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Abstract

This thesis studies the extension problem for higher-order fractional powers of the heat operatorH = Δ − ∂t in
Rn+1. Specifically, given s > 0 and indicating with [s] its integral part, we study the following degenerate partial
differential equation in the thick spaceRn+1 × R+

y ,

H [s]+1U =

(
∂yy +

a
y
∂y +H

)[s]+1

U = 0. (1)

The connection between the Bessel parameter a in (1) and the fractional parameter s > 0 is given by the equation

a = 1− 2(s− [s]).

When s ∈ (0, 1) this equation reduces to the well-known relation a = 1 − 2s, and in such case (1) becomes the
famous Caffarelli-Silvestre extension problem. Generalising their result, in this thesis we show that the nonlocal
operator (−H) s can be realised as theDirichlet-to-Neumannmap associated with the solutionU of the extension
equation (1).

In this thesis we systematically exploit the evolutive semigroup {PH
τ }τ>0, associated with the Cauchy problem{

∂τu−Hu = 0
u((x, t), 0) = f(x, t).

This approach provides a powerful tool in analysis, and it has the twofold advantage of allowing an independent
treatment of several complex calculations involving the Fourier transform, while at same time extending to frame-
works where the Fourier transform is not available.
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1
Introduction

In his visionary papers [17] and [18]Marcel Riesz introduced the fractional powers of the Laplacean in Euclidean
and Lorentzian space, developed the calculus of these nonlocal operators and studied the Dirichlet and Cauchy
problems for respectively (−Δ)s and (∂tt − Δ)s.

Pseudo-differential operators such as (−Δ)s, (∂tt −Δ)s, (∂t −Δ)s play an important role in many branches of
the applied sciences ranging from fluid dynamics, to elasticity and to quantummechanics.

Our objective in this thesis is studying the extension problem for higher-order fractional powers of the heat
operator H = Δ − ∂t in Rn+1. Specifically, given s > 0 and indicating with [s] its integral part, we study the
following degenerate partial differential equation in the thick spaceRn+1 × R+

y ,

H [s]+1U =

(
∂yy +

a
y
∂y +H

)[s]+1

U = 0. (1.1)

The connection between the Bessel parameter a in (1.1) and the fractional non-integer parameter s > 0 is given
by the equation

a = 1− 2(s− [s]).

When s ∈ (0, 1) this equation reduces to the well-known relation a = 1− 2s, and in such case (1.1) becomes the
famous Caffarelli-Silvestre extension problem. Generalising their result, in this thesis we show that the nonlocal
operator (−H)s can be realised as the Dirichlet-to-Neumannmap associated with the solutionU of the extension
equation (1.1).

A list of the topics covered by this thesis is provided by the table of contents. Diving deeper into the details:

1. In Chapter 2 we are presenting some of the most basic aspects of the operator (−Δ)s, a complete intro-
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duction of which is available at [11]. In particular we have

• In Section 2.1 we introduce the main pointwise definition of the nonlocal operator (−Δ)s, see
(2.7) below. In Proposition 2.1.8 we show that the definition (2.7) implies a decay at infinity of the
fractional Laplacean that plays an important role in its analysis.

• Section 2.2 constitutes a brief interlude on two important protagonist of classical analysis which
also play a central role in this chapter: the Fourier transform andBessel functions. These two classi-
cal subjects are inextricably connected. One the one hand, the Bessel functions are eigenfunctions
of the Laplacean. On the other, they also appear as the Fourier transform of the measure carried
by the unit sphere. In this connection, and since it is a recurrent ingredient in this note, we recall
the classical Fourier-Bessel integral formula due to Bochner, see Theorem 2.2.4 below.

• Section 2.3 opens with the proof of Proposition 2.3.1, which describes the action of (−Δ)s on the
Fourier transform side. This result proves an important fact: the fractional Laplacean is a pseudo-
differential operator. A basic consequence of Proposition 2.3.1 is the semigroup property inCorol-
lary 2.3.2 and the ”integration by parts” Lemma 2.3.3, which shows that (−Δ)s is a symmetric
operator. We close the section with the computation in Proposition 2.3.4 of the normalization
constant γ(n, s) in the pointwise definition (2.7).

• In Section 2.4 we want to find the fundamental solution of (−Δ)s, i.e., proving Theorem 2.4.4.
This can be done in several ways, but we choose to exploit the tools provided in [11].

• Section 2.5 presents in detail the central theme of the analysis of the fractional Laplacean: the
extension problem of Caffarelli and Silvestre (2.85). We construct the Poisson kernel for the ex-
tension operator, and provide two proofs of (2.86), which characterizes (−Δ)s as the weighted
Dirichlet-to-Neumann map of the extension problem. The extension procedure is a very pow-
erful tool which has been applied so far in many different directions, and it is hardly possible to
accurately describe the impact of this paper in the field.

2. In Chapter 3 we study the fractional operators, in particular (−Δ)s and (∂t − Δ)s, with the systematic
use of the heat semigroup {Pt}t≥0. The semigroup approach provides a powerful tool in analysis and
has a twofold advantage. On one hand it allows a treatment independent of several complex calculations
involving the Fourier transform and, more importantly, it extends to frameworks in which the Fourier
transform is not available. References on the methods and tools exploited in this chapter can be found at
[10]. In particular we have

• In Section 3.1 we define in (3.2) the heat semigroup and its main properties. The name is justified
by the fact that the function u(x, t) = Ptf(x) solves the Cauchy problem for the heat equation
∂tu− Δu = 0 inRn × R+.

• Section 3.2 openswith theProposition 3.2.1, which basically shows the ultracontractivity property
of the heat semigroup.

• In Section 3.3 we define the fractional Laplacean according to the formulation of Balakrishnan in
Definition 3.3.1. We then proceed with the proof of some properties of the fractional Laplacean,
similarly to what is done in Chapter 2, but now leveraging the advantages that the heat semigroup
grants.

• In Section 3.4 we show that Balakrishnan’s definition of the nonlocal operator (−Δ) α
2 coincides

with that introduced by M. Riesz in [17]. Subsequently, we analyse the asymptotic behaviour of
this operator as α ↗ 2 and we show that, unsurprisingly, in the limit we obtain the negative of the
Laplace operator Δ.
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• In semigroup theory a procedure for forming a new semigroup from a given one is that of the
evolution semigroup. In Section 3.5 we exploit this idea to introduce a new semigroup that will be
used as a building block for: (i) defining the fractional powers of the heat operator H = Δ − ∂t;
(ii) solving the extension problem for such nonlocal operators.

• In Section 3.6 we define the fractional heat operator (∂t − Δ) α
2 through the evolutive heat semi-

group and we show some of its basic properties, similarly to what we have done in Section 3.3.

• In Section 3.7 we solve the extension problem for the fractional heat operator. In Definition 3.7.1
we define the Poisson kernel for the extension problem, and this allows us to define the following
function

U(x, y, t) :=
∫ ∞

0

∫
Rn

P(s)(x− z, y, τ)f(z, t− τ) dz dτ.

To reach our goal, i.e. to solve the extension problem, we make the crucial observation thatU can
be written in the following form using the evolutive heat semigroup PH

τ

U(x, y, t) :=
1

21−aΓ
( 1−a

2

)y1−a
∫ ∞

0

1
τ 3−a

2
e−

y2
4τ PH

τ f(x, t) dτ.

3. In Chapter 4 we first want to define and then solve the extension problem for the fractional powers of
higher order of ∂t − Δ. In particular we have

• In Section 4.1 we want to introduce the fractional operators of higher order considered in the
previous chapters. In order to do this, we use the Balakrishnan formulation, which permits to give
a natural generalization to higher order in both cases.

• Our goal in Section 4.2 is to give the statement of the extension problem of higher order and prove
it in Subsection 4.2.1

4. In the concluding remarks 5 we comment on how to generalize the results obtained in Chapter 4, and
specificallywewould like to solve the extensionproblemofhigher order for the following class of operators

K u := tr (Q∇2u) + ⟨BX,∇u⟩ − ∂tu,

whereQ and B areN×Nmatrices with real, constant coefficients, withQ ≥ 0,Q = Q∗.

3
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2
Fractional Laplacean

2.1 The fractional Laplacean

In this section we introduce the M. Riesz’ fractional Laplacean (−Δ)s, with 0 < s < 1. Our first goal is to give a
definition of this nonlocal operator.

Our initial observation is the following simple calculus lemma which could be used to provide a probabilistic
interpretation oh the classical Laplacean on the real line.

Lemma 2.1.1. Let f ∈ C 2(a, b), then for every x ∈ (a, b) one has

−f ′′(x) = lim
y→0

2f(x)− f(x+ y)− f(x− y)
y2

The expression in the right-hand side in the equation in Lemma 2.1.1 is known as the symmetric difference
quotient of order two. If we introduce the ”spherical” surface and ”solid” averaging operators

My f(x) =
f(x+ y) + f(x− y)

2
, Ay f(x) =

1
2y

∫ x+y

x−y
f(t) dt,

then we can reformulate the conclusion in Lemma 2.1.1 as follows:

−f ′′(x) = 2 lim
y→0

f(x)− My f(x)
y2

= 6 lim
y→0

f(x)− Ay f(x)
y2

where it is easily seen that the second equality follows from the first one and L’Hopital’s rule. The result that
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follows generalizes this observation to n ≥ 2.

Proposition 2.1.2. LetΩ ∈ Rn be an open set. For any f ∈ C2(Ω) and x ∈ Ω we have

−Δf(x) = 2n lim
r→0

f(x)− Mr f(x)
r2

= 2(n+ 2) lim
r→0

f(x)− Ar f(x)
r2

(2.1)

where Δf is the operator of Laplace.

In the equation (2.1) we have indicated with

Mru(x) =
1

σn−1rn−1

∫
S(x,r)

u(y) dσ(y), Aru(x) =
1

ωnrn

∫
B(x,r)

u(y) dy, (2.2)

the spherical surface and solidmean-value operators. Here,B(x, r) = {y ∈ Rn : |y−x| < r}, S(x, r) = ∂B(x, r),
dσ is the (n − 1)-Lebesgue measure on S(x, r), and the numbers σn−1 and ωn respectively represent the measure
of the unit sphere and that of the unit ball inRn.

Before proceeding, and in preparation for the central definition of this section, let us observe that it is easy to
recognize that we can write the second identity in (2.1) in the more suggestive fashion:

−Δu(x) = c(n) lim
r→0+

∫
Rn

2u(x)− u(x+ y)− u(x− y)
rn+2 1B(0,r)(y) dy, (2.3)

where we have denoted by 1E the indicator function of a set E ⊂ Rn.

In the applied sciences it is of great importance to be able to consider fractional derivatives of functions. There
exist many different definitions of such operations, but perhaps the most prominent one is based on the notion
of (Marcel) Riesz’ potential of a function. To motivate such operation let us assume that n ≥ 3, and recall that
in mathematical physics the Newtonian potential of a function f ∈ S (Rn) is given by

I2(f)(x) =
1

4π n
2
Γ
(
n− 2
2

)∫
Rn

f(y)
|x− y|n−2 dy,

Now, one recognizes that the convolution kernel 1
4π

n
2
Γ
( n−2

2

) 1
|x|n−2 in the definition of I2(f) is just the funda-

mental solution
E(x) =

1
(n− 2)σn−1

1
|x|n−2

of −Δ. With this observation in mind, we recall the well-known identity of Gauss-Green that says that for any
f ∈ S (Rn)one has

I2(−Δf) = f.

In other words, the Newtonian potential is the inverse of−Δ. This important observation leads to the introduc-
tion of M. Riesz’ generalization of the Newtonian potential.

Definition 2.1.3 (Riesz’ potentials). For any n ∈ N, let 0 < α < n. The Riesz potential of order α is the operator
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whose action on a function f ∈ S (Rn) is given by

Iα(f)(x) =
Γ
( n−α

2

)
π n

2 2αΓ
( α
2

) ∫
Rn

f(y)
|x− y|n−α dy.

The important reason behind the normalization constant is that such constant is chosen to guarantee the va-
lidity of the following crucial result, a kind of fractional fundamental theorem of calculus, stating that for any
f ∈ S (Rn) one has inS ′(Rn)

Iα(−Δ)
α
2 f = (−Δ)

α
2 Iαf. (2.4)

Of course (2.4) makes no sense unless we say what we mean by the fractional operator (−Δ) α
2 . The most natural

way to introduce it is by defining the action of (−Δ) α
2 on the Fourier transform side by the equation

F ((−Δ)
α
2 u) = (2π|·|)αF (u), u ∈ S ′(Rn). (2.5)

The equation (2.4) shows that Iα inverts the fractional powers of the Laplacean, i.e.,

Iα = (−Δ)−
α
2 , 0 < α < n. (2.6)

For this reason Iα is also called the fractional integration operator of order α.

Since our focus in this section is the fractional Laplacean (−Δ)s in the range 0 < s < 1, we will henceforth let
s = α/2 in the above formulas. Although we have formally introduced such operator in the equation (2.5) above,
such definition has a major drawback:it is not easy understand a given function (or a distribution) by prescribing
its Fourier transform. It is for this reason that we begin our story introducing a different pointwise definition of
the fractional Laplacean that is more directly connected to the symmetric difference quotient of order two in the
opening calculus Lemma 2.1.1, and with (2.3).

Definition 2.1.4. Let 0 < s < 1. The fractional Laplacean of a function u ∈ S (Rn) is the nonlocal operator in
Rn defined by the expression

(−Δ)su(x) =
γ(n, s)
2

∫
Rn

2u(x)− u(x+ y)− u(x− y)
|y|n+2s dy, (2.7)

where γ(n, s) > 0 is a suitable normalization constant that will be given implicitly in the future.

It is obvious that (2.7) defines a linear operator since for any u, v ∈ S (Rn) and c ∈ R one has

(−Δ)s(u+ v) = (−Δ)su+ (−Δ)sv, (−Δ)s(cu) = c(−Δ)su.

It is also important to observe that the integral in the right-hand side of (2.7) is convergent. To see this, it suffices
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to write ∫
Rn

2u(x)− u(x+ y)− u(x− y)
|y|n+2s dy =

∫
|y|≤1

2u(x)− u(x+ y)− u(x− y)
|y|n+2s dy

+

∫
|y|>1

2u(x)− u(x+ y)− u(x− y)
|y|n+2s dy.

Taylor’s formula for C2 functions gives for |y| ≤ 1

2u(x)− u(x+ y)− u(x− y) = −
〈
∇2u(x)y, y

〉
+ o(|y|2),

where we have indicated with∇2u the Hessian matrix of u. Therefore,∣∣∣∣∣
∫
|y|≤1

2u(x)− u(x+ y)− u(x− y)
|y|n+2s dy

∣∣∣∣∣ ≤ C
∫
|y|≤1

dy
|y|n−2(1−s) < ∞,

since 0 < s < 1. On the other hand, keeping in mind that u ∈ S (Rn) implies in particular that u ∈ L∞(Rn),
we have ∣∣∣∣∣

∫
|y|>1

2u(x)− u(x+ y)− u(x− y)
|y|n+2s dy

∣∣∣∣∣ ≤ 4∥u∥L∞(Rn)

∫
|y|>1

dy
|y|n+2s < ∞.

We have seen that for every u ∈ S (Rn) definition 2.1.4 provides a well-defined function onRn.

Two basic operations in analysis are the Euclidean translations and dilations

τhf(x) = f(x+ h), h ∈ Rn, δλf(x) = f(λx), λ > 0.

The next result clarifies the interplay of (−Δ)s with them.

Lemma 2.1.5. For every function u ∈ S (Rn) we have for every h ∈ Rn

(−Δ)s(τhu) = τh((−Δ)su),

and every λ > 0
(−Δ)s(δλu) = λ2sδλ((−Δ)su).

A fundamental property of the Laplacean Δ is its invariancewith respect to the action of the orthogonal group
O(n) onRn. This means that if u is a function inRn, then for every T ∈ O(n) one has Δ(u ◦ T) = Δu ◦ T. The
following lemma shows that (−Δ)s enjoys the same property.

Lemma 2.1.6. Let u(x) = f(|x|) be a function with spherical symmetry in C2(Rn)∩L∞(Rn). Then, also (−Δ)su
has spherical symmetry.

Proof. This follows in a simple way from (2.7). In order to prove that (−Δ)su is spherically symmetric we need
to show that for every T ∈ O(n) and every x ∈ Rn one has

(−Δ)su(Tx) = (−Δ)su(x).

8



We have

(−Δ)su(Tx) =
γ(n, s)
2

∫
Rn

2f(|Tx|)− f(|Tx+ y|)− f(|Tx− y|)
|y|n+2s dy

=
γ(n, s)
2

∫
Rn

2f(|x|)− f(|x+ Tty|)− f(|x− Tty|)
|y|n+2s dy.

If we make the change of variable z = Tty, we conclude

(−Δ)su(Tx) =
γ(n, s)
2

∫
Rn

2f(|x|)− f(|x+ z|)− f(|x− z|)
|Tz|n+2s dz

=
γ(n, s)
2

∫
Rn

2f(|x|)− f(|x+ z|)− f(|x− z|)
|z|n+2s dz

= (−Δ)su(x),

And we are done.

Before proceeding we note the following alternative expression for (−Δ)s that is at times quite useful in the
computations.

Proposition 2.1.7. For any u ∈ S (Rn) one has

(−Δ)su(x) = γ(n, s)PV
∫
Rn

u(x)− u(y)
|x− y|n+2s dy, (2.8)

where now the integral is taken according to Cauchy’s principal value sense

PV
∫
Rn

u(x)− u(y)
|x− y|n+2s dy = lim

ε→0+

∫
|y−x|>ε

u(x)− u(y)
|x− y|n+2s dy

Proof. The expression (2.8) follows directly from (2.7) above as follows

1
2

∫
Rn

2u(x)− u(x+ y)− u(x− y)
|y|n+2s dy =

1
2
lim
ε→0

∫
|y|>ε

2u(x)− u(x+ y)− u(x− y)
|y|n+2s dy

=
1
2
lim
ε→0

∫
|y|>ε

u(x)− u(x+ y)
|y|n+2s dy+

1
2
lim
ε→0

∫
|y|>ε

u(x)− u(x− y)
|y|n+2s dy

= lim
ε→0

∫
|y|>ε

u(x)− u(y)
|x− y|n+2s dy.

However, it is now necessary to take the principal value of the integral since we have eliminated the cancellation
of the linear terms in the symmetric difference of order two, and u(x) − u(y) in only O(|x − y|). Thus, the
smoothness of u no longer guarantees the local integrability, unless we are in the regime 0 < s < 1/2.
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Before proceeding we recall thatS (Rn) is the space C∞(Rn) endowed with the metric topology

d(f, g) =
∞∑
p=0

2−p ∥f− g∥p
1+ ∥f− g∥p

,

generated by the countable family of norms

∥f∥p = sup
|α|≤p

sup
x∈Rn

(1+ |x|2)
p
2 |∂αf(x)|, p ∈ N ∪ {0}. (2.9)

Now, we can prove that (−Δ)su suitably decays at infinity:

Proposition 2.1.8. Let u ∈ S (Rn). Then, for every x ∈ Rn with |x| > 1, we have

|(−Δ)su(x)| ≤ Cu,n,s|x|−(x+2s),

where with ∥x∥p as in (2.9), we have let

Cu,n,s = Cn,s(∥u∥n+2 + ∥u∥n + ∥u∥L1(Rn)).

Proof. To see this we write

(−Δ)su(x) =
γ(n, s)
2

∫
|y|< |x|

2

2u(x)− u(x+ y)− u(x− y)
|y|n+2s dy

+
γ(n, s)
2

∫
|y|≥ |x|

2

2u(x)− u(x+ y)− u(x− y)
|y|n+2s dy.

Taylor’s formula gives

2u(x)− u(x+ y)− u(x− y) = − 1
2
〈
∇2u(y∗)y, y

〉
− 1

2
〈
∇2u(y∗∗)y, y

〉
,

where y∗ = x + yt∗, y∗∗ = x + yt∗∗, for t∗, t∗∗ ∈ [0, 1]. We now observe that on the set where |y| < |x|/2 we
have by the triangle inequality

|x| < 2|y∗| |x| < 2|y∗∗|. (2.10)

Using (2.10) and the definition (2.9) of the norm |u|n+2 inS (Rn), we find∣∣∣∣∣
∫
|y|< |x|

2

2u(x)− u(x+ y)− u(x− y)
|y|n+2s dy

∣∣∣∣∣ ≤ 1
2

∫
|y|< |x|

2

|∇2u(y∗)|+ |∇2u(y∗∗)|
|y|n+2s |y|2 dy

≤ C∥u∥n+2

(∫
|y|< |x|

2

|y|2

(1+ |y∗|2) n+2
2 |y|n+2s

, dy+
∫
|y|< |x|

2

|y|2

(1+ |y∗∗|2) n+2
2 |y|n+2s

, dy

)

≤ C|x|−n−2∥u∥n+2

∫
|y|< |x|

2

dy
|y|n+2s−2 = C|x|−n−2∥u∥n+2|x|2−2s = C∥u∥n+2|x|−(x+2s),

where C = Cn,s > 0.
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Next, we estimate∣∣∣∣∣
∫
|y|≥ |x|

2

2u(x)− u(x+ y)− u(x− y)
|y|n+2s dy

∣∣∣∣∣ ≤ 2
∫
|y|≥ |x|

2

|u(x+ y)− u(x)|
|y|n+2s dy

≤ 2
∫
|y|≥ |x|

2

|u(x+ y) + u(x)|
|y|n+2s dy.

We have ∫
|y|> |x|

2

|u(x)|
|y|n+2s ≤ sup

x∈Rn
((1+ |x|2) n

2 |u(x)|)
∫
|y|≥ |x|

2

dy
(1+ |x|2) n

2 |y|n+2s

≤ sup
x∈Rn

((1+ |x|2) n
2 |x|−n

∫
|y|≥ |x|

2

dy
|y|n+2s ≤

C∥u∥n
|x|n+2s ,

where C = Cn,s > 0. Finally, we have trivially∫
|y|≥ |x|

2

|u(x+ y)|
|y|n+2s dy ≤ 2n+2s

|x|n+2s

∫
|y|≥ |x|

2

|u(x+ y)| dy ≤
2n+2s∥u∥L1(Rn)

|x|n+2s .

This completes the proof.

Proposition 2.1.8 has the following non trivial consequence.

Corollary 2.1.9. Let u ∈ S (Rn).Then, (−Δ)su ∈ C∞(Rn) ∩ L1(Rn).

The estimate in Proposition 2.1.8 can be written

−Cu,n,s|x|−(n+2s) ≤ −(−Δ)su(x) ≤ Cu,n,s|x|−(n+2s).

Let us notice that on a nonnegative bump function the estimate from below can be made stronger, a fact that
reflects the nonlocal character of (−Δ)s. Suppose for instance that u ∈ C∞

0 (Rn), with 0 ≤ u ≤ 1, u ≡ 1 on
B(0, 1) and supp u ⊂ B̄(0, 2). Then, for x ∈ Rn \ B(0, 3) one has from (2.7)

−(−Δ)su(x) =
γ(n, s)
2

∫
Rn

u(x+ y) + u(x− y)
|y|n+2s dy

≥ γ(n, s)
∫
B(0,1)

dz
|x− z|n+2s dz.

Since |x− z| ≥ 2, for |z| ≤ 1 we infer |x| ≥ |x− z|− |z| ≥ |x− z|− 1 ≥ |x− z|/2. This gives someC(n, s) > 0

−(−Δ)su ≥ C(n, s)|x|−(n+2s) > 0,

which shows that (−Δ)su needs not to vanish even far away from the support of u. This is clearly impossible for
local operators P(x, ∂x), for which one has the obvious property supp P(x, ∂x)u ⊂ supp u.
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2.2 A brief interlude about very classical stuff

To proceedwith the analysis of the nonlocal operator (−Δ)s wewill need some basic properties of two important,
and deeply interconnected, protagonist of classical analysis: the Fourier transform and Bessel functions. Since
they both play a pervasive role in these thesis, as a help to the reader in this section we recall their definition along
with some elementary facts. Before we do that, however, we introduce the ever present Euler’s gamma function
(see e.g. chapter 1 in [16]):

Γ(x) =
∫ ∞

0
tx−1e−t dt x > 0.

The well-known identity Γ(1/2) =
√
π is simply a reformulation of the famous integral∫

R
e−x2 dx =

√
π.

Of course, Γ(z) can be equally defined as holomorphic function for every z ∈ C withRz > 0. It easy to check
that for such z, one has

Γ(z+ 1) = zΓ(z). (2.11)

This formula, and its iterations, can be used to meromorphically extend Γ(z) to the whole complex plane having
simple poles at z = −k, k ∈ N ∪ {0}, with residues (−1)k. In particular, when 0 < s < 1, one obtains from
(2.11)

Γ(1− s) = −sΓ(−s). (2.12)

Furthermore, one has the following basic relations:

Γ(z)Γ(1− z) =
π

sin πz
, (2.13)

and
22z−1Γ(z)Γ

(
z+

1
2

)
=

√
πΓ(2z). (2.14)

Stirling’s formula provides the asymptotic behavior of the gamma function for large positive values of its argu-
ment

Γ(x) =
√
2πxx−

1
2 e−x

(
1+ O

(
1
x

))
, as x → +∞. (2.15)

We close this brief prelude with a very classical formula which connects the gamma functions to the (n − 1)-
dimensional Hausdorff measure of the unit sphere Sn−1 ⊂ Rn, and the n-dimensional volume of the unit ball

σn−1 =
2π n

2

Γ
( n
2

) , ωn =
σn−1

n
=

π n
2

Γ
( n
2 + 1

) . (2.16)

One identity that we will use is the following∫ ∞

0
u−s−1(1− e−u) du =

1
s

∫ ∞

0
u−se−u du =

Γ(1− s)
s

. (2.17)
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Deeply connected with the gamma function is Euler’s beta functionwhich for x, y > 0 is defined as follows

B(x, y) = 2
∫ π

2

0
(cos θ)2x−1(sin θ)2y−1 dθ. (2.18)

It is an easy exercise to recognize that

B(x, y) = 2
∫ 1

0
(1− τ2)x−1τ2y−1 dτ =

∫ 1

0
(1− s)x−1sy−1 ds. (2.19)

The link between the beta and the gamma function is expressed by the following equation

B(x, y) =
Γ(x)Γ(y)
Γ(x+ y)

, (2.20)

see e.g. (1.5.6) on p. 14 in [16]. A useful integral which is expressed in terms of the beta, or gamma function is
contained in the following proposition.

Proposition 2.2.1. Let b > −n and a > n+ b, then∫
Rn

|x|b

(1+ |x|2) a
2
dx =

π n
2

Γ
( n
2

) Γ ( b+n
2

)
Γ
( a−b−n

2

)
Γ
( a+b

2

) . (2.21)

In particular, if b = 0 and a = n+ 1, then

∫
Rn

dx
(1+ |x|2) n+1

2
=

π
n+1
2

Γ
( n+1

2

) . (2.22)

Proof. Let us observe preliminarily that the assumption b > −n serves to guarantee that the integrand belongs
to L1

loc(Rn), whereas it is in L1(Rn) if and only if a− b > n. Under these hypothesis we have∫
Rn

|x|b

(1+ |x|2) a
2
dx = σn−1

∫ ∞

0

rb+n−1

(1+ r2) a
2

=

∫ π
2

0

(tan ξ)b+n−1

(1+ tan2 ξ) a−2
2

dξ = σn−1

∫ π
2

0
(sin ξ)b+n−1(cos ξ)a−b−n−1 dξ

=
σn−1

2
B
(
b+ n
2

,
a− b− n

2

)
,

If we now apply formulas (2.16) and (2.20) we obtain (2.21). To obtain (2.22) it suffices to keep in mind that
Γ(1/2) =

√
π.

We are ready to introduce the queen of classical analysis: given a function u ∈ L1(Rn), we define its Fourier
transform as

F (u)(ξ) = u
∧
(ξ) =

∫
Rn

e−2π⟨ξ,x⟩u(x) dx.

13



We notice that the normalization that we have adopted in the above definition is the one which makes F an
isometry of L2(Rn) onto itself, see [20]. We recall next some of the basic properties of F . If τhu(x) = u(x+ h)
and δλu(x) = u(λx) are the translation and dilation operators inRn, then we have

τyu
∧

(ξ) = e2πi⟨ξ,y⟩u
∧
(ξ), (2.23)

and
δλu
∧

(ξ) = λ−nu
∧
(
ξ
λ

)
. (2.24)

The Fourier transform is also invariant under the action of the orthogonal groupO(n). We have in fact for every
T ∈ O(n)

u ◦ T
∧

= u
∧
◦ T. (2.25)

Formula (2.25) says that the Fourier transform of a spherically symmetric function is spherically symmetric as
well.

Another crucial property is the Riemann-Lebesgue lemma:

u ∈ L1(Rn) =⇒ |u
∧
(ξ)| → 0 as |ξ| → ∞. (2.26)

This result has important consequences when combined with the following two formulas. Let u ∈ L1(Rn) be
such that for α ∈ Nn

0 also ∂αu ∈ L1(Rn). Then,

(∂αu)
∧

(ξ) = (2πi)|α|ξαu
∧
(ξ). (2.27)

In particular, (2.26) and (2.27) give: |ξα||u
∧
(ξ)| → 0 as |ξ| → ∞. Furthermore, if u ∈ L1(Rn) is such that for

α ∈ Nn
0 one has x → xαu(x) ∈ L1(Rn), then,

∂αu
∧
(ξ) = (−2πi)|α|(·)αu

∧

(ξ). (2.28)

In particular, (2.26) and (2.28) imply that: ∂αu
∧
∈ C(Rn) and |∂αu

∧
(ξ)| → 0 as |ξ| → ∞.

Combining these observations one derives one of the central properties of F : it maps continuously S (Rn)

onto itself and is an isomorphism. Its inverse is also continuous, and is given by Fourier inversion formula

F−1(u)(x) =
∫
Rn

e2π⟨ξ,x⟩u
∧
(ξ) dξ.

We next introduce the second main character of this section: the Bessel functions. The book [16] provides a
rewarding account of this beautiful classical subject.

Definition 2.2.2. For every v ∈ C such thatRv > − 1
2 we define the Bessel function of the first kind and of complex

order v by the formula

Jv(z) =
1

Γ
( 1
2

)
Γ
(
v+ 1

2

) ( z
2

)v ∫ 1

−1
eizt(1− t2)

2v−1
2 dt, (2.29)

where Γ(x) denotes the Euler gamma function.
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The function Jv(z) in (2.29) derives its name from the fact that it solves the linear ordinary differential equation
known as Bessel equation of order v

z2
d2J
dz2

+ z
dJ
dz

+ (z2 − v2)J = 0. (2.30)

An expression of Jv as a power series for an arbitrary value of v ∈ C is provided by

Jv(z) =
∞∑
k=0

(−1)k
(z/2)v+2k

Γ(k+ 1)Γ(k+ v+ 1)
, |z| < ∞, |arg(z)| < π, (2.31)

see e.g. (5.3.2) on p. 102 in [16]. When v ̸∈ Z, another linearly independent solution of (2.30) is provided by the
function J−v(z). When z ∈ Z the two functions Jv and J−v are linearly dependent, and in order to find a second
solution linearly independent from Jv one has to proceed differently.

The observation that follows is very important in most concrete applications of the theory. Suppose that ϕ(z)
be a solution to the Bessel equation (2.30), and consider the function defined by the transformation

u(y) = yαϕ(βyγ). (2.32)

Then, one easily verifies that u(y) satisfies the generalized Bessel equation

y2u′′(y) + (1− 2α)yu′(y) + [β2γ2y2γ + (α2 − v2γ2)]u(y) = 0. (2.33)

Returning to Definition 2.2.2, from (2.29) and (2.19) we immediately find

z−vJv(z) −−→z→0

2−v+1

Γ
( 1
2

)
Γ
(
v+ 1

2

) ∫ 1

0
(1− s2)

2v−1
2 ds =

2−v+1

Γ
( 1
2

)
Γ
(
v+ 1

2

)B(v+ 1
2
,
1
2

)
.

From this asymptotic relation and (2.20) one obtains

Jv(z) ∼=
2−v

Γ(v+ 1)
zv, as z → 0. (2.34)

Unlike the simple expression of the asymptotic of Jv(z) as z → 0, the behavior at infinity of Jv(z) is more delicate
to come by. We have the following result, see (5.11.6) on p. 122 in [16].

Lemma 2.2.3. LetRv > − 1
2 . One has

Jv(z) =
√

2
πz

cos
(
z− πv

2
− π

4

)
+ O(z−

3
2 )

as |z| → ∞, −π + δ < arg z < π − δ.
(2.35)

In particular,
Jv(z) = O(z−

1
2 ), as z → ∞, z ≥ 0. (2.36)
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Along with the Bessel equation (2.30), in Sections 2.4 and 2.5 below we will need themodified Bessel equation
of order v ∈ C,

z2
d2ϕ
dz2

+ z
dϕ
dz

− (z2 + v2)ϕ = 0. (2.37)

Two linearly independent solutions of (2.37) are the modified Bessel function of the first kind,

Iv(z) =
∞∑
k=0

(z/2)v+2k

Γ(k+ 1)Γ(k+ v+ 1)
, |z| < ∞, |arg(z)| < π, (2.38)

and the modified Bessel function of the third kind, or Macdonald function, which for order v ̸= 0,±1,±2, . . . ,
is given by

Kv(z) =
π
2
I−v(z)− Iv(z)

sin πv
, |arg(z)| < π. (2.39)

Notice thatKv(z) = K−v(z).

It easy to verify that if ϕ(z) is a solution to the modified Bessel equation (2.37), then the function defined by
the transformation (2.32) satisfies the generalized modified Bessel equation

y2u′′(y) + (1− 2α)yu′(y) + [(α2 − v2γ2)− β2γ2y2γ]u(y) = 0. (2.40)

As we have stated in the opening of this section the Fourier transform and the Bessel functions are deeply
connected. One important instance of this link is the following result which provides a deeper meaning to the
invariance of the Fourier transform with respect to the action of the orthogonal groupO(n). We emphasize that
the presence of Bessel functions in Theorem 2.2.4 below underscores the interplay between curvature (that of the
unit sphere Sn−1 ⊂ Rn) and Fourier analysis. For the following result we refer to Theorem 40 on p. 69 in [4].

Theorem 2.2.4 (Fourier-Bessel representation). Let u(x) = f(|x|), and suppose that

t → t
n
2 f(t)J n

2−1(t) ∈ L1(R+),

where we have denoted by J n
2−1 the Bessel function of order v = n

2 − 1 defined by (2.29). Then,

u
∧
(ξ) = 2π|ξ|− n

2+1
∫ ∞

0
t
n
2 f(t)J n

2−1(2π|ξ|t) dt.

To check the integrability assumption in Theorem 2.2.4 we can use the above given asymptotic (2.34) and
(2.36) for the Bessel function Jv.

Another family of special functions that will be needed in this paper are the so-called hypergeometric functions.
In order to introduce them we recall the definition of the Pochammer’s symbols

α0 = 1, αk :=
Γ(α+ k)
Γ(α)

= α(α+ 1) . . . (α+ k− 1), k ∈ N.
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Notice that since, as we have said,the gamma function has a pole in z = 0, we have

0k =

1 if k = 0

0 for k ≥ 0.

Definition 2.2.5. Let p, q ∈ N0 be such that p ≤ q+ 1, and let α1, . . . , αp and β1, . . . , βq be give parameters such
that−βj ̸∈ N0 for j = 1, . . . , q. Given a nummber z ∈ C, the power series

pFq(α1, . . . , αp; β1, . . . , βq; z) =
∞∑
k=0

(α1)k . . . (αp)k
(β1)k . . . (βq)k

zk

k!

is called the generalized hypergeometric function. When p = 2 and q = 1, then the function 2F1(α1, α2; β1; z) is the
Gauss’ hypergeometric function, and it is usually denoted by F(α1, α2; β1; z).

We have
F(α, 0; β; z) = F(0, α; β; z) = 1, (2.41)

and (see also p. 275 in [16])
F(α, β; β;−z) = 1F0(α;−z) = (1+ z)−α. (2.42)

It also interesting to observe that the hypergeometric function 0F1 is in essence a Bessel function, up to powers
and rescaling. One has in fact form (2.38) and Definition 2.2.5,

Iv(z) =
1

Γ(v+ 1)

( z
2

)v
0F1(v+ 1; (z/2)2). (2.43)

2.3 Fourier, Bessel and fractional Laplacean

After our brief interlude on the Fourier transform and Bessel functions, we now return to the main protagonist
of this chapter.

Proposition 2.3.1 (Pseudodifferential nature of (−Δ)s). Let γ(n, s) > 0 be the number identified by the following
formula

γ(n, s)
∫
Rn

1− cos(zn)
|z|n+2s dz = 1. (2.44)

Then, for any u ∈ S (Rn) we have
(−Δ)su
∧

(ξ) = (2π|xi|)2su
∧
(ξ). (2.45)

Proof. Let us observe that in view of Corollary (2.1.9) we know that (−Δ)su ∈ L1(Rn) and thus we can take its
Fourier transform in the sense of L1. Having said this, if denote by τhu(x) = u(x+ h) the translation operator in
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Rn, we can rewrite (2.7) in the following way

(−Δ)su(x) =
γ(n, s)
2

∫
Rn

2u(x)− τy(x)− τ−y(x)
|y|n+2s dy. (2.46)

Using (2.23) we easily find

(−Δ)su
∧

(ξ) = γ(n, s)
(∫

Rn

1− cos(2π ⟨ξ, y⟩)
|y|n+2s dy

)
u
∧
(ξ) = J(ξ)u

∧
(ξ), (2.47)

where we have let
J(ξ) = γ(n, s)

∫
Rn

1− cos(2π ⟨ξ, y⟩)
|y|n+2s dy.

We notice that the integral defining J(ξ) only depends on |ξ|. For every T ∈ O(n) one in fact easily verifies that
J(Tξ) = J(ξ). For ξ ̸= 0 we can thus write

J(ξ) = γ(n, s)
∫
Rn

1− cos
(〈

ξ
|ξ| , 2π|ξ|y

〉)
|y|n+2s dy.

The change of variable z = 2π|ξ|y now gives

J(ξ) = (2π|ξ|)2sγ(n, s)
∫
Rn

1− cos
(〈

ξ
|ξ| , z

〉)
|z|n+2s dz

= (2π|ξ|)2sγ(n, s)
∫
Rn

1− cos (⟨en, z⟩)
|z|n+2s dz = (2π|ξ|)2sγ(n, s)

∫
Rn

1− cos zn
|z|n+2s dz

(2.48)

Notice that the integrand in the right-hand side of the latter equation is nonnegative, and that the integral is
convergent. We have in fact∫

Rn

1− cos zn
|z|n+2s dz =

∫
|z|≤1

1− cos zn
|z|n+2s dz+

∫
|z|>1

1− cos zn
|z|n+2s dz

≤ C
∫
|z|≤1

dz
|z|n−2(1−s) + 2

∫
|z|>1

dz
|z|n+2s < ∞.

Finally, if we substitute in (2.47) the expression given by (2.48), it becomes clear that if we choose γ(n, s) > 0 as
in (2.44), then (2.45) holds.

Equation (2.45) in Proposition 2.3.1 has the following immediate consequence.

Corollary 2.3.2 (Semigroup property). Let 0 < s, s′ < 1, with s+ s′ ≤ 1. Then, for any u ∈ S (Rn) we have

(−Δ)s+s′u = (−Δ)s(−Δ)s
′
u = (−Δ)s

′
(−Δ)su.
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Proof. It is enough to verify the desired equality on the on the Fourier transform side. Using (2.45) we find

F
(
(−Δ)s+s′u

)
= (2π|x|)2(s+s′)u

∧
= (2π|x|)2s(2π|x|)2s

′
u
∧

= F ((−Δ)s(−Δ)s
′
u) = F ((−Δ)s

′
(−Δ)su).

With Proposition 2.3.1 in hands we can now prove the following important ”integration by parts” formula.

Lemma 2.3.3. Let 0 < s ≤ 1. Then, for any u, v ∈ S (Rn) we have∫
Rn

u(x)(−Δ)sv(x) dx =
∫
Rn
(−Δ)su(x)v(x) dx. (2.49)

Proof. The case s = 1 is well-known, and it is just integration by parts, so let us focus on 0 < s < 1. Since by
Corollary (2.1.9) we know (−Δ)su

∧

, (−Δ)sv
∧

∈ L1(Rn), we can use the following formula, valid for any f, g ∈
L1(Rn), ∫

Rn
f
∧

(ξ)g(ξ) dξ =
∫
Rn

f(ξ)g
∧
(ξ) dξ. (2.50)

Applying (2.50) and (2.45) in Proposition 2.3.1, we find∫
Rn
(−Δ)su(x)v(x) dx =

∫
Rn
(−Δ)su(x)F (F−1v)(x) dx =

∫
Rn

F ((−Δ)su)(ξ)F−1v(ξ) dξ

=

∫
Rn
(2π|ξ|)2su

∧
(ξ)F−1v(ξ) dξ =

∫
Rn

u
∧
(ξ)(2π|ξ|)2sF−1v(ξ) dξ.

Using (2.45) again we have
F−1((−Δ)sv)(ξ) = (2π|ξ|)2sF−1v(ξ). (2.51)

Inserting this information in the above equation, and applying (2.45) again, we find∫
Rn
(−Δ)su(x)v(x) dx =

∫
Rn

u
∧
(ξ)F−1((−Δ)sv)(ξ) dξ

=

∫
Rn

F−1(u
∧
)(x)(−Δ)sv(x) dx =

∫
Rn

u(x)(−Δ)sv(x) dx.

We next turn to computing explicitly the constant γ(n, s) in (2.44).

Proposition 2.3.4. Let 0 < s < 1. Then, we have

γ(n, s) =
s22sΓ

( n+2s
2

)
π n

2 Γ(1− s)
. (2.52)
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Proof. If we denote by θ ∈ [0, π] the angle that the vector z ∈ Rn \ {0} forms with the positive direction of the
zn-axis, then Cavalieri’s principle, and Fubini’s theorem, give∫

Rn

1− cos zn
|z|n+2s dz =

∫ ∞

0

∫
Sn−1

1− cos(r cos θ)
rn+2s d σrn−1 dr

=

∫ ∞

0

1
r1+2s

∫ π

0
[1− cos(r cos θ)]

∫
Lθ

dσ′ dθ dr,

where we have indicated by Lθ = {y ∈ Sn−1| ⟨y, en⟩ = cos θ} the (n− 2)-dimensional sphere inRn with radius
sin θ obtained by intersecting Sn−1 with the hyperplane yn = cos θ. Since with σn−2 given by (2.16) above we have∫

Lθ

dσ′ = σn−2(sin θ)n−2,

we obtain∫
Rn

1− cos zn
|z|n+2s dz = σn−2

∫ ∞

0

1
r1+2s

∫ π

0
[1− cos(r cos θ)](sin θ)n−2 dθ dr

= σn−2

∫ ∞

0

1
r1+2s

∫ π

0
[1− cos(r cos θ)](1− cos2 θ)

n−3
2 sin θ dθ dr (set u = cos θ)

= σn−2

∫ ∞

0

1
r1+2s

∫ 1

−1
[1− cos(ru)](1− u2)

n−3
2 du dr

= σn−2

∫ ∞

0

1
r1+2s

[∫ 1

−1
(1− u2)

n−3
2 du−

∫ 1

−1
cos(ru)(1− u2)

n−3
2 du

]
dr.

(2.53)

From (2.18) and (2.19) we thus find∫ 1

−1
(1− s2)

2v−1
2 ds = 2

∫ 1

0
(cos θ)2v dθ = B

(
v+

1
2
,
1
2

)
=

Γ
(
v+ 1

2

)
Γ
( 1
2

)
Γ(v+ 1)

.

This gives ∫ 1

−1
(1− u2)

n−3
2 du =

Γ
( n−1

2

)
Γ
( 1
2

)
Γ
( n
2

) .

On the other hand, we have ∫ 1

−1
cos(ru)(1− u2)

n−3
2 du =

∫ 1

−1
eiru(1− u2)

n−3
2 du.

From this equation and (2.29) in Definition 2.2.2 we obtain with v = n−2
2 and z = r,

∫ 1

−1
cos(ru)(1− u2)

n−3
2 du = Γ

(
n− 1
2

)
Γ
(
1
2

)(
2
r

) n−2
2

J n−2
2
(r).
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Substituting in (2.53) above, we find

∫
Rn

1− cos zn
|z|n+2s dz = σn−2

Γ
( n−1

2

)
Γ
( 1
2

)
Γ
( n
2

) ∫ ∞

0

1
r1+2s

[
1− Γ

(n
2

)(2
r

) n−2
2

J n−2
2
(r)

]
dr.

Keeping (2.16) in mind, which gives

σn−2 =
2π

n−1
2

Γ
( n−1

2

) ,
and

√
π = Γ(1/2), we conclude that

∫
Rn

1− cos zn
|z|n+2s dz = σn−1

∫ ∞

0

1
r1+2s

[
1− Γ

(n
2

)(2
r

) n−2
2

J n−2
2
(r)

]
dr.

From this equation and (2.44) above, it is clear that the constant γ(n, s)must be chosen so that

γ(n, s)σn−1

∫ ∞

0

1
r1+2s

[
1− Γ

(n
2

)(2
r

) n−2
2

J n−2
2
(r)

]
dr = 1. (2.54)

In order to complete the proof, we are thus left with computing explicitly the integral in the right-hand side of
(2.54).

With v = n
2 − 1, consider now the function

Ψv(r) = 1− Γ(v+ 1)
(
2
r

)v

Jv(r).

From the series expansion of Jv(r), see (2.31) above, we have

Jv(r) =
( r
2

)v
Γ(v+ 1)

−
( r
2

)v+2

Γ(v+ 2)
+

( r
2

)v+4

Γ(v+ 3)
− . . .

This expansion gives for some function h(r) = O(r2) as r → 0,

Ψv(r) = (1+ h(r))
( r
2

)2
. (2.55)

On the other hand, (2.36) implies that as r → ∞

Ψv(r) = 1+ O(r−(v+ 1
2 )), (2.56)
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and thus, in particular, Ψv ∈ L∞[0,+∞). We thus find

∫ ∞

0

[
1− Γ

(n
2

)(2
r

) n−2
2

J n−2
2
(r)

]
dr =

∫ ∞

0

(
r−2s

−2s

)′

Ψv(r) dr

= lim
R→∞

lim
ε→0+

∫ R

ε

(
r−2s

−2s

)′

Ψv(r) dr

= − lim
R→∞

R−2s

2s
Ψv(R) + lim

ε→0+

ε−2s

2s
Ψv(ε) +

∫ ∞

0

r−2s

2s
Ψ′

v(r) dr.

Since as we have observed Ψv ∈ L∞[0,∞), we clearly have

lim
R→∞

R−2s

2s
Ψv(R) = 0.

From (2.55) and the fact that 0 < s < 1, we obtain

lim
ε→0+

ε−2s

2s
Ψv(ε) = 0.

We thus infer that ∫ ∞

0

[
1− Γ

(n
2

)(2
r

) n−2
2

J n−2
2
(r)

]
dr =

∫ ∞

0

r−2s

2s
Ψ′

v(r) dr.

On the other hand, the recursion formula for Jv, see e.g. (5.3.5) on p. 103 in [16],

(z−vJv(z))′ = −z−vJv+1(z),

gives
Ψ′(r) = −2vΓ(v+ 1)(r−vJv(r))′ = 2vΓ(v+ 1)r−vJv+1(r).

We thus find ∫ ∞

0

[
1− Γ

(n
2

)(2
r

) n−2
2

J n−2
2
(r)

]
dr =

2vΓ(v+ 1)
2s

∫ ∞

0

1
r n

2−1+2s J n2 (r) dr.

Recalling that v = n
2 − 1 we can write the right-hand side as follows

2vΓ(v+ 1)
2s

∫ ∞

0

1
rv+2s Jv+1(r) dr =

2vΓ(v+ 1)
2s

∫ ∞

0

1
rμ−q Jμ(r) dr,

where μ = v + 1 = n
2 , and q = 1 − 2s. We now invoke the following result, which is formula (17) on p. 684 in

[13]: ∫ ∞

0

1
rμ−q Jμ(ar) dr =

Γ
(

q+1
2

)
2μ−qaq−μ+1Γ

(
μ− q

2 +
1
2

) , (2.57)
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provided that

−1 < Rq < Rμ− 1
2
.

With the above values of the parameters μ and q this condition becomes

−1 < 1− 2s <
n
2
− 1

2
.

Now, the former inequality is satisfied since it is equivalent to s < 1, and the second is also also satisfied since it
is equivalent to s > 1−n

4 , which is of course true since s > 0, whereas 1−n
4 ≤ 0 In conclusion, we obtain from

(2.57)
2vΓ(v+ 1)

2s

∫ ∞

0

1
rv+2s Jv+1(r) dr =

Γ
( n
2

)
2s

Γ(1− s)
22sΓ

( n
2 + s

) .
Returning to (2.54), and keeping the first identity in (2.16) in mind, we reach the conclusion that the constant
γ(n, s) is given by the equation

γ(n, s)
2π n

2

Γ
( n
2

) Γ ( n2)
2s

Γ(1− s)
22sΓ

( n
2 + s

) = 1,

which finally gives

γ(n, s) =
s22sΓ

( n
2 + s

)
π n

2 Γ(1− s)
.

This proves (2.52), thus completing the proposition.

2.4 Fundamental solution

In this section we compute the fundamental solution of the fractional Laplacean operator.

Before we turn to the proof of the main results we pause for a moment to recall that there exist spaces larger
thanS (Rn), orL∞(Rn)∩C2(Rn)), in which it is still possible to define the nonlocal Laplacean either pointwise
or as a tempered distribution. Following Definition 2.3 in [19], given 0 < s < 1 we can also consider the linear
space of the functions u ∈ C∞(Rn) such that for every multi-index α ∈ Nn

0

[u]α = sup
x∈Rn

(1+ |x|n+2s)|∂αu(x)| < ∞.

We denote byLs(Rn) the space C∞(Rn) endowed with the countable family of seminorms [·]α, and byS ′
s (Rn)

its topological dual. We clearly have the inclusions

C∞
0 (Rn) ↪→ S (Rn) ↪→ Ss(Rn) ↪→ C∞(Rn), (2.58)

with the dual inclusions give by

E ′(Rn) ↪→ S ′
s (Rn) ↪→ S ′(Rn) ↪→ D ′(Rn), (2.59)
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where we recall that E ′(Rn) indicates the space of distributions with compact support. The next lemma justifies
the introduction of the spaceSs(Rn).

Lemma 2.4.1. Let u ∈ S (Rn). Then, (−Δ)su ∈ Ss(Rn).

Proof. From Proposition 2.1.8 we know that

[(−Δ)su]0 = sup
x∈Rn

(1+ |x|n+2s)|(−Δ)su(x)| < ∞.

Suppose now that α ∈ Nn
0 and |α| = 1. We can write α = ek, where ek indicate one the vectors of the standard

basis ofRn. Applying (2.45) in Proposition 2.3.1 and (2.28), we have

∂α(−Δ)su(x) = ∂kF
−1(−Δ)su
∧

(x) = (−2πi)F−1
(
ξk(−Δ)su
∧)

(x)

= (−2πi)F−1(ξk(2π|ξ|)2su
∧
(ξ)) by (2.27)

= F−1
(
(2π|ξ|)2s∂ku

∧

(ξ)
)

by (2.45) again

= F−1F ((−Δ)s∂ku) = (−Δ)s∂ku.

Since ∂ku ∈ S (Rn), again by Proposition 2.1.8 we conclude that

[u]ek = sup
x∈Rn

(1+ |x|n+2s)|∂ku(x)| < ∞.

Proceeding by induction on |α|, for all α ∈ Nn
0, we reach the desired conclusion.

With Lemma 2.4.1 in hands we can now extend the notion of solution to distributional ones.

Definition 2.4.2. Let T ∈ S ′(Rn). We say that a distribution u ∈ S ′
s (Rn) solves (−Δ)su = T if for every test

function ϕ ∈ S (Rn) one has
⟨u, (−Δ)sϕ⟩ = ⟨T, ϕ⟩ .

In the special case in which T = δ, the Dirac delta, then Definition 2.4.2 leads to the following.

Definition 2.4.3 (Fundamental solution). We say that a distribution Es ∈ S ′
s (Rn) is a fundamental solution of

(−Δ)s if (−Δ)sEs = δ. This means that for every ϕ ∈ S (Rn) one has

⟨Es, (−Δ)sϕ⟩ = ϕ(0).

It is clear from Definition 2.4.3 that if Es ∈ S ′
s (Rn) is a fundamental solution of (−Δ)s, then one has

(−Δ)sEs = 0 inD ′(Rn \ {0}). The following result establishes the existence of an explicit fundamental solution
Es ∈ C∞(Rn \ {0}) of (−Δ)s.

Theorem 2.4.4. Let n ≥ 2 and 0 < s < 1. Denote by

Es(x) = α(n, s)|x|−(n−2s), (2.60)
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where the normalizing constant in (2.60) is given by

α(n, s) =
Γ
( n
2 − s

)
22sπ n

2 Γ(s)
. (2.61)

Then, Es is a fundamental solution of (−Δ)s.

The proof of Theorem 2.4.4 will be given after Lemma 2.4.6 below.

Lemma 2.4.5. Suppose that either n ≥ 2, or n = 1 and 0 < s < 1/2. For every y > 0 consider the regularized
fundamental solution

Es,y(x) = α(n, s)(y2 + |x|2)−
n−2s
2 . (2.62)

Then,

Es,y
∧

(ξ) =
y2

22s−1πsΓ(s)
|ξ|−sKs(2πy|ξ|), (2.63)

where we have denoted by Kv the modified Bessel function of the third kind, see (2.39) above. From (2.63) we obtain
for every ξ ̸= 0

Es
∧

(ξ) = lim
y→0+

Es,y
∧

(ξ) = (2π|xi|)−2s. (2.64)

Proof. To prove (2.63) it suffices to show that for every f ∈ S (Rn)we have〈
Es,y
∧

, f
〉
=

ys

22s−1πsΓ(s)

∫
Rn
|ξ|−sKs(2πy|ξ|)f(ξ) dξ. (2.65)

To establish (2.65) we use the heat semigroup and Bochner’s subordination. The idea is to start from the observa-
tion that for every L > 0 and α > 0 one has∫ ∞

0
e−tLtα

dt
t
=

Γ(α)
Lα . (2.66)

Using Fubini and (2.66) with L = |ξ|2 + y2, we obtain for any α > 0∫ ∞

0
tα
(∫

Rn
e−t(|ξ|2+y2)f

∧

(ξ) dξ
)

dt
t

=

∫
Rn

f
∧

(ξ)
(∫ ∞

0
tαe−t(|ξ|2+y2) dt

t

)
dξ

= Γ(α)
∫
Rn

f
∧

(ξ)(|ξ|2 + y2)−α dξ.

The above assumptions n ≥ 2, or n = 1 and 0 < s < 1/2, imply that α = n
2 − s > 0. If we thus let α = n

2 − s in
the latter formula we find∫ ∞

0
t
n
2−s
(∫

Rn
e−t(|ξ|2+y2)f

∧

(ξ) dξ
)

dt
t
= Γ

(
n− 2s

2

)∫
Rn

f
∧

(ξ)(|ξ|2 + y2)−( n−2s
2 ) dξ. (2.67)
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On the other hand, (2.50) above gives for any f ∈ S (Rn) and y > 0∫
Rn

Fx→ξ

(
e−t(|x|s+y2)

)
f
∧

(ξ) dξ =
∫
Rn

f
∧

(ξ)e−t(|ξ|2+y2) dξ.

Multiplying both sides of this equation by t n2−s and integrating between 0 and ∞ with respect to the dilation
invariant measure dt

t we obtain∫ ∞

0
t
n
2−s
∫
Rn

Fx→ξ

(
e−t(|x|2+y2)

)
f(ξ) dξ

dt
t
=

∫ ∞

0
t
n
2−se−y2t

∫
Rn

e−t|·|2
∧

(ξ)f(ξ) dξ
dt
t
.

We next recall the following notable Fourier transform inRn: for every t > 0, and every ξ ∈ Rn, one has

e−t|·|2
∧

(ξ) =
π n

2

t n2
exp
(
−π2

|ξ|2

t

)
. (2.68)

Substituting (2.68) in the preceding formula, we find∫ ∞

0
t
n
2−s
∫
Rn

Fx→ξ

(
e−t(|x|2+y2)

)
f(ξ) dξ

dt
t

= π
n
2

∫ ∞

0
t−se−y2t

∫
Rn

exp
(
−π2

|ξ|2

t

)
f(ξ) dξ

dt
t

= π
n
2

∫
Rn

f(ξ)
(∫ ∞

0
t−se−y2t exp

(
−π2

|ξ|2

t

)
dt
t

)
dξ.

We now use the following formula that can be found in 9. on p. 340 of [13]

∫ ∞

0
tv−1e−(

β
t +γt) dt = 2

(
β
γ

) v
2

Kv(2
√

βγ), (2.69)

providedRβ,Rγ > 0. Applying (2.69) with

v = −s, β = π2|ξ|2, γ = y2,

and keeping in mind that, as we have already observed,Kv = K−v (see 5.7.10 in [16]), we find∫ ∞

0
t−se−y2t exp

(
−π2

|ξ|2

t

)
dt
t
= 2

(
y

π|ξ|

)s

Ks(2πy|ξ|). (2.70)

Substituting (2.70) in the above integral, we conclude∫ ∞

0
t
n
2−s
∫
Rn

e−t(|·|2+y2)
∧

(ξ)f(ξ) dξ
dt
t
= 2π

n
2−sys

∫
Rn
|ξ|−sKs(2πy|ξ|)f(ξ) dξ. (2.71)
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Since the integral in the left-hand side of (2.71) equals that in the left-hand side of (2.67), we finally have

α(n, s)
∫
Rn

f
∧

(ξ)(|ξ|2 + y2)−(
n−2s
2 ) dξ = α(n, s)

2π n
2−sys

Γ
( n−2s

2

) ∫
Rn
|ξ|−sKs(2πy|ξ|)f(ξ) dξ. (2.72)

Recalling (2.61), which gives α(n, s) = Γ( n
2−s)

22sπ
n
2 Γ(s)

, we infer from (2.72) that

α(n, s)
∫
Rn

f
∧

(ξ)(|ξ|2 + y2)−(
n−2s
2 ) dξ =

ys

22s−1πsΓ(s)

∫
Rn
|ξ|−sKs(2πy|ξ|)f(ξ) dξ. (2.73)

Keeping (2.62) in mind, we can rewrite (2.73) as follows〈
Es,y, f

∧〉
=

ys

22s−1πsΓ(s)

∫
Rn
|ξ|−sKs(2πy|ξ|)f(ξ) dξ.

Since by definition
〈
Es,y
∧

, f
〉
=
〈
Es,y, f

∧〉
, we conclude that (2.65) holds, thus completing the proof.

We next prove a remarkable result concerning the function Es,y defined by (2.60) and (2.61) above.

Lemma 2.4.6. For every y > 0 the function Es,y satisfies the equation

(−Δ)sEs,y(x) = y2s
Γ
( n
2 + s

)
π n

2 Γ(s)
(y2 + |x|2)−( n

2+s). (2.74)

Proof. In order to establish (2.74) we begin by computing the function

Fs,y(x) := (−Δ)sEs,y(x).

With this objective in mind we appeal to (2.45), which gives

Fs,y
∧

(ξ) = (−Δ)sEs,y

∧

(ξ) = (2π|ξ|)2sEs,y
∧

(ξ). (2.75)

We now use (2.63) in Lemma 2.4.5. Inserting such equation in (2.75) we obtain

Fs,y
∧

(ξ) = (2π|ξ|)2s ys

22s−1πsΓ(s)
|ξ|−sKs(2πy|ξ|) =

2ysπs

Γ(s)
|ξ|sKs(2πy|ξ|). (2.76)

Using Theorem 2.2.4 we find from (2.76)

Fs,y(x) =
4ysπs+1

Γ(s)
1

|x| n2−1

∫ ∞

0
t
n
2+sKs(2πyt)J n2−1(2π|x|t) dt. (2.77)

If we now let
λ = −n

2
− s, μ = s, v =

n
2
− 1,
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then we can wirte the integral in the right-hand side of (2.77) in the form∫ ∞

0
t−λKμ(at)Jv(bt) dt,

with
a = 2πy, b = 2π|x|.

Under the assumption v− λ+ 1 > |μ|, that is presently equivalent to n+ s > s, which is obviously true, we can
appeal to formula 3. in 6.576 on p. 693 in [13]. Such formula states that∫ ∞

0
t−λKμ(at)Jv(bt) dt =

=
bvΓ
(

v−λ+μ+1
2

)
Γ
(

v−λ−μ+1
2

)
2λ+1av−λ+1Γ(1+ v)

F
(
v− λ+ μ+ 1

2
,
v− λ− μ+ 1

2
; v+ 1;− b2

a2

)
,

(2.78)

where, we recall, F(α, β; γ; z) indicates the hypergeometric function 2F1(α, β; γ; z), see Definition 2.2.5 above.
Since

v− λ+ μ+ 1
2

=
n
2
+ s,

v− λ− μ+ 1
2

=
n
2
,

from (2.77) and (2.78) we obtain∫ ∞

0
t
n
2+sKs(2πyt)J n2−1(2π|x|t) dt =

=
(2π|x|) n

2−1Γ( n2 + s)
2− n

2−s+1(2πy)n+s F
(
n
2
+ s,

n
2
;
n
2
;−|x|2

y2

)
.

(2.79)

We now apply (2.42) to find

F
(
n
2
+ s,

n
2
;
n
2
;−|x|2

y2

)
=

(
1+

|x|2

y2

)−( n
2+s)

.

Inserting this information into (2.79) we have

∫ ∞

0
t
n
2+sKs(2πyt)J n2−1(2π|x|t) dt =

(2π|x|) n
2−1Γ( n2 + s)

2− n
2−s+1(2πy)n+s

(
1+

|x|2

y2

)−( n
2+s)

. (2.80)

From (2.77) and (2.80) we finally conclude

Fs,y(x) =
Γ
( n
2 + s

)
ynπ n

2 Γ(s)

(
1+

|x|2

y2

)−( n
2+s)

=
y2sΓ

( n
2 + s

)
π n

2 Γ(s)
(y2 + |x|2)−(

n
2+s).

This establishes (2.74), thus completing the proof.

We are now ready to provide the
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Proof of Theorem 2.4.4. Our objective is establishing∫
Rn

Es(x)(−Δ)sφ(x) dx = φ(0), (2.81)

for every test function φ ∈ S (Rn). We begin by observing that, since we are assuming that n ≥ 2, we auto-
matically have that 0 < s < n

2 . For y > 0 we now consider the regularization Es,y of the distribution Es defined
by (2.60) and (2.61) above. Notice that Es,y ∈ C∞(Rn) and decays at∞ like |x|−(n−2s). Since for φ ∈ S (Rn)

we know from Lemma 2.4.1 that (−Δ)sφ ∈ Ss(Rn), it should be clear that Lebesgue dominated convergence
theorem gives ∫

Rn
Es,y(x)(−Δ)sφ(x) dx −→

∫
Rn

Es(x)(−Δ)sφ(x) dx

as y → 0+. On the other hand, Lemma 2.3.3 (which continues to be valid in the present situation) gives∫
Rn

Es,y(x)(−Δ)sφ(x) dx =
∫
Rn
(−Δ)sEs,y(x)φ(x) dx. (2.82)

Therefore, in view of (2.82), in order to complete the proof it will suffice to show that as y → 0+∫
Rn
(−Δ)sEs,y(x)φ(x) dx −→ φ(0). (2.83)

To establish (2.83) we use (2.74) in Lemma 2.4.6 which gives

∫
Rn
(−Δ)sEs,y(x)φ(x) dx =

Γ
( n
2 + s

)
ynπ n

2 Γ(s)

∫
Rn

(
1+

|x|2

y2

)−( n
2+s)

φ(x) dx

=
Γ
( n
2 + s

)
π n

2 Γ(s)

∫
Rn
(1+ |x′|2)−(

n
2+s)φ(yx′) dx′

−→ φ(0)
Γ
( n
2 + s

)
π n

2 Γ(s)

∫
Rn
(1+ |x′|2)−(

n
2+s) dx′,

where in the last equality we have used Lebesgue dominated convergence theorem. To complete the proof of
(2.83) it would be sufficient to prove that

Γ
( n
2 + s

)
π n

2 Γ(s)

∫
Rn
(1+ |x′|2)−(

n
2+s) dx′ = 1. (2.84)

Now, the validity of (2.84) follows from a straightforward application of Proposition 2.2.1 with the choice a =

n+ 2s, b = 0.
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2.5 Traces of Bessel processes

When dealing with nonlocal operators such as (−Δ)s a major difficulty is represented by the fact the they do not
act on functions like differential operators do, but instead through nonlocal integral formulas such as (2.7). As a
consequence, the rules of differentiation are not readily available. In this perspective it would be highly desirable
to have some kind of procedure that allows to connect nonlocal problems to ones forwhich the rules of differential
calculus are available. Exploring this connection is the principal objective of this section.

During the past decade there has been an explosion of interest in the analysis of nonlocal operators such as
(2.7) in connectionwith various problems from the applied sciences, analysis and geometry. Themajority of these
developments has beenmotivated by the remarkable 2007 ”extension paper” [7] byCaffarelli and Silvestre. In that
paper the authors introduced a method that allows to convert nonlocal problems in Rn into ones that involve a
certain (degenerate) differential operator in Rn+1

+ . Precisely, it was shown in [7] that if for a given 0 < s < 1
and u ∈ S (Rn) one considers the functionU(x, y) that solves the following Dirichlet problem in the half-space
Rn+1

+ : LaU(x, y) = divx,y(ya∇x,yU) = 0 x ∈ Rn, y > 0,

U(x, 0) = u(x),
(2.85)

where now a = 1− 2s, then one can recover (−Δ)su(x) by the following ”trace” relation

−22s−1Γ(s)
Γ(1− s)

lim
y→0+

y1−2s ∂U
∂y

(x, y) = (−Δ)su(x). (2.86)

Thus, remarkably, (2.86) provides yet another way of characterizing (−Δ)su(x) as thw weighted Dirichlet-to-
Neumannmap of the extension problem (2.85).

One key observation is that the second order degenerate elliptic equation in (2.85) can also be written in non-
divergence form in the following way

−ΔxU = BaU, (x, y) ∈ Rn+1
+

U(x, 0) = u(x), x ∈ Rn,

U(x, y) → 0, as y → ∞, x ∈ Rn,

(2.87)

where we have denoted by

Ba =
∂2

∂y2
+

a
y
∂

∂y
(2.88)

the generator of the Bessel semigroup on (R+, ya dy).

Theorem 2.5.1. Let u ∈ S (Rn). Then, the solution U to the extension problem (2.85) is given by

U(x, y) = Ps(·, y) ? u(x) =
∫
Rn

Ps(x− z, y)u(z) dz, (2.89)
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where

Ps(x, y) =
Γ
( n
2 + s

)
π n

2 Γ(s)
y2s

(y2 + |x|2) n+2s
2

(2.90)

is the Poisson kernel for the extension problem in the half-spaceRn+1
+ . For U as in (2.89) one has

(−Δ)su(x) = −22s−1Γ(s)
Γ(1− s)

lim
y→0+

ya
∂U
∂y

(x, y). (2.91)

Proof. Consider the extension problem (2.85), written in the form (2.87). If we take a partial Fourier transform
of the latter with respect to the variable x ∈ Rn, we find∂2U

∧

∂y2 (ξ, y) +
a
y
∂U
∧

∂y (ξ, y)− 4π2|ξ|2U
∧

(ξ, y) = 0 inRn+1
+ ,

U
∧

(ξ, 0) = u
∧
(ξ), U

∧

(ξ, y) → 0, as y → ∞, x ∈ Rn,
(2.92)

where we have denoted
U
∧

(ξ, y) =
∫
Rn

e−2πi⟨ξ,x⟩U(x, y) dx.

In order to solve (2.92) we fix ξ ∈ Rn \ {0}, and with Y(y) = Yξ(y) = U
∧

(ξ, y), we write (2.92) as
y2Y′′(y) + ayY′(y)− 4π2|ξ|2y2Y(y) = 0,

Y(0) = u
∧
(ξ, σ),

Y(y) → 0, as y → ∞.

(2.93)

Comparing (2.93) with the generalized modified Bessel equation in (2.40) above we see that the former fits into
the general form of the latter provided that

α = s, γ = 1, v = s, β = 2π|ξ|.

Thus, according to (2.40), two linearly independent solutions of (2.93) are given by

u1(y) = ysIs(2π|ξ|y), u2(y) = ysKs(2π|ξ|y).

It ensues that, for every ξ ̸= 0, the general solution of (2.92) is given by

U
∧

(ξ, y) = AysIs(2π|ξ|y) + BysKs(2π|ξ|y).

The condition U
∧

(ξ, y) → 0 as y → ∞ forces A = 0 (see e.g. formulas (5.11.9) and (5.11.10) on p. 123 of [16]
for the asymptotic behavior at∞ ofKs and Is), and thus

U
∧

(ξ, y) = BysKs(2π|ξ|y). (2.94)
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Next, we use the conditionU
∧

(ξ, 0) = u
∧
(ξ) to fix the constant B. When y → 0+ we have

U
∧

(ξ, y) = BysKs(2π|ξ|y) = B
πys

2
I−s(2π|ξ|y)− Is(2π|ξ|y)

sin πs
→ Bπ2s−1

Γ(1− s) sin πs
(2π|ξ|)−s,

Now from formula (5.7.1) on p. 108 of [16], we have as z → 0

Is(z) ∼=
1

Γ(s+ 1)

( z
2

)s
, I−s(z) ∼=

1
Γ(1− s)

( z
2

)−s
.

Using this asymptotic, along with the formula (2.13) above, we find that as y → 0+,

U
∧

(ξ, y) = BysKs(2π|ξ|y) →
Bπ2s−1

Γ(1− s) sin πs
(2π|ξ|)−s = B2s−1Γ(s)(2π|ξ|)−s.

In order to fulfill the condition U
∧

(ξ, 0) = u
∧
(ξ) we impose that the right-hand side of the latter equation equal

u
∧
(ξ). For this to happen we must have

B =
(2π|ξ|)su

∧
(ξ)

2s−1Γ(s)
.

Substituting such value of B in (2.94), we finally obtain

U
∧

(ξ, y) =
(2π|ξ|)su

∧
(ξ)

2s−1Γ(s)
ysKs(2π|ξ|y). (2.95)

At this point we want to invert the Fourier transform in (2.95). In fact, it is clear from the latter equation that the
functionU(x, y)will be given by (2.89), with Ps(x, y) as in(2.90), if we can show that

F−1
ξ→x

(
(2π|ξ|)s

2s−1Γ(s)
ysKs(2π|ξ|y)

)
=

Γ
( n
2 + s

)
π n

2 Γ(s)
y2s

(y2 + |ξ|2) n+2s
2

. (2.96)

In view of Theorem 2.2.4, the latter identity is equivalent to

22πs+1ys

|x| n2−1

∫ ∞

0
t
n
2+sKs(2πyt)J n2−1(2π|x|t) dt =

Γ
( n
2 + s

)
π n

2 Γ(s)
y2s

(y2 + |ξ|2) n+2s
2

. (2.97)

We are thus left with proving (2.97). Remarkably, this identity has been already been established in (2.80) above.
Therefore, (2.97) does hold and, with it, (2.89) and (2.90) as well.

In order to complete the proof of the theorem we are thus left with establishing (2.91). With this objective in
mind we note that in view of (2.45) in Proposition 2.3.1, proving (2.91) is equivalent to showing

(2π|ξ|)2su
∧
(ξ) = −22s−1Γ(s)

Γ(1− s)
lim

y→0+
ya
∂U
∧

∂y
(ξ, y). (2.98)

Keeping in mind that a = 1− 2s, and usind the formula

K′
s(z) =

s
z
Ks(z)− Ks+1(z)
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(see (5.7.9) on p. 110 of [16]), we obtain

ya
∂U
∧

∂y
(ξ, y) =

(2π|ξ|)s+1u
∧
(ξ)

2s−1Γ(s)
y1−s

[
2s

(2π|ξ|)y
Ks(2π|ξ|y)− Ks+1(2π|ξ|y)

]
.

Since
2s
z
Ks(z)− Ks+1(z) = −Ks−1(z) = −K1−s(z)

(again, by (5.7.9) on p. 110 of [16]), we finally have

ya
∂U
∧

∂y
(ξ, y) = − (2π|ξ|)s+1u

∧
(ξ)

2s−1Γ(s)
y1−sK1−s(2π|ξ|y).

Now, as before, we have as y → 0+,

y1−sK1−s(2π|ξ|y) −→ 2−sΓ(1− s)(2π|ξ|)s−1.

We finally reach the conclusion that, as y → 0+,

ya
∂U
∧

∂y
(ξ, y) −→ − Γ(1− s)

22s−1Γ(s)
(2π|ξ|)2su

∧
(ξ).

This proves (2.98), thus completing the proof.

Remark 2.5.2. Using Proposition 2.2.1 with the choice b = 0 and a = n + 2s, it is easy to recognize from (2.90)
that

∥Ps(·, y)∥L1(Rn) =

∫
Rn

Ps(x, y) dx = 1, for every y > 0. (2.99)

Remark 2.5.3. Notice that when s = 1/2 we have a = 1 − 2s = 0, and the extension operator La becomes the
standard Laplacean La = Δx + ∂2

y inRn+1. From formula (2.90) we obtain in such case

P 1
2
(x, y) =

Γ
( n+1

2

)
π n+1

2

y
(y2 + |x|2) n+1

2
,

which is in fact the standard Poisson kernel for the upper half-spaceRn+1
+ .

Remark 2.5.4. If we compare the expression of the Poisson kernel in (2.90)with (2.74) in Lemma 2.4.6, we conclude
that, remarkably, we have shown that

Ps(x, y) = (−Δ)sEs,y(x), (2.100)

where for y > 0 the function Es,y = c(n, s)(y2 + |x|2)− n−2s
2 is the y-regularization of the fundamental solution of

(−Δ)s. If we combine (2.100) with (2.83) above, we see that we can reformulate (2.83) as follows

lim
y→0+

Ps(·, y) = δ in S ′(Rn),
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or, equivalently, for any φ ∈ S (Rn)

lim
y→0+

∫
Rn

Ps(x, y)φ(x) dx = φ(0).

If we let φ̃(x) = φ(−x), then we obtain from the latter limit relation

Ps(·, y) ? φ(x) =
∫
Rn

Ps(z, y)τ−xφ̃(z) dz −→ τ−xφ̃(0) = φ(x). (2.101)

Remark 2.5.5 (Alternative proof of (2.91)). Usiin the property (2.101) of the Poisson kernel Ps(x, y)we can provide
another ”short” proof of (2.91) along the following lines, see Section 3.1 in [7]. Let u ∈ S (Rn) and consider the
solution U(x, y) = Ps(·, y) ? u(x) to the extension problem (2.85), see (2.89). Using (2.99) we can write

U(x, y) =
Γ
( n
2 + s

)
π n

2 Γ(s)

∫
Rn

y2s

(y2 + |x− z|2) n+2s
2

dz+ u(x).

Differentiating both sides of this formula with respect to y and keeping in mind that a = 1 − 2s, we obtain that as
y → 0+

ya
∂U
∂y

(x, y) = 2s
Γ
( n
2 + s

)
π n

2 Γ(s)

∫
Rn

u(z)− u(x)
(y2 + |z− x|2) n+2s

2
dz+ O(y2).

Letting y → 0+ and using Lebesgue dominated convergence theorem, we thus find

lim
y→0+

ya
∂U
∂y

(x, y) = 2s
Γ
( n
2 + s

)
π n

2 Γ(s)
PV

∫
Rn

u(z)− u(x)
|z− x|n+2s dz

= −2s
Γ
( n
2 + s

)
π n

2 Γ(s)
γ(n, s)−1(−Δ)su(x),

where in the second equality we have used (2.8) above. If in the latter equation we now replace the expression (2.52)
of the constant γ(n, s), we reach the conclusion that (2.91) is valid.

□

The Poisson kernel Ps(x, y) is of course a solution of LaPs = 0 in Rn+1
+ . What is instead not obvious is that

the y-regularization Es,y of the fundamental solution Es of (−Δ)s introduced in (2.62) in Lemma 2.4.5 is also a
solution of the extension operator La. It was shown in [7] that, up to a constant, such function is in fact the
fundamental solution of La. The heuristic motivation behind this is that, with x ∈ Rn, and η ∈ Ra+1, if y = |η|
then the operator

y−aLa = Δx +
∂2

∂y2
+

a
y
∂

∂y
(2.102)

ca be thought of as the Laplacean in the fractional dimensionN = n+ a+ 1 acting on functionsU(x, |η|). Such
heuristic is confirmed by the following result.
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Proposition 2.5.6. For y ∈ R consider the function G(x, y) = (|x|2 + y2)−
n−2s
2 , see (2.62). Then, for every

(x, y) ∈ Rn+1
+ , with a = 1− 2s we have

LaG(x, y) = 0.

Proof. It is convenient to use the expression of (2.102) on functions depending on r = |x| and y

y−aLa =
∂2

∂r2
+

n− 1
r

∂

∂r
+

∂2

∂y2
+

a
y
∂

∂y
.

Then, the proof becomes a simple computation. Abusing the notation we write

G(x, y) = G(r, y) = (r2 + y2)−
n−2s
2 .

We have
Gr = −(n+ a− 1)(r2 + y2)−

n+a−1
2 −1r,

Grr = (n+ a− 1)(r2 + y2)−
n+a−1

2 −2((n+ a)r2 − y2).

This gives

Grr +
n− 1
r

Gr = (n+ a− 1)(r2 + y2)−
n+a−1

2 −2((1+ a)r2 − ny2).

On the other hand, a similar computation gives

Gyy +
a
y
Gy = −(n+ a− 1)(r2 + y2)−

n+a−1
2 −2((1+ a)r2 − ny2).

Adding the latter two equations gives the desired conclusion LaG = 0.
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3
Fractional calculus

3.1 The heat semigroup

Given a set X, a dynamical system is a family {T(t)}t≥0 of mappings T(t) : X → X such that

• T(t+ s) = T(t)T(s) for all t, s ≥ 0,

• T(0) = IX.

One can interpret X as the set of all states of a system, t ∈ [0,∞) as time, and T(t) as the map describing the
change of a state x ∈ X at time t = 0 into the state T(t)x at time t > 0. When the state space X is a vector space
and each T(t) is a linear operator on X, then {T(t)}t≥0 is called a (one-parameter) semigroup of operators. When
X is a normed space, we say that it is a semigroup of contractions on X if for every t ≥ 0

∥T(t)x∥ ≤ ∥x∥, x ∈ X.

When the normed spaceX is a Banach space we say that a semigroup of bounded linear operators {T(t)}t≥0 onX
is strongly continuous if for every x ∈ X its orbit map

t −→ T(t)x

is continuous from [0,∞) into X. Strongly continuous semigroups are important because they represent a gen-
eralisation of the exponential function t → etA of a matrixA ∈ Mn×n(C). Just as exponential functions provide
a solutions of a scalar linear constant coefficient ordinary differential equations, strongly continuous semigroups

37



provide solutions of linear constant coefficient ordinary differential equations in Banach spaces. Typically, such
differential equations in Banach spaces arise from PDEs.

We begin our discussion by considering the ubiquitous Gaussian

K(x) = (4π)−
n
2 e−

|x|2
4 .

Obviously,K ∈ L1(Rn) and we easily have ∫
Rn

K(x) dx = 1.

We next consider the following approximate identity associated with such kernelK

G(x, t) := t−
n
2K
(

x√
t

)
= (4πt)−

n
2 e−

|x|2
4t t > 0. (3.1)

The inquisitive reader might winder why we have scaled by
√
t and not just t. This is due to the fact that the

functionG(x, t) introduced in (3.1) is the fundamental solutionof theheat operator∂t−Δx, and for suchoperator
the correct scaling is provided by the non-homogeneous (parabolic) dilations λ → (λx, λ2t).

The next proposition contains an elementary but very important property of the function defined by (3.1).

Proposition 3.1.1 (Chapman-Kolmogorov equation). For every s, t > 0, x, y ∈ Rn one has

G(x− y, t+ s) =
∫
Rn

G(x− z, t)G(z− y, s) dz.

Proof. We note that, by translation, it suffices to prove such identity when y = 0. We thus need to show that for
every x ∈ Rn and t, s > 0 we have

G(x, t+ s) =
∫
Rn

G(x− z, t)G(z, s) dz,

or equivalently

(4π(t+ s))−
n
2 e−

|x|2
4(t+s) = (4πt)−

n
2 (4πs)−

n
2

∫
Rn

e−
(

|x−z|2
4t +

|z|2
4s

)
dz.

We now perform some elementary manipulations in the exponential in the integral in the right-hand side to find

|x− z|2

4t
+

|z|2

4s
=

|x|2

4(t+ s)
+

1
4t

(
4s

4(t+ s)
|x|2 + |z|2 − 2 ⟨x, z⟩+ |z|2

4s
4t
)

=
|x|2

4(t+ s)
+

∣∣∣∣∣
(

4s
4t4(t+ s)

) 1
2

x−
(
4(t+ s)
4t4s

) 1
2

z

∣∣∣∣∣
2

.
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This gives

(4πt)−
n
2 (4πs)−

n
2

∫
Rn

e−
(

|x−z|2
4t +

|z|2
4s

)
dz

= (4πt)−
n
2 (4πs)−

n
2 e−

|x|2
4(t+s)

∫
Rn

e
−
∣∣∣∣( 4s

4t4(t+s) )
1
2 x−( 4(t+s)

4t4s )
1
2 z

∣∣∣∣2 dz.
The change of variable

z −→ ξ =
(

4s
4t4(t+ s)

) 1
2

x−
(
4(t+ s)
4t4s

) 1
2

z,

for which we have

dξ =
(
4(t+ s)
4t4s

) n
2

dz,

now gives

(4πt)−
n
2 (4πs)−

n
2

∫
Rn

e−
(

|x−z|2
4t +

|z|2
4s

)
dz

=
π− n

2

(4(t+ s)) n
2

∫
Rn

e−|ξ|2 dξ = (4π(t+ s))−
n
2 e−

|x|2
4(t+s) ,

which finally proves the desired conclusion.

The next result expresses a fundamental property of the functionG(x, t).

Lemma 3.1.2. For every x ∈ Rn and t > 0 one has

∂tG(x, t)− ΔG(x, t) = 0.

Proof. From the definition (3.1) it is immediate too verify that

∇G(x, t) = − x
2t
G(x, t).

Then we find
ΔG(x, t) = − 1

2t
div (G(·, t)x) = − n

2t
G(x, t) +

|x|2

4t
G(x, t).

On the other hand, differentiating in twe easily find

∂tG(x, t) = − n
2t
G(x, t) +

|x|2

4t
G(x, t).

The desired conclusion follows.

For reasons that will become clear subsequently we now introduce a special notation for the convolution with
G(·, t)

Ptf(x) = G(·, t) ? f(x) =
∫
Rn

G(x− y, t)f(y) dy, (3.2)
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where f is a measurable function on Rn for which the integral (3.2) makes sense. We can see that, as a linear
operator, Pt : Lp(Rn) → Lp(Rn) for 1 ≤ p ≤ ∞ and moreover

∥Ptf∥Lp(Rn) ≤ ∥f∥Lp(Rn). (3.3)

Furthermore, we have the following.

Proposition 3.1.3. Let t, s > 0. For every f ∈ Lp(Rn) we have

Pt+sf = Pt(Psf).

Proof. In view of (3.3) and Proposition 3.1.1 we have

Pt+sf(x) =
∫
Rn

G(x− y, t+ s)f(y) dy =
∫
Rn

∫
Rn

G(x− z, t)G(z− y, s) dzf(y) dy

=

∫
Rn

G(x− z, t)Psf(z) dz = Pt(Psf)(x).

Theorem 3.1.4. Let 1 ≤ p < ∞. If f ∈ Lp(Rn) we have

lim
t→0+

∥Ptf− f∥Lp(Rn) = 0. (3.4)

If instead f ∈ L∞(Rn), then we have
lim
t→0+

Ptf(x) = f(x) (3.5)

at every point x ∈ Rn of continuity for f.

As a consequence of Proposition 3.1.3, (3.3) and Theorem 3.1.4 we obtain the following basic result.

Proposition 3.1.5. For every 1 ≤ p ≤ ∞ the one-parameter family {Pt}t≥0 is a semigroup of contractions on
Lp(Rn). The semigroup is strongly continuous when 1 ≤ p < ∞.

The family of operators {Pt}t≥0 is called the heat semigroup in Rn. The name is justified by the fact that the
function u(x, t) = Ptf(x) solves the Cauchy problem for the heat equation ∂tu− Δu = 0 inRn × R+. Denote
the semigroup Pt with the symbol etΔ. Clearly, if we formally let t = 0 we find u(x, 0) = f(x). Furthermore, by
differentiating formally in t one has

ut(x, t) = ΔetΔf(x) = Δu(x, t), (3.6)

therefore u(x, t) = Ptf(x) satisfies the heat equation ∂tu− Δu = 0 inRn × R+.

Proposition 3.1.6. Given f ∈ C(Rn)∩L∞(Rn), the function u(x, t) = Ptf(x) is a solution of the Cauchy problem
for the heat equation ∂tu− Δu = 0 inRn × R+,

u(x, 0) = f(x).
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Another fact suggested by (3.6) is the commutation property PtΔ = ΔPt. The next proposition establishes
this.

Proposition 3.1.7. For every f ∈ C∞
0 (Rn) one has for any x ∈ Rn and t > 0

Pt(Δf)(x) = Δ(Ptf)(x).

Moreover in general, if f ∈ S (Rn) and β ∈ Nn
0 one has

Pt(∂
βf)(x) = ∂β(Ptf)(x).

Proof. Let f ∈ C2
0(Rn) and fixR > 0 so large that supp f ⊂ B(0,R). Then

Pt(Δf)(x) = (4πt)−
n
2

∫
B(0,R)

e−
|y−x|2

4t Δyf(y) dy

= (4πt)−
n
2

∫
B(0,R)

Δy

(
e−

|y−x|2
4t

)
f(y) dy

= (4πt)−
n
2

∫
B(0,R)

Δx

(
e−

|y−x|2
4t

)
f(y) dy

= (4πt)−
n
2Δx

∫
B(0,R)

e−
|y−x|2

4t f(y) dy

= Δ(Ptf)(x).

The following result is a simple but useful consequence of the commutation property in Proposition 3.1.7.

Lemma 3.1.8. Let 1 ≤ p ≤ ∞. Given any f ∈ S (Rn) for any t ∈ [0, 1] we have

∥Ptf− f∥p ≤ ∥Δf∥pt.

Proof. By proposition 3.1.6 and 3.1.7 we have for any f ∈ S (Rn),

Ptf(x)− f(x) =
∫ t

0

d
dτ

Pτf(x) dτ =
∫ t

0
ΔPτf(x) dτ =

∫ t

0
PτΔf(x) dτ.

This gives for any 0 ≤ t ≤ 1,

∥Ptf− f∥p ≤
∫ t

0
∥PτΔf∥p dτ ≤ ∥Δf∥p

∫ t

0
dτ = ∥Δf∥pt.

where in the second inequality we have used (3.3).
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3.2 Ultracontractivity

We next establish a basic property of the semigroup {Pt}t≥0.

Proposition 3.2.1 (Ultracontractivity). Let 1 ≤ p < ∞ and f ∈ Lp(Rn). For every x ∈ Rn and t > 0 we have

|Ptf(x)| ≤
c(n, p)
t

n
2p

∥f∥p. (3.7)

for a certain constant c(n, p) > 0 (when p = 1 one has c(n, 1) = (4π)− n
2 ). In particular, for any f ∈ Lp(Rn) and

x ∈ Rn one has
lim
t→∞

|Ptf(x)| = 0. (3.8)

Proof. Applying Hölder’s inequality to (3.2) we find

|Ptf(x)| ≤ ∥f∥p
(∫

Rn
G(x− y, t)p

′
dy
) 1

p′

= ∥f∥p(4πt)−
n
2

(∫
Rn

e−
p′|x−y|2

4t dy
) 1

p′

,

with 1/p+1/p′ = 1. By the change of variable z =
√

p′
4t (y−x), forwhichdz =

(
p′
4t

) n
2
dy, the desired conclusion

immediately follows with c(n, p) =
(

1
p′

) n
2p′

(4π)−
n
2p .

Combining Proposition 3.1.7 and 3.2.1 we now establish the following remarkable instance of the subordina-
tion principle of Bochner.

Proposition 3.2.2. Let n ≥ 3. Then the following equation holds inD ′(Rn)

Δy

∫ ∞

0
G(x− y, t) dt = −δx,

where δx indicates the Dirac delta at x.

Proof. To establish the proposition we need to show that:

1. for every x ∈ Rn the function y →
∫∞
0 G(x− y, t) dt defines an element ofD ′(Rn);

2. for every f ∈ C∞
0 (Rn) one has

⟨
∫ ∞

0
G(x− y, t) dt,Δyf⟩ = −f(x).

Concerning (1), we notice the following remarkable fact∫ ∞

0
G(x− y, t) dt =

Γ
( n−2

2

)
4π n

2

1
|x− y|n−2 . (3.9)
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Equation (3.9) follows simply by the change of variable τ = |x−y|2
4t in the integral∫ ∞

0
G(x− y, t) dt = (4π)−

n
2

∫ ∞

0

1
t n−2

2
e−

|x−y|2
4t

dt
t
.

Since the function y → |x − y|2−n belongs to L1
loc(Rn), conclusion (1) follows from (3.9). To prove (2) let

f ∈ C∞
0 (Rn). We have by Fubini’s theorem

⟨Δy

∫ ∞

0
G(x− y, t) dt, f⟩ = ⟨

∫ ∞

0
G(x− y, t) dt,Δyf⟩

=

∫
Rn

∫ ∞

0
G(x− y, t) dtΔyf(y) dy =

∫ ∞

0

∫
Rn

G(x− y, t)Δyf(y) dy dt

=

∫ ∞

0
Pt(Δf)(x) dt =

∫ ∞

0
ΔPtf(x) dt,

where in the last equality we have used (3.8). Since Proposition 3.1.6 gives ΔPtf(x) = ∂tPtf(x), by the above
computation we find

⟨Δy

∫ ∞

0
G(x− y, t) dt, f⟩ =

∫ ∞

0
∂tPtf(x) dt = lim

T→∞, ε→0+

∫ T

ε
∂tPtf(x) dt

= lim
T→∞, ε→0+

[PTf(x)− Pεf(x)] = −f(x),

where in the last equality we have used (3.5) and (3.20).

3.3 Fractional powers of the Laplacian

In the Chapter 2 we introduced the fractional Laplacian, see (2.7). In this section, we will not follow the original
presentation of the subject, but instead use the semigroup {Pt}t≥0 and only subsequently recognise the equiva-
lence of the two notions. The next definitionwas originally set forth by Balakrishnan and can be be deduced from
his seminal works [2], [3].

Definition 3.3.1 (Balakrishnan). Let 0 < α < 2. The fractional Laplacian of order α
2 is defined on a function

f ∈ S (Rn) by the formula

(−Δ)
α
2 f(x) = −

α
2

Γ
(
1− α

2

) ∫ ∞

0

1
t1+ α

2
(Ptf(x)− f(x)) dt.

Our first observation is that Definition 3.3.1 makes sense, i.e., that the integral in the right-hand side is finite.
This will be a consequence of the following result.

Lemma 3.3.2. There exists a constantC(n) > 0 such that for every f ∈ C2(Rn), with secondderivatives inL∞(Rn),
we have

|Ptf(x)− f(x)| ≤ C(n)∥∇2f∥L∞(Rn)t.
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Proof. As a first observation we claim that

Ptf(x)− f(x) =
1
2

∫
Rn

G(y, t)[f(x+ y) + f(x− y)− 2f(x)] dy. (3.10)

Next, we observe that the C2 Taylor formula gives

f(x+ y) = f(x) + ⟨∇f(x), y⟩+ 1
2
⟨∇2f(y⋆)y, y⟩ ,

f(x− y) = f(x)− ⟨∇f(x), y⟩+ 1
2
⟨∇2f(y⋆⋆)y, y⟩ .

This implies
|f(x+ y) + f(x− y)− 2f(x)| ≤ ∥∇2f∥L∞(Rn)|y|2.

Substituting this estimate in (3.10) we obtain

|Ptf(x)− f(x)| ≤ 1
2
∥∇2f∥L∞(Rn)

∫
Rn

G(y, t)|y|2 dy ≤ C(n)∥∇2f∥L∞(Rn)t,

This proves the desired result.

With Lemma 3.3.2 we can now show that the integral defining (−Δ) α
2 f(x) is finite for every x ∈ Rn. We have

in fact ∫ ∞

0

1
t1+ α

2
(Ptf(x)− f(x)) dt

=

∫ 1

0

1
t1+ α

2
(Ptf(x)− f(x)) dt+

∫ ∞

1

1
t1+ α

2
(Ptf(x)− f(x)) dt.

The integral on (0, 1) is finite thanks to Lemma 3.3.2. The integral on (1,∞) is trivially estimated as follows∣∣∣∣∫ ∞

1

1
t1+ α

2
(Ptf(x)− f(x)) dt

∣∣∣∣ ≤ 2∥f∥L∞(Rn)

∫ ∞

1

1
t1+ α

2
dt < ∞,

where we have used (3.3) to infer ∥Ptf∥L∞(Rn) ≤ ∥f∥L∞(Rn).

We close this section by establishing an ”integration by parts” formula for the operator (−Δ) α
2 .

Proposition 3.3.3. Let 0 < α < 2. For any f, g ∈ S (Rn) one has∫
Rn

[
g(−Δ)

α
2 f− f(−Δ)

α
2 g
]
dx = 0.
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Proof. We have ∫
Rn
g(x)(−Δ)

α
2 f(x) dx = −

α
2

Γ
(
1− α

2

) ∫
Rn

g(x)
∫ ∞

0

1
t1+ α

2
(Ptf(x)− f(x)) dt dx

= −
α
2

Γ
(
1− α

2

) ∫ ∞

0

1
t1+ α

2

∫
Rn

g(x)(Ptf(x)− f(x)) dx dt

= −
α
2

Γ
(
1− α

2

) ∫ ∞

0

1
t1+ α

2

∫
Rn

f(x)(Ptg(x)− g(x)) dx dt

=

∫
Rn

f(x)(−Δ)
α
2 g(x) dx.

We note that Proposition 3.3.3 continues to be true if we replace the hypothesis g ∈ S (Rn)with g ∈ C2(Rn)

with bounded second derivatives. With this observation we obtain the following.

Corollary 3.3.4. For any f ∈ S (Rn) one has∫
Rn
(−Δ)

α
2 f dx = 0.

3.4 Balakrishnan metM. Riesz

In this section we show that Balakrishnan’s definition of the nonlocal operator (−Δ) α
2 coincides with that intro-

duced byM. Riesz in [17]. Subsequently, we analyse the asymptotic behaviour of this operator as α ↗ 2 and we
show that, unsurprisingly, in the limit we obtain the negative of the Laplace operator Δ.

Proposition 3.4.1. Let 0 < α < 2. For every f ∈ S (Rn) one has

(−Δ)
α
2 f(x) =

α2α−2Γ
( n+α

2

)
π n

2 Γ
(
1− α

2

) ∫
Rn

2f(x)− f(x+ y)− f(x− y)
|y|n+α dy.

Proof. Using equation (3.10) and Fubini’s theorem we find

(−Δ)
α
2 f(x) = −

α
2

2Γ
(
1− α

2

) ∫ ∞

0

1
t1+ α

2

∫
Rn

G(y, t)[f(x+ y) + f(x− y)− 2f(x)] dy dt

=
α
2

2Γ
(
1− α

2

) ∫
Rn
[f(x+ y) + f(x− y)− 2f(x)]

∫ ∞

0

1
t1+ α

2
G(y, t) dt dy.

To complete the proof all is needed at this point is the following elementary computation∫ ∞

0

1
t1+ α

2
G(y, t) dt = (4π)−

n
2

∫ ∞

0

1
t n+α

2
e−

|y|2
4t

dt
t

= (4π)−
n
2 2n+αΓ

(
n+ α
2

)
|y|−(n+α).

(3.11)
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We next analyse the limit of (−Δ) α
2 as α ↗ 2.

Proposition 3.4.2. Let f ∈ S (Rn). Then for any x ∈ Rn one has

lim
α↗2

(−Δ)
α
2 f(x) = −Δf(x).

Proof. Wewrite

(−Δ)
α
2 f(x) = −

α
2

Γ
(
1− α

2

) ∫ ∞

0

1
t1+ α

2
(Ptf(x)− f(x)) dt

= −
α
2

Γ
(
1− α

2

) ∫ 1

0

1
t1+ α

2
(Ptf(x)− f(x)) dt−

α
2

Γ
(
1− α

2

) ∫ ∞

1

1
t1+ α

2
(Ptf(x)− f(x)) dt.

= I(α) + II(α).

The second term is easily estimated as follows

|II(α)| ≤ 2∥f∥L∞(Rn)

α
2

Γ
(
1− α

2

) ∫ ∞

1

1
t1+ α

2
dt → 0, as α → 2,

since
(
1− α

2

)
Γ
(
1− α

2

)
= 1+ o(1) as α ↗ 2. For the first term we argue in the following way. By Lemma 3.3.2

we can integrate by parts obtaining

I(α) = −
α
2

Γ
(
1− α

2

) ∫ 1

0

(
t− α

2

− α
2

)′

(Ptf(x)− f(x)) dt

=
1

Γ
(
1− α

2

) (P1f(x)− f(x))− 1
Γ
(
1− α

2

) ∫ 1

0
t−

α
2
d
dt
Ptf(x) dt

=
1

Γ
(
1− α

2

) (P1f(x)− f(x))− 1
Γ
(
1− α

2

) ∫ 1

0
t−

α
2ΔPtf(x) dt

=
1

Γ
(
1− α

2

) (P1f(x)− f(x))− 1
Γ
(
1− α

2

) ∫ 1

0
t−

α
2 PtΔf(x) dt.

where in the last two equalities we have used Proposition 3.1.6 ans 3.1.7. Since Δf ∈ S (Rn), by Lemma 3.3.2
again we can write for t ∈ [0, 1]

PtΔf(x) = Δf(x) + O(t).

Therefore
1

Γ
(
1− α

2

) ∫ 1

0
t−

α
2 PtΔf(x) dt =

1(
1− α

2

)
Γ
(
1− α

2

)Δf(x) + o(1)

as α ↗ 2. Substituting in the above expression of I(α)we conclude that

I(α) → −Δf(x), as α ↗ 2,

46



thus completing the proof.

3.5 The evolutive semigroup

In semigroup theory a procedure for forming a new semigroup from a given one is that of evolution semigroup. In
this sectionwe exploit this idea to introduce a new semigroup that will be used as a building block for: (i) defining
the fractional powers of the heat operatorH = Δ−∂t; (ii) solve the extensionproblem for suchnonlocal operators.

Let us to introduce the following operator on functions

PH
τ f(x, t) =

∫
Rn

G(x− y, τ)f(y, t− τ) dy = Pτ(Λ−τf(·, t))(x), (3.12)

and call it the evolutive semigroup. The motivation for such name is in the fact that {PH
τ }τ>0 does in fact define a

semigroup of contractions on Lp(Rn+1), for 1 ≤ p ≤ ∞, where hereafter we use the notation Rn+1 to indicate
the spaceRn × Rwith respect the variables (x, t). One has in fact from (3.12) for τ, σ > 0

PH
τ+σf(x, t) = Pτ+σ(Λ−τ−σf(·, t))(x)

= Pτ(Pσ(Λ−τ−σf(·, t)))(x)

= Pτ(Λ−τ(Pσ(Λ−σf(·, t))))(x)

= PH
τ (PH

σ f)(x, t).

(3.13)

Furthermore, one has
lim

τ→0+
PH
τ f(x, t) = f(x, t). (3.14)

The following two lemmas summarise the semigroup PH
τ properties that have already been proved for Pt.

Lemma 3.5.1. For any t > 0 we have:

1. H(S (Rn+1)) ⊂ S (Rn+1) and PH
τ (S (Rn+1)) ⊂ S (Rn+1);

2. For any f ∈ S (Rn+1) and (x, t) ∈ Rn+1 one has ∂τPH
τ f(x, t) = HPH

τ f(x, t);

3. For every f ∈ S (Rn+1) and (x, t) ∈ Rn+1 the commutation property is true

HPH
τ f(x, t) = PH

τ Hf(x, t).

Proof. (1) The first part is obvious. For the second part it suffices to show that PH
τ f
∧

∈ S (Rn+1) if f ∈ S (Rn+1),
and this follows from the following formula,

PH
τ f
∧

(ξ, σ) = e−τ(4π2|ξ|2+2πiσ)f
∧

(ξ, σ). (3.15)
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(2) Is a consequence of the definition of PH
τ

(3) Follows immediately from (3.15) and the fact that

Hf
∧

(ξ, σ) = −(4π2|ξ|2 + 2πiσ)f
∧

(ξ, σ),

or from the commutation property ΔPt = PtΔ in Proposition 3.1.7, and from the relations PH
τ f = Pτ(Λ−τf),

HΛ−τ = Λ−τH.

Henceforth, we will often use some mixed Lebesgue spaces which represent the appropriate substitute for the
standard Lp spaces when dealing with anisotropic partial differential operators such as the heat operator. Given a
measurable function f(x, t) onRn+1, and exponents 1 ≤ p, q ≤ ∞, we will write f ∈ Lp(R,Lq(Rn)) to indicate
the fact that

∥f∥Lp(R,Lq(Rn)) =

(∫
R
∥f(·, t)∥pLq(Rn) dt

) 1
p

< ∞,

with obvious changes when p = ∞. It is clear that Lp(R,Lq(Rn)) = Lp(Rn+1).

Lemma 3.5.2. The following properties hold:

1. For every (x, t) ∈ Rn+1 and τ > 0 we have PH
τ 1(x, t) = 1;

2. We have PH
τ+σ = PH

τ ◦ PH
σ for every σ, τ > 0.

3. Let 1 ≤ p ≤ ∞, then PH
τ : Lp(Rn+1) → Lp(Rn+1) with ∥PH

τ ∥Lp→Lp ≤ 1. Therefore, {PH
τ }τ>0 is a

semigroup of contractions on Lp(Rn+1) when 1 ≤ p ≤ ∞.

Proof. The proof (1) and (2) have already been given. We only provide the details of (3). If p = ∞, then it is
immediate to see

∥PH
τ f∥L∞(Rn+1) ≤ ∥f∥L∞(Rn+1), (3.16)

thus we assume that 1 ≤ p < ∞. Using the second equality in (3.12), (3.3) and Tonelli’s theoremwe have for any
f ∈ Lp(Rn+1)

∥PH
τ f∥Lq(Rn+1) =

(∫
R
∥Pτ(Λ−τf(·, t))∥

p
Lp(Rn) dt

) 1
p

≤
(∫

R
∥Λ−τf(·, t)∥

p
Lp(Rn) dt

) 1
p

=

(∫
R
∥f(·, t)∥pLp(Rn) dt

) 1
p

= ∥f∥Lp(Rn+1).

We conclude this section with the analogue of Lemma 3.1.8 for the semigroup {PH
τ }τ>0 and an important

consequence of it.

Lemma 3.5.3. For every f ∈ S (Rn+1) and (x, t) ∈ Rn+1 we have

|PH
τ f(x, t)− f(x, t)| ≤ ∥Hf∥L∞(Rn+1)τ.
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Proof. We have

PH
τ f(x, t)− f(x, t) =

∫ τ

0

d
dσ

PH
σ f(x, t) dσ =

∫ τ

0
HPH

σ f(x, t) dσ =
∫ τ

0
PH
σ Hf(x, t) dσ,

where in the last equality we have used the commutation property (3) in Lemma 3.5.1. This gives, using (3.16),

|Pτf(x, t)− f(x, t)| ≤
∫ τ

0
|PH

σ Hf(x, t)| dσ ≤
∫ τ

0
∥PH

σ Hf(x, t)∥L∞(Rn+1) dσ

≤
∫ τ

0
∥Hf(x, t)∥L∞(Rn+1) dσ = ∥Hf(x, t)∥L∞(Rn+1)τ.

Arguing in a similar way one proves the following.

Lemma 3.5.4. Let 1 ≤ p ≤ ∞. Given any f ∈ S (Rn+1) for any τ ∈ [0, 1] we have

∥PH
τ f− f∥Lp(Rn+1) ≤ ∥Hf∥Lp(Rn+1)τ.

Corollary 3.5.5. Let 1 ≤ p < ∞. For any f ∈ Lp(Rn+1) one has

lim
τ→0+

∥PH
τ f− f∥Lp(Rn+1) = 0.

As a consequence, {PH
τ }τ>0 is a strongly continuous semigroup of contractions on Lp(Rn+1).

Proof. SinceS (Rn+1) is dense in Lp(Rn+1), for every ε > 0 there exists ψ ∈ S (Rn+1) such that

∥f− ψ∥Lp(Rn+1) <
ε
3
.

Having fixed ψ in this way, in view of Lemma 3.5.4 there exists τ0 = τ0(ε) > 0 such that for every 0 < τ < τ0
we have

∥PH
τ ψ− ψ∥Lp(Rn+1) <

ε
3
.

This gives for every 0 < τ < τ0

∥PH
τ f− f∥Lp(Rn+1) ≤ ∥PH

τ (f− ψ)∥Lp(Rn+1) + ∥PH
τ ψ− ψ∥Lp(Rn+1) + ∥ψ− f∥Lp(Rn+1)

≤ ∥ψ− f∥Lp(Rn+1) +
ε
3
+

ε
3
< ε,

where we have used (3) of Lemma 3.5.2.
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3.6 The fractional heat operator

With the results of Section 3.5 in hand we are now ready to introduce the fractional powers (∂t − Δ) α
2 .

Definition 3.6.1. Let 0 < α < 2. The fractional heat operator of order α
2 is defined on a function f ∈ S (Rn+1)

by the formula

(∂t − Δ)
α
2 f(x, t) = −

α
2

Γ
(
1− α

2

) ∫ ∞

0

1
τ1+ α

2
(PH

τ f(x, t)− f(x, t)) dτ.

We observe right-away that, thanks to (3.16) and Lemma 3.5.3 the integral in the right-hand side of (3.6.1) is
finite. It is also worth observing that f(x, t) = f(x), then

(∂t − Δ)
α
2 f(x, t) = (−Δ)

α
2 f(x).

Next, we observe that if we presently define the parabolic dilations

δλf(x, t) = f(λx, λ2t),

the simple manipulations show that

PH
τ (δλf)(x, t) = PH

λ2τf(λx, λ
2t). (3.17)

One easily obtains from (3.17)

(∂t − Δ)
α
2 (δλf)(x, t) = λα(∂t − Δ)

α
2 f(λx, λ2t), (3.18)

which shows that the fractional heat is an operator of order αwith respect to the anisotropic parabolic dilations.

We conclude this section with the next result, which is an useful version of Proposition 3.2.1

Proposition 3.6.2 (weak Ultracontractivity). Let 1 ≤ q < ∞ and f ∈ L∞(R,Lq(Rn)). For every (x, t) ∈ Rn+1

and τ > 0 we have
|PH

τ f(x, t)| ≤
c(n, q)
τ

n
2q

∥f∥L∞(R,Lq(Rn)), (3.19)

for a certain constant c(n, q) > 0. In particular, for any f ∈ L∞(R,Lq(Rn)) and (x, t) ∈ Rn+1 one has

lim
τ→∞

|PH
τ f(x, t)| = 0. (3.20)

Proof. Applying Hölder’s inequality to (3.12) we find

|PH
τ f(x, t)| ≤

∫
Rn

G(x− y, τ)|f(y, t− τ)| dy

≤ ∥f(·, t− τ)∥Lq(Rn)

(∫
Rn

G(x− y, τ)q
′
dy
) 1

q′

≤ c(n, q)τ−
n
2q ∥f∥L∞(R,Lq(Rn)),
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where 1
q +

1
q′ = 1.

3.7 The extension problem

In their seminal 2007 paper [7] Caffarelli and Silvestre introduced the extension problem for the fractional powers
of the Laplacian, that we have already proved in section 2.5. In line with the spirit of the present chapter we are
going to use the heat semigroup to solve, again, the extension problem.

In what follows we consider the upper half-spaceRn+1
+ = Rn

x × R+
y , with variable X = (x, y), where x ∈ Rn

and y > 0. Let 0 < α < 2 and introduce what we call the Bessel parameter a = 1 − α ∈ (−1, 1). Given a
function f ∈ S (Rn+1)we want to find a functionU ∈ C∞(Rn+1 × R+) such thatya∂tU− divX(ya∇XU) = 0 inRn+1 × R+,

U(x, t, 0) = f(x, t) (x, t) ∈ Rn+1.
(3.21)

When α = 1, and therefore a = 0, the problem (3.21) was first introduced and solved by Frank Jones in his
beautiful but apparently not so well-known 1968 paper [15]. He also proved the following heat equation

− lim
y→0+

∂U
∂y

(x, t, y) = (∂t − Δ)
1
2 f(x, t). (3.22)

Let us notice right-away that since the right-hand side of the PDE in (3.21) is zero, we can factor ya out and write
the problem in the equivalent formB(a)U = ∂yyU+ a

y∂yU+ ΔxU− ∂tU = 0 inRn+1 × R+,

U(x, t, 0) = f(x, t) (x, t) ∈ Rn+1.
(3.23)

We callB(a) the extension operator. To find its heat kernel we make the following formal considerations, which
can be justified a posteriori. Denote by w a point in the Euclidean space Ra+1 with fractional dimension a + 1.
Never mind for the time being the fact that this really makes no sense. If we denote by y = |w| (again, this is
purely formal), then the Laplacian in the variable w, restricted to functions having spherical symmetry, takes the
form

Δw = ∂yy +
a
y
∂y.

This suggests that we should look at the following PDE inRn+a+1 × R+

ΔwU+ ΔxU− ∂tU = 0. (3.24)

The heat kernel for (3.24) is given by by the Gaussian inRn+a+1 × R+

G(a)((x,w), t) = (4πt)−
n+a+1

2 e−|(x,w)|24t = (4πt)−
n+a+1

2 e−
|x|2+y2

4t , (3.25)
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where we have used the ”assumption” that y = |w|. Notice that the function (3.25) is nothing but the product of
the heat operator in a product space such as (3.24). Since the Bessel operator on the half-lineR+

y

B(a) = ∂yy +
a
y
∂y

is self-adjoint with respect to the measure ya dy, and since from (3.25) we have∫
Rn

x×R+
y

G(a)((x,w), t)ya dy dx =
Γ
( a+1

2

)
2π a+1

2
,

we normaliseG(a)((x,w), t) as follows

G (a)(x− z, y, t) =
2π

a+1
2

Γ
( a+1

2

) (4πt)− n+a+1
2 e−

|x−z|2+y2
4t . (3.26)

In this way we have for every x ∈ Rn and t > 0∫
Rn

x×R+
y

G (a)(x− z, y, t)ya dy dz = 1. (3.27)

For reasons that will soon be clear, along with the partial differential operator B(a) in (3.23) we ought to also
consider its intertwined operator inRn+1 × R+

B(2−a)U = ∂yyU+
2− a
y

∂yU+ ΔxU− ∂tU, (3.28)

whose heat kernel inRn+3−a × R+ is given by

G(2−a)((x,w), t) = (4πt)−
n+3−a

2 e−|(x,w)|24t = (4πt)−
n+3−a

2 e−
|x|2+y2

4t . (3.29)

The motivation for introducing (3.28) is in the following intertwining equation for the Bessel operators

B(a)(y1−aU) = y1−aB(2−a)U, (3.30)

that the reader can easily verify. The equation (3.30) shows thatU solvesB(2−a)U = 0 if andonly ifB(a)(y1−aU) =
0. As a consequence, we have the corresponding intertwining relation

B(a)(y1−aU) = y1−aB(2−a)U. (3.31)

This lead us to introduce the following.

Definition 3.7.1. We define the Poisson kernel of the operatorB(a) as the function

P(a)(x− z, y, t) =
1

21−aΓ
( 1−a

2

) y1−a

t 3−a
2
e−

y2
4t G(x− z, t).
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We note right-away that, since up to a constant function

(x, y, t) → 1
t 3−a

2
G(x− z, t)

is for every fixed x ∈ Rn the heat kernel (3.29), it is in particular a solution of the equation B(2−a)U = 0 in
Rn

x × R+
y × R+

t . In view of (3.31) we deduce that for every x ∈ Rn the function

(z, y, t) → P(a)(x− z, y, t)

is a solution of the equation
B(a)P(a)(x− z, y, t) = 0 (3.32)

inRn
x × R+

y × R+
t . Furthermore, we have the following.

Proposition 3.7.2. For every x ∈ Rn and y > 0 we have∫
Rn

∫ ∞

0
P(a)(x− z, y, t) dz dt = 1.

Proof. By Definition 3.7.1 and the theorem of Tonelli we have∫
Rn

∫ ∞

0
P(a)(x− z, y, t) dz dt =

y1−a

21−aΓ
( 1−a

2

) ∫
Rn

∫ ∞

0

1
t 3−a

2
e−

y2
4t G(x− z, t) dz dt

=
y1−a

21−aΓ
( 1−a

2

) ∫ ∞

0

(∫
Rn

G(x− z, t) dz
)

1
t 3−a

2
e−

y2
4t dt

=
y1−a

21−aΓ
( 1−a

2

) ∫ ∞

0

1
t 3−a

2
e−

y2
4t dt = 1,

where the reader can easily verify the last equality by the change of variable σ = y2

4t .

With Definition 3.7.1 in hands we can now solve problem (3.23). The following is the main result of this
section.

Theorem 3.7.3. Given f ∈ S (Rn+1), consider the function defined by the equation

U(x, y, t) =
∫ ∞

0

∫
Rn

P(a)(x− z, y, τ)f(z, t− τ) dz dτ. (3.33)

Then, U ∈ C∞(Rn+1× (0,∞)), and for any 1 ≤ p ≤ ∞ the function U solves the extension problem in Lp(Rn+1),
in sense that we haveB(a)U = 0 inRn+1 × (0,∞), and moreover

lim
y→0+

∥U(·, y, ·)− f∥Lp(Rn+1) = 0. (3.34)
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Furthermore, we also have in Lp(Rn+1)

−
2−aΓ

( 1−a
2

)
Γ
( 1+a

2

) lim
y→0+

ya∂yU(·, y, ·) = (∂t − Δ)
α
2 f. (3.35)

Proof. Using theGaussian character of the functionP(a) inDefinition 3.7.1, it is not difficult to justify differen-
tiating under the integral sign in (3.33). By iteration one thus proves thatU ∈ C∞(Rn+1×(0,∞)). Furthermore,
since by (3.33)

B(a)U(x, y, t) =
∫ ∞

0

∫
Rn

B(a)P(a)(x− z, y, τ)f(z, t− τ) dz dτ

in view of (3.32) we see that
B(a)U(x, y, t) = 0,

inRn+1 × (0,∞). Perhaps it is worth noting here that

∂tU(x, y, t) =
∫ ∞

0

∫
Rn

P(a)(x− z, y, τ)∂tf(z, t− τ) dz dτ

= −
∫ ∞

0

∫
Rn

P(a)(x− z, y, τ)∂τf(z, t− τ) dz dτ

=

∫ ∞

0

∫
Rn

∂τP
(a)(x− z, y, τ)f(z, t− τ) dz dτ,

where in the last equality we have integrated by parts. We are thus left with proving (3.34) and (3.35). To reach
this goal we make the crucial observation thatU can be written in the following form using the semigroup PH

τ

U(x, y, t) =
1

21−aΓ
( 1−a

2

)y1−a
∫ ∞

0

1
τ 3−a

2
e−

y2
4τ PH

τ f(x, t) dτ. (3.36)

To recognise the validity of (3.36) we use (3.33) and Definition 3.7.1 to find

U(x, y, t) =
∫ ∞

0

∫
Rn

P(a)(x− z, y, τ)f(z, t− τ) dz dτ

=
1

21−aΓ
( 1−a

2

)y1−a
∫ ∞

0

1
τ 3−a

2
e−

y2
4τ

(∫
Rn

G(x− z, t)f(z, t− τ) dz
)

dτ

=
1

21−aΓ
( 1−a

2

)y1−a
∫ ∞

0

1
τ 3−a

2
e−

y2
4τ PH

τ f(x, t) dτ,

which proves (3.36). In view of Proposition 3.7.2 we obtain from (3.36)

U(x, y, t)− f(x, t) =
1

21−aΓ
( 1−a

2

)y1−a
∫ ∞

0

1
τ 3−a

2
e−

y2
4τ [PH

τ f(x, t)− f(x, t)] dτ. (3.37)
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Using the representation (3.37) we thus find

∥U(·, y, ·)− f∥Lp(Rn+1)

≤ 1
21−aΓ

( 1−a
2

)y1−a
∫ 1

0

1
τ 3−a

2
e−

y2
4τ ∥PH

τ f(x, t)− f(x, t)∥Lp(Rn+1) dτ

+
1

21−aΓ
( 1−a

2

)y1−a
∫ ∞

1

1
τ 3−a

2
e−

y2
4τ ∥PH

τ f(x, t)− f(x, t)∥Lp(Rn+1) dτ.

In the second integral we use the contractivity of PH
τ on Lp(Rn+1) to bound

1
τ 3−a

2
e−

y2
4τ ∥PH

τ f(x, t)− f(x, t)∥Lp(Rn+1) ≤ 2∥f∥Lp(Rn+1)
1

τ 3−a
2

∈ L1(1,∞),

since 3−a
2 > 1. In the first integral, instead, we need to crucially use the rate in Lemma 3.5.4

∥PH
τ f(x, t)− f(x, t)∥Lp(Rn+1) = O(τ),

to estimate ∫ 1

0

1
τ 3−a

2
e−

y2
4τ ∥PH

τ f(x, t)− f(x, t)∥Lp(Rn+1) dτ ≤ C
∫ 1

0

1
τ 1−a

2
dτ < ∞,

since 0 < 1−a
2 < 1. In conclusion, the right-hand side in (3.37) goes to 0 in Lp(Rn+1) norm with y1−a, and since

1− a > 0, we have proved (3.34).

In order to complete the proof we are left with establishing (3.35). Differentiating with respect to y the repre-
sentation formula (3.37), we find

−
2−aΓ

( 1−a
2

)
Γ
( 1+a

2

) ya∂yU(x, y, t)

= − 1− a
2Γ
( 1+a

2

) ∫ ∞

0

1
τ 3−a

2
e−

y2
4τ [PH

τ f(x, t)− f(x, t)] dτ

+
1

4Γ
( 1+a

2

)y2 ∫ ∞

0

1
τ 3−a

2
e−

y2
4τ [PH

τ f(x, t)− f(x, t)]
dτ
τ
.

(3.38)

On the other hand, keeping the equation a = 1− α in mind, we can express

(∂t − Δ)
α
2 f(x, t) = − 1− a

2Γ
( 1+a

2

) ∫ ∞

0

1
τ 3−a

2
[PH

τ f(x, t)− f(x, t)] dτ. (3.39)
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Subtracting (3.39) from (3.38) we thus find∥∥∥∥∥−2−aΓ
( 1−a

2

)
Γ
( 1+a

2

) ya∂yU(·, y, ·)− (∂t − Δ)
α
2 f

∥∥∥∥∥
Lp(Rn+1)

≤ 1− a
2Γ
( 1+a

2

) ∫ ∞

0

1
τ 3−a

2

∣∣∣∣e− y2
4τ − 1

∣∣∣∣∥PH
τ f(x, t)− f(x, t)∥Lp(Rn+1) dτ

+
1

4Γ
( 1+a

2

)y2 ∫ ∞

0

1
τ 3−a

2
e−

y2
4τ ∥PH

τ f(x, t)− f(x, t)∥Lp(Rn+1)
dτ
τ

= I(y) + II(y).

To complete the proof of the theorem it suffices to show that both I(y), II(y) → 0 as y → 0+. We handle II(y)
as follows

II(y) ≡ y2
∫ 1

0

1
τ 1−a

2
e−

y2
4τ
dτ
τ

+ y2
∫ ∞

1

1
τ 3−a

2

dτ
τ

= O(y1+a) → 0 since a ∈ (−1, 1).

For I(y)we consider the integrand

0 ≤ gy(τ) :=
1

τ 3−a
2

∣∣∣∣e− y2
4τ − 1

∣∣∣∣∥PH
τ f(x, t)− f(x, t)∥Lp(Rn+1), 0 < τ < ∞.

We clearly have gy(τ) → 0 as y → 0+ for every τ > 0. On the other hand, there exist an absolute constantC > 0
and a function g ∈ L1(0,∞) such that 0 ≤ gy(τ) ≤ Cg(τ) for every τ > 0. In fact, using Lemmas 3.5.2 and
3.5.4 it is not difficult to convince oneself that we can take

g(τ) =


1

τ
1−a
2

0 < τ < 1,
1

τ
3−a
2

1 < τ < ∞.

By Lebesgue dominated convergence we conclude that I(y) → 0 as y → 0+.

56



4
Higher order

4.1 Fractional operators of higher order

In this section we want to introduce the fractional operators of higher order considered in the previous chapters,
that is, the fractional Laplacean (−Δ)s, see also [1], and the fractional heat operator (−H)s for s ∈ R \ Z. In
Chapter 2 we introduced in Definition 2.1.4 the fractional Laplacean with s ∈ (0, 1),

(−Δ)su(x) =
γ(n, s)
2

∫
Rn

2u(x)− u(x+ y)− u(x− y)
|y|n+2s dy.

The limitation s < 1 is due to the singularity of the kernel |y|n+2s and, therefore, the same formula does not carry
over to s > 1.

To introduce the Laplacean of higher order we start from its formulation according to Balakrishnan in Defini-
tion 3.3.1 in which we take s = α

2 ,

(−Δ)su(x) = − s
Γ (1− s)

∫ ∞

0

1
t1+s (Ptu(x)− u(x)) dt, (4.1)

which is also written as
(−Δ)su(x) = − 1

Γ (1− s)

∫ ∞

0

1
ts
(−∂t)Ptu(x) dt. (4.2)

An advantage of the formulations (4.1) and (4.2) is that they admit the following natural generalization to higher
powers
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Definition 4.1.1. For every s > 0 non-integer we write

s = k+ σ, where k = [s] := max{d ∈ Z : d < s} and σ ∈ [0, 1)

and we define

(−Δ)su(x) = (−Δ)σ
(
(−Δ)ku

)
(x)

= − σ
Γ (1− σ)

∫ ∞

0

1
t1+σ (Pt(−Δ)ku(x)− (−Δ)ku(x)) dt

= − 1
Γ (1− σ)

∫ ∞

0

1
tσ
(−∂t)

k+1Ptu(x) dt.

(4.3)

This formula easily follows from one of themain properties of the heat semigroup; indeed, for every k ∈ Nwe
have (−∂t)

kPtu(x) = (−Δ)k(Ptu)(x) = Pt(−Δ)ku(x), and from the Definition 4.1.1 it follows that

(−Δ)su(x) = (−Δ)σ
(
(−Δ)ku

)
(x)

where (−Δ)σ is defined through (4.2).

Analogously, we can naturally define the fractional heat operator as

Definition 4.1.2. For every s ≥ 0 we write

s = k+ σ, where k = [s] := max{d ∈ Z : d < s} and σ ∈ [0, 1)

and we define

(−H)su(x, t) = (∂t − Δ)su(x, t) = (∂t − Δ)σ
(
(∂t − Δ)ku

)
(x, t) = (−1)k(∂t − Δ)σ

(
(H)ku

)
(x, t)

= −(−1)k
σ

Γ (1− σ)

∫ ∞

0

1
τ1+σ (P

H
τ Hku(x, t)−Hku(x, t)) dτ

(4.4)

4.2 Extension problem of higher order

The goal of this chapter is to generalize the Caffarelli-Silvestre extension problem to higher powers of the heat
operator. In the time independent setting, Successful attempts in such direction appeared in[5] (using conformal
geometry techniques), see also [21], [8] and [6].

In accordance with our work in Section 3.7, and differently from the previously mentioned articles, we are
going to focus on the heat counterpart of the extension problem (2.85).

In preparation for the main result of this section, we recall that we write H = Δ − ∂t for the heat operator,
and define

Ha := ∂yy +
a
y
∂y +H = ∂yy +

a
y
∂y + Δ− ∂t.
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Furthermore, the integer part of a real number s is expressed as follows

[s] := max{d ∈ Z : d < s}.

In order to prove the Theorem 4.2.2, we first need to formalize the Poisson kernel for the equation (4.6).
Thereby, following the blueprint of section 3.7, we define the following function:

Definition 4.2.1. for s > 0 non-integer

P(s)(x− z, y, t) :=
1

22sΓ(s)
y2s

t1+s e
− y2

4t G(x− z, t) (4.5)

The following is the main result of this section.

Theorem 4.2.2. Let s > 0 be some non-integer and a = 1−2(s− [s]). Given f ∈ S (Rn+1), consider the function
defined by the equation

U(x, y, t) :=
∫ ∞

0

∫
Rn

P(s)(x− z, y, τ)f(z, t− τ) dz dτ.

Then the function U inRn+1 × (0,∞) solves

H
[s]+1
(a) U(x, y, t) =

(
∂yy +

a
y
∂y +H

)[s]+1

U(x, y, t) = 0, (4.6)

and for any 1 ≤ p ≤ ∞ we have
lim

y→0+
∥U(·, y, ·)− f∥Lp(Rn+1) = 0. (4.7)

Moreover, for every odd integer k ∈ N such that k ≤ [s], we have

lim
y→0

ya
∂k

∂yk
U(x, y, t) = 0. (4.8)

Furthermore, we also have in Lp(Rn+1)

(−H) sf(x, t) = (∂t − Δ)sf(x, t) = K(s) lim
y→0

ya∂yH
[s]
(a)U(x, y, t), (4.9)

where

K(s) := −(−1)[s]
Γ(s)

Γ(1+ [s]− s)
22(s−[s])−1

[s]!
.
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4.2.1 Proof of the Theorem 4.2.2

Wewant to prove thatH [s]+1
(a) P(s) = 0. Let us start with the computation ofH(a)P

(s), and therefore:

a
y
∂yP

(s) =
2s(1− 2(s− [s]))

y2
(
P(s) − P(s+1)

)
, (4.10)

∂yyP
(s) =

4s2 − 2s
y2

P(s) − 8s2 + 2s
y2

P(s+1) +
4s2 + 4s

y2
P(s+2). (4.11)

Summing the (4.10) with (4.11) we have(
∂yy +

a
y
∂y

)
P(s) =

4s[s]
y2

P(s) − 4s(1+ s+ [s])
y2

P(s+1) +
4s(s+ 1)

y2
P(s+2).

Nowwe compute the heat operator ofP(s):

HP(s) =
4s(1+ s)

y2
(
P(s+1) − P(s+2)

)
. (4.12)

Thus, we easily obtain:

H(a)P
(s) =

(
∂yy +

a
y
∂y +H

)
P(s) =

4s[s]
y2
(
P(s) − P(s+1)

)
.

Trivially then

H(a)P
(s−[s]) =

4(s− [s])[s− [s]]
y2

(
P(s−[s]) − P(s−[s]+1)

)
= 0. (4.13)

Our aim is then to computeH
[s]
(a)P

(s), starting from the observation that:

H(a)P
(s) =

[s]
s− 1

HP(s−1), (4.14)

and iterating

H 2
(a)P

(s) =
[s]([s]− 1)

(s− 1)(s− 2)
H2P(s−2),

H 3
(a)P

(s) =
[s]([s]− 1)([s]− 2)
(s− 1)(s− 2)(s− 3)

H3P(s−3).

Thereby, for k ∈ {1, 2, . . . , [s]}, we have:

H k
(a)P

(s) =
[s]!

([s]− k)!
Γ(s− k)
Γ(s)

HkP(s−k).
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Consequently, for k = [s]we get:

H
[s]
(a)P

(s) = [s]!
Γ(s− [s])

Γ(s)
H[s]P(s−[s]). (4.15)

Finally we can directly show thatH [s]+1
(a) P(s) = 0. Starting from (4.15) and exploiting (4.13) we have:

H
[s]+1
(a) P(s) = H(a)

(
[s]!

Γ(s− [s])
Γ(s)

H[s]P(s−[s])
)

= [s]!
Γ(s− [s])

Γ(s)
H[s]H(a)P

(s−[s])

= 0.

Thus we have shown that
H

[s]+1
(a) P(s) = 0. (4.16)

By virtue of the previous passages, we are ready to prove that:

U(x, y, t) =
∫ ∞

0

∫
Rn

P(s)(x− z, y, τ)f(z, t− τ) dz dτ

is solution of H
[s]+1
(a) U = 0 inRn+1

+ × R+

U(x, 0, t) = f(x, t) per (x, t) ∈ Rn+1.

Indeed, we have the following relation:

H(a)U(x, y, t) =
∫ ∞

0

∫
Rn

H(a)P
(s)(x− z, y, τ)f(z, t− τ) dz dτ,

which follows from:

∂tU(x, y, t) =
∫ ∞

0

∫
Rn

P(s)(x− z, y, τ)∂tf(z, t− τ) dz dτ

= −
∫ ∞

0

∫
Rn

P(s)(x− z, y, τ)∂τf(z, t− τ) dz dτ

=

∫ ∞

0

∫
Rn

∂τP
(s)(x− z, y, τ)f(z, t− τ) dz dτ,

and consequently, hinging on (4.16) we easily obtain:

H
[s]+1
(a) U(x, y, t) =

∫ ∞

0

∫
Rn

H
[s]+1
(a) P(s)(x− z, y, τ)f(z, t− τ) dz dτ = 0.

Nowwe show the following Lemma:
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Lemma 4.2.3. For every x ∈ Rn, y > 0 and s > 0 we have∫
Rn

∫ ∞

0
P(s)(x− z, y, t) dz dt = 1.

Proof. It can be directly shown through:∫
Rn

∫ ∞

0
P(s)(x− z, y, t) dz dt =

y2s

22sΓ(s)

∫ ∞

0

∫
Rn

1
τ1+s e

− y2
4τ G(x− z, t) dz dτ

=
y2s

22sΓ(s)

∫ ∞

0

(∫
Rn

G(x− z, t) dz
)

1
τ1+s e

− y2
4τ dτ

=
y2s

22sΓ(s)

∫ ∞

0

1
τ1+s e

− y2
4τ dτ = 1.

Nowwe want to reformulate the functionU as:

U(x, y, t) =
∫ ∞

0

∫
Rn

P(s)(x− z, y, τ)f(z, t− τ) dz dτ

=
y2s

22sΓ(s)

∫ ∞

0

1
τ1+s e

− y2
4τ

(∫
Rn

G(x− z, t)f(z, t− τ) dz
)

dτ

=
y2s

22sΓ(s)

∫ ∞

0

1
τ1+s e

− y2
4τ PH

τ f(x, t) dτ.

(4.17)

Thus, thanks to Lemma (4.2.3), we get:

U(x, y, t)− f(x, t) =
y2s

22sΓ(s)

∫ ∞

0

1
τ1+s e

− y2
4τ
(
PH
τ f(x, t)− f(x, t)

)
dτ. (4.18)

Through the use of (4.18) we manage to prove (4.7); indeed

∥U(·, y, ·)− f∥Lp(Rn+1) ≤

≤ y2s

22sΓ(s)

∫ 1

0

1
τ1+s e

− y2
4τ ∥PH

τ f− f∥Lp(Rn+1) dτ

+
y2s

22sΓ(s)

∫ ∞

1

1
τ1+s e

− y2
4τ ∥PH

τ f− f∥Lp(Rn+1) dτ.

For the second integral we exploit the contractivity of PH
τ

1
τ1+s e

− y2
4τ ∥PH

τ f− f∥Lp(Rn+1) ≤
2

τ1+s e
− y2

4τ ∥f∥Lp(Rn+1) ∈ L1(1,∞).

For the first integral we avail ourselves of the fact that τ ∈ (0, 1)

∥PH
τ f− f∥Lp(Rn+1) = O(τ). (4.19)
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Hence, for the first integral we have

∫ 1

0

1
τ1+s e

− y2
4τ ∥PH

τ f− f∥Lp(Rn+1) dτ ≤ C
∫ 1

0

e−
y2
4τ

τs
dτ,

where the last integral with the change of variables ω = 1
τ we obtain

C
∫ 1

0

e−
y2
4τ

τs
dτ = C

∫ ∞

1
ωs−2e−

y2
4 ω dω.

Nowwe call on formula 3.381 of [13], which claims that∫ ∞

u
xν−1e−μx dx = μ−ν

∫ ∞

μu
e−ttν−1 dt per u > 0, Reμ > 0.

In our case, we have ν = s− 1, u = 1 and μ =
y2

4 , and therefore

C
∫ ∞

1
ωs−2e−

y2
4 ω dω = C

y2−2s

41−s

∫ ∞

y2
4

e−ωωs−1−1 dω ≤ C
y2−2s

41−s

∫ ∞

0
e−ωωs−1−1 dω = C

Γ(s− 1)
41−s y2−2s.

Thus, for the first integral we get

y2s

22sΓ(s)

∫ 1

0

1
τ1+s e

− y2
4τ ∥PH

τ f− f∥Lp(Rn+1) dτ ≤
y2s

22sΓ(s)
C
Γ(s− 1)
41−s y2−2s

=
C
4
Γ(s− 1)
Γ(s)

y2 → 0 as y → 0+,

and we have shown that
lim
y→0

∥U(·, y, ·)− f∥Lp(Rn+1) = 0.

Nowwe want to prove (4.8), starting from the observation that

∂yP
(s) =

y
2(s− 1)

HP(s−1), (4.20)

and iterating

∂3
yP

(s) = 3
y
22

1
(s− 1)(s− 2)

H2P(s−2) +
( y
2

)3 1
(s− 1)(s− 2)(s− 3)

H3P(s−3),

∂5
yP

(s) = 15
y
23

1
(s− 1)(s− 2)(s− 3)

H3P(s−3) + 10
y3

24
1

(s− 1)(s− 2)(s− 3)(s− 4)
H4P(s−4)

+
( y
2

)5 1
(s− 1)(s− 2)(s− 3)(s− 4)(s− 5)

H5P(s−5).

Thereby, we obtain the following iterative formula for suitable constants ck(i) > 0 and with k ∈ {1, 2, . . . , [s]}
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such that k is odd

∂k
yP

(s) =

k−1
2∑

i=0

ck(i)
yk−2i

2k−i
Γ(s− k)
Γ(s)

Hk−iP(s−k+i). (4.21)

By means of (4.21) we can write

∂k
yU(x, y, t) = ∂k

y

(∫ ∞

0

∫
Rn

P(s)(x− z, y, τ)f(z, t− τ) dz dτ
)

=

∫ ∞

0

∫
Rn

∂k
yP

(s)(x− z, y, τ)f(z, t− τ) dz dτ

=

k−1
2∑

i=0

ck(i)
yk−2i

2k−i
Γ(s− k)
Γ(s)

∫ ∞

0

∫
Rn

Hk−iP(s−k+i)(x− z, y, τ)f(z, t− τ) dz dτ

=

k−1
2∑

i=0

ck(i)
yk−2i

2k−i
Γ(s− k)
Γ(s)

Hk−i
(∫ ∞

0

∫
Rn

P(s−k+i)(x− z, y, τ)f(z, t− τ) dz dτ
)

=

k−1
2∑

i=0

ck(i)
yk−2i

2k−i
Γ(s− k)
Γ(s)

Hk−i
(

y2(s−k+i)

22(s−k+i)Γ(s− k+ i)

∫ ∞

0

1
τ1+s−k+i e

− y2
4τ PH

τ f(x, t) dτ
)

=

k−1
2∑

i=0

ck(i)
yk−2i

2k−i
Γ(s− k)
Γ(s)

y2(s−k+i)

22(s−k+i)Γ(s− k+ i)

∫ ∞

0

1
τ1+s−k+i e

− y2
4τ PH

τ Hk−if(x, t) dτ.

Then for
Ak(i, s) =

ck(i)
23k−3i−2s

Γ(s− k)
Γ(s)Γ(s− k+ i)

> 0,

we have

∂k
yU(x, y, t) =

k−1
2∑

i=0

Ak(i, s)y2s−k
∫ ∞

0

1
τ1+s−k+i e

− y2
4τ PH

τ Hk−if(x, t) dτ,

and clearly

ya∂k
yU(x, y, t) =

k−1
2∑

i=0

Ak(i, s)y1+2[s]−k
∫ ∞

0

1
τ1+s−k+i e

− y2
4τ PH

τ Hk−if(x, t) dτ.

Finally, we can compute

∥∥∥ya∂k
yU(·, y, ·)

∥∥∥
Lp(Rn+1)

≤

k−1
2∑

i=0

Ak(i, s)y1+2[s]−k
∫ ∞

0

1
τ1+s−k+i e

− y2
4τ
∥∥PH

τ Hk−if
∥∥
Lp(Rn+1)

dτ

≤

k−1
2∑

i=0

Bk(i, s)y1+2[s]−k
∫ ∞

0

1
τ1+s−k+i e

− y2
4τ dτ

≤ Ck(i, s)y1+2[s]+k−2s−2i → 0 as y → 0.

As a matter of fact k+ 1− 2(i+ s− [s]) > 0 for every i ∈ {0, 1, . . . , k−1
2 }.
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Thus we have proved that (4.8) for k odd such that k ≤ [s].

Now we want to prove (4.9). Exploiting (4.17) we obtain

H[s]
(∫ ∞

0

∫
Rn

P(s−[s])(x− z, y, τ)f(z, t− τ) dz dτ
)

= H[s]
(

y2(s−[s])

22(s−[s])Γ(s− [s])

∫ ∞

0

1
τ1+s−[s] e

− y2
4τ PH

τ f(x, t) dτ
)

=
y2(s−[s])

22(s−[s])Γ(s− [s])

∫ ∞

0

1
τ1+s−[s] e

− y2
4τ PH

τ H[s]f(x, t) dτ,

and consequently

H
[s]
(a)U(x, y, t) = H

[s]
(a)

∫ ∞

0

∫
Rn

P(s)(x− z, y, τ)f(z, t− τ) dz dτ

=

∫ ∞

0

∫
Rn

H
[s]
(a)P

(s)(x− z, y, τ)f(z, t− τ) dz dτ

= [s]!
Γ(s− [s])

Γ(s)

∫ ∞

0

∫
Rn

H[s]P(s−[s])(x− z, y, τ)f(z, t− τ) dz dτ

= [s]!
Γ(s− [s])

Γ(s)
H[s]

(∫ ∞

0

∫
Rn

P(s−[s])(x− z, y, τ)f(z, t− τ) dz dτ
)

= [s]!
Γ(s− [s])

Γ(s)
y2(s−[s])

22(s−[s])Γ(s− [s])

∫ ∞

0

1
τ1+s−[s] e

− y2
4τ PH

τ H[s]f(x, t) dτ

= [s]!
y2(s−[s])

22(s−[s])Γ(s)

∫ ∞

0

1
τ1+s−[s] e

− y2
4τ PH

τ H[s]f(x, t) dτ.

(4.22)

Hence

ya∂yH s
(a)U(x, y, t) =

= ya∂y
(
[s]!

Γ(s− [s])
Γ(s)

H[s]
(∫ ∞

0

∫
Rn

P(s−[s])(x− z, y, τ)f(z, t− τ) dz dτ
))

= ya∂y
(
[s]!

y2(s−[s])

22(s−[s])Γ(s)

∫ ∞

0

1
τs+1−[s] e

− y2
4τ PH

τ H[s]f(x, t) dτ
)

=
(s− [s])[s]!

22(s−[s])−1Γ(s)

∫ ∞

0

1
τ1+s−[s] e

− y2
4τ PH

τ H[s]f(x, t) dτ

− [s]!y2

22(s−[s])+1Γ(s)

∫ ∞

0

1
τ2+s−[s] e

− y2
4τ PH

τ H[s]f(x, t) dτ.

(4.23)

65



Nowwe observe that:

∂y

(
H

[s]
(a)U(x, y, t)

)
= ∂y

(
H

[s]
(a)U(x, y, t)− [s]!

Γ(s− [s])
Γ(s)

H[s]f(x, t)
)

= ∂y

(
[s]!

y2(s−[s])

22(s−[s])Γ(s)

∫ ∞

0

1
τ1+s−[s] e

− y2
4τ

(
PH
τ H[s]f(x, t)−H[s]f(x, t)

)
dτ
)
,

and therefore

ya∂yH
[s]
(a)U(x, y, t) = ya∂y

(
H

[s]
(a)U(x, y, t)− [s]!

Γ(s− [s])
Γ(s)

H[s]f(x, t)
)

=
(s− [s])[s]!

22(s−[s])−1Γ(s)

∫ ∞

0

1
τ1+s−[s] e

− y2
4τ

(
PH
τ H[s]f(x, t)−H[s]f(x, t)

)
dτ

− [s]!y2

22(s−[s])+1Γ(s)

∫ ∞

0

1
τ2+s−[s] e

− y2
4τ

(
PH
τ H[s]f(x, t)−H[s]f(x, t)

)
dτ.

(4.24)

Multiplying (4.24) for the following constant

K(s) := −(−1)[s]
Γ(s)

Γ(1+ [s]− s)
22(s−[s])−1

[s]!
,

(4.24) becomes:

K(s)ya∂y
(
H

[s]
(a)U(x, y, t)

)
= −(−1)[s]

s− [s]
Γ(1+ [s]− s)

∫ ∞

0

1
τ1+s−[s] e

− y2
4τ

(
PH
τ H[s]f(x, t)−H[s]f(x, t)

)
dτ

+ (−1)[s]
y2

4Γ(1+ [s]− s)

∫ ∞

0

1
τ2+s−[s] e

− y2
4τ

(
PH
τ H[s]f(x, t)−H[s]f(x, t)

)
dτ.

(4.25)

From the Definition 4.1.2 of the fractional heat operator of higher order, for k = [s] and σ = s− [s]we have

(−H)sf(x, t) = (−1)[s](−H)s−[s](H[s]f)(x, t) =

= −(−1)[s]
s− [s]

Γ (1− s+ [s])

∫ ∞

0

1
τ1+σ (P

H
τ H[s]f(x, t)−H[s]f(x, t)) dτ,

and finally we can compute:∥∥∥K(s)ya∂y (H [s]
(a)U(·, y, ·)

)
− (−H)sf

∥∥∥
Lp(Rn+1)

≤

≤ s− [s]
Γ(1− s+ [s])

∫ ∞

0

1
τ1+s−[s]

∣∣∣∣e− y2
4τ − 1

∣∣∣∣∥∥∥PH
τ H[s]f−H[s]f

∥∥∥
Lp(Rn+1)

dτ

+
y2

4Γ(1+ [s]− s)

∫ ∞

0

1
τ2+s−[s] e

− y2
4τ

∥∥∥PH
τ H[s]f−H[s]f

∥∥∥
Lp(Rn+1)

dτ

= I(y) + II(y).
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Thus we are left with showing that I(y), II(y) → 0 for y → 0.

Indeed, for II(y)we have:

II(y) ∼ y2
∫ 1

0

1
τ2+s−[s] e

− y2
4τ

∥∥∥PH
τ H[s]f−H[s]f

∥∥∥
Lp(Rn+1)

dτ

+ y2
∫ ∞

1

1
τ2+s−[s] e

− y2
4τ

∥∥∥PH
τ H[s]f−H[s]f

∥∥∥
Lp(Rn+1)

dτ,

where for the first integral we use the formula (4.19) to obtain the following estimate

y2
∫ 1

0

1
τ2+s−[s] e

− y2
4τ

∥∥∥PH
τ H[s]f−H[s]f

∥∥∥
Lp(Rn+1)

dτ ≤ C2y2
∫ 1

0

1
τ1+s−[s] e

− y2
4τ dτ.

Now, after the change of variables ω = 1
τ and using the formula 3.381 of [13] we obtain

C2y2
∫ 1

0

1
τ1+s−[s] e

− y2
4τ dτ ≤ C2Γ(s− [s])

4[s]−s y2([s]−s+1) → 0 as t → 0,

since [s]− s+ 1 > 0. Instead, the second integral is finite for 2+ s− [s] > 1 and therefore

II(y) → 0 as y → 0.

While for I(y)we consider:

0 ≤ gy(τ) :=
1

τ1+s−[s]

∣∣∣∣e− y2
4τ − 1

∣∣∣∣∥∥∥PH
τ H[s]f−H[s]f

∥∥∥
Lp(Rn+1)

.

Clearly, we have gy(τ) → 0 as y → 0+ for every τ > 0. On the other hand, it exists a constant C > 0 and a
function g ∈ L1(0,∞) such that 0 ≤ gy(τ) ≤ Cg(τ) for every τ > 0. Recalling that 1 + s − [s] ∈ (1, 2), it
suffices to take

g(τ) =

 1
τs−[s] per 0 < τ ≤ 1

1
τs−[s]+1 per 1 < τ < ∞,

and from Lebesgue dominated convergence we conclude that I(y) → 0 for y → 0+.
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5
Conclusion

Considering the proof of the Theorem 4.2.2, we would like to generalize our result to a broader family of hypoel-
liptic operators, namely the one introduced by Hörmander [14]

K u := tr (Q∇2u) + ⟨BX,∇u⟩ − ∂tu. (5.1)

It was proven by Hörmander thatK is hypoelliptic if and only if the covariance matrix

K(t) =
1
t

∫ t

0
esBQesB

∗
ds (5.2)

is invertible, i.e., detK(t) > 0 for every t > 0. In (5.1)Q andB areN×Nmatrices with real, constant coefficients,
withQ ≥ 0,Q = Q∗. We have denoted by X the variable inRN, and by A∗ the transpose of a matrix A.

The class of operators (5.1) includes several examples of interest in analysis, physics and the applied sciences.
The simplest one is of course the ubiquitous heat equation, corresponding to the nondegenerate case whenQ =

IN, B = ON. When Q = IN, B = −IN one has the Ornstein-Uhlenbeck operator, which is of great interest in
the probability literature. Another example is the degenerate Kolmogorov operator inRN+1 withN = 2n, with

the choices Q =

[
In On

On On

]
, and B =

[
On On

In On

]
, which arose in the seminal paper [9] on Brownian motion

and the theory of gases.

Then, we would like to establish results analogous (at least on the formal level) to Chapter 4 for the nonlocal
operators (−K )s for s > 0. In particular, the case 0 < s < 1 has already been proven by Garofalo and Tralli, as
can be seen in [12].
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