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Yuri: Mycket manga och pa biologiboken forstas, och det dr ju helt
vetenskapligt orealistiskt att vara sa sjilvsiker.

Assa enligt kvantfysiken, typ den fetaste fysiken for pyttepyttesma grejer,
sa kan man ju inte ens se om partiklar dr sma punkter, som din baseboll
hir, eller om de dr vagor typ som ljud som bara flowar runt i rummet.

Det dr ju lite som med kompisar, eller hur?

Kompisar dr ju bara kompisar men beroende pa hur man ser pa de sa
kan man ju borja kdnna helt andra kdnslor for de eller hur. De kan
liksom vara bade bollar och vagor samtidigt enligt den ddr Heisenbergs
Obestdmdbarhetsprincip.

HIDEO: Eh...? Heisenbergu?

Yuri: Assa Heisenberg menar att det kanske inte finns partiklar eller
vagor eller sa hdir kompisar eller nagot annat.

Det kanske inte finns nagon fix “verklighet” dverhuvudtaget utan bara
olika sannolikheter.

Och da kan ju nagonting som man forst tog helt for givet plotsligt visa
sig vara nagonting helt, helt annat dn det som man forst trodde.

-Hamadi Khemiri, C (2011)
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Abstract

This thesis is devoted to the study of Hardy and spectral inequalities for
the Heisenberg and the Grushin operators. It consists of five chapters.

In chapter 1 we present basic notions and summarize the main results of
the thesis.

In chapters 2 — 4 we deal with different types of Hardy inequalities for
Laplace and Grushin operators with magnetic and non-magnetic fields.

It was shown in an article by Laptev and Weidl [LW] that for some
magnetic forms in two dimensions the Hardy inequality holds in its clas-
sical form. More precisely, by considering the Aharonov-Bohm magnetic
potential, we can obtain a non-trivial Hardy inequality.

In chapter 2 we establish an LP-Hardy inequality related to Laplacians
with magnetic fields with Aharonov-Bohm vector potentials.

In chapter 3 we introduce a suitable notion of a vector field for the
Grushin sub-elliptic operator GG and obtain an improvement of the Hardy
inequality, which was previously obtained in the paper of N. Garofallo
and E. Lanconelli (see [GL]).

In chapter 4 we find an LP-version of the Hardy inequality obtained in
chapter 3.

Finally in chapter 5 we aim to find some Lieb-Thirring inequalities
for harmonic Grushin-type operators. Since the Grushin operator is
non-elliptic, these inequalities do not take their classical form.






AbcTpakT

DTa IUCCEPTAIHSI OCBAIIIASTC U3Y IEHUIO HEPABEHCTB XapId U CIIEKTPAJIbHBIX
HEPABEHCTB JJIg OmepaTopoB Xeisenbepra u ['pymmua Ona cocrout u3
IISTH LJIAE.

B meppo#t riaBe MBI BBOAWM HEOOXOAWMBIE OOO3HAYEHWSA W TPUBUIAM
OCHOBHBIE PE3YJILTATHI PAOOTHI.

B rnapax 2-4 MbI mostygaeM pas3inIHble HEPABEHCTBA Xap/IH JIJIsI OTIEPATOPOB
Jlamnaca n I'pymwaa ¢ marawtoeiMu mosigmu. B pabore Jlanrea u
Beiiga [LW] 6bu10 oKa3aHo 9ITO JijIsT HEKOTOPOBO KJIACCa MAIHATHBIX
¢dopm B pazMeHOCTH J[Ba, HEPABEHCTBA Xap/u UMEIOT KJIACCUYECKOU BU/IL.
Bomee Touno, /it oMepaTOPOB ¢ MATHUTHBIMY MOJISIMA THUTA, AapoHOBa-
Bowma mosmygennr HeTpuBuabHBIE HEPABEHCTBA XapIIH.

B ryraBe 2 mb1 nostyuem LP-wepaeHcTBo Xapu jid oneparopa Jlamiaca
¢ MATHUTHBIM TIoJIeM Aaponosa-Bowma.

B ruiaBe 3 Mbl onpejiesisieM HEKOTOPOe MarHUTHOE TI0Jjie JJis OIlepaTopa
['pymuna 1 oJiygeM HeKOTOpoe yIydIlleHue HepaBeHCTBa Xap/1 110 CTABHEHHIO
¢ HepaBeHcTBOM 13 paborsl [apodasio n Jlannorenaun [GL].

B rnape 4 mpr maxomum LP-Bepcuio HepaBeHCBa Xapau KOTOpoe OBLIO
JIOKA3aHO B IJIaBe 3.

Haxkowmer B ryaBe 5 MbI m0Ka3biBaeM HepaBeHncTso Jluba-Tuppunra miis
BEPCHUM TAPMOHUIECKOTO OCITUILITOPA s onieparopa ['pymmaa. [Tockoabky
oneparop ['pyiiraa He JUMITUYEH T HEPABEHCTBA UMEIOT HEKJIACCUIECKY IO

dbopmy.






Zusammenfassung

Diese Doktorarbeit ist der Untersuchung von Hardy- und Spektralungle-
ichungen fiir Heisenberg und Grushin Operatoren gewidmet. Die Arbeit
besteht aus fiinf Teilen.

Im ersten Kapitel stellen wir die Grundbegriffe und eine Zusammenfas-
sung der wichtigsten Resultate der Arbeit vor.

In den Kapiteln 2 bis 4 beschéftigen wir uns mit verschiedenen Arten
von Hardy-Ungleichungen fiir Laplace- und Grushin-Operatoren mit
magnetischen und unmagnetischen Feldern.

Im Artikel [LW] zeigen A. Laptev und T. Weidl, da8 die klassische
Form der Hardy-Ungleichung fiir einige magnetische Formen in zwei
Dimensionen gilt. Genauer gesagt, konnen wir durch Betrachtung des
Aharonov-Bohm magnetischen Potentials die Konstante in der jeweiligen
Hardy-Ungleichung verbessern.

Im Kapitel 2 wird eine die mit Laplace-Operatoren mit magnetischem
Felt mit Aharonov-Bohm Vektorpotential zusammenhéingt LP-Hardy-
Ungleichung eingefiihrt.

Im Kapitel 3 fithren wir einen fiir den Grushin subelliptischen Operator G
geeigneten Begriff des Vektorfelds ein, und erhalten eine Verbesserung der
Hardy-Ungleichung, die zuvor schon von N. Garofallo und E. Lanconelli
hergeleitet wurde ([GL]).

Im Kapitel 4 finden wir eine LP-Version der Hardy Ungleichheit, die im
Kapitel 3 erreicht ist.

Schliefflich im Kapitel 5 zielen wir darauf ab, die CLR- und Lieb-
Thirring Ungleichungen fiir harmonische Grushin-artige Operatoren her-
auszufinden. Weil Grushin-Operatoren nicht elliptisch sind, nehmen diese
Ungleichungen ihre klassische form nicht an.
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1. Introduction

In this chapter we describe our main results and also summarize some
results known before.

1.1 Classical Hardy inequalities

If d > 3, then for any function u such that u € C§°(RY) we have

—92\?2 wl(z)|?
9 \Vu(x)[*dz > <d22> /]Rd | \(xlg‘ dx. (1.1.1)

It is well known that the constant (d — 2)?/4 in is sharp but not
achieved.

The inequality is related to a so-called Heisenberg uncertainty
principle. In its classical form the uncertainty principle was claimed
by Heisenberg in connection with the study of quantum mechanics.
According to this principle the position and momentum of a particle could
not be defined exactly simultaneously, but only with some uncertainty.

On the Euclidien space R? the uncertainty principle says that

(5 (e «(Lotmere) o)

(1.1.2)

Indeed, the Schwarz inequality applied to (1.1.1)) yields

(22) [w@ra=(952) [ |u<x>|2|;rx| s
<(452) ([ oreropar) " () ™
<(/, |u<x>|2\x12dx)l/2 ([, iwuepa) "
This gives (1.1.2).

Applying Parseval’s formula for the Fourier transform « of the function
u in the second integral on the left hand side gives the inequality ([1.1.2)),

15



particularly by symmetrical form

ont ([ etapas) ([ eetacora) = (52) ([ wapa)

where the Fourier transform of the function u is defined by

a(€) = (2m)~ 42 / e~ (1) da

This inequality expresses the Heisenberg uncertainty principle that states
that a non-trivial L2-function and its Fourier transform cannot simulta-
neously be very small near the origin. Of course instead of the origin, we
could have taken any other point in R%.

In two dimensions the uncertainty principle does not hold. However,
there is an inequality where the singularity is weakened by adding either
a logarithmic term or an extra condition on the function u. Namely, we
have (see [J])

2
/ \Vul? dz > C [l 5 dz, if / u(z)dx =0,
R2 r2 [z]? (1 + In”[z]) jal=1

or

2
/ |Vu|? dz > / Jul® dz, if / u(z)dx =0, Vr>D0.
R2 R2 |‘T’2 |z|=r

The literature concerning different versions of Hardy inequalities and
their applications is extensive. They differ from one another depending
on the relation between the parameters, on the weight functions and on
the class to which the functions belong. The classical multidimentional
LP-Hardy inequality in R? reads as follows:

p
/Rd \VulPdz > Cy, /Rd fu@)l” ) (1.1.3)

[P

where u € C$°(R?\ {0}), p > 1 and the constant

d—pl?
Cy :‘
7p p

is best possible but not achieved.
The proof of the latter inequality can be found for example in the book
“Hardy-type Inequalities” by A. Kufner and B. Opic [KO]. The classical

16



book “Inequalities” by G. Hardy, J. E. Littlewood and G. Pdlya [HLP] has
been a source of inspiration for many people. A more modern book, which
has been very influential and rewarding for many researchers studying
the theory of Hardy-type inequalities, is “Sobolev Spaces” by V. Mazya
[M] (see also [B], [D] and [MMP]).

LP inequalities are of great importance in the study of the p-Laplacian
and the p-Schrodinger equation

div (|Vu|P 2 Vu) + V(z,u) = 0.

Note that if d = p, then the left hand side of (|1.1.3)) equals zero.

The literature on different types of Hardy inequalities is vast. Without
being able to cover it, we would like to mention the papers [BETI],
[BET2], [DGNI, [T], [MMP], [BM]|, [DEP], [FEMT], [FL], [HHL], [HHLT]
and [MMP].

1.2 Hardy inequalities related to Heisenberg and Grushin
Laplacians

The Hardy inequalities were also studied for some sub-elliptic operators
(see for example papers [G], [GL], [A], [A2], [DGN], [NCH] and [K])
and in particular for the sub-Laplacian on the Heisenberg group H. The
latter is the prime example of the non-commutative harmonic analysis
and we refer to [Ste] for the background material.
Let us consider H as R? with coordinates (z,y,t) and the (non-commutative)
multiplication (z,y,t) o (z/,y/,¢') = (x + ',y + v/, t +t' — 2(zy/ — ya')).
The vector fields

0 0 0 0

x=2 4192 y_o9 90
oz T Vo oy ot

are left-invariant and the sub-Laplacian on H is given by

0 d\? 0 \?
__x2_v2__ (Y9 oY (Y2 5.9
H=-X"-Y"= ( - + 2y t> < ” 2z t> . (1.2.1)

The quadratic form h of the operator H is defined by the equality
hlu] = / (|1 Xul? + |Yul?) dz dy dt. (1.2.2)
R3

17



Let z = (x,y), |2| = V2% 4+ y? and let us consider the so-called Kaplan
distance function from (z,t) to the origin

d(z,t) = (J2* + )V (1.2.3)
The function d is positively homogeneous with the property
d(\z, \%t) = Ad(z,t), A >0

and it has a singularity at zero.

The Grushin operator (see [Gr]),
G=—-A, —4|2*0, (1.2.4)

gives another example of a sub-elliptic operator. Its quadratic form g
respectively equals

glu] :/ (IV.ul? + 4|2%|0¢ul?) dzdt. (1.2.5)
R3

For the forms ([1.2.2)) and (|1.2.5)) the following sharp Hardy inequalities
were discussed in details in [G] and [GL]:

2
hlu] = / (| Xul® + |Yul?) dzdt > / % |u|? dzdt (1.2.6)
R3 R3 d

and

2
glu] = / (IVul? + 4|22|0¢ul?) dzdt > / % lu|? dzdt. (1.2.7)
R3 R3 d

The inequalities ([1.2.6) and (1.2.7) are related. Indeed, the operator H
defined in ([1.2.1]) could be rewritten in the form

Hu = —Au — 4]2|20? — 40, Tu = Gu — 40; Tu, (1.2.8)

where T' = y 0, —x 0. In particular, if u(z,t) = u(|2|, ), then Tu = 0 and
on this subclass of functions the inequalities ((1.2.6]) and (1.2.7)) coincide.

In [A1] and [A2] D’Ambrosio obtained a number of Hardy inequalities
generalizing (1.2.6) and (1.2.7)). In particular, he proved an LP-version
of these inequalities.

Let p > 1. Then for any u € C§°(R? \ 0) we have

4 — plP P
o] = |(Xu,Yu)|pdzdtz’p/ 2

- pp - % |u|p dzdt (129)

18



and

gp[u] :/ VeulP dzdt > |4_p|p/ ﬁyu(z HPdzdt,  (1.2.10)
P R3 - opP Jpsd® ’
where
Ve = (8, 8y, 200, 20y). (1.2.11)

Note that the Grushin operator defined in (|1.2.4]) satisfies
G=—|Vg]

The constant |4 —p|P p~P in (1.2.9) and (1.2.10)) is sharp but not achieved.

1.3 Hardy inequalities for operators with magnetic fields

In 1959 Yakir Aharonov and David Bohm [AhB] observed the phe-
nomenon where a charged particle is affected by electromagnetic fields,
despite being confined to regions where both the magnetic field and the
electric field are zero (such effects may arise in both electric and magnetic
fields, but the latter is easier to study). An important consequence of
this effect is that understanding of the classical electromagnetic field
acting locally on a particle is not enough in order to predict the quantum
mechanical behaviour of a particle.

A simple example of the Aharonov-Bohm vector potential is given by the
vector-function

(—z2,21)

A=p e |z|? = 22 4 22. (1.3.1)

Note that the value of curl A coincides with the value of
BAln|z| = B6(x), where § is the Dirac d-function

curl A(z) = B6(z). (1.3.2)
This means that the respective vector field

B =-curl A

is concentrated only at the origin of R2.

It has been noticed in the paper of A. Laptev and T. Weidl [LW] that an
introduction of an Aharonov-Bohm vector-potential makes the classical

19



Hardy ineequality (|1.1.1)) valid even in the two dimensional case. Indeed,

let
~ (—x2,21)

A:BW’ |z|? = 22 + 22 (1.3.3)
Then
2
/ (V +id) u(z))? de > min (k — B)? / ’“(”32’ de,  (1.3.4)
keZ R2 |3§'|
where u € C§°(R?\ 0).
Symbolically this inequality could be rewritten as
: B2
(v id)y - minken (=B (1.3.5)

|2 N

It is well known that the standard Laplacian —A in L?(R?) has a res-
onance state at the spectral point zero; namely, any perturbation by a
non-positive electric potential V generates at least one negative eigen-
value. The inequality (1.3.5) shows that this is not the case for the
Aharonov-Bohm magnetlc Laplaman —(V +id)2.

This fact allowed A. A. Blinsky, W. D. Evans and R. T. Lewis [BEL] to
obtain a Cwikel-Lieb-Rozenblum ineaquality for the Schrédinger oper-
ators in L?(R?) with a class of potentials depending only on the radial
variable. The sharp constant in such an inequality is due to Laptev [L1].
Some inequalities for Laplacians with magentic field were also obtained
in [Bal|] and [BLS].

The main result of chapter 1 is an inequality that generalizes (|1.3.4]) to
LP spaces. We obtain:

Theorem 1.3.1. Let the vector field A be defined by (1.3.3) and let
—1/2 <3< 1/2. Then for any u € C§°(R*\ 0) we have

1(V +id)ullre +||(V + iA)al| o
N2 2 52\1/2 :
22((2 P +p° ) (/ de) . (1.3.6)
R

P 2 |z|P

If =0 in (1.3.6), then this inequality coincides with the classical
LP-Hardy inequality which in this case takes the form

1/p 9 _ P 1/p
2 </ \Vu|pd:v> > 2 | Pl (/ de) .
R? P 2 |[P

20



If p=2 and S # 0, then we obtain

2 1/2
WV+MMM2HMHimwpz2W(/|MdQ ,
RQ

|z [?
which is “almost” the same as ((1.3.4)).

In the paper [BE] the authors considered an LP-Hardy inequality for the
Aharonov-Bohm magnetic gradient with

) = Waflol) S22,

where W is not necessarily a constant function. They studied mainly
the circular part of the operator. Gauging away the magnetic field, the
authors reduce the problem to a problem for the p-Laplacian on the
interval (0, 27) with some boundary conditions. The sharp constant in
the respective inequality is still unknown.

In Theorem [1.3.1| we consider a special case in which ¥ = constant, but
obtain a result which gives sharp constants and moreover, shows the
interplay between the classical LP-type Hardy inequality and its magnetic
version.

In chapter 3 we first define an appropriate magnetic field for the Grushin
operator by
- Oyd 0d Ord Oyd
A:(A17A27A37A4):<_ Y g ! x : )7

where d is the Kaplan distance function defined in ([1.2.3). The natural
curlg operator could be defined by the vector field

curlg = (=0, 0z, —2y 0%, 22 0y).
The respective magnetic field defined by
B(xz,y,t) = curlg - A

has a "right” homogeneity for contributing to the Hardy inequality. How-
ever, its support is not concentrated at the origin as in ((1.3.2)). It is easy
to compute that
|2
B(.flf,y7t): ?7 Z:($,y).

Then we define the magnetic Grushin operator with the magnetic field
B B as

Ga=—(Vg+iBA)>2 (1.3.7)

The main result of chapter 3 is:

21



Theorem 1.3.2. Assume that —1/2 < 8 < 1/2. Then for the quadratic
form of the magnetic Grushin operator (1.3.7) we have the following
Hardy inequality

2
/ (Ve + iBAY|? dzdi > (1+52)/ @ wd=dt.  (1.3.8)
R3 R3

This Theorem shows that if 8 # 0, then the inequality (1.2.7]) can be
improved.

In chapter 4 this result is generalized to the LP-spaces and the main
result of this chapter is:

Theorem 1.3.3. Let 1 < p < 0o and let us assume that —1/2 < 5 < 1/2.
Then for the quadratic form of the magnetic Grushin operator (1.3.7)) we
have the following Hardy inequality

(Vo +isd)u], + (Ve +isd)a,

|21

2
> -4 —-p)? 232 P dzdt. (1.3.
> 2 VAP [l o dedt. (139)

The aim of this result is to show that introduction of the magnetic field
improves the constant in the respective Hardy inequality. Note that if
B =0, then this inequality coincides with and if p = 2, then the
statement of the Theorem is almost” the same as .

1.4 Lieb-Thirring inequalities for harmonic Grushin op-
erator

Finally, in chapter 5 we study Lieb-Thirring inequalities for a version of
harmonic Grushin operator.
The Weyl-type asymptotics for the number of bound states gave rise to the
question, whether there is a semi-classical bound for the moments of the
negative eigenvalues of operators of the Schrodinger class P := —A+V
in L?(RY):

ST =tr(-A+ V)Y

A<0

of the form

C%d

Tr(-A+V)! < @) //(\§|2 + V(z))? dé¢dx,

22



or equivalently

d
SN < L [ VT @

A<0

where L, g4 = C'%dL,CY{ 4 1s the Lieb-Thirring constant. Lfy{ 4 1s defined as

cl 1

Fd = Gy /(‘5’2 )l = — 0D

2T (v + 14 2)

If the potential V' is a function growing at infinity, then the spectrum of
the Schrodinger operator —A 4+ V' is discrete and one is usually interested
in the inequality

SO L [ A=V e ()

Such inequalities are naturally related to Weyl’s asymptotic formula as
A — oo that are known for a large class of potentials. However, the
question of uniform estimates with respect to A and the potential function
V is still a challenging problem. In particular, the sharp constant in
(1.4.1)) was not known even for the multidimensional harmonic oscillator
(V = |z|?) until the paper of R. de la Bretéche [dIB], where the author
obtained the following result:

Let H = —A + |z|? be the multidimensional harmonic oscillator acting
in L2(RY). Tts spectrum is discrete and its eigenvalues are

d
e} = {20kl +d}, k= (b, ....ka), k €Z, [k]=) kj
j=0

In particular, in [dIB] the author justifed the Lieb-Thirring conjecture
for any v > 1:

ST - M) < @jr)d /R d /R (=€~ laP)deds,  (142)

see also [L2] for some generalizations.

In chapter 5 we consider a version of the harmonic oscillator for the

Grushin operator
Go = —A, — 4|07

It is well known that Gy appears as the “radial” part of the sub-elliptic
Heisenberg-Hérmander Laplacian. Our main result concerns the operator

G = Go + |2*t%, (1.4.3)
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which could be considered as a version of harmonic oscillator for the
sub-elliptic Grushin operator Gj.

In order to formulate our result, we need the following notations:
Let us introduce the Euler-Mascheroni constant v (Euler 1735), see [E]
and [Conl,

(B ) [ (4

Its numerical value is v = 0.57721.... (It is not known if v is rational or
irrational). Then we can define the harmonic number H(n) by

"1
k=1

where 1 (t) is known as the Gauss digamma function defined by

I'(t)
INGE

We can also introduce the value of H(n + 1/2) as

H(n+1/2) =~y +p(n+3/2).

»(t) =

Then, using the properties of the I'-function, we can find that

1 1 1

Thus )
217 1
—n? AN .
22: kr1 132 H<[32 2] 2)
k<33
with

w(n+1/2) = —yH(n —1/2).

Theorem 1.4.1. The spectrum of the operator (1.4.3)) is discrete and
its eigenvalues {\;} satisfy uniformly with respect to A < 0 the following
sharp inequality

]f:A Aj) )/\3<12+ 7—[([;\; ;:|+;>)
X/RZ Az(l—(\§|2+4]z\2))+d§dz. (1.4.4)
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The inequality ((1.4.4)) is sharp and this is confirmed by the Weyl-type

asymptotic formula as A — oo.
It is also known that

H(n) ~In(n)+~ as n — occ.

Therefore

1
E 1 nA+0(1) as A—

A2 1
k<35—3

Using (|1.4.5)), we also find that

m)

J

(1.4.5)

> 1
D0~ g L [ 00= eP + 41z e
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2. LP-Hardy type inequalities for
magnetic Laplacians

In this chapter we establish an LP-Hardy inequality related to Laplacians
with magnetic fields with Aharonov-Bohm vector potentials.

2.1 Introduction

The classical multidimentional LP-Hardy inequality in R™ reads as follows:

P
/ \Vu]pdxz(}'n,p/ [u(z) dx, (2.1.1)
R" R"

[P

where u € C§°(R™ \ {0}), p > 1 and the constant

n—pp

b

is the best possible yet not achieved, see [MMP], [M] and [KO]. Note
that if n = p, then the left hand side of (2.1.1) equals zero.

In [LW] the authors considered the case n = p = 2 and pointed out that
introducing an Aharonov-Bohm-type magnetic field makes the inequality
(2.1.1) non-trivial. In particular, it has been shown that if

n,p —

(—x2,21)
lz[2 7

A=p |z|? = 22 + 22, (2.1.2)

then

- 2 . 2 [ |u@)f
/R2 |(V +iA)u(x)|” de > min (k—p) /R2 FE dz, (2.1.3)

where u € C§°(R?\ 0).

Symbolically this inequality could be rewritten as

_ (v + lfT)Z B minkEZ (k - 5)2

e > 0. (2.1.4)
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It is well known that the standard Laplacian —A in L?(R?) has a reso-
nance state at the spectral point zero. Namely, any perturbation by a
non-positive electric potential V' generates at least one negative eigen-
value. The inequality shows that this is not the case for the
Aharonov-Bohm magnetic Laplacian —(V + Z/_f)z

In particular, this fact allowed A. Balinsky, W. D. Evans and R. T. Lewis
[BEL] to show that if the potential V' depends only on |z|, V(z) = V (|z|),
then for the Friedrichs extentions of the operator

H=—(V+id)?-V, V>0

defined on C§°(R? \ 0), there is a Cwikel-Lieb-Rozenblum inequality
(IC], [Lieb] and [Rozl). That is, if N(H) is the number of the negative
eigenvalues {\;} of the operator H, then

N(H) = #{k : M. <0} < Cp /R V() de,  Cy >0,

The sharp constant C'g in the latter inequality was obtained in the paper
of A. Laptev [L1] and it equals

1
CBZE s{lip{lj_l/Q-(#{k‘: —V+(k—ﬁ)2<07 kEZ})}‘

A possibility of obtaining such a sharp constant follows by simple argu-
ment already shown in the paper [L3|, where the author considered the
CLR inequality for the operators

—-A+ V, b>0,

a2
where V(z) = V(|z]), see also [LN], [LSoll] and [LSol2].

It turned out that the inequality (2.1.1]) could be generalized. The main
result of this chapter is the following Theorem:

Theorem 2.1.1. Let the vector field A be defined by [2.1.2) and let
—1/2 <3< 1/2. Then for any u € C§°(R?\ 0) we have

-, -,

(V +iA)ul|pe + ||[(V +iA)a|| e
(2-p)?+p* 52" [ul” . g
> 2 (/}R —d ) . (2.1.5)

p 2 |z|P
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Remark 2.1.2. Note that if 5 = 0 in (2.1.5)), then this inequality
coincides with the classical LP-Hardy inequality which in this case takes

the form
1/P _ P 1/10
2 (/ \Vu]pdx> > 2u (/ de) .
R? P R2 |z[P

Remark 2.1.3. If -1/2 < 5 <1/2 and p = 2, then ([2.1.5) implies

1
o o 2 2
17 + il + 17 +idalle > 210 ([ M5ae) . o)

We claim that this inequality is sharp. Indeed, from the paper [LW|] we

obtain
» : Juf?
(V+id)?dz ) > |8 / 1ol g
R2 R2 |x|

. 1/2 2
(/R |(V+iA)u|2dx> >8] (/R :Z;de)

Both these inequalities are sharp. Adding them up gives us (2.1.6)).

D=

and also

N

Remark 2.1.4. In [LW] the authors proved a more general result.
Namely, let

o (—x2,21)
A(z) = ¥(z/|z|) TTaE
Then the value )
_ 1 4
U= U (6)do
o ) P (9)

is interpreted as the magnetic flux and we have

T o
/R2\(V+zA)Hu(a:)] dleglel%(k ) /R2 B dzx. (2.1.7)

It would be interesting to obtain an LP-version of this more general case
with p # 0.
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Remark 2.1.5. Note that in the paper [BE] the authors considered an
LP-Hardy inequality for the Aharonov-Bohm magnetic gradient with

~ (—m2,71)

Alz) = V(z/l|) ——5— TR

where ¥ is not necessarily a constant function. They studied mainly
the circular part of the operator. Gauging away the magnetic field, the
authors reduced the problem to a problem for the p-Laplacian on the
interval (0,27) with some boundary conditions. The sharp constant in
the respective inequality is still unknown.

In Theorem |2.1.1] we consider a special case where W = constant, but
obtain a result which gives sharp constants and moreover shows the
interplay between the classical LP-type Hardy inequality and its magnetic
VETSion.

2.2 Auxiliary statements

Let F be a vector-function with values in C" such that
F e C*®(R™\ 0,C"). Therefore we have:

Lemma 2.2.1. Let u € C§°(R™\ 0) and p > 1. Then the following
inequality holds:

‘fR" d1vF|u( )|pdx‘

/n VulPde > > - (fRn o Iu!p>

Proof. Let F(z) = (Fy(2), Fa(x), ..., Fu(z)), F; € C®(R"\ 0) be a
vector-function, v € C§°(R™\ 0), z = (21,22, ...,2y). Then by integrat-
ing by parts, we obtain

/ div Flu(a)Pde
[ F@) V(lula)pis

p

2

/ F(z) - (VWP?uP/?)) da

—

/ F(z) - (uP/?>71 aP? . Vu + P ?a??~ V) de

<p [ VF@)| P [Vl da.
RTL
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By using Holder’s inequality, we find that
p—1

I o - 1/p
v \F(wmuw—l-wdx@(/ rF<x>|p’ﬁ|urpdw) ’ (/ rwpda:)

and consequently

y

o et 1/p
§p</ |F<x>w\u|de) (/ rwpdx) .
R?’L RTL

Raising both sides to the power of p and rearranging the inequality, we
finally arrive at

/ div F |u(z)|P dx

1 ‘fRn(diV ﬁ) |u(x)|Pdz

/ |VulP de > — — . "
’ P (fin 1F@)77 - )

‘ p

-1
O

Let now A = </ div F |u(z)|? dx) and B = (/ |ﬁ(x)|ﬁ%1 < Jul? da:).
R2 n

Since
P

Br-1 > pA - (p_ 1)B7
we immediately obtain the following Corollary:

Corollary 2.2.2. For any u € C°(R™\ 0) and p > 1 we have

/ |Vul? dz

1 _,
> —|p- div F |u(x)|? dx
> 5| [ v Flute

~0=1) [ 1F@I fup da] .
(2.2.1)

2.3 Classical LP-Hardy inequality

We first consider the case p # 2. Let C' € R be a real constant and
assume that

F=CV, (jz]*7).
Direct computations lead to

- x
F=02-pC—
( p)0|$,p
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and taking divergency of it gives

WFoope | S (D 2 p)C !
ivF = (2-p) W—PFl W =(2-p) (n—P)W-

Note that
L\ /2
. noxs 1
|F| =|C] Z\xﬁ :|C’|2—p\W-
j=1
Then by using (2.2.1)), we find
/ |VulP dx
R"

1 |ulP »_ / |ulP ]
> — n—p)(2— C’/ ——dr—(p—1)[(2 —p)C|r1 ——dx
S ple-ne-ple) [ la - o-nie-per [0

_ ! - |ul?
— (Il -pE=p) - - Dl2-p CF) [ Elan

Minimizing with respect to the constant C, we find that
n — p[P~1
D Ly
2—p|

and therefore

1 (In—pP"
VulP dx > —(719 n—p)(2—p
v e = (B = g2 )
N[l
) / ——dx
rn |T[P
—plP p
_|n=P / M dx.
p e |T[P
This proves the well-known classical LP-Hardy inequality in R™ for p # 2:

o
|VulP de > — dx.
n R" |£U|p

The case p = 2 can be proved similarly by defining
F =CV, log[z|.

In — p[P~?
|2 —p

-1 |-

n—p

Therefore, we obtain:
Theorem 2.3.1. For any u € C§°(R™\ 0) and 0 < p < 0o we have

Pl
|VulP do > —— dz.
n R™ ‘.’L’|p

n—p
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2.4 L’-type Hardy inequality with magnetic fields

Here we shall reproduce the result obtained in [LW] for Laplacians with
Aharonov-Bohm magnetic fields for the case (2.1.2):

1 (_xQVrl) | |2

A=p EE =22 + 22

Theorem 2.4.1. Let 3 € R and let u € C°(R?\ 0). Then

2
|(V + iA)u|? dz > min (k — §)? / Jul®
R2 k€EZ

2.4.1
R2 |x\2 - ( )

Proof. Indeed, by using polar coordinates (r, ), we have

—L ug(r)e?
o) = 7= 2 ()

Therefore
o oo 2 / . 2
/ \(V—H’ﬁA)u!zda::/ / |u;42+]w] ) rdo dr
R2 T
1 2 k? 2
2/ / +ﬁ e rdo dr
k: 2
_/ > +ﬂuk‘ rdf dr
0o r
>m1n(k:+ﬁ) / wd:ﬂ
kEZ r2 ]2
The proof is complete. O

Remark 2.4.2. [t is enough to prove the inequality (2.4.1) for

1 1
_ < pB<
2~ f= 2
In this case it reduces (2.4.1)) to
(V + iA)uf? do > mi 52/ ul”
1A)u|* dr > min — dx.
R2 T kez R2 |x’2

This is possible due to the standard procedure of gauging away the integer
part of the magnetic field by simply substituting the function u(x) in the
quadratic form

/ |(V + id)u|? dx
R2

by u(x) expikl, where 0 = x/|z|, k € Z.

33



2.5 LP-type Hardy inequality with magnetic fields
We ﬁfst prove an auxiliary result similar to Lemma [2.2.1
Let F', as before, be a vector-function with values in C" such that
F(z) = (Fi(2), Fa(a),..., Fu(@)),  Fy € CE(R™\0)
and let
A(@) = (A1(@), Aaa),..., An(@)).  A; € CP(R™\0),
i=1,2,....n
Lemma 2.5.1. For any u € C§°(R?) it holds that

- o (T i A) - )
|(V +iA)ul|pe + [[(V +iA)ul|r > — .
- _p —
(Jfon | F1ZT Jufp) 7
Proof. The proof is very similar to the proof of Lemma Indeed, by
integrating by parts, we obtain

[ (T +ip )P fute)ras

[ F@) (7 + ip Dluo)P) ds

[ B (7 + ip D) da

p
2

/ F(z) - (P> a2 (V + iA)u + uP a7~ (V + i A)u)dz

<? /R F @) Julr ™ (1(V + i)l + (Y +id)al) de. (25.1)

By using Holder’s inequality, we find that

/ F ()] [ulP 1 |(V + i Ayu] da
Rn

< ([ @i upa)

and similarly

p—1
p

</R |(V + iA)ulP d:n> v

/ B (@) [ulr 1 |(V + id)al da
R”L

< (/ |F(2)|71 \uypdx> " (/R (V + iA)ul” d:r:) v .
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Using ([2.5.1)), we obtain

1 ’fRn((V—i—iE)-ﬁ)\u(x)\pdx’ _ </ . >1/p
- < (V + iA)ul? dz

P p=1

(S [F (@7 fuprde) 7
and respectively

1 ’fRn (V+ fo) F ]u(m)]”dw’

. 1/p
g(/ |(v+¢A)a|de) |
P F(x)|77 [ulpdz) * "
(S |F (@) ufpde)

Adding the last two inequalities, we obtain the statement of the Lemma.
O

2.6  Proof of Theorem 2.1.1]

Let —1/2 < 3 < 1/2. In order to prove Theorem we apply Lemma
251 with n = 2 and

(—z2,21)

A=p E

|22 = 22 + 23

Let us choose F = fl + fg such that

= (w1,12)

Fi(x) = |z e )

[P

and  Fy(z) = —if

)

where ¢ € R is a real constant. Then clearly we have the following
properties:

A.F—o,
- 2—p -
V- -Fi(x)=c and V-Fy=0,
|z|P
as well as
. . 2 2
Pl = \Fi+ Aol = YL

Moreover, we also have

1
|z [P

— -

/T.}:l:O and iA-f2:ﬁ2
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Applying Lemma [2.5.1] we obtain

[</R2 v ij)updw) s </]R2 (V + z'ff)a!pdm> l/p]

/2(v +ipA) - (Fi + Fo) [ul” du
R

p—1

</ \ﬁ1+f2\zflyu\pdx) ’
A ]
(L)

_2IC(2—p)+pﬁ2< [ulP )i
CGEDIE /ﬂwpd”““ '

Maximizing the right hand side with respect to ¢, we find that

2
> Z

2—p
P

C =
and therefore we finally obtain
1(V +id)ulle +[|(V + iA)ul v

22 (4 2 ) </R |“|pdm>;', (2.6.1)

p 2 |x|P

The proof is complete.
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3. Hardy inequalities for a
magnetic Grushin operator

We introduce a magnetic field for a Grushin sub-elliptic operator and
then show that its quadratic form satisfies an improved Hardy inequality.

3.1 Introduction

The classical Hardy inequality states that if d > 3, then for any function
u such that Vu € L2(R%) it holds that

/Rd \Vu(z) | doe > (d;2>2 /Rd |U|EU«’1]U;|2 . (3.11)

It is well known that the constant (d — 2)?/4 in is sharp but
not achieved. The literature concerning different versions of Hardy
inequalities and their applications is extensive and we are not able to
cover it in this chapter. We just mention the classical paper of M. Sh.
Birman [B], the article of E. B. Davies [D] and the book of V. Maz’ya
Among many applications of the inequality we would like to
mention that this inequality together with the Schwarz inequality implies

(et ae) ([, utaan) = (52" [ o)

The latter takes particular symmetrical form, if in the second integral of
the left hand side we use Parseval’s formula for the Fourier transform
of the function w:

em ([ o) ([ ePla@Pd) = (“57) ([ )P ar)”

This inequality expresses the Heisenberg uncertainty principle which
states that a non-trivial L?-function and its Fourier transform cannot
simultaneously be very small near the origin.
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The Hardy inequalities were also studied for some sub-elliptic operators,
see for example papers [G], [GL], [A1], [A2], [DGN], [NCH] and [K], and
in particular for the sub-Laplacian on the Heisenberg group H. The
latter is the prime example of the non-commutative harmonic analysis
and we refer to [Ste] for the background material.

Let us consider H as R? with coordinates (z,y,t) and the (non-commutative)
multiplication (z,y,t) o (z/,y/,¢') = (x + ',y + v/, t +t' — 2(zy/ — ya')).
The vector fields

0 0 0 0

are left-invariant and the sub-Laplacian on H is given by

0 a\*> [0 a\>
_v2_ 2 _ _ _
H=-X?-Y%= <8x+2y8t) (8y zxat) . (3.1.2)

The quadratic form h of the operator H is defined by the equality
hlu] = / (| Xul?® + [Yul?) dzdt. (3.1.3)
R3

Let z = (x,y), |2| = V22 + y? and let us consider the so-called Kaplan
distance function from (z,t) to the origin, defined by

d(z,t) = (|2]* + V4,
The function d is positively homogeneous with the property
d(\z, \%t) = Xd(z, 1), A>0

and it has a singularity at zero.
The Grushin operator (see [Gr]),

G=—-A, —4|2*92, (3.1.4)

gives another example of a sub-elliptic operator. Its quadratic form g
respectively equals

olu] = / (1V.ul? + 4|2 [2|05u[?) d=d. (3.1.5)
RS

For the forms (3.1.3)) and (3.1.5)) the following sharp Hardy inequalities
were discussed in details in [G] and |GL]:

2
hlu] = / (| Xul?® + [Yul?) dzdt > / il |u|? dzdt (3.1.6)
R3 R3 d*
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and

2
ﬂm:/(WWP+M¥@m%@ﬁ2/|ﬂﬁﬁ@ﬁ. (3.1.7)
R3 R3 d

Inequalities (3.1.6) and (3.1.7) are related. Indeed, the operator H
defined in (3.1.2)) could be rewritten in the form

Hu = —Au— 4]2|?0? — 40, Tu = Gu — 40; Tu, (3.1.8)

where T' = y 0, —x 0. In particular, if u(z,t) = u(|2|,t), then Tu = 0 and
on this subclass of functions the inequalities (3.1.6)) and (3.1.7) coincide.
The classical Hardy inequality becomes trivial for the two-dimensional
case. In [LW] the authors have noticed that for some magnetic forms
in two dimensions the Hardy inequality holds in its classical form. For
example, if A is the Aharonov-Bohm magnetic field

_ —Y z
ﬁA_B([IJQ—f—yQ’[LQ—FyQ)’ BERv
then
; 2 : 2 Juf?
- (V4 i8 A)ul|” dedy > min |k — B =y dxdy.

Here the form in the left hand side is considered on the class of functions
obtained by the closure from the class C§°(R? \ 0) with respect to the
metric defined by the form

L (9uP £ a2l da

In this chapter we introduce a vector field for the Grushin operator G
defined in (3.1.4) and obtain an improvement of the Hardy inequality
(13.1.7)).

Let us first define the “Grushin vector field” as
VG = ((995, 8y, 2338,5, 2:(/8,5)

Clearly,
G =—|Vg|%

We now introduce a magnetic field as

Oyd Orpd Od | Oyd
A= (A1, Ay, Ag, Ag) = (= 245, 228, —2y O 90 20
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Then the magnetic Grushin operator with the magnetic field 4 and
B € R could be defined as

Ga=—(Vg+iBA>. (3.1.9)

Our main result is the following Theorem:

Theorem 3.1.1. Assume that —1/2 < 8 < 1/2. Then for the quadratic
form of the magnetic Grushin operator (3.1.9) we have the following
Hardy inequality:

ks

/ (Vg + iBA)u|? dzdt > (1+ﬁ2)/ E |u|?dzdt.  (3.1.10)
R3 R3 d4

Concluding the text of the introduction, we would like to make some
remarks concerning open questions related to sub-elliptic operators.

Remark 3.1.2. It would be interesting to prove a similar result for the
Heisenberg quadratic form. To us it is not clear which would be a suitable
version of the magnetic field for this case.

Remark 3.1.3. To our knowledge, the definitions of the Grushin and
Heisenberg Laplacians with constant magnetic fields are unknown. It
would be interesting to define such operators and to study their spectrum,
possibly identifying the notion of Landau-type levels.

Remark 3.1.4. For a multi-dimensional harmonic oscillator we have
natural creation and annihilation operators. It would be interesting to
define “harmonic oscillators” with Heisenberg and Grushin operators and
respectively related creation and annihilation operators.

Remark 3.1.5. The results of this chapter were published in [AerL).

3.2 Simple proofs of Hardy inequalities for Heisenberg
and Grushin operators

For the sake of completeness we present here simple proofs of the inequal-
ities (B-1.8) and (B-1.7).

Proposition 3.2.1. For any function u for which hlu] < oo the following
inequality holds true:

2
/(]Xu]2+Yu]2)dzdt2/ 'iyu\?dzdt. (3.2.1)
R3 R3
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Proof. Tt is enough to prove (3.2.1)) for functions u € C$°(R?\ 0). Let
us consider the following non-negative expression

I:/R3 (X+a)§l>u‘2dzdt+/IRs

where o € R.
Clearly,

(Y + « %d) u‘z dzdt,

y|z[? — at

z|z* + yt
d4(z,t)

TR d(z, )Y d(z,t) =

d(z, )" X d(z,t) =

We look at
OSI:/ [(X—FaXCi)u(X—FaM)u
R3 d d

Opening brackets, we find that
I= / (|Xu]2 + \Yu|2) dxdydt
R3

Xd Xd
+ Xuoa —udxdydt + / a— uXudxdydt
R3 d g3 d

Yd Yd
+ Yuoa —udxdydt + / a—uY u dxdydt
R3 d R3 d

par [ |
R3

Integrating by parts leads to

2
dxdydt. (3.2.2)

2
u

va
d u

dedydt + o /
R3

Xd Xd
Xua —udxdydt + / a—uXudrdydt
R3 d rs d

Yd Yd
+ Yu « —u dxdydt + / aFUYﬂ dxdydt
R3

X
—« U U+ u—Xu dzdydt+a/ —duXa dxdydt
Rs d g3 d
Yd _ _
+a ul|Y u+ u—Yu dxdydt + a/ —uYudxdydt
RS d R3 d
X

Xd Yd
a/ =) |uf? dedydt — a/ Y lu|? dzdydt
R3 d R3 d
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and therefore (3.2.2)) becomes
Xd Yd
I= / (| Xul® + ]Yu]Q)dzdt—a/ (X— +Y —
R3 R3 d d
Xd\2 Yd\2
2 2
+ AB<<d>+(d))u| dzdt >0

Splitting the computation into three parts, gives at first that
> |vd

Xd 2
— dxdydt
/Rg<’du+d )xy

((=* +y*)z +yt)* + (¢ + y*)y — at)?
- [.(( (@ + 7 + 27 ) i) doae

22 4022 (22 + o2 2042 4 o2
N /R3 < — ()(x(2 +J;2y)2)jtt2)(2 Ty )> !U|2> dxdydt
_/ < 2 + ) ((2* +y°)* + %)
~ Jes (2% +y?)? +2)?

562 + y2 5
- /R3 <(x2+y2)2+tﬂu\ ) dxdydt.

Next we have that

Xd _Ydy,
2, .2
= —a/ <(6,L« + 2y0y) <(x ty)r yt) |u]2> dxdydt

(22 +y?)? + 12

- a/ <(ay — 220,) <($2 )y - “) |u]2> dadydt,

(.’E2 + y2)2 + t2

) lu|? dzdt

u

|u|2> dxdydt

where

_a, <(x2 +y2)x+yt> o, <(ac2 + y?)y — xt>

(22 +y?)? + 2 (22 +y?)? + 12

B _t2(3:2 +3y? +y* + 32%) B t2(42?% + 49?)
((562 + y2)2 + t2)2 - (($2 + y2)2 + t2)2
—4(2* + %)

- (22 + y2)2 + 2)2
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(22 + y*)z + yt (2 + )y — at
-2 220,
YO ( (22 1 22 1 £2 + 220 (@2 + 22 1 12

=22 PP+ 12) | 2y 2t((2 + yP)x + i)

(2% 1 12)2 + £2)2 (@2 1 922 + 22)2
(=222)((=* +y*)* + %) 2z - 2t((2” + y°)y — at)
(@2 + )2 + 12)2 (@2 + 22 + 12)2

“2y2(22 + 42)? — 2242 + 4y%t% — 222(a? + ) — 20242 + 4a2t2
- (22 + y2)2 + 12)2
—2(2® + %) (@® + ) + 287 (2 + )
(22 + y2)2 + £2)2 :

It holds then that

(22 4+ yH)x +yt
— a/(ax + ant) <(I’2 + y2)2 + t2

(z* +y?)y — at
+ (9y — 220;) <(x2 F2)2 12
_ _a/ 2(2% +y*)(2® +y*)* — 26%(2° + y°) + 43 (2% + ¢?)
- ((552 +y2)2+t2)2

2?4y 2

) |u|2dadydt

u|?dxdydt

In conclusion we get that

Xd Xd
< Aa A0
O_/[<X+adh>u<X+adh>u
Yd Yd\ _

2 2 2 2
2 2, 2 T Hy 2 "ty 2

and by choosing a = 1, we get that

22+ y?

2
= / (]Xu]Q + [Yul? - CZZL]uP) dxdydt > 0.
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Hence, we finally obtain

2
qu/(umﬁ+wm%Mﬁz/‘khm%wt
R3 R3 d

Proposition 3.2.2. For any function u such that glu] < co we have

2
/ (|Vul? + 4|22|0pul?) dzdt > / |ZL lu(z,t)|% dzdt. (3.2.3)
R3 R3

Proof. Let us first notice that by introducing polar coordinates
x=rcosy, y=rsing and r = |z|, we obtain

/ (IVoul® + 4]z 0su|?) dzdt =
R3
00 27 00
Oyul? + r2|0,ul? + 4r%|0pul? rdrdedt
o Jo v

o) 2T [e'e)
> / / / (|3ru]2+4r2]8tu|2)rdrdgpdt.
—o00 JO0 0

So the proof is reduced to the inequality

[ee] [e%¢) 00 e’} 2
/ /0 (|3Tu|2+4r2|8tu|2)rdrdt2/ /0 7‘4:-152 |u|2rdrdt.

Let d = d(r,t) = (r* 4+ t?)//%. Then simple computation, in which we
integrate by parts, gives

J (R PR O W P
= [T [0 gty ravas
—o0 J0

oo oo ,r,2 ,,,,6 + T2t2 1,,6 + 7"21:2
- S —a? ) lul*r drdt
/oo/O <6ad4 a—g a o |u|r dr

00 e’} 00 0o 2
:/ / (|8Tu]2+47“2|8tu|2)7"drdt—/ / (204—042)2—4 |u|?r drdt.
—o0 J0 —o00 J0

We now complete the proof by substituting o = 1. O
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3.3 Proof of Theorem B.1.1]

Proof. Let us now consider

/3 |(Va, +iBA)ul* dzdt
R

(o).
- ((on-ss)

We introduce polar coordinates for the z-plane:

r=/x2+y2 %zcosgo and %:sincp

2
O0rd

2
+ ‘ <2y8t + 2iﬁx%ld> u

2
> dxdydt

2
) dxdydt.

so that
dp y dp x B o y 0 .0 w0
o = 2 a—y = Oy = cos Lpg——Qa— and 0, = smgpg—i—ﬁ%.

As before, the distance function is the Kaplan function defined by
d = (r* +t2)1/4. We also have

Oyd 3 sin ¢ Opd r3 cos @
d 4’ d — ri4e?
and
Ord yt Ord xt
e = 2plt
d rt4¢? d iy

Let us split the quadratic form into two integrals:
/ (Vg +iBA)u|? dzdt = I1 + I,
R3
where

) 2w o0 :
_ sin ¢ 7 sin @ 2
I1—/Oo/ / cos«p@r——a 183 4+t2)u’

cos 77 COS

Op +1i BW) ‘)rdrdgodt (3.3.1)

+ ‘(smgo@ +
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and

00 2w poo rt 2
L= (I(2eosioror = issing g5 )ul
2 /oo/O /0 cos @ 1 O z/Bsmgo?AthQ U

+ ‘ (2 sinr dy + i3 cos ¢L>u‘2) rdrdedt. (3.3.2)
rd 4 t2

Computation of (3.3.1]) gives
00 r2m oo sin ¢ . rt
Il:/—oo/o /0 (‘(Cosgo&— " -<3¢+lﬁr4+t2)>u
sin r4 2
.‘(—cosgo@ + S0( + i " t2>)a )
00 27 00 cos ¢ . 7,4
A (R =)L

2

2

4 2
.‘(_Sin(paT_cosw(a +if g 2>>a )rdrdgodt
r +1
2m 4 2
/ / / 0,ul* + = |Opu+ iB—— gt rdrdedt.
Let us represent u via Fourier series
& iky
e
u(r, p,t) = uk(r,t
oty = 3 )=
k=—o0
and thus
& eikap
Opu(r, p,t) = thuy(r,t .
=—00
Then, since —1/2 < 8 < 1/2, we find that
1 [ 2m r 2 9
TQ/O Opu+iB | dp = =3 Zk:(k+5r4+t2) s

2T rt 2
Z?zm,in(’”ﬂm) 2 lusf
k
1 7"4 9 2w
— — min (k+85—3) 2d
r2 mk1n< +/87“4+t2 /0 [ul” dio
) 746 27 )
B2 [ ulPde,
8 (T4+t2)2/0 uf? di
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because the minimum is reached when k£ = 0. Hence

5 7‘6 2m )

+ 2
Computing (3 gives that

00 2 o] 5 5 9 7“2t2 9
I, = 4r°|Owu|” + B ———|u|” | rdrdedt.
: /oo/o [ (ot + 52 gl v
Putting I; and I together gives

/ ((Vgo + iBA)ul?) dzdt
R3

00 2w poo
> / / / (|0ru)? + 4r%|0pu|?) rdrdepdt
—o0 J0

2T oo 2 2
9 7“ +1t%), o
+ 8 / / / e ]u| rdrdedt,

which then yields

/ (1(Vey + iBA)ul?) dedt
R3

o) 21 0o
2/ / / (|@,ﬂu|2 +4r2|8tu]2) rdrdedt
—00 J0 0
) o) 21 o) T2 5
+ 5 /—00/0 /0 o |ul“rdrdedt.

Applying Proposition to the first integral of the right hand side
gives

00 2 oo 5 5 5 o0 2 007’2|’U,|2
. 4 drdpdt > ———rdrdpdt,
/00/0 /0 (|0rul? + 47%|0pu|?) rdrde _/oo/o /0 g pdrde

which leads to the final conclusion

Kl

/ ((Va, +iBA)u|?) dzdt > (1 + 62)/ 5 dzdl
R3

R 24+t

and that completes the proof.
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4. LP-Hardy inequalities for
sub-elliptic operators

In this chapter we establish an LP-Hardy inequality related to Grushin
operators with a magnetic field introduced in the previous chapter.

4.1 Introduction

In this chapter we shall extend the results obtained in chapter 3 to
LP classes of functions. As in the previous chapter, we consider the
Heisenberg-Hormander Laplacian

d a\? o a\?
H=-X>-Y?=— (= +42y=) — (= — 22— 4.1.1
<0$+ y8t> (ay ‘”at> (41.1)
with X and Y defined by

0 0 0 0

Let us define the Grushin vector-field as
VG = (Og, 0y, 220, 2y0;). (4.1.2)

Then we have
G = _|VG|2a

where G is the Grushin operator
G =—A, —4|z*d}. (4.1.3)

Here we denote z by z = (z,y) and |z| = /22 + y2.
Let 1 < p < co. Then the LP-quadratic forms for the operators H and
G are

hplu] = - |(Xu, Yu)|Pdzdt, (4.1.4)

where |(Xu,Yu)| = /| Xu|?> + [Yul?, and
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gp[u]—/ |VaulP dzdt (4.1.5)
R3

respectively.
Let us introduce the Kaplan distance function from (z,t) to the origin

d(z,t) = (|2|* + H)V4
The function d is positively homogeneous with the property
d(\z, \2t) = Xd(z,t), A>0

and it has a singularity at zero.
For the p-forms h,[u] and g,[u] the following Hardy-type inequalities
hold true for functions u € C§°(R? \ 0):

4=pl" [ 2P
e d—pl [P
4—p z
gplu] > p /R3 o u(z,t)|P dzdt. (4.1.7)

Remark 4.1.1. The Hardy constant |4 — p|P p~P for the Heisenberg-
Hérmander Laplacian and for the Grushin operators is the same. This
could be explained by the fact that the operator H defined in (4.1.1)) could

be rewritten in the form
Hu=—-A,u— 4|z|28t2 —40; Tu = Gu — 40; Tu,

where T' = y 0y — x 0y. In particular, if u(z,t) = u(|z|,t), then Tu =0
and on this subclass of functions the inequalities (4.1.6) and (4.1.7))

coincide.

Remark 4.1.2. One can show that the constant |4 — p|P p~P is sharp but
not achieved.

The main result of this chapter is an LP-version of Theorem from
chapter 3. Let us define

- 6yd 8xd 8td 8td

- = (=2, =D 0y P o —)
A (A17A27A37A4) ( d ’ d ) Yy d , 4 d
Then the magnetic Grushin operator with the magnetic field A and with
the "flux” 8 € R could be defined as

Gq=—(Vg+iBA>. (4.1.9)

(4.1.8)

We shall prove the following statement:
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Theorem 4.1.3. Let 1 < p < oo and let us assume that —1/2 < < 1/2.
Then for the quadratic form of the magnetic Grushin operator (4.1.9) we
have the following Hardy inequality:

|21

2
24— p)2 + 232 p dzdt
2= PR [l s

< H (VG +if /T) qu n H (VG n z’ﬁff) aH .

p

Remark 4.1.4. The main aim of this result is to show that by introducing
the magnetic field , we improve the constant in the respective Hardy
inequality. Note that if B = 0, then this inequality coincides with
and if p = 2, then we obtain the statement of Theorem[3.1.1] in chapter
3.

4.2 LP-Hardy inequalities for the Heisenberg-Hérmander
Laplacian

The following result has been obtained in L. D’Ambrosio in [Al]. We
shall present its proof for the sake of completeness. Note that if p = 2,
then this result coincides with Proposition from chapter 3. Its proof
is given with a slightly different techniques.

Proposition 4.2.1. For any function u € C§°(R3\ 0) we have

[4—pl [ lzI” p

In order to prove this result we introduce the matrix
1 0 2y
7= (0 1 —2a:> '

1 0 2y
olo=10 1 —2z
2y —2z 4x? + 492

Then

and we define
divHﬁ =div - o' oF,
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where div is the standard divergency in R3:
div L = 9y Ly + dyLa + 8 Ls, L = (L1, La, L3).

Note that

. T o 893+2y8t
Vy = (X,Y) _"V_<ay—2xat ,

where V = (9;, 0, 9;)T.

Lemma 4.2.2. Let F = (F1, F3, F3) be a wvector-function such that
F € C®(R3\0) and let u € CP(R3\0). If p > 1 and if divy F is either
non-negative or non-positive, then

1 . . .
— [ up ‘divH F‘ dzdt < / o B |divy F|~P=D|(Xu, Yu) P dzdt.
PP JRrs R3

Proof. The proof follows from the following simple series of inequalities
including the Hélder inequality:

/ lulP divy F dzdt ‘ = ‘ / lulP div (¢7 o F) dzdt ‘
R3 R3

/ (oV|ulP) (o F) dzdt
RS

gp/ lulP~Y |V ru| |0 F| dzdt
R3

1
|divy F|e-1)/p

- (r-1)/p |Uﬁ|p 1/p
<p (/ |ulP|divy F| dzdt) / |V gulP dzdt i
R3 R3 |divy F|P—1

O

—p/ (P~ |divyy F|e-1/ V] |0 F| dzdt
R3

We are now ready to prove Proposition

Proof. Let us introduce the vector-function

. 1 _
F = o (@l ylol7, 2772 /2)7,
where d = ((2% 4+ 3?)? 4+ t2)1/4 is the Kaplan distance to the origin and

|z| = v/22 + y2. Then

el gt
divel oF = div 2 Y |2|P — wt |z|P~2
2t|z|P
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We compute the latter expression by careful computation of each term:

1 _
Oz <d2p (z|2|P + yt |2[P 2))
1
- d2p+4
(21" + ) (2P + pa2P2 + yt(p — 2)a]P7?))

(=2palef? (x]2” + yt|=7?)

1 _
Oy (de (z|2|P — xt|2]P 2))

1 _
= d2p+4 (_2py|z‘2 (y|z|p_$t|z|l7 2)
+(I2[* + ) (|21 + py? 2P~ — zt(p — 2)yl2P7?))

and finally

1 1
o <d2pzt|z\p> = i (—pt2t 2P + 20217 (|2l +12)

Adding all these derivatives together, we obtain

R 7 _ (4-p) |2[P
divy F = divol oF = e (2! + ) 1217 = (4= p) -
Moreover,
p
N (R A i D WE L
S adzr \0 1 —2x Y @2 \ylz|P — at|zP2 )

Computing |Jﬁ|p, we find that

. 1 B -
(o F " = g (@2 + ytleP72)% + (ylol” — at]=72)

- ki
(|2]72 + 2 |2*72) = g1

Therefore miraculously we have

2p—2\ P/2 —(p-1)
i Fo = (BE) T (- B) 7 o,

d4r—4 dzp
(4.2.3)
This finally gives the necessary statement, if we substitute (4.2.2]) and
(4.2.3) into the inequality stated in Lemma . O
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4.3 LP-Hardy inequalities for the Grushin operator

Similarly to Proposition we show (see also [A2]):
Proposition 4.3.1. For any function u € CP(R?\ 0) we have

4 — p|P 2
gplu] > A-p / 12 u(z,t)|P dzdt.

pP d2r

In order to prove this statement we again need an auxiliary Lemma.

Lemma 4.3.2. Let F = (Fy, Fy, F3, Fy) be a vector-function such that
F e C®(R3\0) and let u € C(R3\0). Ifp> 1 and if V¢ - F is either
non-negative or non-positive, then

1
pp
where the Grushin gradient Vg has been introduced in (4.1.2]).

[l )vG F‘ dzdt</ |FIP |V o F|~0V|VulP dedt, (4.3.1)
R3

Proof. The proof follows from the following simple inequalities

/ lulP Vg - ﬁdzdt‘ =
R3

/ (Va|ulP) - F dzdt ‘
R3

<p [ Vel |F] dza
R3

I S

V¢ - F|e-1/p

B (p—1)/p Tal 1/p
<»p (/ PV - Fl dzdt) / P \veupdedt]
R3 r3 |V - F‘p_l

O]

) / P! Vg - B/ Vsl |F| dzdt
RS

We continue now to prove Proposition [£.3.T}

Proof. We define F as follows:

—

F = — (alzP, ylzlP, talz P~ ty|2P72) .

1
d2p (
Then

x|z|? 1 )
Or ( d?r ) 2 (=2p2?|2[PT2 + (|2]* + ) (|2]P + 2?[2P72)),
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dzr

ylz|P 1 -
ay< > = cmpra (200717 (2 ) (B + 7 7%)

ot|z|P~2 1 _ _
2x0; < > = ot (=2p2®t?[2[P72 + 2(|2|* + t*)2? |2 7?)

dzr

and

dzr

yt|z|P~2 1 _ _
290y < = i (—2py2t2|z|p 24 2(‘z|4 + t2)y2’z‘P 2) .

This implies

_ 1
Vo F =gt (<2 (2 1) + (' + 2)(2 4 p) 2l
- 2P
= (4 —p) 2

Besides, we have that

1 _ _
|F|2 7( 2‘Z|2p+y2‘2|2p+t2ﬂ?2|2‘2p 2+t2y2|2’|2p 2)

ar
|Z|2(p—1)

g1

(4.3.2)

(4.3.3)

Substituting (4.3.2)) and (4.3.3) into the inequality (4.3.1), we complete

the proof.

O

4.4 [P-Hardy inequality for the magnetic Grushin op-

erator

Let F = .7?1 — ifg, where

-

Fl= y (2|27, y|2 [P, to|2[P 2, ty|2[P2)
c € R and
- 1 - -
Fo = By (—ul=P,le?, —tyl 2 tal2P2).
We also have that
- B Oyd 0yd Od Opd
A—(A17A2,A37-A4)—< a4 d’ 2y7 2z d )

1

= 1 (—ylal?, alal?, —yt, +at)

(4.4.1)
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Then the vector-functions .7?1, .fg, A satisfy the following properties:

fl . .7?2 = .7?1 . ./T: 0. (4.4.2)
Moreover,
7 1 4 4 2 2
Vg - A= E (—dyz|z|* + dwy|z|* — doyt® + dyat
+d*(—2yx + 22y — 22y + 2yx)) =0 (4.4.3)
and
5.,4{’_7-“2 = B2 = (y2’z‘p+2 + 22|22 —|—t2y2]2]p_2 +t2x2‘z‘p—2)

1 ki
_ Q2 +4 2 _ Q2
- ﬁ d2p+4 (|Z|p +1 |Z|p) - B d2p .

Note that F; coincides with the vector-function F from the previous
section and therefore by (4.3.2) we have

o, c
Ve - Fi = prid (—2p(|z]4 +1%) + (2" + 1) (2 —i—p)) |2[P
|2]”
and
Lo ,Z‘(p—l)
Fivifs = V@7 A (1.45)

Besides, using (4.4.2)), (4.4.3]) and (4.4.4]), we also find that

(vgﬂﬂﬁ) F= (vgﬂﬂfi’) (F—iF)

|2

= (c(4—p)+ 3% 2 (4.4.6)

Lemma 4.4.1. Let F = (Fy, Fy, F3, Fy) be a vector-function such that
F e C®R3\0,C?) and let u € C(R3\ 0). If p > 1 and if

56



(VG + Zﬂp/f) - F is either non-negative or non-positive, then

; </RB |ul? ’(VG—Hﬂpff) f‘ dzdt)l/p
1/p

Fp ﬁ
< / 7 | ‘ (VG +1ip .A) u‘p dzdt
R3 7). *‘

(vG+pr) 2

1/p

h (vewﬁ;‘).ﬁ“ (Vo+isd)af deit| | (aa)

Proof. The proof is similar to the proof of Lemma [£.3.2] thus

/Rg ((VG + iﬁpﬁ) up/2ap/2) : ﬁdzdt‘

'/ P (vgﬂ'ﬁpﬁ) ~13dzdt‘ _
RS

< g » Ju[P~2 ((VG —|—i5.%f) u) ~ﬁdzdt'
+g . lulP~2 4 ((VG +iﬁff> a) -ﬁdzdt‘

< g / P! ‘(vg +wﬁ) u‘ | F| dzdt
RS

+ g /Rd P! ’(vg +if E) a) |F| dzdt

< g (/R3 |ul? ‘(VG +z’6pff) ﬁ‘ dzdt> o

1/p
P .
x / il (Vo +isA)ul dzat
# | (Vo +ispA) Fj
1/p
F]P Nz
+ / il — (Vo+isA)al dazat| | (148)
| (Vo +iBA) - F
Rearranging the terms, we obtain the statement of the Lemma. ]

We are now able to finish the proof of Theorem
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Proof. Using the properties (4.4.4) and (4.4.6|), we find that

(p—1)
oD (2 2\p/2 |Z|p
’F| - (C +B ) d2p(p,1)

and
—(p—1) B 1

Cle@—p) a0
Therefore the inequality (4.4.7) becomes

‘(Vg—i-iﬂpff) F

2 2(1/p ) 2P e

< (c* + )12 </RB

T le@—p)+pp| T
at
R3

(VG +i0 ff) u’p dzdt) v

(vc +iB ff) u‘p dzdt) 1/;1

and we finally obtain

B / .
L (o ) < (7 4 i54) ]

(v vy,

P
Minimizing with respect to ¢, we find that

_4-p
p

Cc

and therefore

217

2
24— )2 - 252 P dzdt
VI m+m6‘4y4d%z

< (5o +54) ol + (5o 58) o

p

With this we complete the proof of our main result.
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5. On some spectral inequalities
for a class of Grushin operators

The aim of this chapter is to find CLR and Lieb-Thirring inequalities
for a class of Grushin operators. Since this operator is non-elliptic, these
inequalities will not take their classical form.

5.1 Introduction

The Weyl-type asymptotics for the number of bound states gave rise to the
question, whether there is a semi-classical bound for the moments of the
negative eigenvalues of operators of the Schrédinger class P := —A -V
in L?(R%)

DA =tr(-A-V)Y

A<0

of the form

T (-a-v) < g2 [ [(ef - Vi) e,

or equivalently

d
SN < L [ VI @)

A<0 R

where L, 4 = C%deYl’ 4 1s the Lieb-Thirring constant and L%{ 4 1s defined

as
. 1 L(y+1)
L*y{d = (27_(_)d /(1 - |£|2)1d6 = i

2T (v + 14 &)

&, where wy is the volume of the unit ball in R¢.
(2m)

The Lieb-Thirring inequalities give mean estimates for the moments of
the negative eigenvalues of Schrédingier operators in terms of external
fields. The most interesting cases are when v = 0, which gives the
counting function for the number of bound states, and v = 1 that gives
a bound for the total energy of the system. The original result from

!
Note that LT, =
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[LTh] attained in 1975 states that if 4 > max(0,1 — d/2), then there is a
universal constant L, 4 depending only on v and d such that

a
ST < Lvd/ V]2 (2)dx, (5.1.1)

A<0

where A1 < Ao < ... are the negative eigenvalues of the Schrodinger
operator.

The Cwikel-Lieb-Rozenblum inequality ( [C], [Li], [Roz]) refers to the
critical case where v = 0:

N(V) = #{k: M <0} < /R VE(e)de, >3, (5.1.2)

If A\ — oo, then the analog of the Lieb-Thirring inequalities is the
uniform with respect to A > 0 inequality for the value of Z()\ — k)l
In this case we consider the spectral problem for the operator

(—A+ V)u = Au.

Here one can interpret the Lieb-Thirring inequality as the inequality for
negative eigenvalues for the operator —A 4+ V — \.

For such operators, after interchanging integrals and traces, one usually
considers the counting function

A=)l = 7/ Tr(—A+V —A+1)2¢7 " Ldt. (5.1.3)
J
The Weyl-type asymptotics usually establish the following asymptotic
formula for a large class of potential functions V' :

<1
A=)l ~ — 4V (z) = A+ )20 dtdad
as A — oo.
Note that the expression (|¢]? + V(z) — \) appearing in the integral in
(5.1.3)) is the classical symbol of the operator —A +V — A.

Applying the Fubini-Tonelli Theorem and scaling allows us to represent
the “volume” in phase space as

/ / (€ + V(x) = A+ t)° dedg
Re JRA

d
:// 1dxd£:wd/ (V(z) = A+t)2dx
(J€12+V =A+1)<0 R4
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and therefore finally we have

00 d
SO = AL~ Lg{d/ (V(z) =N 2de as A — oo,
0

J

If V tends to infinity, then the Weyl formula could be written as

N(V = A) < ! >d/ dode = —4_ /(V NER
_ ~ _ €T = — - axr
2m ) J(e+va) < (2m)d

= (271r)dV01[{($,5) P+ V() < MY as A — oo, (5.1.4)

where the right hand side is finite for any A > 0.

Although Weyl’s asymptotic formula is known for a large class of po-
tentials, the question of uniform estimates with respect to A and the
potential function V

ST M) < L%d/R (V=% g (5.1.5)

is still a challenging problem. In particular, the sharp constant in
was not known even for the multidimensional harmonic oscillator
(V = |z|?) until the paper of R. de la Bretéche [dIB], where the author
obtained the following result:

Let H = —A + |z|? be the multidimensional harmonic oscillator acting
in L?(R?). The spectrum of such operators is discrete and its eigenvalues
are

(M) =21k +d}, k= (k,...ka), kj€Z, |k|= Zk

In particular, in [dIB] the author justified the Lieb-Thirring conjecture
for any v > 1 such that

> (A=)

In this paper we consider a version of harmonic oscillator for the Grushin
operator, see [Gr]:

)\ ¢ — |2*)] dxdg. (5.1.6)

Rd

Go = —A, — 4]2|202.

It is well known that G appears as the “radial” part of the sub-elliptic
Heisenberg-Hormander Laplacian.
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Let us consider H as R? with coordinates (x,y,t) and the (non-commutative)
multiplication (z,y,t) o (2/,y/,¢') = (x + ',y + /', t + t' — 2(zy/ — ya')).
The vector fields

0 0 0 0
= — 4+ 2y—, Y = x

or Vot oy ot
are left-invariant and the the Heisenberg-Hormander Laplacian on H is
given by

B, 0\?2 B 0\?2
Y2 _v2_ _ _ _
H=-X?_Y <a$+2yat> <3y 2xat> . (5.1.7)

The quadratic form h of the operator H is defined by the equality

X

hlu] = /RS(|XU|2 + [Yul?) dzdt. (5.1.8)

The Grushin operator
G =—A, — 4|20} (5.1.9)

gives another example of a sub-elliptic operator. Its quadratic form g
respectively equals

ofu] = / (V2 ul2 + 4]2]2|0pu]?) dzdt. (5.1.10)
R3

The forms (5.1.8) and (5.1.10) are related. Indeed, the operator H
defined in (5.1.7) could be rewritten in the form
Hu= —A,u— 4]2|?0? — 40, Tu = Gu — 40; T, (5.1.11)

where T' = y 0, — x 0. In particular, if u(z,t) = u(|z|,t), then Tu = 0
and on this subclass of functions the inequalities (5.1.8) and (5.1.10))

coincide.

Our main result concerns the operator
G = Go + |2]*%, (5.1.12)

which could be considered as a version of harmonic oscillator for the
sub-elliptic Grushin operator Gj.

In order to formulate our main result we need the following notations:
Let us introduce the Euler-Mascheroni constant v (Euler 1735, see [E]

and [Con)):
=i (30w = [ (- 1) e

k=1
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Its numerical value is v = 0.57721.... (It is not known if v is rational or
irrational). Then we can define the harmonic number H(n) by

H(n) =" 1 =+ v+ 1),
k=1

where 1 (t) is known as the Gauss digamma function defined by

0

We can also introduce the value of H(n + 1/2) as
H(n+1/2) =~v+p(n+3/2).

Then, by using the properties of the I'-function, we can find that

n

1 1 1
sz+1—ln2+27{<n+2>.

k=0
Thus
1 1 221 1
=2+ = A 5.1.13
22: ok+1 +2H<[32 2]+2> (5.1.13)
k<333
with

PY(n+1/2) = —yH(n —1/2).
Theorem 5.1.1. The spectrum of the Grushin operator (5.1.12)) is dis-

crete and its eigenvalues {\;} satisfy uniformly the following sharp in-
equality with respect to A < 0:

1 .. 1 A1 1
A=A)e < — A (In2+ = o+ ). 5.1.14
;( i)+ = 9 (n +2H<[32 2]+2)> (5.1.14)
Theorem 5.1.2. The spectrum of the Grushin operator (5.1.12)) is dis-
crete and its counting function of the eigenvalues {\;} of the Grushin
operator (5.1.12)) satisfy uniformly the following inequality with respect
to A > 0:

, 1, 1 A1) 1 A2
oV < — - — - += —. (5.1.
#{j: N <A} < TR <ln2+27{<[32 2] +2>>+32 (5.1.15)
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Remark 5.1.3. It is known that

3 1 1
ln<n+2) <7—[<n+2> <1+ln(n+2>.

Therefore we can also conclude that

1 1 221 1
A=A)e < =N (14+h2+-In(|=-=|+=)).
2 A=) < g <+n+2n([32 2]+2>>

J

Remark 5.1.4. It is also known that

H(n) ~In(n)+~v as n — oo. (5.1.16)
Therefore
1
Z ST ~InA+0(1) as X — oo
k<22 _1
—32 2

Apart from estimates from above, one can easily obtain a similar inequal-

ities from below and using (5.1.16|), we find that

1
(A= Ny = o A In A+ O3
J
and

1
#{j: N <A = 3—2)\2 In X + O(\?).

Remark 5.1.5. Note that some inequalities for sub-elliptic operators
are obtained in the paper by G. Rozenblum and M. Solomyak [RozSol].

5.2  Explicit computation of the spectrum of the Grushin
harmonic oscillator

In this section we prove the following Proposition:
Proposition 5.2.1. For the Grushin harmonic oscillator
—A, — 4220 + 41222, 2= (x,y)
acting in L*(R3), the spectrum is discrete and its eigenvalues equal

Angngk =2V2k+1-2(ny +ng + 1).
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Proof. Note that the equation
(—A, — 4|20 + 4|22 t*) u(z,t) = Au(z,t) (5.2.1)

admits a separation of variables. Namely, making the substitution

u(z,y,t) = u(z,t) = v(z)w(t) turns into
—ALv(2) - w(t) + 4]z]20(2) (=0%w + tPw) = low.

The eigenvalue problem for the operator —9? + t2 is the standard eigen-
value problem for the one-dimensional harmonic oscillator

—wak + t2’wk = UpWEk,
whose eigenvalues equal pp, = (2k + 1) and whose eigenfunctions are
wy = Hy(t) e /2, k=0,1,2,...,

where Hj, are the Hermite polynomials

dk
_ k /2 —t/2
Hi(t) = (=1)F et/ e /2,
Now the equation ((5.2.1]) can be reduced to
(=Av+4-(2k+1)|2[*0) wy, = Avwy, (5.2.2)

where —A, + 4(2k + 1)|z|? is the harmonic oscillator in two dimensions.
Introducing the change of valiables 2/ = /oo , 3 = \/ay in the equation

—Agyv + 2P v =v,
enables us to obtain
—aApyv+alPo=vo.
This implies that
vp=a2(n+ny+1) and v, =Hy, (m')e*z/2/2 - Hp, (y’)e*yﬂ/Q,
where a = 2v/2k + 1. Hence

)\nl,ng,k =4vV2k+1- (nl +ngo + 1)
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5.3 Proofs of Theorems [5.1.1] and [5.1.2

Proof of Theorem|5.1.1] In order prove Theorem [5.1.1] we apply the
result obtained by de la Bretéche [dIB] (see also [L2]) for the eigenvalues
Ani nok Of the operator Gy + 4 |z|2t? in dimension two. Then

S A= Dm0 Y A=Ay +ng+ DV2E+ 1)
ni,n2,k=0 ni,n2,k=0

1 o p Z
(27r)22k:/ﬂ§4(A €1° — 4(2k + 1) |2[%)4 d€dz. (5.3.1)

<

In the expression

> (A—Am +ng+ DV2k+ 1)
n1,n2,k=0

the values n1 and no satisfy the inequality

1<ni+ny+1< (5.3.2)

A
42k +1
and therefore the integer k cannot be very large. Note that the values
of [€|2 and |z|? take all the values between [0, 00). This implies that the
sum on the right hand side of (5.3.1]) is not finite, if we do not use the
fact that due to (5.3.2]) we have that

Substituting 2’ = v/2k 4+ 1 z in the integral (5.3.1]), we find

1 e o
(2n)2 Z};/}Rﬁ €17 — 42k + 1) |2|*), déd

1 1
~ (2n) Z 2k+1 /W(A— €7 — 412 )%) 1 déd2’

1 1
_ )3 X 112 12 /

1 1
_\3 =
= 96 Z 2k+1°

A2 1
k<3z-32

By using (5.1.13]), we complete the proof of Theorem
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Proof of Theorem[5.1.3. The proof of Theorem [5.1.2] is very similar. In-
deed,

#{j: N <A} = > 1
nl,ng,k:4(n1+n2+1)\/ 2k+1<
= > 1
ni,ne,ki(n1+n2+1)<\/4v2k+1

o0

<2 (ae )
S Ao\t

INA
DO | =
g

A A
+1
42k + 1 (4\/2k+1 )

1
2

1 1 A1) 1 2?2
< —X(Iln2+= 1 —
= 32 (n +2H<[32 2]+2>>+32

O]

2

>

k<

N
[
=]
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