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Abstract

We study the large-time behavior of bounded from below solutions of
parabolic viscous Hamilton-Jacobi Equations in the whole space RY in the
case of superquadratic Hamiltonians. Existence and uniqueness of such
solutions are shown in a very general framework, namely when the source
term and the initial data are only bounded from below with an arbitrary
growth at infinity. Our main result is that these solutions have an ergodic
behavior when ¢ — 400, i.e., they behave like \*t 4+ ¢(x) where A" is the
maximal ergodic constant and ¢ is a solution of the associated ergodic
problem. The main originality of this result comes from the generality of
the data: in particular, the initial data may have a completely different
growth at infinity from those of the solution of the ergodic problem.

Keywords: Hamilton-Jacobi equations, viscous Hamilton-Jacobi equation, un-
bounded solutions, large-time behavior, ergodic behavior, viscosity solutions.
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1 Introduction and main results
In this article, we consider the parabolic viscous Hamilton-Jacobi Equation

uy — Au+ [Dul™ = f(z) in RN x (0, +o0), (1)
u(z,0) = up(z) in RY, (2)

in the case when m > 2 and f,ug € C(RY) are bounded from below. Further
assumptions on f are stated as required. We immediately point out that, by
changing u(z,t) in u(z,t) + C1t + Cy for Cp,Cy > 0, we change f in f+ C; and
ug in ug + Co and therefore we may assume without loss of generality that f
is larger than any constant and wug is nonnegative, two properties that we use
later on.

*Corresponding author.



Our main interest is the large-time behavior of the solutions of (1)-(2) but
the first question concerns the existence and uniqueness of bounded from below
solutions. Of course, the difficulty comes from the very general framework we
wish to handle, namely the case when f and ugy are bounded from below with
an arbitrary growth at infinity. We do not want to enter into details in this
introduction but we just point out that we use in a key way approximations
by problems set on bounded domains, and in particular on the state-constraint
problem (cf. [36]) together with various regularity results and a comparison
result, i.e. a Maximum Principle type result, in this general class of solutions.

Coming back to the large-time behavior, there is a vast literature for non-
linear parabolic equations, to the extent that it is practically impossible to list
all relevant works. We point out anyway that, for such viscous Hamilton-Jacobi
equations set in the whole space RY, the non-compactness of the domain and
the generality of the data are well-known difficulties; on the contrary, in the
periodic case, the methods introduced in [6] provide rather general answers for
a large class of equations. On the other hand, problems set in bounded domains
with Dirichlet boundary conditions create different type of difficulties, mainly
connected to the fact that the “natural” associated stationary problems may
have no solution. This is the reason why the ergodic constant and the ergodic
problem come out. We refer to [36] which completely solves this problem in the
superquadratic case (see also [13] for the subquadratic one).

We briefly recall the results of [36] in the superquadratic case since it shares
some similarities with our problem. There are two possibilities for the large time
behavior of solutions of the Dirichlet problem in €2 with a Dirichlet boundary
condition g: if the corresponding stationary equation

—Av + |Dv|™ = f(x) in Q 3)

v=g on 02
has a bounded subsolution, then there exists a solution u of (3) and u(zx,t) —
Uoo on Q. If (3) fails to have bounded subsolutions, one must introduce the
ergodic problem with state-constraint boundary conditions

—Av+ |Dv|™ = f(z) + ¢ in Q, (4)
—Av+ |Dv|™ > f(z)+c in 092.

Here ¢ € R is called ergodic constant, and is an unknown in problem (4), as is
v. Existence and uniqueness of solutions (¢, v) of (4) are studied in [31]: ¢ € R

is unique while v € C(£2) is unique up to an additive constant. Convergence of
u(z,t) + ct to v where (c,v) is a solution of (4), is then obtained.

The behavior of solutions to (1) in the subquadratic case, m < 2, studied
in [13], is more complicated, as it depends now on whether 1 < m < % or
% < m < 2. It also becomes necessary to introduce the following problem, also
studied in [31], as an analogue of (3) and (4)

{ —Av+|DulP = f(z)+¢ in Q, (5)
v(x) = 400 as © — JIN.



Both [13] and [36] contain a complete study of (4) and (5) in the context of
viscosity solutions.

The main difficulty in our study with respect to the previously cited works
is the fact that the domain is unbounded, and that under our assumptions for
f and wug, the solutions of (1)-(2) may have any growth when |z| — co.

The work [26] addresses the problem of large-time behavior of unbounded so-
lutions of (1)-(2) mainly with probabilistic techniques with z-dependent Hamil-
tonians. It is based on explicit representation formulas for the solution of (1)-(2)
which comes from the underlying stochastic optimal control problem (see, e.g.
[3], [23] for standard references on this topic). To the best of our knowledge,
[12] and the present work are the first to address the problem exclusively within
the framework of viscosity solutions and PDE techniques. We also point out
that our result holds in greater generality with respect to the data. Further
comments on this are provided after the statement of our main result.

A number of works have addressed the problem set in the whole space (see
e.g. [15], [16], [17], [24], [25], [32], and the works cited therein), while assuming
some restriction on the behavior of the initial data at infinity, which include
integrability or decay conditions, periodicity or compact support.

Concerning unbounded solutions on the whole space for first-order equations,
we refer the reader to the works [14], [27], [29], and especially to the review [30],
to name a few. We also mention a recent result for first-order Hamilton-Jacobi
equations, [11], in a situation which is similar to ours, even if our results are
obtained by an completely different approach: under the standard assumptions
on the Hamiltonian, such as coercivity and locally Lipschitz continuity, the
expected convergence result holds if the initial data is bounded from below. It is
also shown in [11] that in certain special cases, the expected large-time behavior
occurs for initial data no longer bounded from below, but fails in general. See
[11] for details.

Finally, we mention the recent work [2] which—although dealing with a
stationary version of (1), and in the subquadratic case—also builds upon some
of the ideas of [12], and thus bears some relation to our work.

1.1 Main Results

We begin by addressing the well-posedness of problem (1)-(2).

Theorem 1. Assume f € WllocOO (RYN) and ug € C(RY) are bounded from below.
Then, there exists a unique continuous solution of (1)-(2).

The proof of Theorem 1 follows from an approximation of (1)-(2) by prob-
lems set in bounded domains, together with a comparison result, Theorem 4.
We point out that the comparison result allows us to prove the existence result
only in the case when ug € Wllofo (RY), a case in which we have better Lipschitz
estimates since they hold up to ¢t = 0.

To determine the large-time behavior of solutions to (1)-(2) we must intro-

duce the corresponding ergodic problem,

A=A+ |Dg|™ = f(z) inRY, (6)



where both A and ¢ are unknown. Assuming that m > 2 and f € WllocOO (RY) is
coercive and bounded from below, it is proved in [12] that there a exist unique
constant \* € R and a unique ¢ € C2(RY) (up to an additive constant) which
together solve (6) (See Theorems 2.4 and 3.1 therein). We also use key ideas and
computations from [12] in the the proofs of Lemmas 3 and 4, and in Theorem 4.

We now state the precise hypothesis on the right-hand side required for our

main result, Theorem 2 below

(H1) There exists an increasing function ¢ : [0, 400) — [0, +00) and constants
a, o, fo > 0 such that for all r > 0,

@y T < o(r)

and for all z € RY and r = ||,
fo t(r) = fo < f(@) < fole(r) +1).

Remark 1. The previous assumption imposes no upper bound on the growth of
f at infinity, since no upper bound is assumed for the function ¢. The control
on f on both sides by ¢ implies only that f is almost radial since it “does not
vary too much for |x| = r, for fivzed r > 07”. It is clear that the more growth we
have on @, the less restrictive this condition is.

Assumption (H1) is required for the construction of the sub- and superso-
lutions of Section 3. It also implies that the solution of the ergodic problem
(6) has superlinear growth at infinity (Lemma 4), a property which plays an
important role in the proof of Theorem 2.

Theorem 2. Assume (H1). Then, for any ug € C(RY) bounded from below,
there exists ¢ € R such that the solution u = u(z,t) of (1)-(2) satisfies

u(z,t) — Nt = ¢(x) + & locally uniformly in RN as t — oo,

The proof of Theorem 2 follows the strategy of the corresponding result
on bounded domains in [36]. However, there are a number of technical diffi-
culties due to the fact that both the solution of (1)-(2) and the domain are
unbounded. Heuristically, this becomes apparent in the lack the control which
in the bounded-domain case is provided by the time-independent boundary con-
ditions. This is solved by the special sub- and super solutions constructed in
Lemma 5, which provide the required control “at infinity”.

We stress that this “control at infinity”, both in the preliminary results of
Section 3 and in the proof of Theorem 2, is the main contribution of the present
work, since it is achieved in spite of having no upper bound on the growth of f
from above, and no restriction whatsoever on the behavior of ug. In contrast,
the results of [26] assume that f is essentially bounded on both sides by |z|* for

m

a > m*, where m* = "= and uo has at most polynomial growth.



1.2 Notation

Most of the notations appearing in the text are standard. Nonnegative constants
whose precise value does not affect the argument are denoted collectively by C,
and it is usually indicated if they are taken within a given range, e.g., 0 < C < 1.
B, (z) denotes the ball of radius 7 > 0 and center z € RY, and for simplicity we
write B, for B,(0).

For Q C RY x (0,+0c0), we say Q is open if and only if it is open with
respect to the parabolic topology in RVN*1, i.e., the topology generated by the
basis {B(z) x (-n,t] | @ € RN, t € (0,+00), 7 > 0} (see e.g., [37]). The
parabolic boundary 0,Q of such a set is the topological boundary as defined by
the parabolic topology. Similarly, @ denotes the closure of @ with respect to
the parabolic topology in RV, We still write, e.g., B, for the closure of a
subset of RV with respect to the usual topology, since there is little possibility
of confusion. We also write Q; = {(z,t) € Q | t = ¢} for { > 0 and Qy =

{(z,t) e Q[ t=0}

1.3 Organization of the article

In Section 2 we prove the existence and uniqueness of solutions to (1)-(2), Theo-
rem 1. In Section 3 we construct special sub- and supersolutions which will serve
as comparison functions towards obtaining large-time behavior. In Section 4 we
prove a result on the uniform boundedness of solutions to (1)-(2), Lemma 6, as
well as our main result, Theorem 2. Finally we collect in the appendix several
(already known) estimates and results which we use throughout this article.

2 Existence and uniqueness of solutions

This section is devoted to the proof of Theorem 1, stated in the introduction.
We first show it in the case when uy € Wl’OO(RN), the general result being

loc
obtained at the end of the section, after the proof of the comparison result.

2.1 A first existence result

Our first task will to obtain a solution of (1)-(2) via an approximation by
bounded domains.

Proposition 3. Let T > 0, and assume that f,ug € Wllo’oo(RN) are bounded

C
from below. Then, there exists a continuous, bounded from below solution of

ug — Au+ |Du|™ = f(z) in RN x (0,7, (7)
u(z,0) = ug(z) in RY. (8)

To perform our approximation, we revisit the parabolic state-constraints



problem on the approximating domains. Namely, for R, T > 0, consider

ug — Au+ |Dul™ = f(z) in Br x (0,77, 9)
ug — Au+ |Du|™ > f(x) in 0Br x (0,7, (10)
u(-,0) =ug in Bg. (11)

Remark 2. By standard arguments, there is no loss of generality in assuming,
as in (7) or (9), that the equation holds up to the terminal time T > 0 (see e.g.,
[22], Ch. 10).

Lemma 1. Under the assumptions of Proposition 3, for every R > 0 there
exists a unique, continuous solution of (9)-(11), denoted u®.

Proof of Lemma 1. The well-posedness of (9)-(11) is a consequence of the strong
comparison result proven in [9], Theorem 3.1. Existence then follows by Perron’s
method, provided there exist suitable sub- and supersolutions. The subsolution
can be chosen as u(z,t) = infp, up + tinfp, f while the construction of the
supersolution is more involved because of the state-constraint boundary condi-
tion. o

Remark 3. As we mention it in the introduction, we note that both uy and
f may be assumed nonnegative with no loss of generality, and even larger than
any constant. A fact that we will use several times.

Lemma 2. Using the notation of Lemma 1, if R > R, then u® (z) < uf(x)
for all x € Bg.

Proof. The result follows from the fact the solution satisfying the state-constraints
boundary condition (10) is the maximal subsolution of (9)-(11) (see e.g., [19],
Section 7.C’). We provide a constructive proof of the result, however, to illus-
trate this notion more clearly.

Observe that, for R’ > R, u® is in particular a subsolution of (9) in Br X
(0,T), satisfying also (11). Let € > 0, and let p. denote the standard mollifier
in RN+1. Since (9) is convex in (u, Du), uft’ % p, is a classical subsolution of (9)
in Bp (this is Lemma 2.7 in [10]). Define, for small § > 0, x € Bg and t > 0,

w(z,t) = (W % pe)(a,t) — ot.

(We have dropped the dependences of w in R/, € and § for the sake of notational
simplicity.) We claim that w is a smooth subsolution of (9) in Br x (0,7T).
Indeed, for all (z,t) € Br x (0,7, we can compute
we(z,t) — Aw(z,t) + |Dw(z, t)|™
= (W % p)r — AW % po)(,t) + | D@ * p)(z, t)|™ — 6
< flx) =6 < f(a). (12)

And this computation, which is only valid for smooth enough u® can be justified
if u® is only a continuous viscosity subsolution of (9).



We set 7. := ming_(uo — w(z,0)). We remark that, by the continuity of

u® ne — 0 as € = 0. We now show that u® > w + 7. in Bg x [0,T] for any
T > 0. We argue by contradiction assuming that

R

(u —w —7e) (w0, to) == _min (u” —w —ne) <0.

Brx[0,T)

By definition of 7., we have o > 0 and since w + 7. is smooth, the definition of
the state-constraints boundary condition (10) implies that

w (w0, to) — Aw(wo, to) + |Dw(zo,t0)|™ > f(20),

which contradicts (12). Therefore, u® > w + 7. in Bg x [0, T]. Taking the limit
€,0 — 0, then T'— oo, we conclude. O

Proof of Proposition 3. We are going to obtain a solution of (7)-(8) as a locally
uniform limit of the solutions uRi of Lemma 1 as R — +o0.
To do so, we consider a fixed R. For R > 2R+ 1, we have, assuming ug, f > 0

0<uf <u?' in Byp x [0,7],

hence {uf®} ooz, is uniformly bounded over B, x [0, 7).

Furthermore, using Theorem 8 and Corollary 9 in the Appendix, the C%1/2-
norm of u® on By x [0, T] remains also uniformly bounded for R > 2R+1. And
we also recall that the u’ are decreasing in R.

Thus, by using the Ascoli-Arzela Theorem together with the monotonicity
of (UF)g, we have the uniform convergence of u®* on By x [0,T]). Then, by a
diagonal argument, we may extract a subsequence of {u*} r~( that converges
locally uniformly to some u € C(RY x [0,77]). By stability, it follows that u is
a viscosity solution of (7)-(8). O

2.2 A General Comparison Result

We provide in this section a general comparison result, not only in RY x [0, T},
but in a more general domain ) which may be a proper subset of RN x [0, T'].
The following comparison result is formulated in terms of viscosity sub- and su-
persolutions where USC(Q) denotes the set of upper semi-continuous functions
on @, while LSC(Q) is the set of lower semi-continuous ones.

Theorem 4. Let T € (0,400]. Assume f € WL °(RN) is bounded from below
and Q C RN x (0,T) is a nonempty set, open with respect to the parabolic
topology (see Subsection 1.2 for notation and definitions). Let u € USC(Q) and
v € LSC(Q) be respectively a subsolution and a supersolution of Equation (1) in

@, both bounded from below. If, for all (z,t) € 0,Q, we have limsup (u—v) <
(y,8)— (1)
0, then u <w in Q.

The first main point in Theorem 4 is that the set @ is allowed to be un-
bounded. Consequently, u € USC(Q) and v € LSC(Q) are allowed to be



unbounded as well. Naturally, we are mainly interested in the case Q =
RY x (0,+00). However—and this is why we need such a general formula-
tion—in the study of the large time behavior, we have to use such comparison
result with a supersolution V' which is not defined in the whole space but on a
set @ on which we know that V(z,t) — +oo if (z,t) = 9,Q with ¢t > 0.

Proof. To deal with the difficulty of u and v being unbounded, we define

2z, t) = —e 00 (e, t) = —e D,

Since u and v are bounded from below, z; and z; are bounded. Furthermore,
we have that z; and z; are respectively a sub- and supersolution of

2zt — Az + N(z,2z,Dz) =0, (13)

where N : RN x R x RY — R¥ is given by

N({E,T,p)—T<f($)+’§’2—’§’m). (14)

Formally, this is a straightforward computation. Given the monotonicity of the
transformation defining z1, 22, there is no difficulty in passing the computation
over to smooth test functions. Another consequence is that z1(z,t) < zo(x,t) if
and only if u(z,t) < v(z,t). Hence Theorem 4 follows from proving the same
comparison result for sub- and supersolutions of (13).

We proceed with the usual scheme of doubling variables, and for simplicity
we first treat the case in which @ is unbounded in ¢. Assume that the conclusion
of the theorem is false and M := supg (21 — 22) > 0. Define first, for 6 > 0,

M;s = sgp (z1(z,t) — 22z, t) — 6(|2f* + 1)) . (15)

As the penalized function on the right-hand side of (15) is upper-semicontinuous
and goes to —oo as either || — 400 or ¢ — 400, the supremum in achieved
at some (Z,f) € Q. From standard arguments, we have that Ms — M as
4 — 0 (see e.g., [19], Proposition 3.7), which implies that for small enough 0,
M;s > 0. Moreover, since imsup, ¢)_, (+)(21(y, 8) —22(y, 8)) for all (z,t) € 0,Q,
we necessarily have (Z,%) € Q. Define now

1) a
My m sup {a(x,w oy t) = S + P+ 6) - S — yP} .
QxQ 2 2

Again the supremum above if achieved at a point (&,7,%). Similarly, we know
that as a — oo and ¢ remains fixed, M, s — Ms and &,9 — 7 and £ — % for
z,t as above.

Thus, an application of Ishii’s Lemma (see [19], Theorem 3.2) gives

N(&, 21(3,8), ol — §) + 68) — N3, 22058, i — §) — 67) < (2n + %) 5. (16)



We aim to bound this difference from below by a positive constant indepen-
dent of §. Let

where
a(s) = st + (1 — s)g, b(s) = sz (&,1) + (1 — s)22(, 1),
o(s) = (@ — §) + 0(s + (s — 1)9).

We rewrite (16) as
N(&, 21 (2, 1), a( — §) + 0&) — N (3, z2(3, 1), a(& — §) — 69)

= N(a(1)7 b(1), C(l)) — N(a(0), b(0)7 c(0))

and, from (14),

ON ON P 2 pm
e 0@ Gr=i@=[f[ -],
ON _ (2 mlm—2)jp?
o <|r|2 r >p’

we have

1
[ s = [ a(s) 00,060 o6) + I (a6, ) )0
ON ,
+ S (@) b(s) () ¢ () s

We proceed to bound each term in the last expression

ON
T (@(8);0(s),¢(s)) - a'(s) = —max{||z1lloc, [22llo0 HIDflloo, sy 12 = 91,

where Bps) is a ball that contains (&, ), the points at which the maximum of
® = ®%(z,y) is achieved, considering § > 0 is fixed; Bpr(s) is uniform in a.
Since £ — y — 0 as @ — oo, this implies

%_J;[(G(S)ab(s),C(S)) -a'(s) >0 asa—oo.

We write ¢ := £. Young’s inequality gives

2 m
g < =lg|™ + —,
m m—2



hence

ON 2 m
2 g -
> () + (m =Dl ~ Zlg" — "
> ) - s (m-1- 2 ) g
> 1+Clq™, (18)

taking 0 < C'<m—1— % in the last inequality. The bound
fl@)>1+ % for all z € RV, (19)

may be assumed without loss of generality by initially considering, instead of u
and v, the functions

m m
t 14—t t 14—t
ww)+ (1425 )0l + (14225 )

for all (x,t) € @ (see the comments at the beginning of the introduction). On
the other hand, by direct computation,

2

m—1
=28 +m [2]" = 21g + mlg?
Op r r

<m(lgl + g™ ") < 2m(1 4 [q™).

Here we've used that m > 2 and that |q| + |¢|™ ! < 2(1 + |¢|™), which follows
easily by considering the cases |g| > 1 and |q| < 1 separately. We have therefore

obtained 5 BN BN
m
14— ) — > |—|. 2
< +(7>3T_‘m9 (20)

Thus, using (18) and (20), for small § > 0 we have

lim inf 01 I (s)ds > lim inf 01 %—];](zl(fc,f) — 29(3, 1)) + %_];] 5(2 4 9)ds
> timint [ 9 (M + 5031 + 12 +) + 312 - 31
+%%~&i+@ds
zgyggAl%gmgg_ﬂ%%(my+rD@
zzj%¥<My—%(l+%?)ﬁ0ds
> % > 0. (21)

10



Here we have also used the facts concerning the limits o — 0o, § — 0 (taken in
that order) mentioned at the outset of the argument. Together with (16) and
(17), (21) gives the desired contradiction.

Finally, if Q@ ¢ RY x [0,7] for some T > 0, we note that the preceding
argument equally applies, but the penalization term in ¢ is no longer necessary
n (15). That is, we may define

Ms = sup (z1(z,t) — z2(z,t) — 6|z|?) ,
Q

instead of (15) and proceed in the same way. (]

Remark 4. In [12], an analogous comparison result is proved in the comple-
mentary of ball Br if R is large enough (depending on the coercivity for f):
here, because of the parabolic framework, such argument can be performed in
the whole space.

2.3 Conclusion

Proof of Theorem 1. We note that, from Remark 3, any solution of (7)-(8) is
bounded from below over RY x [0, 7], since it is nonnegative. Therefore, com-
bining the results of Proposition 3 and Theorem 4, there exists a unique solution
of (7)-(8). Since T > 0 is arbitrary (in particular, with no dependence on the
data) the solution can be uniquely extended to a solution of (1)-(2), which is
also nonnegative. Uniqueness then follows immediately from Theorem 4. And
the case when ug € WllocOO (RY) is complete.

When ug € C(RY), we argue in the following way: by classical results,
there exists a sequence (u§). of functions of Wllofo (R™) such that, for any e,
lu§(z) — uo(x)| < € in RY. If u¢ denotes the unique solution of (1) associated
to the initial data uf, we have, by the comparison result

|u(z,t) — uel(a:,t)| <é+e inRY x[0,+00),
since |u§(x) — u§ (z)] < ¢ + € in RN, Therefore, the Cauchy sequence (u),
converge uniformly in RY x [0, +00) to the unique viscosity solution of of (1)-
(2) by Theorem 4. O

3 Sub- and supersolutions

In this section we construct sub- and supersolutions to a modified evolution
problem. This will allow us to relate the solution of (1)-(2) to the solution of
the associated ergodic problem (6). To this end, we first obtain some preliminary
results regarding the solution of (6).

11



3.1 Estimates for the solution of the ergodic problem

Lemma 3. Assume that f € C(RY) and set Mr = supg, |f — A*|. Then,
for any R > 1, there exists a constant C1 > 0 such that any solution ¢ of (6)
satisfies
1
|p(z) — ¢(0)] < C1RMp  for allz € RY | |z| < R.
In particular, if (H1), for any R > 1 and for any solution ¢ of (6), there exists
a constant C' > 0 such that

a+m

d(z) —4(0) < C (sD(R) am 4+ 1) for all z € RN, |z| < R.

This result provides a surprising estimate on |¢(x) — #(0)| since this is essen-
tially the same as if ¢ were solving the first-order PDE |D¢(z)|™ = f(x) — \*
and is a concrete evidence that the Laplacian term just improves the estimate.
But two other points may be not be so natural: first we have such estimate on
¢ in Bg by using a bound on f on the same ball By, contrarily to a Bernstein
estimate which would use a bound on f on Bgryi. Finally, and this is not the
least surprising point, this estimate is based on the Holder estimates of Capuzzo
Dolcetta, Leoni and Porretta [18] which is recalled in the appendix (see Theo-
rem 7). We point out that the same result also holds if f is in L? for ¢ > N/m
by results of Dall’Aglio and Porretta [21].

Proof. Let v = z—j, and for R > 0, define
v(xz) = R77¢(Rx).
Since ¢ is, in particular, a solution of (6) in Bpg, v is a solution of
—Av+ |Dv|™ = R*(f(Rz) — \*) < R*7Mpg in By,
Now set Kp = R2~7Mp and
u(z) = K™ v(x)
to obtain that w is a solution of
K7 'Au+|Dul" <1 in B (22)

Observe that m > 2 implies that v < 2 and L —1 < 0. Since f is (in particular)
coercive, we have that Kr — 0 as R — oo. Hence, for R sufficiently large we
obtain 0 < K < 1.

We are now in position to apply the estimate of Theorem (7) (in the ap-
pendix) to Equation (22): there exists a constant Cy > 0, independent of R > 0,
such that

lu(z) — u(y)| < Cilx —y|? for all z,y € By.

In terms of ¢, for |x| < 1,y = 0 this gives

K7™ R™|6(Ra) — 6(0)] < Ci,
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or, for |z| < R,
6(x) — $(0)] < CL K RY = Cy(R* T Mg)# R~ = CyMZ R .

If (H1) holds, by taking, if necessary, a larger C' depending on ¢(0), fo and
A*, we conclude

6(x) < Co(R)7" R < Co(R) ™ p(R)* = Cop(R) 5" (23)
o
Lemma 4. Assume (H1). Then, the solution ¢ of (6) satisfies

lim M = 400

r— 400 |$| B

Proof. In order to prove Lemma 4, we may assume without loss of generality
that ¢ > 0 in RY since ¢ is bounded from above and we can change ¢ in ¢ + C
for some large constant C' > 0.

We argue by contradiction. Assume that there exists a sequence (yn)nen
with y, — 400 as n — 400 such that

lim sup $Yn) =M <400 (24)

n—+oo  |Ynl

for some M > 0, and define for y € By,

oy + ly)
- .
|yn|(p(%|yn|)m

Un (y)
The function v,, satisfies

—m _ 1 1 _ m
_22 |yn| 190(§|yn|)m lAvn(y) + |Dvn|

=2l (1 (ot lely) )
> 2ol (S el - 37 )

where we have used (H1) for the last inequality together with the fact that

[+ 2y| > [yl = %1y = S1yal. Hence, if €, = 227"y, "o (3lynl) 7", we
have €, — 0 since ¢ is coercive and 1 — % < 0 and

— enAv,(y) + |Dup|™ > 2_mf0_1 —op(1) in By, (25)

where 0,(1) = 0 as n — oo.
In order to pass to the limit, we lack some L*°-bounf on v,. To overcome
this difficulty, we set

n(y) = min (vn(y), K(1 = [y])) in By,
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for some K > 2_7”]”(;1 + 1. For n large enough, the concave function y —
K (1—|y|) is also a supersolution of (25) and therefore so is 7, as the minimum
of two supersolutions.

Hence, the half-relaxed limit v = lim inf* v,, is well defined and, by stability,

n— o0
we have in the limit n — +oo that

|Do|™ >2""f;t in By

in the viscosity sense. For all n, v,, > 0, hence also v > 0. Thus ? is a supersolu-

tion of the eikonal equation |Du|™ = 2~™ f;"* with homogeneous boundary con-
_1

dition since ¥, = 0 on dB;. The latter has the unique solution %fo ™ d(y,0B1).

Therefore, by comparison, o(y) > %f(;#d(y, 0By). However, using (24) we have

n n) 1
0 < 9(0) < liminf Ll) < limsup Sm) —
n=toe fynlo(5lynl) T notoo [Ynl motee o(Slyal)m

=M-0=0,

1 1
and this implies 0 = §(0) > 3 fy "d(0,0B1) = 3 f, ™ > 0, a contradiction. [

Remark 5. Lemmas 3 and 4 correspond to Propositions 3.3 and 3.4 in [12],
where the polynomial growth rates which are assumed for f lead to polynomial
rates for the solution ¢. In particular, the proof of Lemma /4 is based on the
same idea as that of Proposition 3.4 in [12].

3.2 Construction of sub- and supersolutions

The proof of the asymptotic behavior of w is done in two main steps: the first
one consists in showing that there exist two constants C7,Cs > 0 such that
o(x) — C1 <liminf (u(x,t) — A*t) < limsup(u(z,t) — A*t) < ¢+ Cy in RY,
t—+o0 t—+o00o
where (A\*, ¢) is a solution pair of (6). Then, in the second one, we show that
this property implies the convergence.

The aim of this section is to build suitable sub- and supersolutions to perform
the first step. We point out that we face here the difficulty of the transition
from u(-,0) = up—which may have any growth at infinity—to wu(z,t), which
looks like ¢ for large time.

Lemma 5. Assume (H1) and let ¢ be any solution of (6). Then, there exist an
open, nonempty set Q C RN x (0,+00), and functions U € USC(RN x (0,7))
and V € LSC(Q) which are bounded from below sub- and supersolution of

wy — Aw + |Dw|™ = f(x) — \* (26)

in RN x (0,4+00) and in Q respectively. Furthermore, U and V, together with
Q, satisfy the following:

(i) For any compact K C RY | there ewists a t > 0 such that K C Qq for all
t>1.

14



(i1) There exist constants 01,09 > 0 such that U(-,t) = ¢ — o1 and V(-,t) —
¢ + o2 locally uniformly in RN as t — +oo.
(1it) If either (z,t) € 0,Q witht >0, or x € 0Qo and t =0, we have
V(y,s) = 400  as (y,s) — (z,t), (y,5) €Q.
(tv) There exists M > 0 such that, for all t >0,
Uz, t) <t+M for all z € RV,

Remark 6. The importance of Property (iii) of the lemma is that it allows
us to construct a supersolution of (1)-(2) with the desired properties without
assuming any restriction on the growth at infinity for the initial data.

Proof. We begin with the construction of the supersolution V', and will later in-
dicate the necessary changes to obtain U. While the constructions are similar,
it is not the case that one can be obtained from the other.

Construction of the supersolution. We first define

v(a,t) = ¢(x) + x(¢(x) — R(t)),
where R: R — R and x : (—o0,b) — R are smooth functions to be chosen later
on, as is the endpoint b > 0.
In order to make this choice, we assume that x’ > 0 in (—o0,b) and R(t) —
+00 as t — +00; Property (i) of the lemma suggests to set

x(s) =0 forall s <0. (27)

The set on which the supersolution will be obtained is @ = {(z,t) € RY x
(0,400) | p(x)—R(t) < b}. We will check that @ has the required properties once
the choice of R(t) is made. Also, to have a suitable behavior of the supersolution
on d,Q in order to have Property (iii), we require that

X(s) = +o0 ass—b. (28)

To continue to identify the required properties on x we perform a preliminary
computation, in which the argument ¢(x) — R(t) in the derivatives of x will be
omitted to have simpler notations. Using (6), we have

vy — Av + |Do|™ — f(x) + X
= —X'R(t) = (1+X)A\" = f(z) + [Do|™) = x"|Do|?
+ L+ X)"DG™ = fz) + A"
(=R(t) + f(2) = X) + [(1+x)™ = 1L+ X [Do|™ = x"| Dg|?
+f

=Y'(-R x
> X' (=R(t) + f(&) = X*) + (1 =2/m) [(1+X)"™ = (1+X)] [D|™

(z)

“n 2 <[(1 +x)m >i”(1 + X)) > ; )

> X0+ 510) =) = 0 ([(1 ) fﬁ(l +XF ) S
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Here we have used Young’s inequality and m > 2 to control the term containing
|D¢|? and dropped the resulting nonnegative expression in |Dg|™.

At this point it is perhaps convenient to outline our main argument: it
follows from (27) and (29) that if ¢(z) — R(t) < 0, then v as defined at the
outset is trivially a supersolution of (26). Thus, the crucial point of the proof is
to show that if ¢(z) — R(t) > 0, then f(z) is necessarily large. The precise size
of f which is needed can be precisely quantified through (H1) and Lemma 3,
and this allows us to bound the right-hand side of (29) from below.

To this end, we have to control more precisely the term containing x” in the
last line of (29) by choosing x in a right way. We want to have

1

X m=2 ,
m ([(1 +x)™ — (1 + XI)]31> < o(x') (30)

m—2

for a suitable function ® which gives a uniform bound from below for the ex-
pression

X' (=R(t) + f(2) = A") = 2(X')-

From (27) and (28), we know x’ takes values from 0 to +oo, thus ® must have
at most linear growth. The correct choice for estimate (30) turns out to be
®(s) = s, where 3 € (0,1) can be taken arbitrarily close to 1. We state and
prove the existence of such x in Proposition 5 at the end of this section in order
to continue with our main argument.

Continuing from (29) and using Proposition 5, we now have

v = Av+ [Do|™ = f() + M 2 (—R() + @) - N) = (). (31)

From the previous considerations, we assume henceforth that ¢(z) > R(t).
Using Lemma 3, we have,

R(t) < ¢(a) < O (p(la) ¥ +1),

Rt)—C\™"
C

(In fact, reasoning as in Remark 3, the term —f; on the right may be omitted,

but this is of little relevance to the computation.) Thus, if R(t) is chosen

large compared to R(t), we have —R(t) + f(x) — A\* > 0, and may use Young’s
inequality again to estimate

and from (H1),
atm

fl@) > fi! — fo. (32)

ve = Av + | Do|™ = f(z) + A°
> (1= 3) (V(=0) + () = X) = (7(0) =3 +1)777)

B

> —(1=B)(=R(t) + f(z) = \)"T7. (33)
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Furthermore, (32) implies that for some 0 < & < %7 and large enough R(t)
we have A .

R(t)*4+1< —R(t)+ f(z) — X"
Consequently,

B

(—R(t) + f(z) — )\*)7% < (RW*+1)"775 forallt>0. (34)

We write B = % and let

b(t) = (1 - B) / (R(r)* +1) P dr.

At this point we set R(t) = t+to. Thus, the set Q = {¢(x)— (t+to) < b}—as
defined at the beginning of the proof—is open and satisfies Property (i) of the
lemma. In fact, it is easy to see by using the continuity of ¢ that given a
compact set K C RV, t5 > 0 can chosen large enough so that K C Qq, and
by construction, it is clear that if (x,t) € @ then (y,s) € @ for all s > ¢t. We
remark that Property (i) is required to take the limits in Property (ii).

With respect to the previous computations, since R(t) = 1, R(t) can be
taken large while R(t) remains bounded, as was assumed. Furthermore, since
/3 can be made arbitrarily large by taking 3 close to 1 and & > 0, the integral
defining 1 remains bounded as t — +oco0. We write for further reference

+oo . .
o= (1 /3)/0 (7 +10)* +1)% dr < +oc. (35)

Note also that 1) is smooth and ¢/ (t) = (1— 8)((t+1to)¥+1)~# > 0 for all ¢ > 0.
To summarize, defining

V(z,t) = v(z,t) + (1),
with v and v as above, yields, by (33) and (34), that
OV — AV + |DV|"™ — f(x) + A" >0 for all (z,t) € Q.

Finally, since ¢ € C?(R¥) is bounded from below and both x and 9 are smooth
and nonnegative, V € C*!(Q) is bounded from below.

It is easy to check that V satisfies parts (ii) and (iii) of the lemma. Let
K C RY be a compact set. Then, for large enough ¢ > 0, so that t > ¢(x) — to
for all z € K, we have x(¢(x) — (t +to)) = 0 by (27). Thus, as t — +o0,

Vi(n,t) = (@) + (1 — 5)/0 (% +1) B dr - o(z) + 0,

uniformly over K. On the other hand, for fixed (z,t) € 9,Q and any (y, s) € Q,
the definition of @ implies that ¢(y) — (s + tp) approaches b from below as
(y,8) = (z,t) € 0,Q, and similarly for (y,s) — (z,0) if € 9Qo. This implies
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Property (iii).

Construction of the subsolution. As mentioned earlier, the construction of the
subsolution U is analogous. We briefly go over the main points. Define

u(x,t) =t+to + &£(d(x) — (t +to)) (36)

where again, to > 0 and £ € C*°(RY) are to be chosen.
Motivated by Property (ii), we set

&(s)=s forall s <0, (37)
and to obtain Property (iv), we will require that
&(s) MM ass— oo (38)

for some M > 0 to be determined.
Computing as in (29), we have

ug — Au + |Du|™ — f(x) + \*

m

< —(1-&)(fla) X = 1)+ B2 ([5, _f" : )’“ .

m \Jg— (@))%

Combined with (37), this implies that w is trivially a subsolution for ¢(x) — (t +
to) < 0, and using Proposition 5 we obtain

up — Au A+ |Dul™ = f(a) + X < (1= &)(fl@) =X = 1) + (1 =€),

with 0 < 8 < 1, 8 arbitrarily close to 1.
From here on we argue as before to conclude that

Uz, t) = u(z,t) — (1 — ﬂ)/o (r% +1) P dr

is a subsolution in all of R x (0, 0). O

We conclude this section by proving the existence of the functions y and &
needed in the proof of Lemma 5.

Proposition 5. Let 8 € (0,1).

(a) There exist b > 0 and x € C®((—o00,b)) satisfying (27) and (28) such
that

m—2 X//(S) —m / . ,
m ([(1+x’(8))’" - (1+x'(s))]i) < (X(s))
for all s € (0,b).

18



(b) There exists £ € C°(R) satisfying (37) and (38) such that

m—z( —¢(s)
m \[g(s) - (€)=

)M <(1=¢&(s)" forallse(0,4+00).

Proof. We begin by proving part (a), then indicate the necessary changes to
obtain part (b). Motivated by the considerations in the proof of Lemma 5, we
define x(s) = 0 for s < 0 (this is (37)) and for s > 0 take x to be the solution
of the ODE

X' =C0)"(1+xX)” in(0,b),
x(0) = x'(0) =0, (39)

where 31,82 > 0 are to be chosen, and b > 0 will determined by 3; and [,.
Note that (39) can be seen as a first-order ODE. Taking 81 < 1 avoids the trivial
solution y = 0, since in this case (39) fails to meet the Osgood condition for
uniqueness (see e.g., [1]). Furthermore, if 35 is chosen so that 51 + B2 > 1, we
achieve the blow-up condition (28). It can also be shown that

X' (5),x"(s) >0 for all s > 0. (40)

In particular, this shows the use of Young’s inequality in (29) is justified.
Using (39), it remains to prove that for some C' > 0 and any 0 < § < 1,

CO ()™ (14 X (5)* ym<, ;
) <wey. (41)
Qu+x@w—a+x@mm *

We will proceed by considering different ranges of s > 0.

Assume first that s is small, say s < § for some small § > 0. By the
convexity of s — s™, we have (1 + x )™ — (1 +x’) > (m — 1)’ for x’ > 0, and
since (1 + x/)*27=2 — 1 for Y’ — 0, we control this factor with the constant C
on the left of (41). Thus taking a suitably small C' > 0 we have

m

( wau+wm2>ri%?W%)%§
(L+x)m = (LX) ™ IRtk

B1m—2

< (X))

We thus obtain (41) for any 8 € (0,1) by choosing 81 € (0,1) appropriately.
In the proof of Lemma 5, we require to have [ arbitrarily close to 1. This is
achieved by taking (1 close to 1. Incidentally, the computation also shows that
to have control by a linear term in (41) (i.e, 8 = 1) we would require 5, = 1,
which is impossible if we are to have a nontrivial solution of (39).

Assume now that § < s < b—§. This implies that x'(s) > § for some & > 0.
In this case, the expressions on either side of (41) are continuous, hence remain
bounded. Thus (41) is obtained by choosing an appropriately small C.
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Finally, we address the case s > b—4. Since § > 0 is small and x'(s) = +o0
as s — b, this amounts to checking (41) in the the limit x' — oco. Using only
that m > 2, a straightforward computation shows that setting 1 < 82 < 2 in
(39), the left-hand side of (41) vanishes as x’ — +o00, while the right-hand side
goes to infinity. We have thus shown (41) holds for all s € (0,b). Using (27),
we conclude for all s € (—o0,b).

For part (b), define £(s) for s > 0 as the solution of

€= —CO—)mEM™ in(0,40),  £0)=0,£(0)=1, (42)

with 0 <1 <1, 792 > 0 to be chosen.
It can be shown that a nontrivial solution exists and satisfies

£(s) >0, —C<¢"(s) <0 and 0<E(s) <1, for all s > 0, (43)

for some C' > 0, while taking 11 + 72 > 1 gives (38).
An analysis similar to that of part (a) gives that (42) and (43) imply

_75//)7;”2 < (1=,
Qe—@wm =(1=¢)

Thus, choosing n; appropriately we conclude. O

4 Large-time behavior

In this final section, we use the existence of sub- and supersolutions given by
Lemma 5 to perform the two steps of the convergence proof.

Lemma 6. Assume f € W2 (RN) satisfies (H1) and ug € C(RN) is bounded
from below. Then u(xz,t) — X\*t is bounded over compact sets, uniformly with

respect to t > 0.

Proof. The proof follows by comparing u(z,t) — A*¢, which solves (26), to the
sub- and supersolutions constructed in Lemma 5, to which we refer the reader
for notation and properties.

Let K be a compact subset of RY. As noted earlier, if ¢y > 0 is large enough,
we have K C Qo = {¢(x) — to < b}, while Qy is also a compact subset of R,
by the coercivity of ¢ (see Lemma 4). Hence, for a large enough C' € R, we have

V(I,O)+OZ Uo in Qo.

Moreover, by construction, we have K x (0,+00) C Q.
Since, by construction, V(z,t) — oo on the lateral boundary of @, by
comparison (Theorem 4), we have that

V(z,t) + C > u(x,t) — X't for all (z,t) € Q.

Hence, this inequality is true on K X (0, 400).
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Furthermore, by Lemma 5 (%),
V(z,t)+ C = ¢(x) + 0 + C, uniformly over K as t — +o0.
Therefore, we have

limsup® (u(z,t) — \*t) < ¢(x) + o+ C for all (z,t) € K x (0,+00).

t——+o0

Similarly, we use the subsolution U from Lemma 5 to obtain the lower bound.
Recalling that up may be assumed nonnegative, by Lemma 5 (iv), we have

U(x,0) — M <0 <up(x) forall zeRY,
hence, by comparison,
Ulz,t) — M < u(z,t) — A\t for all (z,t) € RY x (0, 4+00).
Thus for large ¢t > 0, by Lemma 5 (i),
d(x) —o — M <wu(z,t) — X"t forall z € K,
and finally,

pr)—oc—M-C< ltimjLinf* (u(z,t) — A*t) forallxz € K,t >0,
— 400

by taking C' > 0 as before. O

An immediate consequence of Lemma 6 is the following weaker convergence
result.

Corollary 6. Under the assumptions of Lemma 6,

u(z,t)

" — X locally uniformly in RY as t — 4o0.

4.1 Main result

The rest of this section is devoted to the proof of Theorem 2, stated in the
introduction.

Proof of Theorem 2. Step 1. For simplicity we write v(x,t) := u(z,t) — \*t. By
Lemma 6, v is locally bounded for all ¢ > 0, hence the half-relaxed limit

o(x) = limsup* v(z, t)
t—o00

is well-defined for all € RY. By the stability of viscosity solutions, v is a
subsolution of (6) in all of RY. Furthermore, adding an appropriate constant
to either ¢ or v so that they coincide at some point, we have by the Strong
Maximum Principle that

o(z) = ¢p(z) + ¢ forall z € RV,
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for some ¢ € RY (see, e.g., the proof of Theorem 3.1 in [12] for details).

Step 2. Fix 2 € RY. By the definition of half-relaxed limits, there exists a
sequence (z,,,t,) € RY x (0,+00) such that x,, — &, t, — oo, and v(zy, t,) —
o(&). Consider v,(-) := v(-,t, — 1). Again by Lemma 6, the sequence (vy,)
is uniformly bounded over compact sets. Furthermore, by the local gradient
bound of Theorem 8 (in the appendix), it is also uniformly equicontinuous over
compact sets. Thus, there exists wg € C(RY) such that, given a compact
K C RY, there exists a subsequence (v,/) such that v, — wp uniformly over
K asn' — oo.

Consider now

wpr (2, 1) = vz, t + 1 — 1) for (z,t) € RY x (0, +00).

The sequence (wy,) is again uniformly equicontinuous (in both space and time
variables) due to Corollary 9. Thus, given also T > 0, we have that

wyr — w uniformly over K x [0,7] for some w € C(RY x (0,400)) (44)

(again passing to a subsequence if necessary—this is omitted for ease of nota-
tion). By the definition of the half-relaxed limit @, w(x,t) < v(x) = ¢(x) + ¢é for
all (z,t) € RN x (0,+00), and by construction,

w(Z, 1) = linrlnv(:i:,tn/) = ¢(z) + ¢é. (45)

Hence, by the parabolic Strong Maximum Principle (see Lemma 7 and Remark
7 in the appendix), w — (¢ + ¢) is constant in RY x [0, 1]. In particular, wo(x) =
é(z) + ¢ for all x € RV,

To summarize, we have obtained that given any compact K C RY, there
exists a sequence t,, — 1 — oo such that

v(,ty —1) = ¢+ ¢é  uniformly over K as t,, — 1 — oo. (46)

In the next step, we will use (46) for a suitable K that is chosen larger than the
set on which the uniform convergence will hold.

Step 3. Let € > 0 and K C RY be compact (this is the set on which we will
prove the uniform convergence stated in the Theorem). For this final part of
the proof we employ many of the elements of Lemma 5, to which we refer the
reader.

For R > 0 and (z,t) € RY x (0, +00), we define

t+R

Va(r,t) = d() + &+ x((z) + &~ (t + R) +/R (% + 1) P+

with x, & and B are as in the definition of the supersolution V. Thus, arguing as
in the proof of Lemma 5, Vg is a supersolution of (26) in Q = {¢(z)+é—(t+R) <

b}.

We take R > 0 large enough so that
¢(x)+é—R<b forallzeK, (47)
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where b is given by (28), i.e., such that x(s) — +oc for s — b~. Thus, by (47)
we have that K C Qo = Q@ N {t = 0}, and thus K x (0, 4+00) C Q. Furthermore,
arguing as in the proof of Lemma 5,

Ve(y,0) = 400 asy — z, for all z € Q, (48)

and
Ve(y,s) = +oo  as (y,s) = (z,t), for all (z,t) € 9,Q, t > 0. (49)

Recall that, as a consequence of Lemma 4, (g is compact (see also the proof of
Lemma 6). We can thus use (46) from Step 2 for K = Qo to obtain that, for
large enough n’,

v(z, by — 1) < ¢(x) + ¢+ % for all x € Qo

This gives that v(z,t,, — 1) < Vr(z,0) in Qo, by construction. Together with
(48), (49), this implies
v(x, bty —14+1t) < Vg(z,t) forall (z,t) € 0,Q. (50)

Since v and Vg are a solution and a supersolution of (26), respectively, and
satisfy (50), by comparison (Theorem 4) we have

v(z,t +ty —1) < Vg(z,t) in Q. (51)

In particular, (51) holds in K x (0, +00).
We note that f;oo(Td +1)7#dr + 4 =o(1) as R — +o0. Thus, arguing as
in the proof of Lemma 5 (ii), we take R > 0 larger still so that,

-~

Vr(z) :== ¢(x) + & + x(p(x) + & — R) + /I:OO(Td +1)Pdr+ %
<¢@)+é+e forallzek. (52)
By (40), t = x(¢(z) + é — (t + R)) is nonincreasing, hence
Vi(z,t) < Vg(z) forallt>0, 2 K. (53)
Therefore, combining (51), (52) and (53), we obtain
v(z,t+ty —1) < p(x)+é+e forallze K, t>0. (54)

To obtain the lower bound corresponding to (54), we define the analogue
of Vi based on the subsolution U from Lemma 5. For (x,t) € RN x (0, +00),
define

t+R

UR(:C,t)=t+R+§(¢(:v)+é—(t+R))—/R (Td—l—l)_édT—%,

23



with &, & and 3 as before. Consider now v(z) = liminf,_, o0, v(z, t). Arguing as
in Step 1, it follows that
u(z) = ¢(x) +m”,

for some m™ € R. By definition of the half-relaxed limit, we have
o(x) +m~ <wv(z,ty —1) forall z € RY. (55)

for sufficiently large n’. Recall from the construction of Lemma 5 that § (s) <M
for all s € R, for some M € R. We set R > 0 large enough so that K C Bg, Ur
is a subsolution of (26) and, using Lemma 4,

é(x) —R>M —m~ for all z € RV\Bg, (56)

in addition to the requirements made in the construction of Vz. We then have,
by (55) and (56),

Ur(z,0) < R+&(¢p(x)+¢—R)< R+ M
< é(x)+m~ <oz, t,y —1) forall z € RV\Bg.

By (46) we have, for sufficiently large n’,
L1 -
v(x,tn/—1)>¢(x)+c—}—% for all x € Br

Recalling that £(s) < s for all s € R, we have

Ur(z,0) < R+&(p(x)+¢é—R) — % < ¢(x) +¢é— % for all z € RY.
Thus we obtain
Ur(x,0) < v(zx,t, —1) for all z € RY, (57)
By comparison (Theorem 4), this implies that
Ur(z,t) <v(z,t+t, —1) forallz € RN, ¢ >0. (58)

From this point on, we argue as we did before for Vg. We remark that the
analogue of (53) (for a similarly defined Ug(z)) is now given by the fact that
the function ¢t — t+ R+&(¢p(x)+¢é— (t+ R)) is nondecreasing, since 0 < £'(s) <1
for all s € R, by (43). Thus, for large enough n’, depending on R > 0, we have

v(z,t+ty —1) > ¢(x)+¢é—e¢, for all:z:e[?, t>0,

and with this we conclude. O
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A Appendix

In this appendix we present some estimates and results used in the previous
sections.

Theorem 7 (Holder estimate). For R > 0, let u € USC(BR) be a subsolution

of
—tr(A(x)D?*u) + |Du|™ = fi(x) in Bg,

where for each x € Br, A(x) is a nonnegative symmetric matriz such that the
map x +— A(x) is bounded and continuous in Br, and fi € C(Bgr). Then
u € C*V(BR) and

lu(z) —u(y)| < Kz —y|,

m(1—7)

m=2 4nd K, depends only onm, [All Lo (BR) and ||dgp, f1+||Loo(BR).

where v = =5

The Theorem follows immediately from Lemmas 2.1 and 2.2 in [18] (see also
[7]). For equations set on a bounded domain, these lemmas lead to global Holder
estimates assuming the boundary is sufficiently regular. The result as stated is
sufficient for our purposes.

More importantly, we remark that a crucial feature of the above estimate is
that it depends on || A/ ~(By), but not on any lower bound for the matrix A.
It is in fact valid in the completely degenerate, or first-order, case.

Theorem 8 (Local Gradient Bounds). Let R,7 > 0.

(a) There exists Ko > 0 depending only on m and N, such that for any
R > R +1 >0 the solution of (6) satisfies

sup | D¢l < Ks(1 +Sup|f|% —|—sup|Df|W171)_
Bpr Br Br

(b) If u is a solution of

us — Au+ |Du|™ = f(x) in Qx (0,7T], (59)
u(r,0) = up(z) in Q, (60)

where Q is a domain of RN such that Bry1 C Q and f € Wllo’coo(RN),
then w is Lipschitz continuous in x in Br X [1,+00) and |Du(x,t)| < L
for a.e. x € Bg, for all t > 7, where L depends on R and 7. Moreover
this result holds with T = 0 if ug is locally Lipschitz continuous in €.

Both results in Theorem 8 are classical. The estimate in (a) appears as
stated in [26], but can also be inferred from the results of [31] (see also [33],
[35])-

The conclusion of (b) can also be adapted from the results of [34] (that
recovers some of the results from [33]). For a proof closer to our setting—mnamely,
within the context of viscosity solutions, via the weak Bernstein method—we
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refer the reader to Theorem 4.1 in [5]. The viscous Hamilton-Jacobi Equation
(59) is easily shown to satisfy the structure conditions required therein.

Furthermore, we remark that in this last reference the estimate obtained
holds for an equation satisfied in (0,7) (for arbitrary 7' > 0), but has no de-
pendence on the data at ¢ = 0 and can therefore be extended to [, +00) for
T>0.

Corollary 9. Let R,7 > 0. The solution u of (59)-(60) is Hélder-continuous
of order 1/2 in Br x [, +00) and |[ulco.1/2(pyx(rto0)) < M for some M >0
depending on R, T, the data ug, f and universal constants. Moreover, this result
holds with T = 0 if ug is locally Lipschitz continuous in €.

Proof. The proof of Corollary 9 can be done in two ways: either by using classi-
cal interior parabolic estimates (see [37], Theorem 4.19, and also Theorem 4.36
in [28]), in which case the Holder-regularity of the solution u is of some order
a € (0,1) depending on universal constants, or by the argument of [8], which
implies that a solution which is Lipschitz in x is 1/2-Holder-continuous in ¢.

In both proofs, the result relies on part (b) of Theorem 8, which implies that
the solution u of (1) satisfies |Du| < L in Br x (7,+00), and therefore that
uy — Au is bounded in B x (7,+00). This allows the use of either of the two
arguments just mentioned. O

Lemma 7 (Strong Maximum Principle). Let R,C > 0. Any upper semicontin-
uous subsolution of

us — Au—C|Du| =0 in Bg x (0,+00) (61)

that attains its mazimum at some (xo,t0) € Br X (0,400) is constant in Br X
[Oa tO] :

We refer the reader to, e.g., [20], Corollary 2.4 and [4], Corollary 1. (The lat-
ter result concerns time-independent equations, but the method of proof equally
applies to this context.)

Remark 7. The difference w — ¢, where ¢ is a solution of the ergodic equation
(6) and w is given by (44), can be shown to satisfy an equation like (61) by
using the convexity of & — |&|™ in any ball Br. In this case, the constant C in
(61) depends on the gradient bound for ¢ from Theorem 8, (a). Of course, the
complete result is obtained by letting R tend to +oo.
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