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ON UNBOUNDED SOLUTIONS OF ERGODIC PROBLEMS FOR
NON-LOCAL HAMILTON-JACOBI EQUATIONS

CRISTINA BRANDLE AND EMMANUEL CHASSEIGNE

ABSTRACT. We study an ergodic problem associated to a non-local Hamilton-
Jacobi equation defined on the whole space A — L[u](z) + |Du(z)|™ = f(x)
and determine whether (unbounded) solutions exist or not. We prove that
there is a threshold growth of the function f, that separates existence and
non-existence of solutions, a phenomenum that does not appear in the local
version of the problem. Moreover, we show that there exists a critical ergodic
constant, A«, such that the ergodic problem has solutions for A < A« and such
that the only solution bounded from below, which is unique up to an additive
constant, is the one associated to Ax.

1. INTRODUCTION

The starting point of this paper concerns some ergodic problems as they were
studied in [2] and [11, 12]. There, the authors study the Hamilton-Jacobi equation

A—Au+ H(z,Du) =0,

where typically H(z, Du) = |Du|™ — f(x), and m > 1 (or m > 2). Our initial aim
was to a consider a simple non-local version of this equation and try to see how
similar results could be obtained: existence of solutions, critical ergodic constants,
and some qualitative behaviour like growth estimates. The equation we dealt with
is the following;:

(EP) A — L[u](z) + |Du(z)|™ = f(z) in RY,
where the non-local operator is defined as a convolution with a regular kernel,
Lu] := J xu—u, and J is a continuous, compactly supported probability density.

We explain below why, especially in those ergodic problems, this equation raises
interesting questions and new phenomena, even compared to the more commonly
studied fractional Laplacian, for which the kernel is singular, J(z) = 1/|z|NV+e,
a € (0,2).

Let us also mention that in the “standard” setting, studying ergodic problems
is done either in bounded domains, or in the periodic case, see for instance [4, 3].
Both situations allow for a better control of the solutions and using compactness
arguments. The fact that in [2, 11, 12], the authors consider an unbounded domain
(the whole space RY), with a possibly unbounded data f, leads to various difficul-
ties in the process of constructing solutions, estimating their growth and getting
comparison results. This is even more challenging and difficult in our non-local
setting.
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Nevertheless, back to our initial intention, we managed to recover most of the
results we had in mind for (EP), so that this work turned out to be much more
interesting and demanding (and much more difficult) than a simple adaptation from
the local case. We had to develop new methods and techniques to deal with the
non-local term, and we found out that there is a natural limitation in the growth
of solutions, a feature which is not present in local setting. We are also convinced
that the ideas that we use here can be helpful in the local case as well, and improve
some of the results found in [2, 11, 12].

By a solution of (EP) we understand a pair (A, u) where A € R and u is a
continuous viscosity solution of the equation. We also refer to (EP), when A is
given and the unknown is only u. Observe that (EP) is invariant by addition of
constants to the solution, as is usually the case in ergodic problems. As we shall
see, the solutions will be actually locally Lipschitz continuous so that the equation
will hold almost everywhere and in the weak sense.

This kind of ergodic problems are known, [12], to be closely related to the as-
ymptotic behaviour of solution of the associated evolution equations, which would
read in our case

(1.1) ug — Llu] + |Dul™ = f in RV,

It is not the purpose of this paper to investigate this question, but let us just
mention that in general, solutions of (1.1) are expected to behave like u(x,t) =
At +v(z) + o(1) as t — oo where (), v) is a solution of (EP). The specific value
X is usually obtained by taking the supremum of all the \’s such that there is a
solution v of (EP)). And as for v, it is in general the unique (up to an additive
constant) solution of (EP) which is bounded from below. In this paper we focus on
the existence and properties of this pair (A, v).

1.1. The framework. Throughout the paper, we make the following fundamental
assumptions:

(i) the kernel J : RV — R is C!, symmetric, radially decreasing, compactly sup-
ported in By(0), with [ J(y)dy =1 and strictly positive in all B(0);

(73) we restrict ourselves to the superquadratic case m > 2 (more on this below);
(#i1) the function f is assumed to be at least continuous and bounded from below.

We will give more precise assumptions on f later, but these basic three assumptions
(¢)—(#i¢) will always hold and we shall not recall them anymore.

ON THE NON-LOCAL TERM — We use here a convolution with a regular, compactly
supported kernel. This choice has several consequences that need to be dealt with.
First, no regularizing effect can be obtained from operator £. Indeed, contrary to
the Laplacian which is a second-order one, or a fractional Laplacian which would
be of order a € (0,2), the operator £ can be understood as a zero-order term.
However, this non-local operator still enjoys some strong maximum principle. We
refer to [1, 7] and the references therein for general properties of this type of non-
local operator. In particular, £ is known to be an approximation of the Laplacian
as the support of J shrinks to the origin (when J is symmetric).

We also choose to consider here a compactly supported kernel.

When the non-local operator is defined through a fractional Laplacian, for in-
stance, the tail of order 1/|z|¥ "% implies a power-type growth restriction for all
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possible solutions, since L]u] has to be defined, at least. On the contrary, if J
is compactly supported, L[u] is always defined, as long as u is locally bounded.
But (see below), contrary to the local case, the presence of a non-local term in the
equation implies some growth limitation, even in the case of a compactly supported
kernel. A similar behaviour was also found in [5], where the growth of initial data
is limited, and differs from the local heat equation.

ON THE HAMILTONIAN — In this paper we consider the case H(x,p) = |p|™— f(x),
but most of the results are adaptable to more general cases, for instance H(x,p) =
a(x)|p|™ — f(x) as is done in [11]. Notice however that since our solutions are
not necessarily bounded, the gradient is only locally bounded in principle, and
as is well-known in Hamilton-Jacobi equations, mixing the xz-dependence with the
p-dependence leads to several difficult issues.

As we mentioned, we will restrict ourselves to the superquadratic case, m > 2.
Actually, there is only one place where this specific condition seems to play a
role, namely in the existence construction (proof of Proposition 3.1), when using
results of [6] to deal with a vanishing viscosity approximation. It is not clear to us
whether this restriction is purely technical and could be relaxed to the more general
assumption m > 1. This is a clearly difference from the local equation, since in this
case, the viscous term does not vanish.

1.2. Main results. We present now the main results of this paper, which can be
summarized in three items.

A. GROWTH LIMITATIONS — As we said, since J is compactly supported, the
non-local term L[u] is well-defined for any locally bounded function u. However,
contrary to the local case, it turns out that problem (EP) is not solvable for ar-
bitrary growths of function f. More precisely, if f(x) = Cexp(al®!), then (EP) is
solvable only when a < m.

The formal explanation is that in order to solve the equation, the |Du|™-term
has to be the leading term. But, at least for fast growing radial supersolutions 1,
this is not the case: the convolution looks like —L[¢](r) ~ —¢(r + 1), which grows
faster than [¢'|"™(r) and this implies that the supersolution inequality cannot be
satisfied, see Lemma 2.14 and Corollary 2.15.

B. EXISTENCE OF SOLUTIONS AND OF A CRITICAL ERGODIC CONSTANT — We
prove that for functions f in a suitable growth class, typically f(z) < Cexp (m‘””')
for some C > 0, problem (EP) is solvable. Moreover, there is a bound for the
constructed solution, u(z) < ¥(x) := |z|fY/™(z) for |z| large, so that u(z) <
C|z|exp (m'x‘_l) for large |z|.

Getting this existence result requires to deconstruct all the methods that are
used in [2, 11, 12] (and even [10], see Appendix). A big issue that we face is that we
do not have an universal local gradient estimate, as it is the case in [2, 11, 12]. This
is due to the fact that £ is just a zero-order operator. We manage to bypass this
difficulty by using a supersolution (obtained by a modification of function ¥ above)
in order to control the non-local term. But this implies several technical problems,
since ¥ is only a supersolution of (EP) for |z| # 0, see the whole construction in
Section 3.

Notice that there are bigger supersolutions, but this specific ¥ yields a kind of
minimal supersolution in the sense that bounded from below solutions behave like
U (see below).
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Once the existence result is proved, it is usual to consider the critical ergodic
constant as the supremum of all X’s such that (EP), is solvable. However, we still
face the difficulty of estimates here and we need to include the upper behaviour of
solutions in the definition:

X 1= sup {)\ € R: Ju, solution of (EP),, such that limsup u(@) < oo}.

We prove that X is finite and that there exists a solution u associated to A. Again,
it is natural to have a limitation for the growth of solutions. Indeed, if u grows too
fast, then L£[u] becomes the leading term of the equation, and we have seen already

that this is not possible if we want to have a solution.

C. CHARACTERIZATION OF THE CRITICAL ERGODIC CONSTANT — As in the lo-
cal case, we prove that the critical ergodic constant A\ can be characterized by
the fact that (A, u) is a solution of (EP) such that u is bounded from below and

limsupu(z)/¥(x) < oo if and only if A = A. And in this case, u is uniquely
determined (up to an additive constant).

Notice that in [2], such results are obtained for solutions and functions f which
grow like powers. In contrast, we are able to consider much faster growths, like
exp(al®!). A key step in this improvement is to prove a bound from below for
solutions such that infu > —oo. This is done in Lemma 7.1. This Lemma is a
refinement of [2, Proposition 3.4], and allows to treat faster growths. Actually,
this approach could also be applied to the local case in order to generalize various
results in [2].

1.3. Organization of the paper. In Section 2 we state the main hypotheses on
the function f, construct sub and supersolutions to the problem and prove a non-
existence result which illustrates the fact that the growth of f is limited. Section 3
deals with auxiliary problems defined on a bounded domain. Then, in Section 4
we prove the existence of solutions of (EP). The last four sections are devoted to
the critical ergodic constant and bounded from below solutions. In particular, we
establish the existence of a critical ergodic constant in Section 5 under some growth
restriction. In Section 6 and 7 we prove that there are solutions that are bounded
form below, that these are unique (up to an additive constant) and that they are
associated to the critical ergodic constant. Finally, in Section 8 we extend the class
of solutions associated with the critical ergodic constant and prove some continuous
dependence of the critical ergodic constant with respect to f.

ACKNOWLEDGEMENTS — Work partially supported by Spanish project MTM2014-
57031-P.

2. PRELIMINARIES

Basic NOTATIONS — In the following, Br will stand for B(0) = {z € RY : |z| <
R} and we use the notation |z| > 1 to say that a property is valid for |z| sufficiently
large. We will use also Ry to denote any radius meaning “|z| big enough”.

We will denote u(z) = o(v(z)) to say that u(z)/v(z) — 0 as |z|] - oco. In
particular, o, (1) represents a quantity which goes to zero as the parameter o goes
to zero (or +oo, depending on the situation). If some uniformity with respect to
some other parameter is required, this will be mentioned explicitly.
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2.1. Definitions and hypotheses.

Definition 2.1. A locally bounded u.s.c function u : RV — R is a viscosity sub-
solution of (EP) if for any C!-smooth function ¢, and any point xo € RY where
u — ¢ reaches a maximum, there holds,

A = Llu](zo) + [Dp(z0)|™ — f(20) < 0.

A locally bounded l.s.c. function is a viscosity supersolution if the same holds
with reversed inequalities and the maximum point replaced by a minimum. Finally
a viscosity solution is a locally bounded function u such that its u.s.c. and l.s.c.
envelopes are respectively sub- and super-solutions of (EP).

Notice that, in the above definitions we only need the test function ¢ to be C!
in a neighborhood of zy (or even only at z), and we shall use this remark when
we use test functions which are not C! in all RV,

Remark 2.2. If we consider u :  — R and the equation defined on a bounded
domain €2 together with a boundary condition, say u = % on 952, then the defi-
nition of viscosity subsolution (respectively supersolution) has to parts, depending
whether the maximum point z( is achieved inside € or on the boundary, 0€2. In
this latter case, the condition for u to be a subsolution reads

max(X — L[u(zo) + [Dp(x0)|™ = f(x0), u(x0) = 1b(20)) <O

(respectively min and > for supersolutions). However, we shall not use boundary
conditions here: we have only a viscosity solution in a ball B and send R — oo,
see Lemma 4.6.

We list now the complete set of assumptions we use throughout this paper.
We want to stress at this point, that we could have simplified this list by making
strong assumptions (for instance, assuming that f is radial and radially increasing).
However, we opted to keep track of what was really necessary to assume to produce
each result. We think that the methods we design, with these weak assumptions,
can be helpful in other situations. We comment on each hypothesis and give typical
examples.

The main hypothesis on the right hand-side f, that we use throughout the paper
is the following;:

(HO) f:RYN — Ris C! and inf{f(x):|z| =7} = o0 as r — oo.

In particular, we are assuming that f is uniformly coercive so that for x large
enough we have f > 0 and we can set

D () = [l f )"/,

In addition we have to impose some extra hypothesis on f. The next set of
assumptions are related to its growth. The first two hypotheses, (H1) and (H2), are
required to construct a supersolution in R™ \ {0}. Hypothesis (H1) is fundamental
here, it is were we see the limitation in the growth of f, see more below.

(H1) For |z| > 1, s;l}z )|D(I>(y)| < |D®(x)|™.
yeBi(x

(H2) For |z| > 1, - Df(z) = —f(x).
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The following two hypotheses, (H3) and (H4), control the behaviour of f from
below. This is crucial in order to prove that solutions which are bounded from
below, actually have a minimal behaviour at infinity, which is given by ®.

(H3) As |z| = oo, () = o f(x)).

(H4) There exists 19 € (0, 1) such that for all n € (0,70), there exists ¢,, ¢, > 0
and R, > 0 such that

for |z| > R,,, and s € B,(0), gnf((l - n)x) < f(x + s|z|) < Enf((l +T])o:).

The last two hypotheses are needed in order to prove that for a close enough
to 1 and x big enough (uniform with respect to a), if u is a supersolution then
aNu(ar) is also a supersolution. This is a crucial step. if f verifies(H7)-fast in
proving that the only solutions that are bounded from below correspond to \*. If
(H'7)-slow hods, we do a slightly different approach, proving first that u9(z) is a
supersolution, if ¢ > 1

(H5) There exists ag > 1: Va € (1,a0), as |z| — oo, sup ®(a(z + 2)) <K f(z).
1<

(H6) There exists Ry > 0 such that Va € (1, a¢) and |z| > Ry, f(az) > af(z).

(H7) One of the following holds:
Slow case — for all a € (1,a9), limsup(f(az)/f(x)) < 0o as |z| — oo;
Fast case —for all a € (1,a0), iminf(f(azx)/f(z)) = +o0 as |z| — oo.

Examples and discussion on the hypotheses — As we said, (H1) highlights
the limiting behaviour of f in order to get a solution. It can be checked that if
flz) = exp (p"”‘), then (H1) is satisfied if and only if p < m. This hypothesis is
essential in order to control the non-local term by the gradient term.

On the contrary, (H3) and (H4) both imply that f has a minimal growth. By
the specific form of ®, (H3) is equivalent to f(z) > |z|™* where m, :=m/(m —1).
Actually, this is not a real limitation since if f does not grow so fast, the methods
in [2] readily adapt.

Hypothesis (H5), though it is similar to (H3), it is a bit more restrictive non-
local version of (H3). For power-type functions f, this condition also reduces to
f(x) > |z|™ and (H5) implies (H3).

Finally, (H2), (H4) and (H6) are automatically satisfied if f is radial and in-
creasing. Hence, these hypotheses are needed to control how much the function f
is allowed to deviate from this behaviour. Notice though, that they allow f to be
quite “far” from radial and increasing.

In conclusion, the typical functions that satisfy all these hypotheses are the
following:

fi(x) = clx|® with a > m,
fa(x) = cexp(alx|) with a > 0,
fa(x) = cexp (plx‘) with p < m.

Some non-radial as well as some non-monotone versions are allowed within the
range of (H2), (H4) and (H6).
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Hypothesis (H7) covers all cases f1, fo, f3 above, but makes the distinction be-
tween power-type growths which satisfy (H7)-slow and exponentials for which (H7)-
fast is fulfilled.

Remark 2.3. We assume that f is C! throughout the paper for simplicity: with this
assumption we can compute and use the gradient of ®(x) = |x|f/™(z), for |z| large.
In fact, regularity of f is not an issue here and we could consider only continuous
functions to get exactly the same results by using smooth approximations of f.

Across Sections 4-6 we will assume that f verifies the three assumptions (HO)-
(H2) without mentioning it anymore. In Section 7, where we prove uniqueness, we
will use more assumptions on f and hence we will write for each result only what
is really necessary.

2.2. Subsolutions and Supersolutions. It is straightforward to see that, for
A < min(f), typical subsolutions of (EP), are the constants. In this range of A-
values, there are also coercive subsolutions, which will help us to build solutions
which tend to infinity at infinity (see Section 6).

Lemma 2.4. Let f verify (HO). Then for any A < min(f) there exists a Lipschitz
subsolution Oy of (EP)y such that ©y(z) — oo as |z| = co.

Proof. Since A < min(f) and f is uniformly coercive, there exists R, > 0 which
depends on A such that f(z) > A+ &™, if |z| > R., for some k > 0. We define

Ox(2) = r(lz] — Ri)y

which is (globally) Lipschitz. Using Lemma A.4 we see that for any z € RY,
—L[0,](z) < 0. Moreover, since |DO,| = k or |[DOy| = 0 almost everywhere, we
get in any case

(2.1) A—L[O)] 4+ |DON™ < A+ KT L f.
Notice that the exact proof has to be done in the sense of viscosity, but at the
points where |z| = R,, no testing is done for the subsolution condition, while at

other points the function is smooth. So, ©) is indeed a coercive subsolution in
RY. |

Remark 2.5. The parameter k is somewhat free if we allow R to be big. For |z| big
enough f(x) is big and we can choose x big. Thus we can build subsolutions with
arbitrary big linear growth.

If we try now to construct a supersolution, the first thing that we face is that it
is not possible to do it, if A < min(f).

Lemma 2.6. Let f verify (HO) and A < min(f). There are no smooth, coercive
supersolutions of (EP) in all RY.

Proof. Assume by contradiction that there is such a supersolution, say v, and let
xo be a minimum point of 1. Then, since ¥ (y) > (xo) for all y € By (xo)

0<f =A< —L[Y](zo) — [Dip(xo)|™ = —/B ( )J(éﬁo —y)(Y(y) — (o)) dy < 0.

This implies that (y) = (o) for all y € By (zo).
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We can repeat now the argument using as center any y € Bj(zp). We finally
get that ¥(y) = v¥(xg) for y € RY. This yields a contradiction with f being
coercive. (]

However we are able to build supersolutions in RY \ {0} (without any restriction
on ). In order to do it, we look first at (EP)g,

(EP)g —Lfu](x) + |Du()|" = f(z) in BV,

In this construction we assume that (HO)—(H2) hold, so there exists R* > 0
such that for any |z| > R*, f(z) > 1 and (H1),(H2) hold for such z.

Remark 2.7. If we take k = 1 and A = 0 in the construction of the subsolution Oy,
then R, = R*. We will use this fact in Section 6 in order to construct bounded
from below solutions.

Up to fixing the constants, we use the following construction: we set Wiy := b|x|
for |z| < R* 4+ 1; Uyt = ¢® for |z| > R* and then combine Wiy, and Weys in the
intermediate region R* < |z| < R* + 1, in order to get a supersolution of (EP) for
all |z| # 0. We finally define U = ¢, ¥ which yields a supersolution to (EP) for
|z| # 0, provided ¢y is well-chosen.

Lemma 2.8. There exists cg > 0 such that for any ¢ > co, Uin(x) 1= c|z| is a
supersolution of (EP)g for 0 < |z| < R* + 1.
Proof. The proof is straightforward: we first have

x
DU (x) =c— and |L[Tin](2)] < sup [DUi(z+y)| =c.
|| yEB ()

Then, since m > 1, for any ¢ big enough we have

™ —c¢> max f,
Brei1 !
and we get —L[Uine](z) + | DWing(2)|™ = —c+ ™ = f. O

Lemma 2.9. Let f verify (HO)—(H2). There exits ¢c; > 0 such that for any ¢ > ¢y,
Uext = P is a supersolution of (EP)g for |x| > R*.

Proof. We estimate each term in (EP), separately. On one hand we have

T T
DUy =cDP = c(mfl/m + %fl/mfl . Df)
Using (H2),
2.2 L pp= L I (pym oy Do meiy pe) s fm(p o L
@2) gy (7 e D) 2 (1 )

from where we get that |[D®| > |Z - D®| > f1/™(1 - 1),

E] m
On the other hand, in order to estimate the non-local term we use (H1) and get

[L[®)(x)| < sup )IDq’(fery)l < [DO(z)[™.

yEBl(w

Therefore, if ¢ is such that
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we get

m—1
~L[Pext](2) + [ DVt ()] = —c|DR(2)[™ + " [DR()|" = ——(c" —)f > f,
and conclude that Weyy is a supersolution of (EP)g for |z| > R*. O

Finally, the construction ends by interpolating between W;,; and Ve, in the
region R* < |z| < R* 4+ 1. To this aim, let x : [0,00) — [0,00) be a regular, radial
and non-decreasing function that verifies x(r) = 0 for r < R* and x(r) = 1 for
r> R*+1. We set

(2.3) U= (1—x)Ui + xVere in RY.

Lemma 2.10. Let f verify (HO)—(H2). There exists ca > 0 such that for any
¢ = co, U is a supersolution of (EP)g for R* < |z| < R* + 1.

Proof. We first give a rough estimate of the non-local term. Notice that since
|z] = R*, f(x) > 1 so that Wexi(z) > c|z| > 0. Since also Wiy (z) = c|z| > 0, it
follows that for any R* < |z| < R* + 1, ¥(z) > 0. Hence, for such z,

—L[¥](z) > —-(J*xT)(x) 2 —c(R*+1)—c sup P=-Kc
Breo\Br»
for some constant K depending only on f (through R* and ®).
We now turn to the gradient term. As we noticed, Vet () = c|z| = Wing(x) for

R* < || € R* 4 1. And since  is radially nondecreasing, we get, using for the last
inequality (2.2) and the fact that f(x) > 1 for |z| > R*,

X X i
7D\I/(x) = (1 - X)iD\I/int + XiD\I/ext + X/(\I/ext - ‘I’int)
| || ||
> (1= \) e DWiy + Y e DUy
|| ||

> (1= x)e + xe(l — 1/m) = e(1 = x/m) > (1 — 1/m).
This gives a lower estimate for the gradient of U: for any R* < |z| < R* +1,

DU (z)|™ > M%D\P(xﬂm > (1 — 1/m)™

To conclude, we get that for any R* < |z| < R* + 1,

L[]+ DY — f > —-Kec+™(1-1/m)™ — sup f.
Bpr+11\Bp+
Hence, if ¢ is big enough, since m > 1, we obtain that the right-hand side is non-
negative which yields the result. (|

We are now ready to construct a supersolution for (EP), for |z| # 0. We first
fix c. = max(cg,c1,c2) where cg, ¢ and ¢z are defined in the lemmas above. Then
the corresponding function ¥ is Cl-smooth and it is a supersolution of (EP)q in
RN\ {0}. In order to deal with a nonzero ergodic constant A, it is enough to
multiply ¥ by some constant (depending on ). We set

(2.4) Uy:=c) P, wherecy=(2+ A7) and A~ = max(0,—X) > 0.

Proposition 2.11. Let f verify (HO)—(H2), then Uy is a strict supersolution for
(EP)y for all |z| # 0.
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Proof. Recall that for |z| > R* f(x) > 1 and since ¥ is a supersolution of (EP)y,

for such = we have
A= L[U\]+ DT = A= (24 X)L[TP] + 2+ A7) D™

)
2+A7)(— L[¥]+[D¥[™)
)

ATH1I+ 2 4L
On the other hand, if || < R*, Uy = (2 4+ A_)Uiy. Then, as in Lemma 2.8 we
obtain

+24+AT)"" =2+ A )z A+ 2+ A7 )(™ —0)
+2+A ) max f> f+1

Bre 1
Notice that in the last inequality, we use that the maximum of f on Br«1 is greater
than or equal to one since at least f(x) > 1 for || > R*. O

Remark 2.12. For |z| > 1, Uy = (24 A\_)®. Hence, the supersolution ¥y inherits
all the properties that we assume on ®.

Remark 2.13. Notice that for any ¢ > ¢y, ¢V is also a strict supersolution of (EP),.

2.3. Non-Existence results. We end this section by showing, at least in a radial
case, that solutions to (EP) only exist if f grows less than a specific function
(independently of the value of \).

Lemma 2.14. Let o, 3,70,¢,a > 0, m > 1 and consider the inequation

(2.5) atp(r) — BY(r + 1) + (' ()™ = f(r) == ce®  forr > .
Then if a > m, there is no function 1 € C([rg,o0)) with ¥’ > 0 satisfying (2.5).

Proof. We proceed by contradiction, assuming that such a function v exists.

We first claim that ¥(r) — 400 as r — co. Indeed, since v is nondecreasing, it
is bounded from below on [rg, +00) and if in addition we assume that it is bounded
from above, we get that for some constant C' > 0, (¢'(r))™ > f(r) — C. Hence
¥'(r) > 1 for r big enough, which is a contradiction with the boundedness of 1.
Hence v is not bounded and since it is nondecreasing, the claim holds.

Thus we can assume that for some 71 > rg, ¥(r) = 1/« on [r1, 00), which implies
that for r > rq,

(2.6) (ap(r) +¢'(r))™ = f(r) + B(r + 1).

From this inequality we prove, by an iteration process, that ¥ has to blow-up for
any r > r1 + 1, which leads to a contradiction.

The first iteration neglects the term S (r + 1) in (2.6). Hence, integrating the
expression

m ”
{(earw)/e—ar} > ce®
we obtain for r > rq

r+1
P(r+1) > ce @D / ela?)/meas g,

r1
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We fix 6 € (0,1) such that a®/m :=~ > 1, which is possible since a > m. Thus,
r+1
(2.7) Y(r+1) > ce*"‘(rﬂ)/ el@)/meas qs > ¢(1 — S)ea(‘s*l)ear'aa/m > Ce’
[ )

where the constant C' > 0 depends on ¢, d, a, m, .

For the next iterations, we repeat the integration and bounding process. We
use (2.6), neglecting now the term f(r), and (2.7) and get

P(r+1) = pC(c,6,a,m, a)Zefyzar.

Then by direct induction, we get that for any n > 2 and r > rq, ¥(r + 1) >
B"1C(c,8,a,m,a)*e’"* . Since v > 1, we conclude by sending n to infinity,
which yields blow up for ¢ for any r (even if possibly, 8,C < 1). O

Corollary 2.15. If f(z) = Cexp(al®!) for |x| > ro with a > m, then there is no
C' solution u of

A= LIIr) + @)™ = f

such that for |z| > 1, u is radial and radially increasing.

Proof. For |z] > 1, f == f— X > (C/2) exp(al®!). Then we use Lemma A.5 with
a=1, f=c.and f instead of f in (2.5). O

This result is restrictive in the sense that we cannot avoid the possibility of
having non radial solutions u, or that they are not radially increasing. But this is
improbable with f(r) = Cexp(a”), and this result is at least a good hint that a
more general non-existence statement should hold.

3. APPROXIMATE PROBLEMS IN BOUNDED DOMAINS

In this section we settle and solve some approximate problems that are defined
in Bg. Solving such problems is quite standard for local equations (see [2, 11]), but
we have to adapt here several steps to deal with the non-local term. In particular,
we will use the Perron’s method, following the standard construction; however, we
do not want to skip it, since, because of the non-local operator which is involved,
we have to check and adapt every step carefully. Those approximate problems will
be the key in order to construct solutions of (EP) in the whole space, Section 4.

First of all we adapt the definition of the non-local term to the bounded domain
Bpg. When solving the Dirichlet problem we need to consider the usual boundary
condition (function g € C%7(9Bg) for any v € (0,1) see (3.2) below), but also an
outer condition 1, which enters in the non-local operator, see 7, 8]. Thus for R > 1
we define

B L@ = [ Je-pewdy+ [ I dy - o)

Br B¢
It is clear that, if v is defined in the whole space, then L£}[v] = L[v]. Moreover,
since J is compactly supported on By, for & € Bg, the outer term in (3.1) becomes

J(x - y)d(y) dy = / J(@ - y)(y) dy,

BE Br+1\Br

so that the function 1 needs only to be, say, continuous on By \ Bg for ﬁ}g to
be defined.

11
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Now, for € > 0 and R > 1 fixed, we consider the approximate problem

(3.2) A—eAv—L5[v] +|Do|™ = f,  x € Bg,
v =g, x € 0BR.

The fundamental existence result is the following;:

Proposition 3.1. Let ¢ > 0, R > 1, f € CY(Bgr), ¢ € C%Bgy1 \ Br) and
g € C%Y(0BR). If there exists a subsolution v € C*(Bgr) N C°(BRr) of (3.2), then
there exists a solution, v € C*(Bgr) N C°(Bgr) of (3.2).

Remark 3.2. We opted to state this result assuming f € C!, since this is the general
assumption we made in order to have supersolutions (see Section 2). The same proof
holds with a regularizing argument if f is only continuous or even f € WhH(RY).

In order to use Perron’s method, we have to provide, as a first step, a superso-
lution to problem (3.2). To this aim, let us consider the linearized problem

{ —eA¢p— LY[¢] =M,  x € Bg,

(3:3) =g, x € OBg.

Existence and uniqueness of a solution ¢ € C?7(Br)N C°(Bg) for any v € (0, 1) for
problem (3.3) is obtained through a variant of [10, Theorem 6.8] that includes the
non-local operator. We detail in the Appendix the construction and adaptations,
see Lemma C.1.

Lemma 3.3. Let M > ||f|lLe(p,) + |Al and let v € C*7(Bg) N C%(Bg) be the
solution of (3.3) and v a subsolution of (3.2). Then v < T in Bg.

Proof. Due to the choice of M, it is straightforward that v is a strict supersolution
of (3.2) and that ¥ = v on JBg.

To get the comparison result, we define w := v — v € C?(Bg) N C°(Bg), which
verifies
—eAw — L%w] <0 in B and w=0 on dBg.
Notice that the exterior term involving 1 cancels after substracting the equations,

hence we obtain a zero-Dirichlet problem for w, i.e. with g = = 0.

Let 2o be a maximum point of w in Br. If w(zg) < 0 the result follows im-
mediately, so let us assume that w(zg) > 0. In this case, notice that ¢y € 9Bpg is
impossible since w = 0 on the boundary.

Since 29 € Br and w is a C2-smooth function, we have Aw(zg) < 0 and the
equation yields
—L%[w](zo) < 0.
But since z( is a point where w reaches its positive maximum, we get
0 <wao)( [ Jan-y)dy-1).
Br

which is a contradiction since w(wo) > 0 and [ J(zo —y)dy < 1. O

In the following, we introduce the critical exponent a,, := (m—2)/(m—1) € (0,1)
as found in [6], which is where m > 2 is needed.
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Proof of Proposition 3.1. Let T be a supersolution of (3.2) and consider the set
S := {vg € C"*(Bg) : vg subsolution of (3.2) with v < vg < ¥ in Bg}.
The set is non-empty since v € S. For any z € Bg, we set

v(z) := sup vg(x)
vs €S

which is well-defined, since all the functions vg in S are bounded above by 7. We
first notice that v < v < v in By and that necessarily v = v = v on 0Bg.

Concerning the regularity of v, we use the estimates of [6, Theorem 1.1]. Writ-
ing (3.2) as
vg —eAvg + |Dvg|™ < F(z),
where
F@)i= [ osla-ndy+ [ wl)Ie-pdy+ o) - A
Br Br+1\Br

we see that there exists a constant K depending only on |[[(vs)™|r~(p,) and
| F |l () such that

Qy

in BR.

lvs(z) —vs(y)l < Klz —y

Now, for any vg € § we have (vg)” < (v)~ and vg < T. So, both functions F(x)
and (vg)~ (z) are uniformly bounded in Bgr with respect to vg € S. We deduce
that the subsolutions vg in S are uniformly Hoélder continuous up to the boundary

which implies that v € C%%(Bg).

CLAIM — v is a viscosity solution of (3.2). It is standard that, being defined as
a supremum of subsolutions, v is also a subsolution of (3.2). Hence v € § and it
remains to prove that v is a supersolution of (3.2). Since by construction v = g on
0BpR, we only need to check the supersolution condition inside Bg, which is done
as usual through the construction of a bump function.

We proceed by contradiction: let us assume that v is not a supersolution of (3.2).
Then, there exists a fixed Z € Bg and ¢ € C?(Bg) such that v — ¢ has a minimum
at £ and

(3-4) —eAp(@) — Ly[0](z) + [Dp(@)|™ — f(2) + 1 < 0.
We can assume with no restriction that v(Z) = ¢(Z), hence v > ¢ in Bp.

Moreover, we claim that v(Z) < (Z). Indeed, assuming otherwise that v(Z) =
(Z), since v < U we would have v(Z) = ¢(Z) = 7(Z) and ¢ < v < T, which
together imply that ¢ — ¥ has a minimum at Z. Consequently Dy (Z) = Dv(z) and
Ap(Z) — AB(Z) > 0. Replacing ¢ by v in (3.4) at the point Z we would get

—eAT(T) — LY [0](Z) + |DB(E)|[™ — £(Z) + A <0.
But since v(z) = 5(2) and v < T in Bg, we have L£[v](Z) < L3[0](Z) and we see
that

—eAT(z) — LY[0)(2) + |Du(@)|™ — £(Z) + X < 0.

This contradicts the fact that v is a supersolution of (3.2). Hence v(Z) < v(Z)
and we define, for any y € Bg, the bump function

v5(y) = max{v(y); p(y) + 6 — |z — y|*}.
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Notice that by construction,

{v5(y) =v(y) if y ¢ Bs1/2(7),

(35) v(y) <wvs(y) <o(y) +0 if y € Bs1/2(7).

The strategy is to prove that for § > 0 small enough, vs € S, which contradicts the
definition of v as a sup, since vs(Z) = ¢(Z) + 0 > v(Z). We divide this into four
steps.

(1) REGULARITY — The function vs, defined as a maximum of two functions which
belong to C%(Bg), belongs itself to C%*(Bg).

(74) BOUNDSs — It is clear by construction that vs > v in Bg.

On the other hand, if |y — Z|? > & then vs(y) = v(y), see (3.5). Hence, outside
Bgs1/2(Z), we have vs < T. Moreover, since v(Z) < ©(Z), for § small, we have vs < T
for y € Bsi/2(Z). Therefore vs < U in Bg for § small enough.

(#41) SUBSOLUTION CONDITION — As before, outside Bji/2(Z), we have that vs = v.
Hence vs is a subsolution in Bg/z (7).

Let y € Byi2(Z) and o € C?(Bg) be a test function such that vs — ¢ has a
(strict) maximum zero at y. We have to prove that in this situation vs verifies

—eAo(y) — Lx[vs](y) + [Do(y)|™ — f(y) + X <0.

Since y € Bjsi/2(Z) we have o(y) = o(Z) + 0s(1) uniformly with respect to y €
Bs1/2(Z). Similarly, |Do(y)|™ = |Do(Z)|™ + 0s(1) and eAp(y) = eAp(Z) + 0s(1).

Moreover, 7[&1%[1}5](3/) = 7ﬁﬁ[v5](f) + 05(1), and the facts that vs > v and
vs(Z) = v(F) 4+ ¢ imply that —L%[vs](Z) < —E}é[v](fc) + 4. Finally, since f is
continuous, f(y) = f(Z) 4+ 0s5(1). Gathering these estimates we obtain that for any
Y€ B§1/2 (S_C)a

—eAo(y) — Ly[vs](y) + [De)|™ — f(y) + A
< —elo(@) — Ly ](E) + [Do(@)|™ — f(Z) + A+ 05(1).

Finally, since o(Z) = v5(Z) + 05(1) = (&) 4+ 05(1), we deduce that for § > 0
small enough, according to (3.4), the bump function vs is a subsolution of (3.2) in
Bgsi/2(Z). Therefore, vs = max(v, ps) is a subsolution in Bp.

(iv) CONTRADICTION — The above points (i) — (i4) — (i4i) imply that vs € S, which
is a contradiction with the definition of v, since vs(Z) > v(Z).

We conclude that v € C%% (Bg) is a supersolution of (3.2) in B and since it
is also a subsolution, it is a (viscosity) solution of (3.2).

Finally, to get that v € C?(Bg) we use some standard bootstrap regularity
estimates. Notice first that, since v and v are continuous, both integrals terms in
E}g[v] are at least Lipschitz continuous. Since, by assumption, f is also Lipschitz,
we apply [6, Theorem 3.1], which implies that v is at least Lipschitz continuous,
locally in Bgr. Thus, the Lipschitz function v satisfies an equation of the form
—eAv=FeLY (Bg) in the viscosity sense.

loc
This implies that v is actually also a weak solution of this equation. This is a
quite straightforward and standard statement in viscosity solutions’ theory which
comes from the fact that we can regularize v as v, and pass to the limit in the weak
sense in the equation.
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By standard regularity results, it follows that v € WiP(Bg) for any p > 1 so
that v € CL@ for any a € (0,1). Hence F is in fact in C%%(Bg) and from this we
deduce that v € C%%(Bg) for any « € (0,1). O

We end this section by introducing a uniform (in £) estimate of the solution v:

Lemma 3.4. For any R > 1 there exists a constant C = C(R,v,g, f) > 0 such
that for € > 0 small enough, |[v||L= By < C(R, ¥, g, f).

Proof. Consider the following equation
(3.6) —L%[X]=M+1 in Bg,

where M is defined in Lemma 3.3. We refer to [9, Appendix| for existence of a
solution y € L!'(Bgr) of (3.6). Notice that, since both integrals in the non-local
term are at least continuous, we have x € C°(Bg). Then we consider a resolution
of the identity (pg)ren and set

Xe i =pex (X +¢), c:=|glLesn + IxlLesa,

so that for any k € N, xx € C?(Br)N C°(Bg) and X > g on Bg. Since Y1, — x+c¢
uniformly in Br and ¢ > 0, it follows that

—LyINk] = —Lo0] — LR + or(1) = M +1 + ox(1),

where oy (1) vanishes as k — oo, uniformly with respect to © € Br. We first choose
k = ko big enough (but fixed) so that the right-hand side above is greater than
M +1/2. Then, it follows that for 0 < & < eq(ko) we have || AXg, ||L~(Br) < 1/2.
Hence, setting w(z) := Xk, (x) we find that for € small enough,

—eAw — Lﬁ[w} > M

which means that w is a supersolution of (3.3) such that w > g on 0Bg. By the
comparison principle (which can be proved exactly as in the proof of Lemma 3.3
and Theorem B.1) we get that ¥ < w < |[w||p~(By) = C(R,v, g, f) in Bg. And
the result follows since by construction v < . O

Remark 3.5. We will use later (see Lemmas 4.3 and 4.5) that the above estimate is
uniform with respect to the data 1, g, f provided they remain bounded. Especially,
this holds true if we take approximations vy, g, f» that converge uniformly in Bg.

4. EXISTENCE RESULTS FOR (EP)

The aim of this section is to prove that there exists at least one value of A for
which problem (EP) is solvable. Moreover, the solution turns out to be bounded
by the supersolution ¥, constructed in Section 2, see (2.4).

Theorem 4.1. If there exists a strict viscosity subsolution, u € Wllc;jo(]RN), of
(EP)x such that u < ¥y in RY and u(0) = 0, then there exists a viscosity solution,

uy € WEP(RN), of (EP)y, such that uy < ¥y in RN and uy(0) = 0.

We reduce the proof of this result to solve the approximate problem defined on
Bg, see (3.2), and then pass to the limit first as € tends to zero, and second as R
tends to +oo. To perform this we need two main ingredients: (i) smooth the data
(the right-hand side f and the subsolution u); (i) get some local uniform bounds
independent of € and R to pass to the limit.

15
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Let p, be a resolution of the identity and set f, := pn * f, ¥y, := pp * u. Then
both f,, and 1, are smooth and converge uniformly in Br to f and u respectively.
In the following, 0, (1) stands for any quantity which vanishes as n — oo, uniformly
with respect to @ € Bg. Thus, ¢, = u+ 0,(1) and f,, = f + 0,(1).

Observe that, as we mentioned in Remark 2.3, our general assumption on f
is C!. This will be not enough here, since at some steps in this section we will
have to compute AW,. This is why we have to do an approximation argument and
define f,.

Consider also (3.2),,; i.e, problem (3.2) with data f = f,,, outer condition ¢ = ¢,,,
and boundary data g = v,, on dBg.

The first result we prove states that we can use 1, as a subsolution to (3.2),, in
Bpg. Notice that during the proof we will choose € depending on n. This will not
be a problem afterwards, since we will first send e to zero (Lemma 4.6) and then n
to infinity.

Lemma 4.2. There exists n > 0 such that for n big enough and € small enough,
the smooth function v, satisfies

(4.1) A — A, — LY ] + |Dbn|™ < fo —n/2 in Bg.

Moreover, 1,(0) = 0,(1) and v, < Uy + 0, (1) uniformly in Bpg.

Proof. Since 1, converges uniformly in Br to u, it is a direct consequence of the
assumptions on u that ¢, (0) = 0,(1) and 1, < Uy + 0,(1).

In order to prove the first part of the lemma, notice that, since u is a locally
Lipschitz strict subsolution of (EP) in RY, there exists n > 0 such that for almost
any z € Bp,

A= Ly +[Dul™ < f —n.

We can then estimate the terms in (4.1) as follows: for the non-local term we notice
that L3 [t,] = L] = Lu] + 0n(1). Moreover, |Dip,|™ = |Du|™ + 0, (1) and
—eA, is as small as we want if we choose € small enough, once n is fixed. Hence,
we deduce that

A —eAY, — Eﬁ” [%] + |D1/}n|m <fo—m+ On(l) + EHA’(/J'”HLOO(BR) in Bg.

Choosing first n big enough, then € = £(n) small enough yields (4.1). O

A supersolution to (3.2),, is obtained as in Section 3, but now using (3.3),,, which
is (3.3) with ¢ replaced by %, and g = 1,,. Hence, using Proposition 3.1, we find
a solution of (3.2),, that we denote vg . By construction we have vg, . > ¥, =
u + 0p,(1). We define also

wR,n,a(x) = UR,n,s(x) - UR,n,s(0)7

so that wg,c(0) =0 and wrpe(2) = Pn(r) — VRN (0) on OBR. Moreover, wr p e
satisfies

(42) A— EAwR,n,s - Ez}én [wR,n,s] + |DwR,n,6|m = fn + HRn,e» T e BR7

where pg (%) == LYVR 1,:(0)](x). Concerning this term (which does not exist
neither in the local case nor in the problem defined in the whole space), we have
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a first estimate which follows directly from the construction of vg . and the fact
that u(0) = 0:

N w0 [, Iy -1)

> w0) +on(0)( [ e -)dy-1) =0,(0).

Br
Moreover, introducing the indicator function T4 of A, we have:

Lemma 4.3. For any R > 1, there exists a constant v(R) > 0 such that, for any
€ > 0 small enough and n big enough,

(bR ne()] SV(R) - I\ By, (7).
Proof. Notice that, for any |x| < R — 1, since J is compactly supported in By,

Hane(@) = vracO) | Jw—y)dy-1) =0.

Br
Hence, we first deduce that ug, . is compactly supported in Br \ Br—1. Second,
Lemma 3.4 gives an estimate of vg,, .(0) by a constant which is independent of &
(small enough). Actually, this estimate can be found uniform in n, since v, and
fn converge uniformly in Bg to u and f respectively. O

We now prove a local bound for wg ¢, independent of €,n and R, in terms of
the supersolution U .

Lemma 4.4. For any R > 1 fized, wpn < Yy + 0,(1) in Bg.

Proof. By Lemma 4.2 we have that v¢,, < ¥, 4+ 0,,(1) uniformly in Br. Hence
L] < £ V0] < £05] + on (1),
Since W, is a strict supersolution of (EP)y in R \ {0}, we deduce that for ¢ < 1
and n big enough
(4.4) A — ATy — LY U] + | DUL|™ > fo, +0n(1), for |z] #0.

Let 29 € Bg be such that (wgne — ¥y)(20) = (Wrne — V) (z) for all x € Bp.

If zg € BR\{0} and (wgn,. —¥x)(x0) < 0, the result follows. On the other hand,
if zg € Bgr \ {0} is a point where wg . — ¥ achieves a positive maximum, then
at this point Dwpg .. = DV, Awpg e < APy and E}é” [WR el < ,C}é" [,]. Using
that wg . satisfies (4.2) together with (4.3) we get a contradiction with (4.4).

Hence, either 2o = 0 or ¢ € 0Bg. In both cases we get wrpe < ¥y + 0,(1) in
Bp as follows:

(1) If z9p € OBR then, since by construction vg . (20) = ¥n(x0) < ¥r(zo) + 0, (1)

and Vg n.(0) = ¥, (0) = 0,(1), we get wrne(x0) < Ya(zo) + 0n(1).

(#7) If £ = 0 then wg n(0) =0 < ¥x(0) + 0, (1). O
Our next aim is letting € — 0. To do so we need estimates that are independent

of ¢ both from above and below.

Lemma 4.5. For any R > 1 fized, there exists C1(R),C2(R) > 0, independent of
e small enough, such that —C1(R) + 0p,(1) S wrpe < C2(R) + 0,(1) in Bg.
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Proof. The upper bound is a direct consequence of Lemma 4.4.

For the lower bound we use that, by construction, vg . < . This implies, see
the proof of Lemma 3.4, that vg . < C(R) in Bg. Here, as in Lemma 4.3, we
notice that the estimate is uniform with respect to n, since v,, and f,, converge
uniformly in Br. Now, using this bound, wgn () = VR ne(T) — VR (0) >
Yn(z) — C(R) =u— C(R) + 0,(1) = —=C1(R) + 0,(1) in Bg. O

Lemma 4.6. For any R > 1 fized, the sequence of solutions (up to a subsequence)
{Wrn.e}e of (4.2) converges locally uniformly in Br as ¢ — 0 to a continuous
viscosity solution wg,, of

(45) A — ﬁ;g" [wRﬁn] + |DwR’n|m = fn+ URny T E Bpg,
where pRy is compactly supported in Br \ Br—1. Moreover, wr,(0) = 0 and

WR,n < \If)\ m BR.

Proof. By adding and subtracting the term wg ,, -, we rewrite equation (4.2) under
the form

m o __
WR,n,e — EAwR,n,a + ‘DwR,n,E — FR,n,sa

where Fr e = fn+ R ne + Eﬁ” [WRne] + WRne — A Using the estimates of [6,
Theorem 3.1] we have that for any R’ < R there exists a constant K depending
only on R',|[Frn.cllz(Bgr) and [[(Wrn.e)” |lL>(By) such that

[WRne(¥) = WRne(y)| < Klz—y| in Bp.

By Lemma 4.5, we know that wg . is bounded uniformly by some C(R) in Bg,
with respect to ¢ > 0 small enough (and n). Moreover, Lemma 4.3 provides a
uniform estimate for pp . Finally, we can estimate E}p{ [WR .| using the bounds
given in Lemma 4.5, and we get for some constant C(R) > 0,

IER el () < Il fnllLe(Bg) + Al + C(R).

From this we deduce that K can be chosen independent of ¢ > 0 small and we
obtain a local uniform bound in C%%(Bpg) as € — 0. Passing to the limit is done
by Ascoli’s Theorem and the stability property of viscosity solutions: up to an
extraction, wg n — Wg,, in Br which is a viscosity solution of (4.5). |

The last steps consist in sending n, R — 400, for which we have to find other
local estimates, now independent of R and n. This time we use gradient estimates,
which are provided by a sort of implicit control of the equation.

Lemma 4.7. Fix Ry > 0. Then for any n big enough and any R > Ry + 1, there
exists a constant C = C(Ry) such that H’LUR’nHWLoo(BRU) <C.

Proof. The continuous viscosity solution wg,, of (4.5) is Lipschitz continuous in
Bpg. Hence it is differentiable almost everywhere and equation (4.5) holds almost
everywhere. Moreover, since all the terms in (4.5) are continuous, the equation
holds everywhere in Bpg.

As a consequence, since pr,, = 0 on B, C Br_1, we can estimate the gradient
term as follows,

(4.6) sup |Dwp.n|™ < sup |fn| + |A| + sup |£}/’{" [U)R,n”-

BRO BRU BRO
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On Bpr,+1 \ Br, we use the bound v, < Uy + 0,(1) for the non-local term, so

that for n big enough, we have the implicit estimate

sup |[Dwpgn|™ < Co(Ro) + 2sup |wrn|+ sup  |U,|

Br, Br, Brg+1\Brg,

< C1(Ro) + C2(Ro) sup | Dwg x|,
Br,

where we have used the Mean Value Theorem and the fact that wg ,(0) = 0 to get
the last inequality.

Setting now X := SUpp, |Dwg, | we have X™ < CoX + C for some constants
C1(Ryp), C2(Rp) independent of R. So, since m > 1, there exists a positive constant
C3 = C3(Ryp), depending only on Ry, such that Supp,, |Dwp | < C3(Ryp).

Using again that wg,,(0) = 0, we deduce also that [ wrn L= (Bg,) < Ca(Ro) for
some Cy(Ro) > 0. Gathering these estimates, we get ||wr,n w1~ (Bg,) < C(Ro)
for some C(Ry) > 0, which is the desired result. O

We can finally complete the existence result:

Proof of Theorem 4.1. Since the sequence {wg,, } is locally bounded in W'>°(Bp),
independently of n, by using Ascoli’s Theorem we can pass to the limit as n — oo
in Br. We skip the details of this passage to the limit, which is straightforward,
and yields a solution (passing to the limit in (4.5)) wg of

(4.7) A — Lg[wg] + |Dwg|™ = f 4 pr, € Bg,

where pg is still supported on Bg \ Br—1. Then, we send R — oo and get that the
functions wr converge locally uniformly to a function uy € WIIO’SO(RN ), such that
uy < Uy in RY and uy(0) = 0.

Moreover uy verifies (EP),. Indeed, as a consequence of the Dominated Conver-
gence Theorem we have L5[wr] — L[u,] locally uniformly and the correction term
pr vanishes locally uniformly as R — co. So, we can pass to the limit in (4.7) in
the viscosity sense to get the result. O

We conclude this section by the following result which yields solutions of (EP)
for certain values of .

Corollary 4.8. For any A < min(f) the problem (EP)y is solvable and the con-
structed solution solution uy satisfies ux(0) =0, uy < ¥y.

Proof. If A < min(f), we can take u = 0 as a strict subsolution of (EP) in
Theorem 4.1.

If A = min(f), u = 0 is not a strict subsolution of (EP),, but it is a regular
subsolution. So in this case we do not need to use the strict subsolution prop-
erty to regularize u (see Lemma 4.2) into a smooth subsolution. Hence the above
construction also works. (]

5. EXISTENCE OF A CRITICAL CONSTANT

In this Section we investigate the existence of a critical ergodic constant A..
Following [2, 11], it would seem natural to consider the supremum of all A’s such
that there exist a solution (or a subsolution) u of (EP):
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Mg :==sup {A € R: (EP), is solvable }.

However, due to the non-local character of the equation, it seems impossible to
prove that Ay is finite, because such a result would require a uniform control of
the growth of possible solutions. Nevertheless, we have seen in Subsection 2.3 that
the growth of (super)solutions is restricted somehow. Following this remark, let us
define for > 0 the class

E(p) = {u ‘RN 5 R: llinlljup ZILJ((?) < M}

where ¥ has been defined in (2.3). Hence, instead of Ay, we will deal with
A(p) == {X € R : there exists u € £(u) solution of (EP), }

and define a critical ergodic constant under restrictive growth A, (u) := sup A(u).
We will then relax the growth condition in Section 8, after we have collected more
information on bounded from below solutions and uniqueness.

Let us set po := 2 + (min f)~, so that pg = ¢) for A = min(f), see (2.4). As we
noticed, see Remark 2.13, for all p > pg, p¥ is a strict supersolution of (EP) for

2] # 0.

Lemma 5.1. Assume that u € E(u) is a solution of (EP) for some u > po. Then
u(z) < p¥ + u(0) for all x € RV,

Proof. We follow the same ideas as in the proof of Lemma 4.4. First, we define
@ := u — u(0), which is still a solution of (EP) such that @ € £(u).

By the limsup property, for any n > 0 there exists R,, such that for |z| > R,,
a(x) < (14 n)p¥(z). Now, by continuity in Bp, , the maximum of @ — (14 n)pu¥
is attained at some point xy € ERW- If the maximum is attained at the boundary,

then @ < (1 +n)u¥ in RY. Similarly, if the maximum is attained at xo = 0 we
have 4(0) = (1 + n)n¥(0) = 0.

Finally, if the maximum is attained at a point xo such that 0 < |zg| < R,,
we use the comparison principle, Theorem B.1: 4 is a (sub)solution of (EP) while
(14 n)p¥ is a Cl-smooth, strict supersolution of (EP) and @ < (1 + n)u¥ outside
the ball Bg, . We reach a contradiction by using (1+7)u¥ as a test function for @
at xg.

The conclusion is that the maximum of @ — (14 n)u¥ in RY is nonpositive, and
the result follows after letting n tend to zero: 4 < pw¥ which implies the estimate
on u. O

Lemma 5.2. Let Ay € A(p) for some p > 0. Then Ag € A(p) for all Ay < Aq.

Proof. Since A\; € A(u), there exists a solution u; € WL (RN) N E(u) of (EP)y, .

lo
But since Ay < A1, it follows that u; —u;(0) is a strict subsolution of (EP)y,. Then,
Theorem 4.1 with u = uy — u1(0) and A = A yields a solution u € Wllojo (RN)

of (EP)y,, such that «(0) = 0 and u < uy. Hence, u € £(u) which implies that
Ao € A(/J,) ([l

Lemma 5.3. For any p > o, we have min(f) < A\*(u) < oo.
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Proof. We begin with the bound from below: from Corollary 4.8 we have that if
A = min(f), then wuy is a solution of (EP) such that ux(0) =0 and uy < cx¥. But
for this specific A, ¢x = po. Hence, uy belongs to E(ug) C E(u) for any u > po,
which proves that for any p > 1o, A«(u) > min(f).

Assume now that A.(u) = oo. Then, there exists a sequence of solutions
{(An,vn)} such that \,, — oo as n — oo, and thus we can assume that A, > min(f)
for all n sufficiently large.

Following [2], we set ¢, := An /™ (v, — v,(0)) so that

*/\;,/mﬁ[wn] + )‘n|Dwn|m =f—Xn
and after dividing by A,, we get

(5.1) D™ = A1 4 AT 1,

Now we fix Ry > 0 and use the implicit estimates as in the proof of Lemma 4.7,
but here we take into account the uniform estimate given by Lemma 5.1 in order
to control the convolution on Br,+1 \ Bgr,: since ,(0) = 0 and A, > 1 for n big
enough, we have 1, < A\, 'p¥ < u¥. Hence

sup | D |™ < A7 sup [f] A" sup | L[] |
<Ci(Ro)+p  sup U]+ 2sup |¢,].
Bry+1\BR, Rg
Recall that g > 0 is fixed so that, setting X := sup Br, | Dy, |, there exist some
constants a(Rp), b(Rp) such that for n big enough

XML a(Ro) + b(Ro)X

This yields a uniform bound (i.e. independent of n) for the gradient of v, in any
fixed ball Bg,.

Using the the fact that ,,(0) = 0, up to extraction of a subsequence, we can
assume that 1, — 9 locally uniformly for some v € Wll(;so(]RN ). Then, sending
n — oo in (5.1), we obtain a contradiction: |D|™ < —1. The conclusion is that

necessarily A.(u) < oo. O

Lemma 5.4. For any p > po, there exists a solution v € E(u) of (EP)x for the
critical ergodic constant X = A*(u).

Proof. Consider a sequence of solutions {\,,v,} such that A\, — A.(p). Since for
any n, On := vn, — vp(0) € E(u) and 9,(0) = 0, this allows to use again the same
implicit estimates as in Lemma 5.3. This implies that the sequence (7,,) is locally
uniformly bounded in Wlloso (R™). Hence, up to extraction of a subsequence, we get
local uniform convergence of ¥, to some & € WL (RY) and passing to the limit
in the viscosity sense, ¥ is a solution of (EP)y for A = A.(x). Finally, since for any

n €N, v, < p¥ (see Lemma 5.1), we have 0 € £(u) so that A\ (u) € A(p). O

6. BOUNDED FROM BELOW SOLUTIONS

Along this section we follow [11, 12] but, as mentioned before, we have to adapt
the arguments to take into account the non-local character of the problem. Here we
use the specific sub and supersolutions that we constructed in Section 2. We denote
by © := O the subsolution constructed for A = 0 and k = 1, see Lemma 2.4.
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Let us consider for o € (0, 1) the following equation, defined in R¥:

(6.1) —L[v] + |Dv|™ + ov = f+006.

Lemma 6.1. There exists ¢c; > 0 such that for any o > 0, 0y := 0O —cio™ is a

strict subsolution of (6.1).

Proof. From Lemma 2.4 we see that O is not necessarily a subsolution of (EP)y,
since f could be negative. However there exists ¢ > 0 such that, in the viscosity
sense,

(6.2) —L[O]+|DOI™ - f<c¢ in RV,

Indeed, if |x| > R, using (2.1) with x = 1, then —L[O] + |[DO|™ — f <1 — f <0,
while for |z| < R., we have —L[0]+|DO|™ — f < —min(f). Finally, recall that (see
Lemma 2.4) if |z| = R., no smooth test function can touch from above so that we

do not need to check the subsolution condition in the viscosity sense. Hence, (6.2)
holds true with ¢ = (min(f))~ > 0.

Now, choosing ¢; > ¢, we have for 6,

—L[0o] + |Dbo| + by — f = —L[O] + |DO|"™ + (O —cro™) — f
<c—c1+00 =00,

which proves the result. ([

Now, in order to construct a supersolution to the viscous version of (6.1) we use
a C2-regularization of ¥ as follows: let ¥ € C2(RY), such that ¥ = 2V if |z| > R,
and ¥ > 0 if |z| < R.. Notice that such a ¥ exists, since ¥ > 0 in RY and it is
C?-regular for |x| > R.. Notice also that the constant 2 corresponds to the choice
A=0in (2.4).

Lemma 6.2. There exists c2 > 0 such that for any R > R,, 0 >0 and 0 <e <
go(ca, R), Yo := V¥ + ca0 ™1 is a strict supersolution of

—eAv — L[v] + |Dv|™ +ov=f+ 00O in Bpg.

Proof. Notice first that since for |z| > R., O(z) = (Jz| — Rs) while ¥(x) =
lz|fY/™(x) > |z| and ¥ > 0, then © < ¥. Now, in a similar way as in the
proof of Lemma 6.1, using that 2W is a strict supersolution of (EP) (with A = 0,
see Proposition 2.11) for |z| > R, > 0, and that for |2| < R,, both f and ¥ are
regular, we obtain —L[W] + |DV¥|™ — f > —c for some ¢ > 0 independent of ¢, o, R.
Hence,

—eAtpg — Lpo] + | Diho| + 0tpg — f = —eAV — L]T] + |DY|™ 4+ 0(¥ 4+ cy0 1) — f
> —eHA@HLx(BR) —c+cy+0U > 00,

provided we choose ¢z > ¢ and € < gg(cz2, R) small enough. O

Lemma 6.3. For any o > 0, there exists a viscosity solution v, € Wllo’io(RN)
of (6.1). Moreover, ov,(0) is bounded independently of o.

Proof. Using 0y and 1y as sub/supersolutions, we follow exactly the proofs of Propo-
sition 3.1 and Theorem 4.1 to construct a solution with the desired properties. We
sketch only the main modifications that we make here:
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(1) We use 6 as a strict subsolution in Bg, regularize it as (6p), to play the role of
¥y, in Proposition 3.1. This yields that for any ¢ € (0,1) and R > 1 fixed, we have
a solution vy g ne of the approximate problem

(6.3) fsAv—E?;g[v]+|Dv|m+0v:fn+cr@:fn, x € Bp,

' v = b, x € OBg.
Notice that © is Lipschitz so that we do not need to regularize it in the right-hand
side.

(i7) As we already noticed, 6y < © < ¥ in RN. Thus it follows that —L£%[¥] >
—L[¥]. Hence, using Lemma 6.2 and the fact g = ¥ + co0~! > ¥, we obtain that
for n big enough and e small enough (depending on ¢5 and R), 1 is a supersolution
of (6.3).
(#i7) Using the classical comparison result in By, see Theorem B.3, for R > R, we
deduce that c .
e — = = 00 < Vo,R,n,e < ¢0 :a"’_ 72,
o o

which yields directly local uniform bounds for the solution, independent of R > R,
n and ¢ (provided R is fixed). Actually, this step is easier than in Theorem 4.1.

(iv) Passing first to the limit as e — 0 (with R > R, fixed), then as n, R — oo, we
conclude that there exists a function v, € Wllc;zo(RN ), viscosity solution of (6.1),
which verifies

(6.4) 0- <, <T+2
g g

This implies that ov,(0) is bounded between —¢; and co, which are constants
independent of o. ([

The last step consists in sending ¢ — 0 and get a bounded from below solution
of (EP), for a certain A\. We define w, := v, — v,(0), which verifies w,(0) = 0 and
is a viscosity solution of
(6.5) Ao — Llwy] + |Dwy|™ + 0wy = f + 00 in RV,

where A\, = 0v,(0). Again, we need a uniform bound from above in order to control
the non-local term as o — 0:

Lemma 6.4. There exists pn > 0 such that for any o € (0,1), w, < p¥.

Proof. The argument is similar to that of Lemma 4.4, except that we are in the
whole space RY.

Let us first notice that since A\, is bounded from below, we can find p > 0 such
that for any o > 0, ¢y, = 2+ (A,)” < p. This implies in particular that p¥ is a
(strict) supersolution of (EP),, .

Now, we keep o > 0 fixed. Since w, < 2¥ + coo~ ! for |x| big and pu > 2, it
follows that w, — u¥ reaches a maximum at some point zo € RY.
(¢) If zy = 0, the result follows by using that w,(0) =0 and p¥ > 0.

(73) Let 29 # 0. Up to a constant, we can assume that the maximum is such that
We(To) > p¥(xg). Otherwise we are done. Since w, is a viscosity solution of (6.5),
we can use the subsolution condition at zg with p¥ as test function (recall that by
construction pW¥ is Cl-smooth). We get

(6.6) Ao — Lws] + | D(p¥)|™ + ow, — f < 0O.
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Since w, — p¥ reaches a maximum at xg, we have —L{w,](zo) = —L[u¥](zo).
Hence we get

Ao — L[p¥] + | D(pO)|™ +op¥ — f < 00O.
But since p¥ is a supersolution of (EP),_ and pu¥ > O, we reach a contradiction.

The conclusion is that for any o > 0, we have w, < p¥ in RY for some u > 0
fixed. O

In order to pass to the limit, we need local uniform estimates.

Lemma 6.5. Let Ry > 0. For any R > Ry + 1, there exists a constant C = C(Ry)
such that ||we|lwi.(Br,) < C.

Proof. We use the same implicit estimate technique as in the proof of Lemma 4.7
with only two minor modifications. The first one comes from the extra term c©
in equation (6.6), which does not pose any problem in Bg,+1. The second comes
from the non-local operator, which is defined now on the whole space i.e, £ instead
of L’%. In order to deal with this latter issue, we use the uniform bound wo < p¥
on Bgr,+1 \ Br,, see Lemma 6.4. Hence, the equivalent to (4.6) reads now
sup | Dw,|™ < sup | f| + sup |06 | + [As| + sup |L]w,]|
Rg Brg, Br, Br,

< Co(Ro) +2sup fuwg |+ sup |

Ro Bro+1\Brg,

< C1(Ryp) + C2(Ry) sup | Dwy|.

Ro

We conclude the proof as in Lemma 4.7, using that here also w,(0) = 0 and get
||wo-||wl,oo(BR0) < C(RO) |:|

Finally, we also need to control w, uniformly from below:

Lemma 6.6. There exists M > 0 such that for any o > 0,
we=0-M RN,

Proof. First of all, observe that, thanks to the estimate in Wllo’so, for fixed R > R,
there exists M = M(R) > 0 such that

sup sup(|©| + |ws]) < M.
0<o<1 Bg

In order to prove (6.6), we fix § € (1/2,1) and show that w, > §© — M in RY.
We distinguish three cases:

(i) If |2] < R, it is straightforward that 00 — w, < supg, (|0 + |ws|) < M, and
the result follows.

(73) Using (6.4) we have that infpny (w, — ©) > —oo. Then, since M < oo and
© — oo as |z| — oo, we get that

Wy — 00+ M=(w,—0)+(1-0)0+ M — 0

as |x| — oco. Hence, there exists Ry = Ry(0,d) > R, such that w, > d© — M for
‘QZ‘| > Rl.

(iii) Finally, let A := {z € RY : R < |z| < R;}. The idea here is to apply a
comparison argument to the functions w, and 6® — M, which will imply the result.



UNBOUNDED SOLUTIONS OF ERGODIC NON-LOCAL H-J EQUATIONS

We observe that neither w, nor (60 — M) are a super or subsolution of (6.1). But
consider

(6.7) —LV]+|Dv|"+ov—f=00—-0M inA.

Since Ay = ow,(0) is bounded by o M, from (6.5) we get that w, is a supersolution
of (6.7). On the other hand, since R > R,, we have ©® = (|z| — R,) and f > 1.
Hence, using that —£[0] < 0,

—L[60 — M|+ |D(6® — M)|™ +0(60 — M) — f = —0L[O] + 6™ + (60 — M) — f
<O+ ("M —0oM—-1)< 00 —0M.
We conclude that 60 — M is a subsolution of (6.7).

Thanks to (¢) and (i7) above, we have that w, > 6© — M on 9.4 so we can apply
a comparison argument, see Theorem B.1, to get that w, > §d© — M in A.

From (i)—(iii) we have that w, > 00 — M in RY and we conclude by letting
0 — 1. O

We can finally prove the existence of a solution of (EP) that is bounded from
below.

Theorem 6.7. There exists a solution (A, u) of (EP) such that infpy (u—0) > —o0
and u € E() for some p > 2.

Proof. In order to pass to the limit in (6.5), we use that sup, |A\,| is bounded
independently of ¢ and the bounds of Lemma 6.5. This yields a sequence o,,, with
oy, — 0asn — oo, a constant A and u € Wllo’SO(RN), such that A, — A and w, — u
as n — oo. By passing to the limit in (6.5) we also get that (A, u) is a solution

of (EP).

Moreover, since w, > © — M for all 0 > 0 we get that infgny(u — 0) > —oc.
Finally, we pass to the limit in w, (0) = 0 and in the estimate w, < p¥ of Lemma 6.4
to conclude that u € £(u) for some p > 2. O

7. UNIQUENESS

We are finally concerned with the uniqueness (up to addition of constants) of
solutions to (EP), for A fixed. To this aim, we have to develop first some tools
related to the behaviour and comparison results of bounded from below solutions.
Let us recall that we have constructed the supersolution puW¥ for large values of =z,
under the conditions (HO)-(H2) and moreover, for that values of x, u¥ is just
plz|f1/™ see Section 2.

We begin with a lower-estimate. In [2, Proposition 3.4] the authors consider
functions with power-type growth. Here we use a similar technique, but we have
to refine it, due to the fact that we are considering functions whose growth is far
bigger than power-type.

Lemma 7.1. Let [ verify (HO)-(H4) and let u be a supersolution of (EP) for
|z] > 1 such that u € E(u) for some pu > 0 and infgy u > —oco. Then, for any
n € (0,7M0), there exists a constant Cp, > 0, such that

1
—, for |x| > 1.

u(w) > Cy((1 = m)e) = o

25



26 CRISTINA BRANDLE AND EMMANUEL CHASSEIGNE

Proof. Since u is bounded from below, we can assume without loss of generality
(just by adding a constant), that v > 0. Then we argue by contradiction; i.e. we
assume that there exists a sequence |z.| — oo such that

u(ze)

(1 —ney "

Let a =1 — n and define
ve(8) 1=
Then v.(0) — 0 as € — 0 and
||

| Dve[™(s) = (W(ame)

We use now that u is a nonnegative supersolution of (EP) to estimate the gradient
from below: J *xu > 0 so that |Du(y)|™ > f(y) — u(y) — A. On the other hand,
using Lemma 5.1 we have u(y) < p¥(y) + u(0).

u(ze + s|lae|)

. sEB,.
U(ax,) 8 K

m

)ﬂDu(mE + s|ze])

We combine these inequalities at y = z. + s|ze|. Notice that a|z.| < |y| <
(14 n)|ze|, so that |y| is large provided ¢ > 0 is small enough and in this case,

|z | 1

V(o) B aft/m(axe)

Hence it follows that

m 1
DUl () 2 s (S o slael) — o +sfae]) = )
< f(xe +slae])  p¥(we + slze|) +u(0) A
~ amf(ax,) a™ f(axe) a™ f(axe)
f(we + slze]) po f(xe + s|z.)
> am™ f(ax,) (1 B 06(1)67” flaz.) + 05(1))
> %(1 —0:(1)) = 2221, for <1,

where the last two lines follow from (H3) and (H4). Therefore, we conclude that
for € small

|Deel(s) = —(5H)™ > 0.

Let w be a solution to |Dw| = é(%)l/m in B, with boundary data w = 0. By a
standard comparison (in the viscosity sense) for the equation |Du| = constant, we
deduce that v, > w for any € < 1. But this leads to a contradiction, since w(0) > 0
while v.(0) — 0. O

Lemma 7.2. Let f verify (HO)—-(H3) and (H5)—(H6). Let u be a supersolution
of (EP) such that uw € E(u) for some p > 0 and infgy u > —oo. Then, there exist
aop > 1 and Ry > 0 such that for all a € (1,a0), u(z) := aNu(ax) is a supersolution
of (EP) for |x| > R;.

Proof. For simplicity, we reduce the computations to the case u(0) = 0 and use the
estimate v < p¥ given by Lemma 5.1. Define Afu](z) := A — L[a](x) + | Du|™ (z) —
f(z). Using that u is a supersolution of (EP) and a > 1, we have that
Ad)(z) = X — L[u](az) + a NI Du|™ (az) — f(az)
(7.1) + Llul(az) — L[u)(z) + f(az) - f(2)
> flax) — f(2) + Llul(ax) — L[u](z).
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Changing variables and using that J is compactly supported in B, we can estimate
the difference L{u](ax) — L[u](z) as follows

Llullar) — £fil@) > [ Tea = pudy—a¥ [ I yuten)dy
_GN az) — z)ula\xr — z z
=a¥ [ (@) = Tulaa - 2)d
=aV J(az) — J(2))u(a(z — 2)) dz.
[, 06— JEutate =)

Observe now that, since J is radially decreasing, J(az) < J(z) for all @ > 1 and
moreover |J(az) — J(2)| < ||DJ||eo(a — 1), for |z| < 1. Thus,

Lu](azx) — L[u](z) = faN||DJHOO(a — 1)/ u(a(x — z))dz

|z|<1
> —a¥| Do — s sup W(a(z + 2)).
|z|<1
Plugin this estimate into (7.1) and using (H5) and (H6) we get
Altl(z) > f(az) = f(z) = a™(a = )| DJscpe sup ¥(al + 2))
(72) |z|<1
> af(z) = f(z) = a™(a = )| DJ||opf ()02 (1)
where 0,(1) tends to 0 as x tends to infinity (this o, is uniform with respect to a).

To conclude the proof take |z| > Ry such that u||DJ||sad 0.(1) < 1/2. Then (7.2)
becomes

Afil@) > f()a—1)(1~ DI say 0u(1)) > F) 5

and T is a supersolution of (EP). O

20

Observe that Lemma 7.2 remains true independently of the hypothesis (H7).
However, this Lemma will be not enough to prove the comparison result when
f has a “slow” growth, see the proof of Lemma 7.5 below. Therefore, we have
to do a different approach in this latter case. Indeed, when (HT)-slow holds, we
use a similar argument as in the subquadratic case of [2], proving that u? is a
supersolution of (EP). However, under our general hypotheses here, we have to
be more precise in the control of the constants, so that the computations are more
tedious. Notice also that we still assume (H3), which implies that f cannot grow
too slow: typically faster than f(z) = |z|™*, where m, =m/(m — 1) € (1,2).

The following estimate allows to control the non-local term in the case of (H7)-
slow. We get that £[¥] can be controlled using the following estimate:

Lemma 7.3. Let f verify (HO)-(H4) and (HT)-slow. Then there exists C > 0
such that for all |x| > 1,

sup V(y) < C¥(x).
B (=)

Proof. Fixn € (0,m9). Then, for [z| > 1/n, the ball B;(z) is contained in {z+ s|z| :
s € By(0)}. Thus, using (H4) we have

sup f(y) < sup f(z+slz]) < f((1+n)z).
Bi(x) s€B,(0)
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Now, by (H7)-slow, there exists C' > 0 such that for |z big enough, f((1+ n)z) <
Cf(x), which implies that

sup f(y) < &C f(x).
Bi(z)

Finally, using that W(z) = |z|f'/™(z) for |z| large, we get the same result for ¥
(with another constant). O

Lemma 7.4. Let f verify (HO)-(H6) and (H7)-slow. Let u be a supersolution
of (EP) such that u € E(u) for some > 0 and infgny u > —oo. Then, there exist
qo > 1 and Ry > 0 such that for all q € (1,q9), the function u? is a supersolution
of (EP) for |z| > Ry.

Proof. We first notice that under our assumptions, we can assume with no restric-
tion that w > 0 so that |[Du?|™ = (qu?¢=1)™|Du|™. Now take n € (0,79). By
Lemma 7.1 there exists R; such that for |z| > Ry, u > (C,)/2)¥ = Cy¥. Hence,
for such z,

|Dut™ > (¢Cg™) "™ @D | Dy|™ > Ot gmaD | Dy|m
For the non-local term we use Lemma 7.3 as above and the fact that u € E(u):
L) = = [ I -yt dy + )

> —pt! / J(@ =)W (y)uly) dy + CF 09 (@)u()

\

> (O w) [ e - ypuly)dy + €4 @ula)
> —C{ W (@) ( * u)(z) + C ' (2)u(z)
where Cp, Cy are uniform with respect to ¢ € (1,qo).
Using that u is a supersolution of (EP) to replace (J * u) below we get
A—L[u?] + |Duf|™
> A= CT (] xu) + CITIwe Ly D gma= D) Dy
> A+ O (f = A= [Duf™) + G e @D pypn
(7.3) + (0371 B Cqul)\:[qulu
> A+ | Dul™ (CgreTVwma-l _ camtgat)
+OFUITN(f = ) + (G = O e
If we choose |z| big enough such that CJ"¥™ > 2C; ¥, which is possible since ¥
is coercive, then, (Cgl(q_l)\llm(qfl) — Cffl\I!q’l) > %an(q_l)\llm(q’l).

Moreover, since u is a supersolution, |Du|™ > f(x) — A+ J % u — u. Using again
Lemma 7.3 together with the fact that u < p¥ + «(0) we get J *x u < pCU + u(0),
which implies |[Du|™ > f— A= C"¥(z) —u(0) for some C’ > 0. Moreover, by (H3),
¥(z) < f(x) so that for |z| big enough, |Du|™(z) > f(z)/2. We plug this into the
last line in (7.3) and get

1 _(o— _ — _
qay AT ERIH DTS A SO f 4 O (f - )
+(Cgt - o e
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We first take |z| big enough so that f(x) > A and C;¥(x) > 1. Then, by (H3),
u < p¥ < f/2 for |x| big enough. And using again the fact that ¥ is coercive, for
|z| big enough we also have

cpum > 2jcd - oV Vg,
Thus, replacing in (7.4) yields
A= L]+ [Dul|" Z A+ (f=A) = f
and the result holds. (|

We are now ready to perform comparison results.

Lemma 7.5. Let f verify (HO)—(HT7) (slow or fast) and let uy,us € E(u) for some
i > 0 be respectively a subsolution and a supersolution of (EP) with infgy ug > —oo.
There exists Ry > 0 such that if u1 < ug on 0Bg,, then uy < ug in Bgl.

Proof. Let us begin by assuming (H7)-slow. By Lemma 7.4, for any ¢ > 1 (close
enough to 1), u{ is a supersolution in {|z| > 1}. Since u1,us € E(1), by Lemma 7.1
we see that ud > u; as |z] — co. So, the maximum of u; — u3 in Bgl is attained
at some point zg. If 29 € Bg,, then since uj(xg) < uz(xg) we deduce the result.
On the other hand, if |zg| > 0 we can use the equations and the Strong Maximum
Principle, see Theorem B.3, to reach a contradiction. The conclusion is that for
any q € (1,q0), u; < ud and the comparison follows by sending g — 1.

Let us now turn to the case of (H7)-fast and define, for a > 1, uz := a™¥uz(az).
From Lemma 7.2, we know that there exists R; > 0 and a¢ > 0, such that uy is
a supersolution of (EP) in Bgl, for any a € (1,ag). Moreover if a is chosen close
enough to 1, by continuity of both functions we have @z > uy in 0Bg,.

Observe first that, by Lemma 7.1, for any a > 1 fixed and 7 € (0, 1), there exists
a constant ¢, , > 0 such that for |z| large enough,

T3(2) > CanWla(l = 1)2) = 1/can,
while on the other hand, since u; € £(u) we have
up(z) < p¥(z) + ug(0) in RY.
Therefore, for |z| > 1,
(w1 —2)(2) < p¥(2) = cay¥(a(l = n)a) +1/cay + u1(0)

< el (£ (@) = a1 — ) £ (@1 = m)2) ) + el m).

Now, for a € (1,a¢) we fix 7 > 0 small enough such that a(1 —n) > 1. Hypothesis
(HT7)-fast implies that liminf [f1/™(a(1 — n)z)/fY™(z)] = +0c. Hence, for any
¢ > 0, there exists ¢g > 0 such that provided |x| is big enough we have

FY(a(l = n)a) = ef Y™ (@) + co.

From this, choosing conveniently ¢, it follows that as |z| — oo, limsup(u; — uz) =
—o00. This implies that the supremum of u; — %3 is attained at a point zg € Bgl
or on the boundary 0Bgp, .

In the first case, i.e. if x¢ € Bgl we get a contradition by using the Maximum
Principle (see Theorem B.3). In the second case, by assumption, (u; — uz)(z) <
(u1 —uz)(z0) < 0 for z € B and hence u; < us.

The proof concludes by sending a \, 1, which implies u; < us in Bgl. [
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The next two theorems show, not only the uniqueness of bounded from below
solutions, but also that this unique solution corresponds to the solution associated
with the critical ergodic constant A\, (u).

Theorem 7.6. Let f verify (HO)-(HT) (slow or fast). Let (A1,u1) and (A2, us) be
two solutions of (EP)x, and (EP),,, such that ui,us € E(u) for some p > 0 and
infpy uyp > —o0, infgy ug > —o00. Then A\ = Ao and w1 = ug + ¢ for some constant
ceR.

Proof. Assume that Ay < A1. Then (A, u1) can be seen as a subsolution of (EP)j,.
Moreover, by adding a constant, if necessary, we can ensure that w = u; — (ugz + C)
verifies supyp, w = 0. Therefore, for any & > 0, uy — (uz + C'+¢) < 0 on 9Bg,

and we can apply Lemma 7.5 which gives that u; — (ug +C +¢) <0 in BI%' After
sending ¢ to zero, we get that w < 0 in B}%.

Now, if we consider the function ¢(s) = |s|™, then, by convexity, g(p + ¢) >
g(p) + Dg(p) - q. Using this inequality with p = Duy and ¢ = Duy — Duy yields
that w is a subsolution of (A; — A2) — L[w] + ¢(x)|Dw| = 0, with c¢(z) = m|Du|™.
And since Ay > A9, w is a subsolution of —L[w] + ¢(x)|Dw| = 0. Moreover, since
w < 0 outside Bg,, we can use the comparison property in Bg, (see Theorem B.1)
and deduce that w < 0 in Bg,.

Hence, w reaches a maximum at some point in dBp,. But w is satisfies —L]w] +
c(x)|Dw| < 0 where ¢(z) > 0.

Thus, applying the Strong Maximum Principle, see Theorem B.3, we infer that
w = maxw in RY. This implies that u; = uy + C' and consequently, that \; =
Ao. O

Theorem 7.7. Let f verify (HO)—(HT) (slow or fast) and let (A, u) be a solution
of (EP) such that u € E(p) for some p > 0 and infgy u > —oco. Then A = A ().

Proof. The proof is done exactly as in [2] and uses arguments which are similar to
that of Theorem 7.6. Assume that (A, u) is a solution of (EP) such that u € E(u)
for some p > 0 and inf u > —oo. Let also v be a solution associated with the critical
ergodic constant A, (u). We already know that A < A () so we only need to prove
the converse inequality.

Take Ry as in Lemma 7.5. We can choose C' € R such that maxsp, (v — (u+
()) < 0. Considering the function w := max(u + C + €,v), it turns out that w
is bounded from below because of u. It is also a subsolution of (EP),_(,) because
u+C'+¢ is a subsolution of this equation since A < A, (¢). And moreover, w € E(u).

Using Lemma 7.5 we deduce that for any ¢ > 0, w < u+ C 4 ¢ in Bgl, so that
finally w < u+ C in Bgl. The comparison in Br, implies also that w < v+ C' in
Bp,. Thus, w—(u+C) reaches its maximum on 0Bp, which implies that w = u+C
in RY. The conclusion is that v = u + C, and thus A = A\.(p). O

8. CRITICALITY REVISITED

In this section, we first extend the results of Section 5 on critical ergodic constants
to the more general class

£ = {u :RY 5 R : limsup u() < oo}
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Notice that £ D £(p) for any p > 0, and that in &£, contrary to £(u), we do not
have a uniform control of the behaviour of solutions (indeed for any ¢ > 0, ¢¥ € ).

Let us define the critical ergodic constant in £ as usual:
A :=sup {\ € R : there exists u € £, solution of (EP),}.
We will prove here in particular that X is finite.

Lemma 8.1. For any p > fi9, Ax(p) = Ai(pio)-

Proof. This is a consequence of the uniqueness and characterization of bounded
from below solutions in £(1). We know that (up to a constant) there exists a unique
u € E(po) such that infu > —oo and u is a solution of (EP),_(,,). Similarly, there
is a unique v € £(x) such that inf v > —oo and v is a solution of (EP),_(,). Now,
since E(ug) C E(p), we can apply Theorem 7.6 to conclude that u = v (up to a
constant) and A, () = Ax(po)- O

Corollary 8.2. Assume that f satisfies (HO)-(HT). Then min(f) < A < 0.

Proof. Take any pair ()\,u) solution of (EP) such that u € £. Since u € £(u) for
some 1, we deduce that, by definition of A, (p1), A < A(p). But using Lemma 8.1, we
get that necessarily A < A.(uo). Hence, taking the supremum, A < A (p) < co. O

Now, following [2], let us give some Lipschitz estimate of the critical ergodic
constant A\. We denote by A(f) the constant A that corresponds to the equation
with right-hand side f. The following result extends [2, Proposition 4.4] to more
general cases that we cover here.

Lemma 8.3. Let f1, fo verify (HO)—(H2). Assume that there exists a constant
¢ >0 and a function g > 0 such that fi(z), fo(x) = cg(x) and

|f1(x) = fa(2)]

S T R
then
(8.1) Alf2) = M| € o max{A(f1). Af2)}

Proof. The proof is exactly the same as in [2] and we omit it. We only want to
point out that, once we know that there is a solution to (EP)5, due to (HO)-(H2),
the key points of the proof rely on the boundness of m and the lower bound for f
given by g. O

A typical application is to power-type functions f as in [2], but we also have a
similar result for faster growths, for instance in the limiting case:

Corollary 8.4. Assume that fi(z) < c;exp(ml®), i = 1,2, and define the func-
tion g as g(x) = co exp(m!®!) where ¢y := min(cy, c). Then (8.1) holds.

We end this section by a remark, more than a result, concerning the scaling
properties of A\. Let f(z) = |z|% with & > m.. Then, for any ¢ > 1, it seems
reasonable to think that

Acf) = em=N/lemm=NIX(f).
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The idea of the proof follows again [2]. Our main difficulty to complete the
proof comes from the non-local term. Indeed, let u; be a solution to (EP)5. We
would like to construct a solution (or subsolution) to (EP) with right-hand side
f = cf. To this aim consider us(x) = a Pui(az), with a = ¢/(@=™N) < 1 and
B =(N+m)/(m—1). The fact is that we are not able to prove that —L[uz](z) <
—L[uy](az) for all x € RY, and we only have, following the proof of Lemma 7.2,
that

— L[ Pus](2) < —L[wr)(az) + of|2[*).
Hence
—L[uz](x) + [Dus(az)|™ < o™ N (~L[w)(az) + |Dus(az)|™) + of|2])
= a”"™N(f(az) — M(f(ax))) + o(j|*),
which implies that, us is a subsolution of
a”"™ N Malz|*) — L[uz)(x) + |Duz(azx)|™ = =" N F ||

only for z big enough. If we could prove that us is a subsolution for all z we would
conclude, due to definition of A as a supremum, that

a” ™ N X(a|z]®) < Ma7 ™ NFe |z,
In a similar way as in [2] we could get the reverse inequality. So, while it is not
clear whether there is really a scaling property for A with power functions f, at

least it seems that an approximating scaling property should hold, with a different
exponent than in the local case.

APPENDIX
A. PROPERTIES OF THE NON-LOCAL OPERATOR L

Across the paper we use several times basic properties and technical estimates
of L or Lﬁ. We summarize them here, for the reader’s convenience.

Let R > 0 and ¢ € CO°(RY). Recall that we have defined non-local operator £
and the Dirichlet non-local operator, respectively, as

£lil@) = [ T = o) dy— (o),
£h)(x) = /B J(& - y)o(y) dy + / J(& - y)b(y) dy — v(a),

Br+1\Br

where J is a symmetric and compactly supported in B; kernel.
Lemma A.1. Let ¢ be a positive constant and u, v two positive functions. Then
(i) Llc] =0 andﬂo[]\Oifc>0
(ii) Lyplu+d = Lylu] + L[],
(iii) Ly[Y]= L.
(iv) LY, rlul < L] if Y < w.
(v) Lul(xo) < Lo](wo) and Ljlu)(wo) < Lylv)(xo) if ulwo) = vlxo) andu > v
(vi) Llu](z) < L[u](y) + 05(1) and Eﬁ[u](w) < E}é[u](y) +05(1) if |v —y|? < 4.

We omit the proof, since it follows straightforward from the definition of the
non-local operators.
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Lemma A.2. Let xg be a point where u attains a positive maximum, respectively
minimum. Then L[u](zo) < 0 and L%[u](zo) < 0, respectively >.

Proof. At the point xy where u attains a positive maximum we have

Clu)(x) = / (= yyuly) dy — u(e) < uleo) / Ja—y)—1)=0.

N

We do a similar computation for £%][u]. O

Lemma A.3. If g € CY(RY) then |L[g](z)| < sup |Dg(z)|.
z€B1(x)

Proof. We use the fact that, for all y € Bi(z), |g(z) — g(y)| < sup |Dg(z)|
ZEBl(:E)
Then, by direct computation, we obtain

1£[g)(2)] < /

J(@ — y)lgy) — g(x)] dy < / J@—y) sup |Dg()]dy
B (z)

Bl(w) ZEBl(I)

= sup [Dg(z)|,
z€B1(x)

since J is compactly supported on Bj. O

Lemma A.4. Let v be convex. Then —L[] < 0.

Proof. The result follows from Jensen’s inequality,

L) = [ b2 dvl) - i) <o [

RN RN

(z + 2) dz/(z)) —(x) <0.
where v denotes the probability measure associated to J, dv(z) = J(z)dz. O

Lemma A.5. Let ¢ be nondecreasing and for e € (0,1), let ¢ = u(B1 \ Bi—¢).
Then

— (|| + 1)) + ¥ (|z]) < —L[Y](2) < —cetp(|z] +1 =€) +P(|z]).

Proof. Since v is nondecreasing we have

—L[Y)(x) = —/B J(W)(W(lz —yl) — ¢(|])) dy > —/B J()(W(|z] + 1) — ¥(|z]) dy
= —(lzl + 1) + ¢(|z).

The other inequality yields as follows

—L[y)(x) = —/B J(y) @z —yl) — ¢ () dy < —/ J(y)Y(lz —yl) dy + o (|z])

B1\Bi1_«
< —cp(|z] + 1 —€) +¥(|z)).
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B. COMPARISON RESULTS

We prove here two comparison results that we use in several places across the
paper. To this aim let us consider the general equation

(B.1) —L{w] + ¢(z)|Dw| + aw =0, «>0.
Observe that this equation appears in different contexts. For instance, it turns

out to be satisfied (with o = 0) by w = v; — vy if v1, vy are a subsolution and a
supersolution, respectively, of (EP).

Theorem B.1. Letv € Wllc;go(RN) be a subsolution of (B.1), such that for R > 1,
v <0 in Bry1 \ Bg. Then v <0 in Bg.

Proof. Let g € Br be a point where v reaches a positive maximum. Hence,
the constant function ¢(z) := v(xg) is an admissible test function for v at z¢; i.e
v(x)—p(z) reaches a maximum at z¢ and v(xg) = ¢(xo) > 0. Hence, since |Dyp| = 0
and v < 0 in BR+1 \BR

0> —L[v](20) — e(2)|Dep(xo)| + av(wo)

. / J (2o — y)oly) dy — / J(xo — yYu(y) dy + v(o) + av(zo)
Br Br+1\Br

> o) (1= [ T -y +a) >0
Br
which is a contradiction. Hence v(zg) < 0 and the result follows. g

Remark B.2. The result holds true even if we replace the gradient in (B.1) by
c(z)|Dw|™~1, with m > 1. Moreover, it is also true for the approximate problems
that have a —¢A-term. Indeed, it is straigthforward, since at a maximum point
—eAv(zg) = 0.

Theorem B.3 (Strong Maximum Principle). Let v € Wllo’go(RN) be a sub-
solution of (B.1), which reaches a mazimum at o € RN. Then v = v(xg) in

RY.

Proof. Let xg € By be a point where v reaches a maximum. As in the previous
proof, the constant function ¢(z) := v(zg) is an admissible test function for v at
xo. Hence, since v(y) < v(zg) for all y € By(z), we have

03 ~Lle)(an) ~ () Dilan) +av(eo) > ~ [ lao = g)(uly) = viaa)) dy >0,
B (z0)
This implies that v(y) = v(zg) for all y € By(zo).

We can repeat now the argument using as center any y € Bi(xg) and get that
v(y) = v(xg) for y € RV, O

C. EXISTENCE RESULT FOR AN AUXILIARY PROBLEM

We devote this last section of the Appendix to prove the existence of solutions
of equation (3.3). To this aim we fix v € (0,1), € > 0, R > 1 and we consider the
following problem

—eA¢—Lylol=f, w€Bg,
(C.1) {¢=g 5 xeagR,

where ¢ € C%(Bgr41 \ Br), g € C%7(0Bg) and f € C%7(Bg).
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Lemma C.1. There exists a unique solution ¢ € C*>7(Bgr) N C°(Bg) of (C.1).

Uniqueness comes from the comparison principle, see Theorem B.1. Actually we
do a similar argument in the proof of Lemma 3.3, so that we skip the details here.

In order to prove the existence part of the result, we consider the unique function
¢ € C*Y(Br) N C°Bg) such that of —Ay = 0 in Br with boundary data ¢ = g
on OBpg (see for instance [10, Theorem 6.13]). Then we set p = ¢ — ¢, which is a
solution of

(€2) {

where F' := f + eAp + E%[@] € CY%(Bg). 1t is clear that, if p € C*7(Bg) is
a solution of (C.2), then ¢ € C*7(Bg) N C°(Bg) and it verifies problem (C.1).
Notice that the boundary data for p is zero, so that it belongs to C*7(0Bg).

—eAp—LY[p)=F.  w€Bp,
p=0 x € OBR,

Hence we reduce the proof of Lemma C.1 to proving existence for (C.2). This is
based on the Continuity Method for elliptic operators (see [10, Theorem 5.2]) and
two a priori bounds that we show next.

Lemma C.2. Let p € C%(Bg) be a solution to (C.2) in Br. Then, there exists a
constant C = C(e, R) such that

(C.3) sup |p| < sup |p| + C'sup |F|
BR 8BR BR

Proof. Though the proof is essentially the same as [10, Lemma 3.7], it has to be
adapted carefully in some places in order to take into account the non-local term.
To this aim, let @ > 0, Lo = —eA — £% and define for z; € [~ R, R]

pi=sup pt + (e — e )sup(|F*|/e).
8BR BR

We first observe that, if & = a(e, R) is chosen big enough, we get
Lo[e®™] = —a?ce® — L%[e™] < —a’ce ™ 4+ ™1  —¢.
Moreover, since for any constant k > 0, £%[k] < 0, we have,
Lo[p] = Lo[sup p* + e *Fsup(|FF|/e)] — Lo[e ™ sup(F* /e)] = sup [F*].
OBRr Br Br Br
Now, since Lo[p — p] = supg,, |[FT| = F > 0in Bg and p— p > 0 on Bg, by the
Maximum Principle, see [9, Theorem 6], we get p — p > 0 in Br, which yields

supp < sup pt + Csup FF
BR 8BR BR

Replacing p by —p we get (C.3). O

Lemma C.3. Let p € C?%(Bg) be a solution to (C.2). Then, there exists a
constant C = C(N,a, e, R) > 0 such that

”pHC?aa(BiR) < C”F”CO’O‘(BiR)

Proof. Writing the equation as p — eAp = fBR J(x —y)p(y) dy + F we get, using
[10, Theorem 6.6], that there exists a constant C; > 0 such that
CO’”(BR)>.

ol cz.0 @R < C1 (||P||00(BR) +1Fll o @m) + ‘ /B J(z —y)p(y) dy
R
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On the other hand || fBR J(@—=y)p(y) llco @7 < C2llpll oy, for some positive
constant C5. Combing these bounds with the previous one shown in Lemma C.2,
we finally get

ol cz.e@r) < CllFllcow@r)

Proof of Lemma C.1. It is a direct adaptation of [10, Theorem 6.8]. O
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