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Abstract

We investigate large-time asymptotics for viscous Hamilton—Jacobi equations with possibly degenerate diffusion terms. We es-
tablish new results on the convergence, which are the first general ones concerning equations which are neither uniformly parabolic
nor first order. Our method is based on the nonlinear adjoint method and the derivation of new estimates on long time averaging
effects. It also extends to the case of weakly coupled systems.
© 2013 L'Association Publications de I'Institut Henri Poincaré. Published by Elsevier B.V. All rights reserved.
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1. Introduction

In this paper we obtain new results on the study of the large time behavior of Hamilton—Jacobi equations with
possibly degenerate diffusion terms

ur + H(x, Du) = tr(A(x)D%u) in T" x (0, 00), (1.1)

where T" is the n-dimensional torus R” /Z". Here Du, D*u are the (spatial) gradient and Hessian of the real-valued

unknown function u defined on T" x [0, c0). The functions H : T" x R" — R and A : T" — M are the Hamil-

tonian and the diffusion matrix, respectively, where M’s’yxn{‘ is the set of n x n real symmetric matrices. The basic
hypotheses that we require are that H is uniformly convex in the second variable, and A is nonnegative definite.
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Our goal in this paper is to study the large time behavior of viscosity solutions of (1.1). Namely, we prove that
Hu(-,t)—(v—ct)HLoo(T,,)—>O ast — 00, (1.2)
where (v, ¢) is a solution of the ergodic problem
H(x, Dv) = tr(A(x)D*v) +¢ inT". (1.3)

In view of the quadratic or superquadratic growth of the Hamiltonian, there exists a unique constant ¢ € R such that
(1.3) holds true for some v € C(T") in the viscosity sense. We notice that in the uniformly parabolic case (A is positive
definite), v is unique up to additive constants. It is however typically the case that v is not unique even up to additive
constants when A is degenerate, which makes the convergence (1.2) delicate and hard to be achieved. We will state
clearly the existence result of (1.3), which itself is important, in Section 2.

It is worth emphasizing here that the study of the large-time asymptotics for this type of equations was only
available in the literature for the uniformly parabolic case and for the first order case. There was no results on the
large-time asymptotics for (1.1) with possibly degenerate diffusion terms up to now as far as the authors know.

In the last decade, a number of authors have studied extensively the large time behavior of solutions of (first or-
der) Hamilton—Jacobi equations (i.e., (1.1) with A = 0), where H is coercive. Several convergence results have been
established. The first general theorem in this direction was proven by Namah and Roquejoffre in [18], under the as-
sumptions: p — H(x, p) is convex, H(x, p) > H(x,0) for all (x, p) € T" x R”, and maxyc H(x,0) = 0. Fathi
then gave a breakthrough in this area in [10] by using a dynamical systems approach from the weak KAM theory.
Contrary to [18], the results of [10] use uniform convexity and smoothness assumptions on the Hamiltonian but do
not require any condition on the structure above. These rely on a deep understanding of the dynamical structure of
the solutions and of the corresponding ergodic problem. See also the paper of Fathi and Siconolfi [11] for a beautiful
characterization of the Aubry set. Afterwards, Davini and Siconolfi in [7] and Ishii in [12] refined and generalized
the approach of Fathi, and studied the asymptotic problem for Hamilton—Jacobi equations on T” and on the whole
n-dimensional Euclidean space, respectively. Besides, Barles and Souganidis [2] obtained additional results, for pos-
sibly non-convex Hamiltonians, by using a PDE method in the context of viscosity solutions. Barles, Ishii and Mitake
[1] simplified the ideas in [2] and presented the most general assumptions (up to now). In general, these methods are
based crucially on delicate stability results of extremal curves in the context of the dynamical approach in light of the
finite speed of propagation, and of solutions for time large in the context of the PDE approach. It is also important to
point out that the PDE approach in [2,1] does not work with the presence of any second order terms.

In the uniformly parabolic setting (i.e., A uniformly positive definite), Barles and Souganidis [3] proved the long-
time convergence of solutions. Their proof relies on a completely distinct set of ideas from the ones used in the first
order case as the associated ergodic problem has a simpler structure. Indeed, the strong maximum principle holds,
the ergodic problem has a unique solution up to constants. The proof for the large-time convergence in [3] strongly
depends on this fact.

It is clear that all the methods aforementioned (for both the cases A =0 and A uniformly positive definite) are not
applicable for the general degenerate viscous cases because of the presence of the second order terms and the lack of
both the finite speed of propagation as well as the strong comparison principle. We briefly describe the key ideas on
establishing (1.2) in Subsection 1.1. Here the nonlinear adjoint method, which was introduced by Evans in [8], plays
the essential role in our analysis. Our main results are stated in Subsection 1.2.

1.1. Key ideas

Let us now briefly describe the key ideas on establishing (1.2). Without loss of generality, we may assume the
ergodic constant is 0 henceforth. In order to understand the limit as ¢+ — oo, we introduce a rescaled problem. For
e>0,setut(x,t) =u(x,r/e). Then (u®);(x,1) =& ‘u,(x,1/e), Du®(x,t) = Du(x,t/e), and u® solves

{euf + H(x, Du®) = tr(A(x)D?u®) in T" x (0, 00),
u(x,0) =up(x), on T".

By this rescaling, u®(x, 1) = u(x, 1/¢) and we can easily see that to prove (1.2) is equivalent to prove that

||”8('7 D) - U”LOQ(T,,) —0 ase—0.
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To show the above, we first introduce the following approximation:
{ ewf + H(x, Dw®) =tr(A(x) D*w®) + e*Aw® in T" x (0, 00),
u(x,0) =up(x), on T".

Then, we observe that wé is smooth, and
Jw® 1) =u D poogny > 0 ase— 0.
It is thus enough to derive the convergence of w?(-, 1) as ¢ — 0. To prove this, we show that
efwi . D ooy >0 ase—0, (1.4)

which is a way to prove the convergence (1.2). Indeed, (1.2) is a straightforward consequence of (1.4) by using the
stability of viscosity solutions. We notice that this principle appears in the papers of Fathi [10], Barles and Souganidis
[2] in the case A =0 in a completely different way. More precisely, Barles and Souganidis [2] first realized the
importance of (1.4), and they gave a beautiful proof of the fact that max{u,, 0}, min{u,, 0} — 0 as t — o0 in the
viscosity sense. In view of this fact, they succeeded to deal with some cases of non-convex Hamilton—Jacobi equations.
On the other hand, we emphasize that the proofs in [10,2] do not work at all for the second order cases, and therefore,
one cannot apply it to (1.1). One of our key contributions in this paper is the establishment of (1.4) in the general
setting.

In order to prove (1.4), we use the nonlinear adjoint method introduced by Evans [8] and give new ingredients on
the averaging action as t — oo (or equivalently as ¢ — 0 by rescaling), as clarified below. Let L, be the formal
linearized operator of the regularized equation around w?, i.e.,

Lye f = ain[s(we + r;f)t + H(x, Dw® + nDf) — tr(A(x)(Dzwg + nsz)) - 84A(w8 + nf)]|n:0,

for any f € C*(T" x (0, 00)). Then we consider the following adjoint equation:
L¥.c?=0 in T" x (0, 1),
of(x,1) =8y, onT",

where L7 . is the formal adjoint operator of Ly, and 8y, is the Dirac delta measure at some point xo € T”. We then
see that o® (-, 1) is a probability measure for all ¢ € (0, 1) and conservation of energy holds, namely,

d
dt
’]I‘n

[H(x, Dws) - tr(A(x)Dzwg) — 84Aw€]05(x, )dx =0.
The conservation of energy in particular gives us a different and completely new way to interpret sw? (-, 1) as

1
ew? (xp, 1) = / /[H(x, Dws) — tr(A(x)Dzws) — 84Aw8]08(x, t)dxdt. (1.5)
0 T
The most important part of the paper is then about showing that the right hand side of (1.5) vanishes as ¢ — 0, which
requires new ideas and estimates (see Lemmas 2.8 and 3.7). We also notice that the averaging action appears implicitly

in (1.5) and plays the key role here. More precisely, if we rescale the above integral back to its actual scale, it turns
out to be

T
1
T / /[H(x, Dw®) — tr(A(x)Dzwg) — 84Aw8]05(x, t)dxdt, (1.6)
0
where T = 1/& — o0.

The nonlinear adjoint method for Hamilton—Jacobi equations was introduced by Evans [8] to study the vanishing
viscosity process, and gradient shock structures of viscosity solutions of non-convex Hamilton—Jacobi equations.
Afterwards, Tran [21] used it to establish a rate of convergence for static Hamilton—Jacobi equations and was able to
relax the convexity assumption of the Hamiltonians in some cases. Cagnetti, Gomes and Tran [4] then used it to study
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the Aubry—Mather theory in the non-convex settings and established the existence of Mather measures. See also [5,9]
for further developments of this new method in the context of Hamilton—Jacobi equations. We notice further that o®
here is strongly related to the Mather measures in the context of the weak KAM theory. See [4] for more details.

1.2. Main results

We state the assumptions we use throughout the paper as well as our main theorems.
For some given 0, C > 0, we denote by C(6, C) the class of all pairs of (H, A) satisfying

(H1) H e CZ(T" x R™), and Dlz,pH > 261, where I, is the identity matrix of size n,
(H2) [DyH(x, p)| <C(1+[pl?),
(H3) A(x) = (@¥ (x)) € M"X" with A(x) >0, and A € C2(T").

sym

Theorem 1.1 (Main Theorem 1). Assume that (H, A) € C(6,C). Let u be the solution of (1.1) with initial data
u(-,0) =ug € C(T"). Then there exists (v, c) € C(T") x R such that (1.2) holds, where the pair (v, ¢) is a solution of
the ergodic problem (1.3).

We also consider the weakly coupled system

m
ui)e + Hi(x, Duy) + Y cijuj =tr(A;(x)D?u;)  inT" x (0, 00), fori=1,....m, (1.7)

j=1
where (H;, A;) € C(0, C) is, for each i, the Hamiltonian and diffusion matrix H; : T" x R" — Rand A4; : T" — ng>:‘rr1,
and u; are the real-valued unknown functions on T x [0, oo) fori =1, ..., m. The coefficients c;; are given constants

for 1 < i, j < m which are assumed to satisfy
(H4) ¢ii >0, cij <0f0ri7éj,z;"zlcij =0foranyi=1,...,m.

We remark that (H4) ensures that (1.7) is a monotone system.
Under these conditions, we prove

Theorem 1.2 (Main Theorem 2). Assume that (H;, A;) € C(0,C), and c;; satisfies (H4) for 1 <i,j < m. Let
(ui,...,unm) be the solution of (1.7) with initial data (uoi,...,uom) € C(T")". There exists (vi,...,Vpy,C) €
C(T")y™ x R such that

|ui (o0 = @i = eD) || poogpny = 0 ast — +o0, fori=1,...m, (1.8)

where (v1, ..., Uy, C) is a solution of the ergodic problem for systems:

m
H;(x, Dv;) + Zcijvj =tr(A,-(x)D2v,-) +c¢ inT", fori=1,...,m.
j=1

The study of the large-time behavior of solutions to the weakly coupled system (1.7) of first order cases (i.e.
A; =0 for 1 <i < m) was started by [14] and [6] independently under rather restrictive assumptions for Hamilto-
nians. Recently, Mitake and Tran [16] were able to establish convergent results under rather general assumptions on
Hamiltonians. Their proof is based on the dynamical approach, inspired by the papers [7,12], together with a new
representation formula for the solutions. See [19] for a PDE approach inspired by [2]. We also refer to [15] for a
related work on homogenization of weakly coupled systems of Hamilton—Jacobi equations with fast switching rates.

We prove Theorem 1.2 by following the ideas described above. We notice that the coupling terms cause some
additional difficulties and are needed to be handled carefully. We in fact establish a new estimate (see Lemma 3.7(ii)
and Subsection 3.4) to control these coupling terms in order to achieve (1.4). This is completely different from the
single case.
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After this paper was completed, we learnt that Ley and Nguyen [13] obtained recently related convergence results
for some specific degenerate parabolic equations. They however assume rather restrictive and technical conditions on
the degenerate diffusions so that they could combine the PDE approaches in [2] and [3] to achieve the results. On the
other hand, they can deal with a type of fully nonlinear case, which is not included in ours.

This paper is organized as follows: Sections 2 and 3 are devoted to prove Theorems 1.1 and 1.2 respectively. We
provide details and explanations to the method described above in Subsections 2.1, 2.3, 3.1, and 3.3 and give key
estimates in Subsections 2.2 and 3.2.

2. Degenerate viscous Hamilton-Jacobi equations
In this section we study degenerate viscous Hamilton—Jacobi equations. To keep the formulation as simple as

possible, we first consider the equation

© {u, + H(x,Du)=a(x)Au inT" x (0, 00),
u(x,0) =ug(x) onT",

where ug € C(T"). Throughout this section we always assume that (H,al,) € C(0, C), i.e., a is supposed to be in
C%(T™) with a > 0. We remark that all the results proved for this particular case hold with trivial modifications for
the general elliptic operator tr(A (x)D?u), except estimate (2.5) and Lemma 2.8(ii). The corresponding results will be
considered in the end of this section.

The next three propositions concern basic existence results, both for (C) and for the associated stationary problem.
The proofs are standard, hence omitted. We refer the readers to the companion paper [17] by Mitake and Tran for the
detailed proofs of Propositions 2.2 and 2.3.

Proposition 2.1. Let ug € C(T"). There exists a unique solution u of (C) which is uniformly continuous on T" x
[0, 00). Furthermore, if ug € Lip(T"), then u € Lip(T" x [0, 00)).

Proposition 2.2. There exists a unique constant ¢ € R such that the ergodic problem
(B) H(x, Dv(x)) =a(x)Av+c inT",

admits a solution v € Lip(T"). We call c the ergodic constant of (E).

In order to get the existence of the solutions of the ergodic problem (E), we use the vanishing viscosity method as
described by the following proposition.

Proposition 2.3. For every ¢ € (0, 1) there exists a unique constant H, such that the following ergodic problem:
(BE)e H(x, Dvs) = (84 + a(x))Avg +H, inT"
has a unique solution v® € Lip(T") up to some additive constants. In addition,
|He—cl<C& DV oy < C, 2.1)
for some positive constant C independent of €. Here c is the ergodic constant of (E).
In view of the quadratic or superquadratic growth of the Hamiltonian H, we can get (2.1) by the Bernstein method.
See the proof of [17, Proposition 1.1] for details. By passing to some subsequences if necessary, v¥ — v®(xg) for a

fixed xg € T" converges uniformly to a Lipschitz function v : T" — R which is a solution of (E) as ¢ — 0.
We prove Theorem 1.1 in a sequence of subsections by using the method described in Introduction.

2.1. Regularizing process and proof of Theorem 1.1

We only need to study the case where ¢ = 0, where c is the ergodic constant, by replacing, if necessary, H and
u(x,t) by H—cand u(x, t) + ct, respectively. Therefore, from now on, we always assume that ¢ = 0 in this section.
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Also, without loss of generality we can assume that ug € Lip(T"), since the general case ug € C(T") can be obtained
by a standard approximation argument. In particular, thanks to Proposition 2.1, we see that u is Lipschitz continuous
on T" x [0, c0).

As stated in Introduction, we consider a rescaled problem. Setting u®(x,t) = u(x, t/¢) for € > 0, where u is the
solution of (C), one can easily check that u® satisfies

sui + H(x, Dus) =a(x)Au® inT" x (0, c0),
u®(x,0) =ug(x) on T".

Notice however that in this way we do not have a priori uniform Lipschitz estimates on ¢, since the Lipschitz bounds
on u give us that

(OF {

””f HLOO(’JT”X[O,I]) s Cle, HDMS HLOO(T"X[O,I]) sC. 22)

In general, the function u® is only Lipschitz continuous. For this reason, we add a viscosity term to (C)., and we
consider the regularized equation

ew;"" + H(x, Dw®") = (a(x) +n)Aw®" inT" x (0, 00),
w®T(x,0) =up(x) onT",

A {

for n > 0. The advantage of considering (A){ lies in the fact that the solution is smooth, and this will allow us to use
the nonlinear adjoint method. The adjoint equation corresponding to (A){ is

—80,8"7 — div(DpH(x, Dwg’")og*") = A((a(x) + 17)08*”) in T" x (0, 1),
o®(x,1) = by, on T",

(AD] {
where dy, is the Dirac delta measure at some point xo € T".

Lemma 2.4 (Elementary properties of 0). We have a®" > 0 and

/aesn(x’ t)ydx=1 forallte]0,1].
T}l

This is a straightforward result of adjoint operator and easy to check. Heuristically, the vanishing viscosity method
gives that the rate of convergence of w*®" to w® as n — 0 is

\/ viscosity coefficient/ (the coefficient of wf’n)

and therefore, we naturally expect that we need to choose 1 = &% with a > 2. We mostly choose 7 = &* hereinafter,
and therefore we specially denote (A)§4, (AJ)“E4 by (A)e, (AJ), and w”4, ooet by w?, o®.
The proof of Theorem 1.1 is based on the two following results, Proposition 2.5 and Theorem 2.7.

Proposition 2.5. Let w® be the solution of (A),. There exists C > 0 independent of ¢ such that
” ws('v 1) ”CI(T”) g C7 ”u&‘(" 1) - ws(’v 1) H Lo°(T™) < CS,

The proof of Proposition 2.5 can be derived using standard arguments. Nevertheless, we give the proof below, since
some of the estimates involved will be used later.
Before starting the proof, we state a basic property of the function a € C>(T").

Lemma 2.6. There exists a constant C > 0 such that

|Da(x)|* < Ca(x) forallx eT" (2.3)

Proof. In view of [20, Theorem 5.2.3], a'/? € Lip(T™). It is then immediate to get (2.3) by noticing that, for a(x) > 0,

Da(x)

D)0 =5 gy
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Proof of Proposition 2.5. Since we are assuming that the ergodic constant for (E) is 0 now and H is quadratic or
superquadratic on p, we can easily get the first estimate. We only prove the second one.
Let w®" be the solution of (A)7 and set ¢ (x, 1) = |Dw?®"|?/2. Then, ¢ satisfies

e+ DpH - Do+ Dy H - Dw™" = (n+a)(Ap — ]Dzws’”|2) + (Da - Dw* ") Aw®".

We next notice that for § > 0 small enough, in light of Lemma 2.6,

C 1

ay ' Aw"" < C|Dal - | Aw®"| < < +5|Dal?|D*w"> < C + §a|D2w‘9”7|2. (2.4)

Hence
1

epi+ DpH - Do+ 5 (1 +a)|D*w*)* < (n+a)Ag + C.

Multiply the above by o and integrate over [0, 1] x T" to yield
1
//(a(x) + n)|D2w6‘”|208"’dx dt<C (2.5)

0 Tl‘l

for some C > 0.
Note that w®" is differentiable with respect to by standard regularity results for elliptic equations. Differentiating
the equation in (A) with respect to 1, we get

8(wf”'7)t + D,,H(x, Dw&n) . Dwf,’” = Aw®" + (a(x) n H)Awf]’", inT"

where f,, denotes the derivative of a function f with respect to the parameter ». Multiplying the above by o*" and
integrating by parts on [0, 1] x T" yield

1
ew;’”(xo, )= / / Aw® Mo dx dt,
0 T
where we used the fact that wf,’" (x,0) =0. Thanks to (2.5), by the Holder inequality

1 172
elwi(xo, )| < C(/[|D2ws’"|2os”7dxdt) < %

0 'H‘)‘l
By choosing properly the point xg we have thus

C
Jwyc. 1)||L°°(T") S e/

which gives

C
[ D = u D gy = [5G D = w06 D ) < Tﬁ

Finally, observing that w® = w6’84, choosing n = ¢* we get the result. O
Next theorem gives (1.4) in the special case of problem (A),.
Theorem 2.7. We have
81i_r)r%)e|| wy I)HLOC(’]I‘") =0.
More precisely, there exists a positive constant C, independent of ¢, such that

efwr ¢, I)HLOO(']T") =|H(. Dw' (. D) - (e* +a()rw(, I)HLOO(']T") <Cellt,
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The proof of Theorem 2.7 is postponed to the end of this section. We can now give the proof of Theorem 1.1.

Proof of Theorem 1.1. By Proposition 2.5, we can choose a sequence {&,} — 0 such that {w®" (-, 1)} converges
uniformly to a continuous function v. In view of Theorem 2.7, v is a solution of (E), and thus a (time independent)
solution of the equation in (C),. We let t,,, = 1/¢&,, and use Proposition 2.5 to deduce that

||u("tm)_v||Loo(Tn)_)0 as m — OQ.

Let us show that the limit does not depend on the sequence {t,,},,en. Now, for any x € T”, ¢t > 0 such that 7, <t <
tm+1, we use the comparison principle to yield that

|u(xv t) - U()C)| < ||I/t(, Im + (t - tm)) - U() HLOC('H‘Y!) < ”M(, tm) - v(')”LOO(TH)'
Thus,

tl_l)ngo’u(xa t) - v(x)’ < mILmOOHM(v tm) - v(')HLOC(Tn) = 07
which gives the conclusion. O

2.2. Convergence mechanisms: Degenerate equations

We show now the following key lemma, which provides integral bounds on first and second order derivatives of
the difference w® — v® on the support of o¢ and a, where v® is a solution of (E)., and w® and o are solutions of

(A, {8wf+H(x,Dw€)=(a(x)+84)Aw€ in T x (0, 00),
wé(x,0) =up(x) on T",
(AD). { —eof —div(DpH(x, Dw?)o®) = A((a(x) + 84)0’8) inT" x (0, 1),
of(x,1) =38y, on T7",
respectively.

Lemma 2.8 (Key estimates). There exists a positive constant C, independent of ¢, such that the following hold:

@ Jy fon (LIDF =) 2 + &7 | D2 (w — v*)|P)o dxdt < C,
(i) [ fn a2(0)|DX(w — v¥)[20¢ dx dt < C /6.

Proof. Subtracting Eq. (A), from (E),, thanks to the uniform convexity of H, we get

0= e(vs - wg)t + H(x, Dvg) — H(x, Dws) - (84 +a(x))A(v8 - wg) —H,

> s(vs — wg)t + DpH(x, Dws) . D(vs — we) + 9|D(v$ — w‘3)|2 — (84 —}—a(x))A(ve — wg) —H,.

Multiply the above inequality by ¢ ¢ and integrate by parts on [0, 1] x T" to deduce that

1 1
9//|D(w8 — v€)|20€ dxdt <H,— //8((1)8 — wg)ag)[dxdt
(VNI 0 T
1
+ / /[80,8 + diV(DpH(x, Dwg)ag) + A((£4 + a)as)](v —w)dxdt
0 T
=H,+ s[ f(we _ vs)gedx]
T

=H,+ S(IUS(X(), 1) — va(xo)) — 8/(uo(x) — ve(x))ag(x, 0)dx
T’l

t=1

=0
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=H,+esw’(xg, 1) —¢ /(vs(xo) —v°(x))o(x,0)dx — & / ug(x)o(x,0)dx
™ ™
<H.+Cs+ CsHDve ”LOC(T") - 8/140()6)08()6, 0)dx < Ce,
’]I‘n
where we used Propositions 2.5, 2.3 (recall that we set ¢ = 0) in the last two inequalities. We hence get

1

//|D(w8 —v*)|*0® dxdr < Cs, (2.6)
0

which is the first part of (i).

Next, subtract (A), from (E), and differentiate with respect to x; to get
e(v* —w®),, +DpH(x, Dv*) - Dvy — DypH(x, Dw®) - Dwy, + Hy, (x, Dv°) — Hy, (x, Dw®)
—(e*+a)A(vf - wh) = ax A(vT —wf) =0.

Let ¢(x, 1) = |D(v® — w®)|?/2. Multiplying the last identity by (v — w®),, and summing up with respect to i, we
achieve that

eg; + DpH(x, Dw®) - Do+ [(DpH (x, Dv®) — D, H(x, Dw®)) - Dvy, |(v5, — ws,)
+ (DxH(x, Dv’) — D H(x, Dw®)) - D(v —w®) — (¢* + a(x)) (A — | D*(v° — w)[?)
—[Da - D(v* —w®)]A(v" — w*) =0.
By using various bounds on the above as in the proof of Proposition 2.5, we derive that
e¢ + DpH (x, Duf) - Dp — (e* + a(x)) Ag + (* + a(x)/2)| D* (v° — w') |}
<C+C(|D* |+ 1)|D(v* —w) [, 2.7)

The last term in the right hand side of (2.7) is a dangerous term. We now take advantage of (2.5) and (2.6) to handle
it. Using the fact that | Dv®||~ and || Dw?||~ are bounded, we have

C|D2v5}|D(vs — w8)|2 < C|Dz(v8 — wS)HD(vg - w5)|2 + C|D2wSHD(v8 - u)g)‘2
4
< %\Dz(vf—w8)12+££4;0(v8—w6)12+cyuzw6\. (2.8)
Combine (2.7) and (2.8) to deduce

4
e+ DpH (x, Dw®) - D — (84 +a(x))Agp + %|D2(v8 — w‘9)|2

2, C 2
<CID(" —w)["+ S |D(v* - w) +C|D?wf|. (2.9)
We multiply (2.9) by o¢, integrate over [0, 1] x T", to yield that, in light of (2.5) and (2.6),

1 I
84//|D2(w6—v8)|208dxdt<Cs+8£4e+C//|D2w€|aedxdt

0 T 0 T

% (//yDZwS\ o dxdt) 2(//0%1“1:)1/2

0 T 0 T
C C<
Te3 g2 T

N
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Finally, we prove (ii). Setting ¥ (x, 1) = a(x)|D(v® — w®)(x, t)|2/2 =a(x)e(x, t) and multiplying (2.7) by a(x)
we get
eV + DyH(x, Dw®) - DY — (D, H(x, Dw®) - Da)p — (84 +a(x)) Ay
+ (e* + a(x))(Aag +2Da - D) +a(x)(e* + a(x)/2)| D* (v¥ — w¥)|

< Ca(x)(|D2v€| + 1)|D(v€ - wS)IZ.

2

We use the facts that Da, Aa are bounded on T” to simplify the above as follows
ey + DpH(x, Dw®) - Dy — (6% + a(x)) AY + a(x) (e* + a(x)/2)|D* (v° — w®)|*
<C|D(v* —w®)[* —2(e* +a(x)) Da - Dg + Ca(x)| D*v*||D(v* — wf) . (2.10)
Next, we have to control the last two terms on the right hand side of (2.10). Observe first that for § > 0 small enough
2|(e* + a(x)) Da - Do| < C(e* + a(x))| Dal| D* (v — w®)||D(v¢ — wf)|
<8(e* +a0)IDal?| D (vF —w)|* + %|D(v5 —w)[?

< é(s“ +a(0))a@)|D*(v° — w) [’ +C|D(v° - wf) [, @.11)

where we used Lemma 2.6 in the last inequality. On the other hand,

a(x)|D2v8||D(v8 - w‘9)|2

< a(x)|D2w5HD(v€ - w‘?)}2 +a(x)|D2(v€ - wS)HD(vS — w8)|

2 a(x)?

& _ & 2
(v w)‘—i— 3

|D2(v8 — w‘s)|2 + C|D(v‘s — ws)} .

< Vea)|D*wt P + 2.12)

£|D

e

We combine (2.10), (2.11), and (2.12) to deduce that

a(x)?
4

<(C+ce™?)|D(vf - w‘?)|2 + el/za(x)|D2w€|2.

swt—i—DpH(x,Dws)-Dw— (84+a(x))A1ﬂ+ |D2(v5 —w*’")’2

We multiply the above inequality by o, integrate over T” x [0, 1] and use (2.5) to yield the result. O
Remark 1. Let us give some comments on the estimates in Lemma 2.8.

1. In case a = 0, estimate (i) gives us much better control of D(w® — v®) and D?*(w® — v®) on the support of o*.
More precisely, a priori estimates only imply that D(w® — v®) and e*A(w® — v®) are bounded. By using the
adjoint equation, we can get further formally that e ~'/2D(w® — v*) and &7/2D?(w® — v°) are bounded on the
support of o®. We notice that while we need to require the uniform convexity of H to obtain the first term in (i),
the second term is achieved without any convexity assumption on H. A version of the second term in (i) was first
derived by Evans [8].

2. If the equation in (C) is uniformly parabolic, i.e., a(x) > 0 for all x € T", then the second term of (i) is not needed
anymore as estimate (ii) is much stronger. On the other hand, if a is degenerate, then (ii) only provides estimation
of |D*(w® — v?)|?>0® on the support of @ and it is hence essential to use the second term in (i) to control the part
where a = 0.

2.3. Averaging action and proof of Theorem 2.7
Lemma 2.9 (Conservation of energy). The following hold:

() £ [ (H(x, Dw®) — (e* + a(x)) Aw®)o® dx =0,
(i) ewf(xp,1)= fol Jpn (H (x, Dw®) — (* + a(x)) Aw®)o® dx dt.
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We stress the fact that identity Lemma 2.9(ii) is extremely important. As stated in Introduction, if we scale back
the time, the integral in the right hand side becomes (1.6), that is the averaging action as t — co. Relation (ii) together
with Lemma 2.8 allow us to conclude the proof of Theorem 2.7.

Proof of Lemma 2.9. We only need to prove (i) as (ii) follows directly from (i). This is a straightforward result of
adjoint operators and comes from a direct calculation:

% (H(x, Dws) - (84 + a(x))Aws)Us dx
TH
= /(DpH(x, Dwg) - Dw; — (84 —i—a(x))Awf)ae dx + /(H(x, Du)g) - (84 —i—a(x))Awg)af dx
T T
=— /(div(DpH(x, Dw®)o®) + A(e* + a(x))of)wf dx — / cewiof dx =0. O
g T

We now can give the proof of Theorem 2.7, which is the main principle to achieve large time asymptotics, by using
the averaging action above and the key estimates in Lemma 2.8.

Proof of Theorem 2.7. Let us first choose xq such that
|lew? (xo, 1| = |H (x0, Dw® (x0, 1)) — (¢* + a(x0)) Aw* (xo, 1)
= |H (. Dw (1) = (e +a0) Aw" ¢ D] oo on-
Thanks to Lemma 2.9 and Proposition 2.3,

el wy ¢, 1)||L°°('H‘”) =|H(. Dw(. D)~ (54 +a())Aw'(, l)||L°°('H‘”)

/1 /(H(x, Dw®) — (e* + a) Aw®)o® dx dt

0 "H‘)l

1
< /|(H(x, Dwf) — (* +a)Aw) — (H(x, Dv°) — (¢* + a) Av®) |0 dx di + | H|
0 T

1

< / /[C;D(ws — )] (¢ + )| A (wF — ) |Jof dxdi + Ce.
0 T
We finally use the Holder inequality and Lemma 2.8 to get

1 1/2 1 1/2
£||wf(~, l)||Loo(T,l) < C(//|D(w£ - v8)|208 dxdt) +C84<//|D2(w8 - v€)|205 dxdt)

0 T 0 T
1 1/2
+C(//a2(x)|D2(w8 — v8)|2a€dxdt) +cef<cet o
(U

2.4. General case

In this subsection we consider the general case (1.1). As pointed out before we only need to address the analogs to
estimate (2.5) and Lemma 2.8(ii). These are
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1
//[aij (OW  WE oy + 84|D2w8|2]08dx dr < C, (2.13)
0 'ﬂ')‘l
1
ij 1
//a” (x)a (x)(vs - wS)XIXk (v8 — w‘g)x./Xkcrsdx dt < Ci/e. (2.14)
0 T

In the previous formulas, and throughout this section we will use Einstein’s convention except in a few places where
the summation signs are explicitly written to avoid ambiguities. The proofs of (2.13) and (2.14) follow the same lines
as before. Recall that w® and o¢ satisfy

{ ew? + H(x, Dw®) =a' (x)wfc[x_/ +e*Aw®  inT" x (0, 00), (2.15)
wé(x,0) =up(x) onT",
and
{ —eof — div(DpH(x, Dws)ag) = Oxx; (aij (x)ag) +&*Act inT" x (0, 1),
of(x, 1) =38y on T",
and v® is a solution to the approximate cell problem
H(x, Dv*) = aij(x)viixj +e*Av® in T (2.16)
We need the following estimates, which are from [20, Lemma 3.2.3],
|Da'| < C((a')'? + (a#)'?) for1<i, j<n, 2.17)
(tr(Aka))2 < Ctr(SAS) forSe Mf;;f, 1<k<n, (2.18)

for some constant C depending only on n and || D?A|| LOO(T")-
We address first (2.13). To do so, as before, setting ¢ := | Dw¢|?/2, we obtain
. ) .
g1 + DpH(x, Dw®) - Do < a' (pua; — wi W y,) + e*(Ap — | D*wf|7) + agwy, . wy, + C.
The key term to estimate is a/ W o Wy

x;Wyy» @S all the others do not pose any further problem. This is done as follows
with help of (2.18): ‘

.. 1 1 ..
LY e __ 2..¢ e 2.¢€ 2.¢€ _ & &
AW Wy =tr(Ay D*w)wy, < Etr(D w'AD*w®) + C = 5a‘~’wxikaxjx1( +C.

Then the proof follows exactly as before.
Concerning estimate (2.14), as before we subtract (2.15) from (2.16) and differentiate with respect to x; to get

e(v® —w°)

+ Hy, (x, Dv®) — Hy (x, Dw®) — (845ij + a"j)((vs — ws)x]()xij — ai{ (v*—w®), =0,

+ DpH(x, Dv°) - Dv§, — D, H(x, Dw®) - Dw},

Xt

where 8/ is the Kronecker delta. We multiply the previous equation by a'/ (v¢ —w?) x, and set ¢ = a''\ D —w?®)|?/2.
After some tedious computations we conclude that the main order term from which (2.14) follows is

a"ja”(v"3 - w’?) (vg - wg) =tr(A) tr(DZ(vE - wS)ADz(v"2 - wg))

B I

where A is diagonalized as A = PT D P with D =diag{d", ...,d"} withd’ >0, and PT P = I,,. As before, a number
of error terms need to be controlled. The procedure is completely analogous, except for two error terms which need
to be addressed in a slightly different way. These are

Xi Xk x_,-xk

aijaili (v° — wS)Xij (v° — we)Xk and ai],;a”(vs — ws)Xixj (v = wE)Xk.
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The first term is handled in the following way: using (2.17) we have

aTall (v — ), (0 =), =all P (o ), (o - w),

<c(;m)zdm|pmf<vs ), 1D =)

ijk

k,m
(T ST @ -, selo -

Concerning the second term, using (2.18) we obtain

af({ca”(v"3 — ws) (vs - wg)Xk =tr(A) tr(Axk Dz(v"E — wg))(vs — wg)x

XiX; k

1
< ) tr(A) tr(Dz(vg - wS)ADz(vs — w‘g)) + C|D(v£ - w8)|2.
This shows therefore that the two error terms are well controlled by (2.19).

3. Weakly coupled systems of Hamilton—Jacobi equations

In this section, we prove Theorem 1.2. Our proof follows along the lines of the scalar case, together with additional
estimates for the coupling terms. To simplify the presentation we start first with the following weakly coupled system
of first order Hamilton—Jacobi equations:

(u1): + Hi(x, Duyp) +u; —up =0 inT" x (0, 00),
(SO) (up); + Hy(x, Duz) +up —u; =0 inT" x (0, 00),
ui(x,0) =up; (x) onT" fori =1, 2.
Throughout this section we always assume that ug; € C(T") and that the pairs (H;,0) € C(6,C) fori =1, 2.

We observe that almost all results we prove for (SC) are valid with trivial modifications for general weakly coupled
systems with possibly degenerate diffusion terms. Indeed, if we combine the arguments in Section 2 and Section 3
below, then we can immediately get the result on the large-time behavior for weakly coupled systems of degenerate
viscous Hamilton—Jacobi equations (1.7). We present the simplest case here since we want to concentrate on the
difficulty coming from the coupling terms of the system. We derive new estimates for the coupling terms (see part (ii)
of Lemma 3.7 and Subsection 3.4), which help us to control the large time average on the coupling terms and achieve
the desired results.

We first state the basic existence results for (SC) and for the associated stationary problem. The proofs of the next
three propositions are standard, hence omitted.

Proposition 3.1. Let (11, ugz) € C(T™)2. There exists a unique solution (u1,u) of (SC) which is uniformly contin-
uous on T" x [0, 00). Furthermore, if ug; € Lip(T"), then u; € Lip(T" x [0, 00)) fori =1,2.

We refer to [5, Section 4] for the following results.

Proposition 3.2. There exists a unique constant ¢ € R such that the ergodic problem:

(SE) Hi(x,Dv))+vi—v=c inT",
Hy(x, Dvy) +vo —vi=c inT",

has a solution (v, v3) € Lip(T”)2. We call c the ergodic constant of (SE).

Proposition 3.3. For every & > 0 sufficiently small there exists a unique H. € R such that the following ergodic
problem:
Hi(x, Dvj) +v] — v = 84Avf +H, inT,

(SE)e e e e - = .
Hy(x, Dv3) +v5 —vi =¢"Avs+ H, inT",



196 E Cagnetti et al. / Ann. I. H. Poincaré — AN 32 (2015) 183-200

has a unique solution (vf, vi) € Lip(T”)2 up to additional constants. In addition,
7 2 5 .
|He —c| < Ce?, | Dv; ||LOO(T,1)<C, fori=1,2,

for some positive constant C independent of €. Here c is the ergodic constant of (SE).
Without loss of generality, we may assume ¢ = 0 as in Section 2 henceforth.
3.1. Regularizing process and proof of Theorem 1.2

In the following we will assume that (i1, u7) is Lipschitz on T” x [0, 00), as it was done in Section 2. Once again,
we will follow the method stated in Introduction.
We perform a change of time scale. For ¢ > 0, let us set uf(x, t) =u;i(x,t/e), which is the solution of
8(uf)t + Hl(x, Duf) +uf—u5=0 inT" x (0, 00),
(SC)e e(uf), + Ha(x, Duj) +uf —ui =0 inT" x (0, 00),
uf (x,0) = ug; (x) onT" fori =1, 2,
and we approximate (SC) by adding viscosity terms to the equations:
S(wf)t + Hp (x, Dwf) +wi —wj = 84Awf in T" x (0, 00),
(SA), 8(w§)t + Hz(x, Dw;) +wi —wi = 84Aw§ in T" x (0, 00),
w; (x,0) = up; (x) onT" fori =1, 2.

We can conclude the proof of Theorem 1.2 with the following two results.

Lemma 3.4. Let (w], w5) be the solution of (SA). There exists C > 0 independent of e such that ||w; (-, )|l c1 ) < C,
g (-, 1) — wyi (-, Dllpoo(rny < Ce fori =1,2.

Theorem 3.5. We have

elglg)gf;lgeﬂ (wf),¢. D HLOQ('JI"’) =0.

3.2. Convergence mechanisms: Weakly coupled systems

The adjoint system corresponding to (SA); is
—¢&(of), — div(D, Hy (x, Dwf)of) + of —of =e*Aof inT" x (0, 1),
(SADe 1 —&(0f), —div(DpHy(x, Dw)os) + o5 —of =e*Acf  inT" x (0, 1),
of(x, 1) = 8ikdx, onT" fori =1, 2,

where 8;3 = 1ifi =k and §;x = 0if i # k, and xg € T" and k € {1, 2} are to be chosen later. Notice that for any choice
of k, either of (-, 1) =0 or 05 (-, 1) = 0. Let us record some elementary properties of (o7, 05) first.

Lemma 3.6 (Elementary properties of (o{,05)). We have of >0 fori =1,2 and

2
Z/-af(x, t)dx=1 foralltel0,1].
i:lTn

We next derive key integral bounds for (w{, w3), (v, v3) and their derivatives on the supports of (o7, 05).

Lemma 3.7 (Key estimates for weakly coupled systems). The following hold true:

@) fo Jon Tim 1D — o)) + &7 D2 (wf — vf) D)ot dxdi < C,
(i) [ ol = v8) — (W — v5) 2 (0f + 0f) dxdt < Ce.
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Lemma 3.7(ii) is a new observation on the study of weakly coupled systems, which gives us the large time av-
erage control on the coupling terms. This is actually the key point in the derivation of the main result for systems
(Theorem 1.2 and Theorem 3.5) as one can see in the proof of Lemma 3.8.

Proof of Lemma 3.7. We will only prove (ii), since part (i) can be derived by repeating the proof of Lemma 2.8.
Thanks to Lemma 3.4, we can always add to the pair (v{, v5) an arbitrarily large constant C (independent of &)
such that

2C2vf > w] inT", fori=1,2. (3.1

Let ¢; = (vf — wf)2 /2 for i = 1,2. Subtract the first equation of (SA), from the first equation of (SE)., and
multiply the result by v{ — wf{ to get

o(vf — w§) (vf = wf), + (vf — wi) (1 (x. Dv) = Hi (x. Dwf)) + (vf = w)” = (vf — w) (v5 — ws)
=& (o] —wi) A(v] — wi) + He (v — wf).

We employ the convexity of H; and (3.1) to deduce that

1
£+ DpHi(x, Dwi) - Dor +¢1 =92+ [ (v] —wi) — (v3 = wj)]?
<e*Agy —&*|D(vf —wl) [ + ClH,|. (3.2)

Similarly,

1
e(@2)r + D,,Hz(x, Dwg) D@y + @2 — @1 + 5[(vf _ w?) _
<e*Apy — 64D (v — w)[* + C|Hel. (3.3)

Multiplying (3.2), (3.3) by o}, o5 respectively, and integrating by parts

; / [0 = w) = 5 = wh)P(of + 05 avar

O ’]Tﬂ

=1
<—Zs|:/(p,-afdx} +C|H|—* Y /|D(vf—wf)|20fdx<C8,

i=1 o 1=0 i=1.2 fn
which implies (ii)). O
3.3. Averaging action and Proof of Theorem 3.5

For each i € {1, 2}, setting j =3 — i we have {i, j} = {1, 2}. The following result concerning conservation of
energy and averaging action is analogous to Lemma 2.9 and therefore we omit the proof.

Lemma 3.8 (Conservation of energy for weakly coupled systems). The following hold:

) % S Ziz:l(Hi (x, Dwf) + wf — w? — £4Awf)af dx =0.

(i) —(k — De(wf), o, 1) — 2 — k)e(w3), (0. 1) = fy fro Yoy (Hi (x. Dwf) +wf — wé — e*Awf)of dx d,

where k =1, 2.

Proof of Theorem 3.5. Without loss of generality, we assume that there exists xo € T” such that

5|(w‘1g)t(x0’ 1)} = 82%” (wf)z(" I)HLOO(’]I‘”)'
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We then choose k = 1 in (SAJ), and use Lemma 3.8 to get

1

emaxH( ( I)HLOO(T,, = //Z x Dw? )+wf—w§-—84Awf)ofdxdt
0T i=1

N

1 2
/fz i (x, D) +w—w—sAw)
0 T i=

n =1

— (Hi(x, Dvf) +vf — % —e*Avf) o7 dxdi| + |H|

1

//icww—vHﬂMwwnwwm

0T

[ [0t =) = (s = 09))(o = ) x4 1L

2
//Z(Hi (x, Dwf) +wf — wj- - £4Awf)oi£ dxdt

o =l
2
<CZ{|: /|Dw—v adxdt:| +e& |://|D2w—v adxdt:| }
i=ttLo 0
2 | 172
+Z|://|(wf—vf)—(ws—v§)|2afdxdt:| +|H,:| < Cy/e,
i=1Lg

where the last inequality follows by using Lemma 3.7. O
3.4. General case

We address now the general case of systems of m-equations of the form

m
(i) + Hi(x, Dup) + Y cjjuj =0 inT" x (0, 00),
j=1
with (H;,0) € C(0, C) and ¢;; satisfying (H4) for any 1 < i, j < m. As stated before, the key point is to generalize the
coupling terms as in part (ii) of Lemma 3.7. More precisely, we show that

lim//Z|c,j| w§ —v8) — (wf — vf)] 0 dxdr =0, (3.4)

e—0
0o T J= 1

Set ¢; = (v — wf) J2fori=1,..., m. Then we can compute that

m
s(vf — wf)(vf — wf)t + (vf — wl-g)(Hi (x, va) — H; (x, Dwf)) + ZC,’Q,’ (vf - wf)(vj — wj)
j=1

= et (0f — )] — )+ H0f — ).

1
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The last term in the right hand side of the above identity can be written as

ic,.j(v;? —wf) (v —ws) = D ley I (vf — wf)” — (v — wf) (v — w?))

J#i

=%t 505 —wf)? = 05 i)+ 5105~ w) - 05 - w) T}

J#i
" 1 & 2
= Zciﬂﬂj t3 Z leijl[(v5 = w§) = (vf —wi)]".
j=1 j=1
Hence
e % I ¢ & 3 3 £\12
e(@i)i + DpHi(x, Dwf) - Dg; + Zcz‘ﬂﬁj + 3 Z |Cij|[(”j - wj) — (v; —wy)]
j=1 j=1

<etag — & |D(vf — wf)[” + CIH.|.

Then (3.4) follows immediately.
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