PERIODIC SOLUTIONS TO INTEGRO-DIFFERENTIAL EQUATIONS:
VARIATIONAL FORMULATION, SYMMETRY, AND REGULARITY
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ABSTRACT. We consider nonconstant periodic constrained minimizers of semilinear elliptic
equations for integro-differential operators in R. We prove that, after an appropriate translation,
each of them is necessarily an even function which is decreasing in half its period. In particular,
it has only two critical points in half its period, the absolute maximum and minimum. If these
statements hold for all nonconstant periodic solutions, and not only for constrained minimizers,
remains as an open problem.

Our results apply to operators with kernels in two different classes: kernels K which are
convex and kernels for which K (71/2) is a completely monotonic function of 7. This last new
class arose in our previous work on nonlocal Delaunay surfaces in R™. Due to their symmetry
of revolution, it gave rise to a 1d problem involving an operator with a nonconvex kernel.
Our proofs are based on a not so well-known Riesz rearrangement inequality on the circle S
established in 1976.

We also put in evidence a new regularity fact which is a truly nonlocal-semilinear effect and
also occurs in the nonperiodic setting. Namely, for nonlinearities in C# and when 2s + 3 < 1
(25 being the order of the operator), the solution is not always C?**5~¢ for all € > 0.

1. INTRODUCTION

1.1. A new symmetry result for periodic solutions. It is well known that bounded so-
lutions to the semilinear second order ODE —u” = f(u) in R are —up to a multiplicative
factor £1 and up to translations— either increasing in R, or even with respect to 0 and de-
creasing in (0,400), or periodic. This follows immediately from the fact that « must be even
with respect to any of its critical pointsﬂ after considering the cases when v’ vanishes at none,
only one, or at least two points.

It is then natural to ask whether this classification also holds true for the fractional Laplacian,
that is, if, for every 0 < s < 1, any bounded solution u to

(=AYu= f(u) inR (1.1)

belongs to one of the above mentioned three categories. Recall that

(—A)u(z) = ¢, PV, / gy )~ uly) _ sET(1/2+5)

= . 1.2
LW T 4T AT (1.2
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IThis is a consequence of the uniqueness theorem for ODEs: if u/ vanishes at z = 0, say, then v(z) := u(—x)
solves the same equation and has same initial position and derivative at x = 0 as w.
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Due to the lack of an analogue uniqueness result for , the aforementioned argument can
not be carried out in the nonlocal case.

The first author learned this question from Sola-Morales when working on our joint paper
[19]. The paper dealt with equation for s = 1/2. To the best of our knowledge the
conjecture is still wide open. It is only known to be true for the equation

(=A)2u=—u+u?> IR (1.3)

modelling traveling wave solutions to the Benjamin-Ono equation in hydrodynamics [8, 44] and
for the Peierls-Nabarro equation

(=A)Y2y = sin(ru) in R (1.4)

from continuum modeling of dislocations in crystals [43]. These are two really special equations
since they are “completely integrable”. More precisely, Amick and Toland [2] were able to find,
with explicit expressions, all bounded solutions to (L.3). This required f(u) to be exactly —u+u?
and s = 1/2]] Later, in [49] Toland also found all bounded solutions to the Peierls-Nabarro
equation using the fact that a derivative of any solution is the difference of two solutions to the
Benjamin-Ono equation.

Both equations and admit infinitely many periodic solutions of different amplitude.
Equation admits, on the other hand, a “ground state” solution; that is, an even solution
which is decreasing in (0, 4+00). Instead, admits a “layer solution”, that is, a solution that
is increasing in all of R.

In Section we will describe other dispersive equations (besides the Benjamin-Ono equa-
tion) that lead, when looking for standing or traveling wave solutions, to periodic solutions of
semilinear elliptic integro-differential equations fitting in our general framework below.

Back to the fractional Laplacian, for nonlinearities different than the two above there are few
works that classify solutions or prove symmetry and monotonicity properties. Let us mention
the main ones, including also some of those that establish Sturm-Liouville type results for
integro-differential equations —and thus the results are obtained in the absence of an ODE
existence and uniqueness theorem. We focus mainly on results on the evenness and monotonicity
of certain solutions, since the current paper concerns these properties in the periodic framework.

Chen, Li, and Ou [2I] adapted the moving planes method to the fractional Laplacian and
proved the even symmetry of positive solutions tending to zero at infinity (sometimes called
“ground states”).

Still regarding “ground state” solutions, an important 2013 work of Frank and Lenzmann [35]
established the uniqueness and nondegeneracy of a constrained minimizer in H*(R) for subcrit-
ical equations of the form

(—AY’u=—-u+u” inR.

For this, they first prove a nondegeneracy theorem for the linearized equation (—A)*v 4+ v —
puP v = 0 at a ground state u. Here, the essential idea relies on a suitable substitute for
Sturm-Liouville theory of ODEs to study the sign-changes of the second eigenfunction of an
operator (—A)® + V(z). Then, by means of an implicit function theorem, the nondegeneracy
result is used to construct a unique branch of solutions depending on the parameter s. To
conclude uniqueness of the solution, they extend the branch up to s = 1 and use the uniqueness
result for ODEs when s = 1.

2Their method consisted of identifying the equation as the boundary relation with respect to a local one in
the upper half-plane which can be solved using complex analysis techniques.
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For radial solutions to the same equation (—A)*u = —u + u” in higher dimensions, Frank,
Lenzmann, and Silvestre [30] extended this uniqueness and nondegeneracy result. To do so, they
proved Sturmian properties for the radial eigenfunctions of (—A)*+V (|z|) with V nondecreasing

n (0, +00) ]

Their argument uses a Hamiltonian for the fractional Laplacian that had been discovered by
the first author, Sola-Morales, and Sire [19, [18][]

In the following result we establish the even symmetry and monotonicity of periodic con-
strained minimizers for a nonlocal Lagrangian whose first variation is a semilinear equation
(—A)*u = f(u). Its proof is based on a not so well-known Riesz rearrangement inequality on S
from 1976. It is an open problem to know if evenness holds also for all periodic solutions —not
only for constrained minimizers.

Theorem 1.1. Let L > 0,0 < s <1, G € C'(R), Ge CI(R),ceR, and set g :=G', § := G

Assume that uw € L*(R) is 2L-periodic and minimizes the functional

/da:/ ‘” y|1(+22|2 /LLG(U) (1.5)

among all 2L-periodic functions v € L*(R satzsfymg the constraint

/ Gl
We then have:

(a) Up to a translation in the variable x € R, u is an even function in R which is nonin-
creasing in (0, L) [

(b) Assume that g and § belong to C°(R) for some § > 0. Then, u € C*T¢(R) for some
e > 0 and solves the equation (—A)*u = g(u) + Ag(u) in R, for some X € R.

(c) Assume that g and § belong to CY*3(R) for some § > 0. Then, u' is a continuous
function in R and, up to a translation in the variable x € R, u is even and u' < 0 in
(0, L), unless u is constant. In particular, u is an even function in R which is decreasing
n (0,L). Thus, u has only two critical points in [0, L], its maximum at x = 0 and its
minimum at x = L.

Open problem 1.2. Do the conclusions of Theorem hold also for all (smooth) periodic
solutions to ([I.1))—and not only for constrained minimizers?

It is worth pointing out that some semilinear equations (—A)*u = f(u) do admit periodic
constrained minimizers which are nonconstant. Indeed, in the forthcoming work [17] we will
show their existence for the equation (—A)*u = —u + v” in R, where v > 0 and p > 1 is

3Very recently, Fall and Weth [34] improved the nondegeneracy result of [36] by removing the hypothesis
which required the “ground state” to be a constrained minimizer. In addition, they also prove its uniqueness
but only in dimension n = 1.

In a forthcoming article [16], we will make an in depth study of the Hamiltonian for periodic solutions, also
in the case of more general integro-differential operators.

5 In other words, there exists z € R, such that y — u(z +y) is an even function in R which is nonincreasing
for y € (0,L). A comment here is in order. If a similar result, based on a rearrangement, were proved for
“ground state” solutions in R, its conclusion should include also the case in which —u(z 4 -) (with the minus
sign) is even and nonincreasing in (0, L). However, this case is not relevant for periodic solutions. Indeed, such
a periodic solution (with its minimum at the origin) will be even and nonincreasing in (0, L) after a further
translation that places its maximum at the origin.
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subcritical, whenever the period 2L is large enoughﬁ On the other hand, in Appendix |C| we
show that, for f regular enough, every bounded periodic solution to (—A)*u = f(u) in R which
is a stable solution (here we impose no constraint)ﬂ must be identically constant. In particular,
under no constraint, there are no nonconstant bounded periodic minimizers —not even local
minimizers, meaning minimizers among small periodic perturbations.

For more general integro-differential operators, below we will introduce some classes of kernels
for which the analogue of Theorem also holds; see Corollary

1.2. The Lagrangian for nonlocal periodic problems. To find solutions to the Dirichlet
problem (—A)*u = g(u) in (—L, L) and u = ¢ in R\ (=L, L) by variational methods, one looks
for critical points of the well-known Lagrangian

Cs v(z) —v(y)?
Ew)+ — / dx/ dy—
( ) 4 (=L,L) (—L,L) | y|1+28

2
// drdy |v(z) 1+2| / Gl
(RXR)\((—L,L)¢x (—L,L)°) |z — y[t2s

among functions with a prescribed exterior Dirichlet datum (. Recall that £ is the functional
in (1.5). However, in the periodic setting, one cannot prescribe any exterior datum, only
periodicity. It turns out, as we see from , that the Lagrangian F of Theorem for the
periodic framework differs from the Lagrangian for the Dirichlet problem.

To our knowledge, a nonlocal Lagrangian of the same type as E (that is, with (=L, L) xR as
set of integration), and modeled to find periodic solutions, appeared for first time in 2015 in the
arXiv version of [26]. That work concerned the construction, by variational methods, of some
nonlocal analogues of Delaunay surfaces. When [26] became available, we communicated to its
authors that the first variation of their functional was the well-known nonlocal mean curvature.
[26] had not addressed the first variation —that was believed to be a kind of nonlocal mean
curvature, but not exactly it. At that time, we were already working on the periodic Lagrangian
for the fractional Laplacian.ﬁ

The variational setting for general integro-differential operators that the current paper un-
dertakes serves as foundation for existence results of periodic solutions to integro-differential
equations, and not only in dimension one. Indeed, in [I5] we established for first time the ex-
istence (for any given volume constraint within a period) of nonlocal Delaunay cylinders (i.e.,
periodic sets with constant nonlocal mean curvature) by variational methods —something that
was left as an open problem in [26]. The results in [I5] are strongly related to the developments
of the present paper.

Another instance is our forthcoming work [I7], where we strengthen the existence results of
Gui, Zhang, and Du [39] on periodic solutions for the fractional Laplacian with Allen-Cahn

(1.6)

6With the notation of the theorem, here we will have G(u) = —u2/2, G(u) = |u|P**/(p+1), and the constant ¢
appropriately chosen so that the Lagrange multiplier A is 1.

7Stability means that the second variation of F at the 2L-periodic solution is nonnegative definite when
acting on 2L-periodic functions.

8That the nonlocal mean curvature is the first variation of the periodic fractional perimeter introduced
in [26] already appeared in the Master’s Thesis from 2017 of M. Alvinya [I], directed within our group; see
its Proposition 5.0.3. On the other hand, Section 4.2 of the Thesis already introduces the periodic semilinear
Lagrangian , which also appeared, in independent works from ours, in DelaTorre, del Pino, Gonzalez, and
Wei [27] and in Barrios, Garcia-Melidn, and Quaas [6].



PERIODIC SOLUTIONS TO INTEGRO-DIFFERENTIAL EQUATIONS 5

type nonlinearities, and those of Barrios, Garcia-Melidn, and Quaas [6] for Benjamin-Ono type
nonlinearities.

1.3. The symmetry result for general nonlocal operators. We also study more general
equations, of the form
Lru= f(u) inR,

where u : R — R is periodic and L is an integro-differential operator defined by
Licu() = lim dy (u(z) — u(y)) K (|2 — y]) (1.7)
40 S {yer: [a—y|><}

and K : (0, +00) — [0, 400).
In some results, we will assume one or both of the standard conditions on the growth of K:

K(t) <

< forallt >0 (1.8)

and
K(t) >

= 142s
for some constants 0 < s <1 and 0 < A < A.
For semilinear equations involving the fractional Laplacian, the Lagrangian can be con-
structed using a suitable extension to one more real variable, converting the problem into a local
one. This extension technique has been used in [23] B3, B9] to show the existence of periodic
solutions to certain classes of semilinear equations of the type (—A)*u = f(u) in R. However,
for general integro-differential operators Ly no extension exists a priori, and the Lagrangian
must be defined directly “downstairs”. We will easily see that the appropriate Lagrangian for
2 L-periodic solutions to Lxu = g(u) in R is, in analogy to the case of the fractional Laplacian,

Lo

r,0(u) = slulk — /L Glu), (1.10)

for all t > 0, (1.9)

where ¢ = G’ and

= (3 [ o [yl —utptie o) " (111

Note that if Lx = (—A)® then &, is the Lagrangian E in ([1.5)).

To prove the evenness and monotonicity of 2L-periodic constrained minimizers, we use a pe-
riodic rearrangement. For a 2L-periodic function u : R — R, the periodic symmetric decreasing
rearrangement of u is defined as the 2L-periodic function u*P*" : R — R such that u*P"x_p )
is the Schwarz rearrangement of |u|x(_r ) on R. Recall that the Schwarz rearrangement of
v:(—L,L) = R, denoted by v*, is the nonnegative function which is equimeasurable with |v],
nonincreasing in (0, L), and even with respect to 0 —that is, v* is obtained by replacing the
superlevel-sets of |v| by symmetric intervalsﬂ

The classical Pélya-Szeg6 inequality for functions vanishing on the boundary of (—L, L) states
that

/ |(v*)'|2§/ |v'|?,  if v(=L) =wv(L) = 0. (1.12)

L L

9Most rearrangements are defined by rearranging the superlevel-sets of |u| and not of u. One might define
the rearrangement by considering the superlevel-sets of u, but then one needs an additional assumption on w,
such as, for instance, being bounded from below.
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This inequality remains true in the local periodic setting, that is, if we assume v to be 2L-
periodic (not necessarily with v(£L) = 0) and we replace v* by v*P®. To see this, simply
replace v by v — ming v, consider a translate v(- + z) of v so that v(- 4+ z) — ming v vanishes at
—L and L, and then apply .

Instead, in the nonlocal case, the study of periodic versions of becomes nontrivial.
Indeed, the nonlocal semi-norm [u]x feels the changes after rearrangement in all other periods
besides (—L, L). This will have a nontrivial impact when localizing the problem to (=L, L).
Indeed, in [41] it was shown that the Gagliardo W*?(—L, L) semi-norm,

[U]Ws’2(—L,L) = (/Lde /LLdy lu(z) — U(y)|2|m _ y|—1—2s>

may increase, after symmetric decreasing rearrangement, for some smooth functions u with
compact support in (—L,L). Note, however, that our semi-norm [u]x differs from this last
semi-norm in its set of integration (—L, L) x R.

A possible analogue to the rearrangement inequality for the fractional perimeter func-
tional on periodic sets was raised as an open problem by Dé&vila, del Pino, Dipierro, and
Valdinoci in [26]. We solved it affirmatively in [I5]. Our proof was based on a Riesz rearrange-
ment inequality on the circle S!, established independently in 1976 by Baernstein and Taylor [5]
and by Friedberg and Luttinger [37]. It is stated below in Theorem H We then realized
that similar ideas would work for equations involving the fractional Laplacian instead of the
more involved nonlocal mean curvature operator, giving rise to the current paper.

The following Theorem establishes the analogue to the rearrangement inequality
for the nonlocal semi-norm [|; on 2L-periodic functions and with respect to the periodic
symmetric decreasing rearrangement. Our result applies to three different classes of kernels K.
The first one is given by those kernels K which are convex. This is an interesting class that
contains the kernel of the fractional Laplacian K (t) = c,t~'72*. However, this class does not
allow to conclude symmetry for the nonlocal Delaunay cylinders in [I5], where we had to deal
with the nonconvex kernel

1/2
, (1.13)

K(t) = (£* + o)~ (972 for some a > 0 and n > 2. (1.14)

Our second Clasﬂ —which includes (|1.14)) and also the kernel of the fractional Laplacian— are
those kernels K for which 7 > 0 +— K (7'/2) is a completely monotonic function. Let us recall
this notion.

Definition 1.3. A function J : (0,4+00) — R is completely monotonic if J is infinitely differ-
entiable and satisfies
dk
—1)F——
(=1) drk
Clearly K(7'/?) is completely monotonic in 7 > 0 when K is either the kernel (1.14) or
the one of the fractional Laplacian, since we have, respectively, J(7) = (7 + a?)~("+9)/2 and
J(1) = com~1+29)/2 in Definition [1.3]

We can now state our main result.

(1) >0 for all k > 0 and all 7 > 0.

10T heorem 4.1| will lead to a periodic rearrangement inequality for quantities integrated in (—L, L)x (=L, L),
as in ([1.13]), but with |2 —y|~172% replaced by some kernels K (| —y|) which are 2L-periodic in x for all given y.
H1n Appendix E we will show that none of these two classes contains the other.
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Theorem 1.4. Let 0 < s < 1, K : (0,+00) — [0, +00) satisfy the upper bound (L.8), L > 0,
and [k be defined by (L.11]).
(a) Assume that one of the following holds:
(1) K is convex.
(ii) The function T > 0+ K(7'/?) is completely monotonic.
(i4i) K is nonincreasing in (0, L) and vanishes in [L,+00).
Then, [u*P*|x < [ulx for every 2L-periodic function u : R — R such that u €
[2(—L, ).
(b) Assume that u is 2L-periodic, belongs to L*(—L, L), satisfies [u*P*]x = [u]x < +oo,
and that one of the following holds:
(i)' K is convez in (0,+00) and strictly convef? in (¢, +00) for some ¢ > 0.
(17)" K is as in (i) and K is not identically zero.
(1i1)" K is decreasing in (0, L) and vanishes in [L,+0o0).
Then, for some z € R, we have that either u = u*P* (- + 2z) or u = —u*P* (- + 2).

Case (zit) will apply if the kernel K is nonincreasing and has compact support and, at the
same time, the period is large enough.

Regarding the class (ii), a characterization of complete monotonicity is given by Bernstein’s
theorem; see [10], [50, Theorem 12b in Chapter IV], and [40, Section 14.3]. Roughly speaking,
it states that a function is completely monotonic if and only if it is the Laplace transform of
a nonnegative measure. In the context of Theorem [1.4] this characterization reads as follows:
condition (i7) is equivalent to the existence of a nondecreasing function A : [0, +00) — R such
that, if u denotes the Borel measure defined by p((a, b)) := h(b) —h(a) for all 0 < a < b < +o0,
the kernel K is of the form

+oo
K(t) = / du(r) e ™" for all t > 0, (1.15)
0

and the integral in ([1.15]) converges for all ¢ > O.H In Remark we will compute the measure
(1.14)

for the kernel K in and for the kernel of the fractional Laplacian.

This representation of K by means of the Laplace transform is the key ingredient to prove
Theorem for the class (i7). For this, we write the Lagrangian [-]x in as a double
integral over (—L, L) x (=L, L) with respect to the 2L-periodic kernel

K(t)=> K(t+2kL|) forteR.

kEZ

In order to apply the Riesz rearrangement inequality on the circle, K must be nonincreasing in
t € (0,L). This is a nontrivial question, for instance, for the nonlocal mean curvature kernel
(1.14)) which appeared in [I5]. In that paper, we had the idea of expressing it in terms of a
Laplace transform, and this reduced the problem to verify the monotonicity of the classical
periodic heat kernel. We then realized that this method works for all kernels which arise from
the Laplace transform of a nonnegative measure. This led us to a new class for us: kernels such

12By K being strictly convex in an interval I we mean that K (A1 + (1 — Nta) < AK(t1) + (1 — \) K (t2) for
all t; # to in I and all A € (0,1). Thus, in case K were C?, this is more general than the condition K” > 0 at
all points in 1.

13In all our results, and also examples in Appendix |B| we will only use a special case of , namely, when
the measure is of the form p(A) = [, dr k(r) for some & : (0, +00) = [0,400) measurable (and not identically
zero). That is, p will be absolutely continuous with respect to the Lebesgue measure.
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that K (/%) is completely monotonic. Then, with the keywords “completely monotonic” and
“fractional” at hand, we found that in independent works from ours, Claassen and Johnson
[22] and Bruell and Pei [12] had also used the Laplace transform to prove symmetry and
monotonicity properties of periodic solutions associated to standing or travelling waves of some
nonlocal dispersive equations

Indeed, for the particular case of the fractional Laplacian, part (a) of Theorem is also
proved by Claassen and Johnson [22]. That is, they showed that if K (t) = t~'172% then [u*P]x <
[u] for 2L-periodic functions u. Their proof follows the same lines as ours for Theorem [1.4] (i).
However, they do not cover the case of equality described in part (b) of Theorem , which is
the key point to ensure that all constrained minimizers must be symmetric and monotone. Also,
their arguments are more involved than ours since they consider the kernel for the fractional
heat equation. In addition, for the case of the fractional Laplacian, our proof of the Pélya-Szegd
type inequality for convex kernels —i.e., our proof of Theorem (1)— applies and is much
simpler.

A class of kernels which contains the cases (i), (i7), and (iii) is the one of nonincreasing
kernels —note that, in case (i), convexity and the decay estimate lead to nonincreasing
monotonicity. Thus, it is tempting to think that Theorem could hold for all nonincreasing
kernels. This is however not true, as we show in Appendix [B] with a simple example.

Theorem leads to the evenness and monotonicity of every constrained minimizer of the
Lagrangian functional &., . This is the content of the following result.

Corollary 1.5. Let L > 0,0 < s < 1, K satisfy the upper bound (L.8), G € C*(R), G € C*(R),
c €R, and set g =G, g := G'. Let Er, be asin . Assume that K satisfies one of the
three conditions (i)', (it)', or (iii)' of Theorem[1.4] (b).

If w € L>®(R) is 2L-periodic and minimizes Eg, among 2L-periodic functions v € L>®(R)
satisfying ffL é(v) = ¢, then, up to a translation in the variable x € R, u is even and nonin-
creasing in (0, L).

Assume, in addition, that K satisfies the lower bound and that g and § belong to C1+°(R)
for some 6 > 0. Then, u' is a continuous function in R and, up to a translation in the variable
x € R, wis even and u' < 0 in (0, L), unless u is constant. In particular, u is an even function
in R which is decreasing in (0, L). Thus, u has only two critical points in [0, L], its mazimum
at © =0 and its minimum at x = L.

Within the proof of the corollary, we will see that if we further assume u > 0, then the
condition v € L>®(R) is not necessary in the first conclusion of the result, i.e., u is even and
nonincreasing in (0, L) after a translation. Thus, we may consider constrained minimizers in
classes of functions which are not necessarily bounded, such as the class L?(—L, L) for instance.

In Remark [6.1] we will point out that Corollary [I.5also holds for minimizers with other type
of constraints. For instance, a constraint on the quasi-norm of u in a Lorentz space.

To prove the last statements of Corollary and of Theorem on strict monotonicity,
we need to develop a strong maximum principle for periodic solutions to integro-differential
equations. To our knowledge, this is the first time that such a result is proven, even for the
fractional Laplacian.

141 Section we will explain the relation between our semilinear elliptic equations and some dispersive
equations.
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Theorem 1.6. Let 0 < s < 1 and L > 0. Assume that K : (0,+00) — [0,+00) satisfies
the upper bound and that K satisfies one of the three conditions (i)', (i)', or (iii)" of
Theorem (b). Suppose that c € L>°(R) and that v € C*T(R) for some v > 0.

If v is odd, 2L-periodic, and solves

Lrv < c(z)v in (0, L),
v<0 in (0, L),

then either v < 0 in (0, L) or v is identically equal to 0.

We have a simple direct proof of this lemma, as that of the maximum principle for the
fractional Laplacian without a periodicity condition, when the kernel K is convex. Instead, for
the class of nonconvex kernels with K (7'/2) being completely monotonic in 7, the proof uses
the Laplace transform as when proving Theorem

1.4. Regularity. In this paper we also study the Holder regularity of bounded 2L-periodic
distributional solutions to Lxu = f(u) in R when f € C?(R) for some 8 > 0. Our regular-
ity results are employed to establish some parts of the results stated above. By 2L-periodic
distributional solution we mean that u is 2L-periodic, belongs to L'(—L, L), and satisfies

/_LLucsz/_LLﬂu)w

for every 2L-periodic and smooth function .

The boundedness of solutions u € L?(—L, L) such that [u]x is finite is guaranteed either if s >
1/2 or under standard subcritical-type assumptions on the nonlinearity f; see Proposition .

Recall that, with f € C#(R) as above, bounded solutions to —Au = f(u) in B; C R satisfy
u € C**P(By) (if B > 0 is not an integer), a result which is obtained by simply combining
Calderén-Zygmund and Schauder’s estimates. If § = k is an integer and n > 1, then u is
C?tF=¢ for all € > 0, but to prove or disprove that u is always of class C?** still seems to be an
unsettled problemﬁ

In view of the local result, one would expect that bounded solutions to Lxu = f(u) with
f € CP(R) for some 8 > 0 are of class C?*7#=¢ for every ¢ > 0 (or even perhaps C**#). In
the following result we prove that this claim is indeed true when s > (1 — 3)/2. However, if
0<f<land0< s < (1—p)/2, the best regularity that one can expect for bounded solutions
is to be of class C?/(0=P) as explained in the following theorem and subsequent comments.
This exponent 2s/(1 — /) is smaller than 2s 4 5 when 0 < s < (1 — 3)/2, and seems to be new
on the literature of fractional semilinear elliptic equations.

We emphasize that the next result remains true also in the nonperiodic setting (i.e., for
the interior regularity in the Dirichlet problem) with an additional assumption on the Holder
semi-norm of K; see Remark and the observations right after it.

Theorem 1.7. Let K satisfy the bounds (1.8) and (1.9) for some 0 < s < 1, f belong to C*(R)
for some 5 >0, and u € L>°(R) be a 2L-periodic distributional solution to Lxu = f(u) in R.
Then, the following holds:

(i) If B <1 and s < %, then u € C’l%sﬁfe(R) for all € > 0. Moreover, [|ul|cas/a-p)-cg) is
bounded by a constant which depends only on s, B, €, L, X\, A, || fllcaw), and ||u||pom).

151 the case k = 0, and thus f is merely continuous, it has been posed as an open question in [47] whether
all solutions have continuous second derivatives.
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(13) If s > % (this holds, in particular, if 3 > 1), then u € CP*25¢(R) for all € > 0.
Moreover, ||u|\05+2576(R) is bounded by a constant which depends only on s, B, €, L, \,

A, | fllesmy, and |lu

L>o(R)

In our forthcoming work [25], it will be shown with an example that in case (i) (and also
in the nonperiodic setting) one cannot go beyond C?*/(1=%) regularity. This a truly semilinear-
fractional effect that does not occur for the linear equation Lxu = h(x), and neither for local
semilinear equations.

To see that (i) is a natural result, note that a simple heuristic calculation —assuming that
r < 1 and (=A)?(|z]") = |z|"~% = (|z|")"2)/". Here we have f = 1 — 2s/r and thus
r = 2s/(1 — [3). Besides this heuristic argument, the precise reason why the corresponding
proof of (i7) (or its analogue in the local case) breaks down in case (i), is that the composition
of Hélder functions f(v), for f € C® and v € C7, behaves differently when o and 3 are both
smaller than 1, and one obtains merely f(v) € C??. In the iteration argument of the proof,
one uses in each step this composition argument, never reaching a Holder exponent greater or
equal than 1.

1.5. Fourier multiplier operators and dispersive equations. In this work we also address
the variational structure of equations of the form Lu = f(u), where L is a Fourier multiplier
operator defined by

(1.16)

and u(z) = >, upe'T® is the Fourier series expansion of a 2L-periodic function u. Here,
¢ : R — R is called the symbol (or multiplier) of £. As we will see, this class of operators
includes all Lx from ((1.7) with K satisfying the upper bound —the case ((§) = [¢]**
being the fractional Laplacian (—A)®.

Equations of the form Lu = f(u) naturally arise in many physical models. For instance, in
the context of wave propagation, the general nonlinear equation

vy — L(vg) + g(v), =0 forx eR, t>0 (1.17)

was considered in [9, 20] to describe long-crested, long-wavelength disturbances of small am-
plitude propagating in one direction in a dispersive media. Here, v = wv(z,t) represents and
amplitude or a velocity, z is usually associated with distance to some given point in the spatial
domain of propagation, ¢ is proportional to the time variable, and the operator £ acts on the
spatial variable. When looking for periodic traveling wave solutions of the form

v(x,t) = u(x — ct) Zukemk(z ),

keZ

where 2L is the spatial period and ¢ the velocity of propagation, the dispersive equation (|1.17))
rewrites in terms of u as —cu’ — L(u’) + g(u)’ = 0. Then, commuting the derivative with L,
one arrives to the equation Lu = f(u) with f(u) = —cu + g(u) + A, where A is a constant
of integration. The Benjamin-Ono equation (—A)*u = —u + u? mentioned in Section is a
concrete example coming from (L.17)), as well as the Benjamin equation S(—A)u—~(—A)?y =
—u + u? with 8 > 0 and v > 0, which is a further generalization of Benjamin-Ono where
short and long range diffusion compete against each other. For the generalized Korteweg-de
Vries equation v; + vy + g(v), = 0, which corresponds to taking £ = —0,,, one gets
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—u" = —cu+g(u)+A. An example coming from a model not covered by is the one for the
Benjamin-Bona-Mahony equation v;+v, +vv, — v,z = 0, which leads to —cu” = (c—1)u—u?+A.

The integro-differential equation Lxu = f(u) considered in this work also falls within the
above Fourier framework Lu = f(u). Indeed, the operators Ly defined in ([1.7), with K sat-
isfying the upper bound , are multiplier operators with a symbol ¢ = /x which can be
explicitly written in terms of K; see Lemma (3.1 This follows from the simple fact that the
standard Fourier basis are eigenfunctions of Lx. In turn, the equation Lxu = f(u) covers some
of the examples from wave propagation presented before. In particular, for those examples,
Corollary leads to symmetry properties for traveling waves found by a constrained mini-
mization of the associated Lagrangian &, given in . This applies, for instance, to the
nontrivial constrained minimizers for large enough periods 2L found by Chen and Bona [20]
when the symbol comes from a kernel as the ones described in Theorem (b). Moreover,
our Corollary is, in a sense, the counterpart of the symmetry results found by Bruell and
Pei [12] for dispersive equations with weak dispersion to the case of strong dispersion, once
we restrict ourselves to constrained minimizers. Recall here that in [12], apart from complete
monotonicity and/or homogeneity, the symbol is assumed to have a power-like decay at infinity
—this last property is the one which refers to the words “weak dispersion”. Hence, their results
do not cover integro-differential operators like the fractional Laplacian, for which the symbol
has instead power growth at infinity.

The proofs of symmetry and monotonicity presented in this paper, which are based on pe-
riodic rearrangement, only work for operators of the form Lx and some kernels K, but not
for general multiplier operators £. However, the description of the variational structure of
Lxu = f(u) —briefly commented in Section and fully developed in Section easily ex-
tends to Lu = f(u). This is useful since there are models of interest in the literature (such
as the Benjamin equation) which cannot be described solely by using an integro-differential
operator. That is why we will show in Section (3| that the Lagrangian expression general-
izes to multiplier operators £ as in (1.16]). More precisely, we will show that Lu = g(u) is the
Euler-Lagrange equation of the functional

Ec(u) = /_LL <%u£u — G(u)); (1.18)

see , , and Lemma for more details. The reader may also look at Section [3| for the
precise assumptions required on the symbol ¢ of £ in order to construct the Lagrangian (|1.18]).

To finish this subsection, let us mention that the Fourier series approach also leads to a nice
relation between the integro-differential expressions for the half-Laplacian on R and on S*. We
give the details of this in Appendix [A]

Plan of the paper.

e In Section [2| we describe the variational formulation for linear and semilinear equations.
We define here the notions of periodic weak and distributional solutions.

e In Section |3|we generalize the variational formulation of Section [2[to multiplier operators
for Fourier series, introduced above in Section [1.5]

e In Section [4] we show a nonlocal Pélya-Szegé inequality for the periodic symmetric
decreasing rearrangement, Theorem [1.4]

e In Section [p| we establish a strong maximum principle for periodic solutions of integro-
differential equations, Theorem [1.6]

e In Section [l we provide the proofs of Theorem [I.1] and Corollary
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e In Section [7| we prove L°(R) estimates for weak periodic solutions.

e In Section (8] we establish the C*(R) estimates of Theorem for bounded periodic
distributional solutions.

e In Appendix [A] we investigate the connection between the half-Laplacian acting on
periodic functions in R and on functions defined in S*.

e In Appendix [B we discuss on the classes of kernels considered in Theorem

e In Appendix [C] we establish that every stable periodic solution is identically constant.

2. VARIATIONAL FORMULATION FOR NONLOCAL PERIODIC PROBLEMS

In this section we address the variational approach for periodic solutions to the linear equation
Lrxu = hin R and also to the semilinear equation Lxu = f(u) in R. In the linear case we
assume the function A : R — R to be periodic.

As mentioned in Section of the Introduction, the well-known Lagrangian for the
Dirichlet problem for the fractional Laplacian differs from the Lagrangian for the periodic
problem. The same situation occurs for the general integro-differential operator L£xu defined
in (| . In this section we will show that Lxu = g(u) in R is the Euler-Lagrange equation for
critical points of the functional (recall that g = G")

£, (u /dx/dyru — () K (J — yl) - / G(u) 2.1)

acting on 2L-periodic functions u. To show this, we will express the functional explicitly in
terms of L. By a basic integration by parts formula for Lx acting on periodic functions, we
will indeed see that (2.1)) rewrites as

Er, () = /_ ’ (% uLiu—Glu)). (2.2)

L

In view of (2.1) it is now natural to define an associated semi-norm and inner product as
follows. Given a 2L-periodic function u : R — R, we set

= (3 f d [ avtute) = wtwPx(e - )"

In addition, given another 2L-periodic function v, assuming that [u|x < 400 and [v]x < 400,
we define the symmetric bilinear form

-1 / da /R dy (u(x) — u(y)) (v(z) — o) K|z - y]).

This motivates the following weak formulation for periodic solutions to the equation Lxu = h
in R. Given a 2L-periodic function h, with h € L?(—L, L), we say that a 2L-periodic function
u: R — R is a periodic weak solution to Lixu = h in R if u € L*(—L, L), [u]x < +00, and

(u,v)g = /_th (2.3)

L

for every 2L-periodic function v with v € L*(—L, L) and [v]x < +o00. In Lemma [2.1| we will
show that, if u is smooth enough and satisfies (2.3) for all such functions v, then

/L(EKU—hW: (u>¢>K—/Lh¢=0

—L —-L
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for every 2 L-periodic and smooth function . From this, by density and periodicity we conclude
that Lxu(x) = h(z) for almost every = € R.

In addition, in Proposition we will state a consistency-type result establishing that peri-
odic weak solutions are also weak solutions in the Dirichlet sense in every interval under their
own exterior data. This result will be needed later in the paper.

A final comment on another notion of periodic solution to Lxu = h in R is in order. Based
on our integration by parts formula (Lemma we may also introduce the concept of periodic
distributional solution simply by asking that u € L'(—L, L) is 2L-periodic and that

[frea

for every 2L-periodic and smooth function . This notion of solution is convenient when
considering more general right-hand sides h, such as distributions compactly supported in
(=L, L), with the understanding that [hi means the action of the distribution & on the test
function .

Be aware that in [31) 45] 46], whose regularity results will be used in Section , the authors
call “weak solution” to what we refer as “distributional solution”. The two notions coincide in
the usual Dirichlet case if u belongs to L*(R) and has finite W?* semi-norm. The same holds
true in the periodic setting. More precisely, as a consequence of Lemma [2.1] we will see that
every periodic distributional solution u satisfying v € L*(—L,L) and [u]x < 400, is also a
periodic weak solution (and vice-versa).

The following lemma is the basic integration by parts formula associated to Lx when acting
on periodic functions. It will justify the appropriate notion of periodic solution in the weak
sense, and it will give the suitable kinetic term of the Lagrangian functional associated to L.

Lemma 2.1. Let K satisfy the upper bound (1.8)). If uw and v are 2L-periodic functions,
u€ L*(—L,L), [ulg < +oo, and 1 € C*(R) for some a > 251 then

[ uwtwr=5 [ o [ dy (uta) = ) (660 = @) Kl = o). (2.4

If in addition v € C*(R) for some a > 2s, then

/ LLuﬁKw _ /_ i(LKum. (2.5)

Remark 2.2. Before proving the lemma, a few remarks on (2.4) are in order. Recall that by
definition

Lp(z) = hg)l dy (Y(x) —(y) K (Jlx —y]) =: th:(I]l Lk (x), where K¢ := KX(c to0)-
€. R €.

If v € C*(R) (¢ not being necessarily periodic) and o > 2s, then Lg_1(x) is uniformly bounded

for all e > 0 and all x € R, and the pointwise limit as € | 0 is well defined. This can be checked

as follows. First, note that we can assume without loss of generality 2s < a < 2, since s is

smaller than 1. Using the upper bound (1.8]) we see that (the second line is needed only if

Here, a > 1 is allowed as well.
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2s > 1 and hence 1 < a < 2)
L) =| [ d= (0la) = vta = ) K.(l2)
2\/dz 26(2) — Yl — 2) — ¥l + ) Kell2])

—+00 dt a

< 4A||¢”L°°(R)/ s T 2A[ 9]l ooy / at f+2s = sC
1

for all € > 0 and all x € R, where C is a constant depending only on A, s, «, and |[¢||cem).
Similar arguments also show that |Cx 1(x) — Lk, (x)| tends to zero as € and § tend to 0.
This proves the well-definiteness of the left-hand side of , since we are assuming that
we L*(—-L,L) Cc LY(—L,L).

On the other hand, observe that no principal value is required on the right-hand side of .
To see this, simply write K = K'/2K'/? and use the Cauchy-Schwarz inequality to get

(2.6)

; / = / dy [u(x) — u(y) || () — (o) K (|2 - yI) < [l 2.7)

Hence, |u(z) — u(y)||v(x) — ¥(y)|K(Jx — y|) is integrable in (=L, L) x R. Here we have also
used that [¢]x < 00 if a > s.

Proof of Lemma [2.1] Set K. = KX (100 for € > 0, as before. We claim that it suffices to prove
the lemma for K, instead of K. Indeed, by definition Ly (z) = lim.o Lk 9 (z) and, therefore,
from and dominated convergence it follows that lim.o f_LL ulyg ) = f_LL u Lx1). On the
other hand, using the fact that 0 < K, < K for all € > 0 and , by dominated convergence
we get that

i [ do / dy (ulx) — u(y)) (U(x) —0(y)) Kol — o))
= [ do [ dy (o) = ul) (01) = 0 ) K12 = ).

This shows the claim. Thus, we will work with K, from now on.
In the next step we check the integrability properties of certain integrals. This is required
to justify the calculations proving the lemma. Writing K, = K."/?K."/? and using the Cauchy-
Schwarz inequality and the upper bound - on the growth of K, we see that

[t [ aslo@) @i - o) o)

L 12 O
<VEul( [ deputo)? [ ayk(e-u)) "< S
—L R\(z—e€,z+€) €
where C' only depends on A and s. Therefore, (¢¥(z)—¥(y))K(|z — y|)u(x) is absolutely
integrable in (—L, L) x R. This also proves that (¢(z) — ¥ (y))K(|]z — y|)u(y) is absolutely
integrable in (—L, L) x R, in view of (2.7) and the fact that |u(y)| < |u(y) — u(x)| + |u(z)|.

These integrability properties justify the forthcoming computations.

W]k llull2~1,1),
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We now address the proof of (2.4) for K.. Interchanging the name of the variables x and y,
we express the first integral as follows:

/z“‘“/’ -/ iz [ dy (010) = v) Kello = g u(o)

=5 [ do [ ay (o)~ ) Ko = o) ute) (28)

+%/L dy/Rdx (U(y) = ¥(x) K|z = yl) uly).

Since v and v are 2L-periodic, the change of variables T = v — 2kL, y = y — 2k L yields

/—L 4y /R dz (Y (y) = () Ke(|w = y]) uly)

(2k+1)L
= / Wl () — (@) K|z — o)) u(y)
keZ I (2.9)
= dy dz — (7)) K (|t — y|) uly
> / oy / 7 (6(7) — (@) K7 = 7))
/ i [ g (4(@) ~ 0@ Kl 7 = 7 (),
From and , we conclude that
L 1 L
[ utwa =5 [ an [ dy (@) = 00) (ule) = ) Ko = o).
This shows for K, in place of K, and finishes the proof of the lemma. [l

Given 2L-periodic functions u and v such that [u]x < +o0 and [v]x < 400, we have consid-
ered the symmetric bilinear form

_ %/_de/ﬂ{dy (u(z) — u(y)) (v(z) — v(y)) K (jz — y)).

which is well defined by (2.7} . In particular, [u]% = (u,u)r. Moreover, if in addition u € C?*(R)
and v € L*(—L, L), Lemma [2.1] yields

(1, V) = / LL(LKU) .

Let us now turn our attention to the Lagrangian associated to the linear and semilinear
equations. To compare it with the nonperiodic scenario, we begin by considering the Dirichlet
problem associated to the linear equation in a bounded open interval I C R, namely,

{EKU—h in I,

2.1
u=g inR\I, (2.10)
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where h is the given right-hand side and g corresponds to the exterior data. It is well known
that (2.10]) is the Euler-Lagrange equation for critical points of the Lagrangian

ol = 1{ [ do [ dylute) = utw)PK e =)

+2 [ o [ dylate) = u) PR (e =) } = [ B

among functions satisfying u = g in R\ / —see also to write this as a single double integral
in (RxR)\ (I¢x I°).

In contrast, consider now the periodic scenario. Let L > 0 and I = (—L, L) C R. We want
to study the variational framework of 2L-periodic solutions to Lxu = h in R, where h: R -+ R
is a 2L-periodic function. Here, no boundary data can be imposed (and hence the class of
competitors above for the Dirichlet problem makes no sense here), but the solution is asked to
be periodic and the equation to hold in the whole real line.

In the following Lemma [2.3] we show that, as announced, Lxu = h is the Euler-Lagrange
equation among 2L-periodic functions of a different functional than the one in the Dirichlet
case. It is given by

el = [dn [ dyluto) —ul)PK (=)~ [ B
1

:§(u,u>K—/Ihu=%[Uﬁ<—/lh“-

Using the periodicity of u, sometimes it will be useful to write &, (u) = 1[ul} — [, hu with

e = (3 [ do [ dylute) ~ a3 Ko~y + 2kp) (212)

kEZ

(2.11)

This will be useful, for instance, in the proof of Theorem to get our results on the periodic
symmetric decreasing rearrangement.

Lemma 2.3. Let K satisfy the upper bound (1.8). Assume that u and h are 2L-periodic
functions such that uw € L*(—L, L), [u]lx < +o00, and h € L*(—L,L). Then,

S Erlut ) = {u, ) - /_L hp — /_L (u Lxcth — ) (2.13)

t=0

for every 2L-periodic smooth function v. In particular, if h € L*(—L,L) and u is a critical
point of E¢,. among 2L-periodic smooth perturbations, then Lxu = h in R in the periodic weak
sense.

Proof. Lemma directly gives (2.13). Now, if u is a critical point of &, from (2.13) we
deduce that

<u,w>K=/_LLhw

for every 2L-periodic smooth 1. By density, this equality extends to every 2L-periodic function
1 such that ¢» € L*(—L, L) and [)]x < +oo. Thus, u is a periodic weak solution to Lru = h
in R. U
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Note that, once the variational framework for the linear periodic case is developed, we easily
get that the semilinear equation Lxu = g¢(u) in R is the Euler-Lagrange equation of the
functional &g, given in (2.1). That is, for the semilinear case we simply replace |, ; hu by
J; G(u) on the right-hand side of (2.11)), where G’ = g.

To finish this section, we establish a consistency-type result that will be needed within the
proof of Theorem [I.7 Recall that Theorem establishes the Holder regularity of bounded
periodic distributional solutions to the equation £xu = f(u). The next proposition shows that
periodic distributional solutions, in the linear case, are also distributional solutions in the usual
Dirichlet sense. It follows easily from the proposition that periodic weak solutions are also weak
solutions in the usual Dirichlet sense, provided one uses the standard (nonperiodic) integration
by parts formula and the corresponding (nonperiodic) semi-norm to define weak solutions in
the Dirichlet sense.

Proposition 2.4. Let K satisfy the upper bound (1.8)). Assume that w and h belong to

LY—L, L), u is 2L-periodic, and
L L
[ utwo= [ w
~L ~L

for every 2L-periodic smooth function .

Then,
/uEKgo:/hga (2.14)
R R

for every ¢ € C°(—L, L). In particular, u is a distributional solution of Lxu = h in the usual
Dirichlet sense.

Proof. Let I = (=L, L), ¢ € C*(I), and let ¢. € C*°(R) denote its 2L-periodic extension to R.

We claim that
/uEch: /uﬁKgoe. (2.15)
R I

Recall that u € L'(I) is 2L-periodic. To prove the claim let us write

ulge= | dr | dyu(z)(pz) —e(y)K(lz—yl)
IR
_ / da / dyu(z)(pe(x) — o)) K (1o — y) (2.16)
—|—/Idx/R\I dy u(z)pe(z)K(|z — y|) —/R\I dx/[dyu(x)goe(y)Kﬂx—yD.

Observe that the first two integrals on the last expression in (2.16]) are absolutely convergent
since u € L'(I), K satisfies (1.8)), ¢ € C*(I), and ¢.|; has compact support in I. For the third
integral, using that ¢ has support in (=L 4 9, L — §) =: I5 for some § > 0, and also that u is
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2 L-periodic, we see that

L [am@leis e =) <lelime 3 [ de [ aylu@le )

keZ\{0}
el S / iz / 4y |u(@)| K (|7 - 7))
keZ\{0} Is—2kL

< AH%OHLw(IRa)HUHLI(U/]R )dt t] 717 < o0,

This means that u(z)p.(y) K (|x—yl) is absolutely integrable in (R\ I) x I and therefore, arguing
as in (2.9) and replacing there k € Z by k € Z \ {0}, we see that

/R\Idx/dyu Joe(y) K(|x —yl) = /dx/R\Idyu Yoo () K (|2 —y)).
Thus, ) leads to
/R“'CWZ /dﬂf/dyuw(%(:ﬂ) — o) K (Jz = y))

+ o [ dru) (o) = ekl —o) = [l
R\I I
This proves the claim (2.15)).

From ([2.15)), using that w is a distributional 2 L-periodic solution to Lxu = h in R, we deduce

that
/UEKQDZ /uﬁKgoe /h@e /hgo,
R
since ¢ vanishes outside /. This establishes 0J

3. FOURIER MULTIPLIER OPERATORS

In this section we describe the variational structure of periodic solutions to semilinear equa-
tions of the form Lxu = f(u) from the Fourier side point of view, and also for more general
multiplier operators. This has applications to travelling waves of some dispersive equations as
we have explained in Section [1.5]

The first key observation is that the standard Fourier basis of unitary complex exponentials
(and, thus, also the sines and cosines) are eigenfunctions of L ; see Lemma below. All what
is needed for this is the kernel to be even. Therefore, our integro-differential operators have a
simple representation in the Fourier side by means of multipliers. More precisely, if we set

lg(€) = [ /dz — cos(2)) K (%) for £ € R\ {0}, and ¢x(0):=0, (3.1)

then, for every 2L-periodic function u : R — C written as
L

keZ

we will see in Lemma [3.1] that, formally,

ik
Lgu(x E Ci( % upe L 7.




PERIODIC SOLUTIONS TO INTEGRO-DIFFERENTIAL EQUATIONS 19

This leads us to study the variational structure of periodic solutions to semilinear equations
Lu = f(u) also for general multiplier operators of the form

Z€ (%) uy, et (3.3)
keZ
where the given function ¢ : R — R is called the symbol of L. Clearly, £ = Lx for ¢ = (.
In the case of integro-differential operators, shows that Ly has a positive definite
symbol £x. In fact, thanks to the bounds and on K, in Lemma we will check
that

L le < () < e (3.4

for all £ € R, where ¢, is given by . However, as we will see below, in the Fourier series
approach to periodic solutions to Lu = f(u) we can also allow symbols which change sign and
which are bounded by a power-like behavior at infinity not necessarily of order less than 2.
More precisely, we consider symbols ¢ : R — R such that

(&) =4(=¢) forallé eR (3.5)

and

limsup |£]7P|0(€)] < +oo  for some p > 0. (3.6)
ET+o0

Note that the later is a weaker assumption than the second bound in (3.4]) if p > 2s. This
class of symbols contains, for example, the case £(£) = &% — || associated to the Benjamin
equation —simply take p = 2 in (3.6)).

Let us start by proving that the Fourier basis is formed by eigenvectors of the integro-
differential operator L.

Lemma 3.1. Let K satisfy the upper bound m and let L > 0. Then,

itk ik

Lic(eF)(2) = Lr ()T (3.7)

for all k € Z and © € R, where {k is given by (3.1). Moreover, the second inequality in (3.4
holds and, if K also satisfies the lower bound (1.9)), the first inequality in (3.4) also holds. In
addition, if Lx = (—A)* then (g (§) = [€]** for all € € R.

Proof. Thanks to (1.8)), the integral defining ¢, () in (3.1) is well defined.
Since the case k = 0 is clear, we may assume k # 0. Now, by a change of variables we easily

see that

Lale™) ) = [ a3 (T =P K

'm'rk L‘Z‘ ik
= d = (ZE v
w\k|/ 2 <7r|k\> (et

where we have used that sin(z) is and odd function. This proves ({3.7).
We now address the other statements in the lemma. It is well known that

/dzl—cos(z)_ Val(l—s) 1

2|2 s4T(1/2+s) ¢
see [13, Lemma 3.1.3] and (1.2)). Hence, in case that Lx = (—A)*, we have

1—
k(&) = |€|2805/Rd2’2‘(i—382'(82) - |§|25.
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From this, the first and second inequalities in (3.4]) for a general kernel K follow by the growth

estimates ([1.9)) and ((1.8)), respectively. O

Remark 3.2. In analogy to (3.7)), if F(v)(§) := [ dzv(x)e ™ denotes the Fourier transform
of v € LYR), then F(Lxv) = £xF(v) for all v in the Schwartz space of rapidly decreasing
functions in R. To see this simply note that

Lv(z) =lim dz (v(z) — v(z — 2)) K (]2])

0 JrzeR: |z]>€}
1
=3 / dz (2v(z) —v(z — 2) —v(z + 2)) K(]2]),
R
and then

F(exo)(€) = 5 [ d= (2F0)E) = Flol: = )(€) = Flol-+ 2)(€) K]
= 5 [ @ F O @ - - ) (el
= FW)(©) [ d (1= cos(=)K (1) = F@)Oic(€)

i
in view of (3.1)).

Given a kernel K, let us now look at the Fourier description of the Lagrangian &.,. This
will allow us to find a Lagrangian £, for general multiplier operators L. First of all, note that
if u is a 2L-periodic R-valued function and u; are given by , then u_p = wy for all k € Z,
where u;, denotes the complex Conjugate of u; € C. In such case, we can also write

+ Z (ak cos + by, sin (”k x))

where

I N I -
ag := —/ dzu(z) cos (£ ), b := —/ dz u(z)sin (% z)
L J_ L),

L
for all £ > 0. In fact, we have that 2uy = ay —ibg. Hence, if u is R-valued, thanks to Lemma
we see that the Lagrangian in (2.2)) can be expressed as

L
o) = 2L Y (%) Shuf? / ZeK k) (g + (b )—/ Glw). (38)
—L

keZ k>0

With this at hand, it is natural to define the Lagrangian £, on the Fourier side, for the operator

itk
= E é(”k Juge L°

kEZ
with ¢ as in (3.5]), and for 2L-periodic R-valued functions u, by
L
Eelu) = (60wl +2 3" (P)lul) - [ G
k>0 —L

L

= (0l + 23 e (eul + ) - [ G

k>0 -L
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Here we have taken into account that, despite {x(0) = 0, one may have ¢(0) # 0 for certain
multiplier operators £. Using now that u_, = u, and 2u, = a; — b, for R-valued functions,

and (3.5)), from (3.9)) we see that actually

Ec(u) = ’ lu[Ju—G(u),
/.

as expected by looking at identity (2.2)) for £, . All these computations are formal, but they
indeed work if the symbol ¢ satisﬁes and we require enough regularity on u (and, therefore,
we get fast enough decay of its Fourier coefficients u; compared to E(”—f) as k 1 4+00) in order
to ensure that all the sums above are absolutely convergent; see Remark for more details.
To finish, in the following lemma we verify that £, is a functional whose critical points are
solutions to the equation Lu = g(u), where G is of class C'! in R and g = G’. This is, therefore,
the semilinear extension of Lemma[2.3|for £, , now for multiplier operators on the Fourier side.

Lemma 3.3. Let L be given by (3.3) with ¢ satisfying (3.5) and (3.6). Let G be of class C*
on R and g = G'. Assume that u : R — R is a 2L-periodic function such that

(1)) [ur]* < +o0

keZ
and g(u) € L*(—L,L). Then,

i et = [ (e gy

for every 2L-periodic smooth function ¢ : R — R. Therefore, if in addition u is a critical point
of E¢ among 2L-periodic smooth perturbations, then Lu = g(u) in L'(—L, L).

Proof. Let 1 be the complex Fourier coefficients of ¢ as in (3.2)). By (3.5]), we get

L
/ Y Lu=2LY ((ZE)uap_y = 2L (% )u_ kwk:/ u L.

keZ keZ —L
Therefore,
L 1 L L
il ety = [ S@eurucy) - [ o= [ (eu- g,

as desired. The last statement in the lemma follows by density.

We point out that the assumption on ¢ guarantees that Y, , [((ZE)||x|? < 400 when-
ever 1 is smooth. This in turn is used to ensure, using the Cauchy-Schwarz inequality, that the
above computations based on Parseval identity make sense. ([l

Remark 3.4. Here we analyze which Holder regularity must be imposed on u in order to ensure
the assumption

> () Jur]* < +o0 (3.10)
keZ
of Lemma Clearly, (3.10]) holds if, for some € > 0, u satisfies
limsup [k|")0(ZE) | Jug |* < +00. (3.11)

k—+oo
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In particular, if the Fourier multipliers of £ satisfy (3.5)) and the growth estimate (3.6)), then
(3.11)) holds whenever

1+4€
2

lim sup |k| +p|uk| < +00. (3.12)

kT+o0
Finally, by a simple argument using integration by parts, it is easy to show that |u,| < C|k|™™
whenever v € C™(R) for some m € N. On the other hand, a classical result states that
if u € C"(R) for some 0 < r < 1 then |uy| < Clk|™"; see [5l], estimate (4.1) in page 45].
A combination of these two estimates shows that (3.12)) will hold for some ¢ > 0 whenever
u € C*(R) for some o > (p+ 1)/2. Hence, in such case will also hold. In particular, if
= (k then by it suffices to take a@ > s+ 1/2.

4. PERIODIC NONLOCAL POLYA-SZEGO INEQUALITY

The purpose of this section is to prove Theorem [1.4] that is, the periodic symmetric decreas-
ing rearrangement inequality for [-]x, for three different classes of kernels K. Recall that in
Appendix [B] we will show that none of these three classes is contained in the other.

A crucial ingredient of the proof of Theorem [1.4]is the following Riesz rearrangement inequal-
ity on the circle found independently in 1976 by Baernstein and Taylor [5] and by Friedberg
and Luttinger [37]. Recall that, for a 27-periodic function f, in Section we defined the
rearrangements f* and f*P°.

Theorem 4.1. ([5, Theorem 2|, [37, Theorem 1|, [14, Theorem 2|, [4, Theorem 7.3]) Let
fyh,g: R — R be three nonnegative 2m-periodic measurable functions. Assume that g is even,

as well as nonincreasing in (0, ).
Then,

/_:dﬂf/;dyf(a?)g(m—y)h(y) < /jrd:v/_:dyf*(x)g(:v—y)h*(y). (4.1)

In addition, if g is decreasing in (0,7) and the left-hand side of (4.1)) is finite, then equality
holds in (4.1)) if and only if at least one of the following conditions holds:
(1) Either f or h is constant almost everywhere.
(i7) There exists z € R such that f(z) = f*(z + z) and h(z) = K™ (z + z) for almost
every x € R]7

Inequality was first discovered, independently, in [5] and [37]. Both references contain
more general inequalities: [5] deals with the sphere S", whereas [37] deals with a product of
more than three functions. The result [4, Theorem 7.3] by Baernstein is also more general than
, as it deals with a Riesz rearrangement inequality on the sphere S™ and not only on the
circle. Moreover, [4] treats more general functions of f(z) and h(y) than simply the product
f(z)h(y). Inequality can be found in [3], another work of Baernstein, in a more general
form where ¢ is also rearranged.

Instead, the statement in Theorem concerning equality in follows from Burchard
and Hajaiej [14, Theorem 2|, who treated the case of equality in S" for the first time, even for
n = 1. For this result, we also cite [4, Theorem 7.3] since, being less general than [14], fits
precisely with our statement in Theorem

We find reference [4] to be the simplest one for looking up all assertions of Theorem [4.1]

" This is equivalent to the condition f(-—z) = f* and h(-—z) = h* a.e. in (=, 7). Note also that, in case (i),
if f is constant then it could happen that i does not agree with any translation of its periodic rearrangement.
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All the above mentioned references, except for [3], use the method of polarization to prove
Theorem [4.1, When finishing this article, we have found that the method of polarization has
been also used in the following very recent papers on fractional equations. They do not deal,
however, with periodic solutions. First, DelaTorre and Parini [28] and Dieb, Tanni, and Saldana
[29] use the method to prove uniqueness of least energy solutions for fractional equations, while
Benedikt, Bobkov, Dhara, and Girg [7] employ it to establish the nonradiality of the second
eigenfunction of the fractional Laplacian in a ball.

Proof of Theorem[1.]]. Since the periodic Riesz rearrangement inequality requires the
functions f and h to be nonnegative, we first need to reduce the proof to the case u > 0.

First, observe that ||u(z)|—|u(y)|| < |u(z)—u(y)| for all z and y in R, and that u*Pe = |u|*Pe,
Thus, to prove part (a) we can assume without loss of generality that u is nonnegative.

Regarding part (b), assume that [u*P*|x = [u]x < +o00. We claim that u does not change sign
(in the usual “almost everywhere” or “essential” sense, since we only assume u € L*(—L, L)).
Indeed, otherwise there would exist two subsets U and V' of R with positive measure such that
llu(z)| — [u(y)]| < |u(x) —u(y)| for all x € U and y € V. In addition, due to periodicity, we
can assume that |z —y| < L for all x € U and all y € V making the sets U and V smaller if
necessary. Let us now use that K > 0 in (0, L) (actually K > 0 everywhere in cases (i) and
(17)") and that [|u[*P*]x < [|u|]k, since we will have already proved part (a) for nonnegative
functions. We deduce that [|[u]*P*]x < [Ju|]x < [u]x = [u*P*]k, leading to a contradiction with
the fact that u*P®" = |u|*Pe".

To prove part (b) of the theorem, since we now know that u does not change sign, we will
later assume u > 0 and prove that u = u*P*(- + 2) for some z € R. In case that © < 0 we may
replace u by —u (since (—u)*P*" = u*P*" and [—u|x = [u|k) and then conclude u = —u*P* (-4 2).

Since in one step of the proof —mnamely, in below— we will need the kernel to be
integrable around its singularity, we first approximate it by bounded kernels. We will do this
in a different way for each of the three classes (i), (i7), and (i¢i). This first step is not necessary
if K is bounded.

We first deal with the case (i) of convex kernels. Let {t;};cn be a sequence of positive numbers
tending to zero and such that K is differentiable at ¢;. We replace K in (0,¢;) by the affine
function which is tangent to the graph of K at the point (¢;, K(¢;)). Since K is convex, we
obtain in this way a nondecreasing sequence of bounded and convex kernels K; in [0, +00)
converging to K as t; | 0. By monotone convergence, it thus suffices to show the claimed
rearrangement inequality for each of the bounded convex kernels K.

Now we explain the approximation for K as in (i7). In this case we consider, for i = 1,2,3, ...,
the kernels K;(t) := K(y/t?+1/i%) for t > 0. If K is as in for some nonnegative

measure /i, then
+o00
K;(t) = / du(r) e P " for all t > 0. (4.2)
0

By the comments following Theorem , 7T>0— KZ’(TI/ 2) is completely monotonic since it is
the Laplace transform of the nonnegative measure e~"/% du(r). Also, by monotone convergence
we see that K;(t) 1 K(t) for all £ > 0 as @ T +oo. Finally, for any given ¢ > 1, we have
K;(t) < K;(0) = K(1/i) < 400, and hence K; are bounded kernels in [0, +00). Once again, by
monotone convergence, it thus suffices to show the claimed rearrangement inequality for each
of the bounded kernels K;.
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In the case (i7i), we define K;(t) := K(t) if ¢ > 1/i and K;(t) =: K(1/7) if t € (0,1/i). We
have that K; is bounded and still belongs to the class (ii).
Now, in whichever of the three ways that K; has been defined, set

Ki(t):=) Ki(|t+2kL|) forteR.
kEZ

Note that K; is bounded uniformly in ¢ € R by the upper bound (1.8)) and since K is bounded.
Using that w is 2L-periodic, we write

K—/ da [ dyluta) = () PKi (12 = o) /dx/ dy [u(x) — u(y) Ky — y). (43)

Since K; is integrable around the origin, we can expand |u(z) — u(y)|? to get

/_L da:/_L dy |u(z) — u(y)PKi(z —y) = /_L dx“(x)Q/_LdyFi@ —y)

+ /_i dy u(y)? /_i dr Ki(z — y) (4.4)

—2 /LL dx /LL dy u(z)uly)Ki(z — y).

Note that K is even with respect to = 0, 2L-periodic, and bounded. Hence, we have that

L L
/ dyKi(x—y):/ K; < +o0.
-L —L

5 (u*Per)2. Therefore, the claimed inequality of the theorem will follow

In addition, f_LL u? = f_L
if we show that

To prove , by scaling we may assume that L = m. According to Theorem to get
it is enough to show that K is a nonnegative and nonincreasing function in (0, 7). That
K; > 0is clear from its definition in terms of K;. We now show the monotonicity of K; in two
different ways, depending on whether we are in assumption (z) or (i7) of the theorem. Note that
in the case (#44) it holds that K;(t) = K;(|t|) for all ¢t € (—n,7), and hence the monotonicity of
K; is an immediate consequence of the assumptions in (777).

Proof of the inequality for K as in (i):

To show the monotonicity of K; in (0, ), we rename by —k — 1, with k = 0,1,2,..., those
indices which are negative in the definition of K;. In this way we obtain
Ki(t) =Y (Ki(2km +t) + K;i(2(k + 1)m —t))  for t € (0,7).
k>0
Thus, if 0 < t; < ty < 7, we have
Ki(t) — Ki(ta) =Y (Ki(2km + 1) + K;(2(k + 1)m — ty)
k>0 (4.6)



PERIODIC SOLUTIONS TO INTEGRO-DIFFERENTIAL EQUATIONS 25

We now observe that if f is a convex function, a < b < ¢ < d, and a +d = b+ ¢, then
fb)+ f(c) < f(a) + f(d), with strict inequality if f is stictly convex in |[a, d]. (4.7)
This follows from convexity, since for A = (d—0b)/(d—a) € (0,1) we have that b = Aa+ (1 —\)d
and ¢ = (1 — A\)a + A\d.
Using (4.7) with @ = 2km + 1, b = 2km +t9, ¢ = 2(k + 1)7 — {3, and d = 2(k + 1)m — ¢;, we
see that each term in the sum over & > 0 of (4.6)) is nonnegative. Thus, K; is nonincreasing

in (0,7). This leads to (4.5) and finishes the proof of the inequality stated in the theorem for
convex kernels K.

Case of equality for K as in (i) :

We now assume that K is convex in (0,400) and strictly convex in (¢, 4o00) for some ¢ > 0.
Recall that we may assume u > 0.

Set M (t) := K(t) — Ky(t), where K is the kernel constructed at the beginning of the proof
for i = 1. Recall that t; is a point of differentiability of K (for which we may assume that
0 < t; < ¢) and that K is characterized by: K; = K in (t;,400), K is affine in (0,¢1), K;
is convex in (0, +00), and K; < K in (0, +00). Observe that both K; and M are nonnegative
convex functions in (0, +00) that satisfy the upper bound . We now split the integral

/_ o / dy Ju(z) — u(y)PK (12 — y]) = & (u) + M(w), (4.8)

where

€ (u) = / d / dy [u(x) — u(y) PK(jz — o)),
kIR (4.9)

M= [ do [ dylut) = )Gl o)

By the inequality of Theorem[1.4] (i) (applied now to the kernels K and M) we have & (u*P®) <
E1(u) and M(u*P") < M(u). Combining these two inequalities with the assumption that
[u*P ¢ = [u]lg < 400, we deduce & (u*P") = & (u) (observe here that all these quantities are
finite, since [u*P"]x = [u]x < +00, and 0 < K; < K and 0 < M < K). It now follows from
(4.3) and (which required the kernel K7 to be integrable) that there must be equality in
(4.5) for i = 1, that is, for the kernel Kj.

Now, as before, by scaling we may assume L = 7. From and we obtain that K,
is decreasing in (0, L) = (0, ), since K is convex in (0, +00) and strictly convex in (¢, +00)
(and, hence, for each k > ¢/(2m) the k-th summand in (4.6 is positive, and all others are
nonnegative). As there must be equality in for K; = K, we deduce from the strict Riesz
rearrangement inequality on the circle (Theorem {.1| (i) and (i7); which requires the kernel K
to be decreasing in (0, 7) and also u > 0) that a translate of u is equal to u*Pe".

Proof of the inequality for K as in (ii):

To check the monotonicity of K, from (4.2)) we see that

400 +oo
Rit) = YKt 2hL) = 3 [ dutrye e B0 = [ e el agen),
0

keZ kez 70

(4.10)
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where ®(t,r) =%, , e~ (2K’ Now we claim that, for every r > 0, the function ¢ — ®(¢,r)
is decreasing in (0, L). This follows from the fact that the fundamental solution of the heat equa-
tion with 2L-periodic boundary conditions is decreasing in (0, L); we refer to [15, Appendix B]
where one can find several references for this result, but also an elementary self-contained proof.
Therefore, by and since the measure y is nonnegative, K; is nonincreasing in (0, L). By
the comments right after , this finishes the proof.

Case of equality for K as in (i1) :

The arguments will be similar to the ones above for the case (i)’. Recall that we may assume
u>0. Set M(t) := K(t) — Ki(t), where K;(t) = K(v/t?>+ 1). Hence

+00
M(t) = /0 du(r) (1 — e ")e "

Observe that both K;(y/7) and M(y/7) are completely monotonic functions of 7 € (0, +00)
as can be seen by differentiating under the integral sign. Both also satisfy the upper bound
(1.8). We now perform the splitting but using the current definitions of K; and M in
(4.9). From part (i) of the theorem, we know that & (u*P*") < & (u) and M(u*P*) < M(u).
Now, combining these two inequalities with the assumption that [u*P*|x = [u]x < 400, we
deduce & (u*P") = & (u). Since K is bounded in [0, +00), we can argue as in and to
deduce that there must be equality in for i = 1. As before, by scaling we can also assume
L = 7. Since we know that K, is decreasing in (0,7) by (we use here the hypothesis
K # 0 to ensure that p # 0), from the strict Riesz rearrangement inequality on the circle (see
Theorem (1) and (ii)) we deduce that a translate of u is equal to u*Pe".

Proof of the inequality for K as in (iii):

As pointed out after (4.5)), after rescaling to have L = , the proof in this case is clear, since
K; = K;(| - ]) is nonincreasing in (0, ) for all 4 > 1.

Case of equality for K as in (ii1) :

The argument is very similar to the previous ones. From them we see that it suffices to split
K as K = Ko+ M, where Ky and M both satisfy the hypothesis of Theorem (#ii), and in
addition K is bounded and decreasing in (0, L)H

We accomplish this as follows. Define Kj : [0, +00) — [0, 1] by

1 K@)
Kt)+1 K@#)+1°

Kg(t) =1-

Note that K is bounded, vanishes in [L, +00), and is decreasing in [0, L] (since K is decreasing
in this interval). It remains to check that M(t) := K(t) — Ky(t) is nonnegative, satisfies the
upper bound ([1.§)), vanishes in [L, 4-00), and is nonincreasing in (0, L). The first three properties
are obvious, since M (t) is given by

18Note that using K (i.e., the cutoff of K described in the first step of the proof of the theorem for case
(791)) as a candidate for Ky will not work, since K is constant near 0.
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Concerning the monotonicity of M, let 0 < t; <ty < L. Since K (t1) > K (t2), we have
K2(ty) - K(t1) S K(t;)+1
K2%(ty) = K(t2) — K(t2) +1°
which shows the monotonicity of M. U

5. A STRONG MAXIMUM PRINCIPLE FOR PERIODIC WEAK SOLUTIONS

To prove the strict monotonicity in the statements of Theorem and Corollary [1.5, we
need the strong maximum principle Theorem for periodic solutions. We had never seen
such type of result for integro-differential equations in the periodic setting.

Towards the proof, let us try to determine the sign of Lxv(xy) at some zy € (0, L) where
v(xzg) = 0 by splitting the integral over R in the definition of Lx into intervals of length L.
Recall that, in Theorem , v is odd, 2L-periodic, and with v < 0 in (0,L). For the first
two intervals, the integral of —uv(x)K (|zg — z|) over (—L,0) U (0, L) will give a positive sign,
since v is odd and the negative mass of v is closer to zy than the positive one. Instead, by
the same reason, the integral over (—2L,—L) U (L,2L) will give a negative sign, and so on,
leading to an alternating sequence. There are thus competing terms and it is not clear why
Lxv(xg) should be positive. If K(1/+) is completely monotonic we bypass this difficulty using
the Laplace transform, as in the proof of Theorem , and obtain a sign for Lxv(zy). Whereas
if K is convex as in (i)', a simpler direct proof is indeed possible, by comparing groups of four
intervals of length L (and not only two). The details go as follows.

Proof of Theorem[1.6. We provide first a detailed proof for the case when K (4/*) is completely
monotonic. At the end of the proof we show why the same proof works for the slightly simpler
cases (7)" and (#4i)’, with the obvious adaptations.

For K(4/-) completely monotonic, we have split the proof in two cases for the sake of clarity
of the ideas, although the second proof is valid for both cases.

Case K(+/-) completely monotonic and s < 1/2:

Recall that if s < 1/2, then the principal value in the definition of £xv(x) is not necessary,
since x — |v(xg) — v(x)||rg — |71 7% belongs to L' (R); recall that v € C***7(R). This justifies
the forthcoming calculations.

We prove the result by contradiction. Assume that v is not identically zero and that there
exists xp € (0, L) such that v(xy) = 0. Then, using the expression for K in based on the
Laplace transform, we have

Lyv(zy) = /Rda: (v(zo) —v(2))K (g — 2]) = — /;OO dp(r) /Rda:v(x)e_“fo‘x'%’

=— /0+oo du(r) Z /I; dx v(x)e_uo_”?k“% (5.1)

:—/O+Oodu(r)/Ldev($)(I>($o—$77")>

where ®(t, 1) 1= 3, , e (F2Lr,
We know that the function ¢t — ®(¢,7) is even, 2L-periodic, and decreasing in (0, L), as
explained in the proof of Theorem (11); see the comment right after (4.10)). Splitting the
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integration domain as (—L, L) = (—L,0) U (0, L) and using that v is odd, one obtains that

/ dxv(x)P(xg — x,7) = /0 drv(z) (P(xg —x,7) — P(z0 + 2,7)) . (5.2)

-L
Since ®(-,r) is even, 2L-periodic, and decreasing in (0, L) it holds that
O(xg —x,1) = D(|xg — 2|, 1) > P20 + 2, 7)

for all x5 € (0,L) and all z € (0, L). This follows from the inequalities |xy — z| < xo + = and
|zg — x| < 2L — (x¢ + x), which mean that |zq — x| is closer to 0 than zo + = to 0 and to 2L.

Finally, using that v < 0 in (0, L) and v # 0 we obtain that is negative and thus, by
(6-1), that Lxv(ze) > 0. This contradicts the inequality Lrv(zo) — c(zo)v(zo) < 0, since we
are assuming that v(zg) = 0.

Case K(+/%) completely monotonic and 1/2 < s < 1:

The proof follows that of the case s < 1/2, with the only difference that we must to take into
account the principal value in the definition of L. We again assume that v(xy) = 0 for some
xo € (0,L). In order to have more symmetric expressions in what follows, we observe, since v
is bounded, that

: v(wo) — v(z)
lim | dv ——————=> =0, where A, := xo— €,T9+€) + 2kL),
0 S 4, |zo — x|+ kegg{o} o 0 )
and
. () — v(z) .
leligl b, dx m = 0, where _DE = kLEJZ ((—xo —€,—Zo + €) + sz) .
Hence, proceeding as in (5.1)) and (5.2)) we obtain (using also the upper bound (1.8]))
Lgv(zy) = lim dx (v(xg) — v(x))K(|zg — x|)
L0 JR\ (wo—e,z0+¢)
= lim dx (v(zg) — v(x))K(|zo — x|)

b0 JR\(AcUDU(z0—e,z0-+¢))
—+o00

= —lim du(r) / drv(z)®(zg — z,7)
0 Jo (=L,L)\((zo—€,z0+€)U(—z0—€,—T0+€))

+o00
Chim [ du(r) / dz (—v(z)) (B(zo — 7,7) — B(zo + 7, 7).
el0 Jo (0,0)\(zo—€,z0+¢€)

We assume again, to reach a contradiction, that there exists zy € (0, L) such that v(zy) < 0.
By what we have seen in the previous case s < 1/2 concerning the function ®, we know that
the integrand satisfies

—v(z) (P(xg — z,7) — P(x0 +2,7)) >0 for all x € (0, L).

Hence, Lxv(xp) is a limit of a nondecreasing sequence in €, a sequence which, moreover, is
positive for € small enough (precisely when 2y ¢ [zo — €, zo + €]). This shows that Lxv(xy) > 0,
which leads to the contradiction.

Case K conver or K as in (iii)":
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In this case ([5.1) must be replaced by

Lrv(xg) = — /_L drv(z)K(vg —x), where K(t) := ZK(\t + 2kL)|).

Note that K has the same properties as ®(-,7): it is even, 2L-periodic, and decreasing in (0, L).
The third property is obvious for K as in (zi¢)'. Instead, for K as in (i)', it follows exactly
arguing as in and (4.7) (with K; and 7 replaced by K and L), and as in the last paragraph
of the proof of Theorem (b) for (i)'. Hence, the entire argument of the proof in case (i7)’
applies to the current cases (i)' and (7i7)’, with the only modification that ® is to be replaced
by K and the integral in du(r) is to be removed. O

6. PROOFS OF THEOREM [L.1] AND COROLLARY [L.5l

In this section we prove the symmetry and monotonicity results for constrained minimizers,

Corollary [I.5 and Theorem [I.I]—the latter being essentially a special case of Corollary [L.5]

Proof of Corollary[1.5 Recall that u*P*x_p 1) is the Schwarz rearrangement of the absolute
value \u]x(, r,r)- Thus it will be useful to first assume that u is nonnegative. With v > 0, it

follows that
L L L
| cw=[ au=[
-L L L

The last equality follows from the fact that «*P®" is a rearrangement of |u| and by standard prop-
erties of rearrangements; see for instance [42], Section 3.3]. For the same reason the constraint
f_LL G(v) = c is satisfied by u*P*" too. Thus, u*P*" € L>*(R) is an admissible competitor.

Since w is a constrained minimizer of £, , we deduce that [u]x < [u*P*|,. But the reversed
inequality also holds by Theorem [1.4] (a). We conclude that there is equality, and by Theo-
rem[1.4] (b), that u = £u*P” (- + 2) for some z € R. Since u > 0, we must have u = u*P” (- + 2).
From this, the first conclusion of the corollary (i.e., after a translation, u is even and nonin-
creasing in (0, L)) follows.

Note that, when assuming v > 0, we do not need the condition u € L*(R) in the previous
argument in case we minimize among a class of functions which are not bounded, such as for
instance L*(—L, L).

Let now u be arbitrary (not necessarily nonnegative). In view of the assumption u € L*(R)
there exists a constant d such that v+ d > 0. Define now

GUt) = Gt —d), and  EF () = i[vﬁ( _ /_L G(o),

and G(t) := G(t — d). It is casy to check that if u is a constrained minimizer of &z, then

u+d is a constrained minimizer of ¢ under the constraint f_LL G(v) = ¢. Applying now the
corollary to the nonnegative constrained minimizer u + d we obtain that

u=(u+d)**(-+z)—d for some z € R.

Thus u has the claimed form, i.e., u is even and nonincreasing in (0, L).

Let us now prove the second statement of the corollary. Note that, since u € L>*(R) and G
and G belong to C*9(R) for some d > 0, both G(u) and g(u) belong to L= (R). This justifies
the forthcoming arguments. Also observe that for a constrained minimizer u the semi-norm
[u] x must be finite, since G(u) is bounded.
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First, since &, (u) < ¢, (v) for all 2L-periodic functions v € L*(R), u is a critical point of
&r, among 2L-periodic smooth perturbations satisfying the constraint and, thus, by Lemma 2.3]
(and the paragraph following it), Lxu = g(u) 4+ Ag(u) in R in the periodic weak sense for some
A € R. Thanks to (2.4) in Lemma , this last equation also holds in the periodic distributional
sense.

We can now apply the regularity Theorem (79) (with =1+ J) to the equation

Lrxu=nh(u) inR, where h:=g+\ge C™(R).

Therefore we obtain that u € C'™(R) for some v > 2s. Hence v’ € C”(R) and we can
differentiate the equation to obtain

Lxu' =h'(u)u' inR.
In view of the evenness and monotonicity result of the corollary we know that u’ is odd and

v < 0in (0,L). Applying now Theorem to v = «/, we obtain that «’ < 0 in (0, L), unless
u 18 constant. O

Remark 6.1. The statement of Corollary dealing with the monotonicity (but not the strict
monotonicity) remains true for more general constraints than those of the form f_LL é(u) =c.
Indeed, any constraint which is preserved by the symmetric decreasing rearrangement in (—L, L)
can be assumed, as long as G is even (or equivalently, depends only on the absolute value of its
argument). Under such assumptions the proof remains identical, with the only difference that
the first step —assuming u to be nonnegative— becomes superfluous.

An example for such a constraint is the quasi-norm in the Lorentz space LP9(—L, L), which
is given for 1 < p < +oo and 1 < ¢ < +0o0 by

e a/p\ 1/
(p/ dttr"{z € (—L,L) : |u(z)| >t} ) , 1< g < +oo,
0

||u||Lp,q(7L7L) . 1/
supt>0t}{x €(—=L,L): |u(x)| > t}‘ , q = +oo.

Note that ||u||zr.e(—r,r) cannot be expressed as f_LL G(u) when p # ¢, but it is invariant under
the symmetric decreasing rearrangement since it is defined in terms of level sets of |u].

We will now prove Theorem [I.T} It follows from Corollary [I.5 and the results of Sections

and [§ Since it deals with the fractional Laplacian, let us make the following observation.

Remark 6.2. For both the kernel K of the fractional Laplacian and for K as in , the
function K (7'/2) is completely monotonic. This has been easily checked right after Defini-
tion . Alternatively, let us check that, for both kernels, the equivalent condition ((1.15[), with
w > 0, regarding the Laplace transform, also holds. For this purpose, we apply the Laplace
transform to the function r — =1, which amounts to the equality

1 oo 1
w = —/ drr?™ e ", (6.1)
I'(v) Jo

where I'(7) = 0+°° drr’~te™ is the Gamma function. The identity (6.1)) follows simply by
a change of variables r — wr in the definition of the function I'. To prove the completely

monotonic property for both kernels, we use the equivalent condition (1.15)), which reads as

+oo
K(t) = / du(r)e " for all t > 0,
0
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for some nonnegative measure p. We conclude the claim from (6.1)) applied to, respectively,
w=1t>and v = (1 + 25)/2, and w = t* + a®> and v = (n + 5)/2. In particular we obtain that
(1.15)) is satisfied for the measures, respectively,

du(r) = F(llggs)rsl/zdr, and  du(r) = (ns)/2=1 —a®r 4.

Proof of Theorem[I.1. The statements (a) and (c) are a special case of Corollary [L.5] applied

with K (t) = c,t~1725. This kernel satisfies both (i)’ and (i)’ in the assumptions of Corollary|[L.5]
as pointed out in Remark [6.2]

The proof of (b) follows the same line as the one in Corollary The difference is that g and

g belong now to C?(R) only (instead of C**°(R)), and hence (—A)*u = h(u) in R in the periodic

distributional sense for some h € C°(R). We can now apply the regularity Theorem (7)

or (i7), depending on the value of § (called 8 there). Observe that in both cases (i) and (i7)

we deduce that u € C*(R) for some a > 2s. Then, using (2.5]), we obtain that (—A)*u = h(u)

in R in the classical sense. O

7. L*(R) ESTIMATES FOR PERIODIC WEAK SOLUTIONS

In this section we give an L> estimate for periodic weak solutions to subcritical semilinear
equations. More precisely, under standard subcritical-type assumptions on the nonlinearity f,
we show that every periodic weak solution to the semilinear equation Lxu = f(z,u) in R is

bounded. Here, the kernel K is only assumed to be even and satisfy the lower bound ([1.9)). To
state the result, for s < 1/2, let us denote by

o 2 1+2s
ST 1—-2s 1—2s

+1 (7.1)
the fractional Sobolev exponent.
Proposition 7.1. Let K satisfy the lower bound (1.9) for some 0 < s < 1 and some X\ > 0.

Let u: R — R be a 2L-periodic function with u € L*(—L, L) and [u]x < 400.

(i) Assume that 1/2 < s < 1. Then, ||ul[rem) < C(||ullr2—r,r) + [u]lx) < +oo for some
constant C' depending only on L, s, and ).
(17) Assume that 0 < s < 1/2 and that u is a 2L-periodic weak solution to

Lru= f(z,u) inR, (7.2)
where f : R? — R is 2L-periodic in the first variable and satisfies
|f(z,t)] < Co(L+|t[P) for all (x,t) € (—L,L) xR, (7.3)

for some constant Cy, some exponent 1 < p < 258 —1 4f 0 < s < 1/2, and some
1 <p<+ooifs=1/2. Then, ||ul[r=m) < C for some constant C depending only on
L; S, >‘; CO; b, ||u||L2(—L,L)7 and [U]K

The proof of Proposition (27) will follow the classical argument of Brezis and Kato [I1];
see also [48, B.3 Lemmal. This argument has been already adapted to the fractional framework;
see, possibly among others, [30, Proposition 5.1.1] for a nonperiodic semilinear problem and [0,
Lemma 2.3| for a periodic linear problem, both treating only the operator (—A)®. We carry this
out here for the operator Lx putting, in addition, special care on tracking what the constant C'

in Proposition [7.1] depends on.
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To carry out the proof, we will use the auxiliary Lemma[7.2] which plays the role of the chain
rule in the local case. More precisely, in the case of the Laplacian, one starts by testing the
equation against 4> *!. Then, from the chain rule, one uses

2r+1
(r+1)2
It is precisely to adapt this step to the nonlocal operator Lx where we make use of the following
simple lemma. In its statement, the left hand side of the inequality plays the role of |V (u"*1)|?

in the local framework, while the right hand side plays the role of Vu - V(u?"*!) —this later is
the one which links ([7.2)) to its weak formulation.

V(™2 = 2r + Du®|Vul]? = Vu - V(u* ).

Lemma 7.2. For every a and b in R, and every M > 0 and r > 0, it holds
(amin{|al, M}" — bmin{], M}’")2 < 2(r +2)(a — b)(amin{|al, M}*" — bmin{[b|, M}*").
Proof. Assume first that ab < 0. Then,
(amin{|al, M}" — bmin{[p], M}")*
= o’ min{|a|, M}*" + b min{|b|, M}*" — 2abmin{|a|, M} min{|b|, M }"
< @’ min{|al, M}*" + b* min{|b|, M }*" — ab(min{|a|, M}*" + min{|b], M }*")
= (a — b)(amin{|a|, M}*" — bmin{|b|, M}*"),
and the lemma follows in this case.
Therefore, from now on we can assume that ab > 0. Note also that the case where both a
and b are negative numbers follows easily once we know the inequality for all positive a and b.

In addition, if a = b the statement is clear, and hence we can assume a # b and, by symmetry,
we can further assume that

0<b<a.

At this point, we split the problem in three possible situations, as follows.

Case M < b < a: Then,

(amin{|al, M} — bmin{[p|, M}")* = (M"a — M"b)? = (a — b)(M*a — M?"b)
= (a — b)(amin{|a|, M}*" — bmin{[b], M}*").

Case 0 < b < a < M : By the Cauchy-Schwarz inequality we see that

(amin{la], M}" —bmin{|b|, M}")" = ("1 — ") = (/ba dt (r + 1)157’)2

(CL o b) (a2r+1 o b2r+1)

a +1)2
< b [ aer =
<G+ [ L

< (r+1)(a — b)(amin{|a|, M}*" — bmin{|b|, M}*").

Case 0 <b< M < a: Then,

(amin{|a|, M} — bmin{[p|, M}")* = (M"a — b"*1)?

r4+1 2 r41 2
< 2<M7"a - (MQ’”a)z%> + 2((M2ra)zﬁ - b’"“) .
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Now, on the one hand, note that M"a > (M2Ta)% > M™1. Thus
(Mr — (M¥a )QHI)Q < (M"a— M™Y? = (¢ — MY(M*a — M¥+1)
< (a — b)(aminf|a|, M}*" — bmin{[b], M}*").

(7.5)

On the other hand, by the Cauchy-Schwarz inequality and using that M < a, we get
(M2ra) 27T

((M2’" )3T — b”l)z = (/b dt (r + 1)t’“>2

1
(M?27a)2r+1 (r 1)2
< 1 2 M2’r‘ 2T+1 b / dt t2r

< (r+1)(a — b)(amin{|a|, M}*" — bmin{|b|, M}*").
Combining this with ([7.4)) and ([7.5)) we see that the lemma also holds for 0 < b < M < a. O

((M2r )2T+1 _ b) (MQTCL _ b2r+1)

We now prove the L™ estimate for periodic weak solutions.

Proof of Proposition[7.1 In the following, we denote

u(x) — u(y)|*\ /2
lallwesp) = / uf? + /dx/ |I_ = ) = ey

Clearly, the lower bound (1.9)) gives
2
etz r.ny < Nullzern + 5wl < +oe. (7.6)
The proof of (i) is straightforward. Since 1/2 < s < 1, [32 Theorem 8.2] and ([7.6) yield

ull Lo -2,y < Cllullwsz—r,ry < Cllull L2 rn) + V2A~ulk)

for some constant C' depending only on L and s.
We now address the proof of (ii) for 0 < s < 1/2. Given nonnegative constants M and r,
and t € R, set

©r(t) == tmin{|t|, M}".
It is not hard to show that ¢, (u) is a 2L-periodic function with ¢,y (u) € L*(—L, L) and

[orm(u)]x < +oo for all r > 0 and M > 0. Using Lemmal[7.2] taking ¢a,.1/(u) as a test function
in the weak formulation of ([7.2]) given by (2.3 . with A = f(z,u), and using the subcritical growth

, we see that
(orar(wli <20+ 2, paar(@he =20 +2) [ (o0 panaa(w)
. —* (7.7)
<G+ [ (),

where C = 4Cy. Adding ||907",M(“)”%2(—L,L) on both sides of (7.7]), using (7.6]), applying the
fractional Sobolev inequality [32, Theorem 6.7] to the left-hand side, and using that

[l 200 ()] = [l prar (u)? (7.8)
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on the right-hand side, we deduce

</LL |r 0 (1) 2:>2/2§ < Cy(r+ 1)</LL |arn ()] +/LL P~ o e () +/L @T,M(u)2> (7.9)

-L
for some constant Cy depending only on L, A, s, and Cj,.

Since we are assuming that p < 2% — 1, for every € > 0 (to be chosen later on) there exists a
constant C, > 0 (depending only on ¢, s, and p) such that

., C
Pl <et®24 ~ for all £ > 0.

In particular, from (7.9)), the definition of ¢, 5s, and (7.8)), we deduce that

(/im,M(u) 0 g02(r+1)((1+06)/i|¢2r,M<u>|+e/LL|u|22‘—2¢T,M<u)2). (7.10)

Now, by Holder’s inequality,

25—2

L . L . 32 L
|tz < ([ 0B) ([ et
—L L —L

and thus (7.10]) finally yields
L

L 2/2*
| 0,21 () <Co(r+1)A+C) [ lp2rm(u)l
</_L ’ ) e /_L ’ (7.11)

L 0e) 2/
LQ* L,L)(/_thr’M(u) S> :

Recall that ||u|/z2(_r ) and [u]x are finite. Therefore, the fractional Sobolev inequality and
(7-6) show that [[ull2;_f ) < Cllullwse-r.L) < +oc.

Let us now choose r; > 0 such that 2r; + 1 = 2%, and also choose € > 0 small enough
depending only on L, A, Cy, s, and ||u|[ys2(—r, 1), such that

2:)2/23
)

+ Co(r + 1)e]

1
CQ(T‘1+ ) L2( LL) = 5

(7.12)

Then, from (|7.11)) we get that

(/_L | 0ry 1 (1) 2:)2/2: < Cy /L | P2t (1) (7.13)

L —L

for some constant C'5 depending only on L, A, Cy, s, p, and |[u|ws2(_ 1 1). Now, letting M 1 +o0
and using monotone convergence in ((7.13)), in view of the definition of r; we conclude that

L
Il sy = ([ 1
—L

for some constant Cy depending only on L, A\, Cy, s, p, and |jul|ws2(_r,1)-
We now come back to (7.10]). We stress that e has already been chosen according to ((7.12)).
By letting M 1 +oc in (7.10) and using monotone convergence, we deduce that

Lo 2/2; L L \
(/ \u%(’“*”) gc(r+1)(/ yu\2r+1+/ \uyws) (7.15)
—L —L —L

L, S0 (114)

L2 (—L,

. 2/23
2S(r1+1)) < C3/ |u’2r1+1 C3HU||
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for all r > 0, where the constant C' depends only on L, A, Cy, s, p, and ||u||ws2(—r,z). Since
27 > 1, we clearly have
7T <1422 for all £ > 0. (7.16)

From ([7.15)) and (7.16]) we get that
L 1 . L 1
(1 +/ [uf#00) < (G + 1))%(1+/ uf %), (7.17)
L —L

where C' depends only on L, A, Co, s, p, and |[u||ws2(_r 1)
We now define

2* 25\ m
Tintl i= Esrm = (?) ry forallm>1

(r1 has already been defined by the relation 2r; + 1 = 2¥). Clearly, 2,41 + 25 = 2%(r, + 1),
and 7, T 400 as m T +o0o. We also set
L 1

A= (1 +/ a5 D) T for all i > 1,
—L

Combining (7.17) for r = 7,1 with (7.14) we deduce that

A1 < (C(%)mﬁ +C’>(22§)m2i114m <... < Alﬁ (C(%)jrl 4 C>(2§

J=1

= e {3 (2) s (0(E)n+o)} <

J=1

2 \5_1
)J 2rq

for some constant Cs5 > 1 depending only on L, A, Cy, s, p, and ||u|lws2(—r ). Here we also
used that 27 > 2 to see that the sum above is uniformly bounded in m > 1. Therefore,

m

||u||L2§(Tm+1)(_L7L) < Ot < Gy

for all m > 1. Since this bound is uniform in m, letting m 1 +oo (and, thus, 7, T +00) we get
||| o (~,2) < Cs. By periodicity, ||ul|z~m®) < C5 < +00, as desired.

Let us finally address the proof of (i) for s = 1/2. In this case we are assuming for
some 1 < p < 400. Since p is finite, we can take 0 < s’ < 1/2 such that p < }fgz:, which yields
p <2, —1by . The idea now is to carry out the proof made for the case 0 < s < 1/2 but
replacing s by s" everywhere. To do so, we only need to bound ||ullyyw2(_p 1) by [lullL2(-z.1)
and [u]r. Note that for s = 1/2 gives K(t) > A(2L)*>'~1¢1=2 for all 0 < t < 2L. Hence,

1 /

ol s gy < Il gy + 5 QL) [l (7.18)
as desired. Now, going back to the beginning of the proof, from the weak formulation of
we obtain . This is the only point where we used that u is a periodic weak solution. This
means that, from (7.1)) up to the end of the proof, we simply need to replace s by s’, and
by (7.18)), everywhere to conclude ||u|| o) < +o0. O

Remark 7.3. Let 0 < s < 1/2. Consider a sequence of semilinear equations of the form
Li,uj = fj(z,u;) inR,

where f; is 2L-periodic in the first variable. From Proposition we see that, in the subcritical
case 1 <p <27 —1,if
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o |fi(z,t)] < Co(1+|t|P) for all j and all (z,t) € (=L, L) x [0, +00),

e K satisfies uniformly in j, and

e u; is a periodic weak solution to Lx,u; = f;(z, ;) in R such that |[u;]|z2(—r,z) and [u;]k,

are uniformly bounded in j (hence, |lu;||ws2(-r,1) too),

then ||u;|| o) are uniformly bounded in j. We took a special care to track the dependence of
the constants appearing in the proof of Proposition (17) precisely to get this type of uniform
estimates. It can be useful, for instance, when one uses a monotone iteration argument to
construct solutions to semilinear integro-differential equations.

8. C*(R) ESTIMATES FOR BOUNDED PERIODIC DISTRIBUTIONAL SOLUTIONS

The aim of this section is to prove Theorem [I.7]

Before providing the proof, let us first comment on the optimality of the Holder exponents
appearing in Theorem The € appearing in the statement of Theorem (73) is due to the
fact that S+2s may be an integer. In particular, if 5+2s is not an integer, and if in the iteration
argument of the proof no Hélder exponent ever is an integer, then we indeed get u € C**2(R).
On the contrary, the € appearing in the statement of Theorem () has a different nature. It
comes from the fact that the iteration method of the proof yields u € C?*%(R) for all k > 1,
where [ is a sequence of exponents such that 5, 1 1/(1 — ) but S < 1/(1 — 53) for all k.

Currently we do not know whether Theorem (7) is sharp or if it holds true with € = 0 as
well. But what we know for sure is that the exponent 2s/(1 — ) cannot be improved, as shown
in our forthcoming work [25].

We have seen that Proposition [2.4] allows us to apply the known regularity results for dis-
tributional Dirichlet solutions to the class of periodic distributional (and in particular also to
weak) solutions. Thus, let us recall the following regularity result of [3I]. Be aware that what
we call here distributional solution is called weak solution in [31].

Theorem 8.1. (|31, Theorem 3.8]) Let K satisfy (1.8) and (1.9), and let u € L>®(R) be a
distributional (Dirichlet) solution to Lxu =h in [ = (=L, L), i.e., a solution satisfying (2.14)
for all p € C°(I).
Then, the following holds:
(1) Assume that h € L=(I). If s # 1/2, then u € C*(I/2) and
ullces @2y < Cllull ooy + [Pl m))-
If s = 1/2, then for every e > 0, u € C*<(1/2) and
[ullgzeezyy < Clullzom + hllzem)-

The constants C' depend only on L, s, A, and A (and also on € in the case s =1/2).
(17) Assume that h € C*(I) and u € C*(R) for some a > 0. If a + 2s is not an integer,
then u € C°t25(1/2) and

[l garzs 70y < C(llullco@ + hllgaq)-
If o+ 2s is an integer, then for every € > 0, u € C*T257¢(1/2) and
[ull gaszsez/a) < C([lulloam + HM’CO‘(T))'

The constants C' depend only on L, s, a, A\, and A (and also on € in the case that
a + 2s is an integer).
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The last case of (i¢) in Theorem [8.1] (o + 2s is an integer) is not stated explicitly in [31],
Theorem 3.8], but it follows from the first case of (i7) by replacing a by o — e.

As we showed in Proposition [2.4] if we assume that h is 2L-periodic, the conclusions of the
Theorem also hold for 2L-periodic distributional solutions to Lxu = h in R, replacing [
(and I/2) by R in () and (4i). More precisely, since Lxu = h in the whole real line and u is
2L-periodic, one can apply the theorem to the sets I/2+a C I + a for different values of a € R
(to cover a neighborhood of I) and obtain an estimate on the Hélder norm of u in all of R.
Thus, we can use Theorem to prove Theorem on periodic solutions.

Proof of Theorem[1.7. We will prove the theorem by distinguishing several cases, but we will
treat all of them essentially using a same bootstrap argument based on Theorem [8.1] We will
also make use of the following simple facts regarding the composition of Hélder continuous
functions.

Let f € CP(R) and v € C?(R) be a 2L-periodic function. Then, there exists some constant
Cs,0 > 0 depending only on || f||cs(w) and [[v||ce(®) such that the following holds:

If0 < B,0 <1, then f(v) € C*(R) and || f(v)||csom) < Cpo- (8.1)
If max{f3,0} > 1, then f(v) € C™"{AH(R) and || f(v)| omin{a.or(R) < Cpo- (8.2)

The proof of these statements follows, for instance, from [24] Theorem 16.31] and the periodicity
of v; [24] Theorem 16.31] does not cover the case f > 1 and o < 1, but this case follows very
easily from the fact that f is Lipschitz. As already mentioned right above this proof, the
periodicity allows to extend the estimates of the Holder norm of the composition f(v) from
bounded intervals to the whole real line.

Assume s # 1/2 (the case s = 1/2 will be explained at the end of the proof). Since
f(u) € L*(R), an application of Theorem (1) gives

lellasayey < € lullos @y + 1 (@)llz=n)

where I = (=L, L). Since u is 2L-periodic, this argument applies to all translates of u (since
they are also periodic solutions), and thus we actually deduce that

lullezs@ < Clullzem + I1f (W)le®)- (8:3)

To simplify the exposition, we first assume in the second and fourth case below that ( is not
an integer, and that all the Holder exponents appearing in the forthcoming arguments never
coincide with an integer when using Theorem [8.1] Then, at the end of the proof we will explain
what should be modified in case that some Holder exponent eventually hits an integer when
using Theorem [8.1]

Case 2s <1 —f3:
Since s and f3 are positive, we infer from 2s <1 — S that 0 < f <1 and 0 < s < 1/2. Set

k
Bri=Y B fork=123,...
7=0

Note that B, 1T 1/(1 — 5) as k 1 +o0o. Since we are assuming 2s/(1 — 3) < 1, we have 2s8; < 1
for all £k > 1.

From and the fact that 8 < 1 we have u € C**(R) C C***(R). Since 2s < 1 and 8 < 1,
yields f(u) € C*#(R). Therefore, Theorem (i1) gives u € C#PHI(R) = C?A(R).
Since 2s3; < 1, from once again we obtain f(u) € C?%18(R). Also, since 8 < 1, we have
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u € C?$18(R). Applying Theorem [8.1] (i1) we get u € C**%2(R) with 8y = f18+1 = B>+ 3+1.
Iterating this argument, and recalling that 2s3, < 1 for all & > 1, we see that u € C?%%(R) for
all k > 1. Using that g 1 1/(1 — (), this yields u € Cﬁﬁe(R) for all € > 0, as desired.

Case2s >1— [, with0<f<1,0<s<1/2:

Arguing as in the case 2s < 1 — 3, we see that u € C?*%(R) whenever 2s58;,_; < 1, with the
understanding that Sy := 8. Note that 255, < 1 and hence we can start the iteration. Recall
that B, T 1/(1 — ) and, since we are now assuming that 2s > 1 — 3, we have 2s/(1 — ) > 1.
Hence, there exists a unique ky > 1 such that 2s8,, > 1 and 2s8;,-1 < 1. Now, since
u € C*Pro(R) and 2sBy, > 1, we have u € C'(R). Thus, f(u) € C” by (8.2). Applying
Theorem [8.1] (i4) we deduce that u € CP+27¢(R) for all € > 0, as desired.

Case2s>1—f, with0<f<1,1/2<s<1:
Since 8 < 1 < 2s, from (8.3) we get v € CY(R). Thus, f(u) € C*(R) by (8.2). Applying
Theorem [8.1] (#4) we end up with u € C?*25=¢(R) for all € > 0.
Case 5> 1 (and hence 2s >1— ) and s # 1/2:
Let jo > 1 be an integer such that 2s(jo — 1) < 8 < 2sjo. From Theorem [8.1] with o = 25
and the periodicity of u we see that
Jullczsiry < C(Jlullgzst-v @y + 1f (W)l cze-0(w)) (8.4)

whenever the right-hand side is finite —recall that we are assuming that 2sj ¢ Z. Here,
for j = 1 must be interpreted as (8.3). Observe that if u € C?*¥(R) and 8 > 1, then f(u) €
Cmin{B.257}(R) by (8.2). Therefore, can be iterated for j =1,...,jy to get u € C*°(R) C
CP?(R), which yields f(u) € C°(R) by (8.2). Now, Theorem [8.1|leads to u € C**2*¢(R) for all
€ > 0, as desired.

Case s = 1/2, or [ is an integer, or if we hit an integer (in the 2nd and 4th case above) :

Assume first that s # 1/2. During the iteration processes explained in the previous cases, if
we know that u and f(u) belong to C*(R) for some a < 8 and it turns out that o + 2s hits an
integer (clearly, this situation cannot happen in the first and third case), we simply diminish a
bit the exponent « in order to avoid that integer and we continue the iteration.

Finally, the case s = 1/2 is treated analogously but, instead of , using that

[ull g2y < C(llull ooy + [ ()| oo () )
for any € > 0 arbitrarily small, which follows from Theorem (1) and periodicity. ([l

Remark 8.2. With the same iteration method used here one can show that the analogue of
Theorem in the nonperiodic scenario also holds for regular enough kernels K satisfying
and . Note that from the first iteration one would only get a bound on the Hoélder
regularity of v in 1/2, but not in the whole real line. Hence, one cannot use Theorem (71)
for the next iteration since its right-hand side involves ||u|/ca(®). However, for more regular
kernels there is an improvement of Theorem (7). More precisely, if K additionally satisfies

[K]ca®mp,) < Ar7"727* forall r > 0, (8.5)

then
[ull casras(7/2) < C (Nl oo ) + HhHCa(T)) if o + 2s is not an integer;
see [31l, Theorem 3.8 (c)].
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Therefore, for kernels K satisfying (8.5)) one can obtain the following result: given f € C*(R)
for some B > 0, everyu € L*(R) distributional solution to Lxu = f(u) in I = (=L, L) satisfies

(i) u € 0%76(7_/2) foralle >0 if2s <1—j,
(i) u € CPH2=<(1/2) for all € > 0 if 2s > 1 — f3.
In the periodic scenario this difficulty does not appear thanks to the periodicity of u, even
for nonregular kernels.

APPENDIX A. THE HALF-LAPLACIAN ON S!

We shall now explain the relation between the integro-differential expressions for the half-
Laplacian on R for periodic functions and the half-Laplacian on S*. Any 27-periodic function u
on the real line can be identified with a function ug: in the unit circle by ugi (e®*) = u(x) for
all € R. With this at hand, we will see below that (—A)Y?u corresponds to the Dirichlet-
to-Neumann map for the harmonic extension of ug: to the unit disk. This map also has an
integro-differential expression on S' for ugi. It is noticeable that the expression that one gets
for ug1 on S! is the same as the one for u on R, namely with s = 1/2, except that R must
be replaced by S! and u by ug:, but the kernel remains the same. The purpose of this section
is to give the details of all these observations.

By definition,

_A)/2y, L )

(—A) PV/ |x_y|2 (A1)
for all u : R — R whenever the integral and the limit make sense. Assume that u is 27-periodic.
Then, using the Fourier series expansion u(z) = Y, ., uge™®, where uy, == 5= [7_dz u(x)e ™,
we know form Lemma B.1] that

(—2)Pu(z) = |kluge™

kEZ

To the 2m-periodic function u, let us associate the function ug: : S* ¢ C — R given, for p = €,

by
ug (p) = ugi (e) : Zuke Zuk Yk = Z urp®.

keZ keZ keZ
The function ug: can be naturally extended to a harmonic function in the unit disk up : D C
C — R by writing z = rp = re" € C, where r > 0 and p = e"* € Sl, and

up(z) = up(rp) E wprFlpk = E ukr‘k‘ )

keZ keZ

= Z uy(re™ ) + Z u_p(re”)* = Z up2® + Z u_pZ".

k>0 k>0 k>0 k>0

The fact that Aup = 0 in D follows directly from the right-hand side of (A.2)) and the fact that
A = 40,0; = 40:0,. It is also clear that up = ug1 on S!. Now, one can use this extension into
the unit disk to interpret (—A)Y2u as a Dirichlet-to-Neumann map on S!, that is,

0 0 .
(Orup)(p) = —- a0 ZukT‘k‘pk = Z |Elupe’™ = (=A)?u(z). (A.3)
"=l ez kEZ

(A.2)

upl\z) =
or lr=1 or

This Dirichlet-to-Neumann map ug: (p) — (9,up)(p) on S' can now be used to get an integro-
differential expression on S! for (—A)"2ugi. The following lemma shows that, as we claimed
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at the beginning of this section, the formula that one gets for (—A)/?ug: on S' is the same as

(A1) for (—A)Y2u on R replacing R by S' and u by ug:, but leaving the same kernel.

Lemma A.1. Given ugi € C*(S') for some a > 1, let up : D — R be the harmonic extension
of ug1 to the unit disk. Then,

©Os)p) = 2 2. [ ag DD

for all p € S, where the second equality must be understood as a definition of an operator
(—A)/2 on St

Proof. Tt is well known that one can write up(z) = [, dg P(2,q)usi(q) for all z € D, where P
denotes the Poisson kernel on the unit disk. It is given by
P(z,q) L= l2P o alzeDandges!
2,q) ;= ——— forall z an .
)= g q
The fact that a harmonic function which is constant on S! must be constant in ID yields that
Jo1 dg P(z,q) =1 for all z € D. Therefore, for every p € S! and every € > 0 we have

(Orup) (p) = lim un(p) - uﬂg((l —o) _ lim | dg (us1 (p) — USl(Q»%P((l —0)p,q)
= lim et (9) — e () B (A.4)
- l‘uo </Slm{lp—q|>e} i /Slm{lp—q|<e} )dQ( = (?) ° <q))(5p((1 o)p:4)
=:A.+ B,,

where A, denotes the limit as § | 0 of the integral over S' N {|p — ¢q| > €}, and B, the limit of
the other integral.
To compute A, we use that p # ¢q. Then, since |p| = 1, we see that

1 1= (1 =9)p)? . ) 1 1
lim =P((1—6)p, q) =1 —1 (1—-) _ .
310 6 (( P 4) 310 278|(1 — 0)p — ¢q|? 310 2/ 7|1 =0)p—q|> wlp—q|?
By dominated convergence, we conclude that
1
lim A, = lim dq (usi (p) — ugi(q)) lim =P((1 — §)p, q)
el0 0 Jsin{p—g|>e} ’ ’ 510 0 (A.5)
1 1 - 1 ’
_ 1 ) s (@)
T el Jsingip—gi>e) [p—dl

Let us now compute B.. To this end, we can assume without loss of generality that 1 < o < 2.
By the symmetry of S! N {|p — ¢| < €} with respect to the line Rp,

/ aie W) 1 o) ) vl
sinfp-ai<g (L= 0P —a* 2 Jsingpq<q (1=0p—q

where ¢, € S' denotes the reflected point to ¢ with respect to Rp. On the one hand, since S*
has a tangent line at p, we see that the points ¢, p, and g5 tend to be aligned as ¢ approaches p.
Indeed, |p— ¢ — (¢s — p)| = O(]p — ¢|?). Tt is not hard to show that this, together with the fact
that ugr € C*(S') for some 1 < o < 2, yields that

12ug1 (p) — us1(q) — ug1(gs)| = O(|p — q|*) as ¢ tends to p. (A7)




PERIODIC SOLUTIONS TO INTEGRO-DIFFERENTIAL EQUATIONS 41

On the other hand, for every 0 < § < 1 and ¢ € S! it holds that § < |(1 — 6)p — ¢, and we
therefore obtain that

p—al <lp—=(Q=pl+|1=0)p—ql=0+[1-0)p—ql <2/(1-0)p—ql. (A3
Finally, since s P((1 —0)p, q) = 74(11*_5—%’ combining (A.6)), (A.7), and (A.8]) we get

|Be| < C/ dglp—q|** < Ce*!
Stn{|p—q|<e}

for some constant C' > 0 independent of €. Thus, we conclude that lim. o B, = 0, and the
lemma follows from this, (A.5)), and (A.4). O

Combining the previous results, we deduce the following identities at the level of energies.

Corollary A.2. Given u: R — R 2n-periodic, let ug : S* — R be defined by ug: (e*) := u(x)
for all x € R, and let up : D — R be the harmonic extension of ust to the unit disk.

Then,
y)‘Q 1/ 2
g 1 2 d — =
a3 47r/ x/ yP Ve
/ / |USI —USl( )|
st st Ip—q|? ’

where E_ayy2 is the energy defined in with G = 0.

Proof. Using Lemma[2.1] that u(z) = up(e™®), and (A-3) we have that

u(z) — u(y)[? _/7T ANL/2 _/
27r/ dx/dy y[2 = 7WU( AYREITES SluDGTUD. (A.9)

Now, the divergence theorem and the fact that up is harmonic shows that the right-hand side

of (A.9) equals [} |[Vup|.

Finally, using Lemma and since up = ug: on S', a standard symmetrization argument
(as the one in (2.8) in the proof of Lemma [2.1)) shows that

‘Usl — USl( )’
up Opup = — dp/ )
/Sl st st ]p Q\Z

as claimed. 0

Remark A.3. We follow the notation above, ug: (¢'®) = u(z). We finish this section by proving
that (—A)Y2u(z) = (—A)Y2ug (¢*) for all € R without using the extension argument above
via up, but directly at the level of integro-differential expressions.

Note that, by the periodicity of u, we have

(—A) 2y (z) = %/Rdy% = %/_ dy (u( Z \x—y+2/~m\2 (A.10)

Recall that

1 +00
s = I‘_)/ dtt7 " te™t for all s > 0.
) Jo
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Hence, assuming that 0 < x — y < 27 (the case —27 < x — y < 0 is analogous), we have

e RN A o
= dt te™1*TYTERT
— 2
k€L |z —y + 2k| kez 0
+oo +oo
:/ dtte—(x—y)tZ(e—Qﬂt)k+/ dtt€(x_y)t2(€27rt)k
0 0

k>0 k<0
+00 e—(:}c—y)t +oo e(x—y)t6—27rt
= dtt———— dtt————
/O 1 — e—2mt +/0 1 — ¢—2mt
_ /+°° dtte_(m_y_t)t + e(i_y_”)t _ /+°° dttCOSh«.W —r+y)t)
0 et — e 0 sinh(7t)
For every 0 < r < 27 it holds that (see [38, Number 8 in Section 3.524 on page 377])
/+oo dttCOSh.((ﬂ- —7)t) _ 1 ’
0 sinh(7rt) 2 — 2cos(r)

and since |e® — e¥|? = 2 — 2 cos(x — y), we deduce that

S e
~ |z —y + 2kn|?2  |e®® —ew|?

Plugging this identity in (A.10]), we conclude that

-0t = 1 [ ay B = [ D = A ),

’671:5 _ eiy|2 T ’61':0 _ q|2

APPENDIX B. ON THE CLASS OF KERNELS CONSIDERED IN THEOREM [I.4]

In this section we shall discuss the three conditions in the rearrangement Theorem|1.4]imposed
on the kernel K by exhibiting several examples. In particular we show that the theorem is false
in general for nonincreasing kernels, which is the most natural class which contains all three
conditions. We also show that neither of the three classes is contained in one of the others.

Let us start by exhibiting a simple example which shows that the statement in Theorem [I.4]
namely, that [u*P]| < [u]x for every 2L-periodic function u : R — R such that v € L*(—L, L),
does not hold for a nonincreasing kernel K. Take, for example, K. to be the characteristic
function of [0, L + €] for some 0 < € < L, and define K(t) := >, _, K(|t + 2kL|) as in the
proof of Theorem Since K (|t]) = X[-r—er+q(t) for all ¢ € R, we have that K, is the even
2L-periodic function given in [—L, L] by

— . |1 ifte(—L+eL—¢),
KG@—{ 2 ifte[-L,~L+dU[L—eI]

Note that in particular K, is smaller in (0, L —¢) than in (L —¢, L). This last observation shows
that our proof of Theorem cannot work for such a kernel, since the Riesz rearrangement
inequality of Theorem does not apply. In fact, we now show that the conclusion given in
Theorem is indeed false for the kernel K. = X0, 144

Indeed, by using for [u]g., expanding the square |u(z) — u(y)|* as v?(z) + v’(y) —
2u(z)u(y), and using the fact that rearrangement does not modify the double integrals contain-
ing v?(x) and u*(y) (assuming u to be in L?(—L, L) for the integrals to be finite) we see that
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[u*Pe . < [u]g, is equivalent to the inequality

(

[ [ @ -nz [ [ auouRe -y s

We now show that this inequality does not hold for some functions u € L*(—L, L). For instance,
take

U= aX(-Los-Lys) T OX (L5 L1s)

where a and b are two positive numbers and 0 < 0 < L/2. If we chose 0 sufficiently small
compared to €, then

/ d:)j/ dyu(x K (z —y) = 46°(a’K.(0) + b’ K.(0) 4 2abK(L)).

* per

The function u*P*" restricted to (=L, L) is equal to

WP — max{a, b}X(fa,a) + min{a, b}X(726,76]U[6,26)

which, for ¢ small enough, leads to

/_L dx /_L dy u(x)* P"ut P (y) Ko (x — y) = 46% (a* K (0) + K. (0) + 2abK(0)).

Therefore, since K (L) =2 > 1 = 0), (B-1) does not hold for this function u. Indeed, we
have shown that for every choice of p081t1ve numbers a and b it holds that [u* P, > [u]g,.

Let us now comment on the class of kernels K considered in the statement of Theorem [.4]
It is simple to show that the collection of kernels satisfying (i7i) does not contain and is not
contained in the collection of kernels described neither by (i) nor by (7).

We now show that the collection of kernels satisfying (i) does not contain and is not contained
in the collection of kernels described by (ii). On the one hand, the kernel K (t) = (#2+1)~(1+29)/2
satisfies the growth condition ([1.8) with A = 1, and belongs to the class (i7) as we have seen
right after Definition or in Remark [6.2] However, K is strictly concave for ¢ close to the
origin. Therefore, K is as in (i7) but it does not satisfy (i), that is, K is not COHVGXH

On the other hand, if a kernel K is as in (4¢) then it is infinitely differentiable in (0, 4+o00).
This follows form Definition or by differentiating . At the same time, there exist
convex (and even strictly convex) kernels which are not infinitely differentiable in (0, 4o0).
These kernels will fulfill () but not (ii). Nevertheless, the lack of regularity is not the only
property that prevents a convex kernel to belong to the class (i¢). In Lemma we provide
an example of a smooth kernel that fulfills (7) but not (ii).

We finally mention that there exist kernels that satisfy both (i) and (i7), such as the kernel
of the fractional Laplacian (see Remark [6.2)).

Lemma B.1. Given 0 < s < 1, set

+o0 +oo 9
/ dr/ —l:;;x for allt > 0.

Then, K is infinitely differentiable in (0,+00), satisfies (1.8) and (1.9), is strictly convex in
(0, +00), but 7 > 0+ K(7'/2) is not a completely monotonic function.

Ynstead, recall that the function 7 — K (71/2) is convex, as follows from Definition
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Proof. We first show that K satisfies and ( - Since 1 < 2 +sinx < 3 for all z > 0,

= 1-2s +oo +oo dzx +oo +o0 dzr 2571725
/ dr/ +5/2_ <3/ dr/ S+5/2: 3 -
(s+ xs x (s+35)(s+3)

Moreover, since x — 17°7%/2(2 + sin x) is infinitely differentiable in (0, +00), so is K.
Let us now check that K is strictly convex in (0, +00). Set

oo +°° 2 +sinz
/ dr/ e for all 7 > 0.

Then K (t) = f(t?), which yields K"(t) = 4> f"(t*) + 2f'(t?). Note that

f’(T):—/+Ode2+Smx and  f'(r) = 2+SIDT.

st5/2 T5+5/2
Therefore,
" 2 o142 1742 2+ Sin(tQ) T 92 4sing
4 oo 3dx 4 Gt =273 953 3
thsﬁ_2/t2 L5H5/2  p2s43 s+3 =4t (1_25+3>>0

for all ¢ > 0. That is, K is strictly convex in (0, 400).
Finally, it remains to check that 7 — K (7'/2) = f(7) is not a completely monotonic function.
If it was, then we would have f”(7) <0 for all 7 > 0. However,

m, \ _ COST 5\2+sinT 1 5\2+sinT
S = TSH5/2 <8+ 5) Ts+T/2  pst5/2 (COST B <8+ 5) T )’

which changes sign infinitely many times for 7 big enough. 0

APPENDIX C. STABLE PERIODIC SOLUTIONS ARE CONSTANT

We show in this appendix that stable periodic solutions of Lxu = f(u) in R must be constant.
Here the corresponding variational problem has no constraint. That is, stability means that
the second variation of

at the 2L-periodic solution wu, is nonnegative definite when acting on 2L-periodic functions.
This condition is stated in an equivalent way in ((C.1]). This result applies to all kernels having
the standard growth bounds.

Lemma C.1. Let K satisfy the bounds (1.8) and (1.9), L > 0, and f = F' € C*#(R) for
some 3 > 0.
If u € L>®(R) is a 2L-periodic stable solution of Lxu = f(u) in R, then u is constant.

Proof. As in the proof of Corollary [L.5 or of Theorem [L.1] one can see that v’ € C*(R) for some
v > 2s and that v’ satisfies the linearized equation Lxu' = f'(u)u’ in R. In view of the stability
of u, the second variation of £, at w is nonnegative, i.e,

D, (u /dx/dy!& EWIPK (o — y) /f we>0 (1)

for all 2L-periodic functions £ € C*T¢(R) and for all € > 0.
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Multiplying by u’ the linearized equation satisfied by «’ and integrating in (—L, L) we deduce
from the integration by parts formula Lemma (applied with u and 1 both replaced by «’,
a 2L-periodic function of class C¥(R) with v > 2s) that D?*E., (u)(v/,u’) = 0. Since ||v/(x)] —
W/ (y)]| < Ju'(z) — u/(y)| it follows that D?Eg, (u)(|v/], [v/|) < D*E,. (u)(v',u') = 0, which in
turn shows that D2, (u)(]v’|, |v/]) vanishes too, by used with £ = |u/|.

Thus the function

w(t) == D*Eg, (u)(|'] + tn, [/] + tn)
vanishes at ¢ = 0 and, in view of , is nonnegative for all ¢ € R and all 2L-periodic
functions 7. It follows that w’(0) = 0. Computing w'(0), integrating by parts, and using that
7 is arbitrary, we obtain that |u/| is a weak solution of

Lglu'| = f'(w)|u'| =0 in R.
Thus, by our regularity result Theorem [L.7] it follows that |u/| is of classe C* for some w > 2s.
Therefore Lx|u'| makes sense pointwise and |u/| is a pointwise solution of the equation.

Now, by the well known strong maximum principle for the operator Lx in R, and since
|v/| > 0 in R, we must have that either |u'| = 0 or |/| > 0 in R (we are not using here the
strong maximum principle of Section |5| for periodic solutions, whose proof is harder). Now
|v/| > 0 in R is not possible, since u is periodic. Thus |u/| = 0 and hence u is constant in R. [
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