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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(Hβ) - σ 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 Chávez
et al. (2014), I find an evident flattening that starts at approximately log(σ) = 1.8 km
s−1 in the L(Hβ) - σ relation. This flattening has an interesting application since it
leads to a kind of standard candle for those HIIGx with log(σ) > 1.8 km s−1. 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 {Ωm, w0}, which are
consistent with the results from SNeIa.

These results are surprisingly good considering the high uncertainties in the data at
high redshift, therefore we expect better constraints on the plane {Ωm, w0} 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 ĺıneas de emissión en un rango de redshift 0.1 < z < 3.4 de la literatura. Esto
con el objetivo de evaluar la validez de la relación L(Hβ) - σ a alto corrimiento al rojo
y su uso como un estimador de distancia preciso. Los parámetros f́ısicos 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 f́ısicas 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
HII dada en Chávez et al. (2014), se encontró un aplanamiento evidente que comienza
aproximadamente en log(σ) = 1.8 km s−1 en la relación L(Hβ) - σ. Este aplanamiento
tiene una interesante aplicación, ya que conduce a una especie de candela estándar para
aquellas Galaxias HII con log(σ) > 1.8 km s−1. Este aplanamiento o la existencia de
un ĺımite superior en la luminosidad de las Galaxias HII nunca antes ha sido reportado
en la literatura. Aplicando este nuevo método de candela estándar para las Galax-
ias HII, nosotros obtenemos buenas restricciones al espacio de solución de parámetros
cosmológicos. La combinación de la muestra a alto corrimiento al rojo con la muestra
local de 156 objetos (Galaxias HII y Regiones HII Extragalácticas Gigantes) mejora
notablemente las restricciones en el plano {Ωm, w0}, las cuales son consistentes con los
resultados de SNeIa.

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 {Ωm, w0} usando datos de alta calidad obtenidos con
espectrógrafos de alta resolución 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, IZw18 and IIZw40, 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 & Östlin, 2000).

A relation between the luminosity of Hβ emission line, L(Hβ), and the velocity dis-
persion, σ, 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 galaxies which was published by (Terlevich et al., 1991). They found
that the L-σ 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; Chávez et al., 2012; Chávez et al., 2014; Terlevich et al., 2015)

On the other hand, it is known that type Ia supernovae (SNeIa) 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 SNeIa 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 SNeIa at redshifts
above the current limit appears challenging even with the next generation of space
telescopes being that SNeIa 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 (Chávez et al., 2012) they
used a sample of 89 HIIGx together with a re-calibration of the L(Hβ) - σ 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−1 Mpc−1 , in excellent agreement with,
and independently confirming, the most recent SNeIa-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 Ωm and ΩΛ as good as other
methods (SNeIa 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 Ωm - w0. 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 SNeIa, 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
SNeIa 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).
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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 SNeIa 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 SNeIa 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. Hβ L(Hβ), and the velocity dispersion, σ, (Terlevich & Melnick, 1981;
Melnick et al., 1988; Chávez 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(Hβ) - σ
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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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:

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

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

• To critically assess the use of the L(Hβ)-σ 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 Hβ in emission and ionised gas velocity dispersion (L-σ) 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(Hβ) - σ 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 {Ωm, w0}.

Chapter V presents the general conclusions of this thesis and delineates the fu-
ture work that I plan to do.
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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 cm3) reaches up to 105 M� (Garćıa-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 1043 erg s−1 in
Hα line luminosity); with total masses that are less than 109 M�, radius that are less
than 2 kpc and a surface brightness µv ≥ 19 mag arcsec2 (Garćıa-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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Giant Extragalactic HII Regions and HII Galaxies in the Local Universe

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 & Östlin (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.

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 Hβ, EW(Hβ), as a
function of the evolution of the ionizing stars in HII regions. Subsequently, measure-
ments of the EW(Hβ) 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(Hβ) 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(Hβ) > 50 Å 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
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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.

Figure 2.3: Hβ equivalent width vs. time; Left: Instantaneous star formation law: solid line
α=2.35, Mup=100 M�; long-dashed line, α=3.30, Mup=100 M�; short-dashed line, α=2.35, Mup=30
M�. 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 Z�, 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 & Östlin, 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]λ4363 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 [OII]λ3727 and [OIII]λλ4959, 5007 lines relative to Hβ, 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 + log(O/H) ≤ 8.3. Pérez-Montero & Dı́az (2003) analysed
12 HIIGx whose oxygen abundance are in a range of 7.68 ≤ 12 + log(O/H) ≤ 8.20.
Chávez 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 Chávez et al. (2014) sample is shown in Figure
2.4.

Figure 2.4: Distribution of oxygen abundances for 100 HIIGx and GEHR at low redshift. The
dashed line shows the median (Chávez et al., 2014).
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2.2 L(Hβ) - σ 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 Hβ luminosity, linewidth, metallicity and size for GEHRs and HII
galaxies finding the following correlations:

luminosity ∝ (linewidth)4 (2.1)

size ∝ (linewidth)2 (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(Hβ) - σ 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 Hβ emission line luminosity, velocity dispersion and core radii of giant
HII regions are strongly correlated as:

Rc ∼ σ2.5±0.5 (2.3)

L(Hβ) ∼ σ5.0±0.5 (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(Hβ)-σ relation for HII galaxies in order to make it suitable for distance
measurements. The relation found for HII galaxies alone is:

logL(Hβ) = (4.70± 0.30)logσ + (33.61± 0.50) with δlogL(Hβ) = 0.29 (2.5)

which is represented by a dashed line in Figure 2.5. A Hubble constant of H0 = 100
km s−1 Mpc−1 was selected for the calculation of L(Hβ).
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Figure 2.5: L(Hβ) - σ 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(Hβ) - σ relation. Therefore, the distance
indicator defined as

Mz =
σ5

O/H
(2.6)

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

logL(Hβ) = (1.0± 0.04)logMz + (41.32± 0.08) with δlogL(Hβ) = 0.271 (2.7)

where a Hubble constant of H0 = 90 km s−1 Mpc−1 was selected for the calculation of
L(Hβ).

Melnick, Terlevich, & Terlevich (2000) showed that HII-like starburst galaxies up to z
∼ 3, albeit for a small sample, satisfy the L(Hβ) - σ relation, opening the possibility of
using the relation to measure cosmological parameters (see Figure 2.6). The relation
derived was:

logL(Hβ) = logMz + 29.5 (2.8)

from which the distance modulus relation for HII galaxies was:

µ = 2.5log[σ5/F (Hβ)]− 2.5log(O/H)− A(Hβ) + Z0 (2.9)

where F(Hβ) and A(Hβ) are the flux and extinction in Hβ, respectively. The deter-
mined zero-point was Z0 = −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 SNeIa, 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.

Figure 2.6: L(Hβ) - σ 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(Hβ) - σ relation for an evolved population of HII galaxies. A cosmology with H0 = 65;
q0 = 0 and Λ = 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, Z0 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 P0

= 29.44.

A sample of 128 local HII galaxies, with high equivalent widths of their Balmer emission
lines, was constructed by Chávez et al. (2014) with the objective of assessing the valid-
ity of the L(Hβ) - σ 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 Hβ fluxes from low dispersion wide aperture spectrophotometry,
using the 2.1m telescopes at Cananea and San Pedro Mártir Mexico. They found that
L(Hβ) - σ relation for 107 HIIGx, since they only included those systems with log σ
< 1.8 and remove objects with low quality data, is:

logL(Hβ) = 4.65 logσ + 33.71 (2.10)
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with rms scatter of δlogL(Hβ) = 0.332 (see Figure 2.7).

Figure 2.7: L(Hβ) - σ relation for the sample of 107 HIIGx with good determination of Luminosity
and σ. The inset shows the distribution of the residuals of the fit. Taken from Chávez et al. (2014).

2.3 The Physics of the L(Hβ) - σ Relation

The physics that holds the L(Hβ) - σ 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(Hβ), which is proportional to the number of ionizing photons, and the
velocity dispersion, σ, 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 Hβ
luminosities, linear diameters and the widths of the global emission-line profiles of
GEHRs and found that the correlations L(Hβ) ∝ σ4 and R ∝ σ2 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)0 - σ
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.

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(Hβ) - σ 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(Hβ) > 25 Å. 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(Hβ)
can be directly estimated from the change in equivalent widths (Terlevich & Melnick,
1981; Copetti et al., 1986). Chávez et al. (2014) studied the age effect in the L(Hβ) -
σ 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(Hβ) - σ 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 Hα/Hβ (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(Hβ) - σ 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). Chávez 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(Hβ) - σ 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). Chávez 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(Hβ) - σ relation is considerably reduced. Being
the size in the u-band which more reduces scattering,

logL(Hβ) = 3.08 logσ + 0.76logRu + 34.04 (2.11)

with rms scatter of δlogL(Hβ) = 0.261.

2.3.5 Multiparametric effects

Chávez et al. (2014) also investigated which parameters in addition to the size can
further reduce the scatter in the L(Hβ) - σ 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:
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logL(Hβ) = 2.79 logσ + 0.95logRu + 0.63logEW (Hβ) + 0.28logN2 + 33.15 (2.12)

with rms scatter of δlogL(Hβ) = 0.233 (see Figure 2.10).

Figure 2.10: Observed L(Hβ) [L(Hβ)o] vs. L(Hβ) 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
(Chávez 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 SNeIa, is based on the following facts:

(a) Local and HIIGx at high redshift define a relationship between Hβ 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
SNeIa samples.
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(c) It 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.

Figure 2.11: Left-hand panel: the expected distance modulus difference between the dark energy
models shown and the reference model (w = −1) with Ωm = 0.27. Right-hand panel: the expected
distance modulus differences once the w(z) degeneracy is broken (imposing the same Ωm 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:

∆µ = µΛ − µmodel (2.13)

where µΛ is the distance modulus given by the reference model using concordance
ΛCDM cosmology and µmodel is the one given by any other model.

The distance modulus is defined as:

µ = 5logDL + 25 (2.14)

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

DL =
c(1 + z)

H0

∫ z

0

dz√
Ωm(1 + z)3 + (1− Ωm)(1 + z)3(1+w0+w1) exp(−3w1z

1+z
)
, (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) = w0 + w1f(z) (2.16)

being w0 = w(z = 0) and f(z) an increasing function of redshift, such as f(z) =
z/(1 + z) (Chevallier & Polarski, 2001; Linder, 2003; Peebles & Ratra, 2003; Dicus &
Repko, 2004; Wang & Mukherjee, 2006).

Taking the concordance ΛCDM 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(Hβ) - σ 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 Chávez
et al. (2014). The result is a remarkably tight correlation that justifies the use of the
L(Hβ) - σ 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(Hβ) - σ relation found, for the joint local HIIGx (107 objects) and GEHRs (24
objects) samples, is

logL(Hβ) = (5.05± 0.097)logσ(Hα) + (33.11± 0.145) (2.17)

Although here they are only considering the two dimensional L(Hβ) - σ relation, the
scatter can be substantially reduced if additional observables in the L(Hβ) - σ relation
are included. According to Chávez et al. (2014), observables like the size of the ionized
gas region, the equivalent width of either Hβ or Hα 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(Hβ) - σ 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:

µobs = 2.5logL(Hβ)σ − 2.5logF (Hβ)− 100.2 (2.18)

where L(Hβ)σ 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(Hβ) - σ 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,

χ2(p) =
n∑
i=1

[µobsi (σi, fi)− µthi (p, zi)]
2

σ2
µobsi

(2.19)

where µobs(σi, fi) are ‘observed’ distance moduli obtained from equation (2.18); σi are
the measured velocity dispersions and fi are the measured Hβ fluxes for each object.
µth (p, zi) are the ‘theoretical’ distance moduli from equation (2.14) obtained from
the measured redshifts by using a particular set of cosmological parameters, p. σµobsi

are the errors in ‘observed’ distances moduli propagated from the uncertainties in σi
and fi 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 = (Ωm, w0) obtained in Terlevich
et al. (2015) joining the high-z with the local HIIGx samples (see left panel), using the

20



HII Galaxies as Cosmological Probes

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 ΛCDM cosmology with Ωm = 0.3; w0 = -1.0 and H0

= 74.3. The solid green line shows a cosmology with Ωm = 0.3 and w0 = -2.0. The solid blue line
corresponds to Ωm = 1.0. In all three cases Ωk = 0. Residuals are plotted in the bottom panel. Note
the huge dynamical range in distance modulus of almost 30 magnitudes covered with the L(Hβ) - σ
distance estimator. Taken from Terlevich et al. (2015).

value of H0 = 74.3 ± 3.1 calculated in Chávez et al. (2012) and w1 = 0, with recent
results from SNeIa, CMB and BAO (right panel). The figure shows the constrains of
the properties of dark energy using SNeIa 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 SNeIa, CMB and
BAO and the measurement of the Hubble constant (H0) 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 SNeIa 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 SNeIa (Plionis et al.,
2011).
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Figure 2.14: Comparison of restrictions on the plane (Ωm, w0). Panel (a) shows the results, obtained
for the combined 25 high-z HIIGx and the local sample (131 HIIGx and GEHRs). 1 and 2σ contours
are shown. Panel (b) after Suzuki et al. (2012) shows the recent results for 580 SNeIa, CMB and
BAO, the 1, 2 and 3σ 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).

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 σµ ' 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 3σ 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 2σ contour in the parameter
space of any two degenerate cosmological parameters [e.g. (Ωm , 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 Nhigh−z 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 SNIa data sets (for Nhigh−z >
200) and relax the constraint that SNeIa are the only reliable tracers of the Hubble
relation as has been used to-date (see Figure 2.16).

Figure 2.16: The ‘reduction’ parameter S, indicating the factor by which we reduce the 2σ contour
area of the cosmological parameters (Ωm , 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, σµ. 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-σ 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(Hβ)>50 Å or EW(Hα)>200 Å 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(Hβ) > 25
Å or EW(Hα) > 150 Å.

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 Hα. Sometimes, the Hβ line is more difficult
to measure than other emission lines, for example, the [OIII]λ5007Å 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 EW[OIII] in HIIGx at low redshift, we can use the F[OIII]/F(Hβ)
distribution of a sample of HIIGx at low redshift in order to calculate statistically the
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EW[OIII] distribution through the relation:

EW [OIII] =
F [OIII]

F (Hβ)
× EW (Hβ). (3.1)

Figure 3.1 presents the equivalent width distribution obtained for [OIII]λ5007Å using
the Equation (3.1) for a sample of 95 HIIGx at low redshift with F[OIII] and F(Hβ)
data from Chávez et al. (2014) whose median value is 474.93 Å. Therefore, I defined a
new selection criterion as EW[OIII] > 474 Å.

0 500 1000 1500 2000 2500 3000 3500
EW[OIII]

0
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10

15

20

N

Figure 3.1: Equivalent width distribution of [OIII]λ5007Å line for the sample at low redshift from
Chávez et al. (2014).

Once defined the selection parameters, EW(Hα)> 150 Å, EW(Hβ)> 25 Å or EW[OIII]
> 474 Å, I 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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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(Hα)> 150 Å (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(Hβ)> 25 Å (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(Hβ)> 25 Å (Table 1, labelled 4,5 and
6 respectively).

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

- 16 candidates at 1.4 < z < 2.3 were selected from Maseda et al. (2013, 2014) as
having EW[OIII]λ5007 > 474 Å (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(Hα)> 150 Å and high value of EW[OIII] (Table 1, labelled 11).

27



Sample Selection

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(Hβ) > 25 Å (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(Hβ)>
25 Å (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]λ5007 > 474 Å (Table 1, labelled 17).

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

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

- 31 candidates at 0.21 < z < 0.86 were selected from Amoŕın et al. (2014) as having
EW(Hβ)> 25 Å and high values of EW[OIII] (Table 1, labelled 21).
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Figure 3.4: Rest-frame equivalent width distribution of the Hα, Hβ and [OIII] emission lines for the
total sample. Top left panel: Histogram of the Hα emission line for 224 objects in a range of redshift
0.10 < z < 2.58. Top right panel: Histogram of the Hβ 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(Hα) < 150 Å 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(Hβ) < 25 Å and EW[OIII] < 474 Å seen 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 (σ) 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:

σ =
FWHM

2
√

2ln(2)
, (3.2)

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−1. Their distribution is presented
in Figure 3.5 where the dashed line represents the median value of σ = 70.25 km s−1.

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 Hα luminosity. The half-light
radii also are corrected for the respective PSF FWHM1. The values of half-light radii

1The 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:

Mdyn =
Cσ2r

G
(3.3)

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.

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:

Mdyn = 1.16× 106M�
σ2

[km/s]2
r

[kpc]
, (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 M�
in column (6) from Table 2. Their distribution is presented in Figure 3.6 where the
dashed line represents the median value of log(Mdyn) = 10.47 M�.
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Figure 3.6: Dynamical mass distribution for 124 HII-like starburst galaxies with data on σ 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 λ, F(λ), are given by:

F (λ) = Fobs(λ)100.4k(λ)E(B−V ) = Fobs(λ)100.4A(λ) (3.5)

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

k(λ) = 2.659(−1.857 + 1.040/λ) + Rv for 0.63 ≤ λ ≤ 2.20µm (3.6)

k(λ) = 2.659(−2.156 + 1.509/λ− 0.198/λ2 + 0.011/λ3) +Rv for 0.12 ≤ λ ≤ 0.63µm
(3.7)

where Rv=Av/E(B-V) is the optical total-to-selective extinction ratio. We use the
value of Rv=4.05±0.80 selected from Calzetti et al. (2000). The extinction in magni-
tudes for Hα and Hβ is:

A(Hα) = (3.32± 0.80)E(B − V ). (3.8)
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A(Hβ) = (4.60± 0.80)E(B − V ). (3.9)

The values of E(B − V ), A(Hα) and A(Hβ) can be seen in columns (8), (9) and (10)
of Table 2, respectively.

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

F (Hα)

F (Hβ)
=
Fobs(Hα)

Fobs(Hβ)
100.4[A(Hα)−A(Hβ)] (3.10)

Assuming the intrinsic value of F(Hα)/F(Hβ)=2.86, corresponding to a temperature
T=104 K and an electron density ne=102 cm−3 for Case B recombination Osterbrock
(1989), we obtain that:

Fobs(Hβ) =
1

2.86
Fobs(Hα)100.4[A(Hα)−A(Hβ)] (3.11)

Once the Hβ and Hα observed fluxes are obtained, Equation (3.5) is used to calculate
the Hβ and Hα 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 Hβ flux distribution is presented in Figure 3.7, where the
dashed line represents the median value of log F(Hβ) = - 16.23 erg s−1 cm−2.
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Figure 3.7: Hβ 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 Hβ flux as described in the
text and the rest of them have observed Hβ 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):

Ṙ

R
= H0[Ωm(1 + z)3 + Ωr(1 + z)4 + Ωk(1 + z)2 + ΩΛ]1/2, (3.12)

then

H(z) = H0E(z), (3.13)

where

H(z) =
Ṙ

R
, ΩΛ ≡

Λc2

3H2
0

, Ωk ≡
−kc2

R2
0H

2
0

. (3.14)

It is evident that at the present epoch we obtain from (3.13) that E(0)=1 and thus
Ωm + Ωr + Ωk + ΩΛ=1.

In order to calculate the Hβ luminosity using the Hβ measured fluxes it is necessary
to determine the luminosity distance, which is given by the following expression for a
flat universe (Ωk = 0):

dL = (1 + z)

∫ z

0

c

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, H0 and Ωm, 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 H0 = 74.3±4.3 km s−1 Mpc−1 (Chávez et al., 2012), Ωm = 0.27 and
ΩΛ = 0.73 is assumed in the calculation of luminosity distance.

3.2.6 Luminosities

The Hα and Hβ intrinsic luminosities were computed using the equations:

L(Hβ) = 4πd2
LF (Hβ), (3.16)

and

L(Hα) = 4πd2
LF (Hα), (3.17)

where dL is the luminosity distance and F(Hβ) and F(Hα) are the reddening corrected
Hβ and Hα fluxes, both parameters previously calculated. The Hβ luminosities esti-
mated this way can be seen in column (3) of Table 2 in erg s−1. Their distribution
is presented in Figure 3.7, where the dashed line represents the median value of log
L(Hβ) = 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 Hβ luminosities previously calculated were converted
into Star Formation Rates (SFR) following the relation (cf. Kennicutt & Evans, 2012):

SFR

[M�/yr]
= 1.54× 10−41 LHβ

[ergs−1]
(3.18)

where an IMF of Kroupa & Weidner (2003) with a Salpeter slope of α∗ = -2.35 from
1 to 100 M� and α∗ = -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−1.
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Figure 3.8: Hβ 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 Hβ luminosity and the rest of them have observed Hβ 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
[OII]λ3727, Hβ, [OIII]λλ4959, 5007, Hα, and [NII]λ6584. 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]λ4363
is used. The total oxygen abundance is obtained as:

12 + log

(
O

H

)
= 12 + log

(
O+

H+

)
+ 12 + log

(
O++

H+

)
, (3.19)

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

12 + log(O++/H+) = log
I(4959) + I(5007)

Hβ
+ 6.174 +

1.251

t
− 0.55 log(t) (3.20)

and

12 + log(O+/H+) = log
I(3726) + I(3729)

Hβ
+ 5.890 +

1.676

t2
− 0.40 log(t) + log(1 + 1.35x),

(3.21)

being t the electron temperature:

t = 1.432[logR− 0.85 + 0.03 log t+ log(1 + 0.0433xt0.06)]−1, (3.22)

in units of 104 K; x=10−4 Ne t2, where Ne is the electron density in cm−3 obtained
using the [SII]λ6716/λ6731 line ratio; Finally R and t2 are defined as

R =
I(4959) + I(5007)

I(4363)
, (3.23)

t−1
2 = 0.5(t−1 + 0.8). (3.24)
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The direct method is useful in a restricted range of abundances, since in systems with
oxygen abundance between 0.2(O/H)� and 0.5(O/H)� the [OIII]λ 4363 Å 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 R23 method is an empirical method that is based on the ratio R23=([OIII]λ4959,
5007 + [OII]λ3727)/Hβ, 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 R23 is that it is double-valued with (O/H). For each value of R23

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 R23 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 R23 parameter on
metallicity. The R23 method is in practice a reliable abundance estimator only for the
metal rich or very metal poor systems.

To break the R23 degeneracy the [NII]λ6584/[O II]λ3727 ratio is used as an initial guess
of metallicity helping in the selection of the appropriate R23 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 R23 branch is [NII]λ6584/Hα, called the N2
index (Raimann et al., 2000), calibrated in [O/H] by Denicoló, Terlevich, & Terlevich
(2002) and is described below.

N2 Method

The derivation of oxygen abundance in terms of N2 method is:

12 + log(O/H) = 9.12 + 0.73×N2, (3.25)

where the N2 index, defined by Denicoló, Terlevich, & Terlevich (2002) as N2 ≡
log([NII]λ6584/Hα), 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).

O3N2 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×O3N2, (3.26)

where O3N2 ≡ log[([OIII]λ5007/Hβ)/([N II]λ6584/Hα)]. 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 + log(O/H) = 8.18.

7.2 7.4 7.6 7.8 8.0 8.2 8.4 8.6 8.8 9.0
12 + log(O/H)

0

5

10

15

20

25

30

35

N

Ntotal=268

Median

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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(Å
)

(k
m

s−
1
)

O
b

se
rv

ed
O

b
se

rv
ed

O
b

se
rv

ed
C

or
re

ct
ed

C
or

re
ct

ed
(J

20
00

)
(J

20
00

)

08
1

2Q
Z

C
-C

1-
H

A
E

20
2.

23
00

23
0.

65
..
.

..
.

..
.

06
.4

6
..
.

..
.

..
.

..
.

10
04

16
.7

4
+

00
18

33
.0

0
7

08
2

2Q
Z

C
-C

1-
H

A
E

21
2.

23
00

98
0.

5
..
.

..
.

..
.

07
.5

8
..
.

..
.

..
.

..
.

10
04

02
.9

0
+

00
18

52
.5

0
7

08
3

2Q
Z

C
-C

2-
H

A
E

1
2.

23
00

25
5.

11
..
.

..
.

..
.

12
3.

03
..
.

..
.

..
.

..
.

10
05

11
.8

2
+

00
14

18
.3

0
7

08
4

2Q
Z

C
-C

2-
H

A
E

3
2.

23
00

45
4.

8
..
.

..
.

..
.

18
.6

2
..
.

..
.

..
.

..
.

10
05

36
.8

1
+

00
14

19
.4

0
7

08
5

2Q
Z

C
-C

2-
H

A
E

4
2.

23
00

32
8.

48
..
.

..
.

..
.

15
.8

5
..
.

..
.

..
.

..
.

10
05

34
.1

7
+

00
19

32
.4

0
7

08
6

2Q
Z

C
-C

2-
H

A
E

13
2.

23
00

21
0.

53
..
.

..
.

..
.

07
.2

4
..
.

..
.

..
.

..
.

10
05

12
.9

5
+

00
09

10
.2

0
7

08
7

2Q
Z

C
-C

2-
H

A
E

14
2.

23
00

33
5.

6
..
.

..
.

..
.

07
.4

1
..
.

..
.

..
.

..
.

10
05

14
.5

1
+

00
17

36
.5

0
7

08
8

2Q
Z

C
-C

2-
H

A
E

15
2.

23
00

44
4.

58
..
.

..
.

..
.

07
.5

8
..
.

..
.

..
.

..
.

10
05

51
.5

5
+

00
13

16
.4

0
7

08
9

2Q
Z

C
-C

2-
H

A
E

16
2.

23
00

40
6.

19
..
.

..
.

..
.

06
.7

6
..
.

..
.

..
.

..
.

10
05

10
.9

8
+

00
19

55
.6

0
7

09
0

2Q
Z

C
-C

2-
H

A
E

17
2.

23
00

34
8.

3
..
.

..
.

..
.

06
.6

1
..
.

..
.

..
.

..
.

10
05

18
.3

2
+

00
14

21
.0

0
7

09
1

2Q
Z

C
-C

2-
H

A
E

18
2.

23
00

88
6.

07
..
.

..
.

..
.

07
.2

4
..
.

..
.

..
.

..
.

10
05

19
.2

3
+

00
15

01
.5

0
7

09
2

2Q
Z

C
-C

3-
H

A
E

8
2.

23
00

22
0.

74
..
.

..
.

..
.

10
.2

3
..
.

..
.

..
.

..
.

10
06

00
.0

1
+

00
42

33
.6

0
7

09
3

2Q
Z

C
-C

3-
H

A
E

9
2.

23
00

41
99

.6
9

..
.

..
.

..
.

12
.5

9
..
.

..
.

..
.

..
.

10
05

36
.9

9
+

00
46

20
.2

0
7

09
4

2Q
Z

C
-C

3-
H

A
E

11
2.

23
00

69
8.

76
..
.

..
.

..
.

10
.7

2
..
.

..
.

..
.

..
.

10
06

02
.5

3
+

00
43

34
.8

0
7

09
5

2Q
Z

C
-C

3-
H

A
E

12
2.

23
00

70
6.

19
..
.

..
.

..
.

10
.7

2
..
.

..
.

..
.

..
.

10
06

03
.9

0
+

00
41

06
.3

0
7

09
6

2Q
Z

C
-C

3-
H

A
E

14
2.

23
00

18
5.

45
..
.

..
.

..
.

06
.9

2
..
.

..
.

..
.

..
.

10
05

49
.5

9
+

00
39

53
.2

0
7

09
7

2Q
Z

C
-C

3-
H

A
E

15
2.

23
00

28
9.

16
..
.

..
.

..
.

07
.5

8
..
.

..
.

..
.

..
.

10
05

16
.2

8
+

00
41

50
.4

0
7

09
8

2Q
Z

C
-C

3-
H

A
E

19
2.

23
00

19
6.

28
..
.

..
.

..
.

06
.4

6
..
.

..
.

..
.

..
.

10
05

22
.2

4
+

00
37

38
.4

0
7

09
9

2Q
Z

C
-C

4-
H

A
E

3
2.

23
00

36
6.

87
..
.

..
.

..
.

09
.1

2
..
.

..
.

..
.

..
.

10
03

53
.8

1
+

00
36

05
.7

0
7

10
0

2Q
Z

C
-C

4-
H

A
E

4
2.

23
00

18
5.

76
..
.

..
.

..
.

07
.0

8
..
.

..
.

..
.

..
.

10
04

08
.4

4
+

00
43

09
.8

0
7

10
1

2Q
Z

C
-C

4-
H

A
E

6
2.

23
00

90
1.

86
..
.

..
.

..
.

07
.2

4
..
.

..
.

..
.

..
.

10
04

08
.4

5
+

00
34

58
.3

0
7

10
2

02
00

-C
1-

H
A

E
4

2.
23

00
20

5.
57

..
.

..
.

..
.

16
.9

8
..
.

..
.

..
.

..
.

02
01

06
.0

9
+

01
23

30
.8

0
7

10
3

02
00

-C
1-

H
A

E
6

2.
23

00
18

2.
66

..
.

..
.

..
.

12
.0

2
..
.

..
.

..
.

..
.

02
00

36
.5

8
+

01
19

53
.7

0
7

10
4

02
00

-C
1-

H
A

E
7

2.
23

00
50

6.
19

..
.

..
.

..
.

14
.1

2
..
.

..
.

..
.

..
.

02
00

57
.5

7
+

01
19

39
.2

0
7

10
5

02
00

-C
1-

H
A

E
8

2.
23

00
45

9.
75

..
.

..
.

..
.

13
.1

8
..
.

..
.

..
.

..
.

02
00

43
.9

4
+

01
26

14
.8

0
7

10
6

02
00

-C
1-

H
A

E
9

2.
23

00
18

6.
38

..
.

..
.

..
.

10
.9

6
..
.

..
.

..
.

..
.

02
00

33
.5

3
+

01
21

28
.7

0
7

10
7

02
00

-C
1-

H
A

E
10

2.
23

00
12

17
.0

3
..
.

..
.

..
.

13
.4

9
..
.

..
.

..
.

..
.

02
01

05
.8

1
+

01
23

50
.3

0
7

10
8

02
00

-C
1-

H
A

E
11

2.
23

00
26

7.
18

..
.

..
.

..
.

10
.2

3
..
.

..
.

..
.

..
.

02
00

40
.0

4
+

01
19

22
.0

0
7

10
9

02
00

-C
1-

H
A

E
12

2.
23

00
10

64
.4

..
.

..
.

..
.

11
.4

8
..
.

..
.

..
.

..
.

02
01

07
.7

2
+

01
28

22
.6

0
7

11
0

02
00

-C
2-

H
A

E
7

2.
23

00
56

9.
35

..
.

..
.

..
.

17
.3

8
..
.

..
.

..
.

..
.

02
02

46
.2

6
+

01
21

46
.2

0
7

11
1

02
00

-C
2-

H
A

E
9

2.
23

00
23

5.
91

..
.

..
.

..
.

11
.7

5
..
.

..
.

..
.

..
.

02
03

05
.9

5
+

01
28

22
.9

0
7

11
2

02
00

-C
2-

H
A

E
11

2.
23

00
19

7.
83

..
.

..
.

..
.

10
.9

6
..
.

..
.

..
.

..
.

02
02

19
.5

6
+

01
30

54
.0

0
7

11
3

02
00

-C
2-

H
A

E
12

2.
23

00
30

8.
98

..
.

..
.

..
.

11
.2

2
..
.

..
.

..
.

..
.

02
02

19
.7

2
+

01
21

32
.2

0
7

11
4

02
00

-C
2-

H
A

E
13

2.
23

00
10

66
.5

6
..
.

..
.

..
.

11
.4

8
..
.

..
.

..
.

..
.

02
02

40
.6

4
+

01
30

18
.2

0
7

11
5

02
00

-C
2-

H
A

E
16

2.
23

00
32

3.
84

..
.

..
.

..
.

09
.5

5
..
.

..
.

..
.

..
.

02
03

04
.9

0
+

01
29

38
.8

0
7

11
6

02
00

-C
4-

H
A

E
7

2.
23

00
31

3.
31

..
.

..
.

..
.

11
.7

5
..
.

..
.

..
.

..
.

02
01

07
.5

9
+

01
44

34
.1

0
7

11
7

02
00

-C
4-

H
A

E
8

2.
23

00
46

7.
18

..
.

..
.

..
.

12
.0

2
..
.

..
.

..
.

..
.

02
01

05
.5

2
+

01
48

03
.1

0
7

11
8

02
00

-C
4-

H
A

E
11

2.
23

00
19

1.
02

..
.

..
.

..
.

08
.5

1
..
.

..
.

..
.

..
.

02
00

51
.6

2
+

01
47

20
.2

0
7

11
9

C
O

S
M

O
S

-1
51

44
1.

41
20

32
5±

23
0

..
.

11
30
±

27
4

43
.3
±

8.
9

..
.

..
.

16
.3
±

3.
58

..
.

..
.

10
00

37
.6

2
+

02
21

38
.8

8
9,

10
12

0
C

O
S

M
O

S
-1

38
48

1.
44

40
41
±

34
5

..
.

88
8±

35
1

46
.7
±

14
.4

..
.

..
.

8.
76
±

3.
46

..
.

..
.

10
00

42
.4

8
+

02
20

43
.4

0
9,

10

C
on

ti
n
u

at
io

n
on

th
e

n
ex

t
p

ag
e.

41



Properties of the Selected Sample at High Redshift
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Properties of the Selected Sample at High Redshift
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Properties of the Selected Sample at High Redshift
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Properties of the Selected Sample at High Redshift
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Properties of the Selected Sample at High Redshift
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Properties of the Selected Sample at High Redshift
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Å
F

(H
α

)
F

(H
β

)
A

.R
D

E
C

.
R

ef
er

en
ce

(Å
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Properties of the Selected Sample at High Redshift

T
ab

le
2

In
d

ex
N

am
e

L
(H
β

)
S

F
R

(H
β

)
r e

M
d
y
n

M
∗

E
(B
−
V

)
A

(H
α

)
A

(H
β

)
M
B

R
H

K
12

+
lo

g(
O

/H
)

M
et

h
o
d

C
or

re
ct

ed
C

or
re

ct
ed

(k
p

c)
(1

01
0

M
�

)
(1

08
M

�
)

(m
ag

)
(m

ag
)

(A
B

)
(A

B
)

(A
B

)

04
1

Q
16

23
-B

X
44

7
00

.7
4+

0
0
.2

0
−

0
0
.2

0
11

.3
4+

0
3
.0

1
−

0
3
.0

1
5.

30
18

.6
5+

0
3
.2

2
−

0
3
.2

2
06

.0
7+

0
1
.6

1
−

0
1
.6

1
0.

05
+

0
.0

4
−

0
.0

4
0.

17
+

0
.1

2
−

0
.1

2
0.

23
+

0
.1

6
−

0
.1

6
..
.

24
.4

8
..
.

20
.5

5c
..
.

..
.

04
2

Q
16

23
-B

X
44

9
00

.7
4+

0
0
.4

4
−

0
0
.4

4
11

.4
0+

0
6
.8

5
−

0
6
.8

5
<

1.
9

<
01
.1

4
04

.8
3+

0
2
.9

0
−

0
2
.9

0
0.

11
+

0
.0

8
−

0
.0

8
0.

37
+

0
.2

7
−

0
.2

7
0.

51
+

0
.3

6
−

0
.3

6
..
.

24
.8

6
..
.

21
.3

5c
..
.

..
.

04
3

Q
16

23
-B

X
45

3
03

.7
6+

0
5
.0

4
−

0
5
.0

4
57

.8
3+

7
7
.5

8
−

7
7
.5

8
4.

10
01

.7
7+

0
0
.2

3
−

0
0
.2

3
25

.0
7+

3
3
.6

3
−

3
3
.6

3
0.

28
+

0
.1

9
−

0
.1

9
0.

91
+

0
.6

8
−

0
.6

8
1.

26
+

0
.9

1
−

0
.9

1
..
.

23
.3

8
..
.

19
.7

6c
..
.

..
.

04
4

Q
16

23
-B

X
58

6
00

.9
9+

0
0
.9

5
−

0
0
.9

5
15

.3
1+

1
4
.6

3
−

1
4
.6

3
5.

30
09

.4
7+

0
2
.7

5
−

0
3
.0

6
06

.4
9+

0
6
.2

0
−

0
6
.2

0
0.

20
+

0
.1

4
−

0
.1

4
0.

65
+

0
.4

8
−

0
.4

8
0.

90
+

0
.6

4
−

0
.6

4
..
.

24
.5

8
..
.

20
.8

4c
..
.

..
.

04
5

Q
17

00
-B

X
52

3
01

.6
7+

0
2
.1

2
−

0
2
.1

2
25

.6
6+

3
2
.7

3
−

3
2
.7

3
7.

70
15

.1
3+

0
6
.0

5
−

0
6
.0

5
12

.0
8+

1
5
.4

1
−

1
5
.4

1
0.

26
+

0
.1

8
−

0
.1

8
0.

86
+

0
.6

4
−

0
.6

4
1.

20
+

0
.8

6
−

0
.8

6
..
.

24
.5

1
..
.

20
.9

3c
..
.

..
.

04
6

Q
17

00
-B

X
53

6
01

.4
8+

0
0
.8

5
−

0
0
.8

5
22

.7
8+

1
3
.1

1
−

1
3
.1

1
7.

90
07

.2
7+

0
2
.2

9
−

0
2
.4

5
12

.6
1+

0
7
.2

6
−

0
7
.2

6
0.

12
+

0
.0

8
−

0
.0

8
0.

38
+

0
.2

8
−

0
.2

8
0.

53
+

0
.3

8
−

0
.3

8
..
.

23
.0

0
..
.

19
.7

1c
..
.

..
.

04
7

Q
17

00
-B

X
79

4
01

.2
8+

0
0
.8

2
−

0
0
.8

2
19

.6
6+

1
2
.6

4
−

1
2
.6

4
4.

80
03

.5
7+

0
1
.2

5
−

0
1
.2

5
08

.8
4+

0
5
.6

8
−

0
5
.6

8
0.

13
+

0
.0

9
−

0
.0

9
0.

43
+

0
.3

2
−

0
.3

2
0.

60
+

0
.4

3
−

0
.4

3
..
.

23
.6

0
..
.

20
.5

3c
..
.

..
.

04
8

Q
23

43
-B

X
16

9
00

.8
3+

0
0
.5

2
−

0
0
.5

2
12

.8
3+

0
7
.9

9
−

0
7
.9

9
3.

10
..
.

07
.1

1+
0
4
.4

2
−

0
4
.4

2
0.

12
+

0
.0

9
−

0
.0

9
0.

42
+

0
.3

1
−

0
.3

1
0.

57
+

0
.4

2
−

0
.4

2
..
.

23
.1

1
..
.

20
.7

5c
..
.

..
.

04
9

Q
23

43
-B

X
18

2
00

.4
3+

0
0
.2

2
−

0
0
.2

2
06

.6
1+

0
3
.3

8
−

0
3
.3

8
2.

60
..
.

03
.1

4+
0
1
.6

1
−

0
1
.6

1
0.

10
+

0
.0

7
−

0
.0

7
0.

33
+

0
.2

5
−

0
.2

5
0.

46
+

0
.3

3
−

0
.3

3
..
.

23
.7

4
..
.

21
.6

0c
..
.

..
.

05
0

Q
23

43
-B

X
23

6
00

.6
2+

0
0
.2

9
−

0
0
.2

9
09

.5
1+

0
4
.4

5
−

0
4
.4

5
4.

80
12

.2
2+

0
6
.6

1
−

0
6
.9

4
05

.2
6+

0
2
.4

6
−

0
2
.4

6
0.

08
+

0
.0

6
−

0
.0

6
0.

28
+

0
.2

1
−

0
.2

1
0.

39
+

0
.2

8
−

0
.2

8
..
.

24
.2

8
..
.

21
.2

5c
..
.

..
.

05
1

Q
23

43
-B

X
51

3
01

.6
5+

0
1
.0

9
−

0
1
.0

9
25

.3
7+

1
6
.8

1
−

1
6
.8

1
4.

10
10

.7
2+

0
1
.2

9
−

0
1
.2

9
10

.7
5+

0
7
.1

3
−

0
7
.1

3
0.

14
+

0
.0

9
−

0
.0

9
0.

45
+

0
.3

3
−

0
.3

3
0.

62
+

0
.4

4
−

0
.4

4
..
.

23
.9

3
..
.

20
.1

0c
..
.

..
.

05
2

Q
23

43
-B

X
60

1
01

.5
7+

0
0
.9

8
−

0
0
.9

8
24

.1
8+

1
5
.0

2
−

1
5
.0

2
5.

30
06

.7
9+

0
1
.5

5
−

0
1
.5

5
10

.2
5+

0
6
.3

7
−

0
6
.3

7
0.

12
+

0
.0

9
−

0
.0

9
0.

42
+

0
.3

1
−

0
.3

1
0.

57
+

0
.4

2
−

0
.4

2
..
.

23
.4

8
..
.

20
.5

5c
..
.

..
.

05
3

D
E

E
P

2-
1

..
.

..
.

..
.

..
.

..
.

..
.

..
.

..
.

-1
9.

90
..
.

..
.

..
.

8.
10
±

0.
10

T
e

05
4

D
E

E
P

2-
2

..
.

..
.

..
.

..
.

..
.

..
.

..
.

..
.

-1
9.

24
..
.

..
.

..
.

7.
90
±

0.
10

T
e

05
5

D
E

E
P

2-
3

..
.

..
.

..
.

..
.

..
.

..
.

..
.

..
.

-1
9.

23
..
.

..
.

..
.

7.
80
±

0.
10

T
e

05
6

D
E

E
P

2-
4

..
.

..
.

..
.

..
.

..
.

..
.

..
.

..
.

-1
9.

27
..
.

..
.

..
.

8.
00
±

0.
15

T
e

05
7

D
E

E
P

2-
5

..
.

..
.

..
.

..
.

..
.

..
.

..
.

..
.

-1
9.

24
..
.

..
.

..
.

8.
20
±

0.
15

T
e

05
8

D
E

E
P

2-
6

..
.

..
.

..
.

..
.

..
.

..
.

..
.

..
.

..
.

..
.

..
.

..
.

8.
10
±

0.
15

T
e

05
9

D
E

E
P

2-
7

..
.

..
.

..
.

..
.

..
.

..
.

..
.

..
.

-2
0.

10
..
.

..
.

..
.

8.
10
±

0.
15

T
e

06
0

D
E

E
P

2-
8

..
.

..
.

..
.

..
.

..
.

..
.

..
.

..
.

-1
9.

97
..
.

..
.

..
.

8.
10
±

0.
15

T
e

06
1

D
E

E
P

2-
9

..
.

..
.

..
.

..
.

..
.

..
.

..
.

..
.

-2
0.

55
..
.

..
.

..
.

8.
10
±

0.
10

T
e

06
2

D
E

E
P

2-
10

..
.

..
.

..
.

..
.

..
.

..
.

..
.

..
.

-2
1.

40
..
.

..
.

..
.

8.
30
±

0.
15

T
e

06
3

D
E

E
P

2-
11

..
.

..
.

..
.

..
.

..
.

..
.

..
.

..
.

-1
8.

48
..
.

..
.

..
.

8.
00
±

0.
15

T
e

06
4

D
E

E
P

2-
12

..
.

..
.

..
.

..
.

..
.

..
.

..
.

..
.

-2
1.

00
..
.

..
.

..
.

8.
20
±

0.
15

T
e

06
5

D
E

E
P

2-
13

..
.

..
.

..
.

..
.

..
.

..
.

..
.

..
.

-1
9.

94
..
.

..
.

..
.

8.
30
±

0.
15

T
e

06
6

D
E

E
P

2-
14

..
.

..
.

..
.

..
.

..
.

..
.

..
.

..
.

-1
9.

53
..
.

..
.

..
.

7.
80
±

0.
15

T
e

06
7

T
K

R
S

-1
..
.

..
.

1.
00

00
.3

8+
0
0
.0

8
−

0
0
.0

8
..
.

..
.

..
.

..
.

..
.

..
.

..
.

..
.

8.
00
±

0.
10

T
e

06
8

T
K

R
S

-2
..
.

..
.

0.
70

00
.1

9+
0
0
.0

3
−

0
0
.0

3
..
.

..
.

..
.

..
.

-1
9.

35
..
.

..
.

..
.

7.
80
±

0.
10

T
e

06
9

Q
02

01
-B

13
00

.3
0+

0
0
.0

7
−

0
0
.0

7
04

.5
7+

0
1
.0

9
−

0
1
.0

9
..
.

..
.

02
.4

4+
0
0
.5

8
−

0
0
.5

8
0.

00
4

0.
01

+
0
.0

0
−

0
.0

0
0.

02
+

0
.0

0
−

0
.0

0
..
.

23
.3

4
..
.

..
.

∼
8.

55
R

23
07

0
Q

17
00

-M
D

10
3

00
.9

3+
0
0
.2

5
−

0
0
.2

5
14

.3
3+

0
3
.7

9
−

0
3
.7

9
..
.

..
.

03
.9

5+
0
1
.0

4
−

0
1
.0

4
0.

22
4

0.
74

+
0
.1

8
−

0
.1

8
1.

03
+

0
.1

8
−

0
.1

8
..
.

24
.2

3
..
.

..
.

∼
8.

55
R

23
07

1
C

D
F

aC
1

02
.7

1+
0
0
.2

2
−

0
0
.2

2
41

.7
4+

0
3
.3

4
−

0
3
.3

4
..
.

..
.

17
.6

9+
0
1
.4

2
−

0
1
.4

2
0.

11
0

0.
37

+
0
.0

9
−

0
.0

9
0.

51
+

0
.0

9
−

0
.0

9
..
.

23
.5

3
..
.

..
.

∼
8.

55
R

23
07

2
Q

03
47

-3
83

C
5

01
.4

9+
0
0
.1

1
−

0
0
.1

1
22

.9
5+

0
1
.6

8
−

0
1
.6

8
..
.

..
.

09
.7

3+
0
0
.7

1
−

0
0
.7

1
0.

05
2

0.
17

+
0
.0

4
−

0
.0

4
0.

24
+

0
.0

4
−

0
.0

4
..
.

23
.8

2
..
.

..
.

∼
8.

55
R

23
07

3
S

S
A

22
a-

M
D

46
01

.7
9+

0
0
.1

3
−

0
0
.1

3
27

.5
8+

0
2
.0

6
−

0
2
.0

6
..
.

..
.

10
.2

0+
0
0
.7

6
−

0
0
.7

6
0.

02
4

0.
08

+
0
.0

2
−

0
.0

2
0.

11
+

0
.0

2
−

0
.0

2
..
.

23
.3

0
..
.

..
.

∼
8.

55
R

23
07

4
B

20
90

2+
34

3C
6

02
.3

3+
0
0
.8

0
−

0
0
.8

0
35

.9
4+

1
2
.2

8
−

1
2
.2

8
..
.

..
.

11
.0

5+
0
3
.7

7
−

0
3
.7

7
0.

06
2

0.
21

+
0
.0

5
−

0
.0

5
0.

28
+

0
.0

5
−

0
.0

5
..
.

24
.1

3
..
.

..
.

∼
8.

55
R

23
07

5
B

20
90

2+
34

3C
12

02
.6

4+
0
0
.3

5
−

0
0
.3

5
40

.6
8+

0
5
.3

8
−

0
5
.3

8
..
.

..
.

13
.3

8+
0
1
.7

7
−

0
1
.7

7
..
.

..
.

..
.

-2
2.

84
23

.6
3

..
.

22
.8

9
8.

70
±

0.
08

R
23

07
6

Q
14

22
+

23
1D

81
03

.2
5+

0
0
.4

0
−

0
0
.4

0
50

.0
4+

0
6
.1

4
−

0
6
.1

4
..
.

..
.

14
.8

7+
0
1
.8

2
−

0
1
.8

2
..
.

..
.

..
.

-2
2.

91
23

.4
1

..
.

22
.6

7
8.

62
±

0.
07

R
23

07
7

S
S

A
22

aD
3

01
.0

0+
0
0
.2

4
−

0
0
.2

4
15

.4
4+

0
3
.7

4
−

0
3
.7

4
..
.

..
.

06
.9

4+
0
1
.6

8
−

0
1
.6

8
..
.

..
.

..
.

-2
2.

59
23

.3
7

..
.

22
.9

7
8.

39
±

0.
16

R
23

07
8

D
S

F
22

37
+

11
6a

C
2

03
.2

6+
0
0
.4

4
−

0
0
.4

4
50

.1
8+

0
6
.7

8
−

0
6
.7

8
..
.

..
.

22
.5

5+
0
3
.0

5
−

0
3
.0

5
..
.

..
.

..
.

..
.

23
.5

5
..
.

..
.

..
.

R
23

07
9

M
S

15
12

-c
B

58
00

.7
8+

0
0
.1

3
−

0
0
.1

3
12

.0
6+

0
2
.0

2
−

0
2
.0

2
..
.

..
.

05
.2

3+
0
0
.8

8
−

0
0
.8

8
..
.

..
.

..
.

-2
2.

04
24

.1
0

..
.

23
.3

0
8.

49
±

0.
10

R
23

08
0

2Q
Z

C
-C

1-
H

A
E

19
01

.0
8+

0
0
.0

9
−

0
0
.0

9
a

16
.5

9+
0
1
.4

6
−

0
1
.4

6
a

..
.

..
.

01
.3

0+
0
0
.1

1
−

0
0
.1

1
b

..
.

..
.

..
.

..
.

..
.

..
.

>
22
.1

5
..
.

..
.

C
on

ti
n
u

at
io

n
on

th
e

n
ex

t
p

ag
e.

53



Properties of the Selected Sample at High Redshift
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Properties of the Selected Sample at High Redshift
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Properties of the Selected Sample at High Redshift
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Properties of the Selected Sample at High Redshift
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Properties of the Selected Sample at High Redshift
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Properties of the Selected Sample at High Redshift
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Properties of the Selected Sample at High Redshift
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Properties of the Selected Sample at High Redshift
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Properties of the Selected Sample at High Redshift
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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 Chávez 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
σ > 1.8 km s−1. 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(Hβ) - σ Relation

In order to assess the L(Hβ) - σ 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
Chávez 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(Hβ) - σ 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(σ) = 1.8 km s−1 is evident. The reason behind such flattening in
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L(Hβ) - σ Relation

the relationship is not obvious. However it is clear that in the range of 0.008 < z <
0.165 and log(σ) < 1.8 km s−1 if the velocity dispersion increases, the luminosity also
increases. This is not the case at high redshift (1.3 < z < 3.4) and log(σ) > 1.8 km
s−1, where an increase in the velocity dispersion does not affect the luminosity.
A possible explanation for the observed flattening in the L(Hβ)-σ relation is that the
objects with log(σ) > 1.8 km s−1 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(σ) > 1.8 km s−1 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.
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Figure 4.1: L(Hβ) - σ 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 Chávez et al. (2014) (black symbols), in a range of 0.008 < z < 0.165. The blue
band, at approximately log(σ) = 1.8 km s−1, indicates the approximate value where the flattening in
the L-σ 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. One 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(Hβ)-σ 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 σ 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(Hβ)= 42.16 erg s−1.
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Figure 4.2: Hβ luminosity vs redshift for 167 HII-like starburst galaxies at z > 1.3. The pink dots
are objects with observed L(Hβ) and green dots represent the L(Hβ) 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(σ) > 1.8 km s−1 is
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Cosmological Parameters Solution Space

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(Hβ)= 42.26 erg s−1.
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Figure 4.3: Hβ luminosity vs redshift for 103 HII-like starburst galaxies with logσ > 1.8 km s−1.
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(σ) > 1.8 km s−1 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 ΛCDM cosmology
with Ωm = 0.3; w0 = -1.0 and H0 = 73.6 km s−1 Mpc−1. 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(σ) > 1.8 km s−1,
we propose to use a value of log L(Hβ)= 42.3 ± 0.3 erg s−1 as standard candle. The
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Luminosity - Radius and Velocity Dispersion - Radius Relations

left panel of Figure 4.4 shows distance moduli as a function of redshift for 103 HIIGx
at high redshift with log(σ) > 1.8 km s−1. 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 H0 = 73.6± 3.1 km s−1 Mpc−1, w1 = 0 and our standard candle
of log L(Hβ)= 42.3± 0.3 erg s−1, we obtain reasonable strong restrictions on the plane
Ωm, w0, which are shown in Figure 4.5 (Chávez et al. in preparation). The left panel
of Figure 4.5 shows the solution for 103 HIIGx at high redshift with log(σ) > 1.8 km
s−1. 1, 2 and 3σ 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;
Chávez 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
{Ωm, w0}. 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 {Ωm, w0}, in which we combine the high redshift
with the local HIIGx samples (see right panel of Figure 4.5), with recent results from
SNeIa, CMB and BAO (see right panel of Figure 2.14,) we can conclude that our
results are not only in agreement with those of SNeIa but the surface covered by our
simple approach is not much larger than that of the SNeIa solution. In fact our 1-
σ area solution looks very similar to the 2-σ area of the SNeIa 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 SNeIa.

4.4 Luminosity - Radius and Velocity Dispersion -

Radius Relations

As was explained in section 3.2, the nature of the L - σ 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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Luminosity - Radius and Velocity Dispersion - Radius Relations

Figure 4.4: Distance moduli as a function of redshift. Left Panel: Our results for 103 HIIGx at high
redshift with log(σ) > 1.8 km s−1. Right Panel: The same but for the combined 103 HIIGx at high
redshift with log(σ) > 1.8 km s−1 and the local sample of 156 HIIGx and GEHRs (Terlevich et al.,
2015; Chávez et al., 2014).

Figure 4.5: Cosmological Parameters Solution Space. Left Panel: Our results for 103 HIIGx at high
redshift with log(σ) > 1.8 km s−1. Right Panel: The same but for the combined 103 HIIGx at high
redshift with log(σ) > 1.8 km s−1 and the local sample of 156 HIIGx and GEHRs (Terlevich et al.,
2015; Chávez et al., 2014). 1, 2 and 3σ contours (random) are shown.
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Dynamical Mass vs Stellar Mass
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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 Hβ 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-σ 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 1

(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

1Starburst99 is a stellar population synthesis model, which is available in the website
http://www.stsci.edu/science/starburst99
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Dynamical Mass vs Stellar Mass

ratio. In order to estimate the stellar mass for each object, I multiplied such constant
by the L(Hβ) 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 - σ relation.

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

Mdyn = 7.1× 10−34L(Hβ), (4.1)

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

A possible answer to the difference observed in the M∗ - Mdyn relation between the
samples at high and low redshift is the flattening found in the L(Hβ)-σ relation. We
see in the L(Hβ)-σ relation that the velocity dispersion continues increasing while the
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Metallicity - Mass Relation

luminosity is approximately constant for the objects with log σ > 1.8 km s−1 at high
redshift. Therefore, the increase in σ 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 Mdyn 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, Chávez 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 108.5 to
1010.5 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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Metallicity-Luminosity Relation

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, σ, 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. [NII]λ6584/Hα
and [OIII]λ5007/Hβ (In what follows I will use the term [NII]/Hα to refer to the mea-
sured ratio between [NII]λ6584 and Hα and [OIII]/Hβ for the measured ratio between
[OIII]λ5007 and Hβ) 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 [OIII]/Hβ and [NII]/Hα up
to the point where [NII]/Hα saturates at [NII]/Hα ∼ 0.3. At the highest metallicities
[OIII]/Hβ continues decreasing at relatively fixed [NII]/Hα. AGN are mostly located
in the upper right corner of the diagram, typically described by both higher [NII]/Hα
and [OIII]/Hβ 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]/Hα and
[OIII]/Hβ, 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]λ5007/Hβ) vs
log([SII]λ6716 + λ6731/Hα) 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.
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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
< z < 3.4 from the literature in order to assess the validity of the L(Hβ) - σ 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 Chávez 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(Hβ) - σ
relation for HIIGx.

2 The objects at high redshift cover the following ranges in their physical parameters:
39.84 < L(Hβ) < 43.59, -0.97 < SFR(Hβ) < 2.78, 6.41 < Log M∗ < 10.43, 8.87 < Log
Mdyn < 11.75, 2.04 < Log reff < 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(Hβ) - σ 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 Chávez et al. 2014, we find an
evident flattening in the L(Hβ) - σ relation. This flattening starts at approximately
log(σ) = 1.8 km s−1, 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 HIIGx with log(σ) > 1.8 km s−1 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(Hβ)-σ 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∗ - Mdyn

relation also can be related to the radii estimates, which are affected by the seeing and
instrumental resolution of the observations.

7 The [OIII]/Hβ vs [NII]/Hα 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(Hβ)= 42.2± 0.3 erg s−1 as a standard candle for 103 HIIGx at high redshift
with log(σ) > 1.8 km s−1, we obtain strong restrictions on the plane { Ωm, w0 }.

The combination of our sample at high redshift with the local sample of 156 (HIIGx
and GEHRs) from Chávez et al. (2014) and Terlevich et al. (2015) dramatically im-
proves the constraints on the plane Ωm, w0. 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 {Ωm, w0} 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 I 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 - σ distance estimator and its application in cosmology.

4 I will explore in detail the observed flattening in the L - σ relation for objects with
Log(σ) > 1.8 km s−1 and its use as a standard candle, which is an independent method
to determine cosmological parameters, in particular Ωm and w0.

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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