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Abstract

In the present paper we study stochastic homogenization for reaction—diffusion
equations with stationary ergodic reactions (including periodic). We first show that
under suitable hypotheses, initially localized solutions to the PDE asymptotically
become approximate characteristic functions of a ballistically expanding Wulff
shape. The next crucial component is the proper definition of relevant front speeds
and the subsequent establishment of their existence. We achieve the latter by finding
a new relation between the front speeds and the Wulff shape, provided the Wulff
shape does not have corners. Once front speeds are proved to exist in all directions,
by the above means or otherwise, we are able to obtain general stochastic homoge-
nization results, showing that large space—time evolution of solutions to the PDE is
governed by a simple deterministic Hamilton—Jacobi equation whose Hamiltonian
is given by these front speeds. Our results are new even for periodic reactions, par-
ticularly of ignition type. We primarily consider the case of non-negative reactions
but we also extend our results to the more general PDE u; = F(D2u, Vu,u,x,w),
as long as its solutions satisfy some basic hypotheses including positive lower and
upper bounds on spreading speeds in all directions and a sub-ballistic bound on the
width of the transition zone between the two equilibria of the PDE.

1. Introduction and Main Results

1.1. Background and Informal Discussion of the Main Results

The primary motivation for this work is the understanding of long-time behav-
ior of solutions to heterogeneous reaction—diffusion equations in random media.
Specifically, we are interested in equations of the form

up = Au+ f(x,u,w) on(0,00) x R?, (1.1)
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with a given initial condition u«(0, -) (or, more generally, u(0, -, w)). The argument
w is an element of some probability space (€2, F, [P) which models the random
environment via a random (stationary ergodic in the spatial variable x) nonlinear
reaction function f (-, -, ®). We are primarily concerned with ignition and monos-
table reactions here (see Section 1.3 for the precise hypotheses), which model
phenomena such as combustion, chemical kinetics or population dynamics with u
representing the temperature, the concentration of a reactant, or the density of a
species. Nevertheless, several of our results can be generalized to other types of re-
actions (including bistable and mixed types), as well as to other “phase transition”
processes modeled by the more general PDE

uy = F(D*u, Vu,u,x,w) on (0, 00) x RY, (1.2)

(see Section 1.4 below). This includes, for instance, some (viscous) Hamilton—
Jacobi equations with possibly non-convex or non-coercive Hamiltonians, or the
porous medium equation.

These equations are frequently used in modeling invasions of one equilibrium
state of a physical process by another, such as forest fires (burned area invades
unburned regions) or the spreading of invasive species. It is standard to let these
equilibria be u~ = 0 and ut = 1, in which case one considers f(-,0,-) =
f(,1,-) = 0andsolutions 0 < u < 1 (thelatter being guaranteed by 0 < u(0, -) <
1). However, our results can again be extended to more general situations, including
with w-dependent equilibria ™ (-, ) < u™* (-, w).

When studying long-time (and thus also large-scale) evolution of solutions to
(1.1), it is natural to consider the rescaled functions

t
ub(t, x, w) ::u(—,i,a)), (1.3)
e ¢
with & > 0 small. This turns (1.1) into
€ e 1 X d
Ut = eAu —i—;f(;,u,w) on (0, 00) x RY, (1.4)

making the scale of the heterogeneities in f microscopic. One might therefore hope
that in the limit ¢ — 0, we can observe an effective homogeneous deterministic
behavior of solutions. Specifically, if one solves (1.4) with an initial condition that
is independent of ¢, w (or at least converges to an w-independent limit as ¢ — 0),
then the solutions u® also converge to some w-independent function u that solves a
PDE whose coefficients do not depend on x or w. This is the principal goal of the
theory of homogenization of (1.1) and other PDE.

Before diving into a more detailed discussion of this problem and its history,
let us briefly list here our main results for the convenience of the expert reader.
The main results for reaction—diffusion equations (1.1) are Theorems 1.4 and 1.7,
which prove stochastic homogenization for these models under suitable hypotheses,
and Theorem 1.8 and Corollary 1.11, which provide stronger results in the special
cases of periodic and isotropic reactions. Generalizations to the PDE (1.2) appear
Theorem 1.12. These results, as well as the relevant definitions and hypotheses
appear in Subsections 1.3 and 1.4 below. For a discussion of the relationship of
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our results to previous work on homogenization for Hamilton—Jacobi equations,
we refer the reader to Section 1.2.

The first question to answer in the setting considered here is how do the limits
u of solutions to (1.4) look, and which PDE (if any) do they solve. In many models,
the limiting solutions have the same (or even better) regularity as the original ones,
and the homogenized PDE are of the same type as the original PDE. This is not
the case for (1.1). As one can notice from observation of the physical processes
modeled by the PDE, the width of the transition zone between the two equilibria
(that is, the distance of points with u(f, x) = n from those with u(¢,x) = 1 — 7,
for small n > 0), is frequently uniformly bounded in time. Indeed, as fires spread
through forests, the scale of the burned region grows roughly linearly in time but the
actively burning areas are typically confined to neighborhoods of time-dependent
curves whose widths are bounded uniformly in time. If the solutions to (1.1) exhibit
the same bounded width behavior (see Theorem 2.3 below), then the scaling (1.3)
necessarily requires the limiting solutions (if they exist) to only take values 0 and
1, and thus be characteristic functions of time-dependent subsets of R4,

Of course, if general solutions become characteristic functions of sets in the
& — 0 limit, it is natural to consider initial conditions that are also (approximate)
characteristic functions. Homogenization for (1.1) should therefore involve initial
conditions satisfying

lim u?(0, -, w) = Kk xa
e—0

in some sense, with x4 the characteristic function of some given initial set A € RY
and ¥ < 1 close to 1, and the corresponding solutions to (1.4) should then for
almost all w have the limit

lim u( - 0) = Xer (=) (15)
e—

in some sense, with @4 C (0, 00) x R some w-independent set. Of course, in
that case u cannot solve a second-order PDE like (1.1). Indeed, as our main results
show, the homogenized solutions will instead solve a first-order Hamilton—Jacobi
PDE (specifically, (1.9) below) in the viscosity sense, with the set ®ZA = {x €
RY | (t,x) € ®4)} expanding at any point of its boundary with normal velocity
that depends on the normal vector at that point but not at the point itself (with
appropriate modifications when 8@;“ does not have normal vectors everywhere).
We note that while sometimes the homogenized solutions also satisfy a (possibly
non-isotropic) Huygens principle (see Theorem 1.4(iv) below), this is not always
the case.

The reason for the propagation velocity being only dependent on the normal
vector is that if 9@ has a tangent with outer normal e € S?~! at some point, then
after rescaling from (1.4) back to (1.1), @;4 will be close to a half-space with outer
normal e on a ball of size 0(%) centered at the “rescaled” point. Its propagation
speed should therefore be determined by the speed of propagation of solutions
starting from (approximate) characteristic functions of half-spaces with normal
vector e (that is, front-like initial data oriented in direction e). If such (deterministic)
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front speed indeed exists, it must be independent of which half-space with normal
e we consider due to stationarity and ergodicity of f.

The existence of the front speeds for general stationary ergodic reactions in
several dimensions d = 2 is, however, a non-trivial question, and it is the main
reason for a dearth of homogenization results in this setting. (For the case d = 1,
(H){‘ is typically an interval and hence its boundary has a trivial geometry, see
[17,26,30,39,40,52] and the references therein.) Due, in part, to this, the only such
result in dimensions d > 2 prior to the present paper appears to be homogenization
for stationary ergodic KPP reactions by LIONS and SOUGANIDIS [37, Theorem
9.3]. We note that KPP reactions are a subclass of monostable reactions, satisfying
fx,u,w) < fu(x,0, wuforall (x, u, w) € RY x [0, 1] x €2, and were first studied
in the one-dimensional homogeneous setting by KoLMmoGOrov, PETROVSKII, and
Piskunov [34] as well as by Fisher [25]. Crucially, their properties allow one
to study them via their linearization at u = 0, as the two dynamics typically
agree in the leading order. This was at the core of the Lions—Souganidis approach,
who perform the Hopf—Cole transformation v® := In u® to convert the problem of
stochastic homogenization for reaction—diffusion equations with KPP reactions into
the problem of stochastic homogenization for viscous Hamilton—Jacobi equations.

In the case of periodic (in x € Rd) reactions, it is known from the works of
XIN [49] and BErResTYCKI and HAMEL [16] that front speeds indeed do exist for
very general ignition and monostable reactions. These are obtained after finding the
corresponding pulsating front solutions to (1.1) in direction e, which are of the form
u(t,x) = U(x-e—ct, x), with U periodic in the second argument and satisfying the
boundary conditions limg_, o, U(s, x) = 1 and limg_, o, U (s, x) = 0 uniformly
in x. Here both the front profile U and front speed ¢ are unknown, and the speed of
propagation of typical solutions whose initial data vanish on a half-space with inner
normal e is the unique (for ignition f) or minimal (for monostable f) pulsating
front speed in direction e.

As these results are more than 15 years old, one might think that homogenization
has already been proved for general periodic reactions. Nevertheless, the step from
the existence of pulsating fronts to homogenization is far from trivial. In fact,
other than the general stationary ergodic KPP result in [37], homogenization has
previously only been proved for monostable periodic reactions and convex initial
sets A with smooth boundaries, in a recent work of ALFARO and GILETTI [1]. Hence,
our treatment of general stationary ergodic reactions also establishes new results for
periodic reactions, and we will obtain as a byproduct not only the result of Alfaro—
Giletti (under slightly weaker hypotheses on f and without the requirement of
smoothness of d A) but also full homogenization for periodic ignition reactions (that
is, for any A). In fact, we prove homogenization whenever (1.1) has a deterministic
exclusive front speed (see Definition 1.6 below) in each direction e, which is the
case for periodic ignition reactions in any dimension.

Homogenization results have, however, been obtained in the case of (1.1) with
homogeneous reactions f(x, u) = f(u) and periodic linear terms. In [14], Bar-
les and Souganidis develop their theory of generalized front propagation, which
essentially handles crystal-growth-like models where normal growth speeds are
given but the boundary of the crystal may be quite rough. One of its applications
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is the proof of homogenization in the case of homogeneous bistable reactions with
fol f(u)du > 0 and spatially periodic linear terms, under the hypothesis of exis-
tence of pulsating fronts in all directions for this model. (Bistable reactions have
f(u) < Ofor all small # > 0, and one of us has in fact shown that pulsating fronts
need not exist and homogenization need not hold for heterogeneous bistable reac-
tions, even periodic ones in one dimension d = 1 [53].) An important advantage
of bistable reactions is that solutions with small enough initial data converge to 0,
which means that if front speeds do exist, they are automatically the exclusive front
speeds from Definition 1.6. Since this convergence does not hold for non-negative
reactions, which we consider in the present paper (and in particular, Hypothesis
(H4) from [14] is not satisfied for them), we need to introduce the new concept of
exclusive front speeds here.

Homogenization for the ¢ — 0 limit of (1.4) with ahomogeneous KPP reaction
f(u) and also time-dependent advection V (¢, x, e "%, e~%x), periodic in the last
two arguments and with & € (0, 1], was studied by MAIDA and SouGaNIDIS [38].
They proved that the limit is O and 1 on the sets {Z < 0} and int{Z = 0}, respec-
tively, where the function Z < 0 solves some Hamilton—Jacobi equation on the set
{Z < 0}. The advection field becomes V (7, ex, €' 7%, ¢! =%x) in the scaling of
(1.1), soif it is constant in the first two arguments and & = 1, then one obtains (1.1)
with a homogeneous KPP reaction and an e-independent space—time periodic ad-
vection V (¢, x). That is, the homogenization limit is then also the large space—time
limit for (1.1) that we are studying here for general stationary ergodic reactions.
We note that in this “e-independent” case [38] also identifies a Hamilton—Jacobi
equation like (1.9) below that governs the evolution of the homogenization limit,
provided V is divergence-free. Although the relationship to the relevant pulsating
fronts (whose existence had not yet been established at that point) is not investi-
gated in [38], one can conclude existence of pulsating front speeds for periodic
incompressible advections and homogeneous KPP reactions from this result.

While the periodic results for non-KPP reactions are crucially dependent on the
existence of pulsating fronts, it is not clear whether some analogous solutions exist
for general stationary ergodic reactions. (Also, since it follows from the results of
one of us that no reasonable definition exists that would yield such solutions for
general heterogeneous reactions in dimensions d = 2 [54], one can in general only
hope for their existence for almost all @ € €2 at best.) In this work, we are therefore
left with the task of defining and identifying front speeds without the existence of
some special front solutions.

We achieve this goal by first defining the front speeds ¢*(e) via tracking solu-
tions evolving from (approximate) characteristic functions of relevant half-spaces
(see Definition 1.3). Then, under appropriate hypotheses, we identify these front
speeds by relating them to another family of speeds that is relevant to the question
at hand—the spreading speeds w(e) (see Remark 1 after Definition 1.2). These are
the asymptotic speeds of propagation in different directions e € S~ of solutions
starting from compactly supported initial data (with large enough supports so that
propagation happens, that is, lim,_, o, u(¢, x) = 1 locally uniformly on R¢). In the
case of periodic reactions, the spreading speeds are known to exist and can be found
from the (unique/minimal) pulsating front speeds (which coincide with our front
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speeds ¢*(e) in the periodic case) via the Freidlin-Gdrtner formula

we) = it S (1.6)

deSl-1&ele>0 € - €

This was obtained by FREIDLIN and GARTNER [30] (see also [27]) for periodic
KPP reactions, and was extended to periodic monostable and ignition reactions
by WEINBERGER [48] and Rosst [45]. Of course, existence of spreading speeds
in all directions and the comparison principle show that after scaling down by 7,
general solutions with (large enough) compactly supported initial data converge to
the characteristic function of the Wulff shape

S = {se le e SV and s € [0, w(e))} (C RY) 1.7)

ast — 0o.

In the case of stationary ergodic reactions, however, we reverse this process—
we start by identifying the spreading speeds rather than the front speeds. This
should be an easier task in non-periodic media as it involves solutions evolving
from compactly supported data rather than from characteristic functions of half-
spaces, contrasting with periodic media, where the pulsating front ansatz turns
(1.1) into a degenerate elliptic PDE on the quasi-one-dimensional domain R x
T“. We use here the subadditive ergodic theorem (Theorem 2.6) together with
results guaranteeing that solutions have bounded widths (Theorem 2.3) to obtain
existence of the spreading speeds and the (convex) Wulff shape S under fairly
general hypotheses (see Theorems 1.4(i) and 1.12(i)), at least in dimensions d < 3.

Once this is achieved, consider a solution u of (1.1) evolving from compactly
supported initial data and let y € 0S be any point at which dS has a tangent
hyperplane with some unit outer normal vector e. Then for all large ¢, the solution
u is o(t) close to the characteristic function of the half-space {x-e < ty-e}inano(¢)
neighborhood of the point ry € 9(¢S). If we can obtain good enough bounds on the
difference of u and the solution u’ starting from the (approximate) characteristic
function of this half-space, valid for a time 7’ during which u expands from ~ x,s
to ~ X(:++)S» then we would show that near the point ty and on the time interval
[z, '], the solution u’ is close to the characteristic function of the above half-space
moving with speed w(ﬁ)li—" - e in its normal direction e. This and convexity of S
would then yield the inverse Freidlin-Gdrtner formula

c*(e) = sup w(e)e -e. (1.8)

e'eSd-1

In reality, the above argument has to contend with (otherwise uncontrollable) o(¢)
errors, which means that the o(¢) above as well as ¢’ would instead have to be of size
O(t), thus causing additional difficulties. Nevertheless, after carefully calibrating
their mutual proportionality constants, we will be able to execute this approach in
a rigorous fashion and obtain existence of front speeds in all directions e that are
outer normals to S (see Theorem 1.4(ii)). If S has no corners, then this includes all
ee S
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We note that Theorem 2.3 is restricted to dimensions d < 3, and this limitation
is sharp. As aresult, our proof of existence of the Wulff shape for stationary ergodic
reactions only applies in this setting. Nevertheless, if one can prove existence of
a Wulff shape in another setting by other means, our method provides existence
of front speeds in all its normal directions. Similarly, as we discuss below, the
existence of (exclusive) front speeds in all directions is itself also sufficient for our
main homogenization results to hold. This, in particular, is the reason why we are
able to establish homogenization for periodic reactions in any dimension.

It is remarkable that despite the long history of the subject, formula (1.8) for
normal vectors to dS appears to be new even in the periodic setting. In fact, our
search of the literature for such a formula while writing this paper only yielded the
works of SOrRAVIA [46] and of OSHER and MERRIMAN [42], in which they primarily
study the growth of crystals with an a priori given growth speed c*(e) in each
normal direction e to the crystal’s surface (so no reaction—diffusion equations).
They show the emergence of a Wulff shape S from (1.7) for this growth, satisfying
(1.6), and also find that if the function c¢* (ﬁ) |y| is convex, then (1.8) holds as well.

Additionally, Osher and Merriman show that any initial crystal A € R? grows in
time ¢ into A 4 ¢S (for each r > 0) when ¢* (Ii_;l) |y| is convex and, conversely, they
observe that if any initial crystal A grows as A +¢S for some convex set S, then the
normal speed ¢* of this growth satisfies (1.8) and c*(li—’|)| y| is convex. Of course,
since for each unit vector e one can choose an initial crystal A whose boundary
contains (an open subset of) the hyperplane {x -e < 0}, (1.8) is immediate from the
growth being A + tS. In contrast, here we only use emergence of the Wulff shape
for solutions with compactly supported initial data, which in the large space—time
scaling limit corresponds to the Osher—Merriman growth rule @,A = A +1S for
only the set A = {0}.

We also note that the Osher—-Merriman growth rule (which is the non-isotropic
Huygens principle) is the model currently used by Canadian Forest Fire Prediction
System. The relevant model, in which S is an ellipse whose parameters are deter-
mined from environmental factors such as wind speeds, is called Richards equation
[44]. Our main results for reaction—diffusion equations, namely Theorems 1.4(ii—
iv) and 1.7(ii), justify this approach for stationary ergodic media when the Wulff
shape is indeed an ellipse (or, more generally, when it has no corners).

It is important to stress here that we prove (1.8) for (1.1) only for vectors that
are unit outer normals to S. More generally and similarly to [42], (1.8) holds for
all e € S9! precisely when the function c*(ﬁ)|y| is defined everywhere (we let
itbe 0 at y = 0) and is convex, in which case we also recover the Osher—Merriman
growth rule for (1.1) in the asymptotic limit. This is in fact the case for general
KPP reactions [36]. However, it follows from the work of CAFFARELLI, LEE, and
MELLET [18, Theorems 2.6 and A.2] that there exist periodic ignition reactions in
two dimensions for which ¢* (I;;I) |y] is not convex—in which case our results show
that the corresponding Wulff shapes must have corners. On the other hand (1.6)
always holds (see Theorem 1.14).

Nevertheless, as long as existence of (exclusive) front speeds in all directions is
known—even if (1.8) does not hold for all e and hence ¢* (‘i) |y| is not convex—we
are still able to obtain homogenization results for (1.1). To achieve this, we will
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show that the lower and upper limits of u® as ¢ — 0 are deterministic viscosity
super- and sub-solutions, respectively, to the Hamilton—Jacobi PDE

va
i —c* (—%) Vi =0  on (0, 00) x R%, (1.9)

(We note that our method of showing this shares some elements with that employed
by Barles and Souganidis in their theory of generalized front propagation [14].) The
results of SORAVIA [46] and BARLES, SONER, and SOUGANIDIS [13] on uniqueness
of viscosity solutions to such equations can then be used to show that the super-
and sub-solution in fact coincide and hence the limit # := lim,_ o u® exists and
solves (1.9). This eventually yields our main homogenization results for (1.1),
Theorems 1.4(iii) and 1.7(ii). On the other hand, if (1.8) holds (hence we have the
Osher—Merriman growth rule) and the initial set A is convex, then we can obtain
homogenization by a simpler method in Theorem 1.4(iv) without having to resort
to the viscosity solutions theory for (1.9).

We should also mention here that the existence of a Wulff shape for (1.1) with
a homogeneous KPP reaction f(u) and space—time stationary ergodic divergence-
free advection V (¢, x, w) satisfying a finite moment condition has been proved by
NoLEN and XIN [41]. They did not study homogenization or front speeds for that
model—indeed, what they call front speeds are actually our spreading speeds w(e).

Finally, let us note that almost everything here applies to the more general
PDE (1.2) under some basic hypotheses, and we collect the corresponding main
results in Theorem 1.12 in Section 1.4 below. The results for (1.1) are contained in
Section 1.3.

1.2. Relation to Homogenization Results for Hamilton—Jacobi Equations

There is a vast literature on homogenization for Hamilton—Jacobi and viscous
Hamilton—Jacobi equations, such as

u; + HVu, x, o) = tr(A(x, a))Dzu),

with a coercive Hamiltonian H and a positive semi-definite matrix A, and we refer
to [3,4] and references therein for an overview of the subject. While we do not
study such equations here, let us review the similarities and differences between
these results and ours.

A typical Hamilton—Jacobi homogenization result considers continuous initial
data u®(0, -, w) = g(x) in the rescaled equation

uf—l—H(VuE,)—C,a)) =8tr<A (i,w) Dzus) (1.10)
e e

. rox
u(t,x,w):=¢cul|l—-,—,w].
e ¢

This scaling differs from the natural scaling (1.3) in the reaction—diffusion case
by a factor of ¢, so while in the Hamilton—Jacobi case any interval of values for

for
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the unscaled equation is compressed to a single value in the ¢ — 0 limit, this is
not so in the reaction—diffusion case, where one needs to also show that the width
of the transition zone between the regions where u® ~ 0 and u® =~ 1 becomes
infinitesimally small in the ¢ — 0 limit, at least almost surely.

This is not just a technical issue as was mentioned above: due to it, homoge-
nization need not happen for bistable reactions (even periodic ones in one dimen-
sion [53], although we do prove homogenization for general periodic ignition and
monostable reactions in any dimension in Theorem 1.8), and there exist stationary
ergodic ignition reactions in dimensions d 2 4 (even i.i.d. ones) such that the width
of the transition zone between u® ~ 0 and u® ~ 1 is almost surely unbounded in
time [54]. This is also why we need to define and establish/assume existence of
exclusive front speeds (rather than just of front speeds) in the strongest versions of
our homogenization results.

A second important difference is due to the relationship of the respective orig-
inal and homogenized PDE. In the ¢ — 0 limit, the second order term in (1.10)
disappears and H is replaced by another (homogenized) Hamiltonian H (Vi) (un-
der appropriate hypotheses). Thus the limiting equation is again a (non-viscous)
Hamilton—Jacobi equation, and the almost surely deterministic limit limg_, ¢ u®
remains continuous if g is. In the case of reaction—diffusion equations, the homog-
enized solutions are instead discontinuous viscosity solutions to the Hamilton—
Jacobi equation (1.9) (again under appropriate hypotheses). Moreover, unlike in
the Hamilton—Jacobi case, the main term in (1.9) does not have a counterpart in the
original PDE. This, in particular, makes it difficult to obtain counterparts of various
results in the Hamilton—Jacobi case, where the assumption of convexity of H—or
at least convexity of its sub-level sets [3]—in the first argument has been central (of
course, then H has the same property). Indeed, we do not know of a comparable as-
sumption on the reaction f that would simplify the task of proving homogenization
for (1.1), except in the KPP case (see below). In fact, the abovementioned result
from [18] shows that even for the simplest periodic ignition reactions in two dimen-
sion, of the form f (x1, x2) = f(x), while existence of front speeds in all directions

is known, the Hamiltonian ¢*(—£;)| p| in (1.9) may have non-convex sub-level sets

(and hence be non-convex, too).l%lve note that relatively few positive homogeniza-
tion results have been obtained for Hamilton—Jacobi and viscous Hamilton—Jacobi
equations with non-convex Hamiltonians, see [2,5,6,19,21,24,28,29,35,43]. The
majority of these require somewhat restrictive structural assumptions on the Hamil-
tonian (for example, H(p,x,w) = H(p) + V(x, w)) and/or hold only in 1-
dimension, but Hamiltonians with finite range of dependence in x that are either
a-homogeneous in p with @ > 1 [2] or have star-shaped sub-level sets in p [24]
were also recently considered. In fact, counterexamples to stochastic homogeniza-
tion of Hamilton—Jacobi equations with non-convex Hamiltonians have recently
been obtained in [24,50].

As mentioned above, our approach to this problem starts with the proof of
the existence of the Wulff shape for (1.1) in Section 3. The method to achieve
this goes back to the study of first passage percolation and similar ideas have
also been recently employed in the study of homogenization for Hamilton—Jacobi
equations [3,4,22], although the reaction—diffusion case is somewhat more involved
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on account of the need for appropriate bounds on the width of the transition zone
discussed above. The analog of the Wulff shape in the Hamilton—Jacobi case are the
asymptotics of the solutions to the so-called metric problem. These solutions can
be shown to be approximate super-correctors for the PDE, and if the Hamiltonian
in (1.10) is convex—or at least has convex sub-level sets—in the first argument,
then their negatives will also be approximate sub-correctors. This and appropriate
comparison arguments can be used to show that the deterministic limit

H(p) = — gin% 8v°(0, w; p)
exists almost surely for the unique solutions to the macroscopic problem
SV +H(pPp+VY, x,0)=0

(for any fixed p € R?) [3,4]. The existence of this limit is similar in spirit to the
existence of our (exclusive) front speeds, and ultimately yields homogenization in a
standard way via the perturbed test function method introduced by Evans [23]. We
note that in the reaction—diffusion case, this last step is again more involved, needing
both existence of exclusive front speeds and the use of the theory of discontinuous
viscosity solutions to (1.9). We perform it in Section 5.

The above approach fails for general non-convex Hamiltonians, and likely does
not have an analog for reaction—diffusion equations. Instead, we show in Section 4
that the Wulff shape itself becomes a front-like solution (with some asymptotic
speed c*(e)) in direction e near the point ¢ty (asymptotically as t — 0o) whenever
y is a non-corner boundary point of the Wulff shape with outer normal e. We note
that the spreading speeds, which define the Wulff shape, are essentially the convex
dual to the front speeds if the latter exist. Therefore, y above is not a corner of the
Wulff shape precisely when positive multiples of e are extreme points of the level

sets of ¢*(— )| p|. This relates to [19], where it was proved that if homogenization

holds in proll)pa‘bility for a fairly general (viscous) Hamilton—Jacobi equation, then
correctors exist almost surely for any extreme point of any sub-level set of the
effective Hamiltonian. However, this approach needs to assume homogenization in
probability (except in the case of isotropic media, under some additional structural
assumptions), while our approach via the Wulff shape does not.

This idea can in fact also be applied to Hamilton—Jacobi equations with non-
convex Hamiltonians, and one can show that appropriate limits of solutions to a
version of the metric problem will almost surely be the desired correctors, provided
the level sets of these solutions do not have asymptotic corners in the relevant
direction [51]. Therefore, if the Wulff shape or asymptotic level sets of the solutions
to the metric problem have no corners (in which case we also find that ¢*(— ﬁ) |pl

resp. H(p) have convex sub-level sets), then full homogenization follows. The
no-corner question seems not an easy one to answer in general, but the answer
is always affirmative for isotropic media, when those shapes are just spheres (see
Corollary 1.11 below and [51]).

The one exception where neither of the above two difficulties applies are KPP
reactions. Indeed, in this case the dynamics of solutions is determined to the leading
order by values arbitrarily close to 0, so the non-compression of values as ¢ — 0
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does not cause a significant hurdle. As mentioned above, this also allows one to
use the Hopf—Cole transformation v® := In u® to essentially convert the reaction—
diffusion PDE into a viscous Hamilton—Jacobi PDE with a convex Hamiltonian, and
use results for such equations to obtain homogenization [37] (a more direct proof
of homogenization in the KPP setting will be provided in [36]). This is the reason
why stochastic homogenization for (1.1) in several dimensions had previously been
proved only for KPP reactions.

Moreover, for ignition reactions in several dimensions, not even periodic ho-
mogenization had been known to hold prior to our work. Nevertheless, we hope that
one should be able to overcome the issue of potential corners of the Wulff shape and
prove a general homogenization result at least for ignition reactions in dimensions
d < 3 that are i.i.d. in space. Such a result was proved for Hamilton—Jacobi equa-
tions in any dimension in [2], with Hamiltonians that are ¢-homogeneous in the first
argument with « = 1 and i.i.d. in space. For general non-KPP reaction—diffusion
equations, however, this remains an open question.

1.3. Hypotheses and Main Results for (1.1)

Let (2, F, IP) be a probability space that is endowed with a group of measure-
preserving transformations {‘Ty Q- Q}veRd such that

TyoT, =Tyrs

for all y, z € RY. Our reaction function f : R? x [0, 1] x & — [0, oo) will then
satisfy certain uniform bounds and be stationary ergodic:

(R1) Uniform bounds: f is Lipschitz with constant M = 1 and
f(x,0,w) = f(x,1,w) =0

for each (x, w) € R? x Q. There is also 6y € (0, 1) and a Lipschitz function
fo : [0, 1] — [0, c0) with fy(u) = 0 foru € [0, 6p] U {1} and fo(u) > O
for u € (6p, 1) such that

fou, 0) 2 fou)

for each (x, u, w) € RY x [0, 1] x .
If there is also & > 0 such that f(-,u,-) = 0 for u € [0, 0] and f is non-
increasing in # on [1 — 6, 1] (for each (x, w) € RY x ), then we say that
f is an ignition reaction.

(R2) Stationarity: for each (x, y, u, ) € R x [0, 1] x €2 we have

fG+yuw=fxu Tyo).

(R3) Ergodicity: if TyE = E for some E € F and each y € R?, then P[E] €
{0, 1}.
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The hypotheses on f and the definition of ignition reactions in (R1) obviously
imply that ignition reactions vanish for u near 0, that is, the ignition tempera-
ture inf{u > 0| f(-,u,-) # 0} is positive. On the other hand, reactions with
f(x,u,w) > 0 whenever u € (0, 1) are usually called monostable. Some of our
results will apply to general reactions satisfying (R1)—(R3), while others will only
apply to ignition reactions.

It follows from (R1) that for each w € 2, the functions u = 0, 1 are equilibrium
solutions of (1.1). The maximum principle then shows that if 0 < u(0, -, w) < 1,
then 0 < u(¢, -, w) < 1 for all + > 0 (we will only consider such solutions here).
However, our results immediately extend to the case when (1.1) has w-dependent
equilibriau™ (-, w) < u™" (-, @) and more general f (including of bistable and mixed
types). In that case we would also need to assume certain hypotheses analogous
to Definition 1.1 below in Theorems 1.4(i) and 1.7(i). Rather than stating these in
detail, we refer the reader to the hypotheses of Theorem 2.7 in [54] (and to Remark
2 after it), which is the result that replaces Theorem 2.3 below in the proof of those
results.

It follows from the work of ARONSON and WEINBERGER [7] that the equilibrium
u = 11s “more stable” than u = 0 when (R1) holds. Specifically, solutions to (1.1)
with initial data greater than 6 on large enough balls converge to 1 locally uniformly
as t — oo (see Lemma 2.1 below). In fact, this spreading occurs (asymptotically)
at speeds no less than cg > 0, the asymptotic spreading speed and traveling front
speed for the homogeneous ignition reaction fy. This speed is the one from the
unique (up to translation in s) solution (co, Up) to Uy (s) + coU;(s) + fo(Up) =0
with boundary conditions limg_, _», Up(s) = 1 and limg_, o, Up(s) = 0 (see [7]),
which means that for any e € S?=1 the function u(t, x) := Up(x - e — cot) is a
traveling front solution for

ur = Au + fo(u) (1.11)

moving in direction e.

To obtain the existence of a deterministic Wulff shape for (1.1), we will need one
more hypothesis on f, which is relatively mild for ignition reactions but introduces
more stringent limits on the behavior of monostable reactions at small values of
u. Loosely speaking, we will require that the solutions to (1.1) are pushed (as
opposed to pulled), meaning that their dynamics are determined by the values of
f at “intermediate” u (rather than at u near 0). We note that this is not the case for
KPP reactions, whose solutions are pulled in the above sense.

We will therefore consider reactions that are not too strong at small u, with the
strength of the reaction at some u being w (which is the exponential rate of
growth of solutions to the ODE u; = f(x, u, ®)). This obviously does not affect
ignition reactions at all, but we will also need to assume that once the reaction does
become strong as u increases, it cannot become arbitrarily weak until # ~ 1. This
essentially prevents the decoupling of the propagation of intermediate values of u
from the propagation of values near 1 (see (BW) below).

To satisfy both these requirements, we will assume in Theorems 1.4(i) and 1.7(i)
below that f € F(fo, M, ¢, &), for some ¢ < c8/4 and & > 0, with the class of
reactions F ( fo, M, ¢, &) defined below. (This hypothesis excludes KPP reactions,
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asany KPP f = fo is known to satisfy inf . crd o fu(x, 0, @) 2 c§/4.) We use
the convention inf J = oo.

Definition 1.1. For fy, M from (R1) and ¢, & > 0, let F(fo, M, ¢, &) be the class
of all f from (R1) such that

inf inf flx,u,w) Z &, (1.12)
(x,w)eRIxQ uelyy(x,w;¢),60]

where
vr(x, ;&) = inf{u 20| f(x,u, w) > Cu}. (1.13)

This and the results from [54] on bounded width of solutions to (1.1) (see
Theorem 2.3 below), which guarantee that the relevant solutions are pushed, will
enable us to prove existence of a deterministic Wulff shape for (1.1) in dimensions
d < 3. However, if one can show by some other means that appropriate solutions
are pushed in a very weak sense (see Theorem 1.12(i) below), then the hypotheses
f e F(fo,M,, &) and d < 3 are not needed to obtain a deterministic Wulff
shape. Moreover, our homogenization results also do not specifically require these
hypotheses.

Next we state our definition of a (deterministic) Wulff shape for (1.1).

Definition 1.2. Assume (R1), and let Ry > 0 be large enough so that the solution
to (1.11) with initial data u(0, -) = # XBg,(0) converges locally uniformly to 1
ast — oo (see Lemma 2.1 below). For any fixed w € €, let u,, solve (1.1) with
initial data
1+ 6y

uy(0, ) = 5 XBry(0)- (1.14)
If there is a continuous function w : S9! — (0, 00) such that with the (open
bounded) set S from (1.7) we have

lim inf  wu,(f,x) =1, (1.15)
1—00 xe(1-8)St
lim sup u,(t,x)=0 (1.16)
1= 20 4 ¢ (148)St

for each § > 0, then we say that S is a Wulff shape for (1.1) with this w € Q. If
there is Q29 C 2 with P[29] = 1 such that (1.1) with each @ € ( has the same
Waulff shape S, then we say that S is a deterministic Wulff shape for (1.1).

Remarks. 1. Of course, then w(e) is the (deterministic) spreading speed in di-
rection e for (1.1).

2. One may wonder about the choice of initial data for u,,, but the comparison
principle shows that the validity of (1.15) and (1.16) is independent of this
choice as long as the initial data are non-negative, compactly supported, have
supremum less than one, and the resulting solutions to (1.11) converge to 1
locally uniformly as t — oo (see the start of Section 3). In particular, the
definition is independent of the choice of Ry as long as it is large enough.
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In addition to the long time evolution of solutions starting from compactly
supported initial data, we will also need to consider the case of front-like initial
data. As explained in the introduction, while it is not clear whether the existence of
traveling or pulsating front solutions in periodic media extends to the existence of
some type of front-like solutions in random media, we will show that the analogous
question for front speeds can be answered in the affirmative in some cases. We will
use the following definition for the latter:

Definition 1.3. Assume (R1), and for any (w, ¢) € 2 X S9-1 ) Jet Ug. e solve (1.1)
with initial data

14 69

“w,e(os ) = TX{x-e<0}-

Fix any (v, ¢) € Q x S¢~1If there is c*(¢) € R such that for each compact set
K C {x~e>0}§Rdwehave

lim inf Upel(t,x) =1,
=00 xe(c*(e)e—K)t
lim sup Ugp,e(t,x) =0,
t_)ooxe(c*(e)e+K)t

then we say that ¢*(e) is a front speed in direction e for (1.1) with the fixed w € Q.
If there is 29 € Q with P[Q29] = 1 such that (1.1) with each w € ¢ has the same
front speed ¢*(e) in direction e, then we say that c*(e) is a deterministic front speed
in direction e for (1.1).

Remarks. 1. One can again consider instead any initial data

(90 + a)X{x~e<—a*1} g uw,e(ov ) g (1 - a)X{x.géa—l}a

with any o > 0.

2. In both these definitions we do require vanishing of the initial data for large
|x| resp. x - e, rather than just convergence to 0. The latter might result in
faster spreading speeds and front speeds depending on the decay rates and on
f (cf. Definition 1.6 below). The speeds we define here could therefore be also
called “minimal front speeds”, but we do not use this terminology here.

3. Definition 1.3 appears to be the first definition of front speeds that does not rely
on the existence of special solutions (such as traveling and pulsating fronts in
the homogeneous and periodic settings). However, it is conceptually related to
the (time-independent) planar metric problem introduced by ARMSTRONG and
CARDALIAGUET in [2] (see also [24]) in their study of stochastic homogenization
for quasilinear viscous Hamilton—Jacobi equations. In their work, for each e €
S?=1 the solution of this problem at a point z can be interpreted as a “distance”
(relative to the Hamiltonian in question) from z to the half-space {x - ¢ < 0};
they show that under appropriate hypotheses, such solutions converge almost
surely and locally uniformly to ¢,z - e as ¢ — 0, with ¢, some constant.
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The reason for only considering compact sets K in Definition 1.3 is unbound-
edness of the hyperplane {x - ¢ = 0} when d = 2. In general, one may therefore
expect to find arbitrarily large exceptional regions in its neighborhood, on which we
may observe propagation with speeds different from c¢*(e) on arbitrarily long time
scales. But since f is stationary ergodic, distance of such regions from the origin
grows very quickly with their size for almost all @ € €2, and they will therefore not
pose a threat for compact K. We also note that lower and upper bounds on the speed
of propagation in (1.20) (see Lemmas 2.1 and 2.2 below) allow one to replace com-
pactsets K C {x-e > 0}in Definition 1.3 by cones Cs := {x-e¢ = §+3|x—(x-e)e|}
forall § > 0.

With these definitions we can now state our first main result for (1.1) with gen-
eral stationary ergodic reactions (including both monostable and ignition ones),
whose homogenization parts (iii) and (iv) apply to convex initial sets A. As men-
tioned in the introduction, if deterministic front speeds exist in each direction and the
inverse Freidlin—Girtner formula (1.8) holds, we in fact obtain the Osher—Merriman
growth rule here. Specifically, the homogenized solution is xga,s, where S is the
Waulff shape and

04S = {(t,x) € (0, o0) de|xeA+t8}.

It is not difficult to see (and follows from the results in Section 5 below) that in this
case, Xga.s 1s a viscosity solution to the first order Hamilton—Jacobi PDE (1.9).
We actually then also have O4S = ©@4-¢" where the open set

Q4 = {(t,x) € (0, 00) x R |31, x) > o} (1.17)

is obtained by taking any uniformly continuous function v on R satisfying vy > 0
on A and 7y < 0 on R? \ A, and letting ¥ be the unique viscosity solution to (1.9)
with initial data 5(0, -) = Tg (then also ©4¢" is independent of the specific choice
of vg and 904" has zero measure, see Section 5). Our homogenization result here
continues to hold even if (1.8) does not hold for all directions e, with existence
of deterministic front speeds being the only requirement and xga,.+ the limiting
function.

Finally, for the sake of generality, we allow for O (1) shifts and o(1) errors in
initial data as ¢ — 0 in (1.4). For A € R? and r > 0, we therefore let B, (A) =
UXGA B,(x) = A+ B,(0) and A(r) := A\ B;(0A). For the sake of completeness,
let us also denote Bg(A) := A and A := A8 = int(A).

Theorem 1.4. Assume (R1)—(R3) and that A C R js open. Then we have that:

W) Ifd < 3and f € F(fo, M, ¢, &) for some ¢ < 68/4 and & > 0, then (1.1)
has a deterministic Wulff shape.

(i) If (1.1) has a deterministic Wulff shape S, then S is convex. Also, ife € S~ is
a unit outer normal of S and w is given by (1.7), then (1.1) has a deterministic
front speed in direction e, given by (1.8).
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(iii) If (1.1) has a deterministic front speed c*(e) in each direction e € S?~1, then
for almost all v € Q the following holds. If A is convex, « > 0, and u® (-, -, )
solves (1.4) and

(90 + a)XAOVI(S)‘i’}'g é u5(07 ) (1)) g (1 - a)XBw(S)(A)-‘ryg (118)
for each ¢ > 0, with some y, € B1,4(0) and limg_.q ¥ (¢) = 0, then
/

lim 4 (¢, x + ye, @) = xgact (£, x) (1.19)
e—0

locally uniformly on ([0, 00) x R%)\ 304" (and 904" has zero measure).
(iv) If (1.1) has a deterministic front speed c*(e) in each direction e € S then
it has a deterministic Wulff shape S with w from (1.7) satisfying (1.6) for each
e € S, Moreover, if (1.8) holds for each e € S~ (that is, c*(ﬁ) |y]| is

convex), then ©4<" = @45,

Remarks. 1. (ii) shows that Wulff shapes with tangent hyperplanes can give rise
to front speeds in stationary ergodic media (see Definition 1.5 below for the
relevant terminology).

2. Homogenization results are typically stated with = 0 and y, = 0 above. We
use the present form of (iii) for the sake of generality.

3. (iii) obviously extends to initial conditions that can take the value 6y on 0 A + y,
(in the limits x — 0A + y, and ¢ — 0) because « > 0 is arbitrary and the
convergences are locally uniform. We could even consider initial data with
some values in (0, 6p], but then there would be a transient initial time interval
during which the limiting solution # would also have values in (0, 6y]. The
region {u(¢, -) = 1} would then invade the region {u(z, -) € (0, 991} (both time-
dependent) at speeds that would depend on the unit outer normal vector to the
former region at each point x of its boundary as well as on the value u(z, x) at
that point. We do not pursue this generalization here.

4. Note that if the claim in (iii) holds, then it follows for any e € S?~! that c*(e)
is the deterministic front speed in direction e.

Definition 1.5. A hyperplane H C R is tangent to a Wulff shape S at y € SN H
when 95 N Bs(y) € Bgs)(H) for each § > 0, with lims_o %qﬁ(cﬁ) =0.IfSis
also convex, this is equivalent to H being the unique supporting hyper-plane for S
at y.) If e € S?~! is the unit normal vector to this H such that y + se ¢ S for all
small s > 0, then we say that S has unit outer normal e (at y). If each e € Sa-1 s
a unit normal of S, then we say that S has no corners.

Under a stronger hypothesis concerning propagation speed of front-like solu-
tions to (1.1), we are able to obtain homogenization for general initial sets A and
more general initial conditions than (1.18). Let us start with the following definition:

Definition 1.6. Assume (R1), and for (w,e,a) € Q x Sd-1 » [0, 1], let uy e o
solve (1.1) with initial data

ua),e,ot(os )= X{x-e<0} + O X{(x-e20}"
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Fix any (o, ) € Q x S?~1If (1.1) with the fixed w € Q has front speed c*(e) in
direction e, and for each compact set K C {x-e > 0} thereis g . : (0, 1] — (0, 1]
with limy 0 Bk .. (o) = O such that

lim sup sup Ugp,eall, X) < Bk e(a)
t—>00 xe(c*(e)e+K)t

for each o € (0, 1], then we say that ¢*(e) is an exclusive front speed in direction e
for (1.1) with the fixed w € Q. If there is Q¢ € Q with P[Q2¢] = 1 such that (1.1)
with each w € Qg has the same exclusive front speed c*(e) in direction e (with
the same Bk ), then we say that c*(e) is a deterministic exclusive front speed in
direction e for (1.1).

Remark. For (1.1) with ignition reactions, one can actually choose Bk () = «
for all sufficiently small « (see the proofs of Theorems 1.7(i) and 1.8(ii) below). We
will also see in Theorem 4.4 that under very mild hypotheses, Sx . can be chosen
to be independent of e.

In particular, it follows from this definition that if ¢*(e) is an exclusive front
speed for (1.1), then solutions that satisfy limy..— oo #(0, x) = Oandlim inf .., _
u(0, x) > 69 all propagate with exact speed c*(e) in direction e (in the sense of the
above definitions). Note that this is possible for ignition reactions but generally not
for monostable reactions. In fact, if for some w € Q2 wehaveinf  gs f(x, u, w) >0
for each u € (0, 1), then the solutions from Definition 1.6 satisfy lim;_, o inf  cga
u(t, x) = 1 whenever a > 0.

Part (ii) of the next result shows that existence of deterministic exclusive front
speeds in all directions yields homogenization for all initial sets A. In particular,
both its parts can be combined with Theorem 1.4(i,ii) to obtain a stronger version
of Theorem 1.4(iii) for ignition reactions.

Theorem 1.7. Assume (R1)~(R3) and that A C R4 is open. Then:

() If d £ 3, an ignition reaction f € F(fo, M, ¢, &) for some { < C8/4 and
€ > 0, and (1.1) has a deterministic front speed in direction e € S, then
(1.1) has a deterministic exclusive front speed in direction e.

(i) If (1.1) has a deterministic exclusive front speed c*(e) in each direction e €
S9=1 then for almost all w € Q2 the following holds. If & > 0 and u®(-, -, ®)
solves (1.4) and

(6o + O‘)XA(J,(Eﬁys § MS(O, L W) § X By (e)(A)+ye + 1/f(8))(]1@1\(31,,(&,)(A)+yg)

foreache > 0, withsome y. € B1/4(0)andlimg_.o ¥ (¢) = 0, then (1.19) holds
locally uniformly on ([0, c0) x R?) \ 904" (and 9©A" has zero measure).

Our results naturally apply to periodic reactions, as these are a special class of
stationary ergodic ones (we can then drop w from the notation and “deterministic”
from the terminology). The following result spells out this application, and also
shows that the front speeds defined here coincide with the unique/minimal pulsating
front speeds for these reactions:
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Theorem 1.8. Let | : R4 x [0, 1] — [0, 00) be Lipschitz, periodic in x € R4,
and satisfying f(-,0) = f(-,1) = 0. Assume that there is 0 > 0 such that on
RY x (1 — 6, 1), the function f is non-increasing in u and strictly positive. Let
0’ > 0 be the largest number such that f = 0 on R? x [0, 0], and assume that
sup,cgre f(x,u) > 0 foreachu 6', 1), then:

(i) The PDE
ur = Au+ f(x,u) (1.20)

has a front speed in each direction e € S, and this speed equals the minimal
pulsating front speed in direction e from [16]. In particular, Theorem 1.4(iii,iv)
apply to (1.20).

(ii) If ' > O (that is, f is an ignition reaction and the minimal speeds from (i)
are also unique), then the front speeds from (i) are exclusive. In particular,
Theorem 1.7(ii) applies to (1.20).

Remarks. 1. The hypotheses on f are those from [16], and while [16] requires
monostable reactions (that is, those with 8’ = 0) to be C 1.8 in u, thisis only used
in the study of pulsating fronts with speeds strictly greater than the minimal
speed (see Section 6 in [16]).

2. The results in [16] apply to general spatially periodic second order operators
in place of A (satisfying standard ellipticity hypotheses, as well as the first-
order term being divergence-free and mean-zero), which turn (1.20) into a form
captured by (1.2). Theorem 1.8 and its proof immediately extend to this case
(with the versions of Theorems 1.4 and 1.7 from Theorem 1.12 below).

3. The homogenization claim in (i) is a stronger version of the result of ALFARO
and GILETTI [ 1], who require smooth d A and 6" = 0, as well as slightly stronger
hypotheses on f.

Seeing the usefulness of Wulff shapes without corners in the study of front
speeds and homogenization for (1.1), it is natural to ask when a Wulff shape for
(1.1) has no corners. As mentioned in the introduction, a result from [ 18] shows that
‘Waulff shapes can have corners. However, one simple case when this does not happen
is when f is isotropic. That is, its statistics are invariant under rotations—and hence
its Wulff shape must be a ball, if it exists.

Definition 1.9. Let SO (d) be the group of rotation matrices on R?. We say that f
from (1.1) is isotropic if there is a group of measure-preserving transformations
{O’jz Q- Q}fReSO(d) such that

OR O 0P = ORP
forall R, P € SO(d), and
flx,u,onrw) = f(Rx, u, )
for each (R, x, u, ) € SO(d) x R? x [0, 1] x L.

A natural example of isotropic reactions are perturbations of homogeneous
reactions by radially symmetric impurities randomly distributed according to a
Poisson point process. This is a special case of the following example:
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Example 1.10. Let {x, ., } _ € R be a Poisson point process on R (withw € Q

as above) and let {R,, »}nen € SO(d) be a sequence of rotations on R4, each with
uniform distribution. If {x, o} _y and {Ry, o }nen are independent and

fx,u, )= g({:Rn,w(x — Xp,0) IneN, 1)

for some function g, then f is isotropic. For instance, we could take f(x, u, w) :
g(inf,, |[x — xp |, u) for some Lipschitz g : [0, oo) x [0, 1] — R with g(y,0) =
g(y,1) =0and g(y,-) = fo foreach y = 0.

The above results, applied to isotropic reactions, and Lemma 3.6 below now
yield the following corollary:

Corollary 1.11. Assume (R1)~(R3),d < 3, f € F(fo, M, ¢, &) forsome < 0(2)/4
and & > 0, and that f is isotropic. Let A C R? be open. Then:

(i) (1.1) has a deterministic Wulff shape S = By, (0) for some w > 0, and a
deterministic front speed ¢*(e) = w in each direction e € S*~'. In particular,
@A,c* — @A,Bw(O).

(i1) The claim in Theorem 1.4(iii) holds.

(iii) If f is anignition reaction, then the deterministic front speeds are all exclusive
and the claim in Theorem 1.7(ii) holds.

1.4. Generalization to (1.2)

The above results in fact apply to the more general model (1.2), which includes,
for instance, some (viscous) Hamilton—Jacobi equations with possibly non-convex
or non-coercive Hamiltonians. The e-space—time-scaled version of (1.2) is

W =e'F (82D2M, eV, u, e \x, a)) on (0, 00) x R%. (1.21)

We consider the case when (1.2) models phase transitions, with solutions transi-
tioning between two equilibria u™ < u™. After an appropriate transformation these
can be assumed tobe #~ = 0and ut =

Definitions 1.3 and 1.6 above extend naturally to (1.2), and this form also allows
(1.1) with general second order linear operators and general reactions (including
of bistable and mixed types) as well as more general first- and second-order terms.
The basic hypothesis in this setting will be as follows:

Hypothesis H. (i) Let (1.2) have a unique solution in some class of functions
A C Llloc((O, o0) X ]Rd) for each w € 2 and each locally BV initial condition
0 < u(0, -, w) < 1, with this solution being constant O resp. 1 when u(0, -, ) =0
resp. 1. Assume also that left time-shifts of solutions (restricted to (0, 0o0) x R%)
are solutions from .4 and that (1.21) satisfies the (parabolic) comparison principle
within A.

(i) Lemma 2.2 below holds for solutions to (1.2) from .4, and there are 6y < 1
and Ry < oo such that solutions u,, to (1.2) with u,(0, ) = 90XBRO(0) satisfy

locally uniformly in x € R?,

lim inf u, (¢, x) = 1.
t—00 we
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(iii) The analogs of (R2) and (R3) for F hold.

Lemmas 2.1 and 2.2 below show that Hypothesis H holds for (1.1), with 6 in
(i1) being any number strictly greater than 6y from (R1) (for example, @ as in
(1.14)), and with, for instance, A = (), ., CH7247 (7, 00) x RY). (We choose
here this notation for the sake of simplicity of presentation, as the above results
then generalize verbatim. Then we can also equivalently state Definitions 1.2 and
1.3 with any number from [6p, 1) in place of %, via the argument in the proof
of Theorem 1.7(i) and at the start of Section 3 below, and we will let this be 6 for
the sake of simplicity.) The analysis for (1.2) below therefore also applies to (1.1).
Nevertheless, in it we will consider initial data with value = 6y + o (rather than
= 6p) on some sets, with @ > 0 so that our arguments also directly apply to (1.1)
with 6y from (R1).

We note that considering only continuous initial conditions would suffice, and
we include locally BV ones only for notational convenience, so that we can use
initial conditions that are (multiples of) characteristic functions of sets. Also, (ii)
in fact shows that spreading with some positive minimal speed c¢o > 0 holds for
(1.2), in the sense of (2.1) below.

Finally for u : [0, 00) x RY — [0, 1] and 1 € (0, 1), we define the width of
the transition zone of u from n to 1 — n at time ¢ = 0 to be

Ly y(t) :=inf {L >0 {x | u(t,x)>n} <€ By ({x | ut, x)>1- '7}(1)/77)] .
(1.22)
This is also the Hausdorff distance of {u(¢, ) > 1 — 17}(1)/,7 and {u(z, -) < n}, and it
is the smallest L such that if u(¢, x) = n, then B, 41 (x) contains a ball of radius

n~! on which u(z, -) is no less than 1 — 7. It is clear that for (1.2) to have a Wulff
shape, it is necessary that lim;_, o, %Lu,n(t) = 0 forany n € (O, %), with u the
solution from H(ii) above (for almost all w € 2). It turns out that this hypothesis
is also sufficient, as part (i) of the following extension of some of the above results

to solutions of (1.2) from the class A shows:
Theorem 1.12. Assume Hypothesis H, then:

(1) If for each n > 0 and almost all v € Q2 we have lim;_, %Luw,,,(t) = 0 for
the solution from H(ii), then (1.2) has a deterministic Wulff shape. If F is also
isotropic (that is, an analog of Definition 1.9 holds, with F (X, p, u, x, cRw) =
F(RXRT, Rp, u, Rx, w)), then Corollary 1.11(i) holds for (1.2) in place of
(1.1).

(ii) Theorem 1.4(ii—iv) and Theorem 1.7(ii) hold for (1.2) and (1.21) in place of
(1.1) and (1.4).

The limitation to d < 3 in Theorems 1.4(i) and 1.7(i) is due to the need in their
proofs for Theorem 2.3 below, which guarantees that they satisfy the hypothesis in
Theorem 1.12(i). In fact, Theorem 2.3 guarantees more: uniform-in-w boundedness
ofsup;>7, Lu,.n (1) foreachn > 0andsome T, > 0. (This also holds for some other
reactions f, see Theorem 2.7 in [54] and Remark 2 after it.) While Theorem 2.3
does not hold for d = 4 [54], the construction of counterexamples in [54] for which
lim sup;_, o, }Lum‘n (t) > 0 is based on properties of reactions that occur with
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probability zero in the stationary ergodic setting. It is therefore quite plausible that
Theorems 1.4(i) and 1.7(i) extend to all dimensions. The former would immediately
follow from Theorem 1.12(i) and the proof of

Conjecture 1.13. Assume the hypotheses of Theorem 1.4(i), except for the limi-
tation on d. Then the solutions from Definition 1.2 satisfy lim;_, o %Luw,n(t) =0
for each n > 0 and almost all w € Q.

Finally, we highlight one more result, which is of independent interest.

Theorem 1.14. Assume Hypothesis H and let T (resp. T) be the set of all direc-
tions e € S~ for which (1.2) has a deterministic front speed (resp. deterministic
exclusive front speed) c*(e). Then we have that:

() T and T are closed and c* is positive, bounded by ¢’ from Lemma 2.2, and
Lipschitz onT. Moreover, there is Qo C QwithP[Q0] = 1 such that (1.2) with
any fixed w € Qq has front speed c*(e) in any direction e € T and exclusive
front speed c*(e) in any direction e € T.

(i) If (1.2) has a deterministic Wulff shape given by (1.7), then for each e € S*~1,
* /
we)= inf ) (1.23)

eeT &ee>0 € - e

Remark. The proof of Theorem 1.14(i) in fact shows that a stronger result holds:
we can choose €2 so that in Definition 1.6 we have Br k.. = Bk, forany e e T,
any rotation R, on R? with R.e1 = e, and any compact K C {x; > 0} C Rd,
and there is also uniformity of the limits in Definitions 1.3 and 1.6 over rotations
as well as over certain translations in 2. Namely, for each w € Qg and A > 0 we
have

lim inf inf Ug,we(t,x) =1, (1.24)
>0 eeT & |y|SAt xE(c*(€)e—Re K)t -
lim sup sup UF w,e(t, x) =0, (1.25)
1700 e T & |y| S AL xE(CH (@)e+Re Kt

limsup  sup WP UT,ea(iX) S Pre(@).  (1.26)

1500 oeF & [y| <At XE(CH (©e+R K1

Such uniformity over translations in €2 also holds for the Wulff shape limits in
Definition 1.2 (see Proposition 3.4 below).

1.5. Organization of the Paper

In Section 2 we collect some preliminary results, and also prove Theorems 1.7(i)
and 1.8. In Section 3 we study Wulff shapes and prove Theorems 1.4(i) and 1.12(i).
In Section 4 we relate Wulff shapes and front speeds, and prove Theorem 1.4(ii,iv) as
well as the corresponding parts of Theorem 1.12(ii), and also Theorem 1.14. Finally,
in Section 5 we prove Theorems 1.4(iii) and 1.7(ii), as well as the corresponding
parts of Theorem 1.12(ii).
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2. Preliminaries

In this section we collect some useful results concerning solutions to (1.1) that
we will need below. The first one, which was already mentioned in the introduction,
shows that the asymptotic spreading speed of solutions to (1.1) with large enough
initial data is no less than ¢, the unique speed for the homogeneous reaction fj.

Lemma 2.1. For any fo, M as in (R1), there is no = no(fo, M) € (0, %) such that
foreachc < coandn > O, thereis A( fo, M, c, n) > O such that the following holds.
If f satisfies (R1), 0 < u < 1 solves (1.1) for some w € Q, and u(t;, x) > 1 — ng
for some (t1, x) € [1,00) x R, then for each t > t; + A(fo, M, ¢, n) we have
inf u(t,y)>1-—mn. 2.1)

[y—x|Zc(t—11)

The same result holds if the hypothesis u(t1, x) > 1 — ng is replaced by

u(ty, ) = (o + @) xBpx)(+)
for some (t1, x) € [0, 00) X R and o > 0, with R = R(fo, o) large enough.

The second claim in Lemma 2.1 is a result of ARONSON and WEINBERGER [7],
combined with the comparison principle, while the first claim follows from this
and parabolic regularity (see Lemma 3.1 in [54]).

We also have an upper bound on the spreading speed for compactly supported
initial data, which follows from the next lemma.

Lemma 2.2. There are m’, ¢’ > O such thatifw € Q,r > 0,y € RY, and u, u’ are
two solutions of (1.1) taking values in [0, 1] and satisfying u(0, x) < u’(0, x) for
all x € B (), then for all t = 0 we have

u(t,y) <u'(t,y) + clemm r=c't),

Proof. Without loss assume that y = 0. Then w := u — u’ satisfies w(0, ) <
Xrd\p, and w; = Aw + Mw (with M = 1 the Lipschitz constant for f). It follows

that, with {e; };l:] the standard basis in R, we have

w(t, x

d
) < Z (efm(x-ej+rd’1/272«/ﬁt) + e*«/ﬁ(fx'ejJrrd*l/sz\/ﬁt))
Jj=1

for any (¢, x) € [0, 00) x R? because the sum solves w, = Aw’ + Mw'. The claim
now follows with m’ := /M/d and ¢’ := 2+/M d. |

We note that a more careful proof would allow for any ¢’ > 2+/M in the
exponent, but we will not need to optimize ¢’ here. Also note that the lemma
immediately generalizes to the conclusion

u(t, x) < u'(t, x) + Ce™™ C=YlHr=cD goral] x e RY,
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A key ingredient in the proof of Theorems 1.4(i) and 1.7(i) is the bounded
width property, first defined by one of us in [54]. We say that u has bounded width
if lim sup,_, o, Ly,y(¢) < oo for each n € (0, %) (see (1.22), and also compare this
to the hypothesis in Theorem 1.12(i)). That is,

1
sup Ly »(t) < ¢, foreachn € (O, 5) and some £,, T, 2 0. (BW)

=T,

(We note that [54] defines L, , (t) with {x | u(t,x)>1-— n} in place of {x | u(t,
x)>1-— '7}(1) /n but as discussed before Theorem 2.9 in [54], the two resulting
definitions of bounded width are equivalent by parabolic regularity.)

The next theorem, proved by one of us in [54], guarantees (BW) and more for
certain solutions to (1.1). In it, for n, " € (0, 1) we let

Lugoy @ 3= {L> 01 (x|t 2 00 € B (fx |t 2] |

Theorem 2.3. Let f, fo, M be from (RI) and such that f € F(fo, M, ¢, &) for
some { < c(2)/4and§ > 0,andlet0 < u < 1solve (1.1) for some w € Q. Ifd < 3,

1o is from Lemma 2.1, oy, := sup, ¢ 1) ne*/EL“»‘*”O O < o0, and
Au(0, x) + f(x,u(0,x),w) >0 (2.2)
in the sense of distributions on R4, then we have (BW) and

inf u(t,x) > m,  foreachn > 0 and some m, > 0,
(t,.x)e(Ty,00) xRY
u(t,x)€ln, 1-n]

with £y, my depending only on n, fo, M, ¢, & and T, also on o,,.

Remarks. 1. Specifically, this is Remark 2 after Theorem 2.5 in [54], while
Theorem 2.5 itself is a stronger result for ignition reactions, only requiring
Ly, y,1-n0(0) < oo for each n > 0. The claim about £,, m,, T, follows from
the proof of the remark in Section 5 of [54]. (In the case of Theorem 2.5, depen-
dence of T;, on o, is replaced by its dependence on the ignition temperature 0
and L j, 1—y,(0) for some h = h(n, fo, M, ¢, &, 0).) We note that these quan-
tities do not explicitly depend on f and w, and the dependence on u(0, -) (of
T, only) is only via oy.

2. The hypothesis (2.2) guarantees that u;, > 0 because w := u, satisfies

wy = Aw + fu(x,0, 0)w.

It will suffice for us to apply Theorem 2.3 to such solutions here.

3. The limitation to d < 3 is not just technical, as it is proved in Theorem 2.4 in
[54] that in dimensions d = 4 there are f as above for which typical solutions to
(1.1) do not have bounded width. This also is the sole reason for Theorems 1.4(i)
and 1.7(i) being restricted to d < 3 (but see Conjecture 1.13 above).
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Theorem 2.3 shows that when studying the Wulff shape for (1.1), it may be
advantageous to (equivalently, see the start of Section 3 below) define it with com-
pactly supported initial data satisfying (2.2) rather than those from Definition 1.3.
The existence of such functions is guaranteed by

Lemma 2.4. There exists a compactly supported (radially symmetric) v : R —
[0, 00) that satisfies Av + fo(v) = 0 in the sense of distributions on RY, as well
as |[vlleo = v(0) = 1 — no (with fo, no from Lemma 2.1).

Proof. Since we must have 1 — 9 > 6y for Lemma 2.1 to hold, fy is bounded
away from O near 1 — ng. Then there is small r > 0 such that for any R = 1, with
R := R+rand R” := R +r + r2, the function

1 —no x| £ R

1= o — (x| = R)? x| € (R, R]
YO Y max 1< — 7 =302 [l = R — 5 0xl - R2].0) 1xl e (R RY)

0 |x| > R”

satisfies Av+ fo(v) = 0on Bg/(0).If now R = dr;zl, then the inequality is satisfied

(in the sense of distributions) on Bg~(0), and therefore also on R< because v(x) = 0
when x| = R’. O

We also recall the ergodic theorems that we will need here.

Theorem 2.5. (Wiener’s ergodic theorem [15]). If (R3) holds, then for each g €
LY(Q), there is Qo € Q with P[] = 1 such that for all ® € Qo,

lim g(Tyw)dy = / g(w) dP. 2.3)
B, Q

r— 00

Theorem 2.6. (Kingman’s subadditive ergodic theorem [33]). Assume that g, €
LY(Q) is a sequence of measurable functions on (2, F, P) such that

1
inf —/ gn(w)dP > —o0,
Q

neN n

and that T : Q — Qs measure-preserving bijection satisfying
gntn() = gn ) + g (7))

foranym,n € N. Then % gn converges almost everywhere on Q to some g € L'(2)
asn — 0o, and

1 1
/g(a))d[P’: lim —/ gn(w)dP = inf —/ gn(w) dP.
Q n—oon [o n=21ln JQ

If {‘j'm} ” is ergodic, then g is almost everywhere constant.
me
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We end this section with the proofs of Theorems 1.8 and 1.7(i). We only need to
prove the first claim in each part of Theorem 1.8, as the second claims will follow
once we prove the results they refer to.

Proof of Theorem 1.8. Extend f to R x (R \ [0, 1]) by letting it be O there, let
M be its Lipschitz constant, and let it be (I, ..., ls)-periodic on R?. Fix any
e € ST It is proved in [16] that (1.20) has a pulsating front solution with speed
c*(e) > 0 and of the form u(z, x) = U(x - e — ¢*(e)t, x). Here U € C'(R4H1) is
(I1, ..., 1lg)-periodic in the second argument and satisfies limy_, o U(s,x) = 1
and lims_, o U(s, x) = 0 uniformly in x € R4, as well as U; < 0 (and hence
u; > 0). We note that u itself is a classical solution and hence in C 1’2(R X Rd),
although we do not need this here. It follows that for each n > 0 we have

my = inf u;(t, x) > 0. 2.4)
(t.x)eRIH!
u(t,x)€ln,1-n]

We also note that for f from (ii) (that is, ignition), this speed is unique, while
for non-ignition f the speed is not unique but there is a minimal speed (which is
denoted ¢*(e)). In the latter case, there is a sequence ¢, /' ¢*(e) and Lipschitz
ignition reactions f; (x, u) := gy (u) f(x,u) with0 < g, < 1 (so f, £ f) and
gn = lon [l —8, 1] such that ¢, is the unique speed of a pulsating front in direction
e for f, (foreach n). In fact, c*(e) and the corresponding pulsating front in direction
e for f are in this case obtained in [16] as limits of these objects for the reactions
In-

(i) Let n := %min{Q, 0’} > 0, and consider any o € (0, n], with
W= (t, x) = u((1 £ Mam; )t x) £ a.

Then (2.4) and the fact that « solves (1.20) and f is non-increasinginu € (—o0, 2n]
as well as in u € [1 — 21, oo) show that #~% is a subsolution and u ™ is a super-
solution to (1.20). Moreover, the properties of U show that

”_a(_t/a ) § 1 - a)X{x-e<0} § u(t/a )

for some ¢’ = 0. Using also Lemma 2.1, and limg (1 — Moemn_l)c*(e) = c*(e),
it now follows that (1.20) has front speed c*(e) in direction e. This speed is also
exclusive (with Bk (@) = « for all sufficiently small « > 0 once K is arbitrary
but fixed) because

Xix-e<0) + X (r.e>0 <ute@”, )
for some ¢ 2 0 and limg_,o(1 + Mamn’])c*(e) = c*(e).
(i) For each n as above, let u” be the pulsating front in direction e for f, (with

speed ¢;,) and let M), be the Lipschitz constant for f;,. Also define n,, m,, as above
but for f,, (so they also depend on n). If we now let

u Tt x) =u"(( — Mnotm;ll)t, X)—a
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for ¢ € (0, n,], then ™~ is again a subsolution of (1.20), and we have
U " (=1, ) = (1 — &) Y (x-e<0) = ulty, -)

for some ¢, = 0. Since lim,,, o0 limgy—o(1 — Mozmn_nl)cn = c*(e), it again follows
that (1.20) has front speed c¢*(e) in direction e. O

Proof of Theorem 1.7(i). Let c*(e) be the deterministic front speed in direction e,
and let u,, , be from Definition 1.3. Let v be from Lemma 2.4 for d = 1 and let
Ug,e solve (1.1) with initial data

Ug,e(0, x) = v(max{x - e, 0}).

Lemma 2.1, applied to (1.11), and the comparison principle show that there is
t" = t'(fo) = 0 such that

uw,e(oa 2) § ’Zw,e(t/’ 2 and ﬁa),e(ov 2 § uw,e(t/a ).

Hence the comparison principle implies that the definition of the front speed in
direction e is unchanged if we use & in place of u. Let us do so.

Since (2.2) holds for @, . due to Lemma 2.4, Theorem 2.3 applies to i, . and
yields my, T;, independent of w, e because o;;,, , also does not depend on them. We
now let

IZI%(L x) 1=y ((1+ M(xm;/lz)t, x) +a,

with 6 from (R1) and @ € (0, %]. Similarly to the previous proof, this function

is now a supersolution to (1.1) on (T2, 00) x R4, and Lemma 2.1 shows that it
satisfies

ﬂI%(t//s ) z Mw,e,oz(oa ')9

with the right-hand side from Definition 1.6 and t” = " (fo, ) = Ty2. It fol-
lows from this, the comparison principle, the fact that i, . propagates with speed
c*(e) in direction e (in the sense of Definition 1.3) for almost all ® € 2, and
limg (1 + Mamy, /12)(,’* (e) = c™(e) that c*(e) is a deterministic exclusive front
speed in direction e for (1.1) (again with Bk (@) = « for all sufficiently small
a > 0 once K is arbitrary but fixed). O

3. Existence of Spreading Speeds and the Wulff Shape

In this section we will prove Theorems 1.4(i) and 1.12(i). We will first establish
existence of a deterministic spreading speed in each direction, and then upgrade
this to the existence of a Wulff shape. The key will be to define an appropriate “first
passage time” for spreading in any fixed direction, an approach that has been used
extensively in the discrete setting of first passage percolation (see [8,31,32] and
references therein).
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We only need to prove Theorem 1.12(i). Then Theorem 1.4(i) will follow from
the relationship

Up(0,) Siip(',)  and  diu(0, ) = uu(', ) (3.1)

for the solutions u,, (from Definition 1.2) and i,,, where the latter solves (1.1) with
initial data i, (0, -) = v (with v from Lemma 2.4) and ¢’ = #'( fp). (As in the proof
of Theorem 1.7(i) above, this follows from Lemma 2.1, applied to (1.11), and the
comparison principle.) This yields lim;_, oo %Luw,,,(t) = 0 for each n > 0 (so we
can apply Theorem 1.12(i)) because (BW) for & (see Theorem 2.3) then implies
(BW) for u. We note that this last claim also needs the fact that any super-level set
of i expands with a uniformly-bounded-above speed, proved in [54]. Alternatively,
one can perform the proof below for the solutions #« instead of u, since (BW) for
u yields lim;_, oo %L,;m,n(t) = 0 for each > 0, and then notice that (3.1) shows
that Definition 1.2 is equivalent to itself with & in place of u.

Let us now prove Theorem 1.12(i), assuming hypothesis H and limt_,oo%
Ly,,,»(t) = 0 for the solutions from H(ii) and each n > 0 (Definition 1.2 is again
equivalent to itself with 6y in place of 1+—29° when H(ii) is assumed). First note that
the second claim in Lemma 2.1 holds:

Lemma 3.1. Assume Hypothesis H(i,ii). There is ¢ = c(F, 0y, Ro) > 0 such that
for each n > O there is Ay = A, (F, 6y, Ro) > 0 such that the following holds. If
0 < u < 1 solves (1.2) for some w € Q and

u(ty, -) = 60X B, (x)

for some (t1,x) € [0,00) X R4, then for eacht > t1 + Ay we have (2.1). In
particular, for n € (0, min{l — 6y, RLO}] and t; = 0 we have

Be(i—t1)=Luy () ({x € R ug(t1, x) > n}) c {x e R Juy(t,x) = 1— n}

whenevert > t; + max{2,), %Luw,n(tl)}«

Proof. If T < oo is such that inf e & |x|<Ry+1 4o (T, X) = 6o, then the first claim
holds with any ¢ < t~!. The second claim follows. 0O

For any (v, z, w) € R? x R4 x Q, we now let

Tz, @) = inf {12 0wt i 3) = boxigy 0] (32)

where u(-, -, w; y) solves (1.2) withu (0, -, w; y) = 90XBRO(y)~ (By H(ii), u (¢, x, w;
y) = ug,(t, x —y).) Thus 7(y, z, w) can be thought of as the time of spreading
from y to z. Notice that our PDE being of second order forces us to use 6o x5 Ry ()
and 0o x By (z) to define 7, rather than just pointwise information. We next establish
some useful properties of t.

Lemma 3.2. Assume Hypothesis H. Then the function t from (3.2) satisfies the
following:
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(i) Subadditivity: For any y1, y2, y3 € R¢ we have
T(y1, y3, @) < T(y1, y2, @) + T(y2, y3, ). (3.3)
(ii) Stationarity: For any y1, y2, z € R? we have
TV, y2, T0) =12+ y1, 2+ y2, ®) (3.4)

(iii) Linear upper bound: There exists C = C(F, 6y, Ro) such that for any x1, x2,
y1, y2 € R we have

IT(x1, y1, @) — T(x2, y2, @)| < C(lx1 — x2] + [y1 — y2| + D). (3.5)
In particular, forany x, y € R we have
lT(x, y, @) = C(lx — y[+ D). (3.6)

Proof. (i) follows from the comparison principle and (ii) from H(iii) (specifically,
(R2)). To prove (iii), by symmetry we only need to show

T(x1, y, @) < t(x2, y2, @) + C(|xp —x2l + |y1 —y2[ + 1) (3.7
By Lemma 3.1, there is C = C(F, 6y, Ro) such that
u(C(lxr — x2| 4+ 1), -, @3 x1) = 00 X By, (x2)-
Then the comparison principle and the definition of 7 yield
u(C(lxr = x2| + 1) + 7(x2, y2, @), -, @3 X1) = 00X B, (v2)
and after another application of (2.1) we obtain
u(C(lxr —x2l + [y1 = y2l +2) + 7(x2, 2, @), -, @5 x1) = O X B, (v1)-

Inequality (3.7) now follows after doubling C, and (3.6) is its special case with
X1 =x,y;1 =y,and xp = y» = x because t(x,x,w) =0. O

Using these properties and (R3), we next show that for any e € S~

. 1(0,ne, w)
lim ———
n— 00 n
exists and is constant on a full measure subset of 2. We also establish boundedness

and Lipschitz continuity of this limit as a function of e.

Lemma 3.3. Assume Hypothesis H. Then for each e € S?~!, there exists a constant
T(e) and a set Q2(e) € Q with P[Q2(e)] = 1 such that for each w € Q2 (e), we have
(0, ne, w) _

lim =T(e). (3.8)

n— 00 n

Moreover, there is C = C(F, 0y, Ry) such that for any e, e’ € S9! we have (with
¢ from Lemma 3.1 and ¢’ from Lemma 2.2)

c< % < (3.9)
and | |
max {|?(e) —7(e)|, '% ~ @) } <Cle—¢|. (3.10)
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Proof. Fix ¢ € SY~!. Lemma 3.2(i) shows that for m, n > 0 we have
(0, (m +n)e, w) < t(0, me, w) + t(me, (m + n)e, w).
Lemma 3.2(ii) shows that for T/, := T, for s € R,
t(me, (m 4+ n)e, w) = t(0, ne, Tyyew) = (0, ne, T,’na)).
Also (3.6) shows that
t(me,ne,w) < C(ln—m|+ 1) 3.11)

for some C = C(F, 6, Ro). These statements and Theorem 2.6 with g,(w) :=
7(0, ne, w) and T := T, now yield the existence of
01 bl
Te.w) = lim "2 g
n—o0 n
for each w in some full measure set Q'(e) C Q.
In order to show that T(e, w) is constant on a full measure subset of Q'(e), we
need to use the ergodicity hypothesis (R3). Note that the last statement in Theo-

for any (y, w) € R? x Q'(e) we have
|7(0, ne, Tyw) — 7(0, ne, 0)| = |t (y, y + ne, ) — 1(0, ne, )| < 2C(|y| + 1),

so that
7(0, ne, Tyw) — 1(0, ne, w
lim [=¢ y@) — T ) =0
n—o0 n

It then follows (after enlarging Q' (e) to the translation invariant set Uy crd Ty (e)
and extending T (e, -) to it) that

T(e, Tyw) =T(e, w)

for any (y, w) € R? x ©/(e). Now (R3) implies that T (e, w) is a constant T(e) on
some full measure set Q(e) € Q'(e).

The lower bound in (3.9) follows immediately Lemma 3.1 and the upper bound
from Lemma 2.2 (since 6y xp X is compactly supported), because these yield for

each w € Q and with o(1) = 0(n"),

0, ne, 1
Oneo) 1, 0.
n c

5 +o(1) £
Finally, (3.5) shows that
|7(0, ne, w) — 1(0,ne’, w)| < C (nle —e€'| + 1),
and by taking w € Q(e) N Q(¢) and then n — oo we obtain

[T(e) —T ()| < Cle—¢|.

Then (3.10) follows from this and (3.9). O
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This result, together with Lemma 3.1, suggests that u,, = u(:, -, ; 0) should
have spreading speed

w(e) = = € [c, €] (3.12)

in the direction ¢ € S?~! (see Remark 1 after Definition 1.2) whenever w € Q (e)
and lim;_, %Luw,,](t) = 0 for each n > 0. Moreover, if the convergence in (3.8)
is uniform in e, then the super-level sets of u should (after a scaling by ¢) acquire
the Wulff shape (1.7) as t — co. We will next show that this indeed happens in the
case at hand.

Proof of Theorem 1.12(i). Let Q2(e) be the set from Lemma 3.3 for any e € S-1,
and assume without loss that lim;_, oo %Luw,n(t) = 0foreachn > 0Oand w € Q2(e)
(otherwise restrict €2 (e) to such w).

Let Q be a countable dense subset of S?~! and define

Q = ﬂ Q(e), (3.13)
eeQ

so that P[2'] = 1. We will prove that for each w € @/, § € (0, %), and n’ € (0, 1)
we have

(1 —28)St € {x € RY |uy(t, x) = 1} C (1 + 38)St (3.14)

for all large enough ¢, which yields the claim with € := @'.
Fix such w, 6 and any 1 € (0, min{1 — 6p, RLO}]. Let t5,, be such that

L t
max {)\n, o () } <&t forallt = (1 -85, (3.15)
c
where ¢, A,, are from Lemma 3.1 and §' := min{c,(c‘s—H), %} (with C from (3.10)).

Let Q' C Q be finite and satisfying SY~! € Ueco Bs'(e), and let N € N be such
that

0, ne, —
Sup m — -L'(e) S 6/

ecQ &n>N n

and

sup (0, ne,w) < N(T(e) +8).
ecQ' &n<N

Consider any t = max{N(c~! + &), 15 ,}. From (C +2)§' < %, (3.9), and
(3.10) we have

T(e) — (e)) + (1 — 8)8' < 8% (e)

1-§ 1 / l : 1-6 /
and thus @ < HOE Y whenever |e — /| < §'. This and ! < ('t show that

(1 — 8)St is a subset of the union of the balls By, (ne) with vectors e € Q' and
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integers n € [0 From (3.15) and the first claim in Lemma 3.1 it follows

that

;]
> T(e)+8' 1"

Up(s, ) = (1 - n)XBS/C/[H(ne)

for each such ball and any s > 7(0, ne, w) + ¢~ (8'c’t + 1). But (3.9), our choice
of N,and 8 > 2¢~18'¢’ show that s := (1 + 8)r satisfies this for each such ball as
long as t is large enough, hence

up((1+8)t,) =2 (I —=mxu—ss:

for such 7. Since this holds for any small n > 0 and (1 — 28)(1 +68) < 1 — 6, the
first inclusion in (3.14) follows for any " € (0, 1) and all large t.

For the second inclusion, assume there is s = max{N (¢l + 8, t5.n} and
x € RY\ (1+438)Ss such that u,, (s, x) = 5. Then there are ¢’ € S¢~ ! andr >
such that x = 1t2¢¢’ (because X2 < 1436 for § € (0, 1)). From (C +2)8' § é,
(3.9), and (3. lO) we have

T(e) —T(e) + (1 +8)8 < 57(e)
1+8

and thus fl(“:‘s) > T OEY ) w Whenever |e — ¢ I < §'. This and ﬁt 2¢'t show

that a(1 + §)St is a subset of the union of the balls By, rH_l(ne) ‘with vectors
e € Q' and integers n > f(e)—S/‘ Hence x € Bygo;41(ne) for one such ball. From

‘ |
f=2]

Uy (s, x) 2 n, (3.15) and the second claim in Lemma 3.1 it follows that
M(U(S/1 ) Z (1- n)XBRO(ne)

foreachs’ = s+ ¢ 1(38 ¢t + 1+ Rp). From 8 = 4¢~ 8¢’ and 1 = 1> it follows
that s := t satisfies this as long as s is large enough, and so 7(0, ne w) £t
However, (3.9) and our choice of N show that this contradicts n > w. We

must therefore have u, (s, x) < n forall x € R? \ (1 + 38)Ss whenever s is large
enough. Since this holds for any small enough 1 > 0, the second inclusion in (3.14)
follows for any " € (0, 1).

This proves the first claim in (i). The second claim follows from Lemma 3.6
below and from the part of Theorem 1.12(ii) corresponding to Theorem 1.4(ii)
(which we will prove in Section 4). O

We now show that, in fact, a stronger version of the existence of the Wulff shape
holds, including certain uniformity of the relevant limits with respect to shifts of
the initial data. This will be crucial in the proof of existence of deterministic front
speeds in the next section.

Proposition 3.4. Assume Hypothesis H. If (1.2) has a deterministic Wulff shape S,
then there is Qo C Q with P[Qo] = 1 such that for any w € Qo and A, 5 > 0,
the solutions u(t, x, w; y) = u‘yyw(t, x —y) to (1.2) (for which u(0, -, w; y) =
90X8R0 (v)) satisfy

lim inf inf u(t,x+y,wy) =1, 3.16
=00 |y| <At xe(1-8)St ( Y Y) ( )

lim sup sup  u(t,x+y,w;y) =0. 3.17)
1= |y|<At x¢(1+8)St
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Remark. Comparison principle shows that if (3.16) and (3.17) hold for some w,
then they also hold for T forany z € R?. Hence 29 can be chosen to be translation
invariant.

Proof. Let Q' C Q be such that P[2'] = 1 and (3.16) and (3.17) hold for any
w € ' and A = 0 (that is, only for y = 0). We will extend this to any A via a
combination of Egorov’s theorem and Wiener’s ergodic theorem.

For (w, t,n) € 2 x [0, 00) x (0, 1) let

Loty = [x e RY |u(t, x, w; 0) = n}-

By (3.16) and (3.17) for any w € " and y = 0, and by Egorov’s Theorem, for
each m € N there are 7, , = 1 and D, € Q with P[D,, ,] = 1 — 2774~ guch
that for each w € Dy, ;y and t > 1y, ,

(1 =278t C Ty C (1 +27"St.

Theorem 2.5 shows that there exists a set 2, , S Q with P[22, ;] = 1 such that
for each w € Qy, 5,

r—0o0

lim XDy (Ty@)dy =P[Dpyy] = 1 — y—md—1
By
Hence for each w € Q,, , and A > 0, there is 74, A,y = 2T, such that

[{y € Bua(0) | Tyw € Dy y}| = (1 =277 | By 5 (0)]

for all t > 7, A m,y, With |-| the Lebesgue measure.

Fix any A > 0, w € Q; 5, and t > 7y A m,p, and let y € Bp,(0) be arbitrary.
Then there is z € Baa¢(0) such that |z — y| < 21=m At and J.w € Dy, ;. From the
first claim in Lemma 3.1 we have that

u (2c—121‘mAt, 5 Tyw; 0) Z 00X Br, (=)
and

u (ZC—IZI—MAI, - Tw; 0) > QOXBRO(y—z)

provided cIal=mpay > max{Ai—g,, ¢! Ro} (which holds for all large ). But then
from T, € Dy, Yo, Aym,y = 2Ty, and (3.12) we obtain

Pgiw.tn 2 Ty w,—2e-121-mpyr .y + (2 — )
S =271 =2c"217"A) — 71217 A 1St

and

P30t € Uy wa42e-121-m )iy + (@ — )
CIA4+27A +2¢7 217" A) + 71217 A 1St
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for all m = log, STA (so that (1 — 2¢= 1217 A)r > Ti,p), ANy @ € 2y p, any
large enough ¢ (depending on F, 6y, Rg, A, m, n, w), and any y € Bp;(0). Then
forany 8, A > 0,7 € QN (0, 1), and w € Qo = (,cqnq.1) Moy Q. (so that
P[20] = 1) we obtain

(1 =8)8t CTg 4y =1{x e R Ju(t, x +y, w;y) 2 n} € (14 8)St

for all large enough ¢ and any y € B;(0) (by first choosing m above large enough,
depending on ¢, A, §). Since this holds for any n € Q N (0, 1), (3.16) and (3.17)
follow for any §, A > O0and w € Qp. O

A similar argument for deterministic (exclusive) front speeds yields the fol-
lowing result. Recall Definitions 1.3 and 1.6, with the former having u, (0, -) =
00 X {x-e<0y in the setting of Hypothesis H.

Proposition 3.5. Assume Hypothesis H. Then:

(1) If (1.2) has a deterministic front speed c*(e) in direction e € S9! then there
is Q. C Q with P[Q2.] = 1 such that for any v € Q,, A > 0, and compact
K C{x-e>0} C RY, the solutions u(t,x,w;y,e) = uryyw,e(t, X —y)to
(1.2) (for which u(0, -, w; y, e) = 0o X{x-.e<y-e}) satisfy

lim inf inf ut,x +y,w;y,e)=1,
=00 |y| <At xe(c*(e)e K)t

lim sup sup ut,x +y,w;y,e) =0,
1700y |<Ar xe(c*(@)e+K)t

(i) If (1.2) has a deterministic exclusive front speed c*(e) in direction e € sa-1
then there is 2, € Q with P[Q2,] = 1 and for any compact K C {x - e >
0} € R4 there is ,BKe 0, 1] — (0, 1] with limy_,¢ /31( () = 0 such
that the solutions u(t, x, ; y, e, o) := UT w.e, «(t, x — y) to (1.2) (for which
u0, -, w;y,e,a) = Xixe<yel + A X (xe>y-e) ) satisfy for each » € |, and
A, a >0,

limsup sup sup ult,x +y,w;y, e, a) < ,3}( ().
100 |y|<Ar xe(c*(e)e+K)t ’

Remark. The sets 2, Q’e can again be chosen translation invariant.

Proof. (i) Foreachj > 1,let K; € {x-e > 0} beacompactsuchthat K; C K
andUJ-Z1 K;={x-e> 0}.For (w,1,1) € Q x[0,00) x (0, 1) let

Ty i={x € R Ju(t, x, w; 0, ) > n}.

As in the proof of Proposition 3.4, using that the claim holds for A = 0, we can
find a full-measure set €2, € 2 such that the following holds for any w € €.,
A>0,neQn(,1),j =1,and m = log, %: for any large enough ¢ and
any y € Ba,(0), there is z € By, (0) such that |z — y| < 2™ Ar and

Pyiwnn 2 Tye -2e-121-mpye g + (@ —¥)

[(c (©)e — Kj)(1 —2¢7 1217 A ]21 o
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and

Fyiorn € Ty 42e-121-m Ay + (@ — )
0

c R\ [(c*(e)e + KN+ 26_121_mA)t]2|_mm

Given any compact K C {x-e > 0}, it now suffices to take j such that K C K?
and large enough m (depending on ¢, A, K, j) so that

[(c*(e)e — K1 - 2c*121*'"A)] S *(e)e — K

0
21-mp

and

[(c*(e)e + K+ 2c*‘2‘*’"A)] > *(e)e + K.

0
21=m A
Indeed, since

Tg oy ={x € RYut, x +y, w; y, ) = n},
taking + — oo then yields

liminf inf inf ult,x+y,w;y,e) =n,
t—00 |y|§Az xe(c*(e)e—K)t

limsup sup sup ut,x+y,w;y,e) =n
—00 |y|§At xe(c*(e)e+K)t

forany w € Q,, A > 0,n € QN (0, 1), and compact K C {x - e > 0}. The
result follows.

(ii) This is analogous, with ﬁ}(’e = ,BKj,e for the chosen j (where ,BKj,e is from
Definition 1.6). 0O

Finally, we show that w is continuous, and it is constant if F in (1.2) (or f in
(1.1)) is isotropic.

Lemma 3.6. Assume Hypothesis H and let S be from (1.7), with w(e) from (3.12)
for each e € S¥~'. Then w is Lipschitz, and if F is isotropic, then w(e) = w is
constant and S = By, (0).

Proof. The first claim follows from (3.10).
If F is isotropic, then for any e, e’ € S9-1 there is R € SO (d) such that
e = Re'. From (3.8) and isotropy we obtain

0,nReé, ) 0, ne,
(o) = lim “ %R @) o 7O or0)
n—o00 n n— 00

for almost all w € Q. Therefore w(e) = w is constant and S = B,,(0). O
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4. From Spreading Speeds to Front Speeds and Homogenization for Convex
Initial Sets

It turns out that validity of Proposition 3.4 for a fixed w is sufficient for our argu-
ment yielding existence of front speeds under relevant hypotheses. Let us therefore
consider the PDE

u; = F(D*u,Vu,u,x) on(t,x) € (0,00) x RY, (4.1)

and its e-spacetime-scaled version
ut = e~ \F (82D2u, eV, u, e*‘x) on(t,x) € (0,00) xRY.  (42)

We do not include w in (4.1), which represents (1.2) for any fixed w € 2, where
Qo is a full-measure set such that Proposition 3.5 holds (with w-independent S).
This is the starting point of this section, along with some other basic properties (cf.
Hypothesis H in the introduction).

Hypothesis H’. (i) Let (4.1) have a unique solution in some class of functions
AC Llloc(((), 00) x R¥) for each locally BV initial condition 0 < (0, -) < 1, with
this solution being constant O resp. 1 when u(0, -) = 0 resp. 1. (Below we only
consider these solutions.) Assume also that left time-shifts of solutions (restricted to
(0, 00) x R?) are solutions from .4 and that (4.1) satisfies the (parabolic) comparison
principle within A.

(i1) Lemma 2.2 holds for solutions to (4.1), and there are 6y < 1 and Ry < 00
such that solutions u(-, -; y) to (4.1) with u(0, -; y) = GOXBRO(,V) fory e R4 satisfy
locally uniformly in x € R?,

lim inf u(t,x+y;y)=1.

—>00 yeRd
(iii) The PDE (4.1) has a strong Wulff shape S, satisfying (1.7) with a continuous

w: Sl (0, 00), in the following strong sense: for each A, § > 0, the solutions
from (ii) satisfy

lim inf inf u(t,x;y) =1 4.3)
=00 |y|<At xe(1-8)St+y

lim sup sup u(t,x;y) =0. 4.4)
%0 y|<Ar x¢(148)St+y

Remarks. 1. Of course, as in Section 3 above, (ii) shows that nothing would
change if in the case of (1.1) we instead considered solutions # with initial data
(0, y) =v( —y)in (iD).

2. Results from the previous sections show that Hypothesis H’ holds for (1.1) with
any o € ¢, where € is from Proposition 3.5, with 6y being any number greater
than 6y from (R1) (and with, for instance, A = (,_, CHH7:247 (1, 00) x
R9)). The analysis below therefore also applies to (1.1) with any & € Q.
(Nevertheless, below we will consider initial data with value 6y + « on some
sets, with @ > 0 so that our arguments also directly apply to (1.1) with 6y from

(R1).)
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3. Similarly to H’(iii) above, we will consider here the analog of Proposition 3.5
instead of just Definitions 1.3 and 1.6. That is, we will say that c*(e) is a strong
front speedindirectione € S9! for (4.1)ifforeachcompact K C {x-e¢ > 0} C
R, the solutions u(-, -; v, e) to (4.1) with initial data u (0, -; y, €) = 00X (x-e<y-e}
satisfy for each A > 0,

lim inf inf ut,x +y;y,e) =1,
=00 |y|S At xe(c*(e)e—K)t

lim sup sup u(t,x +y;y,e) =0.
—0o0

|y|§At xe(c*(e)e+K)t

And if also for each compact K C {x - e > 0} there is Bx . : (0, 1] — (0, 1]
with limy .0 Bk () = 0 such that the solutions u(-, -; y, e, ) with initial data
u(, 3y, e,a) = Xfxe<ye} + U (x-e>y-c) satisfy for each A, o > 0,

lim sup sup sup  u(t,x+y;y, e a) = Bi(w),
=00 |y|SAt xe(c*(e)e+K)t

then ¢*(e) will be a strong exclusive front speed in direction e for (4.1).

We will next use these properties to obtain results about solutions with more
general initial data, but first we will show that S is convex. Below we will use the
notation B, := B,(0) C R4,

Lemma 4.1. If Hypothesis H’ holds, then S is convex.

Proof. We need to show that

( sw(e)e + (1 —s)w(e)e’
[sw(e)e + (1 — s)w(e)e’|

) > [sw(e)e + (1 —sHw(e)e'|  (4.5)

for any e, ¢’ € S~ and s € (0, 1). From (4.3) and S being open, we obtain for
any § > 0,

lim inf wu(st, (1 —§)stw(e)e+y,w;0) =1,

=00 |y|=s!
as well as (with y; := (1 — §)stw(e)e and A large enough)
tirgou((l —)t, (1 =8)(1 — s)tw(e)e' + y;, w; y;) = 1.
This and the comparison principle imply
tl;n;o u(t, 1 =81 —s)w(e)e +sw(e)elt,w; 0) =1,
so that (4.4) yields (4.5) after taking 6 — 0. O

We next prove a “lower bound” on the region where u® &~ 1 in the homoge-
nization regime, allowing also for some dependence of initial data on ¢ > 0 (the
results will be stated in terms of (4.2)).
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Theorem 4.2. Assume Hypothesis H’. Let A € RY be open and for ¢ > 0 and
y € R let u® (-, -; y) solve (4.2). Ifa, . > 0 and
u®(0,5y) 2 (B0 + @) XAty

then

lim inf (G, x+y;y)=1
e=>0y|<a nY

locally uniformly on O4S .= {(t,x) € (0,00) x R? | x € A +1S).

Remarks. 1. The proof shows that the convergence is in fact uniform on [#(, 00) x
Q for any ty > 0 and compact Q € A + 1)S.

2. If u®(0, 5 y) 2 Xa+y, then the proof can easily be adapted to the case when
{0} x A isadded to e4S (andfp = 0in Remark 1 also works). This also applies
to Theorems 4.3(i), 4.4(ii), and 4.5 below.

3. Note that this in particular shows that if ¢*(e) exists, then

c*(e) > sup w(e)e -e.
e'eSd—1

Proof. Let K C ©4S be compact. Since OAS is open, there are A’, § > 0 such
that

K C{(t,x) € (0,00) x R | x € (AN Bpr,) + (1 —28)tS},

where g = min y)egx t > 0. From Hypothesis H’(ii) and the comparison prin-
ciple, applied to u(t, x; y) := u®(et, ex; y) (which solves (4.1)), we know that
there is (e-independent) 7o > O such that for all small enough ¢ > 0 we have

inf ue(To, -+ &'y ¥) 2 00Xe-1 Aty -
yeRd 0

This, (4.3) with A := A’ + A, and the comparison principle show that for each
n > 0 there is 7, such that

‘i|ﬂ<f)\ ue (To + 8_1l, -+ s_ly; y) 2 (- n)x(g_lAﬂBA/5711)+(1—5)8_1t8
yi=

whenever ¢~ !¢ = 7,. This, however, means that

inf el ey > (1 = _
kR ue( te vy 2 (= MXe-1AnBy, ) +(1-20)8)

whenever r 2 rx and ¢ > 0 is small enough. Since n > 0 was arbitrary, the result
follows. O

Next we show how Wulff shapes with tangent hyperplanes (and thus with normal
vectors) give rise to front speeds.

Theorem 4.3. Assume Hypothesis H’, let e € S*~ and c*(e) be from (1.8), and
fore >0andy € RY let u (-, -; y) solve (4.2). Then:
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() Ifa, A > 0 and

ug(o’ 5 y) 2 (6o + Ol))({)c-e<y<e}
foralle > 0and y € R?, then

lim inf v, x+y;y) =1
oy o ( yiy)

locally uniformly on {(t, x) € (0, 00) x R4 |x e < c*(e)t}).
(ii) If e is a unit outer normal of S, o, A > 0, and

ut(0,5y) = (I = ) X(re<yee)
foralle > 0andy € R, then

lim sup u®(t,x+y;y) =0
e=01y 1

locally uniformly on {(t, x) € (0, 00) x R | x - e > c*(e)t}. In particular; this
and (i) imply that c*(e) is a strong front speed in direction e for (4.1) in the
sense of Remark 3 after Hypothesis H'.

Remark. (ii) and Lemma 2.2 show that (ii) in fact holds locally uniformly on
{(t,x) €[0,00) xR? | x-e > c*(e)t} (the proof also shows this). This also applies
to Theorems 4.4(iii,iv), and 4.5 below.

This immediately yields Theorem 1.4(ii) as well as the corresponding part of
Theorem 1.12.

Proof of Theorem 1.4(ii) and of the corresponding part of Theorem 1.12.
Convexity of S is established by Lemma 4.1. The second claim follows from the
last claim in Theorem 4.3(ii), applied to (1.2) (or specifically (1.1)) with any fixed
w € Qq, where Q is the full-measure set from Proposition 3.4. 0O

Proof of Theorem 4.3. (i) This immediately follows from (1.8) and Theorem 4.2
with A = {x - ¢ < 0}, because then A +tS = {x - ¢ < ¢*(e)t} forall t > 0.

(ii) The second claimisimmediate from the firstand (i). Indeed, if we take u® (0, -; y)

= %X{X.KW} and (o, 1) := (%, A), then the functions ul (-, -3 ¥), which

solve (4.1), satisfy ul(, x; y) = ul/t(, ’f; %) and hence

lim inf inf u't,x +yy) =1,
1=>00 |y|<Ar xe(c*(e)e—K)t

lim sup sup u'(t,x+y;y)=0
1700 |y 1< A xe(e (@)e+K)t

for any compact K C {x - e > 0}. In fact, running this argument in the opposite
direction (and using u®(z, x; y) = u'(, £%; £1)), together with an argument as
in the proof of Theorem 1.4(i), also show that the claim in (i) and the first claim
in (ii) (even without requiring e to be a unit normal of &) follow from the second

claim in (ii).
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Let us now prove the first claim. It suffices to consider u*(0, -; y) = (1 —
oz)x{x,egy,e}, in which case the function u. (¢, x; y) := u®(&t, ex; y) is the solution
of (4.1) satisfying u: (0, - + e~ 'y; y) = (1 — o) Xix.e<0}-

Let A > Obesuchthat S € Byjsandlet K C {t 20 & x-e > c*(e)t} bea
compact set. Then

KC{t20&x-e228 +(c*(e) +8)1) N Bys (0, 0)

for some 8’ > 0 (with B, (¢, x) € R?*!). Finally, let ¢’ € SY~! be such that S has
unit outer normal e at the point w(e’)e’ € 98 (then w(e')e’ -e = ¢*(e) by convexity
of S).

The proof is based on (4.3) and (4.4) and the observation that for all large 7y,
the boundary 8((r + 19)S — w(e')e'ty) is very close to the hyperplane {x - ¢ =
c*(e)t} at the point w(e’)e’t. Hence the solution to (4.1) that starts from initial data
6o XBgy (—w(e')e'to) at time t = —ty will be close to the solution with initial data
X{x-e<0) at time ¢ = 0 on a space—time ball centered at (0, 0) and with radius < #o.
By (4.3) and (4.4), on this ball the former solution (with compactly-supported initial
data) looks like a front moving with speed ¢*(e) in direction e, so we will be able
to conclude the same about the latter solution (with front-like initial data), which is
essentially just a rescaling of u® (with o ~ £~1). To make this argument rigorous,
we will need to choose the parameters involved very carefully, and we will also
need to contend with the shifts 'y at the same time. (The reader may want to
first consider the notationally simpler case y = 0, when u, is also independent of
¢ and the function u€?T and number tc.p,7 below do not depend on b.)

Forany C,b, T > 0 with C > baw(e’)~! let

wEPT (@t — 10,7 (y), x5 y) == u(t, x;bTy — CTw(eNe),
with u(-, -; -) from Hypothesis H’(ii) and ¢¢c , 7(y) > 0 the smallest number such
that

uCrT O, +bTy; y) 2 (1 — &) x(x-e<0)nBy - (4.6)

(We will eventually choose a small b and a large C, and then take 7 — o0.) It
follows from (4.3) and (4.4) (with the above A, and § — 0; note that bT A +
CTw(e') £ 5CT) that

. tewnr(Y)
kc := lim —————
T—o00 CT

exists and (for each y) it is the smallest number such that
{x-e<c"(@}NBic(w(e)e) CkeS,
as well as

fcor(y)

lim sup T

T=00 <

kc‘zo.
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Thus kc 2 1, and we also have k¢ = 1 + o(C~1 (as C — o0) because S has
a tangent hyperplane at w(e’)e’ with outer normal e. Moreover, (4.4) and ¢*(e) =
w(e')e’ - e also show that for any fixed (C, b) we have

lim sup sup sup uCl T (bTs, x + bTy;y)=0
T—00|y1<3 520 x-e2c*(e) (ke — 1) CT+8'bT+(c*(e)+6")bT's

because S N {x - e = c¢*(e)} = @, 8’ > 0, and (with o(1) = o(T°) uniform in
Iy =4)
(@) (ke = DCT +8bT = [¢*(e) + 8'b(keO) ™ + o) | 1c.6,r(»)
—CTw(e)e -e.

If we choose C large enough so that ¢*(e)(kc — 1)C < §’b (which is possible
for any b > 0 because k¢ = 1 + o(C~1)), we obtain

lim sup sup sup uC‘b’T(st, x+bTy;y) =0,
T—o0 [VISA 520 x-e2[28'+(c*(e)+8")s1bT

and therefore

lim sup  sup uc’b’T(t, x+bTy;y) =0. .7
T—00 1<y (1,x)ebTK

Lemma2.2 applied to u ;-1 and ub T (with the couple (y, r) being (x4+-bTy, T —
|x|) when |x| < T), together with (4.6), now yields

Uy 1 (1, x +bTy; y) S uClT (1, x + bTy; y) + e T-xl=n)

for each (¢, x) € [0, c0) x R?. This, (4.7), and K C By;5(0, 0) then yield

0< Lim sup  sup ugyy 1 (6, x+bTy; y) < lim e T=U+BT/) g,
T—o00

T—00 1< (1,x)ebTK
so long as we choose any b < 8'(1 4 ¢/)~! (and then C accordingly). But then

lim sup sup u®(,x+y;y)=1im sup sup wu(t,x+ sfly; y) =0.
e20 1)< ek #2001y 1<h mee 1k

O

In fact, the above convergences are uniform in all directions e for which (4.1)
has a front speed. This is the content of the following result, which can then be used
to prove Theorem 1.14 and Theorem 1.4(iv):

Theorem 4.4. Assume Hypothesis H'(i,ii), let T be the set of all directions e € §d-1
for which (4.1) has a strong front speed c*(e) in the sense of Remark 3 after
Hypothesis H’, and let T C T be the set of all e € S~ for which (4.1) has a
strong exclusive front speed. For each e € SY~, let R, be any rotation on R with
Ree1 = e, andfore > 0andy € RY let uf (-, - v, e) solve (4.2). We then have:
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() T and T are closed and c¢* | is positive, bounded by ¢’ from Lemma 2.2, and
Lipschitz continuous with Lipschitz constant only depending on c’.
@) Ifa, A > 0 and

MS(O’ G y.e) 2 @0 + a)X{x~e<y»e}
foralle > 0and (v, e) € R x T, then

lim inf  u®(, Rox +c*(e)te+y;y,e) =1
e=>01y|<r &eeT
locally uniformly on {(t, x) € (0, 00) x R4 | x1 < O}
(iii) If a, & > 0 and

ué‘(o’ S5y, e) g (1 - a)X{x.eéy.e}
foralle > 0and (y,e) € RY x T, then

11m sup  ub(t, Rex +c*(e)te+y;y,e) =0
e=>0 yIEr &eeT

locally uniformly on {(t, x) € (0, 00) x R? | x; > 0}.
(iv) For each compact set K C {(t,x) € (0,00) x R?|x; > 0} there is Bx :
0, 1] = (0, 1] with limy_,o Bx () = 0 such that if o, .. > 0 and

ug(oa sy.e, a) § X{x~e§y.e} + OlX{x4€>y~e}
foralle > 0and (y,e) € RY x f, then

limsup sup  sup uf(t Rex+c"(@)te+ yiy.e.a) < Py ().
e=>0 |y |<p&eeT (1X)EK

Proof of Theorem 1.14. (i) Let 7’ be a dense countable subset of 7. There is
obviously ¢ C Q with P[€2¢] = 1 such that (1.2) with any fixed w € Q¢ has
the same front speed c* (¢) in direction e for each ¢ € 7. Proposition 3.5 shows
that these are strong front speeds, and applying Theorem 4.4(i) now yields that
(1.2) with any fixed w € Q0 has the same (strong) front speed c¢*(e) indirection e
yield (1.24) and (1.25) because ug 4 ((t, x) = u(t, X +y, w;y,e).

The same argument applies to T . Moreover, the proof of Theorem 4.4(iv) below
shows that the functions Sg there for compacts K < {(t,x) € (0,00) x
R? | x; > 0} are determined from the functions R,K'.e from Proposition 3.5(ii)
(that is, the same ones as in Definition 1.6), where e are all vectors from any
dense countable subset 77 of ’f and K’ are all compacts contained in {x; >
0} € R<. Since we can take the same T forall the w € Q (for the here-relevant
full-measure set €2¢), it follows that the same Bk is shared by all w € Q. If
we now take K := {1} x K’ for any given compact K’ C {x; > 0}, then
Theorem 4.4(iv) and —-scahng in (¢, x) show that for each w € Qg and e € T !

we can take Sg, k.. in the definition of strong exclusive front speeds for (1. 2)
with this fixed w to be precisely this Sk . Hence we get the same fg k' . for all
w € Qo and e € T (as the definition of deterministic exclusive front speeds
requires), and it also equals B, . Finally, Theorem 4.4(iv) also yields (1.26).
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(ii) Since S is convex due to Lemma 4.1, for each e € S?~! there is a sequence
e, € S41 converging to e such that S has some unit outer normal e], at w (e, )e,.
Then Theorem 4.3(ii) shows that ¢, € 7 and c¢*(e),) = max, w(e')e’ - e, =

w(ey,)ey, - e,/l, the latter because S is convex. However, we then have

* /

. . Cc*(ey,)
w(e) = lim w(e,) = lim n-
n— 00 n—oo e, - e}’1

which yields one inequality in (1.23). The other is immediate from the compar-
ison principle and the definitions of the (deterministic) Wulff shape and front
speeds. 0O

Proof of Theorem 4.4. (i—iii) First note that considering the solution from Defini-
tion 1.3 and u’ = 0 in Lemma 2.2 immediately yields ¢*(¢) < ¢’. We also have
c*(e) > 0 by iterating the second assumption in Hypothesis H’(ii) (and using the
comparison principle).

Next, in (ii) and (iii) we only need to consider the convergence on sets K, :=

L35, M1 % (By N {x1 < =37 and K3y := [57, M1 x (By 0 {x1 = 7)) for all

for each fixed e € 7 (see the first paragraph of the proof of Theorem 4.3(ii)), and
hence also when the inf and sup are over all e € 7, with 7" any finite subset of
T . The full result (including the rest of (i)) will now be obtained once we prove an
appropriate bound on the difference of solutions u® above with ¢ and ¢’ such that
le — €’| is small.

This will be achieved using Lemma 2.2 and the comparison principle. Fix «, A,
let M = 1 be arbitrary and let us consider K ;,; Let 7’ C 7 be any finite set such

that T € Bs(3./11yp2)-1 ('), and for any e € T, let ¢’ € T’ be arbitrary such that
le—e| < 5@+ 1HMH 7L (4.8)
Now let u, u’ solve (4.2) for some ¢ > 0, with initial data satisfying

u(()? .) é (1 - a)X{x‘egy{)}’

W (0,) = (1 = (e <yerrsm1y-
From (4.8) it follows that
{x-e<y-e}NBaeynm(y) S {x Sy + (5M)_1} -
Combining this with ¢*(¢’) < ¢/, we have that forany ¢ € [0, M]and z € By (y +
c*(e)re), u(0,-) < u'(0,-) on Byoar(z) S B@ae+1ym(y). Applying Lemma 2.2

(after an e-scaling in space and time) yields

/o—1
u(t,z) S ul(t,z) + e~ @M=D)

’ -1
éu/(l‘,z)—i-c/e_mC,Ms )
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Thus if R, R’ are rotations in R? such that Re; = e and R'e; = ¢/, then

sup u(t, Rx +y+c*()te)
(t,x)eK

< sup u'(t,Rx +y+c*()re) + e —m'c'Me~
(t,x)eK

Now t £ M, (4.8), and c*(¢') < ¢’ yield

1
k /t t <
lc™(e')te — C(e)eI_SM

and then |Rx — R'x| £ for any x € By gives

= 337 +1)M

<B_ {xl > i}) +y+c*)te
-

1
R’ (BM+1 N {xl > S_M}) +y+GM)e + cF)e.

This means that

sup u(t, Rx +y + c*(e)te)
(t.x)eky

< sup Wt Rx+y+GM)e 4 e + e M

(t.x)eKdy,
Therefore
sup sup u®(t, Rex +y +c*(€te; y, e)
[VISA &eeT & (t,x)eky; € €T & e~ |S(53c/+1)M?) !
< sup ut(t, Rox + (y + (SM)~'e’)

VISr&e'eT &(t, x)eK
+ c*(eHte; y + GM)™ 1e/, e’)
+ C/efm/c’M&’1

if we assume u®(0, -; y,e) = (1 — “)X{x.egye} (which suffices in (iii)). Since the
right-hand side converges to 0 as ¢ — 0 (see the start of this proof), so does the left-
hand side. If we now fix any e, ¢’ € 7 such that M := (5(3c’ + 1)|e —e |) 12>
and pick 77 as above containing ¢’, then this for (¢, x,y, 1) = (M, e1 0,1)
yields

lim (M, (M~ +c*(e)M)e; 0, ¢) = 0.

e—

It then follows from the definition of front speed in direction e that
) Sc* )+ M2 < c* )+ 53 + 1)]e — €|

/ —d < 1
whene, e’ € T and |e — ¢'| = 557775
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A similar argument, using initial data satisfying

u(0, ) 2 (G0 + a)X{x-e<y-e},
M/(O, ) - (90 + a)X{x-e’<y-e’—(5M)*l}a

eventually gives

inf inf u®(t, Rox +y +c*(ete; 1, e)
[VISr & eeT & (1,x)eK,, € €T &le—e/|S(5Bc/+1)M?)~!
> inf u(t, Rox + (y — GM)~'e)

= |y\§k&e’e’f’&(t,x)eK;M
+ (e y — M), )
_ c/e—m’c’Me?’1
if we assume u?(0, ; y,e) = (6 + a)x{x_egy_e} (which suffices in (ii)). Since the
right-hand side converges to 1 ase — 0, so does the left-hand side, and from this we
also get c*(e) = ¢*(e/) —5(3¢’ + 1)|e —e/| whene, ¢’ € T and |e — €| < m
These last two paragraphs now show that ¢*|7 is Lipschitz, with |c*(e) —
c*(@)] £ 53c" + 1)le — €| whene, e’ € T and e — €| < m We can
therefore continuously extend ¢* to 7. Then for any M’ > 1, the ¢ — 0 limits of

the displayed inequalities in those two paragraphs with M := 2M "and 7' C T
such that 7 - B(5(3C’+1)M2)71 (T/) yleld

lim sup e (t, Rox +y + c*(e)te; y, ) = 0,
20y Sr&eeT & (t)ek ),

lim inf u®(t, Rex +y + c*(e)te; y,e) =1
£201y<h&eeT & (1.1)€K,,

because [c*(e)te — c*(e)te| < 1 < 7b — L when e — ¢/| £ (53¢’ + HMH)~!
and |t| £ M. Since M’ was arbitrary, it now follows after ¢-scaling that c*(e) is
the front speed in direction e for (4.1) whenever e € 7. So 7 is closed, and the last

(iv) This (including the proof that T is closed) is analogous to the above argu-
ment, but with initial data satisfying

u(0, -) g X{x~e§y'e} + A X{x-e>y-e}>
W (0,) = Xixe'Sye+(5M)-1) T X(x-e>ye'+(5M)1)»

and also using that ¢*|7 is continuous. (We note that the formula u®(¢, x; y) =

u' (£, L% L) from the start of the proof of Theorem 4.3(ii) shows that for any

M =2 1 and M := 2M’ we can pick Bg+ to be the maximum of
M/

R . .
B Ry (B2 Nx1 2 (M) 2./ from Remark 3 after Hypothesis H' (that is, definition of

strong exclusive front speeds) over all directions ¢’ € 7", with any finite 7" C T
such that 7 - B(5(3C’+1)M2)71 (T’)) O
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Proof of Theorem 1.4(iv) and of the corresponding part of Theorem 1.12. Our
proof of the first claim is similar to that in [48] for periodic ignition reactions
(when pulsating fronts exist in all directions), although the uniformity with respect
to certain translations in the remark after Theorem 1.14 simplifies it (uniformity
with respect to directions is not necessary here). Define S via (1.6) and (1.7) and
observe that then

S= ﬂ {xeRd:x-e<c*(6)}.

ecSd-1

This, Definition 1.6, and the comparison principle immediately yield (1.16) for
almost all w € Q because By (0) N (RY \ (1 4+ §)S) is contained in some finite
union of some compacts K, C {x € R? : x-e > c*(e)} whenever 8§ > 0. (Note
that if we replace (1 + 8§)S by By(0) in (1.16), then the convergence is obvious
from Lemma 2.2.)

To obtain (1.15), consider any strictly convex compact W C S with a smooth
boundary. If W is such a set, then for each e € S?~! there is a unique point x, € W
at which 0 W has unit outer normal e (and this map is a bijection). Also, continuity
and positivity of ¢* show that there is § > 0 such that

we N {xeRd Lxee< (1—5)c*(e)},
ecSd-1
which in particular means x, -e < (1 —8)c*(e) for all e. Smoothness of 9W shows
that there is 8’ € (0, §) such that for each e € sa-1

{x eR? | x-e<x,-e—c"(e)8 and |x — x| < 4c/8_18/} c W,

where ¢’ is from Lemma 2.2.

Let us now fix any w from the full-measure set €2( from the Remark after Theo-
rem 1.14. Pick A so that %W C BA(0),and alsoany e € S9! and any o > 1. We
can now use Lemma 2.2 witht = 2818’1, any y € Byus-1g, (tox.), and functions

. 1
Uz, and uy, in place of u and u’, where uy, (0, -) = 200 X{x-e<(xp-e—c*(e)8)1o) and
146
ury (0, ) = 52 x40, to find
. — _ _ re—1gr
inf [u,O(ZS 1810, x) — g0 (28 18’t0,x)] > (eI,
XEBy 517y, (foxe)
From the remark after Theorem 1.14 we now obtain
lim inf inf U287 1819, x) = 1.

lo—>00 ecT XEBZHS*IMO (toxe)N{x-e<(xp-e4+2c*(e)8 (8~ 1—1))1g)

(In fact, only taking finitely many directions e would suffice here.) From x, - ¢ <
(1 — 8)c*(e) we then obtain

lim inf inf (2671819, x) = 1.
tgp—>00 ecT XEBZc’rla’tO (toxe)N{x-e<xe-e(142818" )19}
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But since
(142818 toW C oW U U [Baers15, (foxe) N {x - e < x - e(1 + 2871810},
ecT
this and the first claim in Lemma 3.1 yield
lim inf Uy (2871819, x) = 1.

10—>00 x (1428~ 18" 10 W

This and the comparison principle show that if #( is large enough and a solution u
to (1.2) satisfies

1+ 6y

inf u(t, x) 2
(t,x)€lty, t1+2t0]xto W

for some #; (which u,, from Definition 1.3 does by Lemma 3.1), then

lim inf u(t,x)=1.
=00 xe(t—t1—tg) W

But this implies (1.15) for any § > O such that (1 — %)S C W. Since W C S was
an arbitrary compact, the proof of the first claim is finished.

To prove the second claim, assume now that also (1.8) holds for each e € sd-1,
The hypotheses show that the Hamiltonian

H(p) = —c* <—L> [Pl
|pl

in (1.9) satisfies
H(p):=—H(-p)=c" (£> lpl = sup w(ee - p.
|pl o/ eSd-1
So if v and vy are as in (1.17), then v := —7v solves
U+ H(Vi)=0 on(0,00) x R,
5(0,x) = —vo(x) onRY

with a convex Hamiltonian H. Therefore the function

-, .4 0 if [pl=w ﬁ ,
L(p):=H)"(p):==sup |p-q—c" | —Iql|= .
geRd g oo if |p|>w %
4.9)

is the associated Lagrangian (with the last equality due to convexity of S, by
Lemma 4.1) and H( p) = L*(p). The Hopf-Lax formula now yields the iden-
tity

~ . X =Yy —

v(t,x) = inf [tL <—> — vo(y)i| (4.10)

yeRd t

for the (unique) viscosity solution v. Since L (xt;y) = 0 precisely when y € x —18,
we obtain

x| 0(t,x) >0 =A+tS=A+1S 4.11)
(because A is open) for any ¢ > 0. That s, @4 = ©4S and the proof is finished.
Note also that we did not assume convexity of A here. 0O
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We will now prove our first homogenization result, Theorem 4.5. When also
(1.8) holds, we immediately obtain from it the claim in Theorem 1.4(iii) (and the
corresponding part of Theorem 1.12) because @45 \ 045 = 9O4-S for convex
A and ©4¢" = ©4-S due to (1.8).

We will prove Theorem 1.4(iii) without assuming (1.8) in Section 5. In fact,
Theorem 4.5 will not be needed in the rest of the paper and can be skipped. We
include it only to demonstrate how one can prove homogenization in some settings
without the need for the theory of discontinuous viscosity solutions in Section 5.

Recall that for A € R? and r > 0, we define A9 = A\ B,(0A).

Theorem 4.5. Assume Hypothesis H’ and that (4.1) has a strong front speed c*(e)
satisfying (1.8) in each direction e € S (for example, if S has no corners, due
to Theorem 4.3). If A C RY is open, A" = ch(A) is its convex hull, o > 0, and u®
solves (4.2) and

B+ )1y 1y, S10°0.) = (1= )y (a1 (4.12)
for each ¢ > 0, with some y. € By and limg_o Y (&) = 0, then

i (x4 oy = 1! (t,x) € @45,
im u(t, x = —
60 Y700 (1, %) € ([0, 00) x RY) \ OAS

locally uniformly on ([0, 00) x R?) \ (OA"S \ eA5),
To prove Theorem 4.5, we will need the following geometric lemma:
Lemma 4.6. Assume that S € R¢ containing 0 is open, bounded, and convex. For

each e € S, let w(e) and c*(e) be given by (1.7) and (1.8). If A € R? is open
and convex, then for eacht 2 0 we have

A+1tS= ﬂ {x-e<supy~e+c*(e)t},

ecSd-1 yed

A+tS= ﬂ [x-egsupy-e—i-c*(e)t}.

yeA
ecSd-1 ’

Proof. Let B be the above intersection. If x € A + ¢S, then there are y € A and
z € S such that x = y + z¢. If z = 0 then obviously x € B; otherwise let ¢’ = é—‘
Then for any e € S~! we have

x-e=y-e+|zlte -e < supy -e+cF(e)
yeA

by |z| < w(e’), (1.8), and c*(e) > 0. Hence A +tS C B.
If now x ¢ A + 1S is arbitrary, let x’ € A + ¢S be the closest point from (the
convex set) A +tSto x. Lete € S9! be such that x” - ¢ < x' - e < x - e for




860 JESSICA LIN & ANDREJ ZLATOS

any x” € A+1S (if x # x/, thene = ﬁ works). Let ¢/ € S?~! be such that

c*(e) = w(e')e’ - e. Then for any y € A we have y + w(e)e't € A +1S, so
y-e+c*e)t = +w)et) - e<x-e.

Therefore x ¢ B, so A +tS 2 B. This proves the iirst claim, and the proof of the
second is analogous (noticing also that A +tS = A +tS). O

Proof of Theorem 4.5. Obviously, these are two separate results, with the first in-
equality in (4.12) yielding the convergence to 1 and the second inequality yielding
convergence to 0. Hence, due to both convergences being locally uniform and due
to the inclusion of the shifts y,, it suffices to consider in both proofs ¥ (¢) = 0 for
all e > 0.

The convergence to 1 then follows directly from Theorem 4.2. For the conver-
gence to 0, recall that A’ = ch(A), and let K C ([0, c0) x R9) \ A Sbea compact
set. We can assume without loss that K = [0, 7g] x Q for some 7y > 0 and some
compact Q C R? \ A’ + 1S because K is contained in a finite union of such sets
(with distinct ).

With ¢’ from Lemma 2.2, let A > 0 be such that Q € Bj_j.y, and let
B := A’ N B, (which is open, bounded, and convex). Then Q N B + oS = @, so
by Lemma 4.6, there is 8’ > 0 such that

gn ﬂ {x'e §13(e)+c*(e)to+5/} =0,

eeSd—1

with /g(e) := sup,cpy - e. Since /g and ¢* are continuous by their definitions,
there is M such that Qpy := By N {x1 = %} C R4 satisfies

0< |J (ReOm +1s(e)e + c*(e)ige)

ecSd-1

But then an application of Theorem 4.4(iii) with A := A + é andy =Ig(e)e +
forany ¢ > 0 and e € SY~! shows that w® solving (4.2) and

w(0,) = (1 — &) XB+y,
satisfies

lim sup w’(t, x + ye) = 0.
£20 (1,x)€l0,19]x Q

Since Q € Bp_ac1, and B := A’ N By, we have from this and Lemma 2.2,

. . P B
0< lim sup u®(t,x+y,) = Im})c/e m'(2c'e 0—c'e 1) — ),
E—>

=0 (s x)ek

This establishes the convergence to 0 claim, and the proof is finished. O



Stochastic Homogenization 861

5. Homogenization for General Initial Sets

In this section we prove Theorems 1.4(iii) and 1.7(ii), as well as the same
results for (1.2). We will again consider a fixed w € Q (which is again dropped
from the notation), and hence show that if strong exclusive front speeds ¢*(e) in all
directions e exist for (4.1), then solutions to (4.2) with appropriate families of initial
conditions converge to (discontinuous) viscosity solutions of the Hamilton—Jacobi
equation (1.9) as ¢ — 0. Specifically, if the initial conditions satisfy (5.7) below,
then solutions converge to xga.c+, with the set ©4:¢" from (1.17) obtained from
solving (1.9) with initial condition (5.4).

5.1. Hamilton—Jacobi Equations and Viscosity Solutions

We begin by recalling some basic properties of Hamilton—Jacobi equations and
their viscosity solutions. We want to consider the PDE (1.9) with initial condition

u(0, ) = xa. (S.D

where A C R? is an open set. As this results in us having to consider discontinuous
functions, we will have to employ the notion of viscosity solutions (the ones we
use here are also called discontinuous viscosity solutions). With u*, u, : [0, 00) X
R? — R being the upper and lower semicontinuous envelopes of a function u :
(0, 00) x RY — R that is bounded on bounded sets, we have the following:

Definition 5.1. ([9]). A function u : (0, 00) x R? — R is a viscosity subsolution
to (1.9) if for any ¢ € C'((0, 00) x R?) we have

~ Vo(io, xo)
Vo (to, x0)|

whenever u* — ¢ has a local maximum at (#y, xo). Similarly, u is a viscosity super-
solution to (1.9) if for any ¢ € C'((0, c0) x R?) we have

~ Vo(to, xo)
IV (10, x0)|

whenever u, — ¢ has a local minimum at (¢, xo).

We say thatu is a viscosity solution to (1.9) when itis both a viscosity subsolution
and a viscosity supersolution. We also say that u satisfies initial condition (5.1)
whenever (with A? = int(A))

¢i(t0, x0) < c* ( ) IV (10, x0)| (5.2)

¢ (10, x0) = c* ( ) IV (10, x0)| (5.3)

x40 = usx(0,9) =u™(0,°) = xz.

Since we can always add a constant to ¢, a function u is a viscosity subsolution
provided (5.2) holds whenever ¢ € C! satisfies ¢ (fo, xo) = u*(to, xo) as well as
¢ = u* on a neighborhood of (#y, x¢), and u is a viscosity supersolution provided
(5.3) holds whenever ¢ € C! satisfies @ (19, x0) = ux(t9, x0) as well as ¢ < u, on
a neighborhood of (#y, xo).
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While the PDE (1.9) satisfies a comparison principle for upper semicontinu-
ous subsolutions and lower semicontinuous supersolutions (see Theorem 5.3(iii)
below), the question of uniqueness of discontinuous viscosity solutions is more sub-
tle (see, for example, [13] for some counterexamples). However, the initial value
problem (1.9)+(5.1) does admit a unique (discontinuous) viscosity solution (up to
sets of measure 0) for certain initial conditions and under appropriate hypotheses
on ¢*. This turns out to be closely related to the following definition.

Definition 5.2. Let v be the unique continuous viscosity solution to (1.9) with initial
condition v(0, -) = Vg, where vy : RY — Ris any uniformly continuous function
satisfying
>0 xe A",
vp(x) =30 x € 0A, (5.4)
<0 xeRY\A.

We say that the initial value problem (1.9)+(5.1) does not develop an interior if for
any such vg, we have
l{(z,x) | vz, x) =0} =0, (5.5)

with | - | the Lebesgue-measure on RA+L

This definition differs slightly from those in [13, 14,46,47] and other references;
see Remark 2 after Theorem 5.3 for a discussion of this. Also observe that since
(1.9) satisfies both uniqueness and a comparison principle for continuous viscosity
solutions, it follows that the sets {v > 0}, {v < 0}, {v = 0} for continuous viscosity
solutions to (1.9)+(5.4) are independent of the choice of vy [47, Theorem 1.4].
Therefore, as mentioned in the introduction, we define O via (1.17), with v any
such solution.

We now have the following theorem, which is a collection (and combination) of
results by BARLES, SONER, and SOUGANIDIS [ 13, Theorems 2.1 and 4.1], CRANDALL,
IsHi1, and LionNs [20, Theorem 8.2], SOUGANIDIS [47, Theorem 1.10], and SORAVIA
[46], and which implies that in our setting, (1.9) admits a unique discontinuous
viscosity solutions for any relevant initial condition:

Theorem 5.3. Let ¢* : S?~! — R be Lipschitz and let A € R be open. Then:

(i) The problem (1.9)+(5.1) has a unique (up to space—time sets of measure 0)
viscosity solution u if and only if it does not develop an interior. This solution
is then given by u = X(y>0), where v is any solution to (1.9)+(5.4).

(i) If c*(e) > O forall e € S?~1, then (1.9)+(5.1) does not develop an interior.

(iii) If u, v : [0, 00) x R? — R are a bounded upper semicontinuous subsolution
and a bounded lower semicontinuous supersolution to (1.9), respectively, and
u(0,x) < v(0,x) holds for each x € R4, then u(t,x) < v(,x) for all
(t,x) € [0, 00) x R

Remarks. 1. In[13,47], the statement of Theorem 5.3(ii) is formulated in terms
of the PDE (1.9) with initial condition u(0, -) = x40 — X ¢, and the unique
viscosity solution is # = x>0} — X{v<0} - The two statements are clearly
equivalent.
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2. In some earlier papers, the no interior condition was stated in the topological
sense, namely

{v>0={v=0}=0{v <0} (5.6)

for any solution to (1.9)+(5.4). The two definitions coincide in most situations
of interest but differ in some pathological cases. For instance, when ¢* = 0 (so
(1.9)isu; =0)and A = (0, 1) U (1,2) € R, then v(¢, -) = vg foreacht > 0,
s0 (5.5) holds but (5.6) fails (and u(t, x) = x4 (x) is the only viscosity solution
to (1.9)+(5.1)). On the other hand, if ¢* = 0 and A, B C R are two open sets
with A U B dense, A = 9B, and |dA| > 0, then again v(¢, -) = vo for each
t > 0,50 (5.5) fails but (5.6) holds (and u(z, x) = x4/ (x) is a viscosity solution
to (1.9)+(5.1) whenever A € A’ C A). The proof of Theorem 5.3(i,ii) in fact
applies with our Definition 5.2 (see, for example, [13]), which justifies its use
here.
3. Note that (ii) implies [©4-<"| = 0.

5.2. Homogenization for (1.1) and (1.2)

We will again first consider (4.1), with the following hypotheses:

Hypothesis H”. (i) Assume H’(i).

(i1) Lemma 2.2 holds for solutions to (4.1).

(iii) The PDE (4.1) has a strong exclusive front speed ¢*(¢) > 0ineach direction
e € S, in the sense of Remark 3 after Hypothesis H’.

Remark. Note that we do not assume the second claim in H’(ii) here. Its role will
instead be played by the assumption ¢*(e) > 0.

We now reformulate the last claim in Theorem 1.12(ii) (corresponding to The-
orem 1.7(ii)) in terms of (4.1) and Hypothesis H”. Note that with 6y chosen to
satisfy H”(iii), we can replace 8y + « in the statement of the theorem by just 9y (see
Remark 2 after Hypothesis H’).

Theorem 5.4. Assume Hypothesis H". If A € R is open, R > 0, and u® solves
4.2) and

GOXA(J,(S)“‘.VS <uf0,) = XBye)(A)+y, T T/f(E)XRd\(BWE)(AHyE) (5.7
for each ¢ > 0, with some y, € Bg(0) and lim,_,o ¥ (g) = 0O, then
é}i_r)% ut(t, x + ye) = xgae (t, x)
locally uniformly on ([0, o0) X Rd) \ 904",
Proof of Theorem 1.7(ii) and of the corresponding part of Theorem 1.12. This is
immediate from Theorem 5.4 applied to those w € €2 for which (1.2) (or specifi-

cally (1.1)) has strong exclusive front speed ¢*(e) in each direction e € SY~!. The
set of such w has full measure by the remark after Theorem 1.14. O
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Proof of Theorem 5.4. Since A in H”(iii) is arbitrary (and hence can be replaced
by A + R), we can assume y, = 0 without loss of generality. Also, let ¢’ > ||c*|oo
be as in Lemma 2.2 (note that Hypothesis H”(ii) implies that |c*||c < ¢/, and
increasing ¢’ keeps Lemma 2.2 valid).

Given a family of functions {#®}, we let their half-relaxed limits (introduced in
[11,12]) be

limsup* u® (¢, x) = sup {lim supu®(te, xo) | (te, xe) — (¢, x)}

e—0
and
liminf* u® (¢, x) = inf {lim i(I)lf ub(te, xo) | (te, xg) — (t, x)} .
E—>
Then let o
e .= {(t,x) € (0, 00) x RY | Tliminf* u® (7, x) = 1] (5.8)
and

0
0% = {(;, x) € (0,00) x RY | limsup* u® (¢, x) = o} .
It follows then that for any compact K € ®! we have

lim inf wu®(r,x) =1, 5.9

e—0(t,x)eK
while for any compact K C ©2 we have

lim sup u®(z,x) =0. (5.10)

=0 (s x)ek

We now claim that the functions xg1 and x( o) xré)\@2 are, respectively, a vis-
cosity supersolution and a viscosity subsolution to (1.9).

Letusstart withw := g1, whichis obviously lower semicontinuous, sou, = u.
Let¢ € C1((0, 00) x R?) be such that  — ¢ has a strict local minimum at (79, xg).
Without loss of generality, we may assume ¢ < u and ¢ (fo, xo) = u(t, xg). If
(to, x0) € O or (to, x0) € [(0, 00) x R9] \ ®1, then the claim in the supersolution
part of Definition 5.1 is satisfied for ¢ and (#y, x¢) because u is locally constant at
(t0, x0), which implies

V¢ (g, x0) =0 and ¢, (tg, x0) = 0.

It remains to consider the case (7, xo) € 90!, when u (79, xo) = 0. Let us first
assume that V¢ (¢, xg) = 0, so that we need to show ¢, (9, x9) = 0. Hence let
us assume, towards contradiction, that ¢, (fp, xo) < 0. Then for each small enough
he (O, ’70) we have inf|, | <5c @ (fo — 2h, x) > 0 because ¢ € C! (fix one such
h), so that {tg —2h} x Bsep(x0) € ©1. Thus we can apply Lemma2.2tou,(t, x) :=
u(t,x; (xo-e +5¢'h)e L, e) for any e € s4-1 (with u from Hypothesis H”(iii)) and
u,(t, x) := u®(et + to — 2h, ex), which solve (4.1) and satisfy u (0, -) < u/ (0, -)
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on Bsyp e (72) for all small enough & > 0. The lemma and Hypothesis H”(iii) then
show

lim inf u,(t,x) = 1.
£=0 (1.x)e(h/e.3h/€)x By e (x0/€)

Therefore (tg — h, o + h) x Bey(xo) € O, contradicting (19, xo) € 90

Let us now assume that p := —V¢ (19, x9) # 0 (and let p := ﬁ), so that
we need to show ¢, (19, x9) = c*(p)|p|. Hence let us assume that ¢, (z9, xg) <
s|p|l < c¢*(p)|p| for some s € R. Since ¢ € C', it follows that for each small
enough i € (0, 79) we have ¢(t9p — h,x) > 0O for all x € Byy,(xp) such that
(x — x0) - p £ —sh (fix one such /). This means

{to — 1} x (Baen(xo) N fx | (x —x0) - p < —sh}) O

Thus we can apply Lemma 2.2 to u, (¢, x) := u(t, x; (xo - p — sh)e™ !, p) (with u

from Hypothesis H”(iii)) and u, (¢, x) := u® (et +1to — h, £x), which solve (4.1) and

satisfy u¢ (0, -) = u; (0, ) on Bayery e (32) for all small enough & > 0. The lemma

and Hypothesis H”(iii) then show
lim

in up(t,x) =1
e=0 (1,x)€((h—8)/e,(h-+8)/€)x Bs /¢ (xo /&)

for some small § > 0 because ¢*(p) > s. But this now means that (o — &, 7o +8) x
Bs(xg) < o', contradicting (fp, xp) € 90!, Therefore Xeo! 1s indeed a viscosity
supersolution to (1.9).

The argument for & := X[() oc)xrd\@2 1S similar, but using exclusivity of the
front speeds c¢*(e). Again notice that & is upper semicontinuous, so u* = u. Let
¢ € C1((0, 00) x R?) be such that # — ¢ has a strict local maximum at (fy, xo).
Without loss of generality, we may assume ¢ = u and ¢ (fo, xo) = u(to, xo). If
(t0, x0) € O or (fg, x9) € [(0, 00) x R?]\ ©2, then the claim in the subsolution
part of Definition 5.1 is satisfied for ¢ and (#y, x¢) because u is locally constant at
(to, x0), which implies

Vo(ty, x0) =0 and ¢ (to, x0) = 0.

It remains to consider the case (7o, xg) € 902, when u(to, xo) = 1. Let us
first assume that V¢ (79, x9) = 0, so that we need to show ¢, (t9, xo) < 0. Hence
let us assume that ¢ (f9, xo) > 0. Then for each small enough h € (0,%) we
have SUP|y—xo|<5¢/h ¢(tg — 2h, x) < 1 (fix one such k), which means that {fg —
2h} x Bserp(x0) € ©2. Thus we can apply Lemma 2.2 to (¢, x) := u(t, x; (xo —
5c’he)e™!, e, a) for any e € SY~! and any small & > O (with u from Hypothesis
H”(iii)) and u, (¢, x) := u®(et+19—2h, ex), which solve (4.1) and satisfy u, (0, -) <
u,(0,-) on Bs. /S(x?o) for all small enough ¢ > 0. The lemma and Hypothesis
H”(iii) with the compact K := {x € B (0) : x-e 2 %} (and any A > h~ Y xg| +
5¢’) then show

lim sup sup ug(t,x) < Brel@) (= 0asa— 0).
e—0 (t,x)e(h/e,Sh/s)xBc/h/g(xo/s)
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Therefore (tg — h, tg + h) X By (xg) € e2, contradicting (¢, xo) € 902,

Let us now assume that p := —V¢(fg, xg) # 0 (and let p := %), so that
we need to show ¢, (fy, x0) < ¢*(p)|p|. Hence let us assume that ¢, (fo, xg) >
s|p|l > ¢*(p)|p| for some s € R. Since ¢ € C', it follows that for each small
enough & € (0, 79) we have ¢(t9p — h,x) < 1 for all x € By, (xp) such that
(x — x0) - p = —sh (fix one such ). This means

{to — h} x (Baen(x0) N {x | (x —x0) - p = —sh}) € O

Thus we can apply Lemma 2.2 to u/, (¢, x) := u(t, x; (xo — shp)e~", p) (with u

from Hypothesis H”(iii)) and u. (¢, x) := u® (et +t9— h, £x), which solve (4.1) and

satisfy u¢(0, ) = u; (0, ) on By e (32) for all small enough & > 0. The lemma

and Hypothesis H(iii) then show

lim sup inf ug(t,x) = Bg p@) (= Oasa — 0)
e—0 t€((h—3)/e,(h+3)/e) & x€Bsse(x0/€)

for some small § > 0 and some compact K C {x - p > 0} because c*(p) < s, but

this means (zo — &8, tg +6) x Bs(xg) C e2, contradicting (#y, xo) € 9©2. Therefore

X[(0,00) xR4\ @2 18 indeed a viscosity subsolution to (1.9).

We next need to show that both xg1 and X (g, o) xR\ @2 satisfy initial condition
(5.1). Let @{ = {x | (,x) € ®/} for t > 0 and j = 1,2, and pick any
s € (0, inf, g1 c*(e)). (Note that Theorem 4.4 holds here because the second
claim in Hypothesis H’(ii) was only used in its proof to show that ¢*(e) > 0, which
we assume in H”(iii). Therefore c¢* is continuous and hence inf . gi-1 ¢*(e) > 0.)
An argument as in the last part of the proof that xg: is a supersolution, using
Lemma 2.2 and existence of strong front speeds in all directions, then shows that if
B, (x) € A forsome x € A andr > 0, then B,4,(x) € @}l for all small enough
h > 0. Repeating this recursively and using that A is open we obtain Bs;(A) € (H),l
for all # > 0. This shows that (),_, ®} 2 A.

Next pick any s > ||c*||co. An argument as in the last part of the proof that
X[(0,00)x R4\ @2 18 @ subsolution, using Lemma 2.2 and the existence of strong ex-
clusive front speeds in all directions, then shows that if now B,(x) C R4 \Z,
then B,_g;(x) C ®i for all small enough # > 0. Repeating this recursively now
yields (RY \ A)Y, € @? for all + > 0. This, together with (),_,©®! 2 A and
®! N ®% = @, shows that in fact mte(O,T) @tl = Aforeach T > 0 as well as
R?\ A0 € ® CRY\ Aforeacht > 0.

The former claim means that (xg1)« = xe, where

0, =0'U[(0} x @°],
while the latter means that (X[, o0)xré\02)™ = Xe* Where
©* := ([(0, 00) x RIT\ ®%) U[{0} x A].

Hence both xg1 and X9 o0)xrd}\@2 satisfy (5.1).
Next we would like to apply Theorem 5.3(iii) to the subsolution xg+ and su-
persolution x@, but we cannot do that because they are not appropriately ordered
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att = 0. (In fact, ®' N 2 = ¢ even yields xo, < xe+ pointwise.) Nevertheless,
since we proved that (A ©) By (A) C @}1 forsomes > Oandall 2 > 0, we can use
the supersolution xéf)* (t, x) := xo,(t+h, x) instead of x@,. Then Theorem 5.3(iii)
yields for each & > 0 the second of the pointwise inequalities

X0, < xor < x0,. (5.11)

Now, however, for any (7T, y) € (0, 0o) X R? we have

/ (xo*x — xo,)dxdt < / Xé‘)* dxdt -0 ash— 0,
[0,T]x B1(y) [T—h,T1xBi(y)
S0 x@, = xeo* up to a set of measure 0. This of course means that [(0, oo) x
R4]\ [®! U ©2] has zero measure and Xo! 1s actually a solution to (1.9)+(5.1).
Theorem 5.3(i,ii) now shows that it is the unique solution, and also that el = e,
(We note that one can similarly show that u < X(}S* for h > 0 and any upper
semicontinuous subsolution u to (1.9)+(5.1), as well as yo+ < ul for h > 0 and
any lower semicontinuous supersolution «. This then yields an alternative proof of
uniqueness of the viscosity solution xg1.)

Since [(0, c0) x R9] \ [©! U ®?] contains no open balls, it must be contained
in 902 U 9O'. And since definitions of ®' and ®2 show that

. 1 (t,x) e O,
lim u®(t, x) = 5 -
£—0 0 (r,x) € ®U[{0} x (R \ A)],
it remains to prove 902 N [(0, 00) x RY] C 960! (note that {0} x A C 3®'). But
if (7, x) € 902 for some ¢ > 0, then (¢, x) ¢ ©! U ©2 because the two sets are
open and disjoint. This means that xe+ (¢, x) = 1, s0 (5.11) shows (t + h, x) € o!
forall & > 0. It follows that (¢, x) € 3®!, and the proof is finished. (In fact, (5.11)
implies 302 N [(0, 00) x R?] = 3O N [(0, 00) x RY].) O

We can now also prove Theorem 1.4(iii).

Proof of Theorem 1.4(iii) and of the corresponding part of Theorem 1.12. The ar-
gument in the proof of Theorem 1.7(ii) above shows that there is a full measure set
of @ such that (1.1) (resp. (1.2)) with this @ has strong front speed c¢*(e) in each
direction ¢ € S?~!. Fix any such w (then Hypothesis H” will be satisfied with the
word “exclusive” removed) and as in the proof of Theorem 5.4, we can assume
without loss of generality that y, = 0.

As in the proof of Theorem 5.4, consider ©! from (5.8). Note that in that proof
we only used H”(i,ii), and the strong front speeds claim in H”(iii) to show that g1
is a (lower semicontinuous) viscosity supersolution to (1.9) and (1, ®,1 D A.
Therefore this is still the case now, even though existence of exclusive front speeds
is not assumed.

Instead of exclusive front speeds, we will use convexity of A. Let

= [ {¢t.x)e©.00) xR | x-e< supy-e+c*(e)p. (512)
pesd-1 yedA
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We now claim that it suffices to show that @3 € @4-<",

Let us assume this is the case. From the hypotheses, the definition of strong
front speeds, and the comparison principle it follows that limsup* u° (¢, x) = 0 for
each (¢, x) in the set

([0.00) x RY\®3 = | ] {(t.x) €[0.00) xR? | x-e> sup y-e+c*(e)t|.

eeSd—1 yeda
(Note that ©3 N [{0} x RY] = A.) Tt follows that ®! € ®3 C @A.*. This and

OAF N0} xR =4 C ﬂ o]

t>0

(the equality being from the definition of A4 and || ¢*|| oo < 00) allow us to apply
the argument from the last proof (using time shifts by # > 0 and Theorem 5.3(iii))
to the subsolution g+ with ®, := O' U {0} x (A)°] and the (super)solution xe,
with ®* := ©@4.¢*, This yields ©! = ©3 = ©4-<", finishing the proof.

It remains to prove ©3 C ©4-¢" Consider vy defined by

_ dist(x,dA) x €A,
vo(x) = . d

—dist(x,dA) x € R4\ A.
Then v is uniformly continuous, concave, and satisfies (5.4). It follows that A" =
{v > 0} for v the unique viscosity solution of (1.9) with v(0, -) = vy. Since v is
concave and grows at most linearly, we can apply the Hopf-Lax formula for convex
initial data [10] to obtain that

—v(t, x) = sup infd {—%(z) +(x—2)-y—c* <L> Iylt} .

yeRd z€R [yl

Since vg|ga = 0, it follows that

v(t,x) > inf sup {(z—x)~y+c* (l> |y|t}.

yeR? 7€ A [yl
Then, obviously, v(¢, x) > 0 for each (¢, x) € (0, c0) x R¥ such that

inf sup {(z—x)-e+c*(e)t} >0, (5.13)

eeS1 zepA

But compactness of SY~! and the continuity of c* show that these are precisely the
. . <
points from ®3, so indeed @3 € ®4¢". O

It follows from the above that the set @4-¢" is precisely the set of (¢, x) satisfying
(5.13) when A is convex. Convexity shows that these are obviously those points
satisfying

inf inf {(z —x)-e+c* (e)t} > 0,

Z€E0A e€n;
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where n; is the set of all outer unit vectors for A at z € dA. When A is convex,
bounded, and C! (so n, contains a single vector for each z), the characteristic
function of this set has also been proved to be the homogenization limit in the case
of periodic monostable reactions [1].
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