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ON THE LARGE TIME BEHAVIOR OF SOLUTIONS OF
HAMILTON-JACOBI EQUATIONS ASSOCIATED WITH
NONLINEAR BOUNDARY CONDITIONS

GUY BARLES, HITOSHI ISHIT AND HIROYOSHI MITAKE

ABSTRACT. In this article, we study the large time behavior of solutions
of first-order Hamilton-Jacobi Equations, set in a bounded domain with
nonlinear Neumann boundary conditions, including the case of dynamical
boundary conditions. We establish general convergence results for viscosity
solutions of these Cauchy-Neumann problems by using two fairly different
methods : the first one relies only on partial differential equations methods,
which provides results even when the Hamiltonians are not convex, and the
second one is an optimal control/dynamical system approach, named the
“weak KAM approach” which requires the convexity of Hamiltonians and
gives formulas for asymptotic solutions based on Aubry-Mather sets.
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INTRODUCTION

We are interested in this article in the large time behavior of solutions of
first-order Hamilton-Jacobi Equations, set in a bounded domain with nonlin-
ear Neumann boundary conditions, including the case of dynamical boundary
conditions. The main originality of this paper is twofold : on one hand, we
obtain results for these nonlinear Neumann type problems in their full gen-
erality, with minimal assumptions (at least we think so) and, on the other
hand, we provide two types of proofs following the two classical approaches for
these asymptotic problems : the first one by the PDE methods which has the
advantages of allowing to treat cases when the Hamiltonians are non-convex,
the second one by an optimal control/dynamical system approach which gives
a little bit more precise description of the involved phenomena. For Cauchy-
Neumann problems with linear Neumann boundary conditions, the asymptotic
behavior has been established very recently and independently by the second
author in [23] by using the dynamical approach and the first and third authors
in [5] by using the PDE approach.

In order to be more specific, we introduce the following initial-boundary
value problems

ur+ H(z,Du) =0 in Q x (0,00),
(CN) B(z,Du) =0 on 02 x (0, 00),
u(z,0) = ug(x) on
and
ur+ H(z,Du) =0  in 2 x (0,00),
(DBC) uy + B(x,Du) =0  on 9§ x (0,00),
u(z,0) = up(x) on ,

where Q is a bounded domain of R” with a C'-boundary and u is a real-valued
unknown function on Q x [0,00). We, respectively, denote by u; := du/ot
and Du := (Ou/0xy,...,0u/0x,) its time derivative and gradient with respect
to the space variable. The functions H(z,p), B(x,p) are given real-valued
continuous function on € x R™; more precise assumptions on H and B will be
given at the beginning of Section 1.

Throughout this article, we are going to treat these problems by using the
theory of viscosity solutions and thus the term “viscosity” will be omitted
henceforth. We also point out that the boundary conditions have to be un-
derstood in the viscosity sense: we refer the reader to the “User’s guide to
viscosity solutions” [9] for a precise definition which is not recalled here.

The existence and uniqueness of solutions of (CN) or (DBC) are already
well known. We refer to the articles [1, 2, 3, 20] and the references therein.

The standard asymptotic behavior, as t — 400, for solutions of Hamilton-
Jacobi Equations is the following : the solution wu(z,t) is expected to look
like —ct 4+ v(x) where the constant ¢ and the function v are solutions of an
additive eigenvalue or ergodic problem. In our case, we have two different
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ergodic problems for (CN) and (DBC): indeed, looking for a solution of the
form —at +w(x) for (CN), where a is constant and w a function defined on (2,
leads to the equation

(E1) { H(z,Dw(x)) =a in €,
B(z,Dw(z)) =0  on 0

while, for (DBC), the function w has to satisfy

{ H(z,Dw(z)) =a inQ,

(E2) B(z, Dw(xz)) =a  on 0.

We point out that one seeks, here, for a pair (w, a) where w € C(Q) and a € R
such that w is a solution of (E1) or (E2). If (w,a) is such a pair, we call w
an additive eigenfunction or ergodic function and a an additive eigenvalue or
ergodic constant.

A typical result, which was first proved for Hamilton-Jacobi Equations set in
R™ in the periodic case by P.-L. Lions, G. Papanicolaou and S. R. S. Varadhan
[26], is that there exists a unique constant a = ¢ for which this problem has a
bounded solution, while the associated solution w may not be unique, even up
to an additive constant. This non-uniqueness feature is a key difficulty in the
study of the asymptotic behavior.

The main results of this article are the following : under suitable (and rather
general) assumptions on H and B
(i) There exists a unique constant ¢ such that (E1) (resp., (E2)) has a solution

in C(Q).
(ii) If w is a solution of (CN) (resp., (DBC)), then there exists a solution

(v,¢) € C(§2) x R of (E1) (resp., (E2)), such that
u(z,t) — (v(x) —ct) — 0 uniformly on Q as t — oo. (0.1)

The rest of this paper consists in making these claims more precise by pro-
viding the correct assumptions on H and B, by recalling the main existence
and uniqueness results on (CN) and (DBC), by solving (E1) and (E2), and
proving (i) and finally by showing the asymptotic result (ii). In an attempt
to make the paper concise, we have decided to present the full proof of (ii)
for (CN) only by the optimal control/dynamical system approach while we
prove the (DBC) result only by the PDE approach. To our point of view,
these proofs are the most relevant one, the two other proofs following along
the same lines and being even simpler.

In the last decade, the large time behavior of solutions of Hamilton-Jacobi
equation in compact manifold M (or in R”, mainly in the periodic case) has
received much attention and general convergence results for solutions have
been established. G. Namah and J.-M. Roquejoffre in [30] are the first to
prove (0.1) under the following additional assumption

H(z,p) > H(x,0) for all (z,p) € M x R" and max H(xz,0)=0, (0.2)
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where M is a smooth compact n-dimensional manifold without boundary.
Then A. Fathi in [12] proved the same type of convergence result by dynamical
systems type arguments introducing the “weak KAM theory”. Contrarily to
[30], the results of [12] use strict convexity (and smoothness) assumptions on
H(z,-), i.e., DyyH(x,p) > ol for all (z,p) € M x R" and o > 0 (and also far
more regularity) but do not require (0.2). Afterwards J.-M. Roquejofire [31]
and A. Davini and A. Siconolfi in [11] refined the approach of A. Fathi and
they studied the asymptotic problem for Hamilton-Jacobi Equations on M or
n-dimensional torus. The second author, Y. Fujita, N. Ichihara and P. Loreti
have investigated the asymptotic problem specially in the whole domain R"
without the periodic assumptions in various situations by using the dynamical
approach which is inspired by the weak KAM theory. See [13, 21, 16, 17, 18].
The first author and P. E. Souganidis obtained in [7] more general results,
for possibly non-convex Hamiltonians, by using an approach based on partial
differential equations methods and viscosity solutions, which was not using in
a crucial way the explicit formulas of representation of the solutions. Later,
by using partially the ideas of [7] but also of [30], results on the asymptotic
problem for unbounded solutions were provided in [6].

There also exists results on the asymptotic behavior of solutions of con-
vex Hamilton-Jacobi Equation with boundary conditions. The third author
[27] studied the case of the state constraint boundary condition and then the
Dirichlet boundary conditions [28, 29]. J.-M. Roquejoffre in [31] was also deal-
ing with solutions of the Cauchy-Dirichlet problem which satisfy the Dirichlet
boundary condition pointwise (in the classical sense) : this is a key difference
with the results of [28, 29] where the solutions were satisfying the Dirichlet
boundary condition in a generalized (viscosity solutions) sense. These results
were slightly extended in [5] by using an extension of PDE approach of [7].

We also refer to the articles [31, 8] for the large time behavior of solutions to
time-dependent Hamilton-Jacobi equations. Recently E. Yokoyama, Y. Giga
and P. Rybka in [32] and the third author with Y. Giga and Q. Liu in [14, 15]
has gotten the large time behavior of solutions of Hamilton-Jacobi equations
with noncoercive Hamiltonian which is motivated by a model describing grow-
ing faceted crystals. We refer to the article [10] for the large-time asymptotics
of solutions of nonlinear Neumann-type problems for viscous Hamilton-Jacobi
equations.

This paper is organized as follows: in Section 1 we state the precise assump-
tions on H and B, as well as some preliminary results on (CN), (DBC), (E1)
and (E2). Section 2 is devoted to the proof of convergence results (0.1) by
the PDE approach. In Section 3 we devote ourselves to the proof of conver-
gence results (0.1) by the optimal control/dynamical system approach. Then
we need to give the variational formulas for solutions of (CN) and (DBC) and
results which are related to the weak KAM theory, which are new and inter-
esting themselves. In Appendix we give the technical lemma which is used in
Section 2 and the proofs of basic results which are presented in Section 1.
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Before closing the introduction, we give a few comments about our nota-
tion. We write B.(z) = {y € R* : |z —y| < r} for x € R", » > 0 and
B, := B.(0). For A c R,B c R™ for I,m € N we denote by C(4,B),
LSC (A, B), USC (A, B), Lip (A, B) the space of real-valued continuous, lower
semicontinuous, upper semicontinuous, Lipschitz continuous and on A with
values in B, respectively. For p € R we denote by LP(A, B) and L*(A, B) the
set of all measurable functions whose absolute value raised to the p-th power
has finite integral and which are bounded almost everywhere on A with values
in B, respectively. We write C*(A) for the sets of k-th continuous differen-
tiable functions for £ € N. For given —co < a < b < oo and x,y € B, we use
the symbol AC([a,b], B) to denote the set of absolutely continuous functions
on [a,b] with values in B. We call a function m : [0, 00) — [0,00) a modulus
if it is continuous and nondecreasing on [0, c0) and vanishes at the origin.

1. PRELIMINARIES AND MAIN RESULT

In this section, we introduce the key assumptions on H, B and we present
basic PDE results on (CN) and (DBC) (existence, comparison,..., etc.) which
will be used throughout this article. The proofs are given in the appendix.

We use the following assumptions.

(A0) Q2 is a bounded domain of R™ with a C'-boundary.

In the sequel, we denote by p : R* — R" a C'-defining function for Q, i.e.
a C'-function which is negative in €2, positive in the complementary of Q
and which satisfies Dp(x) # 0 on 0. Such a function exists because of the
regularity of Q. If x € 09, we have Dp(z)/|Dp(x)| = n(xz) where n(z) is the
unit outward normal vector to 92 at x. In order to simplify the presentation
and notations, we will use below the notation n(x) for Dp(z), even if x is not
on 0. Of course, if z € 99, n(x) is still an outward normal vector to OS2
at x, by assumption n(z) does not vanish on 9 but it is not anymore a unit
vector.

(A1) The function H is continuous and coercive, i.e.,
rh—>I£lo inf{H (z,p) : z € Q,|p| >r} = oc.
(A2) For any R > 0, there exists a constant Mz > 0 such that
|H(x,p) = H(z,q)| < Mg[p -]

for all z € Q and p, q € Bpg.
(A3) There exists # > 0 such that

B(z,p+ A\n(z)) — B(z,p) > 0\

for all x € 02, p € R™ and A € R with A > 0.
(A4) There exists a constant Mp > 0 such that

|B(2,p) — B(z,q)] < Mplp —q|
for any x € 002 and p,q € R™.
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(A5) The function p — B(z,p) is convex for any x € 0fQ.

We briefly comment these assumptions. Assumption (A1) is classical when
considering the large time behavior of solutions of Hamilton-Jacobi Equations
since it is crucial to solve ergodic problems. Assumption (A2) is a non-
restrictive technical assumption while (A3)-(A4) are (almost) the definition
of a nonlinear Neumann boundary condition. Finally the convexity assump-
tion (A5) on B will be necessary to obtain the convergence result. We point
out that the requirements on the dependence of H and B in x are rather weak :
this is a consequence of the fact that, because of (A1), we will deal (essentially)
with Lipschitz continuous solutions (up to a regularization of the subsolution
by sup-convolution in time. Therefore the assumptions are weaker than in the
classical results (cf. [1, 2, 3, 20]).

A typical example for B is the boundary condition arising in the optimal
control of processes with reflection which has control parameters:

B(x,p) = 21613{%(56) P — gal®)},

where A is a compact metric space, g, : €2 — R are given continuous functions
and 7, : 2 — R" is a continuous vector field which is oblique to 02, i.e.,

() - Ya(r) > 0

for any x € 02 and a € A.
Our first result is a comparison result.

Theorem 1.1 (Comparison Theorem for (CN) and (DBC)). Let u € USC (Qx
[0,00)) and v € LSC (Q x [0, 00)) be a subsolution and a supersolution of (CN)
(resp., (DBC)), respectively. Ifu(-,0) < v(-,0) on 2, thenu < v on Qx [0, 00).

Then, applying carefully Perron’s method (cf. [19]), we have the existence
of Lipschitz continuous solutions.

Theorem 1.2 (Existence and Regularity of Solutions of (CN) and (DBC)).
For any uy € C(), there exists a unique solution u € UC (2 x [0,00)) of
(CN) or (DBC). Moreover, if ug € Wh(Q), then u is Lipschitz continuous

on Q x [0,00) and therefore u; and Du are uniformly bounded. Finally, if u
and v are the solutions which are respectively associated to ug and vy, then

[ = vl L (@x(0,00)) < o = voll (e - (1.1)
Finally we consider the additive eigenvalue/ergodic problems.

Theorem 1.3 (Existence of Solutions of (E1) and (E2)). There ezists a so-
lution (v,c) € WH*(Q) x R of (E1) (resp., (E2)). Moreover, the additive
eigenvalue s unique and is represented by

c=1inf{a € R : (E1) (resp.,(E2)) has a subsolution}. (1.2)
The following proposition shows that, taking into account the ergodic effect,

we obtain bounded solutions of (CN) or (DBC). This result is a straightforward
consequence of Theorems 1.3 and 1.1.
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Proposition 1.4 (Boundedness of Solutions of (CN) and (DBC)). Let ¢ be
the additive eigenvalue for (E1) (resp., (E2)). Let u be the solution of (CN)
(resp., (DBC)). Then u + ct is bounded on §2 x [0,00).

From now on, replacing u(z,t) by u(x,t)+ ct, we can normalize the additive
eigenvalue ¢ to be 0. As a consequence H is also replaced by H — ¢ and B by
B —c in the (DBC)-case. In order to obtain the convergence result, we use the
following assumptions.

(A6) Either of the following assumption (A6); or (A6)_ holds.
(A6)+ There exists 79 > 0 such that, for any € (0, ], there exists 1, > 0
such that if H(z,p +q) > n and H(z,q) < 0 for some z € Q and
p,q € R™ then for any p € (0, 1],

uH(%%JrQ) > H(x,p+q) + (1 — p).

(A6)_ There exists 19 > 0 such that, for any n € (0,70], there exists 1, > 0
such that if H(z,p +q) < —n and H(x,q) < 0 for some x € Q and
p,q € R™ then for any p > 1,
pH(z, 2+ q) < H(z.p+q) - ol = 1)
Il Il
In the optimal control/dynamical system approach, the following assump-
tions are used

(A7) The function H is convex, i.e., for each = € Q the function p — H(z,p)
is convex on R™ and either of the following assumption (A7), or (A7)_
holds.

(AT)+ There exists a modulus w satisfying w(r) > 0 for r > 0 such that for
any (z, p) € Q x R™ if H(x,p) =c, £ € 9,H(z, p) and ¢ € R™, then

H(x,p+q) > c+&-q+w((§-q)+).

We point out that we use the notation d,H (z, p) for the convex subdifferential
of the function p — H (z,p) where z is fixed.

Our main result is the following theorem.
Theorem 1.5 (Large-Time Asymptotics). Assume (A0)-(A6) or (A0)-(Ab)
and (A7). For any ug € C(Q), if u is the solution of (CN) (resp., (DBC))
associated to gy, then there exists a solution v € Wh(Q) of (E1) (resp.,
(E2)), such that

u(z,t) — v(x) uniformly on Q ast — co.

Remark 1.1. (i) Under the convexity assumption on H of (A7), the assump-
tions (A1)—(A6) are equivalent to (Al)-(Ab) and (A7), and therefore (Al)-
(A5) and (A7) imply (A1)—(A6). Indeed, under (A1) and the convexity as-
sumption on H, conditions (A7) are equivalent to (A6), respectively, This
equivalence in the plus case has been proved in [16, Appendix C]|. The proof
in the munis case is similar to that in the plus case, which we leave to the
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interested reader. (ii) We notice that if H is smooth with respect to the p-
variable, then (A6) is equivalent to a one-sided directionally strict convexity in
a neighborhood of the level set {p € R" : H(z,p) =0} for all x € T", i.e.,

(A6’) there exists ng > 0 such that, for any n € (0,n|, there exists ¥, > 0
such that if H(xz,p+q) > n and H(x,q) < 0 (or if H(xz,p+q) < —n and
H(z,q) <0) for some x € T" and p,q € R™, then for any p € (0, 1],

(iii) Let us take the Hamiltonian H(x,p) := (|p|* — 1)? for instance. If we
consider the homogeneous Neumann condition, then we can easily see that the
additive eigenvalue is 1. This Hamiltonian is not convex but satisfies (A6)

(and (A6)).

2. ASYMPTOTIC BEHAVIOR | : THE PDE APPROACH

As we mentioned it in the introduction, we provide the proof of Theorem
1.5 only in the case of the nonlinear dynamical-type boundary value problem
(DBC). In the case of the nonlinear Neumann-type boundary condition, the
proof is simpler and we will only give a remark at the end of this section.

In order to avoid technical difficulties, we assume that wuq is Lipschitz con-
tinuous (and therefore the solution u of (DBC) is Lipschitz continuous on
Q x [0,00)). We can easily remove it by using (1.1).

As in [7, 5] the asymptotic monotonicity of solutions of (DBC) is a key
property to get convergence (0.1).

Theorem 2.1 (Asymptotic Monotonicity).
(i) (Asymptotically Increasing Property) Assume that (A6), holds. For
any n € (0,m0], there exists 6, : [0,00) — [0,00) such that lim, s 6,(s) — 0
and

u(x,s) —u(x,t) +n(s —t) < 6,(s)
for allz € Q, s,t €[0,00) witht > s.
(ii) (Asymptotically Decreasing Property) Assume that (A6)_ holds. For
any n € (0,n], there exists 6, : [0,00) — [0,00) such that lim,_, 0,(s) — 0
and

ul, 1) — (e, 5) — n(t — 5) < 5,(5)
for all x € Q, s,t €[0,00) with t > s.

The proof of Theorem 1.5 follows as in [7, 5]: we reproduce these argu-
ments for the convenience of the reader.

Since {u(+,t) }+>0 is compact in W1 (Q), there exists a sequence {u(-, T},) }nen
which converges uniformly on € as n — oco. Theorem 1.1 implies that we have

(s To + ) = uls, Ton + )l 2o @x(0,00)) < Nl Tn) = ul(, Ton) [l ()

for any n,m € N. Therefore, {u(:, T,, + ) }nen is a Cauchy sequence in C'(€2 x
[0,00)) and it converges to a function denoted by u> € C(Q2 x [0,00)).
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Fix any 7 € Q and s,t € [0,00) with t > 5. By Theorem 2.1 we have
w(x,s +1,) —u(z, t+T,) +n(s—1t) < 6,(s+ 1))

or
w(z, t+T1,) —u(z,s+T,) —nt—s) <d,(s+ 1))

for any n € N and n > 0. Sending n — oo and then n — 0, we get, for any
t>s

u™(z, s) < ue(z,t).
or

u™(z,t) < u>(z,s).
Therefore, we see that the functions z — u™(z,t) are uniformly bounded and
equi-continuous, and they are also monotone in ¢. This implies that u>(z,t) —
w(z) uniformly on Q as t — oo for some w € WH*(Q2). Moreover, by a

standard stability property of viscosity solutions, w is a solution of (DBC).
Since u(+, T, + -) — u® uniformly in 2 x [0,00) as n — oo, we have

—0n(1) +u™(2,1) < (e, Ty +1) < u™(2,t) + on(1),

where 0,(1) — 0o as n — oo, uniformly in z and ¢. Taking the half-relaxed
semi-limits as ¢ — 400, we get

—0,(1) + w(x) < liminf, u(x,t) < limsup' u(z, t) < w(z) + 0,(1).
t—00 t—o0
Sending n — oo yields

w(z) = liminf, u(z, t) = limsup’ u(x, t)
t—o0 t—o0

for all z € Q. And the proof of Theorem 1.5 is complete.

Now we turn to the proof of Theorem 2.1.

Noticing that the additive eigenvalue is 0 again, by Proposition 1.4 the
solution u of (DBC) is bounded on € x [0, 00). We consider any solution v of
(E2). We notice that v — M is still a solution of (E2) for any constant M > 0.
Therefore subtracting a positive constant to v if necessary, we may assume
that

1 <u(z,t) —v(r) <C forall (z,t) € Q x [0,00) and some C >0 (2.1)

and we fix such a constant C'.
We define the functions ,uff :Q x [0,00) = R by

(u(x, t) —v(z) +n(t— s)>’ (2.9)
u(z,s) —v(x)
u(z,t) —v(x) —n(t —s)
( u(zx,s) —v(x) )
for n € (0,70]. By the uniform continuity of u and v, we have ;- € C (Q x
[0,00)). It is easily seen that 0 < p;f(z,s) < 1 and p, (z,s) > 1 for all
(x,s) € Qx[0,00) and n € (0, ).

+ R ;
Hy (2, ) = min

thy, (2, 8) = max
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Lemma 2.2. (i) Assume that (A6), holds. The function p," is a supersolution

of
max{w — 1, w; + M|Dw|

+%(w—1)}:0 in Q x (0, 00), (2:3)

max{w — 1,w; + F(x, Dw)} =0 on 92 x (0,00)
for any n € (0,n9] and some M > 0, where

F(z,p) := =K(=p-n(z)) + Mplp — (p- n(x))n(z)], (2.4)
an Or if r >0,
K(r) = {MBT . (2.5)

(ii) Assume that (A6)_ holds. The function p, is a subsolution of

min{w — 1, w; — M|Duw|

+%~w7_1}20 in € x (0, 00),
min{w — 1,w; — F(z,—Dw)} =0 on 9Q x (0, 00)
for any n € (0,19] and some M > 0.
Before proving Lemma 2.2 we notice that Lemma 2.2 implies
f1y (-, 8) = 1 uniformly on Q,
ft, (-, s) = 1 uniformly on Q

as s — 00. Indeed noting that r — F(x,p + rn(z)) — min{é, Mp}r is non-
decreasing and the function (r — 1)/ is increasing for r > 0, we see that the
comparison principle holds for both of Neumann problems

2

max{w — 1, M|Dw| + Fn(w —1)}=0 in Q, (2.6)
max{w — 1, F(z, Dw)} =0 on 012,
and .
min{w—l,—M|Dw|+%-%}:0 in €, 27)
min{w — 1, —F(z,—Dw)} =0 on 0f).
Moreover we have liminf, ,u;, 1 are solutions of (2.6) and limsup' p, , 1 are a
5—00 S§—00

subsolution and a solution of (2.7), respectively. Therefore from these obser-

vations we see liminf, ,u; = 1 and limsup y1,, = 1, which imply the conclusion.
S§—00 55— 00

Proof of Lemma 2.2. We only prove (i), since we can prove (ii) similarly. Fix
1 € (0,m] and let y;" be the function given by (2.2). We recall that i (z,s) < 1
for any z € Q, s > 0.

Let ¢ € CHQ x [0,00)) and (£,0) € Q x (0,00) be a strict local minimum
of p,F — ¢, ie., pi(w,s) — d(x,s) > (& 0) — @& o) for all (z,5) € Qx[o—
r,o+ 7]\ {(§{, 0)} and some small » > 0. Since we can get the conclusion by
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the same argument as in [7] in the case where £ € €, we only consider the case
where & € 0€) in this proof. Moreover since there is nothing to check in the
case where p1,5(§,0) =1 or ¢,(§,0) + F(§, Dp(§,0)) > 0, we assume that

i (€,0) < Land ¢,(6,0) + (€, Do(£.0)) < 0. (28)

We choose 7 > ¢ such that
w(l&,7)—v()+nlr—o
o) = HET U —0)
U(g, 0) - 'U(g) 241
We write p for 11,F (£, o) henceforth.
Next, for @ > 0 small enough, we consider the function
u(z,t) —v(x) +n(t —s)
u(z,s) —v(x)

(x,1,5) = +lo =&+ (t = 7)" = ¢(x, 5) + 3ap(z),

where p is the function which is defined just after (A0). We notice that, for
a =0, (& 7,0) is a strict minimum point of this function. This implies that,
for & > 0 small enough, this function achieves its minimum over Q x {(t, s) :
t>s, s€|o—r,o+r|}at some point (&, s, So) Which converges to (£, 7,0)
when o« — 0. Then there are two cases : either (i) £, € Q or (ii) &, € 9. We
only consider case (ii) here too since, again, the conclusion follows by the same
argument as in [7] in case (i). In case (ii), since p(&,) = 0, the a-term vanishes
and we have (&, ta, So) = (§,7,0) by the strict minimum point property.

For any ¢ € (0,1) let C5° and C5° € C'(R™) be, respectively, the functions
given in Lemma 4.2 with @ = pu1/p,b = —n/p and a = l’i—lu,b = 0, and let
x1 and Yo be, respectively, the functions given in Lemma 4.3 with Cj;;f = Cf’é

and C5° for & > 0. We set K := Q° x {(t,s) : t>s,s€]oc—r,0+r]}. We
define the function ¥ : K — R by
U(z,y,z,t,s)
() —v(z) +(t —s)
S u(ys) —u(2)
+lz =&+ (t = 7)* = alp(z) + p(y) + p(2)).
In view of Lemma 4.3, if A > M,, where A is the constant in Y1, x2, then

U achieves its minimum over K at some point (Z,7,z,t,5) which depends on
«, 0,e. By taking a subsequence if necessary we may assume that

— ¢y, ) + x1(z —y) + xa(z — 2)

7,7,z andt -7, 55— 0case — 0.

Set

Ay = u(7.5) —0(2). = u(E@.F) —(z) £ -5), =2,

]
s

;T)::y;xandﬁzz
€

I

o2
and then we have

Hy —> fl, fy —> fl2, @ —> pras e — 0.
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Therefore we may assume that 77 < 1 for small € > 0.
Claim: There exists a constant Mz > 0 such that

Pl + lg| < Ms

for all ,d, € (0, 1).
We only consider the estimate of |p|, since we can obtain the estimate of [g]
similarly. The inequality V(Z,7,%,t,5) < V(Z, 7, Z,¢,5) implies

x1(Z —7)
1 1 I e
hlEs o s el alp(T) = p@)| + [6(z,5) = ¢(¥,3)]
< Ly|7 — 7| (2.9)

for some Ly, Ly > 0. Combining this (2.9) and the inequality in Lemma 4.3 (i)
we get the conclusion of Claim for My := 4(M; + Ls).

In the sequel, we denote by o.(1) a quantity which tends to 0 as e — 0.
Derivating W with respect to each variable ¢, s, x,y, z at (Z,7,z,t,5) formally,
we have

ut(fa t) =-n- 2ﬁ1(E - 7_) =-n+ 06(1)7

4a(7, ) = —%m L 6u(F:5),

= —%(77 —+ M1¢s<£7 U)) + OE(l)’

Dou(T, 1) = I { = Dax1 (T — §) — Daxa(T —2) +2(6 — ) — ai(x) }
= tn{—Dax1(T — ) = Daxo(T — 2) — an(é) }+oc(1),

Dyu(;5) = 2Dy ~5) — Do(5,5) + anly) }

_ %{DW@ = 7) = Do(E o) + an(€) } + o.(1),

D.v(Z) = 1'lilﬁ{DzX2(T —7) +an(z)}
- Dt 07O} o).

We remark that we should interpret u;, us, Dyu, Dyu, and D, v as the viscosity
solution sense here.
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We first consider the case where T € 2. In view of Claim, (A3)-(A5) and
Lemma 4.3 (ii) we have
w(T, t) + B(T, Dyu(T, 1))
< — 0+ B(T, —p1 (Doxa (T — §) 4 Dax2(T — 2))) — O + 0-(1)

<=1+ BE -LIDoaE ) - BE T Dol - 2))

— O+ o (1)
<m(d + o0:(1)) — O + o-(1),
where m is a modulus. Therefore u, + B(Z, D,u(T,t)) < 0 for £, > 0 which
are small enough compared to a > 0. Similarly if Z € 02 then we have
B(z,D,v(z)) > 0.
We next consider the case where 37 € 0€2. Note that we have
B(z,p+q) =z B(z,p) + K(q - n(x)) — Mglqr|,

for any = € 99, p,q € B(0, M3), where ¢r :== q — (¢ - n(x))n(z) and K is the
function defined by (2.5). By Lemma 4.3 and the homogenity with degree 1
of F' with respect to the p-variable, we have

Us <y7 §) + B<y7 Dyu(y7 E))

[ U y — oy, o
> - s(£,0)—;+B(y,iDyX1(x—y))+ 1

I
FE (=L ED0(6,0) () = My| (<£1Do(6,0)) [ +0-(1)

> = m(o+ 0.(1)) + 222 — B 64(6.0) + FIE Dol ) + 0.(1)

O

> —m(d+o0.(1)) + + o-(1).

Again, for €, > 0 which are small enough compared to a > 0, we have
us(y,5) + B(y, Dyu(y,3)) > 0.
Therefore, by the definition of viscosity solutions we have

—n+o0.(1)+ H(T, Du(z,t)) > 0,

—%m a6, 0)) +0.(1) + H(F, Dyu(,5) <0, (2.10)
H(z,D.v(%)) <0.

In view of the above claim by taking a subsequence if necessary we may
assume that

= %Dmm ~7), %Dym —7) — P, and

M1
1—

as € — 0 for some P, () € R™.

H1

Doa(F — %), L Doyo(7 —2) —
p X2(T — %) -4 X2(T %) = Q
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Sending € — 0, § — 0 and then o — 0 in (2.10), we obtain
H(, pP + (1 - p)Q) = n,

—%(n + (€. ) + H(g, P~ 2 Dole o) <0

H(,Q) <0.

We use these three inequality in the following way : first, using (A2), the
second one leads to

—im + (€. ) + (g P) = M2 Doe.0)| < 0.

for some constant M > 0. It remains to estimate H(¢, P).
Set P := p(P — Q). By (A6), we obtain

< WH(E S + Q) = (L= 1) = uH(E P) = (1= )

for some 1, > 0. We therefore have

i(n T (1 - w) < HEP).

Using this estimate in our first inequality yields the desired result, namely

6&,0) + MIDO(E 0)] + 2 —1) 2 0. .

Remark 2.1. We remark that the solution of (CN) has the asymptotic mono-
tonicity property. In order to prove this, we mainly use the following lemma
in place of Lemma 2.2.

Lemma 2.3. Set

1 (s) = memﬂlflzs<u<x7 ti&f]s()x_z(?;(; — 8)),
M;(S) . mé%iéxuw’ ti(;’vs():p_;&()t — s))

forn € (0,m0].
(i) Assume that (A6), holds. The function ji; is a supersolution of

max{w(s) — 1, w (s) + % “(w(s) = 1)} =0 in (0,00)

for any n € (0,no].
(ii) Assume that (A6)_ holds. The function p, is a subsolution of

%_w(s)—l

min{w(s) — 1, w'(s) + C Twl)

}=01n (0,00)

for any n € (0, no].
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3. ASYMPTOTIC BEHAVIOR II : THE OPTIMAL CONTROL/DYNAMICAL
SYSTEM APPROACH

As we mentioned in the introduction, we mainly concentrate on Problem
(CN) in this section.

3.1. Variational formulas for (CN) and (DBC). We begin this section
with an introduction to the Skorokhod problem. Let x € 0€2 and set

G(z,§) = Sulé) (f “p— B(SL’,p)) for £ € R,
peER™
G(x) ={(7,9) eR" xR : B(z,p) >~v-p—g forall pecR"}.
By the convex duality, we have
G(z) ={(v,9) €ER™ : g > G(z,7)}.

Note that
J 9B(x.p) € {y €R" : Glx,7) < oo},
peER™
U 0,B(z,p) = {7y € R" : G(x,7) < o0}
peER™
We set

r@) = U 9B(.p),
pER™
and observe that I'(x) C By, v - 7(x) > 0 for v € I'(x), G(z) is a convex
subset of R™™ and I'(z) is a closed convex subset of R™. Observe as well that
if (7, 9) € R""! belongs to G(x) for some x € 99, then G(x,v) < oo and hence

v € I'(z).
For example, if B(z,p) = v(x) - p — g(z) for some functions v, g € C(99),

then
g(z) it &=r(x),
G(x,g):{<) .()
00 otherwise,
and
G(x) ={(y(x),r) - r = g(a)} = {7(x)} x [g(x), 0),  I'(x) = {7(2)}.
Let # € Qand 0 < T < oo, and let n € AC([0,T],R"), v € L*([0,T],R")
and [ € L'([0,T],R). We introduce a set of conditions:
n(0) =z,
n(t) € Q forallt e |0, T],
I(t)>0 forae tel0,T],
I(t)=0 ifn(t)eQ forae tel0, T,

and
there exists a function f € L'([0, T], R) such that (3.2)
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((v=n)1), f()) € L(t)G(n(t)) forae. te|0,T]

Observe here that the inclusion

((v=n)(®), f(t) € UG (n(?))
is equivalent to the condition that f(t) > 1(t)G(n(t),1(t) " (v—n)(t)) if L(t) > 0,
and 7(t) = v(t) and f(t) = 0if I(t) = 0. Condition (3.2) is therefore equivalent
to the condition that

the function ¢+ I(£)G (n(t),1(t) " (v —n)(t)) is integrable on [0, T, (3.3)
and n(t) =wv(t) if I(t) =0 forae. t €0, T].

Here we have used the fact that G is lower semi-continuous (hence Borel) func-
tion bounded from below by the constant — max,csq B(x,0). The expression
L(t)G(n(t),1(t)" (v —n)(t)) in (3.3) is actually defined only for those ¢ € [0, T
such that [(t) > 0, but we understand that

WG (@), 1)~ (v =0)(t) if (L) >0,

0 otherwise.

()G (n(t), 1) (v —n0)(1)) = {

Similarly we henceforth use the convention that zero times an undefined quan-

tity equals zero. With use of this convention, we define the function F'(n,v,[)
on [0, T by

F(n,v,1)(t) = UG (n(t), 1(t) " (v(t) — (1))

We remark that under assumption (3.3) we have for a.e. ¢ € [0, 77,

F(n,0,0)(t) = (v=n)@) - p— 1) B(n(t),p) forall p e R". (3.4)

In the case where B(x,p) = v(z)-p— g(x) for some 7, g € C(91), it is easily
seen that condition (3.3) is equivalent to

n(t) +1(t)y(n(t)) = v(t) for a.e. t €0, T].

(Compare this together with (3.1) with (1.4) in [22].) In this case we have
F(n,v,0)(t) =1(t)g(n(t)) for a.e. t € [0, T7.

Now, given a point z € €, a constant 0 < T < oo and a function v €
LY([0,T],R™), the Skorokhod problem is to find a pair of functions n € AC([0, 7], R™)
and [ € L'([0, T], R) for which (3.1) and (3.2) are satisfied.

Theorem 3.1. Let 2 € Q, 0 < T < oo and v € L*([0, T], R"). There exists
a solution (n, 1) of the Skorokhod problem. Moreover, there exists a constant
C' > 0, independent of x, T and v, such that, for any solution (n, 1) of the
Skorokhod problem, the inequalities |n(t)| < Clu(t)| and I(t) < C|v(t)| hold for
a.e. t €0, T1.

For fixed v € Q and 0 < T < oo, SPy(z) denotes the set of the all
triples (n,v,1) of functions n € AC([0, T], R"), v € L'([0, T],R") and [ €
LY([0, T], R) such that conditions (3.1), (3.2) are satisfied, and SP(z) denotes
the set of the triples (n, v, 1) of functions n, v and [ on [0, co) such that, for all
0 < T < 0, the restriction of (n,v,[) to the interval [0, T'] belongs to SPr(z).
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Note here that if (n,v,l) € SPy(z) for some z € Q and 0 < T' < oo and if
we extend the domain of (n,v,1) to [0,00) by setting
n(t)=n(T), v(t)=0, and I(t)=0 fort > T,
then the extended (n,v,[) belongs to SP(x).
Moreover we set
SPr = JSPr(z) and SP = | JSP(z)
z€Q zeQ)

Let ug € C(Q2). For t > 0 we set

Q
= int { [ (), ~0(s0) + 7)) ds + aalate) © (n.0.0) € SP) .
(3.5)
where L(z,§) 1= sup,cpa(§ - p — H(z,p)) and f := F(n,v,l). We call the
function L the Hamiltonian of H. This function has the properties: L(z,£)
is lower semicontinuous on € x R™, convex in £ € R™ and coercive, ie.,
limg| oo L(2,§) = oo for all x € Q. The function L may take the value
00, but supg, g L < oo for some constant r > 0.

Theorem 3.2. The function U is continuous on Q x (0,00) and a solution of
ur+ H(z,Du) =0 in Q x (0, 00), (3.6)
B(z,Du) =0 on 9 x (0, co). (3.7)
Moreover, we have

lim U(x,t) = uo(x) uniformly on €.
t—0+

We set U(z,0) = ug(z) for x € Q. The above theorem ensures that U €
C(2 x [0, 0)) and U is a solution of (CN).

In what follows we give an outline of proofs of Theorems 3.1 and 3.2. Indeed,
most of the arguments parallel to those for similar assertions in [22] for (CN)
with linear Neumann boundary condition.

Lemma 3.3. Let ) € C(0Q,R") and e > 0. There exists (v, g) € C(9Q, R")
such that for all x € 092, (y(z),g(x)) € G(z) and B(x,(z)) < e+y(z)-(x)—
g(z).

Proof. Let 6 > 0 and set
1
Bs(r,p) = inf (B(x, D)+ g5lp - qP) for all (z,p) € 90 x R".

Note that Bs < B on 092 x R", that, as 6 — 0, Bs(z,p) — B(z,p) uniformly
on JQ x Br(0) for every R > 0 and that for x € 99, the function p — Bs(x, p)
is in C'T(R™). Also, by (A4) we see that

lp—q|<R

1
i) = min, (Bloa) + g5lp = al?) o (o) € 000 R0
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for some R > 0 depending only on ¢ and Mp. Hence, By € C(9 x R™).
Moreover, it is easy to see that D,B; € C(02xR"). Indeed, if (z;,p;) = (v,q)
as j — oo and &; := D,Bs(z;,p;), then

Bs(xj,p) > Bs(xj,p;) +& - (p—p;) forallpeR"™

Noting that |£;| < Mp, we may choose a subsequence {&;, }ren, converging to
a point 7, of {{;}. From the above inequality with j = jj, we get in the limit

Bs(y,p) >n-(p—q) + Bs(y,q) for p e R™.

This shows that n = D,Bs(y,q), which implies that lim; ,., D,Bs(z;,p;) =
D,B;s(y,q) and D,Bs € C(9 x R™).

If we set v(x) = DpBs(x,¢(x)) and g(z) = y(x) - ¢(x) — Bs(x,¢(x)), then
we have for all (z,p) € 00 x R",

B(z,p) > Bs(z,p) > v(x) - (p — ¥(x)) + Bs(z,¢(x)) = v(x) - p — g(x).

Thus, we find that (y(z), g(z)) € G(z) for all x € 9Q. Moreover, for each fixed
e >0, if 0 > 0 is small enough, then we have

Bz, ¢(x)) < e+ Bs(x,9(x)) = e +7(x) - P(x) — g().
Finally, we note that (v, g) € C(9, R""!) and conclude the proof. O

Lemma 3.4. Let 0 < T < oo. There is a constant C' > 0, depending only on
0 and Mg, such that for any (n, v, 1) € SPr,

max{|n(s)|, l(s)} < Clv(s)| for a.e. se0,T].

Recall that Mp > 0 is a Lipschitz bound of the functions p — B(z,p) for
all z € 09).

An immediate consequence of the above lemma is that for (n, v, [) € SP, if
I is an interval of [0,00) and v € LP(I, R"), with 1 < p < oo, then (1, [) €
LP(I, R™TY).

Proof. Let (n,v,l) € SPr and set £ = v — 7 on [0, co). We choose a function
f € LY([0, T],R) so that ((v —7)(s), f(s)) € I(s)G(n(s)) for a.e. s € [0, T].
If I(s) = 0 for a.e. s € [0, T], then we have 7n(s) = v(s) for a.e. s € [0, T1,
which yields max{|n(s)|, I(s)} = |v(s)| for a.e. s € [0, T], and we are done.
Henceforth we assume that the set E := {s € [0, T'| : I(s) > 0} has positive
measure. We choose a subset Fy of E having full measure so that Ey C (0, T),
that n(s) € 02 and ((v—"n)(s), f(s)) € l(s)G(n(s)) for all s € Ey and that 7 is
differentiable everywhere in Ey. We set y(s) = I(s) "1 (v(s) — n(s)) for s € Ey,
and note that y(s) € I'(n(s)) for all s € Ey.

Using the defining function p (cf. (A0)) and noting that p(n(s)) < 0 for all
s € [0, T, we find that for any s € Ey,

0= ép(n(S)) = Dp(n(s)) -1(s) = |Dp(n(s))|n(n(s)) - (v(s) = U(s)7(s))-
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That is, n(n(s)) - v(s) = l(s)n(n(s))-y(s) for all s € Ey. Fix any s € E,. Since
7(s) € I'(n(s)), we have |y(s)] < M and 7(s) - n(n(s)) = 0]7(s)|. Accordingly,
we get

[v(s)| = n(n(s)) - v(s) = n(n(s)) - 1(s)7(s) = U(s)6,
and hence, I(s) < |v(s)|/0. Finally, we note that |n(s)| < |v(s)| + |£(s)| <
(1 4+ M/0)|v(s)|, which completes the proof.

O

Proof of Theorem 3.1. Fix x € Q, 0 < T < oo and v € L'([0, T],R"™). Due to
Lemma 3.3, there exists a (7, g) € C'(992, R™1) such that (y(z),g(x)) € G(z)
for all x € 09Q. According to [22, Theorem 4.1], there exists a pair (n,1) €
AC([0, T],R™) x L'([0, T],R) such that n(0) = z, n(s) € Q for all s € [0, T
and for a.e. s €0, T1,

I(s) >0, [(s) =0 if n(s)eQ, and n(s)+1(s)v(n(s)) =v(s).

We set f(s) = I(s)g(n(s)) for s € [0, T], and observe that we have for a.e.
s €0, 7],

((v=")(s), f(5)) = 1(s)(7(s), g(s)) € U(s)G(n(s)),

completing the existence part of the proof. The remaining part of the proof is
exactly what Lemma 3.4 guarantees. 0

Proof of Theorem 3.2. Set Q = Q x (0, 0o). We first prove that U is a sub-
solution of (3.6), (3.7). Let (#,1) € Q and ¢ € C*(Q). Assume that U* — ¢
attains a strict maximum at (#,#). We need to show that if & € , then
¢y(2,1) + H(&, Dp(2,1)) <0, and if & € 99, then either

¢u(2,1) + H(2, Dp(2,1)) <0 or B(&, Dp(z,1)) < 0. (3.8)

We are here concerned only with the case where & € 0€). The other case
can be treated similarly. To prove (3.8), we argue by contradiction. Thus
we suppose that (3.8) were false. We may choose an ¢ € (0, 1) so that
¢¢(2,1) + H(2, Dp(2,1)) > e and B(#, Dé(i,1)) > e

By Lemma 3.3, we may choose (7, g) € C(9Q, R"*1) so that (y(z), g(x)) €
G(z) for all 2 € 00 and B(&, Do(2,1)) < € + (& ) - Do(z, t) — g(&). Note that
(&) - Dé(,1) — g(2) > 0. Set R = By.(#) x [t — 2¢, t + 2¢]. By replacing
£ > 0 if needed, we may assume that ¢ — 2 > 0 and for all (z,t) € RN Q,

¢u(x,t) + H(z, D(x,t)) 2 ¢ and  (x)- Do(x,t) —g(z) 20,  (3.9)

where v and ¢ are assumed to be defined and continuous on . We may
assume that (U* — ¢)(#,1) = 0. Set m = —maxgrar(U* — ¢), and note that
m > 0 and U(x,t) < ¢(x,t) — m for (z,t) € Q NIR. We choose a point
(Z,1) € (Be(#) x [t —e, t+¢]) N Q so that (U — ¢)(7,1) > —m.

Now, we consider the Skorokhod problem with the function y(z) - p — g(x)
in place of B(xz,p). For the moment we denote by SPr(x; v, g) the set of all
(n,v,1) € AC([0, T],R™) x L'([0, T],R™) x L([0, T],R) satisfying (3.1) and
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(3.2), with the function v(z)-p—g(z) in place of B(z,p). We apply [22, Lemma
5.5, to find a triple (n,v,l) € SP#(Z; 7, g) such that for a.e. s € (0,1),

H(n(s), Dp(n(s), t = s)) + L(n(s), —v(s)) < € —v(s) - D(n(s),t —s) (3.10)

Note here that, since (n,v,1) € SP,(Z; 7, g), we have n(t) + I(s)vy(s) = v(s)
and F(n,v,1)(s) =1(s)g(n(s)) for a.e. s €10,1].

Weset o0 = min{s > 0 : (n(s),t—s) € IR} and note that (n(s),t—s) € QNR
forall 0 < s <o and 0 < o0 < t. Using the dynamic programming principle,
we obtain

o(z,t) <U(z,t)+m
</ T (L(s), —v(s) + gn()(s)) ds + Uln(or),F— o)+ m
< / T (L((s), —0(s)) + gn(s)(s)) ds + S(n(0), — ).

Hence, setting p(s) := Do(n(s), t — s), we get

0< [ (L) ~o(s) + 9NI() + o0l T~ 5)) ds

< [ (R 051, =005 + gD +505) - (o5) ~ s ats)

— ¢e(n(s),t = s)) ds.
Using (3.10) and (3.9), we obtain

0</ {e=H(n(s),p(s))=0:(n(s), T=5)+1(s) (g(n(s)) —(n(s))-p(s)) } ds < 0,

which is a contradiction. Thus, U is a subsolution of (3.6), (3.7).

Next, we turn to the proof of the supersolution property of U. Let ¢ € C1(Q)
and (#,1) € Q. Assume that U, — ¢ attains a strict minimum at (2,%). We
need to show that if & € Q, then ¢,(2,t) + H (&, Dé(#,1)) > 0, and if 2 € 09,
then either

¢i(3,1) + H(%, Dp(2,1)) >0 or B(&, Do(i,t)) > 0. (3.11)
As before, we only consider the case where & € 0. To prove (3.11), we sup-
pose by contradiction that ¢,(#,%)+H (&, Do(#,t)) <0 and B(Z, Do(2,1)) <
0. There is a constant € > 0 such that
oz, t) + H(x, Dp(x,t)) <0 and

Bz, Dé(x,1)) <0 forall (z,¢) € RNQ, (3.12)

where R := By. (%) x [t — 2¢, + 2¢]. Here we may assume that ¢ — 2 > 0 and
(Us — ¢)(z,t) = 0.

Set m := mingror(U. — ¢) (> 0). We may choose a point (z,t) € (B.(&) X
(t—e,t+¢))NQ so that (U —¢)(z,1) < m. We select a triple (n,v,1) € SP(Z)
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so that

Uz 1) +m > / (Ln(s), —u(s)) + £(s)) ds + uo(n().

where f:= F(n,v,l). We set 0 = min{s >0 : (n(s),t —s) € OR}. It is clear
that o > 0 and n(s) € RN Q for all s € [0, o]. Accordingly, we have

¢z, ) +m > /00 (L(n(s), —v(s)) + f(n(s))) ds + U(n(0),t — o)
= /0 0 (L(n(s), —v(s)) + f(n(s))) ds + d(n(0),t — o) +m,

and hence,

0> /0 (L(n(s), —v(s)) + f(n(s)) + Do(n(s),t — s) - 1i(s) — ¢e(n(s), £ — s5)) ds.
Note by the Fenchel-Young inequality and (3.4) that for a.e. s € [0, o],

L(n(s), =v(s)) + f(s) = =n(s) - p(s) = H(n(s), p(s)) — Us)B(n(s), p(s)),
where p(s) := D¢(n(s),t — s). Consequently, in view of (3.12) we get

0> / " (= H(n(s), pls)) — du(n(s), E— ) — Us)Bn(s), p(s)) ds > 0,

which is a contradiction. The function U is thus a supersolution of (3.6), (3.7).
It remains to show the continuity of U on Q X [0, c0). In view of Theorem
1.1, we need only to prove that

U*(x,0) < Uy(x,0) forall € Q. (3.13)

Indeed, once this is done, we see by Theorem 1.1 that U* < U, on  x [0, 00),
which guarantees that U € C(Q2 x [0, 00)).

To show (3.13), fix any € > 0. We may select a function u§ € C*(Q) such
that B(x, Dug(z)) < 0 for all z € 092 and

lug(z) —ui(z)| < e forall z€Q.

Indeed, we can first approximate uy by a sequence of C* functions and then
modify the normal derivative (without modifying too much the function itself)
by adding a function of the form e((Cp(x)/e) where ¢ is a C!, increasing
function such that ¢(0) =0, ¢'(0) =1 and —1 < ((r) <1 for all r € R.

Then we may choose a constant C. > 0 so that the function ¢ (x,t) =
ug(z) — C:t is a (classical) subsolution of (3.6), (3.7). Then, for any (z,t) € @
and (n,v,l) € SP(x), we have

B((8),0) — (n(0),£) = / (DU(n(s). t - s) - 1i(s) — u(n(s), t — 5)) ds.

Setting p(s) = Dy(n(s), t —s) and f(s) = F(n,v,1)(s) for s € [0, ¢] and using
the Fenchel-Young inequality, we observe that for a.e. s € [0, ¢],

p(s) -1(s) = ¢u(n(s), t = ) = =L(n(s), —v(s)) = f(s).
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Combining these observations, we obtain

bl t) < / (L(1(s), —v(s)) + F(s)) ds + s (),

which ensures that U(z,t) > ug(z) — 26 — C.t for all (z,t) € Q x [0, 00), and
moreover, U, (x,0) > ug(x) for all x € 2.

Next, fix any (z,t) € @ and set n(s) = z, v(s) = 0 and I(s) = 0 for s > 0.
Observe that (n,v,l) € SP(z) and that F'(n,v,l) = 0 and

Uz, t) < /tL(x, 0)ds + ug(x) = L(x, 0)t + up(z) < up(xz) —tmin H(zx, 0).

e

This shows that U*(x,0) < ug(z) for all 2 € Q. Thus we find that (3.13) is
valid, which completes the proof. O

Next we present the variational formula for the solution of (DBC). The
basic idea of obtaining this formula is similar to that for (CN), and thus we
just outline it or skip the details.

We define the function W on @ := Q x (0,,0) by

W(r,t) = int{ /0 T (LG1(s), —0(s) + () ds + w(e)},  (3.14)

where the infimum is taken all over (n,v,l) € SP(x), f = F(n,v,l), and
o € (0,t] is given by t = [](1 +1(r))dr. Then we extend the domain of
definition of W to @) by setting W (x,0) = ug(z) for x € Q.

In the definition of W we apparently use the set SP (the Skorokhod problem
for 2 and B), but the underlining idea is to consider the Skorokhod prob-
lem for the domain © x R and the function B(x,p) + ¢ in place of Q and
B(x,p), respectively. Indeed, setting QO=0QxR, B(x,p, q) = B(x,p) + q and
[:I(:c,p, q) = H(x,p)+ q, we observe that the vector (n(x),0) is the unit outer
normal at (z,t) € 8, the conditions (A1)~(A7) are satisfied with B and Q in
place of B and () and the Lagrangian Lof His given by

L(z,&n) = sup (p-&+qn—H(z,p)) = L(x,§) + 03 (n),  (3.15)

(p,q)€RH1

where d41y is the indicator function of the set {1}, i.e, d;13(n) = 0if n =1 and
= o0 if § # 1. If we set for (z,t) € 9,
G(a,t) ={(7.0,9) ER"xRxR : B(x,p,q) >y p+dq—g for (p,q) € R},
then it is easily seen that G(z,t) = {(v,1,9) : (7,9) € G(x)}. B

The Skorokhod problem for  and B is to find for given (x,t) € Q,T>0
and (v,w) € L'([0, T],R™"") a pair of functions (n,7) € AC([0, T], R"*') and
I € L*([0, T],R) such that (n(0),7(0)) = (x,t), (n(s),7(s)) € Q for s € [0, T,
I(s) >0 for a.e. s€[0,T],1(s)=0if (n(s),7(s)) € Q for a.e. s € [0, T], and
((v=m)(s), (w—"7)(s), f(s)) € U(s)G(n(s),7(s)) for a.e. s € [0, T] and for some

f e LY([0, T],R). It is easily checked that for given (x,t) € Q, T > 0 and
(v,w) € LY([0, T],R™™), the pair of functions (n,7) € AC([0, T],R"“) and
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[ € L'([0, T],R) is a solution of the Skorokhod problem for Q2 and B if and only
if (n,v,1) € SPy(x) and 7(s) =t — [ (w (r))dr for all s € [0, T]. If we
take into account of the form (3.15), then we need to consider the Skorokhod
problem only with w(s) = 1. That is, in our minimization at (z,t) € @, we
have only to consider the infimum all over (n,v,l) € SP(x) and 7 such that
7(s) =t— [7(1+1(r))dr for s > 0. Note that this function 7 is decreasing on
[0, 00) and that 7(s) = 0 if and only if ¢ = [ (1 +{(r)) dr, which justifies the
choice of o in (3.14).
We have the following theorems concerning (DBC).

Theorem 3.5. The function W is a solution of (DBCQ) and continuous on Q.
Moreover, if ug € Lip (), then W € Lip (Q).

In the above theorem, the subsolution (resp., supersolution) property of
(DBC) assumes as well the inequality u(-, 0) < ug (resp., v(-, 0) > ug) on 0S2.

We do not give here the proof of the above theorem, since one can easily
adapt the proof of Theorems 3.2, using theorems 1.1 and 1.2, with minor
modifications. A typical modification is the following: in the proof of the
viscosity property of W, we have to replace the cures (n(s),t —s), with s > 0,
which are used in the proof of Theorem 3.2, by the curves (n(s),7(s)), with
s >0, where 7(s) :=1 — [J(1+1(r))dr.

A further remark on the modifications of the proof is the use of the following
lemma in place of [22, Lemma 5.5].

Lemma 3.6. Lett >0, x € Q, ¢ € C(Q x [0, t],R") and € > 0. Then there
is a triple (n,v,1) € SP(z) such that for a.e. s € ( 1),

H(n(s),v(n(s),7(s))) + L(n(s), —v(s)) < e = v(s) - ¥ (n(s), 7(s)),
where 7(s) ==t — [J(1+1(r))dr and ¢(z, s) := w(:p, 0) for s <0.

The above lemma can be proved in a parallel fashion as in the proof of [22
Lemma 5.5], and we leave it to the reader to prove the lemma.

3.2. Extremal curves or optimal controls. In this section we establish
the existence of extremal curves (or optimal controls) (n,v,l) € SP for the
variational formula (3.5). We set @ = Q x (0, 00).

Theorem 3.7. Let ug € Lip () and let u € Lip (Q) be the unique solution of
(CN). Let (x,t) € Q. Then there exists a triple (n, v, 1) € SP(z) such that

u(w,t) = /0 (L(n(s), —v(s)) + f(s)) ds + uo(n(1)),
where f = F(n,v,l). Moreover, n € Lip ([0, t|,R") and (v,l, f) € L>([0, t],R""?).

Proof. Fix (z,t) € Q. In view of formula (3.5), we may choose a sequence
{(nk, vk, )} C SPy(x) such that for k € N,

wat) 5> [ (s, =) + A0 b+ ). (316
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where fi := F (0, vk, l).

We show that the sequence {v,} is uniformly integrable on [0, t]. Once this
is done, due to Lemma 3.4, the sequences {7} and {l;} are also uniformly
integrable on [0, ¢]. If we choose a constant Cy > 0 so that Cy > maxsq B(x, 0),
then G(z,§) > —C for all (z,€) € 02 x R™ and hence, fi(s) > —Copli(s) for
a.e. s € [0, t]. Due to Lemma 3.4, there is a constant C; > 0, independent
of k, such that fiy(s) > —Ci|vk(s)| for a.e. s € [0, t], which implies that
|fx(8)] < fr(s) + 2C|vg(s)| for a.e. s € [0, t]. Since H is coercive, for each
A > 0 there exists a constant C'(A) > 0 such that L(z,§) > Al¢| — C(A) for
all (z,€) € Q x R". Combining these two estimates, we get for all A > 0,

Alvp(s)] + [fr(s)| < L(m(s), —vr(s)) + fr(s) + C(2C1 + A). (3.17)

We fix any A > 0 and measurable E C [0, t], and, using the above estimate
with A =0 and A = A, observe that

[ (Buts).=un(o)) + 5o + CC) s

< [ @) —u) + hils) + CCy) ds

<u(x,t) — ug(ne(t)) + % + C(Cy)t,

and hence,

A [ ool ds < [ (Lon(s)—uo) + Als) ds + 0201+ A ]

< QQm.[aX} lu| + 14+ C(Ch)t + C(2C, + A)|E],
x[0,t

where |F| denotes the Lebesgue measure of E. From this, we easily deduce
that {v;} is uniformly integrable on [0, t|]. Thus, the sequences {7}, {vx} and
{l} are uniformly integrable on [0, ¢].

Next, we show that {fx} is uniformly integrable on [0, ¢]. To this end, we
fix two finite sequences {c;} and {f;} so that

0<ar<Bi<a<fr< <y, <fn<t
Set By = 0 and a,,41 = t. In view of the dynamic programming principle, we
have for j =0,1,2,...,m,
®j+1
w(ne(55),t = B;) < ulne(eya), t — ;) +/ (L(mi(s), —va(s)) + fu(s)) ds.
ﬁ.

Subtracting these from (3.16) yields
- Zu(ﬂk(ﬁj),t - B5) > — ZU(nk(aj),t — )

J=1 J=1

- z;/a (L(nk(s), —vk(s)) + fu(s)) ds.

e

(3.18)
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Hence, if K > 0 is a Lipschitz bound of u, then we get

Z/ (L(nk(s), —vr(s))+ fal(s)) ds < %JrKZ (ke (B5) =1 ()| 18— ;1)

Now, using (3.17) with A = 0, we find that

m Bj m Bj
Fu(s)lds <~ ¢ (Klin(s)] + K + C(201)) ds,
j=1 " k j=1"%

from which we infer that {f;} is uniformly integrable on [0, ¢].

We apply the Dunford-Pettis theorem to the sequence {(n, vk, lk, fx)}, to
find an increasing sequence {k;} C N and functions h, v € L'([0, t], R"),
I, f € L]0, t], R) such that, as j — oo, ('r']kj,vkj,lk],fk ) = (h,v, 1, f) weakly
in L'([0, t], R*"2).  Setting n(s) = x + [J h(r)dr for s € [0, t], we have
Nk, (s) — n(s) uniformly on [0, t] as j — oo. Then as in the last half of the
proof of [22, Lemma 7.1], we infer that

/0 L(n(s),—v(s))dsﬁliminf/o L(nk,(s), —vx,(s)) ds.

J—00

It is now obvious that

u(z,t) Z/O (L(n(s), —v(s)) + f(s)) ds +uo(n(t)). (3.19)

Now, we show that (n,v,1) € SPy(z). It is clear that n(s) € Q for all
€ [0,¢t] and I(s) > 0 for a.e. s € [0, t]. It is thus enough to show that
( (s ) n(s), f(s)) € l(s)G(n(s)) for a.e. s € [0, t]. Setting & := v, — 7 and
§&:=wv—1n on |0, t], we have
zk<s>B<nk<s>, p) > &(s) p— ful(s) forall p € R" and ac. s € [0, 2,
Let ¢ € C([0, t],R) satisfy ¢(s) > 0 for all s € [0, t]. We have

/0 ¢(s) (Ie(s)B(ne(s), p) = &(s) - p+ fu(s)) ds 2 0 for all p € R™.

Sending k — oo along the subsequence k£ = k;, we find that

/0 o(s) (U(s)B(n(s), p) — £(s) - p+ f()) ds >0 for p € R™,

This implies that (£(s), f(s)) € I(s)G(n(s)) for a.e. s € [0, t|, and conclude
that (n, v, ) € SPy(x).

Next, we set f(s) = F(n,v,0)(s) for s € [0, t]. Since (v(s) —n(s), f(s)) €
I(5)G(n(s)) for a.e. s € [0, t], we see that f(s) < f(s) for a.e. s € [0, #] and
f e LY([0, t],R). Using (3.19) and (3.5), we get
(L(n(s), —v(s)) + f(s)) ds + uo(n(t))

u(x,t) >

t

(L(n(s), —v(s)) + f(5)) ds +uo(n(t)) > u(z,1).

S— S—

v
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Therefore, we have f(s) = f(s) for a.e. s € [0, ¢] and

ule,t) = / (Ln(s), —v(s)) + F(s)) ds + uo(n(t)).

Finally, we check the regularity of the triple (n,v,l) € SP;(z) and the func-
tion f. Fix any interval [a, 8] C [0, t], and observe as in (3.18) that

B8
/ (Lin(s), —v(s)) + F(s)) ds <u(n(B).t — B) — uln(a), t — a)

B
<K [ i(s)lds + K (5 - a).

Here we may choose a constant C3 > 0 so that [n(s)] < Cs|vk(s)| for a.e.
s € [0, t]. Combining the above and (3.16), with (n, v, f) in place of (n, vk, fr)
and A = KC35+ 1, and setting Cy = C(2C, + KC3 + 1), we get

8
/ (lo(s)l + ()]} ds < (K + Ca) (6 — o),

from which we conclude that (v, f) € L*([0, t],R™™) as well as (n,1) €
L>=([0, t], R™H1). O

An immediate consequence of the previous theorem is the following.
Theorem 3.8. Let ¢ € Lip () be a solution of (E1), with a = 0. Let x € €.
Then there is a triple (n, v, l) € SP(x) such that for any t > 0,
t
o) = ol(0) = [ (Ln(s), —o(s)) + £s)) s, (320
0
where f := F(n,v,l). Moreover, n € Lip ([0, 00),R") and (v,1, f) € L>=([0, oo), R"*?).

Proof. Note that the function u(x,t) := ¢(x) is a solution of (CN). Using
Theorem 3.7, we define inductively the sequence {(nx, vk, lx) }k>0 C SP as
follows. We first choose a (1, vo, lo) € SP(x) so that

¢(n0(0)) — &(1mo(1)) :/0 (L(mo(s), —vo(s)) + F (10, v0, o) (s)) ds.

Next, we assume that {(nx, vk, lx) }r<j—1, With j > 1, is given, and choose a
(nj, v;, ;) € SP(n;—1(1)) so that

¢(n;(1)) — ¢(n;(0)) :/0 (L(n;(s), —v;(5)) + F(nj, v5,15)(s)) ds.

Once the sequence {(nx, vk, lg) tk>0 C SP is given, we define the (n, v, ) €
SP(z) and the function f on [0, co) by setting for £ € NU {0} and s € [0, 1),
(n(s + k), vi(s + k), Us + k), f(s+ k) = (m(s), vr(s), le(s), F(ng, vk, i) (5))-

It is clear that (n,v,l) € SP(x), f = F(n,v,1) and (3.20) is satisfied. Thanks to
Theorem 3.7, we have n; € Lip ([0, 1], R") and (v, I, fx) € L=([0, 1], R"?)
for £ > 0. Moreover, in view of the proof of Theorem 3.7, we see easily
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that supgsg |[(ve, fi)l|ze(0,1) < 00, from which we conclude that (n, v, [, f) €
Lip ([0, 00),R") x L([0, 00), R™*2). m

3.3. Derivatives of subsolutions along curves. Throughout this section
we fix a subsolution u € USC () of (E1) with @ = 0, 0 < T < oo and a
Lipschitz curve 7 in , i.e., n € Lip ([0, T],R™) and n([0, T]) C Q.

Henceforth in this section we assume that there is a bounded, open neighbor-
hood V of 92 for which H, B and n are defined and continuous on (QUV ) xR™,
V x R™ and V, respectively. Moreover, we assume by replacing # and Mg in
(A3), (A4) respectively by other positive numbers if needed that (A1), with V'
in place of Q, and (A3)—(Ab), with V in place of 02, are satisfied. (Of course,

these are not real additional assumptions.)

Theorem 3.9. There exists a function p € L*([0, T],R"™) such that for a.e.

t €0, T], Suon(t)=p(t)-n(t), Hn(t),pt) <0, and B(n(t),p(t)) <0
if n(t) € 0.

To prove the above theorem, we use the following lemmas.

Lemma 3.10. Let w € Lip (), {w.}.~o C Lip () and {p-}.~0 € L>=([0, T],R").
Assume that w.(x) — w(x) uniformly on Q as e — 0 and, for a.e. t € [0, T},

gtw‘f on(t) =p(t) -0t),  H{(), p(t)) <,

B(n(t), p-(t)) < e if n(t) € o
then there exists a function p € L*>([0, T],R™) such that for a.e. t € [0, T,
stwon(t) = p(t)-0(t), H(n(t), p(t)) <0, and B(n(t), p(t)) < 0 if n(t) € 0.
Proof. Observe first that for all ¢ € [0, T7,

Mmm—wmmn—Ap&Wﬁ@dsS%%—whwm

Next, we observe by the coercivity of H that {p.} is bounded in L*>°([0, T, R"™),
and then, in view of the Banach-Sack theorem, we may choose a sequence
{p;}jen and a function p € L>°([0, T],R™) so that p; is in the closed convex
hull of {p. : 0 < e < 1/5}, p; — p strongly in L*([0, T],R™) as j — oo
and p;(t) — p(t) for a.e. ¢t € [0, T] as j — oco. By (3.21) and the convexity
of H and B, we see that, for a.e. ¢ € [0, T], H(n(t), p;(t)) < j', and
B(n(t), p;(t)) < g7t if n(t) € 092. Moreover, we have, for all t € [0, T7,

wn(®) = w) = [ i) i) a5 <2 s o =l

O<e<j—1

(3.21)

Now, by sending j — oo, we get for a.e. ¢ € [0, T], H(n(t), p(t)) <0, and
B(n(t) p( )) <0 if nt) € 99, and, for all t € [0, T], w(n(t)) —w(n(0)) =
fo s)ds. The proof is complete. O

Lemma 37.11. Let z € 02 and ¢ > 0. Then there are an open neighborhood
U of z in Q, a sequence {V;}jen of open neighborhoods of U NOQ in V and a
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sequence {u;}jen of C' functions on W; := U UV}, such that for each j the
function u; satisfies

H(z, Duj(x)) <e in W;,
B(z, Duj(z)) <e inVj,

and, as j — 0o, uj(x) = u(x) uniformly on U.

We now prove Theorem 3.9 by assuming Lemma 3.11, the proof of which
will be given after the proof of Theorem 3.9.

Proof of Theorem 3.9. In view of Lemma 3.10, it is enough to show that for
each e > O there exists a function p. € L*([0, T],R™) such that for a.e.

€ (0, ], guon(t) = p(t) - 0(t), H((t), p=(t)) < e, and B(n(t), p-(1)) < e
1f n(t) € 0. To show this, we fix any ¢ > 0. It is sufficient to prove that for
each 7 € [0, T, there exist a neighborhood I, of 7, relative to [0, T, and a
function p, € L*(I,, R") such that for a.e. t € I, Suon(t) = p.(t) - n(t),
H(n(t), ps(t)) < =, and B(n(t), p,(1)) < = if n(t) € 060,

Fix any 7 € [0, T']. Consider first the case where n(7) € Q. Thereisa d > 0
such that n(I,) C Q, where I, := [t — 0, 7+ §] N[0, T]. We may choose an
open neighborhood U of z such that n(l,) C U € Q. By the mollification
technique, for any a > 0, we may choose a function u, € C*(U) such that
H(z,Duy(z)) < e and |ug(z) — u(x)] < a for all x € U. Then, setting
Pra(t) = Dua(n(t)) for ¢t € I; and o > 0, we have ~Lu, 0 n(t) = pra(t) - 7(t)
and H(n(t),pra(t)) < e for ae. t € I and all &« > 0. Hence, by Lemma

3.10, we find that there is a function p, € L*>°(I,, R™) such that for a.e. t € I,

stuwon(t) =p-(t) -i(t) and H(n(t),p-(t)) < e

Next consider the case where n(7) € 9€). Thanks to Lemma 3.11, there are
an open neighborhood U of n(7) in €2, a sequence {V;};en of open neighbor-
hoods of UNJN in V and a sequence {u;} ey of C* functions on W; := UUV;
such that for any j € N, H(z, Duj(x)) <e forall z € W;, B(x,Du;(z)) <e¢
for all z € V; and |uj(x)—u(x)| < 1/j forallz € U. We now choose a constant
§ > 0sothatif I, := [t—0, 7+0]N[0, T, then n(I.) C U. Set p;(t) = Du;(n(t))
for t € I.. Then, for a.e. t € [0,T], we have Su;on(t) = p;(t) - n(t),
H(n(t), pj(t)) <e, and B(n(t), p;(t)) < e if n(t) € 0Q. Lemma 3.10 now
ensures that there exists a function p, € L*>°(1,,R") such that for a.e. t € I,
suon(t) = p(t) - i(t), H(n(), p-(t)) < e, and B(n(t), p-(t)) < e if
n(t) € 9. The proof is now complete. O

For the proof of Lemma 3.11, we need the following lemma.

Lemma 3.12. Let w € Lip (Q) be a subsolution of (E1), with a = 0. Let
z€0Q and p € DYw(z). Assume that p+tn(z) & DY w(z) for allt > 0. Then

peﬂ U Drw(x).

r>0 z€B,(2)NQ

In particular, we have H(z, p) <O0.
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Proof. We choose a fucntion ¢ € C*(Q) so that D¢(z) = p and the function
w — ¢ attains a strict maximum at z. Let ¢» € C'(R") be a function such
that Q = {z € R" : ¢(x) < 0} and Dy(x) # 0 for all x € 9Q. For e > 0,
let 7. € Q be a maximum point of the fucntion ® := w — ¢ — 1» on Q. It is
obvious that z. — z as ¢ — 0+ and D(¢ + ev)(x.) € DV w(z.). Suppose that
x. = z. Then we have D¢(2) + | Dy (2)|n(z) € DT w(z), which is impossible
by the choice of p. That is, we have x. # z. Observe that for any = € 0€2,
O(z) = (w—¢)(z) < (w—0¢)(2) = P(2) < P(z.), which guarantees that
. € Q0. Thus we have p = lim. 0 D(¢ + e¥)(22) € U, Nueans, ) DTw (@),
which implies that H(z, p) <0. O

Proof of Lemma 3.11. We fix any 0 < ¢ < 1 and z € 9Q. Since Q is a C*
domain, we may assume after a change of variables if necessary that z = 0 and
for some constant r > 0,

B.NQ={x=(x1,...,2,) € B, : 7, <0}.

Of course, we have n(z) = n(z) = e, for all x € B, N 0.
Now, we choose a constant K > 0 so that for (z,p) € QxR", if H(z, p) <0,
then [p| < K. We next choose a constant R > 0 so that |B(x,p) — B(z,p)| < ¢
for all (z,p) € (02N Br) x Bg. Replacing r by R if r > R, we may assume
that » < R.
We now show that u is a subsolution of
{ H(z,Du(z)) <0 in B, N,

B(z, Du(z)) <& on B, N o, (3.22)

To do this, we fix any x € B, N Q and p € D*u(z). We need to consider only
the case when x € 0). We may assume that H(z, p) > 0. Otherwise, we have
nothing to prove. We set 7 := sup{t > 0 : p+ tn(z) € DT u(z)}. Note that
B(z,p) <0 and, therefore, 7 > 0. Since the function t — B(x, p+tn(x)) — 0t
is non-decreasing on R, we see that B(z, p+tn(x)) > 0 for all ¢ large enough.
Also, it is obvious that H (z, p+tn(x)) > 0 for all ¢ large enough. Therefore, we
see that p+tn(x) € DVu(x) if ¢ is large enough and conclude that 0 < 7 < 0.

Since D*u(x) is a closed subset of R™, we see that p + mn(z) € D u(x).
From the definition of 7, we observe that p + tn(x) ¢ DVu(x) for t > 7. We
now invoke Lemma 3.12, to find that H(z, p + mi(z)) < 0.

We recall the standard observation that if ¢ € DTu(z), then ¢ — tn(z) €
Dtu(zx) for all ¢t > 0. Hence, we must have either H(x, p + tn(z)) < 0 or
B(z, p+tn(z)) <0 forany t < 7. Set o :=sup{t € [0, 7| : H(z, p+in(z)) >
0}, and observe that 0 < o0 < 7 and H(z, p+on(z)) < 0. There is a sequence
{t;} C [0, 7] converging to o such that H(z, p + t;n(x)) > 0, which implies
that B(z, p + t;n(x)) < 0. Hence we have B(z, p + on(z)) < 0. Thus we
have 0 > 0, H(z, p+ on(z)) <0 and B(x, p+ on(z)) < 0. By the choice of
K, we have p 4+ on(z) € By, and hence B(z, p + on(x))) < e. Noting that
n(x) = n(z) and o > 0, we see by the monotonicity of ¢ — B(z, p + tn(z))
that B(z, p) <e. Thus we find that u is a subsolution of (3.22).
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Following the arguments of Lemma 4.3, we can show that there exist a
function ¢ € C*(R™) N Lip (R") and a constant § > 0 such that for all £ € R",

¢(§) = (K +1)[¢] and
> —¢ if fnZ—cS,
<e if &, <.

B(z, D((E)) — 35{

We may also assume that ¢ € C°°(R") and all the derivatives of ¢ are bounded
on R".

We introduce the sup-convolution of u as follows:

Uo(z) == max_(u(y) —a(*£2)) for z € R",
yeBNQ

where a > 0. We write (,(§) for a(({/«) for convenience, and note that
B(z, D, (&) > 2e if &, > —ad and B(z, D(,(§)) < 4e if &, < ad. Set
U=Bpn{zeR" : x, <0}, Vo={z € By : |z,] < 6’} and
W, = {z € Brjp oy < da’}. Note that U is an open neighborhood of
z = 0 relative to €2, V,, is a open neighborhood of U N 02 and W, = U U V,,.
We choose an 0 < ag < 1 so that V, C V for all 0 < a < ag, and assume
henceforth that 0 < a < «yp.

We now prove that if « is small enough, then u, satisfies in the viscosity
sense

H(z,Duy(z)) <e in W,,
B(z, Duy(z)) <4e in'V,.

To this end, we fix any 2 € W, and p € D¥u, (). Choose § € B, N Q so
that u () = u(y) — (o(y — 2). It is a standard observation that if § € B,,
then D, (g — &) = p € DYu(y).

Next, let Z denote the projection of Z on the half space {x € R" : z,, < 0}.
That is, z = z if 2, < 0 and T = (21,...,T,_1,0) otherwise. We note that
|z — 2| < da? < da < d and u(Z) — (W(T — ) < ue(2) = u(y) — Cu(§ — 7).
Hence,

w(@) —u(@) = G —2) = (T —2) =2 (K+1)[§ — 2 - @ sup ¢(&/a),

Sa2
and furthermore, (K+1)|§—2| < K[Z—g[+ Ra, where R := Kd+supgcp, ((§)
Accordingly, we get |y — 2| < Ra. We may assume that Rag < 7/2, so that
y € B,.

If g, <0, then y € Q and we have H(y,p) < 0. Moreover, writing wy for
the modulus of H on (B, N Q) x By, we get H(2,p) < H(J,p) + wr(Ra) <
wy(Ra). We may assume by reselecting ag by a smaller positive number that
wrp(Ra) < e. Thus we have H(z, p) < e.

Next, assume that g, = 0. We have g, — Z, > 0, and hence, B(z, D(,(y
T)) > 2e. Since |7 — #| < da?, we find that |DC, (5 — %) — D¢ (9 — T)
Clz=l < Céa, and

a

B(z, D (y — 1)) > B(z, D (g — 2)) — MCéa) > 2e — MpCéa,

<
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where C' > 0 is a Lipschitz bound of D({. We may assume by replacing «y
by a smaller positive number if needed that MgCda < . Then we have
B(z, p) = B(z, D(,(y — %)) > €, and therefore, H(y,p) < 0. As before, we
get H(z,p) < wy(Ra) < e . Thus we conclude that if 0 < a < «p, then
H(z, Du,(z)) < ¢ is satisfied in W, in the viscosity sense.

Next, we assume that & € V,. Since g, < 0, we have §, — &, < da? < do
and B(z, p) = B(z, D(.(y — 2)) < 4e. Thus, u, satisfies B(z, Du,(x)) < 4e
in V, in the viscosity sense.

Since H (z, Du,(z)) < € in W, in the viscosity sense, the functions u, on W,
with 0 < a < ag, have a common Lipschitz bound. Therefore, by replacing r a
smaller positive number if necessary, we may assume that for any 0 < a < «,
B(x, Duy(z)) < be in V,, in the viscosity sense.

Finally, we fix j € N and choose an a; € (0, ap) so that |ue, (z) —u(z)| < 1/j
for all x € U. By mollifying u,,, we may find a function u; € C’l(%Waj) such
that |u;(z) — u(2)| < 2/j for all x € U, H(x, Duj(z)) < 2¢ for all
x € W, and B(z, Duj(z)) < 6 for all x € 3V,,. The collection of the
open subset %U of Q, the sequence {%Vaj }jen of neighborhoods of 92 N %U
and the sequence {u;} ey of functions gives us what we needed. 0J

Lemma 3.13 (A convexity lemma). Let {uy}rea C C(Q x (0, 0)) be a
nonempty collection of subsolutions of (3.6), (3.7). Set u(x,t) = infyep up(z,t)
for (z,t) € Qx (0, 00). Assume that u is a real-valued function on Q x (0, 0o).
Then u is a subsolution of (3.6), (3.7).

Proof. Set Q = Q x (0, 00). Fix (#,%) € Q and ¢ € C*(Q), and assume that
u — ¢ attains a strict maximum at (#,#). We may assume that ¢ has the
form: ¢(x,t) = (x) + x(t) for some functions ¥ and y. Fix any € > 0. By
Lemma 3.3, there exists (v, g) € C(99, R"™) such that (y(z), g(z)) € G(x)
and B(z, Di(x)) < e + y(z) - DY(z) — g(z) for all z € 9. By this first
condition, we see that the functions uy, with A € A, are subsolutions of

ut(l‘at)+H(x7Du($7t)):O n Qa 3.93

v(z) - Du(z,t) = g(x) on 00 x (0,00). (3:23)
By [22, Theorem 2.8], we find that w is a subsolution of (3.23), which implies
that either x,(f) + H(&, Dy(2)) < 0, or & € 9Q and (&) - Dip(2) — g(2) <
0. But, this last inequality guarantees that B(z, Dy (%)) < e. Since € > 0
is arbitrary, we see that either x,(#) + H(&, Di(#)) < 0, or & € 9Q and
B(&, Di(z)) < 0. Hence, u is a subsolution of (3.6), (3.7). O

The above proof reduces the nonlinear boundary condition to the case of a
family of linear Neumann conditions. One can prove the above lemma without
such a linearization procedure by treating directly the nonlinear condition and
using Lemma 3.11 as in the proof of [22, Theorem 2.8].

It is worthwhile to noticing that another convexity lemma is valid. That is,
if u and v are subsolutions of (3.6), (3.7), then so is the function A\u+ (1 — \)v,
with 0 < A < 1.
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Note that the propositions, corresponding to this convexity lemma and
Lemma 3.13, are valid for (DBC).

3.4. Convergence to asymptotic solutions. In this section, we give the
second proof of Theorem 1.5 for (CN). We write Q = Q x (0, 0o) throughout
this section.

We define the function us, on © by

Uso(7) = inf{o(z) : ¢ € Lip (Q), ¢ is a solution of (E1) with
a=0, ¢ >uy on Q}, (3.24)

where u; is the function on Q given by

uy (z) = sup{e(z) : v € Lip (Q), ¢ is a subsolution of (E1) with
a=0, 19 <wugon Q}.

It is a standard observation that uy and u., are Lipschitz continuous functions
on ) and are, respectively, a subsolution and a supersolution of (E1), with
a = 0. Moreover, using Lemma 3.13, we see that u is a solution of (E1), with
a = 0.

Lemma 3.14. We have uq(7) = liminf, ,o u(x,t) for all = € Q.

For the proof of this lemma, we refer to the proof of [23, Proposition 4.4],
which can be easily adapted to the present situation, and we skip it here.

Proof of Theorem 1.5. We show that

tlim u(z,t) = us(z) uniformly for z € Q. (3.25)
—00
Therefore, in order to prove (3.25), it is enough to show the pointwise con-
vergence in (3.25). Moreover, by Lemma 3.14, we need only to show that
limsup u(z,t) < us(z) forall z € Q.
t—o0
Now, we fix any € Q. Since uy, is a solution of (E1), with a = 0, by

Theorem 3.8, there is an extremal triple (n,v,l) € SP(x) such that, if we set
f =F(n, v, 1), then we have

Uoo(1(0)) = ueo (n(t)) = /0 (L(n(s), —v(s)) + f(s)) ds forall t >0,

which is equivalent to the condition that —Lu o n(t) = L(n(t), —v(t)) +
f(t) for a.e. t > 0. Moreover, we have n, v € L*>([0, 0c0),R") and [, f €
L>([0, ), R). By Theorem 3.9, there exists a function p € L>(]0, ) ™)
such that for a.e. ¢ € [0, 00), “Lue on(t) = p(t) - n(t), H(n(t), p(t)) <0 and
B(n(t), p(t)) < 0 if n(t) € 9. Observe that I(t)B(n(t), p(t)) = (v —n)(t) -
p(t) — f(t) for a.e. t € [0, 00).
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Next, combining the above relations together with the Fenchel-Young in-
equality, —w - ¢ < H(y,q) + L(y, —w), we observe that if we set £ = v — 7,
then for a.e. ¢ >0,

—%uoo(n(t)) = —p(t) - 0(t) = —p(t) - (v(t) — £(1))
< H(n(t), p(t)) + Ln(t), —v(t)) +p(t) - £(t)
< L(n(t), —v(t)) +p(t) - £(t)

(
< L(n(t), —o(t)) + 1) B(n(t), p(t)) + f(t)
d
< L(n(t), —v(t)) + f(t) = — g u(0(t)).
Thus, all the inequalities above are indeed equalities. In particular, we find
that —u(t) - p(t) = H(n(t), p(t)) + Lin(t), —v(t)) = L(n(t), —v(t)) for ac.
t > 0, which shows that H(n(t), p(t)) = 0 and —v(t) € 9,H (n(t), p(t)) for a.e.
t>0.

We here consider only the case when (A7), is valid. It is left to the reader
to check the other case when (A7)_ holds.

The argument outlined below is parallel to the last half of the proof of [23,
Theorem 1.3]. Since (A7), is assumed, there exist a constant dy > 0 and a
function wy € C([0, 00)) satisfying wy(0) = 0 such that for any 0 < § < §y and
(y, 2) € QA x R if H(y,q) =0 and 2 € 9,H (y, q) for some ¢ € R", then

Ly, (146)z) < (14 6)L(y, z) + owy(0).
This ensures that for a.e. t > 0 and all 0 < § < Jy,
L(n(t), (1 +d)v(t)) < (1 +d)L(n(t), —v(t)) + dwo(d). (3.26)

We fix £ > 0, and note (see for instance the proof of [23, Theorem 1.3]) that
there is a positive constant Ty and, for each y € €, a constant 0 < T(y) <Tp
such that u(y, T(y)) < us(y) + €.

We choose to > Tj so that Ty /(to—To) < do. Fix any t > tg, and set y = n(t),
T=T(y),S=t—Tand 6 = (t —95)/S. Note that § = T/(t = T) < §y and
d—0ast— o0o. Weset ns(t) =n((1+0)t), vs(t) = (1+0)v((1+0)t), Is(t) =
(1+0)I((1+0)t) and f5(t) = (1 +0)f((1 4+ d)t) for ¢ > 0. Using (3.26) and
noting that (14 96)S =t and 65 =T < Tp, we get

S t
| Elste) =) as < [ Lnte), =os) ds + T 0.

Hence, noting that (ns,vs,ls) € SP(x) and fs = F(ns,vs,ls) and using the
dynamic programming principle, we find that

S
u(a,t) < / (L(s(s), —vs(s)) + f5(5)) ds + u(ns(S), £ — 5

_ /O (L(n(s), —v(s)) + f(s)) ds + 0o (8) + uly, T)
<Uso () + Towo(0) + €,
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which implies that lim sup,_, . u(x,t) < us(x). The proof is now complete. [J

Finally we briefly sketch some arguments in order to explain how to adapt
the dynamical approach to Theorem 1.5 for (CN) to that of Theorem 1.5 for
(DBC). As usual, we assume that ¢, = 0 and let uy be the same function
as in (3.24). We infer that liminf, . u(z,t) = us(x) for all z € Q. To
prove the inequality limsup, . u(z,t) < us(z) for x € Q, we fix x € Q and
e > 0, and select a triple (n,v,l) € SP(z), a constant Ty > 0 and a family
{T(y)},ea C (0, To] as in the dynamical approach.

We fix t > 0 and introduce the function 7 on [0, 0o) given by 7(s) = ¢t— [ (1+
[(r))dr. Define the constant o € (0, t| by 7(c) = 0. Since [ € L>([0, o0),R),
we have 0 — oo as t — o0o. Weset y = n(o), T = T(y), S = o =T
and 6 = (0 — S)/S. We note that §S = 0 — S = T and that, as t — o0,
S=0-T — oocand § =T/S — 0. We assume henceforth that ¢ is large
enough so that § < dy.

We define 75, vs, ls and f5 as in the dynamical approach for (CN). We define
the function 75 on [0, 00) by 75(s) =t — [ (1 +Is5(r)) dr for s > 0. It is easily
seen that 75(5) = T. Then we compute similarly that

S o
/0 L(ns(s), —vs(s)) ds < /0 L(n(s), —v(s))ds + dSw(d),

where wy € C([0, 00)) is a function satisfying wy(0) = 0, and

S
U(%t)é/o (L(ms(s), —vs(s)) + f5(5)) ds + u(ns(5), 75(S))

< [ (). ~09) + £(5) ds+ Ty (3) + (o) T)
0
<Uso(T) + Towo(9) + €,
from which we conclude that limsup, ,._u(z,t) < us(x) for all z € €.

3.5. A formula for u.. Once the additive eigenvalues of (E1) and (E2) are
normalized so that ¢ = 0, the correspondence between the initial data uy and
the asymptotic solution u., is the same for both (CN) and (DBC).

We assume that ¢ = 0, and present in this section another formula for the
function u., given by (3.24).

We introduce the Aubry (or, Aubry-Mather) set A for (E1), with a = 0. We
first define the function d € Lip (Q x ) by

d(z,y) = inf{¢p(x) —(y) : ¢ is a subsolution of (E1), with a = 0},

and then the Aubry (or, Aubry-Mather) set A for (E1), with a = 0, as the
subset of €2 consisting of those points y where the function d(-, y) is a solution
of (E1), with a = 0.

Theorem 3.15. The function us, given by (3.24) is represented as
Uoo () = Inf{d(z,y) +d(y, z) +ue(2) : 2 €Q, y € A}.
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The function u, has the formula similar to the above: uy (z) = inf{d(x,y)+
up(y) = y € Q}. Accordingly, we have uq(7) = inf{d(z,y) +uy (y) : y € A}.

We do not give the proof of these formulas, and instead we refer the reader
to [23, Proposition 4.4] and [5, Proposition 6.3] where these formulas are es-
tablished for (E1) with the linear Neumann condition.

4. APPENDIX

4.1. Construction of test-functions. In order to prove Theorem 1.1, we
have to build test-functions. For the convenience of the reader, we briefly recall
how to construct these functions and refer to [1, 2, 3, 20| for more general cases
as well as more details.

Lemma 4.1. There exists My > 0 such that for any § € (0,1) and £ € 012,
there exists a function C*° € CY(R™1) such that

g+ B(&.p+ C(p, )1r(€))]| < m(6),
1D,C° (p,@)| + |D,C*(p, q)] < M, and
D,C*(p,q) <0
for any (p,q) € R" x R, where m is a modulus.
Proof. By (A2) and (A3) there exists a function C¢ € C(R" x R) such that
q+ B(&,p+ Cp,q)n(€)) =0,

1C¢(p1, @) — C¥(pa, @2)| < Mi(|p1 — po| + |1 — o))

for some M; > 0. Noting that r — B(§,p + ri()) is increasing, we see that
q — C%(p, q) is decreasing for any p € R™. Therefore we see that a regularized
function C¢° by a mollification kernel satisfies the desired properties. O]

Similarly we can prove

Lemma 4.2. For any a > 0, there exists My, > 0 such that for any b € R,
0 €(0,1), and € € 09, there exists a function C’E:g e CY(R™) such that

b+ B(E alp+ O35 (=p)(€))] < ma(8).
IDC3(p)] < M,
for any p € R™, where m, is a modulus.

Now we are in position to build the test-functions we need. We are going
to do it locally, i.e. in a neighborhood of a point £ € 02 and we set pge(x) =

A(€) - .
Lemma 4.3. For fized constants a,b € R, we denote by Csjg, Ma, and M,
the functions and the constant given in Lemma 4.2 for 6 € (0,1) and £ € 0S).
We introduce the function x defined, for Z € R™, by
_ 2P es 2 Alpe(2))?
xX(Z) = o T Ca,b(g)ﬂf(z) t—
fore € (0,1) and A > 0. If A > max{M?2,, (M,Mp)/20} =: My, then
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1z

i) x(2) > = — My,|Z| for all Z € R",

(ii) For all R > 0 there exists a modulus m = mg, such that if |z—y|/e* < R,
then

b+ B(x,—aDx(x —y)) <m0 +e+ |z —¢[+ |y —£l),
if v € 00,y € Q and

b+ By, —aDx(z —y)) 2 —m(0 +e+ |z — & + |y — &),
for x € Q,y € O9.

Proof. We first prove (i). Note that Cg:g(p) < 0552(0) + My,|p| for all p € R™
by Lemma 4.2. Thus,

AL Z Alpe(2))?
«(2) 2 20 (2 1)) + A2
Z|? pe(Z
>0 gz O 4
Z2
> 2wz

for all Z € R". We have used Young’s inequality in the second inequality
above.
We next prove (ii). We have for any = € 02

—x
—aDx(x —y) :a(y? + ng

()

(pe(@) — pely ))(chg( ) — 240(€)).

-2
We divide into two cases: (a) pe(x) — pe(y) < 0; (b) pe(z) — pe(y) > 0.
We first consider Case (a). Using (A0) and a Taylor expansion at the point
(x +1y)/2, it is easy to see that

0 < p(z) = ply) = n((x +y)/2) - (x = y) + oz — y]) for x € OQ.
Using the continuity of Dp, and therefore of n, we see that
pe(x) = pe(y) =n(&) - (x —y)
=n((z+y)/2) - (x —y) + (2() —n((z +y)/2)) - (z —y)
>o(lz —y|) —m(lz — & + |y — &)z -yl .

for some modulus m. Therefore, taking into account the restriction |z—y|/e? <
R and changing perhaps the modulus m, we have

pe(x) — pe(y)
52

+

> —m(e+ [z =&+ [y —<&]),

and this yields

M%o and _a(”f(x);”f(y))(DCﬁ:S(x;y)—2Aﬂ<€>)%0
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as e — 0, z — &, and y — &, which implies that

b+ Bla, —aDx(z —y)) <b+ B, a( L0+ cp (F5 1))

pe(x) — pey x—y i
+MB‘a< ¢ ( )82 t(y)) (DCSZS(g—g) —2An(§)))}
<m0 +e+ e =&l +y—£f)

In Case (b) by (A3), (A4) and Lemma 4.2, we get (changing perhaps the
modulus m)

b+ B(x,—aDx(x —y))

— X
g2

+ ng(x - y)ﬁ(§)>) i a(Pé(“’) — re(y)) (MB|DC§:2| —240)

Y
§b+B(:p,a< >

<b+ B a(Y5T + CH D)) +mlle —é€))

22 2
<m(6+ |z — &),

since A > (My,Mp)/26. Gathering the two cases, we have the result. Similarly
we obtain b+ B(y, —aDx(z —y)) > —m(d+e+ |z —&|+|y—¢]|) ify € 002. O

™

4.2. Comparison Results for (CN) and (DBC).

Proof of Theorem 1.1. We argue by contradiction assuming that there would
exist 7' > 0 such that maxg_(u —v)(x,1) > 0, where Q7 := Q x (0,7).
Let u” denote the function

wiat) = max {ule,s) = (1/9)( = 5%}

for any v > 0. This sup-convolution procedure is standard in the theory of
viscosity solutions (although, here, it acts only on the time-variable) and it is
known that, for v small enough, u” is a subsolution of (CN) in Q x (a.,, T +1),
where a, 1= (2ymaxq,.,, [u(z,t)])!/* (see [2, 9] for instance).

Moreover, it is easy to check that |u]| < M, in Q X (a,, T+ 1) and therefore
by the coercivity of H and the C'-regularity of 9Q we have, for all z,y € Q,
t,s € lay, T+ 1]

(2, 8) = u(y, 5)| < M,(Jz =yl + [t = s]) (4.1)

for some M, > 0. Finally, as v — 0, maxg (u” — v)(x,1) — maxg (u —
v)(x,t) > 0.

Therefore it is enough to consider maxg (u” — v)(x,t) for v > 0 small
enough, and we follow the classical proof by introducing

max{(u” — v)(z,t) —nt},
T

for 0 < n < 1. This maximum is achieved at (&,7) € Q x [0, 7], namely
(= v)(§,7) —nt = maxg {(u” —v)(z,t) — nt}. Clearly 7 depends on 1 but
we can assume that it remains bounded away from 0, otherwise we easily get
a contradiction.
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We only consider the case where £ € 9€). We first consider problem (CN).
We introduce the function y; defined by : x1(Z) := x(—Z) where x is the
function given by Lemma 4.3 with a = 1 and b = 0. It is worth pointing out
that, compared to the proof of Lemma 2.2, the change Z — —Z, consists in
exchanging the role of z and y, which is natural since the variable x is used
here for the subsolution while it was corresponding to a supersolution in the
proof of Lemma 2.2.

We define the function ¥ : QO x 0,7] — R by

Vi(z,y,t) =u(z,t) —v(y,t) —nt — x1(z — y) — a(p(x) + p(y))
— |z —¢P—(t—1)%

Let W, achieve its maximum at (Z,7,1) € Q° x [0,T]. By standard arguments,
we have

T,y—>&andt —>Tase —0 (4.2)

by taking a subsequence if necessary. In view of the Lipschitz continuity (4.1)
of uY, we have

p| < M, (4.3)

where p := (T — 7) /&2
Taking (formally) the derivative of U with respect to each variable x,y at
(7,7, 1), we have

D, u"(Z,t) = D,x1(T —79) 4+ 2(T — &) + an(T),
Dyu(7,1) = Dyx1(T —7) — ai(y).
We remark that we should interpret D,u” and D,v in the viscosity solution
sense here. We also point out that the viscosity inequalities we are going to

write down below, hold up to time T, in the spirit of [2], Lemma 2.8, p. 41.
By Lemma 4.3 we obtain

B(@, Dyu(z,t) > —m(6 +e+ |7 — &+ [7—€]) +0a >0,
B(@, Dyv(y,t)) <m(d +e+ |7 =&+ 7 —¢]) —0a <0

for €, > 0 which are small enough compared to o > 0, where m is a modulus.

Therefore, by the definition of viscosity solutions of (CN), using the argu-
ments of User’s guide to viscosity solutions [9], there exists aj,ay; € R such
that

a; + H(z, D,u (T, 1))

<0,
as + H(y, Dyv(y,t)) =0
with a; —as = n+2(t — 7). By (4.3) we may assume that p — p as ¢ — 0 for
some p € R™ by taking a subsequence if necessary. Sending ¢ — 0 and then
a — 0 in the above inequalities, we have a contradiction since a; —as — 1 > 0
while the H-terms converge to the same limit. Therefore 7 cannot be assumed
to remain bounded away from 0 and the conclusion follows.
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We next consider problem (DBC). Let (£, 7) be defined as above and let O
be the function given by Lemma 4.1. We define the function ys : R x R — R
by

xalw =yt ) =55 (I = ol 4 (¢ = 97) + (L 20 (o) — oly)
L Alp(@) = p(y))*

-2
for A > M?. We define the function W : Q% [0, 7] — R by
\I[2<x7y7t7 8) IZUPY(JI’t) - U(y7 S) - TIt - X2<SL’ - y7t - S) + Oé(p(.l’) + p<y))
— |z =P = (t -7
Let Wy achieve its maximum at (Z,7,1,3) € Q° x [0, T]? and set

_ T-7 _ 1-%
pi=—5 Q=
£

gz
Derivating (formally) W, with respect to each variable ¢, s at (Z,7,1,5), we
have

D = 14 D) LT 10D

(p(@) — r()

c2

)

v5(7,3) = g+ D,C*°(p,q) -

We remark that we should interpret u; and v in the viscosity solution sense
here.

We consider the case where T € 9. Note that D,C*°(p,g) < 0 and then
we have

u) (T, t) + B(T, D,u(Z, 1))

- D,09.7) - "L 17+ B D7)

> —m(d+e+ T +|y—¢&)+0a>0

for €,0 > 0 which are small enough compared to a > 0. In the case where
y € 0f) we similarly obtain

(7, 3) + B, Dyo(y)) <m(d+¢e) —0a <0

for £,0 > 0 which are small enough compared to o > 0.
The rest of the argument is similar to that given above and therefore we
omit the details here. 0J

4.3. Existence and Regularity of Solutions of (CN) and (DBC).

Proof of Theorem 1.2. The existence part being standard by using the Perron’s
method (see [19]) , we mainly concentrate on the regularity of solutions when
ug € WH*(Q)). We may choose a sequence {uf}ren € C1(Q) so that ||uf —
ooy < 1/k and ||Duf||o < C for some C' > 0 which is uniform for all
k e N. We fix k € N.
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We claim that u® (2,t) := =Mt + uf(z) and u® (z,t) := Myt + uf(x) are,
respectively, a sub and supersolution of (CN) or (DBC) with uy = uf for a
suitable large M; > 0. We can easily see that u% are a sub and supersolution
of (CN) or (DBC) in Q if M; > max{|H(x,p)| : x € Q,p € B(0,C)}.

We recall (see [25, 9] for instance) that if € 92, then

D (z,t) = {(Duf(x) + A\i(x), —M;) : XA <0},

where Dt u” (z,t) denotes the super-differential of u* at (z,¢). We need to
show that

min{—M, + H(z, Duf(x) + Mi(z)), B(z, Duf(x) + Ai(x))} <0

for all A < 0. By (A2) it is clear enough that there exists A < 0 such that, if
A < A, then B(x, Duf(x) + Mi(z)) < 0. Then choosing M; > max{H (z,p +
Mi(z)) + x € 09, p € B(0,C), A < A < 0}, the above inequality holds.
A similar argument shows that u® is a supersolution of (CN) for M; large
enough. It is worth pointing out that such M; is independent of k. We can
easily check that u” are a sub and supersolution of (DBC) on 99 x (0, c0) too.

By Perron’s method (see [19]) and Theorem 1.1, we obtain continuous solu-
tions of (CN) or (DBC) with ug = uf that we denote by u*. As a consequence

of Perron’s method, we have
— Myt +ub(z) < uF(x,t) < Myt + uf(z) on Q x [0,00).

To conclude, we use a standard argument: comparing the solutions u*(x,t)
and u®(x,t + h) for some h > 0 and using the above property on the u*, we
have

lu" G-+ h) = () loe < (-, h) = af (-, 0) oo < Mih
As a consequence we have [|(u*);||.o < M) and, by using the equation together
with (A1), we obtain that Du” is also bounded. Finally sending k& — oo by
taking a subsequence if necessary we obtain the Lipschitz continuous solution
of (CN) or (DBC).

We finally remark that, if ug € C(Q), we can obtain the existence of the
uniformly continuous solution on Q x [0,00) by using the above result for
ug € WH*(Q) and (1.1) which is a direct consequence of Theorem 1.1. O

4.4. Additive Eigenvalue Problems.

Proof of Theorem 1.3. We first prove (i). For any ¢ € (0,1) we consider
{ eu. + H(x,Du.) =0 in Q,

B(xz,Du.) =0 on 0f. (4.4)

Following similar arguments as in the proof of Theorem 1.2, it is easy to prove
that, for C' > 0 large enough —C'/e and C'/e are, respectively, a subsolution
and a supersolution of (4.4) or (4.6).

We remark that, because of (A1) and the regularity of the boundary of €2, the
subsolutions w of (4.4) such that —C'/e < w < C/e on Q satisfy |Dw| < M,
in 2 for some My > 0 and therefore they are equi-Lipschitz continuous on
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Q. With these informations, Perron’s method provides us with a solution
u. € WH(Q) of (4.4). Moreover, by construction, we have

leu.] < My on Q and |Du.| < M, in Q. (4.5)

Next we set v.(2) := u.(z) — u.(20) for a fixed 29 € Q. Because of (4.5) and
the regularity of the boundary 0, {v.}.c(0,1) is a sequence of equi-Lipschitz
continuous and uniformly bounded functions on €. By Ascoli-Arzela’s Theo-
rem, there exist subsequences {v.,}; and {u.,}; such that

Ve, = U, €ju., — —c uniformly on ()

as j — oo for some v € WH(Q) and ¢ € R. By a standard stability result of
viscosity solutions we see that (v, ¢) is a solution of (E1).
In order to prove (ii) we just need to consider

eus + H(x,Du.) =0 in Q,

4.6
eus + B(z, Du.) =0 on 0% (4.6)

instead of (4.4). By the same argument above we obtain a solution of (E2). [
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