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ABSTRACT. We consider an evolution equation arising in the Peierls—Nabarro model for crystal dislo-
cation. We study the evolution of such dislocation function and show that, at a macroscopic scale, the
dislocations have the tendency to concentrate at single points of the crystal, where the size of the slip
coincides with the natural periodicity of the medium. these dislocation points evolve according to the
external stress and an interior repulsive potential.

1. INTRODUCTION

We consider the problem
(1.1) vy =L —W\(v)+o(t,x) in(0,400) xR,

where s € (1/2,1), L, is the so-called fractional Laplacian and W is a 1-periodic potential. More
explicitly, given ¢ € C*(R) N L=(R) and = € R, we define

Lop(z) = E/Rso(xﬂLy) +|s;|(ir+2—s y) = 20) 4,

2

We refer to [21, 8] for a basic introduction to the fractional Laplace operator. As for the potential, we
assume that IV € C**(R), for some 0 < o < 1, and:

W(u+1)=W(u) foranyu e R,

W(k)=0 foranyk € Z,

W>0 inR\Z,

W’ (0) > 0.

As customary, € > 0 is a small scale parameter, and o, plays the role of an exterior stress acting on
the material. We suppose that

(1.2)

o (t,x) = o (e' T, ex),
where o is a bounded uniformly continuous function such that, for some o € (s,1) and M > 0, it
holds
[0 ]| oo 0,400y xR) + [|0¢]| oo ((0,400)xR) < M,

1.3
(1:3) lo.(t,x + h) — o,(t,z)] < M|h|*, foreveryx,h € Randt € [0, +00).

The problem in (1.1) arises in the classical Peierls—Nabarro model for atomic dislocation in crystals,
see e.g. [15] and references therein. We will recall the basics of such model in the subsequent Section

2. Now, setting
t T
Ue(t,l') =0 (m, z) s

we look at the equation satisfied by the rescaled function v, that is, recalling (1.1),

(ve)r = ! (ste - %W/(UE) + o(t, x)) in (0, +00) x R,
(1.4) € €

v:(0,-) =12 inR.

To suitably choose the initial condition v° and to state our main result, we introduce the basic layer
solution w, that is the solution of the problem
{ Liu—W'(u)=0 inR,

1.5
(15 u >0andu(—o0) =0, u(0)=1/2, wu(4+o00)=1.



For the existence of such solution and its main properties see [19, 5]. An interesting feature of this
solution is the fact that it approaches its limits at +-0co with a polynomial decay, namely

1 T
%25 W”(O) |$’1+2s = ’x|1+25

as we will show in Proposition 7.2 (here and in the rest of the paper, H is the Heaviside' step function).
When s = 1/2 the estimate in (1.6) is somehow simpler, thanks to some explicit representation
formulas: in our case, to prove (1.6) we will construct by hand a particular solution for a different
potential and scale it appropriately in order to fit the asymptotics of the original solution.

(1.6) u(z) — H(x) + forany z € R,

We recall that the semi-continuous envelopes of u are defined as

(1.7) u*(t,z) = limsup u(t', ")
(" x")—(t,z)
and
ue(t,z) = liminf wu(t',2').

(&)= (t,x)
Moreover, given 2§ < 2§ < ... < 2%, we consider the solution (;(¢)),_,  tothe system

=1,...,

’y( (t,z;) +Z2s]m — PS“) in (0, +00),

z;(0) = x¥

7

(1.8)

where

(1.9) y = ( /R (u’)2>_1.

For the existence and uniqueness of such solution see Section 8 in [9]. We consider as initial condition
n (1.4) the state

(1.10) W(z) = —0(0,z) +Z (x_‘r)
where
(1.11) 8= W"(0) > 0.

The main result obtained in this framework is the following:

Theorem 1.1. Assume that assumptions (1.2), (1.3) and (1.10) hold, and let

(1.12) vo(t, z) = ZH@—%@)),

where H is the Heaviside function, and (x;(t))i=1,... n is the solution to (1.8).

Then, for every € > 0 there exists a unique viscosity solution v, to (1.4). Furthermore, as ¢ — 0, the
solution v, exhibits the following asymptotic behavior:
(1.13) limsup v (', 2") < (vo)*(t, x)

t',x")—(t,x)

e—0

"Namely, H(z) = 0ifz < 0, H(z) = 1if 2 > 0 (the explicit value at z = 0, that is assumed to be in [0, 1], plays no
role).



and

(1.14) Jim inf v (', ") = (vo)«(t, )
t!x!')—(t,x)
e—0

foranyt € [0, +00) andz € R.

When s = 1/2 the result above was proved in [11], where it was also raised the question about what
happens for other values of the parameter s.

It is worth pointing out that one of the crucial ingredients used in [11] (see, in particular, pages 20-21
there) is the precise knowledge of the asymptotics of the layer solutions in the case when s = 1/2.
In [11], this was obtained by passing through the harmonic extension, in order to use a compari-
son argument with the solution of the Peierls—Nabarro problem, which has an explicit representation
when s = 1/2. On the contrary, in the arguments we provide here, we follow a different approach that
avoids both the harmonic extension (that is somehow specialized for fractional Laplacian operators
but does not fit other more general equations) and the use of explicit formulas for solutions (that are
only available when s = 1/2). For us, the improved asymptotics for the layer solutions u of (1.5) is
based on an auxiliary class of potentials V' coupled with the solutions ¢ of the corresponding prob-
lems L,¢ = V'(¢), which we are able to control via the construction of suitable barriers. Then, in a
subsequent step, this general approach will permit us to provide a precise order of approximation also
for the asymptotics of the original layer solutions w in terms of the original potential 1.

Since, differently from [11], we do not make use of any harmonic extension results, that are specific for
the fractional powers of the Laplacian, our proof is feasible for more general types of integro-differential
equations (as a matter of fact, our approach provides a different proof also for the case s = 1/2 treated
in[11]).

In the course of the proof, our basic strategy is to make the ansatz that the solution is, at the first
order, the superposition of transition layers. To make this rigorous, a suitable corrector needs to be
introduced in order to take care of the higher order remainders.

The rest of the paper is organized as follows. In Section 2, we will give a quick review of the Peierls—
Nabarro model, giving a physical interpretation to the results in Theorem 1.1. In Section 3, we will
present some formal heuristics on the transition layers, in order to explain how the ODE system in
(1.8) naturally appears as the leading order of the dislocation evolution.

Then, the rigorous mathematical treatment of the problem begins in Section 4, where we point out
a comparison principle that will be used in Section 5 to introduce the layer solution and the solution
to an auxiliary corrector equation, needed to approximate the solution at a sufficiently high order. In
Section 6, we construct an auxiliary transition layer driven by a suitable potential, which will be used in
Section 7 to control the standard transition layer up to the desired order of approximation. The proof
of Theorem 1.1 will be completed in Section 8.

2. PHYSICAL MOTIVATIONS

We recall here a simple (and even oversimplified) version of a model for the dynamics of the dislocation
of atoms in crystals. The model is related to the Peierls—Nabarro energy functional that combines the
elastic properties of the material with a misfit occurring along a glide line (for simplicity, we consider



here a two-dimensional model). The system is in fact a hybrid combination in which a discrete disloca-
tion occurring along a slide line is incorporated in a continuum medium. Of course, any hybrid system
is based somehow on a radical approximation of the structure of the matter, but this may also lead to
equations that are more convenient to deal with analytically than the ones arising in more detailed, but
less treatable, models. Also, in spite of the simplicity of the equations obtained, the Peierls—Nabarro
model and its modifications are commonly considered as good explanations for the plastic behaviors
of some metals.

In our mathematical setting, the medium will be the plane IR?, endowed with coordinates (, %), and
the glide line will be taken as the z-axis. As a matter of fact, since the argument is symmetric, we will
focus only on the energy contribution of the upper half-plane ]Ri = {(:z:, y) € R? s.t. y = O} (or,
simply, we make a slide deformation in the upper part of the crystal, by keeping the lower part fixed).

We suppose that the material has a crystalline structure that leads atoms to display periodically.
Namely, the atoms on the z-axis have the preference of occupying the integer sites, in virtue of the
configuration of the crystal on a large scale. If a misfit occurs (e.g. due to an external stress) which
moves some atoms out of their rest position, the material will react trying to restore a crystalline config-
uration, that is either the original configuration or one obtained by translating the configuration by the
natural periodicity of the crystal. This effect may be modeled by defining vo(ac) to be the discrepancy
between the position of the atom x with its rest position (hence, at a global scale, the misfit of the
crystal on the glide line is v°(+00) — v¥(—00)). Then, the misfit energy is taken as

M (V) ::/]RW(vo(x))dx.

Notice that (1.2) assures that .# is minimized when all the atoms are at rest (i.e., v = 0) as well as
when all the atoms are shifted to another periodic configurations (e.g., v = 1).
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The material® is also influenced by the classical elastic energy. That is, by considering the dislocation
function v(x, y) on all R% (notice that v(x, 0) = v°(z)), the elastic contribution is given by

1

E(v) = Q/IR? (Vo(z,y)|> de dy.
¥

The total energy of the system is, therefore,

F ) =EW) + .4 = %/}R (Vou(z,y)|*dedy + /RW(U(JC,O)) dz,

2
+

up to dimensional constants that we neglect. We remark that critical points of .% (and in particular
energy minimizers) satisfy the equation

Av(z,y) =0 foranyz € Randy > 0,
Oyv(x,0) = W'(v(x,0)) foranyz € R

that is, up to a normalizing constant, L; ,v%(x) = W' (v%(x)) for any € R (to be compared with
(1.5)). The corresponding parabolic evolution equation is vy = Lj 50" — W (v°) (to be compared
with the forced analogue in (1.1)). The operator L, (and even more general types of operators) may
be obtained with this construction in presence of heterogeneous media.

As a matter of fact, we can perform a small variation of the model above to obtain the equation for
1Y by an argument which only involves the elastic reactions on the slip line. For this, we suppose that
the displacement v" causes an elastic reaction on the slip plane with some polynomial decay. For
instance, suppose that the elastic energy density at the point = of the slip line is proportional to vo(x),
say

d&°(v°; ) = A (2)0°(x) dx

and assume that % (z) arises from the variation of 1Y along the line, weighted by a polynomially
decreasing tail, such as, in the principal value sense,

%(x>:/IRMdy.

|z —y|t+e

2Figure 1 is an attempt of describing the deformation in a portion of the crystal. Though the crystal is infinite, each row
drawn in the picture contains ten atoms, for simplicity. The three upper rows belong to IR2 , while the three rows on the
bottom lie in R? \ Ri. The arrow on the third row represents v°, that is the dislocation from the original position of the
atom, which is represented by a void circle: in this case, if the period of the crystal is 1, then v° there is approximatively
0.5, while v° on the extreme left (respectively, on the extreme right) is approximatively 0 (respectively, 1).



Then, at least formally, we have that

&0 = /d@ﬁo(vo'x)
- [
//|x— |1+2501 v
_ // |x_ |1+(25)) dz dy.

In this framework, the total energy becomes

E°) + A (1° // ‘x_‘lﬁj dd+/W (2,0)) da,

up to dimensional constants, and critical points of this energy functional satisfy Lv°(x) = W’ (v°(x))
(compare again with (1.5) and (1.1)).

In these physical models, Theorem 1.1 studies the (sufficiently long) time evolution in a crystal with
(sufficiently small) periodic scale of the atom dislocation under an external stress. The initial configu-
ration taken into account in (1.10) corresponds, roughly and in the appropriate space and time scaling,
to IV separate dislocations that are as intense as one single period of the crystal and are centered at
:E(f, cee x?\,, possibly plus an external strain deformation. This dislocation function evolves in time ap-
proaching the superposition of /V pure deformations, each of the size of the periodicity of the crystal:
in this sense, at least at a macroscopic space and time scale, dislocations occur at single points of the
crystal, and each dislocation has exactly the same size as the periodicity of the crystal (see (1.12);
the envelopes in (1.13) and (1.14) are mainly needed to obtain a semi-continuous interpolation of the
profile from both sides, thus resolving the ambiguity of the notion of the displacement function at its

jump points).

These pure deformations are centered at points x4 (%), ..., zx(t) that evolve according to (1.8): that
is, they react elastically against the external stress® and interact one with the other in a repulsive way.

In this sense, Theorem 1.1 gives a detailed and rigorous mathematical description of the creation,
displacement and motion of defects in crystals under a small external stress.

Models similar to the one discussed here were presented also in [1, 2, 6, 7, 10, 12, 18, 14, 17, 18,
23, 24]. For further discussions about the dislocation dynamics also in relation with homogenization
properties see e.g. [16] and references therein.

3Notice a sign change in the stress between (1.1) and (1.8). There is no mystery in this sign change, as we try to
explain in Figure 2, where a single translation is considered in case of a positive stress o. Suppose that the dashed curve
represents the transition v at time ¢. Then, at any given point, the positive stress will try to increase the value of v at
time t + dt, according to (1.1). The result of this increasing the value of the function is represented by the solid curve in
Figure 2. All in all, the dashed transition at time ¢ has moved towards the left to the solid transition at time ¢ + dt. This
clearly suggests that a positive stress results into a motion of the transition points towards the negative side and explains
the sign change for o from (1.1) to (1.8).



Figure 2

3. HEURISTICS ON THE DYNAMICS OF THE TRANSITION LAYERS

Here we would like to give a formal (absolutely not rigorous) justification of the ODE system in (1.8)
that drives the motion of the transition layers.

For this, we use the notation ~ to denote equality up to negligible terms in € and we exploit the notation

Ueilt, ) == u (”’”_—x(t)) .

€
With a slight abuse of notation we write

L (t ) = (x_—”“"(t)) .

€

We also write v for a generic integer number: e.g., we will write that the Heaviside step function H is
equal to v, since it is equal to either 0 or 1, and notice that W’(v) = 0 and W (r 4+ v) = W (r) for
any r € RR. In this setting, by (1.6), we have that

T —x; €2 (z — ;)
€.i t, ~ H —
Ue, ( CL’) ( c ) QSW”(O) |x_xi|1+25

€2 (z — ;)
v — )
2sW"(0) |x — a1 128

(3.1) =

The idea is now to use the ansatz that the solution v, is well-approximated by the sum of /V transitions,
and plug this expression into equation (1.4). For this we write

ve(t, ) =~ éue,i(t,x) _ i“ (Ji%v(t))

=1



so that

By inserting into (1.4), after a multiplication by € we obtain
—x;i(1) .
- (x—x()> #4(t)
i=1 €
o / 2s
=% [ZW Uei(t,x)) (Zu”tm)—i-e U(t,x)].
=1

Now we make some observations on the asymptotics of the potential 1I/. First of all, we notice that

(3.3) / W (u(x)) () dz = dde( (2)) dz = W(1) = W (0) = 0.
Thus, by changing variable,

(3.4) /]RW’ (ue(t, ) ug 4 (t, z) dz = 0.

Also, we observe that, if 7  k, the function

T — X
you (v 25

is asymptotic to either O (if z, < x;) or 1 (if xx > x;) for small €, hence we write

(e 72)
uly+ ~ vy
€

for any ¢ # k. Thus,

W(Zu(yjtxkzx)) = W | u(y) + Z (y+x’“;x)

=1

2
<
=
&
_l’_
S
||
<
=
s
S~—



So, we use the substitution y :=

(x — xy) /€ to see that

aéw(é?www>%mwmw
o (i <y+“2“>)u'<y>dy

AL

=1

thanks to (3.3). Using (3.5) and (3.4), we obtain that

(3.6)

623 [Z W (ue;(t, x)

1 N

625 '
Li=1

625 .
1<i<N
| i#k

~ A Z W (uci(t,z)) + €o(t, z)

== | > Wueilt,x)) + ot x)

(Zu” (t,x > +6250(t,x)]

u’e’k(t, x)dx

] u, (t, ) de

g, (t, ) de.

Now we use (3.1), the fact that 1¥/(0) = 0 and a Taylor expansion to see that

Therefore, using the substitution y :=

(3.7)

W (ue;(t,z)) =~

12

1
—/wwmemg@mm
€ R ’

2s e
W (y— € (x — 1)

2s W"(0) |x — xi|1+25>

W —e* (v — x;)
2sW"(0) |x — ;112

W//(O) .

(x — x) /€, we obtain that, for any i # k,

1/ e (x— ;)
~ = u
€ Jg 2s|x — x|t 2

(:L' — xk) e
€

. / 628 (l’k —x; + Ey)

R 28 [T — x; + ey|1 T2

/ €2 (xp — ;)
2 J—
R 28 T — x| 1128
—€% (), — ;)
25 |z — 41128

u'(y) dy

u'(y) dy



Moreover

l/Raa w)ul(t,x)de = /Ra(t,xwey)u’(y) dy

€
(3.8) ~ /a(t,xk)u'(y) dy = o(t, xy).
R
So we plug (3.7) and (3.8) into (3.6) and we conclude that
623 [Z W' (uei(t, x) (Z Uei(t, @ ) + €2$a(t,x)] ug ,(t, ) do
~ — Z € (@ = @) - +eo(t, my).

2s |xp — x; |1 12

(3.9)

1<iKN
ik

Observe now that, if © # k, the function

yr—>u/ <y+xk—xi>
€

is asymptotic to u'(£00) = 0 for small ¢, therefore

/u' (:E_xl) ul . (t,z) dz
R € ’
:e/u’ (y+$k_$i)u’(y)dy ~ 0
R €

/]Ru’ (37 —Exk) u, (t,z) de = E/R(u/(y))g dy — 5’

by (1.9). Now we test (3.2) against u’ek and we recall (3.9). We obtain

if 2 # k. Similarly,

, €z —
—ey tig(t) = — Z (2 ) + eo(t, zy),
1<i<N i

ik

which gives (1.8) after a division by €.

4. A COMPARISON PRINCIPLE

For further use, we present here a comparison principle for sub and supersolutions decaying at infinity:

Proposition 4.1. Letv € L>®(RR) N C?(R) such that

(4.1) lim v(z) = 0.

r—=+o00

Suppose that there exists a function d € L>(RR) such that d(x) > 0 forany z € R, and Lsv > dv
(respectively L,v < dv). Then eitherv = 0 orv < 0 (respectively v > 0).

Proof. We prove first that

(4.2) Lov>dv — wv<0.



By contradiction, assume that the function v reaches its maximum at a point z such that v(z) > 0.
Therefore,

1 [v(@z+y) +v(@—y)—2v(z)
“3) Lao(#) = 5 /R i dy < 0
since v(x) < v(Z) for any € R. On the other hand,
(4.4) Low(z) > dv(z) = 0.

From (4.3) and (4.4) we get that
V(T +y)+v(@—y)—20T)=0

for any y € R, hence v is constantly equal to its maximal value v(

). From the fact that such value is
strictly positive, we reach a contradiction with (4.1). This proves (4.2).

Now, we want to show that v < 0 unless v = 0. For this, we suppose that v Z 0 and that there exists
a point Z such that v(Z) = 0 > v(z) for any = € R, with strict inequality in a non empty domain.
Hence,

1 fu@+y) +o@—y) —2v(T)
L(Z) = 5/13 ly |12 dy <0
and
Low(Z) > dv(z) = 0.
The inequalities above give a contradiction. This concludes the proof of the proposition. (]

5. LAYER SOLUTION AND CORRECTOR

We recall the following layer solution construction given in Theorem 2 of [19]:

Theorem 5.1. Under the assumptions on the potential W given in (1.2), there exists a unique solu-
tion u to (1.5). Moreover, u € C*(IR) and there exists a constant C' > 1 such that

(5.1) lu(z) — H(z)| < Clz|™* and |v/(x)]| < C’|x|_(1+23)
for any large x € R.

As for the corrector equation, we consider the following problem:

52) { Latp — W (u)p = o + 5 (W”(u) — W"(0)) in R,
| b(—00) = 0 = (+00),
where
[ @) ds
(5.3) e R

W//(O)

The fact that (5.2) is a good ansatz for the corrector equation may be heuristically inferred from the
computations in Section 3.1 of [11] (see, in particular, formula (3.18) there). The existence of a solu-
tion for such problem is given by the following

Theorem 5.2. Suppose that the assumptions on the potential W in (1.2) hold. Then, there exists
a unique solution ) € H*(R) to (5.2). Furthermore, we have that ¢y € C.%(R) N L®(R), for
some v € (0,1), and

19| e (r) < +o00.



For the proof of Theorem 5.2, we consider the following bilinear form on H*(R)

(5.4) Z,w) = / / )(T}lgz —w) drdy + /]RW"(u)vw dz,
and the quadratic functional

5.5 W o) = v 4 gy L [ wryza

(5.9) |ZL’— |1+2S x y+§ . (U)U x,

where u is the layer solution introduced in (1.5). Also, we consider the closed subset X C H*(R)
given by the functions v orthogonal to v/ in L?(IR); that is,

(5.6) X = {v € H°(R) : /Rv(x) o' (z) de = O}.

We want to prove that the operator .Z is coercive on X. This does not come for free, since W (u) is
not bounded from below by any positive constant. However, we can prove the following

Lemma 5.3. Let¥ : H*(R) — R be defined by (5.5) and let X C H*(RR) be defined by (5.6).
Then there exists a positive constant C' such that

(5.7) G(v) = Cllvltam), YveX

Proof. First of all, we observe that
(5.8) “(v) = 0foranyv € H*(R).

To prove it, for any R > 0 we introduce the energy functional

Er(w) := 1/ [w(z) — wiy)” dxdy—i—/_R W(w(z)) dz,

2 |z —y|t+e

where Qp = ((—R, R) x ]R) U ((R\ (=R,R)) x (R, R)) Since w is a local minimum
(see [19]), we have that &r(u + ev) > &gr(u) and Er(u — ev) > Egr(u) for any € > 0 and
any v € C§°([—R, R]). As a consequence,
0 < &r(u+ev)+ Er(u— ev) — 28g(u)
= &D*Er(u)[v,v] + o(e?)
= 29 (v) + o(€?).
Then, a division by € and a limit argument gives that ¢ (v) > 0 for any v € C$°([— R, R]). Since

R > 0 is arbitrary this holds true for any v € C§°(R) and so, by density, for any v € H*(R), thus
proving (5.8).
Now we define X to be the set of all functions v belonging to X’ and such that ||v||,2r) = 1. Let
also

7:= inf 9 (v).

vEX]

We remark that

(5.9) 7< +o0.



Indeed, let I_ and I, be two disjoint open intervals and ¢ € C5°(1), with ¢ > 0in I.. We also

define
D= ( /R o (o) () dx>2 /R &2 (z) da + < /}R b ()l (2) dx)2 /R 6% (z) dz
a_ = Dl/Q/Rngr(a:)u’ z) dz
ay = D_I/Q/Rgb_(x)u' z)dx

and ¢ = a_d_ — arp,.

Notice that 5 is smooth and compactly supported, hence g_b € H*(R). Also, a simple computation
shows that

/]Rq_b(x)u’ /gb dx—a+/ ¢, (z)u'(x)dz =0 and

ol = [ o @) do s+t [ 6 o) do =

R R

and so ¢ € X}. This implies that 7 < 4(¢) that establishes (5.9).

From (5.8) we know that 7 > 0. We claim that

(5.10) 7> 0.

Before proving this, we observe that (5.7) would plainly follow from (5.10) since, for any v € X"\ {0},
9) = [olla @ 0/ Nollzm) > ol

Hence, to prove the desired result it is enough to prove (5.10): for that we argue by contradiction* and
suppose that

(5.11) 1=0.

So, we take a minimizing sequence {vy } C A7, that is, making use of (5.11),
(5.12) 0=1= kgrfw%(vk).

Of course, we can also assume, without loss of generality, that

(5.13) G () <1+ 1.

We claim that

(5.14) ||Vk|| 7+ (w) is bounded uniformly in k.

To prove this, we use the assumptions on W given in (1.2) and the asymptotic behavior of u given
by (5.1) to find a constant M/ > 0 and a nonnegative smooth function ¢ supported in a compact
interval [— K, K], with K sufficiently large, such that

(5.15) W"u)+¢ > M >0, VzeR.

“The proof is a bit long (it will end on page 17) and difficult to break into single pieces: for the facility of the reader, we
provide the full details of all the arguments involved.



Thus, recalling (5.13), we obtain
min {1/2, M/2} |vell3e )

v 1
< // | ’f|$_ |1+23)| dxdy+§/R(W”(u)+g0)dex

= g(vk)+2/govkda:

< T+ 1+ el [ ehde
R

= 1+ 1+ ol
This establishes (5.14).

Now, we split the functional ¢ as follows
1
(5.16) G(v) = 3llvllz + 2(v),

where we set

[v(z) —v(y)l? : 2

1 [
and R(v) = ——/ pv?d.

—Ky

In view of (5.15), the functional || - ||+ provides a norm which is equivalent to || - || zs(ry and which
naturally arises from a scalar product (hence we call H the associated Hilbert space). Therefore,
thanks to (5.14), there exists a function vy € H*(R) such that, up to subsequences,

(5.17) Vi — Vo in H,

which gives

(5.18) H’UOH% < limianka%.
k—oo

We remark that, at this level, we are not claiming that vy € X}, nor that 4 (vy) = 7 (i.e. we are not
saying that vg is a minimizer).

From (5.14) and the compact embedding H*(R) — L?([— K, K]) for any compact subset [— K, K| C
R (see, e.g., [8, Theorem 7.1]), we obtain that a strong convergence holds in (5.17) in the norm
of L*([- K, K]), namely

(5.19) vp — vg in L*([— K, K]).
This, by taking K > K, implies that

(5.20) K (vi,) — X(vo).

By (5.12) and (5.16) we know that

1
(5.21) 0= lim Y(v) = kl—{rfoo <§Hvk”${ +%(vk)> :

k——+oo
On the other hand, by (5.15), we have that

lollZ, = Mllvell 7o) = M



and so, recalling also (5.20), we deduce from (5.21) that
0> M + %(Uo).
In particular, since M > 0 and 22(0) = 0, this implies that

(5.22) vy Z 0.

Now we claim that vy € X, that is, by (5.6),

(5.23) / vo(x)u' (z) dz = 0.
R

To prove it, we notice that

/]R(UO(I) _Uk(x))2dl’ < Q/IRvg(x)+v,3(x) dr < 2<||UOH§{S(R) 4 1),

Therefore, fixing K > 0 (to be taken as large as we wish in the following) and using that v, € X,

/R vl () dz

/}R (vo(x) - vk(x)>u'($) dx

‘/_I; (Uom - “k(ﬂc))'z/(x) dz

N

+

/IR\[—K,K] <'Uo($) - Uk(m)>u’(x) dz

\//Z (o) = (o))" a / I; (w/(x))" da
i \//R\[—K,K} (1) - U’“@))Zdl" /R . (w(x))” do

N

< ||U/||L2(R)||Uo - Uk||L2([7K,K]) + HU/HLQ(IR\[K,K])\/2<HU0|

So, if we fix K > 0 and we send k to +00, we deduce from (5.19) that

/vo(x)u’(x)dx < ||u/||L2(]R\[—K,K})\/2<||U0|
R

Now we send K to +o0o0 and we finish the proof of (5.23).

JZLIS(IR) + 1>~

Also, from (5.16), (5.18) and (5.20) we obtain

G (vy) < h,?lglfg(vk)-
Hence, by (5.12), we obtain that ¢ (vy) < 0 and so, by (5.8), that
(5.24) 0=%(vy) = min Y(v).

veHS(R)
As a consequence vy solves the corresponding Euler-Lagrange equation ¢’(vg) = 0, that is
(5.25) Lsvg = W" (u)wvy.

The equation above should be, in principle, intended in the distributional sense: however, from the
Morrey-Sobolev embedding (see, for instance, [8, Theorem 8.2]) we have that

(5.26) v € C%(R) N L®(R)



with @ := (2s — 1)/2 > 0 and so vy is also a classical solution of (5.25); see [20].
Now we point out that
(5.27) vo(z) = 0, asz — +oo.

Indeed, suppose by contradiction that there exist ¢y > 0 and a sequence of points x,, — 400 such
that |vg(z,)| > €. Then, by the uniform continuity in (5.26), we get that for every n € IN we can
find a neighborhood B,, of x,, of measure coeé/a, for a suitable ¢y > 0, such that |vg(x)| > €y/2 for
any € B,. This contradicts the fact that vy € L?(R), thus proving (5.27).

Now, from the assumptions on the potential 1} in (1.2) and the asymptotic behavior of u given in (5.1),
we get that there exists R > 0 such that

(5.28) W' (u(z)) = 7:=W"(0)/2>0 forevery z € R\ (—R, R).

Fixing R in this way, using (5.26) and the fact that u’ is positive (see (1.5)), we conclude that there
exists a constant ro > 0 such that |vy| < kou' in [—R, R]. Now, we denote by

Ry 1= inf {K} s.t. |vg(z)| < k' (z) forany z € [— R, R]}

Obviously, k, < kg. Then,

(5.29) lvg] < Kyt in[—R, R,
and
(5.30) there exists * € [— R, R] such that |vg(2*)| = k,u'(x*).

We define the functions
zi(x) = K/ (z) £vo(x), Vo eR.

Notice that, by (5.29), we have
(5.31) zx 2 0in[—R, R].
Moreover, from (1.5) we have that u’ solves

Lo/ =W"(u)u,
which, together with (5.25) implies that 2 satisfy
(5.32) Lozy =W"(u)ze inR.
We claim that we can extend the validity of (5.31) to the whole of IR, namely
(5.33) z4 =2 0in R.

To prove (5.33), we assume by contradiction that infr z4 < 0. We notice that z are continuous
functions and that, thanks to (1.5) and (5.27),

ze(z) — 0, asz — t+oo.
Therefore, since (5.31) holds, there exist z+ € R \ [— R, R] such that
(5.34) zp(x4) = mﬁn zy < 0.

Hence

1 —qy)—2
/ 2e(2e +y) + za(22 — Y) 24 (4) dy >0,
R

5.35 L, = —
( ) Zi(xi) 92 ‘y’1+28



since z4(x) > zy(x4) for any 2 € R. On the other hand, since z+ € R \ [—R, R], we deduce
from (5.28) that W (u(z+)) > 0, and so, by (5.32) and (5.34), we have

Lozy(wy) = W (u(ry))ze(zy) <0,
thus obtaining a contradiction with (5.35). This proves (5.33).
Now we define, for every x € R,
dy(z) := max{W"(u(x)), 7}, da(x) := di(x) = W (u()),

where 7 was introduced in (5.28). Notice that both d; and ds are nonnegative on R. Therefore, recall-
ing (5.32) and (5.33), we have that z satisfy

(5.36) LSZ:t = W”(’LL)Z:E = (W”(U) — dl) Z+ + Cll 24 = —dg 2+ + dl Z4 < dl Z4.
From (5.33), (5.36) and Proposition 4.1 we obtain that
(5.37) either z > Q0 or zL = 0.

Then, from (5.30) and (5.37), we deduce that either z_ = 0 or 2, = 0. In any case, there exists x; €
{Kx, =Ky} such that kyu'(x) = vo(x) for any € R. Hence, from (5.23), we have that ;4 has to be
zero, and so vy = 0, which is a contradiction with (5.22).

Hence, (5.10) holds true, and this concludes the proof of Lemma 5.3. ]

A simple consequence of Lemma 5.3 is the following result, in which the norm in LQ(]R) is replaced
by the one in H*(R):

Lemma 5.4. Let¥ : H*(R) — R be defined by (5.5) and let X C H*(R) be defined by (5.6).
Then there exists a positive constant C' such that

Y(v) > Cllv]

Proof. Let C be the constant given by Lemma 5.3. Thanks to the boundedness of ¥, there exists
0 > 0 small enough such that

2(1 = 6)C + W' (u) > C.
This, together with (5.7), yields
Gv) = (1—-90)%(v)+ 9 )
> (1= 6)ColBag +67(0)

v 2 1 1
B // | !x—y!uzs’ dwdy+§A(2<1—6>c+6W (u))v* do

> min {0/2,C/2}|v|3

Hs(R)»

and thus in turn implying the desired result, up to renaming C'. ]

Proof of Theorem 5.2. In order to find a solution to (5.2), we set

f=u+ n(W”(u) = W”(O)),



where 7 is given in (5.3). We observe that f belongs to X', which is given in (5.6). Indeed, thanks
to (1.2) and (5.1), f € H*(R). Moreover,

JRCK:

= /]R(u’(x))zdx+n/]RW”(u(x))u'(3:) dx—nW”(O)/}Ru’(x) dz

- /(u’(x))zdx+77 icW’( (z))dz —nW"(0)
R

- /R(“'(QJ”Q dz +n(W'(1) = W'(0)) - MUW<—%))M

= 0.

W/I(())

Now, we consider the continuous linear functional ' on H*(IR) given by
vi— Fv:= —/ fvdx Vv e H*(R).
R

The bilinear form . defined in (5.4) is coercive in X, thanks to Lemma 5.4. Therefore, from Lax-
Milgram Theorem, there exists a unique ¢ € H*(RR) such that
Z(p,w) = Fwforanyw € H*(R).

This means that 1) is a weak solution to (5.2). As a matter of fact, by the Morrey-Sobolev embedding
(see, for instance, [8, Theorem 8.2]), we have that 1) is bounded and continuous and so it is also
a classical solution of (5.2), see [20]. Since s > 1/2, the fractional Morrey embedding (see, €. g.,
Theorem 8.2 in [8]) implies that it also belongs to the Holder space C'?*~1)/2(R). This and the fact
that 1) € L*(IR) give that v tends to zero at +-oc.

Finally, from the regularity results in [21, 22] (see, also, [3, Theorem 5] and [19, Appendix 6.1]), we
have that ¢ € CL*(R), for some a = a(s) € (0,1) and ¥’ € L®(RR). This concludes the proof of

loc

Theorem 5.2. O

6. AUXILIARY LAYER SOLUTIONS

In order to improve the asymptotics for the layer solution u given in (5.1), we consider an even and
positive function w € C'°(RR) such that

1
w(x) = W for any |$| > 1,
and we set
+oo
(6.1) A= / w(t) dt.
0

Then we define a function ¢ € C*°(IR) given by
b(z) = = <1+ l/xw(t)dt) |
2 A Jy
We notice that

(6.2) ¢'(r) = s7w(w),



hence ¢ is strictly increasing and

1

1
, —

Moreover, ¢ is such that ¢(—o0) = 0, ¢(0) = 1/2 and ¢(+00) = 1 and, since w is even, we have
the following symmetry property for ¢:

1 1 [
gb(—x) = § + ﬂ . CU(t) dt
(6.4) 11
= 224 ), (1)dr
1 4a)

We notice that, thanks to (6.2),
Li¢/(z) _ Lsgzw(z) _ Lyw(z)
¢'(z) 249 (@) w(z)

(6.5)

We define the functions
g(t) == Lsp(t), teR,

hr) == g(67(1), 7 e (0,)

(6.6)

and the potential

(6.7) V(r) :_/ h(p)dp, 7€ (0,1).
0
In this way, the function ¢ satisfies the equation

L—V'(¢)=0 inR.

The following lemma explicitly computes the asymptotic behavior of L,w and will play a crucial role in
the proof of the forthcoming Proposition 6.2:

Lemma 6.1. Letw be as introduced in the beginning of Section 6. Then

Lyw(z) :/Rw(z) dz.

|| —+o0 W(.CE)

Proof. For any z,z € R with |z| > 2, we define the quantity
w(z) —w(r) — x— r—2)w (x)(z —x
i(z,2) = (2) () = X(-1/41/2)( Jw'(z)( )

|ZE _ Z|1+25
We have that, for any z € R,
: 1+2s - . |x|1+25
(6.8) \x|linjoo |z %z, 2) = |x|lgiloo m(w(z) —w(x)) = w(z).

Also, if |z| < 1and |z| > 2, we have that |x — z| > |z| — |z| > |z|/2, and therefore
[z |w(z) — w(z)]

(6.9) |$|1+2s|i(xa z)| = |z — z[1+2s

< 16 sup |w].
R

From (6.8), (6.9) and the Bounded Convergence Theorem, we conclude that

1 1 1
(6.10) lim \x|1+2s/ z'(a:,z)dz:/ lim \x!1+23i(x,z)dz:/ w(z)dz.

2| =400 1 1 lzl=+o00 1
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Now, fixed |z| > 2, we estimate the contribution in R\ (—1,1). For this, we write R \ (—1,1) =
PUQURUS, where

P={zeR\(-1,1):|z]/2 < |z] <2|z|and |z — 2| > 1/4},
Q={zeR\(-1,1):|z]/2 < |z] <2|z|and |z — 2| < 1/4},
R={ze R\ (—1,1):|z] > 2|x|},
S={zeR\ (-1,1):|z2| < |=|/2}.

Let us estimate the contribution coming from P:if z € P, then

o - Bt e _ 0

21+25 + 1
N |x|1+25|x _ z|1+23'

(6.11)

On the other hand, since w is evenin R \ (—1, 1), we have

w(z) —w(x) = w(|z]) —w(]z]) = () (2] = |z])

where & = t[2| + (1 — t)]z| >t + (1 — )2l = Bl for ¢ € (0, 1). Therefore,
w(2) —w(@)] < [W'(E]]l2] — [=]] < WP’ — al.
This implies that
- C
(6.12) i, )| = 2 @]

|x _ z|1+25 ~ |$|2+2s|x _ z|25'

Now we make a simple interpolation argument. Namely, we observe that for any X, Y > 0 and
any o, 3 € (0,1) such that « + 3 = 1 we have

min{X, Y} < X°Y”.
Therefore
(6.13) min { X2y YY) o X202 i (X V) < Y 1H2stay2s+8
So, putting together (6.11) and (6.12) and using (6.13) with X := 1/|z| and Y := 1/|z — z|, we
have that, for every z € P and «, 3 € (0,1) suchthatae + 3 = 1,
C

’Z([B,Z)’ S |x’1+25+a’x _ Z|,3+23'

Therefore,

|ZL’|1+2$/ |Z(:L‘,Z)|dz < C / dZ
P || Jp |z — 2[0+2
C

/ dz
|| {|z—z|=1/4} |z — 2|2
In particular, we choose &« = s and 3 = 1 — s and we get

C d C
(6.14) |sc|”25/ i@, 2) dz < —/ - ST
P A T A F T e ol
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Now, if 2 € (O, we use the Taylor expansion of the function 1/|z|'™2* to get
w(z) = w(x) = X(1/a12) (T — 2)w'(2) (2 — )

=w(z) —w(z) — ' (z)(z — )

B 1 1 1+ 2s
- |z|1+25 B |x|1+25 + |x|3+25

x(z —x)

~ (1+25)(2 +2s) 9
= |€]3+2s |z — 2|

Y

where £ is a suitable point lying on the segment joining x to z. We notice that both = and z lie either
in [|x]/2, +00) orin (—oo, —|x|/2], because z > 0 if and only if z > 0, if z € Q. This implies
that [£| > |z|/2, and therefore

w(2) — w(®@) = x(—1/a1/9(x — 2)'(2) (2 — )|

i(x,2)| = |z — 2|42
c 1-2 1-2
= ’5‘3+2S|x—z| < ’$‘3+2$|$_Z| ’
Hence,
C
|x|1+25/| x,z)|dz < W/ |z — z|'* dz
(6.15)
C C
< —/ lz — 2" dz < T

|| {|lz—z|<1/4} |z
Moreover, if z € R, we have that |z — z| > |z|

— |z| = |z| > 1/4, so we can estimate |i(z, z)| as
in (6.11). Therefore,
d
ot [fiwaaz<e [
6.16) R {efz20ey 12 = 2]
' o C/ dz _C
X (o>} ’Jf _ Z|1+2$ |x|2$

Finally, we compute the contribution coming from S for large |z|:

Jsilx,2) dz gl w(z) — w(x)
2] /{

w() 1<|zl<lal 2y [T — 2|2

1 1+2s 1 1+2s
— ’x|1+25/ /|Z| 1—{2"%‘| dz
(1<)2I<z1/2} v — 2|2

|| 1425 — || 128
- dz.
/{1<|z<|x/2} |21 425z — z[1+2e

Now, setting t = z/x, we have that

dz

|12 — |12 || 128 (1 — ‘%}HQS) 1 — [¢[1res

which is bounded for |t| < 1/2. Therefore, we notice that the quantity
|I"1+28 _ |Z|1+25

|£L' _ Z’1+28
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is uniformly bounded in x in the set S and tends to 1 as |z| — +o0, and |Z‘+2 e L'(R\ (—1,1)).
Therefore, by the Dominated Convergence Theorem, we have that

(z,2)d d
(6.17) lim M :/ 1—; :/ w(z) dz.
jal—+oo - w(z) gepzy 12172 S ey
Putting together (6.10), (6.14), (6.15), (6.16) and (6.17), we obtain that
L 1
lim  Ze(®) :/ w(2) dz+/ w(2) dz:/w(z) dz. O
|z| =400 w(x) 1 |z|>1 R

Now, we can prove the following®:
Proposition 6.2. The potential V' satisfies the following properties:

iy V'(0) := rli,%l+ V'(r) =0,

iy V”(0) := lim V"(r) = 2A, where A is defined in (6.1).

r—0t
Proof. First we point out that, by the definitions in (6.6) and (6.7), we have that V/(r) = h(r) and

S g6 L ()
VI =) = S~ oo 10

(6.18)

Let us show ). We have
(6.19) lim V'(r) = lim h(r) = lim Lyp(x).
r—0+ r—0+ T——00
So we have to prove that the limit in (6.19) exists and is equal to zero. For this, we fix R > 1 and we
compute

gb +y) + dlx —y) — 26
)
o(x +y) + oz —y) — 2¢(x) o(x +y) + oz —y) — 26(x)
d d
Br |y |+ vt /]R\BR |y|t+2s Y

/A

SUPBR(z |¢H| |6l o
o[ MemeSays [ 1S,
Br |y R\Br |y

—C (RQQS sup |¢"| + stWHLm(R)) :

BR(QJ)

Now, fixed R, we send x — —o0, obtaining that the first term tends to zero, thanks to (6.3). Then,
sending R — +00, we have that also the second term tends to zero. This concludes the proof of 7).

Now, we show ii). Recalling (6.18) and (6.5), we have that

Lo'@) _ - Leola)

6.20 lim V'(r) = lim .
( ) r—0+ ( ) T——00 Qﬁ’(x) T——00 w(x)
Hence, the desired result follows from Lemma 6.1 and (6.1). (]

Moreover, the following holds:

SWe remark that V is C'° since so is ¢ (recall (6.6) and (6.7)). As usual, in the statement of Proposition 6.2, we are
using the abuse of notation to identify V'(0) and V"/(0) with their limit values, once we prove that these limits exist. Of
course, by symmetry, a similar computation could have done for V(1) and V" (1).
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Proposition 6.3. The potential V' is symmetric with respect to 1/2.

Proof. We compute, for any r € (0,1/2),

1 1

To prove (6.21), we set O(r) := ¢~ (1/2 + r). Notice that, by applying (6.4) with = := 6(r) we have
that

and so

Hence we can compute
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(ber) (o)
(e (o) 6-0)

= g(0(r)) +g(=0(r))

= L.6(601) + Lo (—6(r))
L[ 04900 -y - 200D

|y |12

oL [ SO (00 =) = 3180

|y|1+2s Yy

L[ 049+ 00 ) - 300

’y|1+2s Yy

_/ —¢(0(r) —y) +1—0(0(r) +y) —2[1 — ¢(0(r))] dy
|y|t+2s

_ /czb ) +9) +(6(r) —y) = 26(6(r))

’y‘1+2s

__/ AO(r) +y) +6(0(r) —y) —2¢(0(r)) ,

] ’

where we have used (6.4) once again. This proves (6.21) and concludes the proof of Proposition 6.3.
O]

Now, for any a > 0, we set 11, = (V" (0)a)~'/?* and we define the function

(6.22) ¢a() := O(pat)
and the potential V, = 12*V. Then, the function ¢, satisfies
(6.23) Lo¢a(x) = p13° Lt (pa) = p°V' (¢(1a)) = 13"V (¢a()) = Vi (¢a()).
Moreover,
1
(6.24) Vi'(0) = g V"(0) = —.

Since W”(0) > 0 (see the assumptions in (1.2)), we can say that there exists ay > 0 such that

1
(625) ‘/a/; (0) = W”(O), namely ag = m
Now, we prove the following

Proposition 6.4. There exists a positive constant C', depending on s, ag and A, such that the following
estimates hold:

(6.26) |bag () — H(z)] < foranyx € R

1+ |x|?



and
H fo_ 2 f R
(6.27) Gag(v) — H(z) + 25 o] | S T orany x € R.
Proof. First, we show that, for any |z| > 1,
(629 6(a) — H(z) + gt = 0
. — x - =
t 4sA |x|+2s

For this, we consider the case x > 1, since the case x < —1 is similar, and we compute

1 x 1 T
_H A e
o(x) (z) + 45 A |1+ ¢(x) T 1A | 1+2
+oo T
= — () dt + — ———
’ ¢'(t) dt + 45 A [z[1r2s
1 /+°° S B
94 N |t|1+2s 4sA |z|1+2s
1 1
_ T T _,

" 4sA 21425 4sA|x|i+2s
This proves (6.28).
In turn, (6.28) implies that, for |z| > 1,

1 1 C

— H(z)| = < .
() (@) 4sA x> = 14 |z|*>

Moreover, for |z| < 1 we have

4
|9(x) — H(z)| <2< TMPS

Putting together the last two inequalities and taking x = p,,y (recall (6.22)), we obtain (6.26).

To show (6.27), we observe that, if |z| < 1,

1 T
45 A |z|+2s

‘gb(x)  H() +

1 1 1
<2+ — < (24— ) —
S et A S ( * 4SA> PE

6.29
(6.29) o 1 1
= 4sA |x‘1+23'

Putting together (6.28) and (6.29), we obtain

1 T
4sA |x|t+2s

(6.30) ‘(b(x) — H(z)+

1 1
<(2+m)m foranyxER.

Now, we take x = ¥y in (6.30) and, recalling (6.22), we get

< (3 1 1 1
= + 4sA Mcllzrzs |y|1+2s'

Since fq, = (agV"(0))~/2% and V"(0) = 2A, we obtain the estimate in (6.27).

1 Yy
wl(y) — H 7
Pao(y) — H(y) + A [T

25
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7. DECAY IMPROVEMENT OF THE SOLUTION LAYER

Here we use the auxiliary transition layer constructed in Section 6 in order to control the standard
transition layer of our problem up to the desired order of approximation. For this we need the following
comparison principle, which can be seen as a refinement of the one already given in Proposition 4.1:

Corollary 7.1. Letv € L>=(R) N C*(R) such that
lim v(z) = 0.

r—+o0o

Suppose that there exists a function d € L (R) such that d(x) > 6 > 0 forany x € R and for
some d > 0, and

(7.1) Ly =dv+ M,
where M is a function that satisfies the following estimate
C
(72) |M(SE’)| < W foranyx S IR,,

for some constant C' > 0.

Then, there exists a constant C' > 0, depending on C, d, s and A (defined in (6.1)) such that
C
lv(z)] <

NS W foranyx € R.

Proof. We consider the function ¢, defined in (6.22) (later we will choose a suitable value of a).
From (6.2), (6.3) and the hypothesis on M in (7.2), we have that there exists a positive constant K,
(depending on a, s, A) such that

(7.3) |M(z)] < K¢, (z) foranyz € R.
Now, we set w := v + c¢, for some positive constant ¢ that will be specified later. From (6.23)
and (6.24) we deduce that
Vi (¢a) V"(a)
aLs/:aV//a/:a a) it a/'
(;50, a <¢ >¢CL Va”<0) qba v//(o) ¢(l

Therefore, from the properties of the potential V' given in Proposition 6.2, we obtain that
(7.4) laLsdy| < Cvey,
for some constant Cy, > 0 depending on V. Using (7.4), (7.1) and (7.3), we obtain
Law—dw = L+ cL, —dv—cdd),
< Low—dv+ %gb; —cdq),
M +c (% - d) o

< K., +c (% —d) 0.

Now, we choose @ such that %/ —d= —%l, thatisa = %. Hence,

d
Law —dw < | Ky — %) oL
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Finally, we choose ¢ = % in such a way that Kz — %d = (, and therefore

Law — dw < 0.

Since w satisfies the hypotheses of Proposition 4.1, we deduce from it that w > 0, and so
2K5
d

By similar computation for the function w := v — c¢¢~, we obtain that L;w — dw > 0, which again,
by Proposition 4.1, implies that w < 0, and hence

(7.5) v > oL

2K5
(7.6) v <~
Putting together (7.5) and (7.6) we obtain that |v| < 255 ., which implies the desired result thanks
to (6.3). [

Now, we improve the asymptotics for the layer solution u given in (5.1).

Proposition 7.2. Letu be the solution to (1.5). Then, the following estimate holds:

Qo T
2_5’1.‘1—&-23 = |x’1+2s

forany x € R,

where a is a positive number such that (6.25) holds, and C' is a positive constant depending on s, ag
and A (defined in (6.1)).

Proof. We consider the function ¢,, given by (6.22) and such that (6.25) is satisfied. From Proposi-
tion 6.4 we know that ¢,,, satisfies estimate (6.27).

We define the function v := u — ¢,,. We have that v € L>=(R) N C?(R) and

zEIinoo v(x) = 0.

Moreover, v satisfies
77 st = Lsu - Ls¢ao = Wl(u) - V:z/o (¢a0>
. = W,(u) - W,(¢a0) + W/(¢ao> - Valo<¢ao)'

Now we claim that
1
(7.8) W,(u) - W,(¢ao) + W/(¢a0> - Valo (¢ao) = W”(O)U +0 <T|:L_Hs) ’
The proof uses the growth estimates (5.1) and (6.26), by distinguishing the cases in which z <

0 (hence H(z) = 0) and = > 0 (hence H(x) = 1). To start, notice that, if z < 0, we can
expand W’ (u) and W'(¢,, ) in the vicinity of O (thatis H (x) = 0), recall (5.1) and (6.26), and obtain

W) = W' (60) = W'(0) (1= 0) 4 O (1 )

If z > 0, we can expand W' (u) and W’ (¢,, ) in the vicinity of 1 and obtain the same result.
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Similarly, when x < 0, using (6.26) we obtain

W/((bao) - VZO (‘bao)

= W(0) + W"(0)¢ay — Vs (0) = Vit (0)pa + O (;)

1+ ||t
1
—o(— ),
1+ |z

since W'(0) = 0 = V, (0) (see Proposition 6.2, )) and W"(0) = V,”(0) by (6.25). Similarly, if
x > 0, we obtain the same result by expanding V' and 1/’ in the vicinity of 1, and so (7.8) follows by
collecting the estimates above.

Therefore, by (7.7) and (7.8), we have that the function v satisfies
Lo =W"0)v+ M,

where W”(0) > 0 thanks to the hypotheses on W in (1.2), and M is a function that satisfies (7.2).
Hence, we can apply Corollary 7.1, thus obtaining that

o(a)] < —
VT —
= + |$|1+25
and so
C
(7.9) [u() — Gag ()] < =
Putting together (7.9) and (6.27) we obtain the desired estimate. ]

8. PROOF OF THEOREM 1.1

The completion of the proof of Theorem 1.1 uses a system of sub and supersolutions close in spirit
to the one in [11]: nevertheless it is necessary in our case to keep track of the different scaling factor
induced by the operator L, which produces different orders of € in the expansions.

In order to prove Theorem 1.1 we consider the solution (z;());=1,... n to the system

. Ti — Ly .
T; = <—a(t,xi) + Z 25 s = xj]|1+25> in (0, +00),

J#

(8.1)

where -y is given in (1.9) and x? are given forany ¢ = 1, ..., N. Indeed, from [9], we have that there
exists a unique solution® to (8.1).

%More precisely, the existence and uniqueness of solution for (8.1) follows from the classical ODE results once a lower
bound on the mutual distance is obtained. Such bound is given in Lemma 8.2 of [9], according to which

|2 (t) — a; ()] > doe™ ",

for any ¢ # j, where d is the minimal initial distance and C' > 0 depends on y and o.

As a technical remark, we observe that the proof of Lemma 8.2 of [9] does not make use of Assumption (H4) on
page 792 there, and therefore we can apply such result in the present framework. Moreover, once the mutual distance is
bounded from below, we easily obtain bounds for &; and &;.
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8.1. Construction of sub and supersolutions. To prove existence and uniqueness of the solution
to (1.4) we construct suitable sub and supersolutions. We consider an auxiliary’ parameter 5 > 0 and
define (Z;(t));=1,... ~ to be the solution of the system

(8.2) ji
Z:(0) =2y —§
Moreover, we set
(8.3) a(t) = m(t)
and
(8.4) o= 5—1-70’ where 3 = W"(0) was introduced in (1.11).

We also define

(8.5) Ve(t,x) == e*5(t,x) + é {u (%M) — 5(t)yY <x%w) } ;

where w is given in Theorem 5.1 and v in Theorem 5.2. The asymptotics of T (¢, x) is compatible with
the convex envelope behavior in (1.13), according to the following observation:

Lemma 8.1. Forany (t,z) € [0,T) x R, we have that

lim limsup o.(t,2") < (vo)*(¢, ).
§=0% (¢ a/)—(t.0)
e—0

Proof. We define H*(z) := H(z) for any z # 0, and H*(0) := 1. We point out that

(8.6) H < H* and limsup H*(r') < H*(r).
Now we prove that

N
6.7) N H (x - (1)) = (v0)" (1, ).

i=1
For this, we use the definitions in (1.7) and (1.12) to write

N

(8.8) (vo)*(t,z) = limsup Z H(z' — x;(t)).

(tlrx/)*)(tvx) =1
Moreover, we observe that if = and ¢ are such that © — x;(t) # Oforanyi € {1,..., N}, then (8.7)
is obvious by the continuity of the functions. So, we may suppose that x — x;,(t) = 0 for some 4.
Since the x;(t) are separated, this implies that x — x;(t) # 0 for any ¢ # iy hence continuity holds
when i # ig. That is, (8.8) gives that

(vo)*(t,x) = limsup H(a' —z;,(t) + > H(z — xi(t))
(" z')—(t,z) iio
(8.9) = limsup H(z' —z;(t)) + Z H*(x — x;(t)).
(t,z")—(t,z) iio

7 We will fix § > 0 and suppose that € is small also possibly in dependence of §. At the end, after having performed the
limit in €, we will have the freedom of taking d as small as we wish, see Lemma 8.1 for this.
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Now we specialize a sequence, by choosing ' = &, := = + e ™ and t’ = t,, := t. In this way,
Ty — T3 (ty) =0 —25y(t) +e =" >0
hence
H(Zy — 249(1n)) = 1 = H*(0) = H*(x — 24 (1)),
and so

limsup H(z' —z; (t") > limsup H(Z, — x; (t,
0 0

(" x")—(t,z) n—-+o0

= H(x —x4(t)).

By plugging this into (8.9), we obtain

N
(8.10) (v0)*(t, ) = H"(x— a5, (1)) + > H(w — z;(t)) = Y H*(x — xi(1)).
i#ig i=1
On the other hand, from (8.8) and (8.6),

N

(vo)*(t,x) < Z limsup H(z' — z;(t"))

i—1 t2)—(tx)

N

< Z limsup H*(2' — z;(t"))
1 " 2)—(tw)

N
(8.11) < Y H(x— zi(t).
=1

By collecting (8.10) and (8.11), we complete the proof of (8.7).
Now we notice that
N / (t’)

(8.12) limsup o .(#,2") = limsup Zu (—) ,

(t',x")—(t,x) t!,x")—(t,x) i=1

e—0 e—0

since the other terms in (8.5) vanish with €. Fixed x and ¢, we let 7 such that
(8.13) z € [Ty (t), Tigz1 (1))

and we define

¥ = min |z — T;(t)|.
i#io

By construction 97 > 0 and we will be free to suppose that ¢,
than 6.

t' — t| and |2’ — x| are much smaller

Now we define

(8.14) =2+ | =)+ e+ VY =t

Notice that =" is a sequence constructed from the original sequence (t',z',¢) — (t,x,0) there-
fore 2" approaches x. Since w is increasing, we have that

8.15) . (f’f—_f(t)) <u (l"—_f(t)> .
€ €
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More precisely, from (8.14) and (8.13),
2 =T (t) = (2 —x) +a — Ty (t) + |7 — x|+ Ve+ /T —
(8.16) > — T () + Ve + VIt — ]
> e+ /|t =t

Furthermore, if i # i,

Zi(t) — "] = |[zT(t) —z+ (@ —2) — |2 — 2| = Ve— /]t — ]|
> 0—2|2' — x| —Ve— /|t —
< 0

This and (8.16) imply that, for every i € {1,..., N},
(8.17) 2" = Ti(t)] = Ve + V]t 1.
By the regularity theory for ODEs, we have that
[Zi(t') — 7:(t)| = O(It' —#])
hence (8.17) gives that
2" = T(t)| = Ve+ VIt —t| = O(|t' — t]) = Ve,
since |t' — t| is an infinitesimal sequence. As a consequence of this, we have that

2 — T (t/)

€

= \/E’

that is a diverging sequence. Therefore, recalling (5.1), and observing that H(z/e) = H(x) for
any x € R, since € > 0, we obtain

2 — Ti(t/)

limsup <
€

)_H@u@w»
(t’,z;)_jg)(t,z)

— limsup u (x—_x(”> T, (x—_x(t)) o
€

(t',2") = (tz) €
e—0

Using this, (8.12) and (8.15) we obtain

"z (¢
limsup o.(t,2') < limsup Zu (x—a:())

(#2h)= () (e~ () 2y €
N —
. o — T(t)
< g limsup v | ————=
. t!x!)—(t,x €
N
(8.18) < g lim sup H(x" — fi(t')).
i=1 (t',z!)—(t,x)

e—0

Now we use the ODE theory to notice that |Z;(t) — z;(t)| < O(), since both the forcing term and
the initial data of the two equations are d-close to each other (compare (1.8) and (8.2)). In particular

" —T(t) < 2" —xi () + O(0)
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and so, using the fact that H is monotone,
H(z" —7;(t') < H(z" — z;(t') + 0(9)).
This, (8.18) and (8.6) imply that

N

lim limsup 7.(t,2') < lim Z limsup H(z" — z;(t') + O(9))

6—0F (v, 2/)=(t:2) 6—07F (W 2)—(t.2)
—0

N
lim Z limsup H*(z" — ;(t') + O(6))

6—07F (t @/) = (t,2)

e—0

/N

lim H*(z — 2;(t) + O(6))

0—0t 4
=1

< ZH*(m—xl(t))

The desired result then follows from (8.7). ]

N

In the following proposition, we control the initial condition of v.:

Proposition 8.2. Assume that (1.2), (1.3) and (1.10) hold. Then, there exists , > 0 such that, for
every 0 < 0 < &, one has

(8.19) 7:.(0,2) = 02(x) foranyx € R,

€

for any e > 0 sufficiently small, where vg is defined in (1.10).

Proof. We choose

: 0 0
0<d< i:lml%—1<xi+l —x;).

In this way we have that
1) < Tip1(0) <y, foranyi=1,...,N—1.

As a consequence of this and of the fact that u is increasing, we have that

(8.20) u (m——fz(())) > (x——x?) )
€ €

Also, using the fact that

lim (z) =

r—+00

due to (5.2), we can choose R > 0 so large that
(8.21) (Zm ) sup )|z/1\.
—R,R

Now, in order to prove (8.19), we distinguish the points x that are very close to Z;(0) for some i €
{1,..., N} and the points that are sufficiently separated. For this, suppose first that

(8.22) |z —7;(0)] > eR foreveryi=1,...,N.
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Then (z — 7;(0)) /e € R\ (—R, R) and so, by (8.21),

ia(ow (%W)

=1

(8.23)

So, recalling (8.5), (8.20), (8.4) and (1.10),

T(0,2) = 6(0.2)+ ) {u (x%f(o)) - e (0)¢ (@)}

WV
>
+
4
=
8
~—
~—r
_|._
[]=
—N
IS
7 N
8
o |
8
I
N——
|
2
&
ol
=
~—
<
7~ N\
8
|
3
=
~—r
N———
——

This proves (8.19) in case (8.22) holds true.

Now, conversely, suppose that there exists an index iy € {1,..., N} such that |z — 7;,(0)| < €R.
Then, in this case, the fact that u is increasing implies that

€

(8.24) u (i[’(())> > u(—R) > 0,

and

_ 40 _ . _
(8.25) u (x %) —u (m) <u <R - é) .
€ € €

Hence, from (8.25) and (5.1),
U < | —
€ )

for some C' > 0, when € is small enough. Using this and (8.24) we conclude that, for € sufficiently
small,

€

u(—m_@o(o)> > u(-R)

2s
) e 3 E0)

1=1

—
=|Q
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Hence, using this estimate and (8.20),

7(0, x)
al x —7;(0) x —7;(0)
o 28 ~ L 25— M
= ¢ U(O,I)—i-zzl{u( - >—e cZ(O)w( - >}
2s . . .
_ %(5+O’(O,IL‘)) + Z w (ZE fz(0)> +u (Z’ ‘ilo(o)) o 26255i(0)¢ (.CE jl(o)
1§;§ON =1
€2 r— ! T —
> ?((5—1—0(0,9@))—1— ZNu< - ) +u( - )
iy
€28 N x— Y
= —(5+J(O,a:))+2u< Z)
& i=1 €
6255 0
= + v (T
3 (z)
> ().
This concludes the proof of (8.19) in this case too. O
Now, we set
(8.26) 71@' = (x_—xl(t)> — H (x_—x’(t)> ,
€ €
where H is the Heaviside function, and
€
Let also
(8.27) I =€) + 1 (W’(@E) — L0, — €2SO'>.
628

Our goal is to estimate I, for small €. Functions that are bounded by ;, or 1);, up to multiplica-
tive constants, will be denoted by O(w;), or O(1);), respectively. The reason for this notation is that,
when x # T;(t), both 4; and 1); are infinitesimal for small €, in the light of (5.1) and (5.2). With this
setting, we have the following estimate:

Lemma 8.3. Assume that (1.2), (1.3) and (1.10) hold. Then, for everyio € {1,..., N}, we have

) 5 5 _ 5 U;
I.=el+ (Bo—0)+O(uy,) | n¢, +6 + Z — |
1<i<N €
i1
where (3 is given in (1.11), & in (8.4), ) in (5.3), and the error eio is given by

(8.28) €0 =0()+ > O+ Y O@w)+ » O (572)

1<i<N 1IN 1<i<N
i#ig iig i#ig
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Proof. We compute I, piece by piece. First of all, by differentiating (8.5) we obtain

(@) = O + fj O (“—M)) e fj% {au)w (“—T(”)}
LAy

That is, from (8.3), multiplying by € and dropping the explicit dependence on ¢t for short, we obtain

(8.29) €(T.); = O() Z Gl (x _ xl) Z T2 4 ZEZSE@ ( Tz) .

=1

Now we notice that we can bound v and ¢/’ thanks to Theorem 5.2. Moreover, ¢, is bounded for every

1 =1,..., N (recall the bound on ; discussed in the footnote of page 28). Therefore (8.29) reduces
to

N xr—x;
(8.30) (T, = O(e*) — Z;a-u’ ( - )

1=

Also, we use the periodicity of IV (to remove the Heaviside function inside the potential) and a Taylor
expansion in the vicinity of u;,, to calculate:

(8.31)
il xr—x r—
! (— / 2s M 2s — g
W (W) =W (e J—I—;u( : )— ;czip( : ))
N N
= W(e+ > w— Y )
i=1 i=1
N
=W (ﬂio + X5 + Z U — €% ZEﬂM)
1<iSN i=1
iig
N
= W'(1,) + W (i) (6255 + Z i — €” Z@%‘) +O(e®) + Z O(u;
1<i<N i=1 1<iKN
iFiQ 1710

Now we recall that L o is bounded thanks to (1.3). Hence we use the scaling properties of L, (1.5)
and (5.2) to evaluate the following expression:

(8.32)

= o (o S0 (1) - S (45)
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So we sum up (8.30), (8.31) and (8.32): recalling (8.27) and noticing that the two terms involving v’
cancel, we obtain that

I. = €(@);+e W (v.) — L. — o
= €W (i) + W () (& e Z U; — Z Ei%)

i#io 1N
—e 2N W @)+ Y@ W) + (W () — W(0))]
1<iKN 1<GEN
—0 + O(e*) + Z O(e *a3)...
iio

Now we collect some terms in the previous expression, namely we observe that

725W/ 725 Z W/ EfZSZW/(,&

1N i#io

and that

—W" () Z G + Z W ()¢ = Z@(Wﬂ(ﬂi) - W”@m))%-u

1<EN 1IN iig

Therefore we obtain

I, = —6_2SZW' Z (W” (a;) W”@m))%

i#i i#io
W (@,) (5 4+ €2 Y @)
i#io

+ ) em(W(a) — W(0))

1<GEN
—0 + O(€*) + Z O(e*a3).
i#ig
Now, since W’(0) = 0, we use a Taylor expansion around 0 to see that
6—23W/(ai) — 6_2SW”< ) . O( —25 ~ 2)
so that
Ioo= = =WO) Y a+ Y (W) — W) )
1#10 1#10
W (g, (& ey u)
1#10
+ ) @n(W (@) — W(0))
1<GEN
—0 + O(e*) + Z O(e*a3).
i1#10
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Now it is convenient to add and subtract the term W (0)G and collect all the terms containing the
common factor (W”(@;,) — W"(0)). We get

L= (W"(il,) — W"(0))e > ; i; + ;5 (W”(ﬁi) - W”(ﬂio))w@-
+ <W”(ai0) - W”(O))& +W(0)5
+ ; en(W" (@) = W"(0)) + ign (W (@,) — W (0))
—0 +O(¥) + ; O(e%a?).
) — W"(0)) _ g(am), we have
I, = O(a,) (e—% ; i + &+ @-077>
+ ; & (W”(@i) . W”(aio))wi +W(0)5
+ ;m(w”(ﬂi) — W (0))
—0o + O(e*) + ; O(e%u?).

Hence, since (W (i,

Now, clearly,
cn(W" (@) = W"(0)) = O(dis) and (W (@) — W' (@) )i = O(4),
thus we conclude that
I = O(ay) (6—28 S ta+ %n)
iig
+3 " O(h) + W (0)6
i#io

+> 0(i) — o+ O(e) + Y O(e ).
1#£io i#io
This ends the proof of the desired result, since 3 = W"(0) (recall (1.11)). O

Now we can state the following:

Proposition 8.4. Assume that (1.2), (1.3) and (1.10) hold. Then, there exists 6o > 0 such that, for
any0 < 0 < g andT > 0, we have

1 1
(Te)e = — (Ls@ — gW’(Ue) + 0) in(0,T) x R,

€
for e > 0 sufficiently small.

Proof. Our goal is to show that for every x € R
(8.33) I.>0

for € small enough: this indeed plainly implies the desired result (recall the definition of I, in (8.27)).
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For this, we make a preliminary observation: recalling the definition of %, in (8.26) and using Proposi-
tion 7.2, we obtain that, forany i € {1,..., N},

62s T —T; (t) C 61—4—23
QSWII(O) |$ _ fi(t)lerQs = ]x _ Ti(t)\”%'

(8.34) Uu; +

Now we divide the proof of (8.33) by dealing with two separate cases.
Case 1: Suppose that there exists iy € {1,..., N} such that

— _1
(8.35) |z — T ()| < €242,
Therefore, since the T;’s are well-separated, for € sufficiently small we have that
(8.36) |z —Z;(t)] =9 >0, forany i # iy,

where 1 is a constant independent of €.

Hence, thanks to (8.34) and (8.36),

> (& )

iig

Celt2s 1
= 2s T — fz (t) ’1+2$

< Ce

€

iio |

Therefore, from Lemma 8.3 we deduce that

I =€+ 36 — o + O(i,) (77% o+ 623>

(8.37) 7o

i ~ ~ _ - 1 T — Tl(t)
=¢+ 65—+ Olla) (" o ) 2 T @(twﬂs) ot

—7T;(t)

Now, we Taylor expand the function Tem for x in the vicinity of the point :vm( ) and we
use (8.35) to get

St s Tl o
|z — T, (t)[1+2s |1+28 Ixm T;(t) 12

i#io 1710
1 (€ —T(t)? ) _
- ——— — (1 +28) ——— 5 _ iot
(8.38) ;(If—@(t)ﬂﬂs ( S>|§—f,~(t)|3+25 (x — T4 (1))
24 2s 1
< Z|§_$ |1+2562+25
1#£10
< C’em7

where £ is a suitable point lying on the segment joining x to T;, () (and hence |{ — T;(t)| > /2
thanks to (8.35)). Therefore, using (8.38) in (8.37), we have

e _ o —Ti(t)
I, =e +ﬁa—a—|—0(u,~o) <nci0 +o0— 99 W” Z Tig ( )‘st)

(8.39) e

+0(e) + O(e77).
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Now, we compute the term between parenthesis. From the definitions of 7, ¢;, and ¢ given in (5.3),
(8.3) and (8.4) respectively, and recalling (1.9), we obtain

T, (1) = (1)
7+~ 2 ol - 0T

1 5 olta) 1 Ty (1) — T(1)
= Sy D T o) T W)~ 2so) - 2

(8.40)

BT ) B SRR N ) i Y0
_W”(O)< 5 +d+0(t,7,(t)) — 2s;|xm(t)—x()|l+25>

O'(t7 [E) - U(tv T (t))
W”(O) ’

Recalling (8.2), we have that

xlo( ) mlo (t)
5+ o(t,T § j —0,
" +0+0(t, T ~ 5 m

|1+25

and so the term in parenthesis in (8.40) vanishes. Therefore (8.40) becomes

1 $%0 (t) fl@) _ U(tv [L’) B U(t’fio (t))
NCiy +0 — 2sW"(0 Z |xZ (t) — 7 ()| +2s - W (0)

= Oz = T(t))

= O(emm),
thanks to (1.3) and (8.35). Hence (8.39) reads
(8.41) I = ¢° + 36 — o + O(e¥% ) + O(e) + O(e7%).
Also, in the light of (8.4), we see that
(8.42) B6—0=24§>0.
Now, we claim that
(8.43) the error e? (that was defined in (8.28)) tends to zero as € — 0.

For this, we notice that v, = 1 <%(t)> with ¢ # 1ig, tends to zero because of the behavior of
the corrector at infinity (recall (5.2) and (8.36)). Moreover, thanks to (5.1) and (8.36) we have that,

for i # iy,

(@:)>  O(e®)

€25 o €25

and
— 0(628),

thus proving (8.43).
Hence, from (8.41), (8.42) and (8.43) we obtain that for € sufficiently small

0
I. > - >0,
2

which implies (8.33) in this case.
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Case 2: Suppose that |z — T;(t)| > €T+ for every i € {1,..., N}. In this case, we can fix ig
arbitrarily, say 7¢ := 1 for concreteness. We use (8.34) to obtain

Z ﬂ,l 1 1 r — fl (t) C €1+2S 1
2\ T w0z -z )| S T e Ljp g
i#£i0 i#£ig
< C’% = (e2+2s
€2+2.9

Therefore, from Lemma 8.3 and the definition of & in (8.4) we have

ah) o= et 8+ OlE) (" Gt 25W1”(0) ; @ - E:(Ut)( ‘?—&-25) +O(ex).
We notice that, for any ¢ # iy,

x —T;(t)
[ =T
Notice that this term is divergent as € tends to zero. From (8.45) we conclude that
Ti(t)
(t)[+2

1 1 s
g 2s = O<6_ 1+S)'

[z —T()]* e

(8.45)

~

1 T — s

C; g — O(e 1+ ,

AN RTZI0) Z#, v =7, (€)
i#10

since the other terms are bounded. By plugging this into (8.44) we obtain

(8.46) I ="+ 54 O(iiy,) - O(e T7) + O(e71%).
Now we observe that for every i € {1,..., N},
(8.47)

As a consequence

()

628

(8.48) ~0 <e§> and O(iiy,) - O(e T7) = O <61212s> .
By inserting this into (8.46) we get

(8.49) I, =€ + 6+ 0(e*),

for some o > 0. Now we check that

(8.50) the error term e’ tends to zero as ¢ — 0.

For this, we remark that, in this case,

_1
ez 7 e

=
€ €
which diverges for small €. Therefore, for x fixed as in the assumption of Case 2, we have that

s = v () o

€

as ¢ — (0, due to the infinitesimal behavior of v at infinity (see (5.2)). Using this, (8.47), (8.48) and the
definition of the error term given in (8.28), we obtain (8.50).
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Hence, by using (8.50) inside (8.49) and recalling that o > 0, we conclude that
0
I. > 5 > 0,

for € sufficiently smooth, thus proving (8.33) in this case too. [

8.2. Existence and uniqueness of the solution. We observe that, for € sufficiently small, the initial
condition US given in (1.10) satisfies

1< <N +1.
Moreover, setting

1
K= clt2s

1
W || oo ) + g||<7||L°°(1R),
we have that the functions
u(t,x):=—1—Kt and@.(t,z): =N+ 1+ K.t

are respectively sub and supersolutions of (1.4) in [0, +00) x RR. Hence, there exists a unique, contin-
uous, solution v, of (1.4) in [0, +00) X R, thanks to the Perron’s method and the comparison principle
(see [4]).

8.3. Convergence. In Subsection 8.1 we constructed a supersolution v, of (1.4)in [0,7) x R.In a
similar way, one can build also a subsolution v, (defined as v, in (8.5) but with 6 < 0). Notice that,
from Proposition 8.2 (and its analogue for v.), we have that at the initial time the following holds for
every x € R:
v.(0,2) < v(0,2) < T(0, x).
Then, from the comparison principle, we obtain
v (t,x) <wvlt,z) <T(t,x), te€[0,T), xe€R.

Passing to the limit as ¢ — 0, using the continuity of v. and recalling Lemma 8.1 (and its analogue
for v.), and taking ¢ as small as we wish in the end, we get (1.13) and (1.14) in [0, 7)) X R for any
fixed 7" > 0, and thus in [0, +00) X IR since T is arbitrary. This concludes the proof of Theorem 1.1.
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