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Abstract

Aim of this manuscript is to give generation results and some Hardy inequal-
ities for elliptic operators with unbounded coefficients of the form

Au = div(aDu) + F - Du+ Vu,

where V' is a real valued function, a(x) = (ay(x)) is symmetric and satisfies
the ellipticity condition and a and F' grow to infinity. In particular, we
mainly deal with Schrodinger type operators, i.e., operators of the form A =
aA + V. The case of the whole operator is also considered in the sense that
a weighted Hardy inequality for these operators is provided. Finally we will
consider the higher order elliptic operator perturbed by a singular potential
A= A% — x|

Due to their importance for the strong relation with Schrodinger op-
erators, in Chapter 1, we provide a survey on the most significant proofs
of Hardy’s inequalities appeared in literature. Furthermore, we generalise
Hardy inequality proving a weighted inequality with respect to a measure
dp = p(r) dx satisfying suitable local integrability assumptions in the weighted
spaces L2(RY) = L*(R", dp). We claim that for all u € H)(RY), ¢ < co

2
c/ u—dug/ |Vu|2du+C'M/ u? dp
v |7[? RN RN

holds with ¢y, optimal constant.

In Chapter 2 we recall the result of Baras-Goldstein concerning the exis-
tence and non-existence of positive solutions to the Schrodinger equation

We present in details the Cabré-Martel approach for such problems.

Chapter 3 deals with the study of generation properties in LP-spaces of
the Schrodinger type operator Ly with unbounded diffusion
c

Lou = Lu+ Vu = (1+ |2]*)Au + | |2u,
T
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where o > 0 and ¢ € R. The proofs are based on some LP-weighted Hardy
inequality and perturbation techniques.

Finally, in Chapter 4, we study the biharmonic operator perturbed by an
inverse fourth-order potential

A=Ay -V =~A"— "
|[*

where ¢ is any constant such that ¢ < C* = (W)Q. Making use of

the Rellich inequality, multiplication operators and off-diagonal estimates,
we prove that the semigroup generated by —A in L2(RY), N > 5, extrapo-

lates to a bounded holomorphic Cy-semigroup on LP(RY) for all p € [p}, po),
where py = ]\2,—11[4 and pf is its dual exponent. Furthermore, we study the

boundedness of the Riesz transform

1 o0
AAY2 .= / 12 At gt
T(1/2) Jo ‘

on LP(RY) for all p € (p}), 2]. Thus, we obtain W?2P-regularity of the solution
to the evolution equation with initial datum in LP(RY) for p € (p}, 2].



Introduction

Elliptic operators with bounded coefficients have been widely studied in the
literature both in RY and in open subsets of RY and nowadays they are
well understood. Recently, the interest in operators with unbounded coeffi-
cients has grown considerably due to their numerous applications in many
fields of science, such as quantum mechanics, fluid dynamics, e.g., in the
study of Navier-Stokes equations with a rotating obstacle, see [22, 33] and
the references therein. Moreover, in biology, when studying the motion of
a particle acting under a force perturbed by noise, see for example [26], or
stochastic analysis and mathematical finance, where stochastic models lead
to equations with unbounded coefficients, e.g., the well known Black-Scholes
equation introduced in [9] and some structure models of interest rate deriva-
tives, see for example [11, 20]. This class of operator is a generalisation of
the operators with bounded coefficients and historically, in the mathemat-
ical literature, the subject is studied using several approaches, with ideas
and methods from partial differential equations, Dirichlet forms, stochastic
processes, stochastic differential equations. One can wonder about many as-
pects such as existence, uniqueness, regularity or integral representation of
solutions to the abstract Cauchy problem associated to an elliptic operator
with unbounded coefficients of the form

Au = div(aDu) + F - Du+ Vu,

where V' is a real-valued function, a(x) = (ag(z)) satisfies the ellipticity
condition and a and F' grow to infinity. If one assumes that A has coefficients
belonging to Cf (RY) it is then possible to prove that there exists a positive
semigroup (7'(t))s>0 such that the parabolic problem associated to A

u(t,z) = Au(t,z) t>0,2 € RV,
u(0,x) = f(z) r € RV,

admits a classical solution for every f € Cy(R"Y) given by u(t,z) = T(t) f(z),
see [8]. The solution is constructed through an approximation procedure as

7
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the limit of solutions to suitable Dirichlet problems on bounded domains and
it is given by a semigroup T'(t) applied to the initial datum f. Moreover,
this solution admits an integral representation by

1(0)f(@) = [t ) dy

with p, the so called integral kernel, a positive function. The semigroup
(T'(t))s>0 is generated by A in a weak sense and it is often called Markov
semigroup in the case where V' = 0.

The operator A can also be defined via the sesquilinear form

Q(u,v):/ aVu~V§dx—/ F~Vu@dx—/ Vuvdzx,
RN RN

RN

u, v € C(RY). Tt is possible to derive properties for the operator A and
generation results through properties of the form Q.

In this manuscript we mainly deal with Schrodinger type operators, i.e.,
operators with vanishing drift term, Va + F = 0. The case of the whole
operator is also considered in the sense that a weighted Hardy’s inequality
for this operators is provided. Finally we will consider the higher order elliptic
operator perturbed by a singular potential A = A? — ¢|z|™.

Due to its importance for the strong relation with the Schrédinger opera-
tor, in Chapter 1, a survey on the most significant proofs of Hardy inequality
appeared in literature is presented. We start with the proof of the Hardy
original inequality for the one dimensional case appeared for the first time in
1920 in [34]. He states the following: Given a square-integrable function f
on (0,00), then f is integrable over the interval (0, z) for each positive x and

/0°° (i/oxf(t)dt)z dx§4/000f2(a:)d:p.

Moreover, the inequality is sharp. Since then, alternative proofs and various
generalizations and variants of the inequality occurred. The well known one
in L?(RY), for N > 2, states that

(557 LAt fomeoree o

holds for every u € H*(RY). We give different proofs of both the inequality
itself and the sharpness of the constant through different strategies. There
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are also several generalisations to the LP-setting. In particular, we will prove
that for every u € W1P(RY) with compact support, one has

|ul”

o [ aglelds < [ 19Ul el ®)
RN RN

|2

2
with optimal constant ~, = <%> . Furthermore, we generalise Hardy’s

inequality proving a weighted inequality with respect to a measure du =
p(x) dz satisfying suitable local integrability assumptions in the weighted
spaces L2 (RY) = L*(RY, du). We claim that for all u € H)(RY) and ¢ < cq,

2
c/ u—d,ug/ |Vu|2d,u—|-C'M/ u? du
ry |T]? RN RN

holds with optimal constant. The interest in studying such an inequality is its
relation with the parabolic problem associated to the Kolmogorov operator
perturbed by a singular potential

Lu = Au+ Vi Vu + cz|?u.
i

Finally we provide a proof of the Rellich inequality for all u € H?(RY)

(W)Q/RN %d@« < /RN\Au(:c)\zdx.

In Chapter 2 we focus our attention on the well known Schrodinger op-
erator

H=-A-V=-A—clz|?

¢ € R. Schrodinger type operators have widely been studied in literature.
Several authors characterize different classes of potentials, domain, kernel
estimates, spectrum and eigenvalues and the associated evolution equation,
ie, uy = Au+ V(z)u in (0,7] x RY has been studied, see for example
[16, 8, 60, 61]. We limit ourselves in considering the critical potential V' (z) =
c|lz|7? and studying the generation of a semigroup for a suitable realisation of
—H in L*(RY). Then, we will state some upper bounds for the heat kernel of
the associated semigroup, and finally, we will provide a non-existence result
in L*(RY), Theorem 0.1 below. It is known that the potential V is highly
singular in the sense that it belongs to a border line case where the strong
maximum principle and Gaussian bounds may fail, cf. [3]. Moreover, it is
not in the Kato class potentials. If V' < Ix\%’ then the initial value problem
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associated to —H is well-posed. But for ¢ = 0 the problem may not have
positive solutions. The characterization of the existence of positive weak
solutions to the parabolic problem associated with the operator —H, i.e.,

{ut—Au:c|x\_2u (0,T) x RY, )

u(0,x) = up(x) in RY,

was first discovered by Baras and Goldstein in [7]. They prove that a positive
weak solution to (3) exists if and only if ¢ < ¢o(N) := (%)2 Moreover,
Cabré and Martel in [12] provide a simpler proof of the non-existence result.
In particular, they define the bottom of the spectrum of the operator H as

Vol = Ve?) d
)\1 _ inf (fRN (l 90’ - 2 ) ZIZ') ‘
e H1(RV)\{0} S ©? dx

Then, they prove the following.

Theorem 0.1. For N >3, ¢ >0, f >0, consider the problem

{ut:AujL#u t>0,z € RV, (4)

w(0,)) = f € L*RN).

(i) If Ay > —oo (that is ¢ < ¢o(N)), then there exists a function u €
C([0,00), LA (RYN)), weak solution of (4), exponentially bounded, i.e.,

lu®)] < Me||f]. ()

(ii) If \y = —oo (that is ¢ > co(N)), then for all 0 < f € L*(RY)\ {0}
there is no positive weak solution of (4) satisfying (5).

It is then clear that the existence of positive solutions to (4) is related to
Hardy’s inequality (1) on the space L2(R"). The nonexistence of solutions
is due to the optimality of the constant in the Hardy inequality. Therefore,
studying the bottom of the spectrum is equivalent to studying the Hardy
inequality and the sharpness of the best possible constant.

We also give generation results in L*(RY) via form methods. The asso-
ciated form to H is

Q(u,v) = / Vu Vide — | ——uvde
RN

|z

with D(Q) = {u € HYRY) : |||V|2ul|; < oo}. Studying the properties of
the form one is able to prove that the associated operator —Hy in L?(RY)
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is the generator of a holomorphic strongly continuous contraction semigroup
on L*(RY).

Chapter 3 is devoted to the presentation of the work in [23]. We consider
the Schrodinger type operator Ly with unbounded diffusion

Lou = Lu+ Vu=(1+|z|*)Au+ #u
with @« > 0 and ¢ € R. The aim is to obtain sufficient conditions on
the parameters ensuring that Ly with a suitable domain generates a quasi-
contractive and positivity preserving Cy-semigroup in LP(RY), 1 < p < oo.
The tools we have at our disposal are the Hardy inequality (2) and generation
results for the unperturbed elliptic operator

L=(1+|z|YA

which have been proved in [24, 39, 46]. As said before, the inverse square
potential V' is highly singular, however, Okazawa in [53] obtains generation
results for the operator H = —A — V through perturbation techniques. In
particular, he proves that the realisation —H, of —H in LP(RY), 1 < p < oo,
with domain W?2P(RY), generates a contractive and positive Cy-semigroup
in LP(RY) and C°(RY) is a core for —H,, if N > 2p and

Lo 1)(;\; )N _ 3

see [563, Theorem 3.11]. In the case where N < 2p, it is proved that —H,
with domain D(H,) = W*P(RY) N {u € LPF(RY) : |z|7%u € LP(RN)} is m-
sectorial if ¢ < 3, see [53, Theorem 3.6]. If one replaces the Laplacian by the
operator L similar results can be obtained. Therefore, we treat the operator
Lg as a perturbation of the operator L and we are able to prove the following
theorems, where we distinguish the two cases a < 2 and a > 2 because the
hypotheses on the unperturbed operator L are different.

Theorem 0.2. Assume 0 < o < 2. Set k = min{w, (p— 1)y =
@—1)}()*2)2}. If 2p < N and o < (N —2)(p — 1) then, for every ¢ < k the
operator L + # endowed with the domain D, defined as follows

D, = {u € W*P(RY) : |z|*| D?ul, |z|*/?|Vu| € LP(RV)}

generates a contractive positive Co-semigroup in LP(RN). Moreover, C°(RY)
15 a core for such an operator. Finally, the closure of (L + #, Dp> generates

a contractive positive Co-semigroup in LP(RY).
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Theorem 0.3. Assume o > 2. Set k = min{XE=DN=20) (), _ 1)} If

P
% <p< % and a < W, then for every ¢ < k the operator L + #

endowed with the domain b\p

—

Dy = {u € W*P(RY) : 2", |2[*7|Vul, |2[*|D*u| € LP(RY)}

generates a contractive positive Cy-semigroup in LP(RY). Moreover, C°(RY)
15 a core for such an operator. Finally, the closure of | L + #, l/); generates

a contractive positive Cy-semigroup in LP(RN).

When 2p > N, if at least 2p — N < a, then, still relying on an abstact
theorem by Okazawa [53, Theorem 1.6], similar results are obtained but with
domain D, N D(|z|~2) and D, N D(|z|~2) respectively. Furthermore, we also
discuss the generation of a Cy-semigroup for the operator

Cc

Lou = (14 || Au = nlz|*u + —u,

|z[?
where 7 is a positive constant, &« > 2 and § > a — 2. In this case less
conditions on the parameters occur in order to obtain similar theorems as
before.

Chapter 4 deals with the results in paper [31]. In particular, we study
the biharmonic operator perturbed by an inverse fourth-order potential

C

ER

A=Ay -V =A2—

where ¢ is any constant such that ¢ < C* := (W)z. We prove that the
semigroup generated by —A in L*(RY), N > 5, extrapolates to a bounded
holomorphic Co-semigroup on LP(RY) for all p € [p{, po] where py = 2%
and pj is its dual exponent. Observe that the unperturbed operator, Ay =
A? is studied by Davies in [18]. In particular, he proves that for N <
4, —Ap generates a bounded Cy-semigroup on LP(RY) for all 1 < p < oo
and that Gaussian-type estimates for the heat kernel hold. The result is
different when the dimension is greater than the order of the operator, N > 4.
In this case he proves that the semigroup (e~*40);5¢ on L?(RY) extends to
a bounded holomorphic Cy-semigroup on LP(RYM) for all p € [p),po]. An
analogous situation holds when one replaces Ag by A. However, much more
recently, Quesada and Rodriguez-Bernal in [56], using abstract parabolic
arguments, prove that the biharmonic operator — Ay generates a holomorphic
semigroup in some suitable scale spaces W4P(RY) for every 1 < p < oo

without restriction to the dimension N.
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We study the operator A = A2~V in L?(R") via quadratic form methods.
It is associated with the form

a(u,v) = AulAT dx — Vuv dz

RN RN
with D(a) = {u € H*RY) : [|[|V|"?u]|s < co}. Studying the properties of
the form a, one obtains generation of a contractive holomorphic Cy-semigroup
on L?(RY). Then, making use of multiplication operators and off-diagonal

estimates, we prove that, for N > 5, the semigroup (e~'4);¢ extrapolates to
a bounded holomorphic Cy-semigroup on LP(RY) for all p € [p}, po].

Furthermore, we study the boundedness of the Riesz transform

1 o0
AAY2 .= / 12 At gt
T(1/2) Jo ‘

on LP(RY) for all p € (p,2]. The boundedness of AA~'/2 on LP(R"Y) implies
that the domain of A'/? is included in the Sobolev space W?2?(RY). Thus, we
obtain W2P-regularity of the solution to the evolution equation with initial
datum in LP(RY). 1In the setting of higher order operators, Blunck and
Kunstmann in [10] apply the Calderén-Zygmund theory for a non-integral
operator L to obtain estimates on AL~'/? since, in general, operators of order
2m do not satisfy Gaussian bounds if 2m < N. More precisely, they prove
an abstract criterion for estimates of the type

IBL™ fllr) < Coll fllvy, P € (q0,2],

where B, L are linear operators, o € [0,1), qo € [1,2) and 2 is a measure
space. We apply this criterion to our situation (B, L,Q) = (A, A,RY) with
go = P that together with the obtained off-diagonal estimates, leads to the
following result.

Theorem 0.4. The parabolic problem associated to —A = —Ah—@, c < C,

Ouu(t) = —Au(t) fort >0,
u(0) = f,

admits a unique solution for each initial datum f € LP(RYN), p € [p, po).

Moreover, if f € LP(RYN) for p € (p},2], then u(t) € W*P(RY) for every

t>0.



Chapter 1
Hardy’s inequalities

Hardy’s inequalities play an important role in analysis with several applica-
tions in many fields such as partial differential equations, harmonic analysis,
spectral theory or quantum mechanics [7, 15, 61]. The aim of this chapter is to
survey the most significant proofs of the classical Hardy inequality appeared
in literature since 1920, when Hardy first shows the inequality in the one
dimensional case. We are also interested in a generalization of the inequality
in LP(RY) for 1 < p < oo. Furthermore, we will prove some weighted Hardy
inequalities with respect to a measure du. Finally, we present the Rellich
inequality, the analogous of Hardy’s for higher order operators.

The main motivation for Hardy in establishing the inequality is the at-
tempt to simplify the proof of Hilbert’s double series theorem, [35, Theorem
315]. In fact, in [34], the Hardy inequality is stated for the first time in the
one dimensional case and the optimality of the constant is claimed in the
sense that it cannot be replaced by any smaller one. The original inequality
says the following. Given a square-integrable function f on (0, 00), then f is
integrable over the interval (0, x) for each positive x and

/OOO G/Omf(t)dt)2 dm§4/ooof2(x)d:c.

Since then, alternative proofs and various generalizations and variants of the
inequality occurred. The well known one in L*(RY), for N > 2, on which we
will focus our attention, states that for every u € HY(RY), N > 2,

(%)2/RN u‘l(fg) dr < /RN |Vu(z)|? dx. (1.1)

When N = 2 there is nothing to prove. Therefore, we will concentrate on
the case N > 3. As stated before the constant is sharp, however, it is never

14
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achieved. Indeed, the equality in (1.1) is attained considering the radial
functions u(z) = |z|~ "z, which do not belong to H'(RM).

There are several generalizations to the LP-setting. In particular, we will
focus our attention on the inequality

N+a—2\° P
<+—O‘) / Mmadxg/ Vul [uf2lede (12)
R RN

p N |z[?

for every u € WHP(RY) with compact support, N > 3 and a > 0.

Hardy’s inequality has a strong relation with the Schrédinger operator
H = —A — c|z|™?, i.e., the Laplacian perturbed by the inverse-square po-
tential. In fact, one of the most important consequences of the inequality
concerning evolution equations was showed by Baras and Goldstein. In the
pioneering work [7], they establish a relation between (1.1) and the parabolic
problem associated to —H. In particular, they consider the problem

(1.3)

uy — Au = clz|2u  (0,T) x RN,
u(0,x) = up(x) in RY,

with 0 < T' < o0, up € L},.(RY) and uy > 0 a.e. In order to understand
the criticality of the potential, the best constant in Hardy’s inequality is
required. They show that, if 0 < ¢ < (%)2, then there exists a positive
weak solution to (1.3) global in time. If instead, ¢ > (u)z, then there does

2
not exist a positive weak solution to (1.3).

1.1 Proofs

We provide different proofs of both the inequality itself and the optimality
of the constant. To start with, we consider Hardy’s proof for the one dimen-
sional case as it appears in the book by Hardy, Littlewood and Pdlya, [35,
Theorem 327].

Proposition 1.1. If f € L*(0,00) and F(x) = [ f(t)dt, then

/O°° (chx))z dr < 4/000 () da, (1.4)

unless f = 0. The constant 4 is the best possible.
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Proof. If 0 < ¢ < X, integrating by parts, we have

/; (Ff))Q dz = —/j Fz(x)%x_ldx

= IR - XWX + 2/5 v F(x) f(x) da.

Since F'is a primitive of f, when f? is integrable, one has that F?(z) = o(x).
Hence, letting & — 0 and applying Holder’s inequality

/OX (@)2 dr < Q/OX F;x)f(a:)dx

< ([ (F2) w) ([ a0

If f is different from 0 in (0, X), the left-hand side of (1.5) is positive. Hence,

e /OX (@)2 dr < 4/0X f(x) dz. (1.6)

When we make X — oo we obtain (1.4), except that "<’ is replaced by '<’.
In particular, the integral on the left-hand side of (1.4) is finite. It follows
that all the integrals in (1.5) remain finite when X is replaced by oo, and
that

/Ooo (F;x))z de < 2/000 Fff)f(x)dx
<9 (/OOO (F;x))Z d:p) " (/OOO () d:zc) " (1.7)

The last sign of the inequality may be replaced by '<’ unless 7! F and f are
effectively proportional. This would make f a power of z, and then [ f?dx
would be divergent. Hence,

/OOO (@)2 dr < 2 (/Ooo (@)2 dx) " </OOO f2(z) dm) v (1.8)

unless f is nul. Since the integral on the left-hand side is positive and finite,
(1.4) now follows from (1.8) as (1.6) followed by (1.5).
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In order to prove that the constant is the best possible (inequality is
sharp), we have to prove that for each a < 4 the following inequality holds

/0°° (@)2 L a/OOO () dz (1.9)

for some function f satisfying the assumptions in Proposition 1.1. To this
purpose, given € > 0, consider the function f € L?(0, c0)

0 ifx <1,
Jx) = {x—é—s if o> 1.
Hence, we will have

- 0 if v <1,
(r) =1 (x%*€—1> if 2> 1.

By direct computation we get

oo [e.e] 1
fA(z)dr = / ¥ dr = —,
1 2

and

Therefore, inequality (1.9) is

2 2 8¢
1— 92| >
(1—25> ( 112 g)—a

which, letting ¢ — 0, holds for every a < 4 . m

We now provide a proof of the classical Hardy inequality (1.1) in L?(RY)
for N > 3. It has been published by several authors, see for example |2,
6]. This proof essentially follows the lines of the one of Hardy for the one
dimensional case.

Proposition 1.2. For each uw € HY(RY), N > 3, the following inequality
holds, with optimal constant,

(¥>Q/RN ﬁ(ﬁ) dr < /RN Vu(z)[? de.
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Proof. By a density argument we can consider v € C°(RY). Then the
following identity holds,

u?(z) = — /100 ccllt 2(tx) dt = /100 u(te)z - Vu(tz)dt.

/RN |a:] /RN/ ’13\ | B Vu(tz) dt dx.

By a change of variables, Fubini’s theorem and Holder’s inequality, it follows
that

< dt Yy
/ ||2 / tNl/ H uly) 1
RN |T RN ) )

y) Y
N—2/RN |y Vuly): [yl %

<5 ([ ) ([ marw)

We can then conclude the inequality.

Hence,

As regards the optimality of the constant, given £ > 0, define the radial
function U € C(RY) by U(z) = ¢(r) where |z| = r and ¢ is given by

o) = {A o dfrefol]

Ar—=z ¢ ifr > 1,

where A = m Now, since the function U does not belong in general
to L*(RY), we consider the truncated functions U, = 9,U with 9,(x) =
¥ (£), ¥ being a smooth function supported in B(2) and ¢ = 1 in B(1).

Now (Up)nen € HY(RY) and [ %dw — fon %dm and [, [VU,|*dz —
Jan VU dz as n — oo.
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Indeed, by direct computation, we get

2n
/ VU, (2)|? dz = wN/ T_(1+2€)19i(r) dr
RN 1

1 2
+5 U(x) ‘Vﬁ (f)( dz
n= JB(2n)\B(n) n
2/ x
+ — U(x)0,(x)VU(x) -V (—) dx
2 Sy @)V V0 ()
1 U2
B(2n)\B(1) |z
1 2
+— U2(x)‘V19 (5] da
n* JB(en)\B(n) n
2/ x
+ - U(z)Y,(z)VU(x) - Vi | — | dx,
2 Lo, U@l VU @) - 99 ()

where wy is the measure of the (N — 1)—dimensional unit sphere. Now,
letting n — oo one obtains for each ¢ > 0

U?(2) 2 ’ 2

This ends the proof. m

The argument of the following proof can be found in [17, p. 166]. Thanks
to its simplicity, it can be easily generalized to a large class of operators, for
instance to the Ornstein-Uhlenbeck operator or to the sub-Laplacian on the
Heisenberg group (see for example [30]).

Proposition 1.3. For each ¢ € C(RY), N > 3, the following inequality

holds ) ,
N —2 ©*(x) / 9
J— < V .
( 2 ) /RN |z[? o RN‘ ele)f da

Proof. Let us consider the functions

fe(x) = (e + |2*)*

with € > 0 and £ < 0 to be chosen later. We can compute

Af.(z)  (4k* + 2k(N —2)) |z|* + 2Nke

fe(z) (e + [[*)?
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Minimising the function s(k) = 4k? + 2k(N — 2) one obtains k = 2= and
then

Af(r) _ = (A7)l = M2e

Je(x) (€ +[=[?)?
Now, take p € C°(RY) and set 1) = %. Computing and integrating by parts
one obtains

/ \WPdﬁ/ EsDQda::/ | £V dz > 0.
RN RN fz—: RN

—/ %@deg/ V| da.
RN fs RN

Letting ¢ — 0, by Fatou’s lemma, inequality (1.1) is proved,
N —2\? 2
<—> / %dx S/ V|? d.
2 rY || RN

Cabré and Martel in [12] also study the problem (1.3). We will discuss
their results later. At this point, we are interested in the fact that they
establish a relation between the existence of solutions to the problem (1.3)
and the validity of a Hardy-type inequality. In particular, they introduce the
generalised bottom of the spectrum of the operator H = —A —V

(fRN (IVfgi;d‘;wz) dfﬁ)

which eventually can be —oco. In fact, condition A\; > —oo implies a Hardy-
type inequality of the form

Hence,

O

)\1 = inf
peH! (RN)\{0}

/V@deg/ |Vgp\2d:c—)\1/ @ du, Ve H' RY).
RN RN RN

Therefore in our case, roughly speaking, inequality (1.1) says that the first

. . . 9\ 2 . .
eigenvalue of H is nonnegative for all 0 < ¢ < (%) . In conclusion, in

order to prove the optimality of the constant (%)2 in the Hardy inequality
(1.1), one has to prove that A\; = —oo whenever c is greater than the Hardy
constant. We provide the proof of the optimality following this strategy.
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Proposition 1.4. There exists some function ¢ € HY(RY) such that in-

equality (1.1)
2
c/ (";dajg/ IVo|* do
v |]? RN

does not hold if ¢ > (%)2

Proof. Let v be such that max{—y/c, =5} < v < =8+2 50 that |z[* €
Li (RY) and |z[*72 ¢ L} (RY) and 7% < c.

loc loc

Let n € Nand ¥ € C®(RY), 0 <9 < 1,9 =1in B(l) and ¥ = 0 in
B¢(2). Set ¢, (x) = min{|z|"¥(z),n"7}. We observe that
(L) if |z < 2,

n

(z) = 2|7 if%ﬁ 2] <1,
Pl = zid(z) i1 < |2 < 2,
0 if |z > 2.

The functions ¢, are in H'(RY).
2

Let us consider ¢ > (NT_)2 As stated before we have to prove that

Jun (IV6? = 529 do
)\1 = inf D)
peH1(RN)\{0} Jan p2dx

1S —00.
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We get

/ (|wn|2 - %soi) = | (|V|xm2 - %w) da
RN 2] B()\B(L) |z

+/ V2|9 (z)|* do
B(2)\B(1)

- / (a"9(2))? da
B(2)

2\B(1) |z[?

1N 1
—c/ (—) —Qd:v
B(L)y \T |$|
<Gioo [ P
BN\B(%)

+ 2/ (||| VI* + 7?9?27 ~?) da
B2)\B(1)

<Groo [ P
B(D\B(+)

LA+ [
B(2)\B(1)

=(y*—c¢) / lz|*?dz+C, . (1.10)
B(1)\B(;)
On the other hand,
/ o2 dx > / |2|29%(2) do = Cs. (1.11)
RN B(2\B(1)
Taking into account (1.10) and (1.11) one obtains

2 c 2 _
A < o (Il = gt do - 0= s 1T e+ G
P fRN ()0121 dr N 02 .

We observe that v2 — ¢ < 0. Now, letting n go to co, we get

lim 2|22 dz = +o0
O JB\B(3)

and hence \; = —oo. O
The last method of proving Hardy’s inequality we would like to describe,

is the one used by Mitidieri in [49], which essentially consists in applying the
divergence theorem to specially chosen vector fields.
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Proposition 1.5. For each ¢ € C*(RN), N > 3, the following inequality

holds ) ,
N —2
( > / %dx g/ Vl? dx.
2 RN |I| RN

Proof. For every A > 0, let us consider the vector field F(z) = /\#, x # 0.

Note that F' € VVllocl(RN ). Integrating by parts and applying Holder and
Young inequalities one obtains

2
/ O*divE dr = \(N — 2)/ P dx
RN

:—2/\/ @%-Vgpdm
Ry |2

3 o? 3
< 2) / V|? dw / —dx
RN Ry | 2]
2
§/ |Vg0|2dx+/\2/ —dx.
RN ry [ 2]?

2

()\(N—2)—>\2)/ “’;dxg/ﬂw V| dz.

Ry [ 2]

Hence,

By taking the maximum over A of the function ¥(\) = A(IN —2) — A%, we get
the result.
[l

From now on we assume N > 3 and o > 0. We want to prove inequality
(1.2) using the vector fields method. We set

(N+oz—2>2
Yo =\ ————— .
p

For similar proofs we refer to [53, Lemma 2.2 & Lemma 2.3] for the case
«a = 0 and [46, Appendix| for « > 2. Here we give a simple proof which holds
for any a > 0, see [23].

Proposition 1.6. For every u € WYP(RYN) with compact support, one has
|ul?

o [ gl < [ VAP el
v |]? RN

with optimal constant. Moreover, the inequality holds true even if u is re-
placed by |ul.
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Proof. By density, it suffices to prove the inequality for u € C}(RY). So, for
every A > 0, let us consider the vector field F'(z) = )\#mo‘, x # 0, and set
du(x) = |z|*dz. As before, integrating by parts and applying Holder’s and
Young’s inequalities we get

p
/ |ulPdivF dz = A\(N — 2+ a)/ % du
RN v |Z]
= —p/\/ lulPuVu - iz du
RN ||

3 P \?
gpx(/ |Vu|2|urp—2du) (/ —Qdu)
RN RN $|

)\2 2 p
S/ |Vul? |ulP~2 du + P / Mal,u.
RN 4 Jp |zf?

Hence,

)\2 2 p
AN —2+a)— 22 / Mmadxg/ Vuf? [ufP~2|z]* da.
1 | Jan |22 i

By taking the maximum over A of the function ¥(\) = A(N —2+a) — \?p? /4,
we get the result.

We note here that the integration by parts is straightforward when p > 2.
For 1 < p < 2, |u[P~2 becomes singular near the zeros of u. Also in this case
the integration by parts is allowed, see [45].

By using the identity V]u|? = p|u[P"'V|u| in the computations above, the
statement continues to hold true with u replaced by |u|.

As regards the optimality of the constant ~,, given ¢ > 0, define the
radial function U € C(RY™) by U(z) = ¢(r) where |z| = r and ¢ is given by

A if r € [0, 1],
olr) = {Ar_flx if r>1,

where A = E5—. As before, since the function U does not belong
in general to WP(RY) and does not have compact support, we consider
the truncated functions U,, = 9,,U with 9, (z) = ¢ (%), 9 being a smooth
function supported in B(2) and ¥ = 1 in B(1). Now one has (U,)nen C
WhP(RY) with compact support and [pn [Up[Plz|* 2 dz — [on [U[P|2]* % dz
and [on VUL ?|Un P72z do — [on [VUP|UP?|z|* dz as n — co. Indeed,
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by direct computation, we get

2n
/ VU, | U P2 |2|* do = wNAPQ/ 7"(1+5)|79n(7")\p dr
RN 1
1
+ = U?|U, P2
n" JB(@2n)\B(n)

2
+ 2 / U, |U, P2V - VY (5> 2| dw
B(2n)\B(n) n

Y%, <%> ’2 |z|* dx

n

< — U |P|2|* 2 do

A% Jpan)\B()
1 9 L ANIEIN

+ = U179, P2 | w9 (—)) 2| dx
n= JB(2n)\B(n) n
2 x

+ = / UG U290 -9 (2] fo]* da,
v J B(2n)\B(n) n

where wy is the measure of the (N — 1)—dimensional unit sphere. Now,
letting n — oo one obtains for each € > 0

2
UP|a]*2 da > b / VU P22 da.
[t () [ Ul o

This ends the proof. n

1.2 Weighted Hardy’s inequalities

In [13] we provide a generalization of the Hardy inequality. Under suitable
assumptions on u, we prove a weighted inequality with respect to a measure
dp = p(x)dz in the weighted space L7 (RY) := L*(R",dp). We claim that,
forallu e H ; (RY), ¢ < cp, the following inequality

2
c/ u—dug/ |Vu|2d,u—|—C'M/ u? dy (1.12)
v |7[? RN RN

holds with optimal constant. The inequality is related to the following Kol-
mogorov equation perturbed by a singular potential

Lu+Vu= (Au—I—@-VU) +i2u.
0 ||
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The reason for studying such an inequality is, as before, the willingness of
establishing the existence of positive weak solutions to the parabolic problem
associated to the operator L + V. Recently, in [28] and [29], the operator L
perturbed by the inverse square potential V' is considered and the associated
evolution equation

{ Ow(t,z) = Lu(t,z) + V(x)u(t,r) t>0, xRV,

u(0,-) = ug € LA(RY), (1.13)

is studied. Following the Cabré-Martel idea it is proved that there still is a
relation between the weak solution of (1.13) and the bottom of the spectrum
of the operator —(L + V)

e (B LV
Jan @ du

pEH ) (RN)\{0}
Therefore, studying the bottom of the spectrum is equivalent to studying the
Hardy inequality (1.12) in the weighted space L2 (R") and the sharpness of
the best constant possible.

In particular, in [29], a weighted Hardy inequality for the density measure
p(r) satisfying p(xr) = Ke @ with ¢i]|z]? < o(x) < c|zf? is obtained.
Under more general hypotheses on du the argument is extended to a larger
class of Kolmogorov operators, including for example the operator Au =
Au— |z|"z - Vu+ #u with » > 0 and ¢ < ¢,, however, the optimality of the
constant ¢, is not obtained.

With the purpose of generalizing these results for a larger range of Kol-
mogorov type operators, we look for conditions on the measure du in order
that (1.12) holds with optimal constant.

Observe that a special case is given when pa(z) = e 2(4%%) where A is
a positive real Hermitian N x N matrix. The operator L becomes the well-
known symmetric Ornstein-Uhlenbeck operator Lu = Au — Az - Vu, which
has been extensively studied in literature.

From now on we denote by ¢y(N) = (%)2 the best constant in Hardy
inequality (1.1). Observe that, assuming some regularity assumptions on
u, the operator L + V in L?(RY) is equivalent to the Schrodinger operator
H=A+U,+V)in Lz(Rﬁv) where

1'vu2 1A

U,=—-|—| —z—.

41 p 2w

Indeed, taking the transformation Ty = \/Lﬁgo we have L +V = THT .
Now, roughly speaking, for V = #, we expect Hardy’s inequality to hold
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if U, + o < c“)ilj;[) in a neighbourhood of the origin, that is ¢ < ¢y(N) —

|2|2U,,. Thus, in order to obtain a weighted Hardy’s inequality, we consider
the following hypotheses on p(x):

(RM), Ap € L, .(RY) and

loc

(H1) >0, p? € Hj,

loc

Cop = ligl_}(l)lf (co(N) — |z]?U,) s finite;

(H2) for every R > 0 the function

co(N) — cou
U=U0,———F——F7+ 1.14
K |$|2 ( )
is bounded from above in RY \ B(R) and, there exists a Ry > 0 such
that ] 1
S g e

holds for x € B(Ry).

Under the assumptions (H1) and (H2) we are able to obtain (1.12) for all
¢ < ¢g,. When condition (H2) is not fulfilled we still obtain the weighted

Hardy inequality if we only assume
(H2)" U bounded from above in RY \ B(R) for every R > 0,

however, in this case, the constant ¢y, is not achieved.

As regards the optimality of the constant, if
(H3) there exists supscg {# € L (RN, du)} := Ny,

then the weighted Hardy inequality (1.12) does not hold for ¢ > ¢y(Ny) =
(%)2 If, instead, we have
(H3)" there exists supscp {ﬁ € L (RN, du)} :== Ny and some r > 0 such
that
lim Sup)\/ 2} dp = +o0,
B(r)

A—0t
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then the inequality does not hold for ¢ > ¢q(Np).

These hypotheses on y allow us to treat the case p(z) = ke °@ with
o(z) = blz|™ for m,b > 0 obtaining the operator

c
Au = Au — bm|z|™ %z - Vu + Wu
x
For m > 0 the best constant co(No) = cp, = co(N) is achieved. More-
over, under the same assumptions, one can also consider the density measure
p(x) = ﬁe_"(m). In this case the best constant depends upon the parameter
£ and one needs § < N — 2. We have explicitly Ny = N — 3 and then

_B_9\2 . .
cou = co(No) = (N 5 2) . For this measure we obtain the operator

Xz C
= Vut ——u.

Au = Au — (5+bm|x|m)|x|2 7

If one considers the measure u(x) = ﬁ, then the well known Caffarelli-
Nirenberg inequality is obtained. For ¢ € HY(RY), < N — 2,

N —B3-2\2 0 _
(P52 [ G de < [ 19l ae
2 RN ‘l” RN

Finally, we can multiply the measure by a logarithmic term near the origin
p(x) ~ (log ﬁ) . In this case one obtains the weighted Hardy inequality

with constant cg,, = c¢o(No) = co(N). The constant is the best one, however,
in the case o > 0 this measure satisfies Hypotheses (H2)" and (H3)’, then
co(N) is not achieved.

1.2.1 The inequality

Let di be a measure (not necessary a probability measure) with density p(z).
We begin with the proof of the following improved Hardy inequality.

Proposition 1.7. Assume (H1). Then, for any ¢ € C*(RY), the following
inequality holds

2
C(m/ S’;d,uﬁ/ |Vg0|2du+/ U dp, (1.15)
R RN RN

v |z[?

where U is given by (1.14).
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Proof. One has
pla)iul) = — [ (pltn) /o)) d

1

_ —/100x- <Vgo(tx) + 1gp(zf:c)v“(m)> Vlt) dt.

2 p(tx)
By Minkowski inequality for integrals and a change of variables we have
el _evelz)
lllyy ~ T
|z 1 V,u(tx))
< — - | Vo(tz) + zp(tx w(tx)| dt
|| (et oo T ) i ]
<z 1 Vu(t:z:))
< — - | Vo(tz) + zp(tz w(tx dt
[ | (vetenr+ goten 53 ) Vi
> 1 Vu(tz)? :
= Vo(te) + zp(tz u(tr)dx | dt
/(/ (1) + (1) e
e 1 Vv
:/ t‘zzvdtHVgo—l—?p—M
1 KoLz
1 1V
-l
Co(N) 2 2 Li
Hence,
2 Vi %
CO(N)/ %dﬂ</ |V<ﬂ\2du+—/ ¢’ |—| du+ | Veo-Vu=dpu
Y |7 R 4 Jrn M RN M
1 Vil 1
:/ |w|2dp,+—/ 2L dp+ = [ Ve Vpde
RN 4 RN 12 2 RN
Vi 2 1

Then, (1.15) follows by the relation

U, =0+ O~ ou
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We observe that, under assumption (H1), C2*(R") is dense in H}(RY),
[62, Theorem 1.1]. If moreover U is bounded from above in the whole space,
the result below is a direct consequence of Proposition 1.7.

Corollary 1.8. Assume (H1) and that there exists C,, € R such that U < C,,.
Then, for any u € H (RY),

w2
CO#/ —2d,u§/ |Vu|2dp,+C’u/ uldp.
N [2] RN RN

If we assume the weaker condition of boundedness from above of U only
for |x| large enough, we obtain the following result.

Proposition 1.9. Let us assume that hypotheses (H1) and (H2)" hold. Then
for every ¢ < ¢y, there exists C,, such that for any u € H;(RN) the following

inequality holds,
02
c/ —duﬁ/ \Vu|2du—i—0“/ u?dy.
Ry |2[? RN RN

Proof. Since limsup,_,, |z|*U = 0 we have that for every € > 0 there exists
R, > 0 such that U < # for every « € B(R.) and, moreover, there exists

C,, depending on R, such that U < C,, for every x € B°(R.). Then, by
Proposition 1.7, we have

2
Co,u/ u—2du§/ \Vu|2du+/ Uu? dp
RN |7 RN RN
2 u’ 2
< |Vul“dp + ¢ Tz dp+C, u”dp
RN B(R.) 1] Be(R.)

2
S/ |Vu|2du—|—€/ u—du+CH/ u? dp.
RN Y |Z[? RN

The result is obtained taking ¢ = ¢, — €. O

We look for weaker conditions with respect to the boundedness from
above for U in RY in order to get (1.12). To this purpose, we have to
consider improved Hardy’s inequalities.

The first step is to state a relation between the weighted Hardy inequality
and a special improved Hardy’s inequality.
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Lemma 1.10. Assume Hypothesis (H1), and the improved Hardy inequality

2
co(N) z—dm—/|Vu]2dx+/U(x)u2dx§ C#/ udr, u € C(RY).
RN

(1.16)
Then, the weighted Hardy inequality holds

2
cop | sdp< [ \VePdu+C, | PPdu, o€ CERY). (117)
R R R
N |ZE| N N

Proof. Let ¢ € C°(RY) and set u := ¢\/u € H'(RY) with compact support.
By (1.16), which holds by density for such a function u, integrating by parts
and recalling the expression (1.14) for U, one obtains

cO(N)/IR v d:c—co(N)/R iy

v af? v af?

S/RN !VsO\/Wd:C—/RNU(JE)@QdquCH/RNWu

1 1
:/ |Vg0|2du—|——/ VQOQV,uda:—l——/ ©*
RN 2 RN 4: RN
—/ Uu¢2du+00(N)/ L du
RN RN
¢’ 2
- ——d C d
CO,M\/RN |$|2 lj’+ M/RNQO 12
:/ V| d[L+CM/ v* du
RN RN

2 2
¥ ¥

—i—cO(N)/ —d,u—coﬁ/ —du.
Ry |7[? " Jrn Jz)?

Then, inequality (1.17) follows. O

2

Vil 4

L

Therefore, in order to prove (1.16) we will use the following theorem, see

51,

Theorem 1.11. For any ¢ € C°(B(1)) the following inequality holds
2 2
p 1 p
Vol dz > ¢ (N)/ —dx+—/ — . (1.18)
Lo ") Jo 1P T ) TePlog P

Now, we suppose that U satisfies the condition (H2). We finally obtain
the weighted Hardy inequality (1.12).
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Theorem 1.12. Assume that hypotheses (H1) and (H2) hold. Then for any
u € H}L(RN), the following inequality holds

2
co,#/ U—Qdug/ |Vu|2d,u—|—C#/u2du.
RV || RN

Proof. By Lemma 1.10 we need to prove that

2
CO(N)/C;?CL%’—/|VU|2d$+/U(JI)U2dl’§Cﬂ/u2d1‘, Vu e CO(RY).

By Hypothesis (H2) on U, there exists a R < 1 (otherwise one takes R = 1)
such that U < %m in B(R). Then, if u € C2°(B(R)), by a changing
of variables and (1.18), one has

9 1 u?
Uu dr < — T g 4T
B(R) 4 JB(r) |z|?| log |z||

RN2 / u?(Ry)

< T s Y
4 w y[?[log [y|[?

w?(R
< RN / |Vu(Ry)|* dy — RN "2co(N) / ( Qy) dy
B(1) B(1) Y]
U2
:/ |Vu|2dx—co(N)/ U (1.19)
B(R) B(R) |z

Let u € C®(RY) and § € C*(RYM), 0 < § < 1, such that § = 1 in B(R/2)

e # =0in B°(R), and %@ — Af < M. Note that such a function exists.

1
For instance, one can consider the function y(s) = ce =52 for |s| < 1 and
equals to 0 for |s| > 1 and then a translation and a dilatation of this function

1 2] < &,
0(x) =6 ((J2] - §) %) % <[ <R,
0 |z| > R.
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Therefore, by (1.19) and Hypothesis (H2), one obtains

2
CO(N)/ 4 da:+/ Uu® d
RN ’37| RN
:co(N)/ —Qda:—l—/ Uu?0 dx

]2

’LL

+ co(N) /B a0 9)dx+/Bc(R/2) Uu2(1 — ) da
/ (V (u\/_)’ dx +((R(/];[)) +K) /BC(R/Q)qua:

1|VO)2 1A
< 20d o Su—
—/RNN“' “:JF/RN“ <4 2 2 9) v

+C u? dx
]RN

1|Vo]2 1
< V 2 2= - —
_/RN’ ul dx+/IRNu (4 4 QM) o

+C/ u?dx
RN

§/ ]Vu]%ﬂx%—(M—i—C’)/ u? dx.
RN

RN

1.2.2 Optimality of the constant

In this subsection we prove the sharpness of the constant. Firstly, observe
that the bottom of the spectrum of the operator —L—V = —A— V“ -V — |$‘2
is
' Jn (\Vsolg - ﬁsﬁ) dyu
)\1 = inf 5
pEHL(EN)\{0} S 9 dp

If Hypothesis (H3) holds, arguing as in Proposition 1.4, we obtain the fol-
lowing result.

Proposition 1.13. Let us assume Hypothesis (H3). Then, there exists a
function in H;(RN) for which the weighted Hardy inequality (1.12) does not
hold if ¢ > ¢o(Np).
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Proof. Let v be such that max{—/c, =22} < v < min{=2*2 0} so that
lz|*" € LE (RN, du) and |z|272 ¢ L (RN, du) and % < c.

loc loc
Let n e Nand ¥ € C®(RY), 0 <9 < 1,9 =1in B(l) and ¥ = 0 in
B¢(2). Set ¢, (z) = min{|z|"¥(x),n"7}. We observe that
(L) ifjzf < 2,

n

(2) = 2|7 if <z <1,
Pl = zd(z) i1 < |2 < 2,
0 if |z > 2.

The functions ¢, are in H}(R").

Let us consider ¢ > cg(Np), then, we have to prove that

Jex (IW@!Q - ﬁsﬁ) dp
)\1 = inf 5
pEH (RN du)\ {0} J?du

is —oo. We get

C C
/‘me%—7¢>W—/ <WWW——ﬂW0du
RN || B()\B(1) 7]

w [ Vi) d
B(2)\B(1)

—/  (a9(2))? dp
B(2)

2\B(1) |z ]2

1\* 1
G e
vy \n) T
<Groof e
BO\B(5;)

+2/ 22| VO dy
B(2)\B(1)

_{_2,.)/2 192’(%‘2772 dﬂ
B(2)\B(1)

<GPoo [ Pt
B()\B(5;)

+QNVWé+v%/ i
B(2)\B(1)

_ (2o c)/ P2 dp Oy, (1.20)
BONB(2)
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On the other hand,
/ o dp > / 2|9 (x) dp = Cs . (1.21)
RN B(2)\B(1)
Taking into account (1.20) and (1.21) we have

c 2 O
R nl- T E%n — 9 JBan\B(L 2 1
Jan (|V90 ? wg) dp (v —=o) [ 222 dp + C
< o] < (\B(5)
Lo fRNngzdﬂ’ o 02 '

We observe that 42 — ¢ < 0. Taking the limit n — oo we get

lim 2|27 dp = 400

hence A\ = —c0. O

Therefore, we obtained the following result.
Theorem 1.14. Assume hypotheses (H1), (H2) and (H3) with ¢y, = co(No).
Then for any u € Hi(]RN) the following inequality holds

2
cO(NO)/ “—dug/ |Vu|2d,u+0#/u2du
R RN

N Jz?

and co(No) is the best constant.

If (H3)" with Ny > 2 holds, one obtains the following theorem.

Theorem 1.15. Let us assume Hypothesis (H3)" with No > 2. Then, there
exists a function in H}L(RN) for which Hardy inequality (1.12) does not hold

ZfC = Co(N()) = (N02_2)2.

Proof. Let ~ be such that 0 > v > =M%2 5o that [z|** € L (RY,du) and
|72 € LL (RN du) and +* < ¢o(Np). Let 9 € C*(RY), 0 <9 < 1,

loc
Y =11in B(1) and ¥ = 0 in B%(2). Set ¢,(z) = |z|"J(x). We observe that
¢, € HL(RY).

Let us set ¢ = ¢y(Np). We have to prove that

Jn (|V90|2 = ﬁsﬁ) dp
)\1 = inf B
pEHL (RN )\{0} Jen @2 dp
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1S —00.

We get

C C
Vv 2——2)d :/ (Vx”Q——wQW)d
[ (e = = [ (191l = glel)
+ [ vawwﬁ—iﬂmwww)w
B(2)\B(1) \33’

SW—@/ m”%wm/ 2P|V dp
B(1) B(2)\B(1)

+ 2,}/2\/ ’192‘LL’|2772 d,LL
B(2)\B(1)

<GP-o) [ e
B(1)

SAVIE D [

B(2)\B(1)

(2o c)/ 22+ C (1.22)
B(1)

On the other hand,

/ 4,03 dp > / |z dp > / dp = Cy . (1.23)
RN B(1) B(1)

Taking into account (1.22) and (1.23), we have

< e (W%’Q B ﬁ@i) dp < (-0 fB(l) 22 dp + Cy
- fRN S0,2}1 d/~L — 02 .

Now, taking the limit v — (%)i by Hypotesis (H3)" one obtains

lim <¢—@/ 2 du
B(1)

’Y—)(;NSH )+

. —No+2 —No +2 _
= lim . <’y + OT) (7 - OT) / 2|72 du
y—(—9E) B(1)

= lim (A +2— Np) )\/ 222N dpy = —o0.
B(1)

A—07F

Then \; = —o0. ]
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Therefore, we obtain the following result.

Theorem 1.16. Assume hypotheses (H1), (H2)" and (H3)" with No > 2 and
o = co(No). Then for every u € H(RY) the following inequality holds

2
c/ u—d,ug/ ]Vu]Qdu+CM/u2du
ry 2] RN

for every ¢ < c¢o(Ny) and co(Ny) is the best constant.

1.2.3 Examples

We finally give some examples of measures one can take into consideration
and for which the weighted Hardy inequality holds.

Proposition 1.17. Let du = p(z)dx with p(z) = e *#"  'm >0, b >0, and
N > 3. Then there exists a positive constant C such that for all u € H;(]RN)
the following inequality

2
co(N)/ u—d,ug/ |Vu|2d,u+C'/ u? dp
v |72 RN RN

holds with best constant.

Proof. This measure satisfies assumption (H1). Then, by a simple compu-
tation one obtains
1 2,2 2m—2 1 m—2
U, = _é_lb m=|z| + ébm(N +m — 2)|x|™F,
and lim, ¢ |2|?U,(x) = 0. Therefore, ¢y, = ¢o(N) and U, = U is a bounded
function far from 0 and assumptions (H2) and (H3) are satisfied with Ny =
N. Then the assertion follows from Theorem 1.14. O

Proposition 1.18. Let us consider du = #p(m)dw with p(x) as in Propo-
sition 1.17, N > 3 and f < N — 2. Then there exists a constant C' > 0 such
that for all uw € H(RY)
w2
CO(N—B)/ — du g/ |Vu]2du—|—0/ u? dy
R RN RN

v Jz|

holds with best constant.
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Proof. This measure satisfies assumption (H1) if § < N — 2. Moreover, by
a simple computation, one has ¢q, = c¢o(N — ) and

1 1
U= —Zb2m2|x]2m_2 + ébm(N +m—2—B)|z™2

Then (H2) and (H3) hold with ¢y, = ¢o(N — ), No = N — 3. The result
follows by Theorem 1.14. m

Remark 1.19. Let us observe that if in the Proposition above 3 is grater
or equal to N +m — 2, we have U < 0 and the inequality holds with C' = 0.
For the other values of 5 we are able to state the same result without the
assumption (H2) but only for m > 2.

By taking b = 0 in Proposition 1.18 we can also state the Caffarelli-
Nirenberg inequality.

Corollary 1.20. If 5 < N —2 and N > 3 then the following inequality holds

N—2-8\? 2
(—ﬁ) / u—|x\_5 dr < / \Vul?|z| ™ da, Vu e H'(RY).
R RN

2 N ’$‘2

We end by an example for a weight which behaves like logarithm near 0.
Proposition 1.21. Let § € C®(RY) with 0 < 6 < 1 such that 6 = 1 on
B(1) and 6 =0 on B(2)°. Assume that

(@) = 0(x) (log %)a . zeRY.

o [f a < 0, then there exists a constant C' > 0 such that for all u €
Hﬁ(RN)

2
CO(N)/ U—Qd,ug/ |Vu|2d,u—|—(]/ u? dp
N [Z] RN RN

holds with best constant.

e Ifa >0, then there exist c,C' > 0 such that for all u € H)(RY)

2
c/ u—d,ug/ |Vu|2d,u—|—C'/ u? du
Y |2[? RN RN

holds for every ¢ < co(N) and co(N) is the best constant.
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Proof. One has that p satisfies assumptions (H1), (H2)" and (H3) with ¢, =
co(N) and Ny = N for all & € R. Moreover, pu satisfies (H2) if and only if
a < 0 and p satisfies (H3)" if and only if @ > 0. Indeed, by a simple

computation, one obtains for z € B(1)
1\ !
(N —2) (log —) . (1.24)

1 (a—1)? 1\’
2, === """ ) (log —
PO=a ) Uoegy) ]

We have limsup,_,q |z|?U, = 0, then the constant in Hardy’s inequality is
co(N). By (1.24) it is easy to check that assumption (H2) is satisfied if and
only if @ < 0. Then, for a < 0 Theorem 1.14 applies.

Now (H3)" is

RS

lim fy/ lz|"™N dy = +o0
B(r)

~y—0t

for some positive r < 1. One has
¥ T 1\ ¢
'y/ |I’N dy = oJN/ st (log —) ds
B(r) || 0 S
r . 1 a—1 1 ar
=wy [ s a|log - ds +wy |s7 | log — :
0 S s 0

The second term is uniformly bounded for every v > 0. As regards the first
term, it grows to infinity for v — 07 if and only if « — 1 > —1. Therefore,
for a > 0, the assertion follows from Theorem 1.16. O

1.3 Rellich’s inequality

Among the several generalization of the Hardy inequality that have been pro-
vided, we will need in the following the analogous for higher order operators,
which is called Rellich’s inequality, and reads as follows, for all u € H*(RY),

(M) /R } @, < /R |Au(a) de. (1.25)

4 [t

We learnt that Hardy’s inequality is involved in the study of the operator
H = —A—c|z|™2. Analogously, the Rellich inequality is involved in the study
of the fourth order operator perturbed by the singular potential

A= A% —clz|™
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The Rellich inequality first appeares in 1954 in [58], but had already been
proved in 1953 as the lectures [59] published posthumously show. The proof
we provide here can be found in [19, Appendix].

Theorem 1.22. For eachu € H*(RY), N > 5, the following inequality holds

w2
/ —dxng/ |Aul? dx
v [[* RN

with optimal constant k = D

Proof. By a density argument we can consider u € C>°(RY). Then, applying

(1.1) where we denote by C' = ﬁ and integrating by parts, one obtains

2
[ Ewcl sz
N |2] RN kd

2
:—C/ LAudmjLC/ u—da:.
Ry |7 ry |7]*

Hence, by applying Holder’s inequality
2
(1—6’)/ u—d:v < —C/ LAuda:
v 2] |22

1 u? 3
<C / |Aul? dz / —dz | .
RN v |z]*
Therefore, one obtains

u? C \?
—dr < [ —— Aul? dx.
/wa\‘* ”3—(1—0) /RN’ uf*de

Now observe that % = k and, since C is the optimal constant in Hardy’s
inequality (1.1), k% is the best constant in Rellich inequality. O

2
dz

Remark 1.23. Observe that in Theorem 1.22 there is the constraint on the
dimension, N > 5, due to the integrability of the left-hand side of the Rellich
inequality. If one considers functions u € C*°(RY \ {0}), inequality (1.25)
hols true for every N # 2 (see [58]).



Chapter 2

Schrodinger operator

The Schrédinger operator is a partial differential operator on RY of the form
H=-A-V,

where A is the N-dimensional Laplace operator A = Zfil %, and V = V(x)
is a real-valued function which is not necessarily supposed to be smooth, con-
tinuous or bounded. The interest in studying this operator mostly comes from
quantum mechanics. In fact, the instantaneous configuration of a nonrela-
tivistic particle is represented by a function (¢, r) = e (0, z) € L?*(RY)
which is called wave function. It is the solution of the well-known Schrodinger
equation which controls the evolution of a quantum system, and, in units with
h =m =1, reads as follows
o .
5 = Hq.

The operator H is also called the Hamiltonian of the nonrelativistic quan-
tum system. The total energy of the system (H1, 1), is divided between
the kinetic energy (—Au, 1), and the potential energy (V),1) (that’s the
reason why one can discuss general potentials). The statistical interpretation
of the wave function is that | (¢, z)|? is the probability density for finding
the particle at point z at time ¢, for more details on this topic see [32]. What
one is especially interested in, are the stationary states, the functions ¢ € L?
such that Hiy = E, i.e., the eigenfunctions of the operator H, which corre-
spond to discrete (quantized) excitations of the system. Moreover, particular
attention is devoted to eigenfunctions at the bottom of the spectrum. The
quantity inf o(H) is called the ground state energy and if it is an eigenvalue,
the corresponding eigenfunction is called the ground state and it represents
the configuration of the system with the smallest total energy.

41
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For these reasons one looks at the real operator H = —A — V' as defined
at the beginning. The operator H arises from the following sesquilinear form.
For a simple account on sesquilinear form theory we refer to Appendix C.

Q(u,v) = (Vu, V) — (Vu,v), u,v € C°(RY).

The Schrédinger operator H has largely been studied in literature by several
authors. Only few among the several works are [16, 8, 60, 61]. Different
classes of potentials have been characterized, generation results, characteri-
zation of the domain, kernel estimates, spectrum and eigenvalues have been

computed and the associated evolution equation, i.e., u; = Au + Vu in
(0, T] x RN has been studied.

Aim of this chapter is to consider the critical potential V(z) = c|z|?
a.e. with ¢ € R. We will study the generation of a semigroup for a suitable
realisation of —H in L*(RY). Then, we will state some upper bounds for
the heat kernel of the associated semigroup and finally, we will provide a
non-existence result in L?(RY).

2.1 Generation results

From now on we will consider N > 3 and ¢ € R, ¢ < ¢o(N) = (—)2, and
we will focus our attention on the operator

The operator H has widely been studied in literature, we refer e.g. to [16,
53, 57, 61]. We want to investigate on the solution of the parabolic problem
associated to —H in L*(RY), i.e.,

|=[?

w = Au + 55u t>0,z RV, @2.1)
u(0,-) = f € L*(RN). '

To this purpose, we construct a semigroup in L*(RY) generated by a
suitable realisation of —H. We treat the operator via form methods. The
associated form ) to H is

Q(u,v) = (Vu, Vo) — (#uv)



2.1 Generation results 43

with u, v € D(Q) = {u € H(RY) : |||[V|2ul]y < oo}. The Hardy inequal-
ity (1.1) implies that for ¢ < ¢o(/N) the quadratic form associated to @ is
accretive, i.e.,

2
Qu) == / |Vu(2)|? dz — c/ u{z) dx > 0.
R R[]

Moreover, Hardy inequality also says that D(Q) = H'(RY). Observe that,
since () is a symmetric, positive semi-definite sesquilinear form, thanks to
Cauchy-Schwarz inequality, one obtains that ) is continuous. We investigate
now the closeness of the form Q. If we choose ¢ < ¢o(N), there exists a
0 < a < 1 such that £ < ¢y(N) and then

1
/IRN |Vul?dr < . aQ(u).

This, together with the Hardy inequality, ensures us that the norm || ||, i.e.,
the norm associated with the form ) and the norm || - |51 are equivalent.
Hence, (D(Q), ] - ||g) is complete, i.c., @ is closed. Therefore, @) satisfies
conditions (C.1)-(C.4), and by Theorem C.8, the associated operator —Hj
in L2(RY) is the generator of a holomorphic strongly continuous contraction
semigroup on L?(RY) that we will denote by (e=*#);.

Therefore, the parabolic problem (2.1) with ¢ < ¢o(N), N > 3, admits a
unique solution u(t,z) = e ¥ f(x) for every initial datum f in L*(RY).

If instead, ¢ = ¢o(N), by [54, Lemma 1.29], one obtains () is closable and
a suitable extension of —H associated to the closure of () is the generator of
a holomorphic contractive Cy-semigroup on L?(RY).

Remark 2.1. If ¢ <0, it is easy to verify that the following two conditions
of Beurling-Deny are satisfied by Q:

(i) we D(Q) implies |u| € D(Q) and Q(fu]) < Q(u),
(i) 0 <we D(Q) impliesu Al € D(Q) and Q(u A1) < Q(u).

Then, for ¢ < 0, by [54, Corollary 2.18], the semigroup (e=*#);>¢ in L?(RY)
is a symmetric sub-Markov semigroup, i.e., each operator e~ is symmetric,
e >0forallt >0, and [[e™™ fllo < [|f[|oc for all f € L*(RY) N L®(RY)
and all ¢ > 0.
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2.1.1 Kernel estimates

Various estimates for the heat kernel of the semigroup associated with the
operator —Hu = Au + #u have been proved in literature, either for short-
time or long time, see for example [43, 48, 50, 63] and the references therein.
Here we want to state some upper bounds for the case ¢ > 0. We learnt
that the potential V' = c|z|~2 represents a critical case for positive c¢. Nev-
ertheless, it is possible to prove that the solution to the parabolic problem
(2.1) associated to —H = A + ¢|z|~? is given by a holomorphic contractive
Co-semigroup (e7),50 when ¢ < ¢o(N). Moreover, optimal estimates for
the heat kernel of the semigroup holds.

In order to get a bound on the kernel of (e=*),5, one shall use the stan-
dard technique of transference to a weighted L?-space and ultracontractivity
methods by Davies, see [16]. He proves that Sobolev inequalities are related
to ultracontractive properties of semigroups, and hence to uniform bounds on
their heat kernels by the following standard result. Let —L be the generator
of a semigroup on L*(R") and @ the associated form to L. Under suitable
assumptions on the form @), the Sobolev inequality

I£l7 < 2Q(f),  f€D@) (2.2)

is equivalent to the ultracontractivity of the semigroup, i.e., the L? — L

bound N
le ™ lasoe <ct™ 1 Wt > 0.

The lattest inequality, by a duality argument, yields the same estimate for
the L' — L? norm. This is equivalent to the fact that (e7*);>o admits an
integral representation

L f () = /RN pta ) f)dy, t>0, ae z€RY, fe L2(RY),

where p(t,z,y) > 0 a.e. y € RV, for all £ > 0 and for all z € RY. If (2.2)
holds, p is such that

0<p(t,x,y) < clt_%, t>0, ae. in RY.

In particular, since it may happen that (e7*#);5q is not ultracontractive,
one shall first look for a suitable transformation of H to an ultracontractive
operator. Therefore, one should show that there exists a suitable weight

function ¢ such that, considering the unitary operator

U:ue L*RY) = o lue Li = L*(RY, p*dx),
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then the operator H is unitarily equivalent to a self-adjoint Schrodinger
type operator H, on Li for which (2.2) holds. Indeed, one could consider
the transformation H, = UHU ! with Hyv = ¢ 'H(pv), and then, since
e~tHey = p~le ™ (pv), the heat kernels of (e7*#);5¢ and (e7*H¢);5¢ are re-
lated by

p(t,z,y) = po(t,z,y)p(x)oly)  t>0,z,y e RY.

Hence, one can obtain estimates on p(t, z,y) via estimates on p,(t,z,y).

Using this thechnique Liskevich and Sobol in [37] and Milman and Se-
menov in [47] prove estimates from above for the kernel of the semigroup
generated by —H in L?(R¥Y). Their results can be resumed with the follow-
ing theorem [55, Theorem 3.1]. We state the result according to the notations
of this manuscript.

Theorem 2.2. Let H = —A — c|lz|™2. Assume 0 < ¢ < co(N). The semi-
group (e""1);5q admits an integral representation with a kernel p, namely

U pe) = [ o) ) dy

Moreover, there exist positive constants C' > 0 and b > 1 such that for all
t >0 and all z,y € RN\ {0}

_lz—y|?

0 <p(t,z,y) <Ct-ze w o(t,2)p(t,y)

where N
) lel < VA,

j
o[
o(t, x) {1 2| > VA,

with 2a =2 — N + 2¢/co(N) — c.

2.2 Non-existence result

One can also discuss the non-existence of positive solutions on L*(RY) when
¢ > co(N). As already mentioned, Baras and Goldstein in [7] characterize
the existence of positive weak solutions to the parabolic problem associated
with the Schrodinger operator —H in L'(RY). In particular, they study the
problem

{ut —Au=clz|?u (0,T) x RV, (2.3)

u(0,x) = ug(x) in RY,
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with 0 < T' < o0, ug € L, (RY) and ug > 0 a.e. They show that, if 0 <

c < (82 ) then for each initial datum uy > 0 such that |z|=%uy € L*(RY),
where « is the smallest root of (N — 2 — a)a = ¢, there exists a positive
weak solution to (2.3) global in time. If instead, ¢ > (%)2, then, for each
T > 0 and each uy € Li, (RY) with ug > 0, ug # 0, there does not exist a
positive weak solution of (2.3). Moreover, there is the so called instantaneous
blow-up phenomena. Cabré and Martel in [12] provide a new and simpler
proof of the non-existence result. We want to present here their technique in

L*(RY). Thus, we will consider the problem

_ _c_ N
{ut—Au+ FE t>0,xreRY, (2.4)
u(

07 ) = f € L2(RN)7

for N > 3, ¢ >0, f > 0. First of all, we specify what we mean by weak
solution of (2.4). A function u > 0 is a weak solution of (2.4) if, for each
T, R > 0, we have u € C([0,T], L*(RY)), Vu € L*((0,T) x B(R), dt dz) and

(—¢pr — Ag) dx dt — fo(0,-) dex = —2u¢ dz dt,
RN RN N |7

for all ¢ € I/Vlicl (Qr) having compact support such that ¢(7,-) = 0 and

Qr = [0, T] x RN, If T' = oo, we say that u is a global weak solution of (2.4).
Let us recall the generalised bottom of the spectrum of the operator H

M= inf (fR (Ve = V) x)

pEH(RN)\{0} Jan @2 dx

They prove the following.

Theorem 2.3. Consider the problem (2.4).

(i) If A1 > —oo (that is ¢ < ¢o(N)), then there exists a function u €
C([0,00), L2(RY)), weak solution of (2.4), exponentially bounded, i.e.,

lu®)ll < Me"||f]. (2.5)

(ii) If \y = —oo (that is ¢ > co(N)), then for all 0 < f € L*(RY)\ {0}
there does not exist a positive weak solution of (2.4) satisfying (2.5).

Proof. (i) Let us set
V. (z) = min{c|z| 2, n}.
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The functions V,, are bounded and nonnegative, 0 < V,, < n. Therefore, the
following problems

{8tun—Aun+Vnun z€RN t>0, (2.6)

u,(0,7) = f € L*(RY),

admit a holomorphic solution that we will denote by wu,(t,z) = T,(t) f(z).
Moreover, by Theorem B.5, the semigroups (7,,(t)):>o are irreducible, i.e., for
nonnegative and non-identically zero initial datum f, 7,,(¢)f(z) > 0 holds
for all x € RN and ¢ > 0. Hence, if f > 0, f # 0, we have u, > 0. Let
us consider the first equation in (2.6) and multiply by w, and integrate. We
obtain

/ Oyt U, d:c:/ Au, U, dx—i—/ Vnuidx
RN RN RN

:—/ |Vun|2dx+/ Vou? dz.
RN RN

Therefore,
1
= o2 dr = — (/ Vu,|? dz —/ Vou? dq:> < —)\1/ u? dx
2 RN RN RN RN
and )
O Jaw tnde
Jan 2 dx

Integrating with respect to t we obtain

[un |3 < €74
and then
ITu () fll2 < e flla, V> 0. (2.7)

Therefore, we have uniformly bounded Cp-semigroups on L*(RY). What’s
more, since V11 > V,, one can easily show that the functions u,, are increas-
ing. Thus, by [2, Proposition 3,6], the sequence (T5,(t) f) converges in L?(R")
to a Cyp-semigroup 7T'(t) f which satisfies (2.5) thanks to (2.7). Since w, is a
weak solution of (2.6), it follows that u(t, x) = T'(t) f(x) is a weak solution of
(2.4). Therefore, there exists a positive weak solution to (2.4) exponentially
bounded and T'(t) is the semigroup generated by —H.

(i7) We proceed by contradiction. We assume that there exists a positive
weak solution u to (2.4) satisfying (2.5). Then, considering the problems
(2.6) we have, u, > 0 and V > V,,. By applying a weak maximum principle,
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arguing as in [29, Appendix], one obtains 0 < u,, < u for all n € N. Hence,
(uy) is increasing and bounded, it converges to some function u which also
satisfies 0 < @ < u. Let ¢ be a test function such that ||¢[|s = 1 and multiply

(2.6) by %. Computing we obtain

2
/ atu"cf dx :/ Au, 2 dx—l—/ V,o? dx
RN Up RN Un RN
2
= — Vun~V<—) dﬁc—l—/ Vngo2d:c
RN Up, RN

2
=2 Vu, VoL dr+ / |Vun|280—2 dx
Up, N Uu

RN R n

+/ Voot dx.
RN

Thus,

8t/ (log uy)¢® do = —2/Vun : V(puﬁ dz
RN

n

2
+/ |Vun]2%dx+/ Vi de.  (2.8)
RN RN

up,

By applying Holder’s and Young’s inequality we get

2
Q/Vun-v¢u£ dng/ |Vun|25—2dx+/ |Vol|? dx
RN N

n n R

which, substituting in (2.8), gives

/ Vop? da — / |Vp|?dr < 8,:/ (log uy, )p* dx.
RN RN RN

Let ¢t > 1 and integrate between 1 and ¢, the following inequality holds

(t 1>MN Vio? da — /Rwywﬁdx}
§/}RN(logun)gozdx—/}RN(logun(l))@zdz.

Now, letting n — oo, we get

(t — 1){/}@ Vadex—/RN|Vg0|2d:c}

§/RN(logU)gonx—/RN(logﬂ(l))gdex.
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Recall that @ < w and [|¢||2 = 1, applying Jensen’s inequality one has

(t—1) {/RN Vot dr — /RN|W\2CZ4
< log (/RN up? da;) - /RN(logﬂ(l))<p2 dz.

(2.9)

Now, since ¢ € C®°(RY) and (2.5) holds, we estimate as follows

3 3
/ Wzdﬂfé(/ u2<w2dx>) < llglle (/ qux) < Mlgpllme.
RN RN RN

Then,
log/ up® dz < log ||¢lee + log M + wi.
RN

Thus, in (2.9), one has

(t—1)[/RN vgpzdm—/RNW@Fdx}

< log ||¢|leo + log M + wt — / (logu(1))p* dx

RN

and then,

/Vgpzd:z:—/ |V|? da
RN RN

log ||¢]|eo + log M wt 1 / . 9
< — 1 1 dx.
= =1 o1 o s Tt de

Letting t — oo, one obtains

/ Vgpgdzc—/ |Vol?dr < w,
RN RN

and since [,y p*dx =1, we have

)\12—0.)

which is a contradiction. O



Chapter 3

Schrodinger type operator with
unbounded diffusion

In this chapter we want to study the Schrodinger type operator Ly with
unbounded diffusion perturbed by the singular potential V|

Lou = (1 4+ |z|%)Au+ #u =: Lu+ Vu.
This operator has been studied in the paper [23]. In particular, we look
for sufficient conditions on @ > 0 and ¢ € R ensuring that the space of
test functions C°(RY) is a core for the operator and Ly with a suitable
domain generates a quasi-contractive and positivity preserving Cp-semigroup
in LP(RY), 1 < p < co. Furthermore, we also discuss the generation of a Cp-
semigroup for the operator

C

Lou = (14 |a|*) Au — nlz|’u + —u,

||

where 7 is a positive constant, &« > 2 and § > a — 2. In this case less
conditions on the parameters occur.

In order to study generation results for Ly, we treat the operator as a
perturbation of the elliptic operator

L= (1+[z[)A,

with a > 0. In fact, our approach relies on the following perturbation result
due to N. Okazawa, see [53, Theorem 1.7].

Theorem 3.1. Let A and B be linear m—accretive operators in LP(RYN), with
p € (1,+400). Let D be a core of A. Assume that

20
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(1) there are constants ¢,a > 0 and ky > 0 such that for all u € D and
>0

Re(Au, || Beull; P | Beul" " Bew) = ku|| Beully, — ellully — all Baullplull,,
(3.1)
where B, denote the Yosida approrimation of B;

(i1) Re(u, || Beul|2 7P| BeufP~Beu) > 0, for all u € LP(RY) and e > 0;
(111) there is ko > 0 such that A — ko B is accretive.

Set k = min{ky, ko}. If c > —k then A+cB with domain D(A+cB) = D(A)
is m—accretive and any core of A is also a core for A+ cB. Furthermore,
A — kB is essentially m—accretive on D(A).

In order to apply the above theorem, we need some preliminary results
on the operator L and the p-weighted Hardy inequality (1.2) which we recall
for convenience of the reader. For all u € WHP(RY) with compact support,

one has
|ul?

- / L e / Vul? ful 22| de
R RN

N Jz?

2
where N > 3, o > 0 and 7, = (%) .

Remark 3.2. Hardy’s inequality (1.2) holds even if u is replaced by uy =
sup(u, 0), since uy € WHP(RY), whenever u € WHP(RY) (cf. [27, Lemma
7.6]).

3.1 Preliminary results

Let us begin with the generation results for suitable realizations L, of the
operator L in LP(RM), 1 < p < oco. Such results have been proved in [24,
39, 46]. More specifically, the case @ < 2 has been investigated in [24] for
1 < a < 2andin [39] for « < 1, where the authors proved the following
theorem.

Theorem 3.3. If a € [0,2] then, for any p € (1,+00), the realization L, of
L with domain

D, = {u € W*P(R™) : |z|%|D%ul, |z|*/*|Vu| € LP(RY)}

generates a positive and strongly continuous holomophic semigroup. More-
over C*(RY) is a core for L,.
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The case o > 2 is more involved and is studied in [46], where the following
facts are established.

Theorem 3.4. Assume that o > 2.

1. If N = 1,2, no realization of L in LP(RY) generates a strongly contin-
uous (resp. holomorphic) semigroup.

2. The same happens if N > 3 and p < N/(N — 2).

3. IfN>3,p>N/(N—-2)and2 < o < (p—1)(N —2), then the mazimal
realization L, of the operator L in LP(R™) with the maximal domain

Diax = {u € W*P(RY) : (1 + |z|*)Au € LP(RY)}

generates a positive Cy-semigroup of contractions, which is also holo-
morphic if a < (p — 1)(N —2).

4. If N >3, p> N/(N—-2)and 2 < a < W the domain D, .y
coincides with the space

D, = {ue W2P(R") : 2| 2u, |2[*Y|Vu|, |2|*| D*u| € LP(RV)}.

Moreover, C*(RY) is a core for L.

If we consider the operator L := L — n|z|® with > 0 and 8 > o — 2
then we can drop the above conditions on p, & and N, as the following result

shows, see [14], where the quasi-contractivity can be deduced from the proof
of Theorem 4.5 in [14].

Theorem 3.5. Assume N > 3. If o > 2 and > o — 2 then, for any
p € (1,00), the realization L, of L with domain

D, = {u e W2 RN) : [z|’u, |2[*7!|Vul, |z[*|D?u| € L(RV)}

generates a positive and strongly continuous quasi-contractive holomorphic
semigroup. Moreover, C2(RN) is a core for L,.

As a consequence of Lemma 1.6 we have the following results.

Proposition 3.6. Assume o < (N —2)(p—1). Let V € L} (RN \ {0}). If
Vi(z) < nE & 7 0, with ¢ < (p — V)0, then L +V with domain C(RYN) is
dissipative in LP(RY).
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Proof. Let u € C®(RY). Take 6 > 0if 1 <p<2and d =0 if p > 2. Then
we have

(Lu, u(|u)? + 6)"7) = —/RN Vu-V (ﬂ(|u|2 +5)”%2) (1 + |z[*)dz
— a/IRN u(jul® + 5)1)7_2Vu x|z d
== [+ 8 T TuP (1 + el
—(p—2) /RN(|U|2 +6)"% ([u|V]ul]) - @Vu)(1 + [2]*)da
— a/RN u(jul® + 5)1)7_2Vu - x|w|* 2dr.
So, using the identities |V|u||* < |Vu|* and |u|V|u| = Re(uVu), we obtain
Re(LuufuP ™) < ~(p=1) [/ [VullfuP (1 + fol")do
- a/RN [ulP~ 'V |u| - 2|x|*2de

if p > 2. The case 1 < p < 2 can be handled similarly. Thus, by Holder’s
inequality one has

Re((L + V)u, u|u|P~?)

<=0 [ IVRlPuP e+ [ Vids
RN RN

3 Jul? 3
+a(/ |V|u||2|u|P—2|x\adx) (/ —2|x]°‘da:) C(32)
RN Ry |7

Set
2 21 1p=21 .| 2 |ul? a
L= |Vul|[*luf~|z|*dz, Jo= | lv|%dz,
BN Ry |2]2
2 21 |p=2 2 |ul?
I = |Vu||*|ulP~"dx, Ji = —dx.
BN Ry |72

Taking the assumption on V' into account we obtain
Re((L +Vu,ululP™?) < —(p— DI — (p — DI? + cJE + al,J,.

Since ¢ < (p — 1)y and Lemma 1.6 holds for v = 0, we have that —(p —
1) + ¢ J3 < 0. Now, the inequality

—(p = DI+ aleJa <0
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holds true if
—(p—1)+ay,* <0,

thanks again to Lemma 1.6. The latter inequality is equivalent to a <
(N —2)(p — 1), which is the assumption. This ends the proof. O

Remark 3.7. The assumption o < (N — 2)(p — 1) is optimal for the dis-
sipativity of L, as proved in [46, Proposition 8.2]. Indeed, if an operator of
the form L = (s* + |z|*)A, s > 0 is dissipative, then a < (N —2)(p—1). In
fact, if we suppose L dissipative, then, for every u € D,,q.(L), u real-valued,

/ (5% + |z|*)uluP?Audzr < 0.
RN

If u € C®(RY) we can integrate by parts twice and, using the identity
V|ulP = pululP~?Vu, we get

_ 1)
p a—Qd < p(p / « « p—2 2d )
[ et o < R [l Wl da

By applying the above inequality to u(A-), for A > 0, we obtain

[ olel e < RHEZD [ e a2 u(o) P

Letting A — 0 we get

[ Plel e < —HEZD [ ol uo) s

for every u € C°(RY) and, by density, for every u € WP(R") with compact

N+7;72)2 is the best constant in Hardy inequality (1.2), we

a<z])v(i;1—) 2) = <N Ta 2)2’

which implies o < (p — 1)(N — 2).

support. Since (
obtain

Hence, in order to apply Theorem 3.1, we have established the following
corollary.

Cc

Corollary 3.8. Assume o < (N —2)(p — 1). Then, the operator L + PE
T

with ¢ < (p — 1)y and domain C*(RY) is dissipative in LP(RY).
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Let us recall the definition of dispersivity of an operator. A (real) linear
operator A with domain D(A) in LP(RY) is called dispersive if

(Au,u?"') <0 for all u € D(A).
For more details on dispersive operators we refer to [52, C-I1I.1].

Proposition 3.9. Assume o < (N —2)(p — 1). Then, the operator L + op
with ¢ < (p — 1)y and domain C(RY) is dispersive in LP(RY).

Proof. Let u € C°(RY) be real-valued and fix § > 0. Replacing u by u, in
the proof of Proposition 3.6 and since u, € WP(RY), we deduce that

(Lu, us (a2 +6)'7) = — /RN(ui +8) 2 VL [2(1 + |2]*)da
(=2 [ (4T R T (L)
-« /RN uy (Ul + 5)L§2Vu+ - w|z|*2dx.
Then,
(L +8)F) < (=) [ (04652 TP (1+ ol

— a/ uy (Ul + 5)L52Vu+ - x|z 2 d,
RN

where here we take 6 = 0if p > 2and § > 0if 1 < p < 2. Thus, letting
0 — 0if 1 < p < 2, and applying Hélder’s inequality we obtain

(L+ 5w ™) S (A=), + (L= P2y + e + alaiJas,

|z
where
2 ul,

IZ :/ |V, [Pul 2|z |*dz, JZ ., :/ — |z|*dw,
’ RN ’ N |T]?

2 2, p—2 2 uly

I, = |Vuy|“ut " de, JoL = —=dx.
’ RN ’ N |T]?

As in the proof of Proposition 3.6, the assertion follows now by Lemma 1.6
and Remark 3.2. O

The next proposition deals with the operator L = L — n|z|®.
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Proposition 3.10. Let V € Lj, (R \ {0}) with V < &,z # 0 and ¢ <
(P = -
(i) Ifa>2, 8> a—2 andn > 0 then the operator L+ V with domain
C>=(RYN) is quasi-dissipative in LP(RYN).
(i) If0<a<(N=2)(p—1), B =a—2 then L+V with domain C°(RY)
is dissipative in LP(RN) if
(N+a-20° aN+a-2) S

pp, . > 0. (3.3)

n+

Proof. (i) If B > a — 2, applying (3.2) and Young’s inequality we obtain

Re((L + Vu,ululP=2) < —(p— DIZ = (p— 1)I> + cJ2 +¢cI?

a? 9 5
+ [ (e - rd
[, (et = alal?) o

<—(p-1I§—(p—1-e)l5+cJg + M|ull}

for w € C°(RY) and any & > 0, where M is a positive constant such that
64“—:)|95|a*2 —nlz|? < M for all z € RY, which holds since 3 > a — 2 > 0.
Choosing now ¢ < p — 1 and applying (1.2) we obtain

Re((L + V)u, ululP"?) < M|ull?
which means that L+V with domain C2°(RY) is quasi-dissipative in LP(RN).
(11) If B = a — 2 then (3.2) gives
Re((L+V)u,ulul™) < —=(p = V)I§ = (p = VI2 + ¢Jg + aludo — T2,

If n > 0, then the conclusion easily follows as in the end of the proof of
Proposition 3.6, under the assumption ¢ < vo(p—1) and a < (N —2)(p—1).
If n < 0 then by Lemma 1.6 we have

—(p— VI +alydo—nJi < (= (p— 1) +ay 2 —m ") 2
The right-hand side is nonpositive if

(N+a-2?* a(N+a-2)

, > 0.
pp P

N+

]

Remark 3.11. Condition (3.3) is sharp. For a proof we refer to [42, Propo-
sition 4.2].
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3.2 Main results

In this section we state and prove the main results of this chapter which deal
with generation of semigroups for the operators Ly and L.

In order to apply Theorem 3.1 to our situation, an inequality of the type of
(3.1) is needed. We obtain the following lemma whose proof follows the same
lines of [53, Lemma 3.4].

Lemma 3.12. Set V. =
for every u € C°(RY)

Wﬁ’ e>0. Assume a < (N —2)(p—1). Then

Re(—Lu, |[VoulP~*Vou) > 50/

Vel do 6y [ VIaPleldo, (3
RN RN

where
N(p—1)(N —2p) 8, =
2 ) a T
p
Moreover, if N > 2p then both By and (B, are positive.

(Np—N—a)(N—Foz—Zp).

Bo =
p2

Proof. Let u € C=(RY) and set us = ((R|u[)? + §)2, where RP := VP71
In the computations below, we have to take 6 > 0 in the case 1 < p < 2,
whereas we only take § = 0 to deal with the case p > 2. We have

(—Lu, |VoulP2Vu) = — lim u? "’ R*0 Lu dz.
—0 RN

Integrating by parts we have
—/ u??R*u Lu dx = / R*uVu - V(ul (1 + |2]*) dx
RN RN
+ /]RN !V - V(R*a) (1 + |2|*) do (3.5)
+ a/ u? R0 | x| - Vu da,
RN
Now, computing V(u?~?) and writing R4 Vu = Rt (V(Ru)—uVR) we have
/ R0V -Vl ?) (1 + |o]*)da
RN
=" = [ W'RaV(R*ul?) - V(Ru)(1 + |z|*)dx

——= [ W@ 'RuPV(R*|u?) - VR (1 + |z|*)dz.
2 Jan
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Using also the identity
V(R*@) - Vu = |V(Ru)|* —uV(Ru) - VR+ RuVR - Vu
Equation (3.5) yields
—2
_ /RN o 2R Ludr = 2 /RN U REV (Rl - V(Ru)(1 + o] da
+/ WV (Ru)|A(1 + |2]*) do
RN

-2
—]’T W RV (R2ul?) - VR (1 + |2|*)da
RN

(.

~~
=I

+/ W RAVR - Vu(l + |z|*) dx
RN

J/

-~

=J

—/ W PuNV (Ra) - VR(1 + |z]*) dx
RN

-~

=K

-2 — _
+a/ ul *R*u|x|* 22 - Vudz.
RN

Now, introduce the function @ = RP. Writing V(R?|ul?) = 2R[u|*VR +
2|u| R*V|u| we have

T=—(p—2) / &R [l [VRP(1L+ |2])da
RN

~(p- 2)/ WP RV R - V| (1 + [2]*)da
RN

-2
=R | R 9O+ el
p RN
_ 2 _ .
P E m uP RPVQ - V| (1 + |2]*)da.
p RN
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Moreover,
e v )
:_/ 2 uP|VRP(L + |2[) da
RN

+ 22'/ ! ITm(aVu) - RVR(1 + |z|*) dx

RN
1 - — (0%
s [ PR TR+ o) da
R
.
+ 2 WPR*PIm(aVu) - VQ(1 + |x|*) d.
P JrwN

Hence we have

—/ ug_QRQQ Ludx
RN

=(P-2) /RN uy "Rul V(Rul) - (RD)V(Ru)(L + |2|*)d

+/ u§72IV(Ru)|2(1+|x|a)dx+J5
RN

21

P Jry

+ 04/ u?? R |x|* %2 - Vu dz,
RN

+ u§_2R2_p Im(uVu) - -VQ(1+ |z|¥) dx

where we have set

—9 o N
Ji== PR [ R 9P+ ol
p_2 p—4|,,13 Pd—p e
S22 P RVQ -V (1 + e
R

1 — - o
- [ PR IO + ol da

X

Now, we take the real parts of both sides and apply the identity Re(¢V¢) =
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|6| V|| to obtain
“Re /RN R Luda = (p—2) /RN R PV (Ru)[2(1+ |2]*)da

+ /RN W \V(Ru) 21+ |z|®) do + Js
+ oz/RN w? PR |ul |z %2 - Vu| da

= (0=2) [ IV RIDP ol
(=25 | IVRIDP(+ el
+ /RN u§72|V(Ru)\2(1 + |z|%) dz + Js
+ oz/RN u? PR |ul |z]* %2 - Vu| de.

Since the inequality [V¢| > |V|¢|| holdsand 6 = 0ifp > 2, > 0if 1 <p < 2
we can estimate as follows

—Re/ W R* Ludx > (p — 1)/ u??|\V(Rlu))*(1 + |z|*)dz + J
RN RN

+ a/ Wt PR |ul |z %2 - V|ul da
RN

if p>2and

—Re/ w? 2 R*u Ludx > (p — 1)/ u? |V (Ru)|*(1 + |z]®)dz + Js
RN R

N
+ a/ PR |ul |z %2 - Vul da
RN
if 1 < p < 2. Letting 6 — 0T, we are lead to
Re(—Lu, |Vaul~*Vou) > (p - 1)/ (Rlu)PZ2 |V (RJu|)*(1 + |2|*)dx

RN

—1
PR R IVQP(L e
p RN

—2
_2__/‘WP4VQ-VWHL+WPMw
p RN

(3.6)

+ oz/ |u[P~! RP|2|* 22 - V|u| dz,
RN
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where we have used again the inequality |V¢| > |V|¢|| in the first integral
of the right-hand side of (3.6), since for 1 < p < 2 we had |VRu|? instead of
|V(R|u|)]*. Now, by the identity p|u[P~'V|u| = V|u|?, integrating by parts
and recalling the definition of R we infer

—2
—p—p P VQ - V| (1 + || da
RN

-2
_P / P ARP(1 + |2]*)da
RN

p?
-2
+ Oé(p—2>/ [ulPV RP - x|x|* 2dx
p RN
2N(p — 1 -2
RN

p
4 —1)(p—2
P BZD0D [yt e
p RN

2 —1)(p—2
= e
p RN

and

a/ lulP~t RP|z|* 2z - V|u| dx
RN

N+4a—2
_ _E/ |U|p|$|a_2x-Vdex—M/ R\ ul’dx
p Jry p RY

2(p—1 N -2
_2p—da [ vetulaleds - alVta-2) [ v tallal s,
p RN p RN
Finally,
/ WP RPIVRP(1 + |2]%) do = 4(p — 1)2/ |2 PVE ulP (1 + |2]*)da.
RN RN
By using such formulas in (3.6) we obtain

Re(—Lu, [Veul"*Veu) > (p — 1) AN(RIUI)p_QIV(RIUI)I2(1 + [a|*)dx

2

_2N(p-1)(p—2) /RN VP ulP(1 + |z]*)dz

4(p — 1
) / 2PVP P (14 [2])de
]RN

p2
da(p —1
yloo-1) / VP[ulP || dx
p RN
N -2 p
_alNta=3) folﬂmadx.

p RN |$|2
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Applying Lemma 1.6, and using that |x|?V. < 1 we are lead to

-2 VP ul?
Re(—Lu,|VeulP“Veu) > (p =Dy | ——5—dx
rv |zl
Nta—2[/p-1 e
+ ra <p (N+a—2)—a)/ €—|2u|]x\o‘dx
p p ry ||
p—1

4+ 2Np = AN) [ VI (14 Jol)do
p RN
da(p —1
+%/ VP |ulP|z|*dz.
p RN
(3.7)

Since a < (N —2)(p— 1) we have I%(N—I—Oz —2) —a > 0 and then from the
estimate |22V, < 1 it follows that

Re(~Luw [Vaal? V) = (p = 1 [ VPJulds
]RN

N+a—2<p—1

+

p p
p—1

p R

4 -1
+%/ VP |ulP|z|*dz.
p RN

(N+a—2)— a) [ Ve el
RN

VI lulP(1 + Ja|*)da
N

Thus we have

Re(—Lu, [Vaul?*Veu) > By / VP ulPdz + B / VP ul? |z[oda,
RN RN

where
—1 N(p—1)(N -2
ﬂoz(p—l)%—p—Q(4+2Np—4N)= ® )2 p)
p p
N+a—-2(p-1
g, =2t (p (N+a—2)—a)
p p
—1 da(p — 1
Pl onp a4 202
p p
(Np—N —a)(N + o —2p)

2
So, if N > 2p then Sy > 0 and since 0 <a < (N —-2)(p—1) < N(p—1) we
deduce that 8, > 0. n
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Remark 3.13. We rewrite estimate (3.7) as follows

Re(—Lu, |VoulP~*Vu) > 50/ Vf]u\pdx—i-/ (ko+-k Ve|z ) VP ulP |2 |* 2dx
N RN

R
where N ) .
p p
4 —1 -1
by = O‘(ZQ ) _ pr (4 + 2Np — 4N).

Notice that kg > 0 if & < (N — 2)(p — 1) and that kg + k1 = . Now,
ko+kiVelz|2 = f(|x]?), where f(r) = Fotlbotkr “Ginee [(i)nf)f = min{ ko, ko+

e+r
k1} =: p we find
Re(—Lu — plz|* 2u, |VouP 2 Vou) > 60/ VP ulPdx.
RN
The easiest case (see Lemma 3.12) is when p > 0.

Now, we prove a similar estimate for the operator L=1I- n|z|?.

Lemma 3.14. Set V. = |x|§+a, e>0. Iff>a—22>0 andn >0, then for
every u € C(RY)

Re(—Lu — mu, |VoulP~>V.u) > 50/

VPlulrda + 6, / V|| d,
RN RN

where m = Mmingepn <N+§’2 : (pfl)uzﬂ)*o‘ \x|a_2+n|x|5), Bo is given in
Lemma 3.12 and
-1
b0 = L~ (4 — 4 — 2Np + 4N),
p

Proof. We proceed as in the proof of Lemma 3.12. From Remark 3.13 and
the inequality |z|*V. < 1 it follows that

Re(—Zu, |V€u|p_2Vau)
= 50/ V2 ulPdx
RN
N -2 —1)(N —-2)—
+/ Vgp—lyu‘p ( +a . (p )( ; ) o \x|a_2+77|x|ﬁ) dx
RN

da(p — 1) ’
i ( P’

250/ Vep|u|pd:v+m/ V'Ep_1|u|pd:v+5a/ VP|ulP|z|dx .
RN RN RN

Thus the proof of the lemma is concluded. n

—1
Sy (4+2Np—4N))/ VPlulP|z|*da
p RN
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Applying Corollary 3.8, Lemma 3.12 and Theorem 3.1 we obtain the
following generation results. We distinguish the two cases « < 2 and o > 2
since the hypotheses on the unperturbed operator L are different.

Theorem 3.15. Assume 0 < a < 2. Set k = min{fy, (p — 1)v}. If2p < N
and o < (N —2)(p — 1) then, for every ¢ < k the operator L + n endowed
with the domain D, defined in Theorem 3.3 generates a contractive positive
Co-semigroup in LP(RY). Moreover, C*°(RY) is a core for such an operator.

Finally, the closure of (L—l— ﬁ,Dp> generates a contractive positive Cy-

semigroup in LP(RY).

Theorem 3.16. Assume o > 2. Set k = min{fy, (p—1)70}- [f% <p< %

and o < %, then for every ¢ < k the operator L + # endowed with

the domain l/); giwen in Theorem 3.4 generates a contractive positive Cy-
semigroup in LP(RN). Moreover, C*(RY) is a core for such an operator.

Finally, the closure of (L—l— #,DIJ generates a contractive positive Cy-

semigroup in LP(RY).

The proofs of the two above theorems are identical. We limit ourselves in
proving the latter.

Proof of Theorem 3.16. In order to apply Theorem 3.1, set A = —L, D(A) =
l/)\p, D = C>(RY) and let B be the multiplicative operator by # endowed
with the maximal domain D(|z|72) = {u € LP(RY); |z|%u € LP(RY)} in
LP(RY). We observe that the Yosida approximation B. of B is the multi-
plicative operator by V. = Wﬁ Both A and B are m—accretive in LP(RY).
Then, Lemma 3.12 yields (7) in Theorem 3.1 with k; = 3y, ¢ =0 and a = 0.
The second assumption (i) in Theorem 3.1 is obviously satisfied. The last
one, (ii7), holds with ks = (p — 1)70 thanks to Corollary 3.8. Then, we infer
that for every ¢ <k, —L — o with domain l/); is m—accretive in LP(RY) and

C(RY) is a core for —L — 7 by Theorem 3.4. Moreover, —L — ﬁ is es-
sentially m—accretive. By the Lumer Phillips Theorem (cf. Theorem A.8) we
obtain the generation result. Finally, the positivity of the semigroup is a con-
sequence of Proposition 3.9. The dispersivity is equivalent to the positivity

of the resolvent, which is equivalent to the positivity of the semigroup. [J

If 2p > N, then 5, < 0 and we cannot apply Theorem 3.1. However, if at
least 5, > 0, that is 2p— N < «, then we still have a generation result, relying
on the following abstract theorem by Okazawa (see [53, Theorem 1.6]).
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Theorem 3.17. Let A and B be linear m—accretive operators in LP(RYN),
1 < p < 4o0. Let D be a core of A. Assume that there are constants
¢,a,b >0 such that for allu € D and ¢ > 0,

Re(Au, || Beull, P|Baul’™*Beu) > —bl| Beullp — ¢llully — all Beull|lullj,

where B, := B(I +¢eB)~! denotes the Yosida approzimation of B. If v > b
then A+ vB with domain D(A) N D(B) is m—accretive and D(A) N D(B) is
core for A. Moreover, A+ bB is essentially m—-accretive on D(A) N D(B).

In our framework the above result leads to the following theorems. We
recall that D(|z|72) = {u € LP(RY); |z|7%u € LP(RM)}.

Theorem 3.18. Assume 0 < a < 2. If2p > N and 2p — N < a <

(N — 2)(p — 1) then, for every ¢ < [y the operator L + m% endowed with

the domain D, N D(|z|~%), where D, is defined in Theorem 3.3, generates a
contractive holomorphic Cy-semigroup in LP(RN). Moreover, the closure of

(L + ‘%, D, N D(]x\_2)> generates a contractive holomorphic Cy-semigroup
in LP(RY).

Theorem 3.19. Assume o > 2. If2p > N and 2p — N < a < w, then
Jor every ¢ < By the operator L+ 5 endowed with the domain b:,ﬂD(|x]_2),

where l/?; 18 given in Theorem 3.4, generates a contractive holomorphic Coy-
semigroup in LP(RY). Moreover, the closure of <L—|— fi D\pﬂD(|x|_2)>

LE|2’

generates a contractive holomorphic Cy-semigroup in LP(RYN).
As before, we limit ourselves in proving the latter.

Proof of Theorem 3.19. In order to apply Theorem 3.17, set A = —L, D(A) =
l/);, D = C>(RY) and let B be the multiplicative operator by # endowed
with the maximal domain D(|z|~2) in LP(RY). Both A and B are m-—
accretive in LP(RY). Then, Lemma 3.12 and Theorem 3.17 (with b = —f3,
¢ =0 and a = 0) imply that (L + #,l/); N D(|x|_2)> is m-—accretive in
LP(RYN) for any ¢ < f3y and is essentially m—accretive if ¢ = ;. From the
assumptions 2 < a < w it follows that p > N/(N — 2) and this yields
a < (N —2)(p —1). Therefore, by Theorem 3.4, L generates a positive

Co-semigroup of contractions, which is also holomorphic. By inspecting the
proof of [46, Theorem 8.1] it turns out that there exists ¢, > 0 such that

|Zm(Lu, |u]p_2u)| </, (—Re(Lu, \u]p_Qu))
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for every u € l/)\ (the computations can be performed for u € C®(RY)
and then one get the estimate for u € D using the fact that C°(RY ) is a
core for L). Now, the previous estimate continues to hold for all u € D N

D(|z|™?%) replacing L with L + #, ¢ < By. This implies that e*? <L + ﬁ)
is dissipative, where cotf = f¢,. By Theorem A.10, it follows that L + #

is sectorial and hence generates a holomorphic semigroup in LP(RY). This
ends the proof. O

If we consider the operator L instead of L the above conditions on p can
be simplified. So, by Theorem 3.5, Proposition 3.10 and Lemma 3.14, we can
apply Theorem 3.1 (Theorem 3.17, respectively) since ¢, > 0 if and only if
a>1+5(p-2)

Theorem 3.20. Assume f > o —2 >0 and n > 0. Set k = min{fy, (p —
)70} Ifa>1+%(p—2) and N > 2p then for every c < k, the operator

L+ iz ‘2 endowed wzth the domain Dp giwen in Theorem 3.5 generates a pos-
itive and quasi-contractive Cy-semigroup in LP(RN). Moreover, C>°(RYN) is

a core for such an operator. Finally, the closure of (L + i \2’D ) generates
a positive and quasi-contractive Cy-semigroup in LP(RY).

Theorem 3.21. Assume > a—2>0andn>0. Ifa > 1+ 5 (p—2) and
N < 2p then for every ¢ < By, the operator L+ ﬁ endowed with the domain
D, N D(|z|~?) generates a quasi contractive Cy-semigroup in LP(RY). More-
over, the closure of (L—i— MQ,D N D(|z|~ 2)) generates a quasi-contractive

Co-semigroup in LP(RY).
Let us end with the study of the optimality of the constant Sy in (3.4).
Proposition 3.22. Assume that
Re(—Lu, [VulP~>Vu) > C|[Vull?, (3.8)

for some C' > 0, where V = % and o € N. Then, C' < .

Proof. Take u(x) = v(r) > 0, r = |z|. Then
Re(—Lu,|VulP~2Vu)

+o00 N —1
= _WN/ (1 _|_7,a) (U” + Ul) T—Q(p—l),up—er—ldr
0

r
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where wy denotes the measure of the unit ball in RY. Choose v(r) = rfe"/P,
with 8 > #. Then

too 1-N-2 1
J = —wN/ (1+7r9) (5(5 + N —2)r7 1 ¢ Y ﬁr(s + ET‘SH) e "dr,
0

where we have set = Sp + N — 2p. Notice that § > 0 thanks to the choice
of 5. Using the properties of the Euler Gamma function, we have

J:—WN(ﬁ(mN_zHﬂ

1-N-23
p

1
d + E(S(é + 1)) I'(0)
—wN(B(B—l—N—Q)—I— ((5+0¢)~|—2%((5+a)((5+0z~|—1))F(<5+a).

Now, observe that ||Vul} = wyT'(6). Hence from (3.8) it follows that

1-N—-25_ 1
CTr) <-— <6(5+N—2)+Té+]¥5(6+1)> r'(9)
- (6(5+N—2)+#(5+a)+}%(5+a)(5+a+1)) I+ a).

Ifa=neNthenI'(6+n)=(+n—1)---0I'(d) and the previous estimate
yields

Cg—(ﬁ(ﬁ+N—2)+ﬂ6

1-N-23

1
+ 500+ 1))

- (ﬂ(ﬁ—i—N —2)+ (5+n)+]%(5+n)(5+n+1)) (0+n—1)---0.

Letting 6 — 0™ which corresponds to 8 —

QP;N eventually implies

N(p—1)(N —2p)

C< e

Hence [y is the best constant for (3.8) to hold in the case a € N. O



Chapter 4

The biharmonic operator

In Chapter 2 we have studied generation results in L2(R") for the Schrodinger
operator —H = A + c|z|72, i.e., the harmonic operator perturbed by an
inverse second-order potential. In this chapter we want to present the bi-
harmonic operator perturbed by an inverse fourth-order potential studied in
[31]. In particular, we consider the operator

A=Ay—V=A2— "
| [*
where ¢ is any constant such that ¢ < C* := (W)Q. We will prove that

the semigroup generated by —A in L2(RY), N > 5, extrapolates to a bounded
holomorphic Cy-semigroup on LP(RY) for p € [pj, po] where py = ]\2,—1174 and p},

is its dual exponent.

To this purpose, let us consider the biharmonic operator
AO = A2.

It is included in a class of higher order elliptic operators studied by Davies in
1995, [18]. In particular, he proves that for N < 4, — Ay generates a bounded
Co-semigroup on LP(RY) for all 1 < p < oo and that Gaussian-type estimates
for the heat kernel hold. In fact, denoting by K the heat kernel associated
to the operator Ay, he proves that there exist ¢q, co, kK > 0 such that

|z —y|*/3

K (t,x, )| < et N4 @ an

+kt

for all t > 0 and x,y € RY.

The result is different when the dimension is greater than the order of
the operator, N > 4. In this case he proves that the semigroup (e~'40);5

68



4. The biharmonic operator 69

on L*(RY) extends to a bounded holomorphic Cy-semigroup on LP(RY) for
all p € [p}, po, where py = ]3—111 and pf is its dual exponent. An analogous
situation holds when one replaces Ay by A, which was remarked for example
in [38, Section 6] by Liskevich, Sobol and Vogt (see also Proposition 4.9

below).

However, much more recently, in 2014, Quesada and Rodriguez-Bernal,
using abstract parabolic arguments, prove that the biharmonic operator — Ay
generates a holomorphic semigroup in some suitable scale spaces WP (RY)
for every 1 < p < oo without restriction to the dimension N. They also
obtain estimates of the semigroup. The result is the following.

Theorem 4.1. [56, Lemma 5.2] Consider the problem

w+ANu=0 t>0zcRY,
u(0) = ug in RY.

(i) Then, for each 1 < p < oo, the above problem defines a holomorphic
semigroup, S(t), in the space WA*P(RN), o € R, such that for any
o > 0 there exists C' such that

C(Oé — 6) euot

prom; t>0,a,0 e R a>p.

Hs(t>HE(W‘*B«P(RN),Ww,p(RN)) <
(ii) The holomorphic semigroup S(t) in LP(RY), 1 < p < oo, satisfies

M,
||S(t)||E(LP(RN)7LT(RN)) S tﬁ(%l)euot £>0
4

p T
for any po >0 and 1 <p <r < oo and some M,, > 0.
In this chapter, we will also study the boundedness of the Riesz transform

AAY2 on LP(RY) for all p € (p},2]. We can define the Riesz transform
associated to A by

1 o0
AAY2 .= / 12 A gt
T(1/2) Jo ‘

The boundedness of the Riesz transform on LP(RY) implies that the do-
main of A2 is included in the Sobolev space W%P(RY). Thus, we obtain
W?2P_regularity of the solution to the evolution equation with initial datum
in LP(RY). The boundedness of the Riesz transforms for Schrédinger oper-
ators has widely been studied in harmonic analysis. Several authors have
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generalized the results for elliptic operators L of order 2m or for Riemannian
manifolds, see for example [4, 5, 10] and the references therein. Blunck and
Kunstmann in [10] apply the Calderén-Zygmund theory for non-integral op-
erators to obtain estimates on AL~'/? since, in general, operators of order
2m do not satisfy Gaussian bounds if 2m < N. More precisely, they prove
an abstract criterion for estimates of the type

IBL™ fllr) < Coll fllry, P € (9,2];
where B, L are linear operators, a € [0,1), ¢o € [1,2) and 2 is a mea-
sure space. We apply this criterion (Theorem 4.10 below) to our situation
(B,L,Q) = (A, A,RY) with g = 5
We treat the operator A = A% —V in L*(RY) as the operator associated
with the form
a(u,v) = (Au, Av) — (Vu,v) = / AuAv dx — / Vuv dx
RN RN
with D(a) = {u € H*RN) : |||V|*/2ully < oo}. As a consequence of the
Rellich inequality (1.25)

N(N —4)\? 2
NN -4 / Mdfcg/ Au(a)|? da
4 rv |zl RN
for all w € H*(RY) with N > 5, one obtains D(a) = H*(RY) and

a(u) = /RNmu(x)de—/RN V(x)|u(x)|2dx277/RN|Au(x)|2dx (4.1)

for some n € (0,1), i.e., a is densely defined and positive semi-definite. In-
deed, since ¢ < C*, there exists a 0 < a < 1 such that £ < C* and

2
c/ Mdm < a/ |Au(z)|? dx.
rv  |z|* RN

Therefore, we have that the form a with domain D(a) = H*(R") is densely
defined, accretive, closed and continuous. In order to show the closeness,
which is (D(a), || - ||a) is complete, we only need to notice that the norms || - ||,
and || - [|g2 are equivalent thanks to (1.25) and (4.1). Moreover, since a is
a symmetric, positive semi-definite sesquilinear form, by a simple appication
of the Cauchy-Schwarz inequality, a is continuous. Consequently, see for
example Theorem C.9, —A is the generator of a Cy-semigroup (e~*4);50 on
L*(RY) that is contractive and holomorphic on the sector ¥(r/2).

In the following, making use of multiplication operators and off-diagonal
estimates, we prove that, for N > 5, the semigroup (e~'4);>¢ extrapolates to
a bounded holomorphic Cy-semigroup on LP(RY) for all p € [p), po] and that
the Riesz transform associated to A is bounded on LP(RY) for all p € (p}, 2].
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4.1 The twisted semigroup

In order to show the boundedness of the Riesz transform and obtain off-
diagonal estimates for the semigroup generated by —A we use the clas-
sical Davies perturbation technique, and estimate the twisted semigroup.
Therefore, denoting by « a multi-index with |a|] = «a; + -+ + ay and
D* the corresponding partial differential operator on C*(RY), we define
E = {¢ € C*(RY;R) bounded : |D*¢| < 1 for all 1 < |a|] < 2} and the
twisted forms
g (1, v) == ale™u, e )

with D(ays) = H*(RY), A € R and ¢ € £. A simple computation shows that
A/\¢ = 6>\¢A6_)\¢

with D(Ayy) = {u € L*(RY) : e*u € D(A)} is the operator associated
with the form ay,. Moreover, there exist 0 <y < 1 and k > 1 such that the
inequality

|axs(u) — a(w)] < ya(u) + k(1 + A" [[ull3 (4.2)

holds for all u € H*(RY), A € R and ¢ € €. Indeed, we have

aro(1) = a(u) + A / V| uf? dz — X2 / AP Juf? du
RN RN
+4X%Im | |V¢|*Vé - Vuudr +2)°Re | |Vé|*uludx
RN RN

— 4\ Re/ ApVeo-Vuudr +2)ilm [ ApuAudr
]RN

RN

—4X? [ |V¢-Vul*dz+4)ilm | V¢ - VuAudz.
RN

RN

Now, the application of (4.1), the Landau inequality

IVully < Jull2lAullz, e HA(RY)
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and Young’s inequality yields for 0 < e <1

|aro(u) — a(u)| < N*(A* + X%)Jull2
+ 4NN [l ) (N2 N[ Vull2) + 2(N A ullo) (]| Aullz)
+ 4N A ull2) (N2 ][ Vullz) + 2(N A [[ull2) (e[| Aull2)
+ANN | Va3 + 4NN [ Vull2) (e[| Aull2)
< 4e?[| Aullg + AN (N + A7 ull; + LON M| Va3
< 4e?[|Aull + 4NN + A)e 7 Jull3
+10(N N [full) (el Aull2)
< 9e”[| Aullz + ON*(X* + A)e™|ull3
< (92?/n)a(u) + 18N?(1 + A)e 8|ull3.
For the rest of this chapter, we fix v and k such that inequality (4.2) holds.
Then the forms ay, + 2k(1 4+ A*) are closed and uniformly sectorial (see for
example Theorem C.4). Thus the operators —Ay, — 2k(1 + A*) generate

contractive holomorphic Cy-semigroups on L*(RY) with a common sector of
holomorphy ¥(©). Therewith, we can show the following lemma.

Lemma 4.2. (a) Forall z € ¥(0), A € R and ¢ € &€ the following inequality
holds
||6_2AA¢||2_>2 < er(1+>\4)Rez. (43)

(b) There exists Mg > 0 such that
|Ae™*4% |y < Me|z|~1/2e2h(1 X Rez (4.4)
holds for all z € £(0/2), \€ R and ¢ € €.
Proof. Let A € R and ¢ € £. As mentioned before, we have
e (AreH2RAFAD | < (4.5)
for all z € 3(0©), which implies (4.3). Moreover, by the Cauchy formula,
1(Arg + 2k(1+ N1))e et 2D, o < (|2]sin(0/4)) 7 (4.6)
holds for all z € ¥(©/2). Further, (4.1) and (4.2) yield
(L= nllAv]lz < (1 =7)a(v) < Re(arg(v) + 2k(1 + X1)][v]3)
< [[(Axg + 2k(1 + X*))v]l2lv]l2

for all v € D(Ayg). Taking v = e~*(Ae+260+X9)y and applying the estimates
(4.5) and (4.6), we conclude (4.4) with Mg = 1/+/(1 — 7)nsin(0©/4). O
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Finally, we prove LP — L9 estimates for the twisted semigroups.
Lemma 4.3. Let pj < p <2 < q <py. Then there exists M, > 0 such that

le™ oy < Mygl2| 7G0T Rez

holds for all 2 € (0/2), A€ R, ¢ € £ and u € L*(RY) N LP(RY).

Proof. Let z € %(0©/2), A € R and ¢ € £. Then, by Sobolev’s embedding
theorem (cf. [1, Theorem 4.31]) and Lemma 4.2, one obtains

le=ul g < CellAe™*ull; < CsMolz|~ /2Ry, (4.7)

for all u € L?(RY). Applying the Riesz-Thorin interpolation theorem to
e~*Ms with respect to the bounds (4.3) and (4.7), we achieve the L% — L¢

estimate Y
H67ZA/\¢H2%¢] S MQq‘Z’—Z(g—E)e%(lJr)A)Rez

with My, = (CsMe)? 22 Then a duality argument yields the LP — L?

estimate. Finally, we only have to combine these two and use the semlgroup
1

property to conclude the LP — L9 estimate with M, = (2CsMe)? G2, O

4.2 Off-diagonal estimates

In this section, we study off-diagonal estimates, which enable us to obtain the
extrapolation of the semigroup (e *4);5o and the boundedness of the Riesz
transform AA~1/2.

We say that a family (7'(2)).ex), ¢ € (0,7/2], of bounded linear opera-
tors on L?(RY) satisfies LP — L9 off-diagonal estimates for 1 < p < ¢ < oo if
there exist c1, co > 0 such that for each convex, compact subsets £, F' of RV,
for each u € L*(RY) N LP(RY) supported in E and for all z € X(6), one has

d(E, F)4/3
WD)

IT(Yellsniey < erl2l 7 e~ =

where v, = %(% - %) and

d(E, F) = Zlelg[inf{cb(ﬂf) —¢(y) 1z € B,y € FY].

Davies proved that this distance is equivalent to the Euclidean one if the
sets F and F' are disjoint, [18, Lemma 4]. We recall this result.
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Lemma 4.4. If E and F are disjoint, convex, compact subsets of RN, then
4.(E,F) < d(E, F) < N'24,(B, F),
where d.(E, F) is the Fuclidean distance between E and F.

Remark 4.5. (a) Since the distance d between non-disjoint sets is zero, we
can drop the assumption of disjointedness in the previous lemma without
changing the statement.

(b) For E,F C RY compact, convex, r,y € RY and r > 0 such that
E C B(x,r) and F' C B(y,r) we obtain

A(E, FYY > 2713 p — y|1/% — (2r)i,
Indeed, we can estimate as follows

lz—y| < 2r+do(E,F) < 2r +d(E,F) < 2Y4((2r)"3 + d(E, F)"/3)3/4,

The following proposition relates the results of the previous section with
the notion of off-diagonal estimates.

Proposition 4.6. Let § € (0,7/2] and (T(z)).es ) be a family in L(L*(RY))
that satisfies

T(z) = DT (s*2) Dy s, s€(0,1), ze€ X(0), (4.8)

where Dy is the dilation operator, i.e., Dsv(x) = v(sx) a.e. for all v €
L (RN). Further let 1 <p < q < oo and M,w > 0 such that

loc
12T (2)e ully < M]z| eIy,

holds for all z € 3(0), A > 0, ¢ € £ and u € L*(RY) N LP(RY). Then
(T'(2)):2ex0) satisfies LP — L9 off-diagonal estimates.

Proof. Let z € X(0), E,F be convex, compact subsets of RY and u €
L*(RN) N LP(RY) supported in E. Then the assumption yields

IT(2)ullocry < e xpllclle*T(2)e™* e xpull,
< MO |z| 1 Oy o2 ol

< o Aint gosup; ¢)M|z|_""’qe“’(1“4)‘z| l|lwll,
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for all A > 0 and ¢ € £. Minimising the right-hand side with respect to
¢ € &€ and choosing \ as (d(E’F))l/g

4wz

we obtain

d(E, F)*/3
S ),

2w|z —
Il < 01121 e~ S

with ¢, = Now, we use the scaling property to get rid of the factor

3
4(4w)1/3"
e%*l. For s € (0,1) we estimate

T (2)ull racry = || DsxsrT (s 2) X s D1ysullq

_N
= s~ o |IxsrT(s"2)XsnD1ysully
(d(sE, sF)/s)"/?

2ws? v
< e2ws \Z|M|Z|—’qu exp(—cw >S P ||D1/Squ

2[1/3
4/3
2ws|z| —Ypq . Cw d(E7F)
<e M|z~ exp( EERRPTE l|w],-
Taking s — 0, we get LP — L7 off-diagonal estimates for (7'(2)).ex(o)- O

Now, since (e7*4),ex0/2) satisfies the scaling property (4.8) thanks to
the invariance of the Laplacian, we can infer from Lemma 4.3 the following
statement.

Corollary 4.7. The semigroup (G_ZA)ZGg(@/Q) satisfies LP — L7 off-diagonal
estimates for all p € [p}, 2] and q € [2, po).

Finally, we are able to state the following theorem.

Theorem 4.8. The semigroup (e~*4);>0 on L*(RY) extrapolates to a bounded
holomorphic Cy-semigroup on LP(RY) for all p € [p}, po]. Moreover, one can
choose a common sector of holomorphy for these semigroups.

Proof. 1t suffices to show that the family (e 7*4).ex(/2) is uniformly bounded
on LP(RY) to infer the extrapolation to a bounded holomorphic Cy-semigroup
on LP(RY). Moreover, we only have to treat the case p € (2, po].

Let p € (2,p0], z € £(60/2) and C,, be the cube with center n|z|*/* and
edge length |z|'/4 for all n € Z". Then, using the L? — L? off-diagonal esti-
mates for (e7*4).ex(0/2), Remark 4.5(b) and Holder’s inequality, we obtain

Ixcne ™ Xomtlly < cre™@m=1 27| 1273 |y ully

_ _nl4/3
= cie calm—n| |

|XCmUHp
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for all m,n € Z" and u € L*(RY) N LP(RY) with ¢1, ¢y > 0 independent of
z, u, m and n. Since the operator B: (*(Z") — (*(Z") with

(Bx)m =1 Z emezlm=nl*?g meZN, » e MZ")

neZN

is bounded on (}(Z") as well as on ¢*°(Z"), the Riesz-Thorin interpolation
theorem yields that B is also bounded on (P(Z"). Setting @ = (||xc, t||p)nezn
we conclude

le=**ully < | Biller < | Bllorserlliller < | Bllenseo
for all uw € L2(RYN) N LP(RY). -

We have provided this proof as an application of the previous results,
which we also need in the next section to prove the boundedness of the Riesz
transform. Actually, we could have also applied [38, Proposition 6.1], which
holds in a general setting of higher order operators defined by closed, sectorial
sesquilinear forms. We recall this statement according to the notations of our
situation.

Proposition 4.9. Let a be a closed, sectorial sesquilinear form in L*(RY)
with D(a) = H*(RY) such that for some C,k > 0

H1Au|3 < Rea(u) < C(||Aull3 + [Jul3)
and
lars(u) — Rea(u)| < $Rea(u) + k(1 4+ X*)]|ull3

hold for all u € H?*(RN), X > 0 and ¢ € £. Then the holomorphic Cy-
semigroup (e7)so on L2(RYN), associated with a, extrapolates to a holo-
morphic Cy-semigroup T, = (e *%)>¢ on LP(RYN) for all p € [ph,po]. The
sector of holomorphy of T, and the spectrum o(A,) are p-independent.

4.3 Riesz transform

We show that AA™Y? € L(LP(RY)) for all p € (#5,2]. We already know
that the Riesz transform of the operator A is bounded on L?(R") thanks to

the inequality

llAull} < a(u) = |APul3,  we HYRY)
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and the selfadjointness of A2, Then, provided AA~1/? is of weak type
(ph, Ph), we can use the Marcinkiewicz interpolation theorem to obtain the
boundedness on LP(RY) for pj < p < 2.

Let us recall the definition of weak type operators. Let (X, X, u) be a
measure space. An operator L: L*(p) N L% (p) — L'(p) + L>(u) is of weak
type (p,p) for 1 < p < oo, if there exists a constant C' such that for any
fe LY(p)NL®(u) and A > 0, one has

pla = [Lf(2)] = A} < CAPIFI.

In order to prove that AA™'/2 is of weak type (p}, pj) we make use of [10,
Theorem 1.1] in the following adapted form.

Theorem 4.10. Let 1 < p < 2 < ¢ < 00, qo € (p,oc] and (e7);>0 be
a bounded holomorphic semigroup on L?*(RY) such that A is injective and
has dense range. Further, let o« € [0,1) and B a linear operator satisfying
D(A%) C D(B) and the weighted norm estimates

o — y\4/3> (4.9)

— A _
X B Xpam)llpsg < 1t eXP(_CQﬂT

__pio _ xr — 4/3
X1 B gy < x5 (s T H)  a0)

hold for all x,y e RN, t >0, |o| < 5 — 6, for some 6 > 0. Then BA™ is of
weak type (p,p) provided BA™® is of weak type (2,2).

We can now state the main result of this section.

Theorem 4.11. The Riesz transform AA™Y2 of the operator A is bounded
on LP(RN) for all p € (p),2].

Proof. We show that the assumptions of Theorem 4.10 with (B, «, p, q, q) =
(A, 1/2, ), po,2) are satisfied to infer that AA~1/2 is of weak type (p}, pl).

First, we observe that A is injective and selfadjoint and has therefore
dense range. Moreover, we have D(A'Y?) = D(A) and AA~'/? is bounded
on L*(RY), hence of weak type (2,2), as was pointed out above. Now, it
remains to show that estimates of the form (4.9) and (4.10) are satisfied.
Due to Remark 4.5(b), such estimates are direct consequences of LPo — LPo
off-diagonal estimates for (e7**).cxo/2), which we have already obtained,
and LFo — L? off-diagonal estimates for the family (|z|'/2Ae™*4),cxn@/2). To
achieve the latter ones, we show that

‘|€)\¢A6_ZA6_)‘¢H2_>2 < M’Z’—1/26w(1+)\4)|z\ (4_11)
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holds for all z € £(©/2), A € R and ¢ € £ with some M,w > 0. Indeed, we
compute

P Ae e My = M Ae e ey,

= (AN|Vo]* = MAg)e *Moy — 20V - Ve oy

+ Ae Moy,
which can be estimated, thanks to (4.3) and (4.4), in the following way

le** Ae™*Ae™ %ull3 < SN?(1+ A1)|le™*Deu3
+ 16N X2 || Ve * o2 + 4||Ae w2
< 16N (1 + A |le o2 4 12]| Ae*Mou)|2
< 16N2(1 4 A)e A4 2
+ 12M2\ - 1 4k( 1+>\4)|z\” Hz
< 16(]\/[@+N2)| ’ 1,5k (14+24)] z|HuH2

Combining inequality (4.11) with the LP — L? estimate of Lemma 4.3, we
get .,
”e)ui)Aeszef)\qSHpé)_ﬂ < 2Mp62M‘Z|71€w(1+)\ )|z

for all z € £(0/2), A > 0 and ¢ € £. Since the family (|z|"?Ae %) cx0/2)
satisfies the scaling property (4.8), it also satisfies LPo — L? off-diagonal esti-
mates by Propostion 4.6.

Thus, AA~Y2 is of weak type (ph,pj). Now, by the boundedness of
AA™Y2 on L*(RY) and the Marcinkiewicz interpolation theorem, we con-
clude that AA~Y2 € L(LP(RYN)) for all p € (p), 2]. O

Finally, we obtain the following corollary.

Corollary 4.12. The parabolic problem associated to —A = —A?% + ﬁ,
c< C*

Ouu(t) = —Au(t) fort >0,

u(0) = f,
admits a unique solution for each initial datum f € LP(RY), p € [pf,po)-
Moreover, if f € LPF(RY) for p € (p,2], then u(t) € W*P(RY) for every
t>0.



Appendix A

Introduction to semigroup
theory

Semigroup theory is a wide and well documented subject. We give some
definitions and recall some important results and properties, for details and
proofs we refer to [21, 36, 41].

Definition A.1. Let X be a Banach space. A family (7'(¢)):>¢ of bounded
linear operators on X is called a semigroup if

(i) T(t+s)=TH)T(s), VYt,s>0,
(i) T(0) = 1.

If, moreover,
(iii) limeso || T)fF— fII=0, VfeX,
we call (T'(t))i>0 a Co-semigroup (or strongly continuous semigroup).

Strongly continuous semigroups are generated by linear operators A, gen-
erally unbounded, defined on the dense subspace D(A) of X

DA)={fe X: %%M exists} and
Af = li_{%w, f € D(A).
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The domain D(A) satisfies
T(t)D(A) C D(A) and AT(t)f =T(t)Af, ¥Yt>0, fe D(A).

Moreover, if f € D(A), T(-)f is differentiable for every ¢ > 0 and

d
ST()f = AT(1)f, 0.

Let A: D(A) — X be a given linear operator, it is interesting to establish
if A is the generator of a Cy-semigroup, i.e., if there exists a semigroup
(T'(t))e>0 whose generator is A. In fact, if it is the case, for each f € D(A),
the abstract Cauchy problem

dt

u(0) = f,

admits a unique solution given by wu(-) := T'(-)f. We will also denote the
semigroup generated by A as (e');o.

{ duy = Au(t) t >0,

In order to verify if an operator A generates a Cy-semigroup we give the
Hille-Yoshida theorem, which is a central theorem in semigroup theory. Let
us first recall some definitions for an operator in a Banach space.

Definition A.2. Let (A, D(A)) be an operator on X, the resolvent set p(A)
is the following

p(A) ={A € Cs.t.(\[ — A) : D(A) — X bijective with bounded inverse},

and the resolvent operator is defined for A € p(A) as

RINA) = (M — A7 = / e Mt dt.
0

An important property for an operator A is the closeness.
Definition A.3. Let (A, D(A)) be an operator on a Banach space X. A is
closed if f, € D(A), f, — f and Af,, — g, then f € D(A) and Af = g.

If an operator is not closed we can ask if it admits a closed extension. We
define the smallest closed extension by A, the closure of A.
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Definition A.4. An operator A on a Banach space X is closable if there
exists a closed operator C': D(C) C X — X such that D(A) C D(C) and
Af =Cf forall f € D(A).
If A is a closable operator we define the smallest closed extension A as follows
D(A)={f € X st. Af, € D(A): lim f, = f, lim (Af, — Af,) =0},
n—00 n,m

— 00
and if f and (f,)nen are as above we set

Af = lim Af,,

n—o0

where the limits are taken with respect to the norm of X.

One can easily show that A is a closed operator and every closed extension
of A is also an extension of A.

Definition A.5. A subspace D of the domain D(A) is called a core for A if
D is dense in D(A) for the graph norm

1f 1L = LA+ [[AFI-

We now give the generation theorem.

Theorem A.6. (Hille-Yoshida) Let A : D(A) — X be a closed and densely
defined operator (D(A) = X). Then A is the generator of a Cy-semigroup on
X if and only if there exist w > 0 and M > 0 such that, for each A\ > w, the
operator \I — A is invertible and its inverse R(\, A) = (A — A)~! satisfies

the following inequality
M

| R(A, A)™ 1< =)

for eachn > 1.
Moreover, in this setting, the semigroup (T(t));>0 satisfies the condition

| T(t) ||[< Me**, t > 0. (A1)

In particular, the semigroup (7'(t)):>o is called contractive if (A.1) holds
with w = 0 and M = 1, ie., |T(¢)|| < 1. It is called quasi-contractive if
(A.1) holds with M =1, i.e., |T(#)| < et

We now define further properties of an operator in a Banach space in order
to obtain a different generation theorem named after the mathematicians
Lumer and Phillips.
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Definition A.7. Let (A, D(A)) be an operator on a Banach space X.

e A is called accretive if —A is dissipative., i.e.,

A+ A)fI = Al A
for all A > 0 and f € D(A).

o It is m-accretive if A is accretive and the range R(A+A) := (A+A)D(A)
coincides with X.

o If A is accretive, it is called essentially m-accretive if its closure A is
m-accretive.

Theorem A.8. (Lumer-Phillips) /21, Chap.II, Theorem 3.15] For a densely
defined, dissipative operator (A, D(A)) on a Banach space X the following
statements are equivalent.

(a) The closure A of A generates a contraction semigroup.

(b) R(AN—A) is dense in X for some (hence all) X\ > 0.

Now, we define the class of holomorphic semigroups. They play an im-
portant role in the theory of evolution equations. We denote by

Y(6) ={A e C: |arg\| < 0}\{0}

the sector in C of angle . A closed linear operator (A, D(A)) in a Banach
space X is called sectorial (of angle §) if there exists 0 < 0 < 7 such that the
sector X (% + &) is contained in the resolvent set p(A), and for each € € (0, d)
there exists M, > 1 such that
M, —
|R(A, A)|| < W forall 0 £ X € X(n/2 460 —¢).

For densely defined sectorial operators we can define the following family of
operators via the Cauchy integral formula.

Definition A.9. Let (A, D(A)) be a densely defined sectorial operator of
angle 0. Define T'(0) := I and operators T'(z), for z € £(), by

1
T(z) == 5— [ "R, A)du,

271 .

where 7 is any piecewise smooth curve in X (/2 + §) going from ooe(7/2+%")
to ooe!™2+9) for some & € (|argz|, d).
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One can prove that the family so defined is a strongly continuous semi-
group whose generator is the sectorial operator (A, D(A)), see [21, Proposi-
tions 4.3, 4.4]. We then define holomorphic semigroups.

A family (T'(2)).exe) Uy € £(X) is a holomorphic semigroup (of angle
6€(0,5])if

(i) T(0) =1 and T'(z + 22) = T(21)T(22), V21,22 € X(9),
(ii) The map z — T'(z) is holomorphic in X(J),
(iii) lmyeys.s0T(2)z =2 Vee X e 0<d <.
If, in addition,
(iv) ||T(2)|| is bounded in (") for every 0 < 6" < 4,

we call (T'(2)).exs) o} @ bounded holomorphic semigroup.

The following theorem deals with generation of holomorphic semigroups.

Theorem A.10. For an operator (A, D(A)) on a Banach space X, the fol-
lowing statements are equivalent.

(a) A generates a bounded holomorphic semigroup (T(2)).exugoy) on X.

(b) There exists ¥ € (0,7/2) such that the operators e’ A generate bounded
strongly continuous semigroups on X.

(c) A generates a bounded strongly continuous semigroup (T'(t))i>0 on X
such that rg(T(t)) C D(A) for allt > 0, and

M :=sup |tAT(t)|| < occ.
>0
(d) A is densely defined and sectorial.

We also want to recall the integral rapresentation for the fractional power
of a sectorial operator A through the generated semigroup (7'(t)):>o-

Proposition A.11. Let A be the generator of a bounded Cy-semigroup (T'(t))+>o,
in a Banach space X. If 0 € p(A), then

(—A)F = / T Tt

for 0 < Re(z) < 1.
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Finally, we introduce the concept of weak generator. If one deals with
non strongly continuous semigroups it is not possible to define the generator
in a classical way. However, one can define a weak generator A in the space
of bounded continuous functions as follows

D(A) = {f € CyRY) : sup L LD = T

<oo and Jg € Cy(RY)
>0 t

S.t. 11_%% T(t)f(xt) — f(I> _ g(x), = RN}
Af(x) = lim T(t)f@t) —J@) e pA), seRrY.

For a weak generator similar properties to a generator of a Cy- semigroup
hold.

(i) T(t)f € D(A) , forall t > 0 e AT(t)f = T(t)Af,

(i) for all z € RY, the function t € [0,+oc] — T(t)f(x) is 1 and
LT(t) f(z) = T(t)Af(x).

Moreover, the following result holds.

Proposition A.12. (i) D(A) is dense in Cy,(RN) with respect to the bounded
pointwise convergence, i.e., for all f € Cy(RN), there exists a sequence
(fn) € D(A), uniformly bounded and pointwise convergent to f;
(i1) (A:D(Z)) is closed in Cy(RN) with respect to the bounded pointwise

convergence, i.e., for all (f,) C D(A) such that f, — f and Af, — g,

with g € X, then f € D(A) and Af = g.
There exists a relation between the operators
(A, D(A)) and (A, Dyas(A))
where
Dinae(A) = {u € C,(RV)N X : Au € X}.

To this purpose, one can study the spectral properties of A and obtain the
following results.

Proposition A.13. (1) A s an extension of A, ie., D(A) C Dypaw(A) € Af =
Af, for all f € D(A),
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(ii) D(A) = Dynan(A) iff X — A is injective for one (and hence all) X > 0.

Proposition A.14. The following statements are equivalent.

(i) X — A is injevtive in D,,q.(A) (for one or all X > 0);
(i) T(t)1 =1, for allt > 0.

Remark A.15. Property (ii) is equivalent to the conservativity of the semi-
group (7'(t)). Thus, for conservative semigroups, the weak generator A co-
incides with the operator A.



Appendix B

Markov semigroups

Markov semigroups enjoy very nice properties because of the underlying prob-
abilistic interpretation related to Markov processes on RY. They provide a
solution to the parabolic equation associated to a second order elliptic op-
erator with unbounded coefficients, A. We briefly give some definitions and
describe the method to associate a Markov semigroup to A. For an extensive
account on Markov semigroups we refer to [8, 16, 25].

We start with the definition of transition function.

Definition B.1. Let B(RY) be the set of Borelians of RY. We call transition
function on RY a function p : [0, +00) x RY x B(RY) s [0, +00) such that

(i) p(t,z,-) is a probability measure on (RY, B(RY)), for all t > 0, for all
r € RY;

(ii) p(0,2,T) = xr(z) for all z € RY and all ' € B(RY);
(iii) p(t,-,T) is Borel measurable for all t > 0 and all ' € B(R");

(iv) the semigroup property is satisfied, i.e,

e+ s.n0) = [ plsodyp(t.y.T)
R

for all s,¢ >0, z € RY and " € B(RY).

Remark B.2. If the measure p(t, x, ) is absolutely continuous with respect
to the Lebesgue measure, one can write p(t,z,dy) = p(t,z,y)dy, where
p(t, z,y) is the density.
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Therefore, we can define a Markov semigroup.

Definition B.3. For all transition functions p(t, z, dy), we define the Markov
Semigroup as

Tt)f(x) = /RNp(t,a:,dy)f(y), feL*®RY), t>0, r ¢ RN,

Thanks to the definition of transition function one obtains that the Markov
semigroup satisfies the following properties:

e T(0)f(z) = f(z), VfeL®RY), VzeRY;

The law of semigroup is satisfied;

T(t) € L(L®(RY)) for all t > 0, (i.e., T'(t) is a bounded linear operator
on L®(RY));

e T(t) is contractive in L>®(RY);

e T'(t) is conservative, i.e., T'(t)1(x) = 1(x);

e T'(t) is positive, i.e., f > 0= T(t)f > 0.

Let us consider a second order elliptic differential operator with un-

bounded coefficients. It is possible to construct the Markov semigroup asso-
ciated to the operator.

Definition B.4. Let

N

Z z)Dj;u(x) + Z bi(x)D;u(x)

=1

with {a;;}ij=1. n e {bi}i=1.. v real valued functions on RY. We define the
mazximal domain of A in Cy(RY) as
Dinaz(A) = {u € CRM) NW2P(RY), V1 < p < +o0 : Au € C(RM)}.
Since the coefficients of A are unbounded, in order to solve the abstract
Cauchy problem associated to A, and hence, construct the Markov semigroup

associated to A, one can proceed with a localising argument. We briefly
describe the method. One considers the problem on the balls B(R), to let
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then R — oo.
Thus, we consider

0tuR(t,x) = AuR(t,x) t>0, ze€ B(R),
ugp(t,z) =0 t>0, z€dB(R), (B.1)
ur(0,z) = f(x) z € B(R),

with f € Cy(RY). In order to guarantee existence and regolarity of the
solution, one has to assume that, for some o € (0,1),

(RN), b, € C

(1) Qi; = aj; € cr loc(RN)v foralli,7 =1,...,N;

loc

(2) let a(z) = (ay(x))=1,

(a(@)€,€) = ay(2)&& > v(@)|¢f

i,
for all z,& € RY with inf,cx v(z) > 0, for all K compact set of RY.

Then, A is uniformly elliptic on each compact set of RY. Then, the
problem (B.1) admits a unique classical solution given by a holomorphic
semigroup not strongly continuous in C(B(R))

up(t,z) = Tr(t)f(z), t>0,z € B(R).

The infinitesimal generator of (Tg(t)) is the operator (A, Dg(A)), ([40, Chap-
ter 3]), where

Dr(A) = {u € Co(B(R)) N W>P(B(R)),Vp € (1, +00) : Au € C(B(R))}.

The following theorem provides useful properties for (Tg(t)).

Theorem B.5. (i) (Tr(t)) admits the following integral representation

Tu0f@) = [ paltr) s, € OBR), ¢>0.a < BR)
B(R
with strictly positive kernel pr € C((0,400) x B(R) x B(R)). In par-
ticular, Tr(t) > 0;
(i) Tr(t) € L(LP(Bg)) for allt > 0 and for all 1 < p < 4o00;

(iii) Tr(t) is contractive in C(B(R));
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(iv) given a bounded sequence in (f)n C C(B(R)) such that f, — f point-
wise in B(R), with f € C(B(R)), then Tg(t) f, — Tr(t)f pointwise for
all t > 0;

(v) for each y € B(R) fived, pr(-,-,y) € C**3%([s,t9] x B(R)) for all
0 < s <ty and one has

8tpR<t7 z, y) - ApR<t’ T, y>7 v (t7 ZL') € (07 +OO) X E(R)

Remark B.6. As a consequence, since f € C'(B(R)), thanks to (v), one gets
up € C'224%([s,t] x B(R))

where ug(t,z) = Tg(t) f(x).

Now, in order to let R — +o0, one studies the convergence of ug.

Proposition B.7. Let f € Cy(RY) and t > 0; then there exists

Tt f(z) = lim Tg(t)f(zr), VzeRY (B.2)

R—+o00

and (T(t)) is a positive semigroup in Cy(RYN).

Therefore, as R — +00, one obtains a semigroup (7'(t)) in Cy(RY). The
following result holds.

Proposition B.8. For the semigroup defined by (B.2) the following integral
representation holds

T = [ ptan)f@y  feGR)

with p(t,z,y) > 0 a.e. y € RY for allt > 0 and for all x € RY, p(-,-,y) €
ClngE’Ha((O, +00) x RY) and d;p = Ap in the couple (t,z).

Therefore, it is possible to associate to A a Markov semigroup (7'(t)),
which is positive but not strongly continuous. One can prove that (7'(t)) is
the solution to the parabolic problem

Ow(t, ) = Au(t,z) t>0, zeRV, (B.3)

u(0,2) = f(x) r € RY. '

As a consequence of the classical Schauder estimates (see [44]) one obtains
the following.
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Theorem B.9. Let f € Cy(RY), then the function
u(t,z) =T(t)f(z)

is in 011;%,2%((07 +00) x RY) and solves (B.3). What’s more, if there exists

a XA > 0 such that X — A is injective in D,,..(A) then the semigroup is the
unique solution to the problem.

Remark B.10. In general, the solution to (B.3) is not unique. In order to
otain uniqueness we need that there exista a A > 0 such that A— A is injective
in Dyua:(A). Thanks to Proposition A.14, this condition is equivalent to
Tt)1 =1, forallt>0.



Appendix C

Sesquilinear forms and
associated operators

We give a brief introduction to sesquilinear form theory and associated op-
erators and semigroups. Much more comprehensive account of the subject

may be found in the book by Ouhabaz, [54].

Let X be a Hilbert space over K =R or C and D(a) a linear subspace of
X. We denote by (-, -) the inner product of X and by || - || the corresponding

norm. An application
a:D(a) x D(a) - K

such that for every o € K and u, v, w € D(a) satisfies
alau 4+ v,w) = aa(u,w) + a(v,w) and a(u,av +w) = aa(u,v) + a(u, w)

is called unbounded sesquilinear form. The space D(a) is called the domain
of a and a(u) := a(u, u) the associated quadratic form.

Definition C.1. Let a: D(a) x D(a) — K be a sesquilinear form. We say
that

(i) ais densely defined if

D(a) is dense in X. (C.1)

(ii) ais accretive if
Rea(u) > 0 for all uw € D(a). (C.2)
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(iii) ais continuous if there exists a non-negative constant M such that
|a(u, v)| < M|lulla]|v]ls for all u,v € D(a) (C.3)
where ||ul|, ;== \/Rea(u) + |lul]2.

(iv) ais closed if
(D(a),] - |la) is a complete space. (C.4)

If the form a satisfies conditions (C.1)-(C.4) one can easily check that
|| - ||l is @ norm on D(a), the norm associated with the form a, and D(a) is
a Hilbert space.

A stronger assumption than continuity of a form is sectoriality. It is
defined as follows.

Definition C.2. A sesquilinear form a acting on a complex Hilbert space X
is called sectorial if there exists a non-negative constant C' such that

| Ima(u)] < CRea(u) for all u € D(a).

A relation between continuity and sectoriality is given by the following
lemma.

Lemma C.3. If a is an accretive and continuous sesquilinear form on a
complex Hilbert space X, then 1+ a is sectorial. More precisely, if a satisfies
(C.3) with some constant M, then

| Im[(u, w) + a(u)]] < M Re[(u,w) + a(u)] for all uw € D(a).

The sum a + b of two sesquilinear forms a and b on X is defined by
[a+b](u,v) := a(u,v) + b(u,v), D(a+b)= D(a)N D(b).

The natural question that arises is that if the properties of the forms carry
over in the sum. In particular, if one of the two forms, say a, satisfies (C.2)-
(C.4), the following theorem shows that under some additional assumptions
these properties are preserved.

Theorem C.4. Let a be an accretive and continuous sesquilinear form on
a complex Hilbert space X. Assume that @' is a sesquilinear form such that
D(a) € D(d') and, for some a, 3 non-negative constant with o« < 1, the
following inequality holds

a'(w)| < aRea(u) + Bllul|* for all u € D(a).

Then, the form sum t = a + o + [ with domain D(t) = D(a) is accretive
and continuous. Moreover, t is closed if and only if a is closed.
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As for operators, if a form is not closed we can ask if it admits a closed
extension. We define the smallest closed extension by @, the closure of a.

Definition C.5. A densely defined accretive sesquilinear form a is closable if
there exists a closed accretive form ¢ : D(¢) € X — X such that D(a) C D(c)
and a(u,v) = ¢(u,v) for all (u,v) € D(a).

If a is a closable form we define the smallest closed extension a as follows

D(@) ={u € X s.t. Ju, € D(a) : lim u, =u, lim a(u, — u,,) =0},

n—00 n,Mm—00
and
a(u,v) :== lim a(uy,,v,),
n—oo

for u,v € D(a), where (uy,)nen and (v, )nen are any sequences of elements of
D(a) which converge respectively to u and v and satisfy a(u,, —u,,) — 0 and

a(vp, — v) — 0 as n,m — oo. The limits are taken with respect to the norm
of X.

One can show the following.

Proposition C.6. Let a be a densely defined, accretive, and continuous
sesquilinear form. If a is closable, then @ is well defined and satisfies (C.1)-
(C.A4). In addition, every closed extension of a is also an extention of .

Now we want to define the operator associated to a form. Let a be a
densely defined, accretive, continuous and closed sesquilinear form on X.
We can define an unbounded operator A on a linear subspace D(A) of X,
which is called the operator associated to the form a, as follows

D(A)={ue X st. Jve X :a(u,¢) = (v,0) Vo € D(a)}, Au:=v.

Therefore, we can study the properties of A as an operator on X through
the form a and viceversa. For example, the operator associated to a sectorial
form is a sectorial operator and the converse is also true.

Proposition C.7. Let a be a densely defined, accretive, continuous and
closed sesquilinear form acting on a complex Hilbert space X. Denote by
A the associated operator. The following assertions are equivalent:

e a is a sectorial form;

e A is a sectorial operator.
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What we are interested in are generation results for the operator A in
terms of the form a as the following.

Theorem C.8. Let a be a densely defined, accretive, continuous and closed
sesquilinear form on a Hilbert space X. Denote by A the operator associ-
ated with a. Then —A is the generator of a strongly continuous contrac-
tion semigroup on X. Moreover, the semigroup is holomorphic on the sector
Y(5 —arctan M) where M is the constant in the continuity assumption (C.3).

In particular, the following result deals with generation of holomorphic
semigroups for sectorial operators.

Theorem C.9. Let A be a densely defined operator on a complex Hilbert
space X . Assume that A is sectorial, that is,

| Im(Au, u)| < CRe(Au,u) for allu € D(A),

where C' > 0 is a constant. Assume also that there exists Ao € p(A) with
dist( o, X(arctan C')) > 0. Then, —A generates a strongly continuous semi-
group which is holomorphic on the sector (5 —arctan C') and such that e=*?
is a contraction operator on X for every z € X(§ — arctan C').



List of symbols

a (RN)

loc

Cl+%,2+o¢ (R % RN)

C(RY)

LP(RY)

euclidean N-dimensional space;

inner euclidean product between the vectors
z,y € RY;

euclidean norm of z € RV;

ball centred in 0 of radius r;

ball centred in x of radius r;

characteristic function of the set FE, i.e.
xe(x)=1ifx € F and xg(x) =0if = ¢ E;
the function identically equal to 1;

the sector of C of angle ¢;

space of linear and continuous operators of a
Banach space X into itself;

o- algebra of borelian sets of RY;

space of continuous bounded functions of R¥;
space of «-holderian functions w« in
RN ie, u ¢ Cb(RN) with  [u], =
SUD, RN ooty % <  +4oo, with norm
o=l floo +lod:

space of functions in C*(Q2) for all Q2 bounded
open subset of RV;

space of functions ¢ having bounded time
derivative and bounded space derivative up
to the second order, and [¢]iyz21a =
[Pt]s o + ij:l[Dmiqub]%,a < +o0, with norm
@ lirg2ta=l @ llo + |  llo + | Va® [l
+ | D2® [|oo +[¢]142 2105

space of infinitely many time derivable func-
tions with compact support in RY;

space of Lebesgue measurable functions v in

RY, with [Jul|p := [on [u(z)]? dz < oo;
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List of symbols

96

I+ llp—q

Lp

loc

(RY)

Lﬁ(RN )

Wk,p(RN)

Wil (RY)
H*(RY)
HE (RN)

loc

the norm of operators acting from LP(RY) into
LI(RY);

space of functions in LP(£2), for all bounded
open set Q C RY;

space of measurable functions v in RY with
respect to the measure p, with Hu||’£z =
Jan Ju(z) [P dp < oo;

space of functions u € LP(RY) with weak
derivatives up to order k in LP(RY), with
[ull e @y == ngk 1 DPul|p;

space of functions in W*?(Q), for all bounded
open set ) C RY;

Sobolev space W 2(RY);

space of functions in H*(Q), for all bounded
open set  C RY;

where €2 is an open subset of RV, 1 < p < 400, k, N €N, 0 < a < 1, u real
valued function.
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