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the minimizers of the energy functional
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where |lu|| g+ (o) denotes the total contribution from (2 in the H* norm of u
and W is a double-well potential. We also deal with the solutions of the related
fractional elliptic Allen-Cahn equation on the entire space R".

The results collected here will also be useful for forthcoming papers, where
the second and the third author will study the I'-convergence and the density
estimates for level sets of minimizers.
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1 Introduction

In this paper we study existence, uniqueness, some qualitative properties and
related issues for the minimizers of a nonlocal energy functional involving a
Gagliardo-type norm.

Let 2 C R™ be an open domain and denote by €2 its complement. We
deal with the functional .% defined by

T, 2) = A (u, ) + /Q W () da, (1)

where J (u, £2) is given by

1 |u(z) —u(y)]* // |u(z) —u(y)*
%(U,Q)—i/g ; |x— ‘n+29 dx dy + o |x— ‘n+2§ dz dy, (2)

with s € (0,1), and the function W is a smooth double-well potential with wells
at +1 and —1; i.e., W is a non-negative function vanishing only at {—1,+1}.

The functional in (1) is a non-scaled Allen-Cahn-Ginzburg-Landau-type
energy with its kinetic term £ given by some nonlocal fractional integrals, in
place of the classical Dirichlet integral. The energy J# (u, §2) of a function u,
with prescribed boundary data outside {2, can be view as the contribution in
2 of the (squared) H* (semi)norm of u

)\2d p
- |x— s T

Nonlocal models involving the H® norm are quite important in physics, since
they naturally arise from many problems that exhibit long range interactions
among particles.
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In the specific case in (1) with the potential W given by a double-well
function, an adequate scaling of the kinetic term %" brings to the energy for
a liquid-liquid two-phase transition model of nonlocal type. A I'-convergence
theory for such energy has been recently developed by two of the authors
n [22]. They show that suitable scalings of the functional .# I'-converge to
the standard minimal surface functional when s € [1/2,1) and to the nonlocal
one when s € (0,1/2). As in the classical case with the singular perturbation
given by the Dirichlet energy, the functional in (1) is strictly related to the
elliptic Allen-Cahn equation, which is of nonlocal character in this framework.

The nonlocal analogue of the Allen-Cahn equation is given by the following
Euler-Lagrange equation for the energy .7 (u) := % (u, R™)

(—A)u(z) + W (u(z)) =0 for any z € R, (3)

As usual, for any s € (0,1), (—A)® denotes the s-power of the Laplacian
operator and, omitting a multiplicative constant ¢ = ¢(n, s), we have

(~A)*u(z) = PV. / o) —ulv) g, _ yiny uz) —uly) 4,
Rn |7 —y|T2s =0 Jop (z) [T —y|" T2

Here B.(x) denotes the n-dimensional ball of radius ¢, centered at € R™ (and
the standard notation B, = B.(0) will be also used). “P.V.” is a commonly
used abbreviation for “in the principal value sense”. In the sequel, we will often
omit the P.V. notation in front of the integrals, for simplicity of notation.

In the same spirit of a celebrate De Giorgi conjecture about the level sets
of the solutions of the elliptic analogue of (3), it seems natural to study the
solutions u of (3) that satisfy the following two conditions:

Oz, u(z) >0 for any z € R" (4)
and, possibly,

lim wu(2',z,) =+1, for any 2/ € R"*. (5)
T, —too
We refer to [9,25,26,16,8,10,11] for several results in this direction. Here, by
means of a technical variation of the classical sliding method, we can prove that
the solutions of the fractional elliptic Allen-Cahn equation (3) that enjoy (4)
and (5) have also to satisfy a minimizing property for the functional .% defined
in (1), as stated here below:

Theorem 1 Let s € (0,1) and let u € CY(R™) be a solution of

— (=A)%u(x) = W (u(x)), for any z € R™. (6)
Suppose that
O, u(xz) >0, for any x € R" (7)
and
lim u(2',z,) =1, for anyz’ € R" 1. (8)

T, —too
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Then, for any r > 0, we have that
F (u,B,) < F(u+ ¢,B,) for any measurable ¢ supported in B,.. (9)

In the literature, (9) is generally referred by saying that u is a local minimizer
for .% in the domain B,..

The proof of Theorem 1 follows a classical sliding argument (see, e.g.,
Lemma 9.1 in [27] and also [2] and [5] for a different variational approach for
the classical local functional), but we need here to operate some modifications
due to the non-locality of the fractional operators (—A)®.

In the case of 2 being an open one-dimensional set, we will carefully char-
acterize such class of minimizers, showing that they are monotone increasing
and unique up to translations. Moreover, by further regularity assumptions on
the potential W, we have that the 1-D minimizers satisfy certain regularity
properties and then we will analyze their asymptotic behavior and the one of
their derivative (see Theorem 2 below). Precisely, we denote by

Z ={f € Li,.(R) st. im f(x) = +1} (10)

the space of admissible functions and we suppose that the double-well potential
W belongs to C%(R) and satisfies

W"(£1) > 0. (11)
Then, we prove the following theorem.

Theorem 2 Let F given by (1). Then there exists a unique (up to transla-
tions) nontrivial global minimizer u® € X of the energy F which is strictly
increasing. The minimizer u(9) solves the equation (3) and is unique (up to
translations) also in the class of monotone solutions of (3). Moreover, u(®)
belongs to C*(R) and there exists a constant C' > 1 such that

u () - sign (z)] < Cl2[7* and |(u?) (2)| < Cla|~F)  (12)

for any large x € R.

As a further matter, exploiting Theorem 2, we will be able to construct a
minimizer in higher dimensions u* and we will estimate the energy (1) of u*
on the ball By, proving that, as R gets larger and larger, the contribution in
H (u*, Bg) from € Bpg becomes negligible if s > 1/2, however when s < 1/2
this does not happen.

Precisely, we consider the functional 4 : 2" — RU{+o0} defined as follows

1
lim inf

Ao W?(U, [—R, R]) if s € (0, 1/2),

G (1) = < liminf -~ F (. [ T (13)
gr_r)lirg 1ogRJ(u’[ R,R]) ifs=1/2,

Z(u,R) if se(1/2,1),
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where, for every I € R, .%#(-,I) is defined by (1). The functional ¢ is given by
the natural scaling of the energy %, in the sense that, for any s € (0, 1), we
have that ¢(u(?)) is finite, where u(?) is the minimizer in Theorem 2. In this
respect, we say that the function u(®) is a global minimizer for .F if 4 (u(®)) is
finite and u(®) is a local minimizer for .% in any B, (see Section 4). Finally, it
is worth mentioning that the scaling in (13) also appears in the I'-convergence
analysis in [22] (see, in particular, Theorem 1.2 and Theorem 1.3 there).

We extend u(?) to all the dimensions by setting, for any = € R” (and n > 2),

uw' () = u (@1, ..., 2p) = u(o)(wxn). (14)
where w is a constant needed just to keep track of the dependence of (—A)*

on the dimension, given by

w = 1 . (15)

d¢ =
</]R"1 (1+ ICQ)(”“’S)/Q)

This constant! also appears in [13] and [6].

We prove the following theorem.

Theorem 3 Let ¥4 be the 1-D functional defined by (13) and let u* be defined
by (14). Then, for any r > 0, we have that

F(u”, By) < F(u” + ¢, By) (16)

for any measurable ¢ supported in B,.
Also, the following results hold as R — +o0.

(i) If s € (0,1/2), then

c < / / v (z) — v (y |2dxdy<02.
— Rn 2s Br J¢BR |l‘* |n+2s —

(i) If s =1/2, then
7, Br) [ [ oo
— b d ————dxdy — 0.
Rnil logR an Rr— 110gR Br J¢Br ‘.I* ‘n+1 4

(ii) If s € (1/2,1), then

y * B 2
7@ ’_1R) —b* and T / / [u” (= +(2 Ol dx dy — 0,
R» Rt g, Jep, | _y|n s

1 Of course, we could have kept track of the normalization constant o in the definition

of the fractional Laplacian operator (instead of in (14)), so that (14) reduces to the sim-
pler u*(z) = u(® (2,). However, we preferred this choice both for consistency with [20,21,
22] and because most of the computations here are not complicated at all by this setting.
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Wn—1

where ¢1 and ¢z are positive constants and b* = 7 (u(0).
Moreover, there exists C > 0 such that for any R > 2 and § € (0,1/2) we
have

F(u*,Br \ Ba—_sr) < COR". (17)

Finally, it is worth noticing that, in order to prove all the above cited
results, we need to perform careful computations on the strongly nonlocal
form of the functional .%. Hence, it was important for us to understand some
modifications of the classical techniques to deal with the fractional energy
term, in particular to manage the contributions coming from far. Therefore,
in the Appendix we collect some general and independent results involving
the Gagliardo-type norm in (2), to be applied here and in [20,21,22], like
construction of barriers, compactness results and various estimates, as well as
regularity and limit properties for the solutions of equation (3).

We prove Theorem 1 in Section 2, Theorem 2 in Section 4, and Theorem 3
in Section 5. Some preliminary results on 1-D minimizers on intervals are
collected in Section 3.

2 Minimization by sliding - Proof of Theorem 1

In this section, we prove the minimization result via sliding method stated
in Theorem 1. First, we need the following lemma, in which we point out that
the problem of minimizing the energy in a given ball has a solution.

Lemma 1 Let R > 0 and u, : R™ — R be a measurable function. Suppose
that there exists a measurable function @ which coincides with u, in € Bg and
such that F (4, Br) < +00. Then, there exists a measurable function u, such
that . (us, Br) < F(v,Bg) for any measurable function v which coincides
with u, in €Bg.

Proof We take a minimizing sequence, that is, let u; be such that ux = u,
in (fBR, ﬂ(u;wBR) S ﬁ(a,BR) and

lim % (uy,Bg) = inf % (v, Bg), (18)

k—-+4oco

where the infimum is taken over any v that coincides with u, in € B,.. Then, (18)
and Lemma 10 give that, up to subsequence, uj converges almost everywhere
to some u,. Thus, the desired result follows from (18) and Fatou Lemma. O

Now, we are in position to prove that every monotone solution of equation
(3), satisfying the limit condition (5), is a local minimizer for the corresponding
energy functional 7.
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Proof (Proof of Theorem 1) We argue by contradiction. Suppose that there
exist 7, ¢, > 0 and ¢ supported in B, such that % (u, B,.) — % (u+ ¢, B;.) > c,.

By choosing & = u+ ¢ in Lemma 1, we have that .#(a) < ¢, +.% (u, B,) <
+o0 and then we can take u, minimizing .# (v, B,.) among all the measurable
functions v such that v = u in % B,.. Since we assumed by contradiction that
u is not a minimizer, then there exists P € R"™ such that

u(P) < uy(P). (19)

By cutting at the levels +1, which possibly makes .% decrease, we see
that |uy| < 1.
Moreover, by the minimizing property of u,,

(=A)°u,(z) + W (us(x)) =0 for any = € B, (20)

and then, by Lemma 5 in the Appendix and [12, Theorem 3.3], u, is continuous
up to the boundary of B,.?
We claim that
luy| < 1. (21)

To check this, let us argue by contradiction and suppose that, say, u.(Z) = +1,
for some z € R™.

Since |u| < 1 by our assumptions and u, = u in € B,., we have that z € B,..
Then (20) and the fact that W/(41) = 0 would give that

1 — u.(y)
/n Ty W0
Since the integrand is always nonnegative, u, must be identically equal to +1.

But this is in contradiction with the fact that u, = wu in %B,, hence it
proves (21).

Now, we note that there is a first contact point in B,.. Though this looks
quite obvious, we give full details for the reader’s convenience.
First, we claim that there exists £ € R such that,

if k >k, then u(a’,z, + k) > u.(z) for any x = (2/,z,) € R™. (22)

Again, this looks quite straightforward, but we give a complete argument: we
argue by contradiction and we suppose that, for any k& € IN, there exists z(¥) =
(x(k)/, xslk)) € R"™ for which u(x(k)/,x%k) + k) < uy(z®). Since u is monotone
and k > 0, it follows that u(z™®) < u,(z®) and therefore z(*) € B,..

2 We observe that the solutions of (3) at every point are also viscosity solutions (according
to Definition 2.5 of [12]). Indeed, if v > w and v(zo) = u(xo), we have that

[ Py IR P I ESTLA Y
Rn |-To _ y|n+2s R™ |$0 _ y‘n+2$ Rn |1.O _ y|n+23
Note also that the solutions in the distributional sense satisfy the comparison principle

and then they are solutions in the viscosity sense, too (see, e.g., [23, Section 2.2] and, in
particular, Proposition 2.2.6 there). This allows us to use the results of [12].
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Thus, up to subsequence, we suppose that

lim z®) = T
k—4o00

for some 1z, in the closure of B,.. Consequently, by (8),

+1 = lim u(z(k)l,xq(f)Jrk) < lim ou(z®) = wu(z,) < supu,.
k—+o0 k—+o00 B,

Since this is in contradiction with (21), we have proved (22).
Then, by (22) and the monotonicity of u, we have that, if & > k, then u(z’, z,,+
k) > u.(z) for any x = (2',x,) € R". We take k as small as possible with
this property, i.e., u(z’,z, + k) > u.(x) for any k& > k and any =z € R™,
and there exist an infinitesimal sequence n; > 0 and points pU) € R™ for
which u(p®’, p? + &k — n;) < u.(pW)).

So, recalling (19), we have that u(P) < uy(P) < u(P’, P, + k) and then
the monotonicity of w implies that

k> 0. (23)

We claim that A
p\¥) € B,. (24)

Indeed, if p¥) belonged to € B, we would have that
N/ . — . .
upW ) + k=) < w (V) = u(p?).

Hence, by the monotonicity of u, we would have that k— n; < 0 and so, by
taking the limit in j, that & < 0. This is in contradiction with (23) and so (24)
is proved.

Then, by (24), we may suppose that lim p(j) = (, for some ¢ in the

Jj—+oo
closure of B,. As a consequence, the function w(z) := u(z’, z, + k) — u.(x)
satisfies w(x) > 0 for any € R™ and w(¢) = 0.
Thus, recalling (20), we have

/ W) g Ay (o)
R

n |¢ =yl

= — (=) u(C o + ) + (—A)ua(Q)

=W (u(¢’,Cn + k) = W'(ui(¢)) = 0.

Since the integrand is nonnegative, this implies that w vanishes identically,
and so
w(t!, T + k) = uy(x).
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Taking into account the above equality, (23) and the strict monotonicity of w,
it yields that
u(z) < uy(z) for any x € R™.

This is in contradiction with the fact that u and u, coincide in € B, and so
Theorem 1 is proved. a

Remark 1 We note that hypothesis (7) of strictly monotony in one direction
in Theorem 1 may be relaxed as follows.

Oy, u(x) >0, for any z € R™. (25)

Precisely, if we assume that the function W belongs to C?(RR), we can prove
that the solutions of the Allen-Cahn equation (6) that satisfy (25) and (8) are
strictly increasing in one direction.

For this, we suppose by contradiction that 9, u(Z) = 0, for some T € R™.
Then, by differentiating in x,, the equation in (6), we have that

_/ Mdy:/ 0, 0(&) = Da,uly)
R n

n ‘j_y|n+25 |j_y|n+23

= (=4)°0r, u(z)

= (—A)°0p,u(®) + W (u(Z)) 0y, u(T) = 0.

In view of (25) the integrand is non-negative, and then we would obtain
that 0., u vanishes identically. This would give that u is constant along the
n-direction, which is in contradiction with (8). This proves that u satisfies (7).

3 Minimizing the energy on intervals

In this section, we deal with the problem of minimizing the energy % on
bounded intervals I in R.

The first result is in Lemma 2 below, in which we justify the existence of
a minimizer vy and we provide a lower bound for the corresponding energy
F (v, I) with respect to the length of I (and depending on the fractional
power s).

By Lemma 2, together with some properties of the fractional Allen-Cahn
equation (3) proved in the Appendix, we will obtain an ulterior energy-estimate
for the minimizers v; with I = [0, R] and we will study their asymptotic
behavior as R goes to 400 (see Corollary 1 and Corollary 2).

Lemma 2 Let I = [a,b] C R be an interval with length |I| = b —a > 4.
Then, there exists a measurable function vi = vigp @ R — [=1,+1] such
that vi(x) = =1 if x < a, vi(x) =+1 if x > b and

j(l}], I) S‘gz(v1+¢7 I)
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for any measurable function ¢ supported in I.
Moreover,

Cs(1+1)172%) ifs€(0,1/2),
Flor, 1) < A(I)) == { C,(1 +log 1)) if s =1/2, (26)
C if8€(1/2, 1)7

for a suitable constant Cs > 1 depending only on s.

Proof For any fixed interval I = [a,b] C R, we will prove the existence of the
function vy, by means of Lemma 1. Therefore, it suffices to construct a suitable
competitor in [a, b].

In view of translations invariance, we may suppose that a < —2and b > +2.
We consider the following function h : R — [—1, 1] defined by

1 ifz< 1,
hiz):=<x ifze(—1,+1),
Y1 if x> 4,

Let us compute each contribution in the energy % (h, I). In the following,
we will denote by C suitable positive quantities, possibly different from line
to line, and possibly depending on s.

First, since h(x) € {—1,+1} out of (—1,1), we deduce

+1
/ W (h(z))dx = W(h(z))dz < Cs,

-1

Second, let us compute the contributions in the kinetic term ¢ (h, I).
If s € (0, 1/2),

|2 d:L‘dy 1— 25
/ /+ |x— |1+28 dody =4 mx— s < Calll

If s=1/2,

-1 b |h(x) = h(y)]? -1 dx dy
drdy = 4/ / < Cslog |1|.
/ / |33— ‘1—&-29 11 |x—y|2 | |

If s € (1/2, 1),

|h(z) = hy)|? / / dx dy
=4 < .
/ /+ |x—y|1+2s der dy Ty =

If s € (0,1),

+1 +1 )‘2 +1 +1 o
[ e [ [ <
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+1 b h —h 2 +1 b 1— 7|2
[ gt o] e ][, ca] <
21 |y |z =yl 1 [ Jgr =yl
and
T (@) = h(y)? T e
——=dy| dx = ———dy| dx < C,.
/,1 U [ — ¥ y} * /, U o =y y} e
Now, we estimate the contribution coming from far in the energy:
h(z) — h(y)|? 4
// 7| (z) 15_21‘ drdy < // T— 3. dx dy
[a,b] X (€[a,b]) |z —y [—1,1]x(€a,b]) |z — y

4
—|—// ————dxdy
[a,—1]x [b,4o0] |T = Y[1F2¢

4
—|—// ————dzdy
[1,6]x (€ (—o0ya)) [T — y[1T28

Cs(L+ [I]*7%) if s € (0, 1/2),
< C(1+1oglIl) ifs=1/2,

C, if s € (1/2, 1).
All in all,
Cs(1+|I|*72%) if s € (0, 1/2),
F(h, I) < S Cs(1+1og|I]) ifs=1/2, (27)
C, if s € (1/2, 1).

Consequently, we use Lemma 1 to obtain that there exists the desired func-
tion vy such that vy(z) = h(z) if € €la,b] and F(vy, I) < F(vr + p, I)
for any measurable ¢ supported in I. The estimate in (26) plainly follows
from (27). O

Corollary 1 Let the notation of Lemma 2 hold. Then, fized any £ > 0, there
exists a function oy : (0,4+00) = (0,+00) such that

R1—1>I-EOO ae(R) =0
and
F(vjo,r), [=4,1]) < F(vo,r) + ¢ [0, €]) + u(R). (28)

for any measurable function ¢ supported in [—£,£].

Proof The main idea is scaling the minimizer in [—¢, R 4 ¢] in order to get a
suitable competitor and then computing. Let

R+20)x
2r(T) 1= V[_g, R4y <(R) - 5) .
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We observe that zg(x) = —1 if # < 0 and zg(x) = +1 if > R. Therefore, by
the minimality of vjg g}, we get

y(U[O,RP [O’R]) < y('zRﬂ [O7R])' (29)

Now, by scaling the variable of integration, we obtain
F (2R, [0, R))
_ < R )1_25 1// [vi—e, 0 () — Vg, 101 (y) 2 da dy
R+2¢ 2 J Jl—e. R+ x[~t,R+0) |

z — y|l+2s

2
Vr_ X)) — Ur_
Jr// [V—¢, g () 1[+2£S,R+€](y)| drdy| |
(=0, R+€) x (€], R+-4]) |z -y

R R+4
+ <R+ 2£) /g W(U[,g)RJrg](JJ)) dx

R 1-2s
<\ z7ae)  ZOrenia [FCR+0). (30)

Now, we set

if s € (0, 1/2],
Be(R) :=

S

if s € (1/2,1),

R 1-2s
L. ~1
=)

where Cf is the constant introduced in (26). Notice that lim S,(R) =0
R—+oc0

In view of Lemma 2, we see that (30) becomes

(V[—e,rt0, [0, R+ 1))

R 1-2s
(R + 24) - 1] F (0 o.r e, [0 R+ 1))

< 9(U[—Z,R+£], [_Ea R+ E]) + Bf(R)

_|_

(31)

Hence, combining (31) with (29), we obtain, for any fixed ¢ > 0,
F(vo,r) [0, R]) < F(v_rrye: [0 R+ L)) + Be(R). (32)

Now, we claim that, for any fixed ¢ > 0 there exists a function -,
(0, +00) — (0, 400) such that y,(R) — 0 as R — +oo and

ng(WU[O,R]a [Oa R]) = <g\(U[O7R]7 [_éa R+ f]) - ’Y@(R) (33)
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Indeed, since vy, g)(z) = —1 for any # < 0 and v g)(x) = +1 for any = > R,
we have

F (vpo.r), [=4 R +4]) — F (vp0,r), [0, B])

4 4
< 7dwdy+// C_drdy
//[—e,o]x[R,+oo) |z —y[t+2s (R, R+ x (—oc,—0] [T — y|112%
< %(R),
with o0
4log<1+R) it s=1/2,
Ye(R) =

Ty ((R op)t2s RHS) if 5 #1/2.

This gives (33).
From (32) and (33), together with the minimality of the function vj_s g,
it follows that

F (vio,r); [0 R+ 4]) = Be(R) —ve(R) < F(vpo,r) + ¢, [=6 R+ 1)) (34)

Now, we use the fact that ¢ is supported in [—¢, £] to obtain
ﬁ(v[oyR] + @, [—f, R+ f]) — 32(11[0,55] + @, [—f, E])

_ 1// |U[0,R]($) —U[O,R](y)|2 dz dy
2 J Jie.r+ax(6,R+0) |z — y|tt2s

_ 2
+// v, /) () ?[J(r)éR](y” o dy+/ W (v, () do
[0, R+0] x (€[, R+0]) |z — y[t+2s [¢,R]

= Z (vpo,r); [=0, R+ 0]) = F (vpo, ), [= €, 4])-

By plugging this identity into (34), we obtain the desired result, with a,(R) :=
Be(R) + ve(R). O

Corollary 2 Let the notation of Lemma 2 hold. Then the function v ) con-
verges to —1 locally uniformly as R goes to +oc0.

Proof By minimality, the function v}y g is a solution of
—(=A)vpo,r)(x) = W (vjo,r(x)) for any z € [0, R].

Then, in view of Lemma 5 and [12, Theorem 3.3], vjg, z] is uniformly continuous
on the whole of R with modulus of continuity bounded independently of R
(recall the footnote on page 7). Hence, there exists a function v such that, up
to subsequences, vjg g — v as R — +o00 locally uniformly in R. Moreover, by
taking into account Lemma 7, the limit function v satisfies

— (=AY v(z) = W (v(x)) for any z € [0, 00). (35)
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Also,
v(x) = —1 for any z € (—o0,0]. (36)

We claim that actually
v is a minimizer in the whole of R, (37)
i.e., for any ¢ > 0,
F (v, [=44]) < F(v+ ¢, [-L,1])

for any perturbation ¢ supported in [—¢, £].
This fact follows by Corollary 1. Indeed, we notice that

v T)—v 2 4
[vj0, ) (%) l[Jt:,?R] ()| de < -
|z — y[1+2s |z — y[1+2s

and we have

4
// T dx dy
[—0,0)x (¢[—2¢,2¢)) 1T — Yl

_Jsio f 25) [(80)' 72 — '] s #1/2,

8In3 s=1/2

< 400

4
Then the function T belongs to L* ([—¢, €] x (¢[—2¢,2(])) and so, by

the Dominated Convergence Theorem

_ 2
lim // [v0, ) () ?ﬁzlj( y)| dz dy
Rotoo ) JIZe 0% (%]—20,20)) |z — 1y

-/ Ioe) = o(s)?
[—0,0)x(€]—2¢,2¢)) T —y[tT2s

This and the uniform convergence of vy, g} to v imply that

() = vio,r) (W)]?
lim // Yo7l : dx dy
R—+00 2.J Ji_pgx[-e.0 |z — y|tt2s
1// [v(z) —v(y)[?
= - ————dzxdy,
2) Ji—egxi—eq | —yltt2e
_ 2
i // [vj0,7) () 111221;: 1) de dy
R—+to0 2,0 (€[—¢,0)) |z —yl

_ 2
= // 7“](%) ajiyzll dzx dy
[—£,4)x (€[—£,0]) |z -y

and R1—1>IEOO W(v[o r(z)) da —/ W (v
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This implies that

and the same holds for the function vy gy + ¢, i.e.,

REIBOO E(U[O,R} + ¢7 [_&g]) = <%\(’U + (ba [_ev Z])

Then, by taking the limit as R — 400 in (28), the claim in (37) plainly follows.

Finally, by (37) we see that (35) holds for any 2 € R. This and (36) yield
that the function v is identically —1. O

Next results may be seen as energy decreasing rearrangements with more
elementary techniques with respect to the ones in [18] (see also [7] for more
general integral inequalities).

Lemma 3 Given a measurable set 2 and two measurable functions u, v :
2 — R. Then

F (min{u, v}, 2) + F(max{u, v}, Q) < F(u, )+ F(v,2)  (38)
and the equality holds if and only if
u(x) < v(z) or v(z) <u(z) for any € 0. (39)
Proof Denote by
m(z) == min{u(z),v(z)} and M(z):=max{u(z),v(z)}.  (40)

Then, we may deduce the claim in (38)-(39) by the following fact. For any x,
yeL,

Im(a) —m(y)]” + |M(z) = M(y)]* < [u(z) —uy)]* + [v(z) - v(y)]*
and if equality holds then

(u(z) — v(@)) (uly) —v(y)) > 0. (41)

This is straightforward to check and we leave the details to the reader. O

Corollary 3 Let the notation of Lemma 2 hold. Then, vy is non-decreasing.
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Proof First, we remark that for any function w and z such that w = z outside
2" C 02, we have

F(w,2)— F(2,02) = F(w, Q) — F(z,). (42)
Now, for any 7 > 0, we let
u(z) :==vr(z) and v(z):=vi(z+71)
and we recall the setting in (40). We have that
M@)=—-lifz<a—7and M(z)=+1ifz>b—r. (43)

Therefore, we can apply (42), with w := M and z:=vin ' :=[a—7,b—7| C
2:=la—T,0b], and we get

F(M,[a—T,b]) — F(v,[a—T,b])
=FM,[a—1,b—7])— F(v,[a—1,b—7]) >0, (44)

where we also used the minimality of v;.

Analogously, since
m(z) =—1if x <aand m(z) =+1if z > b,
we get
F(m,la—T1,b]) — F(u,la—T1,b]) > 0. (45)
Consequently, by (44) and (45), we conclude that
F(m,la—T1,b]) +F(M,[a—T,b]) > F(u,[a—T1,0]) - F(v,a—T,Db).

Since we know that the reverse inequality holds true as well, due to Lemma 3,
we obtain that

F(m,la—71,b) + F(M,[a—1,b]) = F(u,[a —T,b]) + F(v,[a — 7,b]).

Therefore, by (39), we have that u — v does not change sign, hence vy is
monotone. O
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4 The 1-D minimizer - Proof of Theorem 2

We are ready to deal with the 1-D minimizers (for related observations when
s€(1/2, 1) see [17] and [19]).

Proof (Proof of Theorem 2) For the sake of simplicity, we define the auxiliary
set of functions .# in 2 as follows

M= {u € X st. 9(u) < 400 and F(u,[—a,a]) < F(u+ ¢,[—a,a])

for any a > 0 and any ¢ measurable and supported in [—a, a] }(46)
and we divide the proof in few steps.

Step 1. Claim: the set .# is non-empty.

We will prove this claim by taking the limit of a suitable sequence of
functions in Z".

For any K > 2, we may use Lemma 2 with a = —K and b = K and we
obtain a minimizer vi_g g : R — [~1,1] such that v_g gj(7) = -1 if 2 <0
and vi_g g](z) = +1if > K. Also,

Cs(14 (2K)172) if s € (0, 1/2),
F(v—k k), [-K,K]) < Cs(1+1log (2K)) if s =1/2, (47)
C, if s € (1/2, 1),

for a suitable constant Cy > 0.
Also, we recall that, in view of Corollary 3, the function v|_g ) is mono-
tone non-decreasing.

The minimization property of v_k g yields that

dy = _(_A)Sv[—K,K] ()
= W/(’U[fK,K] (l‘)), Vo e [_Ka KL (48)

/ v—k,x)(Y) — V- k) (T)
N PR

and so, by Lemma 5 and [12, Theorem 3.3], we have that V[ K, K] Is continuous,
with modulus of continuity bounded independently of K.

Now, we fix a point ¢, € (—1,1) such that
W'(c,) # 0. (49)

By continuity, there must be a point px € [~ K, +K] such that v|_g x)(px) =
Co-
We claim that

lim K — |px| = +oc.
K —|pg| = +oo (50)
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To check this, we suppose by contradiction that there exists a constant C' >
0 such that |[pg + K| < C for infinitely many K’s. We denote by p =

lim (px + K) and we consider the function vy 2x)(z) = vi—k x)(z — K).
K—+oco ’ ’

Notice that, according to Corollary 2, v 2k] converges locally uniformly
to —1 as K — +o00. Besides, for any = > p, we have

vpo,2k](2) = v-k k) (x — K) > v_g k) (pPKr) = Co, (for large K)

that implies

> —
KLHE vjo,2k](T) > co > —1

and thus we get a contradiction. This proves (50).
Now, we set
uk () = v_k, k) (T + pK),

so ux (0) = ¢,. As a consequence, we may suppose that uy converges locally
uniformly to some u, € C(R;[—1,+1]), with

ux(0) = ¢, (51)
and
u, is non-decreasing. (52)
By (48) and Lemma 7,
(—A)suy(x) + W (us(x)) =0 for any x € R. (53)

This and Lemma 6 imply that u. € C?(R). From (52), we already know
that v/ > 0, and then, by arguing as in Remark 1, one can prove that

ul(z) > 0 for any = € R. (54)

Now, we prove that
G (us) < +o00. (55)

Indeed, by (47), we get

F(uk, [px — K,pr + K]) = F (v_k k), [~ K, +K])
Cu(1+ (2K)-%) if s € (0, 1/2),
<9 Cs(1+1og(2K)) ifs=1/2,
C if s €(1/2,1),

w

This, (50) and Fatou Lemma imply (5

Moreover, u, is such that

lim w.(x) = +£1. (56)

z—+o0
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We can prove (56) arguing by contradiction. By (54), we know that there
exists a_, a4 such that
—1<a_<ay <+1

and
lim wu.(x) = ag.
r—r o0
Let us show that a_ = —1. Suppose, by contradiction, that
a_ > —1. (57)

Then, we set a, := (a— + a4)/2 € (—1,a4) and we infer from (57) that

1:= inf W >0.

[a*ra+]

Recalling (52), we have that there exists x € R such that, if x > &, then u.(z) €
[ax,a+]. So, from (55),

+00 > 9 (uy)
R
R25—1/ W (uy) dx if s €(0,1/2)
R

> . 1 . _
_Rl_lgrloO (log R) /W(u*)dm if s=1/2

R K
/ W (uy) dz ifse(1/2,1)
K

R*1 if s € (0, 1/2)
> i i (R — -1 if g = =
> Rlirilwz (R—k)< (log R) ifs=1/2 —+00,

1 if s € (1/2, 1)

and this contradiction proves that a_ = —1. Analogously, one proves that a; =

+1. This finishes the proof of (56).
By (56) and Theorem 1, we obtain that
<9\(11'*7 [70'7 a]) < ﬂ(u* + ¢a [70'7 a])

for any a > 0 and any ¢ measurable and supported in [—a,a] .
(58)

By collecting the results in (55), (56) and (58), we obtain that the set .#
is not empty.

Now, for any x, € R, define the set

M) = {ue d st. x,=sup{t € R s.t. u(t) <0} }. (59)

Step 2. Claim: the set .# (®°) consists of only one element, which will be de-
noted by u(**), and u(®)(z) = v (z — x,).
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Now, we prove that there exists x, € R such that
A ®+) has only one element. (60)

For this, we consider the previously constructed minimizer u, and we take x, €
R such that u, € .#*). Let us take u € .#*-). By cutting at the levels %1,
we see that |u| < 1. Thus, for any fixed € > 0, there exists k(¢) € R such that,
for k € (—oo, k(¢)], we have

u(x — k) + ¢ > us(z) for any z € R.

Now we take k as large as possible with the above property; that is, we take k.
such that
u(z —ke) + € > ui(x) (61)

for any x € R™ and, for any j > 1 there exist a sequence 7;. > 0 and
points x; . € R such that
li e =
jﬁlriloo i 0
and u(zj,e — (ke +mje)) + € < wi(@)e).
We observe that x;. must be a bounded sequence in j. Otherwise, if

jggloo xje = F00,

then

+l4+e = lim w(zje— (ke +n5))+e < lim w.(z;.) = £1,

j—4oo Jj—+oo

which is a contradiction.
Therefore, we may suppose that

JETOO Tje = Tg,

for some z. € R. By (53) and by Lemma 5, we know that u and wu, are
continuous (recall 20), therefore

w(we — ko) + € = ux(x,). (62)

Thus, if we set
ue(x) = u(x — ke) + ¢,

we have that u; > ., ue(z:) = us(x:) and, by (53),
—(=A)uc(z) = —(=A)u(@ —ke) = Wi(u(z — k) = W(uc(z) —¢).

Consequently,

o< [Remtay — Ay - e

|z —y[tF2e

= W' us(we) — €) = Wt (). (63)
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Now, we claim that
|ze| is bounded. (64)

Indeed, suppose that, for some subsequence,

lim |z.| = 4o0.
e—0t

Then,
lim w,(ze) = £1. (65)

e—0+
By taking into account hypothesis (11) on the potential W, we have that
W'(t) >W'(r)+c(t—r) when r <t,rtel[-1, -1+ U[+1—c, +1],

(66)
for some ¢ > 0. Then, by (65) there exists £, > 0 such that both w.(z.)

and u, (z:) —e belong, for € € (0,¢,), to [-1, —1+c]U[+1—¢, +1], where ¢ > 0
is the one given by (66). It follows

W' (us(xe)) > W (uw(z:) —€) +ce > W ue(z:) — ),

and this is in contradiction with (63). Thus (64) is proved.
As a consequence, we may suppose, up to subsequences, that

li =z, 67
By ve =2 (67
for some z, € R.
We also have that
|k<| is bounded. (68)

Indeed, if

lim k. = +oo,
e—0t

we would obtain from (62) and (67) that

Fl = lim u(ze — ko) +e = lim us(ze) = un(z,),

e—0t e—0t

and so, from (53),

dy.

0 = W' (1s(30) = —(=4)*ua (o) = / uly) £1

R [To — y[1F2s
Since the integrand is either non-negative or non-positive, it follows that u, is
identically equal to +1, which is a contradiction. This proves (68).
Accordingly, we may suppose that
lim k. =k,,

e—0t
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for some k, € R. Hence,

lim (ue —us)(y) = Um u(y — k) + e —ua(y) = uly — ko) —us(y), Yy € R,

e—0t e—0t

and so, passing to the limit in (63), we conclude that

/ u(y — ko) — us(y) dy = 0. (69)
R

lze —y[tH20

On the other hand, by passing to the limit in (61), we see that u(z—k,) > u.(x)
for any x € R, that is, the integrand in (69) is non-negative. Consequently,

us(x) = u(z — ko) for any = € R. (70)

We claim that
k, = 0. (71)

To check this, we argue as follows. Since u belongs to .#(*+), we have that
if u(z) <0 then z < z,,
and that
there exists an infinitesimal sequence €; > 0 such that u(z, —¢;) < 0.

Hence, by (70),
if us(x) <0 then x <z, +k, (72)

and

there exists an infinitesimal sequence €; > 0 such that Us (T + ko — aj) < 0.
(73)
On the other hand, since u, € .#), we have that

if u,(x) < 0 then x < x, (74)
and
there exists an infinitesimal sequence ¢; > 0 such that u,(x. — ;) < 0. (75)

By (73) and (74), we have that =, + k, — ¢; < z, and so, by passing to the
limit, k, < 0. But, from (72) and (75), we have that z, — §; < z, + k,, that
is, again by passing to the limit, k, > 0.

The observations above prove (71), that is k, = 0. Then, from (70) and (71),
we have that u = u,, and this proves (60).

From (60) we can easily deduce that the set .# (%) consists of only one
element, for any z, € R.

Take any u € .#*) and set @(z) = u(x + (r. —x,)) for every x € R. Since
such translate function @ belongs to .#(*+) it follows that & = u,. Accordingly,
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u € %) is such that u(z) = u.(z — (2. — x,)); i.e., .4 ) consists of only
one element. By the arbitrariness of x, € R, the claim in Step 2 is proved.

Step 3. Claim: u(®) € C?(R) is such that (u(?))(z) > 0 for any = € R and
M) = {u € M st. u(z,) =0}

First, in view of (53) and the regularity assumptions on the function W,
by Lemma 6 we can deduce that u(®) belongs to C?(R). Moreover, we know
from the previous step that .#(®) only consists of one element and, in the
proof of the claim in Step 1, we built one with positive derivative (recall (54)).
In particular such u(?) is continuous and strictly monotone increasing.

Finally, we observe that, in view of the previous steps, the minimum «(®)
satisfies the hypothesis in Proposition 3 and then the estimates in (12) plainly
follow.

The proof of Theorem 2 is complete. O

Remark 2 Existence of global minimizers in the case s € (1/2, 1).

We note that when s € (1/2, 1) the functional ¢ coincides with % on 2.
Hence, in view of Theorem 1 and the fact that global minimizers of .%# are so-
lutions of the equation (3), we can provide an alternative proof of the existence
result in Theorem 2, by showing the existence of a monotone global minimizer
which satisfies the limit condition (8). We will prove that the following infimum

7 := inf {g(v), v:R—=R st. lirﬂrzl v(z) = :tl} (76)

T—> 00

is achieved by an non-decreasing function.

The key of the proof is given by the fact that the energy functional ¥ is
decreasing with respect to monotone rearrangements. The proof is adapted
from [3, Theorem 2.4], in which the authors deals with a nonlocal functional
deriving from Ising spin systems.

First, we recall that the energy ¢ is also decreasing under truncations by
—1 and +1 and then it is not restrictive to minimize the problem (76) with
the additional condition |u| < 1.

We denote by X the class of all v : R — [1,1] such that lim wv(z) = £1,
xT

—Foo
we denote by X* the class of v € X such that v is non-decreasing and v(0) = 0.

We claim that the infimum of 4 on X is equal to the infimum of ¢ on X*.

In fact, since X* C X we have inf ¢(v) > inf ¢ (v), while the reverse in-
veEX* veX

equality follows mainly by the fact that the singular perturbation term in the
energy ¢ is decreasing under monotone rearrangements; see for instance [4,
Theorem 9.2] (and also [1, Theorem 2.11]) and [18, Theorem I.1] for mono-
tonicity on the real line and on bounded intervals, respectively.
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Now, we are in position to show that the infimum of & on X* is achieved,
by the direct method.

Take a minimizing sequence (u,) C X*. Since u,, is non-decreasing and
converging to —1 and +1 at £oo, its distributional derivative u], is a positive
measure on R with [Jul,|| = |Du,(R)| = 2 < +00, Vn € N. Then there exist
ux € BVoc(R) and a subsequence (u,,, ) such that u,, converges to u, almost
everywhere as k goes to +00 (see for instance [14, Helly’s First Theorem]). By
construction, u is non-decreasing and satisfies u.(z) = 0.

Let us show that lim w.(x) = £1.
r—Fo0

Since u, is non-decreasing in [—1, 1], there exist a < 0 and b > 0 such that

wgrzloo us(z) =a and .LEIEOO us(x) = 0.

By contradiction, we assume that either a # —1 or b # 1. Then, since W is
continuous and strictly positive in (—1, 1), we obtain

/ W (uy) de = +o0.
R
This is impossible, because, by Fatou’s Lemma, we have

/ W(u)dr < liminf/ W(u,)dz < liminf ¥4 (u,) < +o0o. (77)
R R

n—-+oo n—-+oo

Hence, u, belongs to X*.

Finally, since ¢ is lower semicontinuous on sequences such that w, — u,
pointwise, the minimum problem ~; has a solution and this concludes the
proof.

It is worth mentioning that an ulterior proof of the existence of minimizers
for (76) can be found in [17], where it was studied the 1-D functional .# given

by
ﬂ; // [ulz |x— Ol dxder/W x, (p>2).

Our case is analogous if we take p = 1 4 2s € (2,3), since the exponent of
the term |u(z) — u(y)| does not play any special role in the proof (see [17,
Proposition 3.3]).

5 Extending the 1-D minimizer to any dimension - Proof of
Theorem 3

We start by proving the following lemma, which we will need in the proof of
Theorem 3:
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Lemma 4 Let K > 0. Let o : R x [1,400) — [0, K] and B : R — [0, +00).
Suppose that a(-, R) is measurable for any fized R € [1,400) and that B is
measurable.

Let also Ar € (0,+00) for any R € [1,4+00).

Assume that

A
for any n € (0,1), RETOO )\n]; =1, (78)
for anyn € (0,1), lim sup «at,R) =0, (79)
R—+o00 |t\<7IR
forany R> K, )\R/ B(t)dt < K, (80)
and liminf )\R/ B(t) (81)
R—+400

for some c € R. Then

R
lim inf )\R/ at,R) B(t)dt = 0.

R—+oco R

Proof We fix np € (0,1) and we use (81) and (78) to see that

R
c—hmlnf)\R/ B(t) dt
R
nR

R—+o00
= liminf | A\p B(t) dt + )\R/ B(t) dt
B +oo R {nR<[t|<R)
nR
> hmmf)\R Bt )dt—l—hmlnf)\R/ B(¢t) dt
RoteoJonr fimtoo JmRr<|t|<R}
nR
= liminf A\, g Bt )dt+11m1nf/\R/ B(t)dt
R —too " Jrnrait<ry

= c+liminf)\R/ B(t) dt.
R—o0 {nR<[t|<R}

As a consequence, by simplifying c,

0 > liminf )\R/ B(t) dt.
R=too Jinr<|t|<R}

So, since the integrand is non-negative,

lim inf )\R/ B(t)dt = 0. (82)
R—=oo {nR<[t|<R}
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Now, we use (80), (82) and (79) to conclude that

R
lim inf Ap / B(t)alt, R) dt
R -R

—+o00

nR
<liminf | sup «(7r,R) Ar B(t)dt—i—K)\R/
R=too ||r|<nR -nR {nR<|t|<R}

B(t) dt]

<liminf |K sup a1, R) +K>\R/ B(t)dt
R—+o00 [7|<nR {nR<|t|<R}

= lim K sup a(T,R)Jrlimian)\R/ B(t)dt
{nR<|t|<R}

R—+o00 \T|S77R R— 400
= ()7
which implies the desired result. a

Proof (Proof of Theorem 3) First, we recall that, by construction, the func-
tion u* defined in (14) coincides with the 1-D minimizer u(?) along the n-th
coordinate x,,. Then, Theorem 2 yields

Op, u*(x) = (WY (z,) >0 VoeR" (83)
and
lim w*(z,z,) = lim u®(zx,) = £1 V2’ e R""L (84)
T, —too z,—too

In view of (83) and (84), it remains to show that u* satisfies —(—A)%u*(z) =
W'(u*(x)), for any € R", and (16) will follow by Theorem 1. This is straight-
forward, since, by setting

=y =) /lgn — @] and 2, = wy, (85)

the change of variable formula yields

(0) — 4
(- Ay ) = e DR ) —
R | Jrn-1 2/ — /|2 (n+2s)/2
Ty — Y[ T2 (1 + )
‘ | |xn - yn|2

_ w?s/ / U(O)(Zn) — (0 (wxy) ' d=.,
& LRn-1 |@Tn — 2|72 (1 + [2/[2)(n425)/2

u(o)(z )—u(o)(wx ) ,
_ n n _ (0)
= [ e = WO )

— W (2)).

Now, we will prove the claims in (i), (ii) and (iii).
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We need to carefully estimate the contribution on Br and on ¥ By of the
H§ norm of the function u*.

Let s € (0,1), we observe that by the estimate in (12) it follows that there
exists a constant C; > 0 such that

ON < ~(1+25)
I @ e (10— ol 21,00 ol 1) S C11T]

for any z,, large enough.
Accordingly, Lemma 12 (used here with p := |z, |/2) gives

[u @ (@,) — u© (y,)|? 25
/111 Ixnn— 25 = dyp < Colan| 7>, (86)

for any x,, € R™ with |z, | large enough, for a suitable constant Cy > 0.

From (86), we obtain that, for any x € R™ with |z, | large enough,

n

* o 2 (0) _ (0 2
no |z -yt R |Tn — Yn|'H2e

< Cylza| ™, (87)

for suitable C3, Cy > 0.
Also, if x € R™ with |z,,| < R/2, we have that

), 1 s
dy < dy < R (88)
[ e (91275

for a suitable Cy > 0.
Hence, for any R > 4, by (87) and (88), we get

* % 2
[ [ wo-vwr,,
BrJenn T —y|[vt2s
* A 2
§/ / |[u* (z) L(;ﬁ)l d dy
Brn{|en|<r/2} JRn T — Y]
* %k 2
- [ R,
Br{len|>R)2} JeBr 1T — y["T2

< Cs / R 2 dx + Oy / |2 | ™2 da
BrM{|zn|<R/2} BrN{|zn|>R/2}

S 06 Rn72s’ (89)

for a suitable Cg > 0.
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Note that by (89) it follows
if s=1/2,
ju* () = w ()2 .
dedy < C — 0
Rn— 1logR/BR [gBR |a:— |nt2s v= log R ’
Vs € (1/2, 1)

Ju* (z) — u*(y)]? 1 Rotoo
- 1/BRLBR ‘x_ s drdy < Copy "I 0,

which shows the asymptotic behavior as R goes to infinity of the contribution
in the H§ norm of u* on € Bp, as stated in claim (ii) and (iii).

For the case s € (0, 1/2), the estimate in (89) yields

fe(@) —w W), 0 < ¢ (90)
Rn 2s Br J¢Bn |x_y|n+25 Y= 6>

which provides an upper bound for any R large enough. Moreover, by con-
struction of u*, we can obtain a lower bound as follows.

2
dx d
/ / |u n+(25>| d.’L'dy 2 07 / & 'rztl+25
Br J€Br |$* yl Bgrj» J€Bagr |l’* \

> C7/ d{E/
Brys J€Ban |y|n+25
— CyR™, (91)

for suitable positive constants C7 and Cg, provided that R is large enough.
Hence, (90) together with (91) gives the estimates of the contribution in the
H§ norm of u* on € By, for the case s € (0, 1/2) as in claim (i).

Now, notice that for any s € (0,1) using the change of variable in (85),
t:= wxy,, p=2a'/R, we have

1 |u*(z) — w*(y)[?
/ Rn— dx dy

Rn—l Br ‘Jf _ y|n+25

= wzs/ / / [ (@n) = u ()] dzn | d2'| dx
Rn—1 Br LJRr—1 R |@T, — 2,|1H25(1 4 |2/]2) (n+2s)/2

wR O) _ ,(0) 2
:i/ / /|u u ) (zn)| dzy | dp| dt
w /) wr|/B |t — 2|t H2s
VI-1t12/ (=2 R?)

_ Wn1 [ / [u®@ () = ' (z0) dzn} dt — 26, (R), (92)

|t — 2 |1+2s
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where

1 wy— @R t2 net
0u(R) = 5= RKl(lsza) )

w0 (¢ 2
/ | ‘t_z ngs ) dzn]dt. (93)

Hence, it follows

2
Br JBr |3«" - y|” s

Br m |x7y|’ﬂ+25 y
2
L
Br J¢Bg |37— y|rt2e

- 1“" - U - t—z |1+ng )|2dzn] dt — 65(R), (94)

where

2
0 / / [ @) = w W) 5+ 00 (R).
2( Br JeBR |x_ |7L+2€ 1( )

Using again the change of variable in (85), we have

1 % Wn—1 wh 1¢,.(0) t2 nt
i, W @)de==22]  WEON- s )
w1 [ )
- W (u®)(t) - 05(R), (95)
w —wR

where

W1 wR o) t2 n—1

Now we define the scaling constant Ag depending of s as follows

1
its=1/2
gl e
Ar =
1 if s€(1/2,1)
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and we combine (94) with (95); we have

ARR“"Z (u*; Bg)

R { BrJBr ‘.’E _ |n+25
/ / (@ (2 vl dx dy + W' (u*(x)) dz
Br J¢Bg \x - |”+ s Br
lwp—1 [u(® (1) — u®(z,)|?
:AR.{ U |t—z e (96)

2
Rl n/ / |U +(2 )‘ dl’dy
BR “Br |$ — y|nt2s

“nt [T 0 1) a mm}

+
w —wR

where

0.(R) = (0a(R) + 0a(R)).

We observe that

lim inf A 64(R) = 0. (97)

Indeed, recalling that ¢(u(?)) is finite, due to Theorem 2, it suffices to re-
call (89) and apply Lemma 4 with

e (1 (1-127)

1O (t) — u® (2,2
=5 [ e w ) ),

and

Thus, we make use of (89) and (97), so that by taking the limit as R — +00
n (96) we obtain

liminf ApR'™".% (u*; Bgr) = Yn—1
R—4o0

& (u(®).
This completes the proof of claim (ii) and (iii).

Finally, using Lemma 12 with p := 1, we obtain

[ @k,

|z —y|nt2s
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for any x € R"”, for a suitable Cy > 0, and so

F(u";Br\ B-s)Rr) < (09 + S[ulf . W(T)) |Br\ Ba-s)r|,
re|—1,

that is (17). The proof of the theorem is complete. O

6 Appendix

In this Appendix we state and prove some general results involving the Ga-
gliardo norm || - || = and various results, that are necessary for the proofs of
the main results of this papers.

As usual in this paper, throughout this section we will assume that the
fractional exponent s is a real number belonging to (0,1).

6.1 Regularity properties of the fractional Allen-Cahn equation

The following propositions recall how the fractional Laplacian operators inter-
act with the C*-norms. Their proofs can be found in [23, Chapter 2], which
presents some general properties of the (—A)?® operators and provides charac-
terization of its supersolutions (see also [24] and [12]).

Proposition 1 (/25, Proposition 2.1.10]) Let n > 1. Let w € C%*(R"), for
a € (0,1]. Let u € L>®(R™) be such that

— (=A)°u(x) =w(x) for any x € R". (98)
Then,
(i) If a4 2s <1, then u € CY*25(R"). Moreover
||U\|cova+25(m) < C(”“HLOC(]RN) + Hw”COv”(]R"))
or a constant epending only on n,a and s.
f Cd d l d
(ii) If o+ 2s > 1, then u € CHF25=1(R™). Moreover
lullor.osaesmny < C(llull e @e) + wllco.o @)

for a constant C depending only on n,« and s.

Proposition 2 (/23, Proposition 2.1.11]) Let n > 1. Let u and w € L>®(R™)
be such that
—(=A)’u(z) =w(zx) for any x € R™.

Then,
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(i) If 2s < 1, then u € C%*(R™) for any o < 2s. Moreover
[ullco.o@ny < C([[ull Lo mmy + 1wl oo )

for a constant C' depending only on n,« and s.
(ii) If 2s > 1, then u € CH*(R™) for any a < 2s — 1. Moreover

ullcro@ny < C([|ull o rry + lwll oo )
for a constant C depending only on n,« and s.
We remark that the above results (and, consequently, the claims in the

forthcoming Lemma 5) are valid also for solutions of (98) in bounded domains,
leading to a local regularity theory.

Since we deal with the case of w in (98) being the derivative of a double-well
potential W, we have to extrapolate the regularity informations for the solu-
tions of equation (3); this can be obtained by iterating the results in Propo-
sition 1 and Proposition 2. In the following two lemmas we arrange some
regularity results in the form to be applied in this paper (as well as in [21]
and [22]).

Lemma 5 Let n > 1. Let u € L>®(R™) be such that
— (=AYu(x) = W(u(x)) for any v € R", (99)
with W € C*(R). Then,
(i) If s € (0, 1/2], then u € C%*(R™) for any a < 2s. Moreover,
[ullcoe@ny < C(llull oo rny + W (u)]| Lo )
(ii) If s € (1/2, 1), then uw € CH*(R™) for any a < 2s — 1. Moreover,
ullgra@ny < C(ull Lo mny + W (u)l| Lo &m)),
for a constant C' depending only on n,a and s.
Proof The proof is immediate. Let u in L>°(R™) be a solution of equation (99).

Since W belongs to C1(R), it suffices to apply Proposition 2(i)-(ii) by chosing
w(zx) := W' (u(z)). O

Lemma 6 Let n > 1 and let u € L®(R"™) satisfy equation (99), with W €
C?(R). Then u € C**(R"™), with a depending on s.
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Proof Let s € (1/2, 1) and let u in L (IR™) be a solution of the equation (99).
Then, u € CH*(R™) with its C1® norm bounded as in Lemma 5(i). Moreover
u’ satisfies

— (=A% () = W (u(x))u'(z) for any x € R". (100)

By the hypothesis on W and u, we can apply Proposition 2(ii) to the solution
u’ of equation (100) with w := W (u(x))u'(x). It follows that v’ belongs to
CL2(R"™) for any o < 2s — 1 and thus the claim is proved.

Let s = 1/2. Then, by the fact that W is in C? together with the regularity
of u provided by Lemma 5(i), Proposition 1(ii) with w := W'(u) yields that
the function u belongs to C*%(R™) for any o < 1. Now, we can argue as for
the case s € (1/2, 1) to obtain the desired regularity for u by Proposition 2(ii).

Finally, let s € (0, 1/2) and let v € L>®(R™) be a solution of (99). So,
Lemma 5(i) yields u € C%%(R") for any o < 2s. Then, for s € (1/4, 1/2)
we can apply Proposition 1(ii) and we get u € C*+25=1(R"). Hence, u’ is
well defined and it satisfies equation (100) with w = W”(u)u’ belonging to
CYeF2s=1(R") and again by Proposition 1(ii) we get v/ € CH*+25=1 for any
a < 2s.

For s € (0, 1/4], we can use Proposition 1(i) in order to obtain u €
CY+25(R") for any a < 2s. Thus, when s € (1/6, 1/4)], we can apply
twice Proposition 1(ii) arguing as in the case s € (1/4,1/2) and we get
o € Chatds—I(R™), for any o < 2s.

By iterating the above procedure on k € IN, we obtain that, when s €
(1/(2k + 2), 1/2k], u belongs to C>**+2k=1 for any a < 2s. O

We conclude this section observing that the equation we deal with behaves
well under limits:

Lemma 7 Let W € CY(R). For any k € IN, let up, € C(R™) N L>®(R") be
such that
— (=AY uy(x) = W (ug(z)) for any x € By.

Suppose that sup ||Uk||Loo(IRn) < 0o and that u converges a.e. to a function u.
k

Then,
—(=A)u(x) = W (u(x)) for any z € R™.

Proof Given any ¢ € C3°(R) supported in By,

W (ue@)) oe) do= [ | [ W= g 1) g
A A=

_ / / u(@) ($y) = 0) 4o
RJR |z —y|mt2s '
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Moreover,

|p(x —y)| ‘
dy|d
/ ‘/ \x—yw% / ’/ |y\n+2é e
NTRCE ¢m+3+v¢ Wl o] [ 2ol ]
R B |y|t2s wB, |ymT
1 2 o0
V9l ot 2|9l e
/ ’/ a2 dr + . 112 dr’ < 4o00.

Thus, by Dominated Convergence Theorem,

/]RW’(u(a: dx—// \m— |n+i( ?) dx dy

B /R MR W dy} o) du

~ [ -2y u@o(e) dz,
R

which gives the desired claim, since ¢ is arbitrary. O

6.2 Construction of barriers

We start by recalling the construction of an useful barrier, that is used in
[20,21,22] and also here in the asymptotic analysis of the one-dimensional
minimizers of the energy (1) (see the forthcoming Proposition 3). The proof
can be found in [21, Lemma 3.1]; it relies on a fine construction around the
power function ¢ + |t|72° together with some estimates proved here in the
following.

Lemma 8 ([21]). Let n > 1. Given any T > 0, there exists a constant C' > 1,
possibly depending on n, s and T, such that the following holds: for any R > C,
there exists a rotationally symmetric function

we C(R™;[-1+CR %, 1)), (101)
with
w =1 in ¥Bg, (102)
such that

/ W) Zw@) g (14 w(e) (103)
R

n |.’L‘ _ |n+2s
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and
1

C
for any x € Bg.

(R+1—l|z))™ <l+w@) <C(R+1—|z|)~" (104)

Now, we consider the following equation related to the fractional operator
(=A)* on the real line,

— (=A)°v(z) — av(z) =0, (105)

where « is a positive constant. Precisely, in Corollary 4 we show that the func-
tion v being a subsolution of equation (105) away from the origin is bounded
(up to a multiplicative constant) by the function z +— |z|~(!*2*). This estimate
will be crucial in the analysis of the global minimizers of the functionals %
(see Theorem 2).

First, we need to prove the following 1-D result.
Lemma 9 Let n € C*(R;(0,400)), with ||n]|c2w) < +00, and

1
n(x) = P for any x € R\ (—1,1).

Then there exists k € (0,400), possibly depending on s and 1, such that
() n() _

lim sup —
r—Fo00 77(53)

Proof We will denote by C' suitable positive quantities, possibly different from
line to line, and possibly depending on s and 7. For all (x,y) € R? with |z| > 2,
we define

. () = n(@) = x(1/a0/9(@ —y) ' (@) (y — o)
i(x,y) = 7= yE )

For any fixed y € R, we have that

2y = tim T () (@) = ). (106)

lim |z i 7@ —

r—Foo
Also, if |y| <1 and |z| > 2, we have that |z —y| > |z| — |y| > |=|/2 and so

_ el n(y) — n(=)]

14+2s,;
|‘T| S‘Z(Ivy” ‘l‘—y‘1+28

< 16sup [n). (107)
R

Using (106), (107) and the Bounded Convergence Theorem, we conclude that

lim |a|+20 /1 1) = 1) = X(-1/a,1/0) (@ = y) ' (@)(y — @) dy

r—+oo 1 |Z‘ _ y‘1+25

1 1
:/ lim |x|1+28i(w,y)dy=/ n(y) dy.
—1

1 z—+o0

(108)
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Now, fixed |z| > 2, we estimate the contribution in R\ (—1,1). We write R\
(-1,1) = PUQURUS, where

P= {y ER\ (—1,1) s.t. |2]/2 < |y| < 2|z| and |z —y| > 1/4},
Q={y e R\ (~1,1) st. |o]/2 < |y| < 2Jo] and |z — y| < 1/4},
R= {y ER\ (~1,1) sit. |y| > 2|x|},

S = {y ER\ (~1,1) sit. Jy| < |x|/2}.

We observe that, if y € P,

_ In@) =n(@)| _ @)+ @) _ /]yl + 0/]2])

li(z,y)| = lz —y[i2s = |z — y|ites |z — y[1+2s
C

< ‘IZ?|1+25|£E _ y‘1+28 :

(109)

As a consequence,

. dy dy
|I‘1+28/Z(I7y)dySC/ 7SC/ 7SC
jo p v —y|T2s {lo—y|>1/4} |7 — |1 T28

Moreover, if y € @, we can use the Taylor expansion of the function 1/[¢|!T2¢

to obtain that

n(y) — n(x) — x(—1/a.1/9(x —y) 0’ (2)(y — 2)
= n(y) —n(x) —n'(x) - (y — =)

1 1 (1+2s)

Tyl Jztees T [gEes z(y — )
(1+2s)(2+ 29) 9

= WW*Z/\ )

for an appropriate £ which lies on the segment joining z to y. Notice also
that if y € @, then y > 0 if and only if x > 0, therefore both = and y lie
either in [|z|/2,+00) or in (—oo, —|z|/2]. In any case, |£] > |z|/2 and so, for
any y € @,

(2, y)| = In(y) —n(z) - X(T;-/fly/rl)—i(-fs_ y) ' (x)(y — )|

|:177y|1725 < |Ify|1725.

= GEES |z[3+2s

As a consequence,
. C _
|x|1+25/ z<x,y>dys—2/ %
Q lz[* Jq

é%/ oy < <
|JZ| lz—yl<1/4 |.13‘
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Furthermore, if y € R, we have that | —y| > |y| — || > |z| > 1/4, thus we
can estimate the function i(z,y) as in (109) and we obtain

) C
li(z, y)| < |o|1+2s | — y|1+2s°

In particular,

d
‘x|1+28/ i(z,y)dy < C/ 711/14_29
R {yl>2lely [T — Y[+

< C/ dy1+25 = C;s < C.
{a—yl>[a]} [T =Yl ||

As for the last contribution, if y € S then |x —y| > |z| — |y| > |z|/2 > 1 and
o

, ()| + [n(@)] _ (1/[yl"2%) + (1/]=['+*)
li(z,y)| < |z —y|i+2s |z — y|1+2s

C

S |x‘1+23|y|1+2$'

Accordingly,
. dy
IxIHQS/Z(x,y) dy < C/ e = ©
s (1<pyl<lal2y [yIM%

All in all, we obtain that

_ v — VvV Ay —
limsup|x|1+25/ n(y) —n(x) X( 1/4,1/4)535r2 y) Vn(z) - (y — x) dy
w0 R\(-1,1) |z — y[t+2e

= limsup |z|' T2 </ i(z,y) der/ i(z,y)dy
r—too P Q
+/ Z'(ﬂc,y)oiyﬂL/i(x,y)dy> < C.
R s
From this and (108), the desired result plainly follows. O

Corollary 4 Let a, 3 > 0. Let v be a bounded function in C°7(R), with
v > 2s, such that —(—=A)*v(z) > av(x) for any x € R\ (=B, B). Then, there
exists a constant C' > 0, possibly depending on s, a and 3, such that

v(z) < ¢

— |.’II|1+28

for any x € R.

Proof If v is identically 0, we have done. So, we suppose ||v||peg) > 0.
Take n and x as in Lemma 9. Define

S (3)1/(25)
T \2k
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and ((x) := n(ax).

Then,
lmsup — @) _ aegp o (A M@)oy @
r—Fo00 C({E) r—Fo00 n(ax) 2

As a consequence, there exists 3’ > 8 such that

—(=4)*¢(x) < al(x) for any z € R\ (=45, §'). (110)

Now, we set

_ 4 o 4 0o
= vllz (R) _ vz (R)

min min '
[—aB’,aB’] g [=6,8] ¢
We claim that
v(z) < C¢(x) for any z € R. (111)

In order to prove the above inequality, we take b in [0,400) and we de-
fine vy(z) := C{(x) + b — v(z). When b > ||v|| k), we have that vy(z) > 0
for any € R. Now, if vp(x) > 0 Vo € R and Vb € [0, 4+00], we take b := 0
and we get (111). Then, we may take b, the first b for which v, touches 0 from
above: we have that v, () > 0 and that there exists a sequence xj, € R such
that vy, (z5) < 27F, for k € N. We claim that

b, = 0. (112)
Indeed, we have, if k is sufficiently large,

[0l ooy =275 > oy, (x1) > CC(wr) — v(wk) > CCx) — (0]l Lo (m)

and so
min (¢
2vllzem)  [-5.87]
< — —
Clow) = =5 2

Therefore, |z;| > /5.
Hence, recalling (110),

/ Vb, (Y) — Vb, (k) dy = —(—A)%vy, (zx)
R

o — e _ 113
= —C(=A)¢(a) + (~A)v(zx) < a(CCla) —v(zy)) (1Y)

= awvy, () — ab, < 2 %0 — ab,.

Now, we define vy(x) := vp, (x + x1). Notice that vi(z) > 0 for any z € R”
and v;(0) < 27F. Also, by the Theorem of Ascoli, up to subsequence, we may
suppose that v, converges to some v, locally uniformly as k& — +o0. It follows
that

Voo () > 0 = v0(0) for any z € R. (114)
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Moreover, by the assumption on the function v, we obtain that v satisfies

v () — vi(0)] —1-2s C1-2s
W < C(|t|7 12 X(—l,l)(t)+|t| 12 X]R\(—l,l)(t))a

for a suitable constant C' > 0. Thus, the Dominated Convergence Theorem
yields
t) — 0 ot
lim %ﬁ()dt - / Leoll) g (115)

Finally, combining the above equation with (113) and (114), we get

Caby > lm [ e (y) — v, (k)
k—+oo Jr |l‘k — y|1+2s

. vk (t) — vk(0)
lim /]R — 2t

k—+oc0 |t|1+25
t

— vwi()dt > 0.
R |t‘1+28

This completes the proof of (112).
Now, from (112), we conclude that, for any = € R,

0 < v, (&) = CC() + by — v(a) = C¢(a) — v(a)

and so v(z) < C¢(x). O

We finish this section by using the barriers constructed in Lemma 8 and
Lemma 9 in order to obtain a precise control on the behavior at infinity of the
monotone solutions of equation (3).

Proposition 3 Let n =1 and let W € C?(R) be a double-well potential with
wells at {—1, 41} such that W"(£1) > 0. Suppose that u is a strictly increasing
function which satisfies

—(= u(x) = u(x)) for any x € R,
(~4)°ule) = W'(u(@)) / R ",
lim w(z) = +1.
x—+o0
Then there exists a constant C > 1 such that
lu(z) — sign ()] < C'la| 2, (117)
[ (@)] < € fa] =042 (118)

for any large x € R.
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Proof First, we note that the potential W satisfies

W' () > W'(r)+c(t —r) when r <t, r,t € [-1, =1+ U[+1 —¢, +1],
(119)

for some ¢ > 0.

Now, we choose 7 = ¢ in Lemma 8 and, for any R > C, we consider the
barrier w constructed there.

From (101), we know that there exists K € R such that, if k € (—o0, K],
then w(z — k) > u(x) for any z € R. We take k as large as possible with this
property, i.e.,

w(x — k) > u(z) for any k < k and any = € R (120)

and there exists an infinitesimal sequence 7; € [0,1) and points z; € R for
which -
w(x; — (k+n5) < ulz)). (121)

From the asymptotic behavior at oo and the strict monotonicity of u, we know
that |u(z)| < 1 for any x € R. Hence, by (121),

w(z; — (k+1;)) <1.
This and (102) gives that
|2 — (k+n;)| <R, (122)
therefore )
|z;| < R+ |k|+ 1.
Thus, up to subsequence, we may suppose that

lim T; =T,
Jj—+oo

for some Z € R. Moreover, (122) implies that
T—k€[-R,R], (123)

while (121) and (120) give that w(z — k) = u(%).

Thus, we set v(z) := w(x—k)—u(x) and we see that v(x) > 0 for any z € R
and v(Z) = 0.

Note that if z — k € [-R, R] and u(x) € [-1,—1 + ¢], then

_ LR —w(r— T
[t gy [ BB g
R |z — R

y|1+23 |.13 _ y|1+23

<7(1 4wz — /:f)) — W' (u(z))

<7(l4+w(x—k)) —clulz)+1)
= cv(x), (124)

thanks to (103), (116) and (119).
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We claim that
u(z) > —-1+c. (125)

The proof of (125) is by contradiction: if u(z) € [-1, —1 4+ ¢] we deduce
from (123) and (124) that

) @),
/1R|f—y|1+2sdy_/]R|j;_y|1+2s dy < cv(z) = 0.

Since the first integrand is non-negative, we would have that v vanishes iden-
tically, i.e. w(z — k) = u(z) for any € R™. But then
+1= lim w(z—k)= lim wu(z)= -1

r—r—00 r——00

and this contradiction proves (125).
From (104), (123) and (125), we obtain

C(R+1—|z—k) "> > 14+w@—k) = 1+u(@) > c,

hence
|z —kl>R-C' (126)
for a suitable C’ > 0.
‘We now observe that
T—k>0. (127)

Indeed, if, by contradiction, z — k < 0, we define k=2 —k < k and we
use (120) to obtain

wk —2) =w(@— k) > u@) =w(T— k).

Since w is even, this is a contradiction, and (127) is proved.
We deduce from (123), (126) and (127) that

T—ke[R-C', R]. (128)
We fix k£ € R such that u(—k) = —1 + ¢. We remark that —x < Z and so
u(r — k) <ulx + ), (129)

for any x € R, thanks to (125) and the monotonicity of w.

Now, we take any
R
Y€ [2, R] . (130)

Then, by (128), we have that
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and so, by (104),
l+w@—y—k) <CR+1—|z—y—k) >
< C(R/2)7% < 4Cy™™.
By the above inequality, (120) and (129) we obtain that
u(—k—y) < u@—y) <w@—-y—k) < -1+4Cy >

for any y as in (130).

Since k is a constant and R may be taken arbitrarily large, this says that,
when z is negative and very large,

u(@) < —1+Cla] >,
for a suitably renamed C' > 0. Analogously, one can prove that
u(z) > +1 - Clz| 72

when z is positive and very large, and these estimates prove the formula
in (117).

Finally, in order to prove the estimate in (118), we observe that the function
u belongs to C2(R) (see Lemma 6) and that its derivative u’ satisfies the
following equation

— (=A% () = W (u(x))u’ for any x € R.

Then, since limy 400 v = +1 and the C? potential W attains its minimum on
+1, there exist «, 8 > 0 such that (u) satisfies

—(=A)°d (z) > au'(z) forany z € R\ (—3,0).

Hence, if we choose v = u/, Corollary 4 yields the desired estimate in (118). O

Remark 8 We note that the statement in Proposition 3 is also valid for so-
lution in [0, 00), by replacing the limit condition in (116) with the following
assumptions

lim w(z) =41 and wu(z)=-1 Vz € (—o0,0].

T—r+00

In such a case, the estimates (117) and (118) are meant for x positive and
large enough.
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6.3 A compactness remark

In the following lemma, we give full details of a compactness result of classical
flavor.

Lemma 10 Letn > 1, 2 C R™ be a Lipschitz bounded open set and 7 be a
bounded subset of L?(£2). Suppose that

() = f(y)
sup/ ————drdy < +o0.
reztalo |z —y["t

Then T is precompact in L*(£2).

Proof The proof follows the one of the classical Riesz-Frechet-Kolmogorov
Theorem, but we need to operate some modifications due to the non-locality
of the fractional norm.

We show that 7 is totally bounded in L?(£2), i.e., for any € € (0, 1) there
exist 1, ..., Bu € L%(£2) such that for any f € 7 there exists j € {1,..., M}
such that

1f = Bjll2(2) <e. (131)

First, we remark that we can extend any function f € 7 as a function f
in H*(R"™) (see, for instance, [15, Section 5]). Therefore, we can suppose that
2 is contained in a large cube {2, with £l 23y < Coll fllz=(e2)- For the sake
of simplicity, we drop the tilda’s in f and {2 and we let

[f(x) = f(y)]?
C:=1+4 sup ||fllz2c0 +Sup/ =t dxdy,
fe?” Iz reztala |z —ylnt?e

€ 1/s e n/2
<pei=| —F/—= and np=mn:= p ,
r= WC B+ 2
and we take a collection of disjoints cubes Q1,...,Qn of side p such that
N
2=

j=1

For any x € {2 we define
j(x) as the unique integer in {1,..., N} for which € Q;(y). (132)

Also, for any f € 7, let

1

P(f)(x) := f(y)dy.
|Qj(a)| Qj(x)

Notice that
P(f+g)=P(f)+ P(g) forany f.g€ 7
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and that P(f) is constant, say equal to ¢;(f), in any Q,, for j € {1,...,N}.
Therefore, we can define

R(f) = pn/Q(ql(f)77qN(f)) € RN

We observe that R(f + g) = R(f) + R(g). Moreover,

N
IP(HIZ2) = [P(f)I*d
L2(9) ;/Q] -z

N 2
<SP = IR < 'Rif) (133)
j=1
and, by Holder inequality,
N 1 N 2
IR(NHIP=D o (fI? = — fy)dy

N
<L J @l = [ P = 151,

In particular,

sup |R(f)]* < C,
fe7

that is, the set R(.7) is bounded in R" and so, since it is finite dimensional,
it is totally bounded. Therefore, there exist b, ...,by; € RN such that

M
R(7) € | By(by). (134)

For any i € {1,..., M}, we write the coordinates of b; as b; = (b;1,...,b;N) €
RY. For any = € £2, we set

Bi(x) = p~ " b j(a)

where j(z) is as in (132).
Notice that §; is constant on @, i.e. if v € Q; then

P(Bi)(x) = p~ % bi; = () (135)
and so q;(B;) = p~ %b; j; thus

R(Bi) = b;. (136)
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Furthermore, for any f € .7, by Holder inequality,
1f = P(N)Z200) = Z/ @) da
_ Z/
- Z/ L 1QP

;Z/ [/Q |f<x>—f<y>|2dy] &
n(/2)+1 QSZ/ [/ J;_y|n(+2)s|2dy]

2
f(y)dy| dx

|Qj| Qj

2

f(x) = fly)dy| dx

IA

\ /\

J

I /\

o (n/2)+1 25 |f(x) = f(y)|?
=n 2+1p2 /Q[ i |x77y|”+25 dy| dz

2
< Cp/2+1 P e

16

Consequently, for any j € {1, ..., M}, recalling (133) and (135)

dx

2
n/2)+1 262/ |: ‘ ni2)5| dy:| d(L’
2 1T-Y

(137)

1f = Bjlle2c2) < If = P(H)llzze) + 1P(B)) = Billz() + 1P(f = Bi)llz2(2)
< %+ |R(f) — = (5y)|

Now, given any f € 7, we recall (134) and (136) and we take j €

{1,..., M} such that R(f) € B,(b;). Then, (135) and (137) give that

1B — b noo_
n/2 2 p/2

If = BillLzey < 5+

€
2

This proves (131), as desired.



46 Giampiero Palatucci et al.

6.4 Integral computations

Lemma 11 deals with the kernels of the Gagliardo norm in the case of n-
dimensional balls Br. We provide a lower bound, with respect to the radius
R of the contribution coming from far of the energy.

Lemma 12 and Lemma 13 estimate the fractional derivative of bounded
functions on the whole space R™. We also provide some estimates of the energy
with respect to the L*-norm of the functions and their derivatives. The case
of radial symmetric functions is analyzed in Lemma 14.

Lemma 11 Letn >1 and R > 1. Then,

; dx dy 3”%—1 Rn—2s
if s € (0, 1/2), / / < ' (138)
( / Br J B2r\Br |‘r - y|n+23 2s (1 — 28)

ded
Ifs=1/2, / / Y < W2 R (2 +10g(3R)). (139)
Br J€Ba, 1T —y|" T2

dx dy w2_ | Rl
pseapn, [ f <ot BT )
/ Br J€Brs, 17— y[" T2 25 -1

Proof For any fixed y € R™,

dx T—y
23/7:—/ div()dm
B, |z —y|"t?s B, |z —y|rt2e

_ r—Yy n—1
_/OB |z — y[n+es cxdA"T (@)
1

IN

/ |z —y|' 72 do (). (141)
0B,

Accordingly, if s € (0, 1/2),

23/ / dzx dy+2 S/ / |$_ y|1—n—25 dy d%n_l(J?)
B JBo\B, |T — Y[ T2 dB1 |/ B2\Bs
<[] e ac) i
o8, L/Bs

1-2s,,2
3 wn—l

T 125

which is finite by our assumption on s, and so, by changing variable & := z/R
and § :=y/R,

5 / / dx dy / / dz dy
s =
Br JBan\Br 1T — |z —y[nt2s B, JBa\By [T — | — glnt2s

31725 w%_l Rn72s

< b
- 1-—2s
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proving (138).

On the other hand, if s € (1/2, 1), we set € := 1/R, and we use (141) to
conclude that

dx dy / / 1-n-2 -1
< x—y| " dy | dAT (2
/191[531+€ |z — y[t2s 8B, [ %Bprg' | (=)

w2 61725
</ [ / |<|1“Sdc] a N (g) < D1t
oB, LJeB. 25 —1

hence (140) follows from scaling.

Finally, when s = 1/2, we use (141) in the following way:

/ / dx dy / / dx dy / / dx dy
By J€B14. Jo —y["+2s = Jp, Bo\Bite lo =y " Jp, Je, (yl/2)m+"
<[ V |x—y—"dy] A (w) + 202
0B, |JBo\Bi 4.
</ V |<|"dc] 4A" (@) + 2
oB, |JBs\B.
3

hence (139) follows again from scaling. O
Similarly as in previous Lemma 11, one can estimate the kernel interaction

of smooth functions as follows.

Lemma 12 Letn > 1 and x € R", p > 0 and ¢ € L>®(R") N W12 (B,(x)).
Then,

[(x) = h(y)]? dwp_1 p20=s 2 —2s
/n [z — y|n+es dy < =95 {”vaLm B, (x))P D |11 oo (my 0> |-

(142)

Proof We bound the left hand side of (142) by

[(z) — P (y)|? [v(z) — b (y)|?
/Bp(w) |z — y[nt2s y+[ng(z) o — g2 Y

IVYlZ (5, AN e g
<[ TSy | Tl
B,(z) |z —y €B,(x) |z — vy

:/ VN7 e (5, 0 dc + 4PN e ey
B

|§|n+25 2 |<‘n+25 C

p €B,

< ||v¢||2Loo(Bp(w)) pPUm 4 H1/’||2m(13n)ﬂ_25
> Wn-1 +
2(1-ys) s



48 Giampiero Palatucci et al.

and this easily implies (142). O

Lemma 13 Letn > 1. Let x € R, p > 0 and ¢ € L>®(R").
Suppose that there exists = € R™ and K € R

U(y) —¢(z) = = (y — ) < Kl —y|%, (143)
for any y € B,(xz). Then,
U(y) — ¥(z) Kp*1=9) ¢l g gmyp ™
o o — g WS @ ( 21— ) p ) ()

Analogously, if we replace (143) with the assumption that there exists ZeR"
and K € R such that

Uly) — (@) = 5 (y —2) > =Kz —y/?, (145)
for any y € B,(x), we obtain that
() —¥(y) Kp?0=) [l @emyp”
L T dy < wpy . 14
o o= g WS @ ( 21— 3) s ) (146)

In particular, if ¥ € L= (R™) N W?2>°(B,(z)) we have that
Y(y) — P(x) dy'

|z — gyt

Rn

< gy (D0, 0 [y ™) - (147)
—5)s

Proof We prove (144) under assumption (143), since the proof of (146) under

assumption (145) is the same, and then (147) follows from (143) and (145) by

choosing 5 = = = V¢(z) and K = K := | D[ Lo (B, (x))- The proof below

is similar to the one of Lemma 12, but we give the details for the facility of

the reader.

Notice that, by symmetry,

/ 7:.(1’7%2’)(@:0.
B, (z) |7 — Y[

Consequently, we bound the left hand side of (144) by
— + 5. — —

/ Y(y) —(x) = (z —y) dy +/ ¥ (x) i(i)' d
B, (z) |z -y €B,(x) |z -y

K 2[|9[ Lo (rr
S / n+2s—2 dy +/ n(+25) dy
B,(z) 1T — Y| B, 1T~ Yl

K 2[4 Loo (mm)
- 7d<+/ ANz ®n) g
/Bp ||nF2s—2 %B, |CI"T2

K p?=9) )| oo (mmyp ™2
_wn_1|:2(1_8) + S :|a

that is (144). 0
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Lemma 14 Letn > 1 and let x € R™. Let ¢p € L= (R™) be continuous, radial
and radially non-decreasing, with

sup ¢ = maxy) = M.
R R"
Suppose that ) € W ({tp < M}). Then,

V(@) =) . wn

re |z —y[rt2e T (1—s)s

(1Dl (genry) + Il ). (148)
Proof By the radial symmetry of v, we have that

{ <M} = By
for some k > 0. Accordingly,

for any z, y in the closure of B,

, , (149)
V(y) > ¥(2) + VY(2)(y — 2) — [|ID*Y| oo (ppenry) (2 — y)™.

Also, fixed any z € R™, we define

kx/|z| otherwise.

_{ x ifx e By,

Notice that |z| < &, that ¥(x) = ¢(z), that ¥(z) — ¢(y) > 0 if and only
if |z] > |y|. Also, if |x| > K and « is the angle between the vector x — z
and y — z, the convexity of B, implies that

67T37r
a 228
2’ 2

and so cosa < 0. Hence,

lz—yl =]z —y2+ |z — 22— 2z — y| [z — z[cosx
>V0e—yP+lz—a2 > [z -yl

if |x| > k (and, obviously, the estimate holds for |z| < k too, since is the case
z=1x).
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Thus, we use the above observations to obtain

¥(@) = vy o v(z) —vly) o - v(z) —v(y)

R™ |x_y‘n+29 B|z‘ |x_y|n+2s B B|z‘ |Z_y|n+23

</ v~ v

B|Z‘ﬂBl(z) |Z_y|n+28
¥(z) — ¢y
BMF‘I%Bl(z) |Z_y|
< [ 0Pl 2 - P dy
B1(z)

i 2| Loo (mm) i
“B |z — y|nt2s
1(2) y

D? . e

)

1—s S

which implies the desired result. O
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