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Abstract: In this work we investigate the Weyl anomaly from a new perspective.
Our goal is to identify a set-up for which the classical Weyl symmetry is not
broken, at the quantum level by the usual arguments related to the Euler in-
variants, but rather by the impact of other geometrical obstructions. Therefore,
we work, mostly, in three spatiotemporal dimensions, where general arguments
guarantee the absence of trace anomalies. In particular, our interest here is on
whether various types of singularities, emerging in the description of the differ-
ential geometry of surfaces, could induce some form of quantum inequivalence,
even though the classical symmetry is at work. To this end, we work with a
very special three-dimensional metric, whose nontriviality is fully in its spatial
two-dimensional part. The last ingredient we use, to clean-up the way from other
complications, is to work with physical systems where no Weyl gauge field is
necessary, to have the classical invariance. The system we focus on is then the
massless Dirac field theory (that, as well known, enjoys local Weyl symmetry) in
three-dimensional conformally flat spacetimes.

With these premises, the research programme consists of three steps. The first
step is to find the coordinate transformations that link the conformal factor iden-
tifying the surface to the spatiotemporal conformal factor. This task is highly
nontrivial. In this thesis we have fully solved the issue for the cases in point,
filling gaps of the relevant research literature. The second step is to identify the
quantum operator that, when applied to the the Dirac field, produces the correct
Weyl transformation. Here we have found a possible candidate for such an oper-
ator, and the analysis of the impact of singularities of the conformal factor on its
regularity are particularly simple. Nonetheless, this operator needs further stud-
ies to be fully put into contact with the third, and final point of the programme,
that is the study of the effects of the above on the quantum Weyl symmetry of
the Dirac system.

Keywords: Weyl symmetry, Weyl anomaly, Singularities, Geometry and Topol-
ogy, Canonical and Bogoliubov transformation, Quantum inequivalence
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Introduction

The grand goal of the presented thesis is to investigate the phenomenon of the
quantum anomaly from a new perspective, the focus being on the Weyl anomaly.
The latter is often referred to, in the literature, as the trace, scale or conformal
anomaly, that are all related but different concepts. In all cases, as customary,
by quantum anomaly we shall mean the quantum mechanical obstruction to a
classical symmetry.

We consider systemsﬂ related by the Weyl classical symmetry. After the quan-
tization of the fields, we want to search for an inequivalence of related Hilbert
spaces, stemming from the singularities of classical nature: the spacetime singu-
larities such as cusps, boundaries and other. For illustration, see the fig. [1]

Let us add that the singularities play a crucial role when it comes to the
inequivalence of Hilbert spaces in the quantum field theory (QFT). We shall see
this when we discuss the Bogoliubov transformation (BT) and the inequivalent
representations of the canonical commutation relations (CCRS)H in chapter .
This is our motivation to investigate whether the classical singularities cause the
inequivalence of Hilbert spaces.

In the following paragraphs we shall introduce a model where the trace
anomaly is not presentlﬂ, so the quantum inequivalence we are in search of has
the potential to be transparent.

Hilbert space
H

Hilbert space

?
1 H'
I
|
I

ch A=
.2 I .2
© - " =
N singularities S
£ boundari E
5 (cusps, boundaries, . . .) E
c o A s

7’ N

Classical system
(g,‘l.i'lj Q)

Weyl symmetry

Figure 1: Concept map of the grand goal of this thesis

In order to describe our model, we introduce the basic terminology. The Weyl
transformation (WT) is a simultaneous rescaling of the metric tensor g, and the

! When we talk about a "system”, we mean some field ® and some spacetime on which the
field "lives”. The spacetime is described by its metric tensor g,,. We shall usually denote the
system as a pair (gu., ®).

2Similarly, we shall donote the canonical anticommutation relations as "CARs”.

3In the literature, when it comes to the Weyl anomaly, it is mostly understood as the trace
anomaly. In this work, we want to avoid this viewpoint.
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field”] @ such that [1]:
(G ®) = (o @) , (1)
with
9(Q) = eVg,(Q), '(Q) = e"HV(Q), (2)

where (@) is the (spacetime) conformal factor, a function of spacetime coordi-
nates Q", and dg is the scale dimension. It is worth emphasizing that the WT is
not a coordinate transformation, but an actual transformation of the spacetime
metric/geometry (proper distances are changed).
The action A[g,,,, @] is said to be Weyl invariant, if and only if it is invariant
under the WT:
Ale* gy, e @] = Alg,,, @ (3)

The actions invariant under the W'T usually do not contain any preferable unit
of a scale, like mass, which may otherwise break the symmetry.
Moreover, it turns out that the trace of the energy-momentum tensor:

2 0A

T = 2 4
_g 5g/“/7 ( )

vanishes:

T =0, ()

where g is the determinat of the metric tensor g,, and 6/dg,, is the standard
functional derivative [2].

Nevertheless, once we quantizeﬂ the field ®, the situation changes dramati-
cally:

g" < T, >~ (Full contractions of the Riemann tensor)"? | (6)
where < . > denotes the vacuum expectation value (VEV) and n = 2m, m being
a natural number, is the dimension of the spacetime. From @ it becomes clear
why the Weyl anomaly is referred to as the trace anomaly [3].

However, in the odd dimensions n = 2m + 1 the situation is dramatically
different from @:
g < T, >=0. (7)

This is because there are no Fuler invariants in the odd dimensions [4]. So, if a
quantum inequivalence is present, it is not because of the trace anomaly.

We want to identify the cleanest tractable situation to have our problem under
scrutiny. The following setup seems to be the most convenient:

1. We focus on the spacetimes of the dimension n = 3, because there are
no Euler invariants (so no trace anomaly). Moreover, we choose a special
subset of these spacetimes such that:

4With general inner structure, i.e. scalar, spinor or other fields.
5In this work we only quantize the fields, but the spacetimes remain classical. This is the so
called semiclassical quantization.



1.1. They are conformally flat. It means that there exists a coordinate
system Q* = (T, X,Y') such that:

Guv = 62277;w' (8)

Then the dynamics of the field e?**® referes to the flat case:
Ale™n,,, e 0] = Aln,,, ®]. (9)

We shall be interested in how the Hilbert space gets changed when we
move from a flat spacetime to a curved (conformally flat) spacetime,
which contains singularities (e.g. cusps). Because only the curved
spacetime does possess singularities, it will make our investigation,
how the singularities affect the quantization, more transparent.

1.2. They are constructed as a Cartesian product of a flat time and two-
dimensional surfaces. We shall see later that the surfaces cannot be
arbitrary, but due to the condition 1.1. they are of constant Ricci (and
Gaussian) curvature. These surfaces have been widely studied in the
literature and we shall be able to use this knowledge to our advantage.

We shall denote such spacetimes as IR x M? and their metric tensor

guu(‘]) = (é _gg<q—>> ) (10)

where ¢" = (t,z,y) and ¢ = (x,y) denotes unspecified abstract coor-
dinates covering the surface. We shall understand ¢ as the laboratory
time and the spatial part of the metric tensor g;; as the metric of a
surface.

2. We choose to work with the Dirac massless field theory. Its action is invari-
ant under the WT. If we denote the Dirac field, living on the Minkowski
spacetime with 7, as ¥, then the Weyl transformed system is:

n—1
G = 62277[},”) wXJa =e 2 Eqvbou (11>

where ¥ is a function of spacetime coordinates and we consider the general
dimension of spacetime n. Although we are interested in n = 3, most of
our calculations will be done for a general dimension n.

The classical dynamics of the field ¢, is preserved under the transformation:

A[guuadjﬁa} = A[Wm%«]- (12)

We shall discuss in chapter [1] that the Dirac massless action is invariant
under the WT as it is, i.e. we do not need to introduce any additional
gauge (Weyl) field, as it is the case for e.g. the scalar field [I].

Once we are in this setup, we quantize both Dirac fields 1, and 5, and
consider the following quantum Weyl transformation (QWT):

1/120, - Wwa W_l

_n=1lw
=e 2z ¢a7

(13)
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where the operator W realizes the quantum transformation. We shall study
the QWT in a general dimension n and focus on n = 3 when we need to apply
considerations related to the geometry of the surfaces of constant Ricci (Gaussian)
curvature, as we discussed above. It is natural to expect such operator W to be
unitary, since it implements a quantum symmetry. We want to understand how
the geometrical obstruction can make this operator irregular, which would break
the symmetry (which was thus defined only formally).

We shall discuss in chapter [6] that the QWT is an example of a canonical
transformation (CT). In QFT, CT is a tranformation which preserves the struc-
ture of the CCRs (or CARs), but still leads to different Hilbert spaces. We shall
explain the concept of the canonical transformation and related inequivalent rep-
resentations in chapter

Our research can be formulated as a three-step programme:

1. Since we want to understand the impact of the geometrical obstruction on
the quantum inequivalence (symmetry breaking), we shall

1.1. focus on the classical Weyl symmetry, where the essential role is played

by the function X, giving the spacetime conformal factor e?*;

1.2. study the conformally flat spacetimes IR x M? of constant Ricci curva-
ture and its spatial parts M2, the surfaces of constant Ricci curvature,
where all of the non-triviality of the spacetimes is present.

At the end of this step we know the function (7', X,Y") including its singu-
larities and we identify the coordinates Q* = (T', X,Y), in which the metric
is explicitly conformally flat. This is a crucial step.

This is the content of the chapters[I} 2] [3, ] and appendix [A]

2. We need to find the quantum operator W which implements the Weyl trans-
formation at the quantum level. This operator is supposed to be unitary
because it implements a quantum symmetry [5].

However, we expect that W depends on ¥ and this can be a source of
singularities, which would make W irregular. If this happens, the quantum
symmetry is broken, since W is not well defined.

We shall introduce the operator W, which depends on ¥, but we shall also
find out that it is quite peculiar. We shall show in chapter [6] that there is
no, at least no simple, way how to find such a unitary operator W. We
shall define it formally, but we shall find out that it leads to a discrepancy.

However, it turns out that this discrepancy can be avoided, technically,
when we consider that the operator W is not unitary, but hermitian. The
link between this operator and the symmetry of the system is unobvious at
this moment.

On the other hand, relaxing the requirement of unitarity, we shall study the
operator W and investigate when it becomes singular, in correspondence to
the geometrical singularities of the spacetimes, enconded into ¥. The task
will turn out to be very demanding and we arrived at a partial solution.



We shall discuss in chapter [5| the general case of irregular quantum trans-
formations among different Hilbert spaces. In the next chapter [6] and ap-
pendices [B] and [C] we treat the operator W as a hermitian operator and
explore under what circumstances it becomes singular.

Provided that the point 2. would have been finished completely, the next
step is to understand the connection between our W and the quantum Weyl
symmetry.

To fulfill the general goal of this project it would be necessary to solve all the
three points discussed above. We fully solved step 1. and set-up the stage for the
solution of step 2., while step 3. seemed too demanding and further work, based
on the results we found here, is necessary. We shall discuss the list of what must
be done in Conclusions [7]

Finally, let us briefly comment on the content of each chapter and appendix:

Chapter [1]is devoted to the introduction of the Weyl symmetry of the Dirac
massless action.

In chapter [2| we discuss on the general ground the spacetimes IR x M? in
more details. We show how the condition that the spacetimes under con-
sideration are conformally flat implies that the surfaces must have constant
Ricci (Gaussian) curvature.

Chapter |3 is devoted to the study of the surfaces of constant Ricci (Gaus-
sian) curvature: their local geometry as well as global properties (singular-
ities).

Chapter |4 is dedicated to the further study of the spacetimes IR x M?:

their local geometry as well as the global description.

In chapter [5| we introduce the Bogoliubov transformation and discuss in-
equivalence between Hilbert spaces on the general ground.

In chapter [6] we apply the knowledge gained in chapter [5] and discuss the
quantum Weyl transformation.

In chapter [7] we summarize our results and suggest other ways in which the
work can be developed.

In appendix [A] we explore how the concept of curvature can be generalized
to manifolds which are not smooth everywhere, focusing on the conical
singularity.

In appendices [B] and [C] we present some technical calculations which, sup-
plementing chapter [6] did not fit directly into the main body of this thesis



1. Weyl symmetry

This chapter is dedicated to the Dirac massless field theory with emphasis on its
Weyl symmetry. Its content is as follows:

We start by recalling the action for the Dirac field on flat spacetime. Assuming
its mass term disappears (m = 0), the action becomes scale invariantﬂ.

In order to investigate symmetries in curved spaces, we rewrite the action
in a diffeomorphic invariant form. The action remains scale invariant, but it is
the metric tensor rather than the coordinates that must be transformed. This
scale transformation is also called rigid Weyl transformation, because its scale
factors (for the metric tensor and the field) depend on powers of e*, where ¥ is
independent on the coordinates.

Then we take one more step further and promote ¥ into a function X(Q) of
spacetime coordinates ()*. The transformation is named local Weyl transforma-
tion. It is not granted that the action remains invariant under this transformation.
When the action ceases to be invariant it is necessary to introduce a gauge field,
which compensates the extra terms in the transformed action and saves the sym-
metry. However, for the Dirac massless field theory this is not the case. Its action
is invariant under the local Weyl transformation without introducing the Weyl
field W, playing the role of the gauge field. Nevertheless, the Weyl field can be
formally introduced, but no physical meaning can be abscribed to it.

The main reference for this chapter is [1], but we also refer extensively to [6]
and [7]. Let us just mention that in the last two articles, the Weyl symmetry of
the massless Dirac action is put into the interesting context of graphene. We shall
also revisit these papers when we focus on geometry of spacetimes, see chapter [2|

1.1 Lorentz invariance and diffeomorphism
We begin by recalling the Dirac equation [§],[9]:

iﬁya awa - mwa = 07 (11)

where 1), is the Dirac spinor with o being a spinor index, 7 is a standard gamma
matrix, satisfying the Clifford algebra:

(v, 7"} = % + 4"y = 2, (1.2)

where 7, is the Minkowski metric, a and b are both Lorentz (flat) indices, 0, =
0/0z%, and m is mass. Let us add that we work in units where the reduced
Planck constant /& and the speed of light ¢ are as follows: h =1 = c.

The mass term breaks the symmetry we are looking for, thus we can set it to
zero it from now on: m = 0.

The Dirac equation is invariant under the Lorentz transformation:

P (2") = S(z), (1.3)

'Here, the coordinates and fields are transformed simultaneously.




where S = exp (—%e“b(]ab) is a matrix with generators:

1

o = § [Yas 6] = = (Va5 — VVa) (1.4)

A

satisfing the Lorentz algebr [8]. The coefficients €% are constants and specify
the Lorentz transformation.
The corresponding action:

Al 0] = [ d"a(w)y"Oui (). (15)

It is invariant under the Lorentz transformation, because the Jacobian of the
transformation is: det (%—g) = +1.

Next we want to find the generalization of the Dirac action to curved space-
times. The action must be invariant under:

i) the local Lorentz transformation: locally, the spacetime is flat, therefore,
the laws of special theory of relativity (STR) apply;

ii) diffeomorphisms: all well-defined coordinates describing the same spacetime
are suitable for its description.

With this in mind, the action must become:

A[guuawvvlﬂ/}] = Z/dnﬂf\/—_glz(x)”yaeffvuw(x)a (16>

where V,, = 0, + Q,, is the diffeomorphic covariant derivative, p is the Einstein
(curved) index, e is the inverse Vielbei Q, = % ngab with wgb being the spin
connection. 2, is necesarry if the action must stay invariant under the local

Lorentz transformation:
a a a 1 a
wub — w#b + 0ye b p = exp (—26 bJab> ), (1.7)

where € is not a constant anymore, but a function of coordinates x, i.e. €(x).
Notice that although +* was replaced by y* = ~%e/, the Dirac adjoint has
remained unchanged: ¢ = ¢'7°, where 0 is a flat rather than curved index
(which we denote by underlying, e.g.: 0), see [6].
In what follows we shall refer to as flat Dirac action and as curved
Dirac action.

1.2 Scale and Weyl invariance

It is simple to check that the flat Dirac action (1.5)) is invariant under the following
transformation: .
% — e¥r?, Y — e 2 Ty, (1.8)

where X is a constant. This is an example of scale transformations.

2Tt is the spinor representation of the Lorentz transformation.
3 A mapping from the local Cartesian system to the global coordinate system.

10



For curved spaces, we can find an analogue of (|1.8)):
e, — ezez, Y — e_nT_lzw, (1.9)

where ej = 0z%/0x" is the Vielbein. Let us stress that (1.9) is not a coordinate
transformation, so # — z*. The metric tensor g,, can be expressed using the
Vielbeins as:

G = €4€0Maby (1.10)

so the transformation implies:

G = €% G, V=g — "/ —g. (1.11)

This transformation does not change wzb, because X is still a constant. This
transformation, ((1.9)), is also known as the rigid Weyl transformation.
The further step is to promote ¥ into a function of spacetime coordinatess:

> - X(x). (1.12)

Considering ((1.12)) in (1.9)) we get the local Weyl transformation, with non-trivial
transformation of the spin connection [6]:

wzb — wzb + (eZe”b - eie”“) 0. (1.13)

Following the standard procedure of gauging, this non-triviality is the reason to
introduce a new field, here called Weyl field W,,, which transforms as:

W, — W, +0,%. (1.14)
The Weyl covariant derivative is then:
D,=V,+NW,, (1.15)

where A7, is called Virial [T0] and is yet unspecified function. It is straightforward
to check that:

v n—1 v a bv
Al = 5 8 — ene” Jap, (1.16)

is the correct choice for the action Alg,,, v, D] to be invariant under the local
Weyl transformations.
This general procedure, though, in the case of the Dirac field leads to:

Algu ¥, D) = i [ d'ay/=gbr" eV, .
+i [ day=gin e = Algu, v, Vi, |
because of the following identity:
el Ay, = 0. (1.18)
The derivation of this identity is straightforward and short and it just needs the
use of the Clifford algebra: {v,,7.} = 29,

11



This tells us that Alg,.,, v, V9] is already local Weyl invariant as it stands
and W, is not necessary. Let us check this directly. The extra term in the action
coming from the Weyl transformation is following:

SA= Algly 0/, V0] — Algyus V] =
n—1 1

= i/dnx\/—glﬁ [— 5 Yo, + 3 (eZe"c — e”be/‘i) 8,,21]14 Y,

(1.19)

where ¢/ = e~"7 1) and 9w = €G-
Applying J,, = [ ] = elelJq and the Clifford algebra {v,,%} = 2¢,u,
we can simply obtain:

n—1

(eZe”C — e”beZ) 0,2y = Yo,2. (1.20)

N —

From this follows that 0A = 0 and the Dirac action is invariant under the
local Weyl transformations.

Of course, we can choose to work with fields of different sorts, for intance a
scalar field. The latter example has a simpler algebraic structure than the Dirac
field, but the action for the free scalar field of m = 0 is not invariant under the
local Weyl transformation, until we define a gauge field (see [1]). Because we are
looking for the clearest situation, we want to avoid the need to define additional
fields. Therefore, the Dirac massless field is an ideal candidate to work with.

1.3 Flat and conformally flat regimes

In this thesis we shall focus on that case when the curved metric tensor is con-
formally flat:

G = 6227]/,w‘ (121)

from which follows:
€, = 6255, Vg = e (1.22)
The coordinates, in which the conformal structure of spacetime becomes obvious,

will be denoted as Q" = (T, X,Y):

9#V<Q) = 622(@77;“/(@)- (1.23)

Because of our choice of metric tensors (|1.21]), the classical dynamics of the mass-
less Dirac field on conformally flat spacetime is the same as on flat counterpart,
as one can see from:

A[guw lﬂz, V,ﬂﬂz] = A[naln 7% aaw]a (124)

where »
Us = e 7T T, (1.25)

This setup, when the action is invariant under the Weyl transformation and
spacetimes are conformally flat, is known as conformal triviality [4].

12



2. Conformal flatness

In chapters |3 and 4] we study two-dimensional surfaces of constant Gaussian
(or Ricci) curvature and (2+1) dimensional spacetimes, obtained as a Cartesian
product of flat time and these surfaces. We denote such spacetimes as IR x M?2.

In this chapter, we show that the spacetimes IR x M? are conformally flat.
We start with the metric tensor , add a condition for conformal flatness and
obtain that the surfaces, described by g;; in (10)), must have constant Gaussian
curvature.

For beginning let us recall the metric tensor (10]), expressed in the coordinate

frame ¢" = (¢, z,y):
=5 _oia): 2.)

We take advantage of the fact that any surface is locally conformally flat
(see e.g. [I1]). It means that there exists so called isothermal coordinates (Z,7),
covering the surface, that its line element becomes:

di? = @) (di? + di?) (2.2)

where e?@9) is called (spatial) conformal factor, a function describing the surface’s
local geometry. In these coordinates, the full spacetime metric becomes quite
simple:

1 0 0
9 (@) = [0 —e2@D 0 , (2.3)
0 0 —e20(@9)

where ¢* = (t, %, 7). Obviously, it is more confident to work within the coordinate
frame (¢, Z, §) rather than (¢, x,y), because there is only one unspecified function
o (in comparision to the latter case where there are four unknown functions g;;).

Another useful coordinate frame Q* = (T, X,Y") is where the metric tensor is
explicitly conformally flat:

10 O
9uw(Q) =D 10 -1 0 |. (2.4)
0 0 -1

The matrix also fixes our signature.

While the metric tensor in the coordinate frame Q" is conformally flat
by definition, conformal flatness of is not guaranteed. Therefore, we expect
that the function ¢ in (2.3 cannot be chosen arbitrary.

The necessary and sufficient condition for a spacetime of dimension n = 3 to
be conformally flat is that its Cotton tensor (see e.g. [6], [12]):

C" = e""N,R) + (1 <> v) (2.5)
vanishes:

C, = 0. (2.6)

13



It is worth mentioning that it is the Cotton tensor C,, rather than the Weyl
tensor Cu0, (e.g. [13]):

(Rupgvo — RuoGup + RuoGup — RupGpo)

1
+ )R (guggup - gupQW) )

(n—1)(n—2
which must vanish. The Weyl tensor, for n > 4, vanishes if and only if the space-
time is conformally flat. However, it vanishes identically for n = 3 and thus loses
its practical applicability to test the spacetime on conformal flatness. Then we
must use the Cotton tensor instead of the Weyl tensor [12].

1
Cuvop = Ruvop + n_2
(2.7)

We shall see in a moment that the Cotton tensor computed for the metric
tensor g,,(¢) (2.3) vanishes only if a spacetime has constant Ricci curvature
R®). This constraints 3, because not every conformally flat spacetime must have
constant Ricci curvature.

Let us notice that in the metric tensor the curvature can only be carried
by a surface because time is flat. Therefore, the Ricci scalar R®) of the surface
must be constant. Now, it is simple to see that:

R® — _R® (2.8)

where the additional minus sign follows from the metric’s signature. This can be
verified by straightforward mechanical calculation, see e.g. [6].

Finally, it will turn out that ¢ must be a solution of the Liouwville equation
[6], [14], a famous equation of mathematical physics (see below, (2.18)).

Before we compute the Cotton tensor C,, for (2.3), let us compute the
Christoffel symbols, components of the Riemann and Ricci tensors and the Ricci
scalar. The only non-trivial independent Christoffel symbols are:

[y =T, = —T'y = ds0, (2.9a)

From that it follows that only two non-trivial components of the Riemann and
the Ricci curvature tensors are:

Ry = R'y, = —Ap g0 = R'y15 = Ro, (2.10)
where A g) = 03 + 02, 0z = 0/, 05 = 9/0y.
During the computation, we assumed that:
[0z, 050 = 0. (2.11)
Thanks to that the following components of the Ricci tensor:
Riy = — Ry = [0z, 05]0 (2.12)

becomes zero. This is important to stress, because the interchangeability of order
of derivatives is not always granted when singularities are taken into considera-
tions, see [I5], [16]. It is usual to condider the following integrability conditions
[15]:

[0 00) 9op = 0, [0, 0,]T7,, = 0. (2.13)
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Finally, the Ricci scalar reads as:
R® =2e7% Ay 50 (2.14)

We are now in the right position to compute the Cotton tensor. It has only
two non-trivial independent components:

C% ="'V,R) + €V Ry, (2.15a)
C% ="'V, R? + 2V R2. (2.15b)

As we already know, the Cotton tensor has to vanish whether spacetime should

be conformally flat. From (2.6 and (2.15)) follows:

aiA(:g,g)O' - ZaiO'A(@g)O' = O, (216&)

The direct consequence of this is that the scalar curvature (2.14)) must be constant:

(%R(g) = 26_20 [@;A(f,g)a - 2850'A(5;7g)0'} = 0, (217&)
agR(B) == 26_20 [agA(¢’~)O' — 283;0A(53,g)0] =0. (217b)

Since R®) = —R® then R? is constant too, and so is K = R? /2, the Gaussian
curvature. (2.14) can be rewritten as:

A go = —Ke*, (2.18)

that is the celebrated Liouville equation for o(Z,q) [14].
It is also usual to find the Liouville equation in the following form:

Ay Ino(7,9) = —K¢*(2,9), (2.19)

where we defined ¢ = e°.

Solving the Liouville equation (2.18)) or (2.19), we obtain spatial conformal
factors such that the associated spacetimes IR x M? are conformally flat.

For K = 0, the Liouville equation reduces to the Laplace equation:

A(@g)()’ = O, (220)

whose solutions are the harmonic functions [I7]. They represent a local geometry
of surfaces with zero Gaussian curvature.

For K # 0, Liouville found the general solution of his equation (2.19)) [14]:

o(z7) = T
2 IRTE TR

where z = Z+1i7, f(z) is a meromorhic function, with at most simple poles, which
satisfies f" = df /dz # 0 for all zs in a simply connected domain. The function
f represents a "degree of freedom” - it specifies the solution of the Liouville
equation. If K > 0, then one chooses '+ and the solution is a conformal factor

(2.21)
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describing local geometry of a surface with positive constant Gaussian curvature,
and vice versa for K < 0.

Although we shall deal with specific os in chapter [3, dedicated to surfaces of
constant K, we shall not need to use this result. Therefore, we shall not derive it
in this thesis and we just recommend the reference where the proof can be found,
see the Liouville’s original paper [14].

Before we start studying the surfaces of constant K, let us come back to
the function ¥ and to the metric tensor . Since the Gaussian curvature
is constant, > cannot be arbitrary, but fulfills an analogous equation to (2.18]).
Let us rederive this constrain [I8]. We start by computing the Ricci scalar R®)
in terms of ¥, in the coordinates (7, X,Y’). Denoting the partial derivatives as
0o = 0p = 0/0T, 0, = 0x = 0/0X, 0y = 0y = 0/9Y, the only independent
Christoffel symbols are:

FO00 = Fon = F022 = Flm = F2[)2 = 02, (2.22a)
[ =Tl =Ty = —Tyy = T%, = A3, (2.22Dh)
10, =T, =T%,=-TI?%, =TI?%, = (2.22¢)

The relevant components of the Ricci tensor are:

Roo = (—20¢ + 07 + 33) S + (01%)° + (825)°, (2.23a)
Riy = (05 =200 — ) =+ (0%)" - (:%)”, (2.23b)
Ry = (83 — 0 — 283) 2+ (802)2 - (812)2 . (2.23¢)
The Ricci scalar is:

RB) — 2% (Roo — Ry — Ra) . (2.24)

From (2.23) and (2.24) along with R®) = —R® = —2K_ it follows:

1 1

OY = —50.50"% + 5 Ke™, (2.25)

where O = 92 — 92 — 02 and 9,20°% = (%) — (0, X)* — (8,X)*. We shall refer
to the equation ([2.25)) as the modified Liouville equation of the first form.
In [I8] the authors found the following solutions of (2.25)):

1. T?-X?-Y?

2K<0(T, X, Y) = —§ In 5 y (226&)
T
7% - X?—Y?
EK:()(T, X, Y) =—In 5 5 (226b)
&

where the subscript of ¥ indicates that the solution holds for constant nega-
tive/zero K, r = v/—K is the constant radius of curvature and c is a constant,
required for dimensional reasons.

Since the authors found more suitable to work within the light cone, the case
K > 0 was not considered, so the solution:

1. X2+Y2-T?
EK>Q(T,X,Y):—§1H +

(2.27)

)
7.2
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where r = /K. We shall see that we have a good reason to work in outer region
of the light cone. For instance, this is the case of the Rindler spacetime (a wedge
of the Minkowski spacetime; for a short review, see e.g. [19]).

The relation between Y and o or the coordinate transformations T'(t, Z,¥),
X(t,z,9) and Y (t,Z,7) were unfounded in the mentioned literature, too. This
we shall face in chapter

We shall show that there are many more solutions than . We shall also
discuss the solutions for K > 0.

Let us just state that all of this is potentially interesting for graphene physics,
see [18],[7] or a short review [20)].
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3. Surfaces of constant K

In this chapter, we introduce surfaces of constant K and put emphasis on de-
scription of their geometry and singularities (cusps, boundaries). We start with
the surfaces of K = 0 and emphasize case of the cone, because it is locally flat
everywhere except for its tip, where the curvature is infinite (conical singularity).
We then move to the surfaces of constant K # 0. While there are three types
of surfaces of K > 0, there is an infinite number of surfaces of constant K < 0,
differing by their topologies ([7], [21]). In the latter case, we focus mainly, but
not only, on surfaces of revolution.

We managed to contribute by original results. We found isothermal coordi-
nates for two particular surfaces of constant K < 0: the elliptic pseudosphere and
the Dini surface. This task is non-trivial considering the fact that any coordinate
transformation leads to a system of non-linear partial differential equations, a
problem difficult to solve in general. To the best of our knowledge, this issue has
remained unresolved in the dedicated literature, see [7], [21], [22], [23], [24], [25].

3.1 Surfaces of K =0

For K = 0, the Liouville equation ({2.18) reduces to the Laplace equation:

Its solutions are the harmonic functions, defined earlier (2.20]) [26].
One solution can be guessed quit easily:

@i/ (3.2)

where ¢ is a real constant which makes the exponent dimensionless. Because we
are interested in real functions, we take real or imaginary part of the complex
exponential function (3.2)):

o(Z,7) = e/ cos Q’ o(z,7) = e¥*sin v (3.3)
c c

Another solution can be found easily when we assume that it is radially symmet-

ric: o(7), 7 = /Z% + 2. The Laplace eq. (3.1)) becomes:

2 10 _
(57 + 2 7t =0 4
The solution of (3.4]) is then:
=2 | ~2
o(@,3) = S, (3.5)

where a, ¢ are real constants. Another example of a harmonic function is:

o(Z,y) = arctan f (3.6)

<
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More harmonic functions can be generated simply by derivatives, e.g.:
A(Q,Q)U =0— agA(j’g)O' = A(i7g)810' = 0, (37)

where we assumed [0z, 0zlc = 0 (see also (2.11)). So if ¢ is a harmonic function,
so are 0;z0, Oy0 etc.
Now we show how os are related to local geometry of surfaces of K = 0.
Focusing on (3.5)), the corresponding line element is:
f2(a+1)

~a 2
2 20(2,4) (52 o\ _ (T o 72
di2 = 79 (472 + dif) = (Cadr> + i, (3.8)

where we applied the substitution from cartesian (Z, ) to polar (7, ¢) isothermal

coordinates: T = 7 cos ¢, y = 7sin ¢. Depending on value of a, we obtain different

results. We shall require a € [—1,0]. Then we distinguish the following cases:

1) a# -1

2 ) 252,72 o 1T

dl* = dR 1)*R*d¢”, R= — :
+(a+1) ¢ Gari

(3.9)

2)a=-1
di2 = dR? + 2d¢?, R=cln % (3.10)

where we ignored a constant of integration in the case 1), computing R, and b is
a constant of integration.
Obviously, the line element (3.9) coincides with the line element of a plane if
a=0:
di* = d)\* + \?d¢?, (3.11)

or a cone if a € (—1,0):
dI* = d)\? + (sin a)® X\2dg?, (3.12)

where A € [0, +00), ¢ € [0, 2m).

In the case of a plane, the coordinates (A, ¢) are standard polar coordinates.
In the case of a cone, the coordinates are defined by the plot|3.1|(a). The non-zero
angle 2« is the apex angle of the cone and for a = 7/2, the cone becomes a plane.

For a = —1, the line element coincides with the line element of a
cylinder:

di? = d\? + p*d¢?, (3.13)

where p is the radius of the cylinder and A € [0,+00), ¢ € [0,27). (X, ¢) is a
cylindrical coordinate system, see the plot (b).

The cone is an interesting example because it has zero Gaussian curvature ev-
erywhere except for its apex. This singularity is unremovable by a coordinate
transformation (on the other hand, the circle boundary can be removed by the
assumption of infinite cone). The singularity is called the conical singularity and
we describe the method of calculating its scalar curvature in the Appendix [A]
Here, we present the final result [27]:

R = 4n(1 —sina)dP(N). (3.14)

This result is consistent with our intuition: the curvature is non-zero everywhere,
except for a single point, the apex, where the curvature is infinite.
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(a) Cone (b) Cylinder

Figure 3.1: Coordinates (A, ¢) for the cone and the cylinder

3.2 Surfaces of revolution with K # 0

A surface of revolution is a surface (in the Euclidean space of dimension three)
created by rotating a curve around an axis of rotation. All surfaces (both of
constant or nonconstant i) can be parametrized as (e.g. [7], [22]):

z(u,v) = R(u)cosv, y(u,v) = R(u)sinv, z(u) = i—/u /1 — R?(u)du, (3.15)

where x,y, z denotes the Euclidean coordinates, v € [0, 27) is angular coordinate
and u is meridian coordinate, whose range is determinated by the condition:
1— R?*(u) >0, (3.16)

where R'(u) = dR(u)/du. R(u) is a function specific for particular surface of
revolutiorﬂ The parametirization (3.15) is also refered to as the ”canonical

parametrization” [T].
With respect to the coordinates (u,v), the line element has a simple form:

di* = du® + R*(u)dv®. (3.17)

Let us compute the Gaussian curvature in these coordinates. The only non-trivial
independent Christoffel symbols are:

R/
1—‘122 = —RI, 1ﬂ212 = R’ (3.18)
which gives:
R//
From that follows a simple relation for K = R®) /2:
R//
— = _K. 3.20
- (320)

To find solutions of (3.20) we must distinguish (a) K > 0 and (b) K < 0.

1Since we deal with surfaces of constant curvature, hence we shall not have, e.g., R(2)(u),
this notation is tenable.
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Case (a): K >0

Denoting with 7 the radius of the constant Gaussian curvature, K = 1/r* > 0,
the solution of (|3.20)) is:

R(u) = ccos <% + b) : (3.21)

where b, ¢ are constants of integration. Without loss of generality, we can choose
b= 0 and ¢ > 0, so that the maximum value of R corresponds to u = 0. Looking
at (3.16)), it becomes clear that the ratio ¢/r determinates the range of the wu-
coordinate, and at the same time the shape of the corresponding surface:

1) When ¢ = r, we have the Sphere, with u/r € [—m/2,7/2].
2) When ¢ > r, we have the Bulge, with u/r € [— arcsin(r/c), arcsin(r/c)].
3) When ¢ < r, we have the Spindle, with u/r € [—7/2,7/2].

The sphere does not possess any singularity, the Bulge surface has two circles as
boundaries, and the Spindle surface has two cusps, see (a), (b), (c), respec-
tively.

(a) Sphere (b) Bulge

(c) Spindle

Figure 3.2: Surfaces of constant K > 0; Figures are taken from [2§].

Let us note that the last two surfaces can be reduced to the sphere by a simple
coordinate redefinition:

v o= Ev, (3.22)
with which the line element ([3.17)):
2 —
di* = du® + R*(u)dv® = du® + (R(u)g) dv® = du® + R*(u)dv?, (3.23)
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where R(u) = R(u)r/c = rcos (u/r) , is the one of the sphere (¢ = r) and we can
enjoy the full range of u-coordinates, i.e. the circle boundaries or cusps, discussed
before, are absent.

Of course, if v € [0,27), then v € [0,27¢/r) and the surface is just a part
of the sphere (for ¢ < r), or, conversely, is larger in the sense that possesses
self-intersections (for ¢ > r). These singularities can be avoided when we require
v € [0,2m).

Although the singularities of the Bulge and Spindle surfaces can be removed by
the coordinate redefinition (obtaining the sphere), they are all different surfaces
in laboratory. See, e.g., [28] for possible applications.

We are also interested in finding the spatial conformal factors and isothermal
coordinates (Z, 7). It is easy to find (see also [7]):

2

P = ——— (i + dif? 3.24
oty (4 + ). (3.24)
with
cv 2 u
T — — ~:1 1 T ——— :1 —. 2
I=— 9 n( +cot(u/2r)—1>’ o(u) ncos (3.25)

As in the case of the cone, we should bear in mind that ¢ should be properly
defined. It means that o(u,0) = o(u, 27), where the coordinate points [u,v = 0]
and [u,v = 27] correspond to the same point on the manifold. Otherwise, such
ambiguity is unpleasent when we wish to make predictions for global geometry.
Fortunately, this is not the case for surfaces of K > 0 - ¢ depends only on the
u-coordinate, i.e. o respects rotational symmetry.

Nonetheless, there is subtle point with this o. Obviously, it diverges for
u — £ /2. This divergence cannot be clearly connected with singular points of
the surface (also called the essential singularites). For example, the sphere has
no singular points; in the case of the Bulge surface, the values u = +m/2 are even
not in the domain of o.

Case (b): K <0
For K = —1/r* < 0, the solution of ([3.20)) is:

R(u) = ¢; sinh Yy ¢y cosh E, (3.26)
r r

where ¢; and ¢, are constants of integration. The three different pseudospheres
are given by:

1) ¢ =c1 = ¢, ufr € (—o0,In(r/c)] (Beltrami);

2) c=cy, =0,
u/r € [—arccosh ( 1+ (r/c)Q) , arccosh ( 1+ (r/c)2)] (Hyperbolic);

3) ¢ =¢y, o =0, u/r € [0,arcsinh cot ], where ¢ = rsin 8 (Elliptic).

The Beltrami pseudosphere is an infinite surface with a circle of radius r as a
boundary at umayx, see the fig. [3.3| (a). The Hyperbolic pseudosphere is a finite
surface with two circles of radii v/¢? + r? as its boundaries at £uy.y, see the fig.
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(a) Beltrami

(b) Hyperbolic (¢) Elliptic

Figure 3.3: Pseudospheres; Figures are taken from [2§].

(b). The Elliptic pseudosphere is also a finite surface, has an apex at Uy, = 0
and a circle as a boundary at umayx, see the fig. [3.3] (c).

In constrast to the surfaces of K > 0, these singularities are unremovable
by any coordinate redefinition. This is the consequence of the famous Hilbert
theorem 23], which establishes:

"There exists no analytical complete surface of constant negative Gaussian
curvature in the Fuclidean space of dimension three.”

A 7complete surface” is a surface which does not possess essential singularities
(e.g. cusps).

The surfaces with constant K < 0 are closely related to hyperbolic (also
called ” Lobachevsky”) geometry. Because of that they are also called Lobachevsky
surfaces. We shall not delve into details about Lobachevsky geometry, rather we
shall recommend relevant literature, see [23], [24], [25]. Still, let us say a few
words.

Hyperbolic geometry differs from Euclidean geometry for the fifth (”paral-
lel”) postulate: two different parallels can pass through the same point. All
these straight lines (geodesics) then lie in the Lobachevky plane (analogue of the
"Euclidean plane”). In the Lobachevsky plane, some basic facts, known from Eu-
clidean geometry, do not apply. For instance, the sum of the angles in a triangle
is less than 7. Another useful concept is the horocycle: a curve whose normals
all converge asymptotically in the same direction, its center. The area delimited
by the horocycle and some of two its normals is called the horocycle sector [23].
This sector can be immersed into the Euclidean space; particular example of the
horocycle sector and the surface, created from this immersion, is depicted in the
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fig. It is the Beltrami pseudosphere.

We work within the Poincaré upper half-plane model {(Z,7)|g > 0}, where
(Z, ) are called isothermal coordinates. The straight lines in the hyperbolic plane
are represented in this model by circular arcs perpendicular to the Z-axis (half-
circles whose origin is on the Z-axis) and straight vertical rays perpendicular to
the Z-axis [29], [30].

The Poincaré upper-half-plane model is equipped with the Poincaré metric

tensor [23], [30]:
2
r - -
di? = = (di® + di*) . (3.27)

The Lobachevsky surfaces are covered by isothermal coordinates (Z,y) and their

local geometry is (3.27)).

L _F\Urelo,2m] Es;‘{,_

NSin ﬂf::.z
bo‘wt?l’dmy

o

—~—

?C,EO Xz 2w/ %

Figure 3.4: Horocycle sector and the Beltrami pseudosphere. ns are normals on
the horocycle. Fig. is taken from [7], [31].

Now, we would like to find the coordinate transformation from (u,v), with
the line element in the form (3.17)) and (3.26)), to (Z,y), with line element in the

form (3.27)), for all pseudospheres.
The Beltrami pseudosphere is obtained with the transformation:

F=cv, §=re " (3.28)
For the Hyperbolic pseudosphere, the transformation is not that simple [7]:

1
cosh & ’

cv/r

u

i=re?/"tanh —, §=re (3.29)
r

To the best of our knowledge, isothermal coordinates for the Elliptic pseudosphere

found in the literature do not have an attractive form [7]. Here, we found a clear

and attractive form of such coordinates, given by:

sinh  cos £ 1

J . 3.30
@ YT 0sh @ — sinh “sin @ (3:30)
T T s T

r=r - -
cosh % — sinh % sin

24



How we managed to find these coordinates will become clear later, when we
shall discuss coordinate transformations in order to find isothermal coordinates
(T, X,Y) for the corresponding IR x M? spacetimes, see (4.44]).

The spatial conformal factors for the Beltrami, Hyperbolic and Elliptic pseu-
dospheres are following;:

oplu) = 2, (3.31a)
r
og(u,v) = L (COSh u> , (3.31b)
r r
op(u,v) =1In (cosh % _ sinh “sin CU) , (3.31c)
r r r

respectively. Obviously, op is well defined and becomes singular as u — —oo and
is finite on its boundary. On the other hand, last two os are not properly defined:

0E7H(u,0) # O'E’H(u, 271') (332)
For the case of the Hyperbolic pseudosphere it is obvious. For the Elliptic pseu-

dosphere, it is because of ¢/r < 1 and sin < in (3.31]). For this reason, we cannot
easily draw conclusions about the global geometry of surfaces.

3.3 Other surfaces of constant K < (

As we said earlier, there is an infinite number of surfaces of constant K < 0.
Besides the previous three examples, we would like to make a comment on other
examples, particularly: the Dini, the Kuen and the Breather surfaces.

In the case of the Dini surface, we found isothermal coordinates with a well-
behaved conformal factor. This surface represents a sort of generalization of the
Beltrami pseudosphere: it depends on two real parameters a,b, with curvature
radius 7 = va? + 0%, and for b vanishing it reduces to the Beltrami pseudosphere
with a = r = ¢, see (3.29).

In the case of the last two examples, we present their parametrizations and
plots.

3.3.1 Dini surface

The Dini surface can be parametrized in the following way [32]:
U
r =asinucosv, y =asinusinv, z=a |cosu -+ 1ntan§ + b, (3.33)

where u € [0,7/2), v € [0,27) and a,b are real parameters discussed above.
These coordinates are also refered to as the ”canonical parametrization”.

In order to find isothermal coordiates, we assume the following substitution
p = Insin u, which leads to:

di* = (a262p + b2) dv? + a*dp* + 2abV'1 — e2rdpdo. (3.34)
In isothermal coordinates, the line element takes the form:
a2+ b, B
di? = 7 (di® + dif?) (3.35)
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Both (3.34)) and (3.35]) lead to a system of non-linear partial differential equations:

N N A A
a’e® +b* = a4 ;; (6:5) + ((.;Z) ) (3.36)
22 [or\2 (07)\°]
2=2 ; (5;) + (ai) , (3.37)
2412 [050F  0§o7]
VI—eze = LT \OTOT, GYOY .
ab e 7 |ovop + B0 dp (3.38)

We shall solve the (3.36)-(3.38]) by the following Ansatz:
T =h(v)gi(p) + ¢, §=h(v)ga(p), (3.39)

where c is a constant. We shall omit the detailed, lengthy ’step by step’ calculation
and present just the result:

a? bt a2 + b? [ a? + b2
g1(p) = b2\/1 - gmﬂ(ﬂ)a g2(p) = mg(:o), (3.40)

Va2 + b% ayv'1—e?r b
g(p) = exp [a2 arctanh W - arctanh (\/ 1— eQP) , (3.41)
b2

h(v) = exp (GQU> , c=—a’/b. (3.42)

From (|3.40) it follows the condition:
9 b
er > ——+ -+ —. (3.43)

The right-hand side is negative for b/a € (O, V5 ;) ~ (0,0.786). For b/a in

2
this range, it holds p € (—o0,0], i.e. u € [0,7/2). For b/a larger than ? -3,

Pmin Should be larger than —oo provided that these isothermal coordinates cover
the whole surface. However, pn;, = —o0, so the coordinates do not.
The limit b/a — 0 reproduces the Beltrami pseudosphere with:

T=v, g=e’ a=r=c¢ vel02n), pec(—o0,0. (3.44)

In constrast to (3.28), (3.39) and (3.44)) are dimensionless coordinates. Of course,
the coordinates can be redefined as:

T=vVa?+ b (h(v)g1(p) +¢),5=Va>+ b>h(v)ga(p). (3.45)

This becomes necessary when we wish to write the conformal factor:

1a%e® +b* b2 Vva? + b? av1l—e? a
o = 5@274—[)2 + ? ('U + T arctanh W — E arctanh V 1—e2r].
(3.46)

Althought the conformal factor (3.46)) does depend on v (azimuthal angle), it is
still well-defined: no multivalueness is present, because the Dini surface is not
rotational symmetric, but it is like a helix, see (3.5)).
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(b)a=1,b=0.1

Figure 3.5: Dini surface

3.3.2 Kuen and Breather surfaces
The canonical parametrization for the Kuen surface is:

sin v cos v sinusin v
2 2

r=a

a v
112 1. 1.2q; ’
2+2vsmu 2+2vsmu

_ sinusinv sin u cos v
y_a%-i—%vzsirﬁu_a%-l—%vzsin%tv?
cosu It U
Z=a m—l— n an§ ,

(3.47)

(3.48)

(3.49)

where u € [0,27), v € [0,7) and a stands for the curvature radius [33], [25].

Figure 3.6: Kuen surface
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The canonical parametrization for the Breather surface is:

2y/1 — b? cosh bu (—\/1 — b2 cos v cos (\/1 - b%) —sinvsin(yv/1 — bzv))

T b {(1 — 12) cosh? bu, + b2 sin%ﬂv}} 7
(3.50)
B 2mcosh bu ( V1 —b%sinv cos (mv) + cosw sin(\/l—ib%))
v [ (1 — b2) cosh® bu + b% sin (\/WU)} ’
(3.51)
o 2(1 — b%) cosh bu sinh bu (3.52)

b {(1 — 12) cosh? bu, + b2 sin?(v/1 — bzv)} 7

where u € (—o00,+00), v € (—00,+00), a € (0,1). The Gaussian curvature is:
= —1, so independent on a [25] [25].
Let us add one more observation. Firstly, let us shift the u-coordinate for the
Kuen surface as v — u + 7/2, which symmetrizes its u-range: u € [—m/2,7/2].
If the u-coordinate is from a vicinity of zero, it holds:

COS v sin v
r=a|1T—35+ 1T 31 v), (3.53)

<2+2U2 3 T 3v?

sin v COS vV
yza(l e —— v), (3.54)

3 t3v? gt

U

z=alu—+———1. 3.55
( ;+;v2> (3:39)

Then, for the breather surface, we define e: b = 1 — ¢, and make a limit
e — 07, Again, if the u-coordinate is from a vicinity of zero, the surface satisfies:

Ccos v sin v
T = + v, 3.56
A (8:56)

sin v COS v
Y=1T 715371 ,12Y (3.57)

s TVt gt
U

Z2=U— —F. 3.58
%_|_ %"UZ ( )

The comparison (3.53))-(3.55) and (3.56))-(3.58|) suggests that both surfaces coin-

cide with each other (in prescribed limits).
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4. Spacetimes R x M?

In this Chapter, we focus our attention on the spacetimes IR x M?, defined earlier
in chapter 2] Our goals can be summarized as follows: We shall investigate the
modified Liouville equation and search for new solutions, see and .
Next, we shall make the effort to find the explicit coordinate transformation from
(t,z,9) to (T, X,Y):

7n2

ds* = dt* — — (di® + dj*) = T (d1? —dX? - dY?),  (41)
J

to obtain the functions:
T(t,7,9), X(t,%,9), Y(t,7,9), X(t7,7). (4.2)

We have already found that coordinate transformation can be a difficult task,
since it leads to a system of non-linear partial differential equations (N-PDE).
The task to find was faced and partially solved in [7]: the authors found
for one particular example - the Elliptic pseudosphere:

T = re'/" cosh E, X = re¥" sinh < cos g, Y = ret/" sinh & sin g, (4.3a)
r r r r r
1. T?—-X?2-Y?
Sp(1,X,Y) = =5 In = , (4.3b)
t
Yge(t) = —-. (4.3c)
r

We managed to generalize this result to all surfaces of K = —1/r? with
the same conformal factor (4.3¢). We have even found another set of functions
for K = —1/r?, with different (7, X,Y), see (#.24). They can be useful
for further work in the context of [7] and [18], for instance. We also discuss
for K = 0 and K > 0. The latter case was considered unsolved, see [7], but
was already found by Roger Penrose himself during the 1960s when he worked
on the method of compactification of spacetimes (we recommend [I3]). For the
case K = 0, we recall the results from [18].

4.1 Conformal factors Xs

The modified Liouville equation of the first form (2.25)):

1 1
OY = —50,50"S + §K€2E, (4.4)
can be rewritten as: K
o0f =35 (4.5)
where
f=ev2 (4.6)

We must keep in mind that f > 0, with f = 0 if and only if ¥ — —oco0. We shall
refer to (4.5)) as the modified Liouville equation of the second form.
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Case K =0
For K =0, becomes the wave equation:
af=0. (4.7)
Considering the following initial conditions:
10,Q) = 91(@), fr(0,Q) = g2(Q), (4.8)

where @ = (X,Y), T > 0 and f7(0,Q) = 87f(T, Q)|r—o, the general solution of
the 2-dimensional wave equation (4.7)) can be found as [34],[35]:

-1 Tg(P) + T%go(P) + TV g1 (P) - (P — Q)
f(T; Q) - 27Tt2 /B(T,Q) \/T2 _ |P» — C—j|2

where P = (X,Y), dP = dXdY and B(T, Q) is a disk of radius 7" about Q,
whose area is |B(T, Q)| = nT?.
Let us introduce a few particular examples of (4.9)):

dP,  (4.9)

f=sin(T —kxX —kyY), (4.10a)

f=sin(kxX +kY —-T), (4.10b)
2 1/2

f= <T2 —~7 = Y2> , (4.10c)

2 1/2

= 4.10d

d (—T2+X2+Y2> ’ ( )

where k% + k% = 1 and c is a real constant. Notice that (4.10c|) corresponds to:
T? — X% - Y?

Y= —In S (4.11)

¢

which was found and presented as the only solution in .

Once we find the function f(7), @), we must focus on the ranges of X,Y such
that f > 0. They are, in general, time dependent.

Let us find another solution: we consider the following Ansatz:

f(T,R) = g(T)h(R), (4.12)
where R = v/ X2+ Y2, Then (4.7) becomes:
1

0Fgh — goxh — EgaRh =0, (4.13)

which can be adjusted to:

g  O2h  10gh
Y TR S (4.14)

where ¢, is a real constant. We managed to find two equations, each for one
function. The solutions of these equations then depend on the sign of ¢;. Notice
that the equation for h(R) is actually the Bessel equation:

R?0%h + ROgh — c;hR* = 0, (4.15)
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whose solutions are the Bessel functions.
We can have three cases:

for ¢; > 0: g(T) = eVeT | h(R) = kyJo(ir/c1R) + ko Yo(—in/e1 R), (4.16a)

for c; < 0: g(T) = cosin(y/|c1|T + ¢), h(R) = k1Jo(y/|c1|R) + k2Yo(y/|c1| R),
(4.16b)

forc; =0: g(T) = 3T + ¢4, M(R) = k1 1In (kaR) . (4.16¢)

where Jy and Yj are examples of the Bessel functions [36]. The Bessel functions
of the first and second kind are, respectively:

X (=1)F(z/2)x 2k Jo(2) cos(am) — J_q(2)

‘]Of - ) Ya == . P 417
(@) kz::() El(a+k+1) (@) sin(a) (4.17)
where « is a real parameter. For a = p to be an integer, (4.17) becomes:

Jp(z) = Jo(x), Y,(x) = lm Y, (). (4.18)

a—p

Next, the conformal factor can also depend only on one spatial and time coor-
dinate: f(7T,X). In this case, (4.7) reduces to the 1-dimensional wave equation.
Its general solution is the d’Alembert’s formula [35]:

FTX) = Lo (X ~T) (X445 [ p©de (419

X-T

We can also assume that f does not depend on time T, so the wave equation
reduces to the Laplace equation:

Axyyf=0. (4.20)

The solutions of the Laplace equation are the harmonic functions, which we have
already discussed, see (|3.1)).

Case K #0

Depending on the sign of K, we found the following solutions:

H)K=1/r*>0
r? i 1 X24+Y2-T?
_ __4 421
/ <X2+Y2—T2> o B=—gh r? ’ (4:21a)
rz o\ 1 T2 X2
2\ 1 T —y?
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2) K=-1/r* <0

f= ( ; Y2>1/4, > = —; = ):22 - (4.22a)
f_< ) : 2_—;1HX2;T2, (4.22D)
f= <Y2 ) , T = —;ln YQT_QTQ (4.22¢)
f= ( +Y2> , = —;ln XQ;YQ (4.22d)

Let us recall that the solution (4.22a]) was found in [I8]. Later on, we shall add
one more solution for K > 0 and the explicit coordinate transformation, which
leads to it, see . This solution was found in [37], but also by Penrose, see
[13].

Perhaps, we could find more solutions. However, we showed that there are
more solutions of the modified Liouville equation of the first form than
just found in [18]. Each of them should correspond to particular solution of the
coordinate transformation (4.2)).

Finally, we must care about the ranges of X, Y, since f > 0. The next step
is to find the explicit coordinate transformation and link ¥s to particular
spacetimes IR x M?.

4.2 Coordinate transformations for K < 0

We start with K < 0 and look for the explicit coordinate transformation from
(T, X,Y) to (t,Z,9).

1st Attempt
In the coordinates (t,Z,7), the spacetime interval can be rewritten as:
2
ds® = — ( =dt* — di* — dgf)
g2 \r

2
= —dsR,

(4.23)

where R stands for "Rindler”. Tt was shown in [7] that ds% is the line element of
the Rindler spacetime (i.e. the right or the left wedge of the Minkowski spacetime,
where an accelerated Rindler observer moves). For a review, we recommend e.g.
[19]. What is missing in [7] is the explicit coordinate transformation (4.2]), which
is the following:

t t
T =gsinh—, Y =gcosh—, X =1z, (4.24a)
r r
y(T,Y 1. Y2712
YrooT,Y)=0(@(T,Y)) = —IHM =-3 In——>—. (4.24b)
r r
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Both Yk .g and o are the same function. Let us recall here the local conformal

factors of the three pseudospheres (3.31)):

op(u) = %

)l

og(u,v) = —% +1In (cosh 2) , (4.25)

uo . u ., cv
og(u,v) =1In (cosh — — sinh — sin > :
r r r

As we have already discussed, the last two factors suffer from the ambiguity
(multivalueness):

onp(u,0) # op p(u,2m). (4.26)

This limits our ability to discuss global geometry. Because of this reason, it seems
plausible to apply this transformation only on the Beltrami pseudosphere, see the

fig. (3.3), and the Dini surface, see the fig. (3.5)).
Notice that there is another straighforward way how to obtain the same re-

sult (4.24)) especially for the spacetime associated to the Beltrami pseudosphere
IR x M%. We start with its spacetime interval:

1
ds% = dt* — du® — Pe*"dv? = dzdw — ———dv?, (4.27)

Ry Tp——
where we used z =t +u, w =t —u. Applying z = —rln(p/r), w = rln(q/r), the
line element becomes:

2
pg
Finally, p=Y —T,q=Y + T, X = cv leads to:

2 _
dsp =

{—dpdq —d (cv)ﬂ : (4.28)

T2

2 2 2 2
dsh = o5 —m (d7? — dx* - dy?), (4.29)

which makes the conformal factor evident:

1. Y217

p(1,Y) = =3I ——, (4.30a)
Sp(u) = © (4.30D)
r
Then, the coordinates transformation from (7, X,Y") to (¢, u,v) is:
—u/r ; t —u/r t
T=re " sinh—, Y =re " cosh—, X =cv. (4.31)

r T

Obviously, such ¥ differs from the one in (4.3)). This will be found by the explicit
coordinate transformation in what follows.
2nd Attempt

Here, we would like to find the explicit coordinate transformation from (¢, Z, ) to
(T, X,Y), with the global conformal factor ¥y in (2.26). We shall start with
one particular example, the spacetime associated to the Hyperbolic pseudosphere,
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IR x M2, and treat it similarly as we did IR x M?% above. We shall discover that
the same procedure leads to the conformal factor we are looking for. Then we
shall find the generalization for all Lobachevsky surfaces.

The spacetime interval of IR x My,? is:

ds? = dt* — du® — ¢ cosh? Yav? = dedw — (ez/r + e“’/r)Q dv?  (4.32)
r

4€z/rew/r
where z = t+u, w = t —u. The next substitution is: z = r1In(p/r), w = rln(q/7),
from which follows:

r? 1 cv\?
ash =1 [dpdq L b+a)’d (r) ] | (4.33)

Applying p=T+ Xy, q=T — Xy, 0 = cv/r, the previous result can be written

as:
2

,
2 _
dsy = =

2 2 2 2
X (dT? — dX}, — T%d6?). (4.34)

Finally, we apply Ty = T cosh 6, Yy = T sinh § and obtain:

2

2 _ r 2 av2 2
ds® = XTI (dT7 — dXF, — dY) (4.35)
which gives for the conformal factor:
1, T?2 - X% - Y7
Su(Tw, Xg,Ya) = —iln & f =3 (4.36a)
T
t
Yu(t) = —-—. (4.36b)
T

The final coordinate transformation is:

U cv u .. cv U
Ty = ret/” cosh — cosh —, Yy = ret/” cosh — sinh —, Xy = ret/” sinh —.
r r r r r

(4.37)
This can be generalized to all Lobachevsky surfaces in the straighforward way:.
Let us remind isothermal coordinates corresponding to the Hyperbolic pseudo-

sphere ((3.29)):
1

cv/r
cosh 2’

u
g =e”/Ttanh —, Gy =e (4.38)
r
where isothermal coordinates are dimensionless.
When we replace (u, v), denoting here the coordinates covering the Hyperbolic

pseudosphere, by (Zy,7g) in (4.37)), using (4.38)), we obtain:

R k)

Y :7n€t/r$H+?/H—17 XH:Tet/T:f—H
2Yyn

, Yy -
29y Y

Ty =1 L (4.39)

Then the spacetime interval ds% can be written in the following forms:

2
20 (AT — dX3 — dYE) = di* — du® — ¢ cosh? %dzﬂ = dt* - ;2 (diy; + diy) -
H

(4.40)
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This can be generalized to all Lobachevsky surfaces in very natural way. It is
simple to consider (or show directly) that:

#2124 7212 .
T — reww7 y — ret/r%’ X =ret/T. (4.41)
2y 2y y
leads to the following transformation of the spacetime interval:
2
K< (AT? — dX? — dY?) = dt* — = (di® + dif?) | (4.42)
Y
with the conformal factor same as (4.3]) and (4.36]):
1, T?— X2—Y?
Exco(T, X,Y) = =3 In ~ , (4.43a)
r
t
Yk<o(t) = - (4.43b)

This conformal factor is properly defined in the sense that its value does
not change replacing v =0 — v = 27.

Finally, let us state that we can find the global isothermal coordinates for the
spacetime associated to the Elliptic pseudosphere, IR x M%, by a direct calcula-

tion, similar to what we did for the Beltrami and the Hyperbolic pseudospheres
above, see (4.27) and (4.32)). This procedure leads to this parametrization:

T = re'’" cosh E, X = re!/"sinh = cos ﬂ’ Y = ret/" sinh = sin & (4.44)
r r r r r
and the same conformal factor as (4.43):
1, T? - X?-Y?
Ye(T,X,Y)=—=1In , (4.45a)
2 T2
t
Yg(t) = —-. (4.45Db)
r

Comparing (4.44)) and (4.41]), we can find the isothermal coordinates for the
Elliptic pseudosphere, as shown in (3.30) and below:

sinh * cos - 1 (4.46)
=r . }
y cosh % — sinh % sin %

T=r - -
cosh ¥ — sinh % sin &’
T T I

4.3 Coordinate transformations for K > 0

The problem to find ¥ for K > 0 and (7, X,Y) as function of (¢,u,v), describing
the spacetime associated to the sphere, Bulge or Spindle surface, was stated
as an open, see e.g. [7]. However, we found that this issue has already been
solved by Penrose in the 1960s [13], and again more recently in [37]. To be more
precise, this global conformal factor ¥~ was not discussed there in the context
of (2+1)-dimensional spacetimes, or even IR x M?. The authors were working in
higher dimensions and focus on the compactification method or the mathematical
cosmology, respectively. But they found the coordinate transformation which
leads to this conformal factor.
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We start by rewriting the spacetime interval in the following form:
U u
ds% = dt* — du® — ¢*sin® —dv® = dt* — du® — r*sin® —dv?, (4.47)
r r

where v = cv/r. This looks like the spacetime interval corresponding to the
sphere.

Then we apply the following substitution:
t—u t+u ; t—u

u
+ rtan , R=rtan
r 2r r r

T = rtan

which transformes the spacetime interval as:
ds? = df? — du? — r?sin® —dv® = 2 (dT? — dR? — R*dv?) (4.49)
r

and the global conformal factor is:

t+u t—u 1( t u) (4.50)

et — cog Cos = — (cos — + cos —
2r 2r 2 r r

4.4 Coordinate transformations for K =0

Finally, for completness, let us show the explicit coordinate transformation from
(t,z,y) to (T, X,Y) [18]. The flat spacetime interval is:

4

ds3,, = K=o (dT? — dX? — dY?) = . dT? — dR* — R*d6?
Sfat € ( ) (T— R)Q(T+ R)g ( R R )
(4.51)
with X = Rcosf, Y = Rsinf. Definingu =T — R, v =T + R, we obtain:
du ,dv ' (v—u)?
2 20U o 2
dsﬂat = C ? ﬁ — u2'U2 Td@ . (452)

Applying z = —c?/u, w = —c*/v we obtain:
1
dsi, . = dzdw — Z(z —w)?do>. (4.53)

From the substitution ¢t = (z + w)/2, r = (z — w)/2, the flatness of spacetime is
obvious:

dsp,. = dt* — dr* — r*db”. (4.54)

Finally, we can apply = rcosf and y = rsinf. Then coordinates transforma-
tion from (¢, z,y) to (T, X,Y) is:

t
X=-t—2 y=-2_Y (455

T:_CQ ) )
t2—$2—y2 t2—$2—y2 t2—$2—y2
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5. Canonical transformations

In this chapter, we discuss the profound differences between the systems described
by quantum mechanics (QM) and those described by quantum field theory (QFT),
mostly referring to the following references: [38], [39] and [40]. The essential
difference lies in the number of degrees of freedom, which these systems have.
For instance, the harmonic oscillator described by one pair of annihilation and
creation operators (a, a'), or equivalently by a pair of canonical coordinates (g, p),
has one degree of freedom. On the other hand, an infinite number of degrees of
freedom is the case of QFT. We can consider a system described by a scalar field
¢, which is in fact a sum of infinite number of oscillators, hence the system is
described by (ag, a%), where k is the momentum:

o(x) = /dENE (age_ikx + a%eim) : (5.1)

where N}, is the normalization, kz = k%2° — k- is the scalar product of two
spacetime vectors: n-momentum vector k# = (k°, k) and n-position vector z* =

(%, ), where ko = \/m?2 + k2. We considered the speed of light ¢ = 1. Notice
that we work in n-dimensional spacetimes, hence dk = d" k.

This difference has far-reaching consequences, which we shall discuss for boson
systems, but the generalization for fermions is straightforward, e.g. [41].

In both QM and QFT, the annihilation and creation operators satisfy the
canonical commutation relations (CCRs):

[a,a) =0 =[a',a'], [a,a]=1, (5.2a)

Lal], [agal] =60 (k- 1), (5.2b)

[a%aﬂ = 0 = [ak‘a i

where n denotes the dimension of the spacetime and we considered h = 1. The
defining property of a, as well as ag, is that it annihilates the vacuum state:

al0) =0, (5.3a)
agl0) =0 VE. (5.3b)
Let us denote the Fock space, the Hilbert space created from repeated use of the

operator al, as H|al:

o0 1 n o
Hla] = cnln);|n) = —= (a') " |0), ci2<oo}. (5.4
o = {Z el = o (@) 00 3l )
The Fock space built from a}, (Vk) will be denoted in the same way H|a).

At this point, the problem of many vacua pops up. We can do a transformation
of states and operators, through a unitary operator U(#), on the Hilbert spaceE]
Hlal:

a— a(f) =U0)aUB) ™, (5.5a)
ap — ag(0p) = U(0)azU0) ", (5.5b)

'From now on, we shall very often mix the "Fock” and ”Hilbert” space, although we shall
mean the same object.

38



which preserves the structure of the CCRs, i.e.:

1, (5.6a)
[ag(6), al(8p) = 6V (k = D), (5.6b)

where 0, as well as 0, is a complex parameter of the transformation. In the case

of QFT, U(#) depends on 6 for VI, Such a transformation on the Hilbert space,
which preserves the structure of the CCRs, is called the canonical transformation
(CT).

One particular example of CT, which we shall study later, is as follows:

af) =a+0, (5.7a)
a,;(@,g) =ap+ 9,;. (5.7b)

It is obvious that |0) is not the vacuum state for o, or ag(6z):

a(6)[0) = ]0), (5.82)
a(07)]0) = 0;0). (5.8b)

We thus define a new vacuum state, denoted same for QM and QFT case, as:

a(0)/0(60)) = 0, (5.98)
z(6)0(8)) = 0V, (5.9b)

where the two vacua are connected via the operator U(f) as:

0(6)) = U(6)[0). (5.10)

Repeated application of the operator of (), or 04]2(9,;) on |0(6)) creates a new
Fock space, which we denote H[a(0)] for both QM and QFT. The Fock space
with 6 = 0 corresponds to H[«(0)] = H|al, i.e. it is the same space.

A CT provides a new representation of the CCRs, which gives a rise to a new
vacuum state and in turn to a new Fock space. However, it turns out that there
is a dramatic difference between QM and QFT.

In QM the new Fock space H[a(0)] is equivalent to H|a|, because the C'T is a
well-defined, proper unitary transformation, that we are free to perform. We say
that the Fock spaces are unitarily equivalent. From this follows that the choice
of the representation of the CCRs is purely a matter of convention and after the
CT we still work within the same Hilbert (physical) space, just with a different
basis. This unitarly equivalence between H[a] and H[«(0)] is the content of the
famous Stone von Neumann theorem (see e.g. [42], [43], [44]) and we shall discuss
two examples.

On the other hand, the two Fock spaces H[a] and H[«(#)] can be orthogonal
to each other in QFT. If the vacua |0) and |0(6)) are such that:

(0jo(9)) =0, (5.11)

the corresponding Fock spaces, built up from these vacua, are othogonal, too.
Then the Fock spaces are said to be unitarly inequivalent and the Stone von Neu-
mann theorem no longer applies. The Fock spaces then represent really different
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physical spaces [39).

In this chapter, we shall not discuss the problem of inequivalent representa-
tions of the CCRs in general, but rather discuss two simple examples: the boson
translation (or the Bogoliubov translation for coherent states, which we have al-
ready met, see ) and the Bogoliubov transformation for two modes squeezed
states. There we shall become familiar with the concept of the unitarily inequiv-
alence of the Hilbert spaces and the relevant computational techniques, useful for
the following.

In what follows of this chapter, we discuss CTs for a classical system of finite
degrees of freedom: (g;, p;)";. Then we move to QM and QFT.

Althought what we discuss in this chapter is well known, it is useful to recollect
those facts here, as this will serve as basis for our when we shall discuss the
quantum Weyl transformation, that is, an example of a canonical transformation.

In the following we shall not use special symbols for operators (e.g., a, etc.),
as it will be clear from the context when a quantity is an operator, and when a
c-number function.

5.1 CT in classical mechanics

In this section, we briefly recall the concept of CT for a classical system de-
scribed by n independend coordinates (qi,...,q,) and n conjugated momenta
(p1,.-.,pn). The key role will be played by the Poisson brackets, invariant under
CTs.

Let us begin with Hamilton’s equations, describing the dynamics of the clas-
sical system:

oOH OH
= o = — 5.12
6=, P 94 (5.12)
where ¢ = 1,...,n and the dot above ¢;, p; denotes the time derivative. They can

be written in more compact way by introducing the new coordinates (1;)?*, such
that:

<q1a <o qny P1s - 7pn) = (7717 co s Tnt 15 - - 777271)‘ (513)
Then Hamilton’s equations become:
oOH
J 87}]’

where J;; are the components of the symplectic matriz J:

S ( Onscn 1) (5.15)

_]-n><n On><'m

where 1,,«,, is the identity matrix with n rows and n columns, 0,,», is the n x n
zero matrix.

Consider a linear transformation from (n;)?", to (&)?",, with the matrix ele-
ments M;; = 0&;/0n;. Then the form of Hamilton’s equations is invariant under
a transformation with M satisfying:

J=MJIM". (5.16)
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Such a transformation is called a canonical transformation. Such transformations
form a group called the symplectic group. For two functions f(n;), g(n;), defined
on the phase space, the following expression is invariant under the CT:

of dg  0f dg  Of dg

Jij@imﬁim‘ "~ 0q;9pi Opi Og;

= {f7g}(q7p)7 (517)

where the Einstein sum convention is applied. The last expression is called the
Poisson bracket. Since it is independent from the choice of canonical variables,
we can suppress (¢, p) and simply denote it by {f, g}.

It is easy to check that:

{%Qj} =0, {Pi,pj} =0, {%Pj} = 5ij- (5-18)

The quantization formal procedure consists in:

a—=q p—=p, {.}—=1] (5.19)

where [A, E] = AB — BA, q and p are the position and momentum operators,
respectively. As announced, we shall omit all hats in what follows, because we
shall mainly deal with operators, so there will be no confusion. Notice that we

also set h = 1.
So the CCRs are:

[Qi7Qj] = Oa [plapj] - Oa [qzap]] = iéija (520>

In straighforward analogy to classical mechanics, the CT for QM is such a trans-
formation on the Hilbert space which does leave the CCRs unchanged. Same
statement holds for QFT.

5.2 CT in QM and QFT

We shall now study CTs for two particular examples. In the first example, we
shall start with the computations within QM and then we recompute the same

problem within QFT. There we shall see the difference between QM and QFT.
In the second example, we shall start with the calculations already within QFT.

5.2.1 Boson translation

The system under consideration is described by one pair of (a,a'):
[a,a'] =1, [a,a] =0, [a',a']=0, a0)=0. (5.21)

The Hilbert space H[a] is built by repeated actions of a' on the vacuum state |0):

Hla] = {imm; In) = 1n' (af)" |o>,i lef? < oo} . (5.22)

=0

ﬂ

Consider now:
a—af)=a+0, (5.23)
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where 6 is a complex parameter. This is an example of CT:
[@(0),a' ()] =1, [a(6),a(0)] =0, [a'(8),a!(0)] = 0. (5.24)

This representation of the CCRs has a different vacuum, denoted [0(0)):

a(0)[0(0)) =0, «(0)[0) = 6]0), (5.25)

from which follows:
al0(0)) = —6]0(9)). (5.26)
The Hilbert space generated by repeated action of af(#) on |0(6)) is denoted

Hlo(0)].
We shall assume that the transformation is mediated by the operator U such
that:

U(9) = 0, (5.27a)
alf) =U(0)alU(9)?, (5.27b)
where G(0) = G(0)' is a hermition operator, which we want to find.

(5.27b)) can be rewritten, applying the Baker—Campbell-Hausdorff formula
[45]:

1 1 1
€X6Y = €Z, Z = X+Y+§ [Xay]—i_ﬁ [X7 [XJYH_E [Y’ [X’Y]]+’ (528>

as it follows:

¢60)qe=1C0) — o 1 [iG(0), a] + 21, G (9), [iG(9), a]] + ...,

(5.29)
=a+0,
where the second row follows from . It is easy to find out:
[G(6), a] = —i0, (5.30)
from which follows:
G(0) = —i (0"a — fal). (5.31)
The transformed vacuum then looks like this:
10(0)) = e~ +0"|0) = =219 e~04"|0), (5.32)
where we applied, coming from (}5.28)):
e—tal+07a _ —310]° ;—0al 0%a (5.33)

The new ground state |0(0)) is a superposition of states with many a-particles,
since the scalar product (n|0(#)) is non-zero for Vn:

0(6)) = >_In)(n|0(6)), (5.34)

where {|n)}5°, is the base of H[a] and the identity operator, action on H [al, can
be written as:

1= §)|n)<n|. (5.35)
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This can be done not only for the vacuum state |0(6)), but for all states of the
Fock space H|a(0)]: any vector in H[a(0)] is a superposition of vectors in H|a]
and vice versa. In this sense, these two Hilbert spaces are the same ([38]).

Let us denote the number operator of a-particles by:

N(a) = a'a. (5.36)
Then it is straighforward to compute the number of a-particles in |0(6)):

(0(0)IN (@)|0(6)) = e~ F(0]e""* N (a)e~*"'[0)

= —0e7 1P (0]e="*ate=0"|0)

) . . (5.37)
— |9|2€_|0| <0|6—9 ae—Ha |0>
= |6,
where we used:
N(a)e " = e %" N(a) — fafe 0" (5.38a)
eVl = qgle™070 — gre0"a, (5.38Db)

following from ([5.21]) and (5.36)).

Now, we repeat the calculation for a quantum system with infinite number of
degrees of freedom. Now the CCRs include these:
lag,al] = 6V (k — ), [az,ag =0, [al al] =0, (5.39)

q PR
and the vacuum state is |0):
ap(6:)]0) =0 Vk. (5.40)
The transformation for the mode % is:
ap — ozp(0z) = ap + 0, (5.41)
which is the CT:
(g8, a(0)] = 8" V(E =), [ag(Bp). aq(60)] = 0, [af(Bp). af(67)] = 0 (5.42)
and for all modes k we define the new vacuum state:
ax(610(6)) = 0. (5.43)
Following the same procedure as before we find this U:
U(9) = €0, G9) = —i / dk (8za; — Gza) (5.44)
and the following vacuum:

10(8)) = ¢~ 3 J 0P o= ] R0z ). (5.45)
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If we denote the number of particle with a given momentum k:

Ni(a) = alay, (5.46)

then the vacuum state |0(f)) has this number of a-particles:
(0(0)| Nz(@)]0(0)) = 1017, (5.47)
so the total number of particles is:
N(a) = / dF|0; 2. (5.48)

The integral in and depends on the function 0;. We restrict our
attention to the case in which the vacuum is invariant under the spatial transla-
tion, i.e. the function ¢; is the Fourier transform of a constant function. Then it
holds:

0 = 05"V (k), (5.49)

from which follows: B
/dk!@,;ﬁ — 5=D(0) = +o0, (5.50)

since we assume an infinite volume (otherwise, the vacuum would not be invariant
under translation symmetry/homogeneous condensation). Because of that we
obtain the following:

N (a) = +o0, (5.51a)
10(8)) = e=>10P = J g . (5.51b)

Of course, the numerical factor in is zero. We shall comment that in what
follows, see (5.55]).

Let us focus now on . The infinite number of particles is actually no
surprise, since the vacuum is homogeneous condensation of a-particles and the
volume is infinite. Consider for a moment that the volume is finite, and only later

we make a limit: V' — +0o. Then we can rewrite 6(0)™~Y as:
51 (0) = (2m)~ (=D / die® |, = (2m)~VY, (5.52)
and define the density of particles as:
(a) = N‘(/“) = (27)~( D2, (5.53)

which is finite and well defined for V' — 4o0.

Finally, let us discuss (5.51bf). Because the numerical factor vanishes:

e 0 (0)617 _y 0, the projection of |0(#)) on the basis vectors:

1 n
) = = (al)" 0}, (5.54)

of the Fock space H[«(0)] is inevitably zero:
(ns|0(8)) =0 Vk. (5.55)
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The transformed vacuum |0(6)) is orthogonal to the Fock space Hlal, so cannot
be written as a superposition of vectors from HJa|, as it was the case of QM
(see (5.34)). This shows us a crucial feature of QFT: the Hilbert spaces Hlal,
H[a(0)] are not equivalent, because no vector in one space can be written as a
superposition of vectors from another space. The spaces are orthogonal as can be
seen by computing:

(0)0(0)) = e~z J RO — =600 — (5.56)

Let us now show how the CT ([5.41]) looks at the level of fields. Considering
the scalar field:

o(r) = /dENE (a];e_ikz + a%eik””) : (5.57)
the transformed field is:
() = / dRN (a(Bp)e + ol (0)e™), (5.58)
which can be rewritten as:
Po(x) = o(x) + f(x), (5.59)
where f(x) is a real function:
fla) = / dRN (6ze" + 6z (5.60)

Moreover, the CT can be generalized. Consider the following transfor-

mation:
Po(x) = ¢(z) + g(), (5.61)

where g(x) is a function, which does not need to have its Fourier counterpart.

Finally, notice that it may look like the inequivalence of the Hilbert spaces is
caused by the infinite volume. This is actually not the right argument. Of course,
if we assume that the space is finite, then 6"~V (0) is finite, see , but that
would break the translation symmetry which we required. The inequivalence of
Hilbert spaces has its roots in the infinite number of degrees of freedom. [38].

For the discussion of the inequivalence of Hilbert spaces in condesed matter
(so finite) systems, or the role of defects (singularities) in the phase space, we
recommend the discussion in [38]. We shall open the issue regarding the defects
in the next chapter, where we shall discuss the quantum Weyl transformation.
Also, an interesting list of references can be found in [40] and in the recent paper
[16].

5.2.2 Bogoliubov transformation

We would like to introduce one more example of CT, where we become familiar
with a useful technique of computation of (0|0(6)), using the functional derivative.
We consider a system described by two sets of ladder operators:

lag, al] = 60D (k — 1) = [bg, b1, (5.62)

and the vacuum |0):
ag|0) = bz|0) =0 Vk. (5.63)
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Let us recall that k* = (k°, k), E = \/m2 + k2, and similarly for . The associated
Hilbert space will be denoted as H|a, b].
Now, we consider the following transformation:

ap(bz) = ag cosh 0 — b% sinh 6z, (5.64a)
B:(65) = by cosh 6 — al-sinh 7, (5.64b)

where 0; is a real parameter. It is simple to show that this transformation is

canonical:
[ (07), ol (8] = 6"V (k — 1) = [B(65), BL(6,)]. (5.65)

g
Neither oz (6;) or 8;(f;) is an annihilation operator for |0):
ag(6z)|0) = —sinh GEbTE|0), Bz (07)]|0) = —sinh QEa£|O>. (5.66)
Therefore, we define a new ground state:
ag(67)10(0)) = B(6;)]0(6)) = 0 VE, (5.67)

with the corresponding new Hilbert space denoted as H|[«(6), 3(9)].
We wish to find the unitary operator:

U(g) = e, (5.68)

so that:
agp(0) = U(0)azU(0) ™", (5.69)
Bi(bz) = UO)bU(0) (5.69b)

az(0z) = €9 a e=100) — ¢ 4 [zG(@) ] 21| [@G(@), [Z'G(e),aEH I

(5.70)
=ap — «9() +2|92GE—...,
_iG)y,_—iG(0) _ , 1. .
B(07) = e = by + [iG(0), bﬂ} + - [zG(@), [iG(0),bg] | + ...
(5.71)
2
= by —9a +2|9kb -
From the following observation:
iG(0), ag| = —0zbL,  [iG(0),b] = —0zal. (5.72)
we simply obtain the generator G = G(0):
0) = —i [ diby(afol  bray). (5.73)
The new ground state is then:
0(6)) = U(9)]0) = “©@|0). (5.74)
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The computation of (5.74)) is more demanding and tricky than (5.45)). We
start by computing the scalar product (0|0(6)):

£(8) = (0[0(6)) = (0fe] rleiti=ter) o) (5.75)

—

Then we apply the functional derivative in the direction e5™~(k — f):

O p(0) = lim = (£(0+ 8) — £(0)) = (O]U (akb}, — brax ) |0) = (0]Ualb}|0)

= (0] (afbl — byax) U10) = —(0|bpaxU]0),
(5.76)

where we used a short-hand notation e§ = e5™(k —1). Because of the following
identity:

Ualbl = (aL cosh 0, — by sinh Hk) (bL cosh 0), — ay sinh Hk) U, (5.77)
which can be derived simply, when we write:
Ualbl = UdlU'UBLUU (5.78)
and apply and , we can find from the following equation:
559 f(0) = =6""D(0) tanh 6, £(6), (5.79)
whose solution is:
f(6) =exp (—(5(”1)(0) /dfln cosh 91> : (5.80)

At this point, the inequivalence of the Hilbert spaces H|a,b] and H[«(6), 3(0)]
is showing up: f(#) = 0, since 6"V (0) = 4+o0. This is the result we have been
looking for.

It remains to find the vacuum |(#)). This particular thing will not be of crucial
importance for our next discussion, so we shall not show the quite tricky step-
by-step procedure here. Instead of that, we recommend e.g. [39] and show the
result:

|0(6)) = exp (—5("1)(0) /dfln cosh 91> exp (/ dk tanh HkaLbD |0).  (5.81)
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6. Quantum Weyl transformation

In this chapter, we focus our attention on the Weyl transformation (WT) of
massless Dirac field (discussed in chapter (1) from a quantum perspective. We
shall refer to this as the quantum Weyl transformation (QWT). It will turn
out that the QWT is an example of CT, because the structure of the canoni-
cal anticommutation relations (CARs) is preserved:

{0a(Q), 75(P) } 1. = 10050 V(G — P), (6.1a)
{¥5a(Q), ms5(P) Y b1, = 10450 D(Q — P), (6.1b)

and the other CARs are zero. We defined the anticommutator {A, B} = AB+BA
for some operators A, B and E.T. means "equal time”.
Let us add that we shall denote the Hilbert space, where ¥, m act, as H. The
Hilbert space, where the transformed fields ¢y, 7y act, will be denoted as Hy.
We want to find the operator W, realizing the QWT:

wZa = Wwawil = einT_lea, (62)

and search for relation of H with Hy. We shall focus on the computation of
(0]W0), as we did in chapter 5|

We shall see that the operator W depends on the function X3, so the properties
of the space-time background are imprinted there. Then it is natural to ask if the
space(time) singularities, including the singular behaviour of ¥, can be a source
of singularities in W. If so, they might cause the inequivalence of the Hilbert
spaces associated to these spacetimes (giving a new type of Weyl anomaly).

We open this chapter by proving that QWT is an example of CT. Then we
find the operator W, discuss its nature and focus on computation of the scalar

product (0|WW]0).

6.1 Canonicity of the QWT

Let us write the diffeomorphic invariant action for the Weyl transformed Dirac

field (see (L8), (T:24)):

Algu s, Votos] =1 [ &2/ =gs(@)y"V (@), (6.3)
whose Lagrangian is: ~
Ly = sV, )5, (6.4)
The conjugated momentum of the field 7y is:
0A . -
Ta = 5 — = iV/=g¥ss Vs (6.5)
6¢Ea

where «, [ are spin indices and the underlined index denotes the Einstein index:

72 = %2 = %562 = ¢4, (6.6)
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We write the momentum ([6.5)) as:
Teo = i€ V5L = je"T Pyl = "7 rr,. (6.7)

After the quantization, the CARs for the non-transformed field and conjugated
momentum are:

{10a(Q), ¥5(P)}pr. =0, (6.8a)
{7a(@), 75(P)}pr. = 0, (6.8b)
{¥a(@), m3(P)}pr. = i5a55(”_1)(Q — 15), (6.8¢)

where Q" = (QY, Cj), Pt = (P°, 15) are flat spacetime coordinates, £.7T. means
"equal time”, so Q¥ = P°. Let us recall that the WT is not a coordinate trans-
formation, so both flat and curved spacetimes are described by same coordinates.
It means that Q* = (Q°, @) is a coordinate point, which denotes a point (event)
on flat as well as curved spacetime.

The Weyl transformed field and conjugated momentum are:

Ysa = €7 Sy, (6.92)

Tsa =€ 2 "M, (6.9b)

which preserves the structure of the CARs:

{t2a(Q), ¥ss(P)}pa. =0, (6.10a)
{750(Q), Ts(P)} 5. = 0, (6.10b)
{U50(Q), m55(P)}er. = i5a55("71)(@ — 13), (6.10c)

where in (6.10c|) we simplified the right hand side as:
¢ E@-S(P)§-1)(GF — Py = 5D (G — P), (6.11)

where we used the properties of d-function. It means that both sides of (6.11)) are
zero when () # P and are the same when () = P. This confirm that the QWT is
CT.

6.2 The operator W
Now we wish to find an operator W such that:
Usa = Wip W (6.12)

If we assume:

W =e”, (6.13)
then the previous equation (6.12)) can be rewritten as:

eBiae B = e T Ty, (6.14)
The left hand side of (6.14) can be expanded as:

Yo + [B, V4] +21![B, (B, o]l + .-, (6.15)
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while the Taylor series for the right hand side of (6.14]) is:

Q/Ja_ 92 2¢+ 9

n—1 1 /m—1
[o% 2,(

)222% +o (6.16)

Comparing both sides, we obtain this simple relation:

(B, bs] = — ; Ly (6.17)

Before we embark to find B, let us explain why it is difficult to define W as a
unitary operator.

If W is unitary, then W = W~ and

Usa = Wi W, (6.18a)
b, = Wl (6.18D)
From the following CARs:
{¥a(Q), w;(P)}E.T. = 5aﬁ5(n71)(Q_’ — ]3), (6.19)
and applying (6.18)), we obtain:
{¥sa(P), wTZB(Q)}E.T. = 5a,35(n_1)(@ — ﬁ), (6.20)

and similarly for the other CARs.
However, ¥ is a real function, so it holds:

Vs = e’%zwa, (6.21a)
yh, = e T 2yl (6.21b)

Combining (6.19) and (/6.21]), we obtain:

(¥5a(Q), L s(P)ypr. = e 5 CQFEEN5 60-D(G — P)

- (6.22)
= e—(n—l)E(P)(gaB(g(n—l)(Q — P),

where we used the properties of -function in the second row of (6.22)). Compar-
ing (6.22)) and (6.19)), we find that they are in conflict.

In QFT operators which implement a symmetry are either unitary or anti-
unitary [5]. Nonetheless, given the real nature of the Weyl transformation (as
opposed to the complex nature of a standard gauge transformation 1)’ = e*)), the
simplest solution to the conflict between and is to relax the request
for unitarity in favor of hermiticity. On the one hand, this will make less easy to
put such a transformation in direct contact with what customarily considered a
quantum symmetry. On the other hand, though, it will be a legitimate procedure
that will generate the Weyl transformation at a quantum level. Furthermore, this
will make possible to link singularities of the conformal factor to singular /irregular
behaviors of the transformation, which is a crucial point of our work.
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For W hermitian, it follows that:

Pl = Wi

(6.23)

With this in hands, let us start again with (6.19)) and apply W from the left and

W= from the right hand side. Then we can write:

Wea@w w2 [wolpyw] (W)’

+ W2 Wb (PyW] (W) Wi (@W ] = 6,56 1(G - P).

This can be rewritten in a more compact form:
2 — -
{V5a(Q), W*0Ls(P) (W) }or = 6asd (G = P).
We compare (6.25) with (6.22)) and find that it should hold:
Wby (P) (W1)" = e D=0yl (p).
This can be easily proved:
2
WL, (W) = Wl = ePyle™ = ol + Byl + ...
n—1 n-1 e
:@Dg{_?xﬂ)g_'_:e 2 EQZ}E:@( 1)E¢gﬁ7
where we applied (see also (6.17)):

B, yi) ="l

Now we multiply (6.26]) by the imaginary unit i:
2 - o
{5a(Q), iW?¢Ls(P) (W) Yoz = 1600 (@ = P),

and compare it with (6.10c|). This leads to the following question:

2

mop(P) = iW2pl,(P) (W)
In (6.27) we found:
W2l (P) (W) = "7 5Pyl (P),

so our question (|6.30) can be formulated as:

. _1\2 n—1 . n—1
mep(P) = iW?PLy(P) (W) = "7 ¥Pigl(P) = "7 *Plmy(P),

(6.24)

(6.25)

(6.26)

(6.27)

(6.28)

(6.29)

(6.30)

(6.31)

(6.32)

which coincides with . It seems that W as a hermition operator works well.
Let us add that it becomes clear from our previous computations that the

following two relations must hold simultaneously:
PP = oy

PP = oy,
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where ((6.33a]) follows from (6.23)) and (6.21b)), (6.33b]) follows from (6.27)). There-
fore, it must apply:

B(-%) = —B(%). (6.34)

Let us remind now the conclusions of the previous chapter. We could see for the
BT that the operator U is unitary. Its singular behaviour, rooted in an infinite
number of degrees of freedom, is the reason for orthogonality of Hilbert spaces.
We said about the CCRs that they are unitarily inequivalent.

However, the operator W that implements the quantum W'T is quite peculiar.
In the first place, this operator seems to be hermitian, rather than unitary. More-
over, once we show that the operator W is given by the function X, the question
arises whether such operator can be singular due to the space-time singularities
(including the singularities of the function X). If so, the inequivalence of Hilbert
spaces might have roots in singularities of classical nature.

Let us now look for an explicit expression of the operator W. Let us recall
the equation which the operator B must satisfy :

n—1
2

[B,1a(Q)] = — 2(Q)Ya(@Q). (6.35)

We also remind a useful commutation relation which applies for T'= Qq = F:

[Wh(P)Us(P), ¢a(Q)] = =0T V(P — Q)a(P), (6.36)

where we applied the Einstein summation convention on f3.
Finally, the following Ansatz comes naturally:

BT, ="

( ) _»)@b;ri(Tv ﬁ)¢5(T7 ﬁ)v (637>

where P is symbol for spatial coordinates, e.g. for n = 3: P = (X,Y). Note
that such Ansatz is in good agreement with (6.34)). Let us check that this Ansatz
works:

[B(T, %), ¢a(Q)] = [B(T, 2>,wa<T, Q)]
P)W(T, PYis(T, P),va(T, Q)]

P)5" (P — Q)u(T, P) (6.38)
- 12(7’,@)%@,@)

2
2(Q)va(@),

n—1
2

where we applied (6.36)).
Let us notice that the operator W explicitly depends on time: W (T, ), and

the QWT works when all the operators are given at the same time 7"

U T, G) = W(T, )ia (T, W (T) ™" = PP (T, G BT

et _ (6.39)
= 20Dy, (1)
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This must be because the commutation relation (6.36|) holds at equal time: T' =
Py = @Qy. This is an interesting outcome which should be understand, too.
Let us add that we shall usually denote the operator B(T,%) as:

n—1
2

B =

[ aPs(Pyeb(Pyvs(P), (6.40)

where P* = (T, 15) Similarly, we shall usually denote W (T, Y) as W. Also, let
us emphasise that we shall always work with operators at the same time 7', unless
we say otherwise.

6.3 The transformed vacuum W |0)
We shall denote the (unnormalized) transformed vacuum as:
0(x)) = W(T,%)|0) (6.41)
and the projection of [0(S)) on [0) as:
F(2) = (0jo(x)) = (0[W(T, %)0). (6.42)

Our aim is to explicitly calculate f(X) = (0/0(X)), as we did for the BT, see the
section (5.2)). There we studied the BT on two examples and used two computa-
tional techniques to obtain f(6):

e 15" approach: expand the operator e in a power series, see ((5.56));
e 2°d approach: apply the functional derivative, see ((5.80)).

Before we proceed, we write the Dirac field as a linear combination of the ladder
operators:

Us(Q) = [ dENE Y (b(E, s)us(F, s)e™* + df (k, s)vs(k, 5)e™@),  (6.43)

where k is momentum, s is spin, u5(E, s), UB(E, s) are spinors, b(E, s) is the par-
ticle annihilation operator, d(k,s) is the antiparticle annihilation operator, the
hermitian conjugate operators are the creation operators. They satisfy the CARs:

—

{b(k,s),b(l, Y} = 6V (k = 1)d,e, {d(k,s),d(l,s)} = 6" D(k—D)b,y (6.44)

and the other CARs are zero.

6.3.1 The 1% approach of computation

Because the operator B has quite complicated structure (6.40), the 15 approach
gives the complicated results:

f(X) = (0|]W)0) = (0]e”|0) = 1+ (0| B|0) + 21!<0|B2yo> + ;<0133|0> +.... (6.45)
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Defining the following two matrices:

Cop(—=P + Q) = /dlZNg S0l (E, 5)vg(E, 5)etFHQ) (6.46a)
B / dENZ S vl (k, s)vs(F, s)eFPHQ), (6.46D)
Cop(—P+Q) = /dEN,g S ul (K, s)ug(k, s)e *PQ) (6.46¢)
B / AN > ul (K, s)us(F, )e™ 7+, (6.46d)

where Q* = (T,Q), P* = (T, P), kz = k -z = k°° — k - &, we can express the
first three orders of B as:

(0|B|0) = P)TrC(0), (6.47a)

(0|B2|0) = <” —_ 1>2/d]3dEE(P)Z(L) (TrC(0))* + TrC(L — P)C(P - L)),
(6.47b)

(0|B%|0) = <”;1>3 / dPALAKY(P)S(L)S(K)I(P, L, K), (6.47¢)

where Tr denotes the trace of a matrix and I(P, L, K) stands for:

I(P,L,K) = (TrC(0))* + TrC(0)TrC(P — K)C(K — P)
+ TrC(0)TrC (P — L)C(L — P) + TrC(0)TrC(K — L)C(L — K)
—TrC(P - L)C(L - K)C(K — P)
+TrC(—P + L)O(—L + K)O(—K + P),
(6.48)

where P* = (T, P), L* = (T, L), K" = (T, K). The evaluation of higher order
terms is a demanding task. Therefore, it seems reasonable to use the 2°¢ approach.

6.3.2 The 2"! approach of computation
Let us recall f(3) and define f(X + €d):

F(5) = (O|exp[ /dPZ Yol (Pyus(P ] (6.49a)
FS+ ed) = O]exp{ / aP (S(P) + eV (P - §)) qu(P)wﬁ(P)} 10).
(6.49D)
Then the functional derivative of f(X) is:
9 ) = i TELDZIE 0= Lo myui@up@iio). - (6:50)

e—>0 € 2

where P* = (T, Cj), Q' = (T, Cj) Also, we used the Einstein summation conven-
tion: repeated indices (here fs) are implicitly summed over.
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Strictly speaking, we should write 2 f(X)(Q) instead of & f(X), but we shall
ignore this in what follows.

In what follows, to ease the notation, we shall write, e.g., 5% f(X) instead of
the more explicit expression % f(X)(Q).

It seems useful to change the order of the operators in ([6.50)):

n—1 n=1s

e T HDOLQW (T, R)us(Q)0), (6.51)

o
LI =

where we used:

n—1

W(T, 2)e(Q) = e @yl QW(T, ), (6.52)

because then only the antiparticle operators act nontrivially on the vacuum.
Finally, let us denote the vacuum expectation value (VEV) in (6.51) as the
trace of the matrix A(Q, T, Q):

TrA(Q.T,Q) = Ass(Q. T, Q) = (O[S QW(T)s(@Q)0).  (6.53)

We can defjne the matrix, for general spacetime positions Qf = ( ?,Q:),
Qg = (ngQQ)v as:

Apy(Q1, T, Qa) = (0[5 (Q)W (T)1h,(Q2)[0). (6.54)

If we succeed to find the matrix (6.54]), we might have a good chance to compute
its trace and evaluate f(X), solving the equation:

) n—1

sl (5) = =5 TIOTAQ.T. Q). (6.55)

6.3.3 Computation of Az, (Q,T,Q)

We expand the Dirac field, see (6.43)), and substitute into the equation ([6.55)).
We obtain this result:

AﬁW(Ql’ T, QQ) - f(2>0,3'y(_Q1 + QQ)
+ [ ARAINENG S Wb (F, oy (L )o@ e 0l d(E, ) W, dl (7 )]0}~ (62F)

8,8’

Let us recall the matrix C'(—Q1 + Q2):
Con(~Qu + Q) = [ dRNES ol(F, ) (K, 5)e™ -0 (6.57)

We need to compute the commutator on the right hand side of (6.56).
To achieve this, we use the following well-known identity:

t
e ¢ [O,etG} :/ dse™*% [0, G] e*°, (6.58)

0
where O, G are some operators, ¢ is a parameter. Notice that the identity (6.58])
is trivially satisfied for ¢ = 0 and, if we differentiate both sides of (6.58)) with

respect to t, we get the same expression e '“[0, G]e!“ on both sides.
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Applying the identity (6.58)) and set t = 1, we obtain:
— 1 —
(W.dl(Is)] =W / dse=*B[B, di (I, s')]e*®, (6.59)
0

where W = e®. Now, we must compute the commutator of B with dT(f, s'). After
some calculations, we find:

|B.d(L.5)] = (T, P)Nul(L.s)e " ba(P), (6.60)

where P* = (T, P). With (6.60) in hand, we can finally calculate (6.59). The

result of lengthy calculations is:
{W, di(l, s')} = —Nul(l, ) /dl5 (enT_lZ(P) - 1) e "W eha(P). (6.61)
After applying (6.61]) in (6.56]), we obtain a quite involved expression:
AB’Y(QM T= QQ) :f(2>cﬁ’7(_@1 + Q2>
— [(®) [ aP (e - 1) Oﬁa(—Q1 + P)(JM(—P +Q2)
+/dkle~N~Zvﬂ (F, ) (15l (1) [ P (55500~ 1)
(@2 P) =ik (| [W d(k, s)] Va(P)[0).
(6.62)

The commutator in ((6.62) can be obtained from (6.61). The result of the com-
putation is:

AlQ1,T,Q2) = ( ) ( Q1+ Q2)
~ f(®) [ aP (50 1) O+ PP+
[ APAL (550 < 1) ("5 5@ 1) C(=Q1 + L)AL, T, P)C(=P + Qa),
(6.63)

where L# = (T, L), P* = (T, P).

Notice that the matrix A stands on the left hand side, A(Q1,T,Q2), as well
as on the right hand side, A(L, T, P), of the equation (6.63). In order to find
A(Q1,T,Q2), we suggest to apply the procedure analogous to the Dyson series
[5], [46]: By repeatedly substituting A on the right side we get:

AQ1,T,Q2) = f(E)[C(=Q1 + Q2) + E(Q1,T,Q2) — F(Q1,T,Q2)],  (6.64)
where we defined two new matrices E, F":
E(Q1,T,Q)) =Y /dﬁldz% L dPy (" TP 1) (PP )
k=1

x (750 —1) O(=Qu + P)C(=P + o). C(=Pai + Qo).

(6.65)
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}%Qthb)ZE:/dﬁd%.”d%hJGf¥mH)—l)@%?ME)—lj..
k=1

x ("7 5P 1) O(=Qy + P)C(=Pr + By) ... C(=Poy 1 + Qo).
(6.66)

where P = (T, P,).

The evaluation of seems a demanding task. However, we have not yet
studied the matrix C' in many details. If we found that C' actully has a simple
form (for instance, like a unit matrix, multiplied by a c-number), it would lead
to a tractable result.

Before we get to that point, when we discuss if we can find a more tractable
form of the matrices C, C, let us refer the reader to appendix , where we show
how ladder operators transform under the “hermitian tranformation” W, and
appendix [C| where we show how to derive 95, from 1),, using the results of the

appendix

6.3.4 How the matrices C(—P + Q),C(—P + Q) look like
We found in the appendix [C] that sum of both matrices is:
Cop(—P + Q) + Cog(—P + Q) = 8,56 (Q — P). (6.67)

Although the equation (6.67)) does not determine what each of the matrices is,
we may make the following Ansatz:

Cop(—P + Q) = Cop(—P + Q) = f(saﬁcs("—ﬂ(@' — P). (6.68)

If this Ansatz is right, then (6.65)) and would be much simplified. Let us
discuss this Ansatz in more details.
We recall the well known completness relations:

S ulk, s)a(k,s) =k +m, S vk, s)o(k,s)=F—m. (6.69)

S S

If m = 0, we can rewrite as:
Zua ué k 5)’765 = ko Zva U&(k 5)755 = kaYag (6.70)

and substract both equations:

> [ua(lg, s)ub(k, ) — va(k, s)v} (K, s)} V35 = 0. (6.71)

s

Considering;:

S ul(k, s)ua(k,s) = S vl(k, s)va(k, 5), (6.72)

o (6.73)



in the following form:
Cap(=P+Q) = [ dENZ S vh(~F, s)us(~F, s)e HP+0). (6.74)
We recall the matrix Cop(—P + Q):
Cos(—P + Q) = /de~ZU K, 8)os(R, 5)e-P+Q)

. (6.75)

= /d/{:szv (k, s)vg(k, s)e H=PHQ)

and compare ) with (| - If the following equation applied:
ZU(S k $)Ua ( k s) Zvd k; $)va( ]; s), (6.76)

it would confirm our Ansatz (6.68]). However, we shall introduce one example
when is not satisfied, which challenges our Ansatz.

We shall consider the following problem: n = d = 4, where n is the dimension
of the spacetime, d is the dimension of Dirac space. Also, we shall consider m # 0
for beginning, but then we shall make the limit m — 0. The spinors v(lZ, s) in
the Dirac representation are:

sk (0 sk (1
(E B 1) _ JE+m | Btm \1 (E B 1) _ [E+m | Etm |0
U\BET T ) T\ o 0 CU\PTT ) T o 1

1 0
(6.77)

where ¢ = (04, 0,,0,) are the Pauli matrices. Let us assume that k is oriented

along the z-axis. Then it holds, for small m (or large k):

1 o
T 2x2 z
ES vl (kz, s)vg(ks,s) o ( o ) : (6.78a)

]]-2><27

S 0l (— ks, 8)us(—ks, 8) ox (12“ _"Z> , (6.78b)

—0, Lo

which suggests that (6.76]) does not apply, at least not in general. We take this as
the argument why we should figure out a new Ansatz, and not settle for ([6.68)).
We want to modify our first Ansatz (6.68]) to include non-diagonal terms. The

following observation, based on (6.78)), gives us a hint what we should/could take
into account. If we denote E as 4 x 4 matrix such that:

~ (0 o,
E = (0’2 07> 9 (679)
then it holds:

TrE =0, E?=1u, (Lixa+ E)?=2 (]14x4 + E) : (6.80)

We shall build our Ansatz on extrapolation of these properties. We suggest
the following new Ansatz:

Copl( =P + Q) = 3 (Bas — Fag) 3" (G ~ P), (6.81a)
C

as(—P+ Q) = ; (0ap + Eap) 6" "D(Q — P), (6.81D)

o8



where the matrix E satisfies TrE = 0 and E? = 1. This implies:
1+E)=2"""1+E). (6.82)

We shall see that this Ansatz gives surprisingly simple outcome.

6.3.5 Calculation of (0|11]|0) using the Ansatz for (6.81)

Our goal is to compute the trace of:

AQ.T,Q) = f(X)[C(0) + EQ.T,Q) - F(Q,T,Q)]. (6.83)
With in hands, we can compute E(Q,T,Q), F(Q,T,Q):
EQ,T,Q) = 5(7121)(0) i (6"7*12(@) _ 1)% (1+E),
k=1
S D(0) &/ na 2%—1 (6.84)
FQT.Q =53 (59 -1)" (1+5),
k=1

which leads to this result:

AQ,T,Q) = f@)&”;(o) [1 + <1 — ;) f: yﬂ (1+E), (6.85)
k=1
where we defined y such that:
y=e'T 0@ _1, (6.86)
If the function ¥ is such that:
$(0Q) € (—oo, 31 1n2>, (6.87)

the geometric sum in (6.85)) converges and leads to:

AQT. Q) = f(B) e =7, (6.88a)
TrAQ,T,Q) = f @Wcie‘@lz(@). (6.88b)
(6.88c)
Putting into (6.51]), we obtain:
J B n—1 6m(0)
/B = fE)——d—F—, (6.89)

where d is the dimension of the Dirac space. Solving (6.89), we find f(X):

n—1 6n1

£(5) :exp< 20 [aPsr, ﬁ))

2 2 (6.90)

= exp (n; 1TrC’(O) /dﬁE(T, ﬁ)) .
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This is the simplest result we could get.

We would also like to compare this result, obtained by the 2"4 approach, ,
with the 1% approach, , how to compute f(X). Let us remind the what the
15" approach gives:

f(X) = (0|U]0) = (0[e?|0) = 1+ (0| B|0) + 21!(0|B2|0> + 31!<0|B3|0> +.... (6.91)

As the calculation of higher order terms becomes more and more demanding, we
focus only on the first three terms which includes B. Direct calculation gives:

(0|B|0) = P)TrC(0), (6.92a)
(0| B2|0) = ( )2/d13dEZ(P)E(L) (TrC(0))* + TrC(L — P)C(P - L)),
(6.92b)
(0|B%|0) = < )3 / APALAES(P)S(L)S(K)I(P, L, K), (6.92¢)
where

I(P, L, K) = (TxC(0))’ + TrC(0)TrC(P — K)C(K — P)
+ TrC(0)TrC (P — L)C(L — P) + TrC(0)TrC(K — L)C(L — K)
— TrC(P — L)C(L — K)C(K — P)
+ TrC(—P + L)C(—L + K)C(—K + P).
(6.93)

Applying (6.81), so CC o (1 + E) (1 — E) = (1 — E?) = 0, because E? = 1, we
obtain:

1 .6m=D0) =

(0| B|0) = "; d— dP(P), (6.94a)
n—1 §r-1 . 2 )

<O|BQ|O):< > L2 5 (O)/dPZ(P)> — (0| B|0Y)?, (6.94b)
n—1 §n-1 . 3 5

<0|B3|0):< . Lo y (O>/dPZ(P)> — (0| B|0))°. (6.94¢)

As we have shown above, to the third order of the Taylor series both proce-
dures coincide. This is a sign of that we performed our calculations correctly.
However, we should not take this as an argument that our Ansatz is right. Both
approaches should lead to the same Taylor series anyway.

This is the end of our calculations in this chapter. Let us add some comments
about them.

In standard QFT, we work with unitary operators Us, as we could see in .
The fact that the operator W is hermitian and depends explicitly on time 7' is
novelty and it would be interesting to examine the consequences thereof. Some
inspiration for further study can be found in this article [6], where the authors
had the first remarks on the QW'T.
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Next, we proposed the Ansatz for C,C, which significantly simplified
the calculation of . This was our main intention. We obtained which
is simple enough to compute TrA(Q,T, Q). However, it contains a geometric
series which can diverge if 3 is not from a suitable range, see :

2(Q) € (—oo In 2) , (6.95)

‘n—1
Such a range can remind us the Beltrami pseudosphere [3.2;
r
op(u) € (—oo,ln } . (6.96)
c
Another work should be to examine this Ansatz and whether equations (/6.95))
and can be understood together to see the effect of singularities on the

convergence/divergence of the geometric series. This task seems to us now to be
quite challenging and it would take more time than we had for this thesis.
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7. Conclusions

In Introduction, we stated the general goal of this thesis, to investigate the Weyl
anomaly from a new perspective, and proposed a model which has the potential
to make our analysis simple and transparent. We considered the Weyl transfor-
mation of the Dirac massless field and the conformally flat metric, mapping the
dynamics of the field in a curved space into a flat space, since the transformation
is a symmetry of Dirac massless action.

In chapters [1]and 2, we discussed the model in details, investigating the Weyl
symmetry and conformally flat spacetimes.

In chapter 3] we studied the surfaces of constant Ricci curvature. We put
emphasis on description of their singularities and geometry. We were looking for
the coordinate transformations from (u,v) to (Z, ), while doing so we also found
the local conformal factors. We found, for the first time, the tractable isother-
mal coordinates and conformal factors for the Elliptic pseudosphere and the Dini
surface. Moreover, we added appendix [A] to this chapter where we described the
conical singularity.

In chapter 4| we studied the conformally flat spacetimes of the dimension
n = 3, which the surfaces of constant Ricci curvature produce (when we add flat
time to their line element). We have investigated the solutions s of the modified
Liouville equation of the first form and searched for the coordinate transforma-
tions between (T, X,Y") and (¢,Z,7). The results of both chapters [3| and |4] are
important in order to understand the quantum inequivalence we were investigat-
ing. These results are also relevant for further work in [I8] and [7], for instance.

In chapter [p, we introduced the canonical transformations, the Bogoliubov
transformation, the concept of unitarity (in)equivalence of the CCRs and Fock
spaces. We discussed both QM and QFT systems.

In chapter [6] we introduced the operator W, implementing the Weyl transfor-
mation at the quantum level. To be a symmetry, this transformation should be
unitary as the quantum theory states. The main question we are addressing here
is whether the operator W is irregular, then the expected quantum symmetry
would be just formal and no matter how this operator is related to a symmetry
operator, this would be the case of violation of the quantum symmetry.

Given the real nature of the Weyl transformation, the simplest solution for
W is to relax the request for unitarity in favor of that of hermiticity. Although
not a standard choice, it is a fully legitimate procedure when considered as the
quantum procedure that generates the Weyl transformation. Of course it raises
questions on how such transformation is in direct contact with what is customarily
considered a unitary quantum symmetry. Nonetheless, this makes possible to link
the singularities of the conformal factor to singular (irregular) behaviors of the
transformation, which is the most crucial point of our work.

Under special considerations, we were able to see a point where this operator
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becomes singular due to the properties of the function . This is still not the end
as our Ansatz for C' ([6.81]) needs to be further investigated. After that we can

confront ([6.95) with (6.96).

Let us add that this last chapter is supplemented with two technical appen-
dices [Bl and [C
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A. Conical singularity

The cone is not a regular surface, because of its vertex, where no tangent space
is defined. Therefore the standard way how to compute the scalar curvature is
not applicable at this point. Here, we shall sketch one way how the concept of
curvature can be extended to cover conical singularities. The presented method
is based on the distribution theory and was in details described in [27]. We sketch
this procedure here.

A.1 Basic concepts of the Distribution theory

Let us remind necessary background of the distribution theory. We consider a
two-dimensional manifold S on which a local coordinate system (u,v) is defined.
Next we define a function ¢ = ¢(u,v) € C* with compact support on S. This
is called the test-function. A continuous linear functional (distribution) F* maps
the test-function ¢ into real numbers, (F*, ¢) € R, in the following way:

1. Linearity condition: for real numbers a, as it holds:
(F*,a1¢1+a2¢2) :@1(F*7¢1)+@2(F*7¢2)> (A-l)

2. Continuity condition: if a sequence of test-functions ¢;, ¢ = 1,...,n, tends
uniformaly to zero, then (F*, ¢;) tends to zero as well.

The distribution F* is said to be regular if there exists a locally integrable
function F' such that:

(F*, ) :/UF(u,v)gb(u,v)\/ﬁdudv, (A.2)

where U C S is a compact domain, ¢ is the determinant of the metric tensor
gi; on S. If F* is not expressable as an integral, then the distribution is called
singular.

The product of the coefficient o(z) € C* with the distribution F'x is the
distribution aF™, defined as:

(aF*,¢) = (F*,ad). (A.3)

Moreover, we can define the derivative of F™* as a functional 0F/du, which is
related to F™* in following way:

sF N (. 1 9(v9)
()

where the /g, % must be C'*°, otherwise we must find another coordinate system
where these functions are C*°.
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A.2 (Generalized concept of curvature

Let us write the metric in the following form:
di* = E(u,v)du® + F(u,v)dudv + G(u,v)dv?, (A.5)

where E, F, G are the coefficients of the first fundamental form [22].
Then one can compute the Ricci scalar in the same way as we did for (2.14)).
Then the Ricci scalar can be obtained as:

1 (0P 0Q
r=—= (5 - 52 (A6)

where P and () are functions:

p_1<5’F_‘9E_1F‘9E>
Vi\du v 2E0u)’
1 (0G 1FOE
Q—@<m‘zﬁ:m>"

where g = EG — 1 F2.
The formula (A.6) can be used to compute the Ricci scalar if the manifold is
smooth everywhere - it is a differential manifold.

However, this is not the case of the cone because it is not smooth at its apex.
The approach we follow generalizes the concept of curvature by promoting R to

distributions: | (6P 60"
* = — h— A-
R VI ( ov ou ) ’ (4.8)

where P* and Q* are the regular distributions corresponding to P and @), respec-
tively.

The curvature-distribution is related to functions P and ) in the following
way:

(R",¢) = — (P*, %%%(Q*, \}ggi) = //S (—Pgi) + Q?i) dudv. (A.9)

A.3 Curvature at cone’s apex

As we showed in (3.12)) the cone’s metric can be written as:
di? = dr? + sin® ar?de¢®. (A.10)

However, such a parametrization is not suitable for description of the cone, e.g.
1/4/9 is not C* function everywhere.

The cone is a two-dimensional surface embeded into the three-dimensional
eucledian space with cartesian coordinates (x,y, z), where z-coordinate satisfies:
z = ay/z? + y?, where a = 1/tan ¢. Parametrizating the surface by (z,y), the
metric becomes:

a’x? a’y? 2a%x
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Then the functions P and () become:

p_ 2@2 y3
T VIt (224 y?)(a + 2 + a2a?)
i i (A.12)

T TR @ A P T R

where \/g = V1 + a?. It might seem that both functions P and @ are not locally
integrable, because they are not bounded. However, if we change coordinates from
the cartesian one (x,y) to polar one (R,0), v = Rcosf, y = Rsinf, Jacobian
regularizes the singularity at R = 0, so integrals are finite.

Now, let us consider a disk with radius € with center at the apex. Then we
remove the disk from the manifold S and denote the remaing part of S as S..
Because P and @) are locally integrable functions, the formula for the curvature
(A.9) can be rewritten as follows:

(R*, ) —hm// ( pe? +Q (b) ddy. (A.13)

e—0

Applying the Green theorem, we obtain:

— lim / / <‘9P _ aQ) durdy — liny /8 L (PdrQdy)o. (A1)

e—0 Qj

The integrand in the first integral is the formula for the Ricci scaler (upto the
test-function ¢), see . Because the integral is computed in S, for the given
€, it is zero in value. The second term in is the key one. It was shown in
[27] and [47] that the second term becomes:

(R, 6) = 2Ax(0), (A.15)
where Ay is the angular deficit of the cone, Ay = 27(1 — sin«). Then it holds:
(R*, ¢) = 4m(1 — sin ) 9(0). (A.16)
This can be rewritten in more familiar way, with help of the delta fuction as:
R* = 4n(1 — sina)d@(r), (A.17)
where the delta function is defined as:
/5 P)Wrdrdg = 1. (A.18)

In (3.14) we omitted the ’star’ in the label and we work with the delta function

as we are used to do in physics literature.
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B. Ladder operators b, d, be, 7l

In this appendix, we would like to find how the (anti)particle creation and anni-
hilation operators, b, b, d, d', transform.

We know how the Dirac field is transformed:
W (T, D)t (@W (T, D)™ = =7 ¥ @y, (Q), (B.1)

where Q" = (T, @), n is dimension of spacetime and W (T, %):

W(T,%) = exp B(T,X) = exp (”;1 / dﬁE(P)wg(P)zzzﬁ(P)) : (B.2)

—

where P* = (T, P). For the sake of brevity, we shall write only W in what follows,
but mean W (T, ¥). Similarly, we shall denote B(T, ¥) simply as B. For instance:

Wi (QW L = e "7 %Dy, (Q), (B.3a)

" [ PSPy (P)s(P). (B.3b)

Also, W(T, )™t = W(T, —X) will be denoted as W~!.

B —

In order to find the transformation relations for the ladder operators, we start
with the the following commutators:

(W, d'(l; )] = =Nl (') / dP (&7 50 — 1) e U, (P), (B.4a)
Wb(ls)] = Nyl (L. ) / dP ("7 1) P U, (P), (B.4b)

where the commutator (B.4al) was derived before, see (6.59)), and the other can
be derived in a similar way. From (B.4]) follows the transformation relations for
R
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and the remaining CARs for b, d, bt, d! are zero. If we act by W from the left and
W1 from the right each of these CARS, they can be absorbed into the CARs,

for instance:
Wbk, )WL Wb, YW1} = 60D (k — )8, (B.7)

and similarly for the remaining CARs.
It is a good check of consistency to compute an anticommutator:

{Wb(k, )W, Wbl s YW1}, (B.8)

using (B.ba)) and (B.5c)). Then we should obtain the same right hand side as the
equation (B.7)) has:

{(Wo(k, )W Wol(ls) w1} = -

?

5k — )0,y (B.9)
We shall not elaborate detailed calculations here, which are straightforward and

lengthy, but we conclude that all the CARs, computated like (B.9)), are in good
agreement with expectations (it means (B.7)), and similarly others).
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C. Fields ¢, and ¢y,

In the appendix[B] we found the transformation relations for the ladder operators,
see . Now, we would like to apply these relations to transform the Dirac
field v,. It is another consistency check. Let us add that we shall use the same
notation as we did in [Bl

Let us recall the Dirac field ¢3(Q), expanded into a series of ladder operators:

¥s5(Q) = / RN S (bR, s)yus(E, s)e 9 + dI (F, s)us(F, )e™?) . (C.1)
The Dirac field is transformed as:
¢Za = W’@Z}aw_ly (CQ>

which leads to the following result:

Usp(Q) = / RN S (Wo(E, )W g (F, s)e ™™ + Wl (E, )W, (K, 5)e™@)

S

= 03(Q) — [P (1= "5 0) [Cap(~P + Q) + Capl~P + Q)] YulP)
(C.3)

with Q = (T,Q), P = (T, P), and we used our results from appendix [B] see
(B.5)), and defined two matrices:

Cas(=P+Q) = [ dRNZ 3 el (K, s)us(F, s)e™ -7+,

= / N2 S ol (K, 5)og (K, s)eH-P+E,
S 7 ) - - . (04)
Cop(—P + Q) = /dk‘Ng ZUL(k} s)ug(k, s)e—zk(—P-i,-Q)’

= [ ARNES ul(F, shus(F,5)e 4D,

The sum of the matrices Co5(—P+Q) and Cpp(—P+Q) in (C.3) can be computed
using the following CARs:

{15(Q), ¥L(P)}pr. = 650"V (Q — P). (C5)
Now, we act by (0| from the left and |0) from the right:
(01(Q)U4(P)I0) + (O[L(P)s(Q)I0) = Sagd™ (@ — F).  (C.6)
Using , it is straightforward to show that:
(0[s(Q)uL(P)|0) = Cag(=P + Q), (0[L(P)Y5(Q)]0) = Cag(—=P +Q), (C.7)
which leads to:

Cop(—P + Q) + Cap(—P + Q) = 6,0 (Q — P). (C.8)
Thanks to (C.8)), the transformed field ¢553 (C.3]) becomes:
¥s3(Q) = 7TV (Q). (C.9)
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