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Abstract

Galaxy SEDs contain a wealth of information about their stellar populations with the UV

region tracing their hot component. In young populations this hot component comes from

luminous O and B-type stars whereas, in old populations a hot component can be produced

after sufficient mass loss, a phenomenon known as the UV upturn.

The UV region of galaxies remains relatively unexplored and models lack calibration due

to the paucity of observational data. However, by investigating features seen in the UV region

it may be possible to explore both types of population with the potential to find indicators

that can differentiate between the two.

I exploit stellar population models of absorption line indices in the mid-UV (from 2000

- 3200Å) to study the spectra of massive galaxies. The central aim is to investigate the

occurrence at high redshift of the UV upturn, i.e. the increased UV emission due to old stars

observed in massive galaxies and spiral bulges in the local Universe.

I use a large sample (∼ 275,000) of z ≥ 0.6 massive (log(M∗/M⊙)& 11) galaxies taken

from the Sloan Digital Sky Survey (SDSS) - III Baryon Oscillation Spectroscopic Survey

(BOSS). I use both individual spectra and stacks and employ a suite of models including

a UV contribution from old populations, spanning various effective temperatures, fuel

consumptions, and metallicities.

By investigating the effect of the UV upturn on the strength of mid-UV indices I find a

subset that are able to differentiate between old and young UV ages; Mg I, Fe I, and BL3096.

I find evidence for old stars contributing to the UV in massive galaxies, rather than star

formation. The data favour models with low/medium upturn temperatures (10,000 - 25,000K)

consistent with local galaxies, depending on the assumed metallicity, and with a larger fuel

( f ∼ 6.5 · 10−2M⊙). Models with only one temperature are favoured over models with a

temperature range, which would be typical of an extended horizontal branch.
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Old UV-bright populations are found in the whole working sample (92%), with a mass

fraction peaking around 10 - 20%. Upturn galaxies are massive and have redder colours, in

agreement with findings in the local Universe. I find that the upturn phenomenon appears at

z ∼ 1 and its frequency increases towards lower redshift, as expected by the stellar evolution

of low mass stars. These findings will help to constrain stellar evolution in the little explored

UV upturn phase.

The highest redshift galaxies are young and hence exhibit a pronounced UV spectrum

due to their massive star components. The UV rest-frame is also what is actually sampled

via optical and near-IR observations at these high redshifts. However, a comprehensive study

of UV absorption lines, which may provide useful indicators for physical properties such as

stellar age and metallicity, is still lacking.

I exploit stellar population models of absorption line indices in the far-UV (1200 - 1900Å)

to study the spectra of young high-z galaxies. Using high-z spectra from Sommariva et al.

(2012), Erb et al. (2010), and VVDS, the central aim of this analysis is to assess the ability

of the model indices to recover the stellar ages and metallicities found in the literature.

Using a set of far-UV indices I fit both SSPs and CSPs to the strength of the absorption

features found in the data as well as fitting the full far-UV spectral region. A simple test

using mock galaxies shows the effect of dust to be negligible when fitting the indices in

combination however, there may be more complicated effects that are not modelled well.

The analysis shows that currently it is not possible to reliably derive the stellar ages or

metallicities of high-z galaxies using the methods explored in this work. The large range

of χ2 values for the model fitting is likely due to the errors of the spectral indices being

underestimated and the low quality of the UV data. However, issues may also lie on the

model side. Emission lines are known to effect the far-UV region and could contaminate the

absorption features investigated in this work. The spectra analysed have not been "cleaned"

of emission lines and such features are not included in theoretical modelling.
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Chapter 1

Introduction

Galaxies are systems containing hundreds of billions of stars, and are one of the main building

blocks of the Universe. Understanding how galaxies formed and evolved is a key goal of

modern day astrophysics.

Galaxies sit against the backdrop of cosmology. Cosmological studies, such as mea-

surements of the sky in the microwave region (Mather et al. (1994)), have shown a wealth

of evidence supporting the hot ‘Big Bang’ theory, the prevailing cosmological model for

the Universe from its earliest known periods through to its subsequent large-scale evolution

(Lemaître (1931), Gamow (1946)).

Anisotropies in the measured cosmic microwave background (CMB, first detected in

Smoot et al. (1992)) indicate that there were primordial fluctuations in the early Universe,

resulting in a spatially varying density. This varying density caused matter, driven by gravity,

to leave underdense regions and accumulate in dense regions before cooling and collapsing

to form the beginnings of the structures that we observe today.

Evaluating the fundamental properties of the Universe, such as its age, can only be

achieved if we have detailed knowledge of the processes that take place in stars and galaxies.

For example, measurements of the Hubble constant depend on understanding the brightest

stars in cluster galaxies (Sandage (1958)), and a firm grasp of how galaxies populate the

underlying density distribution of the Universe, known as galaxy bias (White and Rees

(1978)), is needed to relate measurements of large scale structure with the measurements of

the CMB anisotropies. The only way we can infer the composition of the Universe is through

the light produced by stars and galaxies.
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Age-dating stars and galaxies can provide an independent check of the formation

timescales deduced from cosmological models; however, this is not a simple task. Galaxies

as a population are extremely diverse and complex systems and the study of them still

contains many unsolved problems. It is therefore necessary to understand what processes are

important in the formation and evolution of different types of galaxies and why.

Thanks to major advancements in the field of stellar population analysis, both theoretically

and observationally, there has been an increase in the amount of information that can be

obtained about a galaxy from the study of its light. This information is extracted using a

technique called stellar population modelling, which uses the principles of stellar evolution

to build model galaxies. This allows observed quantities to be transformed into physical

properties such as age and metallicity.

In this introduction I describe and explain the diversity of galaxy properties and their

classification. I will later introduce important concepts in galaxy formation and evolution

before discussing the background of stellar population modelling. I will also introduce

observations of galaxies in the ultraviolet (UV), showing how both young and old populations

have been observed, as this is the primary focus of this thesis.

1.1 Galaxy Classification

Galaxies come in many different types and were first classified by Edwin Hubble by the

Hubble sequence, or "tuning fork", (Hubble (1926)) using observations of galaxies seen in

Figure 1.1. This original classification system was later expanded on by de Vaucouleurs

(1959) and Sandage (1961) to include more detailed structural features.

An example of the Hubble sequence can be seen in Figure 1.2. On the left hand side

are elliptical galaxies, diffuse systems that are dominated by random stellar motions and

supported by their own velocity dispersion. These elliptical galaxies appear redder in colour

and contain old, metal-enriched stars that formed in a relatively short period early on in the

history of the Universe (Thomas et al. (2005)). These galaxies tend to be massive and are

more commonly found in denser environments (Kauffmann et al. (2003b)).
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Fig. 1.1 Reprinted from Hubble (1926). Observations of galaxies used to define the original Hubble sequence.
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Fig. 1.2 A schematic showing the Hubble sequence for classifying galaxy type. Source:
http://iopscience.iop.org/article/10.1086/310095/fulltext/fg1.gif

On the right hand side are spiral galaxies, with their mass located in a central bulge,

disk(s), and a faint halo. Like elliptical galaxies the bulges and halos are dominated by

dispersion with the stellar motion in the disks being rotation dominated. Spiral galaxies

show structural features like distinct spiral arms which contain high concentrations of star

formation. They are typically bluer than ellipticals and are generally not as massive. They

are also typically found in less dense environments.

Spiral galaxies have more continuous star formation histories across the history of the

Universe and contain less metal-enriched stars. The size of the bulge and the tightness of

the spiral arms in the galaxy determines its place along the Hubble sequence with the bulges

becoming smaller and the arms less tightly wound towards the right of the sequence. Spiral

galaxies can also contain a bar in the central part of the galaxy, dividing the spiral galaxies

into two categories, barred and unbarred, creating two branches on the right hand side (de

Vaucouleurs (1959)).

In the middle of the Hubble sequence are S0 galaxies, known as lenticular galaxies. These

objects have both a massive bulge component and a disk with no visible spiral structure.
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Observationally, galaxies broadly fall into two groups when analysing the light they

produce: early-type galaxies and late-type galaxies (Meneux et al. (2006)). Early-types are

generally morphologically classified as elliptical or spheroid, containing old metal rich stars

formed in a short period at high redshift (Thomas et al. (2010)). Conversely, late-types are

generally morphologically disk or spiral galaxies with more continuous star formation and

less metal-enriched stars.

As well as the differences seen in the structural features of early-type and late-type

galaxies, they show distinct environmental differences as populations of galaxies such

as groups and clusters of galaxies being dominated by early-types, with lower density

environments being dominated by late-types (Pannella et al. (2009)).

These galaxy types also show marked differences as individual systems, most prominently

a colour bimodality. Early-type galaxies occupy a tight sequence in colour-magnitude

diagrams, known as the red sequence, whereas late-type galaxies form a less distinct sequence

at bluer colours, known as the blue cloud (Baldry et al. (2004)).

This bimodality arises from the different stellar populations found within the different

morphologies. Massive, short-lived stars have bluer colours and stars, in general, become

redder as they evolve and age. Early-type galaxies experience very low or negligible star

formation rates, instead evolving passively into old, red stellar populations (Thomas et al.

(2005)). Late-type galaxies show significant star formation and are therefore populated with

a considerable fraction of young, blue stars (Tremonti et al. (2004)).

This split in colour can be seen in Figure 1.3, taken from Schawinski et al. (2014), which

shows the dust corrected u− r colours of galaxies as a function of their stellar mass. A

larger value of this colour indicates that the galaxy emits more light at longer wavelengths,

appearing redder.

1.2 Cosmology & Galaxy Formation

1.2.1 Components of the Universe

Recent studies of the cosmic microwave background radiation (CMBR) by the Planck

collaboration have estimated that ∼4% of the total mass density of the Universe is comprised
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892 K. Schawinski et al.

3.1.1 The colour–mass diagram

The observed u ! r colour–mass diagrams of galaxies by morphol-
ogy at z " 0 are shown in Fig. 2. Contours in each panel show
the linear density of galaxies and green lines indicate the location
of the green valley, defined from the all-galaxy panel at the upper
left. The right-hand panels show only early types (top) or late types
(bottom). These colour–mass diagrams, which constitute one of the
two main starting points of our analysis, lead us to the following
two important findings.

(i) Both early- and late-type galaxies span almost the entire u ! r
colour range, that is, the classification by morphology reveals pop-
ulations of blue early-type galaxies and of red late-type galaxies
(e.g. Schawinski et al. 2009a; Masters et al. 2010b).

(ii) The green valley appears as a dip between bimodal colours
only in the all-galaxies panel; within a given morphological class,
there is no green valley, just a gradual decline in number den-
sity. Most early types lie in the red sequence with a long tail of
"10 per cent of the population reaching the blue cloud, which could
represent a population in rapid transition, commensurate with the
original idea of the green valley as a transition zone. The late-type
galaxies, however, do not separate into a blue cloud and a red se-
quence, but rather form a continuous population ranging from blue
to red without a gap or valley in between.

The traditional interpretation (and visual impression) from the all-
galaxies diagram – that blue star-forming galaxies evolve smoothly

and quickly across the green valley to the red sequence – changes
when viewed as a function of morphology.

Specifically, the impression of bimodality in the all-galaxies
colour–mass diagram depends on the superposition of two separate
populations: late types that are mostly in the blue cloud, decreasing
smoothly all the way to the red sequence, and early types, a few of
whose colours reach all the way to the blue cloud. Consideration
of the indeterminate morphology galaxies (see Section 3.4) actu-
ally strengthens this conclusion, as they are mostly blue discs with
prominent red bulges, hence the green colours.

The blue late-type galaxies, in particular, show no signs of rapid
transition to the red sequence; indeed, they must take a very long
time to reach the red sequence (Section 3.3). The early types do
appear to transition quickly across the green valley, in that there are
few of them with green colours and even fewer with blue colours.
This suggests the bluest early types might have been produced by
major mergers of late types.

The demographics of galaxies by colour and morphology in
Table 1 make the point about evolutionary time-scale very clearly
(for the moment ignoring changes from one morphology into the
other): early types spend most of their time on the red sequence,
while late types remain in the blue cloud for most of their lifetimes.

3.1.2 The extinction-corrected colour–mass diagram

Dust extinction reddens galaxies, and significant reddening from
blue to red has been reported for high-redshift galaxies (e.g.

Figure 2. The u ! r colour–mass diagram for our sample. In the top left, we show all galaxies, whereas on the right, we show the early-type (top) and late-type
galaxies (bottom); green lines show the green valley defined by the all-galaxy diagram. This figure illustrates two important findings: (1) Both early- and
late-type galaxies span almost the entire u ! r colour range. Visible in the morphology-sorted plots are small numbers of blue early-type (top) and red late-type
(bottom) galaxies (e.g. Schawinski et al. 2009a; Masters et al. 2010b). (2) The green valley is a well-defined location only in the all-galaxies panel (upper left).
Most early-type galaxies occupy the red sequence, with a long tail (10 per cent by number) to the blue cloud at relatively low masses; this could represent blue
galaxies transiting rapidly through the green valley to the red sequence. More strikingly, the late types form a single, unimodal distribution peaking in the blue
(these are the main-sequence star formers) and reaching all the way to the red sequence, at higher masses, with no sign of a green valley (in the sense of a
colour bimodality). The contours on this figure are linear and scaled to the highest value in each panel.

MNRAS 440, 889–907 (2014)
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Fig. 1.3 Reprint from Schawinski et al. (2014). Dust corrected u− r colour-mass diagrams
for a sample of galaxies from SDSS. (dust correction determined from SDSS galaxy spectra).
The left panel shows the entire galaxy sample with the top right and bottom right panels split
into early-type and late-type galaxies respectively.
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of baryonic matter. This is the matter that we can observe; it refers to all atoms, dust,

gas, planets, stars, and galaxies that exist in the Universe. The rest of the mass density is

composed of two components.

∼22% of the Universe is made up of so-called ‘dark matter’. This is invisible to the eye

and thought to interact with gravitational forces alone. This matter can only be detected by

observing its effect on astronomical objects such as using gravitational lensing and studying

galaxy rotation curves.

The remaining ∼70% is thought to take the form of ‘dark energy’. Dark energy was

introduced as a possible explanation of the accelerating expansion of the Universe, first

observed via measurements of Type 1a Supernovae (Perlmutter et al. (1999)). A variety of

dark energy models have been proposed including the Cosmological constant (Λ) model

(Carroll (2001), and references therein). In this model the density of the dark energy is

assumed to be a constant through time and space.

The current paradigm for cosmology in which galaxies form is the Λ Cold Dark Matter

(ΛCDM) model. At the heart of the ΛCDM framework is the Cosmological Principle which

states that the Universe is both isotropic and homogeneous on large enough scales. The

model assumes that gravity is described by Einstein’s theory of General Relativity and the

expansion of the Universe is governed by the Friedmann equations and the cosmological

equation of state.

In the ΛCDM model the dark matter is referred to as ‘cold’ because it is assumed to

move at non-relativistic speeds rather than relativistic (warm) or ultra-relativistic (hot) speeds.

The CDM half of the model, proposed by White and Rees (1978), has been established

observationally by many different studies such as Zwicky (1937), Rubin et al. (1985), Percival

et al. (2001), and Spergel et al. (2003).

Zwicky (1937) studied the redshifts of various galaxy clusters and noticed a large scatter

in the apparent velocities of eight galaxies within the Coma cluster, with differences that

exceeded 2000 kms−1. He extended his analysis of the Coma cluster, applying the virial

theorem to the cluster in order to estimate its mass.

The virial theorem relates the mass, M, of an object to its radius, R, and velocity, v by
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M =
3Rv2

5G
, (1.1)

where G is the gravitational constant.

From the observed velocity dispersion of 700 kms−1, and using a radius of 2×106 light-

years, Zwicky obtained a conservative lower limit on the mass of the cluster of 4.5×1013M⊙.

This gives an average mass-per-galaxy of 4.5×1010M⊙ assuming 1000 galaxies lie within

the cluster radius.

By then assuming an average absolute luminosity for cluster galaxies of 8.5× 107L⊙,

Zwicky showed that this led to a surprisingly high mass-to-light ratio of ∼ 500, significantly

higher than expected from the luminosity alone. Zwicky stated that in order to derive

trustworthy masses from absolute luminosities we must know how much dark matter is

incorporated in galaxies in the form of cool and cold stars, macroscopic and microscopic

solid bodies, and gases (Zwicky (1937)).

Rubin et al. (1985) presented rotational velocities for 16 Sa galaxies and found the

rotation curves to bear little resemblance to the predictions from the distribution of optical

luminosities, see Figure 1.4.

The Sa rotation curves were found to exhibit a similar progression with luminosity as Sb

and Sc galaxies. Sa galaxies with low luminosity were found to have generally low central

velocity gradients and low rotational velocities. This is in contrast to high luminosity Sa

galaxies which have high central velocity gradients and high rotational velocities.

Rubin proposed that the visible material in spiral galaxies could only contribute up to

half the total mass within the optically defined radius. The dark matter was likely to consist

of two components: one disk-like, the other arranged in a nearly spherical distribution due to

the derived mass-to-luminosity ratios and the overall similarity of the forms of the rotation

curves for spirals of very different morphologies.

Percival et al. (2001) presented the power spectrum of the galaxy distribution of the

2dF Galaxy Redshift Survey (2dFGRS) which had measured the redshifts of over a 160,000

galaxies. The power spectrum was calculated using a direct Fourier transform based technique

and an estimate of it can be seen in Figure 1.5 (a).
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(a) Sa galaxy rotation curves.

(b) Observed and expected galaxy rotation curves.

Fig. 1.4 Galaxy rotation curves. (a) shows rotation curves for 16 Sa galaxies showing the mean velocity in the plane of the
galaxy as a function of linear radius. Galaxies are arranged from low luminosity at the top to high luminosity at the bottom.
Reprint from Rubin et al. (1985). (b) shows the difference between observed and expected galaxy rotation curves, taken from
https://thecuriousastronomer.wordpress.com/2013/02/07/searching-for-wimps/.
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TT+lowP+lensing
Parameter 68% limits

Ωbh2 0.02226±0.00023
ΩΛ 0.692±0.012
Ωm 0.308±0.012

Table 1.1 Parameter 68% confidence limits for the base ΛCDM model from Planck CMB
power spectra, in combination with lensing reconstruction and the low-ℓ Planck temperature
+ polarisation likelihood. (Planck Collaboration et al. (2015)).

By convolving the model spectra they were able to fit the power-spectrum data and provide

a measure of the matter content of the Universe. Their analysis yielded 68% confidence limits

on the total matter density time the Hubble parameter Ωmh = 0.20± 0.03 with a baryon

fraction of Ωb/Ωm = 0.15±0.07 (assuming scale-invariant primordial fluctuations). Figure

1.5 (b) shows the likelihood surfaces for the best-fitting linear power spectrum. A degeneracy

is seen between Ωmh and the baryon fraction Ωb/Ωm with two local maxima in the likelihood.

It is the low-density model, towards the bottom left of (b) that provides the best-fit solution.

Spergel et al. (2003) used precision data from WMAP (Wlkinson Microwave Anisotropy

Probe) observations to test cosmological models. Using a simple power-law ΛCDM model

they found an acceptable fit to both the WMAP temperature angular power spectrum, seen

in Figure 1.6, and the temperature polarisation angular power spectrum. The basic model

consisted of a flat universe with radiation, baryons, cold dark matter and cosmological

constant, and a power-law spectrum of adiabatic primordial fluctuations.

The best-fit parameters for the matter and baryon densities (within 68% confidence range)

were found to be: Ωmh2 = 0.14±0.02 and Ωbh2 = 0.024±0.001.

More recently, the Planck collaboration presented cosmological results based on the

full-mission Planck observations of temperature and polarisation anisotropies of the CMB

radiation (Planck Collaboration et al. (2015)). The results for Ωbh2, ΩΛ, and Ωm can be seen

in Table 1.1.

As well as successfully fitting CMB anisotropies and the 2-point statistics of the distribu-

tion of galaxies measured in surveys and the baryon acoustic oscillations the ΛCDM model

can account for the abundances of hydrogen and helium within the Universe.
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use these mock catalogues to demonstrate that for k ,

0:15 hMpc21 the only important effect on the power spectrum is

the convolution with the window function.

Fig. 4 shows a collection of power spectra calculated from

samples drawn from the LCDM and tCDM Hubble volume

simulations (see Cole et al. 1998; Baugh et al., in preparation, and

http://star-www.dur.ac.uk/,cole/mocks/main.html for details).

The large catalogues constructed in this work were re-sampled

depending on angular position and redshift to match the correct

window function for the 2dFGRS data. Power spectra were

calculated exactly as for the 2dFGRS data. Fig. 4 illustrates the

factors that transform the linear mass power spectrum into the non-

linear galaxy spectrum. Panel (a) shows the power spectrum of the

mass at z ! 0. This demonstrates the increase in power on small

scales caused by the collapse of haloes. Panel (b) differs in that we

now have to consider the effect of bias (artificially added to the

simulation), and the window function. In panel (c), we analyse

samples designed to mimic the 2dFGRS data as closely as possible,

including redshift-space effects: the Finger-of-God effect that

decreases small-scale power, and the Kaiser effect that enhances

the power. The redshift-space and non-linear effects cancel to some

extent and give approximately the correct level of P(k) out to

k , 0:5 hMpc21. However, the shape of the power spectrum is

altered for k * 0:2 hMpc21.

We will therefore assume that, at k , 0:15 hMpc21, redshift

space distortions and non-linear effects have an insignificant effect

on the shape of P(k). Allowing the normalization to vary removes

any large-scale constant bias; the bias is not expected theoretically

to vary significantly with k on these large scales (Kauffmann,

Nusser & Steinmetz 1997; Benson et al. 2000). In the future,

measurements of b;V0:6
m /b from redshift-space distortions as a

function of scale will test directly the degree to which this is true

(see Peacock et al. 2001 for the first 2dFGRS results on redshift-

space distortions). This region of the power spectrum therefore

directly provides information about the shape of the linear power

spectrum, and can be used with models of the transfer function to

provide constraints on cosmological parameters. Although this

conclusion has only been justified here for two specific assumed

models, we have performed similar tests on a wider range of

models. In Table 1, we show explicitly how the results depend on

the range of wavenumber considered.

5 ESTIMATING THE COVARIANCE MATRIX

The P(k) data points in Fig. 3 are not independent, and correlations

extend across finite regions of k-space. This is predominantly

caused by the convolution with the window function, although

there is also a contribution from non-linear effects (Meiksin &

White 1999; Scoccimarro, Zaldarriaga & Hui 1999) and redshift-

space effects. Particular care must therefore be taken in

interpreting ‘wiggles’ in the power spectrum as significant

features. In order to quantify these correlations, we have estimated

the covariance matrix for the data points with k , 0:15 hMpc21
:

A large number of independent realizations of P(k) are required

in order to have sufficient signal-to-noise in the covariance matrix.

It would be too time-consuming to perform separate numerical

simulations for each data set. Instead, we have created 1000

realizations of a Gaussian random field on a 256 " 256 " 128 grid

covering the region of the 2dFGRS survey. For k , 0:15 hMpc21
;

using a smaller grid than that used for the 2dFGRS data does not

significantly affect the result, and reduces the computational

burden. The resulting power spectra, determined as for the

2dFGRS data, were used in Section 3.2 to demonstrate the effect of

convolving P(k) by the window function. These realizations

provide an estimate of the cosmic variance within the 2dFGRS

volume. The contribution from shot noise has been calculated by

analysing similar Monte Carlo realizations, and has been included

in our estimate of the covariance matrix.

Estimating the covariance matrix in this way does not take into

account non-linear and redshift-space effects, which add to the

covariances. However, these effects should be small over the region

of k-space that we are fitting. As a test of this, we have estimated

the covariance matrix using 10 catalogues drawn from Vm h !
0:25 Vb/Vm ! 0 CDM simulations with different phases by Cole

et al. (1998). These catalogues were calculated using Cole et al.

(1998) bias model 1. The correlations calculated over the k-space

region 0:02 , k , 0:15 hMpc21 were similar in scale to those

calculated from the Gaussian fields. However, we find that the

errors in P(k) calculated from numerical simulations are 16 per

cent larger than those determined from Gaussian simulations,

although there is no evidence for a change in shape of the diagonal

elements of the covariance matrix for k , 0:15 hMpc21. We do see

a change at k . 0:15 hMpc21 that is consistent with non-linear and

redshift-space effects, which are expected to be an increasing

function of k. In this work we adopt the conservative approach and

renormalize the covariance matrix calculated from the Gaussian

realizations to match the normalization of the numerical

simulations, whilst keeping the correlation matrix the same. This

renormalization does not significantly affect the primary results of

this paper: the derived best-fitting parameters are the same with or

without this renormalization.

6 F ITT ING TO THE POWER SPECTRUM

6.1 Model parameters

Model power spectra for different cosmologies have been created

Figure 3. The 2dFGRS estimate of the redshift-space galaxy power

spectrum, expressed as the ratio to a linear-theory CDM P#k;Vm h !
0:2;Vb/Vm ! 0$ power spectrum with n ! 1 & s8 ! 1. These data do not

estimate the true power spectrum, but give the power spectrum convolved

with the window function (see Section 3.2). Error bars are determined from

the diagonal elements of the covariance matrix (calculated in Section 5), for

the 0:02 , k , 0:15 hMpc21 data constrained by the vertical dotted lines.

This is the region fitted in Section 6.4.
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(a) The 2dFGRS estimate of the redshift-
space galaxy power spectrum.

covariance matrix calculated from Gaussian realizations of linear

density fields, as described in Section 5. The best-fitting power

spectrum parameters are only weakly dependent on the model

power spectrum that was assumed in calculating the covariance

matrix: we have considered a number of input power spectra and

find x2min close to the expected value for all of them. In fact, we

used an iterative procedure leading to this choice of covariance

matrix. Initially we adopted a Vm h ! 0:25, Vb/Vm ! 0 power

spectrum, and then adopted the values Vm h ! 0:2 and Vb/Vm !
0:16 which are close to the best-fitting values determined with this

covariance matrix.

The likelihood contours in Vb/Vm versus Vm h for this fit are

shown in Fig. 5. At each point in this surface, we have marginalized

by integrating the likelihood surface over the two free parameters,

h and the power spectrum amplitude. The result is not significantly

altered if the modal or maximum likelihood (ML) points in the

plane corresponding to power spectrum amplitude and h were

chosen instead. The likelihood function is also dependent on the

covariance matrix (which should be allowed to vary with

cosmology), although the consistency of the results from

covariance matrices calculated for different cosmologies shows

that this dependence is negligibly small. Thus L/exp"2x 2/2# in
practice.

Fig. 5 shows that there is a degeneracy between Vm h and the

baryonic fraction Vb/Vm. However, there are two local maxima in

the likelihood, one with Vm h . 0:2 and ,20 per cent baryons,

plus a secondary solution Vm h . 0:6 and ,40 per cent baryons.

Assuming a uniform prior for h over a factor of 2 is arguably

over-cautious, and we have therefore multiplied by a Gaussian

prior h ! 0:7^ 10 per cent in Fig. 6. This corresponds to

multiplying by the likelihood from external constraints such as the

Hubble Space Telescope key project (Freedman et al. 2001). The

effect is to tighten the contours around the above two models. The

low-density model now becomes approximately

Vm h ! 0:20^ 0:03; Vb/Vm ! 0:15^ 0:07: "6#

The errors quoted are rms errors, and have been calculated by

integrating over the branch of solutions of interest. Analysing

mock catalogues drawn from the LCDM Hubble volume

simulation produces similar rms errors, and shows that, for each

parameter, the interval defined by the appropriate error is close to a

68 per cent confidence interval (see Section 6.4).

The 2dFGRS data are compared to the best-fitting linear

power spectra convolved with the window function in Fig. 7.

This shows where the two branches of solutions come from: the

low-density model fits the overall shape of the spectrum with

relatively small ‘wiggles’, while the solution at Vm h . 0:6

provides a better fit to the bump at k . 0:065 hMpc21, but fits the

overall shape less well.

6.3 Robustness of the fit

We have tried varying the range of k for the fit, the assumed power-

law index of the primordial fluctuations, and the assumed

geometry. The best-fitting Vm h and Vb/Vm for a variety of

assumptions are presented in Table 1 along with approximate

errors. h ! 0:7^ 10 per cent was assumed for this analysis. The

shape of the likelihood surfaces and the position of the minimum

recovered from each of these fits are similar, and the ML values

generally change by !1s. The main effect of changing

assumptions is in how rapidly the likelihood falls away from the

ML point.

Perhaps the main point to emphasize here is that the results are

not greatly sensitive to the assumed tilt of the primordial spectrum.

We have used the CMB results to motivate the choice of n ! 1, but

it is clear that very substantial tilts are required to alter our

conclusions significantly: n . 0:8 would be required for the zero-

baryon model to become an acceptable fit, within 1s of the

preferred model.

We have also fitted models to power spectra calculated from two

Figure 5. Likelihood surfaces for the best-fitting linear power spectrum

over the region 0:02 , k , 0:15 hMpc21. The normalization is a free

parameter to account for the unknown large-scale biasing. Contours are

plotted at the usual positions for one-parameter confidence of 68 per cent,

and two-parameter confidence of 68, 95 and 99 per cent (i.e.

22 ln"L/Lmax# ! 1; 2:3; 6:0 and 9.2). We have marginalized over the

missing free parameters (h and the power spectrum amplitude) by

integrating under the likelihood surface.

Table 1. Maximum likelihood (ML)Vmh andVb/Vm parameters for fits to
the 2dFGRS power spectrum, varying the range of k-space fitted, the power-
law index n of the primordial spectrum and the matter density of the flat
cosmology assumed to estimate the comoving distance to each galaxy. The
maximum likelihoodVmh andVb/Vm parameters are also presented for fits
to the power spectra calculated from the NGP and SGP data subsets. For
these subsets, the 0:02 , k , 0:15 data were fitted assuming a scale-
invariant primordial spectrum and a flat Vm ! 0:3 cosmology to estimate
the comoving distance to each galaxy. All of these fits used covariance
matrices calculated from Gaussian realizations of a Vmh ! 0:2, Vb/Vm !
0:16 CDM power spectrum.

k (hMpc21) n Assumed ML parameters
min. max. Vm for r(z ) Vmh Vb/Vm

0.02 0.15 1.0 1.0 0.23^ 0.03 0.18^ 0.07
0.02 0.15 1.0 0.4 0.20^ 0.03 0.16^ 0.07
0.02 0.15 0.9 0.3 0.22^ 0.03 0.12^ 0.07
0.02 0.15 1.1 0.3 0.18^ 0.03 0.19^ 0.07
0.015 0.15 1.0 0.3 0.20^ 0.03 0.14^ 0.07
0.03 0.15 1.0 0.3 0.20^ 0.03 0.15^ 0.07
0.02 0.10 1.0 0.3 0.17^ 0.04 0.18^ 0.08
0.02 0.12 1.0 0.3 0.18^ 0.03 0.17^ 0.07
0.02 0.15 1.0 0.3 0.20^ 0.03 0.15^ 0.07

NGP data subset 0.18^ 0.05 0.14^ 0.10
SGP data subset 0.22^ 0.04 0.13^ 0.08
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(b) Likelihood surfaces for the best-
fitting linear power spectrum.

Fig. 1.5 Reprint from Percival et al. (2001). (a) Shows the 2dFGRS estimate of the redshift-
space galaxy power spectrum, expressed as the ratio to a linear-theory CDM power spectrum.
Error bars are determined from the diagonal elements of the covariance matrix. (b) Shows
the likelihood surfaces for the best-fitting linear power spectrum over the region 0.02 < k <
0.15hMpc−1. Contours are plotted at the usual positions for one-parameter confidence of
68%, and the two-parameter confidence of 68, 95, and 99%. The normalisation is a free
parameter to account for the unknown large-scale biasing and the missing free parameters (h
and the power spectrum amplitude) are marginalised over by integrating under the likelihood
surface.

!2
eff=" ! 1:09, which for 893 degrees of freedom has a prob-

ability of 3%.Most of the excess !2
eff is due to the inability of

the model to fit sharp features in the power spectrum near
‘ " 120, the first TT peak and at ‘ " 350. In Figure 3 we
show the contribution to !2

eff per multipole. The overall
excess variance is likely due to our not including several
e!ects, each contributing roughly 0.5%–1% to our power
spectrum covariance near the first peak and trough: gravita-
tional lensing of the CMB (Hu 2001), the spatial variations
in the e!ective beam of theWMAP experiment due to varia-
tions in our scan orientation between the ecliptic pole and
plane regions (Page et al. 2003a; Hinshaw et al. 2003a), and
non-Gaussianity in the noise maps due to the 1=f striping.
Including these e!ects would increase our estimate of the
power spectrum uncertainties and improve our estimate of
!2
eff . Our next data release will include the corrections and

errors associated with the beam asymmetries. The features
in the measured power spectrum could be due to underlying
features in the primordial power spectrum (see x 5 of Peiris

et al. 2003), but we do not yet attach cosmological
significance to them.

Table 1 lists the best-fit parameters using theWMAP data
alone for this model and Figure 4 shows the marginalized
probabilities for each of the basic parameters in the model.
The values in the second column of Table 1 (and the subse-
quent parameter tables) are expectation values for the
marginalized distribution of each parameter, and the errors
are the 68% confidence interval. The values in the third
column are the values at the peak of the likelihood function.
Since we are projecting a high dimensional likelihood func-
tion, the peak of the likelihood is not the same as the expect-
ation value of a parameter. Most of the basic parameters
are remarkably well determined within the context of this
model. Our most significant parameter degeneracy (see
Fig. 5) is a degeneracy between ns and # . The TE data favors
# " 0:17 (Kogut et al. 2003); on the other hand, the low
value of the quadrupole (see Fig. 1 and x 7) and the rela-
tively low amplitude of fluctuations for ‘ < 10 disfavor high
# as reionization produces additional large-scale anisotro-
pies. Because of the combination of these two e!ects, the
likelihood surface is quite flat at its peak: the likelihood
changes by only 0.05 as # changes from 0.11 to 0.19. This
particular shape depends upon the assumed form of the
power spectrum: in x 5.2, we show that models with a scale-
dependent spectral index have a narrower likelihood
function that is more centered around # ! 0:17.

Fig. 1.—Comparison of the best-fit power-law !CDM model to the
WMAP temperature angular power spectrum. The gray dots are the
unbinned data. [See the electronic edition of the Journal for a color version of
this figure.]

Fig. 2.—Comparison of the best-fit power-law !CDM model to the
WMAP temperature angular power spectrum.

Fig. 3.—Contribution to 2 lnL per multipole binned at D‘ ! 15. The
excess !2 comes primarily from three regions, one around ‘ " 120, one
around ‘ " 200, and the other around ‘ " 340.

TABLE 1

Power-Law !CDMModel Parameters:WMAP Data Only

Parameter
Mean

(68%Confidence Range)
Maximum
Likelihood

Baryon density,"bh2....... 0:024# 0:001 0.023
Matter density,"mh2....... 0:14# 0:02 0.13
Hubble constant, h .......... 0:72# 0:05 0.68
Amplitude,A .................. 0:9# 0:1 0.78
Optical depth, # ............... 0:166$0:076

%0:071 0.10
Spectral index, ns ............. 0:99# 0:04 0.97
!2
eff=" .............................. 1431/1342

Note.—Fit toWMAP data only.
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Fig. 1.6 Reprint from Spergel et al. (2003). Comparison of the best-fit power-law ΛCDM
model to the WMAP temperature angular power spectrum. The grey dots are unbinned data.
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1.2.2 Galaxy Formation

In order for a galaxy to form, two processes must occur: mass assembly and star formation.

Structures in the ΛCDM model are assumed to form hierarchically (White and Rees

(1978)). This means that at first, many small bodies of matter are formed which then merge

to form larger and larger bodies.

Firstly, a sufficient overdensity of matter in the Universe must undergo gravitational

collapse. Current models of structure formation suggest that there is a dominant dark matter

component, required to form the amount of structure seen in the Universe, that collapses to

a relaxed state known as a dark matter halo. Embedded within this halo is baryonic matter

which continues to cool and collapse.

At some point the baryonic matter begins to fragment until parts of it reach a density

sufficient to ignite the core of the matter through nuclear fusion. This provides outwards

radiation pressure, balancing the inwards gravitational collapse and forming stars. Addition-

ally, the matter at the centre of forming galaxies reaches a high enough density to collapse

down into a supermassive black hole, although the physics behind this process is still much

unknown.

The further internal evolution of galaxies is described by processes affecting the baryonic

matter, a discussion of which can be seen in Section 1.3. Galaxies may also interact with one

another via processes such as merging.

1.3 Galaxy Evolution

Once a galaxy has formed, there are several processes that can play important roles in its

evolution. In this Section I briefly discuss some of the process that galaxies can go through in

the later stages of their evolution, both internally and externally. Figure 1.7 shows a flowchart

portraying some of the key processes involved in galaxy formation and evolution.

Secular evolution:

This evolutionary process is governed by the internal properties of a galaxy or long term

interactions with its local environment. The internal processes involved include feedback

processes from stars and supermassive black holes, the recycling of gas and dust from dying
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1.4 Galaxy formation 12

cosmological initial and boundary conditions
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Fig. 1.6 Flowchart of some of the processes involved in galaxy formation and evolution.
The shaded boxes show the outputs which are different types of galaxies. Flowchart is
adapted from Mo, van den Bosch & White (2010�.

Fig. 1.7 Adapted from Mo et al. (2010). A flowchart of processes involved in galaxy
formation and evolution.
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stars, further cooling of hot matter, and further star formation from cool matter. External

processes may also occur including the inflow of new baryonic matter and the outflow of

material from the galaxy following strong feedback processes.

Only disk galaxies undergo this slow evolution, with spiral arms, galactic bars, and

pseudo-bulges amongst features, believed to drive the evolution of the host galaxy (Kormendy

and Kennicutt (2004)).

Merging:

This process is an important part of galaxy evolution and the building block of the

hierarchical model of galaxy formation in which smaller galaxies merge together to form

larger ones. Mergers are the strongest possible interaction that can occur between galaxies

and can drastically change the morphology of the galaxies involved. This violent process

would have been much more prevalent in the early Universe, when it was denser and merger

rates were greater than present (Conselice et al. (2003)).

The resultant galaxy after merging can bear little morphological resemblance to its

progenitors, such as two disk galaxies merging to form an elliptical galaxy (Toomre and

Toomre (1972)). The gravitational forces can also elongate regions of stars and gas, extending

them outwards from a galaxy causing tidal tails. Mergers between galaxies containing large

reservoirs of gas can generate shock waves as their gas is compressed triggering significant

star formation.

Mergers are generally classified by the ratio of the masses of the galaxies involved,

though the gas content can also be a factor. Mergers between galaxies with similar masses

are called major mergers, whereas mergers between galaxies of vastly different masses (e.g.

one galaxy is 10 times more massive than the other) are known as minor mergers. When

one galaxy is significantly more massive than the other a process called galaxy cannibalism

occurs, typically resulting in an irregular galaxy (White (1976)).

Tidal stripping:

This process occurs when two galaxies are passing by one another. Typically, the more

massive galaxy strips the less massive galaxy of its outer gas, destroying any spiral structure

present in the process (Spitzer and Baade (1951)).
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If a small, fast moving elliptical galaxy passes through a much more massive spiral

galaxy, it is tidally stripped of its gas and its morphology is disturbed, a process known as

galaxy harassment (Moore et al. (1996)). Galaxy harassment can also occur after repeated

close-by encounters from neighbouring galaxies (Farouki and Shapiro (1981)). This can

disturb the morphology of the galaxy or change it by inducing tidal tails or star formation.

Ram pressure stripping:

There is significant evidence for ram pressure stripping in local clusters obtained from

multi wavelength observations (e.g. Abramson et al. (2011), Boselli and Gavazzi (2014), and

Fumagalli et al. (2014)).

When a galaxy passes through the intra-cluster medium, the pressure exerted upon it is

able to strip away its gas and destroy any spiral structure that may be present. The extent

to which a galaxy is stripped and disturbed depends on both the density of the intra-cluster

medium it is travelling through and the velocity at which the galaxy is moving (Gunn and

Gott (1972)). Dwarf galaxies falling into a cluster can be completely stripped of their gas in

∼ 1 Gyr (Kenney et al. (2014)).

As a galaxy initially enters a cluster environment, the gravitational potential of the cluster

can create tidal effects that enable the gas within the galaxy to escape out into the intra-cluster

medium. This process is known as strangulation or starvation and is a mechanism that can

turnoff star formation by disrupting inflows of cold gas, disconnecting the gas reservoirs

feeding the star formation. Starvation can explain the transformation of spiral galaxies into

lenticular galaxies (Larson et al. (1980).

1.4 Galaxy Parameters

The stellar mass of galaxies varies across a number of orders of magnitude, the smallest

being dwarf galaxies seen in the Milky Way with masses of ∼ 103M⊙. The most massive

galaxies observed are giant elliptical galaxies with masses up to ∼ 1012M⊙, with the fraction

of elliptical galaxies seen to increase towards high stellar masses (Bundy et al. (2005)).

Additionally it has been observed that early-type galaxies with higher dynamical masses

form their stars in a short episode of star formation at high redshift. Early-types with lower
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ratio as functions of velocity dispersion ! (in km s!1) and dynam-
ical mass Mdyn (in M"). Note that these are independent of the
environment.

log t = !(0.11 ± 0.05) + (0.47 ± 0.02) log(! ),

[Z/H] = !(1.34 ± 0.04) + (0.65 ± 0.02) log(! ),

["/Fe] = !(0.55 ± 0.02) + (0.33 ± 0.01) log(! ), (1)

log t = !(0.53 ± 0.09) + (0.13 ± 0.01) log(M),

[Z/H] = !(2.40 ± 0.07) + (0.22 ± 0.01) log(M),

["/Fe] = !(0.95 ± 0.04) + (0.10 ± 0.01) log(M). (2)

These relationships represent the red sequence population and
are valid for a large range in galaxy masses (! ! 100 km s!1 or
Mdyn > 3 # 1010 M") and all environmental densities. Note that a
major fraction of galaxies deviate from these scaling relations at the
low ends of the mass and environmental density distributions, as
the fraction of rejuvenated galaxies increases to $45 per cent (see
Fig. 8).

The observed spread in log age, metallicity and ["/Fe] ratio in
equation (1) is on average 0.23, 0.11 and 0.07 dex, respectively (see
top right-hand panels in Figs 2–4). Subtracting the errors estimated
in Section 2, we obtain an average intrinsic scatter of 0.21, 0.08 and
0.02 dex, respectively. The intrinsic scatter in age increases slightly
to 0.27 dex at the lowest environmental densities, while the intrinsic
spread in both metallicity and "/Fe is virtually independent of the
environment.

The slopes and zero-points for the scaling relations found in
this work are in reasonable agreement with other recent results
in the literature (see references in the Introduction). The slope of
the age–! relation is somewhat steeper than what we have found

in T05. In particular, the results for the high-density sample in
T05 are different, which might well be caused by a particularity
of the Coma Cluster that dominates the high-density part of the
sample in T05. Still, the impact on the derived formation epochs
and their dependence on galaxy mass is minor (see Section 4). The
most important difference with T05 and other previous work is
that the stellar population scaling relations are independent of the
environment for the bulk of the population.

4 EP O C H S O F EA R LY- T Y P E G A L A X Y
F O R M AT I O N

The luminosity-weighted ages and "/Fe element ratios derived here
enable us to approximate star formation histories. This is possible
as the element ratio constrains formation time-scales. By means
of a chemical evolution model (Thomas et al. 1999), in T05 we
determined a simple scaling between "/Fe ratio and formation
time-scales. The latter together with the average age defines a star
formation history. The resulting star formation rates as functions of
lookback time for various mass bins are shown in Fig. 9. Masses
are derived from velocity dispersion and effective radius through
the scaling provided by Cappellari et al. (2006). As discussed in
detail in T05, these star formation histories are meant to sketch
the typical formation history averaged over the entire early-type
galaxy population (at a given mass). Real star formation histories
of individual objects are expected to be more bursty and irregular.

4.1 Comparison with T05

The formation epochs of early-type galaxies below $1011 M" are
in good agreement with the values derived in T05 for the low-density

Figure 9. Specific star formation rate as function of look-back time for early-type galaxies of various masses as indicated by the labels. The grey hatched curves
indicate the range of possible variation in the formation time-scales that are allowed within the intrinsic scatter of the "/Fe ratios derived. No dependence on
environmental density is found. The upper x-axis connects time and redshift adopting #m = 0.24, #$ = 0.76 and H 0 = 73 km s!1 Mpc!1. Note that these star
formation histories are meant to sketch the typical formation history averaged over the entire galaxy population (at a given mass). Real star formation histories
of individual objects are expected to be more bursty and irregular. Intermediate- and low-mass galaxies in low-density environments get rejuvenated via minor
star formation events below redshift z $ 0.2 (see Section 3.8). This suggests a phase transition from a self-regulated formation phase without environmental
dependence to a rejuvenation phase, in which the environment plays a decisive role possibly through galaxy mergers and interactions.
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Fig. 1.8 Reprint from Thomas et al. (2010). Star formation rates as a function of lookback
time for various masses of early-type galaxy. The widths of the gaussians represent the star
formation timescales.

masses instead form their stars at lower redshifts and in more extended episodes of star

formation (see Figure 1.8). This is known as downsizing and seemingly contradicts the

theory of hierarchical galaxy formation. However, this scenario mainly means that the stellar

populations of more massive galaxies formed at higher redshift and the stellar populations

may have formed in smaller groups before merging at later times without inducing new star

formation.

The luminosity of galaxies also spans multiple orders of magnitude. This can range

from 100L⊙ for the smallest dwarf galaxies observed in the Milky Way up to 1013L⊙ for

distant starburst galaxies that are undergoing such intense star formation that most of the

light in the UV and optical is obscured by dust and re-emitted in the IR. The evolution of

a galaxy’s luminosity with its age is determined by both internal and external processes.

Internal processes can be evaluated via the use of stellar population models whereas external

processes are assessed through cosmological studies.

One would expect galaxies of different types to have different relationships between mass

and luminosity. Tollerud et al. (2011) show that relationships between mass, luminosity, and

galaxy size can be made between different groups of galaxies but there is still significant
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scatter between any two of the properties, with no simple relation found between all three for

all galaxy types.

Another important parameter for understanding the evolution of a galaxy is the metallicity

of its stars, Z, which is determined by how metal rich the interstellar medium was when the

stars formed. A galaxy may contain several populations of stars with different metallicities,

reflecting the chemical environments in which they formed and the amount of enrichment

from stellar feedback at that point in time.

Older, more massive early-type galaxies tend to have high metallicities, particularly in

their cores (Thomas et al. (2005)). This reflects the rapid and efficient recycling of stars

and gas at the time of their formation. Late-type galaxies are driven by inflow and outflow

processes and hence have lower, fairly uniform metallicities. The gradients of metallicity (and

age) with radius across a galaxy are becoming increasingly important for galaxy evolution

models as they can assess the relative importance of the internal and external physical

processes that drive evolution.

Relating to the metallicity, the abundance of so-called α elements (O, Ne, Mg, Si, S,

Ar, Ca, and Ti, known as such as they are made by the successive capture of α particles)

in relation to the abundance of Fe, [α/Fe], correlates with the star formation history of the

galaxy. α elements are ejected into the interstellar medium of a galaxy predominantly from

the explosion of massive stars in Type II supernovae (SNe). Fe, on the other hand, can be

produced from both Type II SNe, as well as Type 1a SNe (Matteucci and Greggio (1986)).

Type 1a SNe are produced from binary interactions with one or more white dwarf stars,

which originate from lower mass, more longer living stars (Yoshii et al. (1996)). Hence the

timescales of enrichment of α elements and Fe differ. Measuring a high [α /Fe] ratio indicates

a bursty star formation history, whereas a low [α/Fe] ratio indicates a more continuous star

formation history (Thomas et al. (1998)).

Lastly, the fractional contributions of gas, dust and stars within a galaxy can yield

information about how efficiently star formation has occurred. Late-type galaxies show a

distribution in fractional mass in gas, with galaxies with lower surface brightness having a

higher fractional gas mass. Late-types also show a wide distribution in dust, with actively

star forming galaxies being highly obscured by dust (Draine (2003)). On the other hand,
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early-type galaxies tend to have very low amounts of gas and dust. This suggests a highly

efficient star formation mechanism (Knapp et al. (1989)).

It is important to account for the presence of dust when deriving galaxy properties as

dust can significantly reduce the total apparent luminosity of a galaxy by obscuring starlight.

The effect of dust appears to change as a function of the galaxy’s shape and bulge to disk

ratio (Wild et al. (2011)). Additionally, dust preferentially absorbs UV and optical light,

re-emitting it in the IR, making a galaxy seem redder in colour.

1.5 Stellar Population Models

One of the most effective ways to learn about galaxies is to study their spectral energy

distribution (SED) which contains a wealth of information about both their gas and stellar

populations. Absorption lines and the stellar continuum component of a spectrum can be

used to derive ages, element abundances, star formation histories, and formation epochs

(e.g. Worthey et al. (1992), González Delgado et al. (1999), Trager et al. (2000), Kauffmann

et al. (2003c), Rose et al. (2005), Thomas et al. (2005, 2011, 2010), Tojeiro et al. (2013),

Wilkinson et al. (2015)) whereas emission lines can be used to discern information regarding

ongoing star formation activity, gas kinematics, and black hole accretion (e.g. Pettini et al.

(2001), Kauffmann et al. (2003a), Shapley et al. (2004), Tremonti et al. (2004), Sarzi et al.

(2006), Schawinski et al. (2007b)).

In such analysis properties are derived by comparing data with model spectra where we

are confronted with several degeneracies most noticeably age, metallicity and dust. Element

abundance ratios can help break these degeneracies (Thomas et al. (2005)) or the use of

a large wavelength range (Pforr et al. (2012)). However, very often only a small spectral

window is available in data.

For modelling galaxies we need to consider several different populations of stars and

model their integrated light. Evolutionary population synthesis (EPS) models, first introduced

by Tinsley (1972a), have provided the theoretical background needed to describe the physical

properties of stars and their evolution over time. This approach enables us to model galaxy

evolution.
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EPS models consist of several input pieces of physics and parameters, the key variables

being the stellar evolution tracks, the stellar spectral library, the initial distribution of stars

along the main sequence (IMF), and the star formation history (SFH). Although these

represent a real physical model it should be noted that they are restricted in several ways by

the still incomplete understanding of stellar spectra, advanced stages of stellar evolution1,

and the IMF and SFH.

EPS models have evolved from those first developed (Gunn et al. (1981); Tinsley (1980);

Tinsley and Gunn (1976)), into increasingly sophisticated models incorporating more com-

plete stellar libraries, extending to wavelengths outside of the optical, and integrating the

effects of non-solar metallicities and advanced stages of stellar evolution (Bruzual and Char-

lot (2003); Maraston (1998, 2005); Maraston et al. (2009); Maraston and Stromback (2011)).

The models of integrated line indices used throughout this thesis (Section 2.3) utilise the EPS

models and code by Maraston (1998, 2005).

1.6 The Ultraviolet

The hot component of galaxy stellar populations is traced in the far and mid-UV region of the

electromagnetic spectrum (∼ 1200 - 3200Å), leaving numerous characteristic imprints in the

integrated spectra in the form of absorption features relating to key chemical species. In old

populations this component is produced after sufficient mass loss, as shown in phenomena

such as the UV upturn in local elliptical galaxies (e.g. Dorman et al. (1995), Burstein et al.

(1988), Greggio and Renzini (1990), O’Connell (1999), Brown et al. (2000a), Yi et al. (2005),

Yi (2008)) and the extreme horizontal branch in globular clusters (e.g. de Boer (1985),

Ferraro et al. (1998), Lee et al. (2005), Rey et al. (2009)). In contrast, this hot component is

composed of luminous O and B-type stars in younger galaxies.

The stellar component near the main sequence turnoff, rather than that on the red giant

branch, increasingly dominates the light at shorter wavelengths, specifically around the

mid-UV. As the turnoff is sensitive to age and metallicity in ways separate to that of the red

giant branch, which dominates the optical region, an investigation into the mid-UV could

1Blue stragglers (BSs), horizontal branch (HB) stars, and thermally pulsating asymptotic branch (TP-AGB)
stars.
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help break the age metallicity degeneracy. Features in the UV region could provide useful

diagnostics for variables such as age, metallicity, surface gravity, and effective temperature

and they may enable us to assess the actual amount of star formation in galaxies.

Unlike models in the optical region, those in the UV are less well calibrated, mainly

due to lack of data. The UV cannot be observed from the ground as it is filtered by the

ozonosphere, hence satellite missions are required to obtain sufficient quality. There have

been several missions that have expanded the study of the UV properties of stars including

the Galaxy Evolution Explorer (GALEX), the Far Ultraviolet Spectroscopic Explorer (FUSE,

the Space Telescope Imaging Spectrograph (STIS) on board the Hubble Space Telescope

(HST), and the International Ultraviolet Explorer (IUE). However the UV still remains a

relatively unexplored territory in galaxy evolution.

1.6.1 The UV upturn

The UV upturn is seen as an increase in the UV flux of galaxy spectra short-ward of 2500Å.

This was first detected by the University of Wisconsin UV photometer in the second Orbiting

Astronomical Observatory (OAO-2) and presented in Code (1969). Figure 1.9 shows the

energy curve Code (1969) obtained for the central bulge (r < 900pc) of the Local group Sb

spiral M31, the Andromeda galaxy. The energy distribution between 3500 and 2500Å falls

steeply, as expected, but then remarkably begins to rise again at shorter wavelengths.

Further OAO-2 photometry was published in Code et al. (1972) and Code and Welch

(1982) for 7 E/S0 objects and the bulge of M31, all showing the same far-UV feature. The

detections of 2 of these objects were confirmed by observations made by the Astronomical

Netherlands Satellite (launched in 1974) with a further 11 new detections of elliptical galaxies

published in de Boer (1982).

Prior to these observations there was widespread expectation that the energy distribution

of normal elliptical galaxies would be uninteresting in the UV as the hottest significant stellar

component that had been identified was the main sequence turnoff. With a temperature of

Teff ∼ 6000K these stars are too cool to produce many photons in the UV. Although it had

been shown that old, metal-poor populations of GCs sometimes contained horizontal branch

stars with Te & 10,000K it was thought that these would be absent in clusters with metal

abundances similar to those of massive galaxies. The only hint that elliptical galaxies could
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Fig. 1.9 Reprint from Code (1969). The energy curve of the central bulge of M31. The
circles represent the results of filter photometry in the UV obtained with OAO-2.

contain hot populations was the presence of O[II] emission lines, which could be plausibly

explained without photoionisation (Minkowski and Osterbrock (1959)).

However, early-type galaxies showed much larger scatter in the UV than expected

from their behaviour in the optical and near-IR regions (4000-20,000Å) which is largely

homogeneous. Code (1969) and Code et al. (1972) suggested that the UV upturn component

was produced by the scattering of photons from massive hot stars by interstellar dust or

nonthermal radiation from an AGN. However, early IUE observations showed that the strong,

broad emission lines characteristic of AGN were absent in the nuclei of bright ellipticals

and spiral bulges featuring an upturn (Deharveng et al. (1982)) and the steep rise of the UV

spectrum was found to be incompatible with known nonthermal sources by Hills (1971).

Instead, Hills (1971) proposed that the upturn was produced by highly evolved, low mass

stars such as the central stars of planetary nebulae or their hot white dwarf descendants as

the rise in flux closely matches the Rayleigh-Jeans tail of a high temperature thermal source.

Tinsley (1972b) argued that the UV light in M31 came from young, massive, main

sequence stars by showing that a galaxy model with an exponentially declining star formation

rate and an e-folding time of 2 Gyr could fit the observed flux at 1700Å. Later studies showed

that both young star and old, evolved star models could produce almost indistinguishable FUV
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15

Fig. 5.— The Astro/HUT spectrum of the gE galaxy NGC 1399 in the Fornax Cluster
(see Figure 2). The histogram is the observed flux in 10 Å bins. The solid line shows the
best-fitting Kurucz (1991) solar abundance model atmosphere, which has Te = 24000 K. The
dashed line is a model from Rocca-Volmerange & Guiderdoni (1988) for an old galaxy with
continuing star formation. This contains hotter starlight than is present in the galaxy. The
inset shows the observed spectrum near the C IV 1550 Å doublet compared with continuous
star forming models. From Ferguson et al (1991).

UVX spectra that place firm upper limits on their e!ective temperatures of Te !< 25000 K
(equivalent to a B0 V star). This excludes continuing star formation models with a normal
initial mass function (IMF). Only contrived models (e.g. invoking a truncated IMF or an
unprecedented synchronization of star formation in di!erent galaxies) can reconcile young
populations with these results. The narrow Te range, however, also appears to require an
unusual degree of “fine-tuning” in an old population interpretation.

The HUT spectra also provide excellent limits on the amount of internal interstellar ex-
tinction. Because the slope of the far-UV spectral rise is nearly at the maximum encountered
among hot stars (Dean & Bruhweiler 1985, Fanelli et al 1992), there is little room for inter-
stellar reddening. In the HUT data, there is no evidence for extinction significantly in excess
of the expected Galactic foreground. Since dust is normally associated with star-forming

Fig. 1.10 Reprint from Ferguson et al. (1991). Astro/HUT spectrum of NGC 1399. The
histogram shows the observed flux in 10Å bins. The solid line shows the best-fitting Kurucz
(1991) solar abundance model atmosphere, with Teff = 24,000K. The dashed line is a model
from Rocca-Volmerange and Guiderdoni (1988) for an old galaxy with an exponentially
declining star formation, containing hotter starlight than is present in the galaxy. The top right
inset shows the observed spectrum around the C IV doublet, situated at 1500Å, compared to
models with continuous star formation.
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energy distributions at low resolution, see Figure 1.10, meaning that other information such

as spectral features are needed to differentiate between the two types of population. However,

residual star formation histories such as those proposed by Tinsley would drastically change

the predicted properties of elliptical galaxies, unlike the low mass star interpretations, as they

require star formation to have occurred within the last 10-20 Myr.

Contributions from young populations can usually be excluded due to the fact that strong

Si IV and C IV lines, UV resonance lines characteristically exhibited by active massive star

forming regions, are not observed in old galaxies (Kinney et al. (1993)). Further to this,

although it is possible to produce a star forming model whose spectrum matches the typical

steep slope of the upturn in the far-UV, many systems with younger populations have rather

flat distributions between 1200 and 3000Å, a signature of an ageing starburst or a young

one with local extinction. Additionally, if the upturn was to originate from massive stars

there would be significant young star contamination in the optical region, much larger than

the limits found from careful spectral synthesis studies (e.g. a maximum of 2% set by Rose

(1985) using high resolution spectra of 12 elliptical galaxies).

The bulge of M31 was further studied in Deharveng et al. (1982) and Welch (1982) by

using multiple IUE spectra to study the light distribution within the inner 15". They obtained

a smooth profile, unlike those of star forming regions, with the far-UV light being slightly

more concentrated to small radii within the observed region than the mid-UV or B band light.

This smooth distribution and its similarity to the optical profile, where old stars dominate,

strongly suggests that old stars produce the UV upturn.

The leading hypothesis on the origin of the UV upturn suggests that the increase in flux

is indeed due to old, hot, low-mass stars (Greggio and Renzini (1990)). These may be stars

evolving on the extreme horizontal branch and their progeny (either metal poor or metal rich,

with possible element enhancement, including helium). Other possible sources include binary

star systems (Han et al. (2007)) and post asymptotic giant branch stars in the planetary nebula

stage. Figure 1.11, taken from Dorman (1997), shows a schematic of different possible UV

emitting stars present in old populations.

As a general finding in the local Universe, the spectral slope seen in the UV upturn

remains roughly constant. This means that the far-UV rise begins at longer wavelengths in
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Fig. 1.11 Reprint from Dorman (1997). A schematic of the UV emitting stars in old
populations.



1.6 The Ultraviolet 25
13

1500 2000 2500 3000
Wavelength (A)

16

15

14

13

12

11

10

m
_l

am
bd

a

M32

NGC 4649 (-3.0)

Fig. 4.— IUE spectra of two galaxies lying at the extremes of UVX behavior. M32 has the
smallest known UV upturn, while NGC 4649 has one of the strongest. Data plotted with
open triangles have 20 Å binning, while the solid line has 8 Å binning. The zero point of the
NGC 4649 spectrum has been shifted !3.0 mags. Neither spectrum is corrected for redshift
or foreground extinction. The FUV data for M32 are too poor to judge the slope of its UVX
component. The weakness of the absorption lines near 2800 Å in NGC 4549 is caused by
filling by the smooth UVX component, which contributes over 70% of the light at 2700 Å in
this object. Reprocessed and recalibrated IUE spectra courtesy of RC Bohlin.

like NGC 4649 (BBBFL, Ponder et al 1998, Dorman et al 1999), though this drops rapidly
at longer wavelengths because of the steep rise in the spectrum of the cooler main sequence
turno! stars. In objects with the smallest UVX components (e.g. M32 and NGC 4382), the
spectra appear to flatten below 2000 Å, rather than rise, but the S/N is too poor to estimate
a temperature (BBBFL and Figure 4).

In the great majority of cases, E galaxy spectra longward of 3200 Å are quite similar
to one another; the large spectral anomalies associated with the UVX are confined to the
vacuum UV. This suggests that the stars responsible for the UVX are well segregated in the
color-magnitude diagram from the bulk of the population. An interesting exception is M87,
where anomalies are detectable up to 4000 Å (Bertola et al 1982, McNamara & O’Connell
1989); they are spatially extended and may be related to massive star formation in M87’s
cooling flow (see §8).

Fig. 1.12 Reprint from O’Connell (1999). IUE spectra of M32, the smallest known UV
upturn, and NGC 4649, one of the strongest. The zero point of the NGC 4649 spectrum has
been shifted -3.0 mags and neither spectrum has been corrected for redshift or foreground
extinction. Data plotted with open triangles have 20Å binning, while the solid line has 8Å
binning.

galaxies with brighter upturn components, as seen in Figure 1.12 which shows the extremes

of UV upturn behaviour.

For objects like NGC 4649, one of the strongest upturns, the upturn component can

contribute an appreciable amount to the mid-UV light, ranging up to 75% at 2700Å. This

drops rapidly at longer wavelengths due to the steep rise in flux from cooler main sequence

turnoff stars. In objects with the smallest upturn components, like M32, the spectra appear to

flatten below 2000Å, rather than rise.

For the majority of elliptical galaxies , the spectra red-wards of 3200Å appear quite similar,

with the anomalies associated with the UV upturn confined to the shorter wavelengths. This

suggests that the stars responsible for the UV upturn are well separated from the bulk of the

galaxy population which dominate the redder parts of spectra.

Despite this, the UV upturn has been found to be dependent on bulk galaxy properties.

Faber (1983) and Burstein et al. (1988) investigated the dependence of the upturn on the

stellar populations and dynamical properties of two samples of early-type galaxies. They

found a clear non-linear correlation of the UV-optical colours with the strength of the optical



1.6 The Ultraviolet 26

Mg2 absorption line index, with bluer UV galaxies having stronger line strengths. This trend

can be seen in the top panel of Figure 1.13 along with the correlation between the velocity

dispersion of a galaxy and its UV-optical colour in the bottom panel. This Mg2 correlation

simultaneously links the UV upturn to the bulk of the galaxy while further weakening the

case for massive stars, as there is no obvious reason for recent star formation to be related to

the metal abundance.

The correlations of Burstein et al. (1988) were weakly recovered by Boselli et al. (2005)

for early-type members of the Virgo cluster, however it is unclear how these correlations

extend to low-luminosity systems. Bureau et al. (2011) recovered the negative correlation

between FUV - V colour and Mg2 line strength using 48 nearby early-type galaxies in the

SAURON sample, suggesting a positive dependence of the UV upturn on metallicity.

On the modelling side, Maraston and Thomas (2000) show how the observed UV upturn

of the Burstein sample can be fit using models containing an old component at high-metallicity

and plausible fuel consumptions. In this thesis I use the same modelling, varying the two key

parameters in the models (the effective temperature and fuel consumption) to investigate the

UV upturn in massive galaxies at z ≥ 0.6.

Yi et al. (2005) have shown that a large fraction of galaxies (over 30%) are found to have

remarkably strong NUV and FUV emission using large samples of early-type galaxies from

the Sloan Digital Sky Survey. This UV emission is far more powerful than the emission found

in traditional upturn galaxies such as NGC 1399 and 4552 and was deemed too powerful

to be accounted for by any current model of the upturn. They concluded that the majority

of these UV bright early-type galaxies were inconsistent with a classic upturn and instead

experienced residual star formation, with only a small fraction of elliptical galaxies showing

a strong upturn (generally limited to the brightest cluster galaxies). Further to this, using a

classification scheme based on UV broadband colours, Yi et al. (2011) found that only 5% of

cluster elliptical galaxies show a UV upturn, with the other 27% and 68% of their working

sample (built from the Yoon et al. (2008) galaxy cluster catalog) being classified as "recent

star formation" and "UV-weak" respectively (see Figure 1.14).
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Fig. 1.13 Reprint from Burstein et al. (1988). Top panel: The optical Mg2 absorption index
vs. the UV-optical (1550 - V ) colour for 32 galaxies. Bottom panel: The central velocity
dispersion for 31 of the galaxies vs. (1550 - V ) colour. In both panels the closed squares
represent quiescent galaxies, open squares represent active galaxies, and crosses represent
galaxies with ongoing star formation.
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Fig. 1.14 Adapted from Figure 6. Yi et al. (2011). Two colour diagram for UV upturn
classification for SDSS-GALEX cluster galaxies. The vertical dotted line shows the cut for
young stars with the horizonal dotted line denoting a rising UV slope. The slanted dashed
line shows the UV strength required for a galaxy to be classified as a UV upturn galaxy.
RSF stands for residual star formation. For each class the first integer shows the number
of galaxies with both FUV and NUV detections (e.g. 40 in the case of the UV upturn) and
the second integer shows the number of galaxies without FUV detections derived through
statistical simulations ( e.g. 26 in the case of the UV upturn). These values are used to derive
the fraction of each class.

This hypothesis was elaborated on by Schawinski et al. (2007a) and Kaviraj et al. (2007)

who concluded that residual star formation of a few per cent of the galaxy mass is common

in early-type galaxies with low stellar mass (1010 M⊙). Thomas et al. (2010) reinforce that

residual star formation in low-mass galaxies is also correlated to environment.

One question that has not been addressed in detail so far is the redshift evolution of the

UV upturn. If the upturn has indeed an origin in the evolved stellar component of a galaxy, it

should appear at a relatively modest redshift, when stars in galaxies are sufficiently old. This

evolution is investigated in Brown et al. (2000a, 1998, 2003) via far-UV images of elliptical
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Fig. 2.—Evolution of the rest-frame color according to the modelsm !V1550
of Tantalo et al. (1996; shaded regions), assuming a reasonable cosmology
and three different epochs of galaxy formation (labeled). The sudden onset of
UV emission is caused by the appearance of metal-rich hot HB stars, with the
spread in colors bounded by models at and . The12 12M p 3# 10 M p 10 M,

timing of the onset is much more sensitive to than to the cosmologicalzf
parameters. The triangles represent the colors measured to date for quiescent
E and S0 galaxies. The statistical uncertainties (Table 1) are small with respect
to the variation from cluster to cluster, except for the 1 j limits shown (arrows).

in local galaxies, there is almost no variation in the surface
color out to a radius of !20! (Ohl et al. 1998), andm !V1550

the colors within any aperture are dominated by the core (given
the sharply peaked profiles). We also note that in the HST
bandpasses, our aperture results in encircled energy agreement
at the 5% level for point sources, and better agreement for
extended sources (R. Robinson 19972; Holtzman et al. 1995).

2.5. UV-to-Optical Colors
The UV upturn is traditionally characterized by the rest-frame

color (see Burstein et al. 1988). We used the spectram !V1550
of three local elliptical galaxies (NGC 1399, M60, and M49) to
convert the observed STIS and WFPC2 count rates to rest-frame

colors, as done previously in Brown et al. (1998, 2000a).m !V1550
Our spectra of NGC 1399, M60, and M49 have respective

colors of 2.05, 2.24, and 3.42 mag (Burstein et al. 1988);m !V1550
despite the substantial range in UV upturn strength, the spectral
shape within the far-UV range or within the optical range varies
little from galaxy to galaxy. We redshifted these local templates
to and then applied a foreground reddening ofz p 0.33

mag (Schlegel et al. 1998). We then used theE(B!V ) p 0.023
IRAF CALCPHOT routine to calculate the relative count rates
for these templates in the STIS/far-UV and WFPC2/F814W
bandpasses. The ratios of far-UV to F814W count rates observed
in the ZwCl 1358.1"6245 galaxies (Robs) were then compared
with the ratios from the templates (Rtemplate), and the template
with the closest ratio was used to determine the rest-frame

color (Table 1), using the relationm !V (m !V ) p1550 1550 obs
. Except for galaxy(m !V ) ! 2.5 log (R /R )1550 template obs template

375, all of the galaxies show weak UV upturn emission. Galaxy
375 is contaminated by the Lya emission discussed previously,
so the UV upturn emission is really an upper limit on the emission
from the evolved HB population. Note that in a much smaller
aperture (radius 5 pixels) that excludes much of the Lya emis-
sion, this galaxy has an even bluer of 1.6 mag.m !V1550
We show in Figure 2 the colors measured in galaxym !V1550

clusters to date. Nearby quiescent elliptical galaxies have been
measured by Burstein et al. (1988) in Virgo, Coma, and Fornax.
The galaxies at are from the present work (excludingz p 0.33
galaxy 375). Measurements at are from Faint Objectz p 0.375
Camera (FOC) observations of Abell 370 (Brown et al. 1998).
Measurements at are from STIS observations of CLz p 0.55
0016"16 (Brown et al. 2000a). At each redshift, the observed
fluxes have been transformed to rest-frame using them !V1550
spectra of local elliptical galaxies.
Before proceeding, it is worth noting that the dataz p 0.375

may have significant systematic errors—the calibration on the
FOC was far less certain than it is with STIS. The measurements
at , , and were all done with distinctz " 0 z p 0.33 z p 0.55
photometry in the far-UV and optical, whereas the FOC mea-
surements come from the ratio of two long-pass filters (see
Brown et al. 1998). It would be prudent to verify the m !V1550
colors at with a true solar-blind instrument, such asz p 0.375
STIS or the far-UV channel on the Advanced Camera for Sur-
veys, to verify that the UV upturn is so strong in Abell 370.

3. DISCUSSION

To place our observations in context, we have plotted in
Figure 2 the models of Tantalo et al. (1996), which were con-
structed assuming gas infall for the chemical evolution and

2 Examining the STIS Point-Spread Function (http://hires.gsfc.nasa.gov/stis/
postcal/quick_reports).

under the assumption that massive elliptical galaxies form by
monolithic collapse. The onset of the UV upturn is very sen-
sitive to the formation redshift ( ) assumed, and for the mo-zf
ment, we will consider this at face value.
Leaving aside the uncertain result at , Figure 2z p 0.375

demonstrates that the UV upturn does indeed fade with in-
creasing z but does so much more slowly than, for example,
in the models of Tantalo et al. (1996). In fact, very little

evolution appears to exist between and 0.55.m !V z p 0.331550
Given the range observed at , correlated withm !V z p 01550
metallicity, the trend is most apparent if one considers both the
mean and the most blue in each epoch; there arem !V1550
enough galaxies to imply that the UV upturn is systematically
weaker at and 0.55. The figure suggests that galaxiesz p 0.33
in the cluster formed at , while those in thez p 0.33 z ! 2

and 0.55 clusters formed at . Given the evi-z p 0.375 z ! 4
dence for hierarchical merging, such variation may not be in-
conceivable. However, we have targeted the massive elliptical
galaxies in the centers of rich clusters, with no spectroscopic
evidence of recent star formation. The UV upturn traces the
age of the oldest stars in these populations, not necessarily the
ages of the galaxies. If these galaxies formed via monolithic
collapse, the age of the oldest stars reflects the age of the
galaxies themselves, but if the galaxies formed via hierarchical
merging, the oldest stars may predate the merger events and
still comprise the bulk of the population. Studies of clusters
out to indicate that most of the star formation in ellipticalz ! 1
galaxies had to be completed at , followed by quiescentz " 3
evolution (Stanford, Eisenhardt, & Dickinson 1998; Kodama
et al. 1998). Therefore, we expect little scatter in . In contrast,zf
the strong distinction between the measurements at z p 0.33
and 0.375, and, more importantly, the similarity between the
measurements at and 0.55, imply a surprisingly largez p 0.33
dispersion in the formation epochs between clusters ( "zf
2–4). Such variation in would be more plausible if the non-zf
monotonic evolution in implied by the FOC mea-m !V1550
surements were independently confirmed.

Fig. 1.15 Reprint from Brown et al. (2003). Evolution of the rest-frame m1550 −V colour
according to the models of Tantalo et al. (1996) (shaded regions), assuming a reasonable
cosmology and three different formation epochs for galaxies (labelled zF values). The
triangles represent the colours measured to date for quiescent E and S0 galaxies. Statistical
uncertainties are small with respect to the variation from cluster to cluster, except for the 1 σ

limits shown by the arrows.

galaxies at z = 0.375, 0.55, and 0.33 respectively. They find the strength of the upturn to

show little evolution between z = 0.33 and z = 0.55 with no galaxies being as blue as local,

z = 0, strong upturn galaxies (see Figure 1.15). Their results do not support residual star

formation as the source of the UV flux seen in these galaxies as this would lead to a stronger

UV flux at z = 0.55, not weaker as shown by the data.

The further study of the redshift evolution of the UV upturn, up to z ∼ 1, is one of the

aims of this work. This investigation will allow constraints on the onset of the UV upturn to

be derived, a formation time that has so far remained unknown.

In addition, the UV upturn is usually analysed using broadband photometry, while in this

work I make the first attempt to use UV spectral indices rather than colours. As discussed
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Fig. 1.16 Reprint from Kinney et al. (1996). Templates of starburst galaxies.

in this Section, other features such as spectral features is needed to differentiate between

the two types of UV-bright population. The investigation in this work seeks to determine

diagnostics with the ability to distinguish between the details of the UV light produced by

the different populations and is the first work of its kind.

1.6.2 Young populations in the UV

The UV spectra of galaxies undergoing current star formation is dominated by strong stellar

and interstellar absorption lines, with their optical and near-IR features hidden by strong

interstellar emission lines, if present at all, see Figure 1.16. Hence the UV is the region of

choice for the investigation of star forming galaxies.

Stars with masses & 10M⊙ and temperatures & 25,000K provide the UV light in star

forming galaxies, with the spectral shape seen in Figure 1.16 driven by the atmospheric
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conditions of these hot massive stars (Leitherer et al. (2001)). The rest-frame UV continuum

emitted by these stars is one of the primary tracers of star formation (Kennicutt (1998)).

The properties of hot, massive stars change rapidly over cosmological timescales causing

their line profiles to evolve over time, making absorption features potential tracers of massive

stellar populations over time. Sekiguchi and Anderson (1987a,b) related the strength of

absorption features to the initial stellar mass function, showing that the Si IV and C IV

features (1400Å and 1550Å respectively) could be used to infer the massive star content of

galaxies. The relative strengths of these features can also be used as an indicator of massive

stars (Heckman et al. (1998)).

Several authors have presented calibrations for the stellar metallicity of young populations

based on absorption features in the UV. The influence of metallicity on the spectra of star

forming galaxies was investigated using blended photospheric lines by Leitherer et al. (2001).

Lines were chosen due to their dependence on metallicity alone. It was found that two

blends in particular, near 1370Å and 1425Å, had equivalent widths (EWs) that increased

steadily with metallicity and were independent of other stellar parameters. This result was

further supported by Rix et al. (2004), who using their non-LTE (local thermodynamic

equilibrium) model atmosphere code, WM basic, found these lines to be useful indicators of

stellar metallicity as well as proposing a new indicator at 1978Å. Good agreement was found

with the gas phase metallicity, using these indicators to measure the stellar metallicity of two

lensed, high-z galaxies; MS 1512-cB58 and Q1307-BM1163.

A set of 19 UV indices between 1270 - 3130Å were investigated by Maraston et al. (2009).

The indices were split into 2 groups, the first of which contained 11 indices blue-ward of

2000Å. This far-UV set (1270 - 1915Å) were found to recover the ages and metallicities

of globular clusters well. The second group, containing 8 mid-UV indices (2285 - 3130Å),

were not used in the final analysis due to the globular clusters used being very young and

hence the far-UV being more appropriate.

The M09 models were also used in McDonald et al. (2014) to probe the young stellar

populations within a cooling filament in Abell 1795, using deep far-UV spectroscopy obtained

using the Cosmic Origins Spectrograph on HST.
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The UV spectra of local star forming galaxies have become an important tool for the

interpretation of the rest-frame UV of young star forming galaxies at high redshift (Conti

et al. (1996)). Both low and high redshift spectra show similarities, suggesting the stellar

content at both redshifts are similar (Pettini et al. (2000)).

To derive the stellar metallicity of young high redshift objects, Sommariva et al. (2012)

(hereafter, S12) defined new indicators based on the EWs of selected features using theoretical

spectra created with the EPS code Starburst99. Galaxy model spectra were generated using

Padova tracks, assuming continuous star formation histories, with TP-AGB stars added,

for five different metallicities (0.02, 0.4, 0.2, 1.0, and 2.5Z⊙). They consider five different

stellar IMFs with the reference model using a classical Salpeter power law with exponent

α = 2.35 and an upper mass limit Mup = 100M⊙. Also considered are IMFs with α = 1.85

and α = 2.85 between 1M⊙ and 100M⊙, and with α = 2.35 and a mass limit Mup = 60M⊙.

They also compute models using a Kroupa IMF.

Using the new version of Starburst99 detailed above, S12 updated the calibrations of

photospheric absorption features found to be sensitive to metallicity in Leitherer et al. (2001)

and Rix et al. (2004). Their measurements confirmed that the indicators proposed in previous

studies (F1370, F1425, and F1978) are stable after ∼ 30 Myr from the onset of star formation

before increasing monotonically with metallicity. They also found a slight dependence on

other parameters, such as the dependence of F1978 on the assumed IMF.

S12 also introduce, and test, two new indicators. The first region investigated covers the

S V line at 1501Å, an absorption feature that arises in the photosphere of hot stars, from 1496

- 1506Å. This line was found to show both stability with age and a dependence on metallicity,

satisfying the conditions to be used as an indicator of stellar metallicity. The second indicator

covers the Ni II line at 1460Å, from 1450 - 1470Å. Although not mentioned in previous

studies, S12 found this feature to show the same behaviour as the other lines discussed, with

the strength of the line depending strongly on metallicity independently of stellar age.

Figure 1.17 shows the variation of the five line indices discussed above, with stellar

population age and metallicity for each of the constructed models.

To accurately determine the metallicity S12 interpolate the relation between the strength

of the indicator, the EW, as a function of Log(Z/Z⊙) by fitting a second-order polynomial to

the measured values of the EWs.
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V. Sommariva et al.: Stellar metallicity of star-forming galaxies at z ! 3

Fig. 1. Variation of the line indices with stellar population age and metallicity. In each plot, the EW is shown in left vertical axis, while the right
axis shows the average fractional depth below the continuum. For each feature we draw the models constructed with Starburts99 at five value of
metallicity as shown in di!erent colors. For each metallicity, the color regions represent the error due to the dependence on the IMF assumed. In
this way we can highlight the dependence of the models and robustness of the indices from the IMF and stellar population age assumed.

A feature can be used as a metallicity indicator if the fol-
lowing conditions are satisfied: 1) the EW is deep enough to be
measured in high redshift galaxies; 2) it varies significantly with
the metallicity; and 3) it does not depends critically on either age
or IMF.

The aim of this work is to update the previous metallicity cal-
ibrations and to increase the number of possible indices in UV
spectral region. We attempt to measure the stellar metallicities of
high redshift galaxies by comparing the observed photospheric
lines to model spectra produced using the population synthesis
code Starburts99 (Leitherer et al. 1999). The original version of
this code allowed the creation of synthetic UV spectra with a va-
riety of ages and IMFs, and used the stellar evolution models to
follow the stellar population over time. The first release included
only a few di!erent metallicities because empirical stellar li-
braries were available for only Milky Way O-type stars observed
with the International Ultraviolet Explorer (IUE) satellite. Some
Galactic B stars were later added to that library by de Mello et al.
(2000). To consider the sub-solar heavy element abundances, a
new improvement was obtained in 2001 with the inclusion of a
library of O-type spectra obtained from HST STIS observations
of stars in Large and Small Magellanic Clouds (Leitherer et al.
2001). Rix et al. (2004) followed an other approach by utilizing
theoretical library spectra instead of empirical ones. Their pur-
pose was to synthesize the photospheric absorption lines seen in
the spectra of star forming galaxies taking into account the ef-
fects of non-LTE and stellar winds model atmosphere, and their

combined e!ects on the spectral synthesis of hot stars. They
therefore replaced the empirical library with a grid of theoretical
spectra generated with the hydrodynamical code WM-basic. The
major di!erence between these two approaches is that the empir-
ical spectra have prominent UV interstellar absorption lines that
are not present in the theoretical spectra, which are purely stel-
lar. Nevertheless, the authors found good agreement between the
empirical and the theoretical spectra.

Since Rix et al. (2004) in principle focus on photospheric
lines, processes such as shock emission that a!ect only high-
ionization stellar-wind lines were not included in their models.
These limitations were addressed to some extent in the latest
generation of the WM-basic code (Leitherer et al. 2010), which
is used in this work. This latest version is optimized to compute
the strong P Cygni type lines originating in the wind of the hot
stars. This is a significant improvement compared to the use of
only faint photospheric lines, because the stellar-wind features
are stronger, hence more easily detectable in low S/N spectra.

The models of Starburst99 combined with the WM-basic
library allows the creation of simulated spectra depending on
a number of free parameters related to star formation history,
IMF, age, metallicity, supernova and black hole cut-o!, stellar
atmospheres and microturbolence. We generated galaxy model
spectra using the Padova tracks, by including the e!ects of ther-
mally pulsing AGB stars, for five values of metallicities, 0.02,
0.4, 0.2, 1.0, and 2.5 Z" and assuming continuous star formation
histories, as presented in Fig. 1. We considered five di!erent

A136, page 3 of 12

Fig. 1.17 Reprint of Fig. 1 from Sommariva et al. (2012) showing the variation of line indices
with stellar population age and metallicity. The EW of each feature is shown on the left
y-axis with the average fractional depth below the continuum on the right. The five different
colours show the five values of metallicity in the models constructed with Starburst99, with
the coloured regions showing the error due to the assumed IMF.
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Table 1.2 Reprint from S12. The Coefficients of Equation 1.2 for each index considering the
real continuum.

Index α β γ

F1370 -2.501 1.403 -0.1700
F1425 -2.003 1.203 -0.1521
F1460 -2.023 1.251 -0.1631
F1501 -2.152 2.324 -0.5329
F1978 -2.051 0.388 -0.0122

Their fit can be expressed as

log(Z/Z⊙) = α +βEW + γEW 2. (1.2)

The coefficients for the five indices can be seen in Table 1.2.

1.7 Outline of the Thesis

This thesis consists of seven chapters. Chapter 1 introduced the necessary background and

context for my research. I described the formation and evolution of galaxies along with their

different classifications and the effects of their properties. I have explained how the use

of stellar population models can be used to obtain galaxy properties. In particular, I have

described the UV region of galaxy spectra and how it can be used to deduce information

about the star formation in galaxies and the potential of old UV-bright populations.

Chapter 2 describes stellar population modelling. The process of stellar evolution is

described in detail before discussing how this is translated into stellar population models. I

specifically focus on the modelling of UV light for both young and old populations, detailing

the models used throughout this thesis.

Chapter 3 then details the different methodologies used in this work to derive galaxy

properties. I explain how the strength of absorption features can be calculated and detail how

they can be used to infer galaxy properties, particularly those in the UV. I outline the process

of full spectral fitting and the FIREFLY code used throughout this thesis as a comparison to

the index method. I also detail how information can be derived via the use of broadband

fitting, using photometric data instead of spectroscopic.
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In Chapter 4 I present the initial analysis of applying the mid-UV models outlined in

Chapter 2 to massive galaxies taken from SDSS-III/BOSS. I investigate the effect of spectral

resolution and signal to noise on the index strengths derived from the data in an effort to

assess the quality of the data analysed. I also investigate the effect of dust in an attempt

to understand the effect of any potential contamination. I explore how the presence of an

upturn component affects the mid-UV indices before presenting index-index grids outlining

the most useful indices for diagnostic purposes.

Chapter 5 investigates the UV derived ages of the massive galaxies taken from SDSS-

III/BOSS and the potential of upturn components being present. I show the ages derived

from the fitting methods discussed in Chapter 3 and discuss the model preferences found. I

show the redshift evolution of the UV upturn detected in the sample in an effort to constrain

the onset of the UV upturn. I also calculate the mass fraction contributing to the upturn

component of the SDSS-III/BOSS galaxies in an effort to understand the amount of old

UV-bright stars in galaxies. Finally, I show a comparison to models of local upturn galaxies

in an attempt to find their high-z analogues.

In Chapter 6 I apply the far-UV index models to two sets of high redshift objects in

an effort to derive their stellar properties. Using 3 different methods I derive the stellar

metallicities of a sample of galaxies from Sommariva et al. (2012) and Erb et al. (2010) in an

effort to assess the ability of the models to recover the values found in the literature. Using

the same methods I also derive the stellar ages of a sample of galaxies taken from VVDS

in an effort to assess the models’ ability to recover ages. For both samples I investigate the

effect of dust on the derived properties and explore the potential degeneracies between age,

metallicity, and dust in an effort to evaluate the usefulness of the far-UV indices and the

differing derivation methods.

Lastly, in Chapter 7 I provide conclusions on the use of mid-UV indices in determining the

presence of old, hot populations that can contribute to the UV upturn, as well as summarising

the investigation into using the far-UV indices to determine the stellar properties of high

redshift objects.



Chapter 2

Stellar Population Models

Stellar population models are tools for interpreting the integrated light (colours, mass to light

ratios, line indices) that we observe from galaxies. The basis of these models is the theory of

stellar evolution. The physical properties of stars, such as their radius, effective temperature,

and luminosity, are directly determined via their masses and chemical compositions using

the basic equations of stellar structure. Stellar evolution theory then evolves these stars

through time, showing how their structure and properties change as they pass through several

evolutionary stages.

In this chapter I give a brief outline of stellar evolution, detailing the different evolutionary

phases stars can pass through. I then describe the different sources of uncertainty in the

theory before outlining the knowledge and techniques needed for producing stellar population

models. In particular I focus on the modelling of the UV region, introducing the modelling

used throughout this thesis.

2.1 Stellar Evolution

The evolutionary states of stars can easily be distinguished from one another by plotting their

luminosity against their effective temperature, creating a Hertzsprung-Russell (HR) diagram,

an example of which can be seen in Figure 2.1. It should be noted that in this figure the colour

B-V has been used as a proxy for temperature, with higher values corresponding to higher

temperatures. This figure shows the stars found in the Milky Way globular cluster NGC

1851. Globular clusters (GCs) represent a near coeval population of stars, all with a given
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Fig. 2.1 Reprinted from Maraston (2005). HR diagram of the Milky Way globular cluster
NGC 1851. The main stellar evolutionary phases, as described in the text, are indicated as
main sequence (MS), sub-giant branch (SGB), red giant branch (RGB), horizontal branch
(HB), and asymptotic giant branch (AGB). Blue stragglers (BS) are a class of stars thought
to be the result of dynamical interactions between MS stars, not their internal evolution.

age and chemical composition, indicated by a distinct single main sequence turnoff in their

HR diagrams. This makes GCs ideal objects in which to identify the separate evolutionary

phases of stars as the sequences are well defined with small scatter.

There is a prominent ‘Main sequence’ (MS) stage where stars spend the majority of their

lives, seen in Figure 2.1 as an almost linear relation between luminosity and temperature.

This sequence then transitions into later stages, marked as a curve away from the MS known

as the ’turnoff’, when MS stars have exhausted the hydrogen fuel in their cores. These

evolutionary phases, and those that follow, are described in detail in this section.

2.1.1 Protostars and Main Sequence

Star formation occurs when regions of molecular gas clouds become very dense. When

enough mass has been collected and the cloud becomes dense enough, it contracts through
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gravitational collapse. Counteracting this process, the gas heats up providing radiative

pressure to balance the collapse, creating a protostar. These protostars continue to accrete

mass, growing steadily until the radiative pressure is strong enough to minimise any further

accretion. The evolution of the protostar will then depend on its mass.

Higher mass protostars will begin nuclear fusion through hydrogen burning during the

accretion process; whereas lower mass protostars will evolve as ‘pre-main sequence’ stars

until their core becomes dense enough to ignite and start nuclear fusion. Pre-main sequence

stars with masses M < 0.08M⊙ do not reach high enough densities in their core to begin

nuclear fusion. They do not progress along further stages of evolution, remaining brown

dwarfs throughout their lives.

Protostars and pre-main sequence stars have low brightness and their evolutionary

timescales are typically less than ∼ 105 years; therefore their contribution to the total

luminosity of a galaxy is small.

The stars with masses greater M > 0.08M⊙ move onto the main sequence where stellar

evolution processes begin to develop. Main sequence evolution is driven by mass, with the

more massive stars burning through their hydrogen fuel more quickly. During this phase

the properties of main sequence stars change very little until their cores are exhausted of

hydrogen. At this point they turnoff the main sequence and their subsequent evolution is

known as post-main sequence (PMS).

2.1.2 Post-Main Sequence

These latter stages of stellar evolution are again dependent on the mass of the star.

Low and Intermediate Mass: Stars with M < 8M⊙ move off the main sequence when all

the hydrogen fuel in their core has been exhausted by being converted into helium via nuclear

fusion. When this occurs the core cools and begins to contract as the radiative pressure is

no longer enough to balance the gravitational collapse. During this contraction, a "shell" of

hydrogen surrounding the helium core becomes hot enough to fuse hydrogen into helium.

This process injects radiative pressure into the outer layers of the star, causing it to expand

and move onto the ‘sub-giant branch’ (SGB).

As the temperature gradient between the core and the outer layers increases the star grows

in luminosity and evolves as a ‘red giant’ star along the ‘red giant branch’ (RGB).
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The helium core increases in temperature as it continues to collapse until it reaches a high

enough temperature for helium burning to start. This ignition injects radiative pressure into

the hydrogen burning shell, reducing its density and switching the shell burning off. This

central burning of helium into carbon and oxygen, known as the helium burning stage, moves

the star onto the ‘horizontal branch’ (HB).

As the helium in the core begins to deplete, it contracts again allowing helium burning to

begin in a shell around the core (now composed of carbon and oxygen) with a second shell

of hydrogen burning surrounding the helium shell. This process moves the star back towards

the RGB, a phase known as the ‘asymptotic giant branch’ (AGB).

When the star reaches an adequate luminosity on the AGB it ejects its outer layers

producing a planetary nebula, leaving behind its core which becomes a white dwarf star.

High Mass: Stars with M > 8M⊙ are able to continue burning heavier elements, past

helium burning, without losing the material in their outer layers. This builds successive

layers of elements stopping when the core becomes made of iron. As the iron builds up in

the core, the pressure increases causing photodisintegration of the inner part. The ensuing

contraction results in a powerful explosion, a supernova, as the outer layers rebound off the

core producing shockwaves. These supernovae can contribute a significant amount of an

entire galaxy’s light.

The remnant left behind after such an explosion depends on the mass of the star. For

stars with M > 20M⊙ there is no force great enough to overcome that from the gravitational

collapse of the core, leading to the formation of a black hole. Below this mass the total

collapse of the core is prevented by the neutron degeneracy leading to the formation of a

neutron star.

2.1.3 Theoretical Uncertainties

The processes described in the previous Sections are well understood and constrained.

However, some uncertainties in stellar evolution remain that can significantly affect the

interpretation of the light produced by a stellar population. I provide a brief description of

some of these uncertainties below.
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Mass loss

Mass loss is a systematic uncertainty in stellar evolution, one which is particularly

prevalent at the tip of the RGB where the stars’ radiative pressure becomes strong enough

to begin pushing off the outer layers of the star. This loss of mass can then affect later

evolutionary phases. There is no firm theoretical foundation for this mass loss so it is

necessary to use empirical relations to include this process in stellar population models.

Reimers (1975) proposed such an equation, relating the mass loss in stars, Ṁ, to their

physical properties by

Ṁ =−η
L

gR
, (2.1)

where L is the luminosity, g the surface gravity, and R the radius. η ∼ 4 ·10−13 and is an

empirical value that was determined from the observations of an assortment of RGB stars

that had mass loss measurements available at the time. Ṁ is given in units of M⊙yr−1.

It is important to include mass loss in stellar population models as it affects both the

luminosities and lifetimes of stars that contribute to the overall population. For example,

HB stars contribute a sizeable amount of light across all ages. Greater amounts of mass loss

in these stars results in higher temperatures being reached, creating ’blue’ HB evolution, a

potential mechanism for the UV upturn in old elliptical galaxies discussed in Section 1.6.1.

Overshooting

A second uncertainty involves the energy transportation in stars via convection. Con-

vective regions in stars allow for efficient energy transfer, parameterised by the mixing

length α , which affects both the temperature and size of the stars. This parameter cannot

be determined from first principles as a rigorous theory of turbulent stellar convection does

not yet exist due to the complexity of the problem. Instead this parameter must be calibrated

using observational data before computing stellar models. As the mixing length may be

a function of stellar mass and/or chemical composition this calibration requires a wider

selection of stars than just the Sun, so as to avoid making assumptions about the mixing

length at non-solar metallicities and other masses (Salaris and Cassisi (1996)).

The boundaries between convective regions and those dominated by radiative transfer

are not sharply defined as the velocities of stellar material can be carried outside of the
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convective regions, a process known as ‘overshooting’. Overshooting increases the size of

the core in MS stars, increasing their lifetime and delaying their progression into RGB stars

(Girardi et al. (2000)). This changes the calibration of ages of PMS stars in the HR diagram.

Observational evidence so far hints towards overshooting having a smaller impact than

initially thought, although it cannot be ruled out entirely (Ferraro et al. (2004), Sandberg

Lacy et al. (2010)).

TP-AGB

The thermally pulsating asymptotic giant branch (TP-AGB) is a late evolutionary phase

for stars of intermediate initial mass (2 - 3M⊙). These stars have both hydrogen and helium

shells surrounding a degenerate carbon/oxygen core that alternate burning, creating pulsations.

This can cause a considerable change in the near-infrared luminosities of populations younger

than 2 Gyr, as these stars can contribute up to 80% of the bolometric luminosity in the K-band

(Maraston (1998)).

Without the inclusion of this phase the derived ages of galaxies are systematically older

as the near-infrared flux produced by the TP-AGB must be compensated for by using models

with older populations (Maraston et al. (2006)).

Due to the double shell burning and strong mass loss featured in this evolutionary phase

it is difficult to model numerically: instead empirical prescriptions are used. Models of

TP-AGB stars and their effect have been discussed extensively in the literature (e.g. Maraston

(1998, 2005), Marigo et al. (2008), Conroy et al. (2009)).

2.2 Modelling Components

As discussed in Section 1.5, stellar population models require 3 key ingredients; a theory of

stellar evolution to describe how stars move along a HR diagram, a method to convert the

theory into observables such as a stellar library, and an initial distribution of stellar mass at

formation on which to build a population. I briefly describe each of these ingredients below.
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2.2.1 Stellar Models

Stellar models tell us about the energetics of different phases of stellar evolution and how

stars move along the HR diagram over time. These are known as ‘tracks’ or isochrones

(Girardi et al. (2000), Cassisi et al. (2006)).

Isochrones show the theoretical location of stars in a HR diagram at a given age, formed

from a single burst, with an initial distribution in stellar mass. It is, in effect, a snapshot

in time of a simple stellar system, formed at the same time and with the same chemical

composition. It does not include latter stages of evolution for stars whose fuel has already

been exhausted. On the other hand, stellar tracks follow the entire evolution of a single star

of a given mass from ignition to extinction.

Both isochrones and stellar tracks are abundantly available in the literature, differing

slightly in the details of the theoretical descriptions of stellar evolution. Figure 2.2, reprinted

from Strömbäck (2012), shows both isochrones and evolutionary tracks from a few of the

most commonly used models in the literature, namely: the Geneva database (Lejeune and

Schaerer (2001)), the BASTI database (Cassisi et al. (2006)), and the Padova database

(Girardi et al. (2000), Bertelli et al. (2008)).

In this work I use models in which the stellar tracks and isochrones are taken from the

Geneva database (Schaller et al. (1992), Schaerer et al. (1993)) for young ages (t . 30Myr),

and from the Frascati database for older ages (see Table 1 of Maraston (2005)). The UV

indices calculated in these models mostly depend on the stars around the MS turnoff so the

uncertainties in the PMS evolutions, and differences between the PMS prescriptions in the

tracks chosen and others available in the literature, should have a marginal effect (Maraston

et al. (2009)).

2.2.2 Observables

In addition to isochrones and stellar tracks, a way in which to convert the theoretical predic-

tions into observable quantities for entire galaxies, such as an SED, is needed. This can be

obtained via the use of stellar spectral libraries, both theoretical and empirical.

Theoretical libraries: Contain stellar spectra based on models of stellar atmospheres,

modelled using detailed radiative transfer methods (Mihalas et al. (1978), Kurucz (1979)).
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1.2.2 Main ingredients of Evolutionary Population Synthesis models

For stellar population modellers, stellar evolution theory comes in the form of isochrones
and/or stellar evolutionary tracks. Isochrones display in a Hertzsprung-Russell (H-R)
diagram, where absolute magnitude or luminosity is given as a function of surface tem-
perature, Teff , or alternatively colour or spectral type (which in principal is just a mea-
surement of the temperature), the theoretical loci of stars from a single-burst, single-
metallicity population with some given mass distribution, and given a certain time since
the birth of the population (i.e. its age). An isochrone is thus a snapshot of a simple stellar
system, which means that stars whose fuel has already been exhausted are not included
in the picture. Stellar tracks, on the other hand, follow the entire evolution (also in an
H-R diagram), from ignition to extinction, of a single theoretical star of a given mass, see
Fig.1.3.

Figure 1.3: Isochrones (left) and evolutionary tracks (right) from a few of the most widely
used stellar evolution models in the literature; the Geneva database of very massive stars
(Lejeune & Schaerer, 2001, dash-dot line), the BASTI database (Cassisi et al., 2006,
solid line), and the Padova database (Girardi et al., 2000; Bertelli et al., 2008, dashed and
dotted lines, respectively). The reader is urged to compare the shape of these theoretical
predictions to the distribution of stars in the observational HR-diagram in Fig.1.2.

Fig. 2.2 Isochrones (LHS) and evolutionary tracks (RHS) from some of the most commonly
used models in the literature. The dash-dot lines shows the Geneva database (Lejeune
and Schaerer (2001)), the solid lines the BASTI database (Cassisi et al. (2006)), and the
dashed and dotted lines the Padova database (Girardi et al. (2000) and Bertelli et al. (2008)
respectively). Reprinted from Strömbäck (2012).
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Theoretical models are not limited by observed spectral resolution or flux calibration methods

and can cover a wide range of stellar parameters. However, some stellar phases, such as

stars with low Teff, are not well modelled and detailed molecular line lists are most often

incomplete (Coelho et al. (2005)). This suggests that there may be large discrepancies in

some areas of the parameter space modelled.

Empirical libraries: Contain hundreds, or thousands, of observed stellar spectra with

well determined luminosity, temperature, metallicity, and surface gravity. This provides a

grid of stars that can be interpolated to cover finer parameter spacing. As these libraries use

observed stars they do not require potentially incorrect assumptions about the contributions

of different stellar atmospheres to the overall spectra. However, the parameter space covered

by observations is limited to those found in the solar neighbourhood and assumptions are

needed to include stars formed under different conditions.

Observables can also be obtained via relations between stars of different atmospheric

parameters and their broadband colours or absorption line strengths.

In this work I utilise both theoretical and empirical libraries where applicable in the

analysis. This approach allows comparison between theoretical models and observed data

while also extending the parameter space covered by the models.

2.2.3 Integration

Finally, both the energetics and physical observables must be integrated across all pertinent

evolutionary phases. This can be achieved via two separate methods:

Isochrone synthesis: For MS stars, all flux contributions can be integrated along an initial

distribution of mass over time. This initial mass distribution gives the relative abundance of

stars with different initial masses and is called the initial mass function (IMF).

The first IMF was constructed by studying the stellar content in the solar neighbourhood

by Salpeter (1955). This resulted in a simple power law, known as a Salpeter IMF, which is

still frequently used today. However, due to observational limitations, the low-mass end of

the distribution could not be measured accurately. Instead it was included via an extrapolation

of the function observed for higher mass stars. More detailed, multi-component, IMFs have

since followed the Salpeter IMF, the most notable being Kroupa (2001) and Chabrier (2003).
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Figure 2.1: A schematic plot of the two methods of integration, separated by the turn-off.
The MS (blue), in which the luminosity of a star is proportional to its mass, is integrated
using the isochrone synthesis technique. The PMS (red) on the other hand is better
handled using the fuel consumption theorem, where the luminosity of any given subphase
depends on the amount of fuel that is spent there (computed from the evolutionary track
of a turn-off star) and on the duration of the phase (determined by the in- and outflux of
stars to that phase).

at which they evolve off any PMS phase (Renzini & Buzzoni, 1986). This is called the
evolutionary flux b(t), which in unit of stars per year is given as:

b(t) = !(MTO)|ṀTO| (2.3)

where ṀTO is the time derivative of the relationMTO(t|C). The fuel consumption theo-
rem states that ”The contribution of stars in any given PMS stage to the integrated bolo-
metric luminosity of an SSP is directly proportional to the amount of fuel burned during
that phase” (Renzini & Buzzoni, 1986). If the fuel burned in PMS phase j is given by:

Fj(MTO) = mH
j + 0.1mHe

j (2.4)

Fig. 2.3 A schematic of the two methods of integration, isochrone synthesis in blue and
the fuel consumption theorem in red. Isochrone synthesis is used for the MS when a star’s
luminosity is proportional to its mass. PMS phases are better handled by the fuel consumption
theorem, where a star’s luminosity depends on the amount of fuel available for that phase,
and the phase’s duration. Reprinted from Strömbäck (2012).

Fuel consumption theorem: Integration up to PMS stages is possible with isochrone

synthesis but it becomes very difficult for later phases after the RGB due to the lack of stars

observed in those states. An alternative method is to use the ‘fuel consumption theorem’

(FCT, Renzini and Buzzoni (1986)), which details how the contribution of a late stellar phase

to the total luminosity of a system is directly proportional to the amount of fuel (hydrogen or

helium) that phase has available to burn. This leads to an integration over the amount of fuel

available, instead of time, to determine to contribution the the overall spectrum.

It should be noted that this method, like isochrone synthesis, requires an IMF in order to

calculate the rate of stars evolving from one phase of stellar evolution to another.

Figure 2.3 shows a schematic of these two methods of integration, separated by the MS

turnoff.

The models used in this work utilise isochrone synthesis to calculate the MS luminosities

and the fuel consumption theorem for the PMS contributions. The IMF used is that of Salpeter

(1955), however the effect of changing the IMF was tested using the Kroupa (2001) IMF,

and the effect was found to be negligible.
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2.2.4 Modelling Complex Stellar Populations

Simple stellar populations, coeval generations of stars with a given age and chemical compo-

sition, are the base of stellar population models. Observationally, they are found to represent

well the populations found in globular clusters. Although there is some evidence that these

objects may have gone through more than one star formation episode, the subsequent episodes

are generally minor leading to the consensus that globular clusters are the ‘simplest’ stellar

populations observed.

Galaxies, however, are often poorly represented by SSPs as they have undergone many

more episodes of star formation, creating a more continuous star formation history across

cosmic time. A star formation history can be built up, such as that in a galaxy, by combining

SSPs weighted by the rate of star formation at that age. Therefore the total light from a

complex stellar population can be given by

Lcomplex =
∫

t
LSSP

t ·Ψ(t) dt, (2.2)

where L is the total amount of light, Ψ(t), the star formation history, and LSSP
t the light

from the SSP with age t.

Alternatively, this can be expressed as a discrete number of SSP components weighted

by the star formation history as

Lcomplex ≈
nSSPs

∑
i

wiLSSP
i , (2.3)

where wi is the weighting for each SSP component with Li (Wilkinson (2015)).

The work in this thesis fits both SSPs and more complex CSPs in order to derive the

average stellar properties of the objects analysed. The methods used for fitting each type of

model population can be seen in Chapter 3.

2.3 Modelling the Ultraviolet

As discussed in Section 1.6, features situated in the UV region could provide useful diagnos-

tics for variables such as age, metallicity, surface gravity, and effective temperature for both

young and old populations of stars.
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Throughout this thesis we use a suite of UV models taken from Maraston et al. (2009),

hereafter M09, and newly computed for Le Cras et al. (2016), to investigate both types of

population that can contribute to the UV flux of galaxies. We provide details of the models

used in this work below.

2.3.1 M09 models

M09 model UV narrowband indices which were defined by Fanelli et al. (1992), hereafter

F92, using data from the International Ultraviolet Explorer (IUE). Indices were determined

by F92 to characterise the continuum and spectral lines of the IUE stellar spectra in two

spectral regions; 1230 - 1930Å and 1950 - 3200Å. The first set of indices, defined in the

far-UV, were created for the analysis of active star forming galaxies whereas the second

set, in the mid-UV, were constructed for the analysis of the properties of spectral features

prominent in old populations. The F92 indices mostly trace lines of Fe and Mg, and blends

of different species.

M09 utilise the full line index system defined by F92 which is comprised of 11 indices

in the far-UV (1270 - 1915Å) and 8 indices in the mid-UV (2285 - 3130Å). See Table 2.1

for details of the absorption features including the bandpass definitions and contributing

chemical elements. Synthetic line indices were obtained for simple stellar populations (SSP),

i.e. chemically homogeneous and instantaneous bursts, for several metallicites (2Z⊙,Z⊙, 1
2Z⊙

and 1
10Z⊙), and ages (1 Myr ≤ t ≤ 1 Gyr or above depending on the available stellar data).

The M09 models, based on the (Maraston (1998, 2005), hereafter M05) EPS code are

computed using a twofold strategy, producing both empirically based models as well as

theoretical ones, as described below.

Empirical libraries:

The M09 empirically-based models use the index description as a function of stellar

parameters as measured on the real IUE stellar spectra collected by F92. The data consists of

low-resolution (6Å) observations of 218 stars in the solar neighbourhood, covering 1150 -

3200Å and are compiled in the "IUE Ultraviolet spectral atlas" (Wu et al. (1983, 1991)). The

library consists of 56 stellar groups, classified by spectral type and luminosity class.
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Name Blue bandpass Central bandpass Red bandpass Comments
BL1302 1270.0 1290.0 1292.0 1312.0 1345.0 1365.0 Si III, Si II, O I
Si IV 1345.0 1365.0 1387.0 1407.0 1475.0 1495.0 Si IV 1393.8; 1402.8
BL1425 1345.0 1365.0 1415.0 1435.0 1475.0, 1495.0 C II 1429, Si III 1417, Fe IV, Fe V
Fe 1453 1345.0 1365.0 1440.0 1466.0 1475.0 1495.0 Fe V + 20 additional Fe lines
CA

IV 1500.0 1520.0 1530.0 1550.0 1577.0 1597.0 C IV 1548, in absorption
C IV 1500.0 1520.0 1540.0 1560.0 1577.0 1597.0 C IV, central band
CE

IV 1500.0 1520.0 1550.0 1570.0 1577.0 1597.0 C IV, in emission
BL1617 1577.0 1597.0 1604.0 1630.0 1685.0 1705.0 Fe IV
BL1664 1577.0 1597.0 1651.0 1677.0 1685.0 1705.0 C I 1656.9, Al II 1670.8
BL1719 1685.0 1705.0 1709.0 1729.0 1803.0 1823.0 N IV 1718.6, Si IV 1722.5; 1727.4, Al II
BL1853 1803.0 1823.0 1838.0 1868.0 1885.0 1915.0 Al II, Al III, Fe II, Fe III
Fe II (2402Å) 2285.0 2325.0 2382.0 2422.0 2432.0 2458.0
BL2538 2432.0 2458.0 2520.0 2556.0 2562.0 2588.0 Uncertain, Fe I?
Fe II (2609Å) 2562.0 2588.0 2596.0 2622.0 2647.0 2673.0
Mg II 2762.0 2782.0 2784.0 2814.0 2818.0 2838.0
Mg I 2818.0 2838.0 2839.0 2865.0 2906.0 2936.0
Mgwide 2470.0 2670.0 2670.0 2870.0 2930.0 3130.0
Fe I 2906.0 2936.0 2965.0 3025.0 3031.0 3051.0
BL3096 3031.0 3051.0 3086.0 3106.0 3115.0 3155.0 Al I 3092, Fe I 3091.6

Table 2.1 A list of indices used in this analysis, with bandpass definitions as denoted in Fanelli et al. (1992). Indices termed as "BL"
are blends of several elements. Adapted from Maraston et al. (2009).
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Out of these the 47 groups classified as having solar metallicity were selected as input for

the construction of fitting functions (FF), which are then plugged into the M05 EPS code.

FFs are analytical approximations that describe the line indices as functions of stellar

parameters (Teff, log g, [Z/H]). The FF method is a convenient approach used by many

authors to include an empirical calibration in an population synthesis code. An advantage of

this method is that fluctuations in the spectra of stars with similar atmospheric parameters

become averaged out (Maraston et al. (2009)).

As the observed stars have mostly solar chemical composition the FF were initially built

to depend only on Teff and log g. Metallicity effects were incorporated by means of the high

resolution synthetic Kurucz spectra calculated by Rodriguez-Merino et al. (2005). Model

spectra with log g = 4 were considered, as the most important contributors to the UV light

are stars at the main sequence turnoff whose gravity does not vary appreciably.

To estimate fractional metallicity corrections, the separate effects of abundance changes

were considered on both the absorption feature and the pseudo-continuum fluxes. The FF

calculated in this way were plugged into the M05 EPS code to produce integrated indices for

metallicities 2, 1
2 and 1

10Z⊙.

The FF were calculated to be suitable for population ages from 1 Myr up to 1 Gyr. This

is due to the range of stars observed by the IUE and the fact that the UV flux usually drops

off after this age.

Theoretical libraries:

In parallel to the FF-based approach of the empirical model, integrated line indices were

calculated via direct integration on the synthetic SEDs of stellar population models computed

using the high resolution theoretical library UVBLUE by Rodriguez-Merino et al. (2005)

as input to the M05 EPS code. UVBLUE is based on LTE calculations executed with the

ATLAS9 and SYNTHE codes developed by Kurucz (1979). Many of these indices were

studied in theoretical stellar spectra by Chavez et al. (2007) who found the synthetic indices to

follow the general trends depicted by those computed from empirical databases by exploring

their behaviour in terms of leading stellar parameters (Teff, log g). Spectra are provided for a
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wide range of chemical compositions, temperatures and gravities with a wavelength range of

850 - 4700Å, and high spectral resolution ( λ

∆λ
∼ 10,000)1.

For the work of Le Cras et al. (2016), and this thesis, the calculations of UV indices

on the theoretical model were extended to also cover old ages (up to 14 Gyr) by including

contributions from old UV-bright populations such as a blue horizontal branch stars and

P-AGB stars.

2.3.2 Including the UV Upturn

The original M09 models do not feature a contribution from old UV-bright populations.

In order to investigate the effect of these populations on the absorption features we use

extensions of the M09 theoretical model, produced by C. Maraston, which incorporate old

hot stellar population components. Two sets of models were calculated, which differ by the

source of the UV light, and are presented in Le Cras et al. (2016). I provide details of the

modelling below.

Blue horizontal branch:

One type of model has a blue horizontal branch (BHB) at high-metallicity as described in

M05. This is calculated by applying a Reimers’ mass loss (Reimers (1975)) with efficiency

parameter η = 0.552 (see Equation 2.1) to the post-main sequence stellar track corresponding

to a given age. As a result of the increased mass-loss, the phase of helium burning contains

sub-phases spent at progressively higher temperatures, which raises the emission at short

wavelengths. The range of temperatures spanned depends on the assumed mass-loss (see

M05 for details). This first model, referred to throughout this work as bhb, has a continuous

temperature distribution, with fuel consumption calculated at each temperature location as

proper to the corresponding stellar track (see M05).

Studies of the dwarf spheroidal galaxy M32 (Brown et al. (2000b) and Brown et al.

(2008)) have shown the presence of hot horizontal branch stars in its core with a lack of

UV-bright P-AGB stars. By constructing an ultraviolet colour-magnitude diagram of the

1Both the full high-resolution and further downgraded versions are available at www.maraston.eu
2The canonical value calibrated with Milky Way globular clusters and used throughout the models is

η = 0.33
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hot HB population they find that only ∼2% of the HB population is hot enough to produce

significant UV emission. However, this is sufficient to provide the vast majority of the

emission seen in the galaxy, implying P-AGB stars are not a significant source of emission.

However, M32 is a dwarf spheroidal galaxy whereas the majority of galaxies investigated

in the later sections of this thesis are the most massive ellipticals; therefore the upturn

mechanism may differ between the two populations. It should also be noted that for younger

systems with t ∼ 5 Gyr (similar to the BOSS galaxies explored in Chapters 4 & 5) the amount

of mass loss required to produce these hot stars is significant and hot HB stars are expected to

be rare or not present (Dorman (1997)). To this end I also explore other potential contributors

to the UV upturn.

P-AGB:

The second type of upturn model assumes that the hot phase in old populations is

localised at certain, well-defined, temperatures, aiming at simulating a P-AGB evolution.

P-AGB stars are known to be present in old metal-rich populations, as evidenced by the

existence of planetary nebulae, and it is possible that despite their relatively short evolutionary

timescales (ranging from a few times 104 yr to a few thousand years (Dorman (1997))) they

can contribute significantly to the UV flux in galaxies with weaker upturns (Ferguson and

Davidsen (1993)). As a starting value I consider a model with a temperature Teff = 25,000 K,

which was found by Maraston and Thomas (2000), hereafter MT00, to reproduce the shape

of the average UV upturn of four local objects (three massive early-type galaxies and the

bulge of M31).

However, because the UV upturn strength varies among galaxies and may also vary with

redshift in a non trivial way, further combinations of temperatures and fuels are also explored.

Also included are two metallicites (Z⊙ and Z⊙) in order to explore the effect of metallicity

on the strength of the upturn. See Table 2.2 for details of the combinations and naming

convention.

The numerical value is the fuel consumption appropriate to an intermediate/old helium

burning phase of solar metallicity populations (see M05). These models give spectra that em-

brace the variation in upturn strength modelled locally in MT00, see Figure 2.4, but I consider
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Table 2.2 A list of theoretical model names and parameters for the P-AGB models used in
this analysis.

Name Metallicity Temperature (Teff) Fuel ( f )
T10 Z⊙ 10,000K 6.5 ·10−2M⊙
T25 Z⊙ 25,000K 6.5 ·10−2M⊙
T25_2Z 2Z⊙ 25,000K 6.5 ·10−2M⊙
T25L_2Z 2Z⊙ 25,000K 6.5 ·10−3M⊙
T35_2Z 2Z⊙ 35,000K 6.5 ·10−2M⊙
T35L_2Z 2Z⊙ 35,000K 6.5 ·10−3M⊙
T40 Z⊙ 40,000K 6.5 ·10−2M⊙
T40L Z⊙ 40,000K 6.5 ·10−3M⊙

a higher fuel consumption in order to account for the fact that galaxies at higher redshifts are

several Gyrs younger than local galaxies for which the upturn has been constrained.

The fuel in the two coolest temperatures is a factor 3 larger than the strongest upturn

galaxy in the local sample (NGC 4649). Whereas the hottest temperature models, and the

higher metallicity models, also include a fuel on the lower side of the local observations of

MT00 (see Figure 2.6). The upturn phase is then placed in each model with identical fuel

and temperature independently of age. Any further time evolution of this phase above 3 Gyr

is not assumed. With the current state of both the understanding and modelling of this phase,

any assumption would be arbitrary.

Figure 2.5 shows the mid-UV region of a 5 Gyr population, for each of the upturn models

described above. Included for comparison are two models without a UV upturn contribution,

named old - no upturn and old - no upturn - 2Z for the metallicities Z⊙ and 2Z⊙, respectively.

The absorption features seen in the models become more pronounced at higher temperature

models, with the same amount of fuel, with the flux at the bluer end of the mid-UV decreasing.

The continuum shows a much flatter shape for lower temperature models. The models with

lower fuel show more similar shapes and features to models without an upturn contribution,

as expected. Note that while the models extend to shorter wavelengths, Figure 2.5 uses the

exact range of wavelength covered by the mid-UV indices, those constructed for the analysis

of features prominent in old populations such as those that produce the UV upturn.
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No. 1, 2000 STRONG BALMER LINES IN OLD STELLAR POPULATIONS 131

FIG. 5.ÈSpectral energy distributions as a function of wavelength. IUE data for j ! 3300 (circles) are from Burstein et al. (1988) and L. Buson (1999,A!
private communication) ; the spectrophotometry for j º 3440 (thin solid lines) is from D. Hamilton (1999, private communication). The models from TableA!
1 are shown as thick solid lines ; dotted lines are the SEDs of the metal-poor and the metal-rich components (100%), respectively.

component population with and 20% ofZmaj \ 2È3 Z
_The SED of this model with such a largeZsub \ 0.005 Z

_
.

fraction of very metal-poor stars, however, is not compat-
ible with the Ñuxes observed in the mid-UV (see also
Burstein et al. 1984 ; Rose & Deng 1999). On the other hand,
from a deep Hubble Space Telescope (HST ) color-
magnitude diagram, Grillmair et al. (1996) conclude that
there is no evidence for an intermediate-age population

Gyr). It is worth mentioning, however, that M32 is a(t [ 2
peculiar object that does not have the properties of the
average elliptical galaxy population.

Alternatively to the addition of metal-poor stars, metal-
rich populations with blue horizontal-branch morphologies
could reproduce strong Hb without invoking young ages.
Such hot horizontal-branch stars are indeed observed in the
metal-rich globular clusters NGC 6388 and NGC 6441 of
the galactic bulge (Rich et al. 1997) and in M32 (Brown et al.
2000). A possible mechanism to produce these temperatures
is enhanced mass loss along the RGB evolutionary phase.
The investigation of this channel to obtain strong Hb in old
metal-rich populations will be the subject of a future paper.

4. DISCUSSION

4.1. Metallicity Distributions in Ellipticals
The principle idea of this paper is to enhance the Balmer

line strengths of old metal-rich stellar populations with a
small fraction of metal-poor stars. The real metallicity dis-
tribution of the stellar populations in elliptical galaxies is
difficult to assess observationally, as the stars cannot be
resolved. The HST color-magnitude diagram of M32
(Grillmair et al. 1996) and the spectroscopy of K giants in
the bulge (Rich 1988) show that these spheroids contain a
tail of low-metallicity stars. The closest giant elliptical for
which color-magnitude diagrams are available is NGC
5128 (Harris, Harris, & Poole 1999). Analyzing deep HST
images in the outer halo of NGC 5128, the authors !nd a
di†erential metallicity distribution that is well reproduced
by two closed boxÈlike chemical enrichment scenarios
implying a large number of extremely metal-poor stars. In
particular the di†erential shape of the distribution implies a
formation picture in which a metal-poor and a metal-rich
population are formed separately from each other.

Fig. 2.4 Reprint of Figure 5 from Maraston and Thomas (2000). Spectral energy distributions
as a function of wavelength. IUE data for λ ≤ 3300Å (circles) are from Burstein et al. (1988)
and L., Buson (1999, private communication); the spectrophotometry for λ ≥ 3440Å (thin
solid lines) is from D. Hamilton (1999, private communication).The best-fit model spectra,
detailed in Table 1 of MT00, are shown as thick solid lines; dotted lines are the SEDs of the
metal-poor and metal-rich components.
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(a) The mid-UV region of Z⊙ upturn models

(b) The mid-UV region of 2Z⊙ upturn models

Fig. 2.5 The mid-UV region of smoothed theoretical spectra showing multiple upturn models.
Each spectrum shows a 5 Gyr stellar population. (a) The Z⊙ models. The solid light green
and dashed dark green lines show the T10 and T25 models with the solid blue line showing
the bhb model. The dashed cyan line shows the T40 model with the solid cyan line showing
the T40L model with lower fuel. The dotted red line shows the old model without an upturn
component. (b) 2Z⊙ models. The dashed olive and solid turquoise lines show the T25_2Z
and T25L_2Z models respectively with the solid purple and dashed black lines the T35_2Z
and T35L_2Z models. The solid red line shows a model without an upturn component.



2.3 Modelling the Ultraviolet 55

The upturn model grids span ages of 3 - 14 Gyrs in 1 Gyr intervals. A finer grid at 0.1 Gyr

intervals was obtained via interpolation by fitting a simple second or third order polynomial

to the age variation of the absorption feature strengths.

It is important to note that the range of the explored models extends only mildly outside

what is observed locally. In order to show this, I use the results of Maraston and Thomas

(2000) which modelled the upturns featured in the three massive local early-type galaxies

NGC 4472, NGC 3379, NGC 4649, and the bulge of M31. Figure 2.6 is a remake of

Figure 2.4 and shows the upturn model SEDs (with the same colour coding as in Figure

2.5) normalised to 4699Å. The y-intercepts of the weakest (NGC 3379) and strongest (NGC

4649) upturns modelled in MT00 are shown by the dash-dot and dotted lines respectively.

Upturn models with lower amounts of fuel agree with these limits, with those featuring

higher amounts falling above the range covered by the local galaxies. Models without an

upturn component fall below the local range as expected.

In this Chapter I have briefly outlined stellar evolution and the different evolutionary

phases that stars can pass through. I have also described the different sources of uncertainty

within stellar evolution theory. I outlined the knowledge and techniques needed to model

stellar populations, focussing specifically on the modelling of the UV region. I also introduced

the models used throughout this thesis, detailing the original M09 models and the extension

including old UV-bright stars produced for Le Cras et al. (2016).

In the next Chapter, I present details of the derivation methods used throughout this work

to determine the ages and metallicities of stellar populations. I detail methods fitting stellar

absorption features of both SSPs and CSPs as well as outlining the method of full spectral

fitting and the code, FIREFLY used in this work. I also discuss the use of broadband colours

in the derivation of stellar population parameters.
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(a) Z⊙ upturn models

(b) 2Z⊙ upturn models

Fig. 2.6 Spectral energy distributions of 5 Gyr upturn models as a function of wavelength,
normalised to the V-band. The dash-dot and dotted lines show the y-intercept of local galaxies
featuring an upturn (the bulge of M31 and NGC4649 respectively), taken from Figure 2.4



Chapter 3

Derivation of Stellar Population

Parameters

Galaxy properties are derived by fitting stellar population models to data. The SEDs of

galaxies contain a wealth of information about the stellar populations within them and their

gas content. Stellar ages, star formation histories, and element abundances can be derived

using the stellar continuum and stellar absorption features. Whereas emissions lines can be

used to derive gas kinematics, and details regarding black hole accretion and ongoing star

formation.

Here I discuss several of the different methods utilised to derive stellar population

parameters in this thesis including: the use of stellar absorption features, full spectral fitting,

and broadband colours.

3.1 Absorption Indices

Absorption indices are a powerful stellar population diagnostic. These indices are well defined

regions in wavelength space that cover absorption lines produced by stellar populations. Each

region is accompanied by two adjacent regions, one blue-ward and one red-ward of the feature,

covering the stellar continuum where no prominent features are found. By connecting the

midpoints of these two surrounding regions a ‘pseudo-continuum’ is created and the strength

of the index is determined by measuring the flux within the line region relative to this
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Mgb 

Figure 2.1: Lick definition of the Mgb index. Relative flux as a function of wavelength is shown
for a random SDSS early-type galaxy. Solid vertical lines are definitions of the main feature
pass-band, while dotted vertical lines are definitions of the pseudo-continua pass-bands. Solid
horizontal lines are mean fluxes in the pseudo-continua pass-bands. The dashed line connects the
central wavelengths of the pseudo-continua pass-bands defining the final pseudo-continuum.

H�A and H�F ). The 21 index definitions of Worthey et al. (1994) were refined in Trager
et al. (1998) through cross-correlation with more accurate, in terms of wavelength cal-
ibration, spectra. The index strengths are measured as the ratio between the flux in the
feature pass-band and the pseudo-continuum as either equivalent widths (EW, narrow
atomic features) or magnitudes (Mag, broad molecular features). The definitions for
measuring the indices are

EW =

Z �2

�1

 
1 � FI�

FC�
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d� (2.1)

Mag = �2.5log

 ✓
1

�2 � �1

◆Z �2
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FI�

FC�

d�

!
(2.2)

where �1 and �2 are the wavelength limits of the feature pass-band and FI� and FC� are
the fluxes per unit wavelength of the feature pass-band and pseudo-continuum, respec-
tively.

Fig. 3.1 Reprint from Johansson (2011). The Lick definition of the Mgb absorption feature.
Solid vertical lines denote the central bandpass with the dotted lines showing the red and
blue bandpasses. The relative flux of an early-type galaxy, taken from SDSS, as a function
of wavelength is shown. The solid horizontal lines show the mean fluxes of the ‘pseudo-
continuum’, with the dashed line connecting the central wavelengths of the red and blue
bandpasses, defining the final ‘pseudo-continuum’.

‘pseudo-continuum’. An example of this can be seen in Figure 3.1, taken from Johansson

(2011).

The index strength can be measured as an equivalent width (EW) using the following

equation

EW =
∫

λ2

λ1

(1− FIλ

FCλ

)dλ , (3.1)

where λ1 and λ2 are the wavelength limits of the feature. FIλ is the flux per unit

wavelength of the central bandpass of the feature and FCλ that of the ‘pseudo-continuum’.
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This method was presented in Worthey et al. (1994) who defined 21 absorption line

indices, with corresponding blue and red pseudo-continua, and measured them on the 460

empirical stellar spectra that form the ‘LICK/IDS’ library. From this they obtained empirical

relations between the strength of absorption lines and stellar parameters such as temperature,

surface gravity, and metallicity. 4 further index definitions were added in Worthey and

Ottaviani (1997), adding the four higher order Balmer indices (HδA, HδF , HγA, and HγF ).

Major progress has been made with newer generations of stellar libraries that improve the

parameter space covered, the spectral resolution, signal-to-noise ratio, and flux calibration

(e.g. Le Borgne et al. (2003), and Sánchez-Blázquez et al. (2006)). Other empirical relations

based on the same stellar library exist but their use does not change the results in the final

stellar population model significantly (Maraston et al. (2003)).

Absorption features can also be measured directly from stellar population model SEDs

based on empirical stellar libraries. This method is benefited by the fact that the full SED

can also be compared pixel-by-pixel to observations (Tojeiro et al. (2007)).

The work in this thesis uses absorption indices situated in the ultraviolet region to

determine the properties of the UV-bright populations. This is achieved via a comparison

of the strengths of absorption features found in the data to those from both theoretical and

empirical models, see Section 2.3. The empirical model is calculated using fitting functions

whereas the theoretical model uses the direct integration of model spectra. The two sets of

absorption features used in this work are discussed in 3.1.1 and 3.1.2.

There have been several other studies involving UV absorption features. Leitherer et al.

(2001) and Rix et al. (2004) presented calibrations for stellar metallicity based on absorption

features in the far-UV (1370Å, 1424Å, and 1978Å). Whereas Lotz et al. (2000) proposed a

mid-UV absorption feature, a blend of Fe I and Mg I at 2538Å, as a diagnostic based on the

ability of their models to accurately model the feature.

Chavez et al. (2007) and Chavez et al. (2009) presented investigations into synthetic

mid-UV features, comparing them to empirical indices measured from IUE observations

of stars and Galactic GCs respectively. M09 detailed both far-UV and mid-UV features

from theoretical and empirical backgrounds and explored their ability to derive the ages and

metallicities of GCs from the Magellanic Clouds.



3.1 Absorption Indices 60

Table 3.1 A list of the far-UV indices used in this analysis, with their central bandpass
definitions. Indices termed as "BL" are blends of several elements.

Name Central bandpass
BL1302 1292.0 1312.0
Si IV 1387.0 1407.0
BL1425 1415.0 1435.0
Fe 1453 1440.0 1466.0
CA

IV 1530.0 1550.0
C IV 1540.0 1560.0
CE

IV 1550.0 1570.0
BL1617 1604.0 1630.0
BL1664 1651.0 1677.0
BL1719 1709.0 1729.0
BL1853 1838.0 1868.0

3.1.1 Far-Ultraviolet Indices

Situated in the far-UV these indices are ideal for studying young star forming populations.

This is due to the fact that the far-UV spectral region is dominated by the hot component

of galaxy stellar populations which is composed of luminous O and B-type stars in young

galaxies.

Table 3.1 recalls the 11 far-UV features used in this thesis and their central bandpasses.

Situated between ∼1200 - 1900Å these features trace Si, C, and Fe, among other elements.

These features can be seen in Figure 3.2 which shows the far-UV region of a high resolution

spectrum of a 1 Gyr population model with solar metallicity. A downgraded spectrum, that

has been smoothed to a lower resolution has been over-plotted in red. Many of the details in

the high resolution spectrum are washed out during the smoothing process but the majority of

the absorption features studied in this work remain clearly defined. The far-UV features are

highlighted by the green and blue dashed lines which denote the central bandpasses listed in

Table 3.1. The most prominent features in the far-UV are due to C, O, Fe, and Si absorptions

(e.g. BL1302, BL1664, and C IV). These features can be seen clearly in Figure 3.2 in both

the high resolution spectrum and the downgraded version.

The trends of these indices, with age and metallicity, can be seen in the first 11 panels of

Figure 3.3. Si IV and C IV display the strongest sensitivity to metallicity at ages below 50

Myr; above this threshold BL1853 becomes a good indicator. BL1617 and Fe V are both
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Fig. 3.2 The far-UV region of a high resolution, theoretical M09 spectrum for a 1 Gyr,
solar metallicity population. A smoothed (3Å resolution) version of the spectrum, has been
over-plotted in red. The central bandpasses for the far-UV indices are denoted by the dashed
green and blue lines. It should be noted all three of the C IV central bandpasses (CA

IV, C IV,
and CE

IV) are combined in order to avoid crowding.

potential indicators of age as they show significant insensitivity to metallicity at young ages,

up to 60 Myr and 20 Myr respectively. Beyond 10 Myr, Fe V is the only index to become

stronger in lower metallicity populations.

A comparison of the far-UV indices measured on individual IUE observed stars and

the theoretical Kurucz stellar spectra as a function of temperature, with fixed gravity, was

undertaken in M09. Several indices were found to be consistent between the real and

synthetic stars, while others are sightly discrepant (e.g. BL1302, Si IV, and BL1425) .

When this occurs the real stars often, but not always, have stronger indices. Some of these

effects may originate from abundance ratio effects, others from an incorrect stellar parameter

assignment of the stars in the empirical model or by incomplete line-lists in the theoretical

model. Non-LTE effects or stellar winds could also cause some of the discrepancy seen.

Further to this, diffusion may also affect some of these indices, particularly those relating

to Fe. Diffusion can cause overabundances to appear in the surface abundances, leading to

higher absorption strengths than predicted theoretically.
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C. Maraston et al.: Absorption line indices in the UV . I. 435

Fig. 8. E!ect of age and metallicity on line indices of SSP models.

high metallicity. Most likely for these two lines the e!ect of in-
creasing metallicity mainly works in depressing the continuum,
which has the e!ect of lowering the line-strength.

Si !" and C !" indices display the strongest sensitivity to
metallicity at ages below 50 Myr, while BL1853 is a good metal-
licity indicator at older ages. BL1617 and FeV show a remark-
able insensitivity to metallicity at young ages. Though only up
to ages around 60 Myr and 20 Myr respectively, these lines are
potentially powerful age indicators. FeV is the only index that
becomes stronger in lower metallicity populations at ages larger
then 20 Myr.

6. Testing the indices with real data

6.1. Globular cluster templates

Before using the models to study complicated stellar populations
like galaxies, it is necessary to test them on globular clusters
(GCs) with independently known ages, metallicities and abun-
dance ratios (e.g., Renzini & Fusi Pecci 1988; Worthey 1994b;
Maraston et al. 2003; Leonardi & Rose 2003; Beasley et al.
2002; Proctor et al. 2004; Lee & Worthey 2005; Schiavon 2007;
Koleva et al. 2008; Graves & Schiavon 2008). GCs are the ideal
templates since they are prototypical simple stellar populations.

We use IUE observations (Cassatella et al. 1987) of 10 GCs
in the Large Magellanic Cloud (LMC), which have indepen-
dent age and metallicity determinations (Table 3). Ages and
metallicities were obtained from di!erent sources. Both metal-
licity and the age of NGC 1711 were taken from Dirsch et al.
(2000), the former was determined by using metallicity to
Strömgrem colour empirical calibrations, the latter by fitting
CMD to Geneva (Schaerer et al. 1993) and Padova (Bertelli et al.
1994) isochrones. Age estimates for NGC 1805 and NGC 1818
were taken from the review by de Grijs et al. (2002) and metal-
licities from Johnson et al. (2001) (who used fits to near-infrared
HST CMDs). Ages for all the other clusters come from Elson
(1991) and Elson & Fall (1988) and were estimated using opti-
cal CMDs, while metallicities were estimated by matching stel-
lar spectral models to medium resolution optical spectroscopy
of individual stars for NGC 1850, NGC 1866, NGC 2004
and NGC 2100 (Jasniewicz & Thevenin 1994); infrared spec-
troscopy through equivalent width measurements of the 1.62 µm
near-IR feature for NGC 1984 and NGC 2011 (Oliva & Origlia
1998); and from optical HST CMDs for NGC 2164 (Mackey &
Gilmore 2003).

On the GC spectra, we measure the line indices listed in
Table 1. These values are given in Tables B.1 and B.2 in

Fig. 3.3 Reprint from M09. The effect of age and metallicity on the strength of UV absorption
features.
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When analysing GCs in M09 the theoretical and empirical models (see Section 2.3) were

found to agree reasonably well for most indices in the far-UV, the exceptions being BL1425

and Fe V for which the empirical models were above the GC data.

It is unlikely that this discrepancy is caused by errors in the fitting functions as the same

discrepancy is seen in the stellar populations of Bruzual and Charlot (2003) who use the same

input spectral library from F92 but without the fitting function procedure. An effect from

interstellar lines is also unlikely. Although interstellar lines exist in this region they are also

known to affect the Si IV and C IV indices which do not show the same discrepancy. It could

also be argued that the empirical models will be affected by interstellar lines in the same way

as the GCs, so any discrepancy from interstellar lines would be seen in the theoretical models

which do not incorporate the effect of interstellar lines.

Effects from abundance ratios, such as a lower Fe abundance in the GCs in comparison

to the IUE stars can also be ruled out. Other Fe sensitive indices like BL1617 do not follow

the same behaviour and models based on a higher resolution version of the IUE library show

the same discrepancy as well as the theoretical models. See M09 for further discussion of the

discrepancy found in these indices.

The far-UV indices discussed in this Section are used in this thesis to derive the stellar

age and metallicity of high-z objects in Chapter 6.

3.1.2 Mid-Ultraviolet Indices

Unlike the far-UV indices, the mid-UV are better suited for analysing older populations

making them ideal for investigating the UV upturn phenomenon (Section 1.6.1).

Table 3.2 recalls the 8 mid-UV features used in this thesis and their central bandpasses.

Situated between ∼2200 - 3200Å these feature trace elements such as Fe and Mg. The 8

features can be seen in Figure 3.4 which shows the mid-UV region of a high resolution

spectrum of a 1 Gyr population model with solar metallicity. A downgraded spectrum is

over-plotted in red. Similarly to the far-UV spectrum of Figure 3.2 many of the details in

the spectrum are washed out during the downgrading process but the absorption features,

highlighted by the green and blue dashed lines, remain clearly defined. In the mid-UV, Mg II,

Fe I (which traces four neutral magnesium lines), the two Fe features at 2402Å and 2609Å,

and Mg I are the most prominent features.
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Table 3.2 A list of the mid-UV indices used in this analysis, with their central bandpass
definitions. Indices termed as "BL" are blends of several elements.

Name Central bandpass
Fe II (2402Å) 2382.0 2422.0
BL2538 2520.0 2556.0
Fe II (2609Å) 2596.0 2622.0
Mg II 2784.0 2814.0
Mg I 2839.0 2865.0
Mgwide 2670.0 2870.0
Fe I 2965.0 3025.0
BL3096 3086.0 3106.0

Fig. 3.4 The mid-UV region of a high resolution, theoretical M09 spectrum for a 1 Gyr,
solar metallicity population. A smoothed (3Å resolution) version of the spectrum has been
over-plotted in red. The central bandpasses for the mid-UV indices are denoted by the dashed
green lines. It should be noted that the Mgwide bandpasses are not shown to avoid crowding.
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The trends of the mid-UV indices can be seen in the last 8 panels of Figure 3.3. All of

the indices evolve strongly with age due to the fast evolution of the turnoff stars at these

low ages. The effect of metallicity is small but becomes more evident at ages larger than

∼ 100 Myr. Interesting features to note are the blend at 3096Å which appears to be almost

insensitive to metallicity, in principle making it a potential age indicator, and the Mg line at

2800Å which shows some peculiar behaviour as a function of metallicity (see F92).

When determining the ages of GCs in M09, the mid-UV indices Fe II 2402 and Mgwide

were found to agree well. However, the validation of these indices is less conclusive than

those in the far-UV due to the ages of the GCs being limited to 130 Myr and the requirement

of older ages to set constraints on this mid-UV region.

Interstellar lines are known to affect the region around the Magnesium lines in the mid-

UV, in particular lines originating from the warm neutral interstellar medium of the Large

Magellanic Cloud (Welty et al. (1999). Therefore they are the most likely reason for the

discrepancies seen, particularly the strong absorptions around the Mg region. It should be

noted that the IUE stars do not show the same contamination, this is most likely due to the

much lower extinction of galactic sitelines (M09).

However, one could also argue that element abundance ratio effects start affecting the

indices in the mid-UV. For example, an overabundance of Mg in the GCs may push the data

away from the models. However, a clear pattern is not detectable in the Fe lines which can fall

above or below the data therefore the modelling of abundance ratio effects in individual lines

is most likely required. Beasley et al. (2002) report a possible Mg overabundance in other

GCs in the Large Magellanic Cloud with respect to the IUE stars in the F92 library. However,

for this to be responsible for the discrepancies seen in the M09 analysis the overabundance

of Mg would need to be very large.

I investigate the behaviour of these mid-UV indices at older ages in Chapter 4 in an effort

to understand the UV upturn. I then apply these indices to data taken from SDSS-III/BOSS

in Chapter 5 to investigate the origin of the UV light found in these massive galaxies.
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3.2 Full Spectral Fitting Using FIREFLY

Full spectral fitting derives stellar population parameters by comparing every available flux

point of spectroscopic data to that of models. This method encompasses both absorption

features, as described above, and the overall continuum shape of the SED to provide a

high amount of information. This method is complimentary to that of fitting the absorption

features, Section 3.1, as it can help determine if any discrepancies in the results found from

fitting the features are due to the models as a whole, or the specific details regarding the

modelling of the features.

FIREFLY (Fitting IteRativEly For Llikelihood analYsis), produced by Wilkinson (2015),

is the full spectral fitting code used throughout this work. The code is structured to iteratively

fit a series of SSP models to spectroscopic data, creating a best-fitting process in which

combinations of models are fitted until they converge. FIREFLY is built such that priors are not

applied in the fitting process. Instead it retains all solutions within a well defined statistical

cut, with their appropriate weight, such that a star formation history can be reconstructed at

the end of the procedure.

FIREFLY finds physical parameters, such as age (t), metallicity ([Z/H]), dust (E(B−V )),

etc. by minimising the χ2 values of the models with respect to the data. In addition to the

average physical parameters FIREFLY outputs the ‘best-fit’ along with other solutions and

their associated χ2 values giving a likelihood surface across a large parameter space.

3.2.1 Algorithm

The goodness of the fit at each stage in the FIREFLY fitting procedure is tested using a

chi-squared test, given by

χ
2(modeli|data) = ∑

λ

(φdata(λ )−φmodeli(λ ))
2

σ(λ )2 , (3.2)

where φ represents the flux of the data and model, σ the one-dimensional error (deter-

mined by the error spectrum of the data), and λ the wavelength point.
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Using this method a range of fits is obtained with χ2 values that are usually close to one

another. When using a χ2 minimisation technique to derive physical properties the returned

‘best-fit’ may not correspond to realistic physical values. Because of the fact that the χ2

values for many parameter combinations within the model grid may lie in close proximity,

this method of finding galaxy properties is inadequate. FIREFLY was developed to give

additional solutions, covering the parameter space near the minimum χ2, to allow the testing

of the ‘best-fit’ solution.

The general procedure used to fit an object using FIREFLY can be seen in Figure 3.5.

Firstly, the fluxes of all input spectra and models are normalised to 1 across the wavelength

range fitted such that when computing the weights of the SSPs this is calculated by their

contribution to the light of the galaxy.

The main component of this code is the iterative loop that runs over equal weights of

all the base SSP models. The size of the linear combinations used in the fitting process is

increased with each iteration. After checking the initial SSP fits each possible combination

of two SSPs is checked for improvement and all fits from both iterations are saved for the

next iteration. This process continues until convergence is reached.

This fitting process is somewhat limited in the precision of the weightings that can be

achieved with individual fits as the smallest possible multiple of weighting on a given SSP

will be given by 1/(number of iterations). However, higher precision can be achieved by

combining all the fits output by FIREFLY together by their probability (on the order of 1000

possible combinations).

In order to avoid over-fitting and allow the solutions to converge, FIREFLY employs

the Bayesian Information Criterion (BIC) . The BIC quantifies the likelihood of the set of

parameters found given the goodness of the fit (the χ2 value) and includes a penalty term

that increases with the number of parameters used. The BIC is defined as follows:

BIC = χ
2 + k ln(n), (3.3)

where k is the number of SSPs added in combination, and n is the number of observations

(the number of flux points fit). In order for the fits to be improved iteratively, FIREFLY requires

the BIC to be improved at each iteration of fitting in order for a new SSP combination to
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Fig. 3.2 Schematic description of FIREFLY.Fig. 3.5 Reprint from Wilkinson (2015). A schematic description of FIREFLY.
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be added. Therefore at each step the ∆iBIC must be less than zero, which means that for a

single iteration

∆iχ
2 < ln(n) (3.4)

must hold in order for the combination to contribute to the fit. This prevents unimportant

contributions (∼1% SSP contribution by light) extending the fitting process.

In order to ensure that an adequate parameter space is covered and avoid over-investigating

local minima at each iteration any combination that improves the fit beyond the median χ2

value of the previous step is allowed. Thus as the solutions get more precise the median value

converges.

Figure 3.6 shows a step-by-step diagram of this fitting process using an example SDSS

galaxy, fitting the entire spectrum.

3.2.2 Comparing solutions

To compare the properties derived from the fits output by FIREFLY the relative proba-

bilities of the fits are computed using the probability density function of the chi-squared

probability distribution. This is given by

ρ(X = χ
2) =

1
2(k/2)Γ( k

2)
X (k/2)−1e−X/2, (3.5)

where Γ is the Gamma function, χ2 is the chi-squared value used to find the probability

density, and k the degrees of freedom. For a full spectral fit the degrees of freedom is very

large (k > 1000) which means that the probability density function is well approximated by

the Normal distribution, ρ(X = χ2
0 ) =

1
σ
√

2π
e−X/2, where σ is the standard deviation of the

underlying probability distribution, a fixed value for all model fits to a given SED.

Thus, likelihoods relative to the best-fit solution can be computed by

P(χ2
i ) =

ρ(χ2
i )

ρ(χ2
0 )

=
e−χ2

i /2

e−χ2
0/2

, (3.6)
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Fig. 3.3 Step-by-step example of running the FIREFLY fitting block on an SDSS galaxy
(see Chapter 4), using a reduced set of model SSPs for clarity.

Fig. 3.6 Reprint from Wilkinson (2015). A step-by-step example of running the FIREFLY

fitting block on an SDSS galaxy. A reduced set of model SSPs is used for clarity.



3.2 Full Spectral Fitting Using FIREFLY 71

where χ2
0 is the minimum χ2 value found.

The flux of the final solution of the spectral fit can be expressed as the sum of all the

fluxes of the solutions weighted by their likelihoods as

F(λ ) =
fits

∑
i

P(χ2(i))Fi(λ )

ΣiP(χ2(i))
, (3.7)

where FI(λ ) are the fluxes of an individual solution.

Obtaining the properties of all the component SSP contributions from these fits and

weighting each contribution by it’s relative likelihood allows the sum of the solutions to be

visualised, see Figure 3.7. The top panel shows the original data plotted in black with the total

weighted fit, F(λ ), over-plotted in red, for a galaxy taken from P-MaNGA (Prototype version

of the MaNGA survey, Mapping Nearby Galaxies at APO, Apache Point Observatory).

The contours in the bottom panel show an interpolated grid of all the solutions. Each

contour contains the relative light-weight of SSP contributions as shown by the colour bar.

There is a dominant region at very old age, ∼13 Gyr with approximately solar metallicity.

This spreads out to younger ages with half-solar metallicities. The effect of the age, metallicity

degeneracy can be seen with the spread towards younger, high metallicity solutions and the

small contribution from an ultra low metallicity, old population.

3.2.3 Obtaining galaxy properties

Average physical properties can also be derived for each object analysed with FIREFLY.

Likelihood distributions are recovered for stellar age, metallicity and mass. The best-fit

for each property is therefore the peak of their distributions, with the confidence intervals

determined by measuring the range of property values within a given likelihood value

(Wilkinson (2015)).

Before the FIREFLY fitting process both the fluxes of the data being fit and the fluxes

of all possible model SSPs are normalised. This means that it is the spectral shape and

features that are fit for the SSPs used, not the contribution to the flux; this approach is called

"luminosity-weighted" or light-weighted in the literature.

Light-weighted contributions may be converted to mass-weighted contributions after

fitting if the relative fluxes of the models to the data are known. FIREFLY produces both mass
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3.8 Obtaining galaxy properties 63

Fig. 3.11 Example fit (red) of a P-MaNGA galaxy SED (black), see Chapter 5, in the top
panel corresponding to the light-weighted age-metallicity map on the bottom panel. The
map is made from the likelihood-weighted sum of all fits found by FIREFLY, which darker
regions corresponding to areas in parameter space with higher SSP weight, thus a reasonable
model fit may combine SSPs from any region plotted, so long as their weights correspond to
the weights shown by the colour scale. The map shows signs of age-metallicity degeneracy
as shown by the spread of the SSP weight contours values that extend the solution contour,
particularly visible as the islands of lower age, higher metallicity solutions away from the
main area of SSP weight at half-solar metallicity. Models used are MILES-based M11
models with a Kroupa IMF.

Fig. 3.7 Reprint from Wilkinson (2015). The top panel shows an example fit, shown in red, of
a P-MaNGA galaxy SED, shown in black, corresponding to the light-weighted age-metallicity
map shown in the bottom panel. The map is constructed from the likelihood-weighted sum
of all the fits found by FIREFLY, with darker regions corresponding to areas in parameter
space with higher SSP weight. The models used are MILES-based Maraston and Stromback
(2011) models with a Kroupa IMF.
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and light-weighted properties as they can be used to complement one another and identify

certain processes, such as star formation, more clearly.

As well as the light and mass-averaged properties, FIREFLY by default outputs the

E(B−V ) used in each fit, the χ2 values, and the wavelength range fitted. Multiple stellar

population models may be used, and the properties are recorded for each. A summary of the

properties obtained by FIREFLY is listed here:

• Input model and fitting parameters

• Light-weights of each SSP for each solution

• Mass-weights of each SSP for each solution

• χ2 value of each solution and their associated relative likelihoods

• Degrees of freedom

• Light and mass-weighted average age of each solution, with associated errors

• Light and mass-weighted average metallicity of each solution, with associated errors

• Recovered E(B−V )

• Mass-to-light ratio of each solution

• Total stellar mass

3.2.4 Modifications for this work

As well as using the full version of FIREFLY this thesis utilises a modified version of the code

that was created during the initial stages of FIREFLY’s development. I adapted this version of

FIREFLY from source code provided by Dr. David Wilkinson.

This modified version (used in Le Cras et al. (2016)) uses the same iterative fitting method

described in Section 3.2 but instead of fitting the full spectral region, it iteratively fits the

strength of absorption features, taking into account the errors on the index calculation. The

fitting procedure of this adaptation can be seen in Figure 3.8.
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Fig. 3.8 Adapted from Wilkinson (2015). A schematic description of the modified version of
FIREFLY used to iteratively fit the strengths of absorption features.
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This version of FIREFLY is more simplified than the full version presented in Section 3.2.

As the modified version does not use the full SED, only the strengths of the features, the

input data and models do not need to be normalised before being passed to the fitting block.

There is also no treatment of dust included in this version, as an investigation into the

effect of dust on the stellar properties derived from fitting the spectral indices (Sections

4.2.6, 6.1.2, and 6.2.2) has shown the affect of dust to be negligible when fitting indices in

combination.

Due to the lack of input normalisation and treatment of dust, this version of FIREFLY

cannot calculate the stellar mass of the object or derive an E(B−V ) value. It should be noted

that as well as this the modified version does not calculate mass-weighted properties. The

full list of properties output by this modified fitting process is given below:

• Light-weights of each SSP for each solution

• χ2 value of each solution and their associated relative likelihoods

• Light-weighted average age of each solution, with associated errors

• Light-weighted average metallicity of each solution, with associated errors

This modified code is used along with the full version of FIREFLY in Chapters 5 and 6 to

derive the stellar age and metallicities of various types of object.

3.3 Broadband Fitting

Besides observing a spectrum, information about the shape of an SED can be obtained via

photometry by observing a galaxy in specific regions called filters, see Figure 3.9.

The total flux observed in a specific filter can be transformed into an apparent magnitude.

This is defined as

mVega =−2.5× log
∫

FνSνdν∫
Fν(Vega)Sνdν

, (3.8)

where ν is frequency, Fν the flux of the object (in ergs/s/cm2/Hz), Sν the instrumental

response, and Fν(Vega) is the flux of the star Vega (in ergs/s/cm2/Hz). This particular
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Fig. 3.9 The five SDSS filter bands, u, g, r, i, and z. The
spectrum of the star Vega is over-plotted for reference. Source:
http://www.astroml.org/examples/datasets/plot_sdss_filters.html
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magnitude system was designed such that the apparent magnitudes of the star Vega are zero

in all filters. An alternative magnitude system is the AB system where an object with constant

flux (i.e. a flat SED) has the same apparent magnitude in all filters. AB magnitudes are

defined such that

mAB =−2.5× log
∫

FνSνdν −48.6. (3.9)

Conversions from one magnitude system to the other are obtained from the AB magni-

tudes of Vega.

Apparent magnitudes are dependent on the distance of the object, so a new definition of

brightness is needed to directly compare objects at different distances. This is known as an

absolute magnitude and defined as the apparent magnitude an object would have at a distance

of 10pc. This can be expressed as

M = m+2.5× log(
f
F
)−A−K − e, (3.10)

where M is the absolute magnitude and m the apparent magnitude. The factor A corrects

for interstellar extinction where light is scattered and absorbed by the interstellar medium and

the factor K, the redshift effects between the true distance of the object (d) and the standard

distance (D = 10pc). The factor e describes the evolutionary correction.

The flux, f , that would be observed if the object were at a distance d can be expressed in

terms of the flux, F , of the object at a distance D as

f = (
D
d
)2F, (3.11)

where D is the standard distance, D = 10pc.

Stellar population parameters are derived from magnitudes by comparing the magnitude

values from data to those from stellar population models with a variety of different parameters.

The resulting best-fit among all parameter combinations gives the average properties of the

stellar population.

This fitting approach is favoured at high redshifts as it is relative cheap in comparison

to spectroscopy. It covers a wide wavelength range, albeit at a coarser resolution than

spectroscopy, and can be effective in providing sensible physical properties for galaxies.
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Although I do not explicitly derive properties using photometry in this thesis I do use

values obtained via this method in the literature for comparison. In Chapter 5 I use ages

calculated from broadband fitting in SDSS to further understand the ages derived from UV

spectral indices and the stellar populations that are picked up by the different methods.



Chapter 4

Modelling the UV Spectrum of

SDSS-III/BOSS Galaxies

4.1 Introduction to SDSS-III/BOSS

The Sloan Digital Sky Survey (SDSS1, York et al. (2000)) is the largest galaxy, quasar, and

star survey so far undertaken. The initial survey, SDSS-I, started in 2000 and finished in

2005. SDSS-II ran for 3 years, until 2008, from which SDSS’s third iteration, SDSS-III,

started (Eisenstein et al. (2011)). After the end of SDSS-III in June 2014 work began on the

next iteration SDSS-IV.

The area mapped by SDSS covers more than a quarter of the sky, mainly in the northern

hemisphere, with both photometric data and spectroscopic follow up. The footprint of the

survey, both imaging and spectroscopic, from the final data release of SDSS-III (Data Release

12 (DR12) Reid et al. (2016)) is shown in Figure 4.1.

In Chapters 4 & 5 I analyse galaxies taken from SDSS - III’s Baryon Oscillation Spectro-

scopic Survey (BOSS2, Dawson et al. (2013)). The BOSS survey covers ∼ 10,000 deg2 and

contains two simultaneous spectroscopic surveys:

• one designed to map 1.5 million luminous galaxies out to a redshift of z ∼ 0.7

1http://www.sdss.org/
2http://www.sdss3.org/surveys/boss.php
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Fig. 4.1 SDSS DR12 imaging and optical spectroscopic coverage in Equatorial
coordinates (plot centred at RA = 90 deg.). Source: http://www.sdss.org/wp-
content/uploads/2015/01/dr12_legacy_plus_segue_coverage.png

• one to observe the Lyman-α forest by targeting 150,000 quasars between redshifts 2.2

and 4.

BOSS was created to detect the characteristic scale imprinted by baryon acoustic oscilla-

tions in the early universe using the spatial distribution of luminous and massive galaxies and

quasars as probes. Hence, in addition to this cosmological experiment the survey provides an

outstanding spectroscopic sample of massive galaxies suited to probing the formation and

evolution of galaxies in the Universe.

The BOSS sample is ideal for exploring old UV-bright stellar populations and their

appearance and evolution as a function of cosmic time. BOSS is mainly composed of ∼ 1.5

million massive, luminous, red galaxies (M > 1011M⊙) distributed to z ∼ 1, with an average

z ∼ 0.57 (Dawson et al. (2013)). BOSS galaxies are thereby the most likely progenitors of

modern massive galaxies displaying the UV upturn and this analysis is unaffected by the

BOSS selection criteria. Their redshift distribution allows us to have a view on the past few

billion years, which is ideal to explore the onset period of low mass stars as generators of UV

light in quiescent galaxies. I use Data Release 12 (DR12, Reid et al. (2016)) which contains
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Table 4.1 Emission lines that could present possible contamination in the mid-UV region.

Species Wavelength (Å)
Mg I 2852
Mg II 2796

2803
Fe II 2344

2382
2586
2600

spectra from all previous data releases of BOSS as well as all imaging and spectra from

previous SDSS data releases.

In the BOSS sample, due to a combination of the wavelength coverage of the spectra

(3600 - 10,400Å) and the redshift distribution of the sample, the mid-UV indices can be

accessed above z = 0.6. Applying this redshift cut to DR12 leaves a working sample of

274,661 galaxies.

Figure 4.2 (a) shows a typical BOSS spectrum taken from the working sample, with z =

0.61 and an average signal to noise ratio (SNR) of 0.65 over the mid-UV region from 2250 -

3200Å.

These BOSS spectra have not been "cleaned" of emission lines below 3600Å. Although

only a small fraction (∼ 5%) have emission (Thomas et al. (2013)), care must still be taken

when dealing with indices which may contain contamination from such lines, as the stellar

population models used in this work do not include emission processes. For example the

Mgwide index is known to have potential contamination due to several emission lines. Table

4.1 lists the emission lines that could present possible contamination in the mid-UV region

(Christy Tremonti, private communication). Three of the lines listed in Table 4.1 fall within

the central bandpass of Mgwide (Mg I 2852Å, and Mg II 2796Å and 2803Å) and it is for this

reason that the Mgwide index is excluded from much of the analysis in Chapters 4 and 5.

In the following subsections I discuss some of the operations applied to the observed

BOSS spectra as well as additional sources of data such as the BOSS galaxy products from

which galaxy properties are extracted.
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(a) Mid-UV indices for a typical BOSS spectrum

(b) The mid-UV indices for a set of higher SNR stacks

Fig. 4.2 (a) The mid-UV region of a typical BOSS spectrum, z = 0.61 and SNR of 0.64, over
2250 - 3200Å. The central bandpasses for the degenerate mid-UV indices are denoted by
the dashed green lines, with the non-degenerate in red. It should be noted that the Mgwide
bandpasses are not shown to avoid crowding. (b) The mid-UV region of a set of higher SNR
stacks. Central bandpasses as in (a)
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4.1.1 BOSS Galaxy Products

I use results from the so-called Portsmouth galaxy product3 in which stellar masses, ages,

star formation rates, and metallicities are derived from broadband SED fitting of the observed

ugriz magnitudes of BOSS galaxies (Section 3.3), with the spectroscopic redshift determined

by the BOSS pipeline (Bolton et al. (2012)). The best-fit is obtained using various stellar

population models:

1. a passively evolving galaxy with no ongoing star formation with a two component

metallicity of the same age, as in Maraston et al. (2009)

2. one allowing new stars to form, for various metallicities and timescales, with an

ensemble of star formation modes including: exponentially-declining, constant with

truncation, and constant star formation, as in Maraston et al. (2006).

These two sets of template spectra provide two sets of properties for each BOSS galaxy.

Galaxy parameters including emission line fluxes, stellar and gas kinematics, and velocity

dispersions have been calculated for each galaxy and published as BOSS galaxy products in

Thomas et al. (2013), with the calculated stellar masses and ages in Maraston et al. (2013).

Masters et al. (2011) show that using a simple colour cut of (g− i ≥ 2.35) allows one to

be able to select a sub-sample of BOSS galaxies with ≥ 80% early type morphology, with the

remaining 20% of galaxies above this cut having late-type morphologies. Figure 4.3. shows

the BOSS target galaxies in the COSMOS field as a function of their observed frame (g− r)

and (r− i) SDSS colours. The majority of the objects both above and below the CMASS

cut have an early-type morphology with the late-type galaxies in BOSS falling mostly at the

bluest (g− r) colours. The colour cut derived by Masters et al. (2011) is shown by the solid

black line.

This classification scheme is used throughout Chapters 4 & 5 to allow the study of the

difference between the UV contributions found in passive galaxies and those more likely to

have ongoing star formation.

3www.sdss3.org/dr10/spectra/galaxy_portsmouth.php
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The morphology of BOSS galaxies 1061

Figure 4. The (g ! r) versus (r ! i) colours for our sample of BOSS galaxies found in COSMOS HST imaging. The median photometric errors on these
colours are ! (r!i) = 0.05 and ! (g!r) = 0.11). The dashed line shows the gri colour combination, d" > 0.55 limit for the CMASS sample (CMASS objects lie
above this line.). The solid black line illustrates a simple colour cut at (g ! i) = 2.35 which can be used to remove most of the late-types in the BOSS sample.
The dot–dashed line shows the gri colour combination, c|| > 1.6 cut used by the 2 Degree Field and SDSS LRG and Quasar (2SLAQ) survey (Cannon et al.
2006) to define LRGs. The shaded region in the top-right corner of the plot shows the Cut II LRG sample from the original SDSS-I/II (Eisenstein et al. 2001).
The red and blue grids show theoretical model tracks for passive LRGs (red) and constantly star-forming galaxies (blue) with 0.4 < z < 0.7 (grid shows "z =
0.01) and ages of 4, 5, 6, 7 and 8 Gyr.

rarely redder (in the optical) than this colour cut. For example, for
the CMASS sample, 91 per cent of the early-type galaxies are redder
than (g ! i) = 2.35 while 76 per cent of the late-type galaxies are
bluer than this cut.

The power of such a simple (g ! i) colour cut can be easily
understood by looking at Fig. 4, where theoretical model tracks
(from Maraston 2005 and Maraston et al. 2009) for different star
formation histories, dust content and age are plotted in the observed
frame for redshifts 0.4 < z < 0.7. The age of the models, intended
as the time after the start of star formation, is between 3 and 8 Gyr,
which covers the age of the Universe adopting a galaxy formation
redshift of z = 5. The red grid shows the LRG model of Maraston
et al. (2009), which nicely covers the area where the CMASS early-
types are found. The bluest late-types within CMASS [at (g ! r) #
1 and (r ! i) # 0.8] are well represented by a model with constant
star formation (# # 20 Gyr) and a E(B ! V) = 0.3 using a Calzetti
et al. (2000) reddening law (blue grid).

We point out that at the CMASS redshifts, a (g ! i) observed-
frame colour is almost equivalent to a (u ! r) rest-frame colour (the
centre of u shifts to g at z = 0.4, while r shifts to i at z > 0.2). Our
(g ! i) > 2.35 colour separation can therefore be compared to (u !
r) colour selections in the local galaxy population, so we note that
this cut is very similar to the optimal separator of (u ! r) = 2.22
derived by Strateva et al. (2001) for the SDSS main galaxy sample
(MGS), and to the similar (u ! r) cut derived as a function of Mr

by Baldry et al. (2004) which asymptotes to roughly (u ! r) = 2.3
for the most luminous galaxies.

Cannon et al. (2006) used a similar colour cut (c|| > 1.6; which
we show in Fig. 4 by a dot–dashed line) which was introduced to
remove late-type galaxies in the 2SLAQ LRG sample. This colour

cut is often used in photometric redshift studies (e.g. Ross et al.
2011) as it has been empirically observed to help remove galaxies
with unreliable photometric redshifts. As is clear in Fig. 4, our
proposed colour cut is more efficient in removing late-type systems
particularly in the CMASS galaxy sample.

We also show in Fig. 4 the Cut II LRG selection from SDSS-I/II
(Eisenstein et al. 2001a) (shaded region). In the COSMOS area,
70 BOSS targets make this colour selection, with 91 per cent (64)
of them being early-type galaxies. Note that the BOSS sample is
deeper than the original Cut II LRG selection which had an average
source density of 12 LRGs deg!2. A total of only four original Cut
II SDSS-I/II LRGs were observed in the COSMOS field. Finally,
we remind the reader that the LOZ selection of BOSS (points with
d" < 0.55 in Fig. 4) is similar to (but deeper than) the SDSSI/II
Cut I LRG sample. A total of 51 Cut I LRGs were observed in the
COSMOS area.

In the following sections, we give more details on the various
morphological sub-types.

3.2 Unresolved objects

We find four of the 240 BOSS targets which in the HST imaging
are made up of unresolved point sources (stars or AGN). These
objects passed the BOSS star–galaxy separation, but clearly have
diffraction spikes in the COSMOS imaging. Two of the four point
source systems are actually composed of two point sources each
which are merged into single objects in BOSS imaging. We expect
that the COSMOS field might have a lower stellar contamination
rate than the rest of the survey because it was selected as a deep
extragalactic field and is located away from the plane of our Galaxy

C$ 2011 The Authors, MNRAS 418, 1055–1070
Monthly Notices of the Royal Astronomical Society C$ 2011 RAS
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Fig. 4.3 Reprint from Masters et al. (2011). The (g− r) vs. (r− i) colours for a sample
of BOSS galaxies found in COSMOS HST imaging.The dashed line shows the gri colour
combination, d⊥ > 0.55 limit for the CMASS sample. The solid black line illustrates a
simple colour cut at (g− i) = 2.35 which can be used to remove most of the late-types in the
BOSS sample. The dot-dashed line shows the gri colour combination, c∥ > 1.6 cut used by
the 2 Degree Field and SDSS LRG and Quasar survey (Cannon et al. (2006)) to define LRGs.
The shaded region in the top-right corner of the plot shows the CUT II LRG sample from the
original SDSS-I/II (Eisenstein et al. (2001)). The red and blue grids show theoretical model
trances for passives LRGS and constantly star forming galaxies respectively, with 0.4 < z0.7
(grid shows ∆z = 0.01) and ages of 4, 5, 6, 7, and 8 Gyr.
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4.1.2 Stacking Spectra

Stacked spectra were created, binning in g− i colour, redshift, velocity dispersion, and UV

age to provide higher SNR spectra to help constrain the quality and understand which features

can be measured. The stacks were produced using the stacking code of Thomas et al. (2013),

taking the values of redshift and velocity dispersion produced in their analysis of BOSS

galaxies.

The galaxies were split in colour by a cut at g− i < 2.35 as well as a divide in the derived

UV age (see Chapter 3 for a description of how the UV ages are derived) to split young

populations as well as old populations with and without a contribution from UV-bright stars.

Also created were three stacks, known as master stacks throughout this Chapter, stacking

only in UV age, to create a master stack for each of the different age populations (young, old

with upturn, and old without upturn).

The stacks were created by summing the flux of BOSS galaxies in bins of redshift and

velocity dispersion and resampling them into a linear wavelength grid covering 2250 - 6200Å,

rest-frame, in steps of 1Å. Galaxies were required to have a minimum SNR of 1.5pix−1 and

a maximum error in velocity dispersion of 30% to minimise contamination between velocity

dispersion bins.

Dust is corrected for during the stacking process as follows. Spectra are corrected

for Milky Way foreground dust reddening by extracting E(B−V ) values for each object

(Schlegel et al. (1998)) and calculating the attenuation by utilising the O’Donnell (1994)

extinction curve. Non Milky Way reddening is corrected for by adopting the dust law of

Calzetti et al. (2000).

A comparison of the detail seen in the different SNRs can be seen in Figure 4.2, which

shows a typical BOSS spectrum ( < z >= 0.61, SNR = 0.64) in panel (a), with the three

master stacks for each age population shown in panel (b).

Firstly, it should be noted that the absorption features become much more evident in the

stacks. The Mg I, Fe I, and BL3096 features are stronger in the upturn selected stack than in

the young stack. These three indices are also more prominent in the old stack without an

upturn however the other four indices are also much broader and more pronounced than in

both the young and upturn stacks.
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It should be noted that an increase in flux below 2400Å is seen in all three of the master

stacks. This spectral shape occurs at approximately the same observed wavelength in all

stacks making this feature a systematic of the data rather than a true upturn. There is

also significant broadening of the bluer indices in the stack created from galaxies selecting

old ages without an upturn component. This may be due to the blending of other nearby

absorption features that are not present in hot stars.

4.2 Qualitative Matching of Models and Data, and Error

Analysis

The strength of the absorption features (EWs) were calculated using a code provided by Prof.

Claudia Maraston. The code, as used in Maraston et al. (2009) and Le Cras et al. (2016),

calculates EWs for a set of 19 indices, 11 situated in the far-UV and 8 in the mid-UV. It is

the latter indices that are used in this analysis of BOSS galaxies, see Table 2.1.

4.2.1 Error Calculation

The error on the EW of each index was estimated by perturbing the flux at each wavelength

point for each spectrum. This perturbation was calculated by taking a random number from a

normal distribution between 0 and 1 for each wavelength and multiplying it by the associated

error range given by BOSS for that wavelength point of the spectrum.

This process was performed 1000 times for each spectrum, producing a spectrum with

slight perturbations from the original each time. For each perturbed spectrum produced, the

EW was recalculated and the distribution of the values obtained from a sample individual

spectrum for each index can be seen by the red distributions in Figure 4.4. The peak of the

distribution is centred around the value calculated from the original sample spectrum. An

estimate of the error on each index was yielded by fitting a Gaussian to the distributions and

calculating the standard deviation.

The same analysis was performed on each stack yielding significantly smaller errors for

each index, an example of which can be seen by the blue distribution in Figure 4.4. This

holds true for the majority of the errors calculated for all the individual BOSS spectra and
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Fig. 4.4 Distribution of EWs calculated from perturbing a sample spectrum 1000 times,
selecting random errors within the given range for each pixel. The solid red line shows the
gaussian fit for each distribution from which the standard deviation is calculated. The blue
shows a higher SNR stack. Each distribution has been normalised to 1.
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stacks. The standard deviations calculated for each index, for both the sample spectra, can be

seen in the respective index panels.

4.2.2 Comparison of Data and Model Range

The range of EWs for all 8 mid-UV indices as calculated for each individual spectrum and

stack in the working sample can be compared with the range of values encompassed by the

UV models.

Figure 4.5 shows the range of EW values calculated from the working sample with the

errors associated with each index shown by the error bars, on either side of the cross symbols,

in the upper righthand corner of each panel. Individual spectra are shown in the red histogram

and stacks in black, both distributions have been normalised to one. The area in which the

model values lie (both empirical and theoretical M09 models and all theoretical extensions)4

is shown by the grey shaded area.

In general, the majority of the indices show good agreement between the data and the

models. The individual spectra span a much larger range than the models, extending beyond

the axes shown. A fraction of this spread can be accounted for by the errors on the EW

calculation: however, there is still significant extension towards both stronger and weaker

EW values. The EWs of the stacks mainly fall within the area covered by the models due to

the increase in SNR.

The extension of some EWs measured on stacks beyond the values found in the model is

too large to be accounted for by the error on the EW alone. Stacks with EWs that fall above

the model range are, in general, created by stacking galaxies which select old ages from the

no upturn model which have the highest EW values. Those that fall below are created from

galaxies selecting ages from the original, young M09 model with inherently smaller EWs.

4.2.3 Effect of Spectral Resolution

The resolution of the BOSS spectra is ∼ 3Å whereas some of the models used in this analysis

have a resolution of 6Å, a limit imposed by the IUE empirical stellar spectra used to compute

4N.B There is only theoretical models for the Mgwide index.
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Fig. 4.5 Comparison of the distribution of EWs found in the individual spectra, red, and the
stacks, black. The area in which the models lie for each index is shown by the grey shaded
area4. The error on the EW for individual spectra, as calculated from Figure 4.4, is shown in
the top right hand corner of each distribution. Each distribution has been normalised to 1.
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them. The BOSS spectra were downgraded using an adapted version of a code provided by

Prof. Daniel Thomas, and modified by Dr. David Wilkinson.

An investigation into how this resolution discrepancy may affect the results was under-

taken by calculating the EWs for a subsample of individual and stacked spectra for both the

original and downgraded resolutions. Figure 4.6 shows the results of this analysis with the

values for the individual spectra presented as contours and the stacks denoted as black stars.

A one-to-one relationship is shown by the solid black line on each panel. The individual

spectra show some spread but follow the trend of the line with the stacks showing little

spread. This leads to the conclusion that the resolution of the data has little effect on the

results within this resolution range meaning that newer, high resolution data can still be

analysed using these models.

4.2.4 Effect of Signal to Noise

In Figure 4.7 I show how the redshift and signal to noise ratio over 2250 - 3200Å (SNRUV )

affects whether the measured EWs agree with the values found in the models. To do this I

calculate whether the measured EWs fall within the minimum and maximum values of the

model range shown in Figure 4.5.

The colours in Figure 4.7 show the percentage of individual spectra that fall within

the model range. The redshifts are those obtained via the BOSS pipeline and the SNR is

calculated as the average SNR between 2250 - 3200Å.

For the individual spectra, as redshift increases more galaxies with lower SNR agree with

the model values, due to the wavelengths under analysis being observed more in the optical

range where the BOSS spectrograph is optimised. The Mgwide index is shown to have less

agreement with the model range than the other indices, which could be due to contamination

from emission lines (e.g. the Mg I and Mg II lines in Table 4.1). The discrepancy between

the values found in the data and the range covered by the models strengthens the decision to

exclude this index from further analysis.

The stacks, shown in Figure 4.8, follow the same trend as the individual spectra for the

majority of indices with the most notable exception being Fe I. In several cases stacks fall

outside of the EW range for each index, the most notable being Fe II 2402, BL2538, Fe I, and

BL3096. The vast majority of stacks which fall outside of the model range are those created
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Fig. 4.7 The effect of redshift and SNRUV on whether the measured EW falls within the
range of the models. The coloured contours, showing individual spectra, give the percentage
of galaxies that agree with the range of EWs allowed.

stacking galaxy spectra selecting old ages from the no upturn model, with stacks from

young ages and upturn models falling within the model range. In the case of Fe I, several of

the stacks created from galaxies selecting young ages also fall outside of the model range,

with EWs lower than those found in the model range, as seen in Figure 4.5.

The decrease in SNR seen towards higher redshifts in the stacks is due to two factors.

Firstly the SNR decreases naturally as high redshift galaxies become fainter due to cosmo-

logical dimming. Secondly the number of spectra available to stack decreases as the redshift

increases due to the redshift distribution of the survey, which peaks at z ∼ 0.57 (Dawson et al.

(2013)). This is reflected in the SNR of the stacks. Those at lower redshifts, comprised of

more individual spectra, have higher SNR ratios than those at higher redshifts, comprised of

fewer individual spectra. It should also be noted that SNR of the individual galaxies is higher

at lower redshifts, which also adds to the trend seen in the stacks.
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Fig. 4.8 The effect of redshift and SNRUV on the stacks. Stacks denoted by green stars fall
within the model range whereas those in red do not.
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4.2.5 Effect of the UV Upturn

The UV upturn, seen as an increase in the UV flux of elliptical galaxies, is a phenomenon

which has remained largely unexplored in the literature. As discussed in Section 1.6.1 the

spectral shape seen in upturn galaxies and their UV colours can also be fitted by young

star forming models. Further features, such as absorption features are needed in order to

be able to differentiate between the two types of UV-bright population. In this Section I

explore the effect of the UV upturn on the strength of the mid-UV indices, using the suite of

upturn models outlined in Section 2.3.2, in order to determine if any indices could break this

population degeneracy.

The trends of the mid-UV indices in young populations can be seen in Figure 4.9, adapted

from M09. The figure shows the time evolution of synthetic line indices of simple stellar

populations (SSPs) for different metallicities (2Z⊙,Z⊙, 1
2Z⊙ and 1

10Z⊙). The dependence

of the indices on age is straightforward, with all indices evolving strongly with age due to

the fast evolution of the temperature of the turnoff stars at these low ages. The effect of

metallicity becomes evident at ages larger than ∼ 100 Myr. For further discussion of these

trends see Section 3.1.2.

The effect of old UV-bright populations on the mid-UV indices can be seen for all of the

upturn models in Figures 4.10 & 4.11, with the Z⊙ models and the 2Z⊙ models shown in

each respectively. The EWs of Fe II 2402, BL2538, Fe II 2609, and Mg II decrease in value,

or begin to plateau, with the addition of old UV-bright populations creating a degeneracy

between young and old UV-bright populations. Mg I, Mgwide, Fe I, and BL3096 all continue

to increase in strength with increasing age making them non-degenerate. These indices are

potentially powerful to investigate the two types of UV-bright population.

The turnover in EW strength seen in the first four indices is not present in the old Z⊙

models without a contribution from UV-bright stars, denoted by the red asterisks. This is

also true for the 2Z⊙ models with the exception of the Fe II 2402 index, although this index

still shows significant offset from the models with UV-bright contributions. Hence these

indices can be used to differentiate between an old population with and without the presence

of UV-bright stars.

Figure 4.12 shows the difference in EW between the models with an old UV-bright

component and the one without for each model age in comparison to the estimated errors on
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Fig. 4.9 Effect of age and metallicity on line indices of the theoretical SSP models. Adapted
from Maraston et al. (2009), Figure 8.
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Fig. 4.10 The effect of old age on the line indices of the theoretical Z⊙ SSPs. The blue stars
show the original M09 model, as shown by the dashed black line in Figure 4.9, with the bhb
extension including old UV-bright stars. The green triangles, cyan diamonds, cyan pluses,
and light green squares show the T25, T40L, T40, and T10 upturn models respectively, with
the red asterisks showing the old model without an upturn contribution.
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Fig. 4.11 The effect of old age on the line indices of the theoretical 2Z⊙ SSPs. The blue
stars show the original M09 model (Z⊙), as shown by the dashed black line in Figure 4.9.
The olive triangles and turquoise diamonds show the T25_2Z and T25L_2Z models with the
purple squares and black pluses the T35_2Z and T35L_2Z models. The red asterisks show
an old model of the same metallicity without an upturn contribution.
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Fig. 4.12 The difference in EW for Z⊙ models containing a contribution from old UV-bright
stars and an old model without UV-bright stars. The solid blue and green lines denote the
standard deviation of the EW for a sample individual spectrum and a stack respectively. The
dashed blue and green lines shows twice the standard deviation. See the legend for colour
coding of the models.

the calculated EW for both an individual spectrum, blue solid line, and a stack, green solid

line, with the dashed lines showing twice the standard deviation. The estimated errors are

those from Figure 4.4. It should be noted that the errors on the stacks are small with both the

solid and dashed lines falling close to zero.

For most indices the difference in EW for ages above 3 Gyr (log(age [yrs]) ∼ 9.48) is

greater than twice the error on the EWs in the data, with the exception of the models featuring

lower amounts of fuel (T40L in (a) and T25L_2Z and T35L_2Z in (b)) which fall around or

below one standard deviation. As discussed, the error on the EW of the stacks is significantly

lower than that of the individual spectra with one standard deviation falling far below the

EW difference for all indices at ages above 3 Gyrs. Therefore this effect should be able to

seen in the data.
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Fig. 4.13 As in Figure 4.12 but with 2Z⊙ theoretical models. See the legend for colour coding
of the models.

4.2.6 Effect of Dust

Reddening due to interstellar dust is pronounced in the UV region, which could potentially

affect several of the indices utilised. However, due to the fact that the indices span small

windows in wavelength and the effects of dust appear on a much broader scale, significant

effects on the indices are not expected. To investigate this effect on the calculation of the UV

age I tested the age derivation based on indices using mock galaxies with well-defined input

properties calculated with the Maraston (2005) software. I use CSPs with a nearly constant

star formation rate (star formation timescale τ = 10 Gyrs), solar metallicity and an age of 0.1

Gyrs. To maximise any effect from dust I selected two mock galaxies, one with no dust and

one with a dust attenuation of a = 3Av from a Calzetti law.

The EWs of the mid-UV indices were calculated from the mock galaxy spectra and the

UV ages were derived from fitting all 7 indices simultaneously and the 3 indices found to be

non-degenerate between young and old UV-bright populations (Mg I, Fe I, and BL3096) as

well as each index separately so as to highlight any specific indices affected. The top panel
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of Figure 4.14 shows the resulting ages for the theoretical models, with the bottom panel

showing the empirical model.

For the theoretical model, Fe I, shows significant offset from the one-to-one relationship

shown in black, with the age decreasing by log(age [yrs]) = 1.88 with the inclusion of dust.

Fe II 2402, BL2538, and BL3096 show slight offsets with the first two increasing in age with

the addition of dust and the last decreasing.

Despite these affected indices the UV ages derived when fitting a combination of indices,

shown by the black plus and square, show a negligible effect on the calculated age due to the

majority of indices showing little to no dependence on dust. From this it can be concluded

that when several indices are used together there is negligible effect from dust on the derived

galaxy age. However in the case of individual indices care must be taken with those shown

to change significantly.

4.2.7 Index-index grids in the UV

Before showing the calculated ages in Chapter 5, I present the data and models in a grid-like

form, plotting index vs index, as is usually done for absorption features in the optical region.

Note that I have further explored the effect of reddening and show it to be negligible for most

indices, the exception being Fe I (see Section 4.2.6). Hence I do not consider reddening in

these grids and in the subsequent analysis.

Figure 4.15 shows model grids for 7 of the mid-UV indices; Fe II 2402, BL2538, Fe

II 2609, Mg I, Fe I, and BL3096. In these plots lines of constant metallicity are plotted to

create a grid like form. The original young theoretical solar metallicity M09 and extended

bhb models are shown in Figure 4.15 (a) along with the other solar models; T10, T25,

T40, T40L, and the old - no upturn model. Figure 4.15 (b) shows the original young twice

solar theoretical M09 model in comparison to the 2Z⊙ models; T25_2Z, T25L_2Z, T35_2Z,

T35L_2Z, and old - no upturn - 2Z.

Large open symbols show the index values measured on the master stacks. The black star

shows the master stack created from galaxies selecting young UV ages, the black triangle

those selecting old ages with an upturn contribution, and the black square those selecting old

ages without an upturn. Also shown are stacks created by splitting the SED age calculated in

the Portsmouth galaxy product, found from fitting star forming templates (see Section 4.1.1).



4.2 Qualitative Matching of Models and Data, and Error Analysis 101
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Fig. 4.14 The effect of dust on the calculation of the UV age. The age derived from each
individual index is shown for two mock galaxies, one with no dust, and one with high dust
attenuation (a = 3Av). The indices used for each point are shown in the legend. The top
panel shows the ages derived using the theoretical model and the bottom panel the empirical
model.
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(a) Theoretical Z⊙ model grids. See legend for model coding.

(b) Theoretical 2Z⊙ model grids. See legend for model coding.

Fig. 4.15 Theoretical model grids. Lines of constant metallicity are shown for various models,
see the legend for details. EW values for master stacks with a young UV age, an old UV age
with an upturn contribution and old UV age without an upturn are shown by the black star,
triangle, and square respectively. The blue and red filled circles show the EWs for young and
old optical SED age stacks respectively
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Galaxies with SED ages above 1 Gyr were stacked and the index value is shown by the red

circle, those with lower ages were stacked to create the young SED age stack shown by the

blue circle.

The spread in values shown corresponds to a spread in age with the EWs increasing as

age increases, as seen in Figure 4.10, and choice of upturn model. With this in mind I focus

on using these indices to differentiate between the ages of the populations contributing to

the UV. It should be noted that metallicity does have some effect on the indices with higher

metallicity models having higher EW values.

The young UV stack lies at low EW values, consistent with the younger M09 models

shown by the dotted black lines. In the case of the old stacks there is a split between the

values seen for those with and without an upturn component, the black triangle and square

respectively. In the case of the Fe II 204 and BL2538 vs BL3096 grids a clear split is seen

with the old no upturn stacks falling near the old no upturn model shown by the solid red line

and the upturn stacks falling towards the left of the grid.

Hence these index combinations seem very promising in selecting and separating an old

population with and without an upturn contribution.

This split becomes less pronounced in the rest of the grids with the old no upturn stacks

continuing to show higher EW values than the old upturn stacks, as expected from Figure

4.10. In the case of the FeII 2609 and Mg II vs BL3096 grids the values of EWs in the old

stacks are much lower than those in many of the old models. This is a feature seen in the

distribution of EWs seen in Figure 4.5, with the peak in EWs of stacks seen towards the lower

end of the model range. This may be due to an offset of the index in the synthetic stellar

spectra (see Section 3.1.2 for details). For these two indices the values in the stacks remain

towards the lower half of the model range; this could be due to several effects including

elemental abundance ratios, contamination from emission lines, and galactic outflows. It

should be noted that indices tracing Mg and Fe may also be affected by alpha enhancement

and abundance ratio effects causing the data to lie away from the models which do not (yet)

take account of such effects. As well as this I have shown the Fe I index to be the most

affected by the presence of interstellar dust, see Section 4.2.6.

In the case of the Z⊙ upturn models, the cooler upturn models favour the EW region

surrounding the upturn stack (black triangle) in most of the model grids, with the T25 model
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with a temperature of 25,000 K falling closer to the data in the majority of panels. The hottest

and lowest fuel model, T40L, lies much closer to the old stack without an upturn contribution,

which may simply reflect that this hot model peaks at wavelengths much shorter than those

covered by these mid-UV indices and simply cannot be constrained by this data.

For the 2Z⊙ models the models with lower fuels are found to follow the trends of the

higher fuel models with differing temperatures (the T25L_2Z model following the T35_2Z

model and the T35L_2Z model the T25_2Z). Similarly to the Z⊙ model, the lower temperature

and higher fuel 2Z⊙ models lie closer to the upturn stack.

The SED age stacks show an interesting behaviour with the young optical SED stack

(blue circle) falling between the young UV (black star) and old UV upturn stack (black

triangle) and the old optical SED (red circle) stack falling between the old UV upturn and

old no UV upturn stack (black square). The proximity of the EW values of the young optical

SED to those of the old UV upturn stack confirm that indeed the UV contribution may be

fit equally well or even better (see the next Chapter) by an old hot population rather than

residual star formation.

4.3 Conclusions

In this Chapter I introduced the working sample of luminous, massive, red, and passive

galaxies taken from SDSS-III/BOSS DR12. These galaxies are ideal for detecting the UV

upturn as they are the most likely progenitors of local galaxies shown to exhibit an upturn.

The mid-UV indices of Section 3.1.2 can be accessed for BOSS galaxies with a minimum

redshift of z = 0.6, creating a working sample of ∼ 275,000 galaxies.

In order to understand the meaningfulness of the quantitative analysis I created stacks

with a wide range of physical parameter combinations. These stacks have very high SNR

allowing all mid-UV indices to be well resolved. Most of the indices were well resolved in

the individual spectra as well despite the low SNR. Therefore sensible ages and metallicities

should be able to be derived from the data.

Most indices were found to be robust against the effects of dust, particularly when fitted

in combination, making them ideal for deriving UV ages. Although the effects of dust in the

UV region should be less pronounced in the passive BOSS galaxies.
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An investigation into the effect of spectral resolution on the calculation of the EWs lead to

the conclusion that over the resolution range tested (3 - 6Å) the resolution had little effect on

the results. The individual spectra showed some spread but closely followed the one-to-one

relationship, with the stacks showing negligible deviation.

The effect of the UV upturn on the strengths of the mid-UV indices was explored for

multiple upturn models. From this I found a set of 3 indices which break the degeneracy

between old and young UV ages; Mg I, Fe I, and a blend of several elements named BL3096.

These indices could prevent the presence of a UV upturn being misinterpreted as residual

star formation.

In the next Chapter I will use the indices explored in this Chapter to derive the UV ages of

the working sample of BOSS galaxies. I investigate the meaning of the derived UV age and

present a comparison of the UV ages to those derived from full broadband fitting. I explore

the potential of composite models fitting both the mid-UV absorption features and fitting the

full mid-UV spectral region. I investigate the model preference of the BOSS galaxies before

determining the redshift evolution of the UV upturn and its contributing mass fraction.



Chapter 5

Investigating the UV upturn of

SDSS-III/BOSS galaxies

In this Chapter I use the indices explored in Chapter 4 to derive the UV ages of the working

sample of SDSS-III/BOSS galaxies introduced in Section 4.1. I investigate the model

preference of the BOSS galaxies and provide a comparison to the ages derived from full

broadband fitting. I test the UV ages derived by the two iterative fitting methods outlined in

Chapter 3 and explore the effect of composite models and the meaning of the derived UV

age using mock galaxies.

One of the main goals of this work is to investigate the redshift evolution of the UV

upturn in an effort to constrain its onset, a formation time that is currently unknown. In

addition to this I also calculate the mass fraction contributing to the upturn component found

in BOSS galaxies.

Finally, I fit the SDSS-III/BOSS galaxies using models found to best-fit local galaxies

featuring an upturn in an effort to find the high z analogues of local upturn galaxies.

5.1 Quantitative Analysis and Results

The UV ages and metallicities of the UV-bright population in BOSS galaxies were calculated

by simultaneously minimising the quadratic distance between the EWs calculated from the

data and those of the models for a set of indices using the same software and code as in M09.
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Fig. 5.1 Range of UV ages calculated from the fitting of 3 indices shown to be non-degenerate
between young and old populations; Mg I, Fe I, and BL3096. All models were fitted
simulatenously excluding the no upturn model. LH - entire galaxy sample. M - galaxies with
g− i > 2.35 classified as passive (∼ 51% of entire sample). RH - galaxies with g− i < 2.35
classified as star forming (∼ 49% of entire sample). The relevant stacks for each sample are
shown in the lower panel.

Galaxies are classified such that those with derived UV ages ≤ 1Gyr are young, as this is the

end of the young M09 models. This is also the age of the onset of the red giant branch.1

By focusing on the 3 non-degenerate indices shown to be able to distinguish between a

young and an old UV-bright population (Mg I, Fe I, and BL3096 (see Chapter 4)), and fitting

both the original theoretical and empirical M09 models and all the theoretical models with a

contribution from old UV-bright stars discussed in Section 2.3, the distribution of UV ages

shown in Figure 5.1 is obtained. The old models without an upturn are not fitted at this point

as the indices used lack the ability to distinguish between the two types of old population

(with and without an upturn contribution) on their own.

Approximately 48% of the working sample is best-fitted by a model with a contribution

from an old UV-bright population, with more passive galaxies selecting those ages than star

forming ones. In the case of the stacks, all stacks created with galaxies selecting ages less

1The effect of varying this split has been tested (splitting at both 2 and 3Gyr) and the change in results was
found to be negligible
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than 1 Gyr continue to select young UV populations as their best-fit, with the majority of

those stacked from older ages still selecting ages greater than 1 Gyr.

It should be noted that there are 3 distinguished peaks that appear in these distributions.

Further interpolation of the models to produce finer grids in age dilutes the distribution

slightly towards older ages but the peaks remain pronounced. This suggests the origin of the

peaks may be intrinsic to the galaxies themselves, an interesting result to be explored in the

future.

To examine how well the modelling fits the data I calculated the reduced χ2 for each of

the best-fits found. This is derived by calculating the distance between the index strengths

in the data and its best-fit model and dividing by the number of degrees of freedom (the

number of indices fitted). The distribution of these values can be seen in Figure 5.2, with the

values for the individual spectra shown by the black hashed histograms and the young and

old stacks by the solid blue and red respectively. The top panel shows the theoretical models

and the bottom the empirical.

The theoretical models fit the data more closely with a lower average χ2
red than the

empirical, with average χ2
red = 8.92 & 10.95 respectively, with the distributions peaking

around χ2
red = 2 & 4 respectively. In the case of the stacks, the theoretical models fit more

closely with an average value of 0.95 and little spread. The empirical model shows a bimodal

distribution with the young stacks being fit well, shown by the peak in the blue histogram

around 1. The older stacks are fit less well, shown by the second peak in red above 5, due to

the limited range of the empirical model in both age and EW.

As shown in Figure 4.10, models containing old stellar populations, both with and

without a contribution from old UV-bright stars, show an increase in index strength for the 3

non-degenerate indices used in this age calculation. To determine whether the old UV ages

derived from the fitting method are due specifically to an old UV-bright population, I forced

the objects determined to have an old UV age from fitting 3 indices to pick between the old

models with and without an upturn component. The 4 other indices (Fe II 2402, BL2538, Fe

II 2609, and Mg II) are added for this calculation as above 3 Gyr they show the ability to

distinguish between an old component with and without an upturn contribution.

It was found that 78% of the galaxies selecting old UV ages preferred models with an old

UV-bright population present. This equates to ∼ 37% of the entire working sample of BOSS
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Fig. 5.2 Distribution of reduced χ2 values for the best-fits found fitting the 3 non-degenerate
indices (Mg I, Fe I, and BL3096) with the individual spectra shown by the black hashed
histograms and the young and old UV age stacks by the solid blue and red histograms
respectively. Top panel - shows the values when simultaneously fitting the M09, bhb, T25,
T40, T40L, and T10 theoretical models. Bottom panel - shows the values when fitting the
M09 empirical model. Each distribution has been normalised to 1.
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galaxies, which is defined as the upturn confirmed sample. This percentage is significantly

higher than the results of Yi et al. (2011) who find that only 5% of cluster elliptical galaxies

show a UV upturn using a new UV classification scheme based on far-UV, near-UV, and

optical photometry from GALEX and SDSS (see Section 1.6.1 and Figure 1.14 for further

details). It should be noted however that a further 68% of their sample are classified as

"UV-weak", those without residual star formation but also without a strong upturn slope.

Similar galaxies in the sample may select an upturn SSP due to the strength of the indices

alone. In the future this could be checked with rest-frame UV spectroscopy allowing the

study of the shape of any upturn present, as well as photometry to test the galaxies with the

Yi et al. (2011) classification scheme.

5.1.1 Model Preference

Table 5.3 shows a breakdown of the number of galaxies selecting each of the different UV

models. Of the models containing an upturn contribution: the T10 and T25_2Z models

are preferred, with 12.1% and 13.7% of the working sample selecting each respectively;

this points towards the ideal temperature range of stars contributing to the UV upturn being

between 10,000 - 25,000K, with higher temperatures needing higher metallicities. This is as

expected from the model grids in Figure 4.15 and is consistent with the temperature required

to model local UV upturn galaxies (Maraston and Thomas (2000)). It should also be noted

that models with higher fuels are preferred over those with lower values, with a best-fit fuel

of 6.5 ·10−2M⊙.

The average properties of the galaxies selecting each model can be seen in Table 5.4.

On average the least massive galaxies select young ages without an upturn component

and have significantly bluer g− i colours. Galaxies selecting upturn models fall between

the young and old no upturn populations with the temperature, fuel and metallicity of the

model being the driving parameters. g− i colours increase and become redder as the upturn

temperature increases with higher metallicity models having redder colours than those with

solar metallicity. There is a slight trend seen in the average redshift and mass for the galaxies

selecting each model. However, due to the small variation in values, this is not seen as

significant.
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Table 5.3 A breakdown of the number of galaxies selecting different UV models. The
favoured upturn models are highlighted in bold.

Model Num % of entire sample
young 142,063 51.7

old - T10 33,295 12.1
old - T25 3,856 1.4

old - T25_2Z 37,718 13.7
old - T35_2Z 14,648 5.3

old - T40 2,259 0.8
old - bhb 2,622 1.0

old - T25L_2Z 5,100 1.9
old - T40L 891 0.3

old - T35L_2Z 3,686 1.4
old - no upturn - 2Z 16,488 6.0

old - no upturn 12,035 4.4

Table 5.4 Average properties of galaxies selecting different UV models. The favoured upturn
models are highlighted in bold.

Model < z > < Log(Mass) > < g− i >
young 0.671 11.47 2.37

old - T10 0.663 11.55 2.50
old - T25 0.664 11.59 2.58

old - T25_2Z 0.663 11.59 2.59
old - T35_2Z 0.661 11.66 2.71

old - T40 0.660 11.66 2.71
old - bhb 0.656 11.66 2.71

old - T25L_2Z 0.657 11.67 2.75
old - T40L 0.658 11.69 2.75

old - T35L_2Z 0.661 11.67 2.75
old - no upturn - 2Z 0.655 11.68 2.76

old - no upturn 0.655 11.68 2.77
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5.1.2 Comparison to Broadband Fitting

Using the age calculated from the UV absorption indices and those calculated from the

best-fit broadband SED it is possible to quantify the difference in physical parameters as

extracted from different spectral regions.

The SED age was selected based on the colour of the galaxy, those with g− i < 2.35

were classified as star forming and as such have the age calculated by the star forming stellar

population model in the BOSS Portsmouth galaxy product described in Section 4.1.1. Those

with g− i ≥ 2.35 have that calculated from the passive model.

Figure 5.3 shows the distribution of UV ages in comparison to those found from full

SED broadband fitting. The top panels show the theoretical models with the empirical model

shown in the bottom panels. In both cases the UV ages for individual galaxies are shown

by the black hashed histograms and the SED age by the green in the lefthand panels. The

UV ages derived for the stacks using each model set are shown in the righthand panels,

with stacks with an average g− i < 2.35 being shown in blue and those above in red. The

distribution of ages found from fitting Mg I, Fe I, and BL3096 as calculated previously is

shown.

When fitting the empirical model there is a bias towards the oldest age present in the

model, log(age [yrs]) = 8.3, for both the individual galaxies and the stacks. This age is far

below those found from SED fitting, an offset of log(age [yrs]) = 1.71 on average, but this is

a restriction imposed by the nature of the model. In the case of the theoretical models the

ages calculated from the UV indices extend to higher ages showing a peak similar to those

found from full broadband SED fitting. These ages agree more with a lower average offset of

log(age [yrs]) = 1.16.

The peaks seen towards older ages for both the UV and SED ages confirms the result

that BOSS galaxies are predominantly old (Maraston et al. (2013)). Figure 5.4, taken from

Maraston et al. (2013), shows the distribution of stellar ages obtained for BOSS galaxies

using different templates for SED fitting, both the LRG passive template and the star forming

templates outlined in Section 4.1.1. The ages have been constrained to be younger than the

age of the Universe in the adopted cosmology. Cutoffs were applied such that the SF model

has a minimum age of 0.1 Gyr and the passive LRG model a minimum of 3 Gyr. The latter

age corresponds to the assumption that the descendants of these galaxies are 10 Gyr old at
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Fig. 5.3 Comparison of the distribution of ages derived from full SED fitting from u to
z, shown in green, and from the 3 non-degenerate indices, black, for individual galaxies.
The ages of the stacks, with an average g− i < 2.35 are shown in blue with those above
in red. The top panels show the ages found from fitting the extended theoretical model,
with the bottom panels showing those from fitting the empirical. Each distribution has been
normalised to 1.
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Figure 5. Photometric stellar masses of BOSS galaxies in the first two years
of data. The two histograms show log M!/M" as obtained with different
galaxy templates: the LRG passive model of Maraston et al. (2009) (red),
in which a small fraction (3 per cent) of old metal-poor stars is added to a
dominant metal-rich (Z = Z") population, both being coeval and in passive
evolution, and a set of templates with SF (blue), ranging from ! -models to
constant SF. Stellar masses obtained with the SF template are systematically
lower due to the lower M/L of young populations. Calculations shown here
refer to a Kroupa IMF and included mass-losses from stellar evolution.
Average errors on log M!/M" are 0.1 dex (cfr. Fig. 11).

The other by-products of the fits should be considered less robust.
For example, as we do not include reddening from dust, the age of
the most recent burst maybe ill determined. Also, metallicity does
not vary in the templates. Future work will be invested in a more
detailed spectral analysis.

Fig. 5 shows the distribution of stellar masses of BOSS galaxies
for the combined CMASS and LOWZ samples, for the LRG (red)
and the SF template (blue). Plotted values refer to the Kroupa IMF,
and stellar mass-loss has been accounted for in the calculations. For
the results obtained with the LRG template, the mass histogram is
thin and well defined, pointing to a uniform mass distribution as
a function of redshift as was the aim of the BOSS target selection
(Eisenstein et al. 2011; White et al. 2011; Dawson et al. 2013). We
quantify this later in the section.

The results for both templates agree reasonably well in indicating
a peak stellar mass of #11.3 log M (for a Kroupa IMF, 1.6 higher
for a Salpeter IMF). Stellar masses derived with the SF template
(blue) show an excess of lower mass values which is due to the
lower ages for some of the galaxies derived with this template, see
Fig. 6. Except for this, the age distributions agree remarkably well
for ages larger than 3–4 Gyr, independently of the adopted template,
which confirms the homogeneous nature of the CMASS sample (see
also Tojeiro et al. 2012). Note that the ages of individual galaxies
do not necessarily agree, as shown in Fig. 7, where we plot ages
from the SF template (for values higher than 3 Gyr) versus ages
from the LRG template. Ages obtained with the SF template are
older by #2 Gyr with respect to those from the LRG template. This
happens because the SF template allows for extended SF hence the
age (which is the time elapsed since the beginning of SF) obtained
with this template can be larger and able to fit the same set of data.
In spite of these differences for a fraction of galaxies, individual
masses agree well due to compensating effects between age and
SFH, Fig. 8.

In Appendix A, we discuss in detail the comparison with other
stellar mass calculations performed in BOSS, while in Appendix B

Figure 6. The distribution of stellar ages obtained for BOSS galaxies using
different templates for SED fitting, namely the LRG passive template (red)
and the template with SF (blue).

Figure 7. Comparison of ages of individual galaxies, for ages larger than
3 Gyr, obtained with the SF template versus those from the LRG template.
The fraction of galaxies with correlated ages (age difference within 0.5 Gyr)
is #25 per cent.

Figure 8. Comparison of stellar masses of individual galaxies, for ages
larger than 3 Gyr, obtained with the SF template versus those from the LRG
template. The scatter in the correlation is #0.13 dex.
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Fig. 5.4 Reprint from Maraston et al. (2013). The distribution of stellar ages obtained for
BOSS galaxies using different templates for SED fitting, namely the LRG passive template
(red) and the template with star formation (blue).

z = 0 which corresponds to a lookback time of ∼ 7 Gyr. For both templates the ages are

found to be > 1 Gyr for the majority of galaxies.

More quantitatively, I have calculated the average broadband SED age for each of the

UV-age master stacks by averaging the star forming SED ages found in the Portsmouth

galaxy Product (Section 4.1.1) for each of the galaxies within each stack. The young UV

stack was found to have an average SED age of 3.6 Gyrs, hence younger than the two old

stacks, 4.1 and 4.4 Gyrs for the old upturn and old no upturn stacks respectively. The SED

age of the young UV stack is much higher than that from fitting the UV indices due to

the different populations dominating the different fitting regions. However this SED age

being lower than those of the two old UV stacks supports the use of the mid-UV indices

to differentiate the ages of stellar populations. The similar ages of the old upturn and old

no upturn stacks support the existence of old hot populations contributing to the UV, with

both producing older SED ages averaged over the ugriz bands but showing differences in the

details of the UV spectrum.
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5.1.3 Effect of Composite Populations

To investigate the meaning of the UV-derived age I use mock galaxies whose ages are defined

as input and calculate their UV ages using the same method used for the data, namely

fitting various UV spectral indices. The mocks are generated using the M05 software and

comprise solar metallicity CSPs models with exponentially declining star formation rates

(with star formation timescales; τ = 0.10, 1.00, and 10.0 Gyrs) and various ages for the

oldest population present (t = 0.1, 1.0, 3.0, 5.0, and 10.0 Gyrs). Models are calculated for

four different dust attenuation values (a = 0.0, 0.4, 1.0, and 3.0) and smoothed to match the

resolution of the models. Figure 5.5 compares the UV ages calculated for each CSP fitting

the Mg I, Fe I, and BL3096 indices (y-axis) with the entry age of each model, using CSPs

not including any UV from old populations.

For composites with high star formation rates (τ = 10.0 Gyrs) the UV-derived age is

always young. In this case the UV light is dominated by the young, newly formed stars

and as such is the population traced by the fitting method. As the star formation drops (τ

= 1.00 Gyrs) the UV age becomes older and traces the age of the oldest population present

remarkably well. This is also true for the composite with lowest star formation rate (τ = 0.10

Gyrs).

It should be noted that the amount of dust present in the mock galaxies does not affect the

UV age calculated when fitting multiple indices. This confirms the theoretical investigation

of the effect of dust on indices, Section 4.2.6. This property will be important when using

the indices for fitting dusty, star-forming galaxies.

With our models I can now test what happens when a (mock) galaxy contains a fraction

of upturn population and gets fitted with models including such an effect or not.

To this end I create hybrid spectra at ages 5 & 10 Gyrs using a 50% contribution from

the τ = 0.10 Gyrs CSP and 50% from the T25 model of the corresponding age. I then fit the

hybrids and the original younger CSPs, using all the models, as shown in the top panel of

Figure 5.6, and again using only models without an upturn contribution in the bottom panel.

When fitting all models the ages are recovered well across all ages with the oldest two, the

CSP/upturn hybrids, selecting ages from the T25 model and the 3 Gyr CSP an age from the

old no upturn model.
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Fig. 5.5 Meaning of the derived UV age. The mock age denotes the age of the oldest
population present in composite models not including any old UV component. The ages
derived from fitting Mg I, FeI, and BL3096 can be seen for the three different star formation
rates (star formation timescales; τ = 0.10, 1.00, 10.0 Gyrs). The different symbols denote the
different dust attenuation values shown in the first panel. The solid black line denotes a one
to one relationship.
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Fig. 5.6 As in Figure 15, but here the mocks include a 50% contribution from the upturn T25
model at ages 5 & 10 Gyrs. When fitting this composite mock with all models including
those with an upturn (top panel) the actual age is well recovered. When instead the fitting
models which do not include the upturn, the recovered age is underestimated (bottom panel).
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However when omitting models with an upturn contribution the ages of the oldest

mocks is severely underestimated, with their upturn contributions forcing the selection of

younger ages. This shows that when fitting features in the UV region it is crucial to include

contributions from the UV upturn in order to avoid systematically younger ages due to model

restrictions.

As the BOSS galaxies do not feature strong star formation (see Thomas et al. (2013)),

the testing using mock composite populations confirms that the SSP results are robust and

therefore I proceed investigating further properties.

5.2 Effect of the UV Upturn

5.2.1 Comparison to Full Spectral Fitting

In this Section I use a modified version of FIREFLY to fit the Mg I, Fe I, and BL3096 indices

to the theoretical models to derive a probability distribution of ages for each individual galaxy

and stack (see Section 3.2.4). I also fit the mid-UV spectral region between 2250 - 3200Å

using the full version of FIREFLY (Section 3.2). The probability distribution for stellar ages

found from FIREFLY’S full spectral fitting allows a more comprehensive comparison of the

UV and SED properties of the BOSS galaxies.

Figure 5.7 shows the age distribution found from FIREFLY for a selection of 8 stacks, with

varying properties. The age distribution found from fitting the indices, shown in blue, shows

relative agreement with the SSP age derived previously, shown by the dashed black lines,

with the majority of SSP ages falling near the peak of the probability distributions. In the

case of the 4 stacks created from galaxies selecting old UV ages, those in the upper 4 panels,

the distribution found from fitting the mid-UV region, shown in red, agrees reasonably well

with that from the indices. This is not the case for stacks created using galaxies selecting

younger UV ages. The ages found from fitting the mid-UV region are highly discrepant to

those found from the other 2 methods as they favour much older ages. Figure 4.2 showed that

the master stacks featured an increase in flux below 2400Å, regardless of the age selection.

This was deemed to be a systematic of the data sample and it is likely that this apparent

increase in flux leads to the derivation of older ages when fitting the full mid-UV spectral
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Fig. 5.7 Probability distribution of UV ages for 8 stacks found using FIREFLY to fit Mg I,
Fe I, and BL3096, in blue, with those found from fitting the spectral region between 2250
- 3200Å in red. The dashed black line shows the SSP age from fitting 3 indices using the
χ2 minimisation.The distributions have been normalised to 1. The mass fraction of the
populations present can be derived from the area under each histogram.
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region. Therefore the fitting of the UV spectral region of this data cannot be considered

reliable without further investigation into this systematic.

5.2.2 Contributing Mass Fraction

A crucial piece of information is how much galaxy mass is involved in the UV upturn. The

stellar mass fraction contributing to these UV ages can be calculated from the area under

the unnormalised probability distribution of ages, for both individual galaxies and stacks

produced by FIREFLY. For the mass contributing to the upturn I calculated the area in the

distribution above 1Gyr as a fraction of the whole. The distribution of mass fractions for the

older populations in the upturn confirmed sample can be seen in Figure 5.8. These are the

individual galaxies that select an old SSP UV age with an upturn component over all models

without.

The distribution in mass fraction of the upturn confirmed sample, shown by the solid blue

line, spans a wide range, with at least 10% of the mass of each galaxy contributing to the UV

upturn. The green line shows the extra galaxies within the DR12 working sample that are not

part of the upturn confirmed sample but preferentially select an old age component with an

upturn contribution over one without when using FIREFLY to fit composite populations. It

is clear that there are far more galaxies with low mass fractions from old, hot components

that are not classified as upturn confirmed from the SSP fitting. Including all these extra

classifications increases the percentage of DR12 galaxies in the working sample with upturn

contributions from ∼37% to ∼92%.

The distribution of mass fractions shows a slightly different trend when including all

upturn contributions, shown by the black line, due to the increase in lower mass fractions

creating a peak at 10-20% before decreasing with increasing mass fraction.

An investigation into the difference between the properties of galaxies in the upturn

confirmed sample and the extra upturn contributions found in FIREFLY was undertaken

and the results can be seen in Figure 5.9. On average the galaxies in the upturn confirmed

sample are more massive and redder due to the galaxies being older and more likely to have

developed a significant upturn. The extra UV flux produced by the UV upturn does not affect

the g− i colour of the galaxies as this increase in flux lies well below what the bluest band

used for this colour calculation observes.
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Fig. 5.8 The distribution of the mass fraction contributing to UV ages above 1 Gyr. The blue
line shows the percentage of galaxies within the working sample with an upturn confirmed
SSP age, with various mass contributions from the old component. The green line shows
extra galaxies, without an old upturn age from SSP fitting, found to have an old component
from the FIREFLY composite fit as a percentage of the entire DR12 working sample. The
black line shows the sum of these two samples.
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Fig. 5.9 The difference in various properties of the SSP upturn confirmed galaxies and the
additional galaxies found to have an upturn component from FIREFLY. The blue coloured
contours show the upturn confirmed sample and the black contours the additional upturn
galaxies as a percentage of all galaxies with upturn contributions. Both sets of contours show
the number of galaxies as a percentage of all galaxies with upturn contributions.
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The redshift evolution of the mass fraction contributing to the upturn for both the upturn

confirmed galaxies and the additional galaxies found to have contributions from FIREFLY

can be seen in Figure 5.10. In both samples there is a trend towards higher mass fractions

at lower redshifts. This supports the theory that the upturn starts to occur at z > 1 with the

strength of the upturn increasing for more evolved galaxies at lower redshifts.

From this analysis it would seem that ∼8% of the working sample do not feature any

contribution from the UV upturn. These galaxies show little difference in < z > and

<Log(Mass)> when compared to those that select the favoured upturn models (T10 and

T25_2Z) but are significantly redder in g− i colour. It would be interesting to explore the

differences between these populations more fully in a future work.

5.2.3 Redshift Evolution of the Upturn Fraction

Figure 5.11 shows how the percentage of galaxies preferentially selecting an upturn SSP

evolves with redshift. The percentage of galaxies within each redshift bin determined to have

an old UV age with an old UV-bright component decreases by ∼ 15%, from ∼ 40% down to

∼ 25%, towards higher redshifts. This hints towards the onset of the UV upturn occurring at

z ≈ 1.

To account for any bias in the working sample due to only observing the brightest,

most massive galaxies at higher z a mass limit was applied before recalculating the redshift

evolution. A mass limit was chosen such that only galaxies with Log(Mass) ≥ 11 were

considered, as this limit incorporates ∼ 99% of the galaxies at higher z values. The redshift

evolution of upturn galaxies above this mass limit can be seen in Figure 5.12. A decrease of

∼ 18% is observed in this mass limited sample showing that the result in Figure 5.11 is not

strongly biased by the observational limits of the working sample.

Figure 5.13 shows the absolute number of galaxies that select an upturn SSP with an

old UV-bright component over any other in the top panel with the number weighted by the

contributing mass fraction shown in the panel below (see Section 5.2.2 for more details

on the mass fractions and their calculation). The absolute number shows a steep drop off

towards higher z with the majority of the galaxies with an upturn below z = 0.7. However,

this evolution is due to the redshift distribution of BOSS galaxies. The survey as a whole has
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Fig. 5.10 The evolution of mass fractions with redshift for upturn confirmed galaxies, shown
by the blue coloured contours, and the additional galaxies found to have an upturn component
from FIREFLY, in black. Both sets of contours show the number of galaxies as a percentage
of all galaxies with upturn contributions.
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Fig. 5.11 Fraction of galaxies within each redshift bin that select an SSP with an old UV-bright
population as the best-fit solution. Redshift bins start at z = 0.6, increasing in increments of
0.03 up until z = 1.0.
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Fig. 5.12 As in Figure 5.11 but with a mass limit such that Log(Mass) ≥ 11.

an average redshift of z ∼ 0.57 and the average redshift of the working sample used in this

analysis is z ∼ 0.67.

The bottom panel shows the same drop off driven by the redshift distribution of the

sample. However, the mass weighted number is significantly lower than the absolute number.

This is due to the distribution of mass fractions contributing to the UV upturn, seen in Figure

5.8, which peaks around lower mass fractions.

5.2.4 Looking For High-z Analogues of Local Upturn Galaxies

In order to see if I can find analogues of local upturn galaxies at high-z I fit the BOSS

galaxy sample using a set of three models found in Maraston and Thomas (2000) to fit the

upturns found in NGC4472, NGC4649, and the bulge of M31 (see Table 5.5 for the model

parameters). These CSP models were produced by a simple mix of an old metal-rich and an

old metal-poor component and were found to simultaneously produce strong Balmer lines

and strong metallic lines without invoking a young population.
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Fig. 5.13 Top panel: The redshift evolution of the absolute number of galaxies that select an
SSP with an old UV-bright population as the best-fit solution. Bottom panel: The number of
galaxies selecting an old UV-bright population weighted by the mass fraction contributing to
that population. For details of the mass fractions, see Section 5.2.2.
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Mass Z t FUV
Galaxy Component (%) (Z⊙) (Gyr) Hβ Fe5335 Mg b B−K U −V (M⊙)
M31 Major 97 1.750 12 1.51 3.20 4.38 4.34 1.73 0.003

Sub 3 0.005 15 3.09 0.53 0.78 2.64 0.53 ...
NGC4742 Major 94 2.000 12 1.48 3.32 4.54 4.42 1.81 0.003

Sub 6 0.030 15 2.33 1.02 1.38 2.91 0.72 ...
NGC4649 Major 90 1.550 15 1.38 3.21 4.41 4.36 1.73 0.020

Sub 10 0.300 15 1.69 2.08 2.87 3.53 1.15 ...
Table 5.5 Reproduced from Maraston and Thomas (2000). Model parameters for the best-
fitting models of local upturn galaxies.

By using the same analysis codes and method of fitting the 3 non-degenerate indices (Mg

I, Fe I, and BL3096) I obtain the distribution of UV ages seen in Figure 5.14 when fitting the

models in Table 5.5. Ages were calculated for both individual galaxies and stacks, using the

same colour cut to differentiate between passive and star forming galaxies.

For the individual spectra, a peak is seen towards 5 Gyr but to a lesser extent than found

previously when fitting the original suite of upturn models (Figure 5.1). From 1 Gyr onwards

there is more spread between the ages selected as the best-fits than with the original suite.

The same distribution is seen in the stacks but with more clearly defined peaks at intermediate

and old ages. Similarly to Figure 5.1 three peaks are found in the distribution of UV ages,

providing further evidence for the distribution being intrinsic to the galaxy sample analysed.

The goodness of fit was tested by deriving the reduced χ2 for each of the best-fits found

by calculating the distance between the index strength in the data and its best-fit model and

dividing by the number of indices fitted. Figure 5.15 shows the distribution of reduced χ2

values found for each of the best-fit local upturn SSP ages found in Figure 5.14. A similar

distribution to that found from fitting the original suite of theoretical upturn models is found.

The individual galaxies peak around χ2
red = 3 with the stacks falling around or below χ2

red = 1,

with the average χ2
red values being 9.05 and 1.31 respectively. This is only a slight decrease

from the values found fitting the original theoretical models (χ2
red = 8.92 & 0.95). As the

theoretical suite of upturn models is partially based on the MT00 models of local galaxies it

is not surprising that the two sets of models fit in a similar manner.

The percentage of the working sample selecting each of the models fitted can be seen in

Table 5.6 with the average properties of each sub sample given in Table 5.7. I find that 39.1%

of the working sample select models of local upturns over young star forming populations, a
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Fig. 5.14 Range of UV ages calculated from the fitting of 3 indices shown to be non-
degenerate between young and old populations; Mg I, Fe I, and BL3096. Fitting models of
upturns found in local galaxies. LH - entire galaxy sample. M - galaxies with g− i > 2.35
classified as passive (∼ 51% of entire sample). RH - galaxies with g− i < 2.35 classified as
star forming (∼ 49% of entire sample) The relevant stacks for each sample are shown in the
lower panel.

Fig. 5.15 Distribution of reduced χ2 values for the best-fits found fitting local upturn models.
Fitting the 3 non-degenerate indices (Mg I, Fe I, and BL3096) with the individual spectra
shown by the black hashed histograms and the young and old UV age stacks by the solid
blue and red histograms respectively. Each histogram has been normalised to 1.
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Table 5.6 A breakdown of the number of galaxies selecting different local UV models.

Model Num % of entire sample
young 167,194 60.9

NGC4649 51,276 18.6
M31 10,146 3.7

NGC4472 46,045 16.8

Table 5.7 Average properties of galaxies selecting different local UV models.

Model < z > < Log(Mass) > < g− i >
young 0.670 11.48 2.39

NGC4649 0.660 11.62 2.63
M31 0.659 11.64 2.66

NGC4472 0.658 11.65 2.71

lower percentage than when fitting the original suite of upturn models (∼ 48%). Of these local

models, the working sample prefers those of NGC4649, the strongest upturn model in this

suite, and NGC4472 with 18.6% and 16.8% of the sample selecting each respectively. Both

are models of large elliptical galaxies similar to those found in BOSS. It is not unexpected

that the working sample favours these models over the bulge of M31.

In terms of properties, again I find that galaxies selecting young ages have, on average,

bluer g− i colours and are less massive. Galaxies that select the local upturn models are

redder, falling above the g− i ≥ 2.35 colour cut with, on average, higher masses than those

selecting young ages. A slight evolution is seen in redshift with the average redshifts of the

three local upturn models being lower than the sub sample selecting young ages however,

due to the small variation in values this is not seen as significant.

5.3 Conclusions

In this Chapter I used the mid-UV indices explored in Chapter 4 to gain insights into the

physical properties of massive galaxies at z ∼ 0.6.
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By calculating the UV ages from the 3 indices found to be non-degenerate (Mg I, Fe

I, and BL3096) I find ∼ 48% of the SDSS-II/BOSS working sample selecting an upturn

component. ∼ 78% of the galaxies selecting an upturn component do so over any other

model, including an old population without an upturn contribution. This equates to ∼ 37%

of the entire working sample of BOSS galaxies.

The lower temperature upturn models, T10 and T25_2Z, with Teff ∼ 10,000 and 25,000K

and solar and twice solar metallicity, are preferred with 12.1% and 13.7% of the working

sample selecting ages from each respectively. The favoured models have a fuel consumption

a factor of 3 times higher than what is needed to model strong upturn galaxies locally which

may hint towards an evolutionary effect of the energetics of upturn emitters. The favoured

temperatures, however, are consistent with local upturn galaxies.

I found qualitative agreement between the UV derived age and that found from full

broadband fitting from u to z and investigated the meaning of the derived UV age using mock

galaxies.

An investigation into composite populations showed the SSP calculated ages to be a

good approximation for the UV age of the most dominant UV-bright population in terms

of spectral indices. The full spectral fit of the mid-UV region was found to be unreliable

due to systematics in the data. Including upturn contributions found from composite fitting

increases the percentage of galaxies with an upturn component from ∼37% to ∼ 92%.

I find many more galaxies selecting an upturn model than what is deduced studying

local samples using photometric indicators (e.g. the 5% from Yi et al. (2005)). The exact

reason for this discrepancy can not be singled out, but a number of factors contributing to a

different result can be envisaged. First, I use a sample of really massive galaxies, whereas

locally one has access to much fewer truly massive objects simply due to volume effects and

sample selection (Bureau et al. (2011)). Then, I use spectral indices whereas local studies are

mostly based on broadband photometry. Also, this analysis includes a large variation in the

models. Using mock galaxies, for example, I demonstrate that when a galaxy hosting UV

light is analysed solely with classical, non upturn models, the derived age is young (∼ 2 Gyr).

If the same galaxy is also fitted with upturn models, the derived age is old and coincides

with the mock age of input. This is to say that possibly galaxies hosting a UV upturn in

small proportions are assigned a younger age when they are analysed with a restricted suite
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of models. This may explain the situation of Yi et al. (2011, 2005) who were not able to

classify a large fraction of their UV-detected galaxies. A proper addressing of the comparison

between the distant and local universe might have to wait for future spectroscopic facilities

in the ultraviolet.

I determined the redshift evolution of the upturn population. This expands on the

pioneeristic work of Brown et al. (2000a, 1998, 2003), who follow the evolution of the

upturn using far-UV images of a few (4 - 8) elliptical galaxies at z = 0.375, 0.55, and 0.33

respectively. They find little evolution of the strength of the upturn over this redshift range

but with galaxies at z = 0.33 and z = 0.55 having upturns weaker than those found in local

galaxies. Looking at higher redshift (z > 0.6) with a much larger sample of galaxies and

using spectroscopy, I find the percentage of galaxies preferentially selecting an upturn over

all others to evolve with redshift. The percentage decreases from ∼40% at z ∼ 0.6 to ∼ 25%

at z ∼ 1. This hints towards to onset of such populations at z > 1. The increase of galaxies

hosting an upturn population towards this epoch (z ∼ 0) is consistent with stellar evolution,

as the typical stellar mass in galaxies decreases with decreasing redshift.

I further tested for high-z analogues of local upturn galaxies by fitting the same suite of

models shown to best-fit the UV upturn in the local massive galaxies NGC4472, NGC4649,

and the bulge of M31. I find these models to fit the working sample equally well as the

original suite of theoretical upturn models.

In the next Chapter I will explore the far-UV indices of the original young M09 models

to investigate their ability to derive the stellar ages and metallicities of high redshift galaxies,

z > 2.



Chapter 6

High-z in the Ultraviolet

High redshift galaxies are young and undergoing current star formation; hence they exhibit a

pronounced UV spectrum due to their massive star components. When observing galaxies at

higher redshifts the UV rest-frame is the region sampled via optical and near-IR observations.

UV absorption lines may provide useful indicators for the physical properties of such galaxies,

such as stellar age and metallicity: however a comprehensive study of these features is still

lacking.

In this chapter I use stellar population models of absorption line indices in the far-UV to

investigate their diagnostic ability for young stellar populations in high-z galaxies. This work

expands on that of M09, where the index models were tested using young Milky Way GCs.

Sets of indices for each model, both theoretical and empirical, were found to recover the age

and metallicity of local GCs well but were not tested using more complex stellar systems;

see Section 1.6.2 for further discussion of this result.

Using methods detailed in Chapter 3 I derive the stellar metallicities of high-z galaxies

using data taken from Sommariva et al. (2012) and Erb et al. (2010) as well as deriving

the stellar ages of objects taken from the VIMOS VLT Deep Survey (VVDS). I investigate

whether the M09 models and derivation methods used in this thesis are able to recover the

properties of these objects found in the relevant literature.
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6.1 Derivation of stellar metallicity

In this Section I investigate the ability of the M09 models to derive the stellar metallicity

of high-z galaxies taken from Sommariva et al. (2012) and Erb et al. (2010). I apply three

methods of metallicity derivation; fitting SSPs using the far-UV absorption features, fitting

combinations of SSPs using the far-UV absorption features, and fitting the far-UV spectral

region between 1270 - 1915Å.

6.1.1 Introduction to the data

Five of the high-z spectra analysed in this Chapter were investigated in Sommariva et al.

(2012), hereafter S12. By studying stellar photospheric absorption lines in the rest-frame

Ultraviolet, S12 investigated new stellar metallicity indicators suitable for high-z galaxies

with predominantly young hot stellar populations. Details of the high-z spectra investigated

in S12 are given below.

The Cosmic Horseshoe

The spectrum of the gravitationally lensed galaxy at z = 2.38 was originally obtained by

Quider et al. (2009). By measuring the strength of the F1425 absorption feature they found

the metallicity of the cosmic horseshoe to be Z = 0.5Z⊙. S12 derived the stellar mass of the

galaxy for the first time, obtaining a value of log( M
M⊙

) = 10.56±0.19).

Figure 6.1 shows the far-UV spectral region of the cosmic horseshoe. The central

bandpasses of the far-UV indices investigated in this Chapter, see Table 3.1, are shown by

the red and green dashed lines.

The Cosmic Eye

This lensed galaxy, situated at z = 3.075 was studied in Quider et al. (2010). Unlike

the cosmic horseshoe it was not analysed using the F1425 line due to heavy contamination

in the surrounding spectral region. They indicated that the metallicity was ∼ 0.40Z⊙ by

comparing the observed spectrum with models. The stellar mass was derived using SED

fitting and found to be log( M
M⊙

) = 9.55±0.48 in Troncoso et al. (2014). The far-UV region

of the cosmic eye can be seen in Figure 6.2.
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Fig. 6.1 Far-UV spectrum of the cosmic horseshoe at z = 2.38. The central bandpasses of the
far-UV indices of M09 are shown by the red and green dashed lines.

Fig. 6.2 Far-UV spectrum of the cosmic eye at z = 3.075. The central bandpasses of the
far-UV indices of M09 are shown by the red and green dashed lines.
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Fig. 6.3 Far-UV spectrum of MS 1512-cB58 at z = 2.72. The central bandpasses of the
far-UV indices of M09 are shown by the red and green dashed lines.

MS 1512-cB58

The spectrum of this gravitationally lensed galaxy at z = 2.72 was obtained at high signal

to noise by Pettini et al. (2000). The stellar mass was calculated in Siana et al. (2008) and

found to be log( M
M⊙

= 8.94± 0.15). The far-UV region of MS 1512-cB58 can be seen in

Figure 6.3.

CDFS-4417

The spectrum of CDFS-4417 was obtained by S12 from the AMAZE survey using

very deep (37 hours observation per object) VLT/FORS spectra. The data reduction was

performed using the ESO FORS-pipeline and flux calibration was performed using spectra

of spectrophotometric standard stars observed each night. 120 flux calibrated spectra were

obtained for CDFS-4417 and combined using the IRAF task apall to extract a single 1D

spectrum for the object.

Figure 6.4 shows the spectral region of CDFS-4417 that contains the far-UV absorption

features used in this analysis. The spectrum of this galaxy does not cover all of the features

that are investigated in this chapter, therefore we exclude it from the bulk of the analysis.
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Fig. 6.4 Far-UV spectrum of CDFS-4417 at z ∼ 3.3. The central bandpasses of the far-UV
indices of M09 are shown by the red and green dashed lines.

Table 6.1 The stellar metallicity of objects calculated in S12.

Object name S12 Stellar metallicity (Z⊙)
The Cosmic Horseshoe 0.37

The Cosmic Eye 0.3
MS 1512-cB58 0.44

CDFS-4417 0.23±0.22
CDFS-comb 0.24±0.45

CDFS-comb

Due to the low signal to noise ratio of some of the spectra observed by S12 a combined

spectrum, CDFS-comb, was created by combining observations of CDFS-12361, CDFS-

9313, and CDFS-6664. The 1D spectrum for each individual object was obtained via the

same method as CDFS-4417 before being combined to increase the signal. This combined

spectrum can be seen in Figure 6.5.

The values of stellar metallicity obtained for each object in S12, using the derivation

method discussed in 1.6.2, are summarised in Table 6.1.

Also part of the metallicity sample analysed in this Chapter is a spectrum of Q2343-

BX418 taken from Erb et al. (2010), hereafter E10. This spectrum was obtained using the
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Fig. 6.5 Far-UV combined spectrum CDFS-comb at z ∼ 3.3. The central bandpasses of the
far-UV indices of M09 are shown by the red and green dashed lines.

Low Resolution Imaging Spectrometer (LRIS Oke et al. (1995)) on the Keck I telescope. The

data was reduced using the standard procedures described in Steidel et al. (2003). The spectra

from each of the two masks observed, the blue and red channels, were reduced and extracted

independently before being combined to produce the final 1D spectrum seen in Figure 6.6.

BX418 is a young (< 100 Myr), low mass (∼ 109M⊙), low metallicity (∼ 1/6Z⊙) galaxy at

z = 2.3048.

By using the same methodologies outlined in Chapter 3, and the original young models of

M09, I derive the stellar metallicity of the UV dominant populations of these high-z galaxies.

6.1.2 Effect of Dust

As discussed in Section 4.2.6 reddening due to interstellar dust is pronounced in the UV

region. To test the extent to which dust affects the stellar metallicity derived by the far-UV

indices utilised in this Chapter, I tested the metallicity derivation by using mock galaxies

with well defined input properties (calculated with M05 software).

For this test I use CSPs with a nearly constant star formation rate (τ = 10 Gyr), Z⊙, and

an age of 100 Myr. As with the previous dust test two mock galaxies are selected, one with
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Fig. 6.6 Far-UV spectrum of Q2343-BX418 at z = 2.3048. The central bandpasses of the
far-UV indices of M09 are shown by the red and green dashed lines.

no dust and one with a dust attenuation of a = 3Aµ from a Calzetti law to maximise any

effect from dust.

The EWs of the far-UV indices were calculated for both mock galaxies and the UV

metallicities derived by fitting each index separately as well as the two sets of indices defined

in M09: all 11 far-UV indices for the theoretical model and 7 indices for the empirical (Si IV,

CA
IV, C IV, CE

IV, BL1617, BL1664, BL1719). This method shows the effect of dust on the

overall calculation as well as highlighting any specific indices that are effected.

The lefthand panel of Figure 6.7 shows the effect of dust on the metallicity derived using

the theoretical model of M09. The value of metallicity obtained when fitting all 11 far-UV

indices simultaneously, shown by the black square, shows no effect from dust, falling directly

on the one-to-one relationship. However, on average the individual indices give higher values

of metallicity when dust is present in the galaxy. Inversely, when fitting individual indices

with the empirical model, shown in the righthand panel, the metallicity values are found to be

lower with the presence of dust. This is also seen when fitting the 7 indices in combination

but to a lesser extent.

This result shows that the stellar metallicities derived from simultaneously fitting the

defined set of indices should not be significantly affected by the presence of dust in the



6.1 Derivation of stellar metallicity 140

Theoretical model

-1.5 -1.0 -0.5 0.0 0.5
Metallicity - no dust

-2.0

-1.5

-1.0

-0.5

0.0

0.5

M
et

al
lic

ity
 - 

du
st

,a
=3

M09
BL1853
BL1719
BL1664
BL1617

CIVe
CIV

CIVa
Fe1453
BL1425

SiIV
BL1302

-2 -1 0 1
-2

-1

0

1

Empirical model

-1.5 -1.0 -0.5 0.0 0.5
Metallicity - no dust

-2.0

-1.5

-1.0

-0.5

0.0

0.5

M
et

al
lic

ity
 - 

du
st

,a
=3

(a) Theoretical model

Theoretical model

-1.5 -1.0 -0.5 0.0 0.5
Metallicity - no dust

-2.0

-1.5

-1.0

-0.5

0.0

0.5

M
et

al
lic

ity
 - 

du
st

,a
=3

M09
BL1853
BL1719
BL1664
BL1617

CIVe
CIV

CIVa
Fe1453
BL1425

SiIV
BL1302

-2 -1 0 1
-2

-1

0

1

Empirical model

-1.5 -1.0 -0.5 0.0 0.5
Metallicity - no dust

-2.0

-1.5

-1.0

-0.5

0.0

0.5

M
et

al
lic

ity
 - 

du
st

,a
=3
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Fig. 6.7 The effect of dust on the calculation of the UV metallicity. The metallicity derived
from each individual index is shown for two mock galaxies, one with no dust and one with
high dust attenuation (a = 3Aµ ). The indices used for each point are shown in the legend.
The left-hand panel shows the theoretical model, for which M09 uses all 11 indices. The
right-hand panel shows the empirical model for which M09 uses 7 far-UV indices (Si IV,
CA

IV, C IV, CE
IV, BL1617, BL1664, and BL1719)
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Fig. 6.8 Comparison of the metallicity derived by fitting (a) all 11 theoretical indices and (b)
the set of 7 empirical indices with the values found in S12 and E10. Errors on the S12 value
for CDFS-comb are shown by the solid horizontal blue line. It should be noted that the error
on the derived metallicity is negligible and therefore is not shown.

objects analysed from S12 and E10. This is as expected due to the broad nature of dust

attenuation curves compared to the narrow windows used to define spectral indices.

6.1.3 Far-UV Indices

The strength of the far-UV absorption features (EWs) of the metallicity sample were cal-

culated using the same code as in M09. To calculate the error on each of the indices the

perturbative method of Section 4.2.1 was implemented using the error spectrum provided for

each spectrum. Where no error spectrum is present the flux error was estimated to be ±10%

of the flux value observed.

The values of stellar metallicity derived from simultaneously fitting the sets indices (11

and 7 for the theoretical and empirical models respectively) by a simple χ2 minimisation can

be seen in comparison to those derived in S12 and E10 in Figure 6.8.

The lefthand panel shows the theoretical model. The highest SNR spectra in the working

sample, CDFS-comb, is fit remarkably well when fitting all 11 indices. This, however, is

not the case for the remaining 3 spectra. RFhorse has a slightly lower derived metallicity
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whereas for BX418, Ceye, and cb58 the theoretical model predicts super-solar metallicities

(which for these high-z galaxies is unlikely to be a feasible physical solution). This over

prediction is also seen in the empirical model, the righthand panel, which predicts super-solar

metallicities for Ceye, cb58, RFhorse, and BX418.

The age, metallicity, and dust degeneracy seen in galaxies means that a spectrum may be

redder due to an older stellar population, a higher metallicity, or the presence of interstellar

dust and gas. Section 6.1.2 showed that this derivation method should not be significantly

affected by dust. Therefore the discrepancy seen between the index derived metallicities and

those in S12 and E10 is most likely explained by the degeneracy between age and metallicity.

To investigate this hypothesis the χ2 values for each of the individual models in the

theoretical and empirical sets were calculated for each galaxy and can be seen in Figures

6.9 & 6.10 respectively. The coloured contours show the χ2 values for each model with the

black stars denoting the best-fit solution. 1σ and 2σ contours were plotted using solid black

lines, however due to the huge variation in χ2 values the σ contours only include the best-fit

solution pixel in most panels. The value of stellar metallicity in S12 or E10 is shown by the

solid vertical lines in each panel. Below each object is a histogram showing the minimum χ2

value for each metallicity, for any model age.

For both models the χ2 values are much larger than the degrees of freedom (11 and 7

for the theoretical model and the empirical model respectively) therefore the errors on the

calculated indices are either significantly underestimated or the models of the absorption

features do not adequately describe the high-z galaxies.

For the theoretical model, Figure 6.9, there is a distinct pattern in χ2 with both high

metallicity, low age and low metallicity, older age models having more similar values

demonstrating the age metallicity degeneracy. There are many solutions left of the best-fit

values towards lower metallicities that are more physically feasible than young, super-solar

galaxies at z > 2. It appears that there is an age range from 0 - 0.2 Gyr in which it is difficult

to discern metallicity as well as a region at low metallicity (Z .−0.7) where it is difficult to

discern age.

A different pattern of χ2 is seen in the empirical model, Figure 6.10. Both cb58 and Ceye

favour super-solar metallicities and young ages. However, unlike the five theoretical fits they
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Fig. 6.9 Model solutions found from fitting the theoretical model. The colours show the χ2

value for each model solution, with the best-fit shown by the black star in each panel. 1σ

and 2σ contours only contain the best-fit solution pixel. The metallicity value found in S12
or E10 is shown by the vertical black line in each panel. The histograms show the minimum
χ2 value for each model metallicity, for any age.
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Fig. 6.10 As in Figure 6.9 but showing the model solutions found from fitting the empirical
model.
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do not show a spread of lower χ2 values to low metallicity, older age solutions due to the

age-metallicity degeneracy. CDFS-comb shows the opposite behaviour of cb58 and Ceye,

ruling out solutions with super-solar metallicity and young ages whereas, BX418 is equally

well fit by all solutions. RFhorse prefers super-solar metallicities with older ages. It should

be noted that the range in χ2 values of the empirical model is smaller than that found from

fitting the theoretical model.

In an effort to understand the cause of the large χ2 values found via this fitting method,

the strengths of the absorption features in the data can be seen in comparison to those of the

best-fitting theoretical and empirical models in Figure 6.11. For the majority of the indices

there is a significant difference between the data and the best-fits which can not be accounted

for by the errors on the indices in the data alone (the majority of the errors are so small they

do not extend past the data symbols). This shows that it is likely that the errors on the data

are underestimated. However, issues with the detailed modelling of the absorption features

in the models can not be ruled out due to the discrepancy seen in the values found from the

data and those in the best-fitting models.

It should also be noted that in some cases the EW values calculated for the data are

negative. Negative EW values of absorption features are by definition emission lines and

occur where the emission within the central bandpass is greater than any absorption. As the

galaxies analysed in this sample are highly star forming, emission is expected. However, the

number of negative values suggests that the bandpass definitions from F92 are not optimised

for these galaxies and could benefit from future adaptations.

6.1.4 Far UV Indices using FIREFLY

In order to more accurately represent the complex stellar populations of galaxies multiple

SSPs can be fitted in combination creating more realistic, composite populations. This is

achieved by iteratively fitting combinations of models to the absorption features calculated

from the data using the modified version of FIREFLY outlined in Section 3.2.4.

Figure 6.12 shows the metallicities derived using the modified version of FIREFLY in

comparison to those found in S12 and E10 for both the theoretical and empirical models, left

and righthand panels respectively.
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Fig. 6.11 Comparison of the index strengths in the data (filled black circles) and the best-fit
theoretical (blue squares) and empirical (red triangles) models. The indices are as follows: 1
= BL1302, 2 = Si IV, 3 = BL1425, 4 = Fe1453, 5 = CA

IV, 6 = C IV, 7 = CE
IV, 8 = BL1617, 9 =

BL1664, 10 = BL1719, 11 = BL1853. It should be noted that BL1302, BL1425, Fe1453, and
BL1853 are not plotted for the empirical model as they are not used in the fitting process.
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Fig. 6.12 The metallicity found from fitting the far UV indices using a modified version
of the full spectral fitting code FIREFLY (Section 3.2.4). The LHS panel shows the values
calculated using the theoretical M09 models in comparison to the values in S12 and E10 and
the RHS those from the empirical.

For both models the metallicity derived for CDFS-comb falls within the error bars given

for the S12 value. RFhorse also falls close to the one-to-one line. However, the other

3 galaxies remain poorly fitted by both models, with unphysical super-solar metallicities

selected for 2 galaxies with the theoretical model and 3 with the empirical model.

As with the simple SSP fitting of Section 6.1.3 this favouring of high metallicity values

may be due to an inability to discern between metallicity values at the young ages typical of

these high-z galaxies, see Figure 6.9.

6.1.5 Full Spectral Fitting

By fitting the full spectral region around the far-UV indices it is possible to test whether the

inability to fit metallicity is a feature of the models as a whole or an issue with the details of

the absorption features.

The stellar age of each galaxy is derived using the full spectral fitting code FIREFLY

outlined in Section 3.2. The far-UV region between 1270 - 1915Å is fit using the 1
10Z⊙, 1

2Z⊙,

Z⊙, and 2Z⊙ metallicity theoretical models (those without interpolated metallicities). The



6.1 Derivation of stellar metallicity 148

Light weighted Z

-1.0 -0.5 0.0 0.5
Literature Z

-1.0

-0.5

0.0

0.5

Fu
ll 

Fi
re

fly
 Z

BX418
Horse
Ceye

CDFS-comb
CDFS-4417

cb58

Fig. 6.13 The light weighted metallicity found from fitting the far UV spectral regain between
1270 - 1915Å using the full spectral fitting code FIREFLY (Section 3.2) in comparison to the
values in S12 and E10. The errors on each of the calculations are shown by the solid vertical
and horizontal lines.

metallicities derived from this fit are shown in comparison to the values from S12 and E10 in

Figure 6.13.

Unlike the previous derivation methods the full spectral fit of the far-UV region favours

lower, sub-solar metallicities. Only one galaxy, RFhorse, has a derived metallicity that is

super-solar. For two of the galaxies, CDFS-comb and CDFS-4417, the derived metallicity

fall within the error bars given in S12. However, there is a distinct bias towards values lower

than those in S12 and E10.

The FIREFLY fitting procedure accounts for the effect of dust, outputting a derived E(B-V)

value as well as an average age for the stellar population. The lower metallicity values

derived from the code could be due to an older age or higher dust value being derived due to

the age, metallicity, and dust degeneracy.

FIREFLY also accounts for emission lines by masking out contaminated regions from

the fit. This is not the case for the strengths of the absorption features which are calculated

from the original, "unclean" spectra. It is this differing treatment of emission lines which
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may account for the difference in derived metallicity found from fitting the theoretical model

using the full spectral region and the absorption features alone. It is likely that there is some

contamination from emission lines produced by young hot stars that affects the strength of

the absorption features but not the shape of the overall stellar continuum.

6.2 Derivation of stellar age

In this Section I investigate the ability of the M09 models to derive the stellar age of high-

z galaxies taken from the VIMOS VLT Deep Survey (Le Fèvre et al. (2003)). I apply

three methods of age derivation; fitting SSPs using the far-UV absorption features, fitting

combinations of SSPs using the far-UV absorption features, and fitting the far-UV spectral

region between 1270 - 1915Å.

6.2.1 Introduction to the data

The age sample analysed in this Chapter is taken from the VIMOS VLT Deep Survey (VVDS,

Le Fèvre et al. (2003)). VVDS is one of the widest and deepest spectrophotometric surveys

of distant galaxies. The Visible Multi-Object Spectrograph (VIMOS) is a wide field imaging

multi-slit spectrograph installed on the European Southern Observatory Very Large Telescope

(ESO/VLT). It offers broadband imaging capabilities in u,g,r, i and z bands, as well as multi-

slit spectroscopy over 3600 - 10,000Å observed frame with a spectral resolution ranging

from R ≃ 230 to R ≃ 2500.

VVDS is a purely magnitude-limited spectroscopic redshift survey with three compli-

mentary surveys: VVDS-Wide, VVDS-Deep, and VVDS-Ultra-Deep. In total VVDS has

obtained 34,594 galaxy redshifts covering a large redshift range 0 < z < 6.7 (Le Fèvre et al.

(2013)). The galaxies in the age sample are taken from VVDS-Deep and VVDS-UDeep

observations of the 0226-04 field, see Figure 6.14 for the full sky distributions of Deep and

UDeep observations.

Measurements of spectral features were obtained for all galaxies in VVDS using the

platefit_vimos software package. This software implements the spectral measurement tech-

niques described in Tremonti et al. (2004). Although originally developed for use on high

spectral resolution SDSS spectra, it has been adapted to accurately fit all emission lines
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Fig. 5. Distribution in (!, ") of all galaxies observed in the Deep 17.5 !
iAB ! 24 sample. Epoch 1 observations are indicated by black heavy
symbols, observations from 8 additional VIMOS pointings by blue
symbols, and the photometric parent sample as dots.

exactly in the presence of constant noise properties as a function
of wavelength, but with the highly non-linear background sub-
traction process all of these indicators are biased in one way or
another. While spectra with high continuum S/N, many spectral
lines, and a strong correlation signal lead to a redshift measure-
ment obvious to all observers, faint galaxy surveys going to the
limit have to deal with a mixture of these indicators, not always
with the best “quality” for all indicators. One could get galaxies
with a low S/N on the continuum but an obvious set of emission
lines matching a single redshift. An emission line may fall on a
sky line and be missing while the correlation signal on the con-
tinuum is strong. Or the S/N on the continuum could be low, but
one could have a strong correlation signal because a number of
features are only each weakly detected but add to supporting the
correlation. As a result, “quality” assessment is then often sub-
jective, strongly correlated to the individual who made the mea-
surement, and di!cult to compare from one survey to another.
In contrast, the probabilistic approach used in the VVDS guar-
antees a homogeneous treatment of the redshift measurements.

Several di"erent notation schemes or quality estimates have
been used in the literature. We contend that they are not of the
same nature and that care must be taken when comparing them.
From our VIMOS experience dealing with >1.5 " 105 spectro-
scopic redshift measurements from the VVDS, zCOSMOS, and
VIPERS surveys, it appears that it is illusory to aim to classify
galaxy redshift measurements into a scheme as basic as good
and bad, but rather that using a more continuous distribution of
redshift reliability as described above is more appropriate to this
type of dataset.

4. VVDS surveys

4.1. VVDS-Wide

The VVDS-wide has been observing targets selected from
their apparent I-band magnitude 17.5 ! IAB ! 22.5. A to-
tal of 24, 28, and 51 VIMOS pointings have been observed
in three fields 1003+01, 1400+05, and 2217+00, respectively.

Integration times of 45 min have been obtained with the LRRED
grism. These observations are extensively described in Garilli
et al. (2008). The final data release presented here adds the obser-
vations of 24 more pointings (#8000 galaxies) to the Garilli et al.
(2008) data. The full VVDS-Wide sample consists of all objects
in the three fields 1003+01, 1400+05, and 2217+00, as well as
the objects with 17.5 ! IAB ! 22.5 in the 0226-04 and ECDFS
fields, for a total of 25 805 galaxies and 305 type-I AGN. The to-
tal area covered is 8.7 square degrees, the redshift range 0.05 !
zWide ! 2 for a mean redshift z̄ = 0.55 (Le Fèvre et al. 2013) and
a volume #2 " 107 h$3 Mpc3. As no attempt was deliberately
made to apply star-galaxy separation algorithms prior to select
spectroscopic targets, the VVDS-Wide contains a rather large
fraction of 34% of Galactic stars, mainly in the lower Galactic
latitude 2217+00 field.

4.2. VVDS-Deep

The VVDS-Deep sample is based solely on I-band selec-
tion 17.5 ! IAB ! 24. Total integration times of 4.5 h have been
obtained with the LRRED grism. The VVDS-Deep observations
of the 0226-04 field have been extensively described in Le Fèvre
et al. (2005a) and the ECDFS in Le Fèvre et al. (2004a).

The VVDS-Deep dataset now includes a sample of
#4000 additional objects from “epoch 2” observations of
8 VIMOS pointings. This sample has been observed and the
data processed following the exact same procedure as described
in Le Fèvre et al. (2005a). The full field observed from the
VVDS-Deep “epoch 1” (Le Fèvre et al. 2005a) and “epoch 2”
observations covers 2200 arcmin2 as shown in Fig. 5.

This brings the total sample of objects observed in the
VVDS-Deep to 12 514: 11 486 are galaxies with a spectroscopic
redshift measurement and a reliability flag 1 ! f lag ! 9,
915 are stars and 113 are type I AGN, making this galaxy
and AGN sample the largest homogeneous sample with spec-
troscopic redshifts at this depth. A redshift measurement has not
been possible for 1315 objects, bringing the redshift measure-
ment completeness of the full (epoch 1 + epoch 2) VVDS-Deep
sample to 89.5%. The total area covered is 0.74 square degrees,
the redshift range is 0.0024 ! zDeep ! 5 for a mean red-
shift z̄ = 0.92 (Le Fèvre et al. 2013), and the volume sampled
is #0.4 " 107 h$3 Mpc3.

4.3. VVDS Ultra-Deep

This latest component of the VVDS was meant to produce
an i-band-limited magnitude survey 2.25 mag beyond the
VVDS-Wide and 0.75 mag fainter than the VVDS-Deep, reach-
ing iAB = 24.75. Very deep spectroscopic observations were
performed in service mode in the framework of ESO Large
Program 177.A-0837, integrating 18 h per target in each of
the LRBLUE and LRRED grisms for three VIMOS pointings.
These cover a field of 512 arcmin2 roughly centred at !2000 =
02h26m28.8s and "2000 = $4%23&06&&, included in the VVDS-02h
deep field (0226–04) area, as shown in Fig. 6 and listed in
Table 4.

To reach the depth of iAB = 24.75 and ensure high com-
pleteness in redshift measurement, we have devised a strategy
with long integrations and an extended wavelength coverage
using VIMOS. An essential component for keeping a high com-
pleteness in measuring redshifts for z > 1 objects is to re-
duce redshift degeneracies by increasing the observed wave-
length range and therefore maximizing the number of observed
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(a) VVDS-Deep

O. Le Fèvre et al.: VVDS final data release: 35016 galaxies and AGN out to z ! 6.7

Fig. 6. Distribution in (!, ") of galaxies observed in the Ultra-Deep 23 "
iAB " 24.75 sample (heavy symbols) over the photometric parent sam-
ple (dots).

spectral features. We elected to combine VIMOS low-resolution
blue grism observations over 3650 " # " 6800 Å and low-
resolution red grism observations over 5500 " # " 9350 Å to
cover a wavelength range of 3650 to 9350 Å. The overlapping
region from 5500 to 6800 Å was then getting a total exposure
time of 36 h.

We have been designing slit masks from the extensive and
deep multi-wavelength photometry from the CFHTLS, includ-
ing three target samples: (i) a randomly selected sample of
galaxies with 23 " iAB " 24.75; (ii) a sample of galax-
ies with 22.5 " iAB " 24 randomly selected from galaxies
with flags 0, 1, or 2, as measured in the VVDS-Deep sample;
and (iii) a sample of “targets of opportunity” with objects se-
lected from GALEX Lyman-break (GLBGs) candidates at z ! 1
and extremely red objects (EROs) aimed at picking up high-
redshift z > 1 passively evolving red early-type galaxies. In the
following we call these samples the “Ultra-Deep”, the “Deep-
re-observed”, and the “colour-selected” samples. The VMMPS
mask-design software (Bottini et al. 2005) was first used to
force slits on the colour-selected sample (a few per VIMOS
quadrant), then to force slits on the Deep-re-observed sample
(about 20 per quadrant), and finally to place slits randomly on
the Ultra-Deep sample (about 80 per quadrant), for an average
total number of about 450 slits observed in one observation.

As described in Sect. 3.4, the data were processed using the
VIPGI software. The redshift measurements were performed in
several steps using the EZ engine. The redshifts of the blue spec-
tra and the red spectra were measured separately, each by two
people on the team, and two reconciled lists of redshifts derived
from the blue and red observations were produced separately.
The 1D blue and red digital spectrograms of each galaxy were
then joined, and redshifts from these combined spectra were
again derived separately by two people, without knowledge of
the redshifts derived from blue or red observations. The final
redshifts were then assigned by two people jointly after com-
paring the three di!erent redshift measurements (blue, red, and
joined) and deciding on the associated reliability flags. We added
a new flag “1.5” to indicate the spectroscopic redshifts with a low

reliability flag = 1, but that agree with the photometric redshifts
to within "z = 0.05 # (1 + z) (see Sect. 5.1).

4.3.1. The Ultra-Deep 23 " iAB " 24.75 sample

The main Ultra-Deep sample contains a total of 815 objects.
We measured the redshifts for 721 galaxies, 3 type-I AGN, and
23 stars, 673 of which have a flag larger than or equal to 1.5,
representing !83% of the sample. The total area covered is
0.14 square degrees, the redshift range is 0.05 " zUltra$Deep " 4.5
for a mean redshift z̄ = 1.38 (Le Fèvre et al. 2013), and the vol-
ume sampled is 0.5 # 106 h$3 Mpc3.

4.3.2. The re-observed Deep 17.5 " iAB " 24 sample

In these deeper Ultra-Deep observations, we observed again the
galaxies in the original VVDS-Deep (Le Fèvre et al. 2005a),
for which we failed to get redshifts (flag 0), those with lower
reliability (flag 1), and observed again a sample of galaxies
with higher redshifts reliability (flag 2) to further assess their
statistical robustness. The main goal was to get secure spec-
troscopic redshifts for these objects, and thus obtain a statis-
tical estimate of the true redshift distribution of the galaxies
in the VVDS-Deep, which had lower redshift reliability flags.
This sample was randomly built from the objects with flags 0,
or with flags 1 and 2 and redshifts z % 1.4 in the epoch-1
VVDS-Deep sample. This redshift z = 1.4 marks the point
where the [OII]3727 Å line starts to be di"cult to detect because
the LRRED sensitivity and strong sky OH bands a!ect this line
above !9000 Å, and at z = 1.5 this line is beyond our wave-
length domain, leaving only weak absorption features from the
UV-rest spectrum in the observed domain.

A total of 241 objects have been successfully targeted. The
deeper observations enabled a large number of redshifts for these
sources to be secured, with 153 objects with a very high relia-
bility flag above 3, and 72 objects with a reliable flag from 1.5
to 2.5.

These new measurements enable better understanding of
the incompleteness of the VVDS-Deep sample, as discussed in
Sect. 5.4. The redshift distribution of this sample, for each orig-
inal VVDS-Deep flag, is presented in Fig. 7. The redshift distri-
bution of VVDS-Deep galaxies with flag = 0 shows that the red-
shift failures in VVDS-Deep come from the full redshift range,
although they tend to be coming from 1 < z < 2.5 including the
“redshift desert” produced by the LRRED grism (see Sect. 5.5).
The flags 1 and 2 objects that were observed again are also pri-
marily in this “redshift desert”, as expected because the wave-
length range of the LRRED grism makes it di"cult to identify
features in this di"cult redshift range.

Using this re-observed VVDS-Deep sample has enabled a
statistical correction of the full sample using the weighting
scheme described in Sect. 5.

4.4. Serendipitous observations of Lyman-! emitting
galaxies

Since we were processing 2D spectra of the main targets of
this programme, a number of objects with single emission lines
have been identified that fall at random positions along the slits.
This is not surprising given the depth of the survey, and as the
slits extend into blank sky areas, the high number of slits im-
plied a large serendipitous survey of a significant sky area. For
the VVDS-Deep observations of the 0226-04 field, the total sky
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(b) VVDS-UDeep

Fig. 6.14 Reprinted from Le Fèvre et al. (2013). (a) Distribution in (α,δ ) of all galaxies
observed in the VVDS-Deep. Epoch 1 observations are shown by the heavy black symbols
with observations from 8 additional VIMOS pointings are indicated in blue. (b) Distribution
in (α,δ ) of galaxies observed in VVDS-UDeep shown by the heavy blue symbols. The
photometric parent sample is shown at dots in both panels.
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after removing the stellar continuum and absorption lines from lower resolution and lower

signal to noise spectra (Lamareille et al. (2006)). Further improvements were made in Lilly

et al. (2007) following tests performed on VVDS and zCOSMOS spectroscopic samples. A

full description of the pipeline will be presented in Lamareille et al. (in preparation) but an

overview of some of its main features (Lamareille et al. (2009)) is provided below.

The stellar component of the spectra is fitted as a non negative, linear combination of 30

SSP templates with differing ages (0.005, 0.025, 0.10, 0.29, 0.64, 0.90, 1.4, 2.5, 5, and 11

Gyr) and metallicities (0.2, 1, and 2.5Z⊙). These templates are derived using the spectral

library of Bruzual and Charlot (2003) and resampled to the velocity dispersion of VVDS

spectra. Foreground dust attenuation from the Milky Way is corrected for using Schlegel et al.

(1998) maps with dust attenuation in the stellar population models left as a free parameter.

Emission lines are fitted together as a singular nebular spectrum made of a sum of

Gaussians at specified wavelengths following the removal of the stellar component. Detected

emission lines are also removed from the original spectrum in order to obtain the observed

stellar spectrum. The error spectrum needed to fit both the stellar and nebular components is

calculated as follows: an initial guess is obtained from photon statistics and sky subtraction

and calculated directly by the VIPGI pipeline. A fit of the stellar and nebular components is

performed using platefit_vimos and the initial error spectrum. The residuals of the first fit are

then smoothed and added quadratically to the error spectrum before performing a new fit

with platefit_vimos.

The stellar parameters derived from fitting the emission free stellar component of VVDS

spectra include the stellar age, stellar mass, SFR, and E(B-V). In this Chapter I derive the

stellar ages of a sample of VVDS spectra using the various methods described in Chapter 3.

I also investigate the effect of dust and a provide a comparison of the E(B-V) values derived

in the VVDS database and from using FIREFLY.

The galaxies analysed are selected such that the rest-frame far-UV spectral region between

1250 - 1915Å is observed, so that the far-UV absorption indices of the M09 models are

present. This requires a minimum redshift of z ∼ 3; sufficient flags for the redshift to be

deemed reliable are also required. This leaves a working sample of 95 galaxies, 67 from

VVDS-Deep and 28 from VVDS-UDeep. Figure 6.15 shows the far-UV spectral region of

a sample spectrum from each survey. It should be noted that the observations taken from



6.2 Derivation of stellar age 152

Fig. 6.15 The far-UV spectral region of a sample galaxy taken from the VVDS-Deep sample
and the VVDS-UDeep sample analysed in this work. The central bandpasses of the far-UV
indices of M09 are shown by the red and green dashed lines.
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(b) Empirical model

Fig. 6.16 The effect of dust on the calculation of the UV age. The age derived from each
individual index is shown for two mock galaxies, one with no dust and one with high dust
attenuation (a = 3Aµ ). The indices used for each point are shown in the legend. The left-hand
panel shows the theoretical model, for which M09 uses all 11 indices. The right-hand panel
shows the empirical model for which M09 uses 7 far-UV indices (Si IV, CA

IV, C IV, CE
IV,

BL1617, BL1664, and BL1719)

VVDS-UDeep survey have a significantly higher signal to noise ratio than those taken from

VVDS-Deep due to the increased integration time (14hrs per target and 4.5hrs per target

respectively).

6.2.2 Effect of Dust

Similarly to Section 6.1.2, the effect of dust on the calculation of the stellar age is investigated

via the use of mock galaxies. Using the same mock galaxies as previously the stellar ages

were derived using both individual indices and the sets laid out in M09 for both the theoretical

and empirical M09 models, see Figure 6.16 panels (a) and (b) respectively.

When simultaneously fitting the sets of indices, shown by the black squares, the ages

derived fall on the one-to-one relationship for both models showing that there is negligible

effect from dust. This result shows that the ages derived from simultaneously fitting the

far-UV absorption features of the VVDS spectra should be unaffected by dust. This is not
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Fig. 6.17 Range of UV ages calculated by fitting the set of indices outline in M09. The LHS
shows the values for the theoretical model which uses 11 indices and the RHS the empirical
model which use 7.

the case when fitting individual indices which show greater spread, predicting both higher

and lower metallicities with the presence of dust.

6.2.3 Far-UV Indices

The strength of the far-UV absorption features (EWs) of the age sample were calculated

using the same code as in M09. The error on each of the indices was calculated for each

spectrum by using the perturbative method of Section 4.2.1. This was implemented using the

error spectrum provided for each spectrum.

The values of stellar age were derived for the VVDS spectra by simultaneously fitting the

sets of indices outlined in M09 (11 and 7 indices for the theoretical and empirical models

respectively). The distribution of ages found to be the best-fits from a simple χ2 minimisation

can be seen for both models in Figure 6.17.

The theoretical model, shown in the lefthand panel shows a distribution across all ages in

the model (6 < log(Age[yrs]) < 9) with a peak seen towards the lowest ages. The empirical

model however shows a bias towards the older ages in the model (8.0 < log(Age[yrs]) < 8.3).

The goodness of these fits can be seen in Figure 6.18 which shows the distribution of χ2
red

for the theoretical and empirical models in the left and righthand panels.
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Fig. 6.18 Distribution of the χ2 for the best-fit solutions shown in Figure 6.17. The lefthand
panels show the theoretical model with the righthand side showing the empirical. The top
panels show the whole working sample with the separate VVDS-Deep and VVDS-UDeep
samples shown in the middle and bottom panels respectively.



6.2 Derivation of stellar age 156

Fig. 6.19 Comparison of the stellar age derived by fitting all 11 theoretical indices and the
set of 7 empirical indices in comparison to the values found in the VVDS database, in the
left and righthand panels respectively. Errors on the index derived age for each object are
shown by the vertical solid lines.

Both models have χ2
red values peaking below 200 for the entire VVDS sample used in this

analysis. Splitting the sample into the galaxies taken from VVDS-Deep and VVDS-UDeep

shows that this is the overall trend of the galaxies taken from VVDS-Deep, ∼ 2/3 of the

working sample. The spectra taken from VVDS-UDeep show a stronger tendency towards

lower χ2
red values, with only a third of the objects falling above 200. This is due to the longer

integration time of VVDS-UDeep observations. This higher integration time increases the

SNR of the spectra, resolving the indices to a higher accuracy.

A comparison of the best-fit index derived ages for both models to those from the VVDS

database can be found in Figure 6.19, with the theoretical model and empirical model in the

left and righthand panels respectively. The spectra have been split by their parent sample

with the galaxies taken from VVDS-Deep plotted in red and the higher SNR spectra from

VVDS-UDeep plotted in blue.

For both models the indices derive, on average, younger ages than those in the models.

Both models are limited by the oldest ages present which are younger than the maximum

found in the VVDS database (log(Age[yrs]) = 9.2, 9 and 8.3 for the VVDS database, the
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theoretical model and the empirical model respectively). However there is no distinct trend

found in the offset of the values.

As in Section 6.1.3 the ages derived via this fitting method may be affected by the age

metallicity degeneracy. The distribution of χ2 values for each of the individual model fits for

both the theoretical and empirical models is shown in Figures 6.20 & 6.21 for two galaxies,

one taken from the VVDS-Deep sample and one from the VVDS-UDeep sample. The

coloured contours show the χ2 values for each of the models with the black stars denoting

the best-fit solution. The value of the stellar age taken from the VVDS database is denoted by

the solid black lines. 1σ and 2σ contours have been plotted using solid black lines; however

due to the large range of χ2 values the contours only include the best-fit solution pixel for

some of the panels. Below each of the panels in a histogram showing the minimum χ2 value

for each model age, for any metallicity.

For both models the χ2 values are larger than the degrees of freedom (11 and 7 for the

theoretical and empirical models respectively). However, they span a much smaller range

than those found from fitting the metallicity sample. These fits suggest again that the errors

on the calculated indices may be underestimated or that the models of the absorption features

don’t adequately describe the high-z galaxies.

As in Figure 6.9, the theoretical model in Figure 6.20 highlights the age metallicity

degeneracy with models featuring old ages and low metallicities having similar values to

models with young ages and high metallicities. The best-fit for the higher SNR VVDS-UDeep

spectrum shown in the righthand panel falls towards lower metallicity and age, as expected

from the age in the VVDS database and the type of object observed. For the VVDS-Deep

spectrum in the lefthand panel two minima can be seen in the χ2, again showing the age

metallicity degeneracy; however unlike the metallicity sample the best-fit for this object falls

at the more physical sub-solar metallicity, rather than the super-solar.

As with the metallicity sample the range of χ2 values spanned by the empirical model is

lower than that of the theoretical, Figure 6.21. The best-fit for the VVDS-Deep spectrum

falls towards low age and sub-solar metallicity with a single minimum in the χ2 distribution.

In the case of the VVDS-UDeep spectrum a much larger parameter space is covered by the

lowest χ2 values, with two minima, both at sub-solar metallicity but at opposite ends of the

age range in the model.
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Fig. 6.20 Model solutions found from fitting the theoretical model to two galaxies, one taken
from the VVDS-Deep sample (LHS) and one taken from the VVDS-UDeep sample (RHS).
The colours show the χ2 value for each model solution with the best-fit shown by the black
star in each panel. 1σ and 2σ contours have been plotted by only contain the best-fit solution
for some objects. The age found in the VVDS database is shown by the vertical by the
vertical black line in each panel. The histograms show the minimum χ2 value for each model
age, for any metallicity.
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Fig. 6.21 As in Figure 6.20 but showing the model solutions found from fitting the empirical
model.
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Fig. 6.22 Comparison of the index strengths in the data (filled black circles) and the best-fit
theoretical (blue squares) and empirical (red triangles) models. Panel (a) shows a galaxy
taken from VVDS-Deep and (b) one from VVDS-UDeep. The indices are as follows: 1 =
BL1302, 2 = Si IV, 3 = BL1425, 4 = Fe1453, 5 = CA

IV, 6 = C IV, 7 = CE
IV, 8 = BL1617, 9 =

BL1664, 10 = BL1719, 11 = BL1853. It should be noted that BL1302, BL1425, Fe1453, and
BL1853 are not plotted for the empirical model as they are not used in the fitting process.

As in Section 6.1.3, the strengths of the absorption features in the data can be seen in

comparison to those of the best-fitting theoretical and empirical models in Figure 6.11. The

majority of the indices show a discrepancy between the data and the best-fits which can not

be accounted for by the errors on the indices in the data alone (the majority of the errors are

so small they do not extend past the data symbols). It should be noted the difference between

the models and the data is, on average smaller, for the higher SNR VVDS-UDeep spectrum.

Similarly to Section 6.1.3, this investigation shows that it is likely that the errors on the

data are underestimated but issues with the detailed modelling of the absorption features in

the models can not be ruled out.

6.2.4 Far UV Indices using FIREFLY

The simple SSP fitting of Section 6.2.3 can be improved on by fitting combinations of

models, creating more complex and realistic populations. As with the metallicity sample this

is achieved by iteratively fitting combinations of models to the sets of absorption features

calculated from the data using the modified version of FIREFLY described in Section 3.2.4.
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Fig. 6.23 The stellar age found from fitting the far-UV indices using a modified version of the
full spectra fitting code FIREFLY (Section 3.2.4). The LHS panel shows the values calculated
using the theoretical M09 models in comparison to the values from the VVDS database and
the RHS those from the empirical.

The values derived using this method can be seen in Figure 6.23 in comparison to those

found in the VVDS database. The ages from the theoretical model can be seen in the lefthand

panel with the empirical model in the right. For both models the galaxies have been split

by their parent sample with those taken from VVDS-Deep plotted in red and those from

VVDS-UDeep plotted in blue.

For the theoretical model the derived ages show less spread with fewer galaxies falling

below log(Age[yrs]) ∼ 7 than when fitting SSPs. However, the opposite is seen for the

empirical model with fewer galaxies falling at the higher ages above log(Age[yrs]) ∼ 8 than

when fitting SSPs. The empirical model still favours lower ages than those found in the

VVDS database.

As with the metallicity sample the errors on the ages derived from this modified version

of FIREFLY are negligible due to the large range of χ2 values found for the fits. This could

be due to the underestimation of the errors on the indices or an issue with the modelling of

the absorption features resulting in their inability to adequately describe high-z galaxies.
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Fig. 6.24 The light weighted age found from fitting the far-UV spectral region between 1270
- 1915Å using the full spectral fitting code FIREFLY (Section 3.2) in comparison to the values
found in the VVDS database. The errors on each calculation are shown by the vertical and
horizontal lines.

6.2.5 Full Spectral Fitting

Deriving the stellar ages by fitting the full spectral region around the far-UV indices (1270 -

1915Å) provides a potential test to discern whether it is the models as a whole that struggle

to fit the VVDS galaxies or if it an issue with the specific details of the modelled absorption

features.

In an effort to understand this issue more fully the stellar ages of the VVDS galaxies are

calculated by fitting the far-UV region using the full spectral fitting code FIREFLY, detailed

in Section 3.2, using the 1
10Z⊙, 1

2Z⊙, Z⊙, and 2Z⊙ metallicity theoretical models (those

without interpolated metallicities). The stellar ages derived from this method are shown in

comparison to the values from the VVDS database in Figure 6.24.

Unlike the previous methods of age derivation the model ages no longer strongly favour

younger ages than those in the VVDS database, with a more even spread in ages seen around
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Fig. 6.25 The E(B-V) value derived using FIREFLY in comparison to the values found in the
VVDS database.

the one-to-one relationship. Interestingly, using this method results in the lower ages of the

theoretical model not being selected for any objects (log(Age[yrs] < 7). The errors on the

FIREFLY derived ages are much larger than those from the alternative methods, strengthening

the case for the errors on the calculated indices being underestimated. This could be due

to contamination from emission lines partially filling the absorption features or unforeseen

effects of dust.

The differing treatment of emission lines between the full spectral fitting method and

those involving the strength of the absorption features, as discussed in Section 6.1.5, may be

the cause of some of the discrepancies between the ages derived from each fitting method.

As well as deriving the stellar ages of the VVDS galaxies, FIREFLY also accounts for

dust and derives an E(B-V) value that can be compared to the values found in the VVDS

database. This comparison can be seen in Figure 6.25.
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Fig. 6.26 The ages derived from FIREFLY in comparison to the values found in the VVDS
database for the VVDS-Deep sample and the VVDS-UDeep sample in the left and righthand
panels respectively. The objects have been colour coded such that galaxies with higher
derived dust values from FIREFLY are plotted in green and those with higher VVDS values
plotted in cyan. The solid black line denotes a one-to-one relationship.

There is little agreement with perhaps a hint of an anti-correlation with FIREFLY deriving

higher dust values for the objects found to have low amounts of dust in the VVDS database

and vice-versa. Due to the age, dust degeneracy these differing dust values may account for

some of the discrepancy found between the two methods of age derivation seen in Figure

6.24.

The effect of the derived dust value on the calculated age can be seen in Figure 6.26. The

VVDS-Deep and VVDS-UDeep samples have been plotted separately and the symbols have

been coloured coded such that galaxies with higher FIREFLY dust values than VVDS values

are plotted in green and those with lower FIREFLY dust values than VVDS values are plotted

in cyan.

For the VVDS-UDeep sample shown in the righthand panel the discrepancy between the

ages can be attributed to the age, dust degeneracy. FIREFLY derives lower dust values for the

galaxies that it overestimates the age of, with higher dust values derived for those found to

be underestimated in comparison to the values in the VVDS database.

This is not the case for the VVDS-Deep sample, shown in the lefthand panel, which

shows much more spread with both higher and lower dust values derived across all ages. The
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discrepancy in the ages of the VVDS-Deep sample is most likely due to the quality of the

data, which has a lower SNR than the VVDS-UDeep galaxies.

6.3 Conclusions

In this Chapter I have investigated the ability of the M09 models to derive the stellar

metallicity and stellar age of high-z galaxies taken from various sources in the literature.

I utilised three methods of property derivation for each galaxy sample in an attempt to

determine the validity of the model absorption features as well as the overall modelling of

the far-UV spectral region.

6.3.1 Metallicity sample

For the metallicity sample taken from S12 and E10, the use of the far-UV spectral indices

consistently overestimates the stellar metallicity selecting unphysical super-solar metallicity

values. An investigation into the effect of dust on the indices using mock galaxies showed

that the presence of dust should not affect the derived metallicities. Instead, the discrepancy

between the S12 and E10 values and those found from fitting the absorption features is most

likely due to the age, metallicity degeneracy. However, contamination from emission lines

could also contribute.

When fitting the full spectral region between 1270 - 1915Å the derived metallicities are

found to be more physical, sub-solar values but are consistently lower than those found in

S12 and E10. As FIREFLY derives values for metallicity, age, and dust this difference in

derived metallicity could be due to any of the degeneracies seen between the age, metallicity,

and dust content of a galaxy.

The discrepancy between the metallicities derived from the absorption features and the

use of the full far-UV spectral region is most likely due to the different treatment of dust

and emission lines between the two methods. There is no treatment for dust or emission line

contamination for the absorption features whereas the full spectral fitting method derives a

dust attenuation curve for the data and masks out emission lines, removing them from the fit.
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Overall, with the current state of the M09 models and the data quality of high-z spectra it

is not possible to derive reliable metallicity values via any of the methods investigated in this

work without significant priors being applied to the fit.

6.3.2 Age sample

For the age sample taken from VVDS the use of the far-UV spectral indices is unable to derive

stellar ages in agreement with those found in the VVDS database. The ages found from fitting

SSPs are found to give, on average, younger ages than those found in the VVDS database

with the fit only improving slightly with the use of CSPs. As with the metallicity sample,

the effect of dust on the derivation from indices is shown to be negligible; therefore the

discrepancy is most likely due to the age, metallicity degeneracy, as shown by the distribution

of model solutions, or contamination from emission lines.

When fitting the full spectral region between 1270 - 1915Å using the theoretical M09

model, a slight anti-correlation is seen with FIREFLY predicting higher ages for those with

low ages in the VVDS database and lower ages for those with higher database values. An

investigation into the derived dust values shows a similar anti-correlation between the values

derived from FIREFLY and those found in the VVDS database.

By splitting the galaxies by their parent samples it was found that the age discrepancy

for the VVDS-UDeep sample is most likely due to the age, dust degeneracy. FIREFLY

predicts higher dust values than those in the VVDS database for galaxies it underestimates

the age of, and lower dust values where it overestimates the age. This is not the case for the

VVDS-Deep galaxies. Instead the discrepancy seen here is most likely due to insufficient

data quality as the integration time, and therefore the SNR, is significantly lower than that of

the VVDS-UDeep sample.

As with the metallicity sample, with the current state of the M09 models and data quality

available it is not possible to derive reliable ages via any of the methods investigated in this

work. However, with careful treatment of priors on the treatment of dust and the requirement

of sub-solar metallicities, a method for deriving the ages of higher quality data such as that

in the VVDS-UDeep sample may be achieved.



Chapter 7

Conclusions and Further Work

7.1 Conclusions

In this thesis I have shown results from the application of the Maraston et al. (2009) modelling

of UV absorption line indices to both massive galaxies at z ≥ 0.6, and young star forming

galaxies at high redshift. These models include all UV indices defined after the IUE mission

(Fanelli et al. (1992)), and incorporate both a fully theoretical as well as an empirical

description of the index strength as a function of stellar parameters.

The main scope of this work was to explore models including UV emission from old

stars in order to seek for the signature of the UV upturn at high redshift. For this purpose

the M09 models were extended to include a UV upturn component, varying the temperature

and energetics of the hot old stars. In addition, this work is also the first application of the

modelling of UV spectroscopic indices to quiescent galaxies.

A secondary investigation into the ability of the M09 models to recover the ages and

metallicity of young, star forming, high-z galaxies was undertaken. This work extended

that of M09 who applied the models to simple stellar systems, recovering well the ages and

metallicities of local GCs. The work in this thesis is the first application of these models to

more complex stellar systems.
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7.1.1 Modelling the UV spectrum of SDSS-III/BOSS galaxies

I used a large (∼ 275,000) sample of galaxies from SDSS-III/BOSS DR12, as they are ideal

for detecting the UV upturn at high redshift, should it exist. BOSS galaxies are massive

(M > 1011M⊙), red, and passive in large majority (∼ 80%), and distributed to z ∼ 1, for

which, given the wavelength coverage of the BOSS spectrograph (3600 - 10,400Å) the

mid-UV spectral indices can be accessed above z = 0.6. The BOSS galaxies are therefore the

most likely progenitors of present day massive galaxies which are known to display the UV

upturn.

Early results are promising. First of all, most indices were well resolved in spite of the

low SNR (∼ 5 in the optical region) of the spectra such that sensible ages and metallicities

could be derived. Most indices were found to be robust against dust effects, especially when

fitted in combination, making them ideal to derive UV ages.

In order to augment the meaningfulness of the quantitative analysis, I performed spectral

stacking exploring a wide range of stacking combinations with physical parameters. The

stacks have a very high S/N, which allows the mid-UV spectral indices such as Fe I, Bl3096,

etc. to be well resolved.

The effect of the UV upturn on the strengths of the mid-UV indices was explored. As

one of the main results, I found a set of 3 indices which break the degeneracy between young

and old UV ages; Mg I, Fe I, and a blend of several lines, named BL3096. This is important

as the UV upturn can be misinterpreted as residual star formation, with evident implications

for the understanding of galaxy formation and evolution processes.

7.1.2 Investigating the UV upturn of SDSS-III/BOSS galaxies

I used the mid-UV indices explored in the Chapter 4 to gain insights into the physical

properties of massive galaxies at z ∼ 0.6, which I summarise here.

Calculating the UV ages from the 3 indices found to be non-degenerate (Mg I, Fe I, and

BL3096) lead to ∼ 48% of the working galaxy sample from SDSS-III/BOSS selecting a

model with an upturn component. Forcing the galaxies selecting old UV ages to choose

between a model with a contribution from an old hot population and one without resulted

in ∼ 78% of the old-age sample selecting the model with old UV-bright stellar populations.
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This equates to ∼ 37% of the entire working sample of BOSS galaxies, a significantly higher

percentage than those found from studies of local galaxies.

I found a qualitative agreement between the UV age, derived by fitting the absorption

indices, and that found from full broadband SED fitting from u to z (previously published as

Portsmouth galaxy product, Maraston et al. (2013)). The UV ages are younger than those

from full SED fitting and I quantified the offset. Using mock galaxies I also investigated

which age is actually derived when fitting the UV side of the spectrum.

The lower temperature upturn models, T10 and T25_2Z, with Teff ∼ 10,000 and 25,000 K,

and solar or twice solar metallicity, are preferred, with 12.1% and 13.7% of the working sam-

ple selecting ages from each respectively. Interestingly, these models have a fuel consumption

which is higher (a factor 3) than what is needed to model strong upturn galaxies locally.1 As

local galaxies are several billion years older (12 Gyr vs 3 Gyr), this finding may hint towards

an evolutionary effect of the energetics in upturn emitters. The typical temperature instead is

consistent with the one appropriate to local galaxies. Moreover, models with a well localised

temperature for the upturn are favoured over a blue model with a temperature dispersion (e.g.

an extended blue horizontal branch, as found for the low-mass elliptical M32, Brown et al.

(2000b, 2008)). The models with higher fuel values are favoured over those with lower.

An investigation into composite populations showed that the SSP age calculated from

χ2 minimisation is a good approximation for the UV age of the most dominant UV-bright

population in terms of spectral indices. A comparison of age probability distributions from

full spectral fitting and fitting Mg I, Fe I, and BL3096, both using versions of a full spectral

fitting code (FIREFLY), show the existence of composite UV populations in individual

galaxies with the percentage of galaxies in the sample with an upturn contribution increasing

from ∼ 37% to ∼ 92%. Due to systematics in the data I have shown fitting the spectral

energy distribution between 2200 - 3200Å to be unreliable. Using composite model fitting I

also determined the fraction of galaxy mass hosting UV upturn populations. This fraction

peaks at 10-20%.

Upturn confirmed galaxies are on average redder and more massive. Galaxies with higher

mass fractions contributing to the upturn were also found to be redder and more massive.

These trends are in qualitative agreement with the trend of the UV upturn locally.
1Although it should be noted that Maraston and Thomas (2000) did not include a temperature as low as

10,000K in their modelling. Obviously a lower temperature requires a higher fuel consumption.
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I further tested for high-z analogues of local galaxies by fitting the same suite of models

known to best fit the UV upturn seen in the local massive elliptical galaxies NGC4472,

NGC4649, and the bulge of M31. Not surprisingly, I find these models to fit the sample

equally well as the theoretical suite produced for this paper.

I also determined the redshift evolution of the upturn confirmed sample. I found the

percentage of galaxies preferentially selecting an upturn over all others to evolve with redshift.

The percentage decreases from ∼40% at z ∼ 0.6 to ∼ 25% at z ∼ 1. This hints towards the

onset of such populations at z > 1. The increase of galaxies hosting an upturn population

towards the epoch (z ∼ 0) is consistent with stellar evolution (Le Cras et al. (2016)).

7.1.3 High-z in the Ultraviolet

Using spectra from S12, E10, and VVDS I investigated the ability of the far-UV M09 index

models to derive the stellar metallicity and stellar age of young high-z galaxies. Both the

theoretical and empirical M09 models were investigated using the sets of indices laid out

in M09. These sets, all 11 indices for the theoretical model and 8 indices for the empirical,

were found to recover well the ages and metallicities of young local GCs but had not yet

been tested against more complex stellar systems, such as galaxies.

Metallicity sample:

For the metallicity sample, compiled of spectra from S12 and E10, the use of the far-UV

indices lead to the stellar metallicity being overestimated, for both SSP fitting and more

complex CSP fitting using the modified version of FIREFLY. An investigation into the

the distribution of χ2 values for all model fits showed that the discrepancy between the

derived metallicities and those found in the literature is most likely due to the age, metallicity

degeneracy.

In the case of fitting the full spectral region between 1270 - 1915Å the derived metallicities

were found to be more physical, sub-solar values but were consistently underestimated by the

full FIREFLY fitting code. FIREFLY derives values for metallicity, age, and dust, therefore this

discrepancy with the literature could be due to any of the degeneracies found between these

properties. The difference between the index and full spectrum fits (over and underestimating
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the metallicity respectively) is most likely due to the different treatment of dust between the

two methods.

Age sample:

For the age sample, taken from VVDS, the use of the far-UV indices was unable to

derive stellar ages in agreement with those found in the literature. On average, fitting SSPs

with the far-UV indices resulted in an underestimation of the UV age, with the fit only

improving slightly when fitting CSPs. As with the metallicity sample, an investigation into

the distribution of χ2 values for each model fit showed that the age, metallicity degeneracy is

most likely responsible for the discrepancy between the ages derived from the indices and

those found in the literature.

When fitting the far-UV spectral region between 1270 - 1915Å a slight anti-correlation

was found between the ages derived from the full spectral fit and those found in the literature.

An investigation into the dust value derived from FIREFLY in comparison to that found in

the literature showed a similar anti-correlation. Splitting the galaxies by their parent sample

(VVDS-Deep and VVDS-UDeep) revealed that the discrepancy seen is most likely due to the

age, dust degeneracy in the case of the higher SNR data from VVDS-UDeep and insufficient

data quality for the lower SNR VVDS-Deep sample.

With the data quality of both samples and the current state of the M09 models, it is

not possible to derive reliable metallicities or ages for high-z galaxies using the methods

investigated in this work. Due to the large range in χ2 values found for the model fits it is

likely that the errors on the spectral indices are underestimated. However, issues with the

models may also contribute to the large values. The effect of dust may be more complicated

than anticipated from the simple test with mock galaxies and the spectral indices may be

contaminated with emission lines, with emission falling within the bandpasses of some

indices affecting the measurement of their strength.
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7.2 Further Work

Although the analysis of the BOSS galaxies showed most of the galaxies to have an upturn

component of some form, this has not been confirmed by the spectral shape in the far-UV

as the data is currently unavailable. The BOSS galaxies have also not been tested using

classification systems outlined by authors such as Yi et al. (2011) due to the lack of far-UV

photometry and UV colours for the BOSS galaxies. In the future, further observations of

these galaxies in the rest-frame far-UV could provide the data needed to confirm the detected

upturn presence and allow an investigation into the potential of misclassification between

different upturn indicators.

Further observations of massive galaxies at z > 1 could provide more constraints on

the onset of the UV upturn. Determining the formation redshift provides constraints for

the modelling of such populations reducing the potential parameter space they can cover.

This will lead to a greater understanding of the formation and evolution of such populations

allowing the models to be further refined.

Currently there is a lack of mid-UV spectroscopic observations of local galaxies shown

to feature a UV upturn. Observations of this nature would allow the mid-UV indices used

in this work to be evaluated using known upturn galaxies, further testing their ability to

distinguish between old and young UV-bright populations.

In terms of high-z galaxies, currently there is a lack of data available for analysis. Many

surveys sample the rest-frame optical region of high-z objects rather than the UV or provide

rest-frame UV photometry rather than more expensive spectroscopy. Where the rest-frame

far-UV spectra is available, often the data quality is insufficient for accurate analysis of the

absorption features. When more, higher quality, data becomes available a more informative

investigation into the ability of the models to derive ages and metallicities can be undertaken.

In the meantime, more detailed exploration into the effect of contamination from emission

lines on the strength of the absorption features should be undertaken using local observations.

The effect of dust on the indices should also be explored more extensively than in this work

to fully ascertain the accuracy of stellar properties derived in its presence.
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