Regularity of solutions
to the parabolic fractional obstacle problem

Luis Caffarelli*and Alessio Figallif

1 Introduction

In recent years, there has been an increasing interest in studying constrained variational problems
with a fractional diffusion. One of the motivations comes from mathematical finance: jump-
diffusion processes where incorporated by Merton [14] into the theory of option evaluation to
introduce discontinuous paths in the dynamics of the stock’s prices, in contrast with the classical
lognormal diffusion model of Black and Scholes [2]. These models allow to take into account large
price changes, and they have become increasingly popular for modeling market fluctuations, both
for risk management and option pricing purposes.

Let us recall that an American option gives its holder the right to buy a stock at a given
price prior (but not later) than a given time 7" > 0. If v(7, z) represents the rational price of an
American option with a payoff ¢ at time 7' > 0, then v will solve (in the viscosity sense) the
following obstacle problem:

o(T) = .

Here Lv is a (backward) parabolic integro-differential operator of the form

{ min{Lv,v — ¢} = 0,

n n
1
Lv=—v,—1rv+ Z(T - dz)xzvzz — 5 Z TiTj0ijVpa;
=1 2,7=1
n
- /[v (r,@1e”, ... ane?) —v(T,x) — Z(ey" — 1)zivg, (T, l‘)] wu(dy),

i=1

where r > 0, d; € R, 0 = (0y5) is a non-negative definite matrix, and p is a jump measure. (We
refer to the book [9] for an explanation of these models and more references.) When the matrix
o is uniformly elliptic, after the change of variable z; — log(z;) the equation becomes uniformly
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parabolic (backward in time) and the diffusion part dominates. In particular, if no jump part is
present (i.e., u = 0), then the regularity theory is pretty well-understood (see, for instance, [12]).

Here we assume that there is no diffusion (i.e., o = 0), so all the regularity should come from
the jump part. We also assume that the jump part behaves, at least at the leading order, as a
fractional power of the Laplacian, so that the equation takes the form

Lv=—v; —rv—0-Vu+ (—A)°v+ Ko, s e (0,1), (1.1)

where b = (dy —r,...,d, — 1), and Kv is a non-local operator of lower order with respect to
(—A)v.
We now observe that the choice of s € (0, 1) plays a key role:

- s> 1/2: In this case (—A)%v is the leading term, so the regularity theory for solutions to
(1.1) is expected to be the same one as that for the equation

{ min{—v; + (~A)*v,0 —¢} =0 on [0,T] x R”, (1.2)

v(T) =1 on R"

- 5§ <1/2: If s < 1/2 then the leading term becomes b - Vv, and we do not expect to have
a regularity theory for (1.1). On the other hand, in the borderline case s = 1/2 one may
expect some regularity due to the interplay between b- Vv and —(—A)®v (but this becomes
a very delicate issue). However, when b = 0, even if the diffusion term is of lower order
with respect to the time derivative, the equation is still parabolic and one may hope to
prove some regularity for all values of s.

The goal of this paper is to investigate the regularity theory for the model equation (1.2). The
reason for this is three-fold: first of all, considering this model case allows to avoid technicalities
which may obscure the main ideas behind the regularity theory that we will develop. Moreover,
since there is no transport term inside the equation, we are able to prove that solutions are as
smooth as in the elliptic case [6] for all values of s € (0,1). Hence, although when s < 1/2
the time derivative is of higher order with respect to the elliptic part (—A)%v, the regularity of
solutions is as good as in the stationary case. Finally, as described in Section 5, once the general
regularity theory for solutions of (1.2) is established, the adaptation of these proofs to the more
general case (1.1) when s > 1/2 should not present any major difficulty.

Let us remark that the fact that the smoothness of solutions of (1.2) is the same as in the
elliptic case may look surprising. Indeed, the optimal regularity for the stationary problem
min{(—A)%v,v — ¢} = 0 is CL+5(R") [1, 15, 6]. On the other hand, as we will show in Remark
3.7, for any 3 € (0,1) one can find a traveling wave solution to the parabolic obstacle problem
min{—v, + (=A)"/2v,v — ¢} = 0 which is C'*# both in space and time, but not C'*7 for any
v > f3. Hence, in order to prove that solutions to (1.2) are C'*** in space, one has to exploit the
crucial fact that v coincides with the obstacle at time T



2 Description of the results and structure of the paper

In this section we introduce more in detail the problem, and describe our main result.

Let us observe that, by performing the change of variable t = T — 7, all equations introduced
in the previous section become forward in time. From now on, we will always work with ¢ in
place of 7, so the payoff ¥ becomes the initial condition at time 0.

2.1 Preliminary definitions

The fractional Laplacian can be defined as

(-A)f=e>f Ve TR,
so that [ f(—=A)°g = (f,g) .. There are also two other different ways to define (—A)%. The
first one is through an integral kernel: there exists a positive constant C), s such that

—(=A)*f(z) = Ch,s Wd 'Y feCRMY,

where the integral has to be intended in the principal value sense. (This can be proved, for
instance, by computing the Fourier transform of |£|?.) The second one is through a Dirichlet-
to-Neumann operator, as shown in [7]: given a € (—1,1), for any function f € C°(R™) denote
by F: R® x Rt — R the L,-harmonic extension of f, i.e.,

LoF(z,y) = divey(y*VayF(z,y)) =0 on R" x RT,
F(z,0) = f(x) on R™.
Then there exists a positive constant ¢, s such that
1—a

lim y*Fy(z,y) = —cn,s(—A)°f(x,0), § 1= € (0,1).
y—0+ 2

In the sequel, we will make use of all of the three above characterizations of the fractional
Laplacian. However, in order to simplify the notation, we will conventionally assume that C,, s =
Cn,s = 1, so that

A f = / o _x’n+25 dx = hm Y Fy(z,y). (2.1)

We will also need the notion of semiconvex functlon: a functlon w : R™ — R is said to be
C-semiconvex for some constant C' € R if w + C|x|?/2 is convex.

Finally, to measure the regularity of the solutions we will use space-time Holder, Lipschitz,
and logLipschitz spaces: given «, 3,7,6 € (0,1), and for any interval [a,b] C R, we say that:
w e Cg‘f([a, b x R™) if

HUJHC;f([a,b]Xw) = ||wHL°°([a,b]><R”) + [w]Cﬁf([mb]x]R”)

t tl /
= Hw”LOO([a b] xR™) + sup | ( /x) w( a$,)|
’ [abe"|t_t|O‘+]aZ—x\5

< +00;



w € Lip,C% (Ja, b] x R") if

: (w(t, z) —w(t',a’)]
HwHLiptCﬁ?([a,b]x]Rn . HwHL"O ([a,b] x R”)+ sup

< .
I P pry P [ B

w e longptC ([a,b] x R™) if

w(t, z) —w(t',2')]
||w”logLiptC£([a,b]><R”) = ”wHLOO([a,b}an) + sup < +00.

ap)xrr |t — | (14 [log [t — t']|) + |z — 2/|°
We will also use the notation w € C’a 0* ’B([a, b] x R") if
€O ([, b xR Ve >0,
and w € C((a,b] x R?) if
we CiP(la+e,l] xRY)  Ye>0

(analogous definitions hold for the other spaces).

2.2 The main result

Let ¢ : R® — RT be a globally Lipschitz function of class C? satisfying fRn % < +00
and (—A)*yp € L*(R"™). Fix s € (0,1), and let w : [0,7] x R™ — R be a (continuous) viscosity
solution to the obstacle problem

{ min{u; + (—A)*u,u — 1} =0 on [0,7] x R,

u(0) =1 on R"™. (2:2)

Existence and uniqueness of such a solution follows by standard results on obstacle problems’.
The main goal of this paper is to investigate the smoothness of solutions to the above equations,
planning to address in a future work the regularity of the free boundary.

Our main result is the following:

Theorem 2.1. Assume that 1) € C*(R"), with
V| oo (mry + HDzw‘|L°°(R”) + H(—A)WHC;*S(Rn) < 400,

and let u be the unique continuous viscosity solution of (2.2). Then u is globally Lipschitz in
space-time on [0,T] x R™, and satisfies

{ up € logLiptCl_s((O,T] x R™), (=A)’u € longptC’1 (0, T] x R™) if s <1/3;

w e C,F OV (0, T x RY), (—AYue OB O, T] xR ifs > 1/3.

'Here, existence of solutions is not the main issue: for instance, one can construct solutions by using proba-
bilistic formulas involving stochastic processes and stopping times [9]. Another possibility is to approximate the
equation using a penalization method (as done in the proof of Lemma 3.1) and then use the a priori bounds on
the approximate solutions (see the proofs of Lemmas 3.2 and 3.3) to show existence by compactness. The fact
that these two notions of solutions (the probabilistic one and the one constructed by approximation) coincide,
follows from standard comparisons principle for viscosity solutions.



Let us make some comments. First of all we recall that, for the stationary version of the
obstacle problem, solutions belong to C1*%(R") (or equivalently, (—A)*u € CL~%(R")), and such
a regularity result is optimal [15, 6]. Hence, at least concerning the spatial regularity, our result
is optimal, too.

Once the Cl=*-regularity of (—A)*u is established, the fact that s = 1/3 plays a special

role is not surprising: indeed, the operator d; + (—A)?® is invariant under the scaling (¢,z) —
1—s

(A%t,A\z). Hence, a spatial regularity C1=* naturally corresponds to a time regularity C,?" ,
provided 1% < 1, that is, s > 1/3 (see (A.3)-(A.4) in the Appendix).

Finally, concerning the regularity in time, when s = 1/2 one can construct traveling wave
solutions which are C''*1/2 both in space and time, see Remark 3.7. Hence our result is almost
optimal in time, at least when s = 1/2 (the result would be optimal if we did not have the 0% in
the Holder exponent). Moreover, the regularity in time is almost optimal also in the limit s — 1
(since, when s = 1, it is well-known that solutions are C! in time and C1! in space [3, 4, 5]).
Hence, it may be expected that our result is almost optimal in time for all s € (0,1) (or at least
for s > 1/3).

2.3 Structure of the paper

The paper is structured as follows: first, in Section 3 we discuss some basic properties of solutions
of (2.2), like the validity of a comparison principle, the Lipschitz regularity in space-time, the
semiconvexity in space, and the boundedness of (—A)*u. Moreover, we will show that solutions
are C! for s > 1/2, and, as explained in Remark 3.7, C'-regularity in space is optimal when
s = 1/2 unless one exploits the additional information that the solution coincides with the
obstacle at the initial time.

In Section 4, we first use an iteration method to show that, for any ¢t > 0, (—=A)%u(t) is C¢
near any free boundary point (Subsection 4.1). Then, we prove a monotonicity formula which
allows to show that (—A)%u(t) is C1=% near any free boundary point for all + > 0 (Subsection
4.2). Finally, combining the fact that (—A)*u(t) is C1~* on the contact set with equation (2.2),
a bootstrap argument allows to prove Theorem 2.1 (Subsection 4.3).

In Section 5 we briefly describe what are the main modifications to perform in order to extend
the regularity result in Theorem 2.1 to solutions of (1.1) when s > 1/2, leaving the details to
some future work.

Finally, in the appendix we collect some regularity properties of the fractional heat operator

0y + (—A)*

3 Basic properties of solutions

Here we discuss some elementary properties of solutions of (2.2). Actually, since many of them
do not rely on the fact that u coincides with the obstacle at time 0, we consider solutions to

{ min{u; + (—A)*u,u —1} =0 on [0,7] x R",

uw(0) =ug on R", (3.1)



where ug > v is a globally Lipschitz semiconvex function. Most of the properties of v will be a
consequence of the following general comparison principle:

Lemma 3.1 (Comparison principle). Let w,zﬁ : R"™ — R be two continuous functions, and
assume that u, @ : [0,T] x R™ — R are viscosity solutions of

min{us + (=A)’u,u — 9} =0 on [0,T] x R™, 39

u(0) =ug onR", (3.2)
and ~

min{u; + (—=A)’a,a— 1} =0 on [0,T] x R™, (3.3)

w(0) =19 onR", ’

respectively. Assume that ug < g and 1 < 1. Then u(t) < (t) for all t € [0,T).

Proof. We use a penalization method: it is well-known that solutions of (3.1) can be constructed
as a limit of u® as ¢ — 0, where u® are smooth solutions of

{U§+(— )uf = Be(uf — 1) on [0,7] x R”

uf(0) = uf > 1. onR",, (3.4)

with ug, . € CPR?), Be(s) = e7%/%, . — ¥, (=A)*h. — (—A)*p, and uf — ug locally

uniformly as € — 0 (see for instance [8, Chapter 3| for a proof in the classical parabolic case).
Hence, it suffices to prove the comparison principle at the level of the approximate equations,

assuming u®(0) < @°(0) and ¥, < Ye. Let us observe that, since 1. < 1. and BL <0, we have

ﬁs(' - 7!}5) < ﬂs( - 1;6)?

which implies

up + (—A)°u® = Be(u® —1h2) on [0, 7] x R™
u; + (—A)%a° = f(a° — ?Z)e) > B (U — ) on [0,7] x R™.

Since u®(0) < @¢(0), by standard comparison principle for parabolic equations (see for instance
the argument in the proof of Lemma 3.3 below) we get u® < 4°, as desired. O

The following important properties are an immediate consequence of the above result:

Lemma 3.2. Let u be a solution of (3.1), and assume that ug and v are globally Lipschitz and
Co-semiconvex. Then:

(i) u(t) is Lipschitz for all't € [0, T, with [[Vu(t)|| poomny < max{||Vuo| poowny, [V oo (mny }-
(i1) u(t) is Co-semiconvex for all t € [0,T).
Moreover, if ug = ¢ then

(#3) [0,T] >t — u(t,z) is non-decreasing in time.



Proof. (i) Observe that, for every vector v € R™ and any constant C € R, u(t,z + v) + C|v|
solves (3.2) starting from ug(z + v) + C|v| with obstacle ¥(z + v) + C|v|. Moreover, if C' :=
e[|Vt | <oy [V e} then uo(a + 0) + Clo| = uo(w) and ¥(x +v) + Clo| > v(a).
Hence, by Lemma 3.1 we obtain

u(t,z +v)+ Clv| > u(t, z) Vaz,veR" t>0.

The Lipschitz regularity of u(t) follows.

(ii) As above, we just remark that u(t,x + v) + u(t,z — v) + C|v|? solves (3.2) for every C € R.
Hence, by choosing C := 2Cy we get ug(z + v) + ug(z — v) 4+ 2Co|v|? > 2up(z) and ¢(z + v) +
P(x —v) + 2Co|v|? > 21(x), and we conclude as above using Lemma 3.1.

(iii) We observe that, for any e > 0, the function u(t + €, z) solves (2.2) starting from u(e, ).
Hence, since u(e,-) > 1, by the comparison principle we obtain

u(t+e,x) > u(t,x) Vit,e>0.

0
We now prove the following important bounds:
Lemma 3.3. Let u be a solution of (3.1). Then
0 <u+ (=A)%u < [(=A)* Yl oo mny, (3.5)
[wt] Loo (jo,7)xRmy < I1(=A) uol| oo (mr) (3.6)
In particular (—A)u is bounded, with
[(=A)ull oo (jo,1)xrr) < [(=A)° | oo mry + [[(=A) uo || oo (rr)- (3.7)

Proof. As in the proof of Lemma 3.1, we use a penalization method: we consider solutions u® to
(3.4), and we prove a uniform (with respect to ) L*°-bound on both f:(u® — 1) and u§.

o L>®-bound on fc(u® —1).). Since B > 0, we only need an upper bound.

Assume that inf(g 77, gn (u° —t:) < 0 (otherwise the problem is trivial), and let ¢ be a smooth
function which grows like |x|® at infinity. Then, since u® vanishes at infinity (being a solution to
a smooth parabolic equation starting from a compactly supported initial datum), for any § > 0

small we can consider (t2,2%) a minimum point for u® — ). + TL_t + 0p over [0,7] x R™. Of
course, minjy 7)xgn (us — e + % + &p) < 0 for § sufficiently small, which implies that (¢2, z)

belongs to the interior of (0,7") x R™. Hence

O 0, (LAY ad) — (“A) () + (- A) (el <0,

ua(t‘s,x‘s) +
t\"er¥e (T . tg)

which combined with (3.4) gives

° 7 — 0(=A)0(a2) < I(=A)* Vel oo ny + O(8).

ﬁs(ue - ws)(tgvxg) S (_A)S¢E(xg) - m

7



Since (uf — ) (t2, 28) — infio 7)xrn (u° — 1) as  — 0 and 5L < 0 we obtain

sup B (uf — o) = lim Be(uf — ) (12, 28) < [[(=2)" el oo (eny,
[O’T}XR’IL 6—0

so that (3.5) follows letting € — 0.
o L>®-bound on ui. We use the same argument as in |11, Lemma 2.1]: differentiating (3.4)
with respect to ¢ we obtain that w® := uy solves

{ w§ + (—A)Sw® = BL(u® — . )w® on [0,T] x R"
w®(0) = —(—A)*u(0) on R™

Since AL < 0 and ||w®(0)||zec = ||[(=A)*u§]| Lo, using a maximum principle argument (as above),
we infer that

[ug | oo (o, xRm) = ||| Lo (0,17 xR7) < W (0)]| poormy = [I(—=A) uf| poc (rn)-
Letting ¢ — 0 we get (3.6), as desired. O
The above result together with Lemma 3.2(i) gives the following:
Corollary 3.4 (Lipschitz regularity in space-time). Let u be a solution of (3.1). Then
[[e]| Lo (jo,7)xrm) + (V]| Lo (0,7 xmm) < max{[[Vuuol| poo (s [Vl oe rn)} 4 [[(=A) uol| oo (rn)-
In the sequel we will also need the following result:
Lemma 3.5. Let u be a solution of (2.2) with
IVl oo ny + [[(=A) || Loomn) + Vo] Lo mny + [(=A) o]l Loo n) < 400,
and fix tg > 0. Then
0< (~AYults) < [(~A)Ullpmn  for ac. o€ {ulto) = ¥}, (39
(—=A)°u(to) <0 on {u(ty) > }. (3.9)

Proof. Let us recall that, thanks to Corollary 3.4, u is Lipschitz in time. So, Lemma 3.2(iii)
gives u; > 0 a.e.
Moreover, since u = 0 a.e. on the contact set {u = ¢}, u satisfies

ur+ (—A)Y°u=0 in {u> 1}, u =0 a.e on {u=1},
which gives
ue + (=) = ((=A)"u) X u=y)

both in the almost everywhere sense and in the sense of distribution. (Observe that the above
formula makes sense since (—A)*u is a bounded function, see Lemma 3.3). Hence, u solves the
smooth parabolic equation u; + (—A)*u = f, with f globally bounded and vanishing inside the



open set {u > 1}. So, a simple application of Duhamel formula shows that u is smooth inside
{u > v}. In particular, this fact combined with the non-negativity of u; implies

(=A)%u(to) = —ue(to) <0 on {u(to) > ¢},

that is, (3.9).
We now prove (3.8). Since u; = 0 a.e. on the contact set {u =1}, (3.5) gives

0 < (=A)u < ||(=A)*¢Y| e for a.e. (t,x) € {u=}. (3.10)

Now, to show that the bound 0 < (=A)%u(to) < [[(—A)*¥||geo(rn) holds a.e. on R™ for every
to € [0, T, we observe that the map
t u(t) € L3 (R™)

loc

is uniformly continuous (this is a consequence of the Lipschitz continuity in time, see Corollary
3.4), which together with the uniform bound (3.5) implies that the map

t = (~A)°ult) € Li,.(R")

is weakly continuous. Thanks to this fact, we easily deduce the desired estimate. Indeed, fix
e >0, A C{u(to) = ¢} a bounded Borel set, and test (3.10) against the function X[y, _c 1o)X A-
Since the sets {u(t) = 1} are decreasing in time (see Lemma 3.2(iii)), we have [tg —¢,tg] X A C
{u = v}, which together with (3.10) gives

to
0< [ [ (Arug-A) vl 4l
to—e JA
Dividing by € and letting ¢ — 0, by the weak-L? continuity of ¢ — (—A)%u(t) we deduce
0< /(—A)Su(to) < [(=A)*9|| L |A] V A C {u(ty) =1} Borel bounded,
A

so that the desired bound follows. O

We now show that the uniform semiconvexity of wu(t), together with the L*°-bound on
(—A)*u(t), implies that solutions are C! in space when s > 1/2 (actually, when s > 1/2,
by elliptic regularity theory the boundedness of (—A)*u(t) implies that u(t) € C’ﬁfgw (R™)). As
we will show in Remark 3.7 below, unless the contact set shrinks in time, this regularity result

is optimal for s = 1/2.

Proposition 3.6 (Cl-spatial regularity). Let u be a solution of (3.1) with s € [1/2,1). Assume
that ug and v are semiconver, and that ||(=A)%uol|peemny + [[(=A)*%||peo@mny < +00. Then
u(t) € CYR™) for all t € [0,T). Moreover the modulus of continuity of Vu depends only on s,
the semiconverity constant of ug and v, and on ||(=A)*ug|| feo@n) + [[(=A)*Y]| Loo (rn)-



Proof. First of all, we claim that, for every fixed ¢ € [0, T], the map z — —(—A)%u(t, x) is lower
semicontinuous. Indeed, recall that if Cy denotes a semiconvexity constant for both ug and @,
then u(t) is Cp-semiconvex for all ¢t € [0, T (see Lemma 3.2(ii)). Hence (—A)*u(t, z) is pointwise
defined at every x € R™, and is given by (see (2.1))

u(t,z 4+ h) +u(t,z — h) — 2u(t, ) / u(t,z + h) —u(t, x)
(A ultz :/ dh + dy
( ) ( ) B, 2|h’n+28 R\ B, |h|n+28
_/ u(t,z + h) +u(t,z — h) — 2u(t, ) + 2Co|h|? i
- B, 2|h‘n+23

u(t,z + h) —u(t, z)
|h|n+2s

—CoC(n,s) + / dy

R"\ By
where C(n,s) = fBl |h|2~"=25 dh. The last integral in the right hand side is continuous as a
function of x (since w is continuous). Moreover, since the function inside the first integral is
continuous in x and non-negative (by the Cp-semiconvexity), the first integral is lower semicon-
tinuous as a function of & by Fatou’s lemma. This proves the claim.

Now, we remark that —(—A)%u(t, x9) = +0o0 whenever xg is a point such that the subdiffer-
ential of u(t) at zg is not single valued. Indeed, suppose that

u(t, &) > Pugpr 2 (¥) 1= |u(t, o) + max{py - (z — @0),p2 - (x — @0) } — %L’C = 20|*| X5, (20) (%),
for some p; # po. Then, it is easy to check by a simple explicit computation that
—(=A)*Pag.p1,p2 (T0) = +00 Vs>1/2.
Hence, since u(t) > @z, p1.po With equality at g, we get
(=A)u(t, z0) = (=A)*@ug 1 pa(T0) = +00.

However, since —(—A)*u(t) is bounded by [[(—=A)%uol| zoo rn) + [[(—=A)*% || oo (rn) (see (3.7)) and
it is a lower semicontinuous function, the above inequality is impossible. Thus the subdifferential
of u(t) at z is a singleton at every point, i.e., u(t) is C'. Finally, the last part of the statement
follows by a simple compactness argument. O

Remark 3.7. The spatial C'-regularity proved in the above proposition is optimal for s = 1/2.
Indeed, consider the case n = 1 and ¢ = 0, and use the interpretation of the (1/2)-fractional
Laplacian as the Dirichlet-to-Neumann operator for the harmonic extension, as explained in
Subsection 2.1 (observe that L, = A,, when s = 1/2). Then, we look for solutions to the
problem

{ min{u; — uy,u} =0 on [0,T] x R, (3.11)

Agpyu(t) =0 on [0,7] x R x RT.
Let us try to find traveling waves solutions to the above equation, i.e., solutions of the form
u(t,z,y) = w(at + z,y), with @ € R. In this case u; = au,, so w(z,y) has to solve

{ awg(z,0) — wy(x,0) =0 when {w(z,0) > 0},

Ay yw=0 on R x RT. (3.12)

10



By using the complex variable z = x+iy it is easy to construct C! solutions to the above equation:
if we denote p = |2| = /22 + 92 and § = arg(z), then ws(z,y) = —pPsin((1 + B)9) =

—Im(z'*#) is harmonic in the half-space y > 0 and solves

{ wg(z,0) =0 on {z > 0},

wg(z,0) > 0, tgﬁfgi) = (wg)y on {x ><0}.

Observe that wg is of class O both in space and time (but not more), and solves (3.12)
with @ = 1/tan(87). Since 8 € (0,1) is arbitrary, we cannot expect to prove any uniform
Cl+e_regularity for solutions to (3.11). Thus, the Cl-regularity proved in Proposition 3.6 is
optimal.

On the other hand, we observe that the case uy > 0 (i.e., the contact set shrinks in time)
corresponds to a < 0, or equivalently to 3 > 1/2. Hence, in this case the solutions constructed

141/2
above are at least Ctz /

, which is the optimal regularity result for the stationary case [1, 6]. As
we will show in the next section, solutions to (3.1) satisfying u; > 0 are of class C+1/2 in space.

In particular, by Lemma 3.2 this result applies to solutions of (2.2).

4 Proof of Theorem 2.1

The strategy of the proof is the following: first in Subsection 4.1 we prove a general CT2s-
regularity result in space which, roughly speaking, says the following: let v : R — R be a
semiconvex function which touches from above an obstacle ¢ : R® — R of class C?. Assume
that (—A)%v is non-positive outside the contact set and non-negative on the contact set. Then
v detaches from v in a C®*2¢ fashion, for some o = a(s) > 0 universal. In particular, as shown
in Corollary 4.2, this implies that (—A)%*vx =y} € Cg(R™).

Then, in Subsection 4.2 we use a monotonicity formula to prove the optimal regularity in
space

(—A)*vX{u—y} € Cp °(R").

Finally, in Subsection 4.3 we apply the above estimate to any time slice u(t) to prove that
(=A)*u(t)X{uw)=y} € Ci *(R™), uniformly in time. Then, exploiting (2.2) and a bootstrap
argument, we get (2.3).

4.1 A general C*"%*-regularity result.

In order to underline what are the key elements in the proof, in this and in the next subsection
we forget about equation (2.2), and we work in the following general setting: let v,¢ : R” — R
be two globally Lipschitz functions with v > 1. Assume that?:

(Al) HD2¢||L°°(R") =:Cp < +o0;

2The smoothness assumption on v inside the open set {v > 1} (see (A5)) is not essential for the proof of the
regularity of v at free boundary points, but it is only used to avoid some minor technical issues. Anyhow this
makes no differences for our purposes, since all the following results will be applied to v = u(¢) with ¢ > 0, and u
is smooth inside the open set {u > 1} (see the proof of Lemma 3.5).
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(A2) [I(=A)*[lga-s(gny < +00;

(A3) v — ), (—A)*v € L®(R");

(A4) v is Co-semiconvex;

(A5) v is smooth and (—A)%v < 0 inside the open set {v > 1};
(A6) [[(=A)*[|pern) = (—A)*v 2 0 ae. on {v =1}

Under these assumptions, we want to show that v is C®T2¢ at every free boundary point, with a
uniform bound. More precisely, we want to prove:

Theorem 4.1. Let v be as above. Then there exist C > 0 and o € (0,1), depending on Cy,
1(=A)* Pl ca-sgny [V = YllLecmn), and [[(=A) || poon) only, such that

sup |v — | < Crot? sup [(=A)*vxfpeyy] < Cr® Vr <1 (4.1)
Br(z) By (z)

for every x € 0{u = ¢}.
Before proving the above result, let us show how it implies the following:

Corollary 4.2. Let v be as above. Then there exist C' > 0 and o € (0,1 — s|, depending on Cy,
v = | Loo(mny, and [[(=A)%v]|Loo(rny only, such that

1(=A)* vx o=y} lco@n) < C".

Proof. Without loss of generality, we can assume that the exponent « provided by Theorem 4.1
is not greater than 1 — s. Moreover, since (—A)®v is bounded on {v = ¥} (see (A6)), it suffices
to control |(—A)*v(z1) — (—A)*v(x2)| when 21,29 € {v =1} and |z; — z2| < 1/4.

Let M := ||v — 9| poo(mn). Moreover, given z € {v = ¢}, let dr(z) denote its distance from
the free boundary 0{v = 9 }.

Fix 21,29 € {v =9}, with |21 — 22| < 1/4. Two cases arise.
e Case 1: max;—1 2dp(x;) > 4|x1 — x2|. Set ¥ :=wv —1). Since a < 1 — s by assumption, thanks
to (A2) it suffices to estimate (—A)*0 inside {0 = 0} = {v = ¢}. Now, by Theorem 4.1 we have

sup [0 < C'rot?s, Vr<1,i=1,2.
By (z;)

Hence, since © = 0 inside Byjy, —g,((71) N Byjz,—,|(z2) and [0] < M outside By(x1) D By ja(z2),
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we get

[(=A)%0(x1) = (=A) 0 (22)]

| [ ) i) o [ ) i)
-1/ -, :

n |$/_:L,1|n+25 n |x/_$2‘n+28

1 1

</ 5| - da’
R™\[Byjz; —ay| (€1)NByjg; —aq|(22)] |2/ — zq|nt2s |xf — pq|nt2s
7 1 1
< Clry — a9 |2/| 28 [ + da’
Bi(21)\[Bifay —a| (210 Bz ) (22)] e e U T

1 1
+2M |21 — 2] { - ] dz’
Rn\Bl(xl) ’.’El _ x1|n+2s+1 |$l _ x2’n+28+1

1
<C [C_'/ 50‘2ds+M] |x1 — 29| < C'lz1 — 22|,
|

x1—x2|

as desired.
e Case 2: max;—12dp(x;) < 4|z1 — x2|. For every i = 1,2, let ; € 0{v = 9} denote a point
such that |z; — Z;| = dp(z;). Then, by Theorem 4.1 we get

[(=A)%v(z1) = (=A)w(z2)| < sup  |(=A)w[+  sup  [(=A)%]

B4|x17;c2\(£1) B4\z179c2\(£2)

S 86_' ]a:l — xg‘a.

4.1.1 Proof of Theorem 4.1

The strategy of the proof is analogous to the one used in [1| to study the stationary fractional
obstacle problem with s = 1/2 (also called “Signorini problem”).

With no loss of generality, we can assume that 0 is a free boundary point, and we prove (4.1)
at = 0. Moreover, by a slight abuse of notation, let us still denote by v : R” x RT — R the
Lg-harmonic extension of v, i.e.,

Lov(z,y) = divay (y*Vayv(z,y)) =0 for y > 0,
and v(z,0) = v(z), with v(z) as above. Then
yli%l+ Yy vy(z,y) = —(—A)%v(z,0), a=1-2s
(see (2.1)). Let us observe that the Cy-semiconvexity of v(x,0) (see (A4)) propagates in y: since
v(x + h,0) +v(x — h,0) — 2v(z,0) > —2Co|h|*  VheR",
the maximum principle implies
v(z + h,y) +v(x— h,y) — 2v(x,y) > —2Co|h[? VheR" y>0,

that is,

13



(A7) v(-,y) is Co-semiconvex for all y > 0.

In particular, since L,v = 0 we get

(A8) 0y(y"vy) < nCoy".

In the sequel, we will informally call the above property “a-semiconcavity” in y3. Set now
0(z,y) = v(z,y) — (),

and denote by A := {0(x,0) = 0} = {v(x,0) = ¢(z)} the contact set. Observe that 9, = vy,
which thanks to (A1)-(A6) gives that the function ¢ enjoys the following properties:

(B1) o(x,0) >0 for all (z,y) € R™ x RT \ A x {0}.
(B2) 0y(y*vy(x,y)) < 2nCoy®, v(-,y) is (2Cp)-semiconvex for all y > 0.
(B3) lim,_o+ y*0y(z,y) < 0 for a.e. x € A, lim,_o+ y*¥y(x,y) > 0 for a.e. x € R™\ A.
(B4) ¥(x,y) — 0(x,0) < Ly for all 2 € A.
(B5) if o(x,y) > h, then o(-,y) > h — Cop? in the half-ball
HB,(z) :={z € By(x) CR" : (V,0(z,y),z —x) > 0}.

Observe that the proof of (B1)-(B5) is almost immediate, except for (B4) for which a (simple)
computation is needed: using (B2) and (B3), for a.e. € A we have

y Y 5% 2nCot% dT C
(x,y) — o(z,0) _/ ﬁy(x,s)ds—/ w / Jo 0 g5 — Co 2,
0 0 1 +a
and by continuity the above inequality holds for all x € A.
We use the notation I', := B, x [0, 1, 7], where 1, , = 1;—”“ We first show a decay result
for y@v,:

Proposition 4.3. There exist two constants K1 > 0, p € (0,1), depending on Cy, ||"U—¢”L°°(1Rn),
and H(—A)SU||Loo(Rn) only, such that

1nf Yo, > — Ky ", (4.2)

4 k

Proof. We prove the result by induction.
Case k = 1: since v is L,-harmonic, y*0, = y“v, solves the “conjugate” equation L_,(y*v,) = 0
inside R"xR* (see for instance |7, Subsection 2.3]). Hence, the boundedness of lim,_ o+ 30, (x,y) =

3Even if we use the names “a-semiconcavity” and “Co-semiconvexity” with different meanings, this should
create no confusion. Observe also that, when a = 0, (A8) reduces to the classical notion of semiconcavity.
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(—=A)%v(z,0) (see (A6) and (2.1)) combined with the maximum principle implies the result.
Induction step: Assume the result is true for k = ko, i.e.,

inf y'0, > —K; ko

4= ko

for some constants K7 > 0 and p € (0, 1) which will be chosen later, and renormalize the solution

inside I'; by setting
N 1 /425\ % Ty
V= (2) 5 (2 1),
e =g (=) (e

It will also be useful to consider the L,-harmonic function

, 1[4\ gy
Vi(z,y) ::K1<M) U(4To’470)’

where v is the L,-harmonic function given by
v(x,y) = v(z,y) — ¥(0) = VY (0) - z. (4.3)
Then, thanks to (A1) and (B2):
0) 17(2,9) ~ V(@,9)| < ey ol and 7, = ¥y
(ii) infr, YV, = infp, y°V, > —1;

(iil) 9y(y*Vy) = 8y(y*V,) < mﬁfli%ya, V and V are (W)—Semiconvex inside

I'y.

Fix L := C_’nﬂC’O, where C_'n,a > 1 is a large constant depending on n and a only (to be fixed
later), and define

W('x:y) = V(.ﬁlf, y) -

L 2 nooo
K1 (420=5) ko g T1+ad? )

Thanks to (B1)-(B3), the function W satisfies the following properties:
1. it is Lg-harmonic in the interior of T'y /g;
2. W(z,0) <0 for z € (A\ {0}) x {0};
3. limg ) 0,0) W(z, ) = 0;

4. lim, o+ y*Wy(x,y) > 0 for z € By s\ A.
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Hence, up to replacing W by W + ey~ with € > 0 (so that the inequality in 4. becomes
strict) and then letting ¢ — 0, by Hopf’s Lemma W attains its non-negative maximum on
O 15\ {y = 0}.

Two cases arise:

Case 1: The mazimum is attained on OI'y /s N {y = nn.a/8}

In this case, there exists zg € By/g such that

=) > —c -

4 (:Eo, = K (42(1 S)N)ko

for some constant ¢, o > 0 depending on n,a only. Thanks to the semiconvexity in x (see

property (iii) above) and recalling that L > Cjy by assumption, there exists an n-dimensional

half-ball HBj /5 (0, 2%*) such that

Mn,a
n’a—K1(42(1*5)‘u)k0 Vx S HBl/Q (LITO, T)
(see property (B5)). Recall now that limy o+ y W, (z,y) = limy, o+ y W, (z,y) > 0 when V(z,0) >
0, while hmy_,O+ Yy Vy(z,y) = limy_o+y “V,(x,y) < 0 when V(z,0) = 0. Hence, by the “a-
semiconcavity” of V in y (property (iii) above) and by (i), it is easy to see that

a > 1
yliﬁ[]ler V ($ y) Cn aK1(42(1_s),u)k0 Vz e HBI/Q (.7}0,0),
for some universal constant Cy, , > 0.
Case 2: The maximum is attained on 0Ty /8 \ {y = Nn.a/8}.
Let (x(,y,) be a maximum point. Since such a point belongs to the lateral side of the cylinder,
recalling the definition of 7, , we have |z(|? > 5 Jra|yO]2 which implies

_ L

/ /
V(0. 90) 2 K (42(1=5) ;) ko
Again, we recall that lim, g+ y*Vy(z,y) = lim, o+ y*V,(z,y) > 0 when V(z,0) > 0, while
lim, o+ y*Vy(z,y) = lim, o+ y*V,(z,y) < 0 when V(z,0) = 0. Thus, by the half-ball estimate
(B5) applied to V, by the “a-semiconcavity” of V in y (property (iii)) and by (i), we obtain

yli,%1+ yVy(z,y) >0 Vo e HByp(x),0).
Hence, in both case we have reached the following conclusion:

There exist a constant C1 > 0, depending on n,a, and Cy only, and a point T € Byg C R", such
that

& _
Thus, if we choose K7 and p satisfying K1 > 2C and p > 1/42(1_3), then we obtain
1
li a —= 4.4
Jim,y Vy(z,y) > =3 (4.4)
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Moreover, thanks to (ii),
YV, > -1 inTy. (4.5)
As we already observed before, the fact that V is L,-harmonic implies that y“Vy solves the
conjugate equation L_,(y*V,) = 0 inside R” x R*. Hence, thanks to (4.4) and (4.5), the Poisson
representation formula (see |7, Subsection 2.4]) implies the existence of a constant # < 1 such
that
()" Vy (2, %) > =0 Va € By

Therefore, by (i) and the “a-semiconcavity” of v in y (property (iii)), we obtain

271_% > —u > —1
K@=k =1

Y Vy(z,y) = y*Vy(z,9y) > —0 —

for all z € By/4 and y < "Z’“, provided K7 is sufficiently large and p is sufficiently close to 1.

Rescaling back, this proves (4.2) with k = kg 4+ 1, which concludes the proof. O
Recalling that y®v, = y®vy, thanks to (2.1) and (A6) the above proposition implies
sup |(—A)*vxqpmyy| < Cr® Vr <1.
B, (z)
We now show that a control from below on y“v, inside I';. gives a control from both sides on ©

inside I'; ;5. This will conclude the proof of Theorem 4.1.

Lemma 4.4. Fiz K >0, a € (0,1), and assume that

ilgf y v, > —Kr® (4.6)

for some r € (0,1]. Then there exists a constant M = M (K, «,a,Cy), independent of r, such
that

sup |0 < Myrlte=a = ppot2s,

IYES

Proof. Since v is globally bounded, it suffices to prove the result for r small. First of all, let us
observe that, thanks to (B1) and (4.6),

Y po rl—i—a—a
o(x,y) > 0(z,0) — K ; Edu > —-K T

V(z,y) €y, (4.7)

which proves the lower bound on .
To prove the upper-bound, assume that there exists a point (z,y) € I', /g such that ©(Z,y) >
Mr1te=a for some large constant M. Arguing as above, this implies

~ = 77n,a7n>>% 1+a—a 4.8
v(a:, )z : (4.8)

provided M is sufficiently large (depending only on K, a and n). Now, let B’ := B, .~ (i:, %)

2
denote the (n + 1)-dimensional ball of radius 7% centered at (E, n”é‘”") € R" x RT, and set
B'/2:= B, (% "5"). Then B'C T, and (0,"5") € B'/2.
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Let v be as in (4.3). Thanks to (A1), |v — 3| < Copr? inside T, (observe that 1, , < 1), which
together with (4.7) implies that v + K Tllta;a + Cor? is non-negative inside I',. Hence we can
apply Harnack inequality inside B’ (see [6, Proposition 2.2] and [10]) to obtain

T1+a—a

M 1+a—a
—pltema < gup |:U + K ) nnéar) + Krl + Cor?|,
—a

—i—C’rz} gc[v 0
8 B/2 0 (

—a

that is (0, 1,47/2) > coMrita—a — Krlf_a;a — Cyr? for some universal constant cg > 0, which
gives
14+a—a
r r
v (O, nn; ) > oM it — K ] —2Cr2.
—a

Since 0 € A, combining the above estimate with property (B4) we get

~ ~ M.l nCo o lta—a plta-a nCy 9
0= (0,0) > (o, ) _ > coM K - 20, | 72,
0(0,0) > v 5 1+ar > coM r . 1+a+ o| T
which shows that M is universally bounded, as desired. O

4.2 Towards optimal regularity: a monotonicity formula

We use the same notation as in the previous subsection.

We have proved that (—A)va{v:w} grows at most as r* near any free boundary point,
which implies that (—A)*vxg,—y) € Cf(R") (see Corollary 4.2). Consider now the function
w : R™ x RT — R obtained by solving the Dirichlet problem

= n —+
{L_aw 0 on R™ x RT, (4.9)

w(z,0) = (=A)*v(z)X{v=y}(z) on R".

Since w(z,0) > 0, the maximum principle implies w > 0 everywhere.

Assume that 0 € R” is a free boundary point. Since (—A)%v(x) is globally bounded (see
(A3)), using the Poisson representation formula for w [7, Subsection 2.4] together with the
uniform C¢-regularity of w(z,0) (Corollary 4.2) we get

sup  w(z,y) < Cr,
jaf2-+y2 <72

for some uniform constant C'. The goal of this subsection is to show that

sup  w(z,y) < Cris, (4.10)
|z[2+y2<r?

for some constant C' > 0, depending on C, ||(7A)51/J||C;_S(Rn), o= || oo (mny, and [[(—=A)*v|| Loo (mn)
only.

This estimate will imply that (—A)%v grows at most as |z|'~* at every free boundary point,
so that the same proof as in Corollary 4.2 will give that (—A)*vxj,—y} € C37*(R™), with a
uniform bound. Then, in the next subsection we will apply this estimate to v = u(t) for every
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t € (0,7T], and using (2.2) we will obtain the desired regularity result for w.

As in the previous subsection, we consider the function o(z,y) = v(z,y) — ¥ (z). Thanks to
Theorem 4.1 together with the (2Cp)-semiconvexity of ¥ (see (B2) in the previous subsection),
we can mimic the proof of |1, Lemma 5]:

Lemma 4.5. Let C > 0 and a € (0,1 — s] be as in Theorem 4.1, and set §, = u(s) =
% (ﬁ — %) Then there exists ro = ro(a,s,C,Co) > 0 such that the convex hull of the set
{z € R" : w(x,0) > r*t%} in B, C R™ does not contain the origin for r < rq.

Proof. Thanks to (B3),

0(z,0)=0 and li%1+ y 0, (z,y) = —w(z,0) < —r*Hoe Ve {w(z,0) > rotoal,

y—)

Hence, by the “a-semiconcavity” (B2) of ¢ in y, for any z € {w(z,0) > 7%} we have

h cax
0

Sa
h .a+0a h 1 s
< —/ ! - ds +/ — (/ 2nCo1? d7'> ds (4.11)
0 S 0o S 0
_ _ 1 potdapl-a nCo B2 — _iromsahzs + nCo B2,
1-a 1+a 2s 1+a

On the other hand, Theorem 4.1 gives
#(0,h) = 5(0,h) — ©(0,0) > —Ch2, (4.12)

Assume now by contradiction that the convex hull of the set {(z,0) : w(z,0) > r®tda} N B,
contains (0,0). Then, by the (2Cp)-semiconvexity of 0(-,h) (see (B2)) we get

0(0,h) < sup o(z, h) + Cor?,
re{w(x,0)>rotda}

which together with (4.12) and (4.11) gives

nC’o

h? — Cyr?
14+a or

C_rha+2s > ira—l—ﬁa hQS o
2s

for all r,h € (0,1). To get a contradiction from the above inequality, we want to choose h = h(r)
in such a way that

h? < 1% <« RO « potiap?s for r sufficiently small.

To this aim, set h = r1+2a/® Then h® = r@+2a = o(r@+%) and both the first and the third
condition above hold. To ensure that also the second one is satisfied, it suffices to have

(a+23)<1 +25Cf:) <2,
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that is

Oa < a @
@ a+2s 2/)°

Recalling that a + 2s < 2 (so, the right hand side is positive) and the definition of J,, we get
the desired contradiction, which concludes the proof. O

We now want to use a monotonicity formula to improve the decay of w(zx,y) at the origin.
We first need some preliminary results:

Lemma 4.6. (i) There exists a constant C', depending on Cy, ||(—A)S¢||C;73(Rn), [v=2 || oo (rmy,
and ||[(—A)*v|| oo (mny only, such that

: 2 y 1 .a+1+a
> — >
hyni,%lip/r(w )y(z,y) (22 1 2y T2 dz > —C'r Vr > 0.
(i1) It holds
1
. 2 —a _
ylggl+ B, w90 <(’93|2 + yQ)(”_l_“W) v =0

Proof. (i) To show the estimate, let us observe that:

(1) Since w(-,0) = 0 on R™\ A while w(-,0) > 0 on A (see (A6)), by the maximum principle
we get w(x,y) > 0. Hence

w(z,y) > w(z,0) Ve eR"\ A, y>0.
(2) By the a-semiconcavity of v in y (see (AS)),

. nCo 1
a < 1 a +a'
Yoy (z,y) < si%leS vy(x,s) + Ta

(Observe that the above limit always exists, since (—A)%v(z,0) is Holder continuous on
the contact set, while v is smooth outside, see (A5).)

(3) The function y®v, solves

{ L*a(yavy) = Oa
lim,, o+ y*vy(z,y) = —(—A)%v(x,0),

(see |7, Subsection 2.3]). Since w(x,0) > (—A)%v(x,0) by (A5), the maximum principle
gives w > —y®v, on R” x RT. Hence, since w(z,0) = —lim, o+ y*vy(x,y) in A, by (2)
above we get

nC() 14a

1+ay

w(z,y) > w(x,0) — VYzel, y>0.
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Combining (1) and (3) we obtain

nCyp a
U)(.I,y) > w(a:,O) - 1 +(Iy1+

This estimate, together with the C regularity of w and the fact that w is non-negative, implies
that, for all z € B, and y > 0,

w?(z,y) — w(x,0) = [w(z,y) — w(z,0)][wlz,y) +wz,0)] > —Ky' T r + y), (4.14)

for some uniform constant K > 0.
We now want to estimate from below

Vo eR", y> 0. (4.13)

—a

limsup/ (w2)y(x,y)( i dx.

y—0+ |x’2+y2)(n—1—a)/2

1+
To this aim, consider the change of variable s = s(y) := (ﬁ) " and define w(z,s(y)) =
w(z,y). Then (4.14) becomes

@ (x,s) — w3(z,0) > —K's(r + sY/0FN  vae B, s>0, (4.15)

for some uniform constant K’ > 0. Moreover, since y~%(w?),(z,y) = (0%)s(z,s), we are left
with estimating

limsup [ (@%)4(z,s) !
S0t 3 s\ (Jz2 4+ (1 + a)252/(1+a))(n—1—a)/2

dz.

To do this, we average the above expression with respect to s € [0,¢] and we use Fubini Theorem
to get

1 /¢ ~2 1
5/0 dS/T(w )s(z, 5)(|x|2+(1_|_a)252/(1+a))(n717a)/2 dx
_/ 1 @2(33 €) B 12)2(1‘,0) ]
N B, € ’I‘|2 (]- +CL) 82/(1""@))(71—1—(1)/2 |l"n_l_a Zz

d 1 d
_/ / T g \ T (1 r s ayeare )

Now, thanks to (4.15), the C%-regularity of w(x, 0) = w(x,0), and the fact that
d 1
il <0,

ds \ (|22 + (1 + a)2s2/(ta))(n-1-a)/2 | =

we obtain that the above expression is bounded from below by

[ ey~ 20
52 | (22 + 1+ a)2e/0Ha)n-1-a)2 ~ [gp—T-0

> —K'(r +51/(1+a))a/ S dx

’:L-|nflfa

1 1
|2 — ] dzx

|2a
5, € |(z]2+ (1+a)2e¥/(+0)(n-1-0)/2  |g]n-1-a

+C
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Concerning the first term in the right hand side, since a = 1 — 2s < 1 we have

1
(T + <3_1/(1-5-(1))04/ H,LT_CL dr — Cn’ara-i-l-i—a _ Cn’a,ra—i—l-l—a as € — 0.
B, |T

For the second term, we want to prove that it converges to 0 as € — 0. To this aim, we split the
integral into two terms: the integral over B,s, and the one over B, \ B.s, where $ > 0 has to be
chosen. For the first term, we can bound it from below by

= L e = 0PRatat) -1

Thus, by choosing 3 € (m, 14%{1) we ensure that the above expression converges to 0 as

e — 0. Moreover, the fact that 5 < 1/(1 + a) implies that
e H) « 22 Vx| > P
Therefore, for estimating the second part we can use polar coordinates and the fact that
(|2 + (1 + a)252/(1+a))(n717a)/2 ~ |zl 082/(1+a)‘$|n737a Y|z > &

to write

/ |x|2a : - ! dx
BB € L(z[*+ (1+a)2e?/(Fa))n=lma)/2 - |gn—iza

~ g " n—1+2a 1 . 1 d
e )5 p pnflfa + 052/(1+a)pn737a pnfl—a P

_ g r p2a+a p2 1] gp- _g r p2a+a e2/(1+a) dp
e ) 02 1 Ce2/(+a) e ) 02 1 Ce2/(+a)

2/(1+a r
> _C%/:H/ p20¢+a*2 dp > _062/(1+a)71 [1 + Eﬁ(2a+a71)].
55

Let us remark that 2/(1+a) > 1, so if 2a + a — 1 > 0 the above expression obviously converges
to 0. On the other hand, if 2 +a — 1 < 0, since 8 < 1/(1 + a) we get

2 2 -1_2-1- 2 -1 2
14+ 8Rata—1)> —— 1+ a+a > a+2a+a 2«

= > 0,
1+a 1+a 1+a - 1+a 1+a

and again the above expression converges to 0. All in all, we conclude that

[2f* ! L _la—o 0
— — S £ —
e (2P + (At a)2e0Fa)n-1-a)2 T~ [gr-ia x as & ’
so that combining all our estimates together we obtain

Lol 0 -2 1 1 1+
= > fel a
hgnlglf . /0 ds/r(w )s(z, 8) (P T (LT o)) o dx K'Cy qr
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From this fact we easily deduce that

. 9 1
hmsup/ (w )S($7€)(|ZL“2+ (1+a)252/(1+a))(”_1_a)/2

/ +14
de > —K'Cpor®™ %,

e—0

which concludes the proof of (i).
(7) In this case, we use the C'¢-regularity of w to control the integral by

1
1—a
Yy /Br (’m|2 +y2)(n+1—a)/2_a dx.

Using polar coordinates, the above integral is comparable to

r n—1 r n—1 l1—a
yla/ P d,O ~ yla/ P dp ~ Y — y2a
0 (P2 + y2)(n+lfa)/27a 0 (P + y)n+1fa72a y17a72a ’

and the above expression converges to 0 as y — 0. O

We will also need a result on the first eigenvalue of a weighted Laplacian on the half-sphere.
We use Vyw to denote the derivative of w with respect to the angular variables, and we denote
with S” the n-dimensional sphere in R

Lemma 4.7. Set S} :=S" N {x,41 > 0}, S§ := 08"} =S" N {xp11 =0}, Sg4 =8"nN {Tpn41 =
0}y N {z, > 0}. Then

- fSi |Voh|?y~* do
in
heHV/2(S),h=0 on S, fgi h2y=*do

=(1-s)(n—1+s).

Proof. Let h(6) denote the restriction to S of

H(z,y) = (Vi +y? —za) ",

that is = r'=*h(6). As shown in [6, Proposition 5.4], & is the first eigenfunction corresponding
to the above minimization problem. Moreover, H solves L_,H = 0 for y > 0. Let \; denote
the eigenvalue corresponding to h, so that

fSi |v0h|23/_a do

inf = —/\1.
heH12(S]),h=0 on 85, Jon WPy~ do

4A simple way to check this fact is the following: the function G := (\/x% +y? — mn)l/Z is harmonic inside

1/2

y > 0, since it is equal to the imaginary part of the holomorphic function z +— 277, z = x,, + iy. Moreover, by a

direct computation it is easily checked that G satisfies
GG, _

IV.G)? + (Gy)* 0 V(z,y) eR" xR,

Thanks to this fact, since H = G2~ = G'**, we get
Lo = L o(G™) = (1 +a)G Ay yG + (1 +a)aG™ ™" ||VaGI + (Gy)? — GyGy o,

as desired.
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In order to explicitly compute A1, we observe that divg(y~®Vph) = Arh. In particular, evaluating
the above identity at the point (0,1) € R" x R* we obtain

Agh(0,1) = \h(0,1).

We now write the equation L_,H = 0 in spherical coordinates:
_ _ 1 _ _
AH + 2H, + S AH - “H, =0
r r Yy
Evaluating the above expression at (0,1) € R” x Rt and recalling that H = r'=5h, we get

0=AH(0,1)+nH.(0,1) + AgH(0,1) — aH,(0,1)
—(1—5)sh(0,1) + (1 — s)(n —a) h(0,1) + Agh(0,1).

Hence
Aph(0,1) = —(1 — 8)(n —a —s)h(0,1) = —(1 — s)(n — 1+ 5) h(0, 1).

which gives \; = —(1 — s)(n — 1 + s) as desired. O
To simplify notation, we use the variable z to denote a point (z,y) € R™ x RT.

Lemma 4.8. Let w be as above, set B :={z € R" x R" : |z| < r}, and define

1 [Vw(z)Py
= <1.
SO(T) T2(1_S) /;;F ‘Z‘n—l—a dz Vr ~ 1

There exists a constant C", depending on C, H(—A)SleC%_S(Rn), o= || oo (mny, and [[(=A)v]| poo (mr)
only, such that '
o(ry<c” [1 + p2atda—a-l Vr<1.

Proof. First of all, we show that ¢(1) is universally bounded, so that in particular ¢(r) is well-
defined for all r € (0, 1].
[Vw(z)|?y—

Set @e(r) = TQT{S) fBZLﬂ{y>5} e ® dz. By the monotone convergence theorem, it suf-

fices to estimate liminf. .o ¢-(1). Let x : R™ — [0, 1] be a smooth compactly supported function
such that x =1 on By C R™. Then

Vw(2)|?y=@
/ /n ot x(z) dx dy.

Since L_qw = 0 we have L_,(w?) = 2wL_,w + 2|Vw|?y~® = 2|Vw|>y~%, which implies that the
right hand side is equal to

1 —a
/ /n 2|z|” T X (x)dxdy = — / an ) V(2|Z|n1a>y x(z) dz dy

2 y°
— Vo (w?) - Vox(z)=————dzd
/E - (w?) x(w)2‘2|n,1,a x dy

2 y v=t
—|—/n(w )yWX(JI) dx

y=e¢
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Integrating by parts again the first two terms in the right hand side, and using that Lfawﬁ =
Ch,a9(0,0), we find that the above expression coincides with

1
/ / wQVJJX(‘T) ( |n 1— a> ad.Idy—F/ / 2A1X | |n 1— adl'dy
€ " n
1 = —a y=1
oo (s x|

Yy
JF/ (w?)y s x(z) dz
e " 2|z|n 1-a
Now, since x = 1 inside Bj, the first two terms above are immediately seen to be bounded.
Concerning the last two terms, the integrals evaluated at y = 1 are clearly finite (and universally
bounded), since w is smooth for y > 0. Finally, we apply Lemma 4.6 to estimate the integrals
at y = ¢, and we obtain

y=e

p(1) = liminfp.(1) < G,
E—

for some constant Cyy, depending on Co, [[(=A) || g1-sgny, [[0 =9l Loo (rn, and [[(=A)*v]| Loo n)

only. Observe that, as a consequence of the fact that ¢(1) is finite (i.e., W is integrable

over By), we deduce that ¢-(r) — ¢(r) locally uniformly over (0, 1].

Now that we have proved that ¢(r) is well-defined, we want to estimate from below its
derivative. Again, we will do our computations with ¢., and then we let € — 0°.

Let us assume r > ¢, and split 9 (B;” N {y > ¢}) as the union of 9B N{y = ¢} and 0B N{y >

>The proof of the monotonicity formula may look a bit tedious, since we always prove the result at the e level,
and then we show that one can take the limit as € — 0. Let us point out that this level of precision is actually
needed: indeed, assume that we had chosen a different operator L, (b € (—1,1)) to define w in (4.9), and we
defined ¢(7) replacing —a by b (changing, of course, the value of s correspondingly). Then, if one does a “formal”
proof of the monotonicity formula, one would obtain (at least in the stationary case, so that w(z,0) = (—A)%v(x))
that Lemma 4.8 is true with b in place of —a, and this would imply a false Holder regularity for w (since we know
that w should be only C'7%). The fact that we have chosen the “right” operator L_, to define w has played a
key role in the proof of Lemma 4.6, which is now providing to us some fundamental estimates, which are needed
to give a rigorous proof of the monotonicity formula.
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¢}. Using again that L,awﬁ = Cn,ad(0,0) and recalling that a =1 — 2s, we easily get

1-s L_q(w?) 1 -
, a 2, —a
e(r) = —_/ i ¥ 1w Vw(z)[y ™ do
e r1+20-9) Jp+ro ooy 2]t " JoBn{y>e}
2(1 — -
— - s / WYY i do
r (B n{y>e}) 2|
1—s 1 1
+ = V(w? 'V<>y_ad2+ Vuw(z)|?y~%do
7“1+2(1_S) Bjm{y>g} ( ) ‘z’n—l—a rn 83jﬂ{y>5} ‘ ( )|
2(1 — -
= —% / WYY i 4o
2029 Jotngysep g
1—s 2 1 —a
+ rl+2(1-s) (B n{y>e}) vy <|Z|n1a> vy e
1
+ L Vu(z)Py~ do
™" JoBFn{y>e}
2(1 — s) o Y °

1—s
= w W y‘“do’—l—/ (w*)y —=——do
Al /BB;."ﬂ{y>a} r r1+2(1—s) B n{y—c} y | 2| 1—a
1-— —-1-
_ ( 5)(Z+2 a) / wa—a do
r ABYN{y>e}

1—s 9 ( 1 ) _ 1 / 9 _
- WOy | 7o | v “do+ — Vw(z)|*y* do.
7“1+2(1_S) B;"ﬁ{yza} Yy |Z’n—1—a rn 83jﬂ{y>€} | ( )|

Thanks to Lemma 4.6, we can estimate from below both the second and the last but one term
in the last expression. So, letting ¢ — 0 and using that ¢. — ¢ locally uniformly, we deduce
that the distributional derivative D, of ¢ is bounded from below by

2(1 —
_(n+15)/ ww,y *do —Cro !
r 9B+

1-— —1- 1
_ S)(Z+2 @) / wy=do + n/ |Vw(2)|?y™° do,
r 0B, + ™ JoB, +

for some universal constant C. Now, by Schwartz’s inequality the first term in the above expres-

sion can be estimated from below by

1 1—s)?
—-—— (w, )%y~ do — d=s) i) / w?y ™ do.

™ JoB, . 2 JoB, .,

Hence, recalling that |[Vw(2)|? = (w,)?+ 5| Vew|? and observing that n—1—a+1—s=n—1+s,
we obtain

1 1-— —1
Drp 2 — / |Vow(z)|[*y~*do — ( s)(:JrQ +5) / wy™%do — C oL
r OBy + r OBy +
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Consider now the function W = (w — r®T%)T. Then |VoW(2)|? < |Vow(2)|?. Moreover, by
Lemma 4.5, W is admissible for the eigenvalue problem in Lemma 4.7. Hence

1 7 - (1—s)(n—1+5) Do
Do > VoW (2)|?y % do — W2y d
Y=tz /aBH (VoW (2)[7y~* do 2 o5, | y “do
1—s)(n—1 _ _ _
LS 8)7%2 +5) / [(w—W)2 4 2W(w—W)]y *do — C o
OBy +

> (1-— 8)7E:+; L+s) /83T,+ [(w—W)*+2W(w— W)y *do — Cr* .

Since |W| < |w| < Cr® and |w — W| < r**% we obtain
Dy > —Cp2etda—a=2 _ cpa-l
which integrated over [r, 1] gives
p(r) < (1) + Cr2etlealpc yr <L
(Recall that 1+ a > 0.) Since ¢(1) is universally bounded, this concludes the proof. O]

We are now ready to prove the optimal decay rate around free boundary points.

Proposition 4.9. There ezists a constant C' > 0, depending on C, ||(—A)5@Z}||C;—S(Rn), lv —
Yoo @mny, and [[(=A)%v|[peomn) only, such that (4.10) holds.

Proof. Define w. = w+*p., where p. = p.(x) is a smooth convolution kernel. Since L_, commutes
with convolution in the x variable, w. is L_s-harmonic on R"™ x R*. Moreover, by (4.13),

wa(x,y) - wa(x70) 2 _ﬁ%yl—‘ra.

Set W, := (w. — r®%)*. Then it is easily seen that W, is L_,-subharmonic for y > 0, and

We(z,y) — We(z,0) > f?TngH“. Consider now the function

nCy
1+a

(e, y) = W, Jy) + <1 + ) W on R xR,

We observe that w0, is L_,-subharmonic outside {y = 0}. Moreover, since w.(z,y) — w:(x,0) >
ly|'T® and 0. is smooth in the z variable, we deduce that it is L_,-subharmonic on the whole
R™ x R. Letting € — 0 we obtain that

ol (03 nC a
le.9) = (wla o) = r000) (14 0 )yt

is globally L_,-subharmonic. Thanks to Lemma 4.5, W vanishes on more than half of the n-
dimensional disc B, x {0}. So we can apply a weighted Poincaré¢ inequality (see [10]) and the
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definition of ¢ (see Lemma 4.8) to get
/ (0)%y~*dz < C’rg/ Vo |2y=dz
B B

< Cr? [/ |Vw|2y_a dz + ritite
B+

[

< Cr" P2 lp(r) + it < Crv 2 p(r) + 1] Vr <1,
which combined with the L_,-subharmonicity of @ and Lemma 4.8 gives

C

~\2 ~\2, —a

< — d
]SS’LT}F/IZ(U}) T opniloa /B;L (w) Y ‘

< (O rlte [p(r)+1] <C [7’”“ + 7"20‘*5“} )

Hence, since 1 + a = 2(1 — s) we obtain

supw < C [sup W+ oo 4 TH“] <C [rl_s + ro‘+5a/g] Vr <1.
Bf/Z B+/2

Since the above bound holds at every free boundary point, by the very same argument as in the
proof of Corollary 4.2 we obtain that ||w|]c§a ®) < C, where By = (a(s) == min{a + d,/2, (1 —
s)}. Observe now that, by the formula for d, provided in Lemma 4.5, given ag > 0 there exists
dp > 0 such that §, > dp > 0 for a € [ag, 1 — s]. Hence, by iterating the above argument k times
we get

supw < C [7'1*3 + pthdo/2 Vr <1,

+
B'r/2

and after finitely many iterations we obtain (4.10). O
Arguing as in the proof of Corollary 4.2, (4.10) gives:
Corollary 4.10. There exists a constant C” > 0, depending on Cy, (=)%Y g1-s(gny, IV =
Y|l oo mny, and ||(=A)*v|| oo mny only, such that
H(_A)SUX{Uzw}”c;*S(Rn) <C"
4.3 Almost optimal regularity of solutions to the parabolic fractional obstacle
problem

Let u be a solution of (2.2), with ¢» € C?(R") satisfying assumptions (A1)-(A2) of Subsection
4.1. Let us remark that u(0) = 1, while for all ¢ > 0 we can apply the results of the previous
subsections with v = u(t). Hence Corollary 4.10 gives:
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Proposition 4.11. Let u,1) be as above. Then there exists a constant Cp > 0, depending on T,
D4 oo (rny, and [(=2)*Y[|c1-s(gny only, such that

sup H(_ ) ( )X{u 111}”01 5(R") < é
te[0,7

Proof. As explained at the beginning of Subsection 4.1, u(t) satisfies assumptions (A5)-(A6)
of Subsection 4.1 for every ¢ > 0 (see Lemma 3.5). Moreover, (A3)-(A4) follow from Lemma
3.3 (since [Ju(t) — ¥ poomny < Tllutll oo (o, xrm) < TI|(—A)% | oo (rny). Hence the result is an
immediate consequence of Corollary 4.10 applied to v = u(t) for any t > 0. (For ¢t = 0 the result
is trivial since u(0) = 1).) O

Now, we want to exploit the fact that u solves the parabolic equation
ur + (—A)°u = ((—A)°u)xgu=yy  on (0,T] x R". (4.16)

Thanks to Proposition 4.11, the right-hand side of (4.16) belongs to L>°([0, T]; C1~*(R™)), which
by parabolic regularity implies

ug, (—A)*u € L=((0,T); CL=5=07 (R™)), (4.17)

see (A.7). We now want to use (4.16) and a bootstrap argument to obtain the desired Holder
regularity in time. We start with a preliminary result:

Lemma 4.12. Let that (—A)*u xu—yy € L((0,T];C3~*(R™)). Fiz a € [0, min {1,12}), and
assume that:

- uy € L2((0,T] x R™), (—=A)su € L°((0,T]; C1=+=" (R™)) if o = 0;

- u € CTO((0,T] X R, (—A)*u € L=((0,T); CL5(R™)) if a > 0.

Then
1+5‘ —0t,1—s n )
C, - ((0, T} xR™) if a =0,
A LlptC 5((0, 7] x R™) ifa>0,s<1/3,
( A) UX{uzw} S longptcl S((O,T] X Rn) ZfOé > 0’ g = 1/3’
015(13:+a) F0,T] X R ifa> 0,5 > 1/3,

with a uniform bound.
Moreover, for s > 1/3 the function

1—s
® = (1
a— ®d(a):=(1+a) T
is strictly increasing on [0, 12—;‘9), and ¢ (12—;3) = 12;88
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Proof. We need to estimate

|(—A)su(t,$)X{u(t):¢} — (—A)SU(S, x)x{u(s):¢}|, 0<s<t. (4.18)

Since {u(t) = ¥} C {u(s) = ¢} for s < t, we can assume that = € {u(s) = ¥} (otherwise the
above expression vanishes and there is nothing to prove). Moreover, since (—A)*u vanishes on
the free boundary, if = € {u(s) =¥} \ {u(t) = ¢} we can alway find a time 7 € (s,t) such that

(=A)*u(T, )X qu(r)=v} = (—A)*ult, o)X (u@)=py and =z € Hu(r) =1}

Then, if we can estimate (4.18) with 7 in place of ¢, then we will also get the desired bound by
simply replacing 7 with ¢. Hence, we only need to consider the case = € {u(t) = ¥ }.

We have to estimate |(—A)*u(t,x) — (—A)%u(s,z)|. Let ¢ be a smooth non-negative cut-off
function supported in By such that f]Rn ¢ =1, set ¢p(z) := Lo (%), and compute

rn

[(=A)%u(t, z) = (=A)%u(s, )| <

[ lEaru(t.) - (A utt. 2o - 2) dz

- (4.19)

LA ) = (~a)u(s, 2en(e - 2)ds

_.I_

I

[ 18 u(s,2) — (-8 u(s. )o@ - 2)dz

We now distinguish between two cases:

e o = (. Thanks to the Calfs*0+—regularity of (—A)%u and the fact that supp ¢, C By, the first
and the third term in the right hand side of (4.19) are bounded by C'7!=57%"_ For the second
term, we integrate (—A)® by parts, and using that [|(=A)%¢, || L1 rny = [(=A)* @l L1 (rny/r** ~
1/r% and that u is Lipschitz in time (Corollary 3.4), we get

(A u(t,2) — (~A) (s, 2)] < € [0 2

Choosing r := |t — s|'/(1*+9) we obtain

1—s 0t

[(=A)*u(t,z) — (=A)%u(s, z)| < O(t — 5) 1+

as desired.
e o > 0. Arguing as above, the first and the third term in the right hand side of (4.19) are
bounded by C r'~*. For the second one, we integrate again by parts and we estimate

[ [=aru(t.2) ~ (Y u(s, )6 (o - ) ds

[ lu(t.) ~ a5, (=86, (o~ ) ds

<

/n [u(t, 2) — u(s, z) — ue(s, 2)[t — s]] (=A)*¢p(z — 2) dz

+ (t —s) /R" lue(s, 2)| [(=A) b (z — 2)| dz| .
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Since [[(=A)*¢ || 1 mny ~ 1/r* and u; € Cf, the first term in the right hand side is bounded

1+«
by C (t_SQ); . For the second term, we observe that u; vanishes at (¢,2) € {u = v}, so by the
T
Cl=5-regularity of u; we get

[ s 2l 1(-8) (e~ )] dz

< C‘/ min {|z — 2|' 75,1} |(=A)*¢r(z — 2)| dz|.
Rn

We now remark that, since ¢ is compactly supported, [(—A)*¢(w)| < W’% for |w| large. So,
there exists a constant Cy, depending on ¢ only, such that

Co

(-8 60 € it YweRY

which by scaling gives

(A0 (w)] < i fTleS Vw e R
Hence
[ min iy -yl <o [ e [
R By T A+ w2 Re\B, W[
< Tnii;s lw|'* dw + C Jw|' 357" dw + C,
. Bi\B,

which implies

C if s <1/3;

/ min{|w|1_s, 1} |[(=A) o (w)] dw < { C(1+ |log(r)|) ifs=1/3;
R C(+ri=3s)  ifs>1/3.

All in all, we have obtained

(t — s)1+o C if s < 1/3;
(-8 utt) - (-arutsa < o+ L ey 00 +1logr)) 1= 175
+ 78 if s > .

Choosing r := (t — 5)(17®)/(1+5) the above estimates give:
- s <1/3: [(=A)%u(t,x) — (—A)u(s,z)| < C(t —s).
- s=1/3: |(=A)u(t,z) — (—A)u(s,z)| < C(t — s)[1 4 |log(t — s)]].

(1-s)(1+a) <1+ (1-3s)(1+a)

- 8> 1/3: Since a < (1 —5)/2s by assumption, we have o < “——7—+= < Trs

, SO

(14+a)(1—s) 1+ (1-3s)(1+a)

[(=A)%ult,x) = (=A)uls,2)| S C |(t—s) T +(t—s)+(t—s)" 15

(14+a)(1—s)

<C(t—s) T+
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O]

Thanks to the above lemma, we can use (4.16) and a bootstrap argument to prove our main
regularity result.

Proof of Theorem 2.1. The global Lipschitz regularity of w in space-time follows from Corollary
3.4.

By Proposition 4.11 and (4.17), we can apply Lemma 4.12 with o = 0 to deduce that the right
1=s_o+ 1—
hand side of (4.16) belongs to C} S((O, T] xR™). Hence, since 2s < 1+s, by the parabolic

1=s ot 1 g
regularity theory for 9; + (—A)* (see (A.1)) we get uy, (—A)%u € C/}° o ((0,7] x R™). We

now apply Lemma 4.12 with o > 0, and we distinguish between two cases:

- 5§ <1/3: In this case we get
(_A)Su X{u=1} € IOgLiptCal:_S((OaT} X Rn)?

so by (A.1) and (A.6) we get (—A)*u € logLip,C1=%((0,T] x R™), and we conclude by using
ur = (—A)°u X fu=yy — (—A)°u.
- §>1/3: Lemma 4.12 gives

B( }jr; —0+),1-s

(_A)Su X{u=v} € Ct,a: ((OaT] X Rn)a

(12 -07)1-s

which by (A.1) implies u;, (—A)*u € C, ;" ((0,7] x R™) (recall that ®(a) < %2

% 2s
if a < %) Hence, we can use iteratively Lemma 4.12 and (A.1) to get
on (12 —0t),1-
ut, (—A)°u € Cy, (75:-07) S((O,T] x R™),
which together with (A.5) implies
=s 15
(=A)yue " ((0, 7] x R").
Finally, since ®" G—;‘; - 0*) 15 as n — o0, we obtain
1=s ot q1_
weC " ((0,T) xR,
as desired.
O
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5 Extension to more general equations

In this section we give a brief informal description of the main modifications needed to extend
the regularity result of Theorem 2.1 to solutions of (1.1), at least when s > 1/2. Our aim is
only to point out the major differences with respect to the model case (2.2) treated above, and
to explain how to handle them. There will be however no attempt to state a proper theorem,
as this would need a careful analysis of the assumptions needed on ), KC (for instance, since the
operators are non-local, in all the estimates one should take care of the contribution coming from
infinity). We plan to address this issue in a future work.

Assume that 1 : R” — R™ is a smooth globally Lipschitz function, b € R™ a vector, r > 0 is
a constant and K a (smooth) non-local translation-invariant elliptic operator of lower order with
respect to (—A)?, i.e., there exists k € (0,1) such that

[Kelep ) S I(=A)@lle@ny Ve € C(RY).

loc

We consider u : [0,7] x R™ — R a (continuous) viscosity solution to the obstacle problem

{ min{—u; +ru+b-Vu — (=A)°v — Ku,u —1} =0 on (0,7] x R", (5.1)

u(0) =,

When s > 1/2, existence and uniqueness of such a solution follows again by standard results on
obstacle problems.
Let us now analyze the properties of solutions, as we did before for (2.2).

e Basic properties. We proceed as in Section 3. First of all, as in Lemma 3.1 one can
approximate solutions to (5.1) using a penalization method. In this way, all the results of
Section 3 still hold true:

- u(t,-) is globally Lipschitz (see Lemma 3.2);
- u(t,) is uniformly semiconvex (see Lemma 3.2);

ug is globally bounded (see Lemma 3.3);

- (=A)*u+ Ku —ru — b- Vu is globally bounded (see Lemma 3.3).

In particular, by elliptic regularity for the fractional Laplacian, the L*-bound on (—A)%u +
Ku(t) — ru(t) — b- Vu(t) gives
- uwe L=([0,T),CE70 (R™)).
Hence, since s > 1/2 and Ku is of order < 2s — &, there exists v = (s, k) > 0 such that
R:=—Ku+ru+b-Vue L>([0,T],C] (R")). (5.2)

o C%-decay for (—A)*u(t). In this setting, we have:
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- (=A)%u(t) — R(t) < 0 inside the open set {u(t) > 1};
- (=A)*u(t) — R(t) > 0 a.e. on {u(t) = }.

Now, fixed t > 0 and given a free boundary point z¢ € 9{u(t) = 1}, we consider the L,-harmonic
function v(z,y) = u(t, x,y) — @ y'~% where u(t, z,y) is the L,-harmonic extension of u(t).

Moreover, as in Subsection 4.1 we consider the function

f)(xv y) = ’U(.Z',y) - 1/’(37)

Since u; is globally bounded and v(-,0) is semiconvex, all estimates (B1)-(B2) and (B4)-(B5) of
Subsection 4.1 still hold true, while (B3) becomes

(B3") limy_g+ y*0y(z,y) < [R(t,x) — R(t, x0)| < Clo — xo|” for ae. x € A,
lim, o+ y*0y(z,y) > —Clo — x0|” for x € R™\ A.

While the proof of Lemma 4.4 works with no modifications under these assumptions, for the proof
of Proposition 4.3 we remark that now we do not have lim,_,o+ y*0,(z,y) > 0 for z € R™ \ A,
which was used to apply Hopf’s Lemma. To overcome this difficulty, in the induction step from

ko to ko + 1 one should replace v(zx,y) with v(z,y) + ”R(wfw&_ko)yyl_“, and the rest of
the proof should go through with minor modifications.
Hence, one still gets suppg, (5,) [u(t) — 9| < Cro+2s and

[(=2)%u(t) = R()]xuw=y = [(=A) u(t) + Ku(t) = ru(t) = b- Vu(t)]xu@=y € Cioc(R"),

for some universal exponent « € (0, 7).

o Monotonicity formula and optimal spatial regularity. As in Subsection 4.2, one would like
to apply a monotonicity formula. However, first of all one has to do a preliminary step: using
the equation

u+ (=A)%u = [(=A)%u + Rlxu=y — R € L¥([0, TT; Cjg.(R™))

one deduces (thanks to a local variant of (A.5)-(A.6)) that (—A)*u € L([0,T]; o7 (R™)).

loc

So, by elliptic regularity for the fractional Laplacian, u € Cot2s—07 (R™), which gives

loc

R e L>®([0,T], CoT2(®rm)).

loc

This allows considering R as a lower order perturbation when applying the monotonicity formula.
Now, to apply the monotonicity formula around a free boundary point oy € d{u(t) = 9},
one should consider the function w : R"® x RT x R obtained by solving the Dirichlet problem

{ L _,w=0,
w(x,0) = [(=A)%u(t, z,0) — R(t,70)]X {ut)=y} (T)-

Since R(t) € CO‘+7/2(R”), we have w > —Cr*t7/2 on B,(x¢). So, by the monotonicity formula

loc

one gets [(—A)*u+ R(t, z)]Xu()=y € Cﬁ%(R”), Bl :=min{a + J/,,1 — s}. Then, one can iterate
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the above strategy, first using the parabolic regularity of 9;4(—A)® and the the elliptic regularity
of (—A)® to show that R € L*([0,T7; CE)‘E+7(R”), and then applying again the monotonicity
formula. In this way, after finitely many iterations we get

[(=A)u+ Ku — ru — b - Vulxuzy € L2([0,T],CL5(R™),  Re L¥([0,T],CL T (RY)).

loc loc

e Parabolic regularity and conclusion. Using Lemma 4.12; the argument in Subsection 4.3
applied to
ou~+ (—A)°u = [(—A)’u+ R]xy=p — R

allows to extend the regularity result in Theorem 2.1 (at least locally in space-time) to solutions
of (5.1).

A Regularity properties of the operator 0; + (—A)*

In this appendix we describe some important properties of the parabolic operator d; + (—A)*.

Let us first recall that fractional Laplacian works nicely in Holder spaces: in f € C*(R")
then (—A)~*f € C*T25(R"), see for instance [15, Subsection 2.1].

Analogously, the operator d; + (—A)*® works nicely in space-time Holder spaces: if v, +
(—=A)*v = f on [0,7] x R™ and v(0) is smooth (for our purposes, we can assume v(0) € C?(R"),
globally Lipschitz, and [[D?v(0)]| e (gn) + ||(—A)SU(0)||C;—S(RH) < +00), by classical results on
multipliers on Hoélder spaces (see for instance [13, Theorem 2.3] and the proof of [13, Theorem
3.1]) we get

HUtHCg;E/B((O,T]XRn) + H(_A)S,UHCZL;E((O,T]XRn) S 1 + HfHCtO:;B((O,T]XR") VOC,/B € (07 1) (A1>

However, for our purposes, we also need to have some regularity estimates when f is only bounded
in time (but Holder in space).

Let us observe that we can write the solution in terms of the fundamental solution I's(t, z)
of the fractional heat equation. More precisely, using Duhamel formula, we have

_(_A)Sv(ta x) = Ut(tv :L‘) - f(ta x)

= —Ts(t) * (—A)%v(0) —l—/o . ls(t —r,x —y)[f(r,y) — f(7,z)] dydr.

(A.2)

We now claim that the following estimates hold (the proof of them is postponed to Subsection
A.1 below):

/ OT4(t — 7,2 — )[f(r,y) — f(r,2)] dy dr
0 Rn

S o ez
(A.3)

CP1@B=0T (0,7 xR")
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if B < 2s,

if > 2s.
Combining the above estimates with (A.2), and using that —I's(¢) * (—A)*v(0) is smooth in
space-time for ¢ > 0, we get

/ OTa(t — 7,2 — y)[f(r,y) — (7, 2)] dy dr
0 R

S Wl o 70y
(A4)

logLip, C2 =" ((0,T]xR")

=AY 0l gm0t (o sy S 1+ Wlimopetny YA€ 0.2 (A5)

1A 0l oo oy S 1 I ez ¥BERSD  (A6)

(At t = 0 the time regularity may degenerate, due to the presence of the term I's(t)* (—A)%v(0).)
In particular, using that v, = f — (—=A)%v, we obtain

108l e o8- ) 1AVl o pic0* oy S 1+ 1 lpompczey ¥ € O

(A7)
A.1 Proof of (A.3) and (A.4)
Let us recall that ¢ € [0,7], with T" < 4o0.
To prove (A.3) and (A.4), we use that the fundamental solution I's(1, y) behaves like W,
which by scaling implies
Li(t.) t O (1, 0)| S~ (A8)
sGY) ~ ¢ I e P a— :
; ;r: + ‘y|n+2s t '2:2 + ’y‘n—i-Qs
1 1 1 1
10uls(t,9)] S - — V4O Ls(t,y)| S Wl (A.9)

L )
We will also make use of the following two basics estimates:
- There exists a constant C' > 0 such that, for all h € (0, 1],

. 81
/ nmj;:{lzl 1} szC(Hhﬂ/(zs)fl), (A.10)
R ho2s 4 |z|nt2s

Yl (5 4 [y|n2e)

- There exists a constant C' > 0 such that, for all A > 0,

/ t ! ir < C L1 (A.11)
T mln . .
0 (t _ 7—)%525 + hn+2s hn hn+2$

The proof of both is pretty simple. For instance, to show (A.10), one splits the integral into

three parts:

s 1

/ n+2s |Z’ dZ < n+2s / |Z|B dz SJ h‘ﬁ/(zs)_l
Byijs) b2 4 |2[nF2s h 2 JB,1/@s
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B
/ nt2s i dz < / ’Z|Bfn72s dz <1+ BB/ (28)—1
Bi\B,1/(25) h 2z + |Z|n+25 Bi\B, 1/(2s)

1
/ n+2s dZ g / ’Z|_n_25 dz 5 1
R™\B; h2s + |z|nt2s R\ By

To prove (A.11), we observe that the bound is trivial if A > 1, since - < hn}rgs
(t_q—)T_;’_hn«l»Qs

(recall that |t — 7| < T < 1). On the other hand, if h € (0, 1], it suffices to split the integral over

[0, — h?%] and [t — h?°,t], and argue as above.

e Proof of (A.3). Let us observe that, for u < ¢,
[(=A)o(t,z) — (=A)% (7, z)|

/ OTa(t — 7,2 — )[f(r,y) — F (7, 2)] dy dr
0 R

- [M [ aruu- = nlrtr) - s dyar
t
s [ [ o= ra i) - )l dydr
ey
0 n
= (T1) + (T?2)
Now, using (A.8), by (A.10) applied with h = (¢ — 7) we get that (T1) is bounded by

—ulB1 t
/ / mln{’x y| } dy dr S / (1 + (t _ 7_)5/(28)—1) dr
n(t—1) " —|—|x—y|”+2S u

< (t—u)+ (t—u)?3),

ol's(u—T1,0—y) —os(t — 1,2 — y)’ min{|z — y|®, 1} dy dr

Concerning (T2), thanks to (A.8), (A.9), and (A.10) with h = (t — 7), we can control it by
/ / mln{ —u 1} ! min{|z — y|®, 1} dy dr
n u=7""f ((u— 1) + |z — y|nts) ’
— —ulB.1
5/ mln{t u,l}/ mniyiy yI%, 1 dy dr
I U L

u—(t—u) t—u
< _ \8/(2s)-1
N/o u—7(1+(u T) )dT+/

u—(t—u)
S (8 —u) + (t = u)|log(t — w)| + (£ — u) /),

(1 + (u — 7')’8/(28)_1) dr
which proves the time regularity of (—A)%v.
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e Proof of (A.4). The proof of the spatial regularity is analogous: we write

() u(t.2) - (~A)°0(t.2)
= [ [ (ot == lstr) - 5700 - ALt = 7.2 = ) — S, ) dy

Then, we split the spatial integral over two sets: the region where {|z — z| < |z —y|/2} and the
region where {|z — z| > [z — y]/2}

On the first set, since e and —
(t—7) = +|J»’—y|"+25 (t—7) 25 +|z—y|nt2s

are comparable, we can
estimate the integrand by

t_Tal‘_y)

)

) = Fra)||O0s(t = 7w =) = OLu(t = 7.2 = )| + |£(7.) = F(r,2)] [T

which thanks to (A.8) and (A.9) can be bounded by

|z — 2| 1 3 1
‘:L'_ ’ n+2s n+23+‘x_2| n+2s TL+2S
Yt —r) 2z +lo—yl (t—7) 2z +]z—yl

So, using (A.11) with h = |z — y| we get

ly — =z’

/ / ‘at —rx—y)f(r,y) — f(r,z)] — O Ls(t — 7,2 — y)[f(T,y) — f(7,2)]|dydT
{le—z[<|z—yl/2}

t
1
/ (M+$_Z’B>/ drdy
~ — 1 ﬁ )
{le—zI<le—yl/2} \|7 = | 0 (t—1)" 5 + |z — y[n+2s
1 1
S / |z — 2|° min{ - n+25} dy
{lo—2|<|z—y|/2} [z =yl |z -yl

<lo-ef [ R NN o T
{lz—z|<[z—y|/2<1} {le—y|/2>1}

,§|x—zmlog|x—z\‘ ] Ve > 0.

Concerning the integral over the second set, we simply use (A.8) to bound the integrand by

j — y|? & — 2|
(t—7)"5 |z -yt (t—7)" o — 2|t

and observing that {|z — 2| > |z — y[/2} C Byjp—s(x) N Bjp—z|(2) we get

t
) Tt~ 7,2 = y)[f(7,9) — ()] = ATt = 72— y){f(7,9) — f(r, )| dy dr
{le—z[=[z—y|/2}

_ B
/ / ’x Yl dy dr
BS\Z z| 1‘) t - T) 23 + ‘x - ‘Tl+2$

1
B / h y|ﬁ/ nt2s dr dy
Bsjy—z|(2) 0 (t—7) 2 +|z—y|rt2s

5/‘ @ — P dy < |z — 2%,
B3\ac z|($)
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where for the last but one inequality we used again (A.11) with h = |z — y|. This concludes the
proof of (A.4).
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