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SEMILINEAR ELLIPTIC EQUATIONS
INVOLVING MIXED LOCAL AND NONLOCAL OPERATORS

STEFANO BIAGI, SERENA DIPIERRO, ENRICO VALDINOCI, AND EUGENIO VECCHI

ABSTRACT. In this paper, we consider an elliptic operator obtained as the
superposition of a classical second-order differential operator and a nonlocal
operator of fractional type. Though the methods that we develop are quite
general, for concreteness we focus on the case in which the operator takes the
form —A + (—A)®, with s € (0,1). We focus here on symmetry properties
of the solutions and we prove a radial symmetry result, based on the moving
plane method, and a one-dimensional symmetry result, related to a classical
conjecture by G.W. Gibbons.

1. INTRODUCTION

In this article we discuss some symmetry properties for the solutions of se-
milinear equations driven by a mixed operator. Specifically, we will consider
operators that combine local and nonlocal features. For the sake of concreteness,
we focus on operators of the form

(1.1) Li=—A+(-A)

where s € (0,1) and

(—A)%u(z) :=P.V. ox % dy.

The study of mixed operators has a consolidated interest in the recent literature,
both in terms of theoretical studies and in view of real-world applications. The
development of the theory includes, among the others, viscosity solutions methods

(see [33, 134, 4] 10} 18], 2 [3]), parabolic equations (see [25]), Aubry-Mather theory
(see [19]), Cahn-Hilliard equations (see [I7]), porous medium equations (see [20])

phase transitions (see [15]), fractional damping effects (see [2I]), Bernstein-type
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regularity results (see [14]), existence and non-existence results (see [Il, [39]), reg-
ularity theory (see [8]). Concrete applications of mixed operators also arise nat-
urally in plasma physics (see [12]) and population dynamics (see [23]), and nu-
merical methods have been also developed to take into account the specifics of
mixed operators (see [11]).

In this article, we provide two sets of symmetry results for solutions of semilinar
equations driven by mixed operators: the first type of results deals with the
radial symmetry of the solutions, and relies on the moving plane method; the
second type of results is inspired by a classical conjecture by G.W. Gibbons
and establishes the one-dimensional symmetry of the global solutions that attain
uniformly their limit values at infinity.

In this spirit, the first symmetry result that we present is as follows:

Theorem 1.1. Let f : R — R be a locally Lipschitz continuous function, and let
Q C RN be an open and bounded set with smooth boundary. We assume that Q
is symmetric and convex with respect to the hyperplane {x1 = 0}.

If u € C(RY) is any weak solution of

Lu= f(u) inQ,
(1.2) u=0 in RV \ Q,
u >0 in §,

then u is symmetric with respect to {x1 = 0} and increasing in the x1-direction
in QN {z; <0}

As usual, from Theorem [[.T] one deduces that if 2 is a ball, then the solutions
of (2] are necessarily radial and radially decreasing.

The proof of Theorem [[.T] that we present combines the integral formulation of
the moving plane method (see [38, [40]) with suitable adaptations of some results
in [36], where the case of integral equations was taken into account by introducing
a new small-volume maximum principle and a strong maximum principle for an-
tisymmetric supersolutions. See also [26] 35, 22], 24, [6 41] for related moving
plane methods in the nonlocal setting.

In terms of one-dimensional symmetry for global solutions under uniform limit
assumptions, we have the following result:

Theorem 1.2. Let f € CY(R) be such that

(1.3) sup f'(r) <O0.
r|>1
Let u € C3(RN) N W4 (RN) be a solution of the problem
Lu= f(u) in RN,
(1.4) , liin u(y,t) = £1  uniformly for y € RN=1,
— 00

Then, there exists ug : R — R such that
(1.5) u(y,t) = up(t) for every x = (y,t) € RY,

The result in Theorem is inspired by a classical conjecture by G.W. Gib-
bons, formulated when £ was the classical Laplace operator and motivated by the
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cosmological problem of detecting the shape of the interfaces which “separate”
the different regions of the universe after the big bang (see [32]).

The classical Gibbons conjecture was established, independently and with dif-
ferent methods, by [5] [7, 27]. See also [28], 29, [30] for related results.

The fractional version of Gibbons conjecture (i.e., the case in which the ope-
rator in (L7) is the fractional Laplacian) has been established in [3I1 [16]. As
a matter of fact, the method developed in [31] is very general and comprises a
number of different operators in a unified way: for this, our proof of Theorem
will rely on the general structure provided in [3I] by showing that the structural
hypothesis of [31] are fulfilled in the case that we consider here.

In the rest of the paper we provide the proof of Theorem [I.I], which is contained
in Section 2] and that of Theorem [[.2] which is contained in Section [Bl

2. RADIAL SYMMETRY AND PROOF OF THEOREM [I.]]

In this section, we prove Theorem [Tl To this end, without loss of generality,
we may assume that

inf xr;1 = —1.
€N

We will combine the integral version of the moving plane method (see [38]) with
a suitable generalization of a strong maximum principle for antisymmetric super-
solutions (see [30]).

Let us now introduce and fix some notation needed in what follows. We define
the bilinear form

B(u,v) := / (Vu, Vo) da

u(y))(v(z) —v(y))
dxd
//Rw !w—y!N“S S
and the function space

(2.2) D(Q) = {ue HYRY) st u=01in RV \ Q).
In this setting, we give the following definition of weak solution of (L2]):

(2.1)

Definition 2.1. We say that a function u :  — R is a weak solution of (L2))
ifueD(),u>0in Q, and

(2:3) Blug) = [ fu@))e(z)dz,
for any ¢ € D(Q).

Also, given a set U C RN, we let

(2.4) p(v,U) /|W|2 i )

where
/ / o) = o)
HS(U UxU \95— ’N+25 .
and

(2.5) H(U) == {ve L*RY)st.v e H(U)}.
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As customary, for any v € L2(R") we define the positive and negative parts of v
as follows

vt := max{v,0} and v~ := max{—v,0}.

As it is well known,

(2.6) v(z) =vT(z) —v (z), forae xecRY
and
(2.7) vi(z)v(z) =0, forae zeRYN,

It is useful to observe that the functional introduced in (24 is monotone with
respect to the operation of taking the positive and negative parts, as pointed out
in the following result:

Lemma 2.2. Let U C RY be an open set and let v € H(U). Then v* € H(U)
and

(2.8) p(v™,U) < plv,U).

Proof. Since v € H(U) = L*(RN) N HY(U), it is easy to see that v* € H(U), in
light of (2.6]) and (2.7)). We then focus on the proof of (2.8]).
For this, recalling (24]) and using again (2.0)-(27), we get

p(v,U) = / vol+ | /U y |x_y|N+2>fd ay
fw*vf//w e
= [ (Vo P+ [ [V ?

//UxU = | —y|N+(25)| dx dy+//leU |U_|:(E.’Ez;|]1\}[;(2?i)|2 dz dy
2// (@) = W) @) v w)
UxU

‘.%' _ ‘N—I—ZS
— oot ) + oty ()
—p(U aU) ) +2//U><U |N+25 dxdy
> p(",U) +p(v™, V),
which gives the desired result in (Z2.8]). O

Inspired by [36], we now deal with a linear problem associated to the reflection
with respect to a given hyperplane. For this, with the notation in (2.1]) and (2.2)),
for every open and bounded set Q C RY, we define the first (variational) eigen-

value of the operator £ introduced in (1)) as
B(u,u

(2.9) A(9Q) = Bluu)

u€D(Q) Hu||L2(Q)

We point out that, since we can identify D(€) with the space of functions
in H}(Q) that vanish outside €, we see that

(2.10) A(Q2) > A_aA(9),
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where A_A(f2) stands for the first eigenvalue of —A in ©Q with homogeneous
Dirichlet boundary conditions. Recalling that

A_A(Q) > 400 as | — 0,
and setting
A1(r) :==inf {A1(Q) with Q@ C R" open with [Q| =r}, 7 >0,
it follows from (ZI0) that

(2.11) Ai(r) = 400 asr—0T.
Furthermore, let H C R be an open and affine halfspace. We denote by
Q:RY - RY

the reflection with respect to OH. For convenience, we will sometimes denote
with
(2.12) z = Q(x),

for every € RY. With this notation at hand, we say that a function v : RV — R

is antisymmetric with respect to Q if

(2.13) v(Z) = —v(x), for every z € RV,

Moreover, we give the following definition of antisymmetric supersolutions:

Definition 2.3. Let U C H be an open and bounded set. Let ¢ € L>®(U). We

say that a function v : RV — R is an antisymmetric supersolution of

(2.14) Lv=cv %n U,
v=0 in H\ U,

if it satisfies the following properties:
(i) v is antisymmetric,
(ii) v € H(U') for some open set U’ C RY such that Q(U’) = U’ and U C U’,
(iii) v > 0 in H \ U and, for every ¢ € D(U) with ¢ > 0, one has

(2.15) B(v, ) > / c(x)v(z)p(x) d.
U
The aim is now to provide a suitable maximum principle for antisymmetric

supersolutions, as given in Definition 2.3l

We start with the following observation on the bilinear form introduced in ([2.1]):

Lemma 2.4. Let U’ C RY be an open set such that Q(U') = U’. Let v € H(U')
be an antisymmetric function such that

(2.16) v>0 in H\U,

for a certain open and bounded set U C H with the property that
(2.17) UcCHNU'.

Then, the function

(2.18) w:=xpv_ € D)

and it holds that
(2.19) B(w,w) < —B(v,w).
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Proof. We first prove (ZI8]). To this end we first observe that, since v € L%(RY),
one obviously has w € L2(RY). Also, recalling (23], we know that v € H'(U’),
and therefore it is easy to see that v~ € H'(U’). In addition, in light of (Z.I6]), we
have that v~ = 0in H \U. As a consequence of these observations and of ([2.17)),
we have that there exists an open set W such that

UcCcWcWcUNH and v~ € HY(W).

Therefore, if we identify w = ygv™ with the zero extension of v~ outside of U,
we get that w € H'(RY). Moreover, we have that w = 0 in RV \ U. These
considerations imply (ZI8)).

Now we focus on the proof of ([ZI9]). Recalling (21I]), we observe that

B(w,w) + B(v,w)

) (w(@) ~w@)?
(2.20) = /RN |Vw|2d:c+//RQN ,x_y‘Nus dx dy
() (w(z) —w(y))
+/RN<VU Vw) da:+//R2N ’x_y‘N+28 dz dy.

We notice that, thanks to (2.16]),

/ |Vw|2dx+/ (Vv, Vw) dx—/ Vo~ |2dx+/(Vv Vo) dx
RN

/\w \de—/< ~, Vo~ )dz = 0.

Furthermore, we remark that, for any z € RV,

(2.21)

xu(@)v™ (2) (xm (@)v” (2) + xu()v(@) + xpa\ g (@)v(2))
= xu(x)v” (@) (xa (@)v" () + xpy\ g (@)v(2)) =0,

and therefore
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As a consequence, using (2.13)) and the change of variable Y := g (also recall the
notation in (E:ZD) we obtain

) (w(z) — w(y))
//R2N | —y|N+25 dx dy+//RQN [N dx dy
) +o(y)) +wy)(w(z) + v(m))
//R?N |z — y[N+2s dx dy

_ w(@)(w(y) +v(y) .
~=2 [ R e deds
v (@) (xu(W)v™ (y) +v(y))
_2//H><RN dx dy

|z — y[NF

B v~ (2) (xer (Y)vT (y) + xea\m (Y)v(Y))
= _2//HXRN P dx dy

‘N—I—ZS

v (z)v"(y) // v (2)v(y)
:—2// dx dy — LY 4 gy
HxH |$—y|N+28 Hx®N\H) [T —y[VT2e
“(z)v*(y) v (2)v(y)
——2// dxdy—}—Q// dx dy
HxH |$—y|N+25 Hx®N\H) [T —y[VT2s
v (@)v (y) // v (z)v(Y)
= -2 dr d 2 7d dY
//HXH ’x_ ‘N+28 v HxH ‘x - ’N+2
= —2// v (2)v T (y) ! — ! dx d
=i o=y T g )

v (2)v (y)
_2// V@0 W) oy
Hxn |z — gVt
<0.

Plugging this information and (Z2I]) into ([2:20) we obtain ([2Z.I9)), as desired. [

With the aid of Lemma 2.4] we now prove the following maximum principle:

Proposition 2.5. Let U C RN be an open and bounded set with U C H. More-
over, let c € L>*(U) be such that

(2.22) e e @y < Aa(T),

where the notation in (2.9) has been used.
Then, every antisymmetric supersolution v of (2I4l) (in U) is nonnegative
throughout H, that is, v(z) > 0 for a.e.x € H.

Proof. We consider the function w introduced in (ZI8)) and we claim that
(2.23) w = 0.

To prove it, we argue towards a contradiction, supposing that ||wl[z2) # 0. By
Lemma [24] we know that w € D(U), and hence it is an admissible test function

in (2I8). Accordingly,

B(v,w) Z/Uc(:v)v(x)w(x) dx.
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From this, (29), (Z19) and ([222]), we conclude that

Al(U)HwH%Q(U) < B(w,w) < —B(v,w) < —/Uc(x)v(x)w(x) dz

= [ capt@ e < e im0l < M@l
which is a contradiction. This proves (2.23]), we implies the desired result. O

We are now in the position of establishing a strong maximum principle for
antisymmetric supersolutions (which is the counterpart in the setting of mixed
local-nonlocal operators of [36, Proposition 3.6]):

Proposition 2.6. Let U C H be an open and bounded set. Let ¢ € L>®(U) and
let v be an antisymmetric supersolution of ([214) (in U). Assume that

(2.24) v>0 aeinH.
Then, either v =0 in RY or
essinfgv >0, for every compact set K C U.

Proof. If v = 0 in RY, there is nothing to prove, so we assume that

(2.25) v#0 in RV,
In this case, it suffices to show that, for a fixed xy € U, one has
(2.26) essinfp (5,0 > 0,

for a some radius > 0 small enough. We then prove (2.20]).

First of all, in light of ([2.24]), (2:25]) and the fact that v is antisymmetric, we
can find a bounded set M C H, with positive measure, which does not contain a
small neighborhood of xy and such that

(2.27) 0 :=infv > 0.
M
In addition, by (ZIT]), we find a radius
dist(zo; (RN \ H) UM
- < (o Bt moan)
such that
(2.29) A1(Bar(20)) > [lell o= -

We now pick a function g € C2(R¥, [0, 1]) such that
1, ifx € By(xo),
9(@) = {0, if 2 € RN \ By (o).
Moreover, for a given a > 0 to be chosen later, we define the function
(2.30) h:RY =R, h(z) = g(x) — g(z) +a(xum(@) = xm (7)),

where we are using the notation in (2.12)). We also define the sets Uy := Ba,(z0)
and Uy := Bz, (z0) U Q(Bs,(x0))-
We observe that h is antisymmetric, and moreover

(2.31) h=0 on H\ (UyUM) and h=a on M,
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thanks to (2.28)). From ([2:28) we also deduce that
(2.32) (MUuQM)NU, =9

This and the fact that M is bounded give that h € H(U}). We now claim that
there exists a constant C; > 0, depending on g, such that

(2.33) B(g,¢) < Cl/ o(x)dz, for every ¢ € D(Uy) with ¢ > 0.
Uo

In fact, for any ¢ € D(Uy) with ¢ > 0, by an integration by parts,

/RNWQ, V) dx :/U (Vg,V)dx
(2.34) 0

—— [ Ageds<lglenay, [ el
Uop Ug

Moreover, by Proposition 2.3-(ii) in [36] (applied here with v := g and u := ),
we have that

) (e(z) — ¢(y)) B AVl o) da
//RzN ]x— y|N+2s dmdy—/RN( A)g(z) p(z)d

- / (~AY9(@) o(@) do < (-8 gl [ pla)do.
Uo UO
Recalling (2.1), this and (Z34]) imply (2:33]). Similarly, one has that

(2.35) B(goQ,p) < CQ/ o(z)dz, for every ¢ € D(Uy) with ¢ >0,
Uo

for some Cy > 0. In addition, we see that, for any ¢ € D(Up) and any = € RV,
from (2.28]) we infer that

(xar (@) — xm (7)) p(x) = 0;

as a consequence,

1 / /R N ((xar(@) — xue (@) — ‘(fo(y‘J)V;?M(ﬂ)))(@(x) o) "
——//W “‘M%’i_;‘,%i%? o) gy
cm = /UOXRN (XM% - ;ﬂdvgl)@(x) dz dy

/ (/ iz —y ‘N+2s / z — ’N+2s> dx
Co/ o(x) dx

— f .
Co = xlenUO </ iz — ’N+25 / iz — g ‘N+23>

where
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We stress on the fact that the constant Cj is finite, thanks to (2.28]).

Now, recalling (2.30), and using (2.33)), [235]) and (2.30]), we conclude that,
for any ¢ € D(Up), one has

(2.37)
B(h,¢) = B(g,9) + B(go Q,»)

ta / (Oxar(@) = xr () — (xear (@) — xma (@) (@) — ()
R2N

o =y

dx dy

<Cq | ¢(x)d,
Ug

where
Ca = Cl + 02 — QCLCO.
Now we perform our choice of the parameter a: we choose a > 0 such that
Ca < =llell Lo (wo)-
In particular, with this choice, (2.37]) yields that

Blhyg) < —lellz=wn) / (@) de < — e |l e / (@) da

Uo UO

<— | c@p@dn <~ [ @@
(2.38) 0 0

cH)h(z x)dxr — c (x)h(x x) dx
g/UO (@)h(x)p(z) d /U (@)h(z)p(z) d

- / (2)h(x)p(x) dz,
Ug

since h(z) = g(z) € [0,1] for every x € Uy. Now, we recall ([2.27]), we define the
function v as

(2.39) o(x) == v(x) — gh(w),

and we notice that o € H(U)) and it is antisymmetric, since both v and h are so.
Furthermore, by (2.24)), ([2.27) and (2.31]), we have that
>0 on H\Up.

In addition, for any ¢ € D(Uyp) with ¢ > 0,

B(o,9) = Blv.¢) — B0 o)

0
> /UO c(x)v(z)p(x) dx — - /Uo c(x)h(x)p(z) dx
— [ i)t
Uo
thanks to (Z.I5]) and (Z38]).

As a consequence, we have that ¥ is an antisymmetric supersolution of
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Since ||c[[zeo () < A1(Uo), thanks to ([2.29), we are in the position to apply
Proposition to conclude that © > 0 a.e. on Up. Recalling (Z39), this gives

)
v>—>0 ae. on B.(x).
a
This establishes ([2.26]), and the proof of Proposition is thereby complete. [
With this preliminary work, we now prove Theorem [Tl For this, let u € C(Q)
be a weak solution of ([L2]). We fix the usual notation needed to implement the
moving plane method. For every A € (—1,0] we define the following:
Qo ={reQ:x <A},
PN ::{xGRN:m1<)\},
Q)\(.%') =T) = (2)\ —T1,T2,... ,J'N),
and  wuy(z) = u(z)).

We also define the function
Floa@) = @) o
(2.40) c(x) := ux(z) —u(z) fur@) # ulw),
0, if uy(x) = u(x).

We observe that ¢ € L>(Q2)), thanks to the Lipschitz assumption on f.
Furthermore, setting

(2.41) Uy = Uy — U,
we point out the following observation:

Lemma 2.7. Let u be a weak solution of (L2) according to Definition [21l.
Then, the function vy in 241) is an antisymmetric supersolution of ([2.14]) in
Qy, according to Definition [Z.3, with ¢ as in (2.40]).

Proof. We notice that vy G_Hl(RN) C H(U'), for every open set U’ C RN
such that Q(U’) = U’ and Q) C U’. Moreover, since u > 0 in RY and u = 0
on Xy \ 2, we have that vy > 0 on 3y \ Q). In addition, for any ¢ € D(£2,) and
for any € RV, we have
(Vuy(z), V() = (— d1u, dou, -+ ,Onu) (Z) - (D10, 02, -+, On) (@)
(2.42) = (01w, Ogu, -+, ONu)(X) - (= 01, Dagp, -+, ONp)(X)
= (Vu(X), Ver(X)),

where X := Z. Similarly, setting also Y := g,

(ua(z) — ua() () — o(y)) _ (u(@) = u@))(px) = ¢y))

|z — y[N+2s |z — y[N+2s
_ (uX) —u(¥)(e(X) — oY) _ (u(X) —u(Y))(e(X) — oY)
|X—Y|N+25 |X_y|N+2s

_ (w(X) —u))(@er(X) —pa(Y))
|X _ Y|N+2s :
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From this and (2.42]), we obtain that

B(U)\, SD)
(ur(z) — ua()(e(z) = ¢(y))
= /RN<VUA($)7V<P(JU)>dx+//RQN A |x/\_y |Nﬁ2s LAV dy
u(Y))(ea(X) = ea(Y))
_ /RN<VU(X),V<,O)\ ) dX + //RQN g ;er”s A ax ay
= B(u’ QDA)
As a consequence, since ¢y € D(QA(Q2y)) C D(2), we can use Definition 2] to
find that
U)\, / f )
= [ 00X = [ fun(X)p(x)dx.
Therefore,
B(ux, @) = Blux, ¢) — B(u, ¢)
- [ So@he)ds = [ fule)ola) ds
- [ i@ d.
which proves (2.I5]), and thereby completes the proof of Lemma 271 O

With these considerations, we are now ready to prove Theorem [Tl
Proof of Theorem[11. For every A € (—1,0), we define the function

(2.43) wy RN SR, wy(a) = {(“ —w)T(@) in X,
(u—uy)"(z) in RN\ X,,
where, differently from before, we have set
(u—wuy)” :=min{u — uy, 0},
which is nonpositive. We claim that
(2.44) wy € HY(RY).

Indeed, we know that « € H*(RY) and thus u — uy € H*(RY). Accordingly, we
have that (see e.g. the Chain Rule on page 296 of [37])

(2.45) (u—uy)* € HY(RY),

Moreover, u € C(RY), and consequently

(2.46) (u—uy)* € C(RY).

In addition, u = uy along 0¥y. From this fact, ([2.45]) and (2.48]), we obtain that
(2.47) (u—uxn)*xs, € Hy(Sx) € H'(RY),

see e.g. [13, Theorem 9.17]. Similarly,
(2.48) (u —upn)"xrm\3, € HY(RN).
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We also observe that
wy = (u—uy)xs, + (0 —uxn) " Xp\5, -

From this, (247) and (2.48]), we obtain (2.44]), as desired.

Furthermore, we claim that
(2.49) wy =0 in RV \ (2, UQA(2))) C RV \ Q.
Indeed, if z € 35\ Qy, then wy(z) = (0—uy(z))T = 0. If instead z € QA (X1 \ ),
then z € 3y \ Q) and accordingly
0 =wx(7) = (u(@) — ux(@))" = (ur(z) — u(@))".
This gives that uy(z) < u(x), and therefore wy(z) = (u(x) — ux(x))”™ = 0.

From these observations, we obtain (2.49]). Then, (Z44]) and (249) give that
we can take wy as an admissibile test function in (I?:{I) In this way, we obtain

(2.50) B(u,wy) = /]RN fu(z))wy(x) dx
Similarly,
(2.51) Blunwn) = [ flus(a))un o) do.

Subtracting (Z.51]) to (2.50), and recalling ([2.1]), we get
/ (V(u—uy), Vwy) dz
RN

SRR R CC B BT B UG B

o — g+

- /]RN (f(u(x)) — f(u)\(x)))w)\(x) da.
Now, we use formula (3.9) in [38], which gives that

// ((u(z) — ur(@)) — (uly) — ur(¥))) (wa(z) — wa(y))
R2N

o~y

|wa(z) — wa(y)?
dz dy > 0.
> [ >
Using this information into (2.52]), and recalling (2.49]), we obtain that

[ = u).Vuyde < [ (7o) - Flun)wre) do

dx dy

u(z) — up(z))wy(z) dw
(2.53)

We also notice that, thanks to (2.49),

/RN<V(u—uA),Vw)\>dx = /RN |Vwy|? da :/ |Vwy|? d.

QAUQ(2y)
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From this and (Z53)), we deduce that
[ et D00,
2UQ(2) a

0@y ul@) —ux(z)

(2.54)

<C |wa|? da,
22UQ(02)

for some constant C' > 0, depending on f and |ul| e (q)-
Now, using Lemma 2.10 in [9], we obtain that

(2.55) / V| dz < Ol U Q(QA)‘UN/ [Vw,|? de,
QAUQ() QAUQ(2)

uo to renaming C', which possibly depends also on N. As a consequence, if A is
sufficiently close to —1, we see that

1
Cl U QL)Y < 1

which, combined with (2.55)), gives that

/ |Vwy|? dz = 0,
2A0Q((2)

provided that A is sufficiently close to —1. From this and the Poincaré inequal-
ity we get that wy = 0 in Q) U @Qx(Qy) if A is sufficiently close to —1, which,
recalling (2.43]), implies that
(2.56) w<wuy infly,
if X is sufficiently close to —1. As a matter of fact, formula ([2.49]) also gives
(2.57) u<wuy in 3y\ Q.
Now, we define the set

Ag = {)\ € (—-1,0) : u<wuyin Q for every t € (—1,)\]}.
In light of (250, the following quantity is well defined:

(2.58) A :=sup Ao.

The goal is now to prove that

(2.59) A=0.
For this, we recall the definition of vy in (2.41]), and we observe that, since u is
continuous in 2,
Uy > 0, in QX
This and (2.57) imply that
’UX Z 0, in EX
As a consequence, by Lemma 2.7 and Proposition [26] (applied here with H := Xy,
U := Q5 and v := vy), we have that
vy > 0, in Qx.
Now, we consider a compact set K C Q5 (to be chosen later on), and we notice

that for 7 > 0 small enough, we have that

(2.60) vy, > 0in K (for all T € (0,7)).
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Now, for every fixed 7 € (0,7), we consider the function wy _ defined as in (2.43)

(with A := XA+ 7). We notice that, thanks to ([2.44)) and ([2.49), we can take Wy, ,
as an admissibile test function in (23]), obtaining that

B(u,wx, ) = /]RN fu(z))ws,  (z)dx and

Bluy,,,wy,,) = /]RN fluy (@) wy, (z) da.
From here, we repeat the same argument in ([2.52)—(2.54]) to find that

|VwX+T|2dx < C’/Q |wX+T|2dx,

>\+TUQ(QX+T)

for some constant C' > 0, depending on f and ||ul|ze(q)-
From this, recalling (2.60]), we obtain that

/S;X+TUQ(QX+T)

|VwX+T|2 dx < C/ |wX+T|2dx.
Q5 \K)UQ(Qx, \K)

Hence, making again use of Lemma 2.10 in [9], we get
(2.61)

/QXﬁ»TUQ(QX«Pr)

/ Vws, |? da
QX«FTUQ(QXﬁ»T)

< C1O5,. \E)UQ@Qs, .\ K)[/V / Yoy, [ de,
(O, \K)UQ(Qx,  \K)

up to relabeling C' > 0 (which may also depend on N). Now we choose the
compact K big enough and the number 7 small enough such that

Cl(Q5 \K)UQ(Qy,, \K)‘l/N <1
Using this information into (2.61]), we conclude that

/ ]VwX+T\2 dx = 0.
QX-’—TUQ(QX-FT)

From this and the Poincaré¢ inequality, we find that wy,  =0in Q5 _, hence

u<uy, . in€Qy .,

for every 7 € (0,7), provided 7 > 0 is small enough. This yields a contradiction
with (258), from which we conclude that (2.59) holds true, as desired.
In particular, from (2Z59) we see that, for all A € (—1,0) and all x € Q,,

(2.62) u(z) <up(z) = w2\ —z1,22, - ,TN).
Consequently,
(263) u(x) SU(—$1,$2,--- ’xN)a

for all x € QN {x; < 0}. In the same way, sliding the moving plane from right
to left, one sees that, for all z € QN {z; > 0}, one has

u(z) <u(—z1,22, + ,TN).

This implies that
U(—$1,$2, T ’xN) < u(x)’
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for all x € QN {x; < 0}. From this and ([2.63]), we conclude that
u(x) = u(—$1,$2, e ,xN),

for all x € Q, which says that u is symmetric with respect to {z; = 0}.
Furthermore, from (2.62]) it plainly follows that w is increasing in the x;-direc-
tion in QN {x; < 0}. The proof of Theorem [[.T] is thereby complete. O

3. ONE-DIMENSIONAL SYMMETRY AND PROOF OF THEOREM

In this section we provide the proof of Theorem For this, we indicate the
points z € RY by
(y,t), with y € R "1 and t € R.

Moreover, we consider the functional space
(3.1) X = C3(RYN) n Whe(RY).

We point out that, if u € X, it is possible to compute Lu in the classical sense,
that is, Lu(x) is well-defined for all z € RV,

We shall derive Theorem from the abstract approach developed in [31]. To
this end, we check that the assumptions introduced in [31] are satisfied in our
setting. We list these assumptions here for the convenience of the reader:

(H1): if ¢ € X satisfies Lo = f() in RV, then there exists an operator £,
acting on a suitable space of functions X C C(RY) which is translation-
invariantﬁ, such that 0, € X for any unit vector v € RV and

E(({“)Vgo) = f/((P) v on RN§

(H2): if ¢ € X is a solution of (L4), if {2}, is an arbitrary sequence of
points in RY (possibly unbounded) and if

ok = (- + 2k) for any k € N,
then there exists a function g € X such that, up to a sub-sequence,
lim () = po(z),
k—o00
lim Vg (z) = V()
k—o00
and lim Lop(z) = po(),
k—o0
for all x € I@N; 3
(H3): if w € X satisfies Lw + c(z)w = 0 in RY, with
w(y,t) > 0if |t| < M and c(y,t) >k if [t| > M
for some constants M, xk > 0, then
w(z) >0 for all z € RY;
(H4): if ¢ € X and if w € X satisfies Lw = f/(¢)w in RY, then
{w >0 in RY,

— wEOOD]RN;
w(0) =0,

1A (non-void) set V C C(RN) is translation-invariant if, for every function ¢ € V and every
point y € RV, the ‘“translated’ function = — @(x + ) belongs to V.
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(H5): given u_ < py € R, if U C RY is an open set contained in
S={z=t)eRY : t<p_ort>ps}
and if v € X satisfies Lv + ¢(x)v = 0 in R, with
v(z) > in RY\ U and ¢(z) > k on U
for some constant x > 0, then
v(xz) >0 for all z € RY;
(H6): if ¢ € X and if v € X satisfies Lv = f(v + @) — f(v) in RY, then
{z(a Ozir(l)7RN’ — v=0onRY.
The next lemmata establish the validity of (H1)—(H6) in our setting.

Lemma 3.1 (Validity of (H1)). For every ¢ € X and every unit vector v € RY,
one has

(3.2) L(D,p) = D (L),

In particular, assumption (H1) is fulfilled with the choices
(3.3) L:=CL

and

(3.4) X = C?(RN) n W3 (RY).

Proof. First of all, if X is as in (3I) and X is as in (34)), we obviously have that,
for every ¢ € X and every unit vector v € RV,

dpeX and  —A(d,p) =9, (—Ay).
Moreover, since X C W3 (R¥Y), we can use formula (4.1) in [31], obtaining that
(=2)*(Ovp) = 0 ((—A)"¢).
Gathering together these facts, we obtain (8.2)), as desired. As a result, with the
choices in (3.3) and ([B.4)), assumption (H1) is obviously satisfied. O

We point out that the space X D X is ‘good’ for dealing with £. Indeed,
since any function u € X has bounded derivatives up to second order, we can
compute Lu pointwise in RY.

Lemma 3.2 (Validity of (H2)). Let X be as in (34). Let ¢ € X and {z;,}32, be
a sequence of points in RV (possibly unbounded). Let also

(3.5) ok = @(-+ zx) for any k € N.

Then, there exists a function pg € X such that, up to a sub-sequence,

(3.6) Jim_ oy (z) = po(2),
(3.7) klg& Vr(x) = Vo(z)
(3.8) and  lim Loy(z) = Lyo(x),

for all x € RN, In particular, assumption (H2) is fulfilled.
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Proof. We observe that, since ¢ € X, the sequences
{D%r}rza
are equi-continuous and equi-bounded on RY, for every multi-index o € NV sa-

tisfying 0 < |a| < 2. As a consequence, Arzela-Ascoli’s Theorem ensures the
existence of some function ¢g € X such that (up to a sub-sequence)

(3.9) lim D%, = D% locally uniformly in R,

k—o00
for every a € NV with |a| < 2. Hence, (3.6) and (3.7 plainly follows from (3.9)).
We also deduce from (B.9) that
(3.10) klim App(z) = Agg(z)  locally uniformly in RY.

—00
We now claim that
(3.11) klim (—A)’pr(z) = (—A)°po(x) for every x € RY.

—00

To prove it, for any € RY and for any k € N, we set

or(r + 2) — op(r — 2) — 21 (x)
|Z|N+2s

Ti(2) = for any z # 0.

On account of ([B.9]), we have that

— ol —2) =2
(3.12) klim Ti(z) = pol@ +2) |i(|]157ﬁ2s ?) = 2eo(2) for all z # 0.
—00

Moreover, recalling the definition of ¢y in (3.5]), we see that, for every z # 0,

T4 (2)] = |or(z + 2) +<’pzk‘](f+2—sz)\ — 205 (w)|

1
< ﬁg ”Da(pkHLoo(RN) ‘Z’Nm X{o<|#|<1}

1
(3.13)  Allorllze @) T Xoey

1

1
+ 4ol oo mV) ELE X{|z|>1}
Now, since ¢ € X, we have that

1
9(z) == Eji’é ||Da80||L°o(RN) Ww X{0<|z|<1}

1
+ 4HSDHL<><>(RN) W X{|z|>1} € Ll(RN)-

From this, (312)) and (BI3]) we deduce that we can apply the Dominated Con-
vergence Theorem to conclude that, for any € RV,

ok(z+ 2) — oz — 2) — 2p(x)
’Z‘N—i—Zs

dz

lim
k—oo JRN
_/ <p0(x+z)—<p0(x—z)—2cpo(x)d
- z.
N 2|V ¥2s
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This proves (3.11). From @.I0) and (@.IIl), recalling (LIl), we obtain (B.8).

Finally, since X C X, we deduce that assumption (H2) is fulfilled, thus completing

the proof of Lemma O
Lemma 3.3 (Validity of (H3) and (H5)). Let X be as in 34). Let w € X satisfy
(3.14) Lw+c(z)w=0 inRY,

with

(3.15) w(z) >0 in RV \ U and ¢(z) > k on U

for some open set U C RN and some constant k> 0. Then

(3.16) w(z) >0  forallzeRY.

In particular, assumptions (H3) and (H5) are fulfilled with the choice in ([B.3]).
Proof. Arguing by contradiction, we suppose that m := infry w < 0, and we
choose a sequence of points {z;}7° in RY satisfying

(3.17) kli)rrgo w(z) = m.

Since m < 0, it is not restrictive to assume that
(3.18) w(z) < % <0 forallkeN.

As a consequence, also in light of ([B.I%]), for every k € N we have
(3.19) 2z, €U and c(zi) > Kk > 0.
Now, thanks to (814]), from B.I8]) and [B.19]) we deduce that

Lw(z) = —c(zp)w(zg) > —% > 0, for all k € N.
In particular, setting wy, := w(- + zx), we obtain
(3.20) Lwi(0) > —% >0, forallkeN.
On the other hand, since w € X, from Lemma we infer the existence of some

function wy € X such that (up to a sub-sequence)
(3.21) lim wy(z) = wo(z) and lim Lwy(z) = Lwy(z),
k—o0 k—o0
for every fixed z € RV, By taking the limit as k — oo in ([3.20), we then get
(3.22) Luwo(0) > —% > 0.
Now, we observe that, on account of (3.17) and ([B:21]), one has

wp(0) = kli)ngo wg(0) = kli)ngo w(zp) =m = %élj\fw <w(x+ z) = wi(x),

for every z € RN and every k € N. As a consequence,
wp(0) < wp(z) for every z € RY,
and thus = 0 is a minimum point for wg in RY. In particular,

wo(z) — wp(0)

AwO(O) >0 and — (—A)SMO(O) =P.V. |x|N+2s

dx > 0.
RN
Therefore, recalling (L)), this implies that Lw(0) < 0, which is is in contradic-

tion with (8.22]). This completes the proof of (3.16]).
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We point out that, with the choice in (8.3]), from the first part of Lemma B.3]
we obtain the validity of assumption (H3). Indeed, for this, it is enough to apply
the first part of Lemma [3.3] with

U:={z=(y,t) eRY st. [t|> M},

for some M > 0. Furthermore, from the first part of Lemma [3.3] we also obtain
the validity of assumption (H5), by simply observing that X C X. O

Lemma 3.4 (Validity of (H4) and (H6)). Let X be as in B4). Letc: RN xR — R
be any function satisfying

(3.23) c(z,0) =0 for every z € RN,
Let w € X satisfy

(3.24) Lw+c(z,w)=0 inRY.

Then

(3.25) {Z(i) Ozig,RN’ — w=0 onR".

In particular, assumptions (H4) and (H6) are fulfilled with the choices in (3.3
and (34).

Proof. We observe that, thanks to the assumptions in (3.25]), z = 0 is a minimum
point for w in RY. As a consequence, we have that

(3.26)  Aw(0) >0  and -4—Afwm):PV1/ f%é%dmza
RN |T

On the other hand, by ([8.23]) and (8.24]), and recalling also that w(0) = 0, we get
0=1¢(0,0) = ¢(0,w(0)) = —Lw(0) = Aw(0) — (—=A)°w(0) > —(—A)°w(0).
Gathering together this and (3.26]), we conclude that

w(z) e

ey |z Nz T

0=—(—A)°w(0) =P.V.
Since w > 0 in RY, we deduce that w = 0 on the whole of RV, which completes
the proof of the claim in (3.25]).

Now, we check the validity of assumption (H4). For this, recalling (B.3])
and (3.4), we take ¢ € X and we define

c(z,w) == —f'(p(z)) w.

We observe that ¢ satisfies (8.23]). Hence, we can apply the first part of Lemma[3.4]
to obtain that (H4) is satisfied. Finally, in order to show the validity of assump-
tion (H6), given ¢ € X, we define

c(x, w) := fp(2) + w) = fp(r)).

This function satisfies (3:23). As a consequence of this and of the inclusion X C X,
we deduce (H6) from the first part of Lemma 341 O

Thanks to these statements, we can now prove Theorem
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Proof of Theorem[I.4. On account of Lemmata Bl B2 B3] and B4 we know
that the assumptions in (H1)—(H6) are fulfilled in the setting of Theorem
Moreover, since u € X, we have that

[ullcr.smny is finite for all 8 € (0,1).

From these considerations and (IL3]), we have that the assumptions of Theorem 1.1
in [31] are satisfied. Hence, from Theorem 1.1 in [3I] we have that there exists
some function up : R — R such that (5] holds true. O

(1]
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