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Abstract

I have selected a sample of 504 HII like-starburst galaxies according to the equivalent
widths in their emission lines in a range of redshift of 0.1 < z < 3.4 from the literature,
in order to assess the validity of the L(HS) - o relation at high redshift and its use
as an accurate distance estimator. The physical parameters for the sample at high
redshift, within the uncertainties, are consistent with the ones for the HIIGx at low
redshift. This suggests that the physical properties for HIIGx at low and high redshift
are similar.

By combining our sample at high redshift with the local sample of HIIGx from Chavez
et al. (2014), I find an evident flattening that starts at approximately log(c) = 1.8 km
s! in the L(HpB) - o relation. This flattening has an interesting application since it
leads to a kind of standard candle for those HIIGx with log(c) > 1.8 km s™'. This
flattening or the existence of an upper limit in the luminosity of HIIGx has not been
reported before. Applying this new HIIGx standard candle method to the high red-
shift sample we obtain good restrictions on the cosmological parameters solution space.
The combination of our sample at high redshift with the local sample of 156 (HIIGx
and GEHRs) dramatically improves the constraints on the plane {2,,, wo}, which are
consistent with the results from SNela.

These results are surprisingly good considering the high uncertainties in the data at

high redshift, therefore we expect better constraints on the plane {£2,,, wy} using high
quality data from high resolution spectrographs at 8 m class telescopes.
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Resumen

Se ha seleccionado una muestra de 504 Galaxias HII en base a los anchos equivalentes
en sus lineas de emission en un rango de redshift 0.1 < z < 3.4 de la literatura. Esto
con el objetivo de evaluar la validez de la relacién L(Hf) - ¢ a alto corrimiento al rojo
y su uso como un estimador de distancia preciso. Los parametros fisicos de la muestra
a alto corrimiento al rojo, dentro de sus incertidumbres, son consistentes con los de las
Galaxias HII locales. Esto sugiere que las propiedades fisicas para las Galaxias HII a
bajo y alto corrimiento al rojo son similares.

Combinando nuestra muestra a alto corrimiento al rojo con la muestra local de Galaxias
HIT dada en Chévez et al. (2014), se encontré un aplanamiento evidente que comienza,
aproximadamente en log(c) = 1.8 km s™! en la relacién L(Hf) - 0. Este aplanamiento
tiene una interesante aplicacion, ya que conduce a una especie de candela estandar para
aquellas Galaxias HIT con log(o) > 1.8 km s~!. Este aplanamiento o la existencia de
un limite superior en la luminosidad de las Galaxias HII nunca antes ha sido reportado
en la literatura. Aplicando este nuevo método de candela estandar para las Galax-
ias HII, nosotros obtenemos buenas restricciones al espacio de soluciéon de parametros
cosmoldgicos. La combinacién de la muestra a alto corrimiento al rojo con la muestra
local de 156 objetos (Galaxias HII y Regiones HII Extragaldcticas Gigantes) mejora
notablemente las restricciones en el plano {€2,,, wo}, las cuales son consistentes con los
resultados de SNela.

Los resultados obtenidos son sorprendetemente buenos considerando las altas incer-
tidumbres en los datos a alto corrimiento al rojo, por lo tanto nosotros esperamos
mejores restricciones en el plano {€2,,, wy} usando datos de alta calidad obtenidos con
espectrografos de alta resolucién en telescopios de 8 metros.
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Chapter 1

Introduction

The identification of a class of isolated dwarf emission-line galaxies, which showed them
to be indistinguishable in their observed properties from giant HII regions in nearby
galaxies, was made by Sargent & Searle (1970). They called them Isolated Extragalactic
HII Regions. Although the compact galaxies with strong emission lines had already
been discovered by Haro (1956) utilizing the technique of objective prism. Later,
Searle & Sargent (1972) reported the properties of two extragalactic objects with very
low heavy element abundance, [Zw18 and I1Zw40, they emphasised that they could
be young galaxies in the process of formation, because of their extreme metal under-
abundance, more then 10 times less than solar. These two galaxies are HII Galaxies
(HIIGx) prototypes, the HIIGx have the advantage of being gas-rich, with spectra dom-
inated by strong emission lines due to the presence of O, B type stars in HII regions. So
they can be observed in the optical as narrow and intense emission lines superimposed
on a blue stellar continuum favouring their detection at great distance. The HIIGx
are interesting for understanding the processes of galaxy formation. Besides, as they
are gas-rich and have an active star formation they can help us to understand the
processes of massive star formation in low metallicity gas (Kunth & Ostlin, 2000).

A relation between the luminosity of HS emission line, L(H/), and the velocity dis-
persion, o, from ionized gas in HII regions was found and investigated by Terlevich &
Melnick (1981). Later, Melnick, Terlevich, & Moles (1988) presented a detailed study
of the global properties of a sample of HIIGx, selected from the Spectrophotometric
Catalogue of HII galazies which was published by (Terlevich et al., 1991). They found
that the L-o relation can be applied to HIIGx and they proposed this method as a
distance indicator (Melnick et al., 1987; Siegel et al., 2005; Bordalo & Telles, 2011;
Plionis et al., 2011; Chavez et al., 2012; Chavez et al., 2014; Terlevich et al., 2015)

On the other hand, it is known that type Ia supernovae (SNela) provide a standard
candle that can be used to accurately measure distances of galaxies at redshifts just

beyond z~1 (Riess et al., 1998; Perlmutter et al., 1999; Amanullah et al., 2010; Hicken
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CHAPTER 1. INTRODUCTION

et al., 2009; Riess et al., 2011; Suzuki et al., 2012). The combination of SNela results
with other independent cosmological probes, such as the cosmic microwave background
(CMB) fluctuations from WMAP or baryon acoustic oscillation (BAO), allows to mea-
sure cosmological parameters with high precision (Aubourg et al., 2014). Due to the
fact that the maximum difference in cosmological models occurs at z = 2 — 3, it be-
comes crucial to investigate alternative methods to determine distances to galaxies at
z > 2. Alternatives include Gamma-Ray Bursts (GRB), explored e.g. by (Schaefer,
2007); other types of supernovae, particularly Type IIP (for Plateau) explosions (e.g.
Poznanski et al., 2009) and other methods. However observing SNela at redshifts
above the current limit appears challenging even with the next generation of space
telescopes being that SNela could be very rare at z > 2. In contrast, due to the fact
that HIIGx spectra are dominated by intense emission lines, they can be observed at
great distances, this makes them powerful tools for studying galaxies at high redshift.

To demonstrate the potential of HIIGx for cosmology, in (Chavez et al., 2012) they
used a sample of 89 HIIGx together with a re-calibration of the L(H/) - o relation for
23 Giant HII regions in 9 nearby galaxies and obtained a value for the Hubble constant
of 74.3 & 3.1 (random) =+ 2.9 (systematic) km s~ Mpc™" | in excellent agreement with,
and independently confirming, the most recent SNela-based results (Riess et al., 2011)
and Cepheid-based results (Freedman et al., 2012). And in Plionis et al. (2011) they
estimated that similar-quality observations of 60-80 HIIGx at redshifts between 0.8
and 3 can constrain w(z), the parameter of the dark energy equation of state, to about
10%. Therefore, this method provides constraints on £2,, and 4 as good as other
methods (SNela and CMB).

Also in Terlevich et al. (2015), they present the result of high-dispersion spectroscopy
of nine HII galaxies at redshifts between 0.6 and 2.33, obtained at the VLT using
XShooter. Using six of these HII galaxies they obtained broad constraints on the
plane €2, - wy. The addition of 19 HIIGx at high redshift from the literature, in total
25 HIIGx at high redshift, plus their local compilation of 107 HIIGx up to z = 0.16
were used to impose further constraints, which are consistent with other recent studies.
Although such constraints are weaker than those for SNela, this is not surprising since
they have a small observed sample as well as poor quality data taken from the literature
of HIIGx at high redshift. Besides, in their sample most of objects are in a region of
space where differences between cosmological models are almost negligible, vs. 580
SNela with a maximum redshift of ~ 1.5. The strength of their results is that their
sample includes 19 objects with z > 1.5 where the differences between models reach
maximum values. Therefore competitive constraints can be obtained using a larger
sample (from 100 to 300) HIIGx at high redshift as was proposed by (Plionis et al.,
2011).



Motivation and Aims of this Work

1.1 Motivation and Aims of this Work

To have a precise cosmological model it is necessary to constrain cosmological param-
eters and confirm the results through different and independent methods.

It is known that SNela provide a standard candle that can be used to accurately
measure distances of galaxies. However, due to the fact that SNIa are believed to
be the result of a mass transfer process into a white dwarf thus exceeding its Chan-
drasekhar limit, so its core will reach the ignition temperature for carbon fusion giving
as a result a supernova explosion. Thus because the time it takes to develop a binary
system with a white dwarf (the star progenitor has to have less than 8 M) and the
low mass star has to reach the giant branch, it is expected that the number of SNIa
should be small at high z. The more distant SNela so far discovered is ‘SN1997ff” at
z~1.7 (Gilliland & Phillips, 1998; Gilliland et al., 1999; Riess et al., 2001).

Therefore it is important to investigate alternative methods to determine distances to
galaxies at z > 1.5. As was previously mentioned, the giant extragalactic HII regions
(GEHR) and HIIGx display a correlation between the luminosity in the recombina-
tion lines, e.g. HB L(Hp), and the velocity dispersion, o, (Terlevich & Melnick, 1981;
Melnick et al., 1988; Chévez et al., 2014). Due to the fact that HIIGx spectra are dom-
inated by intense emission lines, they can be observed at great distances, this makes
them powerful tools for studying galaxies at high redshift. Therefore, if we extrapolate
a link between nearby HIIGx and HII-like starburst galaxies at high redshift, we can
use such objects as standard candles once obtained the calibration of the L(Hp) - o
relation. As a consequence, we can obtain luminosities for HII galaxies to intermediate
and high redshift and hence luminosity distances (Terlevich et al., 2015). This method
has the advantage that it can be used up to z~3, since so far these HII-like starburst
galaxies have been observed with the present instrumentation up to this redshift. This
opens the important possibility of applying the distance estimator and map the Hub-
ble flow up to extremely high redshifts and simultaneously to study the behaviour of
starbursts of similar luminosities over a huge redshift range.

Plionis et al. (2011) using extensive Monte Carlo simulations found that using only a
few tens of HIIGx at high redshift, even with a large distance modulus uncertainty,
reduce significantly the cosmological parameters solution space. In fact, they found
that an expected reduction (~ 20-40 per cent) of the current level of HIIGx-based dis-
tance modulus uncertainty does not provide a significant improvement in the derived
cosmological constraints. It is far more efficient to increase the number of tracers than
to reduce their individual uncertainties.

There are catalogues with available data in the literature, in which we can obtain
candidates to HIIGx in order to compare the intrinsic properties between low and
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Structure of this Work

high HIIGx, this can help us to have a better understanding of the nature of these
starforming galaxies at high redshift and their possible relation with similar objects
nearby. However, the high redshift candidates need more complete and homogeneous
data.

The aims of this work are:

e To build a large sample of HII-like starburst galaxies at high redshift.

e To investigate the physical properties of high redshift HII galaxies and compare
them with those of nearby HIIGx.

e To critically assess the use of the L(Hf)-o distance estimator for high redshift
HII galaxies.

1.2 Structure of this Work

The organization of this thesis is as follows:

Chapter II describes the fundamental physical properties of HII galaxies in the
local universe as young massive bursts of star formation. The relationship between the
luminosity of Hf in emission and ionised gas velocity dispersion (L-o) for HII Galaxies
and the effect that different intrinsic physical parameters of the star-forming regions
could have on this relation are also presented. The potential use of HII galaxies as
distance indicators is discussed as well in this chapter.

Chapter III describes the different parameters that characterize the sample and
selection parameters that were used to select HII-like starburst galaxies at high red-
shift from the literature.

Chapter IV gives a global comparison between HIIGx at high and low redshift.
I analyse the relationships Luminosity vs Velocity Dispersion; Luminosity vs Redshift;
Stellar Mass vs Dynamical Mass; Luminosity vs Effective Radius; Velocity Dispersion
vs Effective Radius; Metallicity vs Stellar Mass; Metallicity vs Luminosity and the
excitation mechanism using BPT diagrammes. Besides, we explore the application of
the HIIGx L(Hp) - o relation as a distance estimator. We use a sample of 103 HII-like
starburst galaxies at high redshift with the required data from the literature combined
with the local sample of 156 HIIGx to obtain constraints on the plane {€,,, wq}.

Chapter V presents the general conclusions of this thesis and delineates the fu-
ture work that I plan to do.



Chapter 2

General Properties of HII Galaxies

2.1 Giant Extragalactic HII Regions and HII Galax-
ies in the Local Universe

GEHR and HIIGx are characterized by a large star-forming region, which due to the
presence of O and B spectral type stars that ionize the gas surrounding them, their
spectra are dominated by nebular emission lines. As a result, they can be observed in
the optical as narrow and intense emission lines, mainly H and He recombination and
forbidden lines like [OIII], [NII], [SII], superimposed on a blue stellar continuum (see
Figure 2.1).

But, if both are bursts of star formation, what is the difference between GEHRs and
HIIGx? Well, GEHR are massive bursts of star formation located at the outer regions
of the disk of the late type galaxies. Their sizes are in the range of few hundred parsecs
(Kennicutt et al., 1989; Bosch et al., 2002) and the content of ionized gas of low density
(Ne ~ 10 - 100 cm?) reaches up to 10° M, (Garcia-Benito, 2009). However, the largest
ones are generally composed of various knots, only distinguishable with high spatial
resolution for nearby galaxies. Some examples of GEHR are 30 Dor in the Large
Magellanic Cloud (LMC) and NGC 604 in the spiral galaxy M33.

HIIGx are also massive bursts of star formation located at dwarf irregular galaxies
and almost completely dominating the total luminosity output (up to 103 erg s7! in
Ha line luminosity); with total masses that are less than 10? Mg, radius that are less
than 2 kpc and a surface brightness py > 19 mag arcsec? (Garcia-Benito, 2009). An
example of HIIGx is IZw18. The HII galaxies also are known as BCDs (Blue Compact
Dwarfs), however the term HII galaxy is used for the objects that have been selected
by their intense and narrow emission lines (Terlevich et al., 1991), while BCDs are
selected by their blue color and for being compact. Another important aspect is that

not all BCDs are dominated by HII regions in their spectra, therefore not all BCDs are
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Figure 2.1: Spectrum of a HIIGx (IZw18) with the most important emission lines labelled. In this
spectrum you can see the very blue continuum. Taken from Kunth & Ostlin (2000).

HII galaxies. Hence, both GEHRs and HIIGx offer an important opportunity to study
violent and intense episodes of star formation. Besides as they are gas-rich with active
star formation, one motivation to study them has been the hope to better understand
the processes of massive star formation in low metallicity gas.

2.1.1 Morphology and Structure

Earlier morphological studies have suggested that a large proportion of the HII galaxies
observed are compact and isolated (Melnick, 1987). Nevertheless, when we study the
morphological properties of HII galaxies is very important to remember that, although
all HIIGx have at least one giant region of star formation which may or may not be
in the center, HIIGx present a variety of morphologies. On the basis of the shape of
outer isophotes, Telles, Melnick, & Terlevich (1997) have classified HIIGx in two types:
Type I and Type II. The type I objects have disturbed morphologies and irregular outer
structure, also tend to be more luminous than type II objects. The type II objects
are symmetric and regular HII galaxies regardless of the multiplicity of the starburst
regions. This classification is only applicable to HIIGx at low redshift due to the fact
that individual star-forming regions can only be resolved in nearby galaxies, while
morphological details can not be appreciated at high redshift.

Regarding the structural properties of HII Galaxies, Telles, Melnick, & Terlevich (1997)
found three main types of light profiles illustrated in Figure 2.2: d. A single exponential
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fit represents well the whole range of radii of the profile. dd. Double profile with a
platform due to the double morphology. An exponential law is well fitted to the
outer regions. bd. A steep bright central region and a disk-like component. The
exponential fit represents well the outer component only. Therefore, the outer parts of
the luminosity profiles of HII galaxies are well represented by an exponential scaling
law.

(r)

Figure 2.2: Light profiles taken from Telles, Melnick, & Terlevich (1997).

2.1.2 Age HII Galaxies

Dottori (1981) investigated the variation of the equivalent width of H3, EW(H}3), as a
function of the evolution of the ionizing stars in HII regions. Subsequently, measure-
ments of the EW(HS) and age determinations in 29 HII regions of the LMC and 2
of SMC, respectively, were made by Dottori & Bica (1981). They found that the age
maximum frequency in HII regions corresponds to the range 6.2 to 7.2 Myr, but older
HII regions are practically undetectable.

In general two models for the star formation time evolution are used to estimate the
age of young bursts of star formation: An instantaneous starburst model, which as-
sumes that all stars are formed simultaneously in a short-living starburst episode, and
a continuous starburst model, which assumes active star formation being constant in
time. The first model is generally applied to individual low mass star clusters, whereas
the second model is assumed to be a galaxy wide average properties. The continuous
star formation could also be understood as a sequence of very small bursts localized
within another small region in space and separated by short time intervals. Anyway,
both models describe the evolution of the EW(Hf) as a function of time, as can be
seen in Figure 2.3. From this figure, it can be seen that the Starburst99 models (Lei-
therer et al., 1999) with a defined Salpeter IMF, gives as results that an instantaneous
burst with EW(HS) > 50 A has to be younger than about 5 Myr. However, Terlevich
et al. (2003) have showed that HII galaxies have a star formation history that is closer

7



Giant Extragalactic HII Regions and HII Galaxies in the Local Universe

to that predicted by a continuous starburst model, indicating that while the observed
emission lines track the present burst, the underlying continuum contains the whole
star formation history of the HIIGx.
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Figure 2.3: Hp equivalent width vs. time; Left: Instantaneous star formation law: solid line
a=2.35, My;,=100 Mg; long-dashed line, a=3.30, M,;,=100 M; short-dashed line, a=2.35, M,,,=30
Mg. Right: Same characteristics but for a continuous star formation law.

2.1.3 Metallicity HII Galaxies

While it is true that the average metallicity of the Universe must have increased as
it evolved, the situation is more complex than a simple thought where high redshift
means metal-poor, and low redshift metal-rich. Objects with high and low metallic-
ities are found at all redshifts. Surely we expect objects that in the local Universe
appear as metal deficient to be even more deficient at high redshift, if we could observe
their precursors. As HII galaxies are metal-poor systems with abundances of metals
in the range between 1/2 Z and 1/50 Zg, they are the survivors who form the local
metal-poor galaxies population. As a consequence, they may be the principal building
blocks of the Universe on large scales (Kunth & Ostlin, 2000).

Observationally the HII galaxies have an advantage of being gas-rich, with spectra
dominated by strong emission lines superimposed on a blue stellar continuum. From
the analysis and interpretation of the ratios of two or more bright nebular emission
lines, it is possible to estimate several parameters such as the electron density and
temperature, the chemical abundances for different species, ionizing conditions, etc. It
is also possible to characterize the ages, masses and temperature of the ionizing star
cluster.
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In HII regions, the oxygen is the most abundant of the metals that constitute them
and it is the most reliably determined element, since the most important ionisation
stages can all be observed. Therefore, the oxygen abundance is normally considered
as representative of the metallicity of HII galaxies. Also, the oxygen has the property
that the [OIII]A4363 line allows an accurate determination of the electron temperature
(Pagel et al., 1979). For other species apart from Sulphur, in general, one does not
observe all the ionisation stages expected to be present in the photoionization region
and an ionisation correction factor must be applied to derive the total abundance of
the element in question.

When the electron temperature cannot be determined, empirical relations for esti-
mating the oxygen abundance are used. These empirical relations use the line ratios
between the strengths of [OIT]A3727 and [OIII]AA4959, 5007 lines relative to Hf, though
with lower accuracy (Pagel et al., 1979). A detailed discussion on these empirical re-
lations is given in subsection 3.3.7.

Nowadays there are good quality data for more than 100 HIIGx, which show abun-
dance in the range 7.1 < 12 4 log(O/H) < 8.3. Pérez-Montero & Diaz (2003) analysed
12 HIIGx whose oxygen abundance are in a range of 7.68 < 12 + log(O/H) < 8.20.
Chévez et al. (2014) calculated the oxygen abundance for a sample of 100 HIIGx and
GEHR at 0.02 < z < 0.2, finding a median value of 12 + log(O/H) = 8.08. The dis-
tribution of oxygen abundances for the Chévez et al. (2014) sample is shown in Figure
2.4.

12 + log 0/H

Figure 2.4: Distribution of oxygen abundances for 100 HIIGx and GEHR at low redshift. The
dashed line shows the median (Chévez et al., 2014).
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2.2 L(Hp) - 0 Relation for HII Galaxies

Melnick (1978) found a correlation between the average turbulent velocity of HII re-
gions in spirals and irregular galaxies and the parent galaxy absolute magnitude. How-
ever, the physics of this relationship was not clear. Terlevich & Melnick (1981) analysed
the relation between Hf luminosity, linewidth, metallicity and size for GEHRs and HII
galaxies finding the following correlations:

luminosity o (linewidth)* (2.1)

size o< (linewidth)? (2.2)

which are valid for stellar systems supported by pressure as elliptical galaxies, bulbs
of spiral galaxies, globular clusters. Therefore, they concluded that HII galaxies and
GEHRs are self-gravitating systems in which the observed emission-line profile widths
represent the velocity dispersion of gas clouds in the gravitational potential well. They
also found that the scatter in the L(HfS) - o relation is correlated with the metallicity.

An analysis of properties of GEHRs was made by Melnick et al. (1987) in which they
found that de HS emission line luminosity, velocity dispersion and core radii of giant
HII regions are strongly correlated as:

R, ~ g25%05 (2.3)

L(HpB) ~ o™0%0% (2.4)

where part of the scatter in the relations is due to a metallicity effect and that such
relationships provide a powerful method to determine distances to GEHRs. Also they
found that the relationships are best explained by a model in which GEHRs are as-
sumed to be virialized clusters of large numbers of discrete gas fragments ionized by a
central star cluster that contains most of the mass.

Subsequent work by Melnick, Terlevich, & Moles (1988) was devoted to obtain a cali-
bration of the L(H/3)-o relation for HII galaxies in order to make it suitable for distance
measurements. The relation found for HII galaxies alone is:

logL(Hj3) = (4.70 %+ 0.30)logo + (33.61 + 0.50) with dlogL(HB) =029  (2.5)

which is represented by a dashed line in Figure 2.5. A Hubble constant of Hy = 100
km s™! Mpc™! was selected for the calculation of L(HS3).
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Figure 2.5: L(Hp) - o relation for GEHRs and HIIGx. The solid line shows a least squares fit to
GEHRs and the dashed line, the corresponding fit for HIIGx (Melnick, Terlevich, & Moles, 1988).

Also Melnick, Terlevich, & Moles (1988) found that the metallicity is effectively an
important component of the scatter in the L(Hf) - o relation. Therefore, the distance

indicator defined as

0.5

O/H

with O/H, the oxygen abundance of the nebular gas, provides the predicted luminosity
from the relation

M, =

(2.6)

logL(HB) = (1.0 £ 0.04)logM, + (41.32 £ 0.08) with dlogL(HS5) =0.271 (2.7)
where a Hubble constant of Hy = 90 km s™! Mpc™! was selected for the calculation of

L(HB).

Melnick, Terlevich, & Terlevich (2000) showed that HII-like starburst galaxies up to z
~ 3, albeit for a small sample, satisfy the L(Hf) - o relation, opening the possibility of
using the relation to measure cosmological parameters (see Figure 2.6). The relation
derived was:
logL(HB) = logM, + 29.5 (2.8)
from which the distance modulus relation for HII galaxies was:
p = 2.5loglo” /F(HB)] — 2.5l0og(O/H) — A(HpB) + Z, (2.9)

where F(HpB) and A(Hp) are the flux and extinction in Hp, respectively. The deter-
mined zero-point was Zy = —26.44 and the rms scatter in the distance modulus was
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found to be ~ 0.52 mag. Although, such rms scatter is larger than what is obtained
with SNela, the advantage of using HII galaxies is that we can reach a much larger
redshift limit, z ~ 3 versus z ~ 1.5 (Siegel et al., 2005) where the maximum difference
in cosmological models occurs.
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Figure 2.6: L(HB) - o relation for HIIGx at a wide range of redshifts. The solid line shows the
maximum-likelihood fit to the young HII galaxies in the local Universe. The dashed line shows the
predicted L(Hp) - o relation for an evolved population of HII galaxies. A cosmology with Hy = 65;
g0 = 0 and A = 0 is assumed in this figure. (Melnick, Terlevich, & Terlevich, 2000).

Using recent galaxy distance determinations Plionis et al. (2011) determined the zero-
point of the distance indicator, Z, repeating the original analysis of Melnick, Terlevich,
& Moles (1988, 2000), using Cepheid and RR Lyrae distance determinations and in-
deed the rms scatter of the distance indicator relation was reduced by ~ 7% while P
= 29.44.

A sample of 128 local HII galaxies, with high equivalent widths of their Balmer emission
lines, was constructed by Chéavez et al. (2014) with the objective of assessing the valid-
ity of the L(Hf) - o relation and its use as an accurate distance estimator. To this end
they obtained high S/N high-dispersion ESO VLT and Subaru echelle spectroscopy,
in order to accurately measure the ionized gas velocity dispersion. Additionally, they
obtained integrated Hf fluxes from low dispersion wide aperture spectrophotometry,
using the 2.1m telescopes at Cananea and San Pedro Martir Mexico. They found that
L(Hp) - o relation for 107 HIIGx, since they only included those systems with log o
< 1.8 and remove objects with low quality data, is:

logL(Hf) = 4.65 logo + 33.71 (2.10)
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with rms scatter of dlogL.(HpB) = 0.332 (see Figure 2.7).
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Figure 2.7: L(HB) - o relation for the sample of 107 HIIGx with good determination of Luminosity
and o. The inset shows the distribution of the residuals of the fit. Taken from Chévez et al. (2014).

2.3 The Physics of the L(HS) - 0 Relation

The physics that holds the L(Hp) - o relation for HII galaxies stems from the fact that
as one increases the mass of the young stellar component not only the ionizing output
increases but also the turbulent velocity of the gas, which is indicative of supersonic
motions in the gas in the stellar gravitational potential, becomes larger. This effect
induces a correlation between the integrated luminosity in a hydrogen recombination
line, e.g. L(Hp), which is proportional to the number of ionizing photons, and the
velocity dispersion, o, obtained through the linewidth.

The first ones to propose a model in which the nature of such relation is gravita-
tion were Terlevich & Melnick (1981). They analysed the correlations between Hp
luminosities, linear diameters and the widths of the global emission-line profiles of
GEHRs and found that the correlations L(HA3) o< o* and R o 02 observed in HIIGx
are similar to those valid for elliptical galaxies, bulges of spiral galaxies and globular
clusters. These results strongly suggest that GEHRs are self-gravitating systems where
the emission-line profile widths reflect the motions in the gravitational potential well.
Terlevich & Melnick (1981) compared the relationship between luminosity and velocity
dispersion of GEHRs with gravitationally bound systems (as elliptical galaxies, bulges
of spiral galaxies and globular clusters). They evolved ionising stellar clusters as closed
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systems (i.e at constant mass) until their M /L ratios become similar to M /L ratios of
gravitationally bound systems. As can be seen in Figure 2.8, the resulting M(B)g - o
relation for GEHRs is consistent with the corresponding to virialized systems, which
gives a strong support to the gravitational origin of velocity dispersion in GEHRs.
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Figure 2.8: Correlation between absolute blue magnitude and velocity dispersion for elliptical galax-
ies, bulges of spiral galaxies and globular clusters with GEHRs. The dashed line represents the linear
fit to all the data. The solid line represents a fit for elliptical galaxies alone. And the dotted line
represents the fit to the GEHRs. Taken from Terlevich & Melnick (1981).

Telles (1995) showed that HIIGx define a fundamental plane that is similar to that
defined by normal elliptical galaxies (see Figure 2.9). This result lends strong support
to the interpretation of Terlevich & Melnick (1981) and Melnick, Terlevich, & Moles
(1988) that the emission-line profile widths of GEHRs directly measure the total mass
of these systems within the measuring radius. Therefore, besides systematic effects,
the scatter in the L(H/) - o relation depends on the existence of a second parameter.
For example, on possible variations of the initial mass function (IMF), on the presence
of additional sources of broadening (e.g. rotation), and on the duration of the burst of
star formation that powers the emission lines (Melnick, Terlevich, & Terlevich, 2000).

2.3.1 Age effects

In order to minimize systematic effects caused by the rapid evolution of the ioniz-
ing stars, Melnick, Terlevich, & Moles (1988) restricted their sample to galaxies with
EW(HB) > 25 A. In fact, this restriction has a double purpose, which is particularly
relevant for objects at high redshift: it selects the youngest starbursts, and eliminates
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Figure 2.9: The fundamental plane of HIIGx and normal elliptical galaxies. The radii and magni-
tudes of HIIGx are measured from continuum images. The velocity dispersions are the widths of the
emission lines. Taken from Telles (1995).

objects with significant underlying old stellar populations. The latter is critical because
an old stellar population may widen the emission lines in a way that is uncorrelated
with the luminosity of the young component.

The luminosity evolution of a young starburst during the first 107 yr proceeds as a
rapid decay of the emission line flux after the first 3 Myr at roughly constant contin-
uum flux until about 6 Myr. Thus, in this range of ages the age-dimming in L(HS)
can be directly estimated from the change in equivalent widths (Terlevich & Melnick,
1981; Copetti et al., 1986). Chavez et al. (2014) studied the age effect in the L(Hp) -
o relation, from their results it was clear that age should play a role in the scatter but
very small.

2.3.2 Extinction effects

The dust present in the interstellar medium strongly attenuates rest-frame ultraviolet
and optical fluxes in a wavelength-dependent manner. Therefore, the extinction have
a systematic effect for the L(Hf) - o relation. Two possible sources of extinction must
be considered: dust in our galaxy and dust in the HII galaxies themselves.
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In practice, the most reliable technique to estimate interstellar extinction is to measure
the flux ratio of two nebular Balmer emission lines such as Ha/HfS (i.e., the Balmer
decrement). Extinction corrections for local HII galaxies are determined in a straight-
forward manner from the Balmer decrements (Melnick, Terlevich, & Moles, 1988).
While in HIIGx at intermediate and high-redshift it is rather difficult to measure the
Balmer decrement because of low signal-to-noise ratio (S/N). This is now possible
with observations using 8-m class telescopes which ideally include weaker Balmer lines
permitting direct estimates of the reddening in HIIGx at high redshift (Erb et al.,
2006a,b).

2.3.3 Metallicity effects

Terlevich & Melnick (1981) showed that other possible parameter that has an effect
over the L(Hp) - o relation is the metallicity. Nevertheless the HIIGx, due to their
nature, have a very low metallicity whose dynamical range is very narrow (see Figure
2.4). Chévez et al. (2014) showed that the metallicity plays a role as a second parameter
although relatively small.

2.3.4 Size effects

If the L(Hp) - o correlation is a consequence of young massive clusters being in virial
equilibrium, then the strongest candidate for a second parameter is the size of the
star forming region (Terlevich & Melnick, 1981; Melnick et al., 1987). Chavez et al.
(2014) explored this possibility using the SDSS measured radii at the u, g, r, i and z
bands. They used the SDSS measured effective Petrosian radii and corrected for seeing
also available from SDSS. In particular, using as second parameter either size, oxygen
abundance O/H (using the empirical methods N2 or R23), EW or continuum colour,
they found that the scatter in the L(Hf) - o relation is considerably reduced. Being
the size in the u-band which more reduces scattering,

logL(Hf) = 3.08 logo + 0.76log R, + 34.04 (2.11)
with rms scatter of dlogL(HB) = 0.261.

2.3.5 Multiparametric effects

Chévez et al. (2014) also investigated which parameters in addition to the size can
further reduce the scatter in the L(Hf) - o relation. They found, using multiparametric
fits, that including as a third parameter the (u - i) colour or the equivalent width of
a Balmer emission line, and as a fourth parameter the metallicity does significantly
reduce further the scatter. Therefore, their best multiparametric distance estimator is:

16



HII Galaxies as Cosmological Probes

logL(Hf) = 2.79 logo + 0.95logR,, + 0.63log EW (H3) + 0.28logN, + 33.15  (2.12)

with rms scatter of dlogL(HfB) = 0.233 (see Figure 2.10).
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Figure 2.10: Observed L(HB) [L(HB),] vs. L(HpB) calculated using the best Bayesian multipara-
metric fitting corresponding to the expression displayed on the top of the figure. The 1:1 line is shown
(Chéavez et al., 2014).

2.4 HII Galaxies as Cosmological Probes

As mentioned before HII galaxies, compact extragalactic objects experiencing massive
bursts of star formation, have a high-luminosity per unit mass, in large part concen-
trated in a few strong emission lines in the optical rest frame. This ensures that the
requirement for a standard candle to be usable at very large distances is met. The po-
tential use of HII galaxies as distance indicators, as an alternative to the traditionally
used SNela, is based on the following facts:

(a) Local and HIIGx at high redshift define a relationship between Hf luminosity and
velocity dispersion which remains valid at cosmological distances. Thus, HIIGx at high
redshift can be used as alternative tracers of the Hubble expansion.

(b) HIIGx can be observed at much larger redshifts than those currently probed by
SNela samples.
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(c) Tt is at higher redshifts in which the differences between the predictions of the
different cosmological models are stronger, as is showed in Figure 2.11.
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Figure 2.11: Left-hand panel: the expected distance modulus difference between the dark energy
models shown and the reference model (w = —1) with Q,, = 0.27. Right-hand panel: the expected
distance modulus differences once the w(z) degeneracy is broken (imposing the same €, value as in
the comparison model). Plot taken from Plionis et al. (2011).

In Figure 2.11 we can see the difference between some cosmological models for which
their parameters are indicated. Such difference is obtained when we compare different
models to one taken as reference. We define:

A,u = KA — Hmodel (213>

where g, is the distance modulus given by the reference model using concordance
ACDM cosmology and ft,04¢; is the one given by any other model.

The distance modulus is defined as:

w1 = blogDy + 25 (2.14)

where Dy is the luminosity distance expressed in Mpc, for a flat universe (€, = 0) and
an insignificant value of €2, is given by:

(1+2) /Z dz
HO 0 \/Qm(l + 2)3 + (1 — Qm)(l + 2)3(1+wo+w1) eXp(fgwlz)’

142z

D, =°

(2.15)
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for which it has been used the CPL (Chevallier & Polarski, 2001; Linder, 2003) model

to parametrize the value of the dark energy equation of state parameter w(z),

w(z) = wy +wi f(z) (2.16)

being wy = w(z = 0) and f(z) an increasing function of redshift, such as f(z) =
2/(1 4+ z) (Chevallier & Polarski, 2001; Linder, 2003; Peebles & Ratra, 2003; Dicus &
Repko, 2004; Wang & Mukherjee, 2006).

Taking the concordance ACDM cosmology as the reference model, Terlevich et al.
(2015) calculated the distances and hence the luminosities for local and high redshift
HIIGx. Figure 2.12 shows the L(Hp) - o relation for the 25 high-z sample of HIIGx
[6 high-z HIIGx observed with XShooter (red stars) and 19 high-z HIIGx from the
literature (green triangles)], and the local sample of GHIIRs and HIIGx from Chévez
et al. (2014). The result is a remarkably tight correlation that justifies the use of the
L(Hp) - o relation as a distance estimator over a wide range of redshift, basically from
the local group of galaxies (LMC, SMC, NGC 6822, M 33) up to at least z ~ 2.3.

The L(Hp) - o relation found, for the joint local HIIGx (107 objects) and GEHRs (24
objects) samples, is

logL(HS) = (5.05 £ 0.097)logo(Ha) + (33.11 4 0.145) (2.17)

Although here they are only considering the two dimensional L(Hf) - o relation, the
scatter can be substantially reduced if additional observables in the L(Hf) - o relation
are included. According to Chavez et al. (2014), observables like the size of the ionized
gas region, the equivalent width of either HZ or Ha and the ionized gas metallicity or
the continuum colour reduce substantially the scatter (from a rms ~ 0.35 to a rms ~
0.23) in the L(Hp) - o relation. The importance of this reduction in the scatter of the
distance estimator can not be neglected.

Figure 2.13 shows the Hubble diagram for the combined sample of local and high-z
systems from Terlevich et al. (2015). The distance moduli were obtained from:

u° = 2.5logL(H ), — 2.5logF (HJ) — 100.2 (2.18)
where L(Hf), was estimated from equation (2.17).

The continuous lines show the behaviour of the theoretical distance modulus with
redshift computed for three different cosmological models using the equation (2.14).

This is a remarkable and unique Hubble diagram in the sense that it covers a huge
dynamical range with a single distance estimator. It connects galaxies in the local
group to galaxies at z ~ 2.3, a range of almost 30 magnitudes in distance modulus or
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Figure 2.12: L(Hp) - o relation for the combined local (131 HIIGx and GEHRs) and high-z (25
HIIGx) samples, the fit corresponds only to the local sample of 131 objects. Blue squares: GEHRs.
Blue dots: local HIIGx. Red stars: HIIGx at high z with XShooter observations. Green triangles:
data from the literature. Plot taken from Terlevich et al. (2015).

more than 5 dex in redshift.

To restrict the set of cosmological parameters they minimised the Likelihood function,

n obs(~. £\ _ ,th \12
XQ(p) — Z [:uz (Uza fz;Q H; (p> Zz)} (219)
i=1 pgbs

where 1% (0;, f;) are ‘observed’ distance moduli obtained from equation (2.18); o; are
the measured velocity dispersions and f; are the measured HS fluxes for each object.
pth (p, z;) are the ‘theoretical” distance moduli from equation (2.14) obtained from
the measured redshifts by using a particular set of cosmological parameters, p. 0 i0bs
are the errors in ‘observed’ distances moduli propagated from the uncertainties in o;
and f; and the slope and intercept of the distance estimator in equation (2.17). The

summation is over the combined sample of HIIGx.

Figure 2.14 shows the comparison for the space p = (€,,, wo) obtained in Terlevich
et al. (2015) joining the high-z with the local HIIGx samples (see left panel), using the
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Figure 2.13: Hubble diagram for our sample of low and high-z HIIG for three different cosmologies.
The solid red line indicates the concordance ACDM cosmology with €, = 0.3; wg = -1.0 and Hg
= 74.3. The solid green line shows a cosmology with €, = 0.3 and wy = -2.0. The solid blue line
corresponds to €, = 1.0. In all three cases 2, = 0. Residuals are plotted in the bottom panel. Note
the huge dynamical range in distance modulus of almost 30 magnitudes covered with the L(Hp) - o
distance estimator. Taken from Terlevich et al. (2015).

value of Hy = 74.3 £ 3.1 calculated in Chévez et al. (2012) and w; = 0, with recent
results from SNela, CMB and BAO (right panel). The figure shows the constrains of
the properties of dark energy using SNela alone (Amanullah et al., 2010), the Wilkin-
son Microwave Anisotropy Probe data of the CMB (Komatsu et al., 2011) and the
position of the BAO peak from the combined analysis of the SDSS Data Release 7 and
2dFGRS data Percival et al. (2010). The combined restrictions from SNela, CMB and
BAO and the measurement of the Hubble constant (Hp) from Cepheids (Riess et al.,
2011) are also shown.

From the comparison of the figures it can be seen that there are no systematic shifts
between the HII galaxies and SNela solutions. The figure shows also that with a larger
sample of HII galaxies with high quality data it becomes possible to achieve at least
similar and probably even better results to those obtained with SNela (Plionis et al.,
2011).
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Figure 2.14: Comparison of restrictions on the plane (€2,,,, wo). Panel (a) shows the results, obtained
for the combined 25 high-z HIIGx and the local sample (131 HIIGx and GEHRs). 1 and 20 contours
are shown. Panel (b) after Suzuki et al. (2012) shows the recent results for 580 SNela, CMB and
BAO, the 1, 2 and 30 contours are shown. Taken from Terlevich et al. (2015).

The results shown in Figure 2.14 are consistent with simulation predictions in Plio-
nis et al. (2011) in which they showed that a more efficient strategy to decrease the
uncertainties of the cosmological parameters, based on the Hubble relation, is to use
standard candles which trace also the redshift range 2 < z < 3.5 (see Figure 2.15).
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Figure 2.15: Comparison of the model Constitution SNIa constraints (black contours) with those
(filled contours) derived by reducing to half their uncertainties (left-hand panel), with those derived
by adding a sample of 76 high-z tracers (2 < z < 3.5) with a distance modulus mean uncertainty
of 6, ~ 0.5 and no lensing degradation (central panel), and with those by including statistically the
expected lensing degradation (right-hand panel). contours corresponding to the 1 and 30 confidence
levels are plotted. Taken from Plionis et al. (2011).
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In order to study the relation between the number of high-z tracers used and the
corresponding reduction of the cosmological parameter solution space, Plionis et al.
(2011) used the figure of merit (FoM; Bassett, 2005; Albrecht et al., 2006; Bueno
Sanchez et al., 2009), defined as the reciprocal area of the 20 contour in the parameter
space of any two degenerate cosmological parameters [e.g. (€2, , w) for the quintessence
dark energy (QDE) model. In this way a larger FoM indicates better constrains to the
cosmological parameters.

Here they use the parameter S or ‘reduction factor’, defined as the ratio of the FoM of
the SNIa+high-z tracers Hubble relation solution to that of only the SNIa in order to
study the question of how best it can be constrained the cosmological parameter space,
when adding Np;gn—, high-z tracers of the Hubble relation, with respect to the best
current SNIa data set as a function of the number of high-z tracers. In their results is
interesting to note that the HII galaxies at high redshift could constrain cosmological
parameters with the level of accuracy provided by current SNla data sets (for Np;gp—, >
200) and relax the constraint that SNela are the only reliable tracers of the Hubble
relation as has been used to-date (see Figure 2.16).
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Figure 2.16: The ‘reduction’ parameter S, indicating the factor by which we reduce the 20 contour
area of the cosmological parameters ({2, , w) solution space (QDE model) as a function of the number
of high-z tracers (2 < z < 3.5) of the Hubble relation and for two different values of the mean intrinsic
distance modulus scatter (as indicated in the plot). Circular points correspond to using the high-z
tracers together with the current best SNIa data set, while the squares to using only the high-z tracers
(and a local z < 0.2 calibration sample). Inset panel: the 'reduction’ parameter for the case of using
100 high-z tracers as a function of the mean distance modulus uncertainty, o,,. The lines correspond
to logarithmic fits to the data. Taken from Plionis et al. (2011).
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Chapter 3

Sample and Methodology

Large databases containing HII galaxies at high redshifts already exist and we have
the possibility of selecting appropriate candidates for follow-up observations in order
to achieve our scientific goals. In this chapter I will describe the parameters that char-
acterize the sample and the selection criteria for choosing HII-like starburst galaxies
at high redshift from the literature.

As already mentioned, the aim is to obtain a sample of HII-like starburst galaxies
at high redshift and investigate their properties to compare them with nearby HIIGx
in order to assess the L-o relation for HIIGx as a distance estimator.

3.1 Sample Selection

The candidates were identified according to the equivalent widths (EW) in their emis-
sion lines. Synthesis models for star-forming galaxies in bursting episodes, predict that
if the EW(HB)>50 A or EW(Ha)>200 A then the sample is composed by systems in
which a single starburst younger than 5 Myr (Leitherer et al., 1999) dominates the to-
tal luminosity. But to account for uncertainties in the measurements of EWs reported
in the literature, we relaxed the conditions so that the candidates have EW(HS) > 25
A or EW(Ha) > 150 A.

On the other hand, as the galaxies at the peak of cosmic star formation at z ~ 2
have their emission lines shifted into the near-infrared, some objects in samples at
high redshift don’t have measurements of Ha. Sometimes, the Hf line is more difficult
to measure than other emission lines, for example, the [OIIT]A5007A line. For this
reason, we also need selection criteria that involve the [OIII] emission line. Now, if
we suppose that rest-frame EW|[OIII] in HIIGx at high redshift behaves in the same
way as rest-frame EWJ[OIII] in HIIGx at low redshift, we can use the F[OIII]/F(H}5)
distribution of a sample of HIIGx at low redshift in order to calculate statistically the
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EWTJOIII] distribution through the relation:

EWI[OIII] = % x EW (HB). (3.1)

Figure 3.1 presents the equivalent width distribution obtained for [OIIT]A5007A using
the Equation (3.1) for a sample of 95 HIIGx at low redshift with F[OIII] and F(H/)
data from Chévez et al. (2014) whose median value is 474.93 A. Therefore, I defined a
new selection criterion as EW[OIII] > 474 A.
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Figure 3.1: Equivalent width distribution of [OITI]A5007A line for the sample at low redshift from
Chévez et al. (2014).

Once defined the selection parameters, EW(Ha) > 150 A, EW(Hp) > 25 A or EW[OII]]
> 474 A, T found in the literature 504 HIIGx candidates in a range of redshift 0.1 <
z < 3.4. Figure 3.2 shows the redshift distribution for the total sample where the
dashed line represents the median value of 1.44. The purple band shows a population
which was selected through broad-band photometry at 1.6 < z < 1.8 and the orange
band shows an overdense region at z = 2.23 selected through narrow-band photometry.

The sample position on the sky is shown in Figure 3.3. From this we can see that the
HIIGx at high redshift are distributed over the whole sky. Specifically, most of the
HIIGx belong to the Ultra Deep Survey (UDS) in the CANDELS field, GOODS-South
Deep (GSD) field and zCOSMOS survey in the COSMOS field. This has great advan-
tages, since with the use of multiples IFUs at large telescopes, e.g. VLT-KMOS and
KECK-MOSFIRE, we can observe simultaneously several objects in the same cosmo-
logical field. This increases notably the observation efficiency and in this way we take
advantage of the high number density of the HIIGx.
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Ny =504

Figure 3.2: Histogram for the total sample of 504 HIIGx candidates with high rest-frame equivalent
widths in their emission lines in a redshift range of 0.1 < z < 3.4. The dashed line represents the
median; the purple band shows a population which was selected through broad-band photometry at
1.6 < z < 1.8 and the orange band shows an overdense region at z = 2.23 selected through narrow-band
photometry

The total sample of 504 HII-like starburst galaxies at high redshift was obtained from
the following sources as:

- 52 candidates at 1.4 < z < 2.6 were selected from Erb et al. (2006a) and Erb et al.
(2006b) as having EW(Ha)> 150 A (Table 1, labelled 1 and 2 respectively).

- 16 candidates at 0.5 < z < 0.9 were selected from Hoyos et al. (2005), as having
EW(HB)> 25 A (Table 1, labelled 3).

- 11 candidates at 2.1 < z < 3.3 were selected from Siegel et al. (2005), Erb et al.
(2003) and Pettini et al. (2001) as having EW(HS)> 25 A (Table 1, labelled 4,5 and
6 respectively).

- 39 candidates were selected from Matsuda et al. (2011) as having EW(Ha)> 150 A
(Table 1, labelled 7).

- 16 candidates at 1.4 < z < 2.3 were selected from Maseda et al. (2013, 2014) as
having EW[OIII]A5007 > 474 A (Table 1, labelled 9 and 10 respectively).

- 26 candidates (13 at z~2.2 and 13 at z~1.5) were selected from Masters et al. (2014)
as having EW(Ha)> 150 A and high value of EW[OIII] (Table 1, labelled 11).
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Ultra Deep Survey (UDS) field GOODS-South Deep (GSD) field COSMOS field

DTEC, (e ]
L
o
)
-
»
DEC, [deg]

EE i
AR [deg]

DEC. [deg]

200
AR [deg]

Figure 3.3: Sample position on the sky.

- 30 candidates at 0.3 < z < 0.9 were selected from Kobulnicky & Kewley (2004) and
Weiner et al. (2006) as having EW(HpB) > 25 A (Table 1, labelled 12 and 16 respec-

tively).

- 6 candidates at 0.6 < z < 2.1 were selected from Xia et al. (2012) as having EW(HS)>
25 A (Table 1, labelled 14).

- 69 candidates at 1.6 < z < 1.8 were selected from van der Wel et al. (2011) as having
EW[OIII]A5007 > 474 A (Table 1, labelled 17).

- 26 candidates at 1.5 < z < 2.6 were selected from Forster Schreiber et al. (2009) as
having EW(Ha)> 150 A (Table 1, labelled 18).

- 17 objects at 1.4 < z < 2.5 were selected from Mancini et al. (2011) as having EW (Ha)
> 150 A (Table 1, labelled 19).
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- 165 candidates at 0.1 < z < 0.92 were selected from Amorin et al. (2015) as having
EW(Ha)> 150 A, EW(Hp)> 25 A and high values of EW[OIII] (Table 1, labelled 20).

- 31 candidates at 0.21 < z < 0.86 were selected from Amorin et al. (2014) as having
EW(HpB)> 25 A and high values of EW[OIII] (Table 1, labelled 21).

'
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Figure 3.4: Rest-frame equivalent width distribution of the Ho, HB and [OI1I] emission lines for the
total sample. Top left panel: Histogram of the Ha emission line for 224 objects in a range of redshift
0.10 < z < 2.58. Top right panel: Histogram of the HB emission line for 249 objects in a range of
redshift 0.15 < z < 3.39. Bottom panel: Histogram of the [OIII] line for 336 objects in a range of
redshift 0.10 < z < 2.32. The dashed lines represent the median in each distribution.

Due to the fact that the 504 HII-like galaxies at high redshift could satisfy just one
of the three selection criteria, each one of the EWs histograms from Figure 3.4 does
not have 504 objects. Therefore, those objects with EW(Ha) < 150 A present in the
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left top panel from Figure 3.4 satisfy any of the other two selection criteria. The same
occurs for the objects with EW(HSB) < 25 A and EW[OIII] < 474 A scen in the right
top histogram and central bottom histogram from Figure 3.4, respectively.

3.2 Properties of the Selected Sample at High Red-
shift

It is well known that the rest-frame optical spectra of star-forming galaxies at all red-
shifts exhibit emission lines from which detailed physical properties can be inferred.
These intrinsic properties will be described in this section. Some of them were taken
from the literature and others were calculated with the purpose of characterizing the
sample of HII-like starburst galaxies at high redshift.

The general properties of this sample will be compared with a sample of HIIGx at
low redshift from the literature in order to assess a possible connection between HIIGx
at low and high redshift (see Chapter 4).

3.2.1 Velocity Dispersion

The line emission velocity dispersion (o) reflects the dynamics of the gas in the galax-
ies’ potential well. And because it requires only a measurement of the line width, it is
therefore our most useful kinematic quantity. The velocity dispersion is calculated by:

_ FWHM

N

where FWHM is the full width at half-maximum after subtraction of the nominal in-
strumental resolution. The values of velocity dispersions were taken from the literature
and can be seen in column (7) from Table 1 in km s™'. Their distribution is presented
in Figure 3.5 where the dashed line represents the median value of o = 70.25 km s~

(3.2)

3.2.2 Size

The sizes of the HIIGx are defined as twice the half-light radius. The half-light radius
is determined using the curves-of-growth extracted from circular apertures centered on
the centroid of the line emission (i.e carried out from the spectra integrated in aperture
radii that best fit to find the shape of each HIIGx), and then adjusting the radius of
circular aperture until it encompasses half of the total Ha luminosity. The half-light
radii also are corrected for the respective PSF FWHM!. The values of half-light radii

!The PSF FWHM corresponds to the effective spatial resolution of all observations for a given
object and instrument setup. It is estimated from the combined images of the acquisition star taken
regularly during the observations of a science target.
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Figure 3.5: Velocity dispersion distribution for 184 sample galaxies in a range of redshift of 0.32 <
z < 3.39. The dashed line shows the median of the distribution.

were taken from the literature and can be seen in column (5) of Table 2 in kpc.

3.2.3 Dynamical Masses

If the emission-line widths reflect the relative motions of HII regions within the grav-

itational potential of the galaxies, dynamical masses can be calculated from the line

widths via the relation:

Co?r
G

where the factor C depends on the galaxy’s mass distribution and therefore on the
mass density profile, also on the velocity anisotropy, on random motions or rotation
and finally on the assumption of a spherical or disk-like system.

Mdyn = (33)

The definition of the radius r is very important in the determination of dynamical
masses. In most calculations of dynamical masses at high redshift C = 5 which is the
ideal case of a sphere of uniform density has been used (Pettini et al., 2001; Erb et al.,
2003, 2004; Shapley et al., 2004; Swinbank et al., 2004). Erb et al. (2006b) have used
C ~ 3.4, instead of C = 5, under the assumption of a disk geometry.

In this thesis, I have selected the case of a sphere of uniform density, i.e. C = 5,
therefore, the Equation (3.3) can be written as:

O'2 T

My, = 1.16 x 106M@W T

(3.4)
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Taking the value of half-light radius and the velocity dispersion explained above, the
dynamical masses were calculated using the Equation (3.4) and they are shown Mg
in column (6) from Table 2. Their distribution is presented in Figure 3.6 where the
dashed line represents the median value of log(Mg,,,) = 10.47 M.
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Figure 3.6: Dynamical mass distribution for 124 HII-like starburst galaxies with data on o and radii
the redshift range 0.68 < z < 2.57. The dashed line represents the median.

3.2.4 Extinction and Fluxes

Following the empirical extinction relation found in Calzetti et al. (1994), the intrinsic
fluxes at the wavelength A, F()), are given by:

F()\) _ Fobs<)\)100.4k(>\)E(BfV) _ Fobs()\)l()OAA()‘) (3.5>

where F ;s are the observed fluxes, A(A)=k(A\)E(B-V) is the extinction in magnitudes
at the wavelength A\, E(B-V) is the color excess and k() is the reddening curve. We will
use the reddening curve k() found in Calzetti et al. (2000) for our analysis, therefore:

k(\) = 2.659(—1.857 + 1.040/)) + Rv for 0.63 < A < 2.20um (3.6)

k()\) = 2.659(—2.156 + 1.509/X — 0.198/A* 4+ 0.011/X*) + Rv for 0.12 < A < 0.63um

(3.7)
where Rv=Av/E(B-V) is the optical total-to-selective extinction ratio. We use the
value of Rv=4.0510.80 selected from Calzetti et al. (2000). The extinction in magni-
tudes for Ha and Hp is:

A(Ho) = (3.32 4+ 0.80)E(B — V). (3.8)

32



Properties of the Selected Sample at High Redshift

A(HB) = (4.60 + 0.80)E(B — V). (3.9)

The values of E(B — V), A(Ha) and A(HS) can be seen in columns (8), (9) and (10)
of Table 2, respectively.

In some cases, the HB observed fluxes aren’t available in the literature, so we esti-
mate them by using the Equation (3.5) for Ha and HB. Then dividing both equations
we obtain:

F(Ha) _ Fops(Ha) 100-AIA(H)~A(HB)]

F(Hﬁ) Fobs(Hﬁ)

Assuming the intrinsic value of F(Ha)/F(HB)=2.86, corresponding to a temperature
T=10* K and an electron density n,=10? cm~3 for Case B recombination Osterbrock
(1989), we obtain that:

(3.10)

1
Fus(HB) = ﬁFobs(Ha)lOOA[A(Ha)*A(Hﬁ” (3.11)

Once the HB and Ha observed fluxes are obtained, Equation (3.5) is used to calculate
the HG and Ha intrinsic fluxes, respectively. The results are presented in columns 8,
9, 11 and 12 of Table 1, where the uncertainties for the fluxes have been estimated
propagating the error. The Hf flux distribution is presented in Figure 3.7, where the
dashed line represents the median value of log F(HS) = - 16.23 erg s~! cm™2.
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Figure 3.7: Hp flux distribution for 202 HII-like starburst galaxies from our total sample in a range
of redshift of 0.21 < z < 3.39. From these 202 objects, 132 have corrected HS flux as described in the
text and the rest of them have observed Hf flux. The dashed line represents the median.
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3.2.5 Luminosity Distance

In the matter dominated era, the Hubble relation depends on the cosmological param-
eters via the following expression (derived from Friedmann’s equation):

R
== Ho[Qn(1+ 2)% + Q. (14 2)* + Qu(1 4 2)2 + Q)2 (3.12)
then
H(z) = HyE(2), (3.13)
where _
R Ac? —kc?
H(z)=—= = — = ——. 14

It is evident that at the present epoch we obtain from (3.13) that E(0)=1 and thus
QO + Q4+ Qp + Qa=1.

In order to calculate the HS luminosity using the HS measured fluxes it is necessary
to determine the luminosity distance, which is given by the following expression for a

flat universe (Q; = 0):
e
drp = (1 1
r=( +Z)/0 H(z)dz (3.15)

To obtain the luminosity distance I used the task lumdist from Python, which calculates
the luminosity distance once the redshift and cosmological parameters, Hy and €2,,, are
specified. The same results are obtained for the luminosity distance whether I use the
task lumdist or Equation (3.15) to calculate it.

A cosmology with Hy = 74.34+4.3 km s™! Mpc™* (Chdvez et al., 2012), ,,, = 0.27 and
Qa = 0.73 is assumed in the calculation of luminosity distance.

3.2.6 Luminosities

The Ha and Hf intrinsic luminosities were computed using the equations:
L(HB) = 4rdi F(Hp), (3.16)

and
L(Ha) = 4nd; F(Ha), (3.17)

where dy, is the luminosity distance and F(H/f) and F(Ha) are the reddening corrected
HS and Ha fluxes, both parameters previously calculated. The HS luminosities esti-
mated this way can be seen in column (3) of Table 2 in erg s™'. Their distribution

is presented in Figure 3.7, where the dashed line represents the median value of log
L(HB) = 42.124 erg s~ 1.
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3.2.7 Star Formation Rates

In the calculation of star formation rate (SFR) we need calibrations based on evolu-
tionary synthesis models, in which the emergent SEDs are derived for synthetic stellar
populations with a prescribed age mix, chemical composition and IMF.

The extinction-corrected values of Hf luminosities previously calculated were converted
into Star Formation Rates (SFR) following the relation (cf. Kennicutt & Evans, 2012):

SFR ey s

— 3.18
o] ergs ] 19
where an IMF of Kroupa & Weidner (2003) with a Salpeter slope of o, = -2.35 from
1 to 100 My and o, = -1.3 from 0.1 to 1 M, were used.

It is important to bear in mind that the concept of SFR is normally applied to whole
galaxies, where the SFR does not suffer rapid changes. In general, a definition of SFR
for an instantaneous burst is more difficult. Nevertheless, the SFR is useful to make
comparisons with other star-forming galaxies. The SFR for the objects in our sample
are presented in column (4) of Table 2. Their distribution is presented in Figure 3.8,
where the dashed line represents the median value of log(SFR)=1.31 M, yr~'.

log SFR M, yr')
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Figure 3.8: HA luminosity (and SFR as labelled on the top of the figure) distribution for 202 HII-like
starburst galaxies from the sample in the redshift range 0.21 < z < 3.39. From this 202 objects, 132
have corrected HB luminosity and the rest of them have observed HfS luminosity. The dashed line
shows the median of the distribution
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3.2.8 The Oxygen Abundance

The calculation of the oxygen abundance for HIIGx at high redshift is made under
the assumption that the integrated spectra of these HIIGx can be treated in the same
way as the spectra of individual local HII regions. The latter are used to calibrate the
strong-line abundance indicators (see e.g. Erb et al., 2010).

In order to obtain the gas-phase oxygen abundance in HII regions it is necessary to
measure the relative strengths of strong emission lines. The lines typically used are
[OI1]A3727, Hp, [OIII]AN4959, 5007, He, and [NII]A6584. Different metallicity cali-
brators based on emission-line strengths exist (see e.g. Kewley & Ellison, 2008, for an
overview). These empirical relations between strong-line ratios and chemical abun-
dance have been calibrated using local HII regions with measured electron tempera-
tures, in which the direct method is used to obtain the chemical abundance.

Direct Method

The direct method uses the temperature-sensitive ratio of two transitions of the same
ion to determine the electron temperature. Most commonly, the auroral line [OIII|A4363
is used. The total oxygen abundance is obtained as:

O O+ O++
12 + log (ﬁ) =12+ log (ﬁ) + 12+ log ( T ) : (3.19)

where the ionic oxygen abundances can be calculated from Pagel et al. (1992):

14 I 1.251
12 +1log(O**/H™) = log ( 959)]_—;5 (5007) +6.174 + TE) —0.55log(t)  (3.20)
and
1(3726) 4+ 1(3729 1.676
12+ log(O* [ H*) = log ™ );5 (3729) | 5 890 + - a1

—0.40 log(t) + log(1 + 1.35x),

being t the electron temperature:
t = 1.432[log R — 0.85 + 0.03logt + log(1 + 0.0433t"%)] 71, (3.22)

in units of 10* K; z=10"% Ne t2, where Ne is the electron density in cm™ obtained
using the [SIIJA6716/A6731 line ratio; Finally R and ¢, are defined as

1(4959) + 1(5007)

R p—
1(4363)

(3.23)

t;' =05t 4+0.8). (3.24)

36



Properties of the Selected Sample at High Redshift

The direct method is useful in a restricted range of abundances, since in systems with
oxygen abundance between 0.2(O/H)g and 0.5(0/H), the [OIIT]\ 4363 A auroral line
becomes extremely weak, requiring high S/N observations to be detected (Kennicutt
et al., 2003). As a consequence of this, empirical methods using strong line ratios have
been developed (see e.g. Kewley & Ellison, 2008).

R23 Method

The Ry3 method is an empirical method that is based on the ratio R23=([OIII}A\4959,
5007 + [OII]A3727)/Hp, this was first proposed by Pagel et al. (1979). Several cali-
brations have also been produced for the parameter R23 in an effort to compensate
for the effect of the stellar temperature and ionization parameter (Edmunds & Pagel,
1984; Zaritsky, Kennicutt, & Huchra, 1994; Kobulnicky, Kennicutt, & Pizagno, 1999;
Pilyugin, 2001a,b,c).

A difficulty with Rgs is that it is double-valued with (O/H). For each value of R
there is a low metallicity value corresponding to the lower branch of the relation and a
high metallicity estimate corresponding to the upper branch. This makes necessary to
determine in which branch of the Ry curve is located the oxygen abundance. Other
problem is that most of the observational points tend to lay close to the knee of the
relation, i.e., in the region in which there is no dependence of the Rys parameter on
metallicity. The Ro3 method is in practice a reliable abundance estimator only for the
metal rich or very metal poor systems.

To break the Rgs degeneracy the [NII]A6584 /][O II]A3727 ratio is used as an initial guess
of metallicity helping in the selection of the appropriate Rgg branch (McCall, Rybski,
& Shields, 1985). This ratio shows a weak dependence on the ionization parameter
and a strong correlation with metallicity (Kewley & Dopita, 2002). Another empirical
indicator based on the R23 method was proposed by Pilyugin (2001a,b,c) where the
excitation parameter P is introduced to compensate for R23 variations along the region
produced by differences in the ionization parameter. The upper branch applies to 12
+ log (O/H) > 8.2 and the lower branch to 12 + log (O/H) < 8.2. Another diagnostic
ratio used to distinguish the appropriate Rqg branch is [NITJA6584/He, called the N2
index (Raimann et al., 2000), calibrated in [O/H] by Denicolé, Terlevich, & Terlevich
(2002) and is described below.

N2 Method

The derivation of oxygen abundance in terms of N2 method is:
12+ 1log(O/H) =9.12+0.73 x N2, (3.25)

where the N2 index, defined by Denicol6, Terlevich, & Terlevich (2002) as N2 =
log([NII]A6584/Ha), was previously used by Storchi-Bergmann, Calzetti, & Kinney
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(1994) as an empirical abundance estimator for star-forming galaxies. It is valid for HII
regions with -2.5 < N2 < -0.3 or according with the N2 ratio from 7.50 < 12+log(O/H)
< 8.75. This estimator has the advantage of increasing monotonically with metallicity
below 12 + log(O/H) ~ 9.2, but above this value it is not an ideal metallicity indicator,
being sensitive to the ionization parameter (Kewley & Dopita, 2002).

0O3N2 Method

Pettini & Pagel (2004) calibrated the O3N2 ratio (Alloin et al., 1979) as an abundance
estimator, giving the relation

12 + log(O/H) = 8.73 — 0.32 x O3N2, (3.26)

where O3N2 = log|[([OILI]A5007/H/) /([N 1IJA6584/He)]. This relation is valid for HII
regions with -1 < O3N2 < 1.9 or according to the O3N2 ratio from 8.12 < 12+log(O/H)
< 9.05. Due to the fact that the pair of ratios are closely spaced emission lines, this
method is independent of flux calibrations and uncertainties in dust extinction.

Due to the lack of spectra of the sample I can not apply any of the methods discussed
above. For this work, the oxygen abundances were taken from the literature and they
are presented in column (15) of Table 2, indicating in each case the method applied.
Their distribution is presented in Figure 3.9, where the dashed line represents the
median value of 12 4 log(O/H) = 8.18.

Ny =268
30

25

L
72 7.4 7.6 7.8 8.0 8.2 8.4 8.6 8.8 9.0

12 + log(O/H)

Figure 3.9: Oxygen abundance distribution for 268 HII-like starburst galaxies from the sample at
high redshift in a range of redshift of 0.10 < z < 3.39. The dashed line represents the median of the
distribution
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Properties of the Selected Sample at High Redshift

*o8ed 9x0u o1} UO UOIyRNUIIUO))

0¢ 7220 90 0+ PEEY 69 60 Gee 0L 0S¥ 098T°0  86C618-SOINSOD% 09¢
0¢ TLVI 10 €0+ 1L720 10 0T 08T Ly 08€9°0  0C8LI8-SOINSOD?Z 65€
0¢ 9600 €0 0+ ¢9'€0 10 0T (444 0LT 08060  ¥08LI8-SOINSOD? 8G¢€
0¢ 92760 ¢0 ¢0+ 86'Lg 10 0T 781 Ly Vel 0€LE°0  90€LI8-SONSOD?  LS€
0¢ GZ'€S 65 10+ 997T€ 10 0T 0cs G601 0€9¢°0  92TLIS-SONSOD?Z  95€
0¢ 0¢°€7 90 0+ 9297 10 0T LLg L9 0¢t 000€°0  6E89T8-SONSOD?Z  ¢G€
0¢ TT°ST 70 c0+  9€°¢E 20 0T 092 901 07,80 FOSSI8-SONSODZ  ¥4€
0¢ L87¢ 10 0+ 99°¢€ 20 0T €6L €6t 00780 008SI8-SONSODZ  €S€
0c TeTe €0 0t LL°9€ 20 0T 69€ 1L 0L89°0  L6LST8-SONSODZ  ¢s€
0¢ LETVP 96 10+ L8'9T 89 60 01¢ Ly 9 0G8T°0  98€VI8-SOINSOD% 16¢
0¢ T6°6S 99 10+ 88°6% 89 60 861 6€ €1e 0192°0  8VIVI8-SOINSOD?% 05€
0¢ 9€°6¢ 95 10+ €0°€€ 89 60 96€1 @4 1c8 0€07°0  ¢607I8-SOINSOD? 6V€
0¢ 61°9% 8% 10+ €S'FF 8¢ 60 vey 98 80¢ 029¢'0  ¥68EI8-SONSOD?  87€
0¢ G6°0T 87 10+ G€'€S 89 60 €Ve 79 e 0vGe’0  €CLEI-SONSOD?Z  L¥E
0¢ G671 67 10+ ©S'80 65 60 0% 0¢¢ 0921°0  FPPEI8-SONSODZ  97€
0¢ 9L°9¢ 96 10+ G6°0T 69 60 291 9 298 0LEV'0  00FEI8-SONSODZ  G¥€
0¢ ¢80¢ G 10+ 8EFT 69 60 08¢ 08 0cy 06170 FEELEI-SONSODZ  ¥¥E
0¢ 7290 96 10+ L¥'S€ 69 60 ¥0¢ ¥0¢ 0€ET'0  TL6TT8-SOINSODZ €ve
0¢ 19'T¢ 16 10+ 8Z°0F 65 60 G649 0cl gev 0TG2°0  6L8CI8-SOINSOD% ave
0¢ LE7TT €5 10+ 66'99 65 60 L61 g€ 991 0022’0 665¢18-SOINSOD? e
0¢ GLLY 9SG 10+ 99°8T 00 0T 09¢ a8 90€ 089T°0  L02C18-SOINSOD? ove
02 FEPT 99 10+ 9T°6T 00 0T QLT 44 91 08€¥°0  G61CI8-SOINSOD? 6E€
0¢ CL'8T & 10+ 9€°¢Z 00 0T V81 0¢ dird 02Te’0  L80CI8-SONSOD?  8tE
0¢ G070 LG 10+ 9L7L% 00 0T 1€9 cel 80L 099¢°0  LV0CI8-SONSODZ  LEE
0¢ 98'8¢ 06 10+ 06°9¢ 00 0T €02 149 0TL9°0 TFPSII8-SONSODZ  9¢€
0¢ €86 67 10+ 0T'8G 00 0T duig a8 01290 STIPII8-SONSODZ  <€e
0¢ 80°'T¢ 4G 10+ €291 10 0T ¢6¢ 8¢l 0¥eL’0  GLOTI8-SOINSODZ 439
0¢ L9°9¢ 6V 10+ 88'8T 10 0T gle €el 0TI8°0  ¥COTI8-SOINSOD% €ee
0¢ LO°LV S 10+ ¥¥°6T 10 0T 864 86 0668°0  ¢I0TTI8-SOINSOD? cee
0¢ 1L°6V ¢S 10+ 0€°0% 10 0T Gel 6¢ €91 0SL1°0  9¥9018-SONSODZ  1€€
0¢ ¥9°6¥ 66 10+ 18°6S 10 0T 891 L& 61¢ 0,0 ¥OELOTI8-SONSOD?  0£€
0¢ 89°0% 87 10+ €T°00 0 0T 00€ Gl 000L°0  02TOT8-SONSOD?  62€
0¢ cI've ¢¢ 10+ €170 0 0T Prey 011 007’0 €STOI8-SONSOD?  8T€
0¢ GG¢'67 1¢ 10+ 80°GT 0 0T 602 cee 0€T1°0  ¥P6608-SOINSOD?Z  LT€
0¢ 7¢8Y 16 10+ ¥#'8€ 20 0T 907 06 05790 €97608-SOINSOD?Z  9z€
0¢ 8167 9¢ 10+ L0720 0T 19¢ LS ¢Le 0977'0  66€608-SOINSOD% Gce
0¢ STPG LV 10+ 207G 0 01 geet 0LcT 0ve1’0  G18608-SOINSOD% vee
0¢ LL79€ 6€ 10+ 0T°0z 89 60 449 €9 0695°0  066L08-SOINSOD? €ce
0¢ 99°€T G¥ 10+ €0°¢T 8¢ 60 0r8 861 06080  996L08-SOINSOD?  2T€
0¢ 8€°0€ ¥¥ 10+ 68°CT 6S 60 607 a8 0T€ES'0  8%6908-SONSODZ 1€
(000zr) (000gf)  PoooII0))  PoYdalIo)) PaATasqO PoOAIOSqQ)  POATdSqQ (S Ty) () (v) (y)
9DUDIOJOY "DAA v (gH)a  (em)a  vloosxlmold  (9H)A  (PH)A 0 [olma  (GH)MAE  (PH)ME 2 oureN xopuy

penunuoy) | A[qeT,

47



Properties of the Selected Sample at High Redshift

‘98ed 1xaU 91} WO UOIIRNUIIUO))

0g 9'8F 7T G0+ 99°F€ 00 01 L16 0L1 0865°0  8GFIER-SOINSODZ  00F
0% ¥6'1¢ 92 G0+ FF'6E 00 01 &8s €L 0816'0  L6ETER-SOINSODZ  66E
0% 65°LG 92 G0+ ¢9°0€ 00 01 vy 0L 00F 09920 SLITES-SOINSODZ 86
0% 96'8% LT G0+ £5°1€ 00 01 P81 29 90z 00610 SSTTES-SONSODZ  L6E
0% 80°6V 0T G0+ ¢L01 10 01 <08 8yl 06L  06VZ0 TSL0E8-SOINSODZ  96€
0% LT°61 2% G0+ 10°2€ 10 01 08 o€l 00980 T2E0E8-SONSODZ  S6E
0% 96'C% 9% G0+ 81°6E 10 01 ds 9 IeF  0I0V'0 ZEL0E8-SONSODZ 68
0% 8CFV 75 G0+ 06°LF 10 01 951 v 08T 09120 €26628-SOINSODZ  €6¢
0% 86°60 15 G0+ 60°0¢ 10 01 0191 01¢ T 06L8°0 8986T8-SOINSODZ  T6E
0g PL'GT LT G0+ TILE 10 01 & 611 0FPL'0  GTL6T8-SOINSODZ  T6E
0% €120 9T 60+ 19°€0 €0 01 €8¢ 951 03380 8€€8TR-SOINSODZ 068
0% LOLE VT G0+ 9€°LT 8S 60 89¢ Wi 0663°0  92€LT8-SOINSODZ  68€
0% V6'1C 91 G0+ L8'8E 8S 60 009 06 GI¢  07S%’0  €L0LGS-SOINSODZ 88
0% 8LLT 1 60+  2€'1% 65 60 88 Lt 00680 S6I9T8-SONSODZ 8¢
0% 70°90 60 ¢0+  89°12 6S 60 961 i 0LC  09SE0  T6I928-SONSODZ 98¢
0% LG'6 60 S0+ €998 65 60 091 or G661  0S9T0 9L0968-SOINSODZ &8¢
0% GLIP T1 G0+  ST'ST 65 60 008 99 0880 0S0928-SOINSODZ  F8E
0G 659 60 GO+ ££°TE 6S 60 061 99 00690 6S65T8-SOINSODZ €8¢
0g GIEr L0 60+ 60°FE 6S 60 61 cp 07€9°0  126528-SOINSODZ  T8E
0% 2660 80 G0+ G970 00 0T 00% 001 €26 OFST'0 8L3GT8SONSODZ 188
0% ¢L'9% 80 G0+ 0F°L& 00 0T 861 08 8FT  0GLF0 ¥8GPE8-SOINSODZ 08¢
0% 9221 60 G0+ 98°TF 00 0T L1¢ 0L T 06L9°0  €0GFE8-SONSODZ  6LE
0% 17700 60 20+  §9'FE 00 01 Yoy 011 P8Y 00610 STTPe8-SONSODZ  8LE
0% 2e'€1 P10+  G&'eS 00 01 oty 0ve  OPIL0 0IZPe8-SONSODZ  LLE
0% 9820 L1 50+ 8L°€T 10 01 0€% 99 08620 P69ET8-SONSODZ  9LE
0% €8'10 L1 60+ 8L°€¢ 10 01 8% 9 036570  €69628-SOINSODZ  GLE
0G 0F6F ST 60+ 02°€¢ 10 01 0¥ 911 0S18°0  L80£T8-SOINSODZ  FLE
0% L6°9G 80 G0+ £6'8¢ 10 0T 161 09 0663°0  096228-SOINSODZ €48
0% 0,1 0T G0+ 1080 €0 0T 0L1 4 SPG 06250 €GLEE8-SOINSODZ  TLE
0% 020 1 60+ 99°21 20 01 01¢ 6 00880 P0STER-SONSODZ 1€
0% L6°9% ¥1 60+ 90°1¢ 0 01 j£4d zg 09550 6272e8-SONSODZ  0L€
0% 06'3T ¥1 G0+ 9810 €0 0T z9 art 09090 €69128-SOINSODZ  69¢
0% 8CH0 T0 G0+  G8°LSG LS 60 651 8¢ I6L 06020 8601G8-SONSODZ  89€
0% 6792 00 G0+ LSFT 85 60 0L 0L T 0LP90 009028-SOINSODZ  L9€
0G 12°L% €0 20+ 93°9% 8 60 0811 as1 01060  GLS0Z8-SOINSODZ  99€
0% ce'ee 10 50+ S9'FE 89 60 061 4 90z OTFE0 ¥TPOCS-SONSODZ 698
0g 89°00 90 G0+ 820 8¢ 60 68 e T 00GL°0  €9T0E8-SOINSODZ  FIE
0% P0°LS 00 G0+ 0F°SS 8¢ 60 Sl 8 0L79°0  L80028-SOINSODZ  £9€
0% 78'80 8S 10+ 91796 8S 60 08¢ I 0769°0  190028-SOINSODZ 798
0% 9970 00 G0+  20°6% 6S 60 0GL 811 09920 FLS618-SONSODZ  19¢
(0002() (0002() ~ PeRLIO)  PaRpaIIo)  poAlesq()  poalesq()  peatesqQ  (pswy) () (¥) (v)
AOUAIDJNY golclel v (9H)4a (op)a  ylooex[mold  (gH)a  (vH)A 0 [molmd  (GH)MAE  (PH)ME 2 aureN xopuf

penmmuo)) T o[qe],

48



Properties of the Selected Sample at High Redshift

*o8ed 9x0u o1} UO UOIyRNUIIUO))

0¢ €66¢ 9€ 0+ 80°€S 89 60 894 1ct L8¢€ 00770 TL60V8-SOINSOD% 0vvy
0¢ TELE ¥E COt  0F'€S 89 60 00Le o 08¢ 00¢1°0  ¢96078-SOINSOD% (157
0¢ 6L2C 9€ €0+ PI'6S 89 60 pXas 0L ¥6¢ 0LVE’0  GP80¥8-SOINSOD? 8¢€V
0¢ ¥¢6¢ 0€ 0+ ¥L'80 6S 60 81 0¢ 08¢ 002€°0  889078-SOINSOD?  LEV
0¢ GE€'6S 6C 0Ot TSET 69 60 44! 6V 0087°0  669078-SOINSOD? 96V
0¢ CC'1S 9€ ¢0+  89'T€ 65 60 082 68 0€9L°0  L¥T0¥8-SOINSOD? <€V
0¢ ¥6°7€ 9€ €0+ G6°LE 69 60 04T ae 0L7¢’0  60T078-SOINSOD?  ¥EV
0¢ 71°8¢ 8¢ €0+ €9°6€ 69 60 are 78 81¥ 006’0 TEO0F8-SOINSODZ  €€F
02 ¢I'LT 62 ¢0+  ¥6°07 69 60 4338 0% 0€e 0L0¥7°0  700078-SOINSOD? [45%
0¢ 6V'LV 62 ¢O+ 88'8G 69 60 69¢ €9 1ce 008€°0  6£96€8-SOINSOD% 16y
0¢ I18'%€ 9¢ €0+ T0°T0 00 OT 602 €9 02e 0612°0  88V6€8-SOINSOD% (157
0¢ LE0V 1€ ¢0+  89°20 00 0T 68¢ 98 08VL°0  8G76E8-SOINSOD? (147
0¢ G2°60 82 ¢0+ €01 00 0T €91 L02 0601°0  €6T6£8-SOINSOD?  8TF
0¢ VeIV L& €0+ €5°63 00 0T 202 ag €L 069¢°0  €¥88E8-SOINSOD?  LTh
0¢ 6¢'LT 6C €0+ €5°67 00 0T 169G 801 06LL°0  LG€8E8-SONSOD?Z  9TF
0¢ 88°6¢ 9¢ €0+ Lg'cg 10 0T [duig 08 0¢67'0  0T9LES-SONSODZ  GTv
0¢ 90°0€ 7€ ¢0+ LL'€T 10 0T Gc9 €01 0TEL'0  T8GLES-SONSODZ  ¥ev
0¢ ¢0°6S 0€ ¢0+  €T°9€ 10 0T vl 6€ 0¢¢ 002Z°0  0€€LES-SOINSOD? ag
0¢ 0987 €€ ¢0+ ST'6¢ 10 0T GIg 16 1y 0€8€°0  0VCLES8-SOINSODZ ¢4y
0¢ 8L°LC L& ¢0t+ €670 0 0T [459 6 1¢e 0TLV'0  2€99E8-SOINSOD? k44
0¢ LEVT g€ ¢0+ 90°8T 20 0T 61¢ €01 0T9L°0  8€EIES-SOINSOD? (1147
0¢ €780 ¢€ €0+ 61°¢C 20 01 881 vy 062 00€€°0  TETIER-SONSOD?  61F
0¢ 1¢'L€ 1€ 20+ 1€°2T ¢0 0T 65¢ 1L 65¢ 0891T°0  82TIER-SONSOD?Z  8I¥
0¢ 8770 7€ 0+ 0€'8% 0 0T LGy 122 067 0TGE'0  80T9E8-SONSODZ LIV
0¢ 9€°TV 9¢ €0+ 09'T€ 20 0T 002 18 08L9°0 ¢P09E8-SOINSODZ  91¥
0¢ 09°9T Lg ¢0+ 92'9G LS 60 are 09 064 09€€°0  9067E8-SOINSOD?Z  CIF
0¢ C8'GT 0T ¢0t+  €EFE 8S 60 Gce 6L 0T0G°0  CLIVE8-SOINSODZ Vv
0¢ €87V T2 c0+  9€°LE 89 60 €¢e 161 0898°0  00T¥E8-SOINSOD% [N
0¢ 60°0¢ g ¢0+ TS'LT 69 60 00€ 69 0087°0  ¢geceE8-SOINSOD? [q84
0¢ €L°0T 12 ¢0+  8¥'ST 6S 60 22! G 961 0€1€°0  FPOEES-SONSOD?  T1v
0¢ CE6S 8T €0+ LL'9T 6 60 L9¥ G0t 0L21°0  TC0€E8-SONSOD%  01F
0¢ V&'ve ¥6 0+ TTE 69 60 oLe 68 9¢e 0L0¥°0  8682E8-SONSOD?  60F
0¢ 098¢ LT €0+ &¥'67 69 60 9L€ 811 0TEL0  6€9CE8-SONSODZ  80F
0¢ €9°9¢ ¥¢ ¢0+  66°60 00 0T €VC 8L 0VET'0  L602E8-SOINSODZ L0V
0¢ €7'7¢ 02 0+  8L°0T 00 0T 9.2 66 0965°0  LL0ZES-SONSODZ  90F
0¢ G¢'8T 61 ¢O+ EI'9T 00 0T 08T 06T 00¢1°0  0V61€8-SOINSOD% Sov
0¢ €72 8T ¢0+ 06°02 00 0T ¥04 L0T 0889°0  ¥¢81€8-SOINSOD% oy
0¢ 99°L0 S ¢0+ T6'1g 00 0T L6¢ i (1144 0092°0  T6LTE8-SOINSOD?Z €0y
0¢ 881 L& ¢0t+  9€7C 00 0T 6€c 79 62¢ 081¥°0  €TLTE€8-SONSOD? 20V
0¢ L0°96 ¥¢ ¢0+  G¥'8¢ 00 0T €eg V8 0LE8°0  TCITER-SONSODZ 10V
(000zr) (000gf)  PoooII0))  PoYdalIo)) PaATasqO PoOAIOSqQ)  POATdSqQ (S Ty) () (v) (y)
9DUDIOJOY "DAA v (gH)a  (em)a  vloosxlmold  (9H)A  (PH)A 0 [olma  (GH)MAE  (PH)ME 2 oureN xopuy

penunuoy) | A[qeT,

49



Properties of the Selected Sample at High Redshift

-9%ed jxou 9} UO uorjenuUIUO,)

1% $GOT 61 70~ &F¥€ 92 G0 9 TFG6ITT Ci6L1 00TF980T  0EFSFI 06860 Tg80TF0ESSANA 08%
12 GL'LE 8T V0~ 8G'ST 92 20 STFLGCE vI0er CTFS6T  OIFIP 0L2¢°0  TE08SE0TSSANA 6L
12 8LTG ¥E V0~ 23T 92 20 LIFIVE 4176'8 06Fe9T  CTFLE G90L'0  90LTE0ZSSANA 8Ly
12 10°80 €€ 70~  §S°9S ST 20 e IT9CT oL CTFE0T 6F0E LLT90  6£297306SSANA LLY
1z €8°9€ 82 V0~ TL°€€ ST 20 L0FTee P LVFC0E  CETFO8 ITPL°0  T6806202SSANA 9LV
12 TI¥E 6T 70~ ¥8°61 ST 20 T'TF6°CS rEel  90i89e GTF09T GFLE €e0F°0  LT9IT8T0ESSANA QL
1% 67°10 08 70~ ST'60 ST 30 TIFC e T1EsL 6IF6IT  0GFSY PI98°0  GPS9LZ0TSSANA VLY
0% G9°€T 0G 0+ 8G'€E T0 0T 0S¥ eIl 09180 29T0S8-SONSODZ  €LF
0% TGS 8F 50+ €2°¢€ G0 01 st or LLT  OLIG0  6T96V8-SONSODZ Tl
02 €8TV LV 20+ F£°00 €0 0T GLY 91T 0TT90  TLTEF8-SONSODZ  TLF
02 610 8V 20+ 0370 €0 0T 109 GoT 06780 2TT6F8-SONSODZ  OLF
0% LTEY L€ 20+ TH'EE 8S 60 1.1 c9 02980 0LISF8-SOINSODZ  69F
02 LV8T 17 20+  FF'6S 8S 60 091 0% 69z 0ISE'0  SELLFS-SONSODZ  89F
02 €6°8€ 6€ 20+  SE9T 65 60 91¢ €8 086L°0  PEPLFS-SOINSODZ  L9F
0% 18°02 LV G0+ 9972 6S 60 629 801 0865°0  LLTLFS-SOINSODZ  99F
0% TI'GE GV 20+ 06'7T 6S 60 0S¥ 0T 00870 PITLFS-SONSODZ  G9F
0 9V°GE LV 20+ 90°6F 6S 60 60 a8 0960 66L9F8-SOINSODZ  F9F
0% 11°9% 6¢ G0+ 0T°GS 6S 60 1% 8¢ TSe 09T 6FLIFS-SONSODZ €9
0% €T°6C TV 20+ FS'8S 65 60 180T 08T 082L°0  F099F8-SONSODZ 29
02 TL°GF L& 30+ 98°T€ 00 0T 692 7L 0920 F0SSF8-SONSODZ  T9F
02 92°6V 8¢ 20+  39°2E 00 0T V1 L8 8L 0T9€'0 S8LSFS-SONSODZ  09F
02 TL8T GV 20+ 91°80 10 0T 98z 08 vIe 06360 SPOSFS-SOINSODZ  6SF
02 218 17 20+ 8721 10 0T 187 821 0129°0  GL6FFS-SOINSOD%  8SF
0% o198 07 c0+  9€°€T 10 0T 8z 06 082S0 €8LFFS-SONSODZ  LSF
0% QP50 OF 0+ ¥S'9€ 10 0T 0re ) 01190 08FFFS-SONSODZ  95F
0% TC°€E 8¢ 50+ 0°L€ 10 01 00T 09 02990 SOFFFS-SONSODZ  G&F
0% 8T¥E GV 20+ 65720 30 0T 663 &) 09290 €E6EFS-SONSODZ  F&F
02 9110 OF 20+  09°6T 20 0T 162 GIT 01980 £LGEF8-SONSODZ  €6F
0% €8°CV 6€ 20+ FI1E 20 0T 18 PRT 090S°0  6ZEEF8-SONSODZ  T8F
02 T6°€C 6€ 20+ 68°9€ 20 0T 1.2 99 L8T  0CLV'0 80GEP8-SONSODZ  TGh
02 02 TV 20+ S€'1S 20 0T 607 06z 0STL'0  LV6TFS-SOINSODZ 0
0z T1°10 6% 20+ 16°T0 €0 0T L¥e 29 90&  00LT°0 00LZF8-SOINSODZ  6Fp
0% 0T°6€ 62 20+ SSFT 8S 60 GOTT 881 0T87°0  069T78-SOINSOD%  8¥F
0% 0980 82 20+ 0L°LT 8 60 0% VL 0258°0  GPITFS-SOINSODZ  LTF
0% 0061 7€ 20+ 9%'1 8 60 121 e 8T 0L9T°0 PISTFS-SOINSODZ  9FF
0% SF°9C €€ 20+ 0312 8 60 20 6¢ 36T 0SLT0 PSCTFS-SONSODZ  GFF
02 V2L 8T 20+ €0°9% 8S 60 802 16 OLT  08ST'0 E€6FIFS-SONSODZ ¥
02 18°€V 82 20+ OT'PF 8S 60 1142 al G06  OFIE0 OSTTIFS-SONSODZ  &€FF
02 0L°80 62 20+ €29 8S 60 PLI 67 061  00LT'0 POTTFS-SONSODZ  ThF
02 GO'EE V€ 20+  T0'ES 8S 60 867 29 18¢ 00080 £L60V8-SOINSODZ  1¥¥
(000z() (0002() ~ POI0RLIO)  PoldaIIo)  POAISq()  POAleSq()  peatesq(  (;_s ) (¥) (¥) (v)
2OURIBY golc(el HiR (gma  (emda  veoosxlmold  (9H)A  (0H)A 0 [olma  (JHmd  (PHmd 2 oureN xopu[

ponunuo) T olqe,

50



“(eyep oreand) qp10g T8 90 Wowy (Tg) -(erep oyeanrd) vpTOg ‘e 10 upowy (0g) ‘TT0E ‘& 10 WoUely (61) ‘6008 T& 10

BARIPG 103501 (8T) *TTOZ ‘T8 1 TPM 1P TeA (LT) 9002 T¢ 10 WU (9T) ‘2107 T8 19 ®IX (¥1) ‘700¢ 4180 3 APIMAos] (1) FT0¢ T8 10 swIseIy (1T) “FT0¢ T8 1 epaseIy (0T) *€T0C
Te 10 ®pase[\ (6) ‘TT0Z ‘T8 10 BPusyelN (L) “T00Z ‘T8 %0 1umied (9) ‘€00z & % qid () ‘G00¢ T 10 [S9IS (F) ‘C00Z ‘T8 10 040l (€) ‘9008 T 10 AT () ‘8900z T8 10 qId (1) "sedustejoy
"9INJRIDYI] WOIJ USYR) DUI[ UOISSIWD ¢ JO SOXN]J PAJIOII0D WO PIJRIIO[RI SOUI[ UOISSIWD [ pue VI JO XNJJ PoAIdsq() ,

“0INYRIDYI] WOIJ USYR)} OUI] UOISSTWO [[[[O] JO XN Pojoalio]) 4

"UOTIOUN)XD AQ POIDDLIOD U OARY A9} TR} 9OUO SUI| UOISSIUS ¢I JO XNJJ POAISSCO WOIJ POIR[NO[RD SUI[ UOISSITWD ¢ JO XNJJ POAIISH() 4,

*SPUODISOHIR PUR SOINUITDIR ‘SH0IS

-Op OI' UOIRUI[IOP JO SHIUN PUR ‘SPUOOS PUR SOINUI ‘SINOY OB UOISUOISE JYSIL JO SHU[) "p WD S 810, (] Ul SHUN XN[] "OWRL-}S01 oY) Ul Pojonb oxe syjpra juoeambo [y :S9j0N

1% 69°8¢ 6¢ 0+  €1°€€ 10 0T ¢IF998 ooi08 GIF8Te  11FG9 €€9¢°0  SLILEOTOTSSANA  F0S
1% €7°0¢ 8¢ 20+ 0S'ST 10 0T LTIFS€L 1016 0£FSST VFCC T8L9°0  P6O6SOTOTSSANA  €0S
15 GT 11 8V 10+ 99°GF 00 0T 60Fc €l e GIFEET  OIFSY 68670 0L189S0Z1SSANA  G0S
15 €97€ 20 0+ FI°LT 00 0T 0°GFS 68 0e10'6 e GPFISY  08FCIT 8T0¢°0  F99SLT0TSSANA  T0S
1C 088G §T 20+ 120 00 0T CTFE8C thsL ihese 9TFSVT  CIFIF LE8T'0  L6LL660TSSANA 00S
1C €9°GT 80 0+ ¥8°1T 00 0T CTFC6T [N 18708 LTFEIT  €TFLE L6TT0  9L06250TSSANA 667
g €9°CT LV 10+ 6965 6S 60 VeFGeet 8016'8T GTFLG6  CITFEET 78090 691¢SE0ISSANA  S6F
1z 28°€0 00 20+ 0228 6 60 7OF001 eo0e czF6VE  GIFSS P199°0  6SF60801SSANA L6V
1z GTHT 9GS 10+ 2TV 65 60 TeF0LVT IT0T e GEFLE LF0G TLFS0  680£LG0TSSANA 967
g 68°9¢ €€ 20+ 60°€V 6S 60 LTFT €6 NG o 008FS6ST  CGF6TE 7€99°0  OSPSLPITSSANA  G6F
15 1L°LT 6G T0+  99°60 6S 60 GIF6ET ooi0e e SPFISH  08F901 I8LV°0  PLIOPIOTCSANA  ¥6F
1% 09°GS 10 20+ L3560 6S 60 GEFG6VT £150°9% e IGTF0SIT  0SFOFE QPLO'0  89F0ES0TSSANA €67
1 0L°60 7€ L&~ 9S'T0 €€ €0 L0FTTe a0i8e  pper 08F79¢ 9F6S 008€°0  GTT6LO0ESSANA iig
1% LG0T LV LT G065 T€ €0 9 TFC GG YAl e LFGTT 00290 TILEFO0SSSANA  T6F
12 TV'ee G Lo- SE 0V T€ €0 60FSTT 09T e GTFSIT  OIFOF 00L6°0  TZLSPO0ESSANA 06V
12 GO'TC 9V L&~ 09°0T 2§ €0 STF0GT [N e 0zFVeT 00L9°0  6209F00£SSANA  68F
12 VT IC €V Le- TSI TE €0 CCTV e SEIRULE EE16°09T 02F200T  08FTLI 06870 TSIEC00ESSANA  S8¥
1z 81°6€ €€ L&~ 60CT 2€ €0 G'GT0'89 SISt o 9ZF191 STV 0080  6£S0800£SSANA  L8F
12 8G°LT GE LT~ T9°ET € €0 TIF9LL ool . PIFC01 LFIE 00520 ¥ST9ILO0ESSANA 98¥
15 LT°0 G8 LT~ LV'SS TE €0 G'0FS6 Toi0T OTFOPT  9TIFGS 0070 668920086SANA  G8F
15 91°€0 €6 V0~ 9T'CT LT 20 0GFIGE 15506 G9F69c  0GFS9 T108°0  L89PFE0GSSANA  FSF
15 6£°TC €1 70~ 88°L0 LT 20 8CFC 98 S ) e 0£TF92¢ TIPSO S0GEEFOTSSANA €8P
15 07'LS G2 70~ 098¢ 9% 20 VIFCIV A e 0GF84T 6FSh GE69°0  LILITE0ZSSANA &8P
12 08'7¢ G2 70~ €6'6€ 92 20 T'9F6°0S et e 0eFeeT 9F62 €81G°0  £L96FE0GSSANA 18P
(000zr) (000zr) P9399110))  PaYIRILIO)) paAIasqQ poATesqQ)  peatesq() (s wy) Q,wv QNV Q.v
P0UDIOJY DAA v (gH)a (HE)A  yloosxiold  (YH)A  (PH)A 0 molma  (Fma  (eH)md 2 aureN xopuy

Properties of the Selected Sample at High Redshift

ponuTIop) T O[qR],

o1



Properties of the Selected Sample at High Redshift

"98ed 1XoT 91} WO UOTJRNUIITO))

F8°02 1€°€C §60118°0 mwﬁw?o [0 N VOELEPSS 007, EOSIEC80T  SLI0iCeT0  9LeXd-ETIId  0F0
,G6°0 TLET 90038070 SI'TO>  09F 155006190  §ro0r0F°00 GEEIXd-AdH  6£0
o 67'€T T1or0T0 Y06 L0  0EF mefm TP SS0LGLT0 9TRXAOPETD 890
9£°¢T 106051070 SSo0r89T0 08°G  paco: 10 COPXd-9FEcd  L€0
6£°€C 709:0T°0 aeonrSET0 09°€ 2810 FOVXA-9FEch 920
19€C T0:90°0 ererer 099 110 0TeXd-976cd G0
187 1005200 LOeT99'10 09°C €600 08UIN-EFECD 7€0
9EVe 0100 Cr10> 029 10 099Xd-€Pecd €60
e GoNeT0  oxETee 0 0€°G +woé L6SXd-€recd €0
rve DLORFT0  greorLe €0 6T > 16500 6TCXA-EFECO 10
€9°€T Sor9T0  Ee0i66F0  TRe0ST8T 099 1970 €6VXA-€FEcd  0€0
07'7¢ MorGT 0 390799760 1h0:6C LT OLL €970 19PXA-€reed 620
1068 00000 Bze0 W00zv0 006 €00 9EPXA-ETECd 820
€T Ve o1or0C 0 19eiOFTT  h10:cL'€0  06'8 PLT0  SEPXA-€rEcd L2
[ARed CLorST0  EEIPT0  EEENIP8T0 0V6 8600 6eYXd-€recd 920
666 000 100706700 fe %Nm 0 09¢€ 010 SIPXd-€reed G20
16°%¢ 1101080 11506550 009 m 0768°00  T6EXIEPETD 20
9¢'¥e wotero Teer0 MNP0 08701 196°00  068X-€FECD €20
a8'¥e 301630 TS w?ﬁ ¥I 0101 6620 68eXd-€rEcd o0
08°%% SLorIT0 7o :imfo 0v'L 7L00 8LEXA-€PETD 120
168 cror 130 €9°20 07'¢ YEI0  TPEXA-eFEcd 020
64°GC S00rel'0 Grone8 00 Ge00iTLE0  0LL 2810 CETNd-€hecd 610
9%°GT SorST0 68°0T greorclF0  OT'F 2020 60TAIN-00LTO 810
€y GG~ 8LVG 900:60°0 9820 €¢T10> 08 e 81l +LL°00 LILXI-00LTO  L10
o o erd o0:al 0 160 156071638 0L9  9561:99°0G 169X€-00210D 910
G0'€T f00+700  Z370-0€720 66100 > 029  £ry066'8T 0€SX€-00L1O  ST0
88°CC DE0i8T0  geeiiTO8T  eroibLL0 0SS Sirer+63°96 06FX€-00L1O  ¥10
G6'€T S0pz0 Ao G080 0ee 189809 99aN-€39TD €10
fat| Ga'g~ GE'GT 1007900 GoNTeeT0  LL0> 09°€ M»MWMS.: LOTAN-€GITO 210
: Vhee 000210 B0 zear SI0T60 LT 08°G 665XL-€C9TD 110
1T°€T 101180 go1e1¥8°0T oo PSST  0F'L £PaXda-ez91d 010
1860 HE o Al ww.wmwmwmo 078991 029 T16Xd-€2910 600
CEVE Cror0G0  TaS S T0  9a00iG0F0  0T9 20eXd-€¢9TO 800
087z - SIOT9T0  EHTe9'80  geetze0z 00°S GEPXA-€Z9TO 200
4t GGg~ 8G°VT TOTO00  YEoeTILE0  Se00T9ST0 09F TEFXE-€CITO 900
B o £9°€T ST0TT0  ElTITv0  %eTeczo 049 o 6TFXL-€C9TO 00
99V 0O6e 0 sieseel  E0UTE0z 004 TE00F  Ghe0r09T0  60VIXI-AAH  F00
[end SLor9T0  i1epi09°90  orao:00°8T  06°L 8L6T  1910+8G'T0  88ETXA-AAH  £00
VYT 00200 91010 g mw: €0 06T  eoorIP90  Ghoo @b 00  9L8TXI-AAH 200
oLV ot IP0 ce0i€80  100:0T0  Gr19s9T°C0 0F'E  oee0r90L0  SeorlP 00  €0£TXI-AAH 100
(av) (av) (av) (Sew) (Bew) (W (01) (W (;01) (ody)  pegoartoy  pojooriop)
poweN  (H/0)%or + 21 M H b an - (gu)v (PHV (A -g)d “IN “IPIy 2t (JH)ads (9H)1 aureN Xopu[

¢ °l98L

52



Properties of the Selected Sample at High Redshift

*98ed 1XaU 91} UO UOIJENUIIUO))

qr'ee < 0 Ho020€ 10 v 01046997 v 60008010 6TAVH-TD-DZOE 080

frat| 0T0F6H'8 0£°€¢ 01%¢ ¥070e- S00+£C 0 E0+90°GT 82700 8GO-CISTSIN 620
fat| o o ege 00+ 88°TT Sron+ 81708 9%°€0  ¢ORITI+LECEASA  8L0
4t 9T'0F6€'8 1670 LE€T 69708 10276790 ki e 0010 €AV SS 220
4t 20°0F29'8 19¢ 'ee 1665 L8 43 NWBO 0 cz'e0  18AT1ET+ETHID 920
el 80°0F0L'8 68°CC R . aTseer T ¥920  EIDEre+e060zd GLO0
el Q68 e erve 00r1T0 2900 2G0T €620 9DEPE+T0605d 720
4t GGg~ 0£°€T L0800 ¥00 or0050G°0T L6L°T0 OFAN-¥TTVSS €20
feat| GG~ T8°€T ToorlT0 TG00 1500162760 67°10 GDESE-LTEOD) cL0
frat| GG~ €5°6C G00rLE0  0TT0 o 0r69°LT 1L720 10vIdD 120
frat| GG~ €T SorTL0 550 Wm 10+86°€0 €6°00  €OTAIN-00LTD 020
frat| GG~ veee o muc 0 7000 e %U% W MW wtm (O 8+om 00 £14-10500 690
oL 0T'0F08'L Tt CE6l- o £000+61°00  0L°0 Z-SUML 890
oL, 0T°0F00°'8 .: mm.m?ww 00 00T [-SUML 290
oL CT'0F08'2 €561~ P1-cdddd 990
oL, CT'0F0E'8 76°61- £1-¢dddd 590
oL, CT'0F0z'8 0015 R &icic(el 790
oL, CT'0F00'8 8781~ TT-¢dddd £90
oL, CT'0F0E'8 07 Tg- Eiciclel 290
oL, 0T°0F0T'S 6G'0g- 6-cdaAd 190
oL CT'0FOT'S L6761~ 8-¢dddd 090
oL CI'0F0T'S 01°02- L2dddd 680
oL CI'0F01'S - 9-¢dddd 820
oL, CI'0F0z'8 Ve 61- e&iciclel L0
oL CT'0F00'8 LT°61- jadeiciclel 90
oL, 0T°0F08'L €561~ e &icicle| S0
oL, 0T°0F06'L $T61- a&icicel 70
oL, 0T°0F0T'S 06°6T- , . . T-odddd €80
66708 syee 160 1 mmmwo mw”mwﬁ 0 i Wm%mi mw%wi.@c 0€°g mwm:ﬁ A %To.a 109X d-67€50 g0
01°08 €6°€C 70+09°0 GeorSP 0 GrosPI0  g1i0rGL0T  gernsGl0T OTF  [goirl€9C  gor0-99°10 e16Xd-erecd 160

BIArd 8T1C 0:6€°0 [£0:8C0  900:80°0  orc0r92°G0  1900:6C Tl 08T Mwmws 60 29700 9eeXd-erecd 00

0918 VL€T 01970 G0i€E0 1007010 L1760 o 09°C 0+19°90 €700 Z8IXH-E7EC0 670

SGL 11°68 LG0 {ieh0  GoorGl0 mw or'g Al £8°00 69TXd-€7ECD 870

2£6°02 09°€T 090 For€70  groreT0 7880 &oi0:LG€0 08T 9961 8710 P6LXI-00LTO L¥0

LIL6T 00°€T €90 G0rSE0  s0ial0 19TT  ghioi k@20 06°L 18L°CC 8F°10 9£5Xd-00L10 9%0

-€6°0G 16%¢ 00T 1901980  §1:0192°0 80CT  coon+€T°CT  0L2 99°G2 1910 £25Xd-00L10 50}

8708 86T 060 §0rG90 1105020 6790 Z0+dP60 087G 16761 66°00 986X d-€291D 790

S9L°61 8€°€T 9T yor 160 g10s8C0 L0CG  Ee00rlLTO OT'F £8°LG 9L°€0 €STXA-€ITO €70

SGE1T 98°¥% 190 50:280  §o0411°0 €870  FIT0> 61> 0711 7200 6VFXA-€CITO zvo

285°0G Siaze SorEC0  S0RLT0 100600 910:20090  EENIGOST 087G 0072700 LYPXA-€69T0 W0

(av) (av) (av) (Sew) (Bew) (O 1) (PIN g01) (ody)  pordazoy  pojodLIo)
poweN  (H/0)%or+21 M H ¥ 0 TN (gAY (PH)V (A-g)d I P ’1 (gH)u4s (gH)1 oureN Xopu]
Z PlqEL

53



Properties of the Selected Sample at High Redshift

-o8ed )Xol 8T[) UO TOTPRNUIIUO))

LT°00—,

410078300 ET0FOT'T 8P8ET-SONSOD 08T
00072500 90°0F66°0 PPIST-SONSOD 61T
LL°0C 0 8007€0°L0 o o » » 007COT0  TTAVHFO-0020  STT
¢TI 2 Sop 1870 v » 610016710 SAVHFD-0020 LTT
18°0G 2 5605189790 » » 6100 SF 10 LAVHFD-0020 911
Zrie 2 o100 61760 » » 000 8T 10 9THVH-ED-0020 GIT
GLTT < 7 e100+81°20 v » Sroorob 10 ETAVH-ED-0020 AN
0602 4 9000+S€°90 » » SoNT6ET0  GTHVHED0020 er1
750z 4 Sr00768°80 v » SONTOETT0  TTHVHED-0020 4N
19°0G P €280 v v ero0 SV T0 6AVHED-0050 11
06°0G q ¥6°50 0 v o001 S1T0  LAVH-GO00G0 011
GLGE < q 81°20 0 v Sloo GV T0 TTAVH-TO-00G0 601
388°0G q 1790 » 2 110019610 TTAVH-TD-0020 80T
€9°1¢ p 61°20 » » 610012910 OTHVH-TD-0020  LOT
87°0% q G060 » » G100t 9610 6AVH-TD-0020 901
90° 1% P €760 v » 11001 €910 SAVH-ID-0020 0T
G0'1G P 1760 v v oroorSLT0 LAVH-TD-0020 Y01
9€°0% 4 0600165 0T v v e100r67° 10 9HVH-TD-0050 €0T
6005 q : » v 510910150 PHVH-TD-0050 20T
Q156G < q » v 500010600 9AVHFD-DZOT 101
66°0G q 0 v 5000188°00  FAVHFO-OZDT 00T
1T°1e q » v o100l 10 CAVHTO-DZDE 660
1112 a0 » » GTAVH-€D-DZOT 860
87 1% 4 000970 » » mm 007600 STAVH-€D-DZDT  L60
66°0¢ 4 0e007TL S0 b » 98°00 FPIAVH-€D-DZOZ 960
69'1¢C q : » » €610 CIAVH-€D-DZDZ 60
96°1Z o 005060 v » €10 TTAVH-ED-DZOE  ¥60
e1'Te < e » » 9¢'T0  6AVH-ED-DZDT €60
12°0% 1 9900167720 0 v 1009810 8AVH-€ED-DZOT 60
qI'Ge < 7 71008810 0 0 06°00 STHVH-CD-OZDE 160
6510 0 L¥°€0 » o 2800 LIAVHEO-DZOT 060
99’1 0 1160 » » 7800 9TAVHEO-DZOT 630
1912 q 150011 €0 » » Y600 STHVH-CO-0ZDT 880
ev'1e 0 €070 » » 2600 PIAVHTO-OZDT 280
c0'1 2 10010750 » » 0600 E€TAVHTD-OZDT 980
8¢°0% 7 0100+ 19°80 » » 9610 PAVHTD-OZDT 680
L9708 1 1909189720 » v 0e00r 060 CAVHGODZOE  ¥80
P8I 0 1e70:CTe8 v SUTRETET o 2eel  THVHCO-OZOT €80
e1'eT < 0 2¢T0 S o AR 76°00 TCAVHIODZOG &80
Gz 1 PR )| 2 5010+ TECT b 5000+8L°00 0ZAVH-IDDZOG 180
(av) (av) (av) (°IN g01)  (®IN (;01) (ody) Po30aLIo)) Po3901I0))
pouRIN  (H/O)%or +21 H Y N Py 1 (gH)a4s (9H)1 aureN Xopu[

¢ °Ol98L

54



*98ed 1XoU 91} WO UOIJRNUIIUO))

ey 90°0FLE'S A A0t S00+080 o £000TE00 06T 101076810 192-905dSIM 091
I 7g~ e W00 87000 o STl T0 01T TE0i8ET0 0TE-9SdSIM 651
oN 20°0F65'8 AT T $0i690 & oro1GT0 o %000+64°00 09°T 1o10:0L°T0  09T-8¢TdSIM 861
e 78~ e R MUN T 0907091 9rosSP0 o mm”mmﬂﬁ.co 07'e o wmam €0 SST-96dSIM 16T
N c0'0FEE'S e - an e i oor89T0 00 N PE1-GLTdSIM 9¢1
el £0°0F96'L e T Q00000 0007000 040070 B 90°00+ 6700 09°1 o0ee 90 IoTIF00  £52-0LdSIM a1
el €0'0F29'8 e RN oTT méw 0 I WU& 0 B mﬁmmwmm,mo 091 w0 mw 8666 o wem €0 85-06dSIM Pe1
- - - . . . . e :m.ccwwﬂ.wo 091 2L-LPTdSIA ca1
ety 78~ e o ESPT O E590T 100 o 006220 00T SSIor6LE0  C6-LEdSIM a1
fa TT°0F00'8 e BE000 f00 000 S0 000 " 100109700 OLT 9000+ €700  ELTFOTASIM 161
ety s e T HasesT 001€€0 a Glonr€0TO 09T §c 1016720 0TEFIdSIM 0ST
frat| 78~ AT I s 0080 o 90.00125°00 09°T Ter66'T0 90T-0LTISIM 61
ey 78~ e T TE0i08T (3 mws 0 o 0076700 0ze m mrom L0T oo mﬁg 90  €L1-8ETdSIM 871
057 £S-T9dSTA e
_~ 608 > 9607-FO.ISIA op1
N 8L > e T Ql0s000 9907000 P _foo 0 B F 06500 0ZC SoTee 0 WNTSF00  912-GedSIM Gyl
N G0'0F9¢8 AR 0000 030070 B 00T 10 09°G ﬁ%ﬁ& G0 W mm+wm 00  TIT-GedSIM i4a!
oN Y0'0FL9°'8 e o e LT0 901 %é 10 07'¢ 06-92TdSIM erl
ety 60°0FL8'8 o ENIET0 faslT0 016660 VERL8ETT  TTeNTPL00 GL-9PISIM 4
frat| 200FI88 e o 000 000 ET0r €890 g0 %MS 10 03¢ @wﬁ@ 0T  5100:89°00  €8-GZdSIM jaat
TN 80°0FLG'S $9°0 970 mm.wT: 61 0z SENLT0T0  GLEPISIM 0v1
4t YO'0FVF'8 8’1 00T GBS TIT EO0T60°TO 0s°1 To00: 10750 €L-6dSIM 661
B B P10 01°0 E0GET0  E000199700 0s'1 mm%womé 100108700 G0Z-ELTISIM 86T
el P8~ e ks 13 € THECT LECTIRLT o990 0LT o aLN 70 G9-06dSIM 261
N 70°0FGE8 e B - : mw wwt% 10 0¥z o TLT-FETdSIM 9¢T
N 708 > oo BRRI0 Biero 00 Eiisen o LETI080  §L09ee 00 PET-6STISIM GeT
Wwoo\ﬂm 10 €80F0SF QTTLT-SOINSOD ver
9SI0TT6'60  80T0F09T o o ZOTTI-SONSOD €€l
7000102700 80°0FTS 0 o o 10S7-SAnN el
0T8L00  9T'0FOS'T o o GG9YT-SAN €1
T00:20700  9T0FL9°0 o o 1668-SOINSOD 0€1
10001700 0T0FES 0 o o CITIT-SOINSOD 621
S0T8E'00 0T 0FOT'T o B P8PIT-SAN 821
LTZT00  90°0FSE0 o o 91892-S-SAO0D LTl
S0005GG 00 T9'0F8Y0 o o T68L1-S-SAO0D 931
0067700 G 0FOF'T o o 9F9¢-SAN Al
Toop 8100 FO0FLY 0 o o 0926-SdN el
it %w@ 00 S0'0F09'T o o LO0CIT-SOINSOD €21
B i e PPPL-SAnN el
JOOTET00  TT°0FCL0 o B L08ZT-SOINSOD 121

(av) (av) (av) (Sew) (Few) (W01 (PN 01)  (dy)  pearton - payoarion
poweN  (H/0)Sor+c1 M H 4 W (V. (PHV (A-g9)d W RN ’1 (gH)ads (gn)1 oureN xopu]

Properties of the Selected Sample at High Redshift

g olqeL

95



-oFed 1xoU o1} UO WOTIRIUIIUO))

Properties of the Selected Sample at High Redshift

11°0F02'92 yason 002

TT0F88°CT £dson 661

LO0F€9°ST zaso 861

LO0FLIFG 1AasO L6T
4t A DSorL80  5e07€9°0 60°C LVV6E The-Suvad 961
4t 0rL67L E0r8G0  1e0108°0 01 €eLT  €0T-SUVAd G61
4t S10:008 T T°0 0e0:01°0 oL1 9080 P9E-SHVHd 761
4t soi6rL POTPT0  0e070T0 02°C SayTee 90ZTeISUVAd €61
el seTILL POTPT0 0o 010 161 WITIFP0  TPE6TISUVAd @61
4t 00:0T'8 TUURLGT phiaSET Eai00T  0e0r08°0  SiSisTIE 018 SEO0LT60FPT  Soonr9€'60 T0€62TSUVAL 161
i L0668 et 0c0e- . OGCOSHILL, 061
oo CT0FER'S e F00e- TZ6SHSLL 681
bt CT0F19°% 0ie 9961 CLOLSHSLL Q81
oo CT0FISR e 98LOCHLL 181
fraty CT'0FIL'S L6°cc 080~ 1306SUM.L 931
pose C10799° 07 f06l- - CECPSUAL o
i C10FZGS crer Pz CHOTTSHNL bs1
i CT0FLL8 Qrer pe0e- 0P ISHOLL est
i 010108 o0te Fe6l- LOTOSUNL 281
i e 60er OveI- OTISSHLL 181
oo CT0F918 T CIEFSIDLL 081
oo CT0F19°% L6 S06I- CCHTSMLL 61
s CT0FFOR T orer- LTSI QT
b CT0FELS e eoRl- CSTOTSENL U1
ety CI'0F9V'S 61°€c 061~ 0ETESUMLL 9.1
i 107608 oree le6l- CPRLSHSLL oy
i CT0F0PS 6e'er olRl- 2LZESHOLL. b1
i CT0FFLR 0eee Goel- POOCSHSLL. et
i CT0FFLR 601z o1z [Z9CSHSLL. o
oo CT0F6eR N AR PLESHLL 1
oo CT0FFO'R e 0eRl- SPIPCHLL oLt
s GT0ezR crie Lo 0PCTODLL 6ot
pe 020591 wer pLil- - ETSHALL Qo1
ety CI'0FICS 8¢ eeAl- SOTLSUMLL 191
i C10FaLg 8 o090t 0SS0TSHOLL 901
e CT0FESS lote 00 oo 7997 cor
i CT0FESR boer 0000 9L SHSLL. o1
oo CT0F7CR e 1g9l- 199LSHLL. cor
bt CTOFRER e 06l CZI0TSHSLL zo1
s CT0FFLR QTe o6l C98LSHDLL To1

(av) (av) (ay) (Sew) (Brew) (°W s01) (I (;01) (@A)  porver0)  pope1Io)

poweIN  (H/0)%or + 21 ¥ H ¥ 0w Gy PV (A-g)d N PN E (gH)a4s (gH)1 aureN Xopu[

¢ 198l

56



“o8ed 9x0U A1} UO UOTYRNUIIUO))

60°0FSH e ersan 072
T0F69cz PISan 622
10°0FCec e18an g0z
cO0FCTTE Z1sdn 167
0T0T9e9z 11san 9¢7
L0°0F8V'Gc T 0rsdn Gee
60°0FV6'5z 65010 vez
0TI 85N eez
Y00FzeTE 18dn e
100F0TCT 95an €7
ToT69cz esan 0ez
OTO0FIGE rsan 62z
S00FSZ ST esan STz
60°0FpLCE zsdn e
60°0F8eCE 1san PYed
120F6LE 620SD a7z
OT0FeT L S2ASH e
eTO0FI692 12aSD ez
0T'0FC99z 92aSD 7z
CTO0T6Z L czdso 122
0S0FLL LT Yeaso 02z
ITOFIS0E €zdso 612
€r0F9L9¢ cedsd 81¢
oT0FILTVE 12aso 11z
0T'0FeZ9z 02aSD 91g
00°0F1LGE 61ASD o
Y00FIZeE STASH ¥z
CO0FTFCE 11ASD e1z
SO0F0T9z 91aSH P
CT0FF99z erasy 1z
S00F009z PIASD 01z
€0°0FLLVE €1aso 60¢
Z10F08GE ZIaso 30¢
60°0FL6CE 11aso 102
60°0FLE0Z 01asH 902
0TS 60D 0z
0TIz 3aSH 0T
ZI0FIe 1dSH 0z
CO0T66TE 9aSH 202
S0'0FS0GE cdso 102

(av) (av) (av) (Sew) (Bewr) (W g01)  (PIN 01) (od) PorodLIo)  pajaeLIon
pPoyulIN  (H/O)%o1 +21 3 H g N (9mv (em)v (A—-a)d N P 1 (guudas  (gH)1 eureN  xopuf

Properties of the Selected Sample at High Redshift

¢ °l98L

o7



Properties of the Selected Sample at High Redshift

o8ed 1XoU o1} U0 UOTIRNUIIUO))

LIE61 SOTOVT ahOTPL0 Gesor90'90  98%0T89F0 00 TFOTE WINLC0' 0 PSOT-SSYIND 08¢
LV 6T J00rST0  EESTT6E  conorel T OTTFOO'G 070406 8TT  gepor6l20  FOSST-Redood 6.7
S0T°6T ororFF 0 TR IPTT O TFO6'S  $1icirTOTLT  55000T'TT  $009-egdooq 8L%
L10°0T 10018T0 3002650 0S'0FOF'E  Groi0L'8c  2015798'T0  TGLF-egdesq LLT
07708 orge0 oot lETT 0 TFO6'9  roaci e TF  1o10489°C0 6106 9L
20661 200+08°0 T10:0E60 OTTF09F  Sifiierle  E0TTHT0 8AI-0531 aLe
L1961 Teoi 1T 700480 WIFP8T 0T TIF0ES S 9P 6L Teco:91°G0 LAI1-023 vLe
28307 a1 e} HT86Z0 00'TFOT'E  S957€008  Svonreh 10 9a1-0231 €L
J061 13T 6r0 peYTer O TFOLY  SoVEeioz1ee  1o9viic0'cl caI-0z el
L1T61 011670 o0t0z°0 50796°9T 00 TF09F  SELTTVOT  Wre0ill'90  OTOXI-€PEsd 1T
STV 0T PIT 1095630 019690 00 TFOET  r1p+69FS  SoeprGG€0 TPAN-®LTVSS  0.G
286°61 16°0 90010T0  1So18FTC  1ror9T9T OTTFOLT  5erl8TL  oeco 6970 €99XA-€ZITO 692
,GL6T 1890 9001 ST°0  Gro1+6T€T 1o10+€9°0T 0 TFO9FT  Gaer1€9°SE 101001600 82EXA-€2ITD 897
2TL°0G 9¢'T oor0€0  S0T96'60 ke i9 9L TO  0S TF00°C mmmﬂ%,z 53007 9T T0  TIST-SSYIND L9
LTTT e im@ 0 Ehepo W wwﬂ.o wmmwﬁ L0 5ro0rl600 OT'TFO8'T MNMT% 8% Eoore8 10 LIT-SSVIND 99¢
O LT0F98°9¢g - : orsan g9z
81°0F66°9% 6£sAn 792
61°0F09°9% 8£SAN €92
2T 0FPE 98 L£8an 29z
80°0FCE ST 9£5an 195
16°0FGH'9% ¢esan 092
C0'0FES T pesan 652
T1°0F90°92 £esan 85T
Z1'0FE8'ST zesan 182
Z1'0FS6'ST 1esan 95z
P1°0F99°ST 0£san (e
£1°0F5E98 62SAn ¥eT
YT 0F68°GT 82SAN £€6T
LT0FO0F95 178an ST
80°0FFE ST 925anN 165
CO'0FLY 7T czsSan 052
€1°0F20°92 vesan 672
L0°0F65°CE £215dN 87Z
61°0FVE9C 2esan L¥e
L0°0FCT'GE Tesan 9T
90°0F9T°¢T 02San S
CT'0FST 98 615N e
£T°0FE8' ST 81SAN e
0T°0FS6°ST L15dn raye
80°0F6£°ST 9sdn |54

(av) (av) (ay) (Sew) (Bew)  (OW01) (W ;01) (o) POJORLI0)  PoIOdLIO))
poweIN  (H/0)%or + 21 M H Y aN  (gH)V  (PH)YV (A -a)F “IN R I (gH)44s (9H)1 aureN Xopup

¢ °l98L

58



Properties of the Selected Sample at High Redshift

"98ed 9xou A1) UO UOTIRNUIIUO))

oL, EAR ral 8¢°0¢- 00T T88908-SOINSOD?  02€
TOIYRI(I[ED Z-0], tor 108 0€°61- 870 002908-SONSOD?  61€
frat| or0:63°8 ¢9°0¢- 20T 16L708-SOINSODZ  8I€
N o mRm 8 80°02- f4rd 0€T708-SONS0DZ  L1€
N 9681~ el 268608-SONSOD%  91€
oL, HEED) 061~ oLl 922€08-SONSODZ  ¢I¢
4t 2007818 €661~ T GLZZ08-SONSODZ  FIE
4t P AR LT°61- o P60T08-SONSODZ  €1€
o, T00rG6L P61~ Pe1 ¥86008-SOINSOD%  TI€
oL, FE ) ¥6'81- o IPLT0L-SONSODZ  11€
o 90°8T- 871 TS0T0L-SONSOD%  01€
06°8T- 20T 28300L-SONSOD%  60€
11°0F8€2C  80°0FELTT 907001 Mm.%wom.z Fomree 0 06°0F0LT  1ae0iS80C  Sye019€7T0  9L8STP-SONSODZ 808
9T'0FL8TE TT'0FV6CT re0Le80 08760 > pro0r L 0T 0e0070L°00  L80STP-SOINSODZ  LOE
11°0F8¢2C  60°0F96°3C mm%i o0 €0°ET 00 TF0CT 8“_ 18°€7 sy 1G8T0  LGSETFSONSODZ 906
110F28°2  80°0FLLTT Y0 1911 00" TF0TF LOSETF-SOINSOD?Z G0
CO0F6ETC VO0FESS' TG 1706°0€ 00" 1F0E°C 695217-SONSODZ  F08
CT'0FI8TE TI0F00°EE 1016260 08°0F00°C LELTTF-SOINSOD?Z €08
20'0F09°06 20 0FI80G SOr08T 05 TF0TF TPSOTP-SONSOD%  20€
8T0FIT'EC 80°0FLLET SeLT6C0 09 TF06'S TP00TP-SOINSODZ  10€
€T'0FE€9Cc  TI0FSTET b0 62C1 06'0F08°C 8Z6LOT-SONSODZ 008
€0'0FIS0G T0'0FIT TG wmmkomm Mwmm+mw2 OV TF067 069907-SOINSOD? 668
11°0FS2e V10Tl €T 00" 1F0FF T0GS07-SOINSODZ 86T
9T'0F16cc  ST0FOV'ET 07 1F0S°C 180C07-SOINSOD% L6
ET0FLLTE TTOF6TET 08" TF0S'T mmmmaoﬁ 9510 L86FOF-SOINSOD?Z 968
60°0FPP°5e  80°0FE8'GT OLTFOET 1500+ 0EFC 8C'T0  TEehOP-SONSODZ  S6T
200720 1¢  200F0E'1¢C 0T 1FO0T'E : €810 TPLEOF-SOINSODZ  ¥6¢
20°'0F69°0c  £0°0F6T TG 07 1F08°C 92'90  69500F-SOINSODZ €68
€0°0F80'1E  T0'0FCLTE 00" TF0F'G 8€'60  82S00F-SOINSOD?  G6C
G102 B d 0L0F0F'C TL6°20  6££9-G1VSSAUD 16¢
569°61 mwmmzmi 0L 0FO0T'E GCI016G°90  TP6E8L-SOINSODZ 06
G108 0re0r9T'G0  6SLTLL-SOINSODZ 63T
209° i:% 20 OT'TFOES So0 P00 095Z-SSVIND 88%
08 TF0G"2 22600 OPST-SSYIND L8
08 TF06°C TH10  8EFE-SSVIND 98¢
06 1F0£°C TUT0 €9€5-SSVIND 8%
07 0F08'T 6510 £0SZ-SSVIND 782
08 TFOL'E 19770 TSTTSSVIND €8¢
02 TF0E'T 8600  METTZ-SSVIND 8¢
ToorlTT 261046670 Ly > THoir ST LT SNITeTTI0 OPTI-SSVIND 182
(av)  (gv) (Sew) (ewr) (W 40T (o) POjOAIIO)  PRYdLIO)
POTRIY (H/0)%01 + 21 H ¥y IN @y (DY (A-g9)d W ’1 (gH)a4s (901 oureN Xopuy
Z OIq8L

59



Properties of the Selected Sample at High Redshift

"98ed 1X0T 1]} WO UOTIRNUIITO))

N s PH81- 0%'1 86C618-SOINSODZ  09€

fat| aror03'8 8661~ 08°1 0T8LIS-SOINSODZ  6S¢

gat] 01 9€'8 98°0¢- 090 F0SLI8-SOINSODZ 8¢

N 001 LE8 99°81- 181 90£L18-SOINSODZ  L6€

€y 061868 9761~ A 9TCLIS-SOINSODZ  96€

e e 69'ST- 60°¢ 6£89T8-SOINSODZ  §¢€

e 8€°61- 18°0 P08SIS8-SONS0D?Z  ¥¢€

e 7L0g- 86°0 008ST8-SONSODZ €€

oL 0€°02- 01 L6LST8-SONSODZ 7€

N o618 0¢°LT- 250 98¢¥I8-SOINSODZ  16¢

o e 6L°8T- LT SPTFIS-SONSODZ 0S¢
uoryeIqI[ed 7-97, 200208 L¥61- 99°0 2607I8-SOINSODZ  6¥€
uoryRIqIRd 797, : 1661~ 98T P6SETS-SOINSODZ  8F¢
N 00°6T~ €T €CLETS-SONSODZ  L¥e

N 61°9T- 99°0 PPPEIS-SOINSODZ  9¥E

e 60°61- 190 007ET8-SONS0D?Z  S&Fe
uotyRIqI[Ed 72, S1°0g- 8¢'T VEEETS-SONSODZ  T¥E
N 1¢LT- 78°e TL6318-SOINSODZ €€

N 08°61- 08'T 6.8TT8-SOINSODZ  T¥e

N 9¢'LT- Al 669TT8-SONSODZ  T¥€

N L9°9T- ST'T LOZTI8-SONSODZ  0F¢
uonRIqIEd 79, 60°02- €0'C G6TTIS-SOINSODZ  6£€
N S0'ST- 08°C L80TT8-SOINSODZ  8¢€

N L8761~ 0g'e LV0TI8-SOINSODZ  LEE

oL 002~ 79°0 GPSII8-SOINSODZ 98¢

et 602" 971 CIPIIS-SONSODZ  ¢€€

et L¥°0g- 271 CLOTTS-SONSODZ V€€

eo 99°0g- er'T PTOTI8-SONSODZ  £€€

eo 9T'Tg- aLo ZI0TT8-SONSODZ €€

N 16°L1- 86T 9790T8-SOINSODZ  1€€

N z9'sT- A P0L0T8-SONSODZ 088

ez G 0G- 9LT 02Z0T8-SOINSODZ  62€

oL G861~ 0L0 €ST0T8-SONS0D?  82€

N 16°91- 901 PP6608-SONS0DZ L€

oL 68°0¢- 90°g £97608-SONS0DZ  92€
uoyRIqIEd Z-0L, 80°02- 70T 66£608-SONS0DZ  §2€
N 8T'LT- 67’1 C1Z608-SONS0DZ  ¥2€

ety 61°61- 98T 066L08-SOINSODZ  £€2€

4l N N G96L08-SOINSODZ  2e€

oL 8'0g" LT'T 886908-SOINSODZ  12€

(av) (av) (av) (Sew) (Bew) (I (01) (P (01) (ody) pegoe1Io) peyodtio)
PoyIeIN (H/0)Bo1 + 21 X H y aN (gH)V (PH)Y (A -a)d N “iPy 2 (gruds (9H)T oureN Xopu[

¢ °l98L

60



Properties of the Selected Sample at High Redshift

*98ed 1xaU 91} WO UOTIRNUIIUO))

oL 000796°L U 9G6T- 99°T 86F1E8-SOINSODZ  00F
gat] oror0e'8 U LL0E 0e'T L6€1€8-SOINSODZ  66¢
N B AR« WA LL°0 SLITES-SOINSODZ  86¢
N o678 ottt 9aeT- €1 8GTTES-SOINSODZ  L6E
N To0+88 L o 168 89°0 TGL0E8-SOINSODZ  96€
ecy . T LT 70T T2€0€8-SONSODZ  S6€
uotyRIqIEd 70, g 0g- tdard 2ET0£8-SONS0DZ  ¥6€
N 08°LT- 171 £26628-SONS0DZ  £6€
oL, £9'8T- LT°0 898678-SOINSODZ  T6€
Al 0°0g" 7LO GTL6T8-SONS0DZ  16€
4l 9¢°0g" €8T 86£878-SONSODZ  06€
ee GL'0g" 09T 92£LT8-SOINSODZ  68€
N 68°LT- 79T €L0LT8-SOINSODZ  88¢
e 808" Pl G61928-SOINSOD?Z 88
N 99°61~ gL T61988-SOINSODZ 98¢
N LE7LT- 8¢T 9L0978-SOINSODZ  ¢8¢
Al GL0T- €L0 0209z8-SOINSODZ  ¥8¢
oL, $0°0g- 68°0 6865T8-SOINSODZ €8¢
oL 1002 86°0 166528-SOINSODZ 388
N 19:00°8 R i s 0£°C 8.2GT8-SONSODZ 188
e e R 41 o eIl 784728-SOINSODZ 088
74t SorsI8 N 0 A0 ce'l €05728-SOINSODZ 6.6
N P08 A (WA 00°Z GTCVZ8-SOINSOD?Z  8.€
N 900706°L o eegT- 0s'1 01EVe8-SOINSODZ  LL€
At oLl A o E 769688-SOINSODZ  9L€
Al : P1°Te- L£°0 £69€T8-SONSODZ  GLE
Al LL70g- PIT L80£38-SOINSODZ  FL€
Al GL'0g" PLT 096228-SOINSODZ L8
N 89'LT- 9%°C €2LTT8"SONSODZ  TLE
ee 19°02- €0'T 709228-SOINSODZ 1.8
e €6'61- €T 627228-SONS0D?Z 0.8
oL, 72 02" B €69128-SOINSODZ  69€
N 651" c9°0 860128-SOINSODZ  89¢
Al 79°61- LT'T 0090z8-SOINSODZ  L9€
oL, G'8T- 88°0 GLG0T8-SONSODZ  99€
N TG 6T~ erT 7eP0T8-SONS0DZ  99¢
Al 705" f4Al £9T028-SOINSODZ 798
e 705" 6LC L800Z8-SOINSODZ €98
e 01°02~ 91'c 1900G8-SOINSODZ  29¢
oL 98°0g- 08°0 PLS6TS-SONSODZ  19€
(av) (av) (av) (Sew) (Bew) (W L0T) (TN 01) (o)  pogoomion  poodaro)
poyIeN (H/0)%o1+ce1 M H ¥ TN (RV (PH)V (A-g)d W RN 1 (gmuds  (gH)1 oureN xopu]

¢ 9lq8L

61



Properties of the Selected Sample at High Redshift

"98ed 1X0T 1]} WO UOTIRNUIITO))

uoryeIqI[ED 797, orIT's ot QeI 1670 [L60¥8-SOINSODZ  OFF
N HorseL R (1 €L0 296078-SOINSOD?Z 67

N S0r8LL N (TAf 66'T GFR0F8-SOINSODZ  8eF
uonRIqIEd 79, 01019672 AT i 8890F8-SOINSOD%  L&F
e s T 4 i 665078-SOINSOD%  9¢F

oL L8 L o 108 860 LVEOV8-SOINSODZ  SeF

B e A A & ce0 60T0F8-SONSODZ  ¥EF

7t 0016972 T 6L 9¢'T 1900P8-SOINSOD%  €£F
uonRIqIEd Z-0T, 200190°8 T GE6I- 98T Y000P8-SOINSODZ  C€F
N ove I <R & 62T 6£9668-SONSODZ  1€F

N 0F'8T- 02C 8876E8-SONS0DZ 08

Al 8L°0G" 06°0 8CT6E8-SONS0DZ 627

N 9¢°LT- 67'C £626£8-SOINSODZ 8T
uonRIqIEd 79 €P8868-SOINSOD%  LT¥
e oLorsT's T 60T 68°0 LEE8E8-SOINSODZ  92F

oL, el e e R A LTT 0T9L£8-SOINSODZ  <C¥

a8l 01E1'8 R - V[ 96°0 T8GLES-SONSODZ Vb

N 0r9L°L o gagl- LLT 0£€LE8-SONSODZ  €aF
uoryeIqIed Z-0, 100+00'8 AT ) o1 rard 072LE8-SONSODZ e
uonRIqIEd Z-9L, 00T LL L T ge0g 1 2£99€8-SONS0DZ 1
e s R - ) ST'T 86£968-SOINSOD% 0¥
uonRIqIEd 79, 007L0°8 AT =+ 08T TETIE8-SONSOD%  61F
N 001618 o T L9°0 823988-SOINSOD%  8TF
uoTyRIqIeD 70, i) Tt 9psT- zL1 80T9E8-SONSOD?Z LI
eg FARS T €90t o1 ZP09€8-SONS0DZ  9TF
uoryeIqIeD Z-0, 0162 R 1 1 & LT'T 906¥68-SOINSOD% ST
ety Horers U 808 s TLIFE’-SONSODZ  VIF

Al orTr'8 T eL0T 020 00TPE8-SONSOD?Z €T

Al 118’8 T 16T ¢ T TTTEE8-SONS0DZ Tl

N 2001€0°8 ot g6l €8°C PP0€E8-SOINSODZ  1TF

e s T I6ST 11°0 TT0EE8-SONSOD%  OTF
uorRIqI[Ed 79, o798 L R R = <3 o A 8682£8-SOINSOD%  60F
94t A A A 250 6£92€8-SOINSOD?Z 80

N T0+1l'8 ot 99781 1€°6 L602E8-SOINSOD?Z L0

et TARS ot 06T 60T L202€8-SOINSODZ 90

N 100100°8 AT (A1 8L°0 0F61€8-SOINSODZ  SOF

eey S00rLT'8 T 6808 88°0 VE8TE8-SONS0D? 70O

N Tooree8 S A o co¥ T6LT€8-SOINSODZ  €0F

e s T 6T tard €1LIE-SONSODZ 0¥

oL, oroL L T pLTe 01°c 2TITE8-SONSODZ  10F

(av) (av) (gvy) (Sew) (Bewr)  (“W0T) (U 401) (2d)  pogoerIon  paod1io)
POUIRIN (H/O)%o1+3a1 M  H ¥y AN (GH)v PRV (A-g)d N “IPIy o (9uds (H)T aureN Xopu[

¢ °l98L

62



-98ed 1x0U 91} UO UOIJENUIIUO))

oL 2000608 JFEEC T T 09LT- N N 4 %0001 T€°00 - T o 0r0i60€0 b & %Bm.oo TG80GF0GSSANA 08%
at] 0T T8 i1 N 1| 09 q c199+98°00 T o jegerS6T0 b 000t €100 TE0SSE0TISANA 6L
e 10196°L p86°€C T 0T8T- q 1600 v 0700+ 8LT0 81°00  290L2E03SSANA 8LV
94t o0+ ee’8 Weve 0LLT- q 79°00 v 0r00+99T0 o 1100 6€29760TSSANA LY
ey ror6LL pE67C T 09LT- q 87°00 v oot S6T0 v 6100  T6£06206GSANA 9Ly
ezl neties W66°€C g LT 3 Oimn 00 0 EO0T90'T0 o 2000 LZ9T8T02SSANA QLY
fatl £0190'8 0678 T 06°LT- 0 i oo s&@ €0 v 50 ciom.oo GPS9LT0ESSANA i2hd
ety HEAR B g0 o e o e 08T T92098-SOINS0DZ  €LF
N mw”wwwm.w Ce 16°8T- 9T Ce 6196¥8-SONSODZ oy
oL, mmwwhﬁw e1°0g- 2LT6¥8-SOINSODZ 1%
e mmwwﬂmw L c0'Tg- Ce 22T6¥8-SOINSOD? 0Ly
a4l mwmmwcm.w e N r R i e e a arT - e 0LISF8-SOINSODZ  69F
uoyRIqIEd 79T, 2001062 e ot ggoe B A e GELLVS-SOINSODZ  89F
et aoees o o Cope0e e Bl o e 970 a e VEVLV8-SOINSODZ  L9F
et or0rLE8 A (1S o @'l o LLTLV8-SONSODZ 997
T T A 09°0 POLLFI-SONSODZ 97
ety - wt« 8 o o I808 10T o 66L9F8-SOINSODZ  79F
oL, Mm,wwmc.w P PN P 00°Tg- P P P PN P 150 P N $099¥8-SONSODZ 97
a4l o wm: 8 e 0808 tard e P08SF8-SONSODZ 19
o e e o C8LCPI-SONSODZ 0¥
N ororor'g B ) ) S e - e N 00°C . e GPOSP8-SOINSOD?Z  6SF
oL o096°L e e o6L6T- e 190 e TL6VFR-SOINSODZ  8S¥
a1, wwwwmﬁw 99°02- cp'l €8.778-SOINSOD? 18¥
ety oor9T's B ot 8608 o e o - 0L - o 08FFF8-SOINSODZ  95F
et mw”wﬁ;m.w P P . 10g- P P P P P 8z'T . N COPFFR-SOINSODZ qep
oL LR ) .. T . . ... . e . .. CLCEFI-SONSONZ 267
N 20TL08 e e SRR €1-1) CREA B 70z o 00LZ78-SOINSODZ 67
oL, Mm”wwbﬁ,w P P . 29°02- e . . P . ¥G0 P BN 069TFS-SONSODZ ST
ety TLrre8 o AT t < o 79T o THOTP8-SOINSODZ  L¥¥
N mwﬂwwmﬁ.w P P 0591~ 160 N FICTFS-SONSODZ oTF
N mmwwmmw 6L°LT- ST'T FCCTFS-SONSODZ Ty
N wm”wwwm.w PN PN QT LT- 16T N C6FTFS-SONSODZ A4
UonRIqIEd 79T, o wﬁﬁ 8 e R 4 <R e 1°9 e 0STTF8-SONSODZ  £FF
N ot FOITFS-SONSODZ  77¥
(av) (av) (av) (Sew) (Bew) (°W s01)  (°W 01) (o)  porpdro)y  PajdLIo)
POy (H/0)%o1 + g1 N H ¥ W (9RV (PH)V (A-g)d N “iPpg ’1 (gH)a4s (gn)1 oy xopu[

Properties of the Selected Sample at High Redshift

¢ °l98L

63



"woYsAs Iy oY Ul sopnjusewr pueq-y ,

0)SAS ©S0A O) Ul sopnjrusewt purq-yf ,

"poatesqo (¢H)T Pue (JH)ME 10 (VH)MH 0WrRy-1so1 oY) SISl [9POW. (615 4nqLD4G WO PIONPIP SSBW IR[[94S 4
"9UI[ WOISSTUID G JO YIS POAISSCO 10 AJSOUTIN] POAISS()

14 O\ Ul syum S puR 8 810 (] UL SHUN A}ISOUTUNT SOJON

Properties of the Selected Sample at High Redshift

oL, SoToL L W€TFC T T OFLT q S00TTE°00 T L SENEETT0 b Go00+60°00  SLTLGOTOTSSANA  FOS
| oive WSTFC 0 T 06LT- o 1100+S7°00 T 0 020018800 5000+ G000 FE0GIOTOTSSANA  €0S
124%1 867 T 0TGl- 7 S000+70°00 T, 08T00 T0°00 0LT89G0ZTSSANA  20S
et p86FC T 06GT- 2 9000181700 o 210 8000  ¥99SLTOTSSANA  10S
At pSSFC T 0TST- 4 7900180700 oy LZ°00 o 2000 L6LL660TSSANA 009
4t pL8VC 09I q Mm 0070700 T 100 » 1000 920620TSSANA 66F
et p6L€C T T OFLT- 4 1000198700 R 2990 S000:€F00  69TGCE0TSSANA 86
| ek (AR A & 0 00160700 » S1o0r€S°00 1000180700  6GF6080TSSANA L6
oL pEEEC T T 06LT- q 88°00 10001 SE €0 b co0016G 00  680SLSOTSSANA 96
oL, JFETC T T 0L9T- . ¥1°00 v Soo0 POF0 v 900049700  OSPCLPITSSANA  G6F
| p00€8 T 09°GT- q $900760°00 » 110019800 v 100046000  FLIOFTOTSSANA P67
oL, 087 T T 00LT- 0 1700 » VCL0  » rogslF00  89F0SS0TSSANA €6
et 08¢ T 06GT- 0 b oi% 00 » 0700 o 19000700  STT6LO0SSSANA  T6F
€y AN (A 0T8I » 18760 v £1001S000  TTLEFO0SSSANA 16¥
4t 616 0L 2 900978100 » +£f 00 v 19001£0°00  TGL8FO0ESSANA 06¥
et N (A g LT v o :i% 10 o 50000100 6209F00£SSANA 68F
oL 88TT L. L. 0991~ S S S . ﬂ,wmwmmdo . cee , 10— » mm mmtm 00 Z8TES008SSANA 381
fati S N1 ) SR o o 0 So01€1°20 o A v 11o0r 800 6ES08008CSANA  L8F
frati IS AN | K6 GRS 7 2000190700 T b a0 G100 b 000:TO00  FSTOLO0SSSANA  98F
| W6€CC T 09GT- 7 10:00+60°00 T w0t 100 b o0+ 000 66S9L00EGSANA 6P
tat| pL6VC T T 09LT 0 1 wmwt 00 U b G0 V8'E0 v g009: ST 00 L8IFPEOZSSANA  FSF
€y SLYe 0081 o o o T Mm.mm% €0 v 70001€6°00  S0SEEFOTSSANA €87
4t or0+96°L pleve R 1) &) 51007800 T G000 w 1000£0G°00  LTLITE0GGSANA o8y
oL, TTos6LL p9eC 08T q 15000800 Ge00:60T0 v JooorPI00  €L96VE0TSSANA 187
(av) (av) (gav) (Sew) (Sewr) (°IN moQ N Sod (ody)  pegoarIo) PagRRIIo))
POy (H/O)%ol + 21 H ¥ "W (GH)V (PH)V (A-4)d I PR ’1 (gH)a4s (gH)1 ouey xopu]

¢ OlqBL

64



Chapter 4

Analysis and Results

Physical differences in HII regions with extreme star formation rates may have a deep
impact on the star formation process and stellar IMF (Stolte et al., 2005). Therefore,
to characterize the buildup of the stellar mass in the universe, we must have a full
understanding of the physical conditions in star-forming regions in distant galaxies.
Measurements of the redshift evolution in the observed relationships among metal-
licity, luminosity and stellar mass provide powerful constraints on models of galaxy
formation and star formation feedback.

This chapter presents the results obtained using the different physical parameters pre-
viously deduced. Also, it presents a global comparison between HIIGx at high and low
redshift, which is obtained combining our sample at high redshift with the local sam-
ple from Chéavez et al. (2014). Such comparison is derived by analysing the different
relationships: Luminosity vs Velocity Dispersion; Luminosity vs Redshift; Dynamical
Mass vs Stellar Mass; Metallicity vs Stellar Mass and Metallicity vs Luminosity. The
first one presents a remarkable flattening for HII-like Galaxies at high redshift with log
o > 1.8 km s7!. Finally a BPT Diagram is plotted in order to discriminate a possible
contamination due to the presence of AGN in the sample.

4.1 L(Hp) - 0 Relation

In order to assess the L(Hf) - o relation as a distance estimator, 117 HII-like starburst
galaxies were selected from the total sample at high redshift, in a range of 1.3 < z <
3.4. Also 114 HIIGx at low redshift, in a range of 0.008 < z < 0.165, were taken from
Chavez et al. (2014) in order to compare the behaviour in the relationship. Therefore,
in total we have 231 objects between high and low redshift with available data.

The resulting L(Hp) - o relation is shown in Figure 4.1, from this we can see that

even with large uncertainties for the high redshift data, a flattening that starts at
approximately log(o) = 1.8 km s7! is evident. The reason behind such flattening in
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L(HS) - 0 Relation

the relationship is not obvious. However it is clear that in the range of 0.008 < z <
0.165 and log(c) < 1.8 km s~ ! if the velocity dispersion increases, the luminosity also
increases. This is not the case at high redshift (1.3 < z < 3.4) and log(s) > 1.8 km
s~!, where an increase in the velocity dispersion does not affect the luminosity.

A possible explanation for the observed flattening in the L(HfS)-o relation is that the
objects with log(c) > 1.8 km s~! are dominated by rotation. Therefore, the emission-
line profile widths are the result of the motions in the gravitational potential and also
of rotation effects. As a consequence, there is no longer a direct correlation between
mass and velocity dispersion.

This flattening might have an impact into cosmology since we can use it as a standard
candle, in which the HIIGx with log(c) > 1.8 km s~! may be assumed to have an
upper limit in their luminosities. As can be seen in Figure 4.1, this occurs for HIIGx
in a range of 1.3 < z < 3.4, though we need more data for HIIGx at higher redshift
to confirm this trend. Besides, we need to have high resolution spectra in order to
measure with accuracy the FWHM in the emission lines and therefore to obtain the
velocity dispersion. We can also expect to have smaller uncertainties in the calculated
fluxes and therefore in the luminosities.

45
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Figure 4.1: L(HB) - o relation for 231 objects. From these 231 objects, 117 are HII-like starburst
galaxies at high redshift (green symbols), in a range of 1.300 < z < 3.387, and 114 are HIIGx at low
redshift taken from Chévez et al. (2014) (black symbols), in a range of 0.008 < z < 0.165. The blue
band, at approximately log(c) = 1.8 km s~?, indicates the approximate value where the flattening in
the L-o relation starts.
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Luminosity vs Redshift

This result has not been reported before in the literature and the possibility that there
is an upper limit to the luminosity of a burst of star formation has several important
consequences. Omne of them is that if this is confirmed we would have a “standard
candle” distance estimator similar to the SNIa, but capable of reaching up to the most
distant star forming systems.

4.2 Luminosity vs Redshift

Motivated by the flattening observed in the L(Hf)-o relation for the sample at high
redshift, we made the plot luminosity vs redshift for all objects with luminosities,
which have been reported in Chapter 3 regardless of whether they have or not o deter-
minations. The result is shown in Figure 4.2, where the pink dots represent observed
luminosities and the green dots represent the luminosities corrected by extinction. The
principal characteristic in this plot is that in the range of 1.3 < z < 3.4 the luminosity
effectively remains constant within the errors. The inset shows the luminosity distri-
bution for such HII-like galaxies at high redshift, where the dashed line represents the
median value of logL(HB)= 42.16 erg s~*.
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Figure 4.2: Hp luminosity vs redshift for 167 HII-like starburst galaxies at z > 1.3. The pink dots
are objects with observed L(HS) and green dots represent the L(HJ) corrected by extinction. The
inset shows the luminosity distribution where the dashed line represents the median.

The luminosity vs redshift relation for the 103 objects with log(c) > 1.8 km s™! is
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shown in Figure 4.3. Clearly the luminosity remains roughly constant within errors
in this redshift range. I expect to further investigate this interesting aspect of the
HIIGx behaviour in my PhD work. The inset shows the luminosity distribution for
such HII-like galaxies at high redshift, where the dashed line represents the median
value of logL(HfB)= 42.26 erg s~ .
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Figure 4.3: Hp luminosity vs redshift for 103 HIl-like starburst galaxies with logo > 1.8 km s~!.
The inset shows the luminosity distribution where the dashed line represents the median.

4.3 Cosmological Parameters Solution Space

From the previous analysis, we clearly see that the luminosity remains roughly con-
stant within errors for the 103 objects with log(c) > 1.8 km s~! and for 167 HIIGx
at z > 1.3. Therefore, we can use this constant luminosity in HIIGx as a “Standard
clandle” in order to constrain cosmological parameters.

Figure 4.4 shows the Hubble diagram for the joint sample of HIIGx at low and high
redshift, where the red continuous line indicates the concordance ACDM cosmology
with Q,, = 0.3; wy = -1.0 and Hy = 73.6 km s~! Mpc~!. The points correspond to
individual HIIGx, where their distance moduli were obtained using the procedure ex-
plained in the section 2.4. For the sample at high redshift with log(c) > 1.8 km s™,
we propose to use a value of log L(HS3)= 42.3 4+ 0.3 erg s! as standard candle. The
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left panel of Figure 4.4 shows distance moduli as a function of redshift for 103 HIIGx
at high redshift with log(c) > 1.8 km s~!. While right panel of Figure 4.4 shows the
same but adding the local sample of 156 HIIGx and GEHRs. It is important to note
that the Hubble diagram obtained by combining HIIGx at high and low redshift cov-
ers a huge redshift range. In particular, it has galaxies in the Local Group up to z ~ 3.4.

Adopting the value of Hy = 73.6 £3.1 km s~ Mpc™!, w; = 0 and our standard candle
of log L(HB)= 42.340.3 erg s~ !, we obtain reasonable strong restrictions on the plane
Qn, wo, which are shown in Figure 4.5 (Chavez et al. in preparation). The left panel
of Figure 4.5 shows the solution for 103 HIIGx at high redshift with log(c) > 1.8 km
s7'. 1, 2 and 30 contours (random) are shown. The right panel of Figure 4.5 shows
the effect of including a local sample of 156 HIIGx and GEHRs (Terlevich et al., 2015;
Chéavez et al., 2014). By comparing both plots in Figure 4.4, we have verified that by
using a few tens of HIIGx at high redshift (in the range 1.3 < z < 3.4), even with a
relatively large distance modulus uncertainty, improves the constraints on the plane
{Q, wo}. This provides an indication of how much an increase in number can restrict
the cosmological parameters solution space.

By comparing our results on the plane {{2,,, wg}, in which we combine the high redshift
with the local HIIGx samples (see right panel of Figure 4.5), with recent results from
SNela, CMB and BAO (see right panel of Figure 2.14,) we can conclude that our
results are not only in agreement with those of SNela but the surface covered by our
simple approach is not much larger than that of the SNela solution. In fact our 1-
o area solution looks very similar to the 2-0 area of the SNela solution. Therefore,
with a larger sample of HII galaxies at higher redshift with high quality data it may
be possible to achieve similar results (and perhaps even better restrictions) for the
cosmological parameters solution space obtained from SNela.

4.4 Luminosity - Radius and Velocity Dispersion -
Radius Relations

As was explained in section 3.2, the nature of the L - o relation for HIIGx is gravi-
tational where the emission-line profile widths reflect the motions in the gravitational
potential well (Terlevich & Melnick, 1981). Besides, the HIIGx define a fundamental
plane that is similar to that defined by normal elliptical galaxies (Telles, 1995).

With the purpose of exploring if the radius can be a parameter that contributes to
such observed flattening, I made the plots velocity dispersion vs radius and luminosity
vs radius which are shown in Figure 4.6, where the half-light radius was obtained using
curves-of-growth extracted from circular apertures. (see subsection 3.2.2).
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Figure 4.4: Distance moduli as a function of redshift. Left Panel: Our results for 103 HIIGx at high
redshift with log(c) > 1.8 km s~!. Right Panel: The same but for the combined 103 HIIGx at high
redshift with log(o) > 1.8 km s™! and the local sample of 156 HIIGx and GEHRs (Terlevich et al.,
2015; Chavez et al., 2014).
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Figure 4.5: Cosmological Parameters Solution Space. Left Panel: Our results for 103 HIIGx at high
redshift with log(c) > 1.8 km s~!. Right Panel: The same but for the combined 103 HIIGx at high
redshift with log(o) > 1.8 km s™! and the local sample of 156 HIIGx and GEHRs (Terlevich et al.,
2015; Chéavez et al., 2014). 1, 2 and 30 contours (random) are shown.
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Figure 4.6: Left: Velocity Dispersion vs Radius for 230 objects, of which 124 are HII-like starburst
galaxies at high redshift, in a range of 0.68 < z < 2.58, and 106 are HIIGx at low redshift, in a range
of 0.01 < z < 0.17. Right: Luminosity of HS emission line vs Radius for 236 objects, of which 118
are HII-like starburst galaxies at high redshift, in a range of 0.60 < z < 2.58, and 106 are HIIGx at
low redshift, in a range of 0.01 < z < 0.20.

In the left panel of Figure 4.6, we see that if the effective radius increases, the velocity
dispersion also increases in both ranges of redshift 0.01 < z < 0.20 and 0.60 < z <
2.58 by approximately the same factor in velocity dispersion, while in the right panel
there seems to be a flattening for high luminosity objects. This is in agreement with
the L-o behaviour in the sense that it also suggests that there is an upper limit in the
luminosity of the HIIGx.

4.5 Dynamical Mass vs Stellar Mass

As was explained before, the dynamical mass for the sample at high redshift (as at
low redshift) was calculated using the equation (3.4). Regarding the calculation of
stellar mass, this was made using the stellar population synthesis model Starburst99 !
(Leitherer et al., 1999). The simulation used a Kroupa IMF (Initial Mass Function),
instantaneous star formation and a metallicity of 0.004 of Padova AGB.

The EWs for the sample at high redshift were taken from the EWs delivered by the
simulation and the luminosity and mass loss were examined for each object. The mass
loss was subtracted from the initial mass in order to obtain the total mass. Finally with
the total mass and the luminosity I estimated the constant of the stellar mass-to-light

LStarburst99 is a stellar population synthesis model, which is available in the website
http://www.stsci.edu/science/starburst99
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ratio. In order to estimate the stellar mass for each object, I multiplied such constant
by the L(Hp) calculated as in subsection 3.2.5.

Comparing the Stellar Mass - Dynamical Mass relation for the high and low redshift
samples, I obtain the result that such objects do not fall into the same correlation, as
can be seen in Figure 4.7. It is important to note that for the objects at low redshift
there is a difference of an order of magnitude between the dynamical mass and the
stellar mass.
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Figure 4.7: Stellar Mass - Dynamical Mass relation for 196 objects. 90 at high redshift, in a range
of 1.40 < z < 2.57 (green dots), and 106 at low redshift, in a range of 0.01 < z < 0.16 (black dots).
Note the similarity with the L - o relation.

In order to confirm the results, I also calculate the Mg, using the equation found in
Chéavez et al. 2014:

My = 7.1 x 1073 L(HP), (4.1)

which was obtained using a Starburst99 model and an EW(HB) = 50 A as lower limit.
However, no major differences were found in the plot M, vs Mgy, previously analysed.

A possible answer to the difference observed in the M, - Mg, relation between the
samples at high and low redshift is the flattening found in the L(Hf)-o relation. We
see in the L(Hf)-o relation that the velocity dispersion continues increasing while the
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luminosity is approximately constant for the objects with log o > 1.8 km s™! at high
redshift. Therefore, the increase in ¢ indicates an increase in the dynamical mass (see
equation 3.4) and that the luminosity is approximately constant means that the stel-
lar mass increases very little. A drawback is that the definition of the radius is very
important in the determination of dynamical mass (see subsection 3.2.3). I used the
half-light radius, which was determined using curves-of-growth extracted from circular
apertures (see subsection 3.2.2) for calculating the dynamical mass.

In order to obtain an unbiased estimate of the dynamical mass a good measurement of
the effective radius of the ionising massive cluster is necessary. Therefore, the difference
found between the objects at high and low redshift in the Mgy, vs M, relation also can
be due to estimation in the radii, which in both cases are affected by the seeing and
by the instrumental resolution. For example, Chévez et al. (2014) compared the HST
angular size with the Petrosian radius obtained from the SDSS u band photometry
(corrected for seeing) and they found that the ionising cluster radius measured from
the HST images is on average more than a factor of 5 smaller than the SDSS Petrosian
radius. For the moment, for estimating the dynamical mass of the objects at low
and high redshift I have not corrected in any way the radii reported in the literature.
However, this correction must be contemplated also for the sample at high redshift
since due to the instrumental resolution and the large redshift of the sample many
of the objects are perhaps unresolved even under very good seeing conditions. As a
consequence, the half-light radii can be overestimated and hence also the dynamical
masses. The effects of rotation or multiplicity affecting the mass estimates have also
to be taken into account. All this needs careful investigation in the future.

4.6 Metallicity - Mass Relation

The existence of a correlation between stellar mass and metallicity reflects the fun-
damental role that galaxy mass plays in galactic chemical evolution. However, it is
still unclear whether this sequence is one of enrichment or depletion. If more massive
galaxies form fractionally more stars in a Hubble time than their low-mass counter-
parts, then the observed mass-metallicity relation represents a sequence in astration.
However, if galaxies form similar fractions of stars, then the relation could imply that
metals are lost from galaxies with small potential wells via galactic winds. Using a
sample of ~ 53,000 star-forming galaxies selected from the SDSS, Tremonti et al. (2004)
found that a striking correlation is observed, extending over three decades in stellar
mass and a factor of 10 in metallicity. The correlation is roughly linear from 10%® to
10%® M, after which a gradual flattening occurs.

In order to test the possible existence of a Metallicity - Stellar Mass relation for HII
galaxies, I used a sample of 53 HII-like starburst galaxies at high redshift and 117
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HIIGx at low redshift for which the required data exists in the literature. The results
are presented in Figure 4.8, which shows a large dispersion. This could be due to the
fact that we are not dealing here with the properties of whole galaxies but instead
with the properties of a young massive burst of starformation for which no correlation
between size and metallicity is expected.
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Figure 4.8: Relation between stellar mass, in units of solar masses, and gas-phase oxygen abundance
for 170 objects, of which 53 (green symbols) are at high redshift, in a range of redshift of 0.21 < z
< 3.39, and 117 (black symbols) are at low redshift, in a range of redshift of 0.01 < z < 0.20. The
different symbols indicate the different metallicity calibrators (see subsection 3.2.8).

4.7 Metallicity-Luminosity Relation

It is well known that both star-forming and early-type galaxies in the local universe
follow the correlation between rest-frame B-band luminosity and the degree of chemi-
cal enrichment (Lequeux et al., 1979; Skillman et al., 1989; Garnett & Shields, 1987).
This relationship is expected because of the fundamental role that galaxy mass plays
in determining the degree of chemical enrichment of the interstellar medium through
the rate at which those elements are produced by star formation. Because of the rela-
tive difficulty of measuring the stellar mass of galaxies, nevertheless, most works have
focused on the relationship between galaxy luminosity and metallicity.

For 231 HII-like starburst galaxies at high redshift and 100 HIIGx at low redshift,
I plotted in Figure 4.9 metallicity vs rest-frame B-band luminosity. The relationship
exists, albeit with large dispersion in the data which could be due to the large uncer-
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tainties in the estimates of metallicity based on different calibrators (see subsection
3.2.8) indicated by different symbols in Figure 4.9.
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Figure 4.9: Relation between B-band luminosity and gas-phase oxygen abundance for 331 objects,
of which 231 (green symbols) are at high redshift, in a range of redshift of 0.10 < z < 3.39, and 100
(black symbols) are at low redshift, in a range of redshift of 0.01 < z < 0.17. The different symbols
shown in the inset indicate the calibrator used for the estimation of metallicity (see subsection 3.2.8).

The slight overall trend observed in Figure 4.9, in which objects with higher luminosi-
ties have higher metallicities, again supports the idea that with HIIG we are not dealing
with the properties of whole galaxies but instead with the properties of a young mas-
sive burst of starformation for which no correlation between luminosity and metallicity
is expected.

4.8 Starburst or AGN?

For this thesis I have assumed that star formation is primarily responsible for the nar-
row and intense emission lines. However, such result would be entirely coincidental in
the case that the emission lines are powered by AGN since the width of AGN emission
lines is not necessarily coupled to the stellar mass of the host galaxy. In other words,
we observe narrow emission lines in these small systems (~1 kpc) where the emission-
line profile widths reflect the motions in the gravitational potential well, while typical
AGN narrow line region (clouds of gas at low densities and velocities located farther
away from the black hole) also have emission line widths, o, from ~ 200 - 1200 km/s
(Osterbrock & Mathews, 1986).
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Anyway, the most secure method to distinguish starburst galaxies from AGN is by
using a diagnostic diagram, for example the BPT diagram (Baldwin, Phillips, & Ter-
levich, 1981), a diagnostic diagram that uses emission line ratios, e.g. [NIIJA6584/Ha
and [OIIIJA5007/H/S (In what follows I will use the term [NII|/Ha to refer to the mea-
sured ratio between [NIIJA6584 and Ha and [OIII]/Hp for the measured ratio between
[OIIT]A5007 and Hp) to classify objects into groups corresponding to the predominant
excitation mechanism. These groups are: normal HII regions (photoionization by O
and B stars), narrow-line regions of Seyfert 1 galaxies (photoionization by a power-
law continuum source ) and LINERS, Low Ionization Nuclear Emission Line Regions,
(shock-wave heating).

The BPT diagram locates star-forming galaxies in the lower left corner, in a region
defined by decreasing excitation as a function of increasing metallicity. This physical
sequence results in the empirical anticorrelation between [OIIl]/HA and [NII]/Ha up
to the point where [NII]/Ha saturates at [NII]/Ha ~ 0.3. At the highest metallicities
[OIIT]/HpB continues decreasing at relatively fixed [NII}/Ha. AGN are mostly located
in the upper right corner of the diagram, typically described by both higher [NII]/Ho
and [OIII]/Hp ratios than those in star-forming galaxies. Several curves in the BPT
diagram represent the theoretical upper limit on the location of star-forming galaxies
(Kewley et al., 2001; Kauffmann et al., 2003).

An advantage of these BPT diagrams is that the measured line ratios, [NII|/Ha and
[OIII]/HPB, are not affected by uncertainties in flux calibration or dust extinction
since each line ratio is calculated from emission lines very close in wavelength. An-
other common diagnostic diagram in the literature uses the log([OIII|A5007/Hp) vs
log([SI]A6716 + A6731/Ha) ratios (Veilleux & Osterbrock, 1987).

In order to characterize the sample, a BPT diagram was made for the 25 HII-like
starburst galaxies in a range of redshift of 1.30 < z < 2.135 and 96 HIIGx in a range of
redshift of 0.01 < z < 0.20, which is illustrated in Figure 4.10. The stars in our BPT
diagram indicate that the data were taken using the Plot Digitizer program 2, which
allows us to take a scanned image of a plot and quickly digitize values off the plot just
by clicking the mouse on each data point.

From the BPT diagram it can be seen that if we consider the uncertainties, most of the
objects are located just below the transition line (Kewley et al., 2001), indicating high
excitation and suggesting low metal content and photoionization due to the presence
of hot main sequence stars, which is consistent with the expectations for young HII
regions.

2 The Plot Digitizer program is a Java program used for digitalizer scanner plots and it is available
in the website http://plotdigitizer.sourceforge.net/.
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Figure 4.10: BPT diagram for 121 objects. From these 121, 25 are HII-like starburst galaxies at
high redshift (green symbols), in a range of redshift of 1.30 < z < 2.135, and 96 are HIIGx at low
redshift (black symbols), in a range of redshift of 0.01 < z < 0.20. The stars indicate that the data
were taken using the Plot Digitizer program. The solid line represents the theoretical upper limit for
stellar photoionization, from Kewley et al. (2001).

In the next Chapter, I will summarise the results of this work and set a scheme for
future work.

77



Starburst or AGN?

78



Chapter 5

Conclusions and future work

We have selected a sample of 504 HII like-starburst galaxies in a range of redshift of 0.1
< 7 < 3.4 from the literature in order to assess the validity of the L(Hf) - o relation
at high redshift and its use as an accurate distance estimator. The candidates were
selected according to the equivalent widths in their emission lines. We also compared
the physical parameters of the HII-like galaxies at high redshift with the nearby sample
of HIIGx from Chévez et al. (2014).

The main conclusions obtained are:

1 There is a large enough number of appropriate objects at high redshift in the lit-
erature to measure cosmological parameters with high accuracy using the L(HfS) - o
relation for HIIGx.

2 The objects at high redshift cover the following ranges in their physical parameters:
39.84 < L(Hp) < 43.59, -0.97 < SFR(Hp) < 2.78, 6.41 < Log M, < 10.43, 8.87 < Log
Mayn < 11.75, 2.04 < Log repy < 4.04, 7.32 < 12 + log(O/H) < 8.99. These values,
within the uncertainties, are consistent with the ones for the HIIGx at low redshift.
This suggests that the physical properties for HIIGx at low and high redshift are sim-
ilar.

3 I compared the low and high redshift L(Hf) - o relation, 117 HII-like starburst
galaxies having the required data in a range of 1.3 < z < 3.4. By combining this subset
with 114 HIIGx on the range 0.008 < z < 0.165 from Chavez et al. 2014, we find an
evident flattening in the L(Hf) - o relation. This flattening starts at approximately
log(c) = 1.8 km s7!, i.e there seems to be an upper limit to the luminosity of HIIGx.

4 The flattening or the existence of an upper limit in the luminosity of HIIGx has

not been reported before. The fact that we see a constant luminosity could be the
consequence of the existence of an upper limit for the luminosity of a burst of star for-
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mation combined with the limiting flux achievable with present day instrumentation.

5 If the HITGx with log(c) > 1.8 km s~! have an upper limit in their luminosities, we
would have a “standard candle” distance estimator similar to the SNIa, but capable
of reaching up to the most distant star forming systems.

6 By comparing the Stellar Mass vs Dynamical Mass relation for the high and low
redshift samples, I found that the objects at low redshift have a difference of an order
of magnitude between the dynamical mass and the stellar mass whereas for the objects
at high redshift there is a difference of two orders of magnitude between them. This
implies that such objects do not fall into the same correlation. A possible explanation
to such result is related to the flattening in the L(Hf)-o relation since the estimated
stellar mass depends on luminosity and the estimated dynamical mass depends on ve-
locity dispersion. A drawback is that estimations of the dynamical mass also need a
good measurement of the effective radius of the ionising massive cluster. Therefore,
the difference found between the objects at high and low redshift in the M, - Mg,
relation also can be related to the radii estimates, which are affected by the seeing and
instrumental resolution of the observations.

7 The [OILI]/HB vs [NIIJ/Ha BPT diagnostic diagram was used to investigate the
nature of the ionization source for the samples at high and low redshift. The result
is that if we consider the uncertainties, most of the objects are located just below
the transition line (Kewley et al., 2001), indicating high excitation and suggesting low
metal content and photoionization by hot main sequence stars, which is consistent with
the expectations for young HII regions.

8 Finally, we have applied the HIIGx standard candle method to the high redshift
sample to constrain the cosmological parameters solution space. Adopting the value
of log L(HB)= 42.2 4+ 0.3 erg s~ ! as a standard candle for 103 HIIGx at high redshift
with log(o) > 1.8 km s™!, we obtain strong restrictions on the plane { Q,,, wy }.

The combination of our sample at high redshift with the local sample of 156 (HIIGx
and GEHRs) from Chavez et al. (2014) and Terlevich et al. (2015) dramatically im-
proves the constraints on the plane €2,,, wy. This provides a clear indication of how
much an increase in number can restrict the cosmological parameters solution space.

These results are surprisingly good considering the high uncertainties in the data at

high redshift, therefore we expect better constraints on the plane {£2,,, wo} with new
high quality data from high resolution spectrographs at 8 m class telescopes.
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5.1 Future work

The main aim of my future work is to investigate both HIIGx distance estimators for
the accurate determination of cosmological parameters up to the highest redshift pos-
sible.

The main aspects are:

1 Observe the sample of 504 HII like-starburst galaxies at high redshift using high
resolution spectrographs at 8 m class telescopes in order to measure with great accu-
racy the flux and the FWHM in the emission lines.

To observe the selected sample, the best option is to use multiples IFUs at large
telescopes, e.g. VLT-KMOS and KECK-MOSFIRE, for which we have already been
granted observing time. The reason for this is that several objects in the same field can
be observed simultaneously (~ 40 objects/night), increasing notably the observation
efficiency and in this way we take advantage of the high number density of the HIIGx.

2 [ will compare the intrinsic properties of the new high precision data on this high-z
sample with the low-z sample in order to have a better understanding of the nature
of these starforming galaxies at high redshift and their relation with similar objects
nearby.

3 Analyse critically the L - ¢ distance estimator and its application in cosmology.

4 T will explore in detail the observed flattening in the L - ¢ relation for objects with
Log(c) > 1.8 km s™! and its use as a standard candle, which is an independent method
to determine cosmological parameters, in particular €2,, and wy.

5 Given the high redshift at which these methods seem to work, I will also explore the
evolution of the dark energy equation of state to explore whether its is a cosmological

constant or a field that provides a time varying equation of state.

6 Finally, I will do joint analysis of the HIIGx methods with the SNIa method as
accurate distance estimators to learn about systematics affecting both approaches.
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