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Abstract

Using a combination of optical and near-infrared photometry, we have studied both

the resolved and integrated stellar populations for a sample of Virgo cluster galaxies

spanning the full range of galaxian parameters. The derived stellar population prop-

erties are compared against galaxy structural and environmental measures to gauge

the importance of these factors in establishing galaxy star formation histories and

chemical evolution.

Although galaxy colours do not uniquely probe a galaxy’s star formation history,

meaningful results may be obtained if considered in a relative sense. We find that

colour profiles reflect variations in both stellar age and metallicity within galaxies.

We also uncover systematic variations in colour gradients, and thus age/metallicity

gradients, along the Hubble sequence, such that age and metallicity gradients become

increasingly negative toward later Hubble types. However, only weak correlations

exist between galaxies’ stellar populations and their structure and environment. The

correlations we find suggest that the star formation histories of gas-rich galaxies are

strongly influenced by gas removal within the cluster, while their chemical evolution

is due to a combination of stellar mass-dependent enrichment and outflow retention.

The assembly of gas-poor giant galaxies is consistent with a hierarchical scenario
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wherein gas-rich mergers dominate by number. Gas-poor dwarfs differ from the gi-

ants, however, appearing as the product of environmentally-driven evolution. Spiral

galaxies bridge the dwarf-giant gap, whereby merging and gas-stripping signatures

are imprinted in their stars. Early-type spirals seem to have fallen into the cluster

sooner than the later types, thereby ceasing star formation in their disks at earlier

epochs. The bulges of both types, however, appear to have grown via merging. The

nature of this merging (minor versus major) remains unknown. Irregular galaxies ex-

hibit signs of a recent gravitational encounter that has redistributed both their stars

and gas, the latter of which caused recent star formation.
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Foreword

Galaxies are complex, gravitationally-bound, many-body systems comprised of (non-

baryonic) dark matter, a central supermassive black hole, gas, dust, stars, stellar

remnants and planetary systems. Galactic systems are highly dynamic in the sense

that the evolution of any of its multiple constituents is heavily-coupled to that of

the others. It is this coupling that gives rise to many of the exotic phenomena that

we observe within galaxies, both locally and across cosmic time. Understanding

galaxies, particularly their formation and evolution, is important from an academic

perspective, as they play host to nearly all of the rich baryonic (ordinary matter)

physics known within astronomy (e.g., star formation). This characteristic, however,

means that understanding galaxies also satisfies a pragmatic goal, as they represent

a crucial element in understanding our species’ origins and our place in the Universe.

Galaxies come in three main types: early-types, spirals and late-types/irregulars.

In Figs. 1-2 we provide example images of all three types. The early-types (Fig.

1) simultaneously comprise the least and most massive galaxies of the Universe (so-

called dwarfs and giants, respectively). They have spheroidal shapes and are not

currently forming stars, mostly free of gas and dust, and typically supported against

their own gravity by random motions of their stars. The spirals (Fig. 1) appear

more exotic than the early-types, containing multiple components such as a bulge
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Figure 1: The classic Hubble Tuning Fork diagram. This diagram shows represen-
tative images of both elliptical (E), lenticular (S0) and spiral (Sa−Sc;
SBa−SBc) galaxies. The former two belong to the early-type designation of
galaxies, while the latter are a class onto their own. Dwarf early-type galax-
ies appear similar to their giant cousins shown here, but are much smaller
in size, mass, etc. This diagram also shows that subclasses exist (i.e., E0-
E7) within the major galaxy types that are described in the text. When
originally drawn, its creater (Edwin Hubble) imagined the tuning fork as
an evolutionary sequence between galaxy types, whereby galaxies evolved
from left to right. In fact, it may be that the actual evolution takes place
from right to left, although the transformation would be highly non-trivial.
Figure courtesy of the European Space Agency/Space Telescope Science
Institute (http://www.spacetelescope.org/images/html/heic9902o.html).
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(a central spheroid, relatively similar to early-type galaxies), disk, spiral arms and

possibly a bar (also about its center). These galaxies contrast sharply with early-

types in that they have largely flattened shapes, host ongoing star formation, contain

both gas and dust, and support themselves against gravity through a combination of

random (bulge) and rotational (disk) motions. The galaxy we inhabit, the Milky Way,

belongs to the spiral class, being likely of type SBb. Finally, the late-types/irregulars

(Fig. 2) contrast with both the early-types and spirals insofar as their structures

lack any kind of regularity. It is likely for this reason that Edwin Hubble did not

include them in his famous Tuning Fork diagram (Fig. 1; Hubble thought of the

diagram as an evolutionary sequence going from left to right). Their incoherent

shapes suggest that these galaxies are still undergoing the process of formation (i.e.,

in a non-equilibrium state; Fig. 2a) or have been disturbed by gravitational forces

(e.g., the differential pull of a neighbouring galaxy; Fig. 2b). Given such conditions,

it is perhaps not surprising that late-types/irregulars are host to (relatively) large

amounts of gas, dust, and ongoing star formation. The dynamics of their constituent

stars also comprise a mixture of random and ordered (rotational) motions.

Galaxies are found in a wide range of environments, from near isolation, to groups

(< 102 members), to clusters (∼ 103 members) and finally to large sheets/superclusters

(> 104 members). We are only now beginning to grasp and (more importantly) quan-

tify the significant role that environment can play in controlling galaxy evolution. A

representation of the variety of galaxy environments which exist in the Universe is

shown in Fig. 3a. Our own galaxy, the Milky Way, is a member of the so-called

Local Group, a group that comprises ∼50 members (made up mostly of gas-rich

and gas-poor dwarf systems; Brown, 2005), and which includes M31 (the Andromeda
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(a) (b)

Figure 2: (a) An example of a late-type galaxy (Im morphology). This multi-
colour image is of the Large Magellanic Cloud, a gas-rich dwarf galaxy
that is a close neighbour of the Milky Way. This galaxy is thought
to have once contained a well-defined disk but gravitational interactions
with the Milky Way are likely responsible for its now distorted ap-
pearance. This image has been graciously provided by Robert Gendler
(http://www.robgendlerastropics.com/LMCJosch.html). (b) An example
of an irregular spiral galaxy (S? morphology). This multi-colour im-
age is of NGC 3718, a system located in the direction of the Ursa
Major constellation. The two large streams of stars and central dust
lanes strongly suggest that NGC 3718 is likely undergoing a gravita-
tional interaction with the large spiral galaxy located to its left, NGC
3729. This image has been graciously provided by Robert Gendler
(http://www.robgendlerastropics.com/NGC3718NM.html).
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Galaxy, the nearest large galaxy to our own). Clusters of galaxies are sufficiently

rich in both membership and variety that they provide an excellent opportunity for

studying galaxy evolution in general. The closest galaxy cluster to the Earth is the

Virgo cluster (so-called because it lies in the direction of the constellation Virgo),

located at a distance of 17 Mpc (Mei et al., 2007, 1 pc = 3.1 × 1018 cm). In fact, this

cluster is so close to us (with respect to cosmic scales), that it subtends an angle of

∼6◦ on the sky (Mei et al., 2007), making it quite challenging to obtain high-quality

measurements for all of it. An iamge of the central region of this cluster is shown in

Fig. 3b, from which the variety in galaxy types offered by a cluster can be seen.

From the descriptions of the main galaxy types given above, it is clear that galaxies

span a wide range in physical properties (i.e., shapes, sizes, etc.). This trait has

undoubtedly played no small role in generating considerable confusion on the subject

of how galaxies form in general; in fact, even after nearly a century of detailed research,

the field of extragalactic astronomy still lacks a robust physical definition for the term

galaxy. This state of affairs contrasts sharply with our knowledge (or solid ideas, at

least) pertaining to the formation of planets, stars, and even the Universe itself.

Despite the many questions surrounding galaxy formation and evolution that await

resolution, the many uncertainties can be broadly summarized as an uncertainty in

the behaviour of the baryons. Their physics is much more complex, and despite

their inferiority by mass (galaxies are dominated by dark matter), they are still able

to influence the systemic evolution. However, since the formation and evolution of

galaxies is inevitably coupled to the formation of stars, a fine way to address our

ignorance of the subject is through an examination of the stellar content for galaxies

of all types. Stars are excellent tracers of the time at and conditions from which they
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(a) (b)

Figure 3: (a) Image from a cosmological simulation of the growth of dark matter
haloes/structures in the Universe, starting from the initial conditions of
the Big Bang (i.e., primordial density fluctuations). This image shows
the spatial distribution of dark matter at the present day. Since galaxies
form within dark matter matter haloes, this image can be effectively com-
pared to the various galaxy groupings which we observe directly. In this
image, we see a galaxy cluster (large central bright knot), galaxy groups
(smaller bright knots) and sheets stretching across the whole frame. This
image has been provided by the Millenium Simulation (http://www.mpa-
garching.mpg.de/galform/millennium/ ; Springel et al., 2005). (b) Image
of the central regions of the Virgo galaxy cluster, surrounding the lenticu-
lar galaxy M86 (center). In this field, we see that all major galaxy types
(early-types, spirals, and late-types/irregulars) are present within the clus-
ter. The richness and variety of galaxies within clusters such as Virgo
make them ideal targets for the study of galaxy formation and evolution
across all galaxy types. This image was taken at Sierra Remote Observato-
ries and has been graciously provided by Greg Morgan (http://www.sierra-
remote.com/M86.htm).
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formed. This approach is justified by the premise that we believe we understand the

evolution of stars of all types fairly well. In this work, we attempt to constrain the

formation and evolution of galaxies of all types by reproducing the starlight emitted

from a representative galaxy sample drawn from the Virgo cluster.

In Appendix C, we provide a summary and description of all key acronyms and

symbols that are made use of in this thesis. Since this thesis contains a wealth of

such objects (some being standard, and the rest created by the author), the reader

is encouraged to refer to this Appendix frequently to remind themselves of what a

particular acronym/symbol is referring to, thereby alleviating any possible confusion.
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Chapter 1

Introduction

1.1 Overview

The ΛCDM paradigm (Table C.1 describes all acronyms/symbols used in this thesis)

is the framework for our current understanding of structure growth in the Universe.

The hallmark of this paradigm is that massive, bound objects are assembled in a

bottom-up process, via so-called “hierarchical merging”. While ΛCDM cosmological

simulations are capable of reproducing the largest structures (≥1 Mpc, e.g., galaxy

clusters; Springel et al., 2005), problems with cosmologically-motivated simulations

on galaxy scales (≤20 kpc) are notoriously prevalent (Governato et al., 2004).

Due to limited resolution, numerical simulations are currently unsuited for com-

parison with high-quality observations of nearby galaxies. The simulations also re-

main somewhat primitive, using semi-analytic prescriptions for star formation (SF)

and feedback effects (e.g., supernovae; Somerville & Primack, 1999; De Lucia et al.,

2006). The latter drawback may be related to (if not responsible for) some of the

1
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troubling inequities of ΛCDM-based predictions/result, including: the inability to ex-

plain the decline in universal SF from z (redshift) ∼ 1 to the present (“downsizing”;

Noeske et al., 2007), the small number of observed low-mass galaxies (Moore et al.,

1999) and bulgeless (pure disk) galaxy formation (Böker et al., 2002).

Faced with such issues, the time is right for observations of galaxy formation and

evolution to set the course for further refinements to our theory of structure growth.

We now provide a brief review of the current observational picture of the formation of

the major galaxy types (early-types, spirals, and late-types/irregulars) and the most

pressing challenges associated with each picture.

1.2 Early-Type Galaxies

1.2.1 Dissipational Collapse Versus Hierarchical Merging

Massive, quiescent and pressure-supported, giant early-type galaxies (ETGs; i.e.,

E+S0 morphologies) have long been framed in one of two formation mechanisms:

monolithic collapse (Larson, 1975) or hierarchical merging (Toomre & Toomre, 1972).

Monolithic collapse predicts that ETGs are uniformly old and assembled rapidly, and

is strongly supported by its natural prediction of tight scaling relations amongst their

structural parameters (the so-called “Fundamental Plane”, f(µe, V/σv, Re); Djorgov-

ski & Davis, 1987; Dressler et al., 1987). Conversely, ETG growth via merging is

favoured both as a natural outcome of ΛCDM cosmology (Springel et al., 2005) and

by the frequency of galaxy interactions in high-z observations (Li et al., 2008). Hi-

erarchical merging should produce ETGs that span a range of stellar ages as a con-

sequence of a similar range in star formation histories (SFHs) due to merger-induced
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SF activity. However, the flexibility of (free-fall) timescale in monolithic collapse and

existence of downsizing (Thomas et al., 2005, see below) raises questions about the

distinction between these seemingly disparate models (Renzini, 2006).

Key support of the hierarchical scenario is found in observations of local ETGs.

By analysing their distributions of morphology, luminosity, surface brightness and

kinematics, a dichotomy amongst giant ellipticals is uncovered whereby more flat-

tened systems are dimmer, less dense and more supported (dynamically) by rotation

(Kormendy et al., 2009). Such a precise dichotomy agrees well with the dual na-

ture (gas-poor/gas-rich) of mergers. Kormendy et al. (2009) recently studied this

dichotomy in detail by examining the behaviour of central regions in the optical light

profiles of Virgo cluster ellipticals. They showed that the brightest systems (MV ≤

-21.7) have cored interiors, while those of intermediate-luminosities (-21.5 ≤ MV ≤

-15.5) have “extra light” at their centers (i.e., in excess of the inward-extrapolation of

the r1/n Sérsic fit to their light profile). From comparison with simulations (Hopkins

et al., 2009a,b), they conclude that cores are produced via binary black hole scouring

after a gas-poor merger, while “extra light” results from scouring that is damped by

concentrated SF in a gas-rich merger. The greater number of lower-luminosity sys-

tems would then imply that gas-rich merging dominates in the formation of ETGs.

The conclusions of Kormendy et al. (2009) agree well with accumulating evidence

in the literature (e.g., Bell et al., 2006; van der Wel et al., 2008) which suggests

that the growth of massive ETGs since z = 1 has been largely due to dissipationless

(gas-poor) major mergers. Moreover, recent simulations by Naab et al. (2006) also

support the observational record, suggesting that only gas-poor mergers can produce

the photometric shapes (box-like) and hot kinematic properties of massive ellipticals.
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Even the mass-age-metallicity relations associated with downsizing (Thomas et al.,

2005) can be argued to agree with the hierarchical scenario. Although the classic

merging picture predicts the existence of such mass-driven relations in the stellar

content of spheroids (i.e., more massive → formed later), they are opposite to what

is actually observed. By a simple coupling of ΛCDM cosmology to gas physics,

however, it can be argued that merging and downsizing are actually consistent with

one another. In this case, the earliest (gas-rich) mergers (and associated SF) must

have occurred rapidly to produce the kind of stars we find in local giant ETGs.

1.2.2 Dwarf-Giant Dichotomy

Closely coupled to the problem of giant ETG formation is that for dwarf ETGs. The

debate on the relation between dwarf and giant ETGs (separated at MB ∼ -18) is

ongoing and can be summarized as follows: are dwarf ETGs a continuation of the

giant class to low luminosities, or do the two have distinct formation mechanisms? An

argument favouring the former comes from Graham & Guzmán (2003) who conclude

that the differences in light profile shape between the two classes (n = 1 and 4

for dwarfs and giants, respectively) is explained by a smooth decline in Sérsic n

with decreasing luminosity. Moreover, Ferrarese et al. (2006) show that all ETGs

follow a unified scaling relation between the masses of their central compact object

and the host galaxy itself. A merger origin for dwarf ETGs seems cosmologically

plausible, requiring only that early truncations of ΛCDM merger trees occur. This

has indeed been found in large-scale simulations (Springel et al., 2005) and in fact

used to study the formation of isolated dwarf ETGs (Valcke et al., 2008). However,

the high statistical frequency of such truncations must then be explained.
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The canonical evidence against a common dwarf-giant origin comes from their

near-orthogonal distributions on the Fundamental Plane (e.g., Kormendy, 1985); for

similar formation physics, one would expect a continuous set of scaling relations be-

tween the populations. This disparity has been bolstered by Kormendy et al. (2009),

who confirm the orthogonality between dwarf and giant sequences within several

scaling relations built from the most accurate determination yet of ETG structural

parameters. Arguments against a common dwarf-giant origin posit that the dwarfs

result from fading of gas-rich dwarfs (Lin & Faber, 1983), and several evidences in

favour of such a scenario now exist (see §1.4.2). Unfortunately, theoretical studies of

dwarf galaxy formation are scant owing to the high resolution requirements of the

current cosmologically-based simulations. Thus, while evidence against a common

origin is daunting, in light of the work of Ferrarese et al. (2006) a better question to

ask might be to what extent the formation of dwarf and giant ETGs (and all galaxies

for that matter) are similar (e.g., do all galaxies host a central gas flow?).

1.3 Spiral Galaxies

1.3.1 Star Formation and Chemical Evolution Demographics

In many respects (i.e., morphology, internal kinematics, etc.), bulges in spiral galaxies

(SGs) are similar to the massive spheroids (ETGs) of the Universe (e.g., Kormendy

& Illingworth, 1983; Falcón-Barroso et al., 2002; MacArthur et al., 2009). Not sur-

prisingly then, their formation is typically discussed in terms of monolithic collapse

or hierarchical merging scenarios (Bender et al., 1992). In either scenario, the disk

then grows via gas accretion about the assembled bulge (Fall & Efstathiou, 1980);
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that is, bulges would be older than their disks. However, it is well known that bulges

can also be built up through their disks via internal (secular) processes (Kormendy &

Kennicutt, 2004). Secular evolution is synonymous with redistribution of gas and/or

stellar material to galaxy centers by gravitational torques from a bar or spiral arms.

In such a case, the bulge is either identical to, or younger than, the disk surrounding

it (Courteau et al., 1996). Thus, the problem of constraining SG formation as a whole

seemingly reduces to identifying the relative ages of bulges and disks.

Detailed studies of SG bulges have not yet arrived at a consistent picture of

their formation, with some favouring a collapse/merger scenario (Peletier et al., 1999;

MacArthur et al., 2009), while others find better agreement with secular processes

(Courteau et al., 1996). Whether this reflects a morphological sequence in formation

mechanisms is unclear (Balcells et al., 2003). A slight variation on the methods used

in these studies, but with the same goal in mind, is to study the controlling parameters

of SFHs and chemical evolution (CE), and any possible systematic variations, within

SGs. The most comprehensive of such studies to date by Bell & de Jong (2000,

hereafter BdJ00) was recently improved by MacArthur et al. (2004, hereafter M04).

These authors found significant trends in both stellar age and metallicity, such that

earlier-type, brighter, higher surface density and more massive systems host older

and more metal-rich stars. These trends, however, saturate for types earlier than

Sbc, MK < -22.5 mag, µ0,K < 18.5 mag arcsec−2 and Vrot > 120 km s−1. BdJ00 and

M04 also argued for local age-metallicity-surface brightness correlations, suggesting

that local potential plays a strong role in regulating local SFH and CE.
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1.3.2 Disk Breaks

The local age-surface brightness trends of BDJ00 and M04 are interesting because

they agree with (albeit naive) expectations from the local Schmidt-Kennicutt relation

(Kennicutt, 1998), which shows that the local SF rate (SFR) correlates with the

corresponding gas surface density. In this context, the existence of slope variations

(breaks) in SG surface brightness (SB; i.e., light) profiles (Freeman, 1970) may be

telling of a genuine age variation across the galaxy disk. Deviations from a pure

(exponential) disk might be due to secular processes (Debattista et al., 2006; Foyle

et al., 2008). Other more traditional explanations for SB profile breaks posit that they

are due instead to either the dynamics of the protogalaxy (van der Kruit, 1987) or

a surface density-dependent SFR (e.g., M04) which results in a truncation radius for

SF (Kennicutt, 1989). Recently, Bakos et al. (2008) constructed stellar mass profiles

from resolved optical colours for a sample of 85 late-type SGs and showed that breaks

are due to a change in stellar populations (contrary to de Jong et al., 2007). These

results might explain the large scatter seen in the local age-SB trends of BdJ00 and

M04 at low SB by suggesting a threshold in the Schmidt-Kennicutt relation.

1.3.3 Environment

Also important to SG evolution is the effect of environment, especially for cluster

galaxies. This is suggested by the morphology-density relation (Dressler, 1980),

whereby star-forming systems are rarer in denser environments. Making this explicit,

Gavazzi et al. (2002) showed that the SFHs of Virgo SGs depend significantly on

their deficiency of neutral gas (DefHI ; see §2.1.2), such that more gas-poor systems
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are older. This trend implies that gas removal in the cluster environment (e.g., ram-

pressure stripping; Gunn & Gott, 1972) affects significantly the evolution of a gas-rich

galaxy. Ongoing gas stripping has been now been observed in cluster galaxies (e.g.,

Vollmer et al., 2005). Despite the existence of the Schmidt-Kennicutt relation, the

importance of environment was noted by Kennicutt (1998), who defined the former.

Understanding the role of environment is not straightforward. For one, the na-

ture of the dominant environmental mechanism [gravitational (Moore et al., 1996)

versus hydrodynamic (Boselli & Gavazzi, 2006)] is unknown. Second, quantifying

environmental impact remains a challenge (Murphy et al., 2008). A pioneering effort

along both lines is made by Crowl & Kenney (2008), in which they infer properties of

intra-cluster gas (a gas removal agent) by measuring the time since SF was quenched

in the outer disks of cluster SGs. The recent quenching epochs they derive (≤500

Myr) are used to argue that the intra-cluster gas is clumpy/dynamic. ROSAT X-ray

observations of the same gas supports their conclusion (Böhringer et al., 1994).

Despite the traditional picture of passive galaxy evolution in dense environments

(Dressler, 1980), a clear signature of reduced SF in cluster galaxies is not typical (e.g.,

Gavazzi et al., 1991). This is likely due to additional effects which actually enhance

SF, such as tidal interactions or compression by ram pressure. Basic considerations of

the many environmental mechanisms, however, implies that environmentally-driven

evolution should ultimately lead to younger, more enriched galaxy centers. If true

though, identifying dominant formation signatures becomes increasingly non-trivial

for gas-rich galaxies. Breaking such degeneracies for cluster galaxies will require con-

tributions from future high-resolution simulations (Vollmer et al., 2001) and improved

environmental diagnostics (à la DefHI) in observational studies.
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1.4 Late-Type/Irregular Galaxies

1.4.1 Star Formation in Extreme Conditions

In hierarchical clustering, the late-type/irregular galaxies (LIGs) allow us to study

the building blocks of the largest galactic structures and so have gained tremendous

popularity in the recent literature (e.g., Lee et al., 2009). These works benefit from

the large number and proximity of LIGs, especially within the Local Group.

Of utmost relevance to structure growth is understanding the SFHs (and the as-

sociated impact on CE) of LIGs; are they stochastic or quiescent/extended? We

discussed in §1.3.2 that the total SFR within gas-rich galaxies (Sa−Sm), indepen-

dent of morphology, is well-described by their volume-averaged surface density of

gas (atomic plus molecular) (Kennicutt, 1998). This relation can be explained by a

smoothly-increasing SF efficiency with gas density, such that Sm types are the most

efficient at turning their gas supply into stars. Whether this trend extends to the ex-

tremely low densities found within Im−BCD galaxies is unclear (i.e., are their SFHs

regulated?), especially in light of the results from BdJ00 and M04.

By examining the resolved stellar populations of late-type dwarfs in the M81

group, spanning a large range in galaxian parameter space (i.e., luminosity, metallic-

ity, etc.), Weisz et al. (2008) showed that, on average, these galaxies are consistent

with a constant SFH but, on a per galaxy basis, are better described by stochastic

bursts. This result is complemented by the UV+Hα survey of the Local Volume by

Lee et al. (2007), which uncovered a huge dynamic range in (normalized) Hα+[NII]

emission amongst gas-rich dwarfs (MB >∼ -15; Vrot < 50 km s−1). A more detailed

investigation of starburst statistics amongst gas-rich dwarfs in that same sample (Lee
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et al., 2009) found that both the fraction of, and stellar mass produced in, starbursts

is marginal (6% and 23%, respectively). Stochasticity therefore appears to be an

important element in the consideration of SFHs in gas-rich dwarfs, such that the

Schmidt-Kennicutt relation likely breaks down towards very low densities (§1.3.2).

1.4.2 Gas-Rich to Gas-Poor Transformation

We noted in §1.2.2 that multiple pieces of evidence favour a distinction between

dwarf and giant ETG formation. In fact, the literature has witnessed an explosion

of work based on the proposition that dwarf ETGs are transformed gas-rich dwarfs;

that is, the formation of both dwarf classes is suggested to be tightly coupled. These

studies invariably focus on environmental triggers as the transformation mechanism,

due to the susceptibility of these low-mass systems to perturbations and the strong

clustering tendency of dE systems (Binggeli et al., 1990). Despite their morphological

irregularities, Im galaxies seem more likely to be victims of hydrodynamic processes

as opposed to gravitational ones. The reduction of Hα+[NII] emission with increasing

DefHI coupled with the independence of this emission with cluster-centric radius for

gas-rich Virgo cluster dwarfs found by Gavazzi et al. (2006) indeed argues that gas

stripping has dominated their evolution. Nevertheless, internal (feedback) effects are

likely to be non-negligible (e.g., Dekel & Silk, 1986).

The many evidences favouring a gas-rich to gas-poor transformation makes this

scenario compelling. By their very designation, dS0 galaxies contain a stellar disk

component. Moreover, recent discoveries of substructure (e.g., spiral arms) in Virgo

cluster dE’s (Jerjen et al., 2000; Barazza et al., 2002) strongly argue for a direct

link between both dwarf classes. Such features are also seen in the Coma (Graham
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et al., 2003) and Fornax (De Rijcke et al., 2003) cluster dE populations as well.

Coupled to morphological similarities, both gas-rich and gas-poor dwarfs have long

been known (e.g., Lin & Faber, 1983) to exhibit exponential light profiles; however,

Graham & Guzmán (2003) have shown that this merely reflects a positive luminosity-

n correlation, meaning that dwarfs and giants may still be connected.

Kinematic studies have only recently been able to shed light on a possible disk

origin for dwarf ETGs. De Rijcke et al. (2003); Pedraz et al. (2002); van Zee et al.

(2004b) have demonstrated the existence of significant rotational support in several

Virgo and Fornax cluster dE members, which can account for the flattening of these

oblate spheroids. In fact, the majority of fast rotators in the Pedraz et al. (2002)

sample led the authors to suggest that a large fraction of dE’s may have significant

rotation curves, while van Zee et al. (2004b) demonstrate the similarity in rotation

amplitudes of dE’s and Im’s. Finally, low enrichment of α-elements (i.e., C, O, etc.)

in Virgo dE systems confirms their more extended SFHs, unlike their giant cousins.

Despite the evidence for a transformation origin, Lisker et al. (2007) argue that

the several subclasses of dwarf ETGs makes a single formation scenario unlikely. This

point is supported by Geha et al. (2002), whose own kinematic study of Virgo dE’s

instead found an absence of strong rotational motion within them. Thus, attributing

a single formation mechanism to dwarf ETG formation may be too simplistic.

1.5 Stellar Populations

Galaxy stellar populations (SPs) provide a valuable means for tracing galactic for-

mation and evolution since they encode properties of their parent gas clouds. For

example, by determining the mean properties of SPs within and amongst galaxies
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one can trace the growth of stellar mass in and formation epochs of them and/or

their components (e.g., bulge). Multiple routes exist to this end, from statistical

studies across large ranges in z (e.g., Hubble Ultra Deep Field; Daddi et al., 2005),

to highly-detailed work on nearby galaxies (e.g., M31; Ibata et al., 2007). The former

directly probes the stellar mass assembly of the Universe but is riddled with uncer-

tainties. For one, relating high-z objects to local counterparts is highly non-trivial.

Innovative studies of nearby galaxies include multi-object spectroscopy (MacArthur

et al., 2009) or stellar photometry of resolved populations (ACS Nearby Galaxy Sur-

vey Treasury; Dalcanton et al., 2009). Measurements of spectral lines (i.e., Lick

indices) allow for tight constraints in modelling, circumvent the age-metallicity de-

generacy at optical wavelengths (see below; e.g., specific age- and metallicity-sensitive

indices), and are insensitive to dust attenuation (MacArthur, 2005). Spectroscopic

studies, however, may suffer from uncertainties due to emission-line fill-in (from ex-

cited gas), inaccurate continuum estimation and non-solar abundances, which can

significantly skew model fits. The advent of full spectrum synthesis techniques (e.g.,

MacArthur et al., 2009), shows promise for the future of such SP work, especially for

its mass-weighted estimates and empirically-determined SFHs.

Resolved studies are now producing exquisite results as well, with particular re-

gard to determining formation epochs of galaxy components. This work is done in

terms of colour-magnitude diagrams (CMDs), allowing one to distinguish contribu-

tions from most stellar evolution phases to a galaxy’s integrated light. This method

also provides for an empirical reconstruction of a galaxy’s SFH. Resolved studies,

however, are currently limited by technology, in that observing the main sequence-

turnoff (brightness limit) or applying this method beyond the local volume (resolution
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limit) is not yet possible. Finally, CMD- and spectroscopic-based studies are both

observationally intensive, such that representative samples cannot be achieved.

Given the many drawbacks of the above methods (quality, sample size, etc.),

broadband colours provide the best and most efficient means for extracting fairly

accurate and detailed information on the SPs within large samples of galaxies. This

field has a long and rich history of contributions, dating back to the pioneering work

of Beatrice Tinsley (Tinsley & Gunn, 1976). For optimum constraints, one aims

to achieve a wide frequency baseline, from the ultraviolet to infrared. The optical-

to-near-infrared (NIR) domain, however, has been shown to sufficiently constrain

a galaxy’s spectrum while avoiding the well-known age-metallicity degeneracy that

plagues optical colours alone (Worthey, 1994). Although obtaining meaningful em-

pirical reconstructions of SFHs is uncertain (Dye, 2008), colours still allow for a useful

comparison of relative ages and metallicities for a given model SFH (BdJ00; M04).

1.6 Outline of Thesis

In this thesis, we aim to constrain formation and/or evolution scenarios for the entire

spectrum of galaxy types in a cluster, from ETGs to LIGs, by a detailed examination

of their SP content. No study to date has undertaken such a comprehensive task.

For its efficient and robust nature, we adopt a colour-based approach and apply it

to the largest existing combined database of resolved optical and NIR photometry

for a volume-limited sample. This sample is comprised of galaxies bounded to the

Virgo cluster. This cluster is the closest large concentration of galaxies to us in the

Universe. As such, it presents us with a unique laboratory for the study of the wealth

of fundamental questions pertaining to galaxy formation/evolution elucidated above.
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The layout of this thesis is as follows. In §2-3 we discuss the salient aspects and

preparation of our photometric database used for our analysis. We follow this with

an examination of the broadband colour gradients from which we model the SPs of

Virgo galaxies in §4. This is useful for obtaining model-independent estimates of

SP trends against various galaxian parameters. The models and technique which

we employ to derive SP fits are described in §5 as well as important caveats to our

colour-based, light-weighted approach. In §6-7 we analyse trends in both the local and

integrated SP estimates for our Virgo galaxies, as obtained from procedures described

in §5, against both structural and environmental parameters. This allows us to gauge

possible controls of galaxy SFHs and CE on both local and global scales. In §8 we

draw on these many results to formulate or constrain the likely formation and/or

evolution scenarios of the many galaxy types covered by our sample. Finally, we

conclude in §9 with a recapitulation of major results and suggestions for future work.



Chapter 2

Virgo Database

We describe here the multi-band photometric database obtained through the imaging

survey of Virgo cluster galaxies by McDonald et al. (2009, hereafter M09) that has

been used for our study of the SPs of these galaxies. We refer the reader to M09 for

specific details and only discuss the salient aspects here.

2.1 Data Sources

2.1.1 Photometry

We use a combination of radially-resolved optical (ugriz) and NIR (H) broadband

photometry for nearly 300 Virgo galaxies. The basic properties of this filter set

(centroid, λeff , and bandwidth, ∆λ) are given in Table 2.1 while the filter response

functions (coloured curves) are shown in Fig. 2.1. The latter shows that the adopted

filter set captures a significant portion of a galaxy’s spectrum such that we can break

the age-metallicity degeneracy mentioned in §1. The degeneracy is represented by

15
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Table 2.1: Properties of the Broadband Filters in the M09 Survey.

Filter ∆λ (Å) λeff (Å)

u 2980 - 4130 3561.8
g 3630 - 5830 4718.9
r 5380 - 7230 6185.2
i 6430 - 8630 7499.7
z 7730 - 11230 8961.5
H 13000 - 19150 16514.0

the near-identical optical spectra (4000-9000 Å) for both an older, metal-poor (dark

grey curve) and younger, metal-rich SP (light grey curve).

The optical images were drawn from the fifth and sixth data releases of the Sloan

Digital Sky Survey (Adelman-McCarthy, 2007, 2008, hereafter SDSS), whereas the

NIR images comprise a mixture of sources. For the latter, H-band images for nearly

∼100 galaxies were extracted from the GOLDMine (Gavazzi et al., 2003, 78 galaxies)

and the Two Micron All-Sky Survey (Skrutskie et al., 2006, hereafter 2MASS; 20

galaxies) databases. We define a quality control parameter for our NIR data, QH ,

which represents the ratio of the radial extents of the H- to the i-band SB profiles

for a given galaxy. To ensure that an adequate representation of a galaxy’s NIR light

profile is obtained, we adopt a source’s H-band data if QH > 0.5 for the associated

SB profile. The distribution of QH values for our sample is shown in Fig. 2.2. The

tail to low QH values (< 0.5) is contributed largely by imaging of ETGs (dS0, dE,

E, S0, and S0/a types) from GOLDMine and our own observations (see below). We

hope to improve this predicament with new queue CFHT (WIRCAM) imaging.

The NIR data for the remaining ∼200 galaxies result from our extensive, ongoing

effort to map the Virgo cluster at H-band wavelengths (M09). These observations
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Figure 2.1: Filter transmission curves corresponding to the optical (ugriz; SDSS)
and NIR (H) bandpasses used in our photometry. The colour scheme
for the transmission curves is: u (blue), g (green), r (orange), i (red), z
(brown) and H (black). The thick light and dark grey curves illustrate
representative model (Bruzual & Charlot, 2003) spectra for composite,
fixed-metallicity SPs built from an exponentially-declining star formation
history. The 〈A〉 and Z values listed beside each spectrum indicate the
mean age (i.e., star formation timescale) and metallicity of the corre-
sponding population. The spectra can only be distinguished from one
another either at UV (<4000 Å) or NIR (>1 µm) wavelengths.
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Figure 2.2: Distribution of the H-band photometric quality control parameter, QH ,
for Virgo galaxies in the M09 survey. The dashed vertical line indicates
the desired lower limit on QH for each galaxy. The median QH is ∼0.6.

were carried out with the ULBCAM (University of Hawaii 2.2 m), WIRCAM (CFHT)

and WFCAM (UKIRT) NIR cameras from April 2005 to May 2008. A basic descrip-

tion of these detectors and the number of galaxies observed with each is reported in

Table 2.2. Although science-ready data products are provided by SDSS and GOLD-

Mine, our group has shown that our own photometry, derived from the raw images, is

more accurate (Courteau et al. in prep). Moreover, our isophotal (equal-light) maps

of galaxies allow us to perform an analysis of the radially-resolved SPs within Virgo

galaxies (a key goal of this thesis).

It should also be noted that by starting from the raw images and extracting

our own resolved photometry, we have a high degree of confidence in the quality of

the measured SB profiles. Moreover, the combination of an impressive SB-depth in

both the SDSS (r ∼ 26.5 mag arcsec−2) and our NIR data (H ∼ 23 mag arcsec−2;

QH ∼ 0.6), along with the wide frequency baseline of the chosen filter set (Table 2.1;
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Table 2.2: NIR Camera Characteristics and Observations in the M09 Survey.

Number Pixel Scale∗ Field
Source/ of Galaxies of View
Camera Observed (RA × DEC)

(′′/pixel) (kpc/pixel)

GOLDMine 78 0.25 - 1.61 0.021 - 0.133 -
2MASS 20 1.00 0.082 8.5′ x 6◦

ULBCAM 121 0.25 0.021 8.5′ x 8.5′

WIRCAM 35 0.305 0.025 10.′ x 10.′

WFCAM 31 0.40 0.033 14.′ x 14.′

∗ At the distance of Virgo (17 Mpc; Mei et al., 2007), 1′′ ∼ 82 pc.

Fig. 2.1) allows us to effectively probe the SPs of Virgo galaxies to typically large

galactocentric radii. A sample of the multi-band SB profiles for our galaxies (one for

each morphology) is shown in Appendix B.

2.1.2 Neutral Gas Masses

To probe for an environmental dependence of the SFHs and CE of Virgo galaxies,

we follow Gavazzi et al. (2002) and quantify environmental impact with the DefHI

parameter. DefHI measures the neutral hydrogen deficiency in galaxies, relative to

their field (i.e., isolated) counterparts and is defined as (Haynes & Giovanelli, 1984),

DefHI = 〈log MHI(Dopt,T )〉 − log MHI

where 〈logMHI(Dopt,T )〉 is the typical mass of HI gas in field galaxies of the same

Hubble type, T , and optical diameter, Dopt, while MHI is the measured gas mass.

Positive values of DefHI correspond to galaxies with a dearth of neutral gas. The

advantage of using DefHI is its independence of uncertain projection effects (along the
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line-of-sight) that compromise traditional (2D) environmental measures (e.g., cluster-

centric position). For completeness, we still appeal to 2D quantities in our study of

environmental effects. Although the 3D structure of Virgo has been explored (Solanes

et al., 2002, hereafter S02), their typical “Tully-Fisher” distance estimation error

exceeds 20%, making their 3D reconstruction shaky at best.

We have extracted DefHI values for our galaxies from S02, Koopmann & Kenney

(2004, hereafter KK04), and Gavazzi et al. (2005, hereafter G05). Of these, the

compilation by G05 is the most complete, providing HI measurements for 91 of the

115 gas-rich targets (Sa−?) in our sample, as well as an additional 9 S0+S0/a systems.

By contrast, the other HI sources have DefHI determinations for 28 (KK04) and 53

(S02) galaxies, respectively, only four of which are not included in G05. We compare

in Fig. 2.3 the overlapping DefHI measurements between (a) KK04 and S02, and (b)

S02 and G02. The red line in each plot shows the 1:1 relation. There is remarkable

consistency (standard deviation, σ ∼ 0.10) between KK04 and S02, but the G05

measurements are systematically higher, on average, than the others, regardless of

morphology. This offset likely results from different calibrations used between the

groups. Since the G05 measurements are internally consistent, they are then suitable

for our purposes and we only use them.

2.1.3 Morphologies

Morphological (Hubble) classifications for our Virgo galaxies were obtained from the

NASA Extragalactic Database1 (NED). We use these morphological types as the

primary means of distinguishing the galaxies used in our SP analysis. However,

1http://nedwww.ipac.caltech.edu/
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(a) (b)

Figure 2.3: (a) Comparison of DefHI measurements between KK04 (ordinate) and
S02 (abscissa). The points are coloured according to galaxy morphol-
ogy, as indicated by the legend in the lower-right corner of (a). The red
line represents direct correspondence between the sources. The solid and
dashed black lines represent a linear fit to the data and the associated
standard deviation of the sample, respectively. (b) As in (a), but between
S02 (ordinate) and G05 (abscissa).
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apt concerns about the accuracy of such classifications have been raised (e.g., van

den Bergh, 2009), most notably for Virgo galaxies themselves, in that they may be

biased to select features (e.g., star formation activity; Koopmann & Kenney, 1998).

For safety, a complementary analysis based on quantitative measures of morphology

(e.g., concentration, C28; see §2.2.2 for definition) is warranted. This is argued for

by the distribution of H-band C28 values for our galaxies against their Hubble T

parameter, as shown in Fig. 2.4. The corresponding T value for each morphological

type is provided in Table 2.3. The red line in Fig. 2.4 connects the median C28 values

amongst the T -bins. There are notable irregularities in the median trend, which (in

principle) should peak at T = 0, for the most cuspy galaxies, and smoothly decline

(with tight scatter) out to both late-type (T = 12) and dwarf (T = -3) systems. This

discrepancy may indicate inaccuracies in the classifications. While using quantitative

measures such as C28 would seem a more objective approach, they lack versatility to

correctly identify important features exhibited by galaxies (e.g., bars). Ultimately,

we rely foremost on morphological classification but will use C28 in a future analysis.
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Figure 2.4: Distribution of H-band concentration, C28, as a function of the Hubble
morphological parameter, T . The solid red line connects the median C28

values amongst the different T bins. The dashed lines show the RMS
contours. The concentrations for BCDs (T = 14-17) have been combined
together, and the median placed at the mid-point of their T -interval.

Table 2.3: Hubble T Parameter.

Morphological T Morphological T
Type Type

dS0 -3 Scd 8
dE -1 Sd 9
E 0 Sdm 10
S0 1 Sm 11

S0/a 2 Im 12
Sa 3 Pec 13
Sab 4 BCD 14-17
Sb 5 S? 18
Sbc 6 ? 20
Sc 7 - -
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2.2 Surface Brightness Profiles and

Structural Parameters

2.2.1 Profiles

Surface brightness profiles for each galaxy were homogeneously extracted in the

ugrizH bands from the assembled Virgo database using the astronomical image-

processing software XVISTA2 and graciously provided to the author by M. McDon-

ald. These SB profiles were originally prepared for the latter’s M.Sc. thesis research

at Queen’s University on the structural bimodalities of Virgo galaxies. For those raw

H-band images collected as part of our own group’s observations (SDSS, GOLDMine

and 2MASS provide science-ready images), the application of standard reduction pro-

cedures such as bias and dark current subtraction, and flat-fielding was required. For

the details about these procedures, the reader is again referred to M09.

Major-axis SB profiles were created by azimuthal averaging of the two-dimensional

isophotal ellipses that were fit to each galaxy’s i-band image. In the fitting algorithm,

each ellipse is centered on the image centroid, while the position angle and ellipticity

(ǫ) are free parameters. For consistency, the i-band isophotal solutions were forced

onto the other optical- and NIR-band images, such that colours are always computed

for the same isophote. As shown in Fig. 2.5, SB errors increase (and thus signal-to-

noise ratio, S/N , decreases) noticeably towards low SBs (i.e., at large galactocentric

radii). Included in Fig. 2.5 is the median σµ-µ relation (µ and SB both refer to

“surface brightness”) for each band (red line) and the nominal SB (green line) at

which we initiate our profile truncation algorithm (§3). The intersection of these

2http://ganymede.nmsu.edu/holtz/xvista/
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curves yields the nominal SB at which the profiles end in each band for all galaxies.

2.2.2 Structural Parameters

Structural parameters for each galaxy such as effective surface brightnesses (µe,X),

effective radii (re,X), concentrations (C28,X) and apparent magnitudes (X) were deter-

mined in each band via extrapolation (to infinity) and integration of the light profiles.

These quantities were computed by M09 and are now defined.

C28,X is defined as the ratio of the radii enclosing 80% and 20% of the total

(extrapolated) galaxy light. The effective parameters (µe,X and re,X) represent quan-

tities measured at the galactocentric radius which encloses half of a galaxy’s total

luminosity in the respective X band. We use the above four non-parametric mea-

sures to probe for possible dependence of galaxies’ SFHs and CE on their structure.

Other structural quantities, such as the inward-extrapolated central surface bright-

ness (µ0,X), require the assumption of luminosity density models to decompose the

entire light profile into different galaxian components. We also restrict ourselves to

using only those parameters derived from the H-band profiles due primarily to the

relatively low-susceptibility of NIR wavelengths to dust attenuation and that NIR

bands provide a more representative sampling of a galaxy’s stellar mass.

In Fig. 2.6 we show bivariate distributions between the above parameters. The

points (one per galaxy) are coloured according to morphology, as indicated in the

upper-right portion of the plot. In each window we provide the linear Pearson correla-

tion coefficients r between the respective parameters for all galaxies (black), dS0-S0/a

types (red), Sa-Sm types (green), and Im-? types (blue). These distributions demon-

strate that significant correlations may already exist between parameters, which must
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Figure 2.5: Isophotal errors in light profiles (σµ) as a function of surface brightness
(µ) in each of the griH bands. The band which each plot corresponds to
is indicated in the top-left corner of each window. The red lines denote
the trend in median error with decreasing SB (note that a more positive
µ implies a lower SB) for each band. The green lines show the typical
SB error value above which the light profiles typically become unreliable
for galaxies. The intersections of the red and green curves indicates the
nominal SB down to which each band’s profile may be trusted.
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be considered when analysing structural controls of SFHs and/or CE.

2.3 Sample Selection

The good quality of our photometry is complemented well by the completeness of our

sample. A systematic and representative study of the SPs within galaxies spanning

the full range of galaxian parameter space requires a volume-limited sample. The

Virgo cluster provides such an opportunity, it being the closest massive bound con-

centration of galaxies, with members covering the whole spectrum of Hubble types.

The M09 sample represents a subset of the Virgo Cluster Catalog (Binggeli et al.,

1985, hereafter VCC), which contains over 2000 members. The VCC is claimed to be

complete to a limiting magnitude of B ∼ 18, while containing many low-SB (LSB)

galaxies (e.g., Im types) fainter than this threshold, reaching down to B ≤ 20 (∼800

systems). Multiple selection criteria (based on both brightness and spatial informa-

tion) have been applied to the VCC by M09, leaving us with a final set of 285 Virgo

galaxies in our H-band survey. The details of these criteria are provided in M09.

The morphological distribution of our sample is shown in Fig. 2.7, which compares

the relative numbers of each Hubble type for Virgo galaxies within the VCC (black),

the SDSS (grey), and our H-band survey (red). The completeness of SDSS and M09

for each type, with respect to the VCC, is indicated by the colour-coded percentiles

given above each set of histograms. That our sample is heavily weighted by ETGs (i.e.,

dE−S0/a types) simply reflects the well-known morphology-density relation (Dressler,

1980) whereby these systems are preferentially located in cluster centers. Despite this

bias, our sample still provides enough variety to check for broad variations between

early-type, spiral, and irregular galaxies. Whilst the pioneering studies of SPs by
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Figure 2.6: Correlations between the non-parametric H-band galaxy structural pa-
rameters of concentration (C28), apparent luminosity (H), effective sur-
face brightness (µe), and effective radius (Re). The points (one per galaxy)
are coloured according to morphology, as indicated in the upper-right
panel of the figure. For each correlation, the computed Pearson coeffi-
cients for all (black), early-type (red; dS0−S0/a), spiral (green; Sa−Sm),
and late-type/irregular (blue; Im−?) galaxies are provided.
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Figure 2.7: Morphological distribution of Virgo galaxies included in the M09 survey,
relative to those in VCC (black) and SDSS (grey). The percentiles quoted
above each group of histograms gives the respective sample completeness
(by number) of SDSS and M09, with respect to the full VCC.
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BdJ00 and M04 were confined to gas-rich galaxies, our work presents a full − though

not statistically complete − coverage of SPs from gas-rich to gas-poor galaxies.

The spatial distribution of our sample is shown in Fig. 2.8. The cluster center is

anchored at M87 (wide open star and dashed black lines); the solid and dashed red

circles represent the 3◦ and 6◦ boundaries from Binggeli et al. (1985) and Mei et al.

(2007), respectively. The dearth of galaxies in the lower-right quadrant stems from

our rejection of any object not within the oldest cluster component (subcluster A).

2.4 Sky Brightness

The accurate determination of colour gradients for SP studies requires an accurate

estimate of the sky’s contribution to the target galaxy flux within each filter; that

is, Earth’s atmosphere adds some contaminating light to the images of each galaxy

in our sample, regardless of wavelength. A sky brightness error in a single band

can artificially increase/decrease the corresponding SB profile, resulting in inaccurate

colour and SP profiles. In fact, sky error is by far the dominant source of observational

uncertainty within colour-based SP analyses (BdJ00); its effect can amount to a

few tenths of a magnitude or more in luminosity error (§3). By contrast, errors in

photometry, calibration, etc. typically only amount to ∼0.1 mag (Courteau, 1996).

An example of the effect of a sky error in the H-band is demonstrated in Fig. 2.9 for

the Sc galaxy VCC 1555. The H-band profile is abnormally bright, relative to the

optical profiles, especially in the galaxies’ outskirts. Since an ad hoc correction (e.g.,

by eye) for such effects would be grossly inappropriate, then in lieu of any repeat of

photometric reductions, the possibility of such errors must be accepted.

Due to strong scattering/emission of red and blue light from nitrogen, water and
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Figure 2.8: Angular distribution of Virgo galaxies in the M09 survey on the sky.
These galaxies have colours and point types assigned to them according
to the legend shown in the top-left corner. The rest of the VCC is shown
as the grey points. The black dashed lines and wide, open star locate
the cluster center, anchored at M87. The solid and red dashed circles
represent the cluster boundaries defined by Binggeli et al. (1985) (3◦) and
Mei et al. (2007) (6◦), respectively. The quantities which are being plotted
here represent the equatorial coordinates of right ascension (α2000) and
declination (δ2000) for the current equinox.
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Figure 2.9: Optical (gri) and NIR (H) SB profiles for the Sc galaxy VCC 1555. The
profiles have been coloured according to photometric passband, as in-
dicated in the top-right corner of the plot. The bottom and top axes
show galactocentric radii in angular and physical units, respectively. This
multi-band profile is an example of a galaxy likely suffering from an under-
subtracted sky component within its H-band image. This is diagnosed
by the unrealistic, much shallower decay of the profile toward large radii,
especially when compared against the other (optical) bands.
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Figure 2.10: Multi-band SB profiles (large dots) for the dE galaxy VCC 0437, with
sky error envelopes (solid curves) included. The envelopes are created by
addition/subtraction of the respective 1σ sky errors to/from the profiles.
The profiles are split amongst two windows such that those bands which
are typically more susceptible to exhibiting significant sky errors are
shown at left (uzH), while the more resilient bands are included on the
right (gri). The profiles have been coloured according to bandpass, as
indicated in the top-right corners of both plots. Galactocentric radii are
quoted in both angular (bottom) and physical (top) units.
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hydroxide molecules in the atmosphere, the uzH bands most frequently exhibit sky

subtraction errors. Visual inspection of these profiles reveals that the u-band typically

suffers from over-subtraction while the z- and H-bands typically suffer from under-

subtraction. The greater susceptibility of the uzH bands to sky errors is illustrated

in Fig. 2.10, where the multi-band SB profiles (large dots), along with the 1σ sky

envelopes (solid lines), for the dE galaxy VCC 0437 are shown. Note the rapid onset

of large sky envelopes (by r ∼ 10-30′′) in the uzH profiles relative to those for the

gri bands. By inspection, we estimate that 42, 53, and 33% of the galaxies in our

sample exhibit some detectable amount of sky error in their u, z, and H light profiles,

respectively. The gri profiles, though, only seem to indicate sky errors for 16, 17, and

20% of our galaxies. Note that these percentages have been inferred by inspection,

such that it is the relative differences between the values which matters most.

Although uzH SB profiles suffer more frequently from sky errors, the sky bright-

ness in the former two bands remains fairly constant with time; the gri skies, though,

show the smallest variations between observations. We can thus estimate a reliable

(median) sky brightness for the optical bands that we use. These are 18.0, 19.0,

18.6, 18.3 and 16.6 mag arcsec−2 in the ugriz bands, respectively. Conversely, NIR

sky levels, which are very bright, exhibit a more dynamic behaviour, varying by sev-

eral orders of magnitude in raw counts between given target observations (for the

uz bands, this factor is at most ∼3). The H-band sky level distribution is shown in

Fig. 2.11, from which it is clear that a meaningful median H-band sky brightness is

difficult to define, given the large associated RMS scatter for the distribution. The

rapid variability of the H-band sky (variations can occur on timescales as short as

a few minutes) is becoming increasingly apparent in light of our group’s recent and
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extensive NIR campaigns. Therefore, the use of accurate assessments of the NIR sky

in our analysis, strictly done on a per object basis, is absolutely crucial for a proper

estimation of SP properties within our galaxies, as well as their associated gradients.

Let us now briefly describe our method for measuring sky levels. Since most Virgo

galaxies do not fill the focal plane of modern, large-format CCDs, we can measure

sky levels directly from the images. For a galaxy located at the center of a CCD chip,

the modes of pixel values in boxes placed manually around each galaxy are measured,

such that the mean and RMS scatter of the modes define the sky brightness and its

error. The use of multiple boxes allows for the assessment of a possible sky gradient

within any given image. Sky measurements by our group were only done for our

own NIR observations, as the wide-field coverage of both SDSS and 2MASS suggests

their sky levels (which we adopt) are reliable. GOLDMine images are sky-subtracted,

thereby thwarting a determination of the H-band sky for those 78 galaxies. For those

images where background measurements are possible (GOLDMine images typically

have small field of views), M09 have confirmed that the sky subtraction is typically

adequate (background counts in the images are about zero).
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Figure 2.11: Sky brightness distribution in the ugrizH bands for the M09 survey.
The individual sky levels in each band are connected by a solid curve.
Each distribution has been coloured according to bandpass, as indicated
on the right-hand side of each curve. Since we have NIR sky brightnesses
for only select (non-GOLDMine) galaxies, we show with a dot those with
measurements, and only connect adjacent NIR sky determinations.
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Analysis

We now describe the necessary preparations of our Virgo galaxies’ SB profiles for

decomposition of their light into corresponding estimates of the mean age, 〈A〉, and

metallicity, Z, profiles of their constituent SPs. Since chemical evolution is not ex-

plicitly invoked in the models we employ, we do not fit for a mean metallicity, 〈Z〉,

but rather the Z of the dominant (by light) population.

3.1 Profile Truncation

To extract detailed 〈A〉 and Z profiles, we must apply various filters to the SB profiles

used in our modelling. That is, we wish to either limit contamination from unrep-

resentative light at all points within a galaxy, or avoid prematurely truncating our

SP analysis (e.g., at small galactocentric radii) due to finite regions of bad pixels or

large uncertainties amidst otherwise good data. Such sections may arise in galaxy

interiors due to the presence of a foreground star (i.e., explicit masking) or a strong

asymmetric feature (e.g., spiral arm; high isophotal error), while the outer regions are

37
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typically compromised by low S/N . To address such issues, we employ two distinct

profile truncations algorithms, which we now describe. The truncation determines

the radii out to which we trust each of our light profiles.

3.1.1 Late-Type Outer Profiles

The first of the two profile truncation algorithms applies only to disk systems (S0−Sm).

Here, an exponential light profile is fit to the outermost (disk) portion of a SB pro-

file. Starting in the outskirts, the fitting region is selected to be the outermost group

of (at least six) points wherein each point satisfies an initial error threshold (i.e.,

σµ < σµ,thresh). For the optical and NIR bands we use an initial σµ,thresh of 0.25 and

0.20 mag arcsec−2, respectively. We justify the choice of these values below. The

quality of the fit is based on the amount of light added to the galaxy’s apparent lumi-

nosity (∆X, for band X), via extrapolation of the fit to infinity. If this “extra light” is

greater than some fiducial (conservative) value (∆Xmax = 1.0 and 0.2 mag for u and

grizH bands, respectively), the current σµ,thresh is decreased by a small, fixed amount

and the fit re-performed. This procedure is iterated until the “extra light” criterion

(∆X < ∆Xmax) is satisfied. Lowering σµ,thresh effectively moves the fitting region fur-

ther inwards, where the light profile has a steeper decay. The ∆X-constraint is used

to omit those outer regions in profiles which suffer from an under-subtracted sky (Fig.

2.9; i.e., low σµ-low µ isophotes, contrary to the trends of Fig. 2.5) from entering our

SP analysis. In the event that ∆X < ∆Xmax cannot be satisfied after several itera-

tions, we appeal to our second truncation method, described below. We ultimately

prefer the first method because of its physical motivation; that is, the outer disk does

not dominate a galaxy’s light. A more ad hoc procedure, which applies mostly to
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ETGs, must be used for profiles with exotic features (e.g., breaks).

3.1.2 Early-Type Outer Profiles

The second truncation method is primarily intended for ETGs (plus failures of the

first method for SGs). Since ETG light profiles typically have diffuse outskirts and

lack an obvious edge, it is non-trivial to reliably distinguish the existence of an under-

subtracted sky. Establishing a meaningful “extra light” criterion for an extrapolated

ETG profile is then not possible. In such cases we appeal to the fact that all light

profiles become noisy in their outskirts, as shown in Fig. 3.1.

We search radially outward in ETG profiles for the first sequence of six adjacent

isophotes with errors in excess of some fixed threshold σµthresh; this location is marked

as a potential truncation site. To avoid premature truncation (e.g., due to a fore-

ground star; see multi-band SB profiles in Fig. 3.2 for VCC 1238), we determine the

number of reliable (σµ < σµthresh) isophotes outside of the tentative truncation point.

If more than half of the remaining points are reliable, the truncation is not made and

a new prospective location beyond the current one is found. While the 50%-rule is

arbitrary, we have ensured that it produces acceptable truncations, as compared to

those from the first method, when applied to SGs. This is demonstrated in Fig. 3.3

for the Sd galaxy VCC 0510. Our 50%-rule is also effective in resisting the inclusion

of small clusters of acceptable data points that may reside at extreme galactocentric

distances.

For σµ,thresh, we use the same values as in the first method. These specific values

were determined empirically. Indeed, all of our SB profiles become unreliable once

SB errors of 0.25 and 0.20 mag arcsec−2 for the optical and NIR bands, respectively,
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Figure 3.1: Signal-to-noise ratio (S/Nµ) versus surface brightness error (σµ) in the
griH bandpasses. The bandpass shown in each window is indicated in
the top-right corner of the plot. The overlaid red curves represent the
median trend between these quantities in each band. The high-σµ, high-
S/N tail seen in each band is likely caused by isophotes with high RMS
target noise (e.g., spiral arm).
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Figure 3.2: Example of a galaxy (VCC 1238, dE) whose optical images are heavily
contaminated by the presence of a foreground star (for R < 30′′; 2.5
kpc). The data lying beyond the star’s point-spread function, at large
galactocentric radii, are unspoiled, hence, the need for exotic truncation
algorithms to recover it.

are reached. These errors represent regions of the profiles where the photon noise

error becomes comparable to the point-to-point variation. All SB data points with

errors in excess of the respective σµ,thresh for each band are permanently excluded

(“clipped”) from the subsequent analysis.

3.2 Profile Interpolation

Our analysis of galaxy colours to derive SP profiles relies on binning techniques to

increase the S/N of the data that we wish to model (§3.4). To verify that binning

does not overly smooth the data (e.g., significant change in colour gradient), we have

also analyzed the SB and colour profiles for our galaxies with no binning applied.
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(a) (b)

Figure 3.3: Comparison of different SB profile truncation methods, applied to the Sd
spiral galaxy VCC 0510. The method used for early-type profiles is shown
on left, while that for late-type profiles is shown on right. The consistency
in truncation radii determined between the two methods implies that the
former gives reasonable results.
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This is also useful for the calculation of surface-integrated quantities (out to a com-

mon radius) in all bands for our galaxies (e.g., luminosities, colours; see section 3.5).

For homogeneity, we then require that the SB profiles for each galaxy be interpolated

onto a common pixel scale. This pixel scale for each galaxy is determined by the band

having the worst resolution. The degradation is done by linear interpolation between

adjacent isophotes. If either of the adjacent isophotes has been clipped, we determine

if the interpolated SB should be clipped as well based upon a corresponding interpo-

lation between the adjacent SB errors; that is, if σµ,int ≥ σµ,thresh, the interpolated

data point is clipped. We do not interpolate in the presence of negative-flux isophotes

within the original profile, which are typically found in galaxy outskirts, where the

target flux is weak and comparable to the noise.

3.3 Rejection of u- and z-Bands

In modelling galaxy spectra to obtain accurate mean SP properties, it is advantageous

to constrain as wide and complete a wavelength range as possible, ideally from the

far-UV to infrared regimes (e.g., Gavazzi et al., 2002). Our choice of SDSS and NIR

bandpasses is fairly favorable from that perspective (∼3000 Å-1.65 µm; Fig. 2.1). In

particular, the u−g colour serves as a useful proxy for the age-sensitive 4000 Å break.

For our SP analysis however, we must (relunctantly) omit both the u- and z-bands

from consideration. While the z-band does not offer an important additional SP

constraint (given i- and H-band availability), the removal of u requires justification

(vis-à-vis the 4000 Å break), which we now provide.

From Fig. 2.9, we see that the sky contributes ∼18.0 mag arcsec−2 of light to

profiles in the u-band. The low SB of our galaxies at these wavelengths (µ0,u ∼
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21.5 mag arcsec−2) implies the dominance of the background for these light profiles

(i.e., low S/N). This fact is demonstrated by the rapid divergence of the u-band

sky envelopes (Fig. 2.8). Given such high sky levels, it is not surprising to find

that a significant percentage of our galaxies (∼42%) suffer from poor u-band sky

subtraction. A dominant sky level (µsky,z ∼ 16.6 mag arcsec−2) causing more frequent

sky errors (53%) also explains the omission of the z-band. Moreover, the unbearably

low S/N in u-band inhibits our ability to achieve detailed SP profiles at an optimum

S/N (∼ 50; section 3.4). Finally, because of their low-SB levels, our u-band profiles

often have radial extents much smaller than those of the H-band, which is to be the

main limitation in our study of colour/SP gradients (§2.1). Fig. 3.4 demonstrates the

typical shallowness of the u-band data. As can be inferred from upcoming discussions

of both binning and modelling (section 3.4 and §5), the inclusion of the u-band would

seriously compromise the quality of the SP profiles we extract, in terms of both

resolution and depth. Therefore, we omit both u- and z-band data from our analysis.

3.4 Adaptive Binning

To increase the S/N of our data we apply a radial binning scheme to the griH profiles

for each of our galaxies. Such a technique is conventional for SP studies (e.g., BdJ00).

We require a minimum S/N -threshold, S/Nmin, be met in all bands for each bin. We

omit the low instrumental noise of modern CCDs and NIR detectors in the S/N
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Figure 3.4: Relative radial depth of u-band profiles (Qu) relative to that of the H-
band (QH). The depths of these two bands for each galaxy are normalized
to their respective i-band depths; that is, these Q values are identical to
that discussed in §2.1.1. The 1:1 line is included for comparison. The
typically shallower depths in the u-band profiles, relative to that of the
H-band, indicates a serious detrimental side effect of including the former
in our analysis.
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calculation for an isophote, given by,

S

N
=

Sgal
√

N2
gal + N2

sky

(3.1)

=
µgal × Cell

√

µgal × Cell + µsky × Cell

(3.2)

=
µgal√

µgal + µsky
×

√

Cell, (3.3)

where µgal and µsky represent the counts per unit area of the isophote and sky back-

ground, respectively. Our formulation of S/N only accounts for noise contributions

from the Poisson noise of the source and sky fluxes. The variable Cell is the isophotal

circumference. Since no analytic expression exists for the circumference of an ellipse,

we use Ramanujan’s second approximation, given by,

Cell = π(a + b)

(

1 +
3h

10 +
√

4 − 3h

)

, (3.4)

where h = [(a − b)/(a + b)]2 = [ǫ/(2 − ǫ)]2, with ǫ (= 1 - b/a) being the ellipticity of

the isophote1. For a given galaxy, the values of a and b for each isophote are known

automatically from the complete isophotal solution for its i-band SB profile.

In adaptively binning the data, our aim is to achieve reliable SB profiles, while

maximizing their extent and resolution. The bins for a galaxy’s profiles are built

starting from the galaxy center and based upon the band with the systematically-

lowest S/N profile (binning band). In most cases, this corresponds to the g-band,

followed by the H−band. We also enforce a minimum bin size for each galaxy,

corresponding to the maximum seeing disk FWHM amongst all bands; this is most

often set by the H-band. The size constraint ensures that our bins typically comprise

three or more isophotes and can handle galaxy interiors, where the signal flux is large

and, as a result, the sensitivity to prominent deviations and/or small-scale features

1http://local.wasp.uwa.edu.au/∼pbourke/geometry/ellipsecirc/
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(e.g., HII regions) may jeopardize the meaningful calculation of colours. We determine

the summed S/N in each bin via the Cappellari & Copin (2003) formulation,

S

N 1+2
=

S1 + S2
√

N2
1 + N2

2

, (3.5)

where Sj and Nj are the signal and noise of the j’th isophote. The bin SB is found from

a weighted average of the data points (in counts) lying within it while its physical

location is set by its centroid radius. We have tried numerous prescriptions (e.g.,

RMS scatter) for estimating uncertainties on our binned SBs, each of which failed to

either produce realistic errors (≤∼1 mag) or a reasonable error profile (increasing σµ

towards low µ; Fig. 2.3). We thus use the median σµ − µ relations (red lines in Fig.

2.3) for this purpose.

The monotonic decrease of S/N in a SB profile with increasing galactocentric

radius implies that all binning schemes have finite extent. For each galaxy, the scheme

is truncated once the requisite (S/N)min (see below) cannot be accumulated in the

binning band (BB) profile beyond its previous (truncation) bin. Occasionally, the

binned-S/N for a non-BB falls below (S/N)min (e.g., variable gradients amongst the

S/N profiles), in which case the scheme is effectively terminated at that bin (§5.3).

Since this usually occurs in the outskirts of profiles, it does not have a dramatic

impact on our results; however, we will address this effect in future work, to make

our technique fully adaptative. An example of our binning method is illustrated in

Fig. 3.5, where we present the ugrizH-S/N profiles for VCC 0664, with the bin

divisions overlaid (dashed vertical lines). This plot also demonstrates the situation

whereby a non-BB (g; i is the BB) effectively determines the truncation point, as well

as the intolerably low, but typical S/N , in u- and z-bands. That is, had either band

been included, we would be lucky to generate a single bin for this galaxy.
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Figure 3.5: Example of the S/N -binning procedure for VCC 0664, shown relative to
its ugrizH S/N profiles. The i-band is being used to generate the binning
scheme in this case. The bin limits are represented by the vertical dashed
lines, but are only included for every second bin. Although not obvious,
the bin size systematically increases with radius. The u- and z- bands
have been included to demonstrate the systematically lower S/N in these
bands.
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To ensure that no systematic differences in the binned profiles are introduced

by our choice of (S/N)min, we have repeated our entire analysis for a large range

of (S/N)min, from 20 to 60, in steps of 10. Given the lower limit on the number

of points per bin (≥ 3 points required to compute the median), changing (S/N)min

predominantly affects the resolution of the binned profiles in their outskirts. The

shapes of the original profiles however, is preserved, regardless of (S/N)min value.

This point is made explicit in Fig. 3.6, where we compare the original and two binned

multi-band SB profiles for VCC 0355. The unbinned profile is equally well traced in

both the (S/N)min = 20 and 50 schemes, albeit to different radial extents. The mild

discrepancies between SB profiles corresponding to different (S/N)min values require

that we justify our choice of this parameter. Ultimately, our interest in “effective”

parameters (quantities at 1 H-band Re) obliges us to choose (S/N)min on a per galaxy

basis, such that the preferred value is the highest which allows the SP profile to reach

1 Re.

Other similar SP studies have typically used a coarser, but nevertheless ad hoc,

binning scheme (e.g., M04). For comparison, we have generated an arbitrarily coarse

scheme, which is similar to that of M04, but that is cast in terms of the more universal

Re, rather than disk scale length, h. This scheme is given by,

0.0 ≤ r/re,H < 0.5,

0.5 ≤ r/re,H < 1.0,

...,

and so on, up to 6.0 re,H . At the other (finer) extreme, we have also analysed SB

profiles binned solely by the maximum seeing disk FWHM amongst all bands for each

galaxy. These fixed schemes are compared against that of a (S/N)min = 50 calculation
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(a) (b)

Figure 3.6: (a) Comparison of our S/N -binned SB profiles (coloured dots) relative
to the original (greyscale dots), for two choices of threshold-S/N (lighter
colours → S/N = 50; darker colours → S/N = 20). A lower threshold-
S/N per bin results in deeper binned profiles. (b) Same as on left, but for
two extreme choices of binning scheme (light colours → fixed/coarse; dark
colours → fixed/fine). See text for details on the two extreme schemes.
These two schemes produce results consistent with our S/N -binned pro-
files.
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in Fig. 3.6 for the multi-band profiles of VCC 0355. We find strong consistency

between the profile descriptions provided by each of the binning schemes. Despite

this insensitivity to a particular binning philosophy, we prefer our adaptive technique

for its flexibility, physical basis and prudence with respect to profile truncation.

3.5 Luminosities and Sky Errors

As a complement to local (i.e., per radial bin) 〈A〉/Z estimates, we can also deter-

mine global (integrated) SP properties for our galaxies. Integrated SP properties are

useful because they account for possible contributions from systemic colour gradients,

which might be otherwise obscured by studying local relations alone. For this, we

have compiled two sets of measurements of total magnitude. The first is found by

integrating the light profiles out to the last radius common to all bands for a given

galaxy. The second is based upon extrapolation of the profiles to infinity from the

last common radius. The first method is quite trustworthy and has been used to

check for systematic effects in the second method, e.g. due to linear descriptions of

the outskirts in ETG profiles. Aside from the integration process, our modelling (§5)

of integrated light is identical to that used locally.

In Fig. 3.7, we compare the magnitudes from the two methods in each of the

four griH bands. Since the extrapolated light, in principle, should only add a small

amount of light to a galaxy’s luminosity (e.g., ≤0.2 mag), these magnitudes are

expected to show a tight, albeit asymmetric, scatter about the 1:1 line. This does

not apply, however, in the presence of significant systematic effects between the two

methods. In fact, we see considerable agreement in the distributions, such that the

greatest scatter occurs only at low luminosities.
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Figure 3.7: Comparison of two methods to determine integrated luminosities. The
first (maglast; ordinate) integrates the SB profiles only up to the last
radius common to all bands. The second (magxtrp; abscissa) is identical
to the first, but includes an extrapolation of the light profiles to infinity.
This comparison is done for all four griH bands; the label in the top-left
corner of each window indicates the respective band data being shown.
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As shown earlier (Figs. 2.7-2.8), sky subtraction contributes the largest part of

the errors associated with SBs and luminosities for our galaxies. This is most potent

in the H-band as opposed to the gri bands. The domination of sky errors has been

discussed in related studies (e.g., BdJ00).

To gauge the corresponding uncertainties introduced into our SB profiles and

integrated magnitudes, we have constructed ±1σsky SB profiles in each band for all

galaxies to demonstrate the effects of an over- and under-subtracted sky, respectively.

An example of these profiles was shown in Figs. 2.7-2.8. For integrated luminosities,

we use the average of those values found from the over- and under-subtracted profiles

as the error estimate, while for SB data points we instead account for sky errors in our

SP fitting technique (§5). The distribution of sky errors in our integrated magnitudes

is shown for each band in Fig. 3.8, where we find that the majority of H-band errors

lie systematically above those for the gri bands. The median sky error in SB in the

griH bands is 0.002, 0.001, 0.001 and 0.003 mag arcsec−2, respectively, at galaxy

centers, and 0.6, 0.5, 0.5 and 0.4 mag arcsec−2, respectively, in the outermost regions.

The corresponding uncertainties on integrated magnitudes are 0.04, 0.03, 0.03 and

0.16 mag, respectively.



CHAPTER 3. ANALYSIS 54

Figure 3.8: Distribution of sky error estimates for all four griH bands in our sample.
The histograms are coloured according to bandpass, as indicated in the
top-right corner. The distribution for the H-band has a more significant
tail towards high errors than that seen in the optical bands.



Chapter 4

Colour Gradients

We present here the broadband colour gradients (CGs) from which estimates of the

SP properties of our galaxies are obtained. Analysis of CGs permits a preliminary

view of trends in SP gradients free of any assumptions about an underlying SFH/CE.

We also explore systematics of CG properties as a function of galaxy morphology and

structure. This material also serves as preamble for a discussion in §5 of dust effects

and, ultimately, our use of a single SFH for our SP modelling.

4.1 Colour Profiles and Gradients

4.1.1 Profiles

For this discussion, we focus on the g-H colour, as its wide baseline provides the

best constraint on spectral shape; the full combination of CGs (e.g., g-r, g-i, etc.) is

presented by M09. The g-H colour profiles for our sample galaxies are shown in Figs.

4.1-4.3. Each window contains a different Hubble type (indicated at lower-right), such

55



CHAPTER 4. COLOUR GRADIENTS 56

that each row corresponds to a broad morphological bin (row 1: early-types; row 2:

spirals; row 3: late-types/irregulars). The solid and dashed red lines represent the

median colour profiles and 1σ−envelopes for each Hubble type, in bin sizes of 0.5 Re

(Fig. 4.1), 2 kpc (Fig. 4.2) and 0.25 dex (Fig. 4.3).

Fig. 4.1 shows many interesting features. First, most morphologies are character-

ized by negative g-H gradients (i.e., red centers and blue outskirts); the star-forming

BCD class may show positive CGs, but the statistics are poor (7 galaxies). The

other LIGs (Im, S? and ?) also have limited sampling (8-11 galaxies) such that their

trends are also ill-constrained. Overall, we find an interesting trend in median pro-

files, whereby the slope becomes increasingly negative towards later-type systems.

Sdm+Sm profiles break this trend, however, but we will address this in the context

of their SP profiles in §6.

The similar shapes and CGs in the giant ETGs (E−S0/a) are striking. Both

classes have relatively flat profiles up to ∼3 Re, beyond which they become strongly

negative. Since lenticulars (S0+S0/a) have small disks, this could be evidence of

multiple components in ellipticals or of an extended formation epoch for both. Com-

paring dwarf and giant ETGs, we find mild agreement in profile shapes between the

lenticular classes, while dE’s have a negative CG at all radii. Unfortunately, the shal-

lower depth of our photometry for LSB systems such as dwarf ETGs does not allow

for a satisfactory comparison of colour profile morphologies.

In terms of scatter, we see a distinction between ETGs and SGs, wherein the

colour distribution is tighter for ETGs than SGs galaxies; the 1σ-envelopes are ∼

0.23 and 0.53 mag, repectively. LIGs have a colour dispersion intermediate to these

groups. It is reasonable to suspect that the systematically-larger scatter for SGs is
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Figure 4.1: g-H profiles as a function of scaled radius, R/Re, for Virgo galaxies. The
galaxies are binned by morphology, as indicated in the lower-right corner
of each window. Points are coloured in grayscale by their associated S/N ,
going from S/N = 50 (black) to S/N = 20 (light-gray) in steps of ten. The
median profiles (0.5 Re-resolution) and their 1σ-dispersion are indicated
by the solid and dashed red lines, respectively.
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Figure 4.2: As in Fig. 4.1 but plotted versus physical radius, R. The median profiles
are binned at 2 kpc-resolution.
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Figure 4.3: As in Fig. 4.1 but plotted versus logarithmic radius log R. The median
profiles are binned at 0.25 dex-resolution.
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partly driven by dust reddening. This point is supported by the presence of a few,

extremely red (g-H ∼ 4-5 mag) Sa−Sd galaxies. These systems appear symptomatic

of a significant foreground screen of dust (Fig. 4.6; §5). Some of our Im systems also

likely suffer from dust attenuation. Dust reddening will be revisited in §4.2.3.

The distribution of g-H CGs against physical radius is shown in Figs. 4.2-4.3.

We find slight differences from the Re-median profiles for the E, S0+S0/a, Sbc+Sc

and ? morphologies both in linear (Fig. 4.2) and logarithmic (Fig. 4.3) space. Their

median profiles now have flatter slopes, but the gas-rich galaxies mostly retain their

negative gradients. These slope differences in Figs. 4.1 versus 4.2-4.3 result from the

difference in galaxy sizes within each morphology (e.g., small Re’s shrink E profiles).

In an attempt to use a system that applies uniformly to all galaxies, we prefer to

discuss trends in terms of radii scaled in terms of Re; we will on occasion refer to

physical radii as well.

4.1.2 Gradients

We have fit linear functions to the g-H profiles in our sample to determine their

respective gradients. The median CGs for all morphologies are listed in Table 4.1.

The quoted errors are the RMS dispersions (1σ) about the respective medians. We

provide these slopes for all three radial coordinates (Re, R, log R).

From the values in Table 4.1, we find a clear trend in g-H slope from giant ETGs to

late-type SGs wherein the slope monotonically decreases along the Hubble sequence.

The trend appears to reverse within the latest types (Sdm−Im), but the small number

of Sdm+Sm types prevent us from drawing firm conclusions. These trends corroborate

those found from our visual impressions of Figs. 4.1-4.3. Such agreement holds as
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Table 4.1: Median g-H Colour Gradients for Virgo Galaxies

Morphology
d(g-H)

dr
N∗

Re R (kpc) log R (dex)
dS0 -0.124 ± 0.120 -0.089 ± 0.098 -0.130 ± 0.108 13
dE -0.139 ± 0.219 -0.144 ± 0.248 -0.150 ± 0.210 24
E -0.019 ± 0.218 +0.022 ± 0.256 -0.048 ± 0.409 24

S0+S0/a -0.081 ± 0.196 -0.063 ± 0.150 -0.184 ± 0.334 50
Sa−Sb -0.129 ± 0.273 -0.031 ± 0.108 -0.213 ± 0.390 24
Sbc+Sc -0.148 ± 0.525 -0.085 ± 0.227 -0.263 ± 0.546 15
Scd+Sd -0.424 ± 0.319 -0.198 ± 0.145 -0.635 ± 0.482 12

Sdm+Sm -0.084 ± 0.583 -0.054 ± 0.213 -0.075 ± 0.511 6
Im -0.151 ± 0.262 -0.074 ± 0.140 -0.170 ± 0.367 5

BCD +0.577 ± 0.572 +0.584 ± 0.512 +0.361 ± 0.214 5
S? +0.182 ± 0.341 +0.117 ± 0.238 +0.135 ± 0.340 10
? -0.038 ± 0.103 -0.008 ± 0.130 -0.072 ± 0.308 5

∗ This column provides the number of galaxies included in each morphology.

well between the dispersions along the Hubble sequence in both the median profiles

(Fig. 4.1) and gradients (Table 4.1). We also note that, on average, CGs in dE’s

are slightly steeper than in dS0’s, and LIGs are described by positive gradients, as

expected from Figs. 4.1-4.3. These CG trends remain fairly robust with respect to

the choice of radius and imply similar relative trends amongst .

4.2 Colour Gradient Trends

We now examine CG trends for our galaxies, relative to SP models. For this, we look

at variations with both morphology and structure. The latter approach is general

and is not subject to the potential uncertainties that affect the former. Moreover, we

also check for any systematic effects due to dust reddening.
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We show in Figs. 4.4-4.6 the projection of our galaxies onto the r-H versus g-r

plane in the 6D colour space accessible to our sample. By inspection, we see that this

particular plane provides a clean distinction between mean age, 〈A〉, and metallicity,

Z, effects. Conversely, optical colour-colour planes suffer from the A−Z degeneracy.

The galaxies are separated into broad morphological bins, indicated in the bottom

of each window. The black lines show the SP model for an exponentially-decaying

SFH with variable timescale τ . Further details of this and other models are given in

§5. The solid and dashed black lines represent lines of constant Z (isofers) and 〈A〉

(isochrones), with nominal 〈A〉 and Z values indicated along the grid. The orange-red

arrows represent dust reddening effects, a topic discussed more fully in §5. Typical

calibration and sky errors in our sample are shown in the lower-right corner of each

window. Sky errors are computed for both the innermost and outermost pixels of our

galaxies.

4.2.1 Trends with Morphology

Early-Type Galaxies

Comparing the distributions in Figs. 4.4-4.6, we see galaxies of different morphology

separate cleanly against the models. ETGs (Figs. 4.4-4.5a) are characterized by

old mean ages and intermediate- to high-metallicities. Each ETG distribution is

sufficiently tight that a centroid can be identified for each. Contrasting centroids,

giant ETGs, on average, are only slightly older than dwarfs [∆ 〈A〉 ∼ 0.5 Gyr]. ETG

classes are more distinguished in terms of metallicities, with E and dS0+dE systems

being the most metal-rich and -poor, respectively; giant lenticulars have intermediate

metallicities. Despite their small dispersions, the outskirts of ETGs show greater
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Figure 4.4: (a) Distribution of r-H versus g-r colour gradients for Virgo dE+dS0
systems. The line types indicate the preferred (S/N)min value for each
galaxy (§3.4), given by: S/N = 50 (solid), S/N = 40 (dotted), S/N
= 30 (dashed) and S/N = 20 (dash-dot). Galaxy centers and effective
radii are represented by stars and filled circles, respectively. The black
lines represent a SP model for an exponential SFH with no chemical
evolution. The dashed and solid black lines correspond to lines of constant
mean age and metallicity, respectively, with representative values for each
indicated throughout the model grid. The metallicities are expressed
in percentages, according to mass contribution (i.e., Z⊙ = 0.02). The
errorbars shown at lower-right indicate typical errors due to calibration
and sky subtraction for the entire sample (the latter is shown for both
galaxy centers and outskirts). The orange-red arrow in the top-left corner
shows the reddening vector of a foreground dust screen model for the
indicated amount of extinction. (b) Same as (a) but now shown for giant
ellipticals in Virgo.
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Figure 4.5: Same as Fig. 4.4 but now shown for Virgo lenticular (left) and late-
type/irregular (right) galaxies.

scatter in colours, and therefore their SPs, suggesting differences exist in the formation

of individual ETG morphologies (§8).

Late-Type/Irregular Galaxies

LIGs (Fig. 4.5b) exhibit the greatest range in SP properties, varying from relatively

old and metal-rich (S?+?) to young and metal-poor (Im+BCD). While the large span

of the colour-colour profiles for LIGs suggests that significant SP gradients exist in

them (i.e., they cover a significant portion of the SP grid), a clear sense of their mean

sign is still not possible. Moreover, the individual colour-colour distributions are too

broad and sparse to define meaningful centroids for each. Based on the typical strong
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Figure 4.6: Same as Fig. 4.4 but shown for Virgo spiral galaxies of types Sa−Sc (left)
and Scd−Sm (right).

star-formation characteristics of Im+BCD galaxies (Lee et al., 2007), their colour-

colour profiles suggest the presence of dust attenuation in some of these systems as

well.

Spiral Galaxies

SGs (Fig. 4.6) show significant gradients in both age and metallicity, but with no

preference in sign; that is, large dispersions in the gradients are expected. The SG

distributions exhibit a broad systematic trend along the Hubble sequence, such that

earlier-types (Sa−Sc) have both older ages and (slightly) higher metallicities than

later-types (Scd−Sm). The colour-colour scatter for the SG population is the largest

amongst all morphologies, such that a meaningful set of SG centroids cannot be
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defined. By comparison with the dust vector, the strong variations between adjacent

bins in SG profiles (e.g., Sa−Sb) are consistent with significant reddening at that

location. In lieu of exotic features (e.g., HII region, spiral arm, etc.), omitting dust

would result in implausible changes (mostly in metallicity) in local SPs. Considering

the entire SG distribution and the large inclination range in our sample (Fig. 4.9),

it is likely that dust is not playing a major (statistical) role in shaping galaxy colour

gradients. This topic will be revisited in §5.

4.2.2 Trends with Structure

We show in Figs. 4.7-4.8 the position of all galaxy centers in the r-H versus g-r plane.

The points have been coloured according to either their H-band concentration (C28;

Fig. 4.7a), apparent magnitude (H ; Fig. 4.7b), effective surface brightness (µe; Fig.

4.8a) or effective radius (Re; Fig. 4.8b). The colour scheme used for each structural

parameter is given in its respective plot. We also indicate with the grayscale errorbars

the mean colour and RMS dispersion for each parameter range (see captions for the

error bar colour scheme). We use these plots to infer relative trends in galaxy SPs

with structure, without any explicit modelling.

Central colours show a clear signature with C28, wherein the most concentrated

galaxies tend to be oldest and most metal-rich; that is, C28 distinguishes galaxies

both in terms of their age and metal content. This supports the morphological trends

seen earlier. Weaker trends are observed against H and µe, such that brighter and/or

higher surface density systems also tend to be older and metal-rich than dimmer

and/or of lower surface density systems. These latter trends become muddled, how-

ever, at both intermediate luminosities and surface densities; only the extreme H-
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Figure 4.7: (left) Variation in central r-H versus g-r galaxy colours with concentra-
tion, C28, for Virgo galaxies. The galaxies have been grouped by C28 into
roughly equal-populated bins. The bin sizes and point colours are indi-
cated in the lower-right corner of the window. The overplotted errorbars
show the centroid and RMS scatter of colours within each bin. The er-
rorbar colours follow a greyscale scheme running from black to light-gray
between the highest- and lowest-concentration systems, respectively. The
calibration and central sky subtraction errorbars from Fig. 4.4. (left)
Same as left but now shown for variations in apparent magnitude, H .
The greyscale scheme runs from black to light-gray between the brighest
and dimmest systems, respectively.
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Figure 4.8: Same as Fig. 4.7 but now shown for variations in effective surface bright-
ness, µe (left), and effective radius, Re (right). The greyscale scheme
runs from black to light-gray between the highest- and lowest-surface
brightness systems (left) or the largest and smallest systems (right), re-
spectively.
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and µe-bins show the cleanest distinction. There appears to be no trend with Re.

Note that the scatter in each bin is large, such that the overlap between adjacent bins

is considerable. This will have implications for trends highlighted in §6-7.

4.2.3 Dust Effects

The presence of dust in star-forming systems is a concern for SP studies since reddened

broadband colours may be mistakenly attributed to SP properties. For instance, a

smoothly-varying dust distribution (e.g., triplex model; §5) mixed in with a uniform

stellar component may be otherwise interpreted as an age and/or metallicity gradient.

Even face-on systems are acutely susceptible to such effects (M04; Fig. 5.6).

To assess (statistically) the contribution of dust to CGs, we show in Fig. 4.9 the

distribution of galaxy centers for SGs and LIGs in the r-H versus g-r plane. The

points have now been colour-coded by H-band axis ratio (b/a), as indicated in the

bottom-right corner. The greyscale errorbars denote the centroid and dispersion of

the different b/a ranges (see caption for colour scheme). Recall that the reddening

vector indicates the magnitude and direction in which a given attenuation will shift a

galaxy’s colours, with respect to the grids. We have included the vector for a simple

screen model (see §5 for details). Regardless of particular model though, one expects,

in the presence of dust, for the centers of higher-inclined systems to be systematically

displaced to redder colours than lesser-inclined systems. This hypothesis is supported

by dust studies in SGs (e.g., Peletier et al., 1999) which argue that dust is centrally-

concentrated. However, the centroids of the highest- and lowest-inclination systems

in our sample appear nearly identically situated. The scatter for the nearly edge-on

systems is larger, indicating that some of them are likely suffering from non-negligible
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Figure 4.9: Same as Fig. 4.7 but now shown for variations in H-band axis ratio,
b/a. Only Virgo SGs and LIGs are plotted. The greyscale scheme runs
from black to light-gray for the highest- to lowest-inclination systems,
respectively.
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attenuation. Thus, on average, reddening is not a significant problem for the star-

forming galaxies in our sample.



Chapter 5

Stellar Population Models

5.1 Introduction

In this chapter we discuss the method by which we determine the SP properties of our

Virgo galaxies and the associated caveats. For this, we use the technique of stellar

population synthesis (SPS). In its most basic implementation, the spectrum, fλ(t; Z),

of a coeval, simple stellar population (SSP; single-Z population) is passively evolved

in time, t, and compared to an observed spectrum for many t’s to estimate the best-fit

A and Z of the latter.

The traditional analog of an SSP (i.e., single burst of star formation) is a globu-

lar cluster (GC); in fact, GCs are the canonical choice for SSP calibrations (Bruzual

& Charlot, 2003, hereafter BC03). The accuracy of such calibrations may be ques-

tioned based on evidence for multiple populations in Galactic GCs (D’Antona et al.,

2005). By extension, the idea that a galaxy’s stars represent a SSP seems unrealis-

tic, even for the oldest spheroids in the Universe (Trager et al., 2000; Balcells et al.,

2003; Serra & Trager, 2007; Rogers et al., 2008). The SSP representation of ETGs

72
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undoubtedly stems from the classic (monolithic collapse) picture for their formation

(Eggen et al., 1962). Moreover, an SSP framework does not fit well with the more

popular, cosmologically-motivated hierarchical merging scenario (Toomre & Toomre,

1972; Searle & Zinn, 1978). Whether Virgo SPs may be adequately modelled by SSPs

will be addressed later in the chapter (Fig. 5.3 and section 5.6).

SPS models are constantly being improved as better theoretical (e.g., stellar evo-

lution) and observational (e.g., stellar spectra) data become available. Of the several

public SPS models, we prefer BC03 (GALAXEV) as the most current and comprehen-

sive model available. Competing models differ primarily in their finer details (e.g.,

evolutionary tracks, spectral calibrations, etc.). These differences do not result in

significant discrepancies overall, however (M04).

We prefer the GALAXEV models for their versatility and physically-motivated

treatment of thermally-pulsating AGB (TP-AGB) stars. The latter issue is most con-

tentious because, if present, TP-AGB stars will dominate a galaxy’s infrared spectrum

(Maraston, 2003). Accurate predictions of TP-AGB colours is imperative to simulta-

neously break the age-metallicity degeneracy whilst achieving accurate SP estimates.

GALAXEV models have been shown to successfully reproduce observations of cluster

AGB stars in both the Magellanic Clouds (BC03). Additional (but tertiary) sources

of uncertainty not accounted for in these models include non-stellar contamination

(i.e., HII regions; Wuyts et al., 2009) and non-solar abundance ratios (i.e., large α/Fe;

Thomas et al., 2003). The latter are not of concern to our broadband colour-based

analysis, while the presence of the former can at least be confirmed from either cata-

logued sources (e.g., NED) or unusually red optical (e.g., r-band) images.
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A second large source of contention, not generally handled by SPS models, is inter-

nal reddening due to interstellar dust. In lieu of a dust correction/component in our

modelling, we attempt instead to understand the impact dust would have on the SP

properties we infer. Dust can significantly alter the colour gradients of moderately-

to highly-inclined star-forming systems (Byun et al., 1994; de Jong, 1996), leading

to spurious conclusions about their SP gradients (i.e., an age-metallicity-dust degen-

eracy; M04). We will return to dust in §5.5, and simply note that the GALAXEV

models are capable of including a dust treatment within them. Although the nature

and distribution of dust in gas-rich galaxies is still not well known (Witt et al., 1992;

Gordon et al., 1997), simple models (e.g., foreground screen; Disney et al., 1989) allow

us to gauge how susceptible the observed colour gradients (§4) might be to dust. This

approach is more conservative than using such prescriptions for dust geometries and

compositions to actually correct our photometry for attenuation, as is done elsewhere

(e.g., Gavazzi et al., 2002).

5.2 Composite Populations

The unsuitable description of any galaxy’s integrated starlight by an SSP (§5.1)

obliges us to explore synthetic populations for more complex SFHs in our modelling.

Our choices of SFH, however, remain idealized insofar as they follow simple functional

forms and neglect a possible stochastic nature of SF in galaxies (Kauffmann et al.,

2003; Lee et al., 2007). The combination of idealistic model SFHs and observational

errors guarantee that we cannot derive meaningful absolute 〈A〉/Z estimates for each

galaxy’s SPs (BdJ00). However, by adopting a homogeneous modelling procedure,

our results remain useful in a relative sense.



CHAPTER 5. STELLAR POPULATION MODELS 75

We follow M04 in computing the spectrum of a composite, single-Z model, Fλ(t;

Z), as the convolution of SSP spectra of different ages, fλ(t
′; Z), with a chosen SFH,

Ψ(t), according to,

Fλ(t; Z) =

∫ t

0

Ψ(t − t′)fλ(t
′; Z)dt′, (5.1)

wherein the argument for Ψ allows SF to be started at any time t. For our models,

we assume that SF began 13 Gyr ago. This value is in close agreement with current

WMAP5 determinations of the age of the Universe (13.7 Gyr; Komatsu et al., 2009).

We do not invoke any chemical evolution, as it injects additional complicated astro-

physics (e.g., feedback) that are still poorly understood (e.g., Somerville & Primack,

1999); that is, chemical evolution would limit the robustness of our results. Rather,

we interpolate linearly between the colours for the GALAXEV Z-basis set (Z =

0.0001, 0.0004, 0.001, 0.004, 0.02, and 0.05) to create a complete grid of metallicities.

The interpolation error (∆r-Hmod < 0.3 mag) is smaller than our typical colour errors

(∆r-Hobs ∼ 0.6 mag; e.g., Fig. 4.4).

Although the SFHs of galaxies remain fundamentally unknown (e.g., continuous

versus stochastic), constraints for any galaxy may be obtained by modelling a range

of SFHs that conceivably bracket the true SFH-parameter space (Allanson et al.,

2009). We have analyzed our galaxies with several different models to determine SP

parameters (〈A〉, Z) and gradients for a suite of SFHs. The relevant information

pertaining to each model (i.e., SFR, 〈A〉-range, etc.) is summarized in Table 5.1.

The mean age for a given SFH is found from the weighted integral,

〈A〉 = A −
∫ A

0
tΨ(t)dt

∫ A

0
Ψ(t)dt

, (5.2)

where A = 13 Gyr.

Note that the low mass-to-light ratios of massive main sequence stars implies
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Table 5.1: Star Formation Histories Probed with GALAXEV Models

SFH Ψ(t) 〈A〉 (τ ; t) τ range 〈A〉 range
(M⊙ Gyr−1) (Gyr) (Gyr) (Gyr)

CON constant =
1

τ
A -

τ

2
[0.2, 13] 6.5 - 12.9

DEL
t

τ 2
e(−t/τ) A - 2

τ − e−A/τ

(

τ + A +
A2

2τ

)

1 +
A

τ
(1 − e−A/τ )

[-∞, ∞] 0.9 - 12.9

EXP
1

τ
e−t/τ A - τ

1 − e−A/τ

(

1 +
A

τ

)

1 − e−A/τ
[-∞, ∞] 0.9 - 12.9

LIN
2

τ

[

1 −
(

t

τ

)]

, for t < τ A -
τ

3
[0.3, 36.3] 0.9 - 12.9

0, for t ≥ τ

SAN
t

τ 2
e(−t2/2τ2) A -

(1/2)τ
√

2π erf(A/
√

2τ) − Ae−A2/2τ2

1 − e−A2/2τ2
[0.08, ∞] 4.4 - 12.9

SSP δ(t) (A - t) [0.0, 12.1] 0.9 - 13.0

NOTE: CON = constant; DEL = delayed; EXP = exponentially-decreasing/-increasing; LIN =

linearly-decreasing; SAN = Sandage; SSP = instantaneous burst.
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that (if present) they will dominate the galaxian light; that is, the 〈A〉 − Z fits we

find are light-weighted. This caveat is only of concern for the youngest SPs (〈A〉

< 6 Gyr; Fig. 5.7), since their fits may not be representative of the true stellar

mass. MacArthur et al. (2009) have recently shown that the contrast of light- versus

mass-weighted quantities can lead to significantly discrepant results, especially in the

presence of a small “frosting” of young stars (<10% by mass; de Jong & Davies,

1997). In section 5.6 we explore this issue further, addressing in particular whether

our colour gradients suffer from “frostings” of SF. Quantifying the mass and/or age

of young stars needed to make a 〈A〉 − Z fit unrepresentative is difficult however,

and subjective. Unfortunately we cannot implement mass-weighted decompositions

as broadband colours do not provide that information.

We show in Fig. 5.1 the suite of SFHs explored in our models. The SFHs are

normalized to a stellar mass of unity at the present day. Each SFH is parameterized

by a timescale τ , allowing the shape of the function to vary, and therefore creating

a range in 〈A〉 values. The τ/〈A〉−range spanned by each SFH is given in Table

5.1. From Fig. 5.1, it is clear that our SFH grid covers the full spectrum of plausible

galaxy formation scenarios, from relatively quiescent (CON), to smoothly-declining

(EXP; LIN), to delayed (DEL; SAN), to vigorous (SSP) (See Table 5.1 for acronym

definitions). Since we only wish to characterize 〈A〉/Z differences between galaxies of

different types in a homogeneous relative manner, we prefer the use of a single SFH.

For completeness, this SFH should offer the widest colour range possible, consistent

with that spanned by our galaxies. It should be noted that, without other information

(e.g., dynamics; Allanson et al., 2009), we would be unable to distinguish between

the suitability of these model SFHs for most galaxies (Figs. 5.2-5.3).
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Figure 5.1: Representative shapes for the star formation histories, SFHs, probed with
the GALAXEV models. The variety of shapes ensures that our suite of
models brackets the conceivable range in realistic SFHs. The curves are
coloured according to their respective SFHs, as indicated in the top-right
corner of the plot. Although only a single exponential, EXP, SFH function
is shown, its flexible definition means it can mimic many of the other SFHs
shown in this plot.
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We compare in Figs. 5.2-5.3 the colours of our model SFHs against those of the

EXP SFH in the r-H versus g-r plane. Both the EXP grid and the colour-colour

space are identical to those shown in §4. The colour range spanned by most models

is comparatively incomplete; specifically, the grids are not as blue in the g-r colour as

the EXP grid. This shortcoming reflects the fact that the majority of these SFHs only

decline with time. The DEL and EXP grids, however, are identical in their colour

coverage because the time of peak SFR in both can be varied. As seen in §4, the g-r

colours for several of our galaxies are quite blue, such that only these two grids can

usefully describe their SPs. For this reason, we omit the other models at this point.

In doing so, we are not asserting that the galaxies’ SFHs are DEL/EXP-like in nature

(determining empirical SFHs is non-trivial; MacArthur et al., 2009), but that these

models permit the most complete and homogeneous SP analysis.

The colour coverage of the DEL and EXP grids is nearly degenerate, such that

the only significant difference lies in their respective (g-r)-〈A〉 distributions. This is

true in general for all the SFHs we have explored. Then insofar as a galaxy can be

meaningfully fit by both the DEL and EXP models, this difference only amounts to

a change in slope (but with preserved sign) of the 〈A〉 and Z profiles. The relative

distributions of SP fits (i.e., old versus young; metal-rich versus metal-poor) will then

be preserved between SFHs. For our modelling then, we restrict our attention to the

EXP grid alone.

5.3 Fitting Method

For a given SPS model, we determine a best-fit 〈A〉-Z combination for the stars in

a given radial bin as gauged by a simple χ2
r statistic. This fitting procedure follows
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Figure 5.2: (a) Comparison of the colour-colour (r-H versus g-r) stellar population
model grid from GALAXEV for a constant star formation history, SFH,
against that of an exponentially-decreasing/-increasing SFH. The grids
are structured identically to that shown in Fig. 4.4, and are coloured
according to their respective SFH, as indicated in the lower-right corner of
the window. (b-d) As in (a) but shown for a delayed, linearly-decreasing,
and Sandage SFH, respectively, instead of a constant SFH.
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Figure 5.3: As in Fig. 5.2 but shown for an instantaneous burst (simple stellar popu-
lation, SSP) SFH instead of a constant SFH. The SSP differs from other
SFHs in that it is not extended in time.

that of BdJ00 and M04. Since the 〈A〉-Z grid for each model SFH has finite size and

resolution, we perform an explicit grid search to determine the best fit. For a given

bin, we evaluate the χ2
r statistic for all 〈A〉-Z combinations according to,

χ2
r =

1

N − 1

N
∑

j=1

(µj,obs − µj,mod(〈A〉 , 〈Z〉) − µn)2

δµ2
j,tot

, (5.3)

where N is the number of bands (4; griH), while µj,obs and µj,mod are the observed

and model SB in band j, respectively. The total (estimated) error in µj,obs, given by

δµj,tot, includes contributions from calibration and target plus sky photon noise. The

parameter µn is the best normalization between model and data spectra, accounting

for offsets due to observational errors (e.g., isophotal RMS scatter), stellar mass

(luminosity), etc. The value of µn is computed for each 〈A〉-Z pair as a weighted
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mean of the model-data differences across all bands, with,

µn ≡

N
∑

j=1

(µj,obs − µj,mod(〈A〉 , 〈Z〉) − µn)
2/δµ2

j,tot

N
∑

j=1

1/δµ2
j,tot

. (5.4)

Examples of the χ2
r manifold associated with our fits for select radial bins are

shown in Fig. 5.4. Plots such as these are useful for assessing the robustness of

individual fits by visual inspection of the gradient at the minimum (if any). The

three plots in Fig. 5.4 demonstrate the boundaries in manifold shape, for fits which

are qualitatively sound (Fig. 5.4a), successful but poorly constrained (Fig. 5.4b),

and unreliable (i.e., best fit by off-grid values; Fig. 5.4c). This last condition is

perhaps most important as it yields absolute confirmation that a bin lies off the grid.

In this situation, we can expect our method to settle on values corresponding to

the grid edge(s). Outliers (i.e., radial bins lying off of the SP model grid) cannot

be reliably detected from inspection of a single colour-colour plane alone (e.g., Figs.

4.4-4.6), as they represent only a portion of the full 6D colour volume. Note the

presence of at least two prominent ridges in Fig. 5.4a. These ridges are common to

many of the manifolds for our sample; the possibility of finding non-unique solutions

is thus significant. That is, the small set of colours used for our fits do not yield

many constraints for the data-model comparison. These χ2
r-valleys are likely due to

discrepant SP parameters preferred between single colour-colour planes.
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(a)

(b)

(c)

Figure 5.4: (a) Representative χ2
r-manifold for an acceptable fit to the binned griH

surface brightnesses for a given radial bin in a galaxy. The manifold is
shown as a function of the fit parameters mean age, 〈A〉, and metallicity,
Z. The manifold is colour-coded by local χ2

r value, as indicated by the bar
shown on the right-hand side. The solid yellow lines represent contours
of constant χ2

r . (b-c) As in (a) but shown for a representative (b) poorly-
constrained fit, and (c) unreliable fit.
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5.4 Fit Errors

For each radial bin, we repeated the fitting procedure of Eqs. 5.3-5.4 for 100 Monte

Carlo realisations of the observed SBs. For a given realisation, we perturb the griH

SBs in the bin by applying randomly-chosen percentages of the known (respective)

errors (i.e., calibration, and target/sky photon noise) to them; that is, the SBs are

assumed to be normally-distributed about their measured values. The 〈A〉-Z envelope

defined by the 68 Monte Carlo fits distributed about the original solution is used as

a 1σ error proxy. These errors also prove useful in detecting outliers, as bins whose

envelopes do not overlap with the model will have a perfect fit corresponding to the

grid edge(s). For each original fit, we also compute the 〈A〉-Z envelope of values

lying within ∆χ2
r = 1 of the χ2

r-minimum (i.e., the 1σ envelope). There is a one-to-

one correspondence between these envelopes and the χ2
r gradient strengths shown in

Fig. 5.4, such that the envelope size also provides a critique on the uniqueness of a

fit.

For the 〈A〉 and Z profiles in each galaxy, we compute weighted linear fits as a

function of radius to determine the mean gradients of these quantities. For a given

fit, we use the ∆χ2
r = 1 envelope of each bin as its individual weight. We use a

bootstrap fitting method (∼100 simulations per fit), whereby points are randomly

removed from a profile and the remaining data subsequently fitted. This method

avoids potentially biased fits due to few, high-weight but deviant points in the profile.

We also fit to the 100 〈A〉/Z Monte Carlo realisations for each galaxy and use the

RMS scatter to define the error in their gradients. Although a single linear fit seems an

overly-simplified representation for multi-component systems such as SGs, it captures

useful information about the broad distribution of relative 〈A〉/Z values throughout
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a system. These fits are adequate for a first-order comparison of the mean shapes of

SP profiles amongst systems of different galaxian parameters.

5.5 Dust Effects

As stated earlier, we do not correct our measured colours for the effects of dust

attenuation. We can still gauge the severity of this choice, as dust effects may mimic

those due to legitimate SP variations. The field of SPS is indeed compromised by a

three-fold age-metallicity-dust degeneracy (M04).

Fortunately, dust in ETGs is found only in small amounts. The lack of significant

(>10% by mass) recent (<3 Gyr) SF in these systems (e.g., Serra & Trager, 2007)

implies that their dust content has not been replenished by post-AGB stars (Eminian

et al., 2008) in the past few billion years. The same cannot be said of SGs and LIGs,

given their ongoing SF and that we do not enforce a strict inclination cut on our

sample (i < 82◦). An example of a system suffering from severe dust attenuation is

given in Fig. 5.5. The existence of optically-thick dust lanes is clear from the optical

image and the unrealistically-red colours (particularly in r-H) found throughout the

galaxy.

To gauge the effects of dust extinction we consider three popular dust models:

(1) foreground screen, (2) face-on triplex, and (3) clumpy medium. We now briefly

describe each:

Foreground screen: This represents the simplest of dust models (Aλ = 1.08τλ; Aλ

and τλ are the extinction (in magnitudes) and optical depth, respectively), in which

all starlight passes through a thin, uniform layer of dust. For dust composition, we
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Figure 5.5: (a) gri colour image of near edge-on Virgo Sb galaxy VCC 0873, a sys-
tem suffering from severe dust attenuation, as is clear from the prominent,
bowed dust lane running across the disk. (b) r-H versus g-r colour gra-
dients for VCC 0873, shown relative to the stellar population model grid
for an exponentially-decreasing/-increasing star formation history. The
galaxy’s location in the colour-colour plane agrees with its gradients being
displaced according to the reddening vector shown for a simple foreground
dust screen (see text for details), albeit by different levels of attenuation
throughout the galaxy.
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use the Milky Way extinction curve (τλ/τV ) and albedo values (aλ) of Gordon et al.

(1997). The extinction is normalised by specifying the V -band optical depth (τV ).

Face-on triplex: This more realistic model assumes that stars and dust are well-

mixed, such that each component follows independent exponential distributions in

both the radial and vertical coordinates. For composition, we also use the MW

extinction curve and albedo values. The calibration of this model is set by specifying

the central V -band optical depth, τV (0), and both the radial and vertical scalelengths

for each component, h(∗/d) and z(∗/d), respectively. Extinction profiles for a given

band are determined by first scaling τV (0) to obtain the corresponding central optical

depth in that band, τλ(0), according to,

τλ(0) =
τλ

τV
τV (0)(1 − aλ), (5.5)

where the last term represents the probability of scattering into the line of sight via

reflection (albedo). Scattering is not treated in this model, and this latter term is an

approximation of its role in the face-on case only. In general, scattering off of grains

is not addressed by dust models, making their predictions analytically tractable. Its

effect however, in terms of scattering out of the line of sight, is likely negligible for

face-on orientations (e.g., de Jong, 1996). Despite observations to the contrary (e.g.,

Xilouris et al., 1999), we use identical radial and vertical scalelengths between the

stars and dust to produce a significant amount of reddening in this model (M04).

Clumpy medium: This final model accounts for the known preferential extinction

towards young star clusters (Witt et al., 1992; Gordon et al., 1997) due to the naturally

higher dust concentrations in star-forming molecular clouds, relative to the ambient

ISM. We adopt the prescription of Charlot & Fall (2000), in which the extinction
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curve, τ̂λ, is given by,

τ̂λ =











τ̂V (λ/5500 Å)0.7 for t ≤ 107 yr,

µτ̂V (λ/5500 Å)0.7 otherwise,
(5.6)

where µ describes the contribution by the diffuse ISM (typically, µ ∼ 0.3) and t is

age of the SSP (i.e., τ̂V must be explicitly included in Eq. 5.1). In this formulation,

the significant, yet short-lived contribution of dusty stellar birth clouds (∼107 yr) is

clearly indicated. The power-law dependence of the extinction curve on wavelength

(∼ λ0.7) has been confirmed in a multi-frequency study of ∼1000 galaxies in the

SDSS (Johnson et al., 2007). In addition to µ, this model is also controlled by the

scaling parameter τ̂V (typically ∼ 1.0). Scattering is omitted in this model, making its

validity for a direction-dependent quantity like SB uncertain (Charlot & Fall, 2000).

The absence of scattering treatments in dust models represents a major justification

for us to not attempt any extinction corrections, given the large range of inclinations

spanned by our galaxies.

We compare in Fig. 5.6 the reddening predictions for each of the three dust

models, for varying combinations of their parameters. The Charlot & Fall (2000)

prescription has been implemented in GALAXEV, such that SPS grids incorporating

dust extinction can be generated. For the other models (screen and triplex), we only

present their reddening vectors. Comparing each of the dust models with the EXP

grid (included in each plot), we note that, within typical errors (lower-right corner of

each plot), the predictions of all models are degenerate. This shows that broadband

colours are unable to distinguish between different dust models. Moreover, the clumpy

model is degenerate with respect to the choice of µ and τ̂V , insofar as increasing either

one has the same effect on the grid (Figs. 5.6b-c). Thus, a meaningful extraction of
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dust properties within galaxies depends on the availability of additional constraints

(e.g., sub-millimeter maps of cold dust). Such constraints lie beyond the scope of our

study.

Secondly, the reddening vectors and dust grid in Fig. 5.6 extend nearly parallel

to the mean CG trends observed for our SGs and LIGs. However, for dust alone

to explain these observations, unrealistically-large central optical depths (τV (0) > 3)

would be required. Therefore, dust is unlikely to be the dominant contributor to the

colour gradients of our galaxies, with 〈A〉/Z playing the primary role. This conclusion

holds for moderately-inclined galaxies; edge-on systems (i > 80◦) in our sample (e.g.,

VCC 0873) lie systematically off of the grids in the direction of the reddening vectors.

In nearly edge-on cases, we still observe CGs within the galaxy (Fig. 5.5), but they

are likely due to SP variations along the galaxy rim only. So while dust plays a

role in the CGs of SGs and LIGs, it is only secondary to SP effects. Modulo dust

uncertainties then, we can still extract meaningful relative SP gradients for all of

our Virgo systems. Finally, note that the reddening vectors and dusty grid extend

primarily in the direction of increasing Z, such that dust attenuation (if present) will

be expected to steepen the Z gradient.

5.6 Frosting

The SP estimates we derive from our modelling are light-weighted, such that massive

young stars from a recent burst (“frosting”) of SF, due to their low mass-to-light

ratios, can dominate the light emission from a galaxy, and thereby bias the estimates

of age and metallicity. This can be true even if the mass fraction of these stars is

small (<10%), relative to a dominant background population of older, cooler stars.
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Figure 5.6: (a) r-H versus g-r stellar population grids for an exponentially-
increasing/-decreasing star formation history both with (red) and without
(blue) a clumpy dust medium model (Charlot & Fall, 2000) included. The
parameters of the dust model are indicated in the lower-right corner of
the window. Also shown in this window are the reddening vectors for two
other dust models: the simple foreground screen (orange-red) and face-on
triplex (dark red). The position of the galaxy center and half-light radius
of the galaxy in the latter are indicated by the solid and open circles,
respectively. The parameters of the screen and triplex models are pro-
vided to the right of the respective vectors. (b-c) As in (a) but shown for
different parameter combinations of the three dust models, as indicated.
The predictions of the models are both degenerate with respect to each
other, and themselves.
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Figure 5.7: (a) r-H verus g-r stellar population grids for an exponentially-
decreasing/-increasing, EXP, star formation history, SFH, both with (red)
and without (blue) a Sandage-like frosting of star formation at late epochs.
The age (t) and mass fraction (F ) of the frosting event are indicated in
the lower-right corner of the window. (b-d) As in (a) but shown for dif-
ferent combinations of the age and mass fraction of the frosting event,
as indicated. The model colours are only significantly affected in the
extreme case of (a), and show that frosting more commonly affects age
determinations, such that the EXP SFH model always overpredicts the
mean age of the population, with a maximum uncertainty of ∼2 Gyr.
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The importance of the frosting scenario seems to have been first recognized by de

Jong & Davies (1997) in the context of enhanced Hβ emission from disky (flattened)

elliptical galaxies. That is, frosting can even be of relevance in determining accurate

SP estimates of the oldest spheroids in the Universe (e.g., Serra & Trager, 2007). To

assess the impact of such a scenario on our results, we have computed frosting models

for several different combinations of the age and mass fraction of the burst of SF.

These models are shown in Fig. 5.7 and are comprised of a background EXP SFH

with a Sandage-like burst superimposed at late epochs (1 or 4 Gyr ago).

Examination of the frosting grids relative to that for our preferred EXP SFH

model helps illustrate the potentially significant effect that recent SF can have on our

results. We note, though, that because we lack knowledge of the empirical SFH of our

galaxies (MacArthur et al., 2009), frosting grids do not allow us to determine mass-

weighted estimates for our observed SPs. For all frosting models shown, we find that

the EXP-based SP estimates we use are upper limits, particularly in terms of mean

ages. This is because the frosting formalism, by definition, removes power (mass)

from the old population and puts it into that of the young. In the worst case (50%

by mass, 1 Gyr ago) our SP estimates are discrepant by ∆ 〈A〉 ∼ 2 Gyr and ∆Z/Z ∼

0.5; such a situation is quite unlikely to occur often (Kauffmann et al., 2003). On

a positive note, though, our metallicity estimates are typically much more robust.

Thus, while we cannot deny that some pixels within our galaxies are contaminated

by a recent frosting of young stars on top of an otherwise predominantly old SP (e.g.,

spiral arms), we nevertheless err in the right direction (toward older ages). Had we

been using an SSP model for our analysis, our estimates would be completely biased

to the young population in such cases (Serra & Trager, 2007).



Chapter 6

Local Ages and Metallicities

We now present the SP fits (§5) to the radially-binned griH SB profiles of our Virgo

galaxies (§3; Appendix B). These fits are used to investigate correlations between

galaxy structure or environment with their local SFHs and/or CE. This investigation

is also extended to the variations of 〈A〉 and Z within these galaxies and their re-

spective gradients. These results will be useful in constraining formation scenarios for

each morphological type (§8). In §7, we examine instead global SP estimates based

on integrated luminosities. Note that we express all Z fits on logarithmic scale and

relative to the solar value (Z⊙ = 0.02).

6.1 Stellar Population Profiles and Gradients

Galaxy formation/evolution models benefit from empirical knowledge of SPs in galax-

ies such as 〈A〉 and Z profiles. This information traces the relative formation epochs

of the (multiple) existing galaxy components (e.g., bulge, disk, etc.) or indicates ef-

fects induced by environment (e.g., Crowl & Kenney, 2008). To this end, we examine
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here such profiles for our galaxies and their associated gradients.

6.1.1 Profiles

We show in Figs. 6.1-6.3 the radial variations of 〈A〉 and Z within each morphology.

These plots are structured identically to the g-H profiles of §4 and we provide them

for several choices of radial coordinate. The solid and dashed red lines indicate the

median trends and their 1σ-dispersion envelopes, respectively. Comparisons between

the figures confirm that the median trends are robust between the physical spaces.

As in §4, we anchor our discussion in structural (Re) space, but for low-S/N systems

(e.g., Im+BCD) we turn to the log R profiles instead.

Ages

Within the Hubble sequence (E-Sm), the gradients of median age profiles range from

positive for giant ETGs to negative for SGs, with Sbc+Sc gradients being flat. This

trend reverses within Sdm+Sm types (positive gradient), such that they more closely

resemble Im types. This will be addressed in §8. Giant ETGs have two-component age

profiles: a flat interior coupled to an increasing exterior. The maximum (positive) and

minimum (negative) slopes appear within S0+S0/a and Scd+Sd types, respectively,

where the strength of the former is interesting.

The remaining median profiles (dS0+dE; Im−?) have positive gradients of differ-

ing strengths. There is broad agreement between dwarf and giant ETGs, but dE and

dS0 gradients appear stronger and weaker than their giant counterparts, respectively;

dS0 profiles are nearly flat. These differences are quantified below (section 6.1.2).

LIGs profiles in log R-space are nearly uniform, with their positive gradients slightly
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(a)

(b)

Figure 6.1: (a) Profiles of mean age, 〈A〉, as a function of scaled radius, R/Re, for
Virgo galaxies. The galaxies are binned by morphology, indicated in the
lower-right corner of each window. Points are coloured in grayscale by
their associated S/N , going from S/N = 50 (black) to S/N = 20 (light-
gray) in steps of ten. The median profiles (0.5 Re-resolution) and their
1σ-dispersion are indicated by the solid and dashed red lines, respectively.
(b) As in (a), but shown for metallicity, Z.
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decreasing in strength from Im+BCD to S?+? systems.

Metallicities

Contrary to the age gradients, the radial variations of Z in Virgo galaxies exhibit a

fairly uniform global behaviour; modulo slight differences in strength, the median Z

gradients are all negative. While finer differences between galaxy types are difficult

to infer from the plots, we can confirm that the steepest and flattest Z gradients are

found in Scd+Sd and Sdm+Sm types, respectively. The non-linear shape of the S0-Sd

median profiles reveals the presence of multiple components within these types. The

gradients are quantified below (§6.1.2).

The median Z gradient for E galaxies comprises a smoothly-declining interior

region to ∼3 Re, followed by a sharp drop-off. While reminiscent of its g-H profile

shape, the flatter g-H interior confirms both 〈A〉 and Z variations in E galaxies.

Moreover, good agreement is generally found between median Z profiles in dwarf

and giant ETGs; that is, they all have two-component profiles. Ellipticals systems,

however, differ in that their outer gradients are steeper than those in their interiors.

LIGs also have flat interiors coupled to negative-gradient outskirts, the latter of which

are steeper in Im+BCD types.

6.1.2 Gradient Slopes

We now use the linear fits described in §5 to quantify the gradients seen in Figs. 6.1-6.3

and explore the possible structural/environmental controlling factors behind radial

variations in SFHs and CE for our galaxies. The distributions of 〈A〉 and Z slopes

for each morphology is shown in Fig. 6.4; the colour scheme, based on morphology,
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(a)

(b)

Figure 6.2: As in Fig. 6.1 but plotted versus physical radius, R. The median profiles
are binned at 2 kpc-resolution.
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(a)

(b)

Figure 6.3: As in Fig. 6.1 but plotted versus logarithmic radii, log R. The median
profiles are binned at 0.25 dex-resolution.
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(a) (b)

Figure 6.4: (a) Distributions of mean age gradients, d〈A〉/dr, for Virgo galaxies. The
gradients are expressed in terms of scaled radius, R/Re. The distributions
for individual morphologies have been colour-coded, as indicated in the
lower-right window, and are shown separately for early-type (upper-left),
spiral (upper-right) and late-type/irregular (lower-left) galaxies. The
black histogram in each window shows the sum of the individual dis-
tributions contained therewithin. The histograms are binned at 2.0 Gyr
R−1

e -resolution. (b) As in (a) but shown for metallicity gradients, dZ/dr.
The histograms are binned at 0.25 dex R−1

e -resolution.

is indicated at the bottom-right. The histograms have bins of size 2.0 Gyr R−1
e and

0.25 dex R−1
e for 〈A〉 and Z, respectively. The galaxies have been separated into the

groups of ETGs (top-left), SGs (top-right) and LIGs (bottom-left). In black we show

the total distribution of each group. Note the different ordinate axis range for the

three groups in both plots.

The medians of the 〈A〉 and Z slope distributions for each morphology are given

in Tables 6.1-6.2. These values are computed for all three radial coordinates. The



CHAPTER 6. LOCAL AGES AND METALLICITIES 100

Table 6.1: Median Age, 〈A〉, Gradients for Virgo Galaxies

Morphology
d 〈A〉
dr

N∗

Re R (kpc) log R (dex)
dS0 0.065 ± 2.133 0.041 ± 2.643 0.000 ± 2.200 24
dE 0.572 ± 0.747 0.443 ± 0.666 0.355 ± 1.256 13
E 0.298 ± 0.973 0.189 ± 2.173 0.456 ± 1.970 24

S0+S0/a 0.336 ± 0.608 0.272 ± 0.861 0.549 ± 0.922 50
Sa−Sb 0.254 ± 1.417 0.058 ± 1.220 -0.011 ± 1.587 24
Sbc+Sc 0.044 ± 1.240 0.020 ± 0.670 0.148 ± 1.471 14
Scd+Sd -0.551 ± 2.800 -0.177 ± 2.088 -1.100 ± 3.273 12

Sdm+Sm -1.652 ± 2.241 -0.646 ± 0.928 -0.688 ± 2.201 6
Im 1.349 ± 1.552 0.704 ± 0.856 2.106 ± 1.299 5

BCD 4.940 ± 2.865 6.498 ± 4.619 3.557 ± 1.836 5
S? 2.830 ± 3.241 1.002 ± 1.933 1.325 ± 2.580 10
? 0.634 ± 0.385 0.422 ± 0.367 1.970 ± 1.155 5

∗ This column provides the number of galaxies included in each morphology.

errors represent the RMS dispersion about the medians. The values reported in these

tables support our qualitative observations made previously from Figs. 6.1-6.3. Note,

though, that the median SP gradients in Sdm+Sm galaxies disagree with their median

profiles; the effect behind this is subtle and will be discussed in §8.

Bivariate distributions of both the 〈A〉 and Z gradients against NIR-structural

and environmental parameters are shown in Figs. 6.5-6.10, respectively. The galaxies

are grouped as in Fig. 6.4. In each window, the solid and dashed black lines show

the linear fit and its 1σ error, respectively. Typical errors in slope for each group are

shown in their respective windows, along with the Pearson correlation coefficient, r,

for the fit. A summary of the fit quality for each of these distributions is given in

Tables A.1-A.6. We now reflect on Figs. 6.4-6.10 for each of the broad morphological

bins we have defined (ETG, SG, and LIG).
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(a) (b)

Figure 6.5: (a) Bivariate distributions of age gradients, d〈A〉/dr, versus concentra-
tion, C28, for Virgo galaxies. The gradients are expressed in terms of
scaled radius, R/Re. The points have been colour-coloured by individual
morphology, as indicated in the lower-right window, and the distributions
are shown separately for early-type (upper-left), spiral (upper-right) and
late-type/irregular (lower-left) galaxies. In each window we show a linear
fit to the points (solid line), as well as the associated 1σ error envelope
(dashed lines) and Pearson correlation coefficient. The error envelope
may be interpreted as the quality of the linear fit (i.e., scatter). (b) As
in (a) but shown for metallicity gradients, dZ/dr.
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Table 6.2: Median Metallicity, Z, Gradients for Virgo Galaxies

Morphology
dZ

dr
N∗

Re R (kpc) log R (dex)
dS0 -0.218 ± 0.367 -0.185 ± 0.328 -0.210 ± 0.346 24
dE -0.253 ± 0.230 -0.145 ± 0.232 -0.297 ± 0.273 13
E -0.126 ± 0.300 -0.179 ± 0.569 -0.234 ± 0.446 24

S0+S0/a -0.150 ± 0.233 -0.095 ± 0.244 -0.268 ± 0.351 50
Sa−Sb -0.133 ± 0.279 -0.056 ± 0.202 -0.152 ± 0.359 24
Sbc+Sc -0.228 ± 0.385 -0.097 ± 0.214 -0.257 ± 0.442 14
Scd+Sd -0.451 ± 0.482 -0.180 ± 0.344 -0.498 ± 0.590 12

Sdm+Sm -0.183 ± 1.170 -0.067 ± 0.406 -0.131 ± 1.102 6
Im -0.526 ± 0.448 -0.311 ± 0.280 -0.585 ± 0.687 5

BCD -0.243 ± 0.576 -0.248 ± 0.618 -0.365 ± 0.394 5
S? -0.240 ± 0.400 -0.131 ± 0.346 -0.258 ± 0.340 10
? -0.091 ± 0.153 -0.082 ± 0.211 -0.249 ± 0.418 5

∗ This column provides the number of galaxies included in each morphology.

(a) (b)

Figure 6.6: (a-b) As in Fig. 6.5 but plotted versus apparent luminosity, H .
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Early-Type Galaxies

The ETGs have a tight 〈A〉 gradient distribution that is dominated by shallow, pos-

itive values (range: 0 → 2 Gyr R−1
e ; median: ∼0.4 Gyr R−1

e ). All types peak in this

range. The tail of shallow, negative gradients is notable, though. The Z gradients

display a relatively broader range of values, from -0.5 → 0.2 dex R−1
e . They are not

as shallow as their age gradients, having significant negative values (median: ∼-0.2

dex R−1
e ). dS0 systems, on average, have steeper Z gradients than other ETGs.

The 〈A〉 gradients exhibit shallow correlations with C28, H and µe but their small

associated Pearson r values (|r| < 0.20) indicate though that none of these is signif-

icant. Although taking on slightly larger values (|r| < 0.30), the Pearson coefficient

also rules out a possible link between ETG Z gradients and their structure. There are

suggestions of quite significant (|r| > 0.6) 〈A〉/Z-gradient correlations with DefHI

for S0+S0/a systems, but the number of HI measurements for these galaxies (8) is

currently too small to be conclusive.

Spiral Galaxies

The SG 〈A〉 gradient distribution is slightly broader than that of ETGs (-4 → 4 Gyr

R−1
e ), with many more galaxies (typically late-types) having negative values. That

is, the age gradient distribution is nearly symmetric about zero (median: ∼0.1 Gyr

R−1
e ). SG Z gradients also span a larger range than ETGs, from -0.8 → 0.2 dex R−1

e .

The Z gradient distribution is nearly symmetric, such that the majority of values are

negative (median ∼-0.2 dex R−1
e ), although all morphologies contain some positive

slopes. There appears to be a weak sequence in median Z gradient, such that earlier

types have a flatter Z profile, on average.
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(a) (b)

Figure 6.7: (a-b) As in Fig. 6.5 but plotted versus effective surface brightness, µe.

The 〈A〉 gradients for SGs show stronger trends with H and Re, than against

C28 and µe. The Pearson r values confirm this, while showing that the former are

nevertheless quite weak (|r| ∼ 0.3). The known H-Re relation (Courteau et al., 2007,

Fig. 2.6) does not explain the near-equal |r| values for these correlations. SG Z

gradients show quite shallow (C28, µe) and steep (H , Re) trends with structure. The

r values indicate that only the latter are of any significance (|r| > 0.3), with the

Re-correlation (r = 0.46) being the dominant of the two. The positions of extreme

outliers are consistent with the trends for the 〈A〉 gradients, but not the Z gradients.

No correlations with environment are found.
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(a) (b)

Figure 6.8: (a-b) As in Fig. 6.5 but plotted versus effective radius, Re. The effective
radii are expressed on logarithmic scale.
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(a) (b)

(c) (d)

Figure 6.9: (a) Bivariate distributions of age gradients, d〈A〉/dr, versus distance from
M87, DM87, for Virgo galaxies. The gradients are expressed in terms of
scaled radius, R/Re. The points have been colour-coloured by individual
morphology, as indicated in the lower-right corner. We show with a solid
line a linear fit to all galaxies, as well as the associated 1σ error envelope
(dashed lines) and Pearson correlation coefficient. The typical error per
point is indicated by the errorbar shown. (b) As in (a) but shown for
metallicity gradients, dZ/dr. (c-d) As in (a-b) but plotted versus surface
density of galaxies, Σ.
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Late-Type/Irregular Galaxies

The 〈A〉 gradients for LIGs are effectively all positive, spanning a range from 0 →

8 Gyr R−1
e . The 〈A〉 gradients peak at low values (∼1 Gyr R−1

e ) but are fairly

asymmetric (median: ∼2.4 Gyr R−1
e ). As with SGs, the Z gradients span a large

range in values (range: -1.0 → 0.2 dex R−1
e ); that is, the majority of LIG’s Z gradients

are negative. Their Z distribution is fairly symmetric, however, and peaks at ∼-0.4

dex R−1
e . This peak is slightly lower than for ETGs and SGs. The spread of each

morphology in both distributions is broad, such that LIG types cannot be easily

distinguished in terms of gradients; Im galaxies may dominate the scatter in 〈A〉

gradients, however.

LIG 〈A〉 gradients exhibit steep trends against all structural parameters. The

Pearson coefficients, however, distinguish the H- and µe-correlations as being both

much more significant and valid. In fact, the near-equal r values (r = 0.45) of these

correlations cannot be explained by a H-µe relation, suggesting that both trends

are fundamental. Steep trends of LIG Z gradients against structure are also found.

Once again, the Pearson r distinguishes between these possibilities, indicating that

the C28- and H-correlations are most significant. Their r values are comparable

but nonetheless small (|r| ∼ 0.36), such that both parameters make equal but weak

contributions to setting dZ/dr. The extreme Z gradient outliers, however, do not

support any of the observed trends.
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(a) (b)

Figure 6.10: (a-b) As in Fig. 6.9 but plotted versus HI deficiency, DefHI .

6.2 Local Ages

Evidence suggests that SF on local scales is regulated by structure; i.e., the local

Schmidt-Kennicutt relation, which relates the local SF rate with the corresponding

gas surface density. Such a local connection is also motivated by correlations found

between local ages and stellar surface density in SGs (M04); although not shown, we

also see such trends in our sample. We explore in this section whether the local SFH

in our galaxies correlates with galaxy structure/environment. To do so we define (in

the spirit of M04) the “effective age”, 〈A〉eff , of a galaxy as the mean stellar age at

(or about) one effective radius.

We show in Fig. 6.11 the distributions of 〈A〉eff in our sample. This plot is

identical to those in Fig. 6.4, but now recast in terms of effective ages. The histograms
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Figure 6.11: Distributions of effective ages, 〈A〉eff , for Virgo galaxies. The age is mea-
sured at an effective radius, Re. The distributions for individual mor-
phologies have been colour-coded, as indicated in the lower-right window,
and are shown separately for early-type (upper-left), spiral (upper-right)
and late-type/irregular (lower-left) galaxies. The black histogram in
each window shows the sum of the individual distributions contained
therewithin. The histograms are binned at 1.0 Gyr-resolution.

are binned at a resolution of 1 Gyr. We show in black the total distribution in each

window; note that the ordinate axis scale differs amongst the three windows.

We show in Figs. 6.12-6.15 the bivariate distributions of 〈A〉eff against NIR-

structural and environmental parameters. These plots are identical to those of Figs.

6.5-6.10, but now shown in terms of effective ages. Note that the solid and dashed

black lines show linear fits to the data in each window and their 1σ errors, respectively.

The Pearson r associated with each fit is also included.
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(a) (b)

Figure 6.12: (a) Bivariate distributions of effective ages, 〈A〉eff , versus concentra-
tion, C28, for Virgo galaxies. The age is measured at an effective ra-
dius, Re. The points have been colour-coloured by individual morphol-
ogy, as indicated in the lower-right window, and the distributions are
shown separately for early-type (upper-left), spiral (upper-right) and
late-type/irregular (lower-left) galaxies. In each window we show a linear
fit to the points (solid line), as well as the associated 1σ error envelope
(dashed lines) and Pearson correlation coefficient. The typical error per
point is indicated by the errorbar shown. (b) As in (a) but plotted versus
apparent luminosity, H .
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6.2.1 Early-Type Galaxies

Like their 〈A〉 gradients, ETGs possess a remarkably tight distribution in 〈A〉eff , with

values in the range ∼9-11 Gyr. The distribution strongly peaks from 9-10 Gyr, with

a short but prominent tail to higher ages (median: ∼10 Gyr). Dwarfs, on average,

are only slightly younger than giants (∆ 〈A〉eff ∼ 0.4 Gyr), although a handful of

these systems are found at very old ages (12-13 Gyr). The self-similarity of ETG 〈A〉

gradients implies that dwarfs should also be globally younger than giants (§7).

The bivariate distributions of ETG 〈A〉eff against structural parameters reveal

uniformly shallow trends between these quantities, with the strongest being with Re.

This suggests a slight size dependence in 〈A〉eff , such that larger systems have older

local ages. The small scatter (<1 Gyr) in all planes implies that the lack of trends

is authentic. Indeed, the |r| values (<0.2) for these trends confirm the absence of

any significant correlations in these planes. Local S0+S0/a ages may have a strong

dependence on DefHI (r = 0.77), but (again) this result is compromised by the low

number of lenticular HI masses currently available.

6.2.2 Spiral Galaxies

Local ages of SGs also peak in the 9-10 Gyr bin, but their 〈A〉eff distribution possesses

a large (asymmetric) tail towards young ages (range: ∼7-11 Gyr; median: ∼9.0 Gyr).

This tail is primarily comprised of late-type systems (Scd-Sm), such that the early-

types (Sa-Sc) define the old-〈A〉eff peak. That is, local age typically decreases towards

later types, a likely manifestation of the known systematics of SF activity along the

Hubble sequence (Kennicutt, 1998). The modest tail of early-types to older ages (>10

Gyr) supports this trend.
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(a) (b)

Figure 6.13: As in Fig. 6.12 but plotted versus (a) effective surface brightness, µe,
and (b) effective radius, Re.
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Contrary to ETGs, the Virgo SGs exhibit stronger trends in their 〈A〉eff estimates

with structure, except the 〈A〉eff -Re distribution, which is essentially flat. By inspec-

tion, those trends with C28 and µe are most dominant. The Pearson r values confirm

this point, but indicate that these trends, while likely independent, are nonetheless

statistically weak (|r| < 0.4). A near-significant correlation (r ∼ 0.50) is obtained

with DefHI , such that more stripped systems are older locally. The C28- and µe-

trends simply reflect the weak morphological trend seen in Fig. 6.11, wherein more

concentrated/brighter (early-type) systems have older 〈A〉eff . The addition of a mor-

phological distinction in 〈A〉 gradients implies early-type SGs should be absolutely

older than late-types (§7).

6.2.3 Late-Type/Irregular Galaxies

The LIGs possess the widest but most symmetric 〈A〉eff distribution (5.0-10.5 Gyr),

which peaks at ∼8-9 Gyr. The distribution is slightly enhanced in ages younger than

this peak (median: ∼7.7 Gyr). A weak distinction exists between Im-BCD and ?

systems, such that the former are younger (∼6.7 for Im-BCD’s; ∼8.5 Gyr for ?’s),

on average. S?’s, however, appear evenly spread throughout the distribution. A

morphological trend in 〈A〉eff for LIGs is thus not clear.

Trends nearly identical to those seen for SGs are observed in the bivariate 〈A〉eff -

structure distributions for LIGs. In this case, however, the r value for the µe-

correlation (r = -0.42) distinguishes it as being both the most dominant and mean-

ingful. The slightly reduced scatter in this plane supports these points. The µe trend

is such that 〈A〉eff increases for higher surface densities. We also uncover a significant

trend (r = 0.56) of local ages with DefHI which, as for SGs, indicates that local age
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(a) (b)

Figure 6.14: (a) Bivariate distributions of effective ages, 〈A〉eff , versus distance from
M87, DM87, for Virgo galaxies. The age is measured at an effective
radius, Re. The points have been colour-coloured by individual mor-
phology, as indicated in the lower-right corner. We show with a solid
line a linear fit to all galaxies, as well as the associated 1σ error envelope
(dashed lines) and Pearson correlation coefficient. The typical error per
point is indicated by the errorbar shown. (b) As in (a) but plotted versus
surface density of galaxies, Σ.
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Figure 6.15: As in Fig. 6.14 but plotted versus HI deficiency, DefHI .

increases for more gas-deficient LIGs.

6.3 Local Metallicities

Unlike local SFHs, little is known about the local CE within galaxies and what (if any-

thing) governs it. Semi-analytic models may now address this issue (e.g., Somerville

& Primack, 1999), but the combination of ad hoc feedback prescriptions and coarse

(model) resolution compromises the results. M04 found evidence that local CE in SGs

may be depend on local mass density, an inference supported by our own analysis

as well (not shown). To improve on these results, we repeat the above investigation

for ages, but now for “effective” metallicities Zeff (i.e., the metallicity at 1 Re). For

this, we will refer to Fig. 6.16 and Figs. 6.17-6.20, which show, respectively, the Zeff
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Figure 6.16: Distributions of effective metallicities, Zeff , for Virgo galaxies. The
metallicity is measured at an effective radius, Re. The distributions
for individual morphologies have been colour-coded, as indicated in the
lower-right window, and are shown separately for early-type (upper-left),
spiral (upper-right) and late-type/irregular (lower-left) galaxies. The
black histogram in each window shows the sum of the individual distri-
butions contained therewithin. The histograms are binned at 0.25 dex
resolution.

distribution and bivariate Zeff -structure distributions of our galaxies. These plots

are structured identically to those for 〈A〉eff , but cast in terms of metallicities. Note

that in Fig. 6.16 the histograms are binned at 0.25 dex resolution and the ordinate

axis differs between the windows.
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6.3.1 Early-Type Galaxies

Unlike their ages, the Zeff values for ETGs display a broad, symmetric distribution,

from -0.5 → 0.2 dex (a factor of 5x, by mass). The Z distribution peaks just below

solar composition (∼ -0.2 dex). There is a tentative distinction between dwarfs and

giants, in that the former are slightly metal-poorer (separation of ∆Zeff ∼ 0.3 dex),

but the Z distributions within each ETG morphology are quite broad. The flatter

gradients of giant ETGs then suggest that, on average, these systems should be more

metal-rich, globally, than their dwarf counterparts (§7).

Also unlike their ages, we find that the bivariate Zeff -structure distributions for

ETGs are typically characterized by strong trends (the Re trend is much weaker).

Not surprisingly, the Pearson coefficients confirm this point, with dominant H- and

µe-correlations (r ∼ -0.6) amongst all structural parameters. These correlations are

consistent with the dwarf-giant distinction mentioned above, in that the brighter

and/or denser (giant) systems are typically more chemically-evolved. Also contrary

to the case with local ages, the Zeff estimates for lenticulars show no trend with

DefHI .

6.3.2 Spiral Galaxies

Virgo SGs show a range in Zeff from -0.5 → 0.3 dex, comparable to that of ETGs.

The distribution also peaks just below solar metallicity (∼-0.2 dex), but is highly

asymmetric (median: -0.1 dex), with a significant metal-rich tail. There also exists a

more extended, albeit putative, tail to extremely low Zeff (reaching ∼-2.0 dex), that

is mostly comprised of late-type disks. The underlying, individual Zeff distributions

show that there is no reliable distinction between morphologies in Zeff . Thus, a
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(a) (b)

Figure 6.17: (a) Bivariate distributions of effective metallicities, Zeff , versus con-
centration, C28, for Virgo galaxies. The metallicity is measured at an
effective radius, Re. The points have been colour-coloured by individual
morphology, as indicated in the lower-right window, and the distribu-
tions are shown separately for early-type (upper-left), spiral (upper-right)
and late-type/irregular (lower-left) galaxies. In each window we show
a linear fit to the points (solid line), as well as the associated 1σ error
envelope (dashed lines) and Pearson correlation coefficient. (b) As in (a)
but plotted versus apparent luminosity, H .
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(a) (b)

Figure 6.18: As in Fig. 6.17 but plotted versus (a) effective surface brightness, µe,
and (b) effective radius, Re.

separation of SG morphologies based on global metallicities is unlikely as well (§7).

Non-trivial trends in Zeff for SGs are observed with their structure, most no-

tably against H and Re. The latter is interesting, given its lack of effect seen until

now. Moreover, the weaker C28-Zeff trend confirms the absence of a morphological

signature in Zeff . The Pearson r’s for the H- and Re-correlations (r = -0.47 and

0.44, respectively) indeed confirms their dominating effect, while being independent

and non-negligible. In each plane, we find that the metal-poor outliers follow the

fitted trends. Contrary to ages, the Zeff distributions for SGs show no dependence

on environment.
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6.3.3 Late-Type/Irregular Galaxies

The distribution of Zeff for LIGs combines characteristics from those for ETGs and

SGs; the bulk of systems defines a symmetric distribution, but there is an extended

tail (of Im types) to extremely low Zeff . The Zeff values for most LIGs are found

between -0.8 and 0.2 dex, with a peak at significantly lower Zeff (∼-0.3 dex) than

that for ETGs and SGs (∼-0.1 dex). Each of the LIG types is well-spread throughout

the Zeff distribution, except BCDs which are clustered at ∼-0.4 dex. The mixture

of Z gradients and Zeff values amongst LIG morphologies, makes a morphological

signature in global Z unlikely (§7).

Fits to the distributions of LIG Zeff against structural parameters shows that

strong trends are observed in each plane, with those against C28 and H being the

steepest. The Pearson r values for these trends indeed confirm that C28- and H-

correlations (r = 0.48 and -0.45, respectively) are the most dominant. Moreover,

these correlations are independent of each other and near-significant. They imply

that Zeff tends to increase with increasing concentration and/or luminosity. The

extreme metal-rich and -poor LIGs, however, do not follow the fitted trends. No

environmental signature in the Zeff distribution is found.
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(a) (b)

Figure 6.19: (a) Bivariate distributions of effective metallicities, Zeff , versus distance
from M87, DM87, for Virgo galaxies. The metallicity is measured at an
effective radius, Re. The points have been colour-coloured by individual
morphology, as indicated in the lower-right corner. We show with a solid
line a linear fit to all galaxies, as well as the associated 1σ error envelope
(dashed lines) and Pearson correlation coefficient. The typical error per
point is indicated by the errorbar shown. (b) As in (a) but plotted versus
surface density of galaxies, Σ.



CHAPTER 6. LOCAL AGES AND METALLICITIES 122

Figure 6.20: As in Fig. 6.19 but plotted versus HI deficiency, DefHI .



Chapter 7

Global Ages and Metallicities

In this chapter we present the SP fits to the integrated (griH) luminosities of our

galaxies to search for possible correlations between their global SFHs and/or CE

with galaxian structure and/or environment. In this respect, we be referring to the

global (luminosity-weighted) ages, 〈A〉glbl, and metallicities, Zglbl, for SFHs and CE,

respectively.

7.1 Age trends

Global properties of galaxies follow well-known scaling relations with their structure.

For instance, the integrated SF rate in gas-rich galaxies scales linearly with their inte-

grated surface density of gas (global Schmidt-Kennicutt law; Kennicutt, 1998), while

the global SFH of both star-forming and quiescent systems appears linearly-correlated

with dark halo mass (Faber & Jackson, 1976; Tully & Fisher, 1977). On such a ba-

sis, we now investigate for possible correlations of 〈A〉glbl with galaxy structure and

environment.

123
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Figure 7.1: Distributions of global ages, 〈A〉glbl, for Virgo galaxies. The distributions
for individual morphologies have been colour-coded, as indicated in the
lower-right window, and are shown separately for early-type (upper-left),
spiral (upper-right) and late-type/irregular (lower-left) galaxies. The
black histogram in each window shows the sum of the individual dis-
tributions contained therewithin. The histograms are binned at 1.0 Gyr
R−1

e -resolution.

We show in Fig. 7.1 the distribution of 〈A〉glbl fits for our sample. Corrrelations

between structure (C28, H , µe and re) and/or environment (DM87, Σ and DefHI) and

the 〈A〉glbl distributions in broad morphological bins (ETG, SG, and LIG) are sought

out in Figs. 7.2-7.3 (structure) and Figs. 7.4-7.5 (environment), respectively. The

results of these correlation investigations are summarized in Tables A.1-A.6.
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7.1.1 Early-Type Galaxies

The 〈A〉glbl distribution for Virgo ETGs is similar to that of the 〈A〉eff , with subtle

differences. A greater majority of galaxies are now found in the 9-10 Gyr bin, but

the typical age remains the same (median: ∼10 Gyr). Moreover, there appears many

more old (>11 Gyr) giant ETGs on global scales, such that the distribution has an

old-age tail or a second peak (at 12-13 Gyr). Despite these differences, the distri-

bution remains overwhelmingly unimodal and tight (∆ 〈A〉glbl ∼ 1.2 Gyr). Contrary

to expectations from §6, we do not see an obvious distinction in global age between

dwarf and giant ETGs.

Similar to their local ages, the ETG 〈A〉glbl distribution is nearly flat against each

structural parameter (Re being the slight exception). The corresponding Pearson r

values for these correlations are either nil or small (|r| ≤ 0.1). The uniformity in fit

errors (σ; Table 1) between the several age-structural correlations is puzzling how-

ever, given the inherent scatter in the well-known scaling relations between structural

parameters of galaxies (e.g., Re-H relation; Fig. 2.6). This may just be an artifact

of the absence of any 〈A〉glbl-structure correlations, though. Slightly stronger correla-

tions are found with environmental parameters, though their Pearson r values remain

too small to warrant significance (|r| < 0.25). The tail of old ETGs is unlikely to

affect these fits, however, as they represent a minor fraction (<25 %) of the total

population.

7.1.2 Spiral Galaxies

The 〈A〉glbl distribution of Virgo SGs is also similar to that for their local ages, with

minor differences. The global distribution also peaks at relatively old ages (9-10 Gyr),
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(a) (b)

Figure 7.2: (a) Bivariate distributions of global ages, 〈A〉glbl, versus concentration,
C28, for Virgo galaxies. The points have been colour-coloured by individ-
ual morphology, as indicated in the lower-right window, and the distribu-
tions are shown separately for early-type (upper-left), spiral (upper-right)
and late-type/irregular (lower-left) galaxies. In each window we show a
linear fit to the points (solid line), as well as the associated 1σ error enve-
lope (dashed lines) and Pearson correlation coefficient. The typical error
per point is indicated by the errorbar shown. (b) As in (a) but plotted
versus apparent luminosity, H .
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but is now dominated by early-type (Sa-Sb) SGs. This comes largely at the expense

of the old (>10 Gyr) 〈A〉eff Sa-Sb’s. The significant tail to young ages then (median:

8.7 Gyr; ∆ 〈A〉glbl ∼ 1.7 Gyr) must be contributed by late-types (Scd-Sm), which

is confirmed from the plot. This age distinction (early-types old; late-types young)

was anticipated from the SG age gradient distribution (§6). The small cluster at

extremely-young (light-weighted) ages (1-3 Gyr) are a combination of poor fits and

systems with strong SF in their outskirts (i.e., negative 〈A〉 gradients)

Unlike ETGs, we find the 〈A〉glbl-structure planes for SGs are typically described

by steep trends (Re is the exceptional parameter). The Pearson r values, largest for

the C28- and µe-correlations (r = 0.39 and -0.36, respectively), indicate that these

(independent) trends are nonetheless statistically weak, such that age only weakly

increases with increasing C28 and µe. These correlations are similar to those seen

locally, which shows that the SG morphologies are also weakly distinguished on global

scales. This distinction likely follows from the corresponding distinction in their age

gradients. These age-structure relations, however, are overshadowed by that with

DefHI , which is similar in sense to that seen locally, but is more significant (r =

0.55).

7.1.3 Late-type/Irregular Galaxies

LIGs are the only broad morphological bin that differ substantially in their local and

global ages. On global scales, their distribution is the widest, with more developed

tails towards extreme ages (∆ 〈A〉glbl ∼ 2.4 Gyr). This increased width comes at the

expense of the peak, which is less well-defined for 〈A〉glbl (8-10 Gyr). However, the

typical age is more or less preserved (median: 8.3 Gyr). Interestingly, the Im-BCD
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(a) (b)

Figure 7.3: As in Fig. 7.2 but plotted versus (a) effective surface brightness, µe, and
(b) effective radius, Re.
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(a) (b)

Figure 7.4: (a) Bivariate distributions of global ages, 〈A〉glbl, versus distance from
M87, DM87, for Virgo galaxies. The points have been colour-coloured by
individual morphology, as indicated in the lower-right corner. We show
with a solid line a linear fit to all galaxies, as well as the associated 1σ
error envelope (dashed lines) and Pearson correlation coefficient. The
typical error per point is indicated by the errorbar shown. (b) As in (a)
but plotted versus surface density of galaxies, Σ.

systems dominate the scatter, likely indicating a combination of dust-reddening (old

tail) and enhanced-SF (young tail) effects. Unlike SGs, however, a separation of LIGs

morphologies is not evident, as expected (§6).

The linear fits to the LIG bivariate distributions in Figs. 7.2-7.3 reveal milder

trends between 〈A〉glbl and structure than that seen with SGs, with the steepest

being against µe. The Pearson r values for these fits confirm that the µe-trend is the

dominant one (r = -0.22) but none of them is meaningful. The dissolution of the age-

µe trend between local (r = -0.42) and global scales likely results from the opposite
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Figure 7.5: As in Fig. 7.4 but plotted versus HI deficiency, DefHI .

correlation of LIG age gradient with surface density (r = 0.45). Contrary to this

local-global difference, we find that the age-DefHI relation for LIGs is well-preserved

(r = 0.49) between the two scales. That is, gas deficiency plays a significant role in

determing systemic ages of LIGs.

7.2 Metallicity Trends

There is evidence that the integrated CE of a galaxy is controlled by its global param-

eters; e.g., the correlation between dark halo mass and total metallicity, the so-called

mass-metallicity relationship (e.g., Thomas et al., 2005). Motivated by these works,

we repeat the same search done above for correlations with structure and environ-

ment, but now for global metallicities, Zglbl. This analysis will focus on Figs. 7.6-7.10,
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Figure 7.6: Distributions of global metallicities, Zglbl, for Virgo galaxies. The dis-
tributions for individual morphologies have been colour-coded, as indi-
cated in the lower-right window, and are shown separately for early-
type (upper-left), spiral (upper-right) and late-type/irregular (lower-left)
galaxies. The black histogram in each window shows the sum of the in-
dividual distributions contained therewithin. The histograms are binned
at 0.25 Gyr R−1

e -resolution.

which represent the metallicity counterparts to Figs. 7.1-7.5. The results of these in-

vestigations are summarized in Tables A.1-A.6. We now discuss salient features from

these figures for each broad morphological bin.

7.2.1 Early-Type Galaxies

Contrary to their ages, the Z distributions for ETGs change dramatically between

local and global scales. This is true for the other morphologies too. The Zglbl distribu-

tion spans nearly the full range available in the models, from ∼ -1.8 → 0.4 dex. The
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tail to extreme-low Z is more developed on this scale, and is largely dominated by

dwarf systems. Overall, the distribution appears bimodal, with a paucity of ETGs in

the range ∼ 0.0 → 0.2 dex, and peaks at about ±0.4 dex. This bimodality is indepen-

dent of the finite extent of our model grid. Interestingly, the metal-rich peak comes

solely from giants, while the metal-poor peak is dominated by dwarfs; however, the

distributions of giant galaxies appear independently bimodal. This dwarf-giant sepa-

ration was predicted on the basis of ETG Z gradients (§6). The bimodality of giants

and large widths (∼1 dex) of all individual distributions may indicate a Zeff -dZ/dr

relation for ETGs in general.

The dwarf-giant distinction in Zglbl-space raises interesting prospects for possible

correlations with structure. The linear fits to the bivariate distributions indeed re-

veal steep Zglbl-structure trends, except for Re. Not surprisingly, the Pearson r values

indicate the H- and µe-trends are most significant (and legitimate); luminosity and

surface density are good dwarf-giant discriminators. The bimodality in giant ETG

Zglbl distributions, however, imply that these relations reveal authentic physics and

are not just driven by morphology. The equality of r values (∼ -0.6) for the H and

µe-correlations suggests both parameters are fundamental, such that as either one

increases, so does Zglbl. We also find a significant Zglbl-DefHI relation (r = 0.53)

for lenticular systems, but which is compromised by the low number of measure-

ments. Moreover, the sense of the correlation cannot be readily interpreted (more

gas-deficient systems have more metals).
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(a) (b)

Figure 7.7: (a) Bivariate distributions of global metallicitiess, Zglbl, versus concen-
tration, C28, for Virgo galaxies. The points have been colour-coloured
by individual morphology, as indicated in the lower-right window, and
the distributions are shown separately for early-type (upper-left), spiral
(upper-right) and late-type/irregular (lower-left) galaxies. In each win-
dow we show a linear fit to the points (solid line), as well as the associated
1σ error envelope (dashed lines) and Pearson correlation coefficient. The
typical error per point is indicated by the errorbar shown. (b) As in (a)
but plotted versus apparent luminosity, H .
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7.2.2 Spiral Galaxies

The Virgo SG population also exhibits a bimodal distribution in its global metallic-

ities. The metal-rich peak (0.4 dex) is quite broad, with a tail that reaches down to

the narrower metal-poor peak (-0.8 dex). This bimodality may be questioned on the

basis of dust extinction, which is known to artificially enhance Z estimates (BdJ00;

§5), especially since some late-type (gas-rich) SGs are found in the metal-rich peak.

However, the large separation of the peaks and the double-peaked distributions for

individual morphologies lends credence to the Z bimodality. At worst, the metal-rich

peak may be an upper limit. This Z bimodality may be the result of the finite num-

ber of SGs with positive Z gradients and could indicate a Zeff -dZ/dr relation for

these morphologies. There is also a small cluster of extremely metal-poor systems.

The majority of these objects are Sdm+Sm’s, making it plausible that their light is

dominated by near-pristine stars from a recent SF episode as the result of gas infall.

The small cluster of young SGs supports this point.

The linear fits in the Zglbl-structure planes reveal strong metallicity trends with

most structural parameters; the flatness of the relation with C28 confirms the absence

of a morphological signature in SG Zglbl (Fig. 7.6). The respective Pearson r values

indicate that the Zglbl-H relation is the most dominant of these trends, with the others

likely driven by structural parameter correlations. The r value of the Zglbl-H trend is

marginal though (r = -0.39), indicating that global metallicity only weakly increases

H-band luminosity. The reduction in r values for the H- and Re-correlations with

Z, from local to global scales, may be indicative of noise in the Z gradients of SGs.

Quite contrary to their ages, SG Zglbl fits show no environmental dependence.
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(a) (b)

Figure 7.8: As in Fig. 7.7 but plotted versus (a) effective surface brightness, µe, and
(b) effective radius, Re.
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7.2.3 Late-type/Irregular Galaxies

As with their ages, LIGs also define the broadest distribution in Zglbl-space, occupying

the full range afforded by the models (-2.3 → 0.4 dex). This scatter is mostly driven

by Im galaxies. Unlike their Zeff distribution however, that for Zglbl appears bimodal,

with peaks at ∼ 0.0 and -1.8 dex. The metal-poor peak likely results from gas infall

plus SF in the Im+BCD systems which comprise it; the young Im+BCD tail in

Fig. 7.1 supports this. The metal-rich peak possesses an extended tail down to ∼

-1.0 dex and contains a large percentage of the star-forming population. The latter

indicates that some dust contribution is likely. As with SGs though, the large peak

separation and existence of metal-rich S?+? systems make this bimodality more

certain. Moreover, systematic reddening with axis ratio was previously shown to

be negligible (§5). It is likely some trend of dZ/dr with Zeff generate the global

bimodality. As expected from §6, no morphological signature is seen in Zglbl.

Figs. 7.7-7.8 show that the Zglbl of LIGs correlates strongly with C28, H and µe,

but not Re, which is flat. The Pearson coefficients for these correlations indicate that

the trend with C28 is the most significant (r = 0.40), while those with H and µe are

likely manifestations of structural parameter relations. The marginal r value of the

Zglbl-C28 trend indicates that global metallicity tends to increase with C28. A corre-

lation of secondary importance for LIG Zglbl is found against DefHI , with a Pearson

r of -0.34. The weakness of this correlation suggests that global metallicity weakly

decreases with increasing gas deficiency. This concludes our detailed investigation of

global SP trends with galaxy structure and environment.
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(a) (b)

Figure 7.9: (a) Bivariate distributions of global metallicities, Zglbl, versus distance
from M87, DM87, for Virgo galaxies. The points have been colour-coloured
by individual morphology, as indicated in the lower-right corner. We show
with a solid line a linear fit to all galaxies, as well as the associated 1σ
error envelope (dashed lines) and Pearson correlation coefficient. The
typical error per point is indicated by the errorbar shown. (b) As in (a)
but plotted versus surface density of galaxies, Σ.
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Figure 7.10: As in Fig. 7.9 but plotted versus HI deficiency, DefHI .

7.3 A Global Age-Metallicity Relation?

A simple closed-box interpretation of CE suggests the existence of an age-metallicity

relation for galaxies. In such a picture, younger systems are expected, on average,

to be more metal-rich as they can incorporate the byproducts of previous stellar

evolution (Pagel, 1997). Admittedly, closed-box evolution is too simple to capture

the complexity of gas infall/inflows, galactic winds/outflows, ranges in SFHs, etc.,

that are known to occur in galaxies (Somerville & Primack, 1999; De Lucia et al.,

2006). However, comparing observations with such basic expectations is useful to

assess the inadequacy of the closed-box model.

Fig. 7.11 shows the distribution of 〈A〉glbl versus Zglbl for all galaxies in our sample.

The nominal error in both quantities is indicated by the error bars. Dwarf ETGs are
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Figure 7.11: Global age, 〈A〉glbl, versus metallicity, Zglbl, for Virgo galaxies. The
points are coloured according to broad morphological bins as follows:
dwarf ETGs (dark red), giant ellipticals (red), S0+S0/a’s (green), SGs
(blue) and LIGs (gray). Typical uncertainties in both 〈A〉glbl and Zglbl

are indicated by the black error bars. The appearance of a vertical line
of points at 〈A〉glbl ∼ 12.9 Gyr and horizontal lines of points at Zglbl ∼
-2.3, -1.7, and 0.4 is a consequence of the finite mean age and metallicity
coverage of the SP model we use (i.e., those points lie off of the model
grid).

shown in dark red, gE’s in bright red, S0+S0/a’s in green, SGs in blue and LIGs in

grey.

The scatter of points in Fig. 7.11 is significant, and is dominated by the gas-rich

systems (SG+LIG) located at young- to intermediate-〈A〉glbl and (predominantly)

with sub- to super-solar Zglbl. These systems may be affected by a recent frosting

of SF. The gas-poor systems (ETGs) however, exhibit a well-defined locus of points

extending between (∼9.5 Gyr, 0.4 dex) and (∼11 Gyr, -0.8 dex). The particularly
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tight correlation between age and metallicity for dwarf galaxies is rather surprising.

From Fig. 7.11 we also infer that, on average, dwarf ETGs are slightly younger and

more metal-poor than giant ETGs, as expected from Figs. 7.1 and 7.6. However, the

bimodal Zglbl distribution amongst giant ETGs, (particularly gE’s) is evident, such

that the lower-Zglbl objects have a broad 〈A〉glbl distribution, while their bretheren

with super-solar compositions have a tight 〈A〉glbl. Defining a typical age/metallicity

for SGs and LIGs is not obvious based on this figure, but it is clear that, on average,

their SPs are merely younger than those of ETGs, by up to a few billion years.

7.4 Dust Effects

A lingering issue is the effect of dust extinction on our global SP estimates. This

is disconcerting as dust may contribute to mimicking real age/metallicity effects in

gas-rich (SG+LIG) systems, as we have suspected for the 〈A〉glbl/Zglbl distributions

in Figs. 7.1 and 7.6. Dust morphology is known to vary with total (dark halo) mass

in these systems such that strong dust lanes are typically found in gas-rich galaxies

with Vrot ≥ 120 km s−1 (Dalcanton et al., 2004). Our weak correlations of SG+LIG

〈A〉glbl and Zglbl with H are consistent with this trend. Aside from this however, little

is known about the systematic variation of dust optical depth with the structural

parameters we have used.

Fig. 7.12 shows our galaxies in global colour-colour (g-r versus r-H) space, where

the points are coloured by (a) morphology or (b) axis ratio. For the latter, only gas-

rich (SG+LIG) systems are included. From Fig. 7.12a we see that all morphologies

span similar ranges in r-H . Since our sample spans the full range in inclination, a more

extended r-H colour distribution is expected for gas-rich systems than ETGs (i.e., the
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Figure 7.12: (a) Integrated g-r versus r-H colour distribution for all Virgo galaxies.
The points are colour-coded according to broad morphological bins as in
Fig. 7.11. Sky subtraction errors on the intergrated colours are repre-
sented by the red errorbars. The black solid and dashed lines represent
the EXP SFH SP model grids from §5. (b) As in (a) but shown for
gas-rich Virgo galaxies only. The points are colour-coded according to
H-band axis ratio (i.e., inclination), as indicated in the top-left corner.
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dust screen vector) if substantial dust extinction was statistically present. Moreover,

from Fig. 7.12b we see that higher-inclination galaxies are not systematically shifted

to larger r-H colours. Note that the large sky subtraction uncertainties in our NIR

magnitudes (red error bars) are fully accounted for in our modelling, via the derived

SP errors.

To bolster our argument against strong dust effects in Virgo galaxies, we show in

Fig. 7.13 the distribution of (a) 〈A〉glbl and (b) Zglbl against axis ratio for gas-rich

galaxies alone. According to the dust screen vectors shown in Fig. 7.12, one expects

higher-inclination galaxies to be systematically biased to larger Zglbl (and 〈A〉glbl).

Although the linear fit in Fig. 7.13b shows a weak negative correlation with b/a, the

Pearson r (-0.10) and 1σ fit error (0.6 dex) preclude the significance of this trend as

being significant. Moreover, the 〈A〉glbl-b/a plane exhibits a meaningful correlation (r

= 0.18; meaningful relative to that in the Zglbl-b/a plane) which is opposite to that

expected if dust were making an important (statistical) contribution. Therefore, we

conclude that dust effects play only a secondary role in the global SP estimates of

our galaxies.
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(a) (b)

Figure 7.13: (a) Global ages, 〈A〉glbl, versus H-band axis ratios, b/a (i.e., inclination),
for gas-rich Virgo galaxies. The points have been colour-coloured by
individual morphology, as indicated in the lower-right corner. We show
with a solid line a linear fit to all the points, as well as the associated 1σ
error envelope (dashed lines) and Pearson correlation coefficient. The
typical error per point is indicated by the errorbar shown. (b) As in (a)
but shown for global metallicities, Zglbl.



Chapter 8

Discussion

8.1 Introduction

In §4 we presented the optical-NIR CGs for our Virgo galaxies and explored their

systematic trends with both morphology and structure. We performed SP fits to

these (and integrated) colours in §5, and provided in §6-7 a systematic investigation

(against structure and environment) of their stellar 〈A〉 and Z estimates on both local

and global scales. We now draw on these many results in a comprehensive manner to

develop an understanding of the star formation history (SFH) and chemical evolution

(CE) of these galaxies. For organizational purposes, we present our interpretation

first for ETGs (dE−S0/a), then SGs (Sa−Sm), and end with LIGs (Im−?).

Before proceeding, a few introductory notes are needed. First, it is useful to put

SP-structure correlations into physical context. The H-band parameters for apparent

luminosity, H , effective surface brightness, µe, and effective radius, Re, are taken as

proxies for the stellar mass, surface mass density and size of each galaxy, respectively.

From the Fundamental Plane (Djorgovski & Davis, 1987; Dressler et al., 1987), H

144
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may instead be considered a proxy for total (dynamical) mass, although with greater

uncertainty (e.g., Fundamental Plane tilt). C28 measures light profile shape and, so,

quantitatively measures morphology (i.e., Sersic n). We will consider trends against

C28-bins in future work. For ETGs, C28 may be considered a measure of the amount

of dissipation in their formation, while for SGs it measures B/D ratio. With these

parameters, we have a near-complete description of galaxy structure (only dynamics

are missing).

Second, because our aim is to constrain the possible mechanisms and relative

formation epochs for the different Hubble types, it is prudent to establish general

predictions from the several popular formation/evolution scenarios. These scenarios

include monolithic collapse (Eggen et al., 1962; Larson, 1975), hierarchical merging

(Toomre & Toomre, 1972; Searle & Zinn, 1978), secular evolution (Kormendy & Ken-

nicutt, 2004) and environment (Boselli & Gavazzi, 2006). Naturally, variations or even

combinations of these scenarios are expected; our purpose is to isolate the dominant

contribution(s) to each morphology, if any. Even though detailed simulations of the

latter three scenarios remain in their infancy (with ill-constrained issues pertaining to

gastrophysics, semi-analytic prescriptions, resolution), we still attempt, using physi-

cal intuition as necessary, to provide testable predictions for all four scenarios. We

list these below:

Monolithic collapse (Eggen et al., 1962; Larson, 1975) :

• SP gradients controlled by central density ρ0 (collapse timescale, tff ∝ ρ
−1/2
0 );

• Smaller tff (larger ρ0) results in a shallow positive 〈A〉 gradient;

• Cumulative enrichment of centers builds a strong negative Z gradient.
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Hierarchical merging (Toomre & Toomre, 1972; Thomas et al., 2005) :

• Lacking robust simulations, predictions may be based on combination of cos-

mological merger trees and gastrophysics;

• Positive mass-A correlation from more extended SFHs in less dense (less mas-

sive) haloes;

• Positive mass-Z correlation from reduced enrichment and outflow retention

within less massive haloes.

Secular evolution (e.g., gas flows; Kormendy & Kennicutt, 2004) :

• Predictions vary depending on presence of gas during evolution (i.e., was last

merging episode gas-rich?);

• Gas-poor → flat SP gradients from redistribution of existing stellar material;

• Gas-rich → positive A and negative Z gradients from central gas flows.

Environment :

• Involves many mechanisms → harrassment (Moore et al., 1996), ram pressure

stripping (Gunn & Gott, 1972) and strangulation (Larson et al., 1980);

• Positive A gradient via progressive, inward-directed termination of SF;

• Negative Z gradient from differential enrichment due to SF termination.
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8.2 Early-Type Galaxies

8.2.1 Summary

We start our discussion of ETGs with a brief summary of key observations of their

SPs and the structural/environmental trends therewithin. It is from this summary

that we will build a picture of their formation. Note that we only consider correlations

with a Pearson coefficient of |r| > 0.30; those with |r| > 0.50 are deemed significant.

• 〈A〉 profiles: Median profiles for dE, E, and S0+S0/a galaxies have two com-

ponents: a nearly flat interior coupled to a gently increasing exterior. The outer

slope is strongest for lenticulars, while dE profiles are steeper than that of E

galaxies. The median dS0 profile is flat.

• Z profiles: Median ETG profiles are decreasing and have two components. For

elliptical and lenticular classes, the outer slope is more negative and positive

than the interior slope, respectively. Dwarf galaxies appear, on average, to have

steeper global profiles than do giants.

• 〈A〉/Z gradients: The respective medians of the individual 〈A〉/Z gradient

distributions confirm the trends amongst the median ETG 〈A〉/Z profiles dis-

cussed above, but with significant and comparable scatter in all cases.

• Gradient correlations: Collectively, ETG 〈A〉 and Z gradients do not cor-

relate with structure. Both gradients for S0+S0/a systems, however, show

significant trends with DefHI (|r| > 0.6), but the statistics are currently too

weak to consider this result further.
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• Local correlations: Local ETG ages show no meaningful correlation with

structure, but a strong trend (r = 0.77) of S0+S0/a 〈A〉eff with DefHI is

found. The above caveat applies again, though. Conversely, significant trends

(r ≥ -0.6) in Zeff exist against both H and µe.

• Global correlations: Trends for ETG 〈A〉glbl/Zglbl are comparable to those

seen locally, but at reduced significance. No structural or environmental corre-

lations are found for global ages, while the significant and independent H- and

µe-trends for Zglbl are recovered (r ∼ -0.6).

8.2.2 Notes on Individual Morphologies

Before constraining formation scenarios for each ETG morphology, a caveat about the

above correlations (or lack thereof) must be noted. These correlations are investigated

collectively, which for a null result (r ∼ 0), indicates one of two possibilities: (1) that

the quantity of interest is independent of ETG structural physics, or (2) that the

individual distributions are conflicting; that is, analysing ETGs collectively may be

diluting important individual trends. The latter is particularly relevant, as dwarf

and giant ETG formation scenarios may differ (e.g., Boselli et al., 2008). Fits to the

individual bivariate distributions may then highlight the likelihood of different ETG

formation physics. We have performed these fits and detailed results are provided in

Table A.1. We now summarize the significant results.

• dS0: dS0 〈A〉 gradients correlate significantly with H (r ∼ +0.6), while their Z

gradients show weak trends (|r| < 0.36) with C28, H and Re. Local and global

dS0 ages show weak correlations (|r| < 0.4) with Σ and Re, respectively. The

significant ETG Z trends with H (but not µe) persist (r ∼ -0.6) in dS0’s.
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• dE: Local and global Z in dE’s exhibit weak and marginal correlations with µe

(r = -0.34) and with both C28 and H (|r| = 0.43 to 0.46), respectively. These

systems define a weak 〈A〉glbl-C28 trend (r = -0.36).

• E: Z gradients in E’s weakly correlate with µe (r = -0.36). Local ages weakly

correlate with both H and Σ (|r| < 0.4), while 〈A〉glbl exhibits a weak trend

with C28 (r = +0.33). The latter strongly contradicts the 〈A〉glbl-C28 relation

for dE’s. The local and global Z trends for ETGs with H and µe are largely

driven by these systems (r ∼ -0.6 to -0.8).

• S0+S0/a: The gradients in these systems, similar to dS0’s, exhibit weak cor-

relations with C28 (rZ = +0.38) and H (r〈A〉 = +0.36; rZ = -0.35). Global ages

have comparable, but weak (|r| < 0.4), correlations with Re and DM87. The

significant H- and µe-trends seen in ETG Z both persist locally (r ∼ -0.55) but

only with µe (r = -0.53) on global scales.

From the above, we conclude that individual ETG types show quite different (and

sometimes contrary) SP correlations. Typically though, the individual correlations

are fairly weak (|r| < 0.4) and so do not illuminate the situation much beyond the

collective results. Therefore, while incorporating these new results into our efforts

to understand the probable ETG formation scenarios, we will attach greater weight

to the observed 〈A〉/Z profiles and gradients as such radial trends in SPs are more

directly relatable to the predictions of galaxy formation scenarios, as listed above.
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8.2.3 Formation Scenarios

dS0

The flatness of dS0 〈A〉 profiles/gradients likely rules out a collapse/gas-rich merger

origin for these low-surface density objects. Instead, this SP characteristic suggests

the action of dissipationless processes in these systems. The intense mixing from

violent relaxation in gas-poor mergers could yield this (Hopkins et al., 2009b) but SF

in the lower-density haloes of ΛCDM cosmology should occur over longer timescales

(i.e., long gas-depletion timescales; tcool ∝ ρ2). An internal (secular) evolution is

supported by the existence of disks in dS0’s and the observed spiral and bar structures

in gas-poor dwarfs (e.g., Barazza et al., 2002). However, the corresponding steepness

of dS0 Z profiles/gradients promptly invalidates this suggestion.

By elimination then, we conclude that Virgo dS0’s are likely the result of envi-

ronmental processes occurring within the cluster (e.g., transformation of blue dwarf

irregulars, Im-BCD). A gravitational mechanism (i.e., harrassment) seems unlikely,

given the absence of a strong DM87 or Σ signature in dS0 ages. Recent works in

the literature, most notably on the gas-poor dwarf population in Virgo itself (e.g.,

van Zee et al., 2004a; Boselli et al., 2008), support this argument, suggesting instead

a gas-loss origin for these low-mass (i.e., shallow gravitational potential) systems.

Unfortunately, the current lack of HI measurements for our dS0 galaxies prevents a

strong confirmation of this picture. Between stripping and strangulation, the latter

seems unlikely given the flatness of dS0 age gradients. Instead, stripping could explain

this observation if the process entirely removes the ISM or also enhances central SF to

consume the gas there. Ram-pressure induced SF has indeed been observed in Virgo

spirals (Vollmer et al., 2005). The strong local/global Z-H trends imply either that
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dS0’s that have retained their gas for longer (e.g., late infall) and are more enriched,

or outflows are mass-dependent.

dE

The combination of median 〈A〉 and Z gradients in dE’s, which are more positive

than and comparable to those in dS0’s, respectively, weakens our ability to constrain

their probable formation. In fact, we can only rule out gas-poor scenarios based on

these alone. The presence of residual gas disks in dE systems supports this argument

(De Rijcke et al., 2003; Lisker et al., 2006). The cores seen in our dE 〈A〉/Z profiles,

however, argue against a monolithic formation mechanism; the profiles should be

strictly positive/negative, respectively.

Although gas-rich processes (e.g., inflows due to mergers/secular evolution) cannot

be ruled out, we favour an environmental origin for dE’s based on similarities to dS0’s;

the major difference, a small disk in dS0’s, does not substantiate a drastically different

formation. In fact, substructure is also seen in dE’s (Jerjen et al., 2000; Barazza et al.,

2002). The dS0 disk may indicate differences in environmental trigger (strangulation

versus stripping) or evolutionary status (i.e., dE’s more faded). The lack of coherent

SP correlations between dS0 and dE systems (above) supports this argument. The

dE SP profiles/gradients argue in favour of a more traditional ram-pressure stripping

scenario (Boselli et al., 2008), whereby SF is progressively halted towards the center

of the galaxy with repeated passages through the cluster center. Boselli et al. (2008)

also find consistency in their SP analysis of Virgo dwarf ETGs with a simple chemo-

spectrophotometric model of gas stripping.
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E

Since E SB profiles are rather cuspy, we only consider the SP profiles within ∼3-4 Re,

which surely probes the majority of the stellar mass. In this range, the 〈A〉 profiles

have a weak, positive gradient, while Z profiles have a more pronounced negative

gradient within ∼2 Re. Within errors though, both profiles are consistent with being

flat, as confirmed by the large dispersions in 〈A〉/Z gradients. The morphology, weak

gradient and (relatively) metal-rich outskirts in their Z profile rules out a collapse

origin for the bulk of the stellar mass; the extreme outskirts (>4 Re) are consistent

with monolithic predictions, however.

The only remaining plausible options for E formation are gas-poor/-rich mergers.

A merger origin is supported by the strong local/global Z correlations we find with the

mass-related quantities H and µe. However, owing to large uncertainties in predictions

of the SP gradients borne of these processes (Hopkins et al., 2009a) and the significant

scatter in our SP profiles, a distinction of the dominant merger signature may be ill-

posed. The situation is further complicated if a superposition of these scenarios exists

(Kormendy et al., 2009) or if E galaxies are built from more than a single merger.

Nevertheless, we take the clear rise in 〈A〉 dispersion and Z toward galaxy centers

as evidence of a slight dominance of a gas-merger signature. These observations are

in accordance with the latest suite of hydrodynamic simulations of gas-rich galaxy

mergers (Hopkins et al., 2009a). Moreover, the weak correlation of global age with C28

agrees with this argument. We stress, though, that a superposition of these scenarios

is likely reflected in our data and more extensive investigations (e.g., dynamics-based)

will be needed to distinguish between them.



CHAPTER 8. DISCUSSION 153

S0+S0/a

As for E’s, we only consider the SP profiles within ∼3-4 Re. The rapid rise in

〈A〉 beyond ∼1.5 Re and significant Z gradient only rule out collapse and gas-poor

processes, leaving gas-rich processes (mergers/secular evolution) and environment

as possible formation agents for S0+S0/a’s. Fortunately, the tighter scatter in SP

gradients likely points to a single, dominant mechanism. Environmental effects are

supported by similarities in the SP gradient dependencies of dS0 and S0+S0/a systems

and the positive age-DefHI correlations for S0+S0/a’s. The latter are consistent with

S0+S0/a evolution as due to fading of late-type SG disks (via gas removal; Vollmer

et al., 2005). Akin to E’s, however, the significant correlations between lenticular

local/global Z and mass-related parameters (H , µe) argue strongly for a merger

origin. Conversely, metallicity correlations of such strength are not found for our

SGs, particularly against µe. A merger origin is also supported by the marginal 〈A〉-

Re correlation and weak flattening of Z gradients with increasing C28. Improving the

statistics of DefHI measurements for these systems will be key to future assessments

of the environmental dependence of their evolution.

8.2.4 ETG Conclusions

Our SP results suggest a scenario whereby the formation of giant ETGs in Virgo is

dominated by gas-rich hierarchical merging. However, we do not rule out a contribu-

tion of gas-poor mergers to building giant ellipticals nor an environmental influence

in creating giant lenticulars. Dwarf galaxies, on the other hand, seem to be exclu-

sively consistent with a picture of environmentally-driven evolution, where both are

generated by ram-pressure stripping but, in the case of dS0’s, either the entire ISM
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is removed or SF is also induced upon stripping.

8.3 Spiral galaxies

8.3.1 Summary

We again start by summarizing major findings in previous chapters pertaining to the

SPs of SGs and their collective structural/environmental trends. We also consider

subgroups here, and in this sense we refer to early- (Sa-Sb), intermediate- (Sbc-Sc)

and late-type (Sc-Sd) SGs. We then combine this information to develop a picture of

the dominant formation mechanism(s) for each morphology.

• 〈A〉 profiles: Median SG age profiles vary smoothly in gradient from positive

for early-types to negative for late-types, with Sbc+Sc gradients being flat. The

median Sdm+Sm 〈A〉 gradient may be skewed from this general trend by the

few positive (high-S/N) gradients amongst these systems. We therefore keep

Sdm+Sm systems in our discussion, but note that they may be a bridge between

SGs and LIGs.

• Z profiles: Median Z profiles are nearly uniform amongst morphologies. These

Z profiles harbour two components, a cored interior (bulge) coupled to a negative-

gradient exterior (disk). Trends are seen in both components such that early-

and late-types have more negative gradients in their bulge and disk, respec-

tively. The bulge components are small, implying that Z gradients globally

decrease toward later-types. Sdm+Sm Z profiles appear nearly flat, but with

large scatter, possibly due to dust effects.
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• 〈A〉/Z gradients: The trends in SP profiles of SGs towards more negative

gradients for later-types is corroborated by the distributions in their median

values. The (normalized) scatter about the medians is again large, with that

for the 〈A〉 gradients dominating all other morphologies. Sdm+Sm galaxies

show an anamolous flat median Z gradient, again likely the signature of dust

effects.

• Gradient correlations: SP gradients for SGs exhibit marginal correlations of

varying strength with both Re and H ; for ages, |r| ∼ 0.35, while for Z, |r| ∼

0.43). These correlations are consistent with early-types being, on average,

larger and more massive than later-types. Although C28 (roughly) traces bulge

strength (i.e., SG morphology), it does not correlate with either SP gradient,

likely a consequence of the wide gradient distribution for each morphology.

• Local correlations: Local age correlations for SGs are weak with both C28 (r

= +0.35) and µe (r = -0.39), and ∼significant with DefHI (r = +0.48). Local

SG metallicities exhibit slightly weaker correlations against both H (r = -0.47)

and Re (r = +0.44).

• Global correlations: Age correlations on global scales are remarkably consis-

tent with those measured locally. Weak and significant correlations against C28

(r = +0.39), µe (r = -0.36) and DefHI (r = +0.55) are recovered again. Global

metallicities behave slightly different, however, exhibiting only a weak trend

with H (r = -0.39), while that with Re (r = +0.32) is probably degenerate.

Large scatter in Z gradients likely explains the non-trivial differences between

local-global Z-trends.
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8.3.2 Notes on Different SG Groups

We showed for ETGs that discrepant trends per morphology may be lost by only

examining the collective distributions. Such discrepancies indicate different formation

histories. Moreover, the fits discussed above included Sdm+Sm types, which may not

be bona fide SGs. Based on this and differences in SP profiles, we discuss here a

re-analysis of SG correlations with Sdm+Sm’s excluded, and for early- and late-types

exclusively. For this, we momentarily expand our definitions of early- (Sa-Sc) and

late-type (Sc-Sm) SGs to ensure overlap at intermediate-types and improve statistics.

• sans Sdm+Sm: Removal of Sdm+Sm galaxies shows that their contribution

to the global 〈A〉-µe correlation is significant. On local scales, the removal is

more measurable (|∆r| = 0.12-0.20; |∆r| is the change in Pearson r for the

correlation with Sdm+Sm galaxies removed), negating both the C28- and µe-

trends with age. The effect on local/global Z and Z gradients is more restrained

but still bolsters their correlations with H and Re (|∆r| = 0.02-0.13) when

excluded, due to the removal of their metal-rich profiles at low H and Re. The

age gradient trend with H also improves (|∆r| = 0.08) with Sdm+Sm systems

removed, likely due to their positive slopes at low H .

• Early-Types: The early-type SGs drive entirely the local/global age-C28, age

gradient-H , and local/global metallicity-H-Re correlations. The local metallicity-

Re trend, however, receives a comparable contribution from late-type SGs. Fi-

nally, early-type SGs also make significant contributions to the local/global

age-µe and -DefHI correlations.
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• Late-types: The contribution of late-types to the SP correlations for SGs is rel-

atively minimal; late-types only drive the trend of Z gradients with Re. Interest-

ingly though, these galaxies exhibit an anamolous but strong local metallicity-

DefHI correlation (r = +0.52) that is collectively erased by early-types. Like

early-types however, these systems contribute significantly to the local/global

age-µe and -DefHI correlations. The local metallicity-Re correlation is domi-

nant in these systems. Finally, there are also dominant, but statistically weak,

correlations of late-type age gradients with C28 and Re.

From these notes, we conclude that removing Sdm+Sm systems has a positive

impact on SP correlations for SGs, while early-types are responsible for many of

those correlations. Moreover, significant differences in 〈A〉/Z trends of early- and

late-types are also found. These differences are indicative of corresponding differences

in the formation of the SG morphologies (e.g., Sdm+Sm types are not bona fide SGs).

Thus, we incorporate these notes on SG subdivisions into the upcoming discussion

of formation scenarios but, again, we will attach greater weight to trends in SP

profiles/gradients.

8.3.3 Formation Scenarios

Sa-Sb

From their age profiles, we find that the disks of early-types appear older than their

bulges. Multiple scenarios are consistent with this, including central accretion from

the halo, gas-rich mergers or gradual disk fading. Secular evolution, however, is only

effective within 1-2 disk scale lengths (Foyle et al., 2008) and so is not likely relevant

here. The tight dispersion in Sa-Sb central ages negates the halo-accretion scenario
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by placing unrealistically-tight constraints on the accretion epoch for all galaxies. In

fact, it is the tenuous gaseous halo which is lost first to the ICM wind (Murphy et al.,

2008), while the age-DefHI correlations for early-type SGs confirm that gas removal

has occurred. The negative Z gradients of Sa-Sb types confirms the relative formation

epochs of their bulges (enriched & young) and disks (primordial & old) but do not

distinguish further between the remaining scenarios.

A merger origin is strongly preferred by the significant correlations of Sa-Sb SP

gradients and local/global metallicities with both H and Re; disk fading would not

generate such relations. Moreover, evidence in the literature also supports a merger

picture. First, mergers corroborate the large vertical scaleheights seen in edge-on,

early-type (kinematically-hot) disks (Xilouris et al., 1999) and the proximity of SG

bulges to the Fundamental Plane (Falcón-Barroso et al., 2002). Second, the smooth

trend in Sérsic n of SG bulges from ∼4-6 (S0) to 1 (Sc) (Andredakis et al., 1995, M09),

agrees with satellite accretion simulations (Aguerri et al., 2001) which simultaneously

produce both classical (n = 4) bulges and disk thickening, even in equal-mass mergers.

Other studies (e.g., Balcells et al., 2003; MacArthur et al., 2003) however, find

a frequent signature of pseudobulges (n ≤ 2) even in early-type SGs, contradicting

the merger picture of Aguerri et al. (2001). The latter simulations though, did not

include gas which, dependent upon angular momentum loss, might either drive a large

central starburst (n = 4; Barnes & Hernquist, 1996) or dampen the redistribution of

the shocked gas, thereby blending into the more extended, pre-merger bulge (n = 1;

Hopkins et al., 2009a). The variety in early-type SG bulge shapes may thus indicate a

dichotomy in their formation between gas-poor and gas-rich mechanisms. Moreover,

the combination of dissipational flows and merger-induced bar formation begins to
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blur the distinction between gas-rich merger and secular evolution scenarios.

Conversely, the strong correlation of DefHI with local/global ages points to an

environmental imprint on their SFHs, such that the younger (inner) regions have not

suffered much gas loss. The lack of a trend between DefHI and age gradient, however,

indicates that the role of stripping in affecting radial SF profiles of early-types is not

straightforward. Nevertheless, these DefHI-correlations indicate that both merging

and disk fading are likely major players in the formation of early-type SGs.

Sbc-Sc

The flat Sbc-Sc age profiles argue for gas-poor secular/merger processes within these

galaxies. The merging scenario is however at odds with the well-defined disks that

define these intermediate-types, unless the merger is quite minor (i.e., high-mass

ratio; Toth & Ostriker, 1992). The tendency of interactions to cause bar formation

(Gauthier et al., 2006) raises the possibility that tidal forces, from an encounter with

another galaxy or the cluster (Moore et al., 1996), might be responsible. A mixing

origin for Sbc-Sc types, though, is strongly refuted by the negative Z profiles we find

in these galaxies. For a secular scenario to work, the bar would need to form during

the major SF epoch, such that gas flows and a central starburst enrich the center. The

tightness in central ages argue against such a scenario, however. Future spectroscopic

studies of Virgo Sbc-Sc bulges would altogether negate rapid formation if low [α/Fe]

ratios are found.

The flat Sbc-Sc median age profile may also result from a mixture of positive

and negative age gradients. This is indeed confirmed by the large dispersion of their

median age gradient. This mixture implies a variety of formation mechanisms for
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the intermediate-types. This is supported by the clean distinction of SP gradients in

early- and late-types in Fig. 8.1, where positive/negative age gradients correspond,

on average, to negative/positive metallicity gradients, but with significant scatter.

Therefore, we suggest that Sbc-Sc systems are a transition class between the more

stable Sa-Sb and Scd-Sd types.

This may be supported, in principle at least, by the observed structural bimodality

of Virgo spirals (M09), with peaks at 19.7 and 21.7 H-mag arcsec−2; a trough is

observed for Sbc+Sc galaxies. M09 indicate though, and we confirm via 〈A〉glbl-C28,

that this bimodality does not correlate strongly with that in SDSS colours (Strateva

et al., 2001). However, their study only considered integrated colours and not colour

gradients.

Scd-Sd

The negative age gradients in late-type SGs are most consistent with inside-out for-

mation, wherein the bulge builds a disk by gas accretion from the halo and/or IGM.

The Z information corroborates this, such that the central stars have been enriched

by previous stellar generations, while the signature of pristine composition increases

with radius to the outskirts. Secular processes are not consistent with this SP pattern.

The (relatively) young central ages agree with both a monolithic or merging origin

for the low-mass bulges of these systems. However, the smaller masses and sizes (Re)

of late-type bulges and growth of the disk require that the number of mergers be few

and occur at high-redshift.

The growing consensus that late-type SGs gradually lose their gas supply within

the cluster environment (e.g., Vollmer et al., 2005) demands that the Virgo Scd+Sd
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Figure 8.1: Metallicity versus age gradients, dZ/dr and d〈A〉/dr, respectively, for
Virgo SGs. The points are colour-coded according to morphology, as
indicated in the top-right corner. The dashed lines mark the locations of
flat age and metallicity gradients.
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galaxies are a recent addition. This impression is corroborated by the cluster-centric

projection of our sample in Fig. 8.2, where the Scd+Sd galaxies are highlighted in

blue. In ΛCDM cosmological models, halo mergers occur more frequently within

the high-ρ peaks of the initial conditions. That and the morphology-density relation

(Dressler, 1980) both support the low-merger and recent-infall picture we have in-

ferred. The smoothness of the age profiles to large radii is at odds with the potential

caveat that our light-weighted SP gradients are biased by a recent frosting of SF. If

occurring, the age profiles would require a smoothly-decreasing trend in frosting age

with radius, in which case our accretion picture is verified anyways. In this sense, we

agree with M04 that even a minor fraction (∼10% by mass) of the late-type stellar

content having formed recently (within 1-2 Gyr) is unlikely.

The accretion picture is also strongly supported by the significant global age-

DefHI correlation for late-type SGs. This correlation is more modest on local scales,

but becomes significant if we consider all spirals. That there is no correlation with

DM87 is explained by either the weakness of this parameter or a dynamic/clumpy

ICM (Crowl & Kenney, 2008). Although the cluster-centric projection of Scd-Sd’s

(Fig. 8.2) suggests a recent accretion, their clustering at the 3◦ radius (solid red line)

and lack of reliable distances thwarts any attempt to detect a cluster-centric trend.

The significant negative correlation between age gradients and C28 for Sbc-Sd

types implies that these SGs have older bulges and younger disks. That is, the older,

more HI-deficient Scd+Sd systems likely fell into the cluster earlier, subsequently

losing their accreted gas, producing flat age gradients. The weak, positive trend

of age gradient with DefHI mildly supports this point. The local Z correlations

with H and DefHI for Scd+Sd’s imply that those galaxies which have been able to
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Figure 8.2: Cluster-centric distribution of Virgo Scd+Sd galaxies. These galaxies are
shown as blue circles, while all other morphologies in our sample are
shown as light-gray squares. The solid and dashed red circles indicate
roughly the classic radius defined by Binggeli et al. (1985) and the virial
radius from Mei et al. (2007), respectively. The dashed lines and central
star mark the center of the cluster at M87.
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form more stars are more enriched. On global scales, the Z-Re relation argues that

larger late-type disks have experienced greater enrichment throughout their volume

(i.e., larger Re systems associated with flatter metallicity gradients). That is, those

galaxies which fall into the cluster later have had a more extended duty cycle for

their gas content. This explains the marginal DefHI-d 〈Z〉 /dr connection for Sbc-Sd

galaxies.

Sdm+Sm

The low-number statistics (due to poor S/N) and significant dispersion in age gra-

dients prevent us from drawing firm conclusions about Sdm+Sm SGs. From age

gradients of adjacent morphologies, we propose that these SGs are a bridge between

Scd+Sd and Im galaxies. Comparing median Z profiles between these three groups,

the large scatter and flatness for Sdm+Sm types is peculiar and likely indicates that

dust is skewing our Z determinations for them, particularly in their outskirts. The

improvement in Z- and SP gradient-structure correlations for SGs with Sdm+Sm

galaxies removed strengthens this point; that is, the scatter in Sdm+Sm metallici-

ties and age gradients weakens the correlations for Sa-Sd galaxies. That we do not

see a similar effect in local/global age correlations confirms that the Z estimates are

more skewed in their outskirts. We therefore refrain from drawing conclusions based

on SP determinations for this morphology, and instead propose that their formation

mechanisms are a mixture of those at work in Scd+Sd and Im galaxies.



CHAPTER 8. DISCUSSION 165

8.3.4 SG Conclusions

The SPs and associated trends for Virgo SGs are consistent with a variety of formation

mechanisms for these galaxies, wherein the dominant signature changes systematically

with morphology. This conclusion applies mostly to the disk component, and not the

bulge. The bulges of all SGs seem to predominantly agree with a merger-type origin.

Conversely, the disks of early-type spirals appear older than their bulges, indicating

that they are likely the product of environmentally-driven disk fading (caused by gas

stripping) while those for late-type systems are younger and so were probably built

up by gas accretion. This would imply then that the late-type spirals have been

recently accreted into the cluster, in agreement with the morphology-density relation

(Dressler, 1980). The significance of environmental impact is confirmed by the many

correlations of age versus DefHI . The collective SG metallicity correlations with

luminosity and size suggests a merger formation but argue as well of the importance of

mass-dependent outflows. Intermediate- and extreme late-type SGs likely represent a

mixture of these scenarios (as well as for Im systems, see below). Future measurements

of [α/Fe] ratios and Vrot will help constrain both the timescales and mass-dependencies

of the SFH for these systems.

8.4 Late-Type/Irregular Galaxies

8.4.1 Summary

We summarize below major findings in previous chapters pertaining to the SPs of

LIGs and their collective structural/environmental trends. As before, we also focus

on subgroups within the LIGs, in which case we refer to Im+BCD systems as late-type
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dwarfs (LTDs) and S?+? galaxies as irregulars. Due to typically poor S/N in LTD

imaging and the coarse resolution of our median SP profiles, we refer to the profiles

plotted against log R to reveal meaningful trends.

〈A〉 Profiles: LIG age gradients are uniformly positive and steep, with LTD gradi-

ents being stronger than those of irregulars, due to ongoing, concentrated SF (central

ages < 5 Gyr) in LTDs. Age gradient distributions for LIGs confirm that theirs are

most positive amongst all galaxy types, with the BCD age gradients being the steep-

est.

Z Profiles: LIG Z gradients are systemically negative, but profiles can have flat

interiors. LTDs and irregulars differ in that the former have steeper outer gradients.

Large scatter in LTD profiles and possible dust contamination do not jeopardize this

trend. Distributions of LIG Z gradients confirm that Im gradients are the most neg-

ative amongst all galaxy types.

SP Gradient Correlations:

• d〈A〉/dr marginally correlates with H and µe, such that as luminosity or surface

brightness increase, d〈A〉/dr flattens, on average.

• dZ/dr weakly correlates with C28 and H , such that as concentration or lumi-

nosity increases, dZ/dr tends to flatten.

Local SP Correlations:

• 〈A〉eff significantly and marginally correlates with DefHI (r = 0.56) and µe (r
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= -0.42), respectively, such that as gas deficiency or surface brightness increase,

local age increases.

• Zeff has marginal correlations with C28 and H (r = 0.48 and -0.45, respectively),

such that as concentration or luminosity increases, local metallicity increases.

Global SP Correlations:

• 〈A〉glbl has a near-significant correlation (r ∼ 0.49) against DefHI , such that as

gas deficiency increases, global age increases.

• Zglbl weakly correlates with C28 (r = +0.4), such that as concentration increases,

global metallicity increases.

8.4.2 Notes on Different Groups

In our discussion of ETGs, we argued that mechanisms responsible for gas-poor dwarfs

differ from those for their giant bretheren. Many studies (e.g., Lin & Faber, 1983;

Jerjen et al., 2000; van Zee et al., 2004a) suggest a causal link between gas-rich and

-poor dwarfs. Conversely, irregular features within S?+? systems suggest a recent

interaction precipitated their current state. These suspected differences warrant sep-

arate studies of SP correlations within LTD and irregular systems. Moreover, a joint

analysis of Sdm+Sm and LIG systems is worthy to check the extent to which these

systems are similar. The significant results from these analyses are now discussed.

Im+BCD:

• Drive the local/global age-DefHI correlations in LIGs. The correlation is sig-

nificant and marginal on local and global scales, respectively.
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• Weakly contribute to d〈A〉/dr trends with H and µe

• Drive the local/global Z and Z gradient correlations with C28. Only the local

correlation is improved significantly (r = 0.58), however.

• Exhibit several local/global age correlations that are statistically-poor, but en-

tirely opposite to those found collectively.

S?+?:

• Significant and independent correlations in local/global age and age gradients

exist with C28, H and µe (|r| ∼ 0.5-0.6). LTDs heavily-dilute these trends, such

that only local age-µe and d〈A〉/dr-H-µe relations are recovered for LIGs.

• Weak and marginal correlations are found for local and global ages, respectively,

with the environmental parameters DM87 and Σ.

• Drive the local Z-H correlation in LIGs, but the correlation is only marginal for

irregulars. Multiple other local/global Z correlations of varying strength exist,

but lack cohesion between the two scales and most disappear collectively.

Addition of Sdm+Sm systems:

• The majority of SP correlations for LIGs are significantly weakened with the

inclusion of Sdm+Sm types, especially those for local/global Z and both gradi-

ents. Thus, we consider these systems to be unlike LIGs, on average.

8.4.3 Formation Scenarios

Due to their morphological irregularities, LIGs are not readily interpreted within

the models introduced in section 8.1. Predictions of these models are framed in the
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context of the end-product, whereas LIGs are likely experiencing a strong evolutionary

phase. We then only aim to explain how their current state arose, which is probably

not an accurate representation of their entire evolution.

Im+BCD

In the context of the downsizing paradigm (e.g., Madau et al., 1998), LTDs dominate

the specific star formation rate (per comoving volume) in the current epoch. The

signature of ongoing SF (i.e., frosting) is then expected in their derived SP parameters.

The young ages (< 5 Gyr) and high metallicities (∼ Z⊙) of Im+BCD centers indeed

represent the most extreme SP parameter combination in our sample. Given the

mass-controlled gas duty cycle we infer in more massive systems, enrichment in LTDs

should be even more gradual. Thus, frostings of recent SF are probably biasing these

SP results. From frosting grids shown previously (Fig. 5.7), the true mean age of

LTD centers may be as low as 2.5 Gyr; that is, our age estimates are upper limits.

We conclude then that the most recent burst of SF in Im+BCD galaxies is centrally-

concentrated.

The outskirts of LTD profiles provide a better representation of their SP proper-

ties and, therefore, are more indicative of their formation. From this, we infer that

Im systems formed slightly later and have experienced less enrichment than giant

ETGs or SGs, but are consistent with ages/metallicities in dS0+dE outskirts. BCDs

either began forming more recently than Im galaxies or have recently experienced a

starburst. Their high metallicities favour the latter scenario. The chance that LTDs

formed from enriched material seems unlikely as their gas content and recent SF im-

ply recent accretion into the cluster. The cluster-centric map of their positions in Fig.
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Figure 8.3: As in Fig. 8.2 but shown for Virgo Im → BCD galaxies.

8.3 supports this idea; the majority of LTDs are located outside the 3◦ tidal radius.

Moreover, more massive, late-type SGs, which occupy similar 2D positions, exhibit

age-DefHI correlations.

The recent accretion of LTDs is supported by their significant age-gas deficiency

correlations. That this correlation exists locally suggests that gas removal in low-

mass galaxies is efficient throughout their volume. Environment likely triggers SF in

these systems as well, as suggested by their young age profiles. The weak, positive

correlations of age gradient with H and µe imply that those galaxies with lower stellar

masses and surface densities have had, on average, more recent central SF.

We find in LTDs an interesting variation of the typical “mass-controlled enrich-

ment” picture (Thomas et al., 2005). The uniformity of C28-correlations in Z mea-

surements argues that cuspy Im+BCD galaxies better retain their stellar ejecta and



CHAPTER 8. DISCUSSION 171

are more globally enriched. Conversely, no strong trends exist with either H or µe.

This suggests a low-mass threshold in the mass-metallicity relation, such that at dwarf

masses (∼107 M⊙), winds are too efficient to be constrained by mass (e.g., Dekel &

Silk, 1986).

The Z-C28 relations found here agree with the picture of centralized-SF in LTDs,

such that more concentrated systems are more able to retain metals because the grav-

itational potential is locally enhanced. It is plausible that more concentrated LTDs

would also have metal-rich outskirts if the enhancement in gravitational potential

results in increased decelaration of central outflows, thereby increasing the proba-

bility of metal deposition in outer regions. Moreover, DM halo contraction due to

increased baryon concentration may assist this process. Despite this coherent picture

of LTD evolution, we stress that ongoing SF and possible dust attenuation means

these conclusions are tentative.

S?+?

The morphological irregularities in S?+? systems reasonably suggest that gravita-

tional interactions have affected their SP profiles and correlations, especially if gas is

present. If true, inferring their histories prior to the interaction is then thwarted.

The modest positive-age/negative-Z gradients in irregulars, argue for a gas-rich

interaction. Indeed, the observation of young centers in all irregulars argues that

central gas flows, induced by gravitational torques via the perturber, are common

to the interactions precipitating both morphologies. The younger ages and stronger

age gradients in S? systems, however, suggest that they possessed larger and more

extended gas fractions (i.e., SF throughout their volume); indeed, the S? classification
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refers to irregular spirals. For some reason though, SF efficiency in them decreases

with radius. Modulo their central SPs, ? age/metallicity profiles are flat, in agreement

with a gas-poor interaction which redistributed the stellar material, flattening the

progenitor gradients. Shallower median SP gradients in ? systems bears this out.

The marginal age correlations with DM87 and Σ strongly support a recent gravi-

tational interaction for S?+? systems. That these trends appear locally suggests the

interaction is felt throughout the galaxy’s volume, in agreement with S? age profiles.

The strength of these correlations is surprising (no other morphology exhibits similar

DM87- and Σ-trends) given the approximate (2D) definitions of these environmental

parameters. We anticipate that these correlations will be bolstered with accurate

distances (<20% error).

The sense of the DM87- and Σ-correlations is that ages increase towards the clus-

ter center and higher densities. Since density and cluster-centric radius are directly

correlated, these trends suggest that the interaction is driven by the cluster poten-

tial (tidal harrassment). If true, either tidal forces at some cluster-centric radius

were sufficiently strong to disrupt these galaxies, or S?+? systems are victims of

a violent merger episode in the history of the cluster. Ongoing accretion of groups

into Virgo (the Southern Extension; Trentham & Tully, 2002) and the prevalence

of morphologically-regular galaxies in the cluster (Fig. 2.7) support the latter argu-

ment. HI measurements for these galaxies are still too few to assess if gas-stripping

is important as well.

Most surprising, though, are the many significant (|r| > 0.50), independent corre-

lations of S?+? age measurements with structure. These trends are such that more

concentrated, brighter and denser systems have older ages and flatter age gradients.
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Altogether, these many correlations suggest that the more prominent irregulars were

disrupted at an earlier epoch and have since settled into or are moving through the

cluster center. Metallicity correlations corroborate an earlier transformation (and,

hence, enrichment due to induced-SF) of the more concentrated, brighter and denser

systems but also indicate that those larger systems have flatter Z gradients and,

thus, greater enrichment global. This size dependence argues that tidal interactions

are more efficient on more extended objects.

8.4.4 LIG Conclusions

The low mass and morphological irregularities of LIGs make them ideal candidates

for the study of environmental effects in galaxies. Our SP analysis indeed recovers

convincing signatures of an environmental impact on Virgo LIGs. For LTDs, we find

that their SFHs are strongly regulated by gas removal via external agents. We cannot

yet adequately constrain the dominant process, but their age profiles suggest that an

outward-in (ram-pressure stripping) scenario is most likely. Chemical evolution of

LIGs is primarily determined by the central concentration of SF over their lifetime.

Irregulars also show evidence for centralized SF, likely the result of inflows of gas

due to gravitational torques during their recent interaction. SP correlations with

environmental parameters suggest an interaction with the cluster potential, possibly

during a cluster merger event. The younger centers in S? systems imply that they were

more gas-rich at the time of their interaction. Finally, the remarkable correlations of

S?+? SPs with structure is not understood, but suggests that the older systems are

more relaxed and settled into the cluster center.
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Conclusions

By combining high-quality optical (gri) and near-infrared (NIR) imaging for ∼300

Virgo Cluster galaxies, we have studied the radial variations of and integrated broad-

band colours within a representative sample that spans the full range of galaxian

parameter space. Under the assumption of self-similar (exponential) star formation

histories, these colours have been homogeneously decomposed into corresponding es-

timates of the (local/global) stellar population properties (age/metallicity) for these

galaxies. The characteristics of Virgo galaxies’ stellar content were compared with

measurements of their structure and local environment to determine their depen-

dence on star formation histories and chemical evolution. Ultimately, the above age-

and metallicity-correlations have been combined with the derived variations of these

quantities in Virgo galaxies to infer/constrain their likely formation and/or evolu-

tion scenarios. Since our sample is representative, though, these conclusions can be

considered quite general in their applicability.

Below is a summary of the major findings and interpretations from our extensive,

colour-based analysis of galaxy stellar populations.

174
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Stellar Population Modelling:

• Broadband colours of galaxy stellar populations are fairly insensitive to the

specific choice of the extended star formation history used to model them; natu-

rally though, differences between model grids for single-burst and extended star

formation histories exist.

• The extended distribution of elliptical galaxies in colour-colour space indicates

that the canonical simple stellar population description for these (presumed)

single-burst systems is inadequate (Serra & Trager, 2007).

• The comparison of stellar population models with galaxy colours is only mean-

ingful in a relative sense, such that absolute interpretations must be handled

with care (e.g., Crowl & Kenney, 2008). Despite this caveat, the relative corre-

lations that we derive ought to be robust.

Colour Gradients:

• Colour gradients for most galaxy types, even when flat (e.g., E-types), reflect

changes in both stellar age and metallicity throughout a galaxy. This observa-

tion is robust to particular choice of model grid.

• Colour gradients systematically vary along the Hubble sequence (E−Sm), rang-

ing from near-zero for early-types to strong and negative for late-types. The

scatter about the median g-H gradient for each type is notable, however, indi-

cating a corresponding large spread in the associated SP gradients.

Structural/Environmental Correlations:
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• On average, correlations of stellar population properties (derived from photom-

etry) with galaxy structure are typically weak (Pearson |r| < 0.5), suggesting

that the physics of galaxy structure plays a secondary role, at most, in also

driving galaxies’ star formation histories and chemical evolution.

• Conversely, age correlations with neutral gas deficiency for gas-rich galaxies

are quite common, especially amongst dwarf systems. This indicates that en-

vironmental impact, such as external gas removal, on galaxies’ star formation

histories is considerable. The absence of similar signatures in their age gradients

implies that this is non-trivial over the extents of these galaxies.

Early-Type Formation/Evolution:

• Giant systems are most consistent with a hierarchical merging scenario. How-

ever, we are unable to pinpoint the exact proportion of gas-rich to -poor mergers

in the formation of these objects, but there are suggestions that the former are

more common.

• Conversely, dwarf systems (especially dS0) are consistent with a picture of

environmentally-driven evolution. In this sense, they are likely the descen-

dents of gas-rich dwarfs (i.e., Im+BCD) and not the low-luminosity extension

of giant, gas-poor spheroids.

• The absence of a strong luminosity signature in the ages of giant systems does

not strongly support the popular downsizing picture in galaxies’ star formation

histories (Noeske et al., 2007). This may either reflect that the stellar-mass

dependence within this picture is inherently weak, or that modelling accuracy

is important.
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• Metallicities in early-type systems are significantly driven by stellar mass-

related parameters. This indicates that chemical evolution is affected by ei-

ther surface density-driven outflows or stellar mass-driven enrichment, or some

combination of the two.

Spiral Formation/Evolution:

• Early-type (Sa−Sb) systems have disks that are older than their bulges, suggest-

ing that a late-epoch merger (e.g., with a satellite) replenished the central gas

supply. The older disk and environmental correlations for these types suggests

that star formation was quenched by gas removal.

• Late-type (Scd−Sd) systems are consistent with a scenario of merger/collapse-

built bulges with subsequent gas accretion forming a disk. The disk appears

younger ostensibly due to the late infall times of these galaxies into the cluster.

• Sbc−Sc and Sdm−Sm systems have stellar population gradient characteristics

that appear to be a mixture of those for adjacent morphologies (Sa−Sb &

Scd−Sd for the former, Scd−Sd & Im for the latter), thereby suggesting that

they are formed from some combination of the mechanisms responsible for the

respective adjacent morphologies.

Late-Type/Irregular Formation/Evolution:

• These galaxies are the ideal candidates for the study of environmental effects on

galaxy evolution. Im+BCD systems, with their overall young ages, plus young

and metal-rich centers, appear to have formed more recently than other types,

and are currently forming stars at their centers. The strong environmental
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signatures in their ages implies that gas stripping is likely shutting down star

formation in their outskirts while triggering it in their centers.

• Irregular systems (S?−?) have recently undergone a gravitational interaction,

which likely drove at least some gas to their centers due to torques (S? interac-

tions were more gas-rich). Their age correlations with cluster-centric parameters

suggest that the interaction was with the cluster potential, possibly during a

cluster accretion event.

Modelling Caveats:

• The effects of dust and/or frosting(s) of recent star formation on our derived

parameters can be significant (∆ 〈A〉 ∼ 2 Gyr, ∆Z/Z ∼ 0.5), especially for

metallicities. While undoubtedly present in some systems, these factors do not

adversely affect our results, in a statistical sense.

Despite the richness of the results and insights which we have been able to obtain

within the present study, many avenues exist for future work and improvements. Most

immediately, a complementary analysis based on quantitative measures of morphology

will allow us to verify the robustness of the present results (i.e., do highly-concentrated

systems show similar trends to those of giant early-type galaxies?).

Future investigations invariably involve the collection/analysis of more data. For

instance, spectra are currently being collected as part of our spectroscopic survey

of Virgo galaxies to infer their dynamical properties. This is important as many

studies (e.g., M04; Thomas et al., 2005) find a mass dependence in both the star

formation histories and chemical evolution of galaxies, trends which we can only ten-

tatively confirm (at best) with the current database. Moreover, high-S/N spectra
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for a (smaller) representative sample of all galaxy types would prove useful to de-

termine empirical star formation histories (via spectrum synthesis) and timescales

(via [α/Fe]) (MacArthur et al., 2009), thereby assessing the quality of our current

modelling. Finally, improving the database of neutral gas measurements, particularly

S0+S0/a galaxies, will dramatically improve our diagnostic of environmental effects

on galaxy evolution.
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Strateva, I., Ivezić, Ž., Knapp, G. R., Narayanan, V. K., Strauss, M. A., Gunn,

J. E., Lupton, R. H., Schlegel, D., Bahcall, N. A., Brinkmann, J., Brunner, R. J.,
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Appendix A

Tables

In this appendix we provide detailed tables of the linear Pearson correlation coeffi-

cients, r, for each of the SP-structure and -environment trends which we have analysed

in this thesis. The following six tables are organized such that we provide Pearson r

values first for ETGs, then SGs, and finally LIGs. Within each broad morphological

bin, the first table provides the SP-structure coefficients, whilst the second contains

those for the SP-environment trends. Under the column “Morphology” we describe

which galaxy types were included in the analysis for its corresponding row. The

column “N” provides the number of galaxies included in the age- and metallicity-

correlations (separated by a “/”). Those numbers shown in brackets correspond only

to the number of galaxies involved in correlations against DefHI . We highlight in

bold those correlations that are simultaneously worthy of attention (|r| > 0.30) and

also dominant above all others for a given morphology or morphological range.
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Table A.1: Pearson r of SP-Structure Correlations for ETGs

Morphology
d 〈A〉
dr

dZ

dr
N

C28 H µe Re C28 H µe Re

dE-S0/a -0.170 0.162 0.182 -0.009 0.271 -0.280 -0.219 +0.113 148/148
dS0 -0.288 0.597 0.007 -0.493 0.364 -0.326 0.103 0.331 19/19
dE 0.008 0.077 0.300 0.218 -0.085 -0.048 -0.060 -0.003 45/45
E -0.257 0.095 0.181 0.047 0.309 -0.286 -0.358 0.029 31/31

S0+S0/a -0.268 0.359 0.279 -0.198 0.380 -0.346 -0.185 0.254 53/53

Morphology 〈A〉eff Zeff N

C28 H µe Re C28 H µe Re

dE-S0/a 0.090 -0.163 -0.049 0.186 0.448 -0.597 -0.625 0.125 148/145
dS0 -0.245 0.093 0.197 0.180 0.071 -0.645 -0.304 0.274 19/19
dE -0.036 0.048 0.238 0.173 0.088 -0.271 -0.342 -0.099 46/46
E 0.063 -0.393 -0.201 0.322 0.598 -0.568 -0.845 -0.519 30/29

S0+S0/a 0.146 -0.054 0.034 0.081 0.349 -0.566 -0.528 0.278 53/51

Morphology 〈A〉glbl Zglbl N

C28 H µe Re C28 H µe Re

dE-S0/a 0.028 -0.111 -0.033 0.119 0.466 -0.574 -0.576 0.150 160/162
dS0 -0.164 0.252 -0.034 -0.391 -0.061 -0.618 -0.054 0.586 20/21
dE -0.362 0.191 0.138 -0.035 0.458 -0.429 -0.330 0.055 61/60
E 0.329 -0.118 -0.222 0.050 0.636 -0.677 -0.688 0.211 27/29

S0+S0/a 0.180 -0.239 0.086 0.392 0.239 -0.367 -0.534 -0.047 52/52
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Table A.2: Pearson r of SP-Environment Correlations for ETGs

Morphology
d 〈A〉
dr

dZ

dr
N

DM87 Σ DefHI DM87 Σ DefHI

dE-S0/a 0.044 -0.003 -0.859 -0.021 -0.009 0.636 148 (9)/148 (9)
dS0 -0.060 0.086 - 0.085 -0.055 - 19/19
dE -0.006 0.096 - 0.086 -0.106 - 45/45
E 0.058 -0.090 - -0.107 0.104 - 31/31

S0+S0/a 0.091 -0.014 -0.442 -0.156 -0.017 0.355 53 (8)/53 (8)

Morphology 〈A〉eff Zeff N

DM87 Σ DefHI DM87 Σ DefHI

dE-S0/a -0.124 0.229 0.774 -0.052 -0.026 -0.066 148 (9)/145(9)
dS0 -0.216 0.368 - 0.180 -0.297 - 19/19
dE -0.192 0.210 - 0.043 -0.181 - 46/46
E -0.126 0.376 - -0.423 0.414 - 30/29

S0+S0/a -0.022 0.099 0.550 -0.073 -0.136 -0.084 53 (8)/51 (8)

Morphology 〈A〉glbl Zglbl N

DM87 Σ DefHI DM87 Σ DefHI

dE-S0/a -0.183 0.230 0.028 0.049 -0.030 0.528 160 (9)/162 (9)
dS0 -0.110 -0.015 - 0.184 -0.044 - 20/21
dE -0.147 0.266 - -0.003 -0.170 - 61/60
E 0.029 0.267 - -0.146 0.225 - 27/29

S0+S0/a -0.392 0.303 0.028 0.206 -0.201 0.528 52 (9)/52 (9)
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Table A.3: Pearson r of SP-Structure Correlations for SGs

Morphology
d 〈A〉
dr

dZ

dr
N

C28 H µe Re C28 H µe Re

Sa−Sm -0.165 0.336 0.116 -0.376 0.096 -0.392 -0.112 0.459 62/62
Sa−Sc -0.204 0.378 0.224 -0.314 -0.011 -0.223 0.124 0.357 39/39
Sc−Sm -0.352 0.283 0.013 -0.382 -0.092 -0.390 0.032 0.583 31/31

Morphology 〈A〉eff Zeff N

C28 H µe Re C28 H µe Re

Sa−Sm 0.352 -0.296 -0.387 0.021 0.186 -0.472 -0.267 0.438 60/55
Sa−Sc 0.410 -0.353 -0.339 0.165 0.139 -0.566 -0.382 0.457 37/34
Sc−Sm -0.022 -0.138 -0.319 -0.129 0.128 -0.409 -0.110 0.458 30/27

Morphology 〈A〉glbl Zglbl N

C28 H µe Re C28 H µe Re

Sa−Sm 0.390 -0.329 -0.357 0.124 0.041 -0.389 -0.319 0.325 61/55
Sa−Sc 0.397 -0.248 -0.302 0.074 -0.036 -0.459 -0.094 0.555 37/32
Sc−Sm -0.064 -0.214 -0.251 0.065 -0.086 -0.278 -0.301 0.163 30/29
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Table A.4: Pearson r of SP-Environment Correlations for SGs

Morphology
d 〈A〉
dr

dZ

dr
N

DM87 Σ DefHI DM87 Σ DefHI

Sa−Sm 0.124 -0.008 0.202 -0.136 0.094 -0.170 62 (56)/62 (56)
Sa−Sc 0.175 -0.098 0.072 -0.134 0.030 -0.123 39 (38)/39 (38)
Sc−Sm 0.052 0.191 0.230 -0.020 -0.064 -0.264 31 (26)/31 (26)

Morphology 〈A〉eff Zeff N

DM87 Σ DefHI DM87 Σ DefHI

Sa−Sm -0.088 0.040 0.477 -0.205 0.171 0.152 60 (54)/55 (49)
Sa−Sc 0.185 -0.118 0.354 -0.155 0.125 -0.054 37 (36)/34 (33)
Sc−Sm -0.183 0.151 0.327 -0.188 0.175 0.517 30 (25)/27 (22)

Morphology 〈A〉glbl Zglbl N

DM87 Σ DefHI DM87 Σ DefHI

Sa−Sm -0.034 0.116 0.548 -0.041 -0.038 -0.058 61 (55)/55 (49)
Sa−Sc -0.041 0.085 0.444 0.049 -0.170 -0.240 37 (36)/32 (31)
Sc−Sm 0.107 -0.041 0.497 -0.031 -0.085 0.017 30 (25)/29 (24)
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Table A.5: Pearson r of SP-Structure Correlations for LIGs

Morphology
d 〈A〉
dr

dZ

dr
N

C28 H µe Re C28 H µe Re

Im−? -0.198 0.453 0.446 -0.134 0.353 -0.370 -0.213 0.278 34/34
Im+BCD 0.301 0.375 0.342 -0.123 0.354 -0.298 -0.197 0.116 17/17

S?+? -0.515 0.554 0.544 -0.130 0.213 -0.346 -0.062 0.478 17/17
Sdm−? -0.035 0.425 0.259 -0.291 0.184 -0.357 -0.109 0.360 41/41

Morphology 〈A〉eff Zeff N

C28 H µe Re C28 H µe Re

Im−? 0.295 -0.357 -0.416 -0.004 0.485 -0.448 -0.353 0.198 36/36
Im+BCD -0.289 0.000 -0.177 -0.126 0.584 -0.380 -0.217 0.171 19/19

S?+? 0.512 -0.537 -0.546 0.059 0.416 -0.465 -0.411 0.172 17/17
Sdm−? 0.322 -0.377 -0.449 -0.041 0.376 -0.426 -0.322 0.187 44/40

Morphology 〈A〉glbl Zglbl N

C28 H µe Re C28 H µe Re

Im−? 0.170 -0.210 -0.259 -0.062 0.400 -0.300 -0.337 0.022 48/42
Im+BCD -0.115 0.049 -0.016 -0.096 0.405 -0.138 -0.288 -0.148 30/26

S?+? 0.530 -0.524 -0.606 -0.042 0.202 -0.399 -0.214 0.381 18/16
Sdm−? 0.163 -0.209 -0.278 -0.087 0.307 -0.272 -0.337 -0.006 55/49
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Table A.6: Pearson r of SP-Environment Correlations for LIGs

Morphology
d 〈A〉
dr

dZ

dr
N

DM87 Σ DefHI DM87 Σ DefHI

Im−? -0.042 -0.079 -0.032 0.186 -0.013 -0.081 34 (20)/34 (20)
Im+BCD -0.072 -0.063 -0.164 0.104 0.077 0.287 17 (14)/17 (14)

S?+? 0.013 -0.145 0.014 0.311 -0.150 -0.464 17 (6)/17 (6)
Sdm−? -0.075 0.012 0.007 0.137 -0.032 -0.097 41 (27)/41 (27)

Morphology 〈A〉eff Zeff N

DM87 Σ DefHI DM87 Σ DefHI

Im−? -0.128 0.125 0.565 0.067 0.033 -0.232 36 (22)/36 (22)
Im+BCD 0.127 -0.040 0.614 0.021 0.070 0.009 19 (16)/19 (16)

S?+? -0.390 0.367 0.634 0.243 -0.059 -0.909 17 (6)/17 (6)
Sdm−? -0.186 0.154 0.594 0.120 -0.035 -0.158 44 (30)/40 (29)

Morphology 〈A〉glbl Zglbl N

DM87 Σ DefHI DM87 Σ DefHI

Im−? -0.042 -0.007 0.486 0.055 0.022 -0.344 48 (33)/42 (27)
Im+BCD 0.175 -0.189 0.458 0.032 0.072 -0.258 30 (26)/26 (22)

S?+? -0.458 0.428 0.632 0.210 -0.196 -0.854 18 (7)/16 (5)
Sdm−? -0.032 0.002 0.487 0.030 0.045 -0.248 55 (40)/49 (34)



Appendix B

Surface Brightness

and Stellar Population Profiles

In this appendix, we provide the SB and SP profiles for a representative subset of

galaxies in our Virgo sample that covers the entire range of morphologies available to

us. Although the particular galaxies were randomly-selected, the ones shown here all

have a preferred S/N per bin of 50. Within the top portion of each window we show

the unbinned griH SB profiles as a function of scaled radius, R/Re, for a given galaxy.

These profiles have been degraded to the worst pixel resolution amongst all bands

for each galaxy. The colour scheme is: g (green), r (orange), i (red), and H (black).

Within this SB plot we also indicate the VCC number and morphology of the galaxy

being shown. In the bottom portion of each window we show the corresponding SP

profiles. The axes labels indicate the colouring scheme.

The purpose of these plots is twofold: to both demonstrate the typical high-quality

of our photometry and the depths out to which our physically-motivated analysis can

recover information on the SPs of galaxies of different types.
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(a) (b)

(c) (d)

Figure B.1
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(a) (b)

(c) (d)

Figure B.2
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(a) (b)

(c) (d)

Figure B.3



Appendix C

Acronyms and Symbols

In this Appendix we provide a summary and description of all key acronyms and

symbols that are made use of in this thesis. Since this thesis contains a wealth of

such objects (some being standard, and the rest created by the author), the reader is

encouraged to refer to this Appendix frequently to remind themselves of what a par-

ticular acronym/symbol is referring to and thereby alleviate any possible confusion.
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Table C.1: Table of Acronyms and Symbols

Acronym/Symbol Definition/Description

2MASS Two Micron All Sky Survey: a near-infrared survey of the entire sky
in the photometric bands J , H , and Ks.

′ arcminute: unit for angular measurements, equal to 1/60th of a degree.
′′ arcsecond: unit for angular measurements, equal to 1/3600th of a de-

gree, or 1/60th of an arcminute.
Å angstrom: unit for length measurements, equal to 10−10 m. α/Fe¿α/Fe

“alpha-over-iron ratio”: the relative abundance of α process elements
(i.e., formed by helium fusion; e.g., oxygen) to iron, this ratio effec-
tively measures star formation timescales in galaxies, via enrichment
patterns of type Ia (Fe) and II (α-elements) supernovae.

χ2
r “reduced chi-squared”: a statistic used to measure the goodness of fit

of a model, it has a value of one for a perfect fit. Values less or greater
than one indicate that the model is either over-fitting or poorly-fitting
the data.

δ(t) Delta function: has a value of ∞ at t = 0 and zero otherwise, it
provides the best representation of the star formation history for a
simple stellar population (i.e., instantaneous burst).

δµX total uncertainty in X-band surface brightness: this uncertainty com-
prises contributions from errors in calibration, sky subtraction, and
Poisson noise.

∆x “change in x”
∆λ bandwidth: the range in wavelengths of light transmitted by a filter.
ǫ isophotal ellipticity: the flattening of an elliptical isophote, ǫ = 1 -

b/a, it has a value of zero and one for a circle and line, respectively.
λ wavelength.

λeff effective wavelength: centroid wavelength for a given filter.
ΛCDM “Lambda-Cold-Dark-Matter”: the currently favoured theory to ex-

plain all cosmological observations, it posits that the Universe origi-
nated with the Big Bang and whose evolution has been dictated by
the distribution of its mass-energy content [∼70% dark energy (Λ),
∼25% (cold) dark matter, and ∼5% baryonic (ordinary) matter].

µ, SB surface brightness: a measure of luminosity surface density at a given
point in a resolved galaxy (i.e., amount of light per unit angular area).

µ0,X X-band central surface brightness: surface brightness at the center of
a galaxy, as measured in the photometric band X.

µe,X X-band effective surface brightness: surface brightness at one X-band
effective radius, measured in the photometric band X.
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Acronym/Symbol Definition/Description

µi surface brightness of component i: photon counts per unit area con-
tributed by component i (e.g., sky brightness, µsky).

σ, RMS standard deviation/root-mean-square: assuming Gaussian statistics,
this represents the 68% confidence interval for measurements of a
quantity x about its mean value x̄ (σ =

√

ΣN
i (xi − x̄)2).

σi error in quantity i (e.g., surface brightness error, σµ).
σµ,int interpolated surface brightness error: error at a given point in a

degraded-resolution surface brightness profile, determined by inter-
polation between neighbouring errors in the original profile.

σµ,thresh threshold surface brightness error: a designated value in surface
brightness error used to initiate a search as to whether a surface bright-
ness profile should be truncated.

σv velocity dispersion.
Σ surface density of galaxies: as in Dressler (1980), this is determined at

a given point by finding the physical area spanned by the ten nearest
galaxies.

τ timescale of star formation: characteristic timescale for a given model
star formation history over which the star formation rate in a galaxy
grows/decays.

τλ optical depth: a measure of the opaqueness of an object at wavelength
λ, it is roughly equal to the number of scattering events a photon
encounters along a given line of sight. Variants of this quantity include
τλ(0) and τ̂λ which represent the central and effective optical depth at
wavelength λ.

A age: time since star formation started in a galaxy.
〈A〉 mean stellar age of a stellar population.
Aλ extinction: a measure of the reduction in light emitted by an ob-

ject at wavelength λ, given in logarithmic units, due to absorption
by/scattering off of gas or dust.

a, b isophotal semi-major (a) and semi-minor (b) axis.
aλ albedo: a measure of the effectiveness of reflection of light off a given

object (e.g., dust), it has a value of zero and one for perfect absorption
and reflection, respectively.

ACS Advanced Camera for Surveys: optical imaging instrument aboard the
Hubble Space Telescope.

AGB asymptotic giant branch: a post-main sequence phase of stellar evo-
lution for (intermediate-mass) stars which have exhausted the helium
fuel in their cores. During this phase (third dredge-up), a star may
undergo thermal pulsations due to instabilities in its helium-burning
shell, in which case it is referred to as a TP-AGB star.
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Acronym/Symbol Definition/Description

BB binning-band: a photometric band used to create an adaptive-binning
scheme for a given galaxy, based on its associated signal-to-noise pro-
file.

BCD blue compact dwarf: a galaxy morphological type
C28,X X-band concentration: a measure of the concentration of light in a

galaxy towards its center within the photometric band X, it is given
by the logarithm of the ratio of the radii enclosing 80% and 20% of
the total galaxy’s X-band light (i.e., C28,X = 5log(r80/r20)).

Cell isophotal circumference.
CCD charged-coupled device: current format for nearly all (optical) light

detectors used at modern telescope facilities.
CE chemical evolution.
CG colour gradient.

CMD colour-magnitude diagram: a plot of logarithmic flux measured in a
given photometric band (magnitude) versus the logarithm of a ratio
of fluxes in two given photometric bands (colour).

CON constant star formation history: see Table 5.1 for mathematical defi-
nition.

Dopt optical diameter: diameter of a galaxy at a given surface brightness
level within optical (typically V -band) wavelengths.

dE dwarf elliptical: a galaxy morphological type
DEC declination: one of two coordinates belonging to the equatorial system,

it is the analog of latitude, as projected onto the sky.
DefHI neutral hydrogen deficiency: dearth of neutral hydrogen gas within a

galaxy (see §2.1.2 for mathematical definition).
DEL delayed star formation history: see Table 5.1 for mathematical defini-

tion.
dS0 dwarf lenticular: a galaxy morphological type
E elliptical: a galaxy morphological type
erf error function.

ETG early-type galaxy: group of galaxies comprising dS0, dE, E and
S0+S0/a morphologies.

EXP exponential star formation history: see Table 5.1 for mathematical
definition.

fλ(t; Z) simple stellar population spectrum: flux at wavelength λ for a simple
stellar population of a given age t and metallicity Z.

F burst mass fraction: the percentage of mass created within a recent
burst (frosting) of star formation.
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Acronym/Symbol Definition/Description

Fλ(t; Z) composite stellar population spectrum: flux at wavelength λ for a
stellar population of a given age t and metallicity Z that has been
produced from an extended star formation history.

FWHM full width at half maximum: the width of a single-peaked function at
half of its maximum amplitude.

GALAXEV a stellar population synthesis code for computing stellar population
models (BC03).

GC globular cluster: a gravitationally-bound, roughly spherical grouping
of ∼105−6 stars, it is the closest physical analog of a simple stellar pop-
ulation and is commonly used for the calibration of stellar population
models.

GOLDMine an on-line database of multi-wavelength photometry, spectra and other
information for galaxies belonging to multiple clusters.

Gyr gigayear: unit for time measurements, equal to 109 yr.
hd, h∗,X dust (d)/stellar (∗) disk scale length: characteristic radial length in a

spiral galaxy over which the density of dust/stars decreases by a fixed
amount (a factor of e). The stellar disk scale length can be measured
in any photometric band X.

Hα+[NII] “H-alpha plus N-two”: a popular emission-line measure of the current
star formation in a galaxy, it is based on the premise that young, hot,
and massive stars ionize the neutral hydrogen gas surrounding them.

HI neutral (atomic) hydrogen.
HII region “H-two region”: zone of ionized hydrogen gas typically caused by

high-energy UV radiation emitted from young stars. These regions
commonly mark locations of recent star formation in a galaxy.

i galaxy inclination: angle between a spiral galaxy’s symmetry axis and
the line-of-sight.

Im Magellanic irregular: a galaxy morphological type.
ISM interstellar medium: the mixture of primarily gas and dust located

between the stars in a galaxy.
LIG late-type/irregular galaxy: group of galaxies comprising Im, BCD, S?

and ? morphologies.
LIN linearly-decreasing star formation history: see Table 5.1 for mathe-

matical definition.
LSB low surface brightness.
LTD late-type dwarf: group of galaxies comprising Im and BCD morpholo-

gies.
M⊙ solar mass: unit for mass measurements, equal to ∼2 × 1030 kg (the

mass of the Sun).
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Acronym/Symbol Definition/Description

MHI neutral hydrogen mass (measured).
MHI(Dopt,T ) netural hydrogen mass (expected): mass of neutral hydrogen expected

for a field (isolated) galaxy of Hubble type T and optical diameter Dopt.
MX X-band absolute magnitude: total luminosity in logarithmic units of

an object within the photometric band X.
MW Milky Way.
n Sérsic n index: characteristic exponent in the Sérsic function (∼ r1/n),

a function commonly used to model galaxy light profiles.
N number.
Ni noise in component i.

NED NASA Extragalactic Database: an on-line database for information
on extragalactic systems.

NIR near-infrared: a wavelength regime spanning the range 0.8-2.5 µm.
pc parsec: unit for distance measurements, equal to 3.1 × 1018 cm. Com-

mon (but slight) variants of this unit include the kpc (103 pc) and Mpc
(106 pc).

QX X-band radial extent: maximum radius out to which the light profile
for a galaxy in the X photometric band can be measured, relative to
that in the i-band.

r, R galacto-centric radius.
RA right ascension: one of two coordinates belonging to the equatorial

system, it is the analog of longitude, as projected onto the sky.
Re,X X-band effective radius: the galacto-centric radius which encloses half

of a galaxy’s total light within the photometric band X.
ROSAT Roentgen Satellite: space-based X-ray observatory whose mission

ended in 1999.
S/N signal-to-noise ratio: a measure of the quality of a photometric obser-

vation; the higher the number, the greater is the quality.
S/Nmin minimum signal-to-noise: the minimum signal-to-noise required in

each bin for the radial binning scheme of a given galaxy. This value
is determined for each galaxy by that which allows for the binning
scheme to reach one H-band effective radius within it.

Si signal in component i.
SAN Sandage star formation history: see Table 5.1 for mathematical defi-

nition.
S0+S0/a lenticular: a galaxy morphological type.

SDSS Sloan Digital Sky Survey: a deep, five-band optical (ugriz) imaging
survey covering more than a quarter of the sky (8,000 square degrees),
whose data are made publicly available.

SF star formation.
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Acronym/Symbol Definition/Description

SFH, Ψ star formation history: the run of star formation rate against time.
SFR star formation rate: the amount of mass currently being formed into

stars in a galaxy per year, typically expressed in units of solar masses
per year (i.e., M⊙ yr−1)

SG spiral galaxy: group of galaxies comprising Sa−Sm morphologies (see
Table 2.3 for further details).

SP stellar population.
SPS stellar population synthesis: the technique of creating synthetic stellar

population spectra in order to derive properties of an observed stellar
population.

SSP simple stellar population: a stellar population resulting from an in-
stantaneous burst of star formation.

t time.
T Hubble type: a numerical scheme assigned to the classic Hubble mor-

phological scheme (see Table 2.3 for details).
ULBCAM Ultra-Low Background Camera: a near-infrared camera used at the

University of Hawaii (UH) 2.2 m telescope.
UV ultraviolet: a wavelength regime spanning the range 10-400 nm.

VCC Virgo Cluster Catalog: an optically-selected catalogue of all galaxies
in the Virgo cluster defined by Binggeli et al. (1985) that is claimed
to be complete down to B ∼ 18.

Vrot maximum rotational velocity: the maximum rotational velocity at-
tained by material located in the disk of a spiral galaxy.

WFCAM Wide Field Camera: a near-infrared camera used at the United King-
dom Infra-Red Telescope (UKIRT).

WIRCAM Wide Field Infrared Camera: a near-infrared camera used at the
Canada-France-Hawaii Telescope (CFHT).

WMAP Wilkinson Microwave Anisotropy Probe: space-based microwave ob-
servatory whose primary goal is high-precision measurements of fun-
damental cosmological parameters.

X X-band apparent magnitude: total flux in logarithmic units of an ob-
ject within the photometric band X. Variants of this quantity include
∆X and ∆Xmax which represent the actual and maximum-allowable
change in apparent magnitude, respectively, due to extrapolation of a
galaxy’s light profile in the photometric band X. Both of these quan-
tities are used to find at which point a spiral galaxy’s profile should
be truncated.

XVISTA software package for astronomical image-processing (i.e., reductions,
measurements, etc.).
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Acronym/Symbol Definition/Description

z redshift: a cosmological measure of distance d to an object, z = Hd/c,
where H is Hubble’s constant and c is the speed of light.

zd, z∗,X dust (d)/stellar (∗) vertical scale height: characteristic vertical (per-
pendicular to the disk) length in a spiral galaxy over which the density
of dust/stars decreases by a fixed amount (a factor of e). The stellar
disk scale height can be measured in any photometric band X.

Z stellar metallicity.
Z⊙ solar metallicity: Z⊙ = (mass of metals in Sun)/(mass of Sun) = 0.02.


