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Preface

The theory of nonlinear partial differential equations has been developed as a
powerful mathematical tool to understand nonlinear phenomena in various fields
of science. In recent years problems in the setting of non-Euclidean metrics at-
tracts a great deal of attention. For example, analysis on a complex system is
expected to have important applications to study propagation of chemicals in
human bodies. Also, a crystalline curvature flow is proposed as a mathemat-
ical model of crystal growth that involves anisotropic curvatures and surface
facets. These examples are known to have not only non-Euclidean structures
but also singularities in metrics. Several equations with singularities are posed
to describe these phenomena. In fact, there are already several known results on
Hamilton-Jacobi equations on spaces without differential structures such as net-
works and fractals. On the other hand, to understand the crystalline curvature
flow, it is known that we need to solve a very singular diffusion equation whose
diffusion coefficient contains a non-local term like the Dirac delta function.

We now point out that the aforementioned works only establish the existence
and uniqueness of solutions via the theory of viscosity solutions, but few of
them are concerned with stability of the solutions. Note that the stability of
solutions is a fundamental property of nonlinear equations as well as comparison
principles. Roughly speaking, it claims that a uniform limit of a sequence of
solutions to approximate equations is a solution of the original equation. It
is worth remarking that stability results play an important role in the study
of certain asymptotic problems including, as typical examples, homogenization
and large time behavior of solutions.

This thesis gathers our new results on the stability and its applications to
viscosity solutions of Hamilton-Jacobi equations on an abstract metric space and
very singular diffusion equations. We also consider some other related topics
such as a principle of Perron method to construct solutions and approximation
of a solution that can be viewed as a dual problem of the stability.

This thesis consists of five main chapters. The first is an overview and the
other four are devoted to details on each topic.

During my Ph.D. program I have met a number of researchers who support
my mathematical work. My first and greatest gratitude goes to my supervisor,
Professor Yoshikazu Giga, who guides me to the field of nonlinear partial dif-
ferential equations. His erudition and insight about mathematics always inspire
me very much. Without his consistent advice and encouragement, this thesis
could have never been completed. I also send my gratitude to my colleagues
Tokinaga Namba and Tatsuya Miura, with whom I have often discussed the
theory of nonlinear partial differential equations and talked abound research
problems. In addition, it is my great honer visiting Professor Juan Manfredi,



Professor Piotr Rybka and Professor Antonio Siconolfi in short stays, where
some of my works were completed. They all spared time hearing my talks and
I learned a lot through the discussion with them. I am grateful to Professor
Nao Hamamuki, Professor Hiroyoshi Mitake, Professor Norbert Pozar, Profes-
sor Qing Liu and Professor Hung Tran. These young diligent researchers show
their interests in my work and give me a lot of advice to improve my papers. At
last, I thank Professor Hitoshi Ishii, Professor Mi-Ho Giga, Professor Jin Feng,
Professor Katsuyuki Ishii, Professor Fabio Camilli, Professor Italo Capuzzo Dol-
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Chapter 1

Overview

1.1 Nonlinear partial differential equations un-
der non-Euclidean metrics

Hamilton-Jacobi equations are basic subjects in the theory of nonlinear partial
differential equations, especially in viscosity solutions theory. Let us introduce
two different forms of Hamilton-Jacobi equations. One is the linear growth
Hamilton-Jacobi equation

Owu+ c(x)|Dul =0 in (0,00) x RV, (1.1.1)

where ¢ is a positive function on R¥. The other one is the quadratic Hamilton-
Jacobi equation

1
Opu + 5|Du|2 =V(z) in (0,00) x RY, (1.1.2)

where V is a real-valued function on R™. The first equation (LLI) appears
in surface evolution; we will explain it later. On the other hand, the second
equation (CI2) is a typical partial differential equation describing a classical
mechanics with conservative force; see [3]. We remark that both equations can
be written in the common form

O+ H(z, Du) =0 in (0,00) x RN, (1.1.3)

Here, H is a real-valued function on R x R" and it is called a Hamiltonian;
in (LD, H(.p) = c(@)lp| while H(z,p) = [p>/2— V(x) in [CLD.

A notion of viscosity solutions was introduced by Crandall and Lions in
[20) and [7] as weak solutions of the Hamilton-Jacobi equations. The theory of
viscosity solution was then extended to second order differential equations; see
[18] and [6].

Now, let us consider an equation of the form

D
Oyu — | Du| div |D—“| =0 in (0,00) x RV, (1.1.4)
u

called a (level set) mean curvature flow equation. We remark that this equation
has a singularity at Du = 0 and thus the general results in [6] cannot be applied



directly. Such equations were first studied independently by Evans-Spruck [g]
and by Chen-Giga-Goto [4]. They established a comparison principle by in-
troducing new notions of solutions so that singularity can be handled. Their
notions in [8] and [4] are slightly different but it turns out they are equivalent

We remark that the Hamilton-Jacobi equation (L) and the mean cur-
vature flow equation (L) share a geometric background concerning surface
evolution [I1]. Imagine a moving curve I'; by the law V = ax + ¢ on I'y, where
V' denotes a normal velocity, x is the mean curvature of I'y and @ > 0 is a
given constant. When the curve is given as a level set of a function wu, i.e.
Iy = {z € RN | u(t,z) = 0}, the function u satisfies the mean curvature flow
equation (LTA) if ¢ = 1 and the Hamilton-Jacobi equation (L) if a = 0.

In these years nonlinear equations under a singular metrics are proposed. Let
us explain two directions which this thesis discusses. One is Hamilton-Jacobi
equations on generalized spaces such as topological networks and post-critically
finite fractals. It is often presented as a Hamilton-Jacobi equation on a metric
space (X, d) and the viscosity-like solution is called a metric viscosity solution.
Consider the equation

O+ H(z,|Dul) =0 in (0,00) x X. (1.1.5)

Here, H is a continuous convex Hamiltonian defined on X x R;. A Hamilton-
Jacobi equation on a general metric space was first studied in [I7] and it inspired
the further works [22], [2] and [I0].

The other direction is crystalline curvature flow

V=kry+c only, (1.1.6)

where k. is an anisotropic curvature related to the norm v with singularity,
say v is the L norm. This kind of flow was proposed by Angenent, Gurtin
and Taylor; see, e.g., [1], [25] and [26]. The corresponding level-set equation of
planer crystalline curvature flow becomes

Opu — y(Du)[div Vy(Du) — ] =0 (1.1.7)

and moreover when the curve I'; is given by the graph of a function h the
equation will be

Bih — (1 + |ha)[26(he)has + ] = 0. (1.1.8)

Here, ¢ is the Dirac delta function and the equations (LI7) and (LI8) are
classified into very singular diffusion equations. The theory of viscosity solutions
of such equations is introduced in the series of papers by Giga-Giga [12], [13],

[14] and [16].

1.2 Abstract of each chapter

Chapter [2] is an introduction to a metric viscosity solution: The goal is to con-
struct a proper notion of a solution to the Hamilton-Jacobi equation of the form
(CI3) on a complete metric space (X, d) in spirit of Giga-Hamamuki-Nakayasu
[I7], which studies an Eikonal equation. Although the gradient Du of the un-
known function u is not well-defined in spaces without tangent vector structure



such as networks and fractals, the quantity corresponding to the modulus of
gradient |Du| can be characterized by a maximum of directional derivatives

| Dul(x,t) := sup {|ws(0)| [ w(s, t) = u(€(s),1), & € Lip(R), [€'] <1, £(0) =}

This method is available at least to subsolutions and by defining the notion of
supersolution based on optimality we establish a unique existence theorem for
the Cauchy problem of the equation (LTH). In addition we will investigate the
relationship between the metric viscosity solution of this chapter and the clas-
sical viscosity solution introduced by Crandall-Lions [7] when X is a Euclidean
space. This chapter is based on [22].

In Chapter [l we study the stability of a metric viscosity solution and its
application to the Hamilton-Jacobi equation (LLE). We consider the notion of
metric viscosity solutions by Gangbo-Swiech [9] and [10], which is based on the
characterization of the modulus of gradient | Du| by the local slope

|Vu|(t, z) := limsup w
y—z d(ya ‘T)

In Section we will show that the stability of the Gangbo-Swiech solutions
holds under an assumption on maxima of the sequence of solutions. The ad-
ditional condition always holds when the space X is locally compact and con-
versely the locally compactness is essential. In Section B.4] we study the large
time behavior of solutions to the convex coercive Hamilton-Jacobi equations
following the argument in Namah-Roquejoffre [24] as an application of the sta-
bility. Let u = u(t, 2) be a solution of the equation (LT3 on a compact metric
space including Sierpinski gasket. We will show that the function wu(t,z) + ct
converges to a function v = v(z) uniformly as ¢ — oo with ¢ := sup, H(z,0)
and that v is a solution of the limit stationary equation

H(x,|Dv]) =c in X.
In Chapter [l we consider the (additive) eigenvalue problem of the form
H(z,Du)=c in TV

for a Hamiltonian H: TV x RN — R. This kind of eigenvalue problem appears
in studies on the homogenization problem and on the large time behavior of
solutions and it is important to measure the eigenvalue from application point
of view. It is well-known by Contreras-Iturriaga-Paternain-Paternain [5] that if
the Hamiltonian is convex, then eigenvalues have the inf-sup type representation
formulas
c= inf supH = inf supH.
ue€CH(TV) vy u€Lip(TV) vy

Here, Vu denotes the graph of differential of u in the classical sense. It is
known that the problem results in approximation of a Lipschitz continuous
viscosity solution v with smooth functions u,, and Friedrichs mollifier justify it
in the convex Hamiltonian case. In this work we will show the same result for
quasiconvex Hamiltonians by replacing the Jensen’s inequality in the proof of
previous work with a fundamental inequality for quasiconvex functions. We will
also give another new proof in this chapter. As an analogue of the fact that the
stability of viscosity solution can be transformed to the problem on the graph of



differentials, we establish the approximation of a viscosity solution on the level
of the graph, which is a stronger result. Namely, one is able to show that if a
sequence of (x,,pn) € Vu, converges, then the limit (x,p) is in the graph of
the Clarke’s generalized gradients Ou. This chapter is based on [23].
In Chapter Bl we study a one-dimensional very singular diffusion equation of
the form
ur = a(ug) (W' (ug))z + o(t, x)], (1.2.1)

where W is a convex function not necessarily differentiable at some point on R
and o is a sufficiently smooth function. Note that this equation can be derived
when the planer curve moved by crystalline curvature flow and that it requires
a technique to study it since the equation contains a non-local quantity 0 (uy)
caused by the lack of the smoothness of W. The idea by Giga-Giga [12] to solve
it is to consider the energy functional

o[f] = / (W(fs) — o f)da

and to view the equation (LZT]) as
u + F(t,ug, —V®[u]) =0

with some continuous function F. The authors of [12] introduced a generalized
solution of this equation by combining the theories of viscosity solutions and
subdifferentials. The case when o does not depend on the spatial variable x
was studied in [I2] and [I3] while a comparison principle was established in [16]
when o depends on x. In this work we study the stability analysis of a solution
of the very singular diffusion equation (LZI]) with spatially inhomogeneous o.
We point out that the difficulty of this problem lies on the restriction of test
functions of the viscosity solutions. In other words, the test functions must
be in the domain of the subdifferential of ® and it must be flat at points on
which the slope is singular. Moreover, in the spatially inhomogeneous case,
the very singular diffusion term cannot be calculated explicitly. In this work we
investigate the corresponding obstacle problem and find an effective region which
determines the quantity of the non-local curvature. As a result we construct by
the Perron method a solution of the Cauchy problem with a periodic boundary
condition. This chapter is based on [I5].
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Chapter 2

Metric viscosity solutions
for Hamilton-Jacobi
equations

2.1 Introduction

This chapter studies Hamilton-Jacobi equations of evolution type defined in
a general metric space (X,d). One of the most simple problem is the fully
nonlinear equation of the form

dyu+ |Du| = f(z) in X x (0,T) (2.1.1)

for a given bounded continuous function f and an unknown function v = u(x,t)
on X x (0,7) with T" > 0; let O,u denote the derivative with respect to the
time variable ¢ and |Dul| formally denote the modulus of gradient in the space
variable z with R4 = [0, 00) values in the sense of [I3]. That is,

| Dul(x,t) := geLS}ly(X) {lws(0)] [ w(s,t) = u(&(s), )}, (2.1.2)

where Lipi (X) is the set of all absolutely continuous curves € : R — X satisfying

AEE.E0) _ L,
: .

/ .
€1(0) 1= tim SE 2 <
and £(0) = z. Note that the metric derivative |¢’| is defined for an absolutely
continuous curve & in a metric space; see [2, Chapter 1]. However, since a metric
space has no tangent space structure in general, the quantity corresponding to
the derivative £ and the gradient Du is not well-defined.

Hamilton-Jacobi equations are fundamental in various fields of mathematics
and physics and there are many works studying the equation including 2I.T]).
We point out that the theory of viscosity solutions is successful for Hamilton-
Jacobi equations defined on a Euclidean space, which is introduced by Crandall
and Lions [I7, [4]. This theory is extended to Banach spaces [5] [6] [7, §]; this

extension is expected to be useful for discussing an optimal control problem
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with respect to partial differential equations; we refer the reader to [9] and
itself studies a resolvent problem of Hamilton-Jacobi equations in generalized
spaces. Hamilton-Jacobi equations also appear in the optimal transport theory
[19, Chapter 7, 22, 30] and the equation in Wasserstein spaces is studied by
Gangbo, Nguyen and Tudorascu [I0]. We also note that study on Hamilton-
Jacobi equations on a space with junctions such as a network helps considering
the LWR model of traffic flows; see [16] and [I8]. Such a problem on a space
with junctions is studied in [I5] [14].

In order to handle Hamilton-Jacobi equations in such generalized spaces,
Giga, Hamamuki and Nakayasu introduced a notion of a viscosity solution of
Eikonal equation in [I3]. We study time evolution equations in the present work.

We establish a unique existence theorem for an initial value problem of the
Hamilton-Jacobi equation. Consider the value function of an optimal control
problem .

U= it { [ s o)},
where ug is a bounded uniformly continuous function. Then, this value function
U formally solves the Hamilton-Jacobi equation (ZI1.1]) with an initial condition
U(z,0) = ug(z). It is remarkable that the value function U satisfies

h
U(x,t) = inf / r))dr +U(&(h),t —h) p,
(@)= _nf { [ ftear + Ui >}
which is called a dynamic programming principle; see, e.g. [3].

We define a notion of a subsolution and a supersolution based on the dynamic
programming principle: A function w is a subsolution if w(h) := u(&(h),t — h)
satisfies

—w'(h) < f(§(h))

in the viscosity sense for all curves & called admissible while u is a supersolution
if there exists an admissible curve & such that

—w'(h) = f(§(h))

holds in the viscosity sense with some function w approximating h — u(§(h),t—
h); see Definition B227 Then, we have the unique existence theorem easily.
However, it is not clear how this definition relates to the original equation (ZIT]).
We show that our subsolution is equivalent to a subsolution of (ZIT]) in the
sense of [13]. However, it seems to be difficult to show the similar statement for
a supersolution.

We point out that closely related topics have studied by Ambrosio and Feng
1] and of Gangbo and Swiech [I1l 12]. They study the Hamilton-Jacobi equa-~
tions including ([ZI.T) in a complete geodesic metric space. However, our theory
is applicable to any spaces with metric structure.

This chapter is organized as follows. In Section we prepare to handle
generalized Hamilton-Jacobi equations in a metric space and define a class of
admissible curves and a sub- and supersolution based on the dynamic program-
ming. In Section we prove some equivalent conditions for a subsolution and
a supersolution. The unique existence theorem will be shown in Section 2.4]

11



2.2 Definition of solutions
Consider the Hamilton-Jacobi equation of the form
O+ H(z,|Dul) =0 in X x (0,7) (2.2.1)
with a function H = H(z,p) : X x R4 — R satisfying:
(A1) H = H(x,p) is a continuous function in X x R.

(A2) H is convex and nondecreasing with respect to the variable p for each
re k.

Define the function

L(z,v) = sup (pv — H(z,p)) € RU{o0} for (z,v) € X x Ry4.
pER

We then see that

Proposition 2.2.1. Assume (A1) and (A2). Then, the function L = L(x,v) is
lower semicontinuous in X X Ry and it is also convex and nondecreasing with
respect to the variable v for each x € X. In addition, the equations

H(x,p) = sup (pv — L(x,v)) for all (z,p) € X x Ry, (2.2.2)
veER 4
H(xz,|p|) = sup(pv — L(x,|v])) for all (z,p) € X xR (2.2.3)
vER

hold.

Proof. Since (A1) shows that (z,v) — pv — H(x,p) is continuous for each p €
R, we see that the supremum L is lower semicontinuous. We also see that
v — L(x,v) is convex and nondecreasing since v — pv — H(z,p) is affine and
nondecreasing for each (z,p) € X x R.

Show the equation ([(Z23)). First we easily see that

Lz, [v]) = sgg(pv — H(z, [pl))

and hence
H(z,[p|) > pv — L(z, [v]) (2.2.4)

for all z € X, p,v € R. Therefore, it suffices to show that the equality of (Z2.4)
holds for some v € R. Note that p — H(x, |p|) is convex in R by (A2). Thus,
for each p € R there exists v € R such that

H(z,|q]) > v(q —p) + H(x,|p|]) forall ¢ € R,
which implies
pv — H(z,|p|) > Sug(vq — H(x,|q|)) = L(z,[v]).
qe

We hence have (2:23]). The equation (Z22) follows from (Z2.3). O

We will also assume:

12



(A3) cu(p) :=sup,cr H(z,p) < oo for each p € Ry.
(A4) infyex H(z,0) > —o0 and

H
liminf inf M > 0.
p—oo xeX p

(A5) L is continuous on Dy, := {(z,v) € X x Ry | L(z,v) < co}. A map
x> Vi(x) :=sup{v € Ry | (z,v) € Dr} is lower semicontinuous on X
Remark 2.2.2. The condition (A3) implies that

(A3) L(xz,v) > —cg(0) > —oo for all (z,v) € X xRy and £(v) := inf,cx L(x,v)
satisfies

lim inf @ = 00. (2.2.5)

V— 00 v

Indeed, by definition we have
L(z,v) > pv—H(x,p) > pv—-cu(p) forall pe Ry,

which shows L(z,v) > —cpy(0) and liminf, o £(v)/v > p.
We also see that the condition (A4) implies that

(A4)’ there exists V7, > 0 such that sup,cy L(z, V1) < 00

if (A2) holds. Indeed, note that there exist V' > 0 and P € R4 such that
H(z,p) > pV for all (z,p) € X x [P,00) and that H(x,p) > H(z,0) >
inf,ex H(x,0) =: C. Hence, we see that
Lz, v) = max{sup (pv — H(z,p)), sup(pv — H(z,p))}
p<P p=P
< maX{(PU - C)a sup p(’U - V)}a
p<P

and so L(z,V) < PV — C < 0.
We point out that the assumptions (A3) and (A4) can be replaced by (A3)’
and (A4)’ since we need only (A3)” and (A4)’ on the main part of this chapter.

Example 2.2.3. Consider the Hamiltonian of the form
H(z,p) = o(x)h(p) — f(),

where h is a continuous, convex, nondecreasing, nonconstant function on R ;
o and f are bounded continuous functions on X with inf, ¢ > 0. Then the
conditions (A1)—(A5) are fulfilled. The Lagrangian L becomes

L(z,v) = o()l <$) + f(x)

with [(v) = sup,cg, (pv — h(p)). Typical examples of such h and [ include

hip) = 5p° 1(v) = 5v%
and
0 ifv<1
h(p) — I(v) = =0
(n) =p, (v) {oo ifvo>1.



We introduce a class of trajectories.

Definition 2.2.4. Let AC(I,X) denote the set of all absolutely continuous
curves in X defined on an interval I of R.

A curve £ € AC(]0,00), X) is called admissible if there are finitely many 0 <
ry <--- <r, <oosuchthat |¢'| = vr a.e.on I and r — L(£(r), vr) is continuous
on I with some constant vy € Ry for each T = [0,7],[r1,72], "+, [rn, 00) .

Let A(X) be the set of all admissible curves and let A, (X) = {& € A(X) |
£0) =xa} forx € X.

Remark 2.2.5. 1. Consider a constant curve (r) = z for a fixed point x € X.
Since |¢'| = 0, we see that A, (X) is nonempty for all z € X.

2. For each £ € AC(R, X) with £(0) = z take £ € AC((L™, L"), X) in the

next proposition. Set &(r) = &(Vpr) for 0 < r < Lt/Vy and £(r) = £(L4)
for r > L*/Vy with Vi > 0 in (A4)’. Then, || = VL a.e. on [0,L1/V})
and |€'] = Vi, on [L*/Vy, 00). Since L(-, V1) and L(-,0) are continuous by
(A4)’ and (A5), we see that € € A, (X).

Proposition 2.2.6. For £ € AC(R,X) set

h
Te(h) = /0 |¢'|dr  for h € R. (2.2.6)

Then, there exists a curve ¢ € AC((L™,L1), X) such that
E=Eore, |€]=1ae in(L™,L") (2.2.7)
with LF = limp, 1 oo Te(h).

This is a well-known fact on the absolutely continuous curves. We refer the
reader to [2] Lemma 1.1.4] for its proof.

In order to define a notion of a solution, we recall a notion of a superdiffer-
ential and a subdifferential in the viscosity sense. For a continuous function w
defined on an open set W in RY define the superdifferential D¥w(x) and the
subdifferential D~ w(z) at x € W as below:

DYw(z) := {Dp(z) | ¢ is a C' supertangent of w at x},
D~ w(z) :={Dp(z) | ¢ is a C* subtangent of w at x},

where we say that ¢ is a C1 supertangent (resp. subtangent) of w at x if there
exists a neighborhood U C W of  such that ¢ € C'(U) and

max(uw — ¢) = (w— ¢)(x). (resp. minw — ¢) = (w — )(x).
As an analogue we define a suitable set of a superdifferential and a subdifferential

for a piecewise continuous function w defined on an interval I in R at h € I:
Set

DT w(h) := {¢'(h +0) | ¢ is a piecewise C' right supertangent of w at h},
D= "w(h) :={'(h+0) | ¢ is a piecewise C' right subtangent of w at h},
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where we say that ¢ is a piecewise C' right supertangent (resp. subtangent) of
w at h if there exists 7 > 0 such that ¢ is piecewise C* on [h,h + r) and

[gfﬁ)(w —¢) = (w—)(h). (resp. [hf]%ifr)(w —¢) = (w—p)(h).)

We define a notion of a subsolution and a supersolution of the equation
@21). Let Q := X x (0,7).

Definition 2.2.7. Let u be an arcwise continuous function in Q; for every
¢ € AC(R, X) the function (s,t) — u(&(s),t) is continuous in R x (0,T).
We call u a subsolution of [221]) if for each (z,t) € Q and every £ € A,(X)
the inequality
—p < L), [€](h + 0)) (2.2.8)

holds with w(s,t) := w(£(s),t) for all p € DT w(h) and all h € [0, 1).
We call u a supersolution of [221)) if for each (x,t) € Q and & > 0 there
exist £ € A,(X) and a continuous function w such that

w(0) = u(x,t), w(h) >u(E(h),t—h)—c¢ (2.2.9)

and the inequality
—p > L(§(h), [¢'|(h +0)) (2.2.10)

holds for all p € D™"w(h) and all h € [0,1).

Remark 2.2.8. The definition of admissible curves £ nearly means that || is
piecewise constant and h +— L(&(r), |'|(r)) is piecewise continuous. This nota-
tion is useful in combining two curves; if £ € A,(X) and { € Ag)(X) with
h € [0,00), then the curve € defined by £(r) = &(r) for 0 < r < h and

&(r) = &(r—nh) for r > h belongs to A, (X). Reflecting these piecewise conditions
we need test all piecewise C'! functions in Definition 22,71
2.3 Remarks on the solution

The definition of a subsolution and a supersolution is based on a sub- and
superoptimality principle. For simplicity write

LIg](r) := L(&(r), [€'](r))-
The following propositions are valid:

Proposition 2.3.1. For an arcwise continuous function u on Q the following
conditions are equivalent:

(i) u is a subsolution of (Z2.1I).
(i1) u satisfies a suboptimality principle: For each (x,t) € Q and each & €

A, (X) the inequality
h
(o, t) < / Ligldr +u(€(h) t—h) forallhe(0,8)  (23.1)
0

holds.
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Proposition 2.3.2. For an arcwise continuous function u on Q the following
conditions are equivalent:

(i) u is a supersolution of (ZZT).

(ii) w satisfies a superoptimality principle: For each (z,t) € Q and e > 0 there
exists £ € A, (X) such that the inequality

(o, ) > /Oh Ligldr +u(€(h) t—h)—= forallhe[0,6)  (23.2)

holds.

Proof of Proposition [2Z31l. First show (ii) = (i). Fix (x,t) € Q, & € A,(X)
and a piecewise C'! right subtangent of w(h) := u(£(h),t—h) at h € [0,t). Note
that by considering £(r) = &(r + h) in the suboptimality we have

0
w(h) = u(€(h),t — h) < / LiEdr + u(é(0),t — h — 0)
h+6
:/ L[¢ldr +w(h +0)
h

for all # € [0, — h). We hence obtain

h+6
o)~ ol +0) < w(h) ~wlh+0) < [ Ligldr

h
which implies (ZZ8) with p = ¢'(h + 0) since L[{] is piecewise continuous.
Therefore, u is a subsolution.

Next show (i) = (ii). Fix (z,t) € Q and { € A, (X), and let w(h) =

u(&(h),t—h). Note that foh L[€]dr is piecewise C! on [0, ) since L[] is piecewise
continuous. Therefore,

h
£(h) :=w(h) +/O L[¢ldr

satisfies DT"0(h) C [0,00) for all h € [0,t) since (Z2Z.8)) holds for all
p € D™ w(h) = DT"(h) — L(&(h), [§|(h +0)).

We now claim that ¢(0) < ¢(h) for each h € [0,t). Suppose, on the contrary,
that £(0) > ¢(h) at some h € (0,t). Since £(0) > £(0) — ¢ > £(h) holds for some
positive number ¢, the function

attains a maximum over [0, h] at some 7* € [0, h). Hence, —¢/h € DT74(r*). In
view of DT"¢(h) C [0, 00) we have ¢ < 0, which contradicts to ¢ > 0. Therefore,
we see that £(0) < £(h) and so (Z3J]) holds for all h € [0,1). O
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Proof of Proposition [Z232 First show (ii) = (i). For (z,t) € Q and € > 0 take
¢ € Ay (X) such that [23.2) holds. Set

w(h) = u(m,t)—/o Lig]dr.

so that (Z2Z9) holds. Since L[¢] is piecewise continuous, w is piecewise C'* and
w'(h +0) = —L(¢(h), |€'|(h+0)) for all h € [0,1),

which shows that u is a supersolution. Indeed, for each piecewise C' right
subtangent ¢ of w at some h € [0,t), we see that
h+6
o)~ ol +0) = w(b) ~wit+0) = [ Ligldr
h

for all # > 0 small enough, which implies (Z210) with p = ¢/(h+0). Therefore,
u is a supersolution.
Next show (i) = (ii). For each (z,t) € Q and € > 0 take £ € A,(X) and a

continuous function w such that (22.9) and (22.10) hold. Note that foh L[¢]dr
is piecewise C! on [0,) since L[¢] is piecewise continuous. Therefore,

h
£(h) :=w(h) +/0 L[¢ldr

satisfies D™"¢(h) C (—o00,0] for all h € [0,¢) since ([22.10) holds for all
p € D™ w(h) = D™"e(h) — L(&(h), €| (h + 0))

We now claim that ¢(0) > ¢(h) for each h € [0,t). Suppose, on the contrary,
that £(0) < £(h) at some h € (0,t). Since £(0) < £(0) + ¢ < £(h) holds for some

positive number ¢, the function

attains a minimum over [0,h] at some r* € [0,h). Hence, ¢/h € D™"L(r").
In view of D7"¢(h) C (—o0,0] we have ¢ < 0, which contradicts to ¢ > 0.
Therefore, we have £(0) > £(h) so that

h
w(0) > w(h) + /0 Lie)dr.

which yields 232) by (Z2Z39)) for all h € [0,1). O

Next let us consider relationship between a solution by Definition 2.2.7 and
another one based on the characterization of the modulus of gradient (Z1.2).
Set

LCL(X) = {6 AC([0,00),X) | |¢'| <1, £(0) =z, |¢'| is piecewise constant}.
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Definition 2.3.3 (Metric viscosity solution). Let u be an arcwise continuous
function on Q.

We call u a metric viscosity subsolution of (221 if for each (x,t) € Q and
every £ € LCL(X) the inequality

q+ H(x,|p|) <0 (2.3.3)
holds for all (p,q) € DF,w(0,t) with w(s,t) = u(&(s),t), where
Diw(s,t) == {(¢s.1)(s,t) | ¢ is a C' supertangent of w at (s, t)}.
We then have

Proposition 2.3.4. Assume (A1)-(A5) and let u be an arcwise continuous
function on Q. Then, the following conditions are equivalent:

(i) u is a subsolution of [22.1]).

(i) w is a metric viscosity subsolution of (Z2ZT).
(iii) u satisfies a suboptimality principle.

Proof. The statement (i) < (iii) has already shown in Proposition 22311
Show (iii) = (ii). Fix (z,t) € Q, £ € LCL(R,X) and a C" supertangent
of w(s,t) = u(&(s),t) at (0,t). In order to prove (Z33]) we should show

q+|plv — L(z,v) <0 (2.3.4)

for all v € Ry. Note that (Z34) is trivial for v > Vi, (x), i.e. L(xz,v) = oo and
we only need to show (234) for all v < Vi (x) since letting v — Vi (z) yields
@34) at v = Vi (z). Take o(r) = fvr so that & o o is v-Lipschitz. We now
observe that

p(0,8) = p(a(h),t = h) < ule,t) —u(§(o(h),t = h)

IN

Ll¢oold

< / Lo (), v)dr
0
for all h € [0,t) small enough Since v < Vi(x) it follows from (A5) that
r €[0,t) — L(&(o(r)),v) is continuous at 0. Therefore, we have
—po’(0) +q < L(z,0)
which yields (Z34) and so (Z33) holds.

Next show (ii) = (iii). First note that for any ¢ € LCL(X) the function
w(s,t) = u(€(s),t) satisfies

¢+ H(E), [pl) = sup{g +pv — L({(s), [v])} < 0 (2.3.5)
ve
for all (p,q) € Df,w(s,t) and all (s,t) € R x (0,T). Fix (2,{) € Q and
€ € A;(X). Take € € LCL(X) and 7 = 7¢ satisfying (Z20), (ZZ1). We show
that

h
w(0,1) < w(r(h),t —h) +/O L(E(r(r), 7 (r))dr forall he[0,{) (2.3.6)
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Note that 7/ is piecewise constant and L[ o 7] is piecewise continuous. Let us
take an interval I = (a,b) with [a,b] C [0,£) on which 7/ is constant v € R

and r — L(&(7(r)),v) is continuous. By (Z33)
g+ pv—LE(s),v) <0 forall (p,q) € DFw(s, 1), (5,8) € J x (0,T),

where J = 7(I) if v > 0 or J = R if v = 0. By a classical result on viscosity
solutions,

h ~
w(s,t) <w(A(h)) +/O L(&(s+wvr),v)dr

for all (s,t) € J x (0,T) and 0 < h < h* :=sup{h € [0,00) | A(h) € J x (0,T)}
with A(h) = (s + vh,t — h). Note that h* > (b — a) At. Letting s — 7(a),
t=t—a,h— (b—a)At=>b—a, we have

A~ b A~
w(r(a),t —a) < w(r(b),t —b) + / L(&(T(r)),v)dr.

Combining such an inequality shows (2.3.6]), which implies (Z3.1)). O

Remark 2.3.5. Unfortunately, we have no idea of a notion corresponding to
“metric viscosity supersolutions” which is equivalent to the supersolution of
Definition [Z2Z7] at the present stage. It would contain “for each point (z,t)”,
“existence of a curve £” and “existence of an approximation w of u(&(+),-)”.
However, it is difficult to find suitable dependence. Any arguments about the
equivalence does not work well for any choice of the dependence.

Remark 2.3.6. It is a natural question, from a partial differential equations point
of view, to ask how our notion of solutions for the evolutionary equations relates
to the solutions for stationary equations introduced in the previous work [13]
Definition 2.1]. For simplicity, consider the stationary equation |Dv| = f(x) in
X with an unknown function v and a given non-negative continuous function f.
Then, u(x,t) := v(x) — ct is expected to be a solution of the evolutionary equa-
tion dyu+ |Du| = f(z) —cin X x (0,T). Indeed, Proposition 234 immediately
shows that if v is a metric viscosity subsolution of the stationary equation in
the sense of [13], then u is a metric viscosity subsolution. On the other hand,
the assertion is still open that if f(a) = 0 at some a € X, and v is a metric
viscosity supersolution of |Dv| = f(z) in X \ {a}, then w is a supersolution of
the evolutionary equation.

At the end of this section we study the relationship between our definition of
solutions and the classical notion of viscosity solutions introduced by Crandall
and Lions [4]. Hereafter, let X be the Euclidean space R" with the standard
Fuclidean norm.

Proposition 2.3.7. Assume (A1)-(A5). Then, being a subsolution of (221
is equivalent to being a viscosity subsolution of (221)) in Crandall-Lions sense
and a supersolution of (Z21)) is a viscosity supersolution of [221)) in Crandall-
Lions sense.

This proposition can be proved by a similar argument to in [3| Section IIL.3],
which considers optimal control problems.
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Proof. First note that A, (X) in the statements of Proposition Z31] and
can be replaced by the set of all broken-lines starting from z; say £, (X). Indeed,
for each ¢ € A,(X) there exists a sequence of &, € L,(X) such that £, — &'| <
1/n on some closed set E, with [[0,t] \ E,| < 1/n in view of Lusin’s theorem.
Here, |E| is the Lebesgue measure of E. Note moreover that we may assume
€] = |¢'] a.e. since |¢'| is piecewise constant. We then easily see that &,
converges to £ uniformly on [0, ¢] and

j£t14en]dr:: j£t145n<r%|gfur>>dr . j£t14€]dr

Therefore, our notion of sub- and supersolutions equivalent to the sub- and
superoptimality for £, (X'), respectively.

Now, [3, Proposition I1.5.18] implies that satisfying the suboptimality is
equivalent to that w solves dyu + Du - v < L(z,|v|) in Crandall-Lions sense
for all v € R™ and so u is a viscosity subsolution of [Z2J)) since H(z, |p|) =
sup,egr~ (p-v — L(z, |v])) for all p € RV.

In order to show the relationship between the notions of subsolutions, let u
satisfy the superoptimality principle. Fix a C! subtangent ¢ of u at (z,t) € Q
and suppose that ¢, +H (z, |Dp|) =: —0 < 0 at (z,t) with > 0. We may assume
that (v — @)(2,1) = MaxXg, )« (t—ro,t4r] (W — ©) and @ + H(x,[Del) < —0/2
in B(x,r0) X (t —719,t+1r0) by taking 7o > 0 small enough. Here, B(x,r) is the
open ball with center x and radius » > 0 and B(x,r) is its closure. For each
g > 0 take the curve & € L£,(X) satisfying [23.2). Let h. be the first exit time
of & from the ball B(z, 7). We then see that

h
ola,t) > /0 L¢)dr + (& (h),t —h) —e for all h € [0, h.].

By putting h = h., we have

he he
/ ammhs/ LiEJdr < o(a,t) — p(Ex(he)t — he) +e
0 0

< C(|&e(he) — x|+ he) + e <2Crg +&.
Here, C is the Lipschitz constant of . Also,

he
/|¢wzmmm—ﬂ:m>u
0

Therefore, we see by Lemma 2.4.4] that lim inf. o he > 0. Now, since  satisfies
Ovp+ Do -v < L(x,|v|) — /2 for all v € RY, [3, Proposition I1.5.18] shows

h
o) < /O Lie]dr + o(&-(h),t — h) — 6h/2 for all h € [0, h.].

Hence, we have 0 < & — 0h./2. In particular, h. — 0 as ¢ — 0 but this
contradicts to liminf._,o h. > 0. O

On the other hand, it is unclear whether a Crandall-Lions supersolution
satisfies the superoptimality in general settings. We need additional regularity
condition for the solution. Indeed, if a bounded Lipschitz continuous function
u on Q solve (ZZI)) in Crandall-Lions sense then u satisfies our definition of
solutions since u is equal to the value function starting from u(-, 0), which is the

unique solution of (ZZT]).
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2.4 Unique existence theorem
We study the initial value problem of (ZZ1]) with

Uli=p = up on X, (2.4.1)
where we assume that

(A6) ug is bounded and uniformly continuous on X’; there exists a modulus wy,
such that

|’LLO(ZL') - Uo(y)| < Wy (d('rvy)) for all T,y € X.

Here, a modulus w is a function of the class C(R4,R4) with w(0) = 0.
The main purpose of this section is to establish a unique existence theorem

for Z2Z1) and Z4.T).

Definition 2.4.1. An arcwise continuous function u on X x [0,7) is called a
solution of the initial value problem Z21)) and (ZZ41)) if u is both a subsolution
and a supersolution of (Z2T]), and satisfies

u(0,2) =up(z) forall z € X. (2.4.2)

Consider the cost functional to the initial value problem (Z2.1]) and Z41);

Cile] = /O Ligldr + uo(€(1))

for t € [0,7] and & € A, (X). Define the value function U by

Ulz,t) = ge,latrif&x)ct[ﬂ for (x,t) € X x [0,T].

We will show that the value function is a unique solution of (Z2.1)) and ([24.1]).
We first show a regularity of the value function.

Lemma 2.4.2. Assume (A1)-(AG6). Then the value function U satisfies
—c(0)t +infug < U(z,t) < tL(x,0) + uo(x) (2.4.3)
for all (z,t) € X x [0,T].
Proof. Let (z,t) € X x [0,T]. Since &y(r) = x is of A, (X), we have
Ci[éo] = tL(x,0) + up(z) < oo.

For each ¢ € A, (X), the assumptions imply that

Cil€] = /0 L[¢)dr + uo(&(h)) > —cu (0)t + inf ug > —oc.

Therefore, we have (2.4.3). O

Proposition 2.4.3. Assume (A1)-(A6). Then the value function U is bounded
and arcwise uniformly continuous on X x [0,T], i.e. for each & € Lip*(X) the
function w(s,t) = u(£(s),t) is uniformly continuous in R x [0, 7).
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Proof. First note that (ZZ43) implies
—leg (0)|T + inf ug < U(x,t) < T)sup L(z,0)] 4+ sup ug. (2.4.4)

In particular, U is a bounded function.

Fix £ € AC(X). In order to show continuity of (s,t) — U(&(s),t) let us
estimate U(§(s),t) — U(&(5),t) for s,5 € R, t,t € [0,7]. Let ¢ > 0. By the
definition of U(£(5),%) there exists a curve { € Ag(s)(X) such that

t
0

U660 2 [ LIdr+ ua(€®) - (2.4.5)
We now construct a curve € € Ag(s)(X) such that
E(r)=E&(r—rg) forr>rgy
with some rg > 0. Note that for such a curve

UM%QSAL@W+w@m
(2.4.6)

— /TO L[g] dr + / o L[€]dr + ug(E(t —10)).
0 0
Set

£(r(s) + VL%T) for 0 <r < |7(3) — 7(s)|/VL = 11
£(5) form <r<ri+|t—tl=:rg

with £ and 7 = 7¢ taken by Proposition 2226 Then, noting that |¢'| = V7, on
[0,71] and || = 0 on [ry, 7], we have

Ry = /0 L[g]dr < /0 L(E(r), VL) dr < rosup L(z, Vi) (2.4.7)

The inequalities (245)-2.47) yields
U((s),t) —U((5),t) < Ri — Ro + R3 + ¢, (2.4.8)

where

t
Boie [ L€ Byt ol ro) — (€00
t—ro
Now noting that

t—ro=1t—|7(3) —7(s)|/ VL — |t — | <,

we hence see that
R2 2 *CH(())(E*t‘FTo). (249)

t
R3 < wy, (/t |£_’|dr> : (2.4.10)
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holds in any cases. Combining (Z47)—-@410), we have

U(E(s):t) ~ U(E(S).8) <rosup Lw, Vi) + e ()~ ¢+ ro)

£
+ Wy (/ |E'|dr | +e.
t—ro

Note that
r = |7(5) — 7(s)|/Vi, = VLL / €']dr| < |§‘;LS| =0
as |5 — s| — 0. Therefore, if we show
t _
1511101 \g—s\i-lffp—t\gé /tro I¢'|dr =0, (2.4.11)

the proof is completed.
By ([2.4.4) and ([2.4.8) we observe that

| pEmgienar
< rosup L(w, V) + Ry + e = U(&(s). t) + U(£(5), 7)

< 4suplugl + 1+ (Lip[¢]/ VL + 1)|sup L(z, VL,)| + T'| sup L(z, 0)| + |cx (0)|T,

fore <1, |5 —s|+ |t —t] <1 and hence

t
/ (E)dr < C < o0
t—ro

holds with some constant C independent of 3, s, ,t. Therefore, the next lemma

shows (24.17)). O

Lemma 2.4.4. Let {v,} be a sequence of nonnegative, Lebesgue measurable
functions v, defined on [0, s,] with s, } 0 such that

/ Lop(r))dr <C  forneN
0
holds for some constant C'. Then,
/ yvn(r)dr —0 asn— oo.
0

Proof. Note that (ZZ2Z1) implies that for every large M > 0 there exists V; > 0
such that £(v) > Mwv holds for all v < V);. We now observe that

/ " U(on(r))dr = / o (r))dr + / () dr
0 [O,Sn,]ﬂ{’unz‘/]w} [O,Sn,]ﬁ{vn<V1w}

> M Up(r)dr — e (0)sy,.
[Ovsn]ﬁ{vn EV]M}
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We also see by this that

/ ’vn(r)dr :/ vn(r)dr+/ vp (1) dr
0 [O,Sn,]ﬁ{vnz‘/]w} [O,Sn,]ﬂ{’un<V1w}

1 cr(0)
< Y o) (v, (r))dr + en + Vrsn
< % + 0}5\20) Sn 4+ Varsy.
Therefore,
lim sup /sn v (r)dr < £
n—oo Jo M
for all M > 0, and so letting M — oo implies the conclusion. [l

Theorem 2.4.5. Assume (A1)-(AG). Then the value function U is a solution
of @2T), @4T).

Proof. First show that U is a subsolution. Fix (z,t) € Q and { € A, (X). Since
there exists § € Agp)(X) for h € [0,t] and € > 0 such that

t—h B
U(E(h),t - h) > /0 LI8dr + uo(E(t - b)) — e,

taking £(r) = &(r) for 0 < r < h, &(r) = &(r — h) for r > h implies that

Ula,t) < / LIEdr + uo(E(1))

h t—h _
_ / Ligldr + / LIE|dr + uo(E(t — 1)).
0 0

Combining these two inequalities yields

h
U(x,t)g/o Ligldr +U(&(h),t —h) +e.

Since ¢ is arbitrary, U satisfies a suboptimality and hence U is a subsolution by
Proposition 22311

To prove that U is a supersolution, for (z,t) € Q and £ > 0 take £ € A, (X)
such that

Uz, 1) 2/0 Lgldr + uo(€(t)) — e.

Since £(r) = £(r + h) belongs to Agny(X) for h € [0,t], we have

t

Ut~ < [ Ligldr + un(€(e).

h
Combining these two inequalities yields

h
Ulz, ) > /0 Ligldr + U(E(h),t — h) — <.

Therefore, U satisfies a superoptimality and hence U is a supersolution by
Proposition

Since it is clear that U satisfies (Z42) by definition, we see that U is a
solution. (|
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Remark 2.4.6. This proof also shows that a dynamic programming principle is
valid for the value function:

feAL (X

U(x,t) = inf ){/hL[f]dr—l—U(f(h),t—h)} for all h € [0, ¢].

This condition also indicates that the value function satisfies a semigroup prop-
erty.

We show a comparison theorem.

Theorem 2.4.7. Assume (A1)-(AG6). Assume that arcwise continuous func-
tions u and v on X x [0,T) are a subsolution and a supersolution, respectively.
Then, the inequality

sgp(u —v) < jlelg(u(z, 0) — v(x,0)) (2.4.12)

holds.
Proof. Fix (z,t) € Q, e > 0 and ¢ € A, (X) such that

h
U(:C,t)Z/O Ligldr + v(e(h),t— h) — & for all h € [0,4].

Note that L[] is piecewise continuous on [0,t]. Since (s,t) — v(&(s),t) is
continuous on [0, ¢] x [0,T) by the arcwise continuity of v, letting h — ¢ we have

t
v@¢>z/“MQM+w@@»mfs
0
We also see that
h
(o, t) < / Ligldr + u(€(h), t — h) for all h € [0,4),
0

which implies
t
u(e.t) < [ Ligldr+ ul(0).0),
0
Combining the inequalities, we obtain

u(xat) - 'U('Tat) < u(f(ﬁ),O) - U(E(t),O) +e

< sgg(u(x, 0) —v(x,0)) +¢.

Since ¢ is arbitrary, the proof is complete. O

In view of Theorem[Z. 4 and Theorem 2.4.7] the value function U is a unique

solution of (Z27) and 24T).
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Chapter 3

On asymptotic behaviors of
metric viscosity solutions

3.1 Introduction

In this chapter we study stability of a solution of Hamilton-Jacobi equations on
a generalized space. Let (X, d) be a general complete geodesic metric space and
let H be a continuous function on X x R, called a Hamiltonian. Consider a
Cauchy problem of a Hamilton-Jacobi equation of the form

B+ H(z,|Dul) =0 in (0,00) x X (3.1.1)

with the initial condition u|;—g = up and a corresponding stationary equation
of the form
H(xz,|Dv|])=c¢ in X (3.1.2)

with some ¢ € R.

The theory of Hamilton-Jacobi equations on generalized spaces have been
developing in these years. For example, [I7] and [3] study a stationary equations
on topological networks and post-critically finite fractals including the Sierpinski
gasket. In order to cover them a metric viscosity solution is posed, which means
a theory of viscosity solutions on a general metric space. A notion of metric
viscosity solution was first introduced by Giga-Hamamuki-Nakayasu [11] to the
stationary equation (BIL2) in a spirit of [I7]. It was attempted to apply this
idea to the evolutionary equation [EIT) in [I5]. Afterwards some different
notions of metric viscosity solutions were proposed by several authors; see, e.g.,
[, [§] [@. In particular, the metric viscosity solution by Gangbo-Swiech [§],
[9] is apparently compatible with stability argument. In fact, the authors of [g]
construct a solution of (BI]]) by Perron method while the other materials show
a representation formula of a metric viscosity solution.

The main aim of the present work is to establish a general stability result for
the Gangbo-Swiech solutions. Roughly speaking, the stability is the proposition
claiming that the semilimit of a family of viscosity solutions is a viscosity solu-
tion; see [2, Theorem A.2]. At least in the classical theory of viscosity solutions
the stability is a fundamental property to derive some asymptotic behavior of
the solution. Large time asymptotics of a viscosity solution of Hamilton-Jacobi
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equations is studied by Namah-Roquejoffre [I6] and Fathi [6] independently.
Another aim of this chapter is to establish, as a consequence of the stability, a
large time asymptotic behavior of the solution on a singular space such as the
Sierpinski gasket. Based on the argument in [16] we will show that the solution
u(t,z) + ct of B goes to a function v as t — oo and v is a solution of the
stationary problem ([FI2) with some constant ¢ € R.

We restrict ourselves to the case when the metric space X is compact but
the Sierpinski gasket can be handled. Let us extend H to X x R as an even
function H(x,p) = H(z, |p|). The basic assumptions on the Hamiltonian are:

(A1) H is continuous.
(A2) H is convex in the second variable.

(A3) H is coercive in the sense of

lim inf H(z,p) = co.

p—o0 T

(A4) sup, H(z,0) < co.

Set ¢ := sup,, H(z,0); otherwise the stationary equation (3I.2)) has no solution.
We first show that the stationary equation has at least one solution. Then, a
standard barrier method implies that there exist upper and lower semilimits u(x)
and u(x) of u(t, x)+ct ast — oo as real-valued functions. As a result the stability
argument yields that @ and u are a subsolution and a supersolution of the limit
equation. Next note that for each x € A := {z € X | H(x,0) = sup, H(x,0)}
the solution w(t, x) 4 ¢t is non-increasing since u; + ¢ < 0 and so w = u on A by
Dini’s theorem. We see that u = u by a comparison principle for the stationary
equation. This means that u(t,x) + ct converges to a solution @ = u of the
stationary equation locally uniformly.

In order to justify this argument we will establish solvability of [BI2) and
a comparison principle for Gangbo-Swiech solutions of [BI2), which are new.
The authors of [16] invoke a result by Lions-Papanicolaou-Varadhan [14]. The
argument is based on the ergodic theory but in this work we will follow a direct
approach via Perron method by Fathi-Siconolfi [7].

3.2 Definition of Gangbo-Swiech solutions

In this section we review the definition of metric viscosity solutions proposed by
Gangbo and Swiech; see [8] and [9]. Let (X, d) be a complete geodesic metric
space.

For a real-valued function v on an open subset @) of the spacetime R x X
define the upper local slope and lower local slope

t|(t, ) := limsu [ult, y) — ult, z)]4
IV ul(t, ) : 1yﬂp TS |
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and the local slope

ty) —u(t
Vul(t, 2) = lim sup L) =t D))
yow d(y,x)

It is easy to see that |V~ u| = |V (—u)|.
We next introduce smoothness classes for functions on a metric space.

Definition 3.2.1. We denote by C(Q) the set of all functions u on @ such that
u is locally Lipschitz continuous on @) and Jyu is continuous on ). We also set

1(Q) = {u € C(Q) | [V'Tu| = |Vu| and they are continuous},

Q) :={ueC(Q) ||V u|l =|Vu| and they are continuous}.

a qQl

Lemma 3.2.2. Let u(t,z) := a(t)¢(d(x,y)?) + b(t) withy € X, ¢ € C*(Ry),
¢ >0, a,bc C*R). Then, u € C'(R x X) and moreover

[V=ul(t, ) = [Vul(t, 2) = 2a(t)¢' (d(z, y)*)d(z, y)-

See [I] or [§] for the proof.
We consider a Hamilton-Jacobi equation of the form

F(z,|Dul,0u) =0 in Q. (3.2.1)

Here, z = (t,z), and F = F(z,p,q) € C(Q x R x R) is even and convex in p
and strictly increasing in ¢g. Set

Fo(z,p.q) = {-Supp,EB e %f =0
infyep F(z,p+rp,q ifr<0

for r € R, where B := [—1,1]. Note that (z,p,q,r) — F.(z,p,q) is continuous
since (z,p,q,r,p") — F(z,p+rp’,q) is continuous and B is compact. Also, it is
easy to check r — Fy.(z,p, q) is non-decreasing.

For a function u defined on ) with values in the extended real numbers
R := R U {+oc0}, we take its upper and lower semicontinuous envelope u* and
Uy

Definition 3.2.3 (Metric viscosity solutions of ([B.2.1))). Let u be an R-valued
function on Q.
We say that u is a metric viscosity subsolution (resp. supersolution) of ([B21))

when for every ¥ = i + 1, with 1 € C1(Q) (resp. ¥ € C (Q)) and 15 € C(Q),

if u*—1 (resp. ux —1)) attains a zero local maximum (resp. minimum) at a point

2 = (4,2) € Q, te. (u* — $)(2) = maxss, e (u" — ) = O (resp. (s — $)(2) =
ming, .)(us — ) = 0) for some R > 0, then

F_ |9y = (2) (2, [VY1((2), 009(2)) <0 (resp. Fiwy,|-(z)(2, [VY1[(2), 0pp(2)) > 0.)

We say that u is a metric viscosity solution of B21]) if w is both a metric
viscosity subsolution and a metric viscosity supersolution of (F21]).
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By a similar way we also define a notion of metric viscosity solutions for a
stationary equation of the form

H(z,|Dv]) =0 inU (3.2.2)

with U C X open. Here, H = H(z,p) € C(U xR) is even and convex in p. Note
that one is able to define the local slopes |V~ v|, |[V*tv|, |[Vu| and smoothness

C(U), zl(U), C'(U) for a function v on U.

Definition 3.2.4 (Metric viscosity solutions of ([3ZZ)). Let v be an R-valued
function on U.

We say that v is a metric viscosity subsolution (resp. supersolution) of ([B.2.2)
when for every ¢ = 1, +1by with o1 € C*(U) (resp. ¢y € 51(U)) and 12 € C(Q),
if v* —1 (resp. v, —1) attains a zero local maximum (resp. minimum) at a point
x € U, then

H_ gy (2) (@, [Vh1] () <0 (vesp. Higy,|« () (x, |V1](z)) > 0.)

We say that v is a metric viscosity solution of [BZ2]) if v is both a metric
viscosity subsolution and a metric viscosity supersolution of (3.2.2)).

These notions satisfies the following natural propositions.

Proposition 3.2.5 (Consistency). If u is a metric viscosity subsolution of
BZI) in I x U with an open interval I and u is of the form u(t,x) = v(x), then
v s a metric viscosity subsolution of B2Z2) in U with H(x,p) := F(0,z,p,0).

Conversely, if v is a metric viscosity subsolution of B22) in U, then
u(t,z) = v(x) is a metric viscosity subsolution of BZI) in R x U with
F(t,x,p,a) = H(z,p).

Proposition 3.2.6 (Transitive relation). Assume that F = F(z,p,q), G =
G(z,p,q) satisfy G < F and let u be a metric viscosity subsolution of (BZTl).
Then, u is a metric viscosity subsolution of G(z,|Dul,dxu) =0 in Q.

Proposition 3.2.7 (Locality). Let Q1 and Q2 be two open subsets of (0,00)x X .
If w is a metric viscosity subsolution of BZI) in Q1 and is a metric viscosity
subsolution of B2I) in Q2, then u is a metric viscosity subsolution of B.2.1])

in@Q=Q1UQ2

Proposition 3.2.8 (Change of variable). Let ¢ be a C1 diffeomorphism from
an interval I to an interval J. If u is a metric viscosity subsolution of (B.2.1))
in I x U, then v(s,x) = u(¢~1(s), ) is a metric viscosity subsolution of

F(x,|Dv|,¢'vs) =0 in J xU.

Proposition 3.2.9 (Composition). Let a be a non-zero constant and b = b(t) be
a Ct function on an interval I. If u is a metric viscosity subsolution of [B.2.1))
in I xU, then v(t,x) := au(t,z) + b(t) is a metric viscosity subsolution of

|Dv| v — b (t)

F
(&, — -

)=0 inIxU.
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Proposition 3.2.10 (Strong solutions). Let 1) € c' (Q) and Yo € C(Q). If
Y = 1 + o satisfies

Fivy, =) (2, [V1|(2),00(2)) <0 for all z € Q,
then ¥ is a metric viscosity subsolution of [BZI).

The proofs are straightforward so we omit them. For the proof of Proposition
3210 see [9, Lemma 2.8].

3.3 Stability results

Let A be a topological space. For a family of functions {u(-;a)}.ca defined on
Q take its upper and lower semicontinuous envelopes

u*(z;a) == limsup wu(z';a'), wu.(z;a):= liminf wu(z’;a’).
(z",a")—=(z,a) (2',a")—=(z,a)

The functions u*(-;a) and u*(-;a) are respectively called the upper and lower
semilimit of {u(;a)} at a € A. Also note that u*(-;a) is upper semicontinuous
and that for each (z,a) there exists a sequence (z;,a;) such that

(zj,a,u(zj;a5)) = (2,a,u™(z;a)).
One of the main results of this section is:

Lemma 3.3.1 (Stability). Let F = F(z,p,q;a) € C(Q x R x R x A) and let
u = u(-;a) be a family of metric viscosity subsolutions (resp. supersolution) of
B20) with F = F(-;a). Assume that a € A satisfies for each z € Q

limsup sup u(;a’) < sup u*(:;a) (resp. liminf inf wu(;a’) < inf wu.(:;a))

a’—a B, (z) B, (z) a’'—a By (z) - B (z)
(3.3.1)
for all v > 0 small enough. Then, the upper (resp. lower) semilimit @ := u*(+, a)
(resp. u := u*(-,a)) is a metric viscosity subsolution (resp. supersolution) of

B21) with F = F(-;a).

Remark 3.3.2. An sufficient condition of the assumption (B3 is that the
metric space X is locally compact. Indeed, since B := B,(z) is compact for
small r, we are able to take a sequence of maximum points z, of u(-;a’) and
assume that z, converges to some zZ € B as a’ — a by taking a subsequence if
necessary. Then,

limsupsupu(-;a’) = limsupu(zqa;a’) < u*(z;a) < supu*(-;a).
a'—a B a’'—a B

We also point out that if the assumption is removed, then the lemma may
be false in general; see [T1].
A direct consequence of Lemma [3.3.1] is:

Corollary 3.3.3 (Stability under extremum). Let F' = F(z,p,q) € C(Q X R X
R). Let S be a family of metric viscosity subsolutions (resp. supersolutions)

of B2I). Then u(z) 1= sup,csv(z) (resp. u(z) := infyesv(z)) is a metric
viscosity subsolution (resp. supersolutions) of (B ZI).
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Proof. Set A =S with the indiscrete topology and trivial families {F'},cs and
{U(;;v) = v}yes. Note that U*(2;v) = u*(2) and limsup,,_,, supg ) U(;;v') =
supp, (») U"(+;v) = supp, (») u”. Therefore, by applying Lemma[3.3.1l we see that
u is a metric viscosity subsolution of BZT]). O

Our proof of Lemma[B3T]is inspired by [8]. First recall Ekeland’s variational
principle of a classical version [4], [5].

Lemma 3.3.4 (Ekeland’s variational principle). Let (X, d) be a complete metric
space and let F: X — R be a upper semicontinuous function bounded from above
(resp. below) satisfying D(F) := {F > —oo} (resp. D(F) := {F < 400}) is not
empty. Then, for each & € D(F), there exists T € X such that d(%,Z) < 1,
F(z) > F(&) (resp. F(Z) < F(&)) and x — F(x) — md(Z,x) attains a strict
mazimum (resp. minimum) at T with m := sup F — F(Z) (resp. m := inf F —

See [5] for the proof.

Proof of Lemma[F3dl Fix ¢ = b1 + by with ¢, € C*(Q) and v € C(Q) such
that T — 1) attains a zero maximum at 2 = ({,2) over Br(%) C Q with some
R>0,i.e.
(@—)(2) = sup (@— ) = 0. (332)
Br(2)
Set 1y (2) := a(2) + d(&, )% + (t — 1) with z = (t,z) and ¢ = )y + 9s.

Take a subsequence a; — a and a sequence of points z; = (¢;,2;) € Br(2)
such that z; — 2 and u;(z;) = u(z;; ;) — u(2) = v*(2;a), where u; = u(-; a;).
We see by Ekeland’s variational principle (Lemma [B37) that there exists w; =
(sj,y;) € Br(2) such that z = (t,) — ((u;)* — ¥)(2) — m;jd(y;,x) attains
maximum at w; over Bgr(%) with

mj == sup ((u;)* — ) — ((u;)* = ¥)(z) >0

Br(2)

Note that

limsupm; = limsup sup ((u;)* —¢) — (T —¢)(2)

Jj—o0 Jj—o0 ER(;:,)

and so m; — 0 by the assumptions (B3.1)) and (B3:2]). We also observe that

((u)* = D) (wy) = (u; — ) (z;) — myd(y;, ;) > (u; — ) (z;) — 2Rm;

and that the last term converges to (7 — 1)(2) as j — oo. Therefore,

1i;ggp d(i, ;)" + (s; —1)* < 11%1}1)((%? — ) (w;) — (@ = )(2)

<limsup sup ((u;)* —v¢) — (T@—1Y)(%)

J=00 Bgr(2)

and it follows from B3] and @32) that w; = (s,y;) — 2 = (,2).

Now, since u; is a metric viscosity subsolution,

Ffrj (wjv |v’l/)1|(wj)7 8t"/~)(wj)a aj) S 0.
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Here, r; is some non-negative number such that
T < |V1/12|*(w]) + m; + 2d(:&, yj) + 2|Sj — tA|

and so limsupr; < [Vi|*(2). Since (2,p,q,7r;a) = Fr(2,p,¢;a) is continuous
and r — F,.(z,p, q; a) is non-decreasing, we see that

F_ [Vpa |* (z)( 5|V1/}1|(A)ﬂatw(2);a) < 0.
Therefore, u is a subsolution. [l

Another goal of this section is a principle to construct a metric viscosity
solution by the Perron method.

Proposition 3.3.5 (Perron method). Let F = F(z,p,q) € C(Q x R x R)
and let g be an R-valued function on 0Q. Let S denote the set of all metric
viscosity subsolutions (resp. supersolution) v of BZI) satisfying v* < g (resp.
v < g) on 0Q. Then, u(z) = sup,csv(z) (resp. u(z) = inf,esv(z)) is a
metric viscosity solution of ([B.2.1]).

Perron method for construction of a viscosity solution to Hamilton-Jacobi
equations was first presented by H. Ishii [I3]. Actually, the authors of [8] have
already established a similar result for metric viscosity solutions ([8 Theorem
7.6]). However, let us give a proof since we have slightly improved the result to
apply it directly to construction of a solution of the limit equation (B.1.2). We
remark that the function

_ +oo ifxeq
u(x) = .
g(x) ifzedq
is a supersolution of ([B2.T]).

Proof. We only show that w is a supersolution smce being a subsolution is due

to Corollary B33l Fix v = 11 + 19 with ¢ € ¢ (Q) and 95 € C(Q) such that
u, — 1 attains a zero minimum at 2 := (£, 2) over Bg(2) C @ with some R > 0.

Set 7,/12( )= 1a(2) — d(2, 2)? and ¥ = 11 + 2. Suppose by contradiction that

Floy,|=(2) (2, |VY1[(2), 0ip(2)) <

Since (z, p, q,7) = Fy.(z,p, q) is continuous and r ~— F,.(z, p, q) is non-decreasing,
we may assume that ¢ = 11 + 15 is a subsolution of

Flg -2 |V1](2),0:p(2)) <0 for all = € Bg(2)

by taking R small enough. Recalling Proposition B2ZI0, we see that 1 is a
metric viscosity subsolution of [B.21)) in Br(%). Now observe that

2

(= D)(2) > (e~ D)(2) > (2,2 > T = m >0

for all z € Br(2) \ Bg2(2). Construct a new function

u(z) otherwise.

w(z) {max{zﬁ(z) +m/2,u(2)} if 2 € Br(2),
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Then, w is equal to u on @\ Bg/2(2) and so it is a subsolution of (2] in
Q \ Bry2(2). It follows from Proposition and Corollary that w is a
subsolution of [B21]) in Br(2). Therefore, Proposition 321 shows that w is
a subsolution of B21) in @ and so w € §. In particular, u(2) > w(Z) but
w(Z) =Y(2) + m/2 = u(Z) + m/2. Since m > 0, we obtain a contradiction and
conclude that u is a supersolution. O

3.4 Application to large time behavior

We study large time asymptotic behaviors of solutions of the Hamilton-Jacobi
equation ([FIJ) with a Hamiltonian H satisfying (Al)—(A4) on a compact
geodesic metric space (X, d). First note uniqueness of the constant ¢ such that
BI2) admits a solution.

Proposition 3.4.1. Assume (A1), (A2) and that X is compact. Let ¢ € R be
a constant such that BI2) admits a real-valued continuous solution. Then,

¢ = max H(z,0). (3.4.1)

zeX

Proof. By the assumption (A2) it is enough to show that

sup inf H(z,p) <c < sup H(z,0). (3.4.2)
zeX PER+ zeX

It is easy to show the second inequality of (B42]). Indeed, since a solution v
attains a minimum at some point & € X, we have Hy(%,0) = H(z,0) > ¢,
which implies sup,cx H(2,0) > ¢. In order to prove the first inequality of
B42), fix # € X. Let us consider the function v(z) — nd(x,£)?/2 and take
its maximum point x,, for each n = 0,---. Now, since v(z,,) — nd(z,,%)?/2 >
v(2), we have d(x,,#)? < 2(maxv — v(%))/n. Therefore, ¥, — & as n — oco.
Since w is a subsolution, Hoy(xy,nd(zy,2)) = H(xn,nd(zy,2)) < c. Hence,
infoer, H(xn,p) < ¢ and sending n — oo yields inf,er, H(Z,p) < c. We now
obtained the inequalities (3.4.2)). O

Remark 3.4.2. Tt is a problem whether the inequalities (3.4.2]) holds even if we
remove the compactness assumption. One can show them by a similar argument
to the proofs in Section using Ekeland’s variational principle provided p
sup,cx H(x,p) is continuous.

In view of this proposition we hereafter define ¢ by (B:41]). Now we are able
to state the main theorem of large time behavior.

Theorem 3.4.3 (Large time behavior). Assume (A1)-(A4), ug € Lip(X) and
that X is compact. Let uw be a Lipschitz continuous solution of (BT with
ult=p = up on [0,00) x X. Then, u(t,x) + ct converges to a function v locally
uniformly as t — oo in X and v is a solution of (BI12).

In order to prove this theorem we first establish regularity, existence and
comparison results for the stationary equation (3.1.2). Set

A={reX | H(z,0)=c}.
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Proposition 3.4.4 (Lipschitz continuity of solutions of L2)). Assume (A1),
(A3) and (A4). Then, real-valued continuous solutions of BI2) are equi-

Lipschitz continuous.

Proof. Note that there exists a constant L € Ry such that H(z,p) > ¢ for all
x € X and p > L by (A3). Fix a real-valued continuous solution v. Consider the
function v(x)—v(y)—2L+/d(z,y)? + €2 for z,y € X and take its maximum point

x. with respect to = for each e > 0. Note that x — v(y) + 2L\/d(z,y)? + €2 is
of C'(X) by Lemma 22 Hence, we see that

2Ld 2Ld
o [ o, IV N (wey) |,
d(ze,y)? + € d(ze,y)? + €
Therefore, we see that 2Ld(zc,y)//d(xe,y)? + 2 < L and so . — y ase — 0.
Now, for each x,y € X, we have

v(x) —o(y) = 2L/ d(x,y)? + e* < v(z) —v(y) — 2L/ d(z2, y)? + €2
Sending € — 0 yields
v(x) —v(y) — 2Ld(z,y) <0,
which means that all subsolutions of ([B.I1.2]) is 2L-Lipschitz continuous. O

Theorem 3.4.5 (Existence of a solution of BI12)). Assume (A1), (A3) and
(A4). Then, there exists at least one Lipschitz continuous solution of (BI2)
whenever A is non-empty.

Proof. Define
S(z,y) :=sup{w(z) | w € C(X) is a subsolution of (BI2) with w(y) = 0}.

Note that the constant w = 0 is a subsolution of (3.1.2)). Also Proposition [3.44]
ensures that the solutions of ([BI2]) are equi-Lipschitz continuous and hence
v := S(-,y) is a Lipschitz continuous function on X. Now, Corollary
implies that v is a subsolution of [BI.2) in X while Proposition shows
that v is a supersolution of B.I.2) in X \ {y}. Since H(z,p) > H(z,0) = c for
x € A, we see that v = S(-,y) is a solution for every y € A # (). O

Theorem 3.4.6 (Comparison principle for (B22))). Let U be an open subset
of X such that U is compact. Assume (A1), (A2) and that H(x,0) < 0 for all
x € U. Let u be a subsolution and v be a supersolution of [B22) such that
uw* < 400 and vy > —oo. If u* < wv, on AU, then u* < v, in U.

Proof. First note that we may assume u*(xg) # —oo and v (xg) # 400 at some
xo € U; otherwise the conclusion holds. Fix 6 € (0,1) and consider the upper
semicontinuous function defined by

B, y) = bu"(2) — vay) ~ 5-d(z,)?

for £ > 0. Thanks to the compactness of U, we are able to take a maximum
point (xe,y.) € U x U of ®. It follows from ®(zc,y.) > ®(ro,x0) that

1 « *
2_Ed(zsvy€>2 < Ou (1'6) — Uk (ys) —bu (SCO) + Vs (1'0>

< Osupu” — infu, — Ou*(zg) + v4 () < +00.
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Hence, d(z.,y.) — 0 and so we may assume that z. and y. converge to a same
point & € U by taking a subsequence. Let us consider the case when = € U.
Then, since u and v are a subsolution and a supersolution,

1
H($5,9—€

1
H(ysv gd(an ys)) Z 0.

d(-Taa ye)) <0,

By the convexity of H the second inequality yields

(1= 0)H (3 0) + OH (e, (2, 52)) 2 0

0
Hence,

1 1
G_Ed(-raaya)) - HH(-Taa 9_6

Sending ¢ — 0 yields (1 — #)H(z,0) > 0. Since H(Z,0) < 0 and 6 < 1, we
obtain a contradiction. Therefore, £ € OU. We now observe that

(1—0)H(ye,0) + 0H (ye, d(z2,y:)) > 0.

Ou*(xe) — vi(ye) = ®(ze,ye) > sup D(a, ) = sup(Ou™ — vy).
zelU U
Hence, we see that supy (Ou* —v,) < (Qu* —v,)(Z) < supyy (u* — v,). Sending
k — 1 implies supy (u* — vi) < supyy (u* — vi). O

Corollary 3.4.7 (Comparison principle for (BI.2)). Assume that X is compact.
Let u be a subsolution and v be a supersolution of BI2) such that u* < +oo
and v, > —oo. If u* <wv, on A, then u* < wv, on X.

Proof. Tt follows from the definition of A that H(x,0) —c < 0 for all x € U :=
X \ A. Therefore, Theorem B.4.0] implies u* < v, in X \ A. O

We will also require a comparison principle for the evolution equation BI.T]).

Theorem 3.4.8 (Comparison principle for B 11])). Assume (A1) and that X
is compact. Let u be a subsolution and v be a supersolution of BILI) such that
u* < 400 and v, > —00. If u*|i—g < vi|i=0, then u* < v, on (0,00) x X.

One is able to prove this theorem with the same idea as in [9] Proof of
Proposition 3.3] and so we omit the proof.

Before starting the proof of Theorem B.4.3] let us explain that the initial
value problem BIT) and ul;—¢ = up admits a unique Lipschitz continuous
solution. We will construct a solution by Perron method while the uniqueness
is a direct consequence of the comparison principle (Theorem BAg]). Let Lip[ug]
denote the Lipschitz constant of ug and set K = max,ex |H (2, Lip[ug])|. First
note that w(t,z) = up(z) + Kt and u(t,x) := wup(x) — Kt are a Lipschitz
continuous supersolution and subsolution on [0, 00) x X, respectively. We then
can construct a continuous solution u such that v < w by using Proposition
and Theorem [34.8 Take a constant L € Ry such that H(z,p) > ¢ for all
x € X and p > L. Then, we see that |u(t, z) —u(s,y)| < K|t—s|+ Ld(z,y) by a
similar argument to the proof of Propositiont:liplhj. Actually, this is a standard
argument and we refer the reader to [I0].

We are now able to prove the main theorem stated at the top of this section.
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Proof of Theorem[3.7.3 Take the solution vy of (BI2) in Theorem B4 Not-
ing that ug and vy are bounded since X is compact, we are also able to see that
vo—M < ug < vg+M for some large M > 0. Recall Propositions[3.2.5 and [3.2.9]
which imply that vg — ¢t + M are solutions of (BIT]). We then see by a compar-
ison principle for (3I.1) (Theorem BL8) that vo —ct — M < u < wvg —ct + M.
Thus, the upper and lower semi-limits

v(x) = sup limsup{u(t;, z;) + ct;},
(tj,z;)—(c0,x) J

v(z) = inf lim inf{u(t;, z;) + ct;}
(tj,xj)—(o0,)  J

can be defined as a bounded function on X since vg — M < v <7 <wvg+ M.
We next note that Propositions and 3.2.9] show the function

t t
w(t, ) == u (X,x) +CX

is a solution of
Moyw + H(z,|Dw|) = ¢ in (0,00) x X
for each A > 0. Since

() = sup lim sup w™ (¢, 25),
(tj,zj,Xj)—(t,z,0) J
. . . i

v(z) = (tj,xj,Alj%i(t,x,O) hmjmfw i(tj,xj)
for all t > 0 and z € X, i.e. T and v are respectively nothing but the upper
and lower semilimit of w* as A — 0, the stability result (Proposition B3.1)) and
Proposition shows that ¥ and v are a subsolution and a supersolution of
BI2), respectively.

We next claim that 7 = v on the set A. Indeed, for each x € A, u(t,z) + ct
converges to some v(x) since dyu~+ ¢ < 0 and so it is a decreasing sequence. We
also obtain that u is equi-Lipschitz continuous. By connecting these two facts,
we see that v < v < v on A.

Finally, the comparison principle (Theorem BZ7T) shows that 7 < v on the
whole space X. Thus, we can conclude that u(t,x) + ¢t converges to some
function v = T = v which is a solution of [B.I1.2). O

Remark 3.4.9. The convexity assumption (A2) is used only to guarantee a com-
parison principle holds for the stationary equation (BI2). It is possible to
weaken the condition. For instance, let us consider the specific Hamiltonian
H(z,p) = +/]p|, which is not convex. One easily see that the equation (FI2)
is equivalent to |Dv| = ¢®. Since a comparison principle for the convex Hamil-
tonian |Dv| = ¢? implies a comparison principle /|Dv| = ¢, the same behavior
of the solution must occur to the Hamiltonian H(xz,p) = +/|p|. This scheme
works for quasiconvex Hamiltonians H(x,p) = h(|p|) + f(x) with h: R4 — R
such that h(p) — Ap is non-decreasing for some A > 0.

Let us introduce the functions ¢_, ¢poo € C(X) by
¢—(x) == %gg(u(‘ra t) +ct),
Poo(x) == min{S(z,y) + ¢—(y) | y € A},
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where the function S is defined in the proof of Theorem 345 Note by Theorem
and Corollary B33 the function ¢o is a solution of (BI12).
We then have

Theorem 3.4.10 (Asymptotic profile). lim; oo (u(x,t) + ct) = doo(x) for all
reX.

The proof can be done similar to [12], so we omit it.
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Chapter 4

Minimax formula of the
additive eigenvalue for
quasiconvex Hamiltonians

4.1 Introduction

It is well-known that the additive eigenvalue for a Hamilton-Jacobi equation has
an inf-sup type representation formula if the Hamiltonian is continuous, convex
and coercive. In this article we will introduce two approaches to this problem.
One is similar to known arguments using Jensen’s inequality directly to the
Hamiltonian while the other one invokes Clarke’s generalized gradient. Both
of these two approaches will derive the representation formula under a weaker
assumption on the Hamiltonian. We now stress that the latter approach is rather
new as far as the author knows and using a crucial lemma on convergence of
mollifications of Lipschitz continuous functions (Lemma [L1.2)), whose proof will
be given in Section L4

For simplicity, we consider first-order Hamilton-Jacobi equations in the pe-
riodic setting of the form

H(z,Du) =a in TV :=RY/Z"N (4.1.1)
with a parameter a € R. Here, H = H(z,p): TV x RY — R is a function
called a Hamiltonian satisfying the following conditions:

(A1) (Continuity) H is continuous on TN x RV,
(A2) (Convexity) H is convex in the variable p € RY for each x € TV.

An (additive) eigenvalue is a unique constant ¢ € R such that (1) admits
a viscosity solution u ([12]) with Lipschitz continuity; Du denotes a gradient
of the unknown function u = w(z). Then, the eigenvalue a = ¢, if exists, will
satisfy the representation formulas

= inf H 4.1.2
© T ueciien on 412
c= inf supH, (4.1.3)

uw€Lip(TV) vy
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where Vu is the graph of the classical gradients (also denoted by Vu) of u, i.e.
Vu:={(z,p) € TV x RY | u(y) = u(z) +p- (y —x) + o(ly — z[) as y — «}.

Note that Lipschitz continuous functions u € Lip(T?) are differentiable almost
everywhere by Rademacher’s theorem and Vu € L>(TY).

This kind of expression (the right-hand side of ([{IZ)) was found as a
variational formula of Mané’s critical value with respect to the correspond-
ing Lagrangian by Contreras-Iturriaga-Paternain-Paternain [I3]. On the other
hand, this is a pure partial differential equations problem. In view of this, the
above minimax formula was established by Fathi in the context of weak KAM
(Kolmogorov-Arnold-Moser) theory powered by the viscosity solution theory;
see [I5], Section 6]. We remark that the additive eigenvalue problem ([II]) also
appears in solving homogenization problems [20] and long time behaviors [22].
It is also known that the minimax formula is useful for computing the additive
eigenvalue numerically [I8]. This work will provide natural extensions for these
theories.

In this article we extend the representation formula for general quasiconvex
Hamiltonians (see (A2’) below) instead of the convexity assumption (A2) with
two different proofs.

(A2’) (Quasiconvexity) H is quasiconvex in the variable p € RY for each z €
TV, ie. H(x,0p+ (1 —0)q) < max{H(z,p), H(x,q)} for all p,q € R,
0<6#<1andzeTVN.

We remark that the quasiconvexity is sometimes called level-set convexity since
(A2’) is equivalent to the condition that the sublevel sets {p € RY | H(z,p) < a}
are convex for all @ € R and z € TY.

Recently several authors study homogenization problems with quasiconvex
Hamiltonians; see [16] and [I]. In fact, the authors of [I] mention some relation
between the eigenvalue and the minimax expression and [I, Proposition 6.2]
will immediately show one of the representations [IL3). Indeed, we can show
EI3) easily in view of Propositions lE21] and EEZTl On the other hand, to
show (EI2) need more advanced calculations such as Lemmas [£T.1] and
below, and there seem to be no results on it as far as the author knows. We
also point out that the authors of [24] posed a Hamiltonian of the form

H(z,p) = H2(z,p) =0 (E) L tanh <&>
€/ Ps p
with a positive continuous function o, a constant ps > 0 and a parameter
¢ > 0. This Hamiltonian is quasiconvex (A2’) as well as non-coercive. Long
time behavior and homogenization for this Hamiltonian have been studied in
[17] and [19].

In order to explain the main idea of one of the proofs, let us review the
known proof under the assumptions (Al) and (A2). This proof is inspired by
[6], [I8, Proposition 2.2] and [21I, Subsection 4.2]. First, it is easy to show
the inequalities inf,cpipsupy, H < ¢ < inf,cc1supy, H. We hence claim
inf,co1 supy, H < infy,erip supy, H. Now, for u € Lip(T?) take mollifications
Up = u k1, € C® (TN) with the standard Friedrichs mollifier 7,,. Then, we
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observe that

HGe V) = 1 (s, [ Fute ()

N

< H(‘Ta Vu(x - ?J))Un(y)dy
TN

< H(‘T —y,Vu(x _y))nn(y)dy+an < SUPH+Oén
TN Vu

for all z € TV and therefore we will have the desired inequality. Here, we
have invoked the convexity (A2) so that Jensen’s inequality yields the first
inequality; the second equality follows from the continuity (A1) with some error
term «,, > 0 such that a,, — 0.

Our idea of the proof is to use another Jensen-like inequality for quasiconvex
functions stated below.

Lemma 4.1.1 (Fundamental inequality for quasiconvex functions). Let f be a
lower semicontinuous function defined on RN . Then, f is quasiconvex on RN

if and only if
f(/ Xdu) <esssup foX
Q Q

for all measure spaces (2, p) with u(Q) =1 and all RN -valued integrable func-
tions X on .

In view of this inequality, we can improve the proof for the representation
formula. In fact, this lemma has already been proved by Barron, Jensen, Liu
and Wang; see [7] (in one-dimensional setting) and [§]. We will give a short
proof in Section We also point out that a discrete version of Lemma E1.T]
is studied in [14].

The other proof is one using the generalized gradients of Lipschitz functions
u defined by

OJu := Top Vu,

i.e. Ou C {(x,p) € TN x RN} is the closed convex hull with respect to p of the
closure of the classical gradients Vu. This is nothing but Clarke’s gradients;
see [9] and [I0]. Also note that du is compact since Vu € L*°(TY). Now,
the quasiconvexity of H implies that inf,crip supy, H = infuerip supg,, H. The
remaining inequality inf,cc1 supy, H < infuerip supg, H can be shown by a
graph convergence of the standard mollifications of Lipschitz functions stated
below. The proof will be given in Section [£.4]

Lemma 4.1.2 (Convergence of mollifications). Let u € Lip(TY) and let u,, €
C>(TN) be the standard mollification w * n,. If a sequence (Tn,pn) € Vi,
converges to (x,p) € TN x RN, then (z,p) € du.

In our arguments, the quasiconvexity (A2’) is essential. We point out that
the authors of [2] and [3] obtain partial results on homogenization for Hamilto-
nians without convexity such as

H(z,p) = (|p|* = 1)* = V(2)

with a bounded function V. Representation formula for such Hamiltonians is
an open problem.
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This chapter is organized as follows. In Section we give a complete
statement of our main result on the minimax formula. We prove it in Section [4.3]
by using the fundamental inequality for quasiconvex functions (Lemma .T.T])
while we give another proof in Section [£4] with the generalized gradient and
Lemma The contexts of Sections and 4] are independent so the
reader can skip Section

4.2 Minimax formula

In this section we give a rigorous definition of the viscosity solutions and the
eigenvalues of the Hamilton-Jacobi equations ([ I1)) and a complete statement
of the main theorem on the minimax formula. First, define the graphs of su-
perdifferentials DT u and subdifferentials D™ u for a function u by

DFu = {(z,p) € TN x RN | u(y) < u(x) +p- (y —x) +o(ly — x|) as y — x},
D7u:={(z,p) € T" x RY [u(y) > u(x) +p- (y —z) +ol|ly — z[) as y — «}.

Note that the superdifferentials and the subdifferentials can be characterized
by smooth functions touching u from above or below; see [II Section 2]. A
function u € Lip(T¥) is called a viscosity subsolution, a viscosity supersolution
or a wiscosity solution of the Hamilton-Jacobi equation [@II) with a € R if

supH <a, inf H>a, supH <a< inf H,

D+u D—u Dtu D—u

respectively. A subeigenvalue, a supereigenvalue or an eigenvalue of the additive
eigenvalue problem (1) is a constant a € R such that there exists at least
one viscosity subsolution, supersolution or solution of ([@II), respectively. We
now define the upper critical value and lower critical value ¢* € R U {4oc} by

ct =c"(H) :=inf{a € R | a is a subeigenvalue of [@LI)},
¢ =c¢ (H) :=sup{a € R | ais a supereigenvalue of [@LII])}.

For later convenience we prepare several notations: Let B(x,r) denote the
open ball with center 2 and radius r > 0 and let B(x,r) denote its closure. For
the graphs G = Vu,du, D¥u ¢ TV x RY and a point z € TV, set G(x) :=
{p € RY | (z,p) € G}. A modulus is a non-negative function w defined on
[0, 00) with lim,ow(r) = 0.

The following propositions give basic properties of the critical values.

Proposition 4.2.1 (Characterization and rough estimates).

c"(H)= inf supH, c¢ (H)= sup inf H, 4.2.1
(H) uwELIp(TN) Dty (H) u€Lip(TN) D7u ( )
in H(x,0) < cE(H) < H(x,0). 4.2.2

Ioin H(x,0) < ¢(H) < max H(z,0) (4.2.2)

Proof. We only show the equation and inequalities for the upper critical value
¢t (H) since a symmetric argument shows a proof for the lower critical value
¢ (H). The proof is not so difficult; for a subeigenvalue a € R, since there
exists a Lipschitz subsolution, inf,cpipry)supp+, H < a. We also see that
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Lipschitz functions u € Lip(T?) themselves are a subsolution of the equation
(#11) with @ = supp+,, H. Therefore, (£21) holds. Moreover, u = 0 is a
subsolution of @II)) with ¢ = max,cp~ H(z,0). For a subeigenvalue a € R
and the subsolution u € Lip(TY) of (@I, since (x,0) € DTu at a maximum
point x € TV of u, we have min,cp~ H(z,0) < a. We have shown [E22). O

Proposition 4.2.2 (Monotonicity of critical values). Let Hy and Hs be two
Hamiltonians such that Hy < Hy on TN x RN. Then, ¢t (H,) < ¢*(H,),
respectively.

The proof is trivial so we omit it.

Proposition 4.2.3 (Upper and lower critical values). Assume that H satisfies
(A1). Then, ¢~ (H) < ¢t (H). Moreover, if

(A3) (Coercivity) H is coercive in the variable p € RN wuniformly in x € TV,
i.e.
liminf inf H(z,p) = +oo,

|p|—o00 zeTN

then ¢~ (H) = ¢ (H) and they are a unique eigenvalue of [EILI).

This is a well-known fact; we refer the reader to [20], [16] and [19]. Under the
assumptions (A1) and (A3) the unique eigenvalue ¢ = ¢(H) := ¢ (H) = ¢ (H)
is called critical value of [EII).

The generalized effective Hamiltonian introduced in the author’s previous
work [19] is nothing but the upper critical value ¢™:

Proposition 4.2.4. Assume that H satisfies (A1) and let H,, be a sequence of
Hamiltonians satisfying (A1) and (A3). If H,, converges to H in the sense of

liminf inf (H,— H) >0, limsup sup (H,—H)<O0 forall R>0,
n TNxRN n  TNxB(0,R)

then ¢(Hy) — ¢t (H).

Proof. Consider the specific approximation H,,(z,p) = H(z,p) + |p|/n for n =
1,---. Since H,, > H, we see by Proposition [L2.2] that ¢(H,) = ¢"(H,) >
c¢T(H), which immediately yields liminf, ¢(H,) > ¢T(H). In order to the op-
posite inequality, fix a subeigenvalue a and take the Lipschitz continuous sub-
solution u of (AII]). Note that the closure of DTu is compact by the Lipschitz
continuity. Hence, H,, becomes coincident to H on DTu for sufficiently large
n. Therefore, ¢(H,) = ¢*(H,) < a, which shows limsup,, ¢(H,) < ¢*(H). For
general approximations one can show by the same arguments as in [I9, Theorem
4.1] that ¢(H,) is a convergent sequence and that the limit does not depend on

the choice of the approximations. Finally, we have lim,, ¢(H,,) = ¢T(H). O
We state our main result.

Theorem 4.2.5 (Minimax formulas). Assume (A1) and (A2’) (not (A2)).
Then,

ct(H)= inf supH= inf supH.
uw€Lip(TV) vy u€C>(TV) vy

In particular, if (A8) holds, then they are nothing but the critical value c¢(H)
(the unique eigenvalue of (EIT])).
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Some inequalities hold unconditionally.
Proposition 4.2.6.

inf supH < inf supH=c"(H)< inf supH

uw€Lip(TV) vy wELIp(TN) Dty w€Lip(TY) gy
< inf  supH.
u€C>(TN) vy

Proof. These inequalities follow from the well-known orders Vu C DYu C du
for u € Lip(T¥) and Vu = D¥u = du for u € CH(TY); see [5, Lemma I1.1.8
and Subsection I1.4.1]. O

4.3 Proof with fundamental inequality for qua-
siconvex functions

Lemma [.T.J] will result in the fundamental property of convex sets with prob-
ability measures by the level-set convexity of f:

Lemma 4.3.1 (Fundamental inclusion for convex sets). Let C' be a closed subset
of RN. Then, C is convez if and only if

e::/Xd,uEC
Q

for all measure spaces (2, 1) with u(Q) =1 and all RN -valued integrable func-
tions X on Q satisfying X € C' p-a.e. on §2.

Proof. The “if” part is easy; for z,y € C and 0 < 0 < 1, set Q = {£1},
v({-1}) =0, v({1}) =1 -0, X(-1) = 2, X(1) = y. Then, since [, Xdu =
Oz + (1 — 0)y, we have 0z + (1 — )y € C.

We show the “only if” part. Suppose conversely that e ¢ C. Then, by the
hyperplane separation theorem (see, e.g., [23] Theorem 11.4]) one is able to find
a vector v € RY such that

ver<a<wv-e forallxzel

with some @ € R. Since X € C' p-a.e.,
vee=v- | Xdu= v-Xd,ug/adu:a,
Q Q Q

which is contradicts to v - e > a. Therefore, e € C. O
Proof of Lemma[{.1.1] The “if” part is easy as Lemma £33 We show the
“only if” part. First note that we may assume that ess sup f o X =sup fo X
since Q2 := {f o X < ess supg f o X} satisfies ess supg f o X = supg f o X and

w(Q\ Q) = 0. Set E := X(Q) and take its closed convex hull G E. Then,
Lemma 3Tl shows that [ Xdp € @ E and therefore

f</Xdu)f</Xdu) <supf=supf=supfoX =esssupfolX
Q Q O Q

coE E Q

Here, the middle equation follows from the quasiconvexity assumption of f. [
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Remark 4.3.2. We can easily prove the standard Jensen’s inequality by applying
Lemma 43T to the closed convex set {(x,y) | y > f(x)} for a convex function

f.
We are now able to show Theorem [£.2.5)]

Proof of Theorem[].2.0] using Lemma[].1.1] It is enough to show

inf . supH < inf supH. (4.3.1)
ueC>=(TV) vy u€Lip(TV) vy

Fix u € Lip(T") and take the standard mollifications w, := u*n, € C(TN).
Note that H is uniformly continuous on TV x B(0, R) with R := ess supp~ |Vul;
there is a modulus w such that |H (z,p) — H(y, q)| < w(|z — y| + |p — ¢|) for all
z,y € TV and p,q € B(0, R). Fix (z,p) € Vu,. Then, we can calculate that

H(ep) = (e Vune) = 1 (o [ Sute =ty

< ess sup H(x,Vu(x —y))
yESpt(nn)

<sup H + ess sup w(|y|)-
Vu yEspt(1n)

Here, we have used the quasiconvexity (A2’) and Lemma [T Tlin order to obtain
the first inequality. Taking a limit with respect to n, we have supy,, H(z,p) <
supy,, H, which implies (£3.1]). We have obtained all inequalities to show The-
orem O

This proof also shows approximation of viscosity solutions, whose convex
versions have been established in [6] and [5l Section IL.5].

Proposition 4.3.3 (Approximation of viscosity solutions). Assume (A1) and
(A2’). Let u € Lip(TY) and let u,, € C*°(TN) be the standard mollification u*
M- If w is a viscosity subsolution of @I, then u, are a viscosity subsolution
of H(z, Duy,) = a+ w(1/n) in TN with some modulus w.

4.4 Proof with generalized gradients
We begin with:

Proposition 4.4.1. Assume (A1) and (A2’). Then,

inf  supH = inf supH= inf supH.
u€Lip(TN) vy u€Lip(TN) p+y u€Lip(TN) gy

Proof. This is true since

supH =supH = sup H =supH (4.4.1)
Vu Yu @, Vu ou

for all u € Lip(T¥). In order to obtain the second equality, we need the
quasiconvexity assumption (A2’). O

Remark 4.4.2. This proof also implies [I, Lemma 2.1].
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We prove Lemma[L.T.2]in order to show the remaining inequality in Theorem
4,29

inf  supH < inf supH. (4.4.2)
ueC>=(TN) vy u€Lip(TY) gy

The proof, which uses Jensen’s inequality to distance functions from convex sets,
is due to A. Siconolfi. A similar technique appears in [16]. We first prepare:

Lemma 4.4.3 (Continuity of generalized gradients). Let u € Lip(TY). Then,
for each x € TN there exists a modulus w, such that

d(Ou(x),p) < wz(ly —x[) for all (y,p) € Ou. (4.4.3)

This lemma means that the the generalized gradients Ju is upper semicon-
tinuous as a set-valued function. The proof is easy since du is compact (see,
e.g., [I0L Proposition 2.1.5] and [4, Proposition 1.4.8]) but we prove it for com-
pleteness.

Proof. Fix arbitrary € > 0. Since du and {z} x {p | d(Ou(z),p) = €} are disjoint
compact sets, Ju and B(x,d) x {p | d(Qu(zx),p) > £—3J} have empty intersections
for some small § > 0. Therefore, every (y,p) € du with |y — x| < ¢ satisfies
d(Ou(z),p) <e—d <e. O

Proof of Lemma[4.1.2 First note that the set du(z) is non-empty closed convex
and hence d(du(x),-) is a (Lipschitz) continuous convex function on RY. We
observe by Jensen’s inequality that

0u(z), ) = dOula). Vun 1)) = (0u(o). [ Vuty ~ 2y (1)
< [ d0u@), Vuly - . 2)a:

for all (y,q) € Vu,,. By Lemma 43 we have

D= [ dOute), Vuw, - 2)m(:)ds
TN
/ (|2 — 2 —2|)nn(2)dz < sup  w(Ja, — 2z — z)).
zEspt N
This shows that d(Ou(z),p,) — 0 and therefore p € du(z). O

Lemma . T.7] yields another proof of Theorem [£.2.5]

Proof of Theorem[£.2.5] using Lemma[.1.2] It is enough to show ([LZZ). Fix
u € Lip(T?) and take the standard mollifications u,, := uxn, € C°(TY). Also
take a maximum point (z,,p,) € Vu, of H so that H(xy,p,) = supy,, H.
Now, note that the sequence (x,,p,) has an accumulation point (z,p) € TV x
B(0, ess suppw |Vu|) since u is Lipschitz continuous. We then see by Lemma
that (x,p) € du and therefore

inf sup H < sup H = H(x,,pn) — H(z, <suH

Since v € Lip(T¥) is arbitrary, we can obtain the desired inequality (EZ2).
We now have obtained all the equations in Theorem [£.2.9] [l
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Remark 4.4.4. This proof is a bit longer than the proof in Section 3 but may
give a deeper observation. For example, there is a question that if u, € C'*
converges to u € Lip uniformly, then a sequence (x,,, p,) € Vu, has an accumu-
lation point belonging to du. This is an open problem concerned with stability
of viscosity solutions. We also remark that one is able to prove Proposition [£.3.3]
by combining Lemma and the equation ([LZT]).

50



Bibliography

[1]

S. N. Armstrong and P. E. Souganidis, Stochastic homogenization of level-
set convex Hamilton-Jacobi equations, Int. Math. Res. Not. IMRN (2013),
no. 15, 3420-3449.

S. N. Armstrong, H. V. Tran and Y. Yu, Stochastic homogenization of a
nonconver Hamilton-Jacobi equation, preprint.

, Stochastic homogenization of nonconvexr Hamilton-Jacobi equa-
tions in one space dimension, preprint.

J.-P. Aubin and H. Frankowska, Set-valued analysis, Birkhduser Boston
Inc., Boston, 1990.

M. Bardi and I. Capuzzo-Dolcetta, Optimal control and viscosity solutions
of Hamilton-Jacobi-Bellman equations, Birkhauser Boston Inc., Boston,
1997.

E. N. Barron and R. Jensen, Semicontinuous wviscosity solutions for
Hamilton-Jacobi equations with convex Hamiltonians, Comm. Partial Dif-
ferential Equations 15 (1990), no. 12, 1713-1742.

E. N. Barron, R. Jensen and W. Liu, Hopf-Laz-type formula for u; +
H(u, Du) = 0, J. Differential Equations 126 (1996), no. 1, 48-61.

E. N. Barron, R. Jensen and C. Y. Wang, Lower semicontinuity of L
functionals, Ann. Inst. H. Poincaré Anal. Non Linéaire 18 (2001), no. 4,
495-517.

F. H Clarke, Generalized gradients and applications, Trans. Amer. Math.
Soc. 205 (1975), 247-262.

, Optimization and nonsmooth analysis, John Wiley & Sons, Inc.,
New York, 1983.

M. G. Crandall, H. Ishii and P.-L. Lions, User’s guide to viscosity solutions
of second order partial differential equations, Bull. Amer. Math. Soc. 27
(1992), no. 1, 1-67.

M. G. Crandall and P.-L. Lions, Viscosity solutions of Hamilton-Jacobi
equations, Trans. Amer. Math. Soc. 277 (1983), no. 1, 1-42.

G. Contreras, R. Iturriaga, G. P. Paternain and M. Paternain, Lagrangian
graphs, minimizing measures and Mané’s critical values, Geom. Funct.

Anal. 8 (1998), no. 5, 788-809.

o1



[14]

[15]

[16]

[17]

18]

[20]

[21]

S. S. Dragomir and C. E. M. Pearce, Jensen’s inequality for quasiconvex
functions, Numer. Algebra Control Optim. 2 (2012), no. 2, 279-291.

L. C Evans, Some new PDE methods for weak KAM theory, Calc. Var.
Partial Differential Equations 17 (2003), no. 2, 159-177.

A. Fathi and A. Siconolfi, PDE aspects of Aubry-Mather theory for quasi-
convex Hamiltonians, Calc. Var. Partial Differential Equations 22 (2005),
no. 2, 185-228.

Y. Giga, Q. Liu and H. Mitake, Singular Neumann problems and large-
time behavior of solutions of noncoercive Hamilton-Jacobi equations, Trans.
Amer. Math. Soc. 366 (2014), no. 4, 1905-1941.

D. A. Gomes and A. M. Oberman, Computing the effective Hamiltonian
using a variational approach, SIAM J. Control Optim. 43 (2004), no. 3,
792-812.

N. Hamamuki, A. Nakayasu and T. Namba, On cell problems for Hamilton-
Jacobi equations with non-coercive Hamiltonians and its application to ho-
mogenization problems, preprint, UTMS Preprint Series, UTMS 2014-8.

P.-L. Lions, G. C. Papanicolaou and S.R.S. Varadhan, Homogenization of
Hamilton-Jacobi equations, unpublished.

H. Mitake and H. V Tran, Homogenization of weakly coupled systems of
Hamilton-Jacobi equations with fast switching rates, Arch. Ration. Mech.
Anal. 211 (2014), no. 3, 733-769.

G. Namah and J.-M. Roquejoffre, Remarks on the long time behaviour
of the solutions of Hamilton-Jacobi equations, Comm. Partial Differential
Equations 24 (1999), no. 5-6, 883-893.

R. T. Rockafellar, Convex analysis, Princeton University Press, Princeton,
1970.

E. Yokoyama, Y. Giga and P. Rybka, A microscopic time scale approz-
imation to the behavior of the local slope on the faceted surface under a
nonuniformity in supersaturation, Phys. D 237 (2008), no. 22, 2845-2855.

52



Chapter 5

Viscosity solutions for
one-dimensional singular
diffusion equations

5.1 Introduction

In this chapter we study a one-dimensional nonlinear degenerate parabolic equa-
tion whose diffusion effect is very strong at particular slopes of unknown func-
tions. We are in particular interested in an equation, where the driving force
term is spatially inhomogeneous. A typical example is a quasilinear equation

wr = a(ug ) (W' (ug))e + o(t, x)], (5.1.1)

where W is a given convex function on R but may not be of class C'(R) so
that its derivative W’ may have jump discontinuities and o is a given Lipschitz
function depending on the space variable  as well as the time variable t; here a
is a given nonnegative continuous function, and u; and u, denote the time and
the space derivative of an unknown function u = wu(t, x).

In order to explain the motivation of this work, let us consider an evolution
law of a curve I'y € R? moved by an anisotropic curvature flow

V = Mo(n)(ky, +0) on Ty, (5.1.2)

where V' is the normal velocity of the evolving curve in the direction of the
normal vector n and let the mobility My and the surface energy density vo be
positive functions on the unit circle; the term «., called a nonlocal curvature is
the first variation of surface energy. We note that if vy is the constant 1, then x.,
is nothing but usual curvature x; the quantity ., formally equals ((70)ee +70)<
if one writes 7 as a function of the argument 6 of n = (cos 6, sin #). The equation
(EI2) appears in crystal growth as an equation to describe the interface of two
phases; see, e.g., [2].

If the curve T'; is given as a graph of a function u = u(t, z), the equation
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(BEI2) then becomes of the form (BT with

a(p) = M(p, 1), M(p,q) = #“+fk%<—iggl—),

N

W) = +(p, 1), p.0) = VT P 2L ).

VPPt
Assume that the Frank diagram F := {(p,q) € R? | y(p,q) < 1} is convex so
that W is a convex function. If F' has a smooth (C?) boundary dF, the theory
of (BL2) is well developed [6], [9], [16]. Indeed, since W is C%(R), we are able
to apply the classical theory of viscosity solutions [7] to the equation (EII). We
are concerned with the case that OF is of class C? except finitely many points.
A typical example of F' is a polygon so that W is a piecewise linear function.
For examples if v is a crystalline energy of the form

v(p,q) = Ip| + |ql,

then W"(p) is twice the Dirac delta function § and so the equation (EIT)
formally becomes
ur = a(ug)[20 (ug)Uge + ),

which is not a classical partial differential equation.

Admissible curves such as polygons moving by a crystalline energy with no
driving force have been studied by Taylor [19, 20] and by Angenent and Gurtin
[1]. For the evolution law of graphs (BI]) a notion of solutions is introduced
by adapting the subdifferential theory [I0] (¢ = 0) and [II]. Elliott, Gardiner
and Schétzle [8] study relationship between the solutions in the sense of [10] and
admissible curves. When o is independent of z, the theory of viscosity solutions
to (BIT) and (EI22)) is established in a series of papers [12], [13], [14].

The goal of the present work is to establish a global-in-time existence theo-
rem of a viscosity solution for a class of equations including (I with a given
continuous periodic initial condition. Our result is a generalization of [12, Sec-
tion 8, 9] to the equation with spatially inhomogeneous driving force. Notion of
viscosity solutions to (EIT]) with o depending on  is introduced in [I5], where
a comparison theorem is established. The authors of [I5] also show some exis-
tence results by showing that a special semi-explicit variational solution studied
in [I7] is a viscosity solution but their initial data is very restrictive. We also
point out that in a recent paper by Chambolle and Novaga [4] the authors es-
tablish short-time existence for (5.I.2) by time-discrete implicit scheme, which
is introduced in [5], [B]. Our argument based on the theory of viscosity solu-
tions is completely different from theirs and can be applied to a fully nonlinear
equation.

Following [15], let us consider an energy functional which formally equals

a[f] = /T (W(fs) — o f)da

for a smooth function f; we assumed a periodic boundary condition so that T =
R/wZ with w > 0. Let 0°®[f] be the canonical restriction of the subdifferential
O®[f] in the Hilbert space H := L?(T), i.e.

0°®|f] = arg min {| A | A € 9®[f]}
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As mentioned in [IT], the above minimizing problem is equivalent to an obstacle
problem: The condition A € —9®[f] holds if and only if A is of the form \ = &’
such that £ € OW(f,) + Z a.e. on T, where Z is a primitive function of o, i.e.
Z, = o. Therefore, we minimize

{/ IE'|?dx | € € OW (fy) + Z a.e. on T} ) (5.1.3)
T

There might be a chance that there is no such ¢ satisfying £ € OW(f,) + Z a.e.
on T. We need to require special structure to guarantee the existence of such
. A sufficient condition is that f is flat (facet) on a nontrivial interval (called a
faceted region) containing each fixed point & whenever W has a jump at f,(x).
Such a function f is called a faceted function and we see that (B.13) admits a
unique minimizer & for a faceted function f since the problem is convex. It is
natural to guess that & gives a candidate for the value of the nonlocal curvature

Ay (N)(@) = (W (f2))e + o).

Based on this observation we establish a notion of viscosity solutions to (EI11]).

We prove the existence theorem by Perron’s method, which is standard in
the theory of viscosity solutions for regular equations; we refer the reader to
18], [7]. In our problem, however, it is necessary to modify a smooth faceted
test function keeping its property. In the previous work [12] it suffices to modify
the test function outside the faceted region. However, this method heavily relies
on the fact that the nonlocal curvature AJ, (f) is constant on a faceted region
when o is independent of x.

The main idea to solve this problem is to find a small effective region which
determines the quantity of the nonlocal curvature. We construct a modification
as in the previous work [I2] using the effective region instead of the faceted
region. Then the argument works well for our setting with the spatially inho-
mogeneous driving force term o.

This chapter is organized as follows. In Section we recall the definition
of faceted functions and the nonlocal curvature Afj, and define generalized solu-
tions for the equations. In Section B3] we describe how to construct an effective
region and modifications for test functions. In Section 5.4l we prove Perron type
existence theorems and Section [F.5]is devoted to proving the existence theorem
for periodic initial data.

5.2 Definition of solutions

In this section we recall some notions of functions and the nonlocal curvature Af;,
introduced in [I5, Section 2] and define generalized solutions for fully nonlinear
equations of the form

u + F(t,ug, Afy(w)) =0 in @Q:=(0,T7) x U, (5.2.1)

where 7" > 0 and U is an open set in R. We assume the following conditions
throughout this paper.

(W) Assume W is a convex function on R with values in R of class C? outside
a closed discrete set P and that its second derivative W” is bounded in
any compact set except all points in P.
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(S) The continuous function o = o(t,z) on [0,7] x U is Lipschitz continuous
in z uniformly with respect to t, i.e. there exists a constant L such that

lo(t,x) —o(t,y)| < Llz —y| forallte[0,T), z,y e U.

(F1) F is continuous on [0,7] x R x R with values in R.
(F2) F(t,p,X)< F(t,p,Y) forallt € [0,T], pc R, X > Y.

The discrete set P in (W) is either a finite set or a countable set having
no accumulation point in R. If P is nonempty, P is of form {p;}";, {p;}32,,
{pj}j_:i1 or {p;}52_ ., where {p;} is a strictly increasing sequence p; < pj+1
with lim; ;o p; = oo and limj_,_,p; = —oo, and m is a positive integer.
We often let o(t) denote the function o(t)(z) = o(t,z) for t € [0,T). We
say that a family of a functions oy on U is equi-Lipschitz continuous if there
exists a constant L such that |o¢(z) — ot(y)| < Lz — y| for all t and z,y € U.
Our assumption (S) is equivalent to saying that o(t) on U is equi-Lipschitz
continuous.

5.2.1 Faceted functions
We first define a notion of a faceted function.

Definition 5.2.1 (Faceted function). A function f € C1(U) is faceted at a point
Z € U with slope p € R (or p-faceted at &) if there exists a closed nontrivial
finite interval I = [¢;,¢,] C U containing & (i.e. ¢;, ¢, € U satisfy ¢; < ¢, and
¢ < & < ¢,) such that

f'(x)=p forallxzel,

fl(x)#p forallwe J\T
with some neighborhood J = (b;,b,) C U of I. The closed interval I is called a

faceted region of f containing . We say that a function f is P-faceted at z if
f is p-faceted at Z for some p € P and let

Cp(U) :={f € C*(U) | f is P-faceted at & whenever f'(z) € P} .

We also define the left transition number x; = xi(f, &) and the right transi-
tion number x, = xr(f, &) for a p-faceted function f at & by

)+ if ff<pon (b, q
MY if f/>pon (b,q
(
(

+1 if f/>pon
Xr = ooy
-1 if f' <pon (¢,

))
))
cr,y by,

b).

Let R(f, &) = [¢;, ¢r] denote a maximal closed interval containing & on which
f' is constant, i.e.

c:=inf{z e U] f'(y) = f'(2) for all y € [z, 2]},
e i=sup{z €U | f'(y) = f'(2) for all y € [Z,x]}.

The interval R(f, %) is nothing but the faceted region if f is a P-faceted function
at z.
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Remark 5.2.2. We note that a p-faceted function f at & agrees with an affine
function

lp(x) = ple — &) + f(Z)
on I = R(f, ) and that

blacl)a

by, cr),

41 it f>t,0n
T 1 i<, on

~ o~ o~ o~

+1 i f>0, on
Xr =

CTvbT)a
-1 if f < ¥, on b,)

Cr,

T

5.2.2 Nonlocal curvature with a nonuniform driving force

We next recall the definition of the nonlocal curvature for a smooth faceted
function. Assume (W) and that

o is a Lipschitz function on U. (5.2.2)

For f € C3(U) and 2 € U define the nonlocal curvature A, (f)(%) as below.
On one hand, if /(%) ¢ P, we set
Ay (&) = W (f' (@) f" (%) + o(2)

as expected. On the other hand, if p := f/(Z) € P, i.e. f is p-faceted at Z, the
definition is more involved since it is based on the obstacle problem (G.I1.3]).
Let Z be a primitive function of o and let

A = [0W (p)| = lim W'(q) — lim W'(q).
qlp qTp

We also take the faceted region I = R(f, ) = [¢1, ¢r] and the transition numbers
xi = xi(f, %), xr = x»(f,2). We note that

Z e C%Y(I), A > 0, I is a nontrivial closed interval and i, x, € [~1,1].
(5.2.3)
For later convenience we have defined K for x;, x, whose values are in [—1,1]
not necessarily in {£1}. Let K = KZ2! be the set of all £ € H'(I) satisfying
an obstacle condition

Z(x) —AJ2<{(x) < Z(z)+A/2 forallzel
and a boundary condition
Ela) = Z(a) —xiA/2, &(er) = Z(er) + xrA/2.

We now consider the functional J = Jé’@’l on L?(I) defined by

otherwise.

Jiel = {io ¢ @)Pde it e K,

It is easy to see that K is a closed convex set with respect to H'! norm and thus

J admits a unique minimizer denoted by & = f;f;] .
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An equivalent condition to being a minimizer of the obstacle problem is
known. Assume ([B23]). For £ € K define the upper coincidence set Dy and
the lower coincidence set D_ by

Di=Da(¢) = {w € I| &) = Z(x) £ A/2}.

We say that £ satisfies concave-convex condition if £ is concave outside the upper
coincidence set Dy and convex outside the lower coincidence set D_.

Proposition 5.2.3 (Characterization of minimizer). A function £ € K is the
minimazer of J if and only if £ satisfies the concave-convexr condition.

This proposition is proved in the same way as in [I5 Proposition 2.2], which
shows the equivalence with the assumption x;, x, = £1, and so we omit it.
Noting that Proposition in particular implies that the minimizer of the
obstacle problem ¢ belongs to C**(I), so we define

AZ (x:1,A)=&'(z) forxel

X1 Xr

The reason we write Z’ instead of Z is that the derivative £ depends on Z only
through its derivative. Proposition [.2.3] also shows that restriction of £ is also
a minimizer of an obstacle problem on the restricted domain:

Corollary 5.2.4. Let M = [c,¢,] C I be a nontrivial closed interval. Then,

ZAT _ +Z,AM
S = gxix’r on M.

with - -

Xt =2((c) = Z(@))/A, X =2(8(cr) = Z(en)) /A

Definition 5.2.5 (Nonlocal curvature). Assume (W) and (B22). Let f €
C2(U) and & € U.

(i) If f'(z) ¢ P, then define
Ay (£)(@) = W"(f' (@) 1" (@) + o(2).
(ii) If f is P-faceted at &, then define
Ay (@) = AT, (@ 1, A)
with A = [0W(p)|, I = R(f, %), xo = xa(f, &), x» = xr ([, 2).
We prepare several propositions on the nonlocal curvature.

Proposition 5.2.6 (Comparison). Assume (W) and B22). Let f,g € C3(U)
and & € U. If maxy(f —g) = (f — 9)(&), then

Ay ())(E) < A%y (9)(2)-

Proposition 5.2.7 (Continuity with respect to o and z). Assume (W) and
let f e CA(U) and & € U. Let y,yr € R(f,2) and equi-Lipschitz continuous
functions o, o, on U satisfy yr — y and o — o uniformly. Then

AW () (k) = A%y (F) (y)-
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Proposition 5.2.8 (Continuity with respect to I). Assume (22, X1, Xr =

+1, A > 0. Let nontrivial intervals I = [c;, ¢,|, I* = [cF, ck] of U satisfy I* — I,

i.e. cf — ¢ and ¢ — ¢, and let y € I, yy, € Iy satisfy yr, — y. Then

A;,XT(yk;Ik, A) = A% (y; I, A).

X1 Xr

Proposition E2Z.0H2.2.§ are immediate consequence of [15, Theorem 2.8, 2.9,
2.12].

5.2.3 Admissible functions and definition of a generalized
solution

We recall a natural class of test function.

Definition 5.2.9 (Admissible function). Let I and J be open intervals in R.
An admissible function on @ := J x [ is a function ¢ of the form

o(t,x) = f(x)+g(t) onQ (5.2.4)

with some functions f € CA(I) and g € C*(J). Let Ap(Q) be the set of all
admissible functions on Q.

We are now able to define a generalized solution in the viscosity sense for
the singular parabolic equation (BZT]). For a real-valued function u recall the
upper semicontinuous envelope and the lower semicontinuous envelope

U*(t,(E) = hﬁ)lsup{u(s,y) | (Say) € Q7 |S - 2(’-| + |y - $| < E}’
€

e (ty2) = i int{u(s,0) | (5,9) € Q. ls 1] + |y — o] < <}
€

for (t,z) € Q.

Definition 5.2.10 (Viscosity solution). A real-valued function u on @ is a
viscosity subsolution of (B2.1)) in Q if u* < coin [0,T) x U and

il 2) + F(E, puh, 2), AR (0(F, ) (@) < 0 (5.2.5)
whenever (£,4) € Q and ¢ € Ap(Q) satisfy

mgx(u* — ) = (u* — p)(t, ). (5.2.6)

A real-valued function u on @ is a viscosity supersolution of [B.2T) in @ if
Uy > —o0 in [0,7) x U and

i, 2) + F(E, puh, 2), AR (0(F, ) (@) > 0 (5.2.7)
whenever (£,4) € Q and ¢ € Ap(Q) satisfy

mén(u* — ) = (ux — @)(t, ). (5.2.8)

If w is both a subsolution and a supersolution, u is called a viscosity solution.
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Hereafter we suppress the word “viscosity”. A function ¢ satisfying (5.2.6])
or (B.Z8) is called a test function of u at (f,%).
The following propositions are easily derived.

Proposition 5.2.11 (Smooth solution and viscosity solution). We assume (W),
(S), (F2). If p € Ap(Q) of the form [B24) with f € C3(U) and g € C1(0,T)
satisfies (B.20) (resp. (Z1)) for each (t,#) € Q, then ¢ is a subsolution (resp.
supersolution) of 2 in Q.

Proof. We only show that ¢ is a subsolution. Fix ¢ € Ap(Q) of the form

P(t,x) = f(2) +9(t) onQ

with f € C2(U) and § € C(0,T), and suppose that

o(t,z) —(t,x) = f(z) — fz) +g(t) — g(t)
attains a maximum at a point (Z,7) € Q. We then see that f'(2) = f'() and
g'(t) = §'(t). Moreover, Proposition [5.2.6] yields
ARD(1)@) < AT (@),
Therefore, we have
§'(6) + F(, (@), A57 (@) < ¢/ (D) + (1), A7 (£)(#)) <0
by (F2) and (BZ5). O

Proposition 5.2.12 (Addition by affine functions). Let u be a subsolution
(resp. supersolution) of (2] in Q and a,b € R. Thenv(t,z) = u(t,x)—azx—>b

is a subsolution (resp. supersolution) of
v + F(t,v, +a,Afy, (v) =0 in Q,
where Wy (p) = W(p+ a).

In order to show the existence of a solution by Perron’s method we define
a local version of the notion of solutions. We say that a function ¢ € C(Q) is
locally admissible at a point (f,fc) € @ if ¢ is admissible on J x I with some
bounded open intervals I and J such that t € J C (0,T) and # € I C U.

Definition 5.2.13. A real-valued function u on @ is a subsolution in the local
sense of (B2 in Q if u* < oo in [0,7) x U and (G23) holds for all locally
admissible ¢ € C(Q) at (£,2) € Q satisfying (EZ0). A supersolution in the
local sense is defined by replacing u* < oo by u, > —o0, the inequality (B.2.5)

by (27) and the equality (28] by (B2]) as before.

Lemma 5.2.14. A real-valued function u on Q is a subsolution (resp. superso-
lution) of (2D in Q if and only if u is a subsolution (resp. supersolution) in
the local sense of (B2 in Q.

These facts can be shown by the same argument as in [I2], Section 6].
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5.3 Effective region and canonical modification

In this section we construct an upper and lower modification f#¢ and fa,e for
a faceted function f and a small number € > 0. These modifications play an
important role in order to prove a Perron type existence theorem in the next
section.

Definition 5.3.1. Let f € C(U) N CA(Uy) satisfy f/(#) = 0 with an open
interval Uy = (a;,a,) C U and & € U;. Let

p1 =sup{p € PU{—o0} [p <0} € [-00,0),
po =inf{p € PU{oo} |p >0} € (0, 0.
Consider the case (i) f'(#) =0 ¢ P. We then define M = [d;, d,] by
d=d, =2, ie M={i)

and set
fe(x) = fF(x) = fz) + (x — ) forzeU.

Let us note that there exists an open neighborhood Us = (b;,b,.) C Uy of & such

that
p2

% <f@) < forallzeln, (5.3.1)
3 3
d; + _\/2]?_1 <b <d, d.<b<d+ —\/21)_2 (5.3.2)

) =0 € P, ie. fis P-faceted at &. Take the

Consider the case (i) f’(
,Z) and the minimizer of the obstacle problem &.

faceted region [c,¢,] = R(f
Define M = [d, d,] by

z
T

dy =max{zx <& |z e D_(§) U{al},
dr =min{z > & |z € D, (§) U{c }}.

Take an open interval Us = (b, b,) C Uy N J such that (B3] and (532) hold,
where J is the neighborhood of R(f,Z) appearing in Definition .2l Define
f7¢ for each £ > 0 as below: First set

[PE(x) = f(z) = f(2) forwe M = [d;,d,].
If d; € D_(€), set

o) = f(z) + (. — d))* forze U,z <d.
If d; ¢ D_(¢), that is d; = ¢; and d; € Dy (€), set

fld) = f(2) for z € [d; — ¢, di],
f#e(z) = flz+e) for x € [by,d; — €],
f@)+ f(bi+¢e)— f(by) forzeU,z<b.

If d, € D4(§), set

fe(x) = f(x) + (x —d)* forzeU,z>d,.
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Figure 5.1: Construction of M and f# = f# (cased; € D_(¢) and d, € Dy (£))

If d,. ¢ D (), that is d. = ¢, and d,. € D_(£), set

fd.) = f(@) for x € [d,,d, + €],
(@) =< f(z—e) for « € [d, + &,b,],
fl@)+ f(br —e) — f(by) forazeU,xz>b,.

We call the function f#¢ an upper canonical modification of f at & with an
effective region M and a canonical neighborhood Us. By a similar way we are
able to construct a lower canonical modification fu . with an effective region M
and a canonical neighborhood Us: Let — f . be an upper canonical modification
of —f at .

The figures below illustrate how to construct the effective region M and
the upper canonical modification f# = f#*< when f is P-faceted at & and
Xi = Xr = —1. While Figure 51l indicates the case d; € D_ (&) and d,- € D4 (),
Figure shows the cases d; € D_(&) and d, ¢ D4 (§).

The upper and lower canonical modification fulfills

Proposition 5.3.2. Assume (W). Let Uy = (a;,a,) C U be an open interval.
For f € C(U)N C3(U1) and & € Uy satisfying f'(2) = 0, let f€ be an upper
canonical modification f#¢ (resp. lower canonical modification %) with ef-
fective region M = [d;,d,] and a canonical neighborhood Us = (b;,b,) and let
s=1 (resp. s = —1). Let y,y. € M, yr, € U and equi-Lipschitz functions o, oy,
satisfy y. — vy, yr — y and o — o uniformly. Then the conditions

feeCcU)n Ca(Uy), (5.3.3)
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Figure 5.2: Construction of M and f# = f#= (cased; € D_(¢) and d, ¢ D (€))

sf¢>sf onU\M,

6 S fE
UI{IUZS(f f) >0,

fim sup sAV(f) (i) < sA%y (f°) ()

hold for all € > 0 small enough, and

Ay (F)(ye) = A ()(y)  ase =0,

sA% (f)(y) < sAfy (f) (@)
hold.

(5.3.10)

(5.3.11)

Proof. We only consider the case f& = f# and s = 1. Since it is easy to verify
the conditions (B.33)-(E31) in the case (i) f'(2) = 0 ¢ P, we only consider
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the case (ii) f is P-faceted at &. The conditions (E33)—-(E3]) are shown by
the definition of the canonical modification.
Show (5.3.9). Take a subsequence k; such that

Aw? (F59) () — limksup AT (F75) (yw)-

Since Proposition [(.2.7] implies

A (F59) () — Ay (F79) ()

provided that yx, € R® = [cf, ] :== R(f#*<, &) for each j, we may assume that
Yk, ¢ R°. Also it is enough to consider the case yx, < ¢j. Hence,

AR (F2) () = W (2 i, D) ) + s (o)
= o(y).
Since yx, —y € M C R, we observe that
y=c =d € D_(§),

where £° is the minimizer of the obstacle problem ff,’A’RE with a primitive Z

LX;«
of o, A = [0W(0)|, R =, x| = xu(f7<,2), x. = x(f**,2). Noting that
&° — Z + A/2 attains zero minimum at y, we have

o(y) < A (f%°) (),

and hence

lim sup AT (/) () = Hm Ay () (w,) < Ay () (0):

Show (E3I0). Write R = R(f, %), xi = xi(f,2), xr = x+(f, &) so that

& = ffl’fr’R. Also note that x; and x,. are independent of e. It follows from

Corollary .24 that
A () = Ay, (s B A) = A, (35 M, A).
Since R — M as ¢ — 0, we see by Proposition [(.2.§] that
AG (J79) (We) = Ay (e BEA) = AT (33 M, A) = A3 (f) (y)-

Since y ¢ D_ (&) for all y € [, d,), we see that & is concave on [Z,d,] by the
concave-convex condition of £&. By a similar argument we see that £ is convex
on [d;, Z]. Therefore we obtain (B31T]) for all y € M. O

5.4 Stability results

In this section we show Perron type existence theorem. Let U be an open set
in Rand Q = (0,7) x U.

Theorem 5.4.1 (Perron type existence). Assume (W), (S), (F1), (F2). Let
u™ and uT respectively be a subsolution and a supersolution of [BZI) satisfying

u <utinQ, (u).>—o0, (uT)* <ooon[0,T)xU. (5.4.1)
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(1) Then, there exists a solution u of (2] satisfying

um <u<ut inQ. (5.4.2)

(2) Moreover, if
olt,x +w)=o0(t,x) (5.4.3)
u (b +w) =u (tr), u(tr+w) =u(tz) (5.4.4)

for all (t,z) € Q with w > 0 and U = R, then there exists a solution u of

EZT) satisfying (A2 and
u(t,z +w) =u(t,xz) forall (t,z) € Q. (5.4.5)

We divide the main part of the proof into two lemmas.

Lemma 5.4.2. Assume (W), (S), (F1), (F2). Let S be a nonempty family of
subsolutions (resp. supersolutions) of (B21)). Define

u(t,x) = sup{v(t,x) | v € S} (resp. v(t,z) = inf{v(t,x) | v € S})

for (t,x) € Q. Assume that u* < oo (resp. v, > —00) in [0,T) x U. Then u is
a subsolution (resp. supersolution) of (B2.1]).

Lemma 5.4.3. Assume (W), (S), (F1), (F2). Let S be the set of all subsolu-
tions u of (B2 satisfying v < u™ in Q with a supersolution u™ of GZI). If
u € S is not a supersolution of [B2.T)) and satisfies u, > —o0 in [0,00)x U, then
there exist a function v € S and a point (s,y) € Q such that u(s,y) < v(s,y).

We first show the Perron type existence theorems under the assumption that
Lemma [5.4.2] and [5.4.3] hold.

Proof of Theorem[5.4.1] we shall show the part (1). Let S be the set of all
subsolutions v of (BZT]) satisfying v < u™ in Q. Note that S is not empty since
u~ € S. Define

u(t,z) = sup{v(t,z) |v e S} for (t,z) € Q.

We then have v~ < u < u™ in @, which implies u, > (u7), > —oo and u* <
(ut)* < oo on [0,7) x U. We hence see that u is a subsolution by Proposition
We next claim that u is a supersolution. If u were not a supersolution,
Proposition would imply that there exist v € S and (s,y) € @ such that
u(s,y) < v(s,y), which contradicts the maximality of u. Therefore, we conclude
that v is a solution.

It remains to show (LZH). Note that for v € S the periodicity conditions
BEA3) and (B44) imply that v(t, z) = v(t,z + w) € S. Hence, we see that

u(t,z + w) = sup{v(t,z + w) | v € 8} = sup{v(t,z) | v € S} = u(t, x).
The proof is now complete. O

We next show the lemmas. We note that being a subsolution is equivalent
to being a subsolution in the local sense by Lemma L2140
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Proof of Lemma[0.7.2, We only show that u is a subsolution (in the local sense).
Fix a point (£,4) € @ and a locally admissible test function ¢ € C(Q) at (Z,1)
such that (2.0 holds. Our goal is to show (B.2.5]). Since ¢ is locally admissible,
there exist f € C3(Uy) and g € C'(I) with open intervals U; and J such that

o(t,r) = f(x) +g(t) on Qi :=J x U,

A . (5.4.6)
R(f,z)cUy CcU, tedJcC(0,T).

We may assume that
Therefore, the desired inequality (B.2Z3]) becomes

g'(B) + F(E,0,A57 (@) <0, (5.4.7)
which we should show.

We now let 1 € C(Q) be an Ap(Q2) function such that
v=ponK, v>pomQ\K. nf (-p)>0 (5.4.8)

with a closed set K and an open set ()2 satisfying
(2,f) e K CQy C Q.

The function 9 is to be determined later. By the definition of the upper semi-
continuous envelope there exists a sequence {(tx, si)}ren C Q2 such that

(th, o, u(te, xx)) — (£, &,u*(f, %)) as k — oo.
By the definition of u there exists {vg}ren C S such that
vk(tk,:ck) > u(tk,zk) — 1/]{3

and so
v (tk, o) = u* (¢, &) as k — oo.

Taking a maximizer (s, yx) of v; — 1 on Qa, we observe that

()™ = ) (e, 2r) < (k)" — ) (8, u0) < (0" = ¥)(sk, Yr)
for each k. Sending k — oo yields

where
k— oo

by taking a subsequence if necessary. We see that (3,7) € K and (sg, yx) € Q2
for sufficiently large k. We also note that

max((0g)" =) = ((n)" = ) (5w, ),

i.e. ¢ is a test function of vy at (sk,yr) by the last inequality of (BZJ]).
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Let f#° be an upper canonical modification of f at & with effective region
M and canonical neighborhood Us C U; for € > 0. We then see that

W(,t) = [FE(x) + g(t) + (¢ —1)?

is an admissible function on a set Q2 = J x Uy C Q1 and that (5.4 holds with
K = {t} x M by Proposition[5:3.21 By the above argument we have v{ € S and
(%Y%) € Q2 such that

(s3,y5) — ((,y°) € {{} x M as k — o0

and v is a test function of vf at (s}, y5). Since v is a subsolution, we have

g'(s5) + 2(s5 — ) + Fsg, (FF) (55), Ape™™ (F#9) (y5)) < 0. (5.4.9)
Proposition implies that
lim (f#9) (40) = f'(),
—00

lim lim sup A%Si)(f#’e)(yi) < A;[g)(f)(j)-

e=0 koo

Therefore, it follows from (Z49) that (&A1) holds by (F1) and (F2).
We conclude that « is a subsolution. O

Proof of Lemma[5.7-3 Since u is not a supersolution, there exist (#,f) € Q and
a locally admissible test function ¢ € C(Q) at (¢, ) such that (5.2.6) and

pell, &) + F(f, pu(£,8), AR (o(F,) () < 0 (5.4.10)

hold. Since ¢ is locally admissible, there exist f € C2(U;) and g € C*(J) with
open intervals Uy and J such that (&Z40) holds with @1 := J x U;. We may
assume that

by Proposition with a = @, (t,2) = f'(a
Therefore, the inequality (B.4.10) becomes
g () + F(£,0, A% (f)(2)) < 0. (5.4.11)

Take a lower canonical modification fy . of f at & for € > 0 with effective
region M and canonical neighborhood U, C U;. Set

P(x,t) = fae(a) +g(t) — (1)
We now claim that
Pilt, @) + F(t et 2), AR (o(t, ) () <0, (5.4.12)

W =2 - )+ Pt () @), A0 () (@) < 0 (5.4.13)

for all (t,) in some neighborhood of K := {t} x M choosing ¢ small enough.
Indeed, since Proposition (.3.2] implies that

A (t,x) == AR (fa.e) (@)
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is lower semicontinuous at each point of the compact set K, we see that for
every m > 0 there exists an open set )3 O K on which the inequality

A% (t,x) > min A* —m
K

holds. Choose y. € M such that (£, y.) is a minimum point of A\* on K = {} x M.
Proposition implies that
o(t o(t A
AR (F.e)(@) > AZD(£)(@) —m
for all (t,z) € Q3 with small € and m. Since Proposition [F.3:2] also implies that

[(f.e) (@) < m,

it follows from (B49) that (54AI3) and so (4I2) holds on Q3 by (F1) and
(F2).

We next claim that ¢ < (uT). in Q3. First note that ¢ < ¢ <u < u™ and
5o < (uM)s. If (¢, 2) = (uh)«(t,x) at some point (t,z) € Q3, then ¢ would
be a test function of the supersolution u™ at (¢,z). Hence,

Gelt, @) + Pt o (t,2), AR (0(2, ) (@) 2 0,
which contradicts to (LAI2). o
Take a bounded open set Q)4 such that K C Q4 and Q4 C Q3. Letting
o1 =infg, ((u™). —¢) > 0, we have
Y401 < (uh)e inQu.

Since fx . < f on Uz \ M by Proposition 532, we also have

Y402 <ue inQs\Qa
with oy = infg,\ g, (ux — 1) > 0. Define a function v by

(t.2) max{(t,x) + o,u(t,z)} for (t,x) € Qs,
v(t,z) =
u(t, x) for (t,z) ¢ Qs.
with ¢ = min{oy,02}. We show that this function v is a desirable function in
the statement of this lemma.
Note that v > u. In addition, since (u.—)(f,2) = 0, there exists (s,y) € Q4
such that (u — ¥)(s,y) < o, which implies
(s, y) > uls,y).
Since
)t if (¢
U(t,a) +o < QW) )€ G,
s (t, 1) if (t,2) € Q3 \ Qq,

and v < uT in @, we have

v=u onQ\ Qq,
v<ut inQ.

Noting that 1 is a subsolution of (EZT]) in @3, we see that v is a subsolution

of (BZ1) in Q3 by Lemma E2T2 and B42 Therefore, if we admit the next
lemma, we have w € § and so the proof is finished. [l
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Lemma 5.4.4. Assume (W), (S), (F1), (F2). Letu be a subsolution of (2Tl
in Q. Let w be a function defined on Q such that w > w in Q, w = u in Q\ Ny,
and w is a subsolution of (B2l in Ny with open rectangle sets Ny = Jy x Iy,
Ny = Jo x I satisfying Ny C Ny, N1 C Q. Then w is a subsolution of (&ZI)
m Q.

In the classical setting, say P = (), this is easy to prove; if a function is
a solution in two domains, then it is a solution in their union. However, this
assertion on locality of solutions is not true for our equation (5.2I)) in general.

Proof. Fix a point (£,#) € @ and a locally admissible test function ¢ € C(Q)
of w at (£,2), i.e. maxg(w* — ) = (w* — ¢)(#,4). Since ¢ is locally admissible,
there exist f € C3(U;) and g € C'(J) with open intervals U; and J such that
(546) holds. We may assume that

by Proposition B2ZI2 with a = ¢, (f, %) = f'(&) and b = w*(&,t) — f'(&)2. We
should show (Z7]).
It is enough to consider the case
(,2) € Na,  o(t,2) > u(f, 2);

otherwise, ¢ is a test of the subsolution u and so we have (0.47). We may also
assume that f is P-faceted at & and R(f,#) is not contained by I;; otherwise,
(EZ70) holds since w is a subsolution in Nj.

Let f# = f#° be a upper canonical modification of f at & with effective
region M and canonical neighborhood U, C U;. Set

P(a,t) = f#(z) + g(t) + (t —1)%.
We then observe that
> e>wt >ut inQ\ {t} x M.

Let us assume for the moment that v (#,z0) = u*(f, o) at some zo € M. Then,

since 1) is a test function of the subsolution u at (¢, z¢), we have
g/ (D) + F(E () (20). A (1) (20)) < 0.
Proposition 532 yields (5.47) by (F2). Therefore, we have
¢ >u* inQ (5.4.14)
We now take a faceted function whose faceted region is contained in I; set

(@) +klz—calP(z—a|—1) forzelU,z<q
(@) =< f#(=) for « € [e1, ¢
f#(x) +klz—c.P(|Jz —¢;| = 1) forzeU,z>c,

where Iy C [¢1,¢,;] C I; and k > 0. Note that

O(t, @) = [F (@) + g(t) + (t — i)
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is locally admissible in N;. Taking k small enough, we have

v >u* for (t,x) € Q
by (5.Z14). Noting that
w=uin Q\ Ny, ¢=1inT x[c,c]D Ny,

we see that maxg(w* — ) = (w* — ¥)(f,%). Since 1 is a test function,

g'(B) + P, (F#) (@), A" (79)(@)) <.
Note that Proposition B.2.6] yields

AFO(F#)(@) < AFD(F#)(2).

Therefore, we have

g'(B) + F(E(#) @), A" (7#)(@) < 0,

which gives (.41T). O

5.5 Existence theorem for periodic initial data

In this section we prove an existence theorem for the equation (BZI)) with
periodic boundary condition and initial condition. In order to utilize the Perron
type existence theorem (Theorem [F.4.1]) we construct a subsolution v~ and a
supersolution u™ with given initial data; for a general strategy; see [16].

Lemma 5.5.1 (Existence of sub- and supersolutions). Assume (W), (S), (F1),
(F2) with U = R.. Also assume that ug is a bounded and uniformly continuous
function on R and o is bounded. Then, there exist an upper semicontinuous
function u and an lower semicontinuous function u~ on Q such that ut and
u” respectively are a supersolution and a subsolution of (B21) in @ and

u™(0,2) = uo(z) =u"(0,x), u(t,2) <uo(x) <u'(t x)
holds for all (t,z) € Q. Moreover, if

uo(x + w) = ug(z), (5.5.1)

+

then u™ can be taken so that it is spatially periodic with period w, i.e. (L)

holds.
We show this existence theorem as in [I2] Section 9].

Lemma 5.5.2 ([I2, Lemma 9.5]). For each 6 € (0,1/2) and M > 0 there exists
V =Vsu € CE(R) such that

V>0, V'>0inR, V(0)=0, V(z)>M forl|z| >4, (5.5.2)
< -1
Vi) =9 forw < =1, (5.5.3)
q forxz>1

with some q,q' ¢ P.
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‘We need to show

Lemma 5.5.3. Let V € C3(R) be such that V" > 0 and BE3) holds with
some q,q' ¢ P. Then for B € R large enough

VT(t,z) = Bt +V(x) (5.5.4)
is a supersolution of (2T in (0,T) x R.
Proof. We first claim that

C := sup {|A;V<t>(V)(x)| | (t,z) € Q} < . (5.5.5)
Note that V'(z) € [g,¢'] for z € R and

sup |[V"| = sup |V"| < o0.
R [_171]

Moreover, we have

sup |[W'(p)] < oo, suplo| < .
pEla,g'\P Q

Therefore, for each (t,z) € @ with V'(x) ¢ P we observe that

AR (V) (@)] < W (V' @)V ()] + |o(t, z)|
sup  [W”(p)|sup [V"| +sup |o| < oo.
p€lq,q'|\P R Q

<
; (5.5.6)

We shall show that
¢p == sup {|A;§t)(V)(x)| | (t,) €Q, V'(z) = p} < 00

for each p € P. Indeed, since a faceted region R = {x € R | V'(z) = p} is a
bounded closed interval, Proposition (.27 implies that (¢,z) — Agy)(V)(z) is
continuous on [0,7] x R, and so ¢, < co. We note that the number of faceted
regions of V is finite, i.e. P N|[q,q'] is finite by (W). Hence we have

sup {|A§V<t>(V)(x)| | (t,2) € Q, V/(z) € P} = sup cp<oo.  (5.5.7)

pEPN[q,q’']

Combining (55.6) and (B5.1), we obtain (5.5.0). Moreover, we see that

Ft, V' (2), A% (V)(2)) > inf F = —By> —o0.
(t, V'(z), Ay (V)( ))—[O,T]X{q,q/]x[fc,q 0

Therefore, V1 in (5.5.4) is a supersolution of (.21 for B > By. O

Proof of LemmalZ51l Let ¢ be a modulus of continuity of ug; § is a continuous
nondecreasing function on [0, 00) with 6(0) = 0 such that

luo(z) —uo(y)| < o(jx —yl) forz,y € R.

By LemmaE52 and E53 take Vs = Vs p € C3(R) and Bs > 0 for small 6 and
M = maxuo — minug satisfying (5.5.2) and that V" (t,2) = Bst + Vs(z) is a
supersolution of (5.2.1]). Define

ube(t,2) == Vil (te — &) + uo(§) + ¢
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for small € > 0 and £ € R. Note that uj,é is a supersolution of (2.]]) and
ul ((t,2) > Viey(z — &) +uo(§) + .
On the case |£ — 2| < d(g) we observe that
uzg(t,x) > up(€) + & > up(z);

on the other case
uzg(t,x) > M + up(€) > up(x).

Therefore, Lemma [5.4.2] implies that

— s +
ut(t,x) = E>1OI71£feRu€1£(t,x)

is an upper semicontinuous supersolution of ([E21]) satisfying u™ > ug. More-
over, since
UII(O, x) =up(z) +e = up(zr) ase—0,

we have ut(0,2) = ug(x) for all z € R. Under the assumption that wg is
periodic we see that

ut(t,r+w)= inf (Vio,(tz+w—§) +uo€) +e)

e>0,£€eR
— : + o+
- €>(1){1£f€R(V5(5) (tﬂ L= 5) + uO(é + w) + 5) =u (tﬂ 1')
The same proof is valid for existence of a subsolution u~. O

Combining Theorem B4 and E.5.1] we have

Theorem 5.5.4 (Existence theorem for periodic initial data). Assume (W),
(S), (F1), (F2) and (B4A3) with U = R and w > 0. Let ug be a continuous
function satisfying (B50]). Then there exists a solution u of (BZI) satisfying

BEZEH) and
u(0,2) = uo(x) for all x € R.
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Appendix A

Introduction to the theory
of viscosity solutions

A.1 Extended real numbers

In this section we introduce a notion of so-called extended real numbers. It is
a central concept of calculus to take a limit of real-valued functions. However,
the limit may become very large or small. In order to describe this situation we
invoke a notion of infinity and the extended real numbers. A point is that the
order and topological properties of the real numbers can be naturally extended
to the extended real numbers. We refer the readers to Bourbaki’s textbook [2]
for detail.

Let R denote the set of all real numbers and let 400 be the positive and
negative infinity. All real numbers and +oo are called extended real numbers.
Define

R:=RU{+x}.

We extend the order relation < to the extended real numbers R by
a < 400, —co < b for all a,b € R.

Intervals of R are

(a,b) :={ceR|a<c<b},
(a,b] :={ceR|a<c<b},
[a,b) :={ceR|a<c<b},
[a,b] :={ceR|a<c<b}

for a,b € R. Note that R itself can be written as [—00, o0] while R = (—o0, 00).
We also define the induced order topology, i.e. all (a,4o00] and [—oo, b) are the
basis of the family of open sets in R.

The set of the extended real numbers has rich topological structures.

Proposition A.1.1 (Compactness of R). The extended real numbers construct
a compact space R.
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Consequently, each closed subset of R is compact, and it attains its supre-
mum and infimum as shown later.

Proposition 1}.1.2. Let a,, and b, be two sequences in R such that a,, — a € R
and b, — b e R. If an, < b, for all n, then a <b.

A.2 Extreme values

In this section we study extreme values of a subset of the (extended) real num-
bers R := R U {£o0}. The extreme values consist of maximums, minimums,
supremums and infimums.

Definition A.2.1 (Maximum and minimum). Let A be a subset of R and let
¢ € R. We say that the number ¢ is a mazimum (resp. minimum) of Aif c € A
and a < ¢ (resp. a > ¢) for all a € A.

Remark A.2.2. The maximum is always unique for a subset A of R. Indeed,
if ¢ and ¢ are two maximums of A, we see by the definition of maximums that
¢ < cand ¢ < ¢ so that ¢ = ¢. The uniqueness of the minimum can be verified
by a symmetric argument.

However, existence of maximum and minimum may be false for some subsets.
In particular, the empty set () does not attains its maximum and minimum.

We write max A (resp. min A) to represent the unique maximum (resp. min-
imum) of a subset A when it exists.

The next proposition gives a sufficient condition for existence of a maximum
and a minimum.

Proposition A.2.3. Let A be a subset of R. If A is non-empty and compact,
then A attains its mazimum and minimum. In particular, a non-empty closed
subset A of R attains its mazimum and minimum.

We remark that the maximum and minimum may be the infinity.
In order to define a notion of supremums and infimums we prepare:

Proposition A.2.4. Let A be a subset of R and let Ua (resp. La) denote the
set of all b € R such that a < b (resp. a > b) for all a € A. Then, Uy (resp.
L4 ) attains its minimum (resp. mazimum,).

Proof. In view of Proposition [A.2.3] it is enough to show that U, is non-empty
and closed. It is easy to check U4 # () since the infinity +o0o always belongs to
Uy4. In order to prove Uy is closed, fix a sequence b, € Uy such that b, — b.
Since a < b, for all a € A, we have a < b, i.e. b € Us. Therefore, Uy is
non-empty closed and so it attains its minimum. O

We remark that Uy = [minUa, +00] and L4 = [—o0, max L 4].

Definition A.2.5 (Supremum and infimum). Let A be a subset of R. The
minimum of Ua (resp. maximum of L4), which exists uniquely, is called a
supremum (resp. infimum) of A. The supremum (resp. infimum) of A denoted
by sup A (resp. inf A).

We remark that one is able to define the supremum and infimum for any
subset of R. The next proposition gives a principle to obtain the value of the
supremum or infimum.
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Proposition A.2.6. Let A be a subset of R.
e If A is empty, then sup A = —o0 and inf A = +o0.

o If A is not empty, then sup A = max A and inf A = min A. In particular,
there exils sequences a, € A and b, € A such a,, — sup A and b, — inf A

We also define extreme values for an R-valued function f on a set X (and for
a family of the extended real numbers) by its image f(X) := {f(z) | z € X}.
Write

m)z(}xf = Ig‘ﬁnea))((f(:c) := max f(X), m)}nf = QICIélgf(:L') := min f(X),

sup f = Sggf(w) =sup f(X), iff= inf f(z):=inf f(X).

Note that the inequality infx f < f(z) < supy f always holds for all z € X.

Proposition A.2.7. Let f and g be two R-valued functions on a set X. If
f(z) < g(x) for all x € X, then supy f <supy g and infx f <infxg.

The next proposition will be convenient when one change the order of the
supremum and infimum operators.

Proposition A.2.8 (Max-min inequality). Let X and Y are two sets and let
f be an R-valued function f on the direct product X x Y. Then,

o sup,cx infyey f(z,y) < infyey sup,ex f(2,y).
® SUP,cx SUPy ey [(T,Y) = supyey Sup,ex f(2,y) =supx .y f-

o inf exinf ey f(z,y) =infyey infiex f(z,y) = infxxy f.

A.3 Semicontinuity

In this section we study some limits and semicontinuity of functions. This
enables us to have a deep argument about real-valued functions. Let X be a
topological space and R denote R U {+oc0}.

The upper (resp. lower) limit of a function f: X — R at a point x € X is
defined by

limsup f(z') := inf sup f(z’) (resp. liminf f(z') := sup inf f(2)).
' Uels w1 cU ' —x Ueu, ' €U

Here, U, represents the set of all open neighborhood of .

Definition A.3.1 (Semicontinuity). A function f: X — R is upper (resp.
lower) semicontinuous at a point x € X if

limsup f(z) < f(x) (vesp. liminf f(2') > f(x)),

z’'—x

i.e. there exists a sequence of open neighborhood U, of x such that

lim sup f(z') < f(x) (resp. lim inf f(2') > f(z)).

n—oo 2’ €U, n—oo x’'el,

The function f is upper (resp. lower) semicontinuous if f is upper (resp. lower)
semicontinuous for all x € X.
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We also define a sequential notion of semicontinuity.

Definition A.3.2 (Sequentially semicontinuity). A function f: X — R is se-
quentially upper (resp. lower) semicontinuous at a point x € X if

sup limsup f(x,) < f(x) (resp. inf liminf f(z,) > f(z)).

Tp—T N—00 Tn =& M—00

The function f is sequentially upper (resp. lower) semicontinuous if f is sequen-
tially upper (resp. lower) semicontinuous for all x € X.

Proposition A.3.3. If a function f: X — R is upper (resp. lower) semicontin-
uwous at a point x € X, then f is sequentially upper (resp. lower) semicontinuous
atx € X.

If the space X is a melric space, then the converse holds: If a function
f: X — R is sequentially upper (resp. lower) semicontinuous at a point x € X,
then f is upper (resp. lower) semicontinuous at x € X.

The definition of semicontinuity is two divided parts of continuity.

Proposition A.3.4. A function f: X — R is both upper and lower semicon-
tinuous at a point x € X if and only if f is continuous at x € X.

A function f: X — R is both sequentially upper and lower semicontinuous
at a point x € X if and only if [ is sequentially continuous at x € X.

Several properties of continuity can be extended to semicontinuous functions.

Proposition A.3.5. A function f: X — R is upper (resp. lower) semicontin-
uous if and only if the subset {f < a} (resp. {f > a}) of X is open for every
a € R.

The extreme value theorem can be extended as follows.

Theorem A.3.6 (Extreme value theorem). If the space X is compact, then an
upper (resp. lower) semicontinuous function f: X — R attains its mazimum
(resp. minimum) over X .

If the space X is sequentially compact, then an sequentially upper (resp.
lower) semicontinuous function f: X — R attains its mazimum (resp. mini-
mum) over X.

Another important property of semicontinuity is that extremum operator
keeps the semicontinuity.

Proposition A.3.7. Let F' be a family of upper (resp. lower) semicontinuous
functions g: X — R at a point x € X. Then, the function f: X — R given by

f(z) :==infyer g(x) (resp. f(x) :=sup,ep g(z)) is upper (resp. lower) semicon-
tinuous at x € X.

Proof. One is able to observe by Proposition [A.2.8| that

lim su 2') = inf sup inf g(2’) < inf inf su ).
z,_wpf( ) Ueum,e%gng( )_geFUeumle%g( )

Since each g € F' is upper semicontinuous at x, we have

limsup (') < inf g(z) = f(2).

x' —x

Therefore, f is upper semicontinuous at x. [l
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Remark A.3.8. On the other hand, the supremum of upper semicontinuous func-
tions may not be upper semicontinuous in general. For instance, let f,,: R — R
be such that f,(x) =1if 2 > 1/n and f,(x) = 0 otherwise for n = 1,---. Then,
it is easy to see that the supremum f(x) := sup,,_; ... fu() is given by f,(z) =1
if z > 0 and f,(z) = 0 otherwise. However, this is not upper semicontinuous
at x = 0. The following proposition gives a sufficient conditions to be upper
semicontinuous.

Proposition A.3.9. Let A be a compact set and let F = F(z,a): XxA — R be
an upper (resp. lower) semicontinuous function. Then, the function f: X — R
given by f(z) = sup,c4 F(x;a) (resp. f(x) = inf,ca F(z;a)) is upper (resp.
lower) semicontinuous.

Remark A.3.10. According to Theorem [A-3.6] the supremum in Proposition
A.3.9is nothing but maximum.

Proof. Fix x € X and take a sequence x,, € X such that x,, — « and f(z,) —
limsup,,_,, f(z'). For each n one is able to take a, € A such that f(x,) =
F(xy;ay,). Since A is compact, there exists a subsequence n; such that ay;
converges to some point a. We then see by the upper semicontinuity of F' that

limsup F(wn,:an,) < F(w,a) < f(x)
J

and hence limsup; f(z,,) = limsup,,_,, f(2') < f(z). Therefore, f is upper
semicontinuous at x. (|

We are able to construct corresponding semicontinuous functions for any
functions in view of Proposition [A.3.7

Definition A.3.11 (Semicontinuous envelope). For a function f: X — R, let
Uy (resp. Ly) denote the set of all upper (resp. lower) semicontinuous functions
g: X — R such that f < g (resp. f > g) on X. Define the upper (resp.
lower) semicontinuous envelope f* (resp. f.) of f by f*(x) := infsey, g(x)
(tesp. f.(x) := supyey,, g(z))

Remark A.3.12. Even for a function f defined only on a subset F C X, by
extending f to X with the value —oco (resp. +00) we can construct the upper
(resp. lower) semicontinuous envelope f* (resp. f.) defined on the whole X.

Proposition A.3.13. For a function f: X — R, we have
f*(x) = limsup,,_,, f(z') (resp. f«(x) = liminf, _,, f(a')) for all x € X. In
particular, there exits a sequence x, € X such that (., f(zn)) — (z, f*(x))

(resp. (xn, f(zn)) = (2, fu(2)))-
A.4 Definition of viscosity solutions

In this section we give a definition of viscosity solutions for a partial differential
equation of the generalized form

F(2z,u,Du,D*u) =0 inU. (A.4.1)

Here, U is an open subset of RY and let F: U x R x RY x S¥ — R.
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Let u: U — R and o € U. A function ¢ is called a upper (resp. lower)
test function of u at x if there exists an open neighborhood B of x such that
¢ € C*(B) and u* — ¢ (resp. u. — ¢) attains a zero local maximum (resp.
minimum) at z, i.e.

(u" = 6)(z) = sup(u” = ) = 0 (resp. (u. = ¢)(z) = inf(u. — ) = 0).

Let T (u,x) (resp. T7(u,z)) denotes the set of all upper (resp. lower) test

functions ¢ of u: U — R at = € U. For an R-valued function u on U we define
the graph of super- and subdifferentials by

Gt u = {(2,6(2), Dé(x), D*6()) | 2 € U, € T* (u, )},
Gu = {(x, 6(x), Do(x), D?6()) | x € U, 6 € T~ (u,)}.

Such notions of graphs shall be useful to argue properties of viscosity solutions
in view of set-valued analysis [I].

Definition A.4.1 (Viscosity solution). We say that an R-valued function u on
U is a wviscosity subsolution (resp. supersolution) of (A4 and solves Fu] <0
(resp. Flu] <0) in U in the viscosity sense if

sup Fi, <0 (resp. inf F* > 0),
GHu G u

i.e. for each x € U and ¢ € C?(z) the inequality

Fi(z,¢(z), Dd(x), D*¢(x)) < 0 (vesp. F*(z,¢(x), Dg(x), D*¢(x)) > 0)

holds if u* — ¢ (resp. us — @) attains a zero local maximum (resp. minimum) at .
We say that an R-valued function u on U is a viscosity solution of (AZI]) and
solves Fu] = 0 in U in the viscosity sense if u is both a viscosity subsolution
and a viscosity supersolution of (A41]), i.e. supg+,, Fi <0 <infg-, F*.

Remark A.4.2. Our definition allows the non-proper functions v = 4oc0 to be
always a viscosity solution of (A4J]). This notation is convenient to state the
stability lemmas.

The viscosity solution is a weaker notion of solution than classical solution
with enough smoothness.

Proposition A.4.3 (Smooth solution). Assume that F: UxRxRY xSV — R
satisfies the elliptic condition, i.e.

F(z,v,p,X) > F(x,v,p,Y) foral X <Y.
If a smooth function u € C*(U) satisfies
F*(z,u(x), Du(z), D*u(z)) <0 (resp. F.(x,u(x), Du(z), D*u(z)) > 0)
for all x € U, then u is a viscosity subsolution (resp. supersolution) of (AZI]).
Lemma A.4.4. GTu = {(z,u(x), Du(z), X) |z € U, X > D?u(x)}.
The notion of viscosity solutions also has properties on locality.

Proposition A.4.5 (Locality). Let Uy and Us be two open subsets of RN. If
a function u: Uy UUy — R is a viscosity subsolution of (AAI) in both Uy and
Us, then w is a viscosity subsolution of (AZI]) in Uy U Us.
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A.5 Stability of viscosity solutions

The main purpose of this section is to establish some properties concerning
stability of a family of the viscosity solutions. Let A be a topological set of
indexes.

For a function f: X x A — R with a topological space X, we sometimes let
f itself denote the family {f(-;a)}qca for simplicity.

Definition A.5.1 (Family of viscosity solutions). Let F': U x R x R x SV x
A—-Randu: U x A— R. We say that u is a family of viscosity subsolutions
(resp. supersolutions or solutions) of (A.4]) and solves F[u] < 0 (resp. F[u] > 0
or Flu] = 0) in U in the viscosity sense if for each a € A the function u, = u(; a)
solves Fylug] < 0 (resp. Fylug) > 0 or Fylug] = 0) in U in the viscosity sense
with F, = F(-;a).

Consider the upper (resp. lower) semicontinuous envelope f := f* (resp. f=
f«) on X x A. The function f(-;a) is called an upper (resp. lower) semilimit of
the family f at a. Note that the upper (resp. lower) semilimits are always upper
(resp. lower) semicontinuous and that (f(-a))* < f(sa) (resp. (f(5;a)). >
f(;a)) for all a € A.

Proposition A.5.2 (Stability). Let F: U x R x RN x S¥ x A — R and
u: UxA— R. Ifu solves Flu] <0 in U in the viscosity sense, then the family
u solves F[a] <0 in U in the viscosity sense.

The statement of this proposition is very general and directly yields stability
results under uniform convergence and extremum which are standard statements
in the classical materials, e.g. [4].

Corollary A.5.3 (Stability under limit). Let F,, and u,, be a sequence of con-
tinuous functions respectively defined on U x R x RN x SN and U, and assume
that F,, and u, converges to functions F and u uniformly. If each u, solves
Fplun] <0 (resp. Fplup] >0) in U in the viscosity sense, then u is a viscosity
subsolution (resp. supersolution) of (A4IJ).

Corollary A.5.4 (Stability under extremum). Let S be a family of viscosity
subsolution (resp. supersolution) of (AZI]) in U. Then, the supremum (resp.
infimum) u(z) := sup,cg v(z) (resp. u(x) := inf,esv(z)) is a viscosity subsolu-

tion (resp. supersolution) of (AZI]).

Proposition A.5.5 (Perron method). Let g be an R-valued function on OU.
Let S be the set of all viscosity subsolutions (resp. supersolutions) v of (AT
with v* < g (resp. vi > g) on OU. Then, u(x) := sup,ecgv(z) (resp. u(x) :=
inf,esv(z)) is a viscosity solution of (AZT).

We first prove the stability with respect to the semilimit of a sequence of
viscosity solutions (Proposition [AL5.2]). Tt is enough to prove G*7 converges to
G*u as follows. Now, for a family u: U x A — R we define the graphs

GFu={(z,v,p,X,a) | a € A, (z,0,p,X) € GFu(;a)}.

Lemma A.5.6. Let u: U x A — R. Then, for each (:i,f),]ﬁ,X,d) e G'u
there exists a sequence (x;,v;,pj, X;j,a;) € Gtu such that (z;,v;,p;, Xj,a;) —
(2,05, X, 0).
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Proof. Write us = u(;a). Let ¢ € TH(uxo,®) be an upper text function
such that (,p, X) = (¢(2), Dp(&), D2p(#)). We now have ¢ € C2(Bg(2)) and
Uso — ¢ attains a zero maximum at & over Br(Z) C U with some R > 0, i.e.
(e — 0)(&) = suP, oy (tioc — 6) = 0. Set G(x) = () + |v — 42 Now
note that there exist a subsequence a; — a and a sequence z; € U such that
z; — & and u(z;;a5) = u*(Z;4) = ueo(@). Set uj = (u(-;a;))*; then the above
convergence implies u;(z;) — uoo(Z) since u; < u*(-;a;). Take a maximum
point y; € Br(Z) of u; — ¢ over Br(#) for each j. We then observe that

(uj = ) (;) = (uj — &)(w;) = (Uso — &)(2). (A5.1)
Hence,
1imjsup ly; —2|? < liijUp(Uj = 0)(yj) — (uoo — B)(2)
< sup (oo — @) — (oo — ¢)(2) =0
Br(2)

and therefore y; — &. Moreover, u;(y;) — oo (&) since liminf; u;(y;) > too(Z)
in view of (A5J). We now note that us (&) # £oo and so u;(y;) # oo for j
large enough. Since u; — q; — (uj — é)(y]) attains the zero maximum at y;, we
see that (y;,u;(y;), Do(y;), D?6(y;)) € Gtuj = Gtu(;a;). Also

(Y5 w5(y;), DE(y;), D*B(y5)) = (&, u0e(£), DP(&), D*G(2)) = (2,8, p, X).
The proof is complete. O

Proof of Proposition A58 Fix a € A and (x,v,p, X) € GVu(;a). Then, in-
voking Lemma [AT5.6] one is able to take sequences a; € A and (z;,v;,p;, X;) €
GTu(;aj) such that (z;,v;,pj, X;,a;) = (z,v,p, X,a). Since T(+; a) is a viscos-
ity subsolution, Fj(z;,v;,pj, X;) < 0 with F; = (F(-;a;))«. By the definition
of F' we have
F(z,v,p, X) <liminf F;(z;,v;,p;, X;) <0
j

and therefore w is a family of viscosity subsolutions. O
Proof of Corollary [A.5.3. Just set A = N in Proposition [A.5.21 O

Proof of Corollary[A-5.4 Set A = S with the indiscrete topology and trivial
families {F},es and {U(;v) = v(+)}yes. Note that U*(x;v) = u*(x). There-
fore, by applying Proposition [A.5.2] we see that w is a viscosity subsolution of

. (|

Proof of Proposition [A.5.0. We only show that u is a supersolution since being
a subsolution is due to Corollary [AX54 Fix ¢ € T~ (u, 1), i.e. ¢ € C?(Br(%)
and u, — ¢ attains a zero maximum at & over Br(#) C U with some R > 0. Set
d(z) = ¢(x) — |z — &|>. Suppose by contradiction that

F*(&,(), Do(#), D¢()) < 0.

Since F* is upper semicontinuous and q; is enough smooth, we may see that q;
is a subsolution of (A4 in Br(#) by taking R small enough. Note that ¢ is
a viscosity subsolution in view of [A.Z.3] Now observe that

(u—q;)(:v)z(u*—é)(:v)z|$—£|22RT=:m>O
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for all 2 € Br(&) \ Bg/2(&). Construct a new function

max{p(x) +m/2,u(x)} if x € Bp(i),
v(x) = ]

u(z) otherwise.
Then, v is equal to u on U \ Bgs(Z) and so it is a subsolution of (AZI) in
U\ Bga(#). It follows from Corollary [A5.4] that v is a subsolution of (AZ.T])
in Br(#). Therefore, Proposition [A.4.5]shows that v is a subsolution of (A.4.)
in U and so v € S. In particular, v > v. However, since ¢(Z) + m/2 =
ue(Z) +m/2 > u. (), we have v > u at some point. Therefore, we obtain a

contradiction and conclude that u is a viscosity supersolution of (AZI)). O
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