]. The development of thresholding schemes for anisotropic motions started with the work [48]
of Ishii, Pires and Souganidis. Efficient schemes were presented by Bonnetier, Bretin and Cham-
bolle [13], where the convolution kernels are explicit and well-behaved in Fourier space but not
necessarily in real space. The recent work [27] of Elsey and Esedoglu is inspired by the variational
viewpoint [33] and shows that not all anisotropies can be obtained when structural features such as
positivity of the kernel are needed. However, variants of the scheme developed by Esedoglu and
Jacobs [32] share the same stability conditions even for more general kernels. Mascarenhas [60]
incorporated external forces by changing the threshold value. In the same vein, Ruuth and Wet-
ton [80] enforced a volume constraint by finding the threshold value that preserves the volume of
the phase. The rigorous asymptotic analysis of thresholding schemes started with the independent
convergence proofs of Evans [35], and Barles and Georgelin [10] in the isotropic two-phase case.
Since the scheme preserves the above mentioned geometric comparison principle, they were able
to prove convergence towards the viscosity solution of mean curvature flow. Recently, Swartz and
Yip [85] proved convergence for a smooth evolution. In their proof they establish consistency and
stability of the scheme, very much in the flavor of classical numerical analysis. They prove explicit
bounds on the curvature and injectivity radius of the approximations and get a good understanding
of the transition layer. However, also their result seems to be only applicable in the two-phase case.

Our convergence proofs for both, the Allen-Cahn Equation and thresholding schemes, are of
variational nature. In particular, our analysis of the Allen-Cahn Equation uses some techniques
known from the analytical study of its static analogue, initiated by the work of Modica and Mortola
[67]. Modica [66] and Sternberg [83] provided the convergence of the Ginzburg-Landau Energy (4)
towards a multiple of the perimeter functional in the sense of I'-convergence. Kohn and Sternberg
[51] were able to construct local minimizers of the Ginzburg-Landau Energy (4) based on the above
I'-convergence. Furthermore, it turns out that the convergence of the Ginzburg-Landau Energy
towards the perimeter functional is even stronger: Luckhaus and Modica [56] proved that also
the first variations of the energies converge towards the mean curvature — the first variation of the
perimeter functional — by the clever use of a classical argument of Reshetnyak [75]. Extensions to
the case of vector-valued order parameters u has been initiated by Sternberg [83], and Fonseca and
Tartar [37] for two limiting phases, culminating in the work of Baldo [9] on the I'-convergence in
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the multi-phase case.

The starting point for our analysis of thresholding schemes is the minimizing movements in-
terpretation of Esedoglu and Otto [33]. Let us explain this interpretation at the example of the
two-phase scheme. They observed that the combination x" = 1 (Grxn—1>1} of convolution and

2

thresholding is equivalent to minimizing Ej,(x) + %d%(x, X" 1), where

Ep(x) = \}E/(l —X)Gp * xdr and d%(x,x”_l) = 2\/5/[Gh/2 * (X — X”_l)}zdm

are an approximation of the perimeter functional and the the square of a distance, respectively. The
latter serves as a proxy for the induced distance, just like 2 fQ Agn-1 don-1dz in the minimizing
movements scheme of Almgren, Taylor and Wang [3], and Luckhaus and Sturzenhecker [57]. The
I'-convergence of similar functionals has been developed some time ago by Alberti and Bellet-
tini [1] and more recently by Ambrosio, De Philippis and Martinazzi [5], and was proven for the
functionals Ej by Miranda, Pallara, Paronetti and Preunkert [65]. Esedoglu and Otto found an
independent, much simpler proof in the case of the energies E},, which extends to the multi-phase
case.

However, the I'-convergence of the energies does not imply the convergence of the according
gradient flows, or minimizing movements schemes. Since every gradient flow comes with a metric,
it is evident that one needs conditions on both, the metric tensor and the energy, to verify the
convergence. Sandier and Serfaty [81] provided sufficient conditions for this convergence. Serfaty
[82] has already mentioned that in the case of the scalar Allen-Cahn Equation, these assumptions
are guaranteed by the works of Réger and Schitzle [77] on the Willmore functional and Mugnai
and Roger [68] on the action functional of the Allen-Cahn Equation. This result is restricted to
two-phase mean-curvature flow in dimensions d < 3.

We will establish convergence towards a distributional formulation of (multi-phase) mean cur-
vature flow in the setting of finite perimeter sets used by Luckhaus and Sturzenhecker [57]. In
contrast to Brakke’s concept of solution, here the normal velocity can be defined straightforwardly
by the distributional equation d;x = V' |V x| dt, where x denotes the characteristic function of the
phase €2 whose boundary 3 = 0f2 evolves by mean curvature. We formulate the equation V = H

) /OT/(V-&—V'VSV)WXMt:/OT/Vg‘V|VX|dt. )

In view of the integration by parts rule fz (V- &—v-Vv) = fz H ¢ - v for smooth surfaces X
without boundary, the left-hand side is a natural way to encode the mean curvature. Furthermore,
it can be naturally extended to the multi-phase case, automatically incorporating Herring’s angle
condition at triple junctions. However, this notion of solution is not stable under weak convergence
in BV, which is the natural compactness coming from a priori estimates. Hence, as the result
of Luckhaus and Sturzenhecker, also ours are only conditional convergence results. We assume
the time-integrated energies of the approximations to converge to those of the limit. Under this
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strengthened convergence (sometimes called “strict” convergence in BV') and given the a priori

estimates -
Sup/ Vx| < Ey, / /V2 Vx| dt < Ey,
t 0

the notion of solution is stable. The main difficulty in the convergence proof of Luckhaus and
Sturzenhecker for the minimizing movements scheme [3, 57], and for ours as well, is the right-
hand side of (5). In fact, the stability of the left-hand side under this strengthened convergence
is a classical result of Reshetnyak [75]. The structure of the right-hand side is more difficult, one
has to pass to the limit in the product of the two weakly converging quantities V' and v. They
overcome this difficulty by using regularity theory for (almost) minimal surfaces. Hence, their
proof is restricted to dimensions d < 7. More precisely, their proof heavily relies on the fact that
the metric term % fQ Aqn—1 don—1dx is a compact perturbation on scales below V/'h. Therefore, they
can control oscillations of the normal v on these scales. Our proofs for the schemes considered here
seem more robust in the sense that we only use mild regularity of the /imit, namely the rectifiablity
of the reduced boundary 9*Q(t) for a.e. time slice, a consequence of De Giorgi’s Structure Theorem
for sets of finite perimeter (cf. Theorem 4.4 in [41]). This regularity of the limit allows us to control
the excess, a measure of the local flatness of 9*Q(t).

This thesis is structured as follows. The first three chapters are devoted to the analysis of thresh-
olding schemes. In Chapter 1 we present the work [53] with Felix Otto, which is the core of this
thesis. We prove a conditional convergence result for the thresholding scheme in the multi-phase
setting. We prove convergence towards a distributional solution of multi-phase mean-curvature
flow similar to (5). Although this formulation is “stronger’”” than Brakke’s formulation in the sense
that it requires more regularity, there is no direct way to infer Brakke’s inequality from this formu-
lation. In Chapter 2 we derive Brakke’s inequality directly from the thresholding scheme, which
will appear in the work [52] with Felix Otto. Chapter 3 provides generalizations of the work [53]
presented in Chapter 1 and is based on the paper [55] with Drew Swartz. We treat external forces
and a volume constraint. The reader will quickly realize that it is advantageous to familiarize him-
or herself with Chapter 1 before turning to this chapter. In Chapter 4 we present the work [54] with
Thilo Simon on the convergence of the Allen-Cahn Equation and can be read independently of the
first three chapters (if one accepts the rather classical geometric property of BV -partitions proved
in Section 5 of Chapter 1, which is a consequence of De Giorgi’s Structure Theorem). We prove the
analogous results to the ones in Chapters 1 and 3. For the non-expert reader it is recommendable
to start with this chapter to familiarize him- or herself with the application of the general strategy
in a somewhat easier context.



Chapter 1

Multi-phase thresholding schemes

In this chapter we present the work [53] with Felix Otto. We prove a convergence result for the
thresholding scheme in the multi-phase case for a wide class of surface tensions. Our result estab-
lishes convergence towards a weak formulation of mean curvature flow in the BV -framework of
sets of finite perimeter. Like the result of Luckhaus and Sturzenhecker [57], ours is a conditional
convergence result, which means that we assume the time-integrated energy of the approximation
to converge to the time-integrated energy of the limit.

1 Introduction and main result

1.1 Idea of the proof

Let us start by giving a summary of the main steps and ideas of the convergence proof. In Section
2, we draw consequences from the basic estimate (10) in a minimizing movements scheme, like
compactness, Proposition 2.1, coming from a uniform (integrated) modulus of continuity in space,
Lemma 2.4, and in time, Lemma 2.5. We also draw the first consequence from the strengthened
convergence (8) in Proposition 2.2. We strongly advise the reader to familiarize him- or herself with
the argument for the modulus of continuity in time, Lemma 2.5, since it is there that the mesoscopic
time scale /A appears for the first time in a simple context before being used in Section 4 in a more
complex context. In the same vein, the fudge factor « in the mesoscopic time scale «v/h, which
will be crucial in Section 4, will first be introduced and used in the simple context when estimating
the normal velocity V' of the limit in Proposition 2.2.

Starting from Section 3, we also use the Euler-Lagrange equation (34) of the minimizing move-
ment scheme. By Euler-Lagrange equation we understand the first variation w. r. t. the independent
variables, as generated by a test vector field £. In Section 3, we pass to the limit in the energetic
part of the first variation, recovering the mean curvature H via the term

/EHf‘V:/E(V'f—V-VfV).

11
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This amounts to show that under our assumption of strengthened convergence (8), the I'-convergence
of the functionals can be upgraded to a distributional convergence of their first variations, cf.
Proposition 3.1. It is a classical result credited to Reshetnyak [75] that under the strengthened
convergence of sets of finite perimeter, the measure-theoretic normals and thus the distributional
expression for mean curvature also converge. The fact that this convergence of the first variation
may also hold when combined with a diffuse interface approximation is known for instance in case
of the Ginzburg-Landau Energy, see [56]. In our case the convergence of the first variations relies
on a localization of the ingredients for the I'-convergence worked out in [33], like the consistency,
i. e. pointwise convergence of these functionals.

Section 4 constitutes the central and, as we believe, most innovative piece of this chapter; we
pass to the limit in the dissipation/metric part of the first variation, recovering the normal velocity
V via the term fz V& - v. In fact, we think of the test-field £ as localizing this expression in
time and space, and recover the desired limiting expression only up to an error that measures
how well the limiting configuration can be approximated by a configuration with only two phases
and a flat interface in the space-time patch under consideration; this is measured both in terms of
area (leading to a multi-phase excess in the language of the regularity theory of minimal surfaces)
and volume, see Proposition 4.1. The main difficulty of recovering the metric term fz VE-v
in comparison to recovering the distributional form fz (V-&—v-VEv) of the energetic term
is that one has to recover both the normal velocity V', which is distributionally characterized by
Oyx = V|Vx|dt on the level of the characteristic function x, and the (spatial) normal v. In short:
one has to pass to the limit in a product. More precisely, the main difficulty is that there is no good
bound on the discrete normal velocity V' at hand on the level of the microscopic time scale h; only
on the level of the above-mentioned mesoscopic time scale \/E, such an estimate is available. This
comes from the fact that the basic estimate yields control of the time derivative of the characteristic
function y only when mollified on the spatial scale vA in . = G} * x. The main technical
ingredient to overcome this lack of control in Proposition 4.1 is presented in Lemma 4.2 in the
two-phase case and in Lemma 4.5 in the general setting: If one of the two (spatial) functions wu, u
is not too far from being strictly monotone in a given direction (a consequence of the control of the
tilt-excess, see Lemma 4.4), then the spatial L!-difference between the level sets Q = {u > %}
and Q = {i > %} is controlled by the squared L?-difference between u and .

In Section 5, we combine the results of the previous two sections yielding the weak formulation
of V' = H on some space-time patch up to an error expressed in terms of the above mentioned
(multi-phase) tilt-excess of the limit on that patch. Complete localization in time and partition of
unity in space allows us to assemble this to obtain V' = H globally, up to an error expressed by
the time integral of the sum of the tilt excess over the spatial patches of finite overlap. De Giorgi’s
Structure Theorem for sets of finite perimeter (cf. Theorem 4.4 in [41]), adapted to a multi-phase
situation but just used for a fixed time slice, implies that the error expression can be made arbitrarily
small by sending the length scale of the spatial patches to zero.
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1.2 Notation
We denote by
1 . z|?
- exp |
@rh)a2 “P\ " 2n

the Gaussian kernel of variance h. Note that Go.(z) is the fundamental solution to the heat equation
and thus

Gh(z) =

G — SAG =0 in(0,00) x RY,
G =9y forh=0.

We recall some basic properties, such as the normalization, non-negativity, boundedness and the
factorization property:

[Grdz=1, 0<Gp< Ch™2, VGy(z) = _%Gh(z)a G(z) = G'(21) G (),
R,

where G denotes the 1-dimensional and G¢~! the (d — 1)-dimensional Gaussian kernel; let us
also mention the semi-group property

Gs—i—t = Gs * Gt.

Throughout this chapter, we will work with periodic boundary conditions, i. e. on the flat torus
[0, A)¢. The thresholding scheme for multiple phases, introduced in [33], for arbitrary surface
tensions o;; and mobilities j1;; = 1 / o0;j is the following, cf. Figure 1.1 for an example.

Algorithm 1.1. Given the partition Q}~', ... Q5! of [0,A)? at time t = (n — 1)h, obtain the
evolved partition Q7 , ..., Q% at time t = nh by:

1. Convolution step:

P
¢z’ = Gh * Zo—ijlgg}fl . (1)
7j=1
2. Thresholding step:
Qn = {x € [0,A): ¢i(x) < p;(x) forall j # z} . 2)

We will denote the characteristic functions of the phases (27" at the n™ time step by X; and
interpolate these functions piecewise constantly in time, i. e.

XPHE) = xP = lgr fort € [nh, (n+1)h).
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Figure 1.1: The evolution of a grain boundary network. Computation carried out with the code
provided by Selim Esedoglu [31].

As in [33], we define the approximate energies
1
En(x) = —= > 0y /Xi G * xj dx 3
\/E ,J

for admissible measurable functions:
P
X =(1--xp): [0,A)7 = {0,1}7 s.t. sz' =1 ae. “
i=1

Here and in the sequel | dx stands short for f[o A dzx, whereas [ dz stands short for [, dz. The
minimal assumption on the matrix of surface tensions {c;; }, next to the obvious

Oij = 0ji > Omin >0 ifi#j, 04 =0,
is the following triangle inequality
Oij < Oik + O

It is known that (e. g. [33]), under the conditions above, these energies I'-converge w. r. t. the
L'-topology to the optimal partition energy given by

1
500 = 0 Y ouz ([ 191+ [ 191 = [ 190a+x0)1)
,J
for admissible x:
P
X=x1-xp): [0, {0,1}" € BV s.t. > xi=1 ae
i=1

The constant cg is given by
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For x; = 1gq,, the interfaces 3;; = 0*; N 0*(}; are defined as
the intersections of the (reduced) boundaries of the respective
phases and the energy E/(x) can be written as

M
E(x)=co Y _0ij|Zis]
i o Y12
cf. Figure 1.2. The proximity of E}, to E is intuitively clear. In- 0y

deed, roughly speaking, each summand in the definition of £},

measures the heat transfer from one phase to another after the

short time h, see Figure 1.3. Parabolic rescaling by the length Figure 1.2: The phases €2; and the
scale v/h, i. e. the thickness of the red layer in the figure yields interfaces );; separating them.
an approximation of the surface area of the interface between

those two phases.

For our purpose we ask the matrix of surface tensions o to satisfy a strict triangle inequality:
0;j < o + o for pairwise different 4, j, k.

We recall the minimizing movements interpretation from [33] which is easy to check. The combi-
nation of convolution and thresholding step in Algorithm 1.1 is equivalent to solving the following
minimization problem

X" = argmin {En(x) = Ea(x = X" )}, ©)

where y runs over (4). The proof will mostly be based on the interpretation (5) and only once uses
the original form (1) and (2) in Lemma 4.2 and Lemma 4.4, respectively. Following [33], we will
additionally assume that o is conditionally negative-definite, i. e.

o< —o on(l,...,1)%
where ¢ > 0 is a constant. That means, that o is negative as a bilinear form on (1,...,1)*. This
ensures that — Ej, (x — x" 1) in (5) is non-negative and penalizes the distance to the previous step.
In the following we write A < B to express that A < C'B for a generic constant C' < oo that only
depends on the dimension d, the total number of phases P and on the matrix of surface tensions o
through oy = min;; 045, Omax = maxo;j;, o and min{o; +o;—0ij: 1, §, kpairwise different}.
Furthermore, we say a statement holds for A < B if the statement holds for A < %B for some
generic constant C' < oo as above.

1.3 Main result

The definition of our weak notion of mean-curvature flow is a distributional formulation which is
suited to the framework of functions of bounded variation.
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— —

Figure 1.3: Each summand in the definition of the approximate energy FE}, is constructed as follows.
The phase’s characteristic function y; (left) gets diffused, yielding G, * x; (center), which is then
tested against another characteristic function x; (right).

Definition 1.2 (Motion by mean curvature). Fix some finite time horizon 7' < oo, a matrix of
surface tensions o as above and initial data x°: [0, A)? — {0,1} with Ey := E(x°) < co. We
say that the network

X = (x1,---,xp): (0,T) x [0,A) = {0,1}7
with ). x; = 1 a.e. and

SltlpE(X(t)) <0

moves by mean curvature if there exist functions V;: (0,T) x [0, A)? — R with

T
/ /Vi2|VXi|dt< 00
0

T 1
Zaijfo /(V'f—%'vf%‘—?f‘WVi)Q(‘VXz‘H‘VXJ"_W(Xi—i—Xj)Ddt:O (6)
i,J

which satisfy

for all ¢ € C5°((0,T) x [0,A)?,R%) and which are normal velocities in the sense that for all
¢ € C*(]0,7] x [0, A)?) with {(T') =0 and alli € {1,..., P}

/OT/atCXidazdt—I—/C(O)X?da::—/OT/QVHVX”dt. %)

Note that (7) also encodes the initial conditions as well as (6) encodes the Herring angle con-
dition. Indeed, for a smooth evolution, since for any interface > we have

/E(V'ﬁ—u-vgz/):/rbf%—/zfly-g,
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where [' = 0%, b denotes the conormal and H the mean curvature of 3, we do not only obtain the
equation

Hij = 2‘/1‘]‘ on Eij = 891 N OQJ

along the smooth parts of the interfaces but also the Herring angle condition at triple junctions. If
three phases €21, {20 and {23 meet at a point x, then we have

012 12() + 023 va3(x) + 031 v31(2) = 0.
In terms of the opening angles 61, 62 and 3 at the junction, this condition reads

sinfy sinfly  sinfj

023 013 o12
so that the opening angles at triple junctions are determined by the surface tensions.

Remark 1.3. To prove the convergence of the scheme, we will need the following convergence
assumption:

T T
/Eh(xh)dt—>/ E(x)dt. (8)
0 0

This assumption makes sure that there is no loss of area in the limit 2 — 0 as in Figure 1.4.

S
S

Figure 1.4: For fixed t = ¢y as h — 0 there should be no loss of area. The ruled out case is
illustrated here. The dashed line is sometimes called hidden boundary.

Theorem 1.4. Let P € N, let the matrix of surface tensions o satisfy the strict triangle inequal-
ity and be conditionally negative-definite, T < oo be a finite time horizon and let X° be given
with E(x°) < oco. Then for any sequence there exists a subsequence h | 0 and a partition
x: (0,T) x [0,A)? — {0,1}F with E(x(t)) < Eq such that the approximate solutions x" ob-
tained by Algorithm 1.1 converge to x. Given (8), x moves by mean curvature in the sense of
Definition 1.2 with initial data x°.

Remark 1.5. In the following chapter, we will show that under the assumption (8) the limit
solves a localized energy inequality and is thus a weak solution in the sense of Brakke.

Remark 1.6. Our proof uses the following three different time scales:
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12 K 2K N #fsteps

4 4
t t T

h 2h T 27 T t

oTO

Figure 1.5: The micro-, meso-, and macroscopic time scales h, 7 and 7.

1. The macroscopic time scale, T' < oo, given by the finite time horizon,
2. the mesoscopic time scale, T = av/h ~ v/h > 0 and
3. the microscopic time scale, h > 0, coming from the time discretization.

The mesoscopic time scale arises naturally from the scheme: Due to the parabolic scaling, the
microscopic time scale h corresponds to the length scale v/A as can be seen from the kernel G}.
Since for a smooth evolution, the normal velocity V' is of order 1, this prompts the mesoscopic time

scale V/h.

The parameter o will be kept fixed most of the time until the very end, where we send o — 0.
Therefore, it is natural to think of o ~ 1, but small.
These three time scales go hand in hand with the following numbers, which we will for simplicity
assume to be natural numbers throughout the proof:

1. N - the total number of microscopic time steps in a macroscopic time interval (0,7),
2. K - the number of microscopic time steps in a mesoscopic time interval (0, 7) and
3. L - the number of mesoscopic time intervals in a macroscopic time interval.

The following simple identities linking these different parameters will be used frequently:

T=Nh=Lr, 7=Kh, L:E:z.
K 7

2 Compactness
In this section we prove the compactness of the approximate solutions, construct the normal ve-

locities and derive bounds on these velocities. In the first subsection we present all results of this
section; the proofs can be found in the subsequent subsection.

2.1 Results

The first main result of this section is the following compactness statement.
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Proposition 2.1 (Compactness). There exists a sequence h | 0 and a limit x: (0,T) x [0,A)? —
{0,1}* such that

X" —x aein(0,T)x[0,A)? )
and the limit satisfies E(x(t)) < Eo and x(t) is admissible in the sense of (4) fora. e. t € (0,T).

The second main result of this section is the following construction of the normal velocities
and the square-integrability under the convergence assumption (8).

Proposition 2.2. If the convergence assumption (8) holds, the limit x = limy,_q " has the follow-
ing properties.

(i) Oyx is a Radon measure with
[[ 1ol < 1+ 1By

foreachi e {1,...,P}.

(ii) Foreachi € {1,..., P}, Oyx; is absolutely continuous w. r. t. |V x;|dt. In particular, there
exists a density V; € L' (|Vx;| dt) such that

T T
—/ /atcxid:cdt:/ /cmwmt
0 0

forall ¢ € C°((0,T) x [0,A)%).

(iii) We have a strong L*-bound: For eachi € {1,..., P}
T
| [viwlie s asng,
0

Both results essentially stem from the following basic estimate, a direct consequence of the
minimizing movements interpretation (5).

Lemma 2.3 (Energy-dissipation estimate). The approximate solutions satisfy

N
Ey(x™) = > Enx" —Xx"') < Eo. (10)
n=1

/—E}, defines a norm on the process space {w: [0, A)? — RY|Y" w; = 0}. In particular, the
algorithm dissipates energy.
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In order to prove Proposition 2.1 we derive estimates on time- and space-variations of the
approximations only using the basic estimate (10).

Estimate (10) bounds the (approximate) energies Eh(xh), which in turn control variations of
G}, * X" in space via the term i ‘VGh * Xh] dz. On length scales greater than v/h, this estimate
also survives for the approximations x”.

Lemma 2.4 (Almost BV in space). The approximate solutions satisfy

T
/0 / X! @+ be,t) — X, )| dedt < (1+T) By (54 V) (1

forany § > 0and e € S,

Variations in time are controlled by the following lemma coming from interpolating the (un-
balanced) estimate (10) on time scales of order Vh.

Lemma 2.5 (Almost BV in time). The approximate solutions satisfy

/ /‘x X't — 1) dedt < 1+ T)Ey <T+\/E> (12)

forany T > 0.

Let us also mention that with the same methods we can prove C''/2-Holder-regularity of the

1
volumes, i. e. |Q2(s)AQ(t)| < |s — t|2. For the approximations this estimate of course only holds
on time scales larger than the time-step size h.

Lemma 2.6 (C'/2-Bounds). We have uniform Holder-type bounds for the approximate solutions:
L e. for any pair s,t € [0,T] with |s — t| > h we have

/’x ) de < Eols —t]2. (13)
In particular, x € CY/2([0,T), L*([0, A)%)): For almost every s,t € (0,T), we have

/ x(s) — x(8)] de < Eols — 1|3 (14)

For the proof of the second main result of this section, Proposition 2.2, and also for later use
in Section 4 it is useful to define certain measures which are induced by the metric term. These
measures allow us to localize the result of Lemma 2.5. In the two-phase case this is enough to
prove that the measure 0y is absolutely continuous w. r. t. the perimeter and the existence and
integrability of the normal velocity, cf. (i) and (ii) of Proposition 2.2. The square-integrability
follows then from a refinement of these estimates by localizing the fudge factor « (cf. Remark 1.6)
after passage to the limit h — 0.
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Definition 2.7 (Dissipation measure). For h > 0, we define the approximate dissipation measures
(associated to the approximate solution x") p15 on [0, T] x [0, A)? by

N 1 -n 2 2
//Cduh :=Zﬁ/< (!Gh/z* (X" = X"+ |Grx (" = x| )dm, (15)
n=1

where ¢ € C°°([0,T] x [0, A)%) and " is the time average of ¢ on the interval [nh, (n + 1)h). By
the monotonicity of i — ||G}, * u||z2 and the energy-dissipation estimate (10), we have

1 ([0,T] x [0,A)%) < By (16)

and p;, — p after passage to a further subsequence for some finite, non-negative measure p on
[0, 7] x [0, A)¢ with u([0, T] x [0, A)4) < Ey. We call  the dissipation measure.

To prove Proposition 2.2 in the multi-phase case we have to ensure that the convergence as-
sumption implies the convergence of the individual interfacial areas

1
5 (9 + 1931 = 1906+ 50D

Lemma 2.8 (Implications of convergence assumption). The convergence assumption (8) ensures
that for any pair i # j and any ¢ € C*([0,T] x [0, A)9),

/Tl/C(X?Gh*xh—kthh*x?)dxdt
o Vi R
T
Seo /O / UVl + IV = IV 0 + X)) de, (17

as h — 0.

The proof of Lemma 2.8 heavily relies on the fact that o satisfies the strict triangle inequality
so that we can preserve the triangle inequality after perturbing the energy functional. The following
example shows that this is not a technical assumption but is a necessary condition for the lemma to
hold and thus plays a crucial role in identifying the normal velocities V;.

Example 2.9. To fix ideas let us consider three sets 21, (2o and (23 in dimension d = 2 with
surface tensions 12 = 0923 = 1, 013 = 2 as illustrated in Figure 1.6. Then, the total energy is
constant in h and due to the choice of the surface tensions the convergence assumption is fulfilled.
Nevertheless, we clearly have

’E}fﬂ = const. > 0 = |212| and |Elf3 = (0 < const. = |El3|-

This example also illustrates that although the energy functional E is lower semi-continuous, the
individual interfacial energies 3 [ (|V;| + [Vx;| — [V(xi + x;)|) are not.
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Figure 1.6: As h — 0, the two interfaces 3%, and %2, merge into one interface, 13, between
Phases 1 and 3. Therefore the measure of \E}fg| jumps up in the limit h — 0 although the total
interfacial energy converges due to the choice of surface tensions.

2.2 Proofs

Before proving the statements of this section we cite two results of [33] which will be used fre-
quently in the proofs.

The following monotonicity statement is a key tool for the I'-convergence in [33]. We will use
it throughout our proofs but we seem not to rely heavily on it.

Lemma 2.10 (Approximate monotonicity). For all 0 < h < hg and any admissible x, we have
\/% d+1
Vhevi) 0

Another important tool for the I'-convergence in [33] is the following consistency, or pointwise
convergence of the functionals F}, to F/, which we will refine in Section 3.

En(x) > ( (18)

Lemma 2.11 (Consistency). For any admissible x € BV, we have
lim Ej(x) = E(x)- (19)
h—0

Taking the limit ~ — 0 in (18) with x = x” and using (19), we see that that the interfacial
energy F of the initial data x(0) = x° bounds the approximate energy of the initial data:

Ey = E(x(0)) > En(x").

We first prove Proposition 2.1 which follows directly from the estimates in Lemmas 2.4 and
2.5. Then we give the proofs of the Lemmas used for Proposition 2.1. We present the proof of
Proposition 2.2 at the end of this section since the proof heavily relies on the techniques developed
in the proofs of the lemmas, especially in Lemma 2.5.

Proof of Proposition 2.1. The proof is an adaptation of the Riesz-Kolmogorov LP-compactness
theorem. By Lemma 2.4 and Lemma 2.5, we have

T
/ /‘Xh(13+56,t+7)—xh(t) dedt S (1+T)Ep (5—1—7’—!—\/5) (20)
0
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for any §,7 > 0 and e € S9!, For § > 0 consider the mollifier s given by the scaling ps(z) :=
M%gp(%, £)and ¢ € C3°((—1,0) x By) such that 0 < ¢ < 1 and fBl [, ¥ = 1. We have the
estimates

| =

‘m*xhlél and ‘V(%*xh)‘ﬁ

Hence, on the one hand, the mollified functions are equi-continuous and by Arzela-Ascoli pre-
compact in CO([0, 7] x [0, A)?): For given €, > 0 there exist functions u; € C°([0, 7] x [0, A)?),
i=1,...,n(e0) such that

n(e,0)
{905 «x": h > O} C U Be(u;),
=1

where the balls B, (u;) are given w. r. t. the C’-norm. On the other hand, for any function x we
have

/OT/W&*X—XWJUC#S/‘Pé(zas)/|x($—2,t—s)—x(a:,t)\d(az,t)d(z,s)
< sup /OT/|X(£U—Z,t—s)—X(x,t)|d:xdt.

(#,8)€supp ps

Using this for x" and plugging in (20) yields

T
/O /‘¢5*Xh—xh‘dmdt§(1+T)Eo <5+\/H>.

Given p > 0, fix 6, hg > 0 such that

T
//‘905*Xh—xh‘dxdt§g for all b € (0, ho).
0

Then set € := ﬁ and find uq, . .., u, from above. Note that only finitely many of the elements in
the sequence {h} are greater than hg. Therefore,

Ot € U Bolws) U oo © U Bo(w) U | Bo(x™)

i=1 i=1 h>hg

is a finite covering of balls (w. r. t. L'-norm) of given radius p > 0. Therefore, {x"} is pre-
compact and hence relatively compact in L'. Hence we can extract a converging subsequence.
After passing to another subsequence, we can w. L. 0. g. assume that we also have pointwise con-
vergence almost everywhere in (0,7 x [0, A)%. O
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Proof of Lemma 2.3. By the minimality condition (5), we have in particular
Ep(x") — Ba(xX" = x"1) < By (x" )

for each n = 1,..., N. Iterating this estimate yields (10) with Ej,(x°) instead of Ey = E(x").
Then (10) follows from the short argument after Lemma 2.11.
We claim that the pairing —ﬁ J w-o (G, * @) dz defines a scalar product on the process space. It

is bilinear and symmetric thanks to the symmetry of o and GG,. Since o is conditionally negative-
definite,

1 1
_ﬁ wO'(Gh*CL))dx = _\/E/(Gh/Q*w) .O'(Gh/Q*W) dx > THGh/z *CUHLQ > 0.

Furthermore, we have equality only if w = 0. Thus, /—F}, is the induced norm on the process
space. O

Proof of Lemma 2.4. Step 1: We claim that
/OT/‘VGh*Xh‘ drdt < (1+T)Ep. @1)
Indeed, for any characteristic function y : [0, A)? — {0, 1} we have
V(Gh * x)( /VGh x(x+ z) — x(x))dz.

Therefore, since |VGp(2)] < == |Ggh( ),

J WGl de s [ Gunte) [+ ) = x(o)] de e

By x € {0,1}, we have |x(z + 2) — x(z)| = x(2) (1 = x) (z + 2) + (1 — x) (¥)x(z + 2) and
thus by symmetry of Gy,

1
VG o 5 [ (1= ) G e

Applying this on X?, summing over ¢ = 1,..., P, using X? =1- Z#i X? and 0j; > opin > 0
for i # j we obtain

96X 0] do € Ea(x) £ BA),

where we used the approximate monotonicity of Ej, cf. Lemma 2.10. Using the energy-dissipation
estimate (10), we have

/ ‘VG;L *Xh(t)‘ dz S Ey
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and integration in time yields (21).
Step 2: By (21) and Hadamard’s trick, we have on the one hand
T
/ / ‘Gh s« X" (x + de,t) — Gp X (z,1)| dzdt < (14 T)Egd.
0
Since x € {0, 1}, we have on the other hand

X—Grn*x)y =xGr*x(1—x) and (x—Gp*xx)_=(1—-x)Gr*x,

which yields
IX = Grxx|=(1—=x)Gr*x+xGp*(l-Xx). (22)

Using the translation invariance and (22) for the components of ", we have

T T
/ /’xh(x—l—ée,t)—xh(a:,t)‘dxdt §2/ /‘Gh*xh—xh’d:pdt
0 0

T
+/ /)Gh*xh(x—l—ée,t)—Gh*xh(x,t) dx dt
0
<(1+T)E (\/E+5) ,
which is precisely our claim. 0

Proof of Lemma 2.5. In this proof, we make use of the mesoscopic time scale 7 = av/h, see
Remark 1.6 for the notation. First we argue that it is enough to prove

/ /‘X t—r)‘dmdtg(l—i-T)EoT (23)

for o € [1,2]. If o € (0, 1), we can apply (23) twice, once for 7 = v/h and once for 7 = (1+a)vh
and obtain (12). If a > 2, we can iterate (23). Thus we may assume that o € [1, 2]. We have

K-1 L

/ /’X t—T ’da:dt hZZ/‘XKHk_XK(ll)Jrk‘dx
k=0 1
K—1
1 Tz/‘XKH-k K(-1+k| gy
k=0 =1

Thus, it is enough to prove

L
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forany k = 0,..., K — 1. By the energy-dissipation estimate (10), we have E,(x"*) < Ey for all
these k’s. Hence we may assume w. 1. o. g. that & = 0 and prove only

L
Z/ XK= XKD de < (1+ 1) Eo. (24)
=1

Note that for any two characteristic functions y, ¥ we have
X=Xl =(x =X) Grx(x =X) + (x =X)(x =X = Gr* (x —X))
<S(X=X)Grx (X = X) + [x = Ghx x|+ X — Gr*X]. (25)

Now we post-process the energy-dissipation estimate (10). Using the triangle inequality for the
norm /— E}, on the process space and Jensen’s inequality, we have

2

Kl 1
_E, (XKI _ XK(lfl)) < Z < —E, (Xn _ anl) > 2
n=K(I—1)+1
Kl
SKE Y B (X"-x"). (26)
n=K(l-1)+1

Using (25) for x X! and Xf(l_l) with (22) for the second and the third right-hand side term and the
conditional negativity of o and the above inequality for the first right-hand side term we obtain

L N
Z/ ’XZKI - Xf((lfl)‘ dr < \/EKZ —E, (X" - X"+ Lmax/ (1 —x3) Gp* x5 de.
=1 n=1

Since (1 —X}') = >_,.; X} a. €. and 05 > omin > 0 forall i # j, the energy-dissipation estimate
(10) yields

L
1

E / XK= XK da < aF + aTEo S (1+T)Eo,

=1

which establishes (24) and thus concludes the proof. ]

Proof of Lemma 2.6. First note that (14) follows directly from (13) since we also have the conver-
gence x"(t) — x(t) in L! for almost every t. The argument for (13) comes in two steps. Let s > t,
T:=s—tandt € [nh,(n+ 1)h).

Step 1: Let T be a multiple of h. We may assume w. 1. o. g. that 7 = m?h for some m € N. As in
the proof of Lemma 2.5, using (25) and (26) we derive

/ =X e S mVR Y =By (T = XM 4 Vimax By (xM(1)).
k=1
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As before, we sum these estimates:

-1
/‘Xn+m2 o Xn‘ d sz / ‘Xn+m(l+1) _ Xnerl‘ da
1=0

n+m?
Vi S B x4 mVhmax B3 ()

,Sm\/EEO = Eo\/;'

Step 2: Let T > h be arbitrary. Take m € N such that s € [(m + n)h, (m + n + 1)h). From Step
2 we obtain the bound in terms of mh instead of 7. If 7 > mh, we are done. If h < 7 < mh, then
m > 2 and thus mh < o7 S 7. O
Proof of Lemma 2.8. W.1.0.g. lett =1, 7 = 2. We prove the statement in three steps. In the first
step we reduce the statement to a time-independent one. In the second step, we show that due to the
strict triangle inequality, the convergence of the energies implies the convergence of the individual
perimeters. In the third step, we conclude by showing that this convergence still holds true if we
localize with a test function ¢, which proves the time-independent statement formulated in the first
step.

Step 1: Reduction to a time-independent problem. 1t is enough to prove that the convergence
x" — xin L'([0, A)?, R”) and the convergence of the energies E}, (") — E(x) imply
1
ﬁ/c (G xds + x5 Guxxh) do s o [ <l + [Vl = [V +x) - @)

for any ¢ € C>([0, A)9).
Given x" — x in LY((0,T) x [0,A)%), for a subsequence we clearly have x(t) — x(¢) in
L([0,A)?) for a. e. t. We further claim that for a subsequence

En(x") = E(x) fora.e.t. (28)

Writing ‘Eh(xh)—E(XM = 2(E(X)—Eh(Xh))++Eh(xh)—E(X) and using the lim inf-inequality
of the I'-convergence of E}, to E, we have

lim (E(X) - Eh(xh)) =0 fora.e.t.
h—0 +

Then Lebesgue’s Dominated Convergence, cf. (10), and the convergence assumption (8) yield

T
lim )Eh(xh) - E(X)‘ dt =0
h—0 0
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and thus (28) after passage to a subsequence. Therefore, we can apply (27) for a. e. ¢ and the time-
dependent version follows from the time-independent one by Lebesgue’s Dominated Convergence
Theorem and (10).

Step 2: Convergence of perimeters. We claim that given " — y in L'([0,A)? R”) and the
convergence of the total interfacial energy Ej,(x") — E(x). the individual perimeters converge in
the following sense: We have

() = F(xa), Fu(xh) = F(x2) and Fp(xt +x5) = Fxa + x2).

where F}, and F’ are the two-phase analogues of the (approximate) energies:

) = [0 Gxide and F(R) =200 [ 93],

We will prove this claim by perturbing the functional Fj. We recall that the functionals F}, I'-
converge to F' (see e. g. [65] or [33]). Since the argument for the three cases work in the same
way, we restrict ourself to the first case, F},(x) — F(x1). Since the matrix of surface tensions
satisfies the strict triangle inequality, we can perturb the functionals E}, in the following way: For
sufficiently small € > 0, the associated surface tensions for the functional x — Ej,(x) — €Fr(x1)
satisfy the triangle inequality so that approximate monotonicity, Lemma 2.10, and consistency,
Lemma 2.11, still apply. Therefore, by Lemma 2.10, we have for any hg > h

En(x") =Ex(X") — €Fr(x}) + eFn(x})

> (&)dﬂ (Eho(Xh) — tho(x'f)> +eFL(xD).

By assumption, the left-hand side converges to E'(). Since for fixed ho, x — En,(X) — €Fpy(X1)
is clearly a continuous functional on L?, the first right-hand side term converges as h — 0. Thus,
for any hg > 0,

lim sup eF(xX1) < E(x) = (Bng(x) — €Fho(x1)) -

As hg — 0, Lemma 2.11 yields

lim sup Fh(x?) < F(x1)-
h—0

By the I'-convergence we also have
lim inf F, (x}) > F(x1)
h—0

and thus the convergence FJ, (") — F(x1).
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Step 3: Conclusion. We claim that given x" — y in L'([0, A)?,R”) and E;,(x*) — E(x), for
any ¢ € C*°([0, A)?) we have (27).
We will not prove (27) directly but prove that for any ¢ € C*([0, A)?)

Fd, Q) = F(xa,0), Fu(xh, Q) = F(x2,¢) and  Fr(xt +x5,¢) — F(x1 + x2,¢)
(29)

for the localized functionals
- 1 - o - - -
Fp(%,€) = \/E/C[(l —X)Gh* X+ XGChx (1 =X)]dz and F(x,():= ZCo/CIVXI
(30)
instead. This is indeed sufficient since for any 1, x2, we clearly have
X1Grxx2 + X2 Grxx1=(1—x1)Gr*xx1+ (1 —x2) G * x2
— (1= +x2)) Gr* (xa + x2)

and (29) therefore implies (27).
Now we give the argument for (29). As before, we only prove one of the statements, namely

Fh(xt,¢) = F(x1,¢).

For this we use two lemmas that we will prove in Section 3. First, by applying Lemma 3.6, which
is the localized version of Lemma 2.11, we have for the functional Fj, instead of E) we have
Fy(x1) = F(x1). Then, by Lemma 3.7 we can estimate |F},(x1) — Fh(xlf)} — 0 and thus con-
clude the proof. O

Let us mention that one can also follow a different line of proof for Lemma 2.8 by localizing
the monotonicity statement of Lemma 2.10 with a test function (. Since Lemma 3.7 seems more
robust, we only prove the statement in this fashion.

Proof of Proposition 2.2. We make use of the mesoscopic time scale 7, see Remark 1.6 for the
notation.

Argument for (i): Let ¢ € C5°((0,T) x [0, A)?). We have to show that

T
0

In this part we choose v = 1. Using the notation "¢ = 2 ({(t + ) — ((t)) for the discrete time
derivative, by the smoothness of (,

d7¢ — 8¢ uniformly in (0,T) x [0, A)? as b — 0.
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Since x* — x in L*((0,T) x [0, A)?), the product converges:

T T
/ /athi de dt = lim/ /afgx? dx dt.
0 h—0 0

Since supp ¢ is compact, by Lemma 2.5 we have

T T
—/ /aTgX?dxdtz/ /C&‘Txfbda:dt
0 0
T h
<lclle [ [ Jod

dedt < (1+T)Eo||¢loo

for sufficiently small h.

Argument for (ii): First we prove

T 1 T
—/0 /at<xidxdtsa/o J1cwitde+a [ [ iclan 31)

for any o > 0 and any ¢ € C5°((0,7) x [0,A)%). We fix ¢ and by linearity we may assume that
¢ > 0 if we prove the inequality with absolute values on the left-hand side. We use the identity

from above
T T
—/ /8tCXidxdt— lim/ /Cﬁ_TX?dxdt.
0 h—0 0

- 1 (n—‘rl)h
¢ .—h/nh C(t) dt

to be the time average over a microscopic time interval, we have

T | KoL
‘/0 /Ca—TXZhdg; dt‘ SKZZ/CKl+k’XiKl+k _ Xf((zfl)%‘ .

k=11=1

Setting

Now fix k € {1, ..., K}. For simplicity, we will ignore k at first. We can argue as in the proof of
Lemma 2.5, here with the localization {: By (22) we have for any x € {0, 1}

;E/<|Gh*x—x| dxz;E/c[<1—x>ch*x+xGh*<1—x>]dx:Fh<x,c>

with Fj, as in (30) and furthermore

\ / (¢FD = ¢K1) (1= x) G x da

< 10¢ looarVR / (1= x) Gy * x da.



2. COMPACTNESS 31

Therefore, using (25) we obtain

Z/CKZ‘X K1) g <Z/<Kl DY G % (K= K0y

+§Z WO ) 4 VRO o TZEh X,
=1

where the last right-hand side term vanishes as i | 0 by (10). For the first right-hand side term we
note that for any ¢ € C*°(]0, A)?) and any x, X € {0,1} we have

‘/C[GW<x—>z>]2dx—/<<x—>z>ah*<x—>z>dx

=| [ (€G- 0= Gua e (= 0 G (1 - Do
/Gh/2 /|C:L‘+z (@) 1x = X| (x + 2) |Ghj2 * (x — X)| (z) dw dz

SIVC Vi [ LG d [y - xlda

S 196l Vi [ 1= Rl

so that we can replace the first right-hand side term by

Z/C Ghya * ( X=X e 1))>2d957

up to an error that vanishes as h | 0, due to the above calculation and e. g. Lemma 2.6. As in (26)
for — E},, now for this localized version, we can use the triangle inequality and Jensen’s inequality
to bound this term by

ZK 5 /c“ Grya (¢ =) do < a [ Can o),

=1 n=K(—-1)+

as h | 0, where p, is the (approximate) dissipation measure defined in (15). Therefore we have

L L
S [t P e ST R o [ Cdun o),
=1 =1

as h | 0. Taking the mean over the k’s we obtain

T
/ga Txhdxdt’ 1/0 Fh(X?,g)dHa/ Cdpp + o(1).
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Passing to the limit & — 0, (17), which is guaranteed by the convergence assumption (8), implies
31).
Now let U C (0,T) x [0, A)¢ be open such that

// ‘sz‘ dt = 0.
U

If we take ¢ € C§°(U), the first term on the right-hand side of (31) vanishes and therefore

T
—/ /atc“x@-dxdtsa/ ¢] d.
0

Since the left-hand side does not depend on «, we have

T
—/ /&gcxidxdtg 0.
0

Taking the supremum over all ( € C§°(U) yields

// Bl = 0.
U

Thus, O;x; is absolutely continuous w. r. t. |[Vy;| dt and the Radon-Nikodym theorem completes
the proof.

Argument for (iii): We refine the estimate in the argument for (ii). Instead of estimating the right-
hand side of (31) and optimizing afterwards, which leads to a weak L?-bounds, we localize. Start-
ing from (31), we notice that we can localize with the test function (. Thus, we can post-process
the estimate and obtain

‘/OT/%C’VXi’dt‘§C/OT/;|C||in|dt+0//a|qdﬂ

for any integrable ¢ : (0,7) x [0, A)? — R, any measurable a: (0,7) x [0, A)¢ — (0,00) and
some constant C' < oo which depends only on the dimension d, the number of phases P and the
matrix of surface tensions . Now choose

2C

(=V; and a=-—,
Vil

where we set o := 1 if V; = 0, in which case all other integrands vanish. Then, the first term on
the right-hand side can be absorbed in the left-hand side and we obtain

T
/ / V2|Vl dt < u((0,T] x [0, A)%) < Ep. 0
0
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3 Energy functional and curvature

It is a classical result by Reshetnyak [75] that the convergence x — x in L! and

J19x = [ 1931 =BG

imply convergence of the first variation

5E<x,§>=/<V~5—V-V§v>|vX|-

A result by Luckhaus and Modica [56] shows that this may extend to a I'-convergence situation,
namely in case of the Ginzburg-Landau functional
1

1—u? Qdm.
- (

En(u) == /h|Vu\2 +

We show that this also extends to our I'-converging functionals E},. Let us first address why the first
variation of the approximate energies is of interest in view of our minimizing movements scheme.
We recall (5): the approximate solution X" at time nh minimizes Ej(x) — En(x — x"~!) among
all ). The natural variations of such a minimization problem are inner variations, i. e. variations of
the independent variable. Given a vector field ¢ € C*°(]0, A)?, R?) and an admissible , we define
the deformation s of y along £ by the distributional equation

0
%Xi,s + VXi,S : 5 = 07 Xi75|3:0 = Xi»

which means that the phases are deformed by the flow generated through £. The inner variation
d Ep, of the energy FEy, at y along the vector field £ is then given by

d 2
IEL(X, &) = $Eh(xs)‘szo =7 E Oij /Xi Ghp* (=Vx; - §) du. (32)
4,J

For an admissible x the inner variation of the metric term — E},(x — X) is given by

6B = 0008 = 5= Pult =)o = == 300w [ (6= 50 Gux (V- €)d

(33)

The (chosen and not necessarily unique) minimizer x™ in Algorithm 1.1 therefore satisfies the
Euler-Lagrange equation

SER(X", &) — 0ER(+ — X" (X" &) =0 (34)

for any vector field ¢ € C*°([0, A)?, RY).
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3.1 Results

The goal of this section is to prove the following statement about the convergence of the first term
in the Euler-Lagrange equation.

Proposition 3.1. Let X", x: (0,7) x [0, A)? — {0,1}" be such that x"(t), x(t) are admissible
in the sense of (4) and E(x(t)) < oo fora. e. t. Let

X" —x aein(0,T) x [O,A)d, (35)

and furthermore assume that

T T
/Eh(xh)dt—>/ E(x) dt. (36)
0 0

Then, for any ¢ € C§°((0,T) x [0, A)4,R%), we have

T
lim / SEL (X", &) dt
h—0 0

T
1
ZCOZUz‘j/O /(V'ﬁ—ﬂi'vfw)2(|VXi|+|VXj|—\V(Xi+Xj)|)dt~
,J

It is easy to reduce the statement to the following time-independent statement.

Proposition 3.2. Let ", x: [0, A)? — {0,1}F be admissible in the sense of (4) with E(x) < oo
such that

' —x ae, (37)
and furthermore assume that
Ep(x") — E(x)- (38)

Then, for any ¢ € C*([0, A)?, R?), we have

IVl + Vsl = VO +x5)1) -

1
}lliL%CSEh(Xh,f) = COZUij/(V & — v - VE) 3

1,5

Remark 3.3. Proposition 3.2 and all other statements in this section hold also in a more general
context. We do not need the approximations x” to be characteristic functions. In fact the state-
ments hold for any sequence u”: [0, A)? — [0,1]F with >, u? = 1 a. e. converging to some
x: [0, A)? — {0,1}F with E(x) < oo in the sense of (37)—(38).
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The following first lemma brings the first variation § £, of Fj, into a more convenient form, up
to an error vanishing as h — 0 because of the smoothness of £&. Already at this stage one can see
the structure

Vi&—v-VEvr=VE& (Id—v®v)
in the first variation of E in the form of V&: (G, Id — hV2G},) on the level of the approximation.

Lemma 3.4. Let x be admissible and ¢ € C*([0, A)4, R?) then

0EL(x,§) = \;E E Oij /Xi V¢ (Grld — hV?Gy) + xjdr + O (Hvzfﬂoth(X)\/E) .
1,J
(39)

We have already seen in Lemma 2.8 that we can pass to the limit in the term involving only the
kernel G, Id:

1 1
g})ﬂizjam/u?ah*x;?dxzcoizjaij/%<|in| V5] = V06 +30)),

where now ( = V - £. The next proposition shows that we can also pass to the limit in the term
involving the second derivatives hV2G), of the kernel, which yields the projection v ® v onto the
normal direction in the limit.

Proposition 3.5. Let \", x satisfy the convergence assumptions (37) and (38). Then for any A €
C> ([0, A)%, R™*Y)

1
lim —— g | XFA:RVAGL X" d
hlf%)\/ﬁ%:"”/” hEXG O
1
= Yo [v Av g (9l + 9] = [V 06+ ).
i?j
The following two statements are used to prove Proposition 3.5. The following lemma yields

in particular the construction part in the I'-convergence result of E;, to E. We need it in a localized
form; the proof closely follows the proof of Lemma 4 in Section 7.2 of [33].

Lemma 3.6 (Consistency). Let x € BV (]0,A),{0,1}7) be admissible in the sense of (4). Then
for any ¢ € C*([0, A)7)

h—0

. 1 1
lim 7 > oy /sz' Gr o+ xjdz =co »_ 0y /42 (IVxal + Vx5 = [V(xi + x5)])
i, 2%
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and for any A € C>([0, A)4, R4*4)
.1 )
%%\/E;aij/xl-m hV2Gy, + x; dz
1
=X oy v Av g (Vl #1901 - V06 + )

The next lemma shows that under our convergence assumption of x” to y, the corresponding
spatial covariance functions f and f are very close and allows us to pass from Lemma 3.4 and
Lemma 3.6 to Proposition 3.2.

Lemma 3.7 (Error estimate). Let Xh, X satisfy the convergence assumptions (37) and (38) and let
k be a non-negative kernel such that

k(z) < p(|2))G(2)

for some polynomial p. Then

tim = [ () 1fu(2) = )] d = 0 (40)
where
ZO‘ZJ/ xj(;v—l—z)d:c and  f(z Zam]/xZ )x;(x + z) dx.
3.2 Proofs

Proof of Proposition 3.1. The proposition is an immediate consequence of the time-independent
analogue, Proposition 3.2. Indeed, according to Step 1 in the proof of Lemma 2.8 we have
En(x") — E(x) for a. e. t. Thus all conditions of Proposition 3.2 are fulfilled. Proposition
3.1 follows then from Lebesgue’s Dominated Convergence Theorem. O

Proof of Proposition 3.2. We may apply Lemma 3.4 for x" and obtain by the energy-dissipation
estimate (10) that

SEL(x, &M = N Zam /xz VE: (IdGy — hV2Gy) * X dz + O (||v2§||ooEof)

Applying Proposition 3.5 for the kernel V2G with V¢ playing the role of the matrix field A and
Lemma 2.8 for the kernel G with ( = V - £, we can conclude the proof. ]
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Proof of Lemma 3.4. Recall the definition of § Ej, in (32). Since —Vx-£ = -V - (x &)+ x (V- &)
for any function y: [0, A)¢ — R, we can rewrite the integral on the right-hand side of (32):

/XiGh* (—VXj-E)d:vz/—xz-Gh*(V (X5 €) +xi Gr* (x; V- &) da
:/_XiVGh* (G &) + x5 (V- &) Gp* xi da.
Let us first turn to the first right-hand side term. For fixed (4, j), we can collect the two terms in

the sum that belong to the interface between phases ¢ and j and obtain by the antisymmetry of the
kernel V G}, that the resulting term with the prefactor 2\% is

/ VG (x5 €) — X; VG # (i €) da

- / i) / (6(@) — £z — 2)) - V(=) xi(x — 2) d= da.

A Taylor expansion of ¢ around z gives the first-order term
20 ij
Vh

Now we argue that the second-order term is controlled by ||V2¢||oo En(x)Vh. Indeed, since
|z]3G(2) < Ga(z), the contribution of the second-order term is controlled by

Xi(T) / (V&(z) 2) - VGi(2) xj(x — 2) dz dx.

19267 S [ 1 1G) [ i) o + ) ot
2

<920 S0y / Gon(2) / i) x5 (& + 2) de iz
4,
o V26l B (x)-

Using the approximate monotonicity (18) of Fj,, we have suitable control over this term. After
distributing the first-order term on both summand (7, j) and (j, ¢) we therefore have

0EL(x, &) :\}EZUij/Xi(x)Vf(x) : /(2Gh(z)Id+z®VGh(z))Xj(:c+z)dzd:U
i\

+0 (V%o En(00)VR)

and since V2G(z) = —1d G — 2 ® VG(z), we conclude the proof. O

Proof of Proposition 3.5. By Lemma 3.6 we know that the term converges if we take y instead of
the approximation y” on the left-hand side of the statement. Lemma 3.7 in turn controls the error
by substituting x” by x on the left-hand side. 0
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Proof of Lemma 3.6. Our main focus in this proof lies on the anisotropic kernel V2G. The state-
ment for G is — up to the localization — already contained in the proof of Lemma 4 in Section 7.2
of [33].

Step 1: Reduction of the statement to a simpler kernel. Since V2G/(z) is a symmetric matrix, the
inner product

A:V3G(2) = AY™: V2G(2).

depends only the symmetric part A%Y™ of A; hence w. . 0. g. let A be a symmetric matrix field. But
then there exist functions ¢;; € C*([0, A)¢), such that

Al) =) %Q]’(ZIJ) (ei@ej+e;Re;).
4,3

We also note
ei®ej+e e =(e+e)®(ei+e)—(e; Qe +ejRej).
Hence by linearity it is enough to prove the statement for A of the form
Alz) = ((a) E® ¢
for some ¢ € S?~1. By rotational invariance we may assume
A(z) = ((z) e1 ® ;.

Hence the statement can be reduced to

Jim Za /cxi hot G x x; dz = co Za /m 5 IVl + V5] = IV (i +x5)1)

2. 2 (41)
for any ¢ € C*°([0, A)9). In the following we will show that for any such test function ¢ and any
pair of characteristic functions y, ¥ € BV ([0, A)?, {0, 1}) such that

xx =0 ae. (42)
and for the anisotropic kernel k(z) = 22G/(z) we have
tim - [ CUhn sxdo = €07+ 1) 3 (VX +TH - FOcHRD. @3
h—0\/h 2
The analogous statement for the Gaussian kernel G instead of the anisotropic kernel k£ is — up to

the localization with ¢ — contained in [33]. In that case the right-hand side of (43) turns into the
localized energy, i. e. replacing the anisotropic term (v§ + 1) by 1. Since 07G(z) = (27 — 1) G(2)
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it is indeed sufficient to prove (43). We will prove this in five steps. Before starting, we introduce
spherical coordinates z = r¢£ on the left-hand side:

/Cth*de f/ /g )x(z + Vhz) dx d=
/ Glr M\D/Sdl /C )x(x + Vhre) dz dE dr.  (44)

In the following two steps of the proof, we simplify the problem by disintegrating in  (Step 2) and
& (Step 3). Then we explicitly calculate an integral that arises in the second reduction and which
translates the anisotropy of the kernel k into a geometric information about the normal (Step 4).
We simplify further by disintegration in the vertical component (Step 5) and conclude by solving
the one-dimensional problem (Step 6).

Step 2: Disintegration in r. We claim that it is sufficient to show

,{lg%f/sdlfl/c (z + Vhe) da dé
Bd 1 1
= dH'/C 5 (Vx| + VX = [Vx + X)) - (45)

Indeed, note that since G(z) = G(]z|) and %G (r) = —rG(r) we have, using integration by parts,

” Pt dr = — T4 mrdtl dr = ” r)rd dr
/OG() d /OdT(G()) d (d+1)/0 G(ryri dr.

Replacing v/h by v/ 7 on the left-hand side of (45) and integrating w. r. t. the non-negative measure
G(r)r?dr and using the equality from above shows that (45), in view of (44), formally implies (43).
To make this step rigorous, we use Lebesgue’s Dominated Convergence Theorem. A dominating
function can be obtained as follows:

‘fr/sdlgl/c )x(z + Vhre) dxdg'

= ﬁ/sdlfl/c (x(a+Vhre) - <>)dmd5'
< el [ f \x(xwm)—x(x)\ d dg

< ¢l 5% / 1V,

which is finite and independent of 7. Hence, it is integrable w. r. t. the finite measure G (r)r4+2dr.
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Step 3: Disintegration in &. We claim that it is sufficient to show that for each & € S9!,

hm\f/c :z:+f£)+x(:v—\f§))

h—0
=/<|s~u|§<|vX|+W>z|—v<x+>z>|>. 46)

Indeed, if we integrate w. r. t. the non-negative measure %f 2d¢ we obtain the left-hand side of (45)
from the left-hand side of (46). At least formally, this is obvious because of the symmetry under
& — —&. The dominating function to interchange limit and integration is obtained as in Step 1:

‘f/c (x(@+ VRE) + x(w = Vhe)) da

< supcw/]xx+f§> (@)] + |x(o = VAe) = x(@)] dz < 2¢l [ 1Vl

For the passage from the right-hand side of (46) to the right-hand side of (45) we note that since

[ [cenivngae=5 [ [ éieviacion

and |v| = 1 |[Vx|- a. e. it is enough to prove

1/ e v|de = B (V2 +1) forally e S4 47)
2 Sd—l 1 d+1 1

to obtain the equality for the right-hand side.
Step 4: Argument for (47). By symmetry of |, ga—1 d§ under the reflection that maps e; into v, we

have
[ gleviae= [ coalas

Applying the divergence theorem to the vector field || (£ - v) v, we have
| €vralac= [ v (&l € vv)s

Sd—1 B
Since V- ([&1] (§ - v) v) =sign&y (£ v) v1 + [&l,

</ sign&lgdf) -1/1/1+/ |€1] d€.
B B

By symmetry of d¢ under rotations that leave ey invariant, we see that [ p Sign &y £ d§ points in
direction eq, so that the above reduces to

(v +1) /B €1] de.
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We conclude by observing
! d—1
[ ralae= [ a0 -e)
B

i1 1 IBd 1|
=2|B |/ d&; { ﬁ( _51) der = d+1°

Step 5: One-dimensional reduction. The problem reduces to its one-dimensional analogue, namely:
For all x, x € BV([0,A), {0, 1}) such that

xx=0 ae. (48)
and every ¢ € C*°([0,A)) we have
1N Al (x +X)
tim = [ CR(s) (s VR +xts = V) ) ds = [ e (1981155 = 1)),
(49)

Indeed, by symmetry, it suffices to prove (46) for & = e1. Using the decomposition z = se; + 2’
we see that (46) follows from (49) using the functions y,/(s) := x(se1 + '), Xu, (5 in (49) and
integrating w. r. t. dz’. For the left-hand side, this is formally clear. For the right-hand side, one
uses BV -theory: If y € BV ([0, A)9), we have x, € BV ([0,A)) fora.e. 2’ € [0, A)4~! and

A
dxar
| [ e B = [ e vx
[0,A)d4-1 J0 S [0,A)d

)

for any ¢ € C°°([0, A)?). To make the argument rigorous, we use again Lebesgue’s Dominated
Convergence. As before, using (48), we obtain

Uﬁ /0 Y (5w (9 (s + Vi) + X (s = VR) ) ds

1 A

< o /
A dXx’
<2dlo [ 192

d z
/ / Xt | ! = / rel-uuvms/ Vi,
[0,A)d—1 [0,A)d [0,A)d

)

X' (8 — \/E) — Xz (8)| ds

a5+ V) = (3)] +

Since

this is indeed an integrable dominating function.
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Step 6: Argument for (49). Since x, x are {0, 1}-valued, every jump has height 1 and since x, X €
BV ([0, A)), the total number of jumps is finite. Let .J, J C [0, A) denote the jump sets of x and ¥ X
respectively. Now, if v/% is smaller than the minimal distance between two different points in .JU.J,
then in view of (48), the only contribution to the left-hand side of (49) comes from neighborhoods
of points where both, x and y, jump:

= /0 ") 1) (s + V) + x(s - Vﬁ)) ds

\f / (0) (x(a +Vh) + x(o — \/E)) do.

seJnJ
Note that (o 4+ v/h) + x(¢ — V/h) = 1 on each of these intervals and that
X=1m on (s — Vh,s+ Vh)
for intervals of the form
I"=(s—+vh,s) or I'"=(s,s+Vh).
Since |I7| = v/h, we have

f/ ((s s—l—\F)—i-x(s—\/E)) ds = Z f Ih o)do — ZC

seJnJ seJnJ

Note that by (48), x + x jumps precisely where either x or x jumps. Thus

/OAC;(‘Z ‘ "' (X+X ) (ZC EDOEY <<s>)— S ).

seJ seJ seJAJ seJnJ

Therefore, (49) holds, which concludes the proof. ]

Proof of Lemma 3.7. The proof is divided into two steps. First, we prove the claim for k¥ = G, to
generalize this result for arbitrary kernels k in the second step.

Step 1: k = G. By Lemma 3.6 and the convergence assumption (38), we already know
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Fix hg > O0and N € N and set h := ﬁhg. We will make use of the following triangle inequality

for finy = 1, fn:
fy(z +w) < fn)(2) + fy(w) forall z, w € RY. (50)

This inequality has been proven in the proof of Lemma 3 in Section 7.1 of [33]. For the convenience
of the reader we reproduce the argument here: Using the admissibility of x in the form of >, x, =
1, we obtain the following identity for any pair 1 < 7, j < P of phases and any points x, z’, 2" €
[0, A):

Xi(@)x;5 (") = xi(2)x; (2") = xi(2)x;(2")

z) Z Xe(@)xG (2") = xi(2)xg (@) > xn(@”) = D xw(@)xi(@)x; (2")
k

k

=> [xi ) (") = xi (@) () xa (@) = xe(@)xa () x5 ()] -

k

Note that the contribution of k£ € {3, j} to the sum has a sign:

> I@)xe()xs") = xi@)x (2)xae@”) = xe(@)xi(z')x;(2")]
kefi,g}
= Xi(x)Xi(x/>Xj(x//) - Xi($)Xj<m/)Xi(x//) - Xi(w)Xi(ﬁfl)Xj(x”)
-+ xi (@) x (2)x (@) = xa@)x (2)x; (2") = x; (@) xa (2" x; (2")
— [xi(@)x; (@) xa(@") + xg(x)xa (@) x; (2")] <0,

We now fix z, w € R? and use the above inequality for 2’ = = + 2, 2" = = + z 4+ w so that
after multiplication with o;;, summation over 1 < 4,57 < P and integration over x, we obtain
f(z4+w) — f(2) — f(w) on the left-hand side. Indeed, using the translation invariance for the term
appearing in f:(w), we have

fz+w) = f(z) = f(w)

/ZG” Xi(z)xj(x+ 2z +w) — xi(x)xj(x + 2) — xilx + 2)xj(x + 2 +w)] dz
i#j

<[ 3 ol + Do+ 2+ w) — xilolo + 2o+ 2+ )
i kA1,
— xu(@)xi(z + 2)x;(x + z + w)]dz.

Using the triangle inequality for the surface tensions, we see that the first right-hand side integral
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is non-positive:

> i (l@)xae@)xG (@) = xa(@)x; (@ )xe(a”) = xa(@)xi(@')x; (@)

i#5,k#4,J
> ouxi(@)xa(a) + ) orxl@)xe()x; (@)
i, k#i,5 i#£5,k#1,3
— > aixi(@)x() — Y opx@)x@)x (") =0,
i#j,k#i,j i#£5,k#1,5

Indeed, the first and the third term, and the second and the last term cancel since the domain of
indices in the sums is symmetric and thus we have (50).
By iterating the triangle inequality (50) for f(,) = f, fn we have

fy(N2) < Nfpy(z) forall z € RY.

Hence, by the definition of h,

f n(Vhoz) < f(h (Vhz) forall z € R% (51)

Therefore, using (51) for f3, the subadditivity of v — u. and finally (51) for f, we obtain

(\}Ef(\/@:) - ;th<¢ﬁz>)+
< (=1 (V) - ifhw%z))

< (1R - T (Wiee), (1f(\/h>oz)—\/1h—ofh(\/h>oz)>+

1
< = f(Viz) - fz + ] 1/ho2) = 1o
Integrating w. r. t. the positive measure G(z) dz yields
/Gh — fa(2) dz</G \fzdz—\ﬁ/G F(V/hoz) dz
= G(z)\ﬂmz) — fu(v/hos)| dz
~Br(x) = B0 + = [ Guo(2) 1) = fu(2)] =

(52)
Given 6 > 0, by Lemma 3.6 we may first choose hg > 0 such that for all 0 < h < hg:

0

1 En(x) = Eny (0] < 5.
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We note that we may now choose N € N so large that forall 0 < h < ﬁho:

‘f(\/%z) - fh(\/%z)‘ < g\/% forall z € R%,

Indeed, using the triangle inequality and translation invariance we have

F(V/hoz) - fhw%z>\
< ZO’Z]

<Z/

which tends to zero as h — 0 because by Lebesgue’s Dominated Convergence and (37). Hence
also the second term on the right-hand side of (52) is small:

o= [ GG = )= <

Xi(@) (@ + 2) = X[ @)Xz + 2)| do

xi(@ +2) = i@ (@ + 2)| +

Xz Xz )’ dr,

Step 2: k = pG. Fix e > 0. Since G is exponentially decaying, we can find a number M =
M (€e) < oo such that

z
k(z) <eG(—=) = €Ga(z) forall |z| > M. 53
() < €G(5) =€Calz) forall |2 53
Hence we can split the integral into two parts. On the one hand, using (40) for k = G,
1
—= k() [fa(Vh2) = f(Vh2)| dz
Vh Jyz<any

< (Supp> f/G Nfn(Vhz) = f(Vhz)|dz = 0

[(0,M)]

as h — 0, and on the other hand, using (53) and the approximate monotonicity in Lemma 2.10,

1
T L WS = R dz e [ Ga(a) (Vo) + (VR

Se (Ba(d™) + En(x) -

By the convergence assumption (38) and the consistency, cf. Lemma 2.11, we can take the limit
h — 0 on the right-hand side and obtain

hmsupjg / ka(2)| () — F(2)] dz < ez% / IVl + V] = 1V G+ X)) -

h—0

Since the left-hand side does not depend on ¢ > 0, this implies (40). O
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4 Dissipation functional and velocity

As for any minimizing movements scheme, the time derivative of the solution should arise from the
metric term in the minimization scheme. For the minimizing movements scheme of our interfacial
motion, the time derivative is the normal velocity. The goal of this section, which is the core of the
chapter, is to compare the first variation of the dissipation functional to the normal velocity.

4.1 Idea of the proof

Let us first give an idea of the proof in a simplified setting with only two phases, a constant test
vector field £ and no localization. Then the first variation (33) of the metric term reads

D) Grx (=YX ) da
v
Using the distributional equation Vy - £ = V - (x§) — (V - ) x, this is equal to

n_ n—1
f/ ) (“VG * ("€) + G % (x “s>>dx~—2/><;<§-¢ﬁVGh*x"dx

as h — 0. We will prove this in Lemma 4.7. Since 9; "x" = XTL%W — V|Vx|dt and

VhV G}, % x™ =~ cov only in a weak sense, we cannot pass to the limit a priori. Our strategy is to
freeze the normal and to control

T T
/ /Othxhﬁ-\/ﬁVGh*xhdfﬂdt_/ /athxhC()&-V*d:vdt (54)
0 0

by the excess

2= /OT (Eh(xh) - Eh(x*)> dt,

where x* = 1y,.,+>y) is a half space in direction of v*. By the convergence assumption &

converges to
#ima [ ([vd- [1ox)a

as h — 0, which is small by De Giorgi’s Structure Theorem — at least after localization in space
and time; i. e. sets of finite perimeter have (approximate) tangent planes almost everywhere. To be
self-consistent we will prove this application of De Giorgi’s result in Section 5.

The main difficulty in controlling (54) lies in finding good bounds on

T
/ / ‘aﬁxh‘ dz dt.
0

2
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For the sake of simplicity we set Ey = T = A = 1 and write y instead of x” in the following. In
Section 2 we have seen the bound

// 07 x| dzdt = O(1) for T ~ Vh. (55)

For this, we used the energy-dissipation estimate (10) to bound the dissipation

2 1
\/E// (Gh/g*afx> dxdtzz\/ﬁ/(xn—xnl) Gh*(xn—xnfl) dr <1

and Jensen’s inequality gave us control over the function
1 2 N
Q?(t) == 7 / (Ghyax (x(t+7) — x(t)) do = (12\/5/ (Gpjo % 0Ix) dz (56)
by the fudge factor o appearing in the definition of the mesoscopic time scale 7 = av/h:
T
/ A(t)dt < o (57)
0

This estimate is the reason for the slight abuse of notation: We call the function in (56) a?(t) in
order to keep the relation (57) between the two quantities in mind. In the following we will always
carry along the argument ¢ of the function a?(t) to make the difference clear. Writing x” short for
X(- + 7) we have shown in the proof of Lemma 2.5 that (55) holds in the more precise form of

2

//|XT—X|d:cdt§x/ﬁ/a2(t)dt+x/E/Eh(X)dt§\/E(52+1)+\T/E. (58)

In this section we will derive the following more subtle bound:
/ 07 x| dzdt = O(1) for 7 = o(v/h). (59)

While the argument for (55) was based on

X' =Xx=Grx(X = X)+ (X = Grxx)+ (X" —Grxx")
we now start from the thresholding scheme:

; — —h — —h
X77X:1{u7>%}71{u>%} with u” := Gp * x7 and w:=Gp*xx .
We will use an elementary one-dimensional estimate, Lemma 4.2 (cf. Corollary 79 for this rescaled
version), in direction v* = e (w. L. 0. g.) and integrate transversally to obtain

1 - 1 \2 1 1 i
\/E/|X —X|d$§7 (\/Ealu_c)_dl“FS‘l-sz\/E/(U —u)dz.  (60)

1 2
gsusj3
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The first right-hand side term measures the monotonicity of the phase function v in normal direction
in the transition zone {% <u< %} It is clear that this term vanishes for x " = x*, provided the
universal constant ¢ > 0 is sufficiently small. In Lemma 4.4 we will indeed bound this term by the
excess

eX(=h) = Ep(x™") — En(x")

at the previous time step. Compared to the first approach which yielded (58), where the limiting
factor is that the first right-hand side term is only O(v/h), the result of the latter approach yields
the improvement

2

17
T —xldedt < Vh (2 +s) + 5 — 61)
/ / X" — x| ( ) s2Vh
for an arbitrary (small) parameter s > 0. Now we show how to use the bound (61) in order to
estimate (54). First, in Lemma 4.7 by freezing time for y on the mesoscopic time scale 7 = av/h
and using a telescoping sum for the first term 9}y we will show that

//f%”xf'WNGh*xd:cdt:/ agxg'\/ﬁvc:h*xzx dz dt

+0 ((\;ﬁ //|8[Xd:cdt)é). (62)

By (61) the error term is controlled by

Wl

1
1 2 1
<52 +s+ 2a2> <=’ +as (63)
s o

by choosing s ~ as. Second, in Lemma 4.8 we will show how to use the algebraic relation

(X" — X)X+ x) = X" — x for the product (x™ — x)VhAVG}, * (x™ + x) so that we can rewrite
the right-hand side of (62) as

//focof-elda:dt—i—O (//]8{)(] kp, % ]XT—X\da:dt> +0 (&) (64)

for some kernel k. Third, in Lemma 4.9 we will control the first error term by using its quadratic
structure and the estimate (61) before the transversal integration in z’:

1 1
x| k T _yldzx < = T yldey ) KL [N [ —= T _|d dz’
/!tx\ n* X X!wNT/(/\x X| w1> h*[ (\/E/\x X| xl)} x

1 1 1

<= {52 + o’ +s <\/E (5+e%) + ~2a2>} (65)
(07 S S
1 1 1 1

S —e?+ —si+ (i+2>a~52+o¢é,
« « S S (&%
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by choosing § ~ a% and s ~ a%. We note that the values of the exponents of « in (63) and (65)
do not play any role and can be easily improved. We only need the extra terms, here as and aé,
to be o(1) as @ — 0; the prefactor of the excess €2, here é, can be large. Indeed, after sending

h — 0 we will obtain the error ééﬂ 2 ¢ . We will handle this term in Section 5 by first sending
the fineness of the localization to zero so that &2 vanishes, and then sending the parameter o — 0.

In the following we will make the above steps rigorous and give a full proof in the multi-phase
case. First we state the main result, Proposition 4.1, then we explain the tools we will be using
more carefully in the subsequent lemmas. We turn first to the two-phase case to present the one-
dimensional estimate (60) in Lemma 4.2, its rescaled and localized version Corollary 4.3 and the
estimate for the error term Lemma 4.4. Subsequently we state the same results in Lemma 4.5 and
Corollary 4.6 for the multi-phase case. These estimates are the core of the proof of Proposition 4.1
and use the explicit structure of the scheme. Let us note that in these estimates we are using the
two steps of the scheme, the convolution step (1) and the thresholding step (2), in a well-separated
way. Indeed, the one-dimensional estimate, Lemma 4.5, analyzes the thresholding step (2); and
Corollary 4.6 brings the (transversally integrated) error term in the form of the excess 2 at the
previous time step by analyzing the convolution step (1).

4.2 Results

The main result of this section is the following proposition which will be used for small time
intervals in Section 5 where we will control the limiting error terms which appear here with soft
arguments from Geometric Measure Theory. In view of the definition of &2 below, the proposition
assumes that ys, ..., x p are the minority phases in the space-time cylinder (0, 7") x B,; likewise it
assumes that the normal between x1 and 3 is close to the first unit vector e;. This can be assumed
since on the one hand we can relabel the phases in case we want to treat another pair of phases
as the majority phases. On the other hand, due to the rotational invariance, it is no restriction to
assume that e; is the approximate normal.

Figure 1.7: The majority phases €2; and 2 and the half space Q* = {z - v* > A} approximating
Q0 inside the ball By, Its complement (2*)“ approximates Q2 inside Ba,.
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Proposition 4.1. Foranya < 1, T > 0, £ € C3°((0,T) x B, R?) and any 17 € C§° (Bgr) mdially

symmetric and radially non-increasing cut-off for B, in B, with |Vn| < and ‘VQU‘ S 7«2’ we
have
T
s | [ =084 =0~ O 0.€0) + 20ms ([ €0 Tl [ @119l )t
N

< €]l [/T (i@ﬂ(t) + a%rdA)dt +ad //nd,u] (66)
~ S8 0 OZQ .

Here we use the notation

Z/ 0 +1nf{’/ (901190 + 7 [ o) - xlds

+ ‘/n(\Vm(t)! - Wx*)‘ + % /Bzr 2(t) — (1 — X*)!dx},

where the infimum is taken over all half spaces X* = 1.,y in direction e;.

The exponents of « in this statement are of no importance and can be easily improved. It is
only relevant that the two extra error terms, i. e. 717 and J[ ndu, are equipped with prefactors
which vanish as @ — 0. In Section 5 we will show that — even after summation — the excess will
vanish as the fineness of the localization, i. e. the radius r of the ball in the statement of Proposition
4.1 tends to zero. There we will take first the limit » — 0 and then &« — 0 to prove Theorem
1.4. The prefactor of the excess, here % differs from the one in the two-phase case since the
one-dimensional estimate is slightly different in the multi-phase case.

Let us comment on the structure of &2. The first term, describing the surface area of Phases
3,..., P inside the ball Bs,, will be small in the application when xs,...,xp are indeed the
minority phases. The second term, sometimes called the excess energy describes how far y; and
X2 are away from being half spaces in direction e; or —ej, respectively. The terms comparing
the surface energy inside Bg, do not see the orientation of the normal, whereas the bulk terms
measuring the L!'-distance inside the ball By, do see the orientation of the normal.

The estimates in Section 2 are not sufficient to understand the link between the first variation
of the metric term and the normal velocities. For this, we need refined estimates which we will first
present for the two-phase case, where only one interface evolves. The main tool of the proof is the
following one-dimensional lemma. For two functions u, , it estimates the L'-distance between
the characteristic functions y = 1 {u>1} and y =1 (a>1} in terms of the L2-distance between the
u’s - at the expense of a term that measures the strict monotonicity of one of the functions u. We
will apply it in a rescaled version for z; being the normal direction.

Lemma 4.2. Let I C R be an interval, Let u, @ € C%1(I), x := 1{u2%} and X 1= 1{112%}' Then

1
/!x—ildm S/ (Oru —1)% da +s+2/(u—a)2dx1 (67)
I {Jlu—3|<s} st JrI
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for every s > Q.

The following modified version of Lemma 4.2 is the estimate one would use in the two-phase
case.
Corollary 4.3. Let u, & € C%(I), x := Lisip X o= 1gsiyandn € CP(R), 0 < <1
=32 =2
radially non-increasing. Then

nlx — x|dxr < / f@u—l dz1 + s+ / u— 1) 2 dx
f/’ o f{|u~|<s} 1 ) 1 2\f '

forany s > 0.

In the previous corollary, it was crucial to control strict monotonicity of one of the two functions
via the term

f/'u,|<s} \fﬁw— 1) dx.

In the following lemma, we consider the d-dimensional version, i. e. dz; replaced by dz, of this
term in case of u = G}, * x. We show that this term can be controlled in terms of the excess,
measuring the energy difference to a half space x* in direction e;.

Lemma 4.4. Let x: [0,A) — {0,1}, x* 14z, >y @ half space in direction ey and n €

C§°(Bar) a cut-off of By in Boy with V| < L and |Vn| < %2 Then there exists a univer-
sal constant ¢ > 0 such that

1

ﬁ {z1s0}
1

Vh J{1<Gpax<2}

Gr(2) [ n(o) (o +2) = x(a)) dodz 6% + Vg, (68)
n (\/Eal(Gh % X) — 5>2, dr Se? + \/Er% + \/E%Eh(x), (69)

where €2 is defined via

)

1
2Z\/E/n[(l—X)Gh*x+xGh*(1—x)]dﬂf
]' * * * _ * 1 _ *
—\/E/n[(l—x)Gh*x + X Gy * (1 X)]dx—i_r/Bw’X X"| dx

and the integral on the left-hand side of (68) with the two cases <,+ and >, —, respectively is a
short notation for the sum of the two integrals.

In our application, we use the following lemma which is valid for any number of phases with
arbitrary surface tensions instead of Lemma 4.2 or Corollary 4.3. Nevertheless, the core of the proof
is already contained in the respective estimates in the two-phase case above. As in Proposition
4.1, we assume that x; and xo are the majority phases and that e; is the approximate normal to

Ql = {Xl = 1}
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Lemma 4.5. Let I C R be an interval, h > 0, n € C3°(R), 0 < n < 1 radially non-increasing
and u, i: I — RY be two smooth maps into the standard simplex {U; > 0, >, U; = 1} C RF.

We define ¢; == 3, oiju;, b = 22 Oijlg, Xi i= Ly, <g; vjziy and X = Ligi<d, vistiy Then

1 1
- _ < _ el .
\/E/n\x X| dxy N\/E/{1<u1<2} (\/ﬁ(‘?lul c) dx1 + g / nlu; A (1 —uj)] dey

+S+\f/ lu — @) day (70)

forany s < 1.

As Lemma 4.4 can be used to estimate the integrated version of the error in Corollary 4.3
against the excess, the following corollary shows that the integrated version of the corresponding
error term in the multi-phase version, Lemma 4.5, can be estimated against a multi-phase version

of the excess £2.

Corollary 4.6. Let x be admissible, x* = 1,y a half space in direction ey and n € C§°(Bay)
a cut-off of By in Ba, with |Vn| < % and ‘VQn‘ < r% Then there exists a universal constant ¢ > 0
such that for u = Gp, * x

f/ ene)” falul—c) dx+2/ nlu; A (1 — )] do

where the functional £%(x) is defined via

* 1 *
200 = Y P+ P = b+ [ ha = xlde
1/23 2r

* 1 *
+Fn(x2.m) — Fr(x ,77)+T/B Ix2 — (1 —x")|dx
2r

and the functional Fy, is the following localized version of the approximate energy in the two-phase
case

Fr(X;m) 3:\}E/77[(1—X)Gh*f(Jrchh*(l—fc)]dea x € {0,1}.

With these tools we can now turn to the rigorous proof of (62)—(65) in the following lemmas.
In the next two lemmas, we approximate the first variation of the metric term by an expression that
makes the normal velocity appear. The main idea is to work, as for Lemma 2.5, on a mesoscopic
time scale 7 ~ v/h, introducing a fudge factor «, cf. Remark 1.6. The first lemma shows that
we may coarsen the first variation from the microscopic time scale h to the mesoscopic time scale

h and is therefore the rigorous analogue of (62). It also shows that we may pull the test vector
field £ out of the convolution.
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Lemma 4.7. Let ¢ € C5°((0,T) x B, RY). Then

T
/0 —5Eh( R Xh(t — h))(Xh(t)vg(t)) dt
-1

~ ZO—UTZ/ - XZ £(ir) - (\/Evah) « (Xf(H) n X;Kl) dz

in the sense that the error is controlled by

€l <Tze KI=1) 4 o3r4-1T 4 o / / ndph) +o(l), ash— 0,

where n € C§°(By,) is a radially symmetric, radially non-increasing cut-off for B, in By, with
V| < % and the functional £2(x) is defined in Corollary 4.6.

While the first lemma made the mesoscopic time derivative %(XZKZ — XiK(l*l)) appear, the
upcoming second lemma makes the approximate normal, here ey, appear. This is the analogue of
(64).

Lemma 4.8. Given £ and n as in Lemma 4.7 we have

)

ZU” TZ/ — X’ E(lr) - (\/EVG;L) * <XJK(Z_1) + xfl) dx

. (l 1)
—2600’127’Z</§ (i7) Xl dx—/g (i7) dx),

in the sense that the error is controlled by ||€||~ times

L
;7252(sz)+&//”th
=1
L
+TZ % /17 }XKZ _ XK(Z—I)’ Ky, (77 }XKZ _ XK(Z—I)D dz + o(1),
=1

as h — 0, where 0 < k(z) < |2|G(2) and the functional *(x) is defined in Corollary 4.6.

Let us comment on the error term: The first part of the error term arises because e; is only
the approximate normal. The last part arises in the passage from a diffuse to a sharp interface and
formally is of quadratic nature.

The following lemma deals with the error term in the foregoing lemma and brings it into the
standard form. The only difference to the two-phase case in (65) is the prefactor in front of the
excess £2 which comes from the slight difference in the two one-dimensional estimates.
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Lemma 4.9. With n as in Lemma 4.7 we have

L
TZ % /77 = XKDk, (77 - XK(Z—I)D e
=1

L

1 _ 1 1
5572520(“ Y4 aord T + a5 //Udﬂhv
=1

where the functional % () is defined in Corollary 4.6.

With the above lemma we can conclude the proof of Proposition 4.1. Since one of the error
terms includes the factor 7?1 we will only use the proposition in case there the behavior in the
ball B, is non-trivial. In the trivial case — meaning that the measure of the boundary inside B is
much smaller than 7%~! — we can use the following easy estimate.

Lemma 4.10. In the situation as in Proposition 4.1, we have

T
Zaij/o /(V'f—%"VﬁVi—Qﬁ'ViVi)(WXJ‘F|VXj—|V(Xz'+Xj)Ddt
,J

S lello [i/OT/n(;mvp) ,vxiydwa//ndﬂl.
1=1

4.3 Proofs

Proof of Proposition 4.1. Step 1: The discrete analogue of (66). The statement follows easily from
T T
[ =5 = 3= i) ds 2o [ faviionl- [aveval)d
0 0
LT 2 L d—1 i
S €lleo 2 e*(t)dt + avr® T 4 ad ndup| +o(1), ash— 0. (71)
0

Here we use the notation £2(t) := £2(x"(t)), where the functional £2() is defined in Corollary
4.6. The infimum is taken over all half spaces x* = 1y, - in direction ey. All terms appearing
in £2 correspond to terms in &2. The first term is the sum of the localized approximate energies
of x3,...,Xxp, the second term describes the approximate energy excess of Phases 1 and 2. The
convergence of these terms as h — 0 for a fixed half space x* follows as in the proof of Lemma
2.8. Taking the infimum over the half spaces yields (66).

Step 2: Choice of appropriately shifted mesoscopic time slices. In order to prove (71), we use the
machinery that we develop later on in this section. There we work on the mesoscopic time scale
7 = avh instead of the microscopic time scale h, see Remark 1.6 for the notation. To apply
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these results, we have to adjust the time shift of time slices of mesoscopic distance. At the end,
we will choose a microscopic time shift kg € {1, ..., K} such that the average over time slices of
mesoscopic distance is controlled by the average over all time slices:

L N T
I R I S (O R AL )
=1 n=1

This follows from the simple fact that £2(ko) < + S €2(k) for some ko. For notational sim-
plicity, we shall assume that kg = 0 in (72).

Step 3: Argument for (71). Using Lemmas 4.7, 4.8 and 4.9, we obtain
r h h
| =8Bt =m0

L K _ . K(-1) Kl _ ., K(-1)
N 2000127 ( / §1(l7)% dx — / gl(h)% da:) (73)
I=1
up to an error

1 T
1€l o <042/ e2(t) dt + asrd=1T 4 o5 //nd,uh> +o(1), ash—0,
0

where we used the choice of time slices (72). Since £ has compact support in (0,7"), a discrete
integration by parts yields

L L—-1
> / a(xﬂ% (! =) dw = =Y / 3 (€1 + 1)7) — &0(im) X da.
=1 =0

By the Holder-type bounds in Lemma 2.6 we can replace the mesoscopic scale on the right-hand
side by the microscopic scale for x:

L-1
>
1=0

1 Kl 1o [ 1 Kl+k
/T &+ 1)7) =& (lr)) x; " do — T Z/T & (U+1)71) =&(r)x; T dx
=1

L-1 K

<0k > D [ [ =¥ dr 5 el TV

=0 k=1

By the smoothness of &, we can easily do the same for £ to obtain by (iii) in Proposition 2.2 that
forh =0

L-1 T T
TZEZ;/i<51<<Z+1>T>—&(lv))xfﬂdmfo Josixdra=— [ [avioua

Using this for the right-hand side of (73) establishes (71) and thus concludes the proof. O]



56 CHAPTER 1. MULTI-PHASE THRESHOLDING SCHEMES

T

Figure 1.8: The four cases (i)—(iv) for an interval J C I (from left to right).

Proof of Lemma 4.2. Step 1: An easier inequality. We claim that for any function u € C%!(T), we
have

H{lul <1} S / (Bu — 1) dzy + 1. (74)
{lul<1}

In order to prove (74), we decompose the set that we want to measure on the left-hand side

{lul<1}=J 7
Je s

into countably many pairwise disjoint intervals. As illustrated in Figure 1.8, we distinguish the
following four different cases for an interval J = [a,b] € 7

@) J € #u(a) = —1andu(b) =1
(i) J € 7 u(a)=1and u(b) = —1
(i) J € 7_: ula) = u(b),
(iv) J € #»: J contains a boundary point of 1.

By Jensen’s inequality for the convex function z — 22, we have

‘}J‘ /J (Bru—1)2 diy Z(\}u /J (Byu 1)dac1)2_ - (1 _ ulb) —ula) ‘;‘“(“)>+

(1—@); ifJe 7

= 2 .
(1+m> 5 lfJEJ\,
1, ifJe 7.
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If |.J| > 4, then —1 < 2(u(b) — u(a))/|J| < 1 and so
1 ) 1
— ou—1)" dxy > =. 75
|J|/J(1“ 2 dn > (75)
Thus, we have
51V [ G- 1 da,
J

for any interval J € _#. Since # ¢ < 2, we have
}:\Jn5y+/kau—1fdm,
Je Zo d

which is enough in case (iv). In case (iii), we immediately have

| /| 5/(01u—1)3d:c1, (76)
J

while in case (ii) we even have the stronger estimate

9 2
J ||

since 1 +s%2 > 1and 1+ s2 > 2s for all s € R. Thus on the one hand we can estimate the measure
of such an interval J € _Z\_ as in (76). On the other hand, we can bound the total number of these
intervals:

#INS D / (O1u—1)% dwy < / (Oru—1)? day, (77)
Je g, 77 {lul<1}

which clearly yields

#//S#/\Hg/ (ru—1)2 day + 1.

{lul<1}

Hence, using (75) for those J € _# » with |.J| > 4, we have

SRV SRVESD SRV EENC VRS EEE

JEJ » JEJ » JEF » {lul<1}
17[>4 1Jj<4

g/‘ (1w — 1) day + 1.
{ul<1)
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Using these estimates, we derive

<= IS [ (@u-12dn+t
i< {ul<1)

Step 2: Rescaling (74). Let s > 0. We use Step 1 for 4 and set u := s, 1 = s&1. Then
81’11, = 8112 and

(74) R 2 5
{]ul < s} =s|{a<1}] < s/ (ala—1) da@l+s:/ (Bru—1)2 day + 5.
{lal<1} - {Jul<s})

Therefore, using this for v — % instead of u, we have

{lu— 3| < s} 5/ (Oru—1)* dzy + 5. (78)

{lu—3<s}

Step 3: Introducing u. By Chebyshev’s inequality, we have

1
il 2 5} < 5 [ (u- @Pd
S§7JI
forall s > 0. Set
E:={lu—3<stu{lu—al>s}cCl
Then, sincee. g. u > 1 > @ and |u — 3| > s imply |G — u| > s,

{x#x}={u>3}A{i >3} CE.

Hence,
1
/|X—>z\dx1gyE|g/ (81u—1)2_dx1+s+2/(u—ﬂ)2dx1,
I {lu—3|<s} St JrI

which concludes the proof. 0

Proof of Corollary 4.3. By rescaling z; = Vh 41, (1) = u(\/ﬁﬁzl), and analogously for @ and
using Lemma 4.2 for the transformed functions we obtain:

1 1 2 11
= [ x—xld 5/ Viiow—1) dry + +/ — )2 dxy. (19
\/E/I|X X| 1 \/E {u—é|<5}< e )_ o i 52\/E I(u U) i ( )

Now we approximate 7 by simple functions: Let

[Nn] 1 al n
n = —_—= ]_ = . e .
7 ~ N ngl J., Wwhere J, {a; el:n(x)> N}



4. DISSIPATION FUNCTIONAL AND VELOCITY 59

Then0 <7 <n,|n—7 <+ and since 7 is radially non-increasing, each J,, is an open interval.
We can apply (79) with J,, playlng the role of I. By linearity we have

X — X|dx1 < / \Ff‘)u—l dz +s+ / 2 dx
\f/m | d1 f {\u—f\<s} ' ) ' s> Vh '

2
S— n(vVhou-—1 da:1+s—|—/77 u— @)% dry.
Vh J{ju-11<s) ( )— v e

Passing to the limit N — oo, the left-hand side converges to ﬁ J mlx — x| dz1 and we obtain the
claim. O

Proof of Lemma 4.4. Argument for (68). As in Step 1 of the proof of Lemma 2.4, by (22) we have

1 - -
[l =0 Ghx 342G (1= Do = = [ o) [n(e) [R(o +2) = K(o)] da
Vh
(80)
Using |x*(z + z) — x*(x)| = sign(z1) (x*(z + z) — x*(x)), and 2uy = |u| + v on the set {z; >
0} and 2u_ = |u| — won {z; < 0}, we thus obtain
2

7 s Gh(z) /n(aj) (xX(x+2) = x(x)), dedz

/Gh / ) (@ + 2) — x(@)] — (@ + 2) — x*()]) de d

f sign(z1) Ga(2) / n(@) (X" = )@ +2) - (" = x)(@)) de dz

<e —/SIgnzl ) G >/< (2) — 1z — 2)) (" — x) (@) dr dz,

where we used again <, + and >, —, respectively as a short notation for the sum of the two in-
tegrals. Now we can apply a Taylor expansion for 7 around z, i. e. write n(x) — n(z — z) =
Vn(z) - z + O(]z|?), where the constant in the O(|z|?)-term depends linearly on HVQnHOO. By
symmetry, the first-order term is

\% /sign(zl)th(z) dz - /Vn(w)(x* —x)(x) dz

= [Hene s [ oo - ) de

Note that the right-hand side can be controlled by

* 1 *
||am||oo/ |x—x|da:,s/ = x| d < &
Bay r Ba,
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The second-order term is controlled by
1 1
IV*nlloo = / |2[2Gh(2) dz = ||V?n]| \/H/ 2PG() dz S Vi,

which completes the proof of (68).
Argument for (69). For the first arguments let w. 1. 0. g. h = 1. The first ingredient is the identity

O(C x ) (x) = / 411G (=) x(@ + 2) — x(x)| dz — 2 / 411G (=) (x(x + 2) — x(@)). dz,

{z1s0}
81)
where the last term is the sum of the two integrals. Indeed, since 01G(z) = —21G(z) is odd in 21,
1(G* x)( /61G X(x —2)dz = /zlG(z) (x(x +2) — x(x))d=

and splitting the integrand in the form v = |u| — 2u_ on the set {z; > 0} and —u = |u| — 2u4 on
{z1 < 0}, respectively, we derive

O1(G %) (z) = /{ IO —x@)] de + /{ IO X 2) Xl i
9 /{ Ly [ICE) e 2) X))
9 /{ oy ICE) e 2) (@), d

which is (81).
The second ingredient for (69) is

[1alGE G +2) - x@)ld: 2 ( [z - x(m)!d2>2- (82)

To obtain (82), we estimate
/ 216X (e + 2) — x(@)|dz > /{ IO ) Xl
>e / GE)Ix(x + 2) — x(x)|dz
{lz1|>€}
/G )x(z + 2) — x(z)|d=
/ Gz + 2) — x(@)|d=.
{|z1]<e}
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We recall that we G factorizes in a one-dimensional Gaussian G* and a (d — 1)-dimensional Gaus-
sian G471 i, e. G(2) = G'(21) GY71(2) so that the second integral can be estimated from above
by 2G(0)e. Therefore we have

/ |11G () x(@ + 2) — x(@)|dz > ¢ / G(2)lx(z + 2) — x(@)ldz — 2G(0)¢2

Optimizing in € yields (82).
Using the fact that y € {0,1},

/G(z)\x(ﬂlj +2) = x(@)|dz = (1 = X)(@)(G * x) () + x(2)(G * (1 = X)) (@)

implies the third ingredient:

/ G(2) Ix(@ + %) — x(@) dz > (G *x)(@) A (1 - G % x)(x). (83)

Combining (81), (82) and (83), one finds a positive constant ¢ such that

N (G*x)(x) > 18C[(G*x)(x) AN (1 — G * X)(gg)]2_2/{ ) |21|G(2) (x(z + 2) — x(x)) . dz,

where we recall that the last term is the sum of the two integrals. We consider the “bad” set

E = {x: /{21§0} |21|G(2) (x(z + 2) — x(x)) L dz > ;}

By construction of ' we have a good estimate on E°:
01(G * x)(x) > 182 [min {(G * x) (), (1 - G*x)(x)}]* = on E,

and thus we obtain strict monotonicity of G * y in ej-direction outside F as long as the first term
on the left-hand side dominates the second term:

1 2
h(Gxx)>c onEcﬁ{3 <Gxx< 3}.
Therefore

n(@lG*X—c)2dx:/

n(6:G*x —©)* da < / ndz.
En{i<Gxx<2} E

/{;<c*x<§}

We introduce the parameter h again. Then this turns into

1 / 2 1
— n (VhonGy xx —¢ dxg/ ndx,
Vh J{1<G,x<2} ( >* Ep
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}.

with now

N ol

|Zl| o .
{ /{Z1>0}f (2) (x(z + 2) = x(2)) L dz >

By construction of E and since |z|Gj(z) < vVh Gp(%), we have

Gty [ 1) [ (e ) - (@) dras 34
S G [0 (o) xe) et
1

N\F {Zl G’h(z) /77(1:) (X(x+2) — x(x)) dedz

/{ / n() (e +22) — (& + 2)). der d

by a change of coordinates z +— 2z and the subadditivity of the functions u + u4. The last term
can be handled using a Taylor expansion of 7 around z:

1
NI Gn(z) / n(x) (x(x +22) — x(& + 2)), dedz

1

B ﬁ {Z1 §0}
1

B ﬁ {Z1 §0}

where the constant in the O(v/h)-term depends linearly on Ej,(x) and ||V7]|__. Indeed, the error
in the equation above is - up to a constant times || V7|, - estimated by

’Z‘ /|xx+z dxdz</Gh /\XHZ ()] dzdz S VRER(Y).
Using (68), we obtain

Gnl2) / 0z — =) (x(@ + 2) — x(@)).5 d dz
Gnl2) / n(x) Oz + 2) — x(x)) . dadz + O(VE),

Vh JEg,
and thus (69) holds. ]

1 1
ndr < %+ \/E?2 + \/E;Eh(x)

Proof of Lemma 4.5. By the same argument as in Corollary 4.3, we can ignore the cut-off 1 and
the parameter » > 0 and reduce the claim to the following version:

X—>~<d$1§/ duy — )% doy 4 = / u; )] day
/f‘ | {|ul,%|55}( 2 fui

7>3

1
+s+82/yu—a|2dx1. (85)
I
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We will prove

oA {lm=dsspu{ X maa-wlzshufu-azsh @6

Jj=3

Then (85) follows from the one-dimensional case in the form of (78) for the first right-hand side set
and Chebyshev’s inequality for the second and third right-hand side set. The fact that we replaced
the 1 in (78) by the universal constant ¢ > 0 can be justified by a simple rescaling.

In order to prove (86), we fix i € {1, ..., P} and define the functions

v:=min¢; — ¢; € C¥(I)
J#i
and 0 in the same way, so that x; = 1{,~0}, Xi = 1{5>0} and

{xi ZXi} CA{lv| < s}U{|v—12| > s}. (87)

We clearly have
~ ~ P ~
v =8| < |¢s = & + [ming; —min ;| < ;\@- — 6| Slu—l,

which together with Chebyshev’s inequality yields the desired bound on the measure of the second
right-hand side set of (87). Therefore our goal is to prove

s =3[ Ss or Y [uyA(l—u)]Zs  on{fv] < s}, (88)
Jj=3
which then implies (86).
Now we give the argument for (88). First, we decompose the set {|v| < s} in the following
way:

{lv] <sy=JE; Ej={lo:i—¢jl <s, ¢ = I,gié?%}‘

We claim that
Uy Ug (3 on i
1y Wy = 2 2 ij’ k> 27 7.7 J

Indeed, plugging in the definition of ¢, using the triangle inequality for the surface tensions and
Yuw =1,fork ¢ {i,j}, we have on E;

¢j < ¢ = ZUkzuz < Zaﬂuz +Ujkzul =¢; — ojrui + oji(1 — ug)
12k 12k 12k
:(;5]' + O’jk(l — Zuk).
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Subtracting ¢; on both sides, we obtain uj, < % Since ¢; — s < ¢; on E; with the same chain of
inequalities as before we obtain

—s < Uij(l — 2u2').

The same inequality holds for u; since ¢; — s < ¢;, which concludes the argument for (89).

On the one hand, (89) gives us the upper bound for 11 on {|v| < s}. On the other hand, since
uA(1—u) = u—(2u—1)4 for any u we infer from (89) that on the set {u; < 3 —Cs}N{|v| < s}
we have

Z[uj/\(l—uj)]zl—ul—ug—Z(Quj—1)+2 (C’— 1' >SZS,

i3 i3 Omin
if C > —=—. This concludes the argument for (88) and therefore the proof of the lemma. O
Proof of Corollary 4.6. By Lemma 4.4, the claim follows from the obvious inequality
ui AN(1—uj)) =Gr*x; ANGrx(1—x;) <(1—x)Gr*x; +xGn*(1—xj).
O

Proof of Lemma 4.7. We recall the definition of the inner variation of —Ej,(x — X) in (33): We
have for any pair of admissible functions ¥, ¥ and any test function ¢ € C°°([0, A)?¢, R?)

_(5Eh(' _X Xa fzazg/ - Xi Gh*(f VXJ)d
¢§jaw/’ — X0 VG # (€X5) = G (V- ) )] da
In our case, after integration in time, this yields

/OT —0ER(- = x"(t = h)(X" (1), £(1) dt
_Zo”hzf/ =) VG (8) = Gux (V€)1 | da,

where
. 1 (n+ l)h
T Y
nh

denotes the time average of £ over a microscopic time interval [nh, (n + 1)h).
Now we prove step by step that
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1. the (V - §)-term is negligible as h — 0;

2. we can freeze mesoscopic time for £, that is, substitute En by some nearby value £(I,,7) at
the expense of an o(1)-term;

3. we can smuggle in 7 at the expense of an o(1)-term;

4. we can freeze mesoscopic time for " and substitute x™ in the second factor by the mean
2 ("((ln, = 1)) + x"*(17)), which is the main step;

5. we can get rid of 7 again at the expense of an o(1)-term; and finally
6. we can pull £ out of the convolution at the expense of an o(1)-term.

Note that Step 3 and Step 5 are just auxiliary steps for Step 4.

Step 1: The (V - &)-term vanishes as h — 0. By Jensen’s inequality, for any pair i, j we have

hz\f/ L= xi Gh*<<V-EH>X;‘> dx
< Ve~ Z/|Gh* " x| de

< Vel = (NZ/\Gh* = x| da:)l

Since the L?-norm of G}, * u is decreasing in h and by the energy-dissipation estimate (10), the
error is controlled by

V][
V€T N

Step 2: Time freezing for £. We can approximate E” by anearby value {(1,,7), where [, € {1,...L}
is chosen such that K (I, —1) < n < Kl,. Note that [€" — &' | < 7(|0,€||eo. Therefore, by Jensen’s
inequality, we have for any pair ¢, j

hzf/ n ) VG, ((E — E) y?)de

( \FEO> < Vel EZ T3 1S = o(1).

1
< anatsnooTﬁZ J IV (o =) e
n=1

1
N 3
1
< ]|l T (N > [ 196+ (¢ =) da:) .
n=1
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But VA||VG), x ullp2 < G2 * ul| 2 yields

1
/yvc;h* ") e < h/[Gh/Q*(X"—X"I)]de.

Using the energy-dissipation estimate (10), the error is controlled by

11

) = el BTN = o).

a\atsnooT(

Step 3: Smuggling in 1. We claim
hz NG / —XITY) VG # (€)XY da

1 — n
= hz 7 /nGh/2 * (xf — X7 1 VG, o * (ﬁ(lnT)Xj) dx +o(1) ash—0.
n=1
Using VG, = G, o * VGh/2, the left-hand side is equal to
hz /Gh/Q * -X;~ ) VG * ({(lnT)X?) dz.

Note that since 7 = 1 on the support of £ and |z]| ‘VGl/Q(z)‘ < |2|* G(2) has finite integral, we
have for any x € {0, 1},

(1= m) VG * (€x)| = '/ VG (2)(n(z + 2) —nx))§(z + 2)x (v + 2) dz

1
SHanlooHélloo/IZI [VGnpa(2)| dz S —llElloo-

Thus, using the Cauchy-Schwarz inequality and the energy-dissipation estimate (10), the error is
controlled by

( 7 [1Gu = (= |dx> (hZ<H£Hoo)2>

14
E2T%
0T2

»M»—'

€]k = o(1).

S| =

Step 4: Time freezing for x". We claim that for any pair of indices %, j

\/~/77Gh/2* P x0T VG # (E(aT)X]) da

%hZ G = [ Gz s (0 =3 Ve ¢ (607 (1 = D7)+ X)) ) o
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in the sense that the error is controlled by

11€]loo (Tzs K=y é//nduwrasrd 1T> +o(1), ash—0.

Here, we assumed that Phases 1 and 2 are the majority phases in the support of 7. Indeed, we can
control the error using the Cauchy-Schwarz inequality by

N , 3
<Z\/E/’72\Gh/2* (X" =x"1)] dx) X
n=1

L1 Ko K(I—1)+ -1 ?
<TZKZﬂ/[@vah/2*(5<zT>[xj UG ) df”)
=1 k=1

Since 0 < 7 < 1, the term in the first parenthesis is controlled by [[ 7 dpuy,. For the term in the
second parenthesis, we fix the mesoscopic block index [ and the microscopic time step index &
and sum at the end. Let [ = 1 and write £ instead of (I7) for notational simplicity. We use the
L?-convolution estimate and introduce 7 in the second integral, which is equal to 1 on the support
of &:

1
2

\}g / [VEVGyo v (07) [~ 500 +x8)])] e
= ;E (/NEVGh/z\dz)Q/\fF = 500+

S Il <\}E/n(xk—x0‘dw+\}E/n‘xK—x’“(dx)

With Lemma 4.5 in the integrated form and Corollary 4.6, we can estimate these terms in the
following way. We set for abbreviation

a2(k, k) f/ Gh*x—x))de.

By Minkowski’s triangle inequality w. r. t. the measure 1 dx, we see that « also satisfies a triangle
inequality. Thus, thanks to Jensen’s inequality,

k—1
a2(k—1,—1)§<2a(n,n—1> <kZa n,m—1) <KZ (n,n—1).

n=0
Therefore, by integrating Lemma 4.5 over the tangential directions z9, . . . , £4 and using Corollary
4.6, we have

K
1 k0 Lo 1 a1, 1 2
— . <= SES — 1) 4 o(1).
\/E/n)x X‘dmNSE (x ) +sr +82K a“(n,n—1)+o(1) (90)
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By (15) we have >, o?(n,n — 1) < [[ nduy, and the relation K7 = o?, we have
L
Ty o*(Kl-1,K(1-1)-1) §a2//77d,uh. 91)
=1
This justifies the name o?(k, k), since the term arising from o (k, k') is estimated in (91) by o2,

the square of the fudge factor in the definition of the mesoscopic time scale 7 = av/h. Therefore,
after summation over the mesoscopic block index [, (90) in conjunction with (91) yields

TZ Zf/ ‘XKHk Kl‘d:n< 725 Ki=1y 4 gpd= 1T+ //nduh.
=1

Using Young’s inequality, the total error in this step is controlled by ||£]|oo times

(//nduh>é <TZs KI=1y 4 o= 1T+ //ndﬂh>

L
1 2/ Kl-1 5% 4 a//

< — E + — T+ — duyp,.

_aT E(X ) ozr s napp

=1

2 .. .
If we now choose s = a3 < 1, this is the desired error term.

Step 5: Getting rid of n again. As in Step 3, we can estimate
/nGh/Q * — X ) VG * [E(lnT) <Xh((ln - 1)7)+ X}-L(lnT))} dx
\f i J J

- hz \F/ XY VG [g(zm (Xg((zn 1))+ X?(lnr)ﬂ dz + o(1),

ash — 0.

Step 6: Pulling out . First, fix [ and write £ = £(I7). For simplicity of the formula, we will ignore
[ and formally set [ = 1. Note that since VG is antisymmetric, we have for any two functions y, v,

/v € VG x — VG # (€X)] d = /VGh(z) /v(w b2 x(@) (€@ + 2) — () da dz.

Set K(z) := z ® z G(%), take a Taylor-expansion of £ around z: £(z + z) — &(x) = VE&(z) z +
O(]z|?), where the constant in the O(|z|?)-term is depending linearly on || V2£||o. Then the error
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on this single time interval splits into two terms.
The one coming from the first-order term in the expansion of ¢ is

K
R e . B k1) (0 4 K
K;\/ﬁ/vf-Kh*<Xi X )(Xj+Xj)dx

S IVl (;i [l (3¢ xkl)fdx>
k=1

where we used Jensen’s inequality. Since Kj, = hV2G}, + Gy, Id, |hV2Gh xul| 2 < |Gyl L2
for any u and since the L?-norm of G}, * u is non-increasing in h, we have for any function v

/]Kh*vyzdxg/‘thGh*vfdx—i—/(Gh*v)2d:1:§/(Gh/z*fu)2dx.

Plugging this into the inequality above with v playing the role of Xf — Xf_l, multiplying by 7,

summing over the block index [ and using Jensen’s inequality, we can control the contribution to
the error coming from the first-order term by

1

1
N 2
1 n n— 2 i 1
7€l (N;:lj J1612x 0 =x ) dw) < Vel EF TSR = o(1)

D=

By Lemma 2.5, the contribution coming from the second-order term in the expansion of £ is con-
trolled by

||V2§Hoohni::1/ <\|;|,L)3Gh(z)/}x”—xn_1‘dxdz
S 1920 | ) JI¥® = xte = 1) o dt S 19 B3 + VR = o).

Finally, we note that by the time freezing in Step 4, we constructed a telescope sum: Rewriting

the summation over the microscopic time step index n = 1,..., N as the double sum over the
microscopic time step index £ = 1,..., K in the respective mesoscopic time intervals and the
mesoscopic block index [ = 1, ..., L, we have for each [,

i (XiK(l—l)—&-k: B XiK(l—l)—i—k—l) ¢(r) - VG * (X]{((l—l) n ij)

k=1
= (=) er) VG (g Y x0T
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Thus we obtain

N

3 Jlﬁ (¢ =) VG * (&(tar) (X =~ D7) 4 x50 ) ) de
n=1
L
_TZi/(X{Q—Xf(Z 1) £(ir) - (\fVGh) ( K(l— 1)+le(l)dx+0(1>7
I=1
which concludes the proof. O

Proof of Lemma 4.8. Step 1: Rough estimate for minority phases. We first argue that if {i, j} #
{1,2}, that is if the product involves at least one minority phase, then we can estimate this term.
Let us first assume that j ¢ {1,2}. By a manipulation as in the proof of Lemma 4.7 and the
Cauchy-Schwarz inequality, we have

K(I-1)

TZ/ M= er) - (VRVGH) + (Y ) da

< Hsroo(fj/njeh/z* (=) > (Z/n)fw;m*x K das>2+ o(1),
=1

as h — 0. Note that for any characteristic function x € {0, 1}, since [ VG(z)dz =0,
l/n’\/EVGh/g*xrdwg l/n’\/EVGh/Q*X‘dx
Vh f
/‘\FVG,I/Q ‘/ ) Ix(z+ 2) — x(x)| dzdz
/Gh / ) Ix(x + z) — x(x)| dx dz
= — 1—x)Grxx+ xGp*(1—x)]dx.
\/E/n[( X) Gh X+ xGrox (1= x)]

Treating the metric term as in the proof of Lemma 4.7 with the triangle inequality and Jensen’s
inequality afterwards, we obtain the bound ||£||o times

(//ml”h)é (TZXL;&‘Z(XKI))% +o(l) = (;TZZLEEQ(XKZ) +a//nduh>+o(1)

If instead ¢ ¢ {1, 2}, using a discrete integration by parts, the antisymmetry of VG and a manipu-
lation as in the proof of Lemma 4.7 for £, we can exchange the roles of the two phases, Phase ¢ and
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Phase j:

L YKL XK(Z—I)
TZ/Z L g (VRVG) = (Y ) de

=1 T
_ Z/XJ - §0r) - (VRVGH) (7Y 1) da + o(1).

Thus, we can use the above argument also in this case and the only terms contributing to the sum
as h — 0 are the terms involving both majority phases.

In the following we assume that ¢ = 1 and j = 2. In the other case, we can just exchange the roles
of x1 and x2 in the following steps and use —e; as the approximate normal to y» instead and the
proof is the same.

Step 2: Substituting x2 by 1 — x1. We claim that

TZ/ - X1 -1 £(ir) - (\/vah> . (Xé((l_l) +X§“) g

K(I-1)

:—TZ / N i) (VAVG) + (0 ) da o),

Since VG * 1 = 0, the claim is clearly equivalent to proving that we can replace x2 by 1 — x1 in
the second left-hand side term of the claim. But by > °. x; = 1 and linearity the resulting error term
is

K(i-1)

P XK
ZTZ/ MX eir)- (VG « () +x0) da

j=3 1=
which can be handled by Step 1.

Step 3: Substitution of VG. We want to replace the convolution with VG on the left-hand side of
the claim by a convolution with the anisotropic kernel

K(z) :=sign(z1) 2 G(z).
To that purpose, we claim that for any characteristic function y € {0, 1},

= VRV x- cRe (=04 000 [ 5 2+ G+ B,

92)
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Here,
g2 := inf B /n[xGh*(l—X)—i—(l—X)Gh*x]d:c
X" \/ﬁ

1 1
- — Grx (1 —=x")+ (1 —=x*) Gy, *dx—l—/ —x*|dx 3,
N NI Gr* (1 —x")+ (1 —x") G * X7] er'X X" }

where the infimum is taken over all half spaces x* = 1y,,~ ) in direction e;. Using this inequality

for X{<(1—1) and x X!, we can substitute those two summands and the error is estimated as desired:

L
1 1
&”5”0072 ﬁ /77 ‘\/EVGh * X{a - {X{ﬂ K, * (1 - X{a> + (1 — X{ﬂ) Ky, * X{(l} ‘ dx
=0
1 L
S E”f”ooTZEQ(XKl) +0o(1), ash—0.
=0

Now we give the argument for (92). By measuring length in terms of v/, we may assume that
h = 1. Since [VGdz = 0 and VG(z) = —zG(z), using the identities u = |u| — 2u_ and
u = —|u| + 2u4 on the sets {z; > 0} and {z; < 0}, respectively,

VGx= [ 6() (x(o+2) - @) ds

- / K(2) Ix(@ + 2) — x(z)] dz 2 / 2G(2) (x(x + 2) — x(z))_ dz
{z1>0} {z1>0}

+ /{Zl<0} K(z)|x(x +2) — x(z)| dz + 2/{ 2G(2) (x(z +2) — X(x))+ dz.

21 <0}

Using |x1—x2| = (1—x1)x2+ x1(1—x2) for x1, x2 € {0, 1}, this implies the pointwise identity

VG*x=xK=x*(1 —X)+(1—X)K*X—2/ sign(z1) 2 G(2) (x(z + 2) — x(2)) 1 dz,

{z150}

where the last term stands for the sum of the two integrals. Integration w. r. t. 17 dz now yields:

Jafv6sx = (s (130 4+ (1= 20K 0 Jda

S /{z1§0} |Z|G(2)/Tl(x) (x(x + 2) — x(2)), dz dz.

As in the argument for (69), we can follow the lines from (84) on so that (68) yields (92).
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Step 4: An identity for K. We claim that for any two characteristic functions y, x € {0,1}, we
have the pointwise identity

(X=X) (XEnx(1=x)+ @ =x)Kp*x+xXEKp*(1—%x)+ (1 —X)Kp *X)
=2coe1 (X —X) — Ix = X Kn * (x = X) -

Indeed, by scaling, we may w. 1. 0. g. assume h = 1 and start with
(X=X XK *(1=x)+(—x) 1 -x)K*x

— - DR [K-Kei) -0 K
=(x—1)5<</K> F (=) x+x(1—X))K*x
-0 ( [) - e
Exchanging the roles of x and ¥, one obtains for the second part
(x—X)xK*(l—x)+(x—>2)(1—x)K*x:—(92—1)x(/K> —Ix = X[ K = x.

Using the factorization property of G and the symmetry [ 2’ G1(2)dz' = 0, one computes that
for any vector ¢ € R?

g./K —/sign(zl)/(ﬁl 21 —|—§’~z’) Gd_l(z’) dz/Gl(zl)dzl —fl/lzl\Gl(zl)dzl

00 e d
=2 fl / 21 Gl(zl) d21 = 251 / —7G1(21) le
0 0 le

—26,G1(0) = 251;27r — 2t

Hence the identity follows from (x — 1) x — (x — 1) x = x — X-

Step 5: Conclusion. Applying Steps 1 and 2, using the identity in Step 3 for the remaining two
terms involving Phases 1 and 2, we end up with the right-hand side of the claim. The error is
controlled by [|{]|co times

L L

T 1 _ _

QZEQ(XKI)+a//nth+TZT/UQ‘XKZ_XK(I DR = XKD di (1),
=1 I—1

as h — 0. Note that |[K| = k, where k is the kernel defined in the statement of the lemma. It
remains to argue that n can be equally distributed on both copies of ‘XK by K0=1) ‘ For this, note
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that for u = ! — XK(Z_I)} € [0,1],
7 ‘/nzukh*udaz—/nukh* (nu)dz
< —= [ 1) [ (@) u@) ute +2) I + 2) = (o) dat

1
< ||Vn||m/\|j}’;kh(z)dz/nudx§ T/ud:v.

Thus, in our case, we can use Lemma 2.6 and bound the error by

L
1 1 _ 1 1 1
1€l > [ = XD do S ey EThE = o), =
« T =1 a2 r

Proof of Lemma 4.9. First, we note that it is enough to prove the following similar statement for a
fixed mesoscopic time interval:

1 1 1 [7
T/ﬁ|XK —X°| kn o+ (X" = x°]) dz < @62({1) +asrd! +a57/0 /nduh- (93)

Indeed, if we multiply (93) by 7 and sum over the mesoscopic block index [ we obtain the statement.
In the proof of (93), we will exploit the convolution in the normal direction e; in Step 1, which
will allow us in Step 2 to make use of the quadratic structure of this term.

Step 1: We can estimate the kernel k by a kernel that factorizes in two kernels k!, &’ in normal-
and tangential direction, respectively, which are of the form

kL (21) i=(1 + 22)3 Gl(zl),
K () =1+ |22 GY(2).

Let us still denote the kernel by k. We have
Fn o+ (nIx™ = x°1) < sup {&j, ¥ ki +1 (nix™ = xO1) } <K sup {&y = (nlx™ —x°)) -
1 1
The second factor in the right-hand side convolution can be estimated in two ways:

sup {&p +1 (nx™ = x°])}

<m1n{/k:hdz1 sup 77|X x0|), (supki) /n’xK—XO‘d:L'l}
1
< min 1,/ K—de}.
{ 7 n|x* = x°| da
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Therefore, we obtain a quadratic term with two copies of ﬁ f n ! YK — XO‘ dxy:

1

T/n!xKXO\ ke * (0 |x* = x°|) dx

1 1 1
< Z — K _ 0da;>/<:’*’<1/\/ K _ de)dm/. 94
Na/<\/ﬁ/n|x X°| dzy ) K}, 7 n|x™ = x°| da (94)

Step 2: Now we use Lemma 4.5 before integration in /. We write £2(z") for the first error term in
(70) and set

(2 = \}E /17 }Gh * (XK_l - X_l)‘del,

so that the statement of Lemma 4.5 turns into
1 K 0 < 1 2/ 1 1 2.1
N X" = x"|da1 S @)+ slq<ony + a7 (@).

We recall the link between the function o?(z’) and the fudge factor o as mentioned in (91) but now
before summation over the mesoscopic block index {:

9 042 T
/a (') da’ < / /nd,uh. (95)
7 Jo

Then for any two parameters s, s < 1 the right-hand side of (94) is estimated by

1 1 20,1 1 2/ 1 i 1 20,1 ~ 1 2/ 1 /
a/(se (x)—i—s—&—s—za (") )k« [ 1A 3 (x)+81{|x/|<2r}+§—204 () ) | dz'. (96)
For the first and the last summand in the first factor, 1e?(2') and %a?(2’), we use the 1 in the
minimum on the right. For the second summand on the left, s, we use the second term in the
minimum for the pairing. Using the L'-convolution estimate and (95) we can control (96) by

1/1 s sS as  aN1 [T
— ( + ~> /62($l) de’ + Zrd=1 4 (T2 + j) / /nd,uh-
a\s § « S s/ T Jo

By Corollary 4.6 we can estimate | e2(x") dx’ as desired and thus obtain (93) by choosing § =
a3 < landthens = as < 1. O

Proof of Lemma 4.10. Thanks to the convergence assumption (8), we can apply Proposition 3.1.
Using the Euler-Lagrange equation (34) for x™ and (36), we can identify the first term on the left-
hand side as the limit of the first variation of the dissipation functional as h — 0. Following Step
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1 of the proof of Lemma 4.7 and then estimating directly as in Step 3, but for £ instead of 7, we
obtain

T
1
w0y [ [ (7€ Ve 5 (Tl + V3] = 906+ ) d
1,3

iy X3 f Gy 0 = E - [(VSGe) ]

Using the Cauchy-Schwarz inequality, for any pair ¢, j we have

/Ghm P [(VAVGige) <] d

) 2 % N 1 9 2
§!€Hoo< f/ [Ghyox (X7 = xi ™) dm) (hzﬂ/n[ﬁVGh/Q*xy] dm).
n=1

The first right-hand side factor is bounded by [[ 1 dyuy. As in Step 1 in the proof of Lemma 4.8,
the second right-hand side factor can be controlled by

hz\f/ - X7 Gh*xj+X]Gh*(1—xj)]dac—>2co/ /nVXJ|dt

as h — 0, where we used Lemma 2.8 to pass to the limit. Thus, using Young’s inequality, we have

/T/
> "o (V- & —wi- V&) (IVxal + Vx| = [V(xi + x5)]) di
- J 0 J J

< léll (;i/f/mvximﬁa//ndu).

To estimate the second term in the lemma, note that by Young’s inequality we have
Lo
€13 Vil < lglloon (V2 +0)

Integrating w. . t. |V x;| dt yields

T T T
\/O /s-uvai\dﬁsusum(/o [uvz i | /n\wdt),

which concludes the proof. O
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S Convergence

In Section 3, we identified the limit of the first variation of the energy; in Section 4, we identified
the limit of first variation of the metric term up to an error that measures the local approximability
by a half space. In this section, we show by soft arguments from Geometric Measure Theory that
this error can be made arbitrarily small. Before that, we will state the main ingredients of the proof
here.

Definition 5.1. Given r > (, we define the covering
By :={B.(i): i€ L}

of [0, A)?, where ., = [0,A)? N ﬁZd is a regular grid of midpoints on [0, A)?. By construction,
for each n > 1 and each r > 0, the covering

{Bnr(i): i€ £} islocally finite, 97)

in the sense that for each point in [0, A)?, the number of balls containing this point is bounded by
a constant c(d, n) which is independent of . For given § > 0 and x : [0,A)? — {0,1} € BV, we
define %, s to be the subset of %, consisting of all balls B such that the following two conditions
hold:

inf /7]23 v —v*? Vx| <8r%' and (98)

1 _
/ Vx| > §wd71(27ﬂ)d Y 99)
2B

where 725 1s a cut-off for 2.

Lemma 5.2. For every ¢ > 0and x : [0, A)? — {0,1}, there exists an o > 0 such that for all
r < rq there exist unit vectors vg € S91 such that

1
> 5 [malv-val v << [ 194,
BeA,

The following lemma will be used to control the error terms obtained in Section 4 on the “bad”
balls B € B, — %,;.

Lemma 5.3. For any 6 > 0 and any x: [0,A)? — {0,1} € BV, we have
li =0.
3 [ o=
Be#r—Pr s

In a rescaled version, the following lemma can be used to control the error terms on the “good”
balls B € %, .
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Lemma 5.4. Let 1) be a radially symmetric cut-off for the unit ball B. Then for any € > 0 there
exists 6 = 6(d, €) > 0 such that for any x: [0,A)? — {0, 1} with

/nlv —ei|*|Vx| <67 (100)
there exists a half space x* in direction ey such that
Java-wen|et [ -yl (101)

Lemma 5.5. Let 1) be a cut-off for the unit ball B. Then for any € > 0 there exists 6 = 0(d, P,e) >
0 such that for any x : [0, )¢ — {0,1}F with ", x; = 1, the following statement holds: Whenever
we can approximate each normal separately, i. e.

LA
Sint g [l - vVl < 8,
i1

* .

then we can do so with one normal v* € S ! and its inverse —v
. 1 2 1 2 2
f \V4 — — U7 |V, — ; 1“1V x5 < eg”.

1%1151*{ > /BI Xk!+2/B|Vz V7 xz|+2/BVJ+VH x]!}_

k¢{ig}
5.1 Proof of Theorem 1.4

Using Proposition 4.1 and the lemmas from above, we can give the proof of the main result. The
proof consists of three steps:

1. Post-processing Propositions 3.1 and 4.1, using the Euler-Lagrange equation (34) and by
making the half space time-dependent,

2. Estimates for fixed time and
3. Integration in time.

Proof of Theorem 1.4. Step 1: Post-processing Propositions 3.1 and 4.1. Let us first link the results
we obtained in Sections 3 and 4. For any fixed vector v* € S9! and any test function {5 €
C§°((0,T) x B,R%), supported in a space-time cylinder (0,7) x B, we claim

T
Sy [ [ (V65— Vesni =265 5 V) (Tl + 9] = V0 + x| (102
1,J

< €5l ( '/T<1£‘2(*t)+ éd—l)dt)/\ 1213:/T/|v | dt
oo | | min — &5 (VT asr — i
< lés nin | { 2% aiﬂOBx
P
[[min+ay” [ /UBV?|VXi|dt]a
=170

Ol

+ «
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where 523 is defined via

i)=Y [ s Vx| + [ s vit) — v V()]
kﬁé{w}/ /

+/n23|uj<t>+u*2\w<t>|

+i>?*f{ ‘/nB(WXi(t)’ - |VX*’)‘ +i/QB’Xi(t)_X*‘dm
- ’/nB(!VXj(t)! - !Vx*!)‘ - 71“/23 I (t) — (1_X*>‘dx}'

The infimum is taken over all half spaces x* = 1y,.,+-} in direction v*.

Argument for (102): By symmetry, we may assume w. . 0. g. that the minimum on the right-hand
side of (102) is realized for ¢+ = 1 and j = 2. The Euler-Lagrange equation (34) of the minimizing
movements interpretation (5) links Proposition 3.1 with the metric term:

T

lim [ —8Eu(- — X"t — W) (1), Ep (1)) dt

h—0 0
T
1
——e oy [ [ (Tt —wVean) 5 (Tl + 19l = V06 + ) .
4,J

Before applying the results of Section 4 we symmetrize the second term on the left-hand side of
(66): We claim that we can replace

012 </§B°V*V1|VX1!+/§B-(—V*)V2|VX2!> (103)
which appears on the left-hand side of (66) by the symmetrized term
Zaw [ & Vig (Wl + 9] = V06 + ) (104)

which appears in the weak formulation (6). Then using Proposition 4.1 and this symmetrization or
the rough estimate Lemma 4.10 yields (102). Now we show how to replace (103) by (104).

We start by noting that the sum in (104) contains two terms involving only Phases 1 and 2. The
contribution to the sum is

1
012/53 (Vi + 1 Va) 3 (IVxil + I Vxel = IV(x1 + x2)]) s

which can be brought into the form of (103) at the expense of an error which is controlled by
€8]l times

/nm AT +/nB|u2+u* Va| [Vl
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Note that by Young’s inequality we have
* 1 *12 2
v = V| VA < S o= 0P el

so that we can estimate both terms after integration in time by

1 /T P .
/ </nBu1—y*|2|vX1+/nB\y2+y*12vX2\> dt+a2/ /nviindt.
@ Jo i=1"0

We are left with estimating the summands in (104) with {7, j} # {1,2}. For those terms we can
use Young’s inequality in the following form

1
wl Vil < +aV?

so that after integration in time these terms are controlled by ||{p|| times

1 P P T
Z/??BlVXiHOéZ/ /nB‘Gg\in\dt,
e i=1"0

which concludes the argument for the symmetrization and thus for (102).
Here, we see, why we needed to introduce extra terms in & compared to the terms that were already
present in the definition of &7 in Section 4. These different terms are sometimes called tilt-excess
and excess energy, respectively.

Now let £ € C5°((0,T) x [0,A)?,R?) be given. First, we localize ¢ in space according to
the covering %, from Definition 5.1. To do so, we introduce a subordinate partition of unity

{#B}Bes, and set {p = @p€. Then & = > pey €p, &p € G5°(B) and [[€pfoc < [[€]loo-
Given a radially symmetric and radially non-increasing cut-off 7 of B;(0) in B2(0), for each ball
B in the covering, we can construct a cut-off np of B in 2B by shifting and rescaling. Given any
measurable function v*: (0,7) — S9! and any a € (0, 1) we claim

T
ZUz‘j/ /(V & — Vi - Ve —2&p - v Vi) (IVxil + Vx| = [V (xi + x;)|) dt| (105)
i 0

T N 1, 1 L 1
< el [/ (22630 (0.0) + ot 1)A<a2/3|w dt+ab [ [ nau
i=1
P
+O‘Z/ /an!sz-!dt] :
i=1"0

where &5 (v*, 1) := min;4; 5’%@*, t) for v* € 41,
Now we give the argument that (102) implies (105). We approximate the measurable function v*
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in time by a piecewise constant function. Let 0 = T < - - - < Ty = T denote a partition of (0,7")
such that the approximation vy, of v* is constant on each interval [T},_1, T),). Since the measures
on the left-hand side are absolutely continuous in time, we can approximate {p by vector fields
which vanish at the points 7;,, and both, the curvature and the velocity term converge. Therefore,
we can apply (102) on each time interval (T},,_1, T;,,). Lebesgue’s Dominated Convergence gives
us the convergence of the integral on the right-hand side and thus (105) holds.

Step 2: Estimates for fixed time. Lett € (0,7T) be fixed. We will omit the argument ¢ in the
following. Let ¢ > 0 and let 6 = ¢(¢) (to be determined later). Let %, ; be defined as the set of
good balls in the lattice:

P
U*

=1
& 1
Z/ ‘VXi‘Ziwd—l(Qr)d_l :
i=1 /2B

For B € #,s,andi = 1,..., P, we denote by vp ; the vector v* for which the infimum is attained,
so that

"1
S5 [ a9l < 7
i=1

By a rescaling and since 7 is radially symmetric, we can upgrade Lemma 5.5, so that for given
v > 0, we can find § = §(d, ) > 0 (independent of x) and vz € S, such that

. 1 1 _
wind 3 sVl [anli—vsP [Vl + 3 [ns v+l 9]y <0
kg{ig}

Rescaling Lemma 5.4, we can define v = 7y(g) > 0 and a half space x* in direction vz, such that
ER(vp,t) < e?rdl,

These two steps give us the dependence of § on £. Using the lower bound on the perimeters on
B € %, 5(t), we obtain

P
1 1o 1 1 _ 1 1
Z <a2£§(VB,t)+Oé9Td 1> 5 Z <a262+ag)rd 15 <O[252+049>Z/VX1".
i=1

BE%,.Y(; BEL%,.#;

Note that for the balls B € %, — %, 5, we have by Lemma 5.3:

P
> Z/in—m, asr — 0. (106)
B

BEB,—B,.5 i=1
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The speed of convergence depends on x and ¢ (through ).

Step 3: Integration in time. Using Lebesgue’s Dominated Convergence Theorem, we can integrate
the pointwise-in-time estimates of Step 2. Recalling the decomposition { = ) ; £ and using the
finite overlap (97), we have

T
ZUU/O /(V'f—w'VﬁVi—2§'ViVi)(|VXi|+VXj’—|V(Xi+Xj))dt
1,7

T
<> Zaij/o /(V'ﬁB—Vz"VﬁBw—2§B'ViVi)(|VXi|+|VXj|—|V(Xi~|—Xj)|)dt

Be%y | i,j

1 [T E T 1 &
Slele | (G2 +ad) [ [rvddas [ 5 L5 [va
i=1 )

BEB—B,5(t)  i=1

P .
+aé//d,u+a2/ /ViQ\VXi\dt].
i=1"0

Since by the energy-dissipation estimate (10) we have E(x(t)) < Ey and can control the first term.
By Lebesgue’s Dominated Convergence and (106), the second term vanishes as » — 0. By (16)
and Proposition 2.2, we can handle the last two terms. Thus we obtain

T
Zaij/o /(V-s—w-vgui—2§-uiv;><|w|+m IV 4 ) dt
1,J

1
< [l (Cﬁs?Eom a1 +T)E0) |

Taking first the limit € to zero and then « to zero yields (6), which concludes the proof of Theorem
1.4. O

5.2 Proofs of the lemmas

Proof of Lemma 5.2. Let ¢ > 0 be given and w. L. 0. g. [ |Vx| > 0. Since the normal v is
measurable, we can approximate it by a continuous vector field 7: [0, A)? — B in the sense that

1
> 5 L=l s [ e 19,

Be%,

where we have used the finite overlap property (97). Since U is continuous, we can find rg > 0
such that for any r < r( we can find vectors rp with || < 1 with

1.
> 2/ IV—VB\Q\VX\S€2/IVX|-
B

BeRB,
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The only missing step is to argue that we can also choose v € S?~1. If |7g| > 1/2, this is clear
because then |v — vp/|Up|| < 2|v — vp|. If |[Up| < 1/2, we have the easy estimate

v —vpl =5 > (vl +|vsl) = 7 [v —vsl

N |
=~ =
A~ =

for any vg € S, O

Proof of Lemma 5.3. Let e,§ > 0 be arbitrary. Note that a ball in %, — %, ; satisfies

U*

inf/ lv—v*2|Vx| > 0r¢ ™t or (107)
2B

1
/ Vx| < §wd_1rd‘1. (108)
2B

Step 1: Balls satisfying (107). By Lemma 5.2, for any v > 0, to be chosen later, there exists
ro = 10(7,d, x) > 0, such that for every r < r¢ we can find vectors v € S9=1 such that

> / v —vpl*|VX| <75/!Vx! (109)

Be%,

Thus we have

1
. 2 d—1
#{m [wevfivnz e <3 o [ el od £ 9
(110)
Using that the covering is locally finite and De Giorgi’s Structure Theorem, we have
Z / Vx| </ Vx| :%d*(a*m U ZB>.
-(107) Uqor) 2B (107)

Since 9*() is rectifiable, we can find Lipschitz graphs I',, such that 9*Q C (J72; I',. Therefore,
N
%”d‘1<6*ﬂm U 2B> gZ%d—1<rn n U 23) +%d—1<a*9 - U rn>.
(107) n=1 (107) n<N

Note that for any ball B

AT, N2B) < (14 Lip Iy)rd?



84 CHAPTER 1. MULTI-PHASE THRESHOLDING SCHEMES

and thus

%ﬂd—l(rnm U 2B> < ) ot (Ir,n2B)

(107) B:(107)
< <1 + max Lip rn> rd=14 (B (107)}.
Using (110), we have

Z/Vx\<N(1+maxLlpF> /!Vx!—i-,%”dl(a*ﬁ U >

(107) n<N

Now, choose IV large enough such that

%ﬂd*(a*n— U rn> < g2,

n<N

Step 2: Balls satisfying (108). By De Giorgi’s Structure Theorem (Theorem 4.4 in [41]), we may
restrict to balls B which in addition satisfy 0*Q2 N 2B # () and pick z € 9*Q2 N 2B. Note that since
B has radius r we have

Bgr(a}> C 4B C Bgr(x).
Therefore, if (108) holds,

1 _
[ wds [ 9 < qeaaent
Bar(z) 4B

For z € 0*() we have

r—0 ’I”d

1
1({90 € 0"Q: / Vx| < wd_lrd_1}> —0
By () 2

pointwise as r — 0. By De Giorgi’s Structure Theorem (Theorem 4.4 in [41]), the finite overlap
and Lebesgue’s Dominated Convergence Theorem, we thus have

Z / |vx|<%d1(a*(m U 23)%0

:(108) B:(108)

1
lim inf _1/ IVX| > wa—1
By (x)

and thus in particular

asr — 0. OJ
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Proof of Lemma 5.4. Let us first prove that for any  satisfying (100), we have

(1—5)/77]VX] < ‘/XVndx + 9. (111)

Indeed, we have

[avtvud| 2| freon] = | [0 =enivn] = [ai9x =] 0= e o]

By Young’s inequality we have |v — e;| < % lv — e1]* + 8, so that by (100) we can estimate the
last right-hand side term

‘/n(v—el)vx\‘ S/nlv—el\\vx\ (1%0)5+5/17\Vx\-
Therefore
[avivid| = -9 [nvid -
which is (111).

Now we give an indirect argument for the lemma. Suppose there exists an € > 0 and a sequence
{Xn }n such that

1
/n!vn—61!2Vxn| <3 (112)
while for all half spaces x* in direction e,

/|vXn\>52+/ IVx*|, /|VX*]>52+/ |Vxnul, or /|Xn—x*|d:c>52.
B B B B B
(113)

By (112), we can use (111) for x,, and obtain:

1 1
/77|Vxn| < — </|V17|dx+ > stays bounded as n — co.
1-1/n n

Therefore, after passage to a subsequence and a diagonal argument to exhaust the open ball {n >
0}, we find x such that

Xn — X pointwise a. e. on {n > 0}. (114)

By (112) we have

1
2/n|VX”’2/V77'61Xndx:/77|yn€1|2|VXTL§”24)0.
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Since the first term on the left-hand side is lower semi-continuous and the second one is continuous,
we can pass to the limit in the above inequality and obtain

/n]y—el|2|VX| :2/77\Vx| —Q/Vn-elxd:c<0.
Hence
v=e; |Vx|-a.e. in{n > 0}.
A mollification argument shows that there exists a half space x* in direction e; such that
x=x" ae. in{n>0}

Because of (114), this rules out

/ |Xn_X*‘ 252
B

on the one hand. On the other hand, by lower semi-continuity of the perimeter, also

/|vx*yz£+/ Vol
B B

is ruled out. To obtain a contradiction also w. r. t. the first statement in (113), let 77 < 7 be a cut-off
for B in (1 + d)B. Since (111) holds also for 7 instead of 1, we have
)
_|_ —
n

) L, (13 . 1)  q .
e +/|V><| < /|vXn|g/n|vXn| S /xnwdw
B B 1-1/n

114 " - ~ * *
( )/xvndxz'/nvx S/ VX'
(144)B

-
Since x* is a half space and therefore has no mass on 0B, we have

/(1 J)B!Vx*\%/BIVx*\, as d — 0,
+

which is a contradiction. O

Proof of Lemma 5.5. We give an indirect argument. Assume there exists a sequence of character-
istic functions {x"}, with > . x?" = 1 a. e., a number € > 0 such that we can find approximate
normals v;" € %=1 with

"1 1
*1, |2

>og [olt - <

1=
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while for all v* € S%~1, n € N and any pair of indices i # j, we have

n 1 n |2 n 1 n *|2 n 2
g VxRl + = [ P = P IVX+ 5 | )+ VXG> e (115)
ki) P 2 /s 2/

Since S~ is compact, we can find vectors v* € S%!, such that, after passing to a subsequence if
necessary, v;"" — v as n — oo. Following the lines of the proof of Lemma 5.4, we find

1 1
/77 Vx| < /|V77| dx + — stays bounded as n — oo
1-1/n n
so that there exist x; € {0, 1} with

X — Xxi pointwise a. e.on {n > 0} (116)

and

1 . | «
5 [l =iVl <timint 5 ol - o v = o

Therefore, v; = v} |Vx;|- a. e. and each x; = X is a half space in direction v}. Continuing
in our setting now, we note that the condition ), x' = 1 carries over to the limit: ) . x; = 1.
Therefore there exists a pair of indices ¢ # j (w. 1. 0. g. i = 1, j = 2) such that for all £ > 3
X3 = 0in B. Then the other two half spaces are complementary, x5 = (1 — x}) and in particular
v] = —v5 =: v*. As in the proof of Lemma 5.4, we have

/|VX?|—>/ Vil
B B

Together with (116), we can take the limit n — oo in (115) and obtain

* 1 * %2 * 1 * %2 * 2
Z |VX1’+§ lv1 — V7| WX1|+§ v + V77| VXa| > €7,
K>3/ B B B

which is a contradiction since the left-hand side vanishes by construction. O






Chapter 2

Brakke’s inequality for the thresholding
scheme

This chapter describes the forthcoming result [52] with Felix Otto. We establish the convergence
of the thresholding scheme to Brakke’s motion by mean curvature in the two-phase case. As in
Chapter 1 our result is just a conditional convergence result in the sense that we assume the time-
integrated energies to converge. In a forthcoming work we will generalize this result to the multi-
phase case.

1 Introduction

Our proof is based on the observation that thresholding does not only have a global minimiz-
ing movements interpretation, but indeed solves a family of localized minimization problems. In
Section 2 we state our main results, in particular Theorem 2.2. We use De Giorgi’s variational in-
terpolation for these localized minimization problems to derive an exact energy-dissipation relation
and pass to the limit in the according terms with help of our strengthened convergence. Section 4
provides the tools for these results. We first recall the known results from the abstract framework
of gradient flows in metric spaces (cf. Chapter 3 in [7]). Then we pass to the limit 4 — 0 in these
terms with help of our strengthened convergence.

Let us recall the definition of the thresholding scheme in the two-phase case and the basic
notation.

Algorithm 1.1. Given the phase Q"' at time t = (n — 1)h, obtain the evolved phase Q" at time
t = nh by:

1. Convolution step: ¢ == Gp * Lgn-1.

2. Thresholding step: Q)" .= {gb > %} .

89
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Here

_ 1 [
Gn(z) == Wexp <_2h>

denotes the heat kernel at time h. For convenience we will work with periodic boundary conditions,
i.e. on the flat torus [0, A)?. We write [ dz short for f[o,A)d dx and [ dz short for [, dz. We write
x" := 1lgn to denote the characteristic function of the phase 2" at time step n and denote its
piecewise constant interpolation by

X'M(t) = x" =1gn fort € [nh, (n+ 1)h).

However, we will mostly use a nonlinear interpolation which will be introduced later. Selim
Esedoglu and Felix Otto [33] showed that thresholding preserves the gradient flow structure of
(multi-phase) mean curvature flow in the sense that it can be viewed as a minimizing movements
scheme

1
X" = argmin {Eh(u) + o i, x”_l)} , (1)
where the dissipation functional

L -2 [ 2d 2
% i (u, x) ._ﬁ [ h/2*(U—X)] T ()

is the square of a metric and the energy is
En(u) 1/(1 )G+ ud 3)

u) (= —= —u udz,
h Jh h

an approximation of the perimeter functional. Indeed, the functionals E}, I'-converge to

E(x) = co / Vx|, forx:[0,A) — {0,1}.

Here ¢y = \/% is some universal constant. Throughout this chapter, we will work with periodic

boundary conditions, i. e. on the flat torus [0, A)¢. We write A < B to express that A < C'B for a
generic constant C' < oo that only depends on the dimension d and on the size A of the domain.

2 Brakke’s inequality

The main statement of this work is Theorem 2.2 below. Assuming there was no drop of energy as
h —0,ie.

T T
/ Eu(x") dt — / E(x) dt, 4
0 0
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it states that the limit of the approximate solutions satisfies a BV -version of Brakke’s inequality
[14].

Brakke’s inequality is a weak formulation of motion by mean curvature V' = g and is moti-
vated by the following characterization of the normal velocity of a smoothly evolving set. Given a
smoothly evolving hypersurface 0€2(t) = X(¢) with normal velocity V' we have

i [os [avovecvsag )
dt Js >

for any smooth test function ¢ > 0. Here v denotes inner normal of 92 and we take the convention
V' > 0 for an expanding 2. The converse is also true: Given a function V' : 3 — R such that (5)
holds for any such test function ¢ > 0 then V is the normal velocity of 3. In the pioneering work
[14], Brakke uses this inequality as a definition for the equation V' = % to extend the concept
of motion by mean curvature to general varifolds. We recall his definition in our more restrictive
setting of finite perimeter sets.

Definition 2.1. We say that x: (0,7 x [0, A)¢ — {0, 1} moves by mean curvature if there exists
a | Vx| dt-measurable function H: (0,T) x [0, A)? — R with

T
/ /H2|Vx|dt<oo,
0

which is the mean curvature in the sense that for all test vector fields ¢ € C°((0,T') x [0, A)?, R9)

/OT/(V-é—u-vsuwxdtz/OT/Hg-qut, ©)

such that for any test function ¢ € C§°((0,T) x [0, A)9) with ¢ > 0 we have

T
/0 / <atg — C%HQ — %Hu - vg) |Vx|dt > 0. (7

Theorem 2.2 (Brakke’s inequality). Given initial data x°: [0,A)? — {0,1} with E(x°) < oo
and a finite time horizon I’ < oo, for any sequence there exists a subsequence h | 0 such that the
approximate solutions given by Algorithm 1.1 converge to a limit x: (0,T) x [0, A)? — {0,1}.
Given the convergence assumption (4), x moves by mean curvature in the sense of Definition 2.1.

Remark 2.3. Given initial conditions x° with E(x?) < oo the compactness in Chapter 1 yields a
subsequence such that x* — y a.e. for a function x with sup, E(x(t)) < E(x°).

This statement is similar to our result in Chapter 1. There we proved the convergence of
thresholding towards a distributional formulation of (multi-phase) mean-curvature flow. Under the
same assumption (4) we constructed a measurable function V': (0,7) x [0,A)? — R with

T
/ /v2 Vx| dt < oo,
0
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which is the normal velocity in the sense that

/OT/atgxd:cdt:—/OT/CV]det

forall ¢ € C§°((0,T) x [0, A)?), such that V = Z in the following distributional sense:

T
/ /(V-f—l/-V§I/—2§-I/V)Vx‘dt:() (8)
0

for all ¢ € C5°((0,T) x [0, A)%, RY).
The connection of (8) to the strong equation V' = % comes from the integration by parts rule

for smooth hypersurfaces:
/(v-g—y-vgy)—/ﬂg.u.
pX b

Without any regularity assumption, none of the two formulations is stronger in the sense that
it implies the other. Nevertheless (8) requires more regularity as it is formulated for sets of finite
perimeter, whereas Brakke’s inequality naturally extends to general varifolds.

3 De Giorgi’s variational interpolation

It is a well-appreciated fact that a classical gradient flow u(t) = —VE(u(t)) of a smooth energy
E on a Hilbert space can be characterized by the optimal rate of dissipation of the energy E along

the solution wu: p ) )

SE(u(t) < —5 () — S[VEw(®), ©)

This is the guiding principle in generalizing gradient flows to metric spaces where one replaces ||

by the metric derivative and |V E(u)| by some upper gradient, e.g. the local slope |0E(u)|, see
(14) for a definition in our context.

Mean curvature flow can be viewed as a gradient flow in the sense that for a smooth evolution

Y = ¥(t) the energy, which in this case is the surface area |%(¢)|, satisfies the inequality

d 1 1
2 Ixl= [ Hoav < —= | H2—-Z | (2V)2.
15 /E < 2/2 2/2< )

While in the abstract framework, one measures the dissipation of the energy w.r.t. both terms
[u*< [ (2V)? and |0E(u)|*= [y, H?, Brakke measures the rate only in terms of the local slope
s, H? but asks for the localized version (7).

The main result of this section and the second main result of this work is the approximate ver-
sion of Brakke’s inequality, Lemma 3.1 below. In view of the minimizing movements interpretation
(1) it should be feasible to obtain at least the global inequality

d
2— |3 g—/H2
dt .
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but the localized inequality (7) would be still out of reach. The lemma states that thresholding
does not only solve the global minimization problem (1) but a whole family of local minimization
problems.

Lemma 3.1 (Local minimization). Let X" be obtained from X" ' by one iteration of Algorithm
1.1 and ¢ > 0 an arbitrary test function. Then
1

2hdi(u7x”‘1;é)} : (10)

X" = arg min {Eh(u, Xn_l; () +
u

where the minimum runs over all w: [0, A)* — [0, 1]. With dy,(u, x; ¢) we denote the localization
of dn(u, x) given by
1

1
57 dh (X Q) = ﬂ/c[Gh/Q*(u—xﬂQdax (11)

which is again a metric on the space of all such u’s as above and in particular satisfies a trian-
gle inequality. With Ep(u, x; () we denote the localized (approximate) energy incorporating the
localization error:

P €)= = [e-wn ude+ jﬁ/w — )¢, Gar (1 = x) d (12)
1
+ 7h / (u—x) [¢, Gryox] Ghyo * (u— x) da.
Here and throughout the chapter

[(,Gp¥]u:=(Gp*xu—Gp*(Cu) = —V(-hVGy *xu

denotes the commutator of the multiplication with the function ¢ and the convolution with the
kernel Gy,.

Let us comment on the structure of the localized energy E},. The first integral is an approxima-
tion of the localized surface energy cg fz ¢. Expanding (, as h — 0 the leading-order term of the
second integral in the definition of Ej (x", X"~ '; () is

n__ n—1
/th V¢ VRVG * "L dz,

which at least formally converges to cg fz V V( - v and hence we expect to recover the “transport
term” % fz H V(- v in Brakke’s inequality (7). We will see later that the last integral in the
definition of E},, the commutator in the metric term, is negligible in the limit 4 — 0. By definition
of E}, we have

En(u,u;¢) = Ep(u; Q) == \}E/C(l —u)Gpxudr and Ep(u,x;1) = Ep(u)
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so that in particular we recover the minimizing movements interpretation [33] in the case ( = 1.

Thanks to the above local minimization property of the thresholding scheme we can apply
the abstract framework of De Giorgi, cf. Chapters 1-3 in [7], to these localized energies. As for
any minimizing movements scheme, the comparison of " to the previous time step X"~ in the
minimization (10) yields an energy-dissipation inequality which works well as an a priori estimate,
but which is however not sharp. To obtain a sharp inequality we follow the ideas of De Giorgi. We
introduce the following “interpolation” u" of x™ and x"~': For t € (0, h] and n € N we let

uh((n —1)h+1t) :=arg muin {Eh(u,xn_l; ¢)+ %d%(u, L C)} )

Comparing u”(t) with u" (¢ 4 §t) in this minimization problem and taking the limit ¢ — 0 while
keeping h fixed, one obtains the sharp energy-dissipation inequality along this interpolation, the
following approximate version of Brakke’s inequality (7).

Corollary 3.2 (Approximate Brakke inequality). For any test function { > 0, a time-step size
h > 0andT = Nh we have

hs- OF =1 Y2 () 4 - T_haE h): O (1)) dt
5 10E (o) 04y [ OB A OP )
N
) (B x50 — Ea(x™x™0) < En(X, X% Q) — En(XN, N3 ¢), (13)
n=1

where |0E (-, x; ()| (u) is the local slope of Ep,( -, x; () at u defined by

. 1 (Eh(u7 X C) - Eh('l),X; C))Jr
|OEL (-, x; Q)| (u) == h?ij (oo 0) :

(14)

The convergence v — w is in the sense of the metric dy,.

Our goal is to derive Brakke’s inequality (7) from its approximate version (13), i.e. we want to
relate the limits of the expressions in (13) with the terms appearing in (7), cf. Propositions 4.6 and
4.7.

4 Some lemmas

Because of the localization, our energy (12) depends on the configuration at the previous time step.
However, we can apply the abstract framework (cf. Chapter 3 of [7]) to this case if we only follow
one time step. Both, h and ( are fixed parameters when applying these results.

We start by defining the above mentioned “interpolation” of the approximations x”.
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Definition 4.1. Given x we define the Moreau-Yosida approximation E}, ; of Ej, by
. 1
Ep,t(x; €) := min {Eh(w X €) + ;td%(u, X; C)} (15)

and furthermore the (not necessarily unique) variational interpolation u"(t) of x and x' = u”(h)
by

() = argmin { Bu(u i) + b ) | (16)

As t decreases we have a stronger penalization. Thus we expect u"() to be “closer” to x =
u"(0) than x! = u”(h) which justifies the name “interpolation”. We will make this statement more
rigorous later. Note that Fj,(u, x; () and d(u, x; () are because of the smoothing property of the
kernel G, both weakly continuous in « and .

The following theorem monitors the evolution of the (approximate) energy along the interpola-
tion u”*(¢) in terms of the distances at different time instances measured by the metric d;, and gives
a lower bound in terms of the local slope |0E},| of Ej, cf. (14).

Theorem 4.2 (Theorem 3.1.4 and Lemma 3.1.3 in [7]). For every x: [0,A)? — {0, 1} the map
t — Ep (x; Q) is locally Lipschitz in (0, h] and continuous in [0, h] with

d A2 (ul(t), x;
S Eni(x:¢) = —W (17)
and furthermore we have
d h .
DA (-x: )l (u" () < W (18)
In particular
$10EC 6 O () + 5 [ 0B s OP (o) ds
1
< ;tdi(uh(t),x; ¢) +/O ’1(2(33”)ds = En(x, x;: Q) — Bn(u"(t),x;¢).  (19)

The following a priori estimate follows immediately from the minimality the above theorem.
Corollary 4.3 (Energy-dissipation estimate). Given initial conditions x°: [0,A)? — {0,1} with
E(X%) < 00, a time-step size h > 0 and T = Nh we have that

a2 (", x" 1) T a2 (u(t), x"(1))
o2 and/o o2 dt

bup Ep(u t ), h Z stay bounded as h | 0.

(20)
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While the above statements are a mere application of the abstract theory [7] and did not use the
structure of our problem, we will now use the particular character of thresholding, i.e. the structure
of the energy (12) and the metric term (11) in order to pass to the limit in the approximate Brakke
inequality (13).

We recall the following proposition from Chapter 1 which will allow us to pass to the limit in
the Brakke inequality for the approximate solutions.

Proposition 4.4. Given u" — x and Ej,(u") — E(x), a test function { € C*°([0, A)?) and a test
matrix field A € C*([0, A)?, R¥*?) we have

\}E/C(l—uh)Gh*uhdx%CO/C|V><| and 21
\}E/A: (1—uh)hV2Gh*uhda:%co/A: vev|Vx|. (22)

In Chapter 1 we used the above proposition to pass to the limit in the first variation of the
energy

O0En(u, & Ep,(us),

) T % ’5:0
where the inner variations us of u along a vector field £ are given by the transport equation

Osus + & - Vus =0 ugls—o = u. (23)

Proposition 4.5 (Proposition 3.2, Remark 3.3 and Lemma 3.4 in Chapter 1). Given u: [0,A)? —
[0, 1] we have

S B (u, €) = \}E/Vf: (1— ) (Gp Id — hV2Gh) *udz + of1), 24)

where the constant in the o(1)-term only depends on u through Ey (). In particular if u® — x €
{0,1} and Ej,(u") — E(x) < oo we have

SEL(ut,€) = 6E(x, &) = Co/Vf: (Id—v®v)|Vyx]. (25)

Although the proof is contained in Chapter 1, we will repeat the short argument for the propo-
sition in this two-phase context based on (21) and (22) for the convenience of the reader in the
following section.

Without the localization, i.e. if { = 1, we can show

CO/H2 IVy| < liminf |0Ex|? (u")
2 h—0
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whenever u" — y in L! and Ej,(u") — E(x). In the following proposition we prove that with

the localization ¢ > 0 we obtain a similar estimate for the local slope ‘GEh( X" 0) !2 (uh) after
integration in time if we have the following quantitative proximity of u"(t) to x"(t) in L' after

mollification: -
/ / (Gm x (uh — X’l)‘ dz dt = o(\/h).
0

In our case where u"(t) is the variational interpolation (16) or the approximate solution x"(t + h)
itself, this rate is a direct consequence of the energy-dissipation estimate (20).

Proposition 4.6. Let ¢ > 0 be smooth, X" (t) the approximate solution obtained by Algorithm 1.1
and let u"(t) be either the variational interpolation (16) or the approximate solution x"(t + h) at
time t + h. Given the convergence assumption (4) we have
€0 r 2 . T h 2 4
/ /CH |Vx|dt§hm1nf/ ‘aEh(-,X ,C)‘ (u")dt. (26)
2 Jo h—0 Jo
The above tools are enough to pass to the limit in the approximate Brakke inequality (13) if
the test function ( is constant. However, for a non-constant test function ( > 0 we have to pass
to the limit in the extra term Zﬁle (Eh(xn, X" 10 — ERn(x™, X C)) in (13). In the following
proposition we prove the convergence towards the “transport” term fz Hv - V( in Brakke’s
inequality under the convergence assumption (4).

Proposition 4.7. Given the convergence assumption (4) and let T' = Nh. Then we have

N T
_ non c
> (Bn(x" X" 0 — En(x™ X ;C))—>2°/0 /HV-V§|Vx|dt as h — 0.

n=1

In order to to apply Proposition 4.4 and Proposition 4.5 in the situation of Proposition 4.6 and
Proposition 4.7 we need the following lemma.

Lemma 4.8. Given the convergence assumption (4), for a subsequence, we also have the pointwise
property

En(x") = E(x) ae in(0,T) (27)
and furthermore for the variational interpolation u" given by (16)
En(u") = E(x) ae. in(0,T) (28)

and in particular the integrated version

T T
/Eh(uh)dtﬁ/ E(x)dt. (29)
0 0
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5 Proofs

We first give the proofs of the main results, Theorem 2.2, Lemma 3.1 and Corollary 3.2 with help
of the auxiliary statements in Section 4.

Proof of Theorem 2.2. Step 1: Time-freezing for (. We claim that it is enough to prove

T 1 1
| [ (5 av-ve) wngae< [ vl - [emnl o

for any time-independent test function ¢ = {(z) > 0 and a.e. T'.

In order to reduce (7) to (30) we fix a time-dependent test function ¢ = ((¢,2) > 0 and two
time instances 0 < s < ¢. It is no restriction to assume s = 0. Writing ¢ = 7" for the time horizon
we take a regular partition 0 = Ty < --- < Ty = T of (0, T) of fineness 7 = T'/M. We write (s
for the piecewise constant interpolation of (:

Co(t) == C(Tr)  ift € [Ton1, Tn).
Writing 0~"(ar(t) := 2 (Cur(t) — Cur(t — 7)) for the discrete (backwards) time derivative we have
(v —C¢ V(r— V¢ and 0 "y — 9 ¢ uniformly as M — oo. 31

Using (30) for (s on each interval [T),—1,T;,) we have

T
/0 /(cM %HQ + ;Hy-ng> Vx| dt
M
<y / ((Tnr) [VX(Trs)] — / (D) IVX(Tn) . (32)
m=1

The right-hand side can be written as

M—-1
/ ¢(0) [V x(0)] - / (Ty) XD + 3 / (C(T) = C(To1)) [VX(To)]
m=1

In order to pass to the limit in this expression we introduce the piecewise constant interpolation
XM (t) := X(Ti—1) ift € [Thn—1,Tm).

Then we clearly have x s — x a.e. and furthermore since [ |V ()| is monotone in ¢ we have

/]VXM(t)| H/|Vx(t)| forae.t asM — oo. (33)
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Therefore the right-hand side of (32) is equal to

T
[0 wxo1- [ ot vx) + /0 [ormcu vl

which converges to

[corvxor- [ammxmrs [ [acrva

as M — oo. Indeed, also the last term converges since

T T T
]/ [ o v~ | /atch\dt]suaTcM—atcuoo/ [ 193]
0 0 0

T
v /at<<vXM|—|vX|>dt\.

The first term vanishes as M — oo by (31). The second term vanishes by the convergence of the
perimeters (33).

Step 2: Proof of (30). Given a test function ( = ((x) > 0 and T" > 0, we want to prove (30). We
may assume that 7' = N h is a multiple of the time step size h. Furthermore by (4) we may assume
that Ej,(x"(T)) — E(x(T)). We pass to the limit in (13) to prove (7).

By (29) in Lemma 4.8 we may apply Proposition 4.6 to obtain

T N
€0 2 ... h n—1 2/, n
il < . . .
4/0 /CH \Vx\dt_llgggfzn§:1\8Eh( AMHOT (Y,

as well as
€o 4 2 1" h 2
| [ervxde <timint [ [omi¢ 03 0 (whie) ar
4 0 h—0 2 0

In addition we may apply Proposition 4.7 for the transport term and after division by the common
prefactor cg we obtain (30). [

Proof of Lemma 3.1. Given initial conditions x € {0, 1} and a time-step size h > 0, one iteration
of the thresholding scheme yields ' = 1 (Grix>1} Then X' clearly minimizes
2

(1 —u)Gpxx+uGpx*(1-Yx)
among all u € [0, 1] pointwise a.e. This expression is equal to

(I—u)Grru+ (u—x)Gr*(u—x)+[-1—=x)Gr*(u—x)+uGpr*(1-x)].



100 CHAPTER 2. BRAKKE’S INEQUALITY FOR THE THRESHOLDING SCHEME

The term in the parenthesis can be rewritten as

(u—=x)Gr*(1=x) = (1=x)Gp*(u—x)+xGn*(l-x),

where the last summand is independent of « and thus irrelevant for the minimization. Multiplying
with ¢ > 0 and integrating shows that ! minimizes

/C[(U—X)Gh*(l—X)(U—X)Gh*(1—X)—(1—X)Gh*(u—x)]d:p—|—const.

Dividing by Vh and recalling the definitions (11) and (12) of the localized distance and energy
yields (10). ]

Proof of Corollary 3.2. For any n = 1,..., N we apply Theorem 4.2 with y = x" ! and t = h,
sum over n and hence obtain the claim. O

Now we prove the auxiliary statements of Section 4 which we used for the proofs of the main
theorems. The first part of this section is contained in Chapter 3 of [7].

Proof of Proposition 4.5. The first variation of E}, along the vector field £ is given by
5By (u, €) :\}E/—g-vu )G ru— (1—u) G (€ Vu) da
:\}E/g- (1= u) VG 5] — (1 — u) VG + (€ ) da
+\}E/(V~§)(1u)Gh*u+(1u)Gh*((V-g)u)d:c.
This can be compactly rewritten as
0Ep(u,&) = \}E/Q(V‘f) (1—u)Grxu+ (1 —u) [VGpx,&lu+ (1 —u) [Gpx, V - ] udx.

We expand the first commutator

[VGyx, €] u = VE: <\;E®\jﬁ> G *xu+ 0 (\/ﬁ <\|;’,L)3Gh*u> .

The second commutator can be estimated by [Gp,*, V - {]u = O(\/E% G, +u) and by the identity
V2G(z) = G (2 ® z — Id) we indeed obtain (24) with an error of order v/h Ej, (u). O

Proof of Proposition 4.6. We let the variations u defined in (23) play the role of v in the definition
of the local slope (14) so that we obtain the inequality

. (En(u", x";¢) — En(ul, x";0))
OER(- X" Ol(u) > lim sup (b ) .
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As s — 0 we expand the numerator in the following way
En(ug, X" 0) = En(u", X" Q) + s 0B (-, X" Q) (u, €) + o(s),

where 0E,(-, X" O)(u", &) = d% SZOEh(u’;, x";¢) denotes the first variation of the localized

energy along £. For the denominator we use

82

gttt = G— [ ¢(Guas (€ Va)) dotofs)

as s — 0. Taking the limit s — 0 we obtain

‘aEh(th;C)\(uh) > 5Eh('>Xh;C)(uh,§) 2
\/2\/Ef< (Ghja (& Vuh)) da

Now we expand ¢ and £ to analyze the leading order terms as h — 0. Using (23) we can compute
the first variation d E, (u, &) of Ej:

d

dS‘szO
1
=—[—-C¢-V0—u)Grxu—C(1—u)Gy*(£-Vu
[~V G u—C (-0 Gx - V)
— & Vul(,Grx] (1 —u) =& Vu[(, Gpx] (u = x)
— & Vu ¢, Grox|Ghrya x (u—x) + & VuGy s *[¢, Gya] (u— x) da.
The fourth term in the sum comes from replacing (1 — x) by (1 — ) in the third term, while for the

last term we used the antisymmetry [ u [C, Gh/Q*] vde =— [v [C, Gh/Q*] u dx. Note that due to
the symmetry of G there is a cancellation between the second and third term in this sum:

for all &. (34)

Ep(us, x; €)

/C(lu)Gh*(f-Vu)§-VU[C,Gh*}(1u)dzz/(ﬁ-VuGh*(lu)dz
—/—(1—U)Gh*(§§-Vu)da?.

A direct computation based on the semi-group property G, = Gy, /3 * Gy, /2 yields

—[¢, Grxlv = [¢, Gryox] Grya % v+ Ghyjo % [¢, Ghjox| v ==2[(,Gpjox] Gpa kv (35)
so that the last three terms in the first variation of E}, above simplify, and we get

d
ds

s=0

Ep(us, x: ) =;E/—cg~v<1—u>eh*u—<1—u>Gh*<<g~w>d:c

2
" ﬁ / —£-Vu [C, Gh/z*] Ghya * (u—x) dz. (36)
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Note that the first right-hand side integral is exactly §Ej, (u, ¢ £). Now we plug v = u” into the
above formula. Since v — y in L' and Ej,(u”) — E(x) for a.e. t using Proposition 4.5 for ¢ &
playing the role of &, for a.e. t, along the sequence " the first right-hand side integral converges to

6E<x,<§>—co/w<£): (Id—vewv) !VX!@Co/CHV-f\VX\-

Now we give the argument that the second integral in (36) is negligible:

l _ h h _ h : 1
\/E/ £-Vu [C, Gh/2*] Gy * (u X ) dr — 0 in L (0,7). (37
In order to prove (37) we use —§ - Vu = —V (£ - u) + (V- £) v and obtain one term of lower order:

[ 700 T 6Gagae) Gy (= 1) da] £ 9€ VGl [ 1 =

which vanishes in L'(0, T") and the leading-order term
i _oh h__ . h
\/E/ u'€E -V [C,Gh/Q*] G2 * (u X >dx.
Using V [¢, Gy %] v = [(, VG ja%| v + V( Gy 2 * v and estimating the commutator we have
J 1916 Guar] ol o < 19l ([ QNG oo + [ G 1ol
S IVl [ folda

and therefore

2
’\/E /uh§ -V [C,Gh/Q*] Gy * (uh — Xh)d:n

1
S 161Vl [ [Gua * (0 =) aa.

Using Jensen’s inequality and the energy-dissipation estimate (20) we obtain (37). Therefore we
have proven the following convergence of the first variation of the localized energy (12):

SER(u",€¢) = co / (Hv-¢|Vx| inLY(0,T). (38)

With the same methods we can handle the term in the expansion of the metric term dy, (u?, x*): We
claim that

NE/g(Gh/Q* (g-Vuh>>2d:U :jﬁ/g(»g@g): (l—uh> (hV2Gy) * ul dz + o(1)

—2c / C(€-v)? Vx| ash—0 forae.t. (39)
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To this end we plug £ - Vu = V - (u) — (V - €)u into the quadratic term on left-hand side and
expand the square. First we note that only the term

2\/%/( <Gh/2 * (V : ({uh))>2d1‘ = 2\/E/C (VGh/2 * <§uh)>2dm
survives in the limit h — 0. Indeed, we have
2Vi [ ¢ (Gupa e ((7-90")) o < |VERVE [ [e]do

and for the mixed term we have

avh / CGhyo+ ((v : g)uh) VG (guh) da

S IVEIl Gl [ [VGiga s (€07 da.

(40)
To bound this term we use

JE/ ‘vam « (fuh)‘daz < \/E/)g.vam *uh‘d:quO(\/E).
Note that [ VG(z) dz = 0 implies

\/E/|VGh/2*u‘d:E §\/E/|VG;Z/2(2)|/’uh(m)—uh(:n—z)’dacdz

/Gh /‘ x—z)‘dxdz.

Since 0 < u < 1implies |u(z) — u(z — 2)| < (1 —u)(z) u(z — 2) + u(x) (1 — u)(z — z) we thus
have

Jﬁ/ VG u|de S VA B (u) @ O(Vh)

and therefore the mixed term (40) vanishes in the limit 4 — 0 and indeed we have
wﬁ/g(am x (& VM) de = 2\/E/<(vah/2 % (eu?))’da + o(1).
Using the antisymmetry of VG and in particular [ VG(z) dz = 0 we may add a lower-order term:
Nﬁ/g(vc;m s (eul))’do = zﬁ/uhg VGhjg* (CVGhjg* (—Eul))d
= 2\/E/uh§ VGha* (CVGhya* (€(1 —u™))dz + O(Vh).

The term involving VG, /o * (C VG %€ ) is indeed of lower order since both gradients may be

put on the test functions ¢ and £. Since the operator norms of the commutators /% [¢-, VG, %] and
Vh[¢, VGp#] are of order v/h we can rewrite this last integral as

;E/g(g@)g); (1—uh> (hV2Gy) * ul dz + o(1).
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Then (39) follows from the convergence of the energies (cf. Lemma 4.8) and Proposition 4.4.
Using (38) for the numerator and (39) for the denominator of the right-hand side of (34) we
obtain by Fatou’s Lemma in ¢

2
H T
liminf/ 0B, (uh) dt > / “ v EIVX g = CO/ /gH2|vX|dt,
h—0 2 Jo

e VS CIER VX

which concludes the proof. O

Proof of Proposition 4.7. We first note that by definition
Ep(x",X"") — En(x / X' = X" GG (1= X" da
f
/ X" = X" [ Grjax] Grja = (X" — X"71) da.

We replace (1 — x" 1) by (1 — x™) on the right-hand side, and by the simple manipulation (35) of
the commutator we obtain that the above expression is equal to

\}E / (X" = X" GG (L= X") + (X" = X"7Y) [Ghyaxs C] Gryox (X" = X"7) da.

Now we prove the proposition in two steps. First, we show that the first term converges to the
right-hand side of the claim:

//ahh CGh*](l— )dm—>co/ /HV VC|Vx|dt ash—0, (41)

where 0, h "= %(_) denotes the discrete backwards time-derivative of x". Then we prove
that the second term is negligible:

/f/a Gh/z* C}Gh/z*ﬁ "M Pdedt — 0 ash— 0. (42)

Step 1: Argument for (41). Expanding the commutator to second order

1 h
NG (€, Grxlv = —VhVGy* (VEv)+ \g (Gp Id+ hV?Gh) * (V¢ ) +O (hkp, * [v]), (43)
where the kernel &y, is given by k(z) = |2|3G(z), we obtain for the first-order term

hZ/ \fvah*( V(1 =) da

N
SN <2lhd%( - ,an)) (", 9C) + o(1),
n=1
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where & ﬁd% is the first variation of the dissipation functional:

’ <2hd2( ”_1)) (x",€) = ;E / (X" = X" Gpx (=€ - VX") da

Formally, this term converges to cg fz V' V( - v but we want to obtain the term fz HYV( v
instead. Therefore we use the minimizing movements interpretation (1) in form of the Euler-
Lagrange equation

5Eh<x”,s>+6( ETRSER ”‘1>> (X",€) =0 forall € € C*([0,A)", RY).

‘We thus have
L N
hz/ VRV Gy # (VO™ da = 5 DSBSV ol

By the convergence of the energies (4) and Proposition 4.4 we may pass to the limit A — 0 and
obtain

/ SE(x, V) dt = / /V2 (Id — v & v) |Vy \dt@co/ /Hl/ V¢ |V dt.

Now we conclude the argument for (41) by showing that the second- and third-order terms in
the expansion (43) are negligible in the limit &~ — 0. The second-order term is estimated as follows

/ /a h hf (G Id + hV2Gy,) * (v% (1—Xh)) dz dt

< (/0 \/H/‘(thmhv?(;h)*at ] dxdt) (/ f/‘vz - x") ‘ dxdtf.

The second right-hand side integral is bounded by T'A%||V2¢||2_v/h while the first right-hand side
integral can be estimated by

/‘(Ghld+hv2Gh) *3t_hxh‘2dx§ / (Gh*a,g_hxh>2+ ‘hVQGh*at_hxh‘de’

which by the semi-group property VG, = V3G, /2 % Gp/p is bounded by a constant times

i (G nj2 * O h Xh)2dx. Therefore the time integral stays bounded by the energy-dissipation es-
timate (20).
The third-order term is controlled by

/oT/h‘at_hXh‘dxdt:/oT/‘Xh(t)—xh(t—h) dx dt
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which converges to zero by the strong convergence of x". This concludes the proof of (41).

Step 2: Argument for (42). We expand the commutator to first order

. 2
[Ghyjox, ¢l v = 5 VGry2* (VC0) +0 (h <\‘/2}|€) Gy o * U!) : (44)

the contribution of the first-order term to (42) is

h T
2/0 \/E/Ot_hthGh/Q * (VC Gho * 8t_hxh> dx dt.

Using the antisymmetry of VG, the chain rule and integration by parts this is equal to
hofm h h h. h
—2/0 \/E/V(Gh/g*a; X ) -vg(Gh/Q*a; X )dwdt
h (" 1 A
=—2/0 \/E/VQ.V(Q (Gm*at X ) )da:dt
ho(T B 2
= 4/0 \/E/AC (Gh/2 * 0, hxh) dx dt.

By the energy-dissipation estimate (20) this term is O(h) as h — 0.
The second-order term coming from the expansion (44) is controlled by

/OT\/E/ ’at—hxh‘ h (%)20,1/2 *

which is O(v/h) by Jensen’s inequality and the energy-dissipation estimate (20). O

T
Gh/g*at_hxh‘dxdtf,/o \/E/‘Gh/g*ﬁt_hxh dx dt,

Proof of Lemma 4.8. First we note that (29) follows from (28) and Lebesgue’s Dominated Conver-
gence Theorem since Ej(u”) < Ey. The argument for (27) is given in the proof of Lemma 2.8 in
Chapter 1. (28) in turn follows from (27) since we have the monotonicity property Ej,(x"(t)) <
Ep(ul(t)) < Ep(x"(t + h)). O



Chapter 3

Variants of thresholding schemes

In this chapter we present the work [55] with Drew Swartz. We prove convergence results for three
variants of the thresholding scheme. The schemes considered here all incorporate either a local
force coming from an energy in the bulk, or a non-local force coming from a volume constraint.

1 Introduction

We first establish the convergence of a scheme proposed by Ruuth and Wetton [80] for approx-
imating volume-preserving mean-curvature flow in Section 2. The main ingredient of our proof
is an L?-bound on the Lagrange multiplier coming from the constraint, which corresponds to the
following quantitative estimate on the threshold value Ay, (¢):

IAw — 1| = O(Vh) inL*0,T).

In Section 3 we study a scheme incorporating external forces which is based on an idea of Mas-
carenhas [60]. In Section 4 we consider a thresholding scheme for simulating grain growth in a
polycrystal incorporating boundary effects. The large-scale simulations [29] for grain growth as
well as our convergence proof in Chapter 1 assume periodic boundary conditions and are there-
fore restricted to the interior behavior in a polycrystal. Taking into account boundary effects on the
solid-vapor interface is more difficult. A widely accepted model for the evolution of the surface of a
polycrystal is surface diffusion, a fourth order flow. However, computational simulations involving
fourth order flows present various challenges. In Section 4 we discuss a simpler algorithm pro-
posed by Esedoglu and Jin in [8] for approximating these effects. They consider a scheme which
replaces surface diffusion, the fourth order local motion law on the outer boundary of the poly-
crystal, by volume-preserving mean-curvature flow, a second order but non-local equation. This
is plausible because both motions are volume preserving and (due to the gradient flow structure)
energy dissipative flows for the area functional. Simulations for this model have been performed
in [8], demonstrating that the model is reasonable and captures the typical effect of surface groov-
ing. However it is admittedly not perfect, as it is also shown that for relatively large numbers of

107
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grains (~ 10%), non-physical phenomena are observed in the simulations. In Theorem 4.8 we show
that the proof in Chapter 1 can also be applied in this situation under some moderate modeling
assumptions. The limiting motion is shown to be mean curvature flow on the grain boundaries, and
volume-preserving mean-curvature flow on the solid-vapor interface.

Our starting point in Chapter 1 was the minimizing movements interpretation of Esedoglu and
Otto [33], which means that thresholding preserves the gradient flow structure of (multi-phase)
mean curvature flow. We show in Lemma 2.7 that this structural property is conserved in the
case of the scheme for volume-preserving mean-curvature flow in [80] as well. In particular, we
have the important a priori estimate (14). Most recently Mugnai, Seis and Spadaro [69] studied
a volume-preserving variant of the minimizing movements scheme of Almgren, Taylor and Wang
[3], and Luckhaus and Sturzenhecker [57]. They proved a conditional convergence result in the
same way as Luckhaus and Sturzenhecker. In the proof of Theorem 2.11 we face similar issues
as the ones in that work. Bellettini, Caselles, Chambolle and Novaga [11] studied anisotropic
versions of mean curvature flow starting from convex sets. In particular they proved convergence
of the thresholding scheme with uniformly bounded forcing terms. Furthermore, they considered
a variant of the volume-preserving scheme [80] where the volume is not precisely preserved in
the approximation but still in the limit when the time-step size goes to zero. They were able to
prove uniform bounds on the resulting forcing term. In contrast, we work with the exact constraint
on the volume and only work with an L2-bound on the forcing term coming from the Lagrange
multipliers associated to the volume constraint. We establish this bound in Proposition 2.12. In
Lemma 2.19 we generalize the one-dimensional estimate Lemma 4.2 and Corollary 4.3 in Chapter

1 to our situation where the threshold value may differ from %

2 Volume-preserving mean-curvature flow

In this section, we discuss a scheme for volume-preserving mean-curvature flow, here Algorithm
2.1, which was introduced by Ruuth and Wetton in [80]. We first state the algorithm and fix the
notation, and present the main result of this section in Theorem 2.11. Following this we give the
details of the proof of the theorem.

2.1 Algorithm and notation

The following algorithm by Ruuth and Wetton [80] produces a sequence of phases 2" which pre-
serve the volume exactly, cf. Figure 3.1 for an example.

Algorithm 2.1. Given the phase €, i. e. an open, bounded set in R, with Q| = 1 at time t =
(n — 1)h, obtain the evolved phase ) at time t = nh by:

1. Convolution step: ¢ := Gy, * 1q.

2. Defining threshold value: Pick A such that [{¢ > \}| = 1.
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DOOOC

Figure 3.1: The evolution of a “Thiiringer Bratwurst”. Computation based on a variant of the code
provided by Esedoglu [31]. The threshold value was computed exactly by sorting the grid points
according to their ¢-values.

3. Thresholding step: ' := {¢ > A\}.

Here and throughout the chapter

_ 1 2]
Gr(z) == W exp <_4h>

denotes the heat kernel at time h.

Remark 2.2. In general, the threshold value A is not necessarily a regular value of ¢, so that a priori
we cannot say that the function s — |[{¢ > s}| will attain the value 1 for any s € [0, 1]. Since by
Sard’s Lemma a. e. value of ¢ is a regular value, this practically does not happen in simulations.
Therefore, as in [80], we ignore this fact in stating the algorithm. Our analysis also works if one
replaces the second step of the scheme by defining A via

A:=inf{s > 0: [{¢ > s}| <1}
and then chooses the updated set in the following way:
{op>NcQ c{p>A} suchthat |Q]|=1.
Notation 2.3. We denote the characteristic function of 2™ at the n-th time step by x", i. e.
X" = 1Qh‘t:nh = 1gn
and interpolate these functions piecewise constantly in time, i. e.
X"M(t) :=x" fort € [nh,(n+ 1)h).

As in [33], here for the two-phase case, we define the following approximate energies

En(x) = jﬁ/(l—x) G, * x dz, ¢))
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for x: R — {0, 1} and the approximate dissipation functionals as
1
Dp(w) = ﬁ w Gy *xwdzx 2)

for any w: R? — {—1,0,1}.

Remark 2.4. As h — 0, the approximate energies £}, I'-converge to the perimeter functional

E(x) = j% / N

w. 1. t. the L'-topology. Esedoglu and Otto proved in [33] that this I'-convergence which has
already been established by Miranda et al. in [65] is a consequence of pointwise convergence of
the functionals, namely

En(x) = E(x) forany x € {0,1}, 3)

and the following approximate monotonicity: For any 0 < h < hg and any x € {0, 1},

\/% d+1
T P

Our main result of this section, Theorem 2.11, establishes the convergence of the scheme to-
wards the following weak formulation of volume-preserving mean-curvature flow which was also
used by Mugnai, Seis and Spadaro [69] and is the analogue of the formulation used by Luckhaus
and Sturzenhecker without the volume constraint [57].

En(x) > ( “)

Definition 2.5 (Volume-preserving motion by mean curvature). We say that y : (0,7) x R? —
{0, 1} is a solution to the volume-preserving mean-curvature flow equation with initial data x° if
there exists a function V: (0,7) x R — R with V € L?(|V|dt) such that

/OT/(V-f—z/-Vﬁu)|Vx|dt:/0T/(V+A)g.y|vx|dt )

for any ¢ € C5°((0,T) x R?) and

/OT/BtCXda;dt+/C(O)X0dx:—/OT/CV|VX|dt (6)

forall ¢ € C5°([0,T) x R?), where A € L2(0,T) is the average of the generalized mean curvature
H € L*(|Vx|dt) of x:

[ HIVX|

A= <H>—W

(N
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Remark 2.6. For our convergence proof we assume the following convergence of the energies
which is not guaranteed by the a priori estimates we have at hand:

T T
/Eh(xh)dt—>/ E(x)dt. (8)
0 0

In the following we prove Theorem 2.11 using the techniques from Chapter 1. Throughout this
section, we write A < B if there exists a constant C' = C'(d) < oo such that A < C'B. Combining
(3) and (4), we have

Eo:=E(X°) > E,(x"). )

Furthermore by scaling we can normalize the prescribed volume |20 = i YV dx = 1.

2.2 Minimizing movements interpretation

In the following lemma we elaborate the interpretation of Algorithm 2.1 as a minimizing move-
ments scheme which is the starting point of the convergence proof.

Lemma 2.7 (Minimizing movements interpretation). Given x° € {0,1} with [ x°dz = 1, let ¢,
X and x* be obtained by Algorithm 2.1. Then x* solves

min Eh<x>+Dh<x—x0>+”¢%1 / vdz, (10)

where the minimum runs over all x: R® — {0, 1}. Or equivalently

min  Ep(x) + Dalx —x°) s.t. /Xda; =1, xe€{0,1}. (11)

Proof. First we show that (10) is equivalent to minimizing the ‘linearized energy’
1
Ian(6:0 = 5= [ (1= 00+ x A= 0)dr (12)

over x: RY — {0, 1}. Indeed, this is just a consequence of the fact that

22 —1

Vh

Second we show that (11) is equivalent to minimizing L 5 (¢, x) over x: R? — {0,1} such
that f x dr = 1. This again follows from (13) and the fact that 2?‘/%1 f x dx is a constant in this
case.

Finally we show that y! as obtained through Algorithm 2.1 minimizes the linearized energy
Ly n(o, x) over x: R? — {0, 1} (and therefore also minimizes L Ah (0, x) over this class when the

En(x) + Dn(x — X°) + /Xda: = L) 1(¢, x) + Terms depending only on Y2, (13)
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unit volume constraint is enforced). To see this, note that the integrand is clearly bounded below
by ¢ A (2\ — ¢) for any x € {0,1}. And by definition, ! admits this minimum pointwise:

(T=xYo+x'CA—9)=0dA(2A—¢). O

The following a priori estimate is a direct consequence of the minimizing movements interpre-
tation but is a very important tool to prove compactness of the approximate solutions.

Lemma 2.8 (Energy-dissipation estimate). The approximate solutions X" satisfy the following
energy-dissipation estimate

N
En(x™) + > Da(x" —x"") < Eo. (14)

n=1
Proof. As a direct consequence of the minimization procedure (11) we obtain
Ep(X") + Dp(x" = X" < Ep(x*7Y).
Iterating this estimate from n = 1 to IV together with (9) yields the claim. O

Above we used the minimizing movements interpretation to derive an easy a priori estimate by
comparing the solution x" to its predecessor x"~'. Now we use this interpretation to derive an
optimality condition, the Euler-Lagrange equation associated to the functional

En(0) + Dulx —x°) + ”\/‘El /xdz.

This will be an important component of our convergence proof. To state this precisely, let us first
define the notion of first variation of Ej,(-) and Dy, (- — ). Since we are considering characteristic
functions of sets, which induces the “constraint” x € {0, 1}, the correct variations are inner varia-
tions, i. e. variations of the independent variable. Geometrically this corresponds to a deformation
of the phase (2.

Definition 2.9 (First variation). For any y € {0,1} and ¢ € C5°(R?, R?) let ;s be generated by
the flow of &, i. e. x5 solves the following distributional equation:

asXs +§‘ VXS =0.

We denote the first variation along this flow by

SBn(x,€) = %Eh(Xs)’szoa 0Dn(+ = X)X, €) = - Dilxs = X)| g,

where x € {0, 1} is fixed.
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Corollary 2.10 (Euler-Lagrange equation). Given x° € {0, 1}, let x' be obtained by Algorithm
2.1 with threshold value \. Then x' solves the Euler-Lagrange equation associated to (10):

20 —1
Vh

Equation (15) follows directly from the minimizing movements interpretation (10) and can be
regarded as an approximate version of the weak formulation (5). One can easily compute the formal
limit of each single term. A formal expansion suggests that with H denoting the mean curvature of
0Q! and V denoting the normal velocity moving 9920 to 9! in time h we have

6Eh(Xla€) + 5Dh( T XO)(X17£) +

/(v &) xtdz =0. (15)

1
VT Joan \f a0t

Therefore, at least formally, (15) is similar to the desired equation V' = H — (H). In our rigorous
justification we will interpret the terms in a weak sense and use the strategy of Chapter 1. Following
the lines of the proof of Lemma 3.4, we can also compute the first variation d E, of the energy
rigorously and obtain

OEL(xL, &) ~ Hé-v oand 6D,(- —xXO)(x1€) ~ VE-v

SEn(x, €) = /5 VXxGr*x—(1—=x)Gr=(§ Vx)dz
:\/E/g.[a—x)VGh*x}—(1—X)VGh*(§x)d90 (16)
+\}E/(V-f)(1—X)Gh*x+(1—X)Gh*((v'§)X)dx

Expanding £(x) — &(x — 2) = (2- V) &(z) + O(|2]?) for the first right-hand side integral, and
(V-8 (x—2)=(V-&) (x)+ O(|z]) for the second we obtain

SEp(x, €) = /vg (1= x) (Gy Id — 2hVGy) * x dz + o(1), (17)

as h — 0. The integral on the right hand side formally converges to ﬁ [VE: (Id—vev) |V,
and can be made rigorous. We will discuss this fact below in Proposition 2.17. For the first variation
of the dissipation we can expand £ again and obtain

1_ .0
DA )€ = =2 [ X VRVG xx da + o),

where the first factor in the right-hand side integral is a finite difference and formally converges to
orx = , and the second factor formally converges to fu The rigorous justification of
this fact is more involved since one has to pass to the limit in a product of two weakly converging
terms. We will show how to overcome this difficulty in the following.
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2.3 Main result

From (15) we establish convergence to the weak formulation of volume-preserving mean- curvature
flow in Definition 2.5. The central novelties of this section are establishing the equivalence of (15)
to Algorithm 2.1, which was done above, and to show that the threshold value A remains close to %
in a certain sense, which is done in Proposition 2.12 below. The latter property plays an important
role in showing that each of the three terms of (15) converges to its respective limit. The mean
curvature is recovered as the limit of the first variation § £, of the energies (cf. Proposition 2.17),
and the normal velocity is recovered as the limit of the first variation 6Dy, of the dissipation (cf.
Proposition 2.18). Doing so is similar to results in Chapter 1, however technical difficulties must
be overcome due to the fact that the threshold parameter A may vary (as opposed to being fixed
at % in the original MBO scheme). The averaged mean curvature is recovered as the limit of the
Lagrange multipliers, cf. proof of Theorem 2.11.

We now state and prove the main result of this section, Theorem 2.11 below. Under the same
convergence assumption as in Chapter 1 which is inspired by the assumption in [57] we can prove
the convergence of the scheme. For clarity of presentation, the given proof merely highlights the
main ideas involved in establishing the convergence of (15) to (5). The more technical aspects of
the proof are then postponed to later subsections.

Theorem 2.11. Let T < oo and x° € {0,1} with E(x°) < oo and {x° = 1} cC R% After
passage to a subsequence, the functions X" obtained by Algorithm 2.1 converge to a function x in
L'((0,T) x RY). Under the convergence assumption (8), x is a solution of the volume-preserving
mean-curvature flow equation in the sense of Definition 2.5.

Proof of Theorem 2.11. By Proposition 2.13 the approximate solutions x” converge to some limit
x after passage to a subsequence. The strategy of our proof for (5) is to pass to the limit in the
Euler-Lagrange equation (15) after integration in time.

By Proposition 2.12, after passing to a further subsequence, we can find a function A €
L?(0,T) such that

211
Vh VT

Since the integrals converge strongly,

A in L*(0,T).

/(V-ﬁ)xhdx%/(v-f)xdx in L(0,7),

we can pass to the limit A — 0 in the product. This is one of the three terms of the Euler-Lagrange
equation. In Proposition 2.17 we recover the mean curvature from the first variation of the energy,
i. e. the first term in (15). In Proposition 2.18 we recover the normal velocity from the second term
in (15), the first variation of the dissipation. Therefore, the limit solves (5). Furthermore, V' solves
(6) by construction. Note that since A, V € L?(|Vx|dt) we have a generalized mean curvature
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H € L*(|Vx| dt). We are left with proving (7). Note that ¢ — [ x(t) dz € H'(0,T) with

d
— de= |V .
o | xde / Vx|
Indeed, given f € C$°(0,T) and g € C§°(R?) with g = 1 on Bg« with R* = R*(d, Fy, T) from
Proposition 2.14, setting {(z,t) := f(t)g(x), we have

—/()Tf’<t>/x<t>dxdt: —/OT/at<xdxdt:/0T/cvdet:/OTf(w/vrerdt-

Since [ x" dx is constant in time, also [ x dz is constant in time. Using (5) as a pointwise a. e.
statement in time, we have

d 5
0= [xae= [vivn2 [ -nywni= [#1wd-a [ 19y

almost everywhere in (0, 7"). Solving for A yields (7). O

2.4 [*-estimate for Lagrange multipliers

The following proposition gives a quantitative estimate on the closeness of the threshold values A,

to % in the natural topology coming from the gradient flow structure and the appearance of %Tf:l

as a Lagrange multiplier. Roughly speaking, the lemma states that P\h — %’ = O(\/ﬁ) in L2. This
is the analogue of Corollary 3.4.4 in [69] but our proof works in a different way. While they couple
the bound on the Lagrange multiplier and the growth rate of the sets via the estimate (3.28) in
[69], we prove the bound on the Lagrange multipliers first, independently of the growth rate. The
main difference is that we construct our test function ¢ via some elliptic problem in Step 3 of the
proof below so that we can obtain estimates by using elliptic regularity theory, in particular the
Calderén-Zygmund inequality, cf. Theorem 9.9 in [40].

Proposition 2.12 (L?-estimate for Lagrange multipliers). Given the approximate solutions x" ob-
tained by Algorithm 2.1 with threshold values My, for h < % we have
0

/T(Ah—é)thS(HT) (1+ E§) h.
0

Here h < % means that there exists a generic constant C = C(d) < oo such that the statement
0

holds for h < C}EQ. We recall that A < B means A < C B for some generic constant C' =
0
C(d) < .

Proof. Squaring the Euler-Lagrange equation (15), we obtain

2
B0 ([ o) SBE0OF  Bou - henel as
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for any £ € C§° (R4, R%). In order to prove the proposition, we first estimate the right-hand side
for an arbitrary test vector field &, cf. Step 1 for the first and Step 2 for the second term. In Step
3 we construct a specific vector field such that the integral on the left-hand side is bounded from
below.

Step 1: Estimates on §Ep,(x, €). For any x € {0,1} and any ¢ € C5°(R?, R?), we have

0ER (X, )| S I1VEll o En(X)- (19)

Argument: Starting from the computation (16) we see that the second integral on the right-hand
side is clearly controlled by ||V¢||oo En(X), whereas the first integral on the right-hand side can be
estimated via

7 [ €100 V61— (1= ) VGu+ (60 do
== [ ~576n)- [ (€le) = to = 2) (1 =) (0x(a = 2 dods
22
<IVele 7z [ 56 [ 00 @t - o) dod,

Using |2]2G1(2) < Ga(z) we thus have

0B (6 )| S 1IVE oo (B2n(x) + En(X))

and the approximate monotonicity of the energy (4) yields (19).

Step 2: Estimates on §Dp,(- — x" 1) (X", £). We have
al 2
RY DA = X" )] S sup €l (1+ E7) - (20)
n=1 n
Argument: For any ¢ € C3°(R%, R?) and any n € {1,..., N}, we have
2
DL(- — X" H(x", :/—.V"G* ") de
nC =X = (¢ X") Grx (X" =Xx"7)

_;ﬁ /an VG (X" = X" (V- O X "Crx (X" — x"7") da.

Setting (compare to the dissipation measures pip,, Definition 2.7 in Chapter 1)

= = [ [Guan (0 =)
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and using the Cauchy-Schwarz inequality, we obtain
_ 2
[6DR(- = X" (X" €)]

! 2
S (h / \/EVGh/2  (X"€) Gpya + (X" — Xn—l) dx)

1 2
+ ||V§\|§O <\/E/Gh/2 * " \Gh/Q * (x” _ Xn—1)|dx>

<3 (5 ] [VAvGue s (] de ) ot o 196l [ d o

For the first right-hand side term, we first observe that for any y € {0, 1} and any ¢ € C$°(R?, R?),
by [€(x + 2) — £(2)] < [[V€]|oo| 2| we obtain

7= [ WAVG(a)| [ feto +2) = €@ xta +2) [VAV G = (16)] (o) e d
< el 196l [ o ( / rz||vc:h/2(z>\dz) ( / wﬁvah/z(z)\dz) ,

where the last two integrals are uniformly bounded in h. Thus, in our case where xy = x" with
[ x™dz = 1, we obtain an estimate on the error when commuting the multiplication with ¢ and
the convolution with the kernel VAV G, /2 in one of the factors:

;E / VAV Ghys  (xE) |4 = ;E / £ VRV Gy % x[VEVGha % (x) ]dz + O(JEn.0)-

Since VG is antisymmetric and since |z| G(z) < Ga(z), we have
1
1
== [ € VRV G+ (= 1) [VEV G2+ (16)]da

1
S 16l = [ Gue (1= G s xde S €% Bl
Thus, we have
n— n 2 1
5Dn(- =X 0017 5 7 (1% Bo + 1€ + VRIVEIL) pn,

which is (20) after integration in time and using the energy-dissipation estimate (14) once more.

Step 3: Choice of &. For any Ey > 0, any 0 < h < 1/E3 and any x € {0,1} with [ xdz =1,
supp Y CC R? and Ej,(x) < Ep there exists ¢ € C$°(R?, R?) with

/(v-g)xdz > % and 1)
€llw1ee S 14 Ep. (22)
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Argument: Set — C}EQ. We will determine the constant C' = C(d) later. Set x. := @, * X
0

for some standard mollifier ¢.(z) = Eidnpl(z) with 0 < 7 < 1, fcpl dz =1, p1 < G1 and

€

[1Ve1]ldz < 1. Then x. € C§°(R%,[0,1]). Let u denote the solution of
Au =x.

given by the Newtonian potential u = I % y.. We define £ := Vu = I' x V. and claim that &
satisfies (21). Indeed, since |x. — x| = x (1 — xe) + (1 — x) xe for x € {0,1} and 0 < x. < 1,
we can use the approximate monotonicity (4) such that for any 0 < h < 2 we have

/XE—X|dx:2/(1—X)gpg*de

(@) <g+\/ﬁ

d+1
5/(1—><)G52*xd1‘§6 8 > En(x) S k.

Thus, if we pick the constant C'(d) in the definition of ¢ large enough, we have

1
/WfMW:/MMMZ/MM—/%—MMZT

which is (21). Now we give an argument for (22). The Calderén-Zygmund inequality yields

[ vepdss, [ elas <1 3)
R

for any 1 < p < oo, where we write <, to stress that the constant depends not only on the
dimension d but also on the parameter p. Since . is smooth, we can differentiate the equation:

A& = V..

Thus by the Calder6n-Zygmund inequality and Jensen’s inequality

p

1
[ vras s, [1vebas < ([19pda:) [irars @4
R

forany 1 < p < co. Now we want to bound the 0-th order term of £&. Let R > 0 be big enough
such that supp x. C Br and take n € CZ°(BaR) to be a cut-off function for Br in Bag with
2

|Vn| < 4. Then we have

(23) 1
[wnerar s, [averas [1opiera<,1 0 4, Pda.
R Bar\Br

Note that for any = € R?\ Bg, since then dist(z, supp x.) > R, we have

)l < [ V06 - )el)dy S s [ Xy = g
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Thus,
/ V(n&)Pdz <, 1+ RIOD), 25)

Now we fix some p = p(d) € (%, d). Since 7 £ has compact support, we can apply the Gagliardo-
Nirenberg-Sobolev inequality, so that

* * p*/p (25) d/(d—p)
/ |€P dw < /|77§\P dzr < (/!V(nf)lpdx> < <1+Rd(1—P)) /(d—p ,
Br

where p* = dpf‘i) > d is the Sobolev conjugate of p. Taking the limit R — oo, we obtain

/ €[ de < 1. (26)

Since p* > d, by Morrey’s inequality and the above estimates (23), (24) with p* playing the role
of p and (26), we have

1
[€llw1oo ey S N€llw2re ey S 1+ P 1+ Ep.

Step 4: Conclusion. We apply Step 3 on x = x™ and find £ € C§°(R%, R?) with

N | =

/<V~§">x"dar >
1€ e < 1+ Fo.

Plugging £ = £™ into (18), summing over n and using the estimates in Steps 1 and 2, we obtain

N
2
Y —3)" Ssupll€"[fre (TES +1+ E3) S (14 T)(1+ Ep),
n=1 n
which is the desired estimate. O

2.5 Compactness

Proposition 2.13 (Compactness). For any sequence there exists a subsequence h ™\, 0 and a limit
x € LY((0,T) x R4 {0, 1}) such that

X" — x in L*((0,T) x R%). 27)
Moreover,
X" —x aein(0,T)xR? (28)

and x(t) € BV (R4, {0,1}), [ x(t)dz =1 fora.e. t € (0,T).
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Proof. Asin Lemmas 2.5 and 2.4 in Chapter 1 we can prove that

T
/ /‘Xh(x—i-(Se,t—i—T)—Xh(x,t) dedt < (14 T)Ey (54—7—1—\/5). (29)
0

The proposition follows then from the arguments in Proposition 2.1 in Chapter 1 in conjunction
with Proposition 2.14 below. Indeed, in Chapter 1, we showed that this can be done by adapting the
proof of the Riesz-Kolmogorov compactness theorem. Since we work in R? and not on a periodic
domain as in Chapter 1 we need to guarantee that no mass escapes to infinity. The proposition
below establishes precisely this. O

Take Ry > 0 such that Q0 ¢ B R,- For subsequent n we take a sequence of radii I2,, > R,,—1
such that Q" C Bpg,. The focus of this section will be to show that we can choose the radii R,
such that they are uniformly bounded for n € {1,..., N}, independent of the time step h.

Proposition 2.14 (Tightness). There is a finite radius R* = R*(d, Ey,T), independent of h such
that

Q"(t) € Bp+ forallt € [0,T].

We separate the indices n into ‘good’ and ‘bad’ iterations. A ‘good’ iteration is taken to mean
that [\, — 3| < 1, and a bad iteration will be taken to mean that [, — 3| > 1. The L2-bounds
in Proposition 2.12 give us a suitable level of control over the number of ‘bad’ iterations. Indeed,
Chebyshev’s inequality implies that the number of ‘bad” iterations is controlled by (1+7T)(1+Ej).

In the next lemma we show that in the worst case scenario, the radii R,, grow exponentially
over consecutive iterations.

Lemma 2.15. R,, may be chosen such that R,, < 3R,,_1.

Proof. In order to reduce the notation we may assume n = 1 and write ¢ = G}, * x°, R := Ry,
x = x! and A = \;. We first claim that

min ¢ > max ¢. 30)
ER Rd\BSR

This follows immediately from the definition of ¢ using {x" = 1} C B and the obvious inequality
|zt — 2| <2R < |y —z| forallz € Bg, y € R\ Bsgand z € Bg.

Now suppose that U := 2\ Bsg has positive measure. This being the case, we may construct
a new set, call it S~2, by deleting the volume U from 2 \ Bsp and filling it into Bg. Indeed, since
|Q] = ‘QO , we can find a set U C Bp, of the same volume as U such that U N € = (). Then we
set Q:= (Q\U)UU and Y = 1. Recall the definition of Ly, in (12). We claim that X has lower
linearized energy Ly, (¢, -) than y, which is a contradiction. By [ x dz = [ x dz and (30) we have

Lh(ébax)—Lh(ébaf():\jﬁ/qﬁ(i—x)dx:\/25/¢>(10—1U)dx>0.
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Thus we conclude that the minimizer of the linearized energy Ly (¢, -) cannot contain any volume
outside Bsp. ]

i, the growth of R,,_; to R, is

O(|An — %|\/E), which in terms of Proposition 2.12 can be interpreted as ‘linear growth’.

Next we show that over ‘good’ iterations, i. e. [\, — 3| <

Lemma 2.16. There exists a universal constant C' < oo such that over ‘good’ iterations we have
R, < Rp_1+CVh|N, — 1.

Proof. Given |\, — %| < i, we want to find a constant C' < oo so that for any direction e € S4~!
we have ¢ < A, and therefore " = 0in {z - e > R,_1 + CVh|\, — 3|}. We prove this by
comparing to a half space H = {z - e < R,_1} whose boundary is tangent to 0Bgr,__,. By
rotational symmetry we may assume w. L. 0. g. that e = e; so that at a point x = (x1, 2’), thanks
to the factorization property of G, we can estimate

B 0o 1 x1—Rp—1
¢ =GCupx X" <Gupxly= / G (21) ey 421 <R, d21 = 3 —/ Gi(=21) dz1.
o 0

We observe that the right-hand side expression is monotone decreasing in x; and find the upper
bound for R,, > R,,_1 simply by setting the right-hand side to be equal to A, for 1 = R,:

1
1 7(Rn_Rn—l)
yM_y:/” GY(21) dz1.
0

There exists a universal C' < oo such that fOC G'(21) dz1 = . Thus, since |\, — 3| < 7, we have

Bn—Rn_1 -
Th < C. In turn this gives

Bn = Bn min_ G'(z1) < [, — 1],

Vh |z1]<C

which is the desired estimate. O

Proof of Proposition 2.14. The result follows by iterating the estimate of the previous two lemmas.
Indeed, over ‘good’ iterations we have the estimate

R, < Ry_1+ CVh|A, — 3.
And over ‘bad’ iterations we have the estimate
Rn < 3Rn—1-

Iterating these two estimates and keeping in mind that we have at most a finite number ~ (1 +
T)(1 + E}) of ‘bad’ iterations we obtain

N
n=1
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Finally we note that by Jensen’s inequality and Proposition 2.12

n=1

The constant C(d, Ey,T') yields the estimate on R*. Note that our proof does not give a linear
growth estimate in time. Indeed, the upper bound R* growth exponentially in 7'. Nevertheless, for
our purpose, this is enough. O

2.6 Convergence

In this section we give the details of the proof of Theorem 2.11. We can directly apply Proposition
3.1 of Chapter 1 to our situation, which we state in Proposition 2.17. In Proposition 2.18 we prove
that we can change the proof of Proposition 4.1 of 1 so that it applies in our situation. For this part
we need Proposition 2.12 to apply the one-dimensional lemma, Lemma 2.19 stated below.

Proposition 2.17 (Energy and mean curvature; Prop. 3.1 in Chapter 1). Under the convergence
assumption (8) we have

hm/ SEL (X", €)d \f/ /V E—v-VEv)|Vx|dt

forany £ € C$°((0,T) x R4, RY).

Proof. The proof of Proposition 3.1 in Chapter 1 only uses the convergence that we deduced here
in Proposition 2.13 and the convergence assumption. However, we briefly highlight the line of
proof here. We observe that the expansion (17) of the first variation of the energy is already in the
same form as the limit: multiplication with the anisotropic kernel Gy, Id — 2hV G, corresponds to
multiplication with Id — v ® v, i.e. projection onto the tangent space. More precisely, evaluated
at a fixed configuration Y, the right-hand side of (17) converges to the correct quantity. Under the
strengthened convergence (8) this holds true also along the sequence x". O

Proposition 2.18 (Dissipation and normal velocity). There exists a function V: (0,T) x R? —
R which is a normal velocity in the sense of (6). Given the convergence assumption (8), V &

L%(|Vx|dt) and for any € € C§°((0,T) x R% RY) we have

T
lim / 5D t—h))(xha),g(t))dt:—;% /0 /vg-mwdt. 31

Proof. Since we have the same energy-dissipation estimate, namely (14), with the volume con-
straint as in Chapter 1 without a constraint, we can directly apply most of the techniques. In
Lemma 2.19, we show that for most of the iterations we can also apply the finer estimate, Lemma
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4.2 in Chapter 1 when changing the threshold value from % to A as in Step 2 of Algorithm 2.1. To
make this applicable we need the L?-estimate in Proposition 2.12.

Step 1: Construction of the normal velocity and (6). We construct the normal velocity V' exactly
as in Lemma 2.1 in Chapter 1. First, one proves that the distributional time derivative 0, x of x is a
Radon measure using only the energy-dissipation estimate, in our case (14). Using the convergence
assumption, for us (8), this measure turns out to be absolutely continuous w. r. t. |Vx|dt, so
that one can define V' to be the density of d;x w. r. t. |Vx|dt and prove higher integrability,
V € L?(|Vx|dt). Then V satisfies (6) by construction.

Step 2: Argument for (31). One of the key ideas in Chapter 1 is to introduce a mesoscopic time
scale av/h. In Step 2 of the proof of Proposition 4.1 there, one chooses a shift of the mesoscopic
time slices so that one has control over the error terms. We can make use of this degree of freedom
to make sure that in addition the mesoscopic time steps are ‘good’ iterations. Given N = T'/h,
K = a/vVh, L = N/K, for any function €2: {1,..., N} — [0,00) we can find kg € {1,..., K},
such that in addition to

N
=Y (Kl + ko) < 4% Y 2(n) (32)
n=1

I=1
as in Chapter 1 we furthermore have

L

1
7 D (Akteko —

=1

3

=1
i (1§l§L). (34)

| /\

and (33)

l\D\H

IN

Ry
We give a short counting argument for this. By Proposition 2.12

# {ko: (32) is violated, (33) is violated, or (34) is violated for some [}

L
< #{ko: (32) is violated} + # {ko: (33) is violated} + Z # {ko: (34) is violated for [}
=1

L K
K K K
STrT LY w3 <5 +C
=1 k=1

for some constant C' = C(d, Eyp,T'). Therefore, we can adapt the proof of Proposition 4.1 in
Chapter 1 so that indeed we can link the first variation of the dissipation with the normal velocity.
Furthermore, the localization argument in Section 5 of Chapter 1 applies one-to-one so that we
have (31). [

One of the main tools of the proof in Chapter 1 are Lemma 4.2 and its rescaled version, Corol-
lary 4.3. Roughly speaking, this lemma establishes control over the distance of the super level
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sets {u > 3} and {@& > 3} in terms of the L?-distance of two functions u, %: R — R, provided
at least one of the two functions is sufficiently monotone around the threshold value % which is

2
measured by the term ﬁ | 1oy (\/E O1u — E) i see Lemma 2.19 below for the precise state-

ment with more general threshold values, which however reduces to the statement in Chapter 1
when A = \ = % Note that such an estimate would clearly fail without such an extra term on the
right-hand side.

In order to motivate the lemma let us streamline its application to the thresholding scheme.
To this purpose let us ignore the localization . We apply the one-dimensional estimate to the
thresholding scheme in a fixed direction v* € S4=! with y = x"(¢) and ¥ = x"(t 4 7) for some
7 = av/'h. We think of the fudge factor « as small, but independent of k. After dividing by c and
integrating the resulting estimate over the further d — 1 directions and over the time variable we ob-
tain an estimate for the difference quotient [[ |07 x"| dx dt in terms of [ Vh(G,, Jox07 x")2dx dt,
the above term measuring the monotonicity of Gy, * X" (¢ — h) in direction ~* and a term involving
the L?-norm of \j, — % The constant ¢ in the term measuring the monotonicity is chosen such that
if x" was a half space in direction v* this term would vanish. One can indeed prove, cf. Lemma
4.4 in Chapter 1, that this term is bounded by the energy-excess

T
g2 = / En(x") — Ep(x*) dt, for some half space x* in direction v/*.
0

This term in turn is small (after localization) by our strengthened convergence (8) and the lo-
cal flatness of the limit — which is guaranteed by De Giorgi’s Structure Theorem. The second
term, [f Vh(G}, /2 % Of x")2dz dt, is bounded by the dissipation and is thus finite by the energy-
dissipation estimate (14). Therefore we obtain the following estimate for the discrete time deriva-

tive
T
/0 /

which differs from the estimate in Chapter 1 only by the last right-hand side term involving the
threshold value. However, this term is of order v/h by our L?-estimate, cf. Proposition 2.12. We
apply a localized version of this estimate and sum over a partition of unity with fineness » > 0.
Sending first i to zero, the first right-hand side term converges to the the energy-excess on each
patch, while the other terms stay uniformly bounded in r if the patches have finite overlap. Then
we take the limit » — 0O so that the first right-hand side term vanishes by De Giorgi’s Structure
Theorem. Optimizing the additional parameter s and then sending « to zero, the right-hand side
stays uniformly bounded. The resulting estimate resembles

I

In comparison, the analogous estimate coming from (29) only holds for larger time scales 7 ~ /h.

1 1 1 1 7 1\2
or h’d dt < = (2 4+ sT) + —a2F / A — = ) at
x| do Na(a —i—s)—i—SQa 0+a32\/ﬁo h= 5 )

8{Xh‘ drdt = O(1) fort = o(Vh).
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Lemma 2.19. Letu, u € C*(R), = Lpuzap X = Lo 5y andletn € Cg°(—2r, 2r)
be a radially non-increasing cut-off for ( T, 7’) mside (—2r,2r). Then

2
1 S Vhou—¢) duy +s
I/UX X| dzy f (lcus) ( 1 )7 1

11 r (A=X)?
+ —-—F (U—U) dl’1+ T

s2\/h "

forany s < 1.

Proof of Lemma 2.19. The lemma follows from Corollary 4.3 in Chapter 1 with a shifting argument

to make the threshold value A appear. Setv :=u — A+ % sothat x =1 .1 (and analogously with
2

v) and Corollary 4.3 in Chapter 1 applies for v, ¥: For any s > 0, we have

2 11
f/n!x xlwf _1|<}U(\/E31v—c)_+s+82\/5/17(2}—6)2. (35)

Now we can resubstitute v = u — A + % and ¥ = @ — A+ % on the right-hand side. Then the
integrand of the first integral stays unchanged since A is constant. If |\ — %| < % and s < 1, the
domain of integration is

{lv—3]<s}={lu-A<stc{i<u<i}

Since (v — 9)? < (u — @)% 4 (A — X)?, also the second integral is in the form of the claim. O

3 Mean curvature flow with external force

The following algorithm is based on an idea of Mascarenhas in [60] but we allow the forcing term
to be space-time dependent.

3.1 Algorithm and main result

Algorithm 3.1. Given the phase Q) at time t = (n — 1)h, obtain the evolved phase Q) at time
t = nh by:

1. Convolution step: ¢ == Gp x 1q.
2. Thresholding step: V' = {¢ > 1 — ﬁf(m, nh)vh}.

The following weak formulation of mean-curvature flow with an external force has already
been introduced in [57].
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Definition 3.2 (Motion by mean curvature with external force). We say that x : (0,7) x R? —
{0, 1} moves by mean curvature with external force f € C°°([0,T] x R?) and initial data X" if
there exists a function V': (0,7) x R? — R with V € L?(|Vx|dt), which is the normal velocity
in the sense of (6), such that

/OT/(V-S—V.V&/)!VXdt:/OT/(V_f)g.vadt (36)

for any ¢ € C§°((0,T) x R%, RY).

It is easy to see that also Algorithm 3.1 can be interpreted as a minimizing movements scheme.
In fact, as in Lemma 2.7 we add a linear functional as a correction.

Lemma 3.3 (Minimizing movements interpretation). Given x° € {0,1}, let x* be obtained by
Algorithm 3.1. Then x"' solves

min  Ey(x) + Dr(x — xo0) — \/17? /f(nh,x)xdx, (37)

where the minimum runs over all x: R? — {0, 1}.

Corollary 3.4 (Euler-Lagrange equation). Given X" € {0, 1}, let x! be obtained by Algorithm 3.1.
Then x' solves the Euler-Lagrange equation

SER(X', €) +6Dp(- — X" (' &) — ;%/V - (f(nh,z) &) x" dz = 0. (38)

We can prove a conditional convergence result for Algorithm 3.1 under the same assumption
as in Section 2.

Theorem 3.5. Let T < oo, X € {0,1} with E(x°) < oo and {x* = 1} cC R¥ and f €
C>(]0,T] x ]Rd). After passage to a subsequence, the functions X" obtained by Algorithm 3.1
converge to a function x in L'((0,T) x R?). Under the convergence assumption (8), x moves by
mean curvature with external force f in the sense of Definition 3.2.

We follow the same strategy as in Section 2 to prove the theorem. From the Euler-Lagrange
equation (38), the mean curvature and normal velocity will be recovered from the limits of the first
variations of the energy and dissipation, respectively. The convergence of the third term in this
algorithm is much easier. f is a smooth function in time and space so the convergence of the third
term is an immediate consequence of the compactness of the x” (cf. Proposition 3.8). As before
we write A < B if there exists a constant C' = C'(d) < oo such that A < C'B and note that we
also have (9).
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3.2 Compactness

Since there are no ‘bad’ iterations as in Section 2, the argument in Lemma 2.16 yields the following
linear growth estimate and is sufficient to prove the boundedness of the sets. Here we even have
the optimal growth rate of the radii w. r. t. the time horizon 7.

Proposition 3.6. There exists a universal constant C' < oo such that foranyn =1,..., N

In particular, if Q° C Bpr and the sets Q"(t) are obtained by Algorithm 3.1, then Q" (t) C Bp~ for
allt < T, where R* = R(1 + CT|| f||co) for some universal constant C' < cc.

The following lemma states the a priori estimate coming from the minimizing movements
interpretation. Here, we obtain extra terms coming from the forcing term which did not appear in
Section 2 due to the special structure of the equation there.

Lemma 3.7 (Energy-dissipation estimate). The approximate solutions X" constructed in Algorithm
3.1 satisfy

N T
o - < Bt (Il [ [laesldea). @9
n=1

n—1

Proof. Comparing x" to x"~, we have

Bu(x™) + Dy — ") — f/f”th93<Ehn1 /f ) da

Iterating this estimate yields

N
N) + 7;l)h(xn _ anl) < Eh(XO) + \;E;/f(nh) (Xn _ anl) de. (40)

We handle the second right-hand side term by a discrete integration by parts,

N N-—1
> Fmh) (Xt = X" = FINR) XN = £0) X" = > (f((n+1)h) — f(nh)) X"
n=1 n=0

so that by Proposition 3.6 the right-hand side of (40) is estimated by

Bo+ =l [ (0 dm+/ [10i71dzd S B+ e + //ratf\dxdt

which concludes the proof.

Now we can apply the same argument as in Section 2 to prove the relative compactness of the
approximate solutions.

Proposition 3.8 (Compactness). Let T < oo and X° € {0,1} with E(x°) < oo. Then for any
sequence there exists a subsequence h \, 0 and a function x € {0,1} such that X" — x in
LY((0,T) x R?%) and the convergence holds almost everywhere in (0,T) x R?
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3.3 Convergence

Proof of Theorem 3.5. By Proposition 3.8 we have compactness. Our a priori estimate (39) and the
strengthened convergence (8) allow us to proceed as in Step 1 of the proof of Theorem 2.11 above
to construct the normal velocity and establish the integrability.

As in Section 2, we can apply Proposition 2.17 because of our strengthened convergence (8)
so that we recover the mean curvature from the first variation of the energy. To prove the analogue
of Proposition 2.18, i. e. convergence of the first variation of the dissipation towards [V &-v [V
we use Lemma 3.9 below to apply the proof in Chapter 1. This turns out to be easier compared to
the proof in Section 2 since there are no ‘bad’ iterations and we do not have to take special care of
the shift of the mesoscopic time slices as in Step 2. O

The following lemma is the analogue of Lemma 2.19 but adapted to to the setting of this
problem. There are two major differences. On the one hand, here the threshold values are not
constant in space so that we obtain an extra term coming from the first right-hand side integral in
(35) which gives an error term measuring the spatial variation of f. But on the other hand, the mild
bound on the threshold value, |\ — %\ < % in Lemma 2.19, is here automatically satisfied if the
time step h is small enough.

Lemma 3.9. Let u, u, f, f € C°(R) and x = 1{u>%fﬁf\/ﬁ}’ X = 1{ﬁ>%*ﬁf\/ﬁ} and

furthermore let ) € C§°(—2r, 2r) be a radially non-increasing cut-off for (—r, r) inside (—2r, 2r).
Then

1 1 2 11
— —¥|d </ Vhou—zc) day + +/ —a)%d
\/E/n!x K don S {§<u<§}77( w—e) dei+s+ o[-t de
3 1 -
+\/E /77(81f)2d.1‘1+ 82\/E/n(f—f)2d$1

1

forany s < 1land h < TR

Proof. The lemma follows immediately from Corollary 4.3 in Chapter 1 applied to the shifted
functionsv::u+ﬁf\/ﬁand@::ﬂ+ﬁf\/ﬁ. O

4 Grain growth in polycrystals
In this section we present and study a thresholding algorithm for simulating grain growth in poly-

crystals including boundary effects. Especially for thin films this is very important since then these
effects become more important.
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4.1 Preliminaries

The energy that we are interested in is the following weighted sum of interfacial energies

E(Ql,...,Qp):Zaij‘zij‘+200‘20‘, “41)
?:Mj
where the phases €21, . . ., Q) p represent the different grains and are assumed to be pairwise disjoint,

bounded, open sets of finite perimeter in R?, and the interfaces
Zij = 8*Qiﬂa*Qj, g := 0" (QlU~'-UQP).

Here, 0*() denotes the (reduced) boundary of a set 2. The number o;; is the surface tension
between Phase ¢ and Phase 5 and o the surface tension between the crystal and the air which is an
additional modeling parameter. The equation we want to study is the gradient flow of the energy
(41) subject to the volume constraint

|2 U---UQp| = constant.

In particular we analyze a thresholding algorithm (Algorithm 4.1) and in Theorem 4.8 we prove
a (conditional) convergence result for a very general class of surface tensions that has been intro-
duced in [33]. Esedoglu and Otto showed that this class includes the 2-d and 3-d Read-Shockley
formulas which are very prominent models for grain boundaries with a small mismatch in the an-
gle. As in Chapter 1, we need slightly stronger assumptions for the convergence proof. We ask the
matrix o = (0;) 5:1 of surface tensions to satisfy

oii =0, 05 =04 >0foralli#j (42)
and furthermore the following triangle inequality
0ij < o + op; for all pairwise different 7, j, k. 43)
For the dynamics, it is natural to assume that there exists a positive constant o > 0 such that
c<—-0<0 on(l,...,1)* (44)

as a bilinear form. Given a matrix of surface tension o, the only modeling assumption on the
parameter o, the surface tension between the crystal and the air, is the the lower bound

1
0o > £ Imaxo;. 45)
2 iy

In the following, we will normalize this parameter g = 1 by rescaling the other surface tensions

Oij Z}g so that this modeling assumption turns into an additional assumption on the matrix of

(normalized) surface tensions between the grains:

o;j <2 foralli,j. (46)
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Note that given this additional assumption, the extended matrix of surface tensions given by the
(P +1) x (P + 1)-block matrix

47

satisfies all the assumptions mentioned before and in particular (44) with ¢ replaced by o A 2. The
resulting equation then becomes

Vi = Hj; (48)
on the smooth part of the interface ¥;;, (7, j > 1) and
0ijvij(p) + 0kVjk(P) + okivii(p) = 0, (49)
whenever p is a triple junction between the phases ¢, j and k, and
Vo = Ho — (Hy) (50)

on the smooth part of the outer boundary 3.

Esedoglu and Otto showed in [33] that - up to a constant - the energy F in (41) can be approx-
imated by

1 2
En(x) =h ZUij/XiGh*dex+\/E/(l—XO)Gh*XodSU (51
ij>1

for admissible x, i. e.
P
X = (X0 X1 xp) RS {0,177 st Y =1- o (52)
i=1

Indeed, they proved that the functionals E}, I'-converge to ﬁE as h — 0 when identifying the sets
2; with their characteristic functions x; = 1q, and defining the area of the interface ¥;; between
Phases i and j via the term [ 1 (|Vx;| + |Vxi| — |[Vx; + x;|) so that the energy E then becomes

1 1 9
E(x)=—4 i | = i il — i ; — .
(”\@;”/NWHWMIW+m+ﬁﬂWd

In the following we will w. 1. 0. g. assume that the total volume of the crystal is normalized to
1,1.e.

|Q1U'--UQP|:1.
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4.2 Algorithm and notation

The following algorithm was proposed in [8] to model grain growth in thin polycrystals. Similar
to Algorithm 2.1, here the total volume of the polycrystal is preserved by the right choice of the
threshold value.

Algorithm 4.1. Given the phases 1, . . ., 2p with total volume 1 at time t = (n — 1)h and write
Qo :=RI\ (Q U---UQp), obtain the evolved phases Yy, ...,V at time t = nh by:

1. Convolution step:
¢o = Gp * (Zlﬂj), @i = Gp * (Zai]’]—Qj + 19(]), i>1.
Jj=1 Jj=1
2. Defining threshold value: Find )\ such that
U <o+ 2} =1
i>1
3. Thresholding step: Fori =1,..., P set
Q; = {¢1 < quforallj 7& 1, ] > 1} N {¢l < ¢0 —|—/\}
and Qf) := R\ (QLU--- U Q).

4.3 Minimizing movements interpretation

With a similar argument as before, using the linearized energy

5 P
Lin(¢,x) == \/EZ/Xl ¢; du, (53)
i=0

we can interpret Algorithm 4.1 as a minimizing movements scheme for the approximate energies
E}, defined in (51) and dissipation — E}, (w). Here the matrix of surface tensions o;; is extended as
in (47).

Lemma 4.2 (Minimizing movements interpretation). Given any admissible X", let ¢, X and x' be
obtained by Algorithm 4.1. Then x* solves

min FE —F —\ - = 1-— dzx, 54
n(X) — En(x —x") Th (1 —xo) (54)

where the minimum runs over (52). Or equivalently,
win B00 - Bi—) st [0-x)de=1, (55)

where the minimum runs over (52) and is additionally constrained by the volume constraint.
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Proof. Indeed, for any admissible  in the sense of (52) we have

P P 52)
D oxidi—A1—x0) =x0(¢o+A) + D _xidi—A > min{¢o+ X é1,...,0p} — A,
=0 =1

For ' obtained by Algorithm 4.1 in turn we have equality in the above inequality so that x!
minimizes the left-hand side pointwise. In particular, after integration we see that y! minimizes
the functional

P
2 2\ /
— i O dr — — 1-— dr = Ly (x, ) — — 1-— dzx.
\/Eiz;/Xzéf)z 7] = x0) n(e @) = 5 [ (1= x0)
By the quadratic nature of the functional E}, we have

Ly(é,x) = Ep(x) — En(x — xo) + Terms depending only on x",

which proves the first claim (54). Since the last term in (54) is constant for x with the volume
constraint, we also have (55). L]

Again, as a direct consequence of the minimizing movements interpretation, we obtain an a
priori estimate by comparing the solution to its predecessor.
Lemma 4.3 (Energy-dissipation estimate). The approximate solutions X" satisfy

N
En(x™) =D Ba(x" —x"") < By, (56)

n=1
Note that as in Chapter 1 our assumption (44) guarantees that v/—FE}, defines a norm on the

process space {w: Y, w; = 0} in the same spirit as /Dy, in the previous two sections.

Definition 4.4 (First variation). For any admissible y € {0,1}F and ¢ € C$°(D,R?) let x5 be
generated by the flow of &, i. e. ; s solves the following distributional equation:

ain,s + § ' in,s =0.

We denote the first variation along this flow by

d

6ER(x,§) == %Eh(xs)lszoa GER(- = X) (0 €) = - En(xs — oo

where x € {0, 1} is fixed.

Corollary 4.5 (Euler-Lagrange equation). Given an admissible x° € {0,1}7, let x' be obtained
by Algorithm 4.1 with threshold value \. Then x"' solves the Euler-Lagrange equation

_ 2

6Eh(X17 g) - 6Eh( t XO)(le f) \/E

(V&) (1—xg)dz =0. (57)
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The idea underlying the convergence proof now follows the framework laid out in Section 2.
The first variation of the approximate energy will be shown to converge to the mean curvature of
the crystal/grain boundary in a weak sense. The first variation of the dissipation will be shown to
converge to the velocity in a weak sense. And the first variation of the Lagrange multiplier term
will converge to zero on the inner grain boundaries, and the average of the mean curvature over the
outer solid-vapor interface. The precise limit is formulated in the next definition.

The following definition is similar to the notion for multi-phase mean-curvature flow as de-
scribed in Chapter 1 but incorporates an additional constraint on the total volume.

Definition 4.6. Fix some finite time horizon T' < oo, a matrix of surface tensions o as above and
initial data x°: R — {0, 1} with Ey := E(x") < oo. We say that

x=(x1,---,xp): (0,T) x RT = {0,1}*

with xo :=1—Y", x; € {0,1} a.e. and x(¢) € BV(R?,{0,1}?) for a. e. t moves by total-volume
preserving mean-curvature flow if

P T
> Uz‘j/ /(V'ﬁ— vi - VEv; = & v Vi) (IVxal + Vx| = V(G + xg)l) dt
iji=1 0

T
Jr2/ /(V'fVO'VfVUS'Vo(%+A))|VX0|dt:0 (58)
0

for all ¢ € C§°((0,T) x R4 R?), where the functions V;: (0,7) x R? — R are normal velocities

in the sense that
T T
| [ocxasars [contas=— [ [cvivlar (59)
0 0

for all ¢ € C°°([0,T] x R?) with ¢(T) = 0 and supp ¢(t) cC R%and all i € {0,1,..., P} and
if the Lagrange multiplier A: (0,7) — R is such that the volume of the solid phase (1 — x°) is
preserved:

P
Z / Xi(t) dz = constant. (60)
i=1
Remark 4.7. We assume the following convergence of the energies defined in (51).

T T
/Eh(xh)dt—>/ E(x)dt. (61)
0 0
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4.4 Main result

Theorem 4.8. Let T < oo be a finite time horizon, x° = (XY, . .. 7X(1]3) be admissible initial data
with BE(x") < oo and {3, X? = 1} cC R? and let the matrix of surface tensions o satisfy the as-
sumptions (42)-(45). After passage to a subsequence, the approximate solutions X" constructed in
Algorithm 4.1 converge to an admissible x in L'((0,T) x R?). Given the convergence assumption
(61), x moves by total-volume preserving mean-curvature flow according to Definition 4.6.

One of the main ingredients — as in Section 2 — is the following estimate on the Lagrange
multiplier.

Proposition 4.9. Let x( be admissible. Given the approximate solutions x" obtained by Algorithm
2.1 with thresholding values \p,, we have the estimate

T
/0 Ndt <(1+7T) (1+ Eg) he
Proof. We can adapt the proof of Proposition 2.12. We square the Euler-Lagrange equation and
obtain an equation similar to (18) but with x" replaced by 1 — x{j on the left-hand side. The
estimates on §F and 6D, i. e. Steps 1 and 2 work analogously with help of the a priori estimate

(56). In Step 3 we choose the test vector field £ to satisfy

and

DN =

/(v-@u—xO)dazz
€]l 10 S 14 Ep.

The construction of £ is the same as there but with x replaced by 1 — o, which has a fixed volume
(1= x0)dz=1. O

4.5 Compactness

Proposition 4.10 (Compactness). There exists a subsequence h ~\, 0 and an admissible vector of
characteristic functions x € L*((0,T) x R, {0,1}?) such that

X" — x in L*((0,T) x RY). (62)
Moreover,

X" —x aein(0,T)xR? (63)
and x(t) € BV (R4, {0, 1}F+1), [ (1 —x0)dz =1and 1 — xo CC R fora.e. t € (0, 7).

As in Section 2, this follows from Section 2 of Chapter 1 and the following two lemmas, which
guarantee that the phases stay in a bounded region. In the proofs, we will reduce the statements
until we can apply Lemma 2.15 and Lemma 2.16, respectively to conclude.
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Lemma 4.11. R, may be chosen such that R,, < 3R, _1.

Proof. For the sake of notational simplicity we will assume w. 1. 0. g. n = 1. We want to give a
similar, energy-based argument as in the proof of Lemma 2.15. Let 1 — X8, the crystal at time O,
be located inside Br. We write (21, ..., Q2p for the update in Algorithm 4.1, write x; = 1g, and
assume that U := € \ Bsp has positive volume and construct U C Bp with the same volume as
U as in the proof of Lemma 2.15. Then we define the competitor y by setting Q= (L \U)UU
leaving the phases €2;, ¢ > 2 unchanged so that Qo = (20 \ U) UU. Recalling the linearized
energy defined in (53), we see that

(%) — (%) = jﬁ / (x0 — X0) b0 + (1 — 1) ér d.

By construction we have xo — Xo = —(x1 — X1) = 15 — 1y. Rewriting ¢1 in the form

¢1 = 1—ZGh*X2 +ZU1th*X(}a

j21 j=1

we thus have

L(6.0 = Ln(6.%) == [ (60— 00) (1~ 1) o

P
TZ 2—0‘1] /Gh*X]( —lU)dl‘.

%\

Note that by the normalization (46), which guarantees the strict triangle inequality for the extended
surface tensions, each prefactor in the sum is strictly positive, furthermore we have (30) for Gy, * X?
playing the role of ¢ there and by construction of U the right-hand side term is positive which gives
the desired contradiction. O

Lemma 4.12. Over ‘good’ iterations we have the estimate
R, < Rn_1 +CVh|\,|.

Proof. As before, we can ignore the index n and set n = 1 for convenience. Let 1 — x{, the crystal
at time 0, be located inside some ball Bgr,. As in the proof of Lemma 2.16, via a comparison
argument, we want to prove that 1 — xq, the crystal at time h, does not intersect the half space
{x-e > Ry + Cv/h} for any choice of ¢ € S¢~!. That means, we want to prove the existence of a
constant C' < oo such that

do+A<@; foralli>1 in{z-e> Ro+ CVh}.
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By rotational symmetry we may again restrict to the case e = e;. Since we may relabel the
phases inside the crystal, we may also prove the inequality only for ¢ = 1. In that case, writing
r = (r1,7") € R?, we have

(60— é1) (#) < Gx | Sox0 -
i>1

Thus, writing x° := Zizl X7, we reduced the problem to the two-phase analogue which we
handled in Lemma 2.16. Indeed, using the same comparison argument, i. e. using x° < 1, where
H = {z1 < Ro} is a half space tangent to 0 Bp, we find

zr1—Ro
(d0 — 1) (z) < 2/0 GL(21) d.

Since for a ‘good’ iteration A is bounded, as in the proof of Lemma 2.16 we can find a constant
C < o0, so that

Ri — Ry
— " min G'(z < A
= min G(z1) < |

which concludes the proof. O

(o — ¢1) () <2

4.6 Convergence

The following lemma is the main technical ingredient of the convergence proof. It is slightly
more general than our set-up here since it allows for several Lagrange-multipliers so that the order
parameter becomes o u + A instead of o u, where u = G * x and A € RP. The changes in the
statement w. r. t. Lemma 4.5 in Chapter 1 are of the same form as before in Lemma 2.19 except for

r 1A \/%l and terms of order V/A.

Lemma 4.13. Let I C R be an interval, h > 0, n € C’{)’O(R), 0 < n <1, radially non-increasing
and u, @: I — RY be two maps into the standard simplex {U; > 0,5, U; = 1} € RY. Let
o € RP*P be admissible in the sense of (42)-(44) and X\, X € R with |\| < %. Define ¢; =
Zj o Ui + Ni, Xi = L{p,>¢; viziy and , Xi in the same way. Then

1 1
— —xld 5/ Vhdiu, —¢)" d +f— ) / )] d
\/ﬁ/nlx Xl dzy Th {%Sué%}( 1ur —2)” day nlu; A (1= ;)] dzy

]>3

a lower order term, ||, which can be absorbed by the term 5

L1 nlu—al? de +7|>‘ AP
s2\/h 1 Vh

+s+ A+ =

forany s < 1.
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Proof. As in the proof of Lemma 4.5 in Chapter 1 by scaling we can assume i = 1 and by taking
convex combinations, we may assume 7 = 1 for some interval I C R:

Ix — x| dz1 SJ/ (O1u1 —©) 2 dxy + = / uj A uj)] dzq
/1 {lur—3|<s+|Al} Z

g>3

1 1
+s+|/\|—|—2/u— i
S7JrI
We will prove

DoAY {m =S s+ u{ YA —u)) 2 spuflu—al+ I\ 2 s} 64

>3

We fix i € {1,...,P} and define v := min;; ¢; — ¢; as in the proof of Lemma 4.5. Then
Xi = Ly>0 and

{xi # xi} C{lvl < s}U{lv—0] > s}
We clearly have
v —o] < |u—a|+ A=A
so that our goal is to prove

juy =3[ Ss+ Al or D [ujA(l—u)] Zs on{|v] < s}, (65)
7>3

which then implies (64). In order to prove (65) we claim that

1 A
<Ly st AL e < sy, (66)

2 Omin
First we show that (66) implies (65). By (66) we have on the one hand

1
up < 3 +C(s+|A]) on{Jv| < s}

and on {|v| < s} U{us < 3 —C(s+ |A|)} we have

Z[uj (1—uy)] Zuj Z 1—2uj)_2<C— 1. —2P 1. >SZS

(% o
>3 >3 >3 min min

if C' < o is large enough. This implies (65).
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We are left with proving the inequality (66). As in the proof of Lemma 4.5 we decompose the
set

flol<st=UBs Byi= {16 =il <5 ¢ = mingy}.
J#i
For k # {i, j} by the triangle inequality for the surface tensions we have on E
¢ < o < oy (L — 2ug) + @5 + Mg — Ay,

so that
1 A=
up < = + M.
2 20‘jk
For u; we can use that ¢; — s < ¢; on F; so that using the same chain of inequalities we have
1 Ai — Ay
w< sy AT A
2 20@'

Since also ¢; — s < ¢; on E; we have the analogous inequality for «;, which concludes (66). [

As in Chapter 1, we have the following convergence of the first variations of the (approximate)
energies.

Proposition 4.14 (Energy and mean curvature; Prop. 3.1 in Chapter 1). Under the convergence
assumption (61)

,lzmo/ OB (X", €) dt

P T
Z //v £~ v VEv) L (Vxil +19x] ~ [V (i + x))

forany & € C3°((0,T) x R4, RY).

Since we have both, the estimate on the Lagrange multiplier A in Proposition 4.9 and the impor-
tant estimate Lemma 4.13, as in Section 2, we can adapt the techniques from Chapter 1 to recover
the normal velocity from the first variation of the dissipation functional.

Proposition 4.15 (Dissipation and normal velocity). There exist functions Vi: (0,T) x R* — R
which are normal velocities in the sense of (59). Given the convergence assumption (61), V; €
L%(|Vx| dt) and for any ¢ € C5°((0,T) x R%, RY) we have

T

lim [ =SB (- = x"(t = m)( (1), €) dt
—UJo

Zam / / € Vig (19l + V] — 19+ x))

zyO
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Proof. Step 1: Construction of the normal velocities and (59). As before in the two-phase case we
can also adapt the proof of Chapter 1 in this case. Indeed, the argument there only makes use of
the a priori estimate (56) and the strengthened convergence (61).

Step 2: Argument for (31). Our L?-estimate on the Lagrange-multiplier A allows us to choose the
shift of the mesoscopic time slices as in Step 2 of the proof of Proposition 2.18 such that these
slices are ‘good’ in the sense that |\| < %. Now we may use our main technical ingredient, Lemma
4.13, for all mesoscopic time slices and hence we can apply the proof as in Section 2 before. [

These two propositions conclude the proof of Theorem 4.8.






Chapter 4

The vector-valued Allen-Cahn Equation

This chapter is contained in the work [54] with Thilo Simon. We prove similar conditional con-
vergence results as in the previous chapters, but here for phase-field models. We consider the
vector-valued Allen-Cahn Equation and later show how to incorporate external forces or a volume
constraint. The results are conditional in the sense that we assume the time-integrated energies to
converge to those of the limit.

1 Introduction

Our main result, Theorem 2.2, establishes the convergence of solutions of the Allen-Cahn Equation
1
Oue = Aug — E—QﬁuW(ug) (1)

for a general class of potentials W and any space dimension.

Like the results of Luckhaus and Sturzenhecker [57], and the ones presented in the previous
chapters, also ours for the Allen-Cahn Equation is only a conditional convergence result in the sense
that we assume the time-integrated energy of the approximations to converge to the time-integrated
energy of the limit, see (9). Although this is a very natural assumption, it is not guaranteed by the a
priori estimates coming from the energy-dissipation equality (19). However, the verification of this
assumption is non-trivial and even fails for certain initial data, cf. [19] for an example of higher
multiplicity interfaces in the limit of the volume-preserving Allen-Cahn Equation.

The main idea of our proof is to multiply the Allen-Cahn Equation dyu. = Au,. — E%(%I/V(ue)
with € (£ - V) ue, integrate in space and time and pass to the limit ¢ | 0. To this end we extend
the above mentioned argument of Luckhaus and Modica [56] to the multi-phase case and obtain
the curvature-term fz H ¢ - v from the right-hand side. The more delicate part, and the core of
this chapter, is how to pass to the limit in the velocity-term fz V & - v. The difficulty is that one
has to pass to the limit in a product of weakly converging terms, the normal and the velocity. We
overcome this difficulty by “freezing” the normal and introducing an appropriate approximation

141
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(54) of the tilt-excess. After doing so it turns out that the new nonlinearity with the frozen normal
can be written as a derivative of a compact quantity. The technique of freezing the normal is the
same as in Chapter 1, where we introduce an approximation of the energy-excess. To work with
the tilt-excess instead of the energy-excess seems very natural to us in this particular problem and
might be interesting in other cases too. The only extra difficulty is that one has to pass to the limit
in the nonlinear quantity (54). However, our problem seems to be much simpler than the one in
Chapter 1 as we do not have to work on multiple time scales.

The structure of this chapter is as follows. In Section 2 we introduce the notation and state
our main result, Theorem 2.2. In Section 3 we prove compactness of the solutions together with
bounds on the normal velocities. We took care to be precise in this section but do not claim the
originality of the results. We use a general chain rule of Ambrosio and Dal Maso [4] to identify the
nonlinearities in the multi-phase case as derivatives. Furthermore, we repeat the application of De
Giorgi’s Structure Theorem from Chapter 1 to handle the excess. In Section 4 we pass to the limit
in the equation. Since this is the most original part, we give a short overview over the idea of the
proof first. We then present our extension of the Reshetnyak argument by Luckhaus and Modica
[56] in Proposition 4.1 to handle the curvature-term and prove the convergence of the velocity-term
in Proposition 4.5, which is the main novelty and the core of the chapter. We conclude the section
with the proof of the main result, Theorem 2.2. In Section 5 we apply our method to the cases
when external forces are present or a volume-constraint is active, see Theorems 2.4 and 2.5.

2 Main results

The Allen-Cahn Equation (1) describes a system of fast reaction and slow diffusion and is the (by
the factor % accelerated) L2-gradient flow of the Ginzburg-Landau Energy

Bo(u) = /; Ve + éW(ua)dm. 2)

For convenience we will work with periodic boundary conditions for w, i.e. on the flat torus [0, A)?
for some A > 0 and write [ dz short for f[o Ay dz.

Here the (unknown) order parameter . : R? — RN is vector-valued and W: RN — [0, 00)
is a smooth multi-well potential with finitely many zeros at v = a,...,ap € RY. We will
furthermore impose polynomial growth and convexity of W at infinity:

1. There exist constants 0 < ¢ < C < 00, R < oo and an exponent p > 2 such that
clulP < W(u) < ClulP for|u| > R 3)

and
10, W (u)| < CluP~"  for |u| > R. 4)
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2. There exist smooth functions Weopny, Wpert RN — [0, 00) such that
W = Wcom) + Wpert- (5)

Here, the function W, is convex and W)+ has at most quadratic growth in the sense that
there exists a constant C such that we have

|02 Wpers (u)| < C. (6)

These assumptions seem to be very natural to us: The classical two-well potential W (u) = (u? —

1)2 for u € R clearly has these properties and they are compatible with polynomial potentials also
in the case of systems.

By now it is a classical result due to Baldo [9] that these energies I'-converge w.r.t. the L'-
topology to an optimal partition energy given by

1 1
BG) =5 Y 0w [ 5 (%l + 9] = 1906 + ). Q
(2%

for a partition x1,...,xp: [0,A)9 — {0,1} satisfying the compatibility condition >, y; = 1
a.e. Note that for x; = 1, we can also rewrite the limiting energy in terms of the interfaces
Y = 0"Q; N 0*€); between the phases, where 0* denotes the reduced boundary:

1
E(x) = 5 Z%’j 2451 -
.3
The link between u. and Y is given by

P
Use = U = E Xi -
=1

The constants o;; are the geodesic distances with respect to the metric 2IW (u)(-, ), i.e.
05 = dw (0, aj),
where the geodesic distance is defined as

1
dw (u,v) := inf {/ V2W (Y)||ds = v: [0,1] — R™ a O curve with v(0) = u, y(1) = v} .
0
(®)

The surface tensions satisfy the triangle inequality

oij < oy + oy foralli, g,k
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and clearly
i = 0, 05 > 0 forz 7'5 j, and 0 = O jj.

It is an interesting and non-trivial question to find an appropriate potential W which generates
given surface tensions o. In a recent paper, such potentials with multiple wells have been con-
structed by Bretin and Masnou [15] for a related class of energies. We will want to localize both
the Ginzburg-Landau Energy and the optimal partition energy. Given 1 € C([0, A)?) let

Butue) = [ 0(§19uP + 2W(w) d,

1 1
B i= B(un) =5 05 [ 5 (9] + V3] = V06 + ).
i?j
For our result we will impose

T T
/ B (u2) dt — / B(y) dt ©)
0 0

ruling out a certain loss of surface area in the limit € | 0. Under this assumption we will establish
convergence towards the following distributional formulation of mean-curvature flow, see [57, 53].

Definition 2.1 (Motion by mean curvature). Fix some finite time horizon T' < co, a P x P-matrix
of surface tensions o as above and initial data x°: [0, A)? — {0, 1}7 with Ey := E(x°) < co and

di<i<p xY = 1. We say that
v e 0([0.75: 22(0. A% {0.1)7))

with sup; E(x) < ooand ), x; = 1 moves by mean curvature if there exist densities V; with

T
/ /V;2 [V xi| dt < oo (10)
0

satisfying the following properties:
1. Forall £ € C§°((0,T) x [0,A)4,R%)

T
1
ZUz‘j/ /(V'f— vi - VEvi = Vil vi) 5 (IVxil + Vgl = IVxi +x3)l) dt = 0,
— 0
Z?]
(11)
where v; is the inner normal of x5, i.e. the density of Vx; with respect to |V ;.

2. The functions V; are the normal velocities of the interfaces in the sense that

drxi = Vi|Vxs|dt distributionally in (0,77 x [0, A)<. (12)
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3. The initial data is achieved in the space C([0, T]; L2([0, A)9)), i.e.

xi(0) = x7
in L2([0, A)?) forall 1 <i < P.

If the evolution is smooth one can integrate by parts and obtain the classical formulation of
multi-phase mean-curvature flow consisting of the evolution law

V%j = Hz on Zij
together with Herring’s well-known angle condition

Z o;jvi; = 0 at triple junctions.
Z‘?j
Comparing to the more general evolution law V;; = o;;1;;H;; we see that in our case the mobility
fi; of the interface >J;; is given by p;; = (% How to generate general mobilities seems not to be
ij

settled yet.
Our main result is the following theorem.

Theorem 2.2. Let W satisfy the growth conditions (3) and (4), as well as the convexity at infinity
(5). Let T' < oo be an arbitrary finite time horizon. Given a sequence of initial data ug 1 [0,A)? —
RN approximating a partition X°, in the sense that

P
ul — ZXiai ae. and Ey:= E(x°) =1lim E.(u?) < oo, (13)
i=1 =\

there exists a subsequence ¢ | 0 such that the solutions u. of (1) with initial datum u? converge to
a time-dependent partition x € C([0,T]; L*([0, A)%;{0,1})). If the convergence assumption (9)
holds, then x moves by mean curvature according to Definition 2.1.

Remark 2.3. For any partition x* € BV ([0, A)%; {0, 1}") it is possible to choose u with u? —
> Xioy in L' and E.(u?) — Ey(x) by the I-convergence result [9].

Using some adjustments of our argument we can also deal with external forces and a volume
constraint.

Theorem 2.4. Let W satisfy (3), (4) and (5) and let T' < oo be an arbitrary finite time horizon.
Given a sequence of initial data ugz [0, A)d — RN approximating a partition X°, in the sense of
(13) and forces f- : [0,T] x [0, A) — RN such that

T
SUP/ /’f€’2 +10ifo? + |V fe|Pdw dt < o0
0

e>0



146 CHAPTER 4. THE VECTOR-VALUED ALLEN-CAHN EQUATION

there exists a subsequence € | 0 such that the solutions u. of
1 1
Opue = Au, — gauW(uE) + gfg (14)

with uc(0) = ul converge to a time-dependent partition x € C([0,T]; L?([0, A)%; {0, 1}F)). Fur-
thermore, the forces also have a limit f. — f in L?. If the convergence assumptlon (9) holds, then
x moves by forced mean curvature according to Definition 2.1 with equation (11) replaced by

T 1
Zaijfo /(V'f—%"VfVi—Wﬁ‘Vi)Q(VXi+!VXj!—|V(Xz‘+xj)!)dt (15)
i,J

=Z/OT/f-ai<£-V>xidt.

Since we allow f to be only of class W12, the right-hand side of (15) has to be interpreted in
the following distributional sense

/ /f ;) (£ V) xidt = / /V (f ai)xi+&-V(f-a)xidxdt.

In the volume preserving case we only deal with the scalar equation.

Theorem 2.5. Let N = 1. Let W satisfy (3), (4) and (5) with zeros at 0 and 1, i.e. we have P = 2.
Let T’ < 0o be an arbitrary finite time horlzon Given a sequence of initial data u : 10, A) - R
approximating a characteristic function X°, in the sense that

ud — x° ae and Ey:= E(x )_hﬁ)lE( %) < oo,
>

there exists a subsequence € |, 0 such that the solutions u. of

1 1
Owue = Au, — —QW’(uS) + =)\ (16)
€ €
with u:(0) = u?
1
Ae 1= — Ad eAu, — fW'(ue)dx = Ad/ W' (ue)dx 17

converge to a time-dependent characteristic function x € C([0,T); L2([0, A)%; {0, 1}7)) with
/X(t,a:)dac = /Xo(x)da:.

T
sup/ M dt < 0o
0

e>0

Furthermore, we have
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and there is a limit \. — X in L?(0,T). If the convergence assumption (9) holds, then x moves by
volume preserving mean curvature according to Definition 2.1 with equation (11) replaced by

/ /v E—v-VEr—VE-v)|Vyldt = / /v )y da dt. (18)

Throughout the chapter we will make use of the following notations: The symbol J; denotes
the time-derivative, V the spatial gradient of a function defined on real space R? > z , 9, W (u)
denotes the gradient of W at a point u € R" in state space. For the functions ¢; we will abuse
the notation 0, in the sense given by the generalized chain rule below, see Lemma 3.8. We will
write A < B if there exists a generic constant C' < oo depending only on d, N, A and W such that
A<CB.

3 Compactness

3.1 Results

Before we turn to the actual compactness results, we specify the setting for the Allen-Cahn Equa-
tion and make sure that solutions actually exist.

Although solutions to the Allen-Cahn Equation (1) are smooth, we choose the weak setting for
the following reasons:

1. The parabolic character of both the Allen-Cahn Equation and mean-curvature flow is much
more explicit.

2. It is the natural setting when including forces, which we will do later on in Section 5.

3. Once one accepts the function spaces involved, the necessary compactness properties for
forced equations and equations with a volume constraint and how to deal with initial condi-
tions becomes very natural.

We will essentially view solutions as maps of [0, 7] into some function space, so that we will
need to deal with Banach space-valued LP and Sobolev spaces. However, the material covered in
Chapter 5.9 of [34] is perfectly sufficient for our purposes.

Definition 3.1. We say that a function u. € C([0,T ] L2([0, A)4; RY)) is a weak solution of the
Allen-Cahn Equation (1) for ¢ > 0 with initial data u? € L2([0, A)?, RY) if

1. the energy stays bounded:
sup E.(ucs(t)) < oo,
0<t<T

2. its weak time derivative satisfies

Opue € L*([0,T] x [0,A)%),
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3. forae.t € [0,T]and &€ € LP(0, T;RYN) N W12(0, T; RY) we have
1
/atug(t) &+ Vue(t): VE+ gauW(ug(t)) -&dx =0,

4. the initial conditions are achieved:
u(0) = u”.
Remark 3.2. Note that due to the growth condition (4) of 9, W we know that
0.W ()71 S Ju] PV = Jufr.
Combining this with boundedness of the energy and the growth condition (3) of W at infinity we
p ’
obtain 0, W (u(t)) € L»—1 = LP for almost all times.

Also note that boundedness of the energy and the bound on the time derivative are sufficient to
have u € C'2 ([0, T]; L2([0, A)9)), up to a set of measure zero in time, by the embedding

W2(10, T); L2([0, A))) < C= ([0, T]; ([0, A))).
See (43) for a short proof of a similar statement.

We first take a brief moment to mention the (not very surprising) fact that the Allen-Cahn
Equation (1) in fact have global solutions. For the convenience of the reader we later give a proof
which relies on De Giorgi’s minimizing movements and thus carries over to related settings. We
point out that the long-time existence critically depends on the gradient flow structure, as solutions
to the reaction-diffusion equation

O — Au = u?
generically blow up in finite time.

Lemma 3.3. Let u? : [0, A)? — RY be such that E.(u?) < co. Then there exists a weak solution
u:[0,T] x [0,A)) — RN to the Allen-Cahn Equation (1) with initial data u°. Furthermore, the
solution satisfies the following energy dissipation identity

T
B (u:(T)) +/0 /5 |atue|2 dz dt = E.(u(0)) (19)

and we have 9;0;u, 0,W (u) € L*([0,T] x [0,A)?) for all 1 < i, 5 < d. In particular; we can test
the Allen-Cahn equations (1) with Vu.

Remark 3.4. Here, the identity (19) plays the role of an a priori estimate, which makes the whole
machinery work. It can be formally derived by differentiating the energy along the solution:

d

1
ﬁEg(ug) :/5Vu6 : Voyue + g(‘)uW(ug) - Opue dx

1
:/6 <—Au6 + (gQOuW(us)> - Opue dx

o _ /5|8tu5|2dx.
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Remark 3.5. Note that by choosing W = 0 in this calculation, we get a similar estimate for
the heat equation. The structure of this estimate (the energy is bounded in time, while the time-
derivative is only L?-integrable) naturally leads to the mixed spaces we consider here and is our
main justification for working in the weak setting.

We also remark that the heat equation admits many different interpretations as a gradient flow.
Here we chose to view it as an L?-gradient flow w.r.t. to the energy S |Vu|?dz in order to compare
it to the Allen-Cahn Equation. However, when proving existence results for the heat equations it
is more beneficial to interpret it as an H ~!-gradient flow w.r.t. to the energy J u?dz as this choice
allows to accommodate more general forces.

Remark 3.6. As the a priori estimate is a natural consequence of the gradient flow structure we
expect to have similar estimates in the case of forced equations and volume constraints. In order to
later deal with these more general equations we point out that the proofs of the following statements
(Proposition 3.7, Lemma 3.9, Proposition 3.10 and Lemma 3.11) only rely on the a priori estimate
(19) and not on the Allen-Cahn Equation (1) itself. To be more precise, they remain valid - with
slightly different quantitative estimates - for functions u. € C([0,T]; L?([0, A)4; RN)) satisfying
the bound

T
sup sup F:(uc(t)) —i—/ e |Bpue|? dt < co. (20)
>0 0<t<T 0

We now turn to the central question of compactness for the constructed solutions:

e Proposition 3.7 ensures that there exists a time-dependent limiting partition, whose motion
we want to characterize later on.

e Lemma 3.9 upgrades the convergence of u. to >, x;c to strong C ([0,7T7]; L2([0,A)%))
convergence, in particular implying that the initial conditions are achieved.

e Proposition 3.10 states that the partition is regular enough in time to admit normal velocities.

The existence of a limiting partition is essentially contained in the classical I'-convergence
theorem by Baldo [9]. In particular, it is constructed by considering the limits of ¢; o u. with

¢i(u) := dw(u, «;), where dy was defined in (8). 2n

The main difference is that we also want the partition to be well-behaved in time, which we will
make sure by exploiting that the control of J;u. and Vu, is similar.

Proposition 3.7. Given initial data u? — Y, xYc; with
Eé‘(ug) - E(XO) < o0,
for any sequence there exists a subsequence € | 0 such that the solutions u. of (1) converge:

ue — u  ae. in (0,T) x [0, A)%. (22)
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Here the limit is given by u = Y, x;y with a partition x € BV ((0,T) x [0,A)%{0,1}F).
Furthermore we have

sup E(x) < By

0<t<T

and the compositions ¢; o u. are uniformly bounded in BV ((0,T) x [0, A)?) and converge:
piou. — ¢iou in L([0,T] x [0,A)%). (23)

In the following lemma, we record some properties of the functions ¢ou,, such as the estimates
going back to Modica and Mortola by which one deduces BV -compactness of these compositions.
The main point is however that we will need more precise information about ¢ o u. than for the
previously known I'-convergence results, where one only needs upper bounds for |V (¢ o u.)|.

Because our proof works by multiplying the Allen-Cahn equation (1) with £ - Vu, we will need
to pass to the limit in non-linear quantities of u., such as [ 7y/2W (u.)Vu.. For scalar equations
one can easily identify the limit by applying the chain rule to see that this non-linearity has the form
V(¢ o u.), where the primitive ¢ is given by ¢(u) := f;‘l \/2W (@) da. In the multi-phase case,
unfortunately, the classical chain rule does not apply anymore: Because there could be multiple
geodesics between u and «;, the geodesic distances ¢;(u), playing the roles of “primitives”, are
only locally Lipschitz-continuous in general.

Luckily, there is a chain rule for Lipschitz functions due to Ambrosio and Dal Maso [4]. The
upshot is that given a Lipschitz function f and a function u there exists a bounded function g(z, u),
defined almost everywhere, such that

D(f ou)(z) = g(z,u)Du(x)

and the dependence of g on u is local in z, but not pointwise. See Theorem 3.13 in the proof of
Lemma 3.8 for the precise formulation.

The following lemma mainly serves to fix and justify our somewhat abusive notation of these
differentials.

Lemma 3.8. Letu € C([0,T]; L*([0, A)4;RYN)) with

T
sup Ea(u)—i-/ /E|8tu]2dxdt < 00
0<t<T 0

for some € > 0. Then for all 1 < i < P there exists a map
Oudi(u) : [0,7] x [0, A)? — Lin(RV; R)

such that the chain rule is valid with the pair 0,¢;(u) and (0, V)u: For almost every (t,x) €
[0,T] x [0, A) we have

V(i ou) = 0yoi(u)Vu and 0y (¢; o u) = Oyps(u)dyu. (24)
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Furthermore, we can control the modulus of 0,,¢;(u) almost everywhere in time and space:
|Oudpi(w)| < /2W (u). (25)
Additionally, we have ¢; o w € L™ ([0, T]; WH1([0,A)%)) N WHL([0,T] x [0, A)?) with the esti-

mates

sup /¢i ouldr <1+ sup eE-(u), (26)
0<t<T 0<t<T
sup /|V¢,ou|dm< sup E.(u), (27)
0<t<T 0<t<T
/ /|8t ¢piou)|dxdt <T sup E.( / /6|0tu|2dmdt (28)
0<t<T

Next, we turn to the stronger compactness properties of u.. In the case of the Allen-Cahn
Equation without forces or constraints, it mainly serves to ensure that the initial data is achieved.
When including forces or constraints we will also need it in the proof of the actual convergence.

Lemma 3.9. We have ¢; o u. € WH2([0,T]; L' ([0, A)?)) with the estimate

(/OT (/ |0 (i o Ug)d:l:)Zdt); < E.(u:(0)). (29

Furthermore, the sequence u. is pre-compact in C ([0, T]; L*([0, A)*; RN)). In particular, we get
that x achieves the initial data in C ([0, T); L*([0, A)?)).

Note that the estimate (29) and the embedding W12([0,7]) — Cz([0,T)), see (43) for a
short proof for Banach space-valued functions, imply the well-known %—Hélder continuity of the
volumes of the phases.

The proof of this lemma makes the most detailed use of mixed spaces. Estimate (29) is a time-
localized version of the BV -compactness in time (42). Uniform convergence in time of ¢; o u.
then boils down to combining this estimate with the Arzela-Ascoli theorem. However, passing
this convergence to u. is a little delicate because we have no quantitative information about how
quickly ¢; grows around «;. Consequently, we have to make do with u. only converging in measure
uniformly in time.

While the compactness statement, Proposition 3.7, did not rely on the convergence assumption
(9) we will need to assume it in the following, starting with the existence of the normal velocities.

Proposition 3.10. In the situation of Proposition 3.7, given the convergence assumption (9), for
every 1 < i < P the measure 0;x; is absolutely continuous w.r.t. |V x;|dt and the density V; is
square-integrable:

T
/ / V7 |Vl dt < Eo. (30)
0

Furthermore, equation (12) holds.
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While we previously localized the BV -compactness in time (42), for this statement we need to
localize it in space. Unfortunately, the argument is somewhat delicate as one first proves 0y x; <
E(-,u)dt and then is forced to prove that J;x; is singular to the “wrong” parts of the energy.

Finally, the following lemma shows that — up to a further subsequence — the convergence as-
sumption can be refined to pointwise a.e. in time and can be localized by a smooth test function in
space. We furthermore argue that our convergence assumption assures equipartition of energy as
el 0.

Lemma 3.11. Given u. — u and the convergence assumption (9), by passing to a further subse-
quence if necessary, we have

liﬁ)lEs(ue) =FE(u) forae 0<t<T (31)
[

and for any smooth test function ( € C°°([0, A)%) we have
E(u,() =limE =1 *d
(1,0) =lim Bo(u,€) = lim [ [ Vucf*ds

= lim/C2W(u5)da: = lim/C\/QW(ue) |Vue| dz (32)
el0 IS el0
fora.e 0<t<T.

A key ingredient for this lemma to work was already observed by Baldo, see Proposition 2.2
in [9]: the optimal partition energy (7) can be written as a (measure-theoretic) supremum using the
“primitives” ¢; defined in (21). We will use this fact in the following form: Given € > 0 there
exists a scale » > 0 such that

5 {Bunn) — s, [0V (600} < @
Be%, -

where np is a cutoff for B in the ball 2B with the same center but with the double radius and the
covering %, is given by

B ={B,(i):i € L} (34)

of [0, A), where .Z, = [0,A)? N %Zd is a regular grid of midpoints on [0, A)?. Let us note that

each summand in (33) is non-negative:

0< B(u,nm) ~ max, [ 02|V (600,

This is the same covering as in Definition 5.1 in Chapter 1. A nice feature is that by construc-
tion, for each n > 1 and each r > 0, the covering

{Bn,r(i): i € £} islocally finite, (35)
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in the sense that for each point in [0, A)?, the number of balls containing this point is bounded by
a constant ¢(d, n) which is independent of r.

We will later also apply this covering to exploit that BV -partitions generically only have a
single, essentially flat interface on small scales, where flatness is measured by the variation of the
normal, i.e. the tilt-excess mentioned earlier. This is ensured by the following fact, which is a direct
consequence of Lemma 5.2 and Lemma 5.3 in Chapter 1.

Lemma 3.12. For every k > 0 and x : [0, A)? — {0, 1} with Y i<i<p Xi = 1, there exists an
ro > 0 such that for all v < 1o the following holds : There exist unit vectors vg € S%1 for all
B € A, such that

> g;g;l{/ngw—uB|2|in|+/nBruj+uB|2|vXj\+ > /anxu},sﬂE(x).

BER, k¢{i,j}
(36)

3.2 Proofs

Proof of Lemma 3.3. Step 1: Existence via minimizing movements. Since ¢ is fixed, we may set
€ = 1 and denote the Ginzburg-Landau energy by E. For a fixed time-step size h > 0 and n € N
we inductively set

n : 1 n—1|2
u :argnhln{E(u)+2h/‘u—u | d:c}.

The existence of minimizers u" follows from the direct method since both E and the metric term
1 | 2 . . . 1

o [ Ju—u } dx are lower semi-continuous w.r.t. weak convergence in H*. Note however
that some care needs to be taken in the term [ W (u), as W is non-convex and and the Rellich

compactness theorem is applicable in the case p > 2* = d27d2. Using the decomposition (5) one

can still deduce lower semi-continuity in these cases as Wy, is convex and the non-convexity in
Wert can be treated using Rellich’s compactness theorem.
We interpolate these functions in a piecewise constant way: u(t) := u" fort € [nh, (n+1)h).

By comparing " to its predecessor u" ! we obtain for any 7' = N the a priori estimate

1 /T
E(uMT)) + 2/ / ‘Ofuhfdmdt < E(u°),
0

u(t+h)—u
(1) = He=0

where Of'u ) denotes the discrete time-derivative of a function w. By the estimate

t+nh 1 1
b (t + k) — uh(1)]] 2 < /t [0 u(s)|] 2ds < E(u®)% (nh)3

fort + (n 4+ 1)h < T one can deduce compactness: There exists a sequence i | 0 and a limiting
function u € C'2 ([0,77; L2(]0, A)4; RY)) such that

ul — win L2([0, A)?) for all times 0 < ¢t < T
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T
sup/|Vu\2das, / /|8tu|2dxdt < 0.
t 0

We want to pass to the limit & | 0 in the the Euler-Lagrange equation

/OT/a;hg-uh+Ag-uhdxdt:/OT/g.auW(uh)dxdt

for all test vector fields ¢ € C$°((0,T) x [0, A)?,RY). By the pointwise convergence we have

and furthermore

DWW (u") = 0,W (u) a.e.
By the polynomial growth conditions (3) and (4) of W we have
0u W (W) |77 S [P,

which implies that sup,, H(‘)UW(uh)HL _z. < oo. Thus the sequence |0uW (u™)] is equi-integrable,

which implies that 9, W (u®) — 9, W (u) in L'.

Step 2: We have 9;0;u, d,W (u) € L% We provide a formal argument which can easily be turned
into a rigorous proof by considering discrete difference quotients instead of their limits. Differen-
tiating the equation in the i coordinate direction for 1 < i < d gives

00u — Adyu = —O2W (w)dyu.

By multiplying the equation with J;u and integrating we find

1 T 1 T
- / 1Ou(T) Pz + / / O drdt = / 105(0) [2dz — / / Dy - O2W (w)Osu da dt.
0 0

The second right-hand side term has two contributions, one from W,,, and one from W, see
(5). The contribution due to W, is negative by convexity. The contribution coming from W,

is controlled by
T
/ / |Ou|*de dt
0

because W+ has bounded second derivative. Thus we get 0;0;u € L2([0,T] x [0,A)%). As Osu
is in the same space, a quick look at the PDE (1) reveals that 0,,W (u) is as well.
Finally, the equality (19) follows from integrating the outcome of the computation in Remark
34from0toT.
O
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Proof of Proposition 3.7. Plugging the a priori estimate (19) into the estimates (26), (27) and (28)
of Lemma 3.8 we see that

T
sup/ /|¢>oug|+|V<¢ioua>r+|at<¢iou5>|dmdt< .
£ 0

By the Rellich compactness theorem, we thus find a subsequence ¢ | 0 and a function v: (0,77) x
[0, A)? — R such that

bi(ue) = v in L]0, T] x [0, A)%). (37)

Step 1: The limit v takes the form Zj ¢i(aj)x; and the functions u. converge to Zj xjc;. The
convergence of u. to ) 5 X5 is a part of the classical I'-limit result [9]. However, we take
this opportunity to provide a clarification of the argument based on the compactness argument by
Fonseca and Tartar [37].

After passing to another subsequence we can assume that the sequence u. generates a Young

measure p; . We note that
T
/ /W(us) dx dt — 0
0

implies that u. tends to the zeros of W in measure: For any § > 0 we have
{(z,t): dist(ue,{a1,...,ap}) >0} -0 ase—0.

Hence also the Young measure concentrates and we get

P
Pt = Z Dtx (O‘j)éaj .
=1

From this estimate we also get that no mass escapes to infinity, i.e. }; pto(ay) = 1.
By (37) for all f € C.(R) also f o ¢;(u.) converges to f o v strongly in L'. Therefore Young
measure theory gives us the following (a.e.) identity:

P

Fv) =lim f(¢i(ue)) =D f(¢i(as)) pra(ey).

J=1

In particular we have

P
0y = Z pt,w(aj)(s(m(aj) .

j=1
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Since a Dirac measure cannot be decomposed into a non-trivial convex combination of multiple
Dirac measures, we get that for each 1 < 7 < P we have almost everywhere

P
X;j(t, ) := pro(a;) € {0,1} with ij =1 (38)
j=1

and

P
v="> ¢i(a;)x;-
j=1

In order to get pointwise a.e. convergence of u., note that since the Young measures concentrate
by equation (38), we get that u. — > ;j Xj&j in measure. By passing to a subsequence, we can
upgrade this to pointwise almost everywhere convergence.

Step 2: x; € BV. A similar claim is proven to be true in Prop. 2.2 in [9]. For the convenience of
the reader and later refinement we reproduce the proof.
Applying the Fleming-Rishel coarea formula in space and time we see for each 1 < 7 < P that

[1(8s, V)i © el v Z/_Oo HE (0 {(t,2) : g1 o ue(t,z) < s}) ds

d;

2/ HL O {(t,2) : dr 0 ue(t 2) < s}) ds
0

:diH(atvv)XiHTV)

where we define d; := min;_; dw (a;, ;). Thus x; € BV([0,T] x [0, A)%).

For the statement || E(x)||r(jo,7)) < Eo we refer the reader the energy-dissipation equality
(19) and to the proof of the I' — lim inf inequality in [9].

Finally, recalling Remark 3.6 we notice that the Allen-Cahn Equation only played into the
argument via the energy-dissipation estimate (19). O

Proof of Lemma 3.8. Step 1: The chain rule holds if u additionally is bounded in space and time.
In this case ¢; is in fact Lipschitz continuous on the image of u. By the following Theorem 3.13
due to Ambrosio and Dal Maso we know that the chain rule is valid for the pair D(¢;|7, ,) and
(04, V)u, where Tt,x :=span ({O1u, ..., 0qu,0wu}) and T} , := u(t, ) + Tt,w:

Theorem 3.13 (Ambrosio, Dal Maso [4]; Corollary 3.2). Let Q2 C R% be an open set. Let p €
[1,00], u € WLP(Q;RN), and let f : RN — RF be a Lipschitz continuous function such that
f(0) = 0. Thenv := f ou € WH'P(Q;RF). Furthermore, for almost every x €  the restriction
of the function f to the affine space

T = {y €R":y =wu(z) + (2 - D)ufor some z ERd}
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is differentiable at u(x) and
Dv = D(f|rs)(u)Du a.e. in.
Let II(¢, z) be the orthogonal projection in RY onto the subspace Tm and let

Oui(u)(t, x)v := D(¢ilr,., ) (ult, 2))I(¢, z)v.

Due the obvious fact that I1(¢, ) Vu(t,z) = Vu(t,x) the chain rule still holds for d,¢;(u) and
(0, V)u. Let (t,x) be a point such that ¢;|z, , is differentiable in v := wu(t,x), let v € T}, and
h > 0. Using the triangle inequality of d and comparing the length of geodesics to straight lines
we get

|pi(u + hv) — ¢i(u)| < dw(u+ hv,u) < /1 V2W (u + thv)h|v| dt.
0

Continuity of W implies that we can pass to the limit h — 0 to get

| Dilr, . (w)v] < V/2W (u)l],

which for all vectors of the form v = II(¢, )% for some o € RY gives
0ui(u)] < V/2W (u).

Step 2: The lemma holds for general functions u with bounded energy and controlled dissipa-
tion. The idea is to approximate u with bounded functions. Let M > 0 and let up;; =
sign(u;) (M A |uj|) forall 1 < j < N be the componentwise truncation of w. We then know
that up; — w pointwise almost everywhere, which implies ¢;(upsr) — ¢i(u) pointwise almost
everywhere. Next, we will strengthen this to L' convergence by finding an integrable dominating
function.

By the triangle inequality for d we get for all v € RY that

¢Z(U) < dW(aia 0) + dW(O> U)a (39)

so that it is sufficient to consider dyy (0, v). By the growth condition (3) on W we see

1
dw(0.0) < [ VETGulolds S ol + ol S 1+ ol (40)
0
for all v € RY. Thus we have
¢i (UM) g 1 + |UM|p S 1 + \u|p

and we only need to prove LP-boundedness of u. This is a straightforward consequence of the
coercivity assumption (3) and boundedness of the energy, as for almost all times 0 < ¢ < T we
have

sup /|u]pdx < sup /1+W(u)dx§1+ sup eE.(u). (41)
0<t<T 0<t<T 0<t<T
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Thus we can apply Lebesgue’s Dominated Convergence Theorem to see that ¢;(upr) — ¢ (u)
in L'. Consequently, we have that

(O, V) (@i o unr) — (0, V) (i o u)

as distributions.

Note that estimates (39), (40) and (41) imply the L' estimate (26) we claimed to hold in the
statement of the lemma.

By an elementary property of weakly differentiable functions we have that

(0, V)unrj = (0, V)uj ae.on {upr; = uj}.
Since the sets {uy; = u} are non-decreasing in M we see that
{unr # u, (9h, Vuas # (95, V)u}| = 0.

Because the definition of 0,,¢; only depends on the values of the pre-composed function and its
derivatives, we see that 0,¢;(uys) eventually becomes stationary almost everywhere. We denote
the limit by 0,,¢;(u). Furthermore, we still have

0ugi(u)] < V2W (u) ae.,

which proves (25). Finally, to check the chain rule all remains to be seen is that
Oud(unr)(Or, V)urr — 0u¢(u)(0r, V)u

in L'. This follows by Lebesgue’s Dominated Convergence from the above pointwise convergences
and the following widely known application of Young’s inequality

1
|0up(unr) Vung| < /2W (unr) [Vun| S v 2W (u)|Vu| < %IVUI2 +-Wi(y)
for the spacial gradient and, similarly,
€ 1
0w (unr)Oruns| < 2100l + “W(u) 42)

as the right hand side is integrable in space and time by assumption. Note that both inequalities
also imply

sup /\V¢iou|dm§ sup E.(u),

0<t<T 0<t<T
T T
/ /|8t¢i ouldzdt ST sup E-(u)+ / /5|8tu|2d:x dt,
0 o<t<T 0

which provides the bounds (27) and (28). ]
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Proof of Lemma 3.9. Step 1: We have ¢; o u. € WH2([0,T]; L*([0,A)%)). The fact that ¢; o
u. € L%([0,T]; L' ([0, A)?)) is an immediate consequence of estimate (26) of Lemma 3.8. For
the estimate on the derivative we localize the previous estimate for 0y(¢; o u.) in time. Let ¢ €
L?([0,T]) be non-negative. Using the chain rule (24), the Lipschitz estimate (25) and the Cauchy-
Schwarz inequality in the spacial integral, we obtain

/OTC/|at(¢iOUE)‘dl‘dt§/OTC/\/m‘atug‘dxdt

< /OTC (2/iW(ug)dz>é </e|8tus|2dm>§dt.

Applying the energy dissipation estimate (19) and the Cauchy-Schwarz inequality in time we arrive

at 1
/OTC/at(Gbiougﬂd:rdt < E.(us(0)) </OTC2dt>2.

Optimizing in ¢ with ||¢||;2 = 1 gives the L? L} -estimate (29).

Step 2: The sequence ¢; o uc is pre-compact in L>([0, T]; L*([0, A)?)). Due to a version of the
Fundamental Theorem of Calculus for the Bochner integral, cf. Chapter 5.9, Theorem 2 in [34], we
know for almost every s, r € [0,7] with s < r that

bioue(r) — ¢ ous(s) = /r Oy (i o ue)(t)dt.

Consequently, the Cauchy-Schwarz inequality gives

/ |i 0 ue (1) — ¢ 0 us(s)|dx < / /\&t(qbi oug)(t)|dxdt < (r — s)% (Ee(ug))% . 43
By estimate (27) we also know that

ess sup/ IV (¢i 0ue)|de S 14 E-(ul).
0<t<T

Since sup, E-(u?) < 0o we consequently know that (a modification of) ¢ o u. is equi-continuous
in C([0,T]; L*([0, A)%)). Additionally, lower semi-continuity of the BV -norm and the compact
Sobolev embedding of Wh! into L! implies that for all times ¢ € [0, T'] the maps ¢; o u.(t) are
pre-compact in L'([0, A)9). The Arzela-Ascoli theorem then gives the claim.

Step 3: The sequence u. converges to y . xic; in measure uniformly in time. By dy (o, ;) = 0
forall 1 <7 < P and Step 2 we get

P

ess supz /dw(ai, ue(t, ) ) xidr < eos<sts<ujpz /|dW(ai,ug(t,:c))—dw(ai,u(t, x))|dz — 0.
i=1 stsh
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For every § > 0 and 1 < i < P we have by continuity of the map v — dy (v, v) that

min {dw(ai, v);v € RY,

v—a;| >6} >0.

As aresult we get essentially uniform in time convergence in measure, i.e. for every > 0 we have

P
{ Ue — ZXz‘Oéi
i=1

Since u, is continuous in time, we can replace the essential supremum by a “true” supremum.

ess sup
0<t<T

25}‘—>0. (44)

Step 4: The sequence ug is equi-integrable uniformly in time. If p > 2, then this follows imme-

diately from the uniform LP bound (41) of u. we proved in Lemma 3.8 by an application of the
Holder inequality: For any measurable set A C [0, A)¢ and any £ > 0 we have

SAIN

2 , : 0
sup / uz(t,x)dx < sup |A|¥ /]uslpdx S AP (14 Eo(ug)) (45)
A

0<t<T 0<t<T

As E.(u?) is bounded uniformly in £, we get the statement.
If p = 2 we get some slightly better integrability from a Sobolev embedding: We define the
function G(u) := (|u| — R)i, where R > 0 is the radius from the growth condition (3) of W. This

function is C'! with
U

9uG(u) = 2(|ul — R) T Xlui>R

and thus satisfies the same bounds as ¢;, see (40) and (25), namely

G(u) < |uf?

, 100G (w)] < ul.

Consequently, we can use the same approximation argument as in Lemma 3.8 to see that

sup sup ||G o us(t)||pr1 < oo.
>0 0<t<T

The Sobolev embedding theorem can thus be applied to conclude

sup sup ||Goucs(t)|| _a < oc.
e>0 0<t<T Ld-1
Recalling the definition of G we see that this implies
sup sup |uc(t)[| , 4 < o0,

>0 0<t<T HLQC“

from which we deduce the necessary equi-integrability of |u.|? as before.
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Step 5: The sequence u. converges in C([0,T]; L*([0, A)%)). Essentially, we wish to exploit the
fact that convergence in measure and equi-integrability are equivalent to convergence in L. How-
ever, since we want the convergence to be uniform in time and instead of L' convergence we want
L? convergence in space, we quickly reproduce the argument.

For any cut-off M > 0 we can split the integral

UE_U2d$— ua_u2dﬂf+ Ug_u2dl'.
’ |
{|lue—u|>M} {|ue—u|<M}

The first term on the right-hand side satisfies

sup / lue — uf> < sup / (Jue|* +1)dz — 0 ase =0
0<t<T J{|ue—u|>M} 0<t<T J{|ue—u|>M}

by applying uniform convergence in measure (44) and uniform equi-integrability (45). For every
0 > 0 the second term on the right hand side can be estimated by

sup /mim{|u5 —ul>, M*}dx < sup A% + [{|Jue —u| > 6} M? — A%6?, ase — 0.
0<t<T 0<t<T

Taking first ¢ — 0 and then 6 — 0 we have indeed

lim sup / lue — ul?dz = 0. O
e—0 0<t<T
Proof of Proposition 3.10. The strategy is the following:
1. We prove the easier fact 9;(¢; o u) < E(u, -)dt.

2. We replace ¢; o u with u, i.e. we prove dyu < E(u, - )dt, using a suitable localization of
Step 4 of the proof of Proposition 3.7, i.e. the Fleming-Rishel coarea formula.

3. We prove that 0,x; is singular to the “wrong” parts of E(u, -)dt in order to replace the
right-hand side with |V x;|dt.

Equation (12) immediately follows.

Step 1: For all 1 < i < P we have 0;(¢; o u) < E(u, -)dt and the corresponding density is
square-integrable w.rt. E(u, - )dt. We localize with a smooth test function ( € C§°((0,7") x
[0, A)%; R'*9) and use the chain rule (3.8), the Lipschitz estimate (25) and the Cauchy-Schwarz
inequality to obtain

/OT/at¢i(ua)Cdxdt < </(]T/5’6tu5!2 dxdt)é (/OT/Cziw(Us)dﬂfdt>2. 46)

=
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By the convergence (23) of the composition and the equipartition of energy (32) we can pass to the
limit in this inequality and obtain

T T 3/ T 3
/ /(bi(u)(?tgdmdt < <lim¢%nf/ /5]875%’2 dxdt) </ Ea(u,@)dt> . 47
0 € 0 0

By equation (19) the first factor on the right-hand side is controlled by +/ Ey. From this we see that
indeed |0 (¢; o u)| < E(u, - )dt and by taking the supremum over the test functions ¢ we see that
the density is square-integrable.

Step 2: We have d;|0; x| < |0¢(¢; ou)| where d; := miny<j<p,+; dw (o, o). Basically, we want
to use the argument of Step 4 in the proof of Proposition 3.7 for the partial derivative 0, ;. This
can be done by combining the slicing theorem, cf. Theorem 3.103 in [6], and with the previous
argument at almost each point 2 € [0, A)¢, which leads to

di|Oyxi|(U) < |0¢(¢i o u)|(U)

for all open sets U C [0,7] x [0, A)?. This implies that for all ¢ € C.([0,T] x [0, A)%; [0, 00) we
have the inequality

di|9xi|(§) < 10:(di 0 w)[(E) :
Indeed, we can approximate £ by constants on sets whose boundaries are negligible w.r.t. the mea-
sures on both sides. We thus get that for all 1 < i < P we have dyx; < E(u, -)dt and the
corresponding density V; satisfies V; € L2 (E(u, - )dt).

Step 3: We have that |(0y, V)xi| and & (|Vx;jla + |Vxkla — |V(x; + Xx)|a) dt are singular for all
pairwise different 1 < i, j, k < P. For a characteristic function y : [0, 7] x [0, A)? — R we write
|V x|4+1 for the total variation in time and space of the partial spacial derivatives and |V x|, for the
total variation the spacial derivatives in space defined almost everywhere in time.

According to Theorem 4.17 in [6] one can decompose supp | (0, V)x;| into the pairwise dis-
joint sets ii,l = 8*(22- N 8*(21, 1 <[ < P, which are the intersections of the reduced boundaries
in time and space. The exceptional sets are H%negligible and hence can be ignored in all the
derivatives |(9¢, V) xm|, 1 < m < P. Thus we only have to prove that

1 N
5 (IVxla + [Vxkla = VO + xa)la) dt(Xq) =0

foralll <[ < P.
Since j, k # ¢ and the interfaces are pairwise disjoint we have that

(05, V)x;5] (Za) = 0or [0, V)xkl| (Sa) = 0.
In the first case we have, since restriction commutes with the total variation,

1 -
5 (IVxjlar + IVXklars — IVOG + xa)lasn) (Za)

1 -
=3 (lVXk|d+1(Eiz) - IVXk|d+1(Eu)) =0.
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The analogous argument gives the same result in the second case. Finally, a straightforward gener-
alization of Theorem 3.103 in [6] to higher dimensional slicings implies

IVxili+a = Vxiladt,

which proves the claim.

Step 4: Conclusion of the L*-estimate. Since |0yx;| < |(0;, V)x:| as measures we get from Step
2 and Step 3 that |0, x;| < |Vx:|q dt. Step 3 also allows to replace E(u, - ) dt by |Vx;|q dt in the
L?-estimate.

We once more point out that we did not use the Allen-Cahn Equation (1) apart from the energy
dissipation estimate (19). O

Proof of Lemma 3.11. The proof is already contained in Chapter 1 and [56]. For the convenience
of the reader we reproduce the arguments here.

Step 1: Localization in time. We first show that the integrated assumption of the convergence of
the energies (9) and the I'-convergence of E. to E already imply the pointwise convergence (31) —
at least up to a further subsequence. We will prove
T
lim |Ec(us) — E(x)| dt =0, (48)
0 Jo

which after passage to a subsequence clearly implies (31).
To convince ourselves of (48) we rewrite the integral as

T T T
/ |B-(uz) — E(x)| dt = / (B-(ue) — E(x)) dt +2 / (B-(ue) — E(x))_dt.
0 0 0

The first right-hand side integral vanishes as € | 0 by (9). By the lower semi-continuity part of
the I'-convergence of E. to F, see [9], and by the convergence (22) of u. to u the integrand of
the second right-hand side term tends to zero pointwise a.e. in (0,7"). By Lebesgue’s Dominated
Convergence also the integral vanishes in the limit and we proved (48).

Step 2: Localization in space. We claim that the convergence (31) of the energies implies

lifg E.(ue,¢) = E(u,¢) forae. 0<t<Tandall¢ e C>®([0,A)%). (49)

Indeed, if we assume that w.l.o.g. by linearity 0 < ¢ < 1, using the lim inf-inequality of the I'-
convergence on the domains {¢ > s} and the layer cake representation ( = fol 1¢c5) ds we obtain
the inequality

E(u,¢) <liminf E.(u,, ().
el0
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But the same argument works for 0 < 1 — ¢ < 1 instead of ¢ and by the convergence (31) we have

B(u) = B(u, Q) = Bu, 1 = ¢) < lim inf Bx(ue, 1 - Q) D B(u) — limsup B (ue, ©),

el0
which is the inverse inequality and thus (49) follows.

Step 3: Equipartition of energy. Now let us turn to (32). First we claim that (32) reduces to

/ V2W (ue) [Vue| do — E(u). (50)

Indeed, setting a? := § |V |® and b2 := LW (u.), using a? — b? = (ac + be) (ac — b.) and
Cauchy-Schwarz

/C!a?—bi\dxs 1¢]loo </(aa+bg)2ala:>é (/(aa—bgﬁdx)%.

Since (ae + 65)2 < a? + b? the first right-hand side integral stays bounded in the limit € | 0 and it
is enough to prove that the second right-hand side integral vanishes as € | 0. Expanding the square
and using the definition of a. and b. we see that the limit of the second right-hand side integral is

equal to
E.(ug) — / vV 2W (ue) |Vue| dz

and indeed the proof of (32) reduces to (50).
We conclude by proving (50). By lower semi-continuity and Young’s inequality for any cutoff
0<n<landanyl <i < P we get

/n\V (piou)| < lin%nf/n |V (i oue)|dx < limi%nf/n\/QW(ua) |Vue| dx
[ 3
< linrﬁ})nf E-(us,n) @ E(n,x).
3

Using a partition of unity subordinate to the covering (34) and choosing the index 1 < ¢ < P
according to estimate (33) we conclude.
O

4 Convergence

In Section 3 we proved that the solutions u. of the Allen-Cahn Equation (1) are pre-compact. In
this section we pass to the limit in the Allen-Cahn Equation (1) and prove that the limit moves
by mean curvature. Since this section is the core of the chapter, we give a short idea of the proof
and then pass to the rigorous derivation in the subsequent parts, first for the curvature term, and
afterwards for the velocity term.
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4.1 Idea of the proof

To illustrate the idea of our proof we give a short overview in the simpler two-phase case. In this
setting the convergence of the curvature-term

T
1im/ / <5Aug— iW’(u5)> §-Vugdxdt:J/V§: (Id—v®v)|Vx|dt (51)
0

el

is by (31) literally contained in [56] and the only difficulty is to prove

T T
lim/ /&guef -eVue dr dt = o/ /V§ v |Vx|dt. (52)
0 0

el0

Since dyu. — V' |Vx|dt and eVu, = v only in a weak sense, we cannot directly pass to the limit
in the product. The general idea to work around this problem is to follow the strategy of Chapter
1: Thinking of the test vector field £ as a localization, we “freeze” the normal along the sequence
to be the fixed direction v* € S%~! and estimate the error w.r.t. an approximation of the tilt-excess

T
g::a/ /u—u*mvx\dt, (53)
0

measuring the (local) flatness of the reduced boundary 9*Q2 of the limit phase 2 = {x = 1}. The
main difference to the work presented in Chapter 1 is that we measure the error w.r.t. the tilt-excess
& instead of the energy-excess

/ Vx| — / |IVx*|, where x* is a half-space in direction v/*.

After a localization, De Giorgi’s Structure Theorem guarantees the smallness in both cases, see
Section 5 in Chapter 1. Our approximation of the tilt-excess along the sequence is

T
‘. ;:/ /yg—V*IQes\Vua\zdxdt, (54)
0

— Vue
[Vuel

We will use the approximate tilt-excess to suppress oscillations of the direction of the term
eVu, on the left-hand side of (52) so that we can pass to the limit in the product. We replace the
normal v, by a constant direction »* € S¢~! and control the difference

where v, denotes the normal of the level sets of w..

T T
/ /atu5§ -eVuedr dt — / /atugf- (e |Vue| V™) dx dt (55)
0 0

by the following combination of the excess and the initial energy

el (36 + b))
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for any (small) parameter o > 0 — an immediate consequence of Young’s inequality and the energy-
dissipation estimate (19). It is easy to check that by the equipartition of energy (32) we can replace
e |Vu,| in the second integral in (55) by /2W (u.) up to an error that vanishes as € | 0:

/ /atus e |Vue|v*) de dt = / /Otue V2W (ug) € - vidx dt + o(1). (56)
Identifying the nonlinear term

atue \/ ue 815 ¢ © uE

as the derivative of the compact quantity ¢ o u. — ¢ o u, where ¢(u \/ s)ds, we can
pass to the limit € | 0 and obtain

/OT/(‘)t((;Soua)g‘y*da:dt—>U/OT/V§'V* |V x| dt.

As before, but now at the level of the limit, by Young’s inequality we can “un-freeze” the normal,
i.e. replace v* by v at the expense of

T
el (26 +a [ [V i9xar).

While in the case of our treatment of the thresholding scheme in Chapter 1 the convergence
assumption trivially implies the convergence of the (approximate) energy-excess, here we have to
argue why we can pass to the limit in our nonlinear excess &. and connect it to &.

Using the trivial equality |[v — v*|> = 2(1 — v - v*) and the convergence assumption (9) this

question reduces to
T T
/ /€|Vu€|VuEd:L‘dt—>/ /V(gf)ou)dt. (57)
0 0

Now the argument is similar to the one before for the time derivative. Using again the equipartition
of energy (32) we can replace ¢ |Vu.| by 1/2W (u.). Identifying the nonlinearity

V2W (ue)Vus = V (¢ o u,)

as a derivative yields the convergence of the excess.

Thus we arrive at the right-hand side of (52) — up to an error that we can handle: we localize on
ascale r > 0sothat & — 0asr | 0, while the second error term stays bounded by the L?-estimate
(30). We then recover the motion law (11) by sending « | 0.
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4.2 Convergence of the curvature-term

In the two-phase case, the convergence (51) of the curvature-term is contained in the work of
Luckhaus and Modica [56]. In our setting, the convergence does not follow immediately from their
work. We give an extension of this result by quantifying the Reshetnyak-argument.

Proposition 4.1. Given a sequence u. — w = Y, X;c; such that the energies converge in the
sense of

E.(u.) — E(u). (58)

Then also the first variations converge:

. 1
lelﬁ)l <£Au5 — 6é"uI/V(ug)> (- V)usdr

1 1
— 530 [ V& td=viww) L (Tl + V] = [T0a+x)) . (9
3,J<

Furthermore we have
1
/ (8Au5 — 5(‘)UVV(UE)> (& V)usdz < ||VE]| oo B (ue). (60)

Proof. Following the lines of [56] we can rewrite the left-hand side of (59) by integrating the first
term by parts and using the chain rule for the second term. With Einstein’s summation convention
and omitting the index ¢ we have

/(saié)iuk—i@kW) fj 8juk dx = /{ —& &uk 81‘5]‘ ajuk—e (%uk fj 82'8]'1%— %aj(W(u)) fj} dx.
(61)
We can now rewrite the second term on the right-hand side and integrate by parts to see

1
— /sal-uk & 0;0;up, dx = —/sgj @-{5 (Dsug)? } dz = / (V-¢€) % IVul? de.
Plugging this into (61) the left-hand side of (59) is thus equal to

/V&: (Id—NE®N€)5]Vu5]2dx+/(V-§) (%W(UE)_§|VUE|2)C£1},

where N¢ := @Z; € RP*dand (N° @ N¢);; :== 3, NiiNg; € R9*4_ a slightly non-standard
definition of this symbol. From this we immediately obtain (60). By the equipartition of energy
(32), see also Remark 3.6, the second integral is negligible as ¢ — 0 and up to another error that

vanishes as € — 0 we can replace the first term by

/Vf: (Id — N° ® N°) \/2W (ue) [Vue| dx.
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Again by the equipartition of energy (32) it is enough to prove the convergence of the nonlinear
term

1
/A: N® @ N°/2W (ue) |Vue| de — ZUz‘j/Ai vi @ Vig (Vxil + Vx| = IV(xi + x5)1)
/L"j
(62)
for any smooth matrix field A: [0, A)? — R%*, By linearity we may assume w.L.o.g. |A| < 1.
We prove (62) using the following two claims:

Claim 1: We choose a majority phase by introducing the function ¢ = ¢; for some arbitrary
1 <+ < P on the right-hand side of (62). The corresponding estimate is

lim sup
e—0

/A: N° ® N°\/2W (u2) V.| dz — /A: V. ® v, |V (60 u.)| da

Slﬂwn%—/nﬁN¢OUH,®$

_ V¢(“€) d
= Wotu € R%

Claim 2: We adapt the Reshetnyak argument in [56] to our setting by turning the qualitative
statements there into a quantitative statement. Under the assumption (58) we claim

where v, :

limsup‘/A: I/5®I/5V(¢OU€)|CZZL‘—/A1 v@v|V(pou)

e—0

SEWm%i/WV@OwM
(64)

In both cases we express the errors in terms of the “mild excess”

E@mwi/mvmwu (65)

which measures the local difference of the multi-phase setting to the two-phase setting on the
support of the matrix field A approximated with a cut-off 7.

Decomposing an arbitrary matrix field A by a partition of unity and using the localization
estimate (33) we obtain (62) and thus proved the proposition.

Proof of Claim 1: Introducing a majority phase. First we replace the matrix N® = @Zil by
. IN®, where m,, = % ® |3Z§| . Note that then the additional sum in the definition of the symbol

Ty, N® @ m,_ N collapses:

N N
(0u0)2\ (0udVu); (0,6VH);
(muN @ muN)y; = Y (M), (muN)y = <Z 8u¢|§> ]6u¢|]Vuu| |8u¢HVuu]|'
k=1 k=1
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Furthermore, using the chain rule of Ambrosio and Dal Maso, Lemma 3.8, we see
A (my.N°) @ (1, N¥) = |1y N°|?A: v, Q 1.

Two errors arise in (63). The first error when replacing N°® by v, and the second when replacing

V2W (ue)[Vue| by [V (6 0 w)l.

The first error when introducing the projection ,, is bounded by

/77 |(Id — 7y ) N°|* /2W (ue) [ Vue| + 7 (1- |7ruEN€|2)2 V2W (ue) |Vue| de. (66)

Since multiplication by 7, is an orthogonal projection in matrix-space and ‘ lngé Ne| = |m,Ne| <
1 we have
€12 €12 €12 € 6u¢ £
[(Id = 7. ) N°[" = [N®|" = | N°[* S1 = | N°[ = 1 — B ¢|N :
u

Multiplying this inequality with \/2W (u.) |Vu.| and using the Lipschitz estimate for ¢ o u (25)
we see that

((Id — my.) N°)? /2W (ue) |[Vue| < <1 - ’g“z|]\76

< V2W (ue) |Vue| — |0ud(ue) Ve .

Plugging this into (66) and using the Ambrosio-Dal Maso chain rule (24) again, we see that the
error is controlled by

) Va9

B, (ue,m) - / 0|V 0 )| da.

By the convergence of the energies (58) and lower semi-continuity of the total variation we can
pass to the limit € — 0 in this expression and obtain the upper bound

B(wn) - [0V ou)].
Finally, we turn to the second error, when substituting \/2W (u.) |Vue| by |[V(¢ o uc)| in (63).

Since |V(¢ o ue)| < |0u@||Vue| < +/2W (us) |Vue|, by Young’s inequality this second error is
estimated by

0| VE) 1Vl = 196 )| do = [ (VECwl) (9] = (916 0] o

which by the equipartition (32) and Remark 3.6 again passes to the limit as before and thus proves
(63).
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Proof of Claim 2: A quantitative Reshetnyak-argument for ¢ o u. We could pass to the limit in the
nonlinear expression [ A: v @ v |V (¢ o u)| by the classical Reshetnyak argument if we knew that
the mass [ |V (¢ o u)| converged. In our case we unfortunately do not know if the total variation
for each ¢; o u converges, but we can make the error small by localizing.

Our argument for (64) can be regarded as a quantitative analogue of the classical Reshetnyak-
argument [75], see also [56].

By Banach-Alaoglu and a disintegration result for measures we can find a measure  on [0, A )¢
and a family of probability measures {pm}ze[& Ayd onS 4=1 quch that

[ v@ouwlds— [[ w5 dpo) duto) (67)

for all ¢ € C([0,A)? x S9~1) — at least after passage to a subsequence. But since we will identify
the limit we may pass to subsequences. In particular we have

/A: Ve ® v, V(o u)| dz — /A(x): /a @ 7 dpa(7) du(x). 68)

Our aim is to prove that — up to the “mild excess” (65) — the right-hand side of (68) is equal to

/A:V®V|V(¢ou)|.

On the one hand, by the lower semi-continuity of the total variation and (67) with {(x,v) =
n(x) =0

/nV(¢OU)I < lig"i%nf/n\vwous)ldxI//ndu, (69)

i.e. [V (¢ ou)|is dominated by p.
On the other hand, by the assumption (58) the measure p is dominated by the energy. Indeed,
for any 7 > 0 we have by Young’s inequality

/nd,u = lim/n V(¢ oue)|de <liminf E.(us,n) = E(x,n). (70)
el0 el0

Using |7 @ 7 — v ® v| < 2|7 — v| and the relation (69) between the measures |V (¢ o u)| and
i We see

‘/A: /ﬁ@ﬁdpx(ﬁ)du—/A: V& v |V(pou)

S [0t - 1v(@ow))
+ [0 [ o= A VG o).

By (70) the first right-hand side term is estimated by the “mild excess” (65).



4. CONVERGENCE 171

We are left with proving

/n/\u—mdpx<a> V(bou)| < E(x.n) - /nIV(¢OU)I- )

But distributional convergence of V(¢ o u.) towards V(¢ ow) and (67) with {(z,7) = &(z) -
yield an equality for the linear term

[evivGoul= [¢Toon —tm [ Vioou) ds

—tin [ v Vooulds D [ [ 5dpa(o)du

(72)

for any smooth test vector field £: [0, A)? — R?. This draws a connection between the normal v
and the expectation | o dp,(77) of the measures p,.
Therefore for any such £ with |£] < 1 we get

[¢ [ =D o) —/5 [ 7@ = 9 (6 )

2 el ([nau- [nvioeowl)

and after taking the supremum over all such ¢ we discover

[n [ b-ddno) Vol < [ndu- [n19@ou). 73)

Finally, notice that another application (70) proves the claim (71). ]

Remark 4.2. The quantitative Reshetnyak argument (64) holds also for any other Lipschitz con-
tinuous function f(z,#) on S9! instead of A(z): ¥ ® v

4.3 Convergence of the velocity-term

As in the proof of convergence in the two-phase case our main tool will be a suitable tilt-excess.
However, because Vu. now describes the direction of change both in physical space and in state
space, some care needs to be taken in defining such an excess. It is apparent that the limiting
equation only sees the direction of change in physical space explicitly. In contrast, the change of
direction in state space only enters implicitly through the surface tensions, which are the lengths of
geodesics connecting the wells. It is therefore natural to define an approximate tilt-excess which
only fixes the change of direction in physical space.
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Definition 4.3. Let v* € S ! andn € C* ([0,T] x [0,A)%[0,1]). For ¢ > 0 and a function
u. € WH2([0,T] x [0, A)4; R™) the localized tilt-excess of the i-th phase, 1 < i < N, is given by

T
. 1
ENW*n,ue) = / / 0 |eVue + dui(ue) v*|? dadt. (74)
0

In the limit € = 0 and for a partition y; = 1, € BV ([0,7] x [0, A)%;{0,1}) with }_, x; = 1 we
define the tilt-excess for 1 < i,j < P, 7 # j, to be

£ (v, u // Vi — o2 |vXZ|dt+/ / v + v |V dt

+ > / /nlvxkldt (75)

k¢{i,j}
where u = ZKK N @i Xi and v;, as throughout the chapter, is the inner normal of €2;.

Note that the limiting excess measures two things: Firstly, the last term measures whether
mostly the interface between the i-th and the j-th phase is present. Secondly, the first two terms
measure how close the interface is to being flat.

A subtle point in the definition is that y; falls while moving out of the corresponding phase,
while ¢; grows. Hence their differentials have opposite directions. We choose v* to be the approx-
imate inner normal of ;, which leads to the positive sign in & and the second term in &% and the
negative one in the first term in £%. For a similar reason the limiting excesses are not symmetric
in 4 and j. Instead we have &% (v*;n,u) = &7 (—v*;n,u).

We first make sure that we can use & (v*; 7, x) to asymptotically bound & (v*; 1, u.).

Lemma 4.4. Let u® satisfy the a priori estimate (20) and the convergence assumption (9). Then
forevery1 <i,j < P,i#j,v*€ ST andn e C=([0,T] x [0,A)%]0,1]) we have
limsup & (v*;m,us) S (v, x). (76)
e—0

Using this estimate, as in the two-phase case before, we prove (52) up to an error controlled by
the tilt-excess (75).

Proposition 4.5. Given u® satisfying the a priori estimate (20) and the convergence assumption
(9), there exists a finite Radon measure uon [0, T) x [0, A)%, such that forany 1 < i,j < P, i # j,
any parameter « > 0, any direction v* € S~ and any test vector field ¢ € C$°((0,T) x R4, R%)
we have

atuedxdt—am//g Vi (19l + 1951 = 1V (6 + x) ) e

lim sup
€l0

< Jel <ar5”j(l/*;n, W+ autn) ) )

Heren € C*([0,T] x R?) is a smooth cut-off for the support of €, i.e. 1 > 0 and ) = 1 on supp&.
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Proof of Lemma 4.4. Expanding the square and exploiting that |V (¢ o u.)| < 1/2W (u.) we see
that

T
. 2
EX(vim,ue) < / /77 <<€|Vu€|2 + gW(ue) +2(v* - V)ue - 8u¢i(u5)> dxdt.
0
By the chain rule (24) we can rewrite the last term as

(V" - V)ue - Ougi(ue) = v* - V(i 0 ue).

Thus we see using the convergence assumption (9) and the convergence (23) of ¢; o u. to ¢; o u
that

lim sup éa;( ;M ue) <limsup 2 / / ee(ue) ¥ V(¢ioue))dxdt (78)

e—0 e—0

9 /0 <E(u,n)+ / nV(qb,ou))dt.

The second term can be rewritten as

vV V(giou)=v' e Y ouVxk <ouvtVxi+ > 0wVl
1<k<P ké{ig}
while the first one can be estimated by
B <oy [n1vol+C Y [0Vl
ke{ig}

for some constant C' < oo only depending on max;; 0;;. Thus we can asymptotically bound the
excess by

T
limSUPgﬁ(V*;n,ua)Saij/ /n2(1+Vj N Vxgldt+C Y / /TIIVXk\dt
0

e—0 kg {ij}

Since 2 (1 +v; - v*) = |v; + 1/*\2 in particular (76) holds. Note that we symmetrized the multi-
phase excess (54) w.r.t. the two majority phases €); and 2; which means we added an extra (non-
negative) term. O

Proof of Proposition 4.5. Step 1: Replacing Vu. with O, ¢;(u:) ® v*. Using the tilt-excess (74)
and Young’s inequality we see

T
/(5(5 Ve + & - v 0u0i(ue)) - Opue da dt‘

1 T
S 1€llso (aé?(V*;mue) +a/0 /ne!&tuEIdedt> . (79)



174 CHAPTER 4. THE VECTOR-VALUED ALLEN-CAHN EQUATION

By the energy-dissipation equality (19) the sequence £|0;u.|? is bounded in L' and thus, along a
subsequence, has a weak*-limit p» as Radon measures. In the limit we get, applying Lemma 4.4
along the way,

T
[ ] et D € v 000 O o] S el (567075000 + o))

lim sup
el0

Step 2: Passing to the limit in the nonlinear term. In the second term on the left-hand side of (79)
we may now use the chain rule again to see

_/OT/g.y* i (ue) - Opucdadt = —/OT/g'y*at (63 0 u.) dudt

T P
— —/0 /f-v*ﬁt (gbio;)(kak) dt.

Step 3: Rewriting the limit in terms of the interface between x; and xj. We can rewrite this limit

to read
T P T P
/ /f'l/*at <¢iOZXkak> dt = —/ /f'V*ZUikath
0 k=1 0 k=1
3.10 T F
= —/ /S'V*Zaikvklvxddt-
0 k=1

Thanks to the tilt-excess (75) we can now get rid of all terms except the j-th one: With a little help
from our friends Cauchy, Schwarz and Young we arrive at

T P T
|—/ /f-I/*ZO’ikVHVXk‘dt—l—/ /f'l/*aijvj"VXj’dt
0 k=1 0
1 . T c
Sl (z60 @ +a [ [ a3 vEVla
k=1

for a smooth cut-off 7 for the support of &. Here, due to the L?-estimate Proposition 3.10, the
right-hand side is an acceptable error term after redefining .

Hence we are left with a term only depending on the j-th phase which we can replace with
(minus) the according term for the i-th phase: Indeed, using ), x = 1 the error in doing so is
equal to

T T
//g-y*mjijjmwi)dt‘/ [evoon 1= 3 )
0 0

k¢{i.j}

T
5/0 /m S Vil IVl db,

ké{i.j}
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which by Young’s inequality is controlled by the same right-hand side as before.
Exploiting |[v* — v;] |V;| £ 2|v* — v4|* + a|V;| we now use the tilt-excess once again to “un-
freeze” the approximate normal v* and eliminate other interfaces:

T
‘/O /a-u*aijmwdt—/ /5 vioiVi rvX@r+|vXJ|—|v<xz+xj>|>d\

< lele (aé’”(V*;n, e [ [vzva).

Retracing our steps we see that we arrived at the desired estimate. O
We conclude this section with the proof of our main result.

Proof of Theorem 2.2. We found the limit v of the approximations u. in Proposition 3.7, verified
the initial conditions in Lemma 3.9 and constructed the normal velocity with the according L?-
bounds in Proposition 3.10. We only have to prove the motion law (11). Given a smooth test vector
field € € C5°((0,T) x [0,A)?,RY), by Lemma 3.3 we may multiply the Allen-Cahn Equation (1)
by € (£ - V) u. and integrate w.r.t. space and time:

/ / (€ V)ue - Opus dedt = / /<€Aug— -0 W(u5)> (& V) uedxdt. (80)

By Proposition 4.1 the convergence of the energies (31) imply the convergence of the first variations
for a.e. t. Recall that by (60) and Lebesgue’s Dominated Convergence the right-hand side of (80)
converges:

lim / ' / <5Au5 _ 18UW(u€)> (V) u. du dt

el0

1
- Zau/ [ 9¢ td= v (9l + 9] - V06 + )

2y

In order to prove the convergence of the left-hand side, we proceed as in Chapter 1. We decompose
E=> Bes, vBS with a partition of unity underlying the covering %, defined in (34). Using
Proposition 4.5 for £ = @& on time intervals 0 = 71 < ... < Tx = T and passing to the limit
K — oo we obtain the error

T T
1
| [t Do dnar = oy [ [ Vi ng (Wl + 193] = V06 + ) d
1,J
||£||oo< / S min min /an—u*?\w+/nB|uj+v*|2|vXj|
Beﬁ 7] 1% ES
+ > /”B’vXk|dt+O‘/ /Z anﬂ>

k¢{ig} Be%,
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where for a ball B the function np denotes a cutoff for B in 2B as in equation (33). Because of the
finite overlap (35) the last term is uniformly bounded in r. Using Lemma 3.12 we see that the first
term vanishes as 7 — 0. Then taking  — 0 we obtain the convergence of the velocity-term and
thus verified the motion law (11). ]

5 Forces and volume constraint

The proofs in Section 3 and Section 4 stem from the a priori estimate (19) and the convergence
assumption (9). We mostly used the Allen-Cahn Equation (1) to prove this a priori bound. Besides
that we made use of it only at one other point, in the proof of Theorem 2.2 in the form of (80) and
the justification for testing the equation with (& - V)u..

In this section we exploit this flexibility of our proof and apply it to the case when external
forces are present or when a volume constraint is active, cf. Theorem 2.4 and Theorem 2.5, respec-
tively.

5.1 External forces

Since the forces f. in equation (14) come from an extra energy-term we do not expect to have the
same energy-dissipation equality as in the case above where f. = 0. Indeed, one can view (14) as
the (again by the factor % accelerated) L2-gradient flow of the total energy

E.(ue) + /fs ~udx,

which is the sum of the “surface energy” E.(u.) and the “bulk energy” [ f. - udz. Since the extra
term is a compact perturbation in the static setting, these total energies I'-converge to

E(u)—I—/f'ud:v.

This energetic view-point seems also the most natural way to understand the scaling in € for the
forces f. in equation (14). Under our assumption on the forces f. in Theorem 2.4 we can control
this bulk energy and get an estimate on the “surface energy” E.(u.) and the dissipation, which is
reminiscent of equality (19).

Lemma 5.1. Let u. solve the forced Allen-Cahn Equation (14). Then for ¢ < 1 we have
T
E.(u(T)) + / /5 |Bpuc|* da dt
0
1
S (14¢77) (1 + T+ Be(ue(0) + I fell 72 + (1 + T>|ratf5u%z) :

With ¢ < 1 we mean that we assume ¢ < % for some generic constant C'. Note that the
exponential prefactor is ~ 1 for small .



5. FORCES AND VOLUME CONSTRAINT 177

Proof of Lemma 5.1. We differentiate the energy E. along the trajectory of ¢ — u.(t) and integrate
by parts

d

1
aEg(ug) = /EV’U,E : VOoyue + gauW(ug) - Opue dx

1
= /6 <—Au6 + 826“W(u5)> - Ogie dx

(g)/6|3tu5|2dx+/f5'8tusd$.

We integrate from O to 7" and obtain

/ / |3tu5| dx dt = / /fE Osue dz dt. (81)

Now we want to integrate the right-hand side integral by parts. First note that by the trace theorem
for a.e. t we have

1 T T
Jinwpi sy [ [inPavdrr [ [ o sa
0 0

which we may assume w.l.o.g. for £ = 0 and ¢ = 1" so that by Young’s inequality

-atusdxdt' < (160 D]+ [ 17000 do + [ ' 105 el

/\us ) dw+/\ua da:+/ /\ug\ dx dt
+/ /|fa\2dxdt—|—(1+T)/ /latf5|2d:cdt.
T Jo ;

By the coercivity assumption (3) of W at infinity we have

/|u5|2dx <14 eB(u).

Plugging these two observations into (81), for ¢ < 1 we can absorb the term ¢ E,(u-(7")) and
obtain

E (u (T / / |8tu5] drdt <14+ T+ E-(us(0 +6/ E(u)dt

/ /]f5| dz dt + ( 1+T/ /\8tf82da:dt
0

and a Gronwall argument yields the claim. O
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This estimate is indeed enough to apply our techniques to the case of (14).

Proof of Theorem 2.4. As noted in Remark 3.6, the a priori estimate, Lemma 5.1, allows us to
apply the statements in Section 3 so that in particular we can find a convergent subsequence u. — u
satisfying the initial conditions by Lemma 3.9, for some u = ). x;c;, and we can construct the
normal velocities under the convergence assumption (9). The bounds for f. allow us to extract a
further subsequence such that also the forces converge to some f € H'((0,7) x [0, A)4,RY):

fo—f inL? and Vf.—Vf inL? (82)
If we formally differentiate the equation (14) and use V f. € L? we can show as in Step 2 of

the proof of Lemma 3.3 that 9;0;u., 8, W (u:) € L?. Hence we are allowed to test the equation for
ue, here the forced Allen-Cahn Equation (14), with ¢ (£ - V) u, to obtain

/OT/E({V)UE-@ugda:dt:/OT/ <5Aug— i@uW(u£)> (- V)uc+ fo- (£ V) usdz dt.

Integrating the last term by parts gives

/OT/fE'(g'v)%dxdt:—/OT/(V-§)f6'u6+(§'v)fs'u5dwdt.

Since u: — u = Zz XiQ in L? and (82) we can pass to the limit ¢ — 0 and obtain

/OT/(V-é)f-qu(£~V)f.udxdt:izP;/OT/(f.ai)(g.yi)Wxi‘dt_

We can apply Proposition 4.1 to pass to the limit in the curvature-term. For the velocity-term we
may apply Proposition 4.5 and follow the lines of the proof of Theorem 2.2 for the localization
argument. We thus verified (15). ]

5.2 Volume constraint

Again, our starting point is an energy-dissipation estimate. It is quite natural that the solution of
the volume-preserving Allen-Cahn Equation (16) satisfies the same energy-dissipation equation as
the solution of the Allen-Cahn Equation (1).

Lemma 5.2. Let u. solve the volume-preserving Allen-Cahn Equation (16). Then

T
E.(us(T)) +/0 /slﬁtuEIZda:dt = E.(u:(0)). (83)
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Proof of Lemma 5.2. We follow the lines of the proof of Lemma 5.1 until (81) with f.(z,t) re-
placed by A.(t). Since \. is independent of z for the second right-hand side integral in (81) we

have
T T d
/ /)\5 O dx dt = / Ae— /u8 dx dt.

But by the choice of ). integrating (16) gives % [ ue dz = 0 and we obtain (83). U

Proof of Theorem 2.5. Since we have the same energy-dissipation estimate, Lemma 5.2, as in the
unconstrained case, by Remark 3.6 we can apply the statements in Section 3 so that in particular
we obtain a convergent subsequence u. — u as before and we can construct the normal velocities
under the convergence assumption (9).

The Lagrange multiplier A. does not depend on the space variable x and hence the same com-
putation as in Step 2 in the proof of Lemma 3.3 yields 9;0;u., 8, W (u.) € L? and we may test our
equation (16) with € (£ - V) u. and obtain

/T/e(ﬁ-V)u5~8tu5dxdt
0
:/OT/(EA“‘E_?“W(%)) .(g.V)uada:dt—i—/oT)\g/(V.g)uadxdt.

We wish to pass to the limit in this weak formulation of (16).

By Proposition 4.1 we can pass to the limit in the first right-hand side term and the left-hand
side term. Again, with Proposition 4.5 and the localization argument in the proof of Theorem 2.2
we can pass to the limit on the left-hand side. In order to pass to the limit in the second right-hand
side term we use Proposition 5.3 below, which provides control of . in L?. After passage to a
further subsequence if necessary we have

Ae = A weakly in L%(0,T)

and since by Lemma 3.9
/ (V-8 u.de — /(V -&)udz  strongly in L*(0,T)
we can pass to the limit in the product. This concludes the proof of the theorem. O

Proposition 5.3 (Estimates on Lagrange multiplier). Let u. solve (16) and let \; be the Lagrange
multiplier (17). Then

T
limsup/ Mdt < (1+T)E.
0

e—0
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Proof of Proposition 5.3. We follow the idea of the proof of Proposition 2.12 in Chapter 3. For a
given test vector field £ € C§°((0,T) x [0, A)?, R?) we first multiply (16) by & (£ - V) u, integrate
in space and take the square:

% (/(vz)ugda:)Q
N </ (eAug - éauW(u5)> (€-V) u, dx)Q + (/ e(€-V)u. - Oyue dx)

With Cauchy-Schwarz we can estimate the second right-hand side term

(/e 9ue- 0. da:)2 Slel (= [ 1o d ) B

For the first right-hand side term we use (60) to obtain

2

(/ <EA“€ B if%W(“e)) (€ V)ue dfv)Q S IVEN% B ()

Since V - £ is orthogonal to constant functions we might subtract the average (u.) := ﬁ [ ue dx
of u. on the left-hand side and obtain

2 ([ (w6 - ) daz)2 SIVEIR B + 612 (= [ 100l de ) 2.

We integrate in time and apply the energy-dissipation estimate (5.2) on the right-hand side:

/OT & </ (V-&) (ue = {ue)) dx)2 dt % sup |€][fn (14 7) B3,

Hence it is enough to find a test field £ such that we can bound the left-hand side integral from
below while the right-hand side stays uniformly bounded:

g [ (V26 (= () do >

1€llwree S

and (84)
+ Ej. (85)

We now proceed by constructing a vector field & satisfying (84) and (85) in a similar manner
as in Chapter 3. To this end we first fix some ¢ € (0,7), convolve the limit v = lim u. with a
standard mollifier ¢s5(z) = 6%@(%) on scale § > 0 (to be chosen later) and write us := @g * u.
Then we let v: [0, A)% — R denote the solution of

Av = 5 * (u— (u)) = us — (u). (86)
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Note that since the right-hand side has vanishing integral, this problem is well-posed. We set
¢ := Vv and verify (84) which works by construction of ¢ and (85) which boils down to elliptic
estimates.

Step 1: Argument for the lower bound (84). By Lemma 3.9 we have u. — w in C’tLg ase — 0.
Thus

it (7€) (e = tu) o =int { [ (= @ dot [ (ws =) (a = () o+ 000,

as e — 0. Since u = ZZ x:i; we have for the first left-hand side integral

/(u — (W) dz = / (u— (u®))? dw > dist ((u°), {a1, an})? AL,

The second left-hand side integral can be estimated with help of the energy (7):

‘/(u(;—u)udx

Setting § := & g-dist ((u°), {a, 042})2 A4 > 0 for some sufficiently large constant C' < oo, we

arrive at (84) for sufficiently small €.

§/\u5—u\dx§5/\Vu]§5E(u)§5E0.

Step 2: Argument for the estimate (85). The upper bound (85) follows from basic elliptic regularity
theory. We fix some exponent ¢ = ¢(d) > d. Since u = ), x;«; is uniformly bounded, the
Calderén-Zygmund inequality yields

/ Vel de < / g — (us)|? de < 1.
Since the right-hand side is smooth, we can differentiate the equation (86) for v and obtain:
A€ = Vug

and we obtain again by Calderén-Zygmund

1 1
q q 1
([17era)" s ([1vusttas)' < [1vailars

Since (§) = 0 we thus have by Poincaré’s inequality ||€||jp2.a < % and since ¢ > d Morrey’s
inequality yields

1
l€llwre S1+35 ~ 1+ B,

which is precisely our claim (85). U






Outlook

In this thesis we proved conditional convergence results for several schemes modeling multi-phase
mean-curvature flow and related equations. However, various questions concerning the rigorous
asymptotic analysis of such schemes remain open. We list some relevant open problems which
might or might not be answered in the future.

1. Extensions of our techniques to anisotropic motions seem feasible.

2. The analysis in [85] shows that the convergence of the energies is guaranteed for the two-
phase thresholding scheme as long as the evolution is smooth. Do the energies converge for
mean convex initial conditions? A similar question has been raised by Ilmanen [46] for the
Allen-Cahn Equation but seems to be still unresolved.

3. Ilmanen [46] proved the convergence of the Allen-Cahn Equation towards Brakke’s varifold
solution without any further assumptions. Whether we can use similar techniques to drop our
assumption in the case of the (two-phase) thresholding scheme is an urging question. The
main difficulty in [lmanen’s proof is the equipartition of energy

T 1
/ /g (; ]VUE]Q — EW(%)) dxdt — 0 for all smooth (.
0

The analogue for the thresholding scheme is
r 1
/ /( — (1 —x" (G — hAG}) * X" dxdt — 0 for all smooth (.
0 Vh

4. A generalization of Ilmanen’s proof to the multi-phase case is a long-standing open problem
and seems still out of reach — let alone an unconditional convergence result for the multi-
phase thresholding scheme. However, the methods of Kim and Tonegawa [50] might give
new insights.

5. The generalization [79] of the thresholding scheme to higher codimensions, e.g. a filament
in R3, preserves the gradient flow structure of the limiting motion in the sense that it comes
with a minimizing movements interpretation. This might amount to a rigorous convergence
proof similar to [12] for the Ginzburg-Landau Equation.
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