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Some extension results for nonlocal operators
and applications

Fausto Ferrari

Abstract In this paper, we deal with some recent and old results, concerning frac-
tional operators, obtained via the extension technique. This approach is particularly
fruitful for exploiting some of those well known properties, true for the local oper-
ators obtained via the extension approach, for deducing some parallel results about
the underlaying nonlocal operators.

Keywords: fractional Laplacian, Marchaud derivative, Weyl derivative, extension
techniques, Carnot groups, Harnack inequality.

1 Some nonlocal operators

We start this note by reviewing some recent and old results concerning fractional
operators, putting in evidence the extension technique used in [12] for the fractional
Laplace operator and successively applied to other operators, see e.g. [52, 7, 10].
This approach results particularly fruitful for exploiting some, perhaps, well known
properties of the local operators obtained from the nonlocal ones, for which we
would like to prove some results. The typical easier example is given in [12] where,
for proving the Harnack inequality for the fractional Laplace operator, the authors
reduce themselves to apply the Harnack inequality associated with a degenerate
local operator in divergence form and for which there exist in literature many results,
see [17]. We point out that Harnack inequality for the fractional Laplace operator
was already known in literature for s—harmonic functions being s € (0, 1). Namely,
there exists a positive constant C such that for every sufficiently smooth function
u:R* - R u > 0in R", such that (-A)*u = 0 in Q c R", then for every ball
Byr C Q of radius 2R we have:
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supu < Cinfu.
BRr Br

The classical proof can be found, for instance, in [48], [40] using potential theory
techniques and, via probabilistic approach, in [6]. In the Harnack inequality, the
different hypotheses that have to be done between the local and the nonlocal case are
explicit. In fact, without extra assumptions on the positivity of « in all of R", instead
of the required positivity of u only on the set Q as well as in the local setting, the
result is false, see e.g. [38].

This approach can be adapted to different operators. In particular the case of Weyl-
Marchaud derivative has been faced in [10], while the case of degenerate operators
in [23]. Recently, some further generalizations and applications to Kolmogorov
operators type have been obtained in [31], see also [29, 30] and [54] for a recent
review of these results.

We continue this section introducing some basic nonlocal operators, while in
Section 2 we deal with the extension technique. More precisely: In Subsection 2.1
we deal with the extension approach adapted to the case of the Marchaud derivative,
in Subsection 2.2 we introduce the main tools for working in a non-commutative
framework and successively, in Subsection 2.3, we describe the extension approach
technique in Carnot groups. The applications are collected in Section 3. We conclude
with Section 4 discussing the construction of the solutions of the extended problem
associated with a periodic function, via the Fourier series approach.

The following notation concerns the difference of fractional order @ € R for a
function f. Let

AT ) =Y (=DF (Z)f(x — k), (1)
k=0
where
a\ I'(a+1)
(n) T all(@+n-1)
The Griinwald-Letnikov derivative, [33, 41], is:

R .7 p16))

D= I e

whenever the pointwise limit exists.

In addition, see Theorem 20.4, [51], for L? (R) functions, we know that Griiwald-
Letnikov-derivative exists if and only if Marchaud-derivative exists in the following
sense:

BN @ (VI -fmD)

m = 1m
h—0+,LP(R)  h@ -0 LP®) I'(1 — ) Je Tlta

being @ € (0, 1) and

@ L «a Cfx) - flx-1)
D? f(x) := 0 _a)fo dr

Tl+a
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the Marchaud-derivative, see [45] and [50, 10, 22]. For further information about
these relationships, we recall the classical handbooks [50, 39, 46] as well. We have
to say that, for function defined in [a, t], sometime the Caputo derivative

1 AO)
(I-a)J, =9

is used, see e.g. [14], instead of the Riemann-Lioville one, defined as:

oD S0 = ¢ @)

wpn._ L d [T [
DO = T a ) e
see [51].

The Riemann-Liouville derivative is closely related to Marchaud derivative. In
fact, the interested reader may check this fact one more time in [51] or e.g. in [22],
but, in any case, also Caputo derivative is strictly linked to Marchaud derivative. In
fact, integrating by parts (2), we obtain:

fO-f@ . tf(t)—f(S)ds

F(I—Q)aDz f@ = t—a) Y (Z—S)H'a

Thus for functions f defined in (—oo, ], letting @ = —co, we obtain, after a change of

variable:
Daf(l) . 1 ft f@) = f(s) ds = Daf(l)
Bt T T-a) ) -s)lte T

that is exactly the Marchaud derivative.

Keeping in mind the subject contained in Section 4, as well as the Weyl definition
of derivative, see [55], we wish to remark how the Weyl derivative can be justified
for pointing out its relationship with Marchaud derivative.

Let us consider a periodic function, let us say for simplicity a 2z-periodic function
having zero average. We can associate to this function its own Fourier series, see
[22]:

+00

Z Ckelkx’

k=—00

where of course {c }rez is the sequence of the Fourier coefficients. Thus, formally,
the derivative may be written as:

+00

Z cx (ik)e'*™

k=—00

Then, defining a new function for each fixed @ < 1 :

+00 c
Z 'kkaf elkx’
k)
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(morally the integral), we formally obtain, by taking its derivative:

S Ck ikx | _ S Ck ikx
o (k—zoo (ik)a ‘ ) B k;m (ik)aq ‘ . (3)

Following this path, Weyl analogously introduces the parallel fractional integral, see
[55]. Thus, it is natural to define the fractional derivative of f as:

+00
Z cr (ik)®el*~ .

k=—o00,

We recall that, given two periodic functions f, g, the new function

1 2n
o f(; g(0) f(x —nydt

is represented by the Fourier series

where {gx }x ez and {c }k ez are the respective Fourier coefficients. As a consequence,

considering
+00
Ck i
Z o elkx
k)

as representing the Fourier series of an integral like the following one:

1 2
o fo g f(x —1)dt,

we deduce that previous integral has to be written in the following form:

1 2r +oo eikt
) f(x—t)( Z (ik)a)dt

k=—c0,k#0

It can be proved that (see [51])

¥ ikt _251 cos(kt — %)
k=—co,k#0 @ik)* k=1 ke
Then, denoting the kernel
= ikt
e
Yl = W’

k=—00,k#0
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Weyl obtains the fractional integral

1 2
1) = o f flx =0y @,
T Jo
At this point, see [51], Weyl defines the fractional derivative as
D (x) =D (I f) ().

This definition corresponds to the Weyl-Riemann-Lioville version of this deriva-
tive, see one more time [51] for the details. Then taking formally the derivative, Weyl
obtains the Weyl-Marchaud derivative that is:

2r
(@) 1 e o 4o
DV f(x) = 2ﬂj{; (fx) = fx=1)) dtw* (t)dt.

Of course, the case concerning D@ f is analogous.

The Weyl derivative and the Marchaud derivative of 27 periodic functions in
LP(0,2rm) coincide a.e., whenever they exist, see Lemma 19.4 in [50]. It is worth to
point out that the numerical evaluation of these derivatives is particularly important,
see e.g. [32] or [19], so that it is useful to understand their properties considering
their different representations.

Concerning the applications of these nonlocal operators, it would be very diffi-
cult to list all the papers published on this subject, nevertheless we like to cite [3],
where Riemann-Liouville-Marchaud-Weyl-Caputo derivative as well as the frac-
tional Laplace operator appeared in the description of a porous medium flow prob-
lem, and [43] for a description of many other problems.

We have just quoted the fractional operator, so that we formally introduce it. Let
a € (0,1), we recall that the fractional Laplace operator is defined, let us say for
every f € S(R™), the set of rapidly decreasing set functions on R”, as:

(AT f () = Co [ LT
R |x _ y|n+2a

cm G [ TOI0,,
R

r—0* "B, (x) X =yl

“)

where B, (x) denotes the ball centered at x pf radius r and the constant C,,, depends
only on a, n and represents a normalizing constant determined by the following
condition

FLUEPF () (x) = (A f(x).

Here we denote, as usual, by # the Fourier transform. We remark indeed that
FL&EPYF (f)) is often taken as the definition of the fractional Laplace operator
itself (-=A)? £, see e.g. [51] and [20].

There exists a relationship between the Marchaud derivative and the fractional
Laplace operator that is given for @ € (0, 1) by:
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f DY f(x)dH" ™' (h) = (=D f(x),
9B,1(0)

where

DY £(x) = o f“ fO) = flmth)
0

t1+rl

h € 0B1(0), h € R™ and ¢, is the suitable normalizing constant, see Lemma 26.2
in [50] and also [22] for an equivalent statement. In addition, we remark that in [50]
further relationships between Marchaud derivative and hypergeometric integrals are
studied.

2 Extension approach to nonlocal operators

In this section we discuss few cases in which we adapt the extension approach to the
Marchaud derivative and to Carnot groups, respectively introduced in Subsection
2.1 and Subsection 2.3. Moreover, for dealing with Carnot groups, we arranged the
preparatory Subsection 2.2, where we introduce the main notations and definitions
useful in that non-commutative field.

2.1 The Marchaud case

In [12], the authors observed that the fractional Laplace operator can be represented

as well as:
2200V (x,y)
dy °

where 0 < @ < 1 and V is the solution to the following problem:

(=A)* f(x) = C lim y'
y—0

div(y'=22V, ,V) = 0, R" x R,
V(x,0) = f, x e R",

and C a suitable constant. We will come back to this point in Section 2.2 discussing
the fractional Laplace case.

This extension approach, in defining the Weyl-Marchaud derivative, has been
faced in [10]. We describe below the rough idea in case @ = % for obtaining D:.
Let ¢ : R — R be a given function, sufficiently smooth. Let U be a solution to the
problem

2

& =98, (x0)e(0m) xR 5)
UO,1) = @), t eR.

We point out that (5) is not the usual Cauchy problem associated with the heat

operator, but a heat conduction problem.
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It is known that, without extra assumptions, we can not expect to have a unique

solution of the problem (5), see e.g. [53]. Nevertheless, if we denote by 77/, the

operator that associates to ¢ the partial derivative g—g, whenever U is sufficiently

regular, we have that

dy
T 2T = I

That is the operator 77, acts like an half derivative, that is a fractional derivative
of order 1/2, indeed

0 U

9 U _, de)
0x 0x

ou
(%1) = E(X’ 2 x—-0 dt

The solution of problem (5) under the reasonable assumptions that ¢ is bounded
and Holder continuous, is explicitly known (check e.g. [53]) to be

t 2 3
U(x,t) = cxf e T (1 - ) 2@(1)dt
—oo (6)

e xz 3
= fo e T 20(t —T)d7,
0

where (6) is obtained performing a change of variable.
We get moreover that

T2 s <, 1
xe wT 2dr=2 e 't 1dt=2I(=).
0 0 2

Ulx,t) -U(0,1)
— =

Hence,

¢ fo e F 1 (ot - 1) — (1)) dr, )

choosing c that takes into account the right normalization. This yields, by passing to
the limit, that

o Y& -UOD Cf"" v —gt-1) ®
0

x—0* X T %
1
that, possibly up to a multiplicative constant, is exactly D2 ¢.
The previous description enters as a particular case of the following results proved
in [10], see also [7],

Theorem 1 Let s € (0,1) and ¢: R — R be a bounded, locally C? function for
s <y <1 LetU: [0,00) X R — R be a solution to the problem

2
Kt = R gt + S5 E (nn) € (0.w0) xR
U(0,1) = ¢(1), reR 9

limy e U(x, 1) = 0, teR.
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Then U defines the extension operator for ¢, such that

Dg(r) = = lim cox™ (U(x1) = 9(1)), (10)
where
cs = 4°T(s).
Adapting the constant ¢y given in Theorem 1 by fixing ¢, = ‘}S(rl(_ss)f, in
, ou
Dig(t) = — lim cyx'™ —(x,1), (11)
x—0* 0x

in analogy with formula (3.1) in [12] we straightforwardly obtain the definition

s wf(t)—f(tir)dt

=5 Jo Tl

DLf() = ¢ (12)

The advantage of this choice is that D¢ — g ass - 0" and D{p — ¢’ ass — 1™,
Eventually, for recent result about the regularity theory in this framework, see [2].

2.2 Carnot setting

In this subsection, preparatory to the next one, we introduce the basic language
for dealing with Carnot groups. We recall that fractional operators may be defined
also for degenerate PDEs associated with non-negative quadratic forms on non-
commutative structures. In fact, a stratified Carnot group of step m (G,o) is a
set, in general endowed with a non-commutative law and a Lie algebra g with m
stratifications. More precisely there exist {g;}1<i<m>» m € N, m < N € N, vector

spaces such that:
gl@gz@'”@g,ﬂ =gERN =G,

lg.e11=g2, l[g1.&1=g3 ....[818m-11=gm # {0}

and
[g1.8m] = 0.

Moreover

m
—_ N k ki —
xeG=RY =RM x.. R, N k=N
=

and Z;.": 1 Jk;j = Q is called the homogeneous dimension. For every 4 > 0 is defined
the anisotropic dilation:

S2(x) = (AxWD, 22xD . amx™)y, where xY) eRN, j=1,...,m.
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In addition if Zi, ..., Zy, € g are left invariant vector fields such that Z;(0) =
2 j=1...k then
J |x=0

rank(Lie{Z;, ..., Zx,})(x) = N, (Hormander condition)

for every x € RV = G. Let us consider the sublaplacian on the stratified Carnot
group G given by

ki
Lo=-As=-) X}, (13)
j=1

where span{Xj, ..., Xy, } = g1.
In particular there exists a N X k; matrix o such that o - o is a N x N matrix
such that
div(o - o''V:) = Ag.

Moreover

ki

T -
o' Vu = ZXquj = Vg u,

J=1

is the so called horizontal gradient of u.

Hence

A=c- o7

The simplest example is the Heisenberg group, that is
G=H'=R3}, #H0)
where for every (x1, y1,11), (x2, y2,12) € H!
(x1, y1,11) © (X2, y2,12) = (X1 + X2, Y1 + y2, 11 + 12 + 2(X2y1 — X1)2)).

The opposite of & := (x, y,t) € H! is usually denoted by £~! and £ ! := (—x, —y, —1)
and the dilation by A > 0is: 6, (&) = (Ax, Ay, 1%t).
Moreover,
g1 =span{X,Y}, g = span{T}
where X' = % + 2}7%, Y = % - ZX%, and T = —4%, and
[X,Y]=T,

so that [g1, g1] = g2, [g1, &2] = {0},

81 @gz =R’

Hence, Heisenberg group is a 2 step groups and g; is the first layer, namely the
horizontal vector space. Moreover
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62 02 62 2 62
AHI :X2+Y2 = ﬁ'F“-)lm +6_y2_4xayat +4(x2+y2)ﬁ
Thus
1, 0, 2y 1, 0, 2y
A = Tr( 0, 1, -2x ): div( 0, 1, —2x Vu)

2y, =2x, 4(x? +y?) 2y, =2x, 4(x* +y?)

1, 0

=div| |0, 1 1,0, 2y Vul|= X%u+Y?u.

0,1, —2x
2y, —2x

In our framework

ki
L=-Ag:= —ZXg,
j=1

and considering the example given by the Heisenberg group, wehave k| = 2, X; = X
and X, =Y, so that £ = —Ag.

We point out that with this presentation we include, as a very particular case,
the Laplace operator on R” that is a commutative structure. The main difference
with the general elliptic case, usually given by the Laplace operator, for instance
considering the Kohn-Laplace operator on the Heisenberg group H" is that Ag»
represents a degenerate operator associated with a non-negative quadratic form
having the smallest eigenvalue always zero. This structure is in some way associated
with the quantum description of a system of moving particles with classical position
and momentum coordinates, see [26], [47]. The fundamental contribution about the
analytic properties of sublaplacians (13) can be found in [36]. Thus, the properties
of fractional operators in this framework is particularly interesting.

Thus, following [25], Section 3, see also [57, 37, 5], it results:

Theorem 2 The operator L, see (13), is a positive self-adjoint operator with domain
Wé’z(G). Denote now by {E(1)} the spectral resolution of L in L*(G). Ifa > 0 then

+00
0

with domain
+00
Wg’2(G) ={u € Lz(G) : f AYd(E(Du, u) < oo},
0

endowed with the graph norm.

Let us denote by /& = h(t, x) the fundamental solution of £ + d/dt¢. Recall that Q
denotes the homogeneous dimension as well. Then:

Theorem 3 ([25], Proposition 3.3)
Suppose Q > 3 and 0 < B < Q. Then the integral
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_ 1 R
Rﬁ(x)_l_(ﬂ/z)f0 t27 h(t,x) dt

converges absolutely for x # 0. In addition, Rg is a kernel such that:

i) Ry is the L fundamental solution;

ii) ifa € (0,2) and u € D(G), then L% = Lu* Ry,

iii)the kernels Ro admit the following convolution rule: if « > 0, B > 0 and x # 0,
then Ry1p(x) = Ry (x) * Rg(x).

In this case we cannot apply straightforwardly the Fourier transform, because the
operator may have variable coefficients. We faced in [23] the problem, see also [12],
by considering the following result.

Lemma 1 [f —o0 < a < 1, the boundary value problem

—17¢" +¢ =0
$(0) =1 (14)
lim; 400 p(2) = 0

has a solution ¢ € C* ([0, ©)) of the form
o(t) = co t'2Ky i (k7'15),

where cq = 2'71V2RT(172k) Y12k S 0ds a positive constant, k = 2_7” and K 2k
is the modified Bessel function of second kind (see [56]).

In addition:

i) 0 < ¢ < 1. Moreover ¢’ (¢) has a finite limit as 7 — 0 and, recursively,
12*h=26M) (1) has a finite limit as ¢ — 0

forh=23...;
i) ¢’ € L2((0,));
i) p(t) = ¢ [ 1@ e K (1 4+ 0(L)) ast — oo
V)¢ (1) = ¢p 17012 =11k (1 1 o(1)) ast > oo for h = 1,2,.. ..

The problem (14) in Lemma 1 takes the place of the problem that we obtain when
we apply the Fourier transform to the Laplace operator.

We explain now why in Carnot groups we need to a new tool that takes the place
of the Fourier transform and how the extension approach may be applied as it will
be clear reading the subsequent explanation.

Following [12], for studying problem (14), we consider the Euclidean case for the
Laplace operator A in R”. Recalling the argument that we have already described
for the extension problem in the construction of the Marchaud derivative, we reduce,
supposing to deal with the fractional operator associated with A, to consider the
following PDE:
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aou . o*U
y dy = ay?

Then applying the Fourier transform to (15) with respect to x, we obtain:

AU + =0, in R" x(0,+c0). (15)

2
Fau+ 72U 70U (16)
y dy 9y?

Thus it results:

adfUuEy) | PFUEY) _

0.
y 9y dy?

—IEPFUE y) +
If U(x,0) = u, by considering the problem,

v+ S = £y
v(0) =1 a7
limy e v(y) =0,

then it results, (knowing the solution v to (17))) via a scaling argument:
FU = Fuv(|€ly).
If a =0thenv = e~ ¥P¥ and
Ux,y) =uxF (¥,

In general:
l-a

y
n+l-a °

FLW(€ly) = Pa(x,y) = Cpog———————
(x2 + Iy|H) ™=

and we obtain:
U(X’Y) =U* Pa(7y)

Now: with a change of variable we transform problem (17) in problem (14).

Unfortunately, in our Carnot groups framework, we can not use the classical
Fourier transform having a dependence on the coefficients that is much complicate
with respect to the benchmark case represented by the Laplace operator in the
Euclidean setting. Thus, we start from Lemma 1 for applying the approach described
in [23] in Carnot groups.

2.3 The extension approach in Carnot groups

We have already pointed out in the previous Subsection 2.2 that we cannot apply the
Fourier transform, so we use the solution ¢ of problem (1) to define a new operator
via the spectral resolution of L, see (13) for recalling the definition.

Hence, for every u € LZ(G) and y > 0, we set, see [23]:
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V() = g0y L = f Oy~ A dE(u,  (18)
0

where 0 := (1 — a)?™!, ¢ solves (14), and {E(A)} is the spectral resolution of £ in
L*(G) and therefore v € L*(G) for y > 0.
Moreover we proved in [23] the following result.

Theorem 4 (generalized subordination identity)

Let h(t,-) be the heat kernel associated with L + % We denote by Pg(-,y) the

“Poisson kernel”

o0 2
Pg(,y) i= Ca y'™ f 14D h(r, ) d, (19)
0
where X
20~
Ch=————.
T T((1-a)/2)
Then
Pg(,y) 20,
and
v(,y) =ux* Pa(,y). (20)

The last part is a consequence of some results contained in [37], [25], Theorem
3.1. In addition, we recall that the existence of the heat kernel 4 is proved in [25].
As a byproduct of Theorem 4, we obtain, see [23], that

l-a

L7 u(x) =G, L(H(f)—u(m)ﬁa—l(f)df- 2y

In fact, whenever u is sufficiently smooth:

aV5y) —v(x0)  juxPc(,y) —u(x)
y =y

y y
L 2
0 N . (22)
—Cau(x) f f 1425 p(r, &%) drdg)
G JO
[ Vz
=C, f f 19IPT p(r, %) di(u(&) — u(x))dé.
G JO
On the other hand
o0 v2 - -
lim C, f 1925 n(t, e %) dt = CuRyy. (23)
y—0* 0

Thus
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1-a

V() —v(x,0)

lim =Cq f(u(f) —u(x))Ra_1(&)dé = Ca L7 u(x),
y—=0* y G
where 5
= 3 ® 5
Rg(x) = T 3/2) j; t27 h(t, x)dt. 24)

It boils down:

aV(xy) = v(x,0) _é

f(u(é) —u(x))Ry-1(€)dE.
y G

1-a
L7 u(x) = ylggj
This construction is very general, nevertheless it is not always easy to write
explicitly the kernel R,_; even in the simplest non-commutative case like in the
Heisenberg group H'. In fact, the heat kernel in the Heisenberg group H' is written
via an integral. More precisely, if (z,5) € C x R = H', then the heat kernel % of
—Ag1 + 2 in 10, +oo[ xH! is:

_f(z,5,K)

h(t, (2, 5)) = (dnt)™2 f L=y
R

where )
| K|z|
I = <= +
F (@80 = 5 (ks + o bR
and )
K
VK) = —=
() = Gaho

Thus, recalling (24), we obtain in the Heisenberg case H! the following kernel:

I ©
~ _ 2 g_l ) _f(Z,ts.K)
Rp(z.9) = £ fo t ((4m) fR e V(K)dk) dr. (25

It is clear that the double integration in the representation of ﬁﬁ produces some
technical difficulties that do not appear in dealing with the usual heat kernel in R>.
In fact, if (G, o) = (R3, +), then for every a > 0 it results

~ a 1 °° Lx[2
Ro(x) = ———f 2327 5 gy,
“ 2T (=a/2) (47)3 Jo
<2
being —1— ¢~ the heat kernel of —A + % in ]0, +co[xR3. Thus, after a changing
(4rt)2
of variables, we obtain:
~ a 4%+% 3 o l+a
Ro(x) = =5 ——|x[™*7 f y 2 edy
U (=a/2) (47)3 0
0,3 (26)
[0 47%3 ((Z+3)| |7a73
=- X .
(/) (4m)} 2
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a

R

4

_ a 42 (a+3
2 (- /2) ﬂ%

Moreover, denoting ¢ := F(T) we get the usual kernel that appears

in the representation of (—A)% that is:

~ 1
Ry(x) =c W,
see (4) when n = 3.

As far as we are concern, we don’t know if a simpler representation of the kernel
(25) exists when we are in a non-commutative group.

We conclude this section pointing out that some tentatives to define the fractional
operator, starting from the notion of the intrinsic translation, has been done in [21].
Moreover, it is known that in CR structures the extension can be done with a little
different approach, see [28].

3 Applications

In this section we discuss some applications of the extension method to solutions of
nonlocal operators. In particular in Subsection 3.1 we review the Harnack inequality
for positive solutions of the equation D*u = 0 in / C R. In Subsection 3.2 we recall
how to prove Harnack inequality for «—harmonic function in Carnot groups, while
in Subsection 3.3 we revisit an application of the extension approach to the notion
of perimeter in Carnot groups.

3.1 Weyl-Marchaud derivative: the Harnack inequality

Concerning the PDE of the problem (9), in this particular case, the conductivity
coefficient (i.e. the coefficient in front of the x derivative) and the specific heat (the
coefficient of the ¢ derivative) coincide. In [16], this type of equation has been studied
in a more general framework. In fact a more general form of that equation is given
as follows:

0 0
w(x) = = (@50, 27)

We assume that:
A w(x) < a(x) < Aw(x)

and that the following integrability condition (known as a Muckehoupt, or A, weight

condition) on the weight w holds as well:

1 1 1
Sljlp(m s w(x) dx) (m : W dx) = ¢g < o0, (28)
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for every interval J C (=R, R). The constant ¢ is indicated as the A, constant of w.
In our case, of course, we are left with the condition (28). In [16] the authors also
proved the following Harnack inequality.

Theorem 5 (Chiarenza-Serapioni) Let U be a positive solution in (—R, R) X (0,T)
of the equation in (9) and assume that condition (28) holds, with constant cqo. Then
there exists y = y(co) > 0 such that

sup U<y inf U 29)

2
3p2 2 L p 3p~ 2
(2, 2)x(t0- 2= 19-27) (5, 5)X(to+ 3, 10+p")

holds for ty € (0,T) and any p such that 0 < p < R/2 and [ty — p> to + p*1 € (0,T).

As a consequence, in [10], has been proved the following Harnack inequality for the
Marchaud derivative:

Corollary 1 Let s € (0, 1). There exists a positive constant y such that, if D¢ = 0
inJ CRand ¢ >0inR, then

sup o<y inf ¢ 30)

[t9-36.10- 161 [to+36,10+6]

for every ty € R and for every § > 0 such that [ty — 6,ty + 6] C J.

3.2 Fractional operators of sublaplacians in Carnot groups: the
Harnack inequality

Having in hand the characterization of the fractional operator recalled in (21) and
(22), we may reduce ourselves to work with local operator (as well as we have already
remarked for the Marchaud derivative), see also [23] for this part. In fact, if Y is the
following vector field % and G := G x R, then G is still a Carnot group and its Lie
algebra ¢ admits the stratification

§=§1@gz@---@gm,
where g = span{Y, g1}.

Then the following result holds.

Theorem 6 ([23])

Letu € W(l}_a’z(G) be given, u > 0, and assume LA=D12y = 0 jnan open set Q.
Denoting by V the function on G obtained by continuing v by parity across y = 0.
Then
i) V>0
i)V e Wéﬁoc(ﬁ; y4dx dy), where Q:=0x (-1, 1);
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iii)V is a weak solution of the equation
divs (1y°Ved) =0 in Q. 31)

We recall the following well known definition in the study of operators with
weights.

Definition 1 (see [17]) A functionw € LlloC (@) is said to be a A>-weight with respect
to the cc-metric of G if

sup  |Be(x, )| f w(y) dy - 1Be (P! f w(y) ™ dy < .
B¢ (x,r) B('(x’r)

x€G, r>0

Remark. The function w(x, y) = |y|¢ is a Ay-weight with respect to the CC-metric
of GxRifand onlyif -1 < a < 1.
The following result is well known in literature, see: [34, 35, 42].

Theorem 7 Let G be a Carnot group, and let Q C G be an open set. Let now
w € Ll (G) be a Ay-weight with respect to the Carnot-Carathéodory metric d. of

loc
G. Ifu € Wé’z(Q, wdx) is a weak solution to

divg (w Vgu) =0, (32)

then u is locally Holder continuous in Q. Moreover, ifu > 0, then there exist C,b > 0
(independent of u) such that the following invariant Harnack inequality holds:

sup u<C inf u (33)
Be(x,r) Be(x.r)

for any metric ball B.(x,r) such that B.(x, br) C Q.

In addition, if Q satisfies the following local condition: for any xg € 9dQ there
exist 7o > 0 and @ > O such that

|B.(x0,7) NQ°| > a|Be(xo,7)| forr <rg.

Then u is locally Holder continuous in Q. Thus, applying Theorem 7 we obtain the
Harnack inequality. In fact we get the following theorem.

Theorem 8 ([23])

Let -1 < a < 1andletu e W@]}_a’2

LU=D2y = 0 in an open set Q c G.
Then there exist C,b > 0 (independent of u) such that the following invariant
Harnack inequality holds:

(G) be given, u > 0 on all of G. Assume

sup u<C inf u
Be(x,r) Be(x,r)

for any metric ball B.(x,r) such that B (x, br) C Q.
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In fact, the proof of Theorem 8 is consequence of the following argument. Since the
function (18), that may be written as (20) as well, after to be prolonged by parity
and denoted by ¥, is solution to the local problem (31) in an extended set obtained
by parity. Then, recalling that ¥ is positive, the Harnack inequality holds true for
v applying the well known theory of the operators with weights, see Theorem 7.
In this way, we straightforwardly obtain the desired inequality from (33), because
u(x) =v(x,0) =v(x,0).

3.3 Carnot groups: a perimeter notion

Having in mind the previous results described in Section 2.2, we would like to show
some applications of them to fractional perimeter in Carnot groups. This is a first
tentative of extending a research theme already explored in the Euclidean case, see
e.g. [11], to the non-commutative setting.

We start as usual recalling some remarks R". Let A, (¢, 7) be the fundamental
solution of the fractional heat equation in R, X R"

up + (=A)%u = 0. (34)

Setting hq (z) = hqo (1, 2), hy satisfies

f he(t.z)dz=1  ¥1>0, ha(t,2) = —mha (CV22) - (35)
and
- ha(t,x) _ Cpa
T G0

see Theorem 2.1 in [9], where the exact value of the constant is given. The fractional
heat semigroup that gives the solution of (34) with initial datum f is given by

SN @ = [ sy fell@),
Rn
and, since the kernel A, has integral one, we have
VS0 = ) = [ o) (7= ) - S 0) d.
Rn

On the other hand:
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=872 F 1172 gy
:f f(—A)afdx=C(n,a)f fx) andydx 37)
2
C<n @) f f YO -fOR . Ca), B

|x y|n+20f 2

fx) - fy)

Thus we consider the following quantity

01 = [ et (=)= 1) dxy.

Using (36) we get
07 ()
}1_1;% t = n,(l[f]Wa,Z(Rn)'
Hence we have that f € W®2(R") if and only if
1im 20
im < 00,
t—0 t

see [4] and [18].
The following properties have been proved in [27].

Theorem 9 There exists a function h defined in G such that:

(i) h € C*(G\{(0,0)})

(ii) h(A%t,81(x)) = A7 Ch(t, x) for everyt > 0, x € G and A > 0;
(iii) h(t,x) = 0 for every t < 0 and f@ h(t, x)dx =1 for every t > 0O;
(iv) h(t,x) = h(t,x~") for everyt > 0 and x € G;

(v) there exists ¢ > 0 such that for every x € Gandt > 0

_ llx11%) _ x|
10 exp (- ﬁ) < h(x,1) < et exp( - 7) (38)

As well as in the Euclidean case, we introduce the heat semigroup

et Lf(x) o= f@ Wy o) fdy, f e LY(G). (39)

For every a > 0 let

> _-__ @ ® -2
R, (x) := ZF(—a/Z)L t h(t, x)dt, 40)

where

_ 1 s
Ra(x)_r(a/z)j(: 127 h(t, x)dt.

Then, see [23], R, and R, are smooth functions in G \ {0} and LRy_, = R_,. In
addition, R, is positive and homogeneous of degree —a — Q.
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Moreover, using (iv) and (v) of Theorem 9, we get

Ry (x) = Ry (x7h), (41)
and
X2 < Ry(x) < cllx]™2 VxeG. (42)
Thus, defining
lxllo o= (zmx))ﬁ, (43)

we deduce that ||x||, is a homogeneous symmetric norm because from (42) follows
that there exists a constant ¢ > 0, depending only on «, such that for every x € G

-1
cixll < llxlle < cllx]l-

After a straightforward calculation we obtain the following result.

Lemma 2 If u € S(G) then

1
L%(x) =—=

fu(xoy)+u(xoyl)—2u(x)dy' (44)
2 Js

IylIE >
Moreover for any u € S(G):

lirrll (1-a)L%(x) = Lu(x), ¥x € G.

a—1"

For the proof see e.g. [24] and [23]. The notion of @-horizontal perimeter in Carnot
groups can be introduce as follow, see [24].

Definition 2 For a Borel set E € G and @ € (0,1) the fractional a—horizontal
perimeter of E is

1
PCI'Q,’G(E) = ff ﬁdxdy
EJEC |ly= o xllg

We say that E C G has finite fractional @—horizontal perimeter if Per, g(E) < co.

We recall here, for permitting a quick comparison, that the fractional perimeter
in R" of a Borel set E c R”, in R", assuming that @ € (0, 1) is defined as follows:

1
Pera’Rn (E) = f f ﬁdxdy
E c I.X - yl

The interested reader may easily compare this definition keeping in mind the role
of the kernel W in defining the fractional Laplace operator in R", see (4). For
further details about the notion of fractional perimeter of a set E in a set  that is
not necessarily all of R” see [1] and [13].

Moreover, continuing our description in Carnot groups, we remark that
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WE®) = xeW)I , IXE(X) = xEQ)
T o gpora A= oo opora A
aJG |y lo x|| EVEc JEUE® ||yl o x||Z
= —dxdy.
fE fE Iyt o @

So that, the function

0% (xz) = f@ Rt lee(7! 00 ~ e (ldsdy

establishes a relationship between the fractional heat semigroup and the fractional
perimeter. In fact, see the following result whose detailed proof is given in [24].

Theorem 10 There are constants ci(a), ca(a) > 0 such that for every Borel set E
there holds.

ci(@)Pery g(E) < 1iminfM < lim su Q/Z(XE)
1 a,G 50 t = t—>0p P — 5)

< cz(a')Pera,G(E).

More precisely, the upper estimates follow from [15] where it is proved that:

R (a2 ) < ha(t2) < (@A —L ). @46)

t
l|z[|2+2e l|z[|@+2

and the following lemma that has been proved in [49], see Theorems 9 and 14.

Lemma3 Let u € W¢/ 2’Z(G); then there exists ¢ > 0 such that for all z € G,
denoting by t,u(x) = u(z"'x), there holds

lu(x) —u(w™" o x)|?
< @ .
et =l < collzl” [ 2 O e

We sketch the proof of Theorem 10 for helping the reader, recalling that the detail
can be found in [24]:

() = f a2t (2 0 X) — x5 (0)ldxdz
GxG

- 2
< o9 f Izl Ly EL gy arnadz
B(tl/”)

-1
7z ox)-— x
+cztf y ! ||Z||Q)+aXE( )|dxdz < 2tcp| B(1)|Pery, g (E)
Be (t'a)xG

lxe(z™ ox) = xe()|
+ cztf , TG dxdz < ca(a)tPery g(E).
Be (t'a)xG

Concerning the lower bound, we start from (46), keeping in mind that on the
complement of the ball B(ti) we have the estimate
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hapa (1Y) 2 ¢ o,
llyl|e+e
so that we deduce

P (xE) = f hap(t, VI xE( ™" 0 x) = xE(x)|dxdy
GxG

-1 _
ch(a)tf | fl)((y OX)Q+HXE(X)|dxdy‘
G\B(rw) Ja Iylla

It follows
YO o) — ¥l _ Y (y™' ox) = xp ()]
c1(a) O+a - tl_r)% €1 1 O+a
GxG Iylla G\B(t7) JG Iyl
a/2
< liminf w,
t—0 t

ending the proof. Of course Theorem 10 can be generalized to every function u €
L*(G), see [24] , Theorem 3.5. So that u € W*2(G) if and only if

Q7 (u)
t

lim sup < +o00.

t—0%

4 Extension approach: the periodic function case via Fourier
series tool

In this section we test the extension approach considering a periodic function. To do
this we face the problem considering Fourier series. In particular, in the case s = %,
we obtain as a byproduct a Poincaré inequality, see (63).

In fact let L € (0, ) be a fixed number and s € (0, 1). Let ¢ € Co(R) be a 2
periodic, continuous given function. We want to solve the following problem

W (1) = 29 (1) + Y (x,1), (x,1) € (O, L) X (~,7)
U(0,1) = (1), t € [-m,n] 47)
U(x,—-nm) =U(x,m), x €[0,L],

compare with [10] and Section 2, Theorem 1.
We look for a solution of the previous problem in the following form:

U= % + I;(ak (x) cos(kt) + br (x) sin(kt)),

where {ay }x eny and { by }x en are functions defined in [0, L] that have to be determined,
but assuming that
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1 T
ap(0) = ;f e(r)dt

T
and

ax(0) = :—rf p(t)cos(kt)dr, br(0) = %f @(t)sin(kT)dT.

We can suppose without, any restriction, that ag(0) = 0 simply considering ¢ — %,

where ¢ := % f_’; @(7)dr. Inserting formally our formal solution U in the equation
of the problem (47), we get the following sequence of ODE systems

1-2
all + a()Ts -0, xe(0,L) (48)

and forevery k e N, k > 1

vy 1Dspr
{bllc,+ l—xzsb; kay, x € (0,L) 49)
a/+==a;, =kby x€(0,L)
with the initial conditions a¢(0) = 0, and such that for every k e N, k > 1,
1 " 1 ("
ar(0) = —f p(t)cos(kt)dr, br(0) = —f @(7)sin(kT)dT.
T J T Jon
4.1 The case s = %
Incase s = %, from (48) and (49) we get:
aj =0, xe€(0,L)
and forevery k e N, k > 1
b = —kay, x € (0,L)
k
{a;g = kby xe€(0,L) (50)

with the initial conditions a¢(0) = 0, and for every k € N, k > 1,

ak(0) = ¢a, (0),  bi(0) = ¢p, (0),

where
¥a, (0) = %fﬂ p(t)cos(kt)dt  br(0) = ¢p, (0) = }rf” @(7)sin(kT)dt

In this special case we get, for every k > 1, b;fv) + kb, = 0 and by = —ka. As a
consequence the solution of b](jv) + k%by = 0, b (0) = ¢p, (0) takes the following
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form:

V2k o N2k V2k . V2k

bi = ¢p, (0) cosh(Tx) cos(Tx) + ¢ cosh(Tx) sin(Tx)

V2k. . 2k

2k 2k 2k
+c3 sinh(gx) cos(gx) +cy sinh(T) sin(Tx)

= cosh(@x) (ga;,k 0) cos(gx) +c) sin(gx))

+ sinh(——x) | ¢3 cos(——x) + ¢4 sin(—x) |.
2 2 2
From b}/ = —kay, ax(0) = ¢q, (0) we get
by = cosh(@x) (go;,k 0) cos(@x} +cp sin(@x))

+ sinh(?x) (C3 cos(gx) — ¢4, (0) sin(?x))

and
ax = cosh(?x) (%k (0) cos(gx) + 0 sin(?x))
+ sinh(gx) <C3 cos(@x) + op, (0) sin(@x)) .
While

ap(x) = cox + ¢o,
for some ¢y € R.
Then

) 2 ) 2k
a, (0) = T(Cz,k +ck), b (0) = T(CZ,k +¢3.1)

and

Fausto Ferrari

(1)

(52)

(33)
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‘;—Z(o, 1) = %0 + Z(a,g (0) cos(kt) + b}, (0) sin(kr))

_@, % ;\/—(m + c310) (cos(kr) + sin(kr))
_a, V2§ -3
= L4 V2 Y VE(ens + exi)cosht - 3 cos T

>~
I

1

= %O + ; ‘/E(CZ,k + ¢3.1) cos(kt — %).

In this way we do not have the convergence of the Fourier solution, in general.
Thus from the fundamental system of solutions

VI NI VIR VR

{exp(—x) C0s(~—5x), exp(~—x) sin(~=7x).

Vi VIE VI

exp(—?x) cos(—x) xp(—Tx) sm(—x)

(35)

we consider only the functions

2k 2k 2k 2k
{exp(—gmcos(gx) (—gm (%x)

Let us consider the following linear combination

V2k

V2k V2k 2% .
c1 exp(—Tx) cos(Tx) + e exp(—Tx) sm(Tx).

We impose that ¢; = ¢, , so that

V2k V2k . N2k
bk = ¢p, exp(———x) cos(——x) + ¢ exp(———x) sin(——x).
2 2 2 2
Moreover
,  V2k V2k V2k . V2k
by = —5= exp(=—=x) | (c2 = ¢, ) €OS(=7=x) = (c2 + g, ) sin( =) ).
and

by = -k exp(—@x) (cz cos(@x) - Qb sin(@x)).

so that by’ = —ay if ¢ = ¢4, . Hence
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V2k k . V2k
ap = exp(—Tx) Pay COS(TX) — @b, sm(Tx)

and
V2k V2k . N2k
by = exp(—Tx) Pb, cos(Tx) + QPa, sm(Tx)

satisfies the system.
In particular

, V2 V2k V2k V2k
a, = _T xp(——x) Pa, cos(Tx) Pb, sm(Tx)
V2k V2k . 2k V2k
rep(- 500 (- 50 - i, e Bl
\/2 2k V2k V2k
= (——x)((%k +90bk)005(_2 x) + (@ay — %k)sin(Tx))

(56)

and

2k 2k 2k 2k
bj, = g exp(—gX) ((%k - sobk)cos(gx) = (Par + Ppi) Sin(gx))-

Asa consequence

: V2k
ak(O) = _T(‘Pak + ‘Pbk)
and ViE
, 2k
bk(O) = T(‘Pak - ‘Pbk)~
ou

- (00 = %O + Z(a,; (0) cos(kt) + by (0) sin(kr))
57
=5 -5 Z Vi ((ay + ¢1,)) cos(k1) = (pay, = 1) sin(kn)) .

Moreover now g, (0) = ~Vk 2 (g, + @p,) and Y, (0) = VAL (0u — 01)
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0 oU

2 ax O )———Z\/_ (Way +Wn,) cos(kt) = Way = wp,) sin(kt))

1
-3 Z k ((=(Pay + b)) + (Pay = ¢1,)) cos(kt) = (Way — Y, ) sin(kt))
k=1
] [oe]
== Z (—2¢p, cos(kt) = (—(@a, + ¢b,) — (@a, — @b, )) sin(kt))
k=1
- % Z k (=2¢p, cos(kt) + 2¢q, sin(kt))
k=1

8

Z k (@b, cos(kt) — q, sin(kt)) = Z—Z(o, 0.
k_

From (57) it follows that, fixing ¢y = 0, we can define

2 (o]
0= —§ D VK ($a + 95,)) cos(kD) = (pa = g, ) sinkD) . (58)
2 k=1

1

1 1
as the representative of a class of functions [dz—f] such that for every n € [dz—ﬁp] then
dt2 dr2

d%go

n- 1
dr2

is constant.
Moreover for every co € R, the operator U, acts on ¢ as it follows

C()x + (,D()

+ Z(ak (x) cos(kt) + by (x) sin(kt)) (59)

that is

Ueo () = Uey = SR Z(ak (x) cos(kt) + by (x) sin(kr))

is a solution of the extension problem and since

aUCo _ C() \/§ S .
=0 =3~ ; VE ((@ay + 01, ) cOs(kt) = (@a, — @b, ) sin(k?))

we define

Tij2.e0(p) = %0 - % D Vi ((fay + ¢,)) c08(kt) = (Pay, = pn, ) sin(kn)) .
k=1
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In case cp # 0O, then applying the operator 71,2, to T1/2,¢,(¢), after a further
extension where we generate a new operator U, associated with the constant ¢; € R
, we get

TipeTipep) = 5 == Z Vi ((ay + @1,)) c0s(k) = (9ay. = 1) sin(ki))

- Z k (@b, cos(kt) = ¢q, sin(kt)) = = + —(t)

k=1
(60)
because
\/_\/_( \/_\/_(‘Pw\ +‘:0bk)+\/_\/_(90ak ‘Pbk)) 1)
= kb,
and
V2 V2 V2
7‘/%(—‘/%7 (Pay + ¢b,) — ﬁ? (Pay, — ¢by )) (62)
= _k‘Pak
and

'(1) = Z(—kak (x) sin(kt)+kby (x) cos(kt)) = Z(kbk (x) cos(kt)—kay (x) sin(kt))
k=1 k=1

We remark that if
f= dt 0 = g ki V (@, + 1) cos(k) = (ay = pp,) sin(k)
then
1112 = gik ((Par + @5)* + (Bap — 0b,)? i (02 +¢3,)-
k=1 k=1
Thus if ¢g = 0, then
Il ny S0 i (2, +¢3 ) = n|| lle( . (63)

k=1

That is we have proved the following Poincaré inequality:
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1
%0 dze
e = S 12 cmy < n||g||iz(_m. (64)

4.2 General case with Bessel functions: a short remark

Let 12
al + a(')—s =0, xe(0,L)
x

and forevery k e N, k > 1

vy 125y
{bl,(, + 1—xzsb’f kag, x € (O, L) 65)
a/+==a;, =kbr x€(0,L)
It is convenient to consider the following differential equation in C
d? 1-2sd
Wk SOV | ikw =0, (66)
dx? X
where k € N. Indeed Rw and Jw satisfy the following system
7y 125 sy o
ka//+ 1fzg5wk, kRwg, 67)
Rw/ + 5= Rw, = kTwy

Then, see [44] Section 3.5 p. 77, a solution of previous equation (66) is given by

Wi = x‘YZs(\/E(l +i)x),
2
k .

Wi = xSZS(—\/;(l +1i)x),

where Z, is an arbitrary solution of Bessel’s differential equation:

or also

& d
2 d;" zdlz" + (2= vHw=0. (68)

Then solving the problem we get

(L= Z(JEQ+ DL -x)
e
Lszs<\/§<1 +i)L)

Uk (x,1) = ¢, ikt

Using this functions we may expect to obtain inequalities for @ € (0, 1) analogous

to (64) obtained for @ = %
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