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Abstract
The behavior of the Allen-Cahn equation

1
(@ t) = Aut(2,t) = ZF'(uf(2,1) + &
with an additional stochastic term & is studied for small values of €. This equation is a reaction
diffusion equation with a particular shape of the reaction term —F” which is the negative derivative
of a double-well potential with two wells of equal depth.

In the first part the invariant measure for this equation is studied in the case, where z € [—1, 1]
takes values in a compact one-dimensional domain, and where &£ denotes a space-time white
noise. This measure is absolutely continuous with respect to a Brownian bridge with appropriate
boundary conditions. A scaled version of this measure is transformed to a Gibbs-type measure
on a growing interval. Then it is shown that these transformed measures concentrate around a
one-dimensional curve of minimizers in the infinite-dimensional space of possible configurations.
This implies that in the original scaling the measures concentrate on the set of step functions with
precisely one jump.

In the second part the dynamical system is studied in higher dimensions. Here the noise term
& is constant in space, and smoothened in time, with a correlation length that goes to zero at a
precise rate as € | 0. In the limit one obtains almost surely configurations that are concentrated
on {£1}. The development of the phase boundaries is driven by its mean curvature with an
additional stochastic forcing term.
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Chapter 1

Introduction

The Allen-Cahn equation was introduced in [AC79] to model the growth of grains in crystalline
materials near their melting point. It is one of the simplest models conceivable for phase separation
and the evolution of interfaces between these phases without preservation of mass. Therefore, it
is taken as a simplified model in various contexts. In this work the influence of noise on the
Allen-Cahn equation is studied. Some rigorous new results on the invariant measure in the one-
dimensional case and on the dynamics of the higher-dimensional equation are given.

1. Derivation of the model

Let us briefly recall the main ingredients of Allen and Cahn’s model. Imagine a physical system,
which can be described locally by an order parameter u € [—1,1], which depends on time and
space. The system might, for example, consist of a crystalline material with two possible lattice
structures, which are described by the order parameter taking the values £1. It might also consist
of a sample of ferromagnetic material with two possible spins 1. The order parameter taking
values in between 1 and —1 then corresponds to mixtures of the two lattice structures in the model
of the crystal or a local mean magnetization, which may be obtained by a coarse graining in the
case of the ferromagnet. A possible first step in modelling such a situation is the derivation of
an energy associated to a configuration w. In both situations it is more favorable for the sample
to attain values close to 1 instead of an intermediate value in (—1,1). In the case of the coarse
grained ferromagnet this is true, because it is energetically favorable for an atom to have the same
spin as its neighbors, in the case of the crystal because the pure lattice structures are the most
favorable. This effect is taken into account by a potential energy

/ 1F(u(aﬂ))dx

e

Here F takes the shape of a double-well potential (see Figure 11). A standard choice for such a
potential is the function F'(u) = i(u2 —1)2 but most properties are independent of the particular
choice of F. We will work under more general assumptions later, but for simplicity of exposition
let us assume for the moment that F' is this particular function. Now this description is purely
local and one needs another term to avoid too rough transitions between the phases. This effect

is covered by a second term which mathematically takes the form of a kinetic energy:

/6|Vu(m)\2dx,

such that one obtains the energy functional
1
HE (u) = / e[ Vu@)? + LF(u(a)dx

The parameter ¢ is used to calibrate the differing strength of the individual terms. We will see
later that it corresponds to the width of the interface between the different phases.



Figure 1.1: The potential F'.

Now in order to give an equation of motion for the phase field v one postulates that the system
tends towards configurations in which it looses energy quickly. In physicists notation this reads

gu OHE (u)
dt ou

In mathematical formulation this corresponds to the L2-gradient flow of the energy functional .
We will see later that in order to obtain an interesting phenomenon in the sharp interface limit
€ | 0 one has to accelerate the dynamics by a factor % The evolution equation one obtains in this
way is the Allen-Cahn equation

%u(x,t) = Au(x,t) — E%F/(u(a:,t)). (1.0.1)
Mathematically there is no reason to restrict this equation to functions u that attain values only
in [—1, 1] although other configurations have no physical meaning. Actually it can be shown easily
with a comparison principle that solutions of the Allen-Cahn equation which initially only attain
values in [—1,1] will preserve this property for all times, whereas solutions with general initial
conditions (say in L°°) will quickly be drawn into the interval [—1 — 4, 1 + ] for every & > 0. This
behavior seems reasonable, and for convenience, when introducing the noise we will not enforce
that solutions attain values only in [—1,1].

Furthermore, one should note that the choice of L2-structure for the gradient flow is deliberate
- one might also choose another metric and obtain a different equation. If for example one takes
the H~!-structure one obtains the Cahn-Hilliard equation, which is another well studied model
for phase separation and evolution of boundaries. The most striking difference between these two
models is that in the Allen-Cahn equation the total mass [u(z,t)dx (corresponding to the total
magnetization of the material or the total fraction of atoms within a given lattice structure) is
not preserved, while it is preserved in the Cahn-Hilliard model. Which equation is more suitable,
therefore, depends on the situation one wants to describe. A mathematical difference is that the
Cahn-Hilliard equation is a fourth order equation, and that comparison principles, that are very
useful in the study of the Allen-Cahn equation, are not available for the Cahn-Hilliard equation.



2. Heuristic analysis of the equation

Let us now give an non-rigorous description of the behavior of configurations which are favor-
able for the energy functional H® and for the dynamics given by the Allen-Cahn equation. We
are particularly interested in the case where ¢ is small. Let us take a look at the one-dimensional
case for ¢ = 1 first. Therefore, we look for minimizers of the functional

H(u) = /_ (@) + Plua))dx.

Obviously the minimizers are given by the constant functions u(z) = 1 and u(z) = —1. Nontrivial
results can be obtained if one enforces the function to pass from —1 to 1 at least once by demanding
limg 4o u(z) = £1. Under this assumption one can write

) = [ S+ Flule)ds

_ / 5 (/@) = VEF@(@))) "+ v2F (@) () dx
>G(+1) — G(-1) =: ¢, (1.0.2)
where G is an antiderivative of \/2F(u). In the case of the standard quartic double-well potential
G is given by G(u) = % - ‘/%“3, such that one obtains ¢y = ¥ This energy is attained if and
ounly if u solves
o' (z) — /2F (u(z)) = 0, (1.0.3)
which reads u/(z) = g(l —u?) in the quartic case. The only solutions of this equation verifying

the right boundary conditions are the functions (m¢,§ € R) given as

r—¢
me(x) = tanh <7) 1.04
£(a) 7 (104)
In Chapter 2 an essential idea is, to consider this one-parameter family of minimizers as a one-
dimensional submanifold of the infinite-dimensional space of possible configurations and then to
analyze the behavior of H(u) in terms of the geometry of this submanifold.

In the £ dependent case the minimizers of H® under the above boundary conditions are given
by a rescaled version of the my i.e.

mg = tanh (i;;)

One should note that the minimal energy co = H(m¢) = H®(mg) does not rescale in €. It should
be interpreted as the minimal energy required for a transition from —1 to +1. Another interesting
observation is that the functions m¢ decay exponentially towards +1 away from £. Therefore,
almost all of the energy is concentrated near £. For the rescaled functions mg this implies that
almost all the energy is concentrated on a region of the order . This explains why above € was
introduced as the width of a typical interface. Another observation is that by rewriting (1.0.3) for
the rescaled functions mg one sees

SEme) (@) = LF(me(e)),

a relation known as equipartition of energy, which has become crucial for studying the Allen-Cahn
equation in the framework of geometric measure theory.

So far we have concluded that the minimizers of H® under the condition, that there is at least
one jump, are given by the mg. These profiles are very close to —1 starting from —oo, then perform
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a quick transition in a precisely known shape in a € neighborhood of the separation point £, and
then remain very close to +1 going to +00. One can also consider functions that perform several
jumps at positions £1,...,&,. Around the transition points these functions will look similar to
the mg for a transition from —1 to 1 or like —mg for a transition from 1 to —1, and their energy
is approximately given as ncy. It is a fruitful idea to again think in geometrical terms, and to
interpret this set of configurations with precisely n kinks indexed by &1, ..., &, as an n-dimensional
submanifold of the space of possible configurations.

Having this picture of the energy landscape in mind one can quickly get a heuristic explanation
of the behavior of the gradient flow. Solutions will very quickly be drawn to one of the metastable
multikink configurations. Then as the energy is almost constant ncy on these manifolds the
configuration remains almost static on this manifold. On the level of functions this means that
functions will quickly be pushed into a configuration that is almost everywhere close to +1 with
transitions of width of order € around points &1, . .., &,. The motion of these points ; is extremely
slow until two of them come close. When two such & meet the phase boundaries annihilate. Then
the slow dynamics continue on the manifold with two kinks less. By such an annihilation the
configuration quickly looses an energy of 2¢y.

During this procedure the configuration will eventually have less and less kinks, which means
on the other hand that the domains on which u attains only constant values will grow. This
growth of domains is called coarsening, and much research is devoted to understand how quickly
the growth of a typical domain proceeds in the Allen-Cahn equation but also in other models of
surface dynamics.

In the higher-dimensional case for small £ energetically favorable configurations should also
be characterized by regions in which they are almost constant close to either +1 or —1. The
optimal configurations will again be constant, but interesting configurations should exhibit some
kind of transition between these two phases. A natural candidate for a favorable configuration
can be constructed as follows: Assume the space to be divided into two regions U' and U~,
corresponding to the sign of the phase field. Let d be the signed distance function to the boundary
oUT ie.

i(z) = {—kd?st(w,@U*) it e Ur (105)
—dist(x, 0U ™) ifzeU™.

One would guess that the shape of the profile in normal direction of the boundary should be given
by the shape of the one-dimensional transition which yields

u(z) = mo(@) (1.0.6)

3

Here mg denotes the energy minimizer defined by (1.0.4) for £ = 0. Indeed if the radius of curvature
of U is much bigger than € such that one can ignore the curvature effects in the integration by
part in tubular coordinates, for such a function the energy is given roughly by

Ho(u) = coH" 1 (OUH),
where H"~! denotes the (n — 1)-dimensional area of the surface.

On the level of gradient flows this suggests that solutions should behave like the profile u,
defined in (1.0.6) with evolving sets U = U(t). The evolution of the sets U(t) can be described
in terms of the normal velocity of the separating surface QU™ (t). For x € AU (t) this normal
velocity is given by the time derivative of the signed distance function d(z,t) of the surface at

point z. Noting that by derivating (1.0.3) once, one directly obtains that the wave profile my is a
stationary solution of the one-dimensional Allen-Cahn equation

mg (x) — F'(m(z)) =0,
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and plugging the ansatz (1.0.6) into the Allen-Cahn equation (1.0.1) one obtains:

1 d(x 1 d(x
gmg (%)@d(m, t) = gmg (%)Ad(m, t).
In this calculation one uses the fact that the gradient of the signed distance function has norm
|Vd(z,t)] = 1. Now for z € QU™ (t) the term Ad(x,t) coincides with the sum of the principal
curvatures of QUT(t) at point z. Thus we can conclude that the normal velocity is given by
this sum or equivalently (d — 1) times the mean curvature. Actually this behavior was already
conjectured in Allen and Cahn’s paper.

This formal argument is reasonable also on the level of gradient flows: For small values of € the
energy of a configuration is given by the surface of the separation layer. Therefore, the dynamics
should tend to decrease the surface. This is indeed true for the mean curvature flow which can be
interpreted as a gradient flow of the surface area functional (with respect to the L2-metric given
by the surface measure).

The topic of this work is to study the influence of an additional noise term on these dynamics.
An extra noise term may account for inaccuracies in the oversimplified model or for thermal effects.
One observes that even a small noise influence drastically changes the behavior of the system. In
general it is conjectured that the noise significantly accelerates the coarsening procedure.

Let us illustrate this in the one-dimensional case. Without a noise one observes a quick phase
separation which is followed by a very slow dynamic on the metastable manifolds described above.
Under the influence of a small noise term the phase separation which is driven by a strong decay
of energy will take place in the same way. Then on the metastable manifold there is almost
no influence of the energy. Therefore, the dynamics will be governed by the noise. As in the
deterministic case one will quickly see a separation into phases on which the profile only attains
values close to +1 with phase separation points &1,...,&,. Then these & will evolve randomly.
In the case of an additive space-time white noise one expects that this evolution is given by n
independent Brownian motions which annihilate once they meet.

3. Survey of the mathematical literature

In the deterministic case treated above, the Allen-Cahn equation and the related energy func-
tional, as well as the geometrical properties of motion by mean curvature, have been subject to
extensive research and most of the ideas sketched above have been turned into rigorous mathe-
matics. The stochastic case has also been treated but many questions remain open.

The convergence of the energy functional H*® towards the perimeter functional of the boundary
times the constant ¢y have been proven in [MM77, M87] on the level of T' convergence. In fact
the convergence of these functionals was one of the first examples for this framework, which is
particular useful if one studies convergence of minimizers.

The one-dimensional dynamics have been considered by many authors, and the dynamics
have been fully described. The idea of n-dimensional manifolds of multi-kink configurations was
introduced in the pioneering work of Carr and Pego [CP89] and has been developed further by
many authors. The most complete description available seems to be in a more recent paper of
Chen [Ch04]. In [OR07] an approach based only on energy methods is discussed. There a detailed
description of the energy landscape is given. Some ideas from this analysis will be used in Chapter
2.

The description of the evolution of surfaces according to its mean curvature is a rich math-
ematical topic. First approaches towards a study of the geometric evolution were obtained by



Brakke [B78] in the framework of geometric measure theory. In particular he introduced a con-
cept of weak solutions to the mean curvature problem showed existence but no uniqueness of such
solutions and proved a remarkable regularity theorem. (See [Ec04] for a more detailed account of
Brakke’s work.) In fact the non-uniqueness in Brakke’s setup is not a technical inconvenience but
an intrinsic feature of this evolution. There are configurations which are known to admit several
weak Brakke solutions. There has been, and there continues to be today, a large interest in the
study of the mean curvature flow, and we cannot review all of the approaches. Therefore, let us
only discuss those which are most important for this work: In the 90’s, starting with [ES91, ES92]
and [CGGI1], motion by mean curvature was studied as the level-set of a function ®. The evolu-
tion of ® is supposed to be such that each of its level sets evolves according to mean curvature.
This means that ® solves the following equation:

0,00,

Such nonlinear degenerate parabolic equations were then studied in the context of wiscosity solu-
tions ([CIL92]). In particular, existence and uniqueness of solutions ® was shown for a large class
of initial data. The intrinsic non-uniqueness, observed in Brakke’s approach, corresponds to the
fattening phenomenon in the viscosity solutions approach: Level sets of ® need not remain smooth
surfaces - even if they are smooth initially. In fact, when Brakke’s solutions fail to be unique, the
level set flow of ® contains all the possible Brakke solutions.

There are several other approaches to study motion by mean curvature. Let us discuss in
more detail the approach developed in [ES92], which yields existence and uniqueness of smooth
evolutions for short times. This idea will be used in Chapter 3 in order to construct a stochastically
perturbed motion by mean curvature. Instead of taking a function ® in which each level set
evolves according to mean curvature, we study the evolution of the signed distance function d to
the evolving surface.

To derive the right equation, suppose that (I';); = (OU;); is a smooth family of surfaces evolving
according to motion by mean curvature, and let d(¢, -) be the signed distance function to I'; defined
as above in (1.0.5). Then in a neighborhood of I'; the function d(¢, ) is smooth, and for a point x
in this neighborhood there exists a unique y € T'; such that |z — y| = dist(z, ;). As seen above
the time derivative of d corresponds to the normal velocity of I'; in y. Therefore, one has

L, ) = —divi(y)
—d(x,t) = —divy,
dt ’ t\Y),
where v, = grad d(t,-) is the unit normal vector field pointing in the outside direction of I';. On
the other hand, the eigenvalues of the matrix D?d(x,t) are

Py
Ai=— k 1<i<(d-1 Ag =0,
1-— Hid == ( ) d
where the A; denote the principal curvatures of I'(¢) in y. Therefore, one can compute
Ky = As
od -1
and with
dive=—(k1 +...Kq-1)

one obtains

d N

. t) = ; - —lA,» = trace(D%d(z,t)(1 — d(z,t)D?d(z,1))). (1.0.7)

This equation is fully nonlinear, uniformly parabolic, and admits classical solutions for short
times. Therefore, in this approach the concept of viscosity solutions can be avoided, but solutions
can not be constructed globally in time.



The convergence of solutions of the Allen-Cahn equation towards phase indicator functions
evolving according to motion by mean curvature was established in these several approaches. In
[MS95] this was shown for classical solutions of the mean curvature evolution. Their proof relies
on a Taylor expansion - very much in the spirit of Allen and Cahn’s reasoning - and a spectral
estimate to bound the remainder. See [C94] for a simplified exposition of such estimates. In the
context of viscosity solutions a similar result was shown globally in time in [ESS92]. In [I193]
Ilmanen showed that such a result can also be obtained in the framework of geometric measure
theory. His analysis relies on a beautiful intuition for the individual terms appearing in the Allen-
Cahn equation as diffuse mean curvature and diffuse surface etc. On a technical level, the most
difficult part in his analysis is to prove regularity of the limit of the diffuse energy measure, in
order to control the discrepancy - a term introduced to describe how far the mean field u is away
from the right shape.

The stochastic case has been treated in the physics literature. See for example [KO82, FV03]
for a more detailed exposition of some ideas. But there are only partial rigorous results. In
[Fu95, BMP95] the one-dimensional system is studied in the case that the system starts in a
configuration mg defined above. They show that in the right scale the shape is preserved and the
phase separation point performs a dynamic governed by the noise. The multi-kink case has not
yet been treated rigorously.

There have also been approaches to study the evolutions of surfaces, which are driven by its
mean curvature with an additional noise influence. The construction of such an object is a highly
nontrivial endeavor. Yip [Y98] proposed a construction via a perturbation of a time-discrete
approximation scheme of motion by mean curvature from [ATW93, LS95] via a stochastic flow.
He proved energy bounds for this scheme and derived tightness. A characterization of the limiting
dynamics could not be given. In [LS98II, LS98I| a theory for stochastic viscosity solutions was
proposed, which should cover the case of the level set equation for motion by mean curvature
with a noise that is white in time but constant in space. In this way motion by mean curvature
with an additional stochastic forcing might be constructed. In the late nineties some questions
concerning this approach remained open, and there has been progress in this direction only recently
([CFO09, BM02]). Even another approach for the construction was proposed in [DLNO1]. Here
the authors perturb equation (1.0.7) with an additive stochastic noise, which is white in time but
constant in space. They rewrite it as a deterministic equation with Holder continuous data and
solve it pathwisely. In this way they were able to prove existence and uniqueness of the evolution
for short times. This approach will be used below in Chapter 3. This approach is also limited to
the case where the noise is constant in space.

The higher-dimensional Allen-Cahn equation with a stochastic forcing has been studied first
by Funaki [Fu99]. In fact he studied the two-dimensional case and derived a description for the
sharp interface limit for a noise which is constant in space and smoothened in time. A similar
result in the stochastic viscosity setting was also announced in [LS98II]. In [KORVO07] the limit is
studied on a level of large deviation. In fact the authors study the action functional which arises
when studying the large deviation behavior of a multi-dimensional Allen-Cahn equation with an
additive space time white noise. Note that this functional is well defined although the stochastic
evolution is not. Then they study the sharp interface limit on the level of this functional and
propose a possible I'-limit. The I'-convergence has been proven rigorously in space-dimensions
d = 2,3 in [MRO8]. Finally in [MR09] a sharp interface limit is studied on the level of geometric
measure theory in the case where the perturbation is a L? function, that concentrates on the
surface.

4.Contribution of this work

This work consists of two independent parts, which address the one-dimensional and the higher-
dimensional situation, respectively. In the first part we study the one-dimensional system in
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equilibrium. The invariant measure of the stochastically perturbed evolution is studied. Due to
the gradient structure of the Allen-Cahn equation this measure can be given very explicitly: It is
absolutely continuous with respect to the distribution of a Brownian bridge. The Radon-Nikodym
density corresponds to the potential energy of the path. The sharp interface limit is then studied
on the level of these measures. To this end the random functions are stretched on an interval that
grows as € goes to zero, such that the potential energy, corresponding to the reaction term F', and
the covariance of the Brownian Motion, corresponding to the diffusion term, scale with the same
powers of €. A discretization argument is then used to write the resulting measure as a Gibbs-
type measure on a finite-dimensional space that is embedded in the infinite-dimensional space of
configurations. Then analytical techniques can be applied to study the energy functional. In the
end it is shown that if the intervals do not grow too fast, the rescaled measures concentrate around
the set of minimizers of the energy functional. On the original fixed interval this corresponds to
configurations that attain only the values {£1} with precisely one jump. This jump is distributed
uniformly.

On a fixed interval this can be interpreted as an equilibrium version of the dynamical results
obtained in [Fu95, BMP95]. The results from these works suggest that on a fixed interval with
Dirichlet boundary data that enforces at least one jump in the right scaling one should have
the following behavior for small . Solutions should concentrate around configurations just as
above. The boundary point should perform a Browian motion with reflecting boundary condition.
The result mentioned above says that the concentration also holds true on the level of invariant
measures. As the uniform distribution is the unique reversible measure for reflected Brownian
motion on would expect that the phases boundary is distributed uniformly. Then it should be
possible to obtain dynamical results from our result using the theory of Mosco convergence of
Dirichlet forms. This is subject of future research.

The result concerning the case of a growing interval is closely related to the results from [RV05].
Here the authors study the same kind of measure from a different point of view: They do not use
the Gibbs-type measure interpretation but using Girsanov theorem rewrite the invariant measure
as the distribution of a Markov process conditionned on the right boundary values. Using Freidlin-
Wentzel theory they predict a phase transition in the behavior depending on the growth rate of
the interval: For intervals growing slowly enough they predict configurations with one jump, but
if the intervals grow exponentially quickly at the right exponential rate they expect a Poisson
number of jumps. The growth rate we consider is only polynomially fast and much slower than
the exponential growth rate. Nonetheless, it gives a partial proof of their conjectures (by different
means). Furthermore, it gives the precise shape of the minimizers on a scale of order ¢.

In a second part we study the geometric problem in higher dimensions. To be more precise we
consider an equation that is perturbed by an additive noise that converges to a white noise as the
interface width goes to zero. The result is that in the limit one sees a phase separation and the
phase boundaries evolve according to a stochastically perturbed motion by mean curvature. Here
the idea is to use the approach from [DLNO01] to describe the limiting behavior of the boundaries.
Then sub- and supersolutions can be constructed in a similar way as in [Fu99]. In order to
pass to the limit the crucial ingredient is a stability result for the limiting dynamics obtained
in [DLNO1]. This result significantly simplifies the reasoning from [Fu99] and allows to include
arbitrary dimensions and a more general class of initial surfaces.

A more detailed discussion and a precise statement of the individual results is given at the
beginning of the two parts.



Chapter 2

Sharp interface limit for invariant
measures

An earlier version of this chapter has appeared as SFB 611 preprint. It has accepted for publication
in Communications on Pure and Applied Mathematics [W09].

The invariant measure of a one-dimensional Allen-Cahn equation with an additive space-time
white noise is studied. This measure is absolutely continuous with respect to a Brownian bridge
with a density which can be interpreted as a potential energy term. We consider the sharp interface
limit in this setup. In the right scaling this corresponds to a Gibbs type measure on a growing
interval with decreasing temperature. Our main result is that in the limit if the interval does not
grow too fast we still see exponential convergence towards a curve of minimizers of the energy. In
the original scaling the limit measure is concentrated on configurations with precisely one jump.

2.1 Introduction

Reaction-diffusion equations can be used to model phase separation and boundary evolutions in
various physical contexts. Typically behavior of boundaries or geometric evolution laws are studied
with the help of such equations. Often in such models one includes an extra noise term. This
may happen for various reasons — the noise may be a simplified model for the effect of additional
degrees of freedom that are not reflected in the reaction-diffusion equation. From a numerical
point of view noise may improve stability in the simulations. In some systems there is even a
justification for an extra noise term from a scaling limit of microscopic particle systems.

1. Setup and main result

The system considered here is the case of a symmetric bistable potential with two wells of
equal depth. To be more precise, for a small parameter ¢ > 0 we are interested in the equation

du(x,t) = Au(z,t) — e 2 F (u(w, ) + /220,80, W (2, 1)

u(-1,t) =—-1  wu(l,t)=1, (2.1.1)

for (x,t) € (—1,1) x Ry. Here F is supposed to be a smooth (at least C®) symmetric double-well
potential i.e. we assume that F' satisfies the following properties:

(@) F(u)>0 and F(u)=0 iff u==1,
(b) F’ admits exactly three zeros {+1,0} and F”(0) < 0, F"(£1) > 0, (2.1.2)
(¢) Fis symmetric, Vu >0 F(u) = F(—u).

9
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A typical example is F(u) = 1(u? — 1)2. The expression 0,0,W (z,t) is a formal expression
denoting space-time white noise. Such equation can be given rigorous sense in various ways, for
example in the sense of mild solutions ([Iw87, dPZ92]) or using Dirichlet forms [AR90]. We are
interested in the behavior of the system in the sharp interface limit € | 0. The parameter v > 0
is a scaling factor. Our result will be valid for v < %

We study the behavior of the invariant measure of (2.1.1). This measure can be described quite
explicitly as follows ([dPZ96, RV05]): Let 7° be the law of a rescaled Brownian bridge on [—1, 1]
with boundary points £1. More precisely 7° is the law of a Gaussian process (a(s),s € [—1,1])
with expectations E[a(s)] = s Vs € [—1,1] and covariance Cov(a(s),a(s')) = '™V (s A s’ +1 —
%éslﬂ)) Another equivalent way to characterize ©° is to say that it is a Gaussian measure on
L?[-1, 1] with expectation function s — s and covariance operator e'~7(—A)~! where A denotes
the one-dimensional Dirichlet Laplacian. Even another equivalent way is to say that @(s) is the
solution to the stochastic differential equation (SDE)

di(s) =e = dB(s)  a(-1)=—1

with some Brownian motion B(s) conditionned on @%(1) = 1. Then the invariant measure ¢ of
(2.1.1) is absolutely continuous with respect to 7° and is given as

| [ R s
af(da) = 7 exp(—gl—Jrv /_1 F(a(s)) ds) v°(da). (2.1.3)
Here Z°¢ = fexp(—gl#er Ll1 F(a(s)) ds) 7¢(da) is the appropriate normalization constant.

Often important intuition on a measure on path space can be gained from considering Feyn-
man’s heuristic interpretation. In our context this heuristic interpretation states that »°(da) is

proportional to a measure
L[ a(s))?
exp(f T / [w(s)] ds)dﬂ
et=v J_, 2

where du is a flat reference measure on path space. Of course this picture is non-rigorous: Such a
measure du does not exist and the quantity f_ll a/(;)z ds is almost surely not finite under 7¢(da).
Nonetheless, it is rigorous on the level of finite-dimensional distributions and various classical
statements about Brownian motion such as Schilder’s theorem or Girsanov’s theorem have an

interpretation in terms of this heuristic picture. The measure i°(d%) can then be interpreted as

proportional to
| Lt as))? _
exp(—EHA{ /_1 F(a(s))ds — E177/ 5 ds)du.

-1

As one wants to observe an effect which results from the interaction of the potential term

~1 2

61% fF(fL(s)) ds and the kinetic energy term Ellﬂ - (25) ds it seems reasonable to transform
the system in a way that guarantees that these terms scale with the same power of . This
transformation is given by stretching the random functions onto a growing interval [—e~7,e77].

More precisely consider the operators

T¢: L*[—1,1] — L*[—e ", T%(s) = a(e"s).

Then consider the pushforward measures p° = 1% /1°. These measures are again absolutely con-

tinuous with respect to Gaussian measures: ¢ is the Gaussian measure on L?[—e~7, 7] with
expectation function s — ¢7s and covariance operator e(—A)~!. The other equivalent characteri-
zations for o¢ can be adapted with the right powers of . The measure u° is then given as

-

pf(du) = % exp(ﬂﬁ:*1 /€ F(u(s)) ds) Ve (du).

—e—



2.1. INTRODUCTION 11

Figure 2.1: The instanton shape m¢ and the function —1;_ ¢ + 1[¢ 1)

Note that the normalization constant Z° is the same as above. In the Feynman picture this
suggests that u®(du) is proportional to

exp(—i/EW [M;)P +F(u(s))} ds)du.

—e—

This motivates to study the energy functional appearing in the exponent: For functions u: R —
R defined on the whole line with boundary conditions u(f+o00) = %1 consider the energy functional

o) / 2
E(u) = / [M(QS)' + F(u(s))] ds — C..
Here C, is a constant chosen in a way to guarantee that the minimizers of £ with the right
boundary conditions verify £(u) = 0. This is the one-dimensional version of the well known real
Ginzburg-Landau energy functional. There is a unique minimizer m of £ subject to the condition
m(0) = 0 and all the other minimizers are obtained via translation of m. More details on the
energy functional and the minimizers can be found in Section 2.2. Denote by M the set of all
these minimizers and by m + L?(R) := {u: R - R, u—m € L*(R)} and m + H*(R) := {u: R —
R,u —m € H'(R)} the spaces of functions with the right boundary values. Note that every
random function distributed according to p°(du) can be considered as function in m + L?(R) by
trivial extension with 1 outside of [—~7,e77]. In this way p(du) can be interpreted as measure
on m + L?(R). We can now state the main result of this work:

Theorem 2.1.1. Assume 0 < v < % Assume p = 2 or p = co. Then there exist positive constants
co and &y such that for every 0 < § < &g one has

limsup ¢ log ,ug{distLp(u,M) > (5} < —cpd?. (2.1.4)
€l0

In particular the measures p° concentrate around the set of minimizers exponentially fast.

The crucial step in the proof is to find a bound on the exponential decay of the normalization
constant Z¢. This lower bound can be found in Section 2.4. The asymptotic behavior of Z¢ is
given in Corollary 2.4.15.

On the fixed interval [—1, 1] this bound implies the following:

Corollary 2.1.2. Assume 0 < vy < % Then the measures [if(du) are tight for € | 0 as measures
on L?[—1,1]. Every limitting measure [i is concentrated on random functions of the type

A(s) = —1j-1,60 + Lig,
where & € [—1,1].
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Remark 2.1.3. Tt is expected that the measures ji°(du) converge toward a measure ji. Compar-
ison with the dynamical results (e.g. [Fu95]) suggests that the phase separation point ¢ should be
distributed uniformly on [—1, 1] in the limit.

Remark 2.1.4. Note that by Schilder’s theorem together with an exponential tilting argument
(such as [dHOO] Theorem III.17 on page 34), in the case where v = 0 the measures [i° concentrate
exponentially fast around the unique minimizer of

un—>/1 |:|u,(8)|2+F(U(S)) ds,

2

under the appropriate boundary conditions. In particular the weak limit is a Dirac measure on
this minimizer, which is not a step function.

Remark 2.1.5. One can remark that by an application of Girsanov’s theorem the measure fi®
can be considered as the distribution of the solution of an SDE which is conditioned on the right
boundary values (see [RY99] Chapter VIII §3 and also [HSV07, RV05]). It could be possible to
obtain concentration results such as Theorem 2.1.2 by studying this SDE with the help of large
deviation theory (see for example [S95]). We do not follow such an approach but conclude from
Theorem 2.1.1 which is obtained by a discretization argument.

Remark 2.1.6. The reader might consider it unusual to work with /i° as measure on L?[—1,1]
instead of C[—1, 1] or the space of cadlag functions D[—1,1]. The class of continuous processes is
closed under weak convergence of measures on D[—1,1] such that tightness on this space cannot
hold. But in fact the tightness holds in every topology 7 in which the rescaled profiles m¢(e7x)
converge to step functions and in which convergence in L>°[—1, 1] implies convergence in 7.

2. Motivation and related works

The Allen-Cahn equation without noise was introduced in [AC79] to model the dynamics of
interfaces between different domains of different lattice structure in crystals and has been studied
since in various contexts. In the one-dimensional case the dynamics of the deterministic equation
are well understood [Ch04, CP89, OR07] and can be described as follows: If one starts with
arbitrary initial data, solutions will quickly tend to configurations which are locally constant close
to £1 possibly with many transition layers that roughly look like the instanton shapes m introduced
above. Then these interfaces move extremely slowly until eventually some two transition layers
meet and annihilate. After that the dynamics continue very slowly with less interfaces.

In the two or more dimensions no such metastable behavior occurs. Solutions tend very quickly
towards configurations which are locally constant with interfaces of width €. Then on a slower
scale these interfaces evolve according to motion by mean curvature (see [I193] and the references
therein).

Stochastic systems which are very similar to (2.1.1) have been studied in the classic paper by
Farris and Jona-Lasinio [FJL82]. In the ninetees Funaki [Fu95] and Brasecco, de Masi, Presutti
[BMP95] studied the one-dimensional equation in the case where the initial data is close to the
instanton shape and showed that in an appropriate scaling the solution will stay close to such a
shape. Then due to the random perturbation a dynamic along the one-parameter family of such
shapes can be observed on a much faster time scale than in the deterministic case. Our result
Theorem 2.1.2 corresponds to this on the level of invariant measures.

If the process does not start in a configuration with a single interface, it is believed that
these different interfaces also follow a random induced dynamic which is much quicker than in the
deterministic case. Different interfaces should annihilate when they meet [FV03]. More recently
there were also investigations of the same system on a much bigger space interval where due to
entropic effects noise induced nucleation should occur. This phenomenon has been studied on the
level of invariant measures [RV05]. The limiting process should be related to the Brownian web
which has recently been investigated e.g. in [FINRO6].
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From the point of view of statistical physics Theorem 2.1.1 can be interpreted as quite natural.
In fact the Feynman picture suggests to view u as a Gibbs measure with energy £ and decreasing
temperature €. On a fixed interval the result of Theorem 2.1.1 would therefore simply state
that with decreasing temperature the Gibbs measure concentrates around the energy minimizers
exponentially fast. On a rigorous level such results follow from standard large deviation theory (see
e.g. [dHOO, DS89]). Our result states that the entropic effects which originate from considering
growing intervals do not change this picture. In fact also this is not very suprising - analysis of
similar spin systems suggests that even on intervals that grow exponentially in ¢! one should not
observe more than one jump. But it is not clear if one can say anything about the shape of the
interface in this settings.

3. Structure of the chapter

In Section 2.2 results about the energy landscape of the Ginzburg-Landau energy functional
are summarized. In particular we discuss in some detail the minimizers of £ and introduce tubular
coordinates close to the curve of minimizers. The energy landscape is studied in terms of these
tubular coordinates. In Section 2.3 some Gaussian concentration inequalities are discussed. In
particular the discretization of the measure v° is given and some error bounds are proven. The
proof of Theorem 2.1.1 can then be found in Section 2.4. We will follow the convention that C
denotes a generic constant which may change from line to line. Constants that appear several
times will be numbered ¢y, ¢, .. .. Auxiliary scaling factors v, to 73 that are supposed to satisfy a
number of conditions will be introduced. These conditions are satisfied if v, and 3 are very small
and 2 < 1 is very close to 1.

2.2 The Energy Functional

In this section we discuss properties of the Ginzburg-Landau energy functional. We introduce the
one parameter family of minimizers which we think of as a one-dimensional submanifold of the
infinite-dimensional space of possible configurations. Then we discuss tubular coordinates of a
neighborhood of this curve as well as a Taylor expansion of the energy landscape in these tubular
coordinates. These ideas are mostly classical and go back to [CP89, Fu95, OR07|. Finally we give
a discretized version of the minimizers and prove some error bounds.

For a function u defined on the whole real line consider the following energy functional:

S(U)z/]R[;|u'(s)|2+F(u(s)) ds— C.,

where the constant C, is chosen in a way to guarantee that the minimum of £ on the set of
functions with the right boundary conditions is 0. In fact let m be the standing wave solution of
the Allen-Cahn equation:

m”(s) — F'(m(s)) =0 Vs €R, m(£s) — +£1 for s— oo. (2.2.1)

As (2.2.1) is invariant under translations one can assume m(0) = 0. Then the solution can be
found by solving the system

m/(s) —\/2F(m(s)) =0 Vs €R, m(0) =0  m(+o0) = £1. (2.2.2)

Note that the assumptions (2.1.2) on F imply that +/F is C' such that the solution to (2.2.2) is
unique. The translations of m will be denoted by m¢(s) = m(s—¢). Note that the mg¢ are not the
only solutions to (2.2.1) but that all the other solutions are either periodic or diverge such that
the m¢ are the only nonconstant critical points of £ with finite energy. In fact the m, are global
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minimizers of £ subject to its boundary conditions. Completing the squares yields:

/R BW(S)F + F(u(s))] ds

= [ 3(v© ~ VIFGED) ¢ aF o) o) (223)
2 " \/Wdu.
u(—00)

The term in the bracket is nonnegative and it vanishes if and only if u solves (2.2.2). In the sequel
we will write

1
M = {m¢, £ € R} and C, :/ 3 [lm(s)]> + F (m(s))] ds.
R
For notational convenience we introduce the function G(u) = [ \/2F (@)dii. Then equation (2.2.3)
states that [p, 3|u/(s)|? + F(u(s))ds > G(u(c0)) — G(u(—o0)). Note that the assumptions (2.1.2)
on F imply that G is a strictly increasing C* function with G(0) = 0. In the case of the standard

double-well potential F(u) = 3(u® — 1)? a calculation yields
4
m(s) = tanh(s) and C, = 3

Equation (2.2.2) shows that in general m can be given implicitly as

s:/om\/ﬂj’mdm.

By expanding F' around 1 one obtains exponential convergence to +1 for s — +o0o. To be more
precise there exist positive constants ¢; and ¢y such that

(2.2.4)

|1 F m(£s)| < c1exp(—ca28) 5s>0
|m/ (£s)] < creg exp(—cas) s>0 (2.2.5)
|m” (£s)| < c1¢3 exp(—c2s) s> 0.

Recall that m + L?(R) = {u: u — m € L*(R)}. Due to (2.2.5) for all £ one has m —m¢ € L?(R)
such that the definition of the space m + L? is independent of the choice of minimizer.

We now introduce the concept of Fermi coordinates which was first used in this context in
[CP89, Fu95]: Recall that for a function u € m + L*(R) we write distz2(u, M) = infeer |Ju —
me| p2wy- If distz2(u, M) is small enough there exists a unique £ € R such that dist(u, M) =
lu — mg| 2wy and one has

(u—me,mg) 2wy = 0. (2.2.6)

In fact the last equality (2.2.6) can easily be seen by differentiating & — |lu — m§||2L2(R). This has

a simple geometric interpretation. The function m’g can be seen as tangent vector to the curve
M in m¢ and the relation (2.2.6) can be interpreted as v := u — m¢ being normal to the tangent
space in m¢. We will denote the space

Ne :={v € L*(R) : (v,m{) 2(r) = 0}

and interpret it as the normal space to M in m¢. For v = m¢ + v with v € N¢ we will call the
pair (§,v) Fermi or tubular coordinates of w.

One obtains information about the behavior of the energy functional close to M by considering
the linearized Schrédinger type operators

A = —A+ F"(mg)
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with domain of definition H*(R) C L*(R). The operator A is selfadjoint and nonnegative (see
e.g. [Fu95]) and the eigenspace corresponding to the eigenvalue 0 is spanned by the function mj.
This can be understood quite easily: The fact that the operator is nonnegative corresponds to the
functional £ attaining its minimum at m, and the fact that m’5 is an eigenfunction to the eigenvalue
0 corresponds to the translational invariance of £. The following more detailed description of the
spectral behavior of A is taken from [OR07] Proposition 3.2 on page 391:

Lemma 2.2.1. There exists a constant c3 > 0 such that if u € H'(R) satisfies

@) we) =0  or (i) /R u(s) ml(s) ds = 0,

then
csllullZz@m) < /]R[u’(s)2 + F" (me(s)) u(s)?] ds. (2.2.7)

This can be used to obtain the following description of the energy landscape. Similar results
were already obtained in [Fu95] and [ORO7]:

Proposition 2.2.2. (i) There exist positive constants cy,cq,01 such that for u with Fermi co-
ordinates u = mg¢ +v and ||[v]| g1y < 61 one has:

collvlE gy < E(u) < callvlF - (2.2.8)
(ii) There exists a do > 0 such that for 6 < &g the relation dist g1 (u, M) > & implies
E(u) > cd. (2.2.9)

Here dist g1 (u, M) = infeer [|u — me||gr(r)- Statement (i) will be used as a local description
of the energy landscape close to the curve of minimizers whereas the statement (ii) will be useful
as a rough lower bound for the energy away from the curve. For the proof of Proposition 2.2.2
one needs the following lemma:

Lemma 2.2.3. For every ¢ > 0 there exists § > 0 such that if u € m + L? with £(u) < § then
there exists £ € R such that
lu—mellpem) <e.

Furthermore, £ can be chosen in a such a way that u(§) = 0.

Proof. For a small § > 0 assume E(u) < §. We want to find a £ € R such that by choosing &
sufficiently small we can deduce that |u — m¢| () becomes arbitrarily small. As £(u) < oo
we have u € m + H! and in particular u € C°(R) N L>=(R). Note that a similar calculation as
(2.2.3) implies that £(u) > (G(sup,eg u(s)) — G(infser u(s))) — (G(1) — G(—1)). Therefore by
the properties of G' by choosing ¢ sufficiently small, one can assume that [|ul|z~®) < 2. By the
assumptions (2.1.2) on F there exists a C such that for u € [—2, 2] one has

F(u) 2 Cmin (fu — 1],Ju+ 1])?

and in particular we know that for every interval I the H'-norm of min (|u — 1|, |u + 1|) can be
controlled by the energy. As w is continuous and converges to £1 as s goes to oo, there exists a
& with u(€) = 0. Without loss of generality one can assume that £ = 0. We will show that in this
case ||u — m|| - (g) can be made arbitrarily small.

According to (2.2.5) for every € > 0 there exists T such that for s > T one has |m(s) — 1| <e
and for s < —T it holds that |m(s) + 1| < e. We will first give a bound on v —m in [T, T]. We
consider only the case s > 0 the other one being similar. Note that as according to (2.2.3)

E(u) = /R% (u’(s) — 2F(u))2ds,
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one can write

u'(s) = \/F(u(s)) +r(s)
u(0) =0

(2.2.10)

where f 5)2ds < 26 and using Cauchy-Schwarz inequality

/T Ir(s)|ds < V2T6.
0

Thus using (2.2.2) one obtains for v = |u — m)|

)~ \/F(m( ‘+ Ir(s)|ds < C’/Otv(s) ds+/0t r(s)ds,  (2.2.11)

where the constant C' is given by C' = sup,¢_s 9] % ( F(u)) Thus Gronwall’s Lemma implies

S
5| < / ()] €60 dt,
0

and 80 sup,ejo 7 [v(s)] < 2T65e“T. Thus by choosing § small enough one can assure that
sup,cpo,7y [v(s)] < 5.

Now let us focus on the case s € [-T,T]°. We will again only focus on s > T. Note that by
the above calculations and the choice of T one has u(—T) < —(1—¢) and u(7T') > 1 —e. Therefore,
using

ST 1(g)2 T 0/ (s)2 * /(s)2
/m “(2) +F(u(s))ds+[T (2) +F(u(s))dS+/T (2) + F(u(s))ds

<G()—-G(-1)+4,

as well as

we get

© /(s 2
/T (2) + F(u(s))ds < (G(1) = G(u(T))) = (G(=1) = G(u(=T))) + 0 < Ce +3,

where C' = 2sup,,¢[_s o) F'(u). Therefore, by using the fact that Jo (S + F'(u(s)) controls the
H'-norm and thus also the L> -norm of min (|u — 1|, |u + 1|) on [T, oo) one can conclude that

possibly by choosing a smaller § one obtains sup,cir o) v(s) < Ce. Thus by redefining ¢ one
obtains the desired result. O

Proof. (Of Proposition 2.2.2): (i) First of all remark that for v € N¢ one has
Gol[vll i my < (0, Aev) L2y < Gllvllin - (2.2.12)
In fact Lemma 2.2.1 (ii) implies that
csl|vll72my < (v, Agv) L2 (R)- (2.2.13)
To get the lower bound in (2.2.12) write
(Ao.0) oy = Vol + [ F(m(s))o(s) s

> ||’UH§_11(]R) — (5 + 1)”””%2(]}{)7

(2.2.14)
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where Ccs = male‘Sl F//(’U>. Then (2212) follows with C~0 = m In fact if ||’U||L2 S
m||v||H1 one can use (2.2.14) and one can use (2.2.13) else. The upper bound in (2.2.12) is
immediate noting that sup,¢;_1 417 [F"(u)| < oo,

In order to obtain (2.2.8) one writes:

E(u) = %(Agv,v>+ / Uls, €, v)ds, (2.2.15)

R

where

1
U(s,6,0) = F(me(s) + v(s)) = F(me(s)) = F'(me(s))v(s) — 5 F" (me(s))u(s)*.
Here equation (2.2.1) is used. Using the Sobolev embedding ||v||z(r) < C||v| 1 (r) one obtains
by Taylor formula

1
| / U<z s P O < Cloleaololam < Cllolln - (2.2.16)
R [v|<Co1+1

This implies the inequality (2.2.8). ) .
(if) To show the second statement, first note that there exists a o > 0 such that if £(u) < dp
there exists a £ such that

COHU_mgH%{l(R) < E(u). (2.2.17)

In fact choosing ¢ as in Lemma 2.2.3 and noting that if one uses the case (i) of Lemma 2.2.1
instead (ii) one sees that inequalities (2.2.12) and (2.2.16) remain valid for v = v — m¢. Then
by using the L* bound on v from Lemma 2.2.3 instead of Sobolev embedding in the last step of

(2.2.16) one obtains the above statement. In order to obtain (2.2.9) choose dg = 4/ f—g and assume

dist g1 (u, M) > 6 for a 6 < &. If E(u) > & the bound (2.2.9) holds automatically. Otherwise
(2.2.17) holds and gives the desired estimate. O

We now pass to some bounds on approximated wave shapes. To this end fix v; < . This
parameter will be fixed throughout the paper. Denote by m* the profile m cut off outside of
[-e77, e~ 7). More precisely assume that m® is a smooth monotone function that coincides with
mon [—e~ ", e~ 7] and that verifies m®(s) = +1 for +s > ¢~ 4+ 1. Furthermore, assume that on
the intervals [e77, e~ + 1] (respectively [—e~7 — 1, —e~"]) one has m(s) < m(s) < 1 (resp.
m(s) > m®(s) > —1). Due to (2.2.5) one can also assume that |(m®)'(s)| < 2ci1coe™ % " on both
of these intermediate intervals. Then define mg(s) = m®(s — ).

Furthermore, for N € N and k € {—N,—(N —1),...,(N —1), N} set S;CV,E = ’“]\;7 and define

Ne () = {mz(s) if s =57 fork=—(N—1),...,(N—1) (2.2.18)

m
¢ the linear interpolation between these points.
One then gets the following bound:

Lemma 2.2.4. For ¢ small enough and § € [—e™7 + e~ " 4+ 1,677 — e~ — 1] one has

(i) lme —mg|lL2r) < Cexp(—c2e™ )
[[(me)" — (mg)'|2(m) < Cexp(—cae™ ™).

(ii) lme — mg"%|| 2y < Cem /267

[(me)’ = (m™ Il 2wy < Ce /225
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5 —en 5 de M f

Figure 2.2: The approximated waveshapes mg and mév’s

Proof. To see (i) write

) —e~ M

2
Jme ~ ey < [ (m(s) = me(9)) ds+ [

e~ M —o0

2
(m(s) - ms(s)) ds
o0
< 2/ 3 exp(—2cy5)ds < Cexp(—2cee™ ")
e~ 71
and

I = ) oy < [ (')~ () () as+ [

< Cexp(—2cee™ ™).

e~ M 2

Here one uses the inequalities (2.2.5) as well as the properties of m*.
To see (ii) write

llme = (mg"<) |2y < Im = (M) 2y + (M) = () [l 2 qwy- (2.2.19)

To bound the second term assume without loss of generality that £ = 0 and write

o = 0y = 5[ (00— ¥y 0)
Z_ /NM ((ms)'(S) — (m™e)'(s )) ds. (2.2.20)
—_Ne sy’

In the second equality N® = (5*71%] Here we use the fact that «® is constant outside of
[-e77, e~ 7] and therefore coincides with its piecewise linearization. The integrals can be bounded

using the Poincaré inequality:

Shit -2y rspis ~3y
[ () = m ey (9) s < 2y / (m) ()05 < 1z sup () (). (22.21)

N,e
Sk

Plugging this into (2.2.19) one gets:

e
[(m) = (m™N=)'|72 < e = 2SUP|( )" (s)[.

Due to (i) the term involving |m£ (mg)’| can be absorbed in the constant for e small enough.
This yields the second estimate in (ii). For the bound on ||m} — (m§)’[|L2(r) one proceeds in the
same manner with another use of Poincaré inequality. The details are left to the reader. O
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2.3 Gaussian estimates

In this section concentration properties of some discretized Gaussian measures are discussed and
the bounds which are needed in Section 2.4 are provided. To this end we recall a classical Gaussian
concentration inequality. Then we introduce the discretized version of the Gaussian reference
measure v and give an error bound. We also study another discretized measure which can be
viewed as a discretized massive Gaussian free field.

Let E be a separable Banach space equipped with its Borel-o-field F and norm || - ||. Recall
that a probability measure p on (E, F) is called Gaussian if for every 7 in the dual space X* the
pushforward measure nxu is Gaussian. For the moment all Gaussian measures are assumed to be
centered i.e. for all n € X* it holds [ n(z)u(dz) = 0. Denote by

1/2
o= s (/ n<x>2u<dx>) .
neEX*,[In|l x=<1

Note that o is finite [Le96]. Then one has the following classical concentration inequality (see
[Le96] page 203):

_7,_2 0_2
w(oi ol = [ lelutae) +7) < 2

There are several ways to prove this inequality. It can, for example, be derived as a consequence
of the Gaussian isoperimetric inequality.

The difficulty in applying this inequality to specific examples is to evaluate the quantities o
and [ |lz||x(dz). This is easier in the case where E is a Hilbert space. Then a centered Gaussian
measure g is uniquely characterized by the covariance operator ¥ which satisfies

/<771’x><7727x> M(dx) = <7717Z772> Vi, n2 € F.

It is known [dPZ92] that 3 must be a nonnegative symmetric trace class operator. Then o2 is the
spectral radius of ¥ and using Jensen’s inequality one obtains

Jllalutde) < ([ l1o]? uaa)) = (r2) 2

Therefore, one can write

Lemma 2.3.1. Let yu be a centered Gaussian measure on a Hilbert space E with covariance
operator Y. Then one has

1/2

plz; |z > (Tes)? +7) < e /27, (2.3.1)

We now want to use this inequality to study the behavior of the measure v under discretization.
To this end fix an integer N and consider piecewise affine functions u € L%[—e~7,—c77] of the
following type

+1 for =47
u(z) = q arbitrary for z=s.° k=—-(N—-1),...,(N—1) (2.3.2)
the linear interpolation between those points,

and denote by HN:° the affine space of all such functions. Recall that skN’E = kej\;v. The
space H™¢ can canonically be identified with R?N~!. In particular typical finite-dimensional
objects such as Lebesgue- and codimension one Hausdorff measures make sense on H™V. De-
note these measures by £V>¢ and H":¢. There are several bilinear forms on (the tangential space
of) H™¢ which will be important in the sequel: The H'— and L?—scalar product correspond
to the fact that HY- is a subset of m + H'. But there is also the Euclidean scalar product

(u,v) = ](Cji:b)vil) u(sg’e)v(sg’e) which determines the behavior of the measures £V¢ and H™V:<.



20 CHAPTER 2. SHARP INTERFACE LIMIT FOR INVARIANT MEASURES

Recall that v is the distribution of a Gaussian process (u(s), s € [—e~7,&e77]) with E[u(s)] =
e7s and Cov(u(s),u(s")) = E(S Ns +e 7 — W .
Chentsov Theorem we can assume that u has continuous paths. Consider now the piecewise
linearization of u®™ of u:

According to the Kolmogorov-

+1 for s =477
u® (s) = { u(s) for x—s,iva k=—-(N-1),...,(N-1)
the linear interpolation between those points.

Lemma 2.3.2. (i) The distribution of u is absolutely continuous with respect to the Lebesgue
measure LN on HN°. The density is given by

() ) el (- [

(e2m)2N-T \e™7 S

-

|u'(s)|2ds). (2.3.3)

N consists of 2N independent rescaled Brownian bridges To be

(i) The random function u — u
more precise for each k € {—N,...(N —1)} the process (u(s) —u™(s): s € [sk sivfl]) is a

centered Gaussian process with covariance

Cov(u(s) —u™ (s),u(s’) —ulN(s")) = 5(5 As' —spC - %(s snE) (s’ — sfcvg)> (2.3.4)

These processes are mutually independent and independent of u™

Proof. (i) The measure v° can be considered as the distribution of a rescaled Brownian motion
u on [—e~7,e77] starting at u(—e~7) = —1 and conditioned on u(e~Y) = 1. Therefore, the
finite-dimensional distributions can be obtained by finite-dimensional conditioning;:

Ve (u(sfﬁv_l)) edr_(ny_1),-- ,u(s%fl) € dx(N_l))

(N-1) -1
_ (€it1 —@)° 1 (1-(-1))?
B H vV (e2m)6 exp( 2e0 ) (e2m)2e—7 exp( 4e~7e )

N-1
1 -N -1 1 (i1 — UCi)Q

= —_—_—- -y v I

o o 2eVexp(e” ™) exp( 52 i;N 0 52 )

Here § = % and x4y = +1. By noting that the Riemann sum appearing in the last line is equal
to the integral of the squared derivative of the piecewise linearization one obtains the result.
(i) Denote for k = —N,..., (N —1) and s € [0,6] by @r(s) = u(sp* +s) — uN(sp +5) =
N,e

u(sn® + ) — (1 — 5)u(s£}6) — 5u(sy;7)- We want to show that the processes (ix(s),s € [0,4])

posses the right covariances and are mutually independent and independent of «”. To this end
calculate for s,s" € [0,d] and i = —N,..., (N —1):

Cov (g (s), ug(s")) = Cov [u(s,iva +s)— (1 — g) (sfcva) — gu(sgﬁ)

g S g S/ g
u(s) =+ ) = (1= 5 uls)™) = Sulss)].

By plugging in the explicit expression for the covariances of the u(s) and some tedious but ele-
mentary calculations one obtains the desired expression. In a similar way one can see that for
i # j one has

Cov(iij(s),u;(s')) =0 and  Cov(a;(s),u™(t)) =0

for all s,s" €[0,0] and t € [—e77,e77]. O
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Denote the Gaussian normalization constant by

zhe: = (1( N )NMexp(—57_1)>_l.

(2me)2N -1 P

We define the discrete Dirichlet-Laplace operator Ay . as

N -2 for k=3
AR = —t for |k —j| =1 (2.3.5)
0 else.
Then a direct computation shows
ZNe = \/(2me)2N -1 exp(e71) (det(—AN78))_1/2. (2.3.6)

We now want to apply the Gaussian concentration inequality to obtain a bound on the prob-
ability of large u — u™:

Lemma 2.3.3. The following bounds hold:

1. L2-bound on the whole line:

E—Q’y 7“2772N2
V‘S (u . HU/ — uN||L2[—5777577] Z S 3N + 7') S exp (_512’)’) (2.37)

2. L?-bound on the short intervals:
572'}/ ’I”27T2N2
Ve (H’u — uN“L2[SIICV’€*SIkV_£_E1] Z 8@ + 7’) S exp (_5127> . (238)

3. L*®-bound on the whole line:

e Ny > r) < 4N N (2.3.9)
Ve (lu = u™ || oo e=n] 2 7) < 4N exp iy ) 3.

Proof. Let us consider (2.3.7) first. Note that u — u” is a centered Gaussian process such that
Lemma, 2.3.1 can be applied. The expected L?-norm can be calculated as follows:

N-—1 N—-1 ngrl
= ] = X i = [ a6
k=—N k=—N"5k
2
N=1 sl N (s—sg"€> N
= Z/ els—s, " —~—————|ds=2Ne— | — | .
N,e g 6 N
k=—N "%k N

Here for the third equality equation (2.3.4) is used.
To get information about the spectral radius of the covariance operator X calculate for f,g €
L2[—e=7,e77]:

(f.2g) = v [(fiu—u"){gu—u)]
N-1

_ ZN / e 5(5 P i 3’?)(3 - Sg’s)) £(s)g(s) ds.

k=— N




22 CHAPTER 2. SHARP INTERFACE LIMIT FOR INVARIANT MEASURES

Here in the last step the independence of the different bridges is used as well as formula (2.3.3).
Note that the integral kernel in the last line is the Green function of the negative Dirichlet-Laplace
operator on the interval [sfcv’s, s,iv_fl]. Denoting this operator by e(—Ar,)~! one can write

N-1
<fa2g> = Z <f75(_ATk)_1g>L2(Tk)'

k=—N

The spectral decomposition of the inverse Dirichlet-Laplace operator on intervals of length T is
well known. In fact on L?[0,7] the smallest eigenvalue A\ and the corresponding eigenfunction
eo(x) are given as:

. (TS eT?
eo(s) = sm(?) and Ay = T
The spectral radius of e( — AT,C)_1 is thus given as
ol =¢ =
b (N2
Therefore, one can write
N—1
02 = Ssup <f7 Ef> = Sup Z <fv E(ATk)ilg>L2(Tk)
FLlfl=1 LIfI=1 . "N

N-1

2
6_')'
< swp o-i<f7f>Lz<T>:s() sup (. 1),
f,ufu:lk;N * ™ ) flfl=1

On the other hand by taking f as a linear combination of the eigenfunctions on the shorter intervals

one obtains
—9N 2
R
TN

Thus equation (2.3.1) gives the desired result. The proof of (2.3.8) proceeds in the same manner.
To prove the third statement (2.3.9) note that by Lemma 2.3.2, the deviations of a the random

function u from the piecewise linearizations u” between the points s, " are independent Brownian

bridges. Therefore, such a process (u(sfj’E +s)— uN(sg’E +5),0<s< %) has the same distri-

bution as &2 (BS — %Bﬂ) for a Brownian motion B defined on a probability space (2, F, P).
N

So one can write

v (Jlu(s) = 0™ ()| ey > 1)

N—1
< Z Ve ( max lu(s) — uV(s)| > r)

N,
k=—N s T<s<s T

12 (Bs_sNBE_W)\ )
e~ g

r

-
0<s<=

<2N IP( max

—
0<s< <%~

Using the exponential version of the maximal inequality for martingales (see Proposition 1.8 in
Chapter I in [RY99]) one can see that

. N r’N
Ve (lluls) = u™(8)llppoevem 2 7) SANexp (== |-
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We now want to study the properties of another discrete Gaussian measure. In fact denote by
Hév ' the space of affine functions defined as in 2.3.2 with the only change that they are assumed
to possess zero boundary conditions. The Lebesgue measure on this space is defined in the same
manner. For a fixed constant x consider the centered probability measure ¢ whose density with
respect to LY*¢ is proportional to

J20 )2 + [Vu(s) 2 ds
—K
2e

exp

In fact this measure is a version of what is known in the literature as discrete massive free field,
discrete Ornstein-Uhlenbeck bridge or pinned V¢ surface model [S07, HSV05]. The H!'-norm in
the exponent can be rewritten in terms of the finite-dimensional coordinates. In fact for u € Hp
with u(s; ) = uy, for k = —N,..., N one has

||U||?{1(1R) = ||U||2L2(1R) + HU/H%%]R)

1e77 & N &
=3I N ; Up + up g+ Ul + p— k;N Uj 4+ Up g — 2UpUg (2.3.10)
N-1 ' 4
= Uk (I]]iﬂje - A?\}]a) Uj,
k,j=—(N-1)

where the (2N — 1) x (2N — 1) matrix (I]]f,JE) is given as

Lo 2 for k=3

k.,j € .

Nfe =3 % for [k —j| =1 (2.3.11)
0 else,

and the discrete Laplace operator Ay . is defined as in (2.3.5). Denote the normalization constant

e” 2 2
_ Ju(s)]* + |Vu(s ds
2= o L MOV &)
2e

Lemma 2.3.4. (i) Z2° is given as

2em 2N=1 1

() det(—AN@ + IN,E)_E. (2.3.12)
K

(ii) In the sense of symmetric matrices we have the following Poincaré inequality

Ine <Ce77(-ANe). (2.3.13)

(iii) We have the following bound: For r > 0

2N — 1)e
o™V:E {u: ||l g > g

- + r} <exp (—kr?/2e). (2.3.14)

Proof. (i) To see this one only has to note that ke=! (—=An. + Iy ) is the inverse covariance
matrix of this finite-dimensional Gaussian measure.
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(ii) Using the usual Poincaré inequality one can write for u € Hév ®

N-1
- X () Al () = Wl o
ko j=—(N~1)

N-1

N k,j N,
> O ulo ey =C S () I (5))
k,j=—(N-1)

(iii) To see (2.3.14) write with a finite-dimensional change of variables:

1 2
QN,E {ui HU”Hl > T} = —— / exp (_K”UQHHl) ﬁN’E(du)
Zy " Jus full gz} €

K \2N-1 ]ZgV:_j(N—l)‘r%
“V(am) fan e (T ey dave,
e T 2T

—(N-1)

In fact here one uses the linear transformation that transforms a Gaussian random variable on
a finite-dimensional space to a Gaussian random variable with Id covariance matrix. Therefore,
the problem reduces to considering a vector of 2N — 1 independent centered Gaussian random
variables X with variance £. The expectation

N-1
2N —1
Bl Y x| - BRI
k=—(N—1) :
and the spectral radius
2 E
o°=—
K
are calculated easily such that (2.3.1) gives the desired result. O

2.4 Concentration around a curve in infinite-dimensional space

In this section we give the proof of Theorem 2.1.1. To this end we consider the finite-dimensional

measure
-

€
) = ez e (1 | F<u<s>>ds> vV (du),
with the normalization constant ZV¢ = [exp (=1 [ F(u(s))ds) vV¢(du). Note that although
vV:# is given by the finite-dimensional marginals of v¢, the measure x’* does not coincide with
the finite-dimensional distribution of p*. The strategy is now as follows: In Proposition 2.4.4 a
lower bound on the discrete normalization constant Z~¢ is given. This is achieved by calculating
the integral in a tubular neighborhood of the set of minimizers M. Then in Proposition 2.4.8 the
rough energy bound given in Proposition 2.2.2 is used to conclude concentration of the discretized
measure p~¢ around the curve of minimizers. Finally Lemma 2.4.13 gives a bound on the dis-
cretization error which allows to finish the proof of concentration around the curve of minimizers
in the continuous case.
Recall the following version of the coarea formula:

Lemma 2.4.1. Let f be a Lipschitz function f : A C E — I C R, where E is a n-dimensional
Euclidean space and A is an open subset and I some interval. Denote by L™ L' and H™ ! the
Lebesgue measure on E, on R and the (n — 1)-dimensional Hausdorff measure on E respectively.
Suppose that the gradient (which ezists L™-a.e.) Df does not vanish L™ a.e. in A. Then for every
nonnegative measurable test function ¢ : A — R one has the following formula:

n _ 1 n—1 T 1 T
Jeweran = [ [ et pre e (24.0)
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In order to apply formula (2.4.1) to x™¥** one needs the following:

Lemma 2.4.2. Consider the function f : A — R, where A := {x € m+ L?: distp2(z, M) < 3} is
the open set in which the Fermi coordinates are defined, given by

f(@) = f(me +5) = ¢,
where © = m¢ + s are the Fermi coordinates of x. Then f is Fréchet differentiable and one has
(mg, h)

D hl=D h= ———————. 2.4.2
@l = DS me + 5] = [ (242)
Proof. The differentiability follows from the implicit function theorem. To calculate the derivative

at * = m¢ + s in direction h consider the function
(v, w) = (meg — My, + s + vh,m.,),

defined in an environment of (0,¢) € R?. Noting that one has ®(v, f(mg + s+ vh)) = 0 one can
write
0=0,2(v, f(me + s+ vh))|v=0 + 0w ®(v, f(me + s+ vh))|y=0D f (me + s)[h].
Observing that
Du®(v, f(me + s+ vh))|v=0 = (h,m})
and
Ouw®(v, f(me + s + vh))|p=0 = —(m'f, mé) + (S,mg>

concludes the proof. O

We want to apply the coarea formula to the function f just defined, restricted to H~>¢. There is
a slight inconvenience which originates from the fact that the norm of the gradient which appears
in 2.4.1 is the norm in the finite-dimensional space E whereas the gradient of the function f is a
function in L?(R). To resolve this is the content of the next lemma:

Lemma 2.4.3. Let g : m+ L*(R) — R be a Fréchet differentiable function and denote by Vg(x)
its L?-gradient at point x. Consider then the function g defined on R2NV=1 obtained by composition
of the embedding R*N~1 — HN¢ and g. Denote by Vg its gradient. Then one has the following

inequality:
~ e~
[9gllrev-+ < 2/ S 1Vgllze.

Proof. We calculate the derivative of § in direction é; = (0,...,0,1,0,...0) with the 1 on k-th
position. Embedding é;, into H"¢ gives the hat function

0 for s ¢ [skN_’El, sgfl]
en(s) = § 2 (5= 510 for s €]s;5, 7. ] (2.4.3)
e skNJ’fl -5 for s €]sp %, s,ivfl].
Therefore, one obtains
N,e
~ Sk41
(Vg = / ex(s)Vg(s)ds = /N er(s)Vg(s)ds.
R 5,20
Applying Cauchy-Schwarz inequality and using |lex ||~ < 1 one gets:
N-1 i oy No ey
- 2
IVglEen = > ( / .. ek(s)Vg(s)ds> <2 D) / L. (Vg(s)) ds
k=—(N—1) \” 511 k=—(N—-1)" k1 (2.4.4)

e 9
< 2W2||V9||L2(1R)~
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Now we are ready to derive a lower bound on the normalization constant ZV:¢ of the finite-

dimensional approximation of 4. Recall that p™*(du) = 7= exp (—% ff;w F(u(s))da) vNE(du)

where V¢ is a discretized Brownian bridge. One gets the following bound:

Proposition 2.4.4. Assume N = N(g) grows like €72 for e decreasing to 0. Assume that
O<y<y<m<Ll (2.4.5)

Then the following bound holds for € small enough:

C e~ 27" N
Ny - _* _ - Y SR R
Zc > exp( 6 )exp ( 2C ( N2 )) \/ p— (e € 1) (2.4.6)
e—1—v e—4r=1-m Ly 2Nt L _2N-1
Ve NP <_CN4) exp(—e" e, T (14+Ce7) .

In particular, if one assumes that

=27y =71 +27% >0 (2.4.7)

one obtains
limlionfslog zNe > —c,. (2.4.8)
1>

Proof. Using the definition of v’V one can write

Ef’Y

/Hw,g eXp(_é /_ ., F (U(S))ds) v (du)

-

1 C, 1 /¢
= —= exp(——)/ eXp(—*/ F(u(s))ds
Z" €7 Jmne € e (2.4.9)

[ P+ SN

€ J_ o=~ 2 15

ZN,E

:Z{I\[,Eexp(—i*) /HN,E exp(—%é’(u))EN’E(du).

Recall that ZV¢ = J exp(fl ff_w L |u’(s)|2ds) LN (du) is the normalization constant of the dis-

eJ—e—7 2
cretized Brownian bridge and £V¢ is the Lebesgue measure on the finite-dimensional space H™¢.
In order to find a lower bound on Z™¢ we can restrict the integration to a tubular neighborhood
of M. More precisely set I, := [—e™7 + &7 7,77 — e~ "] and

A:={uce HYNS:u=mg +v: (v,mg) 2wy = 0 for some & € I. and ||v]| g1 (r) < 6},

for some § to be determined later. For the moment we will only assume d to be small enough to
be able to apply Funaki’s estimate (2.2.8) on the energy landscape. Furthermore, denote by

A¢ ={ue HV*: u=mg¢ + v: (v,mg) =0 and [Jv]| g1 ) <6} .

Using Funaki’s estimate (2.2.8) for u = m¢ + v € A one can write

exp(~26()2 exp (= Lol ) -

Note the v is not an element of the discretized space H™ but a general function in L?(R)

that needs not vanish outside of [—e~7,677]. But v can be well approximated by a function

N,e N,e

vt =u—mg " € Hév’a. In fact using Lemma 2.2.4 one gets

—71

N, €
[|o¢ v mm) = ng S —mellmm) < CTE 2.
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Putting this together one gets:

C c
N, * 4 ,
282 exp (=) Z/Aexp (= Z 1ol gy ) £ ()

e~2r—m 2¢ . .
> exp (—20( N >> /Aexp (—4||UN ||%1(]R)> LY (dw).

Let us concentrate on the integral term in equation (2.4.10). Using the coarea formula (2.4.1) one
gets:

2c4 N2 ) N,e / 1 2cq N,e |2 N,e
- ’ ) £ (du) = —_— HY 5 (du). (2.4.11
/AeXp< - v ||H (du) d¢ A v f| P( - — v || ) (du) ( )

I.

(2.4.10)

where H™V¢ is the codimension one Hausdorff measure on H™V. Using Lemma 2.4.2 and the
observation from Lemma 2.4.3 one knows:

1 1 /N ||m’§\|%2(R) - <Uamg>L2(]R)

IVF| —2Ve [mellLe(w)

By choosing a smaller ¢ if necessary this can be bounded uniformly from below on A by C

such that one gets:

[ e (—2|vN6||2 ) £¥<(u)

(2.4.12)
> O/ — — / dg/ exp ( N3 1(R)> HNE (du).
Let us focus on the last integral. By a linear change of coordinates one can write
2 2
/ exp <C4||UN’6 2 (R)> HVE (du) = / exp (C4||v||§,1(m) HY#(dv), (2.4.13)
Ag £ Be £

where B, = {v € Hév’az (v, mg) 2y = (me —m§ “,me)pary and [|vl| g gy < 6} In order to
conclude, we need the following lemma:

Lemma 2.4.5. Let E be a finite-dimensional Fuclidean space with Lebesgue measure L and codi-
mension 1 Hausdorff measure H. Let a* = (a,-) € E* be a linear form and z — (x,Xx) be a
symmetric, positive bilinear form. Furthermore, write for b€ R and 6 > 0

b.6% — {zeE:a*z =10 and (z,Sz) < §*}.

Furthermore, set d?> = inf__ 500 (2, X2) and let n be a Y-unit normal vector on BY> e
(n,%z) =0 for all z € B and (n,%n) = 1. Then one has for every b

1
exp (—(z, 2z)) L(dz) < 26, | ———— exp (d? / exp (—(z, Xx)) H(dz).
Lo 0 S0 £00) 28 s o (@) [ e (G5 Ml
(2.4.14)
Furthermore, one has the following expressions for d2:
d* = L and {(a,¥7'a) = ( sup a*(n))z. (2.4.15)
(a, 57 1a)’ , n: (n,En)=1

The vector n satisfies n = +- 2 e gych that
(a,%"1a)

1 PRY
(3n,Xn) = @y ( sup @ (17)) . (2.4.16)

n: (n,m)=1
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Proof. (Of Lemma 2.4.5): Using the coarea formula one can write:

/ exp (—(z, Bx)) £(dz)
(z,Xz)<62—d?

’ 1
< /_5 /EU)BHZ exp (—((y + An), 2(y + An))) WH(dy)d)\

)
= V/ZSniSn]( jgoétheXp(‘KyaEy>)7ﬂdy)dA
(2.4.17)
\/J /B o O (=, 2y)) H(dy)

=20y P () [ op (), Sy +dn) iy

=20 ﬁ exp (d?) /BMZ exp (—(y, Xy)) H(dy).

The other assertions are elementary. O

In order to apply this lemma to the case E = H(J)V’E, a*(v) = <’U,m/E>L2(]R) b = (me —
mév’a,m’fﬁz(m and (v, Xv) = 2%”1)”?{1(]1{) one needs to evaluate the constants d and (Xn,¥n)
in this context. This is the subject of the next lemma. Note that the scalar product (-,-) from
Lemma 2.4.5 corresponds to the Euclidean scalar product on H(‘)N’E

Lemma 2.4.6. One has for e small enough:

~

. _ —2
(1) (me —mN’E,m@Lz(R) < Ce 71/28}\,2 ,

(ii) d* < C&,

1—v

(iii) (Xn,¥n) > C

Proof. (Of Lemma 2.4.6) (i) Applying Cauchy-Schwarz inequality one gets

2 €Y
(me —mg*,m) 2wy < |lme —mg || L2 Img ]| 2 gy < Ce™ /2 —. (2.4.18)
¢ ¢ N

Here Lemma 2.2.4 was used.
(ii) In order to get a lower bound on (a, ¥~ 'a) we use the variational principle given in (2.4.15).
Without loss of generality we may assume that £ = 0. In the present context (2.4.15) reads:

2 b2 . , 2
d° = m, and <CL,Z a> = ( sup (m 777>L2(]R)) . (2.4.19)

N,e . 2¢c
nEHy: =2 Inll g1 =1

Thus in order to find a lower bound on (a, ¥~ 'a) one needs to choose an appropriate test function
n € H)Y*. To this end set k = inf{k: sy > 1}. Recall that the s = %

discretization of functions in Hév’s. For e small enough one has 1 < sg’s < 2. Set

0 for s < —sf—cv’s
N,e
9:_:,’1 for — sg’a <s5<0
i(s) = 4 N (2.4.20)
S for 0 < s < s

0 fors < s
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Then 7 € HY® and

204 _n2 204 2 2 N.e 2064
bl == —s5;° ] < . 2.4.21
% gl = 2 (S§,€+3sk >_ - (2.421)
On the other hand m/ is strictly positive and we can write
2 2
(71,m') L2(m) :/ 7(s)m/(s)ds > inf m’(s)/ fi(s)ds > inf m/(s). (2.4.22)
_92 s€[—2,2] _9 s€[—2,2]
Thus we get (a, 27 1a) > Ce. Using (2.4.18) one obtains:
—dy—1-m
2 €
- <C i
(iii) To derive a lower bound on (¥n,Xn) first note that
2
(0,5 1a) = ( sup <a,n>> - s (e (2.4.23)
(n,Em)=1 nEHN 2 n|2,, =1
12 €
< |[lm ||L2(R)274~

To bound the second factor choose the test function 7 as above in (2.4.20). Then one gets noting
7l <1

ma= > (169) <o

k=—k

We obtain the desired estimate from (2.4.16) together with (2.4.23) and (2.4.22). O

End of proof of Proposition 2.4.4: Applying Lemma 2.4.5 and 2.4.6 to equation (2.4.13) one
gets:

264 €
[ e (<2 ol ) 15w
Be €

—1—
> Ve T

e~dr=1-m 2¢y 5 N
B o () o () v,

where B = {v € H(I)V’E: 2%||fu||fvl,1 < 2%62 — dz}. Due to Lemma 2.4.6 (ii) and (2.4.5) % 10 as
€ | 0 such that the last integral in (2.4.24) can be bounded from below by

(2.4.24)

204 (52
/| b (—gvllél(m> LN=(dv) = Z)e oM <||U|§Il < 2) : (2.4.25)
vllF1 <

Here p is the massive Gaussian free field discussed in Lemma 2.3.4 for kK = 2¢4. Lemma 2.3.4

together with (2.4.5) yields that o™ (||v||:;{1 < %} — 1 for ¢ | 0. This probability can thus be

bounded from below by % for £ small enough. Thus the following lemma finishes the proof. O

Lemma 2.4.7. The Gaussian normalization constants Z{V’E and Zév’g satisfy the following:

_2N-1 _2N-1 ZNaE _2N-1
exp(—e" V), T (1+Ce) T < Z?V,e <exp(—&" e, °
1

(2.4.26)
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Proof. By Lemma 2.3.4 and equation (2.3.6)

1

zNe _av-a _ det (—An.) \?
= (2 p) _-1 ) )

zie =) oxp (€ )<det (Ine —Ane)

By the Poincaré inequality (2.3.13) one has
7AN,€ S (IN,E - AN,s) S (1 + C&‘iry) (7AN7€)

in the sense of symmetric matrices. This implies

det(—Ay.) < det(Ine. — Ane) < (14 Ce ) Hdet(—An.).

This finishes the proof. O

As a next step an upper bound on p¥¥(A°) is derived:

Proposition 2.4.8. Choosing v1 and v2 according to (2.4.5) one has for § < dp:

lim sup ¢ log (ZN’EIuN’E (dist g1 (u, M) > (5)) < —(Cy + cd?). (2.4.27)
el0

In particular, setting 6 = 0 one obtains

limsupelog ZV*° < —C.,. (2.4.28)
el0

Proof. Denote by A° := {u: distz1(u, M) > §}. Then one has

/AS exp (—%S(u)) LN (du)

2NN (47 = eXp<_ C*>

€ )zl
_ 152 . . (2.4.29)
x T €O 2 N,
Sexp(—f> 7N /Aé exp(—g (E(u) — cob ))E (du).

Note that by (2.2.9) £(u) — cpd? > 0 on A%. So on this set one gets
1
exp(—g (E(u) — 0052)) < exp(— (E(u) — 0052)>.
Therefore, one gets

1 2 € : *
/AJ exp<—g (E(w) — Co_(i ))ﬁN (du) < /A(S eXp(_ (€(w) —cod )>£N () (2.4.30)

S/ Zév’s exp </ —F(u(s)) ds+ 6052) v (du),
AS —e=

where 1V is the discretized Brownian bridge without rescaling and

Z3e = /exp(—/ ) %|u'(s)\2ds) LN (du)

is the appropriate normalization constant. Using the positivity of F' the last term in (2.4.30) can
thus be bounded by

Z3% exp (0052).
Plugging this into (2.4.29) yields
Ci + o6\ 1
ZN’EMN’E(A‘S) < exp(—%) N Zév’a exp(0052>.
1

This finishes the proof together with the following bound on the normalization constants Z{V € and
zZNe. O
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Lemma 2.4.9. One has
ZN,E
3 _2N2—1

N,e
Zl

Proof. This is a direct consequence of the fact that for matrices A € R"*" and £ € R
det(EA) = €™ det(A),
as well as the explicit formula for the Gaussian normalization constants. O

One can now summarize the finite-dimensional calculation in the following:

Corollary 2.4.10. Choosing the constants v, and v2 as in (2.4.5),(2.4.7) one obtains for § < dy:

lim sup ¢ log (1% (dist g1 (u, M) > §)) < —co6°.
el0

Note that such a choice is possible for all v < 1.
Proof. Dividing and using the estimates from above yields the result. O
Using the continuous embedding of H! into L one gets:

Corollary 2.4.11. Choosing the constants v1 and vy as in (2.4.5), (2.4.7) one obtains for § < dy:

limsup e log (u"# (dist o< (u, M) > 8)) < —éyd°.
€l0

Such a choice is possible for all v < 1.

As a last step in this section we need to control the deviations from the discretized measure
with the help of the Gaussian estimates derived in Section 2.3. To this end one has to estimate
the deviations of the normalization constant Z¢ from Z~*¢. In order to proof the following lemma
we will need an additional assumption on the double well potential F'.

Assumption 2.4.12.
|F'(u)| is bounded for u € R . (2.4.31)

In fact one can simply modify the potential F' by cutting it off outside of some compact set,
such that it satisfies (2.4.31). We will proceed now by proving Theorem 2.1.1 under the additional
assumption (2.4.31). The general case will then follow as a corollary.

Proposition 2.4.13. Assume that F satisfies (2.4.81). Then the following holds:

(i) For every v3 > 0 we have for € small enough:

/HE esp (- é||F’||OO / u(s) — ™ ()]s ) v~ (du) (2.4.39)

—e 7

0= V6||F'||oo e~ 27377
B eXp | — 1
2 3 N3

(i1) For € small enough we have:

1 =
/ exp (f||F’||OO / Ju(s) —uN(s)|ds>1/€(du) (2.4.33)
He € —e— 7
4| EF’ 2 1-3y N 6l F o —%—%’Y—’YS 1 —1-3~
S || ||oo€ exp \[H || € . + 7”F/| C2>OE .
TN3 3 Nz 272 N2
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(i4i) For v < % the the normalization constant satisfies:

liminfelog Z° = —C.,. (2.4.34)
el0
Recall that u™ denotes the discretization of the Brownian bridge as introduced in Section 2.3.

Proof. Applying Cauchy-Schwarz inequality and the independence of the Brownian bridges on the
short intervals derived in Lemma 2.3.2 one gets:

1 < .
/ exp(ffHF'Hoo/ |u(5)—uN(s)|ds)1/ (du)
He € —e
L(e\? .
> exp(—g ) 17 Z = 0™l oy gy )v* (du) (2.4.35)

1
1 7 / N e

In the same way one can see that

1 e
[ ew(CIFle [ Juts) ~ u¥(9)ds)o(dn
He € —e— 7
= 1 e 1 / N £
< II | e (g ) I ool = o Mgm)y (du). (2.4.36)
k=—N7H*

Thus in order to prove (2.4.32) and (2.4.33) we have to bound the integrals over the Brownian
bridges on the short intervals. To simplify the equations we introduce the following notation:

ey
%=V eenz
1
€77\ 2
b= () 1Pl
5 w2 N2
== ooy

In this notation the concentration inequality (2.3.8) reads

2
(Hu —u ||L2[6N < o] > o+ T) < exp (—17%4.) . (2.4.37)
Now let us proceed to prove (2.4.32): Using the formula
E[e?X] =1 +,6’/ PP (X > x)dx, (2.4.38)
0

which holds for every non-negative random variable X and every 8 € R one obtains:

[, e (= Bl = o e oG

=10 [P [l gy > 0] 0 (2439)
o p
> 1—@/ _Bfrdx—ﬁs/ e Pt exp(—(a:—aa)Q(Sg)dX

o—Bee” e Pee™ ™ aeg / exp (:C + ag(g_'YB — 1))255)dx.
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Using the elementary inequality

oo

/00 exp(—pz — dz?)dx < exp(—Qx)dx <
0 0

S

which holds for 3,6 > 0 the last integral in (2.4.39) can be bounded by
(oo}
/ e P exp ( —(z4as(e™™ = 1))255)dx
0
1
6& + 268048(8_73 - 1)

< exp ( —d.at(e7 " — 1)2)

Noting that 6.a? is a quantity of order O(1) one sees that this term decays to zero exponentially
in . In particular for £ small enough

N | =

65/ e P exp ( —(z+ (e = 1))26E)dx <
0

Plugging this into (2.4.39) and using (2.4.35) finishes the proof of (2.4.32).
To derive the lower bound in (2.4.34) using (2.4.38) one gets

N
/HE €xp (ﬁs”u —u ||L2[skN’5,sk1,V+*51]>

<1+5 / ) " dx + Be / ePex exp ( — 0, (a: — aE)Z)dx (2.4.40)
0 a

e

— eﬂsaa + eﬁsafﬂa/ exp (ﬁa.’lf - 65.752) dx.
0

Completing the squares the last integral can be bounded by

/OOO exp (ﬂsx — 55552) dx = exp (ﬁi) /000 exp <6E (x - 2652)2> (2.4.41)

< exp (ﬁi) (515

Plugging this into (2.4.40) and using (2.4.36) yields the desired result.
To see (2.4.33) write:

~

Z° = / _exp (—i /j . F(u(s))ds) Ve (du) (2.4.42)

ol Y

= / _exp (—i /_iW F(uN(s))ds> exp (—i /_ZW (F(u(s)) — F(uN(S))) ds) v (du)

> / _exp (—i /_661 F(uN(s))ds> exp ( - §||F/||oo /_Z: lu(s) — uN(s)|ds)y5(du).

Using the independence of the discretized Brownian bridge and the bridges on the small intervals
derived in Lemma 2.3.2 the last term can be rewritten as

2% [ exp (= 21P I [ Juls) — ™ ()| ds) < (du). (2.4.43)

If one chooses N = N(¢) growing like =72 according to (2.4.32) the exponent in the error terms
scales like
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so that if one chooses the +; such that (2.4.5),(2.4.7) hold and in addition

I 3y V2
—_ - — = - -1 2.4.44
5 5 B + 9 > ( )
v >0 (2.4.45)

the result follows from the bound (2.4.8) on the discretized normalization constant. Note that
such a choice is possible for v < %
For the upper bound in (2.4.34) similar to (2.4.42) and (2.4.43) one can write

1
75 < ZN,E/ exp (7||F/Hoo/
He 3

—e— 7

e Y

lu(s) — uN(s)|ds) Ve (du). (2.4.46)

For v < 2 one can chose the parameters +; such that (2.4.7)-(2.4.5) and (2.4.44)-(2.4.45) hold and
in addition

—3y 4 29, > —1. (2.4.47)
Then the bound (2.4.33) implies

-

1 €
lim supslog/ exp (f||F'||OO/ lu(s) — uN(s)|ds) ve(du) = 0. (2.4.48)
€l0 He € —e—7
Thus (2.4.28) implies the upper bound in (2.4.34). O

In the sequel we will always assume that the ; satisfy (2.4.7)-(2.4.5), (2.4.44)-(2.4.45) and
(2.4.47). Now one can conclude:

Proposition 2.4.14. The statement of Theorem 2.1.1 holds under the additional assumption
(2.4.31).
Proof. One can estimate

-

e (disth (u, M) > 5) = i/ exp ( - 1/E F(u(s))ds) v®(du)
2% J{dist > (u,M)>6} €J e

exp (- ! / o F(u(s))ds) v (dw) (2.4.49)

€ J_eg—v

S
N

b [ ew (-2 / F(u(s))ds ) v* (dw),

Ao —e~

The concentration inequality (2.3.7) implies together with the lower bound on the normalization
constant (2.4.34) that the first integral decays to zero on a quicker exponential scale than 1.
For the integral over A, we can write using the independence of the discretized Brownian bridges

and the bridges on the intermediate intervals again:

where

[NCJ ST

Al = {u — uN||L2[_5——y75—7] >

Ay = {disth(uN,M) > g}

% . exp ( - 1/Ev F(u(s))ds)l/e(du)

€ ) o

ZNe 1 1 5
< 7= WAZ eXp(ig/,Eﬂ F(v(s))ds)y (du)x

/HE exp (i||F’||OO/E: fufs) — ™ ()| ds)v<(du). (2.4.50)

—e—
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The fraction % can be bounded using (2.4.32), the integral in the last line is bounded due to
(2.4.48). Thus the statement follows from the result on the discretized measures in Corollary 2.4.10.
This finishes the proof for the L?-norm. To the see analogue result for the L>-norm repeat the
same reasoning with Lemma 2.4.10 replaced by Lemma 2.4.11 and the L? bound (2.3.7) replaced
by the L*°-bound (2.3.9). O

Proof. (Of Theorem 2.1.1 in the general case): Denote by dist either distyz or distje. Assume
that I only satisfies assumptions (2.1.2). By cutting F' off outside of [~2,2] one can choose a
function F' that coincides with F on [—2, 2] that satisfies (2.1.2) and (2.4.31) as well as

F(u) < F(u) for u € R.

Then one can write

Jaist(uan =5y eXP( 1f o Flu(s db) “(du)

fexp(—a_l f_e,w F(u(s))ds) ve(du)

p (dist(u, M) > §) =

. (2.4.51)
— €
. f{dist(u,M)zé} exp(—s 1f_£_WF u(s ds)z/g(du)
B f{”u”m@g} exp( e~ 1f ds)ys(du)
The denominator of this fraction coincides with
e’
/ exp(—s_l/ F(u(s))ds) ve(du)
{Ilwll Loo vy <2} —e7
and the numerator is bounded from above by
e’
/ exp(fsfl/ F(u(s))ds)l/s(du),
{dist(u,M)>6d} —e=7
such that one can write
P exp(—e! f R F(u(s))ds )ve (du)
1 (dist(u, M) > §) < et AD=0}) ( - ) x
fexp(fefl IS F( ds)l/E
(2.4.52)

X

fexp( 1f o 5))ds)1/ (du)
St <2y (=71 [0 Flu(s))ds )ve(du)

Now applying Proposion 2.4.14 shows that the second factor can be bounded by 2 for e small
enough and thus applying Proposion 2.4.14 to the first factor yields the desired result. O

With a similar argument one can see that the bounds on the normalization constant in Propo-
sition 2.4.13 also holds without assumption (2.4.31):

Corollary 2.4.15. Suppose v < % Then one has the following bound:

limﬁ)nfelog Z° =—C,. (2.4.53)

It remains to prove Corollary 2.1.2:

Proposition 2.4.16. The family of measures [i° is tight. All points of accumulation are concen-
trated on functions of the type

me(s) = —1[_175](8) + 1 (s). (2.4.54)
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Proof. Denote by M = {rm: ¢ € [~1,1]} and dist(a, M) = infeei_q17 | — el L2[—1,1). Further-
more, denote by mg(s) =m (%) Note that for all { € [-1, 1] mg converges to mg¢ in L?. Now

choose 0 > 0 and gg such that ||mg — g2 < g for all ¢ < ep. Then Theorem 2.1.1 implies that

- 5
i (disth (@, M) > 5) < i€ (mf i — gl 2 10) > 2)
¢ (2.4.55)

< e (distLa(T€<a>,M> > - \/‘}) 10

This is sufficient to show the tightness of the measures {fi}. In fact fix a small constant x > 0.
Let us construct a precompact set K such that i*(K¢) < k. For a fixed N € IN due to (2.4.55)
there exists ¢V such that for all £ < eV

S P 1 K

In particular, there exist finitely many &V € [-1,1] i = 1,...,ix such that for all ¢ < eV

~ - 1 K

Furthermore, due to tightness of the measures (ji°, e € [en, 1]) there exist finitely many balls BN

of radius  such that for all € € [ex, 1] one has

A (UiB;) >1— —.

Set KV = (UZ Bi) U (UiB<ﬁ1§N, %)) and K = NyK". Then K is precompact and for all ¢
has measure > 1 — . This shows tightness. The concentration follows from (2.4.55). O



Chapter 3

The short time asymptotic of the
stochastic Allen-Cahn equation

This chapter has been accepted for publication in Annales Scientifique de I'Institut Henri Poincaré
[WO8].

A description of the short time behavior of solutions of the Allen-Cahn equation with a
smoothened additive noise is presented. The key result is that in the sharp interface limit so-
lutions move according to motion by mean curvature with an additional stochastic forcing. This
extends a similar result of Funaki [Fu99] in spatial dimension n = 2 to arbitrary dimensions.

3.1 Introduction and main result

1. Setting and main result: For a small parameter € > 0 consider the following stochastic Allen-
Cahn equation in an open domain D in R"™ for some n > 2:

AU (2,t) = Au(x,t) + e f(u(z, 1) + e 7HE() (z,1) € D x [0,00)

—u(z,t) =0 x € 0D (3.1.1)
u®(x,0) = ug(x) zeD.

Here f(u) = —F'(u) is the negative derivative of a symmetric double-well potential. For fixing
ideas, assume that F(u) = # and f(u) = u — u3. In particular F has two global minima at
+1 and solutions of the dynamical system & = f(z), that start outside of zero, converge to one of
these minima. The expression £°(t) denotes a noise term defined on a probability space (2, F,P).
The noise £°(¢) is constant in space and smooth in time. For € | 0 the correlation length goes to
zero at a precise rate and fot £°(s)ds converges to a Brownian motion pathwisely. The details of

the construction and further properties can be found below.

We study the short time evolution of developed surfaces for (3.1.1). More precisely let ¥ the
boundary of a set Uy be compactly embedded in D of class C*® for some a > 0. Assume that
the initial configuration u®(z,t) is close to —1 on Uy and close to +1 on D \ Uy with a transition
layer of order O(e). We show that for short times there exist two phases and the evolution of the
phase boundary follows two influences - the tendency to minimize the boundary and a stochastic
effect. The main result is:

Theorem 3.1.1. Consider the problem (3.1.1) with the noise term £°(t) as constructed below. In
particular suppose that the approxzimation rate v verifies v < % Then for any compactly embedded

37
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hypersurface Yo = OUy of class C*< there exist initial conditions u®, a positive stopping time T
and randomly evolving closed hypersurfaces (X(t))o<i<- such that the following hold:

(i) The surfaces (3;)o<i<r evolve according to stochastically perturbed motion by mean curva-
ture, e.g. the normal velocity V' at each point is given by

V=(n—-1)k—cW(t).

(i) supg<i<, [[u(z,t) — x=,|lL2(p) — O almost surely as € goes to zero.

Here k denotes the mean curvature of the surface at a given point. The constant ¢ is given by

v
f_ll \/F(u)du.

The function yyx, is a step function taking the value —1 in the interior and +1 on the exterior.
The precise meaning of the geometric evolution will be given in the next section.

Co

The noise scaling e~*¢(¢) can be interpreted as follows: Consider the stochastic equation

% = Av+ f(v) +€£°(¢). (3.1.2)
Equation (3.1.1) can be obtained from this equation by diffusive scaling: u(x,t) = v(e 1z, e72t).
The intuition is that in (3.1.2) surfaces should move with velocity V' = (n— 1)k +c(££°(t)). Here ¢
is the speed of a travelling wave solution corresponding to a perturbation of the potential through
££¢(t). Then after rescaling one obtains as normal velocity V = k + &2 x elc(e€8(t)) such that
the random term becomes a quantity of order O(1). The significant observation is that the noise
term does not rescale. Actually this observation is characteristic for our result. Even in the limit
the Brownian motion can be considered pathwise and there is nowhere any need to work with
stochastic integrals.

2. The white noise approzimation: Let (W(t),t > 0) be a Brownian motion defined on a
probability space (2, F,P). For technical reasons extend the definition of (W (¢),t > 0) to negative
times by considering an independent Brownian motion (W (t),t > 0) and setting W (t) = W (—t)
for t < 0. Then (W (t),t € R) is a gaussian process with independent stationary increments and
a distinguished point W (0) = 0 a.s. Let p be a mollifying kernel i.e. p: R — R4 is smooth and
symmetric with p(z) = 0 outside of [-1,1] and [ p(z)dx = 1. For v > 0 set p°(z) = e "p(%).
Then the approximated Brownian motion W¢(t) is defined as usual as

We(t) =W xp°(t) = /00 p°(t — s)W(s)ds.

— 00

Note that it is only here that the Brownian motion at negative times is needed. So actually
only negative times in (—&7,0] will play a role. The parameter v determines how quickly the
approximations converge to the true integrated white noise. We will always assume

L2
T3

in order to have the needed pathwise bounds on the white noise approximations.

Proposition 3.1.2. Let £5(t) = We(t) denote the derivative of W¢. Then the following properties
hold:

(i) &(t) is a stationary centered gaussian process with E[¢°(t)?] = 77 |p|2..

(ii) The correlation length of £°(t) is 2e7 i.e. if |s—t| > 27 then &°(t) and £°(s) are independent.
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(i5i) If v < 7 for every positive time T there exists a non-random constant C' such that

P|3eg s.th. Ve <gg sup [£°(F)] < Cg_g] =1.
0<t<T

In particular for v < % for € small enough
€(t) < Ces. (3.1.3)

Proof. One can write

oo

() = /_Oo %pa(t — )W (s)ds = / p(t—s)dW(s) a.s.,

— 00

where the first equality follows from differentiating under the integral and the second from stochas-
tic integration by parts. Then properties (i) and (ii) follow from standart properties of the stochas-
tic integral. To see (iii) write

t+e? _
coi=| [ e (57w

< ‘5—27 /tt+e” y (t;‘“") W(t)ds‘ + ’5_27 /ttﬂ” y (t;‘s) (W(t) — W (s))ds|.

—e7 —e7

t+e”

The first term vanishes due to [, p' (tg_—f) ds = 0. One obtains

sl [0 () oo - won

t—e? v

< ‘5*27257||p'||oooscse[t,ew,t+aw]W(s)‘.
The oscillation is defined as osceft—c,t4ev)W(8) == SUPse[t—en t4er] W(s) — infsepi—ev 14e1) W(s).

Now one can apply Lévy’s well known result on the modulus of continuity of Brownian paths
(See e.g. [KS91] Theorem 9.25 on page 114):

. 1
P hrglj(l)lp W(S)ogrsnthSHW(Q —Wi(s)| = 1] =1,
t—s<d

where the modulus of continuity is given by g(6) = y/26log(). In particular there exists almost
surely a (random!) e such that for e < eg we have sup,¢(o 7] 05Cse[t—cv, 147 W(s) < (25’7)%*%.
This gives the desired estimate

3

€5(8)] < e 2|0 o (267)2 T < CeT 2,

We will need a similar bound on the derivatives of £¢

Proposition 3.1.3. Consider the process ée(t). Then if v < 7 for every positive time T there
exists a constant C such that

P[3= Ve<e sup (1) <CeF] =1,
0<t<T

In particular for v < % and € small enough

(1) < ce™ . (3.1.4)
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Proof. The proof is similar to the one above:

e 3y 1 l—s
—3y
/tiEw e p ( = >W(s)ds‘

<|/ + = (S20) vt - wisna

€ (1) <

< 2677|000 0SCseft—ev tem W (8) :

Then one applies Lévy’s modulus of continuity again to see that almost surely for ¢ < gq(w) one
35-3
has 0scseq,5 W (s) < (257)%7 " and obtains the desired result:

Y — 3+

€5(1)] < 27 2[|p" |0 (267) 775 = Ce

w
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3. Motivation and related works: Solutions of the Allen-Cahn equation

ou 1

evolve according to the L? gradient flow of the real Ginzburg-Landau energy functional:
€ 2 1
HE(u) = [ |Vul]® + 5—2F(u)

There are two different effects. The reaction term =2 f(u) pushes solutions to the two minima
+1 and the diffusion term Awu tends to smoothen the solution. For small € there will be two
phases, corresponding to regions where the solution is close to £1. The width of the transition
layer between those two phases is of the order O(¢). Then the evolution gradually shrinks the
transition layer.

This behavior is the motivation to consider the Allen-Cahn equation as a simple model of a
two phase system which is driven by the surface energy without conservation of mass. Allen and
Cahn [ACT9] introduced it to model the interface motion between different crystalline structures
in alloys. In the deterministic setting there were major advances in connection with the improved
understanding of the theory of geometric flows of surfaces as initiated for example by [ES91,
CGGI1] in the early nineties. In particular in [ESS92]| it was shown that in the limit ¢ | 0
solutions only attain the values +1 and the phase boundary evolves according to motion by mean
curvature. The key difficulty here is to find a description of the geometric evolution which is global
in time. A similar result for short times was established in [MS95].

Stochastic perturbations of this effect have also been considered. From a modelling point of
view an additional noise term can account for inaccuracies of the simplified model or as effects of
thermal perturbations. From a mathematical point of view it is a very interesting and challenging
question to study stochastically perturbed evolutions of surfaces and the Allen-Cahn setup is one
possible point of view. In [Fu95] Funaki considered the case of the Allen-Cahn equation in one
space dimension with a space-time white noise. He showed that in the limit € | 0 on the right
time-scale solutions only attain values +1 and the boundary point essentially performs a Brownian
motion. In [Fu99] he studies the two dimensional case with a smoothened noise and shows that for
short times solutions evolve according to a stochastically perturbed motion by mean curvature.
His analysis relies on a comparison theorem which requires the noise to be smooth and a very
subtle analysis of a quasi-linear stochastic PDE which describes the boundary evolution. On the
level of stochastic surface evolution there were advances by Yip [Y98] and Dirr, Luckhaus and
Novaga [DLNO1] but a fully satisfactory description is not yet available. Some results based on
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a stochastic version of the concept of viscosity solutions were announced in [LS98II|. Recently
the model has enjoyed an increasing interest in the numerical analysis community. For example
in [KKLO7] numerical approximations of the one dimensional equation are studied. Numerical
analysis of this equation is challenging because all the interesting dynamics happen on a very thin
layer which requires to develop adaptive methods which work in the stochastic setting.

Our result is a generalization of Funaki’s result to arbitrary dimension. We use the same
comparison technique to study the equation. Therefore, we also need to assume a smoothened
noise with correlation length going to zero as € goes to zero. The description of the surface and
the convergence result is based on [DLN01] and fully avoids Funaki’s result of weak convergence.
In fact this is also a strictly pathwise result so that all results hold almost surely.

4. Structure of the paper: In Section 2 the technique of [DLNO1] to describe motion by mean
curvature is briefly reviewed and the main results are stated. In Section 3 the results about the
geometric flow are used to proof the behavior of the Allen-Cahn equation.

3.2 Stochastic motion by mean curvature

This section reviews the description of a stochastically perturbed motion by mean curvature
given in [DLNO1]. A short time existence result for surfaces moving with normal velocity dV =
(n — 1)kdt + cdW (t), where x denotes the mean curvature, and a pathwise stability result under
approximations of the integrated noise are given.

Motivated by [ES92] consider the following system

dd(z,t) = g(D?d(x,t),d(x,t))dt + dW (t) (z,t) € O x (0,T)
|Vd]? =1 (z,t) € 00 x (0,T) (3.2.1)
d(x,0) = do(x) z €O,

on some open bounded domain O. Here D?d denotes the Hessian of d and g(A4, q) = tr(A(I—qA)~1)
for a symmetric matrix A and ¢ € R. The initial condition dy is supposed to be of class C*® and
to verify |Vd| =1 in O. Furthermore, it is assumed that Vd is nowhere tangent to the boundary.

In order to solve the above system consider ¢(z,t) = d(z,t) — W(t). Then g solves the system

dq(z,t) = g(D%*q(z,t), q(z,t) + W(t))dt (x,t) € O x (0,T)
Vgl =1 (z,t) € 00 x (0,T) (3.2.2)
q(x,0) = do(x) z € 0.

Due to maximal regularity of the linearized system ([L95]) and a fix point argument the following
results are obtained:

Theorem 3.2.1. ([DLNO1] Section 4) Let t — W (t) be a-Hélder continuous for some o € (0,1).
Then there exists a time T depending only on the C*/?>-norm of W and the C*“-norm of dy such
that on O x [0,T] system (3.2.2) and also (3.2.1) admit a unique solution of class Clte/2.2+e,

Moreover if t — W (t) is another function of class C* and q is the solution (3.2.2) with W replaced
by Wwith interval of existence [0,T] on has

sup  lg(t,-) = (¢, ) |lcze < CIW = WHca/z([o,min{T”,T}]y (3:2.3)
te[0,min{T,T}]

Now let ¥y = AU, be as above. In particular ¥ is assumed to be of class C>®. Define the
signed distance function do and the indicator x5, as

do(r) = —dist(x, o) for x € Uy
0 dist(z, Xo) for z € D\ Uy
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and

(2) = -1 for z € Uy
R B for x € D\ Up.

There exists an open environment O of ¥ such that on O the function do(z) is of class C*
and Vd is nowhere tangent to 0. Furthermore, on O it holds |[Vdy| = 1. Then for a given
stochastic noise W (t) consider the pathwise solution d(z,t) of (3.2.1) with initial condition dy on
[0, T(w)]. Define the evolving surfaces (3(t),0 < ¢t < T'(w)) as the zero level sets of d(x,t). Then
the following holds:

Theorem 3.2.2. ( [DLNO01] Section 4)
(i) For every t the function x — d(x,t) is the signed distance function of £(t) on O.

(i1) If X(0) in 3(0). Then up to a stopping time there exists a solution X (t) to the stochastic
differential equation

dX(t) = (n — Dv(X (1), t)s(X (1), t)dt + v(X (L), t)dW (t),
with X (t) € X(t) almost surely.

Here v(z,t) denotes the exterior normal vector to X(t) for z € X(¢). The last observation
justifies to say that the surfaces X(¢) evolve according to stochastic motion by mean curvature.
Note that we use the convention that x = ﬁ Z?;ll k; with the principal curvatures x; such that
the factor (n — 1) appears which is not present in [DLNO1].

3.3 Construction of sub- and supersolutions

In this section the link between the boundary dynamic and the Allen-Cahn equation is established.
For a related calculation see [Fu99, CHLI7].

In order to construct sub- and supersolutions to (3.1.1) consider the following modification of
the reaction term: f(u,d) = f(u) + 6. The implicit function theorem implies that there exists
an interval [—dg,do] such that for § € [—do, dp] there exist two solutions my(d) of the equation
f(u,6) = 0 which are close to +1 and that the mappings ¢ — m(d) are smooth. Consider the
following auxiliary one dimensional problem

gu(agt) = %u(x,t) + f(u(x,t)) + 48 (3.3.1)

u(+o0) = my(4).
A travelling wave solution to (3.3.1) is a solution u(x,t) = m(x — ct) with a fixed wavespeed c.

Finding such a solution is equivalent to finding an appropriate waveshape m(z, ) and wavespeed
¢(6) such that

m" (x) + c(0)m/(x) + {f(m(z)) + 6} =0 (3.3.2)
m(£oo) = my(9).

The following properties hold:

Lemma 3.3.1. (|[CHL97| Lemma 3.3) There exists a constant oy such that for & € [—do, do)
problem (3.3.2) admits a solution (m(x,0),c(d)) where m is increasing in x and this solution is
unique up to translation. Furthermore, m can be chosen smooth in 5. There exist constants A and
0B such that the following properties hold:

(i) 0 < Oym(z,d) < A for all (z,8) € R x [—do, do].
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(ii) |0zm(Ez, )|+ |(0)2m(£x, §)| + |m(£x, §) —m+(0)| < Ae™P? for all (x,0) € Ry x [~dg, So)-
(i1i) The traveling wave velocity c(d) is smooth in [—Jg, do] and c(0) = 0.

- i - = —— V2
Actually as pointed out in [Fu99] ds5¢(0) = —co RGOS
The idea of the construction is the following: We expect the surface to evolve according to two
influences - the surface tension and the stochastic perturbation of the potential making one of the
stable states more attractive. Close to the surface the solution should look like a travelling wave
interface which is moving with velocity c¢(££). This means that solution should behave like

uw) ~m (20 ).

where d is the signed distance function of a surface moving with normal velocity V = (n — 1)k +
e~ 1c(e€%). The standard way of making this idea rigorous is to modify it in such a way that such
an approximate solution is a true sub/supersolution and show that the difference between the two
cases evolves on a slower time scale than the original dynamic.

Fix some initial surface ¥ as in Theorem 3.1.1. As X is compactly embedded one can fix an
N such that all the principle curvatures of ¥y are bounded by N. As in Section 3.2 one can define
a random evolution (X%4(¢),0 <t < TfN) evolving with normal velocity

V= (n—1)k+e te(e€(t) £ 7).

Here the stopping time T:N is defined as the largest time such that the evolution is well defined
and such that on [0, T;[N] the principle curvatures remain bounded by N. The constant 3 can be
chosen such that 1 < § < 2. The condition 3 > 1 ensures that in the original time scale the extra
term does not have an effect and the condition 8 < 2 ensures that the effect is strong enough for
the solution to remain a sub/supersolution. Furthermore, assume (by shortening the time interval
if necessary) that there exists an open set O such that for all ¢ € [O,T;EN] the n-neighborhood
of ¥%(t) is contained in O for some small 7. Then one can extend the signed distance functions
d*(x,t) to a smooth function d* on all of [0, T(w)] x D such that on U(t) \ O the function d* is
smaller than —n and on D\ (U(t) U Q) it is larger than 5, such that [Vd*| < 1 and such that d is
constant close to 0D.

Define
d*(z,t) + et
€

ut(z,t) =m (

where a and ¢y are constants that will be chosen below. One gets the following conclusion:

ye€°(t) = €5> ;

Lemma 3.3.2. If one chooses a and c; properly, there exists a (random) €9 > 0 such that for all
e <egg andfor()gth]{,E’s

us (2,8) < u(,t) < ut (1),
for every solution u®(z,t) of (8.1.1) with initial data verifying u®~ (z,0) < u®(z,0) < u®*(x,0).

Proof. The conclusion will follow by a PDE-comparison principle. We only show the inequality
involving ™ the other one being similar. Let us calculate

oSt (x,t) = % (&(i(x,t) + sacleclt) +emsé(t)

mzm

A (z,t) = %Ad(x,t) + 22219 d (2, 1) 2.

2
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Here m, denotes the partial derivative of m(x,t) with respect to x. Then rewrite the reaction
term using (3.3.2):

e 2(f(m) +e€f) =2 (—m” —m/c(e€® +£P) — sﬁ).
By properly arranging the terms one gets
L(uT) = 0 (2, t) — Auf(z,t) — e 2(f(m(x,t) +e€(t) = 1 + I + I3 + 772,
where

I = T2 (Gud(w, ) + o1 — Ad(a, 1) + e ele€" (1) + 7))

I, = emgé(t)
Iy = ”Z;”” (1 - |VJ(z,t)\2).

Here the first term accounts for the boundary motion. The statement that this term is small
essentially means that the surface evolves with normal velocity V = (n — 1)k + e~ te(e€ + 7).
The second term corresponds to the change of wave profile due to the change of noise. It is here
that we need the pathwise bound (3.1.4) on the derivative of £° to control this term. The third
term essentially vanishes because close to X(¢) the function d coincides with d. Consequently,
|Vd|? = 1. Off the boundary the derivative m,, becomes exponentially small such that we also
control this term. In the end this means that the correction term €°~2? dominates the dynamic.
Let us make these considerations rigorous:

By (3.1.4) I, < C for every € smaller than eq(w). For d(z,t) <n Vd(z,t) = 1. Consequently,
I5 vanishes for such x. For d(z,t) > n Lemma 3.3.1 (ii) implies:

e (1-1vdP) < 24 e,
€ €

To bound I; consider points z close to ¥(t). For all other = the reasoning is as for /3. For z with
dist(z, £*°(t)) < 5% the functions d(z,t) and d(z,t) coincide and one obtains

Oud(z,t) = Ad(y,t) + e e(es(t) + P),

where as before y is the unique point in (¢) such that d(z,t) = dist(z,y). Plugging this into I
gives
I = Ma {Ada(y,t) — Adf(x,t) + sacleclt}.
€
Here one uses the fact that all the principle curvatures r;(t,y) of the ¥*(¢) are bounded by N
to obtain

|Ad5(y, t) _ Ads(gj,t)‘ = Z Hi(:%t) - Z 1-— d,;;fgi;/i)z(y t)

B= . d(zx,t)|ki(y, 1)]
= ; ki (y, )] 1 —d(x,t)|ri(y, t)]

< 4N?%d(z,t),

because SUDye[0, 1] Op 1% = 4. Plugging this in yields

T+ a,cit 2 a it
L] < m, (d(m)i”’&figﬂ ANZd(x,t) + et
€ €
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Choosing ¢; larger than N? and using sup, xm, < oo one obtains |I;| < C. Thus altogether if &
is small enough the term °~2 will dominate everything else and one obtains

L(uT) >0.

On the boundary Bg—j = 0 due to the definition of d. So a standart comparison principle gives the
desired result. The inequality for u_ is shown in a similar manner. O

To finish the proof of the main theorem one needs the following Lemma:

Lemma 3.3.3. Fiz any time interval [0, T]. Denote by W*< the random functions [0,T] > t
% fot e7te(e€%(s) £eP)ds. Then coW ¢ converges almost surely to t — coW (t) in C%([0,T]) for
every o < 3.

Proof. Consider only W*¢(t) the calculation for W~¢(t) being the same. Fix a < 1 and a ¢ with
a <9< % Then for P-almost every w there exists a random constant C' such that

Wi(s) —W(t
p WO-WOI
—1<s<t<T |s — 1]

Assume that ¢ is small enough to ensure ££°(t) + e° € 8o, ). (Recall that c is only defined on
[—d0,dp].) Using Taylor-formula and ¢(0) = 0 one can write for every ¢:

e te(e€s(t) +P) = L(0)(€5(t) + 771 + %c”(a(t))s_l (e€*(t) + 55)2,
for some a(t) verifying |a(t)| < |e€5(t) 4 &°|. Therefore, one can write

S
leoW — oW+l < sup e (s) — co / £5(8)dt] + coTe" !
s€[0,7] 0

+T sup | @)]( sup s(¢°(s)* + 2 ).
66[750,60] SG[O,T]

Due to (3.1.3) the last terms converge to zero almost surely. Therefore, it remains to consider the
first term. Due to W¢(s) = £°(s) one obtains:

sup |coW (s) — co/ EE(t)dt] < co sup |[W(s) — W(s)?| + co|W(0)*|
s€[0,T] 0 s€[0,T)

e

[ ) (W(s) —W(s — 1) ety

Y

— o sup +eo [ ) (W(0) W) (1)t

s€[0,T]

9
< 2000(67) — 0.
Consider now the Holder-seminorm

1
sup
o<s<t<T (t —8)*

oW (t) — coWE(t) — coW (s) + COWH(S)\

1
= sup

e = CRELCRY RS CEE T

< sup ———[coW(t) — coW (s) — coW*(t) + coW*(s)]
o<s<t<T (t —8)*
1 t
+ sup S|t sup () (6w 2
o<s<t<T (t—8)* | /s §€[—60.60]
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Again the second term converges to zero. For the first term one gets:

1
sup ————|coW(t) — coW(s) — coW?(t) + coW*e(s)|
o<s<t<T (t —5)*

1 < .

<co Ogiglt)gT =se / . (W(t) = W(t—u)—W(s)+W(s—u))p*(u)du

<ep sup GO W) [ @ = W= = W)+ W =) ()
0<s<t<T (t—s) e

Q

Q

< ¢ (20)7 (2C(2e7)7)' 77
This shows the desired convergence. O

Proof. (of Theorem (3.1.1)) Chose the initial configurations u§ such that u®(z,0) < u§(z) <
uS*(x,0). Define the stopping time 7(w) := inf. T:N. Remark that 7 is almost surely positive
due to the boundedness of the |[W*¢||5a/2 and the C*% convergence of d=* to d.

Then by Lemma 3.3.2 one has for all times 0 < ¢ < T'(w) that u®(x,t) < uf(z,t) < usF(x,t).
So one gets:

[u (1) = x50y (5 D)le2 < [[u (1) = woF () |2 (o) + [[usF (1) = xzmet (5 ) 22(D)
+ [[xse+ ()5 1) = xs@) ¢ )l 22Dy
< w7 (o) = uS T () 2y + ||u€’+(" t) = Xzt () D)2y +
X5+ @) (1) = Xz (Dl 2o
< w7 (1) = xsem ) (5 D)l 2(p) +2||U Tt) = xzer (Ol 20y +
2| xset @) (1) = xs@) )2y + lIxse- @ (1) = xs@) )2 (p)-
The supremum in time of the first two terms converges to zero due to the definition of u®®
Consider [|xse—@)(-) — xs@ ()20 fo( Xze— (1) (%) — Xz (x))dx By Lemma 3.3.3 and by

Theorem 3.2.1 the signed distance functlons converge in C%%(0) uniformly in time and this term
converges to zero. The convergence of the term involving xs-,-(;) can be seen in the same way. [



Chapter 4

Appendix

4.1 Outlook

In this section some ideas for possible extensions of the results, which are presented in this thesis,
are given:

e To determine the distribution of the phase separation point in the study of the invariant
measure is an open problem. It should be uniform. Once this is established the results on
the invariant measure should allow to obtain dynamical results using the theory of Dirichlet
forms. Formally the problem of convergence of solutions of the one dimensional Allen-Cahn
equation is very similar to the problem of approximating a graph by tubular neighborhoods
studied for example in the last chapter of [BO8]. Here the theory of Mosco-Convergence
of Dirichlet forms on changing Hilbert spaces is used. This theory has been developed in
[KS03, K06]. The generalization of this technique to the infinite dimensional space should
be possible.

e A very challenging problem remains the rigorous verification of the conjectured behavior of
multi kink configurations in the one dimensional case. Here a detailed analysis of the energy
landscape similar to [OR07] might make it possible to extend the techniques used in [Fu95]
to the multi kink case.

e Much remains to be done in a higher dimensional setting. The question of a reasonable
construction of stochastically perturbed boundary evolutions is still wide open. Recently,
a possible approach using the Allen-Cahn approximation has been studied in a joint work
with Matthias Roger [RW09]. In fact we use an Allen-Cahn approximation to the evolution
studied by Yip in [Y98]. Here we do not consider an additive stochastic term but rather a
multiplicative noise which depends on the gradient of the phase field u. So far we were able
to prove tightness of the Allen-Cahn approximation, which is similar to the results obtained
in [Y98]. We want to use techniques similar to [MRO08, I193] to extract more information
about the limit process.

47
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4.2 Some results for stochastic reaction diffusion equations

In this section we recall existence and uniqueness results for the Allen-Cahn equation with stochas-
tic forcing considered in Chapter 2. Furthermore, we show that the invariant measure of the one
dimensional equation is indeed the measure considered in Chapter 2. These results are all well
known. Nonetheless, we give the main arguments for the readers convenience. The exposition is
rather sketchy and roughly follows [Z89, dPZ92, dPZ96].

We treat the systems:

%u(m,t) = Au(z,t) — gi?F’(u(x,t)) +V2W (z,t) (z,t) € (-1,1) x R4+ (4.2.1)

u(z,0) =ug(x) w(£l,t) = £1 z € (-1,1),t € Ry,

where F is as above in (2.1.2). The formal term W (x,¢) denotes space-time white noise. In the
physical literature it is defined as a centered space-time Gaussian process with correlation function

E[W(a:, HW (y, s)] = do(x —y)do(t — ).

In the mathematical literature one defines the cylindrical Wiener process W (t) = Y32, ex WF for
an orthonormal basis (ex)ren of L2[—1,1] and independent one dimensional Brownian motions W*.
Then equation (4.2.1) is interpreted as a stochastic differential equation in some function space.
In this particular case one faces the problem that the cylindrical Wiener process does not attain
values in L?[—1,1] but only in some distribution space, whereas the nonlinearity % F’(u(z,t))
can best be dealt with on the space of continuous functions. This problem can be overcome by
rewriting (4.2.1) in the mild form

(e t) = So(tuo + ﬂ/ot So(t — 8)dW (s) — ;/Ot Sot— 8)F'(u(s))ds.  (4.2.2)

Here Sy(t) denotes the solution semigroup to the heat equation with the same Dirichlet boundary
conditions as in (4.2.1). This corresponds to the classical variation of constants formula for solving
inhomogeneous equations. It turns out that although the noise takes values in a much rougher
space, due to the smoothing properties of the semigroup Sp(¢) the stochastic convolution attains
values in the space of continuous functions. The nonlinear equation can then be solved with a
fixed point argument in this space. Note that this argument is strictly restricted to one space
dimension. In higher dimensions the smoothing property of the semigroup does not suffice to
ensure that the process fot So(t—s)dW (s) takes values in a function space. Therefore, the solution
of such nonlinear equation in higher space dimensions is in general not possible. We therefore
restrict ourselves to the one dimensional case. The disadvantage of this approach is that solutions
to (4.2.2) only formally correspond to equation (4.2.1). In particular in this setting one has to
be very careful, when one wants to apply the Ito formula. We will now describe this procedure
in some detail and then show that the process one obtains is Markovian, reversible, and that the
unique invariant measure is given by

1
1 (du) = %exp(—é /_ 1 F(u(s))ds)u(du), (4.2.3)
where v is the distribution of the Brownian bridge with the same boundary condition as in (4.2.1).
Z* denotes the appropriate normalization constant that ensures that u® is a probability measure.
One should note that also the opposite direction of reasoning is possible. With the measure
(4.2.3) one can write down the infinite dimensional Dirichlet form corresponding to (4.2.1). Then
the general theory of Dirichlet forms gives the existence of a reversible process, which can be
identified as a solution to (4.2.1). See [AR90] and the references therein for more about this
approach.
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Reversibility of finite dimensional gradient flow

To motivate the considerations below, let us consider the case of finite dimensional gradient
flows first. Consider the equation

da; = —VH(z,)dt + V2dW;,

where now z; is supposed to be an R?valued process, W; is a d dimensional Brownian motion,
and H : RY — R is a function. In order to obtain well-posedness of the equation assume that H
is at least of class C1'! and satisfies a growth condition at oo, say H(x) > C|z| for |z| sufficiently
large. Then the measure

u(dx) = %exp(—’l-{(x))dx

is the unique reversible measure for the above diffusion. In fact, in order to see that p is indeed a
reversible measure, denote by
L=A-VH-V

the generator of the diffusion and calculate for f,g sufficiently nice:

/ £(z) (Lg(x)) p(dx)

[ 1@ @@ i@ ~ [ 1) (VH(z) - Tg(a) (o)
- [ V5@ Vo) - [ £@)9() - (~TH() a(
- [ #@) (VH(a) - Vo(a)) n(ax
— [ 1) Totautn
[ ot@) (€5 i), (4.2.4)

In this setting the symmetry of the generator with respect to p also implies the symmetry of the
semigroup. The stochastic interpretation of this property is, that, if IP# denotes the distribution
of the process with a random initial condition distributed according to u, then for every 7' the
processes (x4, t € [0,T]) and (zp_¢,t € [0,T]) have the same law. In particular p is an invariant
measure for the process. Uniqueness of this invariant measure essentially follows from the non-
degeneracy of the noise, which implies that the semigroup of the process has the strong Feller
property.

The infinite dimensional equation has a similar structure. In fact the Allen-Cahn equation is
given as the accelerated L?-gradient flow of the real Ginzburg-Landau energy

2
1
HE (u) = /EM + 2 Flua))dx
i.e. the above equation can formally be written as
gu = —EV HE (u) + V2W,
a e ¥ b

where W, is a standard Wiener process on L?[—1,1]. A formal application of the finite dimensional
results would suggest that the invariant measure should be proportional to

j(dut) ~ exp (—in(u)) du ~ exp (- / M + 12F(u(ac))dx) du,

3

and, if one accepts Feynman’s heuristic that

o (- [T,
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is proportional to the distribution of a Brownian bridge, one obtains the desired form of the
invariant measure.

Ezistence and uniqueness for the infinite dimensional system

We will now sketch how to prove global existence and Markov property for the solution of
(4.2.1). In order to avoid the inhomogeneous boundary data consider v(z) = u(z) — = instead.
Then v solves

Coe,1) =dole 1) + g(o(a), ) 4 VIV () (B E (L) XR,  (425)
v(z,0) =wvo(x) v(£1,t) =0 rze(-1,1), telRy,
where 1
9(0,2) =~ F'(0+ ),
and vg(x) = ug(x) — x. We will solve this equation on the space Co[—1,1] = {u : [-1,1] —

R: w continuous and u(+1) = 0}.

Before treating the nonlinear equation let us first recall some facts about the linear equation

%z(m,t) =Az(x,t) + V2W(x,t) (z,t) € (—1,1) x Ry (4.2.6)

z(x,0) =wvo(x) 2(+1,¢t) =0 ze(=1,1),t € Ry.

There are several approaches to study this equation. The easiest approach is probably the decom-
position into a system of infinitely many independent stochastic ordinary differential equations.
To this end for k = 1,2, ... define the functions e; as

ex(z) = sin <’“2”(x + 1)> .

The (ex)ren form the basis of eigenfunctions of the Dirichlet-Laplace operator on [—1,1] and

the associated eigenvalues are given as A\, = — (%)2 Then (4.2.6) can be written as z(x,t) =
> ak(t)er(z) where the coeflicients xy, solve

dag(t) = =Mk (£)dt + V2dWF (1), (4.2.7)

for independent Brownian motions W* = (W (t),ex). Similar to the finite dimensional case so-
lutions to (4.2.6) are referred to as infinite dimensional Ornstein-Uhlenbeck process. ! The con-
vergence of the formal sum u(x,t) = > zx(t)ex(x) in C([0,T], L?[-1,1]) follows directly with an
application of the maximal inequality. In order to obtain convergence in C([0, 7], Co[—1,1]), one
has to apply the Kolmogorov-Chentsov criterion. To be more precise this argument yields that
solutions z(z,t) are locally a-Hélder-continuous for every a < 1 as function of the space variable
x for fixed ¢ but only locally S-Hoélder continuous for every 8 < 231[ as function of the time variable ¢
for fixed z. In particular for every z € (—1,1) the process (2(z,t),t > 0) is not a semimartingale?.
As in the finite dimensional case the process is reversible and the reversible measure is given by
a normal distribution. To be more precise (4.2.7) shows that the k-th mode (u(¢),ex)r2 has as

1

reversible measure A (0, ﬁ)’ such that for the full process one obtains a normal distribution on

INote that this Ornstein-Uhlenbeck process does not coincide with the Ornstein-Uhlenbeck process usually
treated in Malliavin-Calculus. That process corresponds to the equation

dz(z,t) = —z(z, t)dt + V2(—=A) " 2dW (w, ).

Both processes possess the same reversible measure.
2For a discussion of the regularity of the linear equation the reader is referred to the very motivating lecture
notes [H09]. There the regularity is discussed on a formal level on page 5 and on a rigorous level in section 5.1
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L? with covariance operator (—A)~!, which can be identified with the distribution of a Brownian
bridge. In fact, for a Brownian bridge (X, ¢ € [~1,1]) one has for test functions ¢ and x:

E{/_llgo(s)Xsds /_11 X(S)Xsds} :/_11 lllw(s)x(t)E[Xth]dsdt
:/_11 /_11<p('9)><(t)(3/\t+1—(“3“)2(”1))01“1t
=/_11 o(5)(~A) " x(s)ds. (4.2.8)

Here in the last line we have used the fact that the integral kernel given by the covariance structure
of the Brownian bridge coincides with the Green function of the Dirichlet-Laplace operator. Note
that the same solutions can also be written as mild solutions:

2(t) = S(t)2(0) + V2 /0 t S(t — s)dW,.

Here S(t) denotes the heat semigroup on [—1, 1] with Dirichlet boundary conditions. Rewriting
the semigroup in the eigenbasis (ex)ren one can see immediately that this is equivalent to the
approach just discussed.

Let us now deal with the nonlinear equation. The nonlinearity ¢ in (4.2.5) is not continuous
from L?[—1,1] — L?[—1,1] but it defines a nice continuous operator from Cj into itself. In fact
one has even more: If v and v satisfy ||u|lco < 7 and ||v]|e < r for some large r one has for all
z € [—1,1]

l9(u(z), z) — g(v(z), )| = E%IF'(U(CE) +x) = F'(v(z) + o)

1
< sup [F'(w)llu— v, (4.2.9)

€% Jw|<r+1

1], given by

such that one can conclude, that the nonlinear operator G : Co[—1,1] — Cp[—1,
(w)], equation

G(u)(z) = g(u(x),x) is locally Lipschitz. In fact setting C, = E%supmgr+1 |F"
(4.2.9) can be restated as
[G(u) = G(v)[loo < Crllu—v]lo (4.2.10)

for ||u||oo, ||¥||co < 7. Furthermore, defining the operator H: Cy[—1,1] — R as H(u) = f_ll L F(u(z)+
x)dx the operator G can be interpreted as L?-gradient of H in the following sense: H is Fréchet
differentiable and for every u,h € Cy[—1,1] one has

1
DHu](h) := 161?01 5 (H(u+ 6h) — H(u))

— 6% /_1 F'(u(x) + z)h(z)dx

= — (G(u), ) 2. (4.2.11)

Now we want to construct global solutions to (4.2.5). We look for mild solutions to the nonlinear
equation, i.e. functions v, that satisfy

v(t) = S(t)v(0) + \/ﬁ/ot S(t— s)dWs + /Ot S(t — s)G(v(s))ds. (4.2.12)
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To get local existence we will fix the path z(t) = S(t)v(0)+\/§f()t S(t—s)dW, € C([0,T],Co[—1,1])
and look for solutions of the mild formulation of the equation pathwisely. To this end note that
the mapping

Ou(t) = 2(t) —l—/o S(t—s)G(v(s))ds

maps C([0,T], Co[—1,1]) into itself. As the maximum principle implies ||S(¢)|lc,—c, < 1, one gets

100(t) — 2(t)]]oo < / 1G (w(5)) | oods.

Therefore, with (4.2.10) one can conclude, that for fixed r and a T'" = T'(r) chosen sufficiently
small © maps B, (z) = {u(t) € C([0,T], Co[—1,1]): supyepo 1) [lu(t) — 2(t)[|cc <7} into itself. In a

similar way for u,v € B,(z) one can see with (4.2.10) that

1©u(t) — ©v(t)]|oo S/O 1G(u(s)) = G(v(s))loo ds

<Ct sup ||u(s) — v(s)] oo
sE[O,t]

such that— possibly by choosing a smaller ¢t— the mapping O is a contraction. The Banach fixed
point theorem then yields the local existence and uniqueness of mild solutions. In order to get
global existence, due to the local boundedness of G, it is sufficient to prove that on a finite time
interval [0, T] the norm ||u(t)||s cannot explode. To this end for a fixed path z(¢) write 0 = v — z.
Formally we would like to conclude that o solves the (nonstochastic) PDE

d
%f)(z, t) = Av(z,t) — F'(0(z,t) + = + 2(x,1)). (4.2.13)
Then, using the fact that sign(u) — F'(u) attains only negative values for |u| sufficiently large, we

could conclude using a comparison principle that ||9]|- cannot explode on a compact time interval
[0, 7.

Unfortunately, equation (4.2.13) is not true, as we only know that the mild formulation of
the nonlinear SPDE holds. In order to make the argument rigorous, one can take the mild
solutions of (4.2.5) with the Laplace operator replaced by its Yoshida approximation. Then one
can prove nonexplosion for these regularized solutions. In this argument the maximum principle
is replaced by the fact that by the Hille-Yoshida Theorem the Yoshida approximation of the
Laplacian generates a contraction semigroup on Cy[—1, 1]. Then, using the fact that the solutions
of the approximated equation converge to solutions of the original problem, one can conclude
nonexplosion for the original process. See [dPZ92] page 201 for the detailed calculations. The
Markov property follows from the pathwise uniqueness.

Reversible measure

In order to show that the reversible measure has the right form, we perform a finite dimensional
approximation: For u € L?[—1,1] denote by I, (u) the orthogonal projection on the linear space
spanned by ej,...,e,. For fixed u in Cy[—1,1] the sequence ﬁ;(u) converges to u in L?[—1,1]
but in general it is not true that this convergence holds in Cy[—1, 1]. Nonetheless it is possible to
define symmetric projection operators IT,, : L?[—1,1] — span(ey, . ..e,) such that the convergence
alsl holds in Cy[—1,1] (see|Z89], Proposition 3 on page 244). * Now instead of the full system

3In the case of usual Fourier polynomials this approximation is given for example by the Césaro mean of the ﬁ;
1~
IIpu = -~ Zlﬂl(u)
iz

This result is well known as Fejer’s theorem.
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(4.2.5), we first treat the following finite dimensional system:

on(t) = o2 (t) + /0 S(t — 8L (G(Iyv(s)))ds. (4.2.14)

As this system is finite dimensional, the mild solution can rigorously be written as the solution to
an equation of the type (4.2.4) and thus the same reasoning as above yields, that the measure

n 1 n
ut = ﬁexp(—Hn(u))V (du),
is reversible for (4.2.13). Here v™ is the finite dimensional projection of the Brownian bridge and
H,(u) = H(II,(u)). In this last step the symmetry of the projections II,, is used. One can thus
conclude that for ¢, x € Cp(Co[—1,1]) one has

/ () P (1) ™ () = / (1) Pop(a0) ™ (),
Co

Co
where P;* denotes the semigroup associated to (4.2.14). Then, by passing to the limit n — oo,

(which requires a little more work and the uniform approximation property of the operators II,,)
one obtains:

/ () Py () u(dls) = / (1) Prp(ae) ().
Co Co

This yields the desired result if one inverts the transformation back to the nonhomogeneous bound-
ary data. As in the finite dimensional case, the nondegeneracy of the noise can be used to show
the strong Feller property and the uniqueness of the invariant measure.
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