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Chapter 1

Introduction

1.1 Motivation

The four fundamental interactions in the universe are the gravitational force, the
electromagnetic-, as well as the weak- and the strong interaction. A major discovery in
the 20th century was that all forces can be described by corresponding particles. In this
description of nature, interactions are described by scattering processes which occur on
a quantum level between particles. In the case of the electromagnetic interaction the
photon mediates the electromagnetic force. While for the weak interaction the W and Z
bosons, and in the strong interaction eight gluons are responsible for the interaction. The
boson responsible for the gravitational force has still not been experimentally verified.
This boson is known under the name of graviton.

Attempts to quantize the gravitational field in a quantum field theoretical context
have failed, due to the lack of an important and very successful principle which
leads to finite theories: renormalizability. By treating the gravitational field like the
electromagnetic field and quantizing it in a similar fashion, one ends up with a quan-
tum field theory (QFT) that is nonrenormalizable. This means that the quantum field
theory by hand does not make any sense in sensible physical terms and has to be discarded.

Despite unsuccessful attempts to unify gravity with quantum field theory, efforts to
unify the electromagnetic and the weak interactions were rewarded by the electroweak
theory. Furthermore, by amplifying the electroweak theory with quantum chromodynam-
ics, the theory that describes strong interactions, on was led to the formulation of the
standard model.

Even among nonphysicists, it is agreed upon that the standard model displays one
of the greatest intellectual achievements in human history. But despite major success on
experimental and theoretical level, the standard model fails to explain many aspects of
nature.

First of all, as already mentioned above, the graviton has still not been experimen-

tally verified. Furthermore at energies where the particle is expected, the standard model
will not hold anymore. Secondly, the most accurate description of gravitation is given by

7



8 CHAPTER 1. INTRODUCTION

the theory of general relativity. In this theory, matter and spacetime are intertwined by
the famous field equations of Einstein, and gravitation is understood as the curvature of
spacetime induced by the matter by hand. Attempts to unify quantum field theory with
general relativity have failed even in the linear approximation of gravitation. The reasons
vary from renormalizability to the understanding of spacetime not as a stage where the
dynamics takes place, but as an intrinsic property of the dynamics of the matter content.

Moreover, cosmological observations predict the existence of dark matter. The pre-
diction of existence of dark matter can be deduced from its gravitational effects on
atomic matter, radiation and the large-scale structure of the universe. It supposedly
constitutes about 84% of the matter and energy content of the universe. Because
the standard model only deals with atomic, i.e. visible particles, the major part of the
matter contribution in the universe can not be explained or modeled by the standard model.

Another major philosophical problem in the search for a theory of quantum gravity
concerns the picture of spacetime at small scales. According to an argument originating
from John A. Wheeler the classical picture of spacetime should break down at very short
distances of the order of the Planck- length I, = \/Gh/c?. Around this scale the concept

of spacetime as a continuum breaks down due to the quantum indeterminacy.

Wheeler argues that, if one wants to probe an event in the length scale of Planck
length with a photon, by the uncertainty principle, the particle has to have roughly
Planck energy. Now according to general relativity, a photon on such energy scales causes
a gravitational collapse and therefore it does not yield any information of the event. The
gravitational collapse is caused by the fact that the Schwarzschild radius of a particle
with Planck energy is approximately equal to the Planck length. Consequently, due to
the uncertainty principle and the Schwarzschild radius, the very measurement of an event
in this length scale creates a black hole and no information about this event will emerge.
The region with Planck-length of radius, therefore becomes in a sense noncontinuous, i.e.
experimentally not accessible.

There are many approaches available in order to solve the problem of unifying
quantum field theory with general relativity, and to solve the measurement problem
on scales of order of the Planck-length there. In this introduction the author will try
to give a brief review of popular approaches on the market and point out the shortcomings.

One idea to approach the problem of handling spacetime on a quantum level, is to
quantize the geometry in a canonical fashion. The theory is well known under the name
of loop quantum gravity (LQG). Quantization of the spacetime geometry in LQG leads
to the picture of a granular space. Thus space itself becomes discretized. Another
point usually stressed in the context of LQG, is the background independence. This in
particular means, that for the theory by hand no assumption of a preexisting spacetime
is needed. Thus one does not have to start with a classical background (spacetime) and
try to quantize it. As appealing as LQG may sound, no semi-classical limit for recovering
general relativity has been shown to exist. Therefore it is not clear if LQG describes
spacetime on a quantum level at all. Furthermore, the theory is unfortunately far from
describing matter and achieving similar successes as the standard model.
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Another major field of research is string theory. In this theory, the point like ob-
jects referred to in the standard model as particles, are replaced by 1-dimensional
oscillating lines called strings. It then depends on the oscillations of the string to give
the particles their flavor, charge, mass and spin. At first, only the bosonic string was
formulated. The investigation how to include fermions led to the use supersymmetry.
Theories that include fermionic strings are known as superstring theories. Five different
superstring theories were defined and were further shown to be equivalent, since in
particular these theories are different limits to M-theory.

Up to this date, string theory was not able to give a mathematical precise answer
why it should be the theory that unifies all fundamental forces. Furthermore, the theory
requires additional dimensions that have still not been experimentally verified. Very high
energies are needed to test or falsify the theory. Up to this date no precise falsifiable
experimental prediction that can be measured with the accessible energies has been done
to proof or disproof parts of the theory. The lack of experimental evidence is dangerous
due to the fact that it places theories in corners that are out of reach for science. There is
also the lack of background independence. String theory assumes a preexisting classical
spacetime. Background independence is a property that is expected from a true theory of
quantum gravity.

A more down to earth approach, is quantum field theory on curved spacetimes
(QFTCST). In QFTCST, one tries to extend the definition of a QFT in flat Minkowski
space to curved spacetimes. Scattering processes in QFT on flat spacetime can be
calculated by the S-matrix. One very important assumption therein, is that the incoming
and outgoing particles behave like free particles. In QFTCST, the notion of incoming and
outgoing particles are only recovered in the situation of asymptotically flat spacetimes.
But also in this special case, the particle number depends on the observers. This means
that different observers may measure a different number of particles in such a spacetime.
On CST, there is also an issue with the vacuum state. In QFT on flat spacetimes, the
vacuum state is unique due to the condition of it being the only Poincaré invariant state.
In QFTCST on the other hand, unless the metric of the curved spacetime has a global
time-like Killing vector, there is no unique way of defining the vacuum.

Nevertheless, QFTCST seems to have many applications to cosmology, like Hawk-
ing’s prediction of thermal radiating black holes and the prediction of the primordial
density perturbation spectrum arising from cosmic inflation, just to name a few. Despite
its problems and predictions, QFTCST can only be considered as a first approximation
to quantum gravity, because the curved spacetime is always taken to be classical, i.e not
quantized.

Another appealing approach that gained wide popularity among theoretical physi-
cists is known under the name of noncommutative quantum field theories (NCQFT).
Roughly speaking, in this approach one constructs a noncommutative spacetime and
tries to define a reasonable QFT on it. The noncommutative spacetime is constructed
in a similar fashion as the phase space in quantum mechanics. One simply replaces the
coordinates of space and time by operators on a Hilbert space. Furthermore, one endows
the operators with an noncommutative algebraic structure. The physical idea for this
ansatz is the following: Due to the measurement problem on the scale of Planck lengths
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on NC spacetimes, the pointwise structure is replaced by some sort of cell structure. In
measurement terms, this means that one cannot experimentally determine the spacetime
coordinate of a spacetime event with arbitrary accuracy. In the next step a QFT can be
defined on such a spacetime by replacing the pointwise product with a deformed product.
By taking the limit of the deformation parameter to zero, one recovers the classical picture
of spacetime. The deformation parameter which has to be determined by experiment,
gives the strength of noncommutativity.

It is interesting to note that even among the string theory community NCQFT,
gained popularity due to the observation that NCQFT can be obtained in a certain low
energy limit from string theory, [SW99]. From a quantum field theoretical aspect it
gained interest due to many reasons. First of all, it was thought that by the introduction
of a fundamental length, renormalization ambiguities will disappear and many ultra
violet divergences will cancel. It turned out that, the quantum field theoretical euclidean
approach exhibited a new type of divergences, the so called UV-IR mixing. Nevertheless,
in a series of papers [GW03, GW05a, GW05b|, the authors proved renormalizablity of the
¢* model on a NC space to all orders, by adding a term due to duality considerations.
This was a great breakthrough, because it provided the way towards other renormalizable
noncommutative field theories.

After remarkable progress has been made in understanding field theory on a fixed
NC spacetime, the next step would be to try to formulate a dynamical structure of NC
spacetime, to enable the incorporation of GR with QFT. A realization of this idea was
proposed in a matrix model and has been published by a few authors [Ste07, Yan09].
The basic observation is that matrix models that define noncommutative (NC) gauge
theory contains a specific version of gravity. This provides a dynamical theory for
noncommutative spaces. The ideas of these matrix models were further investigated
[Ste08, GSW08, Muc| and were moreover applied to cosmology, [BS10].

After much work was done on euclidean space, NCQFT was further developed on
Minkowski space. Quantum field theory on a noncommutative Minkowski spacetime
was rigorously realized in [DFR95|. The quantum field therein was defined on a tensor
product space V ® 5. Where 7 is the Bosonic Fock space and V is the representation
space of the noncommuting coordinate operators ,, satisfying the Moyal-Weyl plane
commutator relations, i.e. [%,,%,] = i6,,. The matrix §,, is a constant, nondegenerate
and skew-symmetric matrix.

There were serious questions posed about the unitarity of the S-matrix for scalar
QFT defined on the Moyal-Weyl plane. Nevertheless, in a series of papers [LS02¢, LS02b|
it was shown that the unitarity of the S-matrix is not violated. The authors proved that
the apparent violation of unitarity is due to the naive approach of taking the commutative
Feynman rules for NCQFT. Instead, one has to be careful due to the fact that the
time-ordering procedure does not commute with the star multiplication in the case of
time space noncommutativity.

Many authors [ABJJ07, Gro79, GLO7| succeeded in representing the scalar field on
A instead of V ® . In |GLO7|, this representation was used to construct a map from
the set of skew-symmetric matrices, which describes the noncommutativity, to a set of
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wedges. The next step was to apply the construction to map the noncommutative scalar
field to a scalar field living on a wedge. The respective model led to weakened locality and
covariance properties of the field and to a nontrivial S-matrix. A result which is astonishing
because notions of covariance and locality are usually lost on a noncommutative spacetime.

The method of deformation was further generalized in [BS08, BLS11, Lecl2| and
was made public under the name of warped convolutions. The method in |[Lecl2| was
also successfully used to define deformations of a scalar massive Fermion, [Alal2]. It is
interesting to note that the model formulated in [GL07| can be obtained from warped
convolutions by using the momentum operator for the deformation. In fact any strongly

continuous unitary representation of the group R™ can be used to deform the free scalar
field.

1.2 Aim and overview of the thesis

The main focus of the present work is the construction of a quantum spacetime
from theory. We take physical objects, i.e. operators of the underlying quantum theory
and deform with those objects, to obtain noncommutative structures. The obtained
noncommutativity will give us some insight about the physical nature of the deformation
parameter. The general guideline of this thesis is to construct such quantum spacetimes
in a purely algebraic way. This means that we use deformation procedures and try to
extract from them in a sensible physical way, quantum spacetimes.

One advantage of the construction of those quantum spacetimes is their background
independence. Although we take the flat Minkowski metric as our background, the
quantum spacetime that we obtain is of purely algebraic nature and also obtained in a
very different way from usual approaches. The commutative limit which in our approach
is equivalent to the flat limit, can be obtained by setting the deformation parameter equal
to zero.

The organization of the thesis is as follows: In Chapter 2 we lay out the funda-
mental building blocks of the deformation that we use throughout the entire work. This
deformation method is called warped convolutions. To use this method in mathematical
sensible way one is obliged to have a strongly continuous unitary representation. Such a
unitary representation is taken in the third chapter by the exponential of the coordinate
operator and the deformation is performed with the so defined group. In Chapter 3
quantum mechanical objects, as for example the Hamiltonian, are deformed. Many
interesting physical phenomena follow and those physical theories are used to define a
quantum space. We further show that this method can be generalized to the case of the
scalar fields and commit ourselves to such a search in a quantum field theoretical context.
Before doing so, we review in Chapter 4 some important developments that were achieved
in the context of NCQFT on Minkowski space.

In Chapter 5 we construct for the massless and massive scalar field reasonable co-
ordinate operators and show many paths of obtaining a quantum spacetime in this way.
We further deform the scalar field with the constructed operators and show that they live
on a nonconstant noncommutative momentum space. Moreover, we show that a QFT
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defined on such a space still fulfills reasonable properties. We prove that the field satisfies
the Wightman properties, wedge-covariance under a subgroup the Poincaré group and
wedge-locality.

In Chapter 6 we deform the free massless scalar quantum field with the special
conformal operator. The proof of self-adjointness of the special conformal operators was
given rigorously in [SV73| and is shortly sketched. The proof therein relies on the fact
that the momentum operator and the special conformal operator are unitarily equivalent.
Furthermore, we use the unitary equivalence to proof convergence of the deformation
in the Hilbert space norm. The Wightman properties, transformation properties and
wedge-locality of the deformed field are further proven. In the end of the Section we
show how the deformation with the special conformal operators leads to a nonconstant
noncommutative spacetime. The last chapter focuses on the conclusion and outlook.



Chapter 2

Warped Convolutions

The main focus of this work is the construction of an emerging quantum spacetime.
In particular this means that we take physical objects, i.e. operators of the underlying
quantum theory, and deform with those objects in order to obtain noncommutative
structures. The obtained noncommutativity may give us some insight about the physical
nature of the deformation parameter. The deformation technique that is used throughout
the entire thesis is known by the name of warped convolutions, [BS08, BLS11|.

The reason for our specific choice is owed to the fact that warped convolutions give
a mathematical rigorous framework in which deformations of operators in QM and QFT
can be considered. For easy reference we recapitulate this novel deformation procedure
and state the most important definitions, lemmas and propositions in a form appropriate
for the current work. For proofs of the lemmas and propositions introduced in this Section
we refer the reader to the original papers [BS08, BLS11].

2.1 (" algebra

To give a mathematical rigorous definition of the deformation of operators, one has to
work in a C* algebraic setting, where deformations of bounded operators are considered.
For this purpose, let us first define a C* algebra. We start by defining an algebra A, [Lan97].

DEFINITION 2.1. A is called an algebra over the vector space of complex numbers C,
if aa + Pb with a,b € A and o, € C, are well defined. In addition, there is a product
A x A — A, which is distributive over addition,

a(b+ ¢) = ab+ ac, (a + b)c = ac + be, Va,b,c € A.
The algebra A is called a unital algebra if it has a unit 1.
DEFINITION 2.2. An algebra A is called a *-algebra if it admits an involution * : A — A,

such that
a** = a, (ab)* =b*a™, (aa + Bb)* = @a* + Bb*

for any a,b € A and «, 8 € C and bar denoting the usual complex conjugation.

13
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DEFINITION 2.3. An algebra A with a norm ||| : A — R is called a normed algebra if
the following properties are fulfilled,

lall 2 0,[lall =0 a=0,  [aa] = |af]al,

la+0ll < llall + (16l llab]l < [[alll|b]
for any a,b € A and «, € C.

The topology defined by the norm is called the norm topology. The neighborhoods of any
a € A are given by
Ula)e={be A:|la—b|| <€}, €>0.

DEFINITION 2.4. A Banach algebra is a normed algebra which is complete in the norm
topology.

DEFINITION 2.5. A Banach *-algebra is a normed *-algebra which is complete and
satisfies the additional requirement

la*[| = flall, ~ Vae A

DEFINITION 2.6. A C*-algebra is a Banach *-algebra whose norm satisfies the additional
identity
la*all = [la|*,  a€ A

2.2 Deformation with warped convolutions

Warped convolutions were introduced in the realm of algebraic quantum field theory
as a new tool to construct non-trivial quantum field theories. It was further shown
in [BLS11]|, that the deformation procedure is an isometric representation of Rieffel’s
strict deformations of C*-dynamical systems in [Rie93]. In this Section we introduce the
important definitions, lemmas and propositions of warped convolutions.

The authors in [BS08, BLS11| start by considering the C*-algebra C of all uni-
formly continuous bounded functions A : R™ — B(J¢), where B(J¢) is the Hilbert space
of bounded operators. The algebraic operations of the C*-algebra C are pointwise defined,

(A+B)(z) =A(z) +B(z), (AB)(z) =A(z)B(x), A*(z) = A(x)", xr e R™

The norm on C is given by the supremum norm

|A]l = sup [[A(z)].
reR?

Elements A € C that are considered for deformation belong to the subalgebra C*> := {A €
C : |[0"A(z)|| < oo}. In the proofs of the lemmas and propositions it is important to
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integrate the functions x +— A(x) and in general these functions are not absolutely inte-
grable, w.r.t. the Lebesgue measure. In order to have suitable decay properties, mollifiers
F,, : R" — C are introduced and a specific choice for F;, € L'(R") is given by

Lo(x)=(i+a 4+ +a)" [ (+z)" 2R
k=1,-n
The next lemma is of great technical importance for all further lemmas concerning the
warped convolutions of operators.
LEMMA 2.1. Let A, B € C be n+1 times continuously differentiable and let f € &/ (R™ x
R™) with £(0,0) = 1.
(i) The norm limit of the Bochner integrals in B(.5),

lim (2#)_”/ dz dy f(ex,ey) e ¥ A(z) B(y)=A x B,

e—0

exists and does not depend on f. Here xy, x,y € R" is any symmetric bilinear form
on R™ with determinant 1 or —1.

(ii) With L, as above, there exists a polynomial u,v — P,(u,v) on R™ x R™ of degree
n+ 1 in the components of u and v, respectively, such that

AxB = (21)" / / da dy e Po(Ds,8y) Ln(2) A() Lu(y) B(y).

where the integral is defined as a Bochner integral in B(F).
(iii) ||A x B| < cu ||All, 11 IBll,41, for a universal constant cy,.
(iv) Let C € B(A). Then
(CAxB)=C(AxB), (AxBC)=(AxB)C, (ACxB)=(AxCB)

and the linear map
C—AxCB

is continuous on the unit sphere of B(J) in the strong operator topology.

To define the deformation of operators belonging to a C*-algebra C, we consider elements
belonging to the subalgebra C'* C C*. The subalgebra C* is defined to be the x—algebra
of smooth elements with respect to «, which is the adjoint action of a weakly continuous
unitary representation U of R™ given by

oz (A) =U(z)(AU(x)™, zeR™

By using Lemma 2.1 and the spectral calculus one can present the warped convolution
of A € C* given by [ ap,(A)dE(x) or [ dE(x)ap,(A), on the dense domain D C 2 of
vectors smooth w.r.t. the action of U, in terms of strong limits

/agm(A)dE@)(I) =(2n)™" lig(l)//dmdyf(ex, ey)e” Wag, (AU (y)®, ¢ D,

/dE(a;)agx(A)CI) =(2m)™" li_r}(l)//dmdyf(ex,ey)eisz(y)agx(A)é, deD,
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where F is the spectral resolution.
The following lemma shows first that the two different warped convolutions are equivalent.

Second, it shows how the complex conjugation acts on the warped convoluted operator.

LEMMA 2.2. Let 0 be a real skew symmetric matriz on R™ and let A € C*°. Then
(i) | con(A)E(@) = [ dE(x)ap,(A)
(it) ([ cpu(A)dE(2))" C [ gy (A*)dE(x)

The deformations of operators that we consider make use of the following definition.

DEFINITION 2.7. Let 6 be a real skew symmetric matrix on R™ and let A € C*°. The cor-
responding warped convolution Ag of A is defined on the dense domain D C 57 according
to

Ap® = /dE({I,‘)O&gI(A)@ = /agx(A)dE(x)fb, ¢ cD. (2.1)

In particular, 19 = 1.

In the following lemma we introduce the deformed product, known as the Rieffel product
[Rie93], by using warped convolutions |[Rie93]. The circumstance that the two are inter-
related is due to the fact that the warped convolutions supply isometric representations
of Rieffel’s strict deformations of C*-dynamical systems with actions of R™. The defini-
tion of the Rieffel product, given by warped convolutions, is used to calculate deformed
commutators. For example, in 6 one can use the Rieffel product to argue that the deforma-
tion with the special conformal operator induces a nonconstant noncommutative spacetime.

LEMMA 2.3. Let 0 be a real skew symmetric matriz on R™ and let A,B € C*. Then
ApBy® = (A X B)QCI), P eD,

The deformed product Xg is known as the Rieffel product on C* and is given by,

(AxgB)®=(2m)" li_r}r(l)//dwdyf(e:c, ey)e Vag, (A)ay(B)®, ® e D. (2.2)

The next proposition gives the transformation property of the warped convolution of
an operator under the adjoint action of a unitary or antiunitary operator on .. This
is important in Chapters 5 and 6 when we examine the transformation properties of
deformed operators under the Lorentz transformations.

PROPOSITION 2.1. Let V' be a unitary or antiunitary operator on € such that
VU(z)V~! =U(Mz), z € R?, for some invertible matriz M. Then, for A € C*,

VAV = (VAV™Y yomr

where MT is the transpose of M w.r.t the chosen bilinear form, o =1 if V is unitary and
o = —11if Vis antiunitary.

The transformation property of the deformed operator becomes important after we
relate in the realm of quantum field theory, skew symmetric matrices 8 to wedges W



2.2. DEFORMATION WITH WARPED CONVOLUTIONS 17

by using the homomorphism given in |[GL07|. This in particular means that to each
deformed operator with deformation matrix 6 there is a corresponding wedge W. The
transformation behavior of the deformed operator given in proposition 2.1 corresponds to
the transformation property of a wedge-covariant field.

The following proposition is crucial to prove that two deformed fields satisfy a weakened
locality know as wedge locality.

PROPOSITION 2.2. Let A, B € C* be operators such that [0, (A), a—gy(B)] = 0 for all
x,y € spU. Then
[Ag, B_g] = 0.

Due to the fact that in physics one usually works with unbounded operators, in the next
Sections we are obliged to show that the deformation formulas still have a proper mathe-
matical meaning.
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Chapter 3

Deformations in QM

In this Chapter we study deformations of operators from a quantum mechanical point
of view. The tool used to study deformations is the warped convolutions. At first, we
study deformations of the simplest Hamiltonian of quantum mechanics, namely that of
a free particle. The generators of a unitary representation, needed to define the warped
convolutions, are chosen to be the coordinate operators. The idea behind deformations of
QM with the coordinate operator is the intention to study similar deformations of a QFT.
Thus, the main objective in this Section is gaining some insight into the physical effects
appearing by a deformation with the coordinate operator and try to implement those ideas
in the realm of QFT.

3.1 The canonical commutation relations

In quantum mechanics the momentum P; and coordinate X; are represented as self-
adjoint operators on a Hilbert space J#. These operators do not commute mutually, but
satisfy the canonical commutation relations instead. In this section, we give a functional
analytic introduction to the representation of the coordinate and the momentum operator
as self-adjoint operators. We start by giving the definition of the canonical commutation
relations, [RS75a, Chapter VIIL5, Example 2].

DEFINITION 3.1. A pair of self-adjoint operators (P;, X;) is said to satisfy the canonical
commutation relations if

PX; — X;P, = —ibij Ly, (3.1)

where I, is the unity operator on .7 and ¢;; is the Kronecker delta in n-dimensions.

Operators satisfying the canonical commutation relations are unbounded operators and
therefore one has to further specify the domain of self-adjointness. In this context it is
easier to work with bounded operators and use the fundamental theorems of von Neumann
and Stone to obtain the essentially self-adjoint operators (P, X;). Let us start by defining
strongly continuous unitary representations of the additive group R™. This is done by
using Stone’s theorem, [RS75a, Theorem VIIL.7].

19
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THEOREM 3.1. Let QQ; be commuting self-adjoint operators, with j = {1,--- ,n} , t.e.
Qj,Qr] =0, and define C(b) := Q" Then

1. For each by, € R, C(b) is a unitary operator and C(b)C(s) = C(b+ s), for all
br, s € R.

2. If g € LA(R™) and by — b), then C(b)p — C(1°)¢.

The next definitions are given in [RS75a, Chapter VIII].

DEFINITION 3.2. An operator valued function C(b) satisfying the properties stated in
the last theorem is called a strongly continuous unitary group.

DEeFINITION 3.3. If C(b) is a strongly continuous unitary group, then the self-adjoint
operator (); with C'(b) = ¢P:Q" i called the infinitesimal generator of C ().

In the next step we define the strongly continuous unitary groups satisfying the so called
Weyl relations.

DEFINITION 3.4. Let V(a) and U(b), with a,b € R™, be two continuous unitary groups
on a separable Hilbert space ¢ satisfying the following relations

U(a)V(b) = e ¥V (b)U(a). (3.2)

Then the groups V(a) and U(b) are said to satisfy the Weyl relations. The unitary
operators V' (a) and U(b) are defined by using the canonical conjugate pair (X, Py) in the
following way

Via) =%, U®):=e¥l,  abeR™

The corollary that follows shows that any strongly continuous unitary group fulfilling the
Weyl relations (3.2), have infinitesimal generators satisfying the canonical commutation
relations. Furthermore, the generators turn out to be essentially self-adjoint operators on
a dense domain D C ¢, [RS75a, Chapter VIIL5, page 275].

Corollary 3.1. Let V(a) and U(b) be strongly continuous unitary groups satisfying the
Weyl relations (3.2) on a separable Hilbert space 7. Let the operator P; be the generator
of U(b) and the operator X be the generator of V(a). Then, there is a dense domain
D C S so that

1. P:D—D,X,:D— D,
2. PXpp — XpPip = —idryp,  VoeD,
3. P; and X} are essentially self-adjoint on D.

The common domain of essential self-adjointness is chosen to be the Schwartz space
S (R"™) C L*(R"), defined in (8.20). In the next section we use the fact that the essentially
self-adjoint operators (P;, X;) define unitary representations of the additive group R", in
order to define warped convolutions.
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3.2 Warped convolutions in QM

For a deformation of the Hamiltonian we choose to work in the standard realization of
quantum mechanics, the so called Schréodinger representation, [BEH08, RS75a, Tes01].
In this representation the pair of operators (P;j, X}) satisfying the canonical commutation
relations are represented as essentially self-adjoint operators on the dense domain
Z(R™). Here P; and Xj are the closures of i0/0x/ and multiplication by zp on
Z(R™), respectively. In this section we apply the definitions of a strongly continuous uni-
tary group to define the warped convolutions formula (2.7) of a densely defined operator A.

First, we define the warped convolutions by using the coordinate operator.

DEFINITION 3.5. Let B be a real skew-symmetric matrix on R™ and let xy € .(R"™ x R")
with x(0,0) = 1. Then, the warped convolution of an operator A with the coordinate
operator, denoted as Ap x, is defined on the dense domain .%(R") as follows

Ap xV¥ := (2m) ”hm // d"yd"ke” k! X(ey, €k)V (k)ap,(A)V. (3.3)

The automorphisms « are implemented by the adjoint action of the strongly continuous
unitary representation V (y) of R™ given by

az(A) =V(z)AV(z)™!, zeR™

In the quantum mechanical case most of our considerations involve the deformation of
operators using the coordinate operator.

However, for some arguments we also need warped convolutions defined with the
momentum operator.

DEFINITION 3.6. Let 6 be a real skew-symmetric matrix on R” and let x € .(R™ x R")
with x(0,0) = 1. Then, the warped convolution of an operator A with the momentum
operator, denoted as Ay p, is defined on the dense domain .%(R") as follows

Ay pV = (2m) "hm // d"yd"ke” k! X(ey, ek)U(k)agy(A)W. (3.4)

The automorphisms « are implemented by the adjoint action of the strongly continuous
unitary representation U(y) of R™ given by

oz (A) =U(z)AU(z)™!, zeR"™

3.3 Deforming the Hamiltonian

To explore the physical consequences of deformation, we take the free Hamiltonian of
quantum mechanics and deform it by using the novel tool of warped convolutions. Later
on we solve the eigenvalue equation to obtain a deeper physical insight. The Hamiltonian
of a free particle in quantum mechanics is given as follows

PP

Hy = — . 3.5
0 2m ( )
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This Hamiltonian describes a non-relativistic and non-interacting particle. For the
following considerations, let us restrict the deformation to three space dimensions.
A restriction obvious due to its physical relevance. Let us start the section with an
important theorem concerning the domain of self-adjointness and the spectrum of the free
undeformed Hamiltonian Hy, [Tes01, Theorem 7.8].

THEOREM 3.2. The free Schridinger operator Hy is self-adjoint on the domain D(Hp)
given as

D(Ho) = H*(R®) = {p € L*(R%)||P|*» € L*(R?)},
and its spectrum is characterized by o(Hp) = [0, 00).

Before proceeding with deformation, a mathematical problem arises at this point of our
work. The deformation formula, given by warped convolutions, is only well-defined in the
strong operator topology for a subset of bounded operators that are smooth w.r.t.
unitary representation U of R™. In view of the fact that this thesis deals with unbounded
operators we have to show that the deformation formula, given as an oscillatory integral,
is well-defined. For the subsequent discussion let us introduce the notion of an oscillatory
integral, ([H6r04|, Section 7.8, Equation 7.8.1).

DEFINITION 3.7. Let X C R" be open and let I be an open cone on X x (RV\{0})
for some N. This means that I' is invariant under multiplication by positive scalars of
components in RY. We shall say that a function ¢ € C*(T') is a phase function in T if

o o(x,ty) =to(x,y) if (x,y) €T, t > 0.
e Im¢ >0in T,
e dp#0in .

Then an integral of the form
/ Vb (x, y) dy,

is called an oscillatory integral.

Another important notion in our subsequent discussion is that of a symbol (|[H6r04],
Section 7.8, Definition 7.8.1).

DEFINITION 3.8. Let m, p, d, be real numbers with 0 < p <1 and 0 < § < 1. Then we
denote by S7;(X x R™), the set of all b € C°°(X x R") such that for every compact set
K C X and all a, § the estimate

10508b(x, k)| < Coprc(1+ [K))PloBl e K ke R,

is valid for some constant C, g . The elements S/% are called symbols of order m and
type p,0.

By using the former definitions it can be shown [H6r04, Section 7.8, Theorem 7.8.2],
([LW11]), ([Jos99]), that if m < —n + 1 the oscillatory integral converges to a well-defined
function. In the case m > —n + 1, the oscillatory integral can still be defined in a
distributional manner. The cases considered in this thesis belong to the second class.
Thus, the task throughout the thesis is to show that b(x,y) belongs to a symbol class and
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therefore can be well-defined as a distribution.

To prove that the deformation formula (3.3) holds in the case of the unbounded
operator Hy, let us consider the deformed free Hamiltonian Hp x as follows

(U, Hp x®) = (27) 3hm / / By dPk e ey, k) (U, V (k)aup, (Ho)®)
=: 3hm // By dike” k! x(ey, €k) b(k, y)
for ¥,® € .7(R3).

Remark 3.1. The scalar product (y, k) satisfies the conditions of a phase function given in
Definition 3.7. It is actually one of the most considered examples of a phase function, due
to its close relation to the Fourier transformation.

As one can see (¥, Hg x®) is given in the form of an oscillatory integral. Thus to prove
that the expression is well-defined, we show in the next lemma that b(k,y) belongs to a
symbol class.

LEMMA 3.1. Let the function b(y, k) be given as the scalar product (¥, V (k)apy,(Ho)®).
Then b(y, k) € Sig, for ¥, ® € #(R®) and therefore deformation with the coordinate
operator, via warped convolution, of the free Hamiltonian Hy is given as a well-defined
oscillatory integral.

Proof. For the proof we first calculate the adjoint action of V(By) on Hy given by,
1 .
apy(Ho) =V (By)HoV(—By) = *%V(BQ)PJ‘PJV(*BZJ)
1 .
= =5, V(BY) BV (=By)V(By) P’V (-By).

To solve this expression we look at the adjoint action of V(By) on the momentum operator,

-2
. . . A
! PN Py PO = Py - i(By)i[X*, Pyl + 5 (By)(By)x[ X' [X*, Pi)) 4

=0
= Pj+ (By);. (3.6)

By taking equation (3.6) into account we obtain for the adjoint action of V (y) on Hy
1 . .
apy(Ho) = —5 (P + Bjry*)(P? + B'"y,)
1 . .
= Hy— 5 - <2PJBjkyk + Bjkkaﬂyr) .

It is easily derived by using the canonical commutation relation and the Baker-Campbell-
Hausdorff formula.
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In the next step we look at the expression

|0:05-b(y, k)| = (¥, (9% V (k) 9 (apy(Ho)) D)

I 3m

< l(=ix)w| \
—

05 (o~ 2Py - o (Bun(s) ) 2|

—-Ul,«

< Cl,a (

where the Cauchy-Schwarz inequality was used to obtain the last line.

1 . 1 A
B 8 8 2
0 Ho®|| + — 10 (ByY | | Pl + 5105 (By) rq»n) ,

Remark 3.2. In the first line we changed the order of integration and differentiation. This
can be done due to the following relation,

b(k,y) = /dxeiklxllll(x) (—Ax + z;(By)]aaX] + 2;(By)l(By)l> P (x).

By using the fact that ¥, ® € .#(R?) and e~kx' ig continuous in k, we can interchange the
order for k. Furthermore, the adjoint action of V(By) on Hy yields a second order polyno-
mial in y at most and thus it is clear that we can interchange the order of differentiation
and integration.

Without loss of generality, one can choose the skew-symmetric matrix B to have the form
B;; = eijkBk, where €, is the three dimensional epsilon-tensor. Then the following
inequality for the norm of vector B;;y’ holds,

|Bijy’| < V2[Bllyl. (3.7)

This is easily seen by using the Cauchy-Schwarz inequality and the relation |a| — |b] <
la] + 1b].

Bijy’ |> = (—Bijy’ B*ys)
= —eijkBkyjeisrBrys
= — (656}, — 0763) Br By,
= (Bryeryk - BrBryjyj)
= (By)? — (B)’y* < (B)’y* + (By)”
< 2|B]ly|*.

Thus for 8 = 0 and by choosing B;; = eijkBk, we have inequality

1 } 1 .
by, k)| < Cro [ |Ho®|| + —|(By)| |P,®| + —|(By)’|? ||®
|0pib(y, k)| < Cn, (II 0 ||+m|( y)’| |1 Py ||+2m\( y) 17|l H>

B B|?
< Cua | [How] 421 S Pl iy 2 o
=:Cs — s
=:C3 -

< C1.0p (1+1y)?,
N——

::Cl,a,B
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where in the last lines a constant C'p satisfying
Cp > C1,C9,Cs. (3.8)

has been chosen, which is possible since Ci, Cy and Cj are finite constants. Therefore
b(y, k) belongs to the symbol class Sio. Note that for § = 1,2 the behavior of b(y, k) for
large y becomes even better.

Having shown that b(k,y) belongs to a symbol class theorem [H6r04, Section 7.8, Theo-
rem 7.8.2| can be applied and thus it follows that the oscillatory integral is defined in a
distributional sense. O

In the subsequent discussion we drop the scalar product in order to clarify the physical
outcome of the deformation. Nevertheless, throughout this work we show that the de-
formation formula of warped convolutions holds for the unbounded operators that are used.

After clearing the mathematical problem of well-definedness we turn to the explicit
result of deformation. The resulting Hamiltonian obtained by deformation of the free
Hamiltonian using warped convolutions is given in the next proposition.

PROPOSITION 3.1. Let the free Hamiltonian Hy be given as in (3.5), then the deformed
free Hamiltonian Hp x, which is obtained by using warped convolutions as defined in (3.3)
18 given by

1 . A
HpxW = —5—(P;+ B X*)(PT + BI"X,)W. (3.9)

Proof. To solve the integral of deformation for Hy we let Hp x act on wave functions
U(q) € .7(R3), which are eigenfunctions of the coordinate operator.

(Hpx¥)(q) =

= —(2m)*lim < / / dPkdye*r Wm0y (ek, ey) aBy(Ho)‘If> (a)

61*)0 624)0

= —(2m)73 lim </ &y lim (/ d%e‘i’“(y‘qyxz(ezk)) x1(e1y) OéBy(Ho)‘I’) (a)

— _(27) lim ( [y ots - ayxiew aBy<Ho>W) @

61—)0
1

= =5 (P + B X")(P + BT X,)¥(q).
Here we used the fact that the oscillatory integral does not depend on the cut-off function
chosen. As in [Rie93] and [MM11], we choose x(ek, ey) = xa(e2k)x1(e1y) with y; € 7 (R3 x
R3) and x;(0,0) = 1, [ = 1, 2, and obtained the delta distribution 6(y — q) in the limit
ea — 0, [Hor04, Section 7.8, Equation 7.8.5]|. O

The proposition tells us that the deformation with the coordinate operator amounts to
a non-constant shift of the momenta. In physics this is usually referred to as minimal
substitution. Such a minimal substitution is in QM usually based on Galilei invariance
and then implemented accordingly by an external electromagnetic field (see [JM67]), [Sib].
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In our approach we obtain such a substitution by deformation. The connection between
deformation and an external electromagnetic field is explored in the next sections.

For our next results the deformation of the momentum operator is necessary. Due
to the unboundedness of P7 we are obliged to show that formula (3.3) can be defined as a
well-defined oscillatory integral. A reader more interested in the result of the deformation
can skip the following lemma.

As for the proof of Lemma 3.1 we take the scalar product of Pfé X
(¥, Pl @) = (2m) 73 lim / / By d®k e y(ey, k) (U, V (k)ap, (PT)®)

=: 311m // &Py d3k e y(ey, k) ¥ (K, y)
for U, ® € .7(R3).

LEMMA 3.2. Let the function b/ (y, ) for j =1, 2,3, be given as the scalar product
(W, V(k)apy(P7)®). Then b (y,k) € S, for ¥, ® € Y(R?’) and thus the deformation
with the coordinate operator, via warped convolutions, of the momentum operator is given
as a well-defined oscillatory integral.

Proof. We start by looking at the following expression,
1020567 (y, k)| = [(, (8% V (k) O (cupy(P7)) @)
< ll=ix>)w| |5 (P + (ByY) @|
—_—
=:C1,a

< Cia <

B pi p '
0y P10|| + 107 (ByY| @] )

where in the last lines we used the adjoint action given in Equation (3.6). By using
inequality (3.7) for B;; = eijkBk and taking 8 = 0 we obtain

08V (y, k)| < Cr | || P7@] +ly| V2IB] ||
S—— —
=:C5 =:C¢
< C1,0 (Cs + Celyl)
< C11,()¢C’D (1 + |Y|) )
N——
::Cl,a,B

where in the last line a constant C'p satisfying
Cp > C5,Cs, (3.10)

has been chosen, which is possible since C5 and Cg are finite. Therefore b/ (y, k) belongs
to the symbol class Sio for i = 1,2, 3. Note that for 8 = 1 the behavior of b(y, k) for large
y becomes even better.

Now again by the virtue of the theorem given in [H6r04, Section 7.8, Theorem
7.8.2] it follows that the oscillatory integral is well-defined in a distributional sense. O
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PROPOSITION 3.2. Let the deformed Hamiltonian H}B x be defined by the deformed mo-

mentum operator P]é y as follows
Hpx V= —5 P} PV, T c .7 (R?). (3.11)

Then, the operator H;BX is equal to the deformed Hamiltonian Hp x given in (3.9), i.e.
Hpx =Hpx.

Proof. We begin by looking at the deformed momentum operator. As before, calcula-
tions are performed by using the action of the deformed operator on eigenfunctions of the
coordinate operator.

(Phx?) (@) =

= —(2m) % lim ( / / dPkdPye* =" (ek, ey) aupy (P? )‘If> (q)

e—0

= —(27)7% lim </ d3y lim </ d?’ke_ik”(y_q)rm(@k)) x1(€1y) aBy(Pj)‘I’) (q)

61%0 624)0

= —(277)*3 lim </ d3y (277)3 0y —q) x(e1y) aBy(Pj)\Il> (q)

e1—0

= (PP 4+ B’ X,)¥(q).

Where again in the last lines we chose x(ek, ey) = xa(e2k)x1(e1y) with y; € 7 (R3 x R3)
and x;(0,0) =1, [ =1, 2, and obtained the delta distribution 6(y —q) in the limit e — 0.
Therefore, we obtain for the deformed momenta,

Pl W = (P +B"X,) . (3.12)

O

The previous proposition settles the arbitrariness of deformation, because a deformed
Hamiltonian could be defined as given in (3.11).

Another important result of this deformation is the fact that the deformed momen-
tum operator does not commute along its components and is therefore an example of a
noncommutative space. Therefore, we have the following result.

LEMMA 3.3. Let 0 be a skew symmetric matriz of the Moyal-Weyl plane ]Rg’. Then, the
deformed momentum operators PJB’X given in (3.12), satisfy the commutator relations of
a Moyal- Weyl plane with the skew symmetric matriz 6 = —2B,
B, X pBX .
[Pj P = —2iBjy. (3.13)
Furthermore, the velocity operators of the system Xf’X satisfy the following commutation
relations
2i

»B,X B,X
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Proof. To calculate the commutator of the deformed momentum operator one makes use
of the canonical commutation relations and the skew-symmetry of the deformation matrix
Bjj,, namely

[PPX PPX] = [P+ Bj X", Py + B X'] = BulP;, X'] — Bj[Pe, X']

The velocity operator of the system XJB’X is calculated by applying the Heisenberg equa-
tion,

, . Bx 1 1 Bx

Z[HB7)(,XJ'] :Xj —m(Pj—l-BjTXr) :%P] .

By using relation (3.13) the commutation relations of the velocity operators follow

“B.X BX 21

O]

For solving the eigenvalue equation in the next section it is important to rewrite the
Hamiltonian in terms of the velocity operator as follows,
m

HB,X:_2

BX v
XPXXY,

3.3.1 Solving the eigenvalue problem

The eigenvalue equation of the deformed Hamiltonian Hp x is solved in order to gain
some insight concerning the deformed energy properties of a free particle. Using standard
quantum mechanical methods, we diagonalize the Hamiltonian and solve the eigenvalue
equation. The solution of the eigenvalue equation is given in the following lemma.

LEMMA 3.4. Let the deformation matriz B;; have the following form

0 0 0
Bj=—21(0 0 1]. (3.14)
0 -1 0

Then, the eigenvalues of the deformed Hamiltonian Hp x obtained in (3.9), are given by

2
p 1
EB,n = 727; + (n + 2>w3,

where wp = Kk%/m and p1 € R,n € N.

Proof. In particular, it turns out that Hp x can be rewritten in terms of creation and
annihilation operators similar to the Hamiltonian of an harmonic oscillator. The velocity
operators XQB X and Xf X are conjugate variables satisfying the following commutation
relation

2
[XBX XPX) = Z%B (3.15)

)
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Since the velocity operators form a canonical pair we define deformed annihilation and
creation operators ag, aj as follows

~BX , .vBXy | T x ./ vBX .yvBX, | M
ap = (X2 +'lX3 ) @, aB = (X2 — ZX3 ) @

By using Relation (3.15) one can easily see that the annihilation and creation operators
satisfy
l[ap,ap] = 1.

The deformed Hamiltonian is written in terms of the annihilation and creation operators
and therefore takes the form of an harmonic oscillator, namely

P? . 1
Hp x = ﬁ + <aBaB + 2>UJB-
Hence, the eigenvalue problem can therefore be solved by standard methods and we obtain
quantized energy values

pi 1
EBn:71+ n+ = |wp, p1r € R,n €N,
2m 2

)

for fixed pj. O

This result implies that the deformation of the free Hamiltonian with the coordinate op-
erator lead the continuous spectrum into a discrete spectrum. This already gives us a hint
on the physical nature of the deformation. A well known example of quantum mechanical
models where the transition of the energy from a continuous spectrum to a discrete spec-
trum occurs, involves the interaction of a magnetic field with a free particle. This will be
explored in the next sections.

3.3.2 Langmann-Szabo Duality

An interesting duality appearing in noncommutative quantum field theory is the so
called Langmann Szabo duality. This duality appears for noncommutative quantum field
theories of charged bosons, described by Lagrangians and parameterized by some matrices
that give the noncommutativity of spacetime and momentum space. The duality of these
noncommutative quantum field theories preserves their form under Fourier transformation,
[LS02a]. The same duality appears in the deformed model introduced above.

LEMMA 3.5. Let #(Hp x) be the Fourier transformation of the deformed Hamiltonian
Hp x. Then, the following duality holds

Hp x (%) = .Z(Hp.x)(Bz).

Proof. To see that this duality holds we apply the deformed Hamiltonian to an eigenfunc-
tion W of the coordinate operator.

(Hp xV)(Z) = —% <(Pj + B X*) (P + BjTXr)\I/) ()
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1 0 0 ,
=——(i=— + Bjja" ) i=— + B2, | U ().
5 <28:rj + Bjgx ><Z8xj + ﬂc> (%)

In the next step we calculate the Fourier transformation of the deformed Hamilton operator
to obtain the representation in momentum space.

F(Hox () = 50 (13- By ) (= 8 ) 0(6)

2m

O

It is not just a fact of academic interest that this duality holds, but it also has a deeper
physical meaning which is compatible with the result of the previous section. The duality
appears in NCQFT due to a constant magnetic field B. We have a rather simpler model
with the Langmann Szabo duality but nevertheless the physical interpretation of B can
also be adopted for this simple model. Namely, the deformation matrix B plays the role
of a constant magnetic field.

3.4 Physical models from deformation

One of the most important aspects of the interplay between mathematics and physics
lies in the physical dimensionality of the physical constants. The main question that
motivated this work is the following one: What is the physical meaning of the deformation
parameter? In the simple model above there is an interesting answer.

3.4.1 Landau quantization

An example of a dynamical system interacting with a magnetic field in quantum mechanics,
is given by the Landau quantization. It is also an important example of the appearance of
quantum space in a physical context. The Landau quantization describes the dynamics of
a system of nonrelativistic electrons confined to a plane, lets say in the y — z plane (ff =
(0,,2)), in the presence of a homogeneous magnetic field in z-direction B = B(1,0,0).
In the symmetric gauge the Hamiltonian of the Landau quantization is given by, |Eza,
Equation 9.2.1],

1 4 .
HL = —% (-Pz_eAz) (PZ—GAZ),
with gauge field A; = —eijk.Bka. The deformed Hamiltonian Hp x we introduced above

describes almost the Landau model with the main difference that in our deformed model
the deformation parameter IQQB is still variable. If one sets this parameter equal to zero
one obtains the Hamiltonian of a free particle. By setting HZB to be equal to a constant
with physical dimension we obtain the following lemma.

LEMMA 3.6. Let the deformation parameter KZB of the matriz B;; (3.14) be equal to eB,
where B characterizes the constant of a homogeneous magnetic field and e the elementary
charge. Then, the deformed free Hamiltonian Hp x becomes the Hamiltonian Hy, of the
Landau quantization.
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Proof. For the proof we consider the free deformed Hamiltonian Hp x which is given in
Proposition 3.1.

1 ) )
Hpx = =5 —(P; + B X*)(PT + B X,.).

In the next step we set the deformation parameter mZB = eB. Then B;j is given as B;; =
—ee;j5 B, where B is the homogeneous magnetic field in the z-direction (B* = B(1,0,0)).
O

Now this is truly an astonishing result. We started with the free Hamiltonian and deformed
it with warped convolutions using the coordinate operator. By simply taking the defor-
mation parameter to be equal to the physical constant eB we obtain the Landau problem.
Therefore, deformation with the coordinate operator is physically of great importance.
Note that our model is formulated in a general manner, and just for the specific choice of

the deformation parameter /{23 = eB we obtained the Landau effect.

3.4.2 Zeeman effect from Deformation

The Hamiltonian of the hydrogen atom is given as follows, [Thi79, Equation 4.1.1]

P;pPi e?

HA = — )
om T (—XpXk)1/2

(3.16)

By solving the stationary Schrédinger equation H4vy = F1) one obtains the energy spec-
trum of the hydrogen atom, the so called Balmer series, [Str08]. In the presence of a
constant magnetic field, an interesting physical effect influences the spectral lines of the hy-
drogen atom. The spectral lines split into further spectral lines depending on the presence
of the homogeneous magnetic field By. This phenomenon is called the Zeeman effect
and is governed by the following Hamiltonian, [Thi79, Equation 4.2.1]

1 j ¢
Az kyk k
B = =5 (B = eenBEXN)(P? = eeinBRX0) + i

5 (3.17)

In the last section we discovered that deformation with the coordinate operator induces
a gauge field. Taking this as a lesson we perform a deformation on the Hamiltonian of
the hydrogen atom to obtain the Hamiltonian of the Zeeman effect. As for the previous
Hamiltonians we are obliged to show that for the (from above) unbounded operator H*
formula (3.3) can be defined as an oscillatory integral in a distributional sense. We first
note that the Hamiltonian of the hydrogen atom is H4 = Hy + €2/(— X, X*)/2. Since we
already proved in Lemma 3.1 that Hg can be deformed by using the warped convolutions
formula (3.3), it suffices to show it holds for the second term. So again as before, we take
the scalar product involving H” := e? /(- X, X*)1/2,

(0, HE x®) = (2m) tiwy [ [ dPya®he ey, eh) 0,V (R, (7))
3hm // By dike” k! x(ey, ek) bP (k, y)

for U, ® € .7(R3).



32 CHAPTER 3. DEFORMATIONS IN QM

LEMMA 3.7. Let the function bP (y, k), be given as the scalar product (¥, V (k)ap,(HP)®).
Then bP(y, k) € S?,o: i.e. just a constant function for ¥,® € .#(R3) and thus the defor-
mation, via warped convolution, of HA is given as a well-defined oscillatory integral.

Proof.

102057 (y, k)| = |(W, (98 V (k) 05 (apy(HP)) @)
< |[(—=ix) | ||(HP) @||
=:C1,a =:Cp
< Cl,aCD7

where in the last lines we used the commutation relation , [X;, X;] = 0 to show that H”
is invariant under the adjoint action of V(By). Moreover, since C1, and Cp are finite
constants, b” (y, k) belongs to the symbol class 8(1),0~ O

In the next step we choose the deformation parameter to be the same as in the last section
and therefore the deformation of H4 yields the following lemma.

LEMMA 3.8. Let the deformation parameter HQB of the matriz B;; (3.14) be equal to eB,
where B characterizes the constant of a homogeneous magnetic field and e the elementary
charge. Then the deformed Hamiltonian of H? (8.16), denoted by HgX, becomes the

Hamiltonian of the Zeeman effect HAZ (3.17).

Proof. Due to the fact that the coordinate operator commutes with itself the only part of
the Hamiltonian HZ which is affected is the free part and therefore we obtain

1 . i 62
HE 0 = <—2m(Pj + B X") (P! + B X,) + (_Xka)l/g>‘I’

1 BX pj e?
S St = A ——
( 2m 7 B.x (—Xk}(k)l/?)

By setting the deformation parameter £% = eB, the skew-symmetric matrix B;; takes the
same form as in the last section, B;; = —eeijkBk, and we obtain the Hamiltonian of the
Zeeman effect for a homogeneous magnetic field in the z-direction. O

As in the case of the Landau quantization the deformation parameter plays the role of the
magnetic field which leads to this important physical effect. Let us summarize the result.
We deformed the Hamiltonian of the hydrogen atom using the coordinate operator. By
setting the deformation parameter equal to the constant of a magnetic field we obtain the
Zemann effect.

3.4.3 The Aharonov-Bohm effect

In the last sections we recognized the consequence of deformation with the coordinate op-
erator. Warped convolutions with the coordinate operator induces a gauge field. Now
since we work in a quantum mechanical setting we want to reproduce other physical ef-
fects where magnetic fields play a significant role. One of the most striking ones is the
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Aharanov-Bohm (AB) effect. It takes place in a system in which the gauge field Ay
influences the dynamics of a charged particle even in regions where the magnetic field By
vanishes, [Ber96, Eza|. To be more precise, it tells one how to quantize if the configuration
space is not simply connected. The gauge field Ag(x) of the magnetic version of the AB
effect for a homogeneous magnetic field in z-direction takes the following form

Ak = ¢M )eijkeka,

2m (X3 + X3

where ¢ is the magnetic flux and e is the unit vector in a-direction. Moreover, from
quantum mechanical considerations it follows that the interference pattern is the same
for two values of fluxes ¢ and ¢ if only if

e(¢p1 — ¢2) = 27, n € 7. (3.18)

In this section we take the free Hamiltonian of quantum mechanics and deform it with
a vector-valued function of the coordinate operator and set the deformation parameter
equal to a physical constant, namely that of a magnetic flux. The gauge field induced by
this specific deformation is equal to the gauge field of the Aharonov-Bohm effect.

As before, prior to the deformation we prove that the formula of warped con-
volutions (3.3) is well-defined in the case of deformation with the operator
F;(X) = X;/(- ZZ’ZQXSXS)UQ, of the unbounded operator Hy.  Therefore we
consider the deformed free Hamiltonian Hy, rx) in the scalar product, where the unitary

operator is now defined by Vg (y) := e Fi(X) S0 we have

(¥, Hyp, ) ®) = (2) " liny / / By dk eI ey, k) (W, Vie (), (Ho)®)

=: (27) 2 lim // By d3ke” k! x(ey, ek) bF (k, 1)

e—0
for U,® € .7(R?). As one can see (U, Hy, px)®) is given in the form of an oscillatory
integral and thus to prove the expression is well-defined, we show in the next lemma that
b (k,y) belongs to a symbol class.
LEMMA 3.9. Let the function bf' (y, k) be given as the scalar product (¥, Ve (k)ap,(Ho)®).

Then, b(y, k) € Sio, for U, ® € .Z(R3) and thus the deformation, via warped convolution,
of the free Hamiltonian, using Vp(k), is given as a well-defined oscillatory integral.

Proof. We first calculate the adjoint action of Vp(By) on Hy given by,
1 y
apy(Ho) = —5—VFr(By)F; P’ Vr(-By)
1 .
= —%VF(BZ/)PJ‘VF(—BZJ)VF(BZ/)P]VF(—BZI)-

To solve this expression one first has to calculate the adjoint action of V(By) on the
momentum operator P;. This is done by using the Baker-Campbell-Hausdorff formula. So
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we have

Vr(By)P;Vr(By) = P; — i(By)x <m§“/<—XsXS)1/2 - iX’“Xj/<—XsXS>3/2) +

+z
2

[\

(Byh(By)r[X' /(= XX )2, [XF /(=X XT) 2, P + ..

=0

— Pt (By) <nf/(—XsXS)l/2 n X%/(—szsw?), (3.19)

~~

—.xk
=X

here in the last lines we used the CCR and the fact that the coordinate operator satisfies
[Xi, X;] = 0. Thus, the adjoint action w.r.t. Vp(By) on Hy is

1 s i Ty
ay(Ho) = =5~ (P; + (By)s X)) (P + (By) X))
r 1 j j r 1 S j
= Ho— (By)" 5— (P X} + X{P;) =(By)" (By)s 5 - X} X}
—_——
::RT :R,‘z
= Hy — (By)"R, — (By)" (By)sR;. (3.20)

Remark 3.3. The term R} is important in the following considerations and one should note
that it has a structure which allows us to use the Cauchy-Schwarz inequality, namely

R = % (m/ (=X X2 4 XX/ (=X, X)) () (=X X924 XX, /(- X X)P2)
= (m/(=XiX") + XX, /(- X0 X1)?) (3.21)

Furthermore, the interchanging of the order of integration and differentiation is allowed
due to the same arguments given in Remark (3.2).

In the next step we look at the expression
020567 (y, )| = (W, (95 Vie (k) 0% (cuy (o)) )
< (=i (X)) W] ||5 (Ho = (By)" R — (By) (By).R;) @
=:C1,a

< Cua (|| Hoo | + 105 (ByY | IR + | [0 (ByY (By) Rie])).

Thus, for 8 =0, B;; = eijkBk and by the form of R} given in Equation (3.21) we have the
following inequality

907 (4. )| < Cra (| Ho®l| + [(By) | |1 Re2l| +21(By) || (—xix) @)

< Cua | 1108 +24y1 2L R0 1y UBE (x|
’ N—— \/§ m
=Cs —_—— e
=:C3 =4
< C1aCp (1 +y])?, (3.22)
——

::Cl,a,B
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As in the proof of Lemma 3.1 a constant Cp obeying inequality (3.22) exists, because C,
Cy and Cj are finite constants. Therefore, bf'(y, k) belongs to the symbol class 5’%’0 and it
follows that the oscillatory integral is defined in a distributional sense. O

Let us now return to the result for deforming the free Hamiltonian with unitary operators

Ve (k).

PROPOSITION 3.3. Let the deformation parameter k% of the matriz B;; (3.14) be
equal to —epp/2m, where ¢y characterizes the magnetic flur. Moreover, let Hy,  p(x)
denote the free Hamiltonian (5.5) deformed with unitary representations Vi(y) of R?® that
are given as follows

3
Ve(y) = e B (X)) = X/(- ) XXV,
§=2

Then, the induced gauge field obtained from Hg, p(x) is equal to the gauge field of the
magnetic version of the Aharonov-Bohm effect for a magnetic field in x-direction.

Furthermore, if the deformation parameters of the Hamiltonians Hy, px) and Hy, px)
fulfill Equation (5.18), the physical systems described by the Hamiltonians have the same
interference pattern.

Proof. To prove this proposition we use the spectral measure representation of the defor-
mation given in Definition 2.7. As shown in [BLS11| the deformation with the spectral
measure is equivalent to the one given as an integral. Due to simplicity and readability
reasons we use the integral representation for the current case. The deformation of Hy is
then given as follows,

H¢M,F(X)‘I’:/dE(y) apy (Ho) ¥

= [ 4B (=5 (B4 B0+ (B0 XD)

= 5 (P + (BF(X)),X})(P) + (BF(X))' X))

3 2
- (Pj + (BX);/(- Z2XSXS)> , (323)

where in the last lines we used Equation (3.20) and the skew-symmetry of B. Therefore,
the deformed Hamiltonian Hy, rx) takes the following form

1 2
Hg\ rx) = “om <PZ + Bika/(—XSXS)>

1 dm 2
- (p M . FXJ
Qm( ! e271'(X22 —I—X%)kae )

1 2
= —2m (PZ —eAi) .
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The gauge field A;(x) which is induced by deformation is given as follows

dm

Aix) = M
&) = e Xz + X7

ki
€ijk€ XJ,

which is exactly the gauge field of the AB effect for a homogeneous magnetic field in
z-direction. 0

This is an important result. We were able to induce the AB-gauge field by deforming
the free Hamiltonian with a function of the essentially selfadjoint coordinate operator
Xj. In this case the deformation parameter corresponds to the magnetic flux rather as
in the previous cases to the magnetic field itself. This shows the extendability of this
rather simple model. In particular one can induce an arbitrary (abelian) gauge field by
deformation.

For our next results we deform the momentum operator with F;(X). Due to the
unboundedness of P7, we are obliged to show that deformation formula (3.3) is well-
defined in this case. Analogously for the proof of Lemma 3.2, we take the scalar product

of PB F(X)?

(U, P!

B,F(X)(I)>

(2m) 3hm // By dke” k! x(ey, k) (W, Vi (k)ap, (P?)®)

=: 3hm // dPy 3k e~k x(ey, ek) v (k, y)

for U, ® € ./(R3).

LEMMA 3.10. Let the function b (y, k), for j = 1, 2, 3, be given as the scalar product
(U, Vp(k)ap, (PT)®). Then b (y, k) € S%,O: for U, ® € #(R3) and thus the deformation,
via warped convolutions, of the momentum operator PJ is given as a well-defined oscillatory
integral.

Proof. We start by looking at the following expression,

08006 (y, k)| = (¥, (82 Vi (k) 8 (apy(PY)) @)
< (=iF(X)*)| Hafr (P7 + (By)" X7) <1>H

=:C1,a

< Cia (‘ afrP@H +105.(By)| HX}@H) ,

where in the last lines we used the adjoint action given in Equation (3.19). By using
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inequality (3.7) for B;; = eijkBk and for 8 = 0 we obtain

050 (5, B)] < Cra | | P9 +ly| V2B | XL0)
S~—— —_— —
=:C5 =:C¢
< C1,a (Cs5 + Cgly|)
< Cl,aCD (1 + ‘y‘) )
——

::Cl,a,B

A a constant C'p satisfying
C(D > C57 067

can be found, since C5 and Cg are finite constants. Therefore, b’(y, k) belongs to the symbol
class 5’11707 for i = 1,2,3. As before by the virtue of the theorem given in [Hér04, Section
7.8, Theorem 7.8.2] it follows that the oscillatory integral is well-defined in a distributional
sense. 0

Analogously to Proposition 3.2 the following proposition holds.
PROPOSITION 3.4. Let the deformed Hamiltonian H(;)M F(X) be defined by the deformed

J
momentum operator P<1>M,F(X) as follows

' 1 e P(X) 3

Then, the ope/mtor H;M’F(X) is equal to the deformed Hamiltonian Hy, px) given in
(323), 1.€. HB,X = HB7)(.

Proof. As in the proof of Proposition 3.2 we calculate the deformation of the momentum
operator using unitary representations of R?, defined by X /(= 2322 X, X512,

Pi)M,F(X)\II - / dE(y) apy (P]) v
= / dE(y) (P! + (By)"X})
= (P’ + (BF(X))"X])
3
- (Pj +(BXY /(=) XSXS)> ,
s=2
where we used the skew-symmetry of B and Equation (3.19). Thus the deformed momen-
tum operator is the following

Pl

) wroo ¥ = PP+ BEX (- X X)W
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The last proposition settles, as in the last sections, the arbitrariness of defining the
deformed Hamiltonian.

There are two ways to interpret these results. The first one lies in understanding
deformation, in the case of QM, as the rightful minimal substitution. Thus the procedure
sheds new light on quantum mechanical effects involving magnetic fields. The fields have
to be understood as consequences of deformation with the coordinate operator.

The other way of understanding the result is the following. The coupling of an
external magnetic field in QM is well understood and studied for various physical appli-
cations and models. Deformation on the other hand is a mathematical tool, rather than a
procedure that generates physical effects. Hence, in these examples deformation of a QM
system can be understood as the coupling of an external field. Thus, if the deformation
goes hand in hand with Moyal-type spacetimes one sees in these examples that Moyal
spacetimes correspond to ordinary spacetimes in the presence of an external field. By
having this observation in mind it does not seem far fetched that certain deformations of
spacetime correspond to gravitation.
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3.4.4 Physical Moyal-Weyl plane from deformation

In this section we show that the Moyal-Weyl plane occurs in a limit of the deformed
model, given in Proposition 3.1. To see the appearance of a noncommutative plane one
has to rewrite the deformed free Hamiltonian in to a Lagrangian, which is done by a
Legendre transformation.

Lpx=-P X)X —Hpx
= —(mXj x — B*X)XPY + TXPEXG

- _% XPXXY,  + BEX XN (3.24)

In the next step one imposes the quantization condition upon the conjugate momenta and
the coordinate operators, and obtains in a particular limit the Moyal-Weyl plane.

LEMMA 3.11. By imposing the quantization condition between the conjugate momenta
I1;, obtained from the deformed Lagrangian Lp x (3.24), and a coordinate operator X; one
obtains for large values of the deformation parameter mZB >> m?2, the Moyal-Weyl plane
R}

[Xs, X;] = i0;;. (3.25)

Proof. For large values of the deformation parameter where one can neglect the mass term,
HZB >> m?, the conjugate momenta II;, obtained from differentiating the Lagrangian w.r.t
XZ.B’X, is given as

8LB,X (X, XB’X)

: = —B*X,.
ox;x

Hi =

By imposing the quantization condition that the conjugate momenta and the coordinates
form a canonical conjugate pair, [II;, X;] = in;; one obtains, [Sza04]

(X3, X;] = i(B™ 1)y

Now by defining (B~1);; to be 6;; one obtains the well-known three dimensional Moyal-
Weyl plane Rg. O

Remark 3.4. We use in this work the inverse of a skew-symmetric 3 x 3 matrix. This is in
general singular. Thus the inverse of B;; (see Equation 3.14), is given as

2 (0 0 0
Bl'="B 1o 0o 1
Y 2 \o0 -1 0

The three dimensional Moyal-Weyl plane R%,l can also be obtained by defining the guiding
center coordinates ); as in [Eza, Equation 9.2.4] by

Qi = X; + (B ") P". (3.26)

This is usually done to describe the circular motion of an electron in the lowest Landau
level, [Eza, Sza04].
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For our next result we show by deforming the coordinate operator with the momentum
operator using Definition 3.4, that the deformed coordinate operator corresponds to the
guiding center coordinates.

As before, we first prove that the deformation formula (3.4) is well defined in this
case. Thus, let us consider the deformed coordinate operator as follows

(U, X} ,®) = (2r) 73 lim / / By dk e W y(ey, k) (U, U(k)agy (X7 )®)

e—0
hm / / By 3k e y(ey, ek) ¥ (k, y)

for U, ® € ./(R3).

LEMMA 3.12. Let the function b/ (y, k), for j = 1, 2, 3, be given as the scalar product
(U, U(k)agy(X7)®). Then, b (y, k) € 51170, for U, @ € #(R3) and thus the deformation
via warped convolutions of the coordinate operator X7 is given as a well-defined oscillatory
integral.

Proof. For the proof we first calculate the adjoint action of U(y) on the coordinate operator.
agy(X7) = U(0y) X U (—0y)
= X7 — (g, (3.27)

where in the last line we used the canonical commutation relations and the Baker-
Campbell-Hausdorff formula. Now let us look at the following

1020567 (y, k)| = [0, (92U (k) 9 (g (X7)) )]
< l=iP)yw| oy (x7 — oy 2|
=:C1,a

< Cia (

0. X7% | + o (0w 2]).

where in the last lines we used Equation (3.27). By using Inequality (3.7), 0;; = eijkﬁk and
6 = 0 we obtain

05 (y, k)| < Cua | || X0 +]yl v210] 2]
N—— —
=:C5 =:Cp
< 1,0 (C5 + Celyl)
< C1,aCp (1+yl),
N——
::Cl,a,G
a constant Cp satisfying
Cp > Cs, Cg.

exists, because C5 and Cg are finite constants and therefore b/ (y, k) belongs to the symbol
class 51170 for i = 1,2,3. As before, by the theorem given in [H6r04, Section 7.8, Theorem
7.8.2] it follows that the oscillatory integral is well-defined in a distributional sense. O
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Let us now turn to the explicit result of deformation given by the following lemma.

LEMMA 3.13. The deformation of the coordinate operator via warped convolutions using
the momentum operator P* vyields

X)p=X' — 6P, (3.28)
The operators Xg p satisfy the commutation relations of the Moyal-Weyl plane ]R3_29,
[X0.p, X) p) = —2i60". (3.29)

Moreover, let —0% be (B~1)% then the deformed coordinate operators X(;P are equal to the
guiding center coordinates given in Equation (3.26).

Proof. We start by calculating the action of the deformed operator on eigenfunctions of
the momentum operator ¥(p) € .7 (R?) and obtain

(X7.7) () =
- —(2m) " lim ( / / dBldPye =P y(ck, ey) a9y<Xj>\If) (p)

=—(2m) 7% lim </ d3y lim </ d3ke_ik’"(y_p)TX2(€2k)> x1(€1y) Oéey(Xj)‘I’> (p)

e1—0 ea—0

— (27)® lim < [ Pty - pixtew) aeyw‘)w) )

e1—0

= (X7 — 67" P,)¥(p),

here again in the last lines we chose x(ek, ey) = xa(e2k)x1(€1y) with x; € 7 (R3 x R3) and
x1(0,0) =1, 1 = 1, 2. Moreover, we obtained the delta distribution é(y — p) in the limit
€2 — 0. The commutator of the deformed coordinate operator is calculated by using the
canonical commutation relations (3.1) and the skew-symmetry of the deformation matrix

ij.
(X} pr X4.p) = [X7 — 6" P, X* — 64 P
= —0"[X7, P] + 67| xX*, P]
= —2ip7*,

Although implied, it is important to emphasize that the deformation parameter used to
define 0 is equal to the inverse of /@23. O

Lemma 3.13 gives a well-defined path to obtain an effective quantum plane by the deforma-
tion procedure of warped convolutions. As shown, the lemma results from well understood
physical models and ideas, which are in circulation in condensed matter field theory for
quite some time. In the example of the Landau problem one defines guiding center coor-
dinates which satisfy the commutator relations of the Moyal-Weyl Plane. The reader is
cautioned to notice that the effective quantum plane obtained by the Landau problem is
not merely an abstract construct, but has the precise meaning that the coordinates cannot
be measured simultaneously. A more precise mathematical way to obtain this Moyal-Weyl
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plane is introduced in this work. We receive the Landau problem by deforming the Hamil-
tonian of a free nonrelativistic particle. The deformation is performed using the coordinate
operator for the deformation and by setting the deformation parameter equal to a certain
physical value that corresponds to a magnetic field. Furthermore, we show that the non
commuting coordinates referred to as the guiding coordinates are obtained by deforming
the coordinate operator, using the momentum operator. In our opinion, this method can
be further used in the quantum field theoretical approach to define an effective quantum
plane.
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3.5 Groups from Warped Convolution

This section is devoted to the mathematical explanation why the Landau problem appears
from deformation with the coordinate operator.

3.5.1 Heisenberg-Weyl Group

The free Hamiltonian Hy is defined by using the momentum operator Py. Furthermore,
the deformation of Hy is performed by using the coordinate operator X;. Therefore, the
two operators involved in the deformation procedure form the canonical conjugate pair
(P;, X1). The canonical conjugate pair generate continuous unitary groups which satisfy
the Weyl relations. These operators define a representation of the Heisenberg-Weyl group.
In the following we define the Heisenberg-Weyl group by using the groups V(a) and U(b),
that satisfy the Weyl relations, [BEH08, Example 10.2.2].

DEFINITION 3.9. Let V(a) and U(b) be strongly continuous unitary groups satisfying the
Weyl relations (3.2). These operators give rise to a true representation of the Heisenberg-
Weyl group defined as the (2n + 1)-parameter set G = {g(s,t,u) : s,t € R”,u € R} with
the binary operation

1
g(s,t,u)g(s', v, u') =g (s +st+t u+u + §(ts' - st')) .

It is a (2n + 1) — dimensional noncommutative Lie group. The corresponding Lie algebra
is spanned by elements P;, X, N, where the pair (P;, Xj) satisfies the canonical commu-
tation relations and N commutes with all other generators. Therefore, the Schrodinger
representation of the CCR yields a representation of the generators of the Heisenberg-Weyl
algebra.

3.5.2 Magnetic Translation Group

The magnetic translation group was first defined in |[Zak64a|, [Zak64b]. In the presence of
a homogeneous magnetic field the group corresponds to an extension of the translation
group generated by Pj. In this section we give representations of the magnetic translation
group in the same functional analytic manner in which we defined the Heisenberg-Weyl

group.

DEFINITION 3.10. Let W(a) be a strongly continuous unitary group on a separable
Hilbert space ¢ satisfying the following relations

W(a)W (b) = “F bW ()W (a),  a,beR™

Then, the group generated by the unitary operators W (a) is referred to as the magnetic
translation group.
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DEeFINITION 3.11. Let m; be the canonical momentum operator defined as follows
T = Pi - eAi, (330)

where P; is the momentum operator and A; is the vector potential of the magnetic field
B;. Furthermore, let the spatial part of the field strength tensor Fj; be defined as follows

eF,-j = —€[PZ‘, AJ] + B[Pj, Az]

The infinitesimal generators of the n-dimensional magnetic translation group are the canon-
ical momentum operators m; defined by Equation (3.30). In particular the strongly con-
tinuous unitary operator W(a) is defined as follows

Wi(a) := eia’m; a€R"

From the definition of the the magnetic translation group it is obvious that the translation
group follows by setting F“/ equal to zero.

3.5.3 Deformation of the Heisenberg-Weyl Operators

In this section we intend to show that from the deformed momentum operator of the
Heisenberg-Weyl group, the infinitesimal generators of the magnetic translation group
follow. As before, we use the method of warped convolutions for deformation.

Note that from a constant magnetic field a constant spatial field strength tensor follows.
This is owed to the relation between the magnetic field and the field strength tensor given
by Fi; = —eeijkBk. In the symmetric gauge, (3.31), the vector potential A; for a constant
magnetic field is given by

eAd; = %FZJXJ = *geijkBka' (331)

LEMMA 3.14. Let the deformation matriz B;; be related to the field strength tensor in
the following way B;; = —5F;;. Then the deformed momentum operator P]é’,x (3.12)
becomes the canonical momentum operator of the magnetic translation group (3.30) in the
symmetric gauge (3.31).

Proof. For B;; = 5Fj; the deformed momentum operator is given as
Pl =P - §F3"“Xk = P7 — Al
This is exactly the definition of the canonical momentum operator ;, (3.30). O

This is a very interesting result. We started with the Heisenberg-Weyl group and deformed
the momentum operator. This deformation induced a shift given by the coordinate oper-
ator. By making a simple identification of the deformation matrix with the field strength
tensor we obtained the magnetic translation group. Thus, in the spirit of deformation the
magnetic translation group can be understood as a deformation of the Heisenberg-Weyl
group. This gives a group theoretical explanation why the effects of a magnetic field ap-
pear, when we deform the underlying operators, i.e. the momentum operators, with the
coordinate operator.
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3.5.4 Noncommutative Torus from deformation of the HW group

Next, we show that the commutator relations of the noncommutative torus 76273 follow
from deformation with warped convolutions. The first index in 7'02 5 denotes the noncom-
mutativity of the coordinate space while the other index denotes the noncommutativity
of the momentum space. More precisely the noncommutative torus 7.2, is defined as

6,B’
follows, [MPO1].

DEFINITION 3.12. The associative noncommutative torus algebra 7;23 is generated

by the operator P; and the unitary operator U; := eXi, fori,7 =2,3 and € R. (X, P;)
forms a canonical conjugate pair (3.1) and the algebra spanned by P; and the unitary
operator Uj is the following

UsUs = e_ngUQ, Pin = Uj(Pi + 670) [Pz,Pj] = Z'Beij.
DEFINITION 3.13. Let the unitary operators Vs, V3 satisfy the following algebra
‘/23‘/33 — e?ﬂ'iTrL/nVE)’B‘/'237
for n,m € N. Then, the operators are said to satisfy the so called clock and shift

algebra.

Furthermore, the authors in [MPO1]| proved that the torus algebra 7;23 is isomorphic to
the torus algebra 7' iff B = B/(1 — B9).

LEMMA 3.15. Let the deformation matriz be given as B;; = Be;;. Then, the noncom-
. B, X

mutative torus algebra 7623 1s spanned by the unitary operator UJB’X = 5 and the

deformed momentum operator PjB’X (3.12). Furthermore, if the deformation parameter is

given by B = —2wm/n, for n,m € N, the unitary operators ViB’X — P satisfy the
clock and shift algebra.

Proof. The operators deformed with the coordinate operator satisfy the following relations,

B,X +B,X B,X pB,X . B,X pB,X ,
(X5, X507 ] =0, [Py, Py | =iB, [X] , P ] = i0y;.
One can easily see that the deformed operators generate the torus algebra 762 - In addi-
tion, the unitary operators V defined with the deformed momentum operator satisfy the
following relations

VPVE = RpVIPVP. Ry = e 2Pin,
Setting the deformation constant B = —27m/n, yields that the unitary operators ViB =
. B, X
¢’ satisfy the clock and shift algebra

‘/QB‘/?’B _ €27rim/n‘/E;B‘/QB.
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Chapter 4

NCQFT on Minkowski space

In this chapter the author intends to give a brief review about well established mathemat-
ical building blocks of NCQFT on Minkowski space. The review is aiming in the direction
of a better understanding of the the next chapters.

The starting point is [DFR95|. In this work major progress was achieved in defin-
ing a scalar quantum field on a NC spacetime. This achievement was obtained by
constructing coordinate operators, obeying the relations of a Moyal-Weyl plane, from a
set of axioms. Next, a quantum field on such a noncommutative spacetime was defined.

4.1 Quantum spacetime and QF

In [DFR95]|, the authors propose uncertainty relations for the spacetime coordinates in
four dimensions. These relations are motivated by the fact, that localization with high
accuracy at Planck scale causes a gravitational collapse. Thus spacetime, as a continuous
entity has no meaning below the Planck scale. After imposing such uncertainty relations
one replaces the commutative algebra of functions, for example the algebra given by
65° (M) over a commutative manifold M, by a noncommutative algebra describing a
noncommutative spacetime, i.e. a quantum spacetime.

The uncertainty relations found by the exploration of localizing measurements, which are
the outcome of the possibility of creating a black hole by concentration of energies, are
the following
Ai’o (Afl + Aiz + Aig) > l127’
AZ1AZg + Ad1Adg + Ao Ady > 1.

The selfadjoint operators &, implying those uncertainty relations satisfy certain
conditions dubbed as quantum conditions. They are given by the following set of
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equations,

2, 0], 2] =
[, 22", 27] =
2

.. ... .
(8[33“,:31,][%,1:0]6“”'0" :lg'

The *-algebra which is generated by the selfadjoint operators Z,, and the quantum condi-
tions has a center given by the commutator relation

[Ty, Ty = =10, (4.1)

The tensor 6 represents the noncommutative matrix, which contains the deformation
parameter that gives the strength of noncommutativity. By setting the parameter to zero,
the commutative case results.

In the next step, the authors in [DFR95| defined a free scalar quantum field on the
noncommutative space that is generated by the commutation relations (4.1).

Before we give their realization, let us define free scalar field ¢ with mass m on
the (n + 1)-dimensional Minkowski spacetime as an operator-valued distribution acting
on its domain in the Bosonic Fock space. Such a particle with momentum p € R™ has the
energy given by wp = ++/p? + m?.

DEFINITION 4.1. The Bosonic Fock space 7 is defined as in [Fre06, Sib93|:
- @y
k=0

where the k-particle subspaces are given as
t={U: H} x---x H} - C symmetric|
[ = [ dutpr).. [ a0l Ve PP < o),

with
H,j; ={pe Rd|p2 =m?, py > 0}.

The particle annihilation and creation operators a, a* for the massive Bosonic Fock space
are defined in the following.

DEFINITION 4.2. The particle annihilation and creation operators are defined by
their action on k-particle wave functions,

(a(f)¥)e(pP1,---Pr) = vk+1/dn f®)¥ki1(P.P1,- -, Px)

0, k=0

a(f)*U Pl = k
(@) V(P Pr P) Zlf(pz‘)‘lfkfl(m,---7pi—1,Pi+1,---,Pk), k>0

=



4.1. QUANTUM SPACETIME AND QF 49

with f € 54 and ¥ € <%ij . The commutator relations of a(f),a(f)* follow immediately
and are given as

[a(£),al9)] = (£, 9) = /d"u(p)f(p)g(p), [a(f), a(g)] = 0 = [a*(f), a*(g)].

Particle annihilation and creation operators with sharp momentum are introduced as op-
erator valued distributions and are given by

a(f) = /d"u(p)f(p)a(p% a(f)" = /d”u(p)f(p)a*(p),

where the particle annihilation and creation operators with sharp momentum satisfy the
following commutator relations

la(p),a(q)’] = 2wpd" (P —a),  [a(p),a(q)] = 0= [a"(p),a"(a)]. (4.2)

By using the former definitions of the particle creation and annihilation operators with
sharp momentum, one writes the free field ¢ with mass m

b(x) = / () (¢~ a(p) + €7a*(p)),  p=(wp.p) € Hif

Since we work with unbounded distribution valued operators, the massive free scalar field
is smeared with test functions f € .7(R%),

o) = [ daf@)ola) = alF) +a (1) (43)
where the test functions f* are chosen as follows
FEp) = [ dof@e . b= (opp) < B (14)

The particle number operator and the momentum operator are given in terms of particle
creation and annihilation operators, and are defined in the following manner.

N = / d"u(p)a*(p)a(p),  Pu= / d"p(p)pua’(p)a(p) (4.5)

By using the former definitions we can give the realization of the free scalar field on the
constant noncommutative spacetime.

Let the space V be the representation space of the selfadjoint coordinate operators

&, and " the Bosonic Fock space. Then, the free scalar field on noncommutative
Minkowski spacetime can be realized on the tensor product space V ® T as follows,

6o(w)i= [ du(p) (¢ Pas(0,p) + e a(0.9)) . e My
with the following creation and annihilation operators

ap(0,p) :==e P ®a(p),  af(0,p) =" @a*(p). (4.6)
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Now by taking the canonical commutation relations of the particle operators and the
noncommutative algebra generated by (4.1) into account, one obtains for the operators
given in (4.6) the following relations

a®(9, p)CI@(G, p/) = e—ip@p/a(@(g’ p/)a®(97 )7
as(0,p)ay(0,p) = e "% a,(0,p)ak (0, p)
ag(0,p)al(0,p) = e P az (0,p")ae (0, p) + 2wpd(p — P)idyg s+ -

In this review we adapted the notation of the authors in [GLO7].

4.2 Wedge fields

A number of authors [ABJJ07, Gro79, GLO7| succeeded representing the scalar field
on %t instead of V ® #T. In |GLOT7| the representation of the scalar field on non-
commutative Minkowski space was used to show that one should take a whole orbit of
noncommutative matrices. This idea was the starting point to construct a map from
the set of skew-symmetric matrices, i.e. the noncommutative matrices # describing the
noncommutativity, to a set of wedges. As next, we briefly review those results in or-
der to relate the fields defined on a noncommutative spacetime, to fields defined on a wedge.

By using the momentum operator P, (see Equation 4.5), one is able to represent
the distributions (4.6) on ST as follows,

a(@,p) = ¢/*Pa(p),  a*(8,p) = e /*Pa*(p). (4.7)

The corresponding field can be defined as

6(0,) = / dp(p) (e~ 7a(8,p) + ¢7a* (8, p)) (48)

Now by considering the adjoint action of U(0,A) on a(f,p) and a*(0,p), the following
transformation is induced upon 6

AGAT;  Ae Ll
0= MO = _poaT; Aect

where £1 and £+ denote the subgroups of orthochronous and antiorthochronous Lorentz
transformations, respectively. The transformation is calculated by taking the Lorentz
covariant behavior of the momentum operator into account.

Since the adjoint action of the unitary operator U(0,A) also acts on the skew-symmetric
matrix 0, it seems of importance to consider a whole family of fields given by the
deformation parameters that characterize . This was the starting consideration to define
a correspondence from the set of wedges to a set Qg C R4 of skew-symmetric matrices.

Before we give this correspondence, we define the wedge.
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Figure 4.1: Right Wedge W;

DEFINITION 4.3. The reference wedge region most commonly used, is called the right
wedge (see figure 4.1). It is defined to be given by following region,

Wi = {z e R%: 21 > |zo|}.

Under coordinate reflections, i.e. j, : x, — —x,, the wedge region transforms in the
following manner,

j0W1 = Wl, j1W1 = —W1 = Wll, jkI/Vl = Wl, k > 1, (4.9)

where W, denotes the causal complement of ;.

DEFINITION 4.4. The set W of all wedges in R? is defined as the set of all Poincaré
transforms of Wy, given as follows

W = PWl,

where P is the Poincaré group. In this work we mainly work with a subgroup Wy, ¢ W
consisting only of the Lorentz transforms of Wy,

Wy := EI_WL (d > 2).

Now in order to give the map between wedges and skew-symmetric matrices, we specify
two homogeneous spaces for the proper orthochronous Lorentz group £1 and the subgroup

Lc L, generated by the proper orthochronous Lorentz group L’l and spacetime reflections
Ju defined in (4.9). The first space is Wy, 7) endowed with the action 7 defined by

TA(W) := AW,

which corresponds to the set of wedges. The second space is an ﬁ—homogeneous space
(Qo,7), corresponding to the skew-symmetric matrices, defined as

Q= {ya (1) : A € L},
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with action v defined by

AOAT;  Aecfl,

0 — va(0) := { ] .
—AOAT; A e L.

As next, we show that the two defined homogeneous spaces (Qq,7) and (Wpy, ) are iso-
morphic. Matrix #; has to have a specific form such that the map @,

Q:Wor— Qo QAWL) :=ya(b1). (4.10)
is well-defined. The specific form of 6; is the subject of the following lemma ([GLO7|,

Lemma 3.1).

LEMMA 4.1. (i) The mapping Q (4.10) is a homomorphism of the ﬁ—homogeneous
spaces (W, T) and (Qo,y) if and only if 61 has in d dimensions the following form

0 X0 -0
A0 0 -0
000 - 0f, A>o0 (4.11)
000 - 0

and for the physical most interesting case of four dimensions the skew-symmetric
matriz 0 has a more general form

00X 0 0
A0 0 0

> . .
00 0 gl AZOmER (4.12)
00 —n 0

If 01 is not equal to zero, the map @ is an isomorphism.

(ii) If 0 has the form (4.11, 4.12), its L-orbit Qg is

Qo= {61,—01}, (d=2),

4.13
Qo= {AAT:AeAeLl}, (d>2), (4.13)

and for any W € Wy, there holds

QW) = QW) = 7(Q(W)).

By using the map @ (4.10), one can relate the scalar fields on NC Minkowski to wedges.
In the next step one can show that these scalar fields satisfy concepts of locality and
covariance in a wedge setting. Therefore, in what follows we give the definitions of a
wedge-covariant and a wedge-local field, (|GLO7|, Definition 3.2).

DEFINITION 4.5. Let ¢ = {¢w : W € Wy} denote the family of fields satisfying the
domain and continuity assumptions of the Wightman axioms. Then, the field ¢ is defined
to be a wedge-local quantum field transforming covariantly if the following two condition
are satisfied:
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e Covariance: For any W € W, and f € .7(R%) the following holds

Uy, Now (F)U(y, A = gaw (Fo (y, A)7),  (y,A) € PL,
U0, )ow (HVU,5)~" = ¢jw(Fos) .

e Wedge-locality: Let W, W € W, and fe.7(R?). If

W +supp f C (W +supp g),

then
[ow (f), b33 (9)]¥ =0, ¥ e D.

The last definition can be given in a simpler form due to the geometrical properties of the
wedges. This is the subject of the following lemma, (|[GL07|, Lemma 3.3).

LEMMA 4.2. Let ¢ = {oéw : W € Wy} denote the family of fields satisfying the domain
and continuity assumptions stated in Definition 4.5. Then ¢ is wedge-local if and only if

[¢W1(f)7 ¢—W1(g)]\:[l =0, VeD,

for all f,g € C(RY) with supp f C Wi and supp g C —Wj.

It was shown that the collection of fields ¢y, given by the deformed field (4.8) and the
map (), satisfies the Wightman properties and is a wedge-local field that transforms wedge
covariantly under the unitary representation U(a, A) of P := L x R<.

Furthermore, a relation between the model defined by the collection of fields ¢y
and completely integrable models was found. The calculation of the two-particle S-matrix
elements leads to the description of non-trivial interactions.
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4.3 DFR-Model from Deformation

In this section we obtain the DFR-model represented on .+ given in (4.8), by deformation
with the momentum operator using warped convolutions. To do so we use the formula
of deformation given in Section 2 (see Definition 2.7), on the creation and annihilation
operators of the free scalar field.

Before deforming we have to concern ourselves with the issue of convergence for
the Formula 2.1 applied to the free field. One possibility as before would be to show that
the scalar product of the adjoint action acting on the free field is a symbol. Another
approach is to show that the expression (¥, ¢g p(f)P) converges by using the bounds of a
free field and thus conclude that deformation with the momentum operator is well-defined.
Since in the next sections we deform the free field with operators unitarily equivalent to
the momentum operator, it seems wise to choose the second path. The result is given in
the following lemma.

LEMMA 4.3. The deformed field ¢g p(f) for f as given in Equation (4.4) fulfills in the
scalar product with ¥y, &; € . (R™!) the following inequality

1/2
(W1, 600 ()0 < 2T TN 1] (/ d"u(pwi(p)ﬁ) <o (414)

Therefore, the deformation of the free scalar field ¢(f) with the momentum operator P* is
well-defined.

Proof. Let us show that Inequality (4.14) holds.

(W1, 0.0(F)B1) < [0]ll90.0(/) 01|
1/2
< 2T T W | ( / dnu<p>|fi<p>12)

< 00,

where in the last lines we used Cauchy-Schwartz and the inequality given in [GLO7, Prop
2.2, b)]. Thus, by showing that the integral of deformation is bounded and for wave
functions € .7 (R™*!) it converges, the Formula (2.1) is well-defined. O

In the next step we calculate the deformation of the free scalar field with the momentum
operator. For the convenience of the reader we use the notation q = (q1,- - ,qn) and we

N
define u* := Y ¢}'. To solve the integral of deformation we let the operators act on wave
=1

functions Wy (q) € .Z(R3YN) that are eigenfunctions of the momentum operator. Let us
first apply the deformation on the annihilation operator,
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(ag.p(P)¥N)(q) =

= (2m) ™" lim ( / / d'kdye My (ck, ey) aey<a<p>>\IfN) (a)
= 2 iy ([ aty i ([ ke ) v e P atp)ty ) (@

€1—> 62%0

e1—0

— (27)7% lim ( [ty @nt sty - xew eipeya@)w) (@

= "a(p)¥n(q).
where in the last lines we calculated the adjoint action of U(y) on a(p) by using the
Baker-Campbell-Hausdorff formula, and as in the former proofs we chose x(ek,ey) =
xa(e2k)x1(e1y) with x; € Z(R? x R3) and x;(0,0) = 1, [ = 1, 2, to obtain the delta

distribution 0(y — u) in the limit e — 0. The same calculation can be done for the
creation operator a*(p) and thus one obtains the following,

ag,p(p) = e "Pa(p),  ajp(p) = e a*(p).

As one can easily see the deformed creation and annihilation operator are equal to the
ones given in Equation. (4.7) as the representation of the DFR field on #*. Note that
they differ by a constant. This means that these operators correspond to a field on NC
Minkowski obeying the commutator relations [Z,,, Z,,] = —2i6,,,,. This is merely a question
of convention.

Next we show how to obtain the underlying NC spacetime in the framework of
warped convolutions. A deformed associative product is defined in the following way.

DEFINITION 4.6. An associative deformed product xg of A, B is defined as
AxgB = (27r)_d/ dvdue " ag, (A)ay(B).

Furthermore, the deformed commutator [A X¢ B] of A, B is defined in the following way

[A%¢ Bl := AxyB— B xy A. (4.15)

The deformed product can be used to calculate the commutator of the coordinates. In
the case of deformation with the momentum operator P, one obtains the following lemma.

LEMMA 4.4. Let the deformed product given in Definition 4.6 be defined by the generator
of translations P,. Then the deformed commutator (4.15) of the coordinates gives the

Moyal-Weyl plane (see figure 4.2),

[xu ><79 my] =Ty X Ty — Ty X9 Ty = _2i0uu~
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Figure 4.2: Example of a Moyal-Weyl plane Rg

Proof. We first calculate the deformed product of the coordinates using Definition 4.6.
_ —d d, qd, ,—ivu
Ty Xg T, = (2m) //d vd®ue” " agy (x,,) o ()

= (2m)~¢ // dvdue™ " (x,, + (0v) ) (@0 + w) = zpxy — i

In the last lines, we applied the adjoint action of the momentum operator P, on the
coordinates, which induces a translation. The next step consists in calculating the deformed
commutator of the coordinates. Due to the skew-symmetry of the deformation matrix 6,
one obtains for the deformed commutator the Moyal-Weyl plane. O

This result is not surprising. As already mentioned, in [GL07| a quantum field was defined
on the Moyal-Weyl plane, which also can obtained by using the momentum operator for
deformation via warped convolutions. Therefore, it is only natural that the Moyal-Weyl
plane appears for the deformed commutator of the coordinates. In the next chapters we
calculate the commutator of the coordinates by using the deformed product induced by
the operators that are used for deformation.

Thus one option to obtain a quantum spacetime, is to deform the underlying field
theory with certain operators and to examine the wedge-covariance and wedge-locality
properties of the deformed theory. Now by letting wedge-locality be our guiding principle
we pick those deformed fields that satisfy it, and calculate the spacetime that they induce.
Thus we have a deformed field that satisfies certain locality properties and in addition it
lives on a NC spacetime that is induced upon from deformation. This is a very different
approach from the usual path taken. Rather than starting on some given noncommutative
spacetime, we rather first demand that the deformation satisfies certain covariance and
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locality properties. Then, we take those deformed field that satisfy such relations and
calculate the underlying noncommutative spacetime. Thus in this spirit it is appropriate
to say that the approach is background independent. This is due to the fact that we
do not start a priori with a certain spacetime, but it rather emerges by the conditions
demanded from the QF.
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Chapter 5

Coordinate operator in QFT

"One can see the world with the p-eye or one can
see the world with the z-eye, if one opens both eyes
at once, one becomes crazy."

— Pauli to Heisenberg, Letter 19. October 1926

"I opened both eyes."
— Anonymous, Leipzig, 07. March 2013

In this Chapter we review the main results of [SS09]. The authors constructed operators
X,, by requiring them to fulfill a symplectic structure with the momentum operator, i.e.
[Py, X)] = inu N, for p = v, where N is the particle number operator. The operators are
constructed in a quantum field theoretical manner by using building blocks of the Fock
space, the creation and annihilation operators.

The same methods are used in this thesis to define coordinate operators in the
massive case. The massive temporal part of the coordinate operator was constructed in
[SS09] and in this work we construct the spatial part of the coordinate operator.

The operators X, obtained by construction do not commute and therefore we show
that even on a level without deformation it is possible to obtain the Moyal-Weyl plane.
This is done by calculating the expectation value of the operator that captures the
noncommutative structure.

Furthermore a noncommutative spacetime is also obtained from the coordinate op-
erator by applying an idea found in the QM context (see Lemma 3.13). An interpretation
of the so obtained deformation parameter is given. It is important to note that in the
nonrelativistic limit the QFT Moyal-Weyl becomes the one found in the QM chapter.

Since the construction of the operators X, is not unique we give further arguments
why the constructed position X; fulfills the requirements of a spatial coordinate. One
of the main arguments is the essential self-adjointness of X;, which is proven by using
the unitary equivalence, via Fourier transformation, to the spatial part of the momentum
operator Pj. After proving the essential self-adjointness of X; we investigate the unitary
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transformations of the free scalar field under the adjoint action of the coordinate operators.

In the final section, the coordinate operator is used to deform the underlying quan-
tum field theory. We further investigate the Wightman properties, the transformation
properties under the Poincaré group and the locality properties of the deformed scalar
field.

5.1 Coordinate operators for the massless case

Before we give explicit expressions for the operators X, we define in this section the
Bosonic Fock space for a free massless scalar field.

The free scalar field ¢ with mass m = 0 is defined on the n 4+ 1-dimensional Minkowski
spacetime as an operator-valued distribution. Such a particle with momentum p € R” has
energy wp defined by wp = |p|. Furthermore, we use for the following definitions the well
known Lorentz-invariant measure d"u(p) := d"p/2wp.

DEFINITION 5.1. The massless Bosonic Fock space 7" is defined as in [Fre06, Sib93)|:

oo
o +
4 —@%,k
k=0

where the m particle subspaces are given as
AL ={U: 0V} x -+ x OV4 — C  symmetric|
[ = [ dutpn). .. [ a0l V- b < o),

with
OVy = {p e RYp? = 0,py > 0}.

In the next step we define the so called particle annihilation and creation operators a, a*.
With the help of these operators one can go from a k-particle subspace %%2 toak+1-
particle subspace %’6; 41 or to a k—1- particle subspace %ﬁc_l, respectively. Furthermore,
with the particle operators one can define the particle number, the momentum and the
energy of the k- particle system. Another important property of the annihilation oper-
ator is that the vacuum vector Q = (1,0, - - - ) can be characterized by the equation af2 = 0.

DEFINITION 5.2. The particle annihilation and creation operators are defined by
their action on k-particle wave functions

(@) W)(prs. . o) = VET T / 0 1(p) F(B) Uisr (0 D1 -+ D)
0, k=0

a(f)*U Pl = k
(@) V(P P1 P) ﬁZlf(l)z‘)‘l/kfl(ph---,pi—l,Pi+1,---7Pk)7 k>0
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with f € J4 and Uy, € 5% . The commutator relations of a(f),a(f)* follow immediately
and are given as follows

[a(f),al9)"] = (f,9) = /d”u(p)f(p)g(p% [a(f), a(9)] = 0 = [a"(f), a"(9)]:

Particle annihilation and creation operators with sharp momentum are introduced as op-
erator valued distributions and are given as follows

alf) = / () FPalp),  a(f) = / 0"u(p) f(p)a* (p),

where particle annihilation and creation operators with sharp momentum satisfy the fol-
lowing commutator relations

la(p),a(q)’] = 2wpd" (P —a),  [a(p),a(q)] = 0= [a"(p),a"(q)]. (5.1)

By using the former definitions of particle creation and annihilation operators with sharp
momentum, one writes a free massless field ¢ as follows

o) = / du(p) (¢~ a(p) + €™a*(p)),  p=(wp:p) € V.

Since we work with operator-valued distributions, the massless free field has to be smeared
with test functions f € .7(R%),

o(f) = / d f(2)d(x) = a(F7) + a* (/). (5.2)

where the test functions f* are chosen as follows

FE(p) = / daf(2)e P, p = (wp,p) € V.

The particle number operator and the momentum operator are given in terms of particle
creation and annihilation operators, and are defined in the following manner.

N [@umla @), P= [ Euena el (5.3)

As already mentioned, the authors in [SS09| constructed the coordinate operators X,, by
demanding the following relation

[X;m PV] = —iTth, (54)

for ¢ = v. In the next section we give an explanation to the occurrence of off-diagonal
terms. Now by imposing the commutator relations the authors in [SS09| obtained for
the temporal part an operator which is not hermitian. The use of a standard trick, i.e.
Aherm — 1 /2( A+ A*), turns it into a hermitian operator and for X, we have the following,

1 /n -0
Xo=—1 | d" p)— | = —1 — .
o= i [ @) (514075 ) ato)
Note that we choose to work with the covariant normalization. The operator X, is given
in n-dimensions, which is a generalization of the coordinate operator given in [SS09|. For

the spatial part one obtains

Xj = i/d”u(p)a*(p) (pj + 2 >a(p)-

2wl Op
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5.1.1 Algebra of massless coordinate operators

By using commutation relations (5.1) we calculate the algebra of X, with generators of
the Poincaré group. We first give the commutator relations of the operator X, and the
momentum operator P,. As already mentioned the diagonal terms satisfy the canonical
commutation relations which were required and are motivated by quantum mechanics.

The off-diagonal terms give the following relations

[Xo, P}] = —i / Tup)a’(0) X a(p),

. pj

(X, Po] = —Z/d"u(p)a*(p)w]a(p)- (5.5)
P

The non-vanishing of the commutator between the spatial coordinate operator and the

Hamiltonian is not a mere construction failure but points out an important fact that is

given in the following lemma.

LEMMA 5.1. The operator V; obtained by commutator relation (5.5) is the Fockspace
equivalent of a relativistic velocity for massless particles.

Proof. This commutator is equivalent to the Heisenberg equation, i.e. A= ilA, Po]. The
equation describes the time derivative of the coordinate operator, which for a dynamical
system should not be equal to zero. The time derivative of the spatial coordinate operator
is the velocity operator denoted as V;. That this operator, represents the velocity of a
relativistic system can easily be seen, by calculating the action of V; on a wave function
p € J as follows
(Vi) (b) = o()

This is the velocity for a relativistic particle. Furthermore, the operator V; acting on an
n-particle wave function is the following,

k 1 k
p .
(Vie) (0%, p) =D “oh P = Y VYot )
=1 P! =1
Thus the operator V; acts as a velocity operator for an n-particle system. O

To calculate the transformation of the coordinate operator under Lorentz transformations
it is important to know the algebra of Lorentz generators and operator X,,. The calculation
of these relations requires the representation of the Lorentz generators in terms of creation
and annihilation operators a, a*. This was done in [IZ80, Equation 3.54| and in this context
see also [SS09, Appendix|. The generator of the Lorentz boosts has the following form

My =i [ )0 0) (5 ) o) (56)
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and the Lorentz generator of rotations in the (4, k)-plane is given as
My =1 [ d" * 0 0
i =1 [ d"pp)a’(p) (pig —pry ) a(P)-

Again, by using relations (5.1) we calculate the commutator of the Lorentz generators with
the coordinate operators. The temporal operator X satisfies the following relations.

KoMl =0, Do) = = [ @uoiar @) (5~ 14 mi ) alo)
wp \ 2 Op
As one can see the second commutator relation destroys the right transformation prop-
erty of the operator under Lorentz transformations, since it does not produce the Lorentz
covariant relation [Xo, Mo;] = iX;. Although the coordinate operator X, does not trans-
form as a four-vector, the spatial component transforms covariantly under rotations in the
(i, k)-plane due to the following commutator relations

[Xi, Mjk] =1 (5,‘]‘Xk — 5@'ka) .

The spatial coordinate operator fulfills the following commutator relation with the gener-
ator of Lorentz boosts

Mol = — [ @ uprat(p)—— (6, 1+ 2PPi 49, O
0 Myl = = [ o) (0) 5 (5228 4 2150 ) )

In the next step we give the result of the commutator of the coordinate operators. Before
doing so, we define the commutator as

(X, X)) =2 10,

The skew-symmetric operator valued matrix 6 has the following components,

iy == [ aruwa ) (0 02+ (55 22) DY aw), 6)

Wp p

9,‘j =0.

As one can see from the algebra, the spatial components commute, which means that they
have a common eigenvector. This fact will be further explored in the next sections.

5.2 Coordinate operators in the massive case

Analogously to the last sections, we construct the coordinate operators for a massive
scalar field.

The authors in [SS09] constructed a temporal coordinate operator X for the mas-
sive case as well and obtained

Wp

Xo= i/d”u(p)a*(p)ppi (Z -1 +pjaapj> a(p).

7
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The massive temporal operator was in addition to requirement (5.4) constructed in such a
way, that the massless operator follows from the massive one by taking the massless limit,
i,e. m — 0. During this thesis we constructed the spatial coordinate operator for the
massive case. After some cumbersome calculations, we obtained the following operator for
the spatial part of the coordinate operator.

X; = =i [ @ u(p)a (o) (pj + 0 ) a(p). (5.5)

203 OpI

It is not accidental that the spatial part of the coordinate operator in the massive case, is
identical in form to the spatial part in the massless case. This reason is explored in the
next sections.

5.2.1 Algebra of massive coordinate operators

In this section we calculate the algebra of the massive coordinate operator with generators
of the Poincaré group. Let us start by considering the algebra of the operator X, with P,.
As before the on-diagonal terms fulfill the requirement (5.4),

[Xo, Po] = —iN, [Xi, Pj] = —ini; N

The non-vanishing off-diagonal terms in the massive case are given by the following rela-
tions,

Y7 . n * WpPj
iV, = X0 =1 [ @u(p)a ()22 a(p),

— iV = [X;, Py] = —i / dnu(p)a*(p)z—ia(p). (5.9)

The second commutator relation is the subject of the following lemma.

LEMMA 5.2. The operator V; obtained by commutator relation (5.9) is the Fockspace
equivalent of a relativistic velocity for massive particles.

Proof. The proof can be done along the same lines as the proof of Lemma 5.5 in the
massless case. O

In the next step we give the commutator relations of the coordinate operator with the
Lorentz generators. We start by giving the commutator between the massive temporal
operator and the Lorentz generators.

[X07 Mjk‘] = 07

ot == [ rwnso) ((55) - 2 (128 ) (5-1+445) o

As in the massless case, the second commutator relation destroys the right transformation
property of the operator under Lorentz transformations, since it does not produce the
Lorentz covariant relation [Xo, Mo;] = iX;. Although the coordinate operator X, does not
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transform as a four vector, the spatial component transforms covariantly under rotations
in the (i, k)-plane due to the following commutator relations

(X, M) =i (045 X5 — 0 X) - (5.10)

The massive spatial coordinate operator fulfills the following commutator relation with the
generator of Lorentz boosts

« 1 Pipj 9
Xy, Moj] = — | d” — (6 +2 2pi— .
[ X, Mo /d pu(p)a”(p) 2 (5] + W +2ig a(p)

As one can see, the spatial part of the massive coordinate operator satisfies the same
relations as in the massless case. The constructed massive coordinate operators do not
commute in the (0j)-component. Before giving the noncommutativity of the operators, we
define the massive noncommutative matrix as follows

(X, X, = z'ég;.

The algebra can be calculated as before and one obtains for the skew-symmetric operator
valued matrix 0™ the following

T NN n—1  ppy wp
iy =i [ oy o) (M5 R -2 ),

pip'wp 2 2 Pror
2w2 0 0
1 P T 274
+< +pkpk)p]p o pap]>a(p),
o = o0. (5.11)

As in the massless case, the components of the spatial coordinate operator commute and
therefore have a common eigenvector.

5.3 Expectation value of massless coordinate operators

The constructed coordinate operators X,, do not commute in the (0j)-component and
thus we are interested in the physical interpretation of this noncommutativity. To obtain
a physical interpretation for the operator-valued matrices given in Equations (5.7) and
(5.11), we calculate the expectation value. Furthermore, all calculations in this section are
done for n = 3. For the calculation of the expectation values we choose different states
¥ € L?(R3). The following lemma simplifies the calculations of the expectation values.

Remark 5.1. For simplicity reasons we work during certain parts of this thesis with the non-
covariant representation of particle creation and annihilation operators. The non-covariant
representation is realized by

(p) = ——alp),  @'(p) = ——a’(p)

a = a a = a .
LEMMA 5.3. Let v € L*(R3) and let the massless operator-valued matriz, (5.7) be given
in the following form

i0o; = /d3pd*(p) (FOj(p> +Féj(p)aapl) a(p),
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where the function valued matrices Fy; and F(l)j are given by

! I
pj 0;  pjp
Foj(p) = w%a Féj(P) = (J + j>-

3
p Wp  Wp

Then, the expectation value of iéoj, w.T.t. a state Y is given as follows,
A a .
(wlist) = [ ((Fos(0) = P 0)) 1600 ~ By )0 530" () ) .

Proof. For the proof we split z'éoj in two parts

i6g; = / d*pa*(p)Foj(pla(p),  i0y; = / d3pd*(p)Féj(p);pld(p),

We begin calculating the expectation value of the first part ié(l)j.
wlidhy o) = [ & [ [ @mi* (@) Fiy(m)o(p) alal (m)a(m)|p)
— [ doFy )P

We used the momentum representation of the Hilbert space L?(R3) to carry out the cal-
culations. The second part iegj of the expectation value of the noncommutative matrix
is

Wity = [ (016 0IF " 0) + Py )P ).
We add the expectation values of the two parts of iégj and obtain
(wlis1) = [ ((Fos(0) = P 0)) [6(R) = iy )0 550" 0 )
¥ J [ ~ 05 07 apl .

O

In the next step we give a lemma showing how one obtains the constant matrix of the
Moyal-Weyl plane, by the calculation of the expectation value of 76, with a simple wave
packet.

LEMMA 5.4. Let the wave function W, (p) € L*(R3) be given as

Vo) = fp), o) = (2) e ser, (5.12)

™

where the L?-norm of W, is equal to one, i.e. ||[Vy||> = 1. Then, the expectation value of
10, given in (5.7), w.r.t. Y, is given as follows

A 8 |« 0 a’
(Yalibpu|ta) —13\/>< —a; Oy ) (5.13)
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Furthermore, for the following choice of the dimensional physical constant o and the di-
mensional physical constant vector a;

a=mf"0 o =Vi(g)1, 0, 0), BeRT,

one obtains the Moyal-Weyl plane R;, for noncommutative space-time and commuting
space-space. Moreover the plane is characterized by the deformation parameter 6.

Proof. In this proof we only look at the components z'éoj, due to the fact that éij = 0.

By using Lemma 5.3 and the form of the wave functions that we chose, we obtain for the
expectation values of if;

Wiibes ) = [ @ ((Fos(o) = P ELy(9)) 100 — By (p)u(p)of " (b))
= [ @ ((Fusto) ~ O Fy(0) 0P = Fo) (il ) + 300767

Note that a simplification occurs due to partial integration and from Fy;(p) = %@pFéj (p)-
Hence we obtain,

w@mw=+m/EMmmm%%

= iqy <27r51 \/7 /d3 pjp \2>

After using spherical coordinates for the second term one can easily see that the terms
I # j disappear. This is a consequence of the rotational invariance of the wave packet
chosen.

Next we take a closer look at the matrix éw, where the bar denotes the mean
value of the Fock space operator 6,,,, .

g -8 faf 0 &
NV_3 ™ —aj 03%3 '

With the specific choice for o and a;

a=78%  a;=VO(Z)1, 0, 0), BeR',
we obtain the matrix of the Moyal-Weyl plane Rg.

0 1 00
= -1 0 0 0
O =0 0 0 0 O
0 0 0 O
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The matrix ém, represents the noncommutative matrix of the Moyal-Weyl case for space-
time noncommutativity with space-space commutativity. O

Thus we showed, that the Moyal-Weyl plane R% follows from an expectation value of

the operator valued matrix 6. The conclusion was reached by adjusting the dimensional
constants @/ and « in a particular way. To understand their physical nature one has to
treat the wave packet (5.12) in the position space. This is done by calculating the Fourier
transformation of the wave packet.

F()(x) = / @ pe=i=* cion?* f(p)

= (&) et

The wave function in position space is a Gaussian wave packet, where the vector a char-
acterizes the location of the peak of this Gaussian and the square root of the constant «
denotes the standard deviation (or the width) of the wave packet, [Cla97|. From the expec-
tation value (5.13) it is clear that the more the packet disperses, the bigger the uncertainty
becomes.

5.4 Expectation value of massive coordinate operators

LEMMA 5.5. Let ¢ € L?(R3) and let the massive operator-valued matriz, (5.11) be given
in the following form

- Am ~ % 0 ~
ith; = /d3pa (p) (Foj(p,m) + F(l)j(p’m)apl> a(p),

where the function valued matrices Fy;(p,m) and Féj (p,m) are given by

(1 1 2
Foj(pom) =2 [+ —— 4+ =2 )
2 \wp  wpP'Pi (p'pi)

l [

w pjp Wpp;P
Fl(p,m) = —p gt _ _Pi _ 9 WpliP
05 (P 1m) PP 7 wpptpr T (PFpk)?

Then, the expectation value of iég}, w.T.t. the state ¢ is given as follows,

(wlittg1) = [ ((Fosto.m) = 9P Fom0) 00)F = By m)io) 7 (0) ) .

Proof. The proof is equivalent to the proof of lemma 5.3. [

In the next step we give a lemma about the expectation value of the massive noncommu-
tative matrix valued operator i@ZLy with the same wave function we used in Lemma 5.4.
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LEMMA 5.6. Let the wave function W, (p) € L*(R3) be given as

Uo(p) = e f(p),  fp) = (Z)3/te 5P

™

where the L?-norm of W, is equal to one, i.e. ||\IJ 2> = 1. Then, the expectation value of
z@m given in (5.11), w.r.t. U, in the limit o — 2 s given as follows

P 0 o +
a 0 a) = U5 s e RT.
il =it (000 )

Furthermore, for the following choice of the dimensional physical constant vector a;

a;=vo(2)(1, 0, 0), BeRT,

one obtains the Moyal-Weyl plane Rg, where it is characterized by the deformation param-

eter \/@/m

Proof. By using Lemma 5.5 the mean value of zé{}} is given by
wiidgyl) = +iar | i) 5 0)P

Let us look at the first part of zég}
3
<¢\2¢9m1| Y) = +ig (g> ’ 5§/d3p(':p6—a|p|2
™ P Pk
= —ia;7,

where in the last lines spherical coordinates were used to simplify the calculation and we

took the limit o — # Note that ~+ is some finite constant. The second part of the

expectation value of g} is given as follows

3 [
. Am, . QN 32 3 p]p _a‘ |2
Vi) = —iaq (—) /d p———e P
(Wlit;”10) 7r wppFpi

/m2 [0

= daja’? -HypgeoU[3/2,2, 8], B=15

=1a;-—.
73m
Due to the rotational invariance all the terms where j # [ are equal to zero. Moreover, in
the last step we took the limit @ — # Note that g is a finite constant.

The last part of the expectation value of 290] is given as

3
. Qa2 pp _
20m3 —24a; ( — /d3 pije:c afp|*
(i) = ~ien () [ dPp i sea
4
= ia;m” (a)? SHypgeoU[1/2,2, 4

4
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As before due to rotation invariance all terms where j # [ are equal to zero. Furthermore,
in the last step we took the limit @ — # Again h is a finite constant.

Picking up all terms the matrix ’Lég; takes the following form

(i) = (I ) + (li6 ) + (i) = iaj L

3m’
O

As one can see, the main difference in the expectation value of the noncommutative matrix
valued operator 9“,,, lies in the deformation parameter when compared to a Moyal-Weyl
plane. In the massive case the deformation parameter depends on the mass. As in the
massless case the physical interpretation of the dimensional constant vector a and the
constant m can be deduced by calculating the wave function in position space. Again, it is
a Gaussian wave packet, where the vector a characterizes the location of the peak of this
Gaussian and the square root of the mass m denotes the width of the wave packet, [Clad7].
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5.5 Deformation of coordinate operator

In the context of QM (see Section 3.4.4) we deformed the coordinate operator with
the momentum operator and obtained a NC quantum plane. This plane can be well
understood in view of the fact, that coordinate operators describing the Landau problem
are exactly the coordinate operators obtained by deformation with the momentum
operators. In the present section we follow the idea found in QM (see Lemma 3.13) and
deform our quantum field theoretical coordinate operators with the momentum. Hence,
we calculate the commutator of the deformed coordinate operators and call the resulting
quantum plane, the QFT-Moyal-Weyl.

Before deforming we calculate the unitary transformation of the coordinate opera-
tors under translations. This is done on an operator-valued distributional level, by
considering the unitary transformation of the translations on particle creation and
annihilation operators. Let us first define the unitary operator of translations as follows,

U(B) := Pt (5.14)

The unitary operator U(S) with 3 € R? transforms the particle creation and annihilation
operators a,a* in the following way, [1Z80, Sib93|

UB)a(p)U(B) " =e P a(p),  UB)a*(p)U(B) " = e a(p). (5.15)

The transformation property (5.15) is used in the next lemma to calculate the unitary
transformations of the coordinate operator.

LEMMA 5.7. Under the adjoint action of the unitary transformation U(B) := ePuP" | with
B € R, the massless spatial coordinate operator transforms as follows,

ag (X;) = e Xje e = X + BoV; — BN,
and the massless temporal coordinate operator Xg transforms in the following way,
Oéﬁ (Xo) = Xo — ﬁoN — ﬁjVj.

Proof. By using the transformation property (see Equation (5.15)) of the creation and
annihilation operator under the unitary operator U(/3), we obtain for the spatial component
of the coordinate operators the following,

¢iPnP" X o= iBuP" = _2./dnpewupua*(p)e—wypuaj (aﬁupud(p)e—wuzw)
= —i/d”pew“pud*(p)aj (e_w“pud(p»
=X, - B [ B0 (Pla(p)

=%—m/wmﬂﬂm@am—m/wmw@wm

Wp
= X+ boVj — BjN.



72 CHAPTER 5. COORDINATE OPERATOR IN QFT

As in the proof for the spatial components we use equation (5.15) and obtain for the
temporal operator the following

PP Xoe PP — / d"p (n — L p)a(p) + B (p) 2o, (e “p”&(p)»

2wp Wp

= Xo — ,Bu/d”p (faﬂ) a*(p)a(p)

P
= Xo— o [ p(-PE ) w)alp) - 5 [ d'p L (p)alp)
P P

= Xo — BoN — B;V7.

The next lemma gives the transformation of the massive coordinate operators under the
adjoint action of translations.

LEMMA 5.8. Under the adjoint action of the unitary transformation U(B) := ePuP" | with
B € R, the massive spatial coordinate operator transforms as in the massless case,

ag (X;) = e Xjem Pl = X + BoV; — BN
The massive temporal coordinate operator Xo transforms in the following manner,
Qag (Xo) = €w"PMX(]€_w“PM = Xy — BoN + ﬁj‘?j.

Proof. The proof for the massive spatial part of the coordinate operator is equivalent to
the massless case. For the massive temporal operator we use equation (5.15) and obtain
the following

eiﬂuPHXoe_wﬂP” = Xo+ Bu d"p pjwp 9;p" ) a*(p)a(p)
pip’

_ _ m ]ﬂ ~ % ~ ) n &N* ~
— Xo— fo / o) (p)i(p) + / P22 (p)i(p)
= Xo — BoN + B; V7.

5.5.1 QFT-Moyal-Weyl from deformation
As for the deformation in QM, in QFT-case we are also obliged to prove that warped

convolutions of the coordinate operator with the momentum operator is well-defined. Thus
let us consider the deformed coordinate operator as follows

(U, XY pr) = 4hm // dhy d*k eV x(ey, k) (W, U (k) g, (X ™) ®;)

=: (2m) 4hm / / dty d*k e E y(ey, ek) b (k, 1)
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for ¥, ® € .7 (R¥).

LEMMA 5.9. Let the function b*(y, k), for uw =0, 1, 2, 3, be given as the scalar product
(W, U(k)agy(X7)®). Then b*(y, k) € S, for ¥y, ®; € S (R and thus the deformation
via warped convolutions of the coordinate operator is given as a well-defined oscillatory
integral.

Proof. Let us first look at the function b* for u =0,

102,050 (y, k)| = (04, (BRU(K)) 07 (g (X°)) )]
< |=iP)wil 05 (X0 = )N + (00),7)
=:Cl,a

< i ([0 X001 +105 Ow)ol IN DU + 105 0w |[774))

where in the last lines we used the adjoint action given in Lemma 5.8. By using inequality
(3.7) for 0;; = eijkek and for 8 = 0 we obtain

G, R)] < Cua | X0 +ly] (160 1Nl + V2101 | V504 [) + a0l 160|771
N——
::CO :C(, :ZC7
< Cla (Co + Cely| + C7lyol)
< CiaCp (1 4|yl + lyol)
——
::Cl,a,G
where in the last lines we assumed there exists a constant C'p satisfying
Cp > Co,Cs, Cr. (5.16)

Due to the fact that Cy,Cg and C; are finite constants, the existence of a constant
satisfying inequality (5.16) is justified and therefore v°(y, k) belongs to the symbol class
S%O'

Next we show that function b* € 51170 forp=75=1,2,3,

02006 (y, k)| = [(¥y, (92U (k) 0 (g (X)) @)
< I=iP*)wal] 95 (X7 + (By)oV? — (09 N) @
=:Cl o

N

Oy X9 + 10 By)ol [VI@il| + 105 By IN @] )

where in the last lines we used the adjoint action given in Lemma 5.8. By using inequality
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(3.7) for 0;; = eijkek and for 8 = 0 we obtain

Op(y. K)| < Cra | [ X70]| 4y (100 [|V7 ]| + V210 [ N[ ) +ol [0°7] | N
—_— ~—_——
::CQ :'Cﬁ :IC7
< Cra (C2 + Csly| + Crlyo|)
< ClaC (1+ Iy] + lyol)
——

::Cl,a,Q
where in the last lines we the existence of a constant C'p satisfying
Cp = Co, Cs, C7.

is given by fact that Cp,Cs and C7 are finite constants and therefore b*(y, k) belongs to
the symbol class Sll,o. As before, by the virtue of the theorem given in [H6r04, Theorem
7.8.2] it follows that the oscillatory integral is well-defined in a distributional sense.

O

Next we turn to the deformation of the constructed massless coordinate operators with
the momentum operator.

LEMMA 5.10. The deformed massless coordinate operators Xgp and Xgp, obtained by
warped convolutions, are given by

Xgp=X"—(0P°N— (0P V;, X} p =X +(0P)° VI —(0P) N.

Proof. The proof makes use of defining equation (2.1) and Lemma 5.7. Let D be a dense
domain of vectors smooth w.r.t. the action of U. By equation (2.1) the warped convolutions
of X is given on W € D as follows,

K= (X0
= / (X° — (0k)°N — (0k)'V;) dE(k)V
= (X = (6P)" N — (6P V)W,
where in the last lines we used Lemma 5.7 and integrated over the projection valued

measure. The same calculation can be performed for the spatial coordinate operator X;
on ¥ € D as follows,

X} pU = /aek(Xj)dE(k)\I/
_ / (X7 + BV — BIN) dE(k) W

= (X7 + (0P VI - (0PY N) ¥,
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LEMMA 5.11. The deformed massive coordinate operators Xgp and Xgp, obtained by
warped convolutions, are given by

Xgp=X"—(6P)° N+ (6P V;,
and the deformed spatial operator is given as follows

X} p=X7+(0P)° VI - (P)' N

Proof. The proof for the spatial part is equivalent to the proof of the spatial part in Lemma
5.10. As before, let D be a dense domain of vectors smooth w.r.t. the action of U. Then,
the warped convolutions of massive temporal operator is given on ¥ € D as follows,

Xg}P\I/—/ozgk(Xo)dE(k)\Il
_ / (XO—(Gk)ON—(Gk)j / d"p pjiwf&*(p) i(p )) dE (k)T

= (XO — (0P)° N + (6P) f/j) v

We first take the massless deformed coordinate operators X 5 p and calculate the commu-
tator.

LEMMA 5.12. The commutator between the deformed temporal and spatial coordinate
operator, which were given in Lemma 5.10, is the following

(X9 p, X7 p] = i6% — 2i9° N? — 2i60"F VIV, + 206"V, N — i (0P)" P,

where the operator P,g is given in terms of creation and annihilation operators as

p,g:/d"p (77 +p;m> “(p)a(p).

p

The commutator between the components of the deformed spatial coordinate operator is
given in the following,

(X] p Xbp] = —2i (eoﬂ’ vk _ ok ) N + 2ig7F N2

Proof. We use the algebra of the massless coordinate operators, the algebra of the momen-
tum operators and the fact that the particle number operator N commutes with X* and
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PY to calculate the commutator.

(X0 p, X) pl = [X° — (0P)° N — (0P)* Vi, X7 + (0P)° VI — (9P) N]
= [X°, X9 = [(0P)° N, X7] — [(0P)* Vi, X7] + [X°, (0P)° V7] — [X°, (0P) N]
= i0% — 6% [P, XI|N — [(0P)* , X'V, — (6P)F [V, X7+ (6P)° [X°, V7] +
—— ——
=:iP] =0
+ 0% X9, PV — 09 XO PN — 6% X0, PN
= i0% — i0%n] N? — 0*°[Py, X7|V;, — 6*" [P, X7V, — i (OP)" P] -
— i0%%V, VI 4 i0°N? + i07F VN
= i0% — 0% N? — ig*VIV, —i0* iV, N — i (0P)* P} -
— i0%V, VI 4+ i0"°N? + i0’* Vv, N
= i0% — 2i0% N* — 2i0°*VIV;, + 2i07* Vi, N — i (P)* P
In the last lines we used the skew-symmetry of 6 with respect to the Minkowski metric,
i.e. Opj = 0jo, Orj = —0j;. Next, we calculate the commutator of the deformed spatial
operator.
[X) pr X4 p) = [X7 4 (0P)° VI — (0P) N, X* + (6P)° V* — (6P)* N
= [X7,(0P)° V¥ — [X7,(0P)" N] — j <> k
= (0P)° [X7,VF + [X7, (0P)°")V* — [X7, (0P)'IN = j < k
= —i(0P)° P7* 4 0O [X7 P,JV* — 0"[ X7 Py|N — 0" [X7 PN — j < k
—i0YVEN +i0"VIN — 0" N — j - k
— 9 (003‘ vh 9°kvj> N + 2i¢7k N2

In the last lines we used the symmetry of P7* and the skew-symmetry of 6 w.r.t the
Minkowski metric. O

For the massive deformed coordinate operator the commutator is calculated in an
analogous manner and it is subject of the following lemma.

LEMMA 5.13. Let Xgp be the massive deformed coordinate operator given in Lemma
5.11. Then, the commutator between the deformed massive temporal and spatial coordinate
operator 1S given as

X9 p, X} pl = 0% — 2009 N? + 2i6°%V, VI — 2i607*V,, N — i (0P)" P} +i (0P)° R/,

where the operator Pﬁ and R7 are given in terms of creation and annihilation operators as

y : P 2wpp e i, -
PJ:/d”p<773a.)p— - P a*(p)a(p),
k Fpip;  wppip;  (pipi)? (p)(p)

. Pm? ~
R’z/d"p -a*(p)a(p).
S (P
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The commutator between the components of the deformed spatial coordinate operator is the
following one,

[XF,p Xbp) = —2i (697VF = 6%V7) N 4 20" N?
Proof.

(X0 p. X) p = [X° — (0P)° N — (0P)* Vi, X7 + (0P)° VI — (9P) N]
= [X° X7 = [(0P)° N, X7] — [(0P)* V., X7] + [X°, (6P)° V7] — [X°, (§P) N]
= 0% — §°% [Py, XI|N — [(0P)* , X7|V}, — (0P)F [Vie, X7] + (0P)° [ X, V7] +
——— N——
=iPJ =:iRJ
+ 0% (X°, PV — 07°[X°, PN — 67F[X°, PN
= i0% — i N* — 0" Py, X'V}, — 0" [Py, X9IV;, — i (OP)" P+
+i(0P)° R? + iV, VI 4+ i1 N? — i7"k, N

= i0% — 0% N? — i0"OVIV;, — 0" VN — i (0P)* P+
+i(0P)° RV 4 iV, V7 + i N? — i¢?* VN
= i0% — 2i0% N? + 2i0°*V, V7 — 207"V, N — i (9P)* P} + i (9P)° R

The proof for the spatial components is equivalent to the proof of Lemma 5.12, due to
the fact that the commutation relations between X; and the momentum operator do not
change in the massive case. O

In this section we obtained a quantum plane by deforming the coordinate operators,
constructed by demanding a canonical conjugate structure. Thus, following the same idea
obtained in the QM context (see Section 3.4.4), the commutator gives us a quantum plane
that is obtained by the deformed coordinate operators of QFT.

This is the main difference to other works on NCQFT. In this work we constructed
coordinate operators with the underlying QFT by demanding the canonical commutation
relations to be fulfilled. In the next step, we deform these constructed operators and
calculate the commutator in order to obtain the quantum plane. The deformation is
justified by the fact that in the QM case for the example of the Landau problem, we
obtained the coordinate operators of the Landau problem by deforming the coordinate
operators of a free particle using the momentum operator.
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5.6 Self-adjointness of the position operator

In this section we study the essential self-adjointness of the spatial coordinate operator
Xj;. By using the Fourier transformation we show that the momentum operator is
unitarily equivalent to the coordinate operator. The operator P; is an essential self-
adjoint operator on a dense domain and thus by unitarily equivalence it follows that the
coordinate operator is an essential self-adjoint operator as well. This section is writ-
ten in such a general manner that the considerations hold for the massless and massive case.

For the proof of self-adjointness of the coordinate operator, we work in the non-
covariant representation of the particle creation and annihilation operators. The operator
pair (Py, X;) satisfying (5.4) take in the non-covariant representation the following form

jo. / d"ppjit(p)a(p), X, = —i / dnpd*(p)aapjd(p). (5.17)

Now in the following steps we first define the domain of essential self-adjointness of the
momentum operator. On this dense domain we show that the momentum operator P; is
unitarily equivalent to the coordinate operator for the one particle subspace 4 = L?(R").
Further on, we generalize the lemma of unitarily equivalence to the k-particle subspace 2.

The following lemma gives the domain of essential self-adjointness of the momen-
tum operator, [BEH08, RS75a.

LEMMA 5.14. The momentum operator Py is an essential self-adjoint operator on the
dense domain . (R™) C L*(R"™).

Proof. The proof makes use of Corollary 3.1. O

The unitary equivalence of the operator pair (Pj, X;) is subject of the following lemma.

LEMMA 5.15. Let Ug be the unitary operator of the Fourier transform (see Appendiz

(8.5)) and let the momentum operator P; and some operator Q; be acting on a function
o(p) € L (R™) as follows

(Pio) (0) = pjo(p),  (Qip) <p>=—ifplw<p>. (5.18)

Then, the operator QQ; is unitarily equivalent to the operator P; and the equivalence is given
by the following equation
Q; =U;'PUs. (5.19)

Furthermore, the operator Q; is an essentially self-adjoint operator on the dense domain
S (R™).

Proof. This lemma can be found as an example in [BEHO08|. Due to the fact that in the
next step we extend it to the k-particle subspace, it is important to consider the proof for
a one particle subspace. First note that the proof of unitarity for the Fourier transform
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can be found in [BEH08, RS75a, RS75b, SW89, SV73|. To show that unitarily equivalence
(5.19) holds, it suffices to show

Uz (Qjp) (P) = (PiUzy) (P).

This can be done by making use of Equation (8.1).

Uz (Qjp) (p) = Uz (—idjp) (p) = p; (Uze) (P) = (PiUzy) (P)

By applying on both sides the inverse operator U;} one obtains the equivalence (5.19).
By the virtue of Proposition 8.1, from the unitary equivalence the essential self-adjointness
of @; follows. The domain of operator @); is the same as the domain of P, i.e. D(P) =
D(Q) = Z(R™). The statement holds, since the Fourier transform is a bijective operator
which maps .7 (R") into itself, (see 8.1, 8.5). Thus by Proposition 8.1 for the domains we
have,

D(Q) = U;'D(P) = U;' #(R") = 7 (R").
OJ

We intend to extend the essentially self-adjointness of the operator @; to the entire
Bosonic Fock space. To do so, we first define the operator of second quantization and
give a lemma concerning its domain of essential self-adjointness, [RS75a, Chapter VIII.10,
Example 2| and [RS75b, Chapter X.7].

DEFINITION 5.3. Let 5Z 1 be the Fock space over .7 and suppose that A is a self-adjoint
operator on J# with domain of essential self-adjointness D(A). Let the following operator
A = A@T---@T+---+1®1---® A be defined on D(A)g, := ®*_, D(A) and define
A©) = 0. Then, the operator dT'(A) on #* defined as

dr(A) =) AW,
k=0

is called the second quantization of A. Furthermore, if U is a unitary operator on
we define T'(U) to be second quantization of U, i.e. the unitary operator on #* which
equals ®f:1 U when restricted to 7, for n > 0 and equal to identity on J43.

Next, we define the domain on which the second quantization of the essential self-adjoint
operator dI'(A) is symmetric.

DEFINITION 5.4. Let A be an essential self-adjoint operator with dense domain D(A) C
. Then, the domain of the second quantization operator dI'(A) of A, denoted as
D(A)gy C T, is defined to be the set of ¥ = {1,191, -} such that ¢, = 0 for k
large enough and v € ®f:1 D(A) for each k.

The domain of the second quantized operator D(A)g is dense in S, since D(A) is dense
in 4. By using the definition of the extended domain D(A)g, one obtains the following
lemma.

LEMMA 5.16. Let A be an essential self-adjoint operator with domain D(A). Then, the
second quantized operator dU'(A) is an essential self-adjoint operator on the domain D(A)g,
as given in Definition 5.4.
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Proof. The lemma can be proven using Theorem 8.3. O

In the former definitions and lemma we did not mention the projections onto the
symmetric and antisymmetric Fock spaces. This is because the second quantization
operator dI'(A) commutes with the projections and thus it is not important for the proof
of essential self-adjointness.

The importance of Theorem 8.3 and Lemma 5.16 for our work is the following.
Let A be an essential self-adjoint operator on a dense subspace of the one particle Hilbert
space, then by Definition 5.3 one can define the second quantized version of the operator
A on the dense domain D(A)g of the Fock space. Furthermore, one can prove that on the
domain D(A)g the second quantized operator A is an essential self-adjoint operator. By
using Definitions 5.3, 5.4 and Lemma 5.16, we obtain the following theorem.

THEOREM 5.1. The second quantization of Q; given by the operator dI'(Q;), (see
Definition 5.3), is an essential self-adjoint operator on the dense domain D(Qj)s (see
Definition 5.4). Furthermore, the second quantized operator dI'(Q;) is on the Bosonic
Fock space equivalent to the position operator X; given in Equation (5.17). Therefore, on
the dense domain D(Qj)s, the position operator X; is an essentially self-adjoint operator.

Proof. That the second quantization operator dI'(Q;) of @Q; is an essentially self-adjoint
operator on the dense domain D(Q);)g follows directly from Lemma 5.16, where the domain
of essential self-adjointness of Q; is given as D(Q;) = #(R"). To prove that dI'(Q;) is
equal to X;, we first give the second quantized operator of the Fourier transformation
I'(Ug). This is done by using the Definition 5.3 of the second quantized version of a unitary
operator. As mentioned before, the second quantization commutes with the projections
to the symmetric Fock spaces so that the unitary equivalence (see Equation 5.19) can be
extended to the second quantized version given as,

dr(Q;) = T(UZ")PT(Usz). (5.20)

In the next step we calculate the action of dI'(Q;) on the functions ¢, v € .7 (R™*¥).

(¥, dI(Q))¢)
= @, T(UZ"YPT(Uz)p) = (C(Ur)¥, P,T(Uz)p)

- / Ipt / & (DU 5)0) (b, ) (PT(U#)g) (B, ")
= [awt [@pF OO0 @ B8 TR (BB
k
:/dnpl/dnp]€ (F(Uf)¢) (plv"' F Z<_lal) > 13"' 7pk)

k

0
= [apt [avuet o p (—z’ W,j) o0, .pY) = (. X ).

=1

In the last lines we first used the unitarity of the second quantized Fourier transformation
and the action of operator Py, given in (5.17) on k-particle wave functions. In the next
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step we used equation (8.6) for multiple particles and the action of the operator Xy, given
in (5.17) on k-particle wave functions. The equivalence of dI'(Q;) and the operator X
holds for all ,¢ € ./ (R™*). Thus the second quantized operator dI'(Q;), is equivalent
to X; and therefore the position operator is an essential self-adjoint operator. ]

The essential statement of Theorem 5.1 is that the position operator X; is unique. In
particular, the coordinate operator defined in a quantum field theoretical setting is the
generalization of the coordinate operator in quantum mechanics. We were able to show
this fact, by defining the coordinate operator in the quantum mechanical case as a unitary
equivalent operator to the momentum operator. In the next step, we second quantized
this definition and were able to prove that the operator we obtain is equivalent to the
coordinate operator given by [SS09|. In the next chapter we will compare this coordinate
operator with the Newton-Wigner-Pryce operator.

5.7 The Newton-Wigner-Pryce operator

In the context of relativistic particles the Newton-Wigner-Pryce (NWP) operator is usually
mentioned as the rightful position or center-of-mass operator. To obtain the position
operator the authors in [NW49] imposed certain physical requirements on localized states.
Where in [Pry48| the author obtained the same operator by generalizing the Newtonian
definition of the mass-center to the relativistic case. The NWP operator can be given
as the product of generators of the Poincaré group in the following way, [Bac93, Ber65,
Can65, Jor80, Ste05| . .
XJNWP = TPOMDj + MOjTPO.

On a one particle wave function the position operator defined in this way is given as,
[Sch61, Chapter 3¢, Equation 35|

(XNWP L) (p) = i (;;2 n (;;) o(p).

THEOREM 5.2. The second quantization of the Newton-Wigner-Pryce operator is equiva-
lent to the position operator X; given in Equation (5.8).

Proof. The second quantization of X ]N WP is given by the operator dI'(X ]N WPy (defined
in 5.3). To prove equivalence between the two operators we first calculate the action of
dF(X]NWP) on a symmetric function ¥ € .7 (R™ %),

k
(ar(XNVPYD) (b, ... pk) = Y XN (phw(pt,..., pk)

= (X;%) (p',...,p")

In the last line we used the action of the position operator Xj;, given in the covariant
normalization (5.8), on a function ¥ € . (R"*F). O
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A few comments are in order. First, the Newton-Wigner-Pryce operator is often given
as the product of generators of the Poincaré group. This representation is only true for
one-particle states and not for n-particle states. This is because the product of second
quantized operators is not equal to the second quantized product of the operators, i.e.
dT'(MojPy ) # dT(My;)dT(Py ). Therefore, the representation of the NWP-operator as
the product of the boost operator and the inverse of the Hamiltonian must be discarded
for an n-particle system.

Second, from Theorem 5.2 it follows that the Newton-Wigner-Pryce operator is
equivalent to the position operator that we also obtained by second quantization of the
position operator in quantum mechanical setting. This is a major result concerning the
uniqueness of the relativistic position operator. The reason why this fact may have not
been obvious, is owed to the representation of the operator. In second quantization
from QM it is given in a non-covariant fashion and as the NWP-operator it is given in
a covariant fashion. Of course, the difference of representation is merely a normalization
feature and thus for the physical interpretation, and specially for the second quantization
not relevant.

5.8 Unitary transformations of the scalar field

In this section we study unitary transformations defined by coordinate operators on the
scalar field. The investigation leads to the conclusion that they act as translation op-
erators in momentum space. Next, we define scalar fields with the help of the unitary
transformations and investigate the locality properties of such transformed scalar fields.

5.8.1 Unitary transformations generated by position operator

By using Theorem 3.1 and the essential self-adjointness of the position operator shown in
Theorem 5.1, we define a strongly continuous unitary group as follows

V(b) =X b e R™ (5.21)

Next, we calculate the adjoint action of the unitary operator V(b) on the free massless
scalar field. This can be done by calculating the adjoint action of V(b) on the particle
creation and annihilation operators. The following lemma gives the unitary transformation
of a,a*.

LEMMA 5.17. The particle creation and annihilation operators a(p),a*(p) transform un-
der the adjoint action of the unitary operator V(b), defined in (5.21), in the following
manner.

V(b)a(p)V~'(b) =a(p—b),  V(b)a'(p)V~'(b) =a"(p—b).

Proof. We will give three proofs for this lemma. The last two proofs help us to calculate
the adjoint action of the creation and annihilation operators under the temporal operator
Xy. Let us start with the first proof.
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The proof starts with calculating the commutator of the spatial coordinate opera-
tor with creation and annihilation operators. By using the non-covariant canonical
commutation relations between a and a*, we obtain

(X", a(p)] = +i a*(p).

9 R
apra’(p)7 [X y @ (p)] - +Z8pT

It continues with exponentiating and yields for the annihilation operator a(p)

—pr Is}

V(b)a(p)V~!(b) = ¢ " % a(p) = a(p — b),

analogously for the creation operator a*(p),
~x — 2 ~x
V(b)a*(p)V!(b) = ¢ @ a*(p) = a*(p — b).

Note that in the last lines we used the well know equation e_br%f(p) = f(p — b),
which is a simple example of the Taylor series. Since the temporal operator is not a well
known differential operator we will give two other proofs, which will help us in the case of
transformation with Xj. O

Proof. In the second we express V(b)a(p)V ~!(b) through investigating the effect of op-
erators V(b)~! when applied to eigenstates |p) of the vector operator P;. The vector

V(b)~![p)
PV (b)~![p) = V(b)"'V (b) PV (b))

i 2pipk
=V(b)™! <Pj +ib'[X;, Pj] + ()%[Xi, (X, P;]] + > 5

=V(b)~! <Pj - Fbl’Néij) 6) = V(b)) (p; + ;)15

= (pj +b;)V(b)"'|p) (5.22)

is an eigenvector of P; for eigenvalue p'+ l_;, thus contained in the eigenspace jfﬁ 5 of P;.

This unitary transformation amounts to a constant shift in the momentum Hilbert space.
Note that in the last equation we used the fact that X; commutes with N. Let us now
calculate the adjoint action of the unitary operator V' (b) on the momentum operator given
by its representation on the Fock space, (5.17). We use the following ansatz

V(b)a(p)V~'(b) =a(p—b),  V(b)a*(p)V~'(b)=a"(p—b). (5.23)

It is deduced from the action of V(b)™! on the eigenspace Ay of Py, [Sex01]. Next we
look at the full expression.

V(b)PV L (b) = / "pp; i (p — b)a(p — b)

= /d”p (pj +bj) a"(p)a(p)
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This expression, obtained by ansatz (5.23) is the same one as obtained by the calculation in
equation (5.22). Therefore, it follows that ansatz (5.23) is correct. We control our ansatz
by calculating the following expression

(i)2b°b)

V(B)NV™H(b) = N +ib'[X;, N] + =,

= N.

X5, [X;, N]] + ...

Where in the last line we used the fact the particle number operator commutes with the
spatial operator X;. Next, we apply the unitary transformation V(b) on the particle
creation and annihilation operators and obtain

V(b)NV-L(b) = / d"pa*(p — b)a(p — b)

~ [ v @late)

=N,
where in the last line we shifted the integral variable by b;. As one can see, the unitary
transformation calculated on an operational level, i.e. by using the commutation relations
of operators X; and N, is the same as the unitary transformation calculated on particle

creation and annihilation operators. This of course has to be the case and is subsequently
used.

In the next step we perform the unitary transformation on Xj. Since we have the
commutator relation [X;, X;] = 0, the operator X, remains invariant under this
transformation.

V(b)X,;V1(b) = X;.

We apply the transformation on the particle creation and annihilation operators.
V)X,V (b) = ~i [ d"pa’ (b~ b)oja(p )
— i [ b (p)0sa(p)
= X;

In the last line we shifted the integral variable by b;. The derivative stays invariant under
this shift so we obtain X again. O

Proof. The third proof proceeds along the lines presented in ([Ste05], Chapter VII). We
also use the ansatz (5.23) obtained from (5.22). We find the following expression for the
unitary operator V(b) on an eigenvector |p),

X 1p) = |p — b). (5.24)

This means we can write the unitary operator V(b) in terms of creation and annihilation
operators,

BURSE /d”pd*(p —b)a(p).
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This representation of the unitary operator makes perfect sense due to the fact that it
satisfies (5.24). Next, we calculate the infinitesimal generator of the unitary operator V'(b)
by the following equation

0 k
X; = —ilim — et X

b—0 8[)3

=—i hm /d" <ZL - b)> a(p)
=i lim /d”p id*(p —b) ) a(p)
b—0 op’
i [ e ) (e ).
op?

where in the last line we performed a partial integration. This is exactly the representation
of the spatial coordinate operator in terms of creation and annihilation operators. Let us
summarize. We obtained the ansatz (5.23) from equation (5.22). In the next step we

wrote the unitary operator in terms of a,a* and calculated the infinitesimal generator,
which turns out to be the operator we started with. ]

In the following lemma we give the transformation of the free massless scalar field,
performed with the unitary operator V(b).

LEMMA 5.18. Under the adjoint action of the unitary operator V(b), defined in (5.21),
the free scalar field ¢(f) (see Definitions in 4.3, 5.2), transforms as follows

B (B(f)) : = V(b)qb(f)V(b)‘l

b i

Proof. To prove the lemma let us look at the following expression,

(p+b)a(p) + f*(p +b)a*(p)). (5.25)

d’I’L

VROV = [ (Ve O S @V @)V b))
= [ o 1 @itp 1)+ ()" (p - b)
d'fL

(p+bla(p) + f(p+b)a*(p)), (5.26)

| s

where in the last lines we used Lemma 5.20 and we shifted the integral variable by b;. [

Next, we examine the locality properties of the unitarily transformed free scalar field
given in Lemma 5.18.

LEMMA 5.19. The free transformed scalar fields By (¢(f)) and P (d(g)) defined by the
transformation given in Lemma 5.18, commute, if the support of f is space-like separated
to the support of g and b = b’.



86 CHAPTER 5. COORDINATE OPERATOR IN QFT

Proof. The free transformed scalar fields By (¢(f)) and By (¢(f)d(g)) are calculated by
using Lemma 5.18 and the commutator for the two different vectors b and b’ is given as
follows

[Bo(¢(f)), B (6(9))] = (5.27)

(f—<p )yt (p+b) — fHp+ bl (p+ b’))

_ / d'p
V2wp b/ 2Wp by

B / 2w i”}; 2w (f_(p +b—b)g"(p) — [T (P+b— b’)g—(p)>, (5.28)

where in the last line we shifted the integration variable p — p — b’ . The commutator
vanishes if b = b’ and the support of f is space-like to the support of g. This is due to the
fact that for b = b’ the commutator of the transformed fields becomes the commutator of
the free scalar fields [¢(f), ¢(g)], which vanishes if the supports of f and g are space-like
to each other, |[Fre06, Sib93|. O

In the next sections we find out that this expression fulfills another locality property, the
so called wedge-locality. Moreover, the expression proves to be important, since we are
able to show that the difference |b — b’| acts exactly like a deformation parameter.

5.8.2 Transformations with the temporal operator

Calculations of transformations induced by the temporal operator have a complicated
form, thus for clarity we work during this section in three space dimensions. As in the last
subsection we define the following operator

Vo(a) = efoXo, aceR (5.29)

Next, we calculate the adjoint action of the operator Vp(«) on the free massless scalar
field. This is done as in the last subsection by deriving the adjoint action of Vp(«) on
particle creation and annihilation operators. This will be the subject of the following
lemma.

LEMMA 5.20. The particle creation and annihilation operators a(p),a*(p) transform un-
der the adjoint action of the operator Vo(a) defined in Equation (5.29), in the following
manner.

Vo(a)a(p)Vy \(a) = (1 - “)cup(l _ oy,

Vo(a)a (p)Vy ™ (a) = (1 - jp)a*(pu -2

Proof. The first derivation follows along the same lines as the second proof for Lemma
5.20. An explicit expression for Vp(a)a(p)Vy ' () can be deduced from the investigation
of the effect of the operators Vy '(a) when applied to the eigenstates |§) of the vector



5.8. UNITARY TRANSFORMATIONS OF THE SCALAR FIELD 87

operator P;. The vector V; '(a)|p) is given as
PiVo(a) ! [5) = Vo(a) ™' Vo(a) P Vo(e) )
(i)2oz2

= Vo(a)il (Pj + ia[Xo, Pj] + T[Xo, [Xo, PJH + ) ’]5)

= Vo(a)™! <Pj —i2a/za*(k)a(k)d3k> 1P

= vifa) ™ (1 + a2 ) . (5.30)

In the last lines we used the fact that in the massless case the following expression

[X07 [XOa PJH =0
vanishes. Therefore, P;Vp(a)!|p) is an eigenvector of P; for the eigenvalue p <1 + ;‘p),

thus contained in the eigenspace ’Hﬁ( ) of P;. This transformation is a momentum-

142
“p
dependent dilatation in the momentum Hilbert space.

The second derivation consists in calculating adjoint action of operator Vp(a) on
the momentum operator, given by its representation on the Fock space (5.17). To ease
readability let us define the following function,
e
ap i=1——
Wp
We use the following ansatz
Vo(a)a(p)Vy (o) = apa(pap), (5.31)
Vo(a)d*(p)‘/b_l(a) = apa’ (pap),

which is deduced from the action of V; *(a) on the eigenspace Hﬁ( ) of Pj, [Sex01].

L vy

We thus obtain,
V(@) PV (@) = P, — o [ a* platp)dy

_ /pj (1 + 5) a*(p)a(p)d’p.

We can rewrite this term as follows

/pj‘/o(a)a*(p)a(p)%_l(a)d?’p = /Pj%(a)a*(P)chl(a)%(a)a(p)%_l(a)dgp-

By using the ansatz (5.31) one is led to the same solution, as the transformation performed
on an operator level.

Vo(a) P,V (@) = / piVo(a)a* (P)Vg (@) Vo(a)a(p) Vg (a)d%p
- / pja* (pop)a(pap) (ap)d*p

- /(1 + - Dkjal (K)a* (k) d3E.

Wk
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For obtaining the last line we made the following variable substitution

o o
k:i=p;(1 - — = (14 —)k; 5.32
i = ;i wp)’ pj = ( +wk) j ( )

37, _ B a PiPj\;3_ _ 23

d’k = det(d;;(1 — w—p) — 3 )d’p = agndp,

We control our ansatz by calculating the effect of transformation on Py directly by using
the algebra between Xy and Py,

(i)2a2

2!

Vo(a)PoVy H(a) = Py + iaXo, Po] +
= Py —i’aN.

[X(), [Xo, Po]] + ...

In the last line we used the commutator relations
[Xo, Py] = —iN, [Xo, [Xo, Po]] = 0.

By applying the transformation to the particle creation and annihilation operators indi-
vidually, we obtain

Vola) PoVy () = / wpVo(a)a™ (p)Vi () Vo(e)a(p)Vy (@)d%p

= / wpa%)a* (pap)a(pap)d’p

_ / (wk + a> o* (K)a(k)dk

= PO + (XN,
where in the last line we used the following variable substitution and relations
- 3 @ \2 43
k] :p](l—;p), d k:(l_;p) dp, Wk(l_i_i) :Wk+a.

We can control our ansatz by calculating expression

Vo(a)NV; Y (a) = N +ia[Xo, N] + (i);‘;{xo, [Xo, N + ...

The particle number operator commutes with all other operators thus

Vo(@)NVy Ha) = N,

In the next step we apply the transformation on the particle creation and annihilation
operators.

V(@) NV (@) = [ Valada® 0V (@) Vol@)ale)Vy (@)
- / 02" (pap)a(pap)d*p

= /a*(k)a(k)d3k
N,
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where in the last line we used the variable substitutions given in (5.32).

Next, we perform the transformation on Xy. Due to the fact that the operator Xy
has to commute with itself, the operator has to remain invariant under the transformation.

Vo(o) XoVy ' (@) = Xo.

Thus by applying the transformation on particle creation and annihilation operators the
operator X should remain invariant.

Vo(a) XoVy ™ (a) = —i / (iw@)a*(p)a@)vo—l(a) T i%(a)a%p)ara(p)vo—l(a))d3p

=i / <w1aga*(pap)a(pap) + S—Tapa*(pap)ar (apa(pap)>>d3p

(o) (a0 2 ),

where in the last line we used the variable substitution (5.32) and the following relations

- OK" o 1 i o B i
op” ’ we(l+5)  wi(l+ ) wi’
thus we obtain
-1 . 1 * K" * 0 3
Vo(a)XoVy (o) = —i [ | —a*(k)a(k) + —a" (k)5 a(k)d’k | = X
Wk Wk ok™

O

Proof. The second derivation proceeds along the same lines as the author in ([Ste05],
Chapter VII). We use the ansatz (5.31) and obtain the following expression for the operator
Vo(a) on an eigenvector |p),

X’ |p) = aplpay). (5.33)
This means that we can write the operator Vy(«) in terms of creation and annihilation
operators,

. 0 - ~ ~
eloX :/d‘spapa (pap)a(p).

As one can easily see this representation of the operator satisfies (5.33). In the next step,
we calculate the infinitesimal generator of the operator Vj(a) by the following equation

.. 0 Lo xo0
Xo = —i lim — "X
a—0 Oq

. 0 . -
= —1 ilgb d3p£ (apa (pap)) a(P)

= z’/d3p (1&*(p)é(p)> — i lim dgpap%&*(pap)&(l))

Wp a—0
i [ (wlpmp)a( > iaiﬁ*“’)&(?))
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where in the last line we performed a partial integration and replaced the derivative w.r.t.
« on the creation operator as follows,

~ % /
— -Q, ,
wop Ol (Pa)

0 3 (pl)

%a

p::y = pap)

in the limit o — 0 the vector p/, goes to the momentum p.

Thus the outcome is exactly the representation of the temporal coordinate operator
in terms of creation and annihilation operators. Let us summarize the result. We
obtained the ansatz (5.31) from equation (5.30). In the next step we gave the operator of
transformations in terms of a,a* and calculated the infinitesimal generator, which turns
out to be the operator we started with. ]
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5.9 Deforming the scalar quantum field

In this section, we investigate the effect of deformation directly on a free scalar field. The
unitary group used for deformation, is given by the position operator and moreover, in
accordance with relativistic covariance, with a defined zero component of the coordinate
operator. The operator, denoted by Xy, that we define in this section differs from the
one obtained in [SS09]. It is defined by unitary equivalence to the zero component of
the momentum operator, i.e. the energy. Due to the unitary equivalence, the vector
operator X,, = (Xp, Xx) is an essential self-adjoint operator on a dense domain and
therefore defines a strongly continuous unitary group that we denote by V(b) := e®sX".
Furthermore, by using this abelian group, an adjoint action can be defined and used for
the deformation in the framework of warped convolutions, [BS08, BLS11]|.

DEFINITION 5.5. The operator X, is defined by the unitary equivalence to the momentum
operator as follows,
X, =T(UZz)P.I(Us), (5.34)

where the operator I'(Ug) := ®f:1 Ug is the second quantization of the unitary Fourier
operator.

The zero component is defined in the same manner as the spatial coordinate operator.
This definition can be considered as the relativistic generalization of the position operator
in quantum mechanics to a quantum field theoretical context.

PROPOSITION 5.1. The operator X, defined by unitarily equivalence (see Definition 5.5)
is an essentially self-adjoint operator on the domain . (R¥¥) satisfying the following com-
mutator relations,

(X, X, =0.

Therefore, the following unitary operator
V(p) = X" (5.35)
defines a strongly continuous group for all p € R,

Proof. Essential self-adjointness for the spatial part of X, was shown in Theorem 5.1. The
proof of essential self-adjointness for Xy is done in an analogous manner, since the zero
component of the momentum operator Fy is an essentially self-adjoint operator. Hence,
by unitary equivalence essential self-adjointness follows. Furthermore, we use the unitary
equivalence in order to show the commutation relations between the different components
of the operator X,,.

(X, X)) = [D(UZ)P.D(Us),D(UZ)PL(Us)]
LU [Py, BT (Uz)
0,

where in the last line we used the fact that the momentum operators commute. By applying
Stone’s theorem (see 3.1), it follows that V(p) defines a strongly continuous unitary group.
O
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DEFINITION 5.6. Let 0 be a real skew-symmetric matrix w.r.t. the Lorentzian scalar-
product on R? and let y € .7 (R? x RY) with x(0,0) = 1. Furthermore, let ¢(f) be the
massive free scalar field smeared out with functions f € .#(R%). Then, the operator valued
distribution ¢(f) deformed with the coordinate operator X, (see Definition 5.5), denoted
as ¢g x(f), is defined on vectors of the dense domain .7 (R™*¥) as follows

on.x (P13 = (2m) i [ [ dydu e x(e,ca) o, ()Y ()
= dhm // dy du eV X (ey, eu) Boy (a(fi) +a*(f+)> Vi(u)¥y
=:<aax(f*)4*aax(f )) . (5.36)

The automorphism f is defined by the adjoint action of the unitary operator V (y) and the
test functions f¥(p) in momentum space are defined as follows

FE(p) = / Frf (@)=, p= (wpep) € HiE

The integral (5.36) has to be understood as an integral in oscillatory sense, [Rie93|. The
unboundedness of the operator X, questions the existence of the integral since we are
dealing with unbounded operator valued distributions. To show that the integral (5.36)
converges we use the unitary equivalence of the coordinate operator with the momentum
operator.

The following lemma is about the existence of a unitary transformation connecting
the warped convolutions of a free scalar field using the momentum operator, and the
warped convolutions of a free scalar field using the coordinate operator.

LEMMA 5.21. For f € .Z(R%) and ¥y € Z(R"¥K), a transformation exists that maps
the field deformed with the momentum operator ¢ p(f) to the field deformed with the
coordinate operator ¢g x (f). This transformation is given as follows

do.x(/)¥k =T(Usz) "t (L(U#)o(/)L(Uz) "), pL(U5)¥

Proof. By using the unitary equivalence given in Equation (5.34), the lemma is easily
proven

do.x(f)V) = dhm// dy due™Y" x(ey, eu) V(0y)p(f)V (—0y + u) Ty,

)~ lim / / dy du e~ (ey, ew) T(U2) VT (09)T (U)o (/)L (U7) "
T(=0y +u)l'(Uz)¥y
=T(Uz) " U)oL (Uz) "), pT(Uz) Vs

)

O]

LEMMA 5.22. For ®,, € Z(R™*) the familiar bounds of the free field hold for the
deformed field ¢g x (f) and therefore the deformation with operator X, is well-defined.
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Proof. By using Lemma 5.21 one obtains the familiar bounds for a free scalar field. For
®p € 7 (R™F) there exists a ¥, € . (R™F) such that the following holds

[0, (f)®r|l = ||¢9X( )L (Uz) W
= |CU2)o(f)T(Uz)No,pVi|| = (6(Uzf))o,p Vsl
< H Uzf- ))9P‘I’kH+H (Uzf1))o,p Vs
< [z £ | + D220+ [T £ oV + 1Y

= v+ 2| + v+ 02w

where in the last lines we used the triangle inequality, the Cauchy-Schwarz inequality, the
bounds given in [GLO7| and the fact that Ug is equal to one w.r.t. the Lorentz-invariant
measure, (see Remark 5.2).

The obtained bounds are exactly the bounds of the free scalar field. Thus by the
same arguments given in Lemma 4.3, concerning the deformed field ¢g p, it follows that
the field deformed with the coordinate operator X, is well-defined.

Remark 5.2. During the calculations of the last inequality we used the fact that operator
Ug is unitary w.r.t. the Lorentz-invariant measure. That this statement is holds, can be
shown by a short calculation, which is important to do, since Ug is only been shown to
be unitary w.r.t. the measure d"p.

Hence, we first establish that the norm of the unitary operator Ug acting on a
function f € 4 is equal to the norm of f. Note that the transformation Uz was
constructed in the non-covariant representation. Thus, to calculate the action of the
unitary operator on the function f in a covariant fashion we consider the following
expression in the non-covariant representation and at the end switch to the covariant
representation,

dn

A /2wp

d?’L
A /2wp

j;%p (\ﬁ ,?Ef

— [ @utv) (VEUs 1) @latp) = o))

(CU#)a(HT(Uz)"") =

By using the action of the unitary operator Uz on the function f, we can calculate the
norm of Ug f,
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U7 = [ dute (x@w;wf) (x@U jﬂf) ()
= [ (U (Uy 12wf>> \/;w—pf p)
=/d"p<U U3t \/12—wf>> ﬁ%pf p)
= [d"p L )2 ﬂp

where in the last line we use the fact that the conjugate of the transformation Ug is equal
to the inverse of the operator.

O

5.9.1 Wightman properties of the deformed QF

It is important to note that due to the unitary equivalence we can show that the deformed
field ¢g x satisfies the Wightman properties with the exception of covariance and locality.
This is the subject of the following proposition. Note that in the next proposition we use
the symbol 7 for the massless and massive Bosonic Fockspace.

PROPOSITION 5.2. Let 6 be a real skew-symmetric matriz w.r.t. the Lorentzian scalar-
product on R? and f € .7(R%).

a) The dense subspace D of vectors of finite particle number is contained in the domain
DX = (U € #|||po,x (f)¥|* < o0} of any g x(f). Moreover, ¢ox(f)D C D and
Po.x (f)Q2 = o(f)Q

b) For scalar fields deformed via warped convolutions and ¥ € D,
fr— dox(f)¥

s a vector valued tempered distribution.

c) For ¥ € D and ¢g x(f) the following holds

Do, x () U = g x(f)¥
For real f € (RY), the deformed field ®o0,x (f) is essentially self-adjoint on D.
d) The Reeh-Schlieder property holds: Given an open set of spacetime O C RY then
Dy x(0) := span{go x(f1) .- do.x(f)2: k€N, f1... fr € Z(O)}

is dense in JE.
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Proof. a) The fact that D C D%X, follows immediately from Lemma 5.22 , since the
deformed scalar field satisfies the same bounds as a free field. The fact that the deformed
field acting on the vacuum is the same as the free field acting on €2, can be easily shown
due to the property of the unitary operators V(b)Q2 = Q.

b) By using Lemma 5.22 one can see that the right hand side depends continu-
ously on the function f, hence the temperateness of f +—— ¢g x(f)¥, ¥ € D follows.

c) First, we prove hermiticity of the deformed field ¢ x(f). This is done along

the same lines as the proof of Lemma 2.2, demonstrating hermiticity of a deformed
operator if the undeformed one is hermitian.

o ()0 = (hm [[ dvaue €y7ﬁu)59y(¢(f))v(u)>*‘1’
)i [ [ dyduem g = Vi) ()"
)"ty [ dydue Ty 6T, e A (6(P)V ()

e—0

= g, x (f)V.

In the last lines we performed a variable substitution (u, — —u,) and
(Y = Y+ (07 )).

For real f we can prove the essential self-adjointness of the hermitian deformed
field ¢g x(f). The first step consists in showing that the deformed field has a dense set
of analytic vectors, (see Definition 8.19). Next, by Nelson’s analytic vector theorem 8.4,
it follows that the deformed field ¢y x(f) is essentially self-adjoint on this dense set of
analytic vectors, (for similar proof see [BR96, Chapter I, Proposition 5.2.3]).

For W), € 4, the estimates of the I-power of the deformed field ¢g x(f), are given
in the following

[ 0. (Fywn| < 2720k 4+ 0720k + 1= 12 e+ Y2 £ ]

where in the last lines we used Lemma 5.22 for the estimates of the deformed field. Finally,
we can write the sum

ol N2
et =302 ) AN < oo
2 |

(v2[t])! <(k+l)'
for all ¢ € C. It follows that each ¥ € D is an analytic vector for the deformed field
¢0,x (f). Since the set D is dense in %, Nelson’s analytic vector theorem implies that
¢0,x (f) is essentially self-adjoint on D.

d) For the proof of the Reeh-Schlieder property we use the unitary equivalence
given in Definition (5.5). First note that the spectral properties of the unitary operator
V(y), are the same as for the unitary operator T'(y) of translations. This leads to the
application of the standard Reeh-Schlieder argument [SW89| which states that that
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Dy(O) is dense in s if and only if Dy(R?) is dense in . We choose the functions
fise oy fr € Z(RY) such that the Fourier transforms of the functions do not intersect the
lower mass shell and therefore the domain Dy(R?) consists of the following vectors

L(Ugz)dox(f1).-. do.x(fr)Q=T(Ugz)aj x(fi7) ... a5 x(f;)Q
) *

where Py, denotes the orthogonal projection from jffgk onto its totally symmetric subspace
H,, and Sy, € B(H,PF) is the multiplication operator given as

Sk(p1,...,pk) = H oiPiOp;

1<i<j<k

Since the operator Ug is unitary and maps Schwartz functions into Schwartz functions
we have, Uz f;f € Z(RY) for f,7 € (R?). This in particular means that Ugf,
will give rise to dense sets of functions in s7{. Following the same arguments as in
[GLO7] the density of Dy(R?) in # follows. Note that we proved the density for vectors
L(Ugz)d0,x(f1) . d0,x(fr)2 and not for the vectors without the application of I'(Ug#) as
stated in the proposition. We use the unitary of T'(Ug) to argue that vectors dense in 7
stay dense after the application of a unitary operator. ]

5.9.2 Wedge-covariant fields

The authors in [GLO7| constructed a map @ : W +— Q(W) from a set Wy := ElWl
of wedges, where Wy := {z € R? : 21 > |zo|} to a set Qy C R, of skew-symmetric
matrices. In the next step they considered the corresponding fields ¢y (x) := ¢(Q(W), x).
The meaning of the correspondence is that the field ¢(Q(W),x) is a scalar field liv-
ing on a NC spacetime which can be equivalently realized as a field defined on the
wedge. To examine the covariance properties of the free scalar field deformed with
the coordinate operator, we use the the homomorphism @ : W — Q(W) to relate the
deformed scalar field ¢g x to a wedge-covariant field. Let us first define the following map.

DEFINITION 5.7. Let 6 be a real skew-symmetric matrix on R? then the map v (6) is
defined as follows

AOAT, A€ L)
() = { _AGAT, A€ L (5:37)

Furthermore, we need the transformation properties of the deformed field under the proper
orthochronous Poincaré group PI_ to examine the wedge-covariance of our field. It turns
out that the deformed field ¢ x only transforms covariant under a subgroup of 731. The
following lemma gives the transformation property of the deformed scalar field under the

action of a subgroup of the unitary operators of the proper orthochronous Lorentz group
cl.
_l’_
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LEMMA 5.23. Let a subgroup of the proper orthochronous Lorentz group EI_ denoted as
LR, be defined in the following way

_fy_ (1 0F 4
ER.{A<0 R),RESO(3)}C£+.

Then, the deformed particle annihilation and creation operator given in Definition (5.36)
transform under the adjoint action of U(0,A) in the following manner

U0, A)ag,x (P)U(0,A)~" = a,, (9, x (£AD),
U(0,M)ag x(p)U0,A)"" = a?, 5 x(£Ap),

where the first sign is for A € Lg and the second sign is for A € LY. Hence, the deformed
field g9 x (x) transforms under the adjoint action U(0,A) as follows,

U0, ), x (z)U(0,A) ! = ¢, (9) x (Ax).

Proof. The proof is done along the lines of (|[BLS11], Proposition 2.9). To follow the proof
we first calculate the Lorentz transformation of the unitary operator V(p) given in (5.35).
This can be done by considering the following relation,

U0,A)P,U0,A) " =(AH)0P,

Due to the unitary equivalence given in (5.34) from the Lorentz covariance of the momen-
tum operator we have

U0, I (Uz) X, D(UZHU(0,A)~" = (AT (Uz)X,T(U). (5.38)

Now by applying F(UL;I) on the right side and I'(U4) on the left side of the equation we
obtain
L(UZHU (0, MD(Uz) X, T(UZHU0,A) 7' T(Uz) = (A71)0X,. (5.39)

From commutator relation (5.10) the following transformation property of the spatial part
of X,, follows,
U(0,MX;U0,A) = (A)rXe,  A€Lg

By using this transformation property we are able to show that operators U(0,A) and
I'(Ug) commute for A € Lg,

D(UZU 0, AT (Uz) X;T(UZHU(0,4)7'T(Us) = (A7) X,
=U(0,A)X,;U(0,A).
Hence, from the commutativity of U(A) and I'(Uz) it follows that the operator X, trans-

forms in a Lorentz covariant manner under the rotational subgroup of the proper or-
thochronous Lorentz group,

U(0,M)X, U (0,A) = (A1) X,,  A€cLg (5.40)

From equation (5.40) the unitary Lorentz transformation of V' (k) follows,

UO,MNV(K)UO,A) "' =V(Ak), A€Lg. (5.41)
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Next, we study the adjoint action of the antiunitary operator of time reversal U(i;) and
the unitary operator of space inversion U (is), acting on the operator X,. To proceed, we
first give the transformation of the particle creation and annihilation operators under time
reversal U (i;) and space inversion U (is), [Sch61, Chapter 7c, Equation (118 a,b)|

U(its)a(P)U (its) = mpa(—p),  Ulizs)a"(p)U ™ (it,s) = mpa* (=),

where 1, = £1. From the action of the reversal operators on the particle creation and
annihilation operators we can calculate the transformation of X; under time reversal and
space inversion and it is given in the following,

i1 X,0 i) = =1 [ Ep(p)UGr)0" () (2’; ¥ a‘;) a(P)U (i)
= —z/dgu(p)nia*(—p) <2pcjg + 6;;) a(—p)
—+z/d3 (p)a*(p) (%Jrap]) (p)

R
where in the last lines we used the fact that 7712) = 1 and shifted the integration variable

P— —Pp.

The position operator has the same transformation properties under time reversal
and space inversion as the momentum operator. Hence, it follows from equations (5.38)
and (5.39) that the time reversal operator commute with I'(U4) and therefore

U0,M)X, UM 0,A) = (A")X,,  AecLlh (5.42)

Therefore, for the adjoint action of the antiunitary operator U(0,A) for A € £} on the
unitary operator V (k) is

U0, NV (E)U(0,A)~! = V(—Ak). (5.43)

Moreover, we use in the following proof the adjoint action of the unitary operators U(0, A)
on particle annihilation and creation operators given as follows, [Sch61, Chapter 7¢, Equa-
tion (57), (58)]

U(0,A)a(p)U(0,A)! = a(+Ap), U(0,A)a*(p)U(0,A)"t = a*(£Ap), (5.44)

where the first sign is for A € L and the second sign is for A € £+, Therefore, by using
(5.41), (5.43) and (5.44) we obtain that the deformed scalar field ¢y x transforms under
the adjoint action of the subgroup £z and £ in the following way:

(2m)~0/ (0, A) lim / / dy du e x(ey, eu) By (6(2))V ()U(0, A) "
dhm // dy du e x(ey, eu) Brgy (U (0, A)p(z)U (0, A) 1)V (Au)
)iy [ dyduc (oA Ty e V) By 0 (O(AD)V () = by 0 (A0),

where o is +1 if A € L and —1 if A € £+. Moreover in the last lines the integration
variable substitutions (y,u) — (cATy, A=1u) were performed. O
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Next, we use the homomorphism (5.37) to map the deformed field ¢y x to a field
defined on a wedge. Furthermore, we show that a field deformed with the spatial
part of the coordinate operator is a wedge-covariant quantum field which transforms
covariantly under the adjoint action of a subgroup of the Lorentz group. For this pur-
pose let us first introduce the notion of a wedge-covariant quantum field as given in [GLOT7].

DEFINITION 5.8. Let ¢ = {¢w : W € Wy} denote the family of fields satisfying the
domain and continuity assumptions of the Wightman axioms. Then, the field ¢ is defined
to be a wedge Lorentz-covariant quantum field if the following condition is satisfied:

e For any W € Wy and f € .(R?) the following holds

UM)ow (U™ =oaw(fo )™, Aerl,
Uf)ow (HIVUG) ™ = gjw(fog)n

To define the deformed fields ¢g x as quantum fields defined on the wedge, we use the
homomorphism @ : W — Q(W), this is done in the following way

ow (f) = d(QW), f) = do.x(f)- (5.45)

PROPOSITION 5.3. The family of fields ¢ = {pw : W € Wy} defined by deformation
with the operator X, are wedge Lorentz-covariant quantum fields on the Bosonic Fock
space, w.r.t. the unitary representation U(0,A) of the subgroup Lr and the antiunitary
representation U(0, A) of L*.

Proof. Following Lemma 5.23, the deformed field ¢g x(x) transforms under the adjoint
action U(0,A) of the subgroup £z and £* in the following way

U0, A)pw (z)U(0, )" = U(0, A)dg,x (2)U(0, A) " = ¢, (9), x (Az) = paw (Az),

where in the last lines we applied the map Q(AW) = v (Q(W)) = ya(6). Therefore, one
obtains the wedge Lorentz-covariance property of the scalar field under the subgroup Lg

and LY. O

5.9.3 Wedge-locality of the deformed field

The locality that we prove in this section is the so called wedge-locality. It seems to be the
appropriate locality on noncommutative spacetimes. This is due to the fact that the notion
of point-wise locality will not hold on NC spacetimes due to the loss of the notion of a point.

To show that the family of fields ¢y defined in (5.45) is a family of wedge-covariant
quantum fields, we first give the notion of the wedge-local field as given in [GLO7].

DEFINITION 5.9. The fields ¢ = {¢pw : W € W} are said to be wedge-local if the
following commutator relation is satisfied

[¢W1 (f)’ ¢7W1 (g)]‘ll =0, v eD,

for all f,g € C§°(RY) with supp f C Wi and supp g C —Wj.
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By using the former definition the following proposition concerning the deformed field
qbg,X follows.

PROPOSITION 5.4. The family of fields ¢ = {ow : W € Wy} defined by ow(f) =
H(QW), f) = ¢o,x(f) are wedge-local fields on the Bosonic Fockspace F.

Proof. For the proof we use Proposition 2.2, the unitary equivalence given in Lemma 5.21
and the proof that the free scalar field deformed with the momentum operator is wedge
local, [GLO7]. To use Proposition 2.2, we have to show that the following commutator
vanishes for f € C§°(W7) and g € C3°(—Wh),

[BGw(QS(f))? ﬂ—@y(qb(g))] = [Bﬁx(a(fi))a 5—9y(a*(g+)] - [B—@y(a(gi))v B@x(a*(f—‘r)]?

where all other terms are equal to zero. Let us first take a look at the first expression of
the commutator,

[Bew(a(F))a Bfey(a*(ng)] = F(Uél)[aex (F(Ufi)a(fi)r(U;\l)) L Q_gy (P(Uy)a* (g+)T(U3_21))]
x L(Ug)
= F(ngl)(/ dgﬂ(p)/d3u(k)f—(p)g—i-(k)e—ipﬁxe—ik@y
% T(Us)la(p), a* (KL (UF))T (U)

— T3 ( / d?w(p)f<p>g+<p>eip9<“y>) L(U)

— () ( / d3u<p>f+<p>g—<p>e"p"<$+y>) L(U).

where in the last lines we used the unitary equivalence (5.34), the commutation relations
of the Fourier transformed particle operators, which are the same as the commutation
relations of the untransformed particle operators. Furthermore the proof of Lemma 3.3 in
|GLO7| was used to change the signs of f and g. Finally, we look at the second expression
of the commutator and obtain the following,

[B-6y(a(97)), Bou(a*(f )] = T(UZ)a—ay (T (U)alg )L (UZ)), age (T(Uz)a* (fHT(UZY))]
x N(Ug)

=~ 1) ([ @ulp) [ dutof Bl (e e
x D(Uz)la(k), a*(p)IT(UZ))T(Us)
=T(U3") (/ d3u(p)f+(p)g_(p)eip”(x*y)) T(Uz).
Since the second expression of the commutator [Bg,(¢(f)), B—ey(¢(9))] is equal to the first

one with a sign difference, the commutator vanishes. Hence, the fields ¢y are wedge-
local. O

Note that from the wedge-locality of the deformed field the locality of expression (5.26)
trivially (Ap; = 0) follows. Thus the term given in Equation (5.26) is a wedge-local expres-
sion.
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5.10 NC Momentum Plane

For some readers it may seem that the warped convolutions performed on a free scalar
field with the coordinate operator defined in (5.34), is simply the deformation done by
[GLO7] but in momentum space, i.e. spanning a quantum plane in momentum space
[Pu,pv] = iByy. This is not the case. From warped convolutions with the coordinate
operator one obtains a more physical quantum plane, since the deformation is done on the
relativistic physical momentum. This argument is made more precise by calculating the
deformed commutator of the momentum, which is defined by using the deformed product
(2.2) induced by the position operator X;. Let us first define the deformed commutator of
two momentum vectors as the following

[Py 7 pu] = (2m)7" / / d"vd"ue™ " (Bpy (p)Bu(py) — Bev () Bulpy)) . (5.46)

LEMMA 5.24. Let the deformed product (2.2) be defined by the position operator X;. Then
the deformed commutator (5.46) of the momentum four-vectors is given as

[pu B py] = _QiBﬁyv

where the noncommutative matriz Bl is non-constant but momentum dependent and is

given as follows
0 2B*p, Jw >
BP = "R 5.47
wy <23klpl/wp By, ( )

Proof. Since the position operator generates a translation in momentum space, the adjoint
action of the unitary transformation on a momentum vector is for the zero component
given as,

Bk (po) = Px(wp) = wp+k,
and on the spatial part as follows,

/Bk(pr) =pr+ ky.

In the next step we calculate the deformed commutator of the zero component and the
spatial components,

[po %2 pj] = (2m)" / / od™ e (Bey (po) Bu(p}) — e (0))Ba(p0))

= 20" [ [ o ue " (w4 )~ (0 + (B), )

Let us look at the first part,

r) " [ [ ot g + )

(2m)~ // d vd e 0ku" wp+BvPj + (27)” // d"vd™u < kauk) Wp+Bv
= wpp; — (27 / dMudnue " <'a pr+Bv)

. Bp); 2B..(Bv)F
:prj—i(QW)_n//dnvdnue—wkuk< ( p)] + ]k( U) >

Wp+Bv Wp+Bv

= wpp; — 2i(Bp);/wp.



102 CHAPTER 5. COORDINATE OPERATOR IN QFT

The second part of the integral gives the following
—n) " [ [ dodrue o 5 (B), o
. o .
=—2m)™" // d"vdnue_w’““kpjprru - (27r)"Bjk/ d"vd™u <i6ue_“”““k> Wptu
k

= —pjwp + (2m) " Bj, // d vd e R iiwm_u
Oouy,

. k k
= —pjwp — (2m) "2iBjy, // dMod e~ R 7(29 +u’)
UJp+u

= —pjwp — 2i(Bp);/wp.

By summing the two parts of the integral we obtain for the deformed commutator the
following

[po ¥ pj] = —4i(Bp);/wp.

The deformed commutator of the spatial parts is derived in the same manner
— _; k
e i) = 2" [ [ o ue " (o (1) ues) ~ B ) Bu(p)
=0 [ [ dodue (4 (B +w) k)

- (pkpj +@2m)™" // dod e~ R (Bv)kuj> —k<+ g
=(2m)™" // d"vd"u <iaavje_i”k“k) (Bv), —k < j
=—2m)™" // drvd e R <Z881)J(Bv)k> —k<<j

= —2iBy;
O

The noncommutative momentum plane, spanned by the deformed product, is nonconstant.
It depends on the relativistic velocity, i.e. p;/wp. The relativistic velocity appears in
a non-trivial manner and this is owed to the fact that we have a condition on the zero
component of the momentum. Thus the physical on-mass shell condition forces nontrivial
commutation relations on the momentum plane.

Moreover, in th QM chapter (see Lemma 3.13), the NC coordinates describing the
Landau quantization are given by a minimal substitution of the position operator,
Q; = X; + BJ;P’“. Let us compare in the QFT context the approach of minimal
substitution, i.e.

XP = X;—0;,P, (5.48)

)

with the deformation of the coordinate operators. By having the QM case in mind, the
matrix ¢ must be in the spatial components, i.e. 6;;, equal to the inverse of the spatial
part of the noncommutative matrix B (see Equation 5.47). Furthermore, we choose the
(07)-component equal to 80 = —26’]-ka and obtain the following lemma,
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LEMMA 5.25. Let the minimal substituted coordinates XiB be given by Equation (5.48).
Then, on a one-particle level Xz-B satisfies the commutator relations

(X7, XP] = =2 (00:V; — 00;V;) + 20,5,
These are the relations of the QFT-Moyal-Weyl (see Lemmas 5.12 and 5.13).

Proof. For the proof we take a look at the following commutator

(X7, XP] = [Xi — 0;,P", Xj — 0,5 P°]
= —[Xi,0;oP°] —i < j
= —[Xi,0;0]P° — 0,5[X;, P°] —i > j
= —[Xi,0;0)P° — 0;0[X;, P] — 0,1[X;, PF] —i < j
= +20,,[X;, VFIPY +i0,0V; +i0; — i ¢ j
= —2i0;(nF + ViVF) +i0,0V; —i0ij —i <> j
= 2i0;0V; + i —i <> j
= —2i (0;0V; — 0;0V;) + 2i6;5,

where in the last lines we used the commutator relations of X; and the momentum and
the skew-symmetry of 6 w.r.t. the Minkowski metric, i.e. 0o; = 0;0, Ox; = —0j.

O]

Hence the QFT-Moyal-Weyl emerges by following the same steps as the Landau quan-
tization in QM. Let us summarize, the deformation with the coordinate operator in
a QF-theoretical context gives a wedge-local QF on a NC momentum space, that can
equivalently be interpreted as a QF on a NC space. This is similar to the QM case, where
we obtained by deformation with the coordinate operator, the Hamiltonian of a particle
in the presence of a magnetic field. By performing a minimal substitution given by the
deformation matrix (magnetic field), one obtains the guiding center coordinates, which
give the right operator description of the underlying space.

In QM we had a physical interpretation for the deformation parameter. The corre-
spondence was given by the constant of a homogeneous magnetic field. For the QFT case
such an interpretation is still missing and will be the subject of the next section.
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5.11 Deformation Parameter from Unitary Transformations

To obtain an interpretation for the deformation parameter we compare in this section
expression [¢g x(f), ¢—9.x(g)] with the commutator of two unitarily transformed fields
given in Equation (5.28). Where the latter expression was obtained by calculating the
commutator of two unitarily transformed scalar fields, using the unitary operators V(b)
and V(b'). The investigation shows that the difference of the vectors b and b’ can be
used to obtain a deformation parameter.

LEMMA 5.26. By comparing the commutator of the unitary transformed scalar fields
Bb(¢(f)) and B (p(g)) with the commutator of two deformed fields ¢g x(f) and ¢_gx(g),

the square root of the deformation parameter n of the skew-symmetric matriz 0 (see Equa-
tion (4.12)), can be understood as the difference of the vectors b and b'.

Proof. Let us first calculate the commutator of two deformed fields ¢g x(f) and ¢_g x(9)
on eigenfunctions of the position operator and for the sake of clarity we define the multi
variable (x) := (x1,- - Xk),

([6o.x(F)s D-0.x(9)] ) (x) = ([ae,xu—), 0 o (g + a5 x (). a—ax(g‘)]‘l’k) )

— d3—p - S + —ft s)g X
_/mm(f (p+5)g%(p) — /*(p+5)g <p>)w )

where in the last line to ease readability, we defined sj := (0, 2(6 i x1)r). By comparing
the last line with Equation (5.28) one can make the obvious identliFiéation
b — by, = sp
Let us first write b and o’ in the following way
by = 0B, by =0UPk, Bl =1

the difference becomes

b — by, = (b—b")By.
Let us set 81 = 0 for the moment. We will now turn our attention to s,.

k k
> T, S al

m=1 m=1

k
ST:29rerfn:2(_()n g
m=1

~
=dimensionless

= 2y/npr
k

In the last line we identified the dimensionless vector 0, > ¢, with f. From this simple
m=1
considerations it follows that the deformation parameter /7 can be deduced from the

difference b — b'.
by — byl = [0 = 0'| =2/
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This is an interesting result. We first calculated the unitary transformations V' (b) on the
free scalar field. Next, we derived the commutator for two different vectors b, b’ and iden-
tified the result with the commutator of the warped convoluted fields [¢g x (f), ¢0.x(9)]-
We obtained as a consequence that the length of the difference of the vectors b, b’ is the
deformation parameter. How can this result be understood?

To understand this let us analyze the action of the unitary transformations acting
on the field. They act as translations in momenta space of the free scalar field. This
means that the translation in momenta space in b; direction and then the translation in
momenta space in b} direction is not the same as the translation in momenta space in b
direction and then the translation in momentum space in b; direction. The difference of
the action of translation results in momenta space as a vector which is not equal to zero,
but denotes a vector who’s length is equal to the square root of deformation parameter 7.

Thus by comparing two wedge-local quantities namely [¢pg x (f), #—ox(g)] and expression
(5.26), one deduces the meaning of the deformation parameter.
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Chapter 6

Deformations with conformal
operator

In the last chapter we obtained a physical Moyal-Weyl plane by deforming with the
coordinate operator. The operator was chosen by requiring the fulfillment of a symplectic
structure with the momentum operator. Moreover, the investigation of deformation
showed that the deformed field satisfies certain properties, as for example wedge-locality.

In this chapter we deform a massless QFT by using the generators of the special
conformal transformations. The choice comes from the fact that the special conformal
operator fulfills a symplectic structure with the momentum operator and in addition
transforms Lorentz-covariant.

Prior to deformation, we define the conformal group. Next, we recollect some basic
results obtained in [SV73| concerning the self-adjointness of the special conformal operator
and the transformation of the free scalar field under special conformal transformations.
The investigation of deformation shows that the obtained field is wedge-local. Fur-
thermore, we are able to obtain a space-time, induced by deformation with the special
conformal operators, that is nonconstant and noncommutative. This leads to a new QFT
model which on one hand can be interpreted as a QF on a nonconstant noncommutative
spacetime, and on the other hand as a wedge-local QFT model.

This chapter is an extension of the paper published by the author, [Alb12].

6.1 Generators of the conformal group

We start discussing about the conformal group by giving a definition about the conformal
transformations, ([DMS97|, Chapter IV, Section 1).

DEFINITION 6.1. A conformal transformation of the coordinates is defined to be an
invertible mapping x’ — x, which leaves the d-dimensional metric g invariant up to a scale
factor,

9w (@) = M) gy (2). (6.1)

107
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The set of all conformal transformations forms a group. This group is denoted as the
conformal group.

It is obvious from the defining equation (6.1), that in the case A(x) = 1 one obtains the
Poincaré group. Thus the conformal group has the Poincaré group as a subgroup.
By exploring the consequences of the conformal transformations on the coordinates
one deduces that the finite transformations fulfilling equation (6.1) are the following.

(i) Translations,

ot =2t 4 at, aeR%

(ii) Dilatations,
F = axt, aeRT.

(iii) Lorentz transformations,

't = Az, AeO(1,d—-1).

(iv) Special conformal transformations,

xh — g2

o't =
1 —2b7z, + b222’

beR?

2

where z* = atx,,.

In the case of special conformal transformations, the scale factor given in the defining
equation (6.1) depends on the coordinates. For example in the four dimensional case it is
given as,

A(z) = (1 — 2by2t + b2:1:2)2 .

In the subsequent discussion on deformations of the free scalar field the sign of the scale
factor becomes important. Furthermore, an important fact in the context of the special
conformal transformations is the following. Any special conformal transformation can
be expressed as a translation followed by an inversion 2# — x#/x2. This condition is a
fundamental building block of the construction of an essential self-adjoint operator of the
special conformal operators in [SV73].

The generators of infinitesimal transformations of the conformal group are given by
the (pseudo-)differential operators that generate

(i) translations,
(ii) dilatations,

(iii) Lorentz transformations,

L,y =1i(xu0y —x,0,),
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(iv) special conformal transformations,

K,=—i (Qmua:”&, — m28u) .

The generators (P, Ky, L,s, D) define the conformal algebra, which is given by the fol-
lowing commutation relations,

[Lyws Lpo) = i (MuoLvp + NupLyo — MppLve — MveLyp) (6.2)
[Pm LW] =1 (Upupu - npuPu) ) (6-3)
[Km L;W] = i(npuKu - UpuKu) > (6-4)

[P,, D] =iP,, (6.5)
[K,, D] = —iK,, (6.6)
[Ppa KM] =2 (npuD - Lpu) ) (6.7)

with all other commutators being equal to 0.

6.2 Isomorphism between the conformal group and SO(2,d)

To see the isomorphism between the conformal group in d dimensions and the pseudo-
orthogonal group SO(2,d), one introduces the following definitions:

1 1
Jap ::i(Pu_Ku)a J5.4 ::i(Pﬂ_‘_Ku)a

JE=JsutJiy  Joo0=D,  Ju:i=Lu,
Jap = —Jba, a,b=0,1,...,d,d+ 1.

The defined generators J,;, obey the algebra of SO(2,d) with the following commutator
relations:

[Jaba ch] =1 (nadec + nchad - nachd - ndeac) s

where the diagonal metric has the following form

Naa = (+1,—1,..,—=1,41).
~—
d
This shows the isomorphism between the conformal group and SO(2,d). One can easily

see in the context of the commutator relations that the full conformal group contains the
Poincaré group as a subgroup.

6.3 Self-adjointness of the special conformal operators

To proceed with deforming via warped convolutions, it is necessary to prove self-adjointness
of the special conformal operator K,. The proof was given in [SV73| and relies on the
following definition.
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DEFINITION 6.2. The special conformal generator K, can be defined as an operator,
which is unitary equivalent to the momentum operator

K, := UrP,Ug, (6.8)

where the unitary equivalence is given by Ug, the inversion operator.

As already mentioned, the reason for the definition is that any special conformal transfor-
mation

x, — b2’
K 1 ok [k
(b)z 1 —2b,av + b2z2?’
can be written as a product
K(b) = RT(b)R,

of a translation T'(b)z* = z* + b* and inversions Rx# = —x#/x2. Another important
reason for the definition (6.8) in a quantum field theoretical context, is the fact that the
momentum operator P, is well known to be an essential self-adjoint operator on a dense
subspace of the one particle Hilbert space. Thus the first step is to construct a self-adjoint
unitary representation U(R) of the inversion in the Hilbert space L?(d"u(p)) = {f :
[d"p (2lp|)~"|f(p)]? < oo}. This is done by first constructing a symmetric sesquilinear
form R(g, f), on the dense domain

.o
Wf (p) € L'(d"u(p)),
=1

VO<r<n0<k=)» k <2n}.

=1

D" = {f(p) € L*(d"u(p)) N L (d"u(p)) : (P?)

Next it is shown that the symmetric sesquilinear form R(g, f), defines a self-adjoint unitary
operator U(R) in L?(d"u(p)) for n > 1 acting on functions f(p) € D™ as follows,

W B) = s [ a5 [ calale ) pa)

Furthermore, by using the unitary operator U(R) one constructs the essential self-adjoint
operator K* for p = {0,1,...,n} of the special conformal group on the dense domain
A™(R) := U(R)A™(P). Where a dense domain A™(P) is given as follows

AM(P) = {f(p) € L*(d"u(p)) : | (P?)" f(P)| < & (f) < o057 =10,1,2,...}.

A"™(P) is contained in the domain of the essentially self-adjoint operators P, for p =
{0,1,...,n} acting on functions f(p) € A"(P) as

(Puf) (P) =puf®), 1" :=Ipl.

Moreover the dense domain A™(P) is stable under the application of the translation oper-
ator P:
PA™(P) € A™(P)

Finally, on the dense domain A™(R) one defines the operators K* by

K, = U(R)PU(R),
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The self-adjointness of the operators K* follows from the fact that the operators P, are
essentially self-adjoint and the inversion operator U(R) is unitary. Moreover, it follows
that P, and K, have the same spectrum. Thus, by choosing the irreducible representation
of the Poincaré group to be in the closed forward cone, the spectrum of the operators P,
and K, is contained in the closed forward cone

Vol = {p" : p"py > 0,po > 0}.
From the definition of the dense domain A™(R) it follows,
K,A"(R) C A"(R).

In the last step the authors show that the constructed essentially self-adjoint operator K*
is identical to the special conformal operator K* defined by,

(KPf)(x) :=i <(n — 1)k + 2z2” aiv — a;?a;) f(x).

This is done by calculating the action of K# in the scalar product of the Hilbert space
L?(d"u(p)) for all f from the dense subset .7 (R™) C L?(d"u(p)) and all g € L?(d"u(p)):

0o 0
KO n
0. K°) =~ [ @ulp)aPlpl; 5 P)

0. K) = [ @uw)am) <(”‘”aiz- o~ ) S0P

The calculation is then compared with the result done with the operator K* and it follows

(K" f)(p) = (K"f)(p),  VfeL(R").

6.4 Special conformal transformations

Since in the context of the present paper we need the transformation of the free scalar
field under the special conformal group, we shall also briefly summarize those results
obtained in [SVT73].

For n = 1 the existence of a unitary representation for the whole conformal group
was proven. The special conformal operator transforms the free scalar field ¢(x) in the
following manner

() = e ofa)e " = () = o)

where

2
x, — by

= )
b 1—2b,z¥ + b2x2

In atwo dimensional spacetime test functions f € .7 (IR?), used to smear the distribution
valued operator ¢(x), are chosen to satisfy [ d?zf(z) = 0. The reason for this specific
choice is to circumvent IR-divergences and it is used throughout the entire work.
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Now if n = 2l 4+ 1 for I € N one obtains the following result

1—-n

ap(p(x)) = op(x) 2 P(ay), (6.9)

where
op(x) =1 — 2b,a* + b*2?. (6.10)

It was further proven that one only obtains a unitary representation for the whole conformal
group if n = 41+ 1 for [ € N. Thus, the formal transformation law (6.9) is only compatible
with the correct transformation law of the scalar field under the action of the special
conformal transformations if n = 4l + 1 for [ = {0,1,2,...}. This is due to the following
argument. For odd n > 1 the following transformation law holds,

e p(0)e™ " = ¢(0).

If one has a unitary representation of the whole conformal group for n > 1 in [HSS72] it is
shown that the following relation holds

1 3 I
el girn Pt — Ay,

with
T(xp) = e P V (log|op(z)]) = eloglon@)ID

This relation is proved by making use of the canonical decomposition. Now by using the
relations given above the transformation of the scalar field under the adjoint action of the
special conformal operator can be written as

eibuK”gb(x)e—ibuK” — eibuK“eia?”PHd)(o)ei:vupue—ibuK“ — TUAV¢(O)V_1A_1U_1T_1.

By using the invariance of the scalar field under special conformal and Lorentz transfor-
mations in the origin, one obtains

1—n

TUAVO)V AU T = (Jop(2)]) 2 olas).

As one can easily see this result only coincides with the correct transformation property
of the field under special conformal transformations if n = 41 + 1 for [ = {0,1,2,...},
because in that case the absolute value does not play any role. Thus the reason for the
non-existence of a unitary representation for the whole conformal group lies in the non
positivity of the scale factor op(x).

For this work it becomes important, since we intend to work in four spacetime dimensions
and therefore need a unitary representation of the whole conformal group. We prove that
the scale factor op(x) is positive for the scalar field localized in the wedge and therefore
argue that the deformation with the special conformal operator is well defined.

In the cases of even n one has to deal with representations of the covering of the
conformal group. The subject of even n is not treated in this thesis.
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6.5 Deforming the QF with special conformal operators

In this section we deform a massless scalar field with the special conformal operators
using the framework warped convolutions. To proceed with the deformation, we use the
definitions of the massless Bosonic Fock space ", (see Definition 5.1). The undeformed
free scalar field ¢ with mass m = 0 on the (n + 1)-dimensional Minkowski spacetime is
defined as an operator-valued distribution acting on its domain in the Bosonic Fock space
%Jr. Such a particle with momentum p € R™ has the energy defined by wp = |p|.

To define the warped convolutions of the free scalar field we use the essential self-
adjointness of the generators K, which in turn define a unitary operator U(b) := et K",
The definition of the operator valued function U (b) leads to a strongly continuous unitary
representation of R?, for each b, € R?. This can be proven by using Stone’s theorem (see
Theorem 3.1).

For the deformation in a quantum field theoretical context we are obliged to give
the second quantization of the special conformal operator. This is done in the following
definition.

DEFINITION 6.3. Let the second quantization of the momentum P, and the special
conformal operator be denoted by the same symbol. Then, the operator K, can be given
as the second quantization of the defining equation (6.8) as follows,

K, = T(Ug)P.T(Ug), (6.11)

where I'(Ug) := ®f:1 Ug is the second quantization of unitary operator of the inversions
on %J?c

The former definition is used in the following proposition concerning the essential
self-adjointness of the second quantized version of the special conformal operator.

PROPOSITION 6.1. Let the second quantized operator P, be an essential self-adjoint op-
erator on the extended dense domain A} (P) defined as A} (P) := ®f:1 A™(P). Then,
the second quantized operator K, given by unitary equivalence, is an essential self-adjoint
operator on the extended dense domain A} (R) = I'(Ug)A}(P). Therefore, the unitary
operator U(p) = ePE" defines a strongly continuous group for all p € R%,

Proof. According to Lemma (5.16), if an operator is essentially self-adjoint on a dense
domain of the one-particle Hilbert space, then the second quantized operator is essen-
tially self-adjoint on the tensor product of the dense domain. Thus, the the essential
self-adjointness of the momentum operator follows. Due to the unitary equivalence we use
Proposition 8.1 and it follows that the second quantized operator K, given in Definition
6.11 is essentially self-adjoint. O

DEFINITION 6.4. Let 0 be a real skew-symmetric matrix w.r.t. the Minkowski scalar-
product on R? and let y € #(R? x R?) with x(0,0) = 1. Furthermore, let ¢(f) be
the massless free scalar field smeared out with functions f € .#(R?). Then the operator
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valued distribution ¢(f) deformed with the second quantized special conformal operator
K,,, denoted as ¢g i (f), is defined on vectors of the dense domain A} (R) as follows

o,k (f)¥y - = dhm// dy dv e™ WY X (ey, ev)agy (o(f))U (v) ¥y
dhm // dy dve™ ™" x(ey, ev)ag, (a(fi) +a*(f+)> U(v)Wy
= (ae,K<ff>+a9,K<f )) W, (6.12)

where a(f) and a*(f) are the massless particle creation and annihilation operator given in
definition 5.2 and the test functions f*(p) in momentum space are defined as follows

i) = [ dof@e, b= (opp) € OV

As in the last chapter the integral (6.12) has to be understood as an integral in oscillatory
sense, [Rie93]. The unboundedness of operator K, and the undeformed unbounded
operator-valued distribution ¢ imposes the question of existence of the integral. Hence, as
before we show that integral (6.12) converges due to the unitary equivalence of the special
conformal operator with the momentum operator.

For this purpose, we give the following transformation.

LEMMA 6.1. For f € Z(RY) and ¥y € AZ(R), a transformation exists that maps the
field deformed with the momentum operator ¢g p(f) to the field deformed with the special
conformal operator ¢g i (f). This transformation is given as follows

¢0.x (f)¥ = L(Ur) (C(Ur)¢(f)T(Ur))g p I'(Ur) V-

Proof. By using the unitary equivalence (6.8) the lemma is easily proven

o, (£ = (2) " lim / / dy do e x(cy, co)U (8y) S YU~y + )Ty

)i [ dydoe ™ ey, el (Un) T (00 URoANT (V)

T(—Hy + ’U)F(UR)\I/
=T'(Ur) (D'(Ur)o(f)T'(Ur))g p I'(Ur)¥
0

LEMMA 6.2. For ®;, € A}(R) C j’fjj the familiar bounds of the free field hold for the
deformed field ¢g i (f) and therefore the deformation with the special conformal operators
1s well-defined.

Proof. By using lemma 6.1 one obtains the familiar bounds for a free scalar field. For
), € AZ(R) there exists a Wy, € A(P) such that the following holds

10,6 (f)@rll = [P0, (/)T (Ur)Vil| = |(T(Ur)S(f)L(Ur))o,p¥ell = [(6(Urf))o,r Ykl
H (Urf™) 9P‘I’kH +|[(a*(UrS™))o,p x| < HURerH H N+1 1/2‘I’kH +

I

os I o+ 72 = ) o e R o |
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where in the last lines we used the Cauchy-Schwarz inequality, the bounds given in |[GL07|
and the unitarity of Ug.

Hence, due to the bounds of the deformed field we argue along the same lines in
the proof for the coordinate operator (see Lemma 5.21), that the deformation using the
special conformal operator is well-defined. O

6.6 Properties of the deformed quantum field

The Wightman properties of the deformed field are proved in this section. The Wightman
axioms of covariance and locality are not satisfied, but are replaced by wedge covariance and
wedge-locality. The relation between the fields defined on a deformed spacetime and fields
defined on the wedge is given by the the constructed map in [BLS11, GLO7|. To use this
map we give the transformation property of the deformed quantum field ¢y under Lorentz
transformations and thus relate the skew-symmetric matrices to wedges. Furthermore,
we prove that the field obtained by the construction is a wedge Lorentz-covariant and
wedge-local quantum field.

6.6.1 Wightman properties of the deformed QF

Let us prove first prove that the deformed field ¢g i satisfies the Wightman properties
with the exception of covariance and locality.

PROPOSITION 6.2. Let 0 be a real skew-symmetric matriz w.r.t. the Minkowski scalar-
product on R% and f € .7 (R%).

a) The dense subspace D of vectors of finite particle number is contained in the domain
DK = {0 € A5t |l bk (/)U|* < 00} of any ¢ox(f). Moreover, ¢gx(f)D C D
and ¢g,x ()2 = ¢(f)Q2.

b) For scalar fields deformed via warped convolutions and ¥ € D,

fr— do(f)¥

is a vector valued tempered distribution.

c) For ¥ € D and ¢pg k(f) the following holds

Do, () VU = o (f)V.

For real f € Z(R?), the deformed field ¢g(f) is essentially self-adjoint on D.

d) The Reeh-Schlieder property holds: Given an open set of spacetime O C R? then

Dy(O) := span{pg(f1)... ¢o(fr)Q: k€N, fi... fr € L(O)}

is dense in %"'.
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Proof. a) The fact that D C DY, follows directly from Lemma 6.2 because the deformed
scalar field satisfies the well known bounds of the free field. The fact that the deformed
field acting on the vacuum is the same as the free field acting on €2, can be easily shown
due to the property of the unitary operators U(b)Q2 = Q.

b) By using Lemma 6.2 one can see that the right hand side depends continuously
on the function f, hence the temperateness of f —— ¢p x(f)¥, ¥ € D follows.

c¢) The hermiticity of the deformed field ¢g (f)* is proven in the following

P, (f)*¥ = <hm // dy dve™™" x(ey, ev)agy(qﬁ(f))U(v))*\li

e—0
dhm // dy dv e x(ey, —ev) U(—v)agy(o(f)) W
)i [ [ dydve X0, e an 6PV ()0
= ¢o,x (f)T.

In the last lines we performed a variable substitution(v, — —v,) and (y, — yu + (67'v),).

For real f essential self-adjointness of the deformed field ¢y i (f) is proven by showing
that the field has a dense set of analytic vectors D. For W € J% ) the estimates of the
l-power of the deformed field ¢g i (f), are given in the following

| 0.5 CFy ]| < 2720k 4+ 0720k 4 1= 1) e D)2 ]

where in the last lines we used Lemma 6.2 to use the same estimates for the deformed field
as for the undeformed field. Therefore, we can write the sum

(Valt)) <<k+w'

It N2
-t wH< . ) I < s

for all ¢ € C. Thus each ¥ € D is an analytic vector for the deformed field ¢g i (f) and
since D is dense in ', it follows from Nelson’s analytic vector theorem (see Theorem
8.4), that ¢p i (f) is essentially self-adjoint on D.

d) For the proof of the Reeh-Schlieder property we make use of the unitary equiva-
lence given in (6.8). First note that the spectral properties of the representation of
the special conformal transformations U(y) are the same as for the representation of
translations. This leads to the application of the standard Reeh-Schlieder argument
[SW89] which states that that Dp(Q) is dense in ;" if and only if Dp(RY) is dense in
%Jr. We choose the functions fi,..., fi € .#(R%) such that the Fourier transforms of the
functions do not intersect the past light cone and therefore the domain DQ(Rd) consists of
the following vectors

L(Ur)¢o,k(f1) - - b0,k (fx)2 = D(Ur)ag g (f17) - - ag g (f;7 )02
= D(Ur)D(UR)(T(Ur)a*(fi )T(Ur))o.p - - - (T(Ur)a*(f;7 )T (Ur))o,pT (Ur)Q
= a; p(URST) - 0§ p(URS) = VEP(Sp(Urfi © -+ @ Urf)),
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where Py, denotes the orthogonal projection from jfl@k onto its totally symmetric subspace
%’62, and S, € & (%”1®k) is the multiplication operator given as

Sk(p17,pk): H eiplep'r'

1<i<r<k

Since the operator I'(Ug) is a unitary operator the functions URflj' for f; c 7 (RY)
will give rise to dense sets of functions in 7. Following the same arguments as in
[GLO7] the density of Dy(R?) in ;" follows. Note that we proved the density for vectors
L(URr) oo,k (f1) - - - 00,k (fi)2 and not for the vectors without I'(Ugr) as stated in the propo-
sition. We use the unitarity of I'(Ug) to argue that vectors dense in jﬁf stay dense after
the application of a unitary operator. ]

6.6.2 'Wedge-covariant fields

By using the map Q : W — Q(W) from a set Wy := lel of wedges to a set Q9 C R,
of skew-symmetric matrices we consider the corresponding fields ¢w (z) := ¢(Q(W), z).
The meaning of the correspondence is that the field ¢(Q(W), ) is a scalar field living on
a NC spacetime which can be equivalently realized as a field defined on the wedge.

To show the covariance properties of the deformed quantum fields we use the ho-
momorphism Q(W) to map the deformed scalar fields to quantum fields defined on a
wedge. Before we use the map from the set of skew-symmetric matrices to the wedges we
state the following lemma about the transformation properties of the deformed field.

LEMMA 6.3. The transformation of the deformed particle annihilation and creation opera-
tor ag. ik (P), ay i (P), for p € OV, and 6 being admissible, under the adjoint action V (0, A)
of the Lorentz group, A € L, is the following

0 ' =a,, 0,k (£AD),
V(0,M)ag i (P)V(0, M)~ = X ) x(£AD),

where the first sign is for A € L1 and the second sign is for A € LY. Hence the deformed
field ¢g i (x) transforms

V(0,A) o, (2)V(0,A) " = ., (9), 1 (A).

Proof. The proof is done along the same lines of [BLS11]. V(0,A) is a unitary operator
for A € £ and an antiunitary operator for A € £+. Due to the commutator relation of the
special conformal operator and the generator of the Lorentz transformations one obtains

V(O,MNU(@)V(0,A) ' =U(Az), zeRL

Therefore, the deformed scalar field ¢g i transforms under the adjoint action of the Lorentz
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sroup as

(2m) v (0.8) iy [ [ dydve™ xep,ev)an, (9() U@V (0,4)
hnlj(/’dy(h)e Y (ey, ev)anay (V (0, A)o(2)V (0, ) 1)U (Av)

Uiy [ [ dydo e x(oATy A1) a0 (G(AD)U () = 60, (M),

where o is 41 if V is unitary and —1 if V is antiunitary. Moreover in the last lines we
performed the integration variable substitutions (y,v) — (cATy, A= v). O

In the next step we use the homomorphism, given in Equation (5.37), to map the deformed
field to a field defined on a wedge. Furthermore we show that the field deformed with
the special conformal operator is a wedge-covariant quantum field which transforms
covariantly under the adjoint action of the Lorentz group V' (0,A). For this purpose let us
first introduce the notion of a wedge-covariant quantum field, [GLO7].

DEFINITION 6.5. Let ¢ = {¢w : W € Wy} denote the family of fields satisfying the
domain and continuity assumptions of the Wightman axioms. Then the field ¢ is defined
to be a wedge Lorentz-covariant quantum field if the following condition is satisfied:

e For any W € Wy and f € .#(R?) the following holds

V(Now (HV(A) L =daw(fo (M), Aecrl,
V(i) ew(HVEG) " =dw(fod)

We use the homomorphism @ : W +— Q(W) to define the deformed fields as quantum fields
defined on the wedge, this is done in the following way

ow (f) = d(QW), f) = ¢o,x(f)- (6.13)

PROPOSITION 6.3. The family of fields ¢ = {¢pw : W € Wy} defined by the deformation
with the special conformal operators are wedge-covariant quantum fields on the Bosonic
Fock space, w.r.t. the unitary representation V' of the Lorentz group.

Proof. Following lemma (6.3), the deformed field ¢g (z) transforms under the adjoint
action V of the Lorentz group in the following way

V(0, M) pw (2)V (0, A) ™ = V(0,A) g 1 (2)V(0,A) ™" = ¢, (), 5 (Ax) = daw, i (Ax),

where in the last lines we applied the map Q(AW) = yA(Q(W)) = ya(6). Therefore, one
obtains the wedge-covariance property of the scalar field under the Lorentz group. O

A few comments are in order. The covariance property is given in the four dimensional
case as well. As already explained, a unitary representation for the whole conformal group
does not exist due to the absolute value of the scale factor. Nevertheless, we show in the
next section that the scale factor is positive for a field localized in the wedge and therefore
one has a unitary representation of the whole conformal group.
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6.6.3 'Wedge-local fields

The wedge-covariant quantum field defined in the last section, fulfills the locality property
of the wedges. Hence, the deformed field is a wedge-local field. We first define the notion
of the wedge-local field.

DEFINITION 6.6. The fields ¢ = {¢w : W € Wy} are said to be wedge-local if the
following commutator relation is satisfied

[¢W1 (f)7 ¢—W1 (g)]\I/ = 07 v e Da
for all f,g € Cgo(]Rd) with supp f € Wy and supp g C —W7.

To show that the fields defined in the last section are wedge-local, we use the following
Proposition, (see also Proposition 2.1).

PROPOSITION 6.4. Let the scalar fields ¢(f), ¢(g) be such that [ag,(P(f)), a—gu(9(g9))] =
0 for allv,u € spU and for f,g € C§°(R?). Then

[¢9,K(f)7 (;5,97[((9)]\1/ =0, v eD. (614)

LEMMA 6.4. The special conformal transformations Uy, with v € spU and 0 being admis-
sible, map the right wedge into the right wedge Ug,(W1) C Wi. Furthermore, the special
conformal transformations U_g,, with w € spU and 6 being admissible, map the left wedge
into the left wedge U_g, (—W1) C —W7.

Proof. We first prove for z# € Wy, v € spU, 0 being admissible and x > 0, that the vector
't =zt + k(Ov)" € W1
zll > ‘1,/0‘
ot 4+ eA? > |2 + k.
The right hand side is obviously greater than zero and therefore we square both sides and
obtain

/INE (g — %) — (28 — 2%) — 2eA(v'2® — 0%21) > 0.

Due to the fact that the sum of the first two terms is greater than zero, we are only left
with proving that the following inequality

Aota? — 2f2t <0
is satisfied. Equality only holds if vg = 0 or A is zero. So if vg, A # 0 we have to show the
following
1Yo
T > oG (6.15)

(6.15) is satisfied, because the stronger inequality

vy
Ty > !;0| |zol

~—
0<--<1
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holds. By using the vector z’# we now can easily prove that mgv € Wi. To show that
zly € Wi the following inequality must be satisfied.

zg, > |75,|

(z! — (0v)'2?) /(1 = 2(00) - = + (0v)22?) > |(z° — (0v)°2?) /(1 — 2(0v) - = + (0v)%2?)|.
(6.16)

Positivity of the denominator can be seen by taking the vector z’* as defined above and
setting Kk = —x2 > 0. From z/?> < 0 we obtain

z? = (xt — x2(0v)“)(mu - 1:2(01))#) = \:Cz/ (1 — 2z, (Ov)" + :UQ(QU)M) < 0.
<0

From the inequality it follows that the the denominator in (6.16) is positive and therefore
one is left with proving

(¢! = (Bv)'a?) > |(2° = (v)°2?)].

By choosing k = —x? this is exactly the inequality for the vector z’#* € W;. Therefore, the
special conformal transformed coordinate is still in the right wedge. The proof that the
special conformal transformations map the left wedge into the left wedge is analogous. [J

PROPOSITION 6.5. Forn =41+ 1, where | € Ny the family of fields ¢ = {¢pw : W € Wy}
are wedge-local fields on the Bosonic Fockspace 7.

Proof. We first prove that the expression [ag,(¢(f)), @—pu(¢p(g))] vanishes for all v,u €
spU and for f € C§°(W1), g € C§°(—Wi). By using Proposition 6.4 it follows that the
commutator [¢w, (f), d—w, (g)] vanishes.

(000 (6(F), 1—pu((g))] = (2m) 20+ / / P ed™ () g () 000 (6(2)), a_pu(S(y))

— (2m)20+) / / I ed™ () g(1)oe(@) T o_gu(y) T

X [d(200), P(Y—6u)]
=0.

In the last line we applied Lemma 6.4 to prove that after the special conformal transfor-
mation, the support of the field ¢y, stays in the right wedge and the support of the field
¢_w, stays in the left wedge. Therefore, the supports of the fields are space-like separated,
hence they commute. O

LEMMA 6.5. In four dimensions a unitary representation for the whole conformal group,
which gives the correct transformation law (6.9), exists for the fields ¢g i (f) with f €
C3°(Wh). The same holds for the field ¢_g i (g) with g € C§°(—=Wh).

Proof. The problem with the absence of a unitary representation for the whole conformal
group that gives the correct transformation law (6.9) is due to the absolute value of the
scale factor oy(z). Nevertheless, we showed in Lemma 6.4 that the scale factor for a field
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localized in the right wedge is positive. The positivity of the scale factor in turn means that
a unitary representation for the whole conformal group in four dimensions exists, [SV73].

o (D = 20 [ diap(otim [[ dtudtoe e cojan (U W)Y
= (2m)" /d4xf hm // dud* e x(eu, ev)ogy () " d(2g,)U (1) P.

For a quantum field defined on the left wedge the proof is done analogously. O

PROPOSITION 6.6. For n = 3, the fields ¢ = {¢w : W € Wy} are wedge-local fields on
the Bosonic Fockspace 5.

Proof. Due to the existence of a unitary representation shown in Lemma 6.5 the deformed
field can be defined for n = 3. Furthermore, by applying Proposition 6.4 one shows that
the expression [ag,(¢(f)), a—pu(¢(g))] vanishes for all v,u € spU and for f € C3°(W),
g € Cgo(—Wl)

(00 (&(F)), a—pu((g))] = (27) 8 / / dhady £ (2)9(y) e (9(2)), a—gu(d(1))]

— (2m)8 / / dhed'y f(@)g(y)oon(@) " o_ou(y) ™

X [@(xov), P(y—-ou)]
=0,

Analogously to the proof of Proposition (6.5) we use Lemma 6.4 in the last line. O

This is an interesting result. The deformed case improves the representations such that
one does not have to deal with representations of the covering of the conformal group.

6.7 NC Spacetime from special conformal operators

The main idea in this work is to use the special conformal operator to deform the free
quantum field. We further proved that the deformed field satisfies some weakened covari-
ance and locality properties. Now a natural question arises. What is the noncommutative
spacetime that we obtain from the deformation with the special conformal operator? This
question can be answered by calculating the deformed commutator of the coordinates.

[, %0 2] = (2m)” / dvdtue v (agy(zp) o () — agp(zy)ou(zy)) - (6.17)

To calculate the term g, (x,) we insert the generator K, as a differential operator defined
in (|[DMS97]).

gy () = exp <(ev)” (ngxka‘; - :%ig)) 2, = exp ((00) Ko (2)) 2,

We could use the transformation of the coordinates under the special conformal generators,
but in that case we would not be able to solve the integral. The ansatz we follow in this
work is to solve the integral, order by order. This will be done by preforming a Taylor
expansion of the exponentials.
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LEMMA 6.6. Let the deformed product given in Definition (4.6) be defined by the generator
of special conformal transformations K,,. Then the deformed commutator (6.17), up to
third order in 0 is given as follows (see figure 6.1)

[, %0 2] = 722'0,“,304 —4i ((0x)py — (02)12,) x>

Proof. The deformed commutator gives the following

[, %0 2] = (271')_d // dvdue ™ (agy(xp)o () — < v)

= (2m)~¢ / / dvdiue Z ;i; (00)7 Ko () - - (00)P K ()

~~

k

o0

2 W K@) W K ), — v

=0 l

There are two properties for the series that can be easily seen. First, the different orders
between #v and u do not mix. The only terms which are not equal to zero are the terms
of equal order. The vanishing of unequal orders between v and u will be shown in the
following calculation.

// dvddue= Z Z k— SOyt u” | Ko(x) - Ky(x)
k=01=0 k ! k

< | Ka(2) - Ko (@) 2,

00 00 k
_ // ddvddu (_Z) 0 ...0° 9 9 —ivu u/\ u”
== Kkl - | ou,  Ou, —

Jf —_—

// dvd%ue "
k=

X | Ko(x)-- Kp(z) zp Ky(z) - K (z) xy
k l

Z;go 0 0|
AN Ouy, 8uq, ~——
01=0 . ,

k
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X (_iVk
:Z (=9) 07 077 | K, (x)- - Ky(x)z, Ky(z) - K;(z) xy
k=0 ) k ~ i

In the third line we performed a partial integration. The expression vanishes in the case
k > [, because the differentials annihilate the polynomial in w. It also vanishes if k < [
because non-vanishing polynomials in u stay and the integral sets the polynomials zero.
Furthermore, by using the symmetry of the z-dependent differential operators K, one
solves the integral. It is important to note that the result of the deformed product between
the coordinates, is exactly the same result one would encounter by using twist-deformation
with the special conformal operators, [ADK™09].

The second observation is that polynomials in w,v that are even vanish due to the
antisymmetry of the commutator. This is shown in the following.

// dvdbue™™ | (0v) Ky () - (00)P K ,p(x) 2, (u) K () - - - (u)" K (x) 2,

2m 2m

- // dvdbue™™ | (0v) Ky () - (00)P K,(x) 2, (W) Ky (z) - - - (u) K () 2,

2m 2m

Where m is a natural number. In the second integral we preform the integration variable
substitution (v,u) — (6~ 'u,6v) and obtain

/ / dodtue ™ | (00)7 K, (@) - - (00)°K () 2 () K@) - - () Ko (@)

2m 2m

_ / / dodtue™ [ (00)7 Ky (@) - - (00) K, (2) 2, (W K@) - - ()7 Ky ()

2m 2m

After preforming the integration variable substitution © — —u we obtain

// dvdiue™" | (0v)° K, (x)--- (QU)pr(x)un (WK (x) - () K () 2,

2;% 2m

—(—1)*m // dvdbue™™ | (0v)T Ky (x) - (00)P K,p(x) z, (u) K\ () - - - (u)" K (z) 2,

2m 2m

=0.

Therefore, the only terms that do not vanish are those of equal odd order in v and u. In
the following we calculate the noncommutativity of the coordinates up to the second order
and obtain

) = 2m) [ [ ttudtue e (00)° (2, — a0, 0 (20, = 0,) — )
(6.18)

= —2i0,,2* — 4i ((0x) 4z, — (03),2,) 2° + O(6°). (6.19)

]
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Figure 6.1: Example of a Conformal-Moyal-Weyl plane Rg K

The deformed commutator of the coordinates shows that the deformation induced by the
special conformal operators spans a nonconstant noncommutative spacetime. This is very
interesting because the spacetime that we obtain is a curved noncommutative spacetime
and the curvature of the noncommutative spacetime is induced by the special conformal
operators. In the case of using the momentum operator, i.e. the generator of translations
in Minkowski, for the deformation one obtains a flat noncommutative spacetime. The
special conformal operators induce a conformal flat spacetime on Minkowski and therefore,
one obtains a conformally flat noncommutative spacetime when deforming with K,,. Some
examples of a nonconstant noncommutative spacetime exist in literature, where the highest
order of noncommutativity known is the so called quantum space structure, [KS97, Wes90,
Wes98|. The quantum space structure has an z-polynomial dependence up to second order.

6.8 Generalization of the deformation

The deformation of an operator by either using the momentum operator P, or the spe-
cial conformal operator K, can be written in a general form. The generalization can be
accomplished by using a linear combination of generators of the pseudo-orthogonal group
SO(2,d). First, we redefine the operators P* and K" in the following way

N PO AKC
~ NPl - AK!
Pr=|" 51, Kt .= 2 |
n'P nkK
77/]33 77K3

where X, A € RT and 7/, € R. In the next step we redefine the Lorentz generators J*H,
JoH JE# and the skew-symmetric matrix 6 as follows
- 1/~ . - 1/~ -
Ji= S (Pr—Rr), = (PRt RV
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j:tnu' = j5uu‘ 4+ j4uu‘7

et
Il

(6.20)

o O = O
o O O

o O O
O = O O

-1

DEFINITION 6.7. Let 6 be a real skew-symmetric matrix given in (6.20) and let A € C*.
Then the generalized warped convolutions, i.e. the deformation of A denoted as A;t is
defined on ¥ € D, follows

AT = ( 4hm // dy d*v e x(ey, ev)UE (0y) AUE (0y) U (v) ¥,

where the unitary operator U*(v) is defined as U*(v) := exp <w“jff)

The generalization of the deformation is interesting because it is obtained as a linear
combination of generators of SO(2,4). By choosing the plus sign, one obtains the Moyal-
Weyl case and by choosing the minus sign one gets the special conformal model introduced
in this work.
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Chapter 7

Conclusion and Outlook

7.1 Conclusion

The aim of the thesis was to obtain a physical quantum spacetime from deformation.

For the entire work we used the method of warped convolutions for deformation.
The novel tool was constructed in [BLS11], for bounded operators that are smooth w.r.t.
the unitary groups, used for the deformation. For this thesis we had to prove, on various
stages, that the deformation formula is still mathematically well-defined if the deformed
operators are unbounded. This was done by using the Hormander definitions of a an
oscillatory integral and of symbol classes.

Before we studied deformations in quantum field theory, we studied the quantum
mechanical case. In the quantum mechanical chapter the investigation of deformation
with the coordinate operator led to a variety of physical effects. In particular, defor-
mations induced by the coordinate operator, correspond to effects emerging from the
presence of a magnetic field. We reproduced the Landau-levels, the Zeeman effect and the
Aharanov-Bohm effect. This in particular means that deformation with the coordinate
operator, induces magnetic fields. Thus, a new interpretation of magnetic fields appearing
in QM context can be given. These effects can be induced by a deformation procedure.

Furthermore, we were able to interpret the NC space that emerges in the case of
the lowest Landau levels, as a deformation of the coordinate operator with the momentum
operator. These two ideas are used as guiding principles for the realization of a NC space
in the realm of QFT. The two paths leading to the same result are graphically displayed in
the following diagram. The two paths leading to the same result are graphically displayed
in Figure 7.1.

Following the path, given in the QM context, we deform physical objects in QFT
with the coordinate operator. For the investigation of a coordinate operator in QFT
we use the results of [SS09]. The authors constructed in view of the QFT-relativistic
context a temporal coordinate operator as well. In this construction on the level of

127
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QM __ Deform s QM+B-
(Qj, Pr) H, field
Deform Hﬁ;
Qi subs.
Moyal-Weyl
Plane

Figure 7.1: QM deformation

the coordinate operators one is already led to a noncommutative relations between
the temporal and the spatial component. Thus, prior to deformation, we investigated
the noncommutativity. This was done by calculating the expectation value of the
noncommutativity given by the relations between the coordinate operators. By gaug-
ing the parameters of the expectation value we were able to reproduce the Moyal-Weyl
plane. This plane displays an important example of a constant noncommutative spacetime.

In the QM case we obtained a physical NC space by deforming the coordinate op-
erator with the momentum operator. The same is done in the QFT context and we
obtain a noncommutativity that we call the QFT Moyal-Weyl. This gives a new kind of
noncommutativity, because it has terms depending on the velocity. Thus the relations
give a new example of a nonconstant noncommutative spacetime.

Now prior to deforming with the spatial part of the coordinate operator, we have
to investigate the uniqueness of such an operator. This is done by using a definition, com-
mon in QM, of the spatial coordinate operator as unitarily equivalent to the momentum
operator. We take this expression as a starting point and perform a second quantization
on the operator level. The second quantized spatial coordinate operator obtained by such
a procedure, turns out to be exactly the pre-coordinate operator found in [SS09].

Furthermore, in the context of coordinate operators the Newton-Wigner-Pryce op-
erator is usually mentioned. It is the relativistic analog of the coordinate operator on a
one particle level. A second quantization was also performed on the Newton-Wigner-Pryce
operator and the outcome was once more the operator already found by [SS09]. Thus
this operator is from an intuitive and mathematical standpoint the rightful n-particle
spatial coordinate operator. This point of view is additionally supported by calculating
the Heisenberg equation of the spatial coordinate operator and obtaining the relativistic
velocity operator for an n-particle system. The following diagram summarizes the results.
Figure 7.2 summarizes the results.
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QM: 1 Newton-
Q; = _ % Wigner
U;ll% Ug norm. Op.
Second- Second-
Quant. Quant.
QFT-Pos.
Op. Xj

Figure 7.2: Second quantized coordinate operator

Next, we investigated the effect of deformation directly on the scalar quantum field. To
proceed with the deformation, we were obliged to prove that the operators used are
self-adjoint. In the case of the spatial part of the coordinate operator, we were able to
show essential self-adjointness, by taking the QM coordinate operator and performing a
second quantization. In particular, the coordinate operator in QM can be formulated as
unitarily equivalent to the momentum operator. The unitary equivalence is given by the
Fourier transformation. Thus the investigation shows that operator obtained by second
quantization is an essentially self-adjoint. The temporal part seizes to be self-adjoint by
the curse of Pauli’s theorem. Thus by taking the Fourier transformation to be the unitary
operator connecting the momentum and the coordinates also in the temporal part we are
able to deform the QFT.

Now actually dealing with the deformed QF we found that indeed certain Wight-
man properties of the deformed QF are satisfied. Furthermore, by using the map from
skew-symmetric matrices to a set of wedges, we were able to show that the deformed field
has wedge-covariance and wedge-locality properties. Since locality is usually lost in the
context of NCQFT, the locality found is highly nontrivial. To obtain the NC space we
calculated the momentum plane, induced by deformation with the coordinate operators.
This was done by using the deformed product. As in the QM case, we minimally
substituted the coordinate operator using the deformation matrix of the NC momentum
plane. The commutator of these new coordinate operators turns out to be equal to the
commutation relations of the deformed coordinate operators. Thus, the newly defined
coordinate operator generate the QFT-Moyal Weyl.

By comparing warped convolutions with unitary transformations of the QF under
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Figure 7.3: QFT deformation

the coordinate operator, we showed that the deformation parameter can be understood as
the absolute value of the difference of two vectors that generate unitary transformations
of the scalar field. The following diagram summarizes the results of the QFT-deformation.
Figure 7.3 summarizes the results of the QFT-deformation.

In the last chapter we deformed a quantum field theory with the special conformal
operator, using the warped convolutions. As before, we used the map from the deformed
field to a field defined on the wedge. Furthermore, it was proven that the deformed
field transforms as a wedge-covariant field under the adjoint action of the Lorentz group.
Wedge-locality for the deformed field was shown in all even dimensions. In four dimensions
one usually has a problem with the existence of a unitary representation for the whole
conformal group. The absence of a unitary representation is due to the absolute value
of the scale factor induced by the special conformal transformations. We circumvented
the problem by proving positivity of the scale factor. Positivity was proven by using the
properties of the wedge and the spectrum condition of the special conformal operator.

Moreover, we used the deformed product to calculate the NC spacetime induced by
deformation with the special conformal operators. The investigation shows that we obtain
a nonconstant noncommutative spacetime.

The main difference in this work to other works in NCQFT, is the deformation
with objects defined by the investigated physical theory. Moreover, the investigation of
the coordinate operators, leads to many physical effects in the QM context. In a QFT
context the coordinate operators are already endowed with a rich structure, that allow to
investigate the realization of a NC spacetime. This structure was thoroughly studied and
the emergence of NC spacetimes is shown. For the case of the special conformal operator
these ideas were applied and rewarded with a NC spacetime unkown up to the present
investigation. Note that on NC spacetimes the notion of locality is usually lost, but on the
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NC spacetimes that we investigated, we found that a modified version of the point-wise
locality holds: the so called wedge-locality. Thus, by virtue of those locality properties it
gives the deformation a possibility of being physically realized.

7.2 Outlook

In the QM chapter, effects of a magnetic field were reproduced by deformation. This
was done for the explicit deformation by using the spatial coordinate operator. It is
nevertheless interesting to point out that the number of operators used for the deformation
does not depend on the number of dimensions. Thus, the construction of a temporal
component or a so called time operator would be interesting in this context.

Of course, this operator would have to commute with the spatial operator to build
a unitary group for deformation and the time operator would have to be self-adjoint.
After the deformation the question of the physical interpretation of this operator would
have to be posed.

Moreover, supposing such an operator has been found, a second quantization would
have to be performed. Thus, by following the path taken in this thesis, a deformation
using the second quantized operator would be performed on the quantum field and the
locality properties would have to be further investigated.

For the QFT-coordinate operator we defined a zero component, but were unable to
show that the definition is in full agreement with Lorentz-covariance. If covariance could
be achieved, we would have solved a problem as old as QFT itself. Namely, finding for
each QFT the appropriate operator describing coordinates, in a fully Lorentz-covariant
manner.

Moreover, if the defined coordinate operator is found to be truly Lorentz-covariant
the deformed field would not only be wedge-covariant w.r.t. a subgroup of the Lorentz
group but under the full group. Furthermore, a deformation with the zero component
of the coordinate operator on the momentum plane, will supply further nontrivial relations.

In the last chapter we deformed with the special conformal operator and obtained
a wedge-local field that can be interpreted as a QF on a nonconstant noncommutative
spacetime. An interesting but still not fully exploited path, would be to take some other
abelian Fockspace operators and deform on the level of the scalar QF.

Last but not least, the question of nonabelian deformations is open and not far de-
veloped. Is the emergence of a wedge-local field by such deformations possible? What are
the resulting NC spacetimes in those cases?

These and many other questions are to this date open and provide a broad, inter-
esting and exciting area of research.
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Chapter 8

Appendix

8.1 Banach Space

On of the most basic spaces in functional analysis is the metric space. We give the
definition of the space in the following,(|[RS75a|, Ch. I, page 4),

DEFINITION 8.1. A metric space is a set M and a real-valued function d(.,.) on M x M
which satisfies,

1. d(z,y) >0,

2. d(z,y) = 0 if and only if z =y,

3. d(x,y) = d(y,z),

4. d(z,z) <d(z,z) +d(y, 2),

where the last inequality is called the triangle inequality. The function d is called a
metric on M.

Another important notion on metric spaces is known under Cauchy sequences.
DEFINITION 8.2. A sequence of elementes {x,} of a metric space (M,d) is called a
Cauchy sequence if (Ve > 0)(3IN) n, m > N implies d(zy, Tm) < €.

In the following we define two terms that we consistently make use of
DEFINITION 8.3. A metric space in which all Cauchy sequences converge is called com-
plete.
DEFINITION 8.4. A set B in a metric space M is called dense if every m € M is a limit
of elements in B.

Moreover, the normed linear space is important in the discussion of bounded linear
transformations and is defined as

DEFINITION 8.5. A normed linear space is a vector space, V, over R (or C) and a
function, ||.|| from V' to R which satisfies,

1. |jv]] >0, forallveV
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2. |jv|]| = 0 if and only if v = 0,
3. |law|| = |af||v]|], for all v € V and a € R (or C)

4. ||v +wl|| < |v|| + ||w]], for all v,w € V'

DEFINITION 8.6. We say < V,||.|| > is complete if it is complete as a metric space in
the induced metric.

By taking all former definition into account we can give the definition of a Banach space.
DEFINITION 8.7. A complete normed linear space is called a Banach space.
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8.2 Hilbert Space

In this Section we give the basic definitions and theorems for Hilbert spaces, [RS75al. We
start by defining an inner product space.

DEFINITION 8.8. A complex vector space V is called an inner product space if there
is a complex-valued function (-,-) on V x V that satisfies the following conditions

1. (z,z) >0 and (z,z) = 0 if and only if z =0,
2. (w,y + 2) = (x,y) + (2, 2),

3. (z,ay) = alz,y),

4. (z,y) = (y.2),

where z,y,z € V and a € C. The function (-,-) is called an inner product.
Now a Hilbert space 57 can be defined as follows.

DEFINITION 8.9. A complete inner product space is called a Hilbert space 7.

DEFINITION 8.10. Two Hilbert spaces s# and 7% are said to be isomorphic if there is
a linear operator U from 4 onto 7% such that (Uz,Uy) s = (x,y).4 for all z,y € 4.
Such an operator is called unitary.

An important theorem follows from the former definition of inner product spaces and
normed linear spaces.

THEOREM 8.1. Fvery inner product space V is a normed linear space with the norm
2] = (z,9)"/2.

8.3 Unbounded operators

An unbounded operator A is defined on dense linear subset of the Hilbert space 7 as
linear map from its domain, a dense subspace of S to J, i.e. D(A) — .

DEFINITION 8.11. The graph of the linear transformation T, denoted by I'(T) is the set
of pairs
{<e,Te>|peD(T)} (8.1)

DEFINITION 8.12. Let 77 and T be operators on . If I'(T) C T'(T1), then T} is said
to be an extension of T and one writes T' C T1. Equivalently, T' C T} iff D(T") ¢ D(T1)
and T'p C Ty for all p € D(T).

DEFINITION 8.13. An operator 7' is closable if it has a closed extension. Every closable
operator has a smallest closed extension, called its closure, which is denoted by T
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DEFINITION 8.14. Let T be a densely defined linear operator on a Hilbert space 5. Let
D(T™) be the set of ¢ € # for which there is an n € % with

(T, ) = (b,m), V¢ € D(T). (8.2)

For each such ¢ € D(T™), we define T*p = n. T* is called the adjoint of T". By the Riesz
lemma, ¢ € D(T™) iff (T, p)| < C||¢p]| for all v € D(T).

DEFINITION 8.15. A densely defined operator T" on a Hilbert space is called Hermitian
(or symmetric) if ' C T%, that is, if D(T') C D(T*) and Tp = T*y for all ¢ € D(T).
Equivalently T is Hermitian iff

(T, v) =, TY), Ve, € D(T). (8.3)

DEFINITION 8.16. T is called a self-adjoint operator, iff 7' is symmetric and D(T") =
D(T™).

DEFINITION 8.17. A symmetric operator T is called essentially self-adjoint if its clo-
sure T is self-adjoint.

In the following we give an important proposition which will be made use of during the
entire thesis. We start by giving the definition of unitarily equivalent operators.

DEeFINITION 8.18. Let T, .5 be densely defined unbounded operators. Then, T', S are said
to be unitarily equivalent if there is a unitary operator U : D(S) — D(T) such that
T = USU~L. This condition in particular means, that D(T) = UD(S).

The following proposition deals with the hermiticity and self-adjointness of unitarily
equivalent operators, [BEHO0S|.

PROPOSITION 8.1. Let T,S be densely defined unbounded operators that are unitarily
equivalent, i.e. T = USU™Y, where U is a unitary operator. Then if S is densely defined,
the same holds true for T and T* = US*U~'. In particular, if S is symmetric or self-
adjoint, then T is also symmetric or self-adjoint, respectively.

The next theorem concerns the self-adjointness of an unbounded operator on a tensor
product of Hilbert spaces, (|[RS75a], Theorem VIII.33).

THEOREM 8.2. Let Ay be a self-adjoint operator on . Let P(x1,--- ,zN) be a polyno-
mial with real coefficients of degree ny, in the k-th variable and suppose that Dy, is a domain
of essential self-adjointness for A*. Then, P(Ay,--- , An) is essentially self-adjoint on

N
D* = ) Dj.
k=1
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THEOREM 8.3. Let Ay be a self-adjoint operator on ;. Let P(x1,--- ,zN) be a polyno-
mial with real coefficients of degree ny, in the k-th variable and suppose that Dy, is a domain
of essential self-adjointness for A*. Then, P(Ay,--- , An) is essentially self-adjoint on

N
D° =) D
k=1

To prove the essential self-adjointness of a symmetric operator A on a Hilbert space ¢,
the Nelson’s analytic vector theorem can be used. Before stating the theorem we first give
the definition of an analytic vector for A, (J[RS75b], Chapter X.6).

DEFINITION 8.19. Let A be an operator on a Hilbert space . The set C° =
N2, D(A™) is called the C*-vectors for A. A vector ¢ € C*(A) is called an ana-
lytic vector for A if

S~ 1479

n!
n=0

t" < oo, (8.4)

for some ¢t > 0.
By using the former definition we can now give the Nelson’s analytic vector theorem,

([RS75b], Chapter X.6, Theorem X.39).

THEOREM 8.4. Let A be a symmetric operator on a Hilbert space 7. If D(A) contains
a total set of analytic vectors, then A is essentially self-adjoint.
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8.4 Schwartz space

The Schwartz space is a dense subspace of the Hilbert space .# = L?(R"). The definition
is given as follows.

DEFINITION 8.20. Let C°°(R™) be the set of all complex-valued functions which have

partial derivatives of arbitrary order. For f € C*°(R") and a € Njj we set

olel

= al ’
D291 - dxom

fe 1 . an

cxp ol =ar -+ .

Oaf

= x‘f
Then the Schwartz space denoted by ./(R") is given as
S (R") ={f € C®[R")|sup [z%(9af)(x)| < 00, 8 € N[},

and is dense in L2(R").

8.5 Fourier Transformation

In this section we give a brief summary of the most basic facts of the Fourier transforma-
tion, [RS75b, Tes01].

DEFINITION 8.21. For f € .Z(R"), where .”(R") is defined in 8.20, we define the Fourier
transformation as follows

Us (W) i= F0) = oy [ ™ i@, (55

2m)/? Jr

LEMMA 8.1. For any multi-index o € N and any f € 7 (R"™) we have

Uz(0af)(p) = (ip)*(Uz f)(p), (8.6)
(@ f(2))(p) = i10. f (p), (8.7)

where & = (01, -+ ,0p) is the gradient.

In particular Ug is an operator mapping . (R™) into itself.
LEMMA 8.2. The Fourier transform of the convolution

(f xg)(x) = . fgle —y)d"y = . fl—y)g(y)dy (8.8)
of two functions f,g € S (R") is given by

(F *9)(p) = 1) f(p)3(p). (8.9)

THEOREM 8.5. The Fourier transform Ug : ./ (R™) — ./ (R") is a bijection. Its inverse
s given by

U @) = 10) = s [ e 0D (5.10)

Furthermore, U%(f)(z) = f(—z) and thus U} = L.
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Figure 8.1: Example of a Moyal-Weyl plane ]RZ
THEOREM 8.6. The Fourier transform Ug extend to a unitary operator Ug : LQ(R") —
L2(R™). [Its spectrum satisfies

o(Uz)={zeClz* =1} = {1,-1,i, —i}. (8.11)

Lemma 8.1 allows to extend differentiation to a larger class.

DEFINITION 8.22. The Sobolev space denoted as H"(R") is defined as the following
function space
H'(R") = {f € L*(R")||P|"f € L*(R"™)}. (8.12)

8.6 Moyal-Weyl Plane

We define the Moyal-Weyl plane as done in [DFR95].

Let us denote the Moyal-Weyl plane by R, see figure 8.1. Where @ is a constant
that reflects the strength of the noncommutativity. The *-algebra which is generated by
the selfadjoint operators Z,, has a center given by the commutator relation

[Ty, T0] = =0, (8.13)

where 6, is a constant non-degenerate tensor. An example for such an algebra is the
quantum mechanical commutation relations between the momentum and the coordinate.
Where in the QM case the deformation parameter 6 is given by h.
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Notation and Conventions

We use in this thesis n to denote the spatial dimensions and d to denote the spacetime
dimensions. While d-dimensional vectors have Greek letters, spatial vectors are denoted
with Latin indexes. To denote a spatial vector, we often use bold letters.

The Einstein convention is used when an index variable appears twice, implying
the summation over all possible values of the index, i.e.

Zaibi = aibi. (8.14)
=1

Throughout this thesis we use the following convention for the Minkowski metric
n

1 0 0 0
0O -1 0 0

=10 o -1 o (8.15)
0 O 0o -1

Not that we use this convention for the quantum mechanical case as well. This means for
example that the free Hamiltonian is defined with a minus, i.e. Hy = —P'P;.

Most of the time, except for cases were it becomes important we set the constants
of speed of light ¢ and the Planck constant A equal to

c=h=1. (8.16)
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