HOPF’S LEMMA AND CONSTRAINED RADIAL SYMMETRY
FOR THE FRACTIONAL LAPLACIAN

ANTONIO GRECO AND RAFFAELLA SERVADEI

ABSTRACT. In this paper we prove Hopf’s boundary point lemma for the fractional Lapla-
cian. With respect to the classical formulation, in the non-local framework the normal
derivative of the involved function uw at z € 9 is replaced with the limit of the ratio
u(x)/(0r(x))®, where dr(z) = dist(z,0Br) and Br C  is a ball such that z € 9Bg.
More precisely, we show that

. u(z)

lim inf

B5:0: (r(a))°
Also we consider the overdetermined problem
(A u=1 in Q
u=0 in RV \

i w@)
Q%lgz Goye = 4(|z])  for every z € 99.

>0.

Here Q is a bounded open set in RY, N > 1, containing the origin and satisfying the
interior ball condition, do(x) = dist(x,dN), and (—A)*, s € (0, 1), is the fractional Laplace
operator defined, up to normalization factors, as

—A) u(x) = P.V. — =

( ) ( ) RN |$_y|N+2S Y

We show that if the function g(r) grows fast enough with respect to r, then the problem

admits a solution only in a suitable ball centered at the origin. The proof is based on a
comparison principle proved along the paper, and on the boundary point lemma mentioned
before.

1. INTRODUCTION

Fractional non-local operators are subject to extensive investigation for both their theo-
retical interest and the multiplicity of their applications. Indeed, fractional and non-local
operators appear in concrete applications in many fields such as, just to name a few, op-
timization, finance, phase transitions, stratified materials, anomalous diffusion, crystal dis-
location, soft thin films, semipermeable membranes, flame propagation, conservation laws,
ultra-relativistic limits of quantum mechanics, quasi-geostrophic flows, multiple scattering,
minimal surfaces, materials science, water waves, thin obstacle problem, optimal trans-
port, image reconstruction, as well as diffusion problems (see, for instance, [2,9,28] and the
references therein).

A special role is played by the fractional Laplace operator (—A)®, s € (0, 1), which is the
(linear) integro-differential operator whose symbol is |£]?* (see, for instance, [7, Section 3.1]
and [12, p. 2]). The fractional Laplacian may also be defined equivalently as follows (see,
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e.g., [11]):
s _ u(x) — u(y)
(—A) u(x) = CN7S P.V. - W d
: u(z) — u(y)
1.1 — ey | W) =Y gy
( ) o 5_1>I(I)1+ lx—y|>e ‘x_y‘N—i_% Y

where u: RY — R is any semicontinuous function such that the last integral has a finite
value for positive ¢, as well as a finite limit as ¢ — 0T for every fixed z € RY. This is
certainly the case if u € C*(RY) N L>®(RY). In particular, the convergence for ¢ — 0%
follows by Taylor expansion of u(y) around the point y = x. The abbreviation P.V. stands
for principal value, and the constant ¢y s (which is found, for instance, in [7, Remark 3.11])
is given by

45 sT(5 +5)

2 T(1 - s)

Fractional Laplacian and problems driven by this operator and its generalizations have
been widely studied in the literature. In the present paper we are mainly interested in the
fractional counterpart of Hopf’s boundary point lemma and on overdetermined problems in
a fractional non-local setting.

CN,s =

1.1. Hopf’s lemma. Hopf’s boundary point lemma, firstly proved by Hopf in [23], provides
a subtle analysis of the outer normal derivative of a subharmonic function at a boundary
maximum point, under the assumption that an interior ball condition holds there.

Even though the maximum principle for elliptic equations was proved by Hopf indepen-
dently of the boundary point lemma, the lemma may be used as a tool for proving the
validity of the strong maximum principle for second order uniformly elliptic operators (see,
for instance, [15, Lemma 3.4 and Theorem 3.5]).

Along this paper we prove that Hopf’s boundary point lemma holds true also for the
fractional Laplacian. The main difference between its classical formulation and the one
given here is that the normal derivative of a function u at a boundary point z € 9f is
replaced with the limit of the ratio w(z)/(0gr(x))®, where dr is the function defined as
follows

(1.2) dr(z) = dist(x,0BR),
Bpg being an interior ball at z. A precise statement is the following.

Definition 1.1 (Interior ball condition). A set Q@ C RN, N > 1, satisfies the interior ball
condition at z € 0S) if there exists a ball B C 2 such that z € 0BR.

With this definition we can state the following result.

Lemma 1.2 (Fractional Hopf’s boundary point lemma). Let 2 C RN, N > 1, be an open
set satisfying the interior ball condition at z € 0%, and let ¢ € L*>®(Q2). Consider a lower
semicontinuous function u: RN — R satisfying

(1.3) (=A) u(z) = c(z) u(x)

pointwise in 2.
(i) In the case when Q is bounded, if u > 0 in RV \ Q and c(x) <0 in Q, then either u
vanishes identically in Q, or

e ulT)
(1.4) él;g;gfz Br@)* >0,

where By is the ball in Definition 1.1, and dg is as in (1.2).
(ii) If u >0 in all of RN, then either u vanishes identically in Q, or (1.4) holds true.
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1.2. Fractional non-local overdetermined problems. A typical question concerning
free boundary problems is: what is the shape of the free boundary? The question often
arises in connection with overdetermined problems, i.e., when some redundant condition is
imposed on the free boundary.

For instance, consider a bounded domain  C R whose boundary is a priori unknown,
apart from some degree of regularity. Then, a celebrated result by Serrin and Weinberger
(see [27,29]) states that if the solution u of the torsion problem

(15) {—Au—l in

u=20 on Of)

satisfies the additional condition —% = ¢ (constant) along 0N (here v is the outer normal

to 0Q), then the domain (2 is a ball. Due to the translation-invariance of the problem, that
ball can be centered at any point in RY.

Thus, a further question arises: what additional condition on the free boundary, in place
of Serrin-Weinberger’s condition _% = ¢, may force the domain to be a ball centered at a
prescribed point? In [20] the author shows that if € contains the origin, and if the solution
u to the torsion problem in 2 satisfies —8—1“/( ) = c|z| on 0%, then Q is a ball centered at
the origin. This explains the meaning of “constrained symmetry”.

The result obtained in [20] is not at all obvious, since there exist non-spherical domains
(for instance, ellipses) such that the solution u of the torsion problem satisfies —%(x) =
¢(|z|) on the boundary, where ¢ is a function depending only on the distance from z to the
origin (see [17, Problem (6)] and [20, Section 5]). Therefore, some assumption on ¢ has to
be done in order to prove that € is a ball and that this ball is centered at a prescribed
point.

One of the aims of this paper is to study fractional counterparts of the overdetermined
problem described above. In order to do this, first of all we have to replace the classical
notion of outer normal derivative with a fractional one.

At this purpose, let us consider the fractional counterpart of the torsion problem (1.5),
that is the non-local linear problem

—A¥u=1 inQ
(L.6) {i—()) in RN\ Q,

where € is a (possibly non-smooth and disconnected) bounded open set in RY, N > 1. A
solution of (1.6) is a continuous function u: RY — R satisfying pointwise the equation and
the outer condition in there. Such kind of solutions are sometimes called classical (see, for
instance, [13]).

A probabilistic interpretation of this problem is the following: consider the symmetric
stable process in RY of index o = 2s, which is a Lévy process as the usual Brownian motion,
but admitting jumps in the paths. Then, u(z) expresses the average time needed for the
particle starting at = € €2 to exit from § (see [4-6,14]).

In the case when €2 is the ball B of radius R > 0 centered at the origin, the solution
u = up of (1.6) is known explicitly (see [14,26]) and it is given by

(1.7) ur(z) = v, (R? = [z[)7)*, = eRY,
where the exponent * denotes the positive part, and vy s is the following constant:

r§)
LTI+ 9)TE +5)

(18) YN,s =

Due to the exponent s < 1, the radial solution ug in (1.7) does not belong to the class
CY(Br). However, it turns out that the ratio ug(x)/(6g(x))® is continuous in the closed
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ball Bg: indeed, taking into account that in this case dr(z) = R — |z|, we easily compute

(1.9) lm k)

- 7 = 25 RS f aB .
Bpoaz—z (0g(x))* YN,s or every z € R

This boundary value may be thought of as a fractional replacement of the inner derivative
—Qup/ov.

More generally, if u is a solution of (—A)* u(x) = g(z) in a sufficiently smooth bounded
domain , satisfying u = 0 in RY \ ©, the boundary regularity of the ratio u(z)/(dq())?,
where dq = dist(z,092), has been investigated in [26, Theorem 1.2]. In particular, the
authors prove that the mentioned ratio is Holder continuous up to the boundary of €.

Therefore, a non-local fractional counterpart of the overdetermined problem described
before can be formulated as follows:

(A u=1 in Q
(1.10) u=0 in RV \ Q
Qgrgz % =q(|z|) for every z € 09Q.

Suppose that problem (1.10) is solvable, i.e., there exists a continuous function u €
CO(RY) such that the ratio u(x)/(6q(z))® has a continuous extension to € and the three
conditions prescribed in there are satisfied. Can we infer that the domain € is a ball?

In the sequel we show that if the function ¢(r) grows fast enough with respect to r, then
problem (1.10) possesses a solution only in suitable balls centered at the origin. The radii r
of such balls are the positive solutions to (1.13) below (if there are some). More precisely,
our result is the following:

Theorem 1.3 (Constrained radial symmetry). Let € be a bounded open set in RN, N >1,
containing the origin and satisfying the interior ball condition at any z € 082, and let q(r)
be a non-negative function of the variable r > 0. Assume that either

r
(1.11) the ratio LS) is strictly increasing inr > 0,
r
or the set § is connected and
(1.12) the ratio L:) is non-decreasing in r > 0.
r

Then, problem (1.10) admits a solution if and only if Q is a ball B,, centered at the
origin, whose radius r > 0 solves the equation
(1.13) a(r) = 2y,
where YN s is the constant given in (1.8).
Alternatively, if the boundary 92 is regular enough to have an outer normal v at each
point, then we may consider the following variant of problem (1.10):
(—A)Pu=1 in
(1.14) u=0 in RV \ Q
—(0y)° u(z) = q(|z|) for every z € 09,
where the fractional inner derivative —(9,)® v is defined as
u(z —ev)

(1.15) —(0y)°u(z) = lim

e—0t es

, z € 0N.

A solution of problem (1.14) is a continuous function u € C°(RY) such that the limit
in (1.15) exists for every z € 02 and the three conditions prescribed in (1.14) are satisfied.
Now it is not required that the ratio u(x)/(dq(x))* has a continuous extension to Q.

The case when ¢ = const. is considered in [12]: assuming that € is a bounded open
set with a C? boundary, in this paper the authors prove that such a problem is solvable
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only if the domain is a ball, thus extending to the fractional case the celebrated result by
Serrin [27] and Weinberger [29] (see also [10] for the case N = 2 and s = 3).

Under the conditions on ¢ given in Theorem 1.3, problem (1.14) is solvable only if € is a
ball centered at the origin, as stated in the following result:

Theorem 1.4 (Constrained radial symmetry with fractional inner derivative). Let Q be a
bounded open set in RN, N > 1, containing the origin and such that its boundary 0 has
an outer normal v at each point. Then, the statement of Theorem 1.8 continues to hold if
problem (1.10) is replaced with (1.14).

Note that in Theorem 1.4 the interior ball condition is not required. Furthermore, The-
orem 1.4 (as well as Theorem 1.3) does not apply to the case ¢ = constant, and this is
not a surprise, because when ¢ is constant one cannot expect the center of € to occur at a
prescribed point.

Results similar to Theorem 1.3 and Theorem 1.4 for the case s = 1 (which corresponds
to the classical Laplacian), with extensions to the p-Laplacian and other quasilinear op-
erators can be found in [17,18,20]. There, a non-linear right-hand side is also taken into
consideration.

Constrained radial symmetry for local operators in domains with cavities is also investi-
gated in [16,19,21], while singular solutions of the Laplace equation are considered in [1].

The method of proof for this kind of results is outlined in [20], and it is based on the
comparison with radial solutions. Without entering into details for the moment, we observe
that when the radius R is let vary, formula (1.9) shows that the boundary value of the ratio
ur(x)/(0r(z))® increases as fast as R°. Assumption (1.11), instead, requires the function
q(r) to grow faster than r°: using the comparison principle, this leads to a contradiction
unless (2 is a ball centered at the origin. The argument is a refinement of the one used in [22]
to investigate overdetermined problems associated to the Laplace operator in domains with
cavities.

The present paper is organized as follows. In Section 2 we establish the strong minimum
principle for inequality (1.3), and derive a monotonicity property of the solution of the non-
local linear problem (1.6) with respect to the domain. Section 3 is devoted to Hopf’s lemma
for the fractional Laplacian, while Section 4 focuses on the overdetermined problems (1.10)
and (1.14). Finally, in Appendix A we give some comments on boundary regularity.

2. MINIMUM PRINCIPLE AND MONOTONICITY

In this section we establish a minimum principle for solutions of inequality (1.3), and a
monotonicity result for problem (1.6). Both are essential for the subsequent development.

Theorem 2.1 (Strong minimum principle). Let u: RV — R be a lower semicontinuous
function satisfying (1.3) pointwise in an open set @ C RN, N > 1, and let c: Q — R be
any real-valued function.

(i) In the case when ) is bounded, if u > 0 in RN \ Q and c(z) < 0 in Q, then either u
vanishes identically in Q, or u > 0 in €.

(ii) If u> 0 in all of RN, then either u vanishes identically in 2, or u > 0 in Q.

Proof. First of all, we show that, under the assumptions of assertion (7), the function u is
non-negative in RV .

At this purpose, let us assume that u > 0 in RV \ Q and ¢ < 0 in © bounded. Now, we
argue by contradiction. If u were negative somewhere in €2, then, by compactness of Q and
using the fact that v > 0 in RV \ ©, u would reach its (negative) minimum at some zq € .
By (1.1) we may write

u(xo) — u(y) / u(xo)
_A) u(z gcsP.V./d Foen ) g
(ZA)ulzo) <, o oo — y|NF2s W TN rV\Q |T0 — Y[V T2 Y
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Since the first integral is non-positive and the second one is strictly negative (being u(xg) the
negative minimum of u), we see that (—A)®u(xg) < 0. However, ¢(xg) < 0 by assumption,
hence c(z0) u(zg) > 0, thus contradicting (1.3). Hence, u > 0 in all of R, as claimed.

To complete the proof of Theorem 2.1, we refine the argument above, taking into account
that u is non-negative in RY. Here, the sign of c¢(x) is not relevant.

Both for proving (i) and (i7), we have to show that either u vanishes identically in 2, or
u>01in Q.

Suppose that u #Z 0 in Q. We claim that v > 0 in all of 2. By lower semicontinuity, there
exists 1 € Q and €1 > 0 such that u(y) > e; for all y € By = B(z1,e1) C Q. If, contrary
to the claim, u(Z) = 0 at some Z € \ By, then we have

—u(y) —€1

(—A)Su(i’) S CN’S PV/ W dy + CN,s /Bl m dy

RN\B;

Again, the first integral is non-positive and the second omne is strictly negative, hence
(=A)*u(z) < 0. Since ¢(Z)u(z) = 0, a contradiction with (1.3) is reached. Thus, we
must have v > 0 in €2, and the proof is complete. Il

Now we focus our attention on the linear problem (1.6). Firstly, the comparison principle
is derived. To be more precise, we prove the monotonicity of the solution u with respect
to the domain Q. We also notice that uniqueness of the solution of problem (1.6) follows
immediately.

Lemma 2.2 (Monotonicity). Let Q1 C Qo be two bounded open sets in RN, N > 1 and let
u; be a (continuous) solution of (1.6) in Q =y, i =1,2. Then, u; < ug in RV,

Proof. Since (—A)®uy > 0 in Q, by using Claim (i) of Theorem 2.1 with ¢(z) = 0 we
get ug > 0 in RY. Furthermore, since u; = 0 in RN \ ©; by assumption, the difference
w = ug — uy satisfies

w>0 in RV\Q.
Also, since the equation in (1.6) is linear, we have
(—A)Pw=0 in Q.

A further application of Claim (i) of Theorem 2.1 yields w > 0 in all of RY, and the
conclusion follows. O

Corollary 2.3 (Uniqueness). Let ) be a bounded open set in RN, N > 1. Then, prob-
lem (1.6) admits at most one solution.

Proof. The corollary follows by letting 21 = Q5 = Q in Lemma 2.2. O

3. HOPF’S LEMMA

This section is devoted to the fractional counterpart of Hopf’s boundary point lemma.
As outlined in the Introduction, with respect to the classical result proved by Hopf in [23],
in our formulation we replace the normal derivative at a boundary point with the inferior
limit of the ratio u(z)/(0r(z))®, which estimates from below the fractional inner derivative
in (1.15) whenever such a derivative exists.

For simplicity, first of all we prove Hopf’s lemma for the operator (—A)® in the case
when (2 is a ball. The extension to any open set () satisfying the interior ball condition
is considered afterwards. Throughout the present section, the function w is required to be
just lower semicontinuous, the definition of the operator being as in (1.1).
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3.1. The case of the ball. In this subsection we prove Hopf’s lemma in the ball. The
argument is based on a suitable barrier method.

Lemma 3.1 (Hopf’s lemma in the ball). Let u: RN — R be a lower semicontinuous function
satisfying (1.3) in a given ball B, R > 0, and let ¢ € L*°(BR).

(i) If u > 0 in RNV \ Bgr and c(z) < 0 in Bg, then either u vanishes identically in Bg,
or (1.4) holds true at every z € OBR.

(ii) If uw > 0 in all of RN, then either u vanishes identically in Bg, or (1.4) holds true
at every z € OBR.

Proof. Assuming that u does not vanish identically in Bpg, let us prove (1.4). Observe,
firstly, that in both cases (i) and (i7) we have

(3.1) u(z) >0 forall z € Bg

by Theorem 2.1. More precisely, for every compact subset K C Br we have
3.2 inf > 0.

(3.2) Jnf. u(y)

To simplify the computation assume, without loss of generality, that the ball Bg is
centered at the origin. Recall that the radial function up in (1.7) satisfies

(33) (—A)SUR =1 in BR.

Letting vy (z) = 2 ug(z) for z € RN and n = 1,2,..., we aim to show that there exists
some 7 € N such that

(3.4) u > vy in RY,

which implies (1.4), thanks to (1.9).

The argument for proving (3.4) is by contradiction. Suppose that for every n € N the
difference

Wy = Uy — U

is positive in R¥.

Since v, =0 < w in RV \ Bpg, the upper semicontinuous function w, attains its positive
maximum at some z,, € Br. Taking into account that w,(x,) > 0 and (3.1) holds true, we
may write 0 < u(x,) < vp(z,). As a consequence of this and of the fact that

(3.5) v, — 0 uniformly in RY,
we have
(3.6) ngrfoou(mn) = 0.

This and (3.2) imply |z,| — R as n — +oo. Consequently, as long as y ranges in the ball
Br C Bpg, the difference x,, — y keeps far from zero when n is large. Hence, there exist
2

constants c1, co > 0, independent of n, such that

dy
(37) c1 < LR W < C2 for n large.
2

In view of this, let us rewrite the inequality c(x,) u(zy) < (—A)® u(zy,), which holds true
by assumption, as follows:

u(zn) — u(y) u(zn) — u(y)
3.8 c(xy) u(xy,) < CN,S/ ————5- dy +cn,s PV, ————dy
3.8) (n) u(zn) By |2n —y|NF2s EN\B g |2n —y|NF2s

To estimate the first integral, observe that by (3.2) there exists a positive constant cg > 0
such that u(y) > ¢ for y € Br. This, (3.6) and (3.7) imply
2

(3.9) limsup/ ulan) — uly) dy < —cye3 <0.
B

n—-+o0o R |xn - y|N+28
2
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To deal with the second integral in (3.8), we recall that wy,(y) < wy(x,) for all y € RY
(being x,, the maximum of w, in RYV), hence

u(xn) - u(y) < Un(xn) - Un(y) :
Therefore, we have
U’(xn) - u(y) / 'Un(xn) - 'Un(y)
———" dy < P.V.
EN\B |2n —y|NF2s EN\B |2n —y|NF2s

To study the behavior as n — +00, it is preferable to write

Un(Tn) — vn(y) / U (Tn) — vn(y)
3.11 P.V. dy = (=AY v, (z,) — dy.
( ) RN\B g ’xn _y‘N+2s ( ) ( ) Br ‘xn _y’N+25
2 2

(3.10) P.V.

By (3.3) and the definition of v, we get
1
(=AY vp(ry) =——0 asn— 4o0.
n

Hence, as a consequence of this and of (3.5) and (3.7), the right-hand side in the equal-
ity (3.11) vanishes as n — 400, which yields

mlpv/ onln) = nly) g, _ g
n—r+00 EN\B g |z, — y|NF2s

and so, by (3.10)

3.12 lim su P.V./ ————=dy < 0.
( ) n—>+o<l? RNM\Bpg |l‘n - y|N+2S Y
2
Taking into account that ¢(z) is bounded by assumption, and (3.6), we also have
(3.13) nEI—Poo c(xn) u(zy) = 0.
Inserting (3.12) and (3.9) into (3.8), we get a contradiction with (3.13). Hence, (3.4) must
hold true for some n, as claimed. [l

3.2. The general case. The fractional boundary point lemma holds in any (possibly un-
bounded and disconnected) open set €2 satisfying an interior ball condition, as stated in
Lemma 1.2.

Proof of Lemma 1.2. In both cases (i) and (i7), by Theorem 2.1 we conclude that either u
vanishes identically in €2, or v > 0 in all of €.

If w > 0in €, then, in particular, u > 0 in Bg and v > 0 in RV \ Bg. Thus, by Lemma 3.1
we immediately deduce that (1.4) holds. O

3.3. Some remarks. (i) The main ingredient in the proof of the fractional Hopf’s bound-
ary point lemma is the construction of the barrier v, starting from the solution ug of
problem (1.6) in a ball. This construction differs from the original procedure used by Hopf
in [23].

A boundary point lemma for the inequality (1.3) is also found in [12, Proposition 3.3]: the
proof is based on the construction of a suitable barrier, still involving the radial function ug.
Comparison is achieved using energy estimates.

The same function up is used in [26] to estimate the solution 9 of (—A)® s = 0 in an
annulus, taking two constant values in the two connected components of the complement
(see the proof of [26, Lemma 3.2]).

(73) If we let s = 1in (1.4), then the limit becomes obviously infinite and this was observed
in the statement of [3, Lemma 4.3], which is a boundary point lemma dealing with the case
c(x) = 0.



HOPF’S LEMMA AND CONSTRAINED RADIAL SYMMETRY 9

An inspection in the proof of [3, Lemma 4.3 shows that an estimate with a power function
was also found by the authors. Lemma 1.2 generalizes the cited statement, also putting
into evidence the importance of the boundedness of 2 when the sign of u in €2 is unknown.
In fact, if » is negative in an unbounded domain €2, then, in general, Lemma 1.2 does not
hold, as the following counterexamples show.

Counterexamples. Let us check that Claim (7) of Lemma 1.2 fails if the set Q is not
bounded. Indeed, consider c(x) = 0 in Q = RY \ {0}. Of course, in this case, 92 = {0},
and we must take z = 0.

(a) The claim fails even in the classical case. Indeed, the function u(x) = —|z|? satisfies
—Au > 0 in RY and vanishes on R \ Q = {0}. However, inequality (1.4) with s = 1 does
not hold because Du(0) = 0.

(b) A counterexample in the fractional case is the following. Let s € (3,1). We claim

that the concave function u(x) = —|z|%, a € [1,2s), satisfies
(3.14) (=A)*u(z) >0 forall z € Q=RN\ {0}
and

(3.15) lim inf %)

- —,
Bro>x—z (5R($))S

where Bp is any ball with z = 0 € 9Bg. Let us show that (3.14) holds true. Since u
is of class C? in a neighborhood of every fixed z # 0, and a < 2s, the integral in (1.1)
converges. The idea for estimating its value is that u(z) < u(y) if and only if |z| > 0 and
y € B = B(0, |z|). The contribution of the ball B is compensated by the reflected ball B’
given by

B ={y eRN:y+49 =2z, yc B}.

More precisely, the integral in (1.1) may be splitted as follows:

u(z) — u(y) / u(z) — u(y)
—A)’u(x) = cnys P.V. / ———dy + ——=dy | .
(=& ul() i ( pup T —y|VT2s RN\(BUBY) |T — Y|V

By concavity we have u(y) + u(y’) < 2u(x), hence u(x) — u(y) + u(xz) — u(y’) > 0. This
shows that the first integral is non-negative. On the other hand, the second one is positive,
since u(z) < u(y) in RV \ (BU B’). As a consequence we have that

(=A)Y’u(z) = cng P.V.LUBIWdy

+ CnNs P.V./ W);]&(gzdy>0,
RN\ (BUB’) lz -yl

as claimed.
However, if By is any ball as in Definition 1.1 with z = 0 € 0Bpg, then (3.15) is satisfied,
because o > 1 > s.

4. FRACTIONAL NONLOCAL OVERDETERMINED PROBLEMS

This section is devoted to the overdetermined problems (1.10) and (1.14). Here we prove
Theorem 1.3 and Theorem 1.4.

Proof of Theorem 1.3. First of all, let us show that if {2 is a ball whose radius satisfies
equation (1.13), then problem (1.10) is solvable. If equation (1.13) has a solution r = Ry > 0,
then we let R = Ry in (1.7), thus getting a radial solution of the Dirichlet problem (1.6)
with Q = Bp,. Such a solution also satisfies the third condition in (1.10) because it behaves
as in (1.9) near the boundary: hence, the overdetermined problem (1.10) is solvable.
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To complete the proof, assume that problem (1.10) has a solution « in an unknown open
set 2, bounded, containing the origin and satisfying the interior ball condition. Define the
radii R; < R as follows:

R; = min |z|, Ry = max |z|.
z€00Q) 2€080)

By definition, the ball Bg, (respectively, Bg,) is the largest (smallest) ball centered at the
origin and contained in (containing) 2, and there exist boundary points z; € 98, i = 1,2,
satisfying |z;| = R;.

Let us prove that Ry = Ry. Denote by ug, the solution of the Dirichlet problem (1.6)
when () = Bg,, 1 = 1,2. By Lemma 2.2 we have

(4.1) ugr, <u <ug, in RV,
Let us compare the limit

: URy (1‘) s s
4.2 lim P gso RS
( ) BR1 Sr—2z1 (5R1 (1‘))8 ’}/N’ 1
which follows from (1.9), and

) u(x

(4.3) lim (z) = q(|z1]),

Q3z—21 ((5Q($))5
which holds by the third condition in (1.10). This comparison is not immediate because
both the numerator and the denominator in (4.2) are smaller than the corresponding terms
in (4.3). Therefore, we argue as follows. Let v; be the outer normal to 9B; at z;. When
the point = z; — tv; runs along the ray r of By passing through z1, i.e. for t € [0, Ry], we
have

O0r,(x) =t = |z — 21| = da(x).
In particular, the last equality holds because Bg, C €2, and therefore dist(x, z1) < dist(z, 2)
for all  as above and for all z € 9Q. Since the denominators in (4.2) and (4.3) coincide
along r, and ug, (z) < u(x), we may write

(4.4) 22N, R = =(00) ur, (21) < =(00y)" u(21) = q(|21]) = q(Rn).
To go further, we need to compare the limits
URy (1:)

lim
BR2 Sxr—rz2 (6R2 (CU))S

lim ———— = q(|22]).

QSzr—29 (59(56))5 Q(| 2‘)
Now we use the interior ball Bg C ) with zo € dBpg, which exists by assumption. Since
Br C Bpg,, the outer normal v, to 0BpR, at 2 is also normal to 0Bgr. Hence, letting

x = zg —tuvy for t € [0, R|, we have

=2° IN,s R;

and

Oy () =t =[x — 20| = da(x)

and, arguing as above, we get that

(4.5) q(Ra) = q(|22]) = =(9,)" u(22) < =(00,)" ur, (22) = 2° Y5 R3.
Hence, from (4.4) and (4.5) we deduce
q(R2) _ o6 q(R1)
4.6 AT2) sy < .
(4.6) Ry =2 WeSTp

Now, let us consider separately the two cases in the statement of Theorem 1.3. If (1.11)
holds true, that is the ratio ¢(r)/r® is strictly increasing, from (4.6) we deduce R; = Ra.
Consequently 2 = Bgr, = Bp,, which concludes the proof of Theorem 1.3 in this case.

Finally, suppose that € is connected and (1.12) occurs. In this case, to complete the
proof we apply Lemma 3.1 to the difference w = w — up,, which is non-negative in RN
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by (4.1), and satisfies (—A)*w = 0 in Bg,. The argument is the following. Since the
ratio ¢(r)/r® is non-decreasing, equalities must hold in (4.6), and consequently also in (4.4).
Hence (0, )° w(z1) = 0. From this we get

o w@
(1) it Sy O

By Lemma 3.1 (both claims apply) it follows that w = 0 in Bpg,, i.e. u = up, in Bp,.

Consequently, u(z) = 0 when |z| = R;. However, u is positive in © by Claim (i) of
Theorem 2.1, hence 0Bpg, Z ). Since (2 is connected, it must coincide with Bg,, and the
proof is complete. 0

Proof of Theorem 1.4. The proof is similar to that of Theorem 1.3. In particular, after hav-
ing established inequality (4.1), one derives (4.4) and (4.5) directly from the third condition
in (1.14), without the need of an interior ball Br. Afterwards, the argument proceeds as
before. O

Remark 4.1. In Theorem 1.3 we assume that () satisfies the interior ball condition at any
point of its boundary, just for simplicity in the statement of the result. In fact, this condition
can be weakened. More precisely, an inspection in the proof shows that Theorem 1.3 still
holds if the third condition in (1.10) is replaced with

u(z)

0zamz (0(2))°

where z1, zo are extremal points in 9€2. The interior ball condition, which is automatically
satisfied at z1, is needed only at zs.

Similarly, Theorem 1.4 continues to hold if the third condition in (1.14) is replaced with
—(0y)* u(zi) = q(|zi]), i = 1,2. Thus, it is enough that the domain 2 has an outer normal v
at z1 and z9.

APPENDIX A. SOME COMMENTS ON HOLDER CONTINUITY

Let © be a smooth domain in RY, N > 1, and let v be its outer normal. In this section
we put into evidence that when a function u belongs to the Holder class C*(Q), s € (0, 1),
it is not told that the fractional inner derivative in (1.15) is well defined for all z € Of).
A one-dimensional counterexample is constructed below. Multidimensional examples are
readily derived.

Consequently, assuming v € C*(Q) in Theorem 1.4 would not ensure that the third
condition in (1.14) makes sense. One must still suppose that the derivative in there is well
defined.

We also would like to note that the fractional case differs from the borderline cases s = 0
and s = 1. Indeed, the functions in C*(Q) are continuous up to the boundary, and in case
s = 0 the limit in (1.15) trivially exists (and equals zero). If, instead, s = 1, then the limit
in (1.15) is the inner derivative —du/dv, which exists for all u € C1(9Q).

The following example also shows that the limit

- u()
(A1) oI Bla))

which appears in the third condition of problem (1.10), need not exist even though u €
C*(Q). B B
Let us construct a function v = u(z) for x € Q = [0, 1] belonging to the class C*(Q),

s = %, and such that the limit

Lo u(0) (o)
(A.2) (@)} u(0) = Jim 200
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does not exist. The function u (which is not required to satisfy any equation) is bounded
between v; and vy given by v;(z) = (—1)"/x, i = 1,2, whose graphs are dotted in the
picture.

F1aure 1. Construction of u € C%( [0,1]) not possessing fractional deriva-
tive (9,)2 u(0).

The graph of u is made up of a countable sequence of suitable arcs joining the origin to
the points defined as follows. For k =0,1,2,... let

(A.3) up(z) = (—1)* <\/:ck -2V —x ) for x < zy, .
Here zp = 1, and x4 is the unique positive solution ¢ < zj, of
(A.4) u(t) + (=1)¥ vt =0,

which exists thanks to the coefficient 2 in (A.3). In fact, any coefficient a > 1 in place of 2
would suffice. Let u be defined as follows:

0, xz=0;
u(z) =
up(z), Tp41 < < Tg-

Then, u belongs to the Holder class C %([0, 1]) because

(@) = uly)] < 2/o — ] for all o,y € [0,1].

Furthermore, we have
lim inf u(e) =—1; lim sup u(e) = 1.
e—0F € e—0Tt \E

Hence, the limit in (A.2) does not exist, as claimed, nor do the limit in (A.1) at z = 0.
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