HETEROCLINIC CONNECTIONS AND DIRICHLET PROBLEMS
FOR A NONLOCAL FUNCTIONAL OF OSCILLATION TYPE

ANNALISA CESARONI, SERENA DIPIERRO, MATTEO NOVAGA, AND ENRICO VALDINOCI

ABSTRACT. We consider an energy functional combining the square of the local oscillation of a one-dimensional
function with a double well potential. We establish the existence of minimal heteroclinic solutions connecting
the two wells of the potential.

This existence result cannot be accomplished by standard methods, due to the lack of compactness prop-
erties.

In addition, we investigate the main properties of these heteroclinic connections. We show that these
minimizers are monotone, and therefore they satisfy a suitable Euler-Lagrange equation.

We also prove that, differently from the classical cases arising in ordinary differential equations, in this
context the heteroclinic connections are not necessarily smooth, and not even continuous (in fact, they can
be piecewise constant). Also, we show that heteroclinics are not necessarily unique up to a translation, which
is also in contrast with the classical setting.

Furthermore, we investigate the associated Dirichlet problem, studying existence, uniqueness and partial
regularity properties, providing explicit solutions in terms of the external data and of the forcing source, and
exhibiting an example of discontinuous solution.
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1. INTRODUCTION

One of the most classical problems in ordinary differential equations consists in the study of second order
equations coming from mechanical systems having a Hamiltonian structure. For instance, one can consider
the simple one—dimensional case in which the Hamiltonian has the form

2
p
Hp.q)=75-Wla), paeR,
giving rise to the system of equations
qg= apH =D,
p=—0,H =W'(q).

Noticing that ¢ = p, this system of ordinary differential equations reduces to the single second order equation
(1.1) i =W'(q).

Equation (1.1) has a variational structure, coming from the action functional

(12) [ 5D wiatn i

2

namely minimizers (or, more generally, critical points) of this functional satisfy (1.1): in jargon, one says
that (1.1) is the Euler-Lagrange equation associated to the functional in (1.2).

A typical and concrete example of this setting is given by the equation of the pendulum: in this case,
setting the Lyapunov stable equilibrium of the pendulum at ¢ = 0 and the Lyapunov unstable! ones at ¢ =
+1, and considering unit gravity for simplicity, one can take

1+ cos(mq
(1.3 W) = L eoslm)
in (1.1) and obtain the equation
(1.4) G = —sin(mq).

An interesting analogue of (1.1) in partial differential equations arises in the study of phase coexistence
models, and in particular in the analysis of the Allen-Cahn equation

(1.5) Au+u—u? = 0.
If one considers the one-dimensional case, with the choice

1— 2\2
(16) w = L=

then (1.5) can be also reduced to (1.1).

A well established topic for the dynamical systems as in (1.4) is the search for heteroclinic orbits, that
are orbits which connect two (Lyapunov unstable) equilibria. These solutions have the special feature
of separating the phase space into regions in which solutions exhibit different topological behaviors (e.g.
oscillations versus librations), and, in higher dimensions, they provide the essential building block to chaos.

The analogue of such heteroclinic connections for the phase coexistence problems in (1.5) provides a
transition layer connecting two (variationally stable) pure phases of the system. In higher dimensions, these
solutions constitute the cornerstone to describe at a large scale the phase separation, as well as the phase
parameter in dependence to the distance from the interface.

In this article we explore a brand new line of investigation focused on a nonlocal analogue of (1.1), in
which the second derivative is replaced by a finite difference. More concretely, we will consider a functional
similar to that in (1.2), but in which the derivative is replaced by an oscillation term. We recall that other
nonlocal analogues of (1.1) have been considered in the literature, mainly replacing the second derivative

1We remark that the Lyapunov stable equilibrium of the pendulum is variationally unstable, namely the second derivative
of the action functional is negatively defined. Viceversa, the Lyapunov unstable equilibria of the pendulum are variationally
stable, since the second derivative of the action functional is positively defined. The terminology related to Lyapunov stability
is perhaps more common in the dynamical systems community, while the one dealing with variational stability is often adopted
in the calculus of variations.
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with a fractional second derivative, see [4,6,14,18,19]. Other lines of investigation took into account the
case in which the second derivative is replaced by a quadratic interaction with an integrable kernel, see [1]
and the references therein.

The interest in this problem combines perspectives in pure and in applied mathematics. Indeed, from the
theoretical point of view, nonlocal functionals typically exhibit a number of novel features that are worth
exploring and provide several conceptual difficulties that are completely new with respect to the classical
cases. On the other hand, in terms of applications, nonlocal functionals can capture original and interesting
phenomena that cannot be described by the classical models.

In our framework, in particular, we take into account a nonlocal interaction which is not scale invariant.
This type of nonlocal structures is closely related to several geometric motions that have been recently
studied both for their analytic interest in the calculus of variations and for their concrete applicability
in situations in which detecting different scales allows the preservation of details and irregularities in the
process of removing white noises (e.g. in the digitalization of fingerprints, in which one wants to improve the
quality of the image without losing relevant features at small scales). We refer in particular to [5,7-13,16]
for several recent contributions in the theoretical and applied analysis of nonlocal problems without scale
invariance.

While the previous literature mostly focuses on geometric evolution equations, viscosity solutions, perime-
ter type problems and questions arising in the calculus of variations, in this paper we aim at investigating the
existence and basic properties of heteroclinic minimizers for nonlocal problems with lack of scale invariance.

Since this topic of research is completely new, we will need to introduce the necessary methodology from
scratch. In particular, one cannot rely on standard methods, since:

the problems taken into account do not possess standard compactness properties,
the functional to minimize cannot be easily differentiated,

the solutions found need not to be (and in general are not) regular,

the solutions found need not to be (and in general are not) unique.

In the rest of the introduction, we give formal statements concerning the mathematical setting in which
we work and we present our main results, regarding the existence of the heteroclinic connections, their
monotonicity properties, the Euler-Lagrange equation that they satisfy, and their lack of regularity and
uniqueness. Then, we take into account the Dirichlet problem, obtaining explicit solutions and optimal
oscillation bounds.

1.1. Main assumptions. Given an interval I C R, we consider the oscillation of a function u € L*>(I),
defined as

(1.7) oscu := supu — inf u.
1 T 1

Given r > 0, a < b, with b —a > 2r, and W € C(R), we consider the energy functional

(1.8) E(ap)(u) == % /ab <( 0scC )u>2 dx + /ab W(u(z)) de.

r—r,x+r

As customary, we say that u € LS,

that u = v outside [a + r,b — 7], we have that

g(a,b) (U,) < 8(a,b) (U) :

Notice that, due to the nonlocal character of the oscillation functional, we require the competitor v to
coincide with the minimizer u outside [a + r,b — r| instead of [a, b] (see [8] for a discussion of this issue).

(R) is a local minimizer of € if, for any a < b and any v € LS (R) such

We shall assume the following structural conditions on the potential W:
W e C(R), W(-1)=WQ1)=0<W(t) forallte R\ {-1,1},
(1.9) W is strictly decreasing in (—oo, —1) and strictly increasing in (1, +00),
W is an even function in [—1, 1] and has a unique local maximum at ¢ = 0,
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and we denote
1
(1.10) cw = / W(s)ds > 0.
-1

The last assumption in (1.9) can be slightly generalized by simply assuming that W has a unique local
maximum in [—1, 1], with some minor technical adaptations of our arguments. We point out that condition
(1.9) is satisfied by the standard “double well” potentials, e.g. the ones in (1.3) and (1.6).

In the forthcoming Subsections 1.2, 1.3 and 1.4 we give precise statements of our main results concerning
the existence, possible uniqueness, and geometric properties of the minimizers of the functional in (1.8),
specifically focused on heteroclinic connections, that, in our setting, are critical points of the functional
which connect the two equilibria —1 and 1. The Dirichlet problem associated to (1.8) (when restricted to
monotone functions) will be described in detail in Subsection 1.5.

1.2. Existence of minimal heteroclinic connections. Now we discuss the construction of local mini-
mizers to (1.8) which connect the two stable equilibria —1 and 1. Our main result on this topic goes as
follows:

Theorem 1.1 (Existence of minimal heteroclinic connections). Assume that (1.9) holds true. Then, there
exists a local minimizer u € L*°(R) to (1.8) such that u is monotone nondecreasing and satisfies
(1.11) lim wu(x) = +£1.

r—F00

Moreover,

&(u) = min

(1.12) }

E(w) s.t. ve L*(R), monotone nondecreasing, s.t. (1.11) holds}

< min

4

74+CW} 9
r

where

E(v) == 217”2/]13 ((mors’g(ﬁzﬂ)v)2 dx + /RW(v(x))dx.

We stress that the existence of heteroclinic connections in nonlocal problems is usually a rather difficult
task in itself, which cannot be achieved by standard ordinary differential equations methods and cannot
rely directly on conservation of energy formulas. For problems modeled on fractional equations a careful
investigation of heteroclinic solutions and of their basic properties has been recently performed in [2,4,6,
14,15,17-19].

The case that we treat in this paper is very different from the existing literature, due to the lack of
scale invariance. In particular, the proof of the existence result in Theorem 1.1 is more involved than the
standard argument based on direct methods, due to the lack of appropriate compactness results for the
oscillation functional. In order to gain compactness in our case, we will need to prove that it is possible
to restrict the space of competitors for the Dirichlet problem to monotone functions, and then we utilize
suitable approximation arguments in compact intervals.

The technical arguments utilized in the proofs are specifically tailored to our case, since we do not have
any a priori information on the regularity of the competitors involved in the minimization, and solutions
may be discontinuous. Therefore all the methods based on pointwise analysis and geometric considerations
are not available at once in our setting, and they need to be replaced by ad-hoc arguments.

See also [7] for further discussions about compactness issues for oscillatory functionals, and [8] for existence
and rigidity results for minimizers when W = 0. The case W # 0 that we consider in this paper cannot
be reduced to the existing literature on the subject, since it is the presence of a nontrivial potential that
defines the notion of equilibria and makes the construction of heteroclinic orbits meaningful.

1.3. Geometric properties of minimal heteroclinic connections. Now we describe the main charac-
teristics of the minimal heteroclinic connections given by Theorem 1.1. In particular we will show that:

e they are monotone,

e they satisfy an appropriate “finite difference” Euler-Lagrange equation,
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e and they are not necessarily continuous, since there exists at least one minimal heteroclinic connec-
tion which is piecewise constant on intervals of length 2r.
In our setting, the simplest competitor for heteroclinic connections is the piecewise constant function defined
(up to translations) as

1 ifx>0
1.13 = ’
(1.13) uo() {—1 if 2 < 0.
It is easy to check that
4
(1.14) E(up) = —.
r

A natural question is whether this is also a minimal heteroclinic connection. This would be the case if one
considers discontinuous double well potentials of the form W (t) := x(1,1)(t). On the other hand, we can
rule out the possibility that ug is a minimizer when either r is sufficiently small or W is sufficiently regular,
as stated precisely in the next result:

Proposition 1.2. Assume that (1.9) holds true. Then, the function wy is not a minimal heteroclinic
connection if

e cither r € <0, ﬁ), being cy defined in (1.10),
e or W is differentiable at +1.

We also show that all the heteroclinic connections are necessarily monotone:

Theorem 1.3 (Monotonicity of the heteroclinics). Assume that (1.9) holds true. Let u € LS (R) be a local
minimizer to (1.8) which satisfies (1.11). Then, u is monotone nondecreasing.

An interesting consequence of Theorem 1.3 is that every minimal heteroclinic connection satisfies an
appropriate finite difference equation, which can be seen as an Euler-Lagrange equation associated to the
energy functional in (1.8). The precise result that we have goes as follows:

Theorem 1.4 (Euler-Lagrange equation). Assume that (1.9) holds true and that W restricted to [—1,1] is

a Ct function. Let u € LS (R) be a a local minimizer for the functional in (1.8) which satisfies (1.11).
Then u satisfies the Euler-Lagrange equation

u(z +2r) + u(z — 2r) — 2u(x)

(1.15) -

= W'(u(z)) for a.e. x € R.

r

We stress that it is not evident to obtain pointwise equations as in (1.15) directly from the minimization
of oscillation functionals as in (1.8) since, roughly speaking, it is not easy to carry the derivatives inside the
oscillation terms (for instance, while in the classical case one can obtain equation (1.1) by simply taking
derivatives of the functional in (1.2), this approach does not lead to equation (1.15) by direct differentiation
of the functional in (1.8)).

On the other hand, it is always desirable to find necessary conditions for minimization, and, in our case,
the identity in (1.15) plays an important role since it allows us to reconstruct certain values of the minimizers
by a partial knowledge of the values nearby. In this sense, the operator on the left hand side of (1.15) is a
discretization of the second derivative, and (1.15) can be seen as a discrete version of the classical pendulum
and Allen-Cahn equations (compare with (1.1), (1.4) and (1.5)).

It is also interesting to observe that, as r N\ 0, the heteroclinic orbits found in Theorem 1.1 recover the
classical heteroclinics. This result makes use of the Euler-Lagrange equation given by Theorem 1.4, and its
statement goes as follows:

Proposition 1.5 (Limit behavior as r \, 0). Assume that (1.9) holds true and that W restricted to [—1,1]
is a Ct function. For every r > 0, let u, € L®(R) be a local minimizer of (1.8) which is monotone
nondecreasing and satisfies (1.11), as given in Theorem 1.1.

Then, up to a translation, we have that u, converges a.e. to the classical heteroclinic u, namely the unique
solution to

(1.16) 4" (z) = W' (u(x)) for all x € R,
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(1.17) u(0) =0,
(1.18) and xll}liloou(l‘) =+1.

In the next result, we show that minimal heteroclinic connections are not necessarily regular, and this is
a fundamental difference with respect to the classical case of ordinary differential equations. To this end,
we establish the existence of a piecewise constant (and, in particular, discontinuous) minimal heteroclinic
connection.

Theorem 1.6 (Lack of regularity and discontinuity of heteroclinc connections). Assume that (1.9) holds
true and moreover that W restricted to [—1,1] is a C function. Then, there exists at least one minimal
heteroclinic connection u which is piecewise constant, on intervals of length 2r.

In particular, there exists a sequence (uy)nez such that

w(z) = uy for all x € 2nr,2(n+ 1)r).
The sequence u, is monotone nondecreasing, that is u, < Upy1, it satisfies

lim w, = +1,
n—+o00

and the recurrence relation
(1.19) Unyo = Qi1 — Up + 72 W (Uni1).

We point out that the recurrence relation (1.19) is the discrete version of the Euler-Lagrange equation
in (1.15).

1.4. Uniqueness issues. An interesting problem which is left open in the previous description of the
minimal heteroclinic connections is the issue of uniqueness. In this direction, in the forthcoming Corollary 1.8
we provide a result about nonuniqueness of monotone solutions to the Euler-Lagrange equation (1.15)
which satisfy (1.11). This is based on the construction of two different heteroclinic sequences satisfying the
recurrence relation in (1.19), as given in the following result:

Proposition 1.7. Assume that (1.9) holds true and that W restricted to [—1,1] is a C' function. Then,
there exist two different sequences (n)nez and (Zn)nez which satisfy the following properties:

o (Wy)nez and (Zp)nez are monotone nondecreasing in n,
o (Wn)nez and (Z,)nez satisfy the recurrence relation (1.19),
o (Wy)nez and (Zp)nez satisfy the limit property

(20 wl O = B o =

o (Wp)nez and (Zn)nez are odd sequences, in the sense that

wg =0 and Wy, = —W— or all n > 0,
(1'21) 0 n n f

Zn = —Z—p—1 for all n > 0.

We recall that existence of heteroclinic solutions to discrete recurrence relations such as (1.19) has been
also considered in the literature, see e.g. [20,21]. A consequence of Proposition 1.7 is the following result.

Corollary 1.8 (Lack of uniqueness for heteroclinic solutions). Assume that (1.9) holds true and that W
restricted to [—1,1] is a C' function. Then, there exist two geometrically different monotone nondecreasing
functions u,v : R — [—1, 1] which satisfy (1.11) and are solutions to the Euler-Lagrange equation (1.15).

1.5. The Dirichlet problem. We now observe that the lack of regularity that we pointed out for solutions
to the Euler-Lagrange equation (1.15) is a general phenomenon in equations involving the discrete difference
operator

(192) Do) = u(x +r)+ u(:r2— r)— 2u(:r)

r
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In particular, we consider the Dirichlet problem associated to this operator with source term f € L® (R)
and boundary data a, 8 € L2 (R):

loc
Dyu=f in (a,b),
(1.23) u=a in[a—raq],
u=p0F  in[bb+r].
In this setting, we provide basic existence, uniqueness and regularity properties of the solutions of (1.23).
We start by showing that there exists a unique solution to (1.23), according to the following result:

Theorem 1.9 (Dirichlet problem for D,). The system in (1.23) has a unique solution u (up to sets of zero
measure), which is given by the function

( a(x) if x € [a—r,a],
k(z) am—er—rQE(z)il. v~ (&) - 7“)
k(mk(x(( @)=t X2 (o= (se) )
k(x) + k(x) P
o bR
\ B(x) if v € [b,b+ 7],
where
(1.25) k() = [b ; x—‘ and  k(z):= FE ; (ﬂ .

A useful tool towards the proof of the uniqueness result in Theorem 1.9 consists in a suitable Maximum
Principle for the operator D, (which will be presented in Lemma 8.1).

We analyze now the regularity of the solution to (1.23). In particular, we obtain a uniform bound on the
solution in terms of the external data « and (3, and of the source function f. Then, we bound the possible
jumps of the solution by a quantity that depends on r, o, 5 and f (and which becomes small as r \ 0).

Corollary 1.10 (Continuity and jump bounds for the Dirichlet problem for D,). Let oo € C([a — 7, al),
B e C(lb,b+r]), and f € C([a,b]), and let u be the solution to (1.23).
Then, u € L*>®([a —r,b+r]), with

(1.26) [l oo ((amrpir)) < Nl oeamray + sup () — B(@)] + ((b— a)® +72) | ]l zoo (ja)-

pEla—r,a]
q€[b,b+7]

Also, we have that v € C(ja —r,b+r]|\ J), where
Jd:=(a+rN)U(b—-rN).
Moreover, at any points of d, the function u jumps by at most
) r Cr
(1.27) sup o — inf a+ sup |a(p) = B(@)| + 57— (b= a)* +7°) || fl =)

[a—r,a] [Q_T7a] b — @ pela—r,a)
q€[b,b+r]

for some C' > 0 depending on a,b,r.

It is interesting to observe that the jump bound in (1.27) improves as r N\, 0 and in fact it recovers
continuity in the limit (and this fact can be also compared with the asymptotic result of Proposition 1.5).
As a counterpart of this observation, we stress that the Dirichlet problem run by the operator D, does
exhibit, in general, discontinuous solutions:
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Corollary 1.11 (Lack of regularity and discontinuity of the solutions of the Dirichlet problem). Fizn € N,
with n > 1. The solution of the Dirichlet problem (1.23) with r := 1/n, a :=0, B :=1, f:=0, a:=0
and b =1 is discontinuous.

The discontinuous example in Corollary 1.11 can be seen as a natural counterpart in the setting of the
Dirichlet problem (1.23) of the phenomenon discussed in Theorem 1.6 in the case of global heteroclinics.

Plan of the paper. The rest of this paper is organized as follows. Section 2 contains the construction
of a local minimizer to (1.8) which connects monotonically —1 and 1, that is the proof of Theorem 1.1.
This construction is obtained by approximation, by solving suitable Dirichlet problems. In Section 3 we
prove that every local minimizer to (1.8) which connects the two variationally stable equilibria is monotone,
namely Theorem 1.3. Section 4 is devoted to the proof of Theorem 1.4. This is obtained by introducing a
new functional &F, which coincides with & on monotone functions.

The asymptotics as r \, 0 is discussed in Section 5, which contains the proof of Proposition 1.5. Then,
Section 6 contains the proofs of Theorem 1.6, Proposition 1.7, and Corollary 1.8, so in particular it contains
the analysis of the discrete version of the Euler-Lagrange equation (1.15), and the nonuniqueness issues
described in Proposition 1.7 and Corollary 1.8 are discussed in Section 7.

Finally, in Section 8 we consider the Dirichlet problem for D,., and we present the proofs of Theorem 1.9,
and of Corollaries 1.10 and 1.11.

Notation. In the sup, inf, limsup and liminf notation, we mean the “essential supremum and infimum”
of the function (i.e., sets of null measure are neglected) and the essential superior and inferior limit of a
function at a point. Moreover, we shall identify a set £ C R™ with its points of density one, and OF with
the topological boundary of the set of points of density one.

For x € R, we will denote with [x] (resp. |z| ) the smallest integer z such that = < z (the biggest
integer z such that x > z) that is

[x] :==min{z € Zs.t. z < z} (resp. |x] :=max{z € Zs.t. x > z}).

Finally for any w : I € R — R monotone function, we will always identify u with its right continuous
representative.

2. EXISTENCE OF MINIMAL HETEROCLINIC CONNECTIONS, AND PROOFS OF THEOREM 1.1 AND
PROPOSITION 1.2

The construction of the local minimizer given by Theorem 1.1 will be obtained by approximations, using
solutions to appropriate Dirichlet problems.
To this end, we fix R > 2r and consider the minimization problem

(2.1) inf {8(,R,R)(u) s.t. u € L®(R), u(x) =1 for a.e. > R—r and u(x) = -1 for a.e. 2 < —R+ 7"}.

To prove that (2.1) admits a minimum, we will use standard direct method in the calculus of variations.
First of all, though, we need to restrict the space of competitors to gain some more compactness. Namely,
we prove that we can consider monotone nondecreasing competitors, as stated in the following result:

Lemma 2.1. Assume that (1.9) holds true. Let R > 2r and v € L*°(R), with v(x) =1 for a.e. > R—r
and v(z) = —1 for a.e. x < —R+7.

Then, there exists a monotone nondecreasing function v such that © = v in (—oo,—R+r)U (R —r,+00)
and

ErRr)(V) < &R R) (V).

Proof. We first prove that it is enough to consider competitors v taking values in [—1, 1]. For this, we claim
that

(2.2) & rr) (max{—1,min{1,v}}) < & _p g)(v).
To prove (2.2), we observe that, by definition, for every ¢ € R and z € R,

(2.3) osc w= osc min{u,c}+ osc max{u,c}.
(z—r,z+T) (z—rz+T1) (z—rz+T1)
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Then, given v as in the statement of Lemma 2.1, by (2.3) we get that for all x € R
(2.4) osc max{—1,min{l,v}} < osc .

(z—r,z+1) (z—r,z+1)

Moreover, by the hypothesis on W in (1.9), we have that

R R
(2.5) / W (max{—1, min{1,v}}(z)) dz < /_R W(v(z)) dz.

-R
Hence, (2.2) follows from (1.8), (2.4), and (2.5).
Now, if v is monotone nondecreasing, the proof of Lemma 2.1 is completed by taking v := v.
Hence, we suppose that v is not monotone nondecreasing, and we provide a method to modify v in [-R+
r, R — r] in order to get a monotone nondecreasing function © with lower energy, as desired.
Since v is not monotone nondecreasing, there exist a, b € R such that
(2.6) a <b, B :=liminfv(x) < limsupv(z) =t A and B<wv(z)< A forae. x€]a,b].
T—b r—a
The idea is to consider all possible quadruples as in (2.6), by substituting v with a function ¢ which coincides
with v outside [-R + r, R — r] and has lower energy than v, and this will imply the thesis of Lemma 2.1.

The precise details go as follows.
If A=1, we define

(2.7) o(z) = {1 =max{v(z),1} fe<z<R-T,

v(x) otherwise.
Using (2.3) and the first assumption on W in (1.9), we conclude that

E-rRr) (V) < &R R) (V)
Similarly, if B = —1, we define

1 —mi _ if <
() ::{ 1 = min{v(x), -1} if —R+r<xz<b,

2.8
(28) v(x) otherwise,

and we get that
ERrRr)(0) < ECRR)(V).
As a consequence, from now on we assume that —1 < B < A < 1. We define

By := glﬁgfc’b hgl_ggfv(y).

Observe that By < B and v(z) > By for all x > a.

If By = B, we set bp = b. If By < B, then let n; such that v(n;) — Bp. Then up to extracting a
subsequence, we get that n; — by, for some by € R. In this case, due to (2.6), we have that by > b > a.

We also notice that By > —1, otherwise, if By = —1, we argue as before, defining ¢ as in (2.8) with by in
place of b, and obtaining that & _g r)(?) < €_g g (V).

Now, if A+ By > 0, then since A > By, by assumption (1.9), we get that W (t) > W(A) for all t € [By, A].
We define

o) = {max{v(m),A} if a < x <R-r,
v(x) otherwise,

and, recalling that v(z) > By for all x > a, we conclude that & _p r)(?) < E_g r)(v).
Hence, we suppose that A + By < 0, and we define

Ap := sup limsup v(y).

x<by  Y—T
Observe that Ay > A, and v(x) < Ay for all x < by.
If Ag = A, since A+ By < 0, we have that W (t) > W(By) for all ¢t € [By, A]. So, we define
. min{v(x), By} if —R+r <z < by,
o(x) = .
v(z) otherwise,
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and, recalling that v(z) < Ag = A for all z < by, we conclude that € _g g)(9) < &_p g)(v).

Assume now that Ay > A. Let n; such that v(n;) — Ap. Then up to extracting a subsequence, we get
that n; — ag, for some ag < by.

We observe that if Ay = 1, we argue as before, defining ¥ = 1 as in (2.7) with a¢ in place of a, and we
conclude that & _g r)(?) < &g Rr) (V).

Now we iterate this procedure, setting

B, = xl;l(fo hzr/rlglfv(y),
and noticing that B; < By and v(z) > By for all x > ay.

If By = Bj, we consider two cases: either Ag + By < 0 or Ag + By > 0. If Ay + By < 0, we define v as
in (2.8) with bo in place of b, and we conclude again that € _g r)(?) < &g g)(v). If instead Ag + By > 0,
we set ¥ as in (2.7) with ag in place of a, obtaining that & _p g)(7) < &g r)(v)-

So, we are left with the case By < By. The possibility that B1 = —1 can be dealt with as before. Hence,
if By > —1, we define b; such that

liminf v(y) = By.

y—b1

Observe that necessarily ag < by < a < bg. So if z > ap we have that v(z) > B and if x < b; we have
that v(x) > A;. As above, we separate two cases, namely we consider the case in which Ay + B; < 0 and
the one in which Ag 4+ B; > 0. In the first case, we define ¢ as in (2.8) with b; in place of b, while in the
second case we set ¥ as in (2.7) with ag in place of a. In both cases, we obtain that & _g r)(?) < &_g Rr)(v).

These observations took into account all possible cases given by (2.6), and so the proof of Lemma 2.1 is
complete. O

With the aid of Lemma 2.1, we can prove existence of a solution to the minimization problem in (2.1).

Proposition 2.2. For every R > 2r + 1, there exists ug € L*°(R) solution of the minimization problem
in (2.1). Moreover, ur is monotone nondecreasing.
In addition,

4
(2.9) E—rRr)(ur) < min{r,él—i—cw}

where cyy is as in (1.10).

Proof. In light of Lemma 2.1, the minimization problem in (2.1) is equivalent to the following minimization
problem

2.10 inf & _
( ) Ugjle ( R,R)(U)v

where
Mg :={v € L*°(R) s.t. v is monotone nondecreasing,

(2.11)
v(z)=1forae. > R—randv(z) =—1 forae < —-R+r1}.

We start proving (2.9). We consider the function vy € Mg with vy; := £1in (—R+r, R—r). Then, in
view of the properties of W given in (1.9),

4
8(—R,R) (vg1) = iy

and this implies that

2.12 inf & _ <
( ) vgj{/[R ( R,R)(U)

S e

Furthermore, we let ¥ € Mg such that

(2.13) ﬁ(x)'—{x—i_R_r_l forany$€[—R+r,2—R+r],'

1 foranyz € [2—R+r,R—r].
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We note that 2 — R+ r < R —r, since R > 1+ r. By (1.9) and (1.10), we get that

R 2—R+r 1
(2.14) / W(v(z)) dx = / W(E+R—-r—1)de = / W(s)ds = cw.
-R —R -1
Since r < 1 (and so in particular —R+2r < —R+2) and R > r + 1, we get
2.15 ! * 5)’ d
. — osc U) dx
( ) 2r2 /R <(:p—r,:p+r) )
1 —R+2r 9 1 —R+2 9
= D 1) dr + — 0 —o(x — d
572 /_R (3(z +7)+1)"de+ 555 /_MT (o(z +7) = o(x = 7)) do
1 —R+4-2+2r ~ 9
+ﬁ /R+2 (1-0(x—r)) da
1 2r ) 1 ) 1 2r )
= — — 4r°(2 -2 —
22 J, x*dx + 52 47 ( )+ 2r2/0 x“dx
= 27‘ +4(1 —r).

As a consequence of this and (2.14),

8
E(fR,R)(ﬁ) = §T+4(1 —7’) +ew <44 cew.

From this and (2.12), we obtain (2.9).

We show now that a minimizer ur does exist. To this aim, we consider a minimizing sequence u,, € Mg,
and we have that wu, is uniformly bounded. Moreover, the sequence u, has uniformly bounded variation
(since it consists of equibounded monotone functions). By compact embeddings of BV(—R + r,R — r)
in LP(—R+r, R—r) for every p > 1 (see [3, Corollary 3.49]), we obtain that, up to a subsequence, u,, = ugr
pointwise and in L'(—=R 47, R — ), as n — 400, for some ur € Mg.

Now, by the lower semicontinuity of the oscillation functional with respect to L' convergence (see [7]),
and the continuity of the potential term of the energy with respect to pointwise convergence, we conclude
that ug is a solution to (2.10), and therefore to (2.1). O

Now we are in the position of completing the proof of Theorem 1.1.

Proof of Theorem 1.1. For any R > 2r 4+ 1, we consider the solution ug of (2.1) constructed in Proposition
2.2. We recall the notation in (2.11), and we observe that ugr € Mg/, for any R’ > R. Hence, we obtain that

(216) ER = 8(7R,R)(UR) = 8(—R’,R’)(UR) Z 8(7R’,R’)(UR’) =!ER.
Therefore, recalling also the uniform bound in (2.9), we conclude that

4
2.17 li = inf =:e € |0,minq{ —,4 .
247 i en = jof e = c€ [omin {4+ ov

Now, up to a translation, we can assume that, for all R > 2r + 1, ug(z) < 0 for any < 0 and ug(x) > 0
for any « > 0. Moreover, we observe that the sequence up is equibounded, and has equibounded total
variation, since the functions up are all monotone. Thus, by compactness theorem (see [3, Corollary 3.49])
we get that, up to extracting a subsequence, up — u pointwise and locally in L? for every p > 1, as R — 4o00.
We point out that

(2.18)  the limit function v € L>®(R), with |u| < 1, it is monotone nondecreasing and satisfies (1.11).

Now, we set

1 2
8 = — d + W d,
=gz f (1) 2oe [

we recall (2.17) and we claim that

(2.19) e = &(u).
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For this, we fix M > 0. Then, by the lower semicontinuity of the oscillation part of the functional with
respect to L! convergence and the continuity of the potential part with respect to the pointwise convergence,
we get

0 < Ecmnlu)

1 (M 2 v
272 /M <(z—0rs,g(cj+r)u> T+ /M (u(x)) dx

1 M 2 M

< gt |5 [, (o, om) e+ [, Wiontonas
1 2

< fmid [2 [ (e om) +d$+/RW<UR<$>>dx]

= lim egp=c¢e
R—+o00 ’

where we used the notation in (2.16). Consequently, since € _ps ) (u) is monotone nondecreasing in M,
sending M — +o00, we conclude that

(2.20) 0<&(u)<e.
Now, for any v € L*°(R) such that v is monotone nondecreasing and

(2.21) —1<v <], lim v(z)==+1, and &(v) < +oo.

r—+o00

and for any M > 0, we define the function

v(z), ifxe(-M+r,M—r),
(2.22) vM(z) =41, if 2> M —r,
-1, ife<—-M+4r.

We claim that

(2.23) Ml_i)IEOOS(vM) = &(v).

For this, we fix € > 0 and we take M sufficiently large such that
lv(x) — 1|+ |v(y) + 1| <e, forany z € [M —3r,+00) and for any y € (—oo, —M + 3r],
in light of (2.21). This gives that, for any x € (—oco, —M + 2r] U [M — 2r, +00),

osc v < 2¢,
(z—r,z+7)

and so, for any x € (—oo, —M + 2r] U [M — 2r, +00),

(2.24) osc oM < 2.
(z—r,z+1)

/

Also,
1 2
/ osc M) dzx
272 R \(z—r,xz+r)
1 M—2r 2 1 400 2 1 —M+2r 2
= / osc oM dx—i—/ osc oM d:l:—i—/ osc M) dx
272 —M+2r \(z—ra+r) 2r2 M—2r \(z—r,x+T) 2r2 oo (z—r,x+1)

1 M—2r 2 M 2 —M+2r 2
= -5 osc v dr+ osc oM dz+ s osc oM ) da.
2r —M+2r \(z—ra+7) 2r4 Jayr—or \(z—rz+r) 2re J_ (x—rz+r)
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1 2 1 2
— / osc M) dr - — osc v | dx
2r2 R \(z—rz+7) 2r2 R \(z—r,z+7)

1 M—2r 2 1 2
2/ < 0SC v> dr — 2/ ( 0SC v> dx
2r —M+2r \(z—ra+r) 2r¢ Jgp \(z—rz+7)

&™) = &(v)]

1 [M-r 2 1 2
53 / < 0sc v) dr — ] ( 0sc v) dzr
2r —M+r (:c—'r‘,x—}-'r‘) 2r R (:c—r,x—H")

/RW(UM(x))da:—/RW(v(m))d:c

1 M—2r 2 1 2
2/ < 0SC v> dz:2/< 0SC v> dx
2r —M+2r \(z—ra+7) 2r¢ Jr \(z—rz+r)

M
+‘/ W(UM(x))da:—/W(v(x))dx ,
—M R

which implies the desired result in (2.23) sending € — 0 and M — +oo.
From (2.23), we have that for any € > 0 there exists M (e, v) such that
(2.25) Ew) = (M) —¢ for all M > M(e,v).

We also observe that v* € My, and therefore, by the minimality of uy; and using (2.25), (2.16) and (2.17),
we obtain that

Therefore, using (2.24),

8e?
+—.
r

X

As a consequence,

+

82
r

+

E(v) = eM) —e = & pan(wM) —e > € pan(um) —e=em —e>e—e.
By the arbitrariness of €, we conclude that
(2.26) E(v) > e.

Now we observe that u satisfies (2.21), in view of (2.18) and (2.20), and so we can take v := u, obtaining
that €(u) > e. This and (2.20) give the claim in (2.19). Moreover, (2.26) and (2.19) imply directly (1.12).
In order to complete the proof of Theorem 1.1, it only remains to show that

(2.27) u is a local minimizer for the functional in (1.8).

To this end, we argue towards a contradiction, assuming that there exist My > 0, a function v € L>®(R)
such that

(2.28) v = u outside [—Mq + r, My — 7],

and € > 0 such that

(2.29) & (= Mo,Mo) (V) < E(nty, ) (u) — 2¢.

Also, recalling (2.17) and (2.19), and using (2.25) (with v := v and v := uM defined in (2.22)), we get

that there exists M7 > 27 such that for all M > M,
(2.30) ey =e=Eu) > E@uM) —e.

Now we take M > max{Mj, My + r} and we consider v as given in (2.22). Then, we get from (2.28)
and (2.29) that

& arany(W™M) < ECaran (M) — 2e.

Consequently, recalling also (2.30) and the notation in (2.16), we conclude that

(2.31) 8(,M7M)(UM) < 8(,M7M)(uM) — 2 <EUM) -2 < E(u)—e<ey —e= E—many(un) — €.
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Now from Lemma 2.1 we know that there exists a monotone nondecreasing function #™ such that ™ = oM
in (—oo,—M +r)U (M — r,+00) such that

&aany (@) < ECppan (0M).

Furthermore, the function ¥ belongs to My (recall the definition of this space in (2.11)). As a consequence
of this observation and of (2.31), we find that

& aran (8 < Epran(unr) — e,
which is in contradiction with the minimality of uj;. This conclude the proof of Theorem 1.1. O

We conclude the section proving Proposition 1.2.

Proof of Proposition 1.2. In light of (1.14), to prove the statement, it is sufficient to construct a function v :
R — R, which is monotone nondecreasing, satisfies (1.11) and such that

4
E(v) < o= & (up).
To this end, we observe that, if r < ﬁ, then
4
d+cw < —,
-

and therefore the first case in the statement is a consequence of (1.12).
Hence we now focus on the case in which W is differentiable in +1. For any ¢ > 0, we consider the
function

-1 it z <0,
ve(z):=<41—¢ if0<uz<2r
1 if x > 2r.
Then
T (2-¢) g2 2 4 2% 4 W(l-¢)
S(Us):/;TWdS—i— . ﬁdS‘*‘ ; W(l—g)ds:;_{_g 7_;—*—27"? .

Since W is differentiable in 1, recalling that W (1) = 0 = W’(1) (thanks to (1.9)), we get that

2 4 1—¢)— 1 4
( € +2TVV( e) —W( )) __*o,
T T 9 r

and therefore there exists g = £¢(r) such that for all 0 < & < gy we get that

4 2 4 W1 —e)—W(1 4
g(vs)=+5<€—+2r 1-9) ()><=3(U0)-
r ror € r
This completes the proof of Proposition 1.2. 0

3. RIGIDITY RESULTS FOR MINIMAL HETEROCLINIC CONNECTIONS, AND PROOF OF THEOREM 1.3

We divide the proof of Theorem 1.3 in several steps. From now on, we assume that w is as in the statement
of Theorem 1.3.

Step 1: bounds on u, namely |u| < 1.
We fix § > 0 and we show that

(3.1) u<1l+6 (up to null measure sets).

To this end, we argue by contradiction and assume, for instance, that the set {u > 1+ d§} has positive
measure. Let v := min{u,1 + §}. By (1.11), we know that there exist ag, By € R such that u < 0
in (oo, ap] and |u — 1| < § in [By, +00). In particular, if & := a9 — 7 and = € (—00,a + 1), we have
that u(z) < 0 and so u(z) = v(z). Also, if 8 := By +r and = € (8 — 7, +00), then u(z) < 1+ and
so u(x) = v(z). These considerations give that

(3.2) u = v outside [a + r, 3 — 7]
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and so, by minimality,

1 (B 2 1 [P 2
63) o | (Lo 0) g [ (Lo ) o
+/ (W1 +6) - W(u()) de.
(atr,f—r)N{u>1+46}

We also remark that, by (2.3), for any = € R,

(3.4) osc v 0SC U
(z—r,z+7) (z—r,z+7)

Then, by (3.3) and (3.4),

0< / (W(1+6) ~ Wu(a))) de.
(atr,B—r)N{u>1+45}

Recalling the assumptions on W in (1.9), we conclude that (o + 7,5 —7) N {u > 1+ ¢} must have zero
Lebesgue measure. Also, by (3.2), we have that u = v < 1 — § outside [« + r, 8 — r]. We thereby obtain
that {u > 1+ ¢} has zero Lebesgue measure, which proves (3.1). Then, since 6 can be taken arbitrarily
close to zero in (3.1), we infer that u < 1.

In a similar manner, one shows that u > —1, and then the claim follows, as desired.

Step 2: u has finite global energy.
Namely, we show here that

2
(3.5) E(u) = % < osc u) dx + / W (u(z)) dx < 4o0.
2r¢ Jr \(z—raz+r) R

For this, we fix R > 2(r+1) and let £ € C°(R, [0,1]), with ég = 1in [-R+1,R—1], g = 0 in (—o0, —R]U
[R,400) and || < 4. Let ug := {p+ (1 —&r)u. Notice that ug = u outside [—R, R], and so the minimality
of u gives that

E(fRfr,RJrr)(u) < 8(7R7r,R+r) (uR)7

namely
1 R+r 2 R+r
2/ ( 0sc u) dw+/ W (u(z)) dzx
(3 6) 2r —R—r \(z—12+r) —R—2r
' 1 R+r 2 Rir
< — osc U dr + W(ugp(x)) dz.
22 /Rr ((r—r,r+r) R) —R—r ( R( ))

Now, if z € (—R+1+r,R—1—r), we have that (zx —r,z + 1) C (-R+ 1,R — 1), where £ = 1 and
so ur = 1. Consequently,

(3.7) forany x € (—R+1+7, R—1—r), we have that osc wur=0.

(z—r,z+7)
On the other hand, by Step 1 and the definition of ug, we have that |ug| < 1, and therefore

osc up < 2.

(z—r,z+7)
Combining this and (3.7), we deduce that
1R 2 1 2 40142
(3.8) P ( 0SC uR> dr < 5 ( 0sC uR> dxr < #
2r2 | _p_, \(z—ra+r) 2r {|z|e(R—1—r,R+r)} \(z—r2+T) r
Similarly, since ug =1in (-R+1,R — 1),
R+r
W(uR(az)) dr = / W(uR(a;)) dx < 2(1 + T)HWHL‘X’([fl,l})‘
—R—r {|z|e(R—1,R+r)}
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Then, we plug this information and (3.8) into (3.6) and we conclude that

1 R+r 2 R+r 4(1 )
< osc )u) dx + W(u(z))de < 41 +2r)

272 2 D|W | 700(1— .
2r2 |_p_, \(a—ra+r _Rer 272 +2(r + D)W zoo((-1,1))

By taking R as large as we wish, one deduces (3.5), as desired.

Step 3: monotonicity of u.
We suppose, by contradiction, that u is not monotone, and so in particular there exist a, b € R Lebesgue
points for u such that

(3.9) a<b and — 1< B =liminfu(z) < limsupu(z) = A < 1.

T—b r—a

Our aim is to show that quadruples (a, b, A, B) which satisfy (3.9) cannot exist, due to minimality of u. The
argument used here is very similar to the one used in the proof of Lemma 2.1.
First of all we claim the following: if quadruples (a, b, A, B) as in (3.9) do exist, then

(3.10) there exists at least one quadruple (a,b, A, B) as in (3.9) such that B < 0.

By contradiction, if it were not the case, we let (a,b, A, B) any quadruple such that (3.9) holds, with
(3.11) 1>A>B>0.

In particular, since (3.10) does not hold, necessarily

(3.12) u(z) > 0 for almost every z € [a, +00).

We also notice that, in light of (3.11), and recalling the assumptions in (1.9), we get that W (t) > W(A) for
every t € [0, A). Now, we define the function

() e u(z) if x < a,
(3.13) (z) : {maX{U(JU)aA} if x > a.

Since A < 1 and (1.11) holds true, we see that there exists ¢ > a such that v(z) = u(z) on [¢, +00). Also,
due to (2.3), we get that

osc v< O0scC u
(z—rz+r) (z—r,z+1)

for all . Moreover, thanks to (3.12), we have that 0 < u(z) < v(z) = A < 1 for any = € (a,c). Hence,
by (1.9), we obtain that W(v(z)) < W(u(x)) for any z € (a, ¢), with strict inequality on the set

{z € (a,c) s.t. u(x) < A}

which has positive measure.
Collecting all these pieces of information, we conclude that

e(a—r,c—l—’/‘) (U) < 8(!1—7‘75'1'7’) (U),

and v is a competitor for u in (a —r,c+ ), since v = u on (—0o0, a] U [¢,+00). This is in contradiction with
the minimality of u, and therefore (3.10) is established.
As a consequence, we fix now a quadruple (a, by, A, Bp) as in (3.10), with —1 < By < 0, and we define

(3.14) Ap := sup limsup u(y).

by Y—T
Then Ay > A > By. By definition of Ay there exists a sequence 7; € (—o0, bg] with
u(n;) = Ag as j — +oo.

We observe that, since Ag > —1 and (1.11) holds true, the sequence 7; is uniformly bounded, otherwise,
passing to a subsequence, we would have 7; — —oo and u(n;) — —1 # Ap. So, passing to a subsequence,
we define

(3.15) ap := limn; < by.
J

We claim that
(3.16) Ap < 1.
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Not to interrupt this calculation, we postpone the proof of this claim, which is quite long, to Step 4.
We prove now that

(3.17) Ay + By > 0.

Assume on the contrary that Ag + By < 0. If this is true, since —1 < By < 0 and By < Ag < 1, due to
assumption (1.9), we get that W (t) > W(By) for all t € (By, Ap). We define the function

~Ju(z) if x > by,
(3.18) v(z) = {min{u(;p),]go} if z < b.

We observe that, since By > —1 and (1.11) holds true, there exists ¢y < 0 such that v(z) = u(z) on (—oo, cg].
Moreover, by the definition of Ay in (3.14), we get that u(x) < Ao for almost every x < by. Therefore, as
shown before, we get that W(v(z)) < W (u(x)) for any = € (co, bp), with strict inequality on the set

{z € (co,byg) s.t. By <u(x)< Ao}

which has positive measure. Therefore v = u on (—00, ¢p] U [bg, +00) and has strictly less potential energy
in (co —r,bo + ). These observations contradict the minimality of u, and so (3.17) holds true.
We define now

(3.19) B := inf liminfu(y) < By.

=00 YT
We show that
(3.20) B < By.

Indeed, if this were not the case, then, in light of (3.19), we have that By = By and u(x) > By for
almost every = > ag. We note that since Ag + By > 0 by (3.17), and By < 0, then W (t) > W(Ap) for
every t € [By, Ap). We define the function v as in (3.13) with Ay in place of A and ag in place of a. Again,
since Ap < 1 by (3.16) and (1.11) holds true, we have that there exists ¢; > ag such that v(z) = u(z) on
[c1,+00). Moreover, due to (2.3), we get that

osc v< O0sC u
(z—rz+r) (z—r,z+1)

for all x, and, as shown before, we see that W (v(z)) < W(u(x)) with strict inequality on the set
{z € (a,¢) s.t. u(x) < Ao}

which has positive measure. Therefore v = u on (—00, ap] U [¢1, +00) and has strictly less potential energy
in (a —r,c+r): by the minimality of u, we find that necessarily u = v. Therefore (3.20) holds true.
Now, by the definition of B; in (3.19), there exists a sequence (; € [ag, +00) with

u(¢j) — B1 as j — +o0.

We observe that, due to the fact that (1.11) holds and By < 1, the sequence (; is uniformly bounded, and
passing to a subsequence, we define
b1 = liij > ag.
J

Following the same arguments as for the proof of (3.16), we can prove that
(3.21) By > —1.
See Step 5 for a brief sketch of this.
Next we observe that
(3.22) Ay + By < 0.

Indeed, if this were not true, we can argue as in the the proof of claim (3.20), define the function v as in
(3.13) with Ag in place of A and ag in place of a, and show that u = v outside a compact interval and
moreover that v has strictly less energy of u, since u(x) > By for almost every = > ag, in contradiction with
the minimality of u.

Then, we claim that

(3.23) b1 > bo.
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Indeed, if this were not the case, then ay < b1 < by, and in particular u(x) < Ag for every z < by,
and Ay + By < 0, by (3.22). Hence, we can proceed as in the proof of claim (3.17). That is, briefly, we
define the function v as in (3.18) with Bj in place of By and b; in place of by, we show that u = v outside a
compact interval and finally we prove that v has strictly less energy of u, since u(z) < Ay for almost every
x < by, in contradiction with the minimality of w.

Now we define
(3.24) Ap := sup limsupu(y).

by Y—T

Then A1 > Ag > Bj. Also, we observe that A; > Ag, otherwise we could repeat exactly the same proof of
claim (3.23) and obtain a contradiction to the minimality of u. Moreover, we see that A; < 1 by using the
same argument as for (3.16), see Step 4.

By definition of Ay in (3.24), there exists a sequence 7; € (—o0, b] with

u(n;) = Ay as j — 4o0.

Up to passing to a subsequence we define
ay = limn;.
J

Since A; > Ap and u(x) < Ay for almost every x < by, necessarily ag < by < a; < by. Moreover u(z) > B
for almost every x > a1 and u(z) < A; for almost every = < by.

We observe that two possibilities may arise: either A1 + By < 0 or A1 + By > 0. We will show that
both of them are in contradiction with the minimality of v and then this implies that quadruples as in (3.9)
cannot exist, and then finally that u is monotone.

If Ay + B1 > 0, we argue as in the the proof of claim (3.20), namely we define the function v as in
(3.13) with A; in place of A and a; in place of a, and we show that u = v outside a compact interval and
moreover that v has strictly less energy of u, since u(x) > B for almost every x > a1, in contradiction to
the minimality of w.

If instead A; + By < 0, we can proceed as in the proof of claim (3.17): we define the function v as in
(3.18) with By in place of By and b; in place of by, we show that u = v outside a compact interval and finally
we prove that v has strictly less energy of u, since u(z) < A for almost every = < by, in contradiction to
the minimality of u.

These observations imply that u is monotone, and thus the claim in Step 3 is established.

Step 4: proof of claim (3.16).
We argue towards a contradiction, assuming that Ay = 1. Hence, recalling (3.14) and (3.15), we have
that

(3.25) limsup u(z) = 1.

Tr—rag

Let p € (0, 1), to be taken arbitrarily small in the following. Then, by (1.11), we know that there exists p,, >
ag such that

(3.26) u(z) > 1—p for every x € [p,,+00).

For p > p, > ag, we take 7, € C* (R, [0,1]), with 7, = 1 in (—o0, p] and 7, = 0 in [37 + p, +00). Let also
. u(x) if < ap,

(3.27) up(w) = {Tp(az) + (1 —7p(x))u(z) if x> aop.

We notice that, since p > ag, we get that

(3.28) u, =1 1in (aop,p).

Furthermore, since |u| < 1 by Step 1, and 7, > 0, we get that, if > ao,
up —u =T,(1 —u) >0,
and therefore

(3.29) u < u, < 1.
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Moreover, for any x € (ag — r,ag + r) we have that a9 € (x — r,x 4+ r), and thus, in light of (3.25),

(3.30) sup u= sup u,=1.
(z—r,z+1) (z—rz+T1)

By (3.29) and (3.30) we obtain that, for any = € (ag — r, a9 + 1),

(3.31) osc  u, < 0SC  U.
(z—rz+r) (z—r,z+T)

Now, we observe that, by definition, u, = u outside [ag, p + 37], so, by the minimality of u, we get that

0 < E(ao—r,p+47‘) (up) - 8(ao—r,p+4r) (u)

(3.32) 1 [pTar 2 2
= 5.9 < 0osc Up) — < OSC U/>
2r ap—r (z—r,z+r) (z—r,z+r)

Hence, recalling (3.31) and the definition of u,, we obtain

1 p+ar 2 2
(3.33) 0< 55 osc  u,| — osc
2r agr (z—r,z+T) (z—r,z+T)

Now, we claim that

dz + / . (W(up(:v)) - W(u(a:))) dz.

o—T

dz + / o <W(up(x)) - W(u(:z:))) dz.

ag

1 +oo 2 +oo
(3.34) 52 (( 0S¢ u) dx + W (u(x))dx > 0.

aog+r xfrvx“FT') ao

Indeed, if it were not the case, we would have that u(z) = 1 for almost every x > ag. But this would be in
contradiction with the fact that agp < by and liminf,_,;, u(x) = By < 0. Hence, (3.34) is established.
As a consequence of (3.34), for large p, we can write

1 p—r 2 Iz
(3.35) 2,2 < 0sc )u) dx +/ W(u(z))dx > ¢,
r a0

ag+r \(@—ra+r

for some ¢ > 0, independent of p and p.
Also, from (3.28) we deduce that

! /,,( >2d 0 d /pW( (@) dz =0
— 0SC u xr = an U T xr = U.
2r2 ap+r (z—ra+1) g ao g

This and (3.35) imply that

L e 2 2
ot [ | (o) — (o)

Then, we insert this information into (3.33) and we find that

(3 36) Qo 1 /p+4r 2 2
. CY —5 OSC u — 0SC u
2r2 o—r (w—r,z+r) Pl (x—ra+r)

Now we observe that, thanks to (3.26), for any = € [p, p + 37],

dz + / ’ (W(up(x)) - W(u(m))) dr < —é.

ao

dz + /p . (W(up(a:)) - W(u(a:))) dz.

up(e) — u(@) = 7p(2) (1 = u(z)) < py
and thus
<3r max |[W(t)—W(s)| =0 as p — 0.

t,se[—1,1]
[t—s|<p

[ (Wt - wiate) as

Using this, as long as p > 0 is sufficiently small (possibly in dependence on r), we get from (3.36) that

é 1 p+4r 2 2
3.37 - < —= osC U — osC U dx.
2 P
2 2r o—r (z—r,x+r) (x—rz+7)
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We also observe that if p > p, +2r and x > p —r, then x —r > p, > ag, and therefore, by the definition
of u,, and recalling (3.26), we get

sup u, < sup u+ sup 7T,(1—u)< sup u+p.
(z—rz+r) (z—r,z+r) (z—rz+r) (z—r,z+r)

Then, using this observation and recalling (3.29), we conclude that

(3.38) 0sC Uy, < 0SC U+ [,
(z—mr,x+1) (z—r,z+1)
for any x > p —r with p > p,, + 2r.
From (3.38), for any > p —r and p > p, + 2r, we have that

2 2 2 2
< 0sc up) — ( 0sc u) < < 0sC U —|—u) — < 0scC u)
(z—r,z+1) (z—r,z+1) (z—r,z+1) (z—r,z+1)

2
=2 +2u  osc ué,u?—&—u%—u( 0scC )u).

(z—rz+r) (z—rz+r

Therefore, we conclude that, if p > p,, + 2r,

p+4r 2 2
/ < 0sc up> — < 0sC u> dx < 5u27" + 5ur + pé(u)
p—r (z—r,z+T) (z—r,z+r)

where € (u) is the energy defined in (3.5). Plugging this information into (3.37), and recalling the claim (3.5)
in Step 2, we conclude that

5u2r + bur + pé(u)
<

272 ’

which leads to a contradiction by sending p N\, 0, and this concludes the proof of (3.16).
Step 5: proof of claim (3.21).

For the proof of (3.21), the argument is the same as for the proof of (3.16) in Step 4, with obvious
modifications. We sketch it briefly for the reader’s convenience.

We fix pr > 0 and A\, < by such that u(z) < —1 + p for every z < A,. For any A < \,, we take 7, €
C* (R, [-1,0]), with 7\ = —1 in [\, +00) and 7) = 0 in (—o0, A — 3r,], and we define

N O

. u(x) if z > by,
(3.39) (@) = {T)\(x) b (L4 (@) ulz) ifx<b.
As done in Step 4, it is easy to check that for any x € (by — r,by + 1)
(3.40) osc uyx< 0sC u
(z—r,z+1) (z—r,z+1)

and u = u), outside [A — 3r,b1]. As a consequence of these observations and of the minimality of w,

1 bi—r 2 2
0< — 0osC U — 0osC U
2r? A—dr ((I_T,UH‘T) A) <(az—r,a:+r) )

As in Step 4, we see that, for A << —1,

dz + A B (W nr(2) ~ W (u(a))) de

—3r

1 bi—r 2 b1
2/ < osc u) dx + W (u(z))dx > ¢,
2r2 Jatr  \(@-ra+r) A
for some ¢ > 0, independent of u, A, otherwise we would get u(z) = —1 for almost every x < b; in

contradiction with the definition of Ag.
Thus, using the fact that uy = —1 in [\, b1), we conclude that

1 A+r 2 2 A
¢ < —5 — d +/ %4 -w dz.
< o () (o) 4 [, (Ve - W) e

—3r
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Now we observe that, for any x € [A — 3r, A],

A
| (wn@) = w)) dr

< 3r max (W (t) —W(s)| =0 as 1 — 0.
t,se|—1,
[t—s|<p

Therefore, for A << —1, we get that

é 1 Ar 2 2
3.41 - < —= osc U — osc  u dzx.
( ) 2 2r2 A—dr <(:r—r,x+r) )\> <(x—r,x+r) >

Moreover, recalling the definition of uy, it is easy to check that, for any x < A +r and A < A, — 2r, there
holds

0SC U\ < 0SC U+ U.
(z—r,z+T) (z—r,z+T)

Now the conclusion follows plugging this information in (3.41) and sending p — 0, obtaining a contradiction
as in Step 4.

4. THE DIFFERENCE EQUATION SATISFIED BY MINIMAL HETEROCLINIC CONNECTIONS, AND PROOF OF
THEOREM 1.4

In this section, we provide a proof of Theorem 1.4. In order to get the result, we will need to introduce
an auxiliary functional. We observe that, for monotone functions, the oscillation defined in (1.7) reads as

osc  u=|u(z+r)—ulz—r)|
(z—rz+1)

Moreover, it is easy to check that for any v € L (R), there holds

lv(x +7r)—v(@—r) < osc w.
(z—r,z+1)

We introduce the following auxiliary functional, defined, for any r > 0, a < b, and W as in (1.9), as

1

b b
(4.1) Ty () = 53 / (u(z + 1) — u(z — )2 da + / W (u(z)) da.

In this setting, we say that u € L{ (R) is a local minimizer of F if, for any a < b and any v € L%
that u = v outside [a + r,b — 7], we have that

9:((1 b)(u) < St(a b)(v)'
It is easy to check that if u is a critical point for the operator F(, ;) in (4.1), then

(4.2) /]R (u(z +2r) + u(z — 2r) — 2u(x) / W (u (2) da,

r2

(R) such

loc

for all ¢ € C*°(R), such that ¢ =0 in R\ [a+ 70— 7]

)
Comparing (1.8) and (4.1), one notices that for any v € L (R),

(4.3) Flap) (V) < E@ap (V).
and moreover
(4.4) if u is monotone in (a —r,b+ 1), then F, ) (u) = €(qp)(u).
Combining (4.3) with (4.4) we obtain that
if u is monotone and it is a local minimizer for the functional in (4.1),

4.5
(45) then it is also a local minimizer for the functional in (1.8).

In order to prove Theorem 1.4, in light of (4.2), it is sufficient to show that the reverse statement of (4.5)
holds true. This will be accomplished in Proposition 4.2 below.

To this aim, we need the following result, which is the analogous of Proposition 2.2 for the functional (4.1).
More precisely:
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Lemma 4.1. Assume that (1.9) holds true and consider R > 2r.
Then there exists a solution vy to the Dirichlet problem

(4.6) inf {?(_Rﬁ)(v) s.t. ve L[R), v(x) =1 fora.e. 2 R—1r and v(z) = —1 for a.e. x < R—i—r}

Moreover vy is monotone nondecreasing and piecewise constant on intervals of length at least 2r.
Finally vy is also a solution to the Dirichlet problem (2.1).

Proof. We notice that for any ¢ € R and for any v € LS (R), we get that
(4.7) v(x+7r)—v(z—7r)| =|min{v(z +7r),c} — min{v(x — 1), c}| + | max{v(z +r), c} — max{v(x —r), c}|,
at almost every z. Indeed, if v(z —r) < ¢ and v(z + 1) < ¢, then
| min{v(z + r),c} — min{v(x — r),c}| = |v(x +r) — v(z — )|,
and | max{v(z + 1), c} — max{v(x —r),c}| =0,

which implies (4.7) in this case. The case in which v(z —r) > ¢ and v(x + r) > ¢ can be treated similarly.
If instead v(x —r) < ¢ < wv(x +r) (or similarly v(z +7) < ¢ < v(z — 7)), then

| min{v(z + ), ¢} — min{v(x — r), c}| + | max{v(z + 1), ¢} — max{v(x — ), c}|
=c—v(z—r)+v@+r)—c=v(x+r)—v(®-—"),

which gives (4.7) in this case as well.
Therefore, thanks to (4.7) and (1.9), we get that

?(_RjR)(max{—l, min{1, v}}) <
1

This implies that we can reduce to consider the case in which —
with values in [—1, 1] such that

(—R,R)(v)'

F
< w(z) < 1fora.e. z. So, we fix v € L*°(R)

(4.8) v(x) =1for a.e. > R—r and v(zx) = —1 for a.e. z < —R+ .
Let N := {%] . For any fixed z € [-R — r,—R), we define the sequence

(4.9) vy = v(z + nr), for n € Z.

Note that

(4.10) f=—lifn<landv:=1ifn>N,forallze[-R—r, —R),

thanks to (4.8).
From (4.8), we also see that

3(0) = [ (Gralely+ ) = oty =0+ Wielw)) dy
(4.11) e /
S [ (et =t W)

nez’ —Rt(n—1)r
Furthermore, by the change of variable y = x + nr,
-R 1 —R+nr 1 )
[ (Gt wen ) de= [ 7 (5000 -0 W) d
From this and (4.11), dividing odd and even indexes, we have that

1 X X
Tr() = / 5 (ratvia — v+ WD) da

R— TnGZ "

1 T \2 T

= 22 (Vg2 — Vo)™ + W(vgeiq) | do
R T r
keZ
R

>

(2 5 (Vojs1 — V3p )’ +W(”2k>> dx.
keZ
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Hence, in light of (4.10), if we set K := L%J, we can write

R K

1

Tenm® = [ 3 (Gralhes ~ 5+ W) ) da
T k=0

R K 1
Y (a0 e+ W03 ) d

R=rk=0

(4.12)

Then, we consider the finite minimization problem:

K
. 1
(4.13) mpg ;= min E (272<Wj+1 —w;)* + W(wj)> ,
=0

where the class of competitors is such that w; = —1 for all j <0, w; =1 for all j > K +1, and w; € [—1,1]
for all j € Z.
Note that, by (4.10) and (4.12), we get that

(4.14) ?(,RyR)(’U) = 2rmR.

With analogous arguments as in the proof of Lemma 2.1, one can see that monotone sequences make
the energy functional lower, and therefore, as in Proposition 2.2, one finds that there exists a monotone
nondecreasing solution to (4.13), that is a solution with w; < wji1. Let us denote with (wf) this solution.

We define now a function vg : [-R —r, R+ r] — [—1, 1] as follows:

(4.15) vr(x) = wf, Vee[-R—r+2jr,—R—r+2(j+ Dr).

We have that vg(z) = —1 for x < —R +r, vg(x) = 1 for > R — r, vg is monotone nondecreasing

and F(_p gr)(vr) = 2 r mpg. Recalling (4.14), we see that vg attains the minimal possible value, and this

concludes the proof of existence of a monotone nondecreasing, piecewise constant solution to (4.6).
Finally, vg is also a solution to the Dirichlet problem (2.1), due to (4.5). O

As a consequence of Lemma 4.1, we obtain the counterpart of (4.5).

Proposition 4.2. Let u be a local minimizer for the functional in (1.8) which satisfies (1.11). Then, u is
also a local minimizer for the functional in (4.1).

Proof. By Theorem 1.3, we know that u is monotone. Now, we argue by contradiction, assuming that there
exist My > 0, a function v € L*°(R) such that v = u outside [-My + r, My — r], and € > 0, such that

(4.16) F(Mo.a0) (V) < F (=g m) (0) — 26 = €y 1) (1) — 26,

where (4.4) is used in the last equality.

Since w is a local minimizer for the functional (1.8), and the two functionals (1.8) and (4.1) coincide on
monotone functions, we get that v is not monotone in (Mg + r, My — r).

Now we take M > My + r and we consider v and v as given in (2.22). Then, we get from (4.16) that

Fmn (@) < F oy (u) — 2.

Consequently, recalling the notation of ej; and e, as given in (2.16) and (2.17), and exploiting (2.19)
and (2.25), we see that

(4.17) Fenran (M) < Faran (W) = 26 = € pan () — 2¢
' <EWM)—20<E(u)—e=e—e<ey—¢,

where u s is constructed in Proposition 2.2.
Now, by Lemma 4.1, we get that there exists vy; which is monotone and such that

(4.18) em = € m,m) (vm) = F(— ) (vm).
On the other hand, since vy = vM = —1 in (—o0, =M +7) and vpy = v™ =1 in (M —r, +00), we have that

F—nmnry(vnr) < F (™)
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This and (4.18) lead to
(4.19) e < Faran (™).
From (4.17) and (4.19) we get that
ey < 8(,M,M)(uM) —e=e€py—¢
which gives a contradiction. O
From Proposition 4.2 we obtain Theorem 1.4 by arguing as follows:
Proof of Theorem 1.4. By Proposition 4.2, we get that u is a local minimizer of (4.1). Therefore, in view
of (4.2), it is a solution to (1.15). O
5. ASYMPTOTICS AS r N\, 0, AND PROOF OF PROPOSITION 1.5

In this section, we show that the heteroclinic connections constructed in this paper approach, for small r,
the classical heteroclinics arising in ordinary differential equations, as stated in Proposition 1.5.

Proof of Proposition 1.5. Let u, be as in Theorem 1.1, for a given » > 0. Up to a translation, we will
suppose that
(5.1) up(x) <0 for all z < 0 and u,(x) > 0 for all x > 0.

Since u, is monotone and bounded uniformly in 7, and therefore bounded in BV uniformly in r, up to a
subsequence we may suppose that u, converges to some u a.e. in R.
Consequently, from (1.15), for every ¢ € Cg°(R),

o ur(x+27“)+ur(90—27")_2u7"($)_ " z)dx
— @ W' (ur(2)) ) ole)

_ 11\1‘%:2</ur(x)gb(x—2r)dx+/ﬂ%ur(x)¢(x+2r)dx—2/ (2) dx) /W () da
) hm/UT <¢x+2r)+¢(x—2r)—2¢ ) /W, oo

r2

_ g /R (@) & (x) dz — /R W (u(x)) 6(x) dz.

This gives that

" = W' (u),
in the distributional sense, and hence in the smooth sense as well, and this proves (1.16).
Also, passing to the limit in (5.1),
u(z) <0 for all x < 0 and u(x) > 0 for all x > 0,

which gives that

0> il}% u(z) = u(0) = il{l% u(z) =0,

and hence (1.17) is established.
Now, in light of (1.12), we can write that

/ {27102 ( (+7r)—ulz— 'r))2 + W(ur(x))] dx = /R [2173 <(w_%§§+r)ur>2 + W(ur(x))] dzx

4
= &(u,) < min{,4+cw} <4+ ew.
r
Accordingly, using Fatou’s Lemma,

(u(x +7r)—u(z — 7’))2

(5.2) 44 cw > [ liminf 52

R ™N\0

+ W(ur(x))] dx = /]R 2]/ ()2 + W (u(x))] dz.
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Furthermore, we know that u is monotone nondecreasing and with values in [—1, 1], since so is u,, hence we
can define
(5.3) ly = lim u(z).

r—+oo

We claim that

(5.4) 0, =1.

Indeed, suppose not, say ¢4 < ¢, for some ¢ < 1. From (1.17) and the monotonicity of u, we know
that £, > u(0) = 0. Therefore, there exists X > 0 such that for all z > X we have that u(z) € [—3,¢].
This and (1.9) give that, for all x > X,

W > inf  W(r)>0,
(u@) > _inf W)

and accordingly
+oo

W(u(z)) de = +oo.

X
This is in contradiction with (5.2), and hence it proves (5.4).
Similarly, one can show that /~ = —1. This and (5.4) lead to (1.18), as desired. Finally, since the
heteroclinic satisfying (1.16), (1.17), (1.18) is unique, we have full convergence of u, to u. O

6. PIECEWISE CONSTANT HETEROCLINIC CONNECTIONS, AND PROOF OF THEOREM 1.6

In this section, we prove Theorem 1.6. The proof is based on the existence of piecewise constant solutions
to the Dirichlet problem (2.1) given in Lemma 4.1.

Proof of Theorem 1.6. By Lemma 4.1, we have that for all R > 2r there exists a monotone solution vg to
the Dirichlet problem (2.1), which is piecewise constant.
Thus, up to a translation, we can assume that vgp(z) < 0 for any z < 0 and vgr(x) > 0 for any = > 0.
Recalling the construction in (4.15), we get that there exists n(R) — +oo as R — +oo such that

(6.1) vR is constant in intervals of the form [2nr,2(n + 1)r) for all —n(R) < n < n(R).

Since v is equibounded and has equibounded total variation, by compactness (see [3, Corollary 3.49]) up
to extracting a subsequence, we can define

(6.2) v(z):= lim wvg(x),

R—+o00

where the limit holds pointwise and locally in L? for every p > 1.
From this (see (2.27)), we also conclude that v is a local minimizer of (1.8), which satisfies (1.11). Finally,
by (6.1) and (6.2), we obtain that v is constant on every interval [2nr,2(n + 1)r), for n € Z. O

7. NONUNIQUENESS ISSUES, AND PROOFS OF PROPOSITION 1.7 AND COROLLARY 1.8

Now, we provide the proof of Proposition 1.7, based on a analogous argument as in the proof of Lemma 4.1,
Lemma 2.1 and Theorem 1.1.

Proof of Proposition 1.7. Fixed K € N, we consider two finite minimization problems. The first one is the
following

K

1 . 1
(7.1) m'Y := min > <W(wj+1 —w;)? + W(wj)> ,
j=K
where the class of competitors (w;) is such that wg =0, w; = —w_; and w; =1 for all j > K.
We note that, for all K > 1,
1
(7.2) miY) < =+ W(0).

Indeed we choose the competitor wg := 0 and w; := 1 for all j > 0, and then (7.2) plainly follows from (7.1).
Moreover, by (7.1), we see that

mg)ﬂ < m%) for all K > 1.
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The second finite minimization problem is the following:

K

2 : 1
(7.3) mig := min > (27,2(23‘+1 —2)? + W(Zj)) ;
j=—K
where the class of competitors (z;) is such that z; = —z_;_1 and z; =1 for all j > K — 1.

Choosing the competitor w; := 1 for all j > 0, we get that

2
m'? < 5 forall K > 1.

Moreover, we see that

mgl_l < mg) for all K > 1.
Arguing as in the proof of Lemma 2.1, one can show that monotone sequences lower the energy, and therefore,
as in Proposition 2.2, one obtains that, for all K > 2, there exist monotone nondecreasing solutions (w]K )

and (Z]K ) respectively to the minimization problem (7.1) and (7.3).

Let us now fix (¢;) such that ¢g := 0, ¢; = —¢_; and ¢; := 0 for all j > K —1. So, the sequence w; K460,
is an admissible competitor for the minimization problem (7.1) for all 6 € R. Therefore, by the mlmmahty
of w]K , we conclude that

K-1
(7.4) Z <T12( wk | 2w +w 1) — W (wj )>¢]_O

j=—K+1
Now, fixed j. € (0, K — 1), we choose ¢; such that ¢;, := 1 (and so by assumption ¢_;, = —1) and 0
elsewhere. Substituting in (7.4), we thereby get that, for all j € (0, K — 1),
( Wiy — 2w + w TQW'(wf)) — (wfjﬂ — 2wf<j + wfj_l — TQW’(w'jj)) =0.
From this, using the fact that wj = —w{{j and that W' is an odd function on [—1, 1] by assumption (1.9),
we conclude that
(7.5) w = 2wl +wl =W (wh)  Vje(-K+1,K-1).

A similar argument gives that also zj satisfies (7.5), namely

(7.6) 2 =22+ =W Vie(-K+1,K-1).

Now, using the monotonicity of (w; Ky and (2 K, we can also take the limit as K — +oo for the sequences
(ij ) and (z; K. In this way, we obtaln two sequences that we denote by (w;) and (Z;), respectively.

We notlce that (w;) and (Z;) are monotone nondecreasing. Also, they satisfy (1.20) and are odd, in the
sense that wy = 0 and w,, = —w_,, for all n > 0, whereas z, = —z_,_1. Moreover, using (7.5) and (7.6), we

get that they are solutions to (1.19). This conclude the proof of Proposition 1.7.

Remark 7.1. Concerning the proof of Proposition 1.7, we also observe that, arguing as in the proof of
Theorem 1.1, we get that (w;) is a solution to the minimization problem

+oo
(7.7) ming - <2i2(w]+1 wj)2+W(wj)>

among all sequences such that w; € [—1,1] for all j € Z, wy = 0, w; = —w_; and lim;_, o w; = 1, whereas
(%) is a solution to the minimization problem

“+oo
. 1
(7.8) min Z <W(Zj+1 — )%+ W(zj)>
j=—o00
among all sequences such that z; € [—1,1] for all j € Z, z; = —z_;_ for all i > 0 and lim; | z; = 1.

Now, we prove Corollary 1.8, as a consequence of Proposition 1.7.
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Proof of Corollary 1.8. Let (wy), and (Z,), be as in Proposition 1.7. We define
u(zx) := wy, and v(x) ==z, for all = € [2nr, 2nr + 27).

Then, u and v are monotone nondecreasing, satisfy (1.11) and, in view of (1.19), they are solutions to (1.15),
as desired.

We stress that v and v are geometrically different (namely, they are not equal up to a translation). Indeed,
if we define I,, := [2nr, 2nr 4 2r), we see that

(7.9) u = 0 on an odd number of intervals I,,, and v = 0 on an even number of intervals I,,.

To check this, we first observe that u = wg = 0 in Iy. By monotonicity, we can take n to be the greatest n
for which v = 0 in I,, and then v = 0 in Iy U ... Iz, with u > 0 in I541. Then, recalling (1.21), it follows
that u =0in I_1U...I_5, withu < 0in I_z_1. This says that u =0in IoUI1; ... I+; and u # 0 elsewhere.

Similarly, suppose that v = 0 in some interval I;. From (1.21), we conclude that v = 0 also in I_;_;.
Since j cannot be equal to —j — 1, this argument always provides a couple of intervals on which v = 0. The
proof of (7.9) is thereby complete. O

8. THE DIRICHLET PROBLEM FOR D,, AND PROOFS OF THEOREM 1.9, AND OF COROLLARIES 1.10
AND 1.11

In this section we provide the proofs of Theorem 1.9, of Corollary 1.10 and of Corollary 1.11.
First of all, we observe that uniqueness of solutions to (1.23) is a direct consequence of the following
Maximum Principle for the operator D,..

Lemma 8.1 (Maximum Principle for D,). Let r > 0, a < b, and u € LS (R) be such that

loc
Dyu>0 in (a,b),
(8.1) u<0 infa—ral,
u<0 in [b,b+r].

Then u < 0 almost everywhere in [a — r,b+ 7).

Proof. By contradiction, let us assume that

oc:= sup u>0.
[a—7r,b+7]
Let
82) 8 :={Z € [a—r,b+7] s.t. there exists a sequence zj € [a — r,b+7]

such that z; — Z, x}, are density points for u, and u(zp) — o as k — —i—oo}.
Since 8 C [a — r,b+ r|, we can define

(8.3) z*:=sup8 € [a —r,b+r].

We claim that, in fact, this supremum is attained, and

(8.4) * = max$.

To check this, fix m € N, to be taken as large as we wish. By (8.3), we know that there exists Z,, € 8 such
that |2* — Z,,,| < 1/m. Then, by (8.2), we know that there exists a sequence x, € [a —r,b+ r] such that

lim zpm =Zm and lim w(zg.m,) = o.
k—+oco k—r+o00
In particular, there exists k,, € N such that if £ > k,,, then
1 1
|Thm — Tm| < — and |u(zpm) — o] < —.
m m

Let now 7}, := xy,, m. By construction,

1
d ) —ol < —.
an lu(z),) — o -

|2 = 7| < [k = Tin| + [T — 27[ < m

m
This and (8.2) imply that 2* € 8§, which, combined with (8.3), gives (8.4), as desired.
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We also claim that
(8.5) x* € (a,b).

To check this, suppose, by contradiction, that z* € [a — r,a] (the case a* € [b,b + r| is similar). Then it
must be that

(8.6) = a.
Indeed, if z* € [a — r,a) and xp — 2* as k — 400, we have that zj € [a — r,a) for large k, and thus

= 1l <0
7= A <0

which is a contradiction.
Then, in view of (8.6), we can take a sequence y; > a such that

lim yp =a=2za" and lim wu(yx) = o.
k—+o0 k—+o0

So we can exploit (8.1) at the point y, for k sufficiently large such that y; — r < a, and write that

0 < 7*Dyu(yk)
= u(ye +7) +ulyr —r) — 2u(yr)
< ulyk +7) — 2u(yg)
< o —2u(yg)-
Then, passing to the limit as & — +o00, we obtain that 0 < ¢ — 20 = —o, which is a contradiction. The

proof of (8.5) is thereby complete.
Hence, in light of (8.4) and (8.5), we can take a sequence xy — z* with u(xy) — u(z*) as k — 400 and
exploit (8.1) at the point xy. In this way, we find that

0 <ulxg+7r)+u(zy—r)—2u(zr) <ulzg+71)+ 0 —2u(zy),
and therefore
0< lim (u(xk +r)+o— 2u(xk)) = lim wu(zg+7r)—o.
k—+o00

k—4o00

Consequently, writing Ty := xp + r and Z := x* + r > a*, we see that ) — T and u(Z;) — o as k — +oo.
This gives that € 8, which is in contradiction with (8.4). O

Proof of Theorem 1.9. The uniqueness statement plainly follows from Lemma 8.1, hence we focus on the
proof of the fact that the function in (1.24) is a solution to (1.23), which is a direct, albeit tricky, computation.
To this end, we observe that, by (1.25),

k(z+71)=k(x) -1, k(z —7r) =k(x) +1,
(®.7) k(x+7r)=Fk(x)+1  k(z—7r)=EKkx) -1,
thus
(8.8) k(x+7)+Ek(z£7r) =k(z) + k(x),

and, moreover,
ify€e€ (a—r,al and z € [b,b+ 1),

_ b—a b— _
then k(y),k(z) € [ a’ a4 1), and k(y) = 0 = k(2).

r r

(8.9)

Now, to check (1.23), fixed = € (a,b), we need to distinguish four cases:

) x+relbb+r)and z—r € (a—ra,
(8.11) z+re€(a,b)and z —r € (a—r,al,
(8.12) x+rebb+r)and z—r € (a,b)
(8.13) and x+r€(a,b)and x —r € (a,b).
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We start by taking into account the case in (8.10). Then, by (8.9), we have that k(z —7) =0 = k(x +7),
and so, by (8.7), we get that k(z) =1 = k(x), therefore

u(z+7r)+ulzr—r)—2u(z)
= Ble+r)+alz—r)-— (a(x—r) +B(x+7) —rzf(x)>

= f(x),

which proves (1.23) in this case.
Let us now suppose that (8.11) holds true. Then, by (8.7) and (8.9), we have that k(x) = 1+ k(z—7r) =1
and consequently, recalling also (8.8),

w(z+7r) +ulz—r) —2u(x)

1 _ _ _
= E(z) + 1 ((k(ff) —Dalz—r)+28(x+ k(x)r) — 7“2(]{,‘(1') —1) f(x)
k(z)—2
~2r Z if (@ + (k(z) — j)r) —2r?(k(z) — 1) f(z + r)) + alx —r)
j=1
2 B , k(z)—1 . B -
1 (k(x) oz —r)+ Bz + k(x)r) —r ; if(z+ (k(z) — j)r) — r’k(z) f(@)
1 ) , k(z)—2 . B )
k@)1 (‘?” (F@) =1 ) =2 3 3f (o (o) = 3)r) =2 (F@) = 1) o +7)
k(z)—1
+2r > jf(x+ (k(x) = j)r) +2r2k(a:)f(a:)>
j=1
1 1. 7 — _
= @)+l (— r?(k(z) — 1) f(x) — 2r*(k(z) — 1) f(z + ) + 2r°(k(z) — 1) f(z + 1) + 2r°K(x) f(@)

= r° f(z).

This proves (1.23) in this case, and we now consider the case in (8.12). In this case, by (8.7) and (8.9), we
have that k(z) = 1+ k(z + ) = 1 and consequently, recalling also (8.8),

u(x +7r) +u(x —r) —2u(x)

1
1+ k(x)

-2

k(z)
= Blx+r)+ (2 a(z — k(x)r) + (k(x) = 1) Bz +r) — 22 Z jf(ac — (k(z) — j)r)

—r?(k(z) = 1) f(z) = 2r* (k(z) = 1) f(z — 7"))

9 k(z)—1
—Hlm(a(x—k(a:)r)ij‘() (z+71)—712 ];jfx— z) — j)r) —r? k(z) f(z )>
1 , o , ) )
= :l“‘k(l')<_2T JZ; if(z = (k(x) = j)r) — r(k(z) = 1) f(x) — 2r° (k(z) = 1) f(z —7)

k(x)—1
r? Z 3f (@ = ( j)r)+2r2k<m>f<w>>
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1

" T ( — r2(0(a) = 1) f(@) = 2 () = 1) f 2 =) + 2% (o) = 1) Sl =) + 2% (o) f<:c>>

= 72 f(z).
This proves (1.23) in this case. So, it only remains to check (8.13). To this end,

w(x+7r)+ulz—r)—2u(x)

. - B L Ea) |
o ((k(z) ~Date ~ Ha)) + () 1) 8+ o) = (Fe) = 1) 7o = ()5
k(z)—2
—?(k(x) +1) D if(z+ (k) = f)r) = r?(F(z) — (k) + 1) f(z + 7“))
j=1
1 — _
-1—*(%) R (k(x) + 1) a(x — k(x)r) + (k(x) = 1) B(z + k(x)r)
k(x)—2 k()
—r?(k(z) + 1) if (x = (k(x) = G)r) —r?(k(x) = 1) > _if (z + (k(x) — 4)r)
j=1 J=1

k(z)-1
2 _ -
_E(x) ) <k‘($) alx — k(x)r) + k(x) B(z + k(x)r) — r°k(x) 2 ]f(:L‘ — (k(x) — ])7“)
k(x)—1
—r’k() if (x4 (k(x) = j)r) — r’k(z) k(z) f(x)>
j=1
1 , k()
= = —r?(k(x) — x— (k(x) —j)r
R ( () =1) 3 f o~ (bla) =)
k(x)—2
—r?(k(z) + 1) if (x4 (k(x) = j)r) — r*(k(z) = 1)(k(z) + 1) f(z +7)
j=1
k(z)—2 k()
—r?(k(z) + 1) if (= (k(x) = j)r) = r?(k(z) = 1) > _if (z + (k(x) — j)r)
=1 =1
k(z)—1
—r?(k(z) + 1)(k(x) = 1) f(z = r) + 2%k(2) Y jf(z = (k(z) = j)r)
j=1
k(x)—1
+2r%k(z) D if (v + (k(x) — §)r) +2r°k(z) k(x) f($)>
j=1
1 , k(z)—2 ‘
- ( ~r @) =) 3 5= () =)
—r?(k(z) = 1)(k(z) = 1) f(z —r) — r*(k(z) — 1) k(z) f(2)
k(z)—2
—r?(k(z) + 1) if (x4 (k(x) = j)r) — r*(k(z) = 1)(k(z) + 1) f(z +7)
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z) = D(k(z) + 1) f@ + 1) = (k@) = D(k@) = 1) f(z +7) = 7 (k(z) = 1) k() f(2)
+1)(k(x) = 1) f(z — ) + 2r%k(z) (k(z) = 1) f(z — ) + 2r°k(z) (k(z) = 1) f(z +7)

= 7 f(a),
which completes the proof of (1.23) in this case as well. The proof of Theorem 1.9 is thereby finished. [

Finally, under the assumption that the functions «, 5, f are continuous, we study the regularity of the
solution to (1.23) given by Theorem 1.9.

Proof of Corollary 1.10. We start with the proof of (1.26). First of all, if z € [a — r,a], then u(z) = a(x)
which obviously fulfills the bound in (1.26). Similarly, if x € [b, b+r|, we have that y :== x+a—b—r € [a—r,a
and we have that

lu(z)] = [B(2)] < la@)] + |aly) — B(@)] = ()] + laly) = By —a+b+7)],

and the bound in (1.26) also follows in this case. Hence, it remains to prove (1.26) when = € (a,b). In this
case, we write (1.24) as

i

(8.14)
ule) = ole = K(a)r) + 0 (Bla-+ Fla)r) ~ ol — b(a)r)
2 k@)1 k(z)—1 B -
— = k(x i flx — (k k i f(x k(x)— g)r k(x)k(x) f(z
M@+k@)(<> 3. ifle = (se) =) +h(a) 35 o+ () ﬁ)+()()ﬂ))
and therefore
0(@)] < ol (o) + = sup Ja(p) - B(g)
X ([a—r,a]) k?(CC) + E(x) 1;2[[‘;;::?]]
r 7y k() — Dk(z) (k(z) = Dk(z) | +
(8.15) + m”f”m([a,b]) (k(l‘)2 +E(9€)f + k(fﬂ)k(ﬂv))
<lalimoray 30 lalp) = B+ [ oy p
a€lbybrr]
We also observe that, by (1.25),
b—=x b—a rT—a b—a

(8.16) k(r) <

+1<
T T T
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Therefore

2 - 2
rzk(x);(x) < % <b ot T) < (b—a) + 172
r

Inserting this into (8.15), we thus obtain the bound in (1.26), as desired.

We also observe that the continuity of u outside J claimed in the statement of Corollary 1.10 follows
directly from (1.24) and so, to complete the proof of Corollary 1.10, it only remains to check (1.27). To this
end, we observe that, in view of (1.25),

E(x)+k(x)>b;x+x—a:b—a‘

Using this, (8.14) and (8.16), the claim in (1.27) follows by the fact that k and k have at most unit jumps. [
Proof of Corollary 1.11. As can be easily checked from (1.24), the solution to (1.23) is given by

0 if x € [—r,0],
(8.17) u) =1 o e e ),
1 ifxell,1+7].

Observe that this function is discontinuous at x € (0, 1) such that = € rN. Indeed, recalling that n = % eN
and z € (0,1), we observe that

k(x) = [ﬂ = [nx] and
k(m)ZF_x-‘:[n—mﬂ:{n_nx €N,

¢N,

r
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where [z] denotes the smallest integer z such that x < z.
As a consequence,

Therefore the function u defined in (8.17) can be written as
0 if x € [-7,0],
x if x € (0,1) and = € rN,
u(z) :=
——[%] ifz€(0,1) and z & rN,
1 ifxe[l,1+7].

Note in particular that u(xz) = 0 for all x € [—r,7), u(z) =1 forall z € (1 —r,14r], 0 < u(z) < 1 for all
x € [-r,1+ ], and u has jump discontinuities at the points of the form x = % with ke {1,...,n—1}. O
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