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Foreword

These lecture notes contain the material relative to the courses given at the CIME
Summer School held in Cetraro, Italy, from August 29 to September 3, 2011. The
topic was Hamilton—Jacobi Equations: Approximations, Numerical Analysis and
Applications

The courses dealt mostly with the following subjects: first-order and second-
order Hamilton—Jacobi-Bellman equations, properties of viscosity solutions,
homogenization and asymptotic behaviours, mean field games, approximation and
numerical methods, and idempotent analysis. The content of the courses went from
an introduction to viscosity solutions to quite advanced topics, at the cutting edge
of the research in the field. We believe that they opened perspectives on new and
delicate issues.

This volume contains four courses

* Finite Difference Methods for Mean Field Games
Yves Achdou

* An Introduction to the Theory of Viscosity Solutions for First-Order Hamilton—
Jacobi Equations and Applications
Guy Barles

* A Short Introduction to Viscosity Solutions and the Large Time Behavior of
Solutions of Hamilton—Jacobi Equations
Hitoshi Ishii

* Idempotent/Tropical Analysis, the Hamilton—Jacobi and Bellman Equations
Grigory L. Litvinov

A fifth course held at the workshop by Panagiotis E. Souganidis of the University
of Chicago (Homogenization and Approximation for Hamilton—Jacobi Equations)
is not included in this volume.

The participants came from several countries (ordered decreasingly with the
number of participants): Italy, France, the USA, Argentina, Austria, Chile, China,
Germany, Japan, Greece, Iran, Rumania, Russia, Sweden and Vietnam.



vi Foreword

On September 1st, Paola Loreti, Elvira Mascolo and Nicoletta Tchou organized
a session open to the younger researchers. This “CIME-young” session allowed the
doctoral students and posdoctoral researchers to present their new results.

Young Speakers

* Moreno Concezzi
Universita Degli Studi Roma Tre, Italy
Numerical methods and applications-dynamic programming for HCS and frac-
tionary laplacian approximation
* Jean-Paul Daniel
Laboratoire Jacques-Louis Lions—Université Paris 6, France
A game interpretation for fully non linear equations with Neumann condition
* Tiziano De Angelis
Sapienza Universita di Roma, Italy
Optimal stopping of a Hilbert space valued diffusion process
* Joscha Diehl
University of Berlin, Germany
Pathwise approach to rough Burger’s PDEs
* Benjamin Fehrman
University of Chicago, USA
Homogenization of systems of viscous Hamilton—Jacobi equations
* Giulio Galise
Universita degli Studi di Salerno, Italy
Viscosity solutions of uniformly elliptic equations without boundary and growth
conditions at infinity
* Anna Chiara Lai
Dipartimento di Scienze di Base e Applicate per I’Ingegneria, Sapienza Univer-
sita di Roma, Italy
A multi-phalanx self-similar robot finger
* Roberto Mecca
Dipartimento di Matematica “G. Castelnuovo”, Sapienza Universita di Roma,
Italy
Shape from shading via photometric stereo technique a new differential approach
* Cristina Pocci
Dipartimento di Scienze di Base e Applicate per I’Ingegneria, Sapienza Univer-
sita di Roma, Italy
Propagation of fronts in nonlinear diffusion equations
e FElJ. Silva,
Dipartimento di Matematica “G. Castelnuovo”, Sapienza Universita di Roma,
Italy
A semi-Lagrangian scheme for a Ist order-infinite horizon mean field game
model
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Finite Difference Methods for Mean Field
Games

Yves Achdou

Abstract Mean field type models describing the limiting behavior of stochastic
differential game problems as the number of players tends to +o0o, have been
recently introduced by J-M. Lasry and P-L. Lions. They may lead to systems of
evolutive partial differential equations coupling a forward Bellman equation and a
backward Fokker—Planck equation. The forward-backward structure is an important
feature of this system, which makes it necessary to design new strategies for
mathematical analysis and numerical approximation. In this survey, several aspects
of a finite difference method used to approximate the previously mentioned system
of PDEs are discussed, including: existence and uniqueness properties, a priori
bounds on the solutions of the discrete schemes, convergence, and algorithms for
solving the resulting nonlinear systems of equations. Some numerical experiments
are presented. Finally, the optimal planning problem is considered, i.e. the problem
in which the positions of a very large number of identical rational agents, with a
common value function, evolve from a given initial spatial density to a desired target
density at the final horizon time.

1 Introduction

Mean field type models describing the asymptotic behavior of stochastic differential
games (Nash equilibria) as the number of players tends to 400 have recently been
introduced by Lasry and Lions [25-27]. In some cases, they lead to systems of
evolutive partial differential equations involving two unknown scalar functions: the
density of the agents in a given state x, namely m = m(¢,x) and the potential
u = u(t,x). Since the present work is devoted to finite difference schemes, we

Y. Achdou (X))

University of Paris Diderot, Sorbonne Paris Cité, Laboratoire Jacques-Louis Lions, UMR 7598,
UPMC, CNRS, F-75205 Paris, France

e-mail: achdou@ljll-univ-paris-diderot.fr

Y. Achdou et al., Hamilton-Jacobi Equations: Approximations, Numerical Analysis 1
and Applications, Lecture Notes in Mathematics 2074,
DOI 10.1007/978-3-642-36433-4_1, © Springer-Verlag Berlin Heidelberg 2013
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2 Y. Achdou

will assume that the dimension of the state space is d = 2 (what follows could
be generalized to any dimension d, although in practice, finite difference methods
require too many computing resources when d > 4). In the periodic setting,
typical such model comprises the following system of evolution partial differential
equations

%(t,x) —vAu(t,x) + H(x, Vu(t, x)) = &[m(t,-)](x), @))]
a—m(t,)c) +vAm(t, x) + div (m(t, -)a£(~, Vu(t, ))) (x) =0, 2)
ot ap

in (0, T') x T2, with the initial and terminal conditions
u(0,x) = up(x), m(T,x)=mr(x), 3)

in T2, given a cost function u and a probability density m7.

Let us make some comments on the boundary value problem (1)—(3).

First, note that 7 is the remaining time to the horizon, (the physical time is in fact
T — 1), so up should be seen as a final cost or incitation, whereas mr is the density
of the agents at the beginning of the game.

Here, we denote by T?> = [0, 1]* the two-dimensional unit torus, by v a
nonnegative constant and by A, V and div, respectively, the Laplace, the gradient
and the divergence operator acting on the x variable. By working on the torus T2, we
avoid the discussion of the boundary conditions, but other boundary value problems
can be considered, for example, Dirichlet conditions or Neumann conditions if
v > 0.

The system also involves the scalar Hamiltonian H(x, p), which is assumed to
be convex with respect to p and ¢! regular w.r.t. x and p. The notation %—I;(x, q) is
used for the gradient of p — H(x, p) at p = q.

Finally, in the cost term @[m(t,-)](x), @ may be:

* Either a local operator, i.e. @[m(t,-)](x) = F(m(t, x)) where F is a €' regular
function defined on Ry. In this case, there are existence theorems of either
classical (see [15]) or weak solutions (see [26]), under suitable assumptions on
the data, H and F.

* Or anon local operator which continuously maps the set of probability measures
on T? (endowed with the weak * topology) to a bounded subset of Lip(T?),
the Lipschitz functions on T2, and for example maps continuously % (T?) to
€*+12(T?), forall k € Nand 0 < o < 1. In this case, classical solutions of
(1)-(3) are shown to exist under natural assumptions on the data and some
technical assumptions on H.

Consider the important special case when the Hamiltonian is of the form

H(x,Vu) = sup [y -Vu— L(x, y)].
¥



Finite Difference Methods for Mean Field Games 3

In this case, if # and m solve the system above, then Dynamic Programming
arguments, see Bardi—Capuzzo Dolcetta [8], Fleming—Soner [17], show that the
solution u of the forward in time Hamilton—Jacobi—Bellman equation (1) is the value
function of an optimal control problem for the controlled dynamics defined on T? by

dX; = —ysds + V2v dWy,

(here s is the physical time, t = T — s is the time to the horizon, (W;) is a Brownian
motion), and running cost density L(Xj, ys) + @[m(s,-)](X;) depending on the
position X, the control y; and the probability density m(s, -). On the other hand,
(2) is a backward Fokker—Planck equation with velocity field %—IZ(X, Vu) depending
on the value function itself.

We have chosen to focus on the case when the cost u;—¢ depends directly on x.
In some realistic situations, the final cost may depend on the density of the
players, i.e. u;—g = Pg[m|;=o](x), where @, is an operator acting on probability
densities, which may be local or not. This case can be handled by the methods
proposed below, but we will not discuss it in the present work.

System (1)—(2) consists of a forward Bellman equation coupled with a backward
Fokker—Planck equation. The forward-backward structure is an important feature of
this system, which makes it necessary to design new strategies for its mathematical
analysis (see [26,27]) and for numerical approximation.

The following steady state version of (1)—(3) arises when mean field games with
infinite horizon are considered (ergodic problem):

—vAu(x) + H(x,Vu(x)) + A = &[m(-)](x), inT?, )

—vAm(x) — div (m%—;]( Vu)) (x) =0, inT2 5)

with the additional normalization of u: sz u = 0. The unknowns in (4)—(5) are the
density m, the function u and the scalar A.

We refer to the mentioned papers of J-M. Lasry and P-L. Lions for analytical
results concerning problems (1)—(3) and (4)—(5) as well as for their interpretation in
stochastic game theory. Let us only mention here that a very important feature of
the mean field model above is that uniqueness and stability may be obtained under
reasonable assumptions, see [25-27], in contrast with the Nash system describing
the individual behavior of each player, for which uniqueness hardly ever occurs. To
be more precise, uniqueness for (1)—(3) is true if @ is monotonous in the sense that
for all probability measures m and 72 on T2,

/ (@m](x) — P[](0)) [dm(x) — din(x)) <0 = m = . ©)

Examples of MFG models with applications in economics and social sciences
are proposed in [19, 20, 23]. Many important aspects of the mathematical theory
developed by J-M. Lasry and P-L. Lions on MFG are not published in journals or
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books, but can be found in the videos of the lectures of P-L. Lions at College de
France: see the web site of College de France [29]. We also refer to [14] for a nice
survey and new results in the deterministic case (v = 0), and to [7] for an interesting
paper on explicit solutions of some linear-quadratic mean field games.

In this survey, we will focus on a finite difference method in order to approximate
the solutions of (1)—(3). An important research activity is currently going on about
approximation procedures of different types of mean field games models, see [24]
for a numerical method based on the reformulation of the model as an optimal
control problem for the Fokker—Planck equation with an application in economics
and [18] for a work on discrete time, finite state space mean field games. We
also refer to [21, 22] for a specific constructive approach when the Hamiltonian is
quadratic. Finally, a semi-discrete approximation for a first order mean field games
problem has been studied in [13].

The method described below has first been proposed and discussed in [2,3]. The
numerical schemes that we use rely basically on monotone approximations of the
Hamiltonian and on a suitable weak formulation of the Fokker—Planck equation.
These schemes have several important features:

» Existence and uniqueness for the discretized problems can be obtained by similar
arguments as those used in the continuous case.

e They are robust when v — 0 (the deterministic limit of the models).

* Bounds on the solutions, which are uniform in the grid step, can be proved under
reasonable assumptions on the data.

This survey is organized as follows: Sect.2 is devoted to the presentation of
the finite difference schemes, to existence and uniqueness results under various
assumptions, and to a priori estimates on the solutions of the nonlinear system
arising from the discretization. An example of a convergence result is given in
Sect. 3. Section 4 is devoted to possible algorithms for solving the previously
mentioned nonlinear system, with an emphasis on some preconditioned iterative
methods for the linearized discrete MFG system. Some numerical simulations are
presented in Sect. 5. Finally, Sect. 6 is devoted to the planning problem, in which the
initial condition in (3) is replaced with m (0, x) = mo(x).

2 Finite Difference Schemes

The scheme presented below was originally proposed and studied in [3].

2.1 Description of the Schemes

Let Ny be a positive integer and At = T/Np, t, = nAt,n = 0,...,Nr.
Let TZ be a uniform grid on the torus with mesh step A, (assuming that 1/7% is
an integer Nj), and x;; denote a generic point in ’]1‘%. The values of u# and m at
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(xi,j, ) are respectively approximated by u] j and m7 ;. Let u" (resp. m") be the
vector containing the values u;/ ; (resp. mj ), for 0 < i, j < N, indexed in the
lexicographic order. We may refer to such vectors as grid functions. For all grid
function z on T2, all i and j, we agree that Zij = Z; mod Ny).(; mod N,)-

2.1.1 Elementary Finite Difference Operators

Let us introduce the elementary finite difference operators

Ui j+1 —Ujj

u; g Ui
(Df'u),] = L and (D;—M),J = 7 s

; (N

and define [Dju]; ; as the collection of the four possible one sided finite differences
atx; ;:

[Dhu],',j = ((Dl"'u)i,j, (Dl"'u),-_l,j, (D;—I/l)i’j, (D;_M),',j_l) S R4. (8)

We will also need the standard five point discrete Laplace operator

1
(Apu); j = _ﬁ(‘mi,j — Ui — Wil — Ui 1 — Ui j—1).

2.1.2 Discrete Bellman Equation
Numerical Hamiltonian

In order to approximate the term H(x, Vu) in (1) or (4), we consider a numerical
Hamiltonian g : T? x R* — R, (x,¢1,¢2,¢3.q4) — g (X.q1.92.q3.q4) satisfying
the following conditions:

(g1) Monotonicity: g is nonincreasing with respect to ¢; and g3 and nondecreasing
with respect to ¢, and ¢4.
(g2) Consistency: g (x,q1,q1,92.q2) = H(x,q), VYx € T2, Vg = (¢q1,¢2) € R%.
(g3) Differentiability: g is of class €.
(g4) Convexity: (q1,92,93,94) — & (X,q1,92,43,q4) is convex.
We will approximate H (-, Vu)(x; ;) by g(xi j, [Dnul; ;).
Standard examples of numerical Hamiltonians fulfilling these requirements are

provided by Lax—Friedrichs or Godunov type schemes, see [3]. For example, if the
Hamiltonian H is of the form

H(x,p) = #(x) + |p|’, €))
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with B > 1, the conditions above are all fulfilled by the discrete Hamiltonian
given by
g(x.q) = A (x)+ Glar .4 .45 .45). (10)

where, for a real number 7, ¥+ = max(r,0) and r~ = max(—r,0) and where

G : (Ry)* — Ry is given by

B
G(p) = Iplf = (p7 + p3 + 3 + PD)". (11)

Discrete Version of the Cost Term @ [m(t, -)](x)

We introduce the compact and convex set

0 = {(mi j)o<i j<n, :hzzmi.j =1; m; >0} (12)
i

which can be viewed as the set of the discrete probability measures.
We will often make the following assumptions, @, being local or not:

(D) We assume that @, is continuous on J77,.
(®12) The numerical cost @}, is monotone in the following sense:

(d)h[m] - gDh[’/;l]s’/n - l’)~1)2 = 0= d)h[m] = d)h[’/;l]s (13)

where (u,v);, = ZO<,.J<N}1 u; jv; ;. This assumption and (g4) will be a
sufficient condition for the discrete MFG system to have at most a solution,
@, being local or not.

If @ is a local operator, i.e. @[m](x) = F(m(x)), F being a continuous function
from R* to R, then the discrete version of @ is naturally given by (®;[m]); ; =
F(m; ;). In this case, the operator @, is continuous on the set of nonnegative grid
functions.

If @ is a nonlocal operator, then we assume that the discrete operator @, has the
following additional properties:

(®p3) We assume that there exists a constant C independent of & such that for all
grid function m € 7,

[®nlm]lloo < C (14)

and
[(@n[m])ij — (Pr[mDiel < Cdr(xi ), Xr0) (15)

where dr(x, y) is the distance between the two points x and y in the torus T?.
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(®p4) Define # as the set of probability densities, i.e. nonnegative integrable
functions m on T2 such that sz m(x)dx = 1. For a grid function m;, € %},
let m;, be the piecewise bilinear interpolation of m;, at the grid nodes: it is
clear that m;, € £ . We assume that there exists a continuous and bounded
function w : R4+ — R4 such that w(0) = 0 and for all m € JZ, for all
sequences (my)n, my € JHp,

| @[m] = Pu[mn] || Loo(r2) = @ (Ilm = mpll L1 er2)) - (16)
Let .#,m be the grid function whose value at x; ; is

1

— m(x)dx.
h? [x=xi jloo<h/2

It is clear that if m € JZ then .%,m € %, and that (16) implies that

lim sup || @[m] — Pp[Ihm] || oo (q2) = 0. an
h—)Ome% h

For example, if ®[m] is defined as the solution w of the equation A’w + w = m
in T2, (A2 being the bilaplacian), then one can define @;[m},] as the solution wy, of
Aiwh + wp = my in Tﬁ. It is possible to check that all the above properties are
satisfied.

Discrete Bellman Equation

The discrete version of the Bellman equation is obtained by applying a semi-implicit
Euler scheme to (1),

un+l —

I (A g G D) = (@D (8)

for all points in ’I['ﬁ and all n, 0 < n < Nr, where all the discrete operators have

been introduced above. Given (m"),—o...ny—1, (18) and the initial condition u?J. =

uo(x; ;) for all (i, j) completely characterize (4" )o<n<ny -

2.1.3 Discrete Fokker-Planck Equation

In order to approximate equation (2), it is convenient to consider its weak formula-
tion which involves in particular the term

/ div (ma—H(, Vu)) (xX)w(x) dx.
T2 ap
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By periodicity,

/ div (ma—H(, Vu)) (X)w(x)dx = —/ m(x)a—H(x, Vu(x)) - Vw(x) dx
T2 ap T2 ap

is valid for any test function w. The right hand side in the identity above will be
approximated by

—h? Z m; Vg (xi ;. [Dpulij) - [Dawlij = h? Z T j(u,m)w j,

iJj i.J

where the transport operator .7 is defined as follows:

T j(u,m)
g g
mi a_ql(xi,ja [Dpuli j) —mi—1; a_ql(xi—l,ja [Dpuli—1,;)
g g
+mit1,; a_(xi+1,j7 [Dpu]i+1,5) — mi.,ja—(xi,j’ [Dnuli ;)
1 q> q2
~n
0 d
mi a—g(xi,j, [Dpuli ;) — mi,j—l_g(-xi,j—lv [Dpuli j—1)
4 q3 g 0g3 ¢
+mi,j+la_q4(xi,j+ls [Dpui j+1) —mi a_%(xi,jv [Dpuli ;)
(19)
The discrete version of (2) is thus chosen as follows:
m?jl - m?,j n n+l . n
B va— +v(Apm™);j + Fi ;" m") = 0. (20)

This scheme is implicit w.r.t. to m and explicit w.r.t. u because the considered
Fokker—Planck equation is backward. Given u, (20) is a system of linear equations
for m. It is easy to see that if m" satisfies (20) for 0 < n < Nr and if mNT e 4,
then m" € ), foralln,0 <n < Nr.

Remark 2.1. 1t is important to realize that the operator

m > (=v(Awm)i; — T (u.m)), ;

is the adjoint of the linearized version of the operator

ur> (—v(Apu)i; +g(xi ), [Dh”]i’/))i,j'
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2.1.4 Summary

The fully discrete scheme for system (1)—(3) is therefore the following: for all 0 <
i,j <Npand0 <n < Nrp

i
S — v (A"t + g (g, [Py ) = (@ulm" )i,

1 @n
ST v (M) + Ty @ mt) =0,

with the initial and terminal conditions

1 ..
mleT = ﬁ/ my(x)dx, u?j =up(xij), 0=<i,j <Ny (22)
[x=xi jloo<h/2

2.2 Existence and A priori Bounds

We recall a useful lemma that can be found in e.g. [16]. We give its proof for
completeness.

Lemma 2.1. Let v be a grid function on Ti and p be a positive parameter. Assume
that (g1)—(g3) hold. There exists a unique grid function u such that

pu; j + g(x; ;. [Dpuli j) — v(Apu)i; = v; ;. (23)

Proof. Existence for (23) is proved by using Leray—Schauder fixed point theorem:
indeed, we consider the mapping .# : RY — Rth,

1
(FW)i; = - (v(Apu)ij — g(xij. [Dpuli ;) + vij) .

and the real number r = maxg; j) \H(x,-,j ,0) —v; | /p. From the continuity of g,
7 is continuous from B, = {u € RV : |lullso < r} to RYi.

Assuming that u € dB,, there must exist at least one pair of indices (i, jo) such
that u;, ;, = %r. Assuming that u;, ;, = r, we have

V(Ah“)iosjo - g(xioﬁjo’ [Dh“]ioﬁjo) = _H(xioﬁjo’ 0),

from the monotonicity and the consistency of g. Hence,

1
(F W)ig,jo = - (—H (i joy» 0) + Vi jo) <,
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and (F(u))iy.j, 7 Aiyj, whenever A > 1. Similarly, if wu;, j;, = —r, then
(& ())iy,jo = —r which implies that (F (u));,,j, 7 Alti, j,- Therefore % (u) # Au
forall A > 1 and u € 0B,. The Leray—Schauder fixed point theorem can be
used: there exists a solution of (23) in B,. Uniqueness for (23) stems from the
monotonicity of g. O

We are ready to prove existence for (21)—(22) and a priori bounds if @ is a
nonlocal smoothing operator:

Theorem 2.1. (a) Assume that (g1)—(g3) and (®p) hold, that v > 0, that uy is a
continuous function on T2 and that my € J¥; then, (21)—(22) has a solution
such that m" € ), Vn.

(b) Furthermore, under the following conditions:

o @y, satisfies (Pp3)
e there exists a constant C such that

g
a(x,(ql,qmmqéx)) < C(1+ g1l + lq2| + lg3] + |gal)
Vx € T, V41,92, 43, G4 (24)

* uyg is Lipschitz continuous.

There exists a constant ¢ independent of h and At such that

max (|[u"[loo + | D" lloc) < c
0<n<Nt

Proof. We are going to construct a continuous mapping y : Ji/hN T — Ji/hN T and use
Brouwer fixed point theorem. Recall that %, can be seen as a compact and convex
subset of R .

We proceed in several steps:

Step 1: A mapping ¥: (m"), — (u"),
Given u°, consider the map ¥ : (m")o<n<Ny—1 € J/hNT — (") 1<n<nN;» solution of
the first equation in (21), i.e.

M(H._l — u’f’ .
1, i,
J v J _ U(Ahun+l)i,j + g(xi,ja [Dhun+l]i,j) — (qjh[mn])i,j, (25)

forn =0,...Nyr —1and 0 < i,j < Nj. The existence and uniqueness of 1" *!,

n =20,..., Ny — 11is obtained by induction: at each step, we use Lemma 2.1 with
p=1/Atand v;; = u} ; /At + (Ps[m"]); ;.
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Step 2: Boundedness and continuity of ¥

Looking at the proof of Lemma 2.1, we see that

i+ oo = max | At (H (i 1.0) = (@bm" D)) = |

From assumption (@) and the compactness of %}, we obtain that there exists a
constant C depending on & and u° but independent of (m"), such that ||u"|c <
C(1 + T). Therefore, ¥ maps Jith T to a bounded subset of R¥"*Ni . Moreover, by
using assumption (@) and well known results on continuous dependence on the
data for monotone schemes (see e.g. [16]), we see that the mapping ¥ is continuous
from 2" to RV Vi,

As a consequence, since all the norms are equivalent in RNTXN; , there exists a
constant L which depends on || D;u°| s, & and At but not on (m"), such that

IDsu" Hloo < L. (26)
Moreover, if (®p3) holds, then ||u"' ||ooc < C(14T), for a constant which does depend
on #° but not on A.
Step 3: Discrete Lipschitz continuity estimates on ¥ ((1m"),=o.... ny—1) under
additional assumptions
The solution of (25) is noted
un+l — @(un’mn+l)'
Standard arguments on monotone schemes yield that for all m € J7;, u,w € Rth,
[ (© @, m) = Ow,m) " oo < 1t —w) T lloo, (27)
[@(u,m) — O(w,m)|loc < [t —W|oo- (28)
For (£, m) € 72, call 7, ,,u the grid function defined by
(TemW)ij = Uetim+;-

It is a simple matter to check that
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(W,mu :1;H - (‘Cl,mu)

At
= (Pu[m" i j + (@u[m"))ivej+m — (Pn[m"])i

— g(Xigt.j4ms [Dn(temt" ] j) + g(xi . [Di(temu" i p),

n

SR V(Ap(temd"t™))ij 4+ gy, [Da(temu )i )

and therefore

"t = O(t " + Ate,m"),

o = ((d)h[mn])i+l,j+m — (Dp[m"));i )
" —g(Xiej4m [P (e i) + gy, [Da(zemu i) )

From assumption (®y3) and (24), there exists a constant C (independent of n, (m"),,
h and At) such that

lelloo < C (14 [ Dyt o) AV E + m2.

We conclude from (28) that

lzemu" =" oo < llTemu” — U |loo + CRAINV L2 + m? (1 + || Dpu" | o0) -
(29)

Thanks to (29),
(1= CAN| Dy oo < [ Dp [l + C AL

A discrete version of Gronwall’s lemma yields that there exists a constant L. which
only depends on C, T and the initial condition || Dju°||s such that (26) holds for
all n, 1 < n < Nr; this is a discrete Lipschitz continuity estimate, uniform with
respect to (m")o<n<ny—1, h and At.

Step 4: A fixed point problem for (m")o<n<ny—1

For (m")o<n<ny—1 € %NT and (u")1<pn<ny = Y((M")o<n<ny—1) and a positive
real number w, consider the following linear problem: find (m");<,<n; such that

Tt —
I, I, ~ ~ ~
L i)+ 0 (A + T ) = ] (30)
with the terminal condition mNT = mNt € J%,.
We are going to prove first that for u large enough, (30) has a unique solution
(M")o<n<Ny—1 € %/hNT, then that the mapping x: (m")1<n<n, — (") 1<n<n; has
a fixed point. Existence for (21)—(22) will then be proved.
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Step 5: Existence for (30)

Clearly (30) is the discrete version of a linear backward parabolic equation with a
terminal Cauchy condition. It can be written

m" 4 At(ui" + A"m") = m" '+ pAtm”, (31)

where A” is a linear operator depending on " 1.
Assumptions (g;) and (g3) imply that the matrix corresponding to Id + At A" has
positive diagonal entries and nonpositive off-diagonal entries. Furthermore, from
assumption (g3), (26) implies that there exists a constant C which may depend on

h, At and ||D2M|| but not on (m"), such that for all n, 1 < n < Np, forall i, j,
0<i,j <Np,andforalll =1,2,3,4,

a_g(xi,ja [Dyu"]; ;)| < C. (32)
9q¢

From this and the definition of the discrete transport operator .7, we see that for u
large enough but independent of (:n"), the matrix corresponding to /d + At(uld +
A") is a M-matrix, and is therefore invertible. The system of linear equations (31)
has a unique solution.

Moreover, since m” > 0 foralln = 0,..., Ny and since Id + At(uld + A") is
aM-matrix foralln,0 <n < Ny —1,m" >0foralln =0,..., Nr — 1.

We are left with proving that h? i nﬁj{i = 1,foralln, 0 <n < Nr. We see
that for two grid functions w and z, we have

(A"w, Z)2 =) Z(D?_W)i’j (D?_Z)i,j +v Z(D;_W)i,j(D;—Z)i,j
i,j i,j

+ Y wi[Duzl; ;- gq (xij. [Dau" ], ).
iy

(33)

From (33) and (31), it can be proved by induction that if #?(m "7, 1), = 1, then the
condition h2(77", 1), = 1 holds forall #, 0 < n < Ny.

Step 6: Existence of a fixed point of y
From the boundedness and continuity of the mapping ¥, and from the fact that g

is €1, we obtain that y is continuous. Therefore, we can apply Brouwer fixed point
theorem and obtain that y has a fixed point.

Conclusion

Assuming that m™™ € %, we have proved that the mapping y has a fixed point
that we call (m")o<y<ny- Calling (U")1<p<ny = Y((M")1<n<ny)s (M) n=0...Ny—1
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and ("),=1.. Ny satisfy (21)—(22). Moreover, under the additional assumptions in
the statement of Theorem 2.1, maxXo<,<n; (||u" lloo + || Dpu” ||oo) < ¢ for a constant
¢ independent of /# and Az. O

2.3 A Fundamental Identity

In this paragraph, we discuss the key identity (38) below, which leads to the stability
of the finite difference scheme under additional assumptions.
Let us define the nonlinear functional ¢ acting on grid functions by

N
e%on,u,a)::jfij{:ezy (34)
n=1 1,j

where
g =m7! (g(xi,js [Du");,j) — g(xi,j, [Du"); ;) — gq(xi ;. [Du"]; ;)
A((D#);; = [Du"):))-

Under Assumption (g4), it is clear that & (m,u,u) > 0 if m is a nonnegative grid
function. If g is of the form (10)—(11), we have a more precise estimate.
Consider a perturbed system:

;tn-H — i

s V@ + g i (D) = @yl + af
mrt g
IJA—IIJ + V(Ahﬁ’ln)i,j + eyi,j(ljtn-i_l,l’;’ln) = b,n]
(35)
Multiplying the first equations in (35) and (21) by mj ; —m}/ ; and subtracting, then
summing the results foralln = 0,..., Ny — 1 and all (i, j), we obtain
Ne—ly
Z E((MH_H _ i'tn-l—l) _ (Mn _ itn), (mn _ },;;ln))2
n=0

_ V(Ah(u”H _ ﬁn+l),mn _ I’;ln)z

Nr-l (36)
+ Y (g [Dau"t i) — g(xi g [Pyt i ) (ml ;= )
n=0 1i,j
Nr—1 Nr—1

= D (@ulm"] = DA m" — i), = Y (@ " =",
n=0

n=0
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where (X,Y), = >, ; Xi,jYi ;. Similarly, subtracting the second equation in (35)

from the second equation in (20), multiplying the result by u?jl —ﬁ;’jl and summing
forallm =0,..., Nr — 1 andall (i, j) leads to

Nr—1 1
Z ZZ((mn-H _ mn) _ (’,hn-l—l _ ’,hn)7 (un+l _ i'tn-l-l))z
n=0
+u((m" —m"), A"t =),
Nr—1
= 3wl DT =Y, - g (xig [Da ;)
n=0 i 37
Nr—1
+ Z Z’/hfj [Dh(un+l _ ’YH—I)]:’J - 8¢ (xi,j, [Dl1ﬁn+l]i,j)
n=0 i,j

Nr
— _ Z(bn_la ut — Ijln)z.
n=1
Adding (36) and (37) leads to the important identity

1 - - 1 . -
— —t(m"T — N N — Ty, + Zt(m0 —m° u® — i),

A
Nr—1
+ G @) + G + Y (Palm"] = D] m" =)y g
n=0
Nr—1 Nr
— Z (an’mn _mn)z + Z(bn l’un _ un)2
n=0 n=1

It is important to note that under assumptions (g4) and (@), the second line of
(38) is made of three nonnegative terms. This is the key observation leading to
uniqueness for (21)—(22), but it may also lead to a priori estimates or stability
estimates under additional assumptions.

Remark 2.2. 1t has been proved in [1] that if:

1. g is of the form (10)—(11) with 8 > 2 and if m is a nonnegative grid function
bounded from below by m, then

G (m,u,ii) > % S S|y, - w69

n=1 1i,j
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2. if g is of the form (10)—(11) with 1 < 8 < 2, and my ; = m, then forall (&t} ;)i jn

such that for all n, u} ; does not depend on i and j,

Nr
G(m,ii,u) =9 (m,0,u) = 2P BB —1m Y " " |[Du"]; ;1.

n=1 1i,j

Hence, in these cases, (38) leads to stability estimates for (21)—(22).

2.4 Uniqueness

Theorem 2.2. If (g1)—(g4) and (Dp)~(Ppo) hold and if v > 0, then (21)—(22) has

a unique solution.

Proof. Take two solutions of (21)—(22), (u, m) and (&, m) and use (38): the terms
in the first line and in the right hand side of (38) are zero. The three terms in the
second line are nonnegative, so each of them is actually zero. From (®y,), @ [m"] =
@;,[m"], for all n. From this and Assumption (g;), which yields the uniqueness
for the discrete Cauchy problem with the Bellman equation (18), we deduce that
u" = u" for each n. Injecting this piece of information into the discrete Fokker—
Planck equations for m and m finally implies that m = m. O

2.5 A priori Estimates for (21)-(22) with Local Operators @

Below, we give a result similar to Theorem 2.7 in [27]; this result which was
originally proposed in [1]:

Proposition 2.1. Assume that 0 < mp(x) < mr, that uy is a continuous function,
that g is of the form (10)—(11) with B > 1. If (®4[m]); ; = F(m; j), where

(F1) F isa %" function defined on [0, 00).
(F,) There exist three constants § > 0 and y > 1 and Cy > 0 such that

mF(m) > §|F(m)|" —C;, Vm >0,

then there exist two constants ¢ € R and C > 0 such that the solution of (21)—(22)
satisfies:

. M;l]

>c, foralln,i and j

Nr—1
Aty 0 + A Y Y Fon [ = c (40)

n=0 ij
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max hzz lui ;| < C (41)
i.j

0<n<Nt
e Finally, let us call U" the sum h*>y_ i.; Ui ; and Uy, the piecewise linear function

obtained by interpolating the values U" at the points (t,): the family of functions
(Up) is bounded in W'1(0, T) by a constant independent of h and At.

Proof. From the two assumptions on F, we deduce that F' = inf,,eg | F(m) is areal
number and that F = min,,>o F(m). Note that F = F(0) if F is nondecreasing.
A standard comparison argument shows that

uf ;> min up(x) + (E— max%(x)) t, = minug(x) — T (E— max%(x)) ,
J x€T? X€T2 x€T? x€T2

so uj ; is bounded from below by a constant independent of h and At.

Consider u uy ;= =nAtF(mr) and m = mrp forall i, j,n. We have
artt g
% — V(A" + g (e, [DRi" i ;) = Fimr) + H(xi ).
~n+l _ ~n
m;; —m; - - -
# 4 V(Ahmn)i,j + cyi’j(un+l,mn) —0.

Since Dyu" = 0 for all n, identity (38) becomes

Nr—1
h? Atg (m.u,0) + > Atg (7. 0.u) + B> At > > "(F(m} ;)
n=0 1i,j
— F(mr)(mj; —mr)
(42)
Nr—1
=h ALY Y A (xi ) m] — ) )
n=0 1i,j

+ B2(m™T —imp ™ =T F(nr)), — B> (m® — mr, u®),.

On the other hand:
1. Since the function x — J#(x) is bounded, and m" is a discrete probability

density, there exists a constant C such that

Nr—1

WAL Y Y A (xi ) m) =l )| < C.

n=0 1i,j
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2. Since m™NT —my is nonpositive with a bounded mass, and since u”" is bounded

from below by a constant, there exists a constant C such that
W (m™t —mp, uNT — TF(inr)), < C.

3. Since uy is continuous on T2 and my is a discrete probability density, there exists
a constant C such that

—h2(m° —mr,u), < C.
4. Finally, we know that
(F(m7j) - F(”_?T))(m7j —mr)
> 5 ‘F(m;{j ‘y — C =i F(m!! ) — ml! F(ir) + i F(r).
Moreover, since y > 1, there exist two constants ¢ = % and C such that

¥ 14
] ‘F(m?’j)‘ —mrF(mj};) = c ‘F(ml”])‘ — C. Since m" € J,, summing
yields that for a possibly different constant C,

WY () = FGR)on}; = i) = ch? Z [Fon [ ¢
i,j

We get (40) from (42) and from the four points above. Note that (40) implies that
there exists a constant C such that

Nr—1
WAL Y Y gl D)) < C, (43)
(=0 i.j

because, from the special form of g,

Nr—1
Y(nr,u,0) =mr Z Z (gCxij. [Dpu' )i ) = H(xi))) -
(=0 i)

Again from the special form of g and the boundedness of 5, we deduce that

Nr—1
WAL Y Y gy (D) < C. (44)
(=0 i.j

Finally, summing the first equation in (21) for all 7, j, 0 < £ < n one gets that

hZZu,J—FhZAZZZg(x,], Dyt ) = hZAzZZF(m, ])+h22u,]

=0 i,j =0 i,j
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Using (40) and (44), we get that there exists a constant C such that
Ry W <C,
i.j

and since u} ; 1s bounded from below by a constant, we get (41).

Finally, remember that U” is the sum h? >
in (21) for all 7, j, we obtain that

. . .
;.j Wi ;> summing the first equations

Un+l —_yn

Tt =G = Y (g [0 ) + Fnt ).

iJj

The bounds (40) and (44) imply that the piecewise linear function Uj, obtained by
interpolating the values U” at the points (Z,) is bounded in W'1(0, T) by a constant
independent of /& and At. O

3 Examples of Convergence Results

It is possible to obtain various convergence results depending on the assumptions
on g and @;,. In the case when @ is a nonlocal smoothing operator and assumptions
(Dn1), (Pr2), (Pp3), and (Pp4) hold for Py, things are easier because of the uniform
Lipschitz bound given in Theorem 2.1, and it is possible to prove convergence in
various norms, in particular a uniform convergence for the potential u:

Theorem 3.1. Let us make the following assumptions on the data: v > 0, B > 1;
the function x — 3 (x) is €' on T2, the functions uy and my are smooth, andmry €
His bounded from below by a positive number. We assume that @ is monotone in
the sense of (6), nonlocal and smoothing, so that there is a unique classical solution
(u, m) of (1)—(3) such that m > 0.

Consider a numerical Hamiltonian given by (10)—(11) and a numerical cost
function @y such that (DPn1), (Pp2), (Pn3), and (Ppa) hold. Let uy (resp. my) be
the piecewise trilinear function in €([0,T] x T?) obtained by interpolating the
values u; ; (resp mj ;) at the nodes of the space-time grid. The functions uj, converge
uniformly and in L™>*#-2) (0, T; W'™xB2(T2)) to u as h and At tendto 0. If B > 2
the functions my, converge to m in C°([0, T]; L>(T?)) N L?(0, T; H'(T?)) as h and
At tend t0 0. If 1 < B < 2, the functions mj, converge to m in L*>((0, T) x T?).

Proof. See [1]. O

In the case when @ is a local operator, it is still possible to state convergence
results. Here, for simplicity, we are going to focus on the case when H is given
by (9) with B > 1 and we make the assumption that the continuous problem has
a classical solution: existence of a classical solution can be true for local operators
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@: for example, it has been proved in [15] that if 8 = 2, and F is "' and bounded
from below, and if the functions u and my are €2 then there is a classical solution.

Remark 3.1. For the stationary problem (4), it can be proved that, if (F,) holds with
y > 2 (2 is the space dimension) and F is nondecreasing, then (4) has a classical
solution for any 8 > 1, by using the weak Bernstein method studied in [28].

Theorem 3.2. Let us make the following assumptions on the data: v > 0, H is
given by (9) with B > 1, x — £ (x) is €' on T? and g is given by (10)—(11), the
functions uy and mr are €%, and mr € ¥ is bounded from below by a positive
number. We assume that (F1) and (F>) hold, and that there exist three positive
constants 8, N1 > 0and 0 < n, < 1 such that F'(m) > § min(m™, m~™).

We assume that there is unique classical solution (u,m) of (1)—(3) such that
m > 0.

Consider a numerical Hamiltonian given by (10)—(11). Let uy, (resp. my,) be the
piecewise trilinear function in € ([0, T| x T?) obtained by interpolating the values
uj ; (resp mj ;) at the nodes of the space-time grid. The functions wj, converge in
LP0, T; WY (T?)) to u as h and At tend to 0. The functions my, converge to m in
L>7™((0,T) x T?) as h and At tend to 0.

Proof. For simplicity, we give the proof in the case f > 2 only. For the case
1 < B < 2, the proof is a bit more complicated, and we refer to [1]. Call
m = maxm(t,x) and 0 < m = minm(¢, x).

Note that m(¢,-) € # foranyt € [0, T].

We call &" and m" the grid functions such that u}; = u(nAt,x;;) and
m" = #,(m(t,,-)). The functions & and m" are solutions of (35) where a and b
are consistency errors. From the fact that (u,m) is a classical solution of (1)—
(3), we infer from the consistency of the scheme (in particular from (17)) that
maxo<n <Ny ([1a" || Loo(r2) + 16" | oo (12)) tends to zero as & and At tend to zero.

Step 1

As a consequence of the previous observations, the fundamental identity (38) holds,
and from (22), can be written as follows:

Nr—1
W2 AtG (m,u, i) + h> At (i, it, u) + h* At Z (Dp[m"] — ®p["], m" — "),
n=0
Nr—1 Nr
=AY (" m" =iy + B ALY (0" — i),
n=0 n=1

(45)
From Proposition 2.1, the a priori bound (41) holds for u;,. This implies that

\ lAitn_l)OhZ max |(" 7 u" —i"),| = 0.
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From the fact that m" € J#,, we also get that limj a;—o h? max, [(@",m" —
m"),| =0.
Therefore, since 8 > 2, and since nﬁf ;= m,we deduce from (45) and (39) that

Nr
war Y S| ~ o[ = o). (46)

n=1 1,j

Step 2

We also obtain from (45) that

Nr—1
WAL Y Y (F(ml ) — FGiy )m); —ml ) = o(1). (47)
n=0 ij

We split the sum w.r.t. (i, j) in the left hand side of (47) into
1
Sy = Z((m;-’,j — nﬁ?’j)_)z/ F’(nﬁ?’j + t(m7; —mj ;))dt,
— 0
i.j
, [
3= St =YV [ F G v i )
— 0
i.j

Call m = maxm(t, x) and m = minm(t, x) > 0; there exists a positive number ¢
depending on m and m but independent of & and At, and (i, j, n) such that

1
St e Y (nt =it 0 [+ ent =ty
ij

Cc

3 2 = )T )M = o )M
ij

m

Cc

5 2 mly =y )70 )™
b

v

m

The latter inequality comes from the nondecreasing character of the function y :

[0,y] = R, x(z) = W Thus, y(z) > x(0) = y". Hence, there exists a
constant ¢ depending on the bounds on the density m solution of (1)—(3) but not on
h and At, and (i, j, n) such that

Stz ey ((mf; —mi)7)
ij
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On the other hand

1
Sg =c Z((m7] _Vh?,j)+)2/0 (Vh71 + t(m?,j _Vh?,j))_nzdf
i.j

n i (Ol )T — Gl ) )
> e Y ((m); — ! )Tl )7,
iJj

But there exists a constant ¢ such that forall y € [m,m]:ifz> y + 1

_ n
=y = =y inf S sy,
z>y+1 7

andify <z=<y+1,
(z— )22 >cz—y)~

Therefore there exists a constant ¢ such that

St+S83 =Y (mp; —m} ), m! <l

i.j

n ~n \2—
+Z(m”j - i) nzl{m?,j > my; + 15
Then (47) implies that
Nr—1 Z(mtj {m »<n~1” +1}+
lim WAty =0.
2_
har=0 n=0 +Z(mu —mi )T l{mf,zm + 13}
ij
A Holder inequality leads to
Nr—1
2 n ~n |2—ny __
Jim A 2(:) Z|mw. — ! =0 (48)
= i,j

Step 3

From the previous two steps, up to an extraction of a sequence, m; — m in
L>™™((0,T) x T?) and almost everywhere in (0, 7) x T2, Vu;, converges to Vu
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strongly in LP((0, T) x T?). Moreover, from the last point in Proposition 2.1, the
sequence of piecewise linear functions (Uj) on [0, T'] obtained by interpolating the
values U" = h*},; ; uf; at the points (z,) is bounded in W''(0,T), so up to a
further extraction of a subsequence, it converges to some function U in LP 0,7).
As a result, there exists a function v of the variable ¢ such that u;, — u + ¥ in
LE(0, T; WA (T?)).

From the a priori estimate (40), the sequence (F (m},)) is bounded in LY ((0, T") x
T?) for some y > 1, which implies that it is uniformly integrable on (0, T) x T2.
On the other hand, F(m)) converges almost everywhere to F(m). Therefore, from
Vitali’s theorem, F(m;) converges to F(m) in L'((0,T) x T?), (in fact, it is also
possible to show that F(m;) converges to F(m) in L((0,T) x T?) for all ¢ €
(1, ¥)).

It is then possible to pass to the limit in the discrete Bellman equation, which
yields that %—‘f = 0 in the sense of distributions in (0, 7). Hence  is a constant.

We are left with proving that v is indeed 0. For that, we split %h into the sum
Wn + nu, where

* Whlie@, 4] 1s constant w.r.t. # and piecewise linear w.r.t. x, and takes the value
n(Apu"*h); ; atthe node &; ;.
* 7, is the remainder, see (18).

From the observations above, (1) convergesin L'((0, T') x T?). On the other hand,
from (46), it is not difficult to see that (x;,) is a Cauchy sequence in

LP0, T; (W5P/(B=D(T?))") for s large enough, (here (W*A/(B=D(T?)) is the
topological dual of W*#/(B=1 (T?2)),

Hence, (aai;’) converges in L' (0, T; (W*#/(B=1(T?))"). Therefore, u; converges
in €°([0, T]; (W*P/B=D(T?))); since (u,(t = 0)) converges to ug, we see that
Y =0.

This implies that the extracted sequence u;, convergesto uin L?(0, T; WA (T?)).
Since the limit is unique, the whole family (1) convergesto uin L (0, T; W1#(T?))
as h and At tend to 0. O

We give the corresponding theorem in the ergodic case, without proof, because
it is quite similar to that of Theorem 3.2.

Theorem 3.3. Let us make the following assumptions on the data: v > 0, B > 1;
the function x — (x) is €' on T?. We assume that (Fy) and (F») hold, and that
there exist three positive constants 8, 11 > 0 and 0 < ny < 1 such that F'(m) >
S min(m™, m™"?),

We assume that there is unique classical solution (u,m, L) of (4)—(5) such that
m > 0and [, u(x)dx = 0.

Consider a numerical Hamiltonian given by (10)—(11). Let uy, (resp. my,) be the
piecewise bilinear function in € (T?) obtained by interpolating the values u; j (resp
m; ;) at the nodes of T7, where ((ui,j), (m,-,j),kh) is the unique solution of the
following system:
forall0 <i,j < Ny, m;; >0,
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—v(Apu)ij + g(xij [Dpulij) + Ap = F(m; ),
—v(Apm)ij — T j(u,m) —0. “9)
WY uiy =0, B2Y, mi; =1

As h tends to 0, the functions wy, converge in WP (T?) to u, the functions my,
converge to m in L>*~2(T?), and Aj, tends to .

4 Algorithms for Solving the Discrete Linear Systems

The algorithms described below were originally proposed in [4], among other
methods.

4.1 Newton Methods for Solving (21)—(22)

In this paragraph, we assume that p — H(x, p) and g — g(x,q) are €2 regular.
This will allow us to use Newton like algorithms for (21)—(22). We also assume that
assumptions (g1)—(g3) hold and that @ is a local operator, i.e. @[m](x) = F(m(x)),
where F is a @' and strictly increasing function.

System (21)—(22) can be seen as a forward discrete Bellman equation for u with
a Cauchy condition at t = 0 coupled with a backward discrete Fokker—Planck
equation for m with a Cauchy condition at final time. This structure prohibits the
use of a straightforward time-marching solution procedure.

Call % and . the vectors of RNV such that Uhinevine; = U
M2 YNt = m{‘;l (recall that uy and m™7 are given). The system of nonlinear
equations can be written

and

T W, M)=0, and Fy(U,H) =0, (50)

with

o FyU, #)=0< (18) Vn,0 <n < Np, Vi, .
o Fu(U, ) =0 < (20) Vn,0 <n < Np, Vi, .

In order to discuss the Newton method for solving (50), we use the following
notation

Avy (U, M) = Doy Foy (U, M), Aum(U, M) =D yFy(U. M),

1
A (U M) = Doy Fofp U M, Argrg(U s M) = Dy T ). D

The matrices Ayy(% , #) and Ayy (% , #) have the form
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D, 0 ... ... 0 E 0 ...... 0
—Lt1 D, " : 0 Ey :

Ayy = o .. . Awm=or oo e (52)
: o . 0 : .o 0
0 ... 0 —%tI Dy, 0... 0 Ey,

The blocks of Ayy(%,.#') are sparse. The block D, corresponds to the discrete
operator (z; ;) — (ﬁzi.j —v(Ap2)i; + [Dnzlij - 84(xi ), [Dhu"],-,j)) coming from
the linearization of the discrete Bellman equation. From the assumptions (g;) and
(g3), D, is a M-matrix, thus Ayy is invertible.

The blocks of Ayy (% ,.#) are diagonal matrices, (note that they would be
dense matrices if @ was a nonlocal operator). We have assumed that F/ > 0 so
the diagonal entries of Ayy (%, #) are negative.

From Remark 2.1, the matrices Ay (%, #') and Apy(% , #) have the form

E,O0 ... ... 0
0 E,’ :
Amm = Afyys Ayw =1+ - . (53)
Eny—1 0
0 ...... 0 Ey,

The block A, corresponds to a discrete linear transport equation. Note that

VTEAN = ml T [Divli - 8g.q(xij- [Datd"]i ) [Diwli; -

iJj

From the convexity of g, we see that the block E,, is symmetric and positive semi-
definite if m"~! is a nonnegative grid function.

In [2], it is proved that under Assumptions (g;)—(gs4) and if F is strictly
increasing, and if the iterate produced by the Newton method satisfies .Z > 0,

then the Jacobian matrix
(AU,U Aym )
Auy Aum

is invertible. The proof is similar to that used for the uniqueness of the solution of
(21)—~(22). The positivity of .# is not guaranteed though, but if the initial guess is
close enough to a solution (% M ) with M > 0, then the iterates .2 will stay
positive.

Assuming the invertibility of the matrix, the most time consuming part of the
procedure lies in solving the system of linear equations
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(an-@ -
Apyv Aum ) \ A Gu

As explained above, the Newton method described above may break down if in
the Newton loop, the approximation of m, takes negative values. A similar phe-
nomenon was observed by Benamou et al. [10, 11] when they studied a somewhat
similar but simpler penalty method (using conjugate gradient iterations instead of
Newton) for computing a mixed L2-Wasserstein distance between two probability
densities. This is of course a drawback of the method. However, breakdown does not
happen if the initial guess is close enough to a solution. Therefore, it is important to
find good initial guesses for the Newton method.

A possible way of avoiding breakdowns is to start solving (21)—(22)with a rather
high value of the parameter v (of the order of 1), then gradually decrease v down
to the desired value, the solution of (13) found by the Newton method for a given
value of v being used as an initial guess for the next and smaller value of v. Doing
so in our tests, we have avoided breakdowns of the Newton method. For values of
v between 1 and 0.1, the number of iterations of the Newton method to achieve that
the £, norm of the residual be smaller than 10~ was found to be less than 10 and to
increase as v decreases.

In the sequel, we propose possible iterative strategies for solving (54), which are
based on eliminating % from the Bellman equation. Other iterative strategies based
on eliminating .# from the Bellman equation can be designed, see [4], but we will
not present them here, since they are more involved and require efficient multigrid
preconditioners.

4.2 Iterative Strategies for Solving (54) Based on
Eliminating %

4.2.1 A Basic Iterative Method

The principle of the method is as follows:

1. First solve B
Avv% = Gy. (35)

This is done by sequentially solving
D\U' =Gy, (56)

then |
DO = O+ Gl fork > 1, (57)

i.e. marching in time in the forward direction. We know that (56) and (57) have
a unique solution if (g;) and (g3) hold.
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2. Introducing % = % — U , the vector (% , #)T satisfies
()3 (o ts) o
Avy Aum ) \ A Gy — Ao )’

(Avm — Amu Ay Aum) M = Gy — Ao . (59)

which implies

3. Once (59) is solved, % is obtained by solving the discrete forward linearized
Bellman equation L
Avu % = —Aum M (60)

by the same method as for (56), (55).

The system (59) is solved by means of an iterative method, for example, the
BiCGstab algorithm [31] in all what follows; it only requires an implementation of
the matrix-vector product with the matrix Ay — Ay v AE}U Ay.m - Of course, this
matrix is not assembled: the matrix-vector product involves matrix-vector products
with the matrices Ay p, Ayy and Ay y and solving a linear system of the form
(55), similar to that appearing in the first step.

Numerical tests not reported here show that, with the previously described
iterative method, the number of iterations to reduce the error by a fixed factor
increases as the size of the mesh grows; this can also be foreseen by using arguments
similar to those in Sect. 4.2.2 below: hence it is desirable to modify this basic method
by using a suitable preconditioner.

4.2.2 Preconditioned Iterative Methods

We propose to use Ay as a preconditioner for (59): it amounts to applying an
iterative algorithm (i.e. the BiCGstab algorithm) to

(I — Ay Amu AGy Aus) M = A3y (G — Ay ) (61)

rather than to (59).

A Heuristic Interpretation in Terms of Partial Differential Operators
A heuristic explanation for this preconditioner choice is as follows: calling v and n
two functions on T2,

e Ayy is the matrix counterpart of the linearized Bellman operator (advection-
diffusion operator):

a oH
v — Lin-HIB(v) := a—lt) —vAv + a—(x, Vu) - Vv
4
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e Ay is the matrix counterpart of the operator: n > —F'(m)n
* Ay is the matrix counterpart of the Fokker—Planck operator (transport-diffusion
operator):

n+— FP(n):= —2—’: —vAn — div(n%ﬁ(x, Vu))
4

* Apu is the matrix counterpart of the operator: v > —div (mH,,(x, Vu)Vv),
where H,,(x, g) stands for the Hessian of p — H(x, p) at p = ¢

Let us define Lin-HJB™'(w) as the unique solution v of the Cauchy problem
involving the linearized Bellman equation:

0 oH
o _ VAV + —(x,Vu) - Vo =w in (0, T] x T,
ot ap

(62)

V=0 =0 inT?,

and FP~!(r) as the unique solution 7 of the backward Cauchy problem involving
the Fokker—Planck equation:

on

H
+vAn + div(na—(x, Vu)) = —r in (0,T] x T2,
ot ap

(63)

nly=r =0 inT?,
The matrix —Ay/,, Ayu Ay Aum is the counterpart of the nonlocal operator:
n> (FP_l o (v > —div (mH,,(x, Vu)Vv)) o Lin-HJB_l)(F/(m)n).

Now, assuming that u and m belong to €' +%/2:2+% ([0, T] x T?), it can be shown that
the latter operator maps continuously €'*/2% ([0, T]xT?) to €' +/22+ ([0, T|xT?),
50 it is a compact operator on /2 ([0, T]xT?). Compactness in L>((0, T') xT?) is
also true. Hence [ — A;,l. uAmu AE,IU Ay, is the discrete version of the perturbation
of the identity by a compact operator. Therefore, the convergence of the BiCGstab
algorithm should not depend on the size the grid. This will be confirmed by the
numerical experiments below.

The PDE interpretation of the preconditioner also leads us to predict that the
number of iterations needed by the iterative solver should increase as v decreases to
zero, which will indeed appear clearly in the tests.

Algorithm

The matrix A;l{ uA M,UAE’IU Ay.p 1s not assembled. The proposed method only
requires an implementation of the matrix-vector product with the matrix Ay —
Apu Ayl Au as discussed above (it does not need the matrix AY,), and solving
systems of linear equations of the form
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Aym M =Gy. (64)

This is done by sequentially solving

Dy, MYt = Gy, (65)
then |
DIM*! = —Zer + Gk, forl <k < Nr, (66)

i.e. marching in time in the backward direction. It has already been seen that the
blocks Dj are invertible, and so are the blocks D kT .

Note that an iteration of the preconditioned BiCGstab method involves two
solves of systems of the type (55) and two solves of systems of the type (64).

Solving the systems (56), (57), (65), (66) (two-dimensional problems) can be
done with fast direct solvers: in our implementation, we have used the open source
library UMFPACK [30] which contains an Unsymmetric MultiFrontal method for
solving linear systems.

Numerical Tests

We consider the following case:

T =1, (67)

H(x, p) = sin(2mx;) + sin(27x,) + cos(4mx;) + | p|°, (68)
®(m) = m, (69)
up(x) =0, (70)
mr(x) =1, (71)

and g corresponds to a classical Godunov scheme (10)—(11).

For what follows it interesting to plot the contours of m attime t = 7/2 = 0.5: it
was observed in [2] that up to the addition of a constant to u, the solutionat¢ = 7'/2
is close to the solution of the ergodic problem (4)—(6); on Fig. 1, we display the
contours of m for v = 0.6 and v = 0.08. Note that for v = 0.08, i.e. rather close to
the deterministic case v = 0, m(x) is small (smaller than 0.01) in a large region.

In Table 1, we show the number of iterations needed to decrease the residual norm
by a factor 107 or 10~7 with the preconditioned BiCGstab method. In our tests,
choosing an error reduction of 10~2 instead of 10~ had no effect on the convergence
of the inexact Newton method.

We see that, as expected, the number of BiCGstab iterations is small and does
not depend on the size of the grid, and that it increases as v decreases.
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Fig. 1 Contours of m for v = 0.6 (left) and v = 0.08 (right) at time t = 0.5

Table 1 Average (on the Newton loop) number of iterations of
BiCGstab to decrease the residual by a factor 1073 or 10~/

Grid 32x32x32 64x64x64 128 x 128 X 64
Rel. accur. 1073 1077 1073 1077 1073 1077
v=20.6 1 2 1 2 1 2

v =0.36 1.75 2 1.75 2 1.8 2
v=20.2 2 3.5 2 3.5 2 4
v=20.12 3 6 3 6 3 6.1

v=0.046 4.9 10 5.1 10 5.1 10

Table 2 Average computing time for solving the linearized

problem

v\grid 32x32x32 64x64x64 128 x 128 x 128
0.6 2.06 19.9 234.7

0.12 5.02 50.03 577.25

Table 2 contains the average computing times for solving the linear systems of
the form (54) for different grids, for v = 0.6 and v = 0.12, on a Dell server
with Six-core 2.93 GHz Intel(R) Xeon(R) X5670 processors. It can be seen that
the computing times are not far from scaling linearly with the total number of
unknowns. In order to achieve almost optimal complexity, it is possible to use
multigrid methods for solving (57) and (66), see [4].

Remark 4.1. 1t is possible to use this family of algorithms when the cost operator
@ is non local, at least if (P;,,) holds.

Remark 4.2. 1t is possible to use this family of algorithms when the monotonicity
assumption on F is not fulfilled, for example F(m) = —log(m).
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Fig. 2 The geometry of the
problem

the exit

5 Some Simulations

We use the mean field games theory to model a situation where a population is
driven to leave a given closed room with obstacles: one can imagine for example a
situation of panic in a closed building, in which the population tries to reach the exit
door. The chosen geometry is represented on Fig. 2. The domain §2 is the unit square
(0, 1)? perforated with three square holes whose side is 0.3. The exit door is taken
to be the line segment I'p = [0.6, 0.8] x {0}. Let I'y be given by I'y = 02\Ip.

Realistic models take into account congestion, i.e. the fact that it is more difficult
for an individual to move if the density is locally high; this translates into the fact
that the running cost density is of the more complex form L (X, m(s, Xs), ¥s) +
@(m(s, (X;)) and that the Hamiltonian becomes

H(x,m(x), Vu) = sup [y - Vu— L(x,m(x), )/)].
¥

The agents minimize the expectation of

¢+ / C(LXem(s. X,), 7o) + Blms. (X)) ds
0

where t* is the first time when the exit door I'p is reached. Here c is the exit cost.
The MFG system of PDEs becomes

%(Z,x) —vAu(t,x) + H(x,m(t, x), Vu(t, x)) = &(m(t, x),

in (0,T) x £,

om

—(t,x) + vAm(t, x) + div (m(t, -)B—H(-, m(-), Vu(t, -))) (x) =0,
ot ap

in (0,7) x £2,
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We choose H as follows:

Ip?

H(x,m,p) Z%(.X)'Fm

(72)

withcg > 0,¢; > 0,8 > 1and 0 < y < 4(8 — 1)/B. For such coefficients,
existence and uniqueness was proven by Lions [29]. The function # (x) models
the panic in the room and we have chosen J#(x) = —k, where k > 0 is called the
panic coefficient.

The boundary I'y corresponds to the walls of the room, so the natural boundary
condition on I'y is a homogeneous Neumann boundary condition on u: % =0
which says that the velocity of the agents is tangential to the walls. The same
condition holds for m, namely %—’: = 0, which says that nobody escapes or enters

the room through I'y. To summarize, the boundary conditions on 'y are

3—M(t,x) = a—m(t,x) =0, only. (73)
on on

For the numerical scheme, we add a layer of virtual nodes outside §2 and we apply
a first order scheme at the nodes on I’y to discretize the Neumann condition: this
implies that the values of u (resp. m) at the virtual nodes is the value of u (resp. m)
at their neighbor nodes in I'y, and we use these values to apply the scheme (21) at
the nodes on I'y.

The boundary conditions at the exit door are chosen as follows: there is a
Dirichlet condition for u at the door: u = ¢ where ¢ is a small enough number;
in our simulations, we have chosen ¢ = 0. For m, we may assume that m = 0
outside the domain, so we also get a Dirichlet condition for m at I'p. Hence

u(t,x) =m(t,x) =0, on Ip. (74)

In the numerical method, we add a layer of nodes outside £2 and we apply the
scheme (21) at the boundary nodes on I'p having fixed the value of u and m to zero
on this additional layer of node outside §2.

Note that it is also possible and arguably more realistic to replace the Dirichlet
condition on m by a Robin condition.

In the simulation, we have chosen

v =0.0375, T =6,

Ip|?

®(m) =m, H(x,m,p):—().l-i‘m,

mr(x,y) = 4(1gx—1/a1<1/10y + Lyx—3/41<1/10) L{y>4/5}

M()ZO.
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Fig. 3 The density at different times: the scales are adapted and differ from one time another

The grid parameters are 7 = 1/64 and At = 0.015.

In Figs. 3 and 4, we have plotted the graph of the densities at different physical
times. We can give the following interpretation of these plots: the population is
initially confined in small regions near the top part of the domain, on the left and
right sides of the top obstacle. We see that the population tends first to occupy as
much space as possible instead of aiming directly at the exit door: for example, at
t = 0.9 the maximum of the density is behind the top obstacle, i.e. far from the exit
door; this is caused by the cost term @(m(x)), which models the fact that people do
not like to be confined in regions of high density. As a result, in a first phase, the
population gets distributed close to symmetrically with respect to the axis x = 0.5.
We also see that it takes a rather long time for the population to leave the top part
of the domain: this is caused by the congestion factor: the agents move slowlier if
the density is high. Later, people take the direction of the exit door; most of the
population goes round the right obstacle, because the exit time is smaller on these
trajectories: the densities on the right and middle corridors are of the same orders,
and higher than the density in the left corridor. Finally, there is a higher density of
people in the right side of the middle corridor which is the locus of the shortest path
to the exit. In Fig. 5, we have plotted the velocities given by v = —33—1; (x,m, Vu) at
time t = 1.5.
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Fig. 4 The density at t=0 t=0.15

different times: contour lines | I | I
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Fig. 5 The velocity 0.6 velocity t=1..
v =—Hp,(x,m, Vu) at time
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Finally, we keep all the parameters unchanged in the simulation, except the
Hamiltonian, which becomes

IpI?

Hx.m.p) =014+ — 2"
(x.m. p) B (ESTOIE

(75)

The evolution of the density is plotted on Fig. 6: congestion is stronger, which leads
to a slower exit and a more symmetric distribution of the agents.
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Fig. 6 Everything is kept unchanged but the Hamiltonian, which is given by (75): the density at
different times: the scales are adapted and differ from one time another

6 The Planning Problem

6.1 Description of the Planning Problem

In the planning problem, the system of PDEs (1)—(2) is kept unchanged, but the final
and terminal conditions become

m(0,x) = mo(x), m(T,x) =mr(x), inT>. (76)

The difference with (3) is that the initial condition lies on m and no longer on u. If
the Hamiltonian is of the form H(x,Vu) = sup, [y - Vu — L(x,y)], conditions
(76) represent the requirement that the positions of a very large number of identical
rational agents whose dynamics is given by dX; = —%—;I(XS,VM(S, Xs))ds +

v/2v d Wy and running cost density is given by L(Xj, y;) + ®[m,](X,), evolve from
a given spatial density mr at s = 0 < ¢ = T to a desired target density m at
s=T &t=0.

Whereas existence (and uniqueness) results for (1)—(3) are available under fairly
general assumptions, see [26,27], much less is known concerning (1), (2), (76).
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Indeed, as far as we know, P-L. Lions has proved existence for (1), (2), (76) in
mainly two cases:

1. v = 0 (deterministic case), H is a smooth and strictly convex Hamiltonian such
that 1im |- 00 H(I“;"”) = +o0, @[m](x) = F(m(x)) where F is a smooth and
strictly increasing function, my and mr are smooth functions bounded away
from 0.

2.v >0, H(p) = c|p|* or H(p) is close to ¢|p|?, @[m](x) = F(m(x)) where
F is a smooth, bounded and nondecreasing function, my and mr are smooth
functions bounded away from 0, but existence is still an open question when
v > 0 and the Hamiltonian is more general. P-L. Lions has also proved that if H
is sublinear with respect to p and if my # mr, then there are no solutions if 7'
is small enough. Therefore, existence may only result from combined nonlinear
effects. It is also worth to observe that the planning problem described above can
be seen as a generalization of the simpler system, (with in particular F' = 0,
v =0),

du 1 om

— 4+ —|Vu]? = — 4 di =

o + 2| u| 0, Y + div(mVu) =0, (77)
m(0,x) = mo(x), m(T,x) =mr(x) (78)

which was introduced by Benamou and Brenier [9], see also [32], as a fluid
mechanics formulation of the Monge—Kantorovich mass transfer problem. In [9],
a numerical method for the solution of (77), (78) is proposed on the basis of a
reformulation of the problem as the system of optimality conditions for a suitably
constructed primal-dual pair of convex optimal control problems for the transport
equation

om

ot
the velocity field y(x, t) playing here the role of a distributed control. Similarly,
the mean field games models can also be reformulated as an optimal control
problems for a density driven by a Fokker—Planck equation, see [26,27].

+div(my) =0,

In what follows, we are going to give an existence result for the discrete version
of (1), (2), (76) in the particular case when @ is a local operator; the main idea is
to use the optimal control formulation of the discrete schemes, following ideas in
[9,27,32].

6.2 The Finite Difference Scheme and an Optimal Control
Formulation

The arguments below were originally published in [2].
The finite difference scheme for the planning problem is obviously given by (21)
with the initial and terminal conditions: for 0 < i, j < N,



Finite Difference Methods for Mean Field Games 37

1 1
Nt 0
m, T = — mr(x)dx, m; . = — mo(x)dx. (79
by h? /|x—x,-_j|oo§h/2 T( ) 1 h? 0( ) )

|x—xi.jloo<h/2

We assume that @ is a local operator, i.e. @[m](x) = F(m(x)), and that F = W'
where W : R — R is a strictly convex, coercive 4 function. It follows that the
image of the interval (0, +o00) by F is some interval _¢r = (F, +00).

We also assume that (g1)—(g4) hold and that the numerical Hamiltonian has the
further coercivity property

(gs) Coercivity:

limg, 0o W = +o0 uniformly w.r.t. X, g2, 43, 44,
limg, - 400 W = +o0 uniformly w.r.t. X, ¢1,¢3, ¢4,
limg, 0o W = +o0 uniformly w.r.t. X, ¢y, g2, 44,
limg, 400 W = +o00 uniformly w.r.t. X, ¢1, 42, ¢3.

This coercivity property implies that

lim max; ; g(x; j,[DrU]li ;) ~ oo 80)
D3 U] oo —>o00 I [DrU] lloo

We are going to introduce an optimal control problem whose optimality conditions
are interpreted as the semi-implicit scheme (21), (79). In this way, using a convex
duality argument based on the Fenchel-Rockafellar Theorem, we are going to prove
the existence of a solution of (21), (79), see Theorem 6.1 below.

If y denotes the indicator function of the set {m > 0}, the Legendre—Fenchel
transform of W + y is defined by

(W + )()*(ot) = sup[am — W(m) — )((m)].

It is clear that (W + )()* is convex, continuous and non decreasing. If @ € _Zr then
(W + 1) (@) = aF (&)= W(F ' (@)). Ifa ¢ _ZF then (W + x)" () = —W(0).
Consider now the convex functional @* on RN XN; x RN XN .

Nr
O @.B) =) > W+ ", +gxij.[8":)) -

n=1 1i,j

where o = (o), B = ([B"]:;) and [B"];; = (B} . BY . B7 . Bi7). 1 <n < Nr,
1 <i,j < Nj. The Legendre-Fenchel transform of @* is defined by
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O@m,z) = sup sz" Ly i 1B"i)
n=1 1i,j

81)
W+ 0" (e + g (i [ﬂ”]f,;)))

where m = (m};), z = (["];,;) and [2"];; = (zlj,Z,],Z,]’Z,,) 0=n <N
1 <i,j < Njpand ([z],[B]) = ZkllBkk

Remark 6.1. Note that in our definition, for n = 1,..., N7, the dual variable of
jismi7 !, and the dual variable of [8"]; ; is [z"""]; ;. ThlS lag in the time index n
w111 prove convenient for our purpose.

Let us introduce the minimization problem

Minimize ® (m, z) subject to the constraint

n n—1

mi; —mi; n—1 a1
— +v(Apm" ) +dive(@" ) =0, 1<n<Nr, (82)
NT

m;' T = (mr);, js
m?,J (mO)z,j s

where (mr); ; and (my); ; are the right hand sides in (79) and
dth(Zn_l)j,j — (D?_ZLn_l)i—l,j+(D1+12’n_1)i,j+(D;_237n_1)i,j—1+(D2+Z4’n_l)i,j

The above minimization problem is an optimal control problem for a discrete
density driven by a discrete Fokker—Planck equation. The data (my); ;, (mr);; €
), are discrete probability densities.

We are going to prove next that if the initial datum satisfies (m); ; > 0 for all
i, j, then the optimal control problem above has at least a solution (m, z), that there
exists a solution («, §) of the dual problem and that the optimality conditions at the
saddle point coincide with the discrete scheme (21), (79). The argument is based on
convex duality and the Fenchel-Rockafellar theorem.

Let us introduce for this purpose the functionals .Z, A, ¥'* by setting

1
L) = At Z(mO)i.,jl/f:Q,j - ZmT,i,jl/fi{va (83)
i.j i.j
Lo =y
(@.p)=AW) < O‘?j = T —v (A", (84)

[,Bn_H]i,j — [Dhl/fn_i—l]i,j, 0 fn < NT,
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and, finally,

L) ity st (@.f)=A[)and Yy, =0,
¥ p) = ¥ (85)

+o00  otherwise.

Lemma 6.1. The functional @* is convex and continuous. The functional X* is
convex and lower semicontinuous. Moreover, the following constraints qualification
property holds: there exists (a, B) such that X*(a, f) < +oo (and of course
O*(a, B) < +0).

Proof. Convexity and continuity/semicontinuity are straightforward to check. For
the constraint qualification it is enough to solve

Wt gy

1, u n
P gl o g D ) =

+1 0 _
where 7/’ i € Hr foralli, j,n, with an initial datum u ; such that Zi’j uj ; = 0.

Then, take (o, B) be such that
nt+l _ u .
O‘zn;H =L A L _V(Ah“n+l)i,ja

B = [Dpu"i;, 0<n<Np—1,

Thus
) (Ol, :3) - lt E (”17 )i uN lt E (HZO)i iU i <
A - J L A -~ S L

|

Lemma 6.2. The functionals ® and X are convex and lower semicontinuous.
Moreover,

Nt
Om.z) =D (W + p)(m}7'

n=1 1i,j

+ sup ZZ 1B"g) —ml T g (i g [B:))

n=1 1,j

and



40 Y. Achdou

X (m,z)
1
f Z((mr),, VL = gt 2 (modi 4 mp Y
= sup NT 1 A mn+1 LJ
Y + Z Z yi! (—” —v(Aym"); ; — dth(Zn)i,j)
n=0 1i,j

Proof. Convexity and semi-continuity are a direct consequence of the previous
lemma and the properties of the Legendre—Fenchel transform. Adding and subtract-
ing a same term in (81), we get

Nr
SNl e iy [B"ig) + (B [ i)

n=1 1i,j
@(m,z) = sup Nr
wh | 420 Do mis ey + gy [8:.)
n=1 1i,j

—(W + 0% (o + gCxi . [B"0.))
A simple computation shows that this can be written as

sup{ZZ—m g e BT ) B g [ i) 4 =+ 0" ()|

n=1 1i,j

and the formula for ® in the statement follows. As for X', observe that

Nr—1
Z(m,9) = sop Do m et (i 1B ) - Z (@ B)
n=0 1i,j

Thus, taking the definition of X'* and A into account,
lIZ( )i NT—lIZ( )i Y?
mr l,jl//i,j A mo l,jWi,j
(m,z) = sup Nr 1 n+1 _ )
v |+ Z Zm ——V(Ahlﬁ i

n=0 i,j
+([2"i.j . [Py i ;)

and the claimed formula for X' easily follows by a discrete integration by part. 0O

Using Lemma 6.2, it easy to realize that the optimal control problem (82) can be
equivalently formulated as the unconstrained minimization problem

min O(m,z) + X¥(—m, —7). (86)
m,z
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The qualification condition is fulfilled for this problem also:
Lemma 6.3. Assume that (mo); ; > 0 foralli, j. Then there exists (m, z) such that
O(m,z) < +o00,

Y (—m,—z) < 400,
O is continuous in a neighborhood of m, z.

Proof. Take m] ; = NLT(mT),-,j +(1- NL’[‘)(mO)i’j’ and choose ¢" such that

1
—t(m" ' —m"y +vAm", n=0,...,Npr—1.

Apg" A

Since ¢" is unique up to the addition of a constant, one can always choose the
constant in such a way that ¢" < ¢ < 0, where ¢ is a fixed negative number.
Set then N N

ln _ ﬂ 2 _% an ﬂ i _i
Zi,j - h 3 Zi,j - h ) Zi,j - h s Zi,j — h
We have
divy (z")ij = —(And")i ;.
Therefore
m”".'l —m".
% + U(Ahmn)i,j + dth(Zn)i,j —0. 0<n<Nrp

N
m; [ = (mr)i;,

my; = (mo)i,
mi; = 0.

Observe that the assumption (m); ; > 0 implies m" > m > O foralln < Nr.
Using Lemma 6.2, this implies X' (—m, —z) = 0. Also, taking the definition of z
into account,

Nr Nt n—1
Om.2) =Y > W)+ sup (2 (S8 -8 + 8 - B
n=1 1i,j n=1 1i,j
—m}7 g (xi;, [:Bn]i,j))}-
Since¢p < Oandm” >m > 0,n =0,..., Nr — 1, from the coercivity (gs5) of g we

deduce that ®(m, z) is finite and @ is continuous in a neighborhood of (m,z). 0O

The next result gives sufficient conditions for the existence of a solution of the
discrete system (15).
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Theorem 6.1. Assume that

(i) (81)—(8s) hold.
(ii) @[m](x) = F(m(x)), and F = W’ where W : R — R is a strictly convex,
coercive €? function.
(iii) (mo)ij,(mr)i; € Hp with (mg);; > 0, Vi, j.

(iv) eitherv > 0 or (v = Oand (my);; > 0, Vi,j).

Then the saddle point problem:

min  O(m,2) + ¥(-m,~z) = —min (@*(@.B) + Z*(.B) (87

has a solution (m, z), («, B) and there exists u such that (a, B) = A(u). Moreover,
(m, z) and u satisfy the optimality conditions of (87)

—A*(m,z) € 0.L(n), (88)

Au) € 00(m, 2), (89)

which are equivalent to the discrete system (21)—(79).

Proof. By applying the Fenchel-Rockafellar Duality Theorem to ®* and X'* (see
for example [5,6,12,32]) and using Lemma 6.1, there exists a solution (1, z) of the
problem

O(m,z) + X(—m,—z)

= imng(@(m,z) + X (—m,—z)) = —inﬂf(@*(oz,ﬂ) + Z*(a, B)) . ©0)

By applying the Fenchel-Rockafellar Duality Theorem to (m,z) — ©(m,z) and
(m,z) — X(—m,—z), and using Lemmas 6.2 and 6.3, we deduce that there exist
(o, B) such that

O (e, f) + X" (. p) = inﬂf(@(%ﬂ) + (. B))

on
= —glf(@(m,z) + X(—m,—2)).

We have thus proved the existence of a solution of the saddle point problem (87).
By the optimality conditions, see [6, Theorem 2.4 page 205], we get

—A*(m,z) € 0.L®), (92)
(o, B) = A(u) € 00(m, z). (93)

Recalling the definition of .Z, (92) is seen to be in fact equivalent to
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n+l _ _n

m; mi ny. A N
—_— + V(Ahm )z,/ + leh(Z )I,J = 0, 0 <n< NT,
At Ny (94)
mi,j = (mT)i,jy
m) ;= (mo)i ;.
On the other hand, it is easy to see that (93) is equivalent to
Om.z) = ZZ( el (g [B))
n=1 1,j
— W+ 0" (@ + 8 [8):))
Introducing y;'; = o ; + g(xi;,["]i;), n = 1,..., N, the latter equation is
equivalent to
47 = ?,a (oo B ), k=1,....4, (95)

0= 303 (M — OV 4 0" — O + ). 6

n=1 1,j

Equation (96) is equivalent to

mj; =0,
el
I, I, n n n
Vln]—H = # —v(Apu _H),',j + g(xi ;. [Dhu _H]i,j) = W’(m,-,j)
itm}; >0, (97)
u’.H.'l —ul.
v = # — (A" iy + g(xi g, [Dpu" i ) < W’(m?j)
1fm =0,
forO0 <n < N7.
From (94) and (95), we deduce
n+l —m".
L (A T ) =0, 00 < Nk 0 <0< Ny

(98)

The fact that m" € %, and (98) imply that /> i m;’] = 1foralln,0<n <
Nr. Finally m" € J#, because of (98).

Finally, let us prove that m" > 0 for all 0 < n < Nr. Indeed, assume that the
minimum of mf’j is 0 and is reached at no < Nr, 1o, jo. Equation (98) for n = no,
i =1ipand j = jp can be written
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1 v
_ no+1 no no no no
0= —~tm + Mist1,jo + Mi—1.jo + My jo+1 + mio,jo—l)

A oo ﬁ
g
no S (. X no+17. .
1 Mi—1.jo a1 (Xig—1.jo [Dhu ]zo—l,Jo)
h ag
no no+1
—Migt1.jo 361_2 ()Cio+l,jos [Dju"® ]i0+1,j0)
g
no o no+17.
1 mio,jo—l aQ3 (‘XIOJO_I’ [Dhu ]ZOaJO_l)
h ag
no no+1
TMig.jo+1 344 (Xig.jo+1- [Pt ig jo+1)

If v > 0, then the nonnegativity of m and the monotonicity of g imply that
Z)"il o = ml"o" jox1 = 0. We can therefore repeat the argument for the triplets
of indices (ng, ip = 1, jo) and (no, iy, jo = 1). Repeating the argument as many times
as necessary, we finally obtain that m"® = 0, which is impossible since m"® € %j,.
If v = 0 and m™ > 0, a similar argument gives that mlno";zl = 0. After a
fZTJO = 0, which is in contradiction with the

finite number of steps, we get that m
hypothesis.
As a consequence, (94), (95) and (97) can be written:

Wttt g
i i, n n n
# — (A"t + g(xi g (D) = F(m} ), (99)
m' T —
- At L+ v(Aym"); ; + yi,j(”nﬂ,mn) =0, (100)

forn =0,...Nr—1and 0 <i,j < Ny, with

m'T = (mr)i;.  m);=(moij. 0=i.j <Ny (101)

and
m'" e, 0<n<Nr. (102)
Recognizing that (99) to (102) comprise indeed the semi-implicit finite difference
scheme (21)—(79), the proof is complete. ]

6.3 Uniqueness

System (21)—(79) also enjoys some uniqueness property, see [2] for the proof:

Proposition 6.1. Under the same assumptions as in Theorem 6.1, if (uj ;, m} ;)n.i.j
and (u} ;,mj ;)ni,; are solutions of system (21)~(79), then

my; =mj; foralln =0,...,Nr, andforall (i, ).
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Moreover if the numerical Hamiltonian g is strictly convex, there exists a constant
¢, such that

wi ;=i ; =cy foralln =0,...,Nr, and forall (i, j).

6.4 A Penalty Method

We consider the penalized version of (21)—(79), namely

en+1 €,n
u: — U’
i,] Y L V(Ahlf'n-H)i,j +g(-xi,js [Dhue’n—’—l]i,j) — F(m?’j), (103)
en+1 en
m:’. —m:;
1,] - 1,] + V(Ahme’n)i,j 4 %.j (ue,n+1’me,n) — O, (104)

forn =0,...Nr —1and 0 <1i,j < Nj, with the terminal and initial conditions

1
L= omiy = mo)i ), omiT = ()i, YO<ij <Ny (105)

u
With this penalized version, algorithms close to those described in Sect. 4 have been
used in [2]. Note that the small parameter ¢ makes the convergence slower.

The following result was proved in [2]:

Proposition 6.2. We make the same assumptions as in Theorem 6.1. For a sub-
sequence still called €, let (u®",m*") be a solution of (103)—(105) and (m") be
a family of grid functions in J), such that lime_omax, ||[m¢" — m"||cc = 0.
There exists a family of grid functions (u") such that up to a further extraction
of a subsequence, lim._,o max, |u*" — u"||c = 0 and (u",m"), is a solution of

(21)—(79).
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An Introduction to the Theory of Viscosity
Solutions for First-Order Hamilton-Jacobi
Equations and Applications

Guy Barles

Abstract In this course, we first present an elementary introduction to the concept
of viscosity solutions for first-order Hamilton—Jacobi Equations: definition, stability
and comparison results (in the continuous and discontinuous frameworks), boundary
conditions in the viscosity sense, Perron’s method, Barron—Jensen solutions . . . etc.
We use a running example on exit time control problems to illustrate the different
notions and results. In a second part, we consider the large time behavior of periodic
solutions of Hamilton—Jacobi Equations: we describe recents results obtained by
using partial differential equations type arguments. This part is complementary of
the course of H. Ishii which presents the dynamical system approach (“weak KAM
approach”).

1 Introduction

This text contains two main parts: in the first one, we present an elementary
introduction of the notion of viscosity solutions in which we restrict ourselves to
the case of first-order Hamilton—Jacobi Equations (we do not present the uniqueness
arguments for second-order equations). We recall that this notion of solutions was
introduced in the 1980s by Crandall and Lions [22] (see also Crandall et al. [21]).
In the second part, we describe recent results on the large time behavior of solutions
of Hamilton—Jacobi Equations which are obtained by using partial differential
equations type arguments: this part is complementary of the course of H. Ishii which
presents the dynamical system approach (“weak KAM approach”).

Despite the main focus of this article will be on first-order equations, we point
out that the natural framework for presenting viscosity solutions’ theory is to
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consider fully nonlinear degenerate elliptic equations (and even equations with
integro-differential operators under suitable assumptions); we will use this natural
framework when there will be no additional difficulty.

We refer the reader to the book of Bardi and Capuzzo Dolcetta [2] for a
more complete presentation of this notion of solutions including applications to
deterministic optimal control problems and differential games, to the “Users guide”
of Crandall et al. [23] for extensions to second-order equations and to the book
of Fleming and Soner [26] where the applications to deterministic and stochastic
optimal control are also described. An introduction to the notion of viscosity
solutions as well as applications in various directions can also be found in the 1995
CIME course [3].

By “fully nonlinear degenerate elliptic equations”, we mean equations which
can be written as

F(y,u,Du,D*u) =0 in 0, (1)

where ¢ is a domain in RY and F is, say, a continuous, real-valued function defined
on 0 x R x RN x .#N &N being the space of N x N symmetric matrices, and
which satisfies the (degenerate) ellipticity condition

F(y,r,p,My) < F(y,r,p, M) if M, > M,, (2)

foranyy e 0,r e R, p € RN, M, M, € .V . The solution u is a scalar function
and Du, D?u denote respectively its gradient and Hessian matrix.

Of course, first-order equations obviously enter in this framework since, in that
case, F does not depend on D?u and is therefore elliptic. We also point out that
parabolic/first-order evolution equations like

u + H(x,t,u,Du) —eA> u=0 in2x(0,T),

are also degenerate elliptic equations if ¢ > 0 (including ¢ = 0) with the domain
0 = §2 x (0, T) and the variable y = (x,¢); in other words, a classical (possibly
degenerate) parabolic equation is a degenerate elliptic equation.

The ellipticity property is a key property for defining the notion of viscosity
solutions: this fact will become clear in Sect.3. From now on, we will always
assume it is satisfied by the equations we consider.

In fact, the notion of viscosity solutions applies naturally to (a priori) any type
of equations modelling monotone phenomenas. A famous result in this direction is
given by Alvarez et al. [1] for image analysis (see also Biton [19]): a multiscale
analysis which satisfies some locality, regularity, causality and monotonicity prop-
erties is given by a fully nonlinear parabolic pde, and even by the viscosity solution
of this pde. Furthermore, one has a geometrical counterpart of this result in [14]
for front propagation problems, where monotonicity has to be understood in the
inclusion sense. We will emphasize this monotonicity feature, starting, in Sect. 2,
with a running example on exit time control problems.
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The article is organized as follows: in Sect.3, we provide the definition of
continuous viscosity sub and supersolutions and their first properties (different
formulations, connections with classical properties, changes of variables, ... etc);
we also provide a first stability result for continuous solutions (Sect.4). Section 5
describes what is called (improperly) “uniqueness results”: in fact, these are
“comparison results” of Maximum Principle type which (roughly speaking) implies
that subsolutions are below supersolutions. After describing the basic arguments
(doubling of variables and basic estimates), we show how to obtain such comparison
results in various situations (in particular for problems set in RY x (0, T') with
or without “finite speed of propagation” type properties). In Sect. 6, we describe
the notion of viscosity solutions for discontinuous solutions and equations: the
main motivation comes from the discontinuous stability result (“half relaxed limit
method”) which allows passage to the limit with only a uniform (L°°) bound on the
solutions. This last result leads us to the existence properties for viscosity obtained
by the Perron’s method (Sect.7). In Sect.8, we show how to prove regularity
results: Lipschitz continuity, semi-concavity, . . . etc and we conclude by the Barron—
Jensen’s approach for first-order equations with convex Hamiltonians (Sect. 9).

In a second part, in Sect. 10, we provide an application of the presented tools to
the study (by pde methods) of the large time behavior of solutions of Hamilton—
Jacobi Equations: we present the various difficulties and key results for these
problems (basic estimates, ergodic problem, . .. etc.) and we describe the two main
convergence results, namely the Namah—Roquejoffre framework [42] and what we
name as the “strictly convex” framework, even if the Hamiltonians do not really
need to be strictly convex, related to the result by Souganidis and the author [15];
while the Namah—Roquejoffre result relies on rather classical viscosity solutions’
methods, the “strictly convex” one uses a more surprising asymptotic monotone
property of the solutions in .

2 Preliminaries: A Running Example

In this section, we present an example which is used in the sequel to illustrate
several concepts or results related to viscosity solutions. This example concerns
deterministic control problems and, more precisely, exit time control problems. We
describe it now.

We consider a controlled system whose state is described by the solution y, of
the ordinary differential equation (the “dynamic”)

Vx(s) = b(yx(s),a(s)) fors >0,
3)

yx(0)=x€$2.
where £ is a bounded domain of RY (£2 or its closure £2 represents the possible
“states of the system”), «(-), the control, is a measurable function which takes its
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value in a compact metric space ./ and b : RY x .o/ — R is a function satisfying,
for some constant C > 0 and forany x,y € 2,«a € &

b is a continuous function from RY x < into RY .

b(x.0) —b(y.a)| < Cly—x|. |b(r.a)|<C. @

Because of this assumption, the ordinary differential equation (3) has a unique
solution which is defined for all s > 0.

The trajectories y, depend both on the starting point x but also on the choice
of the control a(-). We omit this second dependence for the sake of simplicity of
notations.

The “value function” is then defined, for x € £2 (or 22) and ¢ € [0, T], by

U(x,t):%{ | 10005 + 001z + 00O - )

where f. ¢, ug are continuous functions defined respectively on £2 x o7, 92 and 2
which takes values in R. We denote by t the first exit time of the trajectory y, from
£2,1.e.

t=inf{t >0; y,(t) ¢ 2 }.

Of course, T depends on x and «(-) but we drop this dependence, again for the
sake of simplicity of notations. Finally, for any set A, 14 denotes the indicator
function of the set A. For reasons which will be clear later on, we assume the
compatibility condition

up=¢ons . (6)

In the sequel, we will say that the “control assumptions”, and we will write (CA),
are satisfied if (4) holds, if f, ¢, uy are continuous functions and if we have (6).

The first remark that we can make on this example concerns the monotonicity:
keeping the same dynamic, if we consider different costs fi, ¢1, u(l) and f>, @7, u%
with

fi<f onRxg, ¢ <@ ondf, u(l) < u(z) on 2,

then the associated value functions satisfy U; < U, on 2 x [0, T']. In other words,
the value functions depends in a monotone way of the data.

We will see that the value function U is a solution of

U +Hx,DU) =0 inR2x(0,T), ©)

where H(x, p) := SUpyey {—D(x,@) - p — f(x,a)}, with the Dirichlet boundary
condition
U(x,t) = ¢(x,t) on 92 x(0,7T), (8)

and the initial condition
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U(x,0) = up(x) on 2. 9)

We have to answer to several questions in the sequel:

— A priori, the value function U is not regular: in which sense can it be a solution
of (7)—(9)?

— How is the boundary data achieved? In which sense?

— Is the value function the unique solution of (7)-(9)?

— Are we able to prove directly that a solution of (7)—(9) satisfies the monotonicity
property?

We conclude this section by (very) few some references on exit time control
problems. The work of Soner [44] on state constraints problems is the first article
which studies this kind of problems in connections with viscosity solutions, uses
boundary conditions in the viscosity solutions’ sense and provides a general argu-
ment to prove uniqueness results. Boundary conditions in the viscosity solutions’
sense have been considered previously for Neumann/reflection problems by Lions
[37]. Pushing their ideas a little bit further, Perthame and the author [8—10] (see
also [5]) systematically study Dirichlet/exit time control problems (including state
constraints problems). For stochastic control, we refer the reader to [12] and
references therein.

3 The Notion of Continuous Viscosity Solutions: Definition(s)
and First Properties

3.1 Why a “Good” Notion of Weak Solution is Needed?

We give now few concrete examples of equations where there will be a unique
viscosity solution but either no smooth solutions or with several generalized
solutions (i.e. solutions which are locally Lipschitz continuous and satisfy the
equation almost everywhere). We refer to Sect.5 for the proof of the uniqueness
results we are going to use.

The first example is

0 0
P12~ 0 in Rx (0, +00) . (10)
ot ax
We first remark that (10) enters into our framework with & = R x (0, +00), the
ou ou
jableis y = (x,t), Du = (—, —)' and
variableis y = (x, 1), Du (8x 81) an

F(y,u,p,M) = p: + |px| ,

"Here we use the notation Du for the full gradient of u in space and time but, in general, we will
use it for the gradient in space of u.
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with p = (px, pr)-
It can be shown that the function u defined in R x (0, +00) by

u(x,t) = —(x| +1)%,

is the unique viscosity solution of (10) in C(R x (0, 400)) (see Sect. 5.3). It is worth
remarking in this example that u is only locally Lipschitz continuous for ¢t > 0
despite the initial data

u(x,0) = —x* in R,

is in C *°(R). In particular, this problem has no smooth solution as it is generally the
case for such nonlinear hyperbolic equations.
Moreover, if we consider (10) together with the initial data

u(x,0) =|x| in R, (11

then the functions u; (x,¢) = |x|—t and up(x,t) = (|]x|—t)™T are two “generalized”
solutions in the sense that they satisfy the equation almost everywhere (at each of
their points of differentiability). This problem of nonuniqueness is solved by the
notion of viscosity solutions since it can be shown that u; is the unique continuous
viscosity solution of (10)—(11) (see again Sect.5.3). In that case, the notion of
viscosity solutions selects the “good” solution which is here the value-function of
the associated deterministic control problem (cf. Bardi and Capuzzo Dolcetta [2]
and Fleming and Soner [26]). An other remark (or interpretation) is that the notion
of viscosity solutions selects the solution which satisfies the right monotonicity
property: indeed the initial data is positive and therefore the solution has to be
positive since 0 is a (natural) solution.

For second-order equations, non-smooth solutions appear generally as a con-
sequence of the degeneracy of the equation. We refer to [23] for details in this
direction.

3.2 Continuous Viscosity Solutions

As we already mention it in the introduction, we are going to present the different
definitions of viscosity solutions in the framework of fully nonlinear degenerate
elliptic equations i.e. equations like (1) which satisfies the ellipticity condition (2).

In order to introduce the notion of viscosity solutions and to show the importance
of the ellipticity condition, we first give an equivalent definition of the notion of
classical solution which only uses the Maximum Principle.

Theorem 3.1 (Classical Solutions and Maximum Principle). ¥ € C%*(0) is a
classical solution of (1) if and only if
forany ¢ € C*(0), if yo € O is a local maximum point of u — ¢, one has



First-Order Hamilton—Jacobi Equations and Applications 55

F(yo.u(y0), Dp(y0). D*¢(y0)) < 0.
and, for any ¢ € C*(0), if yo € O is a local minimum point of u — @, one has
F(yo,u(y0), De(y0), D*¢(y0)) = 0.

Proof. The proof of this result is very simple: the first part of the equivalence just
comes from the classical properties Du(yo) = Do(yo), D*u(yo) < D*@(y0), at a
maximum point y of u — ¢ (recall that u and ¢ are smooth) or Du(yo) = D¢(yo),
D*u(yo) > D?@(y0), at a minimum point yo of u — ¢. One has just to use these
properties together with the ellipticity property (2) of F to obtain the inequalities of
the theorem.

The second part is a consequence of the fact that we can take ¢ = u as test-
function and therefore F(yo, u(yo). Du(yo), D*u(y0)) is both positive and negative
at any point y, of & since any yy € € is both a local maximum and minimum point
of u—u.

Now we simply remark that the equivalent definition of classical solutions which
is given here in terms of test-functions ¢ does not require the existence of first and
second derivatives of u. For example, the continuity of u is sufficient to give a sense
to this equivalent definition; therefore we use this formulation to define viscosity
solutions.

Definition 3.1 (Continuous Viscosity Solutions). The function u € C(0) is a
viscosity solution of (1) if and only if
for any ¢ € C%(0), if yo € O is a local maximum point of # — ¢, one has

F(yo, u(y0), Do(»0), D*¢(y0)) <0,

and, for any ¢ € C2(0), if yo € O is a local minimum point of u — ¢, one has
F(yo,u(y0), De(y0), D*¢(y0)) = 0.

If u only satisfies the first property of Definition 3.1 (with maximum points), we
will say that u is a viscosity subsolution of the equation, while it is called a viscosity
supersolution if it only satisfies the second one. From now on, we will talk only
of subsolution, supersolution and solution considering that they will be anytime
taken in the viscosity sense. This notion of solution was called “viscosity solution”
because for first-order equations, as we will see it below, viscosity solutions were
first obtained as limits in the “vanishing viscosity method”, i.e. by an approximation
procedure involving a —e A term.

For first-order equations (otherwise this remark makes no sense), it is worth
pointing out that a solution of F = 0 is not necessarily a solution of —F = 0:
the sign of the nonlinearity plays a role. This phenomena can be understood in
the following way: the viscosity solution of the equation F = 0 when unique
can be thought as being obtained through the vanishing viscosity approximation
—eA + F = 0 and there is no reason why the other vanishing approximation
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e¢A 4+ F = 0 (which leads in fact to a solution of —F = 0) converges to the
same solution.

Finally we remark that parabolic equations are just a particular case of (degen-
erate) elliptic equations: the y—variable is just the (x, t)—variable and, of course,
Du, D*u have to be understood as the gradient and Hessian matrix of u with respect
to the variable (x, 7).

3.3 Back to the Running Example (I): The Value Function U
is a Viscosity Solution of (7)

The key result is the Dynamic Programming Principle

Theorem 3.2. Under the hypothesis (CA), if x € §2,0 <t < T, the value function
satisfies, for S > 0 small enough

S
UGr.) = inf [ / FOa(s),a(s))ds + Ulra(S).1 — S)} RS
ol. 0

We leave the proof of this result to the reader and show how it implies that U is a
viscosity solution of (7). To do so, we assume that U is continuous (an assumption
which will be removed later on). We only prove that it is a supersolution, the
subsolution property being easier to obtain.

Let¢ € C'(£2 x (0, T)) and assume that (x, ) € 2 x (0, T) is a local minimum
point of U — ¢. There exists r > 0 such that, if |x’ — x| < r and |t/ — ¢| < r, then
x'€ 2, >0and

U, ) —o(x',t) = U(x,t) — ¢ (x,1) .

Using the Dynamic Programming Principle with S small enough in order to have
S <rand|y.(S)— x| <r (recall that b is uniformly bounded), we obtain

s
pe =int | [ 00000+ 40500 = 5)]
al.) 0
But, by standard calculus
P(yx(S).1 = 5)
s
=¢x.0)+ /0 (D@ (yx(s). 1 —5) - b(ya(s),a(8)) — Pi(yx(s).1 —5)) ds .

And therefore
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S
0= int| [ (D9031(6).1 =51 03,0006 = 3150t =)

T F O (s).a(s)) ds] ,

or

S
sup [ / (=D(e(5).1 —5) - b(y(s). a(5))
al.) 0

¢ (x(5).1 = 5) = [(yx (). (s))) dS} >0.

Next, we remark that the integrand can be replaced by (the larger quantity)

G (yx(s).1 = 5) + H(yx(s), DP(yx(s). 1 —5))

and then, because of the regularity of ¢ and the continuity property of H, by
¢i(x,t) + H(x, Dp(x,t)) + o(1) where o(1) denotes a quantity which tends to
0 as § — 0, uniformly with respect to the control. Finally

S
sup [/ (¢ (x,1) + H(x, Do (x.1)) +0(1))ds} >0,
() 0

and the conclusion follows by dividing by S and letting S tends to 0, noticing that
the sup can be dropped.

Remark 3.1. The above argument is a key one and it is worth pointing out that it
just uses the fact that
u(x,t) = G(S,x,t,u(?),

where G is monotone in u(-) and consistent with the equation, in the sense that

P(x.1) —G(S.x.1.¢())
S

— ¢i(x,t)+ H(x,D¢p(x,t) as S — 0,

for any smooth function ¢.> Therefore it is a rather general argument which connects
“monotonicity” and “viscosity solutions”: it appears in various situations such as
the convergence of numerical scheme (see in particular [13]), the connection of
monotone semi-group with viscosity solutions (see, for instance, [1,19,36]), ... etc.

2Here we have also used a less important (but simplifying) property, namely the commuta-
tion with constants: for any ¢ €R, S,x,t and for any function u(-), G(S,x,t,u(-)+c)=
G(S,x,t,u()+c.
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3.4 An Equivalent Definition and Its Consequences

We continue by giving some equivalent definitions which may be useful.

Proposition 3.1. An equivalent definition of subsolution, supersolution and solu-
tion is obtained by replacing in Definition 3.1:

1. “¢ € CHO)" by “p € CK(0)” (2 <k < +00) orby “¢p € C®(0)”

2. “¢p € C2(0)” by “¢p € C(O)” in the case of first-order equations

3. “local maximum” or “local minimum” by “strict local maximum” or “strict
local minimum” or by “global maximum” or “global minimum” or by “strict
global maximum” or “strict global minimum”.

This proposition is useful since, in general, the proofs are simplified by a right
choice of the definition. In particular the definition with “global maximum points”
or “global minimum points” in order to avoid heavy localisation arguments.

The proof of this proposition is left as an exercise (despite it is not obvious at all):
it is based on classical Analysis type arguments, some of them being rather delicate.

We give now a more “pointwise” definition using generalized derivatives (“sub
and super-differential” or “semi-jets”’) which plays a central role for second-order
equations.

Definition 3.2 (Second-order sub and super-differential of a continuous
function). The second-order superdifferential of u € C(&0) at y € & is the,
possibly empty, convex subset of RY x .7V, denoted by D>*u(y), of all couples
(p. M) e RY x .V satisfying

u(y + 1) = () = (p. )~ 5 (M. h) < o(lhf?)

for h € RY small enough.

The second-order subdifferential of u € C(&) at y € O is the, possibly empty,
convex subset of RV x .7V, denoted by D>~ u(y), of all couples (p, M) € RV x
SN satisfying

u(y + 1) = () = (p. ) = 5 (M, 1) = o((hf?)

for h € RN small enough.
As indicated in the definition, these subsets can be empty, even both as it is the
1
case, at the point y = 0, for the function y > +/|y| sin(—z) extended at 0 by 0.
y

If u is twice differentiable at y then
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D**u(y) = {(Du(y). M); M > D*u(y)},
D*"u(y) = {(Du(y). M); M < D?u(y)},

Now we turn to the connections between sub and super-differentials with
viscosity solutions.

Theorem 3.3. (i) u € C(0) is a subsolution of (1) iff, for any y € O and for any
(p. M) € D*>Fu(y)

F(y,u(y),p,M) <0. (13)

(ii) u € C(0O) is a supersolution of (1) iff, for any y € O and for any (p, M) €
D*~u(y)
F(y,u(y),p.M)>0. (14)

Before giving some elements of the proof of Theorem 3.3, we provide some easy
(but useful) consequences.

Corollary 3.1. (i) Ifu € C*(0) satisfies F(y,u(y), Du(y), D*u(y)) = 0in 0
then u is a viscosity solution of (1).

(ii) If u € C(0O) is a viscosity solution of (1) and if u is twice differentiable at
Vo € O then

F(yo, u(y0), Du(yo), D*u(yo)) = 0 .

(i) Ifu € C(O) is a viscosity solution of (1) and if ¢ : R — R is a C*—function
such that ¢’ > 0 on R then the function v defined by v = ¢(u) is a viscosity
solution of

K(y,v,Dv,D*v) =0 in0,

where K(y.z.p.M) = F(y.v().¥'@p.¥' @M + ¥"@)p ® p) and
y=¢"

The proof of this Corollary is based on the classical technics of calculus and is
left as an exercise.

This corollary is formulated in terms of “solution” but, of course analogous
results hold for subsolutions and supersolutions.

A lot of different changes can be considered instead of the one in the result (iii):
as long as signs are preserved in order to keep the inequalities satisfied by the sub
or superdifferentials or, if the minima are not transformed in maxima and vice-
versa, such result remains true. Let us mention, for example, the transformations:
v = u+ V¥, with ¥ being of classe C? or v = yu + v, x, ¥ being of classe C? and
x=>oa>0... etc

In the case when “signs are changed”, we have the following proposition.

Proposition 3.2. u € C(0) is a subsolution (resp. supersolution) of (1) iff v = —u
is a supersolution (resp. subsolution) of

—F(y,—v,—Dv, —Dzv) =0 in0.
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The proof of Theorem 3.3 (that Proposition 3.2 allows us to do only in the
subsolution case) relies only on two arguments; the first is elementary: if ¢ a C?
test-function and if yy a local maximum point of u — ¢ then, by combining the
regularity of ¢ and the property of local maximum, we get

u(y) = ¢(y) + u(yo) — ¢(yo)

< u(yo) + (D¢ (y0), y — yo) + %D2¢(J/0)(y —0) - (y = yo) +o(ly —yol») .

Therefore (D¢ (yo), D2¢ (1)) is in D> u(yy).
The second one is not as simple as the first one and is described in the following
lemma.

Lemma 3.1. If (p, M) € D> u(yy), there exists a C*>—function ¢ : 0 — R such
that D¢ (yo) = p, D*¢(yo) = M and such that yy is a local maximum point of

u—ao.

The proof of this lemma uses classical but rather tricky Analysis tools, in
particular regularization arguments. We skip it since it is rather long and not in
the central scope of this course. We refer to Crandall et al. [21] or Lions [36] for a
complete proof.

4 The First Stability Result for Viscosity Solutions

There is no need to recall here that problems involving passage to the limit
in nonlinear equations when we have only a weak convergence is one of the
fundamental problem of nonlinear Analysis. We call “stability result” a result
showing under which conditions a limit of a sequence of sub or supersolutions is
still a sub or a supersolution.

We present in theses notes two types of stability results which are of different
natures: the first one looks rather classical since it requires compactness (or
convergence) properties on the considered sequences. It may be a priori of a rather
difficult use since the needed estimates on the solutions are not so easy to obtain in
concrete situations. The second one, on the contrary, will be far less classical and
requires only easy estimates but rather strong uniqueness properties for the limiting
equation: we present this second stability result in Sect. 6 since it requires the notion
of discontinuous viscosity solutions. We state both results in the framework of
second-order equations since there are no additional difficulties.

The first result is the

Theorem 4.1. Assume that, for ¢ > 0, u, € C(O) is a subsolution (resp. a
supersolution) of the equation

F.(y,u, Du,, Dzug) =0 in0, (15)
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where (F;). is a sequence of continuous functions satisfying the ellipticity condition.
Ifu, — uin C(0) andif F, — F in C(O x Rx RN x .#N) then u is a subsolution
(resp. a supersolution) of the equation

F(y,u,Du,D*u) =0 in0 .

We first recall that the convergence in the spaces of continuous functions C (&)
or C(0 x R x RY x .#V) is the uniform convergence on compact subsets.

This result allows to pass to the limit in a nonlinear equation (and in particular
with a nonlinearity on the gradient and the Hessian matrix of the solutions) with
only the local uniform convergence of the sequence (i, )., which, of course, does not
imply any strong convergence (for example, a convergence in the almost everywhere
sense) neither on the gradient nor a fortiori on the Hessian matrix of the solutions.

An unusual characteristic of this result is to consider separately the convergence
of the equation—or more precisely of the nonlinearities F;—and of the solutions u,.
Classical arguments would lead to a question like: is the convergence of u, strong
enough in order to pass to the limit in the equality F(y,u,, Dug, D*u;) = 0?”.
In this case, the necessary convergence on u, would have depended strongly on
the equations through the properties of the F;. Here this is not at all the case: the
required convergences for F; and u, are fixed a priori.

The most classical example of application of this result is the vanishing viscosity
method

—eAu, + H(y,ue, Du,) =0 in 0.

This explains why we present the above result in the second-order framework. In
this case, the nonlinearity F; is given by

Fg(y,lzt,p,M):—€TI'(M)+H(y,Lt,p),

and its convergence in C(OxRxRYN x.#N) to H(y, u, p) is obvious. If u, converges
uniformly to u, then Theorem 4.1 implies that u is a solution of

H(y,u,Du)=0 in0 .

The above example shows that the solutions of Hamilton—Jacobi Equations—and
more generally of nonlinear elliptic equations—obtained by the vanishing viscosity
method are viscosity solutions of these equations, and this justifies the terminology.

In practical use, most of the time, Theorem 4.1 is applied to a subsequence of
(ue). instead of the sequence itself. When one wants to pass to the limit in an
equation of the type (15), one proceeds, in general, as follows:

1. One proves that u, is locally bounded in L°°, uniformly w.r.t £ > 0.

2. One shows that u, is locally bounded in some Hélder space C%* for some 0 <
o < 1 orin W uniformly w.r.t & > 0.

3. Because of the two first steps, by Ascoli’s Theorem, the sequence (i), is in a
compact subset of C(K) forany K CC 0.
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4. One applies the stability result to a converging subsequence of (u;). which is
obtained by a diagonal extraction procedure.

This method will be really complete only when we will have a uniqueness
result: indeed, the above argument shows that all converging subsequence of the
sequence (u.). converges to A viscosity solution of the limiting equation. If there
exists only one solution of this equation then all the converging subsequences
converge to THE viscosity solution of the limiting equation that we denote by u.
A classical compactness and separation argument then implies that all the sequence
(ug)e converge to u (exercise!).

But, in order to have uniqueness and to justify this argument, one has to impose
boundary conditions and also to be able to pass to the limit in these boundary
conditions . .. (to be continued!).

We now give an example of application of this method.

Example. This example is unavoidably a little bit formal since our aim is to show
a mechanism of passage to the limit by viscosity solutions’ methods and we do not
intend to obtain the estimates we need in full details. In particular, we are to use the
Maximum Principle in RY without justification.

For & > 0, let u, € C*(RY) N W1°(R¥) be the unique solution of the equation
—eAu, + H(Du,) + u, = f(x) inRY,

where H is a locally Lipschitz continuous function on RV, H(0) = 0 and f €
W12 (RV). By the Maximum Principle, we have

—[1flloo <tz < || flloc inRY,

because —|| f||oo and || f||oo are respectively sub- and supersolution of the equa-
tion. Moreover, if 4 € R, since us(. + h) is a solution of an analogous equation
where f(.) is replaced by f(. + &) in the right-hand side, the Maximum Principle
also implies

Nue(. +h) —ue(H|loo < I f(+h)— f()]leo in RN,

and, since f is Lipschitz continuous, the right-hand side is estimated by C || where
C is the Lipschitz constant of f. This yields

e (. 4+ h) = ue(Mloo < Cl|  inRY .

Since this inequality is true for any £, it implies that u, est Lipschitz continuous
with Lipschitz constant C.

Using the Ascoli’s Theorem and a diagonal extraction procedure, we can extract
a subsequence still denoted by (i), which converges to a continuous function u
which is, by Theorem 4.1, a solution of the equation
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HDu) +u= f(x) inRY .

In this example, we perform a passage to the limit in a singular perturbation
problem without facing much difficulties; again this example will be complete only
when we will know that u is the unique solution of the limiting equation since it will
imply that the whole sequence (u.). converges to u by a classical compactness and
separation argument.

Now we turn to the Proof of Theorem 4.1. We prove the result only in the
subsolution case, the other case being shown in an analogous way.

We consider ¢ € C%(0) and yy € € alocal maximum point of u—¢. Subtracting
if necessary a term like x(y) = |y — yo|* to u — ¢, one can always assume that y; is
a strict local maximum point. We then use the following lemma (left as an exercise).

Lemma 4.1. Let (v;). be a sequence of continuous functions on an open subset O
which converge in C(0O) to v. If yo € O is a strict local maximum point of v, there
exists a sequence of local maximum points of v, denoted by (y.)., which converges
to yo.

One uses Lemma 4.1 with v, = u, — (¢ + x) and v = u — (¢ + y). Since u, is
a subsolution of (15) and since y® is a local maximum of u, — (¢ + x), we have, by
definition

Fo(3*u:00%). DO() + Dy(37), D29 () + D*4(3)) < 0.

Now we have just to pass to the limit in this inequality: since y* — yq, we use the
regularity of the test-functions ¢ and y which implies

D¢(y*) + Dx(y*) = Dp(yo) + Dx(yo) = Dd(yo) .
and

D*¢(y°) + D*x(y°) = D’¢(yo) + D*x(y0) = D’¢(yo) -

Moreover, because of the local uniform convergence of u,, we have u.(y*) — u(yy),
and the convergence of F; finally yields

Fo(»"ue(6), DS () + Dx (), D2$(y*) + D*x("))
— F(yo.u(v0). D$ (30), D*¢ (30) ) -

Therefore

F(y0.u(v0). D(30), D*¢(30) ) < 0.

And the proof is complete.
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5 Uniqueness: The Basic Arguments and Additional Recipes

5.1 A First Basic Result

In this section, we present the basic arguments to obtain “comparison results” for
viscosity solutions. In order to simplify the presentation, we begin with a simple
result and then we show (few) additional arguments which are needed in order to
extend it to different situations.

We consider the equation

u+ H(x,t,Du) =0 in2 x(0,T), (16)

where §2 is a bounded open subset of RY, T > 0and, here, Du denotes the gradient
of u in the space variable x and H is a continuous function. We use the (standard)
notations

Q0=2x(0,T) and 3,0 =32 x [0, T] U 2 x {0} .

0, 0 is called the parabolic boundary of Q.
By “comparison result”’, we mean the following

Ifu,v € C(Q) are respectively subsolution and supersolution of (16) and ifu < v
on 9,Q then
u<v onQ.

To state and prove the main result, we use the following assumption

(H1) There exists a modulus m : [0, +00) — [0, +00) such that, for any x, y € Q,
t€(0,T]and p € RV

|H(x,t,p) — H(y.t, p)l <m(]x —y|(1 +|p]) .

We recall that a modulus m is an increasing, positive function, defined on
[0, +00) such that m(r) — 0 when r | 0.
The result is the following.

Theorem 5.1. If (HI) holds, we have a comparison result for (16). Moreover, the
result remains true if we replace the hypothesis (H1) by either “u is Lipschitz
continuous in x” or by “v is Lipschitz continuous in x”, uniformly w.r.t. t.

This result means that the Maximum Principle, which is classical for elliptic and
parabolic equations, extends to viscosity solutions of first-order Hamilton—Jacobi
Equations.

At first glance, assumption (H1) does not seem to be a very natural assumption.
We first remark that, if H is a locally Lipschitz continuous function in x for any



First-Order Hamilton—Jacobi Equations and Applications 65

t € (0,T] and for any p € R", (Hl) is satisfied if there exists a constant C > 0,
such that, forany ¢ € (0, T] and p € RV

oH
Ia—(x,t,p)| <C(1+|p|) ae.inRY.
X

This version of (H1) is perhaps easier to understand.
In order to justify (H1), let us consider the case of the transport equation

u, —b(x)-Du= f(x) in Q. 17

It is clear that the hypothesis (H1) is satisfied if » is a Lipschitz continuous vector
field on £2 and the function f has to be continuous on £2.

In this example, the Lipschitz assumption on b is the most restrictive and
important in order to have (H1): we will see in the proof of Theorem 5.1 the central
role of the term |x — y|.| p| in (H1) which comes from this hypothesis. But it is well-
known that the properties of (17) are connected to those of the dynamical system

X(t) = b(x(1)) . (18)

Indeed, one can compute the solutions of (17) by solving this ode through the
Method of Characteristics. Therefore the Lipschitz assumption on b appears as
being rather natural since it is also the standard assumption to have existence and
uniqueness for (18) by the Cauchy—Lipschitz Theorem.?

Remark 5.1. Ttis worth pointing out that, in Theorem 5.1, no assumption is made on
the behavior of H en p (except indirectly with the restrictions coming from (H1)).
For example, one has a uniqueness result for the equation

u + H(Du) = f(x,t) inQ,

if f is continuous on Q, for any continuous function H, without any growth
condition.

There are a lot of variations for Theorem 5.1: for example, one can play with
(H1) and the regularity of the solutions (as it is already the case in the statement of
Theorem 5.1).

A classical and useful corollary of Theorem 5.1 is the one when we do not assume
anything on the sub and supersolution on the parabolic boundary of O

3In Biton [19], a non-trivial counterexample to the uniqueness for (17) is given in a situation where
the Cauchy-Lipschitz Theorem cannot be applied to (18).
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Corollary 5.1. Under the assumptions of Theorem 5.1, if u,v € C(Q) are respec-
tively sub and supersolutions of (16) then

max (u —v)t < max (u—v)" .
[ 9,0

Moreover, the result remains true if we replace (HI1) by “u is Lipschitz continuous
in x” or by “v is Lipschitz continuous in x”, uniformly w.r.t. t.

The proof of Corollary 5.1 is immediate by remarking that, if we set C =
maxy,o (u — v)*, v + C is still a supersolution of (16) and u < v + C on 9, 0.
Theorem 5.1 implies then u < v + C on @, which is the desired result.

Remark 5.2. As the above proof shows it, this type of corollary is an immediate
consequence of all comparison results with a suitable change on the sub or
supersolution which may be more complicated depending on the dependence of
H in u. We can have also more precise results by applying the comparison property
on sub-intervals.

Now we turn to the Proof of Theorem 5.1. The aim of is to show that M =
max (u — v) is less or equal to 0. We argue by contradiction assuming that M > 0.
0

In order to simplify the proof, we are going to make some reductions and to give
preliminary results.

First, changing u in u,(x,t) := u(x,t) — nt for some n > 0 (small), we may
assume without loss of generality that u a strict subsolution of (16) since u, is a
subsolution of

() + H(x,t,Du,) <—n <0 in2x(0,7T) (19)

To complete the proof, it suffices to show that u, < v on O for any 7 and then to let
n tends to 0. Notice also that we still have u,, < v on d, Q. To simplify the notations
and since the proof is clearly reduced to compare u, and v, we drop the n and use
the notation u instead of u;,.

Next, we consider the difficulty with £2 x {T}: a priori, we do not know if u < v
on this part of the boundary and a maximum point of # — v (or related functions)
can be located there. It is solved by the

Lemma 5.1. Ifu,v € C(Q) are respectively sub and supersolutions of (16) in Q,
they are also sub and supersolutions in §2 x (0, T]. More precisely the viscosity
inequalities hold if the maximum or minimum points are on §2 x {T }.

We leave the simple checking of this result to the reader: if (xo,7) is a strict
maximum point of u — ¢, where ¢ is a smooth function, we consider the function
u(x,t) — ¢(x,t) — 7= for n > 0 small enough. By Lemma 4.1, this function has
a maximum point at a nearby point (x,,#,) (¢, < T) and (x,,t;) — (xo,7T); in
order to conclude, it suffices to pass to the limit in the viscosity inequality at the
point (xy, t;), remarking that the term % has a positive derivative which can be
dropped.
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Next, since # and v are not smooth, we need an argument in order to be able to use
the definition of viscosity solutions. This argument is the “doubling of variables”.
For 0 < ¢, ¢ < 1, we introduce the “test-function”

=y s
2 - .

w&,a(x7t’yvs)ZM(X’I)_U(.V’S)_ Ol2
The function ¥, being continuous on Q x Q, it achieves its maximum at a point
which we denote by (x,7,7,5) and we set M := ¥, ,(X,7,,5); we have dropped
the dependences of X,7,y,s and M in all the parameters in order to avoid heavy
notations.

|x —yP? |t —s|?
o and o
the maximum points (X,7,7,5) of Y. to verify (X,7) ~ (7,5) if &, @ are small
enough, one can think that the maximum of v, , looks like the maximum of u — v.
This idea is justified by the following lemma which plays a key role in the proof.

Because of the “penalisation” terms ( ) which imposes to

Lemma 5.2. The following properties hold

1. Whene,a -0, M — M.
2. u(X, 1) —v(y,5) > M when e, — 0.
3. We have

IX—3* [t -5
_— 3 —0 whene,a —0.

&2 o
2(x-7y)
2

Moreover; if u or v is Lipschitz continuous in x, then p := is bounded

by twice the (uniform in t) Lipschitz constant of u or v.
4. (x,7), (3,5) € 2 x (0, T] if e, « are sufficiently small.

We conclude the proof of the theorem by using the lemma. We assume that ¢, o
are sufficiently small in order that the last point of the lemma holds true. Since
(X,%,7,5) is a maximum point of ¥, 4, (X, 7) is a maximum point of the function

(x,1) = u(x, 1) —@'(x, 1),
where

=2 <2
X — t—73

o' (x.t) = v(¥,5) + | 2y| + | 3 iy
€ o

)

but u is viscosity subsolution of (19) and (X,7) € £2 x (0, T, therefore

! I - _
e (Y,ﬂ+H(f,7,D<pl(f,a):M+H 728V,
ot ¢ o? &2

In the same way, (¥, ) is a maximum point of the function

(y,S) H‘”()’J)"“PZ()’J) s
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where

e
0'(y.9) = u(® D) - ——— - ;

)

o?

hence (¥,5) is a minimum point of the function v — ¢2; but v is viscosity
supersolution of (16) and (y,s) € £2 x (0, T], therefore

dg? 2( -5 2(X -7
Yoo+ Esoeee) =220 (752570 20
ds o? g?

2(x-7)

Then we subtract the two viscosity inequalities: recalling that p := 5
€

we obtain
H(X,1.p)-H(3.5P) <-n.

We can remark that a formal proof where we would assume that u et v are C! and
where we could directly consider a maximum point of # — v, would have lead us to
an analogous situation, the term p playing the role of “Du = Dy” at the maximum
point; the fact that we keep such equality here is a key point in the proof. The
only -rather important- difference is the one corresponding to the current points:
(x,7) for u, (¥,5) for v. This is where (H1) is going to play a central role.

We add and subtract the term H (x,'s, p) which allows us to rewrite the inequality
as

(H(x.1,p) - H(x.5.7) - (H(.5.p) —H(X.5.p)) = -1 .
In the left-hand side, the first term is related to the regularity of H in ¢ and the second
one to the regularity of H in x, namely (H1). For fixed &, p remains bounded (say,
by at most a K /¢ for some constant K > 0) and denoting by m?,; the modulus of
continuity of H on O x B(0, K /¢), we are lead, using (H1) to

my (It =5) + m(Ix =¥|(1 +|p]) < —n.

But, on one hand, |[f — 5| — 0 as @ — 0 since the maximum point property implies
— —32 .
that the penalisation term Itagl is less than R := max(||u||co, ||V]]|co) (see the proof

of Lemma 5.2 below) and therefore |[f — 5| < (2R)1/ 2o while, on the other hand,

2—_—2
F =TI+ [B) = [F—F + 22" 0 whene.a — 0.
&

In order to conclude, we first fix ¢ and let « tend to 0 and then we let ¢ tend to O.
The above inequality and the properties we just recall lead us to a contradiction.

In the case when u or v is Lipschitz continuous in x, uniformly w.r.t. f,
Lemma 5.2 implies that |p| is uniformly bounded and the contradiction just follows

from the uniform continuity of H on Q x B(0, 2K), where K denotes the Lipschitz
constant of u or v, and the proof is complete.
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Now we prove Lemma 52. Since (X,7,7,5) is a maximum point of V.4, we
have, for any (x,?), (y,s) € O

— - . x=3?* |i-35* —
wé‘,u(xvtsyss) = wé‘,u(xstvyvs) = u(x,t)—v(y,S)— | Szyl - I o? I =M.
(20)

Choosing x = y and ¢ = s in the left-hand side yields
u(x,t) —v(x,t) <M, forall(x,t)e 0,

and, by considering the supremum in x, we obtain the inequality M < M.

Since u, v are bounded, we can set as above R := max(||u||co, ||V]|co) and we
also have by arguing in an analogous way
—_ =52 [F_<2
X — t—75s
S e
&2 a? g2 a?

T—F?2 -5
M = u(® D)~ 0(7.5) - SEe R

Recalling that we assume M > 0, we deduce

—_ 52 [F_<2

X — -5

bl gy kI ryy
g2 o?

In particular, |[Xx — y|,|f —5| - O as e, a — 0.
Now we use again the inequality

—_ =12 |F_<]2
MzuEn-ve -2 T e oves . en

Since Q is compact, we may assume without loss of generality that (X,7), (¥,5)
converge and this is to the same point because [X — y|,|[f —5| —> O as ¢, — 0. We
deduce from this property and (21) that

M <liminf(u(x,7) — v(7,5)) < limsup(u(x,7) —v(y,5)) <M . (22)
As a consequence lim(u(X,7) — v(¥,5)) = M and using again (21)

—_ =2 |F_<2
— X — t—s
M:u(f,ﬂ—v(?j)—l 2y| | 2| —- M .
e [

But, since u(X,7) — v(¥,5) — M, we immediately deduce that

Ix—7* n 7 -5
g2 a?

— 0,

and we have proved the two first points of the lemma.
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For the last one, it is enough to remark that, if (x,?) is a limit of a subsequence
of (X,7), (¥,5), then u(x,t) —v(x,t) = M > 0 and therefore (x, ) cannot be on
0,0.

It just remains to prove the estimate on p if u or v is Lipschitz continuous in x,
uniformly w.r.t. . We assume, for instance, that u has this property with Lipschitz
constant K, the proof with v being analogous.

We come back to (20) and we choose x = y = y,t = f and s = ¥; after
straightforward computations, this yields

x5

— <u(.0)—u1) < K[x-7|.
&

Therefore || < 2K. This concludes the proof of lemma.

5.2 Several Variations

The first one concerns equations with a dependence in u
u + H(x,t,u,Du) =0 in2x(0,7T). (23)

Of course, an assumption is needed in order to avoid Burgers type equations
which do not fall into this kind of framework. The classical one is

(H2) For any 0 < R < 400, there exists yg € R such that, for any (x,¢) € Q,
—RfvfufRandpe]RN

H(x,t,u,p)— H(x,t,v,p) > yr(u—v) .

If yr > 0 for any R, then the proof follows exactly from the same arguments.
Otherwise, the simplest way to reduce to this case is to make a change of variable
u — uexp(yt) for some well-chosen y € R, typically some yg for large enough
R (larger than ||u||s0). Finally we point out that, in general, (H1) is modified by
allowing the modulus m to depend on R as yg in (H2).

Next we consider problems set in the whole space RV where the lack of
compactness of the domain creates additional problems. The following assumption
is needed

(H3) H is uniformly continuous on R x [0, T'] x B for any R > 0.
We also introduce the space BUC(RY x [0, T]) of the functions which are
bounded, uniformly continuous on RY x [0, T]. The result for (16) is the

Theorem 5.2. Assume (H1)and (H3). Ifu,v € BUC(RN x [0, T]) are respectively
sub and supersolution of (16) with 2 = R, then
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sup (u—v) <sup (u(x,0) —v(x,0)) .
RV x[0.7] RNV

Moreover, the result remains true if we replace the hypothesis (H1) by either “u is
Lipschitz continuous in x” or by “v is Lipschitz continuous in x”, uniformly w.r.t. t.

We just sketch the proof since it follows the same ideas as the proof of
Theorem 5.1: for 0 < ¢, @, B < 1, we introduce the test-function

=gl jr-sP

Y(x,t,y,s) = ulx,1) —v(y,s) = = BUxP + 1y

o?

The main change is with the S-term: because of the non-compactness of the domain,
such term is needed for the maximum of ¥ to be achieved. Two technical remarks
are enough to complete the proof:

1. From the proof of Lemma 5.2, it is clear that B(|x|> + |y]?) < R = max(||u||cos
||v]]oo) and these terms produces derivatives which are small since [28x| =
2B2(B(1x|*)"/> < 2BY2R'Y? and the same is (of course) true for 2fy.
(H3) takes care of these small perturbations.

2. The proof of Lemma 5.2 is not as simple as in the compact case because the result
is not true in general for any continuous functions u and v. In fact, the behavior
of the maximum of i depends on the way we play with the different parameters.
The two extreme cases are:

» Ifwe fix B and let first ¢ and « tend to 0, the maximum of i actually converges
to maxg (u(x,t) — v(x,1) — 28|x]?)) and then, if we send B tend to 0, this
maximum converges to the supremum of u — v.

* But, if, on the contrary, we first let 8 tend to 0 by fixing ¢ and « and then we
let ¢ and o tend to 0, the maximum of v does not converges to the supremum

of u — v but to im supy, o SUP|(, 1)—(y.5)| < @(x, 1) —v(y,5)).

In general these limits are different and therefore playing with the parameters
may be delicate. This explains the assumption “u or v is in BUC(RY x [0, T])” in
Theorem 5.2: indeed all these limits are the same in this case. In the BUC(RY x
[0, T']) framework, the proof follows the one of Theorem 5.1 since (21) leads to

If—ﬂ2+ﬁ—ﬂ2

IA

u(x,r) —v(y,s)— M

u(xva - M(?, E) + M(? 5) - U(?v 5) -M
M(Y7a - “(y’ E) P

g2 a?

IA

IA

because u(y,s) —v(y,s) < M.If m, denotes a modulus of continuity of u, we have
u(x, 1) —u(y,s) <m,(|(x,7) — (¥,5)|) and therefore
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T-31 , [F-5P o
A [ B A P
& o

Finally using that |[X — y| < (2R)'/?¢ and |f — 5| < (2R)"/?a, we have a complete
estimate of the penalisation terms.

Remark 5.3. In fact, there is a technical way which allows to avoid (partially) the
above mentioned difficulty, assuming only that there exists 1y € BUC(R") such that

u(x,0) < up(x) <v(x,0) inRY.

By a standard result (exercise!), the modulus m given by (H1) satisfies: for any
n > 0, there exists Cy, such that m(zr) < C,t + /2. We then change the test-
function into

_ lx —yl>  le—s? 2 2
V(x.t.y.s) = ulx.t) —v(y.s) —exp(Cyt) —5— — —— = Bx|"+ [y .
The effect of the new “exp(C,¢)”-term is to produce a positive C, exp(Cyt) |X;2y ‘2

—vl|2
term in the inequality which allows to control the “bad” dependence in % and
therefore allows to treat cases where we do not know that this quantity tends to 0.
Clearly the «-penalisation term does not create any difficulty.

5.3 Finite Speed of Propagation

An important feature of time-dependent equations is the possibility of having “finite
speed of propagation” type results which can be stated in the following way for
u,v € C(RY x [0, T]) which are respectively sub and supersolution of (16) in
RN x [0, T]

There exists a constant ¢ > 0 such that, if u(x,0) < v(x,0) in B(0, R) for some
R then u(x,t) < v(x,t) forany x in B(0, R —ct), ct < R.

The constant ¢ is the “speed of propagation” and, of course, B(0, R) can be
replaced by any other ball B(z, R). The key assumption for having such result is the

(H4) Forany x € RV, 7 € [0,T] and p,q € RV
|H(x,t,p) — H(x,t,q)| <C|p—q| .

Theorem 5.3. Assume (H1) and (H4). Then we have a “finite speed of propaga-
tion” type results for (16) in RN x [0, T with a speed of propagation equal to C.

Before giving the proof of this result, we want to point out that such result may
also be obtained for sub and supersolutions which are Lipschitz continuous in space,
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uniformly w.r.t. # by assuming only H to be locally Lipschitz continuous in p:
indeed, in that case, only bounded p and g play a role and the inequality in (H4) is
satisfied if H is locally Lipschitz continuous.

Proof of Theorem 5.3. We just sketch it since it is a long but easy proof which
borrows a lot of arguments from the proof of Theorem 5.1.

Lemma 5.3. If u,v € C(RY x [0, T]) are respectively sub and supersolution of
(16) in RN x [0, T), the function w := u — v is a subsolution of

w; —C|Dw| =0 inRY x(0,7). (24)

Formally the result is obvious since it suffices to subtract the inequalities for # and
v and use (H4). But to show it in the viscosity sense is a little bit more technical.
Again we just sketch the proof: if (xo, f) is a strict maximum point of w — ¢ where
¢ is a smooth test-function, we introduce the function

2 2
X — t—s
(X,t,y,S) EM(X,I)—U(y,S)—| 2y| _| 2| —GD(XJ)-
& o

If (xo0, o) is a strict maximum point of w — ¢ in B((xo, ), ), we look at maximum
points of this function in B((xo, #o), ) x B((xo, fo), r). Because of the compactness
of the domain, the maximum is achieved at a point (X,7,y,5) and one easily
shows that (X,7), (7,5) — (xo0.%) as &, — 0; in particular (X,7), (7,5) are in
B((xo,10),r) for &, small enough. Writing the viscosity inequalities, following
the arguments of the proof of Theorem 5.1 and using (H4), one concludes easily.

The next step consists in showing that, if w(x,0) < 0 in B(0, R) for some R,
then w(x,?) < 0 for any x in B(0, R — Ct), Ct < R, which is equivalent to the
“finite speed of propagation” type results. To do so, it is enough to build a suitable
sequence of (smooth) supersolutions.

We introduce smooth functions ys : R — R such that ys5(r) = 0 forr < R — 4,
xs(r) = M forr > R, where M = MaX g Ryx(0.7] w(x,t) and y; is increasing
in R. Next we consider the functions ys(|x| + Ct); it is immediate to check that this
function is a smooth solution of (24) for Ct < R —§,i.e. fort <t5:= (R—6)/C
and that, on dB(0, R) X [0,2s5] and B(0, R) x {0}, w(x, ) < ys(|x| + Ct). Applying
Theorem 5.1 in B(0, R) x [0, 5], we obtain that w(x, ) < ys(|x|+ Ct) in B(0, R) x
[0, 5] and therefore, by the properties of ys, w(x,?) < O for |x| + Ct < R + 6.
Letting § tend to O gives the complete answer.

Remark 5.4. In fact, we do not really need a comparison result, namely Theorem
5.1, to conclude: the last part of the proof follows from the definition of viscosity
(sub)solution. Indeed the function ys(|x| + Cr) + 8¢ is a smooth strict supersolution
in B(0, R) x (0, t5); this shows that w(x, ) — (xs(|x| + Ct) 4+ §t) cannot achieve a
maximum point in B(0, R) x (0, T'], which immediately leads to the conclusion.
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6 Discontinuous Viscosity Solutions, Discontinuous
Nonlinearities and the ‘“Half-Relaxed Limits” Method

The main objective of this section is to present a general method, based on the
notion of discontinuous viscosity solutions, which allows passage to the limit in
(fully) nonlinear pdes with just an L°°-bounds on the solutions. To do so, we have
to extend the notion of viscosity solution to the discontinuous setting. We refer to
Ishii [30,31], Perthame and the author [8,9] for the notion of discontinuous viscosity
solutions, the half-relaxed limits method being introduced in [8].

We use the following notations: if z is a locally bounded function (possibly
discontinuous), we denote by z* its upper semicontinuous (usc) envelope

Z*(x) = limsup z(y),

y—=>x
and by z, its lower semicontinuous (Isc) envelope

z+(x) = liminf z(y).
y—=>x

6.1 Discontinuous Viscosity Solutions

The definition is the following.

Definition 6.1 (Discontinuous Viscosity Solutions). A locally bounded upper
semicontinuous (usc in short) function u is a viscosity subsolution of the equation

G(y,u,Du, Dzu) =0 on0 (25)
if and only if, for any ¢ € C2(0), if yo € € is a maximum point of u — ¢, one has

G« (30, u(y0). Do(30), D*¢(y0)) < 0.

A locally bounded lower semicontinuous (Isc in short) function v is a viscosity
supersolution of the (25) if and only if, for any ¢ € C%(0), if yo € € is a minimum
point of u — @, one has

G*(yo, u(y0), De(30), D*¢(y0)) = 0.

A (discontinuous) solution is a function whose usc and Isc envelopes are
respectively viscosity sub and supersolution of the equation.

The first reason to introduce such a complicated formulation is to unify the
convergence result we present in the next section: in fact, when & is an open subset
different from R", the function G may contain both the equation and the boundary
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condition. With such general formulation, we avoid to have a different result for
each type of boundary conditions. The possibility of handling discontinuous sub
and supersolutions is also a key point in the convergence proof.

To be more specific, we consider the problem

F(y,u,Du, D’u) =0 in O,
B(y,u,Du) =0 ondd0,

where F, B are a given continuous functions.
In order to solve it, a classical idea consists in considering the vanishing viscosity
method
—eAug + F(y,ug, Dug, D*u;) =0 in 0,
% B(y,u;,Du;) =0 on d0.

Indeed, by adding a —e A term, we regularize the equation in the sense that one can
expect to have more regular solutions for this approximate problem—typically in
Cc2(0)nCl(0).

If we assume that this is indeed the case, i.e. that this regularized problem has a
smooth solution u, and that, moreover, u, — u in C (5). It is easy to see, by the
arguments of Theorem 4.1, that the continuous function u satisfies in the viscosity
sense

F(y,u,Du, D*u) = 0 in 0,
min(F(y, u, Du, D*u), B(y,u, Du)) < 0 on 0,
max(F(y,u, Du, D?u), B(y,u, Du)) > 0 on 30,

where, for example, the “min” inequality on & means: for any ¢ € C 2(0), if
Yo € 00 is a maximum point of u — ¢ on O, one has

min(F (o, u(y0). D¢(0). D*¢(0)), B(y, u(y0), Du(0))) < 0.

The interpretation of this new problem can be done by setting the equation in &
instead of &. To do so, we introduce the function G defined by

F(y,u,p,M) if y € O,
B(y,u,p) ifyed0.

G(y,u,p,. M) =
The above argument shows that the function u is a viscosity solution of
G(y,u, Du, Dzu) =0 ond,

and in particular on 5, if

G« (y,u,Du, Dzu) <0 on &
G*(y,u,Du,D*u) >0 on0
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where G, and G* stand respectively for the lower semicontinuous and upper
semicontinuous envelopes of G. Indeed, the “min” and the “max’ above are nothing
but G4 and G* on 90.

6.2 Back to the Running Example (I1I): The Dirichlet
Boundary Condition for the Value-Function

In this subsection, we show that the value function of the exit time control problem
actually satisfy the Dirichlet boundary condition in the viscosity sense.

To do so, we use a more sophisticated version of the Dynamic Programming
Principle.

Theorem 6.1. Under the assumptions (CA), the value-function satisfies, for any
x€N,t>0and0 < S <t

SAt
Uty =int] [ F006). 05 + 115U = )+ Tiszapels (60|
(26)

In order to understand why this formulation leads naturally to boundary condi-
tions in the viscosity solutions sense, we consider x € 52,0 <t < T and a sequence
(xe, t;) converging to (x,t) such that U(x,,?,) — Us(x,t). We apply the Dynamic
Programming Principle at the point (x,, f,). We argue formally assuming that there
exists an optimal control o, (-) in such a way that we have

SATe
UGt = [ £ 00 )ds + Loy U0 (S)et = 5)
+ I{Sng}qp(yxs(fs)) .

Here there are two cases:

(i) Either . — 0 as ¢ — 0 and letting ¢ tends to 0, we obtain (formally)
Ui(x,1) = ¢(x).
(ii) Or 7, remains bounded away from 0 and by choosing S small enough, we have

S
Ulr. 1) = /0 £, (). 0e(5))ds + Uy, (). 1o — S) .

which, since U > U, on £2 can be rewritten as

s
U*(x,t)+0£(1)2/0 S (x. (8), e (8))ds + Us (. (S). 1. = S)
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a similar situation to the case when x € 2. Playing with ¢ and S (or fixing S
and using relaxed controls to pass to the limit ¢ — 0), it is easy to show that the
supersolution inequality holds.

In conclusion, boundary conditions in the viscosity solutions sense are natural
from the optimal control point of view since they take into account the strategy of
the controller and/or the controlability properties of the system. Indeed, we obtain
U (x,1) > ¢(x) [i.e. we are in the case (i)] if either it is interesting in term of cost
to pay ¢ (and if we can exit the domain to do it) or, on the contrary, if we are obliged
to exit the domain, even if this cost is high. Case (ii) may arise either if we want to
avoid paying the cost ¢ (and if some control allows to do it) or if we have no choice
but to go away from the boundary.

These interpretations for the “min” and “max” inequalities are important since
they connect the control problem and its properties with the equation and the
boundary conditions.

6.3 The Half-Relaxed Limit Method

The first key point is a stability result for discontinuous viscosity solutions. To state
it we use the following notations: if (z.). is a sequence of uniformly locally bounded
functions, the half-relaxed limits of (z¢). are defined by

lim sup® z.(y) = lilpsung(j/) and liminf, z.(y) = limipfzg(j).
= 0

Theorem 6.2. Assume that, for ¢ > 0, u. is an usc viscosity subsolution (resp. a lsc
supersolution) of the equation

G.(y,uz,Du,, D*u;) =0 on 0,
where (G,), is a sequence of uniformly locally bounded functions in € x R x RN
x N which 1satisfy the ellipticity condition. If the functions u, are uniformly locally
bounded on O, thenu = limsup* u, (resp. u = liminfy u,) is a subsolution (resp.
a supersolution) of the equation

G(y,u,Du,D’u)y =0 on0 ,

where G = liminf, G,.
(resp. of the equation

G(y,u,Du,D’u) =0 on0 ,

where G = limsup* G,).
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Of course, the main interest of this result is to allow the passage to the limit
in fully nonlinear, degenerate elliptic pdes with only a uniform local L°—bound
on the solutions. This is a striking difference with Theorem 4.1 which requires far
more informations on the u,’s. The counterpart is that we do not have anymore a
limit but two half-limits # and ¥ which have to be connected in order to obtain a real
convergence result.

This is the aim of the half-relaxed limit method:

. One proves that the u, are uniformly bounded in L*° (locally or globally).

. One applies the above discontinuous stability result.

. By definition, we have u < u on 0.

. To obtain the converse inequality, one uses a Strong Comparison Result (SCR
in short) i.e. a comparison result which is valid for discontinuous sub and
supersolutions. It yields

RSN S

@<u in O (oron O).

5. From the SCR, we deduce u = u in & (or on 5). If we setu := u = u, then u
is continuous (because u is usc and u is Isc) and it is easy to show that, on one
hand, u is the unique solution of the limiting equation (using again the SCR) and,
on the other hand, we have the convergence of i, to u in C(&) (or in C(0)).

It is clear that, in this method, SCR play a central role: we give in the next
subsection few indications on how to prove such results and references on the
existing SCR.

We first describe a typical example of the use of Theorem 6.2.

Example 6.1. We consider the problem

—eul (x) + u.(x) = 1in (0, 1)
ue(0) = u.(1) =0

Of course, it is expected that the solution of this problem converges to the solution of

{ W(x)=1 in(0,1)
u(0) =u(1) =0

But the solution of this problem does not seem to exist.
The solution u, can be computed explicitly

exp(e™'(x — 1)) —exp(—&™")
B 1 —exp(—e~1)

3

us(x) = x

and therefore we can also compute the half-relaxed limits of the sequence (),

x ifxe][0,1)
u(x) =x and u(x)=
0 forx=1.
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By Theorem 6.2, these half-relaxed limits are respectively sub and supersolution of

W(x)—1=0 in(0,1),
min(#/(x) —1,u) <0 atx=0and 1,

max(u'(x) —1,u) >0 atx =0and 1.

The problem is, of course, at the point x = 1 where u is 1 while u is 0. Several
remarks: this fact is a consequence of the boundary layer near 1 since u, looks like
x but it has also to satisfies the Dirichlet boundary condition u.(1) = 0. A clear
advantage of Theorem 6.2 is that we can pass to the limit despite of this boundary
layer. Of course, there is no hope here to apply Theorem 4.1. But the price to pay is
that u(1) is different from u(1).

In order to recover the right result, namely the convergencein [0, 1) of u. to x, the
SCR has to take care of this difference and this is done by “erasing” the “wrong”
value of u at 1. This explains why we wrote above that we can compare u and u
either in @ or on €': here we can do it only in & := (0, 1) (and even in [0, 1)).

Now we give the Proof of Theorem 6.2. We do it only for the subsolution case,
the supersolution one being analogous.
It is based on the

Lemma 6.1. Let (v.). be a sequence of uniformly bounded usc functions on O and
v = limsup® v.. If y € 0 is a strict local maximum point of U on O, there exists a
subsequence (vy)y of (Ve), and a sequence (yy)e of points in € such that, for all
&', ye is a local maximum point of vy in O, the sequence (yg ) convergesto y and
Ve (yer) = V(p).

We first prove Theorem 6.2 by using the lemma. Let ¢ € C(0) andlet y € €
be a strict local maximum point de u — ¢. We apply Lemma 6.1 to v, = u, — ¢ and
UV =u—¢ = limsup* (4. — ¢). There exists a subsequence (u.),s and a sequence
(y¢)e such that, for all &', y is a local maximum point of u,; — ¢ on &. But u,/ is
a subsolution of the G -equation, therefore

Ge (yer uer (yer), Do(yer), Dz(ﬂ()’a’)) <0.

Since y, — x and since ¢ is smooth D¢ (y,) — D(y) and D?¢(yy) — D¢(y);
but we have also uy(ye) — u(y), therefore by definition of G

G(x, (), Dp(y), D*¢(y)) < liminf Ge (yer, uer (yer), Dp(yer), D2p(yer)) -

This immediately yields

G(x.u(y), De(y). D*p(y)) <0,

and the proof is complete.
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Now we turn to the Proof of Lemma 6.1: since y is a strict local maximum point
of v on O, there exists r > 0 such that

Yze 6N B(y,r), () <),

the inequality being strict for z # y. But & N B(y,r) is compact and v, is usc,
therefore, for all & > 0, there exists a maximum point y* of v, on & N B(y,r). In
other words

Vze ONB(y.r). v:(2) <ve(y°). 27)

Now we take the lim sup for z — y and ¢ — 0: by the definition of the lim sup*, we
obtain

v(y) < limsup v.(y°) .

Next we consider the right-hand side of this inequality: extracting a subsequence
denoted by &, we have limsup, v.(y®) = lim, V() and since ONB(y,r)is
compact, we may also assume that y» — ¥ € ¢ N B(y,r). But using again the
definition of the lim sup* at y, we get

E(y) < limsup Ua(yg) = lim vy (ya’) = 5(7) .
& g

Since y is a strict maximum point of 7in & N B(y, r) and that y € 6 N B(y, r), this
inequality implies that y = y and that v,/ (y.) — v(y) and the proof is complete.
We conclude this subsection by the

Lemma 6.2. If % is a compact subset of O and if i = u on ¥ then u, converges
uniformly to the functionu :=u =uon J .

Proof of Lemma 6.2. Since u = u on J# and since u is usc and u is Isc on &, u is
continuous on ¢ .
We first consider M, = sup (u: - u). The function u} being usc and u being
A

continuous, this supremum is in fact a maximum and is achieved at a point
y®. The sequence (u.), being locally uniformly bounded, the sequence (M),
is also bounded and, %" being compact, we can extract subsequences such that
My — limsup, M, and y» — J € . But by the definition of the lim sup*,
lim sup u}, (y/) < u(y) while we have also u(y) — u(y) by the continuity of u.
We conclude that

limsup M, = lim My = lim u (ye) — u(ye) <u(y) —u(y) =0.

&

This part of the proof gives half of the uniform convergence, the other part being
obtained analogously by considering M, = sup (# — (u¢)«).
H
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6.4 Strong Comparison Results

In general, this is clearly THE difficulty when applying the half-relaxed limit
method.

The basic comparison result we have already proved, namely Theorem 5.1, is
in fact a SCR: we use the continuity of u and v only once to obtain that u(X,7) —
v(¥,5) = M and then an estimate on the penalization terms through the inequality

= _ T2 [F_<]2
I 82y| LI ;' <uF D) —vF.5)—M—0.
But, if (x,7), (7,5) — (x0.%), we have limsupu(X,7) < u(xo,fy) because u is
usc and lim infv(¥,5) > v(xo, fy) because v is Isc, and therefore lim sup(u(X,7) —
v(¥,5)) < M, which is enough to obtain both the convergence of u(x,7) — v(7,5)
to M and the right property for the penalization terms.

For problem with boundary conditions:

(a) One has general SCR for Neumann BC (even for second-order equations): see
[6,34].

(b) Dirichlet boundary conditions present more difficulties, at least when they are
not assumed in a classical sense: we refer to [5, 9, 10] for first-order problems
and [12] for second-order problems.

We come back again to our running example and provide a Strong Comparison
Result for the Dirichlet problem of the exit time control problem.

Theorem 6.3. Under the above assumptions, if 2 is a W?>*®-domain and if there
exists v > 0 such that, for any x € 082, there exists oti, ozf € V such that

b(x,ai)-n(x) >v and b(x,ajzc)-n(x) <-v, (28)

where n(x) is the unit outward normal to 052 at x, then we have a Strong Compar-
ison Result for (7)—(9), namely if u and v are respectively sub and supersolution of
(7)—(9), then

u<v onSs2.

We first comment Assumption (28): it is a (partial) controlability assumption
on the boundary; roughly speaking, it means that, in a neighborhood of each point
x € 052, the controller has both the possibility to leave £2 by using a}( or to stay
inside £2 by using a2,

It is also worth pointing out that we can compare u and v only in £2:
unfortunately, as Example 6.1 shows it, the boundary conditions in the viscosity
sense (at least in the Dirichlet case) do not impose strong enough constraints on the
boundary and one may have “artificial” values for u and/or v. This is why we have
to redefine u and/or v on the boundary in the proof of the SCR and also why the
result holds only in £2.
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The program to study such control problems and obtain that the value-function
is continuous and the unique solution of the associated Bellman problem is the
following:

(a) Show that one has a dynamic programming principle for the control problem:
in general, this is easy for deterministic problems, more technical for stochastic
ones because of measurability issues. An alternative solution consists in arguing
by approximation.

(b) Deduce that, if U is the value function, then U* and U, are respectively
viscosity sub and supersolution of the Bellman problem.

(c) Use the Strong Comparison Result to prove that U* < U, which shows that
U := U* = U, is continuous since it is both upper and lower semicontinuous.

(d) Use again the Strong Comparison Result to obtain the uniqueness result.

7 Existence of Viscosity Solutions: Perron’s Method

Perron’s method was introduced in the context of viscosity solutions by Ishii [31].
We present the main arguments in the case of (16) together with the initial data

u(x,0) = up(x) inRY, (29)
where ug € BUC(RV).

The result is the

Theorem 7.1. Assume (HI), (H3) and that uy € BUC(RY). For any T > 0, there
exists a unique viscosity solution u of (16)—(29) in BUC(R" x [0, T]).

Proof of Theorem 7.1. We denote by M = ||u||oo and C = supgn o 7] H(x,1,0).
The functions u(x,t) := —M — Ct and u(x,t) := M + Ct are respectively sub
and supersolution of (16); moreover

u(x,0) < up(x) <u(x,0) inRY .

We denote by .7 the set of all usc subsolutions w of (16) such thatu < w < uin
R x [0, T] and which satisfies w(x, 0) < uo(x) in R . Then we set

u(x,t) = sup{w(x,t) : we S}.
The first step consists in showing that u* is a (possibly discontinuous) viscosity

subsolution of (16). The proof of this claim comes from three types of arguments:

1. If u; and u, are usc functions then D> [sup(u1,uz)] C D> uy N D>Tuy, a
property which immediately yields that the supremum of two subsolutions (and
then of a finite number of subsolutions) is a subsolution.
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2. Next the discontinuous stability result allows to extend this result to a countable
number of subsolutions. In this case, the supremum of a countable number of usc
functions is not necessarily usc and one has to use an usc envelope: this is done
automatically by the lim sup® operation.

3. In order to prove that u™* is a subsolution of (16), we have to extend Point 2 to
any set of subsolutions. We remark that, for a given point (x, ¢), there exists a
sequence (w,), of elements of .% such that, if

Un(y,S) ‘= Ssup Wk(y,S) s

0<k=<n

then

*
u*(x,t) = limsup® v,(x,t) = limsup v,(y,s) = (supwk(y,s)) .

(y,8)—(x,1) keN

n——+00

This leads us to introduce the function iz := lim sup* v, which is a subsolution of
(16) by Point 2. To conclude, we use an analogous argument to the one of Point
1. If u; and u, are usc functions such that u; < u; and u;(x,7) = uy(x,t) for
some point (x,¢) then D>V uy(x,t) € D>V uy(x,t). Applying this result with
u; = it and up = u* shows that u* satisfies the subsolution inequalities at (x, ¢)
since it does. Since this is true for any point (x, ), we have proved that u* is a
subsolution of (16) and also that u is usc since, by definition, u > u* because
u*e.?.

The next step consists in showing that u, is a viscosity supersolution of (16).
To do so, we argue by contradiction assuming that there exists a smooth function ¢
such that u, — ¢ has a global minimum point at some (X, 7) for7 > 0 and

%—f(x, )+ H(X,7,Dp(x,7) < 0. (30)

We may assume without loss of generality that ux(¥,7) = ¢(x,7). For ¢ > 0, we
consider the functions

we(x, 1) = max{u(x, 1), ¢ (x, 1)},

where ¢, (x,1) := ¢(x,1) +e— |x = X|* — |t —7]*.

Since ¢ < ux < u and ux(x,7) = ¢(x,7), we can differ from u only in a small
neighborhood of (X,7) and more precisely where |x — X|* + |t — 7|* < &. And we
point out that this neighborhood becomes smaller and smaller with ¢. Using (30),
we see that ¢ and therefore ¢, are subsolution of (16) in a small neighborhood of
(X, 7). This implies that w; is still a subsolution of (16) as the supremun of two
subsolutions, if we choose ¢ small enough.
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Next we want to prove that w, € .% and to do so, it remains to show that w, < u,
at least if ¢ is small enough. Since this is true for u#, we have just to check it for ¢,
and for |x — X|* + |t —7|* < &, i.e. close enough to (¥, 7).

By the same argument as in Point 3 above, we cannot have u«(X,7) = u(x,7):
otherwise, since us < %, D> u4(¥,7f) C D>Tu(x,7) and u. would satisfies the
supersolutions inequalities at (x,7). Therefore u«(xX,7) = ¢(X,1) = ¢(X,7) <
u(x,1) and, for & small enough, the last inequality remains true in a neighborhood
by the continuity of ¢, and u. Hence w, € .7

This fact is a contradiction with the definition of «: indeed,

us(x,7) ;= liminf wu(y,s) = lim u(y, ) .
(y5)—=>(x.1) k

But, we(X,7) = u«(X,7) + ¢ and by the continuity of wy, it is clear that, for k large
enough, u(yi, tr) < we(Vk, t).

In fact, the above argument is not completely correct since we do not take into
account the initial data. There are two ways to do it, the first one being simpler, the
second one being more general.

The first solution consists in showing that « is, in fact, continuous at time t = 0
and that u(x,0) = up(x) for any x € R". To do so, we remark that, thanks to the
property on the modulus of continuity recalled in Remark 5.3, since ug is uniformly
continuous in RY, we have, for any x, y € R" and n > 0

uo(x) —n/2 = Cylx — y| < uo(y) < uo(x) +n/2+ Cylx —y|,

for some large constant C;, > 0. Then choosing a constant (:‘,7 > 0 large enough, the
functions

ur(y,1) = up(x) £ /24 Cylx —y| £ Cyt ,

are respectively viscosity subsolution and supersolution of (16). We use these
functions in the following way: on one hand, if w € %/, w < u4 in RY x [0,T];
this inequality can be easily obtained by smoothing the term |x — y| and remarking
that u™ being a strict supersolution of (16) for C‘,, large enough, w — u4 cannot
achieved a maximum in RY x (0, T] (remark also that such maximum is achieved
because u4(y,t) — +o00 as |y| — +00) and therefore it is achieved for t = 0
where w < u4. On the other hand, max(u_, u) € .. Therefore, combining these
properties with the definition of u, we have

u_ <max(u_,u) <u<uy inRY x[0,T],
and, since uy are continuous, this yields u—(x, 0) <ux(x,0) <u*(x,0) <uy(x,0),

i.e
up(x) —1/2 < ux(x,0) < u*(x,0) < uo(x) +n/2.
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This property being true for any 7 > 0 and x € R", we have u*(x,0) < uo(x) and
ux(x,0) > up(x) in R, which are the desired properties since they imply that u is
continuous at (x, 0) and u(x, 0) = up(x).

The second method to treat the initial data consists in understanding this initial
data in the viscosity solution sense, i.e.

min(w; + H(x,0,Dw),w —up) <0 inRY, (31)

and
max(w, + H(x,0,Dw),w —ug) >0 in RV . (32)

With few modifications, the above arguments can take into account, at the same
time, the equation in the domain and the initial data in this viscosity sense.
Hence u satisfies (31)—(32) but then we use the

Lemma 7.1. If w is an usc subsolution of (16) satisfying (31) (resp. a Isc super-
solution of (16) satisfying (32)), we have w(x,0) < uy(x) (resp. up(x) < w(x,0))
in RN,

Therefore, in non-singular situations, initial data in the viscosity sense always
reduce to initial data in the classical sense.

Using this lemma, Remark 5.3 shows that we can compare the subsolution u*
and the supersolution u; therefore

u*(x,1) <ux(x,t) inRY x[0,7].

But, by definition, the opposite inequality holds and we can conclude that u is
continuous, the BUC-property for u coming from a careful examination of the
uniqueness proof. And the existence result is complete.

Proof of Lemma 7.1. We prove the result only in the subsolution case, the
supersolution one being analogous. For x € R", we introduce the function

ly —xP
X(ys[) :W(yst)_T_Cst P

where ¢ > 0 is a parameter devoted to tend to 0 and C; > 0 is a large constant to be
chosen later on.

Standard argument shows that y has a maximum point (¥, 7) near (x, 0) for small
enough ¢ and large enough C,. Since w is a subsolution of (16) satisfying (31), if

t > 0, we have _
- 2(y—x)

CS+H(7,r,—) 0.
&

But this inequality cannot hold if C, is chosen large enough (the size depending

on ¢ and H but neither on 3 nor on 7 since the term |y—€x|2 is bounded). Therefore
7 = 0 and (31) holds. But since the above inequality cannot hold, (31) implies
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w(¥,0) < up(y). We conclude by remarking that, as ¢ — 0, w(y,0) — w(x,0)
by using the maximum point property and the upper-semicontinuity of w, while
uo(¥) — up(x) by the continuity of uy.

8 Regularity Results

The aim of this section is to investigate further regularity properties for the solutions
obtained through Theorem 7.1. To do so, we first strengthen assumption (H1) into

(H1-s) There exists L, L, > 0 such that, forany x,y € £2,¢ € (0,T] and p € RN
|H(x.t,p)— H(y,t,p)| < Li|x — y|lp| + La|x — y| .

Theorem 8.1. Assume (HI-s), (H3) and that ug € W' (RN). Then the solution of
u of (16)—(29) given by Theorem 7.1 is Lipschitz continuous in x for any t € [0, T]
and

L
1D, 1)l o < exp(Lit)|IDiolloo + > (exp(Lit) = 1) .
1

Proof of Theorem 8.1. The proof is similar to the proof of the comparison result and
we just sketch it to avoid repeating the same arguments. We introduce the function
(x,v,t) > u(x,t) —u(y,t) — C(¢)|x — y|: the aim is to show that this function is
negative for some well-chosen (smooth) function C(-); at least for ¢ = 0, we can
choose C(0) = ||Dup||co to have this property.

To do so, we argue by contradiction, assuming that its supremum is strictly
positive and in order to use viscosity solutions’ arguments, we double the variables
in time, namely

|t —s|?
B+ 1y

Yx.ty.5) = ulx.1) —u(y.s) = C)|x —y| -

For o, 8 > 0 small enough, the maximum of ¥ is still strictly positive and we
denote by (X,7,¥,5) a maximum point of . We notice that we cannot have
X = ¥, otherwise ¥ (X,7,¥,5) would be negative. Dropping the S-terms which
are not going to play any role and performing the same arguments as in the proof of
Theorem 5.1, we are lead to the inequality

ac _ _  _ o o _
E@Ix—yl+H(x,t,p)—H(y,s,p)50,

with 7 = C(7)

é:% . Writing this inequality as

c o o o o
E(t)lx—yl+H(x,t,p)—H(y,t,p)+H(y,t,p)—H(y,s,p)50,
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and using (H1-s), we obtain
ac _ _  _ o _ _
E(INX_YI_LIC(I)Ix_yI_LZIX_ﬂ+0a(1)50,

where 04(1) — Oasa — 0. If %(f) — L1C(t) — Ly > 0, we get the contradiction
by letting o tend to 0.

Therefore it is enough to solve %(f) — LC() — L, = § for some § > 0 and
with C(0) = ||Duo||e. This yields

Lry+§
1

Cs(1) = exp(L11)||Dug||oo + (exp(Lir) — 1) .

The above proof shows that u(x,?) — u(y,t) — Cs(t)|x — y| < Oforall x, y,¢ and
8 > 0. Letting § tends to 0, we obtain the right bound on ||Du(-, t)||co-

An other way to get Lipschitz regularity is, for coercive Hamiltonians, through
an estimate of u, when H is independent of . We recall that H(x, p) is said to be
coercive if it satisfies

(HS5) H(x, p) — +o0 as |p| = +o0, uniformly in x.

Theorem 8.2. Assume that H is independent of t and satisfies (HI), (H3) and (HS).
If up € WHR(RN), then the solution of u of (16)—(29) given by Theorem 7.1 is
Lipschitz continuous in x for anyt € [0, T] and

[[1Du(-. 1)[loo = K(H, uo) .

Proof of Theorem 8.2. By the comparison result, since u(x, ) and u(x,t + h) for
h > 0 are solutions of the same equation, we have

lu(x, 2+ h) —u(x, ))loo = [[u(x, h) —u(x,0)[|oo .
But u being Lipschitz continuous, if we set

R:=||Duo|loc and C:= max |H(x,p)|,
RN xB(0,R)

then uo(x) — Ct and up(x) + Ct are respectively viscosity sub and supersolution of
the equation and therefore

up(x) — Ct < u(x,t) <up(x) + Cr inRY x[0,7].

In particular, ||u(x, h) —u(x,0)||oo < Ch and therefore ||u(x,t +h) —u(x,t)||co <
Ch, which implies that ||u;||co < C.
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In order to deduce the gradient bound in space, we consider any point (x,?),
t > 0 and we want to show that u(y, ) < u(x,t) + K|y — x| for some large enough
constant K. To do so, we consider the function

a2
(.5) o u(y. ) — (e, 1)~ K|y — x| = L=

The maximum of this function is achieved at some point (,s) since u is bounded
and K|y — x| + (t;—z‘)z — 4ooif |y — x| + |t — 5| = +00. Moreover s — t when
oa— 0.

If y # x, then the function (y,s) — u(x,t) + K|y — x| + (";—;)2 is smooth at
(7,5) and since u is a viscosity subsolution of (16) we have

s —1
25D 4 e <o,
o

with p = K%

Now we claim that |2%| < 2C': this can be proved in an analogous way as in
the proof of Lemma 5.2 (point (3) for the estimate on |2(i;27) ). Using (HS) and the
fact that |p| = K, the above inequality can not hold if K is large enough, namely
if H(y,p) > 2C. Therefore y = x for o small enough and also necessarily 5 = ¢
(otherwise the value at the maximum would be less than the value at (x,?)). The
maximum point property for s = ¢ yields

M(ysl)_u(xvt)_K|y_-x| 507

which is the desired property.
We provide a last result on the semi-concavity of solutions when the Hamiltonian
is convex in p and satisfies some smoothness assumption in (x, p). We recall that a
function u : RN x [0,T] — Ris semi-concave (with a uniform constant of semi-
concavity wrt ¢) if there exists a constant k such that, for any x,h € RN and ¢t €
[0.7] ]
u(x +h,t) +u(x —h,t) —2u(x,1) < k|h|*.

For the Hamiltonian H, we use the following assumption which is satisfied for
example if H is W2 in (x, p) uniformly in ¢ and convex in p

(H6) There exists constants ki, k, > 0 such that, for any x,h, p,k € R" and
te€0,T]
H(x+ht.p+k)+H(Xx—ht,p—k)—2H(x.t,p) > —ki|h|]* — ky|h||k]| .

The result is the

Theorem 8.3. Assume that H satisfies (HI), (H3) and (H6). If uy € WHoRY)
is semi-concave, then the solution of u of (16)—(29) given by Theorem 7.1 is semi-
concave in x for any t € [0, T, with a uniform constant of semi-concavity.
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We just give a short sketch of the proof of Theorem 8.3 which is tedious since it
requires to triple the variables (each of them corresponding to either x + /4, x — h
or x). Namely we introduce the function

x+y =22 |x—z |y-z (-2
g2 g2 g2 a?

u(x,t) +u(y,s) —2u(z,t) —

(s—1)°

o?

where we have dropped the usual “B”-terms to penalize infinity. With this function,
the proof follows from straightforward but tedious computations.

9 Convex Hamiltonians, Barron—-Jensen Solutions

In this section, we describe additional properties of viscosity solutions of (16) in
the case when H is convex in p. The main motivation is to extend the theory -and
in particular the uniqueness results- to the case when the initial data is only lower
semi-continuous, a natural framework for optimal control problems. The key ideas
described in this section were introduced by Barron and Jensen [17, 18] who also
consider the applications to optimal control. The simplified presentation we provide
follows the one of [4].
Our first result is the following.

Theorem 9.1. Assume that H is convex in p and (H3) holds. If u € W1 (RN x
(0, T)) satisfies
w, + H(x,t,Du) <0 aein2x(0,7T),

then u is viscosity subsolution of (16).

Proof of Theorem 9.1. We are going to use a standard regularization argument. Let
(o) be a sequence of C*°, positive, smoothing kernels in RV ™!, with compact
support in the ball of radius ¢. For n > 0 small enough, we are going to show that

us(x,t) ;= / u(y,s)ps(x — y,t —s)dyds ,
RN+1

is an approximate C! subsolution of the equation in RY x (3, T —n) if & < 1.

To do so, for x € RV, ¢ € (n, T —n), we multiply the equation at the point (y, s)
by pe(x —y,t —s) and we integrate over R¥*! (or, in fact, over the ball of radius ).
By the properties of the convolution, we obtain

(), (e 1) + / L H (5. Du(2,5)) pe(x = ot = 5)dds <0,
R
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Using (H3), we can replace, in the integral, H (y, s, Du(y, s)) by H (x,t, Du(y, s))
with a small error in . This gives

()i (x,1) + /]RN-H H (x,t,Du(y,s)) pe(x — y,t — s)dyds < 0.(1) .

In order to conclude, we have just to apply Jensen’s inequality which leads to
(ue)e(x,t) + H (x,t, Duc(x,t)) dyds < 0.(1) .

Therefore u, is a smooth subsolution of (16) in RN x (n, T — 1), hence a viscosity
subsolution of (16) in RY x (n, T — 1) and so is u which is the uniform limit of u,,
by Theorem 4.1. Since this is true for any 7, the proof is complete.

This result has several consequences which are listed in the following

Theorem 9.2. Assume that H is convex in p and that (HI), (H3) hold.

(i) The functionu € W1 (RN x (0, T)) is a viscosity subsolution (resp. solution)
of (16) if and only if, for any smooth function ¢, if (x,t) is a local minimum
point of u — ¢, one has

@ (x,t) + H(x,t,Dp(x,t)) <0 (resp. = 0). (33)

(ii) Ifui,up € WH@RYN x (0, T)) are viscosity subsolutions (resp. solutions) of
(16), then min(u,, uy) is also a subsolution (resp. solution) of (16).

(iii) Ifu € WL (RN x (0, T)) is a viscosity subsolution of (16) and if (HI-s) holds
then

2
x_
ug(x,1) = inf u(y,z)+e—“’% ,
yERN &

is a viscosity subsolution of (16) within a O(e) error term which depends only
on the L*°-norm of u.

In (iii), the function u, is obtained through an inf-convolution procedure on u. The
connections of such inf and sup-convolution with viscosity solutions were remarked
by Lasry and Lions [35]. In general, an inf-convolution is a supersolution, while sup-
convolutions are subsolutions. Therefore (iii) is a priori a rather surprising result.

Proof of Theorem 9.2. The proof of (i), (ii) and (iii) are easy: for (i), we may
assume that (x, ¢) is a strict local minimum point of u — ¢ and we can approximate
this minimum point by minimum points (x;, z;) of u, — ¢ where u, is the sequence
of smooth approximations of u built in the proof of Theorem 9.1. By the regularity
of u. and ¢, we have (u.),(xc, 1) = @;(Xe,te) and Dug(x,, 1) = Dp(xe,t.) and
therefore, since u, is a C! subsolution of (16)

(Pt(xm te) + H(x., 1., D(P(xez, ta)) <0.

The conclusion follows by letting & — 0.
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For (ii), we have just to use Stampacchia’s Theorem together with Theorem 9.1:
indeed

D[min(u;, u3)] = Du;  if u; < up and D[min(u;, up)] = Du, otherwise,

and Du; = Duj; a.e. on the set {u#; = u,}; and the same is, of course, true for the time
derivative. To get the subsolution property, we have just to argue in the a.e. sense
while the supersolution property always holds since the minimum of supersolutions
is a supersolution (exactly in the same way as the maximum of two subsolutions is
a subsolution, cf. Perron’s method).

For (iii), we just sketch the proof since it requires long but straightforward
computations. Using (i), we have look at what happens at a minimum point (x, ¢)
of u, — ¢ where ¢ is a smooth function. Thanks to the definition of u,, this leads to
consider minimum point of the function

2
_ Z—
0129 e utrn + e B ey

We see that we are in a framework which is close to the proof of the comparison
result, and in the spirit of Remark 5.3. The computations are then easy using (i).

Theorem 9.2 provides all the necessary (technical) ingredients to extend the
theory and to do so, we are first going to say that a Isc function u : RY x [0, T] — R
is a Barron—Jensen (BJ for short) subsolution (or solution) of (16) if and only if it
satisfies (33). Theorem 9.2 (i) shows that this is equivalent to the usual notion of
viscosity solution when u is Lipschitz continuous (and it is also the case when u is
continuous).

The extension to Isc subsolutions and solutions, and the uniqueness result are
given by the

Theorem 9.3. Assume that H is convex in p and that (HI), (H3) hold.

(i) If (u). is a sequence of BJ subsolution (resp. solution) of (16) then liminfy u,
is a subsolution (resp. solution) of (16).

(ii) Assume (HI-s), (H3) and that ug is a bounded lsc initial data. There exists a
unique lsc BJ solution u of (16)—(29) which satisfies

liminf u(y,s) = up(x) . (34)
(y,s)—)éx,O)

We just give a very brief sketch of this result. The proof of (i) follows
immediately from the arguments of the proof of the (discontinuous) stability results.
For (ii), if u is a Isc BJ solution (or even only a subsolution) of (16) then the result of
Theorem 9.2 (iii) holds (even if u is just Isc) and (34) implies that u.(x, 0) < uy(x)
in RV . But now u, is an approximate solution of (16), which is Lipschitz continuous
in x (by its definition through the “inf-convolution” formula) and also in ¢ (by the
equation). If v is an other solution, we can compare u, and v: clearly u.(x, 0) < v(x)
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in R and the Lipschitz continuity of u, allows to use the arguments of the proof of
Theorem 5.2 in a rather easy way.

10 Large Time Behavior of Solutions of Hamilton-Jacobi
Equations

10.1 Introduction

In this second part, we are interested in the behavior, as t — +o00, of the viscosity
solutions of first-order Hamilton—Jacobi Equations of the form

w + H(x,Du) =0 inRY x (0, +00) , (35)

with the initial data
u=uy in RN, (36)

in the case when the Hamiltonian H (x, p) and the initial datum ug are Z" -periodic
in x,i.e., forall x, p € RY andz € ZV,

H(x+z,p)=H(x,p) and up(x + z) = up(x) . (37)
and when H is coercive, namely
H(x,p) = 400 when |p| = 400, uniformly wrt x € RV, (38)

In the last decade, the large time behavior of solutions of Hamilton—Jacobi Equa-
tion in compact manifold . (or in R", mainly in the periodic case) has received
much attention and general convergence results for solutions have been established
by using two different types of methods: in his course, H. Ishii [this volume]
describes the “weak Kam approach” which is an optimal control/dynamical system
approach and both uses and provides formulas of representation, the ones for the
asymptotic solutions being based on the notion of Aubry—Mather sets.

Our aim is to describe a second approach which relies only on partial differential
equations methods: it provides results even when the Hamiltonians are not convex
but it gives a slightly less precise description of the phenomenas compared to the
“weak Kam approach”.

In 1999, Namah and Roquejoffre [42] are the first to obtain convergence results
in a general framework, by pde arguments which we describe below. They use the
following additional assumptions

H(x, p) > H(x,0) forall (x, p) € .# xR" and m;{x H(x,0) =0, (39

where .# is a smooth compact N -dimensional manifold without boundary.
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Then Fathi in [25] proved a different type of convergence result, by dynamical
systems type arguments, introducing the “weak KAM theory”. Contrarily to [42],
the results of [25] use strict convexity (and smoothness) assumptions on H(x, -), i.e.,
D,,H(x, p) > al forall (x, p) € .# x RY and a > 0 (and also far more regularity)
but do not require (39). Afterwards Roquejoffre [43] and Davini and Siconolfi in
[24] refined the approach of Fathi and they studied the asymptotic problem for
Hamilton—Jacobi Equations on .# or N -dimensional torus.

The first author and Souganidis obtained in [15] 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: this is the second main type
of results we (partially) describe here.

All these results (except perhaps the Namah—Roquejoffre ones) use in a crucial
way the compactness of the domain: indeed either they are stated on a compact
manifold or they use periodicity which means that we are looking at equations set
on the torus. We also refer to the articles [11,27-29,33] for the asymptotic problems
in the whole domain R" without the periodic assumptions in various situations.

Finally there also exists results on the asymptotic behavior of solutions of
convex Hamilton—Jacobi Equation with boundary conditions. Mitake [38] studied
the case of the state constraint boundary condition and then the Dirichlet boundary
conditions [39, 40]. Roquejoffre in [43] was also dealing 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 [39, 40] where
the solutions were satisfying the Dirichlet boundary condition in a generalized
(viscosity solutions) sense. These results were slightly extended in [7] by using an
extension of PDE approach of [15].

10.2 Existence and Regularity of the Solution

The first result concerns the (global) existence, uniqueness and regularity of the
solution.

Theorem 10.1. Assume that H satisfies (37)—(38) and that uy € W1 RY) is
a ZN -periodic function. Then there exists a unique solution of (35)—(36) which is
(i) periodic in x and (ii) Lipschitz continuous in x andt on RY x [0, +00).

We just sketch the proof of Theorem 10.1 since it is an easy adaptation of the
results given in the previous sections, which we can simplify here.

For the existence, we use Perron’s method: assuming first that ug € C'(RY) N
W12 (RN), the functions —Ct + ug(x) and Ct + uo(x) are respectively sub and
supersolution of (35)—(36) if C is given by

R = ||Dw||cc and C:= max |H(x,p)|.
RN xB(0,R)
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Truncating H(x, p) by replacing it by Hx(x, p) := min(H (x, p), K) for some
large constant K > 0, we can apply readily Perron’s method. We obtain the existence
of a continuous solution ux of the Hg-equation which satisfies

— Ct + up(x) < ug(x,t) < Ct+ up(x) foranyux € RY, t>0. (40)

Periodicity comes directly from the construction since if w is a subsolution of (35)-
(36), then it is also the case for sup_c,~ [W(- 4 2)] = w(:). Therefore the supremum
of subsolutions is clearly achieved for a periodic subsolution.

The uniqueness is proved readily by the argument of the proof of Theorem 5.1
(at least if we assume periodicity) or by the slight adaptation for having the
comparison in BUC(Q).

The time derivative (ux); is bounded since, for any 7 > 0

[lug(x,t +h) —ug(x,t)||loo < |lug(x,h) —uo(x)||oo
and —Ch+uy(x) < ug(x,h) < Ch+up(x) by construction. Therefore |(ug),| < C
and, if K > C, then ug is a solution of the H -equation. We denote it by u.
Finally, since H is coercive and H(x, Du) = —u,, we deduce immediately that

Du is bounded as well. Using that u is Lipschitz continuous, a (slight) variant of
Theorem 5.1 implies that it is the unique solution of (35)—(36).

10.3 Ergodic Behavior

The first step in the study of the large time behavior of u is the

Theorem 10.2. Under the assumptions of Theorem 10.1, there exists a constant
¢ € R such that

’t .
M — ¢ ast — +o0 uniformly w.rt. x € RY . 41)

Proof. We set
m(t) = I%%X (u(x,t) —up(x)) .

We first have

m(t +s) < IE?VX (u(x,t +s) —u(x,1) + I%%X (u(x,t) —up(x)) ,

and then by comparison

rﬁ%x (u(x,t +s5)—u(x,t) < I%%X (u(x,s) —u(x,0)) = m(s) .
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Therefore m (¢ +s) < m(t) +m(s) for any ¢, s > 0 but the Lipschitz continuity of u
in ¢ gives also m(¢) > —Ct for some constant C. A classical result on sub-additive

functions implies
m(1) : (M(t ))
— = c:=inf[ — )] .
t >0 t

Finally, it is easy to show that u(x,¢) — m(¢) is bounded independently of x and ¢
by using the periodicity and Lipschitz continuity in x of u, and the result follows.

For the convenience of the reader we sketch the proof of the result for m. Pick
any v > 0. If t > 0, there exists n € N such that nt < ¢ < (n + 1)7. Using the
sub-additivity of m yields

m(t) < nm(t) + m(e),

where ¢ := ¢t —nt € [0, 1). Dividing by t = nt + ¢ gives

m(t) - nm(t) n m(e) 7
t T nt+e nt+e

and letting t — +o00, we obtain

t
lim sup _m( ) < —m(t) .
t—>+o00 I T

But this is true for any t, hence

limsup [ — ) <inf | —= ) =¢
t—>4o00 t T T

m(t

. .. ) m(t)
But obviously lim inf > ¢, therefore

t—>+00
It is worth pointing out that the assumption “m(¢) > —Ct” is just used to have a

well-defined constant c.
Then we are led to several natural questions:

— C

(a) Can we have a characterization of the constant ¢?
(b) Can we go further in the asymptotic behavior ? Namely: is u(x, ) —ct bounded?
does it converge to some function?

A first remark is the following: if, for large ¢, u(x, t) looks like At + v(x), then
A and v should satisfy the equation

H(x,Dv)+A =0 inR" . (42)
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A key question is then: does this equation, where both the constant A and the
function v are unknown, have (periodic) solutions?

The answer is given by the following result of Lions et al., Homogenization of
Hamilton—Jacobi equations, unpublished work.

Theorem 10.3. Assume that H satisfies (37)—(38). There exists a unique constant
A such that (42) has a periodic, Lipschitz continuous solution.

An immediate consequence of Theorem 10.3 is the

Corollary 10.1. Assume that H satisfies (37)—(38). Then ¢ = A and u(x,t) — ct is
bounded.

The proof of this corollary is obvious since, if (A, v) solves (42), then v(x) + At
is a solution of (35) and by comparison

u(x, 1) = (v(x) + A1)[|oo = [|u(x,0) = v(X)]|oo -

Therefore u(x,t) — At is bounded and dividing by ¢ and letting 1 — 400 shows
that ¢ = A.

As a consequence, Theorem 10.3 gives a characterization of the ergodic con-
stant ¢ as the unique constant such that the “ergodic problem” (42) has a periodic
(bounded) solution.

Proof of Theorem 10.3. For 0 < o <« 1, we consider the equation
H(x,Dvy) +avy =0 inRY | (43)

and we set M := ||H(x,0)||co. In order to prove that this equation has a unique
periodic solution vy, we use Perron’s method.

We first remark that —éM and éM are respectively sub and supersolution of
this equation and we are looking for a solution which satisfies

1 1 Y
——M <v, <—M inR".

o o
Since H does not a priori satisfy Assumption (H1), we have to argue either as
in proof of Theorem 10.1, introducing some truncated Hamiltonians Hg or we
remark that, because of (38), the subsolutions w which are bounded from below by
—éM are equi-Lipschitz continuous: in this last case, we directly build a Lipschitz
continuous solution of (43).

In any case, we build a solution v, of (43) such that

1
1Valloe = =M .

which is Lipschitz continuous and an easy modification of the proof of Theorem 5.1
shows that v,, is the unique periodic solution of (43).
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Moreover, as a consequence of (38), since av, is bounded, H(x, Dvy) is also
bounded and therefore the v,’s are equi-Lipschitz continuous.

Using this property together with the periodicity of the v,, the functions
We(X) :=v4(x) —v4(0) are equi-bounded and equi-Lipschitz continuous. By
Ascoli’s Theorem, they converge (up to a subsequence) to some function
ve WI(RY). And we may assume as well that the bounded constants v, (0)
converges to some constant A.

We have H(x,Dw,) + aw, + avy,(0) = 0in RY and we can pass to the limit
by using Theorem 4.1: A and v solves (42).

For the uniqueness of A, if (v, 1) and (v’, 1) are solutions of the ergodic problem,
we compare the solutions v(x) + Az and v’(x) + At of (35)

(&) + A1) = (V' (x) + A'Doo = [[v(x) = '(¥)]]oo
or equivalently
1) = v' () + A = A)D)lleo = [[v(x) = V' (X)|]oo-

Dividing by ¢ and letting t — 400 gives A = ',

10.4 Asymptotic Behavior of u(x,t) — ct

By considering H. = H +c and u.(x,t) = u(x,t)—ct, we may assume thatc = 0
and the solutions u of (35) are uniformly bounded and Lipschitz continuous. We are
going to do it from now on.

The main question of this section is: do the u(x,?) always converge as t —
+00? or do we need additional assumptions? The following examples shows that
the answer is not completely obvious.

Example 1. The function u(x,t) := sin(x — ¢) is a solution of the transport
equation
u+u, =0 inR x (0,+00),

it satisfies very good regularity properties and uniform estimates but it does not
converge as ¢ — 4-oo. This shows that convergence is not only a question of
estimates. But, of course, in this example the coercivity assumption is not satisfied.

Example 2. The same function is also a solution of
u + |uy +1]—1=0 inR x (0,400) .

In this example, the Hamiltonian is coercive and even convex but not strictly convex.
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These two examples shows that the convergence as ¢ — +oo requires additional
assumptions and/or a particular framework: we are going to show that the conver-
gence holds in two cases:

(a) The Namah—Roquejoffre framework for which a typical example is
u, 4+ |Dul = f(x) inRY x (0, +00),

where f(x) > 0 and the set {x : f(x) = 0} is non-empty.
(b) The “strictly convex” framework for which a typical example is

u; + |Du + q(x)|2 — |c1(x)|2 =0 inRY x 0, +00),

where ¢ is (say) a periodic, Lipschitz continuous function.

Roughly speaking, the first framework is more restrictive on the structure of the
Hamiltonians but it allows to take into account Hamiltonians H (x, p) which are not
strictly convex in p, contrarily to the second framework where the structure of the
Hamiltonians is very general but where we have to impose strict convexity.

10.5 The Namah—Roquejoffre Framework

The main assumptions are the following. In the sequel, we refer to this assumptions

as (NR).

e H(x,p)> H(x,0) forany x, p € RV,

e H(x,0) <0 forany x € RY and the set 2 = {x € RY; H(x,0) = 0} is
non-empty.

e For any o > 0 (small) and for any 0 < p < 1, there exists n(a, ;) > 0 such that

H(x,up) < —n(e,n) if H(x,p) <0andifd(x, 2) > .

Remark 10.1. If H(x, p) = |p| — f(x) where f(x) > 0 and the set 2 := {x :
f(x) = 0} is non-empty, these assumptions are satisfied since

H(x,up) = plpl = f(x) = n(lpl = f(x)) = (1 = p) f(x) .
< —nla,p) :==—(1- M)d(xm%r)lmf(ﬂ <0 if|p[— f(x) 0.

Theorem 10.4. Assume that H satisfies (37)—(38) and (NR), then ¢ = 0 and, for
any uy € WL (RN), the solution u of (35)—(36) converges to a solution of the
Stationary equation.
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Proof of Theorem 10.4. To show that ¢ = 0, we have first to solve the equation
H(x,Dv) =0 inR".

We first remark that, because of (NR), 0 is a subsolution.

On the other hand, if z € 2, by the coercivity of H, C|x — z| is a supersolution
for C large enough: indeed this is obviously true for x # z since the gradient of this
function has norm C. And this is also clear for x = z since, by (NR), H(z, p) >
H(z,0) = 0forany p. Asaconsequence, Cd(x, %) := ien; C|x—z]| is a (periodic)

Z

supersolution of the equation as the infimum of supersolutions.

We apply Perron’s method which provides us with a discontinuous solution. To
prove that this solution is continuous, we need a SCR.

Noticing that both the (continuous) sub and supersolution vanish on %, the value
of the solution is imposed on 2 (see the construction above) and we need a SCR
for the Dirichlet problem set in the complementary of %, namely

H(x,Du) =0 dans 0 := R\ &
u(x) =0 surdd .

To obtain it, we use ideas which are introduced in Ishii [32] (see also [5]). If v; is
a subsolution of this problem and v, a supersolution with v; < 0 < v, on 90, we
pick some u € (0, 1), close to 1. Because of the last requirement in (NR), we have
in the viscosity sense

H(x, Dpvi (1)) < —n(e, ) ifd(x, Z) = a,

and following the arguments of the comparison proof, it is clear that the maximum
of pv; — v, can be achieved only on 2. Therefore uv; — v, < 0 and we conclude
by letting w tends to 1. Therefore we have a continuous solution of the stationary
equation and ¢ = 0.

Next we examine the behavior of the solution u of the evolution equation on
% since H(x, p) > 0 on &, we have u;, < 0 on Z and therefore ¢t +— u(x,t)
is decreasing. Recalling that u is Lipschitz continuous, this implies that u(x,t) —
@(x) uniformly on 2 where ¢ is a Lipschitz continuous function.

It remains to show the global behavior: to do so, we use the half-relaxed limit
method outside Z. For ¢ > 0, we set

t
us(x,t) :=u (x, —) in RY x (0, 00) .
e

The function u, solves

aa”f +HGx, D) =0 inRY x (0,00) .

&
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We introduce (as usual) the half-relaxed limits
u(x,t) = limsup® u.(x,t) and u(x,r) = liminfy u.(x,1) .

For any + > 0, u(:,t) and u(-,t) are respectively sub and supersolution of
H(x,Dw) = 0 in R, It is worth pointing out that, here, % and u are Lipschitz
continuous in x for any 7, because of the uniform Lipschitz properties of u.

A priori we do not have a strong comparison result for this equation in RY but
we can use the additional information that we have on 2, namely u(-, 7) = u(-,t) =
¢(-) on Z. Therefore we are lead to the same Dirichlet problem as above, except that
the boundary condition is now ¢ instead of 0. Applying readily the same arguments
with a slight modification due to the Dirichlet data ¢, we conclude that, for any
s,t > 0,%(-,t) < u(-,s)in RV, This implies that %(-,¢) = u(-, s) for any s, > 0
and, setting w(-) = u(:,¢) = u(-,s), we have the uniform convergence of u(-, ¢) as
t — 400 to the continuous function w which is the unique solution of the Dirichlet
problem with ¢ and also solves

H(x,Dw) =0 inR" .
Remark 10.2. This approach does not work for the equation
u + |Du+ g —g(x)? =0 inRY x (0, +00)

which does not satisfy the (NR) assumptions.

10.6 The “Strictly Convex” Framework

In fact, like in the Namah—Roquejoffre framework, the assumptions on H we are
going to use in this section does not really imply that H is strictly convex; the title
of this section is just to fix ideas.

Our key assumption is the following.

(SCA) There exists 7o > 0 such that, for any n € (0, no], there exists a constant
¥, > O such thatif H(x, p +¢) > nand H(x,q) < 0 for some x, p,q € R", then
for any p € (0, 1],

pH (x,§+q) > H(x.p+0) + Uy (1 — ).

This assumption does not implies that H is convex but it implies that, for all x,
the set {p : H(x, p) < 0} is convex (Ishii, personal communication) and imposes
the behavior of H in the set {p : H(x, p) > 0}.
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Remark 10.3. If H is indeed a C?, strictly convex function of p, ie. if
Dpsz(x, p) > vid for some v > 0, have, forany u € (0,1],a,b € RY

H(x,pa+ (1—p)b) < pH(x,a) + (1 — p)H(x,b) — Cw)u(l — p)la — b|*.

Choose a = 5 +4q,b=¢q,pna+ (1 —p)b = p—+ q and therefore

H(x,p+q) < pH(x, ﬁ +q)+ (1= WH(x.q) — COL)u(l — M)|§|2 ,

ie.
p D2
H(x,p+q) < pH(x, mn +q)—Cv)ul —M)Iﬁl :
since H(x,g) < 0. But p is bounded away from O since H(x, p + ¢q) > n and
H(x,q) <0, therefore (SCA) holds.
Our result is the following.

Theorem 10.5. Assume that H satisfies (37)—(38), ¢ = 0 and (SCA), then, for
any uy € W' (@RN), the solution u of (35)~(36) converges to a solution of the
Stationary equation.

It is worth recalling that, in this case, we actually assume that ¢ = 0, it is not a
consequence of the assumptions on H.
The key result is this approach is the

Theorem 10.6 (Asymptotically Monotone Property). Under the assumption of
Theorem 10.5, for any n € (0, no), there exists §, : [0, 00) — [0, 1] such that

8,(s) >0 ass— oo and

u(x,s) —u(x,t) +n(s —1) < 8,(s)

forall x € RY st € [0, 00) witht > s.

The meaning of Theorem 10.6 is that the solution « is becoming more and more
increasing as t — oo. Why should this be true?

We can first consider the Oleinik—Lax Formula. The solution of

u; 4+ |Dul* =0 inRY x (0, 4+00) ,

is given by

. lx —y|?
,1) (= inf .
u(x.1) = inf, (uo(y)+ 1
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Formally, if y is a minimum point in this formula

Ix — y|?

Du(x,t) =
u(. 1) 412

2(x —y)
- 7 d 1) = —
a7 and u(x,?)
| 2

But we know that remains bounded since ug is bounded, hence u;, =

o).

A more general remark can be made by assuming that H is strictly convex and

Hp(xvp)'p_H(-xsp)ECH(xvp) 1fH(x,p)zO,

for any x, p € R" and for some ¢ > 0. For example, one can think about quadratic
Hamiltonians like |p + ¢|* — |¢|? or |p|* — f(x)*.

In this case, we perform the Kruzkov’s change w = —exp(—u). The function w
solves

D
Wi —wH(x, — =2y =0 inRY x (0, +00) .
w

Then we set z = w; and m(t) = ||z ||co. Differentiating the equation with respect
to ¢, we find that z satisfies at the same time (dropping the arguments of H and its

derivatives)
z+Hy-p—H)z+H,-Dz=0,

z—wH =0.

Next looking at a (negative) minimum point of z (where Dz = 0), it follows
m'(t)+ (H,-p— H)m(t) = 0.
But H = z/w > 0 and therefore (H, - p — H) > cH = cz/w. Hence
m'(t) + c[m(@)]>/w =0 whichimplies m’(t) > é[m(t)]* .

Recalling that m(¢) < 0, this inequality yields a behavior like m(t) = O(¢™").
We first prove Theorem 10.5 by using the Asymptotically Monotone Property.

(a) Since the family (u(-,1)),>o is bounded in W (R"), by Ascoli’s Theorem,
there exists a sequence (u(-, 7,)),en Which converges uniformly on RY as
n— oo.

By comparison, we have

G T 4 2) = ul, T 4 lloo < [luC. To) — ul, T lloo

for any n, m € N. Therefore, (u(-, T, + -))nen is a Cauchy sequence in C(RY x
(0, 400)) and therefore it converges uniformly to a function denoted by u*> €
C(RY x (0, +00)). Moreover u®™ is a solution of (35), by stability.
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(b) Fix any x € RV and 5,7 € [0, 00) with 7 > s. By the Asymptotically Monotone
Property, we have

ulx,s +Tp) —ulx,t +T,) +n(s —¢t) <8,(s + Tp)

for any n € N and n > 0. Sending » — oo and then n — 0, we get, for any
tr=s
u®™(x,s) <u*(x,1).

The functions x + u®(x,?) are uniformly bounded and equi-continuous,
and they are also monotone in ¢. This implies that u*°(x, #) — w(x) uniformly
onRY ast — oo for some w € W (R which is a solution of the stationary
equation.

(c) Since u(-, T, + -) — u® uniformly* in RN x (0, +-00) as n — oo, we have

—0,(1) + u®™®(x,t) <u(x,T, +1) <u®>(x,1) + 0,(1),

where 0, (1) — 0o as n — oo, uniformly in x and 7.

Taking the half-relaxed semi-limits as t — 400, we get

—0,(1) +w < liminfy u < limsup® u < w + 0,(1).
t—00 —>00

Sending n — oo yields

w(x) = liminf, u(x,?) = lim sup® u(x,7)
t—>00 1—>00

for all x € R". Therefore u(x,t) — w(x) uniformly as ¢ — oo and the proof is
complete.

Now we turn to the Proof of the Asymptotically Monotone Property. Let v be a
periodic, Lipschitz continuous solution of H(x, Dv) = 0.

Since u is bounded and since we can change v in v — M for some large constant
M > 0, we may assume that

u(x,t) —v(x) >1 foranyx e RY andt > 0.

‘We introduce the function

Hy(s) == min

X€ERN t>5

(u(x,t) —v(x) +n(t — s)) ‘

u(x,s) —v(x)

“This is a key point: the compactness of the domain (periodicity) plays a crucial role here since
local uniform convergence is the same as global uniform convergence.
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By the uniform continuity of u and v, u, € C([0, c0)) and we have 0 < p,(s) < 1
forall s € [0, 00) and 7 € (0, no].

Proposition 10.1. Under the assumption of Theorem 10.5, p,(s) — 1 as s — oo
for any n € (0, no].

As a consequence, for any x € RY andt > s,

u(x,t) —v(x) +n(t —s)
u(x,s) —v(x)

> 1+o05(1),

where 0,(1) depends on 1 and tends to 0 as s — oo.
A simple computation yields

u(x,t) —u(x,s) +n( —s) > os(1) .

The proposition is a consequence of the following lemma.

Lemma 10.1. Under the assumption of Theorem 10.6, for any n € (0, no], there
exists a constant C > 0 such that the function i, is a supersolution of

¥

max { w(s) — 1,w'(s) + C

(w(s) — 1)} = 0in (0, 00) .

Using the lemma, it is easy to prove the proposition since the solution of the
variational inequality with initial data u,(0) is given by

w(s) :=1— (uy(0) + 1) exp (—%s) .

and therefore, by comparison

Pn(s) = 1= (uy(0) + 1) exp (—%s) .

for any s. Recalling that u,(s) < 1, we have u,(s) — 1 ass — oo.

Proof of Lemma 10.1. We fix n € (0, no] and, to simplify the notations, we write @
for ;.

Let ¢ € C'((0,00)) and 5 > 0 be a strict local minimum of yu — ¢.

Since there is nothing to check if p(5) = 1, we assume that ;. (5) < 1. We choose
¥ € RY and 7 > 5 such that

5 — ED =) + 1T =)
ps) = u(®,5) — v(%)
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For 0 < ¢ <« 1, we introduce the function
u(x,t) —v(z) + nt —s) 1

—¢(s) + 5(x =y +1x —zP)
u(y,s) —v(z) &

U(x,y,2,t,8) =
+ x=xP+|r—1)

The function ¥ achieve its minimum at a point (x, y, z, ¢, s) (depending on ¢) and,

by classical arguments, as ¢ — 0, we have
t—>1t,5s—>5.

X, Y, —=> X

Moreover, by the Lipschitz continuity in x of  and v
X — X —z
=yl e
€

&2
for some constant C.
With the notations

i i=u(y,s) —v(z), fo:=u(x,1) —v() +n—s),

i (Z(Z—X))

and if we set
2y —
v x)) and Q := _ 5
1—1 €

we have formally,
Dyu(x.t) = P + (1 - )0 + o0.(1) ,
u,(x,t) = —ﬂ—zﬂl(f _ﬂ ’

Dyu(y,s) = P,
us(y,8) = =5 (1 + g’ (s)) .

D.v(z) = Q.
By the definition of viscosity solutions

—n+o.(1)+ Hx,oiP +(1—-)0 +0.(1)) >0,

_%@+ﬁ@h»+H@Jva
H(z, Q) <0.

Since P and Q are bounded, we may even let ¢ tend to 0 and drop the o.(1)-terms
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With

i = u(x,5) —v(x), p2:i=ux1)—vX) +nl-5), pu= %

we end up with
N+ HE puP +(1-pwQ) =0,
e g 5) + HE.P) <0
H(x,Q) 0.
If p:=p(P—-—Q)andg = Q,wehave H(X, p+¢q) > nand H(X,q) <0, and
therefore, by (SCA)

ﬁ(n +m¢'() = HEF. P) = HF. £ +9q)

A%

1
m (HE, p +q) + ¥, (1 — )

A%

1
o (v —p)
This shows
1
'(5) = —y,(1—p),
K1

which is the desired conclusion.

10.7 Concluding Remarks

* The Asymptotically Monotone Property is true in a more general framework
(problems set in the whole space or with boundary conditions ... etc) but, in
general, it does not imply the convergence as ¢ — oo. This shows the importance
of the periodic framework (compactness) where local uniform convergence is
equivalent to global uniform convergence.

* In the Namah—Roquejoffre case, periodicity is less important, even if one has to
avoid the infinity to play a role (by assuming that lim sup|,|_, ; o, H(x,0) < 0).
See, for example, [11].

* For problems set in the whole space, the behavior at infinity of 1y may determine
the asymptotic behavior as # — oo of u, even at the level of the ergodic constant
c (cf. [11]).
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e If H is convex and if Sy, S+ denote respectively the semi-groups associated
to H and H™, we know that these semi-groups commutes, namely

Sa)Sy+(s) = Sy+(s)Su(t)

for any 5,7 > 0.

For any ug, S+ (s)up converges to the maximal subsolution of H = 0 which is
below uy.

If we are in a framework where we have convergence for Sy (¢) as t — oo, i.e.
Su(t)ug = uso ast — +00, then

S1(00)S 4 ()t = Spy+(5) S (00) g = loo

This shows that 1o is the same for ug and for maximal subsolution of H = 0 which
is below uy: in other words, given ug, u(x,t) converges to the minimal solution
which is above the maximal subsolution which is below 1.

For such properties of commutations of semi-groups, we refer the reader to
Cardin and Viterbo [20], Motta and Rampazzo [41] and Tourin and the author [16].
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Abstract We present an introduction to the theory of viscosity solutions of first-
order partial differential equations and a review on the optimal control/dynamical
approach to the large time behavior of solutions of Hamilton—Jacobi equations,
with the Neumann boundary condition. This article also includes some of basics of
mathematical analysis related to the optimal control/dynamical approach for easy
accessibility to the topics.

Introduction

This article is an attempt to present a brief introduction to viscosity solutions of
first-order partial differential equations (PDE for short) and to review some aspects
of the large time behavior of solutions of Hamilton—Jacobi equations with Neumann
boundary conditions.

The notion of viscosity solution was introduced in [20] (see also [18]) by
Crandall and Lions, and it has been widely accepted as the right notion of
generalized solutions of the first-order PDE of the Hamilton—Jacobi type and fully
nonlinear (possibly degenerate) elliptic or parabolic PDE. There have already been
many nice contributions to overview of viscosity solutions of first-order and/or
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second-order partial differential equations. The following list touches just a few
of them [2,6,15,19,29,31,41,42].

This article is meant to serve as a quick introduction for graduate students or
young researchers to viscosity solutions and is, of course, an outcome of the lectures
delivered by the author at the CIME school as well as at Waseda University, College
de France, Kumamoto University, King Abdulaziz University and University of
Tokyo. For its easy readability, it contains some of very basics of mathematical
analysis which are usually left aside to other textbooks.

The first section is an introduction to viscosity solutions of first-order partial
differential equations. As a motivation to viscosity solutions we take up an optimal
control problem and show that the value function of the control problem is
characterized as a unique viscosity solution of the associated Bellman equation.
This choice is essentially the same as used in the book [42] by Lions as well as in
[2,6,29].

In Sects. 2-5, we develop the theory of viscosity solutions of Hamilton—Jacobi
equations with the linear Neumann boundary condition together with the corre-
sponding optimal control problems, which we follow [8,38,39]. In Sect. 6, following
[38], we show the convergence of the solution of Hamilton—Jacobi equation of
evolution type with the linear Neumann boundary condition to a solution of the
stationary problem.

The approach here to the convergence result depends heavily on the variational
formula for solutions, that is, the representation of solutions as the value function
of the associated control problem. There is another approach, due to [3], based on
the asymptotic monotonicity of a certain functional of the solutions as time goes
to infinity, which is called the PDE approach. The PDE approach does not depend
on the variational formula for the solutions and provides a very simple proof of
the convergence with sharper hypotheses. The approach taken here may be called
the dynamical or optimal control one. This approach requires the convexity of the
Hamiltonian, so that one can associate it with an optimal control problem. Although
it requires lots of steps before establishing the convergence result, its merit is that
one can get an interpretation to the convergence result through the optimal control
representation.

The topics covered in this article are very close to the ones discussed by
Barles [4]. Both are to present an introduction to viscosity solutions and to discuss
the large time asymptotics for solutions of Hamilton—Jacobi equations. This article
has probably a more elementary flavor than [4] in the part of the introduction to
viscosity solutions, and the paper [4] describes the PDE-viscosity approach to the
large time asymptotics while this article concentrates on the dynamical or optimal
control approach.

The reference list covers only those papers which the author more or less
consulted while he was writing this article, and it is far from a complete list of
those which have contributed to the developments of the subject.

The author would like to thank the course directors, Paola Loreti and Nicoletta
Tchou, for their encouragement and patience while he was preparing this article.
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He would also like to thank his colleagues and students for pointing out many

misprints and mistakes in earlier versions of these lecture notes.

Notation:

When % is a set of real-valued functions on X, sup.# and inf.%# denote the
functions on X given, respectively, by

(sup F)(x) :=sup{f(x) : feF} and (inf.F)(x):=inf{f(x) : f € F}.

For any a,b € R, we write a A b = min{a, b} and a v b = max{a, b}. Also,
we writeay =avVv0anda_ = (—a)+.

A function w € C(]J0, R)), with 0 < R < oo, is called a modulus if it is
nondecreasing and satisfies w(0) = 0.

For any x = (x1,...,x,),y = (J1,...,¥n) € R", x - y denotes the Euclidean
inner product xyy; + --- + x,y, of x and y.

For any x,y € R” the line segment between x and y is denoted by [x, y] :=
{I=0t)x+1ty : te€]0, 1]}.

For k € Nand 2 C R, CK(£2,R™) (or simply, C¥(£2,R")) denotes the
collection of functions f : £2 — R™ (not necessarily open), each of which has
an open neighborhood U of £2 and a function g € C*(U) such that f(x) = g(x)
forall x € £2.

For f € C(£2,R™), where 2 C R”", the support of f is defined as the closure
of {x € 2 : f(x) # 0} and is denoted by supp f.

UC(X) (resp., BUC(X)) denotes the space of all uniformly continuous (resp.,
bounded, uniformly continuous) functions in a metric space X.

We write 15 for the characteristic function of the set E. That is, 1g(x) = 1 if
x € E and 15(x) = O otherwise.

The sup-norm of function f on a set £2 is denoted by || f ooz = |.f oo =
supg |/ .

We write R4 for the interval (0, c0).

For any interval / C R, AC(J,R™) denotes the space of all absolutely
continuous functions in J with value in R™.

Given a convex Hamiltonian H € C(£2 xR"), where £2 C R” is an open set, we
denote by L the Lagrangian given by

L(x,§) = sup(§- p— H(x, p)) for(x,£) € 2 xR".
PpERM

Let 2 C R” be an open subset of R", g € C(352,R),t > 0 and (n,v,/) €

L'([0, 1], R" x R" x R) such that n(s) € £2 for all s € [0, t] and I(s) = 0
whenever 7(s) € £2. We write

Z(t.n,v,1) :/0 [L(n(s). —v(s)) + g(n(s))I(s)]ds.
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1 Introduction to Viscosity Solutions

We give the definition of viscosity solutions of first-order PDE and study their basic
properties.

1.1 Hamilton-Jacobi Equations

Let £2 be an open subset of R”. Given a function H : 2 x R" — R, we consider
the PDE
H(x,Du(x)) =0 in £2, (1)

where Du denotes the gradient of u, that is,
Du := (uy,, Uy, ..., Ux,) = (0u/0xy,...,0u/ox,).
We also consider the PDE
u(x,t) + H(x, Dyu(x,t)) =0 in £2 x (0, 00). 2)

Here the variable ¢ may be regarded as the time variable and u; denotes the time
derivative du/0t. The variable x is then regarded as the space variable and D,u
(or, Du) denotes the gradient of u in the space variable x.

The PDE of the type of (1) or (2) are called Hamilton—Jacobi equations. A more
concrete example of (1) is given by

|Du(x)| = k(x),

which appears in geometrical optics and describes the surface front of propagating
waves. Hamilton—Jacobi equations arising in Mechanics have the form

|Du(x)? + V(x) = 0,
where the terms |[Du(x)|? and V(x) correspond to the kinetic and potential energies,
respectively.
More generally, the PDE of the form
F(x,u(x),Du(x)) =0 in £2 3)

may be called Hamilton—Jacobi equations.
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1.2 An Optimal Control Problem

We consider the function
X =X(1)=(Xi@t), X2(t),..., Xu(t)) eR"

of time ¢ € R, and
. . dX
X=Xt)=—(
(1) =20

denotes its derivative. Let A C R™ be a given set, let g : R" x A — R", f :
R"” x A — R be given functions and A > 0 be a given constant. We denote by A the
set of all Lebesgue measurable « : [0, c0) — A.

Fixany x € R" and @ € A, and consider the initial value problem for the ordinary
differential equation (for short, ODE)

X(1) = g(X(t),a(t)) forae.r>0,
{ g(X(t),a(t)) forae.t > @

X(0) = x.

The solution of (4) will be denoted by X = X(¢#) = X(¢; x, ). The solution X (¢)
may depend significantly on choices of « € A. Next we introduce the functional

umm=A FOX) . ale)e™ dr, 5)

a function of x and o € A, which serves a criterion to decide which choice of « is
better. The best value of the functional J is given by

Vix) = iI€l£ J(x, ). (6)

This is an optimization problem, and the main theme is to select a control ¢ = o, €
A so that
Vix) = J(x, ).

Such a control « is called an optimal control. The ODE in (4) is called the dynamics
or state equation, the functional J given by (5) is called the cost functional, and
the function V' given by (6) is called the value function. The function f or ¢ —
e ™ f(X (), a(t)) is called the running cost and A is called the discount rate.

In what follows, we assume that f, g are bounded continuous functions on
R" x A and moreover, they satisfy the Lipschitz condition, i.e., there exists a
constant M > 0 such that

|f(x.a)] = M, lg(x.a)| = M,

| f(x.a) = f(y,a)| < M|x —y], (7
lg(x,a) —g(y,a)| < M|x —yl|.
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A basic result in ODE theory guarantees that the initial value problem (4) has a
unique solution X (¢).
There are two basic approaches in optimal control theory:

1. Pontryagin’s Maximum Principle Approach.
2. Bellman’s Dynamic Programming Approach.

Both of approaches have been introduced and developed since 1950s.

Pontryagin’s maximum principle gives a necessary condition for the optimality
of controls and provides a powerful method to design an optimal control.

Bellman’s approach associates the optimization problem with a PDE, called the
Bellman equation. In the problem, where the value function V' is given by (6), the
corresponding Bellman equation is the following.

AV(x)+ H(x,DV(x)) =0 inR", (®)

where H is a function given by

H(x,p) = sglj{—g(x, a)-p— f(x,a)},

with x - y denoting the Euclidean inner product in R”. Bellman’s idea is to charac-
terize the value function V' by the Bellman equation, to use the characterization to
compute the value function and to design an optimal control. To see how it works,
we assume that (8) has a smooth bounded solution V' and compute formally as
follows. First of all, we choose a functiona : R" — A so that

H(x, DV(x)) = —g(x,a(x)) - DV(x) — f(x,a(x)),
and solve the initial value problem
X)) =g(X(@0),a(X®)),  X(©0)=x,

where x is a fixed point in R". Next, writing a () = a(X (1)), we have
0= /0 M (VX)) + HX(@), DV(X(0)))) di
= [ v - g, e - DY)~ FOX @) o
_ /0 - (—C%e—“ VX(1)) — f(X(t),a(t))) di

— V(X(0)) - /0 M (X (1), a(t)) dr.
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Thus we have
Vix) = J(x, ).

If PDE (8) characterizes the value function, that is, the solution V' is the value
function, then the above equality says that the control «(¢#) = a(X(¢)) is an optimal
control, which we are looking for.

In Bellman’s approach PDE plays a central role, and we discuss this approach in
what follows. The first remark is that the value function may not be differentiable at
some points. A simple example is as follows.

Example 1.1. We consider the case wheren = 1, 4 = [-1,1] C R, f(x,a) =
e, g(x,a) = aand A = 1. Let X(¢) be the solution of (4) for some control
a € A, which means just to satisfy

I X()| <1 ae.t>0.

Let V' be the value function given by (6). Then it is clear that V'(—x) = V(x) for all
x € R and that

o0 2 o0 2
V(x) = / e T g = &F / e~ dr if x > 0.
0 X
For x > 0, one gets

© 2 2
V'(x) = e"/ e T dr —e™,
and
o0 2 o0
V’(O+)=/ e dr -1 </ e'dt—1=0.
0 0

This together with the symmetry property, V(—x) = V(x) for all x € R, shows
that V is not differentiable at x = 0.

Value functions in optimal control do not have enough regularity to satisfy, in
the classical sense, the corresponding Bellman equations in general as the above
example shows.

We introduce the notion of viscosity solution of the first-order PDE

F(x,u(x),Du(x)) =0 in £2, (FE)

where F : £2 x R x R" — R is a given continuous function.

Definition 1.1. (i) We call u € C(£2) a viscosity subsolution of (FE) if
peC'(2),z€, max(u — ¢) = (u—¢)()

= F(z,u(z), Dp(z)) <0.
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(i) We call u € C($2) a viscosity supersolution of (FE) if

peCi(R2),ze 2, min(u — ¢) = (u — ¢)(2)
= F(z,u(z), Dg(2)) = 0.
(iii) We call u € C(£2) a viscosity solution of (FE) if u is both a viscosity

subsolution and supersolution of (FE).

The viscosity subsolution or supersolution property is checked through smooth
functions ¢ in the above definition, and such smooth functions ¢ are called test
functions.

Remark 1.1. 1f we set F~(x,r,p) = —F(x,—r,—p), then it is obvious that
u € C($2) is a viscosity subsolution (resp., supersolution) of (FE) if and only if
u~ (x) := —u(x) is a viscosity supersolution (resp., subsolution) of

F(x,u (x),Du (x)) =0 in £2.

Note also that (F~)™ = F and (u™)~ = u. With these observations, one property
for viscosity subsolutions can be phrased as a property for viscosity supersolutions.
In other words, every proposition concerning viscosity subsolutions has a counter-
part for viscosity supersolutions.

Remark 1.2. Ttis easily seen by adding constants to test functions that u € C(2) is
a viscosity subsolution of (FE) if and only if

peCl(2),ze, max(u — ¢) = (u—$)() =0
= F(z.9(2). D$(2)) < 0.

One can easily formulate a counterpart of this proposition for viscosity
supersolutions.

Remark 1.3. 1t is easy to see by an argument based on a partition of unity (see
Appendix A.1) that u € C($2) is a viscosity subsolution of (FE) if and only if

¢ € CH(R), z € 2, u— ¢ attains a local maximum at z

= F(z,¢(2), D¢(2)) < 0.

Remark 1.4. Ttis easily seen that u € C(£2) is a viscosity subsolution of (FE) if and
only if
¢ € CY(R), z€ 2, u— ¢ attains a strict maximum at z

— F(z.¢(). Dp(2)) < 0.
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Similarly, one may replace “strict maximum” by “strict local maximum” in the
statement. The idea to show these is to replace the function ¢ by ¢(x) + |x — z|?
when needed.

Remark 1.5. The condition, ¢ € C!(£2), can be replaced by the condition,
¢ € C*(£2) in the above definition. The argument in the following example
explains how to see this equivalence.

Example 1.2 (Vanishing viscosity method). The term “viscosity solution” originates
to the vanishing viscosity method, which is one of classical methods to construct
solutions of first-order PDE.

Consider the second-order PDE

—eAu® 4+ F(x,u’(x),Du’(x)) =0 in 2, )

where ¢ > 0 is a parameter to be sent to zero later on, §2 is an open subset of R”,
F is a continuous function on 2 x R x R” and A denotes the Laplacian

he 9
T+

= e,
ax? ax2

A

We assume that functions u® € C?(£2), with e € (0, 1), and u € C($2) are given
and that
lin}) u®(x) = u(x) locally uniformly on £2.
e—>!

Then the claim is that u is a viscosity solution of
F(x,u(x),Du(x)) =0 in £2. (FE)

In what follows, we just check that u is a viscosity subsolution of (FE). For this,
we assume that

peCl(2). ieg, max(u —¢) = (u— ) (%),

and moreover, this maximum is a strict maximum of u# — ¢. We need to show that
F(X,u(x), D¢(%)) <0. (10

First of all, we assume that ¢ € C2(£2), and show that (10) holds. Fix an
r > 0so that B,(X) C £2. Let x, be a maximum point over B, (%) of the function
u® — ¢. We may choose a sequence {¢;};jen C (0, 1) so that lim; .o &; = 0 and
limj_, 0 x¢; = y forsome y € B, (%). Observe that
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(u—P)(X) =W —¢)(X) + llu— " |loo 5,3
=W = @)(xe;) + llu—u” oo 5,3
< (u—@)(xe;) + 2/u" — ull oo 5,3
—Ww—¢)(y) asj — oo.

Accordingly, since X is a strict maximum point of u — ¢, we see that y = X.
Hence, if j is sufficiently large, then x., € B, (X). By the maximum principle from
Advanced Calculus, we find that

0 02
— (W —¢)(x;;) =0 and — " —$)(x;,) <0 forall i =1,2,....n.
axi / Bxlz /

Hence, we get
Dui (xe)) = Dp(xe,).  Aui (xe)) < Ap(xs)).
These together with (9) yield
—£jAP(Xe;) + F(xe; u™ (xe;), Dp(xe;)) < 0.
Sending j — oo now ensures that (10) holds.
Finally we show that the C? regularity of ¢ can be relaxed, so that (10) holds

for all ¢ € C'(£2). Let r > 0 be the constant as above, and choose a sequence
{pr} C C*®(£2) so that

klim ¢ (x) = ¢(x) uniformly on B, (X).

Let {y;} C B,(X) be a sequence consisting of a maximum point of u — ¢. An
argument similar to the above yields

lim Yk = X.
k—o00

If k is sufficiently large, then we have y;, € B, (%) and, due to (10) valid for C? test
functions,

F(yi,u(yx), Dér(yi)) < 0.

Sending k — oo allows us to conclude that (10) holds.
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1.3 Characterization of the Value Function

In this subsection we are concerned with the characterization of the value function
V by the Bellman equation

AV(x)+ H(x,DV(x)) =0 inR", (11)
where A is a positive constant and
H(x,p) = SuIA}{—g(x, a)-p— f(x,a)}.
ae

Recall that
V(x) = inf J(x, @),
€A

and

J(x.a) = /0 @) a)e .

where X (¢) = X(¢; x, o) denotes the solution of the initial value problem

X(t) = g(X(1t),a(r)) forae.r>0,
X(0) = x.

Recall also that for all (x,a) € R" x A and some constant M > 0,

| f(x,a)] < M, lg(x,a)] < M,
| f(x,a) = f(y,a)| < M|x —y], (12)
lg(x,a) —g(y,a)| < M|x —y|.

The following lemma will be used without mentioning, the proof of which may
be an easy exercise.

Lemma 1.1. Let h,k : A — R be bounded functions. Then

suph(a) —supk(a)| Vv

a€A a€A

inf h(a) — inf k(a)| < sup |h(a) — k(a)|.
a€A a€A

a€A

In view of the above lemma, the following lemma is an easy consequence of (12),
and the detail of the proof is left to the reader.

Lemma 1.2. The Hamiltonian H satisfies the following inequalities:

|H(x,p)— H(y,p)| < Ml|x—yl(|p| +1) forall x,y,peR",
|H(x,p)— H(x,q)| < M|p—q| forall x,p.q € R".

In particular, we have H € C(R" x R").
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Proposition 1.1. The inequality

Vel =

holds for all x € R". Hence, the value function V is bounded on R".

Proof. For any (x,o) € R" x A, we have

o o0 M
el = [ Mo aenlar < u [ e =2
0 0
Applying Lemma 1.1 yields
M
V()| < sup [J(x,a)] < —. O
€A A

Proposition 1.2. The function V is Holder continuous on R".

Proof. Fix any x,y € R". For any @ € A, we estimate the difference of J(x, )
and J(y,a). To begin with, we estimate the difference of X(z) := X(¢; x,«) and
Y(t) := X(¢; y,a). Since

X (0) =Y ()] = |g(X(0), @(t)) = g(Y (1), (1))
<M|X(t)—Y(t)| forae.t >0,

we find that
[X(@)—Y(@)| SIX(O)—Y(O)I+/O |X(s) = Y (s)|ds

t

<|x —y| +M/ |X(s) —Y(s)|ds forall > 0.
0
By applying Gronwall’s inequality, we get
| X(t) = Y(@)| < |x —y|e” forall £ >0.
Next, since
o0

|J(x,0) = J(y. )] S/O eI f(X(s), a(s)) = f(Y(5), (s))] ds,

if A > M, then we have

A /0 ¢ MIX(s) — Y(s)| ds

M|x—y|

o0
<M e M|x — yleMSds = ,
< /0 |x =yl P
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and

V) =Vl = 5371 =l (13)

If0 <A < M, then we select 0 < 6 < 1 sothat M < A, and calculate

| f(E.a) — f(n.a)| <|fE a)— f(n,a)fT0—®
<(M|g—n)°@M)'™" forall £neR" ac 4,

and
70 = Il =@M [ B a1xe - Y s
0

o0
< (2M)l—9/ e—AS(Mlx _ yDOGOMS ds
0

® o 2M |x — y|’
< ZM _ 6 (/1 OM)S d —
<2M|x yl/O e S = —
which shows that .
2M|x —y|
Vix)—=V < — 14
Ve =Vl = S (14)
Thus we conclude from (13) and (14) that V' is Holder continuous on R”. ]

Proposition 1.3 (Dynamic programming principle). Let 0 < 7 < oo and
x € R". Then

Vi) = inf ( /0 e X)) df + VX)),

where X (¢) denotes X(¢; x, «).
Proof. Let0 < 7 < ooand x € R". Fix y € A. We have
T o0
J(x,y) = / e f(X(@).y (1) dr + / e f(X(0). y(1))dr
0

T

. ~ (15)
- / M F(X (1), () dr + e / M (Y (). B dr.
0 0

where

X()=X@:x,y)., a@):=y@), B@):=yC+1),
Yt) =Xt +1)=X(;X(2),B).
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By (15), we get
Sy = [ @)+ V)
from which we have
Sy = i ([ 700, a0 ar + V().
Consequently,
V(x) = inf ( /0 e M FX(t). () di + VX)), (16)

Now, let o, B € A. Define y € A by

Set
X(@):=X(t;x,a) and Y(t):= X(; X(), B).

We have

X(@t)=X(t;x,y) and «a(t) = y(t) forall ¢ €0, 7],
{ B(t)=y(t+71) and Y(t) = X(t + ) forall t > 0.

Hence, we have (15) and therefore,

Vix) < /OI e M f(X(0), a(t)dt + e J(X (1), B).

Moreover, we get

V) < /0 "M X0 a(0)) df + V(X (D)),

and
V(x) < inf ( /0 Ie—m F(X(0),at))dr + e—“V(X(f))). (17)

Combining (16) and (17) completes the proof. O
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Theorem 1.1. The value function V is a viscosity solution of (11).

Proof. (Subsolution property) Let ¢ € C'(R") and £ € R”, and assume that

(V = $)(®) = max(V = ¢) = 0.
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Fix any a € A and set «(t) := a, X(t) := X(t; X, ). Let 0 < h < 00. Now, since

V < ¢, V(X) = ¢(x), by Proposition 1.3 we get
h
B0 =V = [ FX @) dr + VXY
0

h
< / e FX(1).(t)) di + €M (X (h)).
0

From this, we get

h

L e Mex) di

h
< —At
0_/0 e f(X(t),a)dt—i—/O i

h
= /O e (f(X(1),a) = 2p(X(1)) + DH(X(1)) - X (1)) dt
h
= /O e M (f(X(1),a) = Ap(X(1)) + Dp(X (1)) - g(X(1), a)) dr.
Noting that
1X(1) — | = ‘/0 X(s)ds) 5/0 |g(X(s),a)|ds§M/0 ds = M1,
dividing (18) by & and sending i — 0, we find that

0=<-2¢() + f(X.a) + g(X.a)- DP(X).

Since a € A is arbitrary, we have A¢(X) + H(X, D¢(X)) < 0.
(Supersolution property) Let ¢ € C!(R") and £ € R”, and assume that

(V= $)(&) = min(V — $) = 0.

Fix ¢ > 0 and & > 0. By Proposition 1.3, we may choose @ € A so that

h
V(%) + eh > / e ™M f(X(t), a(r)) dt + e V(X (h)),
0

(18)

19)
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where X (¢) := X(¢; X, ). Since V > ¢ in R" and V(X) = ¢(X), we get

h
O (X) + eh > / e M f(X(1),a(r))dt +e Mp(X(h)).
0

Hence we get

h

9 ey (X (1)) dr — eh

h
0> /0 e—“f(X(z),a(t))dH/O "

h
= /0 e M (f(X(1).a(1)) — Ap(X(1)) + Dp(X(1)) - X (1)) dt — eh

h
= /0 e (f(X(0), (1)) = A¢(X(1) + DH(X (1)) - g(X(1), (1)) dt — eh.

By the definition of H, we get

h
/ e MAP(X(1)) + H(X(1), DP(t))dt + eh > 0. (20)
0

As in (19), we have
|X(t) — x| < Mt.

Dividing (20) by /& and sending 7 — 0 yield
Ap(X)+ H(x, D¢ (X)) +¢ >0,

from which we get A¢(X) + H(x, D¢ (x)) = 0. The proof is now complete. O

Theorem 1.2. Let u € BUC(R") and v € BUC(R") be a viscosity subsolution and
supersolution of (11), respectively. Then u < v in R".

Proof. Let ¢ > 0, and define u, € C(R") by u.(x) = u(x) — e({x) + M), where
(x) = (Jx|*> + 1)'/2. A formal calculation

ug(x) + H(x,Duy(x)) <u(x) —eM + H(x,Du(x)) + eM|D{x)|
<u(x) + H(x,Du(x)) <0

reveals that u, is a viscosity subsolution of (11), which can be easily justified.

We show that the inequality #, < v holds, from which we deduce that u < v is
valid. To do this, we assume that supg. (#. — v) > 0 and will get a contradiction.
Since

lim (4, —v)(x) = —o0,
|x|—>o00
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we may choose a constant R > 0 so that

sup (1, —v) < 0.
R"\Bg

The function u, — v € C(Bg) then attains a maximum at a point in By, but not at
any point in dBg.
Let o > 1 and consider the function

P(x,y) = us(x) —v(y) —alx =y’

on K := B X Bpg. Since @ € C(K), @ attains a maximum at a point in K.
Let (x¢, ¥o) € K be its maximum point. Because K is compact, we may choose a
sequence {o;} C (1, oo) diverging to infinity so that for some (%, y) € K,

(Yo, Vo) = (£.9) as j — co.

Note that

0 < max(u, — v) = max @(x,x) < P(xy, Vo)
Bpr XE€EBpR (21)
= “a(xa) - U(ya) - 0‘|x0t - ya|27

from which we get

o)Xy — Yo|* < supug 4+ sup(—v).
7 7
We infer from this that X = y. Once again by (21), we get

max(us — v) < ug(xy) — V(Va)-
Bpr

Setting @ = «; and sending j — oo in the above, since u, v € C(R"), we see that

max(u, —v) < lm  (us(xe) — v(ya))
Br a=q;,j—>00

= us(X) — v(%).
That is, the point X is a maximum point of u, — v. By (21), we have
|2

= Ma(-xoc) - U(yoc) - HlaX(M - U)s
Br

o|xe — Yo

and hence

lim  o|xy — yo|* = 0.
a=a;,j—>00
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Since X is a maximum point of u, — v, by our choice of R we see that x €
Bpr. Accordingly, if « = «; and j is sufficiently large, then x4, y, € Bg. By the
viscosity property of u, and v, fora = «; and j € N large enough, we have

ue(xg) + H(xg, 20(xg — ya)) <0, V(yo) + H(yo, 20(Xe — o)) = 0.

Subtracting one from the other yields

Us(Xa) = V(o) = H(ya. 20(xo = yo)) — H(Xa, 20(xa = ya))-
Using one of the properties of H from Lemma 1.2, we obtain
us(xg) —v(va) < M|xq — yo|Qa|xg — yo| + 1).
Sending o = a; — o0, we get
ue(X) —v(¥) <0,

which is a contradiction. ]

1.4 Semicontinuous Viscosity Solutions and the Perron Method

Let u, v € C(£2) be a viscosity subsolutions of (FE) and set
w(x) = max{u(x),v(x)} for x € £2.

It is easy to see that w is a viscosity subsolution of (FE). Indeed, if ¢ € C'(2),
y € §2 and w — ¢ has a maximum at y, then we have either w(y) = u(y) and
W= $)x) < w—$)(x) < (w—$)(¥) = (u—P)(y) forall x € 2, or w(y) =
v(y) and (v — ¢)(x) < (v — $)(y), from which we get F(y,w(y), D¢(y)) = 0.
If {ur }reny C C(82) is a uniformly bounded sequence of viscosity subsolutions of
(FE), then the function w given by w(x) = sup, ux (x) defines a bounded function on
£2 but it may not be continuous, a situation that the notion of viscosity subsolution
does not apply.

We are thus led to extend the notion of viscosity solution to that for discontinuous
functions.

Let U C R", and recall that a function f : U — R U {—00, 00} = [—00, 0] is
upper semicontinuous if

limsup f(y) < f(x) forall x € U.

y—>x
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The totality of all such upper semicontinuous functions f will be denoted by
USC(U). Similarly, we denote by LSC(U) the space of all lower semicontinuous
functions on U. That is, LSC(U) := —USC(U) = {—f : f € USC(U)}.

Some basic observations regarding semicontinuity are the following three propo-
sitions.

Proposition 1.4. Let f : U — [—o0, oo]. Then, f € USC(U) if and only if the
set{x € U : f(x) < a} is a relatively open subset of U for any a € R.

Proposition 1.5. If % C LSC(U), then sup % € LSC(U). Similarly, if F C
USC(U), then inf # € USC(U).

Proposition 1.6. Let K be a compact subset of R and f € USC(K). Then f
attains a maximum. Here the maximum value may be either —oo or 00.

Next, we define the upper (resp., lower) semicontinuous envelopes f* (resp., fx)
of f : U — [—00, o] by

fr@) = lim sup{f(y) : y €U N B (x)}

(resp., f« = —(—f)* or, equivalently, f«(x) = lim,oinf{f(y) : y e U N
B, (x)}).

Proposition 1.7. Let f : U — [—00, oo]. Then we have f* € USC(U), f« €
LSC(U) and

f*(x) = min{g(x) : g € USC(U), g > f} forall x € U.

A consequence of the above proposition is that if f € USC(U), then f* = f
in U. Similarly, f« = finU if f € LSC(U).
We go back to
F(x,u(x),Du(x)) =0 in £2. (FE)

Here we assume neither that F' : 2 x R x R” — R is continuous nor that 2 C R”
is open. We just assume that F' : £2 x R x R" — R is locally bounded and that £2
is a subset of R”.

Definition 1.2. (i) A locally bounded function # : £2 — R is called a viscosity
subsolution (resp., supersolution) of (FE) if

$peCl(R), z€ 2, mélx(u* —¢)= W —¢)(z)

= Fiu(z,u"(2).D$(z)) <0

peCl (), ze, min(us — @) = (1x —¢)(2)
resp.,
= F*(z,ux(2), Dp(2)) = 0
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(ii) A locally bounded function # : £2 — R is a viscosity solution of (FE) if it is
both a viscosity subsolution and supersolution of (FE).

We warn here that the envelopes Fy and F* are taken in the full variables. For
instance, if £ € £2 x R x R", then

F.(§) = liI(I)1+inf{F(n) NneERXRxRY, [n—§&| <r}.

We say conveniently that u is a viscosity solution (or subsolution) of
F(x,u(x),Du(x)) < 0in £ if u is a viscosity subsolution of (FE). Similarly,
we say that u is a viscosity solution (or supersolution) of F(x, u(x), Du(x)) > 0
in £2 if u is a viscosity supersolution of (FE). Also, we say that u satisfies
F(x,u(x),Du(x)) < 0in £ (resp., F(x,u(x),Du(x)) > 0in £2) in the viscosity
sense if u is a viscosity subsolution (resp., supersolution) of (FE).

Once we fix a PDE, like (FE), on a set £2, we denote by .~ and . * the sets of
all its viscosity subsolutions and supersolutions, respectively.

The above definition differs from the one in [19]. As is explained in [19], the
above one allows the following situation: let £2 be a nonempty open subset of R” and
suppose that the Hamilton—Jacobi equation (1) has a continuous solution u € C(£2).
Choose two dense subsets U and V of 2 suchthat U NV =@and U UV # £2.
Select a function v : £ — R so that v(x) = u(x) if x € U, v(x) = u(x) + 1if
x € Vandv(x) € [u(x), u(x)+1]if x € 2\ (U UV). Then we have v« (x) = u(x)
and v*(x) = u(x) + 1 for all x € £2. Consequently, v is a viscosity solution of (1).
If U UV # £, then there are infinitely many choices of such functions v.

The same remarks as Remarks 1.1-1.4 are valid for the above generalized
definition.

Definition 1.3. Let 2 C R” and u : §£2 — R. The subdifferential D~ u(x) and
superdifferential D u(x) of the function u at x € §2 are defined, respectively, by
D7u(x)={peR" :ulx+h)>ulx)+p-h+o(h|) as x+h e 2, h— 0},
DTu(x)={peR" :u(x+h) <u(x)+p-h+o(lh|) as x+heR, h—0}
where o(|h|) denotes a function on an interval (0,§), with § > 0, having the
property: lim,—¢ o(|h])/|h| = 0.

We remark that D~ u(x) = —D%(—u)(x). If u is a convex function in R” and
p € D™ u(x) for some x, p € R”, then

u(x+h)>ulx)+p-h forall heR".

See Proposition B.1 for the above claim. In convex analysis, D~ u(x) is usually
denoted by du(x).
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Proposition 1.8. Let 2 C R" andu : 2 — R be locally bounded. Let x € S2.
Then

DT u(x) = {D¢(x) : ¢ € CY(R), u— ¢ attains a maximum at x}.

As a consequence of the above proposition, we have the following: if u is locally
bounded in §2, then

Du(x) = = DF (—u)(x)
= —{D¢(x) : ¢ € C'(2), —u — ¢ attains a maximum at x}
={D¢p(x) : ¢ € C'(2), u— ¢ attains a minimum at x}.
Corollary 1.1. Let 2 C R". Let F : 2 xR xR" - Randu : 2 — R be

locally bounded. Then u is a viscosity subsolution (resp., supersolution) of (FE) if
and only if

Fu(x,u*(x),p) <0 forallx € 2, p € DT u*(x)
(resp., F*(x,ux(x),p) >0 forallx € 2, p € D™ u«(x)).

This corollary (or Remark 1.3) says that the viscosity properties of a function,
i.e., the properties that the function be a viscosity subsolution, supersolution, or
solution are of local nature. For instance, under the hypotheses of Corollary 1.1, the
function u is a viscosity subsolution of (FE) if and only if for each x € £2 there

exists an open neighborhood Uy, in R”, of x such that u is a viscosity subsolution
of (FE)in U, N £2.

Proof Let¢ € C'(£2) and y € £2, and assume that u — ¢ has a maximum at y.
Then

(u=9)y+h) <(u—-9¢)(y) ify+hes2,
and hence,as y + h € 2, h — 0,

u(y +h) =u(y)+ ¢y +h) —¢(y) =u(y) + Dp(y) - h + o(|h)).
This shows that
{D¢(y) : ¢ € C'(2), u— ¢ attains a maximum at y} € DV u(y).
Nextlet y € £2 and p € DT u(y). Then we have
u(y +h) <u(y)+p-h+o(h)h ify+hesand|h| <§

for some constant § > 0 and a function w € C([0, §]) satisfying w(0) = 0. We may
choose w to be nondecreasing in [0, §]. In the above inequality, we want to replace
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the term w(|h|)|k| by a C' function ¥ (k) having the property: ¥ (h) = o(|h]).
Following [23], we define the function y : [0,8/2] — R by

2r
y(r):/0 w(t)dr.

Noting that
2r
y(r) > / w(t)dt > w(r)r forr €0, §/2],

we see that
u(y +h) <u(y)+p-h+y(h|) ify+heand|h| <§/2.

It immediate to see that y € C!([0, §/2]) and y(0) = y’(0) = 0. We set ¥ (h) =
y(|h|) for h € Bgs/»(0). Then ¥ € C'(Bs/2(0)), ¥(0) = 0 and Dy (0) = 0. It is
now clear that if we set

p(x) =u(y)+p-(x—=y)+¥(x—y) forxe Bsa(y),
then the function u — ¢ attains a maximum over £2 N Bs/»>(y) at y and D¢ (y) = p.
|
Now, we discuss a couple of stability results concerning viscosity solutions.

Proposition 1.9. Let {u,}.c.1y C -~ . Assume that §2 is locally compact and {u,}
converges locally uniformly to a function uin 2 as e — 0. Thenu € ™.

Proof. Let ¢ € C'(£2). Assume that u* — ¢ attains a strict maximum at £ € £2. We
choose a constant » > 0 so that K := B, (X) N 2 is compact. For each ¢ € (0, 1),
we choose a maximum point (over K) x, of u} — ¢.

Next, we choose a sequence {¢;} C (0, 1) converging to zero such that x.;, — z
for some z € K as j — oo. Next, observe in view of the choice of x, that

" = $)(xe)) = (@l = $)(xe,) = lu* — 1 oo
> (* — ) (xe)) = 2[u* — i}, ook
> (W = $)(R) — 2[lu* — e loo.x.

Sending j — oo yields

" — ¢)(2) = limsup(u;, — $)(xe;) = linlgf(ujj —P)(xe;) = (" — ) (%),

which shows that z = X and lim; u:j (x¢;) = u*(X). For j € N sufficiently
large, we have x, ;€ B, () and, since u, ;€ 77,
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F*(xsj,u:j ()ng), D¢(-x£j)) E O

If we send j — oo, we find thatu € .. ]

Proposition 1.10. Let 2 be locally compact. Let % C /. That is, F is a family
of viscosity subsolutions of (FE). Assume that sup % is locally bounded in S2. Then
we have sup ¥ € /.

Remark 1.6. By definition, the set §2 is locally compact if for any x € £2, there
exists a constant r > 0 such that £ N B,(x) is compact. For instance, every
open subset and closed subset of R” are locally compact. The set 4 := (0, 1) x
[0, 1] C R? is locally compact, but the set A U {(0, 0)} is not locally compact.

Remark 1.7. Similarly to Remark 1.5, if §2 is locally compact, then the C'!
regularity of the test functions in the Definition 1.2 can be replaced by the C*°
regularity.

Proof. Setu = sup.%.Let¢ € C'(£2) and £ € £2, and assume that
max(u® —¢) = (" —$)(¥) = 0.

We assume moreover that X is a strict maximum point of u* — ¢. That is, we have
(u* — ¢)(x) < 0 forall x # X. Choose a constant 7 > 0 so that W := £ N B, (%)
is compact.

By the definition of u*, there are sequences {yx} C W and {v;} C .# such that

Yi — X, (k) = u*(X) as k — oo.
Since W is compact, for each k € N we may choose a point x; € W such that

mua}x(v]f —¢) = (v — P)(xp).

By passing to a subsequence if necessary, we may assume that {x; } converges to a
point z € W. We then have

0=@"—¢)X) = (" —¢)(xk) = (v —P)(xx)
> (v — ) ) = (e — $) (i) — (" — $)(%) = 0,

and consequently
lim u*(x;) = lim v} (x¢) = u™(%).
k—00 k—o00

In particular, we see that

" = $)() = lim (" = $)(x;) = 0.
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which shows that z = X. That is, limy 00 X = X.
Thus, we have x; € B, (x) for sufficiently large k € N. Since vy € ., we get

Fi(xg, v (xr), Dp(xx)) <0
if k is large enough. Hence, sending k — oo yields

which proves thatu € .. O

Theorem 1.3. Let §2 be a locally compact subset of R". Let {uc}sc01) and
{Fe}ec1y be locally uniformly bounded collections of functions on 2 and
2 xR x R", respectively. Assume that for each ¢ € (0, 1), u. is a viscosity
subsolution of

Fo(x,u:(x),Du,(x)) <0 in £2.

Set

u(x) = rgr&_ sup{us(y) : y € B,(x) N 2, ¢ € (0, r)},

F¢) = rE)I(I)l+inf{Fg(77) neRxRxR", [n—§& <r,ee€(0,r)}
Then u is a viscosity subsolution of

F(x,u(x), Du(x)) <0 in £2.
Remark 1.8. The function u is upper semicontinuous in §2. Indeed, we have
u(y) < sup{us(z) : ze B,(x) N2, e € (0, r)}

forall x € £2 and y € B,(x) N £2. This yields

limsupu(y) < supius(z) : z€ B,(x) N2, € (0, r)}

23y—>x
for all x € §2. Hence,

limsupu(y) < u(x) forallx € £2.

23y—x

Similarly, the function F is lower semicontinuous in £2 x R x R".

Proof. It is easily seen that forall x € £2,r > 0and y € B,(x) N £2,

uy(y) < sup{us(z) : z € B,(x) N 2}.
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From this we deduce that

u(x) = rg%lJrsup{uZ(y) Yy EeEB(X)NKR,0<e<r} foral x € 2.

Hence, we may assume by replacing u, by u} if necessary that u, € USC(£2).
Similarly, we may assume that F, € LSC(£2 x R x R").

Let ¢ € C!(£2) and £ € £2. Assume that i — ¢ has a strict maximum at £. Let
r > 0 be a constant such that B, (X) N £2 is compact.

For each k € N we choose yx € By (X) N §2 and &, € (0, 1/k) so that

|i(X) — ue, (vi)| < 1/k,

and then choose a maximum point x; € B, (%) N £2 of u., — ¢ over B,(X) N 2.
Since

(g, — P)(xk) = (e, — ) (Vi)

we get
111;1 s:);p(usk =) (xx) > (=) (%),

which implies that

lim x; =X and lim wu,, (x;) = u(%).
k—o00 k—o00

If k € N is sufficiently large, we have x; € B,(X) N §2 and hence

Fe, (xic, ue (xi), DP(xx)) < 0.
Thus, we get
F(X,u(%), Dp(%)) < 0. O

Proposition 1.9 can be seen now as a direct consequence of the above theorem.
The following proposition is a consequence of the above theorem as well.

Proposition 1.11. Let §2 be locally compact. Let {uy} be a sequence of viscosity
subsolutions of (FE). Assume that {uy} C USC(£2) and that {uy} is a nonincreasing
sequence of functions on 82, i.e., up(x) > ug4+1(x) for all x € 2 and k € N. Set
u(x) = lim wur(x) for x € 52.
k—o00
Assume that u is locally bounded on §2. Then u € ./~

Let us introduce the (outer) normal cone N(z, §2) at z € §2 by

Nz R2)={peR":0>p-(x—2)+o(x—2z|) as 23> x — z}.
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Another definition equivalent to the above is the following:
N(z. 2) = —DT15(2).

where 1 denotes the characteristic function of §2. Note that if z € §2 is an interior
point of £2, then N(z, £2) = {0}.

We say that (FE) or the pair (F, §2) is proper if F(x,r, p + q) > F(x,r, p) for
all (x,r,p) € 2 xR xR"andall g € N(x, £2).

Proposition 1.12. Assume that (FE) is proper. If u € CY(82) is a classical
subsolution of (FE), thenu € /™.

Proof. Let ¢ € C'(£2) and assume that u — ¢ attains a maximum at z € 2. We may
assume by extending the domain of definition of u and ¢ that # and ¢ are defined
and of class C! in B,(z) for some r > 0. By reselecting r > 0 small enough if
needed, we may assume that

u—¢)(x) <(w—¢)x)+1 forall x € B,(z).

It is clear that the function u — ¢ 4 1 attains a maximum over B,(z) at z, which
shows that D¢ (z) — Du(z) € DT 15(z). Setting ¢ = —D¢(z) + Du(z), we have
Du(z) = D¢(z) + ¢ and

0> F(z,u(z), D¢(2) + q) = F(z,u(z), DP(2)) = Fi(z,u(z), DP(2)),

which completes the proof. O

Proposition 1.13 (Perron method). Let % be a nonempty subset of .~ having

the properties:

(P1) sup F € &.

(P2) Ifv € .F and v & /7, then there exists aw € .F such that w(y) > v(y) at
some point y € §2.

Then sup & € .7.

Proof. We have sup.# € % C . Thatis, sup.# € .. If we suppose that
sup.# ¢ .7, then, by (P2), we have w € .% such that w(y) > (sup.%)(y) for
some y € §2, which contradicts the definition of sup .%. Hence, sup % € . .o

Theorem 1.4. Assume that S2 is locally compact and that (FE) is proper. Let f €
LSC(£2) N~ and g € USC(2) N .. Assume that f < g in 2. Set
F={ves : f<v=<ginf}

Then sup & € .7.

In the above theorem, the semicontinuity requirement on f, g is “opposite”
in a sense: the lower (resp., upper) semicontinuity for the subsolution f (resp.,
supersolution g). This choice of semicontinuities is convenient in practice since
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in the construction of supersolution f', for instance, one often takes the infimum of
a collection of continuous supersolutions and the resulting function is automatically
upper semicontinuous.

Of course, under the same hypotheses of the above theorem, we have following
conclusion as well: if we set FT = {v € St : f < v < gin 2}, then
inf7t e.7.

Lemma 1.3. Assume that §2 is locally compact and that (FE) is proper. Letu € ./~
and y € §2, and assume that u is not a viscosity supersolution of (FE) at y, that is,

F*(y,ux(y), p) <0 forsome p € D™ u.(y).
Let ¢ > 0 and U be a neighborhood of y. Then there exists a v € .~ such that

u(x) < v(x) < max{u(x),us(y) +¢e} forall x € 2,
vV=1u in .Q \ U, (22)
Vs (¥) > ux ().

Furthermore, if u is continuous at y, then there exist an open neighborhood V of y
and a constant § > 0 such that v is a viscosity subsolution of

F(x,v(x),Dv(x)) ==6 inVNSL. (23)

Proof. By assumption, there exists a function ¢ € C!(£2) such that u.(y) = ¢(y),
ux(x) > ¢(x) forall x # y and

F*(y,ux(y). D$(y)) < 0.
Thanks to the upper semicontinuity of F*, there exists a § € (0, ¢) such that
F*(x,¢(x) +1t,Dp(x)) < —8 forall (x,t) € (Bs(y) N 2)x[0,8], (24)

and Bs(y) N 2 is a compact subset of U.
By replacing § > 0 by a smaller number if needed, we may assume that

$(x) +8 <u.(y)+e forall x € Bs(y)N 2. (25)

Since ux — ¢ attains a strict minimum at y and the minimum value is zero, if
(2 N Bs(y)) \ Bsj2(y) # 9, then the constant

m:=  _ min (usx — @)
(2NBs(y)\Bs/2(y)
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is positive. Of course, in this case, we have
usx(x) > ¢(x) +m forall x € (2N Bs(y)) \ Bs;a(y).

Set A = min{m, 8} if (2N Bs(y))\ Bs;>(y) # @ and A = § otherwise, and observe
that
us(x) = ¢p(x) + 4 forall x € (2N Bs(»)) \ Bs2(y)- (26)

We define v : £2 — R by

max{u(x),¢(x) + A} if x € Bs(y),
v(x) =
u(x) if x & Bs(y).

If we set ¥(x) = ¢(x) + A for x € Bs(y) N £2, by (24), ¥ is a classical
subsolution of (FE) in Bs(y) N £2. Since (FE) is proper, ¥ is a viscosity subsolution
of (FE) in Bs(y) N £2. Hence, by Proposition 1.10, we see that v is a viscosity
subsolution of (FE) in Bs(y) N £2.

According to (26) and the definition of v, we have

v(x) = u(x) forallx € 22\ Bs/2(y).

and, hence, v is a viscosity subsolution of (FE) in £2 \ Bj /2(y) Thus, we find that
ve.sS.

Since v = u in £2 \ Bs(y) by the definition of v, it follows that v = uin 2 \ U.
It is clear by the definition of v that v > u in £2. Moreover, by (25) we get

v(x) < max{u(x), u«(y) + ¢} forallx € 2N Bs(y).
Also, observe that

vx(y) = max{ux(y), ux(y) + A} = ux(y) + 4 > ux(y).

Thus, (22) is valid.
Now, we assume that u is continuous at y. Then we find an open neighborhood
V C Bs(y) of y such that

u(x) < ¢p(x)+ A forall x e Vn £2,

and hence, we have v(x) = ¢(x) + A for all x € V' N £2. Now, by (24) we see that
v is a classical (and hence viscosity) subsolution of (23). O

Proof (Theorem 1.4). We have F # @ since f € .%. In view of Proposition 1.13,
we need only to show that the set . satisfies (P1) and (P2).
By Proposition 1.10, we see immediately that .% satisfies (P1).
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To check property (P2), let v € .% be not a viscosity supersolution of (FE). There
is a point y € £2 where v is not a viscosity supersolution of (FE). That is, for some
p € D7 v« (y), we have

Noting v« < g« in £2, there are two possibilities: v« (y) = g« (V) or v« (y) < g«(¥).
If v« (y) = g«(y), then p € D™ g«(y). Since g € . T, we have

F*(y,g+(»). p) =0,

which contradicts (27). If v« (y) < g«(»), then we choose a constant ¢ > 0 and a
neighborhood V of y so that

V«(y) + & < g«(x) forallx e VN 2. (28)

Now, Lemma 1.3 guarantees that there exist w € ¥~ such that v < w <
max{v, v« (y) +e}in 2, v =win 2\ V and wi(y) > v«(y). Foranyx €e 2NV,
by (28) we have

w(x) < max{v(x), g«(x)} < g(x).

Forany x € 2\ V, we have

w(x) =v(x) < g(x).

Thus, we find that w € %. Since w«(y) > v«(y), it is clear that w(z) > v(z) at
some point 7 € £2. Hence, .% satisfies (P2). O

1.5 An Example

We illustrate the use of the stability properties established in the previous subsection
by studying the solvability of the Dirichlet problem for the eikonal equation

|Du(x)| = k(x) in £2, (29)

u(x) =0 on 052, (30)

where 2 is a bounded, open, connected _subset of R"and k € C (§) is a positive
function in £2, i.e., k(x) > O for all x € £2.

Note that the constant function f(x) := 0 is a classical subsolution of (29). Set

M = maxg k. We observe that for each y € 02 the function g, (x) := M|x — y|
is a classical supersolution of (29). We set

g(x) =inf{g,(x) : y € 02} for x € Q.
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By Proposition 1.10 (its version for supersolutions), we see that g is a viscosity
supersolution of (29). Also, by applying Lemma 1.1, we find that g is Lipschitz
continuous in £2.

An application of Theorem 1.4 ensures that there is a viscosity solution u :
2 — R of (29) such that f < u < g in £2. Since f(x) = g(x) = 0 on 082, if
we set u(x) = 0 for x € 952, then the resulting function u is continuous at points
on the boundary d£2 and satisfies the Dirichlet condition (30) in the classical sense.

Note that u* < g in §2, which clearly implies that u = u* € USC(£2). Now,
if we use the next proposition, we find that u is locally Lipschitz continuous in §2
and conclude that u € C(£2). Thus, the Dirichlet problem (29)—(30) has a viscosity
solution u € C(£2) which satisfies (30) in the classical (or pointwise) sense.

Proposition 1.14. Let R > 0, C > 0 and u € USC(Bg). Assume that u is a
viscosity solution of
|Du(x)| < C in Bg.

Then u is Lipschitz continuous in Bgr with C being a Lipschitz bound. That is,
lu(x) —u(y)| < C|x —y|forall x,y € Byg.

Proof. Fix any 7z € By and set r = (R — |z])/4. Fix any y € B,(z). Note that
B3, (y) C Bg. Choose a function f € C!([0, 3r)) so that f(t) = ¢ forall z €
[0, 2r], f/(t) = 1 forallt € [0, 3r) and lim,—,3,— f(¢) = oco. Fix any ¢ > 0, and
we claim that

u(x) <vx):=u(y)+(C +¢)f(|Jx—y|) forall x € B3 (y). (3D

Indeed, if this were not the case, we would find a point £ € Bs,(y) \ {y} such that
u — v attains a maximum at £, which yields together with the viscosity property of u

C=|DvE)|=(C+e)f(E-y)=C +e.
This is a contradiction. Thus we have (31).
Note that if x € B, (z), then x € By,(y) and f(]x — y|) = |x — y|. Hence, from
(31), we get
u(x) —u(y) = (C +¢)|x—y| forallx,y € B,(z).
By symmetry, we see that
lu(x) —u(y)| < (C +¢)|x —y| forallx,y € B,(2),

from which we deduce that

lu(x) —u(y)| < Clx —y| forallx,y € B,(z), (32)
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Now, let x, y € Bpg be arbitrary points. Set r = %min{R — |x|, R —|y|}, and
choose a finite sequence {z; }*_ of points on the line segment [x, y] so that zo = x,
vy =V, |zi —zi—1| < rforalli =1,..., N and Z,N:l |zi —zi—1] = |x — y|. By
(32), we get

lu(z;) —u(zi—1)| < Clzi —zi—| foralli =1,...,N.

Summing these overi = 1, ..., N yields the desired inequality. O

1.6 Sup-convolutions

Sup-convolutions and inf-convolutions are basic and important tools for regularizing
or analyzing viscosity solutions. In this subsection, we recall some properties of
sup-convolutions.

Let u : R" — R be a bounded function and ¢ € R,. The standard sup-
convolution #* : R" — R and inf-convolution u, : R" — R are defined,
respectively, by

1 1
£ (x) = sup (u(y) L x|2) and 1,(x) = inf (u(y) + Ly x|2) .
yeRn 2¢e yER" ¢

Note that

() = =sup (=u(3) = Iy =+ ) = = o).

This relation immediately allows us to interpret a property of sup-convolutions into
the corresponding property of inf-convolutions.

In what follows we assume that u is bounded and upper semicontinuous in R”.
Let M > 0 be a constant such that |u(x)| < M for all x € R”".

Proposition 1.15. (i) We have
—M <u(x) <u®(x) <M forall x e R".

(ii) Let x € R" and p € DV uf(x). Then

M
Ip| < 2,/? and p e DV u(x + ep).

Another important property of sup-convolutions is that the sup-convolution u?® is
semiconvex in R”. More precisely, the function

1 1 1
u(x) + Z—IXI2 = sup (u(y) ——yP+-y- X)
& yeR® 2¢e &
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is convex in R" (see Appendix A.2) as is clear from the form of the right hand side
of the above identity.

Proof. To show assertion (i), we just check that for all x € R”,

u'(x) < sup u(y) < M,
yeR”

and
u*(x) > u(x) > —M.

Next, we prove assertion (ii). Let £ € R” and p € DT uf(%). Choose a point
y € R” so that

. N 1 . .
u'(®) = u(®) = 519 - 2%

(Such a point y always exists under our assumptions on u.) It is immediate to see
that

1
7519 = &P = u(@® —u'(®) < 2M. (33)
e
We may choose a function ¢ € C!'(R") so that D¢ (%) = p and maxgs (u°—¢) =

(u® — ¢)(X). Observe that the function

1
R 5 (x,) = u(y) = 5|y = xI” =4 (x)
attains a maximum at (x, ). Hence, both the functions
n 1 N 2
R'sxt>——|y—x|"—¢(x)
2¢e
and

R'sxulx+y—X%)—o¢(x)

attain maximum values at x. Therefore, we find that
1
—-(X—=9)+ D¢p(x) =0 and D¢(%) € DT u(P),
£

which shows that |
p=—( = e Dru(f).

From this, we get § = £ + ¢p, and, moreover, p € DTu(X + &p). Also, using
(33), we get |p| < 2./M/e. Thus we see that (ii) holds. O

The following observations illustrate a typical use of the above proposition.
Let £2 be an open subset of R". Let H : 2 xR" — Randu : £2 — R be
bounded and upper semicontinuous. Let M > 0 be a constant such that |u(x)| < M
forall x € 2. Lete > 0. Set § = 2+/eM and 25 = {x € £ : dist(x, d2) > §}.
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Define u® as above with u extended to R” by setting u(x) = —M for x € R" \ £2.
(Or, in a slightly different and more standard way, one may define u® by

1
U (x) = sup (u(y) Sbyiae ylz) D)
eR &

y

By applying Proposition 1.15, we deduce that if u is a viscosity subsolution of
H(x,Du(x)) <0 in £,
then u° is a viscosity subsolution of both

H(x + eDu’(x), Duf(x)) <0 in £2s, (34)

|Du® (x)| < 2,/% in £25. (35)

G(x,p)= inf H(x+ y,p) for x € s,
YEB;

and

If we set

then (34) implies that #° is a viscosity subsolution of
G(x,Du’(x)) <0 in £2s.

If we apply Proposition 1.14 to u®, we see from (35) that u® is locally Lipschitz
in .Qg.

2 Neumann Boundary Value Problems

We assume throughout this section and the rest of this article that 2 C R”" is open.
We will be concerned with the initial value problem for the Hamilton—Jacobi
equation of evolution type

%(x,t) + H(x, Dyu(x,t)) =0 in £ x (0, o0),

and the asymptotic behavior of its solutions u(x, t) as t — oo.
The stationary problem associated with the above Hamilton—Jacobi equation is

stated as
H(x,Du(x)) =0 in$2,
(36)
boundary condition on 952.
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In this article we will be focused on the Neumann boundary value problem
among other possible choices of boundary conditions like periodic, Dirichlet, state-
constraints boundary conditions.
We are thus given two functions y € C(352,R") and g € C(9£2,R) which
satisfy
v(x)-y(x) >0 forall x € 952, 37

where v(x) denotes the outer unit normal vector at x, and the boundary condition
posed on the unknown function u is stated as

y(x) - Du(x) = g(x) forx € 052.

This condition is called the (inhomogeneous, linear) Neumann boundary condition.
We remark that if u € C'(£2), then the directional derivative du/dy of u in the
direction of y is given by

u(x + 1y (x)) — u(x)
t

d
—M(x) = y(x) - Du(x) = lim for x € 952.
a]/ t—0

(Note here that u is assumed to be defined in a neighborhood of x.)
Our boundary value problem (36) is now stated precisely as
H(x,Du(x)) =0 in £2,
u (SNP)
a—(x) = g(x) on 052.
4

Let U be an open subset of R” such that U N 2 # @. At this stage we briefly
explain the viscosity formulation of a more general boundary value problem
F(x,u(x),Du(x)) =0 inU N £2,

(38)
B(x,u(x),Du(x)) =0 onU Nas2,

where the functions F : (UNR)xRxR" >R, B : (UNJIR)xRxR" - R
and u : (U N ) — R are assumed to be locally bounded in their domains of
definition. The function u is said to be a viscosity subsolution of (38) if the following
requirements are fulfilled:

peCl(R), e, max*—¢)=u*—¢)X)
2
—

() Fe(Ru*(R), DP(X)) <0 if felUnNQ,
(i) Fe(R,u*(R), DH(X)) A Bu(R, u*(R). DH(X)) <0 if £ € UNIN.
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The upper and lower semicontinuous envelopes are taken in all the variables. That
is,forx eUNK,Ec(UNKX)xRxR"andn € (UNaIR)xRxR",

u*(x) = rgr&_ sup{u(y) : y € B,(x) NU N 2)},
Fi(§) = Erél_l_inf{F(X) X e(UNK)xRxR", | X —&| <r},

Bu(p) = lim inf{B(Y) : ¥ € (UN0Q) x RxR". |Y —y| <r}.

The definition of viscosity supersolutions of the boundary value problem (38) is
given by reversing the upper and lower positions of *, the inequalities, and “sup”
and “inf” (including A and V), respectively. Then viscosity solutions of (38) are
defined as those functions which are both viscosity subsolution and supersolution
of (38).

Here, regarding the above definition of boundary value problems, we point out
the following: define the function G : (U N 2) x R x R” — R by

F(x,u,p) ifxe$,
G(x,u,p) = (39)
B(x,u,p) if x €042,

and note that the lower (resp., upper) semicontinuous envelope G (resp., G*) of G
is given by

Fu(x,u, p) if x € £2,
Fi(x,u, p) A Be(x,u,p) ifx €982

G*()C,Lt, p) =

F*(x,u, p) if x € £2,
(resp., G*(x,u, p) = P )

F*(x,u,p)v B*(x,u,p) ifx e df2

Thus, the above definition of viscosity subsolutions, supersolutions and solutions of
(38) is the same as that of Definition 1.2 with F and 2 replaced by G defined by (39)
and U N £2, respectively. Therefore, the propositions in Sect. 1.4 are valid as well
to viscosity subsolutions, supersolutions and solutions of (38). In order to apply the
above definition to (SNP), one may take R” as U or any open neighborhood of £2.

In Sect. 1.4 we have introduced the notion of properness of PDE (FE). The
following example concerns this property.

Example 2.1. Consider the boundary value problem (38) in the case where n = 1,
2 =0,1),U =R, F(x,p) = p—1and B(x,p) = p — 1. The function
u(x) = x on [0, 1]1is a classical solution of (38). But this function u is not a viscosity
subsolution of (38). Indeed, if we take the test function ¢ (x) = 2x, then u — ¢ takes
a maximum at x = 0 while we have B(0,¢'(0)) = F(0,¢'(0)) =2—-1=1> 0.
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However, if we reverse the direction of derivative at 0 by replacing the above B by
the function

p—1 forx =1,
B(x,p) =
—-p+1 forx=0,

then the function u is a classical solution of (38) as well as a viscosity solution
of (38).

Definition 2.1. The domain £2 is said to be of class C' (or simply £2 € C') if there
is a function p € C!(R") which satisfies

2 ={xeR": p(x) <0},

Dp(x) #0 forall x € 052.

The functions p having the above properties are called defining functions of 2.

Remark 2.1. If p is chosen as in the above definition, then the outer unit normal
vector v(x) at x € 452 is given by

Dp(x)

YO =

Indeed, we have
N(x,82) = {tv(x) : t =0} forall x € 0£2.

To see this, observe that if t > 0, then 15 4+ 7o as a function in R” attains a local
maximum at any point x € 052, which shows that

t|Dp(x)|v(x) € —D+1§(x) = N(x, ).

Next, let z € 352 and ¢ € C'(R") be such that 15 — ¢ attains a strict maximum
over R” at z. Observe that —¢ attains a strict maximum over £2 at x. Fix a constant
r > 0 and, for each k € N, choose a maximum (over B, (z)) point x; € B,(z) of
—¢ — kp?, and observe that —(¢ + kp?)(xx) > —(¢ + kp?)(z) = —¢(z) for all
k € N and that x; — zas k — oo. For k € N sufficiently large we have

D(¢ + kp?)(xx) = 0,

and hence
D (xx) = —2kp(xi) Dp(xi),

which shows in the limit as k — oo that

D¢ (z) = —tDp(z) = —t|Dp(2)[v(2),
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where ¢ = limy— 00 2kp(xx) € R. Noting that —(¢ + kp?)(x) < —¢(x) < —¢(2)
for all x € £2, we find that x € B,(z) \ £2 for all k € N. Hence, we have 1 > 0.
Thus, we see that N(z, £2) C {tv(z) : ¢t > 0} and conclude that N(z, £2) = {tv(z) :
t >0}

Henceforth in this section we assume that £2 is of class C!.

Proposition 2.1. If u € C'(2) is a classical solution (resp., subsolution, or

supersolution) of (SNP), then it is a viscosity solution (resp., subsolution, or
supersolution) of (SNP).

Proof. Let G be the function given by (39), with B(x,u, p) = y(x) - p — g(x).
According to the above discussion on the equivalence between the notion of
viscosity solution for (SNP) and that for PDE G(x,Du(x)) = 0 in £ and
Proposition 1.12, it is enough to show that the pair (G, £2) is proper. From the above
remark, we know that for any x € 92 we have N(x, 2) = {tv(x) : t > 0} and

Gx,p+tv(x)=yx)-(p+tvx)) >yx)-p=G(x,p) forallt > 0.

As we noted before, we have N(x, Q) = {0} if x € 2. Thus, we have forall x € £
and all g € N(x, £2),
G(x,p+4q) = G(x, p). o

We may treat in the same way the evolution problem

u(x,t) + H(x,t, Dyu(x,t)) =0 in £2 x J,

du (40)
a—(xJ)Zg(x,l) on 92 x J,
Y

where J is an open interval in R, H : 2xJxR"—>Randg : 92 xJ — R.If
weset 2 =2 xR, U=R"xJ,

F(x,t,p.q) =q+ H(x,p) for (x,t,p.q) € 2 xJ xR" xR,

and
B(x,t,p,q) = y(x)-p—g(x,t) for (x,t,p,q) € 02 x J xR" xR,

then the viscosity formulation for (38) applies to (40), with §2 replaced by 2.

We note here that if p is a defining function of £2, then it, as a function of (x, ¢), is
also a defining function of the “cylinder” £2 xR. Hence, if we set ¥ (x, 1) = (y(x),0)
and V(x, 1) = (v(x),0) for (x,t) € (2 x R) = 9£2 x R, then V(x, ?) is the outer
unit normal vector at (x,7) € 052 x R. Moreover, if y satisfies (37), then we have
7(x,t)-V(x,t) = y(x)-v(x) > 0forall (x,7) € 382 x R. Thus, as Proposition 2.1
says, if (37) holds, then any classical solution (resp., subsolution or supersolution)
of (40) is a viscosity solution (resp., subsolution or supersolution) of (40).

Before closing this subsection, we add two lemmas concerning C' domains.
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Lemma 2.1. Let §2 be a bounded, open, connected subset of R". Assume that 2 is
of class C'. Then there exists a constant C > 0 and, for each x,y € 2 with x # y,
a curve n € AC([0, t(x, y)]), with t(x,y) > 0, such that t(x,y) < Clx — y|,
n(s) € 2 foralls € (0, t(x,y)), and |7(s)| < 1fora.e. s € [0, t(x,y)].

Lemma 2.2. Let §2 be a bounded, open, connected subset of R". Assume that 2 is
of class C'. Let M > 0 and u € C(82) be a viscosity subsolution of |Du(x)| < M
in §2. Then the function u is Lipschitz continuous in §2.

The proof of these lemmas is given in Appendix A.3.

3 Initial-Boundary Value Problem for Hamilton-Jacobi
Equations

We study the initial value problem for Hamilton—Jacobi equations with the
Neumann boundary condition.
To make the situation clear, we collect our assumptions on §2, y and H.

(A1) £2 is bounded open connected subset of R”.
(A2) f2isofclass Cl.

(A3) y € C(0£2,R") and g € C(342,R).

(A4) y(x)-v(x) > 0forall x € 9£2D.

(A5) H € C(2 xR").

(A6) H is coercive, i.e.,

lim inf{H(x,p) : (x,p) € 2 xR", |[p| > R} = c0.
R—00

In what follows, we assume always that (A1)—(A6) hold.

3.1 Initial-Boundary Value Problems

Given a function uy € C(£2), we consider the problem of evolution type

u, + H(x,Dyu) =0 in £ x (0, 00),
y(x) - Dyu = g(x) on 952 x (0, 00),

(ENP)

u(x,0) = up(x) for x € 2. (ID)

Here u = u(x,t) is a function of (x,¢) € £2 x [0, 00) and represents the unknown
function.



Introduction to Viscosity Solutions and the Large Time Behavior of Solutions 149

When we say u is a (viscosity) solution of (ENP)—(ID), u is assumed to satisfy
the initial condition (ID) in the p(ﬂltwise (classical) sense.
Henceforth Q denotes the set £2 x (0, c0).

Theorem 3.1 (Comparison). Let u € USC(Q) and v € LSC(Q) be a viscosity
subsolution and supersolution of (ENP), respectively. Assume furthermore that
u(x,0) < v(x,0) forall x € 2. Thenu <vin Q.

To proceed, we concede the validity of the above theorem and will come back to
its proof in Sect. 3.3.

Remark 3.1. The above theorem guarantees that if u is a viscosity solution of
(ENP)—(ID) and continuous for # = 0, then it is unique.

Theorem _3.2 (Existence). There exists a viscosity solution u of (ENP)—(ID) in the
space C(Q).
Proof. Fix any ¢ € (0, 1). Choose a function ug, € C'(£2) so that

lug.e(x) — up(x)| <& forall x € 2.
Let p € C'(R") be a defining function of £2. Since
Dp(x) = |Dp(x)|v(x) forx € 02,
we may choose a constant M, > 0 so large that

M.y(x)- Dp(x) > nalgx(|g| + |y - Dug.|) forall x € 952.

Next choose a function ¢{ € C'(R) so that

§'0) =1,
-1<t(@)<0 for r <0,
0<t(r)y<1 for r < 0.

Setting
Xe(x) = el(Mep(x)/e),

we have

—e<y.(x) <0 forall x € £2,

Y(x) - Dye(x) = |g(x)] + |y(x) - Dupe(x)|  forall x € 982,
and we may choose a constant C, > 0 such that

[Dy:(x)| < C, forall x € 2.
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Then define the functions fgjE e C1(2) by

FEX) = uoe(x) £ (fe(x) + 20),

and observe that

up(x) < fH(x) <up(x) +3¢ forall x € 2,
up(x) > f.(x) > up(x) —3e  forall x € 2,
y(x) - DT (x) > g(x) forall x € 082,
y(x)-Df (x) < g(x) for all x € 052.

Now, we choose a constant A, > 0 large enough so that
|H(x,Df£i(x))| < A, forall x € 2,
and set

gX(x.t) = fE(x) £ At for (x,1) € Q.

The functions g, g7 € C (Q) are a viscosity supersolution and subsolution of
(ENP), respectively.
Setting
ht(x,t) = inf{g;r(x,t) e € (0, 1)},

h(x.1) = suplgs (x.1) : & € (0, 1)},
we observe that #t € USC(Q) and i~ € LSC(Q) are, respectively, a viscosity
supersolution and subsolution of (ENP). Moreover we have

up(x) = h*(x,0) forall x € 2,
h™(x,t) <up(x) <ht(x,t) forall (x,1) € Q.
By Theorem 1.4, we find that there exists a viscosity solution u of (ENP) which

satisfies B
h™(x,t) <u(x,t) <ht(x,t) forall (x,t) € Q.

Applying Theorem 3.1 to u™ and u, yields
u* <u, forall (x,1) € Q,

while usx < u* in Q by definition, which in particular implies that u € C(Q). The
proof is complete. O

Theorem 3.3 (Uniform continuity). The viscosity solution u € C Q) of (ENP)-
(ID) is uniformly continuous in Q. Furthermore, if uy € Lip(§2), then u € Lip(Q).
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Lemma 3.1. Let uyp € Lip(2). Then there is a constant C > 0 such that the

Sunctions ug(x) + Ct and uy(x) — Ct are, respectively, a viscosity supersolution
and subsolution of (ENP)—(ID).

Proof. Let p and ¢ be the functions which are used in the proof of Theorem 3.2.
Choose the collection {ug ¢ }sc(0,1) C C 1(£2) of functions so that

lim [|ug,e — o002 = 0,
e—0

sup ||Duoelloo.2 < 00.
£€(0,1)

As in the proof of Theorem 3.2, we may fix a constant M > 0 so that

My(x)- Dp(x) = M[Dp(x)|v(x) - y(x)
> |g(x)| + |y(x) - Dup.(x)| forall x € 952.

Next set
R = sup ||Dupellco2 + M || Dplloo.e2,
£€(0,1)
and choose C > 0 so that
max |H| < C.
EXER

Now, we put
v (x. 1) = uge(x) £ (Mel(p(x)/e) + C) for (x.1) € Q,

and note that v and v are a classical supersolution and subsolution of (ENP).
Sending ¢ — 0+, we conclude by Proposition 1.9 that the functions u(x) + Ct and
up(x) — Ct are a viscosity supersolution and subsolution of (ENP), respectively. O

Proof (Theorem 3.3). We first assume that uo € Lip(£2), and show that u € Lip(Q).
According to Lemma 3.1, there exists a constant C > 0 such that the function
up(x) — Ct is a viscosity subsolution of (ENP). By Theorem 3.1, we get

u(x,t) > up(x) — Ct forall (x,t) € 0.

Fix any ¢ > 0, and apply Theorem 3.1 to the functions u(x, ¢ + s) and u(x, s) — Ct
of (x, s), both of which are viscosity solutions of (ENP), to get

u(x,t +s) > u(x,s)—Ct forall (x,5) € Q.
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Hence, if (p,q) € Dt u(x,s), then we find that as t — 0+,
u(x,s) <u(x,s +1t)+ Ct <u(x,s) + qt + Ct + o(t),
and consequently, ¢ > —C. Moreover, if x € §2, we have
0>qg+ H(x,p)> H(x,p)—C.
Due to the coercivity of H, there exists a constant R > 0 such that
p € Br.

Therefore, we get
g <—H(x,p) < max |H|.

2XBp

Thus, if (x,s) € 2 x (0,00) and (p,q) € DV u(x, s), then we have

Ipl + gl <M = R+ C + max |H|.
2XBR

Thanks to Proposition 1.14, we conclude that u is Lipschitz continuous in Q.
Next, we show in the general case that u € UC(Q). Let ¢ € (0, 1), and choose a
function up, € Lip(§2) so that

lluo.e — uolloo < &
Let u, be the viscosity solution of (ENP) satisfying the initial condition
us(x,0) = ug(x) forall x € 2.
As we have shown above, we know that u, € Lip(Q). Moreover, by Theorem 3.1

we have
s —ull o < &

It is now obvious that u € UC(Q). O

3.2 Additive Eigenvalue Problems

Under our hypotheses (A1)-(A6), the boundary value problem

H(x,Du) =0 in £2,
y(x)-Du= g(x) ondf2

(SNP)
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may not have a viscosity solution. For instance, the Hamiltonian H(x, p) = |p|>*+1
satisfies (AS5) and (A6), but, since H(x, p) > 0, (SNP) does not have any viscosity
subsolution.

Instead of (SNP), we consider the additive eigenvalue problem

H(x,Dv) =a in 2,

(EVP)
y(x)-Dv = g(x) onds2.
This is a problem to seek for a pair (a,v) € R x C(£2) such that v is a viscosity
solution of the stationary problem (EVP). If (a, v) € R x C(£2) is such a pair, then a
and v are called an (additive) eigenvalue and eigenfunction of (EVP), respectively.
This problem is often called the ergodic problem in the viewpoint of ergodic optimal
control.

Theorem 3.4. (i) There exists a solution (a,v) € R x Lip(£2) of (EVP). B
(ii) The eigenvalue of (EVP) is unique. That is, if (a,v), (b,w) € R x C(£2) are
solutions of (EVP), thena = b.

The above result has been obtained by Lions et al., Homogenization of Hamilton-
Jacobi equations, unpublished.
In what follows we write ¢* for the unique eigenvalue a of (EVP).

Corollary 3.1. Letu € C (Q) be the solution of (ENP)—(ID). Then the function
u(x,t) + c*t is bounded on Q.

Corollary 3.2. We have
c* =inf{a € R : (EVP) has a viscosity subsolution v}.

Lemma 3.2. Letbh,c € R andv,w € C(82). Assume that v (resp., w) is a viscosity
supersolution (resp., subsolution) of (EVP) witha = b (resp., a = c¢). Then b < c.

Remark 3.2. As the following proof shows, the assertion of the above lemma is
valid even if one replaces the continuity of v and w by the boundedness.

Proof. By adding a constant to v if needed, we may assume that v > w in £2. Since
the functions v(x) — bt and w(x) — ct are a viscosity supersolution and subsolution
of (ENP), by Theorem 3.1 we get

v(x) —bt > w(x)—ct forall (x,7) €0,

from which we conclude that b < c. O

Proof (Theorem 3.4). Assertion (ii) is a direct consequence of Lemma 3.2.
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We prove assertion (i). Consider the boundary value problem

Av+ H(x,Dv) =0 in£2,
y(x)-Dv=g on 052,

(41)

where A > 0 is a given constant. We will take the limit as A — 0 later on.

We fix A € (0, 1). Let p € C!(R") be a defining function of the domain £2.
Select a constant A > 0 so large that Ay(x) - Dp(x) > |g(x)| for all x € 952, and
then B > 0 so large that B > A|p(x)| + |H(x, £ADp(x))| forall x € 2. Observe
that the functions Ap(x) + B/A and —Ap(x) — B/A are a classical supersolution
and subsolution of (41), respectively.

The Perron method (Theorem 1.4) guarantees that there is a viscosity solution v,
of (41) which satisfies

[vi(x)| < Ap(x) + B/A < B/A forall x € 2.

Now, since .
—Avy(x) < B forall x € £2,

v, satisfies in the viscosity sense
H(x,Dvy(x)) < B forall x € £,

which implies, together with the coercivity of H, the equi-Lipschitz continuity of
{UA}AG(O 1)- Thus the collections {vy — info vj }1e(o, 1) and {Avj }ae(o, 1) of functions
on £2 are relatively compact in C(£2). We may select a sequence {Aj}jen C (0, 1)
such that

A,j — 0,
vy, (x) — igkaj — v(x),
Ajua; (x) = w(x)

for some functions v, w € C(£2) as j — oo, where the convergences to v and w are
uniform on 2. Observe that for all x € £2,

w(x) = lim A;v;;(x)
] —>00
= jli_)n;o/\j[(vxj (x) — igfvlj) + igfvlj]

= lim A; 1nfv;k ,
]—)OO

which shows that w is constant on $2. If we write this constant as a, then we see
by Proposition 1.9 that v is a viscosity solution of (EVP). This completes the proof
of (1). |
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Proof (Corollary 3.1). Let v € C(£2) be an eigenfunction of (EVP). That is, v
is a viscosity solution of (EVP), with a = c*. Then, for any constant C € R, the
function w(x, 1) := v(x)—c*t + C is a viscosity solution of (ENP). We may choose
constants C;, i = 1,2, so that v(x) + C; < up(x) < v(x) + C, forall x € Q. By
Theorem 3.1, we see that

v(x) — 't + C) <u(x,t) <v(x)—c*t + C, forall (x,t) € O,

which shows that the function u(x, t) 4 c*# is bounded on Q. O

Proof (Corollary 3.2). Tt is clear that

c* > ¢* :=inf{a € R : (EVP) has a viscosity subsolution v}.

To show that ¢* < ¢*, we suppose by contradiction that ¢* > c¢*. By the definition
of ¢*, there is a b € [c*, ¢*) such that (EVP), with ¢ = b, has a viscosity
subsolution 1. Let v be a viscosity solution of (EVP), with a = ¢*. Since b < ¥,
v is a viscosity supersolution of (EVP), with ¢ = b. We may assume that ¢ < v
in 2. Theorem 1.4 now guarantees the existence of a viscosity solution of (EVP),
which contradicts Theorem 3.4, (ii) (see Remark 3.2). O

Example 3.1. We consider the case where n = 1, 2 = (-1,1), H(x,p) =
H(p) := |p| and y(&1) = =1, respectively, and evaluate the eigenvalue c*. We
set gmin = min{g(—1), g(1)}. Assume first that g,,;, > 0. In this case, the function
v(x) = 0 is a classical subsolution of (SNP) and, hence, c* < 0. On the other hand,
since H(p) > 0 for all p € R, we have c¢* > 0. Thus, ¢* = 0. We next assume that
gmin < 0. It is easily checked that if g(1) = gmin, then the function v(x) = gminx is
a viscosity solution of (EVP), with @ = |gmin|. (Notice that

_D+v(_1) = (=00, —|gmin|] U [—[gminl, [gmin|],
—D7v(=1) = [|gminl, 0).)

Similarly, if g(—1) = gmin, then the function v(x) = |gmin|X is a viscosity solution
of (EVP), with @ = |gmia|. These observations show that ¢* = |gmin|.

3.3 Proof of Comparison Theorem

This subsection will be devoted to the proof of Theorem 3.1.
We begin with the following two lemmas.

Lemma 3.3. Let u be the function from Theorem 3.1. Set P = §2 x (0, 00). Then,
forevery (x,t) € 952 x (0, 00), we have

u(x,t) = limsup u(y,s). (42)
P3(y,5)—>(x.t)
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Proof. Fix any (x,t) € 052 x (0, 00). To prove (42), we argue by contradiction, and
suppose that

limsup u(y,s) <u(x,t).
P3(y,s)—(x,1)

We may choose a constant r € (0, ) so that
u(y,s) +r <u(x,t) forall (y,s) € PN (B, (x)x[t—r t+r]). (43)
Note that
PNB,x)x[t—=rt+r])=(RNB,(x)x[t—r t+r].

Since u is boundgd on 2 x [t —r, t + r], we may choose a constant ¢ > 0 so
that for all (y,s) € 2 x [t —r,t + 7],

u(y,s)+r—a(ly — x>+ (s—1)?) < u(x,t) if |y—x|>r/2 or |s—t| >r/2.
(44)

Let p be a defining function of £2. Let ¢ be the function on R introduced in the
proof of Theorem 3.2. For k € N we define the function ¥ € C'(R"*!) by

Y(y.s) = kLK p(1) +a(ly — xP + (s = 1)?).

Consider the function
u(y,s) —v(y,s)
ontheset (2 N B,(x)) x [t —r, t +r]. Let (yk.sx) € (2 N B, (x)) x [t —r, 1 +7]

be a maximum point of the above function. Assume that k > _r_l.
Using (43) and (44), we observe that for all (y,s) € (2N B, (x))x[t—r, t +7],
u(y,s) =y (y.s) <u(x,t) = ulx,1) —y(x,1)
ifeither y € £2, |y — x| >r/2, or |s —¢| > r/2. Accordingly, we have
(k. 5x) € (02 N B, ja(x)) x (t —r/2.t +1/2).
Hence, setting
Pk =kDp(yi) + 20(yx —x) and gk = 2a(sx —1),

we have
min{gx + H(yi. pi), y(3i) - p — &)} < 0.
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If we note that
y(7i) - Dp(yi) = miny - Dp > 0,

then, by sending k — 0o, we get a contradiction. O
Lemma 3.4. Let y,z € R", and assume that y -7 > 0. Then there exists a quadratic
Sfunction ¢ in R" which satisfies:

e(tx) = t2¢(x) forall (x,t) € R" xR,

L(x)>0 if x#0,

z-DC(x) =2(y-2)(y - x) forall x € R".

Proof. We define the function ¢ by

() = [ = 22 4 2
y-z

We observe that for any ¢ € R,

(x+1tz) = +(y-(x +12))?

2
(x+1z
xm_uz‘
-z

2
- X
x— 22 20y X)) + 2002

from which we find that

- DE(x) =2(y - 2)(y - x).

If¢(x) =0,then y -x = 0 and

Hence, we have x = 0 if {(x) = 0, which shows that {(x) > 0if x # 0. Itis
obvious that the function ¢ is homogeneous of degree two. The function ¢ has the
required properties. O

For the proof of Theorem 3.1, we argue by contradiction: we suppose that

sup (u—v) >0,
2x[0,00)

and, to conclude the proof, we will get a contradiction.
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Reduction 1: We may assume that there exist a constant § > 0 and a finite open
interval J C (0, oo) such that

u is a viscosity subsolution of

u(x,t) + H(x, Dyu(x,t)) < -6 in2xJ, (45)
y(x) - Dyu(x, 1) < g(x) on 92 x J,
max(u —v) > 0 > max (u —v), (46)
2x7T 2xaJ
and
u and v are boundedon £2 x J. 47)

Proof: We choose a T > 0 so that supgy g 7)(# —v) > 0 and set
ue(x, 1) = u(x, 1) — % for (x,1) € 2 x [0, T),

where ¢ > 0 is a constant. It is then easy to check that u, is a viscosity subsolution
of

ey + Hx, Do (xv.1) < =5 in 2 x (0.7,

0
%(x,t) < g(x) on 382 x (0, T).
4
Choosing ¢ > 0 sufficiently small, we have

sup (u, —v) > 0> max (u, —v).
2x[0.T) 2x{0}

If we choose o > 0 sufficiently small, then

max (4, —v)>0> max (u,—v).
2x[0,7—a] 2x3[0.T—a]

Thus, if we set J/ = (0, T — «) and replace u by u,, then we are in the situation of
45)-(47). |

We may assume furthermore that u € Lip(£2 x J) as follows.

Reduction 2: 'We may assume that there exist a constant § > 0 and a finite open
interval J C (0, oco) such that
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u is a viscosity subsolution of

u(x,t) + H(x, Dyu(x,t)) <—6 in§2xJ, (48)
y(x) - Deu(x,t) < g(x) on 92 x J,
max(x —v) > 0 > max(u —v), (49)
2x7J 2xaJ
and
u € Lip(2 x J) and v is bounded on £ x J. (50)

Proof. Let J be as in Reduction 1. We set J = (a,b). Let M > 0 be a bound of |u|
on 2 x [a, b].
For each ¢ > 0 we define the sup-convolution in the #-variable

us(x,t) = max (u(x,s) — - 3)2)'

s€la,b]
We note as in Sect. 1.6 that
M > ug(x,t) > u(x,t) > —M forall (x,1) € 2 x[a, b].

Noting that
1
Z—(t—s)2§2M = |t—s|<2VeM (51)
&

and setting m, = 2+/eM, we find that

t —s)? —
( ZS)) forall (x,t) € 2 x (a +mg, b —m,).
e

ug(x,t) = alilixb (u(x,s) —

Let (x,t) € 2 x (a + m,, b —m,). Choose an s € (a, b) so that

(t —s)°

ug(x,t) = u(x,s) — %

Note by (51) that
[t — 5| < m,.
Let (p,q) € D% u.(x,t) and choose a function ¢ € C'(2 x (a, b)) so that
D¢(x,t) = (p,q) and max(u, — ¢) = (u — ¢)(x,t). Observe as in Sect. 1.6 that

(p.(s—1)/e) € DT u(x.s) and (t;s)

+4q =0.
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Hence,
(p.q) € D+u(x,s).

Therefore, we have

q+H(x,p)+5=<0 if x €2,
(52)
min{g + H(x,p) + 6, y(x)-p—g(x)} <0 if x € 0£2.
Moreover, we see that
|t —s|  m,
lg| = < —.
e e
and m
H(x,p) < —q < — ifx €.
€
Hence, by the coercivity of H, we have
lg] + |pl = R(e) ifx € £2, (53)

for some constant R(g) > 0.
Thus, we conclude from (52) that u, is a viscosity subsolution of

u, + H(x,Du) < =8 in 2 x (a+mg b—m,),
y-Du<g on 052 x (a + mg, b —m,),

and from (53) that u, is Lipschitz continuous in 2 x(a+m,, b—m,). By Lemma 3.3,
we have

u(x,t) = lim sup us(y,s) forall (x,t) € 02x(a+mg, b—m,).
2x(at+mg, b—mg)3(y.s)—>(x.1)

Since u, € Lip(2 x (a + m,, b — m,)), the limsup operation in the above formula
can be replaced by the limit operation. Hence,

Us € C(ﬁx (a + mg, b _mE))a
which guarantees that u, is Lipschitz continuous in 2 x (a + mg, b —my).

Finally, if we replace u and J by u, and (a + 2m,, b — 2m,), respectively, and
select € > 0 small enough so that

_ max (e —v)>0> max (ue —v),
2x[a+2mg b—2m,) 2x0la+2mg b—2m;)

then conditions (48)—(50) are satisfied. ]
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Reduction 3: 'We may assume that there exist a constant § > 0 and a finite open
interval J C (0, oo) such that

u is a viscosity subsolution of

u(x,t) + H(x, Dyu(x,t)) < -6 in2xJ, (54)
§ y(x) - Dyu(x,t) < g(x)—26 on 42 x J,
v is a viscosity supersolution of

vi(x, 1) + H(x,Dyv(x,1)) > 8 in2 x J, (55)
{ y(x)- Dyv(x,t) > g(x)+§ on 452 x J,

max(x —v) > 0 > max(u — v), (56)
2xJ 2x0J
and
u € Lip(2 x J) and v is bounded on £ x J. 67

Proof. Letu, v, J be as in Reduction 2. Set J = (a, b). Let p be a defining function
of §2 as before. Let 0 < ¢ < 1. We set

us(x,1) = u(x,t) —ep(x) and v.(x,t) = v(x,1) +ep(x) for (x,t) € 2 x J,
and B
H.(x,p) = H(x,p —eDp(x)) + & for (x,p) € 2 xR".
Let (x,¢) € 2 x J and (p,q) € D™ v.(x, ). Then we have

(p —¢eDp(x).q) € D™ v(x,1).
Since v is a viscosity supersolution of (ENP), if x € £2, then
g+ H(x,p—¢Dp(x)) = 0.
If x € 052, then either

q+ H(x,p—eDp(x)) =0,

or
y(x)-p=y(x)-(p—eDp(x)) + ey(x) - Dp(x)

> g(x) +ey(x)- Dp(x) = g(x) + Ae,

where
A=miny-D 0).
min y p(>0)
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Now let (p,q) € D*¥uc(x,1). Note that (p + eDp(x),¢q) € D*u(x,1). Since
u € Lip(£2 x [a, b]), we have a bound Cy > 0 such that

lg] < Co.
If x € §2, then

g+ H(x,p—¢eDp(x)) <q+ H(x, p+ eDp(x)) + o(2¢| Dp(x)|)
< -6+ wReC),

where
C, = max |Dp|,
Q

and w denotes the modulus of continuity of H on the set 2 x §R+2CI ,with R >0
being chosen so that

min  H > C,.
Q% (R"\BR)

(Here we have used the fact that H(x, p + ¢Dp(x)) < Cy, which implies that
|p + eDp(x)| < R.)
If x € 052, then either

q+ H(x,p—eDp(x)) = =6 + w(2eC)),

or
y(x)-p = y(x)-(p+eDp(x)) —ey(x) - Dp(x) < g(x) — Ae.
Thus we see that v, is a viscosity supersolution of
Vey + He(x, Dyve) > ¢ in 2 xJ,
y(x) - Dyve(x,t) > g(x) + ke ondf2 x J,

and u, is a viscosity subsolution of

ey + He(x, Diu) < -8+ w(Cie) +¢ inf2xJ,

y -Du. < g(x) — Ae on 42 x J,
If we replace u, v, H and § by u,, v., H, and
min{e, Ae, § — w(2C¢) — &},

respectively, and choose ¢ > 0 sufficiently small, then conditions (54)—(57) are
satisfied. O
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Final step: Letu, v, J and 4 be as in Reduction 3. We choose a maximum point
(z,7) € £2 x J of the function u — v. Note that t € J, thatis, t & dJ.
By replacing u, if necessary, by the function

u(x,t) —elx — z|2 —e(t — 1)2,

where ¢ > 0 is a small constant, we may assume that (z, ) is a strict maximum
point of u — v.
By making a change of variables, we may assume that z = 0 and

2N By ={x =(x1,...,X,) € By, : x,, <0},

while we may assume as well that [t —r, T +r] C J.
We set 7 = y(0) and apply Lemma 3.4, with y = (0,...,0,1) e R" and z = 9,
to find a quadratic function ¢ so that
C@eg) = 12¢(¢) forall (£,7) e R" xR,
¢ >0 if §#0,
V- DE(E) =29nén  forall § =(61,....8:) €R",
where 7, denotes the n-th component of the n-tuple 7.
By replacing ¢ by a constant multiple of ¢, we may assume that
5§ =[5 forall § € R",
|IDEE)] = Col§|  forall§ € R,

R >0 if§, >0,
7PEON o i, <o,

where Cy > 0 is a constant.
Let M > 0 be a Lipschitz bound of the function u. Set

A

. LV
§=280), np=g—
17

We may assume by replacing r by a smaller positive constant if needed that for all
x € B, Nas2,

and M, =M + |u|.

) )
X)—p| < —————— and xX)—gl < =. 58
PO =< s e 4 1) -8l <3 (58)

For o > 1 we consider the function

¢(X,t,y,S) :u(x,t)—v(y,s)—u~(x—y)—a§(x—y)—ot(t—s)z
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on K := (2NB.(0,7)x[t—r T+ r])z. Let (X, t, Vo, Se) be a maximum
point of the function @. By the inequality @(yy, S¢, VasSa) < P (Xy,ly, VasSa)s
we get

a(|xy — yalz + (to — Sa)z) <a(C(xe — yao) + (ta — Sa)z)
5 u(-xouta) - “(you sa) + |[L||Xa - ya|
= M1(|xa - ya|2 + It()t - Salz)l/z,

and hence
a(lxa - Yalz + |[a - Sa|2)l/2 < M. (59)

As usual we may deduce that as & — oo,

(Xa» Ta)s (Yo Sa) — (0, 7),
(X, ty) = u(0, 1),

V(YasSe) = v(0, 7).
Let o > 1 be so large that
(Xarta)s (Vas S¢) € (2 N B) X (T —7, T +71).
Accordingly, we have

(:u“ + (XDC(XQ - Ya), ZO{(la - Sa)) € D+“(xou ta),
(4 +aD8(xqy — ya), 20(ty — 50)) € DTV (Ya, Sa)-

Using (59), we have
a|DE(xa = ya)| = Coa|xa = yo| = CoM,. (60)
If xo € 052, then x,,, = 0 and (x, — yo)» > 0. Hence, in this case, we have
P+ DE(xa = ya) = 0,
and moreover, in view of (58) and (60),

Y(xo) - (U +aD8(xe — yo)) 27 - (0 +aDE(Xq — Ya))
= ly(xe) = 7I(I] + CoMy)

§
> g(xe) — |8 — g(xa)| — 7> g(xq) — 6.
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Now, by the viscosity property of u, we obtain
20(ty — Sq) + H(xg, )t +aDC(xy — yy)) < =6,

which we certainly have when x, € £2.
If y, € 082, then (x4 — Yy ), < 0 and

P D(xq = ya) 0.
As above, we find that if y, € 052, then
Y (V) - (1 +aDE(xe — ya)) <6,
and hence, by the viscosity property of v,
2(te = So) + H(yor pp + aD(xa — yo)) = 8,

which is also valid in case when y, € £2.
Thus, we always have

Z(X(ta — Sa) + H(xa, 12 + O(Dé-(xa - ya)) =< _Sa
Z(tot - SO!) + H()’a, M + O{Dé-(xot - ya)) > 8

Sending ¢ — oo along a sequence, we obtain

g+HO,u+p)<—8 and ¢+ HO,u+p) =36

165

for some p € ECOMI and ¢ € [-2M;, 2M], which is a contradiction. This

completes the proof of Theorem 3.1.

4 Stationary Problem: Weak KAM Aspects

|

In this section we discuss some aspects of weak KAM theory for Hamilton—Jacobi
equations with the Neumann boundary condition. We refer to Fathi [25,27], E [22]

and Evans [24] for origins and developments of weak KAM theory.

Throughout this section we assume that (A1)-(A6) and the following (A7)

hold:

(A7) The Hamiltonian H is convex. That is, the function p — H(x, p) is convex

in R” for any x € £2.

As in Sect. 2 we consider the stationary problem



166 H. Ishii

H(x,Du(x)) =0 in £2,

ou (SNP)
—(x) =g(x) on 052.
dy

As remarked before this boundary value problem may have no solution in general,
but, due to Theorem 3.4, if we replace H by H — a with the right choice of a € R,
the problem (SNP) has a viscosity solution. Furthermore, if we replace H by H —a
with a sufficiently large a € R, the problem (SNP) has a viscosity subsolution. With
a change of Hamiltonians of this kind in mind, we make the following hypothesis
throughout this section:

(A8) The problem (SNP) has a viscosity subsolution.

4.1 Aubry Sets and Representation of Solutions

We start this subsection by the following Lemma.

Lemma4.1. Let u € USC(£2) be a viscosity subsolution of (SNP). Then u €
Lip(§2). Moreover, u has a Lipschitz bound which depends only on H and S2.

Proof. By the coercivity of H, there exists a constant M > 0 such that H(x, p) > 0
for all (x, p) € 2 x (R" \ By). Fix such a constant M > 0 and note that u is a
viscosity subsolution of |Du(x)| < M in §2. Accordingly, we see by Lemma 2.2
that u € Lip(§2). Furthermore, if C > 0 is the constant from Lemma 2.1, then we
have |u(x) —u(y)| < CM|x — y| forall x,y € £2. (See also Appendix A.3.)
Since the function u(x), as a function of (x,¢), is a viscosity subsolution of
(ENP), Lemma 3.3 guarantees that u is continuous up to the boundary d£2. Thus, we
get [u(x) —u(y)| < CM|x — y|forall x, y € £, which completes the proof. O

We introduce the distance-like function d : £2 x 2 — R by
d(x,y) = sup{v(x) —v(y) : v € USC(2) N.7"},

where .~ = .7(2) has been defined as the set of all viscosity subsolutions
of (SNP). By (A8), we have .~ # @ and hence d(x,x) = 0 for all x € £2.
Since USC(£2) N .7~ is equi-Lipschitz continuous on £2 by Lemma 4.1, we see
that the functions (x,y) — v(x) — v(y), with v € USC(2) N ., are equi-
Lipschitz continuous and d is Lipschitz continuous on £2 x £2. By Proposition 1.10,
the functions x + d(x, y), with y € 2, are viscosity subsolutions of (SNP). Hence,
by the definition of d (x, z) we get

d(x,y)—d(z.y) <d(x,z) forallx,y,z€ Q.
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We set
Fy={wx)—v(y) :veS}, with y € £,

and observe by using Proposition 1.10 and Lemma 1.3 that .%, satisfies (P1) and
(P2), with £ replaced by £2 \ {y}, of Proposition 1.13. Hence, by Proposition 1.13,
the function d(:, y) = sup %, is a viscosity solution of (SNP) in 2\ {y}.

The following proposition collects these observations.

Proposition 4.1. We have:

(i) d(x,x) =0 forall x € 2.

(i) d(x,y) <d(x,2) +d(z,y) forall x,y,z € £.
(iii) d(-, y) € S7(R2) forall y € R2.

(v) d(-, y) € L(R2\{y}) forall y e 1.

The Aubry set (or Aubry—Mather set) .7 associated with (SNP) is defined by
o ={y€R:d(, y)e L ()}

Example 4.1. Letn = 1,2 = (-1, 1), H(x,p) = |p| — f(x), f(x) =1 —|x],
y(£1) = £1 and g(£1) = 0. The function v € C!([-1, 1]) given by

1-1x+1)? ifx =<0,
v(x) =9, ) .
s(x—=1) ifx>0

is a classical solution of (SNP). We show that d(x, 1) = v(x) forall x € [—1, 1]. It
is enough to show that d(x, 1) < v(x) forall x € [—1, 1]. To prove this, we suppose
by contradiction that max,ej—1,1j(d(x, 1) — v(x)) > 0. We may choose a constant
e > 0 so small that max,e[—111(d(x,1) —v(x) —e(1 —x)) > 0. Let x, € [-1, 1]
be a maximum point of the function d(x, 1) — v(x) — &(1 — x). Since this function
vanishes at x = 1, we have x, € [—1, 1). If x, > —1, then we have

0> H(x,,v'(x;) —¢&) = |v(xs)| + & — f(x:) =€ >0,

which is impossible. Here we have used the fact that v'(x) = |x| — 1 < 0 for all
x € [—1, 1]. On the other hand, if x, = —1, then we have

0 > min{H(—1,v'(-=1) —¢), —(v'(=1) — &)} = min{e, &} = ¢ > 0,

which is again impossible. Thus we get a contradiction. That is, we have d(x, 1) <
v(x) and hence d(x, 1) = v(x) for all x € [—1, 1]. Arguments similar to the above
show moreover that

%(x +1)? ifx <0,

d(x,—1) = | ,
l—i(x—l) ifx >0,
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and
dx,1)—d(y,1) ifx <y,

dx,—1)—d(y,—1) ifx=y.

d(x,y) =

Since two functions d(x, +1) are classical solutions of (SNP), we see that +-1 € .
Noting that d(x,y) > 0 and d(x,x) = 0 for all x,y € [—1, 1], we find that for
each fixed y € [—1, 1] the function x + d(x, y) has a minimum at x = y. If
y € (=1, 1), then H(y,0) = — f(»¥) < 0. Hence, we see that the interval (—1, 1)
does not intersect 7. Thus, we conclude that &7 = {—1, 1}.

A basic observation on .7 is the following:
Proposition 4.2. The Aubry set of is compact.

Proof. Tt is enough to show that <7 is a closed subset of £2. Note that the function
d is Lipschitz continuous in £2 x £2. Therefore, if {y;lxey C &/ converges to
y € £2, then the sequence {d (-, yi)}ren converges to the function d(-, y) in C(£2).
By the stability of the viscosity property under the uniform convergence, we see that
d(-, y) € /. Hence, we have y € 7. O

The main assertion in this section is the following and will be proved at the end
of the section.

Theorem 4.1. Let u € C(82) be a viscosity solution of (SNP). Then
u(x) = inf{u(y) +d(x,y) : y e o} forallx € 2. 61)

We state the following approximation result on viscosity subsolutions of (SNP).
Theorem 4.2. Letu € C ([_2_) be a viscosity subsolution of (SNP). There exists a
collection {u}sc0.1) C C'(82) such that for any € € (0, 1),

H(x,Du’(x)) <e in$2,

8i()c) < g(x) on 082,
dy

and
lu® — uljco.2 < e&.

A localized version of the above theorem is in [39] (see also Appendix A.4 and
[8]) and the above theorem seems to be new in the global nature.
As a corollary, we get the following theorem.

Theorem 4.3. Let fi, f» € C(R2) and gi,g, € C(082). Let u,v € C(2) be

viscosity solutions of
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H(x,Du) < fi in$2,
— <g on 052,

and

H(x,Dv) < f, inS$2,

0
& =& on 052,
dy

respectively. Let 0 < A < 1 and set w = (1 — A)u + Av. Then w is a viscosity
subsolution of

H(x,Dw) < (1-A)fi+Afr in£2,
(62)
g—wf(l—k)gl-f-lgz on 052,
Y

Proof. By Theorem 4.2, for each ¢ € (0, 1) there are functions u®, v* € C'(£2)
such that

[4° — ]l co.2 + V7 — Vo2 < e,

H(x,Duf(x)) < fi(x) +¢& in£,

a £
P ) <gx) on 912,
dy

and o
H(x,Dv*(x)) < fo(x) + ¢ in 2,

LR on 02.
dy

If we set w® = (1 — A)u® + Av®, then we get with use of (A7)

H(x,Dw'(x)) < (1 =1 fi(x) + A fa(x) + ¢ in £,
aw*

dy

x) = (1 —=gi(x) + Ag2(x) on 952.

Thus, in view of the stability property (Proposition 1.9), we see in the limitas ¢ — 0
that w is a viscosity subsolution of (62). O

The following theorem is also a consequence of (A7), the convexity of H, and
Theorem 4.2.

Theorem 4.4. Let # C USC($2) be a nonempty collection of viscosity subsolutions
of (SNP). Assume that u(x) := inf #(x) > —oo for all x € §2. Then u € Lip(£2)
and it is a viscosity subsolution of (SNP).
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This theorem may be regarded as part of the theory of Barron—Jensen’s lower
semicontinuous viscosity solutions. There are at least two approaches to this theory:
the original one by Barron—Jensen [11] and the other due to Barles [5]. The
following proof is close to Barles’ approach.

Proof. By Lemma 4.1, the collection .% is equi-Lipschitz in £2. Hence, u is a
Lipschitz continuous function in 2.Foreach x € 2 thereisa sequence {uy k fren C
Z such that limy_ o uy x (x) = u(x). Fix such sequences {uy x }ren, With x € Q
and select a countable dense subset Y C §2. Observe that ¥ x N is a countable set

and
u(x) = inf{u, 1 (x) : (y,k) €Y xN} forall x € Q.

Thus we may assume that .% is a sequence.
Let .% = {uy }xen. Then we have

u(x) = lim (u; Auy A -+ Aug)(x) forall x € 2.
k—o0

We show that u; A uy A --+ A uy is a viscosity subsolution of (SNP) for every
k € N.Itis enough to show that if v and w are viscosity subsolutions of (SNP), then
so is the function v A w.

Let v and w be viscosity subsolutions of (SNP). Fix any ¢ > 0. In view of
Theorem 4.2, we may select functions ve, w, € C!(£2) so that both for (¢, ) =
(ve, v) and (¢, ) = (we, w), we have

H(x,D¢.(x)) <e forall x € £2,
0o
dy
l¢e — Plloc.2 < e

(x) < gx) forall x € 342,

Note that (ve A we)(x) = ve(x) — (Ve — we)+(x). Let {nx }ren C C'(R) be such
that
() — ry uniformly on R as k& — oo,

0<n(r)<1 forall reR, keN.

We set z.x = ve — Nk © (Ve — w,) and observe that
Dzep(x) = (1 - n;c(vs(x) - Ws(-x))) Duvg(x) + n;(va(x) — We(x)) Dwe(x).
By the convexity of H, we see easily that z. ;. satisfies

H(x,Dz.x(x)) <& forall x € £,

aza,k
dy

(x) < glx) forall x € 052.
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Since v A w is a uniform limit of z, ; in 2 ask — oo and ¢ — 0, we see that v A w
is a viscosity subsolution of (SNP).
By the Ascoli—Arzela theorem or Dini’s lemma, we deduce that the convergence

u(x) = klinolo(ul A Aug)(x)

is uniform in £2. Thus we conclude that « is a viscosity subsolution of (SNP). O

Remark 4.1. Theorem 4.2 has its localized version which concerns viscosity sub-

solutions of
H(x,Du(x)) <0 inUnN £,

%(x) <g(x) on U N as2,
dy

where U is an open subset of R” having nonempty intersection with §2. More
importantly, it has a version for the Neumann problem for Hamilton—Jacobi
equations of evolution type, which concerns solutions of

u(x,t) + H(x, Dyu(x,t)) <0 inU N2 xRy),

g—u(X,t) <g) onU N (32 x Ry),
14

where U is an open subset of R” x Ry, with U N (2 x Ry) # @. Consequently,
Theorems 4.3 and 4.4 are valid for these problems with trivial modifications. For
these, see Appendix A.4.

Theorem 4.5. We have

c* = inf{max H(x, Dy (x)) : ¥ € C1(2), 0y/dy < gon 32} .
XER

Remark 4.2. A natural question here is if there is a function ¥ € C!(£) which
attains the infimum in the above formula. See [12,28].

Proof. Let ¢* denote the right hand side of the above minimax formula. By the
definition of c*, it is clear that for any @ > ¢*, there is a classical subsolution of
(EVP). Hence, by Corollary 3.2, we see that ct < c*,

On the other hand, by Theorem 3.4, there is a viscosity solution v of (EVP), with
a = c*. By Theorem 4.2, for any a > ¢ there is a classical subsolution of (EVP).
That is, we have ¢* < ¢*. Thus we conclude that ¢* = c*. O

Theorem 4.6 (Comparison). Let v,w € C(2) be a viscosity subsolution and
supersolution of (SNP), respectively. Assume that v < w on o7. Then v < w in §2.

For the proof of the above theorem, we need the following lemma.
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Lemma 4.2. Let K be a compact subset of Q2 \ of. Then there exists a function
¥ € CYU N ), where U is an open neighborhood of K in R", and a positive
constant § > 0 such that

Hx.Dy(x)) <—-8 inUNSK,

63
Ez)—f(x)fg(x)—S onU N as2. ©3)

We assume temporarily the validity of the above lemma and complete the proof
of Theorems 4.6 and 4.1. The proof of the above lemma will be given in the sequel.

Proof (Theorem 4.6). By contradiction, we suppose that M := supg(v —w) > 0.
Let B
K={xe2:@v-—wkx) =M}

which is a compact subset of £2 \ 7. According to Lemma 4.2, there are § > 0
and ¥ € C'(U N 2), where U is an open neighborhood of K such that ¥ is a
subsolution of (63).

According to Theorem 4.2, for each & € (0, 1) there is a function v* € C'(£2)

such that
H(x,Dv*(x)) <e in £,

ov (x) < g(x) on 982,
dy

and
[vf = v]loo.2 <e.

We fixa A € (0, 1) sothat §, := —(1 — A)e + 64 > 0 and set
us(x) = (I = )v(x) + Ay (x).
This function satisfies

H(x,Du.,(x)) <=6, in U N S2,
ou,
dy

(x) < g(x) =6 on U Nos2.

This contradicts the viscosity property of the function w if u, —w attains a maximum
at apoint z € U N §2. Hence, we have

max(u, —w) = max (u, — w).
unge WNR

Sending ¢ — 0 and then A — 0 yields

max(v —w) = max (v —w),
une aUNe
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that is,

M = max (v —w).
N2

This is a contradiction. O

Remark 4.3. Obviously, the continuity assumgtion on v, win thg above lemma can
be replaced by the assumption that v € USC(£2) and w € LSC(£2).

Proof (Theorem4.1). We write w(x) for the right hand side of (61) in this proof. By
the definition of d, we have

u(x) —u(y) <d(x,y) forallx,y e $2,

from which we see that u(x) < w(x).
By the definition of w, for every x € <7, we have

w(x) < u(x) + d(x,x) = u(x).

Hence, we have w = u on &7

Now, by Proposition 1.10 (its version for supersolutions), we see that w is a
viscosity supersolution of (SNP) while Theorem 4.4 guarantees that w is a viscosity
subsolution of (SNP). We invoke here Theorem 4.6, to see that u = w in Q. O

Proof (Lemma 4.2). In view of Theorem 4.2, it is enough to show that there exist
functions w € Lip(£2) and f € C(£2) such that

f(x)=0 in £,
f(x)>0 in K,

and w is a viscosity subsolution of

H(x, Dw(x)) <—f(x) 1in £,

a—W()c) <g(x) on 052.
dy

For any z € 2 \ .7, the function x — d(x,z) is not a viscosity supersolution
of (SNP) at z while it is a viscosity subsolution of (SNP). Hence, according to
Lemma 1.3, there exist a function ¥, € Lip(£2), a neighborhood U, of z in R”
and a constant §; > 0 such that v, is a viscosity subsolution of (SNP) and it is
moreover a viscosity subsolution of

H(anWZ(x))f_gz in Uzﬂ.Q,

Az
dy

(x) <g(x)—¢, onU,Nas2.
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We choose a function f; € C(2) sothat 0 < f.(x) < §forallx € 2 NU. and
f.(x) = 0forall x € £2\ U, and note that ¥, is a viscosity subsolution of

H(x, Dy:(x)) < —fo(x) in£2,

Y
5, ) S8 = L) onde.
We select a finite number of points zj, . .., zx of K so that {U,, }f.‘zl covers K.

Now, we define the function ¥ € Lip(£2) by
1 &
ww=;;mm»
and observe by Theorem 4.3 that v is a viscosity subsolution of
H(x,Dy(x)) =< —f(x) ing2,

Vg1 ondg,
4

where f € C(£2) is given by

k
f@ =2 Y .

i=1

Finally, we note that infx f > 0. O

4.2 Proof of Theorem 4.2

We give a proof of Theorem 4.2 in this subsection.

We begin by choosing continuous functions on R” which extend the functions g,
y and v. We denote them again by the same symbols g, y and v.

The following proposition guarantees the existence of test functions which are
convenient to prove Theorem 4.2.

Theorem 4.7. Let ¢ > 0 and M > 0. Then there exist a constant A > 0 and
moreover, for each R > 0, a neighborhood U of 082, a function y € C'((2UU) x
R") and a constant § > 0 such that for all (x,§) € (2 UU) x R",

MI§[ < x(x.§) = A(|§] + 1),

and for all (x,§&) € U x By,
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=g +2 ifvix)-§=4,

-D )
y(x) - Dgx(x,€) zg(x)+§ if v(x)-€> 8.

It should be noted that the constant A in the above statement does not depend on
R while U, y and § do.

We begin the proof with two Lemmas.

We fix r > 1 and set

R ={(y.2) €R"xR" : y-z>r~" max{|y| |z} <r}.

We define the function { € C®°(R2" x R") by
y-& |2
(2 =le- 2= + 00
Y-z
Lemma 4.3. The function ¢ has the properties:
E(y.z.18) = 120 (y.2.6) forall (y.z.§,1) e R xR" xR,
(y.2.6) >0 forall (y,2,£) € R x (R"\ {0}),
2-Del(y.2.6) =2(y-2)(y-€)  forall (y.z.§) € R} x R".

This is a version of Lemma 3.4, the proof of which is easily adapted to the present
case.
We define the function ¢ : Rf" x R*" — R by

0(.2.8) = (.26 + '/

Lemma 4.4. There exists a constant A > 1, which depends only on r, such that for
all (y,z,£) e R2" x R,

2 Ded(,2.6) = (0,267 (v -y - ),
max{A7' €], 1} < ¢(y.2.§) < A(E| + 1),
max{|Dy¢(y,z,6)|.[D.4(y, 2.6} < A,
|Dep(y.2,6)| < A.

Proof. Tt is clear by the definition of ¢ that

#(y.z,86) > 1.
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We may choose a constant C > 1 so that for all (y,z, &) € R?" x §"71,

max{¢(y,2. ). (7.2 8) 7 1Dy (v, 2. )| I DL (v, 2. O, IDel (v, 2. §)I} < C,

where S"! := {x € R" : |x| = 1}. By the homogeneity of the function ¢(y, z, §)
in £, we have

max{¢(y,z €),|D,¢ (v, 2. 91, 1DL(y,2.§)I} < CIEP,
IDe(y.2.6)] = Cl§]. (64)
(.26 = CTEP

forall (y,z,&) € R? x R". From this it follows that

CTE < ¢(r.2.8) < C2(El + 1),

By a direct computation, we get

_ Dit(r.z.9) B
Di¢(y.z.§) = 20026 forx =y.z.¢.
Hence, using (64), we get
C 2
Dbz 6] < o < ¢l

In the same way, we get

1D (y.2.6)| < C*[g).

Also, we get

ClEP

D (.2 8] = oot = €l

We observe that

_ 22 Del(y.2.8) (- -§)
DO =008 T 0

By setting A = C?/2, we conclude the proof. O
Leta > 0. Forany W C R" we denote by W¢ the a—neighborhood of W, that is,

={x e R" : dist(x, W) < «a}.
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For each § € (0, 1) we select vs € C'(R2',R"), y5 € C'(2',R") and g5 €
C'(£2',R) so that for all x € 22!,

max{[vs(x) —v(x)[, [ys(x) —y ()], |gs(x) — g(x)[} < 8. (65)

(Just to be sure, note that 2! = {x € R" : dist(x, 2) < 1}.)
By assumption, we have

v(x)-y(x) >0 forallx € d2.
Hence, we may fix 6y € (0, 1) so that
inf{vs(x) - ys(x) : x € (382)%, § € (0, 8)} > 0.
We choose a constant » > 1 so thatif § € (0, &), then

min{vs(x) - y5(x), [ys(0)[} = r7",
max{[vs(x)[, [ys(X)[} <, (66)
lgs()[+1 <.

for all x € (9£2)%. In particular, we have
(vs(x), ys(x)) € Rf“ forall x € (952)% and § € (0, &). (67)

To proceed, we fix any ¢ € (0, 1), M > 0 and R > 0. For each § € (0, 8p) we
define the function ¥s € C'((3£2)% x R") by

_ vs(x) - §
Ys(x.§) = (gs(x) + ) R

choose a cut-off function ns € COl (R™) so that

suppns C (92)°,
0<ns(x) <1 forallx e R",
ns(x) =1 forall x € (32)%2,
and define the function y5 € C'(£2%) by
xs(x. &) = M (E)(1 — ns(x)) + ns(x) [¥s(x. &) + (> + M) Ags(x. §)].
where A and ¢ are the constant and function from Lemma 4.4, (£) := (|£]> 4+ 1)"/?

and ¢s(x,£) := ¢p(vs(x), ys(x), ). Since suppns C (3£2)% for all § € (0, &), in
view of (67) we see that y; is well-defined.
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Proof (Theorem 4.7). Let § € (0, 1) and 5, ¢, x5 € C'(£2% x R") be as above.
Let § € (0, 8y), which will be fixed later on. It is obvious that for all (x,§) €
(£2)% x R",
Ys(x) - Ders(x, &) = gs(x) + e,

|Ws(x, )| < r?l&].
For any (x, £) € (02)° x R”, using (66), (68) and Lemma 4.4, we get

(68)

Ys(x. &) + (r* + M) Ags(x, §) > —r?[E] + (r* + M)|E| = M|E],

and
Vs(x, ) + (12 + M) Ads(x, &) <r?|E| + (r* + M)A*(|E| + 1)

<@r*+ M)A*(|E] + 1).
Thus, we have
MIE| < ys(x,€) < 2r2 4+ M)A%(JE| + 1) forall (x,&) € 2P xR".  (69)

Now, note that if (x, £) € (3£2)%/? x R”, then

X80 6) = V(. 6) + (2 + M) Ay (x. §).
Hence, by Lemma 4.4 and (68), we get

(vs5(x) - ys(x)) (v5(x) - §)

_ 2
Y5(x) - Deys(x.§) = gs(x) + e+ (r" + M)A Ps(x, §)

forall (x,£) € (3£2)%/% x R™.
Next, let (x, £) € £2° x R". Since

Dexs(x,§) = M(1=15(x)) D{€) +ns(x) [Deyis (x,§) + (r? + M) ADegps(x.§)],

using Lemma 4.4, we get

185 T el 2y pr) Al Degs(x. B)]
750)] 70

< max{M, r’ + (r* + M)A?} = 2r* + M) A%

| Dg xs(x, )| < max { M|D(§)],

Let (x,£) € (02)%% x Bg. Note by (65) and (70) that

|(r5(x) = y(x)) - Dexs(x,§)| < 82r + M) A%,
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Note also that if v(x) - § < §, then

(vs(x) - y5(x)) (Ws(x) - §)

2
"+ M)A 5. E)
< (2 + M)A ';’fg));)”(x) 9 4 (2 4 M)AFRS
S5 B

< (r> + M)Ar*8(1 + R).
Hence, if v(x) - £ < §, then

y(x) - Deys(x.§) < ys(x) - Deys(x.€) + 82r> + M)A®

(vs(x) - ys(x))(vs(x) - €)
Ps(x, §)
<g(x)+e+8[1+ @2+ M)A*r* + (r* + M)Ar*(1 + R)].

<8QrP+ M)A* + gs(x) +e+ (P + M)A

Similarly, we see that if v(x) - £ > —§, then

y(x) - Deys(x.£) > g(x) + 6 — 8 [1 + @2+ M)AR? 4+ (P2 + M)A + R)] .

If we select § € (0, 8p) so that

S[1+ @ + M)A + (> + M)AF*(1 + R)] < ;
then we have for all (x, £) € (3£2)%? x Bg,
<gx)+2¢ if vix)-&<3§,
y() - Degse.§) = 5 e
>gx)+5  if v(x)-&> 4.

Thus, the function y = y; has the required properties, with (9£2)%/? and (2r% +
M) A? in place of U and A, respectively. O

We are ready to prove the following theorem.
Theorem 4.8. Let & > 0 and u € Lip($2) be a viscosity subsolution of (SNP). Then
there exist a neighborhood U of 052 and a function u, € C'($2 U U) such that
H(x,Du.(x)) <e forall x € 2UU,
y(x)-Duc(x) < g(x)+¢ foral xeU, 71)

l[ue = tlloo.2 < &.
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Proof. Fix any ¢ > 0 and a constant M > 1 so that M — 1 is a Lipschitz bound
of the function u. With these constants ¢ and M, let A > 0 be the constant from
Theorem 4.7. Set R = M + 2A, and let U, y and § be as in Theorem 4.7.

Let @ > 0. We define the sup-convolution u, € C(£2 U U) by

e (x) = max(u(y) — oy (x, (y — x)/a)).

YESR

Letx € QUU, p € D uy(x) and y € £2 be a maximum point in the definition
of ugy, that is,

e (x) = u(y) —ay(x,(y —x)/a). (72)
It is easily seen that
Dex(x, (y —x)/a) € DT u(y),
p=Dey(x.(y —x)/a) —aDy x(x.(y —x)/a).

(73)

Fix an o9 € (0, 1) so that

(02)% c U.

Here, of course, V denotes the closure of V. For a € (0, ) we set Uy = (8.(2)‘)‘2
and V, = Q U U, = 2. Note that y € C'(V, x R"). We set W, = {(x,y) €
V, x £ : (72) holds}.

Now, we fix any a € (0, ap). Let (x, y) € W,. We may choose a point z € £2 so
that |x — z| < ?. Note that

u(y) —ox(x, (y = x)/e) = ug(x) = u(z) —ox(x, (z—x)/e).

Hence,
ax(x,(y —=x)/a) = (M — D]z— y[ + ax(x, (z— x)/a).

Now, since M |&| < y(x,&) < A(|&] + 1)) forall (x,§) € V, x R" and |x —z] <
a? < a, we get

M|x =yl <(M —=1)(|x — y| + &*) + @A(lz — x|/ + 1)
<M —1)|x —y|+ oM +2A47).

Consequently,
ly —x| <a(M +2A) = Re forall (x,y) e W,. (74)
Next, we choose a constant C > 0 so that

[Dex(x. )| + |Dgyx(x,6)| = C forall (x,§) € Vo, X Bg.
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Let (x,y) € Wy and z € By (x) N Vg,. Assume moreover that x € U. In view of
(74) and the choice of y and §, we have

< g(x)+2¢ if v(x)-(y—x) <ad,

y(x) - Dey(x. (y = x)/a) > o(x) +§ if v(x)- (y —x) = —ab.

We observe that

%8 4+ w,(Re)Ra  if v(z)-(y —x) < oc_28’
od . od
=5 —w,(R)Ra  if v(z)-(y —x) > 5

IA

v(x) - (y —x)

\

where w, denotes the modulus of continuity of the function v on V,,. Observe as
well that

(@) Dex(x. (y = x)/a) = y(x) - Dex(x, (v — x)/@)| < Cow,(Ra),
8(2) — g(¥)| = wg(Ra),
where w, and w, denote the moduli of continuity of the functions y and g on the

set Vy,, respectively.
We may choose an «; € (0, o) so that

5
o.(Ra)R <3 and Coy(Ro) + g (Ran) < Z,

and conclude from the above observations that for all (x,y) € W, and z; €
Bro(x) N Vg, withi =1,2,3,if x € U and o < a4, then

<g(z)+3 if v(zs) - (y —x) <ad/2,

(1) - Dey(x. (y —x)/e) e . (75)
Zg(Zz)-i-Z if v(zz)-(y —x) > —ad/2.
We may assume, by reselecting o; > 0 small enough if necessary, that
(02)R c U. (76)

In what follows we assume that & € (0, ;). Let (x,y) € W, and p € D uy(x).
By (73) and (74), we have

max{|pl, [ D¢ x(x. (y —x)/2)|} = C(1 + ). (77)

Let wy denote the modulus of continuity of H on Vi, X Bc(14aq)-
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We now assume that y € 92. By (74) and (76), we have x € U. Let p be
a defining function of 2. We may assume that |Dp| < 11in V,, and py :=
infy,, |Dp| > 0. Observe that

a? > p(x) = p(x) — p(y) = Dp(2) - (x = y) = [Dp@)|v(2) - (x = y)
for some point z on the line segment [x, y]. Hence, we get
v(@) - (x = y) = pyle,

If @ < ppd/2, then
V() (y —x) = —ad/2.

Hence, noting that |z — x| < |x — y| < Ra, by (75), we get
y(O)- Dex(x. (v —)/a) = g(0) + 7.
and, by the viscosity property of u,
0= H(y, Dex(x.(y —x)/a)) = H(x, p) —ou (R + C)a).

Thus, if wg (R + C)a) < e and o < pyd/2, then we have

H(x,p) <e
On the other hand, if y € §2, then, by the viscosity property of u, we have

0= H(y, Dex(x.(y = x)/a)).

Therefore, if gy ((R + C)a) < &, then

H(x,p) <e.
We may henceforth assume by selecting o; > 0 small enough that

og((R+C)ay) <e and o) < ppd/2,
and we conclude that u,, is a viscosity subsolution of
H(x,Duy(x)) <& inV,. (78)
As above, let (x, y) € W, and p € DV u,(x). We assume that x € U,. Then

—o? < p(x) < p(x) — p(y) < Dp(2) - (x — y)
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for some z € [x, y], which yields
(v — D “1,2 o =12
V(@) (y —x) <[DpQ)|"a” = py o
Hence, if @ < pyd/2, then

)
V(Z)~(y—X)§7a,

and, by (75), we get
y(x) - Dex(x, (y —x)/a) < g(x) + 3e.
Furthermore,
y(x)-p =y(x) - Dey(x.(y —x)/a) + aCllylloo.uy,
=g(x)+3e+aC|ly oo,

We may assume again by selecting &; > 0 small enough that

a1 Clylloou,, <eé-

Thus, u, is a viscosity subsolution of
y(x) - Dug(x) < g(x) +4e in U,. (79)
Let (x, y) € W, and observe by using (74) that if x € £2, then
|u(x) — uo (x)| < |u(x) —u(y)| +alx(x.(y —x)/a0)| <a(MR + C).

We fix @ € (0, or1) so that (MR + C) < &, and conclude that u, is a viscosity
subsolution of (78) and (79) and satisfies

e = tlloc.2 < &.

The final step is to mollify the function u,. Let {k; }, ¢ be a collection of standard
mollification kernels.

We note by (77) or (78) that u, is Lipschitz continuous on any compact subset
of V,. Fix any A € (0, o? /4). We note that the closure of V> 4+ B; is a compact
subset of V,,. Let M > 0 be a Lipschitz bound of the function u, on V,» + B;.

We set

u*(x) =uy xky(x) for x € Vyp.

In view of Rademacher’s theorem (see Appendix A.6), we have

H(x,Duqy(x)) < ¢ forae. x € V,,
y(x)-Dug(x) < g(x) +4e  forae. x € U,.
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Here Du, denotes the distributional derivative of u,, and we have
Du* = k; *x Du, in Vasa.

By Jensen’s inequality, we get

H(x,Du’(x)) < : H(x,Dug (x — y))ks(y)dy

< : H(x — y,Duy(x — y))ki(y)dy + o (1)

<e+owu(d),

where wy is the modulus of continuity of H on the set V,, X By, . Similarly, we get
y(x) - Dut(x) < g(x) + 4 + 0g (1) + Miw, (1),

where w, and w, are the moduli of continuity of the functions g and y on V,,
respectively. If we choose A > 0 small enough, then (71) holds with u* € C!(V,2),
U,,> and 5¢ in place of u., U and ¢, respectively. The proof is complete. O

Proof (Theorem 4.2). Let ¢ > 0 and u € Lip(£2) be a viscosity subsolution of
(SNP). Let p be a defining function of £2. We may assume that

Dp(x)-y(x) >1 forall x € 052.

For § > 0 we set
u(x) = u(x) —8p(x) forx e 2.

It is easily seen that if § > 0 is small enough, then u’ is a viscosity subsolution of

H(x,Di’(x)) <¢ in £,
y(x)-Di’(x) < g(x) =8 on 32,
and the following inequality holds:
|4’ = ulloo.2 < .
Then, Theorem 4.8, with min{e, §}, u’, H — ¢ and g — § in place of &, u, H and

g, respectively, ensures that there are a neighborhood U of 952 and a function u, €
C'(22 U U) such that
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H(x,Du.(x)) < 2¢ in QUU,
y(x) - Du,(x) < g(x) in U,

lus — tlloo.2 < 2e,

which concludes the proof. O

S Optimal Control Problem Associated with (ENP)—(ID)

In this section we introduce an optimal control problem associated with the initial-
boundary value problem (ENP)—(ID),

5.1 Skorokhod Problem

In this section, following [39,44], we study the Skorokhod problem. We recall that
R denotes the interval (0, 00), so that Ry = [0, co). We denote by L! (R, R¥)

- -~ loc
(resp., ACjoc(Ry, R¥)) the space of functions v : Ry — Ri which are integrable
(resp., absolutely continuous) on any bounded interval J C Ry.
Givenx € 2 andv € L! (R4, R"), the Skorokhod problem is to seek for a pair

loc

of functions, (7, /) € ACjc(Ry,R") x L} (R4, R), such that

n(0) = x,

n(t) e 2 forallt € Ry,

() + 1(t)y(n(t)) = v(t) forae.t € Ry, (80)
I(t)=0 forae. t € Ry,

I(t) =0 ifn@) € 2 forae. t € Ry.

Regarding the solvability of the Skorokhod problem, our main claim is the
following.

Theorem 5.1. Let v € Llloc(@+, R") and x € 2. Then there exits a pair (1, [) €

AC,(Ry, R") x LL (R, R) such that (80) holds.

loc

We refer to [44] and references therein for more general viewpoints (especially,
for applications to stochastic differential equations with reflection) on the Sko-
rokhod problem.

A natural question arises whether uniqueness of the solution (7, /) holds or not
in the above theorem. On this issue we just give the following counterexample and
do not discuss it further.
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Example 5.1. Letn = 2 and 2 = {x = (x;,x3) € R> : x; > 0}. (For
simplicity of presentation, we consider the case where £2 is unbounded.) Define
y € C(02, R?*) andv € L® (R4, R?) by

7(0,x2) = (=1, =3|x2]73x3) and () = (-1, 0).
Set
nE(t) = (0, £¢°) forallz > 0.
Then the pairs (n+, 1) and (™, 1) are both solutions of (80), with n%(0) = (0, 0).
We first establish the following assertion.

Theorem 5.2. Let v € L®[Ry, R") and x € 2. Then there exits a pair (1, 1) €
Lip(R4, R") x L*°(R4+, R) such that (80) holds.

Proof. We may assume that y is defined and continuous on R”. Let p € C'(R") be
a defining function of £2. We may assume that lim inf| |, p(x) > 0 and that Dp
is bounded on R”. We may select a constant § > 0 so that for all x € R”,

y(x) - Dp(x) = 8| Dp(x)| and [Dp(x)| =48 if 0 <p(x) <é.
We set ¢(x) = (p(x) v 0) A § for x € R” and observe that g(x) = 0 for all x € £

and g(x) > O forall x € R" \ Q.
Fix ¢ > 0 and x € £2. We consider the initial value problem for the ODE

E0) + gGOED) = () foraet Ry, EO =x.  B1)

By the standard ODE theory, there is a solution £ € Lip(R.) of (81). Fix such a
solution £ € Lip(R4, R”) in what follows.

Note that (dg o §/dt)(t) = Dp(E(t)) - £(¢) ae.intheset{t e Ry : po&(r) €
(0, 8)}. Moreover, noting that ¢ o £ € Lip(R,, R) and hence it is differentiable a.e.,
we deduce that (dg o £/df)(¢) = O ae.intheset{t e Ry : po&(z) € {0, 6}}.

Let m > 2. We multiply the ODE of (81) by mq(£(¢))" ' Dp(£(t)), to get

%CI(S(I))’” + %q(é(t))’"Dq(é(t)) y(E@) =mqE@)" " Dg(E@)) - v(t)

ae. intheset{t € Ry : poé&(t) € (0,8)}. Forany T € R, integration over
Er:={te€l0, T]: po&(t) € (0, §)} yields

q(§(T)" —q(£(0)" + % /E q(§(5)"y(§(s)) - Dp(€(s))ds

—m / 4(E())" " Dp(E(s)) - v(s)ds.
Er
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Here we note
/E q &)™y (E(s)) - Dp(E(s))ds = 6 /E q(&(s))" [ Dp(&(s))|ds,
and

/E 4(E(5))" " Dp(E(5)) - v(s)ds

S

-
s([ q(é(S))’"IDp(S(S)IdS) (/ |v<s>|”"|Dp<s(s)>|ds)
Er Er

Combining these, we get

)
gy + 22 / q(E(5))"| Dp(E(s))|ds
& Er

m

-
sm(/ q@(s))mwp(s(s)ws) ([ |v(s)|'"|Dp<s<s>)|ds)
Er Er
Hence,

; : :
2( [ aeonmvpeoias)” < ([ poriosecias)
Er Er

and
g\m—1
aGy = (5)" m [ erippEes,
) Er
Thus, setting Cy = || Dp|| oo @), we find that for any T’ € R,

g\m—1
gE@)" < (3) mCoT [v][feo 0.y forallt € [0, T]. (82)

We henceforth write & for &, in order to indicate the dependence on ¢ of &, and
observe from (82) that for any 7" > 0,

lim max dist(&.(¢), £2) = 0. (83)
e—>0+1€[0,T]

Also, (82) ensures that for any 7" > 0,

8mC0T

1
$ w
g||q o &llreor) < ( ) lvll oo o,7)-
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Sending m — oo, we find that (8/¢)||q o & | L0, 7) < ||v||Lo<(0, 7). and moreover

8
gllq o&ellLo®y) < vllLoo®y)- (84)

We set [, = (1/¢)q o &. Thanks to (84), we may choose a sequence ¢; — 04 (see
Lemma E.1) so that [;; — [ weakly-star in L>(R4) as j — oo for a function
[ € L*(Ry4). Itis clear that /(s) > O fora.e. s € Ry.

ODE (81) together with (84) guarantees that {£.}.-¢ is bounded in L*°(Ry).
Hence, we may assume as well that &, converges locally uniformly on Ry to a
function n € Lip(Ry) as j — oo. It is then obvious that n(0) = x and the pair
(n, 1) satisfies

t
n(t) + / (I(s)y(n(s)) —v(s))ds = x forall? € Ry,
0
from which we get

n) +1()y(n(t)) = v(t) forae.t € R4.

It follows from (83) that n(¢) € £2 for t > 0.

In order to show that the pair (7, /) is a solution of (80), we need only to prove
that fora.e. t € Ry, [(z) = 0if n(t) € 2.Set A = {t > 0 : n(t) € 2}. Itis clear
that A is an open subset of [0, c0). We can choose a sequence {/; }ren of closed
finite intervals of A such that A = ;. Ix. Note that for each k € N, the set (1)
is a compact subset of £2 and the convergence of {&;, } to 1 is uniform on /. Hence,
for any fixed k € N, we may choose J € N so that & (1) € §2 forall 7 € I; and
J = J.From this, we have g(&;, (t)) = O for ¢ € I and j > J. Moreover, in view
of the weak-star convergence of {/;; }, we find that for any k € N,

I(t)dt = lim / iq(fg,-(t))dz =0,
I J7oJ €

which yields /() = 0 for a.e. t € I;. Since A = |, ¢y Ik, We see that /() = 0 a.e.
in A. The proof is now complete. O

For x € £2, let SP(x) denote the set of all triples
(1, v,1) € ACioc (R4, R") x LL (R4, R") x LI (R})

which satisfies (80). We set SP = |, .o SP(x).

We remark that for any x,y € £ and T € R, there exists a triple (1,v,/) €
SP(x) such that n(T) = y.Indeed, given x, y € 2 and T € R, we choose a curve
n € Lip([0, T, £2) (see Lemma 2.1) so that 7(0) = x, n(T) = y and n(¢) € £2 for

all t € [0, T]. We extend the domain of definition of n to Ry by setting n(¢) = y
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fort > T.If we set v(¢) = n(¢) and I(¢) = O fort > 0, we have (1, v,[) € SP(x),
which has the property, n(T) = y.

We note also that problem (80) has the following semi-group property: for any
(x,1) € xRy and (1, v, [), (2, v2, 1) € SP,if n1(0) = x and 72(0) = 1 (¢)
hold and if (n, v, /) is defined on R by

(1 (s), vi(s), Li(s)) fors € [0, 1),
, () =
(). v, 1) (n2(s — 1), va(s — 1), Lr(s — 1)) fors € [t, 00),

then (1, v, [) € SP(x).

The following proposition concerns a stability property of sequences of points
in SP.

Proposition 5.1. Let {(nc.vi.li)ken C SP. Let x € 2 and (w.v.l) €
Lioc(Ry, R, Assume that as k — oo,

M (0) = x,
(e, vie, Ix) = (w,v,1)  weakly in L'([0, T],R*"*1)

forevery T € Ry. Set
n(s) =x + / w(r)dr fors > 0.
0

Then (n,v,1) € SP(x).
Proof. Forallt > 0and k € N, we have

t t
0@ =m0+ [ i) =m0 + [ 046 =Ly ds
First, we observe that as k — oo,
ne(t) = n(t) locally uniformly on R,

and then we get in the limit as k — oo,

nit) =x+ /Ot (v(s) = 1(s)y(n(s)))ds forall ¢ > 0.

This shows that n € ACjc (@4_, R") and

n(s) +1(s)y(n(s)) = v(s) forae. s € Ry.

It is clear that 7(0) = x, n(s) € 2 forall s € Ry and [(s) > O fora.e. s € R.
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To show that (n, v, /) € SP(x), it remains to prove that fora.e.t € Ry, /() =0
if n(¢) € £2. As in the last part of the proof of Theorem 5.2, weset A = {t > 0 :
n(t) € 2} and choose a sequence {/; } ;en of closed finite intervals of A such that
A= UjeNIj- Fix any j € N and choose K € N so that ni(t) € §2 forall ¢ € I;
and k > K. From this, we have /;(t) = O fora.e. t € I; and k > K. Moreover, in
view of the weak convergence of {/}, we find that

[(t)dt = lim / I (t)dt = 0,
I; k—o00 I;
J J

which yields /() = O for a.e. t € I;. Since j is arbitrary, we see that /() = 0 a.e.
inAd = UjeN I;. O

Proposition 5.2. There is a constant C > 0, depending only on 2 and y, such that
forall (n, v, ) € SP,
()] v I(s) < Clo(s)| fora.e.s =0.

An immediate consequence of the a_bove proposition is that for (, v, /) € SP,
ifv e LP(Ry, R") (resp., v € L] (R4, R"), with 1 < p < oo, then (7, ]) €
L?(Ry, R (resp., (7, 1) € LY (Ry, R"TY)).

loc

Proof. Thanks to hypothesis (A4), there is a constant §y > 0 such that v(x)-y(x) >
8o for x € 382. Let p € C'(IR") be a defining function of £2.

Let s € R4 be such that n(s) € 052, n is differentiable at s, /(s) > 0 and
n(s) + 1(s)y(n(s)) = v(s). Observe that the function p o n attains a maximum at s.
Hence,

0= d%p(n(s)) = Dp(n(s)) - (s) = |Dp(n(s)|v(n(s)) - 7i(s)
= [Dp(n(s)v(1()) - (v(s) = L(5)y (1(5)))
<1Dp(()|(v(1(s)) - v(s) = 1(5)80).
Thus, we get
1(s) < 8, v(n(s)) - v(s) < 85 [u(s)]

and
()] =[v(s) = Ls)ymsN| < [v()| + L)V loc.0e

< (1455 1y looae) v (s)],

which completes the proof. O
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5.2 Value Function I

We define the function L € LSC(2 x R", (—o0, o0]), called the Lagrangian of H,
by
L(x,§) = sup (§- p— H(x, p)).

PER”

For each x the function § — L(x, &) is the convex conjugate of the function p >
H(x, p). See Appendix A.2 for properties of conjugate convex functions.

We consider the optimal control with the dynamics given by (80), the running
cost (L, g) and the pay-off u, and its value function V on O, where Q0 = 2 xR,
is given by

Vi) = int{ [ (L6060 + OIS
(85)

Fuo(n(@)) : (v, 1) € SP(x)} for (x,1) € O,

and V(x,0) = up(x) forall x € 2.
Fort > 0 and (,v,1) € SP = |J,cp SP(x), we write

Z(t.n.v,1) = /0 (L(n(s). —v(s)) + g(n(s))I(s))ds
for notational simplicity, and then formula (85) reads
V(x,t) =inf{ZL(t.n,v.1) + uo(n(t)) : (n.v,1) € SP(x)}.

Under our hypotheses, the Lagrangian L may take the value co and, on the other
hand, if we set C = min .5(—H (x, 0)), then we have

L(x,&) > C forall (x, £) € 2 xR".

Thus, it is reasonable to interpret

/0 L(y(s). —v(s))ds = oo

if the function: s — L(7n(s), —v(s)) is not integrable, which we adopt here.

It is easily checked as in the proof of Proposition 1.3 that the value function
V satisfies the dynamic programming principle: given a point (x,¢#) € Q and a
nonanticipating mapping t : SP(x) — [0, t], we have

V(x,t) =inf{ZL(t(x),a) + V(n(r(@)), t — (@) : @ = (n,v,]) € SP(x)}.

(86)
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Here a mapping t : SP(x) — [0, ¢] is called nonanticipating if t(a) = t(B)
whenever «(s) = f(s) a.e. in the interval [0, 7(x)].

We here digress to recall the state-constraint problem, whose Bellman equation
is given by the Hamilton—Jacobi equation

u(x,t) + H(x, Dyu(x,t)) =0 in 2 xRy,

and to make a comparison between (ENP) and the state-constraint problem. For
x € 2 let SC(x) denote the collection of all € AC.(R,R") such that (0) = x
and 5(s) € 2 for all s € Ry. The value function V.2 x Ry — R of the
state-constraint problem is given by

Vix,1) = inf{/o L(n(s). —i(s))ds + uo(n(t)) : n € SC(x)}.

Observe that if n € SC(x), with x € §2, then (5, 7, 0) € SP(x). Hence, we have
V(x,t) = inf {L(t,1,9,0) + uo(n(t)) : n€SC(x)}
>V(x,t) forall (x,1) € 2 xR,.
Heuristically it is obvious that if g(x) & oo, then
V(x,t) ~ V(x,1).

In terms of PDE the above state-constraint problem is formulated as follows: the
value function V' is a unique viscosity solution of

u(x,t) + H(x, Dyu(x,t)) <0 in 2 xRy,
u(x,t) + H(x, Dxu(x,t)) >0 in 2 xR,.

See [48] for a proof of this result in this generality. We refer to [17, 55] for
state-constraint problems. The corresponding additive eigenvalue problem is to find
(a,v) € R x C(£2) such that v is a viscosity solution of

H(x,Dv(x)) <a in £2,
— 87
H(x,Dv(x)) >a in £2.
We refer to [17,40,48] for this eigenvalue problem.
Example 5.2. We recall (see [48]) that the additive eigenvalue ¢ for (87) is given by

¢ = inf{a € R : (87) has a viscosity subsolution v},
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For a comparison between the Neumann problem and the state-constraint problem,
we go back to the situation of Example 3.1. Then it is easy to see that ¢ = 0. Thus,
we have ¢* = ¢ = 0 if and only if min{g(—1), g(1)} > 0.

We here continue the above example with some more generality. Let ¢* and ¢
denote, as above, the eigenvalues of (EVP) and (87), respectively. It is easily seen
that if € C(£2) is a subsolution of (EVP) with @ = ¢, then it is also a subsolution
of (87) with a = ¢*, which ensures that ¢ < ¢*.

Next, note that the subsolutions of (87) with @ = ¢ are equi-Lipschitz continuous
on £2. That is, there exists a constant M > 0 such that for any subsolution ¥ of (87)
witha = ¢, | (x) =¥ (y)| < M|x —y|forall x, y € £2. Let ¥ be any subsolution
of (87) witha = ¢,y € 32 and p € DTy (y). Choose a ¢ € C'(£2) so that
D¢(y) = p and ¥ — ¢ has a maximum at y. If ¢ > 0 is sufficiently small, then we
have y —ty(y) € §2 and, moreover, Y (y —ty(y)) =¥ (¥) < ¢y —1y(»)) — ().
By the last inequality, we deduce that y(y) - p < M|y(y)|. Accordingly, we have
y(¥)-p < M|y(y)|forall p € DTy (). Thus, we see that if g(x) > M |y(x)| for
all x € 062, then any subsolution ¥ of (87) with a = ¢ is a subsolution of (EVP)
with @ = ¢. This shows that if g(x) > M|y (x)| for all x € 352, then ¢* < é. As
we have already seen above, we have ¢ < ¢*, and, therefore, ¢* = ¢, provided that
g(x) = M|y(x)| forall x € 352.

Now, assume that ¢* = ¢ and leta = ¢*

= ¢. Itis easily seen that

{y : ¥ is a subsolution of (EVP)} C {¢ : v is a subsolution of (87)},

which guarantees that dy < dg on 52, where dy (-, y) = sup ﬂyN, ds(,y) =
sup ﬁys, and

ny (resp., ﬁys) = {Y — ¥ (y) : V¥ is a subsolution of (EVP) (resp., (87))}.

Let o7y and /s denote the Aubry sets associated with (EVP) and (87), respectively.
That is,

@y ={y € 2 : dy(-, y) is a solution of (EVP)},
als =1{y € 2 : ds(-,y) is a solution of (87)}.

The above inequality and the fact that dy(y,y) = ds(y,y) = O forall y € £
imply that D7 dy(x,y)|x=, C Dy ds(x,y)|x=y. From this inclusion, we easily
deduce that o7s C .

Thus the following proposition holds.

Proposition 5.3. With the above notation, we have:

(i) ¢ <c*
(ii) If M > 0 is a Lipschitz bound of the subsolutions of (87) with a = ¢ and
g(x) = M|y (x)| forall x € 382, then & = c*.
(iii) Ifé = c* then dy < ds on 2% and <fs C y.
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5.3 Basic Lemmas

In this subsection we present a proof of the sequential lower semicontinuity of the
functional (n,v,/) +— Z(T,n,v,l) (see Theorem 5.3 below). We will prove an
existence result (Theorem 5.6) for the variational problem involving the functional
Z in Sect.5.4. These results are variations of Tonelli’s theorem in variational
problems. For a detailed description of the theory of one-dimensional variational
problems, with a central focus on Tonelli’s theorem, we refer to [14].

Lemma 5.1. For each A > 0 there exists a constant C 4 > 0 such that
L(x, £) > Al§| — C4 forall (x,£) € 2 xR".
Proof. Fix any A > 0 and observe that

L(x,§) > max(§- p — H(x, p))

PEB4

> Al§| + min (—H(x, p)) forall (x,£) € 2 x R".
PEB 4

Hence, setting C4 > maxg, 5 y |H|, we get
L(x,£) > A|g| —Cy4 forall (x,£) € 2 x R". O
Lemma 5.2. There exist constants § > 0 and Cy > 0 such that
L(x,§) <Cy forall (x,€) € 2 x Bs.

Proof. By the continuity of H, there exists a constant M > 0 such that H(x,0) <
M for all x € £2. Also, by the coercivity of H, there exists a constant R > 0 such
that H(x, p) > M + 1 for all (x, p) € 2 x dBg. We set § = R™!. Let (x,£) €
2xBs.Letq € By be the minimum point of the function f(p) := H(x, p)—£-p on
B . Noting that f(0) = H(x,0) < M and f(p) > —SR+M +1 = M forall p €
dBpr, we see that ¢ € Bg and hence & € D, H(x,q), where D}, H(x,q) denotes
the subdifferential at g of the function p +— H(x, p). Thanks to the convexity of
H, this implies (see Theorem B.2) that L(x,&) = & - ¢ — H(x, g). Consequently,
we get
L(x,8) <R+ max |H|.
N2XBp

Thus we have the desired inequality with Cy = 6R + maxg, 5, |H|. O

For later convenience, we formulate the following lemma, whose proof is left to
the reader.
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Lemma 5.3. For each i € N define the function L; on 2 x R" by

Li(x,§) = max(§ - p — H(x, p)).
PEB;

Then L; € UC(£2 x R"),
Li(x,8) < Lipi(x,8) < L(x,§) forall (x,§) e 2 xR" and i € N,
and for all (x,£) € 2 xR,
Li(x,&§) > L(x,§) as i — oo.

The following lemma is a consequence of the Dunford—Pettis theorem.

Lemma 5.4. Let J = [a, b], with—o0 < a < b < oo. Let { fj}jen C L'(J,R™)
be uniformly integrable in J. That is, for each € > 0, there exists § > 0 such that
for any measurable E C J and j € N, we have

/Elf;(t)ldt <& if |E| <8,

where | E| denotes the Lebesgue measure of E. Then { f;} has a subsequence which
converges weakly in L'(J,R™).

See Appendix A.5 for a proof of the above lemma.

Lemma 5.5. LetJ = [0, T|withT € Ry, (n,v) € L®(J,R")xL'(J,R"),i € N
and ¢ > 0. Let L; € UC(2 x R") be the function defined in Lemma 5.3. Assume
that 1(s) € 2 for all s € J. Then there exists a function ¢ € L% (J,R") such that
forae. s e J,

q(s) € Bi and H(1(s),4(s)) + Li(n(s), —v(s)) < —v(s) - ¢(s) + &
Proof. Note that for each (x,£) € £2 x R” there is a point ¢ = ¢(x,£) € B; such

that L;(x,&) = £-qg — H(x, q). By the continuity of the functions H and L;, there
exists a constant r = r(x, §) > 0 such that

Li(y.2) + H(y.q) <z-q+e forall (y,2) € (2N B, (x)) x B (§).

Hence, as 2 x R" is o-compact, we may choose a sequence {(xx, &, qx, rx) }ren C
2 xR" x B; x Ry such that

2 xR" | By, (xx) x By (&)
keN
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and forall k e N,

Li(y,2)+ H(y,qx) <z-qx+¢ forall (y,z) € By, (xx) x By (&).

Now we set Uy = £2n B, (xx)) x By, (&) for k € N and define the function
P : 2 xR" - R" by

P(x.£) =g forall (x.§) e Up\ | JU; andall k €N,
j<k

It is clear that P is Borel measurable in £ x R". Moreover we have P(x,£) € B;
forall (x,&) € 2 x R" and

Li(x,6) + H(x, P(x,£)) <E-P(x,£) +¢ forall (x,£) € 2 xR". (88)

We define the functiong € L*(J, R") by setting ¢(s) = P(n(s), —v(s)). From
(88), we see that g(s) € B; and

Li(n(s),—v(s)) + H(n(s).q(s)) < —v(s)-q(s) +¢ forae.s e J. |

Lemma 5.6. Let J = [0, T]withT e Ry, e>0,i e N, g e L*(J,R") andn €
C(J,R") such that 1(s) € 2 for all s € J. Assume that ||q| ooy < i. Let L; be
the function defined in Lemma 5.3. Then there exists a function v € L*°([0, T],R")
such that

H(n(s).q(s)) + Li(n(s), —v(s)) < —v(s) -q(s) + & foraesel0, T]. (89)

Before going into the proof we remark that for any x € {_2 the function L; (x,-)
is the convex conjugate of the function H (x,) given by H (x, p) = H(x, p) if
p € B; and H (x, p) = oo otherwise.

Proof. The same construction as in the proof of Lemma 5.5, with the roles of H
and L; being exchanged, yields a measurable function v : [0, T] — R” for which
(89) holds. Set C = maxg, 5, |H| and observe that

Li(x,£) >il§|—C forall (x,£) € 2 xR".
We combine this with (89), to get
e+ glleoon|v(s)| > ilv(s)| —2C forae.s € J.

Hence,
e+ 2C
vllzoo(sy < ————. O
i —Igllee )
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The following proposition concerns the lower semicontinuity of the functional

T
(n,v) > /0 L(1(s). —v(s))ds.

Theorem 5.3. Let J = [0, T] with T € Ry, {(nk,vi)tken C L=(J,R") x
L'(J,R") and (n,v) € L®(J,R") x L'(J,R"). Assume that ni(s) € 2 for all
(s,k) € J x Nand that as k — oo,

Nk (s) = n(s) uniformly for s € J,
Vg =V weakly in L'(J,R").

Let  be a function in L°*°(J,R) such that ¥ (s) > 0 fora.e.s € J. Then

[ vLae).-venas < tmint [ v6)L0G). v 0 ©0)

Proof. Fix any i € N. Due to Lemma 5.5, there is a function g € L*(J,R") such
that ¢(s) € B; and

H(n(s),q(s)) + Li(n(s), —v(s)) < —v(s)-q(s) + zl forae seJ. (91
Note that for all k € N,
/J V()L (i (), —vi(s))ds > /J VY (s)Li (i (s), —vi(s))ds
= [ VO a6 = H o). g,
and
klim / V() [—vk () - q(s) — H(ni(s),q(s))]ds
—0 J
= [ ¥Olv6)-a6) = Hons) gDl
Hence, using (91), we get
1}(minf/ Y (s)L(nk (s), —vi(s))ds > / V(s)[-v(s) - q(s) — H(n(s),q(s))]ds
—>00 J J
= [ vOLLs).~0i6) = 171385
J

By the monotone convergence theorem, we conclude that (90) holds. O
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Corollary 5.1. Under the hypotheses of the above theorem, let { fi} C L'(J,R) be
a sequence of functions converging weakly in L'(J,R) to f. Assume furthermore

that for all k € N,

L(mi(s), —ve(s)) < fr(s) forae. se€J.

Then
L(n(s),—v(s)) < f(s) forae seJ.

Proof. Set E = {s € J : L(n(s),—v(s)) > f(s)}. By Theorem 5.3, we deduce
that

0 = liminf / 1)L (5). —vi () — fi(s))ds
k—o00 7
> / 1)L (1), —v(s)) — F(5)lds
J
- /J [L(n(s). —v(s)) — /()] ds.

where [ - -]+ denotes the positive part of [---]. Thus we see that L(n(s), —v(s)) <
f(s) forae. seJ. O

Lemma5.7. Let J = [0, T], with T € Ry, and q € C(2 x J,R"). Let x € £2.
Then there exists a triple (n,v,1) € SP(x) such that

H(n(s), g(n(s).5)) + L(n(s), —v(s)) = —v(s) -q(n(s).s) foraeseJ.

Proof. Fixk e N.Set§ = T/kands; = (j — 1) for j = 1,2,...,k + 1. We
define inductively a sequence {(x;,7;,v;,1;)}5_; C £ x SP. We set x; = x and
choose a £ € R” so that

H(x1.q(x1,0)) + L(x1,—§1) = —=§1-q(x1,0) + 1/ k.

Set vi(s) = £ for s > 0 and choose a pair (171,/;) € Lip(Ry, £2) x L®(Ry, R)
so that (11, v, 1) € SP(xy). In fact, Theorem 5.2 guarantees the existence of such
a pair.

We argue by induction and now suppose that k > 2 and we are given
(xi,mi v, lj)foralli =1,...,j—landsome2 < j < k. Thensetx; =n;_1(J),
choose a §; € R" so that

H(xj,q(xj,s;)) + L(x;,—§;) < =& -q(x;,s;) + 1/k, (92)

set v;(s) = §; for s > 0, and select a pair (,,/;) € Lip(Ry, 2) x L®(R4,R)
so that (n;,v;,/;) € SP(x;). Thus, by induction, we can select a sequence
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{(xj,nj,vj,lj)}’j;l C £2 x SP such that x; = 7]1(0), X; = ﬂj_1(5) = 77](0)
for j =2,...,kandforeach j =1,2,...,k, (92) holds with §; = v;(s) for all
§>0.Weseta; = (n;,vj,l;j)forj =1,... k.

Note that the choice of x;, n;, v;, [;, with j = 1,...,k, depends on k, which
is not explicit in our notation. We define oy = (7, Uk, Iy) € SP(x) by setting

ar(s) =a;(s—s;) forsels;,s;j41) and j =1,... k.

and
ax(s) = (nx(8),0,0) for s > 5311 =T.

Also, we define Xi, g € L*°(J,R") by
Xk(s) =x; and qix(s) =q(xj,s;) for se[s;,sj41) and j =1,... k.
Now we observe by (92) that forall j = 1,...,k,

L(x;,—§;) < |&;|R + max |[H|+1,
N2XBR

where R > 0 is such a constant that R > maxg, ; |¢|. Combining this estimate with
Lemma 5.1, we see that there is a constant C; > 0, independent of k, such that

max v (s)| = max |&;| < Cy.
nax [5(s)| = max J&)] < C)

By Proposition 5.2, we find a constant C, > 0, independent of k, such that
McllLeo@yy V Ikl Loo@®y) < Co.

We may invoke standard compactness theorems, to find a triple (1, v, /) €
Lip(J,R") x L*®(J,R"*!) and a subsequence of {(7j, Uk [x) }xen, which will be
denoted again by the same symbol, so that for every 0 < S < oo, as k — o0,

fix — n uniformly on [0, S],
(k- O Ix) = (7, v.1)  weakly-starin L*°([0, §],R>" ).
By Proposition 5.1, we see that (,v,1) € SP(x). It follows as well that X (s) —

n(s) and gr (s) — ¢q(n(s), s) uniformly for s € J as k — oo.
Now, the inequalities (92), 1 < j < k, can be rewritten as

L%k (5), —Uk (5)) = =0k (s) - G (s) — H(Xk (5). gk (5)) + 1/k forall s € [0, T).
It is obvious to see that the sequence of functions

—0k(s) - qi (s) + 1/k — H(Xk (5), i (5))
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on J converges weakly-star in L*°(J, R) to the function

—v(s) -q(n(s),s) = H(n(s),q(n(s),5)).

Hence, by Corollary 5.1, we conclude that

H(n(s),q(n(s).5)) + L(n(s), —v(s)) = —v(s) - q(n(s).s) forae. seJ,

which implies the desired equality. O

Theorem 5.4. Let J = [0, T], with T € R4, and {(nk, vk, lx)}ren C SP. Assume
that there is a constant C > 0, independent of k € N, such that

LT, ni v, k) < C forall k € N.
Then there exists a triple (n, v, l) € SP such that

L(T,n,v,l) < l}cminfi”(T, N> Vi, L)-
—00

Moreover, there is a subsequence {(nk;, Vk;, lx;)}jen of {(Nk, vk, lx)} such that as
j — oo,
Nk; (s) = n(s) uniformly on J,
(ys vy Ie,) = (), v, 1) weakly in L'(J, R ).

Proof. We may assume without loss of generality that 0, (t) = n«(T), v(¢t) = 0
and [ (t) = Oforallz > T and all k € N.

According to Proposition 5.2, there is a constant Cy > 0 such that for any
(n, v, 1) € SP, [n(®)| v |I()| < Colv(t)| for a.e. t > 0. Note by Lemma 5.1
that for each A > 0 there is a constant C4 > 0 such that L(x,&) > A|§| — Cy

for all (x,£) € 2 x R”. From this lower bound of L, it is obvious that for all
(x,&,r) €02 xR" x Ry, if r < Cp|&, then

L(x. &) + g(or = (A—conalgx|g|) £l = Ca. ©3)

which ensures that there is a constant C; > 0 such that for (1, v, [) € SP,
L(n(s),—v(s)) + g(n(s)i(s) + C, =0 forae.s > 0. (94)

Set
A = liminf Z(T, g, vk, I),
k—o00
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and note by (94) that —C;T < A < C. We may choose a subsequence
Lk s vie; o Iy )} jen Of {(Mie, vie, L)} so that

A= lim L(T, n;, vk, lk;)-
] —>00
Using (94), we obtain for any measurable £ C [0, T],
[ (L0, =050 + g (5) + C1) s
E

T
= / (L (i (). —vie(s)) + g (NI (s) + Cr) ds < C + CiT.
0

This together with (93) yields
(A — Conggx|g|)/ vk (s)|ds < C4|E|+ C + C,T forall A > 0.
E

This shows that the sequence {v} is uniformly integrable on [0, T']. Since |7 (s)| V
[k (s)] < Colvi(s)| for a.e. s > 0 and vi(s) = O forall s > T, we see easily that
the sequence { (7, vx. [x)} is uniformly integrable on R .

Due to Lemma 5.4, we may assume by reselecting the subsequence
{(Mk; > vk;, ;) } if necessary that as j — oo,

(M, vk 2 le;) = (w, v, 1) weakly in L'([0, S].R>"*t1h)

for every S > 0 and some (w,v,1) € L} _ (R, R?"*1). We may also assume that

Nk;(0) — x as j — oo for some x € . By Proposition 5.1, if we set 1(s) =
x + [y w(r)dr fors > 0, then (n,v,/) € SP(x) and, as j — oo,
Nk; (s) = n(s) locally uniformly on Ry.
We apply Theorem 5.3, with the function v (s) = 1, to find that
| L6 ~vas < timin [ L, (5.~ (61
J J= Jy
Consequently, we have

ZL(T,n,v,1l) <liminf Z(T, nkj,vkj,lkj) = A,
] —>00

which completes the proof. O
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5.4 Value Function I1

Theorem 5.5. Letu € UC(2 x Ry) be the viscosity solution of (ENP)—(ID). Then
V=uin 2 xRy.

This is a version of classical observations on the value functions in optimal
control, and, in this regard, we refer for instance to [43, 45]. The above theorem
has been established in [39]. The above theorem gives a variational formula for the
unique solution of (ENP)—(ID). This variational formula is sometimes called the
Lax—Oleinik formula.

For the proof of Theorem 5.5, we need the following three lemmas.

Lemma 5.8. Let U C R" be an open setand J = [a, D] a finite subinterval of Ry.
Lety € CY((U N Q) x J) and assume that

Ye(x,1) + Hx, Dyy(x,1)) <0 forall (x,t) e (UNK)xJ, (95)

Z—Iﬁ(x,t) < g(x) forall (x,t) € (UNJ2) xJ, (96)
Y(x,t) < V(x,t) forall (x,1) e QUNR)xJ, (97)
V(x,a) < V(x,a) forall x e U N . (98)

Theny <V in(UNR) x J.

We note that the following inclusion holds: d(U N 2) C [0U N 2]U (U N 9£2).
Proof. Let (x,t) € (U N £2) x J. Define the mapping t : SP(x) — [0, t —a] by
t(n,v,l) =inf{s >0 : n(s) U} A (t —a).

It is clear that 7 is nonanticipating. Let « = (,v,/) € SP(x), and observe that
n(s) € U forall s € [0, t()) and that n(z(«)) € AU if 7(«) < ¢ —a. In particular,
we find from (97) and (98) that
v(n(z(@).t — (@) < V(n(t(@)).t — t()). (99)
Fix any « = (n, v, [) € SP(x). Note that
Y (n(z(@). 1 — (@) —¥(x.1)

() d
— [ S - sas
0 A
()
- /0 (Da (1(5)-1 — 5) - 7(s) — Y (1(s). 1 — 5))ds

()
= /0 (Dxyr(n(s),t =) - (v(s) = 1(8)y(n())) — Y (n(s), t — 5))ds.
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Now, using (95), (96) and (99), we get
Y1) — V@)t - t(@)
S‘Aﬂw(—-waOKﬂJ-—ﬂ-v@)+l@)Dx¢UKﬂ)ﬁdn@D
Y ns).t — 5)ds
sAWYHmmewmwrﬁm+Lm@»w@»+mmmm)

+ Y (n(s). 1 — 5))ds
< Z(t(),n,v,1),

which immediately shows that

Y(x,0) < inf (L (z(@).n.v.0) + V(n(z(@).1 — (@),
where the infimum is taken over all « = (n,v,l) € SP(x). Thus, by (86), we get
Vx,1) = Vix,0). o

Lemma 5.9. Forany ¢ > 0 there is a constant Ce > 0 such that V(x,1) = uo(x) —
e — Cgt for (x,t) € Q.

Proof. Fix any ¢ > 0. According to the proof of Theorem 3.2, there are a function
f € CY(2) and a constant C > 0 such that if we set ¥ (x,t) = f(x) — Ct for
(x,t) € O, then ¥ is a classical subsolution of (ENP) and ug(x) > f(x) > ug(x)—s
forall x € 2.

We apply Lemma 5.8, with U = R", a = 0, arbitrary b > 0, to obtain

V(x,t) > ¥(x,t) > —e 4+ up(x) — Ct forall (x,t) € Q,

which completes the proof. O

Lemma 5.10. There is a constant C > 0 such that V(x,t) < ug(x) + Ct for
(x,1) € Q.

Proof. Let (x,t) € Q. Setn(s) = x, v(s) = 0and I/(s) = 0 fors > 0. Then
(n,v,1) € SP(x). Hence, we have

Vi(x,t) <up(x)+ /t L(x,0)ds = up(x) +tL(x,0) < up(x) —t¢ ;n]ierll H(x, p).
0 €

Setting C = —ming,p. H, we get V(x,1) < uo(x) + Ct. O

Proof (Theorem 5.5). By Lemmas 5.9 and 5.10, there is a constant C > 0 and for
each ¢ > 0 a constant C, > 0 such that
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—&—Cet < V(x,t) —up(x) <Ct forall (x,t) € Q.
This shows that V' is locally bounded on Q and that

lirgl+ V(x,t) = up(x) uniformly for x € 2.
t—>

In particular, we have Vi (x,0) = V*(x,0) = up(x) forall x € 2.

H. Ishii

We next prove that V is a subsolution of (ENP). Let (%,7) € Q and ¢ € C'(Q).
Assume that V* — ¢ attains a strict maximum at (£, 7). We want to show that if

X € £2, then
¢i(X.1) + H(X, Dc¢(%.1)) <0,

and if X € 92, then either
¢ (X, 1) + H(X, Dxp(%,1)) <0 or y(X)- Dxp(%,1) < g(2).
We argue by contradiction and thus suppose that
¢ (X, 1) + H(X, Dxp(%,1)) > 0

and furthermore
y(®)- Do (R. 1) > g(R) if & € 092.

By continuity, we may choose a constant 7 € (0,7 ) so that

¢i(x.1) + H(x, Dyp(x.1)) >0 forall (x,1) € (B,(X)NR)xJ, (100)
where J = [f—r, f+r],and
y(x) - Degp(x,1) > g(x) forall (x,7) € (B,(X)NIN)x J. (101)
(Of course, if X € £2, we can choose r so that B,(X) N 02 = 0.)
We may assume that (V* — ¢)(X,7) = 0. Set
B = ((0B,(2) N 82) x J) U (B, (%)) N 2) x {F —1}).
and m = —maxg(V* — ¢). Note that m > 0 and V(x,t) < ¢(x,t) — m for

(x,t) € B.

_ Wesete = r/2. In view of the definition of V*, we may choose a point (%, ) €
QN B, (X)x(f—e, [ +¢)sothat (V —¢)(X,f) > —m.Seta =i — + r, and note

that a > ¢ and dist(x, 0B, (X)) > ¢. Foreach @ = (n,v,1) € SP(x) we set

S(a)={s>0:n(s)€adB,(x)} and T =a A inf S(x).
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Clearly, the mapping T : SP(X¥) — [0, a] is nonanticipating. Observe also that if
() < a, then n(z(a)) € dB, (%) or, otherwise, f — T(a) = —a = — r. That is,
we have

(n(z(@)),f —t(x)) € B forall a = (n,v,]) € SP(X). (102)

Note as well that (5(s),7 —s) € B, (%) x J foralls € [0, T()].
We apply Lemma 5.7, with J = [0, a] and the function ¢(x,s) = D@ (x,i — ),
to find a triple @ = (1, v,1) € SP(X) such that for a.e. s € [0, a],

H(n(s), Dxp(n(s).7 =) + L(n(s), —v(s)) < —v(s) - Dxgp(n(s),7 —s) (103)

For this o, we write 7 = t(«) for simplicity of notation. Using (102), by the
dynamic programming principle, we have

G(F D) <V(ED +m
<L nv,)+V(Ei—1)+m
Sg(f, T'I,U,l) + ¢(77(T)7f_— T)'

Hence, we obtain
! d i}
0< /0 (L(n(s). —v() + g(NI() + TP (1(5). 1 = 5)ds
= /0 (L(n(s), =v(s)) + g())I(s) + Dxp(n(s), 7 = 5) - 7(s) — ¢ (n(s), T — 5))ds
< / (LG1(s), —v(s)) + g(1(s)Is)
0

+ Dap(n(s). 7 = 5) - (v(s) = 1()y(1(s)) — ¢ (1(s5), 7 — 5))ds.

Now, using (103), (100) and (101), we get

0< /0 (= H(1(s). Dap(n(s).7 — 5)) + g(n(s)I(s)
1) Dap(n($).T — 5) - Y (1(5)) — d (n(5). T — ))ds
< /0 15)((n(s)) = y(1(5)) - D (1(s). T — ))ds < 0,

which is a contradiction. We thus conclude that V' is a viscosity subsolution of
(ENP).

Now, we turn to the proof of the supersolution property of V. Let ¢ € C'(Q)
and (%,7) € 2 x Ry. Assume that V, — ¢ attains a strict minimum at (%, 7). As
usual, we assume furthermore that ming (Vi — ¢) = 0.
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We need to show that if X € £2, then
¢ (8. 1) + H(E, Dygp(£,1)) = 0.
and if X € 052, then
¢(%,1) + H(X, Dyp(%,1)) = 0 or y(X)- Drg(%,1) > g(%).

We argue by contradiction and hence suppose that this were not the case. That is,
we suppose that
¢t('£7;) + H(')%’ D’CQS()ACv i)) < O’

and moreover
y(R) - Di¢p(%.7) < g(®) if X € 082.

We may choose a constant € (0, 7) so that
Gi(x.1) + H(x, Dyp(x.1)) <0 forall (x,1) € (B, (X) N ) x J,
where J = [f —r,  + r], and
y(x)- Dedp(x,1) < g(x) forall (x,7) € (B, (X)NR)x J. (104)
We set

R= ((aB,.(fc) N Q) x j) U ((B,(®)N82) x (i —r}) and m = min(V — @),

and define the function ¥ € C'((B,(%) N 2) x f) by ¥ (x,t) = ¢(x,t) +m. Note
that m > 0, inf(B,(fc)nﬁ)xf(V* —¢¥) =-m <0 and V(x,t) > ¥(x,t) for all
(x,t) € R. Observe moreover that

Ve (x,t) + H(x, Dywr(x,0)) <0 forall (x,f) € (B, () N 2)x J

é2)—1)6()@1) < g(x) forall (x,1) € (B,(£) N32) x J.

We invoke Lemma 5.8, to find that ¥ < V in (B,(X) N ) x J. This means
that inf 5 $ND)x 7(Ve — ) = 0. This contradiction shows that V' is a viscosity
supersolution of (ENP). .

We apply Theorem 3.1 to Vi, u and V*, to obtain V* < u < Vi in Q, from
which we conclude thatu = V in Q. O

Our control problem always has an optimal “control” in SP:

Theorem 5.6. Let (x,t) € 2 x R.. Then there exists a triple (1, v, [) € SP(x)
such that
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V(x.1) = Z(t.n.v.1) + uo(n(1)).
If. in addition, V € Lip(2 x J,R), with J being an interval of [0, t], then the triple

(1, v, 1), restricted to J; := {s € [0, 1] : t —s € J}, belongs to Lip(J;,R") x
LOO(J“Rn+1)-

Proof. We may choose a sequence {(7k, v, lx)} C SP(x) such that
Vix.t) = lim 2t e, ve. ) + uo (i (0)).

In view of Theorem 5.4, we may assume by replacing the sequence {(nx, vk, Ir)}
by a subsequence if needed that for some (1, v,1) € SP(x), nx(s) — n(s) uniformly
on [0, t] as k — oo and

ZL(t.nv,1) < likminff(t,nk,vk,lk).
—>00

It is then easy to see that
Vx,t) = 2L n,v, 1)+ up(n()). (105)
Note by (105) that for all r € (0, 1),
Vix,t) > Z(r,n,v, 1)+ V(nr),t—r),
which yields together with the dynamic programming principle
Vix,t) =L v, 1)+ V(n(r),t —r) (106)
forall r € (0, 7). .
Now, we assume that V€ Lip(£2 x J), where J C [0, ] is an interval. Observe

by (106) that for a.e. r € J;,

Vin(r),t —=r)=V(n(r+e),t —r —¢)
e

L(n(r),—v(r)) +1(r)gh(r)) = Slg%
<M + DY < M([a(r)] + 1),

where M > 0 is a Lipschitz bound of the function V on £2 x J. Let C > 0 be the
constant from Proposition 5.2, so that [7(s)| Vv I(s) < C|v(s)| for a.e. s > 0. By
Lemma 5.1, for each A > 0, we may choose a constant C4 > 0 so that L(y,§) >
AlE| — C4 for (v, &) € 2 x R". Accordingly, for any 4 > 0, we get

Alo(r)| =L(n(r), —v(r)) + C4 < =1(r)gn(r)) + M(|7(r)| +1) + C4
<C(glloc.oe + M)|v(r)|+ M + C4 forae. r e J.
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This implies that v € L*®(J;,R") and moreover that € Lip(J;,R") and | €
L*°(J;,R). The proof is complete. O

Corollary 5.2. Let u € Lip(£2) be a viscosity solution of (SNP) and x € 2. Then
there exists a (n,v,1) € SP(x) such that for all t > 0,

u(x) —u(n()) = Z(,n,v,1). (107)

Proof. Note that the function u(x), as a function of (x, ¢), is a viscosity solution of
(ENP). In view of Theorem 5.6, we may choose a sequence {(1;,v;,/;)}en so that
m(0) = x,n;+1(0) = n;(1) forall j € Nand

u(n;(0)) —u(n;(1)) = Z(1,n;,v;,1;) forall j €N.

We define (1, v,l) € SP(x) by

(), v(s). 1(s)) = ;s —j + D.vj(s —j+ D.1i(s —j+ 1)

foralls € [j — 1, j) and j € N. By using the dynamic programming principle, we
see that (107) holds for all # > 0. O

5.5 Distance-Like Function d

We assume throughout this subsection that (A8) holds, and discuss a few aspects of
weak KAM theory related to (SNP).

Proposition 5.4. We have the variational formula for the function d introduced in
Sect. 4.1: forall x,y € 2,

d(x,y) =inf{Z(t,n,v,0) : 1 >0, (n,v,]) € SP(x) suchthat n(t) = y}.
(108)

We use the following lemma for the proof of the above proposition.

Lemma 5.11. Let ug € C(2) and u € UC(Q) be the viscosity solution of (ENP)—
(ID). Set .
v(x,t) = ingu(x,t +r) for x € Q.
r>

Then v € UC(Q) and it is a viscosity solution of (ENP). Moreover, for each t > 0,
the function v (-, t) is a viscosity subsolution of (SNP).

Proof. By assumption (A8), there is a viscosity subsolution ¥y of (SNP). Note that
the function (x, t) — ¥ (x) is a viscosity subsolution of (ENP) as well.

We may assume by adding a constant to ¥ if needed that ¢ < ug in £2. By
Theorem 3.1, we have u(x,?) > ¥ (x) > —oo forall (x, ) € Q. Since u € UC(Q),
we see immediately that v € UC(Q). Applying a version for (ENP) of Theorem 4.4,
which can be proved based on Theorem D.2, to the collection of viscosity solutions
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(x,t) = u(x,t +r), with r > 0, of (ENP), we find that v is a viscosity subsolution
of (ENP). Also, by Proposition 1.10 (its version for supersolutions), we see that v
is a viscosity supersolution of (ENP). Thus, the function v is a viscosity solution of
(ENP).

Next, note that for each x € £2, the function v(x, -) is s nondecreasing in R Let
(%,/)) € Qand ¢ € C! (.Q) Assume that the function 2 3 x — v(x,7) — ¢(x)
attains a strict maximum at X. Let & > 0 and consider the function

v(x,t) —p(x) —a(t —1)> on 2 x[0,7+1].

Let (xq,?y) be a maximum point of this function. It is easily seen that (x4, #,) —
(%,7) as @ — oo. For sufficiently large &, we have 7, > 0 and either

Xo €082 and y(xy) - Do(xy) < g(xy),

or
20(ty — 1) + H(xy, D$(x4)) < 0.

By the monotonicity of v(x,?) in ¢, we see easily that 2a(f, — f) > 0. Hence,
sending &« — oo, we conclude that the function v(-, f) is a viscosity subsolution of
(SNP). O

Proof (Proposition 5.4). We write W(x, y) for the right hand side of (108).

Fix any y € 2. Foreach k € Nlet u; € Lip(Q) be the unique viscosity solution
of (ENP)—(ID), with uy defined by uo(x) = k|x — y|. By Theorem 5.5, we have the
formula:

up(x, 1) = inf {2, n.v.0) + k[n(t) = y| : (n,v.1) € SP(x)}.
It is then easy to see that

inguk(x,t) < W(x,y) forall (x,k) e 2 xN. (109)
>

Since d(-, y) € Lip(£2), if k is sufficiently large, say k > K, we have d(-,y) <
k|x — y| forall x € £2. Noting that the function (x,¢) — d(x, y) is a viscosity
subsolution of (ENP) and applying Theorem 3.1, we get d(x,y) < ux(x,t) for all
(x,t) € Q ifk > K. Combining this and (109), we find that d(x, y) < W(x, y) for
all x € 2.

Next, we give an upper bound on W. According to Lemma 2.1, there exist a
constant C; > 0 and a function t : £ — Ry such that t(x) < Ci|x — y| for
all x € 2 and, for each x € £2, there is a curve 7, € Lip([0, (x)]) having the
properties: 1,(0) = x, 7, (t(x)) = y, :(s) € 2 forall s € [0, T(x)] and |7, (s)| <
1 for a.e. s € [0, 7(x)]. We fix such a function 7 and a collection {7,} of curves.
Thanks to Lemma 5.2, we may choose constants § > 0 and Cy > 0 such that

L(x,£) <Cy forall (x,§) € £2 x Bs.
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Fix any x € 2 \ {y} and define (n,v,/) € SP(x) by setting n(s) = 7, (8s) for
s €0, T(x)/8], n(s) = y fors > t(x)/8 and (v(s), I(s)) = (7(s),0) fors € Ry.
Observe that

t(x)/8
L) /8. 0.1) = /0 L(nx(85). 8ty (35))ds

7(x)
s / L(nx(s). —87,(s))ds
0
<8 'Cor(x) < 87'CoCilx — y|,

which yields
W(x,y) <87 'CoCilx — yl. (110)

We define the functionw : QO — R by
w(x,t) = inf{i”(r, n,v,l) :r>t, (n,v,]) € SP(x) suchthat n(r) = y}.
It is clear by the above definition that

W(x,y) = tiggw(x,t) forall x € 2. (111)

Also, the dynamic programming principle yields
w(x,t) = inf{f(t, n,v, 1)+ Whn),y) : (n,v,l) e SP(x)}.

(We leave it to the reader to prove this identity.) In view of (110), we fix a k € N so
that $~!CyC, < k and note that for all (x,?) € Q,

w(x, 1) < inf{Z(t, n,v.1) +klnt) = y| : (., v,1) € SP(x)} = ux(x,1).
Consequently, we have

infw(x,t) < infug(x,t) forall x € 2,
>0 >0

which together with (111) yields

W(x,y) < inguk(x,t) forall x € £2.
1>

By Lemma 5.11, if we set v(x) = inf,~qux(x,1) for x € £2, then v € C(£2) is
a viscosity subsolution of (SNP). Moreover, since v(x) < ui(x,0) = k|x — y| for
all x € £2, we have v(y) < 0. Thus, we find that v(x) < v(y) +d(x,y) < d(x, y)
for all x € £2. We now conclude that W(x, y) < v(x) < d(x, y) forall x € £2. The
proof is complete. O
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Proposition 5.5. Let y € 2 and § > 0. Then we have y € < if and only if
inf{Z(z, n,v,0) :t>86, (n,v,1) € SP(y) suchthar n(t) = y} =0. (112)

Proof. First of all, we define the function u € UC(Q) as the viscosity solution of
(ENP)—(ID), with uy = d(-, y). By Theorem 5.5, we have

u(x,t) = inf{f(t, n,v, ) +dmn@),y) : (n,v,1) e SP(x)} forall (x,7) € Q.

We combine this formula and Proposition 5.4, to get

u(x,t) = inf{f(r, n,v,0) :r>t, (n,v,0) € SP(x) suchthat n(r) = y} (113)
for all (x,t) € Q.

Now, we assume that y € 7. The function d(-, y) is then a viscosity solution
of (SNP) and u is a viscosity solution of (ENP)—(ID), with uy = d(-, y). Hence, by
Theorem 3.1, we have d(x, y) = u(x,t) forall (x,¢) € Q. Thus,

0=d(y,y) = inf{.Z(r, n,v, 1) :r>t, (n,v,0l) € SP(y) suchthat n(r) = y}
forall ¢ > 0.

This shows that (112) is valid.

Now, we assume that (112) holds. This assumption and (113) show that u(y, §) =
0. Formula (113) shows as well that for each x € 2, the function u(x, -) is
nondecreasing in R . In particular, we have d(x,y) < u(x,t) for all (x,t) € Q.
Let p € D d(x, y)|x=y,. Then we have (p,0) € D™ u(y,d) and

H(y,p)>0 ifyeg,
max{H(y,p), y(y)-p—g(y)} =0 ifye€df.

This shows that d(-, y) is a viscosity solution of (SNP). Hence, we have y € <.
O

6 Large-Time Asymptotic Solutions

We discuss the large-time behavior of solutions of (ENP)—(ID) following [8,38,39].

There has been much interest in the large time behavior of solutions of Hamilton—
Jacobi equations since Namah and Roquejoffre in [53] have first established a
general convergence result for solutions of

u(x,t) + H(x, Dyu(x,t)) =0 in (x,7) € 2 x R4 (1.2)
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under (AS5), (A6) and the assumptions

H(x,p) > H(x,0) forall (x,p)e 2 xR",

114
mng(x,O)zO, (114

where §2 is a smooth compact n-dimensional manifold without boundary. Fathi
in [26] has then established a similar convergence result but under different type
hypotheses, where (114) replaced by a strict convexity of the Hamiltonian H (x, p)
in p, by the dynamical approach based on weak KAM theory [25,27]. Barles and
Souganidis have obtained in [3] more general results in the periodic setting (i.e., in
the case where §2 is n-dimensional torus), for possibly non-convex Hamiltonians, by
using a PDE-viscosity solutions approach, which does not depend on the variational
formula for the solutions like the one in Theorem 5.5. We refer to [7] for a recent
view on this approach.

The approach of Fathi has been later modified and refined by Roquejoftre [54],
Davini and Siconolfi in [21], and others. The same asymptotic problem in the whole
domain R” has been investigated by Barles and Roquejoffre in [10], Fujita et al.,
Ichihara and the author in [30,34-37] in various situations.

There has been as well a considerable interest in the large time asymptotic
behavior of solutions of Hamilton—Jacobi equation with boundary conditions.
The investigations in this direction are papers: Mitake [48] (the state-constraint
boundary condition), Roquejoffre [54] (the Dirichlet boundary condition in the
classical sense), Mitake [49, 50] (the Dirichlet boundary condition in the viscosity
framework). More recent studies are due to Barles, Mitake and the author in [8, 9,
38], where the Neumann boundary conditions including the dynamical boundary
conditions are treated. In [8, 9], the PDE-viscosity solutions approach of Barles—
Souganidis is adapted to problems with boundary conditions.

Yokoyama et al. in [58] and Giga et al. in [32,33] have obtained some results on
the large time behavior of solutions of Hamilton—Jacobi equations with noncoercive
Hamiltonian which is motivated by a crystal growth model.

We also refer to the articles [13,54] and to [16,51,52] for the large time behavior
of solutions, respectively, of time-dependent Hamilton—Jacobi equations and of
weakly coupled systems of Hamilton—Jacobi equations.

As before, we assume throughout this section that hypotheses (A1)-(A7) hold
and that uy € C(£2). Moreover, we assume that ¢* = 0. Throughout this section
u = u(x,t) denotes the viscosity solution of (ENP)—(ID).

We set

Z ={(x,p) e 2xR" : H(x,p) =0}.

(A9)+ There exists a function wy € C([0, 00)) satisfying wo(r) > 0 forall r > 0
such thatif (x, p) € Z,§ € D, H(x, p) and g € R", then

Hx,p+q)=§&-q+w(€-q)+).
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The following proposition describes the long time behavior of solutions of
(ENP)—(ID).

Theorem 6.1. Assume thaL either (A9)+ or (A9)_ holds. Then there exists a
viscosity solution w € Lip(§2) of (SNP) for which

tlim u(x,t) = w(x) uniformly on £2. (115)
—>00

The following example is an adaptation of the one from Barles—Souganidis to the
Neumann problem, which shows the necessity of a stronger condition like (A9)4
beyond the convexity assumption (A7) in order to have the asymptotic behavior
described in the above theorem.

Example 6.1. Letn = 2 and 2 = By. Let n, { € C'(R4) be functions such that
0 <n(r) <1forallr € Ry, n(r) = 1forall r € [0, 1], n(r) = 0 for all
r € [2,00), &(r) = Oforall r € Ry, ¢(r) = 0 forall r € [0,2] U [3,00) and
¢(r) > O forall r € (2, 3). Fix a constant M > 0 so that M > [[{'[|oo k. We
consider the Hamiltonian H : £ x R? given by

H(x,y.p.q) =|—yp+xq+{(r)|—-¢(r)
0OV G+ (=) ([P + 2 - M)

where 7 = r(x,y) := /x2 + y2. Letu € C'(£2 x R,) be the function given by
u(x,y,t) =¢(r) (Z cost — = sint) ,
r r

where, as above, r = /x2 + y2. Itis easily checked that  is a classical solution of

u(x, y,0) + H(x, y,u(x,y,1),uy(x,y,1)) =0 in By xRy,
v(x, y) - (ue(x, y. 1), uy(x,y,1)) =0 on By x R,

where v(x, y) denotes the outer unit normal at (x, y) € dBs. Note here that if we
introduce the polar coordinate system

x=rcosf, y=rsinb
and the new function
v(r,0,t) = u(rcos@,rsinf,t) for(r,0,1) e Ry x Rx Ry,
then the above Hamilton—Jacobi equation reads

v + H(r.0,v,,v9) =0,
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where

H (.0, pr, po)

= 1po + 20 = 20) + 0022 + (Z2) 4 =0 (el = M),

while the definition of u reads
v(r,0,t) = ¢(r)sin(6 —1).
Note also that any constant function w on By is a classical solution of

H(x,y,we(x,y,1),w,(x,y,1)) =0 in By,
v(x,y) - (we(x,y,t),wy(x,y,t)) =0 ondBy,
which implies that the eigenvalue c* is zero.

It is clear that u does not have the asymptotic behavior (115). As is easily seen,
the Hamiltonian H satisfies (A5)—(A7), but neither of (A9)L.

6.1 Preliminaries to Asymptotic Solutions

According to Theorem 3.3 and Corollary 3.1, we know that u € BUC(Q). We set
Uoo(X) = liminfu(x,t) forall x € 2.
—>0o0
Lemma 6.1. The function us is a viscosity solution of (SNP) and us, € Lip(£2).
Proof. Note that

Uoo(X) = tl_igloinf{u(x,t +7r):r>0} forall x € 2. (116)

By Lemma 5.11, if we set
v(x,t) = inf{u(x,t +r) : r >0} for (x,t) € Q,

then v € BUC(Q) and it is a viscosity solution of (ENP). For each x € £2, the
function v(x,-) is nondecreasing in R. Hence, by the Ascoli-Arzela theorem
or Dini’s lemma, we see that the convergence in (116) is uniform in £2. By
Proposition 1.9, we see that the function ux(x), as a function of (x, ¢), is a viscosity
solution of (ENP), which means that u, is a viscosity solution of (SNP). Finally,
Proposition 1.14 guarantees that us, € Lip(£2). O
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We introduce the following notation:

S ={(x.§) e 2xR" : § € D, H(x, p) forsome (x,p) € Z},
P(x,§) ={peR" : £€ D, H(x,p)} for (x,§) € 2 xR".

Lemma 6.2. (i) Z, S C 2 x Bg, for some Ry > 0.

(ii) Assume that (A9)4 holds. Then there exist constants § > 0 and Ry > 0 such
that for any (x,§) € S and any ¢ € (0, 8), we have P(x, (1 + €)§) # 0 and
P(x.(1 + £)§) C By,

(iii) Assume that (A9)— holds. Then there exist constants § > 0 and Ry > 0 such
that for any (x,§) € S and any € € (0, §), we have P(x,(1 — &)§) # 0 and
P(x,(1 —¢)§) C Bpg,.

Proof. (i) It follows from coercivity (A6) that there exists a constant R; > 0 such
that Z C R"” x Bg,. Next, fix any (x, ) € S. Then, by the definition of S, we may
choose a point p € P(x, &) such that (x, p) € Z. Note that | p| < R;. By convexity
(A7), we have

Hx,p'y>H(x,p)+&-(p'—p) forall p’ e R".
Assuming that £ # 0 and setting p’ = p + £/|€| in the above, we get

El=¢&-(p'—p) <H(x,p')—H(x,p) < sup H— inf H.
EXBRI-FI QXBRI

We may choose a constant R, > 0 so that the right-hand side is less than R,, and
therefore § € Bp,. Setting Ry = max{R;, R,}, we conclude that Z, S C R” x Bpg,.

(i) By (i), there is a constant Ry > 0 such that Z, S C 2 x Bg,. We set § =
wo(1), where wy is from (A9) . In view of coercivity (A6), replacing Ry > 0 by
a larger constant if necessary, we may assume that H(x, p) > 1 + wy(1) for all
(x.p) € 2 x (R"\ Bg,).

Fix any (x,£) € S, p € P(x,§) and ¢ € (0, ). Note that £, p € Bg,. By (A9)4,
for all x € R” we have

H(x,q)z&-(g=p)+ oo ((§-(g—p)+).

We set V := {q € Bag,(p) : |E-(q — p)| < 1}.Letq € V and observe the
following: if ¢ € 0Bg,(p), which implies that |¢| > Ry, then H(x,q) > 1 +
wo(l) > 1+e> 1+ (g—p).1f§-(g—p) =1 then H(x,q) = 1+ wo(1) >
l+e=(1+¢)§-(q—p) Also,if§-(q—p) = -l then H(x,q) = §-(¢ — p) >
(1+¢)¢-(q — p). Accordingly, the function G(q) := H(x,q) — (1 + &) - (g — p)
on R” is positive on dV while it vanishes at ¢ = p € V, and hence it attains a
minimum over the set V' at an interior point of V. Thus, P(x, (1 +¢)&) # @. By the
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convexity of G, we see easily that G(g) > O for all ¢ € R” \ V and conclude that
P(x, (1 +¢)§) C Bag,-

(>iii) Let wg be the function from (A9)_. As before, we choose Ry > 0 so that
Z,S C 2 x Bg, and H(x, p) > 1 + wy(1) for all (x, p) € 2 x (R" \ Bg,), and
set § = wo(1) A 1. Note that for all x € R”,

Hx.q)z§-(g=p)+wo((E-(g—p)).

Fix any (x,£) € S, p € P(x,£) and ¢ € (0,8). Set V := {g € By, (p) :
|- (q — p)| < 1}. Let ¢ € V and observe the following: if ¢ € 0Bxg,(p), then
H(x,q) 2 1+ wo(l) > 1+e> (-8 -(q—p).IE (g— p) =—1, then
H(x,q) =2 =1 +wo(l) > -1+e=(1-¢8E-(q—p)I§-(¢g—p) =1,
then H(x,q) > &-(q— p) > (1 —¢e)§ - (¢ — p). As before, the function G(g) :=
H(x,q) — (1 —¢)& - (¢ — p) attains a minimum over V' at an interior point of V.
Consequently, P(x, (1 — ¢)&) # @. Moreover, we get P(x, (1 —¢)§) C Byg,. 0O

Lemma 6.3. Assume that (A9)_ (resp., (A9)_) holds. Then there exist a constant
81 > 0 and a modulus w; such that for any ¢ € [0, 6] and (x,§) € S,

Lx,14+¢)& <(1+¢eL(x,&) +cwi(e) (117)
(resp.,

Lix,(1-¢)§) = (1 —-e)L(x.§) +ewi(e)) (118)

Before going into the proof, we make the following observation: under the
assumption that H, L are smooth, for any (x,£) € S, if we set p := D¢L(x,§),
then
H(x,p) =0,

p-§=H(x, p)+ L(x,§) = L(x,§),
and, as ¢ — 0,

Lx,(1 +¢)§) = L(x.§) +ep-§+o(e)
= L(x,§) +eL(x,§) +o(e) = (1 +¢)L(x,§) +o(e).

Proof. Assume that (A9)_ holds. Let Ry > 0, Ry > 0 and 8 > 0 be the constants
from Lemma 6.2. Fix any (x,£) € S and ¢ € [0,4). In view of Lemma 6.2, we
may choose a p. € P(x, (1 + ¢)&). Then we have |p. — po| < 2Ry, |§] < Ry and
€ - (p= — Po)| < 2RoR.

Note by (A9), that

H(x, pe) = &+ (pe — po) + o ((§ - (pe — po))+) -
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Hence, we obtain

Lix,1+e)&) =0+e& - p.—H(x,p.) <(1+¢)&- p.
=& (pe— po) —wo ((§ - (P — po))+)
=+ 9§ po— H(x, po)]
+e&-(pe— po) — o ((§ - (pe — po))+)

<(1+¢&)L(x,§) +& max (r - éwo(r)) .

0=<r=<2RoRi

We define the function w; on [0, 00) by setting w; (s) = maxo<,<aryr, (r —wo(r)/s)
for s > 0 and w;(0) = 0 and observe that w; € C([0, 00)). We have also L(x, (1 +
&)E) < (1+¢e)L(x,&) + ewi(e) forall ¢ € (0,8). Thus (117) holds with §; := §/2.
Next, assume that (A9)_ holds. Let Ry > 0, Ry > 0 and § > 0 be the constants
from Lemma 6.2. Fix any (x,§) € S and ¢ € [0, §).
As before, we may choose a p. € P(x, (1 — ¢)&), and observe that | p. — po| <
2Ry, |€] < Roand |€ - (p: — po)| < 2RoR;. Noting that

H(x, pe) = § - (pe — po) + wo ((§ - (pe — po))_).

we obtain

Lix,(1-e)§) =(1-e)f-p.—H(x,p:) <(1—8)§-p:
=&+ (pe — po) —wo ((§ - (p= — po))_)
< (=95 po— H(x, po)]
—&&-(pe— po) — o ((§ - (pe — Po))_)

0=<r=<2RoR;

<(1+¢eL(x,§)+¢e max (r — éa)o(r)) .

Setting w;(s) = maxo<,<2r,r, (r — wo(r)/s) for s > 0 and w;(0) = 0, we
find a function w; € C(]0, 00)) vanishing at the origin for which L(x, (1 — ¢)§) <
(1—¢e)L(x,&) + ew;(¢) for all ¢ € (0, 8). Thus (118) holds with §; := 5/2. O

Theorem 6.2. Letu € Lip(£2) be a subsolution of (SNP). Let n € AC(R4, R") be
such that n(t) € 2 forallt € Ry. Set Ry, = {t € Ry : n(t) € 02}. Then there
exists a function p € L°° (R4, R") such that

%u on() = p@)-n() foraeteRy,

H(n(), p(t)) =0 foraet e Ry,
y(n@) - p() <gn@)) foraeteRyp.
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Proof. According to Theorem 4.2, there is a collection {u,}cc0,1) C C 1(£2) such
that

H(x,Du,(x)) <e forall x € 2,

e

3 (x) <gx) forall x € 052,
Y

lue — ullo.2 < e,

sup [|Dug||Loo(2) < o0.
O<e<l1

If we set p,(t) = Du, o n(t) forall t € R, then we have

t

us o n(t) —u: on(0) = / ps(s) - n(s)ds forallt € Ry,
0

H(n(), p.(t)) <e forallt € Ry, (19

y(n(2)) - pe(t) < g(n(r)) forallf € Ryp.

Since { ps}sc(0,1) is bounded in L°(IR ), there is a sequence {&; } jen converging to
zero such that, as j — oo, the sequence {p.; } converges weakly-star in L>°(R4)
to some function p € L*°(R4). Itis clear from (119) that

uon(t) —uon(0) = /t p(s)-n(s)ds forallt € Ry,
0
y(n(2)) - p(r) < g(n(t)) forae.reRyp.

Now, we fix ani € Nso thati > | p|reo®r,) and any 0 < T < oo, and set
J = [0, T]. Using Lemma 5.6, for each m € N, we find a function v,, € L*°(J,R")
so that

H(n(s), p(s)) + Li(n(s), —vm(5)) < —vm(s)- p(s) +1/m forae. seJ.
(120)

By the convex duality, we have

H(x,q) = sup(§-q— L;(x,£)) forall (x,q) € 2 x B,.
EER”

(Note that L;(x,-) is the convex conjugate of the function H(x,-) + &5,, where
SE (p) =0if p € B; and = oo otherwise.) Hence, for any nonnegative function
¥ € L®(J,R) and any (j,m) € N2, by (119) we get

o [ s = [ W HGE). P 60

> /J V) tm(S) - e, (5) — Li(7(5). — v (s))]ds.
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Combining this observation with (120), after sending j — oo, we obtain

0> /J V() (H(s). pls)) — 1/m)ds,

which implies that H(n(s), p(s)) < 0 fora.e. s € [0, T]. Since T" > 0 is arbitrary,
we see that
H(n(s), p(s)) <0 forae. seRy.

The proof is complete. O

6.2 Proof of Convergence

This subsection is devoted to the proof of Theorem 6.1.

Proof (Theorem 6.1). It is enough to show that

lim sup u(x, t) < uso(x) forall x € 2. (121)

—>00

Indeed, once this is proved, it is obvious that lim,_, o u(x,?) = uo(x) for all x €
£2, and moreover, since u € BUC(Q), by the Ascoli—Arzela theorem, it follows that
the convergence, lim; o u(X, ) = Uxo(X), is uniform in Q.

Fix any z € £2. According to Lemma 6.1 and Corollary 5.2, we may choose a
(n,v,1) € SP(z) such that for all ¢t > 0,

Uoo(2) — oo (N(1)) = Z(2,1,v.1). (122)

Due to Theorem 6.2, there exists a function g € L°°(R, R") such that

disuoo(n(s)) —q(s)-ii(s) forae.s € Ry,

H(n(s), q(s)) <0 forae.s € Ry, (123)
y(n(s)) - q(s) < g(n(s)) fora.e.s € Ryp,
where Ry, :={s € Ry : n(s) € 0£2}.
We now show that
H(n(s). q(s)) =0 forae.s € Ry,
[(s)y(n(s)) - q(s) = 1(s)g(n(s)) forae.s € Ryp, (124)

—q(s)-v(s) = H(n(s), q(s)) + L(n(s), —v(s)) forae.s € Ry.
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We remark here that the last equality in (124) is equivalent to saying that
—v(s) € D, H(n(s), q(s)) forae.s € Ry,
(or
q(s) € D¢ L(n(s), —v(s)) forae.s € Ry.)
By differentiating (122), we get

d
—d—suoo(n(S)) = L(n(s),—v(s)) + (s)g(n(s)) forae.s €Ry.
Combining this with (123), we calculate

0 =gq(s)-0(s) + L(n(s), —v(s)) + (s)g(n(s))
=4q(s) - (v(s) = 1(s)y(n(s))) + L(n(s), —v(s)) + [(s)g(n(s))
= —H(n(s).q(s)) —(s)(g(s) - y(n(s)) — g(n(s))) = 0
for a.e. s € R4, which guarantees that (124) holds.

Fix any ¢ > 0. We prove that there is a constant 7 > 0 and for each x € 2 a
number o (x) € [0, 7] for which

Uoo(X) + & > u(x,0(x)). (125)

In view of the definition of 1, for each x € §2 there is a constant t(x) > Osuch
that
Uoo(X) + & > u(x, t(x)).

By continuity, for each fixed x € £2, we can choose a constant r(x) > 0 so that
Uoo(¥) + & > u(y, t(x)) fory € 2N By(x),

where B,(x) := {y € R" : |y —x| < p}. By the compactness of £, there is a finite
sequence x;,i = 1,2,..., N, such that

§C U B,(x,.)(xi),

1<i<N

That is, for any y € 2 there exists x;, with 1 <i < N, such that ¥ € By (xi),
which implies
Uso(¥) + &> u(y, 1(x;)).

Thus, setting

T = max 1(x;),
max (x:)

we find that for each x € £2 there is a constant o'(x) € [0, 7] such that (125) holds.
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In what follows we fix ¢ > 0 and o(x) € [0, t] as above. Also, we choose a
constant §; > 0 and a modulus w; as in Lemma 6.3.

We divide our argument into two cases according to which hypothesis is valid,
(A9)+ or (A9)_. We first argue under hypothesis (A9)4. Choose a constant 7 > 1
sothat /(T — 1) < §;. Fixany t > T, and set 8 = o(n(¢)) € [0, 7]. We set
5_: 0/(t — 0) and note that § < 7/(t — t) < §;. We define functions ns, vs, [s on
R+ by

ns(s) =n((1 + 8)s).
vs(s) = (1 4+ 8v((1 + §)s),
Is(s) = (1 + )I((1 + 8)s),
and note that (s, vs, Is) € SP(z).
By (124) together with the remark after (124), we know that H(5(s), ¢(s)) =0

and —v(s) € D H(n(s), q(s)) fora.e. s € Ry. Thatis, (n(s), —v(s)) € S fora.e.
s € R4. Therefore, by (117), we get for a.e. s € R4,

L(ns5(s), —v5(s)) = (1 +8)L(n((1 + 8)s). —v((1 + 8)s)) + Sy (§).

Integrating this over (0, t — 6), making a change of variables in the integral and
noting that (1 + 8)(t — 0) = ¢, we get

t—6 t
/0 L(ns(s), —vs(s))ds < /0 L(n(s), —v(s))ds + (t — 0)8w;(8)

_ /0 L((s). —v(s))ds + 6y (8).

as well as e .
/ Is(5)g (ns(s))ds = / 1(5)g(n(s))ds.
0 0

Moreover,
u(z, t) <Lt —0,ns5 s ls) +u(ns(t —0), 6)
< /0 (L(n(s), —v(s)) + 1()g(n(s)))ds + b1 (8) + u(n(). o(n(t)))

< oo (2) — oo (N(1)) + T@1(8) + U (n(1)) + &
=loo(2) + w1 (8) +&.

Thus, recalling that § < t/(t — ), we get

u(z, 1) < too(z) + T <t i T) +e. (126)
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Next, we assume that (A9)_ holds. We choose T > 7 as before, and fix t > T.
Setd =a(n(t—rt)) €0, t]and§ = (r—60)/(t —0). Observe that (1—5)(r —0) =
t—tandd < t/(t —1) <6

We set 5(s) = n((1=238)s), vs(s) = (1=58)v((1—=35)s) and ls(s) = (1—=58)I((1—
§)s) for s € Ry and observe that (s, vs, Is) € SP(z). As before, thanks to (118),
we have

L(ns(s), —vs(s)) < (1—=8)L(n((1—=158)s), —v(l —38)s)) +Sw(§) fora.e.s € Ry.

Hence, we get
t—6 -t
/0 L(ns(s), —vs(s))ds < /0 L(n(s), —v(s))ds + (1 — 0)3w; (8)

_ /0 L(1(s). —v(s)ds + (¢ — ) (6).
and
t—0 t—1
/ I5(5)g(n5(s))ds = / 1(5)g(n(s))ds.
0 0

Furthermore, we calculate

u(z,t) <Lt —0,ns, vs,ls) +u(ns(t — 6), 0)
<Z@—t,nvl)+ 1010 +uni—1), o(nt —1)))
<Uoo(2) + Twi(8) + &

Thus, we get

T
u(z,t) < uco(z) + m)l(l — r) + &,

From the above inequality and (126) we see that (121) is valid. O

6.3 Representation of the Asymptotic Solution u

According to Theorem 6.1, if either (A9) or (A9)— holcE, then the solution u(x, t)
of (ENP)-(ID) converges to the function us(x) in C(£2) as t — oo, where the
function u is given by

Uoo(x) = liminfu(x,t) for x € 2.
—>00

In this subsection, we do not assume (A9) or (A9)_ and give two characteriza-
tions of the function uqo.

Let .~ and .¥ denote the sets of all viscosity subsolutions of (SNP) and of all
viscosity solutions of (SNP), respectively.
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Theorem 6.3. Set o

Fr1={weS :v=<uyinf},

u, = sup.#i,

Fr={weS :w>uy inR2}.
Then uso = inf.%,.
Proof. By Proposition 1.10, we have u, € .. It is clear that u; < ug in 2.
Hence, by Theorem 3.1 applied to the functions uy and u, we get uy (x) < u(x,t)
forall (x,¢) € Q, which implies that u; < ue in §2. This together with Lemma 6.1

ensures that ueo € %, which shows that inf.%, < us in £2.
Next, we set

u (x,t) = rir>1£u(x,t +r) forall (x,t) € Q.

By Lemma 5.11, the function ™ is a solution of (ENP) and the function (-, 0)
is a viscosity subsolution of (SNP). Also, it is clear that u~(x,0) < uy(x) for all
x € £, which implies that u~(-,0) < u; < inf.%, in 2. We apply Theorem 3.1
to the functions u~ and inf .%,, to obtain u~(x,t) < inf.%,(x) for all (x,t) € O,
from which we get uq < inf.%; in 2, and conclude the proof. O

Letd : £2° — Rand o denote the distance-like function and the Aubry set,
respectively, as in Sect. 4.

Theorem 6.4. We have the formula:
Uoo(X) = inf{d(x,y) +d(y.2) +uo(z) : z€ R, y € &/} forall x € 2.
Proof. We first show that
uy (x) = inf{ue(y) + d(x,y) : y € 2} forall x € 2,
where i is the function defined in Theorem 6.3.
Let u; denote the function given by the right hand side of the above formula.
Since u, € .~, we have

ug (x) —uy (y) <d(x,y) forall x,y € 2,

which ensures that #; < u; in 2.

By Theorem 4.4, we have u; € . Also, by the definition of u;, we have
uy (x) < up(x) +d(x,x) = up(x) forall x € . Hence, by the definition of Uy,
we find that u; > u; in 2. Thus, we have uy, =u; in 2.

It is now enough to show that

loo(x) = inf (uy () +d(x,y)).
yES
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Let ¢ denote the function defined by the right hand side of the above formula.
The version of Proposition 1.10 for supersolutions ensures that ¢ € ., while
Theorem 4.4 guarantees that ¢ € .. Hence, we have ¢ € .. Observe also that

Uy (x) <ug(y) +d(x,y) forall x,y € 02,

which yields u; < ¢ in . Thus, we see by Theorem 6.3 that 1, =¢in Q.
Now, applying Theorem 4.1 to u,, we observe that for all x € §2,

inf{uco(y) +d(x,y) : y € &}
inf{uy (y) +d(x,y) : y € &} = ¢(x).

Uoo(X)

%

Thus we find that us, = ¢ in §2. The proof is complete. O

Combining the above theorem and Proposition 5.4, we obtain another represen-
tation formula for 1.

Corollary 6.1. The following formula holds:

Uoo(x) = inf {Z(T.n,v.1) + ug(n(T)) : T >0, (n,v,]) € SP(x)
such that n(t) € & forsomet € (0, T)}.
Example 6.2. As in Example 3.1, letn = 1, 2 = (-1, 1) and y = v on 952 (i.e.,
y(£1) = £1). Let H = H(p) = |p|> and g : 32 — R be the function given
by g(—1) = —1 and g(1) = 0. As in Example 3.1, we see that ¢* = 1. We set

I:I(p) =H(p)—c* = |p|2 — 1. Note that H satisfies both (A9)4, and consider the
Neumann problem

H@'(x)) =0 in £, y(x)-v'(x) = g(x) on 3£. (127)

It is easily seen that the distance-like function d : 2° = R for this problem is
given by d(x,y) = |x — y|. Let &/ denote the Aubry set for problem (127). By
examining the function d, we see that .o# = {—1}. For instance, by observing that

{1 if x € 2,
Did(x,—1) = (=00, 1] ifx = -1,
[1, c0) ifx =1,

we find that —1 € o7 Let up(x) = 0. Consider the problem

u(x,t) + Huy(x,t)) =0  for (x,t) € 2 xRy,
y(Oux(x,1) = g(x) for (x,1) € 92 x Ry,
u(x,0) = up(x) forx € 2.
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If u is the viscosity solution of this problem and the function v is given by v(x,¢) =
u(x,t) + c*t = u(x,t) + t, then v solves in the viscosity sense

vi(x, 1) + H(ve(x,7)) =0  for (x,1) € 2 xRy,
y(X)vx(x, 1) = g(x) for (x,1) € 92 x Ry,
v(x,0) = up(x) forx € Q2.

Setting
Uoo(x) = min{d(x,y) + d(y,2) +uo(z) : y € o, z€ 2} for x € 2,

we note that e (x) = |x + 1| for all x € £2. Thanks to Theorems 6.1 and 6.4, we
have

lim v(x,?) = uoo(x) uniformly on £2,
—>00

which reads
lim (u(x,t) +t — |x + 1]) = 0 uniformly on £.
—>00

That is, we have u(x,t) ~ —t + |x + 1] as t — oo. If we replace up(x) = 0 by the
function up(x) = —3x, then

Uoo(X) = min{|x + 1| + |1+ y| =3y} =|x + 1] -1 forall x € 2,
VESR

andu(x,t) ~ —t+|x+1|—1ast — oo.

In some cases the variational formula in Corollary 6.1 is useful to see the
convergence assertion of Theorem 6.1.

Under the hypothesis that ¢* = 0, which is our case, we call a point y € 2
an equilibrium point if L(y,0) = 0. This condition, L(y,0) = 0, is equivalent to
min,err H(y, p) = 0.

Let y € £2 be an equilibrium point. If we define (1,v,!) € SP(y) by setting
(n,v,0)(s) = (v, 0, 0), then Z(t,n,v,]) = 0forall t € R4, and Propositions 5.4
and 5.5 guarantee that y € 7.

We now assume that 7 consists of only equilibrium points. Fix any ¢ > 0 and
x € 2. According to Corollary 6.1, we can choose 7,0 € Ry and (5, v,1) € SP(x)
so that n(t) € &/ and

Lt +o,nvl])+un(t+0)) <us(x) + e (128)

Fix any t > t 4+ 0. We define (7, v, i) € SP(x) by
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n,v,D)(s) for s € [0, 1),
(7. 5. 1)(s) = (n(r),0,0) for s € [t,7 + 0),
(n,v,D)(s —0) for s €[t + 0,00),

where § =t — (t + o). Using (128), we get
oo(x) + & > Lt 7. 9.1) + uo(ij(1)) = u(x.1).

Therefore, recalling that lim inf;— oo u(x, 1) = Uoo(x), we see that lim,— o u(x, 1) =
Uoo(x) forall x € £2.

6.4 Localization of Conditions (A9) +

In this subsection we explain briefly that the following versions of (A9)4 localized
to the Aubry set .7 may replace the role of (A9)4+ in Theorem 6.1.

(A10)1 Let
Zy ={(x,p)e o xR" : H(x, p) = 0}.

There exists a function wy € C ([0, 00)) satisfying wo(r) > 0 forall r > 0
such thatif (x, p) € Z,§ € D) H(x, p) and g € R", then

Hx,p+q)=§-q+ wo((§-q)x).

As before, assume that ¢ = 0 and let u be the solution of (ENP)—(ID) and
Uoo(x) 1= liminf, oo u(x, ).

Theorem 6.5. Assume that either (A10)4+ or (A10)— holds. Then
tlim u(x,t) = too(x) uniformly on £2. (129)
—00

If we set B
ul (x) = limsupu(x,t) for x € 2,
—>00
we see by Theorem 1.3 that the function u} (x) is a subsolution of (ENP), as a
function of (x,?), and hence a subsolution of (SNP). That is, ug'o e .¥~. Since
Uoo € T, once we have shown that ug'o < Uoo On &7, then, by Theorem 4.6, we
get

+ )
Ui, < oo in £2,

which shows that the uniform convergence (129) is valid. Thus we only need to

show that uZ, < us, on 7.
Following [21] (see also [39]), one can prove the following lemma.
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Lemma 6.4. For any 7 € of there exists an @ = (,v,!) € SP(z) such that
d(z,n@) =L@, a) = —d(n(t),z) forall t > 0.

Proof. By Proposition 5.5, for each k € N there are an oy = (9, vk, lx) € SP(2)
and t; > k such that

1
L, o) < T and () =z

Observe that for any j, k € N with j < k,

1 o
¢ = L0+ [ L6 -u) + hEgn o)l
j (130)

> ZL(j, o) +dme (), me (i),

and hence

sup Z(j,ax) < oo forall j € N.
keN

We apply Theorem 5.4, with T = j € N, and use the diagonal argument, to
conclude from (130) that there is an @ = (1, v, /) € SP(z) such that for all j € N,

Z(j, o) =liminf Z(j, o) = =d(n(/).2).

Let0 < ¢ < oo, and choose a j € Nsuchthatz < j. Using Propositions 5.4 and
4.1 (ii) (the triangle inequality for d), we compute that

j
dz. () = Zt.a) = Z(j.a) —/ [L(n(s). —v(s)) + [(s)g(n(s))]ds

<Z@(.a)—dn@),n(j) < —dn(j).z) —dn().n(j))
< —d(n(t),2).

Moreover, by the triangle inequality, we get

—d(n(t).2) = d(z,n(1)).
These together yield
d(z,n@)) = L@t,a) = —d(n(t),z) forallt > 0,

which completes the proof. O
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The above assertion is somehow related to the idea of the quotient Aubry set (see
[46,47]). Indeed, if we introduce the equivalence relation = on .2/ by

x=y <= dx,y)+d(y,x)=0,
and consider the quotient space o consisting of the equivalence classes
x]={yea : y=x}, with x € &,
then the space o/ is a metric space with its distance given by
d(x). [y = d(x.y) +d(y.x).

The property of the curve 1 in the above lemma that d(z, n(t)) = —d(n(z),z) is
now stated as: n(t) = n(0).

Lemma 6.5. Lety € ¥~ andx,y € . If x = y, then
V(x) —¥(y) =dx, ).
Proof. By the definition of d, we have
Y(x)—y(y) =d(x,y) and ¥ (y) —¥(x) =d(y,x).

Hence,

V() =¥ () =d(x,y) = —d(y.x) < ¥(x) =¥ (),
which shows that ¢ (x) — ¥ (y) = d(x,y) = —=d(y, x). O

Proof (Theorem 6.5). As we have noted above, we need only to show that
u;LO(x) <uU(x) forall x € &.

To this end, we fix any z € &7. Leta = (1, v,1) € SP(z) be as in Lemma 6.4. In
view of Lemma 6.5, we have

Uoo(2) —Uoo(n(t)) = d(z,n(2)) = ZL(t,a) forall t > 0.
It is obvious that the same assertion as Lemma 6.3 holds if we replace S by
Sy =1{(x,§) € &/ xR" : £ € D H(x, p) forsome (x,p) € Z}.
We now just need to follow the arguments in Sect. 6.2, to conclude that
U (2) < oo (2).

The details are left to the interested reader. O
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Appendix

A.1 Local maxima to global maxima

We recall a proposition from [56] which is about partition of unity.

Proposition A.1. Let O be a collection of open subsets of R". Set W := | Jyco U.
Then there is a collection F of C* functions in R" having the following
properties:

1) 0< f(x) <1lforallx e Wand f € Z.
(i) Foreach x € W there is a neighborhood V of x such that all but finitely many
f € ZF vanishin'V.
(i) X ey f(x) =1forallx e W.
(iv) Foreach f € % thereisaset U € O such that supp f C U.

Proposition A.2. Let 2 be any subset of R", u € USC(£2,R) and ¢ € C'(R).
Assume that u — ¢ attains a local maximum at y € §2. Then there is a function
¥ € CY82) such that u — ¥ attains a global maximum at y and ¥ = ¢ in a
neighborhood of y.

Proof. As usual it is enough to prove the above proposition in the case when
(u—9)(y) = 0.

By the definition of the space C!($2), there is an open neighborhood W, of £2
such that ¢ is defined in Wy and ¢ € C'(W)).

There is an open subset Uy, C W, of R" containing y such that maxy, ne (4 —¢) =
(u — ¢)(y). Since u € USC(£2, R), for each x € £2 \ {y} we may choose an open
subset U, of R" so that x € U,, y € U, and SUpy, N U < O0. Seta, = SUpy, ne U
forevery x € 22\ {y}. 1 '

Weset 0 = {U;, : z € yand W = |Jye, U. Note that W is an open
neighborhood of £2. By Proposition A.1, there exists a collection .# of functions
f € C®(R") satisfying the conditions (i)—(iv) of the proposition. According to the
condition (iv), for each f € .% there is a point z € §2 such that supp f C U.. For
each f € % we fix such a point z € §2 and define the mapping p : F — 2 by
p(f) = z. We set

V(x) = Z apry f(x) + Z ¢(x) f(x) forx e W.

feF, p(f)#y feZz, p(f)=y

By the condition (ii), we see that v € C'(W). Fix any x € 2 and f € .Z,
and observe that if f(x) > 0 and p(f) # y, then we have x € supp /' C U,y
and, therefore, a,s) = SUpy, ;N U = u(x). Observe also that if f(x) > 0 and

p(f) =y, then we have x € U, and ¢ (x) > u(x). Thus we see that for all x € £2,

Yy = > u) @+ D w)f(x) =u(x) Y fx) = ulx).

FeZ. p(N#y SeZ. p(fH=y feF
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Thanks to the condition (ii), we may choose a neighborhood V' C W of y and a
finite subset { f;}7_, of .7 so that

N
Y fix)=1 forallx eV

j=1

If p(fj) # yforsome j =1,..., N, thenU,,)N{y} = @andhence y & supp f;.
Therefore, by replacing V' by a smaller one we may assume that p(f;) = y for all
j=1,...,N.Since f =0inV forall f € F\{fi...., fn}, we see that

N
Y(x) =Y ¢(x)f;(x) =¢(x) forallxeV.
j=1

It is now easy to see that u — v has a global maximum at y. O

A.2 A Quick Review of Convex Analysis

We discuss here basic properties of convex functions on R”.
By definition, a subset C of R” is convex if and only if

1-t)x+tyeC foral x,yeC,0<1t <1.
For a given function f : U C R" — [—o00, 00, its epigraph epi( f) is defined as

epi(f) = {(x.y) e U xR : y = f(x)}.

A function f : U — [—o0, o0] is said to be convex if epi( f') is a convex subset of
Rn+l'

We are henceforth concerned with functions defined on R”. When we are given
a function f on U with U being a proper subset of R”, we may think of f as a
function defined on R” having value oo on the set R” \ U.

It is easily checked that a function f : R"” — [—o00, o] is convex if and only if
forall x,y e R",t,s e Rand A € [0, 1],

f((A=MDx+Ay) < (A=At +As if t > f(x) and s > f(y).

From this, we see that a function f : R" — (—o0, o] is convex if and only if for
allx,y e R"and A € [0, 1],

A =Dx+4ay) = (A=) f(x) +Af(p).
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Here we use the convention for extended real numbers, i.e., for any x € R, —oo <
X <00, x £00o==200,x-(£oo) =Fooifx > 0,0 (+oo) =0, etc.

Any affine function f(x) = a-x 4+ b, wherea € R" and b € R, is a convex
function on R”. Moreover, if A C R” and B C R are nonempty sets, then the
function on R” given by

f(x)=sup{a-x+b : (a,b) € Ax B}

is a convex function. Note that this function f is lower semicontinuous on R”. We
restrict our attention to those functions which take values only in (—oo, o0].

Proposition B.1. Let f : R" — (—o00, o0] be a convex function. Assume that
p € D™ f(y) for some y, p € R". Then

fx)>f)+p-(x—y) forall x eR".
Proof. By the definition of D~ f(y), we have
Jf) = f+p-(x=y)+ollx—y)) as x—y.
Hence, fixing x € R", we get
J) = fax+A-0)y)—tp-(x—y)+o@) ast—>0+.

Using the convexity of f, we rearrange the above inequality and divide by ¢ > 0, to
get
JO) = f)—p-(x=y)+o(l) asr—->0+.

Sending t — 0+ yields
f(x)=> fO)+p-(x—y) forall x e R". O

Proposition B.2. Let .7 be a nonempty set of convex functions on R" with values
in (—oo, oo]. Then sup F is a convex function on R" having values in (—oo, oo).

Proof. Ttis clear that (sup .%)(x) € (—oo, oo] forallx e R". If f € %, x,y € R"
and ¢t € [0, 1], then we have

A =x+1y) = (A =1)f(x) +1f(y) = (1 —1)(sup F)(x) + 1(sup.F)(y)

and hence
(sup Z)((1 = 1)x + ty) < (1 —1)(sup F)(x) + t(sup F)(y),

which proves the convexity of sup .%. O
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We call a function f : R" — (—o00, 0o] proper convex if the following three
conditions hold:

(a) f is convex on R".
(b) f € LSC(R").
(©) f(x) # oo.
Let f : R" — [—o00, oo]. The conjugate convex function (or the Legendre—
Fenchel transform) of f is the function f* : R" — [—o0, 0] given by

fr(x) = sup(x-y— f(y)).
yeER?

Proposition B.3. If f is a proper convex function, then so is f*.

Lemma B.1. If f is a proper convex function on R", then D~ f(y) # 0 for some
y e R".

Proof. We choose a point xo € R” so that f(xo) € R. Let k € N, and define the
function g on Bj(xo) by the formula gz (x) = f(x) + k|x — xo|>. Since gx €
LSC(B(x0)), and gx (xo) = g(xo) € R, the function g has a finite minimum at a
point x; € B(xo). Note that if k is sufficiently large, then

min g = min f +k > f(xp).
331(X0)g 331(X())f S (xo)

Fix such a large k, and observe that x; € Bj(xo) and, therefore, —2k(x; — x¢) €
D~ f(xk). O

Proof (Proposition B.3). The function x — x - y — f(y) is an affine function for
any y € R”. By Proposition B.2, the function f* is convex on R". Also, since
the function x + x - y — f(y) is continuous on R” for any y € R”, as stated in
Proposition 1.5, the function f* is lower semicontinuous on R”.

Since f is proper convex on R”, there is a point xo € R” such that f(xp) € R.
Hence, we have

f )= y-x0o— f(xo) > —oc0 forall y e R".

By Lemma B.1, there exist points y, p € R” such that p € D~ f(y). By
Proposition B.1, we have

fx)=fy)+p-(x—y) forall x e R".
That is,
p-y—f(y)=p-x— f(x) forall x e R",

which implies that f*(p) = p-y — f(y) € R. Thus, we conclude that f* : R" —
(—00, 00], f*isconvex on R", f* € LSC(R") and f*(x) 5 oo. O

The following duality (called convex duality or Legendre—Fenchel duality) holds.
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Theorem B.1. Ler f : R" — (—00, 00| be a proper convex function. Then

=
Proof. By the definition of f*, we have

f*(x)=x-y— f(y) forall x,y € R",

which reads
SO)=y-x—f*(x) forall x,y e R".

Hence,
f(y) > f**(y) forall y e R".

Next, we show that
[ (x) = f(x) forall x e R".

We fix any a € R" and choose a point y € R” so that f(y) € R. We fix a number
R > 0sothat|y —a| < R.Letk € N, and consider the function g € LSC(B(a))
defined by g (x) = f(x) + k|x —a|?. Let x; € Br(a) be a minimum point of the
function g;. Noting that if k is sufficiently large, then

xp) < +k|y—al’> < min f + kR?>= min g,
gk(xk) = f(y) +kly —al aBR(a)f Jmin gk

we see that x; € Bg(a) for k sufficiently large. We henceforth assume that k is
large enough so that x; € Bg(a). We have

D™ gk(xx) = D™ f(xx) + 2k(xx —a) 3 0.

Accordingly, if we set & = —2k(x; — a), then we have & € D~ f(x;). By
Proposition B.1, we get

f(x) > fx)+ & - (x —xi) forall x € R,
or, equivalently,
E - xp — f(xx) = & -x— f(x) forall x € R".

Hence,

- xie — flx) = f7(6).
Using this, we compute that
fra) =z a-§ — 7 (6) = &k -a — &k - xi + f(xk)
= 2k|xp —al® + f(xz).
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We divide our argument into the following cases, (a) and (b).
Case (a): limg_s00 k|xx — a|> = oo. In this case, if we set m = ming, f, then
we have
f**(a) > liminf2k|x; — al® + m = oo,
k—00

and, therefore, f**(a) > f(a).
Case (b): liminfy o0 k|Xx — a|?> < co. We may choose a subsequence 1Xk; }jen
of {xy} so that lim; o X¢; = a. Then we have

£ (@) = Timinf (2k; v, —al? + f(x,)) > liminf £(x,) > f(a).
j—o00 j—00

Thus, in both cases we have f**(a) > f(a), which completes the proof. O

Theorem B.2. Let f : R" — (—o00, o] be proper convex and x,& € R". Then
the following three conditions are equivalent each other.

(i) § € D™ f(x).
(i) x € D™ f*(§).
(i) x-§ = f(x) + f*().

Proof. Assume first that (i) holds. By Proposition B.1, we have

SO)= fx)+&-(y—x) forall y e R",
which reads

E-x—f(x)=&-y— f(y) forally e R".
Hence,

f-x—flx) = ;gi)g(é-y—f(y)) = /().

Thus, (iii) is valid.

Next, we assume that (iii) holds. Then the function y + £ - y — f(y) attains a
maximum at x. Therefore, £ € D~ f(x). That is, (i) is valid.

Now, by the convex duality (Theorem B.1), (iii) reads

x-&5= ")+ 7).
The equivalence between (i) and (iii), with f replaced by f*, is exactly the
equivalence between (ii) and (iii). The proof is complete. ]
Finally, we give a Lipschitz regularity estimate for convex functions.
Theorem B.3. Let f : R" — (—o0, 00] be a convex function. Assume that there

are constants M > 0 and R > 0 such that

| f(x)| <M forall x € Bsg.
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Then M
| f(x) = fF)] < ;Ix —y| forall x,y € Bg.

Proof. Let x,y € Bpg and note that |[x — y| < 2R. We may assume that x # y.
Setting £ = (x — y)/|x — y| and z = y + 2R£ and noting that z € Bsg,

_x —yl

(z—y),

and
x=y+ |x2—RY|(Z_y) _ |x2—RJ’|Z+ (1_ |x2—RJ’|)y’
we obtain ] | |
xX—y
s = 22 e+ (1= 5220 ron,
and

o= 100 = B2 - ron < E2 Mo+ o < HEZ

In view of the symmetry in x and y, we see that

M
If(X)—f(y)Ifflx—yI forall x,y € Bg. O

A.3 Global Lipschitz Regularity

We give here a proof of Lemmas 2.1 and 2.2.

Proof (Lemma 2.1). We first show that there is a constant C > 0, for each z € 2a
ball B, (z) centered at z, and for each x, y € B,(z) N £2, a curve n € AC([0, T], R"),
with T € R4, such that 5(s) € 2 forall s € (0, T), |(s)| < 1forae.s € (0,T)
and T < Clx —y|.

Let p be a defining function of £2. We may assume that | Dp|lcorr < 1 and
|Dp(x)| > & forall x € (082)° := {y € R" : dist(y, 3£2) < §} and some constant
5 €(0,1).

Letz € £2. We can choose r > 0 so that B,(z) C §2. Then, foreach x, y € B,(z),
with x # y, theline n(s) = x+s(y—x)/|y—x|, with s € [0, |x—y]|], connects two
points x and y and lies inside §2. Note as well that /(s) = (y — x)/|y — x| € 9B
foralls € [0, |x — y|].

Let z € 882. Since | Dp(z)|> > 8%, by continuity, we may choose r € (0, §°/4)
so that Dp(x) - Dp(z) > §?/2 for all x € Bys—,(z). Fix any x,y € B.(z) N 2.
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Consider the curve £(¢) = x +1(y —x) —t(1 —1)687%|x — y| Dp(z), with t € [0, 1],
which connects the points x and y. Note that

() —zl <(1—1)|x — 2| + 1]y — 2| + 61(1 —1)§*|x — y|| Dp(2)|
<(14+382)r <487%r

and 4§72r < §. Hence, we have £(t) € Bys—,(z) N (02)° for all t € [0, 1]. If
t € (0, 1/2], then we have

P(E(1)) < p(x) +1Dp(B5(t) + (1 —0)x) - (y — x — 6(1 —1)8*|x — y| Dp(2))
<tlx—y|(1-=-3(1-1)) <0

for some 6 € (0, 1). Similarly, if ¢t € [1/2, 1), we have
p(@) < p(y) + (1 —1)|x — y[(1 —=3r) < 0.
Hence, £(¢) € £2 forall ¢ € (0, 1). Note that
@] =< |y —x|(1+657%).

If x = y, then we justset n(s) = x = y fors = O and the curve n : [0, 0] — R”
has the required properties. Now let x # y. We set(x, y) = (14+6872)|x — y| and
n(s) = &(s/t(x,y)) fors € [0, t(x, y)]. Then the curve 5 : [0, ¢(x, y)] — R” has
the required properties with C = 1 + 6572,

Thus, by the compactness of 2, we may choose a constant C > 0 and a finite
coverlng {B' }N 1 of £ consisting of open balls with the properties: for each x, y €
B; N 2, where B; denotes the concentric open ball of B; with radius twice that
of B;, there exists a curve n € AC([0, ¢(x, y)],R") such that n(s) € $2 for all
s €(0, 1(x,y)), |n(s)| < 1forae.s €0, t(x,y)] and t(x,y) < Clx — y|.

Let r; be the radius of the ball B; and set r = minr; and R = ) r;, where i
ranges alloveri =1,..., N.

Let x,y € Q.If [x — y| < r,thenx,y € B; for some i and there is a curve
n € AC([0,t(x, y)], R") such that n(s) € £2 for all s € (0,¢(x, y)), |7(s)| < 1 for
a.e.s € [0,¢(x,y)] and t(x,y) < C|x — y|. Next, we assume that |x — y| > r. By
the connectedness of §2, we infer that there is a sequence {B;; : j =1,...,J} C
{Bi :i=1,...,N}suchthatx € B;,y € B;,, B;, N B, N = @ for all
1 <j<J,and Bi; # B if j # k. Itisclear that J < N.If J = 1, then we
may choose a curve 1 with the required properties as in the case where |x — y| < r.
If J > 1, then we may choose a curve n € AC([0, (x, ¥)], R") joining x and
y as follows. First, we choose a sequence {x; : j = 1,...,J — 1} of points
in §2 so that x; € Bi; N Bi,/+1 N2 forall 1 < j < J. Next, setting xo = X,
x; = y and tp = 0, since Xj—1,Xi; € B; N Qforalll < j < J, we may select
n; € AC([lj_l, lj], R™"), with 1 < j < J, inductively so that ﬂj(lj_l) = Xj—1,
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nj(t;j) =x;,n;(s) € 2foralls € (¢tj_1,¢;)andt; <t;_1+C|x; —x;_1|. Finally,
we define n € AC([0, #(x, )], R"), with #(x, y) = t;, by setting n(s) = n;(s) for
seltj—1,¢;]and 1 < j < J.Noting that

J J
T<CY |xj—x;a|<CY ri, <CR<CRr '|x -yl
j=1 J=l1

we see that the curve n € AC([0, #(x, y)], R") has all the required properties with
C replaced by CRr~". O

Remark C.1. (i) A standard argument, different from the above one, to prove the
local Lipschitz continuity near the boundary points is to flatten the boundary by a
local change of variables. (ii) One can easily modify the above proof to prove the
proposition same as Lemma 2.1, except that £2 is a Lipschitz domain.

Proof (Lemma 2.2). Let C > 0 be the constant from Lemma 2.1. We show that
lu(x) —u(y)| < CM|x —y|forall x,y € £2.

To show this, we fix any x,y € §2 such that x # y. By Lemma 2.1, there is a
curve n € AC([0, ¢(x, y)], R") such that n(0) = x, n(t(x,y)) =y, t(x,y) <
Clx—yl|, n(s) € 2 foralls € [0, t(x, y)] and |7(s)| <1 fora.e.s € [0, t(x, y)].

By the compactness of the image 7([0, #(x, y)]) of interval [0, ¢(x, y)] by n, we
may choose a finite sequence {Bi}f\':l of open balls contained in £2 which covers
n([0, t(x, y)]). We may assume by rearranging the label i if needed that x € B,
y € By and B, N Biy; # @ forall 1 < i < N. We may choose a sequence
0 =1t <t <.+ <ty = t(x,y) of real numbers so that the line segment
[n(ti=1), n(t;)] joining n(z;—) and n(¢;) lies in B; foranyi = 1,..., N.

Thanks to Proposition 1.14, we have

lu(n(@)) —u(n(ti—1))| < M|n#) —n(ti-1)| foralli =1,...,N.
Using this, we compute that

N
lu(y) — u(x)| = |u(n(tn)) — un(o)| < Y lu(n(@)) — u(n(t-1))|

i=1

N N g
D NGERUMIES"D 3 REVOTEE

i=1 i=1"1

IN
- M/ 1(s)|ds < Mty — o) = Mi(x, y) < CM|x — y).
fo

This completes the proof. O
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A.4 Localized Versions of Lemma 4.2

Theorem D.1. Let U, V' be open subsets of R" with the properties: V c U and
VN§R#G Letu € C(U N §2) be a viscosity solution of

H(x,Du(x)) <0 inUnNSK,

ou (131)
5()0 <g(x) onU N0S2.

Then, for each € € (0, 1), there exists a function u® € C'(V N ) such that
H(x,Du’(x)) <e inVnN§,

onV Nos2,

[u* — ullovne < &

Proof. We choose functions ¢, n € C'(R") so that 0 < ¢(x) < n(x) < 1 for all
x € R", {(x) =1forallx € V,n(x) = 1 forall x € supp{ and suppn C U.

We define the function v € C(£2) by setting v(x) = n(x)u(x) forx € U N 2
and v(x) = 0 otherwise. By the coercivity of H, u is locally Lipschitz continuous
in U N £2, and hence, v is Lipschitz continuous in £2. Let L > 0 be a Lipschitz
bound of v in £2. Then v is a viscosity solution of

|[Dv(x)| <L in 2,

a_v(x) <M in 382,
dy

where M := L||y|l00.0c. In fact, we have a stronger assertion that for any x € 2
and any p € DV v(x),

lpl <L if x € £2,

(132)
y(x)-p<M if x € 052.

To check this, let ¢ € C'(£2) and assume that v — ¢ attains a maximum at x € 2.
Observe that if x € §2, then | D¢ (x)| < L and that if x € 052, then

0 < liminf (v—¢)(x —1y(x)) — (v—¢)(x)
t—>0+ —t

_ 1 v(x —ty(x)) —v(x) ¢
= liminf - —
=0+ —t oy

(x).
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which yields
y(x) - Dp(x) < Lly(x)| = M.

Thus, (132) is valid.
We set

h(x) =¢(x)g(x) + (1 —=C¢(x))M for x € 352,
G(x,p) =L H(x, p) + (1 =¢(x)(|p| = L) for (x,p) € 2 xR".

It is clear that 1 € C(052) and G satisfies (A5)—(A7), with H replaced by G
In view of the coercivity of H, we may assume by reselecting L if necessary that
for all (x, p) € 2 x R",if |p| > L, then H(x, p) > 0. We now show that v is a

viscosity solution of
G(x,Dv(x)) <0 in£,

dv (133)
—(x) < h(x) on 982.
dy

To do this, let £ € £ and p € DT v(X). Consider the case where {(%) > 0,
which implies that X € U. We have n(x) = 1 near the point X, which implies that
p € DTu(%). As u is a viscosity subsolution of (131), we have H(%, p) < 0 if
X € 2 and min{H (%, p), y(X)- p —h(X)} < 0if X € 952. Assume in addition that
X € 0§2. By (132), we have y(X) - p < M. If | p| > L, we have both

y(X)-p <g(X) and y(X)-p <M.

Hence, if |p| > L, then y(x)- p < h(X). On the other hand, if | p| < L, we have two
cases: in one case we have H(X, p) < 0 and hence, G(x, p) < 0. In the other case,
we have y(X) - p < g(x) and then y(x) - p < h(X). These observations together
show that

min{G (X, p), y(X) - p —h(X)} < 0.
We next assume that X € £2. In this case, we easily see that G(X, p) < 0.

Next, consider the case where {(X) = 0, which implies that G(x, p) = |p| — L
and h(x) = M. By (132), we immediately see that G(x, p) < 0if X € £ and
min{G (X, p), y(X)- p—h(x)} <0if x € 3§2. We thus conclude that v is a viscosity
solution of (133).

We may invoke Theorem 4.2, to find a collection {v®}.e(0,1) C C 1(£2) such that

G(x,Dv®(x)) <e forallx € £2,

av

3 (x) < h(x) for all x € 052,
14

v = vl <&
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But, this yields

H(x,v°(x)) <e¢ forall x e VN2,

e

3 (x) < g(x) forall x €e VN0£2,
14

V¥ —utlloo,vne < e

The functions v® have all the required properties. O

The above theorem has a version for Hamilton—Jacobi equations of evolution
type.
Theorem D.2. Let U, V be bounded open subsets of R" x R with the properties:

VCcUUCR'xRy and VNQ #@. Letu € Lip(U N Q) be a viscosity solution
of
u(x,t) + H(x, Dyu(x,t)) <0 inU N2 xRy),
du
B—(X,Z) <g(x) onU N (082 xRy).
4
Then, for each ¢ € (0, 1), there exists a function u® € C'(V N Q) such that
u;(x,t) + Hx, Dyu'(x,1)) <e inV N2 xRy),
ou®
a—(x,t) <g(x) onV N (082 xRy), (134)
4
||M‘9 — I/l”oome <e.

Proof. Choose constants a,b € R4 so that U C R” x (a, b) and let p be a defining
function of £2. We may assume that p is bounded in R”. We choose a function
teCl(R)sothat{(z) = Oforallt € [a, b], ¢'(t) > Oforallt > b, &'(t) < O for
allt < a and min{¢(a/2),’(2b)} > ||pllco.s2-

We set

plx,1) = p(x) +¢(t) for (x,1) € R"*,
Q2 ={(x,1) e R"" 1 j(x,1) <O}
It is easily seen that
2C2x(a/2,2b) and 2N [R"x[a, b]) = 2 x [a, b].
Let (x,¢) € R"*! be such that 5(x, ) = 0.Itis obvious that (x, ) € 2 x[a/2, 2b].

Ifa <t < b, then p(x) = 0 and thus Dp(x) # 0. If either # > b or ¢ < a, then
|¢'(¢)| > 0. Hence, we have Dp(x,t) # 0. Thus, § is a defining function of £2.
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Let M > 0 and define j € C(352, R"*1) by
P, t) = ((1+ Mp(x)+y(x), (1)),

where we may assume that y is defined and continuous in £2. We note that for any
(x,t) € 082,

P, 1) - Dp(x,1) = (1 + Mp(x))+y(x) - Dp(x) + ¢'(1)*.
Note as well that (1 + Mp(x))+ = 1 forall x € 9§2 and

lim (1 + Mp(x))+ =0 locally uniformly in 2.
M—o00

Thus we can fix M > 0 so that for all (x,t) € 902,

7(x,1) - Dp(x,1) = (1 + Mp(x))+y(x) - Dp(x) +¢'(1)* > 0.

Noting that for each x € £2, the x-section {r € R : (x,) € £2} of £ is an open
interval (or, line segment), we deduce that £ is a connected set. We may assume
that g is defined and continuous in 2. We define § € C(9£2) by g(x.1) = g(x).
Thus, assumptions (A1)—(A4) hold with n+ 1, £2, 7 and & in place of n, £2, y and g.

Let L > 0 be a Lipschitz bound of the function u in U N Q. Set

H(x,t,p.q) = H(x, p) +q +2(lq| — L)3 for (x,1, p,q) € @ x R**,

and note that / € C(£2 x R"+!) satisfies (A5)—(A7), with £2 replaced by £2.
We now claim that u is a viscosity solution of

H(x,t,Du(x,1)) <0 inU NS,

7(x.1) - Du(x,1) < g(x,t) onU N L.

Indeed, since U N2 = UN Q and U N 32 = U N30, if (x,1) € U N £ and
(p.q) € DT u(x,1t), then we get |¢| < L by the cylindrical geometry of Q and, by
the viscosity property of u,

q+ H(x,p)+2(q| - L)+ =0 if (x,1) € @,
min{g + H(x, p) +2(lg| = L)+, y(x) - p— g(x)} <O if (x,1) € 9.
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We apply Theorem D.1, to find a collection {#*}.c0.1) C C'(V N .QT) such that

H(x,t,Duf(x,1)) <e inV N,
7(x.1)-Duf(x,1) < g(x,1) onUN £,

v —ull o yng < &

It is straightforward to see that the collection {uf}ce01) C C'(V N Q) satisfies
(134). O

A.5 A Proof of Lemma 5.4

This subsection is mostly devoted to the proof of Lemma 5.4, a version of the
Dunford—Pettis theorem. We also give a proof of the weak-star compactness of
bounded sequences in L*°(J,R™), where J = [a, b] is a finite interval in R.

Proof (Lemma 5.4). We define the functions F; € C(J,R"™) by

Fi(x) = / fi(dr.

By the uniform integrability of { f;}, the sequence {F;} ey is uniformly bounded
and equi-continuous in J. Hence, the Ascoli—Arzela theorem ensures that it has a
subsequence converging to a function F uniformly in J. We fix such a subsequence
and denote it again by the same symbol { F; }. Because of the uniform integrability
assumption, the sequence {F;} is equi-absolutely continuous in J. That is, for any
& > 0 there exists § > 0 such that

a<ar<b<ay<by<---<a, <b, <bh, Z(b,-—ai)<8,

i=1

= Z|fj(bi)—fj(ai)l <e forall j €N.

i=1
An immediate consequence of this is that F € AC(J, R™). Hence, for some f €
L'(J,R™), we have

F(x) = /xf(t)dt forall x € J.

Next, let ¢ € C!(J), and we show that

b b
lim / fi()e(x)dx = / f(x)p(x)dx. (135)
J_)oo a a



Introduction to Viscosity Solutions and the Large Time Behavior of Solutions 243

Integrating by parts, we observe that as j — oo,

b b b
/ £ dx = [Fi¢]’ — / Fy ()¢ (x) d

a

b b
b
> [Pl - [ Fog = [ fmpmar
a a

Hence, (135) is valid.

Now, let ¢ € L°°(J). We regard the functions f;, f, ¢ as functions defined in
R by setting f;(x) = f(x) = ¢(x) = O0forx < aorx > b. Let {k;}.~o be a
collection of standard mollification kernels. We recall that

lim ke * ¢ — @15y =0, (136)
e—>0
lke x @ (x)| < ||@pllLoosy forall x € J, e > 0. (137)

Fix any § > 0. By the uniform integrability assumption, we have
M = sup || fj — fllLiy < oo.
jeN

Let o > 0 and set

Ej:={xel:|(fi—fHx)|>al

By the Chebychev inequality, we get

|E;| <

Q.li

By the uniform integrability assumption, if & > 0 is sufficiently large, then

[ 1= Pl <. (138)

In what follows we fix @ > 0 large enough so that (138) holds. We write f; — f =
gj +bj,where g; = (f; — f)(1 —1g;) and b; = (f; — f)1g;. Then,

lgj(x)| <o forall xe€J and bl <S§.

Observe that
= [ fwsmas— [ wecoa

- /J(f; C ) ke # () dx + /J(fj ~ D@ — ke * $)(x) da
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and
[ = D =k i)

<| [ 0@ ko] +| [ @@ -k o
<allke x ¢ =Pl + 28[dllLoe)-
Hence, in view of (135) and (136), we get limsup;_, o [/;| < 28(|@|[oo(s). As
8 > 0 is arbitrary, we get lim; oo /; = 0, which completes the proof. O

As a corollary of Lemma 5.4, we deduce that the weak-star compactness of
bounded sequences in L*°(J,R™):

Lemma E.1. Let J = [a, b], with —00 < a < b < 00. Let { fi }ren be a bounded
sequence of functions in L (J,R™). Then { fi.} has a subsequence which converges
weakly-star in L*°(J,R™).

Proof. Set M = sup,cy || fkllLoo(s). Let E C J be a measurable set, and observe
that

/|fk(1)|df§M|E| forallk € N,
E

which shows that the sequence {f;} is uniformly integrable in J. Thanks to
Lemma 5.4, there exists a subsequence { fi;};jen of {fi} which converges to a
function f weakly in L'(J, R™).

Leti € Nandset E;, = {t € J : |f@)] > M + 1/i} and g;(t) =
1) f(t)/| f(¢)| fort € J. Since g; € L*=°(J,R™), we get

[ A0 > [ 1rohsoa s s>
J J
Hence, using the Chebychev inequality, we obtain
1
(4 + DIEL = [ 1Oz @ < [ M1z @ = MiEL
J J

which ensures that | E;| = 0. Thus, we find that | f(¢)| < M a.e.in J.
Now, fix any ¢ € L'(J,R™). We select a sequence {¢; }ien C L>®(J,R™) so
that, as i — 00, ¢; — ¢ in L'(J,R™). Foreach i € N, we have

i [ £, 000 = [ 10 g0
J—>00 J J
On the other hand, we have

[ fw-p00a = [ 5,0 6i0] = M16 = lsy foratt j



Introduction to Viscosity Solutions and the Large Time Behavior of Solutions 245

and

[ rw-pwa = [ 00w < Mg =g,

These together yield

Jim [ g @-pwa = [ 09001 o

A.6 Rademacher’s Theorem

We give here a proof of Rademacher’s theorem.

Theorem F.1 (Rademacher). Let B = By C R" and f € Lip(B). Then f is
differentiable almost everywhere in B.

To prove the above theorem, we mainly follow the proof given in [1].

Proof. We first show that f has a distributional gradient Df € L°°(B).

Let L > 0 be a Lipschitz bound of the function f. Leti € {1,2,...,n} and ¢;
denote the unit vector in R” with unity as the i-th entry. Fix any ¢ € C/J(B) and
observe that

/B ()¢, (x)dx = rEI&/B f(x)¢(x + rer,-) —¢(x) dx

i [ re) - f(x)¢(x)dx
r—>0+ Jp r

and

[ s <L [ g0kt < L1891z,
B B

Thus, the map

Cl(B)> ¢+ — /B £y ()dx € R

extends uniquely to a bounded linear functional G; on L?(B). By the Riesz
representation theorem, there is a function g; € L?(B) such that

Gi(¢p) = /B gi(x)¢p(x)dx forall ¢ € L*(B).

This shows that g = (g1, ..., &) is the distributional gradient of f.

We plug the function ¢ € L?(B) givenby ¢ (x) = (g (x)/|gi (x)|) 1, (x), where
k € Nand Ey = {x € B : |gi(x)| > L + 1/k}, into the inequality |G;(¢)| <
L”d)”Ll(B)’ to obtain

[ Jaltz s < L [ 12, 0ax = LIEL
B B
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which yields
(L + 1/k)|Ex| = L|Ex|.
Hence, we get |Ex| = O forallk € Nand |{x € B : |gi(x)| > L}| = 0. That is,
gi € L*(B) and |g;(x)| < L a.e.in B.
The Lebesgue differentiation theorem (see [57]) states that for a.e. x € B, we
have g(x) € R" and

. 1
tim - [ eG4 ) - g(oldy =0. (139)
r—>0+r B,

Now, we fix such a point x € B and show that f is differentiable at x. Fix an
r > 0 so that B,(x) C B.For$§ € (0, r), consider the function s € C(B) given by

fx+8y)— f(x)
; :

hs(y) =
We claim that
;im hs(y) = g(x)-y uniformly for y € B. (140)
—0
Note that #5(0) = 0 and h; is Lipschitz continuous with Lipschitz bound L. By
the Ascoli—Arzela theorem, for any sequence {8, } C (0, r) converging to zero, there
exist a subsequence {8, }ren of {8;} and a function i € C(B) such that

lim hs, (x) = ho(y) uniformly for y € B.
k—00 k

In order to prove (140), we need only to show that hy(y) = g(x) - y forall y € B.
Since hs(0) = 0 for all § € (0, r), we have hy(0) = 0. We observe from (139)
that

/ lg(x + 8) — g(x)ldy = / g +7) — g5 "dy — 0 as § 0.
B B

Using this, we compute that for all ¢ € C; (B),

[ 1o, 00ay = gim [ 06,00
B —ooJB

- klin;o/B gi(x 438, y)p(y)dy

- / 2 (0P()dy = / ¢() - vy, (9)dy.
B B
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This guarantees that ho(y) — g(x) - y is constant for all y € B while h(0) = 0.
Thus, we see that so(y) = g(x) - y for all y € B, which proves (140).

Finally, we note that (140) yields

fx+y)=f(x)+gx)-y+o(lyl) as y—0. O

Acknowledgements Supported in part by JSPS KAKENHI (#20340019, #21340032, #21224001,
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Fig. 1 Relations between idempotent and traditional mathematics

Tropical mathematics can be treated as a result of a dequantization of the
traditional mathematics as the Planck constant tends to zero taking imaginary
values. This kind of dequantization is known as the Maslov dequantization and it
leads to a mathematics over tropical algebras like the max-plus algebra. The so-
called idempotent dequantization is a generalization of the Maslov dequantization.
The idempotent dequantization leads to mathematics over idempotent semirings
(exact definitions see below in Sects.2 and 3). For example, the field of real or
complex numbers can be treated as a quantum object whereas idempotent semirings
can be examined as “classical” or “semiclassical” objects (a semiring is called
idempotent if the semiring addition is idempotent, i.e. x @x = x), see [39-42]. Some
other dequantization procedures lead to interesting applications, e.g., to convex
geometry, see below and [46, 55, 56].

Tropical algebras are idempotent semirings (and semifields). Thus tropical
mathematics is a part of idempotent mathematics. Tropical algebraic geometry can
be regarded as a result of the Maslov dequantization applied to the traditional
algebraic geometry (O. Viro, G. Mikhalkin), see, e.g., [32,72, 73, 94-96]. There
are interesting relations and applications to the traditional convex geometry.

In the spirit of Bohr’s correspondence principle there is a (heuristic) correspon-
dence between important, useful, and interesting constructions and results over
fields and similar constructions and results over idempotent semirings. A systematic
application of this correspondence principle leads to a variety of theoretical and
applied results [39—-43], see Fig. 1.

The history of the subject is discussed, e.g., in [39], with extensive bibliography.
See also [15,17,18,20,22,40-42,45].

Maslov’s idempotent superposition principle means that many nonlinear prob-
lems related to extremal problems are linear over suitable idempotent semirings.
The principle is very important for applications including numerical and parallel
computations. See Maslov’s original formulation in [63-65], as well as [6, 14, 15,
17,18,20,22,33,39-43,45], and below.
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Fig. 2 Deformation of R w R
to R™ . Inset: the same for a
small value of h

w=hlnu

2 The Maslov Dequantization

Let R and C be the fields of real and complex numbers. The so-called max-plus
algebra Ry,x = R U {—o0} is defined by the operations x & y = max{x, y} and
XQy=x+y.

The max-plus algebra can be seen as a result of the Maslov dequantization of the
semifield Ry of all nonnegative numbers with the usual arithmetics. The change of
variables

x> u=hlogx,

where i > 0, defines a map &;,: Ry — R U {—o00}, see Fig. 2. Let the addition and
multiplication operations be mapped from R to R U {—oo} by &y, i.e. let

u®p v = hlog(exp(u/h) +exp(v/h)), u®@v=u+v,
0=—00=2,(0), 1=0=a,(1).

It can be easily checked that u &, v — max{u, v} as h — 0. This deformation of
the algebraic structure borrowed from R brings us to the semifield Ry,ax, known as
the max-plus algebra, with zero 0 = —oo and unit1 =0 .

The semifield Ry, is a typical example of an idempotent semiring; this is a
semiring with idempotent addition, i.e., x @ x = x for arbitrary element x of this
semiring.

The semifield Ry, is also called a tropical algebra. The semifield R = &, (R
with operations @; and O (i.e.+) is called a subtropical algebra.

The semifield Ry, = RU{+4o00} with operations & = min and © = + (0 =+o0,
1 = 0) is isomorphic to Ryx.
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The analogy with quantization is obvious; the parameter / plays the role of the
Planck constant. The map x +— |x| and the Maslov dequantization for R4 give us a
natural transition from the field C (or R) to the max-plus algebra Ry,.x. We will also
call this transition the Maslov dequantization. In fact the Maslov dequantization
corresponds to the usual Schrodinger dequantization but for imaginary values of the
Planck constant (see below). The transition from numerical fields to the max-plus
algebra Ry, (or similar semifields) in mathematical constructions and results gen-
erates the so called tropical mathematics. The so-called idempotent dequantization
is a generalization of the Maslov dequantization; this is the transition from basic
fields to idempotent semirings in mathematical constructions and results without
any deformation. The idempotent dequantization generates the so-called idempotent
mathematics, i.e. mathematics over idempotent semifields and semirings.

Remark. The term “tropical” appeared in [89] for a discrete version of the max-plus
algebra (as a suggestion of Christian Choffrut). On the other hand Maslov used this
term in 1980s in his talks and works on economical applications of his idempotent
analysis (related to colonial politics). For the most part of modern authors, “tropical”
means “over Ryax (or Rpin)” and tropical algebras are Rp,x and Ry,;,. The terms

9 <

“max-plus”, “max-algebra” and “min-plus” are often used in the same sense.

3 Semirings and Semifields: The Idempotent
Correspondence Principle

Consider a set S equipped with two algebraic operations: addition @ and multipli-
cation ©. It is a semiring if the following conditions are satisfied:

* The addition @ and the multiplication © are associative.
* The addition & is commutative.
* The multiplication © is distributive with respect to the addition &:

xXO0U®)=x0y)®(x02)

and
xPY)Oz=x02®(y 02

forallx,y,z€ S.

A unity (we suppose that it exists) of a semiring S is an element 1 € S such that
10x =x01=xforall x € S. A zero (if it exists) of a semiring S is an element
0 e Ssuchthat0 # 1and0dx = x,00x = x©0 = 0forall x € S. A semiring
S is called an idempotent semiring if x @ x = x forall x € S. A semiring S with
neutral element 1 is called a semifield if every nonzero element of S is invertible
with respect to the multiplication. For the theory of semirings and semifields the
reader is referred, e.g., to [26].
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The analogy with quantum physics discussed in Sect.2 and below leads to the
following idempotent correspondence principle:

There is a (heuristic) correspondence between important, useful and interesting
constructions and results over the field of complex (or real) numbers (or the
semifield of nonnegative numbers) and similar constructions and results over
idempotent semirings in the spirit of Bohr’s correspondence principle in quantum
theory [40-42].

This principle can be also applied to algorithms and their software and hardware
implementations. Examples are discussed below; see also [39-42,47-50,53-57].

4 Idempotent Analysis

Idempotent analysis deals with functions taking their values in an idempotent
semiring and the corresponding function spaces. Idempotent analysis was initially
constructed by Maslov and his collaborators and then developed by many authors.
The subject is presented in the book of Kolokoltsov and Maslov [33] (a version of
this book in Russian was published in 1994).

Let S be an arbitrary semiring with idempotent addition @ (which is always
assumed to be commutative), multiplication ®, and unit 1. The set S is equipped
with the standard partial order <: by definition,a < b if and only ifa & b = b. If
S contains a zero element 0, then all elements of S are nonnegative: 0 < a for all
a € S. Due to the existence of this order, idempotent analysis is closely related to
the lattice theory, theory of vector lattices, and theory of ordered spaces. Moreover,
this partial order allows to model a number of basic “topological” concepts and
results of idempotent analysis on the purely algebraic level; this line of reasoning
was examined systematically in [18,39-57].

Calculus deals mainly with functions whose values are numbers. The idempotent
analog of a numerical function is a map X — S, where X is an arbitrary set and S
is an idempotent semiring. Functions with values in S can be added, multiplied by
each other, and multiplied by elements of S pointwise.

The idempotent analog of a linear functional space is a set of S-valued functions
that is closed under addition of functions and multiplication of functions by elements
of S, or an S-semimodule. Consider, e.g., the S-semimodule B(X,S) of all
functions X — S that are bounded in the sense of the standard order on S.

If S = Rpax, then the idempotent analog of integration is defined by the formula

D
I(p) = /X o(x) dx = sup o (x). )

x€X
where ¢ € B(X, S). Indeed, a Riemann sum of the form ) ¢(x;) - 0; corresponds
i
to the expression P ¢(x;) © 0; = max{¢(x;) + o; }, which tends to the right-hand
i i

1
side of (1) as 0; — 0. Of course, this is a purely heuristic argument.
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Formula (1) defines the idempotent (or Maslov) integral not only for functions
taking values in Ry,.x, but also in the general case when any of bounded (from above)
subsets of S has the least upper bound.

An idempotent (or Maslov) measure on X is defined by the formula my (Y) =

sup ¥ (x), where ¥ € B(X, S) is a fixed function. The integral with respect to this
x€Y
measure is defined by the formula

D D
Iy(p) = /X o(x) dmy = /X #(0) © Y() dr = swp(p(x) © Y(). @)

Obviously, if S = Ry, then the standard order is opposite to the conventional
order <, so in this case (2) takes the form

52 52
[ ewdny = [ o © v s = int o) @y,
X X X€

where inf is understood in the sense of the conventional order <.

We shall see that in idempotent analysis measures and generalized functions
(versions of distributions in the sense of L. Schwartz) are generated by usual
functions. For example the §-functional §, : ¢(-) — @(y) is generated by the
function
1, ifx =y,

8y (x) =
y0) {0, if x # y.

It is clear that

@
p(y) = /X 8y (x) © @(x)dx = sup(8y (x) © ¢(x)).

5 The Superposition Principle and Linear Equations

5.1 Heuristics

Basic equations of quantum theory are linear; this is the superposition principle in
quantum mechanics. The Hamilton—Jacobi equation, the basic equation of classical
mechanics, is nonlinear in the conventional sense. However, it is linear over the
semirings Rp,x and Ry,,. Similarly, different versions of the Bellman equation, the
basic equation of optimization theory, are linear over suitable idempotent semirings;
this is Maslov’s idempotent superposition principle, see [63—65]. More generally,
the idempotent superposition principle means that although some important prob-
lems and equations (related to extremal problems, e.g., optimization problems, the
Bellman equation and its instances, the Hamilton—Jacobi equation) are nonlinear in
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the usual sense, they can be treated as linear over appropriate idempotent semirings.
For instance, the finite-dimensional stationary Bellman equation can be written in
the form X = H ®© X @ F, where X, H, F are matrices with coefficients in an
idempotent semiring S and the unknown matrix X is determined by H and F, see
below and [6, 14, 15, 20,22, 28, 29]. In particular, standard problems of dynamic
programming and the well-known shortest path problem correspond to the cases
S = Rpu and S = Ry, respectively. It is known that principal optimization
algorithms for finite graphs correspond to standard methods for solving systems of
linear equations of this type (i.e., over semirings). Specifically, Bellman’s shortest
path algorithm corresponds to a version of Jacobi’s algorithm, Ford’s algorithm
corresponds to the Gauss—Seidel iterative scheme, etc. [14, 15].

The linearity of the Hamilton—Jacobi equation over Ry, and Ry,,x, which is the
result of the Maslov dequantization of the Schrédinger equation, is closely related
to the (conventional) linearity of the Schrddinger equation and can be deduced from
this linearity. Thus, it is possible to borrow standard ideas and methods of linear
analysis and apply them to a new area.

Consider a classical dynamical system specified by the Hamiltonian

N 2
D;
H:H(p,x)z E ﬁ-FV(X),
: i

i=l1

where x = (x1,...,xy) are generalized coordinates, p = (pi,..., pn) are
generalized momenta, m; are generalized masses, and V'(x) is the potential. In this
case the Lagrangian L(x, X, 7) has the form

N .2
L) = Y mi=h = V().

i=1

where X = (X1,...,Xy), X; = dx;/dt. The value function S(x,t) of the action
functional has the form

S = /IL(x(t),)'c(t),t)dt,

where the integration is performed along the actual trajectory of the system. The
classical equations of motion are derived as the stationarity conditions for the action
functional (the Hamilton principle, or the least action principle).

For fixed values of ¢ and #y and arbitrary trajectories x (¢), the action functional
S = S(x(t)) can be considered as a function taking the set of curves (trajectories)
to the set of real numbers which can be treated as elements of Ry,,. In this case
the minimum of the action functional can be viewed as the Maslov integral of this
function over the set of trajectories or an idempotent analog of the Euclidean version
of the Feynman path integral. The minimum of the action functional corresponds to
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the maximum of e~ i.e. idempotent integral f {f aths) eSO DLx (1)} with respect
to the max-plus algebra Ry.x. Thus the least action principle can be considered as
an idempotent version of the well-known Feynman approach to quantum mechanics.
The representation of a solution to the Schrédinger equation in terms of the Feynman
integral corresponds to the Lax—Oleinik solution formula for the Hamilton—Jacobi
equation.

Since dS/dx; = p;, 0§/t = —H(p,x), the following Hamilton—Jacobi

equation holds:
aS aS
—+H|—,xi )] =0.
L (axi,x) 0 3)

Quantization leads to the Schrodinger equation

AW Av = HG o, @)
i ot

where ¥ = ¥ (x,t) is the wave function, i.e., a time-dependent element of the
Hilbert space L?(R"), and H is the energy operator obtained by substitution
of the momentum operators p; = IE% and the coordinate operators X;: ¥y >
x; ¥ for the variables p; and x; in the Hamiltonian function, respectively. This
equation is linear in the conventional sense (the quantum superposition principle).
The standard procedure of limit transition from the Schrodinger equation to the
Hamilton—Jacobi equation is to use the following ansatz for the wave function:
V(x, 1) = a(x,1)eSc0D/% and to keep only the leading order as # — 0 (the

“semiclassical” limit).
Instead of doing this, we switch to imaginary values of the Planck constant #
by the substitution 7 = if, assuming 7 > 0. Then the Schrodinger equation (4)

becomes similar to the heat equation:

ou J .
hg =H (—ha—)q,xz) u, (5)

where the real-valued function u corresponds to the wave function 1. A similar idea
(a switch to imaginary time) is used in the Euclidean quantum field theory; let us
remember that time and energy are dual quantities.

Linearity of equation (4) implies linearity of (5). Thus if #; and u, are solutions
of (5), then so is their linear combination

U= Aup + Aus. (6)

S/

Let S = hlnuoru = e5/" as in Sect. 2 above. It can easily be checked that (5)

thus turns to
N

3s 1 [3S)’ L1 #S

i=1 i=1
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Thus we have a transition from (3) to (7) by means of the change of variables
V¥ = e5/". Note that || = e/ | where ReS is the real part of S. Now let
us consider S as a real variable. Equation (7) is nonlinear in the conventional sense.
However, if S| and S, are its solutions, then so is the function

S=14O0S®r 0O S, ()

obtained from (6) by means of the substitution S = hInu. Here the generalized
multiplication ® coincides with the ordinary addition and the generalized addition
@y, is the image of the conventional addition under the above change of variables.
As h — 0, we obtain the operations of the idempotent semiring Ry, i.€., & = max
and © = +, and (7) becomes the Hamilton—Jacobi equation (3), since the third term
in the right-hand side of (7) vanishes.

Thus it is natural to consider the limit function S = A1 © S ® A, ©® S, as a
solution of the Hamilton—Jacobi equation and to expect that this equation can be
treated as linear over Ry,x. This argument (clearly, a heuristic one) can be extended
to equations of a more general form. For a rigorous treatment of (semiring) linearity
for these equations see, e.g., [33,43, 85]. Notice that if / is changed to —h, then we
have that the resulting Hamilton—Jacobi equation is linear over Ryp.

The idempotent superposition principle indicates that there exist important
nonlinear (in the traditional sense) problems that are linear over idempotent
semirings. The idempotent linear functional analysis (see below) is a natural tool
for investigation of those nonlinear infinite-dimensional problems that possess this

property.

5.2 The Cauchy Problem for the Hamilton—-Jacobi Equations

A rigorous “idempotent” approach to the investigation of the Hamilton—Jacobi
equation was developed by Kolokoltsov and Maslov [33] (a Russian version of this
book was published in 1994); see also [71,85,92,93].

Let us consider, inspired by a long tradition, the well-known Cauchy problem for
the Hamilton—Jacobi equation (3). Given the action function at time 7'

S(T,x) = Sr(x) = ¢(x), xeRY, )

the Cauchy problem asks to reconstruct S(z, x) for x € R" during the time interval
0<t=<T.

We shall discuss the min-plus linearity of this problem and denote by U, the
resolving operator, i.e. the map which assigns to each given Sr(x) the solution
S(t,x) of the Cauchy problem in the interval 0 < ¢ < T. Then the map U,
for each ¢, is a linear (over Ry,;,) operator in the space LSC(R”, Ry,) of lower
semicontinuous functions taking their values in Ry,;,. Moreover U; is an integral
operator (in the sense of idempotent mathematics) of the form:
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5]
(Urp)(x) :/ (VK (x,y)dy = iryl,f{qo(y) + Ki(x, y)}, (10)

where K;(x,y), as a function of y € R”, is bounded from below and lower
semicontinuous. See [33, 85] for details.
The operator U, (as well as other integral operators, see Sect. 7 below) has the

following property:
U@ o) = PWUig). (11)

where {¢,} is a bounded set of elements in LSC(R”, Ry,). So if we have such a
family of functions S, (7, x) and S(7, x) = feB Sy(T, x)dv = inf, (S, (T, x)), then
the solution of the Cauchy problem is expressed as S (¢, x) = inf, (S, (z, x)).

Relations between the “idempotent approach”, viscosity solutions and minimax
solutions in the sense of Subbotin [92,93] are examined, e.g., in [85] in details; see
also McEneaney [71]. To this end, let us mention that more general Hamiltonians
of the form H = H(t, x, p) (satisfying some additional conditions) and different
kinds of solution spaces are also considered in the literature.

The situation is similar for the Cauchy problem for the homogeneous Hamilton—
Jacobi equation

EN aS
E + H(g) =0, S—= SO(X)’

where H : R" — R is a convex (not strictly) first order homogeneous function

H(p)= sup (f-p+g)., [fe€R', geR,
(f.8)eV

and V is a compact set in R"*1. See [33].

To develop a rigorous “idempotent” approach to differential equations and other
problems, one needs an idempotent version of analysis and, especially, functional
analysis. See Sect. 7 below.

6 Convolution and the Fourier-Legendre Transform

Let G be a group. Then the space Z(G, Rp,x) of all bounded functions G — Ryax
(see above) is an idempotent semiring with respect to the following analog ® of the
usual convolution:

(&)
(p(x) ®Y)(g) == /G p(x) O Y(x~" - g)dx = sgg(fp(X) +y(x"g)).

Of course, it is possible to consider other “function spaces” (and other basic
semirings instead of Rpax).
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Let G = R”, where R” is considered as a topological group with respect to the
vector addition. The conventional Fourier—Laplace transform is defined as

p(x) > §(§) = /G ¥ p(x) dx (12)

where e is a character of the group G, i.e., a solution of the following functional
equation:

fx+y) =) ().

The idempotent analog of this equation is

Jax+y) =7 )0 f(y) =)+ f(¥),

so “continuous idempotent characters” are linear functionals of the form x + &-x =
&1x1 4+ -+ + &,x,. As aresult, the transform in (12) assumes the form

®
p(x) = ¢(§) = /G §-x0px)dx = Slelg(é X+ @(x)). (13)

The transform in (13) is the Legendre transform (up to some change of notation)
[65]; transforms of this kind establish the correspondence between the Lagrangian
and the Hamiltonian formulations of classical mechanics. The Legendre transform
generates an idempotent version of harmonic analysis for the space of convex
functions, see, e.g., [61].

Of course, this construction can be generalized to different classes of groups and
semirings. Transformations of this type convert the generalized convolution & to
the pointwise (generalized) multiplication and possess analogs of some important
properties of the usual Fourier transform.

The examples discussed in this sections can be treated as fragments of an idempo-
tent version of the representation theory, see, e.g., [50]. In particular, “idempotent”
representations of groups can be examined as representations of the corresponding
convolution semirings (i.e. idempotent group semirings) in semimodules.

7 Idempotent Functional Analysis

Many other idempotent analogs may be given, in particular, for basic constructions
and theorems of functional analysis. Idempotent functional analysis is an abstract
version of idempotent analysis. For the sake of simplicity take S = Ryjax and let
X be an arbitrary set. The idempotent integration can be defined by the formula
(1), see above. The functional /(¢) is linear over S and its values correspond to
limiting values of the corresponding analogs of Lebesgue (or Riemann) sums. An
idempotent scalar product of functions ¢ and ¥ is defined by the formula
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D
(0. v) = /X #(1) © () dx = sup(y() © Y ()

So it is natural to construct idempotent analogs of integral operators in the form

D
o) > (Kg)(x) = /Y K(x.5) © ply) dy = sup{K(x.3) + 90}, (14)
ye

where ¢(y) is an element of a space of functions defined on a set Y, and K(x, y) is
an S-valued function on X x Y. Of course, expressions of this type are standard in
optimization problems.

Recall that the definitions and constructions described above can be extended to
the case of idempotent semirings which are conditionally complete in the sense
of the standard order. Using the Maslov integration, one can construct various
function spaces as well as idempotent versions of the theory of generalized functions
(distributions). For some concrete idempotent function spaces it was proved that
every “good” linear operator (in the idempotent sense) can be presented in the
form (14); this is an idempotent version of the kernel theorem of Schwartz; results
of this type were proved by Kolokoltsov, Dudnikov and Samborskii, Singer, Shubin
and others. So every ‘good’ linear functional can be presented in the form ¢ +—
(@, ¥), where (, ) is an idempotent scalar product.

In the framework of idempotent functional analysis results of this type can be
proved in a very general situation. In [47-50, 54, 57] an algebraic version of the
idempotent functional analysis is developed; this means that basic (topological)
notions and results are simulated in purely algebraic terms (see below). The
treatment covers the subject from basic concepts and results (e.g., idempotent
analogs of the well-known theorems of Hahn-Banach, Riesz, and Riesz—Fisher)
to idempotent analogs of Grothendieck’s concepts and results on topological tensor
products, nuclear spaces and operators. Abstract idempotent versions of the kernel
theorem are formulated. Note that the transition from the usual theory to idempotent
functional analysis may be very nontrivial; for example, there are many non-
isomorphic idempotent Hilbert spaces. Important results on idempotent functional
analysis (duality and separation theorems) were obtained by Cohen, Gaubert, and
Quadrat. Idempotent functional analysis has received much attention in the last
years, see, e.g., [3, 18,28-30,33-57, 68, 88] and works cited in [39]. All the results
presented in this section are proved in [49] (Sects. 7.1-7.4) and in [57] (Sects. 7.5—
7.10)

7.1 Idempotent Semimodules and Idempotent Linear Spaces

An additive semigroup S with commutative addition @ is called an idempotent
semigroup if the relation x@x = x is fulfilled for all elements x € S.If S contains a
neutral element, this element is denoted by the symbol 0. Any idempotent semigroup



Tropical Mathematics, Idempotent Analysis, Classical Mechanics, and Geometry 263

is a partially ordered set with respect to the following standard order: x < y if and
onlyif xé@y = y. Itis obvious that this order is well defined and x &y = sup{x, y}.
Thus, any idempotent semigroup is an upper semilattice; moreover, the concepts
of idempotent semigroup and upper semilattice coincide, see [10]. An idempotent
semigroup S is called a-complete (or algebraically complete) if it is complete as
an ordered set, i.e., if any subset X in S has the least upper bound sup(X) denoted
by @X and the greatest lower bound inf(X) denoted by AX. This semigroup is
called b-complete (or boundedly complete), if any bounded above subset X of this
semigroup (including the empty subset) has the least upper bound @ X (in this case,
any nonempty subset ¥ in S has the greatest lower bound AY and S in a lattice).
Note that any a-complete or h-complete idempotent semiring has the zero element 0
that coincides with @@, where @ is the empty set. Certainly, a-completeness implies
the h-completeness. Completion by means of cuts [10] yields an embedding S — S
of an arbitrary idempotent semigroup S into an a-completei idempotent semigroup S

(which is called a normal completion of S); in addition, S = S. The b-completion
procedure S — S is defined similarly: if S > co = sup S, then Sy =8; otherwise,
S = Sb U {oco}. An arbitrary b-complete idempotent semigroup S also may differ
from only by the element co = sup S

Let S and T be b-complete idempotent semigroups. Then, a homomorphism
f S — T is said to be a b-homomorphism if f(®X) = & f(X) for any bounded
subset X in S. If the b-homomorphism f is extended to a homomorphism ST
of the corresponding normal completions and f(®X) = & f(X) forall X C S,
then f is said to be an a-homomorphism. An idempotent semigroup S equipped
with a topology such that the set {s € S|s < b} is closed in this topology for any
b € S is called a topological idempotent semigroup S.

Proposition 7.1. Let S be an a-complete topological idempotent semigroup and
T be a b-complete topological idempotent semigroup such that, for any nonempty
subsemigroup X in T, the element ®X is contained in the topological closure
of X in T. Then, a homomorphism f : T — S that maps zero into zero is an
a-homomorphism if and only if the mapping f is lower semicontinuous in the sense
that the set {t € T|f(t) < s}isclosedin T foranys € S.

An idempotent semiring K is called a-complete (respectively b-complete) if K is
an a-complete (respectively b-complete) idempotent semigroup and, for any subset
(respectively, for any bounded subset) X in K and any k € K, the generalized
distributive laws k © (6 X) = ®(k © X) and (6 X) O k = &(X O k) are fulfilled.
Generalized distributivity implies that any a-complete or h-complete idempotent
semiring has a zero element that coincides with @@, where @ is the empty set.

The set R(max, +) of real numbers equipped with the idempotent addition
@ = max and multiplication ® = 4 is an idempotent semiring; in this case, 1 = 0.
Adding the element 0 = —oo to this semiring, we obtain a h-complete semiring
Ri.x = R U {—oo} with the same operations and the zero element. Adding the
element +00 t0 Ryax and assuming that 0 © (+00) = 0 and x © (+00) = + o0
for x # 0 and x & (4+00) = +oo for any x, we obtain the a-complete
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idempotent semiring ﬁmax = Ryux U {+00}. The standard order on R(max, +),
Rax and ﬁmax coincides with the ordinary order. The semirings R(max, +) and
R;.x are semifields. On the contrary, an a-complete semiring that does not coincide
with {0,1} cannot be a semifield. An important class of examples is related to
(topological) vector lattices (see, for example, [10] and [86, Chap. 5]). Defining the
sum x @ y as sup{x, y} and the multiplication © as the addition of vectors, we can
interpret the vector lattices as idempotent semifields. Adding the zero element 0 to a
complete vector lattice (in the sense of [10, 86]), we obtain a b-complete semifield.
If, in addition, we add the infinite element, we obtain an a-complete idempotent
semiring (which, as an ordered set, coincides with the normal completion of the
original lattice).

Important definitions. Let 1V be an idempotent semigroup and K be an
idempotent semiring. Suppose that a multiplication k, x +— k © x of all elements
from K by the elements from V' is defined; moreover, this multiplication is
associative and distributive with respect to the addition in V and 1 © x = x,
0O x = 0forall x € V. In this case, the semigroup V is called an idempotent
semimodule (or simply, a semimodule) over K. The element 0 € V is called the
zero of the semimodule V if k © 0y = 0y and 0y & x = x forany k € K
and x € V. Let V be a semimodule over a b-complete idempotent semiring K.
This semimodule is called b-complete if it is b-complete as an idempotent semiring
and, for any bounded subsets Q in K and X in V/, the generalized distributive laws
@®O)Ox =®(Q ©x)and k © (®X) = ®(k © X) are fulfilled for all k € K
and x € X. This semimodule is called a-complete if it is b-complete and contains
the element co = sup V.

A semimodule V over a b-complete semifield K is said to be an idempotent
a-space (b-space) if this semimodule is a-complete (respectively, b-complete) and
the equality (AQ) © x = A(Q © x) holds for any nonempty subset Q in K and
any x € V, x # oo = sup V. The normal completion V of a b-space V (as an
idempotent semigroup) has the structure of an idempotent a-space (and may differ
from V only by the element co = sup V).

Let V and W be idempotent semimodules over an idempotent semiring K.
A mapping p : V — W is said to be linear (over K) if

p(x®y) = p(x)® p(y)and p(k ©x) =k © p(x)

for any x,y € V and k € K. Let the semimodules V and W be b-complete.
A linear mapping p : V — W is said to be b-linear if it is a b-homomorphism of
the idempotent semigroup; this mapping is said to be a-linear if it can be extended
to an a-homomorphism of the normal completions V and W. Proposition 7.1 (see
above) shows that a-linearity simulates (semi)continuity for linear mappings. The
normal completion K of the semifield K is a semimodule over K. If W = K , then
the linear mapping p is called a linear functional.

Linear, a-linear and b-linear mappings are also called linear, a-linear and
b-linear operators respectively.
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Examples of idempotent semimodules and spaces that are the most important for
analysis are either subsemimodules of topological vector lattices [86] (or coincide
with them) or are dual to them, i.e., consist of linear functionals subject to some
regularity condition, for example, consist of a-linear functionals. Concrete examples
of idempotent semimodules and spaces of functions (including spaces of bounded,
continuous, semicontinuous, convex, concave and Lipschitz functions) see in [33,
48,49, 57] and below.

7.2 Basic Results

Let V be an idempotent lz-space over a b-complete semifield K, x € V. Denote by
x* the functional V' — K defined by the formula x*(y) = Alk € K|y <k © x},
where y is an arbitrary fixed element from V.

Theorem 7.1. For any x € V the functional x* is a-linear. Any nonzero a-linear
functional f on V is given by f = x* for a unique suitable element x € V. If
K #1{0,1}, thenx = ®{y € V[f(y) = 1}.

Note that results of this type obtained earlier concerning the structure of linear
functionals cannot be carried over to subspaces and subsemimodules.

A subsemigroup W in V closed with respect to the multiplication by an arbitrary
element from K is called a b-subspace in V if the imbedding W — V can be
extended to a b-linear mapping. The following result is obtained from Theorem 7.1
and is the idempotent version of the Hahn—Banach theorem.

Theorem 7.2. Any a-linear functional defined on a b-subspace W in V can be
extended to an a-linear functionalon V. If x,y € V and x # y, then there exists an
a-linear functional f on 'V that separates the elements x and y, i.e., f(x) # f(y).

The following statements are easily derived from the definitions and can be
regarded as the analogs of the well-known results of the traditional functional
analysis (the Banach—Steinhaus and the closed-graph theorems).

Proposition 7.2. Suppose that P is a family of a-linear mappings of an a-space
V into an a-space W and the mapping p : V. — W is the pointwise sum of the
mappings of this family, i.e., p(x) = sup{p(x)|ps € P}. Then the mapping p is
a-linear.

Proposition 7.3. Let V and W be a-spaces. A linear mapping p : V. — W is
a-linear if and only if its graph I' in V x W is closed with respect to passing to
sums (i.e., to least upper bounds) of its arbitrary subsets.

In [18] the basic results were generalized for the case of semimodules over the
so-called reflexive b-complete semirings.
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7.3 Idempotent b-semialgebras

Let K be a b-complete semifield and A be an idempotent b-space over K equipped
with the structure of a semiring compatible with the multiplication K x A — A so
that the associativity of the multiplication is preserved. In this case, A4 is called an
idempotent b-semialgebra over K.

Proposition 7.4. For any invertible element x € A from the b-semialgebra A and
any element y € A, the equality x*(y) = 1*(y © x71) holds, where 1 € A.

The mapping Ax A — K defined by the formula (x, y) — (x,y) = 1*(xOy) is
called the canonical scalar product (or simply scalar product). The basic properties
of the scalar product are easily derived from Proposition 7.4 (in particular, the scalar
product is commutative if the b-semialgebra A is commutative). The following
theorem is an idempotent version of the Riesz—Fisher theorem.

Theorem 7.3. Let a b-semialgebra A be a semifield. Then any nonzero a-linear
functional f on A can be represented as f(y) = (y, x), where x € A, x # 0 and
(-, -) is the canonical scalar product on A.

Remark 7.1. Using the completion procedures, one can extend all the results
obtained to the case of incomplete semirings, spaces, and semimodules, see [49].

Example 7.1. Let 2(X) be a set of all bounded functions with values belonging to
R(max, +) on an arbitrary set X and let Z(X) = %(X)U{0}. The pointwise idem-
potent addition of functions (¢1 @ ¢2)(x) = ¢1(x) @ @2(x) and the multiplication
(01 ©2)(x) = (@1(x)) © (p2(x)) define on A(X) the structure of a b-semialgebra
over the b-complete semifield Ry,x. In this case, 1*(¢) = sup,cy ¢(x) and
the scalar product is expressed in terms of idempotent integration: (1, ;) =

53]
supex (@1(x) © ¢2(x)) = supex(@1(x) + ¢2(x)) = ){ (p1(x) © ¢2(x)) dx.

Scalar products of this type were systematically used in idempotent analysis. Using
Theorems 7.1 and 7.3, one can easily describe a-linear functionals on idempotent
spaces in terms of idempotent measures and integrals.

Example 7.2. Let X be a linear space in the traditional sense. The idempotent
semiring (and linear space over R(max, +)) of convex functions Conv(X,R) is
b-complete but it is not a h-semialgebra over the semifield K = R(max, +).

Any nonzero a-linear functional f on Conv(X, R) has the form

(&)
o > f(p) = sup{p(x) + Y ()} = [X o(x) © ¥ (x) dr.

where i is a concave function, i.e., an element of the idempotent space
Conc(X,R) = —Conv(X, R).
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7.4 Linear Operator, b-semimodules and Subsemimodules

In what follows, we suppose that all semigroups, semirings, semifields, semimod-
ules, and spaces are idempotent unless otherwise specified. We fix a basic semiring
K and examine semimodules and subsemimodules over K. We suppose that every
linear functional takes it values in the basic semiring.

Let V and W be b-complete semimodules over a b-complete semiring K. Denote
by Ly (V, W) the set of all b-linear mappings from V to W. It is easy to check
that L, (V, W) is an idempotent semigroup with respect to the pointwise addition of
operators; the composition (product) of b-linear operators is also a b-linear operator,
and therefore the set L,(V, V) is an idempotent semiring with respect to these
operations, see, e.g., [49]. The following proposition can be treated as a version
of the Banach—Steinhaus theorem in idempotent analysis (as well as Proposition 7.2
above).

Proposition 7.5. Assume that S is a subsetin Ly (V, W) and the set {g(v) | g € S}
is bounded in W for every element v € V; thus the element f(v) = sup,cg g(v)
exists, because the semimodule W is b-complete. Then the mapping v — f(v) is a
b-linear operator, i.e., an element of Ly(V, W). The subset S is bounded; moreover,

sup S = f.

Corollary 7.1. The set L,(V,W) is a b-complete idempotent semigroup with
respect to the (idempotent) pointwise addition of operators. If V =W, then
Ly(V,V) is a b-complete idempotent semiring with respect to the operations of
pointwise addition and composition of operators.

Corollary 7.2. A subset S is bounded in Ly(V, W) if and only if the set {g(v) |
g € S} is bounded in the semimodule W for every element v € V.

A subset of an idempotent semimodule is called a subsemimodule if it is closed
under addition and multiplication by scalar coefficients. A subsemimodule V' of a
b-complete semimodule W is b-closed if V is closed under sums of any subsets of
V that are bounded in W. A subsemimodule of a b-complete semimodule is called a
b-subsemimodule if the corresponding embedding is a b-homomorphism. It is easy
to see that each b-closed subsemimodule is a b-subsemimodule, but the converse
is not true. The main feature of b-subsemimodules is that restrictions of b-linear
operators and functionals to these semimodules are b-linear.

The following definitions are very important for our purposes. Assume that W
is an idempotent h-complete semimodule over a b-complete idempotent semiring
K and V is a subset of W such that V is closed under multiplication by scalar
coefficients and is an upper semilattice with respect to the order induced from W.
Let us define an addition operation in V' by the formula x & y = sup{x, y}, where
sup means the least upper bound in V. If K is a semifield, then V' is a semimodule
over K with respect to this addition.

For an arbitrary b-complete semiring K, we will say that V is a quasisubsemi-
module of W if V' is a semimodule with respect to this addition (this means that the
corresponding distribution laws hold).
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Recall that the symbol A means the greatest lower bound (see Sect. 7.1 above).
A quasisubsemimodule V' of an idempotent b-complete semimodule W is called a
A-subsemimodule if it contains 0 and is closed under the operations of taking infima
(greatest lower bounds) in W. It is easy to check that each A-subsemimodule is a
b-complete semimodule.

Note that quasisubsemimodules and A-subsemimodules may fail to be subsemi-
modules, because only the order is induced and not the corresponding addition (see
Example 7.6 below).

Recall that idempotent semimodules over semifields are idempotent spaces.
In idempotent mathematics, such spaces are analogs of traditional linear (vector)
spaces over fields. In a similar way we use the corresponding terms like b-spaces,
b-subspaces, b-closed subspaces, N-subspaces, etc.

Some examples are presented below.

7.5 Functional Semimodules

Let X be an arbitrary nonempty set and K be an idempotent semiring. By K(X)
denote the semimodule of all mappings (functions) X — K endowed with the
pointwise operations. By K;(X) denote the subsemimodule of K(X) consisting of
all bounded mappings. If K is a b-complete semiring, then K(X) and K,(X) are
b-complete semimodules. Note that K (X) is a b-subsemimodule but not a b-closed
subsemimodule of K(X). Given a point x € X, by §, denote the functional on
K(X) that maps f to f(x). It can easily be checked that the functional §, is b-linear
on K(X).
Recall that the functional §, is generated by the usual function

1, ifx =y,
8 (y) = . 4
0, ifx #y,

so p(x) = feB 5 (»)p(»)dy = sup(8x(y) © ¢(y)). Note that §-functions form a
y

natural (continuous in general) basis in any typical functional semimodule.

We say that a quasisubsemimodule of K(X) is an (idempotent) functional
semimodule on the set X. An idempotent functional semimodule in K(X) is called
b-complete if it is a b-complete semimodule.

A functional semimodule V' C K(X) is called a functional b-semimodule if it
is a b-subsemimodule of K(X); a functional semimodule V' C K(X) is called a
functional A-semimodule if it is a A-subsemimodule of K(X).

In general, a functional of the form §, on a functional semimodule is not
even linear, much less b-linear (see Example 7.6 below). However, the following
proposition holds, which is a direct consequence of our definitions.
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Proposition 7.6. An arbitrary b-complete functional semimodule W on a set X is
a b-subsemimodule of K(X) if and only if each functional of the form &, (where
x € X) is b-linearon W.

Example 7.3. The semimodule K;(X) (consisting of all bounded mappings from
an arbitrary set X to a b-complete idempotent semiring K) is a functional
A-semimodule. Hence it is a b-complete semimodule over K. Moreover, K;(X) is
a b-subsemimodule of the semimodule K(X) consisting of all mappings X — K.

Example 7.4. If X is a finite set consisting of n elements (n > 0), then K;(X) =
K(X) is an “n-dimensional” semimodule over K’; it is denoted by K". In particular,
R, .. is an idempotent space over the semifield R,,,, and R} is a semimodule

max

over the semiring Ry Note that ﬁfnax can be treated as a space over the semifield

R;4. For example, the semiring Rp.x can be treated as a space (semimodule)
over Rpax.

Example 7.5. Let X be a topological space. Denote by US C(X) the set of all upper
semicontinuous functions with values in Rp,,. By definition, a function f(x) is

upper semicontinuous if the set Xy = {x € X | f(x) > s} is closed in X for
every element s € Ry, (see, e.g., [49, Sect.2.8]). If a family { f,} consists of
upper semicontinuous (e.g., continuous) functions and f(x) = inf, fy(x), then

f(x) € USC(X). It is easy to check that USC(X) has a natural structure of an
idempotent space over Ryax. Moreover, US C(X) is a functional A-space on X and
a b-space. The subspace USC(X) N Kp(X) of USC(X) consisting of bounded
(from above) functions has the same properties.

Example 7.6. Note that an idempotent functional semimodule (and even a func-
tional A-semimodule) on a set X is not necessarily a subsemimodule of K(X). The
simplest example is the functional space (over K = Ry,x) Conc(R) consisting of
all concave functions on R with values in Rp,,. Recall that a function f belongs
to Conc(R) if and only if the subgraph of this function is convex, i.e., the formula
flax + (1 —a)y) = af(x) + (1 —a)f(y) is valid for 0 < a < 1. The basic
operations with 0 € Rpx can be defined in an obvious way. If f, g eConc(R), then
denote by f @ g the sum of these functions in Conc(R). The subgraph of f & g is
the convex hull of the subgraphs of f and g. Thus f @ g does not coincide with the
pointwise sum (i.e., max{ f (x), g(x)}).

Example 7.7. Let X be a nonempty metric space with a fixed metric r. Denote by
Lip(X) the set of all functions defined on X with values in Ry, satisfying the
following Lipschitz condition:

| f) O (fONT" =] f(x) = fO) = r(x. ),

where x, y are arbitrary elements of X. The set Lip(X) consists of continuous
real-valued functions (but not all of them!) and (by definition) the function equal
to —oo = 0 atevery point x € X. The set Lip(X) has the structure of an idempotent
space over the semifield Ry,.x. Spaces of the form Lip(X) are said to be Lipschitz
spaces. These spaces are b-subsemimodules in K(X).
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7.6 Integral Representations of Linear Operators
in Functional Semimodules

Let W be an idempotent b-complete semimodule over a b-complete semiring K and
V C K(X) be a b-complete functional semimodule on X. A mapping 4: V — W
is called an integral operator or an operator with an integral representation if there
exists a mapping k : X — W, called the integral kernel (or kernel) of the operator
A, such that

Af = sup (f(x) © k(x)). (15)

In idempotent analysis, the right-hand side of formula (11) is often written as
/ ;B f(x) © k(x)dx. Regarding the kernel k, it is assumed that the set { f(x) ©
k(x)|x € X} is bounded in W for all f € V and x € X. We denote the set of
all functions with this property by kerny,y (X). In particular, if W = K and A is a
functional, then this functional is called integral. Thus each integral functional can
be presented in the form of a “scalar product” f > /. ;B f(x) ® k(x) dx, where
k(x) € K(X); in idempotent analysis, this situation is standard.

Note that a functional of the form §, (where y € X) is a typical integral
functional; in this case, k(x) = 1if x = y and k(x) = 0 otherwise.

We call a functional semimodule V' C K(X) nondegenerate if for every point
x € X there exists a function g € V such that g(x) = 1, and admissible if for every
function f € V and every point x € X such that f(x) # 0 there exists a function
g€ Vsuchthatg(x) =1and f(x) O g < f.

Note that all idempotent functional semimodules over semifields are admissible
(it is sufficientto set g = f(x)~' © f).

Proposition 7.7. Denote by Xy the subset of X defined by the formula Xy = {x €
X | Af € Vi f(x) = 1}. If the semimodule V is admissible, then the restriction
to Xy defines an embedding i : V — K(Xy) and its image i (V') is admissible and
nondegenerate.

If a mapping k : X — W is a kernel of a mapping A : V. — W, then the
mapping ky : X — W that is equal to k on Xy and equal to 0 on X ~ Xy is also
a kernel of A.

A mapping A 1V — W is integral if and only if the mapping i_1A : i(A) — W
is integral.

In what follows, K always denotes a fixed b-complete idempotent (basic)
semiring. If an operator has an integral representation, this representation may not be
unique. However, if the semimodule V' is nondegenerate, then the set of all kernels
of a fixed integral operator is bounded with respect to the natural order in the set
of all kernels and is closed under the supremum operation applied to its arbitrary
subsets. In particular, any integral operator defined on a nondegenerate functional
semimodule has a unique maximal kernel.
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An important point is that an integral operator is not necessarily b-linear and even
linear except when V' is a b-subsemimodule of K(X) (see Proposition 7.8 below).

If W is a functional semimodule on a nonempty set Y, then an integral kernel
k of an operator A can be naturally identified with the function on X x Y defined
by the formula k(x, y) = (k(x))(y). This function will also be called an integral
kernel (or kernel) of the operator A. As a result, the set kerny,y (X) is identified
with the set kerny (X, Y) of all mappings k : X x Y — K such that for every
point x € X the mapping k. : y + k(x,y) lies in W and for every v € V the set
{v(x) © ky|x € X} is bounded in W. Accordingly, the set of all integral kernels of
b-linear operators can be embedded into kerny i (X, Y).

If V and W are functional b-semimodules on X and Y, respectively, then the
set of all kernels of b-linear operators can be identified with kerny (X, Y') and the
following formula holds:

53]

AF(3) = sup (/1) © k. 7) = / f() Ok d.  (16)

X

This formula coincides with the usual definition of an integral representation of an
operator. Note that formula (15) can be rewritten in the form

Af = sup (0:(f) © k(x)). 7)

Proposition 7.8. An arbitrary b-complete functional semimodule V on a nonempty
set X is a functional b-semimodule on X (i.e., a b-subsemimodule of K(X)) if and
only if all integral operators defined on V are b-linear.

The following notion (definition) is especially important for our purposes. Let
V C K(X) be a b-complete functional semimodule over a b-complete idempotent
semiring K. We say that the kernel theorem holds for the semimodule V' if every
b-linear mapping from V' into an arbitrary b-complete semimodule over K has an
integral representation.

Theorem 7.4. Assume that a b-complete semimodule W over a b-complete semir-
ing K and an admissible functional N-semimodule V- C K(X) are given. Then
every b-linear operator A : V. — W has an integral representation of the form (15).
In particular, if W is a functional b-semimodule on a set Y, then the operator A has
an integral representation of the form (16). Thus for the semimodule V the kernel
theorem holds.

Remark 7.2. Examples of admissible functional A-semimodules (and A-spaces)
appearing in Theorem 7.4 are presented above, see, e.g., Examples 7.3-7.5. Thus for
these functional semimodules and spaces V' over K, the kernel theorem holds and
every b-linear mapping V' into an arbitrary b-complete semimodule W over K has
an integral representation (16). Recall that every functional space over a b-complete
semifield is admissible, see above.
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7.7 Nuclear Operators and Their Integral Representations

Let us introduce some important definitions. Assume that V and W are b-complete
semimodules. A mapping g : V — W is called one-dimensional (or a mapping of
rank 1) if it is of the form v + ¢(v) © w, where ¢ is a b-linear functional on V
and w € W. A mapping g is called b-nuclear if it is the sum (i.e., supremum) of a
bounded set of one-dimensional mappings. Since every one-dimensional mapping is
b-linear (because the functional ¢ is b-linear), every b-nuclear operator is b-linear
(see Corollary 7.1 above). Of course, h-nuclear mappings are closely related to
tensor products of idempotent semimodules, see [48].

By ¢ © w we denote the one-dimensional operator v + ¢(v) © w. In fact, this
is an element of the corresponding tensor product.

Proposition 7.9. The composition (product) of a b-nuclear and a b-linear mapping
or of a b-linear and a b-nuclear mapping is a b-nuclear operator.

Theorem 7.5. Assume that W is a b-complete semimodule over a b-complete
semiring K and V. C K(X) is a functional b-semimodule. If every b-linear
functional on V is integral, then a b-linear operator A : V. — W has an integral
representation if and only if it is b-nuclear.

7.8 The b-approximation Property and b-nuclear Semimodules
and Spaces

We say that a b-complete semimodule V' has the b-approximation property if the
identity operator id: V' — V is b-nuclear (for a treatment of the approximation
property for locally convex spaces in the traditional functional analysis, see [86]).

Let V be an arbitrary b-complete semimodule over a h-complete idempotent
semiring K. We call this semimodule a b-nuclear semimodule if any b-linear
mapping of V to an arbitrary b-complete semimodule W over K is a b-nuclear
operator. Recall that, in the traditional functional analysis, a locally convex space
is nuclear if and only if all continuous linear mappings of this space to any Banach
space are nuclear operators, see [86].

Proposition 7.10. Let V be an arbitrary b-complete semimodule over a b-complete
semiring K. The following statements are equivalent:

1. The semimodule V has the b-approximation property.

2. Every b-linear mapping from V to an arbitrary b-complete semimodule W over
K is b-nuclear.

3. Every b-linear mapping from an arbitrary b-complete semimodule W over K to
the semimodule V is b-nuclear.
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Corollary 7.3. An arbitrary b-complete semimodule over a b-complete semiring K
is b-nuclear if and only if this semimodule has the b-approximation property.

Recall that, in the traditional functional analysis, any nuclear space has the
approximation property but the converse is not true.

Concrete examples of b-nuclear spaces and semimodules are described in
Examples 7.3, 7.4 and 7.7 (see above). Important b-nuclear spaces and semimodules
(e.g., the so-called Lipschitz spaces and semi-Lipschitz semimodules) are described
in [57]. In this paper there is a description of all functional »-semimodules for
which the kernel theorem holds (as semi-Lipschitz semimodules); this result is due
to Shpiz.

It is easy to show that the idempotent spaces USC(X) and Conc(R) (see
Examples 7.5 and 7.6) are not b-nuclear (however, for these spaces the kernel
theorem is true). The reason is that these spaces are not functional b-spaces and
the corresponding §-functionals are not b-linear (and even linear).

7.9 Kernel Theorems for Functional b-Semimodules

Let V. C K(X) be a b-complete functional semimodule over a b-complete
semiring K. Recall that for V' the kernel theorem holds if every b-linear mapping
of this semimodule to an arbitrary »-complete semimodule over K has an integral
representation.

Theorem 7.6. Assume that a b-complete semiring K and a nonempty set X are
given. The kernel theorem holds for any functional b-semimodule V- C K(X) if and
only if every b-linear functional on V is integral and the semimodule V is b-nuclear,
i.e., has the b-approximation property.

Corollary 7.4. If for a functional b-semimodule the kernel theorem holds, then this
semimodule is b-nuclear.

Note that the possibility to obtain an integral representation of a functional means
that one can decompose it into a sum of functionals of the form &, .

Corollary 7.5. Assume that a b-complete semiring K and a nonempty set X are
given. The kernel theorem holds for a functional b-semimodule V. C K(X) if and
only if the identity operator id: V — V is integral.

7.10 Integral Representations of Operators in Abstract
Idempotent Semimodules

In this subsection, we examine the following problem: when a b-complete idem-
potent semimodule V' over a b-complete semiring is isomorphic to a functional
b-semimodule W such that the kernel theorem holds for W'.
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Assume that V is a b-complete idempotent semimodule over a b-complete
semiring K and ¢ is a b-linear functional defined on V. We call this functional
a §-functional if there exists an element v € V such that

dw) Qv =w

for every element w € V. It is easy to see that every functional of the form §, is a
8-functional in this sense (but the converse is not true in general).

Denote by A(V) the set of all §-functionals on V. Denote by i the natural
mapping V' — K(A(V')) defined by the formula

((a()) (@) = p(v)

forall ¢ € A(V). We say that an element v € V is pointlike if there exists a b-linear
functional ¢ such that ¢ (w) © v < w forall w € V. The set of all pointlike elements
of V will be denoted by P (V). Recall that by ¢ © v we denote the one-dimensional
operator w > ¢(w) O v.

The following assertion is an obvious consequence of our definitions (including
the definition of the standard order) and the idempotency of our addition.

Remark 7.3. If a one-dimensional operator ¢ © v appears in the decomposition of
the identity operator on V' into a sum of one-dimensional operators, then ¢ € A(V')
andv € P(V).

Denote by id and Id the identity operators on V and i4(V), respectively.

Proposition 7.11. If the operator id is b-nuclear, then i 5 is an embedding and the
operator Id is integral.

If the operator i, is an embedding and the operator Id is integral, then the
operator id is b-nuclear.

Theorem 7.7. A b-complete idempotent semimodule V over a b-complete idempo-
tent semiring K is isomorphic to a functional b-semimodule for which the kernel
theorem holds if and only if the identity mapping on V is a b-nuclear operator, i.e.,
V is a b-nuclear semimodule.

The following proposition shows that, in a certain sense, the embedding i, is
a universal representation of a b-nuclear semimodule in the form of a functional
b-semimodule for which the kernel theorem holds.

Proposition 7.12. Let K be a b-complete idempotent semiring, X be a nonempty
set, and V C K(X) be a functional b-semimodule on X for which the kernel
theorem holds. Then there exists a natural mapping i : X — A(V) such that
the corresponding mapping ix : K(A(V)) — K(X) is an isomorphism of io(V)
onto V.
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8 The Dequantization Transform, Convex Geometry
and the Newton Polytopes

Let X be a topological space. For functions f(x) defined on X we shall say that
a certain property is valid almost everywhere (a.e.) if it is valid for all elements
x of an open dense subset of X. Suppose X is C" or R"; denote by R’} the set
x={(x1,....xp) € X |x; =0fori =1,2,...,n.Forx = (x1,...,x,) € X we
set exp(x) = (exp(x1),...,exp(x,)); soif x € R”, then exp(x) € R’}.

Denote by .7 (C") the set of all functions defined and continuous on an open
dense subset U C C”" such that U D R’} It is clear that .7 (C") is a ring (and an
algebra over C) with respect to the usual addition and multiplications of functions.

For f € Z(C") let us define the function fAh by the following formula:

fu(x) = hlog | f(exp(x/h)), (18)

where £ is a (small) real positive parameter and x € R”". Set
f(x) = lim J 1
fx) = lm fy(x), (19)

if the right-hand side of (19) exists almost everywhere.

We shall say that the function f (x) is a dequantization of the function f (x)
and the map f(x) — f (x) is a dequantization transform. By construction, fh (x)
and f (x) can be treated as functions taking their values in Rp,x. Note that in
fact fh (x) and f (x) depend on the restriction of f to R’ only; so in fact the
dequantization transform is constructed for functions deﬁned on R’} only. Itis clear
that the dequantization transform is generated by the Maslov dequantization and the
map x — |x|.

Of course, similar definitions can be given for functions defined on R" and R} .
If s = 1/ h, then we have the following version of (18) and (19):

f@) = lim (1/s)log| f(e*)]. (20)

Denote by d f the subdifferential of the function f at the origin.
If f is a polynomial we have

3f ={veR" | (v.x) < f(x) Vx e R"}.

It is well known that all the convex compact subsets in R” form an idempotent
semiring . with respect to the Minkowski operations: for , 8 € . the sum « @ S
is the convex hull of the union & U §; the product @ © f is defined in the following
way: « O f ={x|x =a+ b, wherea € a,b € B, see Fig.3. In fact ./ is an
idempotent linear space over Ryax.
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Fig. 3 Algebra of convex
subsets

Of course, the Newton polytopes of polynomials in n variables form a subsemir-
ing A in 7. If f, g are polynomials, then 8(7;) =4 f © dg; moreover, if f
and g are “in general position”, then d( f/—l—\g) =0 f @ dg. For the semiring
of all polynomials with nonnegative coefficients the dequantization transform is a
homomorphism of this “traditional” semiring to the idempotent semiring ..

Theorem 8.1. If f is a polynomial, then the subdifferential af of f at the
origin coincides with the Newton polytope of f. For the semiring of polynomials
with nonnegative coefficients, the transform f + 0 f is a homomorphism of
this semiring to the semiring of convex polytopes with respect to the Minkowski
operations (see above).

Using the dequantization transform it is possible to generalize this result to a
wide class of functions and convex sets, see below and [55].

8.1 Dequantization Transform: Algebraic Properties

Denote by V the set R” treated as a linear Euclidean space (with the scalar product
(x,y) = x1y1 + x2y2 + -=- + X, yn) and set V4 = R’. We shall say that a
function f € F(C") is dequantizable whenever its dequantization f (x) exists
(and is defined on an open dense subset of V). By .@(C") denote the set of all
dequantizable functions and by @(V) denote the set { f | f € 2(C")}. Recall
that functions from Z(C") (and 9 (V)) are defined almost everywhere and f = g
means that f(x) = g(x) a.e., i.e., for x ranging over an open dense subset of C"
(resp., of V). Denote by Z4(C") the set of all functions f € Z(C") such that
f(x1,...,x,) > 0ifx; > 0fori =1,. .. 13 80 f € 24(C") if the restriction of
f to V4 = R, is a nonnegative function. By % (V) denote the image of Z.(C")
under the dequantization transform. We shall say that functions f, g € 2(C") are in
general position whenever f (x) # &(x) for x running an open dense subset of V.

Theorem 8.2. For functions f,g € 2(C") and any nonzero constant c, the
following equations are valid:

(1) fg—f+g
@) |fl=fief=fré=0
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(3) (f/—i—\g)(x) = max{f(x),g'(x)} a.e. if f and g are nonnegative on V4 (i.e.,
fog € 24(C")) or f and g are in general position.

Left-hand sides of these equations are well-defined automatically.

Corollary 8.1. The set 2+ (C") has a natural structure of a semiring with respect
to the usual addition and multiplication of functions taking their values in C. The
set P+(V) has a natural structure of an idempotent semiring with respect to the
operations (f @ g)(x) = max{f(x),g(x)}, (f ©g)(x) = f(x) + g(x), elements
of 9+(V) can be naturally treated as functions taking their values in Ryax. The
dequantization transform generates a homomorphism from 24(C") to 2+(V).

8.2 Generalized Polynomials and Simple Functions

For any nonzero number a € C and any vectord = (dy,...,d,) € V = R" we set
Mmaa(x) =alli_, xid" ; functions of this kind we shall call generalized monomials.
Generalized monomials are defined a.e. on C" and on V4, but not on V' unless the
numbers d; take integer or suitable rational values. We shall say that a function
f is a generalized polynomial whenever it is a finite sum of linearly independent
generalized monomials. For instance, Laurent polynomials and Puiseax polynomials
are examples of generalized polynomials.

As usual, for x,y € V we set (x,y) = x1y1 + -+ + X, Y. The following
proposition is a result of a trivial calculation.

Proposition 8.1. For any nonzero numbera € V = C and anyvectord € V = R"
we have (Mg.q)n(x) = (d, x) + hloglal.

Corollary 8.2. If f is a generalized monomial, then f is a linear function.

Recall that a real function p defined on V =R" is sublinear if p = sup, pq,
where {p,} is a collection of linear functions. Sublinear functions defined every-
where on V' = R”" are convex; thus these functions are continuous, see [61]. We
discuss sublinear functions of this kind only. Suppose p is a continuous function
defined on V, then p is sublinear whenever

1. px+y) < p(x)+ p(y) forallx,y e V.
2. p(cx) =cp(x) forallx e V,c € Ry.

So if p;, p» are sublinear functions, then p; + p» is a sublinear function.

We shall say that a function f € .#(C") is simple, if its dequantization f exists
and a.e. coincides with a sublinear function; by misuse of language, we shall denote
this (uniquely defined everywhere on V') sublinear function by the same symbol f .

Recall that simple functions f and g are in general position if f (x) # g(x) for
all x belonging to an open dense subset of V. In particular, generalized monomials
are in general position whenever they are linearly independent.



278 G.L. Litvinov

Denote by Sim(C") the set of all simple functions defined on V' and denote by
Sim4 (C") the set Sim(C") N 24 (C"). By Sbi(V') denote the set of all (continuous)
sublinear functions defined on V' = R” and by Sb/ (V') denote the image S/zna (&)
of Sim (C") under the dequantization transform.

The following statements can be easily deduced from Theorem 8.2 and defini-
tions.

Corollary 8.3. The set Simy(C") is a subsemiring of +(C") and SblL (V) is
an idempotent subsemiring of @:(V). The dequantization transform generates an
epimorphism of Sim4 (C") onto Sbl+ (V). The set SbI(V) is an idempotent semiring
with respect to the operations (f @ g)(x) = max{f(x),g(x)}, (f © g)(x) =
S(x) + g(x).

Corollary 8.4. Polynomials and generalized polynomials are simple functions.

We shall say that functions f, g € Z(V) are asymptotically equivalent whenever
f = g; any simple function f is an asymptotic monomial whenever f is a linear
function. A simple function f will be called an asymptotic polynomial whenever f
is a sum of a finite collection of nonequivalent asymptotic monomials.

Corollary 8.5. Every asymptotic polynomial is a simple function.

Example 8.1. Generalized polynomials, logarithmic functions of (generalized)
polynomials, and products of polynomials and logarithmic functions are asymptotic
polynomials. This follows from our definitions and formula (19).

8.3 Subdifferentials of Sublinear Functions

We shall use some elementary results from convex analysis. These results can be
found, e.g., in [61, Chap. 1, Sect. 1].
For any function p € SbI(V') we set

dp={veV]|wx)<pkx)VxeV} 2n

It is well known from convex analysis that for any sublinear function p the set
dp is exactly the subdifferential of p at the origin. The following propositions are
also known in convex analysis.

Proposition 8.2. Suppose pi, p, € SbI(V), then

(1) 3(p1+p2) =0p1©Ipa ={v eV |v=nv+vy, wherev| € dp;,v2 € dp> }.
(2) d(max{pi(x), p2(x)}) = dp1 ® Ip>.

Recall that dp; @ dp, is a convex hull of the set dp; U dp,.

Proposition 8.3. Suppose p € Sbl(V). Then dp is a nonempty convex compact
subset of V.
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Corollary 8.6. The map p v+ 0p is a homomorphism of the idempotent semiring
Sbi(V') (see Corollary 8.1) to the idempotent semiring . of all convex compact
subsets of V (see Sect. 8.1 above).

8.4 Newton Sets for Simple Functions

For any simple function f € Sim(C") let us denote by N(f) the set d( f ). We shall
call N(f) the Newton set of the function f.

Proposition 8.4. For any simple function f, its Newton set N(f) is a nonempty
convex compact subset of V.

This proposition follows from Proposition 8.3 and definitions.
Theorem 8.3. Suppose that f and g are simple functions. Then

(1) N(fg) = N(f)ON(g) ={veV |v=v+vywithvy € N(f),v2 € N(g)}.
(2) N(f +g) = N(f) ® N(g), if fi and f> are in general position or fi, f> €
Sim4 (C") (recall that N(f) @& N(g) is the convex hull of N(f) U N(g)).

This theorem follows from Theorem 8.2, Proposition 8.2 and definitions.

Corollary 8.7. The map f +— N(f) generates a homomorphism from Simy (C")
to 7.

Proposition 8.5. Let [ = myqa(x) = a[]'_, xfl" be a monomial; here d =
(dy,...,d,) € V=R"and a is a nonzero complex number. Then N(f) = {d}.

This follows from Proposition 8.1, Corollary 8.2 and definitions.

Corollary 8.8. Let f =) ,cpp May.q be a polynomial. Then N(f') is the polytope
@aepi{d}, i.e. the convex hull of the finite set D.

This statement follows from Theorem 8.3 and Proposition 8.5. Thus in this case
N(f) is the well-known classical Newton polytope of the polynomial f.
Now the following corollary is obvious.

Corollary 8.9. Let f be a generalized or asymptotic polynomial. Then its Newton
set N(f) is a convex polytope.

Example 8.2. Consider the one dimensional case, i.e., ¥V = R and suppose f; =
apx" 4+ ap X"V 4+ -+ ap and fr = byx™ + by x™ ' 4+ -+ 4+ by, where
an # 0,b, # 0,a0 # 0, by # 0. Then N(f1) is the segment [0,n] and N(f2) is
the segment [0, m]. So the map f +— N(f) corresponds to the map f +— deg(f),
where deg( f) is a degree of the polynomial f. In this case Theorem 2 means that
deg(fg) = deg f + deg g and deg(f + g) = max{deg f,deg g} = max{n,m} if
a; > 0,b; > 0or f and g are in general position.
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9 Dequantization of Set Functions and Measures
on Metric Spaces

The following results are presented in [56].

Example 9.1. Let M be a metric space, S its arbitrary subset with a compact
closure. It is well-known that a Euclidean d-dimensional ball B, of radius p has
volume

ra/2t

volg(B,) = m,o )

where d is a natural parameter. By means of this formula it is possible to define a
volume of B, for any real d. Cover S by a finite number of balls of radii p,,. Set

vy (S) = gi_l;% pin<fp Z volg (By,,)-

Then there exists a number D such that v;(S) = 0 ford > D and v, (S) = o0
for d < D. This number D is called the Hausdorff-Besicovich dimension (or HB-
dimension) of S, see, e.g., [67]. Note that a set of non-integral HB-dimension is
called a fractal in the sense of Mandelbrot.

Theorem 9.1. Denote by A,(S) the minimal number of balls of radius p covering
S. Then

D(S) = lim log,(4,(S)™"),
p—>+0
where D(S) is the HB-dimension of S. Set p = e™*, then

D(S) = lim (1/5)-1og Aeps)(S).

s—>+00

So the HB-dimension D(S) can be treated as a result of a dequantization of the set
Sunction A,(S).

Example 9.2. Let v be a set function on M (e.g., a probability measure) and
suppose that ;(B,) < oo for every ball B,,. Let B, , be a ball of radius p having the
point x € M as its center. Then define . (p) := (Bx ) and let p = e™* and

Dyyi= lim —(1/s)-log(lpx(e™")]).

s—>—+00

This number could be treated as a dimension of M at the point x with respect to
the set function w. So this dimension is a result of a dequantization of the function
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1y (p), where x is fixed. There are many dequantization procedures of this type in
different mathematical areas. In particular, Maslov’s negative dimension (see [67])
can be treated similarly.

10 Dequantization of Geometry

An idempotent version of real algebraic geometry was discovered in the report of
Viro for the Barcelona Congress [94]. Starting from the idempotent correspondence
principle Viro constructed a piecewise-linear geometry of polyhedra of a special
kind in finite dimensional Euclidean spaces as a result of the Maslov dequantization
of real algebraic geometry. He indicated important applications in real algebraic
geometry (e.g., in the framework of Hilbert’s 16th problem for constructing real
algebraic varieties with prescribed properties and parameters) and relations to
complex algebraic geometry and amoebas in the sense of Gelfand et al., see [25,95].
Then complex algebraic geometry was dequantized by Mikhalkin and the result
turned out to be the same; this new “idempotent” (or asymptotic) geometry is now
often called the tropical algebraic geometry, see, e.g., [32,43,46,53,72,73].

There is a natural relation between the Maslov dequantization and amoebas.

Suppose (C*)" is a complex torus, where C* = C\{0} is the group of nonzero
complex numbers under multiplication. For z = (z1, ...,z,) € (C*)" and a positive
real number / denote by Log, (z) = & log(|z]) the element

(hlog|zi|, hlog|zal, ..., hlog]|z,|) € R".

Suppose V' C (C*)" is a complex algebraic variety; denote by o7, (V) the set
Log, (V). If h = 1, then the set &7/ (V) = @/ (V) is called the amoeba of V; the
amoeba 27 (V) is a closed subset of R" with a non-empty complement. Note that
this construction depends on our coordinate system.

For the sake of simplicity suppose V is a hypersurface in (C*)" defined by a
polynomial f; then there is a deformation & — fj, of this polynomial generated by
the Maslov dequantization and f;, = f forh = 1. Let V;, C (C*)" be the zero set
of fj, and set <7,(V},) = Log,,(V;). Then there exists a tropical variety Tro(}V') such
that the subsets 27,(V;,) C R” tend to Tro(V') in the Hausdorff metric as & — 0.
The tropical variety Tro(V') is a result of a deformation of the amoeba <7 (V') and
the Maslov dequantization of the variety V. The set Tro(V') is called the skeleton
of o7/ (V).

Example 10.1. Fortheline V = {(x,y) € (C*)? | x + y + 1 = 0} the piecewise-
linear graph Tro(V') is a tropical line, see Fig.4a. The amoeba o7/ (V) is repre-
sented in Fig. 4b, while Fig. 4c demonstrates the corresponding deformation of the
amoeba.
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!

Fig. 4 Tropical line and deformations of an amoeba

11 Some Semiring Constructions and the Matrix Bellman
Equation

11.1 Complete Idempotent Semirings and Examples

Recall that a partially ordered set S is complete if for every subset 7 C S there
exist elements sup7” € S and inf7 € S. We say that an idempotent semiring S is
complete if it is complete as an ordered set with respect to the standard order. Of
course, any a-complete semiring (see Sect. 7.1) is complete. The most well-known
and important examples are “numerical semirings” consisting of (a subset of) real
numbers and ordered by the usual linear order <.

Example 11.1. Consider the semiring ﬁmax = Ry U{oo} with standard operations
@ = max, ©® = + and neutral elements 0 = —00, 1 = 0, x < 00, x P 00 =
forall x, x ©o0 = c0©x = o0if x # 0,and 0 © co = 0o © 0. The semiring
R,mlx is complete and a- complete The semlrlng Rmln = Ry U {—o0} with obvious
operations is also complete; Rmln and Rmdx are isomorphic.

Example 11.2. Consider the semiring Smax min defined on the real interval [a, b]
with operations & = max, ©® = min and neutral elements 0 = @ and 1 = b.

The semiring is complete and a-complete. Set Spaxmin = Sr[:df]mm witha = —o0

and b = 4o00.If —co <a < b < +oo then S[Eﬂdi]mm and Spax,min are isomorphic.

Example 11.3. The Boolean algebra B = {0,1} is a complete and a-complete
semifield consisting of two elements.

11.2 Closure Operations

Let a semiring S be endowed with a partial unary closure (or Kleene) operation *
such that x < y implies x* < y*andx* =1 (x* O x) = 1& (x © x*) on its
domain of definition. In particular, 0* = 1 by definition. These axioms imply that

*=19x®x>@---® (x* ©x") if n = 1. Thus x* can be considered as a
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‘regularized sum’ of the series x =1® x x> @ ...;in an idempotent semiring,
by definition, x* = sup{1, x, x2, ...} if this supremum exists. So if S is complete,
then the closure operation is Well deﬁned for every element x € S.

In numerical semirings the operation x* is defined as follows x*=(1-x)"ti
X < 11nR+,0rR+ and x* = 001fx = 11nR+, =1if x < 1in Ry« and
Rmdx, x* =o0ifx > 1in Rmdx, = 1forall x in Sx[:ai]mm In all other cases x*

is undefined. Note that the closure operation is very easy to implement.

11.3 Matrices Over Semirings

Denote by Mat,,,(S) a set of all matrices A = (a;;) with m rows and n columns
whose coefficients belong to a semiring S. The sum A @& B of matrices A, B €
Mat,,,(S) and the product AB of matrices A € Mat;,,(S) and B € Mat,;,,(S)
are defined according to the usual rules of linear algebra: A @ B = (a; ® by) €

Mat,,,,(S) and
AB = (@ a; @ bkj) € Mat;, (S),
k=1

where A € Mat;,,(S) and B € Mat,,,(S). Note that we write AB instead of A ©® B.

If the semiring S is ordered, then the set Mat,,,(S) is ordered by the relation
A= (aj) X B=(byiffa; <bjinSforalll <i <m,1<j<n.

The matrix multiplication is consistent with the order < in the following sense: if
A, A" € Mat,(S), B, B’ € Mat,,,(S) and A < A’, B < B/, then AB < A’'B’
in Mat;,(S). The set Mat,,(S) of square (n x n) matrices over an idempotent
semiring S forms a idempotent semiring with a zero element O = (o0;;), where
0j = 0,1 <i,j <n,and aunit element / = (§;), where §; = 1if i = j and
8;; = 0 otherwise.

The set Mat,,, is an example of a noncommutative semiring if n > 1.

The closure operation in matrix semirings over an idempotent semiring S can be
defined inductively (another way to do that see in [26] and below): A* = (a;))* =
(af,) in Mat;; (S) and for any integer » > 1 and any matrix

Ay Alz)
A= ,
(Azl Ax
where A € Matii(S), A1z € Maty,—(S), A21 € Mat, i (S), Az € Mat, i, (S),
1 < k < n, by definition,

Aikl &) AiklAlZD*AZlATl ATlAIZD*
A% = 22)
D* Ay A%, D*
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where D = Ay @ Ay AfA1z. It can be proved that this definition of A* implies
that the equality A* = A*A & [ is satisfied and thus A* is a ‘regularized sum’ of
theseries | @A D A2 D ...

Note that this recurrence relation coincides with the formulas of escalator method
of matrix inversion in the traditional linear algebra over the field of real or complex
numbers, up to the algebraic operations used. Hence this algorithm of matrix closure
requires a polynomial number of operations in .

11.4 Discrete Stationary Bellman Equations

Let S be a semiring. The discrete stationary Bellman equation has the form
X =AX & B, (23)

where A € Mat,,(S), X, B € Mat,;(S), and the matrix X is unknown. Let A* be
the closure of the matrix A. It follows from the identity A* = A*A & I that the
matrix A* B satisfies this equation; moreover, it can be proved that for idempotent
semirings this solution is the least in the set of solutions to equation (23) with respect
to the partial order in Mat,(.S).

Equation (23) over max-plus semiring arises in connection with Bellman opti-
mality principle and discretization of Hamilton—Jacobi equations, see e.g., [71]. Itis
also intimately related with optimization problems on graphs to be discussed below.

11.5 Weighted Directed Graphs and Matrices Over Semirings

Suppose that S is a semiring with zero 0 and unity 1. It is well-known that any
square matrix A = (a;) € Mat,,(S) specifies a weighted directed graph. This
geometrical construction includes three kinds of objects: the set X of n elements
X1, ..., %, called nodes, the set I" of all ordered pairs (x;, x;) such that a; # 0
called arcs, and the mapping A: I" — § such that A(x;, x;) = a;;. The elements a;;
of the semiring S are called weights of the arcs, see Fig. 5.

Conversely, any given weighted directed graph with n nodes specifies a unique
matrix A € Mat,,(S).

This definition allows for some pairs of nodes to be disconnected if the
corresponding element of the matrix A4 is 0 and for some channels to be “loops”
with coincident ends if the matrix A has nonzero diagonal elements. This concept
is convenient for analysis of parallel and distributed computations and design of
computing media and networks (see, e.g., [5,45,69,97]).

Recall that a sequence of nodes of the form

2= 00V, Yk)
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Fig. 5 A weighted directed
graph

with k = 0 and (y;,yi4+1) € I',i = 0,...,k — 1, is called a path of length k
connecting yo with y. Denote the set of all such paths by Pk (yo, yx). The weight
A(p) of a path p € Pir(yo, yr) is defined to be the product of weights of arcs
connecting consecutive nodes of the path:

A(p) = A(Yo, y1) © -+ O A(YVk—1. Yi)-

By definition, for a “path” p € Py(x;, x;) of length k = 0 the weightis 1if i = j
and 0 otherwise.

For each matrix A € Mat,,(S) define A° = I = (§;) (where §; = 1ifi = j
and §; = 0 otherwise) and A = 44"~ k > 1. Let afjk) be the (i, j)th element of
the matrix A% It is easily checked that

(k) _
a; = @ Aigiy © *++ O Qiy_yiy -
lo=1,i=]
1<iy,..ix—1<n

Thus al(jk) is the supremum of the set of weights corresponding to all paths of length
k connecting the node x;, = x; with x;, = x;.
(%)

Denote the elements of the matrix A* by a;’, i,j =1,...,n;then

=@ D an

0<k <00 pEPL(xi.X})

The closure matrix A* solves the well-known algebraic path problem, which is
formulated as follows: for each pair (x;,x;) calculate the supremum of weights
of all paths (of arbitrary length) connecting node x; with node x;. The closure
operation in matrix semirings has been studied extensively (see, e.g., [1, 2, 6—
8,14,15,20-22,26-30,33,34,59] and references therein).

Example 11.4 (The shortest path problem.). Let S = Rpjp, so the weights are real
numbers. In this case

A(p) = A(yo, y1) + A1, y2) + -+ A(Vi—1, Yi)-
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(%)

If the element a;; specifies the length of the arc (x;, x;) in some metric, then a i is

the length of the shortest path connecting x; with x;.

Example 11.5 (The maximal path width problem.). Let S = R U {0,1} with & =
max, ©® = min. Then

) _
a; =

max  A(p), A(p)=min(A(yo,y1),..., A(Yk—1, Yk))-

pe U Pr(xixj)
k=1

If the element a;; specifies the “width” of the arc (x;, x;), then the width of a path

p is defined as the minimal width of its constituting arcs and the element al(j*) gives
the supremum of possible widths of all paths connecting x; with x;.

Example 11.6 (A simple dynamic programming problem.). Let § = Rpux and
suppose a;; gives the profit corresponding to the transition from x; to x;. Define
the vector B = (b;) € Mat,;(Rn.x) whose element b; gives the terminal profit
corresponding to exiting from the graph through the node x;. Of course, negative
profits (or, rather, losses) are allowed. Let m be the total profit corresponding to a
path p € Pi(x;, x;),i.e.

Then it is easy to check that the supremum of profits that can be achieved on paths
of length k beginning at the node x; is equal to (4 B); and the supremum of profits
achievable without a restriction on the length of a path equals (A* B);.

Example 11.7 (The matrix inversion problem.). Note that in the formulas of this
section we are using distributivity of the multiplication ® with respect to the
addition & but do not use the idempotency axiom. Thus the algebraic path problem
can be posed for a nonidempotent semiring S as well (see, e.g., [84]). For instance,
if S = R, then

A =T+ A+ A +... = -A)"".

If |A|| > 1 but the matrix I — A is invertible, then this expression defines a
regularized sum of the divergent matrix power series ) ;- Al

There are many other important examples of problems (in different areas) related
to algorithms of linear algebra over semirings (transitive closures of relations,
accessible sets, critical paths, paths of greatest capacities, the most reliable paths,
interval and other problems), see [1,2,5-7, 12, 14-17,20-24,26-31, 33, 34,58, 59,
69,75,76,81-84,87,89,98-101].

We emphasize that this connection between the matrix closure operation and
solution to the Bellman equation gives rise to a number of different algorithms for
numerical calculation of the closure matrix. All these algorithms are adaptations of
the well-known algorithms of the traditional computational linear algebra, such as
the Gauss—Jordan elimination, various iterative and escalator schemes, etc. This is a
special case of the idempotent superposition principle.
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In fact, the theory of the discrete stationary Bellman equation can be developed
using the identity A* = AA* & I as an additional axiom without any substantial
interpretation (the so-called closed semirings, see, e.g., [7,26,38, 84]).

12 Universal Algorithms

Computational algorithms are constructed on the basis of certain primitive opera-
tions. These operations manipulate data that describe “numbers.” These “numbers”
are elements of a “numerical domain,” i.e., a mathematical object such as the field
of real numbers, the ring of integers, or an idempotent semiring of numbers.

In practice elements of the numerical domains are replaced by their com-
puter representations, i.e., by elements of certain finite models of these domains.
Examples of models that can be conveniently used for computer representation of
real numbers are provided by various modifications of floating point arithmetics,
approximate arithmetics of rational numbers [52], and interval arithmetics. The
difference between mathematical objects (“ideal” numbers) and their finite models
(computer representations) results in computational (e.g., rounding) errors.

An algorithm is called universal if it is independent of a particular numerical
domain and/or its computer representation. A typical example of a universal
algorithm is the computation of the scalar product (x,y) of two vectors x =
(x1,...,x,) and y = (y1,...,yn) by the formula (x,y) = x;y; + -+ + X, V.
This algorithm (formula) is independent of a particular domain and its computer
implementation, since the formula is well-defined for any semiring. It is clear
that one algorithm can be more universal than another. For example, the simplest
Newton—Cotes formula, the rectangular rule, provides the most universal algorithm
for numerical integration; indeed, this formula is valid even for idempotent integra-
tion (over any idempotent semiring, see above and [5,33,39,40,42-44,51,62-65].
Other quadrature formulas (e.g., combined trapezoid rule or the Simpson formula)
are independent of computer arithmetics and can be used (e.g., in an iterative
form) for computations with arbitrary accuracy. In contrast, algorithms based
on Gauss—Jacobi formulas are designed for fixed accuracy computations: they
include constants (coefficients and nodes of these formulas) defined with fixed
accuracy. Certainly, algorithms of this type can be made more universal by including
procedures for computing the constants; however, this results in an unjustified
complication of the algorithms.

Computer algebra algorithms used in such systems as Mathematica, Maple,
REDUCE, and others are highly universal. Most of the standard algorithms used
in linear algebra can be rewritten in such a way that they will be valid over any
field and complete idempotent semiring (including semirings of intervals; see below
and [58,59,90], where an interval version of the idempotent linear algebra and the
corresponding universal algorithms are discussed).

As a rule, iterative algorithms (beginning with the successive approximation
method) for solving differential equations (e.g., methods of Euler, Euler—Cauchy,
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Runge—Kutta, Adams, a number of important versions of the difference approxi-
mation method, and the like), methods for calculating elementary and some special
functions based on the expansion in Taylor’s series and continuous fractions (Padé
approximations) and others are independent of the computer representation of
numbers.

Calculations on computers usually are based on a floating-point arithmetic
with a mantissa of a fixed length; i.e., computations are performed with fixed
accuracy. Broadly speaking, with this approach only the relative rounding error is
fixed, which can lead to a drastic loss of accuracy and invalid results (e.g., when
summing series and subtracting close numbers). On the other hand, this approach
provides rather high speed of computations. Many important numerical algorithms
are designed to use floating-point arithmetic (with fixed accuracy) and ensure the
maximum computation speed. However, these algorithms are not universal. The
above mentioned Gauss—Jacobi quadrature formulas, computation of elementary
and special functions on the basis of the best polynomial or rational approximations
or Padé—Chebyshev approximations, and some others belong to this type. Such
algorithms use nontrivial constants specified with fixed accuracy.

Recently, problems of accuracy, reliability, and authenticity of computations
(including the effect of rounding errors) have gained much attention; in part, this
fact is related to the ever-increasing performance of computer hardware. When
errors in initial data and rounding errors strongly affect the computation results,
such as in ill-posed problems, analysis of stability of solutions, etc., it is often
useful to perform computations with improved and variable accuracy. In particular,
the rational arithmetic, in which the rounding error is specified by the user [52],
can be used for this purpose. This arithmetic is a useful complement to the interval
analysis [70]. The corresponding computational algorithms must be universal (in the
sense that they must be independent of the computer representation of numbers).

13 Universal Algorithms of Linear Algebra Over Semirings

The most important linear algebra problem is to solve the system of linear equations
AX = B, (24)

where A is a matrix with elements from the basic field and X and B are vectors (or
matrices) with elements from the same field. It is required to find X if A and B are
given. If A in (24) is not the identity matrix 7, then system (24) can be written in
form (23), i.e.,

X =A4AX + B. (25)

It is well known that the form (25) is convenient for using the successive approx-
imation method. Applying this method with the initial approximation Xy = 0, we
obtain the solution
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X = A*B, (26)
where
A* =T+ A+ A2+ + 4"+ ... (27)
On the other hand, it is clear that
A* =1 - A7, (28)

if the matrix / — A is invertible. The inverse matrix (I — A)~' can be considered as
aregularized sum of the formal series (27).

The above considerations can be extended to a broad class of semirings.

The closure operation for matrix semirings Mat, (S) can be defined and com-
puted in terms of the closure operation for S (see Sect. 11.3 above); some methods
are described in [1,2,7,14,15,26-29,33,37,51,59, 83, 84, 87]. One such method is
described below (LDM-factorization), see [45].

If S is a field, then, by definition, x* = (1 — x)~! for any x # 1.If S is an
idempotent semiring, then, by definition,

=10 x®x*@- - =sup{l,x, x>, ...}, (29)

if this supremum exists. Recall that it exists if S is complete, see Sect. 11.2.
Consider a nontrivial universal algorithm applicable to matrices over semirings
with the closure operation defined.

Example 13.1 (Semiring LDM-Factorization). Factorization of a matrix into the
product A = LDM, where L and M are lower and upper triangular matrices with
a unit diagonal, respectively, and D is a diagonal matrix, is used for solving matrix
equations AX = B. We construct a similar decomposition for the Bellman equation
X =AX & B.

For the case AX = B, the decomposition A = LDM induces the following
decomposition of the initial equation:

LZ = B, DY =Z, MX =Y. (30)

Hence, we have
A ' =M'D7LTT, (31)

if A is invertible. In essence, it is sufficient to find the matrices L, D and M, since
the linear system (30) is easily solved by a combination of the forward substitution
for Z, the trivial inversion of a diagonal matrix for Y, and the back substitution
for X.

Using (30) as a pattern, we can write

Z=LZ®B, Y=DY®Z X=MX®Y. (32)
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Then
A* = M*D*L*. (33)

A triple (L, D, M) consisting of a lower triangular, diagonal, and upper triangular
matrices is called an LDM-factorization of a matrix A if relations (32) and (33) are
satisfied. We note that in this case, the principal diagonals of L and M are zero.

The modification of the notion of LDM-factorization used in matrix analysis for
the equation AX = B is constructed in analogy with a construction suggested by
Carré in [14, 15] for LU -factorization.

We stress that the algorithm described below can be applied to matrix compu-
tations over any semiring under the condition that the unary operation a +— a* is
applicable every time it is encountered in the computational process. Indeed, when
constructing the algorithm, we use only the basic semiring operations of addition &
and multiplication © and the properties of associativity, commutativity of addition,
and distributivity of multiplication over addition.

If A is a symmetric matrix over a semiring with a commutative multiplication,
the amount of computations can be halved, since M and L are mapped into each
other under transposition.

We begin with the case of a triangular matrix A = L (or A = M). Then, finding
X is reduced to the forward (or back) substitution.

Forward substitution

We are given:

© L= |il} =, where I} = 0 fori < j (alower triangular matrix with a zero
diagonal).
« B=|p|7

i=1"
It is required to find the solution X = [|x||”_, to the equation X = LX & B.
The program fragment solving this problem is as follows:

fori = 1tondo
{ X' :=b
forj =1toi —1do
xh=xt el oxl); )

Back substitution
We are given:

e M = ||m’] [l j=1, where m’J = 0 for i > j (an upper triangular matrix with a
zero diagonal).
« B=|b'|}

i=1
It is required to find the solution X = ||x’||’_, to the equation X = M X & B.
The program fragment solving this problem is as follows:

fori =ntolstep —1 do
{ x':=b
for j =ntoi 4 1step—1do
xhi=xt @ (mh o x');
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Both algorithms require (n*> — n)/2 operations @ and ©.
Closure of a diagonal matrix
We are given:

. D = diag(dy, ..., dy).
* B=b},
It is required to find the solution X = [|x||?_, to the equation X = DX & B.

The program fragment solving this problem is as follows:

fori = 1tondo
L= (di)*ob';

This algorithm requires n operations * and # multiplications ©.
General case
We are given:

© L=|li|F;=, wherel; = 0ifi < j.

e D =diag(dy,...,d,).

c M= ||mi II?FI,wherem; =0ifi > j.
« B=p1,

It is required to find the solution X = [|x’||”_, to the equation X = AX & B,
where L, D, and M form the LDM-factorization of A. The program fragment
solving this problem is as follows:

FORWARD SUBSTITUTION
fori = 1ton do
{ x':=b';

forj =1toi —1do

X=X el ox)); )
CLOSURE OF A DIAGONAL MATRIX
fori = 1ton do

X = (d)* o b
BACK SUBSTITUTION
fori =nto 1l step —1 do
{ for j =ntoi + 1step—1do

x =X ® (m'; Ox/);}

Note that x' is not initialized in the course of the back substitution. The algorithm
requires n?> — n operations @, n” operations ©, and 1 operations .

LDM-factorization

We are given:

e A= ”a;‘ ”,’{j:l-

It is required to find the LDM-factorization of A: L = ||l’ 7 =1
diag(di, ..., dy), and M = [m% ||} _,, where I} =0if i < j, and m’ —Olfl > .
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The program uses the following internal variables:

e C= ||C; ”?,j:l
.

e d.
INITIALISATION

fori = 1tondo
for j = 1tondo
ch =al;
MAIN LOOP
for j = 1tondo
{ fori=1tojdo
v = al;
fork =1toj —1do
fori =k 4+ 1toj do
vii= 0 @ (al O vF);
fori =1toj —1do
' a’ = (aj)* O v';
aj = v/
fork =1toj—1do
fori = j +1tondo
da' = d’; & (aj, ©v);
d = )*,
fori = j +1tondo

ai=a50d; }

This algorithm requires (21> — 3n% + n)/6 operations @, (2n> + 3n> — 5n)/6
operations O, and n(n + 1) /2 operations *. After its completion, the matrices L, D,
and M are contained, respectively, in the lower triangle, on the diagonal, and in the
upper triangle of the matrix C. In the case when A is symmetric about the principal
diagonal and the semiring over which the matrix is defined is commutative, the
algorithm can be modified in such a way that the number of operations is reduced
approximately by a factor of two.

Other examples can be found in [14, 15,26-29, 37,38, 84,87].

Note that to compute the matrices A* and A* B it is convenient to solve the
Bellman equation (25).

Some other interesting and important problems of linear algebra over semirings
are examined, e.g., in [9,12,13,16,23,24,26-29,31,75-77,79,98-101].

Remark 13.1. 1t is well known that linear problems and equations are especially
convenient for parallelization, see, e.g., [97]. Standard methods (including the so-
called block methods) constructed in the framework of the traditional mathematics
can be extended to universal algorithms over semirings (the correspondence prin-
ciple!). For example, formula (22) discussed in Sect. 11.3 leads to a simple block
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method for parallelization of the closure operations. Other standard methods of
linear algebra [97] can be used in a similar way.

14 The Correspondence Principle for Computations

Of course, the idempotent correspondence principle is valid for algorithms as well
as for their software and hardware implementations [40,42,44,51]. Thus:

If we have an important and interesting numerical algorithm, then there is a good
chance that its semiring analogs are important and interesting as well.

In particular, according to the superposition principle, analogs of linear algebra
algorithms are especially important. Note that numerical algorithms for standard
infinite-dimensional linear problems over idempotent semirings (i.e., for prob-
lems related to idempotent integration, integral operators and transformations, the
Hamilton—Jacobi and generalized Bellman equations) deal with the corresponding
finite-dimensional (or finite) “linear approximations”. Nonlinear algorithms often
can be approximated by linear ones. Thus the idempotent linear algebra is a basis
for the idempotent numerical analysis.

Moreover, it is well-known that linear algebra algorithms easily lend themselves
to parallel computation; their idempotent analogs admit parallelization as well.
Thus we obtain a systematic way of applying parallel computing to optimization
problems.

Basic algorithms of linear algebra (such as inner product of two vectors, matrix
addition and multiplication, etc.) often do not depend on concrete semirings, as
well as on the nature of domains containing the elements of vectors and matrices.
Algorithms to construct the closure A* = I @ AD A* - D A" ®--- = Py, A"
of an idempotent matrix A can be derived from standard methods for calculating
(I — A)~". For the Gauss—Jordan elimination method (via LU-decomposition) this
trick was used in [84], and the corresponding algorithm is universal and can be
applied both to the Bellman equation and to computing the inverse of a real (or
complex) matrix (I — A). Computation of A~! can be derived from this universal
algorithm with some obvious cosmetic transformations.

Thus it seems reasonable to develop universal algorithms that can deal
equally well with initial data of different domains sharing the same basic
structure [40,42,44].

15 The Correspondence Principle for Hardware Design

A systematic application of the correspondence principle to computer calculations
leads to a unifying approach to software and hardware design.

The most important and standard numerical algorithms have many hardware
realizations in the form of technical devices or special processors. These devices



294 G.L. Litvinov

often can be used as prototypes for new hardware units generated by substitution
of the usual arithmetic operations for its semiring analogs and by addition tools
for performing neutral elements 0 and 1 (the latter usually is not difficult). Of
course, the case of numerical semirings consisting of real numbers (maybe except
neutral elements) and semirings of numerical intervals is the most simple and natural
[39,40,42-44,51,58,59,90]. Note that for semifields (including Ry.x and Ry, ) the
operation of division is also defined.

Good and efficient technical ideas and decisions can be transferred from proto-
types to new hardware units. Thus the correspondence principle generated a regular
heuristic method for hardware design. Note that to get a patent it is necessary to
present the so-called “invention formula”, that is to indicate a prototype for the
suggested device and the difference between these devices.

Consider (as a typical example) the most popular and important algorithm of
computing the scalar product of two vectors:

(x.y) =x1y1 +x2y2 4+ + Xn . (34)
The universal version of (34) for any semiring A is obvious:
(6, 9) = (x10y) ® (20 2) B+ & (Xa O yn). (35)
In the case A = Ry« this formula turns into the following one:
(x,y) = max{x; + yi, X2 + y2, ", Xp + Yn}- (36)

This calculation is standard for many optimization algorithms, so it is useful
to construct a hardware unit for computing (36). There are many different devices
(and patents) for computing (34) and every such device can be used as a prototype
to construct a new device for computing (36) and even (35). Many processors
for matrix multiplication and for other algorithms of linear algebra are based
on computing scalar products and on the corresponding “elementary” devices
respectively, etc.

There are some methods to make these new devices more universal than
their prototypes. There is a modest collection of possible operations for stan-
dard numerical semirings: max, min, and the usual arithmetic operations. So,
it is easy to construct programmable hardware processors with variable basic
operations. Using modern technologies it is possible to construct cheap special-
purpose multi-processor chips implementing examined algorithms. The so-called
systolic processors are especially convenient for this purpose. A systolic array is a
“homogeneous” computing medium consisting of elementary processors, where the
general scheme and processor connections are simple and regular. Every elementary
processor pumps data in and out performing elementary operations in a such way
that the corresponding data flow is kept up in the computing medium; there is an
analogy with the blood circulation and this is a reason for the term “systolic”, see
e.g., [40,42,44,45,606,83, 84, 87].
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Some systolic processors for the general algebraic path problem are presented
in [83,84,87]. In particular, there is a systolic array of n(n + 1) elementary proces-
sors which performs computations of the Gauss—Jordan elimination algorithm and
can solve the algebraic path problem within 5n — 2 time steps. Of course, hardware
implementations for important and popular basic algorithms increase the speed of
data processing.

The so-called GPGPU (General-Purpose computing on Graphics Processing
Units) technique is another important field for applications of the correspondence
principle. The matter is that graphic processing units (hidden in modern laptop
and desktop computers) are potentially powerful processors for solving numerical
problems. The recent tremendous progress in graphical processing hardware and
software resulted in new “open” programmable parallel computational devices
(special processors), see, e.g., [11,78, 102]. These devices are going to be standard
for coming PC (personal computers) generations. Initially used for graphical
processing only (at that time they were called GPU), today they are used for
various fields, including audio and video processing, computer simulation, and
encryption. But this list can be considerably enlarged following the correspondence
principle: the basic operations would be used as parameters. Using the technique
described in this paper (see also our references), standard linear algebra algorithms
can be used for solving different problems in different areas. In fact, the hardware
supports all operations needed for the most important idempotent semirings: plus,
times, min, max. The most popular linear algebra packages [ATLAS (Automatically
Tuned Linear Algebra Software), LAPACK, PLASMA (Parallel Linear Algebra for
Scalable Multicore Architectures)] can already use GPGPU, see [103-105]. We
propose to make these tools more powerful by using parameterized algorithms.

Linear algebra over the most important numerical semirings generates solutions
for many concrete problems in different areas, see above.

Note that to be consistent with operations we have to redefine zero (0) and unit
(1) elements (see above); comparison operations must be also redefined as it is
described above. Once the operations are redefined, then the most of basic linear
algebra algorithms, including back and forward substitution, Gauss elimination
method, Jordan elimination method and others could be rewritten for new domains
and data structures. Combined with the power of the new parallel hardware this
approach could change PC from entertainment devices to power full instruments.

16 The Correspondence Principle for Software Design

Software implementations for universal semiring algorithms are not as efficient as
hardware ones (with respect to the computation speed) but they are much more
flexible. Program modules can deal with abstract (and variable) operations and data
types. These operations and data types can be defined by the corresponding input
data. In this case they can be generated by means of additional program modules.
For programs written in this manner it is convenient to use special techniques
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of the so-called object oriented (and functional) design, see, e.g., [60, 80, 91].
Fortunately, powerful tools supporting the object-oriented software design have
recently appeared including compilers for real and convenient programming lan-
guages (e.g. C ™ and Java) and modern computer algebra systems.

Recently, this type of programming technique has been dubbed generic program-
ming (see, e.g., [8, 80]). To help automate the generic programming, the so-called
Standard Template Library (STL) was developed in the framework of C ™ [80,91].
However, high-level tools, such as STL, possess both obvious advantages and some
disadvantages and must be used with caution.

It seems that it is natural to obtain an implementation of the correspondence
principle approach to scientific calculations in the form of a powerful software
system based on a collection of universal algorithms. This approach ensures
a working time reduction for programmers and users because of the software
unification. The arbitrary necessary accuracy and safety of numeric calculations can
be ensured as well.

This software system may be especially useful for designers of algorithms,
software engineers, students and mathematicians.

Note that there are some software systems oriented to calculations with idem-
potent semirings like Ry,«; see, e.g., [82]. However these systems do not support
universal algorithms.

17 Interval Analysis in Idempotent Mathematics

Traditional interval analysis is a nontrivial and popular mathematical area, see,
e.g., [4,24, 35,70, 74, 77]. An “idempotent” version of interval analysis (and
moreover interval analysis over positive semirings) appeared in [58,59,90]. Later the
idempotent interval analysis has attracted many experts in tropical linear algebra and
applications, see, e.g., [16,24,31,75,76, 101]. We also mention the closely related
interval analysis over the positive semiring R discussed in [9].

Let a set S be partially ordered by a relation <. A closed interval in S is a subset
of the formx = [x,X] = {x € S | X < x <X}, where the elements x < X are called
lower and upper bounds of the interval x. The order < induces a partial ordering on
the set of all closed intervalsin S:x <yiffx <yandX <Xy.

A weak interval extension 1(S) of an ordered semiring S is the set of all closed
intervals in S endowed with operations @ and © definedasx @y =[x Dy, XD Y],
XQy = [XOy.XOY] and a partial order induced by the order in S. The
closure operation in 1(S) is defined by x* = [x*, X*]. There are some other interval
extensions (including the so-called strong interval extension [59]) but the weak
extension is more convenient.

The extension /(S) is idempotent if S is an idempotent semiring. A universal
algorithm over S can be applied to /(S) and we shall get an interval version of
the initial algorithm. Usually both the versions have the same complexity. For the
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discrete stationary Bellman equation and the corresponding optimization problems
on graphs, interval analysis was examined in [58, 59] in details. Other problems of
idempotent linear algebra were examined in [16,24,31,75,76].

Idempotent mathematics appears to be remarkably simpler than its traditional
analog. For example, in traditional interval arithmetic, multiplication of intervals
is not distributive with respect to addition of intervals, whereas in idempotent
interval arithmetic this distributivity is preserved. Moreover, in traditional interval
analysis the set of all square interval matrices of a given order does not form even
a semigroup with respect to matrix multiplication: this operation is not associative
since distributivity is lost in the traditional interval arithmetic. On the contrary, in
the idempotent (and positive) case associativity is preserved. Finally, in traditional
interval analysis some problems of linear algebra, such as solution of a linear
system of interval equations, can be very difficult (more precisely, they are NP-
hard, see [19,24,35,36] and references therein). It was noticed in [58, 59] that in
the idempotent case solving an interval linear system requires a polynomial number
of operations (similarly to the usual Gauss elimination algorithm). The remarkable
simplicity of idempotent interval arithmetic is due to the following properties:
the monotonicity of arithmetic operations and the positivity of all elements of an
idempotent semiring.

Interval estimates in idempotent mathematics are usually exact. In the traditional
theory such estimates tend to be overly pessimistic.
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