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Abstract

In this thesis we study a stochastically perturbed mean curvature flow (SMCF).
In case of graphs, existence of weak solutions has already been established for one-
dimensional and two-dimensional periodic surfaces with a spatially homogeneous
perturbation. We extend this result by proving existence of solutions in arbitrary
dimensions perturbed by noise which is white in time and colored in space. In
addition, we work with a stronger notion of solution which corresponds to strong
solutions in the PDE sense.

For this, we give a new interpretation of graphical SMCF as a degenerate varia-
tional stochastic partial differential equation (SPDE) with compact embedding.
In order to infer existence of an approximating sequence, we extend the theory
of variational SPDEs such that we can treat SMCF within this framework. In
order to pass to the limit with the approximating sequence, we prove new a-priori
bounds for graphical SMCF.

With this a-priori bounds, we can characterize the large-time behavior of
solutions in case of spatially homogeneous noise. In particular, we will prove that
solutions become asymptotically constant in space and behave like the driving
noise in time. This strengthens a previously established one-dimensional large-time
result by extending it to higher dimensions and proving stronger convergence.

Furthermore, we propose a numerical scheme for graphical SMCF which employs
the variational interpretation we have analyzed before. Using this scheme, we
present Monte-Carlo simulations visualizing the energy estimates we have used in
the analytic part of this thesis.

Moreover, we discuss the regularity and uniqueness of solutions and give
conditional results for both. We complement the previous results, especially the
existence result, by investigating how they extend to SMCF with respect to an
anisotropic notion of curvature.
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1. Introduction

1.1. Motivation

The evolution of surfaces plays an important role in many applications. One of
the most prominent evolution laws is the mean curvature flow (MCF), which is
the simplest geometric evolution law as it stems from the minimization of the
area of a surface. A family of surfaces evolves according to mean curvature flow
if its normal velocity V' is equal to its mean curvature H, i.e.

V=H.

Later, we will see that in terms of a local parametrization MCF is a parabolic
equation with similarities to the heat equation. When the surface at time ¢ can be
written as the graph of a function u(-,¢) then MCF is characterized by the PDE

Vu Vu-D*uVu
ou=/1+|Vul*V| —— | = Au— ————.
t 1Vl <\/1+|Vu\2> " 1+ |Vul?

MCEF as a model for moving surfaces is considered among others in material
science, biology and physics (cf. [TCH92l [OS88| [ESS92, [Bell3] and the references
therein) as well as recently in the theory of image processing (cf. [CDR03] and
the references therein). Furthermore, it also appears as the sharp interface limit
of the Allen-Cahn equation which itself is motivated by applications in material
sciences, but also is related to a model from biology, cf. [Fif79].

Due to its interesting properties, for example the interpretation as the gradient
flow of the area functional, MCF receives particular interest from a mathematical
point of view. We refer to the foundational work of Brakke [Bra78] and the
monographs [Eck04] [Man11) Bell3] for an introduction to mean curvature flow
and an overview of the relevant literature. It is worth mentioning that mean
curvature flow in general will develop singularities, beyond which a natural
extension of the evolution is not unique.

In applications mean curvature flow often only appears after assuming several
simplifications, for example ignoring thermal fluctuations. In order to account
for the presence of possibly unspecific additional contributions it is reasonable
to perturb mean curvature flow with a random forcing £. This leads to so-called
stochastic mean curvature flow (SMCF), i.e.

V=H+¢.
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Stochastic mean curvature flow was first introduced in the physics community
by Kawasaki and Ohta [KO82|]. They consider the Allen-Cahn equation as a model
for phase separation. To incorporate microscopic processes, which are neglected
in the standard Allen-Cahn model, they perturb the equation with additive
space-time white noise. They formally observe that in the low temperature limit,
which corresponds to the sharp interface limit, the interface moves according to
stochastic mean curvature flow with space-time white noise, i.e. formally £ has
zero mean and satisfies

E&(x,1)€(y, s) = 6(x — y)d(t — s).

This observation raised a lot of interest and was later revisited by the math
community, cf. [Fun99], [Web10], [HRW12], [HW15] and the references therein.
Roger and Weber proposed a multiplicative perturbation of the Allen-Cahn model
[IRW13| [HR18], which formally also yields stochastic mean curvature flow in the
limit but behaves better than the additive perturbation.

Besides its motivation from an applied point of view, SMCF is also motivated
from mathematical interest in understanding the influence of small perturbations
on MCF. In spirit of this motivation, a stochastic selection principle was proven
by Dirr, Luckhaus and Novaga [DLNO1] and independently by Souganidis and
Yip [SY04]. The non-uniqueness of the MCF beyond singularities can be fixed
by considering small perturbations, which force the evolution to select one of the
possible solutions.

A special case is the situation where the surfaces are given as the graph of a
function w : R™ x [0,7] — R. Under this condition SMCF is characterized by

Vu
Ou = /1 + |Vul2V | — 14+ |Vul?€. 1.1
u= T +17ul ( 1+|w2>+ + [Vl (1.1

For the unperturbed MCF, i.e. £ = 0, this situation was considered by Ecker and
Huisken [EH89| as a first extension of the established theory for MCF of compact
hypersurfaces to non-compact situations. More importantly, graphs can in fact be
used to approximate the generic situation of a properly embedded hypersurface.
When v® = % is a solution of graphical SMCF and U® converges in a certain
sense to a function f : R x [0,7] — R, then formally all level sets of f evolve
according to SMCF. This leads to the so-called level set formulation of SMCF.

The function f solves

Vf

of =I|VfIV- (Wﬂ) +[VfIE.

Note that we loose one dimension, i.e. the level sets of f are (n — 1)-dimensional
hypersurfaces whereas the graph of u® is a n-dimensional hypersurface. This
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approximation scheme was first used for unperturbed MCF by Evans and Spruck
[ES91] in order to construct a level set solution.

This motivates us to study the graphical SMCF for arbitrary dimensions
in this thesis.

1.2. State of the art

Stochastic mean curvature flow gives rise to a stochastic partial differential equation
(SPDE). For an introduction to the theory of SPDEs we refer to [DPZ14].

It is important to understand the two related but different concepts of inter-
preting stochastic integrals, that is It6 integration and Stratonovich integration.
The It0 integral is a martingale, in particular has zero expectation. This is not
true for a stochastic integral interpreted in the sense of Stratonovich, but it has
the advantage that the classical chain rule holds.

The general validity of the chain rule for the Stratonovich differential makes
it favorable in geometric problems, as it allows for reparametrizations without
introducing additional terms. Nevertheless, it is possible to translate between the
It6 and Stratonovich integral, cf. Remark [£.:20] In the following we will always
assume that the noise is given as £ = odW with W = W(x,t) a suitable Wiener
process and odW denoting its Stratonovich differential, cf. Definition [£.3] and
Definition [4.19

Stochastic mean curvature flow has been treated by different authors focusing
on different properties and using slightly different formulations. Among the first
works concerning SMCF is a work by Yip [Yip98], who allows certain smooth
anisotropies and colored white noise, i.e. noise which is white in time but smooth
in space. In order to approximate SMCF he proposes a time-stepping scheme
consisting of two computations in each time step. First, as in the unperturbed
situation the surface is updated using the well-known ATW scheme, cf. [ATW93]
and Section [2.5.3] The second step introduces the perturbation using a random
flow deforming the underlying space. It is proven that this scheme in the limit
At — 0 is tight and formally converges to SMCF. The regularity of the limit and
the rigorous identification of its evolution law is an open problem.

For spatially homogeneous noise, i.e. W = a8 with a® < 2 and 3 a real-valued
Brownian motion, and an additional additive deterministic forcing term one can
prove short-time existence of smooth solutions of SMCF, cf. [DLNO1]. In general
the existence time will be random and not bounded away from 0. This corresponds
to the fact that singularities can appear arbitrarily fast, cf. Section In case
of spatially homogeneous noise one can transform the SPDE that is fulfilled by
the signed distance function to a PDE with rough coefficients and apply a purely
deterministic theory to infer existence. As mentioned above, by sending o — 0
they infer a stochastic selection principle in situations where the unperturbed
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evolution is not unique. In addition, it is also proven that solutions are stable
under regularization of the noise.

This is related to the stochastic viscosity theory proposed by Lions and Sougani-
dis in [LS98al LS98b, [LS00a, [LSO0b]. An extrinsic definition of stochastic viscosity
solutions is obtained by taking the limit of regularizing the noise. It should be
noted that the stochastic viscosity theory is not widely adopted as the first works
were mostly announcing and a rigorous treatment is still an active field of re-
search with relations to rough path theory, cf. [MPS19] and [Soul9]. Nevertheless,
Souganidis and Yip [SY04] use this notation to analyze the existence of solutions of
the level set equation with spatially homogeneous noise and also prove a stochastic
selection principle.

In the case where the hypersurfaces are given as the graphs of a periodic function
uw: T x [0,T7] — R over the flat torus T", n € N, the corresponding equation
is a second-order SPDE, which has non-divergence form for n > 2 and is
perturbed by multiplicative non-linear gradient-dependent noise. This makes
difficult to treat. For example there is no abstract theory guaranteeing the
existence of solutions in arbitrary dimensions.

Only for n = 1, where MCF is referred to as curve shortening flow, the main
part of can be rewritten in order to infer a divergence-form equation

Ovu = 0y (arctan(dyu)) + /1 + |9ul?E. (1.2)

This structure is exploited by Es-Sarhir and von Renesse [ESvR12] in order to
prove existence of the stochastic curve shortening flow for spatially homogeneous
noise. In addition, they conjecture that one can extend their proof in order to
obtain an existence result for colored noise, i.e. £ = odW with W = W(x,t) a
Wiener process which is sufficiently regular in z. Furthermore, in the spatially
homogeneous noise case they show that at large times solutions of become
spatially constant and behave like the driving Brownian motion in time.
Building on the one-dimensional analysis a finite element approximation of
stochastic curve shortening flow is proposed, cf. [FLP14]. In order to derive
convergence of their scheme, the authors need H? regularity of solutions. Since
this regularity is not known for they add an additional viscosity term to the
equation and consider for € > 0 and «, § as above the viscous equation

du = £02u + 0, (arctan(dyu)) dt + ay/1 + |9,ul? o dB.

After proving convergence of their scheme, they employ it to simulate the large-
time behavior of solutions, consider a Monte-Carlo simulation of the Dirichlet
energy t — E [ |Vu(z,t)|?> dz, and simulate stochastic curve shortening flow with
colored and space-time white noise.

In the two-dimensional situation n = 2 graphical SMCF was treated
by Hofmanova, Roger and von Renesse [HRvR17]. The authors exploit the
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gradient-flow structure of unperturbed MCF and observe that a version of the
energy-dissipation inequality

2

(,t)\/1+ |Vu(z,t)|?>dedt

e [l R
gE/,/H Vao(2)[2 de

for the surface area is still valid in case of stochastic perturbations. In order to
approximate (1.1)) they propose for ¢ > 0, n > 0 and a? < 2 the higher-order
viscous equation

S —— Vu S —
_ K

(1.3)

As the term of highest order in is linear and elliptic and the perturbation
is of lower order, existence of mild solutions for this equation follows by the
well-known fixed point iteration and semigroup theory.

Using energy estimates similar to the energy-dissipation inequality they derive
bounds which are sufficiently uniform in n and ¢ in order to first pass to the limit
n — 0 and then to e — 0. In order to identify the limit for £ — 0 compensated
compactness and Young measure theory are involved. They conclude the existence
of martingale solutions of in a weak sense.

1.3. Results and structure

This work continues and extends the results of [HRvR17] in several aspects. In
the following, we will summarize our main results in terms of informal theorems
with a focus on readability. For each of these theorems we will refer to its rigorous
formulation in the subsequent chapters.

First, we generalize the existence result from n = 2 to arbitrary dimensions
n > 1. Note that considering the graphical situation is motivated by the fact that
the level set equation can be approximated by the graphical equation. Due to the
construction it is necessary to solve the graphical equation in one dimension higher
than the level set equation. That means that the result of [HRvR17] can only be
used to approximate SMCF of curves, whereas the physical relevant situation is
obtained for two-dimensional surfaces in R®. Furthermore, our existence result
also holds for colored noise. This is even new for the one-dimensional case where
it has been conjectured in [ESvRI2, Remark 3.4]. In particular, we will prove the
following theorem.



1. Introduction

Theorem 1.1 (cf. Theorem [.5). Under suitable assumptions on the initial
data ug € HY(T™) and the coefficients (¢;)ien C C®(T") there is a global-
in-time martingale solution u of where the noise is given as &(x,t) =
Sien ¢i(z) 0 dBY(t) with i.i.d. real-valued Brownian motions (8')ex-

For the proof of Theorem [I.1] we will show new a-priori estimates for energies of
the form &(t) = E [ f(Vu(z,t)) dz with properly chosen functions f, including
for example the Dirichlet energy recovered for f(p) = |p|?>. From these bounds
we will deduce H?(T") regularity of solutions, which allows us to give a stronger
notion of solution compared to [HRvR17].

So far, uniqueness of solutions for graphical SMCF is only known in the one-
dimensional case using the particular divergence form of the equation, cf. [ESvR12].
We give a stability and weak-strong uniqueness result, which implies uniqueness
of solutions under certain regularity assumptions for n > 1.

Theorem 1.2 (cf. Theorem[6.1). Let uy and uy be solutions of (L.1)) with colored
noise. When ui,us are sufficiently reqular then they will deviate at most expo-
nentially in time. If they coincide at time t = 0 they will coincide for all times
t>0.

Whether all solutions are sufficiently regular in order to apply Theorem
is still an open problem. However, we can give first regularity results under the
assumption that the noise is spatially homogeneous, i.e. £ = a o df with o? < 2.
The energy estimates imply a bound for the Lipschitz constant of solutions.

Theorem 1.3 (cf. Theorem [7.3)). For Lipschitz-continuous initial data uy a
solution w of (1.1) with spatially homogeneous noise is Lipschitz continuous for
all times and the Lipschitz constant does not increase over time.

Besides its importance for the regularity theory of solutions, Theorem [I.3] can
also be used to characterize the large-time behavior of solutions.

Theorem 1.4 (cf. Theorem [7.5)). For Lipschitz-continuous initial data uy a
solution u of (1.1)) at large times becomes spatially homogeneous and behaves like
the driving Brownian motion in time.

Theorem [T.4) generalizes a similar result from the one-dimensional case to higher
dimensions and improves the convergence in terms of a stronger topology. For
smooth solutions with small Lipschitz constant we will also prove a temporal
decay of higher derivatives.

Moreover, it turns out that our energy estimates are very robust and allow to
extend the existence and large-time results to graphical SMCF with respect to
smooth anisotropies with spatially homogeneous noise.

In order to prove the above theorems we use methods differing from those used
in [HRvR17]. In particular, we will use a new interpretation of graphical SMCF
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as a (degenerate) variational SPDE. To our knowledge this interpretation is
new even for the unperturbed model.

Variational SPDEs form a special class of SPDEs and correspond to what is
known as weak solution theory for deterministic PDEs.

The theory of variational SPDEs was initiated by the pioneering works of
Pardoux [Par75] and Viot [Vio76]. They develop in their respective theses two
different theories for variational SPDEs, one relying on the monotonicity of the
equation and the other on the compactness of a certain embedding. The approach
of Pardoux yields the existence and uniqueness of strong solutions, whereas the
theory of Viot only implies the existence of martingale solutions, i.e. solutions
which are weak in a stochastic sense, cf. Definition In both situations the
existence proof relies on a generalized 1t6 formula adapted to the variational
structure of the equation.

The approach of Pardoux was constantly continued [Par79, [Par87, MV88] and
later reviewed in the book by Prévot and Rockner [PRO7]. Viot’s theory attracted
less attention as it was mentioned in [MV88], which is besides [Par(07] one of few
works referring to it.

Nevertheless, in this work we will revisit Viot’s theory of variational SPDEs
with compact embedding and extend it such that SMCF in case of graphs can be
treated within this theory. For a detailed discussion about the differences between
our generalization and the results of [Vio76] and [Par07] we refer to Section
and Section [4.3]

In order to understand as a variational SPDE it is convenient to consider
the equation the gradient of a solution fulfills

/ Vu ——

This equation naturally has divergence-form and therefore can be understood
as an equation in a dual space, which corresponds to testing the equation with
sufficiently regular functions and using integration by parts. That means, that it
can be treated as a variational SPDE. It also is (degenerate) coercive, since the
coercivity is equivalent to the availability of an estimate for the Dirichlet energy
of solutions, which we have mentioned before. As the drift lacks monotonicity we
are not in the situation of the variational theory of Pardoux [Par75|] respectively
Prévot and Rockner [PROT]. Instead we have to work in the spirit of Viot’s thesis
[Vio76] and exploit the compactness of the embedding H?(T") ¢ H(T™).

A key ingredient of the variational approach is the approximation using a
Galerkin scheme. We propose a numerical scheme for graphical SMCF with
colored noise which mimics this discretization. As we are working in the Gelfand
triple H(T") C HY(T") ~ (H'(T"))’ C (H*(T™))’ this algorithm uses H?(T")-
compatible finite elements, which makes it different from previously considered
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numerical schemes for MCF and SMCEF.

The subsequent chapters are organized as follows. We start with two introduc-
tory chapters. In Chapter [2] we quickly introduce the unperturbed mean curvature
flow with some fundamental results, focusing on those results that motivate the
analysis in this work. Chapter [3] is devoted to a formal deduction of SMCF,
the corresponding level set equation and the graphical equation. Furthermore,
we derive evolution laws of certain differential geometric objects and give a first
example how to derive energy bounds.

In Chapter [4 we fix the notation for infinite dimensional stochastic evolution
equations and give a precise definition of Stratonovich integration in comparison
with It6 integration. Furthermore we extend the results of [Par75] and [Vio76]
about variational SPDEs. We apply this theory in Chapter [5]to prove Theorem [I.1]
i.e. the existence of a martingale solution of in the case of colored white
noise. For this, we first consider a viscous approximation, deduce existence from
an abstract existence result for variational SPDEs, prove uniform bounds for L?
norms of the gradient of solutions and finally pass to the limit with the viscous
term. The uniform bounds allow to identify the limit as a solution of .

Chapter [6] is devoted to the proof of a precise formulation of the weak-strong
uniqueness result Theorem [I.2] for the solutions we have constructed before. It is
an open question whether solutions are always regular enough in order to deduce
pathwise uniqueness.

In Chapter [7] we concentrate on the case of spatially homogeneous noise. In this
situation we will prove a maximum principle for the gradient of solutions implying
Theorem which is not reasonable for colored noise. As a consequence we can
prove the large time result Theorem [I.4] We also include the proof of a first result
into the direction of higher regularity of solutions. In particular we can prove
that the L? norm of higher derivatives decays in time under the assumption that
the Lipschitz constant of the initial data is small and the solution is smooth.

In Chapter 8| we describe the above mentioned discretization of graphical SMCF
which is motivated by the variational interpretation of . This algorithm is
used for Monte-Carlo simulations of the various energies that have been considered
in the existence proof.

We end with Chapter [9] where the existence proof from Chapter [f is extended
to smooth anisotropic geometries, with some shortcuts which are available due to
the restriction to spatially homogeneous noise.

Note that some of the results presented in this work already have been published
in a recent preprint [DHR19]. The introduction to variational SPDEs and the It6
formula from Section [4.2] are only slightly changed in comparison to the preprint,
for example we give a more general formulation of the It6 formula as we allow
Wiener processes with arbitrary covariance operator. The abstract existence
theorem for variational SPDEs in Section [4.3]is also part of that preprint. Here,
we deduce the existence theorem from a new abstract convergence result for
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SPDEs and give a more elaborated version of the proof.

The preprint [DHR19] is only concerned with spatially homogeneous noise.
The existence result for SMCF with colored noise in Chapter [5|is in the spirit
of the proof for spatially homogeneous noise presented in the preprint, but in
order to account for the more general situation where an a-priori bound for the
Lipschitz constant is not available, we have to employ a new strategy to find
suitable a-priori bounds for a solution. As a consequence, the existence result
presented here is more general even in case of spatially homogeneous noise as the
assumption on the initial data is less restrictive.

The maximum principle for the gradient as well as the large-time behavior of
solutions in case of spatially homogeneous noise in Chapter [7] already appeared in
[DHR19]. Here, we include a novel result on higher regularity of solutions.






2. Mean curvature flow

In this chapter we will review the theory of unperturbed mean curvature flow
with particular focus on those aspects that motivate the approach we take to
analyze stochastic mean curvature flow. The material in this chapter is mostly
taken from the monographs [Bell3], [Eck04] and [Sin10)].

Let (M¢)eo,r, T > 0, be a family of smooth properly embedded hyper-
surfaces in R"*! given by smooth immersions Fy : M — M; with respect to
a n-dimensional smooth manifold M without boundary. For the differential
geometry of hypersurfaces we refer to Appendix

We say that the family (M;) evolves according to mean curvature flow when
the normal velocity is equal to the mean curvature. This can be expressed in
terms of a differential equation for the immersions

O Fi(z) = Hy(z) Ve e M,0< t <T, (2.1)

where H,(z) is the mean curvature vector of My at Fy(z).

In the following, we will denote by V,, VMt and Apq, the tangential gradient,
the tangential divergence and the Laplace-Beltrami operator, respectively, with
respect to the differential structure of M;. For a definition of these objects
we again refer to Appendix [B] The corresponding objects with respect to the
Euclidean structure will be denoted without sub- and superscripts.

Since Ay, F; = H, we can rewrite [2.1) as 9,Fy(z) = Ay, Fi(z) and thus
emphasize the similarity to the heat equation. Note that the appearance of Axy,
makes this equation non-linear, but one can indeed show that is a parabolic
equation. Therefore, under suitable assumptions on the initial manifold, one
can deduce short-time existence of solutions, cf. [Sinl(, Theorem 4.1], [EH91],
Proposition 4.1] and the references therein.

Theorem 2.1. Let M be a smooth and compact n-dimensional manifold without
boundary and Fy a smooth immersion. Then (2.1)) has a unique smooth short-time
solution with initial condition My = Fy(M).

In [EH91, Proposition 4.2] it is proven that Theorem extends to non-
compact complete manifolds with a uniform local Lipschitz condition and bounded
curvature.

For a convex and compact hypersurface the mean curvature vector is pointing
inwards, hence mean curvature flow forces such a surface to shrink. The easiest
example is given by shrinking spheres.

11
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Example 2.2. We are interested in the evolution by MCF of a n-dimensional
sphere with radius rg > 0. As reference manifold we choose the unit sphere
M = S" C R together with the immersion Fy(r) == roz, x € M, and set
My = Fy(M) = roS™

Since solutions of the mean curvature flow are unique and the evolution is
invariant under rotations, we infer that by evolving the sphere we only change its
radius. Hence, the unique solution of can be written as Fy(z) = r(t)x with
r(0) = ro and M; = r(¢)S"™. To determine r(¢) we note that

= n
Ht(ﬂj) = —@IE7 WS S™.

Plugging this into (2.1)) yields

which has the unique solution r(t) = /73 — 2nt.

2
Therefore the sphere shrinks to a point at time T" = ;—%

It was proven by Huisken in [Hui84] that this behavior is shared among all
uniformly convex initial hypersurfaces.

Theorem 2.3 ([Hui84, Theorem 1.1]). Let Mg be a smooth, compact, uniformly
convez, properly embedded n-dimensional hypersurface in R"t1. Then the mazimal
existence time T > 0 for solutions of is finite and M, converges to a single
point fort — T.

For non-convex n-dimensional surfaces with n > 2 different singularities might
appear. A prominent example is given by two-dimensional dumbbell-shaped
surfaces, which we will construct in the next example following the presentation
of [Eck04].

D (<

Figure 2.1.: Mean curvature flow of a dumbbell-shaped surface.

Example 2.4. For notational convenience we will write points z € R3 as z =
(#,2) € R? x R. Let the hypersurface Mg C R3 be contained in a hyperboloid
and contain two disjoint spheres in its interior, i.e.

Mo € {o = (2,2) | 72> > 3 = 2} N {e | Jo — 20l = 1} N {ar | |+ 20l > 2}

12



2.1. Graphical case

with parameters € > 0, v € (0,1), 79 = (0,29) € R3, » > 0. For a MCF (M),
starting from Mg one can prove that a rescaled inclusion holds for ¢t > 0

M C{x=(2,2) | v22 > 2> =2+ 200 =t} n{z | |z £ z0* > 72 — 4t}

Note that the hyperboloid as well as the spheres shrink. An example is shown in
Figure For properly chosen parameters, the strongly curved neck dominates
the evolution such that a pinch off occurs before the inscribed spheres shrink to a
point. Beyond this singularity, a parametrization of the surface with respect to
the initial surface is not possible.

2.1. Graphical case

A particular interesting situation is the case where the initial hypersurface can
be written as the graph of a function u over some hyperplane in R**!, which we
without loss of generality always assume to be R™ x {0}. The mean curvature
flow of the graph of u corresponds to the following partial differential equation

Vu Vu - D2uVu
Ou=+/1+|Vu|?*V| —]— | = Ay — ——. 2.2
=y v < 1+|vu\2> RSN 22)

For the derivation of this equation we refer to Section [3.3] where we consider
the more general perturbed mean curvature flow, and Remark where the
differential geometry of graphs is introduced.

The evolution of a graph is studied in [EH89]. A crucial argument in their
analysis is the fact that the Lipschitz constant of w is preserved during the
evolution. To prove this, they use a non-compact maximum principle which we
will describe in Section The approach we take in the subsequent chapters is
similar. We refer to Example for more details about the gradient bound.

Once this bound is established one can prove uniform estimates for the second
fundamental form and its derivatives. Note that short-time existence for
follows with standard methods for parabolic equations. The uniform estimates
allow one to extend the solution for arbitrary times and therefore one can infer
the following existence result.

for u

Theorem 2.5 ([EH89, Theorem 4.6]). Let Mg be the graph of a Lipschitz-
continuous function u : R™ — R. Then there is a global-in-time solution (My)i>o

of (2.1) which is smooth fort > 0.

Furthermore, one can characterize the large-time behavior of the solution M:
When the height of M, stays bounded then M; converges to a plane. Otherwise,
after properly rescaling the manifolds, one can prove that asymptotically M;
behaves like an expanding selfsimilar solution of .

13



2. Mean curvature flow

2.2. Gradient flow structure of mean curvature flow

An interesting fact about mean curvature flow is its formal interpretation as the
gradient flow of the area functional. To recover this we first consider the first
variation of certain integrals over a manifold M.

Remark 2.6 (First variation of surface integral). Let M be a smooth properly
embedded hypersurface and ¥, € C°°(R"*!; R*"H1) diffeomorphisms for A > 0
and Wy = Id such that (¥))\>¢ is sufficiently smooth in A. Furthermore, we

define X := 8>\’ Uy and M) := Wy(M). For f € C°(R"*!) it holds that
A=0

O

. /Mkf:/MfVM~X+Vf‘X:/MVLf-X—fX-EI,

with V+ f denoting the normal projection of the gradient of f,i.e. V1 f =V f-vv.

Note that Remark [2.6] implies for a compact M and ¥, as above that

O\

M= [ xe
A=
Hence, after formally introducing the pseudo Riemannian structure on the space
of all hypersurfaces with the tangent space at a fixed hypersurface consisting of all
normal velocity fields together with the L? inner product as Riemannian metric,
we infer that —H is the gradient of the area functional M — | M| with respect to
this particular Riemannian structure. In particular is the gradient flow with
respect to the area functional.

Since the induced metric on the space of all hypersurfaces is identically 0, cf.
[MMO6], this does not allow us to directly apply the theory of gradient flows
to the mean curvature flow. Nevertheless, this interpretation motivates several
results about mean curvature flow. For example the interpretation as a gradient
flow yields the energy dissipation equality

oM == [ |

which indeed can be verified for solutions of (2.1]). During the next section there
will be more results that exploit the formal gradient flow structure.

2.3. Monotonicity formula and estimates

Another important consequence of Remark is Huisken’s (weighted) monotonic-
ity formula, c.f. [Eck04, Theorem 4.13].

14



2.4. Weak solutions

Remark 2.7 (Weighted monotonicity formula). Let ® : R**! x (—o0,0) — R,

1 |z
O(x,t) = mexp (475)

be the n-dimensional backward heat kernel in R"*! and D (g t0) (7, 1) == P(x —
xo,t — to) for zg € R and ty > 0.

Furthermore, let (M;) be a solution of and f:R""! x [0,00) = R be a
sufficiently smooth function such that all the integrals involved are finite. Then it
holds for all ¢ < ty that

at/ F®(2,10) :/ Of +H-Vf— A f—|H~ V e (a0 t0)
My ' My (I)(wo,to) ’
2
L V+o
d (zo,to)

= TS A f — [ H———1 f| Prat0)s

M, | 4 M D (20,10 (wo,t0)
(2.3)

where we use the notation

df=% (f(Fy(x),t) =0 f + H V.

The monotonicity formula for f = 1 was first proven by Huisken in [Hui90].
He applied it to complement Theorem [2.3] and Example 2:4] by characterizing the
singularities that might appear due to mean curvature flow for non-convex initial
data.

The weighted monotonicity formula with arbitrary f can be used to derive
a non-compact maximum principle for functions satisfying % f—2Amf <0,
cf. [Eck04, Proposition 4.27]. We refer to Example for more details.

2.4. Weak solutions

We have already seen in Theorem and Example that long-time existence
of classical solutions of can not be expected in the general case. As soon
as singularities appear and the topology of the hypersurface changes there is no
chance to have a classical solution. Nevertheless, there are several natural weak
formulations of trying to extend the notion of solution beyond singularities.
As we only give a few examples we refer to [Bell3] for a more exhaustive overview
over these theories.

One of these approaches was introduced in [Bra78] by Brakke. He considers
the mean curvature flow in the setting of varifolds, cf. [AIm66]. This notion of
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2. Mean curvature flow

solutions lacks uniqueness, but one can prove long-time existence and give partial
regularity results. We refer to the recent book [Tonl9] of Tonegawa which gives
an introduction to the theory of Brakke’s mean curvature flow.

2.4.1. Level set method

The level set method models the hypersurfaces My, t > 0, as level sets of a
time-dependent function f = f(z,¢). With the notation from Remark we
infer that all level sets of f evolve according to mean curvature flow if f solves
the partial differential equation

_ Vi Vf D*fVf
of = |Vf|V- (IW!) = A= g (2.4)

A detailed derivation of this equation can be found in Section [3.2}

Equation is degenerate parabolic and not well-defined for V f = 0. Nev-
ertheless, in [CGGI1] and at the same time in [ES91] this equation was treated
within the framework of viscosity theory yielding a unique viscosity solution of
(2.4). The downside of this notion of solution is the fact that the level sets of
f can develop an non-empty interior and therefore loose their interpretation as
surfaces. This corresponds to the non-uniqueness in the Brakke sense. For the
level set method this leads to so-called fattening and was already described in
[ES91].

In order to prove existence for the equation is approximated in [ES91] for
€ > 0 by the regularized equation

Vf-D*fVf

WEN T e

(2.5)

Note that (2.5 can be rewritten into the graphical equation (2.2]) by considering
U = % f. In order to pass to the limit € — 0 one has to infer estimates which are
uniform in &€ motivating a detailed study of the graphical case.

2.4.2. Diffuse interface approximation

In binary phase separation processes, MCF is often used to describe the motion
of a sharp interface separating two coexisting phases. A different approach is to
model the evolution not by a sharp interface but instead by a diffuse interface
described by a smooth function u : R"*! — [~1,1] where values close to +1
model two different phases with a rapid change between these two values at the
interface between the phases. The thickness of the interface is controlled by a
small parameter € > 0.

16



2.5. Numerical schemes

In this context the perimeter functional is approximated by the Van der Waals-
Cahn-Hilliard energy

P.(u) :=/Q§\WI2+2W(U)

with a suitable double-well potential W : R — R, for which W (2) = (1 — 22)? is
a typical choice. It is a famous result of Modica and Mortola [MMT77], [Mod87]
that P. converges to a constant times the perimeter functional, where the notion
of I-convergence with respect to the L' (2)-topology is used.

We have seen in Section that the mean curvature flow is the formal L2-
gradient flow of the perimeter functional. Formally, a diffuse approximation of
mean curvature flow can therefore be found by considering the L2-gradient flow of
the diffuse approximations P- of the perimeter functional. After properly rescaling
in time we infer the Allen-Cahn equation

edu = eAu + %W’(u) (2.6)

This equation allows to handle diffuse interfaces with topological changes. When
uf is a solution of it is reasonable to think of the zero level set of the sharp
interface limit lim._,o u® as a weak solution of mean curvature flow. For short
times and with smooth initial data this notion of solution coincides with the
classical mean curvature flow, cf. [dMS95]. When continuing the evolution beyond
singularities it is proven in [[Im93] and [ESS92] that under suitable assumptions
solutions with respect to Brakke’s notion and the level set notion can be recovered
as sharp interface limits.
For more details we refer to [Bell3|] and [Garl3].

2.5. Numerical schemes

Up to the time the first singularity appears, MCF can be expressed as a
parabolic PDE for the parametrization on a reference manifold M. For this
interpretation, a finite element scheme is described in [DDEQ5].

In the following we will focus on numerical schemes that simulate MCF beyond
the first singularity.

2.5.1. Finite element discretization of level set equation by
Deckelnick and Dziuk

In [DDO3] a finite element discretization for the graphical case (2.2]) and the level
set equation ([2.4]) is proposed.
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2. Mean curvature flow

Starting with a bounded domain 2 C R" equation (2.2)) is enriched with
Dirichlet boundary conditions, which we for simplicity assume to be 0. (2.2)) can
equivalently be written as

Vu-Vo
V1+[Vu]?

¢+

/Q VIt [VupP =0V¢ € Hy(Q). (2.7)

An important observation is the fact that the dissipation equality for the area is
still encoded in (2.7): by choosing ¢ = dyu we infer

Oyul?
J%wt/ J1+ Va2 =o.

Using piecewise polynomial finite elements in leads to a semi-discrete
problem which corresponds to a finite-dimensional nonlinear differential equation.
The fact that the dissipation equality is true for the semi-discrete model implies
long-time existence of solutions. By employing a semi-implicit time discretization
a fully-discretized problem is deduced, for which convergence can be proven.

Once the graphical case is studied, an algorithm for the level set equation ([2.4)
is proposed which uses the regularization described in . For this algorithm
convergence is proven in [DD03| for n = 2.

2.5.2. BMO scheme

A different algorithm was proposed by Bence, Merriman and Osher (BMO) in
[MBO92], which is particularly easy to implement. Starting with Mg given as
the boundary of a smooth set Ey C R"! i.e. My = 0Ey, and a time step size
7 > 0 one inductively constructs the approximating sequence (M7 );>o through

b = OFE[_ with E]_ = {u(, T) > %} and u solving the heat equation

du = Au in R"! x (0, 00)
- n+1
u‘t_ = XEj_,, mR
for k € N with EJ := Ejy and constant interpolation in between.

In [MBO92] there is a heuristic argument why the diffusion of the characteristic
function of a set on a small time scale behaves like the mean curvature flow. The
rigorous convergence in the sense of viscosity solutions is analyzed in [Eva93].
In [LO19] it is shown that the BMO algorithm can be understood as a mini-
mizing movement scheme in the sense of De Giorgi. Furthermore, a conditional
convergence result is presented.
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2.5. Numerical schemes

2.5.3. ATW algorithm

Another algorithm emphasizing the gradient flow character of mean curvature flow
was described by Almgren, Taylor and Wang in [ATW93]. Again, with a time
step size 7 > 0 and an initial hypersurface My = 0Ej it constructs a piecewise
constant sequence M7 = OFE] by iteratively minimizing

1
E— |0F| + - dist(-, OE_,).
T JEAE] ,

In [LLS95] a conditional convergence result for this scheme is proven.

2.5.4. Diffuse approximation

The diffuse approximation of MCF through the Allen-Cahn equation can be
used to implement numerical schemes to approximate MCF. For fixed thickness of
the interface € > 0 the Allen-Cahn equation is a parabolic equation of divergence
form. The weak formulation of

1
/8tug0+/Vu'Vg0:—2/ W'(u)p Vo € C(Q)
Q Q e Ja

together with initial and boundary values for w allows for a natural finite element
discretization, cf. [FP03, DDEO5|] and the references therein. Using arguments
adapted to the special structure of the problem one can prove finite element error
bounds of polynomial order in % and convergence of the scheme for fixed € > 0 to
the Allen-Cahn equation as well as for ¢ — 0 convergence of the zero level set to

MCF.
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3. Derivation of SMCF and formal
considerations

3.1. Parameterized SMCF

Similar to Chapter [2l we consider an evolution (M¢).ejo,7), T > 0, of smooth
properly embedded hypersurfaces in R"*! given by smooth immersions Fj :
M — M, C R with respect to a n-dimensional smooth manifold M without
boundary.

We say that the family (M;): evolves according to stochastic mean curvature
flow if the immersions formally fulfill the stochastic differential equation

dFy(2) = Hy(z) dt + > oi(Fi(z))ve(z) o dBL, (3.1)
l

where H,(z) is the mean curvature vector of My at Fy(z) and vy (z) is a unit
normal on M; at Fy(z). Furthermore (Wy)m>0 = (3 jen @18 >0 denotes an
infinite-dimensional Wiener process with (8});>0 being independent real-valued
Brownian motions and ¢; : R""! — R space-dependent functions, which we
will specify later. The integration odj! should formally be understood as a
Stratonovich integral. To abbreviate the notation we will also write o dW for the
Stratonovich integral against 3, ¢;3! when there is no ambiguity for the argument
of ;. In this chapter we will stay at a formal level, while rigorous arguments will
follow in the subsequent chapters.

3.1.1. Formal derivation of evolution laws for geometric
quantities

We would like to derive stochastic differential equations describing the evolution
of geometric quantities in the situation where the immersions fulfills . We
will use the fact that formally the chain rule applies to SPDEs with Stratonovich
noise. The approach we take here is similar to the one in [Eck04, Appendix B]
for deterministic MCF.

Let I : Q — M be a smooth local parametrization of M for some open set
Q) C R™ Then, on a possibly smaller open set which we again denote by (2,
F,o F:Q — M, is a smooth local parametrization of M;. Since the following
arguments are purely local we can identify F; o F' with F; and think of it as a map
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3. Derivation of SMCF and formal considerations

F; - Q — M;. Equation still holds for F;. In the following we will suppress
the dependency of F; and the geometric quantities on the time parameter ¢t and
simply write F' for the parametrization.

For the notation we refer to Appendix

Remark 3.1 (Evolution of the metric). We will start by deriving the evolution
law of the metric g. Using v - 9;F = 0 we infer

dgij = 261' (O dF) . ajF
=2HO;v - OjF dt + 20;v - 8]-F odW
where H and A denote the scalar mean curvature and the second fundamental

form, respectively.
For the inverse metric it holds that

dg" = —g~'(odg)g~"
= 9HAY dt + 2AY o dW.

Remark 3.2 (Evolution of the area element). For the area element /g we
calculate

9. [
dﬁz%tr(g 1odg)
= —/gH*dt — \/gH o dW.

Remark 3.3 (Evolution of the unit normal field). For the unit normal field v
we have v - 9;F = 0 for all i. Hence,

odu-@iF: —V-ai(odF)

=—0;Hdt —> p0df
l

= —0;H dt — odo;W.

Furthermore |v| = 1, hence 0 = d|v|> = v - odv. Thus dv is a tangent vector,
which is completely determined by odv - 9;F":

dv = =V, Hdt =Y V¢ 0ds
l

= —-Vum, Hdt —odVp, W.

Remark 3.4 (Rewriting the SMCF into It6 formulation). Once we have derived
the evolution law for the unit normal field v we can rewrite (3.1)) into its It
formulation. For this, we need to compute the It6-Stratonovich correction term,
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3.1. Parameterized SMCF

which we will introduce in detail in Definition [£.19] In Remark [£:20| we give a
general rule how to find the correction term.

In the situation of we need to compute the evolution law of ¢;(F'(z))v(z).
In particular, we are only interested in that part of the evolution law that is given
as a stochastic integral with respect to 8'. For a more detailed explanation we
refer to Example [4:21] where we will revisit this particular example.

Using the classical chain rule, we find

d(@i(F(x))v(z)) = rodv+ (Vi - (cdF)) v

:...dt-i-z...odﬂk—ngVMthl—i-gOlVng‘VI/od,Bl
Al

= .dt+ > . 0dBF — o (V)" + o (V) odf,
kAl

where (V)T is a different notation for the tangential gradient of ¢; and (V;)*
denotes the normal projection of the gradient of ;.
This implies

L1
dF=H-3)" (20 (V)" = (Vi) ) dt + v dw. (3.2)
l

Note that when W = o with « constant and 8 a real-valued Brownian motion,
which we will refer to as the case of spatially homogeneous noise, we infer

dF = Hdt + avodB = Hdt + avdp.

Remark 3.5 (About geometric SPDEs). In case of deterministic evolution of
surfaces, it is common to describe the evolution only in terms of the normal
velocity of the surface. To make this precise, let (F;); be a family of smooth
immersions of properly embedded hypersurfaces (M;); in R"*! with respect to a
smooth manifold M.

The normal velocity Vi(x) of My in Fi(x) is defined as

‘/t(ﬂf) = 8tFt(.1') . Z/t(x).

A different definition of deterministic mean curvature flow is characterized by the
scalar equation

V=4, (3.3)

where we again suppress the dependence of V and H on x and t.
Note that (3.3) does not imply that (F}); solves the vector-valued equation

OF =H, (3.4)
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3. Derivation of SMCF and formal considerations

but
OF = H + (9,F)7,

where (0;F)7 denotes the tangential part of 9, F.

One can prove that is up to tangential diffeomorphisms equivalent to
(3-4), cf. [Eck04, Remark 2.2].

In case of stochastic mean curvature flow, the situation is slightly more involved.
First we note that is a vector-valued evolution law into normal direction.
We have seen in the previous Remark that this is not true for the equivalent
It6 formulation , where the tangential term (chl)T appears.

This shows that a purely normal evolution of surfaces in the sense Stratonovich
does not have to be a purely normal evolution in the sense of It6 and the other
way around.

Nevertheless, when immersions (F )t as above are given with

dF = pdt + o o dW,

where p and o are sufficiently regular and have the right normal components
i-v=H and ¢ -v =1, we can mimic the idea of the deterministic counterpart
[Eck04, Remark 2.2] in order to formally infer a solution of the vector-valued
parameterized SMCF (3.1]).

For this, let Fy(z) :== Fy(¢¢(x)) with diffeomorphisms v; : M — M which we
have to specify. We compute

dF = dF + DF o dy.
As we want to solve ({3.1]), we are looking for v solving ¢y = Idy( and
DF(¢y(x)) o dy(w) = —pu (¢e(x)) dt — o (1hi(x)) 0 AW,

with 7 and 0T~the tangential components of  and ¢. Since F is an immersion,
we infer that DFy(yy(z)) : Ty, ()M — T, 4y ()M is a bijection and therefore

dy(x) = — (DF (i) wf (@) dt — (DF, () of (u(x)) o AWV
Let

' pl(z) and  b(t,z) = — (DFt(I))_l ol (z).

a(t,z) = — (DFt(az))
With this notation the equation for ¢;(x) becomes

dr(z) = a(t, Yy (2)) dt + b(t, Yy (2)) o dW.
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3.1. Parameterized SMCF

This is for fixed x € M a finite-dimensional stochastic differential equation on the
manifold M. The fact that a(t, ;) and b(t, ;) are tangential and the perturbation
is in the sense of Stratonovich implies that any solution () is indeed an element
of M. For the theory of SDEs on manifolds we refer to [EIw82] and [RW00.
Under suitable assumptions on p, o, F and W that guarantee the existence of a
solution 1, we find that F' is a solution of .

Remark 3.6 (Evolution of the second fundamental form). For the second funda-
mental form we calculate

dAjj = d(9ijF - v) = 945(cdF) - v + 9 F - odv
= 8Z]ﬁ UV — BijF -V, H dt + Zalj (Spl]/) U= aijF -V, Od,Bl
l

= (9in + Haijv V- @'jF -V, H dt
+ > 0ijor+ @idiv v — 0 F - Va0 dB!
1

= VYUV H + Hoyy - vdt + Y Vg + @iy - v o A
l
= VUV H — HAg AR dt + 3 VYV g — 0 Ay AF 0 4!
l
= VYUV H — HA A dt + 0 dVYU VW — A Af o dW.
Furthermore we have

dA! = odg™ Ay + g™ o dAy;
= HA® Ay + Vi, VY H dt + 0 AV}, VYW + A% Ay 0 dW

and
dAY = 3HA™A] + Vi, Vi, H dt +0dVj,, Vi, W + 3A™ A] o dW.
Similar to [Eck04, Appendix B] this implies
dH = dA' = Ay, H + H|AP dt 4+ o dAy, W + |A]? o dW
and

d|A]* = 24} 0 dA!
= Ay, | A2+ 2|41 — 2| VM A2 de
+2A% 0 AV, VYW + 245 ATF Ay o AW
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3. Derivation of SMCF and formal considerations

3.2. Level set equation

We have seen in Section that in the theory of deterministic mean cur-
vature flow the level set method was introduced to consider topology changes.
Similar to the deterministic theory we consider here a time-dependent function
f R x [0,T] — R and ask under which conditions on f the level sets of f
evolve according to . For the differential geometry of level sets we refer to

Remark [B.10l

Let A € R and M == {p € R"" | f(p,0) = A}. Let (M;); be an evolution of
M with corresponding immersions (F}); with respect to the manifold My. The
manifold M; and f should be compatible in the sense that f(Fi(z),t) = A for all
x € My, t € [0,T]. Formally differentiating this equation by using the chain rule
yields

0= df(Ft(fL‘),t) + Vf(Ft(SE),t) . (O dFt(fL‘)) .

Hence,

—

df (Fu(@),t) = =V f(Fi(2),t) - (H(w,t) dt + v(x,t) o AW (Fy(x), 1))

Using the same normal vector for M; = {p € R"™! | f(p,t) = A} as in Re-
mark [B.10] we infer

_ _ViE@.Y) P 7 (COR
N (Te ) I V<|Vf<-,t>\>(Ft( )

Hence,

_ z g Vf(,t) T
df (Fi(x),t) = |V F(Fy (@), DIV (,W(_,t),) (Fy()) dt

+ [V (Fi(x), t)] o AW (Fi(x), 1).
And since this should hold for all level sets of f we infer that

_ (N o
df = |Vf|V (vﬂ) At + |V f] o dW. (3.5)

By expanding W = 3, ;8" we can rewrite (3.5) to

Vf
df(p,t) = |V f(p,t)|V- (IWI) (p,t)dt+ > u(p)|Vf(p,t)] o dB".
!
We will call (3.5) the level set equation.
Note that one can not easily reconstruct a solution of the parameterized
stochastic mean curvature flow (3.1]) from the level set mean curvature flow.
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3.2. Level set equation

Remark 3.7. The level set equation can also be derived from the It6
formulation of the equation for the immersions. With the notation from
above and assuming that f is smooth in the spatial component, we compute the
Taylor approximation

0= f(Ft(m)vt) - f(Fo(l‘),O)
= [(Fola).t) ~ F(Fo(a).0) + Vf(Fy(a).0)- (Fy(x) — Fo(a)
+ 3 (Ble) ~ Fo(w) - D[ (Fo(a), 1) (Fi(a) — Foa)
+ol|Eia) ~ Fo(a)).

f(FO(x)vt) - f(Fo(x),O) - —Vf(Fo(l’),t) ) (Ft(x) - FO(‘T»
1

=5 (Filz) = Fo()) - D?f(Fy(x),t) (Fy(x) — Fo(x)) (3.6)

+o(|Fy(x) — Fo(z)[?).

Since we would like to have on the right hand side of the above equations only f
evaluated at time 0 we rewrite it to

f(Fo(l'),t) - f(FO(‘r)?O) == (Vf(Fo(l'),t) - Vf(F[)(CC),O)) ’ (Ft(x) - F()(x))
= Vf(Fo(2),0) - (Fi(x) — Fo())

~ S (Fa) — Fo(@) - (D4 (Fo(z), 1) ~ D (Fo(w), 0)) (Fi(a) — Fo())

1

~ 3 (Fi(x) — Fo(z)) - D*f(Fo(),0) (Fi(z) — Fo(z))

+o(|Fy(x) = Fo() ).
Now, note that by (3.6))

VI (Fo(x),t) = Vf(Fo(x),0) = =D f(Fy(x), t) (Fy(x) — Fo(x))
( (FtoF " (Fo(x —Id)Vf(Fo() £)

(
N

+o<|Ft<> Fo(x)|)

= —D*f(Fy(x),t) (Fy(z) — Fo(x))
N

T
( (FtoFO Fo(z —Id) V f(Fo(z),0)
+o(|Fy(x) — Fo(2)]).
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3. Derivation of SMCF and formal considerations

We therefore infer
f(Fo(x),t) = f(Fo(x),0) = =V f(Fo(x),0) - (Fi(x) — Fo(x))
+ 3 (Fila) — Fofa) - D2 (Fol), 0) (Fi(a) — Fo(@))
+ Vf(Fy(x),0) - (D (FioFyt) (Fo(w) - Id) (Fi(z) — Fo(x))
+o(|Fy(x) — Fo(z) ).

Hence, similarly to how the It6 formula is proven in the one-dimensional case,
this implies

df(Ft(l')’t):_vf(Ft( ) ) H({L‘,t)

+ Vf (Fi(z Zw (Fi(z (VT<Pl(Ft($)) - VL@Z(Ft(ﬂU)))
+3 Z@z (Fi(2))v(z,t) - D f(Fy(x), t)v(z,1)

+ VI (@) S e (el (F ), 1) (e, t) dt

‘ y=F(z)
_vf(Ft( )7 ) (xvt)dW(Ft( )7t)'

Using the representation of v and H in terms of f we infer

Vi

1
- §Z¢1V<Pl -V f

VDXV
T3 Z N

+ thlVLpl -V fdt
l
+ |V f]dW.
Hence, the It6 formulation of the level set equation is
Vi 2 Vf-D*fVf
= |VfIV- + Vo - Vf+ o ———==5— | dt
+ |V f|dW.

(3.7)

One could also have started with (3.5) and deduce the Ité formulation ([3.7)
without referring to (3.2)).
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3.2. Level set equation

Remark 3.8. Note that and are invariant under reparametrizations.

For this, let 1 : R — R be smooth with ¢/ > 0 and ¢ := ¢ o f with f a solution

of , which is equivalent to . Note that we assume that 1 is not only

an injection but also does not change the orientation of the level sets. This is

necessary, since the sign of the perturbation in changes with the orientation.
Using the classical chain rule, we infer

Vf
IV /]

= |Vg|V'< V9 ) dt + |Vg| o dW,

dg - w’(f)\VfIV( )mm( )|V f] o dw

Vgl

which is the Stratonovich formulation of the level set equation for g.

Thus, as the Itd formulation of a Stratonovich SPDE that is invariant
under reparametrizations itself has to be invariant. We can also give a direct proof
of this invariance using the It6 formula, which we will introduce in Proposition [£.24]
The It6 formula states that the evolution law of ¢ in its It6 formulation consists
of those terms that stem from the classical chain rule applied to (3.7) plus the
additional term 4" ()7 |V f|? dt, i.e.

_ Vf 2Vf D*fV f
dg = ( ) <|Vf|v <|Vf|> +35 Z (@lv@l Vite |vf|2 ))

+ WGV P A+ (f)|[V | W
[

—_

2
Note that

D?g = ¢/'(f)D*f + " (H)Vf & VT,

where Vf ® V f € R"™" denotes the matrix (0;f0;f);;. Thus,

Vg-D*Vg , . Vf-D*fVf 5
00 ()~ = (VA
E V'(f) NIk (NHIV]
This implies
Vg 1 Vg D%V
dg = |[Vg|V- <|V > 3 < Ve - V9+4P29|V|gg> dt + [Vg[dW

and g is a solution of (3.7)).
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3. Derivation of SMCF and formal considerations

3.3. Graphs

Similarly to the level set case one can consider the situation where the manifold
is given as the graph of a function w.

For uw : R" x [0,T] — R we look for conditions on w such that the graphs
of u(-,t) evolve according to stochastic mean curvature flow. Let M = R",
Fo(z) = (x,u(x,0)) and (F;) be a solution of the equation with respect to
the manifold M and assume that M; = graphu(-,¢). To abbreviate the notation
we will write Fy(z) = (y(x), z¢(x)) € R™ x R. Hence,

u(ye(x), 1) = z(w).
Formally applying the chain rule to this equation yields
du(ye(z),t) + Vu(yi(x),t) - (ody(z)) = dze(x).
With this gives
du(ys(x),t) = —Vu(y(x), ) - (ﬁl """ " )b+ (i f) o dW(Ft(x),t)>
+ A @) At £ v (@, 1) o AW (Fy(2), 1),

We will use the notation introduced in Remark [B.9] with the same choice of a unit
normal field at My, in particular we will abbreviate

Qp) = W and v(p) = Q](jp) for p € R”

such that

o 1 ~Vulp(a), 1
(1) Q(Vu@t(x),t))( 1 )

With this choice we infer for the mean curvature

H(w,t) = V-(v(Va)) (ye(2), 1)

Hence,
du(yi(z),t) = Q(Vu(ylt(:v) ) <|Vu(yt(m),t)|2 + 1) V- (v(Va)) (yi(x), ¢) dt
+ Q) (Va0 0P +1) e W (R ).

= Q(Vu(yi(2), 1)) V- (v(Vu)) (ye(), t) dt
+ Q(Vu(y:(z),t)) o AW (Fy(),1).
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3.4. Spheres

Since this should hold for all z € R™, we infer

du = Q(Vu)V-(v(Vu)) dt + > Q(Vu)py (-, u) o df". (3.8)
l

Hence, the stochastic mean curvature flow of graphs is characterized by (3.8)).
For a solution u of (3.8)) one can consider the canonical graph parametrization
given by M = R" and

Fy(z) = (u(m,t)) , T € M. (3.9)

For this parametrization it holds that

0
A= (Q(Vu)v- (v(Vw) dt + 5, Q) (F) o dﬂl> |

Hence, F; does not move into normal direction in its Stratonovich formulation
and therefore is not a solution of (3.1]). Nevertheless, as in Remark the normal
component of dF; has the right structure

odFy(z) - v(z,t) = V-(v(Vu)) dt + > ¢(Fy) o dg’
I

= Hdt+odW.

3.4. Spheres

In this section we show how Example extends to stochastic mean curvature flow.
For this we consider a sphere My = M = 9B(0,79) C R"*! with radius ro > 0
and Fy = Id. Furthermore we will assume that we have spatially homogeneous
noise, i.e. the Wiener process W has the structure

W(z,t) = af(t)

with o € R and § a real-valued Brownian motion.
Because of the symmetry of (3.1) it is reasonable to assume that we can find a
solution of (3.1]) which has the form

with a stochastic process r and 7(0) = r. Plugging this Ansatz into (3.1]) yields

d 1
L " At —zodW.
To ror o
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3. Derivation of SMCF and formal considerations

1.4
Deterministic evolution, i.e. & =0
Sample path for a = 1

12 Sample path for o =1
Sample path for o =1

1.0

0.0 0.1 0.2 0.3 0.4 0.5

Figure 3.1.: Simulation of (3.10) using Euler-Maruyama scheme, cf. 9.1],
with 7o = 1 and n = 2. Once r(tg) = 0 is reached the evolution is
continued by r(t) = 0 for ¢t > tg.

Hence, the radius of a sphere evolves according to the stochastic differential
equation

dr=-"dt +aodf=-"dt + adg. (3.10)
T T

Equation (3.10|) defines a Bessel process r with negative index. For the theory of
Bessel processes we refer to [GIY03] and the references therein. A simulation of

(3.10]) is shown in Figure fora =0and a = 1.

3.5. Huisken’s weighted monotonicity formula

In this section we want to derive a monotonicity formula for stochastic mean
curvature flow which generalizes Huisken’s weighted monotonicity formula from
Section 2.3

We will start be deriving a formula which holds for the most general form of
and later we will focus on the case of spatially homogeneous noise.

Remark 3.9 (Weak formulation of stochastic mean curvature flow). Let (M),
be a solution of stochastic mean curvature flow with corresponding immersions
(Fy): with respect to M solving (3.1)).

Let p : R"*1 x[0,00) — R be a time-dependent (deterministic) smooth test func-
tion. Integration over M; can be expressed using a smooth local parametrization,
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3.5. Huisken’s weighted monotonicity formula

cf. [Leel8, 2.31]. For simplicity we assume that we can find a global parametriza-
tion of M; with respect to an open set 2 C R", which we will again denote
by F; as in Section [3.1.1] The general case can be recovered by using local
parametrizations and a smooth partition of unity. We assume that all integrals
appearing in the following computations are finite.

Using the evolution laws from Section [3.1.1] we infer

af p=a( [ E@.0\/s 0 )

M (3.11)

= [(8tp+Vp-FI—pH2)dt—l—(Vp-u—pH)odW .
My

Note that here and in the following we will compute integrals over the space
variable x without explicitly stating that we are integrating over x. Furthermore
we will continue to write dt, dW and odW as a shorthand notation for the
deterministic integral, the It integral and the Stratonovich integral, respectively.
In addition, we are always integrating all terms in front of these differentials as
long as no other differential with respect to the time variable appears. In the
above examples this means that the term

dp+Vp-H—pH>dt +Vp-v—pH odW
My

is an abbreviation for the process

T /T < Oip(Fy(x),t) + Vp(Fi(x),1) - Hi(z) — p(Fi(x), 1) Hf () dac) dt
0 My

T
+ /0 ( Vp(Ft(a:),t)-Vt(x)—p(Ft(x),t)Ht(x)dx>odW(t).

Mz

For the It6-Stratonovich correction of (3.11) we calculate

d(/Mt(Vp-l/—pH)tpl) :...dt+kzﬂ...od5’“

+ " (V-DQPVW —Vp'ﬁer(Vp-V—pH)Vsoz-V—Vp-VMm) @1
t

+ [, (Vev—pH) el H = poy (Avpr + il APP) 0 B,
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3. Derivation of SMCF and formal considerations

Hence,

2
d pz/ {(atpﬂt(l—ﬁ)vpﬂ—(l—%) pH>
M; M 2

2 1 1 ., 1
+ %ll/ -D?pv + §VLP Voo — 5PV Hor= 5V p- Vi, pip

— 5PAM e = il Al )t
+ (@p-v—pH) dW].

By taking the expectation and formally using that the It integral is a martingale
under appropriate assumptions, we infer

of -5 oo =5[],

2

oo+ (1— })Vp- H - (1 i ) pH’

+ % -D?pv + VLp Voo — fstOz He — VMtp VYR
1 1
— 5P e — 5 pet AP
Using
Vp = [ —vM.v,= / Ap+v-Dpw
My M My
as well as

/ PAM, P10 = —/ Ve - Varorer + |V, o)
M, My

we end up with

of -5, oo =5[],

2 2
1 _,
— (1 — @z) pH? — (1 — 90[) v-D%pv + nglVL@l . (VLp—pH>

2 2

1 1
+ §ﬂ\VMt¢ll2 - §PSDZ2\A|2
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3.5. Huisken’s weighted monotonicity formula

which can be further simplified to

V4ol
E p(-,T)—E/ o E// Oup + Ap +
M Mo P
2 2 1 1|2
4 2 ' = Vop oV
—(1-2L) . D% [1- 2L p|H -
< 2>V 7 < 2>p o a-2gd

4] WLWF

P16 82

1
+ pl V. o? —§p<pz|Al2

For positive p and ) ; 9012 < 2 the last four terms are either negative or can be
controlled by Gronwall’s inequality. The first four terms contain higher derivatives
of p. Note that in Huisken’s monotonicity formula for deterministic MFC the
corresponding terms do not appear due to the particular choice of p. In order to
generalize the monotonicity formula to SMCF, we are looking for p solving

2\ (L2 2
8tp+Ap+<1—<'02[>|pp|— 1—% v-D?pv = 0.

Without assuming some special structure of the noise coefficients (¢;) this equation
in general only has p = const. as a solution. In the next remark, we will
construct non-trivial solutions p under the assumption that the noise is spatially
homogeneous.

Remark 3.10 (Monotonicity formula for spatially homogeneous noise). Addi-
tionally to the assumptions of Remark we will assume that the Wiener process
is spatially homogeneous, i.e. W = af3, with o < 2 and 3 a real-valued Brownian
motion. Under this assumption the conclusion from Remark reduces to

vL
Ef p IE/ E// 8tP+Ap+< >| pp‘
a2 az — VJ‘[)2 1
—(1—)V~D2p1/—<1—>pH— — Spa®APP|dt
2 2 p 2

To find a good candidate for p we set A =1 — %2 and make the Ansatz

— v -D?p(z,t)v =0 (3.12)

|2
0ip(2,1) + Ap(2,1) + )\W

p(z,)

which should hold for all z € R""! ¢ € [0,00) and v € R"! with |v| = 1. Note
that in ([3.12) the differential operators V, A and D? are with respect to z.
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3. Derivation of SMCF and formal considerations

The Ansatz (3.12) implies that the value of v - D?p(z, t)v — % does not
depend on v, hence

D?(log(p)) (2,t) = y(t)1d

with a function v : [0,00) — R. We infer for p
1 2
(z.0) = (0 exp ( 3(0)]z — =l

with 29 € R""! and C : [0,00) — R. For C and 7 we find with (3.12) the

equations

1
57/ +~%=0and

!/

%+(n+1)'y—)\’y:O.

Solving these equations yields two kinds of solutions, either
p(z,t) = const.
or for zp € R and ¢ty > 0
p(z,t) = copzo.to (2, 1)
with a constant ¢y € R and

1 I 41
pzo,to(zat) = T € -1 ze Rt e [O,to).

(dr(ty — 1))

In the subsequent chapters we will only use the constant kernel as we are working

on compact hypersurfaces and do not need the kernel to decay. In more general

situations the kernels p., ;, might be useful to handle unbounded hypersurfaces.
Note that

A—1

Pzo,to (Za t) = (47T(t0 - t))T D20.t0 (Z, t)

with ®,, ;, as in Huisken’s monotonicity formula for the unperturbed MCF a
translation of the n-dimensional backward heat kernel in R"*!, cf. Remark
Hence,

2
L

T 1
EH"(Mr) — EH"(Mg) + IE/ / < ) H? + ~a?|A]2Pdt =0
0 My 2 2
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3.5. Huisken’s weighted monotonicity formula

and for T <ty

E/ pZo,to('vT) - IE/ p207t0('70)
M Mo

1 a? (zo—p)-y 2 1
+E 1—— H——-— | += a?|Al?
/o [/Mt ( 2 ) Pzo.to < 2(to — t) 2on,t0 4]

especially for a? < 2

dt =0,

EH"(M7p) < EH" (M) and
E[  putn TV SE [ prial0)
Mt Mo

Remark 3.11 (Weighted monotonicity formula for spatially homogeneous noise).
In the situation of Remark we consider a stochastic process 1) > 0 of functions
on 2. We assume that 1 has the decomposition

dy(z,t) = Pz, t) dt + arhy(x,t) o dfy,

which can be equivalently written as

2
dup = ¥ + oo dt + atiy 4B,

Furthermore let p > 0 be one of the kernels found in Remark We infer
d(/ ml)) = / () (8tp+Vp-fl—pH2) + pt dt
My My

+ayVp v —appH + apips o df

For the Ito-Stratonovich correction terms we calculate
d(/ ¢Vp-u—p¢H+p¢U> =...dt
My
v [ DPou 4 20,0 v 6¥p- B~ pogH — pUIAR + piing
My

—a/ (WVp v — pyH + piby) H o dB.
M

Hence,

d</Mt p1/1> = /M;b (8tp+ (1 —oz2) Vp-H— (1 O;2> pH2+O;2V-D2py)

Oé2

2
«
+ o+ @Yo Vp v — &P pvoH + < ploe — - pu| AP dt

+ayVp v —appH + apps dB.
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3. Derivation of SMCF and formal considerations

We will continue only with the finite variation part of the above equation which
we will denote by (f/\/lz pv,b) , i.e.
“w

</Mtpw>u = /Mtw (&p—i— <1 — a2) Vp- H— (1 — O;) pH? + O;QV . D2,0y)

a2

2
!
+ pty + Yo Vp v — P poo H + ?P@ZJUU - ?p¢|A|2~
By using the properties of p derived in Remark in particular (3.12)), we find

2
</ P%b) =/w(—Ap—Vp‘ﬁ—l—V-szy—(1—a2>p<ﬁ—va>)
Mt L Mt 2 p

a2

2
«
+ P%L + O‘2'¢va V= 042P¢0H + ?pwaa - ?PQMA’Q

We integrate by parts and complete the square to infer

2 1\ 2 1
(L) (o i ()
M " Mz 1% P

OéQ 042
+p @Z)M - AM,:U) + 77/)@ - 2¢|A|2>

_ a? . Vip a1, ?
L (-5 (7T )

o o? 2 atyy
Yu = At + S0 — S YIA] + (4_2agw> :

Hence,

E /Mt o

is decreasing if

4,/,2
Py

=2 ="

a2 a2
¢M - AMtw + 7%0 - 7¢‘A|2 +

Example 3.12 (Gradient estimates in the graphical case). Let us additionally
assume that M; is the graph of a function. We want to show that one can argue
similar to [EH89, Section 3| to deduce bounds for the gradient.
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3.5. Huisken’s weighted monotonicity formula

Since M, is a graph there is a w € R™™! such that v-w > 0. From Remark
we deduce for ¢ = ﬁ that

dyp = p*w - Vg, H dt.

Note that 1 solves the same equation as in the deterministic case. Since J;v is a
tangent vector it is completely determined by A;; = —0;F - ;v and we infer

Ojv = —ALO,F
implying
Vig,v = —AN O F.

Using the Codazzi equations, cf. [Leel8, Chapter 8], we infer for the Laplace-
Beltrami operator applied component-wise to v

A, v = =V, H — |APv.
Hence,
A = —PBpqyv - w + 20% |w - Vg, vf?
= PV H - w+ PlAP + 207 [Vag vl
This implies

A = Apg, ¥ — Y|AP? — 207 [V 00 dt

and with the notation from above

w# - AM#/J - TNA\Z - 2¢71‘VMt¢|2 < AM#%
% =0,
Voo = 0.

Therefore E [,,, pt is decreasing.
Let U = f(¢) with a convex, increasing non-negative function f. It holds that

Uy = b= D, ¥ = fOIAP = @7+ VMgl < An ¥,
\I,O' = 07
Vo = 0.
Hence E [ M, PY is also decreasing. Since this holds for all such f, we conclude
that esssup ¢ (w, z,t) < esssupg, ; ¥ (@, 7,0). We will make this argument rigorous

in Chapter [7] to deduce a maximum principle for the gradient in the graphical
case.
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4. Stochastic evolution equations in
infinite dimensions

4.1. Stochastic integration

We present the theory of stochastic integration in infinite dimensional Hilbert
spaces. Our main reference is [DPZ14].

Definition 4.1. Let (2, F,P) be a probability space and I = [0,T] with T' < co
or [ =[0,00). A system (F)ier with F; C F is called a filtration on (2, F,P) if
Ft is a g-algebra and F; C F; for all s,t € I with t < s.

A filtration (F;).er is called a normal filtration if

o it is complete with respect to F, i.e. A € Fy for all A € F with P(4) =0
and

e it is right-continuous, i.e.

Fi = ﬂ]:s Vte I, t <supl.

s>t

For a filtration (F¢)ier we call (Q, F, (Ft)ier,P) a stochastic basis.

Definition 4.2. Let (Q, F, (Ft)ter,P) be a stochastic basis and E a separable
Banach space. An E-valued stochastic process X = (X (t))ers is called (Fi)ier-
adapted if X (t) is F;-measurable for all ¢ € .

The process X is called predictable if X : I x Q — FE is measurable with respect
to the predictable o-algebra

Pi=o({(s]x Flstel,s<t,FeF}U{{0} x F|FeF}).

In the following we will introduce the notion of a Wiener process on a Hilbert
space U. For this, we will use the notion of trace class and Hilbert-Schmidt
operators, for a definition of which we refer to Appendix For a self-adjoint
non-negative trace class operator @ € Li(U) we will denote by N (0,Q) the
Gaussian measure on U with zero mean and covariance @, cf. [DPZ14].

Definition 4.3. Let U be a separable Hilbert space, (€2, F,P) a probability space
and @ € L1(U) self-adjoint and non-negative. A U-valued stochastic process W
is called a Wiener process with covariance operator @ if
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4. Stochastic evolution equations in infinite dimensions

o W has continuous trajectories in U,
e W has independent increments and
o W(t)—W(s) ~N(0,(t—29)Q) for all s,t € I, s <.

For a given filtration (F;)ier we will call W an (F;)ier-Wiener process with
covariance operator () if additionally

o W(t) is Fy-measurable for all t € I,
o W(t) — W(s) is independent of Fs for all s,t € I, s < t.

There is an often-used representation formula for Wiener processes, a detailed
exposition of which can be found in [DPZ14, Section 4.1], especially [DPZ14],
Propositions 4.3 and 4.7]), which we summarize as follows:

Proposition 4.4. Let U be a separable Hilbert space, (0, F, (Fi)icr,P) a stochas-
tic basis and Q € L1(U) self-adjoint and non-negative.

A U-valued stochastic process W has a version which is a Wiener process on U
with covariance operator @ if and only if there is an orthonormal system (ex)ken
in U with a finite or countable index set 1 and independent real-valued Brownian
motions (Bx)ker such that Q%U C span ({ex | k € I}) and

W(t) =S Qzerf(t) V€ I (4.1)

kel

with convergence in L*(Q;U). Furthermore, one can choose (ey)rer to be the eigen-
vectors of @Q to the non-zero eigenvalues (Ag)ker. Fquation (4.1)) then translates
to

W) = 3 VAwerf(t) Vi € I

kel

Remark 4.5. Note that in the statement of Proposition [£.4] it is necessary to
exclude the eigenvectors from ker (). For example W = 0 is a Wiener process
on £? with respect to any probability space (2, F,P), but there are probability
spaces which are too small to carry a real-valued Brownian motion.

Later on, in Proposition [4.9] it will turn out that it is natural to consider the
space Uy = Q2U with the induced scalar product

_1 _1
<:L"y>Uo = <Q vaQ 2y>U’ z,y € Ua
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4.1. Stochastic integration

where Q_% : Uy —éker Q%)L = (Q%) C U is the pseudo-inverse of Q% U —
Uy, cf. Definition [A.9, Note that Uy is a separable Hilbert space. The space Uy is
called the reproducing kernel space of W. If H is another separable Hilbert space,
we will see that under some additional assumptions one can integrate processes ®
taking values in Lo(Uy; H), which is less restrictive than assuming that ® takes
values in L(U, H)D

Once this observation is made, one can consider a more general concept of

Wiener processes without assuming that @) is a trace class operator as long as
one can make sense of T(W (t)) for T € Ly(Up; H).

Definition 4.6 (cf. [PRO7, Section 2.5.1]). Let U be a separable Hilbert space,
(Q, F, (Fi)ter,P) a stochastic basis and @ € L(U) self-adjoint and non-negative
and define Uy as above.

Let Uy be another separable Hilbert space with a Hilbert-Schmidt embedding
J : Uy — U;i. A Wiener process W on U; with covariance operator JJ* is called
a generalized Wiener process on U with covariance operator Q.

A generalized Wiener process W on U with covariance operator () = Id is called
cylindrical Wiener process.

The next proposition shows that the abstract notion of a generalized Wiener
process can be equivalently stated with the help of a simple representation formula
which is very similar to Proposition Again, we refer to [DPZ14, Proposition
4.7 and the discussion thereafter]. As we gave a different but equivalent definition
of a generalized Wiener process, we include a proof.

Proposition 4.7. Let U be a separable Hilbert space, (Q, F, (Fi)ier, P) a stochas-
tic basis and Q € L(U) self-adjoint and non-negative.

W has a version which is a generalized Wiener process on U with covariance
operator Q) if and only if there is a separable Hilbert space Uy with a Hilbert-Schmidt
embedding J : Uy — Uy, an orthonormal system (ex)rer in U and independent

real-valued Brownian motions (B )ker such that Q_%Uo C span ({e; | k € I}) and

W(t) =37 (Q¥ex) Br(t) P-as. Wt e L. (4.2)

kel

Proof. We will start by proving that defines a generalized Wiener process
on U with covariance operator Q. According to Definition [£.6] we have to show
that W has a version which is a Wiener process on U; with covariance operator
JJ* in the sense of Definition [£.3

To this end, let (fx)ren be an orthonormal basis of U; of eigenvectors of the
self-adjoint trace-class operator JJ* : Uy — U; with corresponding eigenvalues

"For T € L(U; H) one calculates ||T(|7, .1y < TN 7 .| QL 0)-
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4. Stochastic evolution equations in infinite dimensions

(A\r) € £, For k € N with A\ # 0 let

N 1 1 3
/Bk = \/Tik <W(t)7 fk>U1 - \/Tik Z <JQZ€I7 fk>U1 b

lel

This defines a sequence of real-valued Brownian motions, which are independent
because for k # k

> (sQtenfi), (JQ¥enfr), = (JQIQTEI fuf), =M (fufi), =0

lel

This definition at hand, (4.2) can be equivalently written as

W(t)= > VAufiBr(t).
keN
AR 0
Proposition [£.4] implies that W has a version which is a Wiener process on Uj
with covariance operator JJ*.

For the opposite conclusion let us assume that W is a generalized Wiener
process on U with covariance operator (). By Definition there is another
separable Hilbert space U; with a Hilbert-Schmidt embedding J : Uy — U, such
that W is a Wiener process on U; with covariance operator JJ*.

We denote by (A\x)rer € ¢! the positive eigenvalues of JJ* and by (fi)rer C Un
an orthonormal system of corresponding eigenvectors. Using the representation
formula from Proposition [£.4 we find a sequence of independent real-valued
Brownian motions (f)ker such that

W) =S (JJ)? fiBi(t) P-as. V€ L.
kel

Let g = ﬁJ*fk € Uy for k € I. By definition (gg)ker is an orthonormal

system in Up. Because of the injectivity of J and the fact that (fi)rer has
dense span in JUy, we know that span{gy | k € I} = J*(span{fx | k € 1}) is
dense in Uy. Hence, (gi)ker is an orthonormal basis of Uy. Let ey := Q_%gk for
k € I. Then again by construction (ey)xer is an orthonormal system in U with
Q" 2U, C span ({ex | k €1}). Since JQzej, = AT T fi = Vi we infer (£2)
and conclude the proof. * O

Remark 4.8. With the assumptions from Proposition [£.7] the representation
formula (4.2) justifies to write

W(t) =Y Qrexfi(t), tel

keN

for a generalized Wiener process W on U, even though the sum only converges in
the larger space Uj.
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4.1. Stochastic integration

In the following proposition we will show that this generalization still allows us
to make sense of T'(W(t)) for T' € La(Up; H).

Proposition 4.9. Let U and H be separable Hilbert spaces, (Q, F,(Fi)ter,P)
a stochastic basis and W a generalized Wiener process on U with self-adjoint,
non-negative covariance operator Q@ € L(U). Furthermore let Uy, Uy and J as in

Definition [{.0
For all S € L(Uy; H) it holds that

ISW ) L2y = 1S © Tl ooy VE VE € L. (4.3)

Furthermore {S o J | S € L(Ui;H)} is dense in Lo(Uyp; H), hence TW =
(T(W(t)))ter is a well-defined H-valued stochastic process for all T € Lo(Uy; H).
It holds that

(W) = > T (Qrex) Bi(t) P-as. Vi € 1.

keN

In particular the law of TW does not depend on the choice of Uy and J.

Proof. Let

W(t) =37 (Q%ex) Bult)P-as. Vi € 1

keN

be the representation of W from Proposition u We can assume that (Q%ek) kEN
is an orthonormal basis of Uy. For S € L(Uy; H) we infer for ¢t € I

SW(t) =" S0 (Qber) ult)

keN

and

1
ISV = t 2 1S 0T (Q7ex) I
keN

= t[|S o JIIT, i)
O

Once Proposition[4.9]is established, one can build up the theory of Itd integration.
One starts by defining the integral of elementary processes, that is processes being
piecewise constant in time and taking only a finite number of values in Lo(Uy; H).
Equation extends to the so called It6 isometry for elementary processes
between appropriate spaces. It is apparent that this definition then extends to a
larger class of integrands using a density argument and gives rise to the so called
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4. Stochastic evolution equations in infinite dimensions

Itd integral. This procedure is explained in detail in [DPZ14, Section 4.2]. We
have to fix some notation to summarize this result here.

For the remaining part of this section we will assume that (Q, F, (F;)ier, P) is
a stochastic basis with a normal filtration and U a separable Hilbert space. For
the definition of a martingale we refer to [DPZ14].

Definition 4.10. Let T € I. For a Banach space E we denote by MA(E)
the Banach space of all continuous square-integrable (F;)-adapted E-valued
martingales M on [0, 7] with M (0) = 0 equipped with the norm

HMH,%\/PT(E) =E sup |M()|%.
t€[0,T]

Furthermore, for a generalized Wiener process W with covariance opera-
tor @ € L(U) and a separable Hilbert space H we denote by N3 (0,7) =
N3 (0,T; Ly (Up; H)) the space of all predictable Lo(Up; H)-valued processes ®
for which the norm

T
1913, 01 = B | 19013, i

is finite.
The space Ny (0,T) = Nw (0, T; La(Uy; H)) consists of all ® as above satisfying
the weaker bound

T
P (/0 1) 12, 0y At < oo> ~ 1

Remark 4.11. The spaces we have defined in Definition will be of fun-
damental interest in the theory of It6 integration. We will see that the space
MZ.(H) contains all processes which can be written as the It6 integral of a process
® € N (0,T; Lo(Up; H)).

The It6 integral of a process ® € Ny (0,T; Lo(Up; H)) will still give rise to a
continuous local martingale M, i.e. an (F;)-adapted continuous process such that
there is a sequence of increasing stopping times (7x)gen with 7, — 0o a.s. and for
all k € N the stopped process M = (Mmin(t,Tk))te[O,T] is a martingale. For the
definition of a stopping time we refer to [DPZ14].

Definition 4.12 (It6 integral). Let H be a separable Hilbert space and W a
generalized Wiener process with covariance operator ) € L(U). There is an
uniquely determined family (J7)7es of linear isometries Jp : N3, (0,7) — M3.(H)
with the following properties:

(i) for all 0 < S < T € I it holds that Jg and J7 are compatible in the sense
that for all ® € N3,(0,T) and ¢ € [0, ]

jT((I)> (t) = jS((I)’[O,S} ><Q) (t)v

allowing us to write Jp(®) = (fg @ dW )icpo,175
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4.1. Stochastic integration

(ii) [3®dW = ®W (t) for all ® € Ly(Up; H) and
(it) T @AW = [i X[o,]® AW for all ® € NV, (0,T) and stopping times 7 < T

For ® € N3,(0,T) we call the process (f(f CDdW)
respect to W.

the It6 integral of ® with
t€[0,T)]

Remark 4.13. Note that the [t integral is typically defined by its construction.
However Definition [£.12]is well-suited to give a self-contained definition of the
It6 integral directly summarizing some fundamental properties of it, without the
need to rephrase the whole construction. The existence of the above notion of 1t6
integration is a consequence of [DPZ14l Section 4.2].

Furthermore, the definition gives a unique notion of It integration. This is due
to the linearity of J7 and (ii), because this yields the right notion for elementary
processes and the class of elementary processes is dense in ./\/'3[,(0, T), cf. [DPZ14]
Proposition 4.22].

Part (iii) of Definition allows us to carry out a localization procedure to
extend Itd integration to the class Ny (0, 7).

Definition 4.14. Let T' € I, H be a separable Hilbert space and W a generalized
Wiener process with covariance operator @ € L(U). There is an unique extension

of the It6 integral ® — (fg P dW)te[o -

of all continuous local martingales, such that (iii) from Definition holds for
all ® € Ny (0, 7).

from the space Ny (0,T) into the space

The next Proposition shows that the 1t integral commutes with linear operators,
cf. [PRO7, Lemma 2.4.1].

Proposition 4.15. Let T € I, H, H be separable Hilbert spaces, W a generalized
Wiener process with covariance operator Q € L(U) and ® € Ny (0,T; La(Uy; H)).

For a linear operator L € L(H; H) it holds that L® € Ny (0, T; Ly(Up; H)) and

T T .
L </ <I>dW> :/ L®dW P-a.s. in H.
0 0

In [DPZ14], Section 3.4] the quadratic variation process of a Hilbert space
valued martingale is introduced. For two Hilbert spaces H; and Hs and = € H1,
y € Hy we will denote by the tensor product z®y € L(Ha; Hy) the linear operator

Z = <Z’ y>H2 €.

Definition 4.16 (Quadratic variation). Let T" € I and H;p, Hy be separable
Hilbert spaces. For M € M3 (H;) we will denote by ((M)) the unique continuous
and increasing L (Hj)-valued process starting in 0 such that

M ® M — (M)
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4. Stochastic evolution equations in infinite dimensions

is an (F;)-martingale. When N € M32.(H;) is another martingale, we will denote
by

(M, NY) = 7 (M + N) — (M~ NY)

the quadratic cross variation of M and N.

Using orthonormal bases (eg)r and (f;); of Hy and Ha, respectively, the above
definition can be extended to define the quadratic cross variation of martingales
M € M2(Hy),N € M4 (Hs) via

(M, NY) =Y (M, er) g, (N, i)y, Vex ® fi € Ly(Hy; Hy).
kol

Remark 4.17. One can extend the above notion of quadratic cross variation to
so called semimartingales, for the definition of which we refer to [Mét82, 23.7 and
26.11].

We will only work with the following class of semimartingales: Let H be a
separable Hilbert space, W a generalized Wiener process, Xy an Fp-measurable
H-valued random variable, ® € Ny (0,T) and ¢ a H-valued predictable process
that is P-a.s. Bochner integrable on [0, 7], i.e. fOT llp(t)]|r dt < oo P-a.s. Then
the process X with

t t
X () = X0+/ o(s) ds+/ ®(s)dW(s), t € [0,T), (4.4)
0 0
is a semimartingale. We will often abbreviate (4.4]) as

dX = dt + ¢ dW.

The quadratic variation of X is given by

(X0 = ([ @aw),

where the quadratic variation of the local martingale [; ®dW is inferred using a
localization procedure.

This definition at hand, we can state a more general version of [DPZ14] Theorem
4.27] which characterizes the quadratic variation of It6 integrals. Note that for

Q% : U — Uy we have (Q%Y = Q_% :Up — U and Q%Q_% = Idy,.

Proposition 4.18. Let T' € I, H a separable Hilbert space, W a (generalized)
Wiener process and ® € Ny (0,T). Then

<</0' o AWY, = /th)(s)@*(s) ds ¥t € [0,T7.
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4.1. Stochastic integration

Furthermore, the definition of the quadratic variation of a semimartingale allows
us to define the Stratonovich integral by generalizing [Mét82, Chapter 5, E.8] to
the infinite-dimensional case.

Definition 4.19. Let T' € I, H be a separable Hilbert space and W a generalized
Wiener process with covariance operator ) € L(U). Furthermore, let & €

Nw (0,T) be a semimartingale and (Q% g1)1 a basis of Uy. The quadratic cross
variation ((®, W) is by definition an L1 (Uy; Lo(Uy; H))-valued process, but similar
to the ideas of Proposition can be treated as an La(Up; L2(Up; H))-valued
process.

The Stratonovich integral of ® with respect to W is defined as

T T 1 1 1
/ ®odW = / AW + - ((2,W)rQ¥g) Qig € .
0 0
We will refer to the term
1 1 1
B (((‘1% W»TQQQZ) Q2g

as Ité-Stratonovich correction term, as it allows us to pass from the stochastic
integral in the sense of It to the Stratonovich integral.

Remark 4.20. In the situation of Definition let ® be given by
d® = pdt + odW

with a predictable Lo(Uy; H)-valued process p that is a.s. Bochner integrable and
o an Lo(Up; La(Up; H))-valued process integrable in the sense of It6. Then

(&, W) — /O Lot

Hence,

/()T(I)OdW:/OT(I)dW+;Z/OT (U(t)Q%gl) Q%gldt.

leN

Example 4.21. We revisit Remark and apply the above considerations in
order to find the It6 formulation of SMCF. For this we adapt the notation from
Section in particular let (3');en be independent real-valued Brownian motions.
Furthermore, let U, H be separable Hilbert spaces. We assume that U is a function
space of functions R"*! — R containing the coefficients ¢; and H is a function
space of functions M — Rt containing the immersions Fj.
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4. Stochastic evolution equations in infinite dimensions

The process W = 3"y w1 8' defines a Wiener process on U with covariance
operator @ = > ,cn 1 ® ¢ For t € [0,T] we define the linear operator ®(t) :
U — H through

(®(t)g) (z) = g(Fi(z))m(z), g € U.
With this notation the SPDE for the immersions (F}); (3.1) can be written as
dF, = Hdt + ® o dW.

In order to apply Remark and rewrite this equation into its It6 formulation
we need to compute the evolution of ®. This is best done by considering the
action of ® on a function g € U. Using the evolution of the normal field from
Remark B.3] we infer

(A®)g = Vg - Hv — gVm Hdt + > (Vg - vow — gVamp) o dB'.
leN

Let o(t) : U — L(U; H) with
((0()91) 92) (2) = Vga(Fu(e) - v(@)r (Ful@)ae) — ga(Fo () Vaa,1(Fi(a)

for g1, g2 € U. With this notation
de =...dt + odW.

We therefore conclude

/<I>odW /<I>dW+ Z/ o1 (Vo) — o1 (V)T dt.

leN
This implies the It6 formulation (3.2]) of SMCEF.

The Burkholder-Davis-Gundy inequality is an important inequality in the
context of Hilbert space valued martingales and It6 integration, which we will
use often throughout this thesis. We refer to [MR16] and the references therein.

Proposition 4.22 (Burkholder-Davis-Gundy). Let H be a separable Hilbert space.
For p > 0 there are constants c,,Cp, > 0 such that for all H-valued continuous
local martingales M with My = 0 and (F;)-stopping times T

[N]4S]

GE (tx(2))F < Esup M|y < CE (tr((1):)

When W is a (generalized) Wiener process and ® € Ny (0, T) this reduces to

/cp ) dW (s

< Cp”(I)||LP(Q;L2(0,T;L2(U0;H)))'

< Esup

p
CpH(I)HLP(Q;Lz(O,T;LQ(U(J;H) t<r
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4.1. Stochastic integration

Another important property of the It0 integral is its behavior under concatena-
tion with sufficiently regular functions. The It6 formula is the substitute for the
chain rule for differentiable functions. Before stating the It6 formula we introduce
the notion of differentiable functions on a Banach space. For a more detailed
exposition we refer to [BL0O].

Definition 4.23. Let E, F' be two Banach spaces, U C E open and f:U — F.
We say that f is Gateaux differentiable at xg € U if there is a bounded linear
operator Df(xzg) : E — F such that

f(xo + hé) — f(wo)
h

We say that f is Fréchet differentiable at xg if there is a bounded linear operator
Df(xzo) : E — F such that

o f(xo+&) — f(wo) — Df(w0)¢
(G €]l

We say that f is continuous differentiable in U if f is Fréchet differentiable for
all z9 € U and the derivative Df : U — L(FE; F) is continuous. We denote by
CY(U; F) the space of all continuous differentiable functions f: U — F.

This definition naturally extends to higher derivatives, i.e. f € C*(U;F) if
f € CYU;F) and Df € CHU;L(E;F)). For f € C*(U;F) we denote the
second-order derivative by D?f : U — L(E; L(E; F)).

For F' = R we write C*(U) := C*(U;R) for k € N.

Df(w0)¢ = lim Ve € E.

=0.

A very classical version of the Itd formula is stated in [DPZ14, Theorem 4.32],
which we cite here. Later, in Proposition we will state a more general but
less common version of the Itd formula in the context of variational SPDEs, which
is a consequence of the classical one.

Proposition 4.24 (It formula). Let T' € I, H be a separable Hilbert space, W
a (generalized) Wiener process, Xy an Fo-measurable H-valued random variable,
¢ € Nw(0,T) and ¢ a H-valued predictable process, which is P-a.s. Bochner
integrable on [0,T]. Consider the continuous H-valued process

X(t) = Xo—i—/otgo(s)ds—i—/ot(l)(s)dW(s), te0,T).

For a function F € C?([0, T|x H) with F, &;F, DF and D*F uniformly continuous
on bounded subsets of [0,T] x H it holds that
dF(t, X(t)) = 0, F(t, X(t)) + (DF(t, X (1)), o (t))
1
+§tr(D2 (t, X (1) D()D* (1)) dt
+ (DF(t, X (t)), ®(t) dW (1)) .
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4. Stochastic evolution equations in infinite dimensions

Next, we present a result called the Da Prato-Zabczyk factorization method,
which we will us to prove Holder regularity of stochastic integrals. A proof of it
can be found in [Sei93].

Proposition 4.25 (Da Prato-Zabczyk factorization method). Let T' € I, H be a

separable Hilbert space, W a (generalized) Wiener process, p > 2 and ® € N3,(0,T)
. T

with B [y [|®(t )||L2(UO dt < 0.

For all A € [O 5 — 5) there is a version of [, ® AW which has \-Hélder contin-
wous paths in H and there is a constant C, which only depends on p, T, \ and U,

0

Variational SPDEs under a compactness
assumption

< CIE/ IO -

CoA([0,T];H)

In this section we will consider infinite-dimensional stochastic differential equations
with a variational structure and prove an Ité formula for this kind of equation.
Let V, H be two separable Hilbert spaces with V' C H ~ H' C V' and dense
embeddings. For a Wiener process W on U and operators A : V. — V'’ and
B :V — Ly(Up; H), which we do not assume to be linear, we will call

du = A(u) dt + B(u) dW (4.5)

a variational SPDE. One of the difficulties that arise in the theory of variational
SPDEs is the fact that the process u has to be V-valued in order to make sense
of (.5), whereas the right hand side of in general only defines a V’'-valued
process.

The theory of variational SPDEs goes back to Pardoux [Par75] and Viot [Vio76].
We refer to [PRO7] for an overview of the variational theory initiated by Pardoux.

An important tool in the study of variational SPDEs is an 1t6 formula, which
adapts Proposition to the special situation in order to infer the evolution of
F(u) for functions F': H — R, where Proposition would only be applicable
for functions F : V' — R. The It6 formula, which we state here, is related to the
version in [Par75l IT.I1.§4] where more restrictive assumptions on F' are made, see
below.

During the whole section we will work with the following assumptions.

Assumptions 4.26. Let V and H be separable Hilbert spaces with V' C H ~
H' C V' and V densely and compactly embedded in H. Furthermore, we will
consider another separable Hilbert space U, which will be the space where a Wiener
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4.2. Variational SPDEs under a compactness assumption

process is defined. For notational convenience we will restrict the presentation to
the case of infinite-dimensional spaces, although finite-dimensional spaces could
be treated as well.

Then we can find an orthonormal basis (e¥)en of H which is an orthogonal
basis of V and we will use the abbreviation A, := ||¢¥||?, for k € N. We will
assume that the (e¥); are arranged such that (\;)g is a non-decreasing sequence.

If not otherwise specified we will always assume that W is a (generalized)
Wiener process on U with covariance operator @@ € L(U). Furthermore, we will
assume that W has the representation given by Proposition and Remark
ie.

W = ZQ%glﬁh

leN

with (g;);eny an orthonormal system in U such that Q% g; is a basis of Uy and
(61)1en mutually independent real-valued (F;)-Brownian motions.

Remark 4.27 (Existence of (¢¥)zey). Let Jy : V — V' be the identification of
V with its dual space V' via
<vaay>v’7v = <$7y>V7 T,y € V.

The restriction of the inverse of Jy to H together with the embedding of V
into H gives J;, 1| g H — H which is compact and self-adjoint. Hence we find
an orthonormal basis (e¥)ren of H of eigenvectors of Jy ! with corresponding

cigenvalues () _ . For k € N we have that * = A/ e € V and

(ehrel) = (Iveb,e) = N(efel) =Ny VIl €N,

Proposition 4.28 (It6 formula and continuity). Let T' > 0, (0, F, (Ft)tefo,r), P)
be a stochastic basis with a normal filtration and W a (generalized) Wiener process
on U. Furthermore let ug € L*(Q; H) be Fo-measurable and u, v, B be predictable
processes with values in H, V' and Lo(Uy; H), respectively, such that

we LA(Q; L*(0,T; V),
ve LA(Q;L*0,T; V")),
B e L*(Q; L*(0,T; Ly(Up; H))),

and

u(t) —up = /Otv(s) ds + /Ot B(s)dW (s) in V' P-a.s. Vt € [0,T]. (4.6)

53



4. Stochastic evolution equations in infinite dimensions

Then u has a version with continuous paths in H and for this version it holds
that v € L*(Q; C([0,T); H)) with

1By — aolly = [ 2G0ls), Dy + 1B i ds
+2/ $)dW(s)),, ¥t € [0,T.

Furthermore, if F € CY(H) and the second Gateaux derivative D*F : H — L(H)
exists with

e F, DF and D*F bounded on bounded subsets of H,

e D?F: H — L(H) continuous from the strong topology on H to the weak-x
topology on L(H) = (L1(H))" and

e (DF)|y : V. — V continuous from the strong topology on V' to the weak
topology on V' and growing at most linearly

IDF(z)|v < C(1+[z]v) Yz €V,

F(U( /Ot <’U ))>V/7V
% [DZF( (s ))B(S)(B(S))*} ds

4 /0 (DF(u(s)), B(s) dW(s)),; P-a.s. Vit € [0, T.

Note that this generalization is similar to the result presented in [Par75l, I11.11.§4]
where it was proven under slightly different assumptions. There, less is assumed
about the spaces, i.e. the embedding V' C H is not assumed to be compact and
V is assumed to be an arbitrary separable Banach space, which is uniformly
smooth and convex, but I is assumed to be twice Fréchet differentiable. In our
application, this assumption on F' will not be fulfilled.

By analyzing the proof in [Par75l, II.I1.§4] one can see that this restrictive
assumption on the differentiability of F' can be relaxed. It is sufficient to assume
the Gateaux differentiability of DF' : H — H and the weak-* continuity of
D?F : H — L(H), which ensures that the restriction F|y : V — R is twice
Fréchet differentiable. Note that this It6 formula also appears in [Par79l 1.3.2]
and [Vio76, I1.§1 Theorem 1.3] and with the weaker assumption on F' in [Par(7,
Lemma 2.3.5] without proof.

Hence, for the readers convenience we include a different proof here, which
makes use of the stronger assumptions on the spaces compared to [Par75] and
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4.2. Variational SPDEs under a compactness assumption

adapts the proof of [DHVI6, Proposition A.1], where H and V are assumed
to be Sobolev spaces. In below, we define a smoothing operator which
in fact is the semigroup generated by —.Jy with Jyy : V. — V' given by the
canonical identification of the Hilbert space V with its dual space. If V' = H{(T"),
H = L?(T™), then this is the classical heat semigroup.

Proof of Proposition[{.28. Step 1: Smoothing the solution.
For € > 0 we consider the smoothing operator

R v AN _ 1k k
pe V' =V, pe(v') = %exp( eXk) <v € >V’,V€ . (4.7)

It is easy to verify that with e — 0 and X € {V/, H,V'}

pe(z) > xin X Ve € X
and ||pellrx) < 1. Since p. € L(V'; V) we infer from Proposition for all
t € [0,T] that

peu(t) — peluo) = [ pe(ol)ds + [ peo Bls) W (s) P n V.

where p; o B(s) : Uy — V denotes the composition of B(s) : Uy — H with
pe : H—V.

In the following we will abbreviate ug . = ps(uo), us(t) = pe(u(t)), ve(t) =
p=(v(t)) and Be(t) := p. o B(1).

Step 2: u takes values in H.
The It6 formula from Proposition for the function | - [|%, implies

O o<l = |2 Cuc(s), 2060} g+ 1B iy 0
+2 /Ot (ue(s), Be(s) dW (s)) P-a.s.

The Burkholder-Davis-Gundy inequality, cf. Proposition el L(x) < 1 for
all X € {V’, H,V} and the Young inequality imply

Ets[l(l]PT] lue (D)7 < ClluollF + Cliullz2@sr20.mvy vl 22 ;L2007
S ’
1

T 3
+ CHBH%z(Q;LQ(O,T;Lg(UO;H))) + CE (/0 ||B(5)||%2(UO;H)||Ue($)||%{ dS)
< Clluollf + Cllull z20:z2 0.0y 191 220 220,791

1
+ ClIBIIF 20, 2(0.7: 10 (U0 T+ QEtES[%PT} e (8)][3-
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4. Stochastic evolution equations in infinite dimensions

Thus E supyco,7 |lue(t)||3 is uniformly bounded in e. With Fatou’s Lemma we
infer that

E sup [lu(t)|} =E sup lim [luc(t)[%
te[0,T] tefo,1] €0

< T lim i 2
< ]Eh]én_)lglft:[%%] l[ue ()17 (4.8)

<liminfE sup |luc(t)||% < oc.
=0 tef0,7]

Step 3: Proving the Ité formula.
Now, in Lemma below it is verified that F|, € C%(V) with F|y, D(F|y)
and DX F|y) uniformly continuous on bounded subsets of V. We apply the Ito
formula from Proposition to conclude that

Flue(t) = Pluo) = [ (0206, DF (e (5))yr
b3 [ [Pl Be)(B9)7] s (1.9
+ /0 " (DF(u.(s)), B-(s) AW (s)),, P-aus. ¥t € [0,T].
Because of the assumptions on F' and an infinite dimensional version of the
dominated convergence theorem for stochastic integrals [Pro04, Theorem IV.32]

we can pass to the limit € — 0 on both sides of this equation.
Hence, F'(u) has a continuous version for which

Fult) = Flao) = [ (0(6), DF(u(s)) sy s
v /0 "tr [D2P(u(s) B(s)(B(5))"] ds
4 /0 " (DF(u(s)), B(s)dW (s)),, ¥t € [0,T].

Step 4: u has a continuous version.
We infer from the calculations above that there is a version of u such that |jul|%
is continuous and

o)~ ol = [ 2(5) )y + 1B iy 09
+ z/ot (u(s), B(s) AW (s)),, ¥t € [0, ).

From (4.6) and (4.8) we infer that u € C([0,T7]; (H,w)) a.s. It is well known (cf.
[PRO7, Theorem 4.2.5]) that this together with the continuity of ||u||% implies
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4.2. Variational SPDEs under a compactness assumption

that u € C([0,T); H) a.s. Since H is separable we can apply [DPZ14], Proposition
3.18] to conclude that u : Q — C([0,T]; H) is measurable. This proves that
u € L2(;C([0,T]; H)). O

Lemma 4.29. Under the assumptions of Pmposition we have F|y € C*(V)
and Fly, DF|y : V. = V' and D?F|y : V. — L(V; V') are uniformly continuous
on bounded subsets of V.

Proof. We only have to prove the continuity of D*F|y : V — L(V; V') and the
uniform continuity on bounded subsets of V.

The compactness of the embeddings V € H ~ H' C V' implies that the
embedding L(H) C L(V;V') is compact. Thus, when uy — u in V then ux — u
in H and by the assumptions from Proposition we infer D2F (uy,) = D?F(u)
in L(H), hence D?*F(u;,) — D?F(u) in L(V;V’). This proves that D?F|y :
(V,w) — L(V; V") is continuous.

Let M C V be a bounded set in V', then M is precompact in H and therefore
Flyr: M — Rand DF|p : M — H C V' are uniformly continuous. Furthermore
M is precompact in (V,w) and therefore D*F|y; : M — L(V; V') is uniformly
continuous. 0

We will apply Proposition to the appropriate spaces for the stochastic
mean curvature flow, cf. Remark

Corollary 4.30. Let T' > 0, (Q,F,(Ft)cp,1);P) be a stochastic basis with
a normal filtration and W a generalized Wiener process on U.  Further-
more let ug € L?>(Q; H(T™)) be Fo-measurable and u,v, B be predictable pro-
cesses with uw € L?(2; L2(0,T; H*(T"))), v € L*(; L*(0,T; L*(T"))) and B €
L2(; L%(0,T; La(Ug; HY(T™)))) such that

du = vdt + BAW in L*(T"). (4.10)

Then u has a version with continuous paths in H*(T™) and for this version it
holds that u € L?(2;C([0,T); HY(T™))). If F = F(z,p) € C*(R x R") with 0°F,
0.V, F and D}%F bounded then we have

F(u(t), Vu(t))dz — F(ug, Vug) dz = /Ot wu(s)ds + Z /Ot o1(s)dpBi(s).

™ ™ leEN
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4. Stochastic evolution equations in infinite dimensions

a.s. for all t € [0,T] with
u(s) = /n <8ZF(U(S), Vu(s)) — V- (VpF (u(s), Vu(s)))) v(s)dx
41 Z/ 8., F(u(s), Vu(s)) | By(s)|* da

lGN
+ = Z/@VF ), Vu(s) - V (| Bi(s)[) da
ZGN
+ - Z VBl ) - D2F(u(s), Vu(s))VB(s) dx
lEN
and forl € N
o(s) = - 0.F(u(s), Vu(s))Bi(s) + VpF (u(s), Vu(s)) - VB(s) dz,

where B = BQ%gl € L2(Q; L2(0,T; H(T™))). Note that the assumptions imply
the integrability of the right hand side in the above expression.

Proof. We consider the spaces V = H?(T") and H = H'(T"). To work in
the framework from above we have to do the rather unusual identification of
w € HYT") with Jgw := —Aw +w € H' where

(Jrw, @) g g = (W, ) g1 ny = /Tn Vw - Vo +we, ¢ € HY(T").
Then
d<JHu, w>H,7H = d<u, —Aw + w>L2(’]T”)
= (v, —Aw + W) 2 (pny dt (4.11)
+ (BAW, —Aw + w) 2y Yw € H*(T"),

which is an equation for Jyu in V/. We consider the function G : H(T") — R
with
G(w) = F(w(z), Vw(z))dz, w e HY(T").
Tn

Since F € C? it easy to check that G € C'(H'(T")) and that the second Gateaux
derivative D?G exists. We calculate for w, o, € H*(T™)

(DG(w), ) g1 3 = . 0. F(w, Vw)p + VpF(w, Vw) - Vo,

(D*Gwie.w),, = | 02F (0, Vo)t + 0.V, F (w, V) - (979 + 6 Vp)

+ | Ve DQF(w Vw)Vi.
T
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4.2. Variational SPDEs under a compactness assumption

We have that G and DG are bounded on bounded subsets of H!(T™) and that
D2@ is bounded because of the bounds of the second derivatives of F. On
bounded subsets of L(H) = (Li(H))' the weak-* topology is equivalent to the
weak operator topology and therefore the continuity of D?G : H — (L(H),w")
follows from the fact that for all wy — w in H'(T") and all ¢, € H'(T") we
have by dominated convergence

(D*Glwne.v)
= /.. 0. F (wy, Vwg)op + 0:Vp F(wy, Vuwy) - (9VY + V)
= [ 0 F(w, w)ow + 0.9, F(w, Vu) - (4V0 + 47)
= (D*G(w)e.v),, -
For w € H?(T"),p € HY(T") we have

(DG(w), o)y,

/ (8 F(w,Vw) — 0,V,F(w,Vw) - Vw — DZF(U), Vw) : D2w) ®

o(w)p,
Tn

with

O (w) = 0,F(w, Vw) — 0.V,F(w, Vw) - Vw — DzF(w, Vw) : D%w,
where Df,F (w, Vw) : D*w denotes the matrix scalar product, cf. Definition
Because of the assumptions on F' we find that ®(w) € L?(T") for w € H?(T") and
® : H?(T") — L?(T") is continuous. Since for the restriction of Jy to H?(T")
we have that Jy g2y @ H 2(T") — L?(R™) is an isomorphism, we conclude
Jit o ®(w) € H*(T") and J5;' o ® : H2(T") — H%(T") is continuous with

175" @ (w) | 2oy < Cll@(w)] p2(mny < O+ [l 2 ny).

Note that for the application of Proposition we shall have an equation for

du = dJgu in V', whereas (4.10) is an equation for du in L?(T"). Therefore we
have to use (4.11) to infer that a.s. for all ¢ € [0, 7]

G(u(t)) — G(uo)
_ /0 (J0(s), Tt 0 0(u(s)),, | + %tr [D2G(u(s)) B(s) (B(5)"] ds

n /O (DG(u(s)), B(s) AW () -

Plugging in the definition of ® as well as the expressions for D2G and DG implies
the result. ]
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4. Stochastic evolution equations in infinite dimensions

4.3. Existence for variational SPDEs

We will adapt the approach of [Par(7, Section 2.3.3] to prove existence of weak
solutions for variational SPDEs

du = A(u) dt + B(u) dW (4.12)
u(0) = up.

This theory goes back to [Vio76], where an existence proof is given for certain
operators A which have an additive structure and are linear in the highest order.
In [ParQ7] this proof is generalized to a larger class of variational SPDEs, which
is still not optimal and too restrictive in order to apply it to SMCF. We will
give a detailed comparison of our result and the result in [Par07] after fixing the
assumptions.

Without loss of generality we assume that W is a cylindrical Wiener process on
a Hilbert space U. In addition to Assumptions we will make the following
assumptions.

Assumptions 4.31. Let A:V — V' and B : V — Ly(U; H). We will write
B*:V — Ly(H;U) for the adjoint operator B*(u) := (B(u))*. We assume:

e Coercivity: There are constants o, C > 0 such that for all u € V

2(A@), w)yy + I1B@) i < —allul} +C (14 Jullf) . (413)

o Growth bounds: There is a constant C' > 0 and ¢ € (0, 2] such that for

allu eV
1@} < ¢ (1+[full}), (4.14)
| B@)l1Z, i < C (1+Ilull},) and (4.15)
IB@)IE v < € (1+ Il + ul) - (4.16)

o Continuity: A : V — V' is weak-weak-* sequentially continuous, that
means

up —uin Vo= A(ug) = A(u) in V’ (4.17)

and B* : V — Lo(H;U) is sequentially continuous from the weak topology
on V to the strong operator topology on L(H;U), that means

up —=uinV = B*(ug)h — B*(u)h in U Vh € H. (4.18)

60



4.3. Existence for variational SPDEs

The assumptions (4.13]), (4.14]) and (4.17) are the same as in [Par07], whereas
(4.18) is weaker. Furthermore we have replaced the sublinear growth bound from

[Par07] for B(u) by the weaker assumptions and (4.16). These weaker
assumptions are necessary to apply the theory to the stochastic mean curvature
flow in Chapter To prove this generalization we have to prove bounds for
higher moments of the || - ||z norm of the approximations, whereas in the proof
in [Par07] only the second moment of the || - ||z norm needed to be bounded.
This will be done in Proposition [£:36] under the additional assumption that
the corresponding higher moment of the || - |z norm is bounded for the initial
data. Similarly to the ideas of [HRvR17], we will use the Jakubowski-Skorokhod
representation theorem [Jak97] for tight sequences in non-metric spaces to prove
that our approximations converge on a different probability space. We will make
use of similar arguments as in [BEHM18] to handle the unbounded time interval.
Finally, we will show that this limit is a martingale solution of using a
general method of constructing martingale solutions without relying on any kind
of martingale representation theorem, which was introduced in [BOQT7] and already
used in [Ond10] and [HRvR17], among others.
Before stating the result, we define the different notions of solutions.

Definition 4.32.

(i) Let I =10,00), (2, F, (Ft)ter,P) be a stochastic basis with a normal filtra-
tion, W an (F;)-Wiener process on U and ug € L*(Q; H) be Fp-measurable.
A predictable H-valued process u with u € L*(Q; L?(0,¢;V)) for all t € I is
a strong solution of with initial data ug if

(u(t),v) y — (uo,v) y = /Ot (A(u(s)), v)yry ds + /Ot (B(u(s))dW (s),v)
S AL UCI NI EES 3 REIUE AT

leN
P-as. forallte I andv e V.

(ii) Let A be a Borel probability measure on H with bounded second mo-
ments [5 ||2]|% dA(z) < co. A martingale solution of (4.12) is given by
(Q, F, (Ft)ter, P) together with W, ug and u such that (i) is satisfied and
Poug! =A.

Remark 4.33. Note that in Definition for a martingale solution the stochas-
tic basis is not prescribed but part of the solution. The concept of a martingale
solution is a weak solution concept and therefore the term weak solution is a
common synonym for it. In the context of SPDEs this notion is misleading as
it might be mixed up with the concept of a weak solution in the deterministic
PDE theory. We will therefore stick to the notion of a martingale solution even
for finite-dimensional SDEs.
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4. Stochastic evolution equations in infinite dimensions

Our main result is:

Theorem 4.34. Let ¢ > 2 and A be a Borel probability measure on H with finite

q-th moment
[ 12l dA) <
H

Then there is a martingale solution of (4.12)) with initial data A.

To prove Theorem we will use a standard Galerkin scheme (compare with
[Par07, Chapter 2.3]) to prove that there is a martingale solution of if
the initial condition has bounded ¢-th moment in H for some ¢ > 2. With the
(€¥)ken as in Assumptions we will write

VN = span ({el,...,eN}) , N eN.
Theorem 4.35. Let N € N and A be a Borel probability measure on H. Then
there is a martingale solution of the finite-dimensional approzimation of (4.12]).
That means, that there is a stochastic basis (2, F, (Ft)ic(0,00), P) with a normal
filtration, [, ..., BN mutually independent real-valued (Fy)-Brownian motions

and a predictable Viy-valued process u with u € L*(Q; C([0,T); Vy)) for all T > 0
such that

- / Wy ds+z / Dg1s0) 1 A6 ()

P-a.s. for all t € [0,00) and v € Vy, and
Pou(0) ' =Ay:=Ao P&l,
where Py : H — Vi is the orthogonal projection with respect to H.
Proof. We transform the equation into an N-dimensional stochastic d1ﬁ'erential
equation for the RV-valued coefficients a = (ag)k=1,..n of u= Zk 1 ape®. For

this let

ARV 5 RN

N
(A(a))k:: <A(Zlamem>,ek> ,k=1,...,N, ae RV
m= vV
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4.3. Existence for variational SPDEs

and

B:RY — RVN

N
(B(a))f = <B (Z amem) gl,ek> . kl=1,...,N, ac RN,
m=1

H

These mappings are continuous and grow at most linearly. Therefore we can apply
a classical theorem for finite dimensional stochastic differential equations [HS12,
Theorem 0.1] and [IW81, Theorem IV.2.4] to find a martingale solution of

day = (A(a))kdt—ir fj (B(a))fdﬁl, k=1,...,N
=1

Poa(0)™! =Py,

where

N
PN(M) = Ay {Zakek €eH
k=1

aEM} , M c RV,

Defining u(t) = Y0, ax(t)e* for t € [0,00) we find u € L?(Q; C([0,T); Viy)) for
all T > 0 with

<u(t), ek>H — <uo, ek>H = ag(t) — ar(0)

t N
= (Zl(a(s))) ds—i—;(B(a(s)))fdﬁl(s)
t N N "
=/ <A(u(s)),e >V/7Vds+Z/0 <B(u(s))gl,e >Hd/Bl(S)

and

Pou(0)! = Ay.

Proposition 4.36 (Estimates for the norm). Let T > 0 and (0, F, (Ft)tejo,), P)
be a stochastic basis with a normal filtration. Then there is a constant C' > 0 that
only depends on the constants from Assumptions[{.31], such that for all mutually
independent real-valued (F)-Brownian motions (51)ien, N € N and all Vi -valued
predictable processes u € L*(Q; C([0,T); V) with

<u(t)vv>H - <u(0)’U>H
t N ot
= [} (Ao ds + 3 [ (Bt vy 4505
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4. Stochastic evolution equations in infinite dimensions

P-a.s. for allt € [0,T] and v € Vi, we have

T
E sup [u(®)llf +E [ lu(®)f dt < e (14 BJu()lf)
te[0,7 0

Additionally, there is a qo > 2 such that u(0) € L%(Q; H) for some q € (2,qo)
implies u € L*°(0,T; LY(QY; H)) with

Ellu(t)|f < e (1+Elu()};) vt € [0,7)

Proof. From Proposition [£.28 we conclude that the following It6 formula holds
for the norm of solutions

N 9 N
dllull}y = 2(A(u) w)yy dt + 37 (Bluyg ) di+ 322 (Bu)gru) by
k=1 =1

= 2(Au) )y y dt + | By ()13 uary At + 2 (B (u) VW, u)

0 otherwise,

(4.19)
where By : V — Lo(U; H) is given by
k if k < <
<BN(U)QZ,€k>H — { <B(u)gl,e >H ifk<Nandl <N, kleN ueV.

For ¢ > 1 we use the It6 formula for real-valued semimartingales to deduce that

q q—1
A(1+[ullf)" =a (1+lulf)" (2(A@), Wy y + 1By @I 0.y ) At
=2 .
+2q(q = 1) (1+ lulf)" 1B (wul? dt

q—1
+2q (14 lul})" " (Bu(u)dW,u)y,

Since the Ito integral defines a local martingale and 1 + |lu/|?, > 0, we infer by
taking the expectation for the stopped processes and Fatou’s lemma that for all
t€[0,T]

E (L4 u()lf)" ~E (1 + [u))’
< E /0 (1 )" (2 (A, U6y + B () 0 ds

+20g=E [ (14 Ju)Ey) " IBR lsu)lF s
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4.3. Existence for variational SPDEs

Using the coercivity (4.13)) and the growth bounds (4.15)) we conclude for ¢ €
[1,1+¢) with ¢ < & where C' depends on the constants from (4.13)) and (4.15),
that

E (Lt lu@)F)" ~E (1 + [u)’
< [ (14 )" (alu)R + € (1+ u(s) 1) ) ds
+Cala = VE [ (1+ 1)) 135 o) i 0
< —a(a=Cla=E [ (14 Ju)l)" (o)1 ds
+CE/0t (1+ Jlu(s)[3)" ds

< C’IE/Ot (1+ Hu(s)n%{)qu vt € [0,

(4.20)

and with a Gronwall argument
E(1+ u()l})" < e“E (1+ [u(0)3)" vt &0, 7).
This already implies that there is a constant C' > 0 such that
Ellu()[|3 < e (1+Eu(0)|l3) vt € [0,7].

Furthermore, we have for the stochastic integral in (4.19)) using the Burkholder-
Davis-Gundy inequality from Proposition and the growth assumption (4.15)

1

t .o 2 :
Etes[%%] 2/0 (Bn(u)dW,u),, | < CE l/o HBN(U(S))“(S)HUdS]
. :
< CE | sup [lu(s)ll <1+ / ||u<s>||2vds>] 2y
t€[0,T] 0

1 T
< E sup ||u<s>ufq+c<1+1@ / Hu(s)H%ds).
2 e 0

And from the last inequality in (4.20]) for ¢ = 1 we infer

T
E [ lu(s)] ds < 7 (1+ Efu()])
0
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4. Stochastic evolution equations in infinite dimensions

hence with (4.13)) and (4.21))

E sup |lu(t)][F < Elu(0)|F
t€[0,T

+ Etes[l(l)PT}/O [2 <A(U(T))7U(T)>vf,v + HBN(U(T»H%z(U;H)} dr

*Etifé%ﬁ/o (By (u(r)) dW (7),u(r)) 4

1 T
< E[u(0)[I3 + §Ets[%PT] lu(®)[IF +C (1 + E/O Hu(t)IIQth>
€ ’

1
< Ce“T (1+E[u(0)|}) + 5E sup [lu()[};
2 te[0,T

and therefore

E sup [lu()[} < Ce" (1+Ellu(0)[}) -
te[0,7

O]

The proof of Theorem will be a consequence of a more general result, which
characterizes the limit of solutions of SPDEs. This result will also be applied
in Chapter [5|in order to prove that there is a martingale solution of graphical
SMCEF.

For this we allow the coefficients to vary, as long as suitable assumptions similar
to Assumptions hold.

Theorem 4.37. Let (0, F,P) be a fized probability space. For N € N let
(ftjv)te[opo) be a normal filtration and W a generalized (F}N)-Wiener process on
U with covariance operator Qn € L(U) such that Qn — Q in the strong operator
topology (SOlT) on L(U). We denote the corresponding reproducing kernel spaces

by U = Q?\,U and Uy = Q%U
In addition to Assumptions [4.26] we assume that (An)n, (BN)N are sequences
of operators Ay : V — V' and By : V — Lo(UY; H) with:

e Growth bounds: There is a constant C > 0 and ¢ € (0,2] such that for
all NeNandueV

IAN@)IF7 < OO+ [luli}), (4.22)
1By 17, vy < CA+ [[ullf) and (4.23)
1B (W)l v ry < OO+ lulf® + [lull7)- (4.24)
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4.3. Existence for variational SPDEs

o Continuity: There are A:V — V' and B :V — Ly(Uy; H) such that for
alluy — u in V it holds that

An(un) = A(u) in V7, (4.25)
—3 o SOT -1 )
QN By(un) — Q™ 2B*(u) in L(H;U). (4.26)
Let uN be a solution of
du® = Ax(u)dt + By (u™)dw?, (4.27)

with PouN(0)™! — A in the sense of probability laws on H (cf. [[W81), Definition
2.1]) such that for some q > 2 and all T > 0 it holds that (u’¥)y is uniformly
bounded in

L(Q: C([0,T1; H)) 0 L*(Q; L*(0,T5 V) N L¥(0, T5 LU(Q; H)).
Then there is a martingale solution of
du = A(u) dt + B(u) dW (4.28)

with initial data A, where W is a generalized Wiener process with covariance
operator Q.

Before proving Theorem [£.37] we need the following Lemma, which provides
convergence results for the deterministic operators involved.

Lemma 4.38. Let the assumptions of Theorem[[.57 hold. Furthermore let T > 0
and

X, = (L*(0,T;V),w) N L*(0,T; H) N C([0,T]; (H,w))

with C([0,T]; (H,w)) endowed with the compact-open topology.
Then for all uy — u in X, and p < 2 it holds that for allv e V

(An(un), v)yry = (A(u),v)y g in LP(0,T)
and
QN2 By (un)v — Q*%B*(u)v in L*(0,T;U).

Proof. Let v € V and (uny)ny C X, be a sequence with uy — u in &,. For M > 0
we consider the functions

un(t) if |luy(t)|yv < M,
ud(t) = { . (E)) Oﬂ'lerw(igj , t€[0,T],N € N.
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4. Stochastic evolution equations in infinite dimensions

Since u € L?(0,T;V) we conclude that for almost every ¢ € [0,7] the sequence
(u¥ (t)) nen is uniformly bounded in V. Furthermore we know for every ¢ € [0, T’
that w2 (t) — u(t) in H, because uy — u in X, implies

<u]\N4(t) - u(t),h>H‘ < ’(uN(t) - u(t),h}H‘ —0as N — oo Vh € H.

Hence u}! (t) — u(t) in V for N — oo for almost every ¢ € [0, T].
The continuity assumptions (4.25) and (4.26]) from Theorem imply

(An@i @).v),,

QN By (W (1) — QB (u(t))v

for almost every t € [0,T]. Furthermore, using the growth assumption (4.22)) we
get

— (A(u(t)), U>V’,V and

{axO)0),,, | <0 (14 WOIE + laxO1) Il

Since the right hand side of the above inequality is bounded in L'(0,T'), we infer
with Vitali’s convergence theorem for p < 2

(An(ud), U>V/7V — (A(u),v)y,y in LP(0,T).

In order to infer a similar result for B, we use the growth bound (4.24)), which
by convergence also holds for B, and deduce

2

H@]‘V%vaw% (D)0 — Q3 B (u(t))o

U
(HBN ul (t HL(UN vy + 1B <>>H%(UO;V/>) o}
< C (14 Jun @5 + @137 + lun @3 + @) [0l

The right hand side is uniformly integrable, because |ux||%° is bounded in
L2%5(0, T) and ||uy|% is convergent in L'(0,T). Therefore, by Vitali’s conver-
gence theorem

_1
Q2 By (v — Q2 B*(u)v in L*0,T;U).

Let B = {t € [0,7] | |lun(t)|lv > M} for N € N. For the measure of E&/ we
estimate
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4.3. Existence for variational SPDEs

because (uy)nen is uniformly bounded in L2(0,T; V).

As above one can conclude from the growth assumptions and (4.24))
and the fact that [lu}f ()]ly < [[ux(®)llv + lu(t) v and [ulf (¢ >||H 2 (0 +
[u(t)||# that

p 1 1 2
’AN(UN)U—AN(UAN/[)v’ and HQNzBN(uN)U—QNzBN(u%)U

U

are uniformly integrable with respect to N and M. Hence,

AN (un)v = Aol oo, ry < AN (un)o = AN (Ui )0l o g
+ | An (u v — A(w)ol Loo,1)

and

1Qn* By (un)v — Q2 B*(u)v||L20,107)
_1
< |Qn* By (un)v QNzBN(uN) L2 0y

_1
+ Q" Br(up ) — QWB*(U)UHL%O,T;U)

converge to 0 by first choosing M large such that the first terms on the right
hand side become small and then choosing N large and using the convergences
derived above. O

The proof of Theorem will be carried out in several steps. We start by
proving a weak Holder continuity of the approximate solutions and the Wiener
processes. With a compactness result of Simon [Sim87] we will conclude that
the joint laws of the processes are tight, i.e. there is a sequence of increasing
compact sets such that the probability of leaving these compact sets goes to zero,
cf. [DPZ14]. The characterization of tight sequences given by Jakubowski [Jak97]
yields the existence of a limit. With the convergence result Lemma [£.38] from
above we will infer that this limit is a martingale solution of .

Proof of Theorem[{.37. Step 1: Uniform Holder continuity of (u™) and (W).
Note that by Holder’s inequality (u'V) is uniformly bounded in L>°(0, T; LY (€; H))
for all 2 < ¢’ < q. Hence, without loss of generality we might choose ¢ > 2
sufficiently small during the next arguments.

Let Z be another separable Hilbert space with a Hilbert-Schmidt embedding
V' C Z. Because holds uniformly in N we have that By (u®) is uniformly
bounded in L4(2; L1(0,T; L2(UY; Z))), since by the Hilbert-Schmidt embedding

69



4. Stochastic evolution equations in infinite dimensions

V/ C Z it holds that HSHLQ(U(%V;Z) S CHS”L(U(])\];V’) for all S € L(Uév, V/) and
r N q T N q
E [ 1B O 74 < CE [ 1B O 0
T
<c (1+E | @+ su E||uN<t>||‘§{)-
0 te[0,T]

Note that By(u¥) € N5 (0,T) for N € N. Therefore we can apply the fac-
torization method stated in Proposition to infer a uniform bound for the
stochastic integral [; By (u¥(¢)) dW} € L2(Q; CO*([0,T); Z)) for some A > 0.
Furthermore, since holds uniformly in N we get a uniform bound for
Jo An(uN (1)) dt € L2 (9 03 ([0,77;V")). This implies by a uniform bound
for u™N € L2(Q; C%*([0,T]; Z)) for some A > 0.

In order to infer the uniform Hélder continuity of the Wiener processes (W)
we consider the separable Hilbert space U; given as the completion of U with
respect to the scalar product <9l1’912>U1 = 611215l1,l2 for I1,12 € N and (a;)1ey € 2
a positive square-summable sequence. Then U is densely embedded in U; with
a Hilbert-Schmidt embedding. The representation of W¥ as in Proposition
converges in U;. Hence, each W can be understood as a Wiener process on Uj
and the covariance operator fulfills Qn € L1(U;). Since @y converges pointwise
to @, the @Qn are uniformly bounded in L(U) by the uniform boundedness
principle and therefore uniformly bounded in L;(U;). The factorization method
Propositionfor WN(t) = fg &N dWN where @ : U — Uj is the embedding
of U into U; implies that for A € (0, 3) the (W™)x are uniformly bounded in
L*(9; CON([0,7): Uh)).

Step 2: Tightness of the joint laws of (u™N(0),u™, W).

For A > 0 the embeddings

Co [0, T]; 2) nC([0,T); H) — C(]0,T); Z) and
COM[0,T]; Z) N L2(0,T;V) — L*(0,T; H)

are compact because of the Ascoli theorem [Kel55, Theorem 7.17] and the charac-
terization of compact sets in L2(0,T; H) in [Sim87, Theorem 5]. As on bounded
subsets of H the weak topology (H,w) and the topology of Z coincide we also
infer that the embedding

CO([0,T]; Z) N C([0,T); H) — C([0,T); (H, w))

is compact.
The embedding

OOA([Oa T;Ur) — C([0, TT; (Ur, w))

70



4.3. Existence for variational SPDEs

is also compact because of the Ascoli theorem [Kel55, Theorem 7.17]. Furthermore,
the laws P o u™(0)~! are tight in H because of Prokhorov’s theorem [[WS8T],
Theorem 2.6].

Thus, the joint laws of (u(0),u™, W) are tight in H x X x &}l, with

xT = C((0,7); (H,w)) 0 L*(0, T; H) 0 (L*(0,T; V), w) and
Xk = C ([0,T); (Ur,w)) .
This holds for all T > 0. Note that a set is compact in X, x Xy with

Xu = Cloc([0> OO); (H7 ’LU)) N ngoc(oa 003 H) N <L120c(07 05 V)’ w) and
Xw = Cloc ([07 OO>; (U17w)) )

where Cloe([0, 00); (H,w)) and Cioc(]0, 00); (U1, w)) are endowed with the compact-
open topology, if and only if for all 7' > 0 the set (with all of its elements restricted
to [0,77) is compact in X x Af,. We conclude similarly to [BFEHMIS| Proof of
Proposition 4.3] that the joint laws of (u™ (0),u™, W) are tight in H x X, x Xy .
Step 3: FExistence of a.s. converging random variables on a different probability
space.
Since the space H x X, x X, satisfies a separability condition, see Lemma
below, we can apply the Jakubowski-Skorokhod representation theorem for tight
sequences in nonmetric spaces [Jak97, Theorem 2]. We deduce the existence
of a probability space (€, F,P), an strictly increasing sequence (Ny,)men C N,
X,-valued random variables @™, @ and Xyy-valued random variables W', W for
m € N such that

@™ (0) — @(0) P-a.s. in H,
@™ — @ P-a.s. in X,

W™ — W P-as. in Xw

and the joint law of (@, W) coincides with the joint law of (u™Nm WNm) for all
m € N. To simplify the notation, we will assume that N,, = m for m € N.
Step 4: Identification of the limit.

Let (Gt)ie[0,00) De the natural filtration of the process (4, ). That means G; for
t € [0,00) is the smallest g-algebra such that @(s) : @ — H and W(s) : Q — U
are measurable for all s € [0,¢]. The Pettis measurability theorem implies that
for the Borel o-algebras on H and U; we have B((H, || - ||g)) = B((H,w)) and
B((U1, |- lz,)) = B((Ur,w)). Therefore G; is contained in the o-algebra generated
by o, : Q — C([0,1]; (H,w)) and W\[Qt] : Q — C([0,t]; (Uy,w)). Choosing
dense subsets of [0,¢] and H respectively Uy, one can also show that |, and
W\[Oﬂ are measurable with respect to G;. Hence G; is exactly the o-algebra
generated by (g and W|[07t].
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4. Stochastic evolution equations in infinite dimensions

Let N := {M € F | P(M) = 0}. We will consider the augmented filtration
(Ft)te[0,00) Which is defined by

Fr=[)o(GsUN), te[0,00).

s>t

The augmented filtration (Fy); is a normal filtration. For m € N we can do
the same construction to define the natural filtration (G;*); and the augmented
filtration (F,")¢ of (@™, W™).

Let t € [0,00) and

=
~
~—
Il
<31

(t) — a(0) — /0 " Aa(s)) ds, (4.29)
N () = @ (E) — @ (0) — /0 " A (@7(s)) ds, (4.30)

M™(t) = ™ (£) — ™ (0) — /0 " A (u(s)) ds = /0 "By (™ (s)) AW™(s). (4.31)

For s € [0,1] let
7+ C([0, s]; (H,w)) x C([0, s]; (U1, w)) = R

be a bounded and continuous function. We will use the abbreviations

t
and for a time-dependent process X we write X} = X(t) — X(s).
S

Note that the joint law of (@™, W) coincides with the joint law of (u™, W™).
The processes W™ and M™ are martingales and we can compute their quadratic
variation using Proposition which we encode in the next equations:

t

(t—5)Qm=E (’Ym (W™ e w™)

t
0=E (wwm

) and (4.32)

s
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4.3. Existence for variational SPDEs

t
) =F (ﬁmM’”
t

o [ Bl (0)) B, (a7 () do—)

as well as

t
0=E (’ymMm

) and (4.34)

s

=E (Vm (M™® M™)
(4.35)
) (&m (81" B1™)

3" [ Bl (@) By o) da) |

We also have to encode the fact that M™ can be written as an It6 integral
driven by W™. Together with the above equations this can be recovered from the
following equation which holds in L(U; H):

0—F (w (M™ @ W™)| — ™ /t Bun (0™ (0)) Qe dcr)
’ ’ (4.36)

5o

t t
—5m / Bon(@™(0))Qnm da> .

In order to pass to the limit in the above equations we have to justify why we
can interchange the integration with respect to the probability measure and the
limit. To this end, we will repeatedly use the Vitali convergence theorem.

The Burkholder-Davis-Gundy inequality from Proposition [4.22] applied to W™
yields the uniform bound

. - m m 3
E sup [[W"(0)llj, =E sup [W™(o)ll}, < Ct2
O'E[O,t] O'E[O,t]

with a constant C~> 0 independent of m, since @, € L1(U1) is uniformly bounded
in m. Therefore W™ (¢) is uniformly integrable in L?(Q;U;) for all o € [0,¢] and
this implies that we can pass to the limit in (4.32)) with weak convergence in U
and in (4.33]) with convergence in the weak operator topology on L(U;) because
for all z,y € U; it holds that

t

S>

(t =) (Qu.y)y, « (t =) (Que.y)y, =E (am (<Wm, v), (" %)
B (3((7),, (7)) )

— <IE (’y (W@VV) S) :c,y>U1.

The Kolmogorov continuity theorem [DPZ14, Theorem 3.3] implies that W has
a version with continuous paths in Uy, which we will again denote by W. Since
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4. Stochastic evolution equations in infinite dimensions

the above argument holds for all 7, we conclude that W is a square-integrable
continuous (G;);-martingale with (G;)¢-quadratic variation in U given by

(W =1Q. (4.37)

Since W is continuous, we infer that W is a square-integrable (F;);-martingale
and also holds for the quadratic variation with respect to (F;);. By the
Lévy martingale characterization [DPZ14, Theorem 4.6] we conclude that W is a
generalized (ft)r—Wiener process on U with covariance operator Q).

From Lemma @ we infer that M (t) = M(t) P-a.s. in V’. In addition, the
Burkholder-Davis-Gundy inequality from Proposition the growth bound
(4.24) and the assumed bounds for u imply for some ¢ > 2 and all v € V

q

E sup

q
=E sup ‘(Mm(t),v>v,7v‘
o€[0,¢]

(3" w0, selo]

t
< CE [/O ||Bm(um(5))|\i(U5n;v,) HUH%,ds]

q
2

T

<C <1+E/ [ ()] ds + sup EHU’”(S)H%) o]l
0 s€[0,T7]

< ClllY,

uniformly in m. Thus <Mm(a), Q}>V, . is uniformly integrable in L?({; R) with
respect to m € N and o € [0,] for all v € V. The estimate also implies the
uniform integrability of the integral terms in (4.35) and (4.36)) in a weak sense.
The pathwise convergence of these terms can be inferred from Lemma We
can pass to the limit with Vitali’s convergence theorem in (4.32)) with weak-x
convergence in V' and in (4.35)) and (4.36) with convergence in the weak operator
topology on L(H) and L(U; H), respectively.

We infer that M is a V’-valued continuous square-integrable (G;);-martingale
and because of the continuity also an (F;)-martingale. It holds for all ¢ € [0, c0)
that

() = /O " Bon(i(s)) AW (s) Pas. in V.

Furthermore we have
A—Pou™0) ' =Poa™0)! = Powu(0)?,

which completes the proof. O
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4.3. Existence for variational SPDEs

Proof of Theorem[[.34. For N € N let Viy := span({e!,...,e’}) and consider
the Vy-valued process vV from Theorem The process u!V is a weak solution
of the finite-dimensional approximation of for a Wiener process W/ on
U with covariance operator Qn : U — U, which is the orthogonal projection on
span{gi,...,gn}. Note that Qn — Id in the strong operator topology on L(U).
We can assume that the processes (u)yen are defined on one common probability
space (92, F,P) = ([0, 1], B([0,1]), L), because the proof of [HS12, Theorem 0.1]
could be adapted to yield existence of weak solutions for the finite-dimensional
approximation on this particular space (cf. [IW81, Theorem IV.2.3 and Theorem
IV.2.4]). Furthermore we note that Pou¥(0)~! = Ay = Ao Py' — A, since
Py — Id in the strong operator topology.

We can apply Proposition to infer that for all 7' > 0 the sequence (uN )NeN
is in N € N uniformly bounded in

L*(Q;C([0,T]; H)) N L*(Q; L*(0,T;V)) N L>°(0, T; LY(; H)).

for some ¢ > 2.

Now, Theorem yields the existence of a weak martingale solution of (4.12])
with initial data A. O

Lemma 4.39. Let U be a separable Hilbert space. Then the following spaces have
the property, that there is a countable set of real-valued continuous functions on
this space that separates points:

4 CZOC([Oa OO), U)7
o L},.(0,00;U),

o (L2

loc

(0,00;U);w) and
o Cie([0,00); (U, w)) with the compact-open topology.

Proof. Fix dense and countable subsets ) C [0,00) and V C U. Consider the
set of functions § = {u — (u(q),v),; | ¢ € Q,v € V}. Then § is a countable
set of real-valued continuous functions on Cloc([0,00); (U, w)) that separates
points. Since Cloc([0,00);U) C Cloc([0,00); (U, w)) is continuously embedded, the
functions in § are also continuous on Ciec(]0,00); U) and separate points.

The space L?(0,00;U) is a separable Hilbert space. Let & C C.(0,00;U) C
(LIQOC(O, 00; U))/ be a countable set which is dense in L?(0,00;U). Then & is a

set of continuous functions on L% (0,00;U) and (L2 .(0,T;U),w) that separates
points on both spaces. ]
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5. Existence of solutions for
graphical SMCF

This chapter is devoted to a rigorous formulation and proof of the existence result
Theorem Under suitable assumptions on the noise and the initial data we
will prove for n € N existence of global-in-time martingale solutions of stochastic
mean curvature flow of graphs with colored noise, i.e. for all ¢ € [0,00) =: I and
reT"

du(z,t) = Q(Vu(z,t))V-(v(Vu(z,t))) dt + Z Q(Vu(z, 1)) (x) o dBH(t), (5.1)

leN
where Q(p) = /1 + [p|? and v(p) = \/LI;W for p € R™ as in Remark [B.9] Note

that we do not allow the noise coeflicients
of a point (z,u(z,t)) on the graph of u(-,¢
would not permit graphical solutions.

We will solve with periodic boundary conditions. For this, let us introduce
Sobolev spaces with respect to the flat torus T".

©1)ien to depend on the height u(x,t)
, because in general this kind of noise

~— —

Remark 5.1 (Periodic Sobolev spaces). For k € N, p € [1,00) we will denote
by WkP(T") the space of periodic Sobolev functions on the flat torus T™. This
space can be obtained as the completion of the [0, 1]"-periodic C*°(R"™) functions
with respect to the Sobolev norm || - [[yr.p(jo,1n)- We will abbreviate HE(T™) =
Wk’2(Tn).

We will make the following assumptions:

Assumptions 5.2. If not otherwise specified, we will always assume that the
coefficients are smooth, i.e. ¢; € C®°(T") for | € N, and

o Yien¥? <2onT" and

o Yienl19f o2y < oo
In the following, we will write C' = Clise for any constant C that only depends
on the assumptions on the coefficients (¢;)ien, i.e. mingen (2 — >IN ap?(m)) >0

and ) ey |180z2||02(1rn)~
For the driving processes, we will assume that (ﬁl) leN is a family of independent
real-valued standard Brownian motions.
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5. Existence of solutions for graphical SMCF

Under the aforementioned assumptions, solutions of (5.1)) are defined in the
following way.

Remark 5.3 (Notion of solution). Let I = [0,7] with T' < oo or I = [0, 00) and
A a Borel probability measure on H'(T") with bounded second moments, i.e.

2
ny dA(2) < oo.
s 121 oy 0A(2) < 00

In accordance to Deﬁnitionwe say that there is a martingale solution u of
on the time interval I, if there is a stochastic basis (Q, F, (F¢)ter, P) with a normal
filtration together with a family (8');cy of independent real-valued standard (J;)-
Brownian motions, an Fy-measurable random variable uy € L?(€2; H*(T")) and
a predictable H!(T")-valued process u with u € L?(£2; L?(0,t; H*(T™))) for all
t € I such that Poug' = A and

u(t) —uo = [ Q(Vu(s))V-(v(Vu(s))) ds
0
t (5.2)
+3 /0 Q(Vu(s))p 0 dB(s) P-as. in LA(T") Vte I

According to Definition [I.19/and Remark [£.20| we can compute the It6-Stratonovich
correction terms using the formula

dQ(Vu) =...dt + Y v(Vu) -V (¢Q(Vu)) o dp’
l

and infer that (5.2) is equivalent to the Itd formulation
t 1
u(t) —uo :/0 Q(Vu(s))V-(v(Vuls)) + 5 d_ev(Vu(s)) - V (@iQ(Vu(s))) ds
l

+ Z/Ot Q(Vu(s))pdpl(s) P-a.s. in L*(T") Vte I
]
(5.3)

Note that the above equation is well-defined since for v € L?(Q; L2(0,t; H2(T")))
it holds
Q(Vu)V-(v(Vu)) = Au — v(Vu) - D*uv(Vu) € L*(Q; L*(0,t; L*(T™))),

> @v(Vu) - V(e Q(Vu)) € L*(Q; L*(0,¢; L*(T™))) and
leN
(@1Q(Vu))ien € L2(Q; L*(0, ¢, 2 (H (T™)))).

Proposition [4:2§] implies that a martingale solution u has a modification with
continuous paths in H'(T") and u € L2(Q; C([0,t]; H(T™))) for all ¢ € I.
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Remark 5.4 (Spatially homogeneous noise). The spatially homogeneous noise

case refers to o1 = a € (—ﬂ, \/§) and ¢; = 0 for [ > 2. Note that this particular

situation is included in Assumptions In this situation we will write 3 = 3!.
The It6 formulation becomes

du = Q(Vu) V- (v(Vu)) + %aQV(Vu) -D?uv(Vu) dt + aQ(Vu) dB

2 2
= (1 — O;) Q(Vu)V-(v(Vu)) + %Au dt + aQ(Vu) dg.
When the noise coefficient is in the admissible range o € (—v/2, v/2), the determin-
istic part of this equation is a convex combination of the mean curvature operator

Q(Vu)V-(v(Vu)) and the Laplace operator. In fact, (1 - O‘;) Q(Vu)V-(v(Vu))+

%Au is a strongly elliptic operator. But as the equation is perturbed by multi-
plicative gradient-dependent noise, this does not imply that (5.3) is a coercive
equation in the sense of Assumptions

In the next theorem we will state the existence result for graphical SMCF.

Theorem 5.5. Let A be a Borel probability measure on H'(T™) with
2 6
/Hl(qrn) ||Z||H1(Tn)dA(z) < o0 and /Hl(’ﬂ‘") HV,ZHL()-(W) dA(2) < oo.

Then, under Assumptions there is a martingale solution u of (5.1) for
I = [0, 00) with initial data A.

As mentioned above, equation is not a coercive variational SPDE in
the sense of Assumptions [{.31] preventing to directly infer Theorem using a
Galerkin scheme. Instead, we employ a different method that is based on a-priori
bounds, which we will derive in Section [5.2] using the abstract Ité formula for
variational SPDEs from Proposition

The a-priori bounds imply that any solution of with sufficiently regular
initial data does not explode. In order to use this result for an existence proof, we
need to construct a suitable sequence of functions (u®).~¢ such that this sequence
approximates and preserves the a-priori bounds. Once such a sequence is
constructed, we can use the a-priori bounds to apply a stochastic compactness
principle and deduce the existence of a limit of u® for ¢ — 0. In the last step we
will show that the a-priori bounds imply that the limit is sufficiently regular and
the convergence is strong enough in order to identify the limit as a solution of
(6-1)-

We will construct the approximating sequence by solving for € > 0 the so-called
viscous equation

du = eAu+ Q(Vu) V- (v(Vu)) dt + > Q(Vu)y; dgt, (5.4)
I
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5. Existence of solutions for graphical SMCF

which differs from (5.1)) by the additional viscosity term eAu. We will show in
Section that the viscous equation ([5.4]) is a coercive variational SPDE and
therefore existence can be deduced from Theorem [4.34]

Before going into the details, we want to show the computations that assure
the a-priori bounds for solutions of (/5.1)).

Remark 5.6 (A-priori bounds). We want to consider the slightly more general
case of stochastic mean curvature flow in which the noise coefficients might depend
on the height of the function. To this end let u be a solution of

du = Q(Vu)V-(v(Vu)) dt + 3 m(-,u)Q(Vu) o df'
l

where the coefficients 7; = n;(x, z) are assumed to be smooth. We recover our

standard equation for mi(x, z) = pi(x).

In the following we will denote by V,n the gradient of n with respect to the x
variable and by 9,7 the derivative with respect to the z variable. For the gradient
of the composed function (-, u) we will write Vi = V(n(-,u)) = Vyn + 9.nVu.

For a function f : R™ — [0,00) we want to analyze the time evolution of the
corresponding gradient-dependent energy

E(u) = N f(Vu).

Formally the chain rule applies when using the Stratonovich formulation of
stochastic integration. In our case this yields

d€(u) = /T Vi(Vu)-V (Q(vu)v- (v(Va)) dt + 3" mQ(Vu) o dﬁl) .
l

In particular, we are interested in the evolution of the expectation E€(u). Note
that, at least under suitable assumptions, a stochastic integral in the sense of
It6 does not contribute to the expectation. In order to use this fact, we rewrite
the above evolution law of &(u) into its Itd6 formulation. For this we refer to
Remark [£.20| and compute

d(Vf(Vu) ~ vmmw») — V(nQ(Vu)) - D2f(V) V(o du)
+ Vf(Vu) - V(0,mQ(Vu) odu+ mv(Vu) - V(odu))

= At Y edfm {V(mQ(vU)) D2 (V) V (Q(Va)
m#l

V(Y)Y (e Q(Vu)® + niv(Va) - V (nQ(Va))) } o dp'.
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Hence, E€(u(T)) — E€(u(0)) = E [ u(t) dt with

p= [ VIV T (QT0)V-(v(Va)

£33 VATV (ndmQ(Vu) + arv(Vu) - (nQ(Ve)))
l

n % S VmQ(Vu) - DX F(Vu) V(. Q(Vu)).
l

Note that in deducing the expression for p and EE(u(t)) we have not been
rigorous as we have not proven that the chain rule holds for the Stratonovich
differential in our situation. Furthermore, we can not justify that the assumptions
of Remark [£.20] are fulfilled in order to compute the It6-Stratonovich correction
terms. We will fix these issues later by using the It6 formulation of graphical
SMCF and using the It formula from Corollary [£.30, which holds for a solution
of in the sense of Remark

In addition, we have not been rigorous why the It6 integral can be neglected
when taking the expectation. Because of the integrability of the integrand we can
only infer by Definition [£.14] that the It6 integral is a local martingale.

It is worth mentioning, that the following manipulations of y are rigorous for
all u € H?(T") for sufficiently smooth f, i.e. f € C?(R") with bounded second
derivatives, and sufficiently regular noise coefficients (1;);en. In particular height-
independent noise coefficients n;(x, z) = ¢;(x) with (¢;);en as in Assumptions
are admissible.

For notational convenience we will use the Einstein summation convention,
i.e. we will sum over all indices appearing twice. For example, we will abbreviate
\Ilzzl—n—;zl—zleNg.

Note that

QY)Y (v(Va) + S (V) - V(mQ(Vu))
=UQ(Vu)V-(v(Vu)) + %anu + %mVu -Vn.

Hence, with the notation

et = /1r UV (V) -V (QIVH)V (v(T) ) + £ (Vi) DT Q(Tu) V- (v(Vu),

fnoie = [ VI(T0) -V (7 B0+ mdnQ(Vu)? +nVu- V)
+2Q(Vu) V- (v(Vu)) (Vf(Vu) - VI — f(Vu)d, V)
+V(mQ(Vw)) - D? f(Vu)V(nQ(Vu))
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5. Existence of solutions for graphical SMCF

we have

1
B = fmef + ilunoise-

The choice of pmcr is motivated by the fact that it is the directional derivative of
w v [pn Uf(Vu) into the direction Q(Vu)V-(v(Vu)). Therefore, it has the same
structure as the time derivative of [, ¥ f(Vu) for solutions of the unperturbed
mean curvature flow of graphs. This interpretation gives us the hint to handle piyct
similarly to the way time-dependent test functions are handled in the deterministic
case, c.f. [Eck04], Proposition 4.6]. To this end, we will rewrite pimer and also fineise
using integration by parts. Note that there will be no boundary terms appearing
because of the periodicity of u.

Motivated by Remark we will artificially add and subtract the term
f(Vu)¥|V- (v(Vu))|? to pimer and integrate by parts, i.e.

pmet = [ 1T UT-(v(T0) [ + U (v(Va) 9 (F(Tu)v(T))
— UV (v(Vu))v(Vu) - D*uV f(Vu)
WV (v(V) V- (Q(V) V£ (V)
+ UV (v(Vu)) Vf(Vu) D2uv(Vu)
- Q(Vu)V-(v(Vu)) V f( VU + f(Vu)d,¥Q(Vu) V- (v(Vu))
= [~ (VY- (v(Va))
+ UV (v(VW) V- (f(Vu)v(Vu) — Q(Vu)V£(Vu))
— Q(Vu)V-(v(Vu))Vf(Vu) - VI + f(Vu)d,¥Q(Vu)V-(v(Vu)).

We will rewrite the second term by integration by parts

pimer = [ =F (V) V|V (v(Vw)*
— V- (v(Vw)) VT - (f(Vu)v(Vu) — Q(Vu)Vf(Vu))
+ VU - D(v( u)) (f(Vu)v(Vu) — Q(Vu)V f(Vu))

+UD(V(Vu)" : D(f(Vu)v(Vu) — Q(Vu)V f(Vu))
— Q(Vu) V- (v(V )) fF(Vu) - VO + f(Vu)0. ¥ Q(Vu) V- (v(Vu))

and note that two terms cancel out
pes = [ 1T (v(T0) [ = (Vi) ¥ (v(Tu)) V¥ - ¥(V)
VU D(v(V) (f(Va)v(Vu) - QVe)V (V)
+ U D(v(Vu))T : (f(Vu) D (v(Vu)) — Q(Vu) D2 f(Vu) D2u)
+ f(Vu)d,¥Q(Vu) V- (v(Vu)).

Vu
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Now, after one more integration by parts in the second line and completing the
square, we infer

per = [ =S (V) ¥V (v(TW)2 = F(T0)¥- (v(T0) V¥ - (V)
+ fF(Vu) ATV — f(Vu)v(Vu) - D*Tv(Vu)
— [(Vu)VT - v(Vu) V- (v(Vu))
+ D (v(Vu)) " : (f(Vu) D(v(Vu) - Q(Vu) D2f(Vu) D?u)
+ f(Vu)0,9Q(Vu)V- (v(Vu))

B VU - v(Vau)|? IV - v(Vu)[?
= [ I —w -

+ f(Vu) (A = v(Vu) - DUv(Vu) + 0. ¥Q(Vu)V- (v(Vu)) )
+UD(v(Vu))" ¢ (f(Vu) D(v(Vu)) — Q(Vu) D2f(Vu) Du)

V- (v(Vu)) + + f(Vu)

Later, we will show that f can be chosen such that the last term is non-positive.
Let us repeat the definition of fipeise:

Lnoise = /Jl‘” Vf(Vu)-V (leAu + 70.mQ(Vu)? + nVu - an>
+2Q(Vu)V-(v(Vu)) (Vf(Vu) - V¥ — f(Vu)d, V)
+V(mQ(Vu)) - D*f(Vu)V(mQ(Vu)).

By combining terms in the first line we infer

Hnoise = / Vf(Vu)-V (V- (n?Vu) —mVu -V + nlazmQ(Vu)2>
+2Q(Vu) V- (v(Vu)) (Vf(Vu) - VI — f(Vu)d, V)
+ V(mQ(Vu)) - D* f(Vu)V(mQ(Vu)).

We rewrite this expression by integration by parts and note that two terms cancel
out, i.e.

[noise = /Tn —7712 D2f(Vu) D%u:D?u — Vf(Vu)-V (mVu -V — mazmQ(Vu)2)
+2Q(Vu) V- (v(Vu)) (Vf(Vu) - VI — f(Vu)d, V)
+ n?v(Vu) - D?uD?f(Vu) D*uv(Vu) + Q(Vu)?Viy - D*f(Vu) V.

Note that

Q(Vu)D(v(Vu)) = D*u — v(Vu) ® D*uv(Vu) and
Vu - Vi = V- Vo + [Vul*0.m,
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5. Existence of solutions for graphical SMCF

hence

pncie = [ =1 Q(Tu) D (Tu) D*u : D(v(Vu))"

= Vf(Vu) -V (mVu - Vem —m0.m)
+2Q(Vu) V- (v(Vu)) (Vf(Vu) - VI — f(Vu)d. )
+ Q(Vu)*Viy - D2 f(Vu) Vi

The second term can be further simplified by

= Jo, VIVU) -V (V- Vo — m0zm)

= Jn =V (f(Vu)) - (mVam) — Vu - D Ven)V f(Vu) + Vf(Vu) - V(mi0-m)

=)o J(Vu)V-(qVem) — Vu - D Vo)V f(Vu) + V f(Vu) - V(m0.m;).

2
By\Ilzl—%lweinfer

Hnoise = /]I‘” —nle(VU) DQf(Vu> D2’U, : D(V(VU))T - f(vu)vvl‘qj

+ Vu - DV, UV f(Vu) — Vf(Vu) - VO, ¥
+2Q(Vu) V- (v(Vu)) (Vf(Vu) - VI — f(Vu)d, V)
+Q(Vu)* V- D2 f(Vu) V.

Combining the computations for pmer and pineise We infer

B VT - v(Va) |
p= [ —rvwe ‘V- (v(Vu)) + — =

2
+ Q(Va) V- (v(Var)) V£ (V) - VT + f(vU>WW
+D(v(Vu) "+ (Uf(Vu) D(v(Vu)) ~ Q(Vu) D*f(Vu) Du)

+ f(Vu) (A\I/ —v(Vu) 'DQ\I/V(VU) — ;V’qu’>

+ %Vf(Vu) : (DT V. UVuy — vazqf) + %Q(Vu)2Vm -D?f(Vu) V.

84



Completing the square gives

2
VU - (£(Vu) - v(Vu) = 3Q(VU)VF(Vu))
= —f(Vu)¥ |V-(v(Vu)) + V)T

+D(v(Vu)" ¢ (Uf(Vu) D(v(Vu) — Q(Vu) DXf(Vu) D?u)
2

‘vq: : ( F(Vu)v(Vu) — 1Q(Vu)v f(vu))
i F(Va) U
+ f(V) <A\Il — v(Vu) - D2Uv(Vu) — %v- vxw)

1 1
+ 5 VI (V) - (DT VUV — vazxp) +5Q(Vu)’ Vi - D (V) V.
Note that the first term is non-negative. The second term can be written as
D(v(Vu)”: (\p F(Vu) D(v(Vu)) — Q(Vu) D*f(Vu) D2u)

_ D*uA(Vu) : B(Vu)D?u
B Q(Vu)?

with

A(Vu) =1d —v(Vu) @ v(Vu),

B(Vu) = ¥ f(Vu) (Id —v(Vu) ® v(Vu)) — Q(Vu)? D f(Vu).
The matrix A is non-negative and under suitable assumptions on f the matrix
B will be non-positive. Together with Lemma this implies that the whole
second term is non-positive.

In the general case the other terms might contain second order derivatives of u
for which we do not know if they are controlled by the good terms. But when we
consider the situation where the noise coefficients do not depend on the height,
i.e. m(x, z) = pi(x), then the above expression for p reduces to

V. ( f(Vu)-v(Vu) = 3Q(Vu)V f (VU)) 2
f(Vu)¥

+D(v(Vu)" (\I/f(Vu) D(v(Vu)) — Q(Vu) D*f(Vu) D2u)

- n—f(VU)‘If|V' (v(Vu) +

‘vqf (F(Tupv(Tu) - 2QV)V(Va)) i

f(Vu)¥w
+ f(Vu) (;A\I/ —v(Vu) - DQ\IJV(VU)>

_|_

1 1
+ 5 VH(Vu) - D?*UVu + §Q(VU)QV@Z -D2f(Vu)Vy.
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5. Existence of solutions for graphical SMCF

In this equation, the third to sixth term do not contain second order derivatives
of u.

In order to derive a-priori bounds using the representation of u we will
choose f such that the first two terms are non-positive and the other terms can
be controlled by &(u). An a-priori bound for &(u) is then a consequence of the
Gronwall lemma.

As mentioned before, in order to employ the a-priori bounds we will construct
an approximating sequence (u®) solving for £ > 0 the viscous equation .
That means, that we are constructing a solution of utilizing the vanishing
viscosity method, which is the foundation of the deterministic viscosity theory for
first-order PDEs. It therefore has to be emphasized that the notion of solution
from Remark does not coincide with the notion of stochastic viscosity solutions
in the sense of [LS98a].

5.1. Existence of viscous approximation

In this section we will show how to infer existence for the viscous equation ([5.4])
by interpreting it as a variational SPDE in the sense of Section [4.3]

Theorem 5.7. Let e >0, ¢ > 2 and A be a Borel probability measure on H*(T™)
with

: q
/HI(W) 1211 (gny dA(2) < 00 and /Hlm) V2|42 dA(2) < 0.

Then, under Assumptions there is a martingale solution u of (5.4]) for
I =10, 00) with initial data A.

Proof. We intend to apply Theorem in order to obtain a martingale solution
to the equation the gradient Vu fulfills for u satisfying ([5.4)), which in turn gives
rise to a martingale solution to (5.4) itself. To this end, we will work with the
spaces

V = {Vu|ue H*(T")} with ||Vuly = |Vl g1 (e mny,
H={Vul|uce Hl(']I‘”)} with ||Vul|g = HVUHLQ(Tn;Rn) and
U= 2.

We have that V' C H densely and compactly. Furthermore, we can identify
Ly(U; H) = (2(H).
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5.1. Existence of viscous approximation

Using the Einstein summation convention we define the operators

AV SV
(Ae(Vu), Vw)y,,

/n eAu + Q(Vu) V- (v(Vu)) + %gplv(Vu) -V (cplQ(Vu))> Aw

2 @2 1
/n eAu + ) Q(Vu)V-(v(Vu)) + ?lAu + 1V(gza%) - Vu) Aw

B=(B)ien:V — (*(H)
Bi(Vu) := V (¢1Q(Vu)) = ¢; D*uv(Vu) + Q(Vu) V.
We verify that the Assumptions [£.31] are fulfilled:

e Coercivity: The coercivity assumption is an assumption on the terms
appearing in the time evolution of ||Vu||% for a solution Vu. Since ||Vul|%
and [r. Q(Vu)? only differ by a constant, the term

2(A(Vu), Vu)y, , + > | Bi(Vu)l;
l
~ [ —2feaus <1 . gl) QT (v(Vu))

o7 1
+ EZAU + ZV(@?) : Vu} Au
+ go%] D2uv(Vu)|2 + Q(Vu)z\VgolP +2Q(Vu)pVyy - D2UV(VU,)

is up to the first part, which stems from the viscous approximation, exactly
the term we have rewritten in Remark |5.6| for f(Vu) = Q(Vu)?. Repeating
the computations yields

2(A(Vu), Vu)yy + 2 11BU(V)
l
2
= [ —2e(dup? - < - ‘”;) QVu) V- (v(Vu) [

+ Q(Vu) D(v(Vu) T : ((1 - 90;) Q(Vu) D(v(Vu)) — 2D2u>

~ 1Q(VuPA(?) + QT Vil
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5. Existence of solutions for graphical SMCF

Note that by Lemma [C.2]

2

Q(Vu) D(v(Vu))" : ((1 — 9021> Q(Vu)D(v(Vu)) — 2D2u)

= — D%u (Id —v(Vu) ® v(Vu))
: ((1 + SD;) Id + (1 - SO;) v(Vu) ® V(Vu)) D%u

Hence,
2 (A(Vu), Vu)y,  + > [1Bu(Vu) |
l
< —2¢|Vulf} + € (14 ||Vul})

with a constant C' = Cyeise that only depends on the coefficients (¢;)ien, see
Assumptions This proves that equation ([5.4]) is coercive in the sense of
(14.13]).

e Growth bounds: There is a constant C' = Cgiee such that

1A (Vu) [} <

eAu + ( - 90%) Q(Vu)V-(v(Vu))
2

()02 1 2
+ EZAU + ZV(@%) -Vu

L2(Tn)
< C(1+ || Vul i pn gny)s

||B(VU)H?2(H) = ”V(WQ(VU))H%?(W;R“) <C(1+ Hqu%{l(T”;R”))a
IB(Vu)l v < 191Q(Vu)l[famny < C+IIVulFoppnpn))-
e Continuity: When Vup — Vu in V, then Vui — Vu in H and therefore

v(Vug) - D2upv(Vug) = v(Vug) @ v(Vug) : D2uy
— v(Vu) @ v(Vu) : D?u in L1(T")
= v(Vu) - D?uv(Vu)

and since |v(Vuyg)| < 1 also

v(Vaug) - D?upv(Vauy) — v(Vu) - D?uv(Vu) in L*(T™).
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5.1. Existence of viscous approximation

The other terms in the definition of A.(uy) are linear in wuy, hence
Ac(ug) = A(u) in V.
Similarly,

Bl(Vuk) = @ Dzukv(Vuk) + Q(Vuk)chl
— ¢ D*uv(Vu) + Q(Vu)Vir = By(u) in L*(T"; R").

Hence, for all Vw € L?(T™; R"™) by dominated convergence

((Bl(uk), Vw)H) — (<Bl(u), Vw>H)leN in /2.

leN

Now, from Theorem we can conclude that there is a martingale solution
Vu of

AVu = V <5Au + QY)Y (v(Va) + %gplv(VU) - V(WQ(W))> dt
+ )V (2Q(Vu)) dp’ (5.6)
l

=V (cAu+ Q(Ve) V- (v(Vu)) ) dt + >V (21 Q(Vu) 0 B in V'
l

with initial data Ao V1

Next, we will show that is not only fulfilled in V’ but also in (H LeTm; R”))
hence weak in the PDE sense. For an arbitrary ¢ € H'(T™";R") we take the
Helmholtz decomposition 1 = Vw + ¢ with w € H?(T") and ¢ € H'(T";R")
with V-¢ = 0 and since both sides of the equation for Vu are orthogonal to
divergence-free vector fields, we have for all ¢ € [0, o)

/
)

[ - vu©) v = [ {7 (QVu)T((Tul))) 0 s

(Hl)/7H1
t
+3 [ [V @Q(vats)) o ds(s
l ,
and therefore the equation for Vu is also fulfilled in (H S IH R")),.
By eventually enriching the stochastic basis (2, F, (F¢)ter, P) and using disin-

tegration theory, we find an Fy-measurable H!(T")-valued random variable ug
with Vug = Vu(0) a.s. and A = Powugy'. Now, define for ¢t € [0, 00)

i(t) = w0 + [ ' QVu(s) V- (v(Vuls)) ds + 3 / " aQ(Vu(s)) 0 dBl(s). (5.7)
l
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5. Existence of solutions for graphical SMCF

Note that by assumption ug € L?(2; L?(T")) and also for T € [0, c0)
t— /Ot Q(Vu(s))V-(v(Vu(s))) ds € L*(; L*(0, T; L*(T™))) and
29D /Ot P1Q(Vu(s)) 0 dBl(s) € LA(Q; L2(0, T; LA(T™))).

Hence, @ € L?(Q; L2(0,T; L?>(T"))). Furthermore

Vi(t) = Vg + /O ‘v (Q(vu(s))v (V(Vu(s)))) ds
+ /Ot V (01Q(Vu(s))) o dBl(s) = Vu(t) Vt € [0,00) P-a.s.

and by (5.7)) @ is a martingale solution of (5.4)). O

5.2. It6 formula for solutions and a-priori estimates

In this section we will derive the evolution laws of certain energies, motivated by
the formal computations from Remark With this evolution laws at hand, we
will prove a-priori estimates for solutions of and . It will turn out that
these estimates yield uniform bounds in € > 0 and also hold in the limit for £ = 0.

Note that a martingale solution of either or is a strong solution with
respect to the appropriate choices of probability space, Wiener process and initial
data, see Definition The following results, in which we characterize the
properties of a strong solution, therefore also apply to martingale solutions in the
above sense.

5.2.1. Preliminary results

We will start by giving a motivating example which shows that the perimeter of
solutions is controlled.

Example 5.8. We know that the deterministic mean curvature flow can be
understood as the gradient flow of the perimeter functional. Hence, the natural
dissipation inequality implies that [;, Q(Vu) is decreasing for solutions of the
deterministic mean curvature flow.

We will show that this property is still valid for stochastic mean curvature flow
with spatially homogeneous noise. In the case of colored noise this is not true,
but at least we have a control of the perimeter.

Note that the following computations are similar to Remark In particular,
we do not give rigorous arguments why the chain rule holds, how to pass from the
Stratonovich to the It6 formulation and why the It integral does not contribute to

90



5.2. It6 formula for solutions and a-priori estimates

the expectation. This problems will be addressed in Lemma [5.9 and Lemma [5.10]
below.
Formally, for a solution u of (5.1]) it holds that
df Q(vu) = / v(Vu) -V (Q(Vu) ¥ (v(Va) df + @iQ(Vu) o dB')
’]I‘TL

which is by Remark formally equivalent to the It6 formulation

n

af avw= [ (Vo) (VT (¢(Va) + jav(Vu) - V(pQ(Tu)

1 Id —v(Vu) @ v(Vu)

+v(Vu) -V (¢1Q(Vu)) da.

V(@ Q(Vu)) dt

We will manipulate this term similar to Remark [5.6] In this particular situation,
terms can be combined differently in order to infer a more accessible expression.
Using integration by parts we infer

902
af v = [ - (1= ) aware v

i @i
+v(Vu) -V <21Au + EVU : Vgpl>

1 Id —v(Vu) @ v(Vu)

+v(Vu) - V (9Q(Vu)) dB.

V(g Q(Vu)) dt

Note that
P nu 4 Py Vo = V- <9012Vu> ~Lou. v
2 2 2 4
Hence,
2
af v = [ - (1-% ) awaim @

¢ T,
~ 5 Q(Vu) D(v(Vu))" : D(v(Vu))

_ iv(Vu) -V(Vu-V(4}))

Q(Zv“)wz - (1d —v(Vu) ® v(Vu)) Vi dt

+v(Vu) -V (21Q(Vu)) da'.

+
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5. Existence of solutions for graphical SMCF

This can be further simplified to

— — 7&2 U \VivVu
1f ava= [ - (1-% ) awam @

2
_ %Q(Vu) D(v(Vu))" : D(v(Vu))
+ iQ(Vu) (A = v(Vu) - DAp})v(Va)

1
+ §Q(Vu)Vgol (Id =v(Vu) @ v(Vu)) Vg, dt
+v(VU) - V (91Q(Vu) dB.
Now, we recover the deterministic case by setting ¢; = 0. That is,

[ Qv == [ Qva) V- (V)i <o.
Tn Tn

Since the stochastic integral is a (loc 1) martingale, we formally infer for spatially
homogeneous noise ¢1(x) = a € (—v/2,v/2) and ¢; = 0 for [ # 1 by Lemma

(-
at( QVu - (1 O;) /wauwm

g [ Q(Va) D(v(V)T : D(v(Vu)

2 T~

<0

In the general case we infer

Oy <IE Q(w)) <E {— (1 - “f) Q(Vu)|V- (v(Vu))|?
Tn Tn

9012 T,
— 7Q(Vu) D(v(Vu))" : D(v(Vu))

+ CnoiseE/ Q(VU)
']I‘n

and with a Gronwall argument we deduce that E [, Q(Vu) grows at most
exponentially in time.
In geometric terms this last inequality yields for a constant C' = Clise > 0

EH"(M,) +E// [( )HZ() QOQ%A(S)I2

< cCtREH™ (Mo) ,

dH" ds
(5.8)

92



5.2. It6 formula for solutions and a-priori estimates

where M, = graphu(t), H(t) is the mean curvature and |A(t)| the length of the
second fundamental form of M; for ¢ > 0.

Although is the natural energy estimate for stochastic mean curvature
flow, we will not use this estimate since stronger estimates are needed in order to
pass to the limit £ — 0 in the viscous equation . Nevertheless, we will argue
similarly as in Example to derive these stronger estimates.

In the next two Lemmas, we will justify the computations from Remark [5.6]
under suitable assumptions on the energy. The abstract 1t6 formula Corollary
for variational SPDEs applies to our situation and yields the next Lemma.

Lemma 5.9. Let ¢ > 0 and u be a strong solution of (5.4]) on the time interval
I. For a function f € C*(R™) we consider the energy

E(t) == f(Vu(t)), tel.
Tn
If the second derivatives of f are bounded then

d¢ = | —eD?f(Vu)D?u: D%
’]I‘n

i
— < — 2l> f(Vu)
2

+D(v(vu)’: ((1 - %> F(Vu) D(v(Vu)) — Q(Vu) Df(Vu) D%)

2

V() - (fv-1QVf) (Vu)

V- (v(Vu)) — V) (1 B ‘F’212>

2

2
VD) (F(Vuv(Va) - QTS (V)

1w (1-4)

- 5770 (3A6D) ~ v(Va) - DA)¥(Vu))

+

1 1
— VI (Vu) - DAf)Vu+ SQ(Vu)* Ve - D f(Vu) Vipy dt
+ V[V (0Q(Vu))dB'.
Note that the integral on the right hand side is finite.

Proof. We can apply Corollary [£.30] to infer

de = |~ V(V/(Vu) <6Au +Q(Vu) V- (v(Vu)) + %wv(w v <wQ<W>>)
4 %V(gplQ(VU)) -D?f(Vu) V(21 Q(Vu)) dt

+Vf(Vu) - V(2 Q(Vu)) dp".
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5. Existence of solutions for graphical SMCF

With the justification of this evolution law at hand, we can use the rigorous
manipulations of the deterministic term from Remark to deduce the claimed
expression for d€&.

Since f grows at most quadratically and V f grows at most linearly and
u € L2(; L2(0,t; H*(T™))) for all t € I, we infer that the integral on the right
hand side is finite. O

By specializing Lemma to the case f(Vu) = ¢(Q(Vu)) we find, under
suitable assumptions on g, a whole family of energies which can be controlled
during the stochastic mean curvature flow. Note that by Remark [5.3] a solution u
of has continuous paths in H(T"), i.e. u € L*(Q; C([0,t]; H'(T"))) for all
t € I. Therefore u(0) € H*(T") is well-defined, in particular for ¢ = 0.

Lemma 5.10. Let € > 0 and u be a strong solution of (5.4) on the time interval
I. Furthermore let g € C%(R>1) with

e g is increasing and convex, i.e. ¢, g" >0,

g'(2)
zp—1

e there is a constant p > 2 such that z — is decreasing and

e 0< 2 < (1) <g'(1),

Then we can estimate the energy

by

Ee(t) +E | [ Q@) ~ 5(Q(V1)) D) D(v()) ds

< COHDIRE)  Wtel
(5.9)

with a constant C' = Cheise that only depends on the coefficients (¢p)en, see
Assumptions [5.3. Furthermore, the integral on the left hand side of the above
inequality is non-negative.

Proof. We will start by deriving some properties of the function g.
g'(2)

zp—1

Since is decreasing we infer

d"(2)z—(p—1)g'(2) <0 Vz € R>y.

Furthermore, we have

(6/(=)2 = pg(2)) = g"(2)2 = (0~ 1)g/(2) < 0
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5.2. It6 formula for solutions and a-priori estimates

and ¢/(1) — pg(1) < 0. Hence,

d(2)z—pg(z) <0 VzeRs.
Similarly, we have

(9'(2)z —g(2)) =9"(x)2 > 0

and ¢/(1) — g(1) > 0. This implies

d(2)z2—g(z) >0  VzeRs.

We intend to apply Lemmal5.9|to the function f(Vu) = ¢(Q(Vu)). We compute

Vf(Vu) = ¢ (Q(Vu))v(Vu) and
D*f(Vu) = g‘%( ))) Id — (W —g”> v(Vu) @ v(Vu).

Furthermore, we have

F(Vuv(Va) = 5Q(Va)VA(Tu) = (5(Q(Tu)) - 3Q(Vu)g (@Q(Va) ) v(Va)

and

(1 - s‘f)f(w) (v(Va)) = Q(Vu) D*f(Vu) D*u

= ((1 - wj) 9(Q(Vu)) — Q(Vu)g’(Q(Vu))) D(v(Vu))
— ¢"(Q(Vu))v(Vu) @ D*uv(Vu).
From the fact that
Id —v(Vu) ® v(Vu) > 0
we infer D2 f(Vu) > 0 and with Lemma
D?f(Vu) D*u : D*u > 0.
Lemma [C-2] also implies
D(v(Vu))" : D(v(Vu)) >0

Hence, we have already proven that the integral on the left hand side of (5.9))
is non-negative.
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5. Existence of solutions for graphical SMCF

To verify the assumptions of Lemma [5.9 we first have to additionally assume
that ¢” is bounded. Then ¢’ grows at most linearly and D?f is bounded. The
above calculations and Lemma imply

de < [ (4(Q(Vu) — QYW (Q(Va))) D(v(Vu)” : D(v(Vu)

(9(Q(Vw) ~ $Q(Vu)g(Q(V)) |

19(Q(vu) (1- 7 )
9(Q(Vu)A()

1
3
1 1 / 22
+5 (s@(vu) - @V (@Q(V) ) ¥(Tu) - DAeIv(Va)
1
>
1
2

+

Q(Vu)g' (Q(Vu)) |V

+¢'(Q(Vu)v(Vu) - V (9 Q(Vu)) dB'
< / {(9(Q(VU)) - Q(vu)g’(Q(vu))) D(v(Vu)’ : D(v(Vu))

OGP + Dg(Q(Va)

+ [ J(Q(Vu)v(Vu) - V (2Q(Vu)) db’,

’]Tn

with a constant C' = Clise. In particular, we have used that

vieh) vl _ (Seligtloam)’

2 min { 1= >en 5

The stochastic integral defines a local martingale according to Definition
therefore there is an increasing sequence (7, )nen of stopping times with 7, — sup I
for n — oo, such that for all t € T

tATh T
EE(tAm,) + E/O (Q(Vu)g’(Q(Vu)) — g(Q(Vu))) D(v(Vu))" :D(v(Vu)) ds

< E€&(0) + C(p> + 1)E /0 " e (s) ds.

And by pathwise continuity of u in H!(T"), Fatou’s Lemma and monotone
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5.2. It6 formula for solutions and a-priori estimates

convergence we infer
t)+E / Q(Va)) — g(Q(Vw))) D(v(Vu))” : D(v(Vu)) ds
< E€(0) + C(p? + 1)E /O "(s) ds

Using Fubini’s theorem we can interchange the time integral and the expectation,
ie.

) + E/ (Q(Vu)) — (Q(Vu))) D(v(Vu))" : D(v(Vu)) ds
<E€(0) + C(p? + 1) /OtIEQE(s) ds.

The Gronwall Lemma implies

t)+E / (Q(Vu)) ~ g(Q(Vu)) D(v(Va))” : D(v(Va)) ds
<e c? H)tE(‘E( 0).

In the last step we need to get rid of the additional assumption that ¢”
bounded. Therefore let g be an arbitrary function fulfilling the assumptions from

Lemma [5.100
Let n € C2°(R) be a smooth cut-off function, i.e. 0 <n <1 and 7(z) <0 for

z > 1, with n(z) =1 for all z < 1. For M > 1 we abbreviate nys(z) =17 (ﬁ) and
define gp; € C?(R>1) through

gu(z) =g"(2)mu(z), z€Rx>1,  gy(1) =4g'(1),  gu(1) = g(1).
)

Then ¢y, > 0 and ¢}, > ¢},(1) = ¢'(1) > 0. Furthermore it holds for all
S RZI

9 (2)z = (0= Vg (2) = ¢" (2)mm(2)z = (p = 1) (9'(1> + /1 g (©)mu (&) d€>
— " @)z~ (0= 1) (5@ )~ [ g €m(e) )

<0.

That means that z — glﬁ (1) is decreasing.

By construction the second derivative of ¢}, is bounded. Hence, we can apply
the above calculations to the function gps and infer

Bew (1) + E [ (QVa)dhs(Q(Va) ~ s (V) D(v(Ta)” 5 D(v(Vu)) ds

< CWHDIEE L, (0).
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5. Existence of solutions for graphical SMCF

By monotone convergence all the integrals in the above inequality converge for
M — oo implying (5.9)). O

As a consequence of Lemma we can estimate the LP(T") norm of Q(Vu)
for solutions of ([5.4)).

Corollary 5.11. Let € > 0 and u be a strong solution of (5.4) on the time
interval I. There is a constant C' = Clse that only depends on the coefficients
(¢1)1en, see Assumptions such that for p > 2

t T
E[Q(Vult) 7 ign) + (P — DE /0 /T _Q(Vau(s)) D(v(Vu(s)))" :D(v(Vau(s))) ds
< COHVIR|Q(Vu(0) ]y VEE I

Proof. This result is a direct consequence of Lemma for g(z) = 2P. O

5.2.2. Uniform bounds for the viscous approximation

Corollary is of great importance, because it also bounds the Hessian of a
solution in L%(Q; L?(0,t; L*(T™))), as we will show in the next theorem.

Theorem 5.12. Lete > 0 and u be a strong solution of (5.4]) on the time interval
I. Then forallt el

t
E[Vu(®) s + 5B [ 11Du(s)Fa(a ds
< ¢ (14 E[Vu(0)|Fo(rr))
with a constant C = Chyise-

Proof. The smallest eigenvalue of A = Id —v(Vu) ® v(Vu) is given by 1 —
[v(Vu)|? = W, hence by Lemma
1

1
D(v(Vu))" : D(v(Vu)) = DZuA AD%u Zul?
By Corollary and |Vu| < Q(Vu) < |Vu| + 1 we infer the claimed inequality.

O]

The next theorem deals with the continuity of solutions in H*(T").

Theorem 5.13 (C([0, T]; H'(T™)) bounds). Let e > 0 and u be a strong solution
of (5.4) on the time interval I =[0,T]. Then

B sup ul0)on) < © (14 B acen) + EIVa(0) ) €
€ )

with a constant C = Chpise-
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5.2. It6 formula for solutions and a-priori estimates

Proof. We will start by deriving bounds for the gradient. Therefore, we choose
f(Vu) = %Q(Vu)2 in Lemma We infer similarly to the coercivity part of the
proof of Theorem

d/Tn \Vul? = d/Tn Q(Vu)?

S02
[ eeaup <1 _ 21) 1QVa) ¥ (v(Vu)

+ Q(Vu) D(v(Vu))T: ((1 - SO;) Q(Vu)D(v(Vu)) — 2D2u)

QY AD) + QVu) Vi di
—20,Q(Vu)Audp!
< C (14| Vul2apn ) df - Q/W £1Q(Vu) Audf!

with a constant C' = Clise. Using the Burkholder-Davis-Gundy inequality from
Proposition we infer for § > 0 and 7" € [0, T

E sup
te[0,77]

[ aQ(Tu(s) Au(s) dBl(s)
[

T 2 \3
SE( / dt>
0

T/
< CE (/0 1QVu®)) 12y | Aut) |72y dt)

[, Qu(t)su)

2

c_ (7
<OE sup [ Q(Vu(®)llZz(mn) + 55E / 1Au(®) 12 ¢gm)-
t€[0,17] 0

Hence, for § = i

T/

Tl
+CE / ()22 .
0

The Gronwall lemma implies

T
B sup [9u(0)fem) < O (1 +E[Vu(0) [Fagary + B | 1 Au®lE2con dt) e
S )
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5. Existence of solutions for graphical SMCF

and with Theorem
Etes[l(l]%] IVu(t)|[F2@ny < C (1 +E[Vu(0)||72ny + EHVU(O)H%G(T“)) T
To continue, we will apply the It6 formula Corollary to derive
%d - u? = /Tn u (sAu +Q(Vu) V- (v(Vu)) + %(plv(Vu) : V(aplQ(Vu))> dt
+ upQ(Vu) dg'.

Similarly to the above estimates we infer

T/
ﬁﬁﬁﬂwm@@ﬂsmmmﬁmw+E/ )22y
elo, 7’

T/
+CE/ I D?u(t)[|72 gy dt+CIE/ 1Q(Vu(t)) |72 (pny dt.
Again, the Gronwall lemma and Theorem [5.12] imply

RﬁﬂwﬁﬁmmSCO+EM®ﬁmm+MWWW%mJW?
€

5.3. Vanishing viscosity limit

The bounds from Section at hand, we can apply an abstract result available
in the context of variational SPDEs stated in Theorem [4.37] to pass to the limit
e — 0 in (5.4) and infer the existence result Theorem

Proof of Theorem[5.5, For e > 0 let u® be a martingale solution of (5.4) with
initial data A, which exists according to Theorem We adapt the notation
from the proof of Theorem Let

V= {Vu|ue H*(T")} with [|[Vuly = | Vull g1(pnze),
H = {Vu|uec H (T} with ||Vu|z = |Vl L2 (pn gny and
U =%
Furthermore let
AV =V
(Ac(Vu), Vw),,

/Tn (EAu + Q(Vu) V- (v(Vu)) + %golv(Vu) -V (golQ(Vu))> Aw

/ (EAu + (1 — gq) Q(Vu)V-(v(Vu)) + ﬂQAu - 1V(tp?) : Vu) Aw
- 2 2 4
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5.3. Vanishing viscosity limit

and

B = (B)ien:V — *(H)
Bi(Vu) =V (¢1Q(Vu)) = ¢; D*uv(Vu) + Q(Vu) V.
Since the solutions u° are constructed with [Jak97, Theorem 2] we can fix one

probability space (£2; F;P) = ([0, 1]; B([0,1]), £) such that for all ¢ > 0 we can
find

e a normal filtration (Ff)co,00)5

¢ a cylindrical Wiener process W€ on U, i.e. a generalized Wiener process
with covariance operator Id,

o a (F;)i-predictable process u® with u® € L%(Q; L?(0,T; H?(T™))) for all
T € [0, 00)
such that
dVu® = A.(Vu®) dt + B(u) dW*®

and Po (u5(0)) " = A.
From Theorem and Theorem we conclude that (Vu).~q is uniformly
bounded in

L3(Q;C([0,T]; H)) N L*(Q; L*(0,T; V) N L>(0, T; L°(Q; H)).

In the proof of Theorem we have already verified that the growth bounds
4.14) and (4.16) hold uniformly in € > 0. Furthermore the continuity assumption
4.18)) is fulfilled.

Now, let

AV =V
(A(Vu), Vw)y,

)

= —/ (Q(VU)V- (v(Vu)) + %gplv(Vu) v (tsz(Vu))) Aw
"]I‘n
2 2
= — /n (( - g) Q(Vu)V-(v(Vu)) + %Au + iv«p%) . Vu) Aw.

The arguments in the proof of Theorem show that A is weak-weak-*
sequentially continuous. Furthermore, for a weakly convergent series Vw, € V
with Vw, — Vw in V it holds that

A (Vw,) = eVAw, + A(Vw.) = A(Vw) in V'.
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5. Existence of solutions for graphical SMCF

Hence, from Theorem [£:37) we infer that there is a weak martingale solution Vu of
dVu = A(Vu)dt + B(Vu)dW

with initial data A o V™! and a cylindrical Wiener process W on U.
As in the proof of Theorem this solution can be lifted to a martingale
solution w of (|5.1) with initial data A. O
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6. Uniqueness under a regularity
assumption

In this chapter we will show that sufficiently regular solutions of SMCF deviate
at most exponentially in time, cf. Theorem For this, we have to assume that
the solutions are more regular than we have proven in Chapter

As a consequence, we will also infer a pathwise uniqueness result. We will
refer to this result as a weak-strong uniqueness result, as it holds under the
mild regularity assumption of Lipschitz continuity for one of the solutions and
a strong regularity assumption for the other solution. In particular for spatially
homogeneous noise, we will show in Theorem that the assumption of Lipschitz
continuity is always fulfilled, if the initial data is Lipschitz continuous.

Theorem 6.1 (Stability and pathwise uniqueness). For T > 0 let uy, us be strong
solutions of (5.1) on a common probability space with respect to the same Wiener
process. If Assumptions[5.4 hold and there is a constant M > 0 such that for all
te0,T]

then there are constants co = co(M) > 0 and C = C (M, Choise) < 00 such that
for allt € [0,T]
¢
B[V (t) = Tua(t) Faany + o | [1D2s(s) = Dun(s)[[Fa oy s
< €OUR|| Vs (0) — Vs (0) 2.
If in addition u1(0) = ug(0) a.s. then uy = ug a.s. in C([0,T); H(T™)).
Proof. From Corollary we deduce that

1
5 d||Vu; — Vu2||%2(w) =pdt+ Zal dst
leN

with
= /T A (w1 — ) (Q(Vur) V- (v(Vur)) — Q(Vuz) V- (v(Vua)) )

1

— 5018 (a1 = w) (V(Vur) - V (21Q(Ver) = v(Vuz) - V (21Q(Vuz)) )

+ % IV (@1(Q(Vur) - Q(V“2)))‘2
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6. Uniqueness under a regularity assumption

and

o) = - V (ur —u2) - V (01(Q(Vur) — Q(Vuz))), 1 € N.

Using integration by parts and the periodicity of u; and us we infer

2

p= /n — ‘DQ(M —u2)‘

+ ( — S0212>A(u1 — ug) (V(Vul) . D2u1v(Vu1) — v(Vug) -D2u2v(Vu2))
— 1A~ W) V() Y — w) + 26 [V(Q(Vu) - Q(Vaa)|*
+5(Q(Var) - Q(V)) V() - V(Q(Var) ~ Q(V)

+5(Q(Vu) ~ Q(Vur) Vi

We will continue with each term separately. Note that the first term is non-positive.
We rewrite the second term and estimate

/n (1 - (’0212> A(uyp — ug) (V(Vul) - D?uv(Vuy) — v(Vug) - DQUQV(VUQ))

- < ‘§> Alur — w)v(Var) - D3y — u) v(Var)
s

2
+ <1 g) A(ur — ug) (v(Vur) + v(Vug))-D?ug (v(Vur) — v(Vug))
9 2
<[5 (1) = (1= ) [0 - o
+ g (1 — <P212> (A(ur — ug))”
1 @2
+3 (1 - 21) | Dl ee oy | Vet2 = V.

Note that for a smooth function ¢ : T — R

Lo =)’ = [ 602w — )]~V - w)Pav
+ V(u1 — ug) - D2V (ug — ug).
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Hence, after choosing § < W <1- HU(VUI)H%OO(TH) - W

/ " < - @ Aur = ug) (V(Vur) - D2urv(Vu) = v(Vuz) - D2usv(Vup) )

</ TR S I R D2 (w1 — u3)” + C(Caie: M) Vg — Vs
> . 4(1—|—M2) 9 noise> 1 .

For the third term we have
B G u2)V(¢7) - V(w1 — u2)
= [ Vil —u) - DA (0 — z) — AV (a1 o)
< Choise /Tn |Vup — Vus|?.
The fourth term can be estimated by
[ £ 19(@Q(Vu) - Q(Tu)
— /[r" <p12 ‘DQ(ul —ug)v(Vuy) + D?uy (v(Vur) — v(Vug))
< [+ 0eRIv(Vun) ey
+ (14 5 ) D2l e Vs = Vs

d

3 1 —
4M? = [[v(Vur) 1

‘ 2

2
D2(u1 — UQ)’

we infer

By choosing § < - i
y choosing § < o YRVE:
L, 1V @(vu) - (vu)l’

< / 1— o gpl2 ’D2(u1 — u2)’2 + C(Choises M)|Vuy — Vu2|2.
= Jm 4(1 4 M?) ’

Using the Lipschitz continuity of p — Q(p) we infer for the fifth and sixth term

1 _ 2 2 _ 2 2
3V ((Q(Vu) ~ Q(Vu2))?) - V() + (Q(Vur) — Q(Vu)*|Vea
S / Cnoise(Q(vul) - Q(VUZ))2 S / C'noise|vu1 - vu2’2~
T T

Combining all these estimate we infer

B < —Co/
’]I‘n

2
DX(uy — u2)’ + C(Choise; M) /Tn |Vuy — Vaug|?
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6. Uniqueness under a regularity assumption

Since the It integral defines a local martingale and by Fatou’s lemma, we infer
for all t € [0,T]

t
BVur(t) = Vua(0)l3acony + o [ D2(s) = Dun(s) gy ds
t
< B[ V1 (0) = Vua0) agee) + CE [ [Vun(s) = Vua(s) Fary .
The Gronwall lemma implies for all ¢ € [0, T

t
E||Vuq (t) — Vm(t)H%z(Tn) + CQE/O | D?uy (s) — D2u2(s)||%2(’ﬂ‘n) ds
< ¢“E|[Vu1(0) — Vuuz(0)||22(pn)-

Now, let us assume that u1(0) = u2(0) a.s. From the above estimate we infer
that for all ¢ € [0,T] it holds that Vu;(t) = Vua(t) a.s. and the a.s. pathwise
continuity of Vui, Vug in L?(T") implies Vu; = Vug a.s. in C([0,T]; L*(T")).

Since u; and ug are solutions of we also have for all t € [0, T]

w(®) =)+ [ Q)T (T (s) ds + 3 [ 6QVin(s)) 035
= w0+ [ V)T (Vi) ds + Y [ 6Q(Vus(s) 0 8o

= ug(t) a.s.
O

Remark 6.2. It is an open problem whether the regularity assumptions
always hold for solutions of at least under some additional conditions on
the initial data.

Assuming this, the pathwise uniqueness derived in Theorem can be used to
infer the uniqueness of the law of the solution process. For this purpose one can
use the same ideas as in the proof of the classical Yamada-Watanabe theorem
[YWT1]. Instead of going into the technical details here we refer to [RSZ0§| where
the Yamada-Watanabe theorem is proven in the setting of variational stochastic
partial differential equations. Furthermore we refer to [KS88, 5.3.D] and [RY91,
Theorem IX.1.7] for the proof of the Yamada-Watanabe theorem in the context
of finite-dimensional stochastic differential equations.

The described strategy would also yield the existence of a strong solution
of , i.e. a solution on a given probability space which has to be at least
rich enough to define a Wiener process W and a random variable ug with the
prescribed initial law, which is independent of W.
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7. The case of spatially homogeneous
noise

In this chapter we consider (5.1]) with spatially homogeneous noise, i.e.
du = Q(Vu) V- (v(Vu)) dt + aQ(Vu) o ds (7.1)

with a? € [0,2) and a real-valued standard Brownian motion 3.

Note that SMCF with spatially homogeneous noise has previously been con-
sidered among others by Dirr, Luckhaus and Novaga [DLNO1] and Souganidis
and Yip [SY04], both proving a stochastic selection principle in the limit o — 0.
The case of graphs has been analyzed for n = 1 by Es-Sarhir and von Renesse
[ESvR12] and for n = 2 by Hofmanova, Roger and von Renesse [HRvR17].

In Theorem we will justify the argument from Example [3.12] and prove
that solutions of preserve the Lipschitz constant of the initial data. The
analogue result for deterministic MCF of graphs was proven in [EH89]. As in
the deterministic case, we will use the Lipschitz bound to deduce a large-time
result in Theorem that extends the large-time characterization for n = 1 from
[ESvR12] by providing a stronger convergence for ' — oo. Furthermore, the
large-time results holds in arbitrary dimensions.

In addition, we can adapt the ideas of the a-priori bounds from Chapter [5] to
derive estimates for higher-order derivatives.

7.1. Maximum principle for the gradient

Corollary 7.1. Let u be a strong solution of (7.1) on the time interval I and
f € C?(R™) with bounded second-order derivatives. For the energy

&(t) = | F(Vu(t), 11

it holds that

a2

de= [ |- (1= 5) 00|V V)
+D(v(Vu)": ((1 e

3
- F(V)V-(v(Vu)) 43

) F(Vu) D(v(Vu)) - Q(Vu) D2f(Vu) Dzu) at (7.2)
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7. The case of spatially homogeneous noise

Proof. This is a direct consequence of Lemma [5.9 and the identity

[ viwn V@) = [V (#(Tw) (V) =~ [ [V (v(Tu).

n

O]

Corollary 7.2. Let u be a strong solution of on the time interval I = [0, T
and g € C*(R>1) such that g is non-negative, increasing and convex, i.e. g,g',g" >
0, ¢" is bounded and g(1) < ¢'(1).

Then for allt € I we have that

B [ @)+ (1- 208 [ s@vu(s) [v-(v(vu(s))  as
w2 [ | (@@uend@un - (1~ Ja@wu)
D(v(Vu(s))" : D(v(Vu(s)))] ds
& [ 4/@QUTu() (1D2u(s)v(Vuls))~[v(Vu(s)) Duls)(Tuls) ) ds
<E Tng(Q(W(O))),

with all integrals being positive. In particular, [1. g(Q(Vu)) is a non-negative
supermartingale.

Furthermore, for a constant C = C(«a) > 0 we have that

E sup [ g(Q(Vu(t)) < CE [ g(Q(Vu(0))).
te[o, 7] v/ T™ T

Proof. The first part follows from Corollary [7.1] in the same way Lemma [5.10]
follows from Lemma Note that no Gronwall argument is needed since no
lower-order term appears in .

For the second part we note that by Corollary

[ [ Qs % ((Tuls)) as(s)

E sup / 9(Q(Vu(t))) <E sup
telo,7] /T t€(0,T)
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7.2. Large-time behavior

and because of the Burkholder-Davis-Gundy inequality from Proposition [4:22]

E sup [ g(Q(Vu(t))

te[0, 7]/ T

< CE ( [ ([ s@uonv-vvu) ) dt)é

Jun

2

< CE ( [ s@wuon [ s@wuoy v vum)] dt)

< iE swp [ o(@(u(0) + | " [ s@wuo) v (v(vu)|

tel0,T

This and the first part imply that

B s [ g@wu) <z [ [ o(@vut)|v (v(vu)[ a

te[0,T7]
< C(a)E - 9(Q(Vu(0))).
]

Corollary [7.2] at hand, we can prove the following rigorous formulation of
Theorem [L.3]

Theorem 7.3. Let u be a strong solution of on the time interval I = [0, T
with uniformly Lipschitz continuous initial data, i.e. |[Vu(0)|[zeo(rny < L a.s. for
a constant L > 0.

Then it holds ||Vu| peo(o,7;100(Tr)) < L a.s.

Proof. Let g(w) = (w — vV1+L?)3 — (w—1—+v1+L?)3, w > 1. Then g is
non-negative, increasing and convex with ¢” bounded and g(1) = ¢’(1) = 1. We
can apply Corollary and deduce

0<E sup | ¢(Q(Vu(t)) <CE | g(Q(Vu(0))) = 0.
te[0, 7] /T T

Thus [|Q(Vu(t))llre(o,r;o0(rny) < V1+ L? ass., which implies the Lipschitz
continuity of wu. O

7.2. Large-time behavior

As mentioned above, this section is devoted to the proof of a large-time result
that follows from Theorem We will give a stronger characterization of the
large-time behavior compared to [ESvR12]. This is available, since we can bound
the Hessian of a solution in a appropriate norm.

109



7. The case of spatially homogeneous noise

Proposition 7.4. Let u be a strong solution of on the time interval I =
[0, 00) with uniformly Lipschitz continuous initial data, i.e. ||[Vu(0)| foo(rny < L
a.s. for a constant L > 0.

Then there are constants co = co(L) and C = C(«) such that

t
E Sl[lolf;] [Vu(s)|[Z2(pmy + COE/O I D?u(s)|Z2(pny ds < CE|[Vu(0)[|72(pny VE € 1.
se|0,

(7.3)

Proof. From Theorem [7.3| we deduce that ||Vul|pe(o.;p00(mn)) < L a.s. Further-
more, for g(w) = w?, w > 1, we infer from Corollary |7.2| for all ¢ € [0, 00)

o? t
EHVu(t)H%Q(Tn) + (1 + 2> E/O - Q(Vu(s))? D(V(Vu(s)))T;D(V(Vu(S))) ds
< E[Vu(0)|[Z2(ny
and

E up IVu(s)|[Z2(my < CE[IV@(0)|[Z2(pn)-

Note that
Q(Vu)?D(v(Vu)" : D(v(Vu)) = D%u (Id —v(Vu) © v(Vu))
: (Id —v(Vu) ® v(Vu)) D*u
and for the smallest eigenvalue we have
1 1

Amin (Id =v(Vu) @ v(Vau)) > 1 - [v(Vau)|? = QowE T M

By Lemma we have

1 2,12
(1+L2)2|D u

and this proves ([7.3)). O

We will use the bound of the Hessian, to prove that solutions at large times
become spatially homogeneous and behave like the driving Brownian motion in
time, cf. Theorem [I.4]

Theorem 7.5. Let u be a strong solution of on the time interval I = [0, 00)
with uniformly Lipschitz continuous initial data, i.e. |[Vu(0)||poo(rny < L a.s. for
a constant L > 0.

Then there is a real-valued random variable 4 € L*(Q) such that

Q(Vu)?D(v(Vu)" : D(v(Vu)) >

Esup [|u(t) — ap(t) — l_LHHl(Tn) — 0 for T — .
t>T
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7.2. Large-time behavior

Proof. The estimates in Theorem [7.3] and Proposition [7.4] imply that
D?u € L*(Q; L?(0, 00; L*(T™)))
and
V|| oo (0,00500 (T7)) < L ..

For the convergence as T — oo we note that by Corollary

df (u=ap)= /T Q(Vu)V: (v(Va)) dt + a/ (Q(Vu) — 1) 0dB

n

o2
- (1 - 2) /" v(Vu) - D?uv(Vu)dt + |« (Q(Vu) —1)ds.

T

For the drift we estimate with a Poincaré inequality

g/ ’Dzu‘ |Vul
Tn

< ID?ul| L2 (o) I Vul| L2 (pny < O DZU”%%T”)-

/n v(Vu) - D2uv(Vu)

Hence,

v(Vu(t)) - D2u(t)v(Vu(t)) dt‘ < CE /Ooo I D2u(t)||2L2(Tn) dt < oo.

n

The estimate

5[ ([ Qwu®) 1) ar <08 [~ [9u0) e @

< CE [ | Du(t)faqrn) < .
implies that the stochastic integral

[ [ @wut) - v s
o Jrn

is well-defined.
Let

. !’JI}"I (/ <1— )/ / (Vu(t)) - D2u(t)v(Vu(t)) dt
va [T [ @) -1 dﬁ(t))-
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7. The case of spatially homogeneous noise

The estimates from above imply u € L!(€).

The bound D?u € L2(£2; L?(0, 00; L2(T™))) at hand we find a sequence (fx)gen
of increasing times t;, — oo such that E| D%u (tk)HL2 (rny — 0 for k — oco. We
apply a Poincaré inequality to obtain

Jut) = a8(®) ~ wlmsceny < C(IVu@lzzcan +| [ (u0) - a8~ w)]). (70
From Proposition [7.4] we infer
Esup [[Vu(®)lz2(r) < CEIVult)llzam-
Zlk

Hence,

2

T—o0

2
lim (EsupHVu(t)HLz(Tn)> :klim <Esup HVu(t)HLg(Tn))
t>T =00 \ >
< hrn E sup || Vu(t )||%2(Tn)
=00 >4,
- 2
< CleH;OE||vu(tk)|‘L2(T”)

. 2 2 _
< CklggoEH D u(tk)|[z2(rm) = 0.

For the second term in (|7.4) we have with the Burkholder-Davis-Gundy inequality
from Proposition and the estimates from above

Esup| [ (u) ~as(t) 1)

<1 - > Efg}T) / /n (Vu(s 2u(s)v(Vu(s)) ds
+oBsup| [ [ (Q(Vu(s) 1) as(s)

1
< C]E/ | D2u(t)| Bzt + C (IE/ |yvu(t)\|%2(mdt)2
T T

— 0 for T — oo.

O]

From Theorem [7.5 we can deduce the next corollary which extends the one-
dimensional result from [ESvR12, Theorem 4.2] to higher dimensions. Furthermore
it improves the convergence in distribution in Cj,. ([0, 00); L?(T™)) to convergence
in LY(Q; Cy([0, 00), HY(T™))).
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7.3. Higher regularity of solutions

Corollary 7.6. Under the same assumptions as in Theorem we have for
T — o0

(T +t) = u(T))e=0 — a(B(T +t) = B(T))iz0 — 0
in L'(€; Cy([0, 00); H' (T"))).
Proof. We estimate

Esup|lu(T +1) = u(T) = a(B(T +1) = BT)) | m v)

< 2Esup [lu(t) — aB(t) — @l grrny — 0.
t>T

7.3. Higher regularity of solutions

In this section we will derive a-priori bounds for higher-derivatives of solutions of
(5.1)). These bounds will imply a decay in time formula for higher derivatives with
the same asymptotics as for the deterministic heat equation. In doing so, we have
to assume that the Lipschitz constant of the initial data is small. Furthermore,
we have to assume that the solution is smooth, although the decay formula
would make sense as long as the initial data has bounded second moments in
H'(T™). This seems to be a technical restriction due to the lack of a suitable
approximation of either the solution or the L?(T™) norm of the higher-derivatives.
Note that neither taking difference quotients instead of derivatives nor mollifying
the solution seem to work, as the interpolation inequalities used below rule out
the difference quotients and the non-linear structure of the equation rules out the
mollification approach.

Nevertheless, we think that the following estimates are still interesting enough
to be included here and might be helpful for future research.

In what follows we will have to calculate higher derivatives of functions like
v(Vu)-D?*uv(Vu). In order to handle these terms we will introduce some notation.

Remark 7.7 (Notation). We recall the definitions Q : R” — R with Q(p) =
V14 |p|? and v : R*” — R™ with v(p) = % for p € R” from Remark
Let A : R" — R™" with A(p) = v(p) @ v(p) = %, p € R™. It holds that
A, Q,veC™.

The k-th derivative D A(p) of A can be understood as a k-linear map D*A(p) :
R™ x - -+ x R" — R™™"™ for which we will write

DFA(p)(q1,-- -, qx)
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7. The case of spatially homogeneous noise

where q1, ..., q € R™ are the directions in which to evaluate the derivative DkA(p).
Similarly, the k-th derivatives of Q and v can be understood as k-linear maps.

Since A,v € C° we infer that for every bounded subset B C R" there is a
constant C' > 0 such that

k k
D*A()ar, - a)| < C T gyl and  [DMV(@)(ar,- - )| < C I lajl- (7.5)
j=1 j=1

For a sufficiently regular function g : R — R we will use the multi-index
notation for derivatives, i.e. for a multi-index k € N} we write

*g(x) = O+ Irg(a).

For k£ € N we write

Drg)[ = 3 lokg (),
keNp
k|=k

which is consistent with the Euclidean and Frobenius norm for £k =1 and k = 2,
respectively.

Lemma 7.8. For a function u € H?>T™(T") with Vu € L®(T") and m € Ny it
holds that v(Vu) - D?uv(Vu) € H™(T") and Q(Vu) € H™(T").

Furthermore for k < m

| DX (v(Vau) - D*uv(Vu)) || z2(re) + | DM (Q(VW)) [ z2(en)
< h(|IVul| o (o)) || D2l 2

for a continuous, increasing function h with h(0) = 0.

Proof. Let k € Nj be a multi-index with |k|] = k& < m. In the subsequent
computations we will abbreviate [ = [1] for all multi-indices 1 appearing. We will
denote by eV ... e ¢ NG the multi-indices corresponding to derivation into
the direction of the coordinate axes. With the notation A(Vu) = v(Vu) ® v(Vu)
we compute

oK (V(Vu) . DQUV(VU))
o Dre gy R IR,

= > 0 !'D*u:DIA(Vu) gt e g, gl e g,

<1< (4t n e
i(1>+.J.Zif<;:1—j gttt et g, g4 gy
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7.3. Higher regularity of solutions

and estimate with (7.5

o (v(Vu) -D2uV(Vu)>‘ < |0* D2l [v(Vu)?

J

oY |onl ]

j<I<k, j>1 a=1
i 4i)=1—j

j(a)
" D%

(7.6)

<|oD%|v(Vu)+C > f[ Dl V|

1<j<k  a=0
lo++l;=k+1
with a constant C' > 0 depending on ||Vu|| oo (n)-
For [ =0,...,k+ 1 choose
1 l l
—=——— and U=-—-.
Vi 2(k§ + 1) k+1

By definition 2 < p; < oo and ¥; € [0, 1] with

1 l 1 k+1
=—+4+9|=- .
pron 2 n

The Gagliardo-Nirenberg interpolation inequality on the flat torus, cf. [Aub82,
3.70 Theorem], implies

1—9
I D'Vull g ¢ny < CI DIVl oy [ Vtll o -
Furthermore, for 1 </ <k and lg+---+1; = k + 1 it holds

Uy ot 1
Dly 28 2(k+1) 2’

The Holder inequality implies

J J
H];[O D' vy < a];[o Dl .

L2(Tn)

k+1 20 Yia S (=01,
<C|D VUHL2(Tn [Vu HLoo(']rn

< CII DMVl ooy [Vl e oy
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7. The case of spatially homogeneous noise

Combining this inequality with ([7.6]) yields

oK (V(Vu) : D2UV(VU))

< V(VU) [ oo (7

‘81‘ D2uH
L2(T™)

1<i<k
< h([|[Vul oo () [ DFFVul| 2 (pmy

with a continuous, increasing function h and h(0) = 0. We have used |v(p)| <
el 0 for [p| — 0.

Vi+lp?

Repeating these computations for all multi-indices k with |k| = k < m yields
v(Vu) - D?uv(Vu) € H™(T") with the claimed inequality.
Similarly, one proves that Q(Vu) € H™(T"). O

The next theorem generalizes Proposition to higher derivatives and refor-
mulates it for m = 0.

Theorem 7.9 (A-priori estimates for higher derivatives). Let u be a strong
solution of on the time interval I = [0, T] with uniformly Lipschitz continuous
initial data, i.e. [|[Vu(0)|/zeo(rny < L a.s for a constant L > 0. Furthermore,
assume that u € L?(2; L?(0,T; H™2(T"))), uw(0) € L*(Q; H™T(T™)) and m €
Np.

Then there is a version of u with u € L*($;C([0, T); H™(T"))) and if L is
sufficiently small there are constants co = co(m) > 0 and C = C(m) > 0 such
that

t
E|| D" u(t) |22 gy + CDE/O ID™ 2u(s) |72y ds < B[ D™ 1u(0)|[72(pa

and

E sup [[D™u(t)Z2(pny < CEID™ u(0)|Z2(pn)-
te[0,T

Proof. From Theorem we infer
HVUHLOO(O’T;LOO(’HWL)) S L a.s.
Lemma implies Q(Vu)V-(v(Vu)) € L*(Q; L?(0,T; H™(T"))) and Q(Vu) €
(0,

L2(2; L?(0, T; H™1(T™))). Therefore, we can apply Proposition to deduce
that u has a version with u € L2(€; C([0, T]; H™*(T"))) and for a multi-index
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7.3. Higher regularity of solutions

k € N with |k| = m we have

9 2
d akVu‘ =2 O*Aud (Au + (1 — O;) v(Vu) - DQUV(VU))
Tn Tn
2
+a? / FVQVH)| dt +20 [ 9*Vu- 9*VQ(Vu)dp
n "H‘n
=pdt+o0dp
with

Tn

+a2/

o= 2a / OV - 95V Q(Vu).
’]1‘77.

2
pw=—-2[ 0KAud¥ (Au + <1 - O;) v(Vu) - DQUV(VU))

k 2
O*VQ(Vu)|” and

Integration by parts, the Holder inequality and Lemma, [7.8] imply

o2
1-— ) ”akAu”LQ(Tn)HV(VU) - Dzuv(Vu)HHm(Tn)

p < =2(|8 D?ul|72(pny + 2 < 5

+ 2| Q(Vu)[[Fpmt (ny
< —[|8% D?ul|Fa(pny + B2 (L) | D™ 20|22 pny-

Since the It6 integral o dS is a local martingale, we can deduce by Fatou’s Lemma
for all t € [0,T]

t
04V u(t) F2(ar) < EI*Vu(0) [Farey ~E [ 10 DPu(s) e ds

t
HIALIE [ (D™ 2u(s) ey s

We can repeat the above computations for all multi-indices k with |k| = m. By
continuity of h and h(0) = 0, there is a constant co > 0, that depends on m, such
that for L sufficiently small

t
E[[D™ () Fagpr) + o [ D7 2u(s) [y ds < BID™ (@) Fagrny- (77)

In addition, the Burkholder-Davis-Gundy inequality Proposition [£.22] implies for

a fixed multi-index k
¢ 2\
< CaE ( / ( / OVu(s) - akVQ(vu(s))) ds)
0 n

1 t
< §E Sl[lopt] Hakvu(S)H%Q(T") + CE/O HakVQ(VU(S))H%Q(T") ds
sg|0,

E sup
s€[0,t]

| omase
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7. The case of spatially homogeneous noise

and by Lemma and ([7.7)

/0 o(r)dB(r)| < E sup |04V u(s)[[72(pny + CE| D™ u(0)]|72(pny.-

s€[0,t]

E sup
s€0,t]

We conclude

E s ID™  u(s) | Z2ipny < CE[ D™ u(0)[[72(pn)-
se|0,

O]

Corollary 7.10 (Smoothing property). Under the same assumptions as Theo-
rem and L sufficiently small there is a constant C' = C(m) > 0 such that for
adll<k<m

E| D" () [2a(pn) < Ot FEVa(0)[3a(ge- (7.8)

Proof. We will prove this result by induction over k.
Theorem [7.9| implies that t +— B[ Du(t)]|? 72(Tn) 18 decreasing and

E [ 1D%u(s) s on) ds < EIVu(O) Fageny
Therefore
EJ| D?u(t) Paony < LE [ [ D?u(s) Zagpn, ds < —=E|[Vu(0)]?
2 = 3 2T 48 = L2(Tn)

Now, let 1 < k < m —1 and . ) hold for k. As &k +1 < m we infer from
Theorem [7.9| that t — E|| D 2u(t )||L2 T I8 decreasing and for all 0 <s <t <T

t
0B [ D*+2u(0) [y do < B D (o) s ooy
For s = % we deduce by (7.8) that

E[| D**2u(t)||72(pn)

| /\

28 [ 1D52u(0) [}3(0n) dor
< QEH DkHU(S)HB(Tn)

S C’t_ls_k]EHVu(O) ||%2(Tn)
= Ot~ DB Tu(0)|F2(pny-
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8. Simulations

We describe a finite element discretization of and use this for Monte-Carlo
simulations of energies that appeared in the preceding chapters. The analysis
presented in the preceding chapters motivates to use a variational formulation of
with respect to the scalar product of H!(T"), instead of the common choice
of the L?(T") scalar product. We refer to [FLP14] for a finite element scheme in
the case of n = 1 which uses a variational formulation of in L(T").

The numerical scheme at hand, we present Monte-Carlo simulations for certain
energies which appeared during the existence and regularity proofs.

8.1. Discretization

For a given parameter N € N we divide the unit cube [0, 1] into a uniform grid
of N™ cubes being translations of [0, h]" with length h = . Let Vy C H?(T")
be the finite dimensional subspace of (periodic) piecewise polynomials, which we
obtain by considering an n-dimensional analog of the Bogner-Fox-Schmit element
[Bra07, 5.10]. That is on each cell, up to affine transformations, the space of
polynomials spanned by x +— pi(x1) - -+ - pp(xy) With p1,...,pn € {P1,..., Ps}
and P; : [0,1] — R being the cubic polynomials uniquely determined by:

| Pi(0) P/(0) P(1) P/(1)
i=0| 1 0 0 0
i=1| 0 1 0 0
i=2| 0 0 1 0
i=3] 0 0 0 1

On each cell there are 4™ local degrees of freedom and due to the periodicity
and the continuous differentiability of functions in Vj it has the dimension
dim Viy = (2N)™.

Instead of solving the SPDE ([5.1)) we look for a Vj-valued process u solving
the stochastic ordinary differential equation (SODE)

M
du = projy,, (Q(VU)V‘ (V(Vu))) dt + ) projy, (Q(Vu)g) o dp! (8.1)
=1

with another parameter M € N and projy,, : H*(T") — Vi being the orthogonal
projection onto Viy with respect to the scalar product of H!(T"). Equation (8.1)

119



8. Simulations

is equivalent to

d uw—i—Vu-Vw:/

- (0~ Aw) Q(V0)¥: (v(Va) e

n

M=

+)  (w - Aw) Q(Vu)y; o dﬁl] Yw € Vy

l

Il
—

and has the Ito formulation

d - uw + Vu - Vw = /n {(w—Aw)F(',VU,D%L)dt
M (8.2)
+ Z (w — Aw) By(+, Vu) d,Bl}

=1

with
M 2 M
Z x 1
Fla,p,4) = tr A~ (1 - Zl;”’”) v(p)- Av(p) + 5 Y- @) Via(a) -
=1
Bi(z,p) == Qp)gi ().
Now, let w1, ..., weon)y» € VN be the basis of Vi which we get by considering
affine transformations of products of Py,..., Py. Furthermore, let
(2N)’IL
u(t) = Z U (t)wp.
k=1

In terms of the coefficients 4(t) equation (8.2]) becomes
@N)"

d Az () =
k; kkk() /

[ (wl’{: — Awk) F(-, Vu, D?u) dt

n

M
+3 (g - dug) Bt Vuy a5
=1
for all k =1,...,(2N)" with
Afck ::/ wkw];—kak‘Vw,;, k,l%zl,...,(QN)".
’]I‘n

We infer a fully-discrete explicit system with the Euler-Maruyama scheme,
cf. [KP92, 9.1]. For this, let At > 0 and t; := jAt for j € N. We approximate
u(t;) through a Viy-valued random variable v/ with u/ := Z,(f:]\i)n ﬁiwk where we
define the coefficients @/ = (%)k through

M
AW — AW = F@ )AL+ Y B (B'() - Bt 1)), 5> 1, (83)
=1
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8.2. Monte-Carlo simulations

where
(F@)), = / (W = Awy) F(-, o/, D*?),
(Bu@)), = / (wy, — Awy) By, Vud), k=1,...,@N)" [ =1,..., M.

Furthermore, we prescribe an initial condition for 4". In order to simulate
we restrict ourselves to a finite number of samples P € N of the initial data and
the increments of the Brownian motions.

To compute A, F and B we use on each cell a Gaussian quadrature formula
with 4" points corresponding to 4 points in each dimension. With this choice of
degree of the quadrature formula the matrix A is computed exactly.

To solve the linear equation in each timestep, we use the conjugate gradient
method for small P. When the number of samples P becomes large, the explicit
computation of A~! is preferred.

The algorithm is implemented in Python using SciPy, cf. [VGO™19).

8.2. Monte-Carlo simulations

In this section we present simulations of ¢ — E€&(u(t)) for a solution u of (5.1]) for
certain energies €. With the notation from above, we approximate the energy by

1 & ,
E€(u(t;) ~ 5 > (),
p=1

where 4P corresponds to the p-th sample of uw/, p=1,..., P.
In all cases we assume n = 2. Furthermore, for N € N we set At := %.
We will denote by (gi)ren the orthonormal basis of L?(T") which can be

canonically constructed from the basis
{1,V2cos(2rx), V2sin(2nz), V2 cos(4mz), V2 sin(4rzx), ... }
of L*(T'), such that g; = 1.

8.2.1. Monte-Carlo simulation for spatially homogeneous noise

To simulate the case of spatially homogeneous noise, described by , we set
M =1 and ¢p; = a = 1. As initial data we choose Uy = ZZ; Argr with
coefficients A\ € (0,1) which are randomly chosen but identical for all samples.
The discrete initial data u is inferred by projecting Uy to Vi orthogonal with
respect to the L?(T") scalar product.

We have shown in Example [5.8| that the expectation of the area E [, Q(Vu(t))
is decreasing in t. Figure [8.1| shows this decrease for NV = 32 on the time interval
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Figure 8.1.: Decay of expectation of area for N = 32, M = 1, P = 4096 and

At = %0

[0,16000A¢] = [0, 5], where the average is taken over P = 4096 trajectories.
Furthermore, we recover the fact that E [, Q(Vu(t)) converges to 1, which is a
consequence of the large-time result Theorem The variance of [, Q(Vu(t))
increases at the beginning, but after some time it starts decreasing and converges
to zero. Note that the plot of the variance is very rough, which indicates that the

Monte-Carlo simulation has too few samples.

In Figure [8:2) the same energy is plotted with more samples on the shorter time
interval [0, 53] for N = 32 and P = 65536 as well as N = 64 and P = 12288,
showing the same behavior as before, but with a smoother evolution of the

variance.

Of great importance for the existence proof in Chapter [] is the bound in L? of
Q(Vu), c.f. Corollary which is equivalent to a bound for the LP norm of Vu.
In the case of spatially homogeneous noise, this bound generalizes to the maximum
principle for the gradient of solutions, c.f. Theorem Instead of simulating
the L* norm of solutions, which is numerically very unstable, in Figure [8.3
the LP norms for p > 2 are shown. When the exponent p increases, a single
outlier has more importance, hence the number of trajectories simulated P has to
increase in order to get a smooth result. In order to keep the computation time
acceptable we have to reduce the number of timesteps. Figure 8.3 also suggests
that there is an acceleration of the evolution after some time. Furthermore,
after this acceleration the evolution is more regular, for example the slope of

122



8.2. Monte-Carlo simulations
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Figure 8.2.: Decay of expectation of area for different values of N and P with

leandAt:%—OQI.

1
log (E Jpn [Vu(t) ]p) ’ becomes constant and Figure [8.4] shows that for p = 2 there
is a rapid decrease of the variance of the evolution. Our interpretation is that
the behavior of changes when the gradient is “small”. This is in accordance
with the a-priori regularity results from Section [7.3] which only hold for small
gradients.

8.2.2. Monte-Carlo simulation for colored noise

We consider with the same initial-data as above for not necessarily spatially
homogeneous noise. For the noise coefficients we choose ¢; = 27!*+1¢g; with [ € N.
Since 1 = 1, for M = 1 we have the same evolution law as in the spatially
homogeneous case from above. Note that (¢;) fulfills Assumptions

In Figure [B:5] the evolution of the area is plotted. In contrast to the spatially
homogeneous case the evolution is slower and less regular, for example the variance
is larger. Furthermore, the plotted expectation is rougher indicating that one
needs more samples in the colored noise case in order to get a good estimate
for the expectation. We have shown in Example that the expectation of the
area grows at most exponentially in time. The Monte-Carlo simulations suggests
that the expectation of the area is decreasing, at least for large values. The same
holds true for the LP norms of the gradient, the evolution of which are shown
in Figure Nevertheless, we can not expect the area and the LP norms to
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Figure 8.3.: Decay of (IE Jn |Vu(t)|p)  for certain values of p with M = 1 and
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Figure 8.4.: Evolution of E [p, [Vu(t)|* with N = 32, M = 1, P = 4096 and
At = %L
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Figure 8.5.: Evolution of [, Q(Vu(t)) for M = 25 and several values for N and
P with At = %—021.
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Figure 8.6.: Evolution of (IE Jpn [Vu(t) |p) ? for certain values of p with M = 25
and At = %01

converge to 1 and 0, respectively, as the colored noise prevents constant solutions.

To analyze how the colored noise introduces spatial roughness, we have repeated
the simulations with Uy = 0 as initial data. Figure[8.7]shows that the expectation
of the area increases with a nearly linear behavior near ¢ = 0. There seems to be
a saturation happening, which prevents the area to grow beyond a certain bound.
Figure [8.8| supports the interpretation that the evolution is saturated after some
time, as the L? norms of the gradient of solutions for p > 1 increase but stay
bounded.
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Figure 8.7.: Evolution of [, Q(Vu(t)) for M = 25 and several values for N and
P with At = (}V—O} starting from Uy = 0.
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Figure 8.8.: Evolution of (IE Jn ]Vu(t)\p) ? for certain values of p with M = 25
and At = % starting from Uy = 0.
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9. Extension to anisotropic SMCF

In this chapter we will extend the previous considerations to the case of anisotropic
SMCEF. We will prove existence of solutions for graphs with spatially homogeneous
noise. Since the calculations in the case of colored noise become very involved we
restrict the whole presentation to spatially homogeneous noise.

9.1. Anisotropic mean curvature flow

In this section we introduce the notation for anisotropic geometries and state the
anisotropic version of (3.1]) on a formal level. We adapt the notation from [Bel04].

Definition 9.1. A convex function ¢ : R"*! — [0, 00) which is
(i) positively 1-homogeneous, i.e. ¢(\z) = A¢p(z) for all A > 0, z € R*! and
(ii) coercive, i.e. there is a ¢y > 0 such that ¢(z) > colz| for all z € R*!

is called a Minkowski norm on R"*!. If additionally ¢? € C°(R" \ {0}) and ¢?
is strictly convex then we will call ¢ a regular Minkowski norm.

Given a Minkowski norm ¢ we define the corresponding unit ball By = {z €
R™ ™! | ¢(z) < 1}, which is sometimes also called the Wulff shape of ¢. Furthermore
the dual norm ¢° is given by

¢°(2°) =sup{z-2° | z € By}, 2° € R"".
For a regular ¢ we introduce the duality map
Ty = ¢Vo
which is the unique solution of
¢°(Ty(2))” = d(2)? = 2 Ty(2).

According to [Bel04, Definition 2.2] the regularity of a Minkowski norm ¢ can
equivalently be characterized in terms of the unit ball Byg. Since we could not
find a good reference, we sketch the proof of the equivalence.

Remark 9.2 (Regular Minkowski norm). A Minkowski norm ¢ is regular if and
only if B, is smooth and all principal curvatures are strictly positive.
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9. Extension to anisotropic SMCF

Sketch of the proof. Let ¢ be a regular Minkowski norm and A > 0 such that
D2¢? > A1d. Then 0By is smooth since M = 0By is a compact level set of ?
which can be locally parameterized as the graph of a smooth function. From
Remark [B.I0] we infer for the Weingarten map s : T, M — T, M for a tangent
vector X € T, M

X -DHHX

2
s(X)-X = >\ X

Ve~ V(@)
A

Therefore the principal curvatures of M are bounded from below by el and

V(¢?) is bounded on M because of its continuity and the compactness of M.

For the opposite conclusion we assume that M = 0By is a smooth hypersurface
with all of its principal curvatures bounded from below by a constant v. With the
same formula for the Weingarten map as above we infer for all tangent vectors
Xel.M

X -DA$H)X >4|V(sH)]| X

In Lemmawe prove for z € M that V(¢?)(2)-z = 2¢(2)V¢(2) -z = 2¢*(z) = 2.
This implies |V (¢?)| > % and therefore for all z € M

X -DA¢?)(2)X > 2ﬁ|xw2.
z
Furthermore we know that DX ¢?)(2)z = V(¢?)(z) L ToM and z - DA(¢?)(2)z =
2¢?(2). Since z € T, M we can conclude that D¥¢?) > cId with a constant ¢ > 0
that only depends on v and ¢q. ]

In the subsequent part of this section we will always assume that ¢ is a regular
Minkowski norm. Then the dual norm ¢° is also regular, c.f. [Bel04, Section 2.2].

Definition 9.3 (Anisotropic area). Let M be a smooth properly embedded
hypersurface in R"*!. The anisotropic area of M with respect to ¢ is given by

My = /M ¢°(v) A"

In [BP96], Theorem 5.1] a formula for the first variation of the anisotropic area is
proven. In order to state this formula we will introduce some notation generalizing
the notion of a unit normal field and mean curvature to the anisotropic setting.

Definition 9.4. Let M be a smooth properly embedded hypersurface in R*+!
with a smooth local parametrization F'. We denote by
v
Vg = ——,
R0
ng = Tyo(vy) = V¢°(v) and
Hy = -Vng=—g"0mny - 0;F
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9.1. Anisotropic mean curvature flow

the anisotropic unit normal field v, the Cahn-Hoffmann vector field ng and the
anisotropic mean curvature Hy, where (¢*/) denotes the inverse metric, cf. Defini-

tion [B.2L

Before continuing with the first variation formula we summarize some prop-
erties of the objects introduced above which are basically consequences of the
homogeneity of ¢.

Lemma 9.5. With the notation from above it holds that
(i) V¢ is positively 0-homogeneous with Vé(z) -z = ¢(z) for all z € R*1\ {0},
(i) D2¢ is positively (—1)-homogeneous with D*¢(z)-z = 0 for all z € R*1\ {0},
(711) ng - vy =1 and
(iv) VMong = Von,.

Remark 9.6 (First variation of anistropic area). Let M be a smooth properly
embedded hypersurface in R"*!. For A > 0 let ¥, : R**1 — R"*! be sufficiently
regular diffeomorphisms with Uy = Id. Let M) := ¥ (M) and X := J) U,.

A=0
Then

N

M :/X-v- :/ (V) Hyvy - X. 9.1
A:O‘ Ao R M¢(V) SV (9.1)

We recover (9.1) using a formal calculation. In the following computations all
derivatives with respect to A are evaluated at A = 0. It holds that

O\ Mailp = BA/

¢°(1/):/ GVM.X + 04w - Vo
M M

A
= / ¢O<V)VM‘X — Z/ZVMXZ “ M-
M
Note that
/M —ViVm X -ng = /M —VM-(V - Xn¢> + XiVmy;ng +v- XVM-n¢
= / (V) - XH + XiVmyi - ng +v- XV n,.
M

In order to continue we need the symmetry of (Vaq14); in ¢ and j, which is a
consequence of

(Vmvi)j = gMowonF; = — A0, F,0, F;.
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9. Extension to anisotropic SMCF

Hence
/ —ViVMXan(p:/ (W) XH + X -Vm(¢°(v) +v- XVMon,
M M
:/ ~EW)VMX v XYM,
M
This implies
o\ |M :/ X - vVMon :/ X - vVing.
MMilg " °= |y o

Formula at hand, it is proven in [BP96), Proposition 5.1] that in a suitable
sense the direction of maximal slope of the anisotropic area is given by the
anisotropic mean curvature vector Hgng. This motivates to define the anisotropic
stochastic mean curvature flow with the notation from Section [3.I] through the
stochastic differential equation

dF = H¢n¢ dt + Ng O dW. (9.2)

As mentioned above we will assume that W is spatially homogeneous, i.e. W = af
with a real-valued Brownian motion § and a constant o with o? < 2.
Similar to Section [3.1.1]we will derive evolution laws for the geometric quantities.

Remark 9.7 (Evolution of geometric quantities). For the metric tensor g we
infer

dgi]‘ = 2H¢)8ﬂl¢ . 8jF + 28¢H¢,n¢ . 8]‘F dt + 28m¢ . 8]‘F odW.
We will use the notation
(A(b)ij = —8m¢ : (‘)]F

for an anisotropic generalization of the second fundamental form. This notation
is compatible with

Hy=—-VMng =g (Ag)i;.

With this notation the above evolution equation for the metric tensor can be
rewritten to

dgij = —2H¢(A¢)ij + 28¢H¢’I’L¢ . OjF dt — 2(A¢)ij odW.
For the inverse metric we infer

dg" = 2H4(Ay)" — 297 V*Hyngy - 0;F dt + 2(Ag)7 o dW.
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9.1. Anisotropic mean curvature flow

For the volume element it holds

dy/g = —H}\/g+ Vi, Hy - ng dt — Hy\/g o AW.

As in Remark @ dv is a tangent vector and since J;ng also is a tangent vector
we have

dv - 0;F = —¢°(v)0;Hy dt.
This gives
dv = —¢°(v)Va, Hy dt
and for the Cahn-Hoffmann vector field
dng = —¢°(v) D*¢°(v) Vi, Hy dt.
We conclude for the anisotropic area element
A(&°(1)v/G) = —¢° () H2 /Gt — 6°(v) Hy/g o AW.

As we are interested in the evolution of E [, ¢°() we need to rewrite the above
equation into its It6 formulation. In order to determine the It6-Stratonovich
correction terms we need the stochastic part of the evolution equation of the
anisotropic mean curvature. We start by deriving the corresponding part of the
evolution law for the anisotropic second fundamental form. It holds

d(A¢)ij =...dt— 8in¢ . 8jn¢ odW.

since Oing is a tangent vector and Oing - 0;F = —(Ag)i; we recover Oing =
—(Ay)FOLF which gives

Hence

d(Ag)] = ... dt +2(Ag)*(Ag ki — (Ag) " (Ag)rs 0 AW
= . ..dt 4 (Ag)TF(Ay)ri o AW,

This implies for the anisotropic mean curvature
dH¢ =...dt+ |A¢|2 odW.

This evolution law at hand we can rewrite the evolution of the anisotropic area
element into its It6 formulation

[0 OéQ
Ao @)V = (1= 5) W) HEVG - 56 W)l VGt — 6°() Hon/GW.
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9. Extension to anisotropic SMCF

This implies

0[2
B[, o +IE/ /. (1_> () HE + 7 () Ay i

<E /MO o°(v)

which is the anisotropic version of Example

(9.3)

We proceed as in the isotropic situation by deriving the level set formulation of

02

Remark 9.8 (Level set formulation of (| . We adopt the notation from
Section |3.2 n In particular we assume that M; = {p € R"*! | f(p,t) = A} for some
constant A € R. This assumption yields

0= df(Ft(x)a t) + vf(Ft(x)a t) ’ n¢(1:, t)H@s(xat) de

+ V(Fy(x),t) - ng(z,t) o dW. (9-4)

Due to the homogeneity of ¢ it is more convenient to choose the normal vector

V(Fi(z), 1)
VI (Fi(x),t)]

which has the opposite orientation as in Remark We infer because of the
homogeneity of ¢° and V¢°

v(z,t) =

oty — VI

VT E VIR, D)
ng(at) = Vo (V f(F(x),1)) and
Hy(a,t) = =V (V6* (V) (Fi(2), ).

Plugging this into (9.4) and using Lemma gives

df (Fy(x),t) = Vf(Fi(x), 1) - VO (V[ (Fi(2), ) V- (V¢ (V) (Fi(x), t) di
= Vf(Fi(x),t) - VO° (V[ (Fi(x), 1)) o AW
= ¢°(VI(Fi(2), ) V- (V@ (V) (Fi(x), ) dt
— ¢ (Vf(Fi(x), 1)) o dW.

Since this should hold for all  and all level sets we can simplify it to

df = ¢*(VHV- (Ve (V) dt — ¢°(V f) o dW.
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9.1. Anisotropic mean curvature flow

Note that —W also is a Wiener process with the same distribution as W. Hence,
we do not change the qualitative behavior of this equation by dropping the minus
sign in front of the perturbation for notational convenience. We call

df = ¢°(VH)V- (VO (V) dt + ¢°(Vf) o AW (9.5)

the level set formulation of . Whenever we want to translate back
to a solution of for a particular Wiener process, we have to compensate
the different signs of the Wiener processes involved. Note that this difficulty
appears here but not in Section because here we have chosen the unit normal
with the opposite orientation. In general, we have for a Minkowski norm ¢ that
() # ¢(—x). Hence, the unit normal we have chosen here is the more convenient
choice as otherwise there would be minus signs appearing in the arguments of the
Minkowski norm and its derivatives in . Nevertheless, with the orientation
from Section [3:2] we would not have to change the sign of the Wiener process.

Example 9.9 (Stochastic mean curvature flow of Wulff shape). Using the defi-
nition of the duality maps Ty and Tye we infer that V¢°(V(z)) = gz for all
z € R" 1\ {0}. According to Remark this implies for the Cahn-Hoffmann

vector field and the anisotropic mean curvature of r0B, = {z € R"™! | ¢(z) = r}

ng = ; and  Hy, = —V-(V¢° (V) = —g

Let M = 0By and Fy(x) = r(t)z for z € M and r(0) = 7. Then the evolution
of r(t)0B, induced by (9.2) is characterized by

drz:—gzdt+zodW<:>dr:—;dt+ad6.

Comparing this with (3.10)) we find that the radius of the Wulff shape solves the
same stochastic differential equation as the radius of a sphere in the isotropic
setting.

Remark 9.10 (The graphical case). Let us now assume that M, is the graph
of a function u(-,t). In order to avoid the issues arising from the choice of the
orientation as in Remark we derive the equation for u not from but
directly from the level set equation , which already accounts for it.

To this end, let f: R**! — R be given by

The zero level set of f is the graph of u. Note that
Vu
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9. Extension to anisotropic SMCF

and

V:; Vu
V1I+[Vu2 \-1)°

We will use the notation introduced in Remark especially

Qp) = \/W and v(p) = QZ()p) for p € R"™.

Furthermore, we define their anisotropic analogs
Qpe(p) = ¢°(p,—1)  and  vge(p) = VQge(p) = Vp¢°(p, —1),

where we write V¢° = (ijﬁ ) with V,¢° € R" and 0,,¢° € R. With this notation

o= gotea ()
? 7 Que(Vu) \ 1)

n¢:< Voo (Vu) )and

we infer

Ow®°(Vu,—1)
Hy = V- (vge (Vu)) .
Plugging this into the level set equation (9.5 gives
du = Que (V) V- (Vg (V) ) dt + Qgo(Vu) 0 AW, (9.6)

which therefore characterizes the anisotropic stochastic mean curvature flow of
graphs.
Note that has the same structure as (3.8]).

9.2. Existence in the graphical case

In this section we will prove existence of solutions for anisotropic stochastic mean
curvature flow under the assumption that the initial data is the graph of a function
u. For notational convenience we will consider the evolution with respect to ¢°,
which corresponds to (9.6) with ¢° replaced by ¢, i.e.

du = Qu(Vu)V- (v4(Vu) ) dt + Qy(Vu) o dW. (9.7)

Assumptions 9.11. We assume that o € R with a? < 2 and ¢ is a regular
Minkowski norm which additionally fulfills

2 n—1
Dyo(p, w) < 2¢(p,w)1d Vp € S" ", w € R. (9.8)

Furthermore, we will assume that W = af with a real-valued Brownian motion

3.
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9.2. Existence in the graphical case

Remark 9.12. Note that is a technical assumption which we need in order
to prove that the Dirichlet energy E [r. |Vu|? is decreasing for solutions of .
Since the Dirichlet energy is not adapted to ¢ it is natural that some additional
condition on ¢ comes in. This technicality is due to the fact that we will treat
as a variational SPDE in the setting of Section

At the moment it is not clear how to get rid of this assumption. It would be
natural to replace the variational theory which builds up on the weak formulation
of with respect to the isotropic L? norm of Vu by a theory which uses a
weak formulation which respects the anisotropy. However, we do not pursue this
in this thesis.

By considering an Euclidean transformation induced by a symmetric positive
definite matrix A € R™*" one could weaken (9.8) to

2 no: _
Dyé(p, w) < 2¢(p,w)A Vp € R" with p- Ap=1,w € R

and consider on L?(T™;R™) the scalar product (11,v2) 4 = [pn t1 - Atba, P1,102 €
L%(T™; R™). We will not go into detail about this generalization.

Theorem 9.13. Let A be a Borel probability measure on H*(T™) with
/ 2021 gy dA(2) < 00 and [|V2] o sy < L A-as.
HY(T") ’

for a constant L > 0. Then, under Assumptions there is a martingale
solution w of (9.7)) for I =[0,00) with initial data A.

In addition, the uniform bounds we will derive in this section also imply that
the large-time result Theorem also holds for solutions of (9.7)).

Remark 9.14 (Viscous equation). In order to prove Theorem we proceed
as in Chapter [p| and introduce for € > 0 the viscous equation

du = eAu + Qy(Vu)V- (vo(Vu) ) dt + Qy(Vur) 0 dW. (9.9)

Since has the same structure as (5.4]) we can repeat the proof of Lemma
to deduce its anisotropic analog, which is the foundation for the existence proof.

Lemma 9.15. Let € > 0 and u be a strong solution of on the time interval
I. Let f € C%(R™) with bounded second order derivatives. For the energy

&(t) = /nf(Vu(t)), tel

135



9. Extension to anisotropic SMCF

it holds that

2

d¢ = | —eD?f(Vu)D?u: D*u — <1 - O;) f(Vu)
"H‘n

v (v(p(vu))‘

— D2y DZ%(Z)(VU, ~1): | Q4(Vu) D2 f(Vu) D*u

dt

- <1 — Oﬂ) f(Vu) D2¢(Vu, —1) D*u
2 P ’

— F(Vu) V- (vo(Vu) ) dW.
A direct consequence of Lemma, is the following Lemma.

Lemma 9.16. Let € > 0 and u be a strong solution of on the time interval
I. Let g € C*([0,00)) be non-negative, increasing and convex with bounded second
derivative and g(0) = 0. Then the energy

e(t) = | a(Qu(Vu(®)), ter

s estimated by

EE(t) + (1 - ‘f) JE/Ot/n p 'v- (vi(Vu) ‘ ds
+ E/ot/w Qu(Vu)g"vy(Vu) - D*u Di(ﬁ(Vu, —1) D?uvy(Vu) ds

+ B[ [ (Quwug — (1= % )o) DDV, ~1)sD30(Vr ~1) Duds
< E¢(0)

for allt € I with all integrals on the left side of the equation being non-negative
and with g, ¢’ and ¢" evaluated at Q4(Vu).

In order to interpret as a variational SPDE in the sense of Assumptionsm
we will present a second application of Lemma for f(Vu) = |Vul?. In this
situation, we recover the coercivity assumption (4.13]).

Proposition 9.17 (Coercivity of the viscous equation). Let € > 0 and u be a
strong solution of on the time interval I. For the Dirichlet energy we have

2
d/ |Vu|2—|—26/ |D2u|2+<1—0‘>/ Vul?
T T 2 ) Jrn

< —/Tn Vu[2V- <V¢(Vu)> aw.

2
dt

\% (V¢(VU))
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9.2. Existence in the graphical case

Proof. We apply Lemma to f(Vu) = |Vu|? and infer

2
d/ Va2 :/ — 2¢| D2uf? — (1 - a) Va2
" T 2

— D*uD2¢(Vu, —1):

2

V- (ve(Vu))

2Q¢(VU) Id

2
- (1 - ‘;) Vul? D2¢(Vu, —1) | D>udt

— [Vu2V: (vg(Vu) ) dW.

Because of the convexity of ¢ we have ngﬁ > 0. Assumption implies

2

(o 2wy )5 )

> 0.

By combining these estimates with Lemma we find the claimed inequality. [

The coercivity result Proposition [9.17] at hand, we can prove existence of
martingale solutions of the viscous equation .

Theorem 9.18. Lete > 0, ¢ > 2 and A be a Borel probability measure on H'(T")
with

7 q
/Hl(w) 121 (pny dA(2) < 00 and /Hl(w) [V 201%2pny dA(2) < 0.

Then, under Assumptions there is a martingale solution u of for
I = [0, 00) with initial data A.

Proof. The existence of martingale solutions can be concluded as in the proof of
Theorem by interpreting as a variational equation for the gradient Vu.
Note that the coercivity of this equation is a consequence of the computations in

Proposition [9.17} O

In order to pass to the limit ¢ — 0 we deduce bounds for the gradient of
solutions. We will start by stating a maximum principle for the gradient, which
generalizes Theorem [7.3] Note that we measure the Lipschitz constant with
respect to the Minkowski norm.

Theorem 9.19 (Maximum principle for the gradient). Let ¢ > 0 and u be a
strong solution of on the time interval [0,T] with initial data ug which is
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9. Extension to anisotropic SMCF

uniformly Lipschitz continuous, i.e. ||¢(Vuo, —1)| peo(mny < L P-a.s. for a constant
L >0.
Then the solution has the same Lipschitz constant for all times, i.e.

“¢(VU, _1)HL°°(0,T;L°°(T")) < L P-a.s.

Proof. This is a direct consequence of Lemma [9.16] for a suitable approximation
g of z+— (2 — L)y as in the proof of Theorem O

As a consequence of the maximum principle for the gradient, we can prove a
bound for the Hessian.

Proposition 9.20 (Hessian bound). Let € > 0 and u be a strong solution of
on the time interval [0,T] with initial data ug which is uniformly Lipschitz
continuous, i.e. ||¢(Vug, —1)|| oo (pny < L P-a.s. for a constant L > 0. Then there
is a constant ¢ = c¢(L, ) such that

IE/W Qq(Vu(t))® + cE/O /T | D?u(s)|* ds < E/Tn Qy(uo) Vt € [0, 7).

Proof. We apply Lemma to g(z) = 2?2 and infer

E [ Qu(Vu(t)?+E /0 t /T - Qu(Vu(s)* D(v(Vuls)) : D(v(Vu(s)) ds

'I[‘n
<E - Q4 (Vu(0))2.
(9.10)

Since ¢ is a regular anisotropy it holds for all z,¢ € R*T1\ {0} that ¢-D?¢(2)¢ >
0 for ¢ ¢ span{z}. Otherwise there would be an 0 # X = Az 4+ u¢ € TT; 0By N

span{z, (} such that

1y D%
£

‘;> X = X -D2(2)X

= A2 D?*¢(2)z 4+ 2MuC - D*¢(2)z + p°¢ - D?p(2)¢
=0

since D%¢(2) is (—1)-homogeneous and D?¢(z)z = 0 by Lemma which
contradicts the assumption that 0By has positive principal curvatures.

In particular q - D]23¢(p,—1)q = (&) - D%*¢(p,—1)() > 0 for all p,q € R®
with ¢ # 0. Hence, D?,qS(p,—l) is positive definite. Furthermore, we infer
from Theorem that [[Vu| peo1;p00(n)) < (L) P-a.s. The continuity of
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9.2. Existence in the graphical case
P ngﬁ(p, —1) implies that there is a constant ¢ that depends on L and ¢ such
that
D§¢(Vu, —1) > cld a.s. in Q x [0,7] x T™.
With Lemma, we conclude that
. T e 2 2. T2 > 2| D2y
D(ve(Va)) : D(vs(Vu)) " = D2p(Vu, —1) D?u: D*uDZ6(Vu, —1) > ¢ Dy

almost surely in © x [0,7] x T". Plugging this inequality into (9.10) yields the
asserted estimate. O

Proof of Theorem[9.13. With the existence result for the viscous equation, the
maximum principle for the gradient and the Hessian bound at hand, cf. The-
orem Theorem and Proposition [9.20] we can follow the lines of the
proof of the isotropic result in Section to conclude the existence of martingale

solutions for . O
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10. Outlook

In this chapter, we will give an outlook how the results of this thesis might be
used or extended in future research. In particular, we will summarize the open
problems that were mentioned during the previous chapters.

Remark 10.1 (SMCF for arbitrary hypersurfaces). In this work, we mostly
focus on the situation where the hypersurfaces are given as the graphs of a time-
dependent function u. As mentioned before, the generic situation can be described
by the level set equation . Formally, this equation can be approximated by
the graphical case. For this, let u® = % solve the graphical SMCF , ie.

;l;E
_ 2 e2x. | - 2 el2
OU® = \/e2 + |VU®| V( e 5’2>dt+\/5 +|VUe2odW.  (10.1)

Our previous analysis of the graphical situation in particular yields existence of
martingale solutions of under appropriate assumptions on the noise and
the initial data.

In order to pass to the limit ¢ — 0 and prove that a limit f = lim._,o U® exists
and solves we need uniform estimate for U® in € > 0. It is not clear, whether
the estimates from Chapter [5] or in case of spatially homogeneous noise from
Chapter [7] can be adapted in order to infer a sufficiently strong control of U® in
€ > 0. Besides this, it is necessary to find the right notion of solution for the
level set equation (3.5 such that it is compatible with this kind of approximation.
In particular it is not clear if in analogy to the deterministic case, cf. [ES91],
the theory of stochastic viscosity solutions [LS98al [LS98D, [LS00al [LS00D] is well
suited for this.

Remark 10.2 (Uniqueness and regularity). In Chapter |§| we prove a conditional
stability and uniqueness result under the assumption that solutions are sufficiently
regular. In particular, we have to assume more regularity than the existence
theorem in Chapter [5] guarantees.

The stability result is based on an estimate of the L? difference of the gradient
of two solutions of (5.1). This Ansatz does not exploit the geometric origin of
graphical SMCF. At the moment, it is not clear if an intrinsically geometric
notion of stability is available and would yield a stronger result.

In the situation of compact properly embedded hypersurfaces moving according
to SMCF, it is a natural question whether a pathwise inclusion principle holds.
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In a strong formulation, this can be characterized by the pathwise growth of
the distance between two solutions driven by the same Wiener process. The
corresponding result is true for deterministic mean curvature flow, cf. [Bell3,
Theorem 5.4]. In fact, it can also be easily verified in the situation of Section
for spherical solutions of SMCF with spatially homogeneous noise.

In Section [7.3] we have proven a first regularity result for graphical SMCF with
spatially homogeneous noise. Besides holding interest on its own, proving higher
regularity of solutions is a different attempt to strengthen the uniqueness result
in Chapter [6] Nevertheless, it is an open problem whether we can prove enough
regularity in order to apply the uniqueness result at least under appropriate
assumptions on the initial data and the noise.

Remark 10.3 (Convergence of a numerical scheme). In Chapter |8 we have
proposed a numerical scheme for graphical SMCF. Since it is based on the same
Galerkin approximation as in the existence proof for variational SPDEs from
Section we expect the scheme to converge for € > 0 to a martingale solution
of the viscous approximation .

The question of a rate of convergence as well as the convergence to a strong
solution is strongly related to the uniqueness issue mentioned in Remark [I10.2]

Furthermore, it is not clear if convergence can be proven not only for the viscous
equation but also for graphical SMCF .

The regularity proven in Chapter [5] and Chapter [7] in case of spatially homoge-
neous noise goes beyond the regularity results that previously were available for
n =1, cf. [ESvRI12|. Therefore, it is a natural question whether these results can
be used in order to strengthen the convergence proven in [FLP14] for a numerical
scheme in the one-dimensional case.

Remark 10.4 (Numerical observations in case of colored noise). The Monte-
Carlo simulations in Section [8.2.2] for SMCF with colored noise suggest some fine
properties of certain energies, which we have not proven before. For example,
the best analytic results from Chapter [5 imply that the expectation of the L?
norm of the gradient of a solution grows at most exponentially. Nevertheless,
in the simulations we see that for spatially rough data, i.e. situations where
the aforementioned norm is large, SMCF has a regularizing effect and the norm
decreases.

It is not clear, if this is a numerical artifact which is due to the discretization
and the particular choice of the noise coefficients or if it is a feature of SMCF
with colored noise.

Related to this is the large-time behavior of solutions of SMCF with colored
noise. The mean curvature flow has a regularizing effect while the colored noise
introduces spatial roughness. Depending on the regularity of the solution, we
expect one of those effects to dominate. Due to their interplay we expect that at
large times the solution stays in a region where the effects are balanced.
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Remark 10.5 (Different boundary conditions and unbounded domains). In this
work, we have considered graphical SMCF on the flat torus, i.e with periodic
boundary conditions. In the deterministic situation, several works deal with
Neumann and Dirichlet boundary conditions for graphical MCF, cf. [Ger76],
[Hui89] and [MT17] and the references therein. In the presence of stochastic
perturbations, we expect that the approach taken in this thesis can be used to
prove existence of graphical SMCF on bounded convex domains with Neumann
boundary data.

For a smooth function u on a bounded convex domain U with Neumann
boundary condition Vu - v =0 on AU it holds that

Vu - D*uv = —Vu - DvVu < 0.

The formal calculations regarding the energy estimates from Remark [5.6] can be
repeated for non-periodic data with Neumann boundary condition. With the
above inequality, the boundary terms formally have the right sign. Thus, we
expect the energy estimates to hold in this situation, at least under suitable
assumptions on the noise coefficients. For a similar strategy in the deterministic
case we refer to [MT17].

For more general bounded domains, the boundary terms will not be neglectable.
Instead, these terms might be estimated in the same way the boundary terms are
handled in [Ger76] and [Hui89].

On unbounded domains, in particular for U = R", it is not clear if existence of
solutions of graphical SMCF can be proven with our approach. In this situation,
the monotonicity formula derived in Section [3.5] with a non-constant kernel might
be used in order to infer the integrability of certain terms with no sufficient spatial
decay, cf. [EH89] for the deterministic situation.

Remark 10.6 (Technical assumption on anisotropy). In Chapter |§| we prove
existence of graphical SMCF with respect to an anisotropy ¢. In order to use the
same strategy as in the isotropic case, in particular the viscous approximation and
the theory of variational SPDEs, we need to restrict to anisotropies satisfying a
technical assumption. This assumption assures that the anisotropy is compatible
with the Dirichlet energy. Furthermore, we have assumed that the noise is spatially
homogeneous.

It is an open problem, whether one can remove the assumption on the anisotropy
by choosing a different approximation technique. It is also not clear, if one can
derive existence under the presence of colored noise.

Remark 10.7 (Use the variational framework for other equations). The theory
of variational SPDEs with a compact embedding, that we present in Section
and for which we prove existence in Section [4.3] extends the previously available
theory. It is an interesting question, if it can be applied to different equations
that previously could not be treated within the theory of variational SPDEs.
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A. Some results about bounded
linear operators

In this chapter we will state some results about bounded linear operators on
Banach spaces. In some cases we will restrict the presentation to Hilbert spaces,
if the general theory is not needed in this work.

A.1. Trace class and Hilbert-Schmidt operators

We will adapt the presentation of [DPZ14, Appendix B]. For proofs and a more
detailed exposition see also [DS63| XI.6 and XI.9], [RS72, VI.6] and [Kabl11l, 12].

Definition A.1. Let H be a Hilbert space. For a non-negative operator A € L(H)
and an orthonormal basis (ex)ger of H

tr A = Z (Aex, ex)
kel

is called the trace of A.

Remark A.2. In the situation of Definition tr A is well-defined, i.e. it does
not depend on the choice of the orthonormal basis.

Definition A.3. Let H be a Hilbert space. An operator A € L(H) is called a
trace class operator if tr |A| < oo.
We denote by

Ly(H) = {A € L(H) | tr]4] < oo}
the set of all trace class operators and define
Al = tr|A], A€ Ly (H).
For an orthonormal basis (ex)ger of H we will call

tr A= Z (Aex, ex)
kel

the trace of A € Ly(H).
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A. Some results about bounded linear operators

Remark A.4. Note that in the situation of Definition the operator |A| =
VvV A*A is well-defined, cf. [RS72, Theorem VI.9].

Furthermore, for A € Li(H) the trace tr A is well-defined and coincides for
non-negative trace class operators with the trace defined in Definition

Theorem A.5 (cf. [RS72, Theorem VI.19] and [RS72, Theorem VI.20]). If H
is a Hilbert space then Li(H) is an ideal in L(H) and (L1(H); | - ||z, (m)) is a

Banach space.

Definition A.6. Let H; and Hy be two Hilbert spaces. An operator A €
L(Hy; Hp) is called a Hilbert-Schmidt operator if A*A is a trace class operator
on Hi.

We denote by

Lo(Hi; Hp) = {A € L(Hy; Hp) | A"A € Li(H1)}
the set of all Hilbert-Schmidt operators and define the scalar product
<A1’A2>L2(H1;H2) = tr (AJAs), Ay, Ay € Lo(Hy; Hy).
For the induced norm we write
Al Lo (rism5) = £/ tr (A*A), A € Ly(Hy; Ha).

Theorem A.7 (cf. [RS72, Theorem VI.22] and [RS72, Problem VI.48)). If H;
and Hy are Hilbert spaces then (La(Hu; H2); (") 1, (my.m,)) 5 @ Hilbert space.

Remark A.8. Note that the spaces introduced in Definition and Defini-
tion are special instances of the Schatten classes, cf. [Kablll 12.5]. More
precisely, for Hilbert spaces H; and Hs it holds that

Li(Hy)=(Ae€ L(H;) | Ais compact and Z skp(A) < 0o
keN
and
Lo(Hy; Ho) = {A € L(Hy; Ha) | A is compact and Z si(A) < oo} ,
keN

with s;(A) denoting the k-th singular value of a compact operator A.
Furthermore the trace class operators coincide with the nuclear operators in
the context of Banach spaces.
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A.2. Moore-Penrose inverse

A.2. Moore-Penrose inverse

Compare with [PRO7, Appendix C].

Definition A.9. Let Hy, Hy be Hilbert spaces and T' € L(H1; Hy). The Moore-
Penrose inverse 7! : T(Hy) — (ker T)* of the operator T is given by the inverse

Of T ey (ker )= — T(Hy),

Remark A.10. Note that in the setting of Definition the restriction of T to
(ker 7)™, ie. T| yorpyr ¢ (kerT)* — T(Hy), is bijective.

As a consequence of the open mapping theorem the Moore-Penrose inverse is a
bounded linear operator.

Proposition A.11. In the setting of Definition[A.9 we have that:
(i) T~'y = argmin{||z||y | Tz =y} for all y € T(H1),
(ii) TT'T =T,

(iii) T TT-' =T-1,

() (TT-1) =TT,

(v) (T7'T)" =T7'T.
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B. Differential geometry of
hypersurfaces

In this chapter we will introduce the terminology we will use to describe the
differential geometry of hypersurfaces in R**!. For a more detailed exposition of
the concepts of Riemannian manifolds we refer to [Leel8|, where we have taken
most of the notation from. Furthermore, we would like to refer to [Eck04] for
an exposition which focuses on the objects which are important for the mean
curvature flow. At some points we will also use ideas from [Bell3] where the
geometric objects are introduced and expressed in terms of the signed distance
function.

During this chapter we will not give the optimal regularity assumptions and
instead always assume that all objects are sufficiently smooth.

We assume that M C R"*! is a smooth properly embedded hypersurface. We
will denote by F': Q — F(Q) C M a smooth local parametrization for some open
set Q C R™. We introduce the (local) geometric objects in terms of F', but up to
their representation in local coordinates they are independent of the choice of F'.
If not otherwise specified p = F(z) denotes a point on the manifold M for = € Q.

Definition B.1 (Tangent space). The tangent vectors 01 F(z),...,0,F(x) are
linearly independent and form a basis of the n-dimensional tangent space T, M.
The cotangent space T7M is the dual space of the tangent space. The dual
basis is given by the cotangent vectors dz!,. .., dz", which are the differentials of
p=F(z' ... 2") — 2t

For a tangent vector X € TPM and a cotangent vector Y € Ty M we write
X = X'0;F(z) and Y = Y; dz* using the Einstein summation convention. Since
Y is a linear form on T, M, we can apply it to X and get Y (X) = X'V;.

Definition B.2 (Metric and area element). Since M is a submanifold of R"*!,
the Euclidean structure of R"*! induces a Riemannian metric g on M. For two
tangent vectors X,Y € T,M C R""! we have

(X,Y),=X-Y = X'YIO,F - 0;F = g;; X'Y7.

The matrix (gij) j=1,..n is invertible and for the inverse matrix we write (¢/) =
(Qij)_l. The area element is given by

Vg = Vdetg.
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B. Differential geometry of hypersurfaces

Note that (X, ->g defines a cotangent vector with components ((X, ->g). =
. (2
gij X7.
For a vector in the ambient space X € R™*! we will denote by X7 its tangential
part, i.e. X1 is the tangent vector uniquely determined by

<XT,Y>g =X Y VY € TyM.

It can be expressed in terms of the metric g via
XT =g¢7X - 0;FO;F.

Definition B.3 (Integration). For a function f : F'(£2) — R under suitable
assumptions the integral

/Mfd’}-l” :/Q\/gfoFdE”

is well-defined. Using a smooth partition of unity this definition can be extended
to define the integral [,, fdH" for a function f: M — R.

Definition B.4 (Tangential gradient). For a smooth function f : M — R the
differential df, € Ty M is a well-defined cotangent vector. The corresponding
tangent vector

Vamf(p) = Vinf0)0iF (z) = g" dfp(0;F (2))0:F (x) = g7 0; (f o F) ()0 F ()
is called the tangential gradient of f.

Definition B.5 (Covariant derivative and Christoffel symbols). The Christoffel
symbols I‘fj are the coefficients of the tangential part of 0;; F, i.e.

(05 F)" = TEoF.

In terms of the metric the Christoffel symbols can be expressed as

1
Iy = 59“ (@'Qﬂ + Jjgi — 519@') :

With help of the Christoffel symbols one can define the covariant derivative of
higher-order tensor fields.

Let G be a smooth (k,[)-tensor field, i.e. a k-times contravariant and [-times
covariant tensor field. Expressing GG in a basis we have

G=G} "0, F®..©0,F@d @ - dal.
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The covariant derivative of G is the (k,[ 4 1)-tensor field given by
wWMaG = VMG dae™
with coeflicients

(Vi) " = vita

J1sendi Tl
. . k . . l . .
- 115--50k 1155 Ds- 5l Tl 115--50k P
= O (Ga‘l,...u‘z ° F) + Y G, = Y G T
s=1 s=1
Definition B.6 (Divergence and Laplacian). Let X be a smooth vector field.
The divergence of X in terms of the covariant derivative is given by
VM.X = WX = 9;(X" o F) + T, X7

It can also be expressed as

VM.X:\}EOZ-(\/EX%F).

For a smooth function f: M — R the Laplacian of f is given by
Amf = VMV f = W (Viif).
There are several different expressions for the Laplacian of f, i.e.
Amf = ¢TIV = tr, VMTMf = g% (aij (foF)—TEd (fo F))

1 ii g,
= 250 (Va970,(f o ).

Definition B.7 (Unit normal field and second fundamental form). Let v be a
smooth unit normal field, i.e. |v(p)| =1 and v(p) L TyM for all p € M.

The second fundamental form is a symmetric 2-covariant tensor field A, which
describes the difference between differentiation in the ambient space and the
covariant derivative, i.eE|

0 F = (05 F)" + (9, F)*
= VY (9;F) 4+ A(O;F,0;F)v.
Hence, the tensor can be represented by
A= A;de' @ da?
with
Ajj = 0y F -v = —0;F - 0;v.

Note that the second fundamental form changes sign, when v changes sign. We have used a
different sign convention as in [Eck04], but are in accordance with [Leel8] and [Bell3].
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B. Differential geometry of hypersurfaces

Definition B.8 (Shape operator, Weingarten map and curvature). The shape
operator or Weingarten map s is the (1, 1)-tensor field corresponding to A by
raising one index. That means that

s = A%0,F ® da’

with A;- = gikAkj.

The shape operator at a point p can be identified with the self-adjoint linear
endomorphism on 7, M given by X = X'0,F A;X J0;F. The eigenvalues of s
are called the principal curvatures k1, ..., k,. The mean curvature H is the sum
of the principal curvatures

H=r1+...+kn
=A; =trs
= giinj = try A.
The mean curvature vector is

—

H = Hv.

The mean curvature vector is independent of the choice of v.
Note that Ay F' = H component-wise.

Remark B.9 (Differential geometry of graphs). We will specialize the above
notation to the case that the hypersurface M is the graph of a function u : Q — R.
The canonical global parametrization of M is given by

For the metric tensor we calculate
gij = 6ij + Oiudju,
which is (gi5) = Id+Vu ® Vu. In the following we will use the abbreviations

Q(p) = /1 + |p|* and
p p

vip) = VI+pP?E Q)

for p € R™. With this notation we can write the inverse metric as

(") = Id —v(Vu) @ v(Vu)
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and the area element as
V9 =Q(Vu).
For the Christoffel symbols we infer
1
I = 59“ (3z'gjl + 0591 — 319@‘)

o &ju@ku

Q(Vu)*
Let f:Q — Rand h:Q — R"!. The tangential gradient of f is given by

. ((Id (V) ® }/(Vu)) v f) |

Q(Vu)?

where V denotes the gradient with respect to the differential structure of 2.
The divergence of h is given by

VM.h = g0;h -0, F

1
~ (1d— : Wt VU Vhyy
(Id —v(Vu) @ v(Vu)) : Dhy_ +Q(Vu)2vu Vhnit

Hence,
Apf = (Id—v(Vu) @ v(Vau)) : DAf — v - VFV-(v(Vu)).

A smooth unit normal field is given by

o 1 (—Vu)
V= 7Q(Vu) 1 .

For this choice of a normal field the second fundamental form has the components

o Oiju
Y Q(Vu)

and the Weingarten maps has the components

A

Al = Q(1Vu) (Id —=v(Vu) @ v(Vu)),, Okju
= 8j (vz(Vu)) .

Hence, the mean curvature is given by

H =V-(v(Vu)).
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B. Differential geometry of hypersurfaces

Remark B.10 (Differential geometry of level sets). Let f : R*™ — R be a
smooth function. For A € R we consider the level set M := {f = A} and assume
that Vf £ 0 on M. Then M is a properly embedded smooth hypersurface in
R™! by [Leel8, Theorem A.24]. Since the gradient of f is non-vanishing and
a rotation of M does not change its geometric properties we can assume that
locally Op+1f # 0 and therefore locally solve the equation f(z,u(z)) = A. This
yields a local graph parametrization of M by F(z) = (z,u(x)). We will denote
the components of the gradient of f by Vf = (Vf, Ons1f) € R* x R = R*L
With this notation we infer

1

ALl (B.1)

Vu=—

In Remark we express the geometric objects related to M in terms of .
These expressions and at hand we can characterize them in terms of f.

The components of the metric tensor with respect to the coordinates introduced
by the local graph parametrization are given by

0ifo;f
(an+1f>2 '

For the area element and the inverse metric it holds that

B B L2 Y =y
\/§_Q(Vu)_ 1+(3n+1f)2_\3n+1f| 1+ |Vf]

gij = 52'3‘ + &-uaju = 51'3' +

and
VioVf

(¢7) =1d —v(Vu) @ v(Vu) = Id — i

For a function ¢ : R""1 — R let h(z) = ¢(z,u(x)). For the gradient of h we
compute

. .9,
Vh =V + 0h1oVu = Vi — PG ¢
an—i—lf

This implies for the tangential gradient of ¢

Vg = Vaih = ((Id ~v(Vu) & v(Vu) Vh>

2
4
£

_ (Id Vé‘?ﬁf)w —(m Vf@Vf)v
_ — (10 eVS
Yvﬁfan-‘rlf V]l
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Similarly, when ¢ : R"** — T, M C R"™! is a smooth vector field then

Vf DYV

M o XT.a)y
VR =V TG e

Combining these expressions we find for the Laplace-Beltrami operator

Apgo (Id_vmw) : (m;_ Vf-Wsz>

VP VP
_(q VIOVFN o V- Vo [ Vf
‘(Id N )'DS@ V7l v(Wf\)'

Let

= _Lf and U= ! (—Vu)
IVfI - Q(Vu) '

We infer from (B.1])
v ::_'Sgn(an+1f)y'

The unit normal fields v and 7 induce possibly different second fundamental forms

Aij = Qa(UVZ) and Aij =— Sgn(8n+1f)Aij
with
Doue DU 0enVIOVI 4 V@001V Onineaf VO VS
Ons1f (Ong1f)? (Ont1f)?
and Sgg?@gﬁf ) = 8‘"5]}{ . Hence,

_ DY VIOV + V@0V | Oy fVF O VS
Vi Oni1 [V ] @nr1 NIV ]

This expression becomes more convenient by considering its action on tangent
vectors X,Y € T,M C R"". Let X = X'9;F and Y = Y79, F be their repre-
sentations with respect to the basis (9;F); of T,M. Let X = (X',..., X") and

A €e;
Y = (Y',...,Y"™) be the coordinates of X and Y. Since ;F = ( 0;f ) we

8n+1f
X %
X = XSy and Y = Ba7aE
On+1f On+1f

(Aij)

have
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B. Differential geometry of hypersurfaces

This implies

, . X -D%’fy
AX,)Y) = X477 == — 21

For the Weingarten map s : T, M — T, M we note that for X € T, M the
image s(X) is defined as the unique solution of

AX,Y) = <5(X),Y>g vY € T,M.
Since g is the metric induced by the standard metric on R"*! we infer

2
X|]v)f{Y _ A(X,Y) = s(X)-Y VY € TyM.

2
This implies that s(X) is the orthogonal projection of % onto the tangent
space T, M. This projection can be expressed in terms of the unit normal

1 VfeVf Vf
“X*:wwﬁd_|Vﬂ2>lﬁﬁ¥:DQVﬂ>X‘

Note that D(%) has at least a one-dimensional kernel and n eigenvectors living
in the tangent space. The corresponding eigenvalues are the principal curvatures
of M. The mean curvature is therefore given by

_o( NV
H_V<Wﬂ>
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C. Matrix scalar product

Definition C.1. For two matrices A, B € R™*"™ we define the matrix scalar
product

A:B:= Az‘jBij-
The Frobenius norm of A is given by
A = A: A

If in addition matrices C, D € R™*"™ are given then we give higher precedence
to matrix multiplication than to the matrix scalar product, i.e.

AB:CD = (AB): (CD).
Lemma C.2. Let A, B,C € R™ ™ be symmetric matrices with B,C > 0. Then
AB: A> A\pin(B)|A?  and  AB: CA > Apin(B) A min(C)|A)?,
where Apin (M) denotes the smallest eigenvalue of a matrix M € R ™.

Proof. Let D, E € R™™™ be symmetric square roots of B and C, i.e. DD = B
and EE = C. Furthermore let D = ), \/Arer ® e with an orthonormal basis
(er)x of eigenvalues of B. Then

AB:A=ADD: A= AD: AD = \;|Aei|? > Amin(B)|AJ?
and
AB:CA=ADD : EEA = |EAD|*> > Auin(B)|EA> > Auin(B) Amin(C)|A]?.

O
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