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Abstract

The following thesis concerns the generalisation of Hardy’s integral inequality to multiple dimensions. The
structure involves three main papers, two published in journals and one paper in preparation.

In the first article, we make use of the classical Hardy inequality away from a point and a multi-dimensional Hardy
inequality associated to the Laplacian operator. The inequality’s domain is extended to an infinite case and the
behaviour of systems is studied when multiple particles are introduced as a concept. The result we obtain resembles
the classical Hardy inequality, but, as an extension, we introduce new vector fields and boundary approximations
on a many-particle quantum system.

The second article presents the interest in the refinement of Hardy inequalities using Fourier expansions applied
to a new Hopf system of coordinates. As a starting point, we configured the coordinates in four dimensions for
block - radial functions such that our argument could be easier understood. In comparison to previous research,
our result behaves promising in the sense that the inequality discovered is true for functions on the whole space.
Moreover, by introducing a new system of coordinates, we are able to apply our result to the extension of the Hopf
fibration to dimension eight.

Last but not least, in article three we look at discrete Hardy Inequalities and their link to the continuous
Hardy inequalities discovered so far. Considering that Hardy inequalities are more difficult to analyse for discrete
operators, we make use of two important results in order to establish whether for the discrete Hardy inequality
discovered there is a sharp constant on a closed disk in Z2. The results involve a specific type of Aharonov-Bohm
magnetic potential which facilitates the analysis of the constant’s behaviour, which is present in the new discrete

Hardy inequality.
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Chapter 1

Introduction

Since 1911 the study of Hardy inequalities has had a great impact in several branches of mathematical analysis and
physics, facilitating the research on Schrodinger operators. In the field of functional analysis, G. H. Hardy used
his famous inequality in a proof of Hilbert’s inequality and there has been a constant development regarding the
original inequalities on (0, 00).

As we specified, one main reason to study Hardy inequalities is their connection to the Schrodinger equation

ih%\ll(x t) = [VQ + V(x)} U(x,t), h— Planck’sconstant

and the case that provides a description for the stationary states
~V2U(x,t) — V(x)¥(x,t) =0

which are considered the foundation of classical quantum mechanics.
It is imperative to add that Hardy inequalities are considered to be L, inequalities and they are also essential

in the study of p-Schrédinger equation
V- (|VulP~?Vu) — V(x)u = 0.

For introductory purposes, in the following lines we shall present a few key remarks regarding the discrete and
continuous Hardy inequality after which we proceed to more in depth notions related to the topic.

Let us consider the Hardy inequality statements:

e For {a;},;>1 € Ry and p > 1, then the following discrete inequality holds
p—1 p 0O 1 d P oo
() E(ixe) S o
d=1 j=1 d=1

e If p>1and f € LP(0,00), then f is integrable over the interval (0, z), Ve € Ry and the following continuous

inequality holds
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(52 [ rom) e [ e

(Rq1) The constant involved in both identities is considered sharp. More specifically, there does not exist a larger

The remarks are as follows:

constant for which (1.0.1) and (1.0.2) hold for all functions and quantities.

(R2) Identities (1.0.1) and (1.0.2) are considered standard forms of the Hardy inequalities. These are found in
various textbooks on analysis and were first emphasized in the book Inequalities by Hardy, Pélya and Little-
wood [55].

(R3) By studying (1.0.1) and (1.0.2), we can derive the following weak forms:
P

IfZad<ooandad>0 thenz Za] < 00

d=1 d=1
) If [° f(z)Pdx < 0o and f(z) > 0, then fo (L[ f(t)dt)" dz < oo

(R4) The spectral theory of Schrodinger operators and theory of differential equations have used numerous gener-
alized versions of inequalities (1.0.1) and (1.0.2). A large number of these developments, generalizations, and

applications have been discussed in books [55], [66] and [70].

(R5) The sharpness of the constant involved in the structure of (1.0.1) and (1.0.2) along with the aforementioned
identities imply that:

(a) The discrete Hardy operator

hais({a;}) : Z aj

maps [, into [, for p > 1 with norm p%l.

hemi(@))i= 1 [ sit)a

maps L, into L, for p > 1 with norm 2.

(b) The continuous Hardy operator

We have to specify that I, and L, are the Lebesgue spaces consisting of all sequences a = {a,} of real numbers
and all measurable functions f on (0, c0). Briefly introduced in the above lines and considering that this type
of spaces is highly used in the present manuscript, more detailed information shall be provided in the following

chapters.

Extending the classical Hardy inequality to systems of particles in multiple dimensions has been of great interest
for researchers throughout time. This fact drove us in the search for optimal Hardy inequalities which can be applied
to simplices, block radial functions and magnetic fields.

This thesis consists of three main papers. Two of these were reviewed and published, while one is still being

reviewed. In the following lines, we shall briefly describe each result, highlighting the outcome accordingly.
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1.0.1 First article

The geometrical Hardy inequality which describes the behaviour of particles in a quantum system with a dimension

larger than two. Namely, for x; = (21,...,2;4) € R? j=1,...N and

d
rij Z:|Xi—Xj|: Z.'L‘lk, Z‘Jk
k=1
the following theorem holds

Theorem 1.0.1 For N > 4 and d > 3 the following Hardy many-particle inequality holds

/ |Vu|?dx > C(d, N)
RN

RNd

N 1
—|ul?dx, (1.0.3)
Zj |xi — x;[?

where

2VN [(N -1)d®> —2Nd +4]  2N[(N —1)d - 2*
NVN(N —-1)+6 [NVN(N —1)+6]2

The sharpness of our constant has yet to be established, but using numerical analysis techniques

C(d,N) =

C(3,N) ~ 0.497, when N =4,
C(3,N) =~ 0.493, when N =35,

C(3,N)=~0.39, when N =10,

it is possible to predict a certain behaviour for particles in various dimensions. This implies that the problem
of finding the sharp value of C(d, N) is strongly related to the problem of obtaining an optimal configuration of
points(i.e. particles).

We drew our inspiration from paper [119], where the author concluded that for N = 3,u € C§°(R?*?) and d > 3,
the following holds

1
2 2 2 2
/de |Vul?dx > [2c1(d — 2) — 2¢7 ] /]R3 E |X7, |2|u| dx — cf /]R3d 5 [ul®dx+

1
+3(d—1—3c1)? / —2|u|2dx, Ve, € R,
R34 O
where R is defined as the circumradius of the simplex in 3d dimensions.
Our result regarding the many-particle Hardy inequality provides an insight in the field of Geometrical combi-

natorics and it can be considered a founding stone in the research of optimal configurations for a quantum system.
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1.0.2 Second article

The result relates to the study of sharp Hardy inequalities with weight functions with singularities on the unit
sphere. More specifically, for x = (r,19) € R? polar coordinates and d > 3. Let —Ay be the Laplace-Beltrami
operator on S¢~ 1.

Assume that ® : S9! — R, ® > 0, and that the Schrédinger operator H in L2(S?~1)
H=—(Vy)?—70=-Ay—7®, 71ER,

is bounded from below. Denote

. fsd_1(|VM/J|2 _T(I)|1/J|2)d19
A7) = inf , 1.0.4
™ YEHI(SI-1)\{0} Jsa—r [¥]2 @V (104

where H!(S~1) is the Sobolev space on the sphere. Then the following inequality holds
/]Rd |V u(x)]? dx > T/]Rd <I>(|>;/||2x|) lu(x)|? dx, ue H'(RY),
with sharp 7 = 7(®) and under specific conditions on ®.
The applications of this result are various and we shall describe one main usage. The papers by L.Skrzypczak
and C.Tintarev [106] and [107] present a constant in the case of block radial functions and our result introduces a

sharper estimate for the Hardy constant involved. For example, when d = 4 then

: ueoP
/R4 |Vxu(x)|* dx > T/R4 X)) dx, (1.0.5)

with x = (21, 22, 23, 74) € R* and r1(x) = /27 + 23, 72(x) = \/23 + 2. Tt is imperative to highlight the fact that
paper [106] presents inequality (1.0.5) only for the case when u = u(ry, r2). Our result holds for general u € H*(R*).
In this situation, we introduce Hopf coordinates in S? and reduce the problem of finding a sharp constant to
solving a minimisation problem for the Legendre type equation on the interval [0, 5].
Our proof for the above result includes a method presented in [58] which we shall apply on a Keller-Lieb-Thirring

inequality. This gives an estimate for the first eigenvalue of a magnetic Schrédinger operator on S~ in [31].

1.0.3 Third article

The last but not least main result of the present thesis relates to discrete Hardy inequalities for d > 2. Considering
that a Hardy inequality does not exist for two dimensions, our curiosity drives us to find new types of discrete
Hardy inequalities. This new type involves magnetic potential terms which are defined for the particular case when
dimension is equal to two.

For example, the paper by Laptev and Weidl [74] presents the continuous case for a magnetic potential

Juf?

/ |(V 4 iF)u|® dx > mingez (k — a)z/ —=dx,
R2

Rr2 [X[?
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where a € R and the potential
—T2 I
F=(F,F)= — =
(o) = (G )

for x = (71, 17) in R2.
As a comparison, let us consider 1; € Z? to be the unit vector in the direction i. Consequently, the discrete
partial derivative of the function u is u(x) — u(x — 1;), where x = (21, 12) € Z2.

In [72], the authors obtained, for d > 3 the following discrete inequality

> '“f;‘@' <C DY fulx) —u(x— 1),
x€Z% xeZd i=1
where
L ) V2(d — 4)?
“=Tlaat (d—2)(v/2d — 4v/d — 2)7

and u defined on Z%. Hardy inequalities for discrete operators are harder to analyse and considering the constant
involved, it is not clear if sharpness is achieved.
Also, in the same paper [72], for a closed disk Dr = {z € Z* : ||x|| < R}, its boundary, for an integer n > 0, is

the following
6Dn:{x€Z2 Dz =n,—n<zo<n, or |za]=n,—n<z <n}
where
[Ix|| = max{|a:], [z2]}
is the [°° norm of x. Our result is embodied in the following theorem

Theorem 1.0.2 Suppose that u € [>(Z?) such that u(0,0) = u(—1,0) = u(0,—1) = u(1,0) = u(0,1) = 0. Then the
following Hardy inequality holds

D7 Julx +1;) — u(x) + Aju(x)* > Cq , (1.0.6)

1<4<2

for a € R\ Z, the constant

and potential
A, =(A1(x),Ax(x))=(1— e2riaen ] _ g2mia #2),

where the function p; is defined on a discrete square of radius n.
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It is not clear whether the constant is sharp, but we can make use of further numerical analysis to predict the
behaviour. The results in [72] involved logarithmic weights for compactly supported functions, but our identity
holds for a larger spectrum of functions u. The proof of our result consists of manipulating the concept of polar
coordinates. More specifically, it involves non-linear operators applied on squares with certain radial and angular
components.

In comparison, the article [39] presents a different version of the inequality (1.0.6). However, the authors did
not make usage of the standard quadratic form on Z? and considered a discretised cylinder R x [0, 27] described by
{L:jez}y x{Z: je{l,2,....n}}.

The operators are intended such that we can preserve as many familiar formulas from the continuous case to the

discrete one as possible. For exactness purposes, we want our discrete inequality case to be described in a similar

1 o] 27 1
/ IVul2dx = / <|8Tu|2 + 2|agu|2) dx = / / <T3Tu|2 + |89u|2> drdo.
R2 R2 r 0 0 r

The estimate which gives the constant Cy, in (1.0.6) provides a new insight in the discrete second dimensional

manner as

case for a Hardy inequality.

We shall proceed by giving a brief introduction on variations of the discrete and continuous Hardy inequalities
such that the transition to the outline and key results of the thesis can be smoother. References shall also be
provided in such a manner that the reader can discover more about the discussed identities or ideas as we will not

dwell on extensive proofs at the moment.

1.1 Discrete Hardy inequalities

In this section we shall briefly discuss Hardy’s motivation towards the discovery of his well known discrete inequality
and a few generalisations of it. To be more specific, the main source of inspiration for Hardy’s research was David
Hilbert’s inequality.

The basic form of Hilbert’s inequality reads:

If Z afn < oo and Z bi < 0o with a,, > 0 and b, > 0, then the double series

m=1 n=1
oo 0o
Z Z amb
m n
n=1m=1 +

converges. More accurately, the inequality

1 1

oo oo mbn oo 2 oo 2

ZZZ—FnSW(ZaE”) (Zf%)
n=

n=1m=1 m=1

holds, where 7 being a sharp constant.
It is obviously clear that Hardy’s motivation when he began his research was proving the weak form of the

Hilbert inequality. Hence, in his proof, he stated and applied the following theorem:
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n
Theorem 1.1.1 Let a, >0 and A, := Zak. The convergence of any of the three series
k=1

(i) i%ﬁ ii) ,i (i")z
)3 ) e

n=1m=1

implies that of the others.

Proof: We shall not provide the full proof, but as an outline, Hardy estimated (iii) by (i) using similar techniques

as in [54], more specifically:

M n a a M n a
m*n — 2 m

SEDDD Dk DL D

n=1m= n=1 m=1

M n

M4
Z Zlam:2zlan7n

Taking into consideration the above proof, Hardy established the following theorem, which is a precursor of

(1.0.1) when p = 2:

o} o] 2
A

Theorem 1.1.2 The convergence of the series g aZ with a, > 0 implies the convergence of g (") , where
n

An = iak.

k=1

n=1 n=1

Proof: We consider the following identity

n=

1
It is obvious that —2a, A, = —(A42 — A2

n=1 n n=1 n
N
A2
< _ n
- Z n(n+1)
n=1

By using this substitution we obtain
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which generates

i(lnil) <é:>2§4néai- (1.1.1)

n=1

As we can see, inequality (1.1.1) can be used to derive (1.0.1) for p = 2 with the sharp constant 4. O

Through numerous letter exchanges between Marcel Riesz and himself (the reader can analyse the proofs from
paper [102]), Hardy proceeded to refine Theorem 1.1.2 and extend it to a general p. But only later, more
specifically, in 1924, he managed to give a substantial proof with the sharp constant (#)p.

It is worth mentioning that Hardy also specified that the best constant in (1.0.1) can not be strictly less than
(ﬁ)p, but did not wish to publish the fact the discrete case could hold for that specific constant. Moreover, he
received letters from E. Landau, who provided reassuring results towards the usage of the above constant. The
reader should check papers [68] and [69] for a direct view on these results, considering that they involve polynomial
approximation and sequence analysis.

Also, papers [54], [55], [67], [68] and [69] provide specific examples of discrete Hardy inequalities that can help

the reader understand the concepts that we used so far.

For the following lines, we shall turn our attention to the continuous case of the Hardy inequality.

1.2 Continuous Hardy inequalities

By using similar techniques as in the previous proofs for the discrete case, Hardy established a different manner in
which inequality (1.0.1) reached its form.
Assuming that we are dealing with a decreasing sequence {ay },>1 as Prof. E. Landau communicated to Hardy

in [68], we observe that the function

n—1
Lo ;ak—l—[an-(m—n—i—l)]
> s
0

T

T

decreases on the interval [n — 1, n], where

fx)=a;, 0<z<1

flz)=a2, 1<z<2.

Hence, we obtain that

M M A e K

) e ") do< (<2 [ pepan
R, N
G

Taking this in consideration, Hardy proved the famous inequality (1.0.2) as follows:
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Theorem 1.2.1 Letp > 1 and let f(x) > 0 be p-integrable on (0,00). Then F(z) = [ f(t)dt < co for every x>0

T (E@N 4 < P ! ~ by da, (1.2.1)
/0 T p—1 /0

and

p .
where (ﬁ) 1s sharp.
We have to specify that Hardy’s original proof contains various explanations and details, but we shall present a
proof which resembles his original ideas, but does not contain a high amount of technical details.
Proof: Observing that

L (F@p) = pF @y ()

holds for almost every z in (0, 00), for arbitrary « and A such that 0 < a < A < co we obtain

/a"‘ (F(@)pdx _ 1 AF(x)pddx (z'7) da

€T p— 1 a
al~? Al-p 1A d
_ P _ p 1-p = p
S F@) = S P+ E — (F(2)") da
al—? p A F(l‘) p—1
< Py — .
_p_lF(oz) er_l/a ( - > f(z)dz

Using the continuous version of the Holder inequality, we observe that

/QA <Fiz)>p_1f(x>dx = </: f(x)f%h«)é (/: (F;x)>pdx>p;l

If we take a 8 such that o < 8 < A and using the substitution F(z) — F(«a) for F(z), we find

[ (FOZE@Y gy o p [ (Y i,

X

AN
k]
| =3
—
VR
Q
h
kﬁ
—~
8
N~—
S
QU
8
~_—
=
N
T
h
7/~
!
—~
8
SN—
SHN
!
—
o
S~—
S~
S
QU
=
~__—
k]

It follows that

In the above inequality, if we allow « to tend to 0", observing that F(z) — F(«) increases to F(z) (by the definition

of F(z)), we reach
([ (e ) <o ([ or)

The proof is completed, if we let A tend to oo and 3 to 0. O
We should also mention that various alternative proofs have been provided by numerous writers, for example

Broadbent [17], Hardy, Littlewood, Pélya [55] and Elliot [34].
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It is clear that G. H. Hardy had good contact with other well known mathematicians who were also interested
in the subject and who were willing to pass along significant information, either via private or formal letters.
Moreover, he synthesized the knowledge obtained from numerous sources in a concise manner such that his theory

would emerge itself as innovative and interesting.

1.2.1 Wh2(Q) and W (Q) spaces

Since the theory of Hardy inequality is strongly intertwined with the existence of Sobolev spaces, we shall provide a
brief introduction into aspects of the specified topic. Let € be a non-empty subset of R”, n > 1 with closure Q and
boundary 9. Considering p € [1,00], k € N, the points x = (21, x2,...2,) € R” and n-tuples a = (a1, @, ... ay) €

N{, we shall write

n 2 n n
0%
M= | a3 el =3 =] g
j=1 j=1 j=1 J

while taking the derivatives in the weak sense. Let us recall the fact that a function f is in the space of integrable

functions on all compact subsets of Q2 and f has weak derivative g := % f,if g€ L}, () and
T .
J

0%
[ 1095 elxlax = - [ gpxix,
Q axj Q
for all p € C5°(02).
Taking the above into consideration, we can define the Sobolev space as being
WhP .= {u: 0% € LP(Q) for |a| <k},
endowed with the norm

1
(Zogmgk H@(’I\ﬁg) T l1<p<oo
(Zogmgk HaaHI;oQ) y D=0

Here || - ||, represents the standard L? norm,

lullp = ( / |u|pdx)
Q

As a result, we have that for k=1 and 1 < p < oo,

|ullk,p,0 =

lulll .0 = llully .o + [[Vull; o,

where

n

IVullp.o = [[Vulllpo, [Vul:= <Z

i=1

1
o %\’
—u .
Transferring our attention to the space C§°(Q2), we need to highlight the fact that its closure in the space

WHP () is known as Wg?(Q). Broadly speaking, W*?(Q) # WFP(Q), but on R,

WoP(R™) = WHP(R™).

Comprehensive ideas and information about Sobolev spaces can be found in [1], [3], [9], [15], [18], [24], [49] and [78].
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1.2.2 Multidimensional Hardy Inequalities

As we saw, original versions of the famous inequality were defined in a straight forward manner, but in general it is
quite hard to provide a precise definition of what a Hardy—type inequality is, mainly because of several possibilities
of generalizing it, see [2], [4], [11], [48], [61] and [62]. An adequately precise definition that is valid for many

variations can be found in [66]:

Definition 1.2.2 (Hardy—type inequality in R™) The following inequality holds

(f |w<x>|%<x>dx)‘l’ >0 ([ ermuax)”

for @ CR™ and w(x),v(x) being real-valued weight functions with 0 < g < oo, p € [0, ).

It is important to highlight the fact that for some C' > 0 we might have that this type of inequality does not hold.
There must exist necessary and sufficient conditions such that these inequalities hold firstly in one dimension and
these conditions have been thoroughly studied in the past thirty years. Most often the conditions involve integral
criteria for the weight functions w and v. As specified before, the material available concerning Hardy inequalities
is extensive.

For example the classical generalization of Hardy inequality to higher dimensions may be considered one other

precise definition as follows

Proposition 1.2.1 The following inequality holds

—_plP P
n U
/ \VulPdx > |22 / [l (1.2.2)
n R™ X|p
with a sharp constant.
Here Vu = (6%1’ e 8‘97“) represents the gradient of function w, while the z; elements for 1 < ¢ < n describe our
vector x = (x1,2,...,%,). The constant is sharp and various mathematical publications, such as [5], [7] and [59]

use this fact to prove numerous other interesting results that will be presented in a later chapter.

A proof for (1.2.2) can be found, for example, in the book by Opic and Kufner [66]. Moreover, a classic book
that provides an inspiration for numerous mathematicians, but not only, is the book by G.H. Hardy himself along
with Pélya , [55], where they presented the original form of a Hardy inequality.

Making another reference to (1.2.2), it is rather easy to observe that by allowing p = 2, the result is exactly
the uncertainty principle, see [36]. If we instead want to obtain the uncertainty principle in two dimensions, this
can not be done unless there exist some weak singularities. The weak amendments are introduced by adding a
logarithmic term and extra conditions on function wu.

As an example, one could obtain

Juf?

|Vul?dx >C | ———————dx, for / u(x) =0
/]R2 R2 |X|2 (1 + 1112 ‘X|) |x|=1
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and

2
/|Vu|dx>C/ |u| or / u(x)=0 Vr>0
|x|=r

as it can be seen in [26], [86], [99], [100] and [122].

1.2.2.1 Bounded domains

Consider €2 to be an open, connected set in R™ such that the boundary 92 is non-empty and 1 < p < oo. Let us

write that for §(x) being the distance function from a point x € € to the boundary 952, we have
d(x):=inf{|x —y|:y € R"\ Q}.

We can introduce the Hardy inequality for a domain ) as follows

. PP e
/Q|Vu(x)\ d zc,!,,n,g/Q Soor 6 wECE@). (1.2.3)

We shall highlight the fact that the inequality will be mathematically valid, if the positive constant C), ,, o exists
and depends on p,n and €, but not on the function w. For example, in [75] it was shown that if n < p < oo,
inequality (1.2.3) holds for any proper subset of R™.

Therefore, a proper question to ask ourselves once we established whether the inequality is valid, is how we can

find the best constant, provided there exists. The aim is to determine

_ |VulPdx
pp(Q) == inf IQT (1.2.4)
weWy () [ o[ 4%

if it exists. It is evident that inequality (1.2.3) holds for u,(€2) > 0 and such the best possible constant will be

1p(€2). More specific, for an interval it was shown in [54] and [55] for one dimension that the optimal constant is

(=1)*

> , but for larger dimensions, the situation becomes more complicated. As an example, in [84] and [85] it is

proven that for a convex smooth bounded domain € with boundaries of class C?

(p—1)"
pp(Q) < Cpnq = T
For the 1 < p < n case, we encounter difficulties since geometrical assumptions on the boundary are necessary.
What if we assume that €2 is a punctured disc in R? and p =2 ?
Article [84] provides an alternative in the sense that if we evaluate u,(€2) over radially symmetric functions and

Q=R"\ {0} then

Hence the following more general result holds

P
[ iwuras= 222 [ o
|x|P

where the boundedness does not change the sharpness of the constant involved.
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Various boundary conditions were introduced in the literature, but we shall briefly provide a number of results
from different authors which contributed on this topic.

As examples, we shall look at [25], [26] and [27] where it was proven that a bounded region @ C R™ has the
Hardy property, if there exist a,c € R4 such that

|U‘2 / 2 / 2
dvol < ¢ Vul“dvol + u|“dvol 1.2.5
/Q d(x)? Q Vel Q [ ( )

for all u € W, *(€2) where
d(X) = min{pRiemann(X7y) 1y € 89}

and priemann(X,y) being the extension of the Riemannian distance function to QxQ.
Another application corresponding to higher order operators(i.e. bi-harmonic operators) can be observed in the

following version of the Rellich’s inequality, see [62].

Theorem 1.2.3 (Rellich) Let n > 4 and Q2 be a bounded domain in R™, then

20 — 4)4 2
/Q|Au|2dx2 ”(”176)/ |uﬁdx Yu € W22(Q). (1.2.6)

One step further in the study of Hardy inequalities is the discovery of improved optimal Hardy inequalities.
Provided that the best possible constant has been found, one should commence adding positive reminder terms
containing singularities to the said inequality. Considering the weight function that is used in the inequality, we
could choose a various type of remainder terms.

Let us make use of (1.2.2). If we want to improve this inequality and its extensions, it is imperative to add
remainder terms similar to the main term, only with different exponents. As a proof, this has already been done

in [48] as follows:

Theorem 1.2.4 (Gazzola, Grunau, Mitidieri) Let Q2 C R™ be a sufficiently smooth domain and let k € N with
2k < n. Then there exist constants ci,ca,...,ci depending only on k,n and |Q|, such that for every u € W2*(£)
with A u|pg = 0 for j € Ny and 25 < k there holds:

2m
1 . Jul? e
|A™ul2dx > —— n 4 4(m — j)? ——dx + cl/
/Q 42m 31;[1[ ] o x4 Z |x|4m+2
if k=2m,m €N and
1 2m+1 lu |2 2m+1 |u|2
/|VA ul?dx > JEee) IT 7+ 40m - j) + 27 / ‘ |4m+2d X + Z / =S 5 d

j=1

if k=2m+ 1 with m € Ny.

It is worth mentioning that the techniques used in the proof of the above inequalities do, indeed, involve reduction
of dimension.
One other interesting example of a Hardy inequality is an infinite series improvement of (1.2.2). It involves

logarithmic weight functions and it is presented in [42]:
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Theorem 1.2.5 (Filippas, Tertikas) Let

1

Xt) =

LX) = X1 (Xe1(t), k=2,3,...

and D > sup|x|. Then the following inequality holds for any u € WOI’Q(Q) :
zEQ

/Q|vu|2dx>mn_22)/ﬂ||“||z X+ - Z/ P <X|>X2 <|;|>...X3 ('g) lul?dx.

Also, for each k =2,3,... the constant 7 s optimal for the corresponding k—improved Hardy inequality, hence
n—2)2 ul? X X x
1 . fQ|VU|2dX_( nz) Ja }xlzdx I 1o |x1\2X2(‘ ‘)Xz (U)mXiQ(‘ l)\u|2dx
- = in
wewy () Jo e X2 () X3 (5) . x2 (B ulzax

Article [48] provides numerous new types of remainder terms, which improve (1.2.2):

Theorem 1.2.6 (Gazzola, Grunau, Mitidieri) Consider n > p and Q@ C R"™ a bounded domain. Let e, =

|B(0,1)| and || be the n—dimensional Lebesgue measure of the unit ball and of the domain Q respectively.

o Ifp>2, then for every u € Wolp(Q) we have

_ p p
thz(np)/w4ﬂ+%ﬁ JulPdx;
Q D o [x|P Q% Ja

e If 1 < p < 2, then there exists a constant C > 0 such that for every u € Wol’p(Q) the following inequality

holds:
—_p\? P o
/ |VulPdx > (n p) de—&—C enﬂ |u|Pdx,
Q D o [x[P Q= Jao
where
» p—2
1 2-p _p=D@=2 [ (n—p ?
C==plp—1'*Ts=02" > K ) +1} Co(p).
S 1) 2ot )

In terms of the last constant, Cy(p) the same article contains a lower bound which is written as
Co(p) > (2m)75 ~ 0.8.

This type of remainder terms can be observed in other Hardy inequalities that improved a result from E.B.Davies,

for example:

Theorem 1.2.7 (Gazzola, Grunau, Mitidieri) Consider p > 2, T' > 0 constant and let Q C R™ be a bounded
domain and let e, = |B(0,1)| = Vol(B(0, 1)), with n > 2p and B(0, 1) being the unit ball.
Then for any u € W2P(Q) N Wy (Q) it follows that

Mn%Malvp/IW’ A(n, p) (%)3/ Jul? (%>?/
AulPdx > dx + — dx+T | — ulPdx,
A" ( P2 o @™ et \a)) e o) Jy

where

A(p — 1P (n —2p)P~'nP!

A(Tl,p) - p2p—1
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We have to specify that the value of 7 is independent of both p and n. It was used in [48] as the first eigenvalue

of —A with homogeneous Dirichlet boundary conditions on the unit disk B C R2.

1.2.2.2 Convex domains

P
As we saw in (1.2.3), the optimal constant satisfies 11,(Q2) < Cpn0 = (%) . Book [9] contains a few theorems

and definitions relevant to the topic of this section. We shall provide these statements in the following lines.

Definition 1.2.8 The mean distance function dp; is defined by

) = [ ) (o),

where p,(x) is the least distance from x € Q to 90 in the direction of either v or —v while dw(v) is the normalized

measure on S*L.

Moreover, we shall not present the full extent of the proof, yet we are going to highlight a few key points made

by the authors and let the reader experience the joy of understanding the full proof by accessing book [9].

Theorem 1.2.9 If Q) is a convexr domain, then
5M7P S 5(X)7

hence

p=1\" [ |uff
VulPdx > dx.
JA X—( ’ ) o 3

Using the above theorem, the following holds

Theorem 1.2.10 Let Q C R™, n > 2 be a convex domain and suppose there is a point P € 9Q such that Q € C?
in a neighbourhood of P. Then
Jo IVulPdx 7

(€)= Jo [YuTdX _
P uewdr@) [q |g}pdx

p,n,2-

The proof is an application of Theorem 1.2.9 and it is quite interesting to analyse and dissect the abundance
of ideas presented. More specifically, in order to prove the result of Theorem 1.2.10, it is sufficient to prove that
tp < Cpnq. From the very definition of a sharp constant the sufficiency is justified, since once we find a higher
constant for which the inequality holds, we found our needed estimator.

As an example, paper [16] expresses a remarkable interest towards Theorem 1.2.9, where we have a convex

domain, but in this case p = 2. The result of the aforementioned theorem is proven in the following statement:

Theorem 1.2.11 (Brezis, Marcus) For every smooth bounded domain Q € R™, there exists Aq € R such that

1 |u|? 1,2
\V4 2 > _ 2 “/ ’ Q . 1.2.
/Q‘ U| dx 2 4 962(X)dx+)\9/9|u| b, we W ( ) ( 7)
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The optimal value of A\ takes the form

Jo IVul?dx — 7 [, 5‘2u(|i) dx
Ag = inf 5
uEW, 2 (Q) f(z |u|?dx

and it has been established in the article by Avkadiev and Wirths [8]. From literature, it was discovered that for
there exist bounded domains such that A\ < 0, but for a category of convex domains with a C? boundary, it was

shown that

1
o>
2= 4diam?(Q)

Taking the previous results into consideration and denoting Dg, := diam(f2) inequality (1.2.7) becomes

1 |u|? 1 1,2
Vuzdxzf/ dx + /qux, u € Wy (Q).
[ iupix = 4 [ S e [ 12(@)

In addition, curiosity rose as to whether one could replace the diameter with the volume of €2 and such to have

the following identity
A5 > a(volg) ™,

for a constant o > 0. As it was observed, the proof arrived by using the distance function presented in Definition
1.2.8. Paper [85] presents an innovative approach towards proving this statement and the reader can check [100]
and [122] for a more extensive reading regarding the above inequality.

Remarks:

1. For €; and Q, being two bounded Lipschitz domains in R™ such that Q; C Q, we are able to define a set
Q3 :=R"\ Q; and Q := Q3 N Qy with QF := Q3N (kQy), where k € N.

)
and such p,(Q3) = 0. Hence, there does not exist a valid Hardy inequality of the form
/ |Vu(x)|"dx > c/
R\ {0} Q

2. One last remark, regarding € sets, could be that if Q is defined to be R™ \ B(0, R), B(0, R) \ B(0,r) for
0<r < Ror B(0,R)\ {0}, then

Moreover, if 0 € €2, then

n—p

:up(Q) < min {Cp,n,ﬂv

T

(
4(x)

The following theorem includes a refined version of the Theorem 1.2.11, where we have the weights §(x)“.
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Theorem 1.2.12 For any u € C}()

[ 3 [ 1002,
/|w dx > (X)zd O )/Q PR, (1.2.8)

where K(n) :=n [22=1] B ySn_1 = |S"71| and

Qe ={yeQ:x+tly—x)€Q,vte0,1]}.

If Q is convez, then Qx = Q and for any u € C} ()

/|Vu| dx > 4/ fu(x '2 z@(@)/gm(x)?dx (1.2.9)

It can be seen in [9] that, as a proof, the authors consider defining new least distances such as

7,(x) == min{s > 0:x + sv ¢ Q} ;
pv(x) :=min {7, (x), 7—(x)};

fo (x) := max {7, (x), -y (%) } ;

Dy (x) == 7,(x) + 7-1(x)

and then proceed to rewriting the gradient in terms of partial derivatives on the sphere, after which Cauchy-Schwarz
inequality is used.

It is clear to observe that Hardy inequalities on convex domains can be improved by adding various weight
functions. Another result of S.Filippas and Tertikas [42] estimates the constant from Theorem 1.2.11 in terms of

the interior diameter D;,;(2) := 2 sup d(x). More specifically, they prove that for a convex  then
x€eQ

3
Dint ()%

One other class of inequalities which extend the usual Hardy inequality is called Hardy - Sobolev - Maz’ya inequal-

Ag =

ities. As an example, one could make use of the result in [42], which states that if  has a finite interior diameter,

D;n(22), and Ad > 0, for p = 2, then
n—2
) n%?dx) '

L[ Ju(x)
|Vu|?dx > f/ dx + Cq / |u(x
/Q 4 Jo 6(x)? Q
One could mention also that for a convex domain 2 € R™ and any compact subset K of €2, there exists a convex

This result holds for n > 3 and u € C§°(9).

n-dimensional polytope T' such that K C intT C €; hence, for any u € C§°(2), there exists a convex n- dimensional

polytope T' such that
supp u C intT" C .

Using this aspect, the process of proving various n-dimensional Hardy inequalities will be reduced to the appli-
cation inequalities in one dimension. In [2], [5] and [7], one could see that the results presented can be used in the
study of spectral properties of elliptic differential operators with a certain degree of degeneracy at 02 measured in

terms of 0(x).
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1.2.2.3 Hardy inequality for general domains

Since we observed a variety of important results related to the classical Hardy inequality on bounded and convex
domains, we should turn our attention to more general aspects of Hardy inequalities such as LP and half spaces.

As a proof of the Hardy-Rellich inequality in the whole space, article [19] provides the following theorem

Theorem 1.2.13 (Whole space Hardy-Rellich) Assume d > 3. Then, for any u € C°(R%) it holds

2
/ |Au|2dx2C(d)/ Vul® 4 (1.2.10)
R ra [X[?
where
&, d=5
Cd):==4 3, d=4
B d=3

As a comparison, we shall consider results that resemble the fact that for functions u € H'(R?), where d > 3,

_ 9\2 2
/ |Vu|2dx2u/ Mdx (1.2.11)
R4 4 R

a |x*

the following holds

Of course, the literature regarding higher order analogues of Hardy inequalities is extensive and we shall provide
a large list of references at the end of this document, but as an introduction we present a few well known results
from which we shall create our research interest.

Another version of (1.2.5), but for the general domain R™ was proved in [118] and presented as follows

Theorem 1.2.14 (Maz’ya generalisation) For v € C°(R"),p > 1,7 > 0 and a(p, ) a positive constant, the

following inequality holds

_ p p p
/ Vu|pdx2<p1> / [ul dera(p,T)/ [l dx (1.2.12)
R R

p n T [P R 5177L|p77(x12171 + I%)%
The above inequality was considered an open problem and a generalisation to the following theorem found in [86]

n
+

Theorem 1.2.15 (Maz’ya) For u € C§°(R™), the following holds

1\” P
|0 P VulPdx > | — S U (1.2.13)
R™ 2p n (1'3171 —+ x%)E
and if p = 2 when u = |xn|_%v(x), then
1 v]? 1 |v]?
Vul?dx > f/ —dx + — dx. 1.2.14
/n| | 4 Jpn 22 16 Jro |2,|(22_ | +22)2 ( )

Moreover, in his paper [127], Prof. Yafaev introduced fractional order generalizations of (1.2.2) and discovered

the best constants in higher order by using the Fourier transform:
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Theorem 1.2.16 (Yafaev) Let u € WH2(R"™), then

¢ / €2 u(e)Pde > / a2, if 1< ”
n RTL

2
and
C 21 2d —21 _ !—1 o9« 0 a2d
Y RGREGIREY e > (@ ot
if
n n n
I>3, 1-5¢Z and m:[z—ﬂ.

The paper presents the best constants as being

F2 n—21 F2 n—201+2
- {5 P )

n—i2l) ) 2 <n+24l+2)

and in the case if [ is an integer, then the constants become
Cr=2"n—-20)"2(n—-2+4)"2...(n+20—4)~2

The author made use of function decomposition into spherical harmonics in order for the Mellin transform and
diagonalization processes to be applied on a one dimensional inequality.

Before introducing other inequalities, we should make use of a definition given in [9]

Definition 1.2.17 Suppose 2 does not contain a half-space and the set
N(x):={y € 002:4(x) =[x —yl}
to be the near set of x on IQ). Forx € Q,y € N(x) and
A=sup{t € (0,00) :y € N(y +t[x—y])},

the point p(x) =y + AN(x —y) is called the ridge point of x in Q and the set R(Q) = {p(x) : x € Q} is called the
ridge of ().

Let us consider some examples where we shall highlight the connection between the curvature of the boundary 92

and the distance function §(x).

Proposition 1.2.2 Let Q C R™, n > 2 be a domain with ridge R(2) and a sufficiently smooth boundary for Green’s
theorem to hold. Consider §(x) = dist(x,R™ \ Q). Then for all f € C§°(Q\ R(Q)) and p € (1,00) the following

1V SAG
/Q|V6.Vf\pdx2 (pp 1) /g(l_i—l) |%dx. (1.2.15)

inequality holds

In comparison to the above example, the below inequalities will introduce a few requirements that are necessary

to obtain more general results.
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Proposition 1.2.3 Let Q C R™, n > 2 satisfy the conditions of Proposition 1.2.2 and furthermore, assume that

(i) > = R(Q) has Lebesque measure zero and is the intersection of a decreasing family of open neighbourhoods

{Se : € > 0} with smooth boundaries and a unit inward normal ne(x),x € 0S,;

(i) for all sufficiently small €
(Vd-ne)(x) >0, xe€dS

and

(iii)

gilzwAﬂ@) x € Q\ R(Q).

Then, for alluw € C§°(2) and p € (1,00),

_ P P
/ V6 - V f|Pdx > p-1 / 1— poAs ﬂdx.
Q P Q p—1/ or

The proof of this proposition includes the application of monotone convergence theorem and taking into the account
the contribution of the boundary of S, see [9].
We shall introduce a few results of Dr. Tidblom from which our research was highly inspired by. More specific,

he proves in [116] that in the upper half-space in R", for u € C§°(R"™), the inequality holds

n—1
|uf®
|Vul2dx > / dx
/Ri ];) w A+ )

where % is the optimal constant.
Another important result of Dr. Tidblom includes higher order differential forms and relates to the distance to

the boundary of a set (2.

Theorem 1.2.18 For u € C§°(Q2) and 6(x) = dist(x, 98 ), the following inequality holds

1 |ul?
Vul?dx > f/ dx
 (vuax = 0, D0

a

where Qq 15 a conical sector of angle o in R2.

This was analysed numerically in [26] and the value of « is approximately 4.856. In terms of the exact value of the

angle, the same article proves that

3 2
a =7+ 4 arctan <4F (14)2 )
INEY
32-1 5%2-1 )
32 . 52 e e .

1
=7+ 4arctan (2 .
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One other important result provides a corner stone to the theory of existence and uniqueness of solutions of the

stationary Navier - Stokes equations

VAV + 30 up Y = —Vp + £(x)

T
divv =0,

where f(x) is a given vector valued function and v(x) and p(x) are to be found.

The theory of Hardy inequalities has been developed on a rigorous analysis background and the reader can
access this information by inspecting [1], [3], [9], [10], [13], [15], [18], [23], [24], [33], [37], [38], [43], [49], [64], [78],
[86], [87], [88], [97], [110], [114] and [121]. It is to be specified that a brief background on the tools, which we shall
use in this thesis to prove the results obtained, shall be provided, but we will also provide citations towards all the
relevant material that can ease the learning process.

If the reader is also interested in further reading about the process in which sharp constants for multi-dimensional
Hardy inequalities are found, then papers [5], [7], [28], [29], [30], [41], [48], [72], [73], [75], [77], [82], [84], [85], [116],
[117], [118] and [127] provide substantial information.

1.2.3 Multiparticle Hardy Inequalities

The theory behind multiparticle Hardy inequalities has been extensively worked upon in the last decades and it
had as motivation the Schrodinger operators describing many particle systems. Results are obtained in papers [58],
[59], [82] and [117] for three dimensional particles from which the question whether it is possible to extend them to
higher dimensions arises.

1.2.3.1 The uncertainty principle

Let us consider the state of a system consisting of a single particle in R3. This physical quantity can be described

by a wave function ) € L?(R3) that satisfies

|, weopax=1.

It is a well known fact that the probability density function of the position of our particle is expressed by [|?.

Moreover, the probability of the particle being in a set N can be written as

/ ()P A,
R3

where X is the characteristic function of N. We should mention that by normalising Planck’s constant, the
momentum of the particle will become —iV(x).

If we consider the particle’s momentum to be p, then, by making use of Plancherel’s theorem, we obtain

[tk = [ oeopax =1

where |zﬁ(p)|2 will represent the probability density of the momentum.
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Making use of the notations above, we can present Heisenberg’s uncertainty principle. The notable result
states that the position x of the particle and the momentum p can not be determined in the same time. More

specifically, by using the commutator identity
[p-a,x-b]=(p-a)(x-b)—(x-b)(p-a)=—i(a-b), (1.2.16)

where a,b € C3, we can deduce that |x| and |p| can not be simultaneously small.

This important result has a description in the following Hardy inequality
[ tpite)ip = [ [vuopx
R3 R3

L[ )P
=1 /R e

With an appropriate choice for a and b and a function ¢ € C§°(R3), book [9] presents a simple, yet not intuitive

consequence, which states that if [5, [¢(x)|?dx = 1, then

([ wooria) ([ i)

On R”, for n > 3 we have that

N
vV
N o

(1.2.17)

([ 1weopxax)

1(x)|2dx = 1. Moreover, the above inequalities known as Heisenberg’s inequality are a direct

(NI

(/ Iplﬁ(p)Ide) >, (1.2.18)

provided that [,
consequence of Hardy’s inequality, the only difference being that the Heisenberg inequalities have a smaller constant
in their structure.

As an example for applications in physics apart from the one we saw above, consider the results from J.Dolbeault,

M.J. Esteban and Séré. They proved an optimal Hardy inequality using Spinors and Pauli matrices, [32].

Theorem 1.2.19 (Dolbeaut, Esteban, Séré) Let o0 = (0;)i=1,2.3 be the Pauli-matrices:

0 1 0 —2 10
01 = y  02= y 03 =
11 v 0 0 -1

. 2 2
/ w + |u|2 dx > / &dx,
R3 1+ R3 |X‘

)

Then

for all uw € WH2(R3).

A specific area where Hardy inequalities are of particular use is in the context of exactly solvable quantum

systems, hence the introduction of many-particle Hardy inequalities.
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1.2.3.2 Systems of particles

We shall focus now on systems with many quantum particles, such as electrons in solid matter or atoms with the
number of protons larger than one. Considering that identical particles cannot be distinguished in the quantum

world, the following figure shall provide a brief example of what type of particle systems we consider in our research.

(0 /’ in /

) J

Figure 1.1: Two types of paths that the system of two colliding particles could have followed.

For example, in [59], the authors prove three important results regarding systems of two or more particles, but
before we proceed in presenting them, we shall have some introductory notions.

Let us pick IV as being a positive integer and consider the number of particles in our system to be equal to N. As
a consequence, we work with a vector x € RV such that x = (x1,Xa,...,Xy), where X; = (7,1, %2, ...,7;4) € R%

Define r;; as

d
rig = Ixi = x50 = 4| D @ik — @i8)?,
k=1
using the usual Euclidean norm on R%.
d_ 52 N
Remark: We write A; = Z e such that A = Z A;. In a similar manner, the gradient for each i*" particle
T
k= ik

i=1
shall be written as V;.

As a first result of the above mentioned article, we state the following:

Theorem 1.2.20 (Standard Hardy inequality for many particles) For d > 3,u € H'(R) and constant
C(d, N) with c;N=1 < C(d,N) < co N~ where ¢y, ¢ > 0, the following inequality holds

2
/ @dx (1.2.19)
R

dN Tij

N
Z/ V., u?dx > C(d, N)
=1 RAN

1<i<j<N

Remark: For one dimensional particles, inequality (1.2.19) will hold, if the function w is zero on the diagonals

X; = x;. In this case, the optimal constant will be C(1,N) = %

Theorem 1.2.21 Let

Ny = {x = (z1,22,...,25) € RY|z; =x; forsome i# j}.
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Suppose u € Wy 2 (RN \ Ny), then

/ |Vu|?dx > 1/ Z wdx.
RN -2 R 7“12]

N
1<i<j<N

A proof for this statement is presented in [59], which we shall extensively use in Chapter 3.
Remark:

Using the classical Hardy inequality

ar |’
dx

[e’e) 1 o] 2
/ . g,
0 4 )y |z —vyl

for a function f € Wy *(R\ {y}) and the number of particles N = 2, one obtains

0? 0? S 11
dz3  0x% ~ 2ri,

2 2
OF I g > / LR g
o0x; rz 4 ‘55'1 - $2|2

2

:>;/Rz

for f € Hi(R?\ N>).

By adding the above identity in the quadratic form sense for functions that resemble Theorem 1.2.21, we would

replace the % with which tends to 0 as N — oo.

1
2(N-1)

One other example of many-particle Hardy inequality was studied in [82] and it involves ground state represen-

tations(GSR). We have to specify that some of these results shall be referred in the next chapter to establish the

motivation for the present thesis.

Proposition 1.2.4 (GSR) Let Q be an open set in R™ and let f : Q — Ry be twice differentiable. Then, for any

u € C§°(Q) and o € R,
2 —
/ |Vul|?dx = / [a(l —a) |v‘£| + a(Af)] lu|?dx —|—/ V7|2 f2*dx > 0
Q Q f f 0
where T := f~%u.

Proof: Since u = fo7, then Vu = af* Y (Vf)r + foVr. Therefore

Vul? = o? DIV FRIT? + af2* 7V f) - VP + 22|V,
By integrating the expression over Q, for the term af?**=Y(Vf) - V|7|? we get
—o [ V(v
Furthermore, if we use the identity

V(1)) = (20 = )RR + AL,
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we get that
/Q [Vul*dx = /Q (anQ(“1)|Vf2|7|2+af2“1(Vf)~VT|2+f2°‘IVT|2>dX
= [ (PP a2 (V) ViR Jaxt [ 2
= /Q o? fHemD |V fP|r*dx — o /Q ((2a—1)f2“‘2|Vf|2+f2a‘1Af)|72dX+ /Q VT dx
:/Q [(—a2+a)f2"_2|Vf|2—af2"_1Af} |T|2dx+/9f2a|VT|2dx. O

Subsequently, f is seen as the ground state and a as the GSR weight, while the potential term created in the

above inequality

oo ()

as the GSR potential.

Paper [82] considers various values for the weight constant such that the inequality which results from calculations
is the best possible. Moreover, the « values will provide aid in finding appropriate ground states for computations.
The author specifies that the main advantage for working with ground state representations is that it provides an
easier process of finding the sharpness of constants and allows further improvements of inequalities.

As a generalisation of inequality (3.5) from Lemma 3.6 in [59], the same paper [82] provides the following

theorem
Theorem 1.2.22 (GSR for N > 2 particles) Let Q := R\ {x; = x3 = --- = xn}. Suppose the ground state
function is p(x)? := Z |x; — x;|?, then
i<j
N-1 2l ful?
/ [Vul?dx — N (d - 1) / —dx = / Vo~ 2*ul?p*™dx > 0, (1.2.20)
Q 2 QP Q

for all uw € C3°(82), with the optimal weight o := —W'

This result holds on H*(RY), unless d = 1 and N = 2, because codim(Q¢) = dN —d = d(N — 1).

The same author presents a Hardy inequality for circumradii of pairs and triplets of particles in higher dimensions.

Theorem 1.2.23 (Separation for circumradii) Consider Q := {(x1,%a2,...,xn) € RN : x; # x;, Vi # j}.

By taking the ground state f(x) := H % — x| 7472 we obtain
i<k

1 1
Vulix-(@-27 [ [2a0-a) ¥ et 3 g [lfic= [Vt o, (22
Q Q Q

re. <.
1<i<j<N U i<j<k<N ~ijk

where Ryj1 s the circumradius associated to three non-coincident particles.
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The result holds for all u € C§°(€2) and o € R. Moreover, for upper bound

Zz<]<k<N R
Kan ::sup—IJ <N-2<x
e Zi<j T;zj

and optimal weight o := (1.2.21) becomes

1
2+Kq N>

2 |u‘ > 2a >
/|Vu| 2+KdN/Z dx /\Vf 2 f2dx > 0.

If one assumes that o(1 — «) > 0 and uses the bound term for r;;, then

(d—2)? / |u| / 2
/Q| | deN(2+Kd,N) Q i;k lek | ‘

More specifically, the R;;;, term represents the radius of the circle which particles x;,x;, xj, inscribe. As an extreme

case, for collinear particles, the radius will tend to infinity hence

1
li =0.
R”iHj)oo 2R

After using geometric proprieties for circumradii, paper [59] presents the case when N = 3 and the following

d—1)2 3\ '3 |u?
2dx > @-1" f/ :
/Q|Vu| dx > 3 <3) 5/, Z R?jkdx

i<j<k

result is obtained

a(l=

Troa ) becomes

Combining this with (1.2.21), the maximizing constant for the term

Hence

2 1
Vul?dx — (1 1 —1d—22/ Md> /V 20 gx > 0.
[ = e VIO a2 [ Sz e [ ey i

All the above results hold for the full space H!(R*") because of the fact that codim(Q°¢) = dN —d—Nd+2d = d > 3.
If we take N = 2, (1.2.21) becomes (1.2.20) with a = % and the sharp constant (d;2)2.

One interesting question to ask ourselves is whether a Hardy inequality for two dimensions can be found. This
is a popular topic because it has been extensively researched upon and it is related to the magnetic Schrodinger

operator and the corresponding magnetic form

Huu] = /n [(—iV — a)u|?dx,

for u € C}(R™),n > 2, where a represents a vector of real-valued functions from L?(R").
As application, article [74] proves that the inequality

Juf?

|(iV + A)ul?dx > C/
]R2

o T P G (&%)
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holds, where the magnetic vector potential A gives the constant C'. One particular case of the above inequality is
also proved and it states that

2
/]Rz (G + AuPdx>C [ 'Zde, we C R\ {0})

holds for a constant C' > 0. As it can be seen, the extra term added by the magnetic field provides a better inequality
than the ordinary Hardy inequality, considering that the classical case does not exist in R?. There exist various
magnetic fields that create such inequalities and they are known as Aharonov-Bohm type magnetic potentials.

The optimal constant was also proved to have the following form
C = min|® — n|?,
neZ

where

1

T o

o B(x)dx, B=curlA,

defines the total flux of the magnetic field B.

Can this be generalized to N particles ? Article [59] provides the answer!

The following theorem presents a generalisation of Hardy inequality for magnetic Dirichlet forms with Aharonov
- Bohm type vector potentials. The new potential vector fields are associated to each particle in the quantum

system.

Theorem 1.2.24 (Aharonov-Bohm many-particle inequality) For x; = (zj1,7,2) € R%,j = 1,2,...N,a €
R and the vector field

Tj2 — T2 Tj1 — Tkl
J— _ J J
F; =a E 3 ,g 3 ,

[ =
the inequality holds
N
. 1
/ SO0V, + FyJuffdx > DN,Q/ Py dx (1.2.22)
R2d = R2d iz ki

where

l

I=1,....N

. k1 2
Dy, = min ) <mmk€z| oz|> .

Remark: It is imperative to highlight the fact that the explicit value of Dy o, will depend on the ”degree of
rationality” of the magnetic flux a.

This example of a magnetic case is relevant for models of anyons in two dimensions and it was improved in
various other papers. The improvements led to the discovery of accurate bounds for the energy of the anyon gas.

Moreover, Prof. Hoffmann-Ostenhof and Prof. Laptev, as we saw above, considered the many-particle gener-
alisation of classical Hardy inequalities in arbitrary dimensions. Recently, they studied various Hardy inequalities
for bosonic and fermionic particles, which are symmetric or antisymmetric wave functions. Their research involves,
among other topics, the magnetic interaction between particles in two dimensions, considering that there is no

Hardy inequalities for such case.
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1.3 Outline of the thesis

Considering the variety of results presented so far, we have to specify that throughout this thesis we shall focus
on identities which resolve around many-particle Hardy inequalities and later on consider Hardy inequalities on
spheres. Most generalisations have been considered in [59], [116] and [118] and we aim to introduce new techniques
and methods to discover new Hardy inequalities. As a setting, we aim to start from simple cases in one or three
dimensions and build a general framework for multiple particles and dimensions.

The present thesis has the following structure. Chapter 2 presents the preliminary setup which allows an
uncomplicated and systematic derivation of the results. The setup involves the presentation of key ideas regarding
Hardy inequalities based on which the main discoveries of this thesis had their roots.

In Chapter 3 we present a new Hardy identity valid for finitely many particles by analysing the inequalities
presented in Lemma 3.6 in [59] and Theorem 4 in [82]. The new inequalities hold true for any dimension greater
or equal to three. More specifically, the authors prove in [59] a geometrical Hardy inequality. The result involves
vector fields and circumradii of simplices in dimension higher or equal to three. Our curiosity begins when the
constant determined in the inequality has its sharpness yet to be discovered. Suitable vector fields are considered
and through calculations, we discover a more general result that contains a specific bound for the circumradii terms
in Lemma 3.6.

To be more precise, we extend the quadratic form identity

1

|z — ;]

N
~A>C(N)Y

i#]
which uses particles in R? to particles in d > 3 dimensions. From previous results,

1
CWN) = TRy

where N )
Zi;ﬁk i,k#j RZ.,
K(N) :=sup N—]ljk
22 ks vz
It is known that
N -2
K(N) <
2
and such the optimal C(N) satisfies
1
C(N) > —.
(V) = 2N

However, studying the behaviour of optimal constants corresponding to the large number of particles N is very
complicated due to the geometrically nature of our terms. We do obtain a certain behaviour for our constant, but
future work is needed to determine whether it is sharp or not.

Chapter 4 present a shift of our attention to paper [106], which provides sharp pointwise estimates for functions

with radial symmetry. The authors consider a simple example of Hardy inequality for functions u = (r1(x), r2(x)),
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where 71(x) = \/2? + 2% and ro(x) = /23 + x7 for the subspace H(IQ’QQ)(R‘l) of the Sobolev space H2(R*), radially

symmetric in variables (21, x2) and in variables (3, x4):

|U|2 / 2
———dx < C Vul|“dx.
/JR4 rix)ra(x) T Jpa [Vl

We make use of the results in the above paper and derive new Hardy inequalities with weights which are homogeneous
functions with respect to the radial variable. Our results establish a sharp constant 7 in the case of the block radial
potential used by L. Skrzypczak and C. Tintarev. But this is possible only after introducing a new system of
Hopf coordinates for dimension larger than four. Firstly we consider the usual Hopf coordinates in S* and reduce
the problem of finding the constant 7 to finding the first eigenvalue A\; of the Neumann problem for the classical
Legendre type equation on the interval [0, 7/2]. We then find A; by numerical approximation.

In Chapter 5 we analyse paper [72], which studies a number of Hardy inequalities for continuous and discrete
operators and paper [74]. We are interested more in the discrete Hardy inequality, but, as the authors mention, the
inequalities for discrete operators are more complicated to study. Considering that neither a continuous or discrete
classical Hardy inequality exist for dimension two, our interest is to work upon this case by considering a specific
magnetic potential field. This is possible by using similar techniques to those used in [72] and finding a magnetic
potential term resembling the Aharonov Bohm potential presented in [74] for dimension two.

As an example, we start from the classical discrete Hardy inequality

n p o0
Z <1Zuk> < <p>p Zuﬁ, p>1, up > 0.
=1 \"" =1 p—1) =
Its extension from the continuous cases to discrete quadratic forms seems to be not easy and such we make use
results presented in [72]. The authors obtained some Hardy type inequalities for the discrete Laplacian on Z¢, d > 2
by using a version of polar coordinates and the constants were far from being optimal. We introduce a discrete
version of Aharonov - Bohm vector field on Z? and, as in [74], to obtain a Hardy inequality on Z? using “polar
coordinate” introduced in [72].
Finally, Chapter 6 includes future developments on our research about Hardy inequalities on the S"~' sphere

and for n dimensional simplices. More specifically, for n + 1 points in R™"™*1 we consider the simplex

T = conv(Xy, ..., Xp, Xnt1)
and the corresponding volume
x1,1 1,2 Tin 1
|Tn| _ % dot T2,1 T2 9 - T2 n 1
Tpnt1l Tp4l,2 -+ Tpgln 1

Our interest is to weaken the conditions imposed on a function u such that the following theorem holds:

Theorem 1.3.1 (Simplex volume) Let T, be a simplex in R+ then

2 n+1 72
_A>1|VTn| :izz‘:l F;
T4 T2 T an? TP
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We introduce a new domain which contains locally integrable functions on the space R™"*1) and analyse whether
it is possible to find a function w for our theorem to produce a valid result.
Also, we study the improvements upon constants in a version of the continuous Hardy inequality resembling one

of our main results. The approach makes use of bound approximations and function optimisation. More specifically,

_1)2 2
/ |Vu|2dx > u/ de
R3d 3 raa R?

for R(z) the circumradius of the triangle with vertices x;, X2, x3 and u € C§°(R3*?\ {x; = x5 = x3}).

in [59], the authors discovered that

The sharpness of the above mentioned constant is not yet established, hence it would be interesting to analyse
the constant’s behaviour for multiple dimensions and particles.

Another interesting research idea is introduced in [119] where the author investigates possibilities on bounding
a Hardy constant in the 2D Fermionic Hardy inequality. Our interest is to refine those bounds for three particles
in two dimensions, using antisymmetric function in H'. More specifically, for inequality

/ |Vul?dx > C- 4 i _ u|?dx
R23 T 3ees \ |2 — 2]

it is known that the lower bound for constant C is 1 and we research upon one idea that 2 is an upper bound. One
approach consists in inserting a function which has cut off’s at the singularity z; = 2o = z3. This results in the
function being dependent on two variables, « and k. Once k tends to infinity we shall allow « approach a certain
critical value and such obtain a suitable function of compact support.

Last but not least, as one other curiosity for future research, we consider S"~! and make use of [9] and [71].

Hence, the following theorem holds

Theorem 1.3.2 For f € C*(R") ,r €R and W : S"7 ! - R, u € C°(R"), then

2 02 2
/|vu|2dx20(W) Wil j (=2 / WP
Rﬂ, n

rn T2 4 r2

Extra geometrical assumptions on the C(W) quantity are needed such that we can study the validity of the Hardy
inequality on this particular space. We use these assumptions on a Riemannian manifold, but it is not conclusive

yet whether the constant involved is optimal.



Chapter 2

Theoretical background

This chapter includes a few key ideas and concepts which we use in our research. We analyse interesting papers

which contain valuable techniques which we modify in order to obtain new Hardy inequalities.

2.1 Improved many-particle Hardy inequalities

As it was specified in the introduction chapter, our research resolves more around many-particle Hardy inequalities
and various other generalisations. Paper [59] is our main point of interest in studying many-particle cases. As a

starting point, let us recall the following theorem

Theorem 2.1.1 (Hardy inequality for 1D particles) Let
Ny = {x=(z1,29,...,2n5) € RN|2; =2; forsome i# j}.

Suppose u € W&’Q(RN \ Nn), then
1 ul?
/ |Vul?dx > 7/ > %dx.
RN 2 RN 1<i<j<N Tij
The authors obtain a better bound for the general constant when the number of particles tends to infinity. This

is possible by noting that for any fixed y € R%, d > 3,

_ 0)\2
IR
4 |x-vyl
one obtains
d—2)?2 1
AYEAY >( 1 ) —
r

in the quadratic form. By adding the terms

31
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where 7;; terms are defined as such

d

rig = %= x5 = | Y (@ik — k)2
k=1

The result involving the better bound was assigned to the following theorem

Theorem 2.1.2 (Hardy constant for d - dimensional particles) Consider d > 3, N > 2 and u € H*(R).
Define

Vul?d
C(d,N):= in Jpax [V x_ (2.1.1a)
weHIRIN) \ Sy fray i dx
Then
1
C(d,N) > (d — 2)*max , (2.1.1b)
Nt i+ S v - (v - 2)

The proof for this statement considers a number of different vector fields which produce convenient Hardy inequali-
ties. The resulting inequalities are grouped together such that each three particle coordinates have a correspondent.
This process produces estimates from above for the constant C(d, N). More details about the proof itself can be
found in the paper [59].

Regarding the results presented in Theorem 2.1.2, we have to add a number of observations

Remarks:
(i) Hardy inequalities of the type presented do not hold for general function v € H'(R?") when d = 1,2

(ii) In the case when d < 6 and for N relatively large, the maximum for quantity (2.1.1b) is given by the second

term

(iii) The bounds for C(d, N) are not sharp. For the lower bound, the authors of [59] consider only the derivation of
the case for three particles. It is not clear how to obtain explicit bounds and more improvement is susceptible.
For example, let us consider R(x,y, z) to be the circumradius of the triangle with vertices x,y and z. Suppose

that the optimal asymptotic configuration of points can be described by a probability measure 1 on R?. Let

K—s (ffJ"R‘Z(%y,z)du(x)du(y)du(z)>
= sup — _
2 [ [l =yl dp(z)dp(y)
Then one can obtain a better estimate for the constant C(d, N) for a large N given by
. (d—2)?
> .
J&EONC(O{’N)— T

(iv) Finding the best configuration of points is revealed to be quite difficult considering that if we integrate over

the whole real space we come across degenerate cases of triangles with area 0.

One other main result considered in [59], which defines part of our research is the following two version Hardy
inequality for three particles. This new identity involves different aspects from multiple particles to circumradius
of triangles. Also, since the identity is a Hardy inequality, different constants are present in its structure, so our

main concern is to determine whether the quantities can be generalised for larger number of particles.
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Lemma 2.1.3 (Hoffmann - Ostenhof, Laptev, Tidblom) Let x = (x1,%2,%3) € R* u € CF(R3?\ {x; =

X9 = Xg}) with x1,X9,X3 € Rd, d > 2 and let

9 _ .2 2 2
p° =11y + Tz + 113

Then
2 2 |ul?
/ Vul2dx > 3(d— 1) / 1ol gx. (2.1.22)
R3d R3d P
Furthermore, if R(z) is the circumradius of the triangle with vertices x1, X2, x3, then
d—1)2 2
/ |Vul|?dx > u/ de. (2.1.2b)
R3d 3 raa R2

Proof:

=

Before proceeding with the proof of the lemma, let us make use of the helpful identity in [59]

Lemma 2.1.4 Let u € H'(RY),d > 1 and let F = (F;(x),...,Fa(x)) be a vectorfield whose components and their

first derivatives are uniformly bounded in R?. Then

1 (fga |ul?div(F)dx)?
2dx > — R . 2.1.3
e 5 e

Proof of lemma:

We will provide a simple and straight forward proof using Cauchy-Schwarz inequality and partial integration.

Hence,
/ |u|?div(F)dx| = 2 ’Re [/ (F, Vu)udx}
Rd Rd
1 1
2 2
<2 (/ u|2|]-'2dx> (/ |Vu|2dx>
Rd R4
2
_ (/ u|2div(}')dx> < 4/ |u|2|f|2dx/ IV 2dx.
Rd Rd R4
By rearranging terms, we get to (2.1.3) and such complete the proof. O

If we want to use Lemma 2.1.4 for the vector field F

1

= 2 T (2x1 — X2 — X3,2X2 — X1 — X3, 2X3 — X; — X2) (2.1.4)

€

we have to calculate the divergence and the vector modulus squared. Hence, by tedious calculations, we obtain

. 6(d— 1)
divF, = P
FP =
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Then for a function v € H'(R3?) with the vector field F. : R? — R?, one can apply Lemma 2.1.4 and obtain

2
1 (Jaow uf? gié dx)
/ |Vul?dx > ~
R34 4 [gaa |ul? 2+€ dx

2
_ 36(d— 1) (fuw ul® ot dX>
el 12 fR3d |’LL| de

2
23(d—1)2/ .
R

sa p? + €2

Furthermore, since C5°(R3?) is dense in H*(R3?) it can be concluded that when e tends to 0 our inequality converges

o (2.1.2a). For the second part of the proof, it is recommended to introduce the following lemma

Lemma 2.1.5 (Hoffmann, Laptev, Tidblom) Let R be the circumradius of a triangle with side lengths a, b,

c. Then
1 9 1 1 1
— < < 4+ 2.1.5
RQ*a2+bQ+C2*a2+b2+62 ( )
Proof of Lemma:
Observing that R = 55— = QSian = ZSiCnn where the angles «, 8,1 correspond to the corner opposite to the

sides with side lengths a,b and ¢, we can show that
4R?(sin” o + sin” B +sin? 7)) < 9R2.

It is already known that for any angles in a triangle their sum is equal to 7. Hence, one possibility which gives us
that sin® a + sin® 8 +sin® n < % is when a = m, 8 = = 0 and the first inequality is proved.

For the second inequality, we should see that Va,b,c € N* the following inequalities hold

Tz‘ gm
%
Y
[\

M)

'?O‘m
+ o+ o+
;}M‘n
vV
[\

M

%
Om‘ Y
v
[\

and such
a? b a2 v 1 5, 1 o, a? b a® 2 2 v
3+b72+¥+072+a7+672+7:¥a +*C +lTQb +b72+7+7+7+b72+7
1 1 1 9 ,0 9
Hence, the second inequality is satisfied. 0

Now, we can make use of Lemma 2.1.5 with rf,, 35,775 instead of a, b, ¢ as side lengths of a triangle.

Hence, for R being the circumradius of the triangle with vertices x7, X2, X3, one has that

1 9
R? = ri, + 7“%3 + 7”%3

- p2 < 9RZ.
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And such

2
/ |Vu|?dx > 3(d — 1)2/ %dx
R3d R3d P

2 d—1)2 2
s3d-12 [ Mg (7/ [l g
= 3(d—1) /RSd 9R2 dx 3 raa R2 dx

Remarks:

(i) If we consider one-dimensional particles in our calculations, then the circumradius is equal to infinity, hence

(2.1.2b) produces a trivial result

(ii) The constant presented in (2.1.2b) is not considered sharp. If we consider different vector fields we could

obtain a Hardy inequality for the R~2 term directly

Recalling (1.2.20), D.Lundholm provides an interesting extended formula for the constant in (2.1.2b). The proof
of this statement can be found in [82] along with a helpful proposition which claims the sharpness of the constant

involved.

Proposition 2.1.1 Let Q be an open set in R? such that Q = R%and let f : Q — Ry be twice differentiable.

Moreover,
(i) [ra f1%eXldx is uniformly bounded for small values of § > 0,
(i) Jpa Wf—épfl";e*'x‘dx < oo for small values of 6 > 0 and tends to infinity when § — 0.

Then, for every e > 0, there exists us := ]“’776‘)"%67%‘xI € HY(RY), with 6 > 0, such that
1 VS
2 2
dx < | = dx.
/Rd|Vu(;| x_(4+e)/Rd 72 lus|“dx
Proof of proposition:

Using the fact that us € C*(Q\ {0}) and

Vus| Vfu §Vfu Vx| ‘
6l = |7 Us — (57 Us — — U5
2f 2f f
1+ 16| |V f] 1
< ZTIENVJ -
S5 7 [us| + 5 lus|
on 2\ {0}, along with (i) and (ii), we find that us € H'(R?) for sufficiently small § > 0.
Moreover,
1+ 0] | Vf 1
195ty < 5 | S| 5 bl
1o VMV T IV
(e
o "2 T T L T L
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where M > 0 is the bound of (i). Then by taking 6 — 0, the result follows.
It is compulsory to specify, also, that conditions (i) and (ii) hold when f is of the form f ~ 4, *=2) hear the
boundary of €, where dq is the distance to (2¢ and k the codimenstion of 2°. O
By using this proposition, the author of [82] claims that the sharpness of the general constant in (1.2.20) is
proven.

Results (2.1.2b) and (2.1.2a) represent an important step in the study of many-particle Hardy inequalities and

1

one of the main discoveries of this thesis involves a Hardy inequality for terms —
ij

. Similarly by using Lemma 2.1.5
for d dimensional sides, we derive a formula for the circumradius of a simplex and obtain a new Hardy inequality.
The curiosity arises from the idea of having a more general geometrical inequality which is valid for multiple
dimensions with finitely many particles. A practical book that presents key concepts about d dimensional geometry
is [110]. Results about many-particle Hardy inequalities have been obtained in [4], [57], [59], [75] and [82], using
ground state representations. We introduce a new technique involving a generalised vector field. This approach

uses bound approximations along with studying the generalisation possibilities of many-particle inequalities.

2.2 Sharp multiplicative Hardy inequalities

Moving to our next research idea, we stop at article [58]. The paper presents sharp Hardy inequalities with weight
functions. These functions may also admit singularities on the unit sphere, hence it is imperative to understand
how these singularities can be avoided. The authors work with the classical Hardy inequality for the Laplacian in
Rd
d—2)? ul?
/ |Vu|?dx > !/ udx d>3. (2.2.1)
Rd 4 R

o X277
It is known that this inequality intertwines with Heisenberg’s uncertainty principle, see (1.2.18), and provides an

insight in the spectral theory of Schrodinger operators. The inequality can also be written in the quadratic form
A_@=2? 1
4 xpP T
which shows that for d > 3, one can subtract a positive operator from the Laplacian in such a way for the difference
to remain non-negative. Hence, paper [58] considers a different class of homogeneous functions of degree —2, instead

of the usual 1/|x|? term. More specifically, the following result is proved

/ |Vu|?dx > 7'/ 2lx/Ix]) lu(x)]?dx, wue CPRY), d>3, (2.2.2)
R4 R4

x|
where 7 > 0 and ® belong to a class of measurable functions defined on S%1.
Our contribution towards the application of the result (2.2.2) regards block radial potentials which are present
in the work of L.Skrzypczak and C.Tintarev [106] and [107]. We make use of various theorems which provide better

bound approximations that we shall use in our argument regarding the new Hopf coordinate system.

Theorem 2.2.1 (Bound approximation) Letd >3 and 0 < ® € LP(S?1), where

(d-2)?
pZerl
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Then
d
/ |Vul?dx > 7'/ 2(x/Ix) lu(x)|2dx
R4 Ré

for u € C§°(R?) and
(d=2)% cam1(2 g -1
T= T‘Sd 1|p H‘I)HLp(sdfl)'

(2.2.3a)

(2.2.3b)

This theorem provides conditions on p that can be weakened. Hence the authors also present the following result

Theorem 2.2.2 Letd >3 and 0 < ® € LP(S41), where

pe(1,2) for d=

pe[;l (d72)2+1> for d>4

2 7 2(d—1)
Then
d—2)* [ |u? P(x/[x])
2dx > (1 — (7/ —=d / _— 24
/Rd [Vul?dx > (1 —vp) 1 T X+ T T [u(x)|*dx,
for
2d-1)(p-1)
=~ <1
T T a— T
and
d—2)2% . .1 _
T = Vo%ﬁd 1"’ ”(I)”L:(Sd*U'
Remarks:

(i) Inequality (2.2.4) is sharp and can be achieved for functions ® = constant
(i) For

the optimal ® does not involve constant terms anymore.

2.3 Discrete Aharonov-Bohm Hardy inequalities

(2.2.4)

(2.2.5)

Considering the last main result of our research, we relate to the paper by L. Kapitanski and A. Laptev [72]. In

this paper, the authors consider discrete and continuous Hardy inequalities for dimensions d > 2. They present

techniques which allow the attainment of inequalities with multiple singularities also. For example, inequalities

with multiple singularities provide a better and worse result in comparison to the one derived by adding standard

Hardy inequalities at various different points. Knowing that in two dimensions Hardy inequality fails, the authors

introduce a vector potential A(x) € R? which will determine the type of inequality. More specifically,

d

d d
/Rd S (10;u() = M (x)u(x)2)x = /Rd('V“'Q S Agudyu A2 S A 2 ul?)dx

j=1 j=1

d
:/ [Vl + (AdivA + A2 4,7 ul*]dx,
Rd

j=1
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where A € R and u(x) sufficiently smooth and decaying. Hence
d
sup 7/ (AdivA + A2 |4 |uPdx | < / [Vu|?dx.
A R4 = R4

After maximizing the left hand side term with respect to A, the authors obtain that
2AA2 +divA =0, VxR

This result leads to the restriction

divA
JA(x)?

= constant

and by rescaling the potential A such that A = VU, for a function ¥, the following is obtained

AV +|AT]2 =0

This implies that the function w = e¥ > 0 is harmonic and positive valued.

As an example, for a dimension larger than three, the following result follows

Theorem 2.3.1 Let d > 3 and consider aj, = (ag1, axz, .- .,arq) € R fork=1,2,... n.

w?

d—2)2 [ Sioi(Choy mo)?
/ ‘VUPdX Z ( ) / Jj=1 k=1 | ay|? \u|2dx.
Rd 4 Rd

is the general Hardy inequality with multiple singularities.

Now, if one adds together the standard Hardy inequalities at different points, then

/|Vu|2dx> /Z( 2>u|2alx
Rd R Ix — a|

Hence, if we look at the Hardy weight in (2.3.2), we can conclude that it behaves

1(d—2)% 1 .
——— as X — 00
n 4 |x[2
and
1(d-2)? 1 .
- as X — Q.
n 4 |x—ag?’ b

The authors conclude that inequality (2.3.1) behaves better asymptotically, since

d—2)% 1
|A|2z(4)||2, as X — 00
x
and
d—2)? 1
|AJ? ( ) as X — ag.

Then

(2.3.1)

(2.3.2)
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The results in [72] provide examples for the continuous Hardy inequalities for 1D case, 2D case and for when
d > 3, but our interest consists in whether there exists an optimal potential vector field A for the discrete Hardy
inequality. The same paper provides an answer to this problem by introducing a different form of the Poincaré -
Friedrichs inequality that includes sine terms, but we would like to check, if this is true also for Aharonov - Bohm
effect on a square in Z2.

As we see, there are multiple theorems and lemmas which our research consists on and in the following chapters

we shall present our main results.



Chapter 3

On Many-Particle Hardy inequality

3.1 Introduction

Throughout the past century, Hardy inequalities have been presented in various forms in the mathematical literature.
As highlighted before, they play a crucial role in analysis and mathematical physics(for example, see book [9] and
papers [4], [85], [93]). The standard Hardy inequality (away from a point) associated to the Laplacian in R? for
d>3is
/ |Vu|?dx > (d_2)2/ %dx. (3.1.1)
Rd 4 re |x[?

The constant is sharp in this case and function u € H'(R?). The inequality describes the ability of the Laplacian
—A on R? through the quadratic form to be non-negative and also to be bounded below by a potential term. The
potential increases in strength without being bounded as the distance to the origin tends to zero.

This chapter includes variations of inequality (3.1.1) as seen in [59], [82] and [116], but also starting from geomet-
rical extensions we shall introduce a new many-particle generalisation. This new identity studies the dependence
of sharp values of the constants involved to the number of particles.

More specifically, we study the improvements upon constants in a version of many-particle Hardy inequality. This
approach involves new vector fields and bound approximations along with studying the generalisation possibilities
of these type of many-particle inequalities.

Let xj = (zj1,...,254) €ERY j=1,...N and p?(z) := Z Ixr — x;]2.
k<j
In [82] the author obtains the following inequality

N-1 2 2
/Vqux—N<d—1> /%dxz(x
Q 2 Q P

QZ:RdN\{Xlz:XQ:"':XN}

where

and u € C5°(R¥). Regarding this inequality, it was proved that the constant N (¥1d — 1)2 is sharp.

40
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N
1
Chapter 3 contains a version of the Hardy inequality, where instead of ,712 we consider E ﬁ Namely,
X — X5
k<

we prove the following result

Theorem 3.1.1 For a function v € C(R¥N), N > 4 and d > 3 the following Hardy many-particle inequality
holds

N
1
Vul?dx > C(d, N / —|uf?dx, 3.1.2
[ I = c@.n) > et (3.12)

RNd k

where

CldN) = 2VN [(N-1)d®> —2Nd+4]  2N[(N —1)d - 2*
o NVN(N ~1)+6 (NVN(N —1)+6)%

It is not clear if the constant is sharp, but from further numerical analysis

C(3,N) =~ 0497, when N =4,
C(3,N)~0.493, when N =35,

C(3,N)=~0.39, when N =10,

it is possible to predict a certain pattern of the constant’s behaviour in various dimensions. In comparison to
Theorem 2.1.2; the new estimates from (3.1.2) are better.

Using the approach suggested in [59] we find an auxiliary lemma that reflects a rather geometrical flavour of the
Hardy inequality. This result involves different aspects from multiple particles to circumradius of triangles.

Also, since the identity is a Hardy inequality, different constants are present in its structure, so our main concern

is to determine whether the quantities can be generalised for larger number of particles.

3.2 Preliminary results

Before we present the main results, we shall provide an insight on helpful identities used in the proof of our result.

As a starting point, let us recall the following lemma

Lemma 3.2.1 (Hoffmann, Laptev, Tidblom) Let v € H*(R?),d > 1 and let F = (Fi(x),...,Fa(x)) be a

vectorfield whose components and their first derivatives are uniformly bounded in R%. Then

1 (fga |u|?div(F)dx)?
2dx > — =R . 3.2.1
9w = 555 o2

Moreover, the inequality above admits a more straight forward version of the form

/|Vu|2dx2/ [div(F) — |F?] Jul?dx.
Rd Rd
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For x; = (2j1,...,7;4) € RY j=1,... N recall

d

rig = xi = x50 = 4| D @ik — @)

k=1

The next result is considered to be related to the Melnikov-Menger curvature and is to be found in [59].

Lemma 3.2.2 Define three points x;,x;,x) € R? with

b (X — X5, X; —Xg)  (Xj — X, X; —Xp)  (Xp — X4, X — X;)
ijk = r2 2 + r2.r2 + r2 r2 :
i ik i ik ik ik

Let R be the circumradius of the triangle with corners x;,x;,x;. Then

3
1 (x5 —x;) - (x; —xx) .
2b7]k:RTk:Zz . J 22] 3 lf d22
) Jj=1i#k,i,k#j

bijr =0, if d=1.
If d = 1, then z;,z;, x; € R need not be equal such that R;j, = oo.

Proof of lemma:
Let a = x; — x; and b = x; — x;,. Then
bt = (a-b) a-(b—a) b-(a—D)
YET el Jalo—al®  b2[b — af?
_ 2([alb? = (a-b)?)
— |aPp2[b — af?

2 sin? 0

b

2

T2

for 6 being the angle between a and b. We establish the relation between the circumradius and the angle by using
the sine-theorem and hence conclude our proof. ]

As another important result, we shall also recall the following

Lemma 3.2.3 Let R be the circumradius of a triangle with side lengths a, b, c. Then

1 9 1 1 1
_|_

el S e R T N Il
R?2 ~ a?2+b2+c2~ a2 + b2 2’ (3.2.2)

The next statement can be checked through straight forward computation.

Lemma 3.2.4 Let x; € R?, j =1,2,3.Then
1o + 33 + 713 = 2 ((x1 — X2, X1 — X3) + (X2 — X1, X2 — X3) + (X3 — X1,X3 — X)) .
Proof of lemma:
Knowing the definition of 7;; in R? we have that
2 _ 4 . 2
iy = D g1 Tk — T2,)
d
13 = Dpmr (T1E — T3 k)

d
53 = Yoy (T2k — 3.1)?
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and
(x1 — X2,X] — X3) = Zizl(m — Xo)k (X1 — X3)k
(x3 — X1,X3 — X3) = ZZ=1(X2 — X1)k(X2 — X3)k
(X3 —X1,X3 — X2) = 20 (x5 — x1)x (X3 — X2)1.
By expanding the sums and rearranging the terms, we obtain what is to be proved. O

The final lemma is needed to rewrite various Laplacian terms along our research also, hence we shall present

the following results

Lemma 3.2.5 Let x; R? j=1,2,...,N. Then

N N
N Z Ax; = Z (Vx, — Vi)? + Z Vx;
Jj=1 j=1

1<j<k<N

2

These identities have been presented in the purpose of highlighting what ideas and concepts we use in the proof
of our results. Since we managed to explain and understand the theoretical concepts that are needed to proceed in

dealing with our problem, we move forward to the main results of this chapter.

3.3 Main results

Using the approach suggested in [59] we find an auxiliary lemma that reflects a rather geometrical flavour of the
Hardy inequality. This result involves different aspects from multiple particles to circumradius of triangles.
Also, since the identity is a Hardy inequality, different constants are present in its structure, so our main concern

is to determine whether the quantities can be generalised for larger number of particles.

Lemma 3.3.1 Let x = (x1,X2,%x3) € R% vy € C°(R3\ {x; = xo = x3}) with x;,%s,x3 € R, d > 2 and let

9 _ .2 2 2
p° =Ty + a3+ i3

Then
2 2 |ul?
|Vu|*dx > 3(d—1) —-dx. (3.3.1a)
2
R3d R3d P
Furthermore, if R(x) is the circumradius of the triangle with vertices x1, X2, X3, then
d—1 2 2
/ |Vul|?dx > u/ de. (3.3.1b)
R3d 3 R3d R?

The authors provided an interesting and quite simple proof of this statement, but also in paper [82], there exists

a proof of the sharpness of constant 3(d — 1)2. More specifically, the following theorem holds

Theorem 3.3.2 Let Q := RN\ {x; =x3 = -+ = xx}. Suppose the ground state function is p(x)? := Z Ix;—x; %,
i<j

N-1 2 2
/Q |Vul|?dx — N <2d - 1) /Q |22dx = /Q |V~ 2%u|?p*®dx > 0, (3.3.2)

then

for all uw € C3°(82), with the optimal weight o := —W'
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Proof:
Consider
Vip? = 2Z(xk - X;),
Jj#k
hence
Ap® =2 Vi (xk —x;) = 2N(N — 1)d,
k j#k
and

|Vp2|2 = 827‘1'2]' +822(X}C *Xi) . (Xk *Xj) = 4]\7/)27

i<y koi<j
where for the last step it was used the fact that
N -2
ZZ(Xk —x;) - (X —xj) = TZb{i —x;[%
k i<j i<j
Making use of Proposition 1.2.4, we have that

212 2 — (N —
Vel — aA—p =4Nao (2 (V—1)d — a) 1
p

a(l —a)— e

and using optimization, the theorem follows. O
Proof of sharpness:
Let us consider the set W := {x1,x2,x3 € R? : R34\ {x1 = x2 = x3}}. It is a linear subspace of R3?, which one
can parametrize by x3 € R%. Moreover, let us define our function f in Proposition 2.1.1 as

1-d

F) =D xi—xal>+ > xi—x°

i<3 i<j<3
Consequently, knowing that
V2= ki —xs? < p? <> i —xsP 4+ D (Ixi — x3]* + [x; — xs]?) < BIY],
i<3 i<3 i<j<3

for B being a positive constant, we obtain

/ f1*5e*‘x|dx:/ p(2=2d)(1=8) x| g
R3d R3d

SB// e~ VIXPHIxs? |y 2=2d)(1=0) gy gy
Rd JR24d

(where x = (x/,x3)), which is uniformly bounded when 0 < 4.

Hence
2
/mflfaef\x|dx<3// eVl |y | =2+ (2-20)(1-9) gy g
R4 f? o Re JR2d ’

is finite for 0 < § sufficiently small, but tends to infinity for § — 0. Therefore, by Proposition 2.1.1, the constant in
(3.3.1a) is sharp. O
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Since the results in research paper [82] provide a smooth and understandable idea about the sharpness of the
constant in (3.3.1a), one can ask what happens to the constant when the number of particles becomes finitely large

and, moreover, if there exists a similar inequality for the R2 and Z 2 terms.

i<jr

Consider the straight forward version of Lemma 3.2.1. We shall use

/ Vul2dx > / [div(F) — | 7] ul?dx,
RNd RNd

for u € HY(RM4) and a vector field 7 : RV4 — RN? with the same proprieties as in the Lemma 3.2.1 which we
already know.

To be more specific, from [119], it is known that the following result holds

Lemma 3.3.3 For N = 3,u € C3°(R3?) and d > 3, the following holds

1
v 2 E 2 2 2
/]RSd Vul“dx > [QCl(d —2)- 201 /de |Xz x;? fuldx =i /Rad R? fuldx+

1
+3d—-1- 361)2/ —2|u|2dx, Ve € R
R3d P

This new identity provides a fresh point of view about the Hardy inequality for 3 particles. Now, we managed

to extend this result for NV > 3 through approximation techniques and thorough calculations as can be seen bellow.

Theorem 3.3.4 For N > 3,u € C°(RN?) and d > 3, the following holds

2 2 2
/RM |Vul?dx > [2¢1(d — 2) — 2¢7 ] /RMZ i = |2\u| dx—cl/ Z —\u| dx+

i3 Hign (3.3.3)

N
O (N=1)d—2— e, N(N — 1)]2/ L ju2dx, Ve, e R
4 RNd p2

Moreover, we also have the following theorem:
Theorem 3.3.5 The following Hardy Inequality holds

/R |Vu|?dx > C(d, N) Z |x1 2|u\ dx, (3.3.4)

RN

where

2N [(N-1)d®> —2Nd+4]  2N(Nd—2-d)?
NVN(N —1)+6 (NVN(N —1)46)2

One is entitled to think that a better constant might be obtained by using a clever estimate, but we make the

C(d,N) =

assumption that the best constant in (3.3.4) is less than 1 when d = 3.

Remark: Considering the choice of vector field F, we cannot theoretically obtain an inequality better than

>T 3.
/RSN IVu2dx / Zm <l (3.3.5)

where

T ~0.49705113832.
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3.4 Proof of main results

Proof of Theorem 3.3.4:
For x € R¥ where N is a positive integer, consider N particles. This allows our x to be described as x =
(Xl,Xg, S ,XN), with x; = (:Ci,l, S ,Ii_’d) €R% and 1 <1< N.

Apart from this, recall

d
rig o= % = X5 = 1Y (wik — wi)
k=1

where 1 <7< Nand 1 <5< N.
Consider the vector field F = (Fi(z),...,Fn(x)) where

Fi= Z|XJ_X1€

k#j
and another vector field
1
g:pﬁ((N*l)Xl*XQ7...*XN,(N*1)X27X17...*XN,...,(N*1)XN*X17...7XN_1)

with

N N
IR 3

i<j i<j

We want to apply the generalised version of Lemma 3.2.1 and so define the following vector field
T :=c1 F+c2G
with divergence and square modulus
div(T) = e1div(F) + codiv(G)

d(N —1) —2]c
—261d 2ZQ+ p2) }27

i<j ”
|’T|2 = |Cl]:+ 62g|2

=E|FP+ |G +2c1c0F - G

and constants cq,co € R.

Computing the divergence and square modulus of each of vector fields F and G, we obtain

S o
Y]

i<j "ij j=1i#k,ik#]
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and
N
GI* = =,
4 e
N N
1 (xj —%;) - (x; — X&)
FG=75 NN-1)+> > S—
J=1 itj k) 7o
1 N(N —1)(N —2
ZQ[N(N—l)—i— i )}
p 2
_ N%*N-—1)
= 27
Moreover, by Lemma 3.2.2, we arrive at
N N
3 1 =3 ¥ (x5 — %) - (x5 — xx)
R2. r2 p2 ’
i<j<k =ik =1 i#k,i, k%] ij° gk
Therefore,
1
div(T) — |T1? = [2e1(d — 2) = 2¢] Y 5+
i<y i
N[A(N —1) — e — AN — c1eaN3 (N —1) <& 2
+ 2 a Z R2.
P i<j<k =ik

for R;ji, being the circumradius of the triangle with corners on the points x;,x; and xy.

For the optimisation part, we want to determine for which value of ¢, the expression in front of p~2 attains its

maximum.
Therefore, denote f(cz) := —cZN + N[d(N — 1) — 2]ez — c;ca N?(N —1). The derivative of this function becomes
df 2
e —2¢oN + [N[d(N — 1) —2] = N*(N = 1)cq] .

We want to determine where this derivative vanishes and so % =0 <

—2¢,N + [N[d(N —1) = 2] = N*(N = 1);] =0
N[d(N —1) = 2] = N3(N — 1)¢;

e ON
By analysing f(c2) we have
Behaviour of f(cs)
Values of ¢ —0 N[d(N—l)—g]];Nz(N—l)cl oo
f'(c2) Foo+ 4+ ++FFF A b F O —00
f(c2) —o00 /P A MDA N0l AN N NANANAN NN —00

As we can see from the table, we have a maximum point and a maximum value for which our identity in (3.2.1)
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becomes
/|Vu|2dx2 / [div(T) — |T1?] [uf2dx
AN
> oy 9,2 Ao
> [2¢1(d — 2) — 27 /Z 7A2\u| dx+
i<j Y
N _ 9 _ _ 2 2
n [(N—=1)d—2—-N(N —1)¢] /de
4 P>
AN
_C%/,Z RTk|u|2dX' Vep € R
i<j<k Y
which completes the proof. O

The above proof and theorem present a new Hardy Inequality with a variety of weight terms which are described
as a dependency on the number of particles in a quantum system.
Proof of Theorem 3.3.5:

Using Lemma 3.2.3 with a slight generalisation, one can deduce the following

ZN: L _ 9 _9
RZ, - N %
i<j<k = ik 2
’ >
i<j
This will give that
N N N
1 N[(N—-1)d—2—-N(N-1)¢]* 1 1 1
2 2 2
[201(d*2)72cl}2ﬁ+ 1 E*Cyz TkZ [QCl(d*Q)*QCJZﬁ+
i<j i<j<k W i<j Y
N[(N —1)d —2— N(N —1)¢;]? — 36¢2

+ e

Consider the coefficient in front of p% to be a function of ¢y

_ —2-¢ — 1)) - 36¢2
gle) i N[(N —1)d -2 4N(N D - 6ct

one has solve g(c1) = 0 in order to determine for which values of ¢; our function g vanishes, hence

N[(N —1)d —2—c;N(N —1)]?> — 36¢3
4

= N[(N—-1)d—2—c;N(N —1)]*> =36¢2 =0

=0

g(c1) =0 =

= N[(N —1)2d® + 4+3N*(N —1)2 = 4(N — 1)d — 2¢;dN(N — 1)*> 4 4e; N(N — 1)] — 36¢2 = 0
— A[N3(N —1)* = 36]4+c1[AN?*(N — 1) — 2dN?*(N — 1)?] + [N(N — 1)?d* + 4N — 4N(N — 1)d] = 0.
We can calculate the discriminant as follows
A., = [AN?*(N — 1) — 2dN*(N — 1)%]? —4[N(N — 1)?d® + 4N — 4N(N — 1)d][N3(N — 1)* — 36]
= [I6N*(N — 1) + 4d*N*(N — 1)* — 16dN*(N — 1)%]—
—4[NY(N —1)*d? = 36 N(N — 1)?d® + 4N*(N — 1) —4-36N — 4AN*(N — 1)3d + 4 - 36 N(N — 1)d|
=4-36N[(N —1)d — 2]*.
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And so the solutions are

—[AN2(N —1) — 2dN2%(N — 1)2] + /A,,
2[N3(N —1)2 — 36]
—~[AN%(N — 1) — 2dN?(N — 1)!] £ /4 - 36N[(N — 1)d — 2J2
2[N3(N —1)2 — 36
IN2(N —1)[-2+d(N —1)] £2-6V/N[(N —1)d — 2|
2[N3(N —1)2 — 36]
[(N —1)d — 2][N2(N — 1) + 6v/N]

= ING(N —1)2 — 36] , when (N—-1)d—2>0

Cli 0 =

If we use these values of ¢; in Theorem 3.3.4, then the largest value of the leading coefficient 2c¢;(d — 2) — 2¢2
can be found when

VN[N —1)d - 2]
NVN(N-1)+6’

Cc1 =

which is just c;, without rationalizing the denominator.
The value needed is
C(d,N) =2(c1(d —2) — ¢})
_ VN[(N —1)d—2](d—2) N[(N-1)d- 2

[NVN(N —1) + 6] [NVN(N —1) + 6]2
.y VN[(N —1)d — 2](d — 2)[NVN(N — 1) 4+ 6] — N[(N — 1)d — 2J?
B [NVN(N — 1) + 6]2
(N = 1)d — 2] |2V N(d — 2)[NVN(N — 1) + 6] — 2N[(N — 1)d — 2}}
[NVN(N —1) 4 6]2
2(N —1)[(N —1)2N +6v/N]d®>  8[N*(N —1)+6vN — N]
[NVN(N —1) +6]2 [NVN(N —1) +6]2
4d[N?(N — 1) + 6v/N + N2(N —1)2 4+ 6v/N(N — 1) — 2N(N — 1)]

- INVN(N — 1) + 6]2 >0

O
Judging from this form, one can set a generic behaviour for the expressions in N, when N — oo, by calculating

the order of every coefficient of the powers of d as follows

o (2 - DN - 1)°N + 6VN]\ 4
[NVN(N —1) +6]2 -5

o 4[N?(N = 1) + 6V N + N3(N = 1)24+ 6V N(N — 1) —2N(N —1)] 4
[NVN(N —1) 4 6]2

o <8[N2(N1)+6\/NN}> 3
-

[NVN(N —1) 4 6]2
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Hence, for N — oo,

2(N — 1)[(N —1)>N + 6VN] _
INVN(N—-1)+6]2 N’
4N?)(N = 1)+ 6VN + N2 (N —1)2+6V/N(N —1) —2N(N —1)] _ 4
[NVN(N —1) +6]2 - N
8[N> (N—-1)+6V/N—N] 8

INVN(N—1)+6]2 N2

Remark: It is safe to assume that for a large number of particles N, our C(d, N) will have a behaviour similar to

%, hence as a precision remark, one can add that for

C(3,4) ~0.497, when N =4,
C(3,5) ~ 0.490, when N =5,

concluding that our constant will decrease, when N is significantly large.
This result is quite promising, if we take also into considering the lower bound of (2.1.1b). More specifically,

even for d = 3 our result is trivially better than the estimate

1
L+ 1+ 28 (N - 1)(N - 2)

<C@3,N) <

Also, this is useful in the search of optimality of the quantum system involved. For example, three particles’
optimality implies that the configuration should be an equilateral triangle, while four particles define a tetrahedron.
Finding the optimal configuration of points (i.e. particles) might be tricky, but in the situations described above, one
could intertwine the theory of Hardy inequalities and Geometrical combinatorics and obtain new Hardy identities

for simplices, as we shall see in the following chapters.

3.5 Alternative findings

From the previous section, we see that a potential optimal constant is not far from being obtained for the
N

Z ——— 5 term and such we wanted to check whether constant improvements can be found in terms of the
= i — %
AR
Z 5— quantity, presented in (3.3.1b).
i<j<k = ik
We take each term of the b;,; description from Lemma 3.2.2 and calculate the gradient in terms of each compo-
J

nent.
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For simplicity, consider calculations when d = 2 and N = 3. Hence, for x;,Xy, X3 € R?, we have that

X1 = ($1171’12)

X = (1‘2173522)

x3 = (731, 732)
and such our b;;; term becomes

<X1—X2,X1—X3> + <X2—X1,X2—X3> + <X3—X17X3—X2>

2 .2 2 .2 2 2
12713 12723 13723

biaz =
Now, we already know that the gradient of the term by93 is in RS and can be written as follows

Vbiag = (Vibias, Vabias, Vbias),

where

0 0 0
= = < .
Vs <6xs) (8%1 , 8x52> Jfor s <N

We begin by computing the gradient for each term in the expression of b123 and afterwards sum them. Hence,

the first term of our sum is expressed as

(x11 — 221, T12 — T22)(T11 — T31, T12 — T32)

bios, 1 =
123 (11 — z21)2 + (T12 — 222)?][(x11 — 231)% + (212 — 232)?] (3.5.1)
_ (711 — x21)(T11 — 231) + (T12 — T22)(T12 — T32) o
(211 — 221)? + (212 — 222)?][(211 — 231)? + (212 — 232)?]
and by analogy the following two terms are
bras, : = (z21 — 11, T22 — 212)(T21 — ¥31, Ta — T32)
2 [(wo1 — w11)? + (wa2 — @12)?][(wa1 — @31)% + (22 — @32)?] (3.5.2)
- (w21 — 211)(T21 — 231) + (T22 — T12) (w22 — 232) o
(w21 — @11)% + (w22 — ®12)?][(w21 — w31)2 + (w22 — w32)?]’
biog. : — (731 — 211, 232 — T12) (31 — To1, T32 — T22)
P (w1 = @1)? + (w32 — 212)?][(231 — 221)? + (232 — 722)?] (3.5.3)

_ (w31 — w11) (231 — 221) + (T32 — T12) (w32 — T22)
(231 — 211)? + (w32 — z12)?][(w31 — 21)% + (32 — $22)2].

If we apply V1 to the components of bio3 we get that:

Vibi2s = Vibi23, + Vibiaz, + Vibias,.
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And such
) - (2211 — w31 — w21)riori; — (X1 — X2, X1 —4xs>[2(a:11 — Z91)r2y + 2(x11 — xm)?a%ﬂ’
oo T12713
ib1231 _ (2mr2 = o — o )ripriy - b - XQ’Xi _4X3>[2(3312 — L92)1r75 + 2(x12 — x32)7“52},
o T12713
ibm?, _ —(@21 — @31)rTyr3s + (X2 — X1, X5 — X3)2(221 — 11)75,
P 12753 ’
0 . — (@2 — 3332)7“%27“33 + (X2 — x1,X2 — X3)2(222 — 1:12)7“§3
do 12753 ’
0 g, = — (231 — @21)riyris + (X3 — X1, X3 — X2)2(w31 — T11)73;
Oryy rard ,
0 g, = — (732 — @2)riyris + (X3 — X1, X3 — X2)2(w32 — T12)73
Ome ri373s '
Hence
Vibiag = (ab1231 + ibm?m + ﬂbmgg’ ibmsl " 0 bias, + 9 b1233)
Oz11 0x11 0711 971 921 =

_ ( 2Ty — T31 — 1 )T gTig — (X1 — X2, X1 — X3)[2(211 — To1)r5 4+ 2(x11 — 231)73) )

1.4
12713

—(wa1 — 231)135735 + (X2 — X1, X2 — X3)2(T21 — T11)735 N

12753
— (231 — 21)ri3r3s + (X3 — X1, X3 — X2)2(231 — T11)735 5.0
4 .4 ) ..
713723
(2212 — T32 — Taa)riyris — (X1 — X2, X1 — X3)[2(12 — @a2)1r5 + 2(w12 — X32)7%,) N
1.4
T12713
— (22 — T32)r3y753 + (X2 — X1, Xo — X3)2(222 — 212733 N
1.4
T12723
+ — (232 — Ta2)ri3r3s + (X3 — X1, X3 — X2)2(T32 — $12)T§3>
1.4 )
713723
For V3bi23 by analogy, we have that
Vabi2z = Vabiaz, + Vabiaz, + Vabias,.
Hence,
ibms _ —(z11 — 231)riyris + (X1 — X0, X1 — X3)2(211 — 21173
Oz rioris ’
9 biog, = —(T12 — T32)riyris + (X1 — Xo, X1 — X3)2(212 — T22)r5
Owaz rioris ’
ibmg (291 — w31 — w11)1T9r33 — (X2 — X1, Xo — X3)[2(w21 — @11)735 + 152(w21 — 231)]
O o 12733 ’
ibms _ (2292 — T30 — T12)T79125 — (X2 — X1, Xg — X3)[2(a2 — T12)725 + 2(Ta2 — T32)73)]
0222 : 12733 ’
9 biog. = —(z31 — 3711)7"%37’33 + (x3 — X1,X3 — X2)2(231 — I21)7‘%3
Oom % 3733 ’
ibm _ — (232 — 1712)7”%37’33 + (X3 — X1, X3 — X2)2(32 — xgg)rfg’
Dz 1 15753
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and such

0 0 0 0 0 0
Vabias = | =——b1a: ——Dyo: ——b123,, —b19: —b —ba:
20123 <8x21 123, + Dar 123, + Do 1235 D2as 123, + D2as 123, + D2as 1233>

(w11 — ws1)rieris + (X1 — Xo, X1 — X3)2(211 — T21)775
o Jov e
12713
21 — T31 — L11)T19T53 — (X2 — X1,X2 — X3 T21 — T11)T33 T T'124(T21 — T31
e Jriards | 2w — a1y + 2 — 231)]

+

+
r%2r§3
—(w31 — T11)risr3s + (X3 — X1, X3 — X2)2(T31 — T21)735
T P ; (3.5.5)
T13723
—(z12 — @32)ryrEs + (X1 — X2, X1 — X3)2(12 — T22)T34
1.4 +
T12713
n (2292 — w32 — T12)T59r3s — (X2 — X1, X2 — X3) [2(@22 — T12)735 + 2(w22 — X32)7) n
7"%%33
n — (w32 — T12)r33r3, + (X3 — X1, X3 — X2)2(T32 — $22)7“%3>
7’41137‘4213

The V3bio3 term can be described as

V3bi2s = V3bi23, + V3biaz, + V3bias,.

Thus,
ibm?, _ (@1 = wa)rfyrds + (%1 — Xa, X1 — X3)2(011 — @31)ri,
fam riyris ’
0 A —(T12 — D22)r39725 + (X1 — Xa, X1 — X3)2(T12 — ¥32)73y
Oz s ,
0 by, — —(m21 — m11)r39735 + (X2 — X1, X2 — X3)2(T21 — ¥31)13y
Oy " rioTas )
0 by, = —(ma9 — w12)1%9735 + (X2 — X1, X2 — X3)2(T22 — 32)73y
Oz o, ,
0 bi2z, = (2231 — 211 — wo1)risrds — (x5 — X1, % — X0)[2(w1 — w11)rdy + 2wy — @a1)ris]
P 1373 '
0 b1z, = (2232 — @19 — @22)risris — (X3 — X1, X3 — Xo)[2(w52 — T19)r55 + 2wso — w20)rTy]
Orsz 1373

which brings V3bi23 to the form

0 0 0] 0 0] 0
Vibiog = bias, + bios, + =——bi23,, =——b123, + ——b123, + ——b193,
37123 (83?31 1231 8.1331 1232 (95631 1233 8.7332 1231 (9:632 1232 31‘32 1233)

_ (—(!Eu — X211 o1ty 4 (X1 — X2, X1 — X3)2(x11 — X31)7To
= 1.4

T12713
—(m21 — 211)r9735 + (X2 — X1, X2 — X3)2(221 — X31)rs

_|_

+
1.4
T'12723

n (2231 — T11 — @21)Ti3735 — (X3 — X1,X3 — X2)[2(@31 — T11)r33 + 2(x31 — @21)775]

1.4 )
T13723
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—(T12 — T22)rioris + (X1 — Xo, X1 — X3)2(T12 — T32)TTs

+
7’%2%3
2,2 2
— (o9 — X12)779T55 + (X2 — X1, X0 — X3)2(X29 — T392)T
I (T22 — 12)riaT33 + ( 24 417 2 — X3)2(T22 — T32) 12 (3.5.6)
T12723
(2w32 — 12 — 22)7347T55 — (X3 — X1, X3 — X2)[2(x32 — 212)733 + 2(232 — ffzz)ﬁﬂ)
7“41137“33

Using (3.5.4), (3.5.5) and (3.5.6) we obtain that

Vb2 = (V1b123, Vabias, V3bias)
(3.5.7)
- Vb123 = (Mla M27M37 M4a M57M6)'

The following lines present each M; term for ¢ < 6.

More specifically,

(2%11 — T3] — 1’21)7"%27"%3 — <X1 — X2,X1 — X3>[2(.’E11 — 1'21)7"%3 + 2(%11 — 1'31)7”%2]

Ml = +
riaris
—(1'21 — (E31)7’%27’§3 + <X2 — X1,X2 — X3>2(I21 — 1’11)7"%3
+ - +
12723
—(1'31 — (EQl)T%gT’%g + <X3 — X1,X3 — X2>2(5U31 — 1'11)7"53
+ 7"4 7"4
13723
= M; = —[(2%1 — X2 — X3) 1775713733 — 2793 (X1 — X2, %1 — X3)((X1 — X2)1775+

1.4
712713723

+ (X1 = X3)173) + 2ry57is(Xe — X1, X2 — X3) (X2 — X1)1 — (X2 — X3)17{5735715+
+ 27'337"‘112 (x5 — x1,X3 — X2) (X3 — X1)1 — (X3 — x2)1r§3r§3r§12 .
Here, by using the form
(2x7 — X9 — X3)y, for w <2

we intend to highlight the w?" component of the vector in use.

For the other M; terms the calculations are as follows:

(2212 — @32 — T22)Tiors — (X1 — X2, X1 — X3) [2(T12 — T22)rs + 2(@12 — X32)1y)

My = +
7”41127’%3
—(T22 — T32)r79T35 + (X2 — X1, X2 — X3)2(22 — T12)733
+ . +
12723
—(T32 — T22)risT3s + (X3 — X1, X3 — X2)2(32 — T12)735
+ A
13723
) 1 2.2 4 4 2
= My := e (2X1 — Xg — X3)2T{aT {3793 — 2T55(X1 — X2, X1 — X3)((X1 — X2)2r{s+
12713723

+ (x1 — X3)2rTy) + 2131 (X2 — X1, X2 — X3)(Xa — X1)2 — (X2 — X3)2T 1953715+

+ 215y (X3 — X1, X3 — Xa)(Xg — X1)2 — (X3 — X2)2T 1353712 |,
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— (w11 — T31)rioris + (X1 — X2, X1 — X3)2(T11 — T21)7s

M3 = +
7“%2%3
n (21’21 — X31 — 1‘11)7‘%27”33 — <X2 — X1,X2 — X3>[2(x21 — 1‘11)1"%3 + 7’%22($21 — 1‘31)} +
7’41127‘213
i —(xg1 — 3311)7"%37”33 + (x3 — X1,X3 — X2)2(231 — $21)7‘f3
r‘113r‘213
1
= M3 := —— |(2x2 —x1 — X3)1r%2r§3r‘113 — 2r‘113(xz —x1,X2 — X3)((x2 — x1)1r§3+
T'12713723
B 2 2 4 B _ _ - - 2 .2 .4
+ (%2 = X3)1775) + 2ri3ros (X1 — X, X1 — X3) (X1 = X2)1 — (X1 — X3)17157 13723+
+ 2rf5riy (X3 — X1, X3 — X2) (X3 — X2)1 — (X3 — X1)1773733712 |
M. —(T12 — T32)rior?s + (X1 — Xo, X1 — X3)2(T12 — X22)Ts
4= 7 +
T12713
" (2222 — @32 — T12)T39735 — (X2 — X1, X2 — X3)[2(T22 — T12)r35 + 2(@22 — T32)1y) n
7"%2%3
T —(1‘32 — xlg)’r‘%g'f’%g + <X3 — X1,X3 — X2>2((E32 — xQQ)T%B
7"11137"33
1
= My = 57— |(2x2 —x1 — X3)2rf2r§3r‘113 — 2Til3(x2 —x1,%X2 — x3)((x2 — X1)2T§3—|—
712713723
B 2 2 4 B B B _ B 2 2 4
+ (%2 — X3)2772) + 2773723 (X1 — X2, X1 — X3) (X1 — X2)2 — (X1 — X3)27727 13723+
+ 2rf5r iy (X3 — X1, X3 — X2) (X3 — X2)2 — (X3 — X1)27137337 s |
M. — —(LEH — $21)T%2T%3 + <X1 — X2,X1 — X3>2(1‘11 — .1‘31)7”%2
5= 14 +
12713
—(3321 — xll)rﬁr%?, + <X2 — X1,X2 — X3>2($21 — .1331)7‘%2
+ 11 +
T12723
(233‘31 — T11 — l‘gl)’l“%g’l“%g — <X3 — X1,X3 — X2>[2($31 — 5611)7"%3 + 2(3331 — $21)7‘%3]
7’41137"‘213
= Ms:= 15— |(2x3 —x — X0 ) 1755755 e — 2119 (X3 — X1, X3 — Xo) (X3 — X1)1753+
T'12713723

+ (x3 — X2)1773) + 2r1oris (X2 — X1, X2 — Xg) (X2 — X3)1 — (X2 — X1)17757557 15+
+ 2r7ry (X1 — Xa, X1 — X3) (X1 — X3)1 — (X1 — X2)17737T2703 |
with the last term being

—((E12 — LCQQ)T‘%QT% + <X1 — X2,X1 — X3>2(£12 — {IJ32)T%2

MG = —+
7“41127’41&3
— (w92 — T12)7To755 + (X2 — X1, Xo — X3)2(T22 — T32)77,
+ 1 +
T'12723
n (21’32 — T12 — xQQ)T%:ST%:S — <X3 — X1,X3 — X2>[2(!L‘32 — .’E12)7"%3 + 2(!1/'32 — ‘TQQ)T%B]

1.4
T13723
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1
= Ms = 15— (2x3 —x1 — XQ)QT‘%STSST%Q — 27"112{)(3 — x1,X3 — X2)((x3 — x1)2r§3—|—
T12713723

+ (x5 — X2)2rg) + 2rioris (X2 — X1, X2 — X3) (X2 — X3)2 — (X2 — X1)2T79T53T 15+
+ 21753 (X1 — X2, X1 — X3) (X1 — X3)2 — (X1 — X2)2T 737073 |-

Now, (3.5.7) becomes:

1
Vbioz = 45— ((2x1 — Xg — X3)17 59155 gy — 2195 (X1 — Xo, X1 — X3) (X1 — Xo)17%5+
T12713723

+ (X1 — X3)1775) + 233715 (X2 — X1, X2 — X3) (X2 — X1)1 — (X2 — X3)17597557 5+

+ 27531y (X3 — X1, X3 — X2) (X3 — X1)1 — (X3 — X2)17137 5371,

(2x1 — Xa — X3)2r a7 13793 — 273 (X1 — Xo, X1 — X3)((X1 — X2)2r7s + (X1 — X3)277s)+
+2r53r 15 (X — X1, X — X3)(Xo — X1)2 — (X2 — X3)2riarisriz+

+ 2r53r15 (X3 — X1, X3 — Xo) (X3 — X1)2 — (X3 — X2)2r {35371,

(2xg — X1 — X3)1775753715 — 2715 (Xa — X1, %2 — X3)((%2 — X1)1755 + (X2 — X3)177)+
+ 2rfyros (%1 — X2, X1 — Xa) (X1 — X2)1 — (X1 — X3)17]57 13793+

+ 2057 (X3 — X1, X3 — Xo) (X3 — Xa)1 — (X3 — X1)17737357 12,

(2x9 — X1 — X3)2r{ar93715 — 2713 (X2 — X1, X2 — X3)((X2 — X1)2753 + (X2 — X3)27s)+
+ 2T%37“§13 (X1 —X2,X1 — X3)(X1 — X2)2 — (X1 — X3)27“127”137“23+

+2rf3riy (X3 — X1, X3 — X2) (X3 — X2)2 — (X3 — X1)2r {35371,

(2x3 — X1 — X2)17{3753712 — 2ria (X3 — X1, X3 — Xo) (X3 — x1)1753 + (X3 — X2)1775)+
+ 278,15 (%o — X1, % — X3) (X2 — X3)1 — (X2 — X1)17]57 53715+

+ 27 (X1 — X2, X1 — X3) (%1 — X3)1 — (X1 — X2) 1773775733,

(2x3 — X1 — X2)ori3ra312 — 2712 (X3 — X1, X3 — Xo)((X3 — X1)27ds + (X3 — X2)2ri3)+
+2rfy 15 (X — X1, X — X3)(Xo — X3)2 — (X2 — X1)2riarisriz+

+ 277y (X1 — X2, X1 — X3) (X1 — X3)2 — (X1 — X2)27“%37“%27"§3> :

By gathering all the components together, we obtain

1
Vbios := ((2X1 — Xg — X3)riaTisTss — 2ras(X1 — X2, X1 — X3) (X1 — Xa)rTs + (X1 — X3)175)+
12 13723

+ 2r37 5 (Xa — X1, X — X3) (X2 — X1)—
— (%2 — X3)1Ta133713 + 2r3371a (X3 — X1, X3 — Xa) (X3 — X1)—

— (X3 — X2)ri3r3sr e,
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(2x9 — X1 — X3)17ar537 15 — 2ri3 (X2 — X1,Xa — X3) (X2 — X1)7d5 + (X2 — X3)r75)+
+ 27”%374213(’(1 —X2,X1 — X3)(X1 — X2)—
— (x1 = X3)rioriaraog + 2risria(xs — X1, X3 — Xa) (X3 — X2)—
— (x5 — X1)ri3r37ia;
(2x3 — X1 — Xa)ri57557s — 2ria (X3 — X1, %3 — X2)((x3 — X1)735 + (X3 — X2)r¥3)+
— (X2 = X1)riorsriy + 2r7aris(Xe — X1, X2 — X3) (X2 — X3)—

+ 2r3ar5 (X1 — Xa, X1 — X3) (X1 — X3)—

—(x1— X2)7”%37'%27'4213>-

We started by mentioning that we want a specific form for -, hence by Lemma 3.2.2 for R2,

b2k
2b123 = %
e V(2b1as) = v(é) _ %ZR
= RVbia3 = %

Factorising the left hand side provides an insight on whether the resulting vector may be appropriate for

determining an optimal constant.

Hence
bron — (X1 — X2,X] — X3) + (X2 — X1,X3 — X3) " (X3 —x1,Xx3 —X2) 1
123 = = 753
7"%27"%3 7”%27"53 7"%37”53 2R?
1 X] — X9,X1 — X3 X9 — X1,Xo — X3 X3 — X1,X3 — Xo
:E::m:\/ﬁ L 2’2 >+< 2,2 >+< 2172 )
12713 T12723 713723
3 T35(X1 — Xo, X1 — X3) 4 ri3(Xs — X1, X0 — X3) + 77, (X3 — X1, X3 — X2)
B r2,r2,.r2
13723712
V2 2 2 2
- 7“23<X1 —X2,X1 — X3> + 7“13<X2 — X1,X2 — X3> + T12<X3 — X1,X3 — X2>
713723712
2v/2
— ﬂ\/g
713723712
2
__ 2 A
T13T12723
where

A = r3y(z11 — 21, T12 — Ta2) (@11 — 31, T12 — T32) + Ti3(T21 — T11, Taz — T12) (Ta1 — Ta1, Loz — T3)+
+ 135 (231 — 11, Ta2 — T12)(T31 — To1, Tag — T2o)
= Zoo(z11 — $31)2 + $12($21—$31)2 — 2219292 (T11221 + £U§1 — X31%21)+
+2z10232(211 — T21) (P21 — T31)—
— 2m90w32 (27 — T11@21 + T11T31 + To1T31)+

+ 37%2[(3311 - 3321)2 — 2x91731].
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The form of A as it stands from the above calculations does not provide a clear response to our optimal question
regarding the constant in (3.3.1b). We are still searching for a better approach towards simplifying A. If a simpler
form is established, then it is possible to extend the concept towards the N particle Hardy inequality extension

which we saw in Theorem 3.3.4.



Chapter 4

Sharp Hardy inequalities for block radial

functions

4.1 Introduction

The chapter includes key notes regarding the weighted Hardy inequalities presented in article [51]. The sharp
constants involved depend on the lowest eigenvalues of auxiliary Schrodinger operators on a sphere. For block
radial weights such sharp constants are given in terms of the lowest eigenvalue of a Legendre type equation.

Let us consider the classical Hardy inequality for the Laplacian in R?.

_ 9\2 2
|Vu|?dx > M/ de d>3. (4.1.1)
R4 R

4 a |[x)2777

The literature devoted to various types of Hardy inequalities is vast and in article [58] authors are considering
more general classes of homogeneous functions of degree —2 which may have singularities along rays starting at
the origin. The general classes are used instead of spherical symmetrical weights 1/|x|? present in the integral of
(4.1.1). Namely,

Let x € R?, d > 3 and x = (r,9) be polar coordinates in R?. Let —Ay be the Laplace-Beltrami operator on
Sé-1,

Assume that ® : S¥~! — R, ® > 0, and that the Schrédinger operator H in L?(S?71)

H=—(Vy)?—7d=-Ay —70, 71ER, (4.1.2a)

is bounded from below. Denote

. de—1(|v’L9’(/}|2 —T‘I’|¢|2)d19
A7) = inf , 4.1.2b
™ YEM! (S-1)\{0} Jsa—n [¥]2 0 ( )

where H!(S971) is the Sobolev space on which function u is defined.

If d > 3, then the classical Hardy inequality in R? is obtained
d—2\> 2
/ IVaeu(x)2dx > [ S / OO e e m(RY.
Rd 2 Rd ‘X|2

59
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The main result of this chapter presents that for d > 3 and under some conditions imposed on ®

/Rd |Veu(x))? dx > 7'/Rd 20x/Ix) lu(x)[?dx, ue H'(R?),

[x|?
with sharp 7 = 7(®).
Ifd>3and 0 <V € L% then in [87] and [86] the authors obtained the inequality

2 \? .
/ v<x>|u<x>|2dxs<> SVl [ [VuGOPdx, ue 1R,
Rd d—2 27 Rd

where || - |4 o, is the Lorentz norm.
2

If V(x) = 204D ¢ ¢ L5(S?1), d > 3, then

EE
/Rd 6x/1x]) Ju(x)|* dx < <d32>2 S @ /Rd Vu(x)|? dx.

|2

Article [58] presents a stronger inequality in the form of the following theorem

Theorem 4.1.1 Letd >3 and 0 < ® € Lp(Sd_l), where

(d—2)?
> 1.
P=ya-n "
Then
P
/ |Vul?dx > 7'/ LLXD lu(x)[2dx
Rd Re %]
for u € C§°(R?) and
(d—2)% 4 11 1
r= 2513 o)l

Therefore a sufficient condition for the operator H, in (4.1.2a), to be bounded is ® € LP(S~1), & > 0 with

p>1lford=3andp= % for d > 4. By using polar coordinates and Sobolev’s inequality, we have

/ ‘P(ﬁ)lw(ﬁ)IQdﬂSe/ IVW(ﬁ)\QdﬁJrCE/ ()| d, (4.1.3)
gd—1 gd—1 gd—1

for some € > 0.

The last inequality is equivalent to the compact embedding of the form [y, , ®(9)[¢(9)|? d¥ into the Sobolev
space H'(R?). As a consequence, the spectrum of the operator H from (4.1.2a) is discrete.

A main application of the result presented in this chapter consists of establishing a sharp constant 7 in the case
of block radial potential considered by L.Skrzypczak and C.Tintarev [106] and [107]. For example, when d = 4, we

have

2 u(x)[?
/R4 |Vxu(x)|” dx > T/R4 mdx, (4.1.4)

for x = (21, T2, 3, 74) € R* and 71 (x) = /22 + 23, 72(x) = \/22 + 22. Tt is important to emphasise that in [106]
the authors obtained inequality (4.1.4) only for a particular class of functions u. More specifically, the paper requires
that u = (r1, 7). Our result holds for general v € H'(R*). Introducing Hopf coordinates in S* reduces the problem
of finding a sharp constant in (4.1.4) to a minimisation problem related to a Legendre type equation on the interval
0.5

Proving the main results involves a method used in [58] for a Keller-Lieb-Thirring inequality for estimating a

first eigenvalue of a magnetic Schrédinger operator on S~ in [31].
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4.2 Main results

Considering the information presented in the previous section we can proceed to presenting the main results. We
shall provide the necessary proofs in the following section such that it is easier to follow our arguments throughout

the section.

Theorem 4.2.1 Let d > 3, ® > 0 satisfy the inequality (4.1.3) and A\(7), defined by the quotient (4.1.2b), satisfy

the equation

d—2\"
Ao) = — (2) for some 7. (4.2.1a)
Then
P
/ |Vu(x)|? dx > 7‘0/ (|Xx/||2X|) lu(x)[?dx, ue H'(R?). (4.2.1b)
R4 R4

Remark: Finding the value of the constant 7y is not easy. Consider the equation
— Agu() — 7 D)) = Mi(D). (4.2.2)

Article [31] presents a proof which states that for any non-trivial ® > 0, —A = —\(7) represents an increasing

convex function of 7. Clearly A(0) = 0 and —A(7) — 400 as 7 — oo. Therefore there exists an unique 7 = 7(\)

_ (d-2)?

satisfying (4.2.2). Namely, there is an unique 7y and non-trivial solution ) of (4.2.2) such that A(7) = 1

The next statement involves the sharpness of inequality (4.2.1b).

Theorem 4.2.2 If & > 0 satisfy the inequality (4.1.3) and for some 1y the value A(m9) = —@, then the Hardy

inequality (4.2.1b) is sharp.

Remark: As an important side note, we have to mention that there does not exist a minimiser for inequality
(4.2.1b).

Making reference to article [58], the following theorem provides an estimate for 7o:

Theorem 4.2.3 Letd >3 and 0 < & € LP(S? 1) with p > % + 2(d1—1)' Then

2
/ |Vu|? dx > T/ Md}(, u € H'(RY). (4.2.3)
R4 R

x|
Corollary 4.2.4 Under the conditions given in Theorem 4.2.3 we have

(d—2)*

To = 1

U@ gy

Remark: If d = 3, then the lowest possible value of p that is allowed in Theorem 4.2.3 equals g.

The proof of the last theorem was also provided in [58] and it involves the usage of the following result:
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Theorem 4.2.5 (Increasing weight) Let d > 3 and 0 < ® € LP(S%1) and p € (%52, +00). Then there exists

an increasing function o : Ry — R

-1
a(p)=p forany pe€ [O, T(p - 1)} (4.2.4a)
and convez, if u € (d—( -1, +oo), such that
1
—Ag — < _ p(Qd—1 . 2.
A=Ay - @) <a (Bdl; 12]] >> (4.2.40)

The estimate (4.2.4b) is optimal in the sense that there exists a non-negative function ®, such that

1
Ai(=Ay — @) =« <|Sdll||¢’|m(sd—1)> )

for any p € (%(p - 1), —|—oo), If u < %(p — 1), then equality in (4.2.4b) is achieved for constants.

For large values of p we have

_d—1
(P~ =L, s g mP (L o(1),

where L'ly,d—l are the Lieb - Thirring constants appearing in [79] in the inequality for the lowest eigenvalue of a
Schré‘dinger opemtor in L2(R471).

Ifp= 9L ford >4, then (4.2.4b) is satisfied with o(p) = p for p € [O, wflgﬂ]

4.3 Proof of main results

Proof of Theorem 4.2.1:

Consider the polar coordinates x = (r, ). Then

/Rd (|Vu(x)|2 —TO‘I’(TZLXDW) dx = /Ooo /S <|u;2 Jrri2 (1Vgul? —Toq>(19)|u2)> r4=1 4 d.

Moreover, since
e d—2)2 [ |ul?
/ |U,/r‘27"d71 dr > ( . ) / ‘uilrdfl d'f’,
0 o T

o (rmeoor 5 e [ (5

The last equality was obtained by using (4.1.2b) and (4.2.1a). O

then

[ul* 41 _
+ A(70) 5 didr =0.
r

Let us proceed to the proof of sharpness of (4.2.1b).
Proof of Theorem 4.2.2:

The sharpness of the classical Hardy inequality implies that for any § > 0 there exists a non-trivial ps5 € C§°(0, 00)

/oc rdld’r’§|:(d2)2+5] /Oo|906( ) P g
; 0

4 72

such that )

——5(r)
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Consider us(r,v) = ps(r)1s(¥), where 15 is given by the equation

{(d ;2)2 + 5} Ps (V).

—Agihs (V) — 75 B(9)1hs () = —

As a consequence

/Sdi1 {lw%(ﬁ)IQ + {(d—42)2 +6] |¢5(19)|2} A9 = 75 /SLF1 () s (9) 2 d

and such
e d \Y% 9)|?
[ wasta= [ [ L i) s + a2 2oL ] 9 dbdr
§d—1 §d—1 dr r
d—2)?
< [ B8 (wavsor + [ o] o)) avar
§d—1
/ / |§06( )2 (19)| d 1d’l9d’l"
r
)2
U
o / o (x/|x |)| 1G]
R %[
Since 75 is a continuous function at § and 75 — 19 as § — 0, the proof is completed. d

4.4 Block radial Hardy inequality applications

Let x € R% and let r = |x|, 1y = (22 + -+ 22)% and ry = (x7,4 4+ 4227, 1 < k < d—1. More specifically,

article [106] presents Theorem 1 which states that if u is a block radial function such that u(x) = u(ry,r2), then

2
/ |Vu(x)|?dx > C |u(>;)|a dx, wue H'Y(RY), (4.4.1)
Rd

Rd ’I"l Ty

with 0 < o < 2 with some constant C' = C(k).
As we provided the proofs to our main results of this chapter, we shall proceed in presenting a few applications.
In particular, we aim to provide examples of inequality (4.4.1) not only for block radial functions u and describe

the sharp value of constant C'. We shall make use of potential function ® which satisfies all the conditions from

Theorems 4.2.1 and 4.2.2.

4.4.1 3D case

For the usual three dimensional case, we can make use of the standard spherical coordinates in R®. Consider
xr1 =rsinn, x9=rcosécosn, x3=rsinécosn

with £ € [0,27], n € [-3,%], r > 0. We want to determine the Jacobian of the mapping x — (r,9) for which
9 = (§,n). After computations, we obtain

dx = r? cosn drdédn.
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If we denote r1 = |z1| and 7y = /23 + 22 we have |x|?> = 72 = r + r. Considering the definition of our

potential function ® to be
r? + 7132

@(7”17 7"2) = T?’/‘g_a )

0<a<l,

we compute the following integral:

) [eS) 27 5 ) |u/£|2 |u/ |2 )
/ [Vul dx:/ / / lup|® + —5— + —5— | r* cosndndédr.
R3 o Jo - T3 r

us
2

The version of the quotient (4.1.2b) for defining the sharp constant 7o becomes

/2 T
‘/;7/1-/2 <|w;7|2 T sin%p 00052—“ n |¢|2> cosndn 1
5 )\{0} Jo "7 1|2 cos pdn

B
=y

1
¢EH1(—

[ME)

and the following result follows

Theorem 4.4.1 Let 0 < a < 1 and let 7y is defined by the minimising problem (4.4.2). Then for

N pQ2—Q
R3 T To

/ IVau(x)|2dx > 7 / [u()[* dx, ue H'(R).
R3

The constant 9 = To(«) in the latter inequality is sharp.

4.4.2 4D case

As we saw previously, the 3D case is up to some extent self explanatory and it provides interesting results. In this
section we shall use the so called Hopf fibrations acting on the sphere S3.

Hopf fibrations are frequently used in quantum theory and other various subsections of abstract algebra. Hence,
they are used in the description of rotational 3-space, see [83].

In order to demonstrate our idea related to Theorems 4.2.1 and 4.2.2, we shall switch our attention to the case
when d =4, =1 and k = 2. Note that in this case (df)Q =1and ry = /22 + 23, ro = /22 + 23, r> =1} +13.

Introduce

2 2 2
T T T
_ i o

T17T2 T17T2

@(7"1, 7“2) =

Applying Theorem 4.2.1 we find

2 P (x/[x|) 2 5. BN |2 dx
/R4 V()| dx270447\u(x)| dX—TO/ ()2 dx,

R4 7172
where 79 is defined by (4.2.1a). Thus (4.2.1a) becomes

Jss (IVo]? = 10® [9]?) d

M) = in = —1. 4.4.3
(70) EM(S3)\{0} Jss 102 Y (443)

In order to make sure that our constant 7 satisfies the inequality presented in Corollary 4.2.4, we check the

1
T1T2

|u(x)|? dx. Hence we shall analyse the convergence of the second term in the product

1 2 2 2
/ —de:/ l ritre (4.4.4)
R R

4TI a2 4713 Ty

converge of the integral [p,
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Let us introduce the following coordinates system

x1 = rcos(f)

9 = rsin(f;) cos(62)
x3 = rsin(f;) sin(f2) cos(03)
x4 = rsin(6;) sin(f2) sin(6s),

for

ri= \/x%—i—aﬁ%—i—x%—i—xi

and 61,0, € [0,71'] and 03 € [07271'}.

Taking this into consideration

/ r%—&—r%dx_ m%—i—x%—i—x%—i—xi <
Rt TIT2 i /(2] +23) (23 + )
r2

- 5 0%
w /2fa] + afa] + afad + afa]

Now, the denominator term needs special consideration because each term from the sum represents a long expression

in r,01,02,03

z2x2 = 1% cos?(61) sin? () sin? (62) cos®(6s3)
2223 = r* cos?(0) sin?(6 ) sin? (02) sin? (0s)
z3x2 = r*sin*(6;) cos®(6) sin?(6) cos?(63)

) cos”(6) sin”(62) )

and such
4

Z zix; = r*[ cos®(61) sin®(61) sin®(02) + sin (61) cos®(62) sin®(62)]
i<j,i#3
= 74 sin?(6;) sin? (02 [cos® (1) + sin®(6;) cos?(02)).
Knowing that the topological space of the sphere S? is homeomorphic to the set of points in 4-dimensional Euclidean

space, we can rewrite our integral as such

2, .2 21 2200 )
/ il / / / / rZsin(6) sin(0) drdf dod6.
§2 T2 0 72| sin(6; ) sin(f2) \\/cos2 (601) + sin?(0;) cos?(6y)

We use the fact that p = 2 when d = 4 and such our norm in Theorem 4.2.3, becomes

3
5 15/3 3/5
1] Lo (sa-1) = (/S3 dX)
2m 12 0 in(o
= / / / / sin”(6,) sin(6z) < drd0y dodbs

| sin(6;) sin(@2)]1/cos?(#;) + sin?(6;) cos2(6z)

rl +T2
r1ir2

3/5
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After numerically analysing the expression with Matlab simulations, we discover that

5/3 3/5
(/ dx) ~ 18.8413,
R4

2 2
ri+r3

rir2

hence

1

-1
||‘I)||Lp(gd—1) = . .
ritrs

T17T2

5/3 3/5
dx)

(e

1
18.8413

~ 0.053 < o0

1

which shows that our integral converges. This helps in the proof of existence of the optimal constant 7, since

d—2)%, . B
D st ) )

To 2> 1

)-
In our case
70 > 1-[S%3/°0.053
1 3/5
> (27r2r4> -0.053
1 3/5
> 0.053 - <27r2> .

Since we saw that the integral is finite, let us proceed to the main argument of this example.
On S? we introduce the classical Hopf coordinates that are useful in the description of the 3-sphere as the Hopf
bundle
St —$? - §2

If x € R?*, then

x1 = rcosé&ysinmg, To = rsiné; sinny,
x3 = 1 cos s coS T, x4 = r8in&s cosn.

Here n runs over the range 0 to § and &; and & can take any values between 0 and 27. For any fixed value of
n e [07 g] the coordinates (£1,&2) parametrise a 2-dimensional torus. In the degenerate cases, when 7 equals 0 or
5 these coordinates describe a circle.

The Jacobian of the mapping x — (r,9), 9 = (£1,&2,n) is defined by
dx = 13 sinn cos n drdédéxdn
and r; = rsinmn, ro = rcosn. Then the function ® in these coordinates equals

1
O(r,r) = ——— >0, ne(0,2).
sinmncosn 2
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Rather simple computations imply that for a function 1 on S? in Hopf coordinates we have

27 27 2 2
/‘Wwd"_/ / / (Lﬁfln rﬁ;' 19 |2> sin) cos ) déydgady. (4.4.5)

What is important to observe is that the class of functions in (4.4.5) satisfy periodic boundary conditions with

respect to the variables & and & on the interval (0, 27).

Hence consider 9y, (n) to be the Fourier coefficients of ¢ with respect to & and &

27 21
o (1 / / eIMEAmE) (e ey ) derdes dn.

Using Parseval’s identity, we can rewrite the expression (4.4.5) in the following form

2 _ W)nm | m2|‘/’nm(77)|2 /2
| 1woul ax = Z [ (O e OOE ) i

We observe that the infimum of the expression is achieved at n = m = 0. Therefore the terms with wél and 1#22 in

(4.4.5) can be omitted and thus the infimum in (4.4.3) is reduced to a class of functions ¥ depending only on 7

/2 .
Sy (w * = sy Sosn 1 ) sinn cosndn
1mn.
WEH ((0,7/2),dp)\{0} T2 42 sin g cos  dn

=1, (4.4.6)

where
dp(n) = sinncosndn
and
H(0.5) 1 dp) = (¥ € L2((0.7/2),dp) : ¥/ € L2((0,7/2), dp)}.
Note that for ¢ defined on S? and depending only on 7 we have

1Yl L2(ss) = 472 /Oﬂ/2 ||? sinn cosndn.
Due to identity (4.2.2), 7o in (4.4.6) is uniquely achieved. The quadratic form
/Og(iﬁ'(n)IQSinnCOSn =7l dn, >0, ¢ e H((0,7/2),dp)
defines a singular self-adjoint Sturm-Liouville operator

A(n) = =" (n) sin2n — 24’ (n) cos 2n — 279 (n),

acting in H2((0,7/2),dp).

Therefore finding ¢ and 7y in (4.4.6) is reduced to finding the minimal value of 79 > 0 satisfying the equation

Ary¥(n) = —b(n) sin 2n. (4.4.7)
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Theorem 4.4.2 Let 7 = 7o be the minimal value for which the equation (4.4.7) has a non-trivial solution 1. Then
2
/ |Vu(x)|?dx > 79 / JuGol® dx, uec H'(RY). (4.4.8)
R4 R4 r17ro

The constant To in (4.4.8) is sharp.

Proof: By Theorem 4.2.1 we have that

: BOe/Ixl) | o
| wueaxzn [ u(x)d

[x[?

2
270/ lu)F
R4 T1T2

The latter identity is established by using form (4.4.4).
Moreover, the sharpness of constant 7y is proved by applying Theorem 4.2.2 for the following definition of ®

r? 3+ 13
B(ry,ry) = =12
T17T2 T17T2

O
Remarks: It is important to observe that inequality (4.4.8) differs from that standard Hardy inequality in R*
since
1 2

>
rira 1413

and it has singularities not just at zero but also at ry =0 and r, = 0.
In the following theorems, a few results shall be presented which use a similar reduction used previously due to

the periodicity of the test functions on the intervals (0, 27).

We present the next statement which relates to the inequality (4.4.1) in dimension four with « not necessarily

equal to one. Let
r? 1

™
(b s = = N 5 E (0, *) )
a(r1,72) rera=®  sin®ncos?on " 2

where 0 < o < 2. In this case the quotient (4.4.6) becomes

2 . .
foﬂ/ (W%‘Q ~ Sy ooy |¢|2) sinn cosndn

B (Om/2\ {0} /21012 si
' Jo "7 [¥|? sinn cosn dn

1. (4.4.9)

Therefore as in (4.4.7) the problem is reduced to finding 7y appearing in the equation

27’0

— " (n) sin2n — 2¢'(n) cos 2n — — (n) = —1(n) sin2n (4.4.10)

sin® " pcosl—ap

and we have the following statement:

Theorem 4.4.3 Let 79 be the minimal value for which the equation (4.4.10) has a non-trivial solution. Then if

0<a<?2
2
VuPdx > [ O g e mmyy.
« 2—a
R4 R* T1To

The constant 19 in the latter inequality is sharp.



4.4. Block radial Hardy inequality applications 69

4.4.3 Hopf coordinates in R®

Since we treated the case of R* and R? using Hopf bundles embedded on unit spheres, we move forward to present
a new result regarding Hardy inequalities using dimensions higher than four.
It is already known that on S, one can introduce the classical Hopf coordinates with the usual radius 7 and the

angle variables &1, &2, 7, where &,&3 € [0,27] and 1 € [0, §]. The 3-sphere can be described using the Hopf bundle
St —§* - §?

and such we relate our result to the classical Hopf bundle
S* - 87— st

If x € R® then we introduce the coordinates

x1 = 1 Ccos&y cosngsinmy, To = rsin&; cosng sinmny,
T3 = 1 Cos &y sin g sinmny, T4 = T8in & sin g sin g,

x5 = 1 cos &3 COS N3 COS Ny, Zg¢ = rsin s cosns cos Ny,
T7 = 1 Cos &y 8inns cosny, xg = rsinéy sinns cosny,

where &; € [0,2n], j =1,...,4 and n; € [0, %], j = 1,2, 3. Hence,

2 _ .2 2 2 ) .2 2 .2 2 -2 .2
xj=r (cos” &1 cos® Mo sin® 1y + sin” &1 cos® ng sin” 1y + cos® & sin” ng sin” 1y +
1

8
j=
+ sin? & sin? 1) sin? 1y 4 cos? &3 cos? n3 cos® N1 + sin? €3 cos? Nz cos? N1+
+ cos? &4 sin? 13 cos? my + sin? & sin? 73 cos? 1)

= 7"2((;052 N sin® ny + sin® 9y sin? 11 + cos? 13 cos? n; + sin? 73 cos? m)
= 7"2(sin2 n1 + cos? )

=72

It can also be seen that
& = arctan

& = arctan

&H&&‘&
= =N

Fle &1& &

&3 = arctan

&, = arctan

ST N T N N N
N— N N~
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and

2 2
_ Ty + x3

72 = arctan
x2 4 72
1 2
2 2
_ g + 17
73 = arctan 5 3
Ty + xg

x? + a3 + 2% + 22
71 = arctan .

x4+ 22 + af + a2

Using these definitions, we can compute the Jacobian of the mapping x — (r, £, n) which has the following form
1
dx = 3 7 sin®(2n1) sin 21y sin 203 dr d€ dn,

where § = (&1, ... &) and 7 = (91,72, 73).
Ifif Q; = (O,27r)4 and Qg = (0, g)g then

1 %) 1 |u/ |2 |ul ‘2
v 20x — = / / / 72 &1 &2 ’2
/Rs V([ dx 8 Jo . 2“”’”' * r2cos?n; \ cos?m + sin? 1o 7 )+

| <|ug32 A

+ + |uy), |2> + |y, [2]r" sin® 2n, sin 21y sin 203 dn dédr.

r2sin?m; \ cos?ns  sin?n
Consider
ri=ai+ad, B=af+al ri=af+ad, rf=aftad
Then
2
T 4
Q(ry,1r2,73,74) = = -
( ) 4 Y2 sin(2n1) v/sin(212) sin(273)
H]:l Tj
Define

dp = sin® 2n; sin 2n, sin 23 dn.

The following theorem follows:

Theorem 4.4.4 We have

2
|Vu(x)[?dx > 19 _ b dx, (4.4.11)
R s 4 1/2
(H]:l r])
where Tq is defined by the equation
W};/z‘z W}:ISF /2 _ 4|'¢'|2
fQ2 <C052 m + sin? 7y + |,(/]771 7o sin(2n1) \/sin(2n2)sin(2773) d/J — 9

inf
YEHT(Q2)\{0} o, 117 dp
Proof: The reduction given in this theorem can be obtained similarly to the reduction of (4.4.3) to (4.4.6). O
The interest in inequalities of the type (4.4.11) is related to Hardy inequalities for N 2-dimensional particles.

More specifically, it would be interesting to check whether in R?"V the Hardy-type inequality

|Vu(x)|?dx > Oy &dx,
R2N R2N 2N 2/N
(H]:l r])

| 2
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holds for some C'y > 0 and how Cy depends on the number of particles N.

We considered the case when there is an even number of particles(i.e. N = 4 ), but for example for an odd
number of particles, the construction of ; terms becomes more difficult. Moreover, we already saw that in order
to define a similar inequality to the case in (4.4.11), we need the norm in LP to be finite. Hence in the case when

dimension is 2N, the only acceptable manner in which we can define the r; terms is

r =/ 2? + 23
— /.2 2
ryi= $z+1+xz+2a

for N—2>1>2.
This facilitates the process of checking the dependence of constant p defined in article [58] on the number of

particles N.



Chapter 5

Discrete inequalities for magnetic

potential terms

5.1 Introduction

This chapter shall present new approaches towards the two dimensional discrete Hardy’s inequality. More specific,
we shall provide key results presented in article [52]. Hence, we introduce a discrete version of Aharonov - Bohm
vector field on Z? and, subsequently, obtain a discrete Hardy inequality on Z? using an innovative system of
coordinates.

Recall the discrete and continuous Hardy inequalities

n P o0
> (;Zuk> < (pfl)p doub, p>1,u >0, (5.1.1)
k=1

n=1 n=1

/Ooo (;/(un(t)dt>p<(ﬁ)p/ooov(m)pd% p>1,0(x) >0,

The classical Hardy inequality in R? with p = 2 states

(H)Q/R u(w)de</Rd|Vu(x)|2dx, d> 3. (5.1.2)

2 e

and

The constant (%)2 is sharp but not achieved and could be approximated by functions depending on |x|. Note
that the case p = 2, d > 3 plays an important role in theory of Schrédinger operator expressing the uncertainty

principle in quantum mechanics that follows from the inequality
d—2\> 1
— | = <A,
(%) wr
namely, for a function u and the Fourier transform u such that
llull 2 (rey = U]l L2 (mey = 1

72
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we have

1 (d-2\* 1 d—2\? 5 o [k
g (7)) = () [ [ g

1 21512 ~2
< oy [, VIR e [ vakac

_ 2 1~2 2 2
= [l ke [ JaPaf e

This implies that both u and % cannot be concentrated near the origin.

A version of Hardy’s inequality in dimension two was obtained by M.Solomyak in [108], [109]

|Vu|? dx > /R? —|u(x) —a(lxl* dx+1 /]R 7u(|x|)2 dx, (5.1.3)

R2 |x|[? 4 Jge |x|2log? x|

where u € C5° (R?\ ({0} U {|x| = 1})) and where % is the average of u over the unit circle

1

T or

u(r) /0 ' u(r,0) db, x = (r,0).

The classical Hardy inequality in dimension two fails on radial functions and in [74] this problem was solved by
considering a magnetic gradient.

The main result of this chapter involves the following theorem

Theorem 5.1.1 For a magnetic discrete quadratic form in 12(Z?) we have

1 2
SN lulx+e) —ux) + Aa(®)ux)* > — min[l—af '“(X)Q‘ , (5.1.4)
x€7? j=1,2 8 1€+ x€72\{0} Il

A (x) = (A1(x), Az(x)) = (1 — e®™@¥r 1 — 2miaw2)

where function ¢; is defined on a discrete square of radius n.
Since this chapter presents ideas such as magnetic Laplacians and Aharonov-Bohm magnetic fields, we shall

provide a few theoretical notions for the reader to understand our results in a better manner.

5.1.1 Magnetic Laplacian

In order to have a better grasp towards the Aharonov - Bohm effect, it is compulsory to understand that once
magnetic fields are introduced as a notion, changes must be to the momentum and kinetic energy of a charged
particle.

The expressions are

1
paA = EVA

1
= ;(81 —|—ZA17,83 +ZA3)
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where A = (A1, Az, A3) : R? — R3 is the vector potential, determining the magnetic field B, by the means of the
following equation

B(x) = curlA(x). (5.1.5)
As an extension, we shall consider that in n - dimensions our vector potential is
A=(A,4,,...,4,):R" > R"
and
Va= (01 +iAl,...,0, +1iA,)

for the derivative with respect to A.
As a consequence, this introduces a new Sobolev space in dimension n, which depends on the vector potential

A. Hence, for Q CR™, A; € LI () and 1 < p < oo, define the space Héf;(Q) as the completion of C§°(Q2) with

loc

respect to the norms determined by

1= 3 [ 10 +idpsrax+ [ 1.
) j:1 n n

5.1.2 Magnetic fields and Schrodinger operators

Classical mechanics provides a unique manner to describe the motion of charged particles using Maxwell’s equations:
V- -E=47mp

V-B=0

_ _ 0B
VxE=-%

_ OE
VXB—47TJ+§

Moreover, these relations determine the connections between the classical electric field E, magnetic field B, the
electric current density J and the charge density p. This allows us to observe that the second Maxwell equation
allows the magnetic field to be written as

B=VxA

for some magnetic vector potential A. In the same manner, the third Maxwell equation becomes

0A
BE=-Vo—

for a scalar potential function ¢.

It is known that with the development of quantum mechanics, the pair of potentials (¢, A) started to play
important roles. This is mainly to the fact that the Schrédinger equation contains the scalar potential ¢ and the
magnetic potential A. Now, if the magnetic field B, defined above, is considered, then the free magnetic Hamiltonian

Ha := —Aa becomes the non-negative, self-adjoint operator associated to the closure ha of the form

(Hauw) = [ [Vavlix, 0 eCF®.
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This is valid only when A; € L} (R"), j = 1,...,n. Moreover, the domain of the form of hp is

loc
D(ha) :={f: f € Hyo(R"),—Aaf € L*(R")}

which is a dense subspace of H& A(R™). As a consequence, the following Hardy inequality holds

2 f ()
halu] > / IV £ () 2dx > C(n,]R”)/ S (5.1.6)
with constant C'(n,R"™) = % being optimal for n > 2. Also, for n = 2, there is no Hardy inequality and this

prompts to deduce from (5.1.6) that ha > 0. This situation is bound to be improved, considering that a magnetic
field is present in the inequality, as we shall see in the following sections. On more introductory notions regarding

the aspects discussed so far, we recommend [9], [12], [14], [23], [24], [49], [56], [87] and [113].

5.1.3 Aharonov - Bohm magnetic field

The history of quantum mechanics provided substantial results throughout time, but in 1959, Yakir Aharonov and
doctoral advisor David Bohm suggested a new experiment to determine the role and significance of potential fields
in quantum mechanics. Their research predicted that a wave function could acquire an extra observable phase once
it travels through non-simple connected domains. These domains do not have electromagnetic fields, but do present
non-zero potentials (¢, A). This phase shift was named the Aharonov - Bohm effect.

Recalling the fact that there is no Hardy inequality in R? and that (5.1.6) provides already known information,

researchers started to question whether magnetic potentials could provide a result of the form

2
/ |V au|?dx > c/ [u(x) dx, u€ CR?\{0}),
R2 ]RQ

x|
when the corresponding magnetic field B is bounded on R?\ {0}. This mathematical curiosity was answered by

Laptev and Weidl in [74]. More specific, the following theorem holds

Theorem 5.1.2 (Magnetic potential) Let

A= Me
== e,
where ¢ € L'(0,27) and
1 2m
w(a)=v =5 o
Then, for all ¢ € C§°(R?\ {0}),
2
- (V4 iA(x))u(x)[2dx > (Igleléﬂk + )2 /]R2 |u|(:|l| dx (5.1.7)

. . 2 .
with (Iknel%l‘k + ¥|)* being sharp.

Remark:

If the flux ¥ is considered to be an integer, then operator Ha defined by Theorem 5.1.2 is equivalent to —A
and a Hardy inequality does not exist.

Next section shall present our main result regarding the discrete Hardy inequality for Z? and the usage of

magnetic potentials in our proof.
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5.2 Main Result

Consider A a vector potential such that

Az( 12 :1:1>’ x = (z1,22) € R2

ERRER

As it was seen before Theorem 5.1.2 states that for u € H*(R? \ {0})

2
iV + o Auf2dx > mink—af? [ 2F g (5.2.1)
R2 keZ R2 |X‘2

where « is the magnetic flux for the magnetic vector field o A.
The continuous case proves to be already a breakthrough in the research of Hardy inequalities for dimension
two, but the extension from the continuous cases (5.1.7) and (5.2.1) to discrete quadratic forms seems not to be

easy. For example, in [72], authors obtained for d > 3 the following discrete inequality

Z |U(x)|2 <C Z zd:|u(x) —’U,(X—]I')P
CE I

x€Z4 xezZ4 i=1

where

C< 2( 2 V2(d - 4)° )

s
— +

4 \d—2 (d—2)(v2d—4/d—2)r

and u defined on Z?. Hardy inequalities for discrete operators are harder to analyse and considering the constant

involved, it is not clear if sharpness is achieved.

In order to present our results, it is convenient to introduce the norm
x| = max{|zi], |22}, x=(21,22) € Z°

We denote by 9S,, the boundary of the square S,, defined by a fixed ||x|| = n. Hence

0S, ={x€Z?:|x1|l=n,—n<as<n, or |z =n,—n<z <n} (5.2.2)
Let us define
P(x) = (p1(x), p2(x)), X €Sy, (5.2.3)
where
pi(x) = —8”9;2”2 =—8n)7Y, wy=n, —n<z <n,
pa(x) =—gidr =-Bn)7!, zi=-n, —n<a<n,
and
p1(x) = 8||g;2\|2 = (8n)71, xg =-—n, —n<x1 <N,
pa(x) = 8“9;1"2 = (8n)71, 1 =n, —n< Ty < n.

Then, our choice of discrete Aharonov-Bohm magnetic vector field equals

A (x) = (A1(x), Az(x)) = (1 — e®™¥1 1 — 2maw2) | (5.2.4)
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where oo € R\ Z. If we consider the Taylor expansion of A;(x) with o =n and —n < 23 < n then

1— A;(x) = 27mia 3 o2y O(n™?).

2
12

Let us consider e; € Z? to be the unit vector in the direction j, namely e; = (1,0) and e = (0,1). As a consequence,
the discrete partial derivative of the function u is —u(x) + u(x + ¢;), where x = (z1,x2) € Z%.

The main result of the chapter is:

Theorem 5.2.1 For a magnetic discrete quadratic form in 12(Z?) we have

(dist (0, 2)* Y uG

112

Z Z lu(x + €;) — u(x) + Ay (x) u(x)2 >

x€72 j=1,2 x€Z2\{0}

| =

It is not clear whether the constant involved is sharp, but we can make use of further numerical analysis to
predict the behaviour.
In [39], the authors obtained a different version of the inequality (5.2.1) using polar coordinate. However, they

did not use the standard quadratic form on Z2, but considered a discretised cylinder R x [0,27] described by

{L:jez}y x{Z: je{l,2,....n}}.

5.3 Proof of main result

Before we start presenting the proof of our result, we must provide the notions of a rather new system of coordinates

used in the argument of our proof.

5.3.1 Polar coordinates in Z? space

Let us introduce the following non-linear operator U which is moving one step counter-clockwise along the square

S,, defined in (5.2.2). If x € S,, then

(1,29 + 1) =x+ey ifx; >0and — |z1| <29 < |21],
Ux) =
(x1 —1,xe) =x—e1 ifas>0and — |x2| <21 < |22,
and
(x1,22 — 1) =x—ey ifzg <0and —|z1| < z2 < |21],
U(x) =
(z1+1,22) =x+e; ifze <0and — |zo| < 71 < |22]-

For the case when n = 0, we set U(0) = 0. Note that U is invertible on S,, for n > 0.
Also, it is important to highlight that if the radius of our "square” is n, then the identity permutation would

be U%2", since the corners of our shape correspond to U2, Ul2n {22n 321 and U+2n.
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We shall call (n,m) the polar coordinates of Z? > x = U™((n,n)), where (n,n) is the upper right corner of S,

and

n
x=U™m = U™(ney + nes) = (n,m).
n

As before, the corners of the square S,, become
Uo(nel + nes), Uzn(nel + nes), U4”(nel + nes) and UG”(nel + nez).
For an arbitrary point x = U™ ((n,n)) € S,, we have
m=2sn+t, s=0,...,3; 0<t<2n

and as an abbreviation U™(n) = U™((n,n)). Here, the s value indicates which side of the square a point lies onto

while the t value highlights which point we take on that particular side.

N\
& = JIn
i U H
{\

EN 4 o 3=
S ) >

SR $en

° o VIR

Figure 5.1: n radius square with angular component m

We desire to obtain a discrete analogue of

1 00 2m 1
/ |Vul|?dx = / |0pul? + —2|89u|2 dx = / / 7 |0pul? + =|0gul? dr db, (5.3.1)
R2 R2 T 0 0 r

hence the angular and radial derivatives of a function u are needed.

In the discrete space, we can introduce the polar angle function

m

m — 2 _
o () = 27
hence (U™ (n)) —6(U™(n)) = 2= and §(U*"(n)) —H(U°(n)) = 27. In particular, 96 = 1. The angular derivative
of a function u at x = U™(n) is

Opu(U™(n)) = 2—: (u (U™ (n)) —u (U™ (n))) . (5.3.2)
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Here 52 represents the deviation of the arcs between u(U™*!(n)) and u(U™(n)).

Next, we shall provide a simple extension to the Parseval theorem in order to describe the left hand-side term
of (5.1.4) easily.

Consider the scalar product in [%(S,,)

and let g, ;(m) = \/% 2™ . Then
<gn,lagn,k> :5l,ka kvlzoalv"'an_l'

As a consequence, the discrete Fourier transform with respect to the angular variable m becomes

8n—1
Un,1) = (u,gni) = Y w(U™(n)) gni(m). (5.3.3)
m=0
The inverse Fourier transform becomes
8n—1

w(U™(n)) = aln,1) gni(m)

which follows the Parseval formula

This can be easily seen, since

8n 1 (mt1)k 1 mk
a n _ - T 2w 2mi g
i) = o (\/871 N )
8n 1 oi mk ( omi k.
= — — e ™%Bn 67”8"—1>
2m \/8n
&n

2

(62”% — 1) Gn,k(m).

This highlights the fact that the eigenfunctions and eigenvalues of operator dyp on S,, are g, , and g—z (ezmﬁ - 1)

respectively. Note that
Also the set of functions {gn’k}z;é is an orthonormal basis in the n-dimensional space S,, with respect to the scalar
product {-,-). For any u € [?(Z?) we have

8n—1

w(U™(n) =Y wn, gaa(m),

1=0
where u(n, () are Fourier coefficients defined in (5.3.3). When introducing polar coordinates we consider all points

from Z2. Therefore

oo 8n—1 oo 8n—1
Yo=Y w@mm)F =" > [am P
xEZ? n=0 m=0 n=0 [=0

Now that we explained how the new coordinates system aids us, we can provide one more useful statement:
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Proposition 5.3.1 Let a be any non-integer real number. Let N > 1 be an integer. Then

. k—a« 2 dist(a, Z)
> . 0.
sm(ﬁ - )‘_ " (5.3.4)

inf
kEZ

Proof: :

As a first step, write o = |a] + {a}, where {a} is the fractional part of o, 0 < {a} < 1. It is sufficient to
prove that (5.3.4) holds for {a} instead of a. Thus, we assume from the beginning that 0 < o < 1. Also, instead
of (5.3.4) we shall prove

min sin (ﬂ'

kE+a S 2dist(a, Z)
k=0,1,...,N—1 -

- ey (5.3.5)

Ifo<a< %, then k = 0 gives the minimum value sin (7r %) It % < a <1, then kK = N — 1 provides the minimum

min o E+a) o dist(av, Z)
peopy—1 ST TN ) TR T TN ‘

sin(rz) > 2.

value sin(r 152). Thus,

Moreover, if 0 < z < % we have

L dist(a,Z
Since in our case % < % we have

sin dist(a, Z) S 2dist(«, Z)
T > N .

5.3.2 Proof of Theorem 5.2.1

Consider the following quadratic form
DD Julx + ej) — u(x) + A (x) u(x)| . (5.3.6)
x€Z2? j=1,2

In order to recreate (5.3.1) in discrete form, we need to evaluate the partial derivatives of the operator U by
considering the following sum
D [lulx+er) = u(x) P + Julx + e2) — u(x)[*] -
xX€EZ?
Without loss of generality, consider also that »(0,0) = u(—1,0) = u(0,—1) = u(1,0) = u(0,1) = 0. Let us
compute the partial derivatives
U2 0nti=1(p) ifs=0,t=1,...,2n
UAn=Dtt(p —1) ifs=1,t=1,...,2n—1

U28n+t n 4 el =
n Uinti(n) ifs=2,t=0,...,2n -1

(5.3.7)

U6(n+1)+t*1(n +1) ifs=3,t=0,...,2n
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Also,
Uttl(n+1) ifs=0,t=0,...,2n
n U2nHt=1(p) ifs=1,t=1,...,2n
U23n+t + ey = . (538)
n UAn=DHt=1(n 1) ifs=2t=1,...,2n—1
\U6n+t+1(n) ifs=3,t=0,...,2n—1

Figure 5.2: Magnetic flow depending on radial and angular component

Making use only of the angular derivatives, we find

D lulxten) = u(x) + A1) u(x)]® + D Julx + e2) = ulx) + Az(x) u(x)| =

x€Z? x€Z?
oo 2n—1 } 2
> Z Z "U, (Um—l(n)) _ e27rza<p1(Um(n))u (Um(n))
n=1 m=1
oo 4n—1 ) 2
+ Z ” (Um_l(’n)) _ eZmacpg(Um(n))u (Um(n))

£33 fu (i) — i@ ey o)

+3° 3 Ju (Ut (n)) — e2miee UMDy (U™ () g (5.3.9)

It can be seen that in the last inequalities we do not include the term corresponding to m = 0. This particular case

corresponds to the corner point with coordinates (n,n). By using the periodicity of U the term with m = 0 would
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be equal to

‘u U~'(n)) — G2riap (U°(n),, (U°(n) ‘2 _ ’u (U1 (n)) — 2riap1(U°(n),, (U°(n)) ’2 '

Howbeit, the quadratic form (5.3.6) does not have such a term since in the case x = (n,n), the points x + ¢
and x + es belong to S, 1. We shall treat this case separately in the next section. Note that due to the periodicity

of U and the property —¢1 (U°(n)) = o2 (U*"~*(n)) we obtain
’u (U1 (n)) — 2miap1(U°(n),, (Uo(n))’ _ ’u(U”(n)) _ 2miapa (UM (m) (US”’I(n))’ .

The term already exists in (5.3.9). As a consequence, if we include the term with m = 0 and loosing a factor of

2 in our Hardy constant, we write

Z lu(x + e1) — u(x) + Ay (x) u(x)|* + Z lu(x + e2) — u(x) + Ag(x) u(x)|> >

x€7Z2 x€E72
1 oo 2n—1 ] 2
25 (Z Z ’U (Um—l(n)) _ eQﬂ'zmpl(U (n))u(Um(n))
n=1 m=0
oo 4n—1

+ Z Z U (Um—l(n)) _ e2miap2 (U™ (n)),, (U™ (n))

+ Z Z u (Um“(n)) _ ezmagm(Um(n))u(Um(n)) 2

+ Z Z w (U™ (n)) — e2rice2 (U™ )y (U™ (n)) ’ ) (5.3.10)

n=1m=6n

By recalling the properties of ¢ defined in (5.2.3), we obtain that if 0 < m < 4n, then

o
3
—_

U (Um_l(n)) — e sy (U™(n)) = (ﬂ(n7 Dgni(m—1)— e‘zmﬁﬂ(n7 l)gn,l(m))

™

(e
1
A

(1) gna(m) (727197 — 72713

I
N\

o

3
|

—

Slto - l
= W(n,1) gn(m) e ™S5 2i sin (Wagn ) :

N
I
<

Similarly the special case is treated as such

®

3
|

-

U (Ul(n)) — e2mEn gy (Uo(n)) = (ﬂ(n, D) gni(1) — e‘zm’ﬁﬂ(n7 l)gn,l(O))

™

(o4
7
AN

ﬁ(n, l) gn,l(O) (627”‘ﬁ — e2ﬂﬁ>

I
N\g

®

3
|

—

; [e3 l -
= u(n,1) gn(0) e™ 5 20 sin (ﬂ' 8na> .

N
Il
<
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For the case when 4 < m < 8n — 1 we find

@
i
A

" (Um+1 (TL)) _ e2mign g, (U™(n)) = (ﬂ(n, D) gna(m+1) — 62m‘ﬁa(n, l)gml(m))

[0
-
T
o
A

= a(n? l) gn,l (m) (627”'% — 627”8%)

oo
-
T
Lo

lta -
= u(n, 1) gn,i(m) ™ 24 sin <7r a) .
— 8n

[}

If we use Parseval’s identity, we obtain

D lulx+er) —u(x) + Ar(x) u)P + Y Julx + e2) = u(x) + Az(x) u(x)|* >

X€ZL? x€72
1 oo 8n—1 I (5311)
~ 2 . —a\ 9
245 Z Z [a(n, 1)|* | sin (77 o >| .
n=1 [=0
By Proposition 5.3.1 when N = 8n we have
. 7l —a) min(a, Z)
> . 5.3.12
T - 4dn ( )
In conclusion, by using (5.3.11) and (5.3.12) and the fact that n > 1 we obtain
D lulx+en) —u(x) + A (x) ux)]* + D fulx + e2) — u(x) + Az (x) u(x)|?
xEZL>? x€72
1 ) ) oo 8n—1 1 R )
> < (min(0,2))” Y2 Y0 fa(n, D)
n=1 1=0
1 . 2 |u(k)|?
=3 (min(«, Z)) Z e
x€Z2\{0}
which finishes the proof. O

Remark:
Due to the structure of the discrete derivative at x = (n,n) we are forced to put the extra constant % in front
of the terms which give the derivatives at all points on S, \ (n,n). We consider that there should be a possible

manner in which one could avoid this and improve the constant in (5.1.4) at least by 2.

5.4 The S, ; and S, cases

Recall that
U20nti=1(p) ifs=0,t=1,...,2n

- n e U2(n71)+t(n—1) ifS:l,t:L...,Zn—l.

n Uinti(n) ifs=2,t=0,...,2n—1

(5.4.1)

Uﬁ(n+1)+t—1(n +1) ifs=3,t=0,...,2n
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Also,
Uttl(n+1) ifs=0,t=0,...,2n
n [2ntt=1(p, ifs=1,t=1,...,2n
[r2sn+t ey = (n) ) (5.4.2)
n Utn—D+=1(n 1) ifs=2t=1,...,2n—1
U6n+t+1(n) if5:37t:0,...,2n—1

In order to explain the special case when m = 0, we need to make reference to Figure 5.2 where it can be seen
that the magnetic flow has a certain pattern of movement. Our case considers just the square with "radius” n, but
in order to obtain all terms for our sums, we observed that once the particle starts in the corner (0,0), it will exit
the square towards a smaller one of "radius” n — 1 or a larger one of "radius” n + 1.

In this situation, let us consider the discretisation of the term |Vul|?:

oco 3 2n-—1
Z lu(x +e1) —u(x)]> = Z Z lu(U" (n) + e1) — u(U?"(n))|? (5.4.3)

x€E€Z2 n=1s=0 t=0

and -
S lulxtea) —uE)P =YD > [u(U T (n) + e3) — u(U" (n))[? (5.4.4)

x€Z2 n=1s=0 t=0

It implies that the inner terms of (5.4.3) and (5.4.4) become

3 2n-—1

SN U ) 4 er) —w(UF )P = S w0 () + er) — w(UZO ()P4
s=0 t=0 t=1,....2n
+ Y U () + er) — w(UPFH ()P4
t=0,...,2n—1
+ Y UPT () + er) — w(U ()2
t=1,...,.2n—1
+ N U () + er) — w(UPPH () 2,
t=0,...,2n
respectively
3 2n—1
Z Z |U(U25n+t(n) —|—62) _ u(U25n+t(n))|2 _ Z |u(U2-O-n+t(n) —|—€2) _ u(U2-O-n+t(n))‘2+
s=0 t=0 t=0,...,2n
S U () + ea) — w(UF2H () P+
t=1,....2n—1
+ 3 UF () + en) — w(UTH ()2
t=1,....2n
0 U () + ez) — w(UPP ()2,
t=0,...,2n—1

We consider the case when our square has fixed ”"radius” n and relating this to (5.4.1) and (5.4.2) we shall

separate our sums only with regards to the angular derivative. Hence,

co 3 2n—1

D lubx+er) —ul) + Aru) =N > a(UFH(n) + er) — w(UPMH (n)) + AU (0))u(U () P,

x€E7Z2 n=1s=0 t=0

Sey
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where the inner sum S., becomes

Z |u U2 -0- n+t + 61) (U2~O‘n+t(n)) + Al(U2‘0~n+t(n))u(U2~0‘n+t(n))|2+

2n—1

+ Z |u(U2.2‘n+t(n) +€1) _u(U2~2‘n+t(n)) +Al(U2‘2~n+t(n))u(U2~2‘n+t(n))|2+
t=0
2n—1

+ Z |u(U2.1‘n+t(n) +€1) _u(U2~1‘n+t(n)) +Al(U2‘1~n+t(n))u(U2~1‘n+t(n))|2+
2n

+ D (U () + er) = u(UH () + Ay (U7 (n))u(U5 7 (n) 2.
t=0

Recalling figure (5.2), it can be seen that the first two sums involve the top and bottom similar sides of the
”square” and the last two sums involve the left and right similar sides of the ”square”, hence
2n

S., = ; (U1 (n)) — w(U(n)) + Ay (U (n))u(U* (n))[*+

+ Z_: (U () — (U (n)) + Ar (U (0))u(UHH ().
t=0

Similarly, for the es term we have

o 3 2n—1
D Ju(x+e2) — ulx) + Aqu(x)* = "> [w(U%"F(n) + e3) — w(U?" (n)) + A (U (n)u (U (n)) %,

x€Z? n=1s=0 t=0

Sey

with the inner sum S, described as

Z |u U2 1- n+t + 62) (U2~1~n+t(n)) + A2(U2‘1~n+t(n>)u(U2-1-n+t(n))|2+

2n—1

+ ) (U () + eg) — u(UFH " (n)) + AU (0))u(U* 7 (n)) P+
t=0
2n

£ [T (n) 4 e2) = u(UO7H () + A (U O (m)u(U O () P+
t=0
2n—1

+ Z |u(U2.2~n+t(n) +62) _u(U2~2~n+t(n)) —I—Ag(U2'2'n+t(n))’u,(UZQ'nJ'_t(n))|2.

t=1
Likewise, we observe that the first two sums involve the left and right similar sides of the ”square” and the last

two sums involve the bottom and top similar sides of the ”square”, hence

S, = Z |u(U2n+t71(n)) _ U(U2n+t(n)) + AQ(U2n+t(n))u(U2n+t(n))|2+

3 TS ) = (U () + AU ) u( T ).

t=0
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As a consequence, the sum for the angular part is

n
Sang =S¢, + Se,

n

=D a0 (n) — w(U*(n)) + AL (U (n))u(U" (n) P+
t=1

£ 5 U () — a(U () + AU () a0 )+
t=0

£ B (1)) — (U2 () 4 Ap(UP ()02 () P+

£ 5 (U () — u(UO () + Aa(US () u(UO () 2 =
t=0

= 3" U (n) — w(U'(n) + AL (U (0))u(U (n)) >+
t=0

©S [T () — (U () AL (O ) (U ()P
t=0

£ [0 () — (TP () + As (U () (U2 ()
t=0

S [T () — (U () + As (U () u (U ()
t=0

Taking everything into consideration, the angular part of our sum with regards to the choice of our magnetic

field becomes

o] n oo 8n—1
D lulx+ei) = ulx) + Au)* = Sang =D > U™ (n) = u(U™ () + AU™ (n)u(U™ (n))|*.
xEZ2 n=1 n n=1 m=0

(5.4.5)
The last equation could potentially be used in the argument of the proof considering that it avoids the problem
points where the particle exists towards the squares of different radius.
This new form produces the extra factor of 2 needed, but future research shall provide a definite answer whether
it is conclusive enough to consider this form instead of (5.3.10).
For the past three chapters we presented our main results related to Hardy inequality. In the following chapter,
we shall present our future developments which we consider at the moment. They can be seen as interesting ideas
or open problems and the outcome of our future research shall tell the impact they have on the vast topics of

Functional Analysis and Quantum Mechanics.



Chapter 6

Future developments

In past years substantial attention has been given to Hardy Inequalities and considerable improvement has been
done towards this topic, but there are, still, inequalities that are not easily improved. Nevertheless, these inequalities
play an important role in the theory of partial differential equations and in the study of the stability of eigenvalues
in elliptic problems, along with spectral theory related to the Schrédinger operators.

As the reader shall see in this chapter, we include future research ideas which proved to be interesting and of

potential to shine new lights on what Hardy inequalities have to offer to Mathematics and Mathematical Physics.

6.1 Hardy inequalities for the volume of simplices

Our curiosity pushes us to study whether we can develop a Hardy inequality which overcomes the issue of degeneracy.
More specifically, we see it possible to discover a new inequality with a geometrical flavour which can be integrated
over the whole domain without it failing for cases such as when the points lie on the same line, for example.

In this sense, let us suppose we have G : R™ — R™ a real valued vectorfield, locally defined on L? such that

divG € L?, .. Moreover, for 3 € R consider
/ |Vu + BGu|*dx > 0.
If we assume that v € C5°(R™), we can apply partial integration and obtain
IValP > [ (3G = 516 uax.

By optimising with respect to 8, we shall have
1 [om Jul*divGdx
Vul?dx > B ——— 6.1.1
[ s e (6.1.1)
In addition, denote ¢ : R™ — R to be a harmonic function. In this situation, we want to apply (6.1.1) for a
specific G that has the following property
divG = |G]* € L}

loc*
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Hence, define G as
_Vy
o

G =
Tt is possible to apply (6.1.1) now and such it follows that

2|V|?d
/ |Vu|?dx > EM (6.1.2)
m 4 [om lupl?dx

Let us consider n + 1 points in R, X1, X2, . .., Xp, Xn41 With x; = (2,1, @i 2, ..., Tipn)-

Furthermore denote the closed convex set 7, (i.e. the simplex in R™) with

Trn = conv(X1, X2, ..., Xp, Xpt1)-

Figure 6.1: Standard n simplex.

Hence, for the function T}, : R*"+t1) — R defined by

1,1 1,2 Tin 1
o1 29 Ton 1
1 ) ) )
Tn = mdet 5
Tn+1,1 Tn+1,2 -+ Tptln 1

the volume of simplex T, is given by |T,|. It is easy to observe that
AT, =0

considering that T, is a harmonic homogeneous of degree n polynomial. Here we introduce m = n(n + 1) and such

(6.1.2) gives us
1|VT,|?
A > - Enl
4 TP

on the domain
VT,
Qn = {u € WO(R"(”“)) : —|| T'u € Lfoc(R"(”“))}.
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If the vertices of the simplex 7, are to be x1,Xa,...,X,,X,11, one can denote by f;,1 <i <n+ 1 the facets of
T,, which are opposite to the x;. Hence, let F; be the (n — 1)-dimensional volumes of the facets f;.
One interesting idea which we have is to maximise the volume of our simplex and in this manner to obtain a

formula for the term |VT,|2. Our findings state that for fixed x; and k # 4, the n - dimensional vector
T,
Vol
is pointing in the direction by which the volume increases or decreases mostly. Since we want to maximise this, we
shall only move x;. Hence, we move it orthogonally further from the facet f;. This new rate of change which equals
the absolute value of the gradient becomes the area divided by the dimension. More specifically, this is the case

since the volume of a n - dimensional pyramid is %, where b is the base area, h is the height and we are taking

the derivative with respect to h.

6.1.1 Spherical Hardy inequality

Consider the function W : S*~! — R with W > 0. Assume that

-1
AW) = < de) >0,
Sn—l
with
HW||7+% = HW||L,Y+77,;1 ) (6.1.3)
and
v >0, forn =3
(6.1.4)
v >0, forn > 4.
Further, if for u € C§°(R™) we define
1
= — d
(%) |S"71| Sn71u X
and consider that for all real-valued functions f
u=1uo+ f,

then

/ ug fdx = 0.
Sn—l
Moreover, write —A = p? + r2£? for all r > 0. We shall denote the radial part of —A with p? and with £? the

minus Laplace - Beltrami operator on the sphere. If W and ~ satisfy (6.1.3) and (6.1.4), we desire to show that
there exists a constant B(W) such that
/ L fPax > BOW) [ wfPdx. (6.1.5)
Snfl Snfl

For now, define a linear orthogonal projection operator @ on L?(S"~1) by

Qp = ¢ — ¥o.
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Hence, Q commutes with —A and fR" upAf = 0. Here we used the fact that the operator can be extended to a
function ¢ € L?(R").

Consider
—/ (uo + f)A(up + f)dx = —/ quude—/ fAfdx
n n Rn
z/ uppPuor™ tdrdw — FAfdx,
S‘VL*I Rn

where dw is seen as the integration over the unit sphere. Applying the classical Hardy inequality on R™ implies that

—92)2 2
/ uopZugr™ ™ tdrdw > (n 1 ) / |uo L drdw
Sn—l n

,,n2
(=27 [ Wil

- A(W) 4 R 7'2

Hence

—9)2 2 2
/n up?u > % (A(W) de—i— /n |£2dx) .

R™ T

If we apply (6.1.5), we then get
—2)2 _9)2 2
- [ sz [ (A + sovis ) ax+ "2 [ M
n R R

n T2 4 n T2

It can be observed that a potential estimation for a Hardy constant can be

where B(W) can be further optimised.

6.2 Maximum ionization of atoms

Another interesting research road was considered when we switched our attention towards the ionisation of atoms.
As we saw in [82], the author introduces the concept of ground state under the behaviour of a function.

Throughout history the mathematical description of quantum mechanics has been quite an adventure for re-
searchers. Several important spectral inequalities for Schrodinger operators are reviewed and their applications in
the spectral analysis of quantum systems has been discussed for years.

For example, our interest begins with a particle (i.e. a photon or an electron) which is described by a wave
function ¢ : R?* — C. Now, to function 1) researchers usually affiliate the quantity |¢)(x)|?, which is the density of
the wave function. In this circumstance, this quantity represents the probability of finding our particle at position
X.

Considering that in nature there exist larger quantum systems, starting from atoms or molecules, we define our
¥ as many-body wave function ¢ = (x1,X2,...,xn), with x; € R3,1 < j < N. Moreover, when researchers work

with many-particle quantum systems, statistics is also present. It is known that quantum particles are thought to
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be indistinguishable, hence the quantity |¢)(x1,Xa,...,Xn)|? corresponding to the probability of finding particle j
at position x; , could potentially be seen as invariant under particle interchanging process. This leads to certain
symmetry requirements for the wave function. More information related to the Quantum Theory aspects of this
topic could be found in [92], [93], [94] and [95].
We are interested in the following operator on L?(R3V), for N > 3,
1 Mo 1
D DL B AP D ey
j=1 j=1 1<j<k<N
Denoting also o(?) to be the spectrum of our operator Hy , and o.ss(H) C 0(H) to be the essential spectrum, we
want to show that we have a reverse inclusion as well.
Namely, we would like to show that

U(H) C Oess (H)

We start by assuming that there exists a ground state ¢ with |[¢|| = 1 such that
(H—-E)Y =0,

where E = E) . is the corresponding eigenvalue of H. It is easy to observe that

L (S GOR = ViguP) dx= Bl = [ (9SPI6R + 2R/ TIV6D) + PIVOP = VIFol?) ax - B ol
= [ (VFRIOE + Re(VIEVD) + fFV6F = Vo) dx = Bl ol
= [ 9P,

R3N
If f = \/|x1], where x = (x1,X2,...,Xn), then

(Viale - E)imie) =3 [ 1o

3N |X1| ’

Rewriting the operator H

N
1 z 1
Hy.=Hy 1.~ 500 — o+ > ——— — E(N, 2),
Y4 LZ 2 ‘Xll j:2 |X1 _ le ( )
we obtain that

HNfl,z — EN,Z > 0.

This result looks promising for the time being as we are still researching potential formulas and identities which

could push our inequality further. At this point, we can apply the classical Hardy inequality and the symmetry of
.

6.3 Fermionic Hardy inequalities

Nature presents us a 3D world with more than 3 particles interacting to each other. Most physical systems involve
interaction of many particles, from electrons in a solid to atoms in a gas. Hence, the notion of fermions comes to

existence. All elementary particles are classified as fermions and bosons.
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Particles with half-integer spin are fermions and their wave function must be antisymmetric under particle
exchange(e.g. electron, positron, neutron, proton).

Studying [119] we came across the following inequality:

4 1 1 1
Vul|?dz > C - - 2d
/Rz-a, ‘ ’LL‘ Z= 3 R23 <Z1 7Z2|2 + |21 7Z3|2 + |Z2 Z3|2> ‘u| z

for all antisymmetric functions u € H'(R®), where z; = (x;,%;), i = 1,2,3. Our curiosity is to show that 2 is an

upper bound for C.

First, let
1 1 1
hi=|z, =z x3]=T2y3+Yox1 + Y173 — Tay1 — YoT3 — Y371,
Yy Y2 Y3
pri= Y |-zl
1<j<k<N
and
0, t<
— In(kt) 1 1
p(t):=q14 280 L <yl
1
1, t>1

Note that h introduces the antisymmetry and it is a harmonic polynomial of degree two. Also, if we consider that
we can form a triangle A with corners z;, 2z and z3, we observe that |h| = 2A.

Define 9(t) to be any positive, even function of compact support. Our trial function in H* becomes

w:=h-p*-d(p) - (|z1 + 22 + 23]),

for «, k constants on the real line. The role of p® then is to obtain extra freedom to improve the upper bound
of C, while the purpose of ¢(p) is to cut off the function at the singularity z; = z = z3. In the same manner,
¥(|z1 + z2 + z3|) integrates "away” the direction z; + z9 + z3 from the problem point.

As an extra measure of security, we show that Vh-(z; +2z2+23) = 0 and Vp-(z1 +22+23) = 0, which translates
into the fact that h and p are independent of the centre of gravity of the triangle.

Recalling an interesting property for any domain €2 and an integrable function f, we have that

/\V(hf)|2dz:/h2|Vf|2dz+/ f2hVh - ndS.
Q Q o0
N———

I

Inserting our trial function into the I term, we get

I= /Q h2[p® - (p) - (|21 + 22 + 23])[*dz = /Q W?|ap® gV p + p YV b + p ¢V dz (6.3.1)
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By further computations, we obtain that

[VY[? = D(y'(|z1 + 22 + z3]))?

for some constant D. Hence, from (6.3.1) that

_ / h2 20— 2¢2’(/)2dz+ (1 3k) / h2p20‘_21/J2dz—|—
p> 1

1
- 2<p<

+67Ol h2 200 2q51/)2dz
Ink 1
k2<p<+
+D/ h2p2a¢2(w/)2dz
P>

As an assumption —4 < o < —3 and this will make the last integral bounded for all k.

Consider also the following definition

d?.;zw 1<i<j<3
i \/i ) > >
with the observation that |Vd,;|? = 1. Moreover,

h
Vh-Vdi; = 75,

2d;;
Vp-Vdij = =+,
V- Vd;; =0,

1

Adij =,

while

3 di; N 1
HPLZJ7 lfpﬁpﬁ

=

Vo -Vd;; =
0, otherwise.

As a consequence, we compute the following term:

h2 20 42,/,2 h2 2c 42,/,2
/pigwdzz/prVdij-Vdijdz
&, &,
_2/hp2a¢2w2Vh Vd”d _2a/hp20z 1¢ ,(/)QV vdl]d _
dij

—2/h 22 )2V - ”d /h 2ap2 N - “d —

J

.. 2 2a 2./,2
f/hp2a¢2¢2%dz+2/wdz.

2
J dij
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Using the computations for the d;; term, we get that

h2 2a¢2¢2 o 3 o
/pdfdz - 73a/h2p2 2322 dz — ﬂ/thz 2602 dz,
ij

If we consider all the calculations done so far, we can conclude that

4 1 1 1 6
7/ + + |u|?dz = —6a/h2p2°‘_2q§2w2dz — —/h2p2a—2¢w2dz (6.3.2)
3 R2-3 lnk

|Zl *Z2|2 |Z1 *Z3|2 |Z2 *23\2

Let us call Cy, 1 the upper bound for the constant C, then from (6.3.1) and (6.3.2)

I
Cor =
ik —60 [ h2p2o—2¢2%dz — % [ h2p2—2¢y2dz

We shall study the quotient for the case when k£ — co. We believe this can be done by calculating the coarea
formula over the level sets of p. It is worth observing that we only need to obtain the value of the denominator up

to a multiplicative constant which is not dependent on k.

6.4 On the continuous versions of Hardy inequality

Let us consider x = (x1,...,xy) € RV and x; = (z;1,...,7;4) ERY, j=1,...N.
The result considered in this section is a trial version of one other of our curiosities in the sense that our first

main article obtains a Hardy inequality for terms as T% Paper [59] presents the case when
i

_1)2 2
/ |Vu|2dx > u/ de
R3d 3 rae R?

for R being the circumradius for the triangle with x1,x2,x3 as vertices and u € C§°(R3? \ {x; = x3 = x3}). For
the case when the number of particles IV is larger than 3, we obtained the following theorem, but there are still

doubts on whether the configuration of points chosen is accurate enough to produce this result.

Theorem 6.4.1 For a function u € C°(RN?) and ¢, € [0,d — 2] the following Hardy inequality holds

N
1
/Nd Vul?dx > G(c1,d, N)/ Z 7 lu|?dx, (6.4.1)
R

Nd .
RY i<k "ligk
where

N3(N —1)2 — 108 , N [2(d gy N2(N —1)((N —1)d —2)
36 !

g(cl7d7 N) = 18

ca+

(N —1)d—2)°N
+ 3 :

Considering that for the above value of ¢; our function has a global minimum, our result for N > 3 is used to

check whether the values, for different points, behave nicely.
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For example, since we work on the interval [0,d — 2] we can have the following estimates

G(1,3,100) ~ 2.56267 - 108

As we expected, if we increase the number of particles our constant becomes bigger and bigger in 3 dimensions.
Moreover, since our function has a minimum we could choose to evaluate the function when ¢; reaches the

boundaries of the interval in which it is defined(i.e. either 0 or d — 2) and obtain the result stated in [59].
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Conclusion

The thesis has presented theoretical and applied key concepts which allowed the discovery of various Hardy type
inequalities. These concepts have been approached and proved in three important instances throughout our research.

The theoretical section involved an extensive presentation of what the classical Hardy inequality represents and
how it can be applied into Quantum Mechanics. Initially, we considered the theory behind the Schrodinger operators
and the research obtained so far. We, then, described the discrete Hardy inequality and a few characteristic
properties which explained how we can optimise such inequalities. Since the theory behind Hardy inequalities
involves the existence of Sobolev spaces, we presented a few ideas on how norms and convergence of functions
can be manipulated such that the results obtained become optimal. As part of the introduction, we saw that
researchers have discovered many other Hardy type inequalities with vast applications in the real world. Starting
from multidimensional Hardy inequalities to bounded domains and half space inequalities, we observed that it is
difficult, but in the same time, interesting to understand and apply different solving techniques to form our results.
We highlighted our points of interest regarding various important articles which treated the many-particle case
Hardy inequalities.

Regarding the results obtained, they are accompanied by the structure: §3 studies the standard Hardy inequality
away from a point, which is associated to the Laplacian operator in n dimensions. The constant involved is sharp
and the inequality on its whole describes the capacity of the Laplacian to be non-negative and bounded below. We
obtain a variation of the classical Hardy inequality by introducing new vector fields and boundary approximations
on a many-particle quantum system. Firstly, we put our attention in establishing a reasonably easy to compute
vector field for which its divergence and modulus squared are finite. We needed these quantities to be finite due to
the preliminary lemmas which we used. The lemma involves different aspects from multiple particles to circumradius
of triangles. Also, since the identity in the lemma is considered a Hardy inequality, different constants are present
in its structure, so our main concern is to determine whether the quantities can be generalised for an infinite
amount of particles, firstly in three dimensions and later on for infinite dimensions. Our approach then followed an
optimisation side with regards to the constant functions which were present in the structure of the potential sharp

function. This involved MATLAB computations and gradient studies that allowed us to obtain a close to optimal

96
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constant with a behaviour which can be easily predicted through numerical analysis. It is important to highlight
that the constant involved in our new inequality is better than other constants presented in various research papers.
After the result was established, we discovered also a trial version of a Hardy inequality regarding the circumradius
of a simplex in n dimensions. It is still a trial version considering the fact that the vector field involved might not
be the optimal one to use. This is the case because the terms used may behave nicely for relatively high dimensions,
but if we intend to allow the dimension tend to infinity, it is not quite clear what the behaviour would be.

In §4, we are looking for new Hardy-type inequalities motivated by a recent paper of L. Skrzypczak and C.
Tintarev [106]. We considered dimension four as a starting point in order for our configuration of points to be easily
observable. Our main points of interest were what the best possible value for the constant involved could be and
whether the inequality discovered is true for functions on the whole space and not just for block-radial functions.
The first question has a rather complicated answer which consists in a minimiser. This is obtained by introducing
a non negative test function on the sphere. One more important condition on this function was established to
be that it is bounded and by using polar coordinates and the Sobolev inequality, we were able to show also that
the inequality is equivalent to the compact embedding into the Sobolev space H!(R™). The second question was
answered positively by considering another polar coordinate system for which an optimal configuration of points in
R™ was used. Once this was accomplished, we checked whether the inequality obtained has a finite norm such that
we can take the infimum over the whole quantity and, in this manner, to establish the value of the optimal constant.
We moved forward to applying our result into an abstract field known as Hopf fibrations. Using the configuration of
points introduced previously, we developed a new system of coordinates resembling the Hopf fibration for dimension
four. The classical Hopf fibration for four dimensions provided a good starting point from which we treated the
next Hopf fibration for eight dimensions. Afterwards, our new inequality was translated into Hopf coordinates on
the S7 sphere while still checking that the norm in the usual Lebesgue space is finite.

Reaching the last main result chapter, in §5 we treated the case when the Hardy inequality can be defined
on dimension two. More specifically, how we can investigate the existence of a discrete Hardy inequality in two
dimensions. It is known that the classical Hardy inequality fails in two dimensions due to the structure of the
terms and the dependence of the constant on dimension. Our interest, hence, consists in finding a suitable magnetic
potential field for which the quantities in the discrete inequality are properly defined. The problem was formed
around the existence of a magnetic Hamiltonian involving a magnetic field and the flux of this field. This is clearly
applied in Quantum Mechanics and we used the Aharonov - Bohm magnetic effect to create our potential field.
This effect was also used by Laptev and Weidl in [74] to discover a two dimensional improved version of Hardy
inequality. For our case, once the Hamiltonian was formed, we considered a special polar coordinate system which
explains how the magnetic flow spins around the origin of a square of radius n. The polar coordinates system was
used with a non linear operator which moves counter-clockwise along the square hence resembling the spin of the
magnetic flow. We discretised the continuous gradient on R? using the non linear operator and preserving as many
terms as possible. Through various and numerous computations, we were able to reach a concise form of the new

inequality which contains a constant depending on the magnetic potential field chosen. Once the magnetic field
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was introduced we were able to determine the value of the constant in the resulting discrete Hardy inequality by
using Parseval’s theorem and the periodicity of the non-linear operator on the space used. The inequality obtained
provides a refined version of what the reader could find in the work [39] and [72] in the sense that our inequality
was researched upon by using the standard quadratic form on Z2.

Since we manifested an interest in Hardy inequalities for multiple dimensions and particles we also have curiosities
which seems worthy of our attention. In §6 we revisited the case when the Hardy inequality was defined for the
circumradius of a simplex in n dimensions with a large number of particles. This created a snowball effect and we
found ourselves into a whole new different stage. Once we managed to find one other inequality for the circumradius,
we had an impulse on defining and discovering a more pedantic manner to determine a Hardy inequality for the
volume of a n dimensional simplex. The usual manner in which one can define the volume of a simplex is through
the determinant of an n by n + 1 matrix. Moreover, another interesting idea would be to maximise the volume of
the simplex involved and such obtain a formula for the gradient term involving the description of this determinant.

Tracing back the exceeding possibilities to extend the results obtained so far in the theory of Hardy inequalities,
the present thesis has laid the foundation stone for their research. Continuous research involving these aspects holds

enormous promise towards the improvement of future results.
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