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Abstract

Extremely large telescopes allow us a huge advance in knowledge in the field of Astrophysics,
leading not only to better images of our cosmos but also to a deeper expertise of it.

Noted as "the world’s biggest eye on the sky", the European Southern Observatory (ESO)
Extremely Large Telescope (ELT) is under construction in the Chile’s Atacama Desert. This
optical/near-infrared telescope is designed to cover a wide range of scientific possibilities. In
particular, the study of the dark universe and fundamental physics using one of its instruments,
the ArmazoNes high Dispersion Echelle Spectrograph (ANDES).

Bearing in mind that instruments are designed with specific scientific goals, but subject to
various technical and financial limitations, an instrument of this caliber requires a high level
of planning both in its design and construction. This work focuses on the development of
computational tools that can optimize the scientific return of fundamental physics astrophys-
ical tests (including measurements of redshift drift and fine-structure constant) using ANDES
and for its various possible configurations. In detail, it focuses on quantifying the scientific
impact of possible configurations and the consequent identification of key parameters for the
respective scientific trade-offs.

This is an important outcome for the ANDES Phase B studies, and it will ultimately lead to
the definition of an optimized observational strategy, which in turn will be the starting point
for the subsequent planning of the scientific exploitation of the telescope and instrument.

Keywords: ANDES, redshift drift, fine-structure constant
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Resumo

Os telescópios extremamente grandes permitem-nos um enorme avanço do conhecimento
na área da Astrofísica, levando não só a melhores imagens do nosso cosmos como também a
um aprofundar do conhecimento do mesmo.

Apontado como "o maior olho do mundo virado para o céu", o Extremely Large Teles-
cope (ELT) do Observatório Europeu do Sul (ESO) encontra-se em construção no deserto do
Atacama, Chile. Este telescópio ótico/infravermelho, equipado com tecnologia de ponta, foi
desenhado para cobrir uma ampla gama de possibilidades científicas. Em particular, o es-
tudo do universo escuro e da física fundamental com recurso a um dos seus instrumentos, o
ArmazoNes high Dispersion Echelle Spectrograph (ANDES).

Tendo em conta que os instrumentos são projetados com objetivos científicos específicos,
mas sujeitos a várias limitações técnicas e financeiras, um instrumento deste calibre requer um
grande nível de planeamento tanto no seu desenho como construção. Este trabalho foca-se
no desenvolvimento de ferramentas computacionais que possam otimizar o retorno científico
de testes astrofísicos de física fundamental (incluindo medições do redshift drift e do valor da
constante de estrutura fina) utilizando o ANDES e para as várias configurações possíveis deste.
Em pormenor, foca-se na quantificação do impacto científico de possíveis configurações e
consequente identificação dos parâmetros-chave para as respetivas compensações científicas.

Este é um resultado importante para os estudos da Fase B do ANDES e, em última análise,
levará à definição de uma estratégia de observação otimizada, que por sua vez, será o ponto
de partida para o planeamento posterior da exploração científica do telescópio e instrumento.

Palavras-chave: ANDES, redshift drift, constante de estrutura fina
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Glossary

Active Galactic Nuclei Very bright nucleus of a galaxy, in particular when its central region
is much more luminous than the rest of the galaxy. At the center
of an active galaxy is a supermassive black hole that accumulates
all the material for the central region of the galaxy, becoming an
extremely dense region. The accretion in a supermassive black
hole is the source of the extreme luminosity of an Active Galactic
Nuclei (AGN). 5

Dichroic Filter Filter made of highly polished glass and coated with multiple layers
of thin dielectric films. This filter will, at a given angle of incidence,
reflect undesired wavelengths and transmit the remaining ones. 16,
18

Free Spectral Range The largest wavelength band in a given order that does not overlap
with the identical band in an adjacent order. 13, 14

Grating Optical element composed of a large number of thin, equidistant,
parallel lines. A grating is said to be a transmission or reflection
grating according to how the light behaves when passing through
the lines, transmission if it passes between the lines, reflection if
the incident light between the lines is reflected. It can also be a
diffraction grating if it scatters the incident light into its compo-
nents by wavelength. 13

xix



GLOSSARY

Light Cone Double-cone centralized at each event in spacetime. The upper-
cone, also called the future light-cone, defines the future descrip-
tion of a light-flash discharged at the event. The lower-cone, also
called the past light-cone, describes all directions from whatever
light-flashes can be collected at the event. 5

Lyman-alpha (LyU) line Spectral line of one-electron ions, in particular hydrogen, in the
Lyman series. This line is emitted when the electron falls from
second principal quantum number (<) to < = 1. 5

Nasmyth Platforms Ultra-stable platform suitable for high-resolution spectrographs
mounted at alt-azimuth telescopes. 15, 18

Phantom Energy Fields Proposed by Caldwell in [1], a phantom energy field is a scalar field
with negative kinetic energy to study the possibility of a late ac-
celeration in time with an equation of state parameter E < −1.
9

Quasi-Stellar Object Quasi-Stellar Object (QSO), also known as quasar, is an extremely
luminous AGN. The quasars with greater luminosity can reach
luminosities thousands of times superior to the luminosity of a
galaxy like the Milky Way. These celestial objects are the most
common subclass of AGN. These characteristics make quasars the
brightest stable sources of electromagnetic radiation in the uni-
verse. 5
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CHAPTER

1
Introduction

1.1 Motivation

Whether in terms of instrument design or construction or in terms of scientific planning and
exploitation, Portugal, and in this particular case Centro de Astrofísica da Universidade do
Porto (CAUP), are strongly entangled in European Southern Observatory (ESO) instrumenta-
tion programs.

It would not be correct to speak individually of CAUP’s participation in design and con-
struction, as they do not exist by themselves, they are interconnected with scientific planning.
These two are not independent because the instruments are constructed with well-defined
scientific purposes, but are then subject to several financial and technical restrictions. On
the other hand, scientific exploitation programs must be optimized taking into account the
instrument’s specifications.

One of the research fields in which CAUP is highly involved is the high-resolution spec-
troscopy tests of fundamental physics, such as those carried out at ESO facilities. CAUP con-
tributed to the construction of the Echelle SPectrograph for Rocky Exoplanets and Stable Spec-
troscopic Observations (ESPRESSO) instrument, recently installed in the Very Large Telescope
(VLT) Coudé laboratory in Chile. Currently it is involved not only in the scientific exploitation
of ESPRESSO but also in the development of its successor for the Extremely Large Telescope
(ELT), the ArmazoNes high Dispersion Echelle Spectrograph (ANDES).

The ANDES instrument, currently starting its phase B of construction, will enable scientific
research in several astrophysical areas. This powerful spectrograph will allow astronomers
to search for and describe planets outside our solar system and identify vestiges of the first
generation of stars that made up the primitive universe. In addition to astronomy, ANDES will
reach the field of fundamental physics, where this thesis is based. In this field, it will help to
determine whether some of the fundamental constants of physics, which regulate most of the
physical mechanisms in the Universe, vary with space and time. In particular, with ANDES
we will achieve more accurate tests of the fine-structure constant and the electron-proton
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CHAPTER 1. INTRODUCTION

mass ratio. Furthermore, the main driver of ANDES science and design is the measurement of
redshift drift. This direct and independent measurement of the universe’s expansion model will
constitute evidence of the acceleration of movement of celestial objects according to Hubble’s
law. So, we can say that this instrument will have a great impact on our understanding of the
universe and its evolution.

This thesis is a contribution to Phase B of the construction of ANDES and focuses on some
of the tasks in the field of fundamental physics assigned to the CAUP team.

1.2 Objectives

This thesis has great emphasis on programming, optimization, modulation, simulation (in-
cluding the creation of simulated data) and data analysis (including its visualization). The
main objective is to develop and improve computational tools that can optimize ANDES ob-
servations for the scientific case of astrophysical tests of fundamental physics (covering mea-
surements of the redshift drift and the value of the fine-structure constant), for possible and
feasible instrument configurations.

Based on the knowledge of the CAUP team with the ESPRESSO spectrograph, we will gener-
ate realistic simulated datasets for the distinct specifications of ANDES. Through these simula-
tions, we will be skilled to analyze the scientific impact on the various possible configurations
of the instrument. Thus, we will recognize the crucial parameters for the indispensable scien-
tific compensations.

Divided into three important sections, this thesis starts with the development of all the code
needed for modeling and simulating realistic data sets for various ANDES specifications, in
particular in redshift drift and fine-structure constant measurements. The next section focuses
on the scientific analysis of the trade-offs of the possible instrument configurations. This
analysis makes it possible to quantify the scientific impact of each instrument configuration.
And as a consequence, the identification of key parameters for scientific trade-offs. In the last
section, the ANDES and consequently ELT would already be in its Phase B construction. Since
they are not in Phase B, the last section focuses on quantifying the agreement of our models
with the data.

This type of study is crucial for phase B of the construction of the instrument, since ulti-
mately it will lead to the definition of an optimized observation method, which is the starting
point for the subsequent planning of the scientific exploitation of the instrument. It is at the
end of Phase B that the entire instrument design is defined. That is why it is very important
to ensure that all options have been explored before final decisions are made.
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CHAPTER

2
State of the Art

Cosmology is one of the branches of physics and an experimental science that combines the-
oretical predictions with observable data, comparing them. Bearing in mind that this com-
parison is frustrated by the experimental and instrumental limitations that influence and thus
modify the astronomical data.

In 1922, Alexander Friedmann formulates Friedmann’s Equations, deriving the first solu-
tions to Einstein’s equations for an expanding universe [2]. Five years later, Georges Lemaître
derived a non-static solution to Einstein’s equations and coupled it with the observations then
available to suggest a possible, but inconclusive relationship between speed and distance,
which would be expected for the non-static universe [3].

In 1929, Edwin Hubble detected that the distance of a galaxy is approximately proportional
to its redshift [4]. The term redshift, possibly observed and described for the first time by
Walter S. Adams, was then confirmed by Hubble. He further formulated what we know as
Hubble’s Law, given as

a = �0 × 3, (2.1)

wherea is the recession velocity, 3 the distance of a galaxy and�0 is called the Hubble constant,
the present-day value of the Hubble parameter.

This law shows us that the farther a galaxy is, the faster it recedes. This has become proof
that our universe is expanding, as studied by Friedmann and Lemaître. The proportionality
constant, the Hubble constant �0, describes the current rate of cosmic expansion generated
by the elongation of the space-time itself. Although �0 is designated as a constant, it changes
with time.

Despite the apparent similarities to the Doppler shift, redshift has a slight distinction. In
Doppler shift, the movement of the object at the instant the photons are emitted influences the
wavelength of the radiation emitted by this object. If it is moving towards us, the wavelength
is shifted to the blue area of the spectrum. In contrast, if it moves in the opposite direction,
the wavelength is shifted to red. Redshift, H , can be characterized as the stretching of the

3



CHAPTER 2. STATE OF THE ART

wavelength of light and therefore the light is shifted in the direction of the longer wavelengths,
that is, the red part of the spectrum and defined as

H =
_obs − _emit

_emit
, (2.2)

where _obs is the wavelength of the light observed from some object and_emit is the wavelength
of the light emitted by the same object.

In other words, redshift results from the expansion of space itself and not from the move-
ment of a body. Therefore, two galaxies can be static in space and nevertheless experience a
redshift if the middle space itself is increasing.

In the late 1940s, George Gamow, Ralph Alpher and Robert Herman theoretically postulated
the existence of Cosmic Microwave Background Radiation (CMBR). Through the study of the
synthesis of light elements, they realized that the Universe in its initial moments needed to
be extremely hot. The radiation from this "hot Big Bang"still remains in our universe and
would be detectable today as CMBR. With the expansion of the Universe, they estimated that
the current temperature of the universe would be 3 K, which corresponds to the microwave
wavelengths. This radiation was only detected for the first time in 1964 accidentally by Arno
Penzias and Robert Wilson.

We can define a new era of cosmology made possible by observational advances and based
on the first observations of the expanding universe and on the CMBR, the era of modern cos-
mology. The accumulation of observations has led to a rejection of some theoretical predic-
tions and the improvement of others. With all improvements it was possible to arrive at a
standard parametrization of our Universe, called Λ Cold Dark Matter (ΛCDM) model.

The ΛCDM model - the simplest available model consistent with observations - is based
on the Friedman-Lemaître-Roberson-Walker (FLRW) equations, solutions of Einstein’s equa-
tions of General Relativity that describe the spatially homogeneous space-time in expansion
or contraction. This standard 6-parameter model assumes that the universe is composed of
photons, neutrinos, common matter (baryons and leptons), cold dark matter (not relativistic -
that only interacts gravitationally) and dark energy. It was then set one of the main paradigms
of cosmology where our universe is monopolized by two unexplained elements - dark matter
and energy. Both were discovered statistically in cosmological and astrophysical observations,
but have not yet been discovered experimentally (i.e., in the laboratory).

Dark matter is responsible for the formation of the structure of the universe. The cosmo-
logical constant, Λ, in the ΛCDM model is correlated with the energy density of the vacuum
and this density is associated with dark energy. This constant is the simplest explanation and
consistent with the data available for the acceleration source of the universe and its origin.

By the year 1962, Sandage and McVittie were the first to point out that, due to the cosmolog-
ical expansion, the redshift of astrophysical objects varies with time - a phenomenon known
as redshift drift. As demonstrated by Martins in [5], the redshift drift of an object that follows
the cosmological expansion and in a given time interval, ΔB , can be given by

ΔH

ΔB
= �0 [1 + H − � (H)], (2.3)

4



where � (H) is the rescaled Hubble parameter that can be expressed as � (H) = � (H)
�0

.

Theoretically astrophysical spectroscopy provides us with a simple technique for measur-
ing redshift drift and even quite intuitive. With the astrophysical observations made so far, we
can map our present-day past Light Cone, the lower cone in figure 2.1. By contrasting distinct
past Light Cones (distinct bottom cones), we could observe the universe expand in real time,
reaching then the redshift drift. This technique, in particular, is independent of assumptions
on any model of expansion of the universe and does not even require some sort of hypothesis
on clustering, geometry or gravitational behavior. The obstacle with this technique lies in the
cosmological timescales involved. These timescales are far superior to human timescales.

Future Light
Cone

Past Light
Cone

Time

Space

Observer

Figure 2.1: Representation of light cones.

Years later, Loeb (1998) mentions several astrophysical systems for the measurement of
redshift, in particular through the use of the Lyman-alpha forest, which he called the Sandage-
Loeb test. The Lyman-U forest is an absorption phenomenon detected in the spectrum of
high redshift of galaxies and Active Galactic Nuclei (AGN) objects such as Quasi-Stellar Object
(QSO).

Quasars radiate electromagnetic radiation of nearly unvarying intensity over an ample
wavelength range. This brightness and invariant intensity in their spectra allows to measure
the absorption lines caused by the matter along the line of sight between the observer and
the quasar. Starting at the wavelength of the QSO’s own emission Lyman-alpha (LyU) line and
stretching blueward, all QSO at large redshift display extensive numbers of slim absorption
lines.
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As we can see in figure 2.2, from the LyU absorption line and stretching blueward (the left
side of the absorption line), we identify a large number of other absorption lines. This series
of absorption lines is called the Lyman-U forest.

By subtracting two spectra from the same quasar with a considerable time difference, for
example 10 years or even more, we will obtain the values of redshift drift, since the redshift
varies with time.

of course, is to !nd a better theory, maybe ‘the correct
one’, maybe one without seemingly arbitrary fundamental
constants.

"e search for ‘variable constants’ is therefore a basic
test of physics beyond the Standard Model. But beyond-
Standard theories currently o#er little to guide where
and when in the Universe any variability is strongest, or
easiest to spot. We therefore need to test the variability
of fundamental constants in as wide a variety of places
and times in the Universe as possible.

α, quasars and the Many Multiplet method
"e time variability of α has, of course, been scrutinised
in highly controlled, Earth-bound laboratory experiments.
"e degree to which frequencies of electromagnetic tran-
sitions depend on α varies from transition to transition,
ion to ion. By comparing the ticking rates of single-ion
optical atomic clocks based on Al and Hg over 10
months, the relative rate of change in α was recently
limited to just a few parts in 1017 per year [2]. Impressive,
certainly, but what if α changes, say, non-linearly with
time and you want to know its value in a far-%ung galaxy
10 billion light-years away? Without a theory of varying

α, that 10-month laboratory experiment in our little
corner of the Universe can’t say much about the laws of
physics across the entire Universe and throughout its 
14 billion year history.

Quasars, and the odd 10-m diameter telescope, make
looking back 10 billion years routine. Quasars are super-
massive (~109 solar mass) black holes at the centre of
galaxies. Friction and gravitational energy from an
accretion disc of in-falling gas and dust means quasars
outshine all the stars in their host galaxies, radiating
~1040 W of light which, even 10 billion light-years away,
appears as a relatively bright, star-like continuum of ra-
diation in our sky – see Fig. 1.

While quasars are obviously interesting in themselves,
ripe with extreme physics and complex interactions with
their host galaxies, their brightness, distance, compactness
and spectral simplicity (no narrow features) also make
their lines-of-sight to Earth perfect probes of the narrow
absorption lines from intervening gas. Fig. 1 shows the
(simulated) spectrum of a quasar and labels the absorption
lines. Most arise from the Lyman α transition of neutral
hydrogen in the pervasive intergalactic medium, causing
a ‘Lyman α forest’ bluewards of (at lower redshi's than)
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Fig. 1. The quasar absorption line experiment. The top panel shows quasar light intersecting a galaxy on its way to Earth.
The bottom panel shows a synthetic (but realistic) quasar spectrum with important emission lines (blue labels) from the
quasar and absorption lines (black & green labels) from the intervening galaxy. The relative separations between the metal
lines are sensitive to the "ne-structure constant α.

Figure 2.2: The quasar absorption line experiment. Retrieved from [6]

The absorption spectra of the quasars (like the one shown in figure 2.2) are also strong
resources for testing the variation of the dimensionless fundamental parameters. As studied
by Uzan in [7], a fundamental constant of a certain physical theory is a parameter whose value
cannot be explained by the theory itself, only by measurement. To test a theory, we study
the invariability of the fundamental constant, both in the primitive universe by cosmological
observations and in the laboratory. And so we are able to determine its validity domain. If its
constancy is evaluated as not valid, we can interpret it as a clue to a new physics.

On the right side of the LyU absorption line in figure 2.2, the quasar spectra show some
lines of metal absorption. These lines may be associated with clouds of the materials of the
galaxy that hosts the QSO or correspondent to diverse celestial objects at other cosmological
distances that are in the identical line of sight. These absorption lines are sensitive to the
variation of the fundamental parameter, the fine-structure constant (U). In particular, each
metallic element has a different sensitivity to it. This variation will imply a violation of the
Einstein Equivalence Principle, questioning the only four forces of nature and the rupture of
gravity as Uzan describes in [7].
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The fine-structure constant, the "coupling constant", measures the strength of the elec-
tromagnetic force that describes how electrically charged elementary particles and photons
interact. At the observational level, we can define the variation in U as

ΔU

U
(H) = U (H) − U0

U0
, (2.4)

where U (H) is the measurement of U at some redshift H and U0 is the laboratory value of U.

In recent years, several observational feasibility studies have been carried out so that high
resolution spectrographs could make better measurements of the redshift drift and U. High
Accuracy Radial velocity Planet Searcher (HARPS), Ultraviolet and Visual Echelle Spectrograph
(UVES) and High Resolution Echelle Spectrometer of the Keck telescope (Keck-HIRES) were
built for these purposes. In addition to these, ESPRESSO was also built, the main predecessor
of ANDES, which will be installed at the ELT.

The ESPRESSO is an ultra-stable, high-resolution spectrograph from the Very Large Tele-
scope. This spectrograph combines the high spectroscopic precision with the efficiency of a
modern Echelle spectrograph with extreme radial speed. It is installed in the Combined Coudé
Laboratory of the VLT and also has the advantage of being connected to four Unit Telescopes
(UT) which allows operations with only one UT or with the four UTs. Using the 4UT mode, it
is possible to make slightly less accurate measurements from fainter sources than those from
the 1UT, which allows higher redshift objects to be observed. One of the main points of the
construction and theoretical bases of this spectrograph is the performance of tests with greater
precision of the stability of nature’s fundamental couplings, in particular the variations of the
fine-structure constant, U.

A crucial limitation of ESPRESSO is its wavelength coverage amplitude, which is thinner
than the ones of its predecessors. Adding to the fact that current installations only allow sensi-
tivities some orders worse than the expected signal and redshift measurements require a very
exquisite sensitivity, ANDES began to be designed.

In 2008, Liske et al. studied the feasibility of high redshift measurements with ANDES [8].
In 2012, Martinelli et al. quantify the impact of combining ANDES redshift measurements with
standard Cosmic Microwave Background (CMB) data [9]. Revealing that this combination
leads to the breaking of the degeneracy of the expansion universe parameters, which implies
a highly substantial improvement in the cosmological constraints.

On the other hand, it is also possible to measure redshift drift using CMB data. This type
of measurement requires a century-long time scale, as studied by Lange and Page [10]. The
need for an experiment time scale of one century when looking at the CMB comes from the
fact that we are looking at very high redshifts, and therefore need a long time to observe a
statistically different past light cone.

Although all these studies with redshift drift measurements with ANDES do not lead to
stricter cosmological parameters restrictions than those available with the usual probes, CMB
or supernovae, these redshift drift measurements probe regions of parameter space that are
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different from the usual ones. Therefore, and in combination with the currently known restric-
tions, we will arrive at much stricter combined restrictions. Discussed in further detail in 2019
by Alves et al. [11].

In this work we will present the analysis of realistic simulated datasets that influence the
possible configurations of the ANDES spectrograph. And so, we will know what are the optimal
instrumental parameters for maximizing the instrument’s scientific impact. For this purpose,
two different software tools should in principle be used that will complement each other.

In the first approach and through several inputs such as real quasar file and the different
properties of the instrument (for example wavelength range, efficiency or even experiment
time), a code should be used to generate the quasar data. From these data, it would be pos-
sible to reproduce two separate spectra with a given time interval. Once the redshift of each
absorption line is obtained, the redshift drift and respective error bars are easily calculated.
Since ANDES Phase B has not started yet, will use simplified assumptions for this part.

In second analysis, another type of code will be used that will allow us to explore cos-
mological constraints from the data we obtained with the previous software tool. The Fisher
Matrix Analysis code, [11], takes as input the error bars of redshift drift measurements and will
let us predict the cosmological impact of these astrophysical tests, which could lead to new
constraints on the cosmological parameters that describe our universe.

2.1 Fiducial Models of our Universe

The observations made so far suggest that the universe is controlled by an energy component,
similar to the behavior of a cosmological constant from a gravitational point of view. Con-
sistent with the available data, a cosmological constant will have to take on a smaller value
than particle physics expectations. [12] Thus, a dynamical scalar field becomes a plausible
alternative. With pressure of the field > < 0 and the accelerated expansion of the Universe,
the field should be slow-rolling, since the physical regime responsible for the acceleration of
the Universe is now dominating the dynamics of the acceleration. The field will couple to
the rest of the model, leading to long-range forces that will be possibly observed and time
dependencies of the nature constants.

A coupling to the electromagnetic sector is going to lead to space-time variations in the
fine-structure constant U. Stability tests of fundamental couplings will therefore be crucial to
the constraint on both fundamental physics and fundamental cosmology. Whether the test
results are null or some variation is detected, both will have a great importance. Null results
of variations will correspond to the normal expectation for these. In contrast, any detectable
variations will lead to an improved constraint on the fundamental cosmology. We guarantee
that any theoretical constraint will only be influenced by the sensitivity of the tests.

We can divide the scalar field based models for variable couplings into two broad classes.
Class I covers all models in which a single new dynamical degree of freedom accounts for
both variable constants and dark energy. In this class of models, the redshift dependence of
the couplings is determined parametrically. The measurements achieved will be employed as
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a way to establish constraints on the combinations of the scalar field coupling and the dark
energy equation of state. The relative variation of U in these models is given by:

ΔU

U
(H) = Z

∫ H

0

√
3Ωϕ(H ′) [1 +Eϕ(H ′)]

3H ′

1 + H ′ , (2.5)

here Z is the coupling of the scalar field to the electromagnetic sector of the theory (dimen-
sionless),Eq is the dark energy equation of state and Ωq = dq/(dq + dm) is the fraction of the
energy density of the universe.

Equation 2.5 assumes a canonical scalar field, with Eq ≥ −1. However, the argument can
be repeated for Phantom Energy Fields [13] as:

ΔU

U
(H) = −Z

∫ H

0

√
3Ωϕ(H ′) |1 +Eϕ(H ′) |

3H ′

1 + H ′ , (2.6)

where the negative sign derives from the fact that we expect a phantom field rolls up the
potential instead of rolling down.

From FLRW equations, one of the well-known parametrizations of the dark energy equation
of state, is the Chevallier-Polarski-Linder (CPL) [14][15] parametrization, described by:

ECPL(H) = E0 +Ea
H

1 + H , (2.7)

where E0 is its present value and Ea is the coefficient of the time-dependent term. For this
parametrization the square of the rescaled Hubble parameter is given by:

� 2(H) = Ωm(1 + H)3 + ΩΛ(1 + H)3(1+E0+Ea) exp
(
−3EaH

1 + H

)
, (2.8)

where Ωm is the present time matter density and it was assumed a flat universe (i.e., Ωm+ΩΛ =

1). Supposing that the dark energy is produced by a scalar field, coupled to the electromagnetic
sector, we can describe the energy density fraction as:

ΩCPL(H) =
1 − Ωm

1 − Ωm + Ωm(1 + H)−3(E0+Ea) exp(3EaH/1 + H)
(2.9)

Figure 2.3 illustrates the behavior of ΔU/U (H) in this model for realistic choices of parame-
ters. On the left is plotted ΔU/U (H) with E0 = −0.95, Ea = 0.2 and −1 × 10−6 ≤ Z ≤ 1 × 10−6;
on the right ΔU/U (H) with Ea = 0.1, Z = 5 × 10−6 and −1.1 ≤ E0 ≤ −0.9.

The CPL parametrization also has two particular cases, one of them used in this disserta-
tion. The canonical ΛCDM, whereEa = 0 andE0 = −1, and the constant dark energy equation
of state (E0CDM), where Ea = 0. For ΛCDM model, the square of the rescaled Hubble param-
eter is a limit of equation 2.8, where replacing E0 by −1 and Ea by 0 we have:

� 2(H) = Ωm(1 + H)3 + ΩΛ (2.10)
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Figure 2.3: Relative variation of U with the relevant parameters of the CPL model.

On the other hand, Class II models are those in which the field providing the variable
couplings does not provide the dark energy. Examples of models of this class include the
Bekenstein-type models [16].

In Bekenstein-type models different couplings to the dark energy and matter sectors are
allowed, and the behavior of U depends on both of them. One of the Bekenstein-type models
was used in this dissertation. In this model, the relative variation of U is given by:

ΔU

U
(H) = 2Zm log(1 + H) + 2(ZΛ − 2Zm)

3
√
ΩΛ

[
log

(
1 +
√
ΩΛ√

Ωm

)
−

√
� 2(H) log

(√
ΩΛ +

√
� 2(H)√

Ωm(1 + H)3

)]
,

(2.11)
where ZΛ and Zm are the parameter combinations that are constrained by the astrophysical
measurements of U. Furthermore, it was once again assumed a flat universe and the rescaled
Hubble parameter used in this model is the one given by equation 2.10.

Figure 2.4 illustrates the behavior of ΔU/U (H) in this Bekenstein-type model for realistic
choices of parameters. On the left is plotted ΔU/U (H) withE0 = −1,Ea = 0, Zm = −0.78× 10−6

and −5 × 10−6 ≤ ZΛ ≤ 5 × 10−6; on the right ΔU/U (H) with E0 = −1, Ea = 0, ZΛ = 1.15 × 10−6

and −3 × 10−6 ≤ Zm ≤ 3 × 10−6.
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Figure 2.4: Relative variation of U with the relevant parameters of the Bekenstein-type model.
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CHAPTER

3
High-Resolution Spectrographs

High-resolution spectrographs are the main core of astrophysics and therefore the basic obser-
vational tool for both stellar physics and the interstellar and intergalactic medium. With the
increase and improvement of telescopes, spectrographs upgrade their capabilities, extending
their high resolution to fainter celestial objects. The construction of a new telescope now has
two prime goals, increasing the photon-collecting power and high-precision spectroscopy.

3.1 Echelle Spectrographs

An astronomical spectrograph disperses light from a source into its component wavelengths.
This scattering is usually done through a diffraction Grating or prism.

In a diffraction grating, the incident light (composed of batches of distinct wavelengths)
satisfies the equation 3.1, where the light components are diffracted at angles determined by
the assigned wavelength.

3 (sinU − sin V) = ;_ (3.1)

Where U is the incident angle and V is the diffraction angle, both measured with the normal
to the diffraction grating, 3 is the period of the grating, ; is the diffraction order and _ is the
wavelength.

For high-resolution spectroscopy, as the name implies, a higher resolution is required than
for ordinary spectrographs. A grating suitable for this purpose is known as an echelle. Simply
replacing the standard grating with an echelle leads to the overlap of several diffraction orders,
particularly the higher orders. This overlap is due to the fact that the Free Spectral Range is
considerably smaller. To overcome the effect of the overlap an extra scattering element, the
cross-disperser, is used. This lower diffraction grating, the cross-disperser, will disperse light
in the direction perpendicular to the dispersion direction of the echelle grating. This allows
a wide wavelength coverage since the result of this scattering is a two-dimensional spectrum.

13



CHAPTER 3. HIGH-RESOLUTION SPECTROGRAPHS

Becoming one of the great advantages of echelle spectrographs, the two-dimensional spectrum
represents on its vertical axis the directions of dispersion by the cross-disperser and on the
horizontal axis by the echelle. If the Free Spectral Range were fully covered by the detector a
spectrum with the complete range of wavelengths and with no gaps would be achieved. That
said, the choice of the cross-disperser must always take into account what number of orders
and interval between them we would like to study, since this influences the observable region
in the sky.

A cross-dispersed echelle spectrograph is schematized in figure 3.1. We can observe that
light from a given source is incident on the echelle grating, where it will be scattered into
wavelengths dispersed by the corresponding diffraction angles. However, wavelengths corre-
sponding to different diffraction orders overlap spatially. To resolve this overlapping, the light
passes through the cross-disperser that will scatter the light in the direction perpendicular
to the direction in which the light is scattered in the echelle. The final spectrum will be a
two-dimensional spectrum.

Echelle grating

Incoming light

Overlapping spectra

Cross-disperser

High resolution
spectra Direction of dispersion

by the cross disperser

Direction of dispersion
by the echelle grating

Figure 3.1: Schematic diagram of a cross-dispersed echelle spectrograph. Adapted from [17]

Echelle spectrographs can additionally be supplied by optical fibers (fiber-fed). These will
be in charge of collecting the light from the telescope and directing it to the spectrograph.
This provides two, much needed, advantages for telescope construction, the ease of moving
a single fiber instead of dismantling the entire instrument, and the capability of obtaining
simultaneous spectrums.
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3.1.1 Echelle Spectrograph for Rocky Exoplanets and Stable Spectroscopic
Observations - Very Large Telescope

Located on the Combined-Coudé Laboratory (CCL), ESPRESSO is the VLT’s ultra-stable high-
resolution spectrograph. Both in terms of technology and the design of the spectrograph itself,
we can say that the ESPRESSO is the successor of the HARPS spectrograph. However, at the
level of the type of telescope they are in (large telescopes) and the scientific objectives, in
particular the application in cosmology, the ESPRESSO is considered as the successor of the
UVES. The detection and characterization of Earth-like planets and the measurement of the
possible variation of the constants of the Universe are the two major scientific goals of this
highly stabilized fiber echelle spectrograph. Supplied by two fibers, one for the scientific target
and the other one for simultaneous reference, ESPRESSO also has the particularity of being
able to collect light from a single or up to four Unit Telescopes (UTs) at the same time.

Until it reaches the spectrograph itself, the light passes through three distinct subsystems
of the ESPRESSO: the Coudé Train (CT), the Front Ends (FE) and the Calibration Unit (CU),
as illustrated in figure 3.2.

UT1 FE1

FE2

UT2

FE3

UT3

UT4FE4

CU

CT UT1 CT UT4

CT UT2 CT UT3

Spectrograph
(Vacuum Vessel)

Figure 3.2: Schematic representation of ESPRESSO and its different subsystems. UT - Unit
Telescope; CT - Coudé Train; FE - Front End; CU - Calibration Unit. The numbers refer to the
Unit Telescope used. Adapted from [18].

The redirection of the light from the telescopes (just one or even a combination of all four)
to the CCL is performed by the Coudé Trains. The light is captured by the Coudé Trains at
the Nasmyth Platforms level and redirected to the Coudé Rooms through an optical system
composed of several optical elements such as prisms, mirrors, lenses, and fibers. Guided by

15
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the incoherent light tunnels, the beams from the four UTs meet at the CCL, where the mode
setting and beam conditioning will be done by the Front-End subsystem.

The Front-End subsystem consists of the rigid frame assembly with four arms, each arm
oriented toward the incoherent light tunnels of the respective UT. Each beam received by
the associated Coudé Train is corrected through an Atmospheric Dispersion Correction unit,
where it is redirected to a common focal plane. This focal plane is also where the fiber feed to
spectrograph is processed. The Front-End is further responsible for injecting either into the
fibers or into the spectrograph the calibration light. Thus, we can simply describe the Front-
End as the necessary connection between the input signal (i.e., object light, sky light and
calibration light) and the output fiber. The Fiber-Link is responsible for the re-transmission of
light from the Front-End to the spectrograph in the vacuum vessel and also for performing the
essential task of light scrambling. By scrambling the light, a homogeneous light distribution
will be ensured and will minimize the negative effects of not only atmospheric turbulence but
also a weakly centered target. This makes the obtained spectra very insensitive to variations
in the distribution of incident light.

The Calibration Unit, as the name suggests, is a set of devices that allow the correct calibra-
tion of the instrument. When daily calibrations are performed, only one of the Front-Ends will
be supplied with this calibration light that will transmit to the other UTs in order to provide a
common reference calibration, as shown in figure 3.2. ESPRESSO is equipped with different
calibration sources. A Fabry-Pérot (FP) to perform a wavelength calibration over the entire
spectral range, characterized as a cavity illuminated with white light and is used for simulta-
neous reference measurements. And a Thorium-Argon hollow-cathode lamp (ThAr) is used
for wavelength calibrations in regular studies and can be used in combination with an FP to
extend and improve this calibration. For absolute calibration, the ESPRESSO also has a Laser-
Frequency Comb (LFC) that is intended to perform a more accurate calibration at wavelengths
between 500 and 720 nm. Lastly it is also equipped with a Laser-Driven-Light Source (LDLS)
used for location, profile, and spectral flat-field calibration.

In order to achieve the high precision required in the measurements, ESPRESSO is mounted
in a vacuum vessel so that a pressure of the order of 10−5 mbar is maintained during its opera-
tion. To avoid deviations in the temperature at which the instrument is working, a multi-shell
thermal enclosure system has been developed so that the temperature is stabilized in the order
of mK.

Figure 3.3 reveals the optical sketch of the spectrograph. The beam enters through the
Anamorphic Pupil Slicer Unit (APSU) which will compress the beam in the cross scattering
direction and the pupil slicer will split the pupil into two beams. These are then superimposed
on the echelle grating, which will scatter the beam to the Dichroic Filter that separates it into
a blue and a red spectroscopic arm, as can be noted in the figure. This division, in blue and
red arms, allows both greater optical efficiency and better quality in the resulting image at
each arm. Forwarded to the cross-disperser, the beams will be separated in all their spectral
orders that were overlapping, as explained in section 3.1. To maximize the space between the
orders an anamorphism is again introduced to reshape the pupil to a square. This will imply
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an increase in the Signal-to-noise Ratio (S/N) for each pixel. Finally, each light beam reaches
the respective Charge-Coupled Device (CCD), where it is registered. Between 380 and 525 nm
the light is registered on the blue CCD, and between 525 and 788 nm on the red.

Figure 3.3: Schematic diagram of the optical components that belong to the ESPRESSO. Re-
trieved from [18].

ESPRESSO can be operated in three different observation modes: High Resolution 1-UT
(HR), Ultra High Resolution 1-UT (UHR) and Medium Resolution 4-UT (MR). Their differences
are summarized in table 3.1.

Table 3.1: Main characteristics of ESPRESSO observation modes. Retrieved from [18].

HR (1-UT) UHR (1-UT) MR (4-UT)

Wavelength Range 380 – 788 nm 380 – 788 nm 380 – 788 nm
Resolving power (median) 140 000 190 000 70 000
Aperture on sky 1”.0 0”.5 4x1”.0
Total efficiency 11% 5% 11%
RV precision (requirement) <10 cm/s <5 m/s <5 m/s
Limiting V-band magnitude ∼17 ∼16 ∼20
Binning 1x1, 2x1 1x1 4x2, 8x4
Spectral sampling (average) 4.5 px 2.5 px 5.5 px (binned x2)
Spatial sampling per slice 9.0 (4.5) px 5.0 px 5.5 px (binned x4)
Number of slices 2 2 1

3.1.2 ArmazoNes high Dispersion Echelle Spectrograph - Extremely Large
Telescope

Under construction at Cerro Armazones in Chile’s Atacama Desert, the ELT is ESOs ambitious
new program. And similar to the VLT, the ELT will also be equipped with a very powerful high-
resolution optical spectrograph, the ANDES. Among the various scientific goals of ANDES, for
this dissertation, we highlight not only the study of possible variations of the fundamental
constants of physics (particularly the fine-structure constant) but also the direct measurement
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of the expansion of the universe. At the time of writing this dissertation, ANDES has completed
the initial phase of the project known as Phase A. Therefore, the description of the general
characteristics and design of the ANDES spectrograph in this subsection will all concern what
was established by Phase A.

This class of high-resolution spectrographs requires an extremely large photon collection
area. And in view of this type of defined instrumentation two studies have been carried out,
Cosmic Dynamics and Exo-earth Experiment (CODEX) [19] in the optical wavelength range
and SIMPLE [20] in the near-infrared. The combination of the two studies demonstrated the
enormous scientific significance of the telescope, and in particular the spectrograph, in cov-
ering the entire optical and near-infrared spectral range. This led to the development of the
ANDES concept as we know it in the present, a spectrograph that both in terms of scientific
goals but also technology and design is considered the successor of the ESPRESSO.

The basic idea behind ANDES is a modular instrument consisting of three ultra-stable
and modular fiber-fed cross dispersed echelle spectrographs. The three spectrographs VIS-
BLUE (visible-blue), VIS-RED (visible-red) and NIR (near-infrared) will be suitable to cover
a wavelength range from 0.4 to 1.8 `m (goal 0.35 - 1.8 `m) with a spectral resolution power
of ' ∼ 100, 000 for a unique object. In figure 3.4 we can see the schematic representation of
the ANDES spectrograph. Through Dichroic Filters, the light coming from the Front End is
split into three channels of distinct wavelengths. Each of them will feed the corresponding
spectrograph module via the fiber bundle associated with the channel. Moreover, each fiber
bundle will correspond to a particular observation mode. In order to ensure stability for the
required measurements, the three spectrographs, VIS-BLUE, VIS-RED and NIR, all have a fixed
configuration. It is intended that all components of ANDES be placed on the Nasmyth Plat-
forms, if possible due to their mass and volume. If this is not possible, the VIS-RED and NIR
modules can be placed in the Coudé Room, where the Calibration Unit will also be located.

VIS-BLUE

VIS-RED

NIR

Front End

EL
T 

fo
cu

s

Calibration
Unit

Figure 3.4: Schematic representation of ANDES. Adapted from [21].
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Table 3.2 summarizes the characteristics defined by Phase A of ANDES. At this stage these
are not the final characteristics of the instrument, as it may still suffer minor changes only if
these are scientifically well justified.

Table 3.2: Main characteristics of ANDES.

Wavelength 0.40 – 1.80 μm (baseline), 0.33 – 2.44 μm (goal)

Spectral resolution 100 000 – 150 000

Field(s)-of-view 0.170”, 64 fibers (R ∼ 100 000), 0.113”, 96 fibers (R ∼ 150 000)

ANDES will have the strong advantage over ESPRESSO of covering the wavelength range
of the near-infrared, allowing the range of measurements of U over and above H = 4. The
feasibility of which has been recently demonstrated in [22]. For the common objective of
spectrographs, the measurement of a possible variation of the fundamental physical constant
U, we know in advance that ANDES should, at higher values of S/N, confirm the ESPRESSO
results and take these into account for its observation plan. That said, we can predict two
distinct possible scenarios:

- ESPRESSO does not detect any U variation. The tighter limits achievable by ANDES
will constrain physics related to the unexplained elements of the universe, dark energy
and dark matter. The redshifts of interest might differ from those initially predicted, or
depend on new cosmological results (e.g., from the Euclid space mission).

- ESPRESSO detects the U variation. ANDES will map this variation across its range of
attainable redshift and distinct environments.

For the other scientific goal of ANDES studied in this dissertation, the measurement of redshift
drift, the major observational challenge for measuring redshift drift is to be expected to have
an extremely small drift rate, ∼ 6 cm s−1 decade−1 at H = 3, as studied by Liske et al. in [8].
Using the LyU forest of QSO absorption lines as a target, ANDES should be the first to have
the power to respond to this challenge. Combining these results with those from the Square
Kilometer Array Observatory (SKAO) radio telescope at H < 1 (in emission) and possibly at
H > 8 (in absorption) [23] and probably gravitational wave observatories such as Deci-hertz
Interferometer Gravitational Wave Observatory (DECIGO) and Big Bang Observer (BBO) at
H ∼ 0.5 (if feasibility is confirmed) will allow us to have a direct measurement of the expansion
of the universe.
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4
Simulations and Cosmological
Constraints

Bearing in mind all the similarities between the ESPRESSO and ANDES spectrographs pre-
sented in chapter 3, it is important to emphasize that all the knowledge gained from the prede-
cessor spectrograph is used for the development of ANDES. In this chapter, we briefly discuss
how simulated data is generated and how from this data we are able to achieve cosmological
constraints on the parameters.

4.1 Generation of simulated data

As explained in chapter 2, QSO’s at high redshifts exhibit the Lyman-alpha forest in the region
to the left of the QSO’s LyU emission line, while on its right they exhibit metal absorption lines.
Based on these characteristic spectra, the code necessary to perform the astrophysical tests of
fundamental physics (specifically the measurements of the redshift drift and the value of the
fine-structure constant) was developed.

A cloud, either in the same line of sight or in the galaxy that hosts the QSO, imprints
absorption lines in the quasar’s spectrum, which reveal the properties of the cloud itself. These
lines can appear very close or even superimposed on each other (line blending). For this
reason, the most appropriate way to get information about the characteristics of the clouds
present is by modelling and adjusting each absorption line. A natural broadening, as an effect
of the finite radiative lifetime, and a collisional/pressure broadening, as an effect of the finite
lifetime of the quantum state owing to collisions, are present in each absorption line. These
two broadenings are described by a Lorentzian profile. The absorption lines also experience a
Doppler broadening, as a result of the thermal motion, which can be described by a Gaussian
profile. Therefore, each absorption line is commonly fitted to a Voigt profile which is the
convolution of the Gaussian� (F ;f) and Lorentzian ! (F ;W ) profiles, and empirically defined
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as:

+ (F ;f,W ) =
∫ ∞

−∞
� (F ′;f)! (F − F ′;W )3F ′, (4.1)

where� (F ;f) = 1
f
√
2c
exp

(
− F2

2f2

)
and ! (F ;W ) = W/c

F2+W 2 . Here f is the standard deviation of the
Gaussian profile, W is the Half Width at Half Maximum (HWHM) of the Lorentzian profile and
F is related to frequency and given by F = h − h0, where h0 is the line centre.

For our case study, the Voigt profile of a certain transition is described by a set of fixed and
free parameters. As fixed parameters (determined empirically in the laboratory) we will have,
for example, the inverse of the transition lifetime Γ and the rest wavelength _. Determined by
the models that fit the data, the free parameters can be the redshift H and the column density of
the gas # . As additional and equally free parameters is included the variation in U (ΔU/U) and
the gas temperature ) . It is important to mention that the redshift, (ΔU/U) and temperature
are constant values for all transitions observed in each cloud under study.

Written in Fortran and developed to fit diverse Voigt profiles to spectral data, the VPFIT
program [24] is the most used tool for this purpose and also for (ΔU/U) measurements. The
user must enter the data and the model that will be used, in a .13 file, with the parameters of
the Voigt profiles, initial values for the free parameters and additional parameters such as the
continuum and zero-level corrections. The VPFIT uses a nonlinear least-squares algorithm
to find the Voigt profile fitting the experimental data. Associated with the fitting process, the
error between the Voigt profile and the experimental one is minimized, which is quantified as:

j2 =

#∑
i=1

(�;=34:i (F) − � 30B0i )2

A 2i
, (4.2)

where j2 is the chi-square, F is the vector of initial values of the free parameters, �;=34:i is a
fit value at 7 and Ai is the Root-Mean-Squared (RMS) noise estimated there. When normalized
j2, j2a = j2/a (a is number of degrees of freedom), takes a value around a unity we consider
the fit to be statistically acceptable. Which means that the dispersion of the data around the
model predictions is consistent with the uncertainty about the data. Although reliant on the
free parameters chosen by the user, the VPFIT has already been shown to produce reliable
results on simulated data [25] [26] in the various tests that it has been subjected to over the
last few years.

Used in parallel and included in the VPFIT, the RDGEN program is a set of routines to
handle, display and adjust data. Therefore, it is a vehicle to establish the initial values for the
free parameters and also to display combined results of the VPFIT. The RDGEN and the VPFIT
also require two other libraries, CFITSIO and PGPLOT. The first one is used for reading and
writing data files in Flexible Image Transport System (FITS) data format. PGPLOT is a library
of graphical subroutines that allows not only low-level but also high-level graph drawing.

Developed by J. Poyatos [27] and using the VPFIT and the RDGEN collection of routines,
the code expects as input a FITS file with a spectrum of a QSO and also a .13 file resulting from
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the quasar spectra scanning tool, QScan [28], of this same spectrum. QScan is a program that
allows to scan any quasar spectrum making it easy to manually identify absorption lines.

The .13 file generated by QScan has all the information regarding the absorption systems
under study. The spectrum number and the start and end wavelengths for each system, calcu-
lated by the wavelength-related redshift formula:

_ = _0(1 + H), (4.3)

where _0 is the wavelength of the absorption system on Earth and _ is the wavelength of the
absorption system in the cloud. The file also has the Gaussian parameter and _0 values. In
the subsequent lines, we have the first guesses/initial values (including the initial guess for the
variation of U) for the fit we want, this model acts as the �;=34: . However, the atomic data file
acts as � 30B0 , as defined by the terminology used in equation 4.2. By trial and error, the free
parameters of the model are modified so that the chi-square is improved. The redshift param-
eter, column density and Doppler 1 parameter will be modified as expected and adequate for
the type of elements found in the absorption system.

As an output we will have the settings of the elements under study, as well as their asso-
ciated uncertainties. The free parameters can be changed by iterations of the program itself,
so that they best fit the atomic data file. We will also have the variation of U and its associated
uncertainty, along with the normalized chi-square j2a . With this alpha variation determined,
we have one of the key points that this dissertation covers.

For the measurement of the redshift deviation, the RDGEN program is used to generate
two simulated spectra. One spectrum from the present day and one with a deviation (i.e., a
simulated spectrum with the same conditions, but with an added time interval). Initially we
need a .fits file of a real quasar to copy the size of the wavelength matrix. It is also necessary
to take into account the wavelength dependence with noise, the Full Width at Half Maximum
(FWHM) value and noise profile of the instrument, together with a .13 file with the identified
absorption systems. The output is the simulated spectrum in a .fits file. For the simulation of
the spectrum with an additional time interval ΔB , the precision of the model parameters is only
10−7, which implies that for the sensitivity of the RDGEN program a ΔB of 400 years is required
for a single absorption line, as demonstrated in [27]. The experiment time can be reduced by
including multiple absorption lines plus those in the LyU forest. With the two spectra obtained
we can achieve the redshift drift by subtracting the two spectra or using cross-correlation. Both
approaches are still the focus of discussion and are awaiting further analysis of results as in
[29].

4.2 From simulated data to cosmological constraints

With the simulated spectra, as described in section 4.1, we are able to perform the astrophysical
tests of fundamental physics significant to this dissertation. And we can also forecast the cos-
mological impact of these tests when performed by ANDES i.e., predict the uncertainties with
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which to constrain the cosmological parameters with future measurements. This prediction is
performed using standard Fisher Matrix analysis techniques [30][31].

A code (in Annex I) was created based on the one developed by C. S. Alves for forecasts
of redshift drift constraints on cosmological parameters [11] and for forecasts for tests of the
stability of the fine-structure constant [32]. Making use of Fisher Matrix techniques, our code
predicts the cosmological impact of both redshift drift and the fine-structure constant measure-
ments and also of the combination of both for several fiducial models. To better understand
this code, we will define the Fisher Matrix as

�ij =

#∑
a=1

m5a

m>i

1
fa2

m5a

m>j
, (4.4)

assuming a set of parameters (>1, >2, ..., >" ) of the model " with # observables and with
( 51, 52, ...5# ) measured quantities (i.e., predictions of the model for the # observables) with
associated uncertainties (f1, f2, ..., f# ).

As a simple illustration, we assume a Fisher Matrix for a model with two parameters, F and
G . The inverse of the calculated Fisher Matrix, the covariance matrix, gives an estimate of the
covariance of the parameters given by

[� ]−1 ≡ [� ] =
[
fx

2 fxy
2

fxy
2 fy

2

]
, (4.5)

where fxy2 = dfxfy with d the correlation coefficient (d varies from −1 - independent - to
+1 - completely correlated). The fx2 and fy

2 are the uncertainties in parameters F and G

marginalizing over the other parameters. Marginalizing a parameter in the covariance matrix
simply means eliminating the column and row that are associated to it.

The covariance matrix is also a tool for drawing confidence ellipses, such as the illustrated
in figure 4.1.

θ
R1R2

Figure 4.1: Example of a confidence ellipse.
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The parameters required for drawing an ellipse like the one in figure 4.1 and following its
notations are the radius of the major axis ('1), the radius of the minor axis ('2) defined as

'1 =
f2
x + f2

y

2
+

√√√(
f2
x − f2

y

2

)2
+ f2

xy

'2 =
f2
x + f2

y

2
−

√√√(
f2
x − f2

y

2

)2
+ f2

xy

(4.6)

The values obtained for both radius of the ellipse are then multiplied by the coefficient associ-
ated with the confidence level we are interested in. The angle in radians from positive x-axis
to the ellipse’s major axis in the counterclockwise direction (\ ) is given by

\ =


0 if f2

xy = 0 and f2
x ≥ f2

y

c
2 if f2

xy = 0 and f2
x < f2

y

0B0<2('1 − f2
x , f

2
xy) else

(4.7)

Besides the confidence ellipses we can also characterize the Figure of Merit (FoM) as

�=" =
1

fxfy
√
1 − d2(Δj2)

=
1

(fx2fy2 − fxy4)1/2(Δj2)
, (4.8)

where Δj2 classifies the confidence interval of interest. The FoM is of extreme importance
due to its inverse proportionality with the confidence area of the two parameters of our model,
since with a small area we have a small uncertainty in the parameters.

To summarize, the developed code will need as inputs the redshift measurements, in this
case simulated data for ANDES, and the respective uncertainties of these measurements, the
model and the priors we want to consider. Then it will generate the aforementioned elements,
the Fisher Matrix, the covariance matrix and the FoM, from which we will be able to extract
the confidence intervals and draw the confidence ellipses.
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CHAPTER

5
Forecasts of Redshift Drift
Measurements

Important for fundamental cosmology, redshift drift measurements are a different probe of
the universe. These allow us to see the universe expanding in real time and are independent
of the model considered. However, these measurements have an associated practical difficulty
concerning the order of magnitude of the time scales required. The order of magnitude of
cosmologically significant time scales is even larger than human time scales, which increases
the difficulty related to the substantial sensitivity required in redshift drift measurements. With
the telescopes available to date, the best sensitivity achieved is approximately three orders of
magnitude above the expected signal for the ΛCDM model with its parameters reasonably
chosen. Achieved by Darling in 2012 [33], the sensitivity is likely to be vulnerable to systematic
errors on the same order of magnitude as statistical ones. Recently, Cooke also achieved a
sensitivity roughly three orders of magnitude higher than the expected signal in [34].

In the detailed feasibility study of high redshift measurements for ELT with a timescale
of a decade, which was performed by Liske et al. [8], they discovered that the spectroscopic
velocity uncertainty is well approximated by the following expression:

fv = 1.35
(
(/#
2370

)−1 (
#QSO

30

)−1/2 (
1 + HQSO

5

)−_
cm/s, (5.1)

where _ = 1.7 up to H = 4 and _ = 0.9 for H > 4, (/# is the signal to noise ratio, #QSO

the number of QSOs and HQSO the effective redshift of the QSO. It should be noted that ex-
pression 5.1 was obtained based on the quasars available at that time. Consistent with this
work and with the higher-level requirements for the ANDES spectrograph mentioned in [21],
for an analysis of the forecasts for redshift drift we assumed a set of five effective redshifts
HLiske = [2.0, 2.5, 3.0, 3.5, 4.5], each with (/# = 3000 and #QSO = 6, a time span of ΔB = 20
years and the spectroscopic velocity uncertainty is given by equation 5.1. These redshift mea-
surements are dependent on a reasonable amount of sufficiently bright QSOs which would
translate into a reasonable signal to noise when compared to telescope time. This is a plausi-
ble scenario given that the Southern hemisphere of the sky is not fully explored and searches
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for additional QSOs are ongoing. With the rise in the number of available QSOs, the redshift
drift measurement will increasingly tend to be a viable observational program and will take
less time between the two observing epochs.

Recently, Boutsia et al. [35] proposed a new QSO catalog (still under research), the Golden
Sample, with 30 bright QSOs from the Southern hemisphere at high redshift. In table 5.1 we
find the names, redshift, and estimated telescope time, t in hours, for each of the QSOs. All
measurements have a velocity accuracy of fv = 22.8 cm/s and a time span of ΔB = 25 years.

Table 5.1: The Golden Sample of Southern QSO for the Sandage Test. Adapted from [35].

Name Redshift t(h)

J000322.94-260317.9 4.111 61.2
J000736.55-570151.8 4.260 70.5
J004131.41-493611.7 3.240 68.5
J010318.05-130509.9 4.072 71.9
J015558.26-192848.8 3.655 96.7
J015644.67-692216.1 2.800 78.7
J020413.26-325122.8 3.835 66.2
J030722.89-494548.2 4.728 78.8
J033015.31-543021.1 3.400 97.4
J042214.78-384452.9 3.123 84.2
J054803.19-484813.1 4.147 51.4
J093542.69-065118.8 4.040 85.3
J094253.51-110425.9 3.093 87.0
J101529.36-121314.3 4.190 72.0
J104856.82-163709.2 3.370 98.0
J105122.70-065047.8 3.765 88.1
J105449.68-171107.3 3.765 70.8
J111054.67-301129.8 4.780 74.2
J132029.98-052335.1 3.700 99.4
J144943.17-122717.5 3.273 82.3
J150527.83-204534.9 3.090 91.3
J162116.92-004250.8 3.703 94.1
J195302.67-381548.3 3.712 87.0
J200324.11-325145.0 3.783 83.6
J201741.49-281630.0 3.685 95.0
J212518.38-420547.6 3.549 98.8
J212540.96-171951.3 3.897 39.9
J212912.18-153840.9 3.280 88.4
J215228.21-444603.9 3.473 94.8
J215728.21-360215.1 4.771 75.7

The Golden Sample is a result of the spectroscopic follow-up of the QUasars as BRIght
beacons for Cosmology in the Southern hemisphere (QUBRICS) survey. Explained in detail in
[36], the QUBRICS survey is based on a canonical correlation analysis method [37] that uses
several datasets such as Skymapper [38] or Gaia DR2 [39]. By employing machine learning
with this photometric catalogs and the spectroscopic follow up it was possible to increase the
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number of QSOs at high redshift from the southern hemisphere. Boutsia et al. selected the 30
brightest quasars, naming them the Golden Sample.

A different approach, pointed out by Klöckner et al. [40], is to use the SKAO radio telescope
for low redshift measurements. This telescope is still in phase 1 of construction and only in
phase 2 can redshift measurements be made with realistic time intervals between epochs.
Following this approach, we assume five measurements at HSKAO = 0.1, 0.2, 0.3, 0.4, 0.5 with
the uncertainties fv of 2, 4, 6, 8, 10% cm/s, respectively and a time span of ΔB = 0.5 years.

In order to discuss the cosmological impact of redshift measurements by the two ELT ob-
servational strategies, on their own and in combination, the Fisher Matrix techniques were
used for the comparative study, as explained in section 4.2. We used two fiducial models, the
well-known CPL parametrization [14][15] and one of its particular cases, the canonical ΛCDM,
both discussed in section 2.1 and assuming flatness, i.e, Ωm + ΩΛ = 1.

The validation of all the code, in Annex I, inherent in this chapter 5 was done behind the
replication of the analysis of the fisher matrices in [11]. Achieving the same results makes it
possible to use different datasets, such as the Golden Sample.

5.1 ΛCDM model

For this fiducial model the relevant cosmological parameters are ℎ = 0.7, Ωm = 0.3, E0 = −1
andEa = 0 and three different cases were studied: without adding priors, with separate priors
in ℎ and Ωm and with Planck prior [41] on the product of the two.

5.1.1 Without priors

The results of the analysis without priors are summarized in table 5.2 (which contains the
correlation coefficients d of the parameters under analysis, the FoM of the pair, and one-sigma
marginalized constraints for each of the model parameters) and in the left panel of figure 5.1.

From the one-sigma constraints plotted in the left panel of figure 5.1 it can be seen that
the Liske dataset is reasonably competitive for Ωm measurements, but its sensitivity to ℎ is
very low. This results in a relatively small FoM in the Ωm −ℎ plane. On the other hand, and by
the measurements summarized in table 5.2, the SKAO dataset is much more sensitive to ℎ and
thus leads to a FoM about 10 times higher than Liske. The Golden Sample dataset on its own
has the least sensitivity to both parameters, yielding the smallest FoM in the Ωm − ℎ plane,
about 10 times smaller than Liske’s. When combining Liske and SKAO datasets, we can observe
that the combination, as expected, results in better one-sigma constraints, f (ℎ) = 0.029, for
the Hubble parameter and f (Ωm) = 0.012 for the matter density and a value of FoM about 36
times higher than that of Liske on its own and almost 4 times higher than that of SKAO. The
combination of Golden Sample and SKAO also improves the one-sigma constraints f (ℎ) =
0.024 and f (Ωm) = 0.056 and the FoM value, the sensitivity of these measurements is roughly
half of the ones obtained with the combination of Liske and SKAO.
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In the right panel of figure 5.1 we can see the dependence of the FoM of the Golden Sample
on its velocity accuracy, fv. The blue horizontal line is the FoM value of Liske just for compar-
ison. From this comparison we can infer that it will be necessary for the velocity accuracy of
the Golden Sample to be improved up to fv = 7.48 cm/s to have the same FoM as Liske.

Figure 5.1: Left panel: One-sigma constraints on Ωm − ℎ plane. Right panel: FoM dependence
on velocity accuracy of the Golden Sample dataset, compared to the FoM in the standard
approach of Liske et al. (blue horizontal line). The Liske, Golden Sample and SKAO datasets
are the blue, purple and green lines, respectively. Results computed using the ΛCDM model
with no priors.

5.1.2 With separate priors

Separate priors were added to the parameter ℎ and Ωm, fh = 0.05 and fΩm = 0.03. The results
of this analysis with separate priors are also summarized in table 5.2 and in the left panel of
figure 5.2.

As expected, all sensitivities were improved, such as the FoM value obtained for the Ωm−ℎ
plane. For the Golden Sample dataset, the FoM value increases by a factor of 41, the one-sigma
constraint on the ℎ parameter improves approximately by a factor of 24, and the one-sigma
constraints on the Ωm parameter improves by a factor of 8.

In the right panel of figure 5.2 we can see the dependence of the FoM of the Golden Sample
on its velocity accuracy, fv. The blue line is the FoM value from Liske with the addition of
the separate priors just for comparison. With this comparison we can infer that to get the
FoM of the Golden Sample dataset equal to the FoM of Liske the velocity accuracy will have
to decrease until fv = 9.75 cm/s.
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Figure 5.2: Left panel: One-sigma constraints on Ωm −ℎ plane. Right panel: FoM dependence
on velocity accuracy of the Golden Sample dataset, compared to the FoM in the standard
approach of Liske et al. (blue horizontal line). The Liske, Golden Sample and SKAO datasets
are the blue, purple and green lines, respectively. The black line is the one-sigma constraint
from the separate priors only. Results computed using the ΛCDM model with separate priors
in ℎ and Ωm.

5.1.3 With Planck prior

In this analysis an external prior, the Planck Prior, was added. This prior represents the cur-
rently available data, in particular, the measurement of Ωmℎ

2 from the Planck 2018 [41], which
has a one-sigma constraint of fPlanck = 0.0013. The results of this analysis with Planck prior
are also summarized in table 5.2 and in the left panel of figure 5.3.

The addition of the Planck prior leads to better constraints for the Liske and SKAO datasets.
In opposition, for the Golden Sample dataset, the one-sigma constraints for the ℎ and Ωm

parameters become worse, in particular for Ωm, when compared to those obtained with the
separate priors. The combination of datasets, either Liske+SKAO or Golden Sample+SKAO,
achieve one-sigma constraints of f (ℎ) = 0.004 and f (Ωm) = 0.003. The FoM values obtained
are quite close.

In the right panel of figure 5.3 we can see the dependence of the FoM of the Golden Sample
with Planck prior added on its velocity accuracy, fv. The blue horizontal line is the FoM value of
Liske just for comparison. From this comparison we can infer that for the FoM of the Golden
sample to be the same as Liske’s it will require an improvement in velocity accuracy up to
fv = 9.78 cm/s.
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Figure 5.3: Left panel: One-sigma constraints on Ωm −ℎ plane. Right panel: FoM dependence
on velocity accuracy of the Golden Sample dataset, compared to the FoM in the standard
approach of Liske et al. (blue horizontal line). The Liske, Golden Sample and SKAO datasets
are the blue, purple and green lines, respectively. Results computed using the ΛCDM model
with Planck prior.

Table 5.2: Results of the Fisher Matrix analysis of redshift drift measurements for the ΛCDM
model.

Datasets Priors 1(h,
m) LoS (h,
m) 2 (h) 2 (
m)

None -0.930 86 0.293 0.047
Liske Separate -0.340 604 0.048 0.016

Planck -0.992 6762 0.025 0.021

None -0.976 9 1.175 0.184
Golden Sample Separate -0.113 367 0.049 0.024

Planck -0.999 2900 0.057 0.048

None 0.993 903 0.096 0.042
SKAO Separate 0.954 2343 0.038 0.016

Planck -0.733 42182 0.004 0.003

None 0.920 3081 0.029 0.012
Liske + SKAO Separate 0.853 4422 0.021 0.009

Planck -0.853 60481 0.004 0.003

None 0.979 1562 0.056 0.024
Golden Sample + SKAO Separate 0.906 3473 0.026 0.011

Planck -0.855 59802 0.004 0.003

5.2 CPL parametrization

For the parametrization of the dark energy equation of state, the CPL parametrization, the
fiducial cosmological parameters chosen are ℎ = 0.7, Ωm = 0.3, E0 = −0.9 and Ea = 0.3. As
noted for the canonical ΛCDM in section 5.1, the results obtained with the Golden Sample
dataset are comparatively worse than those obtained by the Liske and SKAO datasets. There-
fore, the analysis done in the right panels of figures 5.1, 5.2 and 5.3 (i.e., the dependence of
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Golden Sample’s FoM on its velocity accuracy) was not performed, since with more cosmolog-
ical parameters involved the FoM results would be considerably lower, as is evidenced in table
5.3. That said, for this model we analyzed through the Fisher Matrix techniques the specific
case where priors were added in ℎ, Ωm, E0 and Ea.

The separate priors considered were fh = 0.05, fΩm = 0.03, fE0 = 0.1 and fEa = 0.3. And
in figure 5.4 we find two of the planes analyzed for this parametrization.

From the one-sigma constraints in the left panel it is apparent that the Liske dataset is
the most competitive for Ωm measurements, followed by the Golden Sample and soon after
the SKAO. In contrast, the sensitivity of all datasets to ℎ is qualitatively very close, making
none of them stand out. In the right panel it is very clear, the best constraints obtained were
those that used the SKAO dataset, regarding bothE0 andEa. It is also noticeable, however not
very pronounced, that the Like dataset is more sensitive to theE0 parameter in contrast to the
Golden Sample.

All possible planes were also analyzed, but the results obtained have the expected behavior.
They were not significantly different from the planes described in detail in this section.

Figure 5.4: Left panel: One-sigma constraints on Ωm − ℎ plane. Right panel: One-sigma con-
straints on E0 −Ea plane. The Liske, Golden Sample and SKAO datasets are the blue, purple
and green lines, respectively. Results computed using the CPL parametrization with separate
priors in ℎ, Ωm, E0 and Ea.

In table 5.3 we can find the correlation coefficient, d , and FoM of the various parameter
combinations, marginalizing the others. And also the one-sigma constraint, f , of each of
the parameters is listed. Comparing the FoM measurements obtained for the parameter set
(ℎ,Ωm) with the Separate Priors case in table 5.2, we can observe that the largest decrease
in the FoM value obtained is for the SKAO, by a factor of approximately 6.8. However, for
the Golden Sample dataset, the decrease in FoM is only 1.04. Regarding the one-sigma con-
straints, the value of f (ℎ) remains unchanged for the analysis with the isolated Liske and
Golden Sample datasets and for the remaining cases it increases. Meanwhile, for f (Ωm), the
uncertainty increases in comparison to those presented in table 5.2 both for isolated datasets
and in combinations. For the other parameter sets, we can observe that the results agree with
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the predictions. Increasing the number of free parameters with respect to those in the ΛCDM
model lowers the sensitivity to each of the parameters and the value of the FoM. The highest
FoM value is achieved when the datasets are combined, in particular in the set (Ωm,E0). The
lowest one-sigma constraints obtained for E0 and Ea are f (E0) = 0.032 and f (Ea) = 0.164
both for the combination of the Liske and SKAO datasets.

Table 5.3: Results of the Fisher Matrix analysis of redshift drift measurements for the CPL
model.

Parameters Liske Golden Sample SKAO Liske + SKAO Golden Sample + SKAO

1(h,
m) -0.266 -0.108 0.081 -0.163 0.024
1(
m,w0) -0.286 -0.120 -0.712 -0.688 -0.700
1(h,w0) -0.039 -0.030 0.558 0.702 0.570
1(
m,wa) -0.436 -0.181 -0.404 -0.411 -0.317
1(h,wa) -0.071 -0.045 -0.064 -0.059 -0.036
1(w0,wa) -0.125 -0.053 0.016 -0.074 -0.093

LoS (h,
m) 467 353 344 902 730
LoS (
m,w0) 236 177 513 1207 1026
LoS (h,w0) 94 90 239 602 479
LoS (
m,wa) 87 61 87 187 155
LoS (h,wa) 33 31 44 84 79
LoS (w0,wa) 17 15 46 83 80

2 (h) 0.048 0.049 0.048 0.032 0.033
2 (
m) 0.020 0.025 0.026 0.015 0.018
2 (w0) 0.096 0.098 0.046 0.032 0.033
2 (wa) 0.276 0.289 0.207 0.164 0.166
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6
Forecasts of the Stability of the
Fine-Structure Constant

Used to describe the forces present in the physical interactions in the standard model of parti-
cle physics, the dimensionless fundamental couplings were assumed to be invariant in space-
time. As discussed by C.J.A.P. Martins in [42], experiments in particle accelerators have shown
that the behavior of fundamental couplings has a dependence on energy, and therefore, in
various extensions of the standard model, these couplings will change in time and perhaps
in space. High resolution spectroscopic measurements of the fine-structure constant U have
particular importance in the field of astrophysical tests of the stability of fundamental cou-
plings. In a scenario where the same dynamical degree of freedom represents alpha variation
and dark energy, the obtained cosmological constraints can be combined with the standard
cosmological observables and thus constrain the equation of state of dark energy, as explained
in [43] and [44]. Meanwhile, in any scenario, the variation when detected will imply a violation
of Einstein’s Equivalence Principle, further details in [45].

In agreement with the ANDES specifications two datasets were simulated with baseline
and optimistic forecasts, respectively. For the baseline hypothesis we assumed 15 redshift
measurements between H = 1.0 and H = 2.5, equally spaced, and with an uncertainty fU = 0.1
ppm and 10 redshift measurements between H = 2.5 and H = 4.0, also equally spaced, and with
an uncertainty fU = 0.2 ppm. For a more optimistic scenario, we assumed three different sets
of redshift measurements. The first one with 20 redshift measurements between H = 1.0 and
H = 2.5 and with an uncertainty fU = 0.05 ppm. The second with 15 redshift measurements
between H = 2.5 and H = 4.0 and with an uncertainty fU = 0.1 ppm. The third with 15 redshift
measurements between H = 4.0 and H = 7.0 and with an uncertainty fU = 1 ppm. All redshift
measurements of the sets are equally spaced.

Aiming to discuss the cosmological impact of the fine-structure constant variation mea-
surements from the baseline and optimistic datasets, Fisher Matrix techniques were used for
the comparative study, as explained in section 4.2. One type of each class of models was ana-
lyzed, the CPL parametrization [14][15] representing the Class I models and the Bekenstein-type
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model [16] representing the Class II.
The validation of all the code, in Annex I, inherent in this chapter 6 was done behind the

replication of the analysis of the fisher matrices in [46]. Achieving the same results makes it
possible to use different datasets, such as the forecasts for ANDES.

6.1 Bekenstein-type model

For Class II models, such as the Bekenstein model used here, the relative variation of U is given
by equation 2.11, as already explained in section 2.1. And it is important to remember that in
this case, the flat ΛCDM is assumed and which implies E0 = −1 and Ea = 0.

The present-day drift rate for this model is given by:(
1
�

¤U
U

)
0
= −ZΛ + 2(ZΛ − 2Zm)

Ωm√
ΩΛ

log
(
1 +
√
ΩΛ√

Ωm

)
(6.1)

Achieved by Rosenband et al. [47], the present variation of U determined in the atomic clock
laboratory assumes the value of: (

1
�

¤U
U

)
0
= −0.22 ± 0.32ppm (6.2)

From equation 6.1 and the uncertainty in equation 6.2 we can determine the prior uncer-
tainties from the atomic clocks for both Z . The fiducial value for both is ZΛ = Zm = −0.1×10−6 =
−0.1 ppm. For Ωm it is once again used Ωm = 0.3 and f (Ωm) = 0.03.

Figure 6.1 displays the results of the analysis using the Fisher Matrix techniques for the
Bekenstein model. We can observe in the left and central panels that the constraints obtained
with both baseline and optimistic forecasts are equally sensitive to the Ωm parameter. Never-
theless, the optimistic forecasts are more sensitive to both Zm and ZΛ when compared to the
baseline forecasts.

Figure 6.1: Left panel: One-sigma constraints on Zm − Ωm plane. Middle panel: One-sigma
constraints on ZΛ − Ωm plane. Right panel: One-sigma constraints on ZΛ − Zm plane. The
datasets with baseline and optimistic forecasts correspond to the dark blue and light blue
lines, respectively and for the Bekenstein model.

Table 6.1 shows the correlation coefficients of the various sets of model parameters, the
FoM and the one-sigma constraints achieved through this analysis. The Zm and ZΛ parameters
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6.2 . CPL PARAMETRIZATION

were expressed in ppm. Compared to table 6.2, in table 6.1 it is noticeable in all the correlation
coefficients and FoM that the value obtained rises when the optimistic forecasts are used. As
presented in figure 6.1, both forecasts are equally sensitive to Ωm. As for Zm and ZΛ, the opti-
mistic forecasts are the ones that better constrain both parameters, i.e. smaller values of the
one-sigma constraints. It should also be emphasized that there is no correlation between the
cosmological parameter, Ωm, and the particle physics parameters, Zm and ZΛ, of this model. It
follows that the Ωm parameter does not benefit the change from baseline to optimistic fore-
casts. The biggest improvement perceived is in the (Zm, ZΛ) set which, from the correlation
coefficient, we can clearly see the anti-correlation between them.

Table 6.1: Results of the Fisher Matrix analysis of U variation measurements for the Bekenstein
model.

Parameters Baseline Optimistic

1(
m, 'm) 0.002 0.005
1(
m, '�) 0.020 0.045
1('m, '�) -0.976 -0.975

LoS (
m, 'm) 214 502
LoS (
m, '�) 36 83
LoS ('m, '�) 73 391

2 (
m) 0.030 0.030
2 ('m) 0.068 0.029
2 ('�) 0.407 0.174

6.2 CPL parametrization

For this parametrization the relative variation of U is given by equation 2.5 described in sec-
tion 2.1. We realistically choose the subsequent fiducial values and prior uncertainties for our
cosmological and particle physics parameters:

Ωm = 0.3, f (Ωm) = 0.03
E0 = −0.9, f (E0) = 0.1
Ea = 0.3, f (Ea) = 0.3

Z = −0.1 × 10−6 = −0.1 ppm, f (Z ) = 10−5 = 10 ppm

From the analysis of the one-sigma constraints of the three panels presented in figure 6.2,
it is noticeable that whether with the baseline or optimistic forecasts, the sensitivity to Ωm,
E0 and Ea is the same for the two cases. On the other hand, and as would be expected, the
optimistic forecasts lead to better Z constraints than the baseline ones.

In table 6.2 we present the correlation coefficients of the various sets of model parameters,
the FoM and the one-sigma constraints obtained. The Z parameter was expressed in ppm.
The largest differences between the baseline and optimistic forecasts in the achieved FoM
values are for the sets (E0, Z ) and (Ea, Z ) where the increase factor is roughly 1.5. The others
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vary by a smaller factor or do not vary approximately at all as in the case of the set (Ωm,E0),
(Ωm,Ea) and (E0,Ea). These different results than expected are due to the correlation that
the particle physics parameter Z exhibits with E0 and Ea. Leading to a decrease in the one-
sigma constraint of the Z parameter, f (Z ), and a slight increase in the constraints f (E0) and
f (Ea). This increase and decrease in the one-sigma constraints is a result in agreement with
that obtained by Calabrese et al. in [48]. Regarding one-sigma constraints for the parameters
E0 and Ea, optimistic forecasts only improve the uncertainty of Ea. For the Z parameter, it is
noticeable that the optimistic forecasts lead to a smaller one-sigma constraint value.

Figure 6.2: Left panel: One-sigma constraints on Z −Ωm plane. Middle panel: One-sigma con-
straints on Z −E0 plane. Right panel: One-sigma constraints on Z −Ea plane. The datasets with
baseline and optimistic forecasts correspond to the dark blue and light blue lines, respectively
and for the CPL parametrization.

Table 6.2: Results of the Fisher Matrix analysis of U variation measurements for the CPL
parametrization.

Parameters Baseline Optimistic

1(
m,w0) -0.000 -0.000
1(
m,wa) 0.000 0.002
1(
m, ') -0.067 -0.089
1(w0,wa) 0.000 0.000
1(w0, ') 0.486 0.654
1(wa, ') 0.464 0.620

LoS (
m,w0) 145 145
LoS (
m,wa) 48 49
LoS (
m, ') 228 307
LoS (w0,wa) 15 15
LoS (w0, ') 78 121
LoS (wa, ') 26 39

2 (
m) 0.030 0.030
2 (w0) 0.100 0.100
2 (wa) 0.299 0.296
2 (') 0.064 0.047
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CHAPTER

7
Forecasts of Combined Redshift
Drift and Fine-Structure Constant
Measurements

After the separate analysis of forecasts of both redshift drift measurements and the stability of
the fine-structure constant in chapters 5 and 6 respectively, it is now important to analyze the
combination of redshift drift and U measurements and what gains come from this combina-
tion.

To analyze the gain, we have made two combinations of datasets, both including red-
shift drift and U measurements. First, we combined the Liske dataset, described in chapter
5, with the baseline forecast, discussed in chapter 6. The second combination is again the
Liske dataset, but combined with the optimistic forecast, also described in chapter 6. The
Fisher Matrix analysis for the combination of the redshift drift and U measurements simply
results from adding the matrices obtained separately. These analyses were carried out for the
Bekenstein model and the CPL parametrization and using the same realistic choices for both
the fiducial values and the prior uncertainties.

Subsequently, we further quantified the constraints on the model parameters from the
combined data by drawing the likelihoods of each parameter. For this quantification, two
cases were chosen for the CPL parametrization, E0 = −1 and Ea = 0 (the ΛCDM particular
case already described in subsection 2.1) and E0 = −0.9 and Ea = 0.3, the CPL case used in
the previous analyses. And also two distinct cases for the Bekenstein model, the first where
Zm = ZΛ = 0 (i.e. the ΛCDM model is recovered) and the other where Zm = ZΛ = −0.1 ppm.

7.1 Bekenstein-type model

In figure 7.1 are presented the most relevant 2D planes of the one-sigma constraints for the
Bekenstein model and using the baseline U forecasts. In the upper right panel, the only panel
in which the three constraints at one-sigma are represented, we can deduce that the gain
from the combination of redshift drift and alpha measurements is extremely small. In particu-
lar, the constraints obtained for ℎ and Ωm are coincident and therefore the three ellipses are
overlapping. In the remaining panels involving the Zm and ZΛ parameters we realize that the

39
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combination of the measurements (dark purple lines) has a larger gain for the Ωm parameter,
as for the CPL parametrization.

Figure 7.1: One-sigma constraints for the most relevant combinations of the Bekenstein model
parameters (ℎ, Ωm, Zm and ZΛ). The Liske dataset with redshift drift measurements only, the
baseline forecasts with U measurements only, and the combination of redshift drift and U

correspond to the red, light purple, and dark purple lines, respectively. The red line drawn
only in the upper right panel is not visible, as it is superimposed on the dark purple line.

In figure 7.2 we have used the optimistic forecasts for U measurements and all ellipses
behave as expected, that is, tighter constraints on Ωm, Zm and ZΛ.

Table 7.1 summarizes the FoM values of all the parameter sets and the one-sigma con-
straints of each of them from the Fisher Matrix analysis of the entire datasets for the Bekenstein
model.

We can infer from figures 7.1 and 7.2 and table 7.1 that redshift drift constrains the cosmo-
logical parameters, U variation constraints the couplings and the combination improves the
constraint on Ωm.
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7.1 . BEKENSTEIN-TYPE MODEL

Figure 7.2: One-sigma constraints for the most relevant combinations of the Bekenstein model
parameters (ℎ, Ωm, Zm and ZΛ). The Liske dataset with redshift drift measurements only, the
optimistic forecasts with U measurements only, and the combination of redshift drift and U

correspond to the red, light green, and dark green lines, respectively. The red line drawn only
in the upper right panel is not visible, as it is superimposed on the dark green line.

Table 7.1: Results of the Fisher Matrix analysis of redshift drift, U and combination of both
measurements for the Bekenstein model.

Parameters Liske Baseline Optimistic Liske + Baseline Liske + Optimistic

LoS ('m, '�) - 73 391 73 399
LoS ('m,
m) - 214 502 403 948
LoS ('�,
m) - 36 83 67 157
LoS (
m, h) 604 - - 604 604

2 (h) 0.048 - - 0.048 0.048
2 (
m) 0.016 0.030 0.030 0.016 0.016
2 ('m) - 0.068 0.029 0.068 0.029
2 ('�) - 0.407 0.174 0.407 0.174

Figure 7.3 displays the 1D posterior likelihoods obtained for each of the parameters of
the Bekenstein models. It can be observed that there is no visible distinction of the models
Zm = ZΛ = 0 and Zm = ZΛ = −0.1 ppm for the ℎ and Ωm parameters, which is not unexpected
since the fiducial values are the same. However, the major distinction of the two models
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is when we analyze the likelihoods obtained for the Zm parameter, in particular using the
optimistic forecasts of the U measurements.

Figure 7.3: One-dimensional likelihood for each parameter of the Bekenstein model. The com-
binations of the Liske dataset with baseline and optimistic forecasts are the solid and dashed
lines, respectively. Concerning the models, Zm = ZΛ = −0.1 ppm it is represented in the blue
lines and Zm = ZΛ = 0 it is in the pink ones.

7.2 CPL parametrization

Figure 7.4 shows the most relevant 2D planes of the one-sigma constraints for the CPL parametriza-
tion and using the baseline U forecasts. In the top three panels, the Z −Ea, Z −E0 and Z −Ωm

planes, we have the one-sigma constraints for U only measurements and the combination of
these with redshift drift. From the analysis of these three panels, it is clear that the biggest
gain is seen in the one where the Ωm parameter is involved. That is, in the Z −Ωm panel, the
one-sigma constraints in dark purple (combination of alpha and redshift drift measurements)
significantly improve the sensitivity to Ωm. The reason for this difference is that redshift drift
does not depend directly on Z , but is highly sensitive to Ωm. The central three panels show
the one-sigma constraints for measurements of redshift drift only, U only, and combination of
the two. For these three cases the gains from the combination of redshift drift and U measure-
ments are not easily distinguishable, since they are presented overlapped with the one-sigma
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constraints from redshift drift measurements only i.e., the red and dark purple lines are over-
lapping. It should be noted that the Ea − E0 panel is where we have the smallest gain that
comes from combining the measurements. Finally, in the bottom three panels where one
of the parameters is ℎ, the one-sigma constraints of redshift drift measurements and of the
combination of redshift drift with U are plotted. For both the E0 and Ωm parameters the im-
provement is not visible, as the red lines (from redshift drift only) are superimposed on the
dark purple lines (from the combination of redshift drift and U). In contrast, in theEa−ℎ panel
we can see the increased sensitivity to theEa parameter when we combine the measurements.

Figure 7.4: One-sigma constraints for the most relevant combinations of the CPL parametriza-
tion parameters (ℎ, Ωm, E0, Ea and Z ). The Liske dataset with redshift drift measurements
only, the baseline forecasts with U measurements only, and the combination of redshift drift
and U correspond to the red, light purple, and dark purple lines, respectively. The red lines
drawn in the middle and bottom panels when not visible are superimposed on the dark purple
lines.

The same parameter combinations as in figure 7.4 are plotted in figure 7.5 however, us-
ing optimistic U forecasts. By directly comparing both results, with baseline and optimistic
forecasts, we can verify that the results of the optimistic forecasts follow what is expected for
this type of forecast. It is easy to notice that in the central panels the gain relative to the com-
bination of the two types of measurements, however with a very small difference, is already
detectable in the plots i.e., we can see the one-sigma constraints of redshift drift measurements
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(red lines), U measurements (light green lines) and the combination of both (dark green lines).

Figure 7.5: One-sigma constraints for the most relevant combinations of the CPL parametriza-
tion parameters (ℎ, Ωm, E0, Ea and Z ). The Liske dataset with redshift drift measurements
only, the optimistic forecasts with U measurements only, and the combination of redshift drift
and U correspond to the red, light green, and dark green lines, respectively. The red lines drawn
in the middle and bottom panels when not visible are superimposed on the dark green lines.

Table 7.2 presents the FoM of all possible sets of parameters of the CPL parametrization,
marginalizing the remaining ones, and the one-sigma constraints obtained for each parameter
individually. We can observe that for the combinations that include Z , the Z −Ωm combination
is where we obtain the largest gain when combining redshift drift and alpha measurements,
in particular with optimistic U forecasts. For the combinations Ea − Ωm, E0 − Ωm we can
remark that the FoM is mostly determined by the constraints obtained for the Liske dataset.
And the lower FoM values for optimistic forecasts than for baseline are due to the change
in the degeneracy direction of the obtained ellipses. We also confirm that for the Ea − E0

panel the differences between the combined and individually acquired FoM values are not
significant. Regarding one-sigma constraints it is clearly seen that the combination of the
measurements does not imply better constraints on the parameters than those obtained with
the Liske dataset. The exception is the Z parameter where combining Liske and optimistic U
forecasts the obtained value is f (Z ) = 0.044.
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Table 7.2: Results of the Fisher Matrix analysis of redshift drift, U and combination of both
measurements for the CPL parametrization.

Parameters Liske Baseline Optimistic Liske + Baseline Liske + Optimistic

LoS (' ,wa) - 26 39 28 44
LoS (' ,w0) - 78 121 82 131
LoS (' ,
m) - 228 307 382 579
LoS (wa,w0) 17 15 15 17 17
LoS (wa,
m) 87 48 49 87 88
LoS (w0,
m) 236 145 145 236 237
LoS (wa, h) 33 - - 33 33
LoS (w0, h) 94 - - 94 94
LoS (
m, h) 467 - - 467 469

2 (h) 0.048 - - 0.048 0.048
2 (
m) 0.020 0.030 0.030 0.020 0.020
2 (w0) 0.096 0.100 0.100 0.096 0.096
2 (wa) 0.276 0.299 0.296 0.276 0.273
2 (') - 0.064 0.047 0.061 0.044

Figure 7.6 shows the likelihoods obtained for each of the parameters of the CPL parametriza-
tion, in the green lines we find the case E0 = −0.9 and Ea = 0.3, while the orange lines rep-
resent the case E0 = −1 and Ea = 0. For these models the distinction between them is most
noticeable for the Z parameter and imperceptible for ℎ. For the parameters E0 and Ea the
likelihoods are centered on the respective most likely values, but the difference between each
model is very similar compared to each other.

Figure 7.6: One-dimensional likelihood for each parameter of the CPL parametrization. The
combinations of the Liske dataset with baseline and optimistic forecasts are the solid and
dashed lines, respectively. Concerning the models, E0 = −0.9 andEa = 0.3 it is represented in
the green lines and E0 = −1 and Ea = 0 it is in the orange ones.
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7.3 Comparison between ΛCDM, Bekenstein and CPL
parametrization

In figure 7.7 we represent the 1D posterior likelihoods for the parameters E0, Ea, Z , Zm and
ZΛ without any model class assumed, i.e., without knowing beforehand whether the degree of
freedom accounts for the variable constants as for the dark energy or whether, on the contrary,
the field that provides the variable couplings does not provide the dark energy. This leads us to
conclude that without additional class information it is not possible, with the type of analysis
of the Fisher Matrices, to identify the type of model that best fits the data.

The panels that are not represented (the ℎ and Ωm parameters) were purposely not in-
cluded because the three likelihoods are overlapping. An expected result considering that the
fiducial values used are the same.

Figure 7.7: One-dimensional likelihoods for the E0, Ea, Z , Zm and ZΛ parameters for ΛCDM,
Bekenstein and CPL models. The combinations of the Liske dataset with baseline and opti-
mistic forecasts are the solid and dashed lines, respectively. Concerning the models, ΛCDM,
CPL parametrization and Bekenstein correspond to the red, green and blue lines, respectively.
The red lines drawn in the upper and bottom panels are not visible, as they are superimposed
on the blue lines forE0,Ea and Z parameters and on the green lines for Zm and ZΛ parameters.
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CHAPTER

8
Conclusions and Outlook

This master’s thesis covers two types of spectroscopy tests of fundamental physics, measure-
ments of the redshift drift and the value of the fine-structure constant, and returns the scientific
impact of these measurements for possible ANDES configurations. It also identifies the key
parameters for the respective scientific trade-offs.

The redshift drift and fine-structure constant value measurements were analyzed sepa-
rately as well as in combination. And the gains of this combination were identified. The sepa-
rate redshift drift analysis also includes the comparison of the approach used (Liske dataset)
with the Golden Sample dataset and concluded that in the models studied the Golden Sample
leads to weaker cosmological constraints. For the forecasts made for the measurements of
the fine-structure constant value, as expected, an optimistic version, in general, allows us to
obtain better parameter constraints.

As an output of this thesis, a scientific publication is being prepared that summarizes all
the work developed in this thesis. The results obtained were also submitted to the scientific
committee of two conferences, the conference Investigação Jovem da U.Porto (IJUP) and the
2022 edition of the Iberian Cosmology Meeting (IberiCOS 2022). Both abstracts have been
accepted as oral communications, and were presented remotely (via Zoom) on May 4th.

During this dissertation and as part of one of the ESPRESSO Guaranteed Time Observations
(GTO) scientific teams, I contributed to a paper that is already under revision.

For future research we suggest detailed analysis of the constraining power as a function of
the number and precision of measurements and also the use of local experiments priors such
as atomic clocks or Weak Equivalence Principle. In addition, updating the Golden Sample
catalog may bring better results and therefore the need for its analysis. With ANDES already
near the beginning of Phase B and ESPRESSO having started the GTO period, an application
for a research fellowship in a PhD program has been submitted in order to continue the study
of this master thesis.
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ANNEX

I
Annex 1

All the code produced for this dissertation can be found at: https://drive.google.com/

drive/folders/1YQpuy4lHJkkP8weprIppl-Je7YQGHS17?usp=sharing. After the release of the
scientific publication that summarizes all the work developed in this dissertation, this code
will become public.
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