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SOME EVALUATIONS OF THE FRACTIONAL p-LAPLACE OPERATOR ON
RADIAL FUNCTIONS

FRANCESCA COLASUONNO, FAUSTO FERRARI, PAOLA GERVASIO, AND ALFIO QUARTERONI

ABSTRACT. We face a rigidity problem for the fractional p-Laplace operator to extend to this new
framework some tools useful for the linear case. It is known that (—A)*(1—|z|?)% and —A,(1—

_p_ _p_
|z|»=T) are constant functions in (—1,1) for fixed p and s. We evaluated (—Ap)®(1 — |z|?—T)%
proving that it is not constant in (—1, 1) for some p € (1,+00) and s € (0,1). This conclusion is
obtained numerically thanks to the use of very accurate Gaussian numerical quadrature formulas.

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 overde-
termined problems & 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
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
[17], a weak maximum principle for antisymmetric solutions of problems governed by the fractional
Laplacian can be found in [9] (see also [14] 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 [15] for a weak comparison principle
(see also [10]), and to [13] for a 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,

1.1

{u =0 in RV \ B, (L)
where s € (0,1),p > 1, BCRY (N > 1) is a ball,

u(z) — u(y)[P~* (u(x) — u(y))

|z —y|NHes

(=Ap)*u(z) = cn,s,p lim dy, ze€B (1.2)

e20 J(Be (@)

denotes the fractional p-Laplace operator, and cy s, > 0 a suitable normalization constant. Such

a problem admits a unique solution, which is radial and radially non-decreasing, cf. [10, 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, it is easy to prove that the function (1 — |z|™), with

m = _E7, has constant p-Laplacian in (—1,1), see for instance [6]. Moreover, in the linear case

p = 2, it has been proved that (1 — %)% satisfies (—A)*(1 — 2?)%. = Const. in (—1,1), see [8]. In

view of these two results, and recalling that (—A,)%u(z) - —Apu(x), when s — 17, see [12], as
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well as, of course, that (—Asz)*u(x) = (—A)%u(x), it would be interesting to check whether the
function (1 — [2|™)3 may satisfy the equation

(—A,)(1 - |2™)3 = 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), x1,22 € (—1,1) such that z; # x5 and
(=Ap) (1 = |z1|™)5 # (=Ap)*(1 — |z2|™)%. Our proof follows by investigating the value of

(=800 ™) Djama = 2010 (4 [ EESET ).

where the exact value of ¢; s, is given in Section 3.

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 result has been proved only in dimension N = 2, see [16]. In Section 3 we prove, by
following a different strategy with respect to [8], that the s-fractional Laplace operator of (1 — %)%
n (—1,1) is constant. In Section 4 we prepare the ground for a numerical evaluation of the s-
fractional p-Laplacian of (1 —2™)%, 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 — ™) is not constant in (—1,1).

2. THE STRONG COMPARISON PRINCIPLE FOR THE FRACTIONAL p-LAPLACIAN

In this section, we consider the following system of inequalities

(A u+ gl 2u < (<A, 0+ gl w0, o)
u<v in RV, '

where s € (0,1), p > 1, Q C RY (N > 1) is a bounded domain, ¢ € L>(Q2), and (—A,)* denotes
the fractional p-Laplacian, which, on smooth functions u, can be written as

|u(z) — u(y)P~*(u(z) — u(y))

(—Ap)su(.’b) = CN,s,p lim |.23 — y|N+pS

e—0t (Be())®

dy, x€Q, (2.2)

where ¢y s, > 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

/ / ‘IU(IE) — ()P (v(@) = v(y)) = |u(@) — w@) P~ (u(@) — u(y))

FREeT dzdy < oo, (2.3)

then either u < v in Q oru=v in RN.

The proof of this theorem is based on an argument first introduced in [16]. We observe that the
previous strong comparison principle for (=A,)®, [13, Theorem 1.1], requires different regularity
assumptions on v and v and uses 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 € (1,00), we define

P
SPRN) = LP(RY) // W)
WP (RY) {ue o Jo |x— |N+Sp ———————dzdy < 00 ¢,

W5P(Q) = {u e WP(RY) : u=0in RV \ Q},

1175, o P N )|p
WP(Q)._{uELIOC]R //]RN |a:— |N+gp dxdy<oo}.



Definition 2.2. A function u € /VVS”’(Q) is a weak solution of (—A,)%u > (<)0 in Q if

/ / )l (@) —u®) (@) = W) 4,0 > (<)o
RN JRN »

|z —y|NHep

holds for every 0 < ¢ € W;"(£2). Consequently, a function u € W*P(Q) is a weak solution of
(—A,)*u =0 in Q if

/ / y) [P (u(x) — u(y))(p(z) — sO(y))dfzrdy =0
RN JRN

|z —y|Nep

holds for every ¢ € WP (Q).
A couple (u,v) € (W“’(Q))2 is a weak solution of (2.1) if the inequality

y) P2 (u(z) — uly))(e(z) — o(y))
CcN 5,p/ /]RN o — gV op dxdy
+ /Q 4(@) u(@) [P~ 2u(2)p(x)da
()|P2(v(x) —v(y)(p(z) — ¢(y))
< ch,p/RN /RN o — gV dxdy

T / g(@)]o(@) P~ 20(2)p (x)d

holds for every 0 < ¢ € W;P(Q2), and u < v a.e. in RV,

Lemma 2.3. If f € L{ (Q) is such that

/f x)dx >0 for every 0 < ¢ € C°(Q),

then f >0 a.e. in €.
Proof. Let Q = Uf;l Q,, with Q,, C Q,41, and let K, be compact sets such that
K, CQ, CK,41 foreveryneN. (2.4)

Since f € Li (), f € L'(K,,) and consequently, by (2.4), f € L'(€2,) for every n. In particular,
fH f~ € LYQ,) and also 1gp-5y € L'(Q,). Now, fix n € N. By density, there exists a
sequence (¢;) C C2°(,) such that p; — 1gp-0y in L'(Q,). Therefore, passing if necessary to a
subsequence, and using the Dominated Convergence Theorem, we get

im dx = im (fF = f):dr = — “dx. .
A A I (25)

Jj—o0 Q, I

Now, by assumption, for every j € N, [, fo;dz = [, fo;dx > 0, being ; € C°(Q,) C CZ(Q).

Hence, by (2.5),
/ fdx <0. (2.6)
2.0{f~>0}

We can now pass to the limit in n to obtain

0> lim fTdz = lim filgndl’:/ fladx
{f=>0} {f=>0}

n— oo Q?Lm{f7>0} n—oo

= / fTdx >0,
{f=>0}

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

1

CN,s,p

I :=

/Qq(ﬂc)(IU(w)lp’QU(w) = [(@)[P v ()] p(w)dz

= /]RN RN“”(I) —v(@) P2 (v(z) — v(y)) — [u(z) — uly) P> (u(z) —u(y))}
ded

= [ A0 — o) - Alute) )y LA ey
RN JRN |z -yl

(2.7)

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

Aw(z) - v(y)) - Alu(z) - uly)) = / & Al () — ua(y)t

—p-1) /lut — uily |P2dt>(() w(y))

sa(z, y)(w(z) —w(y)).

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

I< /]RN /RN a(x,y)(w(z) w(y))Wdzdy

:/ /...dxder//...dxdy// ... dxdy.
RV\Q JQ QJo Q JRN\Q

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

<z ([ oyt >—w<y>>w€3+spdx> @y

[ atwntote) - wi) D= E D by
= [ ([ ettt - vt —25—ar) ay .

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

- ([ ettt - wi £ v ) ay

_ (/Q a(z, ) (w(z) — w(y))%d‘y) de

Q
-/ ( /| a@,y)(w(@_w@»%dw) dy,



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

I< 2/]RN (/Q a(x,y)W‘P(x)dw> dy

for every 0 < p € C°(f2). Arguing in a similar way, we can re-write the integral I as follows

: /q(w)(A(U(x))—A(v(w)))@(x)dfv
Q

CN,s,p

:CN;/ ( /—A e dt) o(z)dz (2.10)

= —/Qq(x)< ) fo fus @) dt) w(z)p(x)dr =: —Aq(m)b(w)w(x)gp(w)dw.

CN,s,p

(2.9)

I =

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

[ (2 [ e =By 4 epa)unto) ) el = 0
Q RN |z —y|NEep
for every 0 < p € C°(2). Thus, by Lemma 2.3, this implies that

2/}RN a(x,y)Wdy > —q(z)b(x)w(x) for a.e. x € Q.

Now, suppose by contradiction that there exists xg €  such that w(zg) = 0, then

—w(y)
,Y)——<——dy > 0. 2.11
/]RN a(zo y)|x0_y|N+sp Yy =z ( )

Since w = v —u > 0 ae. in RY and a(z,y) > 0 for ae. z,y € RV, (2.11) implies that
a(zo,y)w(y) = 0 for a.e. y € RV,

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

a(zoy) = (0 - 1) / (o) — uly) + H(uly) — v(y))P~2dt = 0,
then
u(io) — u(y) + t(u(y) — v(y)) =0 for every ¢t € [0, 1]

which gives u(y) = v(y), or equivalently w(y) = 0. So, we have proved that a(zg,y)w(y) = 0 for
a.e. y € RV is equivalent to w(y) = 0 for a.e. y € RY, which concludes the proof. O

Arguing as in [15, 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+g(@)[ulP~2u < (=Ap)*v + q(@)[o]P 20 in Q,
u<wv in RV \ Q,
where 0 < ¢ € 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)

[/ alz,y)(w(a) — w(y) DLW g gy > [a@peuee@a,  (@12)
RN JRN Q

|z —y|Nep

with the same definitions for a, b, and w = v — u. Now, following the idea in [15, Lemma 9], we
choose ¢ := (u —v)T = w™ and observe that

wp = (wT —w H)w” = —(w")*<0.
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Hence, putting ¢ = w™, and using that ¢ > 0, we get from (2.12)

) ),
/RN /RN a(z,y)(w(z) —w(y)) =y dzdy > 0.

The proof now can be completed exactly as in [15, 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+ q(@)|ulP~2u < (—A,)*v + q(x)|v|P~2v in Q,
u <o in RV \ Q,

where 0 < g € L®(Q). If u, v € C(RY) and (2.3) holds, then either u < v in Q or u =v in RY.
3. THE FRACTIONAL TORSION PROBLEM

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

{(—A)Su: 1 in Br

3.1
u=0 in RN \ Bg, (3:-1)

where Br C R¥ 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)%
of a function u : RN — R can be expressed in terms of the 1-dimensional fractional Laplacian
(—A)$ of related functions of one variable. Indeed, denoting simply cn s := cn 5,2, We get for every
r € RY

w(z) —u oo u(z) —u
L (—A)Ju(z) = lim 7( ) (’y) dy = lim (/ 7( ) ) da(y)) dt
e 1¢]

N+2 N+2s
CN,s e—0+ RN\ B, (0) ‘SL‘—y| +2s e—0t By (z) ‘l‘—y' +2s

+oo _ _
= lim / uz) Qu(f tv) do(v) | dt
e—0t J, OB1(x) 2ot
400 _ _
= lim / </ u(z) Quff tv) dt) do(v)
e—0+ dB; (z)N{z N >0} € s
o ([T )
OB () ey <0} \Je tQS“
. u(z) —
= M, (/ \t|2s+1 )
OB1(z)N{zn>0} R\(—¢,¢e)

— u(z — tv)
-/ R
0B (z)N{xy >0} \e0T JR\(—c,e) |t]

_ /a L (AL (0)do(v),

Bi(z)n{zn>0} Cl,s

)

do (v

where ¢, ,(t) := u(z — tv) for every t € R. In particular, for un(z) = (1 — [z[*)%, Yu.(t) =
ui(|z — tv]), and so, once it is proved that (—A)juy is constant, one has immediately that also
(—A)%un is constant.

In the light of the previous remark, from now on in the paper we consider only the case of
dimension N = 1, and drop all subscripts referring to the dimension. Moreover, for the sake of
simplicity, we take the radius R to be 1. In this setting, we give an alternative proof of the fact that
the solution of (3.1) is given by vs(x) = %(1 — 2?)%, where ¢ is the normalization constant

22& 1—\( 142s

Vr T(1-s)

for the fractional Laplacian in dimension one and is given by cs := s, cf. for instance

[1, Remark 3.11]. We refer to [8] for a previous proof.
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Theorem 3.2. Let N = 1 and vs(z) := %us(m), with us(z) == (1 — 2?)%. Then v, is a
C*([-1,1]) solution of (3.1).

Proof. For every x € R\ (—1,1), us(x) = 0. Moreover, for every z € (—1,1),
. us(—x) — us(y)
—A)Yus(—z)=cs 1 ——"d
( ) US( x) “ 5—l>r(1)1+ R\(—z—e,—z+¢) | — T — y|1+2s Y
- )~ ()
=0t R\(—z—e,—z+¢) |‘7) + y‘ N

us () — us(2)

= ¢, lim o — 2]iT2s

0" JR\ (z—¢,24¢)
Now, let z € (0,1) and € > 0, then

us () — us(y) /I (1—2%)°— (1 —y?)°
Uel) = sty g, dy
/R\(zs,1+5) |{E - y‘1+28 1 |$ - ‘1+25

N /1 (1 _ x2)s _ (1 _ yQ)de

wre oyl

dz = (—A)°us(x).

1
—|—1—x25/ ————dy =: I1 () + Iz (x) + I3(x).
( ) R\(1,1) |x_y|1+25 Y 1( ) 2( ) 3( )

As for the last integral, we immediately get

I3(x) 1 /—1 1 /°° 1
(1—.132)3 I1+2S _ |1—y/x|1+23 y+ 1 |1—y/x|1+25 Y

- (“;)_QS+(;‘1>_ZT:2{9{@—1@ + ar o]

25128
We manipulate and integrate by parts I (z) to obtain

ho =02 [ o [ g

, ‘ B , (3.2)
I (A= @=cpy , [ =g
IEZ (s%‘ <1+x>2s> ‘{ 2567 +/_1 (r = y)™ ydy}'
Similarly, for Io(x) we have
x) = — z?)® ' ; _ ' (1 y)
B =02 [ o [ s
)

-85 (1 (1—1m>25>‘ e /+ <1(y—_yi>;jydy},

Now, it is straightforward to see that, as ¢ — 07,

2sx
1 _ _ 2\s — 1 _ 2\s 2
(1= (@ = 2P)* = (1= 2"+ g+ OE)
2sx
_ 2\s _ o2\ . Eer 2
(1= @+ = (1=a%)" = e + O(E).
Thus, combining them with (3.2) and (3.3), we obtain as e — 0T
(1—a?)° el ¥ / (-9 2(1—s)
I = — — — _— d S
R e R = A M = e LA G
and
(1 o .’E2)S Z_:1725‘% /1 (1 o y2)sfl 2(1—s)
T = _ 7 yd ).
(A (er e S e A



8 F. COLASUONNO, F. FERRARI, P. GERVASIO, AND A. QUARTERONI

Altogether, we have
(—A)°uq(z) = cs lim (I1(x) + Iy(z) + I3(x))
e—0t
. z—¢€ (1— y2)sfl /1 (1— yz)sfl o1 (3.4)
= ¢, lim 7/ ———ydy + 7,ydy+05( ).
e—0+ ( -1 (l‘ - y)26 T+e (y - x)Qé ( )

Now, we dlstlngulsh two cases depending on whether s € (0, 3) or s € [3,1).
e Case s € (0, ) In this case, all integrals involved in the fractlonal Laplacian of u, are con-
vergent. So, in this case, we have

ot e (- [ 2w [ G ).

1 (=)
Now, by the following change of variable t = —wyy, we have
1— s—1 1 1 —t 1—¢ 2 _ _tQSfl
S Wy o S (P S
1 (z—y)* (1 —a2)?=1 Jo t25(1 — tx)
L [enlte o,
S (1—a?2)2s-1 ) t25(1 — tx)
1 /1 (t—2)(1 )"
(1 —2x2)s t25(1 — tx)
and similarly
11 _ . 2ys—1 0 (. _ 2\s— 1
[, L[ e
. G- (1= ta)
_ 42\s—1
/ (z+@ -
(1 —3:2 0 2s( 1—|—tx)
So that, summing up, we have
1 2ys—1
Cs (1—1t)® t—ax  t4x
—AYug(z) = dt
(=A)"us(=) (1—1:2)5/0 t2s [1—tz+1—|—tm]

1 2\s—1
| 1— )
—92.,(1— 21_5/ Q=
c ( €z ) 0 tQS—l(l —t2$2)

We can now integrate using power series to get

—A)ug(x) = 2¢ —3?21_8 1%00 $2k
(-8 uste) = 20,012ty [T > e
= 2e,(1-2?) kz_g( | o)
= —x 7500 z I(s)['(k—s+1)
= 2c4(1 — 2?)! kZ:O ( 2k 2 (k + 1) )
= DT - 8)(1 -2 3 (-1} ( K 1>x2k
k=0
=, D) (1 —5)(1— 251 — 22> =, T(s)T(1 — 5) = ssizsﬁ

where we have calculated the integral fo ﬁdt symbolically by Wolfram Mathematica [11],
and we have used that T'(k 4+ 1) = k!, the following property of the Gamma function (cf. for
instance [18, formula (1.47)]), with z =1 — s:

T(z+k)

= f — —-1,-2,...
T02) (2) forz>—-k, 2z#0,-1,-2,...,
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the relation between definition of the Pochhammer symbol and the binomial coefficient (cf. for

instance [18, formula (1.48)])
()= o
k k! ’

and finally that I'(s)['(1 — s) = 5—. The conclusion, in this case, follows at once for v, using
the linearity of the fractional Laplacian.

o Case s € [%, 1). In this case, the situation is technically more involved because, singularly

taken, 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 ¢ := f:;;, we get

r—e (1 _ y2)sfl B 1 1 (1 _ t2)571 1 (1 _ t2)371
_/_1 (x — )2 ydy = 1 22)s (/ ; t2s—1(1—ta:)dt_$/ . (1 ta) dt)’

T—=z(z—¢) T—z(z—¢)

where the first integral on the right-hand side is convergent as ¢ — 0. Similarly,

1 2\s—1 1 2\s—1 1 2\s—1
(1-9°) _ 1 / (11—t / (1-¢%)
/M TSI Ty e T wmarm )

T—a(ate) T—z(a¥e)

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

. Cs L1 =)t 1 1
(—A)%us(x) _(1 —22)s /0 $2s—1 (1 —tr + 1+ t:c) dt

o 1 (1 _ t2)871 1 (1 _ t2)871
ST RSl Y Sl 2(1—s)
a2 {/ . it / . Ao @toE)

1—z(x+e) —x(z—e)
=:Ji(z) + J2(x).

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

2¢, PA-82) ' &, o 25~ o [t (1—t2)sT
J = t dt = ———— ~——dt
1(x) 1+ 22)s /0 f25—1 Z( x) 1+ 22)° Z (‘T /0 f25—1—2k )

k=0 k=0

I'(s)I(1—s)
S 1—z2
We now cousider Jy(x). We use again power series to get for every € > 0
1 (1 _t2)s—1 1 oo 1 (1 _t2)s—1
_ _\kok

e t2s 1+ tl‘dt a Z( 1) v e t2s—k dt
T—z(ote) k=0 T—x(zte)

and similarly

1 (1 —t2)s_1 1 > 1 (1 _t2)s—1

_ k

/ R 125 1—tr dt = Z x / . t25—k dt.
1—x(x—e) k=0 1—z(xz—¢)

We observe that the integrals in the series are all convergent as ¢ — 07 except for the first ones,
where k = 0. So, we isolate these first terms and calculate, for every £ > 0:

/1 (1 _t2)s—1dt /1 (1 _t2)s—1dt
e t28(1 +tl’) e t28(1 7tx)
1—ax(x+e) 1—xz(x—e¢)

1 1_23—1 1 1_28—1

—_ PR A
1—xz(x+e) 1—x(x—e¢)

(R =

k=1 1—fc(E:c+6) T—x(z—e)
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Now, let F(t) be a primitive of f(t) := % then clearly

/1 Ft)dt — /1 ft)ydt = F <1_x(2_6)> —F (1_36(‘2”8)) . (35)

1—z(z+e) 1—z(x—e)

Such a primitive can be expressed in terms of the hypergeometric function o F} as follows:
2R (53— 5,1 — 8,5 —s;t?) 172
F(t) = = 1+ O(¢? t—0.
®) 1-2s g, (1HO) e

Inserting this expansion in (3.5), by straightforward calculations we get

/1 F(t)dt — /1 F(t)dt = —2x < c )228 + 0(e27%%) = 0(2(179),

c . 1— 22
T—z(zte) T—z(z—e¢)

In particular, lim,_,q+ (fl . flo)dt— fl . f(t)dt) is finite. Moreover, we show below that
1—x(x+e) 1—z(xz—e)
it is finite also the sum of the following series

o0 1 2\s—1 1 2\s—1
: k (1—t) (1—1%) k
61_1)%1+ {(_1) / B t2s—k dt _/ . 25—k dt ¢ x

k=1 T—w(xte) T—z(x—e¢)

= (-t Tl 5 I (A=2et2
= > (-1)F 1)zt / gt = TS (1 S

k=1 k=0
I'(s) ri(w) — o l(k—s+1)
=z (=2)z"———~=51~ = s)x T
5 ¢ 2N iy = T Ty

= —I(s)I(1 - s)xi <5 . 1) (—1)k a2t

k=0

where we have calculated the integral fo Wdt symbolically by Wolfram Mathematica [11],
2k T'(k—s+1)

T(k+1)
Therefore, it is possible to pass to the limit as ¢ — 07 in the expression of Ja(z) under the series,
to get altogether,

CoT 1 (1 _ tQ)Sfl 1 (1 _ t2)871 9
LG A=) a-#)y (1-5)
o) = Gy i, {/ . it / . o droET)

and we have used the sum of the series Y p- already calculated for the case s < 1/2.

T—z(z+e) T—z(z—¢)
') 1 2\s—1
_ Gt : 2(1—s) Nk k/ (1-1¢%)
(1 _ ,I2)S {Ji)%a_ (0(5 )) + I;(( 1) 1)‘T 0 t2sfk dt
z2 = [(s—1 k 2k

= —CSF(S)F(l — S)m 2 ( k >(—1) T

= —¢,I'(s)T(1 = S)L(l 227t = —¢ T (s)T(1 — s) v

- (1 —x2)s - (1—a2)
In conclusion,

s B L(s)I'(1 —s) x? B

(7A) U(I’) = Jl( ) =+ JQ( ) 031_7:1:2 — CgF(S)F(l — S)m = CgF(S)F(l — S),

which proves the thesis also in this case. O

4. THE FRACTIONAL p-LAPLACIAN OF (1 — |z|7-T T)5.. PRELIMINARIES.

Let s € (0,1), p > 1, and denote by

Usp(r) = (1= |2[™)5, m:i=——.
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Having in mind that, for p = 2, the fractional Laplacian of uso(z) = (1 — |z|?)% is constant in
(—1,1), see for instance Section 3, and that —A, (1 — |z 7-1) is constant in (—1, 1), see for instance
[6], it is tempting to conjecture that also (—A,)%us , 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, us, € WSP(R).

Proof. Clearly, usp(x) = (1 — |x|ﬁ)i € LP(R). To prove that us, € W*P(R), we need to show

that I:= [; [ %dw dy < oco. We write the integral under consideration as follows:

1 m\s 1 1 m\s m\s|P
1 P 1 (-
o[ ([ [ ([ O i
R\(-1,1) \J_1 |z —y[tTP 1 \J1 |z — y[ttsp

=: 2[1 + Ig.

~
Il

The integral I; is convergent. Indeed, arguing as for the integral I3(z) in the proof of Theorem
3.2, we get

n=t [ (G + ) 0 -
o L\ Ty T g e

Moreover, w ~ m°P as y — 1, and similarly, W is bounded in a neighborhood of
(1-y)°r ) ~ (4y)er . .

y = —1. To study the convergence of the integral Io, it is more convenient to change variable and

put t = f:myy in the inner integral, to get

r—t
1—tx

P 1 1
dt da.
[t[TFsp (1 — ta)l—s» ) (1—a2) ™

1 1 my S
e= [/ )
-1 \J-1
Now, as t — 1, the integrand of the inner integral has the following asymptotics

O =) ey

[P (1 — ) o (1= )i

=y = (1-

p
r—t
1—tx

and so, for t € (1 —¢,1), Iy has the same behavior of

L (1
/4 (1—z)l-sp(1 — xz)spdx:

which, in view of the fact that

| = Jafm = m(z+1)+o(z+1) as ¢ — —1, (41)
(I—2z)4+o(zx—1) as . — 1, '
is convergent.
On the other side, as t — 0,
z—1 2
- =@—t)(l+tz+o(t)) =z —t(1—2°)+ o(t)
r—t|" m m 1—2?
T = |z —t(1 —22) + o(t)|™ = |z|™(1 —m t+o(t))
me 5 4.2)
x—t |z|™ (1 — 2?) (
1-— =(1-1]z|™)*%(1 —1 t
(=[] ) =t (e melE T e a0
ENEes
r—t|™ |x|(m—1)o¢(1 _ 1.2)04
1_ m\s __ 1_ ~ 1_ mys« « ta
a=temye = (1= |28 ) |~ @ talmype e RS e
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for any @ > 0. Therefore, the integrand of the inner integral (in dt) of I has the following
asymptotics as t — 0
m>5

(1 fa™) = (1~
|t|1Hsp(1 — ta)l—sp

and so the integral in dt is convergent. Finally, for ¢ in a neighborhood of 0, I has the same

behavior of

/1 || (m=Dp(1 — g2)p(1=s)

L O )
which again in view of (4.1) converges. O

p
r—1
1—tx

R

~ _ m\sp

dzx,

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[™)%, it is possible to calculate explicitly its value at = 0. Indeed, denoting by
¢s,p the normalization constant involved in the definition of the fractional p-Laplacian in dimension
1, we get for every z € (—1,1)

(—Ap)°usp(z) _ 1
20/ Uenl® (@) P2y (o) ey
Cs.p R\(—1,1) lz —yl
+ lim |us,p(x) B us,P(y>|p_21(:l:s,P(‘r) B us,P(y))dy
e= 0t J(—1,1)\(~e,0) |z — y|tTep

—1 o]
1 1
_ p—1 -
B ’U’Svp('r) (/—oo |£L' - y|1+sp dy * /1 |£L' - y|1+sp dy)

|Us,p(x) - us7p(y)|p72(us7p(l') - us,p(y))d

+ lim o — [

e=0F J(—1,1)\(~e0)

(= ey 1
= P (u+xwf%u—ww>

|us p(x) — us,p(y>|p_2(us,p($) - us,p(y))d

Y

+ lim Y.
e=0t J(_11)\(—ee) |z — y[tFsp
At x = 0, the previous expression becomes
—A)® s.p(0 2 1—(1—= m\s\p—1
(A ue(0) _ 2, L (SR
Cs,p Sp - e=0t J(L11)\(—ese) |ly|tFsp (4.3)
2 ==yt .
= — + 2/ T+sp dy,

sp 0 Yy

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

_ ‘us,p(x> - us’p(y)|p_2(us’p(:c) — Us p(Y))
= 7 — g (4.4)

9:(y)

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

Proof. Fix any x € (=1,1). Via the usual change of variable ¢ = =%,
z—t r—1

=y = (- [l s (- =)

1 1
/ 9o (y)dy = / P di
-1 -1 |t|1+sp (%*f )

= [ 11 fo(t)dt.

we get

p—2
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—2
Using (4.2), with o = p — 2, we have that f,(t) ~ c(x)‘lﬂffﬁ as t — 0, and so the integral is finite.
Now, in order to prove the last part of the statement, we write

/ 192 (y)] % / (1- |x‘M)s(P—l)qd 1 e[
9=y Yy = y+/ 9xz\Y Y.
R R\(-1,1) |z —y|(FsPa -1

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

/ 11 )"y = [ 11 fo()dt,

and use that |f,(t)|? ~ M% as t — 0, to conclude that g.(y) € LY(R) whenever (2 —

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

odydz+2 ..o dydz
// |y—z|l+rq ]R\( 1,1) JR\(-1,1) R\(—1,1)
—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:

We consider the first inner integral in dy. For every z € (—1,z) fixed, and y — :

—1
msz|™ "t Ty — 2Py — @)
92(y) ~ sgn(x) <(1—|x|m)1—3 g — i tor

and so, being 2 — p(1 — s) <0,

192(y) — 9 (2)? _ _192(2)["
ly — 2[tF |z — 2|t*ra

=: c(z)sgn(y — z)|y — =[PV 72, (4.6)

as y — .
Thus, integrating now in dz, we have that the integral [*, ( fil %dy) dz has the same
“ gL (2)]?
————dz.
/4 o — z|1*7d :
Now, like in (4.6), as z — =z,

|g2(2)| lc(x)sgn(z — x)|z — aP =927 |e(w)]?
|z — 2|1+ ~ |z — 2|1+ T o — e Cp=s)a”

behavior of

Hence, the first double integral in (4.5) is convergent, being 1 4+ rq + (2 — p(1 — s))g < 1 by
assumption. The proof of the convergence of the second integral is similar and we omit it. ]

5. NUMERICAL INVESTIGATION
In this Section we show that 3p > 2 and 3s € (0,1) such that (1.2) is not constant in (—1,1).

To this aim it is sufficient to show that

1P)(z) = lim 92(y)dy (5.1)
€20 J(B.(2))°

is not constant, where g, is the function defined in (4.4). We will limit ourselves to provide
numerical evidence to this statement.
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For sake of clearness, we omit now the indices s and p in I(*?) (z), noticing that the approxi-
mations we are going to present are valid for any s and p for which I(z) = I*P)(z) is finite. Then
we split I(z) = I®P)(z) into the sum of six contributions as follows:

um—/L@mm/ﬂ&w@f[@@@+Li&w@ffﬁww+zf%w@,&m

—€ +e

I () Ix(x) I3(x) Is(z) I5(z) Is(x)

where € > 0 will be specified later.

The most challenging integrals to compute are I3(x) and I4(x) because of the presence of the
singularity of g, (y) at y = z.

From now on, we denote by I () the numerical approximation of the integral Ij(z) for k =
1,....,6.

The integrals I; () and Is(z) are approximated by an adaptive quadrature formula implemented
in the functions integral and quadva of MATLAB [19], after operating a change of variable that
transforms them to integrals on a finite interval with a very mild singularity. The approximated
integrals I, (x) and Ig(x) are computed by ensuring that

|In(z) — Tn(x)| <1071 for k € {1,6}. (5.3)

Since we are performing our computations with double-precision arithmetic for which the ma-
chine precision is about 10716, the tolerance of 1071% in (5.3) is fully satisfactory.

The approximate integrals fg(x), .. .,fg,(:v) 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 fkn(m) 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 £ =2,...,5 and for any € (—1,1), it holds

Ik (2) = Tk (2)] < Cn77|gallwe(an), (5.4)

provided that g, € W2(A) for some o > 1/2 and where Ay denotes the integration interval
of the integral Ij(z). 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

I(e) = Y Ixl) (55)
k=1

satisfies the estimate
[I(z) — I(z)| < en™7|gallweza,) + 1071, (5.6)

i.e., I(x) converges to the exact value I(z) when n — oo, for any = € (—1,1) up to the tolerance
e=10"15.

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(z)| be small enough. Since the value of I(z) 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 I(z) with the desired accuracy.

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

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

12 (z) = i)’ (5.7)

In Figure 1, left, we plot the values (> (z) , for several values of z € (—1,1) and for s €
{0.2, 0.4, 0.5, 0.583}. We have chosen ¢ = 1/50 in (5.2). Numerical results are fully consistent
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55 T 1074
e s=0.2 pe kL . =02 d
s=0.4 . =04
51 s=0.5 i . s=0.5 r
.+ 5=0.58333 05k .+ 5=058333 ||
E . .
45 ¢ = . &
= I 1078 ¢ e, et
a — oot atecatessonsessssosssssestesssst® i
[ 4l /;2/ fe .
=
107 ¢ i
35 | 1 JE— .
=2
3 108
1 0.5 0 0.5 1 1 0.5 0 0.5 1

FIGURE 1. On the left, the approximated integrals f(‘g’z)(x), the empty squares
at x = 0 represent the values (5.7). On the right, the absolute errors |I(*2)(x) —
I16:2) ()]

11629 (@) — 1) z)|
1169 (@) — 10 z)|

——s35=0.2 —a—s5=0.2
1079 b|=—=—s=04 4 1079 | |=—=—s=04 4
s=0.5 s=0.5
—e—5=0.58333 1 ——5=0.58333
10 -10 L L L L 10 -10 L L L L L
100 200 300 400 500 100 200 300 400 500

n n

FIGURE 2. The absolute errors |1(2) () — I (z)| versus n for different values
of s. On the left at z = 0, on the right at x = 0.5

T
sin(ms)

with the theoretical result reported in (5.7), the values are represented by the empty squares

(only in correspondence of z = 0).

In Figure 1, right, we report the absolute errors |I(52)(z) — I?)(z)| for several values of

€ (=1,1). When s = 0.2, s = 0.4, and s = 0.5, the errors are all below 5 - 107¢. Instead, when
s = 0.583, the errors are about 107 in the middle of the interval and reach the value 104 when
|z| tends to 1. We explain this behavior to the fact that when s — 17, the order of infinity of
the function g¢,(y) at y = x increases and the computation of the corresponding integral is very
demanding.

In Figure 2 we show the behavior of the errors |52 (x) — I(5?)(z)| versus n, and for different
values of s, at x = 0 (left) and x = 0.5 (right).

When p = 2 there is no value of s > 1/2 for which we know that g, € W*2(R) (see Proposition
4.3), 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 1075, Moreover, we can conclude that the accuracy of the quadrature formula at = = 0 and
x = 0.5 is almost the same for n ranging between 64 and 256.
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55 ‘ ‘
-4
.+ $=0.13333 10
5 :'",,MM © s=02 .
s=0.4 5
10°F
45 * s=05 1
. $=0.58333 o
Al = 100l
= 35 | =
[ e - oo | 107
g, ) — - =
3 R
g 108t
o5 | A = —e—5-0.13333
’ —e—5=0.2
10 9L s=0.4
2 ——5=05
—e—5=0.58333
1 5 L L 1 10 -10 f L L 1 1
-1 -0.5 0 0.5 1 100 200 300 400 500

n

FIGURE 3. On the left, the approximated integrals I~(S’3)(J:). The empty squares
at x = 0 represent the exact values (5.8). On the right, the absolute errors
|1(53) () — I*3)(z)| at = = 0. The numerical integrals are evaluated using (n+1)
nodes.

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 1(s») (z) when
x = 0. As a matter of fact, we have (see (4.3))

, 2 P — (1 —ym)s)pt
I<’P>(0):sp+2/0( (ymp)) dy (5.8)

and we have computed it symbolically by Wolfram Mathematica [11].

In Figure 3, left, we report the values of I¢>P)(z) when p = 3, for five values of s and different
values of z € (—1,1). Clearly, I(*?)(x) is not constant in (—1,1). The square symbols at z = 0
represent the exact values (5.8). In the right picture of Figure 3 we display the errors |1 (373)(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 occur in correspondence to other points z # 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"?(R) with
r = 0.6, and for which the estimate (5.4) holds.

Similar results, but now for p = 4, are shown in Figure 4: on the left, we report the values of
TG4 () for four values of s and different values of € (—1,1). Also in this case it is evident that
TG4 () is not constant in (—1,1). The square symbols at = = 0 refer to the exact values (5.8).
In the right picture of Figure 4 we show the errors [I(%)(0) — I(%%)(0)] for four values of s versus
the parameter n (related to 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 z = 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 is 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.

In conclusion, in Table 5.2 we report the approximated values I¢?)(z) for p = 3 and p = 4, for
some values of s and at the two points x = 0 and = = 0.5. Because these values approximate the
corresponding exact values with errors lower than about 1076, we can state once more that Ip # 2
and 3s € (0,1) such that I*P) is not constant in (—1,1).
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FIGURE 4. On the left, the approximated integrals IGs4) (). The empty squares

at x = 0 represent the exact values (5.8). On the right, the absolute errors
164 (x) — I3 (z)| at z = 0. The numerical integrals are evaluated using (n+1)
nodes.

5 I3 (0)  163)(0.5) 5 I90) 164(0.5)

0.13 | 5.0446 4.8644 0.13 | 3.7625 3.4608

0.20 | 3.4253  3.2945 0.20 | 2.5335  2.3025

0.40 | 1.9911 2.0046 0.40 | 1.4166 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

TABLE 1. The values of 1(*?)(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°.
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