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ASYMPTOTIC SOLUTIONS FOR LARGE-TIME OF
HAMILTON-JACOBI EQUATIONS
IN EUCLIDEAN n SPACE
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Abstract. Following (I2] we discuss the large time behavior of solutions of
the Cauchy problem for the Hamilton-Jacobi equation u; + H(z,Du) = 0 in
R"™ x (0,00), where H(z,p) is continuous on R™ x R™ and strictly convex in
p. We present a general convergence result for viscosity solutions u(z,t) of the
Cauchy problem as t — oo.
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1. Introduction o
In the last decade, there has been much interest on the asymptotic behavior of
viscosity solutions of the Cauchy problem for Hamilton-Jacobi equations or viscous
Hamilton-Jacobi equations. Namah and Roquejoffre [NR] and Fathi [F2] were the first
those who established fairly general convergence results for the Hamilton-Jacobi equa-
tion us(x, t) + H(x, Du(z,t)) = 0 on a compact manifold M with smooth strictly convex
Hamiltonian H. The approach by Fathi to this large time asymptotic problem is based
on weak KAM theory [F1, F3, FS1] which is concerned with the Hamilton-Jacobi equa-
tion as well as with the Lagrangian or Hamiltonian dynamical structures behind it.
Barles and Souganidis [BS1, BS2] took another approach, based on PDE techniques, to
the same asymptotic problem. The weak KAM approach due to Fathi to the asymp-
totic problem has been developed and further improved by Roquejoffre [R] and Davini-
Siconolfi [DS]. It should be remarked here that the same kind of asymptotic behavior of
solutions of Hamilton-Jacobi equations has already been studied by Kruzkov [K], P.-L.
Lions [L], and Barles [B1].
In this review we are concerned with the Cauchy problem for the Hamilton-Jacobi
equation
us + H(z,Du) =0 in R"™ X (0, 00), (1.1)
u(+, 0) =uo, (1.2)
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where H is a scalar function on R™ x R"®, u = u(z,t) is the unknown scalar function
on R™ x [0,00), and ug is a given function on R™.

The function H(z,p) is assumed here to be convex in p, and we call H the Hamil-
tonian and then the function L, defined by L(z,£) = supyern (£ - p — H(z,p)), the
Lagrangian.

We are also concerned with the additive eigenvalue problem:

H(z,Dv)=c¢ inR", (1.3)

where the unknown is a pair (¢,v) € R x C(R"™) for which v is a viscosity solution of
(1.3). This problem is also called the ergodic control problem due to the fact that PDE
(1.3) appears as the dynamic programming equation in ergodic control of deterministic .
optimal control. We remark that the additive eigenvalue problem (1.3) appears as well
in the homogenization of Hamilton-Jacobi equations. See for this [LPV].

For notational simplicity, given ¢ € C*(R™), we will write H[¢|(x) for H(zx, Dé(z))
or H|¢] for the function: z — H(z, Dé(z)) on R™. For instance, (1.3) may be written
as H[v] = cin R". Also, we denote by S (resp., S5, and Sg) the space of all viscosity
supersolutions (resp., subsolutions, and solutions) u of H[u] =0 in R™.

The paper is organized as follows: in Section 2 we state our assumptions on H and
then the main result in [I2] (Theorem 1 below). In Section 3 we present an outline of the
proof of Theorem 1. In Section 4 we discuss basic properties of Aubry sets. In Section
5 we give examples of H to which Theorem 1 applies, an example and two propositions
related to equilibrium points in Aubry sets, and an example for which the desirable
- asymptotic behavior does not hold.

2. Main results ‘

We make throughout the following assumptions on the Hamiltonian H.
(Al) H e C(R™ x R™).
(A2) H is coercive, that is, for any R > 0,

Jim inf{H(z,p) | z € B0, R), p € R*\ B(0,7)} = co.

(A3) For any x € R™, the function: p — H(z, p) is strictly convex in R™.
(A4) There are functions ¢; € C°+!(R") and 0; € C(R"), with i = 0,1, such that for

1=0,1,
H(z,D¢i(x)) < —0oi(xr) almost every x € R™,
| llim oi(z) = oo, 11m (¢o — ¢1) (z) =

By adding a constant to the function ¢o, we assume henceforth that
bo(z) > d1(z) for z € R™.

We introduce the classes ®; and ¥y of functions defined, respectively, by

o = {u € C(R") | nf(u — ¢o) > —oo},

¥y ={u € C([0,00) x R™) | ,t)eR" o T]( (z,t) — ¢o(x)) > —oo for any T > 0}.
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We call a function m : [0,00) — [0, 00) a modulus if it is continuous and nondecreas-
ing on [0,00) and satisfies m(0) = 0. The space of all absolutely continuous functions
v : [9,T] — R™ will be denoted by AC([S, T},R"). For z,y € R™ and t > 0, C(z,?)
(resp., C(z,t;y,0)) will denote the spaces of all curves v € AC([0,t],R") satisfying
v(t) = z (resp., v(t) = z and ¥(0) = y). For any interval I C R and v : I — R", we
call v a curve if it is absolutely continuous on any compact subinterval of I.

We have established the following theorem in [I2].

Theorem 1. (a) Letug € g and assume that (A1l)—~(A4) hold. Then there is a unique
viscosity solution u € Wy of (1.1) and (1.2)and the function u is represented as

we) =t { [ " L(v(s), ¥(s))ds + uo(1(0)) | 7 € ) (2.1)

for (z,t) € R™ x (0, 00).

(b) There is a solution (c,v) € R x @ of (1.3). Moreover the constant c is unique
in the sense that if (d,w) € R x ®¢ is another solution of (1.3), then d = c.

(c) Let u € Wy be the viscosity solution of (1.1) and (1.2). Then there is a solution
(c,v) € R x ®g of (1.3) for which, as t — oo,

u(z,t) +ct —v(z) =0 in C(R").

Motivated by recent developments due to [BS1, BS2, F2, R, DS] concerning the
large time behavior of solutions of Hamilton-Jacobi equations, the author jointly with
Y. Fujita and P. Loreti (see [FIL1, FIL2]) has recently investigated the asymptotic
problem for viscous Hamilton-Jacobi equations with Ornstein-Uhlenbeck operator and
the corresponding Hamilton-Jacobi equations. The above theorem generalizes main
results of [FIL2]. The new feature in [FIL1, FIL2, 12] is that we deal with Hamilton-
Jacobi equation (1.1) on R™ x (0, c0) and the domain R" is noncompact while in [BS1,
BS2, F2, R, DS] the auhtors studied (1.1) on 2 x (0, 00) with  being compact. Barles
and Roquejoffre [BR] have recently studied the large time behavior of solutions of (1.1)
and (1.2) and obtained, among other results, a generalization of the main result in [NR]
to unbounded solutions. See also [II] for results in the same direction. The large time
behavior of solutions of Hamilton-Jacobi equations with boundary conditions has been
studied by [B1, R, M]. .

We will see in Example 4 of Section 5 that if H(z,p) does not satisfy strict convexity
(A3) and is just convex in p, then in general assertion (d) does not hold.

Assertion (b) of the above theorem determines uniquely a constant ¢, which we will
denote by cp, for which (1.3) has a viscosity solution in the class ®;. The constant cy is
called the additive eigenvalue (or simply eigenvalue) or critical value for the Hamiltonian
H. This definition may suggest that ¢ depends on the choice of (¢p,d1). Actually, it
depends only on H, but not on the choice of (¢g, #1), as the characterization of cy in
Proposition 9 below shows. It is clear that if (¢, v) is a solution of (1.3), then (c,v + K)
is a solution of (1.3) for any K € R. As is well-known (see [LPV]), the structure
of solutions of (1.3) is, in general, much more complicated than this one-dimensional
structure.
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For any solution (c,v) € R x @ of (1.3), we call the function v(z) — ct an asymptotic
solution of (1.1). It is clear that any asymptotic solution of (1.1) is a viscosity solution
of (1.1) and (1.2). On the other hand, if u is a viscosity solution of (1.1) and (1.2),
(¢,v) € R x &, and, as t — 0o, we have

u(t)+ct—v-—0 in C(R"),

then (c,v) is a solution of (1.3) and hence an asymptotic solution of (1.1).

Note that L(x,§) > —H(z,0) for all z € R™ and hence inf{L(z,¢) | (z,€) €
B(0,R) x R"} > —oo for all R > 0. Note as well that for any (z,t) € R™ x (0, co) and
v € C(z,t) the function: s — L(7y(s),4(s)) is measurable. Therefore it is natural and
standard to set

/ " L(v(s), (s))ds = o,

with v € C(z, t), if the function: s — L(y(s),%¥(s)) on [0, ¢] is not integrable. In this
sense the integral in formula (2.1) always makes sense.

In order to prove (c) of Theorem 1, we take an approach close to and inspired by the
generalized dynamical approach introduced by Davini and Siconolfi [DS] (see also [R]).
However our approach does not depend on the Aubry set for H and is much simpler
than the generalized dynamical approach by [DS].

In the following we always assume unless otherwise stated that (A1)—(A4) hold.

3. Outline of proof of Theorem 1.
We give here a brief description of the proof of Theorem 1. We begin with a lemma
(see [I2, Proposition 2.4]).

Lemma 2. Let Q be an open subset of R™, ¢ € C%*1(Q), and v € AC([a,b],R™),
where a, b € R satisfy a < b. Assume that v([a, b]) C Q. Then there is a function
q € L*°(a,b,R") such that

56020 =a(t) 4() ace. t€ (ab)
q(t) €0:0(7(t)) a.e. t € (a,b).
Here O.¢ denotes the Clarke differential of ¢ (see [C]), that is,

O:4(z) = n co{D¢(y) | y € B(z,r), ¢ is differentiable at y} for z € Q.
r>0
Lemma 3 ([I2, Proposition 2.5]). Let 2 be an open subset of R™ and w € C() e

mscosity solution of Hjw] < 0 in Q. Leta,b € R satisfy a < b and lety € AC([a, b], R™).
Assume that v([a, b]) C Q. Then

b
w(v(b)) - w(x(a)) < / L(v(s), 4(s))ds.
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Proof. By Lemma 2, there is a function ¢ € L*(a, b, R™) such that

Sw(r(s) =als)-4(s) and q(s) € Bw(r(s)) ne. s € (a,b).

Noting that H(z,p) < 0 for all p € Scw(z) and all z € Q, we calculate that

b

b .
w(r®) - wr@) = [ g = [as) - i)as
b b
< [ 6o A + HO), gl ds < [ Ler(e), 4o, o

Proof of (a). A way of proving the existence of a viscosity solution u € ¥ of (1.1)
and (1.2) is to show that the function u on R™ X (0, c0) given by

ue,t) = nt{ [ L) HeDds +uorO) [v€C@n} ()

is a viscosity solution of (1.1) by using the dynamic programming principle.
In the proof of (a), u denotes always the function given by (3.1).

Lemma 4. There exists a constant Cy > 0 such that

u(z,t) > do(z) = Co(1 +1t)  for all (z,t) € R™ x [0, c0).

Proof. We choose Cp > 0 so that ug(z) 2 ¢o(2) — Co and H(z, Dgpo(z)) < Cp a.e.
z € R". Fix any (z,t) € R™ x (0,00). For each ¢ > 0 there is a curve v € C(z,t) such
that '

Cu(z,t)+e> /0 L(v(s),%(5))ds + %o(7(0)).

By Lemma 3, we have

$o(r(2) ~ So(r(O) < [ [21(5),3(5) + Col s,
and hence |
u(@,t) + & > do(7(2)) ~ 60(7(0)) — Cot + uo((0)) 2 bo(z) — Co(1 +1),
which shows that u(z,t) 2> ¢o(z) — Co(1 +¢t). O
Lemma 5. We have

u(z,t) < uo(z) + L(z,0)t .for all (z,t) € R™ x (0, 00).
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We remark here that, thanks to (A1) and (A2), for each R > 0 there is an € > 0
such that supp g, g)x p(0,e) L < 00

Proof. For v(s) := z, we have
u(z,t) < /Ot L(y(s),7¥(8)).ds + ug((0)) = uo(z) + L(z, 0)t. 0

Lemma 6. For each R > 0 there exists a modulus mg such that

u(z,t) > ug(z) = mgp(t) for all (z,t) € B(0,R) x [0,0).

Proof. Let Cy > 0 be as in the proof of Lemma 4. We choose C; > 0 so that
H(z,D¢;(z)) < C; a.e. z € R™. Fix R > 0, (z,t) € B(0,R) x (0,1), and € € (0,1).
There is a curve vy € C(z,t) such that

wzt)+e> [ " L(v(s), 1())ds + o (+(0)).  (32)

By the dynamic programming principle, for any 7 € [0,t], we have

t
u(e, )+ > [ Liy(s),4(s)ds +ulr(r), 7).
T
Fix 7 € [0,t]. Using Lemmas 3 and 4, we get

u(z,t) +1>¢1(v(t)) — $1(7(7)) = Cut — 7) + u(y(7), 7)
2 ¢1(z) = 1 (¥(7)) = C1(t — 7) + do(v(7)) — Co(7 + ).

Consequently, using Lemma 5, we have
$o(Y(7)) = 1(¥(7)) < uo(z) + |L(z,0)] + 1 — ¢1(z) + C1 + 2Co.

From this we see that there is a Cr > 0 depending only on R, Cy, C1, ¢o, 91, ug, and
L(-,0) such that |y(r)| < Cg for all T € [0,1].
There is an A, > 0, depending only on &, ug, and Cg, such that

luo(y) — uo(2)| S €+ Aely — 2|  for all y,z € B(0,CR).
Observe by (Al) that for any r > 0,
L(z,§) _

lim in =
lé|l>co zeB(Or) €]

Hence there is a B, > 0, depending only on Cg, A, and L, such that L(z, £) > A.|¢|—B.
for all (z,§) € B(0,Cgr) x R™.
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From (3.2), we get
t

u(z,t) > —e+ / (Aclé(8)| — Be)ds + up(z) — € — Aclv(0) — 7| > —2¢ — Bit,
0

from which we conclude that for any R > 0 we have u(z,t) > up(z) — mg(t) for all
(z,t) € B(0,R) x [0,00) and for some modulus mgz. O

By the dynamic programming principle, we infer (see [I2, Appendix| for the details)
that u is a viscosity solution of (1.1) in the sense that its upper (resp., lower) semi-
continuous envelope u* (resp., u,) is & viscosity subsolution (resp., supersolution) of
(1.1).

Setting u(z,0) = up(z) for z € R™, we extend the domain of definition of u to
R" x [0,00). The resulting u is continuous at every point (z,0) with z € R™.

We have the following comparison theorem for solutions of (1.1) and (1.2).

Theorem 7. LetT € (0,00) and Q2 be an open subset of R™. Letu, v:Q x[0,T) —
R. Assume that u, —v are upper semicontinuous on Q x [0,T) and that u and v are,
respectively, a viscosity subsolution and a viscosity supersolution of

u+ H(z,Du)=0 inQx(0,7). (3.3)
Moreover, assume that

Jim inf{v(z,t) — ¢1() | (z,t) € (2\ B(0, 7)) x [0,T)} = o0, (3.4)

and that u < v on (Q x {0}) U (80 x [0,T)). Then u < v in G x [0,T).
Proof. We choose a C > 0 so that

H(z,D¢1(z)) < C ae z€R",

and define the function w € C(R™ x R) by w(zx,t) := ¢1(z) — Ct. Observe that
w; + H(z, Dw(z,t)) <0 a.e. (z,t) e R™.
We need only to show that for all (z,t) € Q and all A > 0,

min{u(z, t), w(z,t) + A} < v(zx, t). (3.5)

Fix any A > 0. We set wy(z,t) = w(x,t) + A for (z,t) € R*1. The function wy
is a viscosity subsolution of (3.3). By the convexity of H(z,p) in p, the function @
defined by i(z,t) := min{u(z,t), wa(z,t)} is a viscosity subsolution of (3.3). Because
of assumption (3.4), we see that there is a R > 0 such that @(z,t) < v(z,t) for all
(z,t) € A\ B(0, R)) x [0,T). We set Qg := QN int B(0, 2R), so that %(z,t) < v(z,t)
for all z € O0g x [0,T). Also, we have @(z,0) < u(z,0) < v(z,0) for all z € Q.
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Next we wish to use standard comparison results. However, H does not satisfy the
usual assumptions for comparison. We thus take the sup-convolution of % in the variable
t and take advantage of the coercivity of H. That is, for each € € (0,1) we set

(t — 8)?
2¢e

u®(z,t) ;== sup (ﬁ‘(x, 8) — ) for all (z,t) € ﬁn x R.

s€[0,T)

For each § > 0, there is a v € (0, min{4, T/2}) such that @(z,t) — § < v(z,t) for
all (z,t) € Qr x [0,7]. As is well-known, there is an ¢ € (0, §) such that u® is a
viscosity subsolution of (3.3) in Qg X (v, T —+) and uf(z, t) — 28 < v(=z,t) for all (z,t) €
(Qr x [0,7]) U (8Q& x [y, T —1]). Observe that the family of functions: ¢ — u¢ (z,t)
on [y, T —+], with z € Qg, is equi-Lipschitz continuous, with a Lipschitz bound C. > 0,
and therefore that for each t € [y, T — 4], the function 2z : z — uf(z,t) in Qp satisfies
H(z,Dz(z)) < C, a.e., which implies that the family of functions: z — u€(z,t), with
t € [v, T — 4], is equi-Lipschitz continuous in Q.

Now, we may apply a standard comparison theorem, to get u®(z,t) < v(z,t) for all
(z,t) € Qr x [v, T — 7], from which we get i(z,t) < v(z,t) for all (z,t) € Q x [0,T).
This completes the proof. 0O

Using the above comparison theorem, we conclude that v € C(R™ x [0,00)) and
hence u € Wo. We have thus proved assertion (a). 0O

Proof of (b). In order to show the existence of a solution of (1.3), we let A > 0 and
consider the problem

Ava(z) + H(m, Dvy(z)) = A¢o(z) in R™. (3.6)

Thanks to the coercivity of H, it is not hard to construct a function 1 € C*(R™)
such that
H(z, Dypo(z)) 2 —Co and 1po(z) = ¢o(z) in R"

for some constant Cy > 0. We may assume that H[po] < Cp in R™ in the viscosity
sense.
We define the functions vj": on R™ by

’U;"(:L') =o(z) + A"1Cy and vy (z) = do(x) - A1C,.
It is easily seen that 'v:\" and v, are viscosity supersolution and a viscosity subsolution
of (3.6). Since ¢g < ¥p in R™, we have vy (z) < v} (z) for all z € R™. By the Perron
method, we find a viscosity solution v of (3.6) such that |
vy (z) < va(z) <vi(z) forallz € R™. (3.7

We formally compute that

Ado(z) = Aua(z) + H(z, Dua(x)) 2 Ado(z) — Co + H(z, Dua(x)),
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and hence H(z, Dvy(z)) < Co. This together with the coercivity of H yields the local
equi-Lipschitz continuity of the family {va}x>0. As a consequence, the family {v) —
vA(0)}a>0 C C(R™) is uniformly bounded and equi-Lipschitz continuous on bounded
subsets of R"™.

By (3.7), we have Agp(z) —Co < Ava(z) < Apo(z)+Cy for all z € R™. In particular,
the set {Ava(0)}re(0,1) C R is bounded. Thus we may choose a sequence {A;}jen C
(0, 1) such that, as j — oo,

)\j — 0, - )\j’l))‘j (0) - C,
vx, — Uz (0) v in C(R")

for some ¢ € R and some function v € C%*+(R™). Since
[A(va(z) —va(0))| < ALg|z| forallze B(O,R), R>0

and for some constant Lg > 0, we find that —A;v,;, — ¢ in C(R") as j — oo. By the
stability of the viscosity property, we deduce that (c,v) is a solution of (1.3). We need
to show that v € ®¢. For this we just refer to [I2].

It remains to prove the uniqueness of the constant ¢. We have the following com-
parison theorem.

Theorem 8 ([I2, Theorem 3.2]). Let Q2 be an open subset of R™ and € > 0. Let
u, v: ) — R be, respectively, an upper semicontinuous viscosity subsolution of H [u] <
—¢e in 2 and a lower semicontinuous viscosity supersolution of H[v] > 0 in Q. Assume
thatve @9 and u < v on N. Thenu < v on .

We skip the proof of the above theorem. Using the above theorem, it is easy to
conclude the uniqueness of the constant ¢. 0O

The following characterization of cy is valid.

Proposition 9. We have: cy = inf{a € R | S;_, # 0}, where H — a denotes the
function: (z,p) — H(z,p) — a.

Proof. We write ¢ temporarily for the right hand side of the above equality. It is
clear that ¢ < cy.

To complete the proof, we suppose that ¢ < cy and will get a contradiction. By
(b) of Theorem 1, there is a function v € ® N Sy_cy. It is obvious that v € SF_,
Note by the stability of the viscosity property that Sg_, # 0. Fix w € S;_,. We may
choose a C' > 0 so that the function u(z) := min{w(z), #1(z) +C} is a viscosity solution
of H[u] < ¢ in R™. Moreover we may assume by replacing C by a larger constant if
necessary that u —~ C < v in R™®. We apply the Perron method to find a ¢ € Sy_., but
this contradicts the uniqueness assertion of (b) of Theorem 1. O

Proof of (c). We assume that cy = 0 in the following proof. Indeed, this condition
can be achieved by replacing H and L by H — cy and L + cp, respectively.



149

Let {S¢}¢>0 be the semi-group of mappings on ®q defined by Siug = u(-,t), where
u € Wy is the unique viscosity solution of (1.1) and (1.2).

Let I C R be an interval and ¢ € ®¢ a viscosity subsolution of H[¢] = 0 in R™. We
denote by £(I, ¢) the space of all curves v € C(I,R™) such that for any [a,d] C I,

b )
7€ AC([a,8,R") and / L(y(t), 4(t)) dt < $(v(5)) — B(1(a)).

Such an element v € £(I, ¢) is called an extremal curve.
We need the following lemma.

Lemma 10 ([I2, Corollary 6.2]). Let z € R" and ¢ € Sy N ®g. Then there exists a
curve v € E((—o0, 0], ) such that v(0) = z.

The following lemma is a variant of [DS, Lemma 5.2).

Lemma 11 ([I2, Proposition 7.1]). Let K be a compact subset of R™. Then there
exist a constant § € (0, 1) and a modulus w for which if ug e Py, ¢ € Sg, v €
E([0, T],#), v([0, T)) C K, T > 7 > 0 and 7~ < 6, then

Srua(+(7)) = Sua(x(0) £ (D) ~ 6 O) + 7w (7= )

We skip here the proof of the above two lemmas.

We fix any up € & and define the functions u* : R* — R by

ut(z) = limsup Syup(z), u” (z) = liminf Spuo(z).
t—o0 —0

It is not hard to see that the function u(z,t) := Siug(z) is bounded and uniformly
continuous on B(0, R) x [0,00) for any R > 0, the proof of which we refer to [I2,
Lemmas 5.1, 5.6, and 5.7]. From this, we see that u* € C(R"™) and that u*(z) =
lim sup;_, ., u(z,t) and v~ (z) = hmmf*t_‘oou(:v t) for all z € R™. As is standard in
viscosity solutions theory, we have ut € Syandu~ € S+ Moreover, by the convexity
of H(z,-), we have u~ € S (and hence u~ € Sy). Also, we have u¥ € ®g (see (12,
Lemma 5.1]).

To conclude the proof, it is enough to show that u*(z) = u~(z) for all z € R".

We fix any z € R™. By Lemma 10, we find an extremal curve v € £((—00,0], u©™)
such that v(0) = z.

We show that y((—o0, 0]) is bounded in R™. To see this, let C > 0 be a constant and
set ¥(z) = min{@,(z) + C,u~(z)} for z € R™. We then fix C so that H(z, Dy(x)) <0
a.e. ¢ € R™. Using Lemma 3, we get

0
$(v(0)) —p(v(-1)) < /_ t L(v(s),¥(s)) ds < u™(7(0)) —u™(y(-1)) forall¢>0.
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Hence we have u~(y(—t)) — ¥(v(-t)) < u™(z) — ¢(z) for all t > 0. Since
limy|— oo (u™ (y) — %(y)) = oo, we see that y((—o0, 0]) is a bounded subset of R".

By the definition of u™, we may choose a divergent sequence {t;} C (0,00) such
that lim;_,oc u(z,t;) = u*(z). Since the sequence {7y(—t;)} is bounded in R", we may
assume by replacing {t;} by one of its subsequences if necessary that y(—t;) — y as
j — oo for some y € R™.

Fix any € > 0, and choose a 7 > 0 so that v~ (y) +& > u(y, 7). Let § € (0, 1) and w
be those from Lemma 11. Let j € N be so large that 7(t; — 7)~! < §. We now apply
- Lemma 11, to get , '

(e t5) =y Ot S ulr(—t)7) +u2(0) - wr(-t) + o (5 ).

Sending 7 — oc yields
wt(@) S uly, ™) +u (@) —u=(y) <u”(y) +e+u(2) —um(¥) =u(z) +e,

from which we conclude that u*(z) < u~(z). This completes the proof. O

4. Aubry sets
Let ¢ = cy. Following [FS2], we introduce the Aubry set for H[u] = c. We define
the function dgy € C(R™ x R") by

du(z,y) = sup{v(z) | v € Sy_, v(y) =0} (4.1)

and Ay as the set of those y € R™ for which the function dg(-,y) is a viscosity solution
of H[u] = c in R™. We call Ay the Aubry set for H or for H[u] = c.

Unless otherwise stated, we henceforth assume as in the proof of (c) of Theorem 1
that ¢ = 0.

The following proposition describes some of basic properties of dy (see {12, Section

8)).

Proposition 12. We have:

(a) dy is locally Lipschitz continuous in R™ x R™.

(b) du(y,y) =0 for ally € R™.

(¢) du(- y) € Sg for ally € R™.

(d) du(-,y) is a viscosity solution of H =0 in R™\ {y} for all y € R".
(e) du(z,2) < du(z,y) +du(y,2) for all z,y,z € R"™.

We see from (d) of the above proposition that

yeR"\ Ay <= 3Ipe€ Didy(y,y) such that H(y,p) <0, (4.2)

where D7 d(z,y) denotes the subdifferential at z of the function: z + d(z,y).
We have the following variational formula for dg.
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Proposition 13 ([12; Proposition 8.2]). The following formula is valid for allz, y €
Rn :

u(z,y) = 1nf{/ v(s),%(s))ds | t>0, v€C(a,t;y, 0)} (4.3)

We skip here the proof of the above proposition.

Proposition 14.. We have y € R™\ Ay if and only if there are functions ¢, 0 € C(R"™)
such that 0 > 0 in R™, o(y) > 0, and H[¢] < —o in R™ in the viscosity sense.

Proof. Assume that y € R®\ Ay. Set u = dy(-,y). In view of (4.2), there is a
function ¥ € C*(R™) such that u(y) = ¥(y), u(z) > ¥(z) for all z € R" \ {y}, and

H(y, D¥(y)) < 0. We may moreover assume that lim|z—, (u—%)(z) = oco. If we choose
€ > 0 sufficiently small and set ¢(z) = max{u(z),¥(z) + €} for z € R", then ¢ € Sy
and moreover there is a function o € C(R"™) satisfying ¢ > 0 in R™ and o(y) > 0 such
that H(z, D¢(z)) < —o(z) in R™ in the viscosity sense.

Next, assume that there are functions ¢, € C(R"™) such that o > 0in R", o(y) > 0,
and H(z,D¢(z)) < —o(z) in R™ in the viscosity sense. We may choose a compact
neighborhood V of y so that o(z) > 0 in V. By a small perturbation of ¢ if necessary,
we may assume that dg(z,y) > ¢(z) — ¢(y) for all z € V'\ {y}. We need to show that
y € R™\ Agy. For this, we suppose that y € Ay and will get a contradiction. Let
{#r}ren € CH(R™) be a sequence converging to ¢ in C(R™) such that H(z, Déx(z)) <
—o(z)/2in V. Let yx € V be a minimum point of dg (-, y) —¢x over V. Since dy(:,y)—¢
has a strict minimum at y over V, we deduce that y, — y as k — o0o. Consequently, for
sufficiently large k, we have H(yx, Dé(yx)) > 0, which is a contradiction. [

Proposition 15. The Aubry set Ay is a nonempty compact subset of R™.

Proof. By Proposition 14, it is easy to see that R™ \ Ay is an open subset of R",
which says that Ay is a closed subset of R™.

Since cy = 0, by (b) of Theorem 1, there is a function ¢ € Sy N ®o. Since
limz| o 01(z) = o0, we may choose a C > 0 so that the function ¥(z) :=
min{¢(z), #1(z) + C} is a viscosity subsolution of H[¢] = 0 in R™. Since im|z|—.o0(¢ —
1)(z) = oo, we see that H(z, DY(z)) < —o1(z) in R™ \ B(0, R) in the viscosity sense
for some R > 0. We choose r > R so that o;(z) > 0 for R" \ B(0,r) and conclude by
Proposition 14 that Ay C B(0, 7).

It remains to show that Ay # 0. To do so, we suppose that Ay = @ and will get a
contradiction. Let 9 and r > 0 be as above. In view of Proposition 14, there are finite
sequences {y;}}; C B(0,r) and {¢;},, {f;}}_; € C(R") such that f; > 0 in R" for

all j, H[y;] < —f; in R™ in the viscosity sense for all j, and B(0,7) C U,__l{x € R™ |
fi(z) > 0}. Set u = m ('¢' + EJ- =1 'l/)j), and observe by the convexity of H that u is

a viscosity solution of Hlu] < — 547 (a + 251 f,-) in R™, from which we deduce that
there is a € > 0 such that u € Sy_,. This is a contradiction in view of Proposition 9.

O
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In the PDE viewpoint, the following uniqueness property features Aubry sets.

Theorem 16. Letv € Si; and w € S§; N ®o. Assume that v < w on Apy. Thenv < w
on R™.

Proof. Fix any ¢ > 0. Choose a compact neighborhood V of Ay so that v(zx) <
w(z) +¢ for all z € V. As in the proof of Proposition 9, we may find a ¢ € C(R") and
a & > 0 such that H[y)] < —4 in R™\ V in the viscosity sense and ¥(zx) = ¢:1(z) for all
x, with |z| sufficiently large. Let A € (0, 1) and set vx(z) = (1 — A)v(z) + Ap(z) — 2¢ for
z € R™. Observe that H[v)] < —A\J in R™\ V" and that for A € (0, 1) sufficiently small,
va(z) € w(z) for all z € V. We may apply standard comparison results, to get va(z) <
w(z) for all z € R™\ V and all X sufficiently small. Hence, for A € (0,1) sufficiently
small, we have vx(z) < w(z) for all z € R™. From this, we obtain v(z) < w(z) for all
zeR" 0O

The above theorem has the following corollary.

Corollary 17. Let u € Sy NPg. Then

u(z) = inf{u(y) + du(z,y) |y € Ag} forallz € R". (4.4)

5. Examples

We give two sufficient conditions for H to satisfy (A4).
Example 1. Let Hy € C(R™ x R") and f € C(R™). Set H(z,p) = Ho(z,p) — f(x)
for (z,p) € R™ x R". We assume that

lim f(z) = oo, - (5.1)

|z|—o0
and that there exists a § > 0 such that

sup |Hp| < oo. (5.2)
R x B(0,5)

Fix such a § > 0 and set C5 = Suprnyxp(0,s) |Ho|- Then we define ¢; € C°+(R"),
with ¢ = 0, 1, by setting ¢o(z) = —glxl and ¢, (z) = —d|z|, and observe that for i = 0, 1,

Hy(z,D¢i(z)) < Cs forall z € R™\ {0}.

Hence, for i = 0, 1, we have
B 1
Ho(z, Déi(2)) < 3 () +Cs - %%13 f forallz € R\ {0}.

If we set 1 - _
a,-(:r)=—2-f(x)—05+-2-rginnf forre R"andi=0,1,
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then H satisfies (A4) with these ¢; and o0;, ¢ = 0,1. It is clear that if Hy satisfies
(A1)-(A3), then so does H.

Example 2. Let a > 0 and let Hy € C’(R"). be a strictly convex function satisfying
the superlinear growth condition

Ho(p) _

{p|-—sc0 |P|

Let f € C(R™). We set
H(z,p) = az-p+ Ho(p) - f(z) for (z,p) € R® x R".

This class of Hamiltonians H is very close to that treated in [FIL2].

Clearly, this function H satisfies (A1)-(A3). Let Lo denote the convex conjugate
H} of Hy. By the strict convexxty of Hy, we see that Ly € C'(R"™). Define the
function ¢ € C*(R") by ¥(x) = —2Lo(—az). Then we have Dy(z) = DLo(—az) and
therefore, by the convex duality, Ho (Dz/)(x)) = Diy(z)-(—azx)—Lo(—az) for all z € R"
Consequently, for all z € R™, we have

H(z, Dy (z)) = az - Dy(z) + Ho(Dy(z)) — f(z) = —Lo(—az) — f(z).
Now we assume that there is a convex function I € C(R"™) such that
lim (I(—az) + f(z)) =00, (5.3)
|z|—oco
im (Lo — 1)(€) = 0. (5.4)
|§] =00
Let h denote the convex conjugate of . We define ¢ € C%*1(R™) by ¢(z) = —1l(—ax)

for z € R™. This function 4 is almost everywhere differentiable. Let z € R™ be any
point where ¢ is differentiable. By a computation similar to the above for 1, we get

az - D(x) + h(De(x)) - f(z) < ~I(—az) - f(2). (5.5)

By assumption (5.4), there is a C > 0 such that Lo(§) > I(§) — C for all £ € R™. This
inequality implies that Hy < A+ C in R™. Hence, from (5.5), we get

H(z, D¢(z)) < —l(—az) — f(z) +C.

We now conclude that the function H satisfies (A4), with the functions ¢o = ¢, 1 =9,
oo(z) = l(—azx) + f(z) — C, and 01(z) = L(—ax) + f(z).

It is assumed here that Hj is strictly convex in R™, while it is only assumed in [FIL2]
that Hy is just convex in R™, so that Ly may not be a C* function.

The reason why the strict convexity of Hy is not needed in [FIL2] is in the fact that
Hamiltonians H in this class have a simple structure of the Aubry sets. Indeed, if c is
the additive eigenvalue of H, then minyern H(z,p) = c for all £ € Ay. Given such a
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property of the Aubry set, the proof of (c) of Theorem 1 can be simplified greatly and
does not require the C! regularity of Lo (see [FIL2]), while such a regularity is needed
in the proof of Lemma 11 in the general case. Any = € Ay is called an equilibrium point
if minyern H(z,p) = c. A characterization of an equilibrium point = € Ag is given by
the condition that L(z,0) = —c. The property of Aubry sets Ay mentioned above can
be stated that the set Ay comprises only of equilibrium points.

The following example illustrates the fact that Aubry sets may not contain any
equilibrium point.

Example 3. We consider the two-dimensional case. Wefixa, € Rsothat0<a <
and choose a function g € C([0,00)) so that g(r) = 0 for all r € [a, ], g(r) > 0 for all
r € [0,a) U (8,0), and lim,—.oc g(r)/r? = co. We define the functions Ho, H € C(R?)
by

Ho(z,p) = (p1 — %2)* + (p2 + 21)* — |z,

H(z,p) = Ho(z, p) — 9(|=).

It is easily seen that the function H satisfies (A1)-(A3). Let § > 0 and set ¢(z) = —6|z|?
for z € R2. We observe that Diy(z) = —2dz and Ho(z, Dy(z)) = 46%|z|? for all z € R2.
Therefore, for any § > 0, if we set ¢o(z) = ---6|:1:|2 and ¢;(z) = —25|z|? for z € R?,
then (A4) holds with these ¢ and ¢;.

Noting that the zero function z = 0 is a viscosity subsolution of H[z] = 0 in R"’ we
find that the additive eigenvalue cj is nonpositive. We fix any r € [a, 3] and consider
the curve v € AC([0,2x]) given by «(t) := r(cost,sint). We denote by U the open
annulus int B(0, 8) \ B(0, ) for simplicity of notation. Let ¢ € C°**(R?) be a viscosity
solution of H[p] = cy in R™. Such a viscosity solution indeed exists according to (b)
of Theorem 1. Due to Lemma 2, there is a function ¢ = (q1,42) € L*(0,2m, R?) such
that for almost all ¢ € (0, 2n),

S 801(8) = r(~a(t)sint + ga(t) cost) and q(t) € Be(y(8):

The last inclusion guarantees that H(z(t),q(t)) < cy a.e. t € (0,27). Hence, recalling
that a < r < 3, we get

e 2 Ho(a(t), a(t) = la®) = 21(Da () + 2n()as(t) ae. ¢ € (0,2m).
We calculate that for all T € [0, 2],
T
SOT) = SO =7 [ (~ar(®)sint + aa(t) cost)
= [ Catme+ atm(9) & < 3 3 [ en= @) at < Jent.

This clearly implies that cy = 0 and also that the function: ¢t — ¢(y(t)) is a constant.
Thus we find that ¢(z) = h(|z|?) for some function h € C°*1([e, 8]).
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Next, we show that ¢ is a constant function in U. For any r» € (@,) and any
z € 0B(0,r), we have D¢(z) = 2h'(|z|?)z, and, in particular, z,8¢/0x; —2,0¢/0x; = 0.
Therefore, for almost all z € U, we have

0 > Ho(z, Do(x)) = (8¢/8x1 — z2)* + (8¢/0z2 + 71)% - |z|* = | Dg)>.

That is, we have D¢(z) = 0 a.e. € U, which assures that ¢ is a consta.nt in U.

Now we know that for any y € U, the function: = +— dy(z,y) is a constant in a
neighborhood of y, which guarantees that U ¢ Ay and moreover that U C Agy. For
the function 2z = 0, we have H(z] = —g(|z|) in R™ in the viscosity sense, which shows
that Ay C U and hence Ay =U. N

Finally, we note that H(z, (z2, —z1)) = Ho(z, (2, —1)) = ~|z]? < O forall z € U,
and conclude that any z € Ay = U is not an equilibrium points.

The following two propositions give sufficient conditions for points of the Aubry set .
Ay to be equilibrium points.

Proposition 18. Ify is an isolated point of Ay, then it is an equilibrium point.

Proof. Let y be an isolated point of Ay. Since dy(-,y) € Sy, according to Lemma
10, there exists a curve v € £((—o0, 0],du(-,y)) such that v(0) =
We show that y(t) € Ay for all t < 0, which guarantees that

yt)=y forallt<O0. (5.6)

For this purpose we fix any z € R" \ Ay. By Proposition 14 there are two functions
¢ € SpNPgand 0 € C(R") such that H[p] < —o in R™ in the viscosity sense, o > 0
in R", and 0(z) > 0. By Lemma 3, for any fixed ¢ > 0, we have

0 0
B(y) — S(v(~1)) < / L(7(s),4(s))ds / o(y(s)) ds
—t —t
0
= dy (v, y) — drr(v(=t), ) - f_ o(re)ds.
Accordingly we have
Q
_/_ t o(v(s))ds + du(v(=t),y) < ¢(v(—1)) — 6(¥(0)) < du(v(~t), ).

Hence we get f_ot o(v(s))ds < 0, which implies that y(s) # z for all s < 0. Thus we
conclude that (5.6) holds.
Now we have

0
0= du(,9) - du(v(=1),4) = /_ L(r(0) ¥(O)dt = L(3,0),

which shows that y is an equilibrium point. 0O
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Proposition 19. Assume that there exists a wviscosity solution w € C(R") of
H(z, Dw) = minyern~ H(z,p) in R®. Then Ay consists only of equilibrium points.

For instance, if H(z,0) < H(z,p) for all (z,p) € R?", then w = 0 satisfies
H(z, Dw(z)) = minyern H(z,p) for all z € R™ in the viscosity sense. If H has the
form H(z,p) = az-p+ Ho(p) — f(z) as before, then H attains a minimum as a function
of p at a unique point ¢ satisfying oz + D™ Ho(g) 3 0, or equivalently ¢ = DLo(—azx),
that is,

pxénn H(z,p) = az - ¢+ Ho(q) — f(z),

where L denotes the convex conjugate H§ of Hy. Therefore, in this case, the function
w(z) := —(1/a)Lo(—az) is a viscosity solution of H{w] = minyers H(z,p) in R". In
- these two cases, the Aubry sets consist only of equilibrium points.

Proof. Let cy = 0 as usual. We have minyern H(z,p) < 0 for all z € R". Note that
the function o(z) := — minyern H(z,p) is continuous on R™ and that w is a viscosity
solution of H[w] = —o in R™. Applying Proposition 14, we see that if y € R™ and
minpern H(y,p) < 0, then y & Ay. That is, if y € Ay, then minyern H(y,p) = 0,
which is eqmva.lent that y is an equilibrium point. 0O

The following example shows that one cannot replace the strict convexity (A3) in
(c) of Theorem 1 by the convexity of H(z,p) in p.

Example 4. Consider the Hamiltonian H € C(R? x R?) given by
H(x’p) = HO(map) - ”2«" - ll’

where Ho(z,p) = v/(p1 — 22)2 + (p2 + 71)2 — |z|. It is clear that H satisfies (A1) and
(A2). Also, H satisfies (A4) with ¢o(z) = 0 and ¢;(z) = —|z|. Moreover, H(z,p) is
convex in p on R2. However, it is not strictly convex in p, i.e., (A4) does not hold.

It is easily checked that the function ¢o(z) = 0 is indeed a viscosity subsolution of
H(z, D¢o(x)) = 0 in R2, which implies that ci < 0 by Proposition 9.

Let L denote the Lagrangian of H, and we observe that

L(IB,{) =L0($’£) + !1 - I(L'”,
Lo(z,§) = SeurIé(P - & — Ho(z,p)) = dp(0,1)(€) + z261 — 7162 + |z,
p

Lo(z,€) =0B(0,1)(§) =0,

where 5 denotes the indicator function of the set B, i.e., 6g(§) = 0 for £ € B and = 00
for £ € R™ \ B.

Let ¢ € C(R?) be a subsolution of H(z,D¢(z)) < cy in R2. Consider the curve
v(t) = (cost,sint), with t € [0,2x], and observe that

27
0 = ¢(v(2m)) — ¢(+(0)) < A (L(v(t), ¥(t)) + cu) dt = 2mcy,

from which we see that cy > 0. We now conclude that ¢y = 0.
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Let up € BUC(R"™) be such that ug(e;) = 0, where e; = (1,0), and ug(z) > 0 for all
z € R?\ {e;}, and we consider the Cauchy problem

us(z,t) + H(z, Du(z,t)) =0 in R? x (0, oo) and u(-,0) = uo. (5.7)

The formula (2.1) for the solution u of (5.7) tells us that u(z,t) > 0 for all (z,t) €
x [0,00), and for any k € N,

u(er, 2km) < om L), 1(8)) dt + uo(v(0)) = 0,

where 7(t) = (cost,sint) for all t > 0. In particular, we have u(e;,2km) = 0 for all
k € N.
We show that there is a € > 0 such that

u(e1, (2k+1)x) > ¢ forall k € N. (5.8)

Indeed, as we will show, (5.8) holds with ¢ = min{1/8, m/2}, where m = min{up(z) |
z € K} and K = {(z1,22) € B(0,3/2) | z; < 0}.

Let k € N. We set ¢ = min{1/8,m/2} and T = (2k+1)w. We argue by contradiction
that u(e;,T) > €, and thus suppose that u(e;,T") < . We can choose a v € C(z,T') so
that

T
e> / Ly(£),4(8)) dt + uo(+(0)). (5.9)

Next, noting that 4(¢) € B(0,1) and hence |(d/dt)|v(¢)]] < 1 a.e. t € (0,T), we
compute that for any t € [0, T,

T
(@) -1 = -2 / ()l - AT g,
and therefore, by (5.9),

(@) - 1)2 <2 f lv(s)] = 1] ds < 2e.

Hence we have |[v(t)| — 1| < (2¢)* < 1/2 for all t € [O,T]. That is, we have 1/2 <
lv(t)| < 3/2 for all ¢ € [0, T7.

 We now use the polar coordinates, that is, we choose functions r,8 € AC([0,T])
so that v(t) = (r(t)cosd(t),r(t)sinf(t)) and r(t) > 0 for all ¢t € [0,T] and 6(T) = 0.
Such functions 7 and @ exist because y(t) # 0 for all t € [0,T]. Note that |¥(¢)]* =
#(t)2 + 7(t)26(t)2 < 1 and Lo(v(t), 4(t)) = r(t)(1 — r(£)8(t)) a.e. t € [0,T]. Inequa.hty
(5.9) reads

o> [ [~ r@fe) +1r0) - 1] @t + wolr(o)
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From this, since r(t) > 1/2 for all t € [0, T}, we get € > 3 fOT(l — r(t)8(t)) dt. Note also
that |4(¢)| < 1/r(t) < 2 a.e. t € (0,T). Combining these observations, we get

< +

T _ T . T _
/0 (1 —6(t)) at /0 (1= r(£)f(2)) dt /0 (r(t) — DA(E) de

<2 + /OT Ir(2) — 1]|8(8)| dt < 2 +z[0T Ir(t) — 1] dt < 4e,

from which we obtain [T + 6(0)] < 4¢ < 1/2 < ©/2. Hence we have 8(0) € [-2km —
3m/2, —2km — w/2]. Thus we get 7(0) € K and moreover £ > uo(y(0)) = m, but this
contradicts our choice of e. We conclude that (5.8) holds and that the limit, as ¢ — oo,
of u(ey,t) does not exist.

6. Characterizations of the asymptotic solutions
The function v in assertion (c) of Theorem 1 is characterized as follows.

Theorem 19 ([I2, Theorem 8.1]). Let v € C(R") be the function from (c) of Theo-
rem 1. Then, for any z € R", ,

v(z) = inf{dy(z,y) + du(y, 2) + uo(z) | y € An, z € R"}. (6.1)

We do not give here the proof of the above theorem.

Theorem 20. Let up and v be from Theorem 1. Assume that cgr = 0. Then

v(z) = inf{¢p(z) | ® € Sy, d 2 uy in R"} forallz € R", (6.2)

where ug i3 the function on R™ given by
ug (z) = sup{¥(z) | ¥ € Sg, ¥ Sup in R"}.

The formula (6.2) has been obtained in [II, Theorem 2.2] under slightly different
assumptions.

Proof. We write temporarily

f(z) = inf{dn(z,y) +uo(y) |y € R"} for z € R,
g(z) = inf{p(z) | ¢ € Sy, $ 2 u; inR"} forz e R".

By Theorem 19, we have v(z) = inf{dy(z,y) + f(y) | y € Ax} for all z € R™. Thus,
we need to show that '

g(z) = inf{du(z,y) + f(y) |y € Ax} forall z € R". (6.3)

We write h(z) for the right hand side of (6.3).
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We first observe that f = ug. Indeed, since f € Sy and f < up in R™, we see that
f < ug in R”. On the other hand, since u; € Sy and u; < ug in R™, we see that
Uy (z) £ du(z,y) + uo(y) for all z,y € R™ and therefore vy < f in R™. Thus we have
ug = f in R™.

Next we observe that dg(z,y) +ug (y) > yg (z) for all z,y € R™, du(-,y) +ug (y) €
Sy for all y € Ay and hence g(z) < inf{du(z,y) +ug (¥) | y € An} = h(z) for all
z € R™. In particular, we have ug (z) < g(z) < h(z) < uyg (z) for all z € Ax. Hence,
g(z) = h(z) for all z € Ay. Since ug € Py, we may choose a C > 0so that ug > ¢o—C
in R™. We may assume without loss of generality that ¢p € Sz. By the definition
of uy, we see that ug > ¢9 — C in R™. This ensures that g > ¢9 — C and therefore
g, h € ®g. Finally, noting that g, h € Sy, we apply Theorem 16, to conclude that g=h
inR*. 0O
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