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ABSTRACT. We prove for a wide class of kernels K (x,y) that viscosity solutions of the integro-
differential equation

/]R" 5’11,(51,‘71/) K(LE, y)dy = f(l‘)

locally belong to some Gevrey class if so does f. The fractional Laplacian equation is included in this
framework as a special case.

1. INTRODUCTION

Recently, a great attention has been devoted to equations driven by nonlocal operators of fractional
type. From the physical point of view, these equations take into account long-range particle interactions
with a power-law decay. When the decay at infinity is sufficiently weak, the long-range phenomena may
prevail and the nonlocal effects persist even on large scales (see e.g. [5, 1]).

The probabilistic counterpart of these fractional equation is that the underlying diffusion is run by a
stochastic process with power-law tail probability distribution (the so-called Pareto or Lévy distribu-
tion), see for instance [1,2]. Since long relocations are allowed by the process, the diffusion obtained
is sometimes referred to with the name of anomalous (in contrast with the classical one coming from
Poisson distributions). Physical realizations of these models occur in different fields, such as fluid dy-
namics (and especially quasi-geostrophic and water wave equations), dynamical systems, elasticity
and micelles, see, among the others [7,8, 1, 1]. Also, the scale invariance of the nonlocal probability
distribution may combine with the intermittency and renormalization properties of other nonlinear dy-
namics and produce complex patterns with fractional features. For instance, there are indications that
the distribution of food on the ocean surface has scale invariant properties (see see e.g. [2] and refer-
ences therein) and it is possible that optimal searches of predators reflect these patterns in the effort of
locating abundant food in sparse environments, also considering that power-law distribution of move-
ments allow the individuals to visit more sites than the classical Brownian situation (see e.g. [2, 1]).

The regularity theory of integro-differential equations has been extensively studied in continuous and
smooth spaces, see e.g. [3,1, 1]. The purpose of this paper is to deal with the regularity theory in
a Gevrey framework. The proof combines a quantitative bootstrap argument of [1,] and the iteration
scheme of [1, 1]. Here the bootstrap argument is more delicate than in the classical case due to the
nonlocality of the operator, since the value of the function in a small ball is affected by the values of the
function everywhere, not only in a slightly bigger ball; in particular the derivatives of the function cannot
be controlled in the whole space and a suitable truncation argument is needed to bound derivatives of
any order.

We recall that solutions of fractional equations are in general not better than Hélder continuous up
to the boundary. This provides additional conceptual difficulties even for the interior regularity since
a nonlocal term coming from far may complicate or invalidate the local estimates for the higher order
derivatives.

Before stating the main results of the paper, we recall the definition of Gevrey function. For a detailed
treatment of the theory of Gevrey functions and their relation with analytic functions we refer to [1, 1].
Let 2 € R™ be an open set, we define for any fixed real number o > 1 the class G7(£2) of Gevrey
functions of order o in §2. This is the set of functions f in f € C*(£2) such that for every compact
subset C' of € there exist positive constants M and K such that for all i € N

|D'f]|, < M K" (i)

We remark that the spaces G (£2) form a nested family, in the sense that G (2) C G (€2) whenever
o < 7 and furthemore the inclusion is strict whenever the inequality is. Clearly the class G' (£2)
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coincides with C*(€2), that of analytical functions. It should be stressed that both the inclusions

co(Q) c (67 (Q) J g7 (@) ccx@)

o>1 o>1

are strict, see [1]. The notion Gevrey class of functions is quite useful in applications. For instance,
it possess a nice characterization in Fourier spaces. Moreover, cut-off functions are never analytic,
but they may be chosen to belong to a Gevrey space. Roughly speaking, for a smooth function f the
notion of Gevrey order measures "how much"the Taylor series of f diverges.
As in [1,] we consider a quite general kernel K = K (z,y) : R" x (R™\ {0}) — (0, +00) satisfying
some structural assumptions. From now we assume that s € (1/2,1).

We suppose that K is close to the kernel of the fractional Laplacian in the sense that

there exist ag, 79 and 7 € (0, ag/4) such that
(1.1) y[" > K (2, y)
2—2s
Since we are interested in the Gevrey regularity, in order to ensure that our solution are C° we assume
that K € C* (B; x (R™\ {0})) and moreover
forall k € N U {0} there exist H; > 0 such that

H
(1.2) \WW%%ME<EF%W

forall 1,0 € N”, || + |9 = k, y € By, \ {0}.

Furthermore, since we need a quantitative asymptotic control on the tails of the derivatives of K, we
assume that

—ao| <n forallz € By,y € B,,\{0}.

(1.3) {there exist v > 0 and A > 0 such that

H, < AR (K forallk € NU{0}.
We adopt the following notation for the second increment
du(z,y) = u(x +y) +ulx —y) — 2u(x).

Our main result is about the Gevrey regularity of the integro-differential operators with a general kernel
K.

Theorem 1.1. Suppose f is in G™ (Bg) and suppose thatu € L>(R") is a viscosity solution of

(1.4) / ou(z,y) K(z,y)dy = f(x)  inside Bg

with s € (1/2,1). Assume that K : By x (R™\ {0}) — (0, +00) satisfies assumptions (1.1), (1.2),
and (1.3) for ) sufficiently small.

Then there exists a0 < R < 5 wich depends only onn, f, and ||u||g. such thatu € G° (Bg) for
eacho > max{1l +v,7} and R < R.

Furthermore we specialize the analysis to the case of the fractional Laplacian kernel and obtain the
following

Corollary 1.2. Suppose f is in G™ (Bg) and suppose thatu € L>(R") is a viscosity solution of
(1.5) (—A)’u(x) = f(x)  inside Bg

withs € (1/2,1).
Then there exists a0 < R < 5 wich depends only onn, f, and ||u|g. such thatu € G° (Bg) for

eacho > max{2,7} and R < R.



We remark that most of the difficulties in our problems come from having the equation in a domain
rather than in the whole of the space and from the fact that we look for local, rather than global,
estimates. For instance, if a summable u satisfies

(=A)u(x) + f(z) =
for every x € R™ and f belongs to some Gevrey class, then so is u, and this can be proved directly
via Fourier methods, see e.g Theorem 1.6.1 of [1].

Concerning the Gevrey exponent o = max{1+v, 7} in Theorem 1.1, we think that it is an interesting
open problem to establish whether or not such exponent is optimal or it can be lowered, for instance,
to the value max{v, 7} (in our case, the exponent value o is due to a nonlocal boundary effect and
the worst factor comes from the higher derivatives of the kernel).

Remark 1.3. In the sequel we will adopt some notations in order to keep the esposition clear. For
) € R", u a measurable function defined in ) or R", and K a kernel, then

)
and

Tictw) = | Su(e.y) Kz, v)dy.

2. INCREMENTAL QUOTIENTS

In this section we recall some basic facts and results about incremental quotients.

Given k € N, we observe that, for any a € R, there are exactly k + 1 integers belonging to the
interval (a,a + k + 1] (and, moreover, they are consecutive, this can be easily proved by induction
over k). In particular, taking a := —(k + 1) /2, we have that there are exactly k -+ 1 integers belonging
to the interval (—(k + 1)/2, (k + 1)/2]. We call these integers ji, . . ., jr+1-

Now, we consider V' € Mat ((k + 1) x (k + 1)) to be the matrix

Vi == 3" Horany i,m = k41
. (k) _ (k) (k)

Then, we consider the vector ¢ = (¢1, ..., ¢ ;)

(2.1) Ve=(0,...,0,k!).

€ R**! as the unique solution of

We remark that V' is invertible, being a Vandermonde matrix, and therefore the definition of c®) is well
posed.

With this notation, given 1 > 0, v € S*!, and a function u, we consider the h-incremental quotient
of u of order £ in direction v, that is

k+1

(2.2) T u(x Z Fu(z + jhw).

We remark that T3 u(x) /h* behaves like D{fu(m) as next result shows:
Lemma 2.1. Letr > (k+ 1)h > 0 andu € C*(B,(x)). Then
TPu(x) = h*DFu(x) + o(hF).

Proof. By Taylor's Theorem
k-1

Dé Dk ;
(@ + jsho) :Z vu zhe vu(;"‘f)jé@hk
=0 ’ )
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for some §; € R™ with |§;] < (k + 1)h. Then we have

k+1 k— 1 k+1

i) = 303 P 0stn 3o P
i=1 ¢=0
k+1 k+1
D DF ;
- Z Z ur k)Vmihm_l + Z ¢ 22 + &) )Vk+1 ih"
’ , k! ’
i=1 m=1 =1
k
Dfu(x _ DFu(x
=D g—f)(vc(k))mh "+ (Ve k;|( i
m=1 ’ ’
k
(o Dhu(z + &) — Dhu(z) "
Z k! Vil
This and (2.1) imply
k+1
v u(r + &) — DFu(z
and this gives the desired results. U

We observe that 77 (T7u) = T (T} u), hence we can extend the notation in (2.2) to the multi-index
case. Namely, if k = (ky,..., k) € Nland v = (vy,...,v0) € (S"71)*, we define

TPu(z) =T, (... (T u(x))...)

ki+1 ke+1
= Z Z . ($ + ]11 hU1 + -+ ji[hvg)
11=1 tp=1

and this definition is, in fact, independent of the order. In this way, we have the following multi-index
version of Lemma 2.1:

Lemma 2.2. Letr > (k + 1)h > 0 andu € C*(B,(x)). Then

TPu(z) = b DFu(x) 4+ o(h'*.
To prove Theorem 1.1 we will need the following integral analogue of Lemma 2.2. From now on, we
will adopt the convention that for any kernel K (z, y)

T, K(z,y)

denotes the incremental quotient with respect to ¥ (i.e. letting fixed x).
Proposition 2.3. Let0) < ¢ < r and K € C*(B; x R™"\B,_.) satisfying condition (1.2). Then for
eachy € N"

h—0
r<|y| r<|yl|

, 1
lim [ ooy 1T K (2, y)| dy = /|DZK($,y)|dy-

Proof. Fore > h(|y| + 1) > 0 we set

1
fh(x7y) = W ‘TI;,YK(‘TJ?J” )
it follows from Lemma 2.1 that f;,(x, y) converges pointwise in € to

flz,y) = |D)K (z,y)| .
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The idea is to show that there exists a g € L'(2) such that f5,(y) < g(y). From (2.3) it follows that
there exists &; € R™ with |£;| < h(|y| + 1) and positive constants A and A; such that

[v+1
D)K(z,y+ &) — DK (z,y)
i=1 )
lyl+1
<SA|DIK(z,y)| + > Ai|DyE(.y +&)| -

i=1

[y|+1,d

From condition (1.2) and ¢ < r we have

H
|DyE(z,y+&)] < ’y+§i,3+zs+w
Hyy,
X (’y| B ’£i|>n+28+|"f|
Hyy)

= (|y| o 8)n-i-Zs-‘r|’}/| ’

Since this last estimate is independent of h, the proposition follows from the Lebesgue dominated
convergence theorem. O

3. AN A PRIORI ESTIMATE

In this section we deduce the following a priori estimate of Friedrichs type for solutions of (1.4). It will
be the key tool in proving the Gevrey regularity of the solutions of the equation.

Lemma 3.1. Let u be a solution of (1.4) with s € (3,1) and f € C>(Bs). Then forany 0 < r <
r+0 < 5andp > 0 the following estimate holds

1 P
< 197l

[9ull,, < ¢ |5 97

Br+§ r+9

H,. 12"
§p+2 HUHR” )

25—1 ||x7p+l
+O VT L, +
where C' is a constant depending only onn and s.

We note that the estimate above corresponds to Lemma 5.7.1 of [1]. It should be stressed that while
in the local case the estimate for a generic p is easily deduced from the estimate for p = 0 by differ-
entiating the equation, in the nonlocal case we have to be more accurate in order to take account of
the long range interactions. In particular to obtain this estimate we will exploit the bootstrap machinery
developed in the [1,] to prove the C° regularity of solutions.

Proof. First of all we recall that by Theorem 5 of [1,] viscosity solutions of (1.4) are of class C*°. Now
we choose a C* cutoff function 7(x) > 0 such that

1 B4
"(x):{o R™\ By

(3.1) [Vn(x)] g, <2.
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Now for v € N with || = pand e; a unit vector we set 7, = y+e¢; and define foreach 0 < h < 15

T u(z).

'U)(l’) = hp+1 h

By linearity w(z) = wi(x) + wa(x) where

and

W) = oy T (1= ) T ).

The strategy is to get a good estimate of |Z (w1)| inside By using the technique of [1,]. We stress
the fact that wy(x) = 0 for z € By since ) = 1 there.
From the triangle inequality we have that

| Zre (w1)| = |Zxe(w) — L (ws)]
< Tk ()] + [ Zxe (ws)|

1
ST @)

Using the discrete integration by parts and recalling that = € B; we get the inequality

Tatun)l = | [ T 4) + wale = 1) = 2un(o)] K (z.) o
=| [ st ) 4wt = )] K@) ay

< / wa(z +y) K(z,y) dy‘ +

[ wte =) ) ay

- / {hpilT;i(a—n) T,ju(a:+y))] K(z,y) dy‘

+

/n [hplﬂTffi (L =n) Tu(z — y))} K(z,y) dy‘

- ’/R {hplﬂ (1 —n) T,ju(a:+y))] %K (2,y) dy‘

+

/Rn [ hp1+1 (1 =n) Tyu(z — y))} T K(z,y) dy‘ .



Now, exploiting the properties of the cutoff function 1 we get the following estimate

1
Tk (w2)| < pry

4<|z+y|<5

(1= ) Tu(z + y»} T K (2, y) dy

4 / {# (1 —n) T u(z — y))] T% K (x,y) dy

4<|z—y|<5

1
+ / hp+1u(:c +y) T K(x,y) dy

5<|z+y|

1
+ / hp+1u(x —y) T K(x,y) dy| .

5<|z—y|

Using the triangle inequality we conclude that

et <| [ e (=0 Tuto )| T ) dy

2<[y|
|lz+y| <5

n / [hp1+1 (1 —n) Tu(z — y))} T, K (x,y) dy

2<ly|
lz—y|<5

1
+ /hp+1u(x+y) T K(x,y) dy

3<yl

1
+ / u(z —y) T K(z,y) dy

hp+l
3<]y|
and the RHS is majorized by
| 1 e 1 -
2 ﬁThu ., 7 |T—hK(%y)| dy + 2 [Jul|gn Tl |T—hK($7?J)’ dy .
? 2<y| 3<y|

Inserting the inequality above into (3.2) we obtain the desired estimate inside the ball of radius 1

T, f(x)

1
T + 2l [ i [T )] dy

| Tk (wq)| < ‘ il

3<[y

1,
/E T, K (z,y)| dy.

<lyl

1

Bs



Furthermore, thanks to the discrete Leibnitz rule we have that

1 .
wi(z) = 5o (e + he) Ty u(z) + Tyn(2) T u(z))
and this implies
1

+ HET}%

1

1
Y
hp+1 Th u

3. ol < H

Bs(he;) Bs Bs

where Bs(he;) is the ball of radius 5 centered at he;.
Thanks to (3.3), (3.4), and Theorem 61 of [4,] we get the following estimate for w;

lwillere s,y < € (lwillgs + 1 Zx (w1)ll5,)
1

1, . 1 .
<C ||w”B5(hei) + 171" + ﬁThv /
h Bs hp

B5 B2

1 i
+2HﬁT}7u /E {Tth(x,y)’ dy
7 2<(y|
1 -
2 ullen [ o [T @) dy |
3<]y|

where, from now on, C' will denote a positive constant depending only on n and s. This means that
in calculations we will reabsorb constant factors inside C'. Letting h — 0, from (1.2), Proposition 2.3,
and (3.1) we conclude that

1D ullera(p,) < C (HDV*U”B5 +21D7ull g, + 1D fll ooy

(3.5) ",
FH 1Dl + s Nl )

By a scaling argument, from (3.5) we get the following estimate valid for any o € (0, 1]
1 1
+2 +1
772l < € |2 197l + 5 197l

H 1
+O_25—1 ||Vp+1fHB20 + g;rlm ||U||Rn:|

this implies, by covering, the following global estimate, valid for 0 < r <r+40 <5

IVl

Br+5

1 1
L <C [5 [97ull, ., + 55 197l

Hyq2°
+523_1va+1fHBM+ g;lQ ||u||Rn].

which is the desired estimate. O

4. PROOF OF THEOREM 1.1
In this section we will adapt the iteration scheme of [1, 1] to obtain Gevrey regularity of solutions of

(1.4). The main idea here is to introduce some rescaled companions of the L°° norms in order to
exploit effectively the estimate of Lemma 3.1.

As in [1,1] we introduce the following



Definition 4.1. For f andu in C*> (Bg), we define the quantities

wo(f) = sup (R—r) I wP || pe NU{0}
R/2<r<R r

Np,(u) = R/SE}LR(R — r)Pt2 va“uHBr , pe{-2,—-1}.

Since there is no ambiguity, in the sequel will be suppressed the explicit dependence from f and u in
M%, , and N7, . Itis apparent from this definition that a function u € C> (Bg) will be also in G7 (Bg)
if and only if there exist positive constants M and K such that the following inequality holds for any
p=—2

(4.1) Ni, < M- K?-[pl]°,

where [p!] is defined as

pl ifp=>0
1 ifp<O.

Thus the strategy for proving the Theorem 1.1 will consist in showing the validity of (4.1) for solutions
of (1.4). The following lemma will be the induction step of the proof.

Lemma 4.2. Let u be a solution of (1.4) with f € C*(Bg). Then there exist positive constants E
and I depending only on s and n such that the estimate

NE,p < E [p N*R,pfl +p<p - 1) NE,pr + Mﬁ%,p + FP Hp+1 p' HUHR”}
holds for any p > 0.

Proof. By Theorem 5 of [1,] we have that u € C* (Bg). Plugging the estimate of Lemma 3.1 into the
definition of N , we obtain the following

B'r+6 746

Ny, <C sup (R—r)P* % | VP |

1
+ = || VPu
R/2<r<R o? | I

(4.2)
Hp 12

Brvs T gpr2 ll e

+52571 va+1f|

By Definition 4.1 we get the inequalities

1

+1 *

va u‘ Bris < (R —r— 5)p+1 R,p—1
1 *
(4.3) IVPull, < mNR,p—Q
1

p+1 s

HV f’ Bris < (R —r— 5)2s+p+1 Rp

and inserting them into (4.2) we have

(R — r)rt2 (R — r)Pt2
N, < oo I\
nr SO Ry S —r—apr e Y PR gy

625 YR — r)Pt? (R —r)rt?
(R—r — 0)2+p+l Tz [/l e

Now we eliminate the dependence on 7 by setting

sR,p + HP—H 2p
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in this way we get the following estimate
PP P
(p— 1y ot TGy e

P2 .
i My + o2l

P p+1 p p+1
<clp(-2-) N () w~
p(p—l) Rp1tp(@—1) (p—1> Rp—2

P p+1+2s
ypl2s (p_) M3, + Hp+1zppp+2 [ullgn | -

<]

—1

p
The proof follows from the fact that 2s > 1 and (}%) is bounded. O

By Theorem 5 of [1,] we know that u is of class C* inside the ball Bg, this implies that the quantities
N7%, are well defined and finite for any p > —2 and R < 6. Since G” (Bs) C C* (Bs) also Mj ,
is well defined for all p, moreover there exist positive numbers L and A such that for any R < 6 the
derivatives of f satisfy
A p
19 fla, < 2 () 0

This implies that

My, = sup (R—r)=o|[vrif,
’ R/2<r<R "

<L <§>28 (é)p+1 (p+1N)7.

Ny, < E [pNh,_1 + 00— 1) Nj,o + F? (0) |Jullgn

44 ) (g) (é) ((p+ 1))

Theorem 1.1 will proved by showing that we can choose K and M so that (4.1) holds. For this, we are
going to proceed by induction on p. Clearly we can choose K and M so that (4.1) holds for p = —2
and p = —1, then we suppose that this choice holds up to p — 1 with p > 0 and we prove it for p.
From (4.4) we have that

From Lemma 4.2 it follows that

N, SE[M-KP o pl(p—1))7 + M- K2 p(p — 1)[(p — 2)1)°

ol + 2 (5)(8)7 ey

KB E | -1+ () 602 e

it (8 (@) o]
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If we choose o > max{2, 7} the inequality above implies that

. o1 1 1 (F\
= M KP -l E [— ST (—) el

L R 2s A p+1
MK (5) (5) P17

At this point we are left to show that it is possible to choose M and K in such a way that

11 1 (F\¥ L [(R\* [A\" .
(4.5) E E—i_ﬁ_'—M E HUHRTL—FW 5 5 (p+1) <1,

for all p. Itis clear that this is always the case, more precisely, since K appears always at the denom-
inator with the highest exponent in p, it is possible to choose K (depending on E, F, ||u|g., and A)
so that (4.5) holds for all M > 1.

It is well known that for s € (0, 1) the fractional Laplacian (—A)® is the translation invariant integro-
differential operator whose kernel, denoted by K, is defined as

1 1
Ko(y) = Ty e

here ¢,, ; denotes a normalization constant, see for instance [9,] for a survey on the topic.

We observe that the kernel K is analytic out of the origin since it is a composition of analytic functions
(see for instance [1] Proposition 1.6.7). Furthermore it is a homogeneous function of degree —(n+2s)
and this implies that for each multi-index o« € N", the partial derivative DK is a homogeneous
function of degree —(|a| + n + 2s).

Analiticity of Ky implies that there exist positive constants R and C' such that for any y with |y| = 1
and for any o € N" we have that

. J
D Koy)] < O

where j = |a/, (see, e.g. [1]).
From the homogeneity of the kernel we can conclude that conditions (1.1), (1.2), and (1.3) hold with
v = 1 and Corollary 1.2 follows.
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