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Abstract

This thesis investigates local cluster early-type galaxies, combining new spectroscopy
with multi-wavelength imaging. We probe the stellar content of elliptical and lenticular
galaxies, exploring the interconnection between age, chemical composition and dynami-
cal substructure.

We analyse the ultraviolet-infrared colour-magnitude relation, using new GALEX
imaging of quiescent red-sequence galaxies in local clusters, and confirm that the intrin-
sic scatter is an order of magnitude larger than for the analogous optical relation. We
compare the UV-IR colours to spectroscopic stellar populations parameters, and find a
strong correlation with metallicity (albeit still with a large scatter), and only a marginal
trend with age. We argue that the UV upturn is not significant in this sample, and demon-
strate that the intrinsic scatter could be attributed to simple frosting by either a young or
low metallicity subpopulation.

We present a comprehensive study of the internal gradients in age, metallicity and
a-element abundance for 25 cluster early-type galaxies, using data from the VLT VIMOS
integral field unit. We find negative metallicity gradients, with a large intrinsic scatter

for galaxies with ¢ > 130 km s™*

, which we speculate could be the lower limit for a
formation history dominated by major mergers. Stellar population gradients are primar-
ily related to the central metallicity: early-type galaxies with super-solar centres have
steep negative metallicity gradients and positive age gradients; those with solar metal-
licity centres have negligible [Z/H] gradients and negative age gradients. B-R colour
gradients predicted from the spectroscopic age and metallicity generally agree well with
those measured directly from photometry. There is a strong observed anti-correlation be-

tween the gradients in age and metallicity. While a part of this trend can be attributed

to correlated measurement errors, we demonstrate that there is an underlying intrinsic



iv

relation.

We present new GMOS long-slit observations of seven edge-on lenticular galaxies in
the Coma cluster, probing to several disc scale lengths in each. We strongly confirm that
these SOs are significantly offset in luminosity from the spiral Tully-Fisher relation, and
show that the size of this offset is correlated with projected local density. However, there
appears to be no difference in the mean offset between SO samples from various global
environments (i.e. group and cluster). We derive the radial trends in the stellar popu-
lations, and find generally regular profiles consistent with those observed in the VIMOS
sample. Significant deviations from the general radial trends coincide with structural and
kinematic boundaries. We find that the age of the disc component is correlated with the
offset from the Tully-Fisher relation, and agrees well with simple models of abrupt star
formation truncation in a spiral disc. We show that SO discs tend to be older and more
metal poor than the central regions, supporting the theory of bulge growth alongside disc

quenching, during SO formation.
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When 1 dipt into the future far as human eye could see;

Saw the Vision of the world and all the wonder that would be.

Alfred, Lord Tennyson, (from Locksley Hall, 1835)



Chapter 1

Introduction

The first decade of the 21st Century has seen a quantum leap forward in extra-
galactic observational astronomy. Wide-field ground-based photometric surveys
(e.g. 2MASS, SDSS) have been joined by multi-wavelength imaging from space-
borne observatories, from X-ray (ROSAT), ultraviolet (GALEX; Martin et al. 2005),
through optical and infrared bands (Hubble, Spitzer), and into the microwave regime
(WMAP; Spergel et al. 2007). Spectroscopic surveys which cover hundreds of thou-
sands of galaxies (e.g. 2dF Galaxy Redshift Survey, Colless et al. 2001; 6dF Galaxy
Survey, Jones et al. 2004; SDSS DR7, Abazajian et al. 2009) have facilitated the inves-
tigation of general galaxy characteristics on an unprecedented scale. New analysis
techniques, encompassing everything from sophisticated spectral modelling (e.g.
Maraston 2005; Schiavon 2007) and fitting (e.g. Heavens, Jimenez, & Lahav 2000;
Proctor et al. 2004), to harnessing the manpower of the general public (Galaxy Zoo;
Lintott et al. 2008), have helped to tame these vast samples.

Small area, targeted, deep field observations (e.g. Chandra; Hubble; SCUBA,
Holland et al. 1999) have viewed the distant past, glimpsing proto-galaxies and
identifying their nurseries (e.g. Lehmer et al., 2009), while exploration of the local
universe probes structure and composition of nearby galaxies with increasing res-
olution. As deep imaging extends our knowledge of low-luminosity galaxies and
internal structure, high signal-to-noise spectroscopy, coupled to a new generation
of stellar population models, offers a detailed window into the chemical evolution
of local galaxies.

Studies are no longer confined to a particular bandpass, but tackle the key

questions through multi-wavelength observations from a variety of instruments.
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In particular, the synergy between imaging and spectroscopy is crucial to further

our understanding of how galaxies form and evolve.

1.1. Galaxies in the Universe

The first recorded observation of galaxies outside our Milky Way was by Persian as-
tronomer Al-Safi, who, in the 10th Century, described Andromeda and the Large Mag-
ellanic Cloud as "small clouds”. Almost 800 years later, Inmanuel Kant coined the term
“Island Universe” for these nebulae; the idea that they were remote collections of stars had
been speculated upon a few years earlier by County Durham polymath Thomas Wright,
but was by no means the accepted theory.

Kant’s poetic moniker was gradually dropped, as "Universe” adopted its modern con-
notation. In the 1920s, Edwin Hubble convincingly placed several spiral nebulae beyond
the Milky Way, calculating their distance using Cepheid variables. Distant objects were
finally disassociated from local nebulae, and the investigation into these "galaxies” (from

the Greek for "Milky" as in the Milky Circle - kyklos galaktikos) could begin in earnest.

1.1.1 Galaxy formation and the cosmological context

In the last few decades there have been two prevailing theories of galaxy formation. In
monolithic collapse, a large galaxy forms as a single entity at early epochs, while in hier-
archical formation, small components gradually merge together to build large galaxies.
Initially, the predominant theory was monolithic, dissipative collapse (Eggen, Lynden-
Bell, & Sandage, 1962; Larson, 1974a; Carlberg, 1984). Through this mechanism, an over-
dense region of the primordial universe collapses as it cools, forming a single galaxy from
the constituent baryons. This model gives a plausible explanation for the formation of a
spiral galaxy: the central gas collapses very rapidly to form the spheroidal bulge, while
gas in the outer regions collapses more slowly, tending to distribute into the plane of ro-
tation and form a disc structure. The observation of significant numbers of fully-formed
massive galaxies at z > 1 (Drory et al., 2005) seemed to support this mechanism and,
naively, appeared inconsistent with scenarios that build galaxies gradually. However, in
monolithic collapse the star formation in a galaxy would be mostly complete within ~1
Gyr. On this time-scale, type Ia supernovae would be unable to contribute large quanti-

ties of heavy elements to the interstellar medium before the cessation of star formation,
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predicting lower metallicities than observed (e.g. Worthey, Dorman, & Jones, 1996; Proc-
tor & Sansom, 2002).

Hierarchical merging is supported by the cosmological paradigm of cold dark mat-
ter (CDM). From an initial power spectrum of (post-inflation) density fluctuations, and
implementation of basic physical principles such as gravitation and the conservation of
energy and angular momentum, numerical cosmological simulations trace the build-up
of dark matter halos (e.g. Efstathiou et al. 1988; Navarro, Frenk, & White 1996; Jenkins
et al. 2001). As originally postulated by White & Rees (1978), galaxies form when gas
condenses at the centre of these halos (also White & Frenk, 1991). However, although
ab initio N-body simulations can specify the distribution and evolution of the dark mat-
ter, a numerical treatment of galaxy formation is difficult, due to both computational
constraints and a lack of understanding for some physical processes (e.g. feedback). In-
stead, the evolution of baryonic components is modelled by simple, physically-motivated
prescriptions implemented via a semi-analytic approach (Baugh, 2006). Recently, direct
hydrodynamics has proved viable, although processes such as star formation still need
modelling as ‘sub-grid’ physics (e.g. Springel & Hernquist, 2003).

In recent years the ACDM (concordance) model has become the standard cosmologi-
cal paradigm for the formation of large-scale structure, as it can simultaneously account
for many observable phenomena. For instance, the power spectrum of the observed
galaxy clustering in large-scale redshift surveys such as 2dF-GRS (Colless et al., 2001)
are accurately replicated by ACDM models (e.g. Cole et al., 2005). Even downsizing, the
apparently anti-hierarchical behaviour in which massive galaxies complete most of their
star formation earlier than small galaxies, can be reproduced in hierarchical ACDM (Cole
et al., 2000), as feedback, due to active galactic nuclei, quenches star formation more effi-
ciently in massive halos (Bower et al., 2006).

The ACDM galaxy models do not match the observed universe in every respect.
Firstly, dark matter halo profiles are too steep to be consistent with the rotation curves
of low-luminosity galaxies, where local mass is dark matter dominated (the cusp-core
problem; e.g. McGaugh & de Blok 1998). A separate issue arises from the number of sub-
halos within the virial radius of a massive halo. The predicted number of satellite halos
in a Milky-Way sized halo is an order of magnitude larger than visible satellite galax-
ies around our Milky Way (Klypin et al., 1999). However, this mismatch may be caused

by unobserved ‘dark satellites’. A common criticism of simulations is their reliance on
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tain many millions of galaxies.

An intriguing method to tackle this problem is to harness the ability for a large and
untrained crowd to select, on average, the correct morphology. In Galaxy Zoo, Lintott
etal. (2008) invited the public to help classify millions of galaxies in SDSS imaging, ensur-
ing high-quality results with huge repetition and tough rejection criteria. Other groups
have relied on computer-power to categorise galaxies, although differentiating between
the Hubble classes is CPU intensive. Morphological categorisation can also be obtained
via the surface brightness profile. While disc-like structures, such as the dominating
component of late-type galaxies and S0s, have an exponential profile (Freeman, 1970),
elliptical galaxies and bulges tend towards an r!/4 de Vaucouleurs (1948) profileZ. Sérsic

(1963) profiles have a generalised /™

form, where n=1 is the exponential profile and n=4
is the de Vaucouleurs r'/4. A galaxy fit best by an n=1 profile is therefore less concen-
trated in the centre, and more likely to be a spiral, and conversely, a higher Sérsic index
(n) indicates a spheroidal structure (e.g. Bell et al., 2003; Mandelbaum et al., 2006). Algo-
rithms such as GALFIT (Peng et al., 2002) and BUDDA (de Souza et al., 2004) generate a
two-dimensional fit to the surface brightness, including multiple Sérsic components, and
hence automate the process of differentiating between spirals, ellipticals and S0s. An al-
ternate method, used with limited success, obtains morphology from the concentration,
asymmetry, and smoothness of the surface brightness distribution (e.g. Blakeslee et al.,
2006).

Distinguishing spiral and elliptical galaxies is important, as such disparate structures
must originate via different mechanisms. Additionally, the optical colour of spiral and
elliptical galaxies is clearly different, with blue galaxies very reliably classifiable as spi-
ral galaxies (de Vaucouleurs 1977; Bamford et al. 2009). As young stars are bluer than
old stars, this observation indicates that star formation continues in most spiral galax-
ies, while ellipticals are generally quiescent. (Colours are discussed in greater detail in

Section 1.2.2.)

*This observational classification differs from simulations, where discs are identified directly from kine-

matics as rotationally supported structures, and spheroids are pressure supported, lacking coherent rotation.
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1.1.3 Environment and the role of clusters

A clue to the formation of elliptical and spiral galaxies comes from the relation between
galaxy population and environment. Commented upon by both Shapley (1926) and Hub-
ble (1936), this morphology—density relation (Dressler, 1980b) indicates that the fraction
of elliptical (and S0O) galaxies is larger in higher density regions, while the fraction of
spirals increases as density decreases (Figure 1.2).

Smith et al. (2005) investigated the morphology—density relation at z = 1, and found
that it has evolved, such that the fraction of early-type galaxies decreases with redshift
in high density environments, but remains relatively stable at lower densities. This is
the morphology analogue of the Butcher-Oemler effect (Butcher & Oemler, 1978), which
described how the fraction of red galaxies in rich clusters decreases with redshift. Obser-
vations of intermediate redshift clusters (z = 0.3 - 0.4) confirmed the evolution in colour
fractions (e.g. Couch et al., 1994; Ellingson et al., 2001).

The colour—density relation (driven by stellar mass and star-formation history) is the
more fundamental relation (Kauffmann et al., 2004); morphology does not strongly de-
pend on environment at a fixed colour, whereas colour is a strong function of environ-
ment even at fixed Sérsic index (e.g. Bamford et al., 2009). Together, these studies suggest
that the mechanisms that transform one type of galaxy to another are similar in all envi-

ronments, but more commonly occur in the rich cluster environment (Tran et al., 2005).

1.2. Galaxy scaling relations

Exploration of the general trends in galaxies requires a homogeneous sample, with
the identification and removal of selection bias paramount. Rich galaxy clusters have
proven indispensable for these studies, yielding many galaxies at the same distance
and within a relatively small field, where early-type cluster members can be selected
by colour. Local environment (i.e number density of nearby galaxies) appears to have
more influence on observable parameters than the large scale density field (global envi-
ronment; Kauffmann et al. 2004; Blanton 2006). Clusters offer an opportunity to study the
effect over a wide dynamic range of local densities by sampling galaxies from the core to
the outer regions (e.g. Lucey et al., 1991; Guzman et al., 1992). Finally, the evolution with

redshift can be examined by comparing the bulk trends within different clusters.
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1.2.1 Kinematic relations

Kinematics is the investigation of stellar motion within a galaxy, often characterised by
the mean rotational velocity and velocity dispersion, o (the rms spread of the random
stellar velocities). In the composite stellar light of a galaxy with unresolved individual
stars, the velocity dispersion can be measured from the width of spectral features, as the
small differences in velocity shift the individual stellar spectra relative to each other. For
a virialized system, o is directly related to the depth of the potential well, and hence the
total galaxy mass.

The Faber-Jackson relation (FJR; Faber & Jackson, 1976) is an empirically derived
power-law for early-type galaxies, which links luminosity to central velocity dispersion,
such that bright galaxies have higher dispersions: L « o7, where v ~ 4. For fainter
early-type galaxies, Matkovi¢ & Guzman (2005) found that the relation is significantly
shallower, with v ~ 2. In general, this relation can be used to determine the absolute
magnitude of an early-type galaxy directly from the velocity dispersion, and hence, by
comparing to the apparent magnitude, leads to an estimate of the distance. The analogue
for spiral galaxies of the FJR is the Tully-Fisher relation (TFR; Tully & Fisher, 1977). The
TFR relates luminosity to the maximum circular rotational velocity, as spiral discs are
rotationally supported, unlike the pressure-supported ellipticals, and can also be used to
estimate distances. Recent studies have computed a TFR of L « Vo', where v ~ 3.0 -3.7
(Tully & Pierce, 2000; Courteau et al., 2007).

Both the FJR and TFR relate luminous (baryonic) mass to the total dynamical (bary-
onic + dark matter) mass (via velocity). The TFR does not exhibit significant evolution to
at least z ~ 1 (e.g. Vogt et al., 1997; Swinbank et al., 2006), as shown in Figure 1.3. The
lack of evolution is predicted by hierarchical simulations (Cole et al., 2000), as the growth
rate for baryons is regulated by the rate of accretion of dark matter, so total and luminous
masses track one another. In contrast, in monolithic collapse, stellar mass grows within
a pre-existing dark matter halo, so the luminous-to-total mass ratio should increase with
time.

The intrinsic scatter in the FJR can be reduced by introducing a surface brightness
term. This more precise scaling relation is usually presented in the form that relates veloc-
ity dispersion to the effective surface brightness and effective radius (Djorgovski & Davis,
1987; Dressler et al., 1987). In this parameter space, early-type galaxies are confined to a

single plane, as shown in the projection in Figure 1.4. Known as the Fundamental Plane,
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Figure 1.6: Cartoon tracks from Faber et al. (2007, figure 10), showing the dual-
mechanism build up of the red sequence. Solid arrows represents quenching of late-type
galaxies in the blue cloud at two epochs. Open arrows indicate gas-poor accretion (dry

mergers) which moves galaxies along the red sequence.

1.3. Synergy between photometry and spectroscopy

Photometry and spectroscopy are complementary techniques. The strength of imag-
ing is in integration over a wide band-pass, which enables exploration of low surface
brightnesses (and high redshifts) without prohibitively long exposure times. In contrast,
spectroscopy, while mostly unable to compete in terms of depth or spatial coverage, can
investigate the composition of objects by analysing the atomic and molecular line features
not isolated by broadband filters.

Often, imaging is used to locate interesting objects or define a particular subsample
of galaxies, which are then followed-up by spectroscopic observations. However, the de-
marcation between these specialisms is not clear-cut, with narrow-band imaging allow-
ing the coarse measurement and identification of particularly strong spectral features (for
instance, the Lyman-« surveys targeting specific redshifts, e.g. Rhoads et al. 2000), and
integral field units permitting spectroscopic observations with two-dimensional spatial

resolution (e.g. TIGER panoramic spectrograph, Bacon et al., 1995).
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This simple picture is complicated by the dependence of the integrated colour on the
chemical composition (O’Connell, 1976). Metallicity (expressed as [Z/H]) quantifies the
logarithmic abundance ratio of elements heavier than Helium to the abundance of Hy-
drogen, compared to the solar value®. Increasing metallicity tends to redden the stellar
colour, independent of age (indicated in Figure 1.7). Worthey (1994) found that the ef-
fects of age and metallicity are effectively indistinguishable in optical and near-infrared
broadband colours, with the degeneracy following the empirical relation Aage / AZ ~
3/2 (known as the Worthey 3/2 rule). In other words, broadband photometry cannot dif-
ferentiate between one stellar population and a second with half the age, but three times
the metallicity. Even in nearby galaxy studies with precise optical /near-infrared colours
from multiple bands (e.g. ugriz.J H K'), the age and metallicity can only be determined to

d[Fe/H] ~ 0.18 and dlog(age) ~ 0.25 (Carter et al., 2009).

1.3.2 Spectroscopic stellar populations

The age-metallicity degeneracy in integrated light initiated a concerted effort to find
spectral features that isolate the effect of either age or metallicity (e.g. Worthey et al.,
1994; Rose, 1994). Spectral indices measure the strength of a feature by quantifying the
total flux within a pre-defined wavelength window and above the local continuum level
(as defined by two sidebands). Some indices are dominated by a single absorption line
(e.g. Cad227), but most are blends including significant contributions from several ele-
ments: Fe4668 not only traces iron, but has strong contributions from Cs, Ti, Cr, and Mg
(and is often renamed C4668; Tripicco & Bell 1995).

Unfortunately, the majority of spectral indices have an age-metallicity degeneracy
similar to the 3/2 rule. Despite its mongrel nature, Fe4668 is the best single tracer of
the mean metallicity, with a 4 — 5 times stronger response to a decade change in [Z/H]
than to age (Smith et al., 2007). The Balmer hydrogen lines were identified as the best
tracers of age, with the Hi index almost 3 times more responsive to age; Jones & Worthey
(1995) demonstrated the near orthogonal nature of the age-metallicity grid in Fe4668-
H/{ parameter space. Recent studies have used the responses of multiple line indices
to derive the stellar population with the best fitting spectrum (e.g. Proctor et al., 2004;
Trager et al., 2008; Smith et al., 2009a). This method enables the age and metallicity to be

e [Z/H] = log[(Z/H)ga / (Z/H)o]
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determined much more precisely than from broadband colours. However, to achieve a
precision of ~10 per cent in log(age), a signal-to-noise ratio of at least 30 A~ is required.
Analysis of the best fitting stellar population, as derived from spectral line indices,
assumes by default a single population of stars with the same age and chemical composi-
tion. Most galaxies are composed of multiple, super-imposed stellar populations so it is
important to understand the origin of each parameter. The age (known as the single stel-
lar population equivalent age) is a Balmer-line-weighted mean. As short-lived massive
stars are much brighter than those in old populations, Serra & Trager (2007) calculated
that there is a strong bias towards the age of the younger population. Additionally, the
mass-fraction and age of the younger component are degenerate: an increase in the age
of the younger population can result in the same observed age, as long as the mass-
fraction is increased accordingly. In contrast to the age, Serra & Trager found that for
a single-age population with two metallicity components, the single stellar population
equivalent [Z/H] closely follows the optical band luminosity-weighted metallicity.
Abundance ratios greater than the solar value for sodium and heavy magnesium iso-
topes was predicted for very metal-rich stars (see Arnett, 1973). Peterson (1976) sug-
gested that this elemental overabundance could explain the very strong observed sodium
D lines measured for elliptical galaxies. Recent models, such as Thomas, Maraston, &
Bender (2003) and Schiavon (2007), self-consistently incorporate variable abundances, al-
though the exact prescription is model dependent. Studies using these synthetic stellar
population (e.g. Thomas et al., 2005; Clemens et al., 2006; Sanchez-Blazquez et al., 2007)
include o-element over-abundance [a/Fe] as a third parameter (along with age and total

metallicity).

1.3.3 Age-mass—metallicity relation

For cluster early-type galaxies, Jorgensen (1999) found that central age and metallicity
were anti-correlated, even after accounting for the Worthey 3/2 degeneracy. There are
also correlations between central velocity dispersion and both age and metallicity (see
also Trager et al., 2000b; Nelan et al., 2005), such that more massive galaxies tend to be
both older and more metal rich (both of which cause a redder colour). In analysing these
trends, Trager et al. (2000a) demonstrated that galaxies lie on the ‘Z-plane”: increasing o
raises the zero-point of the the age-metallicity trend, but the slope remains constant (two

projections of this plane are shown in Figure 1.8).
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1.3.4 Internal gradients

Radial trends in the observed parameters of a galaxy are an excellent probe of structural
evolution and variations in chemical composition. The monolithic collapse and hierarchi-
cal formation theories predict very different gradients: dissipative collapse would tend to
establish strong radial trends in metallicity (Larson, 1974a; Carlberg, 1984), while merg-
ers would generally work to erase them (White, 1980). Tracing the gradients in early-type
galaxies enables discrimination between these processes.

Internal gradients have traditionally been the domain of imaging, as it requires good
spatial resolution compared to the galaxy size, and more importantly, good signal-to-
noise in the outer regions. Optical and infrared colours are generally observed to become
steadily bluer with radius (e.g. Franx, Illingworth, & Heckman 1989; Tamura et al. 2000),
which has often been interpreted as a metallicity gradient. However, pure monolithic col-
lapse predicts significantly (~2 -3 times) stronger gradients than observed (e.g. Tamura
& Ohta, 2004). Further support for the merging hypothesis comes from the evolution
of colour gradients with redshift. La Barbera et al. (2005) observed that mean colour
gradients were stronger for more distant clusters, as would be expected if the galaxies
underwent a series of mergers over time (Kobayashi, 2004).

Interpretation of colour gradients suffers from the same age-metallicity degeneracy
as discussed above. Spectroscopic studies have yet to obtain the high signal-to-noise, spa-
tial resolution or sample sizes required for detailed high redshift work. Observations of
the local universe have been successful in tracing kinematic substructure (e.g. the identi-
fication of a dichotomy between ‘fast’ and ‘slow’ rotating cores in early-types; Emsellem
et al., 2004) and line index gradients (e.g. Gorgas, Efstathiou, & Aragon Salamanca 1990;
Mehlert et al. 2003; Sanchez-Blazquez et al. 2007). In a study of 12 local isolated galaxies,
Reda et al. (2007) found that metallicity gradients were marginal stronger than previous
studies had calculated for cluster galaxies of a similar mass. This result supported the
conclusion that merging (which dilutes gradients) is more prevalent in the proto-cluster
environments. However, up to now, few studies have derived stellar population gradi-

ents from multiple line indices, for more than a handful of cluster galaxies.
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1.4. Outline of thesis

This thesis reports new results on the stellar populations of local cluster early-type
galaxies. Using both multi-band imaging and spectroscopy, we employ the ‘archaeolog-
ical’ method (the early-type galaxy fossil record) to explore galaxy stellar formation and
evolution.

The thesis is structured as follows.

e Chapter 2 presents a study of the near-ultraviolet-infrared colours of cluster galax-
ies on the optical red-sequence. For galaxies in the Shapley Supercluster core, the
origin of particularly blue NUV-IR colours is explored by comparison to stellar

populations derived from absorption line features.

o Chapter 3 presents data from VLT VIMOS integral field unit observations of early-
type galaxies in two local clusters: Abell 3389 and the Shapley Supercluster core.
We describe the data reduction techniques in detail. Analysis concentrates on mea-
suring the radial trends in absorption line features, in order to compute gradients

in age, metallicity and a-element enhancement.

o Chapter 4 explores the stellar population gradients derived in Chapter 3. By com-
parison to previous studies of radial trends, we investigate possible trends in the
parameters, and discuss their implication for our understanding of galaxy evolu-

tion.

e Chapter 5 presents new deep GMOS long-slit observations for a sample of seven
lenticular galaxies in the Coma cluster. Analysing the stellar populations of both the
bulge and disc components, we attempt to discriminate between various proposed

mechanisms of formation.

e Chapter 6 draws together the studies presented in this thesis, concentrating on the

physical implications. We also present ideas for future work.

Throughout this thesis, we adopt the standard cosmological parameters (€2,£24,h) =
(0.3,0.7,0.7). For reference, at the redshift of the Shapley Supercluster (z = 0.048), 1 arcsec
corresponds to 0.941 kpc. For Abell 3389 (2 = 0.027), 1 arcsec is 0.543 kpc, and for the
Coma Cluster (z = 0.023), 1 arcsec is to 0.464 kpc.
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NUV-IR colours of red-sequence

galaxies

This chapter presents results from a study of GALEX near-ultraviolet (NUV)
and 2MASS J-band photometry for red-sequence galaxies in local clusters.
We produce the NUV-J colour-magnitude relation, and explore the origin
of blue NUV-J colours in quiescent galaxies by comparing to spectroscopic

age and metallicity. This work was presented in Rawle et al. (2008a).

2.1. Introduction

The optical colour-magnitude relation (CMR) shows that brighter early-type galaxies
are also redder (Sandage, 1972; Visvanathan & Sandage, 1977), and is traditionally re-
garded as arising from the mass—metallicity sequence (cf. Dressler 1984, Kodama & Ari-
moto 1997). Gas loss, caused by supernova wind, occurs later in more massive galaxies.
Therefore, in a less massive galaxy, a smaller fraction of gas is processed before being ex-
pelled (Mathews & Baker, 1971), resulting in a lower average metallicity (Larson, 1974b).
Bower et al. (1992) found a very small intrinsic scatter in the U~V CMR (~0.05 mag) and,
due to the sensitivity of the U-band to the presence of young stars, interpreted this as a
small age dispersion. Age and metallicity are observed to have the same effect on broad-
band optical colours, whereas spectral absorption line indices (e.g. Lick/IDS indices;
Worthey et al. 1994) can be used to break the degeneracy (Worthey, 1994). Kuntschner &
Davies (1998) claimed that the CMR is driven by metallicity variations with luminosity,

although Nelan et al. (2005) found evidence for a strong age-mass relation in addition to

19



Chapter 2. NUV-IR colours of red-sequence galaxies 20

this metallicity—-mass trend (see also Caldwell et al. 2003, Thomas et al. 2005).

The ultraviolet-optical CMR for non-star-forming galaxies has an intrinsic scatter an
order of magnitude larger than its optical counterpart; ~0.5 mag compared to 0.05 mag
(e.g. Yi et al. 2005). Hot young stellar populations dominate the ultraviolet (UV) flux for
~100 Myr after an episode of star formation (ten times longer than Ha emission after star
formation; Leitherer et al. 1999). The large intrinsic scatter in the UV CMR is therefore
often interpreted as differing quantities of very recent, albeit low level, star formation
(Ferreras & Silk, 2000).

In intermediate age populations (~1 — 3 Gyr), the near-UV (NUV; 2000 - 3000 A)
flux is dominated by hot stars on the main sequence turn-off (e.g. O’Connell, 1999). The
sensitivity of the turn-off to the epoch of formation emphasises the importance of the UV
bands for age determination (Dorman et al., 2003).

Old (~10 Gyr) metal-poor populations have a significant UV flux contribution from
very hot (T.g ~ 10000K) blue horizontal branch (BHB) stars (Maraston & Thomas, 2000;
Lee et al., 2002). However these tend to reside in globular clusters or galactic haloes
(where [Fe/H] < —1), where they are useful age indicators (Kaviraj et al., 2007a), rather
than in relatively metal-rich elliptical galaxies.

The UV picture is further complicated by the presence of the ultraviolet upturn (or
UV excess, UVX) phenomenon. First observed by Code (1969), this unanticipated upturn
dominates the far-UV (FUV; < 2000 A) in UVX galaxies. In contrast, the NUV can be
decomposed into two separate components: the blue end of the main sequence/subgiant
branch, and the UVX contribution (Dorman, 1997). Burstein et al. (1988) found that the
UVX can sometimes be appreciable at wavelengths as long as 2700 A: for example, in
NGC 4649 ~75 per cent of the NUV flux can be attributed to the UVX component. How-
ever, the UVX cannot be explained by the BHB population, as the temperature required
to fit the upturn would be Tog > 20000K, whereas BHBs are usually no hotter than Teg
~ 12000K (O’Connell, 1999).

Burstein et al. further reported that FUV flux (assumed to trace the UVX) is strongly
correlated with the Mgy line strength (~metallicity) and also with the velocity disper-
sion, which is a proxy for galaxy mass. However, more recent studies (e.g. Rich et al.
2005) have weakened the case for a strong UVX vs metallicity relation. From analysis
of internal colour gradients, O’Connell et al. (1992) concluded that the FUV flux in most

early-types originates from old stellar components. Drawing on these results, the source
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of the UVX is tentatively identified as hot, low mass, helium burning stars, such as ex-
treme horizontal branch (EHB) or ‘failed” AGB (AGB-manqué) stars and their progeny
(see Yi et al. 1997, or the review O’Connell 1999).

The Galaxy Evolution Explorer (GALEX; launched in 2003; Martin et al. 2005, Morrissey
et al. 2007) is revolutionising UV astronomy, with imaging in two bands: near-ultraviolet
(NUV; Agss = 2310 A) and far-ultraviolet (FUV; Aoy = 1530 A). Using analysis of both
NUV-V and FUV-V vs B-V relations, Donas et al. (2007) suggest that the FUV-NUV
colour reflects an extension of the colour-metallicity relation into the UV, as well as de-
ducing that ~10 per cent of ellipticals have residual star formation. Using the NUV-r
colour, Kaviraj et al. (2007b) also find non-negligible young stellar populations in mor-
phologically selected early-type galaxies. Salim et al. (2007) investigated star formation
rates (SFRs) from both broadband photometry (dominated by the UV) and spectroscopic
indices (predominantly using Ha). They found that some galaxies with no Ha emis-
sion show signs of star formation in the UV bands and attributed this to post-starburst
galaxies.

Here, we build upon these previous studies by exploring the relationship between the
NUV-J colour and spectroscopic stellar population indicators for a sample of quiescent,
red-sequence galaxies in nearby clusters. This chapter is organised as follows. Section
2.2 describes the two red-sequence samples, and introduces the criteria used to remove
galaxies with line emission. A large intrinsic scatter is found in the NUV-J colours of
these quiescent cluster galaxies (Section 2.3). Metallicity is shown to be strongly corre-
lated with the NUV-J colour, although there remains a large intrinsic scatter. Section 2.4
discusses possible explanations for this scatter, showing that morphological abnormali-
ties, aperture bias and the UV upturn do not contribute significantly. Simple ‘frosting’
models, with a low mass fraction of younger stars (or alternatively a low mass fraction
population of low metallicity, blue horizontal branch stars), are investigated and can ac-
count for the scatter. The uncertainties in the NUV K-correction are also discussed. Con-

clusions are given in Section 2.5.

2.2. Data

We use two complementary samples of red-sequence galaxies in local clusters: the

first is explicitly red-sequence selected by optical (B-R) colour, and is a large sample, con-



Chapter 2. NUV-IR colours of red-sequence galaxies 22

taining ~10 times the number of galaxies; the second has the advantage of higher quality
spectroscopy, and uses an emission line cut (Section 2.2.3) to ensure a red-sequence sam-
ple. Smith et al. (2007) (figure 1) demonstrates that Ha selection efficiently removes all

galaxies bluer than the red sequence and is more restrictive than a cut on colour.

2.2.1 Galaxy samples
NFPS sample

The NOAO Fundamental Plane Survey (NFPS; Smith et al. 2004, Nelan et al. 2005) is a
study of X-ray selected clusters distributed over the whole sky and at redshifts between
0.015 < z < 0.072. More than 4500 galaxies lying within 1 Mpc of the centre of each
cluster, and within 0.2 mag of the cluster red sequence on the B-R CMR (see Smith et al.
2004 Figure 3), were observed spectroscopically. Of these, 3514 have redshift, velocity

dispersion and spectral line strength measurements (from 2 arcsec diameter fibres).

Shapley Supercluster Core (SSC) sample

The second sample of galaxies concentrates on the core of the Shapley Supercluster (SSC;
Abell clusters A3556, A3558, A3562 at z =~ 0.049). This sample consists of 541 galaxies
selected from NFPS imaging but to a deeper limit (R < 18; Smith et al. 2007). Follow-up
spectroscopy for these targets were obtained using 2 arcsec diameter fibres, equating to
2 kpc at the distance of Shapley. A set of three non-redundant line indices were fit to
the models of Thomas et al. (2003, 2004) in order to estimate age, metallicity (Z/H) and
a-abundance (a/Fe) for each galaxy. The primary tracer of age in this scheme is HyF;
for metallicity Fe5015 is used; Mgb5177 is the a-abundance indicator. This method is
described in detail in Smith et al. (2009a).

2.2.2 GALEX and 2MASS data

Galaxy Evolution Explorer (GALEX) near-ultraviolet (NUV') band images are available for
26 (from a total of 93) NFPS clusters. Due to a detector fault, only some clusters have
associated far-ultraviolet (FUV) band images. Most of the images are from a guest in-
vestigator snapshot programme (GALEX GI1_004; PI: Smith) targeting a subset of NFPS
clusters with low galactic extinction and a large number of galaxy spectra from Smith

etal. (2004). In addition, a small number of images of comparable depth from the GR2 GI
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Table 2.1: GALEX NUV images. cz (kms™') is cluster redshift in the local CMB rest frame. A single exposure is used unless column six i
indicates the number of coadded images. Total exposure time for coadded images is given for NUV and (where the image is available) FUV . é
T
GALEX image Centre RA Centre Dec Cluster(s) CICMB Images texp (s€CS) 8;
(J2000) (J2000) (kms™') coadded NUV FUV §
GI1_004001_A2734 0011216 285100 A2734 18249 3 3535 gh
GI1_067001_UGC0568_0003 0055089  -010247 AO0119 12958 1556 3024 é
MISDR1_16976_0422 0114293  +150146 AO0160A 12794 1444 1444 _'i‘;
GI1_004002_A0262_0001 0152456  +360858 A0262 4464 1698 1698 E
NGA_NGC1058 0243266  +362539 A0376 14371 1265 1265 cg
GI1_004003_A3104_0001 0314216 452512 A3104 21560 1588 1588 DET.
GI1_004027_A3158_0001 0342576 533748 A3158 17542 1026 887 3
GI1_004004_A3266 0431240 612624 A3266 17713 2 1441 1441
GI1_004005_A0548 054640.0 -253721 AO0548A/B 12439 4 3155
GI1_004006_A3376 0601432 395924 A3376 14016 2 2176 2176
GI1_004007_A3389_0002 0621577 645735 A3389 8075 976
MISDR1_24335_0270 1013077 002325 A0957 13849 1703 1703
GI1_004025_A3528_0001 1253576  -291348 A3528A/B 16764 1697
&




Table 2.1 continued...

Centre RA

Centre Dec

GALEX image Cluster(s) CZCMB texp (5€CS)
(J2000) (J2000) (kms™!) coadded NUV FUV
GI1_004008_A1644_0002 1257 12.0 -1724 36 A1644 14478 1163
GI1_009003_HPJ1321m31_0001 1321 05.8 -313220 A3556 14660 1615
GI1_004010_A3556 1325 26.1 -313607 A3556, A3558 14660 1805
GI1_004011_A3558_0001 1327 57.6 -313000 A3558 14660 1676
MISDR1_33707_0586 1442463  +033911 MKWS8 8449 1698 1698
GI1_004016_A1991_0001 14 54 31.1 +18 3823 A1991 17741 967
GI1_004026_A2063_0001 15 23 36.0 +083634 A2063 10444 1512
NGA_NGC6166 16 28 39.9 +393324 A2199 8872 1437 1437
GI1_004020_A3716 205157.5 -524648 A3716 13141 3179 1689
GI1_004021_A2399_0004 2157 19.1 —074759 A2399 17046 1322
GI1_004022_A2589 232357.6 +16 46 47 A2589 12001 4252
GI1_004023_A4059_0003 2356599  -344535 A4059 14660 635
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archive, medium imaging survey (MIS) and near galaxy survey (NGS) have been used.
Table 2.1 lists all the images analysed along with their centre position and stacked expo-
sure time. GALEX images have a 1.25° diameter, but only the central 1.2° field has been
analysed due to the poor image quality at the edges. GALEX images have a plate scale of
1.5 arcsec pixel~! and a PSF FWHM of ~5 arcsec.

Alongside the GALEX images, infrared tiles from the .J-band (\.;; = 1.25um) of the
Two Micron All Sky Survey (2MASS; Skrutskie et al. 2006) have been analysed. Mea-
surements are taken directly from the tiles, rather than adopting photometry from the
2ZMASS extended source catalogue (XSC; Jarrett et al., 2000), as some of the target objects
are unresolved. Additionally, photometry in all bands should be measured from images
with an equal PSF. Consequently, the 2MASS J-band tiles (PSF FWHM ~.3 arcsec) were
convolved with a Gaussian filter FWHM = 3.35 arcsec (quadratic difference: V4.52 — 32)
before analysis. For reference, 2MASS tiles have a plate scale of 1 arcsec pixel™!.

SEXTRACTOR (Bertin & Arnouts, 1996) was employed in dual image mode to detect
all objects in the .J-band. Photometry was measured for all sample targets in both bands
using a range of matched apertures: a Kron-type aperture (SEXTRACTOR's MAG_AUTO)
and seven apertures 3-34.5 arcsec in diameter (MAG_APER). Throughout this work, el-
liptical Kron apertures are used for total .J-band luminosity. The radius of the Kron aper-
ture is twice the intensity-weighted first-moment radius (approximately equal to the half-
light radius), which incorporates more than 91 per cent of the light for all galaxies at z
< 0.1 (Kron, 1980). For the NUV-J colours, matched apertures are important, so we
use 12 arcsec diameter circles. For objects included in the XSC, the J-band photometry
measured here is in good agreement with 2MASS (~0.16 mag RMS; see Figure 2.1).

Targets with SEXTRACTOR apertures flagged as truncated, or with a deblending error,
have been removed from the sample, and only confirmed cluster members with redshift
and log o measurements reported in the Smith et al. (2004) or Smith et al. (2007) datasets
(NFPS and SSC respectively) are used in the analysis. Table 2.2 lists the number of galax-
ies in the samples at this stage, and after subsequent restrictions.

All colours and magnitudes are measured in the AB system (Jag = Jvega +0.91; Blan-
ton et al. 2005), and have been corrected for galactic extinction using the reddening maps
of Schlegel et al. (1998); Apyv=8.29x E(B-V), Anyyv=8.87x E(B-V), A;=0.902x E(B-V)
(Cardelli et al. 1989; Schlegel et al.).

Estimates of the K-correction in the UV bands are currently derived empirically from
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poorly constrained spectra, and therefore subject to large uncertainties. Kaviraj et al.
(2007b, figure 22) estimate that the NUV -1 correction would be ~0.1 mag throughout
the range in redshift considered here. K-correction are not applied in this study. This

issue is addressed further in Section 2.4.4.

2.2.3 Emission-line cuts

In order to construct a sample of emission-free red-sequence galaxies, a restriction is
made on emission line strengths. Mindful of the effect of nebular emission ‘fill in” for
the age-sensitive Balmer lines (Hj3, Hy and HJ), the preferred cut is on the Ha line. Un-
fortunately, Ha was not measured for most NFPS galaxies, so the selection criteria of
the original NFPS reduction has been adopted (Nelan et al., 2005). Specifically, this in-
volves a cut on the Hf emission equivalent width, EW(Hg) > 0.6 A, supplemented by
a cut on OIIT \5007, EW(OIII A5007) > 0.8 A. The cut on the SSC sample, which has
Ha measurements, follows the prescription of Smith et al. (2007), which uses EW(Hc)
> 0.5 A (approximately equivalent to EW(H/3) > 0.2 A). Applying the additional OIII cut
would not remove any further galaxies. These cuts ensure red-sequence subsamples free
of galaxies with a sizeable star formation component or an optically strong active galactic
nucleus. The data and photometry for the resulting subsamples are reported in Tables 2.3

and 2.4 (for the full tables, see the electronic version of Rawle et al. 2008a).

2.3. Results

2.3.1 NUV-J colour relations

Figure 2.2 shows the NUV-J colour—-(apparent) magnitude diagram for the NFPS and
S5C samples. Shown in cyan are the galaxies removed by the emission cut from Section
2.2.3. Prior to the emission cut, SSC has a larger colour range than NFPS. This is because
NFPS was explicitly selected on B-R colour while SSC only on total R-band apparent
magnitude. The Ho cut efficiently removes the very blue objects.

All target galaxies were within the 2MASS .J-band detection limit, but the NUV-band
has a 50 detection limit of 22.5-23.5 mag, depending on the coadded image exposure
time. Figure 2.2 (upper panel) shows that for the NFPS, these limits result in a bias against

faint red galaxies. Assuming the brightest NUV detection limit, a sample cut is applied






Chapter 2. NUV-IR colours of red-sequence galaxies 29

Table 2.3: Data for galaxies in the NFPS sample. Galaxy position is encoded in the ID.
czcmp (kms™!) is the mean cluster redshift in the CMB frame. czpe (kms™!) is galaxy
redshift in the heliocentric frame. Magnitudes (Kron-type apertures) and colours (12 arc-
sec diameter apertures) are in the AB system and have been galactic extinction corrected,

but not K-corrected.

Galaxy ID cluster galaxy  apparent J NUV-J FUV-J

C2CMB CZhel

NFPJ043305.0-612235 17714 16144 15.750 £ 0.071 6.732 £0.142 7.205 =+ 0.250
NFPJ043306.7-612614 17714 17702 14.898 + 0.047 7.091 +0.102 7.497 +0.184
NFPJ043307.6-611338 17714 16356 14.659 + 0.042 6.979 + 0.095 7.659 + 0.195
NFPJ054415.7-255429 12939 10674 14.693 +0.045 6.886 + 0.077 -
NFPJ054431.6-255550 12939 13247 14.783 £ 0.047 6.767 £ 0.086 -

Full content of this table is available in the electronic version of Rawle et al. (2008a)

to the J-band apparent magnitude at 15.0 mag. For the SSC sample, all of the targets
appear on just two NUV images with similar exposure times, and a (50) detection limit
of 23.2 mag. Although in practice only two SSC targets have a non-positive flux in the
NUV-band (compared to ~8 per cent in NFPS), for consistency, SSC has been treated
in a similar manner, with a cut applied at 15.8 mag. These cuts are shown as dashed
lines in Figure 2.2 and ensure a complete sampling of the colour range over the selected
luminosity interval.

The colour—(absolute) magnitude diagrams for the low-emission galaxies are pre-
sented in Figure 2.3. There is a correlation between the luminosity and colour, in which
brighter galaxies tend to be redder. However, there is a large scatter, with rms dispersions
of 0.37 and 0.30 mag for NFPS and SSC samples respectively. The smaller scatter within
the SSC sample is probably due to the slightly more restrictive Balmer emission line cri-
teria (see Section 2.2.3). The scatter in each sample does not increase by more than ~10
per cent unless the cut criteria are relaxed beyond an equivalent width of 1 A. Only 5 per
cent of the scatter can be accounted for by photometric measurement error. As intrinsic
scatter dominates, all correlations in this study are computed without error weighting.

Table 2.5 summarises the CMRs for the two samples. For comparison, the CMRs
measured in three previous studies (Yi et al. 2005, Boselli et al. 2005, Haines et al. 2008)

are also shown. Different sample selections were used for each of these studies. Yi et al.



Table 2.4: Data for galaxies in the SSC sample. As in Table 2.3. Supercluster mean czcnp = 14660 kms™! for all galaxies. Stellar population

parameters, as presented in Smith et al. (2009a), given where available (age in Gyr).

Galaxy ID CZhel apparent .J NUV-J log(age/Gyr) [Z/H] [c/Fe]
NFPJ132418.2-314229 13948 14.197 £0.035 7.088 £0.085 094+0.03 027 +£0.02 0.24 +0.02
NFPj132423.0-313631 14642 14.847 +£0.048 6.706 £0.103 0.89 £0.05 0.11 £0.03 0.15+0.02
NFPJ132425.9-314117 13888 14.380 + 0.038 6.604 + 0.079 - - -
NFPJ132426.5-315153 14922 14.676 £0.043 6.575+0.081 095+0.04 0.23+0.03 0.24 +£0.02

2MASX]13250387-3132449 14266 14.792 + 0.049 6.626 £+ 0.109 - - -
Full content of this table is available in the electronic version of Rawle et al. (2008a)
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Table 2.5: NUV-.J CMR parameters

original transformed rms

X y a b dispersion
NFPS | NUV-J] -011 445 0.37
SsC ] NUV-] 023 193 0.30
Y05'! r NUV-r -023 1.88 0.58
B05> H NUV-H -0.07 489 0.47
H07* r NUV-r -018 266 0.37

NOTES - Original x and y parameters are given for reference. a and b are for relations in
the form NUV-J = aJ + b, assuming the following colours: (J-H)sp=0.2, Rag=r-0.21,
(J-R)ap=—0.8. 'from Yi et al. (2005). *from Boselli et al. (2005). 3from Haines et al. (2008).

presents the samples in terms of their NUV-J colour and logs. There is a clear corre-
lation, with slopes of 0.73 £ 0.11 and 0.65 & 0.17 for NFPS and SSC respectively, but the
rms scatter (0.36 and 0.32 mags) is indistinguishable from that of the CMR.

Figure 2.5 shows the fraction of ‘blue’ galaxies as a function of log o for the two sam-
ples. Blue galaxies are defined by NUV-J < 6.4 mag, as used in Schawinski et al. (2006)
who study SDSS galaxies probing to much lower density environments than our sam-
ples. Their blue galaxy fractions are plotted in Figure 2.5 and show a markedly higher
fraction for a given velocity dispersion. For example, NFPS and SSC have a blue fraction
of ~40 per cent only at the lowest sigma (log o < 1.8), while the Schawinski et al. sample
reaches this blue fraction at logo = 2.2. At face value, this result suggests a large differ-
ence between field and cluster galaxy populations. However, the differences in sample
selection have to be considered (Schawinski et al. use a sample selected on morphology),

which is beyond the scope of this study.

2.3.2 Stellar population parameters in the Shapley sample

The physical origin of the large intrinsic scatter found in the NUV-J colour, can be in-
vestigated by examining the relationship between colour and the stellar population pa-
rameters: age, total metallicity, a-element over-abundance. These values were derived
from the AA() central spectroscopy (Smith et al., 2009a), introduced in Section 2.2.1.

In the following analysis, the derived limit on .J-band apparent magnitude (Section
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2.4. Discussion

This section explores possible causes of the large intrinsic scatter observed in the
NUV-J colour. Potential factors investigated are aperture bias, the UV upturn phe-
nomenon and ‘frosting’ by young or metal poor subpopulations. Finally, the uncertainty

in the NUV-band K-correction is commented upon.

241 Aperture bias/morphology

The spectroscopy used to estimate the stellar parameters is derived from 2 arcsec diam-
eter fibres, whilst the NUV~J colours are from 12 arcsec diameter aperture photometry.
Eliminating aperture bias completely would require matched apertures for the photome-
try and spectroscopy, but unfortunately the PSF of the 2MASS and GALEX images is too
large for reliable 2 arcsec aperture photometry.

Broadband colours and spectroscopic measurements (e.g. Tamura & Ohta 2004, Sanchez-
Blazquez et al. 2007) show that on average, early-type galaxies have flat radial profiles
in age, and regular metallicity gradients (decreasing [Z/H] with radius). The aperture
effect therefore flattens the NUV-J vs Z/H relation, as larger, redder galaxies will tend
to exhibit higher metallicities within the fibre. However, the effect is small, with only
~0.1 dex change in metallicity over a 1 dex difference in aperture radius. (Chapters 3 -5
investigate the stellar population gradients in early-type cluster galaxies.)

By inspecting the galaxies in high resolution images, we can ascertain whether there
are morphological peculiarities, or neighbouring objects, while could contribute to an
enhanced large radius NUV flux. Figure 2.11 shows colour plotted against the age and
metallicity (as in Figs. 2.7 - 2.8), highlighting the few galaxies that have high resolution
HST-ACS images available. Fortunately, one of these objects is the most obvious outlier
in the whole sample (NFPJ132729.7-312325); it is the reddest in B—R, but has an unusu-
ally blue NUV-J colour for such a metal-rich, luminous galaxy. In the HST-ACS image
(Figure 2.12), the galaxy appears to be a large elliptical with no abnormalities. There are
also no obvious contaminating objects that could be responsible for an anomalous blue
colour.

On close examination, the other targets with HST-ACS images also appear to be ‘nor-
mal’ ellipticals of various sizes, with no obvious peculiarities or large radius NUV con-

tributors. We conclude that a large scatter in NUV-J colour is present even in objects
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2.4.3 Stellar population ‘frosting’

The simple models can be generalised by constructing composite stellar populations. A
common invocation of this is residual star formation in the form of ‘frosting’ old galaxies
with a small mass fraction of young stars (Trager et al., 2000a), which manifests itself in
the observables as a bluer colour and a younger age than the base population. Frosting
should not affect the spectroscopic metallicity or a-abundance significantly as these are
primarily driven by the larger, older population (Serra & Trager, 2007).

Figure 2.15 shows the extent to which frosting can account for the scatter, after the
effect of metallicity has been removed using the correlation of Figure 2.8. Simple stellar
population (SSP) tracks from both the M05 and BC03 models are shown. The slope of
the BCO3 track fits the observed red envelope well, whereas M05 predicts a much steeper
variation with age. Allowing for the systematic effects of aperture bias and the UV upturn
(~0.3 mag bluer in observed NUV-.J), ~30 per cent of the galaxies cannot be accounted
for by the SSP model.

Vectors of the frosting effect on NUV-J colour and spectroscopic age have been cal-
culated using the BCO3 models. Frosting of a 15 Gyr base population by a 1.5 Gyr popu-
lation with a mass fraction 1=0.03, and by a 0.7 Gyr population of =0.01 are shown. The
MO05 models result in marginally steeper frosting vectors, as would be expected given the
steeper SSP track. The vectors show that frosting, even at a modest level of 1 - 2 per cent
for a ~1 Gyr population, could account for a sizeable portion of the scatter in the NUV -]
colour. A young population of this size would not be apparent in the B-R colours.

The spectroscopic age is sensitive to frosting via the increased hot-star contribution
to the Balmer lines, and for a given change to the spectroscopic age, the UV colours are
affected more strongly by frosting than by lowering the age of a single-burst population.
This supports the assertion that UV colours are partly dependent on low-level recent
star formation (Ferreras & Silk 2000, Kaviraj et al. 2007b, Salim et al. 2007). However,
there are spectroscopically old galaxies with blue colours (~10 per cent of the sample)
which cannot be accounted for by the frosting scenario described above. Additionally,
Rose Call index results (Smith et al., 2009a) appear not to support the presence of young
stellar populations ( < 1.5 Gyr) in the majority of red-sequence galaxies.

For most of this study, we have neglected the blue horizontal branch (BHB) as cluster
red-sequence galaxies have [Z/H] ~0. However, it is possible that a low metallicity pop-

ulation with a BHB morphology may be present in some galaxies (Maraston & Thomas,
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2.5. Conclusions

Using GALEX UV and 2MASS .J-band photometry, the relationship between UV-IR
colours and spectroscopically derived stellar population parameters (age, total metallic-
ity and a-element over-abundance) have been investigated for red-sequence galaxies in
local clusters.

Galaxies were selected using a strict emission criteria to avoid contamination from
galaxies with very recent star formation. The NUV colour-magnitude relation (CMR)
was analysed for two samples of quiescent galaxies (920 in NFPS; 156 in SSC), and rms
dispersions were calculated: 0.37 and 0.30 mag (intrinsic scatter of 0.36 and 0.29 mag)
respectively. This is similar to previously reported values of ~0.5 mag and is an order of
magnitude larger than the scatter in the optical CMR (~0.05 mag).

The NUV-J colour was compared to the spectroscopic stellar population parameters

for 87 galaxies in the SSC sample and the following was found:

e There is a significant NUV'-J vs metallicity trend, with a slope of 1.27 £ 0.23 and

an rms dispersion of 0.32 mag.

e There is only a weak NUV -] vs age trend after the metallicity effect has been re-

moved, and no correlation with a-abundance.

e There is a large intrinsic scatter (~0.25 mag) in the NUV-J colour at fixed age and

metallicity which cannot be easily accounted for with simple stellar populations.

The unexpected blue colours of at least some objects, including an influential outlier,
cannot be attributed to large radius contamination from other objects, and aperture bias
cannot account for the large scatter. Corrections for the UV upturn (UVX) phenomenon
are relatively small (~0.2 mag) and are similar galaxy-to-galaxy, so do not reduce the
intrinsic scatter.

We conclude that the large NUV-J intrinsic scatter could be attributed to galaxy
‘frosting” by small (< 5 per cent) populations of either young stars or a low metallicity

blue horizontal branch.



Chapter 3

Observing radial trends in early-type
galaxies with VIMOS IFU

We present a study of the internal stellar population gradients in early-type
cluster galaxies, using data from the VLT VIMOS integral field unit. This
chapter describes the procedure to reduce the raw observations, measure
absorption line gradients to the effective radius, and ultimately, derive the
radial trends in age, metallicity and a-element abundance. This work was
presented in Rawle et al. (2008b) and Rawle et al. (2009). Discussion of the

results, and physical interpretation of the gradients, is deferred to Chapter 4.

3.1. Introduction

For almost five decades, observations have identified systematic radial trends in the
stellar properties of galaxies (de Vaucouleurs, 1961). These internal gradients are a valu-
able probe into the star formation histories and chemical evolution of galaxies. Tradi-
tionally, the focus has lain upon radial trends in (mostly optical) broadband colours (e.g.
Franx, Illingworth, & Heckman 1989; Peletier et al. 1990; Tamura et al. 2000; Michard
2005).

Early-type galaxies typically become steadily bluer towards their outer regions. These
colour gradients have often been interpreted as variations in metallicity. Tamura & Ohta

(2003) estimated that VB-R ~ 0.1 corresponds to V[Z/H] ~ -0.3!. The relative shal-

'All gradients are quoted per decade radius, with VX the shorthand for the change in X per decade
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lowness of these estimated metallicity gradients rule out the simplest models of classic
monolithic collapse (Larson, 1974a; Carlberg, 1984). Within the framework of hierarchical
ACDM models (e.g. Cole et al., 2000; De Lucia et al., 2006; Bower et al., 2006), competing
processes influence the gradients. For instance, variations in the merger gas content and
feedback prescriptions can be investigated (Kawata & Gibson, 2003; Kobayashi, 2004),
with mergers generally tending to dilute or erase metallicity gradients (e.g. White, 1980).
However, gas dissipation could trigger star formation at the core, creating a positive age
gradient whilst also strengthening the negative metallicity gradient (Barnes & Hernquist,
1991; Mihos & Hernquist, 1994).

The well-known degeneracy between age and metallicity in broadband optical colours
has hindered attempts to distinguish their respective contribution to the gradients (as de-
scribed in Chapter 1). Using optical and infrared colours to estimate metallicity and age
gradients, Tamura & Ohta (2004) found that including the age effect weakens the mean
V[Z/H] to -0.16 £ 0.09, while predicting small age gradients. Wu et al. (2005) used opti-
cal/IR colour gradients of 36 nearby early-types to derive a mean metallicity gradient of
-0.25 + 0.03 and a shallow mean Vlog(age) = 0.02 &+ 0.04, but with a substantial disper-
sion in age gradients of 0.25.

Spectroscopic data can be used to discriminate between the age and metallicity effects
(Rose, 1985; Worthey, 1994). To date, most spectroscopic studies of the radial trends in
early-type galaxies have used a single slit along the major axis (e.g. Gorgas, Efstathiou,
& Aragon Salamanca 1990; Mehlert et al. 2003; Sdnchez-Blazquez et al. 2007; Reda et al.
2007), occasionally supplemented by a perpendicular slit along the minor axis (e.g. the
S0 study in Norris, Sharples, & Kuntschner 2006). Long-slit spectrographs have good
optical throughput, but the majority of the light from the galaxy goes undetected, and
the major axis is assumed to be representative of the whole.

An integral field unit (IFU) couples the diagnostic power of spectroscopic observa-
tions, to the spatial sampling enjoyed in imaging. The SAURON project, introduced in
Bacon et al. (2001) and de Zeeuw et al. (2002), observed 72 nearby galaxies (cz < 3000
km s!). The excellent spatial coverage of the instrument permitted two-dimensional
dynamical/kinematic mapping of the targets. However, the trade-off for the spatial res-

olution is a limited spectral range covering only three useful line absorption indices (H3,

radius
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Fe5015, Mgb5177), hindering the detailed analysis of stellar populations.

In the current study, we use the Very Large Telescope (VLT) Vlsible MultiObject Spec-
trograph (VIMOS) IFU to observe 31 early-type galaxies in two local clusters: Abell 3389
(z = 0.027) and the Shapley Supercluster core (z = 0.048). This chapter concentrates on the
reduction process, spectroscopic analysis and derivation of the stellar population gradi-
ents. Section 3.2 describes the samples and observational technique, while initial data
reduction is detailed in Section 3.3. As a sanity check, Section 3.4 compares central spec-
troscopy derived from VIMOS to data from aperture spectrographs. In Section 3.5 we
present the measured absorption line gradients and derive the radial trends in the stel-
lar populations. Chapter 4 will present galaxy-to-galaxy trends and discuss a tentative

physical interpretation of the results.

3.2. VIMOS observations

3.2.1 The samples

The two IFU data sets were observed in separate semesters: ESO VLT programmes 078.B-
0539 and 081.B-0348 (PI for both: J Lucey). The first study targeted galaxies in the nearby
cluster Abell 3389, while the second sample of galaxies all lie within the Shapley Super-
cluster core.

For consistent galaxy-to-galaxy comparisons, the PSF-corrected effective radius (r.)
is a useful scale-length. We calculated r, from 2MASS J-band imaging, which is avail-
able for all galaxies in both samples. Due to the relatively small size of the galaxies with
respect to the ZMASS PSF (FWHM ~ 3 arcsec), the apparent half-light radii required a cor-
rection. For this, we adopted the difference between the half-light radii of Sersic model
fits (using GALFIT; Peng et al. 2002) before and after PSF convolution. The smallest object
in the A3389 sample (D61), has an apparent half-light radius of 2.9 arcsec, which was
corrected to 2.1 arcsec. The uncertainty in this correction, derived from the scatter in
corrections for similar sized galaxies, is 0.1 arcsec. The PSF correction is significantly
smaller for larger galaxies, and we estimate that the listed effective radii have an uncer-

tainty of better than 10 per cent.









Table 3.1: Parameters for the Abell 3389 galaxies. ID and morphology from Dressler (1980a, D80). Positions, .J- and K-band magnitudes, and

PSF-corrected effective radius (r.) from 2MASS images. R-band magnitude from NED. Central S/N and central velocity dispersion (¢ km

s~!; as measured in Section 3.3.3) from an r../3 aperture. The final column indicates whether the derivation of gradients proved possible (see

Section 3.5.1). The co-added VIMOS exposure time, T\, is 1730 s for all objects.

ID NGC RA Dec mp m my, Te Morph. S/N 153 grads?
(D80) # {J2000) (J2000) mag mag mag arcsec (D80) Al (kms™')

D40 06:21:59.7 -64:59:19 14.2 1218 11.16 4.2 SO 226 1788 +6.1 Y
D41 2233 06:21:40.1 -65:02:00 13.5 11.47 1047 4.6 S0 65.1 184.6+24 Y
D42 2230 06:21:27.5 -64:59:34 126 10.62 9.66 10.5 E 722 2539 + 3.1 Y
D43 06:21:13.9 -65:00:58 14.6 1259 11.58 3.1 S0 298 1498 +44 Y
D44 06:20:54.4 -65:01:08 14.0 12.08 11.13 3.8 SO 353 2215445 Y
D48 06:23:49.0 —64:57:15 14.8 12.81 11.94 29 E 348 1446123 Y
D49 06:23:07.4 —64:55:50 14.7 12.65 11.64 23 E 31.4 1809439 Y
D52 2235 06:22:22.1 -64:56:03 124 1042 9.35 123 D 713 2521424 Y
D53 06:22:04.8 -64:57:36 151 13.14 12.18 2.8 E 209 1135+ 44

D60 06:22:19.8 —64:14:04 135 11.52 1058 4.5 E 734 1940+19

D61 06:21:58.3 -64:53:44 153 13.27 1237 2.1 SO 243 1466+ 6.7 Y
D89 2228 06:21:15.6 -64:27:32 128 10.81 9.79 9.3 SBO 60.0 247.7 +2.8

N4 SONIA Yim saixered adKy-Aprea ur spuan [erper SuiaiasqQ ‘¢ 133deyd
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Table 3.2: Observed parameters for the Shapley Supercluster core galaxies. ID from Metcalfe et al. (1994, MGP). Positions, central optical

photometry (5 arcsec radius apertures) and morphology from SOS B- and R-band imaging (Mercurio et al., 2006). J- and K-band (total)

photometry and PSF-corrected effective radius (r.) from 2MASS images. T, is the co-added VIMOS exposure time. Central S/N A-!

(averaged over the range 4700-5000 A) and central velocity dispersion (o km s™!; as measured in Section 3.3), both from an 1,/3 aperture.

The final column indicates whether the derivation of gradients proved possible (see Section 3.5.1).

ID RA Dec mrp B-R my my Te Morph. T, S/N o grads?
(MGP) (J2000) (J2000) mag mag mag mag arcsec (s) A'  (kms~ b
MGP0129 13:24:06.8 -31:44:49 1642 137 1462 1374 196 E/SO 6132 14.1 1008 +48
MGP1189 13:26:55.9 -31:24:47 1546 147 1350 1252 166 E/SO 4088 444 270.1+49 Y
MGP1195 13:26:56.0 -31:25:27 1576 142 13.65 1240 3.25 S0 2044 223 1178 %35
MGP1211  13:26:58.3 -31:30:30 16.83 1.39 1519 14.08 1.14 E 4088 11.7 952148
MGP1230 13:27:00.3 -31:21:05 16.16 130 1441 13.84 207 E/SO 4088 19.7 578442 Y
MGP1440 13:27:27.0 -31:41:07 1592 143 1397 13.21 2.34 E 6132 259 1865+72 Y
MGP1490 13:27:33.5 -31:25:26 1640 1.41 1424 13.89 3.65 E 8176 145 765+5.0 Y
MGP1600 13:27:46.6 -31:27:15 15.02 149 1296 1191 223 SO 2044 435 289.0+56 Y
MGP1626 13:27:48.5 -31:28:46 1535 155 13.33 1223 1.66 SO 2044 36.8 2428 +4.1 Y
MGP1835 13:28:10.5 -31:23:10 1519 153 1293 12.05 3.68 E 2044 443 203.0+40 Y
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Table 3.2 continued...

ID RA Dec mp DB-R my my Te Morph. T,y S/N o grads?
(MGP) ~ (J2000)  (J2000) mag mag mag mag arcsec (s) A" (kms™)
MGP1988 13:28:27.6 -31:4818 1576 154 1369 1278 248 E/SO 2044 269 1687 +42 Y
MGP2083 13:28:38.7 -31:20:49 1476 165 1186 1099 962 E 4088 478 2680433 Y
MGP2146 13:28:47.2 -31:41:35 1569 142 1336 1249 461 SO 4088 216 1168 +6.2
MGP2399 13:29:145 -31:39:11 1652 139 1470 1364 233 E 6132 11.8 814 +83
MGP2437 13:29:20.1 -31:16:39 1574 154 1384 1282 187 E 2044 292 1795445 Y
MGP2440 13:29:207 -31:32:25 1499 148 1238 1137 634 E 4088 501 230.7+45 Y
MGP3971 13:33:09.5 -31:36:12 1577 151 1384 1273 193 E/SO 2044 21.0 1801£55 Y
MGP3976 13:33:11.7 -31:40:09 1526 152 1315 1223 252 E/SO 2044 275 2472467 Y
MGP4358 13:34:08.1 -31:47:34 1686 146 1511 1423 220 E/SO 6132 90 65179
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3.2.2 Line emission

If present, nebular emission fills in the Balmer absorption lines, causing an overestima-
tion of the galaxy age. We inspected central spectroscopy from previous surveys to quan-
tify the effect of possible contamination from line emission. Smith et al. (2007) established
that Ho emission is the most reliable indicator of contaminating H/ nebular emission.

Unfortunately, the available central spectra for A3389 do not cover the Ha line, so
instead we search for other emission lines. The only target to display line emission is D52
with EW[O 111 A5007) = 0.55 A. D52 is a bright galaxy with a ‘D'-type morphology, so
the emission is most likely LINER-like rather than due to star formation. The emission
line ratio [O111]/Hg is greater than 3 for LINER-like objects and Hy/Hf ~ 0.6, as inferred
from nebular emission spectra. Therefore, in the worst-case Abell 3389 galaxy, emission
decreases the H3 and H+F absorption indices by no more than 0.2 and 0.1 A respectively.
Using the Thomas et al. (2003, 2004) stellar population model grids, we find that this
causes an over-prediction in the ages of < 10 per cent (< 1 Gyr for D52).

For the Shapley galaxies, central Ho emission measurements are available from AA2
spectroscopy (Smith et al., 2007). Eleven of these galaxies have no trace of Ha emis-
sion. Of the other eight, only three have EW(Ha) ~ 0.3 - 0.5 A (MGP0129 MGP2083,
MGP3976), and none have EW (Ha) > 0.5 A. Smith et al. (2009b) calculate that EW (Ha)
=0.5A corresponds to a maximum H{ contamination of 0.1 A(an over-prediction of < 5
per cent).

At this low level, estimation of the Balmer emission would be unreliable, especially
from the [O 111] line. Therefore, we have not attempted to correct for line emission in any

galaxy.

3.2.3 Observing with the VIsible MultiObject Spectrograph

This study uses observations from the VIsible MultiObject Spectrograph (VIMOS; LeFevre
et al. 2003) on the ESO VLT unit telescope Melipal at Paranal. VIMOS was operated in
the Integral Field Unit (IFU) mode with the high resolution, blue grism. Table 3.3 details
the instrument configuration. In this mode, an array of 1600 fibres (giving 40 x 40 spatial
pixels) feed the spectra onto four individual detectors, each identifiable with a 20 x 20
quadrant.

Observations for this study were made during dark time, with an average seeing

(FWHM) of 0.7 arcsec for A3389 and 0.85 arcsec for Shapley. The A3389 galaxies were
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Table 3.3: VIMOS instrument configuration.

Mode [FU
Grism HR blue
Field of view 27 x 27 arcsec

(40 x 40 spaxels)
Spatial sampling 0.67 x 0.67 arcsec/fibre

Wavelength range 4150 - 6200 A
Spectral resolution 2.1 AFWHM

(¢ ~50kms™!)
Dispersion 0.51 A /pixel

observed in October and November 2006, while the Shapley sample was observed in
April-July 2008. ESO VLT observations are organised into self-contained one hour ob-
serving blocks, consisting of acquisition imaging, on-source exposures, offset sky frames
(if required) and any necessary calibration. As noted below, obser\}ations differed slightly
between the two samples.

A 1 hour observing block was devoted to each galaxy in the A3389 sample, with
a total on-source time of 1730 s, split into three exposures of ~ 577 s. The exposures
followed a dither pattern to avoid loss of coverage due to bad pixels. An offset sky frame
with an exposure time of 120 s was obtained for each galaxy. The observations required a
minimum signal-to-noise ratio (S/N) of ~ 18 A~1 at 5000 A, for a 1 arcsec wide annulus
at the effective radius (7).

The Shapley Supercluster is almost twice as distant as Abell 3389, so the on-source
time had to be maximised as much as possible. To minimise readout noise but allow for
some repetition, each hour observing block consisted of two 1022 s spatially offset expo-
sures. Efficiency was further enhanced by not observing separate offset sky frames. The
Shapley galaxies have smaller angular sizes than in A3389, so the sky background can
be calculated from pixels at the detector extremities. We aimed for the same minimum
S/N ~ 18 A~! at 5000 A for a 1 arcsec wide annulus at re. To achieve this S/N for the
five faintest objects (R < 16.0), the observing block was executed twice. A potential is-
sue with instrument fringing led to the repetition of several planned observations. Data

quality was not in fact impacted, so all of the blocks have been included, increasing the
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co-added exposure time for some galaxies (detailed in Table 3.2).

3.3. Data reduction

3.3.1 Initial reduction procedure

The raw frames were first treated for cosmic rays using the IRAF routine LACOSMIC (van
Dokkum, 2001). Conversion to a useful science datacube (spatial-spatial-wavelength
axes) requires knowledge of how to disentangle the mapping between the detector pix-
els and the pseudo-slits/fibres in the IFU head. The process is simplified using the ESO
common pipeline (ESOREX), which efficiently handles the transformation for each quad-
rant, given a science frame, nightly calibration observations (a bias frame, flat field and
arc lamp exposure), and the ancillary VIMOS technical files (line catalogue, fibre identifi-
cation table and bad pixel maps). ESOREX ensures that each wavelength slice is correctly
arrayed in the spatial dimensions, although the quadrants are at this stage not joined
together.

For each of the quadrants, a master sky background spectrum was generated. In the
A3389 observations, this was calculated from the median of the corresponding quadrant
in the offset sky exposure. For the Shapley observations, which included no offset sky,
the sky spectrum was computed from the median over all the spatial pixels in the outer
region of the quadrant (rejecting bad pixels). In both cases, the sky spectrum was sub-
tracted from each spatial element, pixel-by-pixel, after normalising to the total flux in the
[O1] A5577 A sky line.

After sky subtraction, the quadrants were stitched together, before using the IRAF
routine IMCOMBINE to produce a single median-combined datacube from all the expo-
sures. Finally a relative flux calibrated was performed, with reference to the response

curve calculated from a spectroscopic standard star (in this case Hiltner 600).

3.3.2 Spatial binning of the data

The intention of this study is to characterise the general radial trends in the stellar popu-
lations of early-type galaxies, similar to those measured using the conventional long-slit
technique. With the VIMOS IFU data, it is also tempting to generate full spatial maps,
such as those seen in the SAURON kinematic studies, e.g. Emsellem et al. (2004).
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o (Figure 3.5; see Section 3.3.3 for more details on the kinematic fitting procedure). Al-
though the spatial sampling is coarse, the maps do highlight the regular variation of the
kinematic parameters. The central panel of Figure 3.5 shows that D60 has major axis stel-
lar rotation of ~110 km s~! (in SAURON-parlance, D60 is a ‘fast rotator’). The right panel
demonstrates that the velocity dispersion in D60 is symmetric, peaking at ~230 km s™".

Using the same binning technique, kinematic maps were created for five other galax-
ies with a high total S/N: D41, D42, D52, D89 and MGP2440 (Figure 3.6). The galaxies
generally exhibit major axis rotational velocities of ~50~130 km s~!, with D42 (a compar-
atively edge-on S0 galaxy) having the strongest rotation. The exception is D89 (the SB0O
galaxy), which does not have a coherent rotational structure. It is beyond the scope of this
study to ascertain whether D89 is a true ‘slow rotator’, or whether the lack of observed
rotation is due to a large central bar. As expected, the velocity dispersion maps generally
show a symmetric negative gradient.

These VIMOS observations do not have sufficient S/N to generate full two-dimensional
mapping of the spectral features. The total S/N within 7, for the other VIMOS galaxies
does not even allow kinematic mapping. For galaxies at ¢z = 8000 — 15000 km s~!, VIMOS
observations with only a few hours on-source, are generally unsuited to SAURON-esque

spatial mapping.

Radial binning

With the S/N per unit area too low for two-dimensional mapping of the spectral features,
we use a series of annuli to compress the information down to one spatial dimension
(ellipticity-corrected radius).

For each galaxy, the ellipticity and position angle of an ellipse fit to the wavelength-
collapsed image, formed the basis of the annuli used as radial bins. The annuli were
arranged out to 7. for each galaxy individually. Each annulus was required to have a
S/N > 18 A~! and a width greater than 0.7 arcsec; in practice most galaxies have few
annuli with Ar < 1 arcsec. The central bin was an exception with a semi-major axis of
0.5 arcsec if the minimum S/N was exceeded. The galaxies were assigned between three
and seven radial bins, depending on the effective radius and surface brightness.

As an illustration, the adopted bins for three galaxies are shown in Figure 3.7. (The
bins for all galaxies in the sample are displayed in Appendix B). Spectra from the adopted
bins of MGP2440 (central panel, Figure 3.7) are shown in Figure 3.8. For each galaxy,
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spectra were also extracted from within two circular apertures, with radii of 1 arcsec (for
direct comparison to central spectroscopy; Section 3.4.3) and r./3 (for physically consis-

tent central parameters; Section 4).

3.3.3 Velocity dispersion measurements

Stellar kinematics (V,0) were measured using the Penalized Pixel-Fitting (PPXF) rou-
tine of Cappellari & Emsellem (2004). PPXF extracts kinematics by fitting to a large set
of weighted stellar templates, virtually eliminating template mismatch. The non-linear
least-squares direct pixel fitting computation is broken into several iterations which find
the best-fitting linear combination of the stellar templates. The derived residual spectrum
from each iteration forms a penalisation term in the non-linear optimisation.

The Vazdekis (1999) evolutionary stellar population templates were used, covering a
similar wavelength range to VIMOS (~4900 - 5500 A was used for fitting) and having a
higher spectral resolution (FWHM = 1.8 A) than the VIMOS HR blue grism. Kinematic
uncertainties were calculated using 51 Monte Carlo realisations of the input spectrum,
obtained through the addition of Poisson noise. The 1o intervals were taken from the 8th

and 42nd values after sorting numerically.

3.3.4 Absorption line strengths

We used INDEXF? to measure twenty-three atomic and molecular Lick indices (Worthey
et al., 1994) from de-redshifted, flux-calibrated spectra at the VIMOS instrument resolu-
tion (¢ ~ 50 km s™!). For measuring the gradients, model comparisons are performed
in a relative sense, so we do not calibrate to the Lick instrumental response. Uncertain-
ties were propagated by INDEXF (as described in Cardiel et al. 1998) from error spectra
estimated from the variance plane.

The line indices require a correction to account for velocity-broadening and the in-
strumental resolution. Rather than use a multi-stage additive/multiplicative correction
technique (e.g. Davies et al., 1993; Kuntschner, 2000), we adopted the single-stage linear
correction method introduced in Smith, Lucey, & Hudson (2007). Indices measured from
a range of stellar population templates, smoothed to the Lick resolution, are compared to

those measured from the same templates smoothed to the instrument resolution and fur-

*http:/ / www.ucm.es/info/ Astrof /software/indexf/
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ther degraded to mimic various levels of velocity broadening. For each index, at a given
velocity dispersion, this comparison gives a near linear relation between the measured
and corrected index. This technique is preferable, as it removes the need to artificially
broaden the observed galaxy spectra prior to index measurement, thereby preserving the

non-uniform noise properties.

3.3.5 Stellar population derivations

We transform the absorption line strengths into simple stellar populations via the models
of Thomas, Maraston, & Bender (2003) and Thomas, Maraston, & Korn (2004), hereafter
TMBK. These models characterise the stellar population in terms of age, total metallicity
[Z/H] and a-element over-abundance [a/Fe] assuming a single, instantaneous starburst
followed by passive evolution. The [«a/Fe] was calculated for a fixed total metallicity by
counteracting an increased abundance of the enhanced group (the a elements O, Ne, Mg,
Si, S, Ar, Ca and Ti together with N and Na) with a decrease in the abundance of Fe and
Cr.

The simplest visualisation of the transformation, uses pairs of indices to form grids in
projections of the age—metallicity—«w-abundance space. Figure 3.9 displays the age-[Z/H]
grid on a plot of HyF-Fe4383 index measurements, with the grid in each panel repre-
senting a different [a/Fe] value. The orientation of the grid shows that Fe4383 is a good
discriminator of metallicity, while HYF has a strong response to age. The analogous plot
for Mgb5177-Fe4383 space is shown in Figure 3.10, where the [Z/H]-[a/Fe] is plotted
(age varies from panel to panel). Mgb5177 is a strong indicator for a-abundance. It is
clear from these grids that the various line indices have different responses to underlying
physical parameters. Inverting several of these grids simultaneously harnesses the com-
plementary power of each to effectively discriminate between the galaxy characteristics.

In this study, stellar population parameters were derived using a grid inversion tech-
nique similar to that of Proctor et al. (2004) and Smith et al. (2009a). This involves a
non-linear x> minimisation over a large set of indices, using a cubic-spline interpolation
in age-[Z/H]-[a/Fe] to ensure continuity between cells. For points lying beyond the
model grids, the parameters are estimated by linear extrapolation. This occurred in ~5
per cent of cases (from a total of ~320). Half of those were due to weak Balmer lines (giv-
ing ages > 15 Gyr), and the remainder were from marginally sub-solar c-enhancements

(-0.1 < [a/Fe] < 0.0) which are not covered by the models. All metallicity derivations lay
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Table 3.4: Average S/N A~! of each sample (A3389, Shapley) from the three studies (VI-
MOS 1 arcsec radius apertures, NFPS, AA(?), calculated over the wavelength range A\,

Sample Study  ngus (S/N)A-! AXA

A3389 VIMOS 12 37 4700 - 5000
NFPS 10 60 5000 — 5500

Shapley VIMOS 19 25 4700 - 5000
NFPS 13 40 5000 - 5500
AAQ 19 100 4700 - 5000

within the grid boundaries.

As noted from the grids in Figures 3.9 and 3.10, each index has a response to all three
parameters (the tilt with respect to the axes), so consequently, the errors are correlated. In
order to propagate this correlation, full error ellipsoids are calculated from the x? surface.
(See Section 3.4.3 for further discussion on these errors.)

The VIMOS wavelength range covers twenty-three Lick indices, but not all of them
are useful for the grid inversion. Several lines towards the red end of the spectrum (~
5500 - 5600) are contaminated by sky features, so the set of those affected depends on
the target redshift. Of the remaining indices, some merely duplicate the response of the
same feature (e.g. HyF and HvA; Mg, and Mgb5177), while others disagree with the
majority, degrading the fit quality (e.g. G4300). The chosen indices for each sample will

be described in detail in Section 3.4.3.

3.4. IFU central spectroscopy

One attraction of IFU data is the versatility in possible approaches to the analysis.
By extracting a spectrum from a circular aperture, it is trivial to mimic a single aperture
spectrograph. Using the 1 arcsec radius apertures introduced in Section 3.3.1, the VIMOS
data can be compared directly to results from two previous spectroscopic studies. We
also use these central spectra to test the stability of the derived stellar populations. For

reference, Table 3.4 lists the average S/N of each sample from the different studies.
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3.4.1 Previous aperture spectroscopy

The NOAO Fundamental Plane Survey (NFPS; Smith et al., 2004) analysed 1.5-2 hour ex-
posures from the Hydra multi-fibre spectrograph on the 4 m CTIO telescope. The spectral
resolution was ~3 A (FWHM) and the fibre diameter was 2 arcsec. NFPS spectroscopy
is available for ten A3389 galaxies, while 13 of the Shapley galaxies are common to the
VIMOS sample.

The second comparison is a deeper study by Smith et al. (2007), which employed
8 hour exposures with the AA(! fibre-fed multi-object spectrograph on the 3.9 m Anglo-
Australian Telescope. The spectral resolution was ~3.5 A (FWHM) and the fibre diameter
was again 2 arcsec. The 19 Shapley sample galaxies were all observed by AA(); Abell 3389

was not covered.

3.4.2 Comparing the central line strengths

Figure 3.11 compares the VIMOS line strength measurements (for Fe4383, Fe4668, Hi and
Mgb5177) to those from the studies introduced above. Agreement between the VIMOS
and NFPS line strength values is generally very good, with a reduced x? very close to 1
(after accounting for small mean offsets). The only exception is the Fe4383 line, which
has a large offset between VIMOS and NFPS for the A3389 sample (reduced x> ~ 4),
although the agreement is much better in the Shapley sample. Measurements of the H3
lines agree well across all three instruments. Fe4668 and Mgb5177 exhibit comparatively
large offsets between AA() and both other studies, with AAS? tending to observe weaker
lines.

For Fe4668, these is a (> 50) correlation between the VIMOS-AA() offset and the
Fe4668 line strength (Figure 3.12, open black symbols/line - trend exclude the obvious
outlier). The Fe4668 index is one of the most susceptible to errors in the continuum level,
as it is a particularly broad feature. Exploring factors that could systematically affect the
continuum level, we find no correlation between the offset and either airmass (see Figure
3.13) or position in the AA{) multi-object spectrograph field.

Aperture ‘smearing’, the increase of the effective aperture size in co-added multi-
object observations due to fibre placement or telescope pointing errors, may be able to
explain the offset. The VIMOS data set can be used to replicate this behaviour by sim-
ply increasing the aperture size for the central measurements. The coloured symbols in

Figure 3.12 displays the VIMOS line strengths for 1.2 (blue) and 1.5 (orange) arcsec aper-









Chapter 3. Observing radial trends in early-type galaxies with VIMOS IFU 72

tures. The trend is still visible, indicating that ‘smearing’ is at least not the sole factor
behind this effect. However, the VIMOS-AA( offset for several galaxies, including the
outlier (MGP1211; shown by triangles), is significantly reduced by the use of an increased
effective aperture, so it is likely ‘aperture smearing’ does affect the co-added fibre spec-
troscopy for some galaxies.

While the responsible factor has not been identified, the agreement between VIMOS
and NFPS measurements, and the similar offsets of these from AA(}, suggests that the

problem may lie with the multi-object spectra from AA(.

3.4.3 Calculating the IFU central stellar populations

Central age, metallicity and a-element abundance were derived using the grid inversion
technique described in Section 3.3.5. The total set of twenty-three Lick indices (displayed
as a function of rest wavelength in the top panel of Figure 3.14), was whittled down to
eight indices for the Abell 3389 and nine for Shapley. The heterogeneity of the two sets is
due to the different cluster redshifts: the observed wavelength range varies and the sky
features shift into the defined bands for different indices.

Analysis of the A3389 sample used eight indices (termed ‘master’ set 1): two Balmer
lines (HF, Hj3), five iron lines (Fe4383, Fe4531, Fe4668, Fe5270, Fe5335) and Mgb5177. Ha
is deemed too close to the blue cut-off, while HyA is considered redundant as it mostly
duplicates the response of HyF. Fe4506 is contaminated by sky lines, while inclusion of
the widely-used Fe5270 and Fe5335 is preferable to Fe5015 (which may be susceptible to
low level [OIII]A5007 emission) and the redder Fe indices. The central panel of Figure
3.14 shows an example A3389 galaxy spectrum (in the observed frame) with the chosen
indices indicated.

Nine indices were used in the inversion for the Shapley galaxies (‘master’ set 2): three
Balmer lines (HOF, HyF, H/3), five iron lines (Fe4383, Fe4531, Fe4668, Fe5015, Fe5406) and
Mgb5177. At the redshift of Shapely, Fe5270, Fe5335, Fe5709 and Fe5782 are all con-
taminated by sky features such as [OI] A5577, necessitating the inclusion of Fe5015 and
Fe5406. However, HOF is further from the blue cut-off, enabling its inclusion. The lower
panel of Figure 3.14 indicates the chosen indices on an example Shapley galaxy spectrum
(in the observed frame).

Inversion of these index sets, via the method described in 3.3.5, ensures a sensi-

ble modelling, with age primarily tracked by the Balmer lines and metallicity predomi-
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Table 3.5: Mean values of the central age, metallicity [Z/H] and a-element abundance

[a/Fe] for the A3389 sample, derived using different index sets in the model inversion.

Index set log(age/Gyr) [Z/H] [/ Fe]

H~F + Hp3 + Fe4383 + Fe5270 + Fe5335 + Mgb (base 1) 097 £0.10  0.33+£0.05 0.26 +0.04
base 1 + Fe4531 099 £0.09 030006 0.26+0.04
base 1 + Fe4668 1.03+£0.08 027+004 0.25+0.04
base 1 + Fed4531 + Fe4668 (master 2) 1.04 £ 008 026004 0254+0.04
base 1 + Fe4531 + Fe4668 + HOF 1.00+ 008 028+0.04 027+0.04

Table 3.6: Mean values of the central age, metallicity [Z/H] and a-element abundance

[a/Fe] for the Shapley sample, derived using different index sets in the model inversion.

The mean central stellar population parameters derived from AA(2 observations of the

same 19 galaxies are displayed in the final row for comparison.

Index set log(age/Gyr) [Z/H] [/ Fe]

H~F + H/$ + Fe4383 + Fe5015 + Mgb (base 2) 097+004 012+004 0.24+0.03
base 2 + Fe4531 097+004 012+004 024+0.03
base 2 + Fe5406 094004 014+004 0.23+0.03
base 2 + Fe4668 095+£004 0141+004 0241003
base 2 + HSF 097+004 011+004 024+0.03
base 2 + Fe4531 + Fe5406 095+004 014+004 022+0.03
base 2 + Fe4531 + Fe4668 095+0.04 015+004 0.24+0.03
base 2 + Fe4668 + Fe5406 094+004 015+0.04 023+0.03
base 2 + HOF + Fe4531 + Fe5406 093+0.04 015+004 0.22+0.03
base 2 + HOF + Fe4531 + Fe4668 094+004 014+004 023+0.03
base 2 + HOF + Fed668 + Fe5406 093+0.04 016+004 0.22+0.03
base 2 + Fe4531 + Fe4668 + Fe5406 094 +004 016004 0.22+0.03
base 2 + HOF + Fe4531 + Fe4668 + Fe5406 (master 2) 093 +£0.04 0.16 £0.04 0224 0.03
AAQ [Shapley targets] base 2 + HOF 096 +0.04 010£0.03 0.24+0.03
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have been segregated. Starting from a basic set of indices for each sample (base 1: HF,
H/p3, Fed383, Fe5270, Fe5335, Mgb5177; base 2: HyF, Hf3, Fe4383, Fe5015, Mgb5177), var-
ious sets were created by adding combinations of the other lines in the ‘master’ lists.
Table 3.5 shows the mean derived age, metallicity and «-abundance for the 12 galaxies in
the A3389 sample, using the listed index set in the inversion. Table 3.6 presents similar
information for the Shapley galaxies.

The mean stellar populations of the samples are robust with respect to the differ-
ent index sets. For both samples, the mean age varies by less than 5 per cent, and the
mean metallicity and a-abundance generally deviate by only 0.05 dex and 0.02 dex re-
spectively. The mean central parameters of the same Shapley galaxies derived from AA{2
spectroscopy (final row, Table 3.6) are well matched to the VIMOS values. Individually,
the derived central stellar populations of galaxies are also independent of the index set
used. Figures 3.15 and 3.16 compare values computed from grid inversions using the

basic and master sets, for the A3389 and Shapley samples respectively.

Comparison of central stellar populations to AA()

The remainder of this study uses the ‘master’ sets of indices (bold rows in Tables 3.5 and
3.6) to calculate the stellar population parameters. For the Shapley sample, Figure 3.17
compares the central values of age, metallicity and a-abundance derived from VIMOS to
the equivalent values from the AAS(! spectroscopy. Although the mean value for each pa-
rameter is well matched between observations, the reduced x? is ~ 4 for age and [a/Fe],
and ~ 6 for metallicity. It appears that the formal errors propagated through the index in-
version are underestimated by a factor of 2-2.5. Errors on the indices themselves are well
determined, as noted in Section 3.4.2 (Figure 3.11). Consequently, in the following sec-
tions, we quote the uncertainty on stellar population parameters as derived from Monte
Carlo simulations of the index values, rather than using the error ellipsoids from the y?

surface calculated during the grid inversion.

3.4.4 r./3 aperture central spectroscopy

The previous few sections have concentrated on spectra from 1 arcsec radius apertures,
to facilitate comparison with fixed aperture spectroscopy. In the remainder of this study
(including Chapter 4), we will use spectra from r. /3 apertures for the central parameters.

Apertures which scale with the galaxy effective radius, provide a better parametrization
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Figure 3.17: Comparison between derived stellar population parameters from VIMOS
(using master index set) and AAQ). Layout as in Figure 3.15. The distributions and mean
values in each parameter are well matched between the two observations, although the

errors appear slightly underestimated, particularly in [Z/H].

of the physical galaxy centre, and allow for comparisons between galaxies. For a galaxy
with an r, of 3 arcsec (roughly the mean of our sample), the two apertures are, of course,
identical.

The distributions of the central stellar populations, from r. /3 apertures, are presented
in Figure 3.18. The distributions of central parameters in each of the two VIMOS samples

are similar. Appendix A lists the central values for all galaxies.

3.5. Gradients

The internal gradients of a galaxy are calculated from all of the elliptical bins (de-
scribed in Section 3.3.2) within the effective radius (r.). Six of the galaxies (D53 from
Abell 3389 and MGP0129, MGP1211, MGP2146, MGP2399, MGP4258 in Shapley) have
S/N < 18 A~! at r,, due to their lower surface brightness. These galaxies are excluded
from further analysis as the quality of the spectra is insufficient to compute reliable gra-

dients. Twenty-five galaxies remain: 11 in A3389, 14 from Shapley.

3.5.1 Line strength gradients

Line strength gradients were measured using an unweighted linear least-squares fit to all
the bins within 7., such that VI = Al / Alog(r/re), where I is any absorption line index.
Most previous studies of radial trends have used the log(r/r.) convention, resulting in

straight forward comparisons. A small fraction of galaxies would be better fit in linear
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radial space; a weighted fit to these in log(r/r.) would bias the overall gradient towards
the radial trend of the inner region, where the index values are better determined. The
unweighted fit ensures a meaningful parametrization of the average gradient out to r.
in all galaxies. The radial position of each bin was assumed to be the centre in linear
space: weighting by luminosity would not alter the radial positions significantly, and
is not obviously more desirable considering the Balmer-weighted age response. For the
A3389 galaxy, D60, Figure 3.19 shows the measured line strengths for individual bins,
and presents the gradients. Similar plots for all galaxies are shown in Appendix B.
Generally, the metal lines show negative gradients, i.e. weaker lines at larger radii,
while the Balmer lines have small positive gradients (Figure 3.20). The gradients do not
exhibit simple trends with the central velocity dispersion, although the exclusion of most
of the small galaxies, due to low surface brightness, results in a poor sampling of the low
mass end (logo < 2.2). For reference, the central velocity dispersion of the six excluded

galaxies are marked in Figure 3.20 by the open points above each column of panels.

3.5.2 Stellar population gradients

For each of the 25 galaxies with measured gradients, the linear fits described above were
extrapolated to estimate the index values at » = 0.1xre and r = r.. The corresponding
stellar population for these two points was derived using the grid inversion technique
described in Sections 3.3.5 and 3.4.3 (and the ‘master’ sets of indices). Finally, gradients
in age, metallicity [Z/H] and a-element enhancement [«/Fe] were calculated from the
difference between these inner and outer points.

An alternate method (used in my original Rawle et al. 2008b paper) computes stellar
population parameters for each annulus, deriving gradients in a similar manner as for the
line strengths. To test the sensitivity of the results to the choice of technique, Monte Carlo
simulations were computed for the measured line strengths (based on the INDEXF errors),
and stellar population gradients were derived for each galaxy using both methods. The
new method proved to be more stable, relying on 2-3 times fewer model inversions and
not requiring a linear fit to noisy stellar population values. The average simulated gradi-
ent for each parameter is method-independent. Errors quoted for the stellar population
gradients are computed from these Monte Carlo simulations.

As a continuation of Figure 3.19, Figure 3.21 shows the stellar population gradients

for D60, computed by the new method (in red) and by the alternate method (in black).
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3.6. Conclusions

The internal gradients of early-type galaxies offer a valuable insight into their star
formation histories and chemical evolution. Using the VLT integral field unit, VIMOS,
we observed 25 galaxies in two separate local cluster environments: Abell 3389 and the
Shapley Supercluster core. This chapter described the procedure for deriving individual
radial trends in the stellar populations (to the effective radius) from raw observations.
To summarise, data from individual spatial elements were binned in order to produce
spectra from a series of elliptical annuli, effectively compressing the datacube down to a
single dimension (eccentricity-corrected radius). Multiple optical absorption line indices
were measured for each spectra, from which the gradients were computed. Line strength
measurements were compared to stellar evolution models, via a grid inversion technique,
enabling us to derive radial trends in luminosity-weighted age, total metallicity and a-
element over-abundance.

We find a significant average metallicity gradient of —0.13 + 0.04, and no galaxies with
significant positive metallicity gradients. Mean negative gradients in age and a-element
abundance were of marginal significance (-0.02 = 0.06 and -0.10 + 0.04 respectively).
However, 40 per cent of galaxies do have an age gradient not consistent with zero.

In the next chapter, we explore the relationship between a galaxy’s central proper-
ties and the stellar population gradients. From our results, we form a simple physical

explanation of the observed gradients.



Chapter 4

Stellar pbpulation gradients in

early-type cluster galaxies

This chapter presents results from a VLT VIMOS study of internal gradients
in early-type galaxies. The previous chapter described the galaxy sample,
observation and analysis of the integral field unit data, culminating in the
derivation of stellar population gradients for 25 galaxies in two local clus-
ter environments (Abell 3389 and the Shapley Supercluster core). Here, we
explore these gradients in detail, investigate possible trends in the parame-
ters, and discuss their implications for our understanding of galaxy evolu-

tion. This work was presented in Rawle et al. (2008b) and Rawle et al. (2009).

4.1. Introduction

The first studies into the radial variance of spectral features in galaxies, used narrow-
band filters tuned to the wavelength of lines such as Mg, Na and CN (e.g. Spinrad, Smith,
& Taylor, 1972; Burstein, 1979). These provided evidence for the existence of gradients in
the strong absorption features, and suggested that galaxies become less metal rich with
increasing radius. However, early works included only a handful of the nearest galaxies,
and were limited to measuring gradients in relatively central regions.

In a ground-breaking paper, Gorgas, Efstathiou, & Aragon Salamanca (1990) studied
absorption line gradients in a sizeable sample (n = 15) of early-type galaxies. Importantly,
their spectroscopy was deep enough to measure gradients much further out (to approx-

imately the half-light radius; r.). The study identified evidence for possible relations
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between the Mg, line strength gradient and both central velocity dispersion and central
index value. The authors also concluded that typically, elliptical galaxies have roughly
solar metallicity at 7., although the scatter in line strength values suggests a wide range
in star formation histories. Fisher, Franx, & Illingworth (1996) found comparable trends
in the gradients of SO galaxies, indicating an approximately similar recent formation his-
tories, and Carter, Bridges, & Hau (1999) observed the same negative Mg, gradients in
three brightest cluster galaxies.

In the last ten years, several studies have further investigated the radial trends in
early-type galaxies. Improvements in the instrument throughput and telescope size have
led to long slit observations out to, and beyond, the effective radius for a much larger
sample of galaxies (e.g. Mehlert et al. 2003; Sanchez-Blazquez, Gorgas, & Cardiel 2006).
Increased wavelength coverage has allowed for a detailed investigation of the stellar
population gradients (e.g. 19 indices measured in Sanchez-Blazquez et al., 2007). These
studies have generally confirmed the existence of metallicity gradients, and its correla-
tion with central parameters, such as metallicity. Several studies have focussed on the
relation between metallicity gradient and galaxy mass, as conflicting evidence for its ex-
istence arose (e.g. Carollo, Danziger, & Buson, 1993; Kobayashi & Arimoto, 1999; Forbes,
Sanchez-Blazquez, & Proctor, 2005). Recent observations of low-mass galaxies (Spolaor
et al., 2009) indicate that the correlation (stronger gradients with increasing mass) is itself
dependent on galaxy mass, with the smallest galaxies showing the tightest trend.

The Spectroscopic Areal Unit for Research on Optical Nebulae (SAURON; Bacon et al.
2001) has offered a glimpse of the power of an IFU in studying internal galaxy gradients.
The main study of 24 cluster early-type galaxies (de Zeeuw et al., 2002) has so far concen-
trating on kinematics (Sarzi et al., 2006; Emsellem et al., 2007), or qualitative analysis of
line strength maps — Kuntschner et al. (2006) showed that while the spatial maps of H3
imply that early-type galaxies typically exhibit no radial trend in age, the Fe5015 map
indicates that metallicity gradients are generally negative. Weijmans et al. (2009) used
multiple deep SAURON pointings of two nearby galaxies (NGC3379 and NGC821; ¢z =
1000, 2500 km s~ respectively), to measure line strength gradients to ~ 4 r,. They found
that the observed radial trends to 7., remain constant out to at least 4 7.

This chapter begins by summarising the gradients derived in Chapter 3 (Section 4.2).
We then concentrate, in turn, on discussing the V[Z/H]J-log o relation (Section 4.3), the

gradient-central parameter trends (Section 4.4) and the correlation between age and metal-
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licity gradients (Section 4.5). In Section 4.6, we explore the colour gradients, comparing
predictions made from the spectroscopic age and metallicity to observations from imag-
ing. Section 4.7 draws together our findings to suggests a physical implication for galaxy

formation, while Section 4.8 summarises the results from this chapter.

4.2. The VIMOS results

Chapter 3 described the technique for deriving stellar population gradients from the
integral field unit (IFU) datacubes. In addition to the gradients, central stellar popula-
tions were calculated within an r. aperture. First, we explore the relationship between
these central characteristics (particularly velocity dispersion, age and metallicity), and
compare to the results from large spectroscopic surveys (Section 4.2.1). We then sum-
marise the simple trends in the gradients (Section 4.2.2), and introduce two published

long-slit studies (Section 4.2.3) used for comparison in subsequent sections.

4.2.1 Central characteristics

Central spectra for each of the 31 early-type galaxies observed with VIMOS were ex-
tracted from r, apertures, as described in Section 3.4.4. Here, we compare the trends in
these parameters to results from large studies of central spectroscopy. Of particular inter-
est are the relations between the central age, metallicity and velocity dispersion (which is

a tracer of the dynamic mass of the galaxy).

Correlations with velocity dispersion

For the VIMOS sample, we find that the central stellar population parameters (age, total
metallicity and a-element over-abundance) are all significantly (> 3 o) correlated with the
central velocity dispersion (Figure 4.1). To validate the VIMOS spectroscopy and analysis
technique we compare the results to four large spectroscopic surveys: Nelan et al. 2005;
Thomas et al. 2005; Graves et al. 2007; Smith et al. 2009a.

Nelan et al. (2005) studied X-ray selected local cluster galaxies using a fibre spectro-
graph, while Thomas et al. (2005) drew their sample from various sources (and instru-
ments), including galaxies from dense local groups and clusters (Virgo, Coma) as well as
low density environments. Graves et al. (2007) analysed ~22 500 passive galaxies in the

redshift range 0.06 < z < 0.08, using SDSS fibre spectroscopy. Finally, Smith et al. (2009a)
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Figure 4.3: VIMOS sample in the edge-on view of the central ‘Z-plane”: A3389 = open
symbols, Shapley = closed symbols. ‘Z-plane’ fit from Smith et al. (in prep.). The intrinsic

rms scatter in the [Z/H] is indicated.

observed ~ 200 red-sequence galaxies in the Shapley Supercluster core using the AA(?
fibre spectrograph. Graves et al. derived stellar populations via the models of Schiavon
(2007), while the other three studies all used the TMBK models. Figure 4.1 shows that the
central parameters derived from VIMOS are typical compared to the results from these

large spectroscopic surveys.

The age-mass-metallicity plane

Central age and metallicity are mutually correlated with the velocity dispersion. The
upper-left panel of Figure 4.2 displays the relation between the central age and metal-
licity. In the VIMOS sample, there is a marginal anti-correlation, with significant scatter
(rms = 0.15). However, there is much less scatter for the A3389 galaxies alone (rms = 0.05).
These galaxies cover a much smaller range in log o than the Shapley sample, suggesting
that the scatter in the age-metallicity relation may be dictated by velocity dispersion.
The remaining panels in Figure 4.2 split the VIMOS sample into three coarse bins
based on central log o. Although the relation in each o-bin has approximately the same
slope!, they shift to older ages and higher metallicities with increasing velocity disper-

sion. The age-metallicity relation is just one projection of the age-mass-metallicity plane

'Due to the small number of points in each bin, Figure 4.2 fixes the slope to the Jergensen 1999 value of

—0.7. See the figure for more details.
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(or ‘Z’-plane; Jorgensen 1999; Trager et al. 2000a), describing how both parameters can
correlate with velocity dispersion, while being anti-correlated themselves. Although we
have too few points for the bivariate fit, it is interesting to see how well the VIMOS sam-
ple matches the ‘Z-plane’ from a previous study. From spectroscopic observations of ~
220 cluster early-type galaxies, Smith et al. (in preparation) derived a ‘Z’-plane of [Z/H]
= 0.66 log o — 0.68 log(age) — 0.64, with an intrinsic rms residual of 0.075 dex in [Z/H].
Figure 4.3 shows that the VIMOS data agrees well with the relation, with a marginally
larger intrinsic scatter (0.09 dex in [Z/H]).

4.2.2 Trends in the gradients

As presented in Section 3.5.2, the 25 VIMOS galaxies have a significant average negative
metallicity gradient of —0.13 £ 0.04, a negligible mean age gradient of -0.02 & 0.06 and a
marginal mean gradient in the a-element abundance of —0.10 & 0.04. The distributions of
these gradients are presented in the top row of Figure 4.4.

We explore the existence of trends between pairs of central parameters and gradients,
using a simple linear regression. The gradient is treated as the dependent variable, as
initially, our interest lies in determining how well the gradients can be predicted from
knowledge of the central properties. Fits were calculated without weighting for errors as
intrinsic scatter may be significant. Most pairs of parameters do not show a significant
trend in the VIMOS sample. Table 4.1 lists the slope and significance for each of these
combinations. For example, unlike the central parameters shown in Section 4.2.1, none
of the gradients have a simple dependency on central velocity dispersion. Two significant
correlations stand out: the metallicity gradient is related to the central metallicity with
a slope of -0.63 + 0.20 (significance of 3.10); the age gradient is also correlated with the
central metallicity (with a slope of 1.09 £ 0.28 (3.90). Conversely, neither central age
versus age gradient or versus metallicity gradient show a significant correlation.

The final row of Table 4.1 refers to the relation between age gradient and metallicity
gradient. In this case, it is unclear which parameter is dependent on the other. Hence, the
trend is calculated from the bisecting linear relation of the two simple regressions (age
on metallicity; metallicity on age). A strong relation is found in the VIMOS sample, with
a slope of -0.69 + 0.10 (significance of 7.0 o).

We explore and interpret all of these relations in more detail in subsequent sections.

The upper panels of Figures 4.5 - 4.14 present many of the trends listed in Table 4.1.



Table 4.1: Summary of the relations between central parameters (within r../3 apertures) and gradients discussed in the text (see also Figures
4.5 - 4.13 as displayed in column 3). The slope, error on the slope and significance (in parenthesis) are calculated by minimising the residuals
in the Y-direction. The columns display trends for A3389, Shapley, VIMOS (= A3389 + Shapley) and the comparison studies (M03 and SB07).

Significant trends in the VIMOS sample (> 3 o) are presented in bold type. The final row shows the slope for the bisector of the two simple

regressions between age and metallicity gradients (Figure 4.14).

X Y Fig. A3389 Shapley VIMOS M03 SBO7

log o Vlog(age) 4.5 +0.01+095(0.0) +043+034(1.3) +045+033(1.4) -0.02+026(0.1) -0.11+0.18(0.6)
log o V[Z/H] 46 -017+062(03) -023+025(09) -025+022(1.1) -0.13+024(05 +0.26+022(1.2)
log & Vla/Fe] 47 -066+078(09) +0.42+0.07(5.6) +0.20+022(0.9) -0.06+0.13(0.5) +0.13 £0.12(1.1)
log o Viog o -0.13 £ 022 (0.6) -0.08 £ 0.08 (1.0) -0.07 + 0.09 (0.8) +0.04 =+ 0.08 (0.5)

log(age)  Vlog(age) 49 —0.15+049(0.3) -049+028(1.7) -032+026(1.3) -0.09+0.11(0.8) -0.20+ 0.08(2.6)
log(age)  V[Z/H] 413 +023+031(07) +0.33+020(1.6) +027+0.17(1.6) +0.19+0.10(1.9) +0.24 £0.11(2.2)
log(age)  V[/Fe] -0.04 £042(0.1) +0.22£0.10(2.1) +0.10£0.17(0.6) +0.03 £ 0.06 (0.5 +0.00 £ 0.08 (0.0)
(Z/H] Vioglage) 4.12 +1.45+094(1.5) +0.97 £027(3.6) +109 +0.28(3.9) +0.22+0.21(1.0) +0.20 £ 0.12(1.7)
[Z/H] VIZH] 411 -072+£064(1.1) -0.60+022(2.8) -0.63+0.203.1) -059+0.17(35) -0.21+0.16(1.3)
[Z/H] V[o/Fe) —0.07 £0.90(0.1) +027 £0.13(2.1) +0.15+0.23(0.6) -0.08+0.11(0.8) +0.07 £0.10 (0.7)
[a/Fe] Vlog(age) ~0.72 £0.78(0.9) +0.20 £0.90(0.2) -051£0.57(0.9) +0.09 +042(0.2) -0.12 + 0.44 (0.3)
[/ Fe] V(Z/H] +0.04 £ 053 (0.1) +0.22 +0.64 (0.3) +0.18 £0.39(0.5) -0.05+0.39(0.1) +0.23 + 0.57 (0.4)
[/ Fe] V[a/Fe] 410 +024+0.69(03) +0.67+£029(23) +0.51+036(1.4) -0.01+021(0.0) -0.16+0.31(0.5)
Vioglage) VIZ/H] 414 -075+047(16) -072+0.08(9.4) -0.69+0.10(7.0) -0.95+0.11(8.6) -1.33 % 0.37(3.6)
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4.2.3 Comparison studies

Many factors potentially contribute to the observed trends in stellar population gradi-
ents. Hence, there is a risk of reaching a misleading conclusion due to sparse sampling
of a complex parameter space. To minimise this possibility, we test the validity of the
trends found in Section 4.2.2 by comparing to data from two published early-type galaxy
studies: Mehlert et al. (2003, hereafter M03) and Sanchez-Bldzquez et al. (2007, SB07).
Both were long-slit spectroscopic studies, and employed a similar analysis technique and

models to the method described in Chapter 3.

Mehlert et al. (2003)

Mehlert et al. (2003) derived stellar population gradients for 32 early-type galaxies in the
Coma cluster. The authors rebinned the spectra to achieve a S/N > 30 A~! per bin out to
re, and computed the stellar population parameters using an index—pair iteration tech-
nique, with Hy3, Mgb5177 and (Fe) = (Fe5270+Fe5335)/2, in conjunction with the TMBK
models. Their original analysis excluded the two cD galaxies (NGC4889, NGC4874) and
an S0 (NGC4865), as they lie beyond the model grids, and NGC4876 due to systematically
larger errors. We followed suit, using the remaining 28 galaxies in the sample.

MO03 defined central values as the average along the major axis inside 0.1r./ /1 — ¢,
where ¢ is the ellipticity. Gradients were derived in a method similar to that presented in
Chapter 3. The absorption line gradients were extrapolated to give the values at 0.1 x ¢
and r.. The stellar population at each point was derived, from which the gradients could
be calculated. The distributions for the gradients are shown in the second row of Figure

4.4.

Sanchez-Blazquez et al. (2007)

Sénchez-Blazquez et al. (2007) observed a sample of 11 local early-type galaxies in var-
ious environments (field, group, Virgo cluster), rebinning the spectra to achieve a S/N
> 50 A~! out to 2r.. Using a x? minimisation technique, with 19 Lick indices and the
TMBK models, stellar population gradients were derived for all of the sample galaxies.
NGC2865, a merger remnant in the field, contains an extremely young core, and has been
excluded from our fits.

For central values, SB07 used an aperture size of 1.5 arcsec x 1/8. Stellar population






Chapter 4. Stellar population gradients in early-type cluster galaxies 96

gradients were derived by performing a weighted best fit to the radial profile in each
parameter, excluding points within the seeing disc. Stellar population parameters were
derived from discrete models without interpolation, and as a result, gradients flatter than
the model bin size, were quoted to be 0.000 + 0.000. When computing the trend between
parameters in later sections, we use an un-weighted fit to avoid misinterpreting intrinsic
scatter. This also has the advantage of not unduly biasing towards the SB07 galaxies with
‘zero’ uncertainty. The final row of Figure 4.4 displays the distribution of gradients for

the 10 SB07 galaxies.

Comparing the distributions of the gradients

In general, the average gradients of the two long-slit studies are similar to the VIMOS
sample, and the distributions are similar. However, it is worth noting that the combined
VIMOS sample has a larger mean V[a/Fe] than either of the comparison studies. Also,
the mean negative metallicity gradient from SB07 is nearly twice as steep as in the other
samples. Those authors derived large negative V[Z/H] gradients for galaxies in both
high and low density environments, so this difference is not due to the inclusion of non-

cluster targets.

4.3. Gradients versus central log o

The combined VIMOS sample does not show a significant correlation between any of
the stellar population gradients and the central velocity dispersion. The lack of a simple
linear relationship is confirmed in the comparison studies in each case, as shown in Fig-
ures 4.5 -4.7. The K-band luminosity is often used as a proxy for stellar mass in a galaxy
(whereas velocity dispersion traces the dynamical mass). We find no significant trend for
any of the gradients with the absolute magnitude (Figure 4.8).

Although there is no simple trend with the metallicity gradient (Figure 4.6), evidence
has been previously reported in favour of the [Z/H] gradient depending on mass (via
various observable proxies). A simple model of galaxy formation asserts that enrichment
gradients depend on galactic wind efficiency, which scales with the potential and hence
galaxy mass (Kobayashi, 2004). In an early study of 42 early-types, Carollo, Danziger,
& Buson (1993) calculated the gradient in the Mg, absorption line (a simple proxy for

metallicity) and discovered that it became shallower with decreasing central velocity dis-
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persion (galaxy mass) for low-mass systems (log o < 2.26). High-mass galaxies, however,
showed no such correlation. Kobayashi & Arimoto (1999) studied the Mg, gradients
of 80 galaxies (above and below the Carollo et al. transition point), but were unable to
find a statistically significant trend with any mass estimator (central velocity dispersion,
B-band luminosity, effective radius or the dynamical mass).

In contrast, Forbes, Sanchez-Blazquez, & Proctor (2005) claimed a significant relation
between metallicity gradients and galaxy mass (K -band luminosity, central velocity dis-
persion and dynamical mass) for a literature sample of Coma cluster galaxies (including
the M03 sample). Recently, Spolaor et al. (2009) have resurrected the idea of a mass transi-
tion point after observing 14 low mass early-types in local clusters. These authors found
that for low mass galaxies (log o < 2.15), metallicity gradients are remarkably tightly cor-
related with velocity dispersion, in the sense that (negative) V[Z/H] becomes shallower
with decreasing log o and positive at very low logo. They conclude that while some
higher mass galaxies have steep negative V[Z/H], there is also a visible downturn and
a markedly broader scatter. Physically, the transition point may mark the mass above
which galaxy formation histories are dominated by late-epoch, gas-poor merging, which
dilute the metallicity gradient (Hopkins et al., 2009). The magnitude of the dilution is re-
lated to the individual merger properties and the metallicity gradients of the progenitors
(di Matteo et al., 2009), causing the observed inflated scatter at larger masses.

As already noted, Figure 4.6 confirms the large scatter and apparent absence of cor-
relation for high mass galaxies. Unfortunately, the A3389, M03 and SB07 studies do not
include galaxies below the Spolaor et al. mass transition point. Low mass galaxies are
also under-represented in the Shapley sample, as several small galaxies have been ex-
cluded by low surface brightness at r.. However, the remaining galaxies with logo <
2.15 are not inconsistent with the mass-metallicity gradient trend reported in Spolaor

et al. (2009).

4.4. Gradient trends with central values

We now explore the relation between central stellar population parameters and gra-
dients. The VIMOS sample shows no significant correlation of the age gradient with
central age (Figure 4.9), or in the analogous relation for a-enhancement (Figure 4.10).

The comparison studies confirm the lack of trends in these cases, as shown in the final
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the use of multiple absorption line indices to derive the age and metallicity does not en-
tirely erase the degeneracy, with a correlation dominating the errors (discussed further in
Kuntschner et al. 2001). It is prudent to calculate whether the strong trend seen in Figure
4.14 could be predominately caused by the correlated measurement errors.

The upper panel of Figure 4.16 again presents the gradients for the Shapley and A3389
samples. In this figure, the conventional one-dimension (1 o) error bars in each axis have
been replaced by the 1o error ellipses, based on the distribution of the Monte Carlo real-
isations. The error ellipses are clearly orientated in the direction of the correlation.

The lower panels of Figure 4.16 show the distribution of the galaxies projected onto
the best-fitting line from the upper panel. We consider a null hypothesis in which the
scatter around the zero value is entirely due to the correlated errors. The Shapley sample
alone does not disprove this hypothesis, with an estimated probability of ¢ = 0.2. How-
ever, the A3389 sample is incompatible with the null hypothesis (¢ =1 x 107°), i.e. that
although there is a sizeable correlation of errors, there is also a real intrinsic scatter in
the same direction. The combined VIMOS sample confirms this conclusion. While not
contrary to the null hypothesis, the Shapley sample on its own is also not inconsistent
with the presence of intrinsic scatter. To explain the age-metallicity gradient relation for
the VIMOS sample without invoking intrinsic scatter, the errors in the stellar population
gradients would have to be a factor of ~3 larger. Such an underestimation is unlikely,
as the gradient errors, derived via Monte Carlo simulations, scale approximately linearly

with the well determined index uncertainties.

4.6. Colour gradients and spectroscopy

Many studies of broadband colour gradients have ignored the possibility of age gra-
dients (e.g. Peletier et al. 1990; Tamura et al. 2000), but here we find that Vlog(age) is
inconsistent with zero in 40 per cent of our sample. By measuring colour gradients in
multiple bands, recent studies have attempted to include the age gradient. From SDSS
and 2MASS photometry, Wu et al. (2005) derived average V[Z/H] = -0.25 £ 0.03 and
Vlog(age) = 0.02 £ 0.04. However, the age and metallicity predictions are strongly corre-
lated due to the usual degeneracy in broadband colours, leading to large uncertainties in
the derived stellar population (Carter et al., 2009). A negative B—R colour gradient could

be the result of a negative gradient in either metallicity or age. Additionally, our study
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Figure 4.16: Upper panel: The age gradient-metallicity gradient relation for Shapley

(solid points) and A3389 (open points), with the error estimates represented by ellipses

(Shapley = dark grey; A3389 = light grey). The best fit line is shown. Lower panels: For

each sample (top-to-bottom: Shapley, A3389, VIMOS = Shapley + A3389) the points are

projected onto the best fit line and shown as a displacement from the median value (y-

axis position is arbitrary). The one-dimensional chi-squared, degrees of freedom and q,

the probability that the distribution could be entirely attributed to the effect of correlated

errors, are displayed.
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has found that age and metallicity gradients are intrinsically anti-correlated, affecting the
colour gradient in opposite directions.

From a known stellar population and given models, the broadband colour can be
predicted. In this section, we compare B-R colour gradient predictions calculated from
VIMOS spectroscopic age and metallicity, to those observed in images. Optical imaging

is only available for the Shapley Supercluster galaxies.

4.6.1 Colour gradients from imaging

Imaging is from the ESO Wide Field Imager (WFI) courtesy of the Shapley Optical Survey
(Mercurio et al., 2006, SOS). The pixel size is 0.24 arcsec, and the average seeing was ~0.8
arcsec (FWHM) in the B-band and ~0.7 arcsec for R, corresponding well to the spatial
information from VIMOS (0.68 arcsec sampling and an average seeing of 0.85 arcsec).

For consistency, the B~R gradients were computed using a method as similar as pos-
sible to the calculation of VIMOS line strength gradients. B- and R-band magnitudes
were measured for the same elliptical annuli and circular central apertures (/3 and
re) described in Section 3.3.2. As an example, Figure 4.17 presents the gradient mea-
surement for the galaxy MGP2440. The upper panels show the B- and R-band imaging
overlaid by the adopted bin boundaries. Raw photometry in the Johnson (Vega) system
was converted to absolute magnitudes using individual galaxy redshifts, and corrected
for galactic extinction with the reddening maps of Schlegel, Finkbeiner, & Davis (1998).

The B-R colour in each bin is presented in the lower panel of Figure 4.17. The colour
gradient was computed using an unweighted linear fit to all bins within the effective
radius: VB-R = AB-R / Alog(r/re). This is identical to the fitting technique used for
the index gradients (Section 3.5.1). Appendix C presents the B-R photometry and colour
gradient fits for all of the Shapley galaxies.

4.6.2 Predicted colours from VIMOS spectroscopy

The evolutionary stellar population synthesis models of Maraston (2005) compute spec-
tral energy distributions for a wide range of ages and metallicities. These models are
the basis of the TMBK models, which themselves implement variable a-element abun-

dance ratios, so [a/Fe] is not an input parameter for the colour predictions. (We attempt

2Ap=4.315x E(B-V'), Ag=2.673x E(B-V)
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Figure 4.19: B-R predicted colour gradients using two different techniques (see text for

details). The predicted gradients are generally independent of the method used.

ents, we would expect the latter method to be more robust (see Section 3.5.2), relying on
fewer grid inversions. However, the former method has the advantage of more closely
following the technique used to measure the colour gradients from imaging.

The lower panel of Figure 4.17 displays the B—R colour gradient predictions for both
methods (in green), alongside the gradient measured from the imaging. Figure 4.19 com-
pares the B-R colour gradients predicted by each method. The two methods predict very
similar colour gradients in nearly all cases. As the results are generally method indepen-
dent, in the following sections we use the results from the first, as the technique is most

similar to that used for the imaging.

4.6.3 Comparing predicted colours to photometry

First, we compare the absolute B—R colours for individual VIMOS apertures and annuli
(left panel, Figure 4.20). The predicted colours generally agree well with the photometry,
with an overall rms dispersion of 0.068 mag. For reference, the innermost bins have
been distinguished from other annuli, as they are most likely to be affected by the PSF
(aperture diameter ~ PSF FWHM).? In several cases they are very similar to the circular
re/3 central apertures.

The best VIMOS predictions are for the . apertures (red points in Figure 4.20), which

*The innermost ‘annuli’ are the central ellipses adopted during the spatial binning described in Section

33.2.
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Figure 4.21: Comparison between the B-R colour gradients from imaging and VIMOS
stellar population parameters. Equality is shown. The arrow displays the mean VB-R =

-0.08 + 0.01 mag dex~! from Wu et al. (2005).

have high S/N and are not affected by seeing. The comparison has an rms dispersion
= 0.056 mag, which decreased to 0.039 mag if the single outlier (MGP2083: prediction
= observed - 0.16 mag) is excluded. This scatter is consistent with that found by Smith
et al. (2009a), who studied ~230 galaxies in Shapley using AA() spectroscopy and SOS
aperture colours. To account for the effect of c—abundance on the colour, that study
empirically derived the relation B-R = -0.14 x é[a/Fe]. Using this, our scatter for the
re apertures is reduced to 0.034 mag (right panel, Figure 4.20).

The three outlying points with very red predicted colours from VIMOS (B-R > 1.75)
are all from MGP2437 (r./3 aperture and the two innermost annuli). The red colour
prediction results from a large spectroscopic central age estimation of log(age/Gyr) =
1.412, which lies beyond the model grids. The extreme age is not observed in the larger 1
arcsec radius aperture, so the cause must be localised in the core. The anomaly appears
to be due to extremely weak H4F and HyF measurements, resulting from a combination
of poor S/N at the blue end of the spectrum and an unusually deep G4300 line (which
lies in the blue ‘continuum’ sideband of H+F).

Figure 4.21 compares the predicted colour gradients to those observed. The predic-

tions are reasonably consistent with the observations, with a reduced x? ~ 3.4 (rms scatter
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of 0.08 mag). The sample mean is well matched to the mean VB-R = -0.08 £+ 0.01 mag
dex™! from Wu et al. (2005). Accounting for V[a/Fe] in the colour gradient (using the
Smith et al. formula above) has only a marginal effect, as the mean correction is < 0.01

mag.

4.7. Towards a physical explanation

Drawing together our observed trends, we propose the following tentative explana-
tion. Galaxy mass dictates both the efficiency of gas in-fall during rapid dissipative col-
lapse (Pipino et al., 2008), and the delayed onset of galactic winds in the core compared
to outer regions (Matteucci, 1994; Kobayashi, 2004). The former process raises the cen-
tral metallicity, while the latter inhibits metal enrichment at larger radii. Together, they
ensure that the strength of the negative metallicity gradient correlates with central metal-
licity, and that both parameters generally increase with velocity dispersion. For low mass
galaxies (o < 140 km s™1) these are the prevailing processes, driving the relation for log o
< 2.15 (e.g. Carollo et al. 1993; Spolaor et al. 2009). Above this transition point, mergers
play a dominant role.

Gas-rich merging may prompt a central starburst, resulting in an increased central
metallicity and a more negative metallicity gradient (Kobayashi, 2004), reinforcing the
strong V[Z/H]—central [Z/H] relation. The starburst also creates a positive age gradient
(Mihos & Hernquist, 1994), which may be the origin of the Vlog(age)—central [Z/H] rela-
tion. However, the logarithmic age gradient from a central starburst is diluted over time,
introducing a dependency on the epoch of the last merger, and weakening the Vlog(age)
correlations. Late-epoch, gas-poor mergers tend to flatten metallicity gradients (White,
1980; Hopkins et al., 2009), with the extent of the dilution dependent on the properties of
the merger (di Matteo et al., 2009). This increased scatter in V[Z/H] weakens all of the

correlations further.

4.8. Conclusions

The internal gradients of early-type galaxies offer a valuable insight into their star
formation and chemical evolution. We have used the VIMOS integral field unit to deter-

mine the gradients in spectroscopic features for 25 galaxies in local clusters (Abell 3389
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and the Shapley Supercluster core). From these, we derived gradients within the effective
radius for age, total metallicity and a-element over-abundance. Our principal results are

summarised below.

o The average metallicity gradient is V[Z/H] = -0.13 £ 0.04. No galaxies have signif-

icant positive metallicity gradient.

e We find that the mean Vlog(age/Gyr) =-0.02 £ 0.06, but that 40 per cent of galaxies

have age gradients inconsistent with zero (> 2¢).
¢ The mean a-element enhancement gradient is V[« /Fe] = -0.05 + 0.02.

e Above a velocity dispersion of logo ~ 2.1, galaxies exhibit a large intrinsic scatter
in metallicity gradient, suggesting that mergers with widely varying characteristics

dominate their formation histories.

o Galaxies with metal rich cores have steep negative V[Z/H] and a preference for
Vlog(age) > 0. Galaxies with solar (or sub-solar) metallicity centres have V[Z/H]
~ 0 and Vlog(age) < 0.

o There is a strong anti-correlation between the gradient of age and metallicity, with
a slope of -0.69 + 0.19. While part of this observed trend can be attributes to the
correlation of measurement errors, we demonstrate that there is an underlying in-

trinsic relation.

e Optical colours and colour gradients derived from the VIMOS spectroscopic age
and metallicity are generally consistent with values obtained directly from imag-
ing. Comparison between the spectroscopically and photometrically derived B-R

gradients has a reduced x* ~ 3.4.

e We have briefly discussed a physical interpretation of these results in terms of the

gas-rich and gas-poor merging history of early-type galaxies.

A larger set of IFU observations, probing more of the galaxy parameter space (partic-
ularly towards lower mass), is required to explore the relationship between the gradients
further. Our results have successfully demonstrated the power of the integral field unit

in measuring stellar population gradients for local cluster (z < 0.05) early-type galaxies.



Chapter 5

Stellar populations in SO

bulges and discs

This chapter presents an analysis of new, deep Gemini GMOS long-slit ob-
servations of seven S0 galaxies in the Coma Cluster. To test the hypothesis
that S0s are transformed spirals, we analyse the kinematics and compare the
galaxies to the spiral Tully-Fisher relation. We investigate the radial profiles
of the absorption lines in both the bulge and disc. Finally, we explore the
connection between the stellar population of the two structural components,

focussing particularly on the age of the disc.

5.1. Introduction

The previous two chapters investigated internal gradients for early-type galaxies, a
classification including both elliptical and lenticular objects. Many other studies have
taken this approach (e.g. Mehlert et al., 2003; Sanchez-Bldzquez et al., 2007), as SO galaxies
observed to the half-light radius are typically dominated by the bulge, which is akin to
a low-luminosity elliptical galaxy (Thomas & Davies, 2006; Moorthy & Holtzman, 2006;
Morelli et al., 2008).

Although the stellar content of an SO galaxy is broadly similar to a quiescent elliptical
galaxy, the structure and kinematics are generally comparable to spiral galaxies (Bedre-
gal et al., 2006b). Turn off the star formation in a spiral galaxy, and within approximately
1 Gyr, an S0-like object is formed. With their spheroidal bulge and flat, mostly gas-free

disc, SOs have long been postulated to be a transitional stage between spiral and elliptical
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galaxies (Hubble, 1927; de Vaucouleurs, 1959). Possible mechanisms for this transforma-
tion include minor mergers, slow encounters, harassment, or some combination of these
(Dressler & Sandage 1983; Neistein et al. 1999). However, as SOs make up the plurality of
galaxies in rich local clusters (e.g. Dressler et al., 1987; Poggianti et al., 2009), many evolu-
tionary mechanisms have been proposed in which the star formation in a spiral has been
abruptly truncated by processes specifically related to cluster in-fall. Theories include
starvation (removal of hot gas reservoirs via interaction with the intracluster medium;
e.g. Larson et al. 1980; McCarthy et al. 2008), tidally-induced starbursts (Christlein &
Zabludoff, 2004) and ram-pressure stripping of cold gas (Abadi et al., 1999). However,
if SOs are the direct descendants of objects analogous to local spirals, then for a common
environment, the luminosity distribution of SOs would be systematically fainter than spi-
rals, and the bulge-to-disc ratios would be comparable. Instead, Burstein et al. (2005) and
Sandage (2005) both showed that the typical surface brightness of SOs is greater than spi-
rals, and Dressler (1980b) found that SOs have larger bulge-to-disc ratios. These studies
suggest that S0 galaxies form via minor mergers, harassment or tidally-induced central
starbursts, which would increase the stellar mass (Wilman et al., 2009). Recently, a pop-
ulation of obscured starburst galaxies were discovered in distant clusters, which may be
the progenitors of the young S0s observed in nearby clusters (Geach et al., 2009).

Poggianti et al. (2001) measured the stellar populations of 33 SO galaxies in the nearby
Coma cluster, and found that 40 per cent had undergone star formation during the last
~5 Gyr. Additionally, Dressler et al. (1997) found that the fraction of SOs in rich clusters at
z~0.5 is 2-3 times smaller than in their local analogues, with a corresponding increase in
the spiral fraction. This evidence implies that a large proportion of SOs were transformed
from spirals over the last 5 Gyr.

For spiral galaxies, the Tully-Fisher relation (TFR; Tully & Fisher, 1977) is a strong cor-
relation between luminosity (proportional to stellar mass) and the maximum rotational
velocity. Several studies have investigated this relation for local SOs (Neistein et al., 1999;
Bedregal et al., 2006a; Norris, 2008), and found that they have a systematic luminosity
offset compared to the spiral population (in the B-band: -1.7 & 0.4 mag compared to the
Tully & Pierce 2000 TFR). As truncation of star formation would fade the galaxy disc (by
failing to replenish the population with young, luminous stars), this was advocated as
evidence for disc fading, with the increased scatter in the relation interpreted as differ-

ing epochs of truncation. S0s may form a continuum with other red spirals, which are
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also offset from the Tully-Fisher relation (offset ~ 0.5 mag for high rotational velocity Sa
galaxies; Courteau et al., 2007; Pizagno et al., 2007). In contrast, the merger hypothesis
struggles to explain the TFR offset unless the progenitor population was significantly
different to the present day. However, the TFR for SOs is still controversial, with some
studies (e.g. Hinz, Rieke, & Caldwell, 2003; Williams, Bureau, & Cappellari, 2009) find-
ing no discernible luminosity offset from spirals, and a large scatter in the SOs TFR. These
support a variety of scenarios to form the heterogeneous set of SOs observed.

Identification of the dominant formation mechanism can be achieved through stel-
lar population analysis, as the resulting bulge and disc age and chemical abundance is
process-dependent. For example, if discs grow around passive bulges until their gas is
remove by stripping, then the resultant stellar discs will be younger than the bulges.
Alternatively, tidal interactions with other galaxies, or with the cluster potential, could
trigger gas flow from the disc to the galaxy centre and a consequent nuclear starburst. In
this case, S0s would harbour young bulges as well as younger discs. Other mechanisms
involve concurrent formation of the bulge and disc, resulting in similar observed ages.
The metallicity and a-element enhancement are similarly useful as discriminants.

From spectroscopic observations of 20 SO bulges, Fisher et al. (1996) concluded that
the nuclear regions of S0s are typically a few Gyr younger than the outer regions. Their
sample comprised SOs residing in the ‘field” and low density groups/clusters, where gas
stripping could not dominate. The estimates of Coma S0 ages derived by Poggianti et al.
(2001) were from only the central ~1.3 kpc, i.e. dominated by light from the bulge. Recent
star formation activity in the disc itself was not investigated. The Mehlert et al. (2003)
study of Coma early-types, including 13 S0s, used long-slit spectroscopy to derive central
stellar populations and gradients. While they confirmed the presence of some SOs with
young centres, they found negligible age gradients, implying that stellar populations at
different radii must have formed at a common epoch. However, Mehlert et al. observed
only four S0s to large enough radii to reach the disc dominated regime. In three cases
the observed age of the disc was younger than the bulge, while the remaining galaxy
displayed marginal evidence for an older disc.

In a more recent study, MacArthur et al. (2004) investigated the optical and near-
infrared colour gradients of 172 disc-dominated galaxies, including 12 SOs from Bell & de
Jong (2000). They found that while the optical (B-R) colours for the bulge and disc were

similar in each S0, the optical-near-IR colour (R-K) of the disc was significantly (0.2-0.3
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mag) bluer. In contrast, the discs of spiral galaxies in the sample were ~0.25 mag bluer
in both B-R and R-K. The R-K colour gradient in SOs was interpreted as a gradient
in both age and metallicity (although a significant reddening by dust could not be ruled
out). Finally, MacArthur et al. found that the age (and to a lesser extent metallicity) show
steeper gradients in the inner regions of SO galaxies compared to the disc.

Previous studies of the disc-dominated regions in rich cluster SO galaxies have thus
been limited in the radial extent of the observations. In this study, we analyse deep GMOS
long-slit spectroscopy of seven S0 galaxies in the Coma cluster. We probe out to several
disc scale lengths, to determine the stellar population profiles in both their bulge and disc
components. We start by summarising the sample and observations (Section 5.2). Section
5.3 describes the data reduction, decomposition of the structural components and kine-
matic measurements. In Section 5.4, we discuss the results in terms of the Tully-Fisher
relation and explore the stellar population profiles of each component in the context of

the formation scenarios described above. The conclusions are summarised in Section 5.5.

5.2. The data

5.2.1 GMOS Coma cluster sample

The sample consists of seven edge-on SO galaxies in the nearby Coma cluster (Abell 1656;
< Caemp > =~ 7200 km s7!), as listed in Table 5.1. Each galaxy is a confirmed cluster mem-
ber and was morphologically classified as lenticular (SO) by Dressler (1980a, D80). Two
of the targets (GMP1176 and GMP1853) were observed in the long-slit study of Mehlert
et al. (2000, 2003). The original GMOS sample consisted of 12 S0s, but was not completed
due to poor weather and scheduling constraints.

The galaxies were selected to cover a range in luminosity (m, = 13.0 - 15.5) and lie
on the red sequence, as shown in Figure 5.1. They are located at various cluster radii,
in order to probe the effect of local environment (see Figure 5.2). However, the sample
was not intended to be complete, or evenly cover a particular parameter, as the study was
conceived to assess the effectiveness of the analysis technique. Each galaxy was examined
in optical imaging, and visually classified as an ‘optimum’ edge-on S0 by confirming a
break in the smooth surface brightness profile. Six of the seven galaxies appeared to

have a prominent bulge and an extended disc with a g-band surface brightness i, > 22
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Table 5.1: The Coma cluster (Abell 1656) SO galaxy sample observed with GMOS. GMP
ID from Godwin, Metcalfe, & Peach (1983). Position (in decimal degrees), position angle
(PA) and r- and g-band photometry from SDSS. Heliocentric velocity (czpe km s™') and

observed maximum rotation velocity (Vs km s™!), as measured in Section 5.3.3.

GMPID NGC RA Dec PA ms g-r C2hel Vobs

# (J2000)  (J2000) (deg) mag mag (kms7!) (kms™!)
GMP1176 4931 195.7536 28.0325 77.7 13.06 0.74 5344 195.0
GMP1504 195.5897 28.2308 239.1 1434 0.76 5569 149.4
GMP1853 195.4459 28.0950 87.2 14.09 0.80 5808 191.8
GMP2219 195.3012 27.6045 312.3 1548 0.78 7581 1111
GMP2584 195.1482 28.1461 169.3 14.88 0.73 5449 123.1
GMP2815 4894 195.0688 27.9675 2123 1490 0.71 4635 103.7
GMP5160 194.2357 28.6234 994 1470 0.74 6581 136.5

mag arcsec™ 2 (see Section 5.3.2 for the final bulge/disc decomposition). An abundance of
ancillary data is available for each galaxy, including deep optical imaging from the CFHT
MegaCam and GALEX ultraviolet imaging.

5.2.2 GMOS observations

This investigation uses long-slit spectroscopy from the Gemini Multi-Object Spectro-
graph (GMOS; Hook et al., 2004) on the Gemini-North telescope, Mauna Kea (program:
GN-2009A-Q-52; PI: ] Lucey). GMOS was operated with the B1200 grating and a 2 arcsec
wide slit, resulting in a spectral resolution of 5.1 A FWHM. The full instrument configu-
ration is summarised in Table 5.2.

For a successful exploration of the disc-dominated region of these SO galaxies, we
needed to probe to a g-band surface brightness 1, ~23 mag arcsec™2. Derivation of re-
liable stellar population parameters requires a signal-to-noise ratio (5/N) > 30 A~'. To
achieve this, we devoted three hours of observing time to each target, with four expo-
sures of 2380 s (9520 s in total) on-source. For each observation, the slit was centred on
the SO bulge and orientated along the disc major axis.

The galaxies were observed during dark time in March and April 2009. The seeing

was < 1.0 arcsec (FWHM) for all observations, and better than 0.8 arcsec for all galax-
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(~17 pixels). Figure 5.3 presents an example raw GMOS frame, indicating the detector
features and the offsets in each axis.

We chose the slow readout and low gain modes, to minimise readout noise (~3.3
counts rms). Sky background is expected to be the largest noise contribution when inves-
tigating low surface-brightness features, so maximising the on-source exposure time was
crucial. Separate sky exposures were deemed unnecessary, as the spatial extremes of the

slit have no contamination from the target galaxy.

5.3. Data reduction

5.3.1 Initial reduction

The initial data reduction used the standard Gemini GMOS IRAF routines. Given bias
and flat field frames, an arc lamp exposure and GMOS_B1200 grating calibration file,
the routines successfully removed cosmic rays, normalised and mosaiced together data
from the three chips, and produced wavelength-calibrated science exposures. Each ex-
posure was rebinned to 1 A pixels and restricted to the wavelength range 4000 - 5500
A, to facilitate the final combination. The average sky background for each wavelength
slice was calculated from a linear fit to 400 spatial pixels at the extremes of the detector
array (see Figure 5.3). Flux calibration was achieved with reference to the response curve
calculated from observations of the spectroscopic standard star Hiltner 600. The final
combined frame was computed from the pixel-to-pixel mean, with outliers rejected by
3o clipping about the median.

Variance frames were calculated from the quadrature sum of the Poisson noise in the
raw detector counts and the read noise, and propagated through the same mosaic and
flux calibration routines. We have assumed that the noise associated with bias and flat

field frames is negligible.

GMOS scattered light

Visual inspection of the raw detector frames showed that the unexposed pixels in the
slit bridges and beyond the slit ends do not have zero counts. The cause of this phe-
nomenon is scattered light in the instrument, most likely due to the classically ruled

grating (see Norris et al., 2006), which is not accounted for in the standard reduction
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Table 5.3: Bulge and disc parameters for the GALFIT decomposition. The bulge was fit by
a Sérsic profile, limited to n < 6, and additionally parametrized by the effect radius 7 and
ellipticity, e. The disc was fit by an exponential profile, parametrized by the exponential
scale-length r.,, and ellipticity, e. The disc inclination angle 7 assumes an intrinsic axis

ratio of gg = 0.22 (de Vaucouleurs et al., 1991).

GMP ID Sérsic bulge Exponential disc Type
Te Sérsic e Texp e 9
(arcsec) n (arcsec) (deg)
GMP1176 133 6.0 057 34 090 ~90 (3)
GMP1504 14 44 021 3.9 0.71 79 (1)
GMP1853 22 30 036 6.8 081 ~90 (1)
GMP2219 73 32 060 43 089 ~90 (2)
GMP2584 23 46 011 5.7 08 ~90 (1)
GMP2815 08 15 016 44 0.67 75 1)
GMP5160 56 6.0 029 4.1 080 ~9 (2

Type (1) - ‘classic” S0: small bulge, disc dominating at large radii
Type (2) — extended bulge, disc dominating at large radii
Type (3) — bulge dominated at all radii
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The luminosity profile of each component was computed numerically by integrating
along a 2 arcsec major axis slit in the best fitting model image. Figure 5.6 shows the bulge,
disc and total luminosity profiles for each galaxy. Examining these best-fit two compo-
nent decompositions, the relative size of the bulges in this sample vary widely, and can
be separated into three distinct types. The ‘classic’ SO0s (GMP1504, GMP1853, GMP2584,
GMP2815) have bulges dominating the luminosity at small radii, and significant discs at
large radii, where rex, > 2 x 7, (see Table 5.3). The second class show extended bulges
withr, 2 7oy, (GMP2219, GMP5160), although the discs still dominate the surface bright-
ness profile at large radii. The final type, exemplified only by GMP1176, has a large bulge
and a small embedded disc (7 > rexp) which only contributes a small fraction of the light
at any given radii. Two of the most bulge-dominated galaxies (GMP1176 and GMP5160)
have bulge Sérsic indices = 6 (the imposed upper-limit). These galaxies may be better
fit by a three-component model including a large-scale spherical halo, although that is
beyond the scope of the current study. The selection criteria we employed to observe
optimum ‘classic’ S0s was successful in 6 out of 7 cases. Apart from GMP1176, the ob-
servation limit on the g-band surface brightness (~23 mag arcsec?) enables us to probe

into the disc dominated regime.

5.3.3 Spatial binning and kinematics

The required S/N in each spectrum (S/N > 30 A~! for absorption line analysis) was
acheived by binning the data along the slit, using a simple adaptive algorithm. The anal-
ysis requires spatial sampling of both the bulge and disc components, so the bin widths
are as small as possible, while still meeting the target S/N. In practice, the innermost bins
have many times the required S/N, whilst the outer bins only marginally surpass the tar-
get (the outermost bin in some galaxies may not always exceed the S/N; see Figure 5.7).
The bins were symmetrical about the galaxy centre, so each pair at an equal radii could
be summed together, decreasing the necessary bin width. Before combining the bins at
equal radii, both spectra were de-redshifted to account for the differential effect of the
rotational velocity.

Absorption line kinematic analysis does not require such a high S/N as the line
strengths, so we measured the mean velocity and velocity dispersion (V, &) of each bin
before combining the two sides (/N > 21 A~!). We used the PPXF algorithm for the

kinematic analysis, which is described in Section 3.3.3. The two central panels of Figure
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have used the prescription described in Neistein et al. (1999), implemented in numerous
S0 studies: Hinz, Rieke, & Caldwell (2003); Bedregal, Aragén-Salamanca, & Merrifield
(2006a); Norris (2008). For edge-on SO galaxies (those with disc inclinations « > 67 deg),
two steps are required to calculate the circular velocity at a given radius. First, we com-
pute the kinematics in the azimuthal (¢) direction by accounting for line-of-sight integra-
tion through the disc. For an exponential disc with a scale height hg = 0.2r.,, Neistein

et al. computed the corrections as

V::)bs("')
Vi (r _TobsiT) 5.2
o(r) f('r/"'exp) (:2)
01 = Gannlr)? = 5(Volr) = Vaga(r))? 53
where
fz) = exp(=2) —z (5.4)

—0.5772 — Inz + 2 — §22 /2! + {23/31 — .
(Vs,04) are the corrected azimuthal values, and (V,,s,00bs) are the observed values. For
inclinations i > 70 deg, the error due to assuming i = 90 deg is AlogV,, ~ 0.025. In all
but one of the Coma S0 galaxiés presented here (GMP1176; see Figure 5.8, lowest panel),
the observed velocity dispersion corresponding to the flat rotation curve region is less
than half of the GMOS instrument resolution (~ 136 km s™'), and we were unable to
determine 0.

The second stage corrects for ‘asymmetric drift’. Although the net velocity of stars is
zero in the vertical and radial directions, the average velocity in the azimuthal direction
is not equal to the local circular velocity. The greater the random velocity for individual
stars, the larger the lag between net motion and circular velocity. Neistein et al. (1999)

corrected for this effect using the formula

Vo(r)? = Vig(r)? + ag(r)? <2 Lo 1) (5.5)

Texp
The maximum circular velocity is calculated by taking the mean value of all V. data points
lying on the flat portion of the rotation curve (generally 1.5 < r/7exp < 2.5). For the ap-
proximations in the asymmetric drift correction to hold, all points also have to conform
to the constraint V3 /0; > 2.5. For the galaxies with no computed o4, we were unable to
correct for asymmetric drift and, when quoting V. for these galaxies (see Figure 5.9 and
the final column of Table 5.4), we have given V. However, as V. = V;; if oops — 0, this

should not lead to a significant under-estimation. To test this, we used the uncorrected
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Tobs to account for the asymmetric drift (which over-estimates the correction). The differ-
ence between this V; and V,, was < 10 per cent of the uncertainty on the values, so will

not have a significant effect on any conclusions.

5.4. Analysis and discussion

This study primarily investigates variation in the stellar populations of the S0 bulge
and disc. However, before embarking on that aspect of the spectral analysis, we explore
the Tully-Fisher relation for SO galaxies (Section 5.4.1). In Section 5.4.2, we investigate
the radial trends in the absorption line features, paying particular attention to the differ-
ence between the structural components. Section 5.4.3 extends this analysis by deriving
the radial profiles in the stellar population age, metallicity and a-abundance from the

absorption lines. Finally, in Section 5.4.4, we link the disc age to the Tully-Fisher relation.

5.4.1 The Tully-Fisher relation

The Tully-Fisher relation (TFR) relates the luminosity of spirals to their maximum circular
velocity. SOs are thought to be spirals in which the star formation has been quenched.
If this is the case, the ageing stellar population of the disc will result in a decrease in
luminosity. In contrast, the galaxy mass (and hence rotational velocity) should remain
constant, causing an offset between the spiral and SO TFRs.

We consider the TFR in the B-band. For the SO sample presented here, we have con-
verted SDSS g- and r-band photometry to the B-band using the formulae in Table 5.4. The
magnitudes are corrected for Galactic extinction using the reddening maps of Schlegel
et al. (1998), and we adopt the distance modulus to Coma of 35.05 + 0.15 mag (from
NED; corrected for the flow model including the Virgo cluster and Great Attractor). No
internal extinction correction was applied, as the amount of dust in SOs is thought to be
small. The maximum circular velocity was calculated in Section 5.3.3. Table 5.4 lists the
TFR parameters for our sample of Coma SOs.

Figure 5.10 presents the Tully-Fisher relation for these S0s. For reference, the spi-
ral galaxy TFRs from three independent studies (Tully & Pierce, 2000; Sakai et al., 2000;
Meyer et al., 2008) are indicated. We calculate the SO TFR offset by fixing the slope to each
spiral TFR in turn (slopes of -7.27, -7.97, -8.07 respectively). Assuming the difference is

entirely due to luminosity, the offsets from these spiral relations are -1.35 + 0.16, -1.11
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Table 5.4: Tully-Fisher relation parameters for the Coma S0 galaxies. B-band magnitudes
derived from SDSS 7- and g-band photometry. Ap extinction from NED, using the red-
dening maps of Schlegel et al. (1998). Mp is the extinction-corrected absolute magnitude.

Maximum circular velocity (V, km s~!) as calculated in Section 5.3.3.

GMP ID mp Agp Mg Vi
mag mag mag kms™!
GMP1176 1425+0.03 0.04 -20.75+0.15 265+ 20
GMP1504 1556 £0.02 0.04 -1944+015 203+ 7
GMP1853 1536 +£0.04 0.04 -19.72 £0.15 257 +£29
GMP2219 1672 +£0.02 0.03 -1835+0.15 152+£15
GMP2584 16.06 £0.02 0.05 -19.03 £0.15 166 +24
GCMP2815 16.05+0.01 004 -19.03+015 143 +17

GMP5160 15.89 +£0.03 0.05 -19.20+£0.15 187 +28
mp = m, + 1.31(g-r) + 0.22 (Jordi et al., 2006)

Ap=4.32x E(B-V) (Cardelli et al., 1989)

Mp =mp—-Ag - tiComa
HComa = 35.05 = 0.15 mag, adopted from NED (Virgo+GA)
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Table 5.5: Luminosity offset between the spiral and SO Tully-Fisher relations. Offset of

the TFR for each S0 sample (and combinations of samples), fixed to the slope of the spiral

TFRs by Tully & Pierce (2000), Sakai et al. (2000) and Meyer et al. (2008) in turn.

Sample Location  1igas SO TER offsets (mag)

Tully & Pierce  Sakaietal. Meyeretal.
This study Coma 7 -1.35+016 -1.11+£0.17 -1.56+0.18
Hinz et al. (2003) Coma 11 -1.66 £0.15 -147£0.15 -193=£0.17
Hinz et al. (2003) Virgo 8 -1.70£ 013 -143+£0.13 -188+0.14
Bedregal et al. (2006a) Fornax 7 -154+019 -1.22+0.18 -1.67 £0.19
Norris (2008) Local 18 -1.74 £ 0.14 -158+0.14 -2.05+0.14
Neistein et al. (1999) Local 18 -151+014 -1.34+0.17 -1.80+0.17
This study + Hinzetal. Coma 18 -154+£013 -133+013 -1.79+0.12
Combined sample - 69 -1.61£011 -139+011 -185+0.11

+ 0.17, -1.56 £ 0.18 mag respectively (see first row, Table 5.5). Recalling that six of the
seven S0s have V.. uncorrected for asymmetric drift (Section 5.3.3), it is worth noting that
this would lead to an underestimation, meaning that the offset may be slightly larger for
these galaxies. To increase the number of SO galaxies, we combine our sample with four
previous works: Neistein et al. (1999); Hinz, Rieke, & Caldwell (2003); Bedregal, Aragén-
Salamanca, & Merrifield (2006a); Norris (2008). Hinz et al. compiled the TER for 8 SOs
in the Virgo cluster and 11 in Coma; there is no overlap with galaxies in our study. For
the Hinz et al. S0s, we have computed the B-band luminosity from SDSS photometry, as
described above. Bedregal et al. observed seven SOs in Fornax, while both Neistein et al.
and Norris studied local SOs in a variety of environments, with heliocentric velocities <
2000 km s~' and < 4000 km s~! respectively.

Table 5.5 presents the TFR luminosity offset for each individual sample (and combi-
nations therein). There is a clear offset between the spiral and SO TFRs: —-1.61 + 0.11, -1.39
+ 0.11, -1.85 &+ 0.11 mag between the whole SO sample and Tully & Pierce, Sakai et al.,
Meyer et al. respectively. The maximum circular velocity relies on kinematic observations
beyond the turn-over of the galaxy rotation curve. Measuring V. from a radius inside the
turn-over, would lead to an underestimated velocity parameter. Although random error

on the magnitudes is small, instrument/ filter zero-points, bandpass conversion and the
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apparent-to-absolute magnitude calculation could introduce systematic offsets, with the
dominant source being the distance modulus. However, this uncertainty is ~0.15 mag,
which could account for no more than 10 per cent of the observed offset.

The Neistein et al. and Norris (2008) studies included galaxies from a variety of densi-
ties. Bedregal et al. observed the Fornax cluster which has a low galaxy density compared
to Virgo, which in turn has a lower central density than Coma. Combining the Coma clus-
ter galaxies from this study and Hinz et al. (2003), the offset is within the errors of the full
sample (final two rows, Table 5.5). None of the individual studies are significantly offset
from one another, with the differences comparable to the formal errors and to the varia-
tion between spiral TFRs. This suggests that the SO TFR offset is independent of global
environment.

We examine the offset for the Coma galaxies (from this study and Hinz et al. 2003) in
more detail. The upper panels of Figure 5.11 present the Coma cluster SO TFR and the
distribution of the galaxies within the Coma cluster core. The S0s are well distributed in
cluster radius, giving a range of local densities within Coma, although the higher density
south-west region (near NGC4839; see Figure 5.2) is unfortunately not sampled in either
studies.

The lower-left panel of Figure 5.11 explores the relation between the offset and the
projected cluster-centric radius of the galaxy. This plot has a prominent wedge shape:
the radii are lower limits on the three-dimensional physical radius, as observations only
account for distance in the sky plane, and not along the line-of-sight. The lower-right
panel re-plots this data with radius in log-space. There is a significant trend (5.6 o; rms
scatter of 0.71 mag), in which galaxies with larger offsets are preferentially found in the
cluster centre. Again, there is a scatter towards lower radii. GMP2815 is an obvious
outlier, with a very low offset for a galaxy with such a small projected radius. This galaxy
also has a low czpe (= 4634 km s™!), as shown by the right panel of Figure 5.12. This
galaxy may be behind the core, moving towards us along our line of sight, meaning
its true physical radius is much higher than the projected value. Excluding this point
improves the correlation, with a strong significance of 90 and an rms scatter of 0.57 mag.

The relation between radius and TFR offset could be explained by the truncation of
star-formation due to cluster in-fall. In this mechanism, the disc fade is related to the
time elapsed since the galaxy entered the density regime responsible for the quenching.

For a galaxy passing through the core for the first time, and depending on the timescale
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light the general gradients in the bulges (red) and discs (blue), as identified from the sur-
face brightness profiles (Section 5.3.2). As presented in Figure 5.8, the bulge in GMP1176
dominates at both small and large radii. The two components show distinct behaviour,
with the turning points in the index profiles coinciding with the structural boundaries.
The bulges tend to show little radial trend with age or a-abundance, whereas the discs
have a greater internal variation. Apart from GMP5160, where the Fe5335 line strength
increases in the outer regions, the metallicity gradients are generally negative in all com-
ponents. Additionally, this crude measure of stellar properties indicates that discs are
generally older than the bulges. We investigate the radial trends in stellar population

parameters further in the next section.

5.4.3 Stellar populations profiles in bulges and discs

For each radial bin, we derived the stellar population parameters (age, metallicity and «-
abundance) via a multi-index grid inversion technique. The method is described in detail
in Section 3.3.5, and in this study, we inverted the grids of eight Lick indices highlighted
in Figure 3.14 (HOF, H+F, Fe4383, Fe4531, H3, Mgb5177, Fe5270, Fe5335). Stellar popula-
tion errors were calculated by repeated Monte Carlo simulations of the index values.

In Figures 5.19 and 5.20, we present the radial trends in the stellar populations for
GMP1176 and GMP1504 respectively (c.f. index trends shown in Figures 5.15 and 5.16).
GMP1176 shows a regular gradient in all three stellar population parameters, out to the
largest observable radius (~25 arcsec). The age and [« /Fe] gradients are positive (becom-
ing older and more enhanced towards the outside), and the metallicity decreases with
radius, and is quite metal-poor at large radii. The generally smooth profile is indicative
of the dominant bulge component at all radii. At ~2-5 arcsec, all of the quantities appear
marginally flatter, corresponding to the radii at which the small disc component is most
significant. The extent of the profile, which is observed to approximately twice the effec-
tive radius (bulge . = 13.3 arcsec), suggest that gradients continue regularly beyond the
1. Observations of most studies (e.g. Mehlert et al. 2003, Chapter 4 of this Thesis). [Z/H]
does not tend to solar in the outer regions (see Section 4.4), but is increasingly metal
poor, as observed out to ~4 r¢ in two nearby elliptical galaxies (NGC3379 and NGC821)
by Weijmans et al. (2009).

GMP1504 shows very little radial trend in age and [a/Fe] (to the outermost bin). The

metallicity gradient is generally negative, although the ‘U’ shape at small radii, noted in
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5.4.4 Central and disc ages

In this section, we compute the single stellar populations of the galaxy centre and of
the disc. We compare the age of the two components, investigate the difference in their
optical and near-infrared colours, and then examine the disc age in terms of the TFR
offset calculated in Section 5.4.1.

The central stellar population was derived from the innermost bin (radius ~ 0.5 arc-
sec). Examining the surface brightness profiles of the bulge and disc components (Figure
5.6), these central values are bulge dominated for approximately two-thirds of the sam-
ple, whereas the others have a significant contribution from the disc component. Decom-
position of these components in the central stellar population has not been investigated
in this study. However, the average stellar population of the disc can be obtained, as each
galaxy (with the exception of GMP1176) is significantly disc dominated at large radii. We
extracted the disc spectrum between an inner radius r = rey,, which isolates this outer
component from the bulge, and the outer radius at which the g-band surface brightness
ttr = 23 mag arcsec ~2. GMP1176 is excluded from this analysis, as the disc is not domi-
nant at large radii.

Figure 5.26 compares the disc and central stellar populations. We combine the six
Coma galaxies from GMOS with seven Fornax S0s from Bedregal et al. (2006a) and 18
local field SOs from Norris (2008). Both of these studies extracted disc and central spectra,
deriving stellar populations in a similar manner to that described here. On average, the
discs are older by Alog(age/Gyr) = 0.12 £ 0.04 dex, although this is mostly due to galax-
ies in the Bedregal et al. sample (Alog(age/Gyr) = 0.34 £ 0.13 dex), as the difference is
not significant in either the Coma or Norris samples alone (Alog(age/Gyr) = 0.09 + 0.05
dex and 0.06 + 0.04 dex respectively). The discs are more metal poor compared to the
centre by A[{Z/H] = -0.29 £ 0.05 dex (marginal in our sample: 0.22 + 0.08, but signifi-
cant in both others), which may result from generally negative gradients as much as the
difference between bulge and disc populations. As the central value may incorporate a
contribution from the disc as well as the bulge, the intrinsic difference between the stellar
populations in the two components may be larger than shown here.

In a photometric study of disc dominated galaxies, MacArthur et al. (2004) investi-
gated the optical and near-infrared colour gradients of 12 S0s. They found that in B-R,
the bulge and disc were approximately the same colour, whereas in R-K, the disc was

0.2-0.3 mag bluer, and interpreted this as a gradient in both age and metallicity. Using
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the evolutionary stellar population synthesis models of Maraston (2005), and a method
similar to Section 4.6.2, we can predict the central and disc colours for the SO galaxies
shown in Figure 5.26. Figure 5.27 present the predicted B-R and R-K colours from the
disc versus the central regions. We predict a small offset in the B-R colour (-0.08 + 0.02
mag). This is not dissimilar to the ~0.03-0.05 mag offset found in the SO subsample of
MacArthur et al. (2004). Also in agreement with MacArthur et al., we find an offset of
-0.22 = 0.04 mag in R-K, such that the disc is bluer than the central regions. We have al-
ready shown that the age tends to increase with radius (a reddening effect), so this colour
offset is due to metallicity.

In the spiral-to-S0 transformation model, the disc age derived in this section should
provide, to first order, a reasonable approximation of the time since star formation was
quenched. The left panel of Figure 5.28 shows the offset from the spiral TFR (as in Fig-
ures 5.11 and 5.12) against the simple stellar population age of the disc component. We
once again combine this data with the seven S0s from Bedregal et al. (2006a) and 18 SOs
from Norris (2008). The agreement between these samples, from different global envi-
ronments, is encouraging since the age-to-fade relation is not explicitly dependent on the
quenching mechanism. The overall correlation is significant (4.6 7), although there is 0.56
mag scatter (~0.4 mag intrinsic scatter). The right panel of Figure 5.28 shows several
simple star formation scenarios for the SO progenitor, calculated from the stellar popu-
lation models of Bruzual & Charlot (2003). The scatter could be due to the different star
formation histories of the spiral population, as well as due to variation in the truncation

parameters (i.e. abrupt or slower decay).

5.5. Conclusions

We present an analysis of new, deep GMOS long-slit observations of seven S0 galax-
ies in the Coma cluster. Binning the data along the slit to achieve a signal-to-noise >
30 A, we measure radial profiles in kinematics and absorption line features, and derive
trends in the stellar population parameters (age, metallicity and a-abundance). We use
GALFIT to decompose the surface brightness distribution of each galaxy into a bulge and
disc, allowing comparison between structural components and the stellar properties. Our

principal results are summarised below.

¢ The sample strongly supports previous evidence that in the B-band, S0s are offset
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from the spiral galaxy Tully-Fisher relation. The offset corresponds to a decrease in
luminosity of ~1.5 mag, and is not dependent on global environment (i.e. cluster,

group, field).

e Combining this data with the Coma sample of Hinz et al. (2003), we demonstrate
that the TFR offset for cluster SOs is correlated with the projected local galaxy den-

sity (>100 significance).

¢ Generally, metal line indices have negative gradients, while the Balmer lines tend
to have flatter radial trends. Radial profiles in the inner regions are continued at

large radii (2-3 7).

e We qualitatively show that significant deviations from the general radial trends in

age and metallicity coincide with structural and kinematic boundaries.

e We show that S0 discs are older than central regions (Alog(age/Gyr) = 0.12 + 0.04
dex), and are also more metal poor (A[Z/H] = -0.28 £ 0.05 dex). This evidence

supports bulge growth in SO progenitors.

e Optical-infrared colours predicted from the spectroscopic age and metallicity indi-
cate that SO discs are on average bluer than the central regions (in agreement with

photometry from MacArthur et al. 2004). This is a metallicity effect.

e The age of the disc component is correlated with the TFR offset, confirming the
spiral disc fade hypothesis. The trend agrees well with simple models of abrupt

star formation truncation in a spiral disc.

These results suggest that the obvious dynamic structures within SO galaxies have
different stellar populations. The dominant formation process for SOs is the quenching of
star formation in spiral discs, although this must be coupled with an increase of stellar
mass in the bulge. Correlation with local density suggests that the responsible mecha-
nism depends on the cluster environment. However, the similarity of various trends (i.e.
TFR offset, central age versus disc age) for SO galaxies in different global environments,

indicates that cluster-specific mechanisms are not dominant.



Chapter 6

Conclusions

In this thesis we have investigated early-type galaxies in local clusters. Em-
ploying both optical-band spectroscopy and multi-wavelength imaging, we
have attempted to address questions pertaining to the evolution and chem-
ical composition of these galaxies: Do apparently quiescent red-sequence
galaxies harbour low-level recent or ongoing star formation? How can inter-
nal gradients constrain the merger and formation histories of cluster early-
type galaxies? Are SO galaxies formed directly from quenched spiral galax-

ies?

6.1. Summary of main results

6.1.1 Near-ultraviolet colours of optically red-sequence galaxies

We use new GALEX ultraviolet and 2MASS .J-band photometry to measure the near-
ultraviolet-infrared colours of quiescent red-sequence galaxies in local clusters. The
galaxies were selected using a strict emission criteria to avoid including galaxies with
very recent star formation. We found that the NUV-J colour-magnitude relation has
an intrinsic scatter of ~0.3 mag, which is similar to previously reported values (Yi et al.,
2005; Kaviraj et al., 2007b), but is an order of magnitude larger than the analogous opti-
cal red-sequence (~0.05 mag). As hot young stars dominate the UV flux for ~100 Myr
after a starburst, this scatter is interpreted as varying quantities of low-level recent star
formation. However, hot intermediate-age stars, old metal-poor blue horizontal branch

stars and low-mass, helium burning stars (UV upturn) could also contribute significantly
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to the NUV.

To distinguish between these sources, we compare the NUV-IR colours to spectro-
scopic stellar population parameters. We find a strong correlation between the colour
and metallicity (5.5 0 significance) with an intrinsic scatter of 0.29 mag, and only a weak
trend with age, once the metallicity effect has been removed. There is a large intrinsic
scatter (~0.25 mag) in the NUV-J colour at fixed age and metallicity which cannot be
easily accounted for with simple stellar populations. The unexpectedly blue colours of at
least some galaxies, including an influential outlier, cannot be attributed to large radius
contamination from other sources, and the UV upturn is not a significant contributor in
this sample.

We conclude that the large NUV-.J intrinsic scatter could be attributed to galaxy
‘frosting’ by a small (< 5 per cent) subpopulation of young stars or a low metallicity

blue horizontal branch.

6.1.2 Stellar population gradient in early-type cluster galaxies

The observable properties of early-type galaxies are known to vary systematically with
radius, so the internal gradients offer a valuable insight into their star formation histories
and chemical evolution. We present a thorough study into the internal stellar population
gradients of 25 galaxies in two local cluster environments: Abell 3389 and the Shapley
Supercluster core. Exploiting the excellent wavelength coverage and spatial information
of the VLT VIMOS integral field unit, we measure radial trends in the absorption line
indices. From these indices, we derive gradients in age, metallicity and a-element abun-
dance.

We find an average metallicity gradient of -0.13 £ 0.04, and no galaxy was observed
to have a significant positive metallicity gradient. Mean negative gradients in age and
«-element abundance were insignificant or marginal (-0.02 £+ 0.06 and -0.10 + 0.04 re-
spectively). However, 40 per cent of galaxies do have an age gradient that is not consis-
tent with zero (> 20). Above a velocity dispersion of o ~ 140 km s, galaxies exhibit
an increased intrinsic scatter in metallicity gradient, suggesting that mergers with widely
varying characteristics dominate their formation histories. Below this transition point,
the prevailing formation mechanism is rapid dissipative collapse, which may establish
the tight relation between velocity dispersion and metallicity gradient (Kobayashi, 2004;
Spolaor et al., 2009).
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The stellar population gradients are primarily related to the central metallicity: early-
type galaxies with super-solar centres have steep negative metallicity gradients and a
preference for positive age gradients; those with solar metallicity centres have negligi-
ble [Z/H] gradients and negative age gradients. Gas-rich merging may prompt a central
starburst, resulting in an increased central metallicity and a more negative metallicity gra-
dient, reinforcing the V[Z/H]—central [Z/H] relation. A starburst also creates a positive
age gradient, which may be the origin of the Vlog(age)—central [Z/H] relation. How-
ever, these relations could be diluted by late-epoch, gas-poor mergers and (in the case of
logarithmic age gradients) the passage of time, producing the marginal trends observed.

B-R colours predicted from the spectroscopic age and metallicity are generally con-
sistent with those measured directly from imaging. Comparison between the spectro-
scopically and photometrically derived B-R gradients has a reduced x* ~ 3.4 and an
rms scatter of 0.08 mag. There is a strong observed anti-correlation between the gradi-
ents in age and metallicity, with a slope of -0.69 + 0.19. While part of this observed trend
is attributed to correlated measurement errors, we demonstrate that there is an underly-

ing intrinsic relation.

6.1.3 The formation of S0 galaxies

Using new, deep GMOS long-slit observations, we examine seven lenticular galaxies in
the Coma cluster core. Each selected target is an edge-on SO, with six having prominent
bulge and disc components. The observations enabled g-band surface brightnesses as
faint as ~ 23 mag arcsec™? to be probed, i.e. well into the disc-dominated regime. The
sample strongly supports previous evidence (e.g. Neistein et al., 1999; Bedregal et al.,
2006a) that SOs are offset from the spiral galaxy Tully-Fisher relation, corresponding to
a decrease in luminosity of ~1.5 mag (in the B-band). Combining our data with addi-
tional Coma cluster galaxies (from Hinz et al., 2003), we demonstrate that the TFR offset
is strongly correlated with local density. However, comparing the mean TFR offset to
previous studies of SOs in poorer clusters and local groups, we find no correlation with
global environment.

For this GMOS S0 sample, the metal line indices predominantly have negative gra-
dients, while the Balmer lines tend to have flatter radial trends. The radial profiles are
generally regular and the gradient of the inner regions (< r.) is continued to 2-3 r,, con-

firming recent large radii studies (Proctor et al., 2009; Weijmans et al., 2009). Significant
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deviations from the general radial trends in age and metallicity appear to coincide with
structural and kinematic boundaries, such as the bulge—disc transition region.

Lenticular galaxy discs are older (Alog(age/Gyr) = 0.12 + 0.04 dex) and more metal
poor (A[Z/H] = -0.28 £ 0.05 dex) than the central regions. This result advocates the
theory of bulge growth during spiral-to-S0 transition, thereby supporting the observation
that typical SO bulge-to-disc ratios are large than in spirals (e.g. Dressler, 1980b). Imaging
studies have observed bluer optical-IR colours in the disc than the centre (MacArthur
et al., 2004), which we demonstrate must be a metallicity effect. Finally, we find that the
disc component age is correlated with the TFR offset, and agrees well with simple models
of abrupt star formation truncation in a spiral disc.

The dominant formation process for SOs is the quenching of star formation in spiral
discs, although this is accompanied by an increase of stellar mass in the bulge. For cluster
lenticulars, correlation between disc-fade and the local density suggests that the respon-
sible truncation mechanism is related to cluster in-fall (intracluster medium interaction,
ram-pressure stripping or tidally-induced starbursts). However, the similarity of vari-
ous trends in different global environments (i.e. TFR offset, central age versus disc age),

indicates that non-cluster-specific processes (minor mergers, harassment) may dominate.

6.2. Future work

Multi-wavelength imaging and aperture spectroscopy of galaxies in the Shapley Su-
percluster core is on-going. To expand the current spectroscopic coverage (~250 galax-
ies; Smith et al., 2007), we observed an additional ~100 confirmed cluster members using
AAS The extended study probes to larger cluster radii, enabling us to explore the ef-
fect of local density within the supercluster environment. The GALEX near-ultraviolet
imaging presented in this thesis has also been augmented. The new observations cover
an area coincident with the latest AA(} fields, and include the far-ultraviolet band, which
is important as it can help break the age-metallicity degeneracy by isolating the effect of
the UV upturn phenomenon (old UV sources). Together, the larger spectroscopic sample
and UV coverage in both NUV and FUV will allow further constraints on the young and
metal poor populations of cluster galaxies.

The Coma cluster has also been subject to many wide-field observational campaigns

in recent years (e.g. Eisenhardt et al., 2007; Carter et al., 2008). This thesis has made
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use of CFHT Megacam optical imaging, but extensive infrared and spectroscopic data is
also available. Until recently, one deficiency was modern UV observations of the cluster
core, due to a total flux constraint on GALEX (the eighth magnitude foreground star
HD112887 lies near to the field centre). However, with a relaxation of these safety limits,
deep UV imaging in both NUV and FUV has been undertaken. Together with faint red
galaxy spectroscopy from MMT Hectospec (Smith et al., 2009b), the early-type study can
be extended to probe low mass galaxies in the densest low-redshift environment. Deep
GALEX observations of the outer regions of Coma will facilitate investigation into the
influence of the rich cluster environment on UV properties of this supposedly quiescent
galaxy population.

Our results have successfully demonstrated the power of using an integral field unit
for gradient analysis. The major limitation of the work in this thesis is sample size. For
spatially resolved spectroscopy, the signal-to-noise requirement of precise stellar popu-
lation analysis leads to long exposure times for each source. Further exploration of the
relationship between stellar population gradients and central properties requires a larger
sample of IFU observations, particularly probing lower galaxy mass.

At the confluence of these projects, it would be worthwhile to supplement the GALEX
photometry with spatially resolved UV spectroscopy. The latest generation of spectro-
graphs, such as the Ultraviolet and Visual Echelle Spectrograph (UVES) and X-Shooter
(which can provide simultaneous UV /optical /NIR coverage at intermediate resolution),
enables us to explore the internal structure of the young and metal poor components in
the galaxies. In particular, these observations, together with targeted, high-resolution UV
imaging from HST WFC3-UVIS, can help differentiate between young, nuclear compo-
nents and more extended metal-poor stellar populations, addressing the age-metallicity
degeneracy.

Finally, the SO study presented here has given a fresh insight into the formation of
lenticular galaxies. The current sample is again too small, with a better sampling of lu-
minosity and local environment desirable. Parallel to expanding the Coma SO sample,
it would be interesting to study the current population of spiral galaxies in the outer re-
gions of the cluster. Visual inspection of UV and optical imaging has identified several
(~10) of these objects with ongoing gaseous stripping, which indicates that they may be

in the early stages of transformation to lenticular galaxies.
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Appendix A

VIMOS central parameters

Tables A.1 and A.2 present the central stellar population parameters derived from VI-

MOS. All central values are from an r./3 circular aperture, as described in Chapter 3.
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Table A.1: Central velocity dispersion and stellar populations for the 12 galaxies in the

A3389 sample.

ID

logo

log(age/Gyr)

(Z/H]

[c/Fe]

D40
D41
D42
D43
D44
D48
D49
D52
D53
D60
D61
D89

2.273 £ 0.012
2.315 + 0.005
2.455 £ 0.005
2.194 £ 0.009
2.406 + 0.009
2.216 £ 0.009
2.306 £ 0.011
2.446 + 0.005
2.077 £0.012
2.317 £ 0.003
2.168 + (0.011
2.416 £ 0.006

1.006 £ 0.038
1.018 £ 0.021
1.008 £ 0.019
1.044 £ 0.037
0.928 + 0.047
1.077 + 0.030
1.331 £ 0.042
1.310 £ 0.019
0.642 + 0.072
0.805 + 0.030
0.652 + 0.064
1.033 £ 0.022

0.230 £ 0.042
0.347 £ 0.018
0.339 £+ 0.017
0.233 £ 0.037
0.380 £ 0.025
0.241 £ 0.030
0.101 £ 0.035
0.128 £ 0.016
0.354 £ 0.048
0.308 + 0.015
0.340 £ 0.045
0.304 £ 0.020

0.369 + 0.039
0.137 £ 0.013
0.324 £+ 0.012
0.073 £ 0.030
0.239 £ 0.024
0.083 + 0.025
0.391 + 0.026
0.292 £ 0.012
0.182 + 0.042
0.159 + 0.013
0.076 + 0.037
0.217 £ 0.015
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Table A.2: Central velocity dispersion and derived stellar populations for the 19 galaxies

in the Shapley sample.

ID log o log(age/Gyr) [Z/H] [a/Fe]

MGP0129 2.015+0.026 0.867 - 0.115 -0.024 £ 0.061  0.090 + 0.089
MGP1189 2461 +£0.007 0.945+0.039 0.249 £0.030  0.240 + 0.028
MGP1195 2.063 £ 0.012 0.869 £ 0.068 0.204 +=0.042  0.144 + 0.038
MGP1211 1949+ 0.050 1.013 £0.079 0.007 £0.101 -0.016 + 0.129
MGP1230 1.759 £0.029 0.734 £0.076 -0.171 £0.052 0.133 £ 0.076
MGP1440 2273 £0.013 1.213 £0.049 -0.012 +£0.038 0.334 £ 0.037
MGP1490 1.885+0.028 0.639+£0.082 0.119 +£0.082  0.186 + 0.078
MGP1600 2473 £0.007 1.148+0.026 0.274 +£0.022 0.362 + 0.018
MGP1626 2414 £0.012 0491 £0.111  0.660 + 0.130  0.260 + 0.042
MGP1835 2.306 + 0.009 0.874 £0.048 0475 +0.028 0.177 £ 0.020
MGP1988 2245 +0.014 0.778 £0.054 0.299 £0.036  0.303 + 0.036
MGP2083 2.387 £ 0.006 1.014 +£0.027 0.160 +£0.028 0.222 + 0.021
MGP2146 2.084 £0.015 0.836 £0.080 0.109 £0.044  0.225 + 0.045
MGP2399 1.906 +£0.042 0.662 +0.098 0.073 £0.106  0.051 &+ 0.088
MGP2437 2271 +0.014 1412+0.053 0.100 £0.043 0.382 + 0.035
MGP2440 2356 +0.007 1.043 £0.019 0.096 £0.022  0.206 &+ 0.020
MGP3971 2261 £0.022 1.144 £0.051 0.117 £0.051  0.349 £+ 0.044
MGP3976 2402 +£0.009 1118 £0.031 0.194+0.030 0.358 £ 0.025
MGP4358 1.832 +£0.070 0.659 +0.153  0.237 £ 0.148 -0.188 £ 0.120




Appendix B

VIMOS radial bins and gradients

Figures B.1 — B.31 in this appendix presents the adopted radial bins, absorption line mea-
surements and stellar population gradients for each galaxy observed with VIMOS (as
described in Chapter 3).

The broadband, wavelength-collapsed image of the galaxy from VIMOS, displayed
in the top-left, is overlaid by the bin boundaries (green; see Section 3.3.2) and the ellip-
tical effective radius (r.; red) for reference. Immediately below this panel, a histogram
presents the S/N A~ (averaged over the region 4700 — 5000 A) within each annulus out
to 10 arcsec; again . is indicated in red.

The upper set of panels in the right column display the measured line strengths for
each index in the relevant ‘master’ set. For galaxies in Abell 3389 (Dnn), these indices
are HvF, Hj3, Fe4383, Fe4531, Fe4668, Fe5270, Fe5335, Mgb5177. For Shapley Superclus-
ter galaxies (MGPnnnn), the indices are HoF, HyF, H{3, Fe4383, Fe4531, Fe4668, Fe5015,
Fe5406, Mgb5177. (See Section 3.4.3 for further details). Black points show the measure-
ments, while the black line is the unweighted fit to points within r., with the gradient
recorded in red text at the top of each panel. The red points show the estimated index
values at 0.1 x 7, and ¢, connected by a red line (see Section 3.5.2). Galaxies with only
two bins within the effective radius have not been fit for gradients. Grey dotted lines
show the bin boundaries, while the orange and blue dashed lines indicate r. and the
approximate PSF radius (= PSFrwhnm /2.355) respectively.

The three lowest panels on the right-hand side present the stellar population gradi-
ents. The red points show the derived stellar population for the inner and outer points,
and the resulting gradient is recorded at the top of each panel (in red). For comparison,

the black points show the alternate method - stellar populations derived for each radial
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bin, and the black line is an unweighted linear fit within r,. This gradient is also shown
at the top of each panel (in black). Vertical lines have the same meaning as above.

Tables B.1 and B.2 list the index gradient values for all galaxies. Finally, Tables B.3
and B.4 display the stellar population gradients.
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Table B.1: Absorption line gradients for the Abell 3389 galaxies.

ID

H~F
Fe4668

Hs
Fe5270

Fe4383
Fe5335

Fe4531
Mgb5177

D40

+1.436 £+ 0.341
—4.336 = 1.010

+0.018 £+ 0.415
—0.614 £ 0.546

-1.370 £ 0.745
-0.746 + 0.667

+0.033 £ 0.639
+0.023 £ 0.434

D41

-1.727 £ 0.198
-1.120 £ 0.525

+0.480 £ 0.222
+0.373 £ 0.290

-1.038 £ 0.377
-0.704 + 0.369

-1.022 £ 0.335
+0.370 £ 0.233

D42

+0.659 £ 0.206
-1.357 + 0.623

-0.428 £+ 0.270
-0.208 £ 0.358

+0.805 £ 0.454
—0.167 £ 0.473

+0.422 + 0.398
+0.049 £ 0.281

D43

—0.422 + 0.264
—0.334 + 0.733

-0.899 £ 0.308
-0.394 + 0.375

-1.048 + 0.501
+0.323 £ 0.443

+0.448 + 0.459
-0.382 £+ 0.315

D44

-1.840 + 0.280
+0.752 £ 0.773

+0.094 £ 0.334
-0.527 £ 0.418

+1.965 £ 0.525
+0.003 £ 0.535

-0.939 £ 0.484
—-0.835 £ 0.341

D48

-0.078 £ 0.277
+0.781 + 0.779

+0.333 £ 0.316
+0.691 £ 0.396

+1.897 + 0.517
—0.688 + 0.466

+0.522 + 0.471
-0.648 +0.333

D49

+0.531 £ 0.264
-1.950 + 0.740

-0.274 £ 0.312
+0.624 + 0.404

+1.818 £ 0.523
-1.281 + 0.492

+2.730 £ 0.466
-0.397 £ 0.325

D52

+0.089 £ 0.204
-1.452 + 0.549

+0.862 + 0.234
-0.553 £ 0.316

+1.452 £ 0.397
-0.304 + 0.435

+0.323 £ 0.351
—-0.388 + 0.250

D53

—-0.235 4+ 0.308
+0.539 £ 0.884

+1.046 + 0.367
+0.121 + 0.448

+2.813 £ 0.593
+0.701 £ 0.516

+1.591 £ 0.553
+0.707 £ 0.376

D60

+0.799 + 0.151
-2.725 £ 0.444

+0.173 £ 0.186
—0.843 £+ 0.237

+0.409 £ 0.314
—0.537 £+ 0.296

-0.421 £+ 0.280
-1.060 + 0.195

D61

-0.399 + 0.278
—0.191 £ 0.854

+1.141 £ 0.353
-1.019 £ 0.435

+1.127 + 0.569
-0.231 £ 0.507

+0.964 £ 0.530
-0.935 + 0.360

D89

-0.123 £ 0.222
—4.832 + 0.683

-0.488 =+ 0.290
-1.585 + 0.363

+4.125 £+ 0.438
—0.380 &+ 0.440

-0.635 £ 0.420
-1.507 £ 0.297
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Table B.2: Absorption line gradients for the Shapley Supercluster galaxies.

ID

HJF
Fe4383
Fe5015

H~F
Fe4531
Fe5406

Hy
Fed668
Mgb5177

MGP1189

-0.191 £ 0.264
-0.070 £ 0.585
-0.662 £ 0.835

+0.087 £+ 0.281
-0.465 £ 0.517
-0.222 £+ 0.427

+0.379 £ 0.345
-0.872 £ 0.816
-0.314 £ 0.369

MGP1195

+0.144 £+ 0.299
—0.551 £ 0.626
-1.341 £ 0.816

+0.316 £ 0.309
+0.212 4 0.558
-0.011 £ 0.393

+0.870 £+ 0.379
-2.812 + 0.935
-0.563 + 0.388

MGP1230

+0.583 £ 0.313
+0.170 £ 0.692
+0.408 + 0.866

+0.683 + 0.312
-0.507 £ 0.616
+0.169 + 0.424

+0.217 + 0.405
+0.893 £ 1.030
-1.136 £ 0.441

MGP1440

+1.223 £ 0.310
-0.401 £ 0.679
-1.152 + 0.912

+0.256 £ 0.334
—0.617 &£ 0.600
-0.168 + 0.447

+0.843 + 0.400
-1.203 £ 0.983
-1.442 + 0.417

MGP1490

+0.251 £ 0.555
+1.406 £+ 1.126
—0.262 + 1.458

+0.012 = 0.558
+0.976 + 1.018
-0.181 £ 0.710

+1.174 + 0.672
-1.126 £ 1.704
-0.504 £ 0.725

MGP1600

+0.490 £ 0.217
-0.760 £ 0.490
-1.649 + 0.711

-0.190 £+ 0.238
—0.105 £+ 0.430
—0.596 + 0.372

+0.747 + 0.286
-1.262 £ 0.666
—-0.189 £ 0.302

MGP1626

+0.159 + 0.245
—0.649 + 0.533
-1.725 £ 0.748

-0.494 £+ 0.261
—0.536 + 0.473
+0.126 £ 0.377

-0.669 + 0.317
-2.849 + 0.747
-1.007 £ 0.329
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Table B.2 continued...

1D

HéF
Fe4383
Fe5015

H~F
Fe4531
Fe5406

Hj3
Fed668
Mgb5177

MGP1835

+1.082 + 0.261
—0.471 £+ 0.547
-1.063 £ 0.753

-0.019 £+ 0.281
+1.064 + 0.490
—0.595 £ 0.375

+0.339 £+ 0.329
-1.918 £ 0.779
—-0.558 + 0.344

MGP1988

-0.087 £ 0.333
+0.471 £ 0.710
+0.271 + 0.950

+0.320 £ 0.351
+0.296 £ 0.636
-0.280 + 0.460

-0.523 £ 0.432
-2.070 £ 1.025
-0.132 + 0.440

MGP2083

+0.177 £ 0.249
+0.122 + 0.552
—-0.579 £+ 0.798

+1.051 £ 0.263
—0.357 £ 0.483
-0.167 = 0.410

+0.251 £ 0.326
-1.626 £+ 0.762
-0.128 + 0.345

MGP2437

+1.396 + 0.291
+0.246 + 0.605
+1.099 = 0.815

+0.780 £ 0.306
—0.365 £ 0.537
—0.728 + 0.405

+0.291 £ 0.362
+0.253 £ 0.856
—-0.835 £+ 0.360

MGP2440

+0.364 = 0.228
+0.268 + 0.502
+0.205 + 0.716

+0.404 £ 0.243
-0.285 + 0.444
—-0.221 £+ 0.359

+0.580 £ 0.297
-0.700 £ 0.704
-0.267 + 0.314

MGP3971

—0.283 £ 0.316
-0.445 £ 0.652
—0.882 £ 0.897

-1.023 £ 0.331
-0.573 +£ 0.589
-0.198 + 0.440

+0.725 £+ 0.394
-1.159 + 0.928
-0.472 + 0.401

MGP3976

+0.365 = 0.257
—0.016 £ 0.560
-0.415 £ 0.799

+0.027 £ 0.274
—0.336 £+ 0.497
-0.389 + 0.407

—0.097 £ 0.331
+1.647 £ 0.781
—0.530 + 0.345
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Table B.3: Velocity dispersion and stellar population gradients for 11 galaxies in the

A3389 sample (D53 is excluded).

1D Vlog o Vlog(age/Gyr) VI[Z/H] V]a/Fe]

D40 0.075+0.085 -0.106 £0.184 -0.329 £0.115 0.258 +£0.128
D41  0.037 £ 0.035 0.666 + 0.062 —0.407 £0.045 0.113 +0.034
D42 -0.076 £0.008 -0.138 £0.103 -0.006 £ 0.056 -0.058 + 0.041
D43 -0.072 £ 0.023 0.297 £ 0.181 -0.266 +0.131  0.012 £+ 0.098
D44 -0.097 £ 0.018 0.467 £ 0.136 -0.224 +£0.105 -0.254 +0.083
D48 -0.090 +£0.049 -0.164 +£0.105 0.156 £0.094 -0.262 +0.076
D49 -0.036 £ 0.006 —0.047 +£0.188 -0.053 £0.135 -0.252 +£0.121
D52  0.002+£0.012 -0.159 + 0.048 -0.011 +£0.043 -0.195 + 0.028
D60 -0.069 +£0.011 -0.168 £0.066 -0.298 +£0.053 -0.177 +0.047
D61 —0.046 +0.064 -0.026 £0.184 -0.054 £0.144 -0.238 +0.112
D89 -0.268 + 0.042 0.139 £ 0.070 -0.410 +0.064 -0.685 + 0.045
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Table B.4: Velocity dispersion and stellar population gradients for 14 galaxies in the Shap-
ley sample (MGP0129, MGP1211, MGP2146, MGP2399, MGP4258 are excluded).

ID Vlog o Vlog(age/Gyr) VI[Z/H] V]a/Fe]

MGP1189 -0.137 + 0.040 0.018 £0.119 -0.133 + 0.084 -0.067 £ 0.102
MGP1195 -0.094 + 0.057 0.013 +£0.201 -0.294 + 0.141 -0.066 £ 0.123
MGP1230 -0.073 £0.130 -0.413+0.195 0.066 £ 0.185 -0.310 £ 0.167
MGP1440 -0.152 £0.058 -0.259 £0.221 -0.136 £0.144 -0.038 +0.148
MGP1490 -0.038 £0.031 -0.195+0.250  0.050 + 0.201 -0.245 + 0.244
MGP1600 -0.071 £ 0.028 0.022+£0.114 -0.166 £0.095 0.102 £ 0.075
MGP1626 -0.145 £ 0.046 0.484 +£0.120 -0.508 +0.126 -0.042 £ 0.074
MGP1835 -0.088 +0.026  -0.029 +£0.089 -0.172 £0.054  0.055 + 0.052
MGP1988 -0.179 £ 0.039 0.031 £0.209 -0.148 &+ 0.128 -0.090 + 0.090
MGP2083 -0.046 +0.029 -0.251 +0.088 -0.093 +0.085 -0.045 + 0.064
MGP2437 -0.232+0.112 0523 +0.153 0.201 £0.110 -0.014 + 0.120
MGP2440 -0.036 +£0.011 -0.265+0.085 0.025 £0.083 -0.058 + 0.064
MGP3971 -0.088 + 0.010 0.306 £0.201 -0.310+0.137 -0.034 £0.121
MGP3976 -0.198 +£0.038 -0.211+£0.174 0.147 £0.138 -0.014 £ 0.113




Appendix C

Shapley Supercluster B—R colour

gradients

This appendix presents the measured colour gradients described in Section 4.6, for the 14
Shapley galaxies with derived index gradients. Colours are predicted from VIMOS spec-
troscopic age and metallicity via the evolutionary stellar population models of Maraston
(2005).

The layout of Figures C.1 — C.14 is as follows. Upper panels: display the B- (left)
and R-band (right) imaging overlaid by the adopted bin boundaries (thin cyan/orange
ellipses) and . (thicker blue/red ellipse). Central panel: the B- and R-band photometry
from each radial bin (B = blue/cyan; R = red/orange). Open points are not included
in the best fits. Lower panel: circles and solid line show the B-R gradient as measured
from the imaging. The gradient is given to the top-right of the panel. Green stars/dashed
line show the gradient predicted from VIMOS when converting the age and metallicity
in each bin to a colour, and then fitting to all bins with r.. The green squares/dotted line
show the predicted gradient derived from VIMOS using the inner/outer points. Gener-
ally, these two methods give near-identical results (given in the top-right of the panel).
Grey vertical dashed line indicate are the adopted bin boundaries and the orange dashed
line is at r.

Table C.1 lists two sets of B-R central colours (/3 aperture) and colour gradients.
‘Photometric” are measured from SOS imaging as described in Section 4.6.1. 'VIMOS pre-
dicted’ are from the first method described in Section 4.6.2, whereby a colour is predicted
from the age and metallicity of each radial bin, and the gradient is calculated from a linear

fit to all points within re.
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Table C.1: Central B-R colour (r./3 aperture) and colour gradient for each galaxy in the

Shapley sample (in Vega magnitudes and corrected for galactic extinction).

ID Photometric VIMOS predicted
central B-R VB-R central B-R VB-R

MGP0129 1.62 - 1.51 -
MGP1189 1.63 -0.15 £ 0.04 1.62 —-0.04 + 0.04
MGP1195 1.57 —-0.08 £ 0.02 1.59 -0.10 £ 0.01
MGP1211 1.61 - 1.56 -
MGP1230 1.55 -0.05 +0.03 1.43 -0.05 £0.03
MGP1440 1.64 -0.19 £ 0.03 1.65 -0.18 £ 0.02
MGP1490 1.54 -0.14 £ 0.01 1.50 -0.04 £ 0.04
MGP1600 1.69 -0.05 £ 0.02 1.72 -0.04 £ 0.01
MGP1626 1.70 -0.11 £ 0.02 1.64 -0.02 £ 0.03
MGP1835 1.65 —-0.05 £ 0.03 1.68 -0.06 £ 0.02
MGP1988 1.71 -0.14 £ 0.01 1.61 -0.05 + 0.03
MGP2083 1.75 -0.20 £ 0.02 1.62 -0.12 + 0.01
MGP2146 1.52 - 1.55 -
MGP2399 1.52 - 1.49 -
MGP2437 1.55 -0.07 £ 0.01 1.79 -0.19 £ 0.07
MGP2440 1.58 -0.07 £ 0.02 1.61 -0.07 £ 0.01
MGP3971 1.74 -0.11 £ 0.07 1.66 +0.03 £ 0.06
MGP3976 1.63 -0.10 £ 0.02 1.68 -0.02 £ 0.04
MGP4358 1.59 - 1.55 -




Appendix D

GMOS S0 radial profiles

Figure D.1 presents the seven Coma cluster lenticular galaxies observed with the GMOS
long-slit spectrograph (Chapter 5). The 2 arcsec wide slit, truncated to 60 arcsec in length,
is indicated for reference.

The remainder of the appendix presents the kinematic and absorption line profiles
for the seven SO galaxies. Stellar population profiles are shown in Figures 5.19 - 5.25.
The layout of Figures D.2 - D.8 is as follows. 1¢ errors are indicated by orange shading
throughout.

The first set of panels show the kinematic profiles along the slit. The two sides of the
galaxy are shown independently to highlight the differential rotation. Upper panel: The
observed g-band surface brightness profile for each galaxy (black line). The profiles for
the model bulge (red dashes) and disc (blue dots) components, as derived using GAL-
FIT, are superimposed. The dashed horizontal line indicates the approximate limit of the
GMOS observations (23 mag arcsec2). The galaxy name is indicated at the top of each
panel, and the structural types are described in Table 5.3. Central panels: observed rota-
tional velocity (V,ps) and velocity dispersion (o4bs). Lowest panel: open circles repeat the
observed velocities, and filled circles show the circular rotation velocity (V,, see Section
5.3.3 for details). The maximum values of V,,; and V are given in the top right.

The second set of panels present the absorption line strength profiles, combining the
data from either side of the galaxy centre. Upper panels: Repeat the g-band surface
brightness profile for each column, to facilitate radial comparison between structural and
spectral features. Main panels: observed line strength profiles for the eight chosen Lick

indices: HOF, H+F, Fe4383, Fe4531, Hi3, Mgb5177, Fe5270, Fe5335.
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