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ABSTRACT. This paper discusses viscosity solutions of general Hamilton-Jacobi
equations in the time periodic case. Existence results are presented under usual
hypotheses. The main idea is to reduce the study of time periodic problems to
the study of stationary problems obtained by averaging the source term over
a period. These results hold also for almost-periodic viscosity solutions.

1. Introduction. In this paper, we will be interested in time periodic solutions of
first order Hamilton-Jacobi equations of the form

owu + H(z,u, Du) = f(t), (x,t) € RN xR, (1)

i.e., we will look for viscosity solutions of (1) which satisfy w(z,t) = wu(x,t +
T), (z,t) € RN x R, where the hamiltonian H and f are continuous functions, f
is T periodic in t and Du = (0, u, O, U, ..., Oy ) denotes the gradient of w.

Clearly the conditions ensuring the existence and uniqueness of such solutions
will be closely related to those giving the existence and uniqueness results of the
initial value problem

v+ H(z,u, Du) = f(t), (x,t) € RNx]0,T],
u(z,0) = ug(z), =€ RY.

For this latter purpose, one may refer to the series of papers by Crandall and
Lions where the notion of viscosity solution was introduced, cf. [8], [9], [10], [13].
They proved the uniqueness and stability of this type of solutions for a large class
of equations, in particular for the initial value problem

Owu+ H(x,t,u, Du) =0, (x,t) € RV x]0,T],
U(:C,O) = UO(x)7 T e RNa

(2)

(3)
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and also for the stationary problem
H(z,u,Du) =0, =cR"Y, (4)

These results were extended by several papers. We just mention the one by Sougani-
dis [19] where general existence results are discussed and the book by Barles [1] for
a clear presentation of viscosity solutions.

Let us start by listing the usual hypotheses used for the existence and uniqueness
results. We formulate them for time dependent hamiltonians, whereas when dealing
with hamiltonians not depending on time, stationary variants have to be considered.

VO<R< 400, Iyg >0 : H(x,t,u,p) — H(z,t,v,p) > vr(u — v), (5)
forallz e RN, 0<t<T, —-R<v<u<R,pecRV:
VR>0, Imp : |H(z,t,u,p) = H(yt,u,p)| < mg( |z —yl-(L+[p])), (6)
forall z,y e RN, t € [0,T], —R <u < R, p € RV, where lim,_.omg(z) =0;
VR >0, lim H(x,t,u,p) = oo, uniformly for (z,t,u) € RN x [0,T] x [-R, R] ;

|p|—o0
M
V0 < R < 400, H is uniformly continuous on RY x [0,7] x [-R,R] x B ; (8)
IM >0 : H(x,t,—M,0) <0< H(x,t,M,0), Yz €cRY tc[0,T]. (9)
Recall that hypotheses (5), (6 or 7), (8), (9) ensure the existence of a unique solution

for the stationary equation (4). It is well known that the condition (5) is crucial for
the uniqueness result. For example if (5) is replaced by

H(z,u,p) — H(z,v,p) >0, Ve eRY, v<u, peRY, (10)

(which comes to taking yg = 0 in (5)), then uniqueness fails even if under the
hypotheses (10), (7), (8) and (9) one still has the existence of a solution u €
WLee(RN). The regularity of the solution is in fact a consequence of the coer-
civity condition (7). Thus without (7), for example under the hypotheses (10), (6),
(8) and (9), one can just ensure the existence of a bounded semi continuous viscosity
solution of (4). And finally note that a further weakening of the above hypotheses,
for example that of (9), may not guarantee even the existence of a viscosity solution.
The hypotheses (5) (with yg € R, VR > 0), (6), (8), (9) ensure existence and
uniqueness results for the Cauchy problem (3). An easy consequence is the existence
of a unique periodic solution for

Owu+ H(x,t,u,Du) =0, (2,t) € RN xR, (11)

(start with an arbitrary data up and use the fixed point method, see Section 3).

As mentioned before, in the above results, the monotonicity of H with respect to
u happens to be crucial notably for the uniqueness results. A much more difficult
situation arises when the hamiltonian is just nondecreasing with respect to u. In
this case we consider the particular problem (1) where f is a periodic continuous
function. The main idea is to observe that there is a close relation between the
existence of time periodic solutions of (1) and that of stationary solutions for the
time averaged problem

1 /7
H(z,u,Du) = (f) := T/ f(t) dt, = eR"N. (12)
0
A very easy example is given by the following ode

() + g(z(t)) = f(t), tER, (13)
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where f,g : R — R are continuous functions and for which we have the following
result (see [6])

Proposition 1. Assume that f : R — R is continuous, T periodic and g : R — R
is continuous, nondecreasing. Then (13) admits a T periodic (classical) solution iff
there exists xo which solves g(x) = (f).

We will now give our main results for Hamilton-Jacobi equations in the case

where the hamiltonian is nondecreasing in u, i.e., satisfies (10).
Theorem 4.1 Let H = H(x,z,p) be a hamiltonian verifying (10), (7), (8) and
sup{|H(x,0,0)| :x € RN} = C < +o00 and f € C(R) be a continuous time periodic
function. Then there is a bounded lipschitz time periodic viscosity solution of (1) iff
there is a bounded continuous viscosity solution of (12).

Another interesting problem is the long time behaviour for the viscosity solution
of the Cauchy problem (2). For some classes of initial conditions we show the con-
vergence towards a time periodic viscosity solution of (1), see Proposition 7. The
proof relies on monotonicity and stability arguments. At this stage let us point out
that asymptotic behaviours of Hamilton-Jacobi equations in periodic settings have
been studied essentially for hamiltonians independent on u and which are periodic
in the x variable, cf. [3], [11], [15], [16], notably since the paper of Lions, Papanico-
laou, Varadhan [14] concerning the homogenization of such equations. These space
periodic solutions are generally shown to converge, as t — 400, to steady solutions
or to travelling waves. We note here the relationship with ergodic problems as
the speed of the underlying waves appears as the ergodic constant related to the
solvability of

H(z,Du) =\, z€RY,

In the space-time periodic case, one may expect the existence of space-time periodic
solutions ¢ of (1) and then the convergence of the solution of the initial value
problem towards ¢ when t — +0o. We mention here the paper by Roquejoffre
[17] where this programme is carried out under appropriate assumptions including
the strict convexity of the hamiltonian. His results, whose proofs essentially come
from the dynamical system theory and which call for the Aubry-Mather set, may
be viewed as an extension, to the time dependent case, of Fathi’s result [11], where
convergence to travelling fronts are proved for strictly convex hamiltonians.
However it is worth noting that in general, convergence to space-time periodic
solutions fails i.e., the results of [17] cannot be extended to more general hamiltoni-
ans, see counterexamples in [2], [12]. Coming back to this work, in this setting, our
results roughly say that for some classes of initial conditions, we have convergence
towards periodic solutions iff A = (f). Moreover no convexity argument is required.
We study also the asymptotic behaviour of time periodic viscosity solutions for high
frequencies. Let us analyze our model equation (13), with f a T" periodic function.
Introduce also f,(t) = f(nt),Vt € R, n > 1, which is % periodic and has the same
average as f. Suppose that (f) € g(R) and let x,, be a % periodic solution of

xfn(t) + g(zn(t» = fn(t)v tER,

such that sup,, ||zn|lcc < +00. We are interested in the limit of (z,), when the
period goes to 0.
After the change of variable y,, (t) = z, (L) we deduce that y, are T periodic and

solves n -yl () + g(yn(t)) = f(t), t € R, n > 1. We can guess that (y,), converges



4 M. BOSTAN AND G. NAMAH

uniformly to a constant yo and since fOTg(yn(t)) dt = fOT f) dt, ¥V n > 1 we de-
duce that g(yo) = (f). Thus we obtain that (z,), converges towards a solution of
g(x) = (f). The same result holds in the context of minimal l.s.c. viscosity super-
solutions, resp. maximal u.s.c. viscosity subsolutions for equations (1), (12) (see
Section 5 for the definitions of minimal l.s.c. supersolution, resp. maximal u.s.c.
subsolution). We have the theorem

Theorem 5.1 Let H = H(x,z,p) satisfy (10), (6), (8), H(z,—M,0) < f(t),
V (z,t) € RY x R for some M > 0, where f is a T periodic continuous func-
tion. Suppose also that there is a bounded lLs.c. viscosity supersolution V> —M of
(12) and denote by V', v, the minimal l.s.c. viscosity supersolutions of (12), resp.
Oyvy + H(z,v,, Du,) = fu(t), in RY x R. Then the sequence (vy,), converges umi-
Jormly on RN xR towards V and ||v, = V|| Lo @ vy < =f = () lLr0,m), Yn > 1.

The above result may be assimilated to a homogenization process where the
period goes to zero. Note also that we have a 'more regular’ version of this theorem
when the hamiltonian satisfies the coercivity condition (7), see Remark 7.

The paper is organized as follows. In Section 2, after recalling a few basic results
on viscosity solutions we give a comparison result which will be one of the key points
in our proofs. Section 3 is devoted to the case where the hamiltonian satisfies the
strong monotonicity condition (5). We show the existence of a unique time periodic
solution which is the limit of any corresponding initial value problem’s solution. In
Section 4 we deal with the case where the hamiltonian satisfies the weaker condition
(10) and prove Theorem 5 for coercif hamiltonians. Moreover we analyze the long
time behaviour of the solutions as well as the relation with ergodic problems. In
the next section we look at the asymptotic behaviour of time periodic solutions
for large frequencies. We end up with some generalizations for the case of time
almost-periodic solutions.

2. Preliminaries. In this section we recall some basic properties of viscosity solu-
tions. We present also a slightly improved version of comparison result. Let H be a
T periodic continuous function and u a viscosity subsolution (resp. supersolution)
of the equation

Owu+ H(x,t,u, Du) =0, (x,t) € RYx]0,T]. (14)
Note that if u is a T periodic viscosity subsolution (resp. supersolution) of (14),

then w is a viscosity subsolution (resp. supersolution) of dyu+ H(x,t,u, Du) = 0 in
RY x R. This is essentially due to the following classical result (see [1]).

Lemma 1. Assume that H € C(RNx]0, T|xRxRY) and u € C(RVX]0,T)) is a vis-
cosity subsolution (resp. supersolution) of OyutH (z,t,u, Du)=0, (z,t) € RN x]0, T
Then u is a viscosity subsolution (resp. supersolution) of Oyu+ H(x,t,u, Du) =
0, (z,t) € RV x]0,T7.

Now by time periodicity one gets
Proposition 2. Assume that H € C(RY x R x R x RY) and u € C(RY x R)
are T periodic such that u is a viscosity subsolution (resp. supersolution) of dyu +

H(z,t,u,Du) = 0, (z,t) € RVNx]0,T[. Then u is a viscosity subsolution (resp.
supersolution) of yu + H(z,t,u, Du) =0, (z,t) € RN x R.

Let us recall a few results concerning the stationary equation (4). We have the
following comparison result (see [1]).
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Theorem 1. Let u,v be bounded u.s.c. (upper semi continuous) subsolution, resp.
l.s.c. (lower semi continuous) supersolution of (4). We assume that (5), (6), (8)
hold. Then we have u(z) < v(z), V z € RN. Moreover the hypothesis (6) can be
replaced by u € WH(RN) or v € WH(RN).

The main existence result for (4) is given by the following theorem (see [1]). We
use the notation BUC(X)={v € C(X) : v is bounded, uniformly continuous on X}.

Theorem 2. Assume that (5), (6), (8), (9) hold. Then there is a unique viscosity
solution u € BUC(RY) of (4).

For the time dependent case we have the following comparison result (see [1]).

Theorem 3. Let u,v be bounded u.s.c. subsolution, resp. l.s.c. supersolution of
(14). We assume that (5), (6), (8) hold (with yr € R not necessarily positive),

1%{I(l)(u(x,t) u(z,0))4 tl{r(l)(v(x,t) v(x,0))- =0, uniformly for x € R™, (15)

(here (1)1 denotes the positive/negative part ax = max(+a,0), Va € R) and
u(-,0) € BUC(R™) or v(-,0) € BUC(RY). (16)
Then we have €' sup,cpn (u(z,t) — v(2, 1))+ < supyepn (u(z,0) — v(2,0))4, Vit €
[0,T], where v = vR,, Ro = max(supgn y[o 1) U, — infgnx 0,71 v). If the hypotheses
(15), (16) are not verified, we have
et sup (u(x,t) —v(z,t < sup w— inf wv)y <2Ry.
S ) oo D)y (s w0 < 2Ry
Moreover, the hypothesis (6) can be replaced by u € WH<(RNx]0,T[) or v €
Whoo (RN x]0, TT).
Corollary 1. Let u,v be bounded u.s.c. subsolution of Opu+H (z,t,u, Du) = f(x,t)
in RN x]0, T, resp. l.s.c. supersolution of Oyv+H (z,t,v, Dv) = g(z,t) in RN x]0, T
where f,g € BUC(RYN x [0,T]). Then under the assumptions of Theorem 3 we have
for allt €10,T]

() = vl )@y < ll(u(0) = v(,0)) 4l Lo r)

t
+ [0 = a9 s (07

where v = yg,, Ro = max(sup]RNX[O’T] u, — infpn 0,77 V).
The main existence result for (3) is given by the following theorem (see [19], [1]).
Theorem 4. Assume that (5), (6), (8), (9) hold (with yr € R,¥Y R > 0). Then for

every ug € BUC(RYN) there is a unique viscosity solution v € BUC(RY x [0,T]) of
(3),VT > 0.

We end this section with the following comparison result for semi continuous
viscosity solutions.

Proposition 3. Let u a bounded viscosity u.s.c subsolution of Oyu+H (x,t, u, Du)=
f(x,t) in RNX]0, T[ and v a bounded viscosity l.s.c. supersolution of Oyv+H (x,t,v, Dv)
= g(z,t) in RN x]0, T[, where f,g € BUC(RY x [0,T]). We assume that (5), (6),
(8), (15), (16) hold (with yg > 0,V 0 < R < +00). Then we have for all t € [0,T)

sup (u(z, t)-o(x, 1)) < ¢ sup (u(z,0)-v(z,0))4+sup / sup (f(z,0)g(z,0)) do-
xeRN zERN 0<s<tJs xRN (18)
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where v = YRy, Ro = max(supgx (o) U, — infrnxjo,1) V). If the hypotheses (15),
(16) are not verified, we have
t

sup (u(z,t) —v(x,t)) <2Rp-e "'+ sup / sup (f(z,0) — g(x,0)) do.

z€RN 0<s<tJs zeRN
Moreover, the hypothesis (6) can be replaced by u € WL (RN x]0,T]) or v €
Whee (RN x]0, T7).
Remark 1. Note that the main difference between (17) and (18) is that in the right
hand side term of (18) we have now supgn~ (f(+,0) —g(+, o)) and not supg~ (f(-,0) —
g('a U))-‘r’
Proof. Let us fix t € [0,T]. We denote by h : [0,7] — R the function h(s) =

sup,ern (f(z,8) — g(z,s)), s € [0,T]. Consider the function w : RY x [0,¢] — R
given by

w(z,s) =v(z,s)+ /OS h(c) do + Oili[;t (— /OT h(o) da) , (z,5) € RN x[0,1].

It is easily seen that w is a bounded viscosity l.s.c. supersolution of d,w + H = f,
(z,s) € RV x]0,¢[, since w > v on RY x [0,#] and H is nondecreasing with respect
to the third variable (we use here yg > 0,V R > 0). We have

Ro > max( sup wu,— inf ov)>max( sup wu,— inf w),
RN x[0,t] T RN X[0,1] RN x[0,t] RN x[0,¢]

and by Theorem 3 we deduce that for any (z,s) € RV x [0, ]

e’ (u(z,s) —w(z,s)) < Kg(u(y, 0) —w(y,0))+ < S%I;V(U(y, 0) —v(y,0))+,

implying that
u(z, s)—v(x,s) < e 7 sup (u(y,O)fv(y,O))JrJr/ h(o) do+ sup (/ h(o) da) .
yERN 0 0<r<t 0
In particular for s = ¢ one gets
¢
u(z,t) —v(z,t) <e 7 sup (u(y,0) —v(y,0)); + sup (/ h(o) da> , Vo eRY.
yERN o<r<t \Jr
If (15), (16) are not verified we have by Theorem 3

e’ (u(z,s) —w(x,8)) <( sup w— inf w)y <( sup uw— inf wv)y <2Ry,
(u(z,s) —w(z,s)) (RNX[O,t] elhg )+ (RNX[O,t] anlf )+ 0

and therefore
u(zx, s) —v(xz,s) < 2Rpe™7* —|—/ h(o) do + sup (—/ h(o) do) , Vo eRY,
0 0<7<t 0

Our conclusion follows by taking s = ¢. O

Corollary 2. Let u be a bounded time periodic viscosity u.s.c subsolution of Jyu +
H(x,t,u,Du) = f(z,t) in RY x R and v a bounded time periodic viscosity l.s.c.
supersolution of Oyv+H (x,t,v, Dv) = g(x,t) in RN xR, where f,g € BUC(RYN xR)
and H are T periodic such that (5), (6), (8) hold (with yg >0, ¥ R > 0). Then we
have

t
sup (u(z,t) —v(z,t)) < Sup/ sup (f(z,0) — g(x,0)) do.
r€RN s<t Js xeRN
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Moreover, the hypothesis (6) can be replaced by u € WH (RN xR) orv € WH>°(RN x
R).
Proof. By using the time periodicity and Proposition 3 we have

sup (u(z,t) —v(x,t)) = sup (u(z,t +nT) —v(z,t+nT))

zERN z€RN

< e D (Jluf e + o)

t+nT
+ sup / sup (f(z,0) — g(x, 0)) do. (19)
0<s<t+nT Js zeRN

Observe that

t+nT t+nT
/ sup (f(z,0) — g(z,0)) do = / sup (f(z,0 —nT) — g(x,0 — nT)) do

r€RN zERN

= / sup (f(z,0) —g(x,0)) do

—nT z€RN

< sup/ sup (f(z,0) — g(z,0)) do.

r<t zeRN

The conclusion follows by letting n — +o0o in (19). O

Remark 2. Assume that the hypotheses of Corollary 2 hold. If u,v are bounded
time periodic viscosity solutions of dyu + H(x,t,u, Du) = f(z,t) in RY x R, resp.
0w + H(x,t,v,Dv) = g(z,t) in RN x R, then we have for all (z,t) € RV x R

t t
inf [ inf (f(y,0)—9g(y,0))do <u(z,t)-v(z,t) Ssup/ sup (f(y,0)—9g(y,0))do.
s<t Js yeRN s<t Js yeRN

Remark 3. Note that under the hypotheses of Corollary 2 we have a strong com-
parison result for discontinuous time periodic sub/supersolutions, i.e., if u,v are
bounded time periodic viscosity u.s.c. subsolution, resp. ls.c. supersolution of
(11), then we have u(z,t) < v(z,t), V (z,t) € RN x R.

3. Time periodic viscosity solution when yr > 0. In this section we study the
existence and uniqueness of time periodic viscosity solution of (11) when hypothesis
(5) holds. This is a direct consequence of the results given in Section 2.

Proposition 4. Let u,v € BUC(RY xR) be bounded time periodic viscosity subso-
lution, resp. supersolution of (11) where H € C(RYN x R x R x RY) is time periodic.
We assume that (5), (6), (8) hold (with yg > 0,V R > 0). Then we have
u(z,t) < v(x,t), V(x,t) € RY xR.

Moreover, the hypothesis (6) can be replaced by u € WH° (RN xR) orv € W (RN x
R).
Proof. By Theorem 3 we have

T, T) = v( 1))+l @yy < (u(-,0) = v(-,0))+ [ L ),
where v = yg, > 0, Ry = max(||ul| o &~ xr), [Vl oo (& xr))- By periodicity we
have u(-, T) —v(-,T) = u(-,0) — v(-,0) and since e?” > 1 we deduce that (u(z,0) —
v(z,0)); <0, Vo € RN, The conclusion follows by Theorem 3. O

Corollary 3. Under the assumptions of Proposition 4 there is at most one time
periodic viscosity solution of (11).
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For the existence part we solve the problem (3) with arbitrary initial condition
up € BUC(RY) and we pass to the limit for t — +o0.

Proposition 5. Let ug € BUC(RY) and assume that (5), (6), (8), (9) hold (with
vr >0,V R > 0). Denote by u € C(RY x [0, +00[) the unique viscosity solution
of (3) and let u,(x,t) = u(z,t +nT), (z,t) € RY x [0,T] for n > 0. Then (uy)n
converges uniformly on RN x [0,T] to a time periodic viscosity solution of (11).

Proof. By hypothesis (9) we deduce that —M (resp. M ) is subsolution (resp.
supersolution ) of (3) and by Theorem 3 we have

—M = ||(=uo = M)+lloo < u(x,t) < [[(wo = M)+l + M, ¥(w,t) € R x [0, +00].

Let v = ygr, > 0 where Ry = ||ul| poc (m¥ xj0,400p)- Consider v(z,t) = u(x,t +T),
V(x,t) € RY x [0,4+00[. By the periodicity of H we deduce that v is viscosity
solution of Opv + H(z,t,v, Dv) =0, (z,t) € RN x [0, +00[. By using Theorem 3 we
have

lu(t+T) —u(- t)|[pe@myy = [Jv(t) = ul-,t)] Lo mr)
e M o(-,0) = u(-, 0)]| Lo )

2™ ||ull oo RN x)0,4-00]) -

IA A

In particular, by taking t = s + nT, s € [0, 7] we deduce that

uns1(58) = un(;8)|| oo mry < 26_7LT7||U||L°°(RN><]0,+oo[)7

and therefore there is w € C(RY x R), T periodic such that u, — W[RN x [0,7]
uniformly on RY x [0, T]. Now by using the stability result for continuous viscosity
solutions (see [9], [1]) we deduce that w is viscosity solution of (11) in R¥ x]0, T[.
Therefore by Proposition 2 w is periodic viscosity solution of (11) in RY x R. Note
also that w € BUC(RY x R), since u,, € BUC(RY x [0,T]), ¥V n. O

Since we have uniqueness of the time periodic viscosity solution of (11), the
solution constructed above does not depend on the initial condition wug.

4. Time periodic viscosity solution when vz = 0. In this section we study
the time periodic viscosity solutions of

Ou + H(x,u, Du) = f(t), (x,t) € RN xR, (20)

for hamiltonians satisfying (10). We introduce also the stationary equation
1 (T
H(x,u, Du) = (f) := T/ f(t) dt, zeRN. (21)
0

4.1. Existence of time periodic viscosity solution. For coercif hamiltonians
i.e., hamiltonians verifying (7), we have the following necessary and sufficient con-
dition for the existence of time periodic viscosity solution.

Theorem 5. Let H = H(z,z,p) be a hamiltonian verifying (10), (7), (8) and
sup{|H (z,0,0)| : 2 € RN} = C < +o0 and f € C(R) be a continuous time periodic
function. Then there is a bounded lipschitz time periodic viscosity solution of (20)
iff there is a bounded continuous viscosity solution of (21).
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Proof. Assume that there is a bounded viscosity solution V of (21). Since the
hamiltonian satisfies (7) we can prove as usual that V is a lipschitz function. For
any a > 0 take Mo = ||V||po@y) + =(C 4 || fll L (r)) and observe that

a(=Mo—V (x))+H (x,~My, 0) < f(t) <a(Ma—V (z))+H (2, Ma,0), ¥V (2,t) € RY xR.
Therefore we can construct the stationary viscosity solution V,, of
a(Vy = V(z))+ H(x,V,, DV,) = (f), v € RY,
and the time periodic viscosity solution v, of
vy — V() + 0wa + H(x,va, Dvg) = f(t), (z,t) € RN xR, (22)
In fact we have V, =V, Va > 0 and by using Corollary 2 we obtain

[va(z,t) = V(2)| = |valz, t) = Val(z)| < [If = (F)llero,r), Y(zt) € RY xR,Va > 0,
(23)
which implies that (v4)e is uniformly bounded
[vallLoe @~ xr) < IV lpe@yy + If = (F)llro,m), Yo >0.

In order to extract a subsequence which converges uniformly on compact sets we
prove that (v, )e are uniformly lipschitz on RY x R. For this note that wq (z,t) =
vo(z,t + h), (z,t) € RN x R is time periodic viscosity solution of

a- (we =V (2)) + Owe + H(z,we, Dwy) = f(t+ k), (z,t) € RY x R. (24)

By using Corollary 2 we have

Vo, t + h) — v (2, 1)

IN

sup / (f(o+h) — f(0)) do

s<t

= sslgt) {/tHh f(o) do — /:Jrh flo) dO’}

< 2/ fllpemy, ¥ (z,t) eRY xR,heR. (25)

Let us prove now that v, are uniformly lipschitz with respect to . Take K > 0

such that H(z,z,p) > 3+ ||f|lr=®) + 1, for z € RN,z € R, |2| < sup,sg [Jval e,

p € RN |pl] > K. Fore > 0, (y,7) € RV x R fixed we consider the function

2

¢($,t) = voz(xat) -K- |£L' - y| - ‘t;;—‘ and let (Zo,to) = (on(OZ,fZ,y,T),to(CY,E, y,T))
a maximum point of ¢. The inequality ¥ (z,t) < ¥ (z0,t0), V¢ € R implies

|t — 7|7 [to — 72

-T2 < va(o,to) — T2

and therefore by (25) we find 2 - H%T‘ < 2-|[fllzee(r)- Suppose now that zo # y
and thus we have the viscosity inequality

Vo (0, 1) , VteR,

to—T To —
o (va(wo,t0) = V(o) +2- “5— + H (xovva@o?to),fc o _j) < f(to).

which implies

Lo —Y
lzo — yl
This clearly gives a contradiction for a small and therefore we deduce that

lto — 7 lto — 7|
1/1($,t0) = Ua($7t0) -K- |5U - y| - 2 < va(yatO) - T2 = 1/J(yat0)7

13- fll ey < H (xo,vauo,toxw ) <3 1l (vl o HIV 0.
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which implies vy (z,t0) < vo(y,to) + K|z —y| forall 2,y € RV, 7 € R, a,e > 0. By
passing to the limit for e \, 0 (note that [to —7| < &2+ || f| L&) and thus ty — 7) we
obtain v, (z,7) < va(y,7) + K - |z — y|, Yo,y € RV, 7 € R. Therefore the functions
(Va)a>0 are uniformly lipschitz and we can extract a subsequence which converges
uniformly on compact sets of RY x R to a bounded lipschitz function v. By using
the stability result for continuous viscosity solutions we deduce that v is a viscosity
solution of (20).

Assume now that there is a bounded lipschitz time periodic viscosity solution v
of (20). For any o > 0 take M, = +(C + £l oo (r)) and observe that

—aM,, + H(z,—M,,0) < f(t) < aM, + H(z, M,,0), ¥ (z,t) € RY x R.
Therefore we can construct the time periodic viscosity solution v, of
o + Ova + H(z,v4, Dvg) = f(t), (z,t) € RN xR,
and the stationary viscosity solution V, of
aVy + H(x,V,, DV,) = (f), = € RN,

Since v is bounded, lipschitz and time periodic, it is also time periodic viscosity
solution of av + v + H(z,v,Dv) = f(t) + a v(z,t), (z,t) € RN x R. By using
Corollary 1 we deduce that for all ¢ > tg, a > 0 we have

loa(-8) = v(t)lle@ny < €™ lug (- t0) = v, to) | poe )

t

—i—e_o‘t/ e a||v(-, 8)|| poe mry ds
to

efa(tfto)(

IN

lVa |l Loo (mY xR) + [V]| oo (RN xRY)
Hv|l Lo (rY xR)-
By passing to the limit for ty — —oo we obtain
[va(-,t) = v( D)z @ny < [Vl @y <), VEER, >0,
and therefore sup,~g ||vVa =@~ xr) < 2[|v|| L@~ xr)- By using Corollary 2 one
gets
Va () = va(z, )] < If = (Hllror), Y(z,t) € RY xR, Va >0,

and therefore (V)4 is uniformly bounded
Slil()) IVall oo mvy < 20| poo ry xry + IIf = ()l 21 0,7)-

The conclusion follows easily by observing that (V,,), are uniformly lipschitz (use
hypothesis (7)) and by extracting a subsequence convergent on compact sets of RV
(use also the stability result for continuous viscosity solutions). O

Remark 4. Note that in the above result we do not need hypothesis (6) which
is replaced by (7) just as in the stationary case. In fact, the uniform bound on
Oyu comes from the autonomous character of the hamiltonian H and of the use of
Corollary 2. The coercivity condition (7) then allows to obtain the lipschitz estimate
in .

In the above computations we have used several times Corollary 2. Actually,
similar conclusions can be obtained by using standard comparison results. For
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example, we check easily that V(z) + fo {f(s) = (NH} ds F IIf — (Nlleror is a
sub/supersolution of (22) and therefore we deduce for any (z,t) € RV xR, a >0
[0 dsi-Dlsin vl V)< [0 dsHlr~Dllso

We obtain the inequality
la(z, t) =V (z)| <2 | f = (Hlleror), ¥V (z,t) e RY xR, Va >0,

which is similar to (23). In the same manner, by observing that v, + fg{f(s +h)—
f(s)} ds F 2 |h] || f|lLr) is a sub/supersolution of (24), we deduce that

/0 (f(s+h) = F(s)}ds — 2h||fllz= < valz,t+h) — vala,t)

< [0+~ fo))ds+ 20l
0

One gets the inequality
[Va (7,8 + h) —vo (2, t)] < 4[h][|fllLew), (7,1)€ RY xR, heR, a >0,

which is similar to (25). Let us mention that the above alternative proof was pointed
to us by the referee to whom we are thankful.

The Theorem 5 establishes the equivalence between the solvability of (20) and
(21). Therefore one gets existence of time periodic viscosity solution for (20) by

imposing sufficient conditions for the existence of stationary viscosity solution for
(21).

Theorem 6. Let H = H(z, z,p) be a hamiltonian verifying (10), (7), (8) and f be
a continuous time periodic function. Assume that there is M > 0 such that
H(z,—M,0) < (f) < H(z,M,0), Yo cRY, (26)
Then there is a bounded lipschitz time periodic viscosity solution v of (20) satisfying
—If = (Plleror <ol t) <M+ |f = (Hllror, Yz t) € RY xR
Proof. For any a > 0 consider the stationary viscosity solution of
a(Vy + M) + H(z,V,, DV,) = (f), z€R".

By (26) we have —M < V,(z) < M, z € RY, a > 0. For any a > 0 take
My = M + 2||f|| L= (r) and observe that

a(=My+M)+H(z,—M,,0) < f(t) < a(My+M)+H(z, My,0), V (z,t) € RV xR.
Therefore we can construct for all a > 0 the time periodic viscosity solution of
(Vg + M) + 04vg + H(z,v4, Dvg) = f(1), (2,t) € RY xR.
By using Corollary 2 we obtain
el t)] < Val@)| + 1 = (Pl ¥ (@,8) €RY xR, ¥ a > 0.

As before we check that (v,), are uniformly lipschitz and we can extract a subse-
quence which converges uniformly on compact sets of RY x R towards a lipschitz
time periodic viscosity solution v of (20) satisfying

—If = Dllzrom S vl t) < M+ [f = (Ao, V(@ t) eRY xR.
O



12 M. BOSTAN AND G. NAMAH

4.2. Relation with ergodic problems and long time behaviour. The Theo-
rem 5 makes clear the central role played by the solvability of H(z,u, Du) = (f).
We may in fact reformulate the problem in terms of ergodic constants. Indeed let
us suppose that

JINER : H(z,u,Du) =\, 2 €RY is solvable. (27)

In this context, under hypothesis (27) the Theorem 5 says that (20) admits a time
periodic solution iff the ergodic constant is A = (f). Let us mention a rather widely
studied case where (27) is known to hold. It concerns coercif hamiltonians of the
form H = H(z,p), periodic in the x variable. The first classical result in this
direction is due to Lions, Papanicolaou, Varadhan [14], where (27) appears as the
cell problem in a homogenization process. Of course, our result remains valid in
this case i.e., a time periodic solution exists iff A\ = (f). This space periodic setting,
which ensures a compactness property of the domain, has been a privileged ground
for the steady of long time behaviour of solutions of Hamilton-Jacobi equations,
whether H depends on t or not. In this context, the ergodic constant often appears
as the speed of the underlying travelling wave solution or of the periodic front, see
for example [15], [3], [16], [11] for H independent of ¢ and the recent papers by
Roquejoffre [18], [17], Fathi and Mather [12] for hamiltonians which are also time
periodic. We mention also the paper by Barles and Souganidis [4] where a similar
analysis is carried out for quasi-linear parabolic equations.

Globally speaking, the results for time periodic hamiltonians state that there
exists a unique g € R such that

g+ H(z,t,Dp) +pu =0, (z,t) € RN x]0, +oof (28)

has space-time periodic solutions. Then under some ”appropriate hypotheses” on
the hamiltonian H notably its convexity with respect to p, they show convergence
results of the type limy_ oo {u(z,t) — ut — ¢(x,t)} = 0, uniformly for x € RY,
where ¢ is a space-time periodic solution of (28) and u is the solution of the initial
value problem

u(z,0) = ug(z), =€ RY.

It is worth mentioning here that generally there is no convergence. For example
consider the problem (borrowed from [2])

{atu + 11— 0yul =1, (z,t) € Rx]0,+o0],

u(z,0) =sinz, = €R,

{(%u + H(z,t,Du) =0, (z,t) € RV x]0, +o0],

(29)

whose solution is u(z,t) = sin(z + t), V (z,t) € R x [0, +00[. Observe that for any
2 € R there is no limit of u(x,t) as t goes to infinity. We have the following result
for hamiltonians non depending on wu.

Proposition 6. Let H = H(z,p) be a hamiltonian which belongs to BUC (RN x
Br) VY R > 0 and satisfies lim|,| ;o H(x,p) = 400 uniformly with respect to
x € RN, f a time periodic continuous function and u a viscosity solution of

dyu+ H(z, Du) = f(t), (z,t) € RYx]0,+o0],

with a bounded lipschitz initial condition ug. If there is a bounded viscosity solution

U for H(z,DU) = X\, x € RN for some X\ € R then we have
Ju(z, )= () =Nt < o]l Lo @) +2[ Ul oo @y L f = ()| 01y, (@) € RN %[0, 00].
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In particular if X < (f) then limy_, 1o u(x,t) = 400, uniformly with respect to x €
RY and if X > (f) then limy ., o u(z,t) = —o0, uniformly with respect to x € RY.

Proof. By the comparison result we obtain for any (z,t) € RY x [0, +o0[

+/{f( — A} ds — M <u(z,t) <U(x /{f —A}ds+ M,
0
with M = ||U — uol| o ). We deduce that

lu(z, t) = ((f) = Mt

IN

|U||Lm<RN>+M+\ [ - as

lluol| oo may + 20Ul ooy + I1f = ()22 c0,7)-

IN

O

We examine now the situation A = (f). In this case we can consider hamiltonians
which depend on u. We investigate the long time behaviour of viscosity solutions
for the initial value problem

Ou + H(x,u, Du) = f(t), (x,t) € RV x]0, 400,
u(x,0) = up(x), =RV,

when the hamiltonian H satisfies (10), (7), (8) and f is a continuous time periodic

function. The case when the hamiltonian verifies (5) instead of (10) is much easier :

as shown in Proposition 5 we have convergence towards the unique time periodic
viscosity solution of (20), with exponential decay.

(30)

Proposition 7. Let H = H(x,z,p) be a hamiltonian verifying (10), (7), (8), f a
continuous time periodic function and ug € WH(RN). We assume that there is a
bounded viscosity solution U for H(x,U,DU) = (f), = € RY.

1) Then there is a unique viscosity solution u of (30) which belongs to
Whee (RN 10, +o0]) ;

2) If the initial condition is such that ug(z) < u(z,T), ¥ € RN then we have

i lirf u(z,t + kT) = p(x, t), uniformly for x in compact sets of RNt >0,
— 400

where ¢ is the minimal time periodic viscosity solution of (20) verifying ¢(z,0) >
up(x),z € RN ;
3) If the initial condition is such that ug(x) > u(z,T), Vo € RN then we have

klim u(z,t + kT) = ®(x,t), uniformly for x in compact sets of R |t >0,
——+00

where @ is the maximal time periodic viscosity solution of (20) verifying ®(x,0) <
ug(w),r € RV,

Before giving the proof, let us illustrate the previous results by the following
example
Ou+ 11+ 0yul — 1= f(t), (x,t) € Rx]0,+o0], .
u(@,0) = uole), @ € R, (31
where f € C(R) is T periodic and uy € Wb °°( ), such that ||UO||LOO(R) < 1. Then

the solution of (31) is given by u(x,t) = uo(z —l—fo x,t) € Rx[0, 400l
Observe that the equation |1 + U'(z)] —1 = A,z € R has bounded solutions for
A = 0. We can easily check that if (f) > 0 we have lim; 4o u(z,t) = 400
for any z € R and if (f) < 0 we have lim;, ;o u(z,t) = —oo for any z € R.
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Assume now that (f) = 0. Take as initial condition ug(z) = —arctanz,z € R
and observe that uo( ) <u(z,T), ¥ eR. In this case we have limy_, o u(x,t +
kT) =% + fo ) ds, V (x, t) € R x [0,T]. Take now as initial condition ug(z) =
sinz,x € R and assume that — ¢ Z, implying that uo doesn’t meet the hypotheses
of statements 2), 3) of Proposmon 7. We check easily that in this case there is no
limg— 4 oo u(x, t + kT).

Proof. (of Proposition 7)
1) Take M = max{||ug — Ul| oo mny, |f — (/)| z1(0,7)}- We check easily that U(x) +

fot {f(s) = (f)} ds F M are viscosity sub/supersolutions of (30) and therefore we
deduce that there is a unique viscosity solution of (30) satisfying

/{f A ds— M <u(z,t) <Ulz /{f £ ds + M.

Finally one gets for any (z,t) € RY x [0, +-o0
[u(z, )] < fluollzoe@ny + 20Ul Lo @y + 201 = (Fllror) =2 Co- (32)
By using the results in [19] we have
lu(z, k) — up(z)| < Cih, ¥ (z,h) € RY x [0, 400],
where C; = sup{|f(s) — H(y,z,p)| : (¥,8,2,p) € RN xRx R x RV |z| <

l[uoll Lo &), [P < | Dugl| o (rvy}. We obtain also for any (x,t,h) € RN x [0, 4-00[ 2
by comparison results

||| ey~ Crh <l t4+h) —ul, 1) /{fs+h £(5)}ds < 2] ]l o )+ Crh,

and therefore
|u(:c,t+ h) - u(xat” < (4Hf||L°°(R) + Cl)ha v ((E,t, h) € RN X [07 +OO[ 2' (33)
By the hypothesis (7) and using similar arguments as those in the proof of Theorem
5 we can prove that u is lipschitz with respect to x, uniformly for ¢ € [0, +00]
ju(, 1) — uly, )] < K - [z — g, ¥ 2,5 € RN £ € [0, 00, (34)
We prove now the second statement, the last one following in a similar way.
2) Assume that
uo(z) < u(z,T), Ve RY, (35)
Consider the sequence of functions (u*)>o given by u*(z,t) = u(z, t+kT), ¥ (z,t) €
RN x [0,T], k > 0. Since f is T periodic in time we have for any k > 0
o + H(z,u*, Du*) = f(t), (z,t) e RN x[0,7). (36)

Observe that the sequence (u”);>o is nondecreasing. Indeed, by (36) it is sufficient
to check that

uf(z,0) < u**(z,0), z € RN, k>0. (37)
By (35) observe that the above inequality holds true for £k = 0. Assume now that
(37) holds for some k > 0 and let us prove that the same inequality is valid for k+1.
By the comparison result we have u*(z,t) < uf*1(z,t), V (2,t) € RN x [0,7]. In
particular, for t = T one gets for any = € RV

uF (2, 0) = u(z, (k4 D)T) = u®(z, T) < o (z, T) = u(z, (k 4+ 2)T) = u*T2(z,0).

Using the estimates (32), (33), (34) we can extract a subsequence (u*), which
converges uniformly on compact sets of RY x [0, T']. And by monotonicity we deduce
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that all the sequence (u*);>o converges uniformly on compact sets of RY x [0, 7]
towards a bounded lipschitz function ¢
lim *(z,t) = klirf u(z,t 4+ kT) = p(z,t), ¥V (z,t) € RN x [0,T].

k—+oo
Observe that we have for any = € R
0) = lim u*(z,0)= Ili kT
¢(x,0) Jm ut(2,0)= lim u(z,kT)

_ . _ . k _
= Jim u(e,(k+1)T) = lim w2, T) = ¢, T),

and therefore we can extend ¢ by periodicity over RV x R. By passing to the
limit with respect to k in (36) we deduce by the stability result for continuous
viscosity solutions that 0y + H(x,p, D) = f(t), (x,t) € RNV x]0,T], and thus, by
Proposition 2, ¢ is a time periodic viscosity solution of (20). It remains to check
the minimality of the solution . Notice that u*(x,0) > ug(z), Vo € RY k > 0,
and therefore we have p(z,0) > ug(z), V 2 € RY. Consider now another time
periodic viscosity solution 1 of (20) such that ¢ (z,0) > ug(x), ¥V 2 € RY. By the
comparison result one then has 1 (z,t) > u(z,t), ¥ (x,t) € RY x [0, +-00[, implying
that

Y(x,t) = (x,t + kT) > u(x,t + kT) = u¥(x,t), V (x,t) € RN x [0,T], V& > 0.
By passing to the limit with respect to k we obtain
W(w,t) > lim uf(@,t) = p(@,t), ¥ (z,6) € RY x [0, 7).

O

In the particular case of hamiltonians non depending on u the previous theorem
ensures the convergence towards periodic fronts. Indeed, let H = H(x,p) be a
hamiltonian which belongs to BUC(RY x Bg) V¥ R > 0 and satisfies
lim|,| 400 H(2,p) = +oo uniformly with respect to = € RY, f a time periodic
continuous function and wu a viscosity solution of

Owu+ H(x, Du) = f(t), (x,t) € RV x]0, 400,
with a bounded lipschitz initial condition ug. Assume also that there is a bounded
viscosity solution of H(z,DU) = A, x € RY for some A € R. Take u = (f) — A
and consider u,(z,t) = u(z,t) — pt, (v,t) € RN x [0, +oo[, fu.(t) = f(t) —p, t €R.
Obviously we have

Owuy + H(x, Duy,) = fu(t), (x,t) € RNX]O, +oo,

u,(r,0) = ug(z), =R,
By Proposition 7 we deduce that u(z,t) — ut — ¢(x,t) converges to 0 when t —
+o0o if the initial condition is such that ug(z) < u(z,T) — uT, = € RN (resp.
ug(z) > w(x,T) — uT, = € RY) and ¢ is the minimal (resp. maximal) time
periodic viscosity solution of d;p+ H(x, D) = f(t)—p, (z,t) € RY x R, satisfying
(p(.]f,O) > UO(‘x)7x € RV (resp. (p(ﬂ?,O) < uo(l‘),x € RN)

We have the following analogous result concerning the convergence towards steady

states. The proof is left to the reader.

Proposition 8. Let H = H(x, z,p) be a hamiltonian verifying (10), (7), (8) and
up € WH(RN). We assume that there is a bounded viscosity solution U for

H(z,U,DU) =\, z€R", (38)
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and we denote by u the unique viscosity solution of
Owu + H(x,u, Du) = X\, (z,t) € RV x]0, +00],
{u(:LO) = ug(x), = €RN.
1) If the initial condition ug is a viscosity subsolution of (38) then we have

. ligrn u(z,t) = @(x), uniformly for x in compact sets of RV,
— 100

where ¢ is the minimal viscosity solution of (38) verifying ¢(x) > uo(z),z € RY;
2) If the initial condition ug(x) is a viscosity supersolution of (38) then we have

. lig_n u(z,t) = ®(x), uniformly for x in compact sets of RN,
—T 00

where ® is the mazimal viscosity solution of (38) verifying ®(z) < ug(z),z € RY.

Remark 5. Observe that the initial condition of the counterexample (29) doesn’t
meet the hypotheses of the statements 1),2) in Proposition 8.

5. Asymptotic behaviour for large frequencies. In this section we study the
asymptotic behaviour of time periodic viscosity solutions for high frequencies. Our
convergence result is a direct consequence of Corollary 2. We consider f : R — R
a T periodic continuous function and denote by f, the % periodic functions given
by fn(t) = f(nt), ¥t € R. Suppose that for all n > 1 there is a % periodic viscosity
solution of

Optty, + H(z,up, Duy) = fu(t), (z,t) € RY xR, (40)

There are several natural questions arising in this context. Does the sequence (uy,)r
converge? What are the limits in the convergence case?” An easy example is the
following. Consider H(u) = v-u, v > 0, f(t) = cost + sint. Therefore the 2=
periodic solution of ul, + v - u, = fn(t), t € R are given by

Y+n

e Zin sin(nt), t€R.

2

Observe that lim,_, ;e un(t) = 0 uniformly with respect to t € R for all v >
0. Generally we will see that, under appropriate hypotheses the sequence (uy,)n
converges towards a viscosity solution of (21). This can be justified at least formally
by introducing the fast oscillating variable s = nt and by using the asymptotic
expansion

U (z,t) = u®(z) + %ul(x,nt) + .. (41)

which is one of the standard tools in homogenization problems, see [5]. Plugging
the ansatz (41) into (40) we obtain

ﬁsul(x, 8)+ ...+ H(x,uo(x) + %ul(x, 8)F ey Duo(m) + %Dul(x, s)+...) = f(s),
(z,5) € RN x R.

Since u, is % periodic with respect to ¢, we are looking for a T periodic function
ul(x, s) with respect to s. After integration over [0, T] one gets

L Ho @)+ Ly 5) + s DUO(@) + S Doy 8) + ) ds = (), @ € BY
T/o T,u (x nu z,8)+ ..., Du x+n u (x,s L)ds={(f), xz¢€ .
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After passing to the limit for n — +o00 we deduce formally that lim,, .o u, = u®,
where u solves the cell problem (see [14])

H(I7UO7DU’O) = <f>7 HAS RN

Before formulating our statements let us introduce some notations. Assume that
the hamiltonian H satisfies (10), (6), (8) and that the following condition holds

3IM > 0 such that H(z, —M,0) < f(t), V(z,t) € RY xR. (42)

Suppose also that there is a bounded Ls.c. viscosity supersolution V > —M of (21).
We construct the viscosity solutions (V4 )a>0 of

(Vo + M) + H(z, Vo, DVo) = (f), z€RY.

By the comparison result we obtain easily that —M < Vg <V, < ‘7,0 < a<pg,
and therefore V' = sup,. Vo is a bounded l.s.c. function. We introduce the semi
limits
lim inf,V,,(2) := liminf V,(y), lim sup*V,(z) := limsup V,(y), V= € R".
y—x,a\,0 y—x,a\0

Notice that we have lim inf,V,(z) = V(z), limsup*V,(z) = V*(z), V z € RY,
and by using the stability result for semi continuous viscosity solutions (see [1], p.
85) we deduce that V is a bounded ls.c. viscosity supersolution of (21) and V*
is a bounded u.s.c. viscosity subsolution of (21) (we say that V is a discontinuous
viscosity solution of (21)). Observe also that V' = sup,+ o V4 is the minimal bounded
L.s.c. viscosity supersolution of (21) satisfying V' > —M. Indeed, if W is a bounded
l.s.c. viscosity supersolution of (21) such that W > —M then by the comparison
result we have W > V,, for any o > 0, implying that W > sup,~q Vo = V. Similarly
we construct the time periodic viscosity solutions (vg)aso of

vy + M) + 0yvo + H(z,vs, Dvy) = f(t), (z,t) € RY xR.
As before we obtain —M < wvg < v, V0 < a < §. By Corollary 2 we have
[va(x,t) = Vo(2)| < |If = (Ollzror), ¥ (2, t) € RY xR, Va>0

and we deduce that v = sup,.o v, is a bounded time periodic 1.s.c. function. Using
the stability result for semi continuous viscosity solutions yields that lim inf,v, = v
is a bounded time periodic l.s.c. viscosity supersolution of (20) and lim sup*v, =
v* is a bounded time periodic u.s.c. viscosity subsolution of (20). Actually v is
the minimal bounded time periodic l.s.c. viscosity supersolution of (20) satisfying
v>—M.

Theorem 7. Let H = H(z,z,p) be a hamiltonian satisfying (10), (6), (8), (42),
where f is a T periodic continuous function. Suppose also that there is a bounded
l.s.c. wviscosity supersolution V>-M of (21) and denote by V, v, the minimal
stationary, resp. time periodic l.s.c. wiscosity supersolution of (21), resp. (40).
Then the sequence (vy,), converges uniformly on RN x R towards V and we have
[on = Vllzoe @y xry < 5l = (Dllior), Yn>1.

Proof. Note that v,, = SUp,sgUn,a IS % periodic. We introduce also wy, o(x,t) =
Un,a(z, L), (2,t) € RY x R, which is T periodic. As v, o satisfies in the viscosity
sense a(Vn o +M)+0n o +H(z, V0, DVno) = fu(t), (z,t) € RY xR, we deduce
that wy, , satisfies in the viscosity sense

a(Wn,o + M) +n Oywn o + H(T, Wy o, DWn,o) = f(t), (z,t) € RY x R,
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which we can rewrite as

1 1
OyWn,o + ﬁ(awn,a + H(z,wy o, Dwp o)) = E(f(t) —aM), (z,t) € RN xR. (43)

Recall also that we have in the viscosity sense

1 1
(@Va+ H(z,Va, DVa)) = () — ald), @ €RY. (1)
By using Corollary 2 we deduce that
I 1
Wna(e,t) = Valw) < swp s [(£(0) = (1) do < LI1F = (lascom

and similarly Vo(2) — wna(z,t) < 2|1 f = (Hllro,m), Vn = 1. We obtain for all
n>1

t 1
n,o sy ) T Va S - - )
tna (5,2 ) = Valo)| £ 217 = s
and after passing to the limit for o\, 0 one gets for all (z,t) € RV x R

" (g; 2) —V(a)

Finally we deduce that ||v, — V| g @y xr) < 2|1f = (/L1 foralln>1. O

1
< I =Nz,

Remark 6. With the above notations we have for all n > 1
(2,8 + h) — v (2, )| <2 |h] - | fllem), ¥ (2,8) e RN xR, VheR.

Proof. Note that zp, o(x,t) = wp o(x,t+h) is T periodic and satisfies in the viscosity
sense

1 1
Or2n,a + E(aznya +H(z, 2,0, D2n,a)) = ﬁ(f(t—i—h) —aM), (z,t) € RY xR. (45)

Now by using (43), (45) and Corollary 2 we obtain
2

= bl oy

Wno(T,t+ h) — wp o(z,t) < supl/l(f(a—i— h) — f(o)) do <

s<t 1

We deduce that v, o (x, %) — Up.a (x, %) < % Rl fll ey, V> 1, 2 € RV,

t,h € R. Our conclusion follows easily after passing to the limit for a \ 0. O

Remark 7. If hypothesis (6) is replaced by (7) we obtain that for & > 0, n > 1
the functions Vg, V, vy, o, v, are uniformly lipschitz with respect to x € RY, resp.
(r,t) € RY x R. In particular V = V* and v, = v} are continuous viscosity
solutions of (21), resp. (40).

6. Almost periodic viscosity solutions. In this section we generalize the results
obtained for time periodic viscosity solutions to the class of almost-periodic viscosity
solutions. We recall briefly the notion of almost-periodic function and some basic
properties. For more details on the theory of almost-periodic functions the reader
can refer to [7].

Proposition 9. Let f: R — R be a continuous function. The following conditions
are equivalent
1)¥e>0,3l(e) >0 such that Va € R, 37 € [a,a + I(g)[ satisfying

lfE+71)—f@t)| <e, VEER; (46)
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2) Ve > 0, there is a trigonometric polynomial To(t) = > 1_;{ak - cos(Axt) + by, -
sin(Agt)} where ag,bg, \p, € R, 1 <k <n such that |f(t) —T:(t)| <e, Vt€R ;

3) for all real sequence (hy)y there is a subsequence (hy, ) such that (f(- 4 hn,))k
converges uniformly on R.

Definition 1. We say that a continuous function f is almost-periodic iff f satisfies
one of the previous three conditions.

A number 7 verifying (46) is called ¢ almost-period. By using Proposition 9 we
obtain easily the following properties of almost-periodic functions.

Proposition 10. Assume that f : R — R is almost-periodic. Then f is bounded
uniformly continuous function.

Another important property is the following.

Proposition 11. Assume that f : R — R is almost-periodic. Then % f;JrT ft) dt
converges as T — +oo uniformly with respect to a € R. Moreover the limit does not
depend on a and it is called the average of f

1 a+T
f) = TEIEOO T / f(t) dt, uniformly with respect to a € R.

Note that if f is periodic then (f) coincides with the usual definition of the
mean of f over one period. We finish this brief introduction on the notion of
almost-periodicity with the following result concerning primitives of almost-periodic
functions.

Proposition 12. Assume that f : R — R is almost-periodic and denote by F a
primitive of f. Then F is almost-periodic iff F is bounded.

In the following we adapt the results of previous sections for almost-periodic
viscosity solutions.

Definition 2. We say that v : RN x R — R is almost-periodic in ¢ uniformly with
respect to z if u is continuous in ¢ uniformly with respect tox and Ve > 0, 3i(e) > 0
such that all interval of length I(g) contains a number 7 which is e almost-period
for u(z,-), Vo € RV

|u(x,t +7) —u(z,t)| <e, VY(z,t) € RN xR, (47)

We establish existence and uniqueness results for hamiltonians H = H(z, z, p)
satisfying (5). For the uniqueness we have the more general result.

Proposition 13. Letu a bounded u.s.c. viscosity subsolution of OyutH (x,t, u, Du)=
f(x,t), inRVXR and v a bounded l.s.c. viscosity supersolution of Oyv+H (x,t,v, Dv) =
g(z,t), in RV xR where f,g € BUC(RN xR) and (5), (6), (8) hold uniformly for
t € R. Then we have for allt € R

t
sup (u(x, ) — v(z, )4 < e / & sup (f(z,0) — g(z,0))+ do.
RN —00 RN

Moreover, the hypothesis (6) can be replaced by u € WH°(RVXR) orv € W (RVx
R).

Proof. Take tg,t € R, to <t and by using Corollary 1 write for all z € RY

t
w(z, t)—v(@,t) < e 1) (|fuf o+ 0] )+ / &7 sup (f(y,0)—g(y, o))y do,
to yeRN
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where v = vg,, Ro = max(||¢]|co, |¥]|cc). The conclusion follows by passing to —
—00. O

We concentrate now on the existence part. We will see that the proof is a little
more complicated than in the periodic case.

Proposition 14. Assume that f : R — R is almost-periodic and that the hamil-
tonian H = H(z,z,p) satisfies the hypotheses (5), (6), (8) and IM > 0 such that
H(z,—M,0) < f(t) < H(z,M,0), ¥(z,t) € RN x R. Then there is a time almost-
periodic viscosity solution in BUC(RY xR) of dyu+ H (x,u, Du) = f(t), in RN xR.

Proof. For all n > 1 we consider the unique viscosity solution of the problem
{&un + H(x,upn, Duy) = f(t), (z,t) € RV x] —n, +oof,

48
Un (v, —n) =0, =€ RV, (48)

Such a solution exists, cf. Theorem 4. We will prove that for all t € R, (un(t))n>—¢
converges to an almost-periodic viscosity solution of dyu + H(x,u, Du) = f(t), in
RM x R. Since FM is sub/supersolution of d;u + H = f we deduce by Theorem 3
that —M < u,(z,t) < M, ¥(z,t) € RY x [-n,+oo[. Consider v = v5; > 0. Take
t € R and for m > n large enough, by Proposition 3 we can write for all x € RY,
Vi Z to Z —n
[un(2,t) — um(z,t)] < e (tmt). (lunlloo + lltmlloo) < e (1710 2.
For tg = —n we deduce that |u, (z,t) —umy, (z,t)] < 2M-e~7*-e77™ and thus there is
limy, 4 o0 Un (z,t) = u(w,t), ¥(x,t) € RN x R. Moreover (u,), converges uniformly
on RY x [a,+0c0[, Va € R. In particular we obtain that u € BUC(RY x [a,b]),
Va,b € R, a < b. By using the stability result for continuous viscosity solutions we
deduce that u verifies in the viscosity sense yu+ H (x,u, Du) = f(t), in RY xR. We
have to prove that u is almost-periodic. For all € > 0 consider I(y - €) such that any
interval of length I(vy - €) contains a v - ¢ almost-period of f. We will show that any
interval of length I(~y-¢) contains a number 7 which is an € almost-period for u(z, -),
Vz € RY. Indeed, consider an interval of length I(7y - €), take T a 7 - ¢ almost-period
of f and let us fix £ € R. Observe that the function v, : RY x [-n — 7, +00[— R,
v (2, t) = up(x,t + 7) solves in the viscosity sense
Oyvp + H(x, vy, Dvy) = f(t+7), (z,t) e RV x] —n —71,+00].

By Corollary 1 we have for all ¢ > ¢, = max{—n,—n — 7}

e |un(@,t) = vn(z, )] < " - (unlloo + lvnlloo) +/t e?|flo+7) = f(o)] do.

n

In particular for t = £ and n large enough we deduce

~ ~ t ~
|t (2, 1) — tp(z,F 4 7)| < 2M -7V Et0) 4 efw/ e do < 2M - e VTt 4 g
in

By passing n — +oo we have t,, — —oo and therefore
lu(z,t) —u(z,t+7) <&, (x,f) €RY xR,

Since we already know that u € BUC(RY x [a,b]), Va,b € R, a < b, by time
almost-periodicity we deduce also that u € BUC(RY x R). O

Now we are ready to study the case of hamiltonians satisfying only (10). We
have the following theorem analogous to Theorem 5.
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Theorem 8. Let H = H(x,z,p) be a hamiltonian verifying the hypotheses (10),
(7), (8), sup{|H(x,0,0)| : =z 6 ]RN} = C’ < +oo and f be a time almost-periodic
function such that t — F(t fo {f(o) = ()} do is bounded on R. Then there
is a bounded lipschitz tzme almost-pemodzc viscosity solution of (20) iff there is a
bounded viscosity solution of (21).

Proof. Assume that there is a bounded viscosity solution V' of (21). Since the
hamiltonian satisfies (7) We deduce that V' is a lipschitz function. For any o > 0
take Mo = ||V @~y + =(C + || f|| L ®)) and observe that

a(-My—V (z))+H (2,—M,,0) < f(t) <a(My—V (x))+ H(z, My,0),V (z,t) € RV xR.
Therefore we can construct the family of solutions V,, for
a(Vo =V (z)) + H(z, Vo, DV,) = (f), z€RY,
and, cf. Propositions 13, 14, the family of time almost-periodic solutions v, for
a(vg — V(x)) + Ovs + H(x,va, Dvy) = f(t), (z,t) € RY xR.

In fact we have V, =V for any o > 0 and

va (2, 1) =V (2) =va(z,t)-V. <S‘§t’/ {f(o }dU—SUP{F( )—F(s)} <2/ Floo-
s

Similarly one gets V(z) — vo(z,t) = Vo(x) — va(x,t) < 2||F| 0o, which implies that
the family (v, )q is also bounded. As in the periodic case we deduce that (va)aso
are uniformly lipschitz and we can extract a sequence which converges uniformly
on compact sets of RV x R towards a bounded lipschitz solution v of (20). The
difficult thing to do is to check that v is almost-periodic. By the hypotheses and
Proposition 12 we deduce that F' is almost-periodic and thus, for all ¢ > 0 there is
I(5) such that any interval of length [(5) contains an § almost-period of F. Take
an interval of length /(5) and 7 an § almost-period of I in this interval. We have
for all a > 0, (z,t) e RV xR

Ua(xathT)*Ua(x?t) < Sup/{f(0+7)*f(0)} do

s<t

- sw{f t:(f(a) ~ o~ [ 01~ 1) in

s<t

= sup{(F(t+7) = F(t)) = (F(s +7) = F(s))}

s<t

€. (49)

IN

After passing to the limit for o \, 0 one gets v(z,t + 7) — v(x,t) < ¢ and similarly
v(z,t) —v(z,t +7) <&, V(x,t) € RY x R. By using the uniform continuity of F,
we can prove exactly in the same manner that v is continuous in ¢ uniformly with
respect to x. The converse implication follows easily. O

We focus now our attention to the asymptotic behaviour of the almost-periodic
solutions of (40) when f is almost-periodic function. Notice that for all n > 1 the
function f,, given by f,,(t) = f(nt) is almost-periodic and has the same average as f.
The reader can easily adapt the proof of Theorem 7 to the case of almost-periodic
functions. We have the following result.
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Theorem 9. Let H = H(z,z,p) be a hamiltonian satisfying (10), (6), (8), (42)
where f is almost-periodic function. Suppose also that there is a bounded l.s.c.
viscosity supersolution V> —M of (21), that t — F(t) = fot{f(s) — (f)}ds is
bounded and denote by V', v, the minimal stationary, resp. time almost-periodic
l.s.c. viscosity supersolution of (21), resp. (40). Then the sequence (vy,), converges
uniformly on RY x R towards V and |[vn — V|| poe @y xr) < 2[|F || Lo ®), Vn > 1.
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