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ABSTRACT. We deal with the obstacle problem for a class of nonlinear integro-
differential operators, whose model is the fractional p-Laplacian with mea-
surable coefficients. In accordance with well-known results for the analog for
the pure fractional Laplacian operator, the corresponding solutions inherit
regularity properties from the obstacle, both in the case of boundedness, con-
tinuity, and Holder continuity, up to the boundary.
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1. THE FRACTIONAL OBSTACLE PROBLEM

The obstacle problem is a fundamental topic in Partial Differential Equations
and Potential Theory, with crucial implications in many contexts in Biology, in
Elasticity, in Financial Mathematics, and so on. See for instance the books [12]
and [27], where many of these applications are described, as well as the classical
literature on this problem. It can be stated in several ways. Roughly speaking,
there is an elliptic operator £ and a function h (the obstacle), so that the solution u
to the obstacle problem in a domain €2 is a minimal supersolution to £ = 0 above
the obstacle; i. e.,

Lu>0

everywhere in the domain ),
u>h

(boundary conditions).

The operator £ can be a classical second order elliptic operator, an integro-
differential operator, and even a nonlinear one. The study of the obstacle problem
originated in the context of Elasticity as the equation that models the shape of an
elastic membrane which is pushed by an obstacle from one side affecting its shape.
The same equation also arises in Control Theory, specifically as the question of
finding the optimal stopping time for a stochastic process with payoff function.
In origin, in both these cases, possibly after linearization, the involved operator £
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coincides with the Laplacian operator. A special very important case is when the
operator L is the fractional Laplacian (—A)®; that is,

(-ayule) =po. [ (ul@) ~u@)le -y " F Ay, e R
see [9]. The obstacle problem involving the fractional Laplacian operator indeed
appears in many contexts, such as in the analysis of anomalous diffusion, in the
quasi-geostrophic flow problem, and in pricing of American options regulated by
assets evolving in relation to jump processes; in particular, this important applica-
tion in Financial Mathematics made the obstacle problem very important in recent
times. A large treatment of the fractional obstacle problem can be found in the
important papers by Caffarelli, Figalli, Salsa, and Silvestre (see, e. g., [1-3,30]);
see also [10] for the analysis of families of bilateral obstacle problems involving
fractional type energies in aperiodic settings; and the paper [26] for the fractional
obstacle problems with drift. However, despite its relatively short history, this
problem has already evolved into an elaborate theory with several connections to
other branches; the literature is too wide to attempt any reasonable comprehen-
sive treatment in a single paper. We refer the interested reader to the exhaustive
lecture notes [29], and to the forthcoming work by Danielli and Salsa ([6]), and
the references therein.

2. THE NONLINEAR INTEGRO-DIFFERENTIAL OBSTACLE PROBLEM

Here we are interested in a very general class of nonlinear nonlocal obstacle prob-
lems; i. e., those related to the operator £ defined on suitable fractional Sobolev
functions by

(2.1)  Lu(z) =p.v. ; K(z,y)|lu(z) — u)[P?(u(z) — u(y)) dy, x e R"
The nonlinear nonlocal operator £ in the display above is driven by its kernel
K : R"xR"™ — [0, 00), which is a measurable function of differentiability order s €
(0,1) and summability exponent p > 1,

AP < K(z,y)|z—y|"™P <A fora.e z,y€R",
for some A > 1. Clearly, in the linear case when p = 2 and without coefficients
when A = 1, we recover the aforementioned fractional Laplacian operator (—A)®.

We need now to recall the definition of the nonlocal tail Tail(f; z,7) of a function
f in the ball of radius r > 0 centered in z € R™; see [7,8]. For any function f
initially defined in L} O_Cl(IR”),

1
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In accordance, we recall the definition of the corresponding tail space LY (R™),

L R = {f € LR« Tail(fi2,m) < o0 Wz € R, Vr € (0,00)

loc

see [17]. As expected, one can check that W*P(R™) C L2 (R™), where we denoted
by W#P(R™) the usual fractional Sobolev space of order (s, p), defined by the norm

lvllwsr@mey == V]l Lr@n) + [v ]Wsp(Rn)

)P v
B </" U|pdx> (/n/n |.’L'— |1’L+sp| dl’dy) '

We finally observe that, since we assume that coefficients are merely measurable,
the involved equation has to have a suitable weak formulation. For this, we recall
the definitions of sub and supersolutions u to

(2.3) Lu =0 in R™.
A function v € WP (Q)NLE(R™) is a fractional weak p-supersolution of (2.3) if

loc

uny= [ [ K@lule) = u)l (ule) = ) (1(2) = 1(0) dody
>0

for every nonnegative n € C5°(2). Notice that the summability assumption of
u € LP*I(]R”) is what one expects in the nonlocal framework considered here;
see [15]. A function u € W3P(Q) N LY (R™) is a fractional weak p-subsolution if
—u is a fractional weak p-supersolution. A function u is a fractional weak p-solution

if it is both fractional weak p-sub and supersolution.

2.1. The variational framework and first results. From now on, we report
the main facts from [14], to which we refer for a more complete presentation and for
detailed proofs. First, we recall that the obstacle problem can be reformulated as
a standard problem in the theory of variational inequalities on Banach spaces, by
seeking the energy minimizer in convex sets of suitable functions. Let us introduce
the variational framework of our problem. Let Q € €' be open bounded subsets
of R™, let the obstacle function h: R™ — [—o00,00) be an extended real-valued
function, and let g € W*?(€') N LL1(R™) be the boundary values. We define the
(non-empty) set

Ky n(Q,Q):= {u eWSP(Q) :u>h ae inQ u=g ae on ]R”\Q},
and the functional A : Ky 5 (2, Q) — [W*P(Q')]" as follows

| [ pate).uw) (v6e) = o) K (2. 9) dady

* Q/W\Q, AL(U($)’9(y))v(z)K(x,y) dzdy,
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for every u € Ky ,(Q2,) and v € W*P(Q). Notice that the functional Au really
belongs to the dual of the fractional Sobolev space W*P(QY'); see [14, Remark 1].
We are now ready to provide the natural definition of solutions to the obstacle
problem in the general nonlocal framework considered here.

Definition 2.1. We say that u € ICg (€2, ') is a solution to the obstacle problem
in Ky p(Q, Q) if

Au(v —u) >0
whenever v € K, (82, Q).

The existence and uniqueness of the solution to the obstacle problem and the
fact that such a solution is a weak supersolution to (2.3) is proven in the following

Theorem 2.2. ([14, Theorem 1]). There exists a unique solution to the obstacle
problem in Kg (2, ). Moreover, the solution to the obstacle problem is a weak
supersolution to (2.3) in Q.

Sketch of the proof. First, one can prove by computations that A is monotone
on K4 ,(2,9). Second, by applying the Holder inequality together with some
basic estimates in [14, Lemmata 1 and 2], and by carefully treating in a different
way the superquadratic case when p > 2 and the subquadratic case when 1 <
p < 2, one can prove the weak continuity of A. Then, by using again the Hélder
inequality together with some fractional Sobolev embeddings, one can prove that A
is coercive. This will permit to apply the standard theory of monotone operators
in order to deduce the existence of a solution u to the obstacle problem. The
uniqueness is easily proven via a contradiction argument. Finally, one can show
that the function u is a weak supersolution to (2.3) by noticing that for any
nonnegative function ¢ € C§°(£), the function u + ¢ belongs to Iy (2, ). O

Also, under natural assumptions on the obstacle h, one can prove that the
solution to the obstacle problem is fractional harmonic (see [15] for the definition
and several related properties) away from the contact set, in clear accordance with
the classical results when s = 1.

Corollary 2.3. ([14, Corollary 2]). Let u be the solution to the obstacle problem
in Kgn(Q,Q). If B, C Q) is such that

essinf(u — h) > 0,
then u is a weak solution to (2.3) in B,.. In particular, if u is lower semicontinuous
and h is upper semicontinuous in ), then u is a weak solution to (2.3) in Q4 =

{zeQ:u(z) > h(z)}.

The solution to the obstacle problem is the smallest supersolution above the
obstacle in the sense precised below.
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Proposition 2.4. ([14, Proposition 1]). Let € Q" C Q. Let u be the solution
to the obstacle problem in ICy 1, (2, Q') and let v be a weak supersolution in Q" such
that min{u, v} € Kg 1 (Q,Q"). Then u < v almost everywhere.

Sketch of the proof. It will suffice to notice that, since u is the solution to the
obstacle problem and min{u,v} =« in R™ \ €, we have
0 < (Au, min{u,v} — u);

and, since v is a weak supersolution in Q” and u — min{u,v} € W*(2) is non-
negative, we have,

0< [ [ To@) — o) (o) — ulw) (uta) - minfu.o}e) - u(y)

+ min{u, v}(y)) K(z,y) dzdy.
By summing the preceding inequalities, one can deduce that |[{u > v}| = 0. O

Remark 2.5. Tt is worth noticing that the obstacle function h is an extended real-
valued function. In particular, in our results we are also including the case when
= —o00; i. e., no obstacle at all, whose interpretation is

(2, 9) = Koo (2, Q) = {u EWSP(QY) : u=g a.e. on R"\ Q}

that is, the class where we are seeking solutions to the Dirichlet boundary value
problem. Moreover, in view of Theorem 2.2, by solving the obstacle problem in
Kg,—0c(€2,€) one obtains a unique weak solution to (2.3) in Q with boundary
values g € W*P(V') N L2 (R™) in the complement of .

3. INTERIOR REGULARITY RESULTS

The regularity of the solution to the obstacle problem inherits the regularity of
the obstacle, both in the case of boundedness, continuity, and Holder continuity.

Theorem 3.1. ([14, Theorem 2]). Let u be the solution to the obstacle problem
in Kgn(2,8). Assume that B,(xg) C Q' and set

M = max{ esssup h, esssup g}.
B (z0)N  Br(z0)\Q
Here the interpretation is that esssupy f = —oo if A =10. If M is finite, then u

is essentially bounded from above in B, 5(x0) and

1
t

esssup (u —m)y < § Tail((u — m)4;20,7/2) + 677 ][ (u—m), da
B,./2(x0) By (x0)

holds for allm > M, t € (0,p) and é € (0,1] with constants v = v(n,p,s,t) and
c=c(n,p,s,t,A).
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Theorem 3.2. ([14, Theorem 3]). Suppose that h is locally Hélder continuous
in Q. Then the solution u to the obstacle problem in Ky (2, Q') is locally Holder
continuous in  as well. Moreover, for every xo € Q) there is ro > 0 such that

ose e (£)” [Tt = o))+ ( ) lu—thI);]

By (wo) r(z0)
+C/ (3)“wh <t> d
o t o t

for every r € (0,70) and p € (0,7/4], where wy(p) = wr(p, z0) = 08B, (2y) b, and
«, ¢ and o depend only on n, p, s, and A.

Slightly modifying the proof of the preceding theorem (for which we refer also
to Section 5 below), one can easily obtain the following

Theorem 3.3. ([14, Theorem 4]). Suppose that h is continuous in 2. Then the
solution to the obstacle problem in Ky (2, ) is continuous in Q as well.

All the results presented in this section are consistent with their counterparts
for the obstacle problems in the pure fractional Laplacian case. This said, the re-
lated proofs are different and, though we are dealing with a wider class of nonlinear
integro-differential operators with coefficients, to a certain extent these proofs are
even simpler, since we can make use of the new nonlocal set-up and the recent
quantitative estimates in [7,8], by combining them with some well-known tools
from the classical nonlinear Potential Theory. Moreover, since we allow the obsta-
cle function h to be an extended real-valued function, the degenerate case when
no obstacle is present does reduce the problem to the standard Dirichlet boundary
value problem, so that the results proven in [14] are new even when £ does coincide
with the fractional p-Laplacian (—A)s. Also, as noticing in Remark 2.5, we assume
that the boundary data merely belong to an appropriate tail space L L®R™), so
that our results are an improvement with respect to all the previous results in the
literature when the data are usually given in the whole W*P(RR").

4. REGULARITY UP TO THE BOUNDARY

The results in the previous sections can be extended up to the boundary of 2.
For this, one has to assume that the complement of €2 satisfies the following mea-
sure density condition: there exist dg € (0,1) and ro > 0 such that for every
o € 0N

[(R*\ &) N Br(zo)| o &
0<r<ro B, (z0)] = o

(4.1)

This requirement is in the same spirit of the classical nonlinear Potential Theory,
and — as expected in view of the nonlocality of the involved equations — is translated
into an information given on the complement of the set 2. Also, it is worth noticing
that this is an improvement with respect to the previous boundary regularity
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results in all the fractional literature when much stronger Lipschitz regularity or
smoothness of the sets are usually assumed.

When the obstacle and the boundary values are bounded on the boundary, so
is the solution to the obstacle problem.

Theorem 4.1. ([14, Theorem 5]). Suppose thatu € K41 (9, ') solves the obstacle
problem in KCy 1, (Q2, ). Let o € 00 and suppose that

esssupg + esssup h < oo and essinfg > —o0
B, (x0) By (20)NQ Br(zo)

forr € (0,19) with ro := dist(zg, Q). Then u is essentially bounded close to xg.

The regularity of the solution to the obstacle problem inherits the regularity
of the obstacle, both in the case of continuity and Holder continuity, up to the
boundary.

Theorem 4.2. ([14, Theorem 6]). Suppose that u solves the obstacle problem
in Kgn(,Q) and assume xo € 0 and Bag(zo) C . If g € Kgn(Q, ) is
Hélder continuous in Br(xo) and  satisfies (4.1) for all r < R, then u is Hélder
continuous in Br(xg) as well.

Theorem 4.3. ([14, Theorem 7]). Suppose that u solves the obstacle problem
in Kgn(,Q) and assume xo € 0Q and Bag(zg) C Q. If g € Kgn(Q, ) is
continuous in Br(xo) and ) satisfies (4.1) for all r < R, then u is continuous in
Br(zo) as well.

Remark 4.4. We notice that one has to assume that the datum ¢ belongs to
Kg.n(£2,9Q), since otherwise the solution may be discontinuous on every boundary
point, as one can see by taking Q = B1(0), Q' = By(0), and (s,p) such that
sp < 1. It plainly follows that the characteristic function yq solves the obstacle
problem in g 5 (€2, Q') with constant functions g = 0 and h = 1. Indeed, xq €
W#P(€)), and one can check that it is a weak supersolution. As a consequence, by
recalling Proposition 2.4, the function yq is the solution to the obstacle problem
in g p(2,9). See [14, Example 1].

Finally, a few observations are in order. Boundary regularity for nonlocal equa-
tions driven by singular, possibly degenerate, operators as in (2.1) seems to be a
difficult problem in a general nonlinear framework under natural assumptions on
the involved quantities (see [19]). The situation simplifies considerably in the lin-
ear case when p = 2; see for instance the forthcoming survey [28] and the references
therein. Coming back to the nonlinear case, to our knowledge, the solely nonlocal
result of global Holder regularity has been obtained very recently in the interest-
ing paper [20], where the authors deal with the non-homogeneous equation, in the
special case when the operator £ in (2.1) does coincide with the nonlinear frac-
tional Laplacian (—A);, by considering exclusively zero Dirichlet boundary data,
and by strongly assuming C'!-regularity up to the boundary for the domain €.
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The proofs there are indeed strongly based on the construction of suitable barriers
near 02, by relying on the fact that the function x +— 2% is an explicit solution
in the half-space. For this, one cannot expect to plainly extend such a strategy in
the general framework considered here, in view of the presence of merely measur-
able coefficients in (2.1). In [14], nonzero boundary Dirichlet data can be chosen,
and the domain 2 has to satisfy only the natural measure density condition given
in (4.1). Consequently, a new proof is needed which extend up to the bound-
ary part of the results in [7, 8] together with a careful handling of the tail-type
contributions.

5. SOME IDEA FROM THE PROOFS

As one can expect, the main difficulty into the treatment of the operators L
in (2.1) lies in their very definition, which combines the typical issues given by its
nonlocal feature together with the ones given by its nonlinear growth behavior;
also, further efforts are needed due to the presence of merely measurable coeffi-
cients in the kernel K. For this, some very important tools recently introduced in
the nonlocal theory, as the by-now classic s-harmonic extension, the strong three-
term commutators estimates to deduce the regularity of weak fractional harmonic
maps ([5]), the pseudo-differential commutator and energy estimates in [23-25],
and many other successful tricks seem not to be trivially adaptable to the nonlin-
ear framework considered here. Increased difficulties are due to the non-Hilbertian
structure of the involved fractional Sobolev spaces W*P when p # 2. In spite of
that, some related regularity results have been very recently achieved in this con-
text, in [7,8,13,14,16-18,20] and many others, where often a fundamental role to
understand the nonlocality of the nonlinear operators £ has been played by the
nonlocal tail defined by (2.2) in order to obtain fine quantitative controls of the
long-range interactions.

Sketch of the proof of Theorem 5.1. In order to prove the boundedness result, one
can test the equation with a suitable class of functions, by noticing that for any
m > M the function u,, = u — m solves the corresponding obstacle problem.
Thus, after some careful estimates on the local and the nonlocal contributions
in the energy formulation, one can arrive to prove a Caccioppoli-type inequality
with tail. For similar approach in order to achieve fractional Caccioppoli-type
inequalities, though not taking into account the tail, see also [11,21,22]. At this
level, by following the strategy in the proof of [7, Theorem 1.1], it yields a local
boundedness for the truncated functions w,,. Finally, via a covering argument
which goes back to the one in the proof of [8, Theorem 1.1], together with a
standard iteration argument, one arrives at the desired result. O

Sketch of the proof of Theorem 3.2. The first step is to prove that for any point xg
in the contact set, and for for any r € (0, R), one can find o € (0,1) and ¢, both
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depending only on n,p, s, A, such that
osc u+ Tail(u — h(xo); zg, o)
Bor(mﬂ)

(5.1) < 1 < osc u + Tail(u — h(xo);xo,r)> + cwp(r).

2 \ B,(z0)
In order to do this, we combine the weak Harnack estimates in [8, Theorem 1.2]
with the boundedness estimate in Theorem 3.1 (applied with m = d 4 2wp (1) >
SUPp,  (x) It there). Then we choose the parameter ¢ in (3.1) interpolating between
the local and nonlocal terms in a suitable way. This gives (5.1). The subsequent
step relies into an iterative argument in order to conclude the analysis on the
contact set. Finally, we analyze the continuity outside the contact set. For this, it
suffices to apply Corollary 2.3 which assures that u is a weak solution in B, (),
so that one can use the results in [7] by noticing that the proofs there are valid
also by assuming that u merely belongs to W2P(Q) N L21(R™) instead than
WP (R™). O

Sketch of the proof of Theorem j.1. Assume that zo € 9Q. Let wy = (u — ky)4+
and w_ := (k_ — u)y, where k; > max { ess SUPB, (20) 9+ ESSSUPB, (20)nQ h} and
k_ < essinfp (4,)9. We obtain the Caccioppoli-type estimate with tail below,
whose proof is a verbatim repetition of the proof of [7, Theorem 1.4] after noticing
that v = u F w+¢?, ¢ € C§°(Br(x0)), 0 < ¢ < 1, belongs to g 1(Q,€) for all
indicated k4. If follows

[ ws@etn) - wstiel)l K o.y) dody
B, (zo) Y Br(zo)

<e / / W (2) o) — p()PK (2, y) dady
B, (zo) J By (zo)

+ c/ wy (z)pP (x) da sup / Wi (2)K (z,y) dx |
By (z0) y €supp ¢ JR"\ B,.(z0)

Then, one can deduce that u is essentially bounded in B, /;(x¢) by extending the
proof of Theorem 1.1 in [7] and using the estimate above with w. O

Sketch of the proof of Theorem 4.2. We may assume xg = 0 and ¢g(0) = 0. More-
over, we may choose Ry such that oscp, g < oscp, u for By = Bg,(0) since oth-
erwise we have nothing to prove, and we define wy := 8 (oscp, u + Tail(u; 0, Ry)).
The proof of the Holder continuity up to the boundary relies on a logarithmic es-
timate with tail ([14, Lemma 5]), obtained by suitably choosing test functions and
by carefully estimating the local and nonlocal energy contributions separately in
the super and subquadratic cases. Such a logarithmic lemma can be subsequently
extended to truncations of the solution to the obstacle problem, as follows: let
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Br € Y, let B, C Bg/; be concentric balls and let
o0 > ki > max { ess sup g, ess sup h} and —oco<k_ < es%infg;
R

Br BrNQ

then the functions wy := esssupp, (v —k+)+ — (u—k+)+ + ¢ satisfy the following
estimate
w (z) |”

/BT /Br wi Ey) ' K(z,y)dzdy

(5.2) <ecr"TeP (1 +el? (%)SP Tail((wy)—, xo, R)p_l)

log

for every € > 0. Then, we combine the estimate in the display above with a
fractional Poincaré-type inequality ([14, Lemma 7]) together with some estimates
for the tail term thanks to an application of the Chebyshev inequality and in view
of the result in Theorem 4.1. We arrive to prove the existence of 79, ¢ and 6
depending only on n, p, s and dg, such that if

osc u+ oTail(u;0,7) <w and osc g < s
B,(0) B..(0) 8

hold for a ball B,(0) and for w > 0, then
0SC : u + oTail(u; 0,77) < (1 — O)w

Tr

holds for every 7 € (0, 7p]. Finally, as we can take 7 < ¢ such that
wo

osc g < (1—0)= for every j =0,1,...,
Tj BO 8
an iterative argument will give that u belongs to C%%(By). O

6. FURTHER DEVELOPMENTS

We conclude this paper by briefly commenting about some open problems that
arise in this framework.

A first natural open problem concerns the optimal regularity for the solutions to
the nonlinear nonlocal obstacle problem. We recall that for the classical obstacle
problem, when L coincides with the Laplacian operator, the solutions are known
to be in C*!. The intuition behind this regularity result is that in the contact set
one has —Au = —Ah, while where u > h one has —Awu = 0; since the Laplacian
jumps from —Ah to 0 across the free boundary, the second derivatives of u must
have a discontinuity... and thus C*! is the maximum regularity class that can
be expected. Surprisingly, when £ = (—A)?, despite the previous local argument
does suggest that the solutions u belong to C2*, the optimal regularity is C'*;
that is, the regularity exponent is higher than the order of the equation. In the
nonlinear nonlocal framework presented here, starting from the Holder regularity
proven in [14], one still expects higher regularity results. Notwithstanding, in
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view of the interplay between the local and nonlocal contributions, and without
having the possibility to rely on all the linear tools mentioned at the beginning of
Section 5, it is not completely clear what the optimal exponent could be as the
nonlinear growth does take its part. For preliminary results in this direction, it
is worth mentioning the very recent paper [4], where optimal regularity results of
the solution to the obstacle problem, and of the free boundary near regular points,
have been achieved for integro-differential operators as in (2.1) in the linear case
when p = 2.

Another interesting open problem concerns the regularity in a generic point of
the free boundary, which is known to be analytic in the case of the Laplacian,
except on a well-defined set of singular points, and smooth in the case of the
fractional Laplacian.

Finally, a natural goal is the investigation of the related parabolic version of
the nonlinear nonlocal obstacle problem, as it is inspired in the so-called optimal
stopping problem with deadline, by corresponding to the American option pricing
problem with expiration at some given time. An extension in the setting presented
here could be quite important as it would essentially describe a situation which
also takes into account the interactions coming from far together with a natural
inhomogeneity. Accordingly with the optimal stopping problem model, a start-
ing point in such an investigation could be the special case when the obstacle h
coincides with the boundary value g.

ACKNOWLEDGMENTS. The first author has been supported by the Magnus Ehrnrooth
Foundation (grant no. ma2014n1, ma2015n3). The second author has been supported by
the Academy of Finland. The third author is a member of Gruppo Nazionale per I’Analisi
Matematica, la Probabilita e le loro Applicazioni (GNAMPA) of Istituto Nazionale di
Alta Matematica “F. Severi” (INAAM), whose support is acknowledged.

This paper reports the content of a talk given by the third author at “XXVI Convegno
Nazionale di Calcolo delle Variazioni”, held in Levico Terme, Trento, on January 19,
2016.

REFERENCES

[1] I. ATHANASOPOULOS, L. A. CAFFARELLI, S. SALSA: The structure of the free boundary for
lower dimensional obstacle problems. Amer. J. Math. 130 (2008), no. 2, 485-498.

[2] L. CAFFARELLI, A. FIGALLL: Regularity of solutions to the parabolic fractional obstacle
problem. J. Reine Angew. Math. 680 (2013), 191-233.

[3] L. A. CAFFARELLI, S. SALSA, L. SILVESTRE: Regularity estimates for the solution and the free
boundary of the obstacle problem for the fractional Laplacian. Invent. Math. 171 (2008),
no. 2, 425-461.

[4] L. CarrareLLl, X. Ros-OTON, J. SERRA: Obstacle problems for integro-differential
operators: regularity of solutions and free boundaries. Preprint (2016). Available at
arXiv: 1601.05843

[5] F. DA Lio, T. RivIERE: 3-Commutators Estimates and the Regularity of 1/2-Harmonic
Maps into Spheres. Anal. PDE 4 (2011), 149-190.


http://arxiv.org/abs/1601.05843

12

[6]

7
8]
9]

[10]

[11]

(12]
(13]

[14]

(15]

[16]
(17]
(18]

(19]

20]

[21]
[22]
23]
[24]
[25]
[26]

27]

J. KORVENPAA, T. KUUSI, AND G. PALATUCCI

D. DANIELLI, S. SALSA: The obstacle problem for the fractional Laplacian. In Recent devel-
opments in the Nonlocal Theory (T. Kuusi, G. Palatucci, Eds.), Book Series on Measure
Theory, De Gruyter, Berlin, 2016.

A. D1 CastrO, T. Kuusi, G. ParLATucct: Local behavior of fractional p-minimizers. Ann.
Inst. H. Poincaré Anal. Non Linéaire. DOI: 10.1016/j.anihpc.2015.04.003

A. D1 CasTrO, T. Kuusi, G. ParLAaTucct: Nonlocal Harnack inequalities. J. Funct. Anal.
267 (2014), no. 6, 1807-1836.

E. D1 NEzzA, G. Pavatucct, E. VALpDINOCI: Hitchhiker’s guide to the fractional Sobolev
spaces. Bull. Sci. Math. 136 (2012), 521-573.

M. FocCARDI: Aperiodic fractional obstacle problems. Adv. Math. 225, no. 6, 3502-3544
(2010)

G. FrANZINA, G. PavaTtucct: Fractional p-eigenvalues. Riv. Mat. Univ. Parma 5 (2014),
no. 2, 373-386.

A. FRIEDMAN: Variational Principles and free boundary problems, Wiley, New York, 1982.
J. KOorvENPAA, T. Kuusi, E. LINDGREN: Equivalence of solutions to fractional p-Laplace
equation. Preprint (2016).

J. KorveENPAA, T. Kuusi, G. PaLatuccl: The obstacle problem for nonlinear integro-
differential operators. Preprint (2015). Available at http://cvgnt.sns.it/paper/2871/

J. KoORVENPAA, T. Kuusi, G. PALATUCCI: Superharmonic functions and the Per-
ron method for nonlinear integro-differential equations. Preprint (2016). Available at
http://cvgmt.sns.it/paper/2871/

T. Kuust, G. MINGIONE, Y. SIRE: A fractional Gehring lemma, with applications to nonlocal
equations. Atti Accad. Naz. Lincei Rend. Lincei Mat. Appl. 25 (2014), no. 1, 345-358.

T. Kuusi, G. MINGIONE, Y. SIRE: Nonlocal equations with measure data. Comm. Math.
Phys. 337 (2015), no. 3, 1317-1368.

T. Kuusi, G. MINGIONE, Y. SIRE: Nonlocal self-improving properties. Anal. PDE 8 (2015),
no. 1, 57-114.

A. TANNIZZOTTO, S. MOSCONI, M. SQUASSINA: A note on global Hélder regularity for the
weak solutions of fractional p-Laplacian equations. Atti Accad. Naz. Lincei Rend. Lincei
Mat. Appl. 27 (2016), no. 1, 15-24.

A. IANNIZZOTTO, S. MOSCONI, M. SQUASSINA: Global Holder regularity for the frac-
tional p-Laplacian. To appear in Rev. Mat. Iberoamericana (2016). Available at
https://www.researchgate.net/publication/268150481

G. MINGIONE: The Calderén-Zygmund theory for elliptic problems with measure data. Ann.
Sc. Norm. Super. Pisa Cl. Sci. 6 (2007), 195-261.

G. MINGIONE: Gradient potential estimates. J. Eur. Math. Soc. 13 (2011), no. 2, 459-486.
G. Parvatuccr, A. PISANTE: Improved Sobolev embeddings, profile decomposition, and
concentration-compactness for fractional Sobolev spaces. Calc. Var. Partial Differential
Equations 50 (2014), no. 3-4, 799-829.

G. PavLatucct, A. PisANTE: A Global Compactness type result for Palais-Smale sequences
in fractional Sobolev spaces. Nonlinear Anal. 117 (2015), no. 3-4, 1-7.

G. Pavarucct, O. SaviN, E. VALDINOCIE: Local and Global minimizers for a variational
energy involving a fractional norm. Ann. Mat. Pura Appl. 192 (2013), no. 4, 673-718.

A. PETROSYAN, C. Por: Optimal regularity of solutions to the obstacle problem for the
fractional Laplacian with drift. J. Funct. Anal. 268 (2015), no. 2, 417-472.

J. F. RODRIGUES: Obstacle Problems in Mathematical Physics. North-Holland, New York,
1987.


http://dx.doi.org/10.1016/j.anihpc.2015.04.003
http://cvgmt.sns.it/paper/2871/
http://cvgmt.sns.it/paper/2871/
http://www.researchgate.net/profile/Marco_Squassina/publication/268150481_Global_Holder_regularity_for_the_fractional_p-Laplacian/links/546278ab0cf2c0c6aec1b329.pdf

FRACTIONAL OBSTACLE PROBLEMS 13

[28] X. Ros-OTON: Boundary regularity, Pohozaev identities, and nonexistence results. In Recent
developments in the Nonlocal Theory (T. Kuusi, G. Palatucci, Eds.), Book Series on Measure
Theory, De Gruyter, Berlin, 2016.

[29] S. SALsA: The problems of the obstacle in lower dimension and for the fractional Lapla-
cian. In Regularity estimates for nonlinear elliptic and parabolic problems. Lecture Notes in
Math. 2045 (2012), Springer, Heidelberg, 153-244.

[30] L. SILVESTRE: Regularity of the obstacle problem for a fractional power of the Laplace
operator. Comm. Pure Appl. Math. 60 (2007), no. 1, 67-112.

E-mail address, Janne Korvenpéad: janne.korvenpaa®aalto.fi
E-mail address, Tuomo Kuusi: tuomo.kuusi®@aalto.fi
E-mail address, Giampiero Palatucci: giampiero.palatucci@unipr.it

(J. Korvenpéd, T. Kuusi) DEPARTMENT OF MATHEMATICS AND SYSTEMS ANALYSIS, AALTO
UNIVERSITY, P.O. Box 1100, 00076 AALTO, FINLAND

(G. Palatucci) DIPARTIMENTO DI MATEMATICA E INFORMATICA, UNIVERSITA DEGLI STUDI DI
PARMA, CAMPUS - PARCO AREA DELLE SCIENZE, 53/A, 43124 PARMA, ITALY


mailto:janne.korvenpaa@aalto.fi
mailto:tuomo.kuusi@aalto.fi
mailto:giampiero.palatucci@unipr.it

	1. The fractional obstacle problem
	2. The nonlinear integro-differential obstacle problem
	2.1. The variational framework and first results

	3. Interior regularity results
	4. Regularity up to the boundary
	5. Some idea from the proofs
	6. Further developments
	References

