//

\\\\\‘\

A \\\\\\\

Constraining the Dark Energy

Equation of State Using
Alternative Cosmic Tracers

by

Ricardo Chavez

Thesis submitted in partial fulfilment of the requirements
for the degree of

MASTER OF SCIENCE IN ASTROPHYSICS
at the

Instituto Nacional de Astrofisica,Optica y Electronica
July 2010
Tonantzintla, Puebla

Under the supervision of

Ph.D. Roberto Terlevich
Tenured Researcher INAOE, Mexico
Ph.D. Elena Terlevich
Tenured Researcher INAOE, Mexico
Ph.D. Manolis Plionis
Tenured Researcher INAOE, Mexico & NOA, Greece

(©OINAOE 2010
The author hereby grants to INAOE permission to
reproduce and to distribute publicly paper and electronic

copies of this thesis document in whole or in par&'/, \

\\\\\\\







To my parents, for their tireless support.






Abstract

We propose to use the IHgalaxies redshift-distance relation, measured by means of
their L(HpB) — o correlation, in order to determine the Hubble function teimediate

and high redshifts, in an attempt to constrain the dark gneggation of state parame-
ters solution space, as an alternative to the cosmologseabtitype la supernovae.

So that we can use effectively high redshiftiFjalaxies as probes for dark en-
ergy equation of state parameters, we must reassegsgih® — o distance estimator,
minimizing the observational uncertainties and takingeaairthe possible associated
systematics, such as stellar age, gas metallicity, reddeenvironment and morphol-
ogy.

In order to reassess tligH 5) — o distance estimator, we have selected and observed
a sample ofl28 H 11 galaxies from the local universe. From a preliminary analys
which does not yet take care of the possible systematicteffee have obtained a
relation given bylog,, L(H5) = (3.95 £ 0.10) log,, o + (34.68 £ 0.17), which has an
associated dispersiofiJog,, L(HB) = 0.299, similar to the one obtained in previous

works kM_QLm_Qk_el_ai 8).

The selection of a intermediate and high redshift samplelofjdlaxies, its accurate
observation and analysis, using the previously reasség$eg) — o distance estimator,
is a crucial task to be accomplished in order to realize oal fajectives and it will
realized during my doctoral research.






Resumen

Se propone utilizar la relacion corrimiento al rojo - diste para galaxias H, medida
mediante su correlacioh(H/3) — o, con el proposito de determinar la funcion de Hub-
ble a corrimientos al rojo intermedios y altos, en un intguaa restringir el espacio de
soluciones de los parametros de la ecuacion de estadcedergia oscura; como una
alternativa al uso cosmologico de supernovas de tipo la.

De modo que sea posible el uso efectivo de galaxiasaHalto corrimiento al rojo
como trazadores de los parametros de la ecuacion de edtadoenergia oscura, se
hace necesario re-evaluar el estimador de distandias) — o, minimizando las incer-
tidumbres observacionales y tomando en cuenta los posbie®s sistematicos aso-
ciados, tales como edad estelar, metalicidad del gas esmognto, medio ambiente y
morfologia.

Con la intencion de re-evaluar el estimador de distanids) — o, se ha selec-
cionado y observado una muestralde galaxias Hi del universo local. De un analisis
preliminar, que aln no toma en cuenta los posibles effatsbmmaticos, se ha obtenido
una relacion dada pdog,, L(HB) = (3.95 £+ 0.10) log,, o + (34.68 £ 0.17), la cual
tiene una dispersion asociaddpg,, L(HS) = 0.299, similar a la que se ha obtenido
en trabajos previo&(Memck_eilalL.L‘ 88).

La seleccion de una muestra de galaxias &icorrimiento al rojo intermedio y alto,
su observacion precisa y analisis, utilizando el estonae distancid. (H3) — o pre-
viamente re-evaluado, es una tarea crucial a llevar a cafaocpaseguir los objetivos

planteados y sera efectuada durante la investigacioo@bct






Preface

The terms “cosmological constant” and more recently “darkrgy” and “modified
gravity” have been remainders of our incomplete understanaf the “physical real-
ity”. The fundamental problems have been inconsistencisig between the observa-
tional and theoretical approaches or even between the twotheoretical alternatives.

The “knowledge” is constructed progressively, harsh amgjtley battles between
proud theoretical systems, between judgements, must lghfdiefore a glimpse of
certainty may be acquired. However, sometimes an appgrieattablepetit problem
has been enough to “demolish” the noblest system.

The cosmic acceleration, detected at the end of the 1990k] be one of this class
of problems that are the key to a new view of reality. Firstlbfthis problem is related
to many current fields in physics, crossing from gravitatiorguantum field theory
and to the unknown in the incarnation of quantum gravity wighmultiple flavors (eg.
string theory, loop quantum gravity, twistor theory, ..Bven more, the quest for a
theoretical account of the observed acceleration has gimemmormous impetus to the
search for alternative theories of gravity.

The theoretical explanations for the cosmic acceleratremzany and diverse, first
of all we have the cosmological constant as a form of vacuuergsn then we are
faced with a multitude of models in which the origin for thecaleration is explained
by means of a substance with an exotic equation of state, aallyfiwwe encounter
explanations based on modifications of the general retativeory.

The fact is that the current empirical data are not enoughsarichinate between
the great number of theoretical models, and therefore if wetwo eventually decide
on which is the best model we will need more and accurate data.

This work is devoted to explore the possibility of using ldalaxies as probes for the



cosmic expansion history. Many distinct probes alreadyeh#en used or proposed,
such as type la Supernovae (SNe la), baryon acoustic derikagalaxy clusters and
weak lensing. From the previously mentioned only type lagsnpvae and H galax-
ies are purely geometrical probes (i.e. related directtii¢ametric), whereas the others
are growth probes (i.e. related to the rate of growth of makkasity perturbations) or
a combination of both.

The advantage of using iHgalaxies over the use of type la Supernovae, as probes
of comic acceleration, is that i galaxies can be observed easily to higher redshifts.
However, the Hi galaxies distance modulus determinations, through th@iis) — o
relation, have larger uncertainties than those of type [zeBwvae. Nevertheless,H
galaxies would be a valuable complement to the type la Sopaedata, especially
at high redshifts, and even more they could also be used asfiancation for cosmic
acceleration, which for the present is based only on SNe la.

The use of HI galaxies as probes of cosmic acceleration is conditioneditsuc-
ceeding in improving itd. (HS) — o relation, obtaining an accurate determination of its
zero point and reducing its scatter, and finally taking cdaldhe systematics that can
possibly affect it.

H 11 galaxies are a promising new avenue for the determinatitimeatosmic expan-
sion history. Their true value will be seen and assesseaigl@oming years, when a
enough large sample of intermediate and high redshift tbjeit! have been observed
and analysed.
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List of Symbols

We have attempted to keep the basic notation as standardssibleo In general, the
notation is always defined at its first occurrence in the t&kie signature of the met-
ric is assumed to bé+, —, —, —) and the speed of light;, is taken to be equal td
throughout this work, unless otherwise specified. Throughios work the Einstein
summation convention is assumed. Note that throughoutthigisis the subscript 0
denotes a parameter’s present epoch value, unless otbepasified.

O The D’Alembert operator.
X The comoving distance.
X2 The Chi-square merit function.

Op The perturbations to the mass-energy density decomposedhieir Fourier
modes.

I't.  The metric connection coefficients or Christoffel symbols.
K The Einstein’s gravitational constant.

A The cosmological constant.

L The Lagrangian density or the likelihood estimator.

i The distance modulus.

Q The mass-energy density nomarlized to the presewlue.

P The mass-energy density.



List of Symbols

Pe

Cs
Dy
Dy
Dy

av

The critical density (that required for the Universe to havi&at spatial geome-

try).

The emisson-line width.
The cosmic scale factor.
The sound speed.

The angular distance.
The luminosity distance.
The proper distance.
The comoving volume element.
The flux.

The Einstein tensor.
The metric.

The Hubble parameter.

The dimensionless Hubble parameter.

The luminosity.

The Hil galaxies distance indicator.

The pressure.

The deceleration parameter .
The Ricci scalar.

The Ricci tensor.

The curvature radius.

The core radius.



List of Symbols

The action.

The scale of acoustic oscillations.
The cosmological time.

The stress-energy tensor.

The line equivalent width.

The equation of state parameter.

The redshift.
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Chapter 1
Introduction

Our current understanding of the cosmological evidencwssitbat our Universe is ho-
mogeneous on large-scales, spatially flat and in an actetegapansion phase; is com-
posed of baryons, some sort of cold dark matter and a compuagch acts as having
a negative pressure (dubbed “dark energy” or cosmologmasgtant), which explains
the accelerated cosmic expansion. The Universe underweanflationary infancy of
an extremely rapid growth, followed by a phase of gentleraagpon driven initially
by its relativistic and then by its non-relativistic contefut by now its evolution is

governed by the dark energy component [Eg,J_RaLLa_&MQg M;LELi_ema.n_el_ilil.
?@_@)1.
The observational evidence of the dark energy componentpnesented in 1998
when two teams studying type la supernovae (SNe la),Siygernova Cosmology
Projectand theHigh-z Supernova Searctiound independently that the distances of
these objects were farther than expected in a Universe utitmsmological constant

&e_s_s_et_éllﬂé Perlmutter el £I., 1999). Since thensareanents of cosmic mi-
crowave background (CMB) anisotropy [eQ., Jaff eé LL(lbOh?rvke et all |(20(£2)

|Soergﬂl_e1_zil | (20(1)7)] and of large-scale structure (LS§), IL(ZQb4),
' 5)], in combination with independent Hebfelation measurements

.F_re_e_dmmt_iilLLle), have confirmed the acceleratedhsiqueof the Universe.

The accumulated evidence imply that nearly 70% of the to@ésyenergy of the
Universe is composed of the mysterious dark energy; alth@sgature is still largely
unknown. Possible candidates of the cause of the accalexgpansion of the Universe



Chapter 1. Introduction

are Einstein’s cosmological constant, which implies thatdark energy component is
constant in time and uniform in spac@rgj 2001); ohpes the dark energy is
an exotic form of matter of which the equation of state cowddilme dependent [eg.,

pr_QLand_e_t_aLII_(ZDbG)]; or even that the range of validiteheral Relativity (GR) is

limited.

From the previous discussion we can see that understarttengature of dark en-
ergy is of paramount importance and it could have deep iragdins for fundamental
physics; it is thus of no surprise that this problem has bedled out prominently in

recent policy reportMﬂm&h&dM&&MM) where extensive ex-

perimental programs to explore dark energy have been puafat

To the present day, the cosmic acceleration has been traesdydonly by means
of SNe la and at redshifts < 1, a fact which implies that it is of great importance
to use alternative geometrical probes at higher redshifteder to verify the SNe la
results and to obtain more stringent constrains in the ctxyical parameters solution
space, with the final aim of discriminating among the varitheoretical alternatives
that attempt to explain the accelerated expansion of theduse.

1.1 Aims of This Work

The main objective of this work is to trace the Hubble funatigssing the redshift-

distance relation of H galaxies, as an alternative to SNe la, in an attempt to canstr
the dark energy equation of state, combining also the esitithe clustering method
[eg., Plioni l. 9)]. The main reasons for choosing ghlaxies as alternative

tracers of the Hubble function, are:

e H1l galaxies can be used as standard canJ:jlgs (Melnig& Jat_ild; M

|2_0_0_i;|_SLeg§I_et_$l., 2Qb5) due to the correlation betweenkcity dispersion
andH3-line luminosity ' _19_Z| , ' ' ' Y

).

e H1l galaxies can be observed to higher redshifts than thoselsdrayp current
SNe la surveys and thus probe a region where the Hubble &imistimore sen-
sitive to the cosmological parameters.

2



1.2. Structure of This Work

e The use of Hi galaxies as alternative hightracer will enable us, to some extent,
to independently verify the SNe la based results.

In order to use effectively high-H 11 galaxies as geometrical probes, we need to
re-assess thé(Hp3) — o distance estimator, since this was originally done 30 years
ago using non-linear detectors and without including aioas for effects such as
the galaxy peculiar motions and environmental dependenkEfaving this objective in
mind, we must investigate, at lows, all the parameters that can systematically affect
the distance estimator; among which the stellar age, natgllextinction, environ-
ment, etc., with the intention to determine accurately steveator’s zero-point.

1.2 Structure of This Work

Through the second chapter we will be presenting the cosntel@ration problem,

its observational evidence, its implications and possibéoretical explanations and
finally the possible avenues to constrain its parameteusisolspace in order to obtain
a better understanding of its nature, than what is currentiyed.

The third chapter explores the fundamental properties ofgdlaxies, its.(Hf3) —
o relation, its possible systematics, the possibility ofngsHII galaxies as distance
indicators and finally the related cosmological implicaso

Through the fourth chapter we will explain the methodologyldcally re-assess
the L(HpJ) — o relation for Hii galaxies in order to use them as cosmological probes
at high redshifts. In the same form, we will describe the modthogy to analyse an
intermediate and high-sample of HI galaxies in order to constraint the parameters
space of the dark energy equation of state.

In the fifth chapter we explore in detail the local sample of Halaxies and show
some preliminary results regarding theH ) — o relation.

Finally, in the sixth chapter we will overview the future Wwaio be accomplished
during the doctoral research and we will give some conclydamarks.






Chapter 2
The Cosmic Acceleration Problem

The cause of the cosmic acceleration is one of the most uitggproblems in all
physics. In one form or another it is related to gravitatioigh energy physics, extra
dimensions, quantum field theory and even more exotic arfeBeysics as quantum
gravity or worm holes. However, we still know very little @gling the mechanism
that drives the accelerated expansion of the Universe.

Due to the lack of a fundamental physical theory explainhydccelerated expan-
sion, there have been many theoretical speculations aheutdature of dark energy

[eg.,_QaIQAALelL&JQmi_anoMLSJ(iI_(ZD_dQ;ELi_Qman_eJJ ELL_(ZbDSWthermore and most

importantly, the current observational/experimentahdat not adequate to distinguish

between the many adversary theoretical models.

Essentially one can probe dark energy by one or more of thaafirlg methods:

e Geometrical probes of the cosmic expansion, which are tijreglated to the
metric like distances and volumes.

e Growth probes related to the growth rate of the matter dgpsitturbations.

The existence of dark energy was first inferred from a geaoatrobe, the redshift-

distance relation of type la supernov&E_LRj_e_ss_IeLa.L_I]Jm:munﬁLe_t_Al.l._lﬁﬁ):

while this method continues to be the only that probes diyrébe cosmic accelera-

tion. The recentnion2compilation of SNe la dat£ (Amanullah QJ &I., 2b10) and other

cosmological probes are consistent with a cosmologicadtemt, although the results,

within reasonable statistical uncertainty, also agreé wiainy dynamical dark-energy

5



Chapter 2. The Cosmic Acceleration Problem

models@O). It is therefore of great importarcegdce the Hubble function,
by means of a geometrical probe, at higher redshifts tharewtly probed, since at
higher redshifts the different models deviate significafittm each other.

In this chapter we will explore the Cosmic Acceleration essthe first section is
devoted to a general account of the basics of theoreticabbhgérvational cosmology,
in the second section we present a brief outlook of the obsienal evidence which
supports the cosmic acceleration; later we will survey sofribe theoretical explana-
tions of the accelerating expansion and finally we will ovenwsome probes currently
used in the attempt to constrain the dark energy parameters.

Finally, a few words of caution regarding the used termiggld hrough this chapter
we will be using the terndark energyas opposed toosmological constanin the sense
of a time-evolving cause of the cosmic acceleration. Howenéater chapters we will
use only the terndark energysince we consider it as the most general model, of which
the cosmological constanis (mathematically) a particular case, while it effectyel
reproduces also the phenomenology of some modified grawvitiets.

2.1 Cosmology Basics

The fundamental assumption over which our current undwigtg of the Universe is

constructed is known as the cosmological principle, whieltes that the Universe is

homogeneous and isotropic on large-scales. The evidelnaestustain the cosmologi-

cal principle are basically the near-uniformity of the CI\/EEmperatur al.,
) and the large-scale distribution of galaxi ).

Under the assumption of homogeneity and isotropy, the gearakproperties of
space-time are described by the Friedmann-RobertsoneN&@RW) metric@n.

), given by

dr?
1 — kr?

ds* = dt* — a*(t) { + 72(d6? + sin? Gdgb?)] : (2.1)

wherer, 0, ¢ are spatial comoving coordinates (i.e., where a freelyniglparticle

comes to rest) and is the time parameter, wherea§) is the cosmic scale factor
which at the present epoch, has a value(ty) = 1; k is the curvature of the space,
such that: = 0 corresponds to a spatially flat Univerge;> 0 to a positive curvature

6



2.1. Cosmology Basics

(three-sphere) ankl < 0 to a negative curvature (saddle as a 2-D analogue). Note that
we are using units where the speed of light; 1.

From the FRW metric we can derive the cosmological redsteft,the amount that
a photon’s wavelength\j increases due to the scaling of the photon’s energy a{ith
with corresponding definition:

)\0 a(to) 1
TEES T A0 ) (2.2)
where,z is the redshift )\ is the observer’s frame wavelength akdis the emission’s
frame wavelength. Note that throughout this thesis thesysi® denotes a parameter’s

present epoch value.

In order to determine the dynamics of the space-time gegmetrmust solve the
GR field equations for the FRW metric, in the presence of mattataining the cos-
mological field equations or Friedmann-Lemaitre equati@ar a full derivation see
AppendixB):

LN\ 2
a _ 81Gp kA
(a) =3 ety (23)
a 4G A
- = ——(p+3p)+ 3, (2.4)
a 3 3

wherep is the total energy density of the Univergeas the total pressure antlis the
cosmological constant.

In eq.[2.3) we can define the Hubble parameter
S (2.5)

- )

a
of which its present value is conventionally expressedgas= 100h km s~ Mpc~!,

whereh = 0.73 £+ 0.019 anﬂlmmm& E‘LJO%) is the dimen-

sionless Hubble parameter.

The time derivative of ed.(2.3) gives:
i 81G ([ pa’\ | Aa
T3\ 3
and from the above and €g.(R.4) we can elimiriatie obtain

—4rGa pa B
3 [(p+3p)+2<p+%)] =0

a
5p+3(p+p) = 0,

7



Chapter 2. The Cosmic Acceleration Problem

which then gives: 5

. a

pt—(p+p)=0 (2.6)
which is an expression of energy conservation.

Equation[(2.B) can be written as

d(cp;?’) = —3ad’ap (2.7)

d(gzg) = -3, (2.8)
and thus:

d(/)z'a3) = —pida’, (2.9)

where the subscriptruns over all the components of the Universe. Equafion (2.9)
the expanding universe analog of the first law of thermodyosydE = —pdV'.

If we assume that the different components of the cosmadb§icid have an equa-
tion of state of the generic form:
Pi = W;pi, (2.10)
then from eq[(2J8) we have
d(pia®)
da
which in the case where the equation of state parameter dsentime, ie.;(a), it

= —3w;pia®, (2.11)

takes the following form:

d
pi X exXp {—3/ ;“[1 + wi(a)]} . (2.12)
For the particular case wheteg is a constant through cosmic time, we have
p; ox a3, (2.13)

wherew; = p;/p;.These last two equations can be written as a function ohids
defined by the ed.(2.2), as:

z 1 i /
Pi O exp [3/ %’ilz)dz’} (2.14)
0

pi o< (14 z)30Fwi) (2.15)

For the case of non-relativistic matter (dark matter angdmas),w,, = 0 andp,,
(1 + 2)3, while for relativistic particles (radiation and neutrg)ow, = 1/3 andp,

8



2.1. Cosmology Basics

(1 + 2)*, while for vacuum energy (cosmological constant), = —1 and for which
we havepy, = —pp = —A/87G.

In general the dark energy equation of state can be parainmiexsl.,
2009)
Pw = w(2)puw, (2.16)
where
w(z) = w +wy f(2), (2.17)

with wy, = w(0) andf(z) is an increasing function of redshift, such/ds) = z/(1+=z)
Linde ILO_O_\[%)

The critical density can be defined as that required for thvédse to have a flat
spatial geometry. From eQ.(2.3), where we subsume the doginal constant into the
density term, and the definition of the Hubble paramete(2€8), we have that:

_ 3H;§
81G
This parameter provides a convenient mean to normalize #ss+anergy densities of

=188 x 107¥h? gem™ = 8.10 x 107""h? GeV* . (2.18)

Pe

the different cosmic components, and we can write:

o, = Piltd) (2.19)
Pe

where the subscriptruns over all the different components of the cosmologicadifl
Using this last definition and ef.(2]14) we can write[eg](2s3

H?*(2) = HY | Q. (14 2)* + Qo (1 + 2)* + (1 + 2)? + Qy exp (3/ %de>} :
0 x

(2.20)

where(2,, has been defined as L

2772
a’Hg

By definition we have tha®, + ©,, + Q. + €2, = 1, and as a useful parameter we can

QkE

defineQ), = Q, + Q,,, + €, such that for a positively curved UniverQg > 1 and for
a negatively curved Universe, < 1.

The value of the curvature radiug,.,., = a/+/|k|, is given by
VI — 1]

then its characteristic scale or Hubble radius is givetlgy ~ 3000~ Mpc.

Rcurv - (2 . 21)
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Chapter 2. The Cosmic Acceleration Problem

2.1.1 Observational toolkit

In observational cosmology one of the fundamental obsézgak the redshift, and
therefore it is important to express the distance relatioterms ofz. The first distance
measure to be considered is the lookback time, i.e. thedifte between the age of the
Universe at observatiag and the age of the Universe when the photons were entitted
From the definitions of redshift, eq.(2.2), and the Hubblepeeter, ed.(215), we have:

dz a

Pl —H(z)(1+2),
from which we have: p
A
dt = ————— 2.22
H(z)(1+2z)’ ( )
and the lookback time is defined as:
to ? dz’ 1 z dz’

to—t=[ dt=[ —i-—c="+ [ ——— 2.23
oot= [ a= [y wm | aroEe e @9

where

E(z) = \/Qr(l +2) 4+ Qo (1 + 2)2 + Qp(1 + 2)2 + Qy exp (3/ T
0 x

(2.24)

From the definition of lookback time it is clear that the cosmgacal time or time
back to the Big Bang, is given by

Hz) = / eyl (2.25)

In the following discussion it will be useful to have an adatpparameterization of

the FRW metricL(HQbﬁ_Qn_eLliaJL_ZAOS) which is given by:

ds* = dt* — a*(t) [dx® + S*(x)(d6* + sin® 6d¢?)]

where the functiom = S(y) is:

VE sin(xv'k) if k>0,
S6) =< x it k=0, (2.26)
VIE sinh(xy/JK]) if k < 0,

10



2.1. Cosmology Basics

We can see that the comoving distance, i.e., that betweerfregofalling particles
which remains constant with epoch, is defined by:

o dt 1 [ dY
e m ), we 220

The transverse comoving distance (also called propenuatisjas defined as:

Dy (t) = a(t)S(x), (2.28)

At the present time and for the case of a flat model we hBye— a(to)x = x.

The angular distance is defined as the ratio of an object’sipaljtransverse size to
its angular size, and can be expressed as:

Dy
A=TLs (2.29)
Finally, the luminosity distance is defined by means of thatien
L
f= m, (2.30)

wheref is an observed flux, is the intrinsic luminosity of the observed object aing
is the luminosity distance; from which one obtains:

i

The distance modulus of a given cosmic object is defined as:
p=m— M = 5log,,(D/10 pc) (2.32)

wherem and M is the apparent and absolute magnitude of the object, riagplgc If
the distance],, is expressed in Mpc then we have:

= 5logy, Dy +25 . (2.33)

Through this relation and with the use of standard candkespbjects of fixed absolute
magnitude)/, we can constrain the different parameters of the cosmadbgnodels
via the construction of the Hubble diagram (the magnitueishift relation).

11



Chapter 2. The Cosmic Acceleration Problem

The scale factor can be Taylor expanded around its preskm:va

alt) = alto) — (to = t)ilto) + 5t — 1)%t0) — -
= afto)[1 — (to — 1) H (to) — %(to — t)%q(to) H*(to) — -]
=1 +H0(t—t0) - %qOHg(t—to)z +--

where the deceleration paramejét) is given by

q(t) = — “a2 0 (2.34)
From the previous definitions we can write the distanceh#d®lation as
HyDy, :z+%(1 — o)+, (2.35)
where we can recognize that for« 1 it can be written as
HyDj =~ z, (2.36)

which is known as the “Hubble law”.

Finally the comoving volume element, as a function of refistan be written as:

v S*(x)
= H(z)

(2.37)

wheref is the solid angle.

2.1.2 Growth of structure

The accelerated expansion of the Universe affects the #eolaf cosmic structures
since the expansion rate influences the growth rate of theityegrerturbations.

The basic assumptions regarding the evolution of struétutiee Universe are that
the dark matter is composed of non relativistic particlesjtiis composed of what is
called cold dark matter (CDM), and that the initial spectrofrdensity perturbations
is nearly scale invariantP(k) ~ k™, where the spectral index is;, ~ 1, as it is
predicted by inflation. With this in mind, the growth of smathplitude, matter density
perturbations on length scales much smaller than the Hulblies is governed by a

12



2.2. Empirical Evidence

second order differential equation, constructed by liizéay the perturbed equations
of motions of a cosmic fluid element and given by:

Ok 4+ 2H6), — A7Gpmdy = 0, (2.38)

where the perturbationdg = dp,,(x, t)/pm(t) have been decomposed into their Fourier
modes of wave numbér. The expansion of the Universe enters through the so-called
“Hubble drag” term2H§,. Note thatp,, is the mean density.

The growing mode solution of the previous differential egpra in the standard
concordanceosmological modeh, = —1) is given by:
o0 1+Z/ ,

Ok(z) o< H(2)(52m/2) Wdz : (2.39)

From the previous equation we obtain thatt) is approximately constant during
the radiation dominated epoch, growsas) during the matter dominated epoch and
again is constant during the cosmic acceleration domirggtedh, in which the growth

of linear perturbations effectively freezes when the casaceleration dominates.

2.2 Empirical Evidence

The cosmic acceleration was established empirically atetie of the 1990s when
two independent teams, tl8ipernova Cosmology Projeand theHigh-z Supernova
Search succeeded in their attempt to measure the supernova Hdialgieam up to rel-

atively high redshifts{ ~ 1) (Riess et AIJ 19%; Perlmutter QJ lgl., 1|999). Surprisingl

both teams found that the distant supernovae~afe25 mag dimmer that they would

be in a decelerating universe, indicating that the cosnpaegion has been accelerat-
ing over the past- 7 Gyr (see Figur@2]1).

The cosmic acceleration has been verified by many other praine in this section
we will briefly review the current evidence on which this piet of the Universe was
constructed.

2.2.1 Cosmic microwave background

The measurement of the CMB black body spectrum was one of tiséimportant tests
of the big bang cosmology. The CMB spectrum started beingjestiby means of bal-

13
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Figure 2.1:Upper panel: Hubble diagram of type la supernovae measured by the Sw@erno
Cosmology Project and the High-z Supernova Tedmwer Panel: Residuals in distance
modulus relative to an open Universe with = €2,,, = 0.3. Taken from_Perlmutter & Schmidt
(55538).

loon and rocket borne observations and finally the black lsbdype of the spectrum was
settled in the 1990s by observations with the FIRAS radiemat the Cosmic Back-
ground Explorer Satellite (COBE_(,MaLh_QLeJ MQQO) othalso showed that the
departures from a pure blackbody were extremely smaljE < 10~%) MI o
Lo

The CMB anisotropies provide a vision of the Universe whentphs decoupled
from baryons and before structure developed, about 380885 \after the Big Bang.
The angular power spectrum of the CMB temperature anisigtsap dominated by

acoustic peaks that arise from gravity-driven sound waneke photon-baryon fluid.
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Figure 2.2: Sensitivity of the acoustic temperature spactto four fundamental cosmological
parameters. (@) The curvature as quantifiedXlgy (b) The dark energy as quantified by the
cosmological constarf2, (wy = —1). (c) The baryon densit9,h2. (d) The matter density
Q. h2. All parameters are varied around a fiducial model with: = 1,Q, = 0.65, Q,h% =

0.02,Q,h2 = 0.147,n = 1, 2,; = 0, E; = 0. Taken from Hu & Dodelson (2002).

The position and amplitudes of the acoustic peaks inditetethe Universe is nearly
spatially flat (see Figule 2.2). Furthermore, in combinmatigth Large Scale Structure
(LSS) or independerfi, measurements, it shows that the matter contributes onlytabo

25% of the critical energy densitL(,I:IJJ_&_D_o_dﬂlﬁlst._ZbOZ). &g a component of

missing energy is necessary to match both results, a factvigifully consistent with

the dark energy being an explanation of the acceleratechsiqra

Measurements of the angular power spectrum of the CMB hagga barried out

in the last ten years by many experiments [é g., Jaffe &L@jo Pryke et A L(_O_(bZ)

I_Sp_er,gﬂl_el_ellj_(zoj)ﬁﬂﬂghar_dl_e} Jil._(ZbOQ)] Fiduré B@s a combination of some

recent results where the first acoustic peak ardurd00 is clearly seen, which con-
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Figure 2.3: Angular power spectrum measurements of the icasirowave background tem-

perature fluctuations form the Wilkinson Microwave Anisgy Probe (WMAP%, Boomerang,
and the Arcminute Cosmology Bolometer Array Receiver (AGBATaken fro l.

(2008).

strain the spatial curvature of the universe to be very dosuill. Although all these
results are consistent with an accelerating expansioreafiiiverse, they alone are not
conclusive; other cosmological data, like the measuresnaithe Hubble constant, are
necessary in order to indicate the cosmic acceleration.

2.2.2 Large-scale structure

The two-point correlation function of galaxies, as a measiddistribution of galaxies
on large scales, has long been used to provide constraingrmus cosmological pa-
rameters. The measurement of the correlation function laixges from the APM sur-
vey excluded, at that time, the standard cold dark matteMDRicture I.,

) and subsequently argued in favor of a model with a lawsitg CDM and possi-

bly a cosmological constarlt (Efstathiou elt M%O).

The baryonic acoustic oscillations (BAO) leave a charastiersignature in the clus-
tering of galaxies, a bump in the two-point correlation fiime at a scale- 100~ Mpc
that can be measured today. Measurements of the BAO sigrtauMe been carried out

by[Eis_enslﬁ'Ln_el_iLll_(ZQbS) for luminous red galaxies of tlea® Digital Sky Survey
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Figure 2.4: Detection of the baryon acoustic peak in thetetisy of luminous red galaxies
in the Sloan Digital Sky Survey (Eisenstein et al., 2005).e Two-point galaxy correlation
function in redshift space is shown; the inset shows an elgmiew with a linear vertical axis.
Curves correspond to theCDM predictions for(2,,,h?> = 0.12 (dark yellow),0.13 (red), and
0.14 (blue). The magenta curve shows&@DM model without baryonic acoustic oscillations.

Taken from Frieman et Al. (2(108).

(SDSS). They find results for the value@f,h? and the acoustic peak &0~~* Mpc
scale which are consistent with the outcome of the CMB fluainaanalyses (see Fig-
ure[2.4).

2.2.3 Current supernovae results

After the first SNe la results were published, concerns waiged about the possibility
that intergalactic extinction or evolutionary effects wbhe the cause of the observed

distant supernovae dimmirlg_(Aguirl’_e_,;be; Drell étLilD_&D Since then a number of

surveys have been conducted which have strengthened theneei for cosmic accel-

eration. Observations have been conducted with the HuhideeSTelescope (HST),

which have provided high quality light curvés_LRms_étlﬁﬂDj), and with ground
based telescopes, which have permitted the constructitwamfarge surveys, based

on 4 meter class telescopes, the SNLS (Supernova Legacgﬁlh&ier_et_ai., 2Q£L6)
and the ESSENCE (Equation of State: Supernovae Trace Cdstpansion) survey

MLKnallls_e_t_a.IH_ZQ_QID with spectroscopic follow ups onger telescopes.
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Figure 2.5:Upper panel: Hubble diagram for th&nion2 SNe la compilation. The solid line
represents the best fitted cosmology for a flat Universe dieguCMB and BAO constraints.
The different colors indicate the different dataower panel: Hubble diagram residuals were
the best fitted cosmology has been subtracted from the ligivecshape and color corrected
peak magnitudes. The gray points show the residuals forithdil SNe, while the black points
show the binned values in redshifts binsodd5 for z < 1.0 and0.2 for z > 1.0. The dashed
lines show the expected Hubble diagram residuals for camgizal models withw + 0.1 from

the best fitted value. Taken fram Amanullah €t al. (iOlO).

The SNe la Hubble diagram has been constantly improved badb#ion of new
data, from the above mentioned surveys, mostly at 1.0. /Amanullah et I.L(;OiO)
have succeeded in analyzing the current SNe la data (55¢tepf@mogeneously and
have taken care of known systematics, forming what has based thdJnion2com-
pilation. Figurd 2.6 shows the Hubble diagram based ofttiien2dataset, where the
solid line represents the best fitted cosmology, obtairad fin iterativey2-minimization

procedure based on:

aaﬂaM - Z;Qmagunw 2
X2 — Z [,UB( 2B) /“;( . )] 7 (240)
SNe Oext + asys + Olc

whereo. is the propagated error of the covariance matrix of the liginve fit, whereas,
oext aNd o, are the uncertainties associated with the Galactic eximatorrection,
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Figure 2.6:Left panel: 68.3 %, 95.4 % and 99.7% confidence regions in thg,(2,) plane
from SNe, BAO and CMB with systematic errors. Cosmologiaaistant dark energyu( =

—1) has been assumedight panel: 68.3 %, 95.4 % and 99.7% confidence regions in the
(92, w) plane from SNe, BAO and CMB with systematic errors. Zerovature and constant

w has been assumed. Taken from Amanullah et al. ]2010).

host galaxy peculiar velocity and gravitational lensirtgg former, and potential sys-
tematic errors the later. The observed distance moduliefiisatl agiz = my™ — Mp,
where M is the absoluté3-band magnitude anahs™ = m3*> + axy — Pc; further-
morem5™, x; andc are parameters for each supernova that are weighted bythe
sanceparametersy, 5 and Mg which are fitted simultaneously with the cosmological
parametersz €2,,, 2,,, w) which give the model distance modulus

Combining the data from the three probes that have beend=mesi up to now, it
is possible to obtain stronger constraints over the cosgitabparameters (see Figure
[2.8). Tabld 2.1 shows the fitted cosmological parameters trsing jointly the SNe la,
BAO and CMB cosmological data.

2.3 Theoretical Landscape

The cosmic accelerated expansion has deep consequenoes forderstanding of the
physical world. From the theoretical side many plausiblgl@xations have been pro-
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Table 2.1:x? minimization results of cosmological parametég, w and(2;, and their uncer-

tainties. Adapted from Amanullah et/al. (2d)10).

Fit QU o w

SNe 0.274700%0 0 (fixed) —1 (fixed)
SNe + BAO + CMB  0.281%001%  —0.0047000c  —1 (fixed)
SNe + BAO + CMB  0.2811001%  —0.006000s —1.03550 0%

posed. The “simplest” one is the traditional cosmologicaistant, but as we will see,
this solution presents serious theoretical inconsisésncio alleviate these problems
various solutions have been proposed which involve eitieirttroduction of an exotic
fluid, with negative pressure, the dynamical consequentesich evolve with time
(here we call them Dark Energy theories) or a modificationesfegal relativity.

2.3.1 The cosmological constant

The Cosmological Constand,, was introduced by Einstein in his field equations, in
order to obtain a static solution. It is possible since thestsin tensorZ#” = RH —
1/2¢" R, satisfies the Bianchi identitié8,G** = 0 and the energy momentum tensor,
T, satisfies energy conservati®h 7" = 0; furthermore the metrig;*”, is invariant

to covariant derivative¥ ,g** = 0; then there is a freedom to add a constant term to
the GR equations:

1
R, — igsz + Ag = 87GT,, , (2.41)

from which we can obtain equatioris (2.3) ahdl(2.4):

B\ _ mG kA
a N 3 a? 3’

a e A
- = ——(p+3p)+=.
" 5 (P +3p)+ 3
Form the first of these equations we can see that:
A

PA = % ) (2.42)

and combining the above with dg.(R.4), we can seejthat —p,. As an approxima-
tion, in the case in which the energy density of the cosmaoklgionstant dominates
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the dynamics of the Universe, and neglecting the matter cot, we have that:

a ArG

P _T(PA + 3pa)
&G
- 3 pA N

From this rough argument, it becomes evident how the coggicabconstant explains
the phenomenology of the accelerated cosmic expansiare #irs clear that we have
a X ppaq.

From the previous argument we see that for a cosmologicatanhwe haver =
—1. It is interesting to note that the current high-quality masogical data strongly
suggest that the mechanism behind the cosmic acceleration other than the cos-
mological constant. However, we will show that this explamaof the accelerating
universe presents serious theoretical inconsistencies.

From the point of view of modern field theories, the cosmatafjconstant can be
explained as the energy of the vacuum. The possible sowc#sfvacuum energy are
basically of two kinds: a bare cosmological constant in teeegal relativity action or
the energy density of the quantum vacuum.

A bare cosmological constantf{,) can be added inthe general relativity action:

1
S = e / d*z/—g(R — 2A,) . (2.43)

In fact this is the most general covariant action that we @arsttuct from the metric
and its first and second derivatives; we obtain[eq.{2.41yingrthis action with the

addition of matter terms. In this case the effective cosgiokl constant is the sum of
the bare term and a potential energy.

The energy density of the quantum vacuum arises from the fact that for each mode
of the quantum field there is a zero-point enefigy 2. Formally the total energy would
be infinite unless we discard the very high momentum mode$emtound that we
trust the theory only to a certain ultraviolet momentum &utg,,.., then we have

4

1 <k gik
! i Vi ~ maz 2.44
PA 2f;sg /0 Erp v T f% 1672 (2.44)
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whereg; accounts for the degrees of freedom of the field (its sigh fer bosons and
— for fermions). From the last equation we can see that- £* then imposing as

max ?

a cutoff the energies where the known symmetry breaks, we theat:

¢ Inthe case of the electroweak symmetry braking, the p@bBsti/zy, ~ 200 GeV
(1 GeV = 1.6 x 1072 erg) and then the contribution to the vacuum energy is
pRW ~ (200 GeV)* ~ 3 x 107 erg/cm3.

e The potential arising from the breaking of chiral symmetrgue to the nonzero
expectation value of the quark bilinegg with a potentialMgcp ~ 0.3 GeV
and then its contribution to the vacuum energy$5” ~ (0.3 GeV)* ~ 1.6 x

10% erg/cm3.

e Forthe Planck scale transition we have a potedtia) = (87G)~1/2 ~ 10'® GeV
and then its contribution to the vacuum energyf$ ~ (10'® GeV)* ~ 2 x

10M9 erg/cm?.

The previously mentioned theoretical inconsistency arfsem the fact that, while
quantum field theory predicts a vacuum energy density whachahvalug 03¢ < p, <
10''° erg/cn?, the cosmological observations provide a value:

P < (10712 GeV)* ~ 2 x 1071 erg/em® | (2.45)

which is10% — 10'?° times smaller than any theoretical prediction. This seriogon-
sistency between the observed value and the quantum fiejrytbkpectation@ll,
) has been dubbéke cosmological constant problemn the fine tuning problem
and has a long history (ngnbEMSQ).

2.3.2 Dark energy theories

An alternative cause of the accelerated cosmic expansibithwossibly avoids the
cosmological constant problernould be a dynamic dark energy with the value of its
equation of state parameter, changing with the redshift. In such an approach the
vacuum energy, arising from quantum field theories, coule lzavalue exactly equal to
zero due to some mechanism, modeled theoretically by themelization procedure,
that cancels it.
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The dark energy approach as an explanation of the accelergp@ansion could have
a new field as its origin. The simplest such field is a scalaramtkit has been named
quintessenceT he action for this model is given by

+ »CSM + ﬁQ) s (246)

R
_ 4 —
S_/dxv 9(167rG

whereR is the Ricci scalarg is the determinant of the metri€,s,, is the Lagrangian
for Standard Model particles and the quintessence Lagaarigigiven by

1

Lo=—-5(VuQ)(V'Q) - V(Q) . (2.47)

The field obeys the Klein-Gordon equation:
0Q =V (2.48)
and its stress-energy tensor is given by

T = (VuQ)(VuQ) + gLl - (2.49)

The scalar field obeys the equation of motion:
Q+3HQ+Vg=0 (2.50)

with energy density and pressure given by:

1

pa= 5@+ V(@) =3¢ -V@Q. (@5

Then its equation of state parameter= p/p, is given by:

YT RAvVQ) 1tV

from which it is obvious that if the evolution of the field igl, we have)?/2V « 1,
and the field behaves like a slowly varying vacuum energyh wit < 0, po(t)

VIQ()] andpq(t) o —V[Q(H)].
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2.3.3 Modified gravity theories

As it was mentioned earlier, an alternative explanationhef cosmic acceleration is
through a modification to the laws of gravity. This implies adification to the ge-
ometry side of the GR field equations, instead of the modiGoatf the stress-energy
tensor. Many ideas have been explored in this directionesointhem based on mod-
els motivated by higher-dimensional theories and striegi [eg. JlLali_e_t_le.l_(ZD_(bO);

)] and others as phenomenological modifioatto the Einstein-Hilbert
action of GR [eg. rroll et IL(;QM); Song e MOO?)].

2.4 Probes of Cosmic Acceleration

The accelerated expansion of the Universe appears to bd asteblished fact, while
the dark energy density has been determined apparentlyrexesion of a few percent.
However, measuring its equation of state parameter andhdigiieg if it is time-varying
is a significantly more difficult task. The primary consequeeiof dark energy is its
effect on the expansion rate of the universe and thus on ttehife-distance relation
and on the growth-rate of cosmic structures. Therefore,ave basically two kinds of
probes for dark energy, one geometrical and the other oredlmsthe rate of growth
of density perturbations.

The Growthprobes are related to the rate of growth of matter densityd®ations,
a typical example being the spatial clustering of extragalaources and its evolution.
The Geometricalprobes are related directly to the metric, a typical exarbpiag the
redshift-distance relation as traced by SNe la.

In general, in order to use the latter probes, based on amyditracers, one has
to measure the redshift which is relatively straightforsydout also the tracer distance,
which in general is quite difficult. In AppendiX C we reviewetbosmic distance ladder
which allows the determination of distances to remote sEsirc

2.4.1 Type la supernovae

Type la Supernovae have been used as geometrical probes,teey are standard
candlesL(Lﬁib_undduLZle), and through their deternonatif the Hubble function
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have provided constrains of cosmological parameters tfrag[2.3R). Up to date
they are the most effective, and better understood, prolieeotosmic acceleration

_ELLeman_el_élLZQﬁ)S). |
The standardization of SNe la became possible after the wdm .@)
where an empirical correlation was established betweenpbak brightness and the

luminosity decline rate, after peak luminosity (in the setisat more luminous SNe la
decline more slowly).

The principal systematics in the distance determinatiainvelé from SNe la, are
errors in host galaxy extinction correction and uncertagmtn SNe la intrinsic col-
ors, luminosity evolution and selection bias in the low Mﬂ$ampleslm_et_|al.,
). The extinction correction is particularly difficalbhce having the combination of
photometric errors, variation in intrinsic colors and hgalaxy dust properties causes
distance uncertainties even when using multiband obsensatHowever, a promising
solution of this problem is based on near infrared obsesmatiwhere the extinction
effects are significantly reduced.

Frieman et I.L(;OJ)B) estimated that in order to obtain peepieasurements af,
andwy, accounting for SNe la systematics, requixe3000 light curves out ta: ~ 1.5,
measured with great precision and careful control of théesyatics.

2.4.2 Galaxy clusters

The utility of galaxy clusters as cosmological probes eelie many aspects, among
which is the determination of their mass to light ratio, a gamson of which with

the corresponding cosmic ratio can provide the valué€)pf [eg., l/Andernach et al.

.ﬁ)], the cluster masses can be also used to derive teeeclmass function to
be compared with the analytic (Press-Schechter) or nualdificbody simulations)

model expectation i ; Hai I 6).
The determination of the cluster mass can be done by meamhg oélation between
mass any other observable, such as X-ray luminosity or teatyre, cluster galaxy
richness, Sunyaev-Zel'dovich effect (SZE) flux decremeniveak lensing shear, etc

_ELLeman_el_él ,_ZQLJ)S).
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Chapter 2. The Cosmic Acceleration Problem

Frieman et I.L(;OJ)S) gives the redshift distribution ofstérs selected according to
some observabl@, with selection functiorf (O, z) as

ddiﬁé) = THE? /O 10, 2)d0 /0 T (O, z)d;’]f?dM, (2.53)

where dn(z)/dM is the space density of dark halos in comoving coordinates an
p(O|M, z) is the mass-observable relation, the probability that a b&imass)M, at
redshiftz, is observed as a cluster with observable propértyWe can see that this
last equation depends on the cosmological parametersgihribie comoving volume
element (see equation (2137)) and the t@mz)/dM which depends on the evolution
of density perturbations.

2.4.3 Baryon acoustic oscillations

Gravity drives acoustic oscillations of the coupled phetbanyon fluid in the early
universe. The scale of the oscillations is given by

o0 CS

H(z)

trec
s = / cs(1+ 2)dt = dz, (2.54)
0

Zrec

wherec, is the sound speed which is determined by the ratio of thedoaaynd pho-
ton energy densities, wheregs. andz,.. are the time and redshift when recombina-
tion occurred. These acoustic oscillations leave theiriimwn the CMB temperature
anisotropy angular power spectrum and in the baryon massigalistribution. From
the WMAP measurements we have= 147 4+ 2 Mpc. Since the oscillations scale
provides a standard ruler that can be calibrated by the CM8&btiopies, then mea-
surements of the BAO scale in thxy distribution presid geometrical probe for
al., 20

cosmic acceleration (Frieman e 08).

The systematics that could affect the BAO measurementsetaited to nonlinear
gravitational evolution effects, scale-dependent dififees between the clustering of
galaxies and of dark matter (the so-called bias) and reespifce distortions of the
clustering, which can shift the BAO featurJls_(Eﬂﬁman;me_é).
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2.4. Probes of Cosmic Acceleration

2.4.4 \Weak gravitational lensing

The images of distant galaxies are distorted by the gramitat potential of foreground
collapsed structures, intervening in the line of sight ef distant galaxies. This distor-
tion can be used to measure the distribution of dark matttredintervening structures
and its evolution with time, hence it provides a probe fordffects of the accelerated

expansion on the growth of structukg (Frieman ¢ L&_IZOOB).

The gravitational lensing produced by LSS can be analyssdsistally by locally

averaging the shapes of large numbers of distant galakies abtaining the so called
cosmic shear field at any point. The angular power spectrushedr is a statistical
measure of the power spectrum of density perturbationsjsagtven by M

2004)

= H(z) l
P (z, :/ dz Wz, z)|?P, (k: ;z), 2.55
l ( ) 0 Di(2>| ( )| P DA(Z) ( )
wherel is the angular multipolell/(z, z) is the lensing efficiency of a population of
source galaxies and it is determined by the distance disimis of the source and lens
galaxies, and’,(k, z) is the power spectrum of density perturbations.

Some systematics that could affect weak lensing measutsrass obviously, in-
correct shear estimates, uncertainties in the galaxy phetrac redshift estimates (which
are commonly used), intrinsic correlations of galaxy slsagued theoretical uncertain-

ties in the mass power spectrum on small sc ' ).

2.4.5 H galaxies

H 1 galaxies are dwarf galaxies with a strong burst of star féienawhich domi-
nates the luminosity of the object and allows it to be seerest large distances. The
L(HpB) — o relation of Hil galaxies allows distance modulus determination for these
objects and therefore the construction of the Hubble dragradence, Hi galaxies can

be used as geometrical probes of the cosmic acceleration.

Previous analyse£ (Terlevich & Mglnlclk, 1%1; Melnick ét I@_S_JV), have shown

that the Hi galaxies oxygen abundance affects systematically.{i§5) — o rela-

tion. The distance indicator proposed by the authors takiesaccount such effects
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(Melnick et al.JLQ_&IB), and was defined as:

oo

M= 5 (2.56)

whereo is the galaxy velocity dispersion arid/H is the oxygen abundance relative
to hydrogen. From this distance indicator, the distanceutusdcan be calculated as:
5

(Melnick et al.| 2000)

whereF'(Hp) is the observedl flux and Ay is the total extinction ind 3.

Some possible systematics that could affectiifiéj) — o relation, are related to the
reddening, the age of the stellar burst, as well as the low@@ment and morphology.

Through the next chapter we will explore carefully the usélof galaxies as trac-
ers of the Hubble function and the systematics that coulskasihen calibrating the
L(Hp) — o relation for these objects.
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Chapter 3

H 11 Galaxies as Distance Indicators

In the search for white dwar11§, Humason & ZwiJ:ILy (1b47), gdine 18-inch Schmidt

telescope at Palomar, developed the technique of usingptyuéixposed large scale
plates, each exposure covering a distinct region of thealpgpectrum with the inten-
tion of identifying the target objects from the relativednsities in the different plates.
@), while searching for emission line galaxiesngishe technique pio-
neered by Humason and Zwicky, discovered some compactigataih strong emis-
sion lines. Since H galaxies were easily recognized in objective prism platas,to
their strong narrow emission lines, many were discoveredljgctive prism surveys

during the following yearimmmmﬂﬂlﬂi;bmuhﬂ_&l”
ILQLJS' MacAlpine et gzl L_9_J77, Markarian g“a " b81)

Some years IatteLT_S_ng_QS_elaLe_dWO) found HMME)MCL}LI (@J)

catalogue, some compact galaxies whose spectra were veiigarsio those of giant

H 1 regions in spiral galaxies. They called thesolated extragalactidd i1 regions
After analysing their spectra they conclude that the gekare ionized by massive
clusters of OB starJ; (Searle & Sardént, j 72; Ber )]ﬁ?ﬂd are metal poor sys-

te@r?:sL l(_s_e_&e_ﬁs_ag_ér{t 1§ 7|2; Lequeux étm 79; F m;kunth & Sarge}lt,
).
heﬂ_exigh_&_M_QlﬂiﬂL k19_&|1) anh_M_eLnjs;K_eﬂaL_ﬂEJ%) analggbe dynamical prop-

erties of Hil galaxies and proposed their usefulness as distance inticdahe data
used for their analysis was published subsequently as @arephotometric catalogue

_Ieﬂ_emgh_e_t_ai.l._lﬂdl) that has been used since lingdlaxies research.
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Chapter 3. Hi Galaxies as Distance Indicators

Throughout the first section of the current chapter we willlexe the main proper-
ties of Hil galaxies, then we will discuss theifHj3) — o relation and their possible
systematics ending with an analysis of their use as traoetié dark energy equation
of state parameters.

3.1 Hin Galaxies Properties

3.1.1 Giant extragalactic Hil regions and HilI galaxies

One of the defining characteristics of bothiHyjalaxies and Giant ExtragalacticiH
Regions (GEHRS), is that the turbulent motions of their gase&components are super-

sonic ' I.L_19_é7).

GEHRs are zones of intense star formations in late typelsgi&e) and irregular
galaxies. lonizing photons are generated by clusters of Q& st a rate of 03! —
10°2 s71, ionizing large amounts (* — 10° M) of low density (V, ~ 10 — 100 cm~3),
inhomogeneusly distributed gas. GEHRs have typical dimoessof the orden0? —

103 pc and diverse morphologié&(ﬁhﬁlh&.ﬂd&@ﬁa@aﬁe‘ﬁﬂ@).

H 11 galaxies are dwarf star forming galaxies that have undergorecent episode

of star formation, their interstellar gas is ionized by onenore massive clusters of OB
stars. This type of galaxies have total masses of lesslt‘ari\, and a radius of less

than2 kpc with a surface brightness, > 19 mag arcsec ™2 _Qargia—BgniﬂoI, ZQQLQ).

H 11 galaxies, being active star forming dwarf galaxies, are alsubset of the blue
compact dwarf (BCD) galaxies, although in general the tefim ‘galaxy” is used when
the objects have been selected for their strong, narrowsemnisines &MI.,
) while BCD galaxies are selected for their blue coloid @mpactness. Further-
more, only a fraction of BCDs are dominated byl Hegions, being then H galaxies.

3.1.2 Morphology and structure

H 1l galaxies are compact objects with high central surfacenbrgss. |.
1997) have classified H galaxies in two classes: Type | which have irregular mor-

phology and higher luminosity, and Type Il which have symiednd regular outer
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3.1. Hil Galaxies Properties

structure. This regular outer structure could indicatgdaages since the relaxation
time is~ 10® yr unless the stars have been formed in an already relaxedugsieod

}Sumh_&_o_slud[ZQ_Qb)

The determination of the surface brightness profile for ¢talaxies has given many

apparently contradictory results and both exponeAl'Ldl.ﬁ(SL&l@:lﬁM@, ) and
/4 Q@M 1997) models have been claimed as besttfietdata.

The central part of Hi galaxies is dominated by one or more knots of star formation
giving rise in most cases to excess surface brightness.

3.1.3 Starburstin Hil galaxies

H 1 galaxies have a high star formation rALe_(_S_e_ﬂle_&S_ér;@)l Recent studies

have revealed that the recent star formation is concedtmatsuper star clusters (SSC)

with sizes~ 20 pc @.@3)

One of the open questions aboutiHjalaxies is the star formation triggering mech-

anism. Studies of environmental properties a %alames have shown that, in general,

these are isolated galax&s (Telles & Terle _lQ_QEllell_Qs_&_Ma.ddl)x
IZQ_OLJ) I_C_amp_o_s_AguiLaLQLHL_lﬁdi_B_LQs_Qh_eltLaL_iOO4) behe star formation could

not be triggered by tidal interactions with another galaxids an alternative, it has

been proposed that interaction with other dwarf galaxieimmialactic H clouds

could be the cause of the star formation im ldalaxies m. 7). However, the

evidence is not conclusivLe_(,Busl'Llnik_eJ MOl).

3.1.4 Ages of HI galaxies

The ages of HI galaxies (and starburst [SB] in general) are estimated ttuart 5

equivalent width as was suggested initiallylby Dottori &éi ). In general two
models of star formation time evolution are used:

e An instantaneous SB model, which assumes that all starearmet at the same
time in a short starburst episode, this model is generalplieg to individual,
low star-mass clusters.

e A continuous SB model, which assumes that the star formasi@onstant in
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Chapter 3. Hi Galaxies as Distance Indicators

time, this model is assumed to be an average characteristisystem.

Both models are simply the limiting cases for the possibde &irmation evolution.
The second model can be thought of as a localized succedsétior duration bursts
separated by a small interval of tin{g. Terlevich étweﬂﬁnwed that a continuous
SB model fits better the observations ofilgjalaxies, which indicates that these are not
truly young systems and that they have probably undergom&derable star formation

previous to the present burst.

3.1.5 Abundances of HI galaxies

T T S A SN RSO AU TS SO AT MO SO RO S A
2 1.5 1 0.5 0

Logaritmic Abundance (Solar Units)

Figure 3.1: The metallicity distribution of H galaxies from_Terlevich et al. (1 991) as mea-
sured form the oxygen abundances. Taken from Kuntsglin (2000).

The metallicity of Hil galaxies was first analysed b;LS_e_ile_&S_mlgent (1972); they

showed that oxygen and neon abundances for | Zw18 and Il Zve48 sub-solar. Sub-

sequently, many works have addressed this |ssue[[_eg¢lﬂﬁtailj _lﬂ_Le_qu_e_ux_el_lal
I_QLHFrenAPL_%H), Kinman & Dawdgdzn, 119 1; Kunth g;tﬁBi Terlevich gtél.,
19911 Pagel et al.. 1992)]

H 1l galaxies are metal poor systems, the abundance of metalese tsystems

ranges betweem/2 Z, andlé50 Zi Figure[3.1 shows the oxygen abundances dis-

tribution for a sample 91)iHalaxies.




3.2. TheL(Hp) — o Relation for HiI Galaxies

The oxygen abundance is normally considered as representdtthe metallicity
of H1l galaxies as oxygen is the most abundant of the metals thatitda them.
However, the abundances of other elements can be obtaiaeé#oticularly interest-
ing is the fact that since, in general,iHjalaxies are chemically unevolved systems,
the analysis of helium abundances in these systems is a gethehdhfor determining
primordial helium abundances.

3.2 TheL(HpB) — o Relation for H 11 Galaxies

Mglnigﬂ _197&) found a correlation between the averageulerii velocity of Hil re-
gions in late spirals and irregular galaxies and the paralsixg absolute magnitude,
however at that moment the physics behind the correlatianeaclear.

heu:l_exi_ch_&_M_ani_QIJ( kl&&h) analysed the relation betwéBhluminosity, linewidth,

metallicity and size for giant H regions and HiI galaxies finding correlations of the
form:

luminosity o< (linewidth)*

size oc (linewidth)*,

which are of the kind encountered in pressure supporte@msgstthen they conclude
that Hil galaxies (and giant H regions) are self-gravitating systems in which the ob-
served emission-line profile widths represent the velodispersion of discrete gas
clouds in the gravitational potential. Furthermore, theyrfd that the scatter in the
L — o relation was correlated with metallicity.

[M_elﬂis;k_e_t_all. k19_8|7) analysed the properties of GEHRs. Thapd that the turbu-
lent motions of the gaseous component of those systems jpeessumic. Furthermore,

they obtain correlations of the form:
R. ~ o25%05

L(Hﬁ) ~ O.5.0:|:0.5;

and they confirm the correlation between the scatter in tla¢ioas and the metallicity
(from oxygen abundance). They concluded that the enccechtetations were an in-
dication of the virialized nature of discrete gas fragmdatming the structure of the
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Chapter 3. Hi Galaxies as Distance Indicators

giant Hil regions and being ionized by a central star cluster. Howehey recognize
the possibility that stellar winds could have some then omkmeffect on the velocity
dispersion of the nebular gas.

[M_elﬂis;k_e_t_all. k19_8|8) studied the(H3) — o relation for Hil galaxies in a sample of

objects that later would be part of the Spectrophotometatalogue of HI Galaxies

.ler_lev_ich_et_ai.l.ﬁdl); they found a relation of the form:

log,o L(HB) = (4.70 £ 0.30) logy, o + (33.61 £ 0.50) ¢ log,, L(HB) = 0.29. (3.1)

After a Principal Component Analysis (PCA) for the data, inieh the oxygen abun-
dance was used as parameter, they found that the metal(ioity1), effectively is an
important component of the scatter in the previous relat@msequently, they propose

a distance indicator: .
g

M- = o (3.2)

from which they obtain a new relation

log,o L(HB) = (1.0 £ 0.04) log,( M, + (41.32 £0.08) dlog,, L(HB) = 0.271
(3.3)

We must note that this last relation uses the distance sé&amnsgn_el_él.l_clﬂ%)

(Hy ~ 90 Km s~! Mpc™).

Melnick et al. I(;O_Qb) selected a sample of intermediatehiéids < 1) H 11 galaxies
from the literature, using as selection criterion the emissnes strength. The objects
with strongest emission lines (i.e. largest equivalentlsiyiwere selected in order to
avoid the evolved one 986), which carmdhice a systematic error in
the L(HS) — o relation due to the effect of the underlying old populatimerthe line
widths. Using this sample, they found th¢H3) — o relation shown in Figure_3.2; we

can see clearly the effect of the stellar population evotutiver the relation. In this
work the distance indicator was re-calibrated with the thesilable distances for the

sample. They found

from which they derive the distance modulus as

0.5
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Figure 3.2: TheL(HpB) — o relation for Hil galaxies at intermediate redshifts. The solid line
shows the maximum-likelihood fit to the youngiiHyalaxies in the local Universe. The dashed
line shows the predicted(H3) — o relation for an evolved population of IHgalaxies. The

cosmology isHy = 65 km s~! Mpc~!. Taken from Melnick et all (2000).

whereF'(H/3) is the observedl flux and Ay is the total extinction.

The differential Hubble diagram for H galaxies derived dy Melnick et Iai (ZdOO) is
shown in Figuré 313. From the figure it is clear that the da¢a@nt large scatter. For the

local sample£ < 0.1), they derived an rms dispersion in distance modulus &fy.) =

0.52 mag. ' k19_8|8) claim that typical errors are abou¥alid flux and 5%

in o, adding 10% in extinction and 20% in abundanJ:es, Melnick. Qﬁ@_Oj)) expect

a scatter of about.35 mag in p from observational errors. Hence, improvement in

measurements is required in order to obtain better constrai

IS_i_egﬂl_el_aII.L(ZQ_dS) have constrained the valu€gfusing a sample of 15 high-
z H1l galaxies 2.17 < z < 3.39) obtaining a best fit of2,, = 0.2175%) for a A-
dominated universe, which is consistent with other recetgmininations. Their sample

has been selected using the criterion of emission line gtineas was selected in the

M_QLDJ_QK_e_t_a.III_ZQ_QIO) sample. For the determination they have usdd (3.5) with a

modification in the zero point (they used.18 in place 0f26.44) due to the fact that
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Figure 3.3: The differential Hubble diagram foriHgalaxies with a wide range of red-
shifts. Three families of curves for distinct values (f, are shown, for every onf, =
(0,0.25,0.5,0.75,1.0). The large symbols represent the average redshift andhdestaod-
ulus for each subsample. The error bars show the mean erdistence modulus assum-
ing that each point is an independent measurement and mgnolkiservational errorsH, =
80 km s~ Mpc~! was used to normalize the data points. The model lines aspértient of

Hy. Adapted from Melnick et all (2000).

they have taket/, = 71 km s~ Mpc~!.

3.2.1 The physics of the.(Hp3) — o relation

Melnick et al. I(L9_8|7) found that H galaxies present supersonic motions in their gaseous
component. In order to explain the motions of the lgalaxies gaseous component,

mmh_&w le_&h) had proposed a model in which iggure is explained as
being of gravitational origin. The basis for this argumesrthiat correlations of the kind
L(HB) x o* and R « o* were observed in H galaxies. These correlations are ex-
pected for virialized systems and in fact are observed iptelal galaxies, spiral bulges
and globular clusters.

Another factor that contributes to the origin of the supersdurbulent motions
in the gaseous component ofiHgalaxies is the stellar winds generated by massive
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Figure 3.4: The fundamental plane ofiiHgalaxies and normal elliptical galaxies from
Telles & Terlevich (1995). The radii and magnitudes ofi lgalaxies are measured from con-
tinuum images. The velocity dispersions are the widths efimission lines.

evolved stars. It has been shown that, unlike the case fdvev@&EHRS where this

effect dominate

A strong support for the gravitational origin idea came f @E), where it
is shown that these objects define a fundamental plane thetyisimilar to that defined
by elliptical galaxies (see Figure 8.4). However, the scaibserved in thé&(HS) — o

99) foriHgalaxies it appears not to be dominant.

may be due to the presence of a second parameter, perhajisdguasations in the
initial mass function (IMF), rotation or the duration of tharst of star formation that
powers the emission IineIS_(Memck_ej MOO).

It has been shown that the scatter in fHél3) — o relation can be reduced if objects

with o > 65 kms™! are rejected from the analysls_(M_eLDj_Qk_ek E.LJ_].IdS_&_KO_st a

). This behavior can be understood if one assumes thajdtaxies are powered
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by clusters of stars, then the above condition is equivatesay that the time required
for the clusters to form must be smaller that the main sequéfetime of the most

massive starsls_(,M_elﬂi&K_etHL._ZdOO).

3.2.2 Age effects

Around 3 Myr to 6 Myr after a starburst, the emission line flux decays fast and con-
tinuously whereas the continuum flux is roughly constanemlthe equivalent widths
(W) of emission lines are a good estimator of the starburst tti et .‘_1936).
In order to minimize systematic effects over th@i3) — o relation it is necessary to

consider this effect by restricting the sample to objecth\wigh 1V (H/#) in order to
select young starbursts and minimize the effects of a plessith underlying population
over the equivalent width of the emission lines.

3.2.3 Extinction effects

Due toits effect over the flux of thié line, the extinction or reddening is one important
systematic for the.(Hj5) — o relation. Two possible sources of extinction must be
considered: dust in our Galaxy and dust in the galaxies themselves. It has been
shown that the extinction correction foriHgalaxies can be determined from Balmer

decrementﬂMﬂn&kﬂMMSB).

3.2.4 Metallicity effects

The metallicity has an important effect over thgi/3) —o relation as was pointed outin

the analysis done hty Terlevich & Mglnchk (1§81) where it whswsn that the residuals
of this relation are correlated with metallicity. Furtheara, using PC I.

) showed that one of the two principal components withlarger weight was

mostly determined by the oxygen abundance.
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Figure 3.5: Left Panel: The expected distance modulus difference between the demigye
models shown and the referentemodel. Right Panel:The expected distance modulus differ-
ences once that the,, — w(z) degeneracy is broken (imposing a unidug, to all models).

Taken from Plionis et all (201)9).

3.3 Hil Galaxies as Cosmological Probes

This work’s main aim is to constrain the parameter space efitirk energy equation
of state and therefore we will begin by a brief theoreticadlgsis of the parameters
involved.

From [2.20) we know that the Hubble function depends on tenodogical param-
eters following the relation:

B 14 w(x)
H*(2) = HZ | Q1+ 2)* + Q, exp <3/0 Hixdx)} : (3.6)

where we are neglecting the contribution of the radiatiaimnéatotal energy density and
we are assuming a flat universe. Frdm (2.33) we know that:

= >5logy, D, + 25, (3.7)

whereD;, the luminosity distance is given by (2]31) and is expreasédpc.

Under the assumptions ¢f (8.6) we can define a nom@iatence\-cosmology with
Q.. = 0.27,Q, = 0.73 andw = —1. Then we can compare different models to the
reference one. For this purpose we define:

A,u = KA — Hmodel (38)
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Table 3.1: Cosmological parameters fits using the SNe lavd#tian flat cosmologies. Note that
for the case wherp = (£2,,, w) (last row), the errors shown are estimated after marginaliz
with respect to the other fitted parameters. Taken from Rlienal. (2010).

D07 Constitution
—1 (fixed)  0.280700::  187.03/180 | —1 (fixed) 0.2867 001 439.78/365
—1.02575:052  0.29240.018 187.02/179 | —1.025 4+ 0.030 0.298 4+ 0.012  439.79/364

wherey, is the distance modulus given by tiederence\-cosmology andi,,.q.; is the
one given by any another model.

Figure[ 3.5 shows the difference between some cosmologiadéta for which their
parameters are indicated. It can be seen that the relatigaitnde deviations between
dark energy models is 0.1 mag, which indicates the necessary high accuracy in the
photometry of any object used as a tracer. Furthermoreciear that larger relative
deviations of the distance moduli are present at 1.5, and therefore high-tracers
are needed to effectively constrain the values of the egatfistate parameters, in fact
at redshifts higher than those currently probed by SNe Ia.

Another important factor, that we can see in Figurd 3.5, & there are strong
degeneracies between different cosmological models &t 1 (in some cases even
at higher redshifts), this due to the knoéx), — w(z) degeneracy. This fact shows
the necessity of at least two independent cosmologicalgsrat order to break the
degeneracies. If we additionally consider that we have déninevidence f00.26 <
Q.. < 0.3, we can expect that the degeneracies would be considedilged, as in
fact is shown in the right hand panel of Figlrel3.5.

As previously mentioned, the single available direct testcbsmic acceleration is
based on the SNe la distance-redshift relation, and theréfos useful to test how
the constraints of the cosmological parameters change tee8Ne la sample is in-
creaseclﬂoms_eﬂai._(;dw) analyse two SNe la data heL@av_is_et_él .|_(;Oﬁ)7) [here-
afterDO?] compilation of 192 SNe la and th@onstitutioncompilation of 397 SNe la
._20_d9) which are not independent since mbgteoD07 is included in
the Constitutionsample.
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Figure 3.6:Left Panel Cosmological parameters solution space using eithereofviio SNe la
data setsQonstitution: red contours an®07: black contours). Contours corresponding to the
1 and3c confidence levels are showRight Panel:Normalized redshift distribution of the two

SNe la data sets. Taken fram Plionis €t lal. (2010).

In order to perform the data analysis, a likelihood estinHa(eee AppendikB) was
defined as:

LN (p) oc exp—XEw1a(P) /2], (3.9)
wherep is a vector containing the cosmological parameters that ar o fit for, and
N th obs 2
2 p (2, p) — p ()
= E 3.10
Xsn1a(P) [ o ) ( )

=1
wheren ' is given by [3.¥) and (316); is the observed redshift,** is the observed
distance modulus andg is the observed distance modulus uncertainty. A flat unévers
was assumed for the analysis o= (€2, wo, w). Finally, since only SNe la with
z > 0.02 were used in order to avoid redshift uncertainties due talganotions, the
final samples were of 18D D7) and 366 Constitutior) SNe la.

Table[3.1 presents solutions using the previous mentioatdsits. We can see that
the cosmological parameters derived are consistent bethaé data sets.

Figure 3.6 shows the cosmological parameters solutioresipathe two above men-
tioned data sets. We can see that althoughQbestitutiondata set has twice as many
data points a®O07, the constraints obtained form the former are similar teséhob-
tained from the latter. This fact indicates that, for Hublolection tracers, increasing

1 Likelihoods are normalized to their maximum values.
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Figure 3.7:Left Panel Comparison of theConstitutiondata set derived constraints (red con-
tours) with those derived by reducing to half their uncetias (black contours)Right Panel:
Comparison of constrains fro@onstitution(red contours) with those derived by adding a sam-
ple of 82 high-z tracers 2.7 < z < 3.5) with distance modulus mean uncertaintyogf~ 0.38

(black contours). Taken from Plionis ef al. (2010).

the number of data points covering the same redshift randevéh the current uncer-
tainty level for SNe la, does not provide significantly bettenstraints for cosmological
parameters.

From the previous discussion it becomes clear that we havg@ossible options to
obtain more stringent constraints of cosmological paramet

e Trace the same redshiftrange< 1.5), that has been traced until now using SNe
la, but reducing significantly the distance modulus unaetits or

e Trace at higher redshifts, where the different theoretivadlels show the largest
deviations, maintaining or if possible reducing the disemodulus uncertainties
now obtained for high= SNe la (c,,) ~ 0.4).

[Bllguls_e_t_aj [(ZQJJO) analysed both alternatives by meares Mbnte-Carlo proce-
dure, and as it is shown in Figure B.7, when @enstitutiondata uncertainties are
reduced by half, the reduction in the range of the solutiacseps quite small; how-
ever, when a high-82 mock-object subsample, with distance modulus uncei¢sin
comparable to those of actual higlsNe la data, is added to ti@onstitutiondata set,
a significantly reduced solution space was found. It is irtgodrto note that the redshift
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Figure 3.8: Similar as in Figufte 3.7, but allowing for an ety Dark Energy equation of state
and after marginalizing with respect £o,,. The input cosmological model hdsy, w;) =
(—1.025,0.3) and is represented by the red contours. Taken from Pliori &le).

distribution .68 < z < 3.55), for the added mock subsample, is in the range where
the largest deviations between different cosmological eledre expected (see Figure
[B.5). The same behavior was found when an evolving dark gremgation of state
model was implemented (see Figlrel 3.8).

From the previous discussion it is clear that in order to inbtaore stringent con-
strains to the cosmological parameters, using the Hubldgaor, a better strategy is to
use standard candles which trace a redshift range wheer ldifterences between the
cosmological models are expect@d{ = < 4).

Near infrared surveyii_(P_e_mni_e_tI AL_Zbdll;_Er_b_étLaL_bdﬁm/e shown that H

galaxies can be observed at much larger redshifts than SHedaince they can be
used as standard candles, due to theéH 3) — o relation, they are excellent candidates

for high-z tracers to be used to constrain the cosmological parameters

In the next chapter we will list the actions needed to recatdthe(HS3) — o
relation for Hil galaxies and to construct their Hubble diagram in order tstrain the
cosmological parameters solution space.
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Chapter 4
Methodology

The main objective of this work is to trace the Hubble funetigsing the redshift-
distance relation for H galaxies with the intention of obtaining more stringent-con
straints for the dark energy equation of state parameteosveMer, in order to fulfill
this objective, we must recalibrate theityalaxiesL(H5) — o relation taking care of
all possible systematics that can affect it.

From the methodological view point, we need to consider tvgtirtct phases for
this project:

e During the first phase, we must obtain a laywer local, sample of H galaxies
from which we will derive the required recalibration of théHj3) — o relation.

e The second phase consists of obtaining intermediate amd:hsgmples of Hi
galaxies which will be used to improve the constraints tanalegical parame-
ters.

Through this chapter, we will describe the methodologyfierdcquisition and anal-
ysis of the data needed to accomplish every one of the aborBoned phases.

4.1 The Local Universe Sample

A local sample of 128 objects was selected from the Sloant&i§ky Survey (SDSS)
Data Release 7 (DR7) spectroscopic data. We used as seledtaria the presence of
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strong emission lines and a redshift rarigeél < = < 0.2, which allows us to avoid
objects affected by local peculiar motions relative to théble flow while keeping
exposure times relatively short. The targets have magestyd- 15.8 — 19.4 andHp
fluxesI(HB) = 4 — 49 x 10715 erg s cm~2 as measured from the SD8%fibers.

4.1.1 Observations

The observations required for tii¢H ) — o relation calibration are of two types:

¢ High resolution spectroscopy to measure the velocity dgpe from thet S line
profile (typical values are0 — 80 km s™!).

e Low resolution spectroscopy with wide slits (spectrophottry) to obtain the
integrated emission lines flux. Since the typical objectyudar size is< 10”.

The high resolution spectroscopy already has been pertbfarehe entire sample
by means of echelle spectroscopy at 8 meter class teleschipetelescopes and instru-
ments used are the Ultraviolet and Visual Echelle Specpmg(UVES) at the Euro-
pean Southern Observatory (ESO) Very Large Telescope (\ALThile and the High
Dispersion Spectrograph (HDS) at the National Astronohf@aservatory of Japan
(NAQJ) Subaru Telescope in Hawaii.

The low resolution spectroscopy is being performed withglshit spectrographs at
2 meter class telescopes, specifically using the Boller &&is spectrograph (B&C)
at the Observatorio Astronémico Nacional (OAN) in San Bddéartir and the B&C at
the Observatorio Astrofisico Guillermo Haro (OAGH) in Garea.

The data reduction is being performed using IFHAErocedures and the reduction
pipelines provided for the instruments UVES and HDS.

L IRAF is distributed by the National Optical Observatory,igthis operated by the Association of
Universities for Research in Astronomy, Inc., under coafiee agreement with the National Science
Foundation.
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4.1. The Local Universe Sample

4.1.2 Line widths and profiles

The line widths are estimated from the echelle data. The unedwelocity dispersions
are corrected as follows
2

_ 2 2 2
00 = Oobs — Oth = Oinsts (41)

whereo,,, is the observed velocity dispersiary,, is the thermal broadening and, ,;
is the instrumental broadening.

The thermal broadening is due to the components of the tHenotons of atoms
along the line of sight, and is given by

| KT
mc

wherek is the Boltzmann constarif; is the temperaturey is the mass of the emitting
particle,c is the speed of light and, is the rest wavelength.

The instrumental profile contributes to the observed prasle

/f — ) (4.3)

where f()) is the input line profilex,(\) is the instrumental profile angl(\) is the
output profile. We have here a convolution between the ingntal and line profiles.
In general, if we assume that the instrumental profile anditlegorofile have gaussian
shape, then we can measure the instrumental profile widtettlirfrom skylines.

Uncertainties in the observed widths are estimated by casgreof the[O I11] A5007
and[O III] A\4959 profiles kH_e_QKman_ei_gLJQJ&).

In order to analyse the lines profile, we follow the profilegraetrization given by
_@). He defines two lengtlasandb as the distances from the line profile
median to the position at left and right where 10 % of the pedfihs been integrated

from the profile extremes (see Figlirel4.1).

Froma andb, the following parameters can be constructed:

IPV(20%) = (a+b) km s, (4.4)
A(20%) = (a —b)/(a +b), (4.5)
S(20%) = (a —b) km s, (4.6)

where,l PV is the inter percentile velocityl is the asymmetry anfl is the shift.
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Median

Figure 4.1: Definitions for an area parameter scheme to ctaize profile symmetry and

width. Taken from Whittle[(1985).

4.1.3 Distances

The purpose of the local sample is to calibrate tiH3) — o relation for Hil galaxies,
S0 object distances must be obtained in order to calclidfe?) from line fluxes.

From equation(2.35), we know that, at low redshifts, th¢atise to an object can
be obtained from:

4.7)

where z is the redshift, and is the distance. However, we need to correct for the

motion of the sun relative to the Local Group (LG) centroid &or the “Kaiser” effect,

i.e. aline of sight distortion caused by the additional Diepphift to the cosmological
e|g (st 87).

To correct from heliocentric velocityf., = cz) to velocity at the LG framey;o,we

have (Courteau & van den ng h, 1599):

VLG = Upa — 19 coslcosb + 296sinl cosb — 36 sin b, (4.8)

redshift, given by peculiar velociti

wherel andb are the Galactic coordinates of the observed galaxy.
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4.1. The Local Universe Sample

The Kaiser effect correction is given Basilak Pl0rii993):

e 1
 H, H,

wherev(0) is the peculiar velocity of the LG relative to the CMB an(t) the peculiar

r

v(r) =v(0)] -1, (4.9)

velocity of a galaxy at position. We must understand that this last correction is only
important at low redshifts and that ¥f(r) has random orientation, the correction is
dominated by the Local Group term.

For estimating the distance we use the valuefigr= 73 £ 1.9 km s~ Mpc~!

determined by Tegmark et a]l._@%) from CMB (WMAP) and BADES luminous

red galaxies power spectrum). In general we will use thehifidderived from SDSS

spectra and their corresponding errors. The errors inrdistare straightforwardly
calculated from error propagation.

4.1.4 Emission line fluxes

The emission line fluxes are measured from long slit speletiteatre taken using a wide
slit in order to avoid flux loses. Thir uncertainties in the flux will be estimated from

the expressiorL(T_re_s_s_e_e_{ lzl., 1999):
op :O'CD\/2NPZ'$+W/D, (410)

whereo, is the mean standard deviation per pixel of the continuumemh side of the

line, D is the spectral dispersiof\,,;,. is the number of pixels covered by the line and
W is the line equivalent width. The error i can be calculated from:

W
oW = FacD\/ W/D + 2N,y + (W/D)2/N, . (4.11)

4.1.5 Extinction

The reddening corrections are done using the absorptiofiiceets derived from
Balmer decrements, since we have fluxesHat, H5 andH~. However, the presence
of an underlying old population can not be completely ruled foom all the sample
objects, and consequently we will have Balmer emissiorslswgerimposed to stellar
absorption lines. One important consequence of this lasatsn is that the internal

extinction is overestimate Jlu_lb%).
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In order to correct for the underlying absorption lines ia #xtinction determina-

tions, we use the technique proposech by Rosa-Gonza IQJZ({E_Q@ﬂZ). The first step is

the determination of the underlying Balmer absorptiQh énd “true” visual extinction
(Ay) from the observed onei,).

The ratio between a line intensit§(\), andHg line intensity,F'(H/), is given by

FA)  Fo(N) | —oaayko)-kEB)/R
_ 10044 v 4.12
F(I5) ~ Fo(HB) ™ ’ (*4.12)

wherek(\) = A(\)/E(B — V) is given by the used extinction lat, = Ay /E (B —
V') is the optical total-to-selective extinction ratio and gubscript) indicates unred-

dened values.

For the analysis we use as reference the theoretical ratiddase B recombination
Fy(Ha)/Fy(HB) = 2.86 and Fy(Hry)/ Fy(HB) — 0.47(Osterbrock, 1989). In absence
of an underlying absorption, the observed flux ratios candpeessed as a function of
the theoretical ratios and the visual extinction:

logy ?EEZ; = log,, 2.86 — 0.4[k(Ha) — k(HB)] Ay /Ry , (4.13)
FUHY) e 047 — 0.4[k(HY) — K(HB) Ay /Ry (4.14)

When we include the underlying absorption and assume tleatisorption and
emission lines have the same widths, the observed ratiogeetidc: andHj is given
as

F(Ha) _ 2.86{1 — PQIW,(HB)/W, (Ha)]} (4.15)
F(Hp) 1-Q ’
where, W, (Ha) andW, (HS) are the equivalent widths in emission for the lin@s+=
W_(HB)/W.,(Hp) is the ratio between the equivalent widthstb? in absorption and
in emission,P = W_(Ha)/W_(Hp) is the ratio between the equivalent widths in

absorption oo andH}S.

The valueP can be obtained theoretically from spectra evolution ms)
.@) has shown that for solar abundance and stellar mas® iranged.1 M, <

M < 100 My using a Salpeter IMF, the value @f is close tol with a dispersion
~ 0.3 for ages betweem — 15 Myr. Since the variation oP produces a change in
F(Ha)/F(HP) ratio of less than 2 %, then we assuie-= 1.
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4.1. The Local Universe Sample

For the ratio betweeH~ andHj, we have

F(Hy) 047 -GQ
FHB)  1-Q 7

(4.16)

whereG = W_(H~v)/W_(Hp) is the ratio between the equivalent widths in absorption

of Hy andH/j. The work oil Gonzalez Delgado QLI ELl. (11999) strongly sutgtmat the

value of the paramete&¥ can be taken ak.

Having as origin the theoretical values for the rafies,,[/'(Ha)/F(HSB)] = 0.46
andlog, [F(Hv)/F(HB)] = —0.33, using the observed ratios we can define a vector
for the observed visual extinctiomA§,) and from equationg (4.13) and (4.14) and a
set of values ford,,, we define a vector for the “true” visual extinction, wheréasn
equations[(4.15) and (4116) and a set of value® oifve define a vector for the under-
lying absorptionQ . Assuming that the vector additidd + Ay = Ay, is satisfied, by
minimizing the distance between the position of the vedtyrand the vector addition
Q + Av for every pair of paramete(s), Ay ), we obtain simultaneously the values for
@ and Ay, that correspond to the observed visual extinction.

The unreddened fluxes are obtained from the expression

Fops(X) = Fy(A) 10744V By, (4.17)

where the used extinction law is given M%Q).

Finally, the errors are propagated by means of a Monte Cadoegure (see Ap-
pendixB).

4.1.6 Abundances

The estimated abundances &¢H, since oxygen is used as indicator of metallicity.

Electron densities are derived from the graph give@uﬁﬂgjﬁ kLQ_&b) using the
ratio [O II] A3729/[O II] A3726 and assuming initiallf” = 10* K. Then we calculate

the electron temperature 992):

t = t(O 1) = 1.432[log,, R—0.85+0.03 log,, t+log,(1+0.043322%)] !, (4.18)
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wheret is given in units ofl0* K, z = 10‘4net;1/2, n. is the electron density iam—3

and
1(4959) + 1(5007)
= 4.1
h 1(4363) ’ (4.19)
tyt =0.5(t""40.8); (4.20)

the abundances can be calculated from:

1(4959) + 1(5007 1.251
12+ log,g (O /H*) = logyy 1 )Hﬁ (5007) 6174 + =~ 055 Loy
(4.21)
1(372 1(372 1.
12 +log;o (0" /H") = logy, (87 6)1_—1; (3729) +5.890 + 576 — 0.4010g;, to
2
+ log;(1 + 1.352); (4.22)

total abundance for oxygen is derived by adding this lastéguaations.

The errors are propagated by means of a Monte Carlo procedure

4.2 The Intermediate and High= Samples

In order to effectively obtain more stringent constraints@smological parameters, we
must obtain intermediaté ¢ < z < 1.5) and highz (z > 1.5) samples obona fide
H 11 galaxies. The sample could be obtained from a search inghéainear infrared
surveys of intermediate and highstarburst galaxies.

Lyman break galaxy (LBGs) surveys are the natural placegomlibe search. LBGs
are starburst galaxies, but otherwise normal, at high r#d€R.5 < =z < 5) identified
by the colors of their spectral energy distribution (SEDjuard the Lyman continuum
discontinuity 012 &) _mﬁzy The spectra of LBGs is remarkably Emi
to those of local starburst galaxies. Examples of nearriedfrapectroscopic surveys of

LBGs are the ones accomplished by Pettini H_MbOOl _ib_ctﬂ k;O_QlS).

An important selection criterion is that of selecting gémwith 1V (HS) > 25 A as

has been advocated t);LM_elﬂLQK_e_L la_L_dOOO), in order to atrmdalready evolved H
galaxies, which apparently follow a shiftédH3) — o relation (see Sectidn 3.2).
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4.2.1 Observations

In order to measure the velocity dispersion from kheline profile, we require echelle
spectroscopy at 8 meter class telescopes ranging fromghalub the near infrared.

For theHf line profile measurements, we propose to make use of the Xt8ho
instrument at ESO-VLT in Chile. X-Shooter is a single targehelle spectrograph
of intermediate resolutionH{ = 4000 — 14000) with a wavelength range of000 —
25000 A split in 3 arms [(Kap_eLe_t_JalL_ZQIOQ). This instrument alld#s line profile
measurements up to~ 4.

4.2.2 Extinction

The extinction determination for the intermediate and higkamples could be done
if our observations includéls andH~, then we could do direct determinations of the
reddening using the Balmer decrement technique explam&edtiori 4.1J5.

4.2.3 Abundances

The abundances/H, for the intermediate and highsamples could be determined by
means of the method outlined in Section 4.1.6, then our ¥bdespectra must go up to
[O III] A5007 line at least, this implies that with the proposed instrutwves can go to

z ~ 4, which is enough for our purposes.
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Chapter 5
The Local Universe Sample

Through this chapter we give a detailed description of tieallaniverse sample of K
galaxies and some preliminary results obtained foritfiés) — o relation calibration.

The first section of this chapter describes the basic chexiatits of the local uni-
verse sample of H galaxies, through the second section the performed oligmrsa
are described in detail, while the third section explairesabservation reduction pro-
cedures; finally the last section describes the preliminesylts obtained.

5.1 The Sample

The sample is composed of 128iHyalaxies selected from the SDSS DR7 spectro-
scopic data, in accordance with the presence of strong Emikses and in a redshift
range0.01 < z < 0.2. Figurel5.1 shows the sample distribution in redshift, we s2e
that a big fraction of the galaxies have< 0.1, then the correction for “Kaiser” effect
(see Section 4.11.3) becomes important.

Figure[5.2 shows the H galaxies local sample distribution in right ascensionnfrro
the figure, it is clear that the distribution is not unifornowever it can be covered with
two observing runs, strategically located at two semestietlse same year.

Figure[5.8 shows the H galaxies local sample sky distribution in Galactic Coordi-
nates. We can see that almost all the objects avoid the gatdane, limiting the effect
of dust extinction from the Galaxy.
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Figure 5.1: Redshift distribution of the local sample ofi ldalaxies.
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Figure 5.2: Local sample of H galaxies distribution in right ascension.
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5.2. Observations

Figure 5.3: Local sample of H galaxies sky distribution in Galactic coordinates.

5.2 Observations

Two types of observation have been carried out, high reisol@chelle grating spec-
troscopy to measure the velocity dispersion from liheline profile and low resolu-

tion long-slit spectroscopy with wide slits (spectrophmtidry) to obtain the integrated
emission line fluxes.

In Table[5.1 a journal of observations is shown giving a fevaile about the dif-
ferent observing runs. Through the next two sections thie &igl low resolution mea-
surements are described in greater detalil.

Table 5.1: Journal of observations for theiHyalaxies local sample high and low resolution
measurements.

Dates Telescope Instrument Detector Slit Observer
5& 16 Nov 2008 NOAJ-Subaru HDS EEV (2 2K x 4K)? 4" F. Bresolin
16 & 17 Apr 2009 ESO-VLT UVES-Red EEV (2 2K x 4K) 2" R. Terlevich & E. Terlevich
15-17 Mar 2010 OAN - 2.12m B&C SITe3 (1K 1K) 10" F.Bresolin & R. Chavez

10-13 Apr2010 OAGH -2.12m B&C VersArray (1300660) 8.14" R. Terlevich, E. Terlevich & R. Chavez
a2 x 4 binning.
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5.2.1 High resolution spectroscopy

The high dispersion observations for the local sample weropmed using 8 meter
class telescopes with echelle grating spectrographse #ime technique provides high
dispersion and high spectral resolution. The employedunstnts were the UVES at
ESO-VLT observatory in Chile and the HDS at NAOJ-Subaru 3&e in Hawaii.

In general the spectral resolutioR, is given by

A
wheren is the interference ordefy is the number of grating lines, is the operating
wavelength and is related to the angular Rayleigh resalyti@) as\ = NsA# cos b,
wheres is the separation of the lines afids the angle to the normal to the grating
in which the light is dispersed) )\ is the smallest wavelength interval that may be

resolved and is given bx\ = nsA6 cos 6.

From the above equation we see that the spectral resolstidiotated by the order
of the spectrum and the number of grating lines. Then obsgmihigh order spectra
we can improve the resolution. Echelle gratings operataght brders, therefore in
order to avoid obscuration of those high orders by the \argiarts of the grating, they
have great blaze angl@s. Furthermore, in order to avoid the superimposition of the
different order spectra, a Cross Disperser is used to deptram [see egin
(1995)]

UVES is a high resolution cross-dispersed echelle spa@pbglocated at the Nas-
myth B focus of ESO-VLT Unit Telescope 2 (UT2) (Kueyen). Thetrument accessi-
ble spectral range goes fro3A00 A to 11000 A with two arms. The maximum spectral

resolution isS0000 in the Blue Arm or110000 in the Red Arm. A complete description
of the instrument is given dy Dekker gﬂ il. (ZbOO).

HDS is a high resolution cross-dispersed echelle spe@pbglocated at the Opti-

cal Nasmyth platform of NAOJ-Subaru Telescope. The inséminaccessible spectral
range goes from3000 A to 10000 A. The maximum spectral resolutioni§0000. A
complete description of the instrument is giveAMgm_I&ELO_OJZ).

! The blaze angle is the individual grooves tilt angle withpesst to the grating surface normal.
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5.2.2 Spectrophotometry

The long-slit spectroscopy with wide slit or spectrophoébimy for the Hii galaxies
local sample was performed using 2 meter class telescdpes)struments employed
were the B&C spectrograph at OAN12 m telescope in San Pedro Martir (Baja Cal-
ifornia, Mexico) and the B&C spectrograph at OAGHI2 m telescope in Cananea
(Sonora, Mexico).

The B&C at OAN is a low resolution spectrograph, the gratimp®yed ha$00 I mm !
and a blaze angle & 63/, it was centered at 5850 A; the width of the slit was 10"
The resolution obtained with this configurationits~ 347 and the spectral coverage
was of~ 2100 A.

The B&C at OAGH is also a low resolution spectrograph, theiggaemployed
through the observations h&as0 1 mm~! and a blaze angle 6P30'; it was centered at
~ 5000 A. The slit width was 8.14".

5.3 Reduction Procedures

The UVES data reduction was carried out using the UVES pipeli4.3.0 over the
GASGANO Vv2.2.7 environmelat. Figure[5.4 shows an example of UVES echelle
spectra reduced using the mentioned procedure.

The HDS data were reduced using IRAF packages and a scripé¢éoscan removal
and detector linearity corrections provided by the NAOb&u telescope team. Figure
shows an example of HDS echelle spectra reduced usimgehgoned procedure.

The long-slit spectra observed at OAN and OAGH were redusetyuRAF. Figure
shows an example of a long-slit reduced spectrum.

Table[5.2 shows the local i galaxies sample and the correspondifig FWHM
and flux measurements. ThE3 flux measurements have been taken from the SDSS
DR7 spectroscopic data, since not all the long slit obsemwathave been carried out
yet.

2 GASGANO is a JAVA based Data File Organizer developed andtaimied by ESO.
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Figure 5.4: A UVES spectrum reduced using the UVES pipelide3\0.
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Figure 5.5: An HDS spectrum reduced using the IRAF package.
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Figure 5.6: An example of a long-slit spectrum reduced usiegRAF package.

Table 5.2: Measurements foriHgalaxies local sample. THés flux is taken from the SDSS
DRY7 spectroscopic data, tiE3 FWHM has been measured form the observations.

Name R.A(deg) Dec. (deg) z Hp flux HB FWHM  Mag (g)
(32000) (32000) 10717 erg s~ lem™2) A

J000657.02+005125.9 1.738 0.857 0.074 887.310 3.266 18.55
J001647.75-104742.2 4.199 -10.795 0.023 1717.550 2.959 .3616
J002339.62-094848.6 5.915 -9.814  0.053 1281.400 2.912 5817.
J002425.94+140410.6 6.108 14.070 0.014 2756.820 3.277 86 15.
J003218.59+150014.1 8.077 15.004 0.018 2530.140 3.092 4916.
J005147.3+000940 12.947 0.161 0.038 964.801 2.929 17.97
J005602.26-101009.4 14.009 -10.169  0.058 665.667 3.239 .3418
J013258.54-085337.6 23.244 -8.894  0.095 797.703 3.099 8218.
J013344.63+005711.2 23.436 0.953 0.019 710.715 2.542 917.7
J014137.21-091435.2 25.405 -9.243  0.018 910.119 2.489 4717.
J014707.03+135629.2 26.779 13.941  0.057 1143.680 3.148 9817
J021852.9-091218.7 34.720 -9.205 0.013 715.859 2.829 218.1
J022037.66-092907.2 35.157 -9.485 0.113 870.718 3.855 1319.
J024052.19-082827.4 40.217 -8.474  0.082 1732.470 3.611 .9818
J024453.66-082137.9 41.224 -8.361 0.078 698.172 3.192 8318.
J025426.12-004122.6 43.609 -0.690 0.015 1332.450 2.841 3117
J030321.41-075923.1 45.839 -7.990 0.165 652.144 4.009 3719.
J031023.94-083432.8 47.600 -8.576  0.052 608.647 3.077 7318.
J033526.63-003811.3 53.861 -0.636  0.023 690.638 2.772 7517.
J040937.62-051805.8 62.407 -5.302 0.075 614.001 2.816 16109.
051519-391741 78.829 -39.295 —— E— E— E—

Continued on Next Page. ..
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Table 5.2 — Continued

Name R.A.(deg) Dec.(deg) z Hp flux HB FWHM  Mag (g)
(J2000) (32000) 10717 erg s~ tem™2) A

064650-374322 101.708 -37.723  — e e e
J074806.30+193146.9 117.026 19.530 0.063 873.054 3.005 .2518
J074947.00+154013.3 117.446 15.670 0.074 447.334 3.304 9018
J080000.69+274642.0 120.003 27.778 0.039 988.880 2.968 A7 17
J080619.49+194927.3 121.581 19.824 0.070 2933.670 3.938 6.971
J081334.17+313252.1 123.392 31.548 0.020 2265.630 2540 6.481
J081403.77+235328.9 123.516 23.891 0.020 1205.840 3.090 7561
J081420.78+575008 123.587 57.836  0.055 738.648 2.936 917.6
J081737.59+520236.3 124.407 52.043 0.024 2504.000 2.978 6.381
J082520.11+082723.2 126.334 8.456 0.087 436.081 3.223 8918.
J082530.68+504804.4 126.378 50.801 0.097 1053.990 3.656 8.591
J082722.57+202612.7 126.844 20.437 0.109 891.573 3.739 .2518
J083946.02+140033.2 129.942 14.009 0.112 703.921 3.728 .74 18
J084000.37+180530.9 130.002 18.092 0.072 1092.700 3.221 80911
J084029.91+470710.2 130.125 47.120 0.042 2499.880 3.232 7.601
J084056.02+022030.9 130.233 2.342 0.050 737.187 3.530 5018.
J084219.07+300703.5 130.579 30.118 0.084 962.136 3.652 8117
J084220.94+115000.3 130.587 11.833 0.029 2204.440 2966 6.471
J084414.22+022621.2 131.059 2.439 0.091 1676.480 3.884 .1018
J084527.61+530852.9 131.365 53.148 0.031 1983.240 2,700 7.081
J084634.39+362620.8 131.643 36.439 0.011 3247.390 2.706 6.311
J085221.71+121651.7 133.090 12.281 0.076 3707.300 3.835 7.351
J090418.11+260106.3 136.075 26.018 0.098 1137.280 3.841 8.011
J090506.86+223833.8 136.279 22.643 0.126 797.280 3.446 9218
J090531.07+033530.4 136.379 3.592 0.039 1101.830 3.036 .6017
J091434.95+470207.2 138.646 47.035 0.027 3948.050 2796 6.291
J091640.98+182807.9 139.171 18.469 0.022 1122.660 2668 7.991
J091652.23+003113.9 139.218 0.521 0.057 655.065 3.227 5118.
J092540.93+063116.8 141.421 6.521 0.075 682.426 3.656 2518.
J092749.18+084037.1 141.955 8.677 0.107 830.257 3.991 7118.
J092918.39+002813.1 142.327 0.470 0.094 700.588 2.939 2819.
J093006.43+602653.3 142.527 60.448 0.014 3212.300 2560 6.841
J093424.08+222522.6 143.600 22.423 0.084 991.600 3.701 .48 18
J093813.49+542825 144.556 54.474 0.102 1512.650 4.005 5317.
J094000.51+203122.5 145.002 20.523 0.045 1038.600 3.042 8.051
J094252.78+354725.9 145.720 35.791 0.015 1919.670 2.735 7.081
J094254.27+340411.8 145.726 34.070 0.023 643.652 2.579 .0119
J094809.89+425713.5 147.041 42954  0.017 1601.710 2692 7.391
J095000.77+300341 147.503 30.061 0.017 1484.470 2.506 3217.
J095023.31+004229.2 147.597 0.708 0.098 1231.630 3.995 .6018
J095131.76+525936 147.882 52.993 0.046 1860.920 3.758 4717.
J095226.96+021759.8 148.112 2.300 0.119 1002.630 3.970 4118
J095227.53+322809.4 148.115 32.469 0.015 1484.210 2463 6.891
J095545.56+413429.8 148.940 41.575 0.016 1951.340 2.740 6.191
J100720.49+193349.5 151.835 19.564 0.031 592.760 2.637 7618

Continued on Next Page. ..
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Table 5.2 — Continued

Name R.A.(deg) Dec.(deg) z Hp flux HB FWHM  Mag (g)
(32000) (32000) 10717 erg s~ lem™2) A

J100746.51+025228.4 151.944 2.875 0.024 1806.920 2.845 7317
J101036.63+641242.6 152.653 64.212  0.040 2348.790 3.968 7.081
J101042.53+125516.7 152.677 12.921 0.061 3186.550 3.681 7.051
J101136.05+263027.5 152.900 26.508 0.055 906.885 2.925 11918
J101157.08+130822.1 152.988 13.139 0.144 863.927 3.714 .8419
J101430.97+004755.0 153.629 0.799 0.147 736.971 4.092 6518.
J101458.64+193219.5 153.744 19.539 0.013 493.033 2.726 .7318
J102429.25+052451 156.122 5414 0.033 2740.080 2.802 716.7
102732-284201 156.883 -28.700 _ _ e _
J103226.95+271755.2 158.112 27.299 0.192 531.843 4.122 .6819
J103328.52+070801.7 158.369 7.134 0.045 3889.220 3.664 2316
J103411.73+014247.2 158.549 1.713 e — 481.560 3.200 16.24
J103509.33+094516.7 158.789 9.755 0.049 768.406 3.093 3718.
J103726.54+270759.6 159.361 27.133 0.077 636.101 3.404 .26 18
J104457.79+035313.1 161.241 3.887 0.013 4209.360 3.248 4817
J104554.77+010405.8 161.478 1.068 0.026 3888.740 2.874 .56 16
J104653.98+134645.7 161.725 13.779 0.011 1845.540 2.606 7.541
J104723.6+302144.2 161.848 30.362 0.029 4889.010 3.154 9315
J104755.92+073951.1 161.983 7.664 0.168 664.981 4.504 91109.
J104829.22+111520.1 162.122 11.256  0.093 704.205 3.287 .8618
J105032.51+153806.3 162.635 15.635 0.085 2444.490 3.200 8.241
J105040.83+342947.2 162.670 34.496 0.052 1433.410 3.253 7.681
J105108.88+131927.9 162.787 13.324 0.045 629.329 3.101 .0618
J105210.41+032713.2 163.043 3.454 0.150 417.647 3.788 14 109.
J105326.02+043014.4 163.358 4.504 0.019 1096.980 2.932 .66 17
J105331.40+011740.4 163.381 1.295 0.124 761.683 3.942 5118.
J105741.94+653539.8 164.425 65.594 0.011 1664.520 2940 6.111
J105940.97+080056.8 164.921 8.016 0.027 1352.170 3.123 6917
J110838.50+223809.7 167.160 22.636 0.024 1727.950 2961 7.791
J114212.21+002004.0 175.551 0.334 — 6897.220 3.117 14.34
J115023.85-003141.0 177.599 -0.528 —— e e 16.50
J121329.49+114056.8 183.373 11.682 0.021 2154.400 2.859 7.021
121717-280233 184.321 -28.043 _ _ e _
J125305.97-031258.8 193.275 -3.216  0.023 19097.400 3.709 15.20
J130119.25+123959.5 195.330 12.667 0.069 2256.900 4261 7571
J131235.33+125744.5 198.147 12.962 1463.110 2.684 19.94
J132347.46-013252.0 200.948 -1.548 0.023 1562.150 2.957 8.151
J132549.42+330354.3 201.456 33.065 0.015 3833.200 2581 6.601
133708-325528 204.283 -32.924 _ _ e _
J134531.50+044232.7 206.381 4.709 0.030 1669.010 3.051 .64 17
J142342.87+225728.7 215.929 22.958 0.033 1782.250 3458 7.851
J144805.37-011057.6 222.022 -1.183 4850.170 3.302 21.83
J162152.57+151856.0 245.469 15.316 0.034 3184.830 3595 6.981
J171236.63+321633.4 258.153 32.276 0.012 1512.660 2503 7521
192758-413432 291.992 -41.576 @ —— e e e

Continued on Next Page. ..
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Table 5.2 — Continued

Name R.A.(deg) Dec.(deg) z Hp flux HB FWHM  Mag (g)
(J2000) (32000) 10717 erg s~ tem™2) A
J210114.39-055510.3 315.310 -5.920 0.196 529.060 4.271 4619
J210501.5-062238.8 316.256 -6.377 0.143 466.403 3.404 8018.
J211527.07-075951.3 318.863 -7.998 0.028 1267.590 2.709 7.931
J211902.28-074226.8 319.760 -7.707  0.090 522.035 3.221 3718
J212043.95+010006.9 320.183 1.002 0.114 698.367 4.617 4318.
J212332.71-074831.1 320.886 -7.809 0.028 510.141 2.932 .1518
J214350.86-072003.6 325.962 -7.334 0.110 475.440 3.745 9418
J220802.87+131334.5 332.012 13.226 0.116 608.787 3.897 6218
J221823.85+003918.4 334.599 0.655 0.108 387.723 3.501 3619.
J222510.13-001152.8 336.292 -0.198 0.067 1461.150 3.419 8401
J224556.93+125022.3 341.487 12.840 0.081 1299.470 3.642 8.031
J225140.31+132713.4 342.918 13.454  0.062 2100.980 3413 6.651
J230117.65+135230.2 345.324 13.875 0.025 1034.660 2920 7.621
J230123.59+133314.7 345.348 13.554 0.030 1854.490 2.948 6.981
J230703.74+011311.2 346.766 1.220 0.126 996.506 4.180 2918.
J231442.13+010621.1 348.676 1.106 0.034 519.005 2.661 7417.
J232936.55-011056.9 352.402 -1.182 0.066 846.007 3.158 .0318

5.4 Preliminary Results

The measurements from the above described observatioesbleawn analysed as de-
scribed in Sectioh 4l1. The analytic procedures have be@femented in an IDL
(Interactive Data Language) code.

Figure[5.Y shows a preliminady(H3) — o correlation where the values have been
obtained from the observations and théli ) values have been derived from the fluxes
taken from the SDSS DR7 spectroscopic data. Here we haveehobwysidered any of
the possible systematics. The solid line in the figure repmssa least squares fit to the
data, where the errors in bothand L.(H/3) have been considered.

The L(Hp) — o relation obtained is given by

logy L(HB) = (3.95 + 0.10) log;, o + (34.68 +0.17)  §logy, L(HB) = 0.299,
(5.2)

this relation is similar to the one obtained [b;LM_QLuiQk_elt‘ ). We reproduce it
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Figure 5.7: L(HB) — o preliminary correlation. The values have been obtained from the
observations whereas tli¢H/) values have been derived from the fluxes taken from the SDSS
DRY7 spectroscopic data. The solid line shows a least sqtiateshe data.
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here from equatio (3.1):

log, L(HB) = (4.70 £ 0.30) log,, o + (33.61 +0.50)  §log,, L(HB) = 0.29.

Form Figurd 5.7 and the above equation it is clear that a deradle dispersion in
the data is present, therefore a careful analysis of theljesystematics (i.e. metallic-
ity, age, environment, morphology) is necessary. Furtioeenthe integratetl 5 fluxes
obtained from the low resolution long-slit spectroscopil e used in the correlation
in order to correct for any flux loses or errors present in th&S DR7 data.

The preliminary results reported here are based in a subsaringnly 59 Hil galax-
ies, the reason for that is that many objects have been eedtsidce their SDSS DR7
spectrum is of poor quality, with missing lines or clearlyigpus features.

In the next chapter | describe the work that is necessary to doder to improve
the L(H{) — o relation taking care of all the possible systematics ant wibetter de-
termination of thedg fluxes for the entire 128 galaxies sample. In addition, | dbsec
the work that | plan to do in order to obtain improved cosmaiabconstraints from
the intermediate and highH 11 galaxies sample.
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Chapter 6

Future Work and Concluding
Remarks

Through this chapter we describe the work to do during theéatatresearch and give
a set of conclusions to this work.

The future work can be thought basically in terms of two péubjectives that must
be accomplished in order to fulfill our main objective:

1. Toimprove thd.(H/5) — o relation for Hil galaxies using the better possible data
and taking care of all the possible systematics.

2. To obtain high quality velocity dispersion data for a séergf intermediate and
high-z H 11 galaxies and using the improvédHj) — o relation to construct a
H 11 galaxies Hubble diagram to high-

Having accomplished the above two partial objectives, weuse the Hubble dia-
gram of Hil galaxies (possibly combined with SNe la data) to put strigenstraints
to the dark energy equation of state (i.e. the expansiooryisf the Universe).

Through the first section of this chapter we explore the woidka in order to achieve
the above mentioned first objective, whereas the seconmsentplores the work to
do in order to arrive at the second objective. Finally, casidns to this work are given
in the third section.
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6.1 Improvingthe L(H3) — o Relation

In order to improve theé.(H5) — o relation we will need accurate integrated flux mea-
surements for the local K galaxies sample from long-slit spectroscopy. By now we
have measurements fer 50 % of the 128 objects of our selected sample, and therefore
we need to obtain the measurements for the rest of the sample.

To accomplish our aim of measuring the integrated fluxes®¢gtitire local sample
of H 1l galaxies, we already have been allocated 3 observing nigtitso 10th October
2010) at OAN 2.12 m telescope and another 5 observing nighteaDAGH 2.12 m
telescope in December 2010.

In parallel with the integrated fluxes data acquisition, westranalyse the effect of
possible systematics over tigH ) — o relation of Hil galaxies, such as metallicity,
age, environment and morphology. The metallicity, morpggland environment anal-
ysis can be performed, for a good fraction of the sample gusiea SDSS spectroscopic
and photometric data.

The improvedL(Hj3) — o relation of Hil galaxies is a fundamental fist step in or-
der to eventually obtain stringent constraints of cosmickzgparameters, since it will
permit us to construct a Hubble diagram forniHyalaxies and increase the probabil-
ity of being allocated observing time at 8 m class telescapesder to observe the
intermediate and high-sample of HI galaxies.

6.2 Cosmological Constraints from HiI Galaxies

The construction of the Hubble diagram ofiHyalaxies to high= is the fundamental
mean to fulfill our main objective which is to obtain stringeonstraints for the dark
energy equation of state.

Among the important tasks to perform is the selection of tikermediate and high-
samples form the literature. This must be achieved first deoto request observing
time for the corresponding measurements at 8 m class t@lescahich is the natural
next step.

The task of measuring the velocity dispersion of the intetiate and high: sample
is critical for the accomplishment of our objectives. Hayite velocity dispersion
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data, the construction of the Hubble diagram af igalaxies and its analysis, in order
to constrain the cosmological parameters, will be the fiagiks for this project.

6.3 Concluding Remarks

The cosmic acceleration problem is one of the most impodpen issues in the whole
of physics. Its solution could shed light over many otheramg@nt problems in physics
and astronomy.

The observational evidence for the cosmic acceleratiotrasig and originates in
many distinct probes. All the current probes are limited pstematic errors, that in
many cases require a better comprehension.

The physical mechanism responsible for the cosmic acdelares unclear. The
current evidence is consistent with a cosmological con$tatnwithout ruling out dark
energy theories or some other dynamical models. Form tloedtieal side, the vacuum
energy theories face the cosmological constant problem.

Large observational efforts are necessary in order toibaitestrain the dark energy
equation of state parameters. We have shown that the usecefdrto high= is a better
option that an increase in the number of tracers, if we trybi@io better constraints.

We have proposed the use ofiiHgalaxiesL(H/) — o relation, to determine the
Hubble function to intermediate and high redshifts and taibstringent constraints
for the dark energy equation of state. We have shown that d determination of the
zero point and a reduction of the scatter of théi3) — o relation are necessary; in
addition we must take care of all possible systematics thatcaffect this correlation,
in order to succeed in our aims.

We have presented a preliminaryiHyalaxiesL(H/) — o relation, given by
log,o L(HB) = (3.95 £ 0.10) log,, 0 + (34.68 £ 0.17)  dlog,, L(HS) = 0.299,

which is similar to the one obtained in previous works. Weétipimprove it by using
better integrated flux determinations and taking care dhallpossible systematics.

In the future we hope to improve theiHgalaxiesL(Hj) — o relation and to select,
measure and analyse an intermediate and highmple of Hi galaxies in order to
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determine the Hubble function to a redshift high enough tainkstringent constraints
for the dark energy equation of state parameters.
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Appendix A

Cosmological Field Equations

The purpose of this appendix is to derive the CosmologicaldREquations from the
General Relativity (GR) Field Equations; the approachofe#d for the derivation is
variational since this method is intuitive, easy to follomdanot the least, very power-
ful.

A.1 The General Relativity Field Equations

The GR Field Equations can be written as
1
Ruy - §guuR + Agw/ = _K'Tul/a (Al)
or alternatively as
1
R,uzx = —K (T,uzz - iTg,uu) + Aguw (A2)

whereR,, is the Ricci Tensor7,,, is the Energy-Momentum Tensay,, is the Metric
Tensor,A is the cosmological constant ards a constant given by

k = 871G, (A.3)

note that we are using units in whieh= 1.

Our general approach to obtain the GR field equations for BR\& netric will be
simply to obtain variationaly the Ricci Tensor and then te tie value of the Energy-
Momentum Tensor for a perfect fluid to obtain the right-haite of the GR field
equations.
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A.2 The Euler-Lagrange Equations

From the calculus of variations we know that if we like to finflliaction that makes an
integral dependent on that function stationary, on a aertderval, we can proceed as
follows; first we have the integral that we like to make stadiy

b
S:/ L(q*, 4%, t)dt, (A.4)

where we defines' as the action[ is the Lagrangian which is dependent ¢ a set
of generalized coordinates (s an index running over all the elements of the sgt),
the set of the generalized coordinates time derivatiyess dq“/dt andt, the time, a
parameter.

The variation of the action can be written as

b
58 = / <0L 5q" + oL 5qa) dt (A.5)
o \0q" dq”
b b
— oL Sqdt + / a—,Léq“dt, (A.6)
« 0q° o 04°

integrating the last term by parts and requiring the vaaiiS to be zero (the condition
for S to be stationary), we have

b oL _ oL _ 1" (d [oL\ .,

’ aqaéq dt+[a—qa5qL—/a E(aqa) 0qdt = 0 (A.7)
oL . 1 [*[0L d [OL .
[aq‘a‘sq}f/a {Tqa_ﬁ<6qﬂ)}5q A

sincea andb are fixed then the first term vanishes and in order for the rateg be
zero, sincelq” is arbitrary, then

d [ OL oL
dt (aqa) eI . (A-9)

These are the Euler-Lagrange equations that must be siisfigder to make the
action stationary.
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A.3 Variational Method for Geodesics

In order to obtain the equations for the geodesics, and flrmtread out the metric
connection coefficients, we must solve the Euler-Lagranggeagons for the Lagrangian

1
L= 3 Gap23?, (A.10)

whereg,;, are the metric elements ané are the coordinates time derivatives. Applying
the Euler-Lagrange equations over the Lagrangian we obtain

O ) 3 (0cg)i®s* =0 (a11)
JacT" + GacZ" — %(&gab):ﬁ“:‘cb =0 (A.12)
(Ooac) 3" + Gaci® — %(&gab)ab%‘:b =0 (A.13)
Gacit® + (OpGae )i i’ — %(&;gab)i%b =0, (A.14)
sincei® andi® commutes, then we have
GacL® + %(&)gac + 0aGpec — Ocgap) i’ = 0 (A.15)
9+ 5 O+ Do — D)) = 0 (A16)
B4 2 g Ohta + Ouge — Do) =0 (A1)
i 4T 0% =0 (A.18)
i 4 Te i’ =0, (A.19)

wherel'}, are the metric connection coefficients and were clearly ddfas

1
T = 59" (Oh8ac + Ouge — Oclan) (A.20)

and from [A.17) we can read without effort the metric conimectoefficients.

A.4 Application to the FRW Metric

Using the FRW metric a distance element can be written as

dr?

2 _ 32 2
ds® = dt* — a*(t) 52

+ 7r2(d6? + sin? Odp?) (A.21)
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then the metric is given by

10 0 0
2
0 -2 0 0
. —hr A.22
=1 — ()2 0 (A.22)
0 0 0 —a?(t)r?sin

From the previous section, equatign (A.14) is the easiegsén then we will apply
this equation successively for values of the indexnning from0 to 3. In the case in
which ¢ = 0 we have

oo — 5[(50911)$1$1 + (B0ga2) %% + (Dogss)°i°] = 0, (A.23)

then substituting and solving we obtain

aa
1 — kr?

4 ()% 4 aar®(0)? + aar?sin? 6(¢)? = 0, (A.24)

from here we can read the metric connection coefficients

aa

o, = aar? (A.26)
I, = aar’sin’@. (A.27)

For the case when= 1 we have

911331 + (80911)$1$0 + (81911)$1$1 — 5[(31911)$1$1 + (81922)$2$2 + (81933)$3$3] =0,

(A.28)
then substituting and solving we obtain
i+ 2% + %(W — (1= kr?)(0)? — r(1 — kr?)sin?0(4)> =0,  (A.29)
a — RT

from here we can read the metric connection coefficients

r = g (A.30)
kr
1
r, = —r(l—kr? (A.32)
L, = —r(1—kr®)sin®6. (A.33)
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For the case when= 2 we have
G227? + (0o ga2) 723" + (01 go2) 23" — %(azggg):'c%?’ =0, (A.34)
then substituting and solving we obtain
0 + 2%915 + 2%97‘ — sin 6 cos 0(¢)? = 0, (A.35)

from here we can read the metric connection coefficients

a
ng = - (A.36)
1
rs, = - (A.37)
%, = —sinfcosd. (A.38)
For the case when= 3 we have
933.7} + (80g33)x JJ + (81g33)x JI + (82g33) JI = O (A39)
then substituting and solving we obtain
cosf -
¢+2 ¢t+2 ¢r+2 9<b¢9:0, (A.40)
from here we can read the metric connection coefficients
a
s, = - (A.41)
1
F§’2 = (A.42)
0
s _ coso _ 0. A4
23 sin 6 cotd (A.43)

A.5 Obtaining the Ricci Tensor

Having the metric connection coefficients, the next ste ishitain the independent
values of the Ricci tensor which is given by

R, = 9,09, — 9,17, + ¥ 19 —T* 17 (A.44)

po - pv uvs po*
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From the metric connection coefficients we obtain that

Roo = 30,0, +3(I%,)? (A.45)
. N 2 SN 2
. [(2 . (2) ) . (2) ] (A.46)
a a a
= 3% (A.47)
a
for R;; we obtain
Ry = 201F%2 - a01%1)1 - F?lrél - 2F%1F%2 + 2(1?2)2 (A.48)
2 (a*+ ad) a? 2k 2
= —— — — — — A.49
r2 1 — kr? 1 —kr? 1—]{77"2_'_7"2 ( )
ai + 2a® + 2k
= —-— A.50
1—kr2 7 ( )

for Ry, we have

Roy = 0oLy — 019, — 0115, + 215,10, + 205,15, + (I'55)*  (A.51)
=309, — Dyl — 2T5,1F,

= —csc?0 —r?(a® + da) + (1 — kr?) — 2kr? 4 2r%a? (A.52)
—2(1 — kr?) + cot® 0 — 3r?a® + kr® + 2(1 — kr?)
= —r*(ai + 2a°® + 2k), (A.53)

finally for R33 we have

Rsz = —0o[9; — 0113, — 0o15, + 209, 5y + 203,15, + 25,15, (A.54)
=3T3 — DTy — 2051, — T30
= —r*sin®0(a® + ai) — 3kr?sin? 0 + sin® @ + cos® § — sin” 6 (A.55)
+2r? sin? 0a® — 2sin? (1 — kr?) — 2 cos® 6 — 3r?sin” fa
+kr?sin® § + 2sin? 0(1 — kr?) + cos 6
= —r*sin?f(aid + 2a* + 2k) (A.56)

A.6 The Energy-Momentum Tensor

In order to simplify we will assume that the matter that filleetUniverse can be
characterized as a perfect fluid, this assumption implias We are neglecting any
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shear-viscous, bulk-viscous and heat-conductive prigsest the matte m al.,
). The energy-momentum tensor is given by

T = (p+ p)utu” — pg"". (A.57)

Since in a comoving coordinate system the 4-velocity ismisienply byu* = ¢} and
u, = 9y, then we have

T;w = (P + p)6268 — PYuv- (A58)

For the contracted energy-momentum tensor we have

T = TV (A.59)
= (p+p)—pd, (A.60)
= p+p—4p (A.61)
= p—3p, (A.62)
then, we have that
1 0 <0 1
T,uzx - §Tg,uu = (p +p)5p,5y - pg;w - §<p - 3p>guu (A63)
1
= (p+)3,0, = 50+ )G, (A.64)

from here we can substitute in the right hand sidé of|[(A.2)d@im

1 1

— k(Too — §Tgoo) +Agoo = —EK(P +3p) + A (A.65)
1 1 1 a?
1 1 ]

—r(Ta — §T922) +Ag = — 5([) —p) + A| a®r? (A.67)
1 1 ] ,

—r(T33 — §T933) +Agss = — 5([) —p) + Al a’r?sin® 0. (A.68)

A.7 The Cosmological Field Equations

In the two previous sections we have derived both sides defRé&ield Equations, then
at this point the reamaining step is to combine these resutibtain the Cosmological
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Field Equations. FoRy, we have

1
g = —5r(p+3p) + A (A.69)
i e
3% - —WT(p 1 3p)+ A (A.70)
a 4G 1
— = —Z(p+3p)+ =A; A71
- 5 (p+3p) + 34 (A.71)
for R;; we have
ad + 2a® + 2k 1 a?
B 1 — kr? B {5,{@ -t A] 1 — kr? (A.72)
ai +2a* + 2k = (47G(p —p) + N)a?, (A.73)

substituting the value fai from (A.71) we have

47;G (p+ 3p)a* + 3Aa +24* +2k = 4nG(p —p)a® + Ad? (A.74)
22 = 47;G (4p)a® + 3Aa — 2k (A.75)
LN\ 2
for Ry, we have
—r*(ai + 24° +2k) = — Bfﬁ(p —p)+ A] a’r? (A.77)
ai+2a* +2k = (4nG(p—p)+ A)a®, (A.78)

we have obtained (A.73), then the equation giverigy is not independent. FaRs;
we have
—r?sin® 0(adi + 2a* + 2k) = — Bfﬁ(p —p)+ A] a’r’sin*0  (A.79)
ai +2a* + 2k = (47G(p —p) + N)a?, (A.80)
anew, we have obtaineld (A]73) and then the equdiigris redundant.
From the previous discusion, only two of the four equatiaesiadependent (equa-

tion (A.71) and equation (A.76) ):
4rG

= —T(p + 3]9) +-A (A81)

<3> _ 8nGp ﬁ +A (A.82)
a 3 3’

these are the Cosmological Field Equations.

|

Wl =

SRS
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Appendix B
Statistical Techniques in Cosmology

In order to analyse the large data sets that are now avaifl@abtsmological work it

is absolutely necessary the use of more and more sophéestisdtistical tools. Here
we present a few basic statistical techniques that are hsedgh this work and that in
general can be applied in cosmological data sets analysiough this appendix we

closely follow the work OEI_(ELO).

B.1 Bayes Theorem and Statistical Inference

The fundamental rules of probability are (hereaffeis the probability of an event):
1. P>0.
2. [Z_daP(x) = 1.
3. For mutually exclusive evenB(z U y) = P(x) + P(y).

4. For dependent everi®z Ny) = P(x)P(y|z), whereP(y|z) is the conditional
probability ofy given thatz has already occurred.

from the last relation we can derive the Bayes theorem (wgiB(z, y) = P(y, x)):
P(H)P(D|H)
P(D)
where D stands fordata, H for hypothesi©or model,P(H|D) is called theposterior,

P(D|H) is thelikelihoodandP(H) is called theprior.

P(H|D) = (B.1)
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Bayes theorem is at the base of statistical inference, le¢sisme that we have some
already collected data set, theiD) = 1, and we have a model characterized by some
set of parameterp, in general we want to know the probability distribution the
model parameters given the d&ap|D) (from a bayesian view point as opposed to a
frequentist one). However, usually we can compute acdyrtite likelihood which, by
Bayes theorem, is related to the posterior by the prior.

One fundamental problem with the above approach is thatghetidistinct priors
leads to different posteriors since e.g. if we have a pridwnia distinct equally valid
variables, then we have a distinct probability distribngdor every prior, saf(x) and
G(y), then in order to transform from one distribution to the othiee we have

P(x)dr = Gly)dy. 82
P(r) = 6| 2. ®.3)

Another important concept is the marginalization proceduf we have a multi-
variate distribution, saf(z, y) and we want to know the probability distributi@t(x)
regardless of the values gf then wemarginalizewith respect tqy:

P(x) = /dyP(x,y). (B.4)

B.2 Chi-square and Goodness of Fit

In order to find the model, characterized by a set of paramptehat better fit a given
data set, we must define a merit function that quantifies theegpondence between
the model and the data.

The least squares fitting is given by
X* = Zwi[Di — y(ai[p)]?, (B.5)

whereD; are the data pointg,z;|p) is the model andy; are suitably defined weights.
The minimum variance weight is; = 1/0? whereo; denotes the error on data point
i. With these weights the least squares is called chi-sqUdebest fit parameters are
those that minimize thg?.
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If the data are correlated, the chi-square becomes

X* =Y [Di = y(ai|p)Qi;[D; — y(x;Ip)]. (B.6)

ij
where() denotes the inverse of the covariance matrix.

The probability distribution for the values gf around its minimum value, is given
by a y? distribution forv = n — m degrees of freedom, whereis the number of
independent data points and is the number of parameters. The probability that the
value of y? obtained from the fit exceeds by chance the valder the correct model
isQ(v,x) =1—-T(v/2,x/2) wherel is the incomplete Gamma functio. measures
the goodness of the fit.

B.3 Likelihood

If in the Bayes theorem we takB(D) = 1 since we assume that we already have
the data, andP(H) = 1 since we ignore the prior, then estimating the likelihood we
obtain the posterior. However, since we have ignored theg gien we can not give the
goodness of fit or the absolute probability for a model in wldase we can only obtain
relative probabilities. Assuming that the data are gaussidistributed the likelihood

is given by a multi-variate Gaussian:

1 1 .
L= Gryprlda)e P —5 2 (D¢ (D -yl B

ij

whereC;; is the covariance matrix.

For Gaussian distributions we have oc exp [—1/2x?] and minimizing they? is
equivalent to maximizing the likelihood.

The likelihood ratio is used in order to obtain results inelegiently of the prior, itis
the comparison between the likelihood at a point and the maxi likelihood,Z,,, ..
Then, a model is acceptable if the likelihood ratio,

A:—%{%ﬁ} (B.8)

is above a given threshold.
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B.4 Fisher Matrix

The Fisher matrix allows to estimate the parameters ernoafgiven model. It is

?InL

where the average is the ensemble average over obsernaaadéthose that would be

defined as

gathered if the real Universe was given by the model).

For a parameterthe marginalized error is given by

oy, > (F7Y)/? (B.10)

= i)

this last equation is the Kramer-Rao inequality that ingplieat the Fisher matrix al-
ways gives an optimistic estimate of the errors. This inétyuis an equality only if
the likelihood is Gaussian, this happens when the data aresgaly distributed and
the model depends linearly on the parameters.

B.5 Monte Carlo Methods

The methodology of Monte Carlo methods for error analysislwa described as fol-
lows. Given a measured data 9ef, we can fit some model to it and obtain a set of
parameterg, and their errors. With the intention of exploring the erréos p,, we
assume that the fitted parametggsare thetrue ones. Subsequently, we construct an
ensemble of simulated sets of parameérsaking care of the observational errors as-
sociated with the data sél,. Finally, we can construct the distributigft — p, from
which we can explore the parameters error.

The Monte Carlo methods for error determinations are speciaeful when com-
plicated effects can be simulated but not described awcaligtiby a model.
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The Cosmic Distance Ladder

From the relation(2.30) we can see that knowing the valueth&absolute luminosity

L and the fluxf for an object we can obtain immediately the value of the lwsity
distanceD; ; if we obtainD; andz for a great number of objects we can determine an
approximate value fof, as can be seen frorn (2135), or constrain the cosmological
model by means of the relation (2131); then the knowledg® pfis of great impor-
tance, notwithstanding, the difficult problem is to deterenthe value of the absolute
luminosity.

Conventionally, the objects used to measure distancesimalogy, are classified as
primary and secondary distance indicators. The primarngadce indicators are those
whose absolute luminosities are measured either dirdayl\jkinematic methods, or
indirectly, by means of the association of these objects atihers whose distance was
measured by kinematic methods. The primary distance itati€are not bright enough
to be studied at distances farther than the correspondivegues ofz around).01. The
secondary distance indicators are bright enough to beestuati larger distances and
their absolute luminosities are known through their asgam with primary distance
indicators [(AALQiﬂb_e}g_ZQbS); is by means of these last tdbjgat we can constrain
a cosmological model since, aside of other consideratithest value ofz is large
enough to make negligible the contribution of the peculielogities to the redshift
determination.
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C.1 Kinematic Methods to Distance Determinations

As already said, in cosmology the primary distance indisatore of importance as
calibrators of the secondary distance indicators whichbmnsed to constrain a cos-
mological model, but these primary distance indicatorstrbaescalibrated by means
of distance determinations carried out by kinematic meshdgelow we will briefly
discuss the kinematic methods used to measure the distarthe primary distance
indicators.

C.1.1 Trigonometric parallax

/‘\

N

Lo -x
P
.

3

< >

) 1 AU

Figure C.1: Scheme illustrating the Trigonometric Paralla

While the earth’s annual motion around the sun takes plaeestars appear to have
an elliptical motion due to the true movement of our plankg maximum angular
radius of this motion is called parallax; this situation is schematized in Figure IC.1.
We can see that it is possible to calculate the actual distema star by means of an
accurate measure of its parallax and knowing the mean desta@tween the sun and

the earth, which is called an astronomical unit (AU). Theatise to the star is given
by
_1AU

sinm’

d

(C.1)
if we assume that < 1 rad, which is the case for all the stars, thén =« ~ =, with
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enough approximation; even more, if we givén arcseconds, we obtain the relation

d—( T )_1, (C.2)

pc arcsec

where 1 parsec (pc) has been defined as the distance of amwhmtr = 1” and the
measure baseline is 1 AU, sintead = 206264.8” and1 AU = 1.49 x 10** cm, then

1 pc = 206264.8 AU = 3.09 x 10'® cm.

This simple trigopnometric method can not be applied acelydtom the earth surface
for stars withr < 0.03” due to atmospheric turbulence effects (seeing) which blurs
the star’'s image; then using ground-based telescopes #tlsooh can only be used to

measure distances to stars that are aBoyic from us QALQiﬂb_e}gL_ZQbS).

From 1989 to 1993 the Hipparcos satellite, launched by thiefigan Space Agency
(ESA), measured parallaxes for more than 100 000 stars isdla neighbourhood
with a median accuracy af = 0.97 mas (Perryman et AI.L_19_497); this remarkable
accuracy can be obtained since the observations weredauiefrom space and the
usual problems related with the terrestrial atmospheregaantational field were not
present.

C.1.2 The moving-cluster method

The fundamental assumption over which this method is coctsd is that of the par-
allelism in the space motion of the member stars of an opestatiui.e, the space
velocity vectors of the members of the cluster, must pointheasame direction. The
implications of the previous assumption are that the randwtons, the expansion or
contraction velocities and the space velocities due tdiostafor the individual mem-

bers, must be negligibl mﬁ).

Since the space velocity vectors of all the stars in the et parallel, then for an
observer for whom the cluster is receding (or approachialgthe stars appear to be
moving to (from) a convergent point (CP), the geometry fas fituation is depicted in
FigurelC.2. From thek;ﬁure we can see that the angle betweego#itions of the stars

and the CP on the skytl , and the angle between the star’s space velocity vector and

! Note that this angle is seen by an outside fixed observer, fhenpoint of view of an observer on
one of the stars there is no such CP at all.
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Sun

Figure C.2: Scheme that shows the geometric constructionhf® moving-cluster method;

adapted from Binney & Merrifield (1998).

the Sun-star line of sight are the same, then we have that
vy = v, tanp, (C.3)

whereu, is the radial velocity, i.e the space velocity vector comgrurin the direction
of the line of sight, and is the tangent velocity defined as

Uy = Mdv (C4)

where is the proper motion of the star, i.e. its angular apparertianamn the sky
plane, andl is the distance from the sun to the star; then from the twoipuswdefini-
tions we have that

R tan;b7 C5)
1
or using the definitior (C]2)
™ 4.74 Uy -1 L
mas  tan (km s—l) mas yr—!’ (C.6)

From the above relation we can determine the parallax or thtarcte to every
star member of the cluster under consideration, using k&med proper motion, ra-
dial velocity (easily obtained measuring the shift of spadines) and its value of’

11098).
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C.2 Primary Distance Indicators

As previously pointed out, the primary distance indicatars of importance in the
calibration of the secondary distance indicators.

C.2.1 Cepheids

The Cepheids are one of the best known primary distanceatadi These variable
stars are very bright and since they exhibit a regular vianaif their luminosity with
time, they are useful to measure distances outside ourygdlat912 Henrietta Swan
Leavitt (Leavitt & Pickerin _19j2) observed that the Caghariables that she was
studying in the Small Magellanic Cloud (SMC) have fluxes Wty as a function of
the period of the variation in luminosity (Leavitt law). TRepheids pulsation periods

are from 2 to over 100 days whereas their brightness vansgo from—2 < M, <
—6 mag _F_re_e_dm&M&d_QH;;QhO).

The basic physics behind the Leavitt law is well understtioel Stephan-Boltzmann

law can be written as
L = 41R*0T?, (C.7)

where, L, in this case, is the bolometric luminosity, is the star radius and, is the
star effective temperature. Expressing the above relatitimerms of magnitudes, we
have

Mgor, = —blogy R — 10log,, T + C; (C.8)

thereafter we can mag,, 7. into an observable intrinsic color likeB — V'), or
(V —I), and map the radius into an observable period using a pereahrdensity
reIationH , then we obtain the period-luminosity-color (PLC) relatior Cepheids as

_F_re_e_dmw&LQhO)

My = alogy g P+ 5(B—V),+17. (C.9

Today the slope of the Period-Luminosity (PL) relation isgelly taken from the
Cepheids in the Large Magellanic Cloud (LMC). The valueshef PL relation given

2 A relation of the typevay, = 27/P = (GM/R*)'/? ~ (Gp)'/?, wherewg,, is the dynamical
frequency and is proportional to the inverse of a free fafirde distance of a stellar radius.
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by the Hubble Space Telescope (HST) key projﬁt_(ﬂe_e_dﬂl @_O_h.), assuming

that the LMC distance modulus jg LM C') = 18.50 mag, are

My = —2.760[20.03](log,y P — 1) — 4.218[%0.02] (C.10)
M; = —2.962[£0.02](logy, P — 1) — 4.904[£0.01], (C.11)

where P is the period in days; but this results have been under dismuslue to con-
siderations of metallicity effects in the determinatiorigtee LMC distance modulus

QOLJBILQQIB[ Girardi et gill._‘ﬁbb_:_s_il&s_elt MOO:B).

The calibration of the PL relation can be done by observatadmalactic Cepheids,

in which case trigonometric parallax determinations aneegally used. Using data

from Hipparcos, the PL relation has been give 7)
My = —2.81log,, P — 1.43[£0.10]. (C.12)

Assuming the slope given by the last equat@m%phrametrized the PL
relation as

where~ is the PL relation zero-point, and using four distinct melhbe has obtained
a mean value of = —1.40.

Finally, recent work points out that no significant diffecerexists in the slopes of

the PL relation between our Galaxy and the LI\}IQ_(,Eo_ugu_'e_IéEQDJ’), and gives for
our Galaxy

My = —2.678[+0.076] log,, P — 1.275[+0.023] (C.14)
M; = —2.980[+0.074] log,, P — 1.726[+0.022]; (C.15)

and for the LMC

My = —2.734][40.029] log,, P — 1.348]40.007] (C.16)
M; = —2.957[£0.020]log,, P — 1.811[£0.005]; (C.17)

where it has been assumed that the LMC distance modujud.is/C') = 18.40 mag,

which is consistent with recent resulwbﬁjao
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C.2.2 Tip of the red giant branch method

The tip of the red giant branch (TRGB) is a technique for deteing distances to
nearby galaxies. This method uses the well undersm., ) disconti-
nuity in the luminosity function (LF) of stars evolving upetimed giant branch (RGB)
in old, low metallicity stellar populations that has beehlrated using Galactic glob-

ular clusters; necessary condition for its applicationgéhat the observed RGB LF

is well populated £ 100 stars within 1 mag form the TRGBI)_(Ma.dQ_Le_&_ELe_e_dJInan,
OO0 )

The empirical calibration of the TRGB is typically given as:
MFPREB — f([Fe/H]) + ZP (C.18)

where, M5B is the absolute magnitude for the TR&H([Fe/H]) is a function of the
metallicity (typically a polynomial), and P is the calibration Zero Point. This kind
of models neglect the impact of other parameters on theraéliim and then induce
uncertainties of ordet-0.1 mag in the determination af/ 7“5 QGLMHLO_QE)

C.3 Secondary Distance Indicators

The primary distance indicators are not sufficiently brigghbe observed at > 0.01,
brighter objects are needed as tracers to constrain a cogioal model, these brighter
objects can be galaxies or supernovae, which are as brigjatiasies. We need meth-
ods to obtain the luminosity of these objects in order to ioliteeir distances.

C.3.1 Type la supernovae

Type la Supernovae (SNe la) are the result of the thermoaudiestruction of an ac-
creting carbon-oxygen white dwarf star approaching then@resekhar mass limit.
Observationally, the defining characteristic of SNe la esabsence ofl andHe lines
and the presence of strofgabsorption lines in their spectra.

In spite of the fact that the details of the nature of the SNexjalosion are still ob-
scure, the origin of the observed light curve is relativellwnderstood. It is powered

3 In this case for the Cousins’ | passband, but the model idasirim other bands.
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by the radioactive decay 6fNi into *°Co, and then intd®Fe. The SN ejecta is heated
by energetic gamma rays, produced by the radioactive decalythen radiates ther-
mally to produce the observed light curve. Photometric&N\ la rises to maximum
light in a period of 20 days, followed by a decline©f3 mag in the following month

and~ 1 mag per month subsequenhmw@jm&&).

SNe la are not intrinsically standard candles, but can bedatalized by means

of simple empirical correspondences. The first of thesdiogla is the light-curve
width—luminosity relationship (WLR) or ‘Phillips relatio M,@); essentially
SN la peak luminosities are strongly correlated with thetkvidf their light curve.

Furthermore, SN la light curves can be parametrized usisgretch’ parameter, which

stretches or contracts a template light curve to match agerebd onel (Perlmutter etlal.,

). As an aside, the physical origin of the Phillips lielats yet not completely clear
2. 2010,
Another —though poorly understood- relation is betweerSike la luminosity and

J 199@; ngsghkrlLLQhO). The two preus relationships can be

applied to observed peak magnitudes

their color B -V

Meorr = M+ a(s — 1) — BC, (C.19)

where the stretch-luminosity is parametrized-hyand the color-luminosity relation by
B. After applying the calibration to SNe la measurementscipeedistance estimates
(to 0.12 — 0.14 mag) can be obtained.

C.3.2 Tully-Fisher relation

Tully & Fishg:l ,M) proposed the existence of a corretabetween the global H
line (21 cm) profile width and the absolute blue magnitudepifas galaxies; later,
after the study of the correlation of thelvidth and infrared luminosity, the physical
basis for this relation was understood, i.e that the 21 cenisnwidened by Doppler
effect, caused by the rotation of the galaxy; therefore thdine width is an indicator
of the maximum speed of rotation of the galdXy;, which by gravity is related to the
mass of the galaxy, which in turn is related to the luminosityy the mass-luminosity

ratio (Aaronson et &I., 19179). Roughly, we have

L~V2

rot*

(C.20)
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The Tully-Fisher relation, calibrated with Cepheids distas and metallicity-corrected,

has been given a.E_(_S_LkM MOOO)

B, = —(8.07£0.72)(logy, W, — 2.5) — (19.88 £ 0.11) (C.21)
5, = —(9.46 +0.76)(log,, Ws, — 2.5) — (21.19 £ 0.12),  (C.22)

whereX7. , are aperture magnitudes corrected for metallicity and ¢sialand internal
extinction, and/Vy, are the 20% line widths corrected for inclination and refishi
C.3.3 Faber-Jackson relation

For elliptical galaxies a correlation exists that is simiia the Tully-Fisher relation,
only in this case between the luminosity and the velocitpelision. The theoretical

basis for this is too the Virial theorerln (Faber & Jagi@dw'[he analytical form of
this relation can be given roughly as

L ~ oy, (C.23)

where L. is the luminosity inside the effective radius angl is the central velocity

dispersion measured from spectral line broaderlL'Lng_LB_iL&]Mel:l:iﬂ_Qldl, |19_9_é).
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