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LIPSCHITZ REGULARITY FOR INTEGRO-DIFFERENTIAL
EQUATIONS WITH COERCIVE HAMILTONIANS AND
APPLICATION TO LARGE TIME BEHAVIOR.

GUY BARLES, OLIVIER LEY, AND ERWIN TOPP

ABSTRACT. In this paper, we provide suitable adaptations of the “weak
version of Bernstein method” introduced by the first author in 1991, in
order to obtain Lipschitz regularity results and Lipschitz estimates for
nonlinear integro-differential elliptic and parabolic equations set in the
whole space. Our interest is to obtain such Lipschitz results to possibly
degenerate equations, or to equations which are indeed “uniformly el-
liptic” (maybe in the nonlocal sense) but which do not satisfy the usual
“growth condition” on the gradient term allowing to use (for example)
the Ishii-Lions’ method. We treat the case of a model equation with a
superlinear coercivity on the gradient term which has a leading role in
the equation. This regularity result together with comparison principle
provided for the problem allow to obtain the ergodic large time behavior
of the evolution problem in the periodic setting.

1. INTRODUCTION

The starting point of this article and its main motivation comes from the
study of the large time behavior of solutions of nonlinear, nonlocal parabolic
partial differential equations. This study requires, in general, two main argu-
ments : Lipschitz estimates which are needed both to prove the compactness
of solutions of the evolution equation and to solve the expected stationary
limit ergodic problem; and a Strong Maximum Principle for either the sta-
tionary and/or evolution equation to actually prove the convergence. It is
worth pointing out that such Strong Maximum Principle is often obtained
through a linearization of the equation, which also uses the gradient bound
and therefore Lipschitz estimates may be also used indirectly. In this short
description of the method, we would like to stress on the fact that Lipschitz
estimates play a central role in all the steps.

In order to be more specific, we turn to [12] where the large time be-
havior of solutions of (local) nonlinear parabolic PDEs is studied through
two main cases : the sub and super quadratic cases, the point being that
the Lipschitz estimates are obtained in different ways in these two cases.
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In the subquadratic case, this Lipschitz estimate comes from the uniform
elliptic second-order operator (the Laplacian in [12]) and the subquadratic
assumption on the nonlinear terms also related with the z-dependence of the
Hamiltonian. Technically, this is done using the Ishii-Lions’ method [29].

On the contrary, in the superquadratic case, the Lipschitz estimate comes
from the nonlinear term through the weak Bernstein’s method ([5]), which
has the advantage of being able to handle degenerate cases and Hamiltonians
with arbitrary growth (as the classical Bernstein’s method).

For nonlocal equations, this program is carried out in the “subquadratic”
case in a series of papers : the Lipschitz estimate is obtained in [7] and
the large time behavior in [8] using the Strong Maximum Principle of [18].
In the superquadratic case, the contribution of [10] is to obtain C%“type
estimates which are sufficient to obtain some large time behavior but for
purely nonlocal operator (no mixing of second-order differential operator
and nonlocal one). This is one of the rare cases where the Lipschitz estimates
can be avoided.

The aim of this paper is to complete this study by providing for some
model equations Lipschitz regularity results by using a weak Bernstein’s
method for bounded viscosity solutions of such nonlocal PDEs.

To the best of our knowledge, there is no general extension of the weak
Bernstein’s method to the case of nonlocal equations. The reason for such
lack of extension may come from the fact that, for PDEs, Bernstein’s method
(weak or classical) uses a change of variable and such change is not easy to
handle for nonlocal equations. But in [12], only one exponential change is
used and it turns out that it fits well with a variety of nonlocal equations
including models which are not covered by previous results. To show it, we
have decided to treat the case of a rather simple equation, but involving
the relevant difficulty, in order to emphasize the new point, namely the
additional needed estimates to treat the nonlocal part of the equation.

Our model equations are

(1.1) M — Tr(A(z)D*u) — T’ (u,z) + H(xz,Du) =0 in RY,
in the stationary case and its time-dependent version
(1.2) Oy — Tr(A(x)D?u) — T (u(-,t), ) + H(z,Du) =0 in Q,

where Q@ = R? x (0,+00). In both cases, u : R — R is the unknown
function, Du, D?u denote respectively its gradient and Hessian matrix. The
main assumptions are A > 0, H € C(R? x R?) is superlinear in the gradient
term, A takes values in the set Si of nonnegative symmetric matrices and
77 is a nonlocal operator in the Lévy-Ito form, defined as

(13) T(¢,x) = /Rdhb(w +3(x,2)) = o(x) = 15(2)(Do(2), j (=, 2))]v(d2),

for x € R% Here ¢ is a bounded function which is C? in a neighborhood
of x, the function j : R? x R — R is the jump function and v is a Lévy
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type measure, which is regular and nonnegative. Finally 1p is the indicator
function of the unit ball B. Precise assumptions over the data will be given
later on. Note that —Z7 is, up to a normalizing constant, the fractional
Laplacian of order o € (0,2) when j(z,2) = z and v(dz) = |2|797dz,
see [23].

We emphasize the fact that equations (1.1) and (1.2) may be degenerate
in the second-order and/or in the nonlocal term. Hence, our results rely on
the coercivity of H in the gradient term, but, in contrast to [10] we can get
the result in some cases when the growth degree of coercivity of H in p is
less than the order of the nonlocal operator.

We recall that, for local equations, the formal idea of the Bernstein’s
method is to show that |Du|? is a subsolution of a suitable elliptic equation.
The estimate of Du is then obtained by applying the Maximum Principle,
either in a bounded domain or in the whole space. The analysis provided in
the introduction of [5] shows that this is possible if the equation satisfies some
“structure condition”. However, such a condition is not directly verifiable at
first glance and it is necessary to perform a change of variables which leads to
a new equation satisfying this property. The second key information in [5]
is that the formal analysis, consisting in differentiating the equation and
therefore requiring smooth solutions, can be justified by viscosity solutions’
method and therefore for just continuous solutions.

As in [5], in our case the impossibility to differentiate the equation is
carried out by the above mentioned viscosity argument that allows us to
contrast the Lipschitz bounds of the solution to the problem with respect
to the Lipschitz bounds of the data, and for this reason we must restrict
ourselves to Lipschitz z-dependent problems.

Of course, the main difference of the application of the method in the
current setting is the presence of the nonlocal term. Recalling the definition
of Z7 in (1.3), it is worth to mention that the application of Bernstein method
when |v| < oo and/or j does not depend on x provide Lipschitz bounds with
few extra efforts compared with the already known second-order case. When
the measure is finite there is no differential effect coming from the nonlocal
term in the equation and the corresponding term is easily controllable, while
if j does not depend on z, then the operator is translation invariant which is
a favorable situation in the Bernstein’s method where the z-dependence of
each differential term is important. For this reason we concentrate in details
on the most difficult scenario of singular measures v and z-dependence of j in
the definition of Z7, and whose treatment is summarized through Lemma 3.2
below. As in the local setting, Lipschitz conditions must be requested on 7,
ad-hoc to the integral configuration of the problem, and these assumptions
are sufficient to control the influence of the nonlocal term with the stronger
coercive effect of the gradient term, no matter the “order” of the singularity
of the Lévy measure v is.

In the last section of this paper, we apply these Lipschitz regularity re-
sults to the study of the large time behavior of the associated evolution
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problem in the periodic setting. As we already mentioned above, one of the
main consequences of this regularity result is a “linearization” procedure of
the Hamiltonian that allows us to prove a version of the Strong Maximum
Principle for the evolution problem. Roughly speaking, after the mentioned
linearization procedure, we can propagate the maximum value of a solution
of the corresponding linearized problem in the directions of the uniform el-
lipticity of the second-order term as it is performed by Bardi and Da Lio
in [2], meanwhile it is propagated in the directions of the degeneracy of the
second-order term due to a covering property of the support of the measure
defining the nonlocal term in the flavour of Coville [19, 20]. The novelty is
to combine in a better way these two types of (very different) arguments:
this leads to a simpler formulation and a slight improvement of the results
of Ciomaga in [18].

Once comparison principle, Lipschitz regularity and strong maximum
principles are available, we follow the lines presented in [13] for first-order
equations, [13, 34] for second-order equations and [8, 10] for nonlocal prob-
lems to conclude the solution of the evolution problem behaves, up to a
linear factor in time, as the solution of the so-called ergodic problem, which
can be understood as an homogenization of (1.1) when we let A — 0.

We finish this introduction section mentioning that most of the results of
this paper can be extended to equations which are nonlinear in the second-
order and nonlocal term, such as Bellman-Isaacs-type nonlinearities arising
in game theory. This can be explained by the homogeinity of such oper-
ators together with its sub/superaditivity related to Pucci-type associated
extremal operators, which do not change the arguments consistently pro-
vided there is a weak coupling with the gradient term. However, we do not
pursue in this direction for simplicity of the presentation.

Basic notation and organization of the paper. In this paper we con-
sider the notion of viscosity solution, see [1, 9] for a definition of this concept
in the integro-differential framework.

We use the notation USC, LSC, Cy, and BUC, for upper and lower semi-
continuous functions, continuous bounded functions and bounded uniformly
continuous functions, respectively.

We recall that Q = R? x (0, +00), we write Qr = R? x (0,T] for T > 0.
For a > 0 and = € R? we denote B,(z) the ball of center x and radius a, B,
when z is the origin and simply B with in addition a = 1.

For a set A C R?, z,p € R? and ¢ a bounded function, we define

DA (6, 2.p) = /A [6(z + (2, 2)) — 6(x) — 15(2) (b, j(x, 2w (d).

If A=R? we write Z7(¢, x,p) := Z/[RY(4,z,p). When ¢ € C*(R?%) N
L>®(R%) we also write Z7[A](¢, x) := TI[A](¢, x, Do (x)).
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Note that under mild assumptions on the jump function j and on the
measure v (see (M) below), by its definitions the operator (1.3) is well-
defined for a bounded smooth function ¢ and can be written as

T/ (¢, z) = T/ [RY(¢, z, Do()).

The paper is organized as follows: in section 2 we provide the well-
posedness to the stationary and evolution problem in a general framework.
Section 3 is devoted to the main result of the paper, which is the Lipschitz
regularity for solutions of the stationary and evolution problem using the
weak Bernstein method. Finally, in section 4 we restrict ourselves to the
periodic setting and provide a strong maximum principle from which we
deduce the large time behavior result.

2. COMPARISON PRINCIPLE AND ITS CONSEQUENCES.

In this section we study the well-posedness of the parabolic problem when
(1.2) is associated with the initial data

(2.1) u(-,0) =up in RY,

where ug is, at least, a bounded, continuous function in R?. The initial
condition is satisfied in the sense of viscosity solutions which reduce here to
the classical sense by Lemma 2.4 (see also Remark 1).

The well-posedness follows by comparison principle for bounded sub and
supersolutions obtained under the following assumptions.

(A) There exists a continuous function o : RY — R¥>¥ Lk < d, such that
A(x) = o(x)oT(x) for each x € R% and there exists L, > 0 such that

lo(z)] < Ly, |o(x) —o(y)| < Lglx —vyl|, forallz,ye R,

(H1) There exists m > 1 and K, by, > 0 such that for all i € (0,1), z,p € R?

pH (, 5~ 'p) — H(z,p) > (1 - p) <bm\P!m - K)

(H2) Let m be as in (H1). There exist moduli of continuity (1, (s such that,
for all z,y,p,q € RY, |q| < 1, we have

H(y,p+q) — H(z,p) < G(lz — y)A+[p™) + C(la))(L + p|™ ).

(M) There exists C,,; > 0 such that

/V(dz) <C,; and /\j(m,z)Py(dz) < Cy;,
Be B

where a A b = min(a, b).
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(MJ) For any R > 1, there exists constant C°(R), C*(R),C?(R) > 0 such
that for all x,y € R?

/ (@, 2)w(dz) < CO(R) |
BR\B

/ (@, 2) — iy Dw(dz) < CH(R)a — g,
Br\B

/B (. 2) — 3y )P0(dz) < C2(R) [ — y? |

We point out that (A) is a classical assumption to prove uniqueness for
degenerate equations, see [29)].

The hypothesis on the nonlocal term are classical for Lévy-1t6 operators.
Assumption (M) is the so-called Lévy condition over v, and it allows to
give a sense to the nonlocal operator for bounded C? functions. On the
other hand, (MJ) is a continuity condition to treat the nonlocal terms in the
comparison proof.

Concerning the conditions over the Hamiltonian, (H1) gives the structure
allowing to apply the weak Bernstein method. When H is smooth, (H1)
reduces to Hy(x,p)p — H(z,p) > bp|p|™ — K (see [13, 32]). In particu-
lar, H is coercive, see (4.4). Assumption (H2) states the continuity of the
Hamiltonian, which is relative to its degree of coercivity m stated in (H1).
Examples of such Hamiltonians can be found in [10] and references therein
(see also [24] for some examples described in a detailed way).

Notice that (H2) implies the function x — H(z,0) is uniformly continu-
ous.

2.1. Comparison principle.

Proposition 2.1. Let ug € Cy(RY), A satisfying (A), T? defined as in (1.3)
satisfying (M) and (MJ). Assume H satisfies (H1),(H2). Let u be an USC
subsolution and v a LSC supersolution to the problem (1.2)-(2.1) such that
u,v are bounded in R? x [0, T] for each T > 0. Then,

u<v in Q.

Before proving the above proposition we introduce some technical results
that are going to be used in different frameworks in the rest of the paper.
The cell tool is the power function

(2.2) Yalz,y) = |z —y|*, for z,y e RY,

where a > 0. This function will play different roles on the arguments to
come, taking into account different values of a.
For =,y € R? with 2 # y, define the matrix

—

(2.3) Zo =11+ (a—2)(z—y)® (z—y),

where I is the d x d identity matrix and & = z/|z| for z # 0.



With this notation, note that for x # y, direct computations show that
Dogpa(,y) = =Dypalz,y) = ale —y|* H(z = y),
(2.4) D2, pa(m,y) = Dpyalz,y) = oz — y|** Za,
D2 pa(x,y) = Diyoa(x,y) = —alz — y|* " Za.
Lemma 2.2. Let a > 0, @, defined in (2.2) and let A : R? — S¢ satisfying

assumption (A). Let ,5 € R? (with T # ¢ if a < 2) and assume there exist
two matrices X,Y € S satisfying the inequality

[XO

(2.5) 0 _v } < D, 4y #al(T,9).

Then, we have the estimate
Te(A(@)X — A@)Y) < a(l+|a - 2)L7|z - g|*.
Proof: Multiplying the left inequality (2.5) by the nonnegative matrix
(26) |: U(E)UT(E) U(E)UT(g) :|
oo’ (@) oo’ ()
and taking traces, the resulting inequality drives us to
Tr(A@)X — A@p)Y)
< Tr(0(2)0" (2)D2spa(2. ) + 0(2)0™ () D2y p0a(, )
+ 0(5)0” () Ddoipal@, ) + o (50" () Dyl 7).

Using the computations for the derivatives of ¢, and the definition of Z,,
we have

Tr(A(2)X — A(H)Y)
< alz — 1" T ((o(2)0" () ~ o(@)0" (7) ~ o) (@) + o(@)0” (7)) Za )

= alz = g ((0(2) = o (@))(0(2) ~ o) Za)
but using Schwarz inequality, we obtain that
THA(@)X — A@)Y) < a(l + o — 2|z — g1l (@) - o(3) .
Finally, applying condition (A) we conclude the result. g

Due to the lack of compactness of R?, some localization argument in  is
needed. In the sequel we use a nonnegative function ¢ € C'g (RY) satisfying
the following properties

=0 in B,
(2.7) v =WV in B§ for some constant ¥ > 0,

) 0<¢¥ <V inBy\B; and

[|D|oo, ||D?*1||oe < A for some A > 0.

Next lemma states the estimates for a localization function based on .
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Lemma 2.3. Assume (M) hold. Let ) satisfying the properties listed in (2.7)
and for B > 0, define the function
(2.8) Yo(x) = ¥(fz), =R

Then, 1g satisfies

||D¢B||oo < AB, ||D2¢B||oo < AIBQ?

127 [Bs 0 A3, )| < AB%05(1),

127 [B5 1 Al(, )loe < Aog(1),
where 05(1),05(1) — 0 as 3,8 — 0 respectively and og(1) depends only on
U, v, j and os(1) depends only on v, j.

Proof of Lemma 2.3. The estimates for Dz and D2¢5 are obvious.
Now we consider 8 > 0, 0 < § < 1, z € R? and A C R? measurable.
Using the smoothness of 1, we have

1 ! 4 . .
DB Alws) =5 [ [ (D0l + 0w 2o 2. 5o ) dov(dz),
BsnA Jo
from which, we easily deduce that
. 1 .
20185 0 A 2)] < 5105l [ liCe,2)Podz).
BsNA
Then, using (M) and the estimates for D21/15 we get
. 1 )
(2:0) (L0185 0 Al(vs,0)| < 58 [ i, 2)w(dz) = B o).
BsN

From the definition of 13, we have, for all z,y € R%, |15(x) —1s(y)| < ¥
and ¢g(z) — 0 as 8 — 0. Therefore, since [, v(dz) < co by (M), from the
Dominated Convergence Theorem, we obtain

(2.10) Z’'[B N Al(vg, x) = og(1),

where 0g(1) depends only on ¥, v, j.
From (2.9) (with 0 = 1) and (2.10) it follows

TI[A) (g, x) = 05(1) + B*Ao1 (1) = 0(1),
and from here we finally get that
T/1B§ N Al(vg, ) = T [A](¥s, ) — T/ [Bs N Al(¥g,-) = 0s(1),
from which the result follows. O

Next, we have the following

Lemma 2.4. Let A satisfying (A), T defined in (1.3) such that its com-
ponents satisfy (M), (MJ) and let H satisfying (H1). Let uw be an USC
subsolution and v a LSC supersolution to problem (1.2)-(2.1), bounded in
R? x [0, T for each T > 0. Then, u(x,0) < ug(x) < v(z,0) for all z € R
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Remark 1. The initial condition has to be understood in the viscosity
sense, see [14, Definition 2.1]. Lemma 2.4 states that actually it holds in the
classical sense. We refer to [14] (see also [22]) for a proof of this result in the
case of Dirichlet problem in bounded domains. In the current setting, the
proof must be slightly modified by a standard localization procedure that
allows to deal with the lack of compactness of RY. Hence, we remark that
uniform continuity of the initial data is not necessary in the proof of the
comparison principle.

Proof of Proposition 2.1. We will argue over the finite horizon problem

owu — Tr(AD?*u) — 7 (u,x) + H(x,Du) =0 in Qr
u(z,0) =wup(z) r € RY,

We are going to prove that M := supg,, (u—v) < 0; the general result on
Q follows since T is arbitrary.

We argue by contradiction, assuming that M > 0 and for u,n € (0,1) to
be fixed later, we define (z,t) — u(x,t) := pu(x,t) —nt. Since u is bounded,
we have supg,. (& —v) > M/2 > 0 if n is small enough and p sufficiently
close to 1. We notice that since u is a subsolution to (1.2) then @ satisfies

oy — Tr(AD*a) — T (4, ) + pH (z, p~ D) < —n in Qr,

in the viscosity sense.
Next we consider for € > 0 the function

(x’y’sat) = q)(x’y’t) = Z_L(,I,t) - ’U(y,t) - qS(x,y),

where ¢(z,y) == € 2|z — y|* + ¥(y) and 1pz is defined as in Lemma 2.3
with a localization function ¢ defined as in (2.7) with ¥ = 2(||u|[z~(q,) +
[[v][ Lo (@p))- With this we see that for all 3 small enough

M:= sup & >0,
QrxQr
and this supremum is achieved at some point (Z,7,t) € R_N x RN x [0,T7].
However, in view of Lemma 2.4 and the positiveness of M we necessarily

have that ¢ > 0, and standard arguments in the viscosity theory imply this
sequence of points (depending on € and f3) satisfies

ez —g*> =0 ife—0, B fixed,

(2.11) M%sgf(ﬂ—v—wﬁ) if e = 0, [ fixed,
sup (u —v —1g) = sup(au—wv) >0 when g — 0.
Qr Qr

Then we can apply the nonlocal parabolic version of Ishii-Jensen Lemma
provided in [9] (see also [30, 28, 21] for second-order parabolic equations)
which avoids the doubling in the time variable in the definition of ® above.
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Thus, for all § > 0 and all p > 0 small enough we have
w = Tr(A(j)XP) - IJ[B5](¢(7 S, Y, Z)a j.)
~T'[B§)(a, &, p) + uH (7,1~ "'p) <
@ — Te(A(®)Y,) — 2’ [Bs)(—(z. 5, 1), 9)
~T[B§)(v, 4,5+ ) + H(5,p + q) >

(212) Op(l) =1,
0,(1)

where @ € R, p = 26 %(Z — ), § = —Dt3(y) and the matrices X,,Y, € Sé
satisfy the inequality

- X 0 o
(213) —-p 1IQd < |: OP _Yp :| D(zy)¢(xa5’y’£)+op(1)'

We remark that all the terms o,(1) arising in (2.12) and (2.13) satisfy
0p(1) = 0 for €, 3 > 0 fixed. Subtracting both inequalities in (2.12) we get

(2.14) H< A+ Bs + B —n+o0,(1),

where
A= Tr(A(7)X,) — Tr(A(9)Y),)
H = pH(z,1'p) — H(5,p+ q)
Bs = T’ [Bs)(6(-,5,9, 1), 2) = T[Bs)(¢(, 5, -, 1), ),
B = T'[Bf(a(-,5),2,p) — T[B§(v(-,1), 4.0 + Q).

In what follows we estimate each term arising in (2.14).
1.- Estimate of A: In view of the definition of ¢ in (2.2) we can write
¢z, y,t) = € *pa(,y) + vs(y).

Hence, using the estimate given by Lemma 2.2 and applying the estimates
for the second derivatives of 13 in Lemma 2.3, we conclude that

Te(A(Z) X, — A)Y,) < 2L5e |7 — g* + B2LIA + 0,(1).
From this, using (2.11), we conclude
(2.15) A < mg(e) +og(1) +0p(1),

where, here and below, mg(e) denotes various quantities which tend to 0
when € — 0, # remaining fixed and og(1) — 0 as § — 0, p and 7 being
fixed.

2.- Estimate for H: Recalling that |g| — 0 as 8 — 0, we have |g| < 1 for 8
small enough and we can apply (H1) and (H2) to get
"> (1= wbm — Gz = gD pI™ = Ga) @+ [p™ )
—K(1—p) =Gz -7,



11

and applying Young’s inequality, we can write
_ _ —1)-1/9], -
H = (1= b — G2 = §1) = (m = Dm™ Ga(lal)™ =72 ol

—m ' G(la)™? ~ ¢(la) — K1 — 1) — G|z — g).

At this point, we fix p = p, < 1 close to 1 in order to have K (1 — u,) <
n/4. Considering ¢ and § small enough depending on p and b,,, we can
suppose that |z — g| and |g| are small enough to make positive the term in
the squared brackets in the last inequality. From this, we conclude that

(2.16) H > —og(1) —mp(e) —n/4.

3.- Estimate for Bs: Using the definition of ¢ and Lemma 2.3, we obtain

1 D2g0 '7@ e’} S
< Dbl [ 5 2P
€ Bs

1 ([|D?p2(Z, )]0 .
w3 (122l i) [ i) Pvcas)

Bs

2
and therefore, using (M) we conclude that
(2.17) Bs < (e 2 + AB*)os(1),
where 05(1) — 0 as § — 0.
4.- Estimate for B%: We start writing B® = B! + B%? with
B> = T[B N B§l(u(,1),2,p) — Z[B N BfJ(v(- ), 5.5 + ),
B*? = T [B(u(-,1),%,p) — T [B(v(-,1), 5,7 + q)-
Since (Z,¥,t) is a maximum for ®, for each &,¢' € R? we have
W(T + &8 —vF+ €8 — e+ -G - - +€)
< (@, 8) —v(g. 1) — 7 — g — vp(B).
Using this inequality with & = j(Z, 2),£ = j(¥, z) we obtain
T + (2, 2),8) = w(Z, ) = (v(F + 5(5, 2),t) = v(5, 1))
(2.18) < 2@ 2) = (@, 2P 42T - 5,5(3,2) = §(5,2)
+ sy + (1, 2)) — ¥s(7, 2),
and replacing this inequality into the definition of B! we get
B < e [ 1je.2) - i@ Pud) + T80 Bl
B\B;

— 2
< P2 hos)

where we have used (MJ) with R = 1 and Lemma 2.3 to control the nonlocal
term applied to 3.
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Thus, by (2.11), we conclude that
(2.19) B> < mg(e) + op(1).

Now we address the estimate of B%2. Note that
52 = [ (e +3(w. 2.0 — o(5 +(7.2).0) — (@@ D) — v(7. D))

For any R > 1, we divide this integral in two parts, B%? = 85’2[3%] +
B%2[Bg \ B], where the first one is integrated over B% and the second one
over Br \ B.

For the first one, we have

BB < v [ w@2)
By

where we recall that W = 2(||u|| e (@) + V]| Lo (Qr))-

From (M), we can choose R = R, large enough in order that the above
term is less than 7/4.

For the second term, using (2.18) we can get

B*2[Bg, \ B] < / [€7215(z,2) = (7, 2)|* + 2¢ (@ — 5,5(2, 2) — §(7,2))]v(dz)
Bgr,\B

s [ Wala+i@.9) - s@lne:)
Br,\B
< 2 [ (@) = @2 + o - gli@.2) - i5.2)])v(dz)
Br,\B
HiDwsll [ 15, 2)(dz)
Br,\B
< (CQ(Rn) + Cl(Rn))6’2\f —g[* + ABCO(Rn)a
by using (MJ) with R = R,,. Finally, we obtain
B> < /4 +mpg(e) + op(1).
Using this and estimate (2.19), we get
(2:20) B < n/4 +mg(e) + os(1),
where mg(e), 05(1) depend on p,n but are independent of 6.

5.- Conclusion: Joining (2.15), (2.16), (2.17) and (2.20), and using them
into (2.14), we conclude that

— 205(1) = mg(e) — 05(1) = 1/2 < =1+ 0p(1).
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Finally, letting p,d — 0 first, then € — 0 for a fixed, small enough 3, we
obtain a contradiction since n > 0. It follows that M < 0 and the proof is
complete. O

In what follows we discuss some important consequences of the compari-
son principle.

2.2. Well-posedness. The consideration of the following boundedness con-
dition
(HO) There exists a constant Hy > 0 such that ||H(-,0)||cc < Ho

allows us to provide existence to (1.2)-(2.1) via Perron’s method.

Corollary 2.5. Let ug € Cy(R?), A satisfying (A), T? defined as in (1.3) in
such a way its components satisfy assumptions (M), (MJ), and H satisfying
assumptions (H0), (H1), (H2). Then, there exists a unique viscosity solution
u € C(Q) to problem (1.2)-(2.1), which is also in L>(Qr) for all T > 0.

The proof of this result follows classical arguments, see [28, 21]. It is
posible to argument in Q7 first and then extend it to the infinite time
horizon. The role of the global sub and supersolution present in Perron’s
method is played by functions with the form (z,t) — Cit + Cy, for suitable
constants C1,Cy depending on the data and 7. Uniqueness comes from
Proposition 2.1.

For the stationary case we can follow closely the previous arguments and
obtain the analogous well-posedness result provided the equations is strictly
proper.

Proposition 2.6. Let A > 0, A satisfying (A), T defined as in (1.3) in
such a way its components satisfy assumptions (M), (MJ), and H satisfying
assumptions (HO), (H1), (H2). Let u be an USC bounded viscosity subsolu-
tion and v be a LSC bounded viscosity supersolution to equation (1.1). Then,
u<wv in Re,

Moreover, if in addition we assume (H0), then there exists a unique vis-
cosity solution u € Cy(R?) to equation (1.1), for which we have the following
bound

(2.21) |u]|oo < A1 Hy.

2.3. Continuity results coming from comparison. Comparison princi-
ple given by Proposition 2.1 allows us to obtain important continuity results
for the solution of the addressed problems. The first result gives Lipschitz
regularity in time if the initial data is smooth.

Proposition 2.7. Consider the hypotheses of Proposition 2.1 and assume
further that ug € CZ(RY) with l[uollc2(ray < +00. Then, there exists a con-
stant Ao depending on the datas and |[uo||c2re) such that each viscosity
solution u to problem (1.2)-(2.1) in C(Q)NL>(Qr) for each T > 0 satisfies

lu(z,t) —u(z,s)| < Aglt —s|  for all0 < s,t <T, zeR™L
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The proof of this result relies in comparison with functions with the form
(x,t) = Aot + up(x) for Ag € R adequate, together with translation invari-
ance in time, see [34].

A less direct consequence is stated in the following

Proposition 2.8. Let ug € BUC(R?) and assume that T/ and H satisfy

the assumptions of Corollary 2.5. Denote by u € C(Q) the unique viscosity
solution to (1.2)-(2.1) given in Corollary 2.5. Assume further that

(i) There exists a modulus of continuity m; such that for each R > 0 there
exists Cr > 0 satisfying

(@, 2) = j(y, 2)] < Cr my(lz —yl), for all z,y €RY, |2| < R.

(ii) For each R > 0 there exists a constant Cr > 0 such that
|H(x,p)| < Cg for all xR, |p| <R.

Then, there exists a modulus of continuity mr depending on the data, T
and ||u|| o (@) such that

lu(z,t) —u(y,t)| < mr(|z—y|) for all z,y € RY.

Proof: We only sketch the proof since most of the arguments are tedious
but easily checkable.

By contradiction we assume that u is not uniformly continuous in =z.
Then, there exist sequences xx, yx € R?, t, € [0,T] such that xp — y tends
to 0 and u(xg,tg) — u(yk, tx) > n > 0.

We consider the function vy (z,t) = u(x+xg, t). Denoting ug x(z) = uo(z+
x), Ag(z) = Az + z1), jr(x, 2) = j(x + x, 2) and Hy(z,p) = H(z + a1, p)
we see that v is a solution to the problem

8tvk — ij(?}k(-, t), 1‘) — Tr(AkD%k) + Hk(m, ka) =0 in QT7

with initial data vg(-,0) = ug in R4,

The assumptions of the problem considered in the existence and unique-
ness result together with the extra assumptions (i) and (i7) imply that the
sequences of functions {uk o}k, { Ak }i, {Hr (-, p) }r, and {ji (-, 2) }i, are locally
uniformly continuous in R? and bounded, for each z,p € R%. Then, up to
subsequences there exist functions g, A, H and j which are respective limit
functions to the previous sequences, and the convergence is locally uniform
in R?. Then, defining the functions

o(xz,t) = limsup wg(y,s), v(xz,t)= liminf wvg(y,s)
y—x,8—t,k—00 y—x,5—t,k—00
we apply the half-relaxed limits method (see [11]) to conclude that v, v are,
respectively, bounded viscosity sub and supersolutions to the problem

0w — Ia(v(-,t),x) — Tr(AD%*v) + H(z,Dv) =0 in Qr,

with the initial condition v(-,0) = @ in R?%. Noticing that the limit problem
satisfies the hypotheses of Proposition 2.1, we conclude that v < v and
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therefore they are equal. But u(zy, ty) —u(yk, tx) > n > 0 can be interpreted
as vg(0,tx) — vi(yx — g, tp) > n > 0 and this would lead to a contradiction
after taking limit as k — oo. This concludes the result. O

Similar arguments can be given for the stationary problem (1.1) to con-
clude the following

Proposition 2.9. Let A > 0 and assume I7, H satisfy the assumptions of
Proposition 2.6, and denote u € C(R?) the unique viscosity solution to (1.1).
Assume further conditions (i), (it) in Proposition 2.8. Then, there exists a
modulus of continuity m depending on the data and A such that

u(z) = uly)| < m(lz—yl) for all v,y € RY.

3. LIPSCHITZ REGULARITY - BERNSTEIN METHOD.

In this section we provide the Lipschitz regularity for solutions of prob-
lem (1.1). This is accomplished by the introduction of a change of variables
in the direction of Bernstein method, see [5]. As it can be seen in the liter-
ature, it is natural to assume Lipschitz regularity on the data to apply the
mentioned method. Keeping assumptions (H1) and (A) as in the previous
section, we require to strengthen assumptions (H2), (M) and (MJ) in the
following sense.

(H2’) Let m as in (H1). There exists Ly > 0 and a modulus of continuity
¢ such that, for all z,y,p,q € R%, |¢| < 1, we have

H(y,p+q) — H(z,p) < Lule —y|(1+ [p|™) + ¢(lg)) (1 + |p/™ ).

(M”) There exists C, > 0 such that
/1 AlzPv(dz) < Cy,
Rd
(J1) There exists a constant C; > 0 such that for all z,y, 2 € R?
lj(z,2)] < Cjlz| and |j(z,2) — j(y,2)| < Cjlz||lz — yl.

(J2) For each a > 0, there exists a constant C, > 0 such that for all
z,y € RY

[ 1ie2) = ity 2ldz) < Calo— ol

a

Remark 2. Once we consider assumptions (A), (H1), together with (H2’),
(M), (J1) and (J2), we can apply all the results of the previous section since
(M), (J1) and (J2) imply (M),(MJ).
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The above assumptions are natural since they reflect the Lipschitz regu-
larity of the data. This is evident in (J1) and (J2), meanwhile because of
(H2’) we have the function z — H(z,0) is Lipschitz continuous.

Notice that (J2) reflects a compatibility condition among the measure v
and the jumps j. For example, (J2) is fullfilled by measures v satisfying
(M’) and jumps satisfying

l(x,2) = j(y, 2)| < Clz —yln(z), for all 2,y € RY, 2 € B,
with n(z)r(dz) finite in B€.
The main result of this paper is the following

Theorem 3.1. (Lipschitz regularity) Let A > 0. Assume A satisfies
(A), H satisfies (H1), (H2’), and T7 defined in (1.3) such that v,j satisfy
assumptions (M’), (J1) and (J2). Let u be a bounded uniformly continuous
viscosity solution to problem (1.1). Then, there exists L > 0 large enough
such that

lu(x) —u(y)| < Lz —y| for all z,y € R%.

The constant L depends only on the data and osc(u).

As we will see next, Theorem 3.1 is accomplished by an exponential change
of variables inspired by the Bernstein method for viscosity solutions. In fact,
we note that if u € Cy(R?) is a solution of (1.1), replacing u by u—inf{u}+1
we can assume u > 1 and then, under the change of variables u = eV, we
can prove that v > 0 satisfies the equation !

(3.1) A —=Tr(AD*v) — J(v,2) + e "H(zx,e"Dv) — |oT Dv> =0 in RY,

where J7 (v, z) is defined as

(32)  J(v,z) = /[e”(gﬁﬂ(x’z))_”(x) —1—1p(2)(Dv(x), j(z, 2))]v(dz).
Rd
For simplicity, for z,p € R%, r € R we introduce the notation
(33) H(x,r,p) = A+ e "H(z,e"p) — |0 (x)p|*.

With this, using equation (3.1) and the above notation, u is a viscosity
solution to (1.1) if and only if v defined as u = € is a viscosity solution to
the equation

(3.4)  H(x,v(z), Dv(z)) — Tr(A(x)D*v(z)) — T (v,2) =0, zeR%L

By the above discussion, it is going to be convenient to argue over the
equivalent equation (3.4). As we mentioned in the introduction, of main
interest is the treatment of the nonlocal term, and the nonlinearity arising
in J7 after the exponential change of variables is an extra difficulty.

1n fact, H should be changed into H + A(inf{u} — 1). This new Hamiltonian has the
same properties of H since Ainf{u} is bounded independently of A by (2.21). Hence we
keep the notation H for the sake of simplicity.
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Now we present the proof of Theorem 3.1. In its proof we use several
technical estimates which are precisely stated and proved in the Appendix.

Proof of Theorem 3.1: Note that under the change u = e with u > 1,
we have that osc(v) < osc(u), and by the boundedness of v we see that v
is still uniformly continuous. Then, if we get v is Lipschitz continuous then
we get the result for wu.

We will argue over the equation (3.4). Assume by contradiction that for
each L > 0 large enough (we can assume L > 1), there exists €7 > 0 such
that

sup {v(z) —v(y) — Llz —y|} > 2¢.
R xR4

and therefore, there exist zr,y;, € R? such that
v(zrr) —v(yL) — Llzr —yr| = L.

At this point we consider a nonnegative function ¢ € Cg(Rd) satisfying
assumptions (2.7) with ¥ = osc(v) and A > 0 depending only on osc(v), and
for 8 > 0 we consider g as in (2.8). Then, setting ¢(z,y) := Llz—y|+s(y)
we have
(3.5)

sup {v(@) —v(y) —¢(z,9)} = vlwr) —v(ye) — Lz —yol = vs(yr) = €2 > 0
RexR
for all B small enough to have 1/5 > |yr|. Moreover, since ¢3 = osc(v) in
B35, the supremum in (3.5) is achieved at some point (Z,7) € R? x R?
with & # g for each L, > 0, and we get

(3.6) L|z — g| < osc(v).

Using Proposition 2.8, let w : [0,+00) — [0,+00), w(0) = 0, be an in-
creasing modulus of continuity for v. Then we can write

lu(z) —v(y)| <w(|z—y|) forall z,y € R
By (3.5) we have e, < v(Z) — v(y) and therefore
(3.7 0<w(er) <)z -7,

which is a lower bound for |Z — g/, uniform in terms of j.

Now we would like to use the viscosity inequality for v at T and 4. Using
Ishii-Jensen lemma for nonlocal equations, for all § > 0 and all p > 0 small
enough we have

]
9 H(y,v(p),
—jj[Bg](—gb(i', )7:&) - jj[Bg](U,g7 Lﬁ —q > _Op(1)7
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where p = (Z—9)/|Z —y| and ¢ = Dyg(y). The matrices X,,Y, € S satisfy
the inequality
_ X 0
(3.9) i< | K < D?(z,y) + 0,(1).
0 -v,

We remark that all the terms o,(1) arising in (3.8) and (3.9) satisfy
0p(1) = 0if L, 3 > 0 are fixed.
Subtracting both inequalities in (3.8), we get

(3.10) H< A+ Bs+ B,
where
- FI(E,U( ) ) ﬁ(g,?}(g),Lﬁ—(]),
5’5 = T’ [Bs)(6(-9), %) — T [Bs|(—4(Z, ), ),
= J’|B§](v, %, Lp) — T’ [B§)(v, 9, Lp — q),
A= Tr(A(Z)X,) — Tr(A(H)Y,) + 0p(1).

In what follows, we estimate each term present in (3.10) in order to get
the desired contradiction by taking L large enough in terms of the data.

(3.11)

1.- Estimates for A. Note that in this case we have

(z,y) = Lor(z,y) +¥s(y),

where ¢y is defined in (2.2).
Hence, using the estimate given by Lemma 2.2 and applying the estimates
for the second derivatives of 13 in Lemma 2.3, we conclude that

Tr(A(z)X, — A()Y,) < 2LL}|T — |+ B*LIA + 0,(1)
and therefore

(3.12) A <2L2L|7 — g| + 05(1) + 0,(1).

2.- Estimates for H. By definition of H in H we have
H="Hi+ Ho,
with
Hy=e "W H(Z, e Lp) — e "W H(g, "V (Lp - q))
Ho = — o7 (@) Lpl* + |o" () (Lp — ).
For Hs, using the estimates for the gradient of ¢ and the fact that [p| = 1,
we can write

Ho = L(lo"(g)(p— L™ — 0" (2)p])
> L*(lo (@)pl* — |oT (@)p[* — 2L71 B2 LZA),

and applying the boundedness and the Lipschitz estimates of o given in (A),
we conclude

(3.13) Hoy > —2L2 127 — 5| — 2LEAN?CH2L.
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The estimate from below of H; is a crucial step in the weak Bernstein
method. It is based on the superlinearity of the Hamiltonian which is en-
coded in Assumption (H1) (see (4.4)). We define p = ¢?@~v(@) and we
notice that 0 < p < 1 since v(y) < v(z) for all L, 3. Using this we can write

Hy =0 (b (@, 1" D Lp) — H(G, "D (Lp - 7)) ).

Applying (H1), (H2’) with 3 small enough in order that |¢*®)g| < 1 and
recalling that m > 1 and v > 0, we can write

Hy > e @ ((1 — W) (b L™e™® — KY — Ly|z — g|(1 + Lmem™®)
— (| @ gy LmLelm=De@) <(|6v(§)q|)
> Lm0 (b — KL7™)(1 = ) = Ligla = gl(1+ L)) = 05(1),
where 05(1) — 0 as § — 0, but depending on L and ||v||«. Taking L
satisfying
(3.14) L™ > max{1,27 v, K},
we conclude that
Hy > Lmem=Dv@) (%’”(1 — ) — 2Ly|E — g[) — o5(1).

Now, we have

1—p=e'@@) @@ _ 1) > O=v@) (y(z) — v(7)) > eV L]z — 7|

since osc(v) > v(z) —v(y) > L|Z — g| by maximality of (z,y) in (3.5). From
this, taking

(3.15) L > 8Lpe®*p 1

and using that v > 0 and m > 1, we conclude that
bm
Hi > Iefosc(v)Lm+1|x g| _ 05(1)
Recalling that H = H;+Hz, we join the last estimate and (3.13) to obtain

H > (e O L 92 I gl - 0s(),
and therefore, since m > 1, taking
(3.16) L™ > 16L2b; %),
we finally conclude that
(3.17) H > L™z — gl — 0p(1),
where ¢ = b,,e (") /8 > 0 and 0s(1) — 0 as 3 — 0 for fixed L.

3.-Estimates for Bs. At this point, recalling that |z — y| > 0 by (3.7),
we are going to consider § > 0 small enough depending on |z — g| such
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that |j(z,2)|,|7(y,2)] < |z — gy|/2 for each |z| < 4. This is possible by
assumption (J1).
Thus, we have x — |Z —y + x|, y — |Z — y — y| are smooth in Bs. Then,
applying Lemma A.1 we can write
Bs < IJ[B5](¢(5 y_)a j) + IJ[B(S](QS(ja ')a y_) + C(L2 + 52A2)05(1)5
and by definition of ¢ together with Lemma 2.3 and assumptions (M’), (J1)
we arrive at

(3.18) Bs < (L]f g L2+ 05(1))05(1).

Note that the estimate above is appropriate since we will send § — 0 first
in the global estimate in Step 5.
4.- Estimates for B°. This is the key new estimate to perform the weak
Bernstein’s method in the nonlocal case and therefore we state it as a lemma.

Lemma 3.2. There exists C' > 0 depending only on the datas C;,C, ;,C,
and on osc(v) such that

(3.19) B’ < CL*z — | + 0p(1),
where og(1) = 0 as 8 — 0 for L > 0 fized.

Then, the rest of Step 4 is devoted to the proof of this lemma. We start
with the following notation: for a function f : R — R and z,z € R?, we
denote

Aof = Auf(2) = fla+ j(2,2)) — ().
We also consider ©;(z) for i = 1,2,3, z € R?, defined as
©1(2) = LIz — g+ j(@,2)| — |z — 9l),
O2(2) = —L(|z — 5 = j(y,2)| — [z — 9|) — Agi)s,
O3(z) = LIz -y +j(Z,2) — j(7,2)| — | = J]) + Agip,
and notice that the maximality of (Z,%) in (3.5) implies, for each z € R?

the following inequalities

(320) Aj’l) S @1, Ag’l} 2 @2, Af’l) — Ag’l} § @3.
We write B = By + B3 with

B = /c[eA”'“’ — ey (dz)

B3 = / [e2e" — 20" — L(p, j(z,2) — (5, 2)) — (@ (7. 2))]v(d2).
B\Bj

Our aim is to estimate from above the integrals. Of main importance is
to get estimates for the integral over B3 independent of § since we are going
to take § — 0 first at the end of this proof.

We start with the estimate of B;. We first remark that we can integrate
only on the set P; where e — ¢4 > (), i.e., where Azv — Agv > 0.
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On this set, we have
AN Agu _ eAiv(l _ eAgvaiv) < eosc(v) (Ai«v _ Agv) < 6050(1})@3

since Azv < osc(v) and 0 <1—e " <7 for r > 0.
Noticing that ©3 < L|j(z, 2)—7j(¥, 2)|+Ays and using (J2) and Lemma 2.3,
we get

Bz e (L[ i) - i 2lids) + DB PIWsD)).

— €

and using (J2) for the first integral and Lemma 2.3 for the second term in
the righ-hand side, we arrive at
(3.21) By < e*ON(LCY|Z — | + 05(1)),

where C is given by (J2) for @ = 1 and we point out that og(1) — 0 as
B — 0 uniformly in all the other variables.

Now we deal with the estimate of Bg . A key fact is that it is enough to
integrate

\I](Z) = eAS_CU - eAgU - L(ﬁ,](f, Z) - j(g’ Z)> - <q’j(g’ Z)>
only on the set P2 where ¥(z) > 0. This consideration allows us to get
the relevant estimates to apply the “linearization” procedure provided by
Lemma A.2, which is proven in the Appendix. In fact, notice that by the
third inequality in (3.20), applying (J1) and the properties of 13, for each
zZ we can write

Azv — Agv < C(L|Z — | + 0p(1))]2,

where C > 0 depends only on the data.
On the other hand, for each z € Py we can write

—(LCj|E =gl +05(1)|2| < L(p, (T, 2) = (§.2)) + (@.5(7. 2)) < 27 =B,

where the first inequality comes from (J1) and the properties of ¢g, and the
second one from the definition of Ps. Now, since

eAg—cU _ eAgv _ eAg—cv(l _ eAgU—A;‘C’U) < eAiv(Aj/U _ Ag?}),
we join this inequality and the previous one to conclude that
—Ce® W) (L|z — g| + 05(1))|2] < Azv — Agv

where C' > 0 depends only on the data. Thus, the upper and lower bound
for Azv — Agv can be summarized as

(3.22) |Azv — Agv| < C(L|z — g| + 0p(1))|z| for z € Py

where C' denotes a constant which may vary line to line but depends only
the data and osc(v).

Now, using the first and second inequalities in (3.20) together with (J1)
and the properties of 1z we can write

Azv < LCjlz|,  Agv > —(LCj + 05(1)) |2].
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These inequalities and (3.22) allows us to obtain, for z € P

|Az0l, [Agu| < C(L+ LIz — gl + 0p(1)) |2].

Finally, since we can assume L > 1 and by (3.6) we conclude that
(3.23) |Azv], [Agv| < C (L +0s(1)) |2].

Recalling that we also have that |Azvl|, |Azv| < osc(v), in view of (3.22)
and (3.23) we can apply Lemma A.2 with g(z, 2) = Ayv(z), Cy just depend-
ing on the data, Cy = osc(v),b = 0g(1) and P = Py to conclude that

ATV — BTV < Agu — Agu + C(L2T — | + 0p(1))|2|%,  for 2z € Py.

Then, by using this estimate and the last inequality in (3.20), for each
z € Py we get
U(z) < Uy(2) + Pa(z),

where
01(2) = L7 = 5+ (2.2) = i3, 9] — 13 =l = (5.2 2) = §(5,2))).
Uy(2) = Agvos — (,5(5,2)) + C(L*|7 — gl + 0p(1))|2".
For the integral term concerning s, we note that the integral of the first
two terms is exactly Z7[(B \ Bs) N P2(v3,y) which is 05(1) by Lemma 2.3.

Using (M’) to estimate the last term, we infer the existence of a constant
C > 0 not depending on 4, 5 or L such that

/ Uy (2)v(dz) < C(L2|T — g] + 05(1)),
P2 (B\Bs)

where 0g(1) — 0 when L > 0 is fixed.
For the estimate of the integral term related to W, we use the estimate
given by Lemma A.3 proven in the Appendix to conclude that

/ Uy (2)v(dz) < CL|z — 9y,
P2 (B\Bs)

for some C' > 0 depending on the data.
In view of the above estimates and since we assume L > 1, we finally
arrive at
B < CL?|z — | + op(1).
Putting together this last estimate and the estimate for B; in (3.21) we
finally obtain (3.19) as stated in Lemma 3.2.

5.- Conclusion of the proof of the Theorem. Replacing (3.12), (3.17), (3.18)
and (3.19) into (3.10), we obtain

(3.24) cL™ |z — 4| < CL*|Z — 3|
+(Llz — g7t + L* + 05(1))os (1) + 0g(1) + 0,(1),

where 0,(1) = 0 as p = 0, 05(1) = 0 as § — 0 uniformly in the remaining
variables, 0g(1) — 0 as # — 0 when L > 0 is fixed and L,C,c > 0 depend
only on the datas C,,C, ;,Cj, Ly, L, by, K and osc(v).
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More precisely, we can fix L at the beginning such that (3.14), (3.15), (3.16)
hold and in addition

L>(cto)Ym=1 41,

With this choice and since |Z — g| is uniformly positive in terms of
by (3.7), making p — 0,0 — 0, 8 — 0 we arrive at a contradiction
with (3.24), which ends the proof of the theorem. O

We can extend the Lipschitz regularity in the x variable for the solution
to the parabolic problem (1.2)-(2.1).

Proposition 3.3. Let uy be bounded and Lipschitz function in R® with
Lipschitz constant Ly > 0. Assume A, H and T’ defined in (1.3) satisfy the
assumptions of Theorem 3.1. Let u € C(Q) be the unique viscosity solutions
to to problem (1.2)-(2.1) given by Corollary 2.5.
Then, there exists L > 0 depending on the data, Ly and
oscy(u) := sup osc(u(-,t)) = sup {supu(-,t) —infu(-,t)}
te[0,T] t€[0,7] R Rd

such that
lu(z,t) —u(y,t)| < Lz —vy|, forall z,y € RY, t e [0,T).

Sketch of the Proof: As in the proof of Theorem 3.1, we may assume
without loss of generality that « > 1 and we argue over the function v
defined though the change of variables u(z,t) = e*®! for all (z,t) € Q.
Hence, proving the Lipschitz continuity in x for v, we conclude the desired
property for wu.

We start by proving the result for ug € C?(R?) with ||uo|c2(ray < +o00 in
order to be able to use Proposition 2.7.

The new function v solves the problem

O — Tr(AD?*v) — J7(v(-,t),x) + H(z,v,Dv) =0 in Q
v(-,0) =e" in RY,

where 77 is defined in (3.2) and H is defined by (3.3) with A = 0.
As in Theorem 3.1, we argue by contradiction, assuming that for all L > 1
large enough, there exists x7,yr € RY, t € [0,T] and €7, > 0 such that

sup {U(l’,t) _U(y7t) —L’l’—y’}
(z,y,t)ERIXRIX[0,T]

> v(zp,tr) —v(yr.tr) — Llzr, —yr| > 2er.

Hence, introducing the localization function 13 defined in (2.8) as in
Theorem 3.1 but replacing osc(v) by oscp(v), for all 8 > 0 small enough
with respect to L and all n > 0 we have
(3.25)

wp o) — (1) — Lz —yl — () — s — 1) > 2er,
(z,y,s,t)€(RF)2 % [0,7T72
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Applying Proposition 2.7 with a constant Ag > 0 depending on |[[ug||c2 (e
and using the definition of oscr we can write

v(z,s) —v(y,t) — Lz —y| — va(y) —n (s — t)?
< oscr(v) — ¥g(y) — Lz — y| + Aols —t| —n~ (s — )°.

Notice that Aga — n~ta? < A2n/4 for all @ > 0. Using this and the
properties of 1z we get the inequality

v(z,s) —v(y,t) — Lz —y| = va(y) —n (s — ) < —L|z — y| + Afn/4

for all |y| > 2/43. It follows that for all  small enough in terms of €7, and Ay,
the supremum in (3.25) is achieved at some point (z, 7, 5,) € (R%)? x [0, T]?
and Z,y are in a bounded set depending only on oscy(v) and 3. Moreover,
by classical results, 71 (5 — )2 — 0 as n — 0 uniformly in L, 3.

In particular, up to take a subsequence n — 0, we get + — =¥, § — y*
and 5,t — t*. Choosing L > Lg implies t* > 0 since otherwise passing to the
limit as  — 0 in (3.25) we arrive to a contradiction with ug Lo-Lipschitz
continuous. It follows that 5,¢ > 0 for sufficiently small 7. Likewise, we
obtain that = # g for n sufficiently small.

It follows that, for n small enough, we can write the viscosity inequalities
for the subsolution v at (Z, §) and for the supersolution v at (y,) to obtain
exactly (3.10), that is

(3.26) H<A+Bs+ B,

where v(Z) is replaced by v(z, 5) and v(y) by v(y,t) in (3.11).
Sending n — 0, we still have (3.26) where Z is replaced by z*, § by 7%,
5,t by t* and (z*,y*,t*) is a maximum point of

(3.27) sup {v(z,s) —v(y,t) — Lz —y| — ¥p(y)} > 2er.
(z,y,t)€(RY)?%[0,T]

By compactness of [0,T], we can assume that t* — £ as 8 — 0. Using
Proposition 2.7 and (3.27), it follows

2¢;, < w(@ ) —u(y",t)

o(z*, 1) —o(Z*, 1) + o(z*, 1) — (@, 1) + o(F*, ) — u(@", )

<
= Wf(|33 —7') + 280[t" — 1],

where w;(+) is the modulus of continuity associated with v(-,%). Therefore,
for all 8 small enough, we get

er, < wi(|7° —77|),

which gives (3.7) with the modulus w; independent of 3 yielding a lower
bound for |Z* — ¢*|, uniform in terms of 3.

From this point, we continue the proof with the arguments given in the
proof of Theorem 3.1. We point out that the constant L, which gives the
Lipschitz bound, depends on the constants appearing in the assumptions,
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on the Lipschitz constant Ly of up and on oscr(u) but not directly neither
on |Ju(+,t)||ec nor on T.

In particular, L is independent on ||ug||c2(ray S0 we get the result for any
Lipschitz continuous function ug by approximation. O

4. APPLICATION: LARGE TIME BEHAVIOR IN THE PERIODIC SETTING.

In this section we provide the large time behavior result for the prob-
lem (1.2)-(2.1) in the case when the datas are Z?—periodic. Hence, we
argue on the problem

(4.1) O — Tr(A(z)D*u) — 77 (u(-t), ) + H(z, Du) =0
in Q :=T% x (0, 400),
(4.2)  u(-,0) =ug in T
which is (1.2)-(2.1) in the periodic setting with
D (u(-st), ) = / [u(e +j(x, 2),t) —u(z,t) = 15 (2)(Du(z,1), j(x, 2)) v (d2).
Td

In order to have comparison principle/well-posedness results of Section 2

and the regularity results given in Section 3, from now on, we assume that

(A), (M), (HO)-(H1)-(H2’), (J1)-(J2) hold with periodic datas with respect
to z, 2.

4.1. Solvability of the ergodic problem.

Proposition 4.1. There exists a unique constant ¢ € R for which the sta-
tionary ergodic problem

(4.3) —Tr(A(z)D*u) — T/ (u, z) + H(z, Du) = —¢, in T¢

has a solution w € W1H>(T%).

In the proof of the above proposition we require an appropriate com-
pactness property over the family of solutions {uy} of problem (1.1) (in the
torus) as A — 0. This is the purpose of the following lemma, whose proof
follows closely the arguments of [32].

Lemma 4.2. Let A > 0 and let u be a continuous solution to (1.1) in TY.
Then, there exists C > 0 not depending on X such that osc(u) < C.

Proof: We start claiming that, under Assumption (H1), there exists a
constant > 0 just depending on the data, and a sequence L. — +o00 such
that H satisfies

(4.4) H(z, Lp) — LH(z,p) > nL™[p|™ — n!

for z,p € RY Note that, in particular, this proves that H is superlinear.
Now, we consider L > 1 to be fixed and

M = ma%(d{u(x) — Lu(y) + (L — 1) min{u} — L|z — y|}.

:B7y
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Note that if there exists L such that M < 0, then for all z,y € T¢ we can

write

u(z) — Lu(y) < (1 — L) min{u} + LVd,
and hence, taking z,y € T? such that u(z) = max{u} and u(y) = min{u},
we get the result with C' = LVd.

Then, we assume that M > 0 for all L > 1. In particular, the maximum
in M is attained at (Z,y) with £ # y. Thus, denoting ¢(z,y) = —(L —
1)min{u} + L|z — y|, we can use x — @(z,y) as a test function for u at =
and y — —¢(Z,y) as a test function for v := Lu at y. Then, for each § > 0
we see that

Mu(z) — Te(A(@)X) — T [Bs)(( 9), @) — Z’[B§)(u, p, &) + H(z, Lp) < 0
Mo(z) = Te(AG)Y) = T [Bs)(p(z, ), 5) — T’ [B5(v, 5, §) + LH(Z,p) > 0,
where p = (z — y)/|z — y| and X, Y satisfy (2.5) with ¢ = ¢.

We subtract both inequalities and estimate each term arising in this op-
eration. Note that by (2.21) we have

Au(z) —v(y)) < (1 + L)Ho,
by Lemma 2.2 we have
Tr(A(7)X) — Tr(A(y)Y) < CL|z — 9],
for some constant C' > 0 just depending on the data. Considering § small
in terms of |z — |, we use (2.4) (M’) and (J1) similarly as in (3.18) to get
L’ [Bs)((-,9), @) + T’ [Bs)(p(z. ), §) < LT — 5|~ 05(1).

By using that (Z,y) is the maximum point in M we obtain

Ij [Bg](u,ﬁ, j) - Ij [Bg] (’U,ﬁ, :’j)
<L /B (7 =g+ (8, 2) — §@,2)] - 17— 9 = 16(=) (B, §(7, ) — §(5, 2)) )(d),

5
and performing a similar analysis as the one done in the proof of Theorem 3.1
(see (A.3)-(A.4)), we conclude that
L’ [B§)(u, p, z) — 77 [Bf] (v, p,y) < CL|z — g,

for C > 0 and all L large in terms of the data, and not depending on 4.
Finally, using (4.4) we see that

H(z,Lp) — LH(y,p) > nL™ —n*,

for L large enough.
Then, joining the above estimates we conclude that there exists C' > 0
such that, for all L large just in terms of the data, we get

nL™ < C(1+ L)+ L|z — g os(1),

and therefore, taking 6 — 0 and enlarging L if this is necessary, we arrive
to a contradiction. O
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Proof of Proposition 4.1: For X\ > 0, we denote u) the unique bounded
uniformly continuous solution to (1.1) given by Proposition 2.6. By Lemma 4.2,
osc(uy) is bounded independently of A. Therefore, by Theorem 3.1, wu) is
Lipschitz continuous with a constant independent of A.

Defining

uA(x) = up(x) —ux(0), €T,

it follows that the family {v)}as0 is bounded and equi-Lipschitz continuous
in C(T9). By standard viscosity arguments, vy satisfies the equation

M\ — Tr(A(z)D?v) — T/ (v, z) + H(z, Dv) = —Auy(0) in T¢,

where Auy(0) is bounded as A — 0 by (2.21). Finally, by Ascoli Theorem
and stability, up to subsequences, there exists w € WH(T9) and ¢ € R
such that vy — w, Auy(0) — ¢ as A — 0 and the pair (w, ¢) satisfies (4.3).

For the uniqueness of ¢, we note that if there exist two pairs (w;,¢;),i =
1,2, both solutions to (4.3), then the functions (z,t) — w;(x) + ¢it,i = 1,2
are bounded viscosity solutions to equation (1.2). Hence, comparing them
by the use of Proposition 2.1, we obtain

(c1 — c2)t < 2l|w; — wal|eo, forall t > 0.

Dividing by t and letting t — oo we conclude ¢; < ¢3. Since we can
exchange the roles of ¢; and ¢, we conclude the uniqueness of c. O

4.2. Strong maximum principle. Before presenting our strong maximum
principle result, we need to introduce some notation. For a Lévy measure v

and a jump function j, for each z € T? we define the push-forward measure

vi associated to v through the function z — j(z, 2), that is, for each borel

set A C R? we have v (A) = v(j~!(x, A)). Thus, for each 2 € T? we define
Xo(x) = {2}, Xnt1= |J {&+supp{v}}, neN,
§EXn
where supp denotes the support of the measure, and the set
X(x) = | Xn(2).
neN
Finally, for € R% we denote Ey(x) the eigenspace associated to the null

eigenvalue of A(x).

Proposition 4.3. (Strong maximum principle) Assume the hypotheses
of Theorem 3.1 hold, with in addition, H(z,p) locally Lipschitz in p. Assume
the existence of a constant ro > 0 such that, for each x € T¢,

(4.5) B, (z) N{zx + Ey(x)} C X(x).

Let u,v € C(Q) be two solutions to (4.1), associated to Lipschitz initial
datum g, vg, respectively. Assume that u — v achieves a mazimum in © =
T? x (0, 4+00) at (xg,tp), that is,

(u —v)(xg,tg) = sup{u — v}.
Q
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Then, the function u — v is constant in T x [0,t0]. Moreover, we have

(u —v)(x,t) = sup {uo(z) —vo(z)}, for all (z,t) € Q.
zeTd

We remark that by the available Lipschitz regularity results, it is possible
to reduce Proposition 4.3 to a linear framework and this is the aim of the fol-
lowing lemma. We would like to stress on the role of the assumption (4.5) in
its proof: in the directions of the second-order uniform ellipticity of the ma-
trix A the propagation of maxima follows classical arguments, and therefore
the mixed operator extend this propagation in the directions of degeneracy
of A through the sequential covering property of the nonlocal operator.

Lemma 4.4. Let A be a matriz satisfying (A), T0 as in (1.3) with v satis-
fying (M’) and j satisfying (J1), and both v, j satisfying assumption (4.5).
Let B € L®(Q;RY) and w be a bounded USC wiscosity subsolution to the
problem

(4.6) ow — Tr(A(z)D*w) — ¢ (w, x) + (B(z,t), Dw) =0 in Q.
If there exists (zg,tg) € Q such that M := w(xg,tg) = sup{w}, then
Q
w(z,tg) = M for all x € T,

Proof: 1t is sufficient to prove that under the assumptions of the problem,
if (zg,to) is a global maximum point for w subsolution to (4.6), then w is
constant equal to w(zo,to) in By,/4(w0) X {to} where ro appears in (4.5).

In fact, iterating the argument presented below a finite number of times,
we conclude the main result. Denote

K={zeT: wx,ty) =M}

which is a nonempty closed set containing x.

Let z* € K. Since (z*,t() is a global maximum point for w we can use a
constant function as a test function for w at (z*,tg). Thus, for each § > 0
we have

_ /B (@ + j(2%, 2), to) — w(a*, to)](dz) <0,

and since w(z* + j(a*, 2),t0) < w(x*, ty), we obtain

[ o + 3G, 2)t0) = w(e” to)v(dz) =0,
B§

Therefore, since z — w(x* + j(z*, z),t9) — w(x*, ty) is upper semicontinu-
ous and § > 0 is arbitrary, we get w(z,tg) = M for each x € z* +supp{v.. }.

We apply the same argument inductively to conclude that X' (z*) C K.
Noting that X'(z) C X (z*) for all x € X(x*), by the use of (4.5) we have

(4.7) B (z)N{z+ Ey(z)} C X(2*), foreach z € X(z*) and z* € K.
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Consider the open set I' := B, /4(w0)\ K. If T' = (), then the result follows.
From now on, we argue by contradiction assuming that T' # (). It follows

that there exists z € I', 0 < R < r¢/4 and z* € 0K such that
Br(z) cI' and z* € 0Br(z)NK.
Up to replace = by (Z 4+ z*)/2 if needed, we may assume 0Br(z) N K =

{2}

At this point, for v, h > 0 to be fixed, we introduce the function

Pz, t) = e B — 1w with d(z,t) = |z — 2|2 + h(t — to)2.

Direct computations say that for each (x,t) € T¢
Oy (x,t) = 2yhe™ VU@ (1 — 1)
Doz, t) = 2ye 7@ (1 — 7)
D?6(x,1) = 2ye DI, — 2y(x — 7) © (x — 7)),
meanwhile, following [18], there exists C, ; > 0 depending only on the data,

such that
T (p(-,t),2) < 7e @00, ;.

With these estimates and applying (A), for each € T¢ we have
g(gb, z, tO)

B (@, to) — Tr(A(z) D*¢(x, t9)) — T? (¢ (-,
> 297790 (h(t ~ to) = Ly + 710" (@) (z — @) = Cuj — ||Blloclz — )

Note that # € B, 4(z*). If T — 2" € Ep(z*), by (4.7) we would have
z € X(z¥) C K, which is a contradiction with the choice of Z. Thus,
ol (z*)(x* — ) # 0. By continuity, there exists n(z*), R* > 0 such that

loT(z)(z — z)| > n(z*) for all z € Bg-(z*).

to), ) + (B(x,t), Do (x, o))

This allows us to get the inequality
E(9,w,t0) = 29¢ 7@ (Bft — to] + (") = Lo — Cuj — 2RI|8l|oc ).

for each © € Bp+(z*). Thus, taking ~ large in terms of R, h,t and the data,
we conclude v that is a strict supersolution to (4.6) in Bg«(z*) x (0,ty + 1).
On the other hand, since Br(Z) N K = {z*}, there exists p* > 0 such that

w(z,to) < M — p* for all x € Bg(Z) \ Br+(x*),
and therefore, by upper semicontinuity of w, there exists 7* € (0,1) small
enough such that
(48)  w<M-—p"/2 in(Ba(@)\ Bp(a")
At this point, we fix h > (R/7*)2. Under this choice, the ellipsoid
2 ={(x,t): |z — 2> + h(t — tp)? < R?*}

X (to—T*,to—i—T*).
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satisfies X C Bgr(Z) x (to — 7*,tg + 7*). Notice that (z*,ty) € 9% since
|z* — Z| = R and w(z*,ty) = M. Since ¢ > 0 in X, for all € > 0 we have
w—ep < M in X and by (4.8), taking € > 0 small in terms of p*, we obtain

w—ep <M —p*/2+¢€|¢||p(x) < M in X\ (Bg+(2*) x (to — 7%, t0 + 7).

Hence, we conclude from this that w — €¢ attains its global maximum at
a point (2/,t') € X with 2/ € Bp+(2*). Since w is a viscosity subsolution
to (4.6), we get E(ep, 2, t") < 0.

By the linearity of (4.6) this drives us to the inequality

g(¢’ 'CL‘/? t/) S 0?

which contradicts the fact that v is a strict supersolution to (4.6) in Br= (z*) X
(0.t + 1). O

The following lemma is a consequence of the comparison principle, see [13].

Lemma 4.5. Assume assumptions of Proposition 2.1 hold. Let u,v be re-
spectively a bounded USC subsolution and a bounded LSC supersolution to
equation (4.1) and for t € [0,400), define

k(t) = sup {u(x,t) —v(x,t)}.
z€T4

Then, for all 0 < s <'t, we have k(t) < k(s).
The previous lemmas allows to provide the

Proof of Propostion 4.3: By Lemma 4.5, the continuity of u — v and the
fact that (zo, o) is a global maximum point for u—v, we have (u—v)(zg,tg) =
k(0) = k(7) for all 7 € [0,tg]. Then, it is sufficient to prove that for each
7 € (0,t0], (u —v)(z,7) = K(0) for all z € T¢, concluding the result up to
7 = 0 by continuity.

By Proposition 3.3, u and v are Lipschitz in space in [0, o], with Lipschitz
constant depending only on the data and ¢y3. Then, by classical arguments
in the viscosity theory, the function w := v — v is a viscosity subsolution to
the problem

ow — Tr(A(z) D*w) — T (w(-, 1), z) + (B(x,t), Dw) <0 in T¢ x (0,to],

with 8 € L>®(T9 x [0, to]; R?) defined as
1
Bz, t) = / DpH(z,sDu(z,t) + (1 — s)Dv(x, t))ds.
0

Therefore, for all 7 € (0,%g], there exists z; € T? such that w(x,,7) =
k(7). By Lemma 4.4, we obtain w(-,7) = k(1) = k(0) and the results follows.
O
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4.3. Large time behavior. The above results are sufficient to get the large
time behavior for (4.1)-(4.2).

Proposition 4.6. Under the assumptions of this section and of Proposi-
tion 4.3, the continuous solution of (4.3) is unique up to a constant.

Theorem 4.7. (Ergodic large time behavior) Under the assumptions
of this section, for any ug € WL there exists a unique solution u to
problem (4.1)-(4.2). Under the additional assumptions of Proposition 4.3,
there exists a pair (s, c) solution to (4.3) such that, as t — oo

w(- ) + et — us  in WH(T?).

The proof of Proposition 4.6 is an easy consequence of Propositions 2.1
and 4.3 and follows the same lines as in [8, 10]. To prove Theorem 4.7, we
first notice that, by comparison, for every solution (v,c¢) € W1(T%) x R
of (4.3), there exists M > 0 such that v(z) — M < u(z,t) + ¢t < v(z) + M.
It follows that osc(u(:,t)) is bounded independently of t.

Therefore, by Proposition 2.7, u(-,t) is Lipschitz continuous with a con-
stant independent of ¢. Hence, {u(-,t) + ct,t > 0} is relatively compact in
W1oo(T9). The proof of the convergence of the whole sequence then follows
as in [8].

APPENDIX A

We provide the technical estimates used in Theorem 3.1.

We start with the following relationship between Z7 and J7, see [18] for
a proof. For J7 defined in (3.2) we adopt the analogous notations as those
introduced for 77 at the end of the introduction.

Lemma A.1. Let g € C2(RY). Then, for each 6 € (0,1) we have
T [Bs(g, %) = T [Bs)(g, ) + | Dgl[7 (5, ()) O8> ),
where the O-term is independent of g.
Next result is useful in the linearization of the exponential terms arising
in J7.

Lemma A.2. Let g : R xR? = R a bounded measurable function. Assume
there exist L > 1, b € (0,1), C1,Co > 0, P C R% measurable and z,y € R?
with |z — g| < 1, such that for all z € P we have

(A1) 19(7,2) — 95, 2)| < C1(L|7 — 7| + b)|2], and
(A2) 190, 2)1.|9(5, )| < min{Cs, C1 (L + b)|2]}.

Then, there exists Cs just depending on C1,Cs such that
eI@2) _ e902) < (7, 2) — g(, 2) + C3(L*& — g| + Lb)|2|?, for z € P.
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Proof: By the Mean Value Theorem, for each z € P we have
e9(@2) _ 9(0:2) = 9(0:2) (9(:2)=9(5:2) _ )
< eg(g,Z) (g('i'a Z) - g(@? Z) + 661(2) (g('i'a Z) - g(@? Z))2/2)

for some &1(z) € [—2C%,2C5] in view of (A.2). Using this and again the
Mean Value Theorem (this time on the term e9%2)) we obtain

I — 902 < g(z,2) = (g, 2) + (P = 1)(g(7,2) - 9(7. 2))

3C> 5
+ 2 |g(f,z)—g(g,z)|
< g(2,2) — (7, 2) + 2P g(5, 2)ll9(z, 2) — 9(5, 2)|
6302 )
+ ’g(.f,Z)—g(g,Z)‘

2

with &3(z) € [-C9,C5]. Then, using this last fact together with (A.1)
and (A.2) we infer

) — 109 < g(5,2) = 9(7,2) + Ce (L + D)(LIE ~ gl + Dl

6303

+ —CF(L|z — y| + b)*|2

< g(#.2) — 9(7,2) + Cl2|*(LIZ — gl + 0)(L + LIz — 7| + )

for some C' > 0 just depending on Cy and Cj. Since b, |z —gy| < 1 < L we
conclude the proof. O

Lemma A.3. Let Z,3 € R? with |z —g| > 0 and denote p = (Z —7)/|Z —1|.
Define, for z € R¢ the function
\II(Z) = |:E —g—F](f,Z) —j(ﬂ,2)| - |a_: _g| - (ﬁ,j(i,z) _J(gaz»
Then, there exists C > 0 just depending on the data such that, for all
§ >0 and P C R? measurable, we have the estimate

/ U(z)v(z)dz < Clz — g.
PNB\Bs

Proof: Getting nonnegative upper bounds for ¥ in the domain of integra-
tion, we can get rid of the intersection with P and therefore we omit it for
simplicity.
Notice that for z such that Cj|z| < 1/2, by (J1) we have
i(@,2) —j(@,2) < |z —yl/2.

Then, for |z| < (2C;)~! we can perform a Taylor expansion on W¥(z)
(around the point T — ) to write
2

|z — 9

(A.3) U(z) < 14(Z,2) — j(7,2)]* < 2CF|z — 2|
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and introducing &y = (2C;)~1, by the above inequality and (M’) we get

| W) <crjs - g
By \Bs

where C > 0 just depend on the data.

On the other hand, when |z| > (2C;)~! we apply triangular inequality,
and the fact that [p| = 1 together with Cauchy-Schwartz inequality to get,
by using (J1), the inequality

(A.4) U(z) < 2[j(z,2) — (U, 2)| < 205z — gl[2].

Using this and (M’) we can write

| wew) < cla g
B\Bs,

for some C' > 0 depending on the data. This concludes the proof. (]
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