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1. Introduction

In this paper we wish to investigate, in a nonlocal nonlinear framework, some tools that have proved
to be particularly useful for obtaining symmetry results for local operators.

It is well known that one of the crucial steps for applying the moving plane method to
overdetermined problems a la Serrin is via a comparison principle. In the nonlocal setting there are, in
the literature, several versions of comparison principles: in the linear case p = 2, they follow by
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linearity from the maximum principle, while in the nonlinear case p # 2, they are more difficult to
obtain. Strong maximum principles for fractional Laplacian-type operators have been proved in [19],
a weak maximum principle for antisymmetric solutions of problems governed by the fractional
Laplacian can be found in [10] (see also [16] for more general nonlocal operators), and a version of
the strong maximum principle in the case of nonlocal Neumann boundary conditions can be found
in [5]. For the fractional p-Laplacian operator, we refer to [17] for a weak comparison principle (see
also [13]), and to [12, 15] for two different versions of the strong comparison principle; while some
versions of the strong maximum principle and Hopf lemma can be found in [4,7]. In the first part of
this paper we revisit some results concerning the comparison principle for the fractional p-Laplace
operator in bounded domains and prove a slightly new version of the strong comparison principle in
Theorem 2.1.
In the second part of the paper we address the study of the p-fractional torsion problem

A u=1 in B, (D)
w=0 in RV \ B, '
where s € (0,1), p > 1, BC RV (N > 1) is a ball,
lu(x) — u)IP > (u(x) — u(v))
(-Ap)’u(x) = CNsngI(I)l . P dy, x€B (1.2)
sp 5— Ntsp
denotes the fractional p-Laplace operator, and ¢y, = gal Ns)lzz (,i(l );(2) : > 0 is a normalization
2z v s

constant whose exact value plays a role in the limit cases s — 1~ and p — 2, cf. [8, Lemma 5.1]. Such
a problem admits a unique solution, which is radial and radially non-increasing, cf. [13, Lemma 4.1],
but whose analytic expression is not known in the nonlocal nonlinear case: s € (0, 1) and p # 2.

On the other hand, in the local case s = 1, for the p- Laplace operator A,u = = div(|Vul’>Vu),
it is easy to prove that the function (1 — |x|™), with m = o 1, has constant p- Lapla01an in (-1,1),
see for instance [6]. Moreover, in the linear case p = 2, it has been proved that (1 — x?)} satisfies
(=A)*(1-x?)5 = Const.in (-1, 1), see [9]. In view of these two results, and recalling that (—A p)u(x) —
—A,u(x), when s — 17, see [8, 14], as well as, of course, that (—A>)*u(x) = (=A)’u(x), it would be
interesting to check whether the function (1 — |x™)? may satisfy the equation

(=A,)'(1 = |x|")} = Const. > 0,

for every x € (—1,1) C R. In fact, the construction of the solution of the problem (1.1) would follow
easily by a homogeneity argument. This result however does not hold true. As a matter of fact, we
prove that there exist p > 2, s € (0,1), x;,x, € (=1,1) such that x; # x; and (=A,)*(1 — |x;|")} #
(=Ap)*(1 = |x2|™)}. Our proof follows by investigating the value of

1_1 mpl
((A,,><1—|x|>)|xo—2cls,,( f(( )) )

1+sp

where the value of ¢, , is given below formula (1.2), for N = 1.
The paper is organized as follows. In Section 2 we deduce a strong comparison principle that holds
for the fractional p-Laplace operator in any dimension N > 1. Notice that, in the local case, a similar
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result has been proved only in dimension N = 2, see [18]. In Section 3 we prove, by following a
different strategy with respect to [9], that the s-fractional Laplace operator of (1 — x?)$ in (=1,1) is
constant. In Section 4 we prepare the ground for a numerical evaluation of the s-fractional p-Laplacian
of (1 — |x|™)], proving integrability properties, see Propositions 4.1 and 4.3, that are useful to yield
error estimates for our numerical integration formaulae. Finally, in Section 5 we show, by computing
numerically the integral in (1.2), that there exist p # 2 and s € (0, 1) such that the s-fractional p-
Laplace operator of (1 — [x|™)} is not constant in (=1, 1).

The software written to produce the numerical results of the present paper is freely available on
github at the URL https://github.com/pgerva/fractional-p-laplace.git.

2. The strong comparison principle for the fractional p-Laplacian

In this section, we consider the following system of inequalities

{(—Ap)su + q()|ulP~?u < (=A,)’v + g(x)v|P~2v in Q, 2.1

u<v in RV,

where s € (0,1), p > 1, Q ¢ RY (N > 1) is a bounded domain, g € L*(Q), and (=A,)* denotes the
fractional p-Laplacian, which, on smooth functions u, can be written as

— -2 —
(=A,)°u(x) := cxs, lim |a(x) — u(W)|P™ (u(x) — u(y)) dy. xeQ. 2.2)

&=0" J (B (x))¢ |x — y|N+ps

where ¢y, > 0 is the usual normalization constant introduced in the Introduction.
We will prove the following strong comparison principle.

Theorem 2.1. Let (u,v) be a weak solution of (2.1). If u, v € C(Q) and

‘IV(X) —vIP2W(x) = v(y)) = lu(x) — u()IP~2(u(x) — u(y))
f f dxdy < oo, (2.3)
aJo

|x — y[V+sp
then eitheru < vin Qoru=vinR".

The proof of this theorem is based on an argument first introduced in [18]. We observe that the
previous strong comparison principles for (=A,)*, [15, Theorem 1.1] and [12, Theorem 2.7], require
different regularity assumptions on # and v and use a different proof technique. Before proving
Theorem 2.1, we introduce the functional spaces and the main definitions that will be useful to work
with weak solutions, and prove a preliminary lemma.

For every s € (0,1) and p € (1, o), we define

WP RY) 1= {u e ’(RY) : f f ) = I gy < oo},
RN RN

|x — y¥+sp

WP (Q) :={ue W*R") : u=0inR"\ Q},
WP (Q) = {u el RY): f f dedy < oo}.
o o Jry  |x—yNtsp
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Definition 2.2. A function u € W”’(Q) is a weak solution of (—=A,)*u > ()0 in Q if

f lue(x) — u()IP2(u(x) — u(y))(e(x) — () dxdy > (<)0
RN JRN

|x — y[¥*sp
holds for every 0 < ¢ € W,;” (). Consequently, a function u € WsP(Q) is a weak solution of (=A,)u =

01in Qif
f f Ju(x) = u@)P((x) = u@)) (@) = ()
RN RN

|x — y[¥+sp

dxdy =0

holds for every ¢ € W, (Q).
A couple (u,v) € (VV”’ (Q))? is a weak solution of (2.1) if the inequality

Ju(x) = u@)P > (u(x) = u())(P(x) = ¢(3)) dxd
CN,s,p oY Jg¥ xay

|x_y|N+sp
+ [ o upeods
<onn [ [ 10D = VO 200 ~ v — )
RN JRN

lox — y|es

+ fg OV (x)p(x)dx

holds for every 0 < ¢ € W;”(Q), and u < v a.e. inR".

Lemma 2.3. If f € L. (Q) is such that

loc

ff(x)go(x)dx >0 forevery)<¢peCr(Q),
Q
then f > 0 a.e. in Q.
Proof. Let Q = ;> , Q,, with Q, c Q,,, and let K, be compact sets such that
K,cQ,cK,, foreveryneN. 2.4)

Since f € L} (Q), f € L'(K,) and consequently, by (2.4), f € L'(Q,) for every n. In particular,
f* f € LY(Q,) and also 1;--¢y € L'(Q,). Now, fix n € N. By density, there exists a sequence
(¢;) € C(Q,) such that ¢; — 1{4--0) in L'(Q,). Therefore, passing if necessary to a subsequence, and
using the Dominated Convergence Theorem, we get

lim | fodx = f Hm(f* = f)pdx = - f fdx. (2.5)
Qn Qn J=e Q,,ﬁ{f’>0}

j—oo

Now, by assumption, for every j € N, fg foidx = fQ feidx > 0,being p; € C(Q,) C C(Q2). Hence,
by (2.5),
f fdx<0. (2.6)
Q,N{f~>0}
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We can now pass to the limit in z to obtain

0 > lim f~dx = lim [ lg,dx = f1adx
e JQun{f->0) e Jif->0) {f7>0}
= fdx>0,
{f~>0}

where we have used (2.6), 1o, — 1q a.e. and the Monotone Convergence Theorem. This immediately
gives |{f~ > 0}| = 0 and concludes the proof. O

e Proof of Theorem 2.1. We introduce the notation A(h) := |h|P~2h for every h € R. Since (u,v) is a
weak solution of (2.1), we get for every 0 < ¢ € C(€2)

I =

fg q)(u(x)P~2u(x) = )P v(x)De(x)dx

CN,S,[)
= LN LN{IV(’C) — v (x) = v(y)) = u(x) = u@)P > (ulx) — u(y))}

|x — y[¥*sp

=f‘j‘mwuyﬂ@w—Awu»—mwnﬂﬁiﬁghmw
RV JRV |x — y|N*sp

2.7
dxdy

On the other hand, let u; := tv + (1 — t)u for every ¢ € [0, 1] and w := v — u, then by straightforward
calculations we have

1
d
AW(x) = v(y)) — Au(x) — uy)) = j; 7 A —u(y))dt

1
(p-1 ( fo lut, (%) — w, (VI _zdl) (W(x) = w(y))

sa(x, y)(w(x) — w(y)).

We observe that a(x, y) = a(y, x) for every x, y € RY. Hence, continuing the estimate in (2.7) and using
that ¢ = 0in RY \ Q, we have

Isj fauwwm—<m@@—ﬂ@dd
RN

|N+sp

:f f dxdy+ff dxdy+ff ..dxdy.
RV\Q RO

By the symmetry of a(-, -), we notice that the first and the third integral in the last expression are equal,
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so that we can write

<2 | ( [ s = won £ dx)dy
RN\Q |x — VP

f f a(x, y)w(x) - (y))“"() l;’fyp))

@(x)
= fR X ( fg a(x,y)(w(x) — W(y))|x e dX) dy (2.8)

+ f ( f ax, Y)w(x) — wip)— 2 dx)dy
rMQ \Ja |x — y[V+sp

_ f ( f ax.y)Ov0) WO "O(ylz,ﬂpdx)dy.
Q Q |

As for the last integral, in view of (2.3), we can manipulate it in the following way

- f ( f e 0900 = w()); #0) dx)dy
o \Ja x — y|NV+sp
= - f ( f a(x, ) (x) - wi(y))—22 dy)dx
o \Ja |x — y|Ntsp
= fQ ( fQ ax, y)(w(x) — W(y))| (lzﬂpd )dy,

therefore, we can sum up the last two integrals in (2.8) to get in conclusion

I<2fE;N (f a(x, ( ( ) |N+Ely7))<,0(x)dx)dy

(2.9)
= 2f (f a(x, y)udy) o(x)dx
o \Jry lx — y|Veop
for every 0 < ¢ € C°(£2). Arguing in a similar way, we can re-write the integral I as follows
1= f g(xX)(Au(x)) — AW(x))e(x)dx
CN,s,p Q
1 Yd
= —_— LQ(X) - j(; d—tA(ut(x))dt o(x)dx (2.10)
(p—1 [ luoP2dt
=- f q(x) wx)e(x)dx =: - f g(X)b(x)w(x)e(x)dx.
Q CN,s,p Q

Combining together (2.9) and (2.10), we get

f (2 a(x, WD WO ) q(x)b(x)w(x)) o(x)dx > 0
Q RN

|X _ y|N+sp
for every 0 < ¢ € C2(€Q). Thus, by Lemma 2.3, this implies that

a(x, }’)Mdy > —q(x)b(x)w(x) fora.e. x € Q.
RN |x — y|N+sp
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Now, suppose by contradiction that there exists x, € € such that w(xy) = 0, then

-w(y)
, V) —————dy > 0. 2.11
fR A dy (2.11)

Sincew = v —u > 0 a.e. in RY and a(x,y) > 0 for a.e. x, y € RY, (2.11) implies that a(xy, y)w(y) = 0
fora.e.ye R,

We are now ready to conclude. We observe that, if a(xo,y) = 0 for some y € R", then w(y) = 0.
Indeed, by straightforward calculations, if

1
a(xp,y) =(p—-1) f |u(xo) — u(y) + t(u(y) — v(y))|P2dt = 0
0

then

u(xo) — u(y) + t(u(y) —v(y)) =0 forevery ¢ € [0, 1],
which gives u(y) = v(y), or equivalently w(y) = 0. So, we have proved that a(x,, y)w(y) = 0 for a.e.
y € RY is equivalent to w(y) = 0 for a.e. y € RY, which concludes the proof. i

Arguing as in [17, Lemma 9], we have the following weak comparison principle. We stress that,
with respect to Theorem 2.1, we need to ask u to be continuous in the whole space and g to be non-
negative.

Lemma 2.4. Let (u,v) be a weak solution of

(=Ap)'u + qOlulPu < (A v + g2y inQ,
u<v inRV\ Q,

where 0 < g € L¥(Q). If u, v € C(RY), then u < v also in Q.
Proof. Reasoning as in the first part of the proof of Theorem 2.1, we get for every 0 < ¢ € W,;"(Q)

fR ) f a(x, y)(w(x) — w(y))‘”( %) V@’fﬁ)dxdyz - fg GObX)W(x)(x)dx, (2.12)

RN
with the same definitions for a, b, and w = v—u. Now, following the idea in [17, Lemma 9], we choose
¢ :=(u—v)" =w and observe that

=W —w)w =-w)><0.
Hence, putting ¢ = w™, and using that g > 0, we get from (2.12)
( ) —w ()
f f a(x, y)(w(x) — w(y)) Nﬂ(y dxdy > 0.
RV — y|trep
The proof now can be completed exactly as in [17, Lemma 9]. O

Combining the previous lemma with Theorem 2.1, we get the following.

Corollary 2.5. Let (u,v) be a weak solution of

(=Ap)*u+ g(xX)|ulP~u < (=A,)v + g(x)v|P~2v in Q,
u<sv inRV\ Q,

where 0 < g € L*(Q). If u, v € C(R") and (2.3) holds, then either u < vin Qoru=vinR".
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3. The fractional torsion problem

Let s € (0, 1). In this section we consider the following problem

{(—A)Su —1  inBg A

u=>0 in RV \ Bg,

where Bi C RY is the ball of radius R centered at the origin.

Remark 3.1. We observe that, at least formally, the N-dimensional fractional Laplacian (-A)3, of a
function u : RY — R can be expressed in terms of the 1-dimensional fractional Laplacian (-A)] of
related functions of one variable. Indeed, denoting simply ¢y := cn 2, We get for every x € RN

! (—A),u(x) = lim f Mdy = lim ” ( f Mda(y))dz
R £ 0.

CN,s e=0" Jpmp ) X — yINt2S £-0* By X — YNt
+00
. u(x) —u(x —tv)
= 81361 (f o) do(v)|dt
& 0B1(x)

+00 _ _ t
[ ([,
#=0" { Jap, (ontay>0) \Je =
+00 _ _ t
+ f ( f ux) 2u(f V) dt) dO'(v)}
0B (0)N{xy<0) \Jse =5t
1 N
—u(x—t
lim 1) — X =) 4 ) o)
0+ |t|2A+1
OB ()N{xy>0} \JR\(-¢,¢)

. u(x) —u(x—1tv
= f (hm f @) 2s(+1 )dt) do(v)
B ()N{xn>0) \e0" UR\(—g,6) |t]

1
_ f (=AY (0)do (),
OB (x)N{xy>0}

Cl,s

where ¥, (¢) := u(x — tv) for every t € R. In particular, for uy(x) = (1 — |x|*)%, ¥,.(t) = u;(|x — tv]), and
so, once it is proved that (—A)ju; is constant, one has immediately that also (—A)} uy is constant.

In the light of the previous remark, from now on in the paper we consider only the case of dimension
g p pap y
N =1, and drop all subscripts referring to the dimension. Moreover, for the sake of simplicity, we take
p p g phicity
the radius R to be 1. In this setting, we give an alternative proof of the fact that the solution of (3.1) is
_ g g p
given by vy(x) := %(l — x%), where ¢, is the normalization constant for the fractional Laplacian in

dimension one and is given by ¢, := ==

. Vo T(1-s)
previous proof.

s, cf. for instance [1, Remark 3.11]. We refer to [9] for a

Theorem 3.2. Let N = 1 and v,(x) := %{“‘)us(x), with uy(x) := (1 = x»)3. Then v, is a C*([—1,1])
solution of (3.1). '

Mathematics in Engineering Volume 5, Issue 1, 1-23.



Proof. For every x € R\ (-1, 1), uy(x) = 0. Moreover, for every x € (-1, 1),

(—=A)’uy(—x) = ¢ lim w_bﬁg)d
#2207 JR\(~x-e-x+e) | —x — y[I*+=

th(x) - us(_y)
R\(cx—e—xte) X+ Y[
us(x) — s(Z)

|x_Z|1+23

= ¢, lim

e—0"

= (=A)"us(x).

= ¢, lim

£—0" R\(x—&,x+¢)

Now, let x € (0,1) and € > 0, then

u () —u,(y) , [T A=-x) (1 -y
142 dy = 1+2 d
R\(x—&,x+¢) |X - )’| s -1 |)C - )/| s

1 2\s 2y
1—x2) = (1 -
o LS
x+e |X - y|1+23

1
+(1-x»)° f ————-dy =: [;(x) + L(x) + 3(x).
\(=1,1) lx — yl

As for the last integral, we immediately get

L(x) 1 f—l 1 f‘” 1
- dy + R —
(1 _ x2)s x1+2s ( o |1 _y/x|1+2s y | |1 _y/x|l+2s y

w4 G sl
= I+ - +1--1 = — + .
2s5x%8 x x 25 [(1—x)% (1 +x)%

We manipulate and integrate by parts /;(x) to obtain

B ey X—& 1 _fx—a (l_yZ)s
fto=d ”L G ), GeprE®

B (1 — XZ)S (L ~ 1 )_ (1 _ (x _ 8)2)s .\ fvx—g (1 _yz)s_l 4 (32)
B 2s g2 (1 + x)Zs 2se2s . (X _ y)zs yay.
Similarly, for I,(x) we have
1 1 1 1
L(x)=(1- xZ)s e )1+2de » (; x)13_2s 'y
B (1- xz) (L ~ 1 )_ 1-(x+ S)Z)S B 1 (1 —yz)s‘l . (3.3)
= —2S g2s (1 _ x)2s 2gg2s e (y — x)_2“' yay,.

Now, it is straightforward to see that, as € — 0%,

(I-(x—eP) =(1 -2+ (IZ%H o),

s s S
(1-(x+ 8)2) = (1 - )C2) - mg + 0(82).
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Thus, combining them with (3.2) and (3.3), we obtain as & — 0"

(l _ x2)s gl—lsx fx—a (1 _ yZ)s—l (1
I = — — — 77 yvd 0 (1-s5)
O = T e A= ), oy roE)

and
(l _ x2)s 81—25x ( 2)5 1

dy + O().
SRR TR I A R A

L(x) = —
Altogether, we have

(=8)"us(x) = ¢ Im (11 (x) + L(x) + I3(x)

Y= (1 — 2\s—1 1 1 - 2ys—1
= ¢, lim (—f ﬁydy + ﬁy dy + 0(,92<1‘~‘))),

1 ()C - y)Zs x+e (y - X)ZS

e—0*

Now, we distinguish two cases depending on whether s € (0, %) ors e [%, 1).

(3.4)

e Case s € (0, %). In this case, all integrals involved in the fractional Laplacian of u, are convergent.

So, in this case, we have

. B (1 2)51 ( 2)s1
(-8) us(x)—cs(— R f i )

Now, by the following change of variable ¢ = lx__); , we have
T (1=y)! dv = f (x =01 —1x)* = (x =" 1
_1 ()C — y)2s yay x2)2s 1 t2s(1 _ IX)
Lt -0l = A1 - D))
— y2)2s-1 25(1 — dt
T x) . 25(1 — 1x)
1 Lt —x)(1 - 2!
(1 — x)( ) dt

02, (-

1 (1 _y2)s—l (X l’)(l t2)s—l
fx EOEE T —xZ)sf Aa-m
Px+0)(1 = 2!
(1—ﬁy() 25(1 + tx)

and similarly

So that, summing up, we have

2\s—1 _
() = f !

l—tx 1+tx

_ZCO—XYAJ‘ (1 -y

0 t2s 1(1 _ t2x2)
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We can now integrate using power series to get

' ' 1 (1 _ t2)s—l ad
(=D’ ug(x) = 2¢,(1 - )" f o Qe
0 k=0
© 1 2\s—1
_ 2\1-s 2k (1 — 1 )
=2c,(1 — x%) Z(x ) mdl)
k=0
s [(s)[(k—s+1)
— 2 ) 1_ 2\1-s 2k
&(1=x7) kz_(;(x Ak +1)

c,T()I(1 = $)(1 = xz)l_SZ(—l)k(S; 1)x2k
=0

= T = )1 = )1 = 2! = e, L = 5) = ¢, —
S1n st

where we have calculated the integral fOl (:;%:dt using the change of variables T = 12, dt = 5 \é —, the
definition of the Beta function, and the relation between the Beta and the Gamma functions B(x,y) =
FF(XE;’)) and we have used that I'(k + 1) = k!, the following property of the Gamma function (cf. for

instance [20, formula (1.47)]), withz = 1 — s:

I'z+k
(e ):(Z)k forz> -k, z#0,-1,-2,...,
I'(z)

the relation between definition of the Pochhammer symbol and the binomial coefficient (cf. for
instance [20, formula (1.48)])

-2\ (=D
k] kO

and finally that I'(s)['(1 — s) = —*—. The conclusion, in this case, follows at once for v, using the

sin s7

linearity of the fractional Laplacian.

e Case s € [%, 1). In this case, the situation is technically more involved because, when considered

individually, the integrals that appear in (3.4) are not convergent and one has to take carefully into

account the cancellations. Using the change of variables ¢ := %, we get

1
e (] — 2y\s—1 1 1 1 - l2 s—1 1 1 - l2 s—1
—f d-yr- ydy = ———— f A= dt—xf d-r" dt]|,
g (x=y)* (1= x?)s s 71(1 = tx) . 125(1 = tx)
where the first integral on the right-hand side is convergent as € — 0*. Similarly,

1-x(x—¢&) 1-x(x—¢)
1 2ys—1 1 2ys—1 1 2ys—1
(1-y9) 1 f (1-1) f (1-1)
S A e — D ShLe
e -2 VT . e ae T ) AT

1-x(x+€) 1-x(x+¢)

where, again, the first integral on the right-hand side is convergent as € — 0*. Therefore, (3.4) can be
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re-written in the form

(1 -7t 1 1
-A d
A us() = f 1251 T—ix  T+ix !
C.X 1 ( t2)s—l 1 (1 _ tZ)s—l
— 1 L - ~— dt+ O
" (1 —x2)s it { f] . t2S(1 + 1x) f1 e 25(1 — tx) tOole )
=: J1(x) + Jr(x).

As for Ji(x) one can integrate using power series as already done in the case s < 1/2 and obtain

B (1 2)5 1 = kg ch © " 1 (1 _ t2)s—]
Ji(x) = f o (tx) dr = mz X f(; [25-1-2k dt

k=0
F(S)F(l —9)

S
1—x2

We now consider J,(x). We use again power series to get for every € > 0

1 2ys—1 x® 1 2ys—1
(1-19 1 P kf (1-19
dt = -1 —dt
f s 7 1+1x ,Z‘( ) e 257k

1-x(x+€) =l 1-x(x+¢)

1 2\s—1 2\s—1
(1-1r) 1 f - 1)
dt = ——dkt.
fﬁ 12s 1 —1tx Z t25k

1-x(x—¢) 1 )c(x £)

and similarly

We observe that the integrals in the series are all convergent as € — 0" except for the first ones,
where k = 0. So, we isolate these first terms and calculate, for every £ > 0:

1 ( tl)s—l 1 ( t2)s_]
f (1 + tx)dt f 25(1 - tx)dt

- x(\'+e) 1- X(X £)

1 2\s—1 1 2\s—1
11—t 1—t¢
:f %dt_f %dt
t=s e =5

&
x(x+e) 1-x(x—¢)

00 1 _ 2y\s-1 1 _ 42ys—1
Z {( 1)kf 5 (1t+_k)dt—f ) %dt}f
= s s

1-x(x+¢) 1-x(x—¢)

Now, let F'(¢) be a primitive of f(¢) :=

1 1 e e
fs f(t)dl - fs f(t)dt = F(m) - F(m) . (35)

1-x(x+e) 1-x(x—¢g)

, then clearly

Such a primitive can be expressed in terms of the hypergeometric function ,F'; as follows:

IZSF(Z—sl s,——stz) F1-2s

F(r) = =
@) 1-2s 1-2s

(1 + 0(t2)) ast — 0.
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Inserting this expansion in (3.5), by straightforward calculations we get

2-2s
) + 0(82—2S) — O(SZ(I_S)).

1 1
F(Odi - f F(H)dr = —2x(

1-x(x+¢) 1-x(x—¢)

1—x2

In particular, lim,_,q+ ( f f(dt — f 1 . f()dr) is finite. Moreover, we show below that it is finite

x( xX+&) —x(x—&)

also the sum of the followmg series

© 1 2ys—1 1 2ys—1
. . (-2 1-2)
.elg(l)l+ {(_1) f . {25k dt - f . 25k di g x*

k=1 1-x(x+¢) 1-x(x—¢)

S La-R () & (=
= ((—1)k—l)xkf ——di = (=D =Dt =2
kz:; 0 t2‘ k 2 kZ:(; F(I%)

2)

o) S, LT (3R WThk=s+1)
- Txkzol( 2 r(x2) =l Z T(k+ 1)
= —T(s)[(1 - s)xZ (S - )(—l)kak,

k=0 k

. I (1=72)s-1 . .
where we have calculated the integral fo € tzﬂfk dt using the change of variables T = 12, dt = 3 \f —, the

definition of the Beta function, and the relation between the Beta and the Gamma functions, and we
have used the sum of the series Y2, x* r(rk(;:)l) already calculated for the case s < 1/2. Therefore, it is

possible to pass to the limit as € — 0 in the expression of J,(x) under the series, to get altogether,

1 2ys—1 1 2ys—1
cx (1-1) f (1-r) 2(1-
To(x) = 1 7 o- ——————dt + 0¥
() (1= x2)° om0 {f e 125(1 + tx) e 125(1 - tx) HOET

I—x(x+&

1 2ys—1
X 21— S) (1-1)
=T {ggga OE1™) + Z« =Dt | dr}
=—c,JI'()I'(1 - s)x—z i ( l)k 2k
* (1 —x2)s &
X 2ys-1 x?
=—c,JI(s)I'(1 - s)m(l —x)7 ==, I (s)I(1 - s)(1 =
In conclusion,
- 2
(~AYux) = 1) + 1) = e, - =D (L - )~ = eI - ).
1 -—x (1-x?)
which proves the thesis also in this case. O

4. The fractional p-Laplacian of (1 — |x|lel)fr. Preliminaries.

Let s € (0,1), p > 1, and denote by

Usp(x) =1 = x5, m:i=——.
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Having in mind that, for p = 2, the fractional Laplacian of u,,(x) = (1 - |x|2)i is constant in (—1, 1), see
for instance Section 3, and that —A (1 — IxIlel) is constant in (-1, 1), see for instance [6], it is tempting
to conjecture that also (—A,)*uy, is constant in (=1, 1). In the next section we verify numerically that
this conjecture is false.

To this aim, we first prove in this section some preliminary results.

Proposition 4.1. For every s € (0,1) and p > 1, u,, € W (R).

Proof Clearly, u; p(x) =(1- |x|%)fr € LP(R). To prove that u,, € W*P(R), we need to show that

fR fR '””’lf)yﬁjfp(y)l dx dy < oo. We write the integral under consideration as follows:

| 1/ Al
1 - m\sp 1 _ m\s _ 1 _ m\s|pP
I:2f ( ( |)’|1) dy)dx+f (f (1 — |x|™) (1 ™)’ dy) dx
rR\-1.0 \Jo1 [x = y['+sP -1\J- |x — y|'+sp

=21, + I,.

The integral /; is convergent. Indeed, arguing as for the integral /3(x) in the proof of Theorem 3.2, we
get

1_1 1( 1 . 1 )(1 )P d
Vs L\ Ty T

A=y (L=lyi™y*?
» )7 ()7
study the convergence of the integral I, it is more convenient to change variable and put z =

inner integral, to get
m)s

=[S

Now, as t — 1, the integrand of the inner integral has the following asymptotics

Moreover m*? as y — 1, and similarly, is bounded in a neighborhood of y = —1 To

b 1 1

xX—t
dt d
|t|1+sp(1 _ tx)l—sp ) (1 _ x2)sp X

1—-1x

(=" - (1 -

p
I a-pme
|t|1+sp(1 _ tx)l—sp (1 _ x)l—sp

(1 = pmy = (1= | =)

and so, for r € (1 — ¢, 1), I, has the same behavior of

f : Sl
L (L= =2y

which, in view of the fact that

4.1)

L mx+1D+ox+1) asx — —1,
— |x -
m(l—-x)+o(x—-1) as x — 1,

is convergent.
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On the other side, as t — 0,
x—1t
1 —1x

—t ™ 42
lx | ==t =) + 0" = (1 = m X+ o)
—IX

m\ S me1 _ +2 (42)
(1 - ) e —|x|'")S(1 s A=)
x(1 = |x|™)
'(1 — |x[™)* = (1 - )

|x|(m—l)a(1 _ x2)a| |a
for any a > 0. Therefore, the integrand of the inner integral (in df) of I, has the following asymptotics

1,
(1 = xfm)

ast— 0

(1 —|x"™)* - x| m=Dp(1 — x2)P 1

| (-l - (1= P (msy =0 ,

71— 1)1 (=m0

and so the integral in dt is convergent. Finally, for 7 in a neighborhood of 0, /; has the same behavior
of

=(x -0 +tx+0(0) = x— (1 — x> + o(r)

xX—1
1—1tx

a

admill I RS T

1 —1tx

1 |x|(m—l)p(1 _ x2)p(l—s)
SN
which again in view of (4.1) converges. m|

X,

Remark 4.2. Arguing as in the first part of the proof of Theorem 3.2, for the fractional p-Laplacian of
us, = (1 —|x|™)3, it is possible to calculate explicitly its value at x = 0. Indeed, denoting by c; , the
normalization constant involved in the definition of the fractional p-Laplacian in dimension 1, we get
for every x € (—1,1)

—A,) ug 1
M = |us,p(-x)|p_2us,p(x)f ———dy
Csp R\(-1,1) [x = y['+*P
+ lim |us,p(x) - us,p@)lp_z(us,p(x) - us,p(y))dy

£=0" JC1\(e0) |x — y|t*sp

—1 00
1 1
= u, ,(x)P! —d +f S
sy (%) (Ioo ey T sy ®

|us,p(x) - us,p(.Y)lp_z(us,p(-x) - us,p(y))dy

+ lim :
e20" J -1\ (-s.0) |x — y|t*sp
(1= |x|myse=1) 1 N 1
B sp (1 +x)P  (1=x)
" hm |us,p(-x) - us,p(y)lp_z(us,p(x) - M;,p()’))dy

e=0" J_1\(—0) |x — y|t*sp

At x = 0, the previous expression becomes

(=Ap)usp(0) 2 f (1= (1 =y
LD\-£0)

dy

= — + lim
|y|l+sp

Cs,p Sp e—0*
P =1 =y 1
1+sp
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where the integral on the last line is meant in the generalized sense, it is convergent and, at least for
some values of s and p, can be explicitly expressed in terms of special functions. The value in (4.3)
can be taken as reference value for the numerical analysis.

Proposition 4.3. For every p > 1, s € (0,1 — 1/p), and for every x € (—1, 1), the function

¢ (y)zzzlu&p(x)-— sy WIP 72 (tt5,p(x) = tt5())

4.4)

lx = y|'+op

has finite integral over (—1, 1). Moreover, if 2 — p(1 —s) < 0, g, belongs to the space W™1(R) whenever
qg=>1and0 <r <min{l, p(1 —s)—2}.

Proof. Fix any x € (=1, 1). Via the usual change of variable ¢ = %’ we get

xX—t

1 =iy = (= =Y ey - (1
‘[1 &:(y)dy f [+ (ﬁ)w
1-tx

m)s]dt

-1
1
: fi(t)dt.
-1

|tP—t

Using (4.2), with @ = p — 2, we have that f,(1) ~ c(x)| R
in order to prove the last part of the statement, we write

(1 = e 1
@AWW@=\[ ————dy+ | |g.()|"dy.
L R\(-1.1) |x—y[d+spa .

The first integral in the sum is finite, being x € (-1, 1) fixed, and y ¢ (-1, 1). Concerning the second
one, we re-write it arguing as in the first part of this proof

1 1
f 2x0)ldy = f D,
-1 -1

and use that |f,.(H)|? ~ a5t — 0, to conclude that g.(y) € LY(R) whenever (2 — p(1 — 5))g < 1.

|t|(1+»rpf(pfl))q

In particular, g.(y) € LY(R) for every g > 1, if 2— p(1 —s) < 0. We need to show now that the following
integral is finite

_ q 1
f Mdydz:f f ...dydz+2f f...dydz
rJr ly—z"*" R\(=1,1) JR\(=1,1) R\(-1,1) J-1
1l
+ff...dydz::ll+212+13
—1J-1

for some r. To this aim, we observe that the most singular case is when y, z € (-1, 1), and both y — x
and z — x. Therefore, we restrict the study only to the last integral in the sum above:

X 1 1 1
h:fw I&w—&@ﬁﬂﬁﬁj( |&@—&@m@&; @5)

\Jop ly =2t |y =2t

as t — 0, and so the integral is finite. Now,
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We consider the first inner integral in dy. For every z € (-1, x) fixed, and y — x:

£:(y) ~ sgn(x) ((1’71_S||);||}:1;:—S)p_1 : _IyX|_p _xzﬁ; D csgny - oly - 7172, (4.6)
and so, being 2 — p(1 — 5) <0,
18:0) — &I lgT v o
ly — 2|1+ lx — 7]+
18:()—g(2)I

Thus, integrating now in dz, we have that the integral f_ x] ( f_ 11 dy) dz has the same behavior of

X q
f |8:(2)l dz
1 |X _ Z|1+rq

8217 le(x)sgn(z — x|z — X792 lc(x)
Ix — z|!*rd |x — 7|14 T |x = g lHrarCop(-9)”

|y_Z|1+rq

Now, like in (4.6), as z — x,

Hence, the first double integral in (4.5) is convergent, being 1 +rg+ (2 — p(1 — s5))g < 1 by assumption.
The proof of the convergence of the second integral is similar and we omit it. O

5. Numerical investigation

In this Section we show that A p > 2 and ds € (0, 1) such that (1.2) is not constant in (-1, 1). To
this aim it is sufficient to show that

14P(x) = lim g:()dy (5.1)
#=0 J By
is not constant, where g, is the function defined in (4.4). We will limit ourselves to provide numerical
evidence to this statement.
For sake of clearness, we omit now the indices s and p in I**”)(x), noticing that the approximations
we are going to present are valid for any s and p for which I(x) = I**P)(x) is finite. Then we split
I(x) = IP)(x) into the sum of six contributions as follows:

-1 x—0 X X+8 1 +00
1) = f :)dy + f 0y + f ey + f e)dy + f ey + fl a0dy,  (5.2)

5] x—0 xX+0

I1(x) I(x) I3(x) I4(x) I5(x) Is(x)

where ¢ > 0 will be specified later.

The most challenging integrals to compute are I3(x) and I,(x) because of the presence of the
singularity of g,(y) aty = x.

From now on, we denote by I(x) the numerical approximation of the integral /;(x) fork = 1,...,6.

The integrals I;(x) and I4(x) are approximated by an adaptive quadrature formula implemented
in the functions integral and quadva of MATLAB [21], after operating a change of variable that
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transforms them to integrals on a finite interval with a very mild singularity. The approximated integrals
I,(x) and I¢(x) are computed by ensuring that

[L(x) = L(x)| < 1071 for k € {1, 6). (5.3)

Since we are performing our computations with double-precision arithmetic for which the machine
precision is about 107!, the tolerance of 10~' in (5.3) is fully satisfactory.

The approximate integrals I,(x), . . ., I5s(x) are computed by the Gauss—Legendre quadrature formula
using (n + 1) nodes (see, e.g., [2, (2.3.10)]). To highlight the dependence of the computed integrals on
the number of nodes, we use the notation INk’,,(x) instead of I,(x), for k € {2,3,4,5}.

For what concerns the numerical error of the Gauss—Legendre quadrature formula, it is possible to
prove that there exists a positive constant C only depending on the size of the integration interval such
that, for k = 2,...,5 and for any x € (-1, 1), it holds

1(x) = ()] < Crligallwoays (5.4)

provided that g, € W7%(A) for some o > 1/2 and where A; denotes the integration interval of the
integral I;(x). The proof of (5.4) follows by applying the estimate (5.3.4a) of [2] and the estimate (3.7)
of [3] with Legendre weight w(y) = 1.

Then, thanks to the estimates (5.3) and (5.4), it holds that the global approximated integral

6
Ix) = ) L) (5.5)
k=1
satisfies the estimate
[(x) = I(x)] < cn™7||gllweza, + 107", (5.6)

ie., I(x) converges to the exact value I(x) when n — oo, for any x € (—1,1) up to the tolerance
€=1071.

To get it, it is sufficient to take a number (n + 1) of quadrature nodes sufficiently large to guarantee
that the error |I(x) — I(x)| be small enough. Since the value of I(x) is unknown when p # 2, but it is
known when p = 2, we take the case p = 2 as a playground to learn how many quadrature nodes we
need to consider in order to approximate /(x) with the desired accuracy.

Let us now resume the original notation of 1**”)(x) because we are interested in distinguishing what
happens for different values of p and s.

All the numerical results that will be reported in the next sections were obtained using the MATLAB
functions available on the github repository [11].

5.1. The case p =2
When p = 2 we know that (see the proof of Theorem 3.2)

T

I(S’z)(x) - (5.7)

sin(rs)’

In Figure 1, left, we plot the values I9(x) , for several values of x € (—1,1) and for
s € {0.2, 0.4, 0.5, 0.583}. We have chosen 6 = 1/50 in (5.2). Numerical results are fully consistent

Mathematics in Engineering Volume 5, Issue 1, 1-23.



19

T

sin(rrs)

with the theoretical result reported in (5.7), the values
(only in correspondence of x = 0).

In Figure 1, right, we report the absolute errors |12 (x) — I*?(x)| for several values of x € (-1, 1).
When s = 0.2, s = 0.4, and s = 0.5, the errors are all below 5 - 10~7. Instead, when s = 0.585, the
errors are about 107° in the middle of the interval and reach the value 10™* when |x| tends to 1. We
explain this behavior to the fact that when s — 17, the order of infinity of the function g,(y) aty = x
increases and the computation of the corresponding integral is very demanding.

are represented by the empty squares

55 : 104
pod + 5=0.2 be [ s 5=0.2 d
s=0.4 2:8;
L s=0.5 | ° =0. 3
° *  $=0.58333 105" - _5=056333 ||
457 & "o,
~ I 106 ¢ o, M,..-“ J
o = i "oeeseenense, ;
“\4 4 L C,:\_/
é
107 E
3.5
3 : ! . 1078 s I I
-1 0.5 0 0.5 1 -1 0.5 0 0.5 1

Figure 1. On the left, the approximated integrals /*?(x), the empty squares at x = 0
represent the values (5.7). On the right, the absolute errors |12 (x) — I*?(x)|.

In Figure 2 we show the behavior of the errors |12 (x) — I*?(x)| versus n, and for different values
of s, at x = 0 (left) and x = 0.5 (right).

1074
107
5 10 §
S S
[T I
S S
——s=0.2 ——s5=0.2
10'9 b |—e—s=0.4 E 10'9 b |—e—s=0.4
s=0.5 s=0.5
—e—5=0.58333 1 —e—5=0.58333
10 -10 I L L L L 10 -10 I L L L I
100 200 300 400 500 100 200 300 400 500
n n

Figure 2. The absolute errors |[[*?(x) — I?(x)| versus n for different values of s. On the left
at x = 0, on the right at x = 0.5.

When p = 2 there is no value of s > 1/2 for which we know that g, € W*3(R) (see Proposition 4.3),
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hence we cannot take advantage of the estimate (5.4). Yet, we observe that the errors for all the values
of s decrease when n grows up, showing convergence of the approximated integrals to the exact ones.
The value n = 256 provides very satisfactory results: all the errors are lower than 107%. Moreover, we
can conclude that the accuracy of the quadrature formula at x = 0 and x = 0.5 is almost the same for n
ranging between 64 and 256.

5.2. The case p # 2

So far, we have tested the accuracy of our quadrature formulas; now we can move to the case p # 2,
for which we only know the exact value of the integral I”(x) when x = 0. As a matter of fact, we

have (see (4.3))
_ m l
159(0) = f (1= =yD))™ (5.8)

1+sp

and we have computed it symbolically by Wolfram Mathematica [22].

In Figure 3, left, we report the values of I*”(x) when p = 3, for five values of s and different
values of x € (-1, 1). Clearly, I'*”)(x) is not constant in (=1, 1). The square symbols at x = 0 represent
the exact values (5.8). In the right picture of Figure 3 we display the errors |[13(0) — I*3(0)| for five
values of s versus the parameter n (related to the number of quadrature nodes). When n increases all the
errors decrease with rate comparable with that for the case p = 2 (see Figure 2). Then we expect that
the same accuracy occurs in correspondence to other points x # 0 that stand sufficiently far from the
end-points of the interval (-1, 1). Differently than for the case p = 2, here we have reported numerical
results also for s = 2/15, so that g, € W"2(R) with r = 0.6, and for which the estimate (5.4) holds.

55

107
* s=0.13333
5 f.. _,...»-""B"'-mu...m“ ¢ s=0.2 !
.‘hw s=0.4
45 - e s=05
*  s=0.58333

4 -
3 .
= 35
=~ .
3 I
25 —e—5=0.13333
' ——5=0.2
s=0.4
2r ——5-05
—o—5=0.58333
1.5 L L I 10 -10 L L L L L
-1 -0.5 0 0.5 1 100 200 300 400 500
T n

Figure 3. On the left, the approximated integrals /*3(x). The empty squares at x = 0
represent the exact values (5.8). On the right, the absolute errors [I3(x) — I*¥(x)| at x = 0.
The numerical integrals are evaluated using (n + 1) nodes.

Similar results, but now for p = 4, are shown in Figure 4: on the left, we report the values of / 9 (x)
for four values of s and different values of x € (=1, 1). Also in this case it is evident that 7¢*(x) is not
constant in (-1, 1). The square symbols at x = O refer to the exact values (5.8). In the right picture of
Figure 4 we show the errors [T (0) — I*¥(0)| for four values of s versus the parameter 7 (related to
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the number of quadrature nodes). Similar conclusions made for p = 3 can be drawn for p = 4, too.

Bearing in mind that when p = 2 the errors at x = 0 and x = 0.5 were substantially the same, for a
fixed value of s, we can conclude that also when p > 2 the accuracy in approximating the integrals at
x # 0 1s comparable to that obtained at x = 0. Moreover, we observe that, for a fixed s, the regularity
of g.(y) increases with p and this allows us to benefit of the greater convergence order in the estimate
(5.4). This implies that, when p > 2, we can expect that the approximated integrals are at least accurate
as those for p = 2.

3 : .
e s=0.2
¢ s=04
. s=0.5
25 |, %, ..”....-E-..,... . S=O.5833:.3‘..7
’ '--...,.,.....m“"“.' "'-.--......,......--".. ...
O
3 et
i
e o e, | —— 02
R R e S sqeetier”? 9| |—e—s=04
= o : 10 s=0.5
—e—5=0.58333
1 . | | 1010 I ‘ | | |
! o0 0 05 1 100 200 300 400 500
v n

Figure 4. On the left, the approximated integrals /*¥(x). The empty squares at x = 0
represent the exact values (5.8). On the right, the absolute errors [/ (x) — I (x)| at x = 0.
The numerical integrals are evaluated using (n + 1) nodes.

In conclusion, in Table 1 we report the approximated values I (x) for p = 3 and p = 4, for
some values of s and at the two points x = 0 and x = 0.5. Because these values approximate the
corresponding exact values with errors lower than about 107, we can state once more that 3 p # 2 and
I5 € (0, 1) such that I” is not constant in (=1, 1).

Table 1. The values of I*”(0) and I*(0.5) for some values of s, computed with the formula
(5.5) and n = 256. On the left p = 3, on the right p = 4. These values approximate the
corresponding exact values with errors lower than 5 - 107>,

s 190)  19(0.5) s I690)  169(0.5)
0.13  5.0446 4.8644 0.13  3.7625 3.4608
020 3.4253 3.2945 020 2.5335 2.3025
040 1.9911 2.0046 040 14166 1.3743
0.50  1.8484 1.9451 0.50  1.2876 1.3469
0.583 1.8891 2.0702 0.583 1.2962 1.4584
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