HETEROCLINIC CONNECTIONS FOR NONLOCAL EQUATIONS
SERENA DIPIERRO, STEFANIA PATRIZI AND ENRICO VALDINOCI

ABSTRACT. We construct heteroclinic orbits for a strongly nonlocal integro-differential equation. Since
the energy associated to the equation is infinite in such strongly nonlocal regime, the proof, based on
variational methods, relies on a renormalized energy functional, exploits a perturbation method of viscos-
ity type and develops a free boundary theory for a double obstacle problem of mixed local and nonlocal
type.

The description of the stationary positions for the atom dislocation function in a perturbed crystal, as
given by the Peierls-Nabarro model, is a particular case of the result presented.
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1. INTRODUCTION

Heteroclinic orbits are a classical topic in the context of dynamical systems. Not only they are trajec-
tories that show an interesting behavior, providing a connection between two different rest positions, but
they are often the “building blocks” for constructing complicated orbits, drifting from one equilibrium
to another, possibly leading to a chaotic dynamics. On the other hand, the recent literature has studied
the case in which the “classical” differential equations are replaced by integro-differential equations.

The study of these nonlocal equations is not only motivated by mathematical curiosity and by the will
driving the scientists of facing with new challenging problems, but it also possesses concrete motivations
in applied sciences: in particular, our main motivation for the problem treated in this paper comes from
the description of the stationary positions for the atom dislocation in crystals, as provided by the
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Peierls-Nabarro model, see e.g. [Nab79] and Section 2 of [DPV15]. In this context, the evolution of the
dislocation function on the “slip line” (i.e., the intersection between the “slip plane”, along which the
crystal experiences a plastic deformation, and a transversal reference plane) is described by an equation
of fractional type, as a consequence of the balance between the elastic bonds that link the atoms and
the internal force of the crystals which tends to place all the atoms into a periodically organized lattice.

Concretely, in the Peierls-Nabarro model for edge dislocations, one considers equations that can be
written along the slip line as

(1.1) V=AQ(z) + W'(Q(z)) =0 for any = € R,

where W is a multi-well potential and the diffusion operator is the square root of the Laplacian, which
(up to normalizing multiplicative constants) is the integro-differential operator

(1.2) V=R Q(x) = P'V'/RW@ _ hm/R\B ) Qx) — QW) ,

e—0 |z —y[?

In the setting of (1.1), the function @ : R — R represents a dislocation function (i.e., roughly speaking,
a measure of the atomic disregistry with respect to the ideal rest configuration of a perfect crystal); the
diffusion operator in (1.1) and (1.2) takes into account the effect on the slip line of the elastic bonds
between different atoms in the crystal and the potential W is induced by the large-scale pattern of the
crystal itself (see e.g. [Nab79] and Section 2 of [DPV15] for additional details).

The mathematical framework in which we work here is the following. Given a function @) : R — R,
the nonlocal operator that we take into account in this paper is given by

(13)  2Q@)=PV. [ (@) - Q) Kla—y)dy=liy [ (Qlz) = Q) K(s ~ ) dy
R 020 JR\B,(z)
The kernel K is supposed to be even and such that
0o Oo
(1.4) ] e2s X[0o] (r) < K(r) < [

for some ©g > 0y > 0 and some 1y > 0, with

(L5) se G%] |

Of course, the case under consideration comprises in particular the original Peierls-Nabarro model
in (1.2), which corresponds to the choice

1 1
1.6 s:=—= and K(r):=—.
1.6 "=
In the equations that we consider, the diffusive operator & is balanced by a forcing term of potential
type. More precisely, we consider a non-negative multi-well potential W € C?(R, R) with a locally finite
set of minima. Namely, we suppose that W > 0 and that there exists Z C R which is a discrete set
(i.e., it has no accumulation points) with

(1.7) 0eZ
and such that
(1.8) W(¢) =0 for any ( € Z and W (r) > 0 for any r e R\ Z.

We also suppose that W grows quadratically from its minima, that is
(1.9) colé]* < W(C+€) < Coléf,
for some Cy > ¢y > 0, for all ( € Z and £ € Bs,, with d9 > 0.
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In our framework, the potential is modulated by an oscillatory function a. Such function is supposed
to maintain the sign of the potential, namely we assume that

(1.10) a(x) € [a,a] for all x € R,

for some @ > a > 0.
We also assume that a is “non-degenerate”. More precisely, we suppose that there exist mq, mo € R
and w, 6 > 0 such that

(1.11) my —my = 2w+ 0,
and, for i € {1,2},
(1.12) a(z) —a(lx —0) >~ and a(z)—a(x+60)>~, foralaze|m—w m+uwl,
for' some v > 0.
In this setting, the equation that we study here has the form
(1.13) ZQ*(z) + a(z) W(Q*(z)) =0 for all z € R.

Of course, when & is replaced by the classical second order differential operator, equation (1.13) may
be seen as a pendulum-like equation.

The main objective of this paper is to construct heteroclinic solutions of (1.13), i.e. orbits which
connect two different equilibria. To this aim, given (i, {(; € Z, we take le o € C%(R) to be such
that Qﬁcl@(m) = (3 for any = € (—o0, —1) and Qgh@(x) = (, for any = € (1,400).

To deal with the problem of constructing special solutions of (1.13), it is convenient to introduce a
variational formulation. To this aim, we consider here the energy functional

5h(Q) iz/Ra(x)W(Q(;p)) da
=1 /[ (0@ - QW 1@}, )@ - (@ ) K =) dedy.

We remark that critical points of I satisfy (1.13).
Also, given X, Y C R, we use the notation

(1.15) [U]K,Xxy = \///X . ‘U(x) - U(y)|2K($ —y)drdy.

Then, in this setting, our main result on the existence of heteroclinics for equation (1.13) is the following:

(1.14)

I¥or concreteness, we mention that the function
a(z) =2+ ecos(dz)

with €, § € (0, 1] satisfies (1.12) with mq := 0, mg := 27”, w:= g5, 0:=7% and v := V2e. Indeed, in this case,

inf a(z) —a(z £ 0)
z€[m1—w,mi+w]U[me—w,ma+w]
= inf e( cos(dz) — cos(éx + 66))
v€[—45, 51V — 55, 5 + 75

This example shows that there exist “small and slow perturbations of constant functions” that satisfy (1.12).
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Theorem 1.1. Let ¢, € Z. Then, there exist (; € Z \ {(1} and a solution Q* of (1.13) such that

(1.16) lim Q*(x)=¢ and lim Q*(z) = (.
T——00 r—+00

Moreover, Q* is an energy minimizer, in the sense that

(1.17) L(Q") < Ip(Q) for all Q s.t. @ — Q% ., € CF(R).

In addition, if v* = Q* — Qﬁl’@, we have that

(1.18) [V ]k rxr + 10|22 ®) < K,

(1.19) and  [[v]|coamy < & for all o € (0,2s),

for some k > 0, which possibly depends on Qﬁcl o and on structural constants.

We observe that Theorem 1.1 is new even in the model case of the square root of the Laplacian (as
described by (1.2) and (1.6)).

Moreover, in the special case in which W is an even and periodic potential vanishing on the integers,
the role of (5 in Theorem 1.1 can be made explicit: as a matter of fact, in this case, given any (; € Z,
one can take both (» := (; — 1 and (, := ¢4 + 1 in the statement of Theorem 1.1 (this follows from
Theorem 1.1 here and the discussion in (5.3) of [CDV17]). That is, in the case of even and periodic
potentials, Theorem 1.1 guarantees a heteroclinic connection from each minimum of the potential to
each of its closest neighborhood.

We also point out that, differently from the classical case, the asymptotic expression in (1.16) is not
an immediate consequence of the energy estimates in (1.18) since, when s € (0, %], functions in H*(R)
are not necessarily infinitesimal at infinity (see e.g. Appendix B for a simple example of this important
phenomenon).

The construction of heteroclinic orbits for ordinary differential equations is a well-studied topic in the
literature and, in this sense, Theorem 1.1 here is a nonlocal counterpart of some of the celebrated results
obtained in [Rab89,Rab94, RCZ00, Rab00] for ordinary differential equations and Hamiltonian systems.
Of course, the case of nonlocal equations is conceptually quite different from that of ordinary differential
equations, since usual “glueing” and “cut-and-paste” methods are not available, due to far-away energy
interactions. We refer to [BV16] for a general introduction to nonlocal problems, also motivated from
water wave models, phase transitions, material sciences and biology.

A result similar to Theorem 1.1 when the nonlocal parameter s lies in the range (%, 1) has been
obtained in [DPV17]. In case of homogeneous media (i.e., when a is constant), heteroclinic connections
corresponding to parameter ranges s € (0, %] have been studied in [PSV13,CS15, CMY17] by energy
renormalization methods.

Concerning the nonlocal parameter range considered in this paper, we recall that the case s € (O, %

can present several technical and conceptual differences with respect to the case s € (%, 1) (the case s =
being typically “in between” the two cases). For instance, as shown in [CS10,SV12], several fractional
equations corresponding to the parameter range s € [%, 1) present a “local behavior” at a large scale,

while they preserve a “nonlocal behavior” at any scale when s € (0, %)

N | = N——

The case s = 3, K(r) = # and W (r) = 1 — cos(2nr) (which is indeed a particular case of our
general framework) plays also an important role in the description of the atom dislocations in crystals,
according to the so-called Peierls-Nabarro model, see e.g. [Nab79] (and compare with (1.1) here). This
model is in turn related, at a microscopic scale, to the Frenkel-Kontorova model, see [FIM12].

Related models appear also in the study of the Benjamin-Ono equation, see [Tol97], in boundary

reaction equations, see [CSMO05], and in spin systems on lattices, see [ABCO06].

In addition, the study of nonlocal equations with a singular kernel is a very intense subject of research
in terms of harmonic analysis, see e.g. [Ste70], and of regularity theory, see e.g. [Sil05].
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In our setting, to deal with the case s € (Z’ 5] we will adopt a strategy that has been also very

recently used in [CMY17] and based on two basic steps:

e We will consider a renormalized energy functional. This device is needed in order to avoid the
divergence of the energy due to nonlocal effects in this parameter range. We stress that this
energy divergence is unavoidable, since, for instance, one can easily check that the fractional
Sobolev (or Aronszajn-Gagliardo-Slobodeckij) seminorm in H*(—R, R) of a smooth function
connecting two constants goes like log R when s = 3, and like R'2 when s € (0,1), thus
diverging as R — +o0.

e We will perturb the original energy functional by a classical Dirichlet energy. This step is very
convenient, since it allows to deal with continuous trajectory in a perturbed setting (notice
that, when s € (0, %], functions in H*(R) are not necessarily continuous, see e.g. Appendix B
for a simple example). After dealing with a minimization argument for such perturbed energy
functional, we will obtain uniform estimates that will allow us to pass to the limit.

A series of analytical techniques coming from elliptic partial differential equations are also crucially
exploited in our proofs:

e We will make use of viscosity solution methods in order to obtain regularity theories that are
uniform in the perturbation parameter related to the Dirichlet energy (this is a fundamental
step in order to “remove” the “local and elliptic energy perturbation” in the limit).

e We will study a double obstacle problem of mixed local and nonlocal type, which arises from
the constrained minimization of the energy functional (this step is crucial in order to estimate
“how the orbits separates from the constraints”).

In general, we believe that a very interesting feature provided by the equations related to the Peierls-
Nabarro model lies in the fact that their complete understanding requires a synergic combination of
resources and methods coming from different specific backgrounds, which include, among the others,
mathematical physics, calculus of variations, partial differential equations, free boundary problems,
geometric measure theory, harmonic analysis and the theory of pseudodifferential operators.

The parameter range considered in this paper has also a special energy feature. Namely, while the
interaction energy of fractional Sobolev type of a heteroclinic connection is divergent, the part coming
from the potential is typically finite under assumption (1.5). To check this, we recall formula (12)
in [PSV13], according to which a heteroclinic orbit Q(x) converges to the equilibrium in the homogeneous
case like <225t Since, by (1.9), the potential W is quadratic near the equilibria, the potential energy

1+|z]?s "
const
———dx,
/]R (1 + [x[?)2

term of such trajectory behaves like
which is finite when s lies above the threshold 1/4.

For this reason, when s lies below 1/4, it could be expected that a second energy renormalization is
needed in order to apply variational methods (e.g. in the approach given by formula (13) in [PSV13])
and we plan to explore this parameter range in future works.

We also remark that the case considered in this paper is not translation invariant, in view of the
modulating function a. This is an important difference with respect to the previous literature on
the subject, since the translation invariance implies the monotonicity of the heteroclinic, which in
turn implies a series of analytic estimates on the energy functional and allows the use of more direct
minimization principles (see [PSV13,CS15,CMY17| for further details).

The rest of the paper is organized as follows. In Section 2, we fix some notation, to be used in the rest
of the paper. In Section 3, we give two elementary proofs establishing a uniform bound for a nonlocal
equation and a regularity result for a perturbed problem (in our setting, such bound is important to
obtain uniform estimates in a perturbed problem, and the regularity result is useful to estimate errors
in the “cut-and-paste” procedures).
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The proof of Theorem 1.1 is then developed in Sections 4, 5, 6, 7, 8 and 9. More precisely, Section 4
is devoted to an energy estimate from below. In our setting, this bound is important to avoid that
large excursions of the orbits may drift the renormalized energy to —oo and to guarantee the necessary
compactness for the direct methods of the calculus of variations.

Then, we exploit these variational methods to construct the heteroclinic connections, by proceeding
step by step. First, in Section 5 we consider a constrained and perturbed problem. The additional
perturbation provides the technical advantage that all the orbits with finite energy are in fact continuous,
and this fact will allow us to make use of geometric arguments in the analysis of such orbits. The
constrain is also useful to “force” the orbits close to the equilibria at infinity. As a matter of fact,
in Section 6, using a double obstacle problem approach, we show that constrained minimizers are
continuous with uniform bounds.

Interestingly, this obstacle problem is also of mixed local and nonlocal type, and this is a class of
problems rarely studied in the existing literature. For our goals, the achievement of uniform estimates
for this problem is crucial in order to have precise information when the orbit touches the variational
constraints.

Also, in Sections 7 and 8 we recall the notions of clean intervals and clean points, and we prove some
stickiness properties of the energy minimizers.

Then, in Section 9, by taking the asymptotic constraints “far enough”, we will produce a free, i.e.
unconstrained, minimizer. Finally, in Section 10, by using estimates that are uniform with respect to
the perturbative parameter, we will be able to remove the perturbation and obtain the solution claimed
in Theorem 1.1.

2. NOTATION
e Given I, J C R and f, g: R — R, we set

(2.1) Brs(f.q) = / / (@) = ) (0(0) ~ 9(0) K = ) e dy,

and

22 B [ (1@ - 10l - 1@, 0)@) - @ )W) K=y drdy
Notice that

Bri(f,g) = // (f(x) = f(W)(9(z) — g(y)) K(x —y) dzdy
(23) JxI

= //1 ; (f(y) — f(2)) (9(y) — g(2)) K(y — x) dy dz = By 5(f, 9),

since K is even. Similarly,

Ercs(f) = Ezxi(f)-
We will also use the notation
Epr(f) = Ena(f)-
e The Lebesgue measure of a set A will be denoted by |A].

3. A UNIFORM BOUND AND A REGULARITY RESULT FOR A NONLOCAL EQUATION

We provide here a general uniform bound for solutions of nonlocal equations, which will be exploited
in this paper in the proof of the forthcoming Corollary 5.2, to obtain estimates that are uniform in the
perturbation parameter 7. The result will be applied to functions whose domain is one dimensional, but,
for the sake of generality, we state and prove the result in RY for al N € N, N > 1, and s € (0,1) (for
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this, the power 1+ 2s in (1.4) gets replaced by N + 2s). So, in this section, Zu denotes the differential
operator defined on smooth bounded functions as follows

(3.1) Zu(zx):= P.V./ (u(z) —u(y)) K(z — y) dy = lim (u(z) —u(y)) K(z —y)dy,

RN 00 JRN\B,(2)

where K is an even kernel such that

0o SN
WX[OM (r) < K(r) < [r[Vr2s

for some ©g > 6y > 0 and some ry > 0, with s € (0,1). Of course, the setting in (1.3) is comprised here
with IV := 1. Then we bound the solution of perturbed nonlocal operators as follows:

Lemma 3.1. Let n > 0. Let ug € L¥(RY \ By) and f € L>°(B;). Let u: RY — R be a solution of

—nAu+ZLu=f in By,
u = ug in RV \ Bj.

Then v € L>(RY) and

Jull ooy < const (luoll ey + 1/ s )

Here, the positive constant “const ” depends on N and on the structural constants of & but it is inde-
pendent of 1.

Proof. We let 1 € (0,1), to be taken conveniently small in what follows. We define

Ue(z) := max {0, % - |m|2} .
Notice that
(3.2) v, > 01in By, D By.
We claim that
(3.3) Lv, > cin By,
for some ¢ € (0,1), as long as p is sufficiently small. To check this, for any Z € By we define

_ 1 _ _
2 =27 (T~ ) Xp, @) (@) + 0u(T).

rg(2) =21 - (T — 1) XB,) u(@) (@) + i 7]

We observe that in By, \/ﬁ(:i) the function r; describes the tangent plane to v, at . Hence, since v, is
concave in its positivity set, it follows from (3.2) that

(3.4) rz 2 Uy in By u(Z).
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Furthermore, in RV \ By, /(Z), it holds that 7z = v,(Z) and therefore

[ ) - ew) KE— g dy
RN\Bl/\m(f)

- / (@) —u(y) K(@ —y) dy
RN\B1/(3)

1
= (lyl* = 1z*) K(@ —y) dy+/ (— - W) K(z —y)dy
> [ pPKE-
RN\By; /n(7)

> " / dg
> — cons =

'\B,, [V
= — const p°.

Also, since K is even, for any o > 0 we have that

/RN\BQ(x) - (T—vy) XBl/ﬁ(@(y) K(z—y)dy = /RN\BQ T - gXBl/ﬁ(f) K(£)d¢ = 0.

Accordingly, by (3.1) and (3.5),

Zu(@) = lim e (22 (T = y) XBy, (o) (U) + 0:(2) = vu(y)) K(T — y) dy
= lim (ra(y) — vu(y)) K(z —y) dy

070 JRN\B,(z)

> lim (rz(y) — vi(y)) K(Z — y) dy — const p°.
0SBy yu(@)\Bo (@)

Hence, since By u(T) 2 By, (7) if p1 is small enough, using (3.4) we can write that

const pi* + L, (T) = / (rz(y) — v(y)) K(z —y) dy
Brg(@)\Byy 2(2)
> const / (rf(y) — "U*(y)) 1z —y| V% dy
B'ro (f)\Bro/Q("E)

Bro (8)\ B,y /2(%)

= const / 1z —y|? |z —y| N dy
BTO(:E)\BT()/Q('%)

= const / €PN e
B”'()\BTO/2

= const.

By taking p conveniently small, this proves (3.3), as desired.
The computations above have fixed the size of p once and for all. Therefore, it holds that

(3.6) ||| poe () < comst .

Let now M := ¢ (||uo||peeey\5y) + 1| 22o(51)) and 8 := M (v, + 1). Notice that, outside By, we have
that 5 > M > ug = u. Moreover, in By, it holds that 5 = M %v, > c¢M > f, thanks to (3.3). Also,
by concavity, we have that A = MAv, <0 in Bj.
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All in all, we have that
—nNAB+ZLPB > f=-—nAu+ZLu in By.

Consequently, by Comparison Principle, we find that 8 > u in RY and therefore, by (3.6),
u < ||Bll poe@yy < M ([l zoemry + 1) < const M.
Similarly, we see that u > — const M. These observations imply the desired result. 0

Next is a uniform regularity result dealing with a perturbed problem:

Lemma 3.2. Letn € [0,1], s € (0,1) and f1, fo € R. Letu € L®(RN)NC(B,) be a viscosity subsolution

of

(3.7) —nAu+ ZLu+ f1 =0 in By,
and a viscosity supersolution of

(3.8) —nAu+ ZLu+ fo =0 in Bj.

Then, u € C%*(By)s) for any o < min{2s, 1} and

o 1o
(3.9) [ucoa (s, ) < C (fa = fi + |[ull oo @my) [ull pocfrnys
for some C' > 0 independent of 1.

Proof. We use appropriate techniques from the theory of regularity of viscosity solutions of uniformly el-
liptic second-order local operators, see [IL90], and recently extended to nonlocal operators, see e.g. [BCI11,
MP12], adapted to our context. Let us introduce the following notation: given r > 0, for a function ¢
we define

FV () = / (6(x) — Bl + 2) + x5, (=) V() - 2) K (2) dz
{lz|<r}
and

2ow) = [ (9@ olr + DK ()
where xp, is the indicator function of B,. Th;n,
(3.10) Lé(x) = L ¢(x) + L ().

We let ¢ € C(RY;R}) N W**(RY) be such that ¢(z) = 0 for all x € Byjp and ¢(z) > 1 for all
r e RN\ Bs;4. We then define

(3.11) (@) = 2||ul| g @) ().
Since ¢ = 0 in By, to prove that u € C%*(By) for any a < 2s, it is enough to show that given
any a < 2s, with a € (0,1), there exists L > 0 such that, for all z1, 2, € RY,

(3.12) w(zy) — u(wy) — Llxy — x0|® — (z1) < 0.

We argue by contradiction, assuming that (3.12) does not hold true. For ¢ > 0, let u® and u. be
respectively the sup and inf convolution of u in RV, i.e.,

u(z) = sup (u(y) _ 2_1€|x _ y|2>

yERN
: 1 5
and  u.(z) = yIGI]gN u(y) + 2—g|x —yl*).

We notice that
(3.13) ut(x) = u(z) = u(x).

Moreover, u® is semiconvex and is a subsolution of (3.7) in By_, and u. is semiconcave and is a super-
solution of (3.8) in B,_,, for some p = p(e) > 0, see e.g. Proposition II1.2 in [Awa91].
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Since (3.12) does not hold true, there exists a € (0, 2s) such that, for any L > 0 and £ > 0,

sup  u(@1) —ue(w2) — Llzy — 22|* —(z1) = sup  w(z1) —u(xa) — Llzy — 2o]" —(x1) > 0,

(I17I2)€R2N (xl,xz)GRQN
where we also used (3.13). Then, for any L > 0 and & > 0, the supremum on R?" of the function
(3.14) ut (1) — ue(x9) — Llxy — 22| — (1),

is positive and is attained at some point (Z;,7») € R2Y. Moreover, for ¢ small enough, we have
that T; # 5. We remark that

1
2||u|| feo0 o
(3.15) T, — T| < (—” ”LL <RN’) .

Using that ¢ > 1 in RY \ By and (3.11), we see that for all z; € RY \ By,
u (1) = ue(w2) = Llwy — o™ — (1) < (1) = ue(22) = 2f|ul[ ey < 0c(1),
where 0.(1) — 0 as ¢ = 0. Thus me must have z; € By, for € small enough, and by (3.15), if
L > 16||u|| oo mvy,
we have that
(3.16) 1, T € Brs.

The function in (3.14) is semiconvex, hence, by Aleksandrov’s Theorem, twice differentiable almost
everywhere. Let us now introduce a perturbation of it, for which we can choose maximum points of
twice differentiability.

First we transform (Z,75) into a strict maximum point. In order to do that, we consider a smooth
function h : Rt — R, with compact support, such that 2(0) = 0 and h(t) > 0 for 0 < ¢ < 1, we fix a
small 5 > 0 and we set

O(z1,29) = Bh(|z1 — T1|*) + Bh(|as — Tof*).
Clearly, (T1,T2) is a strict maximum point of u®(z1) — u.(z2) — Llxy — 2|* — ¢ (z1) — 0(21, 22).

Next we consider a smooth function 7 : RY — R such that 7(z) = 1 if |z| < 1/2 and 7(x) = 0 for
|z| > 1. By Jensen’s Lemma, see e.g. Lemma A.3 of [CIL92], for every small and positive d, there exist
¢, ¢5 € RY with |¢?],|¢5] < §, such that the function

(3.17) D(x1,29) 1= u'(x1) — ue(wa) — Ll — 22| — 1(21) — @a(x2),
where
o1(x1) = Y(x1) + Bh(|z — 7|3 + (2, — fl)q‘f @,
and  @o(12) = Bh(|lzy — TQ|2) + 7(29 — Tz)qg - Ta,

has a maximum at (9, x3), with

and uf (1) — u. () is twice differentiable at (2, x3). In particular, u is twice differentiable with respect
to z; at :c‘ls and wu, is twice differentiable with respect to x, at xg.

We remark that the function 7 has been introduced to make £?"p; and Z*" ¢, finite. Also, for §
small enough, by (3.16) and (3.18), we have that

(3.19) 2,15 € By,

and that 2 # 29. In particular, this will allow us to compute the derivatives of the function in (3.17).

Since (29, 2%) is a maximum point for @, we have

Vs (29) = Vir (21) + aLla] — a3)* 7 (a] - 3)

(3.20) )
and Vug(xg) = —thg(mg) + OzL]x‘f — a:g\o‘ 2(:17‘15 — :)Jg)
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Moreover the inequalities

and Ol + 2,25 + 2
for any z € RV, together with (3.20), give respectively:
uf (29 + 2) — uf(29) — Vus(zl) - 2
(3.21) < @12 +2) — pi(a}) = Veu(a]) - 2
+ L|a} + 2 — ay|* — Lla — 23] — aLlz§ — 25]°7*(2] - 29) - 2,
and
— (ue(xd + 2) — u(xd) — Vu(23) - 2)
(3.22) < pa(5 + 2) — pa(5) — Vipa(ay) - 2
+ L|ay — 2z = 25|* — Lla] — 5| + aLlz§ — 25]°7*(2] — 29) - 2,
and, for any r > 0,
u (2] + 2) — u¥(2}) — xp, (2) Vi (z
(3.23) < te(wy + 2) — ue(25) — x5, (2) Ve
+ @1 (29 + 2) = pa(a9) = x5, (
+@a(5 + 2) — a(23) — X, (2

The last inequality in particular implies that

(3.24) LAl (27) < L ue(wy) + L2 p1(]) + L pa(a)),
and
(3.25) D*uf(29) — D?uc(28) < C(B + ||ul| poo @y I,

where Iy is the N x N identity matrix. Here and henceforth C' denotes various positive constants
independent of the parameters.

Now, using that u° and wu. are respectively subsolution of (3.7) and supersolution of (3.8) in B;_,,
and recalling (3.10) and (3.19), we have that

(3.26) A (a) + LY () + LA () + fi <0
and
(327) —UAUE(JUg) + glmus(mg) + 32’Tu5(.1'g) + f2 = 0.

Thus, by subtracting (3.27) to (3.26) and using (3.24) and (3.25), we obtain
(3.28) LV (a7) = LV us(as) + fi — fo = C(B+ [[ull pogavy) < 0.

Next, let us estimate the term £V uf(29) — £V u.(x3) and show that it contains a main negative part.
For 0 < 1y < 1, let us denote by A, the cone

Avc={z€B., |z (28 — 28)| > wo|z||2? — 23|} .



12 SERENA DIPIERRO, STEFANIA PATRIZI AND ENRICO VALDINOCI

Then
(3.29)
S (a]) - LM ()

- /AT [u (20 + 2) — uf(2)) — Vus(2) - 2 — (ue(ad + 2) — ue(2d) — Ve (23) - Z)]K(z) d=

_ /BT\AT [us(:lﬂﬁS +2) — us(ﬂcg) — Vus(xis) cz— (ug(l’g +z) — us(xg) — Vug(xg) ) 2)} K(2)dz
= =T —1T.
From (3.23) we have
(3.30) T, < C(B + ||ull oo @ry))-

Let us estimate 7). Using (3.21) and (3.22), and successively making the change of variable z — —z,
we get the following estimate of T7:

T < / [L!x‘f + 2 — a3|® — Llzf — 23|* — aLlz] — 23|* (2] — 23) - Z]K(Z) dz + C(B + |lull L @)
4 [ [Llad == adfe - Llaf - "+ aLle] - ol 2ol - o) - 2| K(:) a2
Ar
=2 [ [Llof 42 - adj® - Llaf - " - allad - " ?(ad - ) 2] K(2)dz + C(6 + ulumqan)
Ay

< aL/ sup {|x‘f —ad + 2| (2 — 2 + 22 — (2 — @)[(2] — 23 + t2) - 2]2)}K(z) dz
Ap {ltl<1}

+ C(B + [Jul| oo m))-
Let us fix r := o] — 29|, for some o > 0. Then, for 2z € A,,
|29 — 5 +tz| < (1+ 0)]a] — 2]
and  [(2f — 2l +£2) - 2 3 (2] — 28) - 2| — 2 > (v — 0) |2 — 2.
Let us choose 0 < 0 < 1y < 1 such that
Coi=—(1+0)?+(2—-a)n—o0)*>0,
then by (1.4),

_CCyLlat — b / 22K (2) dz + C(8 + [[ullpooga))

3.31 a—2 9—9
(3:31) —CCo L)zt — 239222 4 O(B + ull g gam))

—CCoLla) — 25| + C(B + ||ul| oo (@))-
From (3.28), (3.29), (3.30) and (3.31), we obtain
CCoLla] — 25*7* — C(B+ ||ull e @ry) + fr = f2 <O
Letting 6 go to 0, the last inequality and (3.18) yield
CCoL|T) — Ty < C(B+ ||| oo (my) + f2 — f1.
Thus, since a — 2s < 0, using (3.15) and letting 5 go to 0, we finally obtain

NN

L<C (f2 — f1+ ||l oo mmy ) HUHLoo (RN)"

Since L was chosen as big as we wish, we get a contradiction for L > C (fo — f1 + ||u| peomr ) HUHLOO(?RN)'
This proves (3.9). O
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With the aid of Lemma 3.2, we can prove the following regularity result (with uniform bounds):
Lemma 3.3. LetT >1,n€(0,1), p>0,( € Z. Let Q € L¥(R) be a solution of
—nQ(x) + Z(Q)(x) + a(x)W'(Q(x)) =0,  for any x € (—4T,4T).
Suppose that
(3.32) Q(x) € B,(C) for any x € (—4T,4T).

Then, for any o < min{1, 2s},

(3.33) [Qleoarr) < CT™ (|Q)lpoo) + T%p) > p'~ %,
for some C' > 0 independent of n and depending on structural constants.
Proof. Up to a translation, we assume that ¢ = 0, hence (3.32) becomes
(3.34) |Q(z)| < p, for any x € (—4T,4T).

We let 7, € C5°([—4,4],[0,1]) be such that 7,(x) = 1 for any x € [—3,3]. We define 7(z) := 7,(x/T)
and u(x) := 7(z) Q(x). Notice that, by (3.34),

(3.35) lu(x)] < p for any = € R.
Arguing as in Lemma 4.1 in [DPV17], we see that u is solution of

—nii+ ZL(u) = f in (=2T7,27),
for some function f satisfying

CllQ|| Lo~ (r
| fll oo (—2m2m) < T() + Cp,

with C' > 0 independent of 1. Let v(z) := u(Tx), then v is a solution of
—nT* Vi + P(v) =T*f in (=2,2).
Therefore, by Lemma 3.2 and (3.35), we have that, for any o < min{1, 2s},

[U]Co,a(,l’l) <C (HQHLOO(R) + TQSP)% p1,2%.
Scaling back we get (3.33). .

4. ENERGY ESTIMATES

Goal of this section is to provide suitable integral estimates, with the aim of bounding the energy
from below (this bound is crucial to apply minimization methods in the variational arguments). To
start with, we provide a bound on the “mixed term” of the energy functional, as defined in (2.1).

Lemma 4.1. Let v € L>(R),
S_(v):={z e R\ [-1,1] s.t. dist(v(z), Z) < b}
and Si(v) :={z e R\ [-1,1] s.t. dist(v(z),Z) > do}.
Then

B0, )] < const [, v <(|s+<v>|l‘fs 1) i + \/ [ ()|v<x>|2dx) |
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Proof. We fix L > 2, to be chosen conveniently at the end of the proof and we set I_ := (—o0, —L),
I, :=(L,+00)and J := [—L, L], and we notice that B; (v, Qﬁl@) =%, 1, (v, Qﬁ(l,@) = 0, since le’@
is constant on /_ U I;. Using this and (2.3), we see that

(41) %}KR(’U, Qﬁ(l,éb) = %J”](/U, le’@) + 2=%J,I_ (Uv QﬂCLQ) + 2'%1_,14. (Ua le,@) + 2‘%J,I+ (U7 Qﬂghgg)'
Moreover, if x € [-L, 1] and y € (L, +00) we have that

L
r—yl=y-a>i+5 122,

and so, recalling (1.4), we have that

// |(Qﬁ1,¢2>(1’3)—C2|2K(I—y)dxdy
[~ L,1]x (L, +00)

< const [|QF, 17w // y T dr dy
[-L1]x(L,+0o0)

< Const||Q< 42||Loo L2,

Therefore, by the Cauchy-Schwarz Inequality we find that
|‘%J71+ (U’ QﬁCl,Q) ‘

_ ' / /[_L o () = 0) (@ )0 = G) K = ) dndy
. ) \///[—L,l]x(L,+oo) o) = v(y) ’2 K(x —y)drdy
: x) — G2 Ko —vy)drd
" \///[—L,llx(L,+oo) Q% 0)(@) = G| K —y) dudy

< const Hle,@
Similarly, it holds that

(4.3) |@J,1_(U,le@)‘ < const HQﬂgl,CQHL‘”(R) L
Also, we have that

[U]K,RXR-

1—2
> [U]K,RxR-

@l = [ )6 - 6 K= e

4y <ot @ gl [ (o) + o)) ()7~ dedy
(—00,—L)x(L,400)

[v()] ()]
< const [|Q% . || [/ ———dr + ——dy]| .
¢1,¢2 (R) (Coo_L) (L _ I.)Qs (Lot00) <y i L)2s

In addition, using the Cauchy-Schwarz Inequality we see that

J S '”y/ E
S_(v)N(L,+00) (?J + L 28 (Ltoo) (Y + L)%
t
< ot ¢ [

We stress that we have used condition (1.5) here.

(4.5)
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2_ and and then the fractional

Also, by using the Holder inequality with exponents 2 = - Tios +257

Sobolev Inequality (see e.g. Appendix A), we have
128

1
lv(y)| -\ % dy ’
/ 1,)2s dy < [v(y) = dy —
S @n(Ltoc) (Y + L) S ()N(L+o0) S @N(Ltoo) (y + L) T+

const 142s
<~ [0l as ey 14 (0) N (L, +00) 5

const 1425
< N [0] s m) |S+ (v) N (L, +00)| 2
const 142s
S 7o [Urmsr ]S (0)]7F
This and (4.5) imply that
)l const / S5 (v)
4.6 < )2 d t _
Similarly, it holds that
@I, o const [ (0) 7=
(4.7) / x)|2dx + const [V]grxr ——5——.
(—c0,—L) (x+ L) L)ZS S (v) o L2
Thus, we plug (4.6) and (4.7) into (4.4), and we conclude that
(4.8)

1+25
1S4 (v)]
|9§LJ+(U,Q21’<2)‘ < Const||QﬁCl’<2||Loo(R) ( \//S . z)|?dx + const [v]krxr +L2s .

Furthermore, by the Cauchy-Schwarz Inequality and (1.15), we have that
’,%’JJ(U, QﬁCl,Cz)‘

< \///ij ‘U(ﬂﬁ) - U(y)|2K(a: —y)drdy //JXJ |<Qﬁ1,42>($) _ (le,Cz)(y)FK(:[ ) dudy

< const [v KRXR\/// (@4 ) (@) — (@4 )W) Kz —y) dudy.

Now, using that QCl,Cz(z) = (3 for any z € (—o0, —1) and Qﬁcl@(x) = (y for any = € (1, +00), we have
that

//JX (QF ¢)(@) = (QF, )W) K (2 — y) dudy
// QL ) (@) — (QF )W) K (x — y) de dy
+2/2/ (QL )(@) — (@, )W) Kz —y) dz dy
+2/ / (QF,.) (@) — QL )W) K(x — y) dedy

+2 / / | QCl G2 Qﬂl C2 y)|2K(l‘—y) dIdy
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We estimates the integrals in the right-hand side of the previous equality as follows.

/ /|Qﬁ1<2 — (@ o) Y)|* K (z — y) da dy
// (Q4 )(@) — (QF )W) K(x — y) du dy

< constHQC lieemL™.

Similarly,

2 L
2 S
| ] 10@ @) = (@ )0 (e = gy dedy < const G, ey
and
-2 /L ) ﬂ
/L /2 }(Qﬂh@)(m) o <Q§17C2)(y>‘ K(‘T o y) dx dy < const Hle,CQH%m(R)Lli%-
Therefore, using in addition that
2
1@ )~ (@, )0 K = )y < const 10, e

we infer that

w10) ] 1@k @) @ )0 K =) drdy < const Q] ¢ i

From (4.9) and (4.10) we obtain

(4.11) \@J,J@,Qg@n < const HQQLQHCI(R)[U] ,

Now, we insert (4.2), (4.3), (4.8) and (4.11) into (4.1) and we obtain

“@RR (U7 QELCQ) |
) S 142s
< const |QF, ¢, llence) (L [elmer + ar \/ / D de+ Pl DL +(Lz)l )

Therefore, choosing L := 2 + |S(v)| we obtain the desired result.

Now, we provide a lower bound for the potential energy.
Lemma 4.2. Let v € L>®(R),

S_(v):={z e R\ [-1,1] s.t. dist(v(z), Z) < b}
and Si(v) :=={z e R\ [-1,1] s.t. dist(v(z),Z) > do}.

Then

/ W(Qﬁh@(l') + v(x)) dx > const / ‘v(a:)fdm + inf  W(r) ‘SJF(U)‘.
(—00,~1)U(1,+0)

S_(v) dist(r,Z)>00
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Proof. Notice that if z € (—oo,—1) U (1, +00) then Qﬁﬁ,@(x) € Z and consequently W(Qﬁl@ (x) +
v(z)) = W (v(z)). Therefore, recalling (1.9) we compute that

W (@ r)+v(x))dr = Wiv(x)) dx
/(_oo,—1)u(1,+oo) (@ (@) +0(@) /(—oo,—1)u(1,+oo) (v(z)
— / W (v(z)) dx+/ W (v(z)) dx
S_(v)

S4(v)

2
> t d inf W S
Z o /S_ (v) ‘U("L‘)| T dist(i%)?% (r) | +<U)

as desired. ]
Combining Lemmata 4.1 and 4.2 we obtain:
Corollary 4.3. Let v € L*(R),
S_(v):={z e R\ [-1,1] s.t. dist(v(z), Z) < &}
and Si(v) =={z e R\ [-1,1] s.t. dist(v(z),Z) > do}.
Assume that
(4.12) 1S+ (v)] < +o0.

Then, there exist k1, ko > 0, possibly depending on ||QﬁCl CzHCl(R) and on structural constants, such that

Br g (v, Qﬁﬁ,Cz) + % /Ra(m) T/V(Qﬁh42 (z) + v(z)) d

> </5(v> o) [* da + }S+(v)|) . ([v];fﬂi;w 1) |

Proof. We fix € > 0, to be chosen conveniently small and we denote by C. positive quantities, possibly
varying from line to line and possibly depending on £, on ||Q§1 & |c1(r) and on structural constants.
By the Cauchy-Schwarz Inequality we have that

(4.13) const ||Q217<2||01(R) \// lv(z)|2dx < C. + 5/ lv(z)]? da.
S_(v) S_(v)
Also, by Young’s Inequality with exponents 1= and = +2 , we see that
1-25 2
(4.14) const [|Qf, ¢, lorm) |5+ (0)] 7 ]k exe < €[S+ (v)] + [ IKR xR
As a consequence, exploiting Lemma 4.1 and the estimates in (4.13) and (4.14), we obtain that

/A

| B (v, QL )| < 5(/5()! v(x)|* dz + |54 (v) ) Cs< ?ﬁsxRJr KRxR+1>

(/ o(a) 2 dx + |5 (0) )+cs B )
S_(v)

From this and Lemma 4.2 we deduce that

Brr(v, QE&,@) + /}Ra(x) W(Qﬂcl,cz(x) +v(z)) dx

2
> (const — 5)/ ’v(x)|2 dr + (const inf  W(r)— 5) |54 (v)| — C- ([U]}jﬂz&R + 1)
S_(v) dist(r,Z)>d0 ’

dist(r,Z)>do

1 2
= 3 (COHSt / |v(:r;)‘2 dr + const  inf  W(r) |S+(v)’) —C. ([U]}{@R + 1) :
S_(v)
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as long as ¢ is taken suitably small. 0

5. VARIATIONAL METHODS AND CONSTRAINED MINIMIZATION FOR A PERTURBED PROBLEM

Fixed (i, (; € Z and r € (0, min{dy, 7o }] (where dy and ry are given by (1.4) and (1.9), respectively),
we construct constrained minimizers for our variational problems. To this aim, we take b; < —1
and by > 1 and consider ¢ and v solutions to

0+ ZLo=Co in (b —7,ba+7),
(5.1) dp=C+r in (—oo,b; — 7,
¢=C+r in [by + 7, +00),
and
—n+ LY =—Cy in (by—7by+7),
(5.2) = —r in (—oo,b; — 7],
v==C—r in [by + 7, 400),
where Cj := ||aW'|| L r) and 7 € (0,1). It is known that solutions to (5.1) and (5.2) with n = 0 grow
like d*(x) plus the boundary data away from the boundary of (by — 7, by + 7), where d(x) is the distance
function to the boundary of (by — 7, by + 7), see [ROS14]. Thus, by stability of viscosity solutions, there
exist ¢, C' > 0 such that, for 7 small enough,
c(lz—=b1+7)°+0,(1) <P(z) =G —1r < Clz— by +7)° + 0,(1) for x € [by — 7, b1,
clba+7—2)+0,(1) <o(z) —G—r <Cby+7—12)°+0,(1) for x € [by, by + T
—Clr—b1+7)°4+0,(1) <tY(x) =G +r < —c(zr—bi+7)°+0,(1) forxzelby—71,b
—Cba+7—2x)°+0,(1) <Y(x) = G+r < —clby+7—2)°+0,(1) for x € [by, by + 7],

where 0,(1) — 0 as n — 0. In particular, for small 7,

(|¢(z) — ¢ — 7| <

Y

]
)
]
]

for x € [by — 7, b1],

|p(x) — G —r| < = for @ € [ba, bo + 7],

lW(x) — G+ < for z € [by — 7, bq],

r
() — G+ < 1 for x € [bg, by + 7).

\

Next, consider smooth functions ® : R —+ R and ¥ : R — R such that

(®(z) = ¢(x) for x € (—o0, by — 27] U [by + 27, +00),
(5.4) G+ ZT <O(z) <P(z) <G+ ZT for z € (b1 — 27, b4,
: d(x) > ¢(x) for x € (b, be),
Gt 7 < B(a) < O(2) S G+ v Tor [ba, by +27)
and
(U(z) = b(z) for all @ € (—00,by — 27] U [by + 27, +00),
55 G — Zr <Ylx) <¥(r) <G — zr for all x € (by — 27, b4],
' U(x) < (z) for all = € (b, bs),
(&~ 2r < @) < U(@) <G —r forall by by + 27)
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With this, we can define the set
T(by, by) = {Q R Rst. Q-0 . € H'(R),

(5.6)
U(z) < Q(x) < (2) for all & € (—o0, bi] U [be, +oo)}.

Given n € (0, 1], we also consider the energy functional

0(Q =3 [1@Pde+ [ a@wW (Q) ds
(5.7) R R
1 [ (1e@ -l - 1@, e - (@, )6F) K=y drdy,

Then, we can construct a constrained minimizer for I, in I'(by, by) (later on, in Proposition 9.2, we will
take by and by conveniently separated, in order to employ condition (1.12), so to obtain an unconstrained
minimizer, and then, in Section 10, we will send  — 0 in order to obtain a true solution, as claimed in
Theorem 1.1).

Lemma 5.1. There ezists ), € I'(by, by) such that
(5.8) L(Q,) < 1,(Q) for all Q € T'(by, by).
Also, letting v, := Q, — le@, it holds that

(5.9) ()i @) < g’

(5.10) (V] K RxR < K,

(5.11) vy || Lo () < %,

(5.12) [ogll 22y < KL+ vy |2 m))
(5.13) and  Eg2(Qy) 2 —k,

or some k > 0, which possibly depends on ®and on structural constants.
Y GG

Proof. We take a minimizing sequence @); € I'(by, by) for the functional I,,, and we let v; := @), — Qgh@ €
H'(R). In particular, we have that

xEIinoo Uj(l’) =0,
for any 7 € N. From this and (1.7), we have that the set
Si(vy) = {z e R\ [-1,1] s.t. dist(v;(z),Z) > b}

is bounded. This means that condition (4.12) is satisfied for any fixed j € N and, as a consequence, by
exploiting Corollary 4.3 we obtain that

1
Bl Qe )+ [ ) W@ (o) () do

2k (/s@j) |v;(2)|” dz + |5+(Uj)|> — K ([Uj]zlfﬁsxna + 1) ,

for some k, possibly varying from line to line and possibly depending on le ¢, and on structural
constants, where

(5.14)

S_(v;) :=={x e R\ [~1,1] s.t. dist(v;(z), Z) < o}
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We also define J,(v) := (Qﬁch<2 + ). In this way, the sequence v; is minimizing for J,, and

)
1) = [ (G @) + 160 + 208, ¢ (0)0(w) do+ [ alw)W (@, (o) + v(o) da

R
1
S1 [ o@) v Ko=) dedy + 3 Bea, G )
RxR

Since v; is minimizing and the zero function is an admissible competitor for .J,,, we can also suppose
that

1 . _
(5.16) Jy(v;) < J,(0) + 1 < §/RVQEL<2($)|2 dx + /RaW(QﬁCI’CQ(a:)) dr+1<k
In addition, by Cauchy-Schwarz Inequality,
Q‘le@(ﬂf) Uﬂ(x)‘ <4|le Cz ‘ + 7 ‘UJ

Combining this estimate with formulas (5.14), (5.15) and (5.16), we conclude that

/|] Wdr + = / ()W(Qﬁgl,@(@—f—vj(x))dx

(5.17) T [UJ]KRxR “[%]?ﬂ@ﬂ%

+ K (/S(Uj) |vj(x)| dx + }S+(vj)‘) .

_2
K2 [%‘E{,Rx[& - K[”J]?]?&ZR?

(5.15)

‘ 2

In particular,

which implies that

(5.18) [V;] Kk RxR < K-

This and the Sobolev Inequality (see e.g. Appendix A) imply that
||Uj||L2§(R) <K,

with 27 := ﬁ > 2. Therefore, for any interval .# C R of length 1, we have that

(5.19) [0l 22 () < 5.
Furthermore, exploiting (5.17) once more, we see that
2
(5.20) o [ @ do < 5 = (o ficacs + rlo e <
Now we prove that
K

(5.21) up Q@) — G| < £,

zeR n

For this, we suppose that, for some z € R, it holds that

with v > 1. Our goal is to bound v. To this end, we use formulas (5.19) and (5.20) to see that

o3 e <

120 < =

il ) S 5

for any interval ¥ of length 1, and, consequently, by the classical Sobolev Embedding Theorem,
K

2
I:/U]]CO,%(J) = ,’7
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and so
2 K
(523) @t <
Moreover, from (5.22), we know that there exist v/ € N with v/ > const v and points xy,...,x,, € R

for which dist(Q;(z,), Z) > 1, for all m € {1,...,v/}. This and (5.23) imply that dist(Q;(z), Z) > &
for all m € {1,...,v'} and all z € (x,, — k1, z,, + kn). Thereupon, we obtain that

/Ra(x)I/V(Qﬁcl’C2 (z) + vj(z)) do = /Ra(x)W(Q](x)) dr > kv'n > k.

This and (5.17) imply that v < k/n.

This argument shows that Q;(z) < (; + % Other estimates can be obtained in a similar way, thus
proving (5.21).

From (5.21), it follows that

(5.24) [0l o< ) <

<Xk

Now, we observe that

[w@rde = [ w@Pdes [ P
R Sf(Uj) SJr(Uj)

/S I ey 1940

VAN

< (L ol m) (/S ( )!vj(fﬂ)|2d:c+ |5+(Uj)\> :
This and (5.17) give that

(5.25) / o3 (2)2 dir < w(1+ [0y

From (5.18) and (5.25), we obtain that, up to a subsequence, v; converges locally uniformly in R and
weakly in the Hilbert space induced by [-]x gxr to a minimizer v,. We then set @, := v, + QE‘LCQ and we
obtain (5.8). Also, the claim in (5.9) follows by taking the limit in (5.20), as well as the claim in (5.10)
follows by taking the limit in (5.18). Similarly, the claim in (5.11) follows from (5.24) and the claim
in (5.12) follows from (5.25). Finally, (5.13) follows by taking the limit in (5.14) and by (5.10). O

Now, by virtue of the uniform bound in Lemma 3.1, we are in the position of improving (5.11)
and (5.12), obtaining uniform estimates in the perturbative parameter 7.

Corollary 5.2. In the setting of Lemma 5.1, it holds that

(5.26) oyl L @) < &,
(5.27) [onl| 2wy < 5,

2 K
(5.28) and [Qﬁ]co,%(R) < o

for some k > 0, which possibly depends on Qti and on structural constants.
C17<2

Proof. If x € (by, by), the minimizer (), is unconstrained and we can therefore differentiate the energy
functional I,), thus obtaining that

—nQy +aW'(Qy) + ZLQy =0 in (by,by).
Moreover, by (5.4) and (5.5), we see that

S d
|Qn(z) — G| < " forall v < b and |Q,(z) — (| < d for all x > by.
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In this way, we are in position of using Lemma 3.1 with f(z) := —a(z)W’(Q,(z)): thus we deduce that
there exists &, independent of Cj, such that ||Q,||L=®) < &, and therefore

vyl < 1@Qnllze@ + 1QF, ¢, lze@) < .

This proves (5.26).
The claim in (5.27) follows from (5.12) and (5.26).

Finally, (5.9), (5.26) and the classical Sobolev Theorem yield (5.28). O
Now we define
J* = (bl, bg)
and
L:={z € (—00,b1] U [by, +00) s.t. ¥(z) < Q,(z) < (z)}.
Let also
(5.20) F:=J. UL

As usual, by taking inner variations, one sees that in the set F' the minimization problem is “free” and
so it satisfies an Euler-Lagrange equation, as stated explicitly in the next result:

Lemma 5.3. Let (), be as in Lemma 5.1. For any x € F', we have that

(5.30) —1 Qy() + ZQy(2) + a(z) W(Qy(x)) = 0.
Now we define the set
(5.31) Y= {Q R—>Rst. Q— le,@ € H'(R) and ¥(z) < Q(z) < ®(x) for all z € R}.

We notice that, differently from the definition of I'(by, by) given in (5.6), we require here that a function @
belongs to ¥ if it satisfies ¥ < @) < @ in the whole of R, and not only in (—oo, by] U [ba, +00).

As a matter of fact, we prove that the minimizer @, € I'(by,b2), given by Lemma 5.1, is actually a
minimizer of I, in 3:

Lemma 5.4. Let ), be as in Lemma 5.1. Then, we have that Q,, € X. In particular,

.32 inf [ = inf I =1 :
(5.32) of Q) =, inf | In(@) = I(Qn)
Proof. We first prove that @), belongs to ¥. For this, it is enough to show that
(5.33) U(z) < Qy(x) < ®(x) for any x € (b, by).

To check this, we observe that, by Lemma 5.3, @), is solution of
0 Gylw) + LQy() + alx) W(Qy(2)) = 0 for any z € (by, ba).

In addition, since @, € I'(by, be), recalling (5.4) and (5.6), we see that
(5.34) Qn(x) < ®(x) < ¢p(z) for any x € (—o0,by] U [ba, +00).
Thus, using also (5.1) and the Comparison Principle, we conclude that

Q(x) < 6(x) for any x € (b, by)
Consequently, making again use of (5.4),

Qu(x) < 9x) < B(x) for any « € (by, ),

which proves the second inequality in (5.33). Similarly, one can check that

Qu(x) > W(z) for any z € (by, ),

which completes the proof of (5.33).
Now, since @), € ¥ C I'(by, by), it holds that

. S ) _ S
é%g [n(Q) > Qellg)f;,bg) [77(@) In(Qn) =z c%zrelfz In(Q)7
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which proves (5.32). The proof of Lemma 5.4 is thus complete. O

6. LEWY-STAMPACCHIA ESTIMATES AND CONTINUITY RESULTS FOR A DOUBLE OBSTACLE
PROBLEM

In this section, we prove that constrained minimizers of the perturbed problem are continuous, with
uniform bounds. This estimate is based on a double obstacle problem approach. We follow a technique
introduced by Lewy and Stampacchia in [LS70] and suitably modified in [SV13] to deal with nonlocal
problems. In our situation, differently from the previous literature, we need to take into account the
fact that the problem is constrained by two obstacles. Moreover, our problem is a superposition of a
local and a nonlocal operators and we aim at estimates which are uniform with respect to the local
contribution. The result that suits for our purposes is the following;:

Proposition 6.1. Let I be a bounded interval and f € L>(I). Let uw € X, with ¥ defined as in (5.31),
and assume that

o [ o) (i) = @) do + 5 [ [ (ule) = ul) (0 = 0)@) = (w = 0)@) Kl = ) dody
< [ 1@ =@z,

for every v € ¥ with v =u in R\ I. Then,

(6.1)

(6.2)
min {;relg—\@(x)\ + Z(x), ;rgf(x)} < —nii(z) + Lu(x) < max {smlélla |0 (z)| + LV(x), i«lélj)f(x)}
in the sense of distributions.
Proof. Let
(6.3) M* := max {Slé]f) |0 (2)| + L (x), sgII)f(a:)}
and

I*(v) = g /I]D(x)Ide—i—i //QI |v(x)—v(y)fK(x—y)dxdy—M*/Iv(x)dx,

where Q; := (I x I)U (I x (R\ 1)) U ((R\ ) x I). We take z* to be a minimizer of I* in the class of
functions v : R — R with v(z) < u(x) for any € R and v(z) = u(z) for any 2 € R\ I. The existence of
such minimizer follows by compactness, along the lines given in the proof of Lemma 5.1. In particular,

(6.4) 2*(z) < u(zx) for any z € R and z*(z) = u(x) for any z € R\ 1.

Moreover, for any € € [0,1] and any w : R — R with w(z) < u(z) for any x € R and w(x) = u(x)
for any x € R\ I, we have that z.(x) := cw(z) + (1 — €)z*(x) is an admissible competitor for z* and
consequently I*(z.) > I*(z*), which gives that

(6.5)

d
< I (z
0 de (Z ) e=0

= [ #@ile) - 2 @) det 5 [[ (@) =2 W) (w2 - (0= 2)0) Kl - y)ddy

1 I

- M /(w — 2%)(z) dx.
I
We claim that
(6.6) Zf ey,
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To check this, we first use (6.4) to observe that
(6.7) 2*(z) < u(x) < O(x).
Then, we take
w(z) == max{z*(z), ¥(z)} = 2" (z) + (¥(z) — z*(yc))Jr .
By (6.4), we know that w*(x) < w(z) for any x € R. Also, if x € R\ I, we have that w*(z) =
max{u(z), ¥(x)} = u(z). Therefore, we can make use of (6.5) with w := w*, and so we find that

< 2 (2) (U(x) — () da

o< [ F@E )

(65) w5 [ Ee-2w)((ee - @), - (@) -2 0),) K-y dedy
—M*/l(\ll(x)—z*(ac))erx.

Furthermore, on 0 we have that z* = u > W, hence, from (6.3) and integrating by parts, we see that

1 ey FOO) = @)
+ % //Q, (T(2) = T() ((V(z) - z"(2)), — (V(y) — z*(y)) ) K (2 — y) dudy
— M~ /1 (V(z) — z*(m))+ dz

6o — 1 [ M@0 - @), d
* //R (U(2) = U(y)) (U(z) - 2"(x)), K(z —y)dady
—M*/R(‘If(flf)—z*(x))+dx
- A(—U@(x)+$@(x)_M*) (V@) - (). ds

< 0.
Thus, subtracting (6.8) to (6.9), we conclude that
(6.10)

0> 17/ (\If(x) — 2*(z)) (\If($) - 2*(:17))+dx

* % // ((\Ij(x) - Z*(I)) - (‘I’<y) - z*(y))) ((\If(x) - Z*(x))Jr - (‘If(y) - Z*(y))+> K(x —y)dz dy.
The last term in (6.10) is nonnegative (see e.g. page 1115 in [SV13]), therefore we get that

0> /[(\if(x) — 5 (2))? da.

This says that ¥(x) < z*(x) for any x € I (and so for any z € R, due to (6.4)). This and (6.7)
imply (6.6), as desired.

Then, from (6.6) we deduce that both the minimum and the maximum between u and z* belong to X,
that is

v¥(z) := min{u(z), z* ()} = u(z) — (u(z) — Z*(Z'))Jr €eX
and  w¥(z) := max{u(z), 2*(z)} = z*(x) + (u(z) — z*(m))+ ex.
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In particular, we can take v := v* in (6.1) and w := w* in (6.5). This gives that

n/Ru(x) (u(x) —Z (x))+d:1:
(6.11) 3 L @ = uw) () = @), - () = W), ) Ko = y) dady
< [ 5@ (ula) = @) do
and
M* | (u( *(:IJ"))Jr de <n [ #(z)(u(z) — z*(x))+ dx
(6.12) /f /f

x)— 2
+ % // (z*(x) — z*(y)) ((U(x) — z*(x))+ _ (u(y) _ z*(y))+> K(z — ) do dy.
Hence, subtracting (6.12) to (6.11) and recalling (6.3), we obtain
01 /1 (i) — 2 (2)) (ix) — (x), da
1
Ty // <(U(:c) —2*(x)) — (uly) — z*(y))) ((U(x) —2"(x)), — (uly) - z*(y))+) K(x —vy) dx dy.

As above, this implies that v < z*. Combining this with (6.4), we obtain that z* coincides with u. As
a consequence, taking any function v > 0, supported in I, and defining w := v — v in (6.5),

N 1 .
n/ju(x)v@) dr + 5 //QI (u(:n) — u(y)) (v(a:) — v(y)) K(x —y)dedy < M /Iv(x) dx.

Integrating by parts the latter inequality, we obtain that

/ ( —nii(z) + 5fu(x)> v(x)de < M* / v(z) dz.
R R
By duality, we thus obtain that
—nii(x) + Lu(x) < M7,
in the sense of distributions, which is one of the inequalities in (6.2). The other inequality in (6.2)

follows by similar arguments. U

Using Lemma 3.2, Proposition 6.1 and a convolution method (see e.g. formula (3.2) in [SV14]), we
obtain a useful uniform continuity result for a perturbed problem. The statement that we need for our
purposes is the following:

Corollary 6.2. Let Q, be as in Lemma 5.1 and o € (0,2s). Then Q, € C**(R) and
(6.13) HQn”CO!D‘(R) < K,
for some k > 0, which possibly depends on Qﬁch<2 and on structural constants.

Proof. We take v, := @, — Qﬁﬁ,g‘w as in Lemma 5.1. By Lemma 5.4, we know that @, € X. We fix an
interval I C R and take any £ € ¥. For any € € (0,1), let {& = e+ (1 —€)Q, = Q, +c({ — Q).
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Then & € ¥ and therefore, by (5.32), we know that
0 < (&) — L(Qy)

= 3 JUE@P =10 @P) dr+ [ o) (W(6w) = W(Qyfe))) ds

1

1 / / (le@) ~ &)~ |@u(a) ~ Qu)[*) Klw — y) dedy
= e [ Q)+ () = Q) do +2 [ @) W(@yfe) (6(0) = Qy(a)da

+§ //RXR <(Qn(£€> - Qn(@/)) ((5 —Qy)(z) — (&£ — Qn)(y))> K(x —y)dzdy + o(e).

Thus, dividing this inequality by ¢ and sending € N\, 0, we conclude that @), satisfies (6.1) with f :=
—aW’'(Q,). Accordingly, by formula (6.2) in Proposition 6.1, we know that

— const < —77@77 + Z@Q), < const
and therefore
(6.14) —Kk < =iy + L, <K

in the sense of distributions, for some x > 0, which possibly depends on qu@'
Now we take an even function u € C5°([—1,1]) and for any € € (0,1) we set p.(x) := e u(x/e). We
consider the mollification v, . := v, * p1.. Notice that, as € \, 0, we have that

(6.15) vy converges locally uniformly to v,,

thanks to (5.28). Moreover, we observe that, for any ¢ € C§°(R),
(00(@) = 0,(0) () = 0(0) 1:(2) K (2 = )

< (Jon(@) = v @) K@ = 9) + @) = oW)|* K =) xi-10(2)

which, as a function of (z,y,2) € R x R x R, belongs to L}(R x R x R), thanks to (5.10). This implies
that we can exploit the Dominated Convergence Theorem and obtain that

J[[ 00l = 0 0) (o0) = ) K = )y
- //RR UR (on(w = 2) = vy = 2)) pe(2) (P(2) — 0 (w)) K (x —y) dz] dz dy
- /R [//RR (o = 2) = vy — 2)) ne(2) (p(2) = 9(y)) K(x —y) do dy} dz
(0:10) - /R U/uw (on(2) = vy(1)) e (2) (0 + 2) — 9y + 2)) K(2 — y) dx dy] dz
- //RR UR (va(x) = vy(v)) p=(2) (@ + 2) — p(y + 2)) K (z — y) dz] dx dy
//]M VR (vg(2) = vy(y)) p=(2) (02 = 2) — @y = 2)) K(z —y) dz] dx dy
J[ 00 = 00 60) — e0) K )ty

where ¢, := ¢ * p.. Similarly, by (5.9), we see that

(6.17) /R oy (2) 4() d = / o (%) o) da.

R
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From (6.14), (6.16) and (6.17) we infer that, for any ¢ € C§°(R, [0, 1]),

‘H/QMA v)de+3 ([/ (vnele Uwﬁﬁﬂ¢@)—w@»qu—yMMd4
— ‘77/1&1}77(1’) Pe() dz + 5 //RXR (vy(2) = vy()) (¢e(x) — ¢e(y)) K(z —y) d dy’

gméwﬁﬂm

—K S 77077 et & Une <
in the sense of distributions, and also in the classical and VlSCOSlty senses, since v, . is smooth. Therefore,
we are in the position of applying Lemma 3.2 to v, . and conclude that

<K

e () dz
R

That is,

a 1_a
[vn.elcoam) < "3(1 + lvpell e ) HUna“Loo (®) S (1 + vyl e )28 ||U77”Loo2(?g)v

for any a € (0,2s) (up to freely renaming k). As a consequence of this and (5.26), we obtain
that [vyc]coam) < k. This and (6.15) imply that [vy]coamr) < #. Using this and (5.26), we obtain
that ||vy||coe@®) < &, which in turn implies (6.13), as desired. O

7. CLEAN INTERVALS AND CLEAN POINTS

Here we deal with the notions of clean intervals and clean points, which have been introduced in
Section 6 of [DPV17] to perform glueing techniques in the nonlocal setting.

Definition 7.1. Given p > 0 and Q) : R — R, we say that an interval J C R is a “clean interval”
for (p,Q) if |J| = |logp| and there exists ( € F such that

sup [Q(z) — ([ < p

zeJ
Definition 7.2. If J is a bounded clean interval for (p,Q), the center of J is called a “clean point”
for (p, Q).

Here we show that any sufficiently large interval contains a clean interval.

Lemma 7.3. Let J C R be an interval. Let Q, be as in Lemma 5.1. Then, there exist py € (0,1) and
k1 > 0 depending on Qﬁcl@ and on the structural constants such that, if p € (0, po) and

1
K1 [Q’?]gO,a(J) | 1

T I
p2+

@

(7.1) |J| >

for o € (0,2s), then there exists a clean interval for (p,Q,) that is contained in J.

Proof. By Corollary 6.2, we know that Q € C%%(J) for any a € (0,2s). Without loss of generality we
can assume that [Q,]co.a(sy = 1. Assume, by contradiction, that

(7.2) J does not contain any clean subinterval.

By (7.1), the interval J contains N disjoint subintervals, say Ji, ..., Jy, each of length |log p|, with

1
(7.3) N> %f“’ ~1,
pTa
and, by (7.2), none of the subintervals J; is clean. Hence, for any i € {1,..., N}, there exists p; € J;
such that Q(p;) stays at distance larger than p from Z. Also, letting

1

6= (—P )"
8 (2[6277]00’0‘(«])) ’
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we have that, for any = € J/ := [p; — {,,p; + (],

1Q0(2) = @) < [@uleveinlz = pil® < [Qylenern & = 2.

Accordingly, Q),(x) stays at distance larger than £ from Z for any = € J and then, by (1.9),

W(Qy () > 2L

4
Moreover, for p sufficiently small, at least half of the interval J! lies in .J;, hence
2 2+ 1
copl Kkp~Ta
W(Qy(@))do > =7 = ————.
JiﬂJi [Qn]go,a(J)

Summing up over ¢ = 1,..., N, using that the intervals J; are disjoint and recalling (1.10), (5.8)
and (5.13), we find that

(@ ) = 1,(Qy)
N

>kt /J . a(x)W (Q,(x)) da

=1

NQl{p%_é
> —K+—,

[@nl o)
which gives
"J[Qn]goyau)
p2+§

This is a contradiction with (7.3) for k1 > k + 1 and so it proves the desired result. U

N <
Lemma 7.4. Let @), be as in Lemma 5.1. Let T > 1 and J = (xg — 4T, x9 + 4T") be a clean interval
for (p, Q). Then, for any a € (0,2s),

1_ o
p 2s
[Q’I]]CO’O‘(CL‘Q—T,xo-‘rT) < C (Hogp p + p) 5

for some C' > 0, independent of 7.

Proof. Let ¢ € Z be such that sup |@Q,(x) — (| < p. Then, according to Definition 7.1, we have that
zeJ

| log p|
7.4 T>—=,
(7.4) 2

and J C F, where F' is defined as in (5.29). Therefore, by Lemma 5.3, @, is solution of
N Qy+ ZLQy+aW(Q,) =0 inJ.
Then by Lemma 3.3, (5.26) and (7.4), for o < 2s, we have that
[@Qn)coe@wo-Tmesry < CT™* (1+ TQSP)% plE
S CT ™ (1+Tp=) p'~ e
< C(T™p'7% +p)

pE
<C +p],
| log p|*

by possibly renaming C'. This proves the desired estimate of Lemma 7.4. O
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Remark 7.5. Given zg € R and 3 € (1,4+0), let P: R — R be a function such that

(7.5) vi=P-Q} . € HR)

and P is Holder continuous in (xzg — 8, x¢ + ), with

(7.6) [P]co.0(wo—B,m04+8) < O,

for some 0 > 0. Given 17, T5 such that —co < T} < 29— < 29+ [ < Th < 400, let us denote

I = (T1,x0), Iy:=(x0,T)
and
Jo = (Tv,z0 — P), D-:=(x0— B, m), Di:=(xo,0+08), Ji:=(x0+ 0 1T2)
We want to estimate Er, 1,)2(P) in terms of Ejz (P) and Ej2 (P). We have that

(7.7) E(T17T2)2(P) = EIE (P) + EI_2~_<P) + 2EL><1+(P)
and
(7.8) Er w1, (P)=E; x1,(P)+ Ep_xp,(P)+ Ep_x;,(P).

By (7.6) and (1.4),

zo+0
0< Ep wp (P)+ (@ P p o, = / ﬁ / P(a) — P(y)P Kz — y) drdy
To— zo

7.9 o (roth
( ) < @052/ / |$ - y|2a71723 dr dy
zo—pB Jx

,i52ﬁ2a+1723.
Moreover, recalling (7.5), we have that

(7.10) Ey i, (P) = kg wr, + 2B 1, (0,QF )
Now, by (1.4),

%‘]—XI+ v QCl G2

xo—p I3
‘/ / )((QCl Cz)( T) — (le,gg)(y)) K(z —y)dx dy‘
zo—p3 +00
< 200/1Q%, ¢, e /_Oo /I (Jo(@)| + [v(y)]) |z — y| 2 da dy
-8B

/o) # - xo oo
= el [ =)ot [ et 9 ]

S zo

In addition, using the Cauchy-Schwarz inequality and (1.5), we see that

/_Zﬁ ()| (20 — 2)~2 dz < </_ooﬁ () ? da:))% </_Zﬁ<x0 gy dx)

_ 4s—1
< /‘iHUHLZ(R)B 2,

D=

Similarly,

+oo
—2s _4s—1
[ Wl o+ 5 dy < ol s

Zo
Plugging these pieces of information into (7.10), we have that

4s—1

(711) |EJ—><I+<P)‘ < [Uﬁ(,(foo,xofﬁ)x(xoﬂroo) + HHUHIP(R)ﬁi 2

Similar computations give

(712) ‘ED—XJ+(P)‘ < [U]%(,(aco—ﬁ,:co)x(aco—l—ﬁ,—&-oo) + K||U||L2(R)ﬁ_ T
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Hence, from (7.8), (7.9), (7.11) and (7.12), we conclude that
‘EI—XM ) [QQ C2] s(xo—B,x0) X (z0,20+8)
a+1-2s —ds-1
< H5262 2 + KVH’UHLZ(R)B 2+ [U]%(,(—oo,xo—ﬁ)x(xo,-i-oo) + [Uﬁ(,(xo—ﬁ,xo)x(a:o—i-@-&-oo)'

This and (7.7) imply that

‘E(ThT?)Q(P) - E(Tl:l“o)2 (P) - E(CL“O 12)? ( ) + Q[Qﬁ1 C2]2 (zo—B,x0) X (x0,20+0)

< H525204+1—25 +5||U||L2(]R)

(7.13)

[ ]K( 00,z0—3) X (x0,+00) +2[ ]K(aco —B,z0) X (zo+B,+00)*

Now, thanks to (7.13), one can consider a clean point zy (according to Definitions 7.1 and 7.2) and
glue an optimal trajectory @, to a linear interpolation with the integer ¢, close to Q,(zo). Namely, one
can consider

(7.14) P(z) = {Qn(f) if < @,

R(z) if 2 > xy,
where R is such that P — le@ € H'(R) and it is defined in [z, 7o + 3] as follows:

R(z) — Qn(xo) (xo +1 —2) + ¢ (x — x0) if z € (xg, 0 + 1),
(z) = ¢ if z € [xg+ 1,20+ 5).

In this way, and taking p > 0 suitably small, by Definitions 7.1 and 7.2, we know that @, is p-close to
an integer in [zo — 403, xo + 4], with

log p
(7.15) 5= () = 122
Moreover, by Lemma 7.4, we have that, for o € (0, 2s),
pl
716 X (xo—L,T < O 9
(7.16) Qrlevetar-aasemy < (o4 0)

for some C' > 0. Also, we observe that

[R]Co’a(xo,xo-i-ﬁ) < P
As a consequence of this and (7.16), the function P defined in (7.14) satisfies (7.6) with

1-2%
(7.17) &:C(p +0

| log pl

and a € (0,2s). Thus, choosing § as in (7.15) and § as in (7.17), and recalling (5.10) and (5.27), we
infer from estimate (7.13) that

(718) E(Tl,T2)2(P) - E(Thxo)Q(QW) - E(IO,T2)2< ) + Q[Qﬂl 42]2 (z0—B,x0) X (z0,x0+B) | <>

where we use the notation “{” to denote quantities that are as small as we wish when p is sufficiently
small. The smallness of p depends on Qﬁcl@, n and the structural constants of the kernel and the
potential.

We remark that, in virtue of (7.16), we also have that

(719) T1 T)? (Qn) TMICO)2 (Qﬂ) - 960 T3)? (QTI) + Q[Qﬁl 42]2 (zo—pB,z0) X (x0,x0+08) < <>
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8. STICKINESS PROPERTIES OF ENERGY MINIMIZERS

In this section we show that the minimizers have the tendency to stick at the integers once they
arrive sufficiently close to them. For this, we recall that r € (0, min{dy, ro}] (with dy and r¢ as in (1.4)
and (1.9), respectively) has been fixed at the beginning of Section 5.

Proposition 8.1. Let p € (0,1). Let @, be as in Lemma 5.1. Let x1, x5 € R be clean points for (p, Q,),
according to Definition 7.2, with xo > x1 + 4, and

(8.1) max |Qy(zi) — ¢ < p,
for some ¢ € Z. Then
(52) 3 | IGR A 5@ e+ [ a@) W@y < 0,

with & as small as we wish if p is suitably small (the smallness of p depends on le,@’ and on structural
constants, but it is independent of ).

Moreover,
(8.3) |Qn(z) — | < 1/2 for every x € [x1, 4]
Proof. We define
Qn(x) ifz € (—OO,ZL“l),
Qu(x1) (21 +1—2) + ((x — 1) if v € [x1, 21 + 1],
P(x) := ¢ ifve(x 41,29 - 1),
Qu(x2)(x — 29 + 1) + ((22 — 2) if v € [xg — 1, 29),
Qy(x) if © € (xg, +00).
In this way, we have that
(8.4) [Plcot@1as) < p-
Moreover, we observe that, if z € (xq,x3), then
(8.5)
|P(x) — (|
< sup [@Qu(r)(e+1—y) + 0y —a) = ¢+ sup |@yla2)(y — 22 — 1) + (22 — ) — (]
ye(l'l,l'1+1) yE({L'Qfl,.’L'Q)
< [Qn(z1) = ¢+ [@n(z2) — (] < 2p,
thanks to (8.1). Also,
(5.6) if 2,y € (11, 2), then |P(z) — P(y)| < 2.
Now, let us estimate [PE(?(%M)} We have
(87) [P]%(,(ml,zgﬁ = [P]%(,(;Ul,xl—Fl)X(xl,mg) + [P]%(,(CB1+1,J:2—1)X($1,$2) + [P]E(',($2—1,$2)X(I‘1,$2)'

Using (1 4) (8 4) and (8.6), we see that

J(z1,214+1) X (z1,22)

$1+1 r1+2 ) 1+l pxo )
/ / PP K (x — y)dedy + / / P(x) — P(y) K (x — y) du dy
X1 1 xr1+2

(88) z1+1 r1+2 1+l px2
< Ogp’ / / |z — y|'% da dy + 46p” / / |z —y| " F da dy
z1 z1 z1 2142

/'in

/A
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Similarly,

(8.9) [P1% (s 1 a0y x (z1.29) < -
Finally, making again use of (1.4), (8.4) and (8.6), we compute
(8. 10)

K(z1+1,22—1)x (v1,22)

xro—1 :L'1+1 T2—1 z2
/ [ @ - PP K- ydedys [ [ (P - PP G ) dedy
x1+1 1 x1+1 xo—1
142 r1+1 ) xo—1 zr1+1 )
= [ [ P@ - PwPEe—deay [ [ 1P@) - PP K- ) drdy
z1+1 Ja r1+2 J11
T —2 xro—1
+/ / Py K(z—y dwdy+/ / Py)|? Kmm(z — ) dz dy
r1+1 xo—1
x1+2 xr1+1 xo—1
2 (/ / |z — gyt 2sdxdy+/ / lz —y|' " dr dy
x1+1
ro—1 px1+1 T2— 2
/ / |z —y[T " dx dy+/ / |z —y[7 7 dwdy)
x1+2 1 x1+1 xo—1

<K

_ <>,
Therefore, collecting estimates (8.7), (8.8), (8.9) and (8.10), we get
(8.11) [P% (o002 < €

Combining (7.18) (applied here twice, with z := x1 and xy := z5) with (8.11) yields, for 8 as in (7.15),
ERQ(P) < E( Oor1)2<Qn> + E($17$2) (P) + Erz +00)2 (Qn) + <

[QC1 €2] (z1=B,w1) X (z1,21+P) [QQ Cz] s(x2—B,22) X (z2,22+)
= E( 0011)2 (Qn) + E(1'27+00)2 (Qn) + O - [Qul CQ]%{,($17x2)2

[Qél Cz] (z1—B,21) x (z1,21+05) [QCl Cz] (w2—B,72) X (w2,2+5)"

(8.12)

On the other hand, by (7.19) (again applied here twice, with g := 21 and zg := 23), we have that
Era2(Qy) 2 JERSES (Qn> + Ly 20) (Qn) + By, 400y (Qn) +<¢

# 2
-2[Q 1 Cz]K (1=B,m1) % (w1,01408) [QQ C2]K (w2 —B,m2) % (w2,22+8)"
Subtracting (8.13) to (8.12), we get

(8.13)

(8.14) Eg2(P) = Epa(Qy) < —[Qulk(ay 002 + -
In addition, by (1 9) and (8.5), we see that if z € (z1,13) then W (P(z)) < 4Cyp*. Using this and the
fact that W(P(z)) =W (() =0if z € (z; + 1,29 — 1), we conclude that
xr1+1 2
/ W(P(z))dx = W(P(z))dx + W(P(x))dr < 8Cy p*.
1 xo—1

Thus, by the minimality of @, for I,, (defined in (5.7)) and (8.14),
0 < ]Tz(P> - In(Qn)
< =3 10 do = Qe — [ a0 W@, (a)) dz 0.

1 1

which proves (8.2).



HETEROCLINIC CONNECTIONS FOR NONLOCAL EQUATIONS 33

Now we prove (8.3). For this, we assume by contradiction that there exists & € [z7,x2] such

that |Q,(z) — (| > r/2.
By Corollary 6.2, we have that @), is Hélder continuous (with uniform bound). Hence, since |Q,(z1) —
¢| < p < r/2, we obtain that there exists & € [xy, 23] such that

(315) QW) ¢l =1

In particular, there exists ¢ independent of 1 such that, for any = € [ — ¢, % + /] and « € (0, 2s),
r

|Qn(x) — Qu(2)| < K|z — 2| < T
This and (8.15) imply that, if z € [& — ¢, & + £,

Qn(x) € B37“/4(C) \ Br/4(C>

and thus

_ r
dist (Qn(m)a z) = Za
for all x € [& — ¢,z + ¢]. This, (1.9) and (1. 10) give that

/:Ha(x)W( / W(Q,(x i W(r) =

t—{ dlst( Z)zr/4

Hence, noticing that (z — ¢,z 4 ¢) C (x, z2), we obtain that

/ P @) WO, (2) dr > .

1

and this is in contradiction with (8.2) for small p. Then, the proof of (8.3) is now complete. U

9. UNCONSTRAINED MINIMIZATION FOR A PERTURBED PROBLEM

Here, recalling the setting of Section 5, we show that if b; and b, are sufficiently separated, then the
constrained minimizer, whose existence has been established in Lemma 5.1, is in fact an unconstrained
minimizer. The idea for this is that the “excursion” of the minimizer will occur at the points “favored
by the wells of a” (recall the non-degeneracy condition in (1.12)), which can be placed suitably far from
the constraints.

Fixed (i # (2 € Z, we consider the minimizer @, = Qf]h@ for I,, as given in Lemma 5.1. Let also

9.1 I, = inf L (Q%%).

(9.1) qi=, o (@)

We remark that, by (5.26), only a finite number of integer points (, takes part to the minimization
procedure in (9.1). Accordingly, we can write

9.2 I, = min I,(Q%®

(9.2) o= o L@

and define o/((;) the family of all (; € Z attaining such minimum.

In what follows we make explicit the dependence of the set I'(by, by), defined in (5.6), on ¢; and (s
and we denote it by T'(by, by, (1, (2).

Lemma 9.1. There exists p, > 0, possibly depending on le@ and on structural constants, such that
if p € (0, ps] the following statement holds.

Let (; € Z and (o € H((1). Let Qgh@ be as in Lemma 5.1. Assume that there exist ( € Z and a
clean point z, € (by +1,by — 1) such that Q5% (z,) € B,(().

Then ¢ € {(1,(a}-
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Proof. Suppose by contradiction that ¢ & {(1,(2}. We define

Q512 () if x <z,
P(z) == Qs (z)(ze + 1 —2) + {(z —z.) ifx € (z,,2. + 1),
¢ ifx >z, +1.

By construction, P belongs to the set I'(by, by, (1, ¢) and ¢ # ¢;. Therefore, using the minimality of Q52
(93) 1,(Q5€) < 1,(P).
On the other hand, using (7.18), we see that for 5 defined as in (7.15)
E2)(P) < B(oown)2(P) + Bz, 002 (P) = 21Q%, )k (00 )x (e i) + O
< —00,T+) (QCl C2) [le CQ] (z+,+00)2 [Qﬁl @]2 (z5—B,@% ) X (T, T+ +) + <>
Moreover, by (7.19),
(95) ER2 (Qf]hQ) 2 E(—Oo,l’*)2 (Qgh@) + E(l‘*,-l-OO)Q(Qf]h@) - [le gg] (25—, ) X (T4, x+B) + <>
Estimates (9.3), (9.4) and (9.5) imply that

(9.6) 0< (P~ L@ < [ ale) [W(P@) - W@ w)] do + 0.

Now we use that ¢ # (; and that |Q5(by)—(a| < 5r (recall (5.6)) to find y, € [z, bo] for which Q5 (y.) =
G2+ 3 or Q52 (y.) = (2 — 3. Assume, without loss of generality, that Q$"“(y,) = (> + 5. Then, by
Corollary 6.2, there exists ¢ > 0 independent of 7 such that le@ (x) stays at distance at least 1/4

from Z for all © € [y., y. + £]. Accordingly,

(9.4)

o0 ol
/;r a(z) W(Q5(z)) d > a : * W(Qs-2(x)) de > al e (717%21/41/1/(7) =:¢.
Plugging this into (9.6) and using the definition of P, we obtain
0 < I;(P) = L(@) < & — ¢,
which is a contradiction for p small enough. This completes the proof of Lemma 9.1. U

Proposition 9.2. There exist by, by € R and Q; € I'(by, by) such that

(9.7) L,(Q;) < I(Q) for all Q s.t. @ —QF, ., € H'(R).
Also, letting vy == Qy — Qﬁl’@, it holds that

. K
(9.8) [vr] i (®) < 57

(9.9) [vr] K RxR < K,

(9.10) vl oo () < K,

o.11) o3l oy <

(9.12) and vy llcoem < & for all a € (0,2s),

for some k > 0, which possibly depends on QﬁCLCZ and on structural constants.

Proof. We stress that the main difference between (5.8) and (9.7) is that the competitors in (9.7) do not
need to be in I'(by, b2) and so @} is a free minimizer. The proof of Proposition 9.2 is a slight modification
of the proof of Theorem 9.4 in [DPV17], and we refer to it for more details.

Let (; € Z and (3 € ((1). Let Q; = Q%l’@ be as in Lemma 5.1 and let v} := Q) — QQLCQ. Then by
Lemma 5.1, Corollary 5.2 and Corollary 6.2 we have that vy satisfies (9.8)-(9.12).
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To prove (9.7), we fix p € (0,7), to be taken sufficiently small, and we set
by =mq and by = ms,

with my, ms given by (1.12). To prove Proposition 9.2, we want to show that @, does not touch the
constraints of I'(by, by, (1, (2). Assume by contradiction that

(9.13) there exists z; < by = my such that either Q;(z1) = ®(z1) or Q;(z1) = ¥(z1),

the other case being similar. In particular, by (5.4) and (5.5), we have that |Q}(x1) — (1] > 2r. Also,
by (9.12), we know that [Q;]co.am) < K, for a € (0,2s). Thus, by Lemma 7.3, if

1

K1k«
w > ——|logp| +1,
+7
p o
we conclude that
(9.14) there exist a clean point x, € (m +1,m; +w) and ¢ € Z such that Q;(z.) € B,(().

Furthermore, by Lemma 9.1, we have that ¢ € {(;,(2}. Now, arguing as in [DPV17] and using (9.13),
we see that we must actually have that

(9.15) ¢ =G

a}rlld that Q;(z) € B_%(<2> for any « > z,. In particular, since by (1.11), z. < m; +w < ma — 0, we have
that

(9.16) Qr(x) € By (Co) for any & > my — 0.

Now we define P(x) := Q;(z — ). Due to (9.16), we have that P € T'(by, by, (1, (2) and therefore, by
the minimality of @y,

0<I(P) - 1(Qr) = /Ra(x) W(P(z))dx — /Ra(x) W(Q;(z)) dx
(9.17) _ /Ra(x)W(Q;(:U—Q))d:c—/a(:c)W(Q;(:z:))d:c

R

= /R [a(w +0) — a(xﬂ W(Q;(x)) dx.

Now, we observe that Q;(m,) € Bgr(g) and Q;(z.) € B,((2), due to (9.14) and (9.15). Therefore, since

Q; is continuous, there exists y. € (mq,my + w) such that either Q;(y.) = ¢1 + 5 or Qi (y.) = &1 — 3

Assume without loss of generality that Q;(y.) = (1 + 3. Then by the Holder continuity of @}, there
exists an interval J. C (m,m; + w) of uniform length and centered at y. such that Q;(z) stays at

distance 1/4 from Z for any x € J,. Therefore, using (1.12), we get

/mjr“ la(z +0) — a(z)] W(Q5(x)) dz < / la(z +0) — a(z)] W(Qy(x)) da

(9.18)

< - W(Qr(z))dr < —5 inf =:—4.
g /J (@) de < =5 b =9

Now, by (5.27) and the continuity of @5, we know that there exists a sequence of points yp > by = my

with y, — +oo as k — +oo, such that y, is a clean point for Q; and Q;(yx) € B,(¢2). Then,
recalling (9.14) and (9.15), by (8.2) and (1.10), we have that

/ " Jale +0) — a(a)] W@ () de < 0.
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On that account, sending k& — +o00, we obtain that

400
(9.19) / [a(z +0) — a(z)] W(Q}(z)) dz < $.

mi+w

On the other hand, by arguing as in [DPV17], we have that

(9.20) /ml_w [a(z +0) — a(z)] W(Q}(2)) dz < <.

—00

By plugging (9.18), (9.19) and (9.20) into (9.17), we conclude that
0<—9+<.
The latter inequality is negative for p sufficiently small, and so we have obtained the desired contradic-

tion. This proves (9.7).
U

10. VANISHING VISCOSITY METHOD AND PROOF OF THEOREM 1.1

Now we consider the free minimizer constructed in Proposition 9.2 and we send 1 — 0. The uniform
estimates in (9.9), (9.10), (9.11) and (9.12) will allow us to pass to the limit and obtain a free minimizer,
hence a solution, of the original nonlocal problem, thus completing the proof of Theorem 1.1.

This perturbative technique may be thought as a nonlocal counterpart of the so-called vanishing vis-
cosity method for Hamilton-Jacobi equations, in which a small viscosity term is added as a perturbation
to obtain solutions of the original equation.

To this aim, we consider Iy to be the energy functional corresponding to the choice n := 0 in (5.7),
namely the one in (1.14).

Then, for any n > 0, we take @Q; to be the free minimizer given by Proposition 9.2. We consider an

infinitesimal sequence 7; — 0 and let Q7 := Q:;] and v/ 1= Q5 — le’@.
Since the estimates in (9.9), (9.10), (9.11) and (9.12) are uniform in 7;, up to a subsequence we can
assume that v} converges to some v* locally uniformly in R and weakly in the Hilbert space induced

by [| k rxRr- Then we set Q* == v* + ch G
By passing to the limit in (9.7), we obtain (1.17). Also, from (9.9) and (9.11) we obtain (1.18) and
from (9.10) and (9.12) we obtain (1.19).
Since Q* is a minimizer of Iy, by differentiating the energy functional we obtain (1.13) (in the distri-
butional sense, and thus also in the viscosity sense, due to [SV14]).
Since from (1.18) and (1.19) v* is uniformly continuous and also in L*(R), it follows that
lim v*(z) = 0.

r—+o0

This implies (1.16). The proof of Theorem 1.1 is thus completed.

APPENDIX A. A GENERAL SOBOLEV INEQUALITY

For completeness, in this appendix, we provide a Sobolev Inequality in the fractional setting, used here
on page 15. Most of the settings considered in the literature deal with the case of homogeneous kernels,
corresponding to Sobolev spaces of fractional order. The result we present here is general enough to
comprise also truncated kernels (as the ones on the left hand side of (1.4)) and so can be applied in our
context.

Proposition A.1. Let N e N, N> 1, s € (0,1) and p € [1,+00) such that sp < N. Let rq > 0. Then
there exists a positive constant C, possibly depending on N, p, s and ry, such that, for any measurable
and compactly supported function f : RN — R, we have that

1) = f)P ;
1l oy < ( // . ‘x_y‘w Yorg(z =yl dady ),
X

=
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where
Np

Pa = N —sp

Proof. The proof combines the classical Sobolev Inequality in the fractional setting, an extension method
and a covering argument. The details go as follows. We fix py > 0 such that the diameter of the V-
dimensional cube of side 2py is less than or equal to ro. Then, we cover RV with a grid of adjacent
cubes @ of side 2py, k € N. Notice that, by construction,

(A1) if x, y € @y, then |x — y| < ry

Also, each @y, is a Lipschitz domain and so it is an extension domain for the fractional Sobolev norm:
namely (see e.g. Theorem 5.4 in [DNPV12]) there exists an extension function f; such that f, = f
in @ and

e <//RNxRN |fk|:fff— |£k+(s”)| dwdy) =¢ <//@k><@k |z — IN(+sza|pd dy);

Here and below, C' > 0 may vary from line to line and depends only on N, p, s and ry.
Moreover, the classical Sobolev Inequality in fractional Sobolev spaces (see e.g. Theorem 6.5 in [DNPV12])

gives that
1
; ; |fu(@) = fuly) P ’
||f||LP2‘(@k) = ||fk||LP§(@k) < ||fk||LP’§(RN X (//RNXRN z — y| N dedy | .

From this and (A.2), we find that
£ (@) = F)lP )
\ dx dy .
L75(@x) <//@k><@k |z — y|N+3p

Now we observe that, for any a, b > 0, and any m € [1,+00), it holds that
(A.4) a +b" < (a+b)™.

P dr = || fi|”:

(A.3) |f(x)
Qy,

To check this, we consider the function
"+ 1
0,4+00) 2t g(t —_—
R O

We have that
9(0) =1 = lim ¢(),
hence there exists a maximum point ¢, € [0,400) for g. We show that ¢, = 0. Indeed, if not, it would
be an interior critical point, and so ¢'(¢,) = 0. This identity would give that
mt] b4+ )™ =m(t + 1) (¢ + 1)

and so ¢! (t, + 1) = ¢ + 1, which implies ¢ 4 ¢! = ¢ 4+ 1 and thus ¢, = 1. Since g(1) = 3% <1 =
g(0), we reach a contradiction with the maximality of ¢,.

Having shown that the maximum point for g is reached at ¢, = 0, we have that g(¢) < 1 for all¢ > 0
and therefore, for any a, b > 0 (with, say b # 0) we see that

a™ +o"  (a/b)"
(@07~ ((a/b) + ) =sla/b) <

which establishes (A.4).
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Now, if B > 0, with k& € N, fixed ko € N, using (A.4) we find that
ko
Zﬁk = 65" + BT +Zﬂk <= (Bo+ )" +Zﬁk <= (Bo+B)"+ B+ By

k=3
< (Bo+ B +52)m+252n <... < (Zﬂk) < (Zﬁk)
k=3 k=0

keN

Thus, sending ky — +00,

> oBr< (Zﬁk)m

keN keN

Hence, we use this inequality with fj, := ff@kxak M—N“p dz dy and m = =
recalling (A.1), we obtain that

P

SUL. e aa)’ < (T e e
keN @k X@k |.',C - |N+Sp @kXC@k |1" - |N+sp

keN

|f(x) = fy)IP
= sl —yl)de d
//@kx&k y|N+sp X[o, 0](’ yl) Y

// N(y)|p X[O,ro](|x — y|) dx dy
@ xRN |$—y| +sp

= |f(z) = fy)lP B )’;
a <//RN><RN |,Z‘— |N+sp X[0,r0] (’.CE y!)d:z:dy

Exploiting this inequality and (A.3), we obtain

INC

'U‘v:d*

s |3

'U‘u?*

/N

keN

*
Ps

Pbdx—Z/ |f(x |psdx<cz (//@kx@‘k |x_y|NSszj_|pdxdy>p

keN keN

PE

<[me o —y W&wadﬁ—MNww) :

as desired. O

APPENDIX B. DISCONTINUITY AND OSCILLATORY BEHAVIOR AT INFINITY FOR FUNCTIONS IN
SOBOLEV SPACES WITH LOW FRACTIONAL EXPONENTS

We recall here that functions belonging to the fractional Sobolev space H*(R) with s € (0, 2) are not
necessarily continuous, and they do not need to converge to zero at infinity.
To construct a simple example, let ¢ € CF° (R, [0, 1]) with ¢(0) = 1. Given a sequence by, let

(B.1) pu () = ¢ (" (@ = by)) -



HETEROCLINIC CONNECTIONS FOR NONLOCAL EQUATIONS 39

||(10bk||L2( \// | (e (z — b) ) dr = \// lo (X 2 dX = conste 2
o (eF(x—0b ek (y — b))
and [, ) s (m) = // 0) 1+(25 y = b)) dz dy
RxR |z =yl

s X)— (V) 2
— // v (X) 801&28” dX dY = conste "5
RxR ‘X - Y’

We now consider the superposition of the functions ¢, with the choices by, := k and by, := 1/k. Namely,

if we set
—+o0 —+o0
v) =Y o)+ pnlx)
k=1 k=1

Then

M\w

when s € (0, %) we have that

+o00o +o0
_(A=2s5)k QS)k
Hs(R) < Z ”301/k| Hs(R) + Z ||<pk| Hs(R) < const Z ( ) < const.
k=1 k=1

Nevertheless @ is not continuous at the origin, and

limsup ®(z) > 0 = lim inf ®(x).

T—+00 T—+00

2]

The case of H'/?(R) is slightly more delicate, since simple examples based on scaling, such as the one
provided in (B.1), do not work in this case (and, in fact, functions in H'/?(R) have nicer properties in
terms of topology than those in H*(R) with s € (0, %), see e.g. [BNO5]). Nevertheless, also functions
in H'/2(R) are not necessarily continuous and they do not necessarily converge to zero at infinity. To
construct an example of these behaviors, as depicted in Figure 1, we consider the function

e AT
We claim that
(B.2) Y € H'(R?).
To check this, we notice that
(B.3) 1 is supported in By,
where it holds that .

V= R o XT)

Therefore, using polar coordinates and the change of variable ¢ := —log p, we find that

1 ! 1 o
[]5n =/ dX:27r/ —dp:27r/ ————dt < +00.
e B |X|? (1 —log |X|)2 o p(1- 10gp)2 o (1+1)

This, together with (B.3) and the Poincaré Inequality, proves (B.2).
Then, from (B.2) and the Trace Theorem (see e.g. formula (3.19) in [DNPV12]), we obtain that

(B.4) the function R 3 z + 1) (x) := ¢(z,0) belongs to H'/%(R).
Now we define the sequence of functions, for k € Z and X = (z,y) € R x R,

Ur(X) = Yg(z,y) = e"k'@(elk'(az — ek)).
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FIGURE 1. The function v and sketch of the construction of the function V.

Then, in view of (B.4) we have that

ooy — e IFl W olkl (4 — ok Qd:—% 7 2d
([ /Rw(e (= )| de = /an)! .

3\k| 3|k|
=¢ 2 ||[¢]|12®) = conste” 2z

5 (elkl b (el (y 2
and Wk]Hl/Q(R):ek\///R R‘w(e (= ; de )‘ dx dy

— )
- \/// |¢<7‘77>} —?ygg)' dndg = ¢ M [§]72) = conste ¥,

Consequently, if we set

R U(r) =Y ()

kEZ

it holds that W is not continuous (and not even locally bounded) and it does not go to zero at infinity,
but it belongs to H'/2(R) since

[ABCO06]

[Awa91]

[BCI11]

[BKOS5]

[BN95]
[BV16]

[CS15]

[CSMO5]

H‘I’HHl/a(R) < Z|‘¢k|‘Hl/2( < const Z (conste 5t + conste |k|> < const.
kEZ kez
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