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Abstract

This thesis presents a detailed study of a well defined sample of isolated early-type galaxies.
We define a sample of 36 nearby isolated early-type galaxies using a strict isolation criteria.
New wide-field optical imaging of 20 isolated galaxies confirms their early-type morphology
and relative isolation. We find that the isolated galaxies reveal a colour-magnitude relation
similar to cluster ellipticals, which suggests that they formed at a similar epoch to cluster
galaxies, such that the bulk of their stars are very old. However, several galaxies of our
sample reveal evidence for dust lanes, plumes, shells, boxy and disk isophotes. Thus at least
some isolated galaxies have experienced a recent merger/accretion event which may have

also induced a small burst of star formation.

Using new long-slit spectra of 12 galaxies we found that, isolated galaxies follow similar
scaling relations between central stellar population parameters, such as age, metallicity [Z/H]
and a-element abundance [E/Fe|, with galaxy velocity dispersion to their counterparts in
high density environments. However, isolated galaxies tend to have slightly younger ages,
higher metallicities and lower abundance ratios. Such properties imply an extended star

formation history for galaxies in lower density environments.

We measure age gradients that anticorrelate with the central galaxy age. Thus as a young
starburst evolves, the age gradient flattens from positive to almost zero. Metallicity gradients
range from near zero to strongly negative. For our high mass galaxies, metallicity gradients
are shallower with increasing galaxy mass. Such behaviour is expected in the remnants of
multiple mergers. The metallicity gradients are also found to be correlated with the central

age and metallicity, as well as to the age gradients. We generally find flat [E/Fe] gradients.

We also examine the Fundamental Plane in both traditional R., u. and o space and k-space.
Most isolated galaxies follow the same Fundamental Plane tilt and scatter for galaxies in
high density environments. However, a few galaxies notably deviate from the plane in the
sense of having smaller M /L ratios. This can be understood in terms of their younger stellar

populations, which are presumably induced by a gaseous merger.

In conclusion, our results are compatible with an extended merger/accretion history for most
isolated elliptical galaxies. However, for those galaxies which show no fine structures nor any
young stellar populations, an early formation epoch followed by passive evolution is more

probable.
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Chapter 1

Introduction

1.1 General overview

In this thesis we investigate the morphological structure and stellar population content of
isolated early-type galaxies. Our aim is to understand how these galaxies formed and evolved.
We define a sample of isolated early-type galaxies in the local universe (z < 0.03). Comparing
the properties of these galaxies to their counterparts in higher density environments, we can

obtain deeper insight into the parameters affecting their past formation and evolution.

Observations show that various properties of galaxies vary with their environment. Since the
discovery of galaxies and their classification according to their appearance as ellipticals (E),
spirals (S) and lenticular (S0), observations suggested a relation between galaxy morphology
and the density of the host environment (e.g. Hubble & Humason 1931; Oemler 1974;
Dressler 1980; Goto et al. 2003; Tanaka et al. 2004; Postman et al. 2005). While spiral
galaxies are more numerous in the field, early-type galaxies, i.e. ellipticals and S0, are more
commonly found in dense environments such as clusters and groups. Within a cluster, the
dense core regions are richer with early-type galaxies than the lower-density outskirts. This
distribution of galaxy morphology with environment is known as the morphology-density
relation (Dressler 1980). Within galaxy groups, Dominguez et al. (2002) studied groups in
the 2dF Galaxy Redshift Survey to explore the verification of both of the morphology-density
relation and morphology-group centric radius relation. Both of the two previous relations
were found to correlate with the total mass of the hosting group. Dominguez et al., found
that both the morphology-density relation and morphology-group centric radius are clearly
seen in massive groups (M > 1035 M), while in groups of lower masses neither relation is

apparent.

Environmental dependencies have also been seen in galaxy scaling relations such as the
colour-magnitude relation (CMR) and the fundamental plane (FP), which is a 2-dimensional
relation in 3-dimensional space determined by the galaxy size, luminosity and central velocity

dispersion (see Sec. 1.5.2). For example, in a comparison study of early-type galaxies in the

1



2 Chapter 1. Introduction

field, groups and rich clusters, de Carvalho & Djorgovski (1992) found field galaxies to have
a FP of higher intrinsic scatter than those in clusters, especially when stellar population
variables were included. For a sample of 35 field early-type galaxies at a median redshift
of 0.9, Kodama, Bower & Bell (1999) found these galaxies to have greater scatter in the
CMR than that obtained by Stanford, Eisenhardt & Dickinson (1998) for cluster galaxies at
a similar redshift of z ~ 0.9. This suggests a slightly more extended star formation period
for early-type galaxies in the field than in clusters. Kodama at al. also found some of their
sample galaxies to have redder colours than Coma cluster galaxies in the local Universe,
indicating CMR evolution. These authors concluded that at least half of the field early-type

galaxies at these redshifts formed their stars at z > 2.

The environment also plays a role in galaxy stellar populations. Studies of the stellar popu-
lations in early-type galaxies in different environments suggests that field galaxies tend to be
bluer, and have spectral indices indicating stellar population of slightly younger mean ages
and more metal rich than their cluster counterparts (e.g. de Carvalho & Djorgovski 1992;
Kuntschner et al. 2002; Terlevich & Forbes 2002; Graham et al. 2003; Collobert et al. 2006).

In all environments, early-type galaxies show morphological fine structures such as tidal tails,
dust lanes, discy or boxy components (Schweizer et al. 1990), while some other structures
such as shells and irregular isophotes are more preferentially exist in the field and groups
rather than in clusters (Malin & Carter 1983; Zepf & Whitmore 1993). These results suggests

an environmental role in the formation of these morphological structures.

Theoretical models often attempt to explain these morphological structures as a result of
past merging in earlier galaxy formation stages or, alternatively, by tidal interactions with
close neighbours (Thomson 1991; Hernquist & Weil 1992; Schweizer 1992; Hjorth & Madsen
1995). In dense cluster environments, merging was more likely at earlier epochs when the
cluster was still forming and velocity dispersions were low enough to allow outright mergers,
while mergers in the field are expected to occur at high redshift as well as in the present
Universe (Kauffmann 1995). Therefore long lasting morphological structures are expected
to exist in all environments, while short life structures are predicted to be more common in

low density environments.

Most previous studies of early-type galaxies in different environments have not been extended
to the very low-densities of truly isolated galaxies. In such extreme low-density environments
we can eliminate the effects of many physical processes which may affect the evolution of

galaxies in denser environments.

In this study we define a new sample of 36 candidate isolated early-type galaxies with strict
isolation conditions to ensure the absence of any strong tidal effects from a massive neighbour.
Using the Wide Field Imager (WFI) on the 3.9-m Anglo-Australian Telescope (AAT) and
the WFT on the ESO/MPG 2.2-m telescope we obtained imaging in the B and R filters for a
wide area surrounding 20 galaxies in the sample. This allows us to study the number density

distribution and photometric parameters of the faint galaxies in these fields as well as the
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isolated galaxies themselves. Spectroscopic observations for twelve galaxies of the sample
were collected using EFOSC2 at the ESO 3.6-m telescope on the La Silla Observatory in
two observing runs. The long slit was positioned along the major axis of each galaxy. Using
these spectra we obtain radial profiles of both kinematics and stellar population parameters
for these 12 galaxies. The photometric, kinematical and stellar population parameters are

supplemented by data from the literature to construct galaxy scaling relations.

The main aspect of this work, however is to investigate the observational properties of isolated
early-type galaxies and compare them to those for galaxies in higher density environments.
Based on the results of this study, we briefly discuss the implications for the formation of
isolated early-type galaxies. Although this work does not give a full answer to all questions
related to the formation and evolution of early-type galaxies, we aim to add number of useful

constraints.

1.2 Formation and evolution scenarios

The observed homogeneity of the elliptical galaxy properties such as their luminosity profile,
colour and velocity dispersion allow these galaxies to follow tight scaling relations with
very small intrinsic scatter (see Sec. 1.5). Examining the slope and scatter of these scaling
relations in the local universe and up to high redshifts (e.g. Stanford, Eisenhardt & Dickinson
1998; Saglia et al. 2000) suggests a uniform formation and evolution process for these galaxies.
Furthermore, the existence of old, fully assembled massive elliptical galaxies at moderate
redshifts of 1.6 < z < 1.9, such as those observed by Cimatti et al. (2004), strongly suggest

the formation of these galaxies in the early universe.

The formation scenario known as the dissipative “monolithic collapse” model, which we shall
refer to as “collapse” model, postulates that elliptical galaxies were formed at high redshift
on a short time scale during a rapid collapse of gaseous material in the form of a single
cloud (Eggen, Lynden-Bell & Sandage 1962; Larson 1974; Chiosi & Carraro 2002; Kawata
& Gibson 2003; Matteucci 2003). Their stars were formed in a short intense starburst last
for less than 1 Gyr, followed by galactic wind which evacuates the galaxy of any extra gas
and prevents any further star formation. The strength of the galactic wind ejecting the gas
and ceasing star formation depends on the depth of the potential well of the galaxy, or its
mass. Massive galaxies can hold their gas components longer to perform complete synthetic
processes and produce heavier elements which is observed as a higher metallicity for these
massive galaxies than less massive ones, and is known as the mass-metallicity relation. The
end product of these models is an elliptical galaxy composed of mainly stars and no significant
gas fraction. Another set of models are dedicated to follow the continuing collapse of these
stellar components. These subsequent evolution is considered as a pure stellar dynamical
problem or dissipationless collapse (e.g. van Albada 1982; Trenti, Bertin & van Albada

2005). The dissipationless collapse models can reproduce number of the observed properties
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of elliptical galaxies such as their de Vaucouleurs r'/* surface brightness profile as well as the
projected radial profiles of the line-of-sight velocity dispersion and the rotational velocity

(see Sec. 1.3 for more details).

Moreover, recent high resolution N-body simulation of dissipationless collapse in pre-existing
dark matter haloes (Nipoti, Londrillo & Ciotti 2006) are able to reproduce elliptical galaxies
with surface brightness profiles resembling the observed characteristics, such as the Sérsic

profile with a range of n index values and central cores (see Sec. 1.3.1).

However, according to the collapse scenario, a galaxy’s photometric and morphological pa-
rameters are independent of the local environment of the galaxy, and consequently it does
not explain the observed morphology-density relation. Moreover, this formation scenario
does not explain the observed evidence of a substantial intermediate-age stellar population
in early-type galaxies (e.g. Terlevich & Forbes 2002; McDermid et al. 2006), or the fine
morphological structure such as shells, plumes and tidal tails (Malin & Carter 1983) which

are found in a significant number of galaxies.

The other suggested model is the “hierarchical merging”, which we shall refer to as “merg-
ing”, model. This scenario provides a logical explanation for these observational features
and is supported by the observations of interacting galaxies at different stages of the merg-
ing process (Vorontsov-Velyaminov 1959; Arp 1966a,b; Schweizer 1980; Schweizer & Seitzer
1988; Barnes & Hernquist 1992).

The merger scenario for galaxy formation and evolution at different redshifts is a natural
extension of the hierarchical clustering theory, such as the Cold Dark Matter cosmological
model. In all models, the Universe started as small-amplitude density fluctuations which were
then amplified by gravitational instability acting on Cold Dark Matter until they became
non-linear. The resulting bound clumps collapsed to form almost relaxed virialized Cold Dark
Matter haloes. In the merger scenario, smaller haloes formed first and became progressively
more massive by merging together and/or accreting surrounding material (Peebles 1982;
Blumenthal et al. 1984). A fraction of the baryonic content of the halo starts cooling down
by radiating a large amount of its energy and transfers to the halo centre cold, star-forming
condensations (Rees & Ostriker 1977; Silk 1977; White & Rees 1978). Dissipative collapse
continues until the cold gas settles into rotationally supported discs (Fall & Efstathiou 1980;
Mo, Mao & White 1998). Merger/accretion processes continue to form larger structures on
different scales, such as more massive galaxies, galaxy groups, clusters and super-clusters.
However, formation of early-type galaxies through mergers was more probable in a cluster
only at the early stages of the cluster formation where the relative velocity between galaxies
was slow enough to allow mergers. On the other hand, galaxy mergers in the field are possible

at high redshifts as well as in the present Universe.

If a galaxy consumes its gas content in star forming processes, followed by a galactic wind
which rejects the remaining gas to the inter-galactic medium, then a dissipationless major

merger between two such galaxies (a dry merger) will produce a massive elliptical galaxy
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of uniformly old stellar population. Furthermore, numerical simulations of dissipationless
mergers can reproduce the observed scaling relations of elliptical galaxies (Capelato, de
Carvalho & Carlberg 1995; Dantas et al. 2003; Gonzélez-Garcia & van Albada 2003; Boylan-
Kolchin, Ma & Quataert 2005). For example, the recent model of Naab, Khochfar & Burkert

(2006) can reproduce the galaxy kinematics and isophotal shapes as a function its mass.

However, other simulations emphasize the importance of the gas component during mergers
to obtain the observed scatter and slope of the scaling relations (Ciotti & van Albada 2001;
Evstigneeva et al. 2004; Boylan-Kolchin, Ma & Quataert 2006). In addition, the recent
numerical simulations by Robertson et al. (2006) found that gas dissipation significantly
contributes to the tilt of the observed FP. Nevertheless, Robertson et al. found that the im-
pact of dissipation on the remnant properties is mass dependent. During the first pericentric
passage of a massive progenitor, the gas is heated and driven to the halo leading to a dissi-
pationless like merger. On the other hand, low-mass galaxies experience rapid conversion of
gas into stars which increases the impact of gas dissipation on the central properties of the

remnant.

Since the early work by Larson & Tinsley (1978) and Lavery & Henry (1988), gaseous
mergers are known to induce secondary star formation events as well as other morphological
and kinematical substructures (Mihos & Hernquist 1996; Barnes 2004; see Sec. 1.3 for more
details). Therefore, more massive galaxies are expected to have younger and more metal-
rich central stellar populations, which formed during mergers over longer time scales, than
smaller galaxies. However, these predictions are in contradiction with the observed scaling
relations between the absolute magnitude (or central velocity dispersion) and both the age
and metallicity of the central stellar populations (Bender & Saglia 1999; Mehlert et al. 2003;
Collobert et al. 2006). The observed mass-age and mass-metallicity relations are in the sense
that more massive elliptical galaxies are older and more metal-rich than the less massive ones.
This phenomena is found to be stronger at higher redshifts than in the present Universe, and
is known as “the down-sizing” phenomenon (Cowie et al. 1996; Madau et al. 1996; Shaver
et al. 1996).

This observational evidence was the motivation for mechanisms to suppress the star for-
mation processes in more massive galaxies. De Lucia, Kauffmann & White (2004) suggest
that the dependence of the star formation rate on the circular velocity of the galaxy is able
to accelerate star formation in massive galaxies more than in less massive ones. Another
suggestion of a central massive black hole and AGN feedback in massive galaxies can also
lead to the observed mass-age relation (Springel, Di Matteo & Hernquist 2005; Croton et al.
2006).

In the following sections the basic properties, stellar population parameters of elliptical
galaxies and their scaling relations are explained and discussed in the context of these two

formation and evolution scenarios.
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1.3 Basic properties of early-type galaxies

In the following subsections we describe a number of the properties of early-type galaxies

and discuss how they may be explained in the context of different formation scenarios.

1.3.1 Swurface brightness profiles

The radial surface brightness profiles of elliptical galaxies show a high degree of regularity.
de Vaucouleurs (1948) found that the isophotal surface-brightness p (in magnitude/arcsec?)

follows the form

() = o+ 8327 ()7 1), (1.1)

called the de Vaucouleurs law. The quantity r. is the radius of the isophote enclosing half
the total light of the galaxy and is known as the effective radius. A related quantity to r. is

the mean surface-brightness p. at the effective radius.

1/4 law was found to be valid over a surface-brightness range of 17.8 <

The de Vaucouleurs r
p < 27.8 mag/arcsec? (de Vaucouleurs & Capaccioli 1979). The r!/* law fits most luminous
elliptical galaxies, however for the brightest cluster elliptical galaxies, the r'/* law is only
valid for the inner region, with the outer envelope of these giant galaxies showing enhanced
light. On the other hand, the outer regions of small ellipticals are truncated below the /4
law. Sérsic (1968) introduced his formula by replacing de Vaucouleurs i by %, where n
lies between 1 (exponential profile) up to more than 10. Therefore, the index n is a shape
parameter measures the curvature of the galaxy light profile. Prugniel & Simien (1997) found
that the index n is strongly correlated to the mass and size of small galaxies. However, for
more luminous (Mp < —20), or large galaxies, n is found to be fairly constant at the de

Vaucouleurs value.

The importance of the Sérsic index, as a measure of the central concentration of the galaxy
light, has increased significantly in the last few years due to its strong relations to other
physical properties of elliptical galaxies. In a series of papers by Graham and collaborators,
the Sérsic index is found to show a tight correlation with the mass of the central black hole,
with more massive black holes residing in more centrally concentrated galaxies (e.g. Graham
et al. 2003; Erwin, Graham & Caon 2004; Graham & Driver 2007). This tight correlation
of the mass of the central black hole and the Sérsic index represents another scaling relation

which requires explanation by theoretical models of galaxy formation and evolution.

Using ground based observations it is difficult to study the light profile of the most inner
regions of galaxies. Nevertheless, some evidence beyond the seeing limits indicated the

presence of cores which could not be described by the isothermal King model (e.g. Lauer
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1985; Kormendy 1985). Using the high spatial resolution of the Hubble Space Telescope,
it became possible to investigate the true shape of galaxy cores. Inner to a break radius
(rp), the central surface brightness profiles of most galaxies are found to be either shallower
or steeper than the global profile of the galaxy. Galaxies with shallow cusps are known as

"core” galaxies, while those with steep cusps are called "power-law” galaxies.

Simulations show that the shape of the central light profile is correlated to the galaxy’s
formation history and the properties of its progenitors. For example, the simulations of
Milosavljevi¢ & Merritt (2001) show that mergers of two power-law systems with central

massive black holes produce a core profile galaxy.

We observe galaxies, such as NGC 1316 (Schweizer 1980) and NGC 7252 (Schweizer 1982),
which are in the late stage of merging. However, despite their highly distorted isophotes, tidal
tails and other evidence of a dramatic recent merger, the distribution of their light profiles
in the inner parts follow perfectly the standard de Vaucouleurs law. Such galaxies present
strong evidence that two merged disk galaxies can produce a typical elliptical galaxy with an
r'/4 de Vaucouleurs profile. During the gravitational collapse of a galaxy, or after a galaxy
merger, the gravitational potential of the system fluctuates rapidly and irregularly. In such a
time dependent potential, the collisionless process known as violent relaxation (Lynden-Bell
1967), redistributes the energies and angular momenta of stars and dark matter particles
producing the observed uniformity and dynamical equilibrium of the final collisionless stellar

systems — an elliptical galaxy.

1.3.2 Morphological fine structure

As well as the dominant elliptical shape of elliptical galaxies, the majority of them have
morphological fine structures (e.g. Malin & Carter 1983; Schweizer & Seitzer 1988; Seitzer
& Schweizer 1990; Barnes & Hernquist 1992). These structures are in the form of extra light
regions which are usually detected as distortions in the isophotal shapes of the galaxies. The
extra light regions take several forms such as shells, tails and extended plumes (Malin &
Carter 1983; Schweizer & Seitzer 1988; Reid, Boisson & Sansom 1994).

Another types of fine structure observed in elliptical galaxies are discy and boxy isopho-
tal shapes. Discy isophotes are found to be the result of extra light extending along the
major/minor axis, while boxy isophotes are due to light at an angle of 45° to these axes.
If the radial profile of the isophotal shape changes between discy and boxy, it is called an
irregular isophote. In a detailed study of isophotal shapes in massive ellipticals, Bender
et al. (1989) and Nieto & Bender (1989) found that the shape showed little or no correla-
tion with the classic photometric parameters such as effective radius or ellipticity. However,
galaxies which were radio-loud and/or surrounded by gaseous X-ray halos generally had
boxy or irregular isophotes. Bender et al. also found that galaxies with boxy or irregular

isophotes seem to have higher mass-to-light ratios (~ 11.5+0.9 M, /L) than discy galaxies
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(~ 64+0.6 M,/Ls). As a function of galaxy luminosity, low-luminosity galaxies show
tendency to be discy, while more luminous galaxies are found to have boxy shapes. These
observed correlations emphasise the intrinsic origin of the boxy/discy dichotomy and their

dependence on the formation history of the galaxy (Bekki & Shioya 1997).

Central dust lanes are another common feature observed in a significant fraction of elliptical
galaxies (e.g. Sadler & Gerhard 1985; Ebneter, Davis & Djorgovski 1988). The origin of dust
in early-type galaxies is controversial. Some studies suggest an internal source such as the
collective outflow of dusty gas from evolving red giant stars. However, Forbes (1991) found
no strong correlation between the FIR dust emission in elliptical galaxies and their optical
luminosities. This result argues in favour of an external origin for the dust in early-type
galaxies, e.g. brought in during the accretion of a gas-rich galaxy. This result was confirmed
by Goudfrooij & de Jong (1995) and Trinchieri & Goudfrooij (2002).

The majority of elliptical galaxies with these fine structures are found in the field rather than
the higher density environments of clusters (e.g. Malin & Carter 1983; Colbert, Mulchaey
& Zabludoff 2001). With the high probability of recent merger /interaction events occurring
in the field at z < 2 rather than in high density clusters, these observational results are
consistent with the numerical simulations which demonstrated that these fine structures can
be reproduced by either a weak interaction with another galaxy (Thomson & Wright 1990;
Thomson 1991) or minor/major mergers (Hernquist & Spergel 1992; Schweizer 1992; Hjorth
& Madsen 1995). Mergers and interactions of galaxies with gas are expected to trigger star
formation producing young stellar populations in the remnant galaxy. Estimating the age
of galaxies using both spectroscopic indices and global colours, young galaxies are found to
have stronger fine structures than older galaxies (Schweizer et al. 1990; Schweizer & Seitzer

1992).

Taking these observational results and theoretical expectations into consideration, isolated
early-type galaxies would be expected to show a higher frequency of fine structures such as

shells, tails and extended plumes than those galaxies in clusters and compact groups.

1.3.3 Internal kinematics

Analysis of the spectra of elliptical galaxies shows that the distribution of stellar velocities
is generally close to a symmetric Gaussian. In addition to the ordered rotation velocity (V.),
the stars are also moving with random velocities known as velocity dispersion (o) (Illingworth
1977). The net rotation of the galaxy is often characterized by the quantity (010)*, where
V' is the maximum observed rotational velocity and o, is the central velocity dispersion of
the galaxy, corrected for the galaxy ellipticity (Binney 1978; Kormendy 1982). While low-
luminosity galaxies are found to be rotationally supported systems (with (010)* ~ 1), massive
elliptical galaxies are kinematically hot systems which are mainly supported by random

velocities rather than rotation (Illingworth 1977; Davies et al. 1983). The internal kinematics
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of galaxies are found to be correlated to their mass and isophotal shapes. For example, low-
luminosity elliptical galaxies with discy isophotes have relatively higher rotational velocities
than massive ellipticals of boxy isophotes which are found to be more dynamically hot
systems (Bender 1988; Binney & Merrifield 1998; their Fig. 4.39).

Whereas collapse models are not likely to reproduce the kinematic substructures of elliptical
galaxies, numerical simulations such as those by Burkert & Naab (2005), Gonzélez-Garcia &
Balcells (2005), Cox et al. (2006), Jesseit et al. (2006), Naab, Jesseit & Burkert (2006) and
Naab, Khochfar & Burkert (2006) can reproduce the observed kinematical substructures and
their correlation with mass of the elliptical galaxies by mergers of progenitors with different

mass ratios and gas fractions.

Observations suggest the presence of many other more complicated kinematical structures in
elliptical galaxies. In some galaxies, the radial profile of the rotational velocity shows a strong
central antisymmetric profile. This can indicate the presence of a kinematically-distinct
rapidly rotating core (KDC) with an angular momentum vector that lies perpendicular to
that of the bulk of the galaxy (Forbes 1992). Elliptical galaxies can also show intrinsic minor
axis rotation (Bender 1988; Carter, Thomson & Hau 1998).

KDCs are predicted to be created either by accretion of a gas-rich satellite galaxy (Franx &
[lingworth 1988) or mergers of elliptical galaxies (Balcells & Quinn 1990). KDCs also can
be a counter-rotating central gas disks created during a merger of two gas-rich disk galaxies
of equal mass (Hernquist & Barnes 1991). However Hau & Thomson (1994) suggested that
mergers are not required to form KDC, which can be a result of a retrograde flyby encounter
of an elliptical galaxy with an embedded highly rotating disk. In this case, the rotation of

the outer regions of the galaxy is reversed, whereas the central disk is relatively unaffected.

1.3.4 Interstellar media

Observations have shown that the interstellar media in early-type galaxies takes several forms
(Bregman, Hogg & Roberts 1992) such as dust (Ebneter & Balick 1985; Ferrari et al. 1999),
cold neutral HI gas of temperature 7' ~ 10 K (Knapp, Turner & Cunniffe 1985; Morganti
et al. 2006; Serra et al. 2007), ionised gas of T' ~ 10* K (Phillips et al. 1986; Goudfrooij
et al. 1994b) and hot X-ray emitting gas of T ~ 1057 K (Forman, Jones & Tucker 1985;
O’Sullivan, Forbes & Ponman 2001).

The amount of hot X-ray gas bound to an early-type galaxy is found to correlate to other
properties such as the flatness of the galaxy, with more round galaxies being more X-ray
luminous (Eskridge, Fabbiano & Kim 1995) than flattened galaxies of similar optical lumi-
nosity. Similar correlations have been detected in the radio bands with more round galaxies

are also being more radio-loud.

Comparing the kinematics of the stellar and gaseous components of a galaxy gives a clue
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to the origin of the gas. If the gas was produced internally due to stellar evolution, then
it is expected to observe a similar rotation for both stars and gas. On the other hand, the
accreted gas from outside the galaxy due to merger/accretion events may be counter-rotating

compared to the stellar body of the galaxy.

The dust and gas in elliptical galaxies are usually found to be co-spatial, suggesting the
same origin for both components. They are found to be oriented along the major and/or
minor axes of the galaxies (Martel et al. 2004). Both the orientation and dynamics of dust
and gas, compared to the stellar content of early-type galaxies, indicates an external origin
(Forbes 1991; Ferrari et al. 1999; Caon, Macchetto & Pastoriza 2000). In this scenario, the
cool cloud of gas and dust has been brought in during the accretion or merger with a gas-rich
galaxy (Barnes & Hernquist 1992; Hau & Thomson 1994; Serra et al. 2007). However, the
recent study of Sarzi et al. (2006) found that highly rotating elliptical and SO galaxies show
evidence of co-rotating stars and gas which indicates an internal origin for the gas. These
results suggest that in addition to an external origin for the dust and gas, internal production

processes are not completely eliminated.

1.4 Stellar populations

The stellar populations within galaxies offer a fossil record of their star formation and chem-
ical evolution. Comparing the spatial distribution of different stellar populations in galaxies
with the predictions of theoretical models therefore helps to differentiate between competing
scenarios of formation and evolution. In the following sections we will define the basic stellar
population parameters and their extraction from different observational techniques such as
photometry and spectroscopy. We will also discuss these parameters in the context of the

collapse and “hierarchical” formation scenarios.

1.4.1 Stellar population parameters

Age, metallicity and a-elements abundance are three key parameters to describe the stel-
lar population content of galaxies. Young ages indicates a recent star formation history,

while metallicity [Z/H] indicates the sum of all elements (Z) heavier than helium relative to
hydrogen (H) and defined as
[Z/H] = log(Z/H) —log(Z/H)e (1.2)

where (Z/H)g is the solar ratio.

[E/Fe] is an another quantity which describes the metal content of the stellar population.

This parameter quantifies the relative abundance of the so-called ‘a-elements’ to the Fe-



1.4. Stellar populations 11

peak elements, and is defined in similar way as in Eq. 1.2 for [Z/H]. The importance of the
[E/Fe] parameter arises from the fact that different supernovae types eject different types
of elements. For example, the so-called ‘a-elements’ (N, O, Mg, Ca, Na, Ne, S, Si and
Ti) which are used in the definition of [E/Fe], are predicted to be delivered mainly by the
Type II supernovae which explode due to the core collapse of massive stars. Supernovae
type II take place in the early stages of star formation bursts due to the short life time of
their massive progenitor stars (Hashimoto, Iwamoto & Nomoto 1993; Thielemann, Nomoto
& Hashimoto 1996). On the other hand, the elements Cr, Mn, Fe, Co, Ni, Cu, and Zn,
referred to as Fe-peak elements, are suggested to be produced by exploding white dwarfs in
binary systems as Type Ia supernovae (Greggio & Renzini 1983). Type la supernovae are
delayed by to later stages of galaxy evolution (Kirshner & Oke 1975; Nomoto, Thielemann
& Yokoi 1984; Matteucci & Greggio 1986). Therefore, early-formed stars are predicted to
be rich in a-elements, while stars which formed later, after the delayed explosion of Type la
supernovae, will be formed out of gas which was enriched with the Fe-peak elements. Thus,
stars with high [E/Fe] ratios are implied to be formed in a sort time scale, while late star
formation events are indicated by low [E/Fe] ratios. (Matteucci 1994; Thomas, Greggio &
Bender 1999). Therefore, the parameter [E/Fe] is often used to betoken the duration of star

formation in a galaxy.

1.4.2 Stellar population colours

Early attempts to study the stellar population of galaxies were performed via the inter-
pretation of their observed colours. Since the early finding of Baade (1944), the integrated
colours of early-type galaxies are found to be consistent with the typical colour of G-K dwarf
and giant stars (see also Peletier et al. 1990), which suggests that the main bulk of stellar

populations in early-type galaxies consists of these stars.

The colours of early-type galaxies are found to correlate very well with their luminosity (or
mass), with more luminous galaxies tending to be redder (Baum 1959). This is known as
the colour-magnitude relation (CMR). Assuming that elliptical galaxies mainly consist of old
stellar populations, the slope of the CMR has been assumed to be primarily a metallicity,
rather than an age, effect (e.g. Ferreras, Charlot & Silk 1999; Vazdekis et al. 2001). This
suggestion also arises from the observed relation between the strength of metal absorption
features such as those of CN and Mg (see Sec. 1.4.3) and galaxy luminosity (Faber 1973).
These two correlations, CMR and line strength-magnitude relation, therefore imply that red
luminous galaxies are more metal-rich than bluer less luminous ones. Bower, Lucey & Ellis
(1992) explain the scatter of the relation as a result of scatter in age. As function of look
back time, the slope of the CMR is found to be constant to high redshifts (Aragon-Salamanca
et al. 1993; Ellis et al. 1997; Kodama et al. 1998; Stanford, Eisenhardt & Dickinson 1998;
Holden et al. 2004), which again supports the metallicity interpretation.
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Within a galaxy, colour gradients give clues to the radial distribution of its stellar popula-
tions. Ellipticals generally show a negative radial gradient (i.e. redder towards smaller radii;
de Vaucouleurs 1961; Strom et al. 1976; Sandage & Visvanathan 1978; Peletier et al. 1990;
Bernardi et al. 2003d). If colour is again assumed to correlate with metallicity, then central
stellar populations are of higher metallicity than those in the outer regions. The concen-
tration of high metallicity stellar populations in the central regions of elliptical galaxies can
be explained in the collapse model as a result of the metal-enriched driven gas towards the

galaxy centre, which in turn produces the central metal-rich stellar populations.

As a function of the local environment density (i.e. the number of galaxies per pc?®) colour
gradients are found to be steeper for galaxies in lower density environments while galaxies
in high density environments show shallower colour gradients (Tamura & Ohta 2000; Trager
et al. 2000; La Barbera et al. 2005). Again, recalling the assumed correlation of colour
with stellar metallicity, the reduced colour gradient indicates shallower metallicity gradients,
which in turn could be a consequence of late mergers (White 1980), as such mergers between
gas poor galaxies are expected to ‘wash out’ the radial metallicity gradient in the remnant
elliptical galaxy. However, mergers with a gas-rich galaxy provide the forming elliptical
galaxy with fresh fuel to produce young stellar populations in the central region and hence
change both age and metallicity gradients. Both age and metallicity have effects on the
integrated colours of galaxies (e.g. Worthey 1994). Therefore, the secondary central star
formation induced by mergers is expected to alter the colour gradient of the elliptical galaxy
in an unpredictable way. To complicate matters more, Worthey (1998) showed that these
effects can be balanced if the ratio of age to metallicity changes is equal to 3/2. This is

known as the age-metallicity degeneracy.

While galaxy colour failed to break the age-metallicity degeneracy, absorption features of

the galaxy stellar spectra, such as Lick/IDS system, are found to be more promising.

1.4.3 Lick/IDS indices

As explained above, both age and chemical abundance information of early-type galaxies give
important clues to understand their formation and evolutionary history. As both age and
metallicity have similar effects on the integrated colour of galaxies (O’Connell 1994; Worthey
1994), it is necessary to introduce another set of observables to separate their effects and

break the degeneracy.

At the Lick Observatory between 1972 and 1984, the strength of strong absorption-line
features in the wavelength region 4000-6000 A of Galactic stars were measured and quan-
tified. All observations had been done using same Cassegrain spectrograph and the Image
Dissector Scanner (IDS; Robinson & Wampler 1972). That Lick/IDS system included 11
absorption-line indices for a sample of 460 stars in the field and in globular clusters. These

indices are defined and measured in a series of publications (e.g. Faber et al. 1985; Burstein,
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Table 1.1: List of Lick/IDS indices shows the original Lick resolution from Trager et al. (1998)

Index

Resolution

Pseudocontinuum

Bandpass

Unit

Hsa
Hsp
CNy
CNsy
Ca 4227
G 4300
H, A
H, r

Fe 4383
Ca 4455
Fe 4531
C 4668
Hp

Fe 5015
Mg,
Mg,
Mgy

Fe 5270
Fe 5335
Fe 5406
Fe 5709
Fe 5782
Nap
TiO,

TiO4

10.9

10.9

10.6

10.6

10.2

9.8

9.5

9.5

9.2

9.1

9.0

8.8

8.5

8.4

8.4

8.4

8.4

8.4

8.4

8.4

9.1

9.3

9.5

9.7

9.7

4041.600 4079.750
4128.500 4161.000
4057.250 4088.500
4114.750 4137.250
4080.125 4117.625
4244.125 4284.125
4083.875 4096.375
4244.125 4284.125
4211.000 4219.750
4241.000 4251.000
4266.375 4282.625
4318.875 4335.125
4283.500 4319.750
4367.250 4419.750
4283.500 4319.750
4354.750 4384.750
4359.125 4370.375
4442 .875 4455.375
4445.875 4454.625
4477.125 4492.125
4504.250 4514.250
4560.500 4579.250
4611.500 4630.250
4742.750 4756.500
4827.875 4847.875
4876.625 4891.625
4946.500 4977.750
5054.000 5065.250
4895.125 4957.625
5301.125 5366.125
4895.125 4957.625
5301.125 5366.125
5142.625 5161.375
5191.375 5206.375
5233.150 5248.150
5285.650 5318.150
5304.625 5315.875
5353.375 5363.375
5376.250 5387.500
5415.000 5425.000
5672.875 5696.625
5722.875 5736.625
5765.375 5775.375
5797.875 5811.625
5860.625 5875.625
5922.125 5948.125
5816.625 5849.125
6038.625 6103.625
6066.625 6141.625
6372.625 6415.125

4083.500 4122.250

4091.000 4112.250

4142.125 4177.125

4142.125 4177.125

4222.250 4234.750

4281.375 4316.375

4319.750 4363.500

4331.250 4352.250

4369.125 4420.375

4452.125 4474.625

4514.250 4559.250

4634.000 4720.250

4847.875 4876.625

4977.750 5054.000

5069.125 5134.125

5154.125 5196.625

5160.125 5192.625

5245.650 5285.650

5312.125 5352.125

5387.500 5415.000

5696.625 5720.375

5776.625 5796.625

5876.875 5909.375

5936.625 5994.125

6189.625 6272.125

A
A

mag

mag

B P e e e P o o o P

mag

mag

B P e e e e

mag

mag
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Faber & Gonzalez 1986; Gorgas et al. 1993) and collected and summarized by Worthey et
al. (1994) who also added 10 new indices to the list. Another four indices that measure the
higher Balmer lines Hs4, H,4, Hsp, H,p were added later to the Lick system by Worthey &
Ottaviani (1997). The final full IDS index strengths was presented by Trager et al. (1998)
for 381 galaxies, 38 globular cluster and 460 stars based on 7417 spectra observed in the
4000-6400 A region. Trager et al. also describe the method of measuring Lick/IDS absorp-
tions line strengths for galaxies accounting for the effect of their internal velocity dispersions.
Table 1.1 gives the final list of the 25 Lick indices from Trager et al. (1998).

Each index is defined by the bandpass of the feature of interest and two pseudocontinuum
bandpasses bracketing the spectral absorption feature to the blue and red sides. Seven of
these indices measure the molecular bands CN,, CN;, Mgy, Mgy, Mg, TiO, TiO,, while

the other 18 indices measure atomic absorption lines.

The strength of the spectral feature is quantified by comparing the average flux within the
absorption feature with the average flux in the two pseudocontinuum. Therefore, precise
definition for the red and blue pseudocontinuum for each spectral index is required to obtain

adequate measurement of its strength.

1.4.4 Lick/IDS indices and stellar population parameters

Absorption lines of galaxy spectra represent the fingerprints of the chemical elements of its
stellar populations. However, the Lick system (Burstein et al. 1984; Faber et al. 1985) defines
absorption-line indices at medium resolution of about 8 A at A = 5000 A. The passband
of the Lick indices are very broad and include number of absorption features from various
elements. Therefore each Lick index is not directly correlated to a specific one element
(Greggio 1997; Tantalo, Chiosi & Bressan 1998). Instead, it was more useful to study how
the strength of each index correlates with the stellar parameters such as the temperature,

surface gravity and overall metallicity. Such correlations are known as the fitting functions.

To quantify the power of the absorption line indices of the Lick/IDS system to break the
age-metallicity degeneracy in galaxies, Worthey (1994) measured the relative size of changes
in the age and metallicity that produce the same change in index. Balmer lines, D4000,
G4300, Hsa, Hsp, Hygr, Hya H,p and Hg are found to be sensitive to the age with negligible
sensitivity to the metallicity. On the other hand, indices such as Fe5015, Fe5709, Fe5782 and
C4668 are highly metallicity sensitive, while some other indices (e.g. Cad227, Fe4383 and
TiO;) can not individually break the degeneracy. The indices Mgy, Mgy and Mgb are oftenly
used to measure the Mg enrichment with respect to Fe indices, i.e. the [E/Fe| parameter
(e.g. Kuntschner 2000; Trager et al. 2000). The two indices CN; and CNj are also found to
correlate with the [E/Fe] values (Thomas, Maraston & Bender 2003; TMBO03).
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1.4.5 Stellar evolutionary isochrones

Estimating galaxy stellar population parameters from their integrated light can be achieved
by using stellar population synthesis models. In order to generate these models it is necessary
to build a series of stellar evolutionary tracks or isochrones (e.g. Maeder & Meynet 1989;
Fagotto et al. 1994; Kim et al. 2002; Yi, Kim & Demarque 2003). These isochrones give
stellar parameters such as the bolometric luminosities L, effective temperature 7.5 and

surface gravity ¢ as functions of evolutionary time and chemical composition.

Converting the stellar parameters L, T.;s and g into observables such as line indices is
possible either empirically or theoretically. Empirically, the colours and spectroscopic obser-
vations of large stellar libraries are used to find fitting functions for the strength of different
spectral indices as a function of L, T.¢; and ¢ (e.g. Buzzoni, Gariboldi & Mantegazza 1992;
Buzzoni, Mantegazza & Gariboldi 1994; Worthey et al. 1994). Stars in the solar neighbour-
hood of the Milky Way disk are metal-rich and have [E/Fe| ratios decreasing from 0.3 at a
metallicity of —1 and below to 0.0 (solar) at solar metallicity and above (McWilliam 1997;
and references therein). Therefore, any stellar population model adopting these calibrations
must allow for this pattern of abundance ratios before the abundance of a-elements can be

measured in populations such as elliptical galaxies.

The use of synthetic stellar spectra allows us to not only make this allowance but also to
estimate [E/Fe] in galaxy populations. For example, Tripicco & Bell (1995; TB95) built
their synthetic spectra by computing model atmosphere and synthetic spectra at 56 closely
spaced intervals along a 5 Gyr solar abundance isochrone of Tripicco, Dorman & Bell (1993).
This isochrone was found to provide a good fit to the colour-magnitude diagram of the
well-studied old Galactic open cluster M67. TB95 models are distributed over a range
of effective temperature and surface gravity and simulate the full set of Lick/IDS spectral
indices. Calibration of their synthetic spectra is performed by allocating their model sequence
on the T, - log(g) plane along with number of field stars and few dwarfs from the Coma
and other stars from the M67 cluster from the Lick/ISD database. Further comparison was
done by projecting their isochrones into spectral indices versus temperature, gravity and
metallicity parameters and comparing them to the fitting function of Worthey et al. (1994).
TB95 carefully defined three pairs of T.;s and g to represent the evolutionary phases of
dwarfs, turn-off and giant stars. For each of these phases, TB95 used their synthetic spectra
to quantify the dependence of the synthetic indices on the abundance of individual elements
or alternatively, which chemical element significantly affect a particular index. In fact, using
synthetic stellar spectra (see also Kurucz 1979; Lejeune, Cuisinier & Buser 1997; Westera et
al. 2002), it is possible to avoid the over abundance issue and many other limitations caused

by using empirical models.
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1.4.6 Single stellar population models

Stellar population synthesis models can be used to predict the age and chemical compo-
sition of external galaxies from their observed integrated light by assuming single stellar
populations (SSPs), i.e. all stars are assumed to be formed at once with identical chemical
compositions and their mass distribution is given by a specific initial mass function (IMF). In
fact stellar populations in galaxies are a mixture of stars with range of ages and metallicities.
The strength of the line indices reflects the luminosity weighted sum of these source stellar
populations. Since young stars are significantly more luminous than old stars at the blue
wavelengths of the Lick indices, then their spectra will dominate the integrated spectra of
the galaxy. Therefore, if a galaxy contains even a small population of young stars, comparing
the galaxy spectra to SSP models will lead to measuring stellar parameters which reflect the
small portion of these young stars, rather than the main bulk of old populations. Therefore

the measured ages and metallicities are often refer to as luminosity weighted parameters.

TMBO03 built their stellar population model using the SSP models presented in Maraston
(1998) and Maraston et al. (2003). The stellar isochrones are from Bono et al. (1997), Cassisi
et al. (1999) and Salasnich et al. (2000) and the initial mass function slope is adopted from
Salpeter (1955).

The fitting functions of Worthey et al. (1994) is used to describe the stellar indices of the
isochrones as functions of T.;¢, g and metallicity. In the previous section we explained the
abundance pattern of the stellar library, from which the fitting functions are calculated,
toward high [E/Fe| at low metallicities. To avoid the effect of this pattern, TMB03 assign
well-defined [E/Fe] ratios at all metallicities. TMBO3 consider various element mixtures by
increasing the abundances of the a-elements and decreasing the Fe-peak elements at a given
total metallicity. This allows them to quantify the variation of the iron abundance [Fe/H]
and the a-elements to iron ratio [E/Fe] at fixed total metallicity [Z/H]. The effect on the Lick
indices due to these element abundance changes is quantified using the response functions
of Tripicco & Bell (1995).

The model calibration is carried out with Milky Way globular clusters. Since the globular
cluster stars are coeval and have same chemical composition, they are considered as an
observed simple stellar population (SSP). Using photometric and spectroscopic observations
of individual stars of the Galactic globular clusters, it is possible to determine their age,
metallicity and a-element abundance independently from any model (e.g. Feltzing & Gilmore
2000; Puzia et al. 2002; Carretta et al. 2001; Coelho et al. 2001; De Angeli et al. 2005). Using
the Lick indices of metal-rich globular cluster stars of the Galactic bulge measured by Puzia
et al. (2002), Maraston et al. (2003) found that the Mg indices are stronger than predicted
by the SSP models at a given iron index, i.e. their stars are a-elements enhanced. This
confirms the previous studies that measured [E/Fe] of up to 0.3 (e.g. Barbuy et al. 1999;
Coelho et al. 2001; Origlia, Rich & Castro 2002). Furthermore, several globular clusters, such
as NGC 6528 and NGC 6553 are found to have high metallicity. Therefore these objects are
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adequate for calibrating the SSP models toward the range most relevant to elliptical galaxies.
Globular clusters of old ages between 9 and 14 Gyrs, derived from colour-magnitude diagrams
(VandenBerg 2000), are used to calibrate the models of TMBO03.

This stellar population model of TMBO03 provide the whole set of Lick indices in the wave-
length range 4000 < A < 6500 A. It covers ages between 1 and 15 Gyr and [Z/H] from of -2.3
to super-solar metallicity of 0.5. It also gives a well-defined [E/Fe] ratio at all metallicities
and avoids the intrinsic a-elements bias of the other models which are built using Milky Way

template stars.

Korn, Maraston & Thomas (2005) extended the work of Tripicco & Bell (1995) and computed
model atmosphere calculations including the wavelength of the higher order Balmer lines H,
and Hs. Using the results of these model atmospheres and following the recipe of TMBO03,
Thomas, Maraston & Korn (2004; TMKO04) quantify the effect of changing the element
abundance on the Lick Hsa, H,4, Hsp, Hyp indices. The final product of TMB03 and
TMKO04 work is a SSP model of the 25 Lick/IDS indices, which allows estimates of age,
metallicity and a-element abundances of the integrated spectra of elliptical galaxies. This

is the model used through out this thesis.

1.4.7 Internal radial gradients of stellar populations

Comparing the radial gradient of stellar population age, [Z/H], [E/Fe] and velocity dispersion
o within a galaxy, to the prediction of different theoretical models represents a key tool to

differentiate between their suggested formation scenarios.

For example, the collapse scenario predicts uniformally old stellar populations with steeper
metallicity gradients in more massive galaxies (Carlberg 1984; Chiosi & Carraro 2002;
Kawata & Gibson 2003). Furthermore, an ‘inside-out’ formation scenario implies a neg-
ative [E/Fe] gradient as central stars are formed on a shorter time scale than those in the
outer regions, and viz versa for ‘outside-in’ formation (Ferreras & Silk 2002). On the other
hand, age gradients indicate the presence of relatively young stellar populations which can be
a result of a secondary star formation epoch induced by recent dissipative merger /interaction
event. Kobayashi & Arimoto (1999) compiled a list of models of 80 early-type galaxies with
radial metallicity gradient measurements; the average value being —0.3 dex per dex, while

they found difficulties measuring the age and [E/Fe] parameters for their galaxies.

For Coma cluster ellipticals, Mehlert et al. (2003) confirmed significant radial metallicity
gradients but, on average, found no radial age or [E/Fe] gradients. In contrast, Sdnchez-
Blazquez, Gorgas & Cardiel (2006a) found significant age gradients in a sample of cluster,
group and field early-type galaxies. A weak correlation between metallicity gradient and
galaxy mass was found by Forbes, Sdnchez-Blazquez & Proctor (2005) and Sanchez-Blazquez
et al. (2007) for cluster ellipticals.
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From these results we see that, different galaxy samples show different gradients of their
stellar population parameters. Therefore the environmental effect on the galaxy stellar
populations requires further investigations. Furthermore, non of these studies explore the

stellar population gradients of galaxies in extremely low density environments.

1.5 Scaling relations

Despite the large variety in their internal dynamics, structure and stellar content, early-type
galaxies also show a high degree of homogeneity. Their fundamental parameters are strongly
correlated with a very small intrinsic scatter. Beside the colour-magnitude relation which we
discussed in Sec. 1.4.2, there are other scaling relations connecting the observed properties
of early-type galaxies. These are the FP and its projection in the surface brightness-size

plane, known as Kormendy relation, and the Mgy-0, relation.

These are the surface brightness-size relation, know as Kormendy relation, the fundamental
plane and the Mgs-0, relation. In the following subsection we will discuss these relations

and their observed dependence on the local density of the galaxy environment.

1.5.1 The surface brightness-size relation

Kormendy (1977) found that the effective radius (r) of elliptical galaxies is correlated with
the surface brightness at . (u.). Based on a larger sample, Hamabe & Kormendy (1987)

found this correlation in the V-band to be:

te = 2.941og(r,) + 19.48 (1.3)

i.e. larger galaxies have lower surface brightness. Many studies have used this relation to
investigate galaxy evolution with environment and look-back time. For example, Hoessel,
Oegerle & Schneider (1987) studied 372 elliptical galaxies in 97 nearby (z < 0.1) Abell
clusters and found that the brightest cluster galaxies to have a r.-u. relation very similar
to that in Hamabe & Kormendy (1987). However they also found that the less luminous
ellipticals in the cluster cores had a steeper relation with a slope of 4.56, in the sense that at
a given surface brightness these galaxies have smaller effective sizes. The distinction of the
two different luminosity groups became more obvious in a later study by Capaccioli, Caon
& D’Onofrio (1992) with a larger sample of Virgo cluster galaxies and other data collected
from the literature. They confirmed that, unlike the low luminosity galaxies, the brightest
cluster galaxies fit perfectly on the Hamabe & Kormendy relation. In a recent study by
Khosroshahi et al. (2004), the Kormendy relation was explored for early-type galaxies in
groups that have a range of X-ray luminosities. They found that group early-type galaxies

show a similar relation to those in clusters. Up to redshifts of z ~ 1.5, elliptical galaxies in



1.5. Scaling relations 19

clusters show a similar relation to cluster galaxies in the local universe, with no significant
change in the slope or scatter (Ziegler et al. 1999; Waddington et al. 2002; La Barbera et al.
2003).

1.5.2 The fundamental plane

The observational studies of Djorgovski & Davis (1987) and Dressler (1987) found that ellip-
tical galaxies are confined to a tight plane defined by: 7. &< p. > ¢® in the 3 dimensional
space of central velocity dispersion (o), effective radius (r.) and mean surface brightness
(< pe >) enclosed by r., where o and [ are coefficients. This plane is known as the funda-
mental plane (FP), and it has a small intrinsic scatter in its edge-on projection suggesting a

strong regularity in the process of elliptical galaxy formation (Jgrgensen, Franx & Kjaergaard
1993; JFK93).

Theoretically, the FP can be derived from the scalar form of the virial theorem as: r, =
K, 0 < p. >7' (M/L)™!, where K, is a structure parameter which depends on the lumi-
nosity, kinematic and density structure of a galaxy, and (M/L) is the mass-to-light ratio
(Djorgovski, de Carvalho & Han 1988). The observed and theoretical forms of the FP are
identical only if the term K, (M/L)™! is a power-law function of ¢ and/or < p, >. The ob-
served intrinsic scatter of the FP implies a deviation of the relation from the pure power-law
form. These deviations reflect the effects of galaxy formation and evolutionary processes.
Assuming that early-type galaxies are homologous, i.e. have similar kinematic, luminos-
ity, and density distributions so that K, = constant, then the FP reflects the evolution of
the M/L ratio, i.e. their stellar population and dark matter content, as a function of the
galaxy mass or luminosity. However, a combination of stellar population and non-homology
dependence of the FP tilt is also plausible (Trujillo, Burkert & Bell 2004).

The observed small scatter of the FP implies high regularity of the formation and evolution of
the galaxies such as the scenario suggested by the collapse model. However, many numerical
simulations based on the hierarchical merger scenario were able to reproduce galaxies location
on a FP of similar scatter and tilt to the observed values either by dissipationless merger
(Dantas et al. 2003; Gonzalez-Garcia & van Albada 2003; Nipoti, Londrillo & Ciotti 2003),
or mergers of gas-rich disks (Aceves & Velazquez 2005; Bekki 1998).

The recent numerical simulations of Robertson et al. (2006) discuss the merger of pro-
genitors of different structure and components such as stellar disk, fraction of gas and all
subsequent processes including gas cooling, star formation, supernova feedback, and central
super-massive black hole considering its growth and feedback. This model also examines the
effect of these components on the tilt and scatter of the FP of the merger remnants. While
the dissipationless merger of two galaxies composed of an exponential stellar disk embed-
ded in a dark matter halo produces a FP similar to the virial theory prediction, dissipation

mergers of gaseous disks produces a FP with a tilt and scaling similar to the observed near-
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IR photometric FP. Introducing central super-massive black holes to the progenitors, while
increasing the radius of the remnant galaxy by moving the central gaseous material outward
due to the feedback-driven winds, does not change the final FP which remains similar to
observed near-IR photometric FP. That is because the central black hole also affects the cen-
tral velocity dispersion and surface mass density to compensate for larger radii to roughly
maintain the FP scaling. Robertson et al. also note that changing the gas fraction of the
progenitors or the total angular momentum of the merged bodies does not strongly influence
the FP of the remnants. Merging spherical galaxies resulting from the previous disk mergers
gave final remnants with a FP similar to that of their progenitors. The major conclusion of
these simulations is that gas-rich disk mergers can reproduce FP with the observed tilt and

scaling, which is not the case for dissipationless mergers.

1.5.3 Central stellar populations

Another type of scaling relation that early-type galaxies follow are the observed correlations
between some line indices and the central velocity dispersion o,. Considering o, as a proxy
for galaxy mass (Faber & Jackson 1976), such observed correlations determine constraints
on the chemical evolution as a function of galaxy mass. Furthermore, changes of these
correlations with the density of the local environment of the galaxy (e.g. Jgrgensen 1997)

highlight the environmental role on galaxy formation and evolution.

For example, the classical relation between the Mg, index and o, (Dressler 1984) for cluster
galaxies was revisited by Guzméan et al. (1992) who studied this Mgs-0, correlation for a
sample of 51 elliptical galaxies in Coma cluster. They found a zero point offset of 0.017£0.005

between the correlation for galaxies in the cluster centre and those in the outskirts.

However, later studies suggested that this offset to be mainly driven by low mass galaxies
rather than the massive ones. For example, Bernardi et al. (1998) studied the Mgs-o, relation
for a sample of 931 galaxy in clusters, groups and in the field. While luminous massive
galaxies of log(o,)> 1.5 (or Mp < —18.5) in both environments are found to follow similar
Mgs-0, correlation with insignificant offset of 0.005 4+ 0.004, smaller galaxies show more
pronounced zero point offset of 0.011 + 0.006 between cluster and field galaxies. Bernardi
et al. interpreted this offset as a result of luminosity-weighted age difference of about 1 Gyr

with field galaxies being younger.

While both cluster and field galaxies of Bernardi et al. (1998) sample show similar scatter for
the Mgs-0, relation, that was not the case for the sample galaxies of Denicol et al. (2005a;
D05a). Comparing a sample of galaxies in low density environments such as groups and in
the field to the Fornax cluster galaxies, from Kuntschner (2000), D05a found their galaxies
to have Mgs-0, relation with higher scatter than those in Fornax cluster. These results of
DO0ba are consistent with the previous explanation of the scatter of the Mgs-o, correlation

as a result of recent star formation triggered by recent merger /interaction events (Schweizer
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et al. 1990; Worthey & Collobert 2003), as such events are more probable in the low density

environments than clusters in the local Universe.

On the other hand, eliminating the age effect by including old galaxies only, Kuntschner
(2000) found, for 22 early-type galaxies in the Fornax cluster, the Mg, index as well as other
Fe-line, Balmer lines and Ca4455 indices have clear positive correlations with o,. Kuntschner
found that galaxies in Fornax cluster show correlation between both Mgy and C,4668 with
0, consistent to those of galaxies in the dense environment of the Coma (Jgrgensen 1999)
and other clusters (Jgrgensen 1997). However log((Fe))-o, and log(Hf)-0, relations show
different slopes (far steeper and shallower respectively) in Fornax cluster compared to Coma.
Kuntschner relates the presence of these index-o, relations to the effect of galaxy metallic-
ity rather than age. In fact, the interpretation of the Mgs-0, relation in terms of age or

metallicity is complicated due to the degeneracy of these two parameters on the line indices.

As explained in Sec. 1.4.6, the luminosity-weighted stellar population parameters such as age,
metallicity [Z/H] and enhanced element abundances [E/Fe], can be measured by comparing
the absorption line indices to stellar population models. The central stellar populations
in cluster galaxies are found to be older and less metal-rich than those for field and loose
groups galaxies (Kuntschner et al. 2002; Terlevich & Forbes 2002; Proctor et al. 2004b).
These parameters are also found to correlate strongly to the central velocity dispersion o, of
galaxies, in the sense that galaxies of high o, being older, more metal-rich and have higher
[E/Fe] than those with lower o, (Bernardi et al. 2003d; Mehlert et al. 2003). The dispersion
of these correlations are found to be related to the local environment density with galaxies in

field and loose groups showing higher scatter than those in clusters (Collobert et al. 2006).

1.6 Outline of the thesis

In this chapter we have shown that several properties of elliptical galaxies are correlated
to the local density of their environments. In order to disentangle the relative secular and
environmental effects on the formation and evolution of these galaxies and also to examine
the predictions of different formation scenarios, we study a sample of extremely isolated

elliptical galaxies in the local universe.

In Chapter 2, previous studies of isolated early-type galaxies are summarized stating their
selection criterion and briefly mentioning their results. Our improved selection criteria and
the sample of 36 candidates are also presented with a number of galaxies in environments of

higher density as a comparison sample.

Chapter 3 introduces the photometric imaging for a subsample of 20 isolated galaxies and
the comparison sample and satellites in the field. Considering the results of this photometric

study we discuss a number of possible formation scenarios for the isolated elliptical galaxies.
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Chapter 4 details the long-slit observations of 12 isolated galaxies which were obtained using
EFOSC2 at the ESO 3.6m telescope on the La Silla Observatory in two observing runs. Lick
spectral indices are measured and fitted to a single stellar population model to estimated the
stellar population parameters and their radial distribution for these galaxies. The results are
used to discuss a number of outstanding issues related to the formation scenarios of isolated

elliptical galaxies.

The scaling relations between the observable parameters of the elliptical galaxies such as the
fundamental plane and its projection in the r.-< p. > plane, know as Kormendy relation,

are investigated in Chapter 5.

Finally, we summariez our results and draw conclusions from the whole study in Chapter
6. This chapter also includes suggested future work to follow up on understanding the past

history of isolated elliptical galaxies.



Chapter 2

Isolated early-type galaxies

2.1 Introduction

Isolated galaxies represent the ‘extreme field’ galaxy population and thus provide additional
insight to those environment related processes. A carefully selected sample of isolated early-
type galaxies will offer a useful tool to tackle many of the outstanding issues in galaxy
formation. For example, in dense environments, separating the effects of secular and envi-
ronmental evolution (“nature versus nurture”) is challenging. However, in such extremely
low-density environments as those of isolated galaxies, one can eliminate the interaction
processes that affect the evolution of galaxies in high-density environments such as ram-
pressure stripping (Gunn & Gott 1972), strangulation (Balogh & Morris 2000; Fujita 2004),
high-speed galaxy-galaxy encounters and tidal interactions with the cluster gravitational
potential (Moore et al. 1996; 1999; Moore, Lake & Katz 1998).

2.2 Previous studies of early-type galaxies in low-density

environments

Here we briefly review previous studies of galaxies in low-density environments. Each study

had its advantages and limitations.

Karachentseva (1973) - a catalogue of ~1000 galaxies with mp < 15.7 and declination
> —3°. The catalogue was chosen from the Zwicky et al. (1957) catalogue which is known
to be biased against low surface brightness galaxies. The environment of each galaxy was
inspected using the Palomar Observatory Sky Survey (POSS) for large neighbours. Isolation
was established as the absence of companions within 20 galaxy diameters that have less than
a £2 magnitude difference from the primary galaxy (Stocke et al. 2004). For a number of
reasons, including saturation and poor resolution in the POSS plates, one half of ellipticals

in this catalogue appear to be morphologically misclassified (Saucedo-Morales & Bieging

23
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2001).

Reduzzi, Longhetti € Rampazzo (1996) - a sample of 61 galaxies was selected from ‘The
Surface Photometry Catalogue’ of the ESO-Uppsala Galaxies survey (Lauberts & Valentijn
1989). The galaxies were considered as isolated when the average number of galaxies of any
morphology type was < 1.5 within a radius of 1°. The sample of 61 galaxies were imaged for
20 min each at the 0.9-m ESO-Dutch telescope at La Silla, Chile. They noted that ten of the
galaxies (i.e. 16 per cent of their galaxy sample) contained spiral arms or bars, indicating
they were of late-type morphology. The isolation of the galaxies was quantified using the
ratio of the separation between the target and the nearest galaxy in units of the target
galaxy diameter, i.e. S/Dss. For galaxies with S/Dys < 20, they examined an additional
parameter, i.e. the luminosity ratio between the target and the nearest galaxy Lg/L%. Using
these two parameters S/Dys and Lp /L%, they suggested that three galaxies had significant
companions. One of these was a misclassified spiral. Based on the S/Dy5 and L /LY, values
given in their paper, we determined that another 7 galaxies have significant companions.
This leaves a total of 42 galaxies that can be considered isolated and of early-type. For
their total sample of 61 galaxies, they found about 40 per cent to have fine structures such
as shells, dust, tidal tails, etc. Considering only the 42 isolated early-type galaxies, this

percentage increases to 52 per cent.

Colbert, Mulchaey & Zabludoff (2001) - a sample of 30 early-type galaxies, selected from
the Third Reference Catalogue (RC3; de Vaucouleurs et al. 1991) catalogue. Galaxies were
selected to have no catalogued neighbours within 1 hjy, Mpc and £1000 km s~!. Imaging
of fields surrounding each galaxy was then used to confirm the lack of large galaxies within
200 hig, kpe. However, some of the target galaxies themselves had luminosities only slightly
greater than the catalogue limit. This means that some candidate isolated galaxies actually
have nearby neighbours of quite similar luminosity. Our examination of this sample with the
Digitised Sky Survey (DSS) suggests that ~50 per cent of the candidate isolated galaxies

have nearby neighbours.

Aars, Marcum & Fanelli (2001) - a sample of nine isolated elliptical galaxies selected from
Karachentseva (1973). Two selection criteria were adopted for the initial identification of
the isolated elliptical candidates. Firstly, elliptical galaxies were selected from the NASA
Extragalactic Database (NED) that have separations of 2.5 Mpc from any other galaxy in
the RC3. Secondly, the galaxy should have no neighbours with a known redshift (from NED)
brighter than My, = —16.5, within a projected separation of 2.5 Mpc. Only one galaxy in the
RC3 and 13 in the Karachentseva (1973) catalogue meet these isolation criteria. From this
sample of 14 galaxies, wide-field CCD images in the V-band were obtained using the 2.1-
m telescope at McDonald Observatory. The one RC3 galaxy was a southern object which
could not be imaged from McDonald Observatory and was therefore not included in the
final sample. The images were used to check the isolation of these galaxies and to confirm
the morphological type. This process identified that three were actually spiral galaxies

and one was an irregular-type galaxy. These were excluded from further study leaving a
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final sample of nine isolated elliptical galaxies. Aars et al. defined a characteristic number
density of projected galaxies on the sky for known loose groups and clusters. Comparing the
number density of galaxies detected in the field of their 9 galaxies with these characteristic
densities, they identified 5 galaxies to be in environments similar to those of loose groups.

The environments of the remaining four galaxies were confirmed to be of low density.

Kuntschner et al. (2002) - a sample of nine nearby early-type galaxies in low-density environ-
ments (strictly speaking this is not an isolated galaxy sample). They were selected from the
Hydra-Centaurus Catalogue of Raychaudhury (1989; 1990) to be early-type (T < —3) with
velocities < 7,000 km s~! and apparent magnitudes of b; < 16.1. Their sample completeness
at this magnitude is ~ 50 per cent. These galaxies were then required to have a maximum
of two neighbours with b; < 16.7, within a radius of 1.3 Mpc and a velocity difference 350
km s7!. The result was a sample of 40 E and SO galaxies. Visual inspection of the DSS
images revealed that some of the galaxies have late-type morphologies leaving a sample of
30 early-type galaxies in low-density environments. Spectroscopic observations of 24 galax-
ies of this sample were obtained at the 2.3-m telescope at the Siding Spring Observatory,
Australia. Kuntschner et al. found 5 galaxies to have emission line spectra typical of spiral
galaxies, 3 have red shifts beyond 7,000 km s™! (the adopted redshift limit in their work), 4
galaxies were classified as group/cluster members and 2 had spectra of poor signal-to-noise.
Kuntschner et al. also obtained optical UV R and near-infrared K¢ imaging data for their
sample with the CTIO 1.5-m telescope in Chile. By inspecting the model-subtracted images
of the sample, one galaxy showed clearly visible spiral arms. In their final sample of 9 galax-
ies, 6 are members of the Arp & Madore (1987) catalogue of peculiar galaxies, i.e. they have
indications of a past merger. The spectra indicate the presence of young stellar populations

in several of these galaxies.

Smith, Martinez € Graham (2004) - a sample of 32 isolated early-type galaxies (T < —4).
The Lyon-Meudon Extragalactic Data Archive (LEDA) catalogue was used to find ellipticals
which have velocities < 10,000 km s~!, absolute magnitudes Mp< —19 and Galactic lati-
tudes b >| 25° |. The LEDA database was also used to identify the faint neighbours in the
field of the selected galaxies. The isolation criteria include a B-band magnitude difference
> (.7 between the primary galaxy and the neighbouring galaxies within a projected distance
of 1 Mpc, or > 2.2 magnitudes within 500 kpc. They did not include any redshift infor-
mation in their isolation criteria. They used the published data from the UK and Palomar
Schmidt Sky Survey plates to select all detected dwarf galaxies with absolute magnitudes
of Mp < —14.6 in the field of the primary galaxies. The sample of dwarfs brighter than

Mp = —16.8 or with low surface brightness are incomplete.

Stocke et al. (2004) - a sample of early-type galaxies were selected from the Karachent-
seva (1973) catalogue. Thirteen galaxies were eliminated from the initially selected sample
after checking the POSS plates and finding some comparably sized companions missed by
Karachentseva (1973). Some of the sample galaxies are too faint and compact to be classified
correctly by POSS. So for 80 per cent of the Es and 86% of the SOs galaxies, the morphology
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and isolation were examined by Stocke et al. using optical imaging taken at Mt. Hopkins
0.6-m telescope and from images included in Adams, Jensen & Stocke (1980). That lead to
the elimination of a further seven galaxies. Thus the final sample consists of 62 E and 36 SO

galaxies.

Collobert et al. (2006) - This sample of 41 galaxies are extracted from two sources. The
first was the Anglo-Australian Observatory (AAO) two-degree field galaxy redshift survey
(Colless et al. 2001; 2dFGRS). Galaxies were selected to be of absolute magnitude higher
than Mp = —19.13 and with recession velocity cz < 10 000 km s™!, and their spectra from the
2dFGRS does not show strong emission lines. The field of these galaxy sample were required
to have a maximum of 1 galaxy, not brighter than the candidate galaxy, within a sphere of
radius 1 Mpc h™1 or five galaxies within radius of 2 Mpc h~1. Therefore binary systems are
probably included in this sample. The galaxy morphology was checked using images from
the DSS, NED and the 2 Micron All Sky Survey (2MASS) and galaxies with obvious spiral
arms or disturbed morphology were excluded. The final list included 30 galaxies. Another
11 galaxies were added to this sample from the sample of Colbert, Mulchaey & Zabludoff
(2001). These galaxies were selected from the RC3 to have a recession velocity < 10 000km
s71 and have no catalogued companion galaxy within a projected radius of 1 Mpc h~1 and
velocity of £1000 km s~

Having decided that most of the previous isolated galaxy samples were not suitable for our

purpose, we have then designed our own definition.

2.3 Sample selection and the isolation criteria

Our sample of candidate isolated early-type galaxies was taken from the LEDA. This cat-
alogue contains information on ~ 100,000 galaxies, of which ~ 40,000 have enough infor-
mation recorded to be of use in this work. From this sample, we selected galaxies which

satisfied the following criteria:

O Morphological type T' < —3, i.e. early-type.
O Virgo corrected recession velocity V' < 9,000 km s™!, i.e. within 120 Mpc.
O Apparent magnitude B< 14.0.

O Galaxy not listed as a member of a Lyon Galaxy Group (Garcia 1993).

The restrictions on apparent magnitude and recession velocity were imposed to minimize
the effect of incompleteness in the catalogue. The LEDA catalogue is known to be 90 per
cent complete at B = 14.5 (Amendola et al. 1997), so our sample should be close to being

100 per cent statistically complete. The selection process produced 330 galaxies which could
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be considered as potential candidates. These were compared to the rest of the catalogue and

accepted as being isolated if they had no neighbours which were within:

O 700 km s~! in recession velocity,
0 0.67 Mpc in the plane of the sky, and

O 2.0 B-band magnitudes of the isolated galaxy.

These criteria were imposed to ensure that the galaxies did not lie in groups or clusters and
that any neighbouring galaxies were too small and too distant to have any significant effect

on the primary galaxy.

To check the results of this process, all galaxies were compared to the NED and the DSS.
A NED search in the area within 0.67 Mpc of the galaxy identified galaxies which are not
listed in LEDA. We also examined the DSS images for galaxies of similar brightness to the
target which are not listed in either catalogue. This process produced 36 candidate isolated

early-type galaxies. Basic data for this sample are listed in Table 2.1.

2.4 Comparison sample

As a comparison sample to our isolated galaxies for the photometric part of this study, we
consider five galaxies in different environments. The galaxy IC 4320 is a part of an interacting
isolated galaxy pair (with the spiral ESO509-G100). They have a B-magnitude difference of
0.88 and recession velocity difference of 260 km s~!. The projected distance between them is
8.2 arcmin or 212 kpc (Soares et al. 1995). We also include imaging of a few galaxy groups
to act as a comparison to our isolated galaxies. These are the NGC 3557 (LGG 229), NGC
4697 (LGG 314) and NGC 5266 (LGG 356) groups. In our comparison group sample, we
also have included NGC 3528. Although it is not in the Garcia (1993) group catalogue,
it has a luminous late-type galaxy (NGC 3529) at a projected distance of 5 arcmin or 70
kpc with B-band magnitude difference of 1 and recession velocity difference of 77 km s™!.
There is also a galaxy group (USGC S160) located at a projected distance of 14.8 arcmin
or 207 kpc from NGC 3528, with a recession velocity difference of 30 km/s. In addition,
there are many intermediate luminosity galaxies in the field of NGC 3528 with no published
magnitude and/or velocity. The basic data for our comparison sample are summarized in
Table 2.2.
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Table 2.1: The sample of 36 isolated galaxies.

Galaxy Type Br Magnitude  Dist.  Previous
(mag) source (Mpc) samples

NGC 682 E/SO0 14.36 LEDA 73

NGC 821 E 11.33 LEDA 23 SMG04

NGC 1041 E/S0O 14.28 LEDA 93

NGC 1045 E/SO 1345 LEDA 60

NGC 1132 E 13.03 LEDA 92 CMZ01

NGC 1162 E 12.88 LEDA o1 SMG04

NGC 2110 E/SO0 12.21 LEDA 28 CMZ01

NGC 2128 E/SO0 1266 NED 44

NGC 2271 E/S0 1252 LEDA 32

NGC 2865 E 11.98 LEDA 35 RLR96

NGC 3562 E 12.99 LEDA 93

NGC 4240 E 13.31 LEDA 26

NGC 4271 E/SO 1348 NED 66

NGC 4555 E 13.05 LEDA 90

NGC 6172 E 13.75 LEDA 67 CMZ01

NGC 6411 E 12.47 LEDA 53 SMG04

NGC 6653 E 13.02 LEDA 66 SMG04

NGC 6702 E 12.61 LEDA 66 CMZ01

NGC 6776 E 12.51 LEDA 70 PRO4

NGC 6799 E 12.98 LEDA 65 RLRY96, CMZ01

NGC 6849 E/S0 1293 LEDA 79 CMZ01

NGC 7330 E 12.66 NED 74

NGC 7796 E 12.08 LEDA 42

MCG-01-27-013 E/S0 14.71 LEDA 121

MCG-01-03-018 E/S0 14.13 LEDA 77

MCG-02-13-009 E 13.04 LEDA 73

MCG-03-26-030 E/S0 14.26 LEDA 119

ESO 107-G004 E 12.55 LEDA 39

ESO 153-G003 E 13.66 NED 84

ESO 194-G021 E/SO 13.34 LEDA 41

ESO 218-G002 E 13.66 LEDA 54

ESO 318-G021 E 13.24 LEDA 62 RLR96

ESO 462-G015 E 12.46 LEDA 7

1C 1211 E 13.48 LEDA 78

UGC 1735 E 13.42 NED 109

UGC 2328 E 13.11 NED 68

Notes: Hubble types are from LEDA. Br is the total B magnitude corrected for Galactic extinction from
Schlegel, Finkbeiner & Davis (1998). The sources of the B magnitude are listed in the next column. Distances
obtained using the Virgo corrected recession velocities (from LEDA) with Hy = 75 km s~! Mpc~!. Some
galaxies were listed in previous samples such as: Reduzzi, Longhetti & Rampazzo (1996; RLR96), Colbert,
Mulchaey & Zabludoff (2001; CMZ01) and Smith, Martinez & Graham (2004; SMGO04), Pierfederici &
Rampazzo (2004; PR04).
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Table 2.2: The comparison sample.

Galaxy Type Br Magnitude Dist.  Environment
(mag) source (Mpc)

IC 4320 S0 13.85 NED 89 Isolated pair

NGC 3528 SO 12.88 LEDA 48 Group

NGC 3557 E 10.79 NED 38 Group

NGC 4697 E 10.02 LEDA 17 Group

NGC 5266 E/S0O 11.17 LEDA 38 Group

Notes: Same as Table 2.1 for the comparison sample. The table includes the environment of each galaxy.
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Chapter 3

Photometric properties

3.1 Introduction

In the previous chapter we introduced a sample of 36 highly isolated early-type galaxies.
Here we present imaging for a subsample of these isolated galaxies and the comparison group
galaxies in the B and R-bands. Using these images we measure the galaxy magnitudes, colour
and effective parameters such as radius and mean surface brightness. We also investigate
the internal morphological structure of these galaxies. The wide field imaging and the multi
exposure time allow to detect satellite galaxies in the field of several isolated galaxies and
study their luminosity function, number density distribution and also their gravitational
effect on the primary galaxy. Comparing our results to the predictions of different formation

models we discuss the possible formation scenarios.

3.2 Observations and data reduction

Imaging of 20 isolated galaxies of the sample in Table 2.1 and the 5 galaxies of the comparison
sample in Table 2.2 have been observed for the purpose of this study. For 10 isolated galaxies
and the comparison sample, B and R-band images were obtained using the Wide Field
Imager (WFI) on the 3.9-m Anglo-Australian Telescope (AAT) on 2002 February 17th-19th.
The WEFI on the AAT is an 8-CCD imaging mosaic, of 2048 x 4096 pixels thinned back-
illuminated CCDs with a pixel scale of 0.229" pix~! giving a field-of-view of 30.6 x 30.6 sq.
arcmins. Over the three nights there was some partial cloud and typical seeing conditions
of about 2.0" in B and 1.5" in R. The exposure times for the galaxies and the number
of observations are listed in Table 3.1. In addition to the galaxies, several standard star
fields from Landolt (1992) were obtained during the observing run. These consisted of 10

sec exposures for both B and R-bands.

All galaxy and standard star images observed at the AAT telescope were reduced in an
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identical manner using IRAF tasks. Six of the WFI CCD’s have one or two bad columns
which were corrected by interpolating the pixel values on both sides of the bad column. Data
reduction included subtraction of the overscan regions. These regions were then trimmed
before correcting the frames by master bias subtraction, dark frame subtraction and flat
fielding using combined dome flats. The final images are flat to < 2 per cent. We multiplica-
tively corrected for the different gains between CCDs using measurements of the mean sky
level in each CCD, relative to the ‘best” CCD (i.e. CCD6 which is cosmetically the cleanest).
Finally, multiple exposures for several galaxies are combined to give an average integration

time.

After determining an optimal aperture size of 10 pixels (~ 2.3"), based on a curve-of-growth
type analysis, raw magnitudes of between 7 and 25 stars were obtained for each filter using
the IRAF task QPHOT. The zero-point for each filter was determined by a simple linear fit
to the stellar raw magnitude versus their colours published by Landolt (1992) and corrected
for airmass. The atmospheric extinction coefficients used were kg = 0.22 and kr = 0.08
mag/airmass. The final photometric zero-points are Zp = 25.19+0.06 and Zr = 25.93+0.04.

For another 10 isolated galaxies, imaging in the B and R-bands were obtained using the
WFI on the ESO/MPG 2.2-m telescope on 2001 August 7th-10th. This WFI is an 8-CCD
mosaic, focal reducer-type digital camera with 67-million pixel and a pixel scale of 0.227"
pix~! giving a field-of-view of 34 x 33 sq. arcmins. It has a high light sensitivity that allow
more than 90 per cent of all incoming photons to be recorded. Each galaxy had several
equal exposures which were combined to give an average integration time similar to the
individual exposure time as summarized in Table 3.1. The median seeing conditions over
the three nights were 1.3" in B and 1.1" in the R-band. To estimate the zero point for
the magnitude measurements, standard star fields from Landolt (1992) were also obtained
during the observing run on the ESO/MPG telescopes. These consisted of 10 sec exposures
for both B and R-bands. For imaging obtained on the ESO/MPG telescope, the CCD frames
reduction including overscaned correction and trimming, bias and dark frame subtraction,
flat fielding, multi exposure combining and photometric zero-points estimation were carried
out by D.A. Forbes and A.I. Terlevich.

3.3 Measuring photometric parameters of the isolated

galaxies

In this section we use the reduced CCD images and the adopted photometric zero-points Zg
and Zpr to measure the B and R magnitude, colour and size of the isolated galaxies. We also

investigate their inner morphological fine structures.
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Table 3.1: Observational data of the combined sample.

Galaxy Ap AR Telescope Exp. Time
(mag) (mag) (sec)
NGC 1045 0.18 0.11 AAT (B) 1x240
(R) 1x120
NGC 1132 0.27 0.17 AAT (B) 1x240
(R) 1x120
NGC 2110 1.62 1.00 AAT (B) 1x240
(R) 1x120
NGC 2865 0.36 0.22 AAT (B) 1x240
(R) 1x120
NGC 4240 0.23 0.15 AAT (B) 1x240
(R) 1x120
NGC 6172 0.51 0.31 AAT (B) 1x240
(R) 1x120
NGC 6653 0.38 0.23 ESO (B) 120
(R) 120
NGC 6776 0.23 0.14 ESO (B) 180
(R) 300
NGC 6799 0.26 0.16 ESO (B) 120
(R) 120
NGC 6849 0.32 0.19 ESO (B) 120
(R) 120
NGC 7796 0.04 0.03 ESO (B) 120
(R) 120
ESO107-G004 0.19 0.12 ESO (B) 120
(R) 120
ES0O153-G003 0.12 0.08 ESO (B) 120
(R) 120
ES0O194-G021 0.07 0.04 ESO (B) 120
(R) 120
ES0218-G002 0.75 0.46 AAT (B) 2x120
(R) 2x60
ES0318-G021 0.35 0.22 AAT (B) 1x120
(R) 1x60
ES0O462-G015 0.31 0.19 ESO (B) 120
(R) 120
MCG-01-03-018  0.25 0.16 ESO (B) 180
(R) 120
MCG-01-27-013  0.19 0.12 AAT (B) 2x240
(R) 2x120
MCG-03-26-030  0.22 0.14 AAT (B) 1x240
(R) 1x120
IC 4320 0.26 0.16 AAT (B) 1x240
(R) 1x120
NGC 3528 0.17 0.11 AAT (B) 1x240
(R) 1x120
NGC 3557 0.43 0.26 AAT (B) 1x60, 3x600
(R) 1x60, 3x420
NGC 4697 0.13 0.08 AAT (B) 1x60, 3x600
(R) 1x60, 3x420
NGC 5266 0.38 0.24 AAT (B) 2x240
(R) 2x120

Notes: The Galactic extinctions Ap and Ap are from Schlegel, Finkbeiner & Davis (1998). The exposure

time for galaxies observed at the ESO/MGP telescope are the total integrated times. The table has been

divided into three sections based on environment.
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Figure 3.1: Comparison between our measured B magnitudes and the published values in LEDA.
Filled and open circles represent group and isolated galaxies respectively, while the star is the
primary galaxy of an isolated pair (IC 4320). The solid line is the one-to-one relation. Our
measurements show good consistency with values from LEDA.

3.3.1 Magnitudes and colours

The QPHOT task in IRAF was used to obtain total magnitudes for the 25 primary galaxies
in our sample. The sky was generally computed in an annulus of radius 1000 pixels and
width of 50 pixels. Total magnitudes were derived by fitting a curve-of-growth to galaxy
aperture magnitudes from 3x the seeing radius to large radii. Finally, the total magnitudes
B and R were corrected for Galactic extinction using values from Schlegel, Finkbeiner &
Davis (1998) as given in Table 3.1.

For ESO318-G021 and NGC 4240, the B frame is dominated by the light from a close bright
star which prevented us measuring total B magnitudes. Considering the typical colour for
galaxies in the present sample and the B magnitude quoted by LEDA, then our measured
R magnitude for both of these two galaxies seems reasonable. A mean total (B-R) colour
of 1.47 £ 0.03 was obtained for the 18 remaining galaxies. Our measured total B and R
magnitudes, corrected for Galactic extinction, are given in Table 3.2. Fig. 3.1 shows the

good agreement between our B magnitudes compared to the published values from LEDA.

3.3.2 Modelling and surface brightness profile fitting

Visual inspection of our CCD images of the galaxies in our sample confirms their early-
type morphology as published in LEDA. The ISOPHOTE package in IRAF was used to fit a
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Table 3.2: Measured photometric and size parameters.

Galaxy B + R + (B-R)., = re(B) + re(R) +
(mag) (mag) (mag) (arcsec) (arcsec)

NGC 1045 13.0 0.1 114 0.1 1.63 0.14 15.7 4.2 16.7 1.6
NGC 1132 129 0.1 116 0.1 1.70 0.14 29.8 3.6 32.0 3.5
NGC 2110 11.7 01 103 0.1 1.47 0.14 28.3 1.4 24.3 1.2
NGC 2865 121 0.1 108 0.1 1.26 0.14 28.3 0.8 27.7 0.2
NGC 4240 - - 11.3 0.1 - - - - - -

NGC 6172 136 0.1 12.3 0.1 1.44 0.14 12.4 1.9 11.1 1.2
NGC 6653 12.8 0.1 114 0.1 1.62 0.14 26.0 1.4 25.2 0.2
NGC 6776 125 0.1 109 0.1 1.52 0.14 23.4 6.4 18.3 4.4
NGC 6799 133 01 11.8 0.1 1.60 0.14 18.7 0.9 19.3 0.2
NGC 6849 129 01 116 0.1 1.87 0.14 37.7 1.1 34.5 2.8
NGC 7796 122 0.1 106 0.1 1.53 0.14 25.2 1.3 22.7 3.1
ESO107-G004 126 0.2 11.2 0.2 1.79 0.20 25.3 3.8 17.5 4.2
ESO153-G003 13.7 0.1 12.1 0.1 1.53 0.14 10.2 1.5 17.4 6.1
ESO194-G021 133 01 116 0.1 1.38 0.14 14.8 0.7 17.6 0.8
ESO218-G002 128 0.1 114 0.1 1.58 0.14 22.0 6.6 20.1 5.0
ESO318-G021 - - 121 0.1 - - - - 21.7 3.2
ES0O462-G015 125 0.2 11.0 0.1 1.59 0.17 21.3 0.9 18.7 1.3
MCG-01-27-013 140 0.1 125 0.1 1.58 0.14 16.1 2.1 13.8 0.9
MCG-01-03-018 134 0.1 120 0.1 1.64 0.14 244 0.5 19.1 1.3
MCG-03-26-030 13.7 0.1 121 0.1 1.63 0.14 14.3 0.6 15.6 2.5
1C 4320 139 0.2 12.3 0.1 1.59 0.22 27.6 9.5 224 4.5
NGC 3528 12.8 0.2 11.2 0.1 1.63 0.22 43.2 15. 45.6 0.9
NGC 3557 11.1 0.1 9.6 0.1 1.57 0.14 29.7 4.2 24.8 4.8
NGC 4697 102 01 88 0.1 1.46  0.14 86.9 9.9 65.3 6.5
NGC 5266 114 0.2 9.9 0.1 1.31 0.22 - - 53.4 11.7

Notes: The table lists total magnitudes, colour at the effective radius and the effective radius itself.
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Figure 3.2: Comparison between our measured colour at the effective radius (B-R). and the
published values in LEDA. Generally, the two measurements are comparable. Symbols as in Fig.

3.1.
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Table 3.3: Derived photometric parameters.

Galaxy Mg + Mg + < lle >B + < le >R +
(mag) (mag) (mag/sq.") (mag/sa.")

NGC 1045 -20.9 0.1 -225 0.1 20.8 0.1 19.4 0.1
NGC 1132 214 0.1 -23.2 0.1 22.5 0.1 21.0 0.1
NGC 2110 -20.5 0.1 -21.9 0.1 20.7 0.1 19.0 0.1
NGC 2865 -206 0.1 -21.9 0.1 20.8 0.1 19.5 0.1
NGC 4240 - - -20.8 0.1 - - - -

NGC 6172 -20.5 0.1 -21.8 0.1 20.8 0.1 19.1 0.1
NGC 6653 -21.1 0.1 -22.7 0.1 21.6 0.1 20.2 0.1
NGC 6776 -21.7 0.1 -23.3 0.1 21.1 0.1 19.4 0.1
NGC 6799 -21.1 0.1 -223 0.1 21.3 0.1 20.0 0.1
NGC 6849 -21.6 0.1 -229 0.1 22.2 0.1 21.4 0.1
NGC 7796 -21.0 0.1 -225 0.1 21.1 0.1 19.4 0.1
ESO107-G004 -204 0.2 -21.8 0.2 21.4 0.2 19.6 0.2
ESO153-G003 -20.9 0.1 -22,5 0.1 20.6 0.1 19.9 0.1
ES0O194-G021 -19.7 0.1 -21.5 0.1 21.0 0.1 19.5 0.1
ESO218-G002 -209 0.1 -223 0.1 21.5 0.1 19.8 0.1
ESO318-G021 - - -21.9 0.1 - - 20.6 0.2
ES0462-G015 -22. 0.1 -234 0.1 21.3 0.2 19.4 0.1
MCG-01-03-018 -21.0 0.1 -224 0.1 22.3 0.1 20.2 0.1
MCG-01-27-013 -21.4 0.1 -229 0.1 22.0 0.1 20.1 0.1
MCG-03-26-030 -21.7 0.1 -23.3 0.1 21.4 0.1 19.9 0.1
1C 4320 -20.9 0.2 -225 0.1 22.7 0.2 20.8 0.1
NGC 3528 -20.6 0.2 -222 0.1 22.4 0.2 20.9 0.1
NGC 3557 -21.8 0.1 -233 0.1 20.5 0.1 18.6 0.1
NGC 4697 -21.0 0.1 -224 0.1 21.4 0.1 19.5 0.1
NGC 5266 -21.5 0.2 -23.0 0.1 - - 20.1 0.1

Notes: The table lists the absolute magnitudes and the mean surface brightness within the effective radius.

smooth elliptical model to the galaxy image (e.g. Forbes & Thomson 1992). In this package
the isophotes are fit using an iterative method described by Jedrzejewski (1987). Before
modelling the galaxy, the sky value was determined and subtracted. The program starts at
a small radius and increases to large radii in a geometrical progression. The galaxy centre,

position angle and ellipticity were allowed to vary.

Since our sample consists of early-type galaxies with absolute magnitudes in the range
—19.2 > Mp > —22.1, their surface brightness profiles can be well fit by a de Vaucouleurs
R4 law (Prugniel & Simien 1997; Kuehn & Ryden 2005; see also Sec 1.3.1). By fitting the
surface brightness profiles we derived the effective radii (r.) and mean surface brightnesses
(< pe >) within 7.. To avoid resolution effects, the fitting was applied from a radius of about
3% the seeing to large radii. In the case of NGC 5266 there is a strong dust ring around
the galaxy (see also Goudfrooij et al. 1994a). This prevented us from deriving a reliable
surface brightness profile and parameters in the B-band. However for the R-band, only a
small region of the profile was affected. This was masked and excluded from the fit. We
were also unable to measure reliable profiles in the B and R-bands for NGC 4240 and the
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Table 3.4: Derived effective radii in kpc.

Galaxy log(re)p +  log(re)r =+
(kpe) (kpe)

NGC 1045 0.66 0.10 0.69 0.04
NGC 1132 1.12 0.05 1.14 0.06
NGC 2110 0.59 0.02 0.52 0.02
NGC 2865 0.68 0.01 0.67 0.01
NGC 4240 - - - -

NGC 6172 0.61 0.06 0.56 0.06
NGC 6653 0.92 0.02 0.91 0.01
NGC 6776 0.90 0.11 0.79 0.09
NGC 6799 0.77 0.02 0.78 0.01
NGC 6849 1.16 0.01 1.12 0.03
NGC 7796 0.71 0.02 0.66 0.06
ESO107-G004 0.68 0.06 0.52 0.09
ESO153-G003 0.62 0.06 0.85 0.13
ES0194-G021 0.47 0.02 0.54 0.02
ES0O218-G002 0.76 0.11 0.72 0.10
ES0O318-G021 - - 0.81 0.06
ES0462-G015 0.90 0.02 0.84 0.03

MCG-01-03-018 0.96 0.01 0.85 0.03
MCG-01-27-013 0.97 0.05 0.91 0.03
MCG-03-26-030 0.92 0.02 0.95 0.07

IC 4320 1.08 0.13 0.99 0.08
NGC 3528 1.00 0.13 1.03 0.01
NGC 3557 0.74 0.06 0.66 0.08
NGC 4697 0.86 0.05 0.73 0.04
NGC 5266 - - 0.99 0.09

B-band for ESO318-G021, due to the bright nearby stars, and in the B and R-bands for the
galaxy ESO153-G003 because the images are saturated.

Using the ellipticity (¢) and the effective semi-major axis (a.) from the galaxy model, the
effective radius r, was calculated, i.e. r, = a.\/1 — €. The values of r., and its error estimate
based on the variation during the fitting procedure, are given in Table 3.2. There is generally

good agreement between the B and R-band effective radii determinations.

The (B-R). colours at r. (Table 3.2) are obtained from the models using the difference
between the B and R-band surface brightness profiles. The exact radius used does not
strongly affect the (B—R). colour because of the shallow slope in the colour gradient. Fig.
3.2 shows good agreement between our derived colours and those given in LEDA, when

available.

The mean surface brightness within 7, in each filter is calculated as:

< pe >= 2.5log(nr?) + m(r.) (3.1)
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where m(r.) is the enclosed magnitude within r. estimated from the model. Table 3.3 lists
the mean surface brightnesses within the effective radius in the B and R-bands, while the

effective radius in kpc is given in Table 3.4 in the two bands.

Table 3.5: Isophotal shape parameters

Galaxy 4™ cosine% APA (°)
NGC 1045 -3.5 0
NGC 1132 -1.5 10
NGC 2110 irr 12
NGC 2865 +1.5 14
NGC 6172 irr 25
NGC 6653 -2.0 10
NGC 6776 -2.0 30
NGC 6799 0 0
NGC 6849 +2.5 0
NGC 7796 -1.3 0
ESO107-G004 +1.0 20
ESO153-G003 -
ES0194-G021 +5.0 20
ES0O218-G002 0 70
ES0318-G021 0 8
ES0462-G015 +1.5 0
MCG-01-03-018 0 15
MCG-01-27-013 +1.0 14
MCG-03-26-030 +2.0 2
1C 4320 irr 30
NGC 3528 +3.2 10
NGC 3557 0 0
NGC 4697 +2.0 2
NGC 5266 irr 8

Notes: The percentage 4*" cosine term of the Fourier series is normalised to the semi-major axis. The
difference between the maximum and minimum position angles are quoted for radii greater than 10 arcsec.

3.3.3 Isophotal shape parameters

The modelling process fits elliptical isophotes to the galaxy images and measures their isopho-
tal shape parameters. Figures 3.3 show the radial profile of these parameters in the R-band
for the twenty three galaxies which could be successfully modelled (i.e. excluding NGC 4240
and ESO153-G003). These isophotal shape parameters help define the morphology of the
galaxy. For example, by fitting the isophote to the Fourier series, the 4""-order cosine term
is a useful parameter to express the deviation from a perfect ellipse due to the presence of
additional light (Bender & Moellenhoff 1987). An excess of light along the major and/or
minor axes (called discy) is indicated by positive values, while negative values indicate excess

light at 45° with respect to these axes (called boxy).

To quantify the 4*-order cosine parameter we applied a technique similar to that of Bender

et al. (1989). When the 4"-order cosine profile shows a peak or a minimum, then the
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maximum amplitude is taken, while in case of a monotonically changing profile we use the
value at .. In the case of more complicated profiles indicated by a radial change from discy
to boxy (or vice versa), such galaxies are classified as irregular (irr). Table 3.5 lists the
4% _order cosine values normalised to the semi-major axis. It also lists the difference between
the maximum and minimum values of the position angle for each galaxy after avoiding the

inner, seeing-affected regions.

3.3.4 Residual images

Another way to study the morphology or fine structure of an elliptical galaxy is by examining
the residual image, i.e. the original image minus the galaxy model. Using the BMODEL task
in IRAF we created a 2D model of the galaxy. This model represents the smooth elliptical
structure of each galaxy. Subtracting this model from the original image gives the residual
image which better reveals any fine structure (e.g. dust, shells, tidal tails, boxy or discy
structure, etc.) hidden underneath the dominant elliptical light of the galaxy. Figures 3.4
display the residual images of the sample galaxies (excluding NGC 4240 and ESO153-G003).

3.4 Faint galaxy detection

As our images cover a field-of-view of hundreds of square kiloparsec surrounding each galaxy,
they allow us to probe the distribution of galaxies in their fields. With the strict isolation
criteria used to select galaxies in this study, the area surrounding the primary galaxy will
contain no bright galaxies (within ~ 2 mags) but may still contain many faint ones. For the
fifteen galaxies observed at the AAT telescope (see Table 3.1), the detection of these faint
galaxies was performed using SExtractor version 2.3 (Bertin & Arnouts 1996). From the
deeper R-band images, all objects with more than 10 connected pixels that are 3o above the
sky background were identified. To estimate the background level of the images, as well as
the RMS noise in the background, we set the mesh size to 200 pixels. This value of the mesh
size was found to be suitable for extended object detection. The image was then smoothed
with a median filter of 10 x 10 pixels to remove any fluctuations resulting from bright or
extended objects. The photometric parameter MAG_BEST was used as a measure of the
total magnitude. A comparison between MAG_BEST magnitudes and the corresponding
total magnitudes measured with the IRAF task QPHOT showed good agreement.

For star-galaxy separation, we used the CLASS_STAR parameter (ICLASS) defined by SEx-
tractor. Running SExtractor on the 60 sec and the combined (1320 sec) R band mosaic
frames of the NGC 3557 group, we obtained two sets of detected bright objects, i.e. stars
and galaxies with ICLASS parameters of 1 and 0 respectively. For faint objects (R > 18),
ICLASS values ranged from 0 to 1. Visual inspectation of the 60 sec and combined images

revealed that an ICLASS value of 0.09 provided a good separation between resolved galaxies
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Figure 3.3: The radial profiles of the R-band (open circles) surface brightness, ellipticity, position
angle and 4""-order cosine. The upper panel for each galaxy shows also the B-band surface bright-
ness (solid circles) and the thin horizontal line shows the sky brightness in the R-band. The name

of each galaxy is written above each set of four panels.
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Figure 3.4: Residual images of galaxies (with filters given in brackets): NGC 1045(R), NGC
1132(R), NGC 2110(R), NGC 2865(R), NGC 6172(R), MCG-01-27-013(R), MCG-03-26-030(R),
ES0O218-G002(R) and ESO318-G021(R) (left to right, top to bottom). Dust regions can be seen
as bright features and extra light as dark features. All images have the same size of 188 x 155 sq.
arcsec and oriented as North up and East to the left.
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Figure 3.4: (Continue) Residual images of NGC 6653 (R), NGC 6776 (R), NGC 6799 (R), NGC
6849 (R), NGC 7796 (R), MCG-01-03-018 (R) , ESOlO7—GOO4 (R), E80194-G021 (R) and ESO462-
G015 (R).
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Figure 3.4: (Continue) Residual images of IC 4320(B), NGC 3528(B), NGC 3557(R), NGC 4697(R)
and NGC 5266(B) (left to right, top to bottom).

and stellar-like objects. Thus objects with ICLASS > 0.09 were removed from all of our
object lists. After displaying all the remaining detections, we removed the small number of
obvious mis-identifications (e.g. bad columns, diffraction spikes, halos of bright stars, etc.).
Finally, for the isolated galaxies, we searched the NED database and excluded any of the
detected faint galaxies that have a published velocity difference of greater than 700 km s~!
from the parent galaxy. This resulted in only a handful of galaxies being removed for the

isolated galaxy sample.

In order to estimate our magnitude completeness limits, we compared the 60 and 420 sec
to the combined (1320 sec) frame of the NGC 3557 group. This allows us to estimate our
completeness as a function of exposure time. For example, a typical 120 sec exposure has
an estimated 100 per cent completeness limit of R = 18.75. Except for ESO318-G021, all

other galaxies have a total exposure time of at least 120 sec (Table 3.1).

Using the SExtractor parameter A_LIMAG as a measure of galaxy size, Fig. 3.5 shows the

size-magnitude distribution after our selection criteria and visual inspection are applied.
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Figure 3.5: The size-magnitude relation for detected galaxies in the field of (a) the isolated galaxy
ES0218-G002 and (b) the NGC 3528 group. The SExtractor parameters A_ IMAG and MAG_BEST
were used as a measure of size and magnitude respectively. The vertical dotted line represents our
100 per cent completeness limit of R = 18.75. For ESO218-G002 the brightest galaxy in the field
is ~ 4 mags fainter and ~ 1/3 the size of ESO218-G002 itself.

The figure shows the isolated galaxy ESO218-G002 and the NGC 3528 group which are at
almost same distance and have the same exposure time of 120 sec. The vertical line indicates
our 100 per cent completeness limit of R = 18.75. For ESO218-G002 the brightest galaxy
in the field is ~ 4 mag fainter and ~ 1/3 the size of ESO218-G002 itself. As a result of
the SExtractor process, we have a list of apparent magnitudes, projected distances in kpc
from the primary galaxy and angular sizes of galaxies in the field of the primary galaxy (see

Appendix A for the complete list).

3.5 Results and discussion

3.5.1 Colours of isolated galaxies

Prugniel & Heraudeau (1998; PH98), using a sample of 5,169 galaxies, measured the colour
for SO galaxies to be (B-R). = 1.52 £ 0.2 and for ellipticals (B-R). = 1.57 £ 0.2. These
values are consistent with the measured effective colours of our sample (see Table 3.2) which
have a mean of (B-R). = 1.58 £ 0.03. We note that NGC 2865 is quite blue with (B-
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R). = 1.26 + 0.14.

The colour-magnitude relation (CMR) of ellipticals was discovered by Baum (1959) when
he studied the stellar content for a sample of elliptical galaxies and globular clusters. He
found more luminous ellipticals to be redder. Further studies of cluster ellipticals have shown
that the CMR is a linear relation with a small intrinsic scatter (e.g. Bower, Lucey & Ellis
1992). A comparison of the observed slope and scatter of the CMR with that expected
from theoretical models, has been used by many authors to constrain the formation epoch
of the bulk of stars in early-type cluster galaxies to be at z > 2 (e.g. Ellis et al. 1997;
Bower, Kodama & Terlevich 1998; Stanford, Eisenhardt & Dickinson 1995; 1998; Bernardi
et al. 2003d; Tantalo & Chiosi 2004). The constant slope out to high redshifts means that
the CMR indicates a relation of mass with metallicity (Kodama 2001); while the scatter,
although small, is due to ongoing star formation (Bower, Lucey & Ellis 1992).

Fig. 3.6 presents the CMR for the 18 isolated elliptical galaxies measured in this study. We
also include the four isolated galaxies NGC 821, NGC 2271, NGC 6702 and ESO318-G021,
which have available colours from PH98. The isolated galaxies are reasonably well matched
by a B-R CMR of slope and intrinsic scatter similar to that of early-type galaxies in the
denser environment of the Coma cluster found by Gladders et al. (1998). We used total B—R
colours as they are the closest match to the aperture magnitudes of Gladders et al. Fixing
the slope to the Gladders et al. value, we measure a scatter of ~ 0.12 mag for the isolated
galaxies, which is similar to our photometric errors. Thus the scatter is largely intrinsic and
consistent with the estimated low scatter found for early-type galaxies in clusters (Bower,
Lucey & Ellis 1992; Stanford, Eisenhardt & Dickinson 1998). None of our isolated galaxies
show the extremely blue colours seen in the isolated galaxy sample of Marcum, Aars &
Fanelli (2004). On the other hand the isolated galaxy ESO194-G021 shows a very red colour
of B—R = 1.73£0.14 for its luminosity (Mg = —21.5). The residuals of our isolated galaxies
from the CMR of galaxies in Coma cluster show a mean value of 0.05 with 1o dispersion of
0.12 (see the inset in Fig. 3.6).

3.5.2 Morphological fine structure

Many studies have found that elliptical galaxies have light distributions which deviate from
perfect ellipticity (Lauer 1985; Bender, Doebereiner & Moellenhoff 1988; Franx, Illingworth
& Heckman 1989; Peletier et al. 1990; Bender & Moellenhoff 1987; Forbes & Thomson 1992;
Goudfrooij et al. 1994b). These deviations can be due to dust lanes or extra-light structures.
The isophotal shape is found to correlate to intrinsic properties of the galaxies such as their
total luminosity, mass-to-light ratio, X-ray and radio emission (Bender et al. 1989; Nieto
& Bender 1989). These correlations imply that these morphological structures are intrinsic
and not due to galaxy orientation or projection effects. Numerical simulations suggest that

such morphological features could be a result of the tidal disruption of a small companion
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Figure 3.6: Colour-magnitude relation for the sample galaxies. The solid line (Gladders et al. 1998)
represents the CMR of elliptical galaxies in the Coma cluster, while the short-dashed lines indicate
the mean error in the colour measurements for our sample galaxies. Solid triangles are galaxies
from PH98 (error bars are not shown) and other symbols are as in Fig. 3.1. The inset shows the
distribution of the residuals of galaxies colour from the relation. The long-dashed line is the mean
value of the residuals and the dotted lines represent the 1o dispersion. The isolated galaxies are
consistent with the Coma cluster CMR.

(Binney & Petrou 1985; Nieto & Bender 1989) or a major merger (Schweizer et al. 1990).
Past mergers are also predicted to produce other morphological structures such as plumes,
shells and tidal tails (Forbes 1991; Barnes & Hernquist 1992).

Our isolated galaxy sample reveals a range of fine structure from plumes and shells to dust
lanes, and some galaxies with no detectable fine structure. Good examples of boxy and discy
isophotes can be seen in NGC 1045 and NGC 4697 respectively. Shells (in the case of NGC
2865 and NGC 6776) and dust lanes (e.g. ESO194-G021) appear to affect the 4*"-order
cosine profile of many galaxies, while ESO218-G002, ESO318-G021 and NGC 6799 are good
examples of no obvious fine structure. From the radial profiles (Figures 3.3) and the residual

images of each galaxy (Figures 3.4), the following features were revealed:

NGC 1045: The isophotes are strongly boxy out to a semi-major axis radius of 35". Prob-
able dust along the semi-major and semi-minor axes. There is extensive extra tidal light
surrounding the galaxy. This galaxy is a probable merger remnant.

NGC 1132: No obvious features. Classified as a fossil galaxy by Mulchaey & Zabludoff
(1999).
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NGC 2110: Probable dust traces in the central region. Contains a seyfert nucleus (Pfef-
ferkorn, Boller & Rafanelli 2001).

NGC 2865: Extra tidal light (shells) to the east and north east. Probable dust in the inner
region. This galaxy is a probable merger remnant (see also Hau, Carter & Balcells 1999).
NGC 4240: Nearby bright star. No obvious features.

NGC 6172: No obvious features.

NGC 6653: shows a boxy structure in its outer part.

NGC 6776: has probable dust within the central region of radius < 3 kpc (8"). It also
reveals shell structures and extensive extra tidal light to the West and South. There is also
a tidal tail extending in the southern direction.

NGC 6799: In both the B and R-bands, our images of NGC 6799 show a smooth elliptical
profile and no morphological fine structure.

NGC 6849: is discy in the outer part and there is some extra tidal light to the North.
The 4™ cosine parameter shows negative values in the inner 4 kpc (10”) due to the effect
of a foreground star located near the centre of the galaxy. Using multi-colour photometry,
Saraiva, Ferrari & Pastoriza (1999) found that the isophotes in the B-band showed stronger
variations in ellipticity, position angle and elliptical shape compared to the isophotes in the
other bands. They suggested that NGC 6849 has traces of dust in the central part. Com-
paring the isophotal parameters for NGC 6849 from our B and R-band imaging, we find no
evidence of such differences.

NGC 7796: is a boxy galaxy reaching maximum boxiness in the inner region within a
radius of 2 kpc (10").

ESO107-G004: has a weak discy structure in the outer part at radii greater than 2 kpc
(107).

ESO153-G003: is saturated in our images which prevents us detecting any internal fine
structure and it shows no obvious extra tidal light.

ES0194-G021: shows a disk structure between 1 and 3 kpc (5" — 15").

ES0O218-G002: No obvious features. Large position angle twist seen.

ES0O318-G021: Nearby bright star. No obvious features.

ES0O462-G015: shows a uniform elliptical structure of ellipticity ~ 0.3 within a radius of
9 kpc (25"), but becomes discy at larger radii.

MCG-01-03-018: shows traces of probable dust in central region.

MCG-01-27-013: Weak discy structure at radius ~ 15".

MCG-03-26-030: Discy beyond 10”. Probable dust.

IC 4320: Strong dust lane within central 20”. Probably a merger remnant.

NGC 3528: Strong dust lane extending from the north east to south west. Probably a
merger remnant.

NGC 3557: No obvious features.

NGC 4697: Strong discy structure extending to ~ 40" .

NGC 5266: Dust ring around galaxy. Probably a merger remnant (see also Morganti et al.
1997).
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Thus, some isolated galaxies reveal signatures of a past interaction/merger while others look
featureless and undisturbed. If evidence of a past merger includes shells, dust, plumes,
discy and boxy structures, then we detected mergers in 60 per cent (11/18) of our isolated
galaxies. This is a higher fraction than the 44 per cent quoted by Reduzzi, Longhetti &
Rampazzo (1996) for their sample of 61 early-type galaxies in low-density environments.
Also, a recent study by Michard & Prugniel (2004) found the frequency of galaxies with
perturbed morphologies in poor group environments to be ~ 35 per cent compared to only

~ 19 per cent in the Virgo cluster.

About 28 per cent (5/18) of our galaxies contain dust which is comparable to the 24.6 per
cent of dusty galaxies quoted by Reduzzi, Longhetti & Rampazzo (1996). Colbert, Mulchaey
& Zabludoff (2001) detected 75 per cent of early-type galaxies in low-density environments

to have dust.

Only two galaxies (11 per cent), NGC 2865 and NGC 6776, show obvious shell structures.
Although this is comparable to the frequency found by Malin & Carter (1983) (11 percent)
and Reduzzi, Longhetti & Rampazzo (1996) (16.4 per cent), it is much less than the frequency
of > 50 which found by Seitzer & Schweizer (1990). On the other hand, we find more shells
than Marcum, Aars & Fanelli (2004) who detected no shells in any of their 8 isolated early-
type galaxies.

Zepf & Whitmore (1993) found 50 per cent of their Hickson compact group elliptical sample
to have irregular isophotes compared to < 21 per cent in loose groups and clusters. Our
sample, although small, does not show a predominance of irregular isophotes, and appears
similar to the distribution of isophotal shapes for loose groups and cluster ellipticals sug-
gesting a similar frequency of mergers and interactions. We speculate that the high density
of Hickson Compact Groups and the resultant high interaction rate gives rise to irregular

isophotes whereas in isolated environments such interactions do not occur.

3.5.3 The gravitational effects of dwarfs

Here, we have assumed that all detected faint galaxies in the field surrounding a galaxy lie
at the same redshift as the primary galaxy (in reality many will be background objects)
and have calculated their luminosity Ly in the R-band. For an assumed mass-to-light ratio
of M/Lr = 10 My /L (Geha, Guhathakurta & van der Marel 2002), we estimated the
mass M of each faint galaxy. For all faint galaxies in the field of a primary galaxy, we
have calculated the dynamical friction timescale using equation 7-27 in Binney & Tremaine
(1987). We assumed a velocity dispersion of ¢ = 250 km s™! for the galaxies in the field of
the isolated galaxy (Faber & Jackson 1976). As galaxies with dynamical friction times that
are significantly less than the Hubble time should have merged with the primary galaxy, and

hence not be visible, their existence suggests that they may actually lie in the foreground



60 Chapter 3. Photometric properties

100 . B —
t 10 isolated galaxies
E
g 105— =
o i
9]
100 i : o E
I 4 group galaxies
=
g 105— -
o c 1
© [ ]
1E | | “l [ H - . Lo vy vy

107 108
M/R? (Mo/kpc?)

Figure 3.7: Number distribution of M/R? values for the 10 isolated and 4 group galaxies observed
at the AAT telescope. The group galaxies have been scaled up in number by a factor of 2.5x to
match the isolated galaxy sample. M is the mass of the detected galaxy in solar masses and R is
the projected distance of the galaxy from the primary galaxy in kpc. The value M/R? represents
the gravitational force applied on the primary galaxy by the faint galaxies in its local environment
(assuming they lie at the same redshift). Unlike the group galaxies, the isolated galaxies are not
influenced by the gravitational effects of faint neighbours with M/R? > 4 x 105 Mg, /kpc?.

or background. In the case of the four groups, we used the published velocities in NED to

remove the non-group members.

The gravitational effect applied on the primary galaxy by each of the faint galaxies in its
field is proportional to M/R? where R is the projected distance of the faint galaxy from
the primary galaxy. Except for the faint dwarfs with short dynamical friction times and
non-group members, we calculate the parameter M/R? for all detected galaxies in the field
of the 10 isolated and 4 group galaxies. Fig. 3.7 shows the number distribution of the M/R?
values for the isolated and the group galaxies. In the case of groups, the distribution has
been scaled up by a factor of 2.5x. Comparing the fields of the isolated and group galaxies
we notice the absence of galaxies with M/R? greater than ~ 4 x 10° M /kpc? for isolated
galaxies. This is a further indication that our isolated galaxies are indeed gravitationally

isolated.
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Figure 3.8: Differential luminosity function in the R-band for faint galaxies in the field of the ten
isolated galaxies divided into three categories according to their distance. The top panel is the LF
for three groups with distances comparable with the nearest isolated galaxies. Luminosity functions
show a common faint end slope of about -1.2.

3.5.4 Luminosity function of dwarfs

The Luminosity Function (LF) represents the number distribution of galaxies in a given

magnitude interval. Traditionally, this distribution is fit with a function of the form:

(L) = (¢" /L) (L/L7)"e ) (3.2)

with L* and « representing a characteristic bright magnitude and the slope of the faint

end respectively (Schechter 1976). The importance of the LF lies in its strong correlation
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with the mass function of the galaxy distribution, which is one of the observable tests of
any theoretical cosmological model. It may also provide clues to the evolutionary history of
galaxies. There have been several studies of the LF for high-density cluster environments
(Trentham & Hodgkin 2002; Mobasher et al. 2003; Christlein & Zabludoff 2003) and lower
density regions such as groups (Zabludoff & Mulchaey 2000; Flint, Bolte & Mendes de
Oliveira 2003) and the field (Blanton et al. 2001; 2003; Drory et al. 2003).

Due to the different distances to the isolated galaxies, our data cover different physical areas
with different absolute magnitude limits (under the assumption that all faint galaxies lie at
the same redshift as the primary galaxy). To deal with this situation we divided the isolated
galaxy sample into three distance intervals, and derived the LF separately for each (see Fig.
3.7). Excluding the nearby group NGC 4697, our imaging of the other three groups covers a
comparable area to that of the isolated galaxies. We note that in driving the LFs, we assume
that the faint galaxies are at the same redshift as the primary galaxy. Spectra are required to
determine the true redshift distribution of these galaxies. We find that the isolated galaxies
and groups have similar luminosity functions. They all show a faint end slope of ~ —1.2,
and a change in the slope around Mz ~ —18. Such features are fairly common across a
range of environments (Flint 2001; Trentham & Tully 2002; Miles et al. 2004). We note that
fossil groups (Jones, Ponman & Forbes 2000) also reveal a similar luminosity function. This
universality of isolated galaxy luminosity functions indicates that they are not a useful tool

in discriminating between competing ideas for the origin of isolated galaxies.

3.5.5 Space number density of dwarfs

To calculate the space number density of the detected faint galaxies surrounding the primary
galaxy we divided the field into concentric annuli centred on each primary galaxy. The
density measures in the outer annuli were corrected for the missing area with the largest
correction being a factor of 2, i.e. 50 per cent of the annulus was covered by the WFT field-
of-view. The different magnitude limits in each field, determined by the exposure time, give

rise to different background density levels.

In Figures 3.9, we display the space number density distribution of faint galaxies in the field
of each primary galaxy. Seven out of ten isolated galaxies show almost constant density
levels at all radii, indicating that the faint galaxies are mostly background objects and not
associated with the isolated galaxies. The remaining three galaxies are NGC 2110, NGC
2865 and NGC 4240. Both NGC 2110 and NGC 4240 show a fairly continuous density
decrease from the central region outwards. The outer most radial bin has a relatively high
density suggesting that the background level has not been reached even at ~ 150 kpc. NGC
2865 shows a sharp decline from a high central density to a background level at a radius of
~ 60 kpc.

We note that these three galaxies are the closest in our sample, and for which we could detect
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lower luminosity dwarfs with magnitudes down to Mg ~ —13.5. The mean faint magnitude
limit that could be detected for the other 7 isolated galaxies is Mp ~ —15.5. If we include
only luminous dwarfs with Mz < —15.5, then these three galaxies show no central excess,
giving similar space densities to those of other galaxies (Fig. 3.10). This indicates that
the majority of dwarf galaxies associated with the isolated galaxies are less luminous than

Mpg ~ —15.5, while more luminous dwarfs are likely to be background objects.

In their study of the NGC 1132 environment, Mulchaey & Zabludoff (1999) measured a
higher central density of dwarf galaxies, with magnitudes of 17.22 <R< 19.22, than we have.
From their density distribution we calculate the number of dwarfs within the central 80 kpc
to be ~ 30 galaxies. We identify only 8 galaxies within the same area. Our magnitude limit
for the NGC 1132 field is R = 18.75. This magnitude difference is not enough to explain
the density distribution difference between the two studies. Considering all detected objects
down to their magnitude limit of R = 19.22 and with ICLASS parameters up to 0.95, we find
19 objects. This number of detected dwarf galaxies is still less than that found by Mulchaey
& Zabludoff. This smaller number could be due to the incompleteness of our detections for
objects fainter than R = 18.75. The background level in the outer region (i.e. distances

> 100 kpc) is consistent between the two studies.

As groups are distributed over a few megaparsecs, which is beyond our observed field-of-
view, it is not surprising that the density levels remain high at all radii for our four group
galaxies, i.e. none reach the background level. For IC 4320, after excluding its pair galaxy

ESO509-G100, shows a constant density indicating no associated galaxies.

3.5.6 Comparison with ‘fossil galaxies’

Jones et al. (2003) defined a ‘fossil’ to be a giant isolated elliptical galaxy with group-like

X-ray emission and luminosities of Lx o > 1042h5_02 erg s~ L.

Fossils are required to be
> 2.0 R magnitudes brighter than the second brightest galaxy in the system within half
the projected virial radius. According to the hierarchical model of galaxy formation these
elliptical galaxies are believed to be the end result of merging many small galaxies of a X-ray

luminous group (Ponman et al. 1994; Jones, Ponman & Forbes 2000; Jones et al. 2003).

We have searched the literature for X-ray observations of our sample galaxies, finding only
NGC 2865, NGC 3557 and NGC 4697 (O’Sullivan, Forbes & Ponman 2001), NGC 2110
(Bradt et al. 1978; Pfefferkorn, Boller & Rafanelli 2001) and NGC 1132 (Mulchaey & Zablud-
off 1999) to have published X-ray luminosities. Only NGC 1132 has an X-ray luminosity

(Lx = 2.5 x 10*2hz; erg s71) that is comparable to a fossil.

In a study of 6 fossils, Jones et al. (2003) and Jones, Ponman & Forbes (2000) measured
the R magnitude difference between the primary elliptical galaxy and the second brightest
galaxy in the field to be AR5 = 2.0 — 3.3. They considered all objects within ~ 600 kpc of
the primary galaxy. Excluding MCG-03-26-030, for the entire observed field around each of
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Figure 3.9: Space number density of detected faint galaxies in the field of each primary galaxy. We
show Poisson error bars. The horizontal dashed lines represent the estimated background density
level. The name of each primary galaxy is indicated (N=NGC, M=MCG, and E=ESO).
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Figure 3.9: (Continue). Note the different vertical scale for NGC 4697.
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Figure 3.10: Space number density of the detected dwarf galaxies in the fields of the three galaxies
NGC 2110, NGC 2865 and NGC 4240. In this figure only luminous dwarfs of Mp < —15.5 are
included. The horizontal dashed lines represent the estimated background density level after this
magnitude selection is applied. The luminous dwarfs are consistent with being background objects
for all three galaxies.

our isolated galaxies, we find AR5 = 1.9—5.2 and ABj5; = 2.3—4.8. If we use the maximum
common radius for our sample of 116 kpc (which corresponds to the closest galaxy NGC
4240), we obtain similar values of ARy = 1.9 — 5.3 and ABjs = 2.3 — 5.4. The galaxy
MCG-03-26-030 is the least isolated in our sample with a magnitude difference of 1.8 in the
B-band. Thus our isolated galaxies have a similar, and some times even greater, luminosity

isolation than ‘fossils’.

3.5.7 Possible formation scenarios

We now discuss the implications of our results in terms of various ’straw-man scenarios’ for
how isolated early-type galaxies may have formed. Our isolated galaxy images cover hundreds
of square kiloparsecs of their surrounding fields. Using these images we are not only able

to study the morphological structure of the galaxies themselves but also the magnitude and
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spatial distribution of the dwarf galaxies in their environments. Our selection criteria ensure
that the galaxies are not currently undergoing a strong interaction with any other galaxy.

The possible scenarios for isolated galaxies formation are:

1) Clumpy collapse at an early epoch. The early-type galaxy may have formed at an early
epoch from the clumpy collapse or gaseous merger of many fragments. However the inci-
dence of dust lanes, plumes and shells indicates that if the galaxy is very old, then it must
have experienced a recent merger/accretion event. The low-density environment sample of
Kuntschner et al. (2002) revealed much fine structure and young central ages indicating
recent star formation — presumably induced by a recent merger/accretion. Thus if isolated

galaxies formed a long time ago, some of them have undergone strong subsequent evolution.

2) An equal-mass merger of two massive galaxies. If we consider merging of two galaxies as
the simple addition of their contents, without taking into account any star formation during
the merger, then the merger of two progenitors of Mg ~ —20.25 would produce an elliptical
galaxy with magnitude of Mg ~ —21. The latter is a typical magnitude for our isolated
galaxy sample. Furthermore the models of Bower, Kodama & Terlevich (1998) indicate that
the merger of equal-mass galaxies will reproduce the slope and scatter of the CMR as we
observe in Fig. 3.6. The 28 per cent of isolated galaxies with dust would seem to require that
at least one of the progenitors was a spiral galaxy. We note that in a detailed study of NGC
2865, Hau, Carter & Balcells (1999) concluded that it is the result of a merger involving
one spiral and one early-type galaxy. The plume seen in NGC 1045 also requires the merger
to have involved a spiral galaxy (e.g. Toomre & Toomre 1972). In the collisionless N-body
simulations of Naab & Burkert (2003), mergers of two disks of equal-mass may produce a
boxy elliptical, while higher mass-ratios may create low-luminosity, rapidly-rotating discy
ellipticals. We find 11 per cent (one galaxy; NGC 1045) to have boxy isophotes and 22 per
cent to have discy isophotes in our isolated galaxy sample. We conclude that the merger
of two near-equal-mass galaxies, with at least one being a spiral, is a plausible scenario for

several of our isolated galaxies.

3) A large elliptical accretes several dwarf galazies. If the elliptical galaxy was initially
located on the CMR, then the accretion of small dwarfs will not have a strong effect on its
mass nor on its overall colour. However, we would expect low-luminosity dwarfs (with long
dynamical friction timescales) to avoid accretion and be located close to the isolated galaxy.
Such a trend is seen in the high central space density for three isolated galaxies (Fig. 3.9).
Perhaps the main difficulty with this scenario is explaining the observed fine structure. In
three galaxies, the morphological disturbance (e.g. plume, shells, dust lanes) is quite strong
suggesting the accretion of a fairly large galaxy. For the remaining 6 isolated galaxies, this

scenario can not be excluded.

4) A group of galazies collapses with its luminous galazies merging together. Such a scenario
would give rise to a giant elliptical galaxy (Barnes 1989) with a magnitude comparable to the

total magnitude of the original group. The magnitudes of our isolated galaxies are similar
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to poor groups but not typical of loose groups which have a total Mg ~ —22. The merged
galaxies could explain the incidence of dust and other fine structure in our sample. However,
we would again expect low-luminosity dwarfs to avoid the merger process, leaving a giant
galaxy surrounded by a population of such dwarfs. In the case of a virialised X-ray group,
its collapse is expected to produce an isolated early-type galaxy with an extended group-like
X-ray emission (called a fossil) because the hot gas cooling time is very long. For our sample
only NGC 1132, out of three galaxies with published X-ray luminosities, has a group-like
X-ray emission. Thus most isolated early-type galaxies do not appear to be the result of a
merged large group, but the possibility remains that they may be the product of a merged

poor group.



Chapter 4

The spatially resolved stellar

population

This chapter is based upon Reda et al. 2007, MNRAS, in press. The radial profile of
the recession velocity and velocity dispersion based on new measurements by the author are

included wn this chapter.

4.1 Introduction

The stellar population properties of early-type galaxies (e.g. age, metallicity [Z/H] and a-
element abundance [E/Fe|) provide crucial clues to their evolutionary history. Most work
to date has concentrated on galaxy central regions. While useful, such data only sample a

small fraction of the galaxy mass and do not provide any radial gradient information.

Radial gradients can help discriminate between different formation models. For example,
dissipational collapse models (Larson 1974; Carlberg 1984; Kawata & Gibson 2003) predict
strong metallicity gradients that correlate with galaxy mass, whereas mergers tend to result
in shallow gradients (White 1980; Bekki & Shioya 1999) with little galaxy mass dependence.
As [E/Fe] may be an indicator of star formation timescale, a positive gradient indicates
outside-in formation and a negative one the opposite (e.g. Ferreras & Silk 2002). Age
gradients indicate whether any young stars are confined to the central regions, and hence an

indication of their mass contribution.

Here we extend the previous work by examining the radial stellar population properties to
around 1 effective radius in a sample of a 12 isolated galaxies. Our new data are supplemented
by data for 5 isolated galaxies from the literature. We also utilize the latest SSP models and
fitting methods.

69
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4.2 The data

In Chapter 2, we defined a sample of 36 isolated early-type galaxies in the local universe
(z < 0.03). Here we present new data on the stellar populations of a subsample for 12 galaxies
from that sample. The basic data of these galaxies and their sources are summarised in Table
4.1.

We supplement our data with data from the literature for other isolated galaxies of our
sample. D05a extracted 21 Lick spectral indices for the central r./8 region for a sample of
86 early-type galaxies. Six of our 36 isolated galaxies were included in their study. DO05a
applied an emission correction to the indices where the galaxy spectra show evidence of
emission lines. Comparing their extracted stellar population parameters to the literature,
their measurements tend to be younger and more metal-rich (Denicolé et al. 2005b; D0O5b).
Using their published indices of the six isolated galaxies, and applying the multi-index y?
minimization technique which we are using for our observations and the same SSP model (see
Sec. 4.2.5), we have extracted the central stellar population parameters for these galaxies
which are listed in Table 4.2.

The spatially resolved stellar population of the isolated galaxy NCG 821 was previously
studied by Proctor et al. (2005). Here we used their data to extract the central values of
the age, total metallicity [Z/H] and a-elements abundance [E/Fe| within r./8 which are also
listed in Table 4.2. These measurements of the central parameters are consistent to our
measurements using the indices from D05a. We also measured the radial gradient of these
parameters, considering all apertures beyond the seeing limit, to be 0.2940.05, —0.064-0.03,
—0.72£0.04 for log(age), [E/Fe| and [Z/H] respectively.

Table 4.1: Basic data for the observed isolated galaxies.

Galaxy Mg log (re) £ log (re)
(mag)  (kpc) source

NGC 682 —24.88 0.73 0.10 PS97
NGC 1045 —25.02 0.66 0.10 T3.4
NGC 1162 —24.53 0.63 0.10 2MASS
NGC 2271 -23.84 047  0.07 RO5
NGC 2865 —24.26 0.68 0.01 T34
NGC 4240 -22.71 0.29 0.10 2MASS

ESO 153-G003  -25.04 0.62 0.06 T3.4
ESO 218-G002  -24.51 0.76 0.11 T34
ESO 318-G021  —24.43 0.77 0.01 T3.4
MCG-01-27-013 -25.08 0.97 0.06 T3.4
MCG-02-13-009 —24.58 0.67 0.10 2MASS
MCG-03-26-030 -25.79 0.92 0.02 T3.4

Note: My is the absolute magnitudes in the K-band from 2MASS catalogue. Effective radius r. values
are from Table 3.4 (T3.4) and Reda, Forbes & Hau (2005; R05). Effective radius r. from the 2MASS
catalogue is the isophotal radius 799 in the K-band (via LEDA database) converted to effective radius using
the correlation in Jarrett et al. (2003, Fig. 11). For NGC 682 the effective radius is derived from the
fundamental plane (Prugniel & Simien 1997; PS97).
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Table 4.2: Central (r<r./8) stellar populations of isolated galaxies from literature.

Galaxy __ log(o,) (km/s) age, (Gyr) __[E/Fel, _ [Z/H],
NGC 821 2.33+ 0.06 47+ 1.9 0.154+ 0.02 0.48+ 0.05
NGC 1045 2.36+ 0.06 53+ 1.4 0.124+ 0.02 0.43+ 0.03
NGC 1132 2.37+ 0.05 11.2 £4.7 0.36+ 0.04 0.10+ 0.07
NGC 2128 2.25+ 0.06 2.8 +1.2 0.274+ 0.03  0.48+ 0.09
NGC 6172 2.13+ 0.05 25+ 0.5 0.00+0.03 0.13£ 0.04
NGC 6411 2.25+ 0.03 10.6 = 0.8 0.184+ 0.04 —0.05+ 0.02
NGC 821 2.294+ 0.01 5.6 + 0.5 0.22+0.01 0.414 0.06

Notes: Parameters of the first six galaxies are obtained using the published Lick indices of Denicolé et al.
(2005a) and refit to a SSP model for this work. For NGC 821 (in the last row), the parameters are the

average of all apertures within r<r./8 from Proctor et al. (2005).

4.2.1 Observations

Our spectroscopic observations were carried out using EFOSC2 at the ESO 3.6-m telescope
on the La Silla Observatory in two observing runs, 2002 Jan. 16-18 and 2004 Dec. 11-12.
The observational set up and slit position are described in detail by Hau & Forbes (2006;
HF06). Lick and spectrophotometric standard stars were observed at the parallactic angle.

The observing nights were photometric and the seeing was generally better than 1.0”.

Observations of the first run (2002) were collected using a slit of 300” length and 1.5” width
which was positioned along the major axis of each galaxy, with exception for the SO galaxy
ESO 153-G003 where the slit was positioned along the minor axis to avoid the disc. Using
the ESO grism#8 of 600 line/mm provides a spectral resolution of 9.3 A FWHM. The
accumulated exposure time was 2 x 1200 seconds for each galaxy. In the 2004 run we used
a 300” x 1.2” slit which provides a spectral resolution of 7.8 A FWHM. The accumulated
exposure time was 3 x 1200 seconds for each galaxy. The multiple observations of each

galaxy are combined to increase the S/N ratio.

Additionally, a number of spectrophotometric stars were observed for flux calibration and
Lick standard stars of type between KO and K5 to be used as templates for velocity dispersion
measurements and for calibration of the line-strength indices to the Lick/IDS system. A
number of bias, dark current and dome flat were recorded each night. Observations of all

galaxies and stars gave a wavelength coverage of 4300-6300 A.

4.2.2 Basic data reduction

Data reduction, including bias, dark current and flat field subtraction, is performed using
tasks within IRAF. Wavelength calibration is done using Helium-Argon lamp and is good
to within 0.5 A, while the flux standard stars are used to calibrate the spectra. The 2-D

spectra are corrected for the S-distortion and sky subtracted. For more details about the



72 Chapter 4. The spatially resolved stellar population

data reduction refer to HF06.

Finally the 2-D spectra of the galaxies are spatially binned using the STARLINK task EX-
TRACT to obtain 1-D spectra of S/N ratio greater than 20. We will refer to these 1-D

spectra of each galaxy as apertures.

4.2.3 Velocity measurements

The heliocentric recession velocity of the standard stars are obtained by comparing their
spectra to the solar spectrum. The frcor task within IRAF is used to fit a Gaussian to the
cross-correlation function to determine the maximum peak. The position of the maximum

peak centre gives the required heliocentric recession velocity of the stars.

Once the heliocentric recession velocity of the standard stars were measured, the redshifts and
velocity dispersions of the galaxies are determined by comparing their spectra to the spectra
of the standard stars. The frcor task of IRAF is used to compute the cross-corelation of the
galaxy spectra with the spectra of each template star. Once the correlation is computed,
the position of the maximum peak centre gives the recession velocity V, and the velocity
dispersion ¢. The final V,. and o are the average of the values estimated from all the template

stars. The radial kinematics for the same sample of galaxies are discussed in HF06.

4.2.4 Absorption line-strength measurements

We adopted the definition of Lick/IDS absorption line indices from Trager et al. (1998).
They defined each index using a pair of pseudocontinua bracketing the line feature and the

central passbands of the line itself.

Our observations cover a wavelength range of 4300-6300 A which includes 16 Lick /IDS index.
These are one Balmer index (Hf), three Magnesium indices (Mg;, Mgy and Mg,), Calcium
(Cad455), Sodium (NaD), Titanium Oxide (TiO;) indices plus nine Iron indices Fe4383,
Fed531, Fed668 (referred to as C4668), Fe5015, Feb270, Fe5335, Fe5406, Fe5709 and Fe5782.

Five Lick standard stars were observed during each observing run and will be used in the

following sections to calibrated the measured indices to the Lick system.

Matching to the Lick resolution

Lick absorption indices are affected by a wavelength dependent instrumental resolution. This
resolution ranges from minimum value of ~ 8.4 A in the range 4900- 5400 A and degrade
at the blue and red sides reaching above ~ 10 A (see Fig. 7 in Worthey & Ottaviani 1997).
Our observed instrumental resolutions (9.3 A and 7.8 A for 2002 and 2004 runs respectively)
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are different from those of the standard Lick system. The galaxy velocity dispersion will also

alter the observed resolution of the absorption lines.

To transform to the standard Lick system, two different methods are used according to the
observed total resolution of the spectra (including both instrumental and velocity dispersion
effects). For indices with combined resolution higher than that of the Lick system, spectra
are degraded to the resolution of the Lick/IDS library by convolving the spectra with a
wavelength dependent Gaussian. While for indices with resolution lower than the Lick/IDS
system, a correction factor is measured by convolving the spectra of five Lick standard stars
with a series of Gaussians widths from 0 to 500 km/s. Comparing the indices from the
artificially broadened stellar spectra to the un-broadened indices, we estimate the index
corrections for the broadening effect of velocity dispersion in galaxies. This factor is then
used to transform the indices measured in the galaxies of low resolution spectra to the Lick
resolution (Proctor & Sansom 2002; Proctor, Forbes & Beasley 2004a).

Zero-point offset due to flux calibration

Furthermore, the original Lick/IDS spectra were not flux calibrated while our spectra are.
To compensate for the resulting effect on the shape of the spectral continuum, the differ-
ences between the measured and the published indices values are obtained for each observed
calibration star. For each index, the values from all stars are averaged and compared to the
literature values to give the mean offset. The error of the mean is obtained as: U"f—\/fﬁm where
Ooffset 18 the rms of the scatter about offset and N is the number of the standard stars. The

adopted offset of each index and its error are given in Table 4.3.

Table 4.3: Offset of the Lick indices from the published values.

2002 run 2004 run
Index unit  mean error of mean error of
offset  the mean offset the mean
Fe4383 A —0.031 0329 0229  0.120

Cad4455 A 0.214 0.152  —0.054  0.171
Fe4531 A 0163  0.132  -0.342  0.103
C4668 A 0828 0097 0598  0.187
Hp A 0018 008  —0.041 0.113
Fe5015 A -0.284  0.079  -0.357  0.185

Mg, mag 0013 0002 0019  0.007
Mg, mag 0019  0.003 0018  0.006
Mg, A -0083 0071 0039  0.195
Fe5270 A -0.135  0.053  -0.412  0.147
Fe5335 A -0.214  0.093 0274  0.215
Fe5406 A -0.121 0035  -0.302  0.059
Fe5709 A -0.006  0.128  0.031  0.065
Fe5782 A 0084 0026  0.027  0.067
Nap A 0058 0132  -0.239  0.138
TiO; A 0004 0005  0.006  0.003
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4.2.5 Galaxy stellar population parameters

The age, total metallicity [Z/H] and a-element abundance [E/Fe| properties of our sample
galaxies are estimated by comparing the Lick absorption lines indices to the single stellar
population (SSP) model of Thomas, Maraston & Korn (2004; TMKO04). The [E/Fe| param-
eter measures the ratio of the a-elements (N, O, Mg, Na, Si, Ti) to the Fe-peak elements
(Cr, Mn, Fe, Co, Ni, Cu, Zn).

The multi-index x? minimization technique (Proctor & Sansom 2002; Proctor, Forbes &
Beasley 2004a) is used to obtain the corresponding SSP model values of the age, [Z/H] and
[E/Fe] abundance ratios for the galaxies. In this technique as many indices as possible are fit
to the model. Because most indices contain some information regarding each of the stellar
parameters (Proctor & Sansom 2002), using this fitting technique has advantages of including
all possible information recorded in all absorption line indices to measure these parameters.
Another advantage of this fitting technique is that it identifies indices that are highly deviant
from model values, permitting their exclusion from the fitting process. In addition, we note
that parameters measured in this way are less prone to uncertainties in data reduction such
as flux calibration, stray cosmic ray and also less prone to weak emission effects (Proctor,
Forbes & Beasley 2004a). Therefore we start by fitting all 16 indices. The indices which
deviate by more than 3o are clipped and the x? fit recalculated. After clipping the highly
deviated indices (> 30), we notice that, for some apertures within each galaxy, the fitting is
still not stable and the estimated values of the age, metallictiy and [E/Fe] are significantly
affected by clipping different indices. Also, after this initial fitting process, many spectral
indices show a significant range of deviations from the best fitting values. Considering NGC
2271 as a typical galaxy of the sample, the left panel of Fig. 4.1 shows the average deviation

in units of error (i.e. x) of the 16 indices from the best fit values.

Furthermore, we notice that some indices lie outside the model grid which can be due to
residual offsets between the measured indices and the standard system, unknown dependen-
cies of the line strength predictions on any abundance ratio or inaccuracies in SSP models.
To eliminate the effects of the remaining offsets, we implemented the technique described by
Kelson et al. (2006) to shift the zero points of the model to our data. Kelson et al. defined
the reference point as a set of previously published stellar population parameters for the
central massive early-type galaxy in the cluster of their study. To apply this technique to
our galaxy sample we define a local reference point for each galaxy by choosing two central
apertures with high S/N ratios that show higher stability during the initial fitting to the
model. The initial measured age, [Z/H] and [E/Fe] of these two central apertures are con-
sidered as a reference zero point for that galaxy. We measure the offset between each index
from the corresponding values in the model, at fixed age and metallicity as estimated by the
initial fit. Then we apply similar shifts to the indices of all other apertures. Considering
NGC 2271 as a typical galaxy of our sample, the applied shifts to its indices due to applying
this method are shown in Table 4.4.
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Table 4.4: Offset of the Lick indices due to applying Kelson method.

Index Fed4383 Cad455 Fedb3l Fed668 Hp Fe5015 Mgl Mg?2

Offset -0.7674 -0.3591 -0.036 1.8346 -0.129 -0.7202 -0.0012 0.0265
Index Mgb Feb270  Feb335 Febd06 Feb709 Feb782 NaD  TiO-1
Offset -0.1635 -0.1449 -0.6445 0.1579 0.2859 -0.4157 -0.5614  0.022

After applying this shift, the number of highly deviant indices from the model is reduced and
consequently larger number of indices are used during the fitting process which become much
faster. Examining the extracted stellar population parameters before and after shifting the
indices, we find that they are similar. That means applying Kelson et al. method only reduces
the scatter of the indices around the model. Fig. 4.1 shows the average deviation of the
indices before and after applying Kelson et al. technique. Errors in the derived parameters
are estimated using Monte Carlo type realizations of the best-fitting SSP models perturbed
by the index error estimates. Hence, the average estimated errors of stellar population
parameters based on the observational errors are about £0.1 dex for the log(age), [Z/H] and
[E/Fe] and £0.05 for log(o).

The weak [O III] and/or HB emission in the two galaxies ESO318-G021 and MCG-02-13-
009 (see HF06) is found to have no significant effect on our measurements of the stellar
population parameters, again because of our use of all available indices and the multi-index

x? minimization technique to fit the indices to the SSP model.

4.3 Results

4.3.1 Central stellar population parameters

The central stellar population parameters of each galaxy are obtained by averaging the values
of all apertures within the central r./8. The values are listed in Table 4.4 with the error on
the mean. In the following sections we will investigate these values and their correlations

compared to those for galaxies in high density environments (HDESs).

The stellar populations of three isolated galaxies NGC 821, NGC 1045 and NGC 2865 were
previously measured in the literature. Comparing our measurements of NGC 2865 to those
of Sanchez-Blazquez et al. (2007), we found comparable values of the central age (1.7 vs. 1.0
Gyrs), [Z/H], (0.48 vs. 0.52) and [E/Fe, (0.07 vs. 0.13). On the other hand, comparing
our measurements for NGC 1045 to those obtained by using the data of D05a, their data
indicate a younger age (5 vs. 10 Gyrs), more metal-rich (0.43 vs. 0.31) and less enhanced
[E/Fel, (0.12 vs. 0.36). We note that this galaxy does not show emission lines and D0ba.

did not apply any emission corrections to its indices. For NGC 821, both measurements of
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Figure 4.1: The average deviation in units of error (i.e. x) of the 16 indices from the best fit
values of NGC 2271 as a typical galaxy of the sample. Indices of the 31 apertures of the galaxy are
shown before (left) and after (right) applying the shifting technique (see text for details). Error
bars represent the rms scatter in the deviation.

Proctor et al. (2005) and those we obtained by using the data of D05a are comparable (see
Table 4.2). Through out this paper we will consider our measurements for NGC 1045 and
NGC 2865 and Proctor et al. values for NGC 821.

Central values

Including the additional data from Table 4.2, the seventeen isolated galaxies show a range
of central luminosity-weighted ages. Roughly half (9 out of 17) are older than 9 Gyr, five
galaxies are between 5 and 8 Gyrs, and 3 with ages younger than 3 Gyrs. The sample has
an average age of 8.6 0.9 Gyrs. This is younger than the average age of about 11 Gyr for
galaxies in the Coma cluster found by Mehlert et al. (2003). Younger average luminosity-
weighted ages for galaxies in low density environments were also found by Proctor, Forbes
& Beasley (2004a; see also references therein) in comparison of galaxies in high density
environments (HDEs) such as clusters and Hickson compact groups to those in loose groups

and field. Similar results were also found in the large sample study of Terlevich & Forbes
(2002).
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Table 4.5: Central (r<r./8) stellar population parameters and the error on the mean.

Galaxy loglo,) _ age, (Gyr) __[E/Fd], 2/,
NGC 682 2.30 £ 0.01 8.0 £ 0.6 0.30 £ 0.01 0.33 £ 0.02
NGC 1045 242 +£0.01 104 4+ 0.6 0.36 &= 0.02 0.31 + 0.02
NGC 1162 2.29 + 0.01 6.8+ 0.4 0.31 4+ 0.01 0.29 + 0.02
NGC 2271 237 +£0.01 11.54+0.5 0.14 £ 0.01 0.44 £+ 0.02
NGC 2865 2.25 £+ 0.02 1.7+ 0.1 0.07 £ 0.01 0.48 £ 0.05
NGC 4240 2.09 £ 0.01 7.4+ 0.5 -0.07 &£ 0.01  0.23 + 0.02
ESO153-G003 234 £0.01 11.24+04 0.28 £ 0.01 0.19 £+ 0.01
ES0O218-G002 243 £ 0.01 14.8 +0.1 0.26 4+ 0.01 0.35 + 0.01
ES0O318-G021 2.37 £ 0.01 8.9 + 0.9 0.08 £ 0.01 0.34 £ 0.03
MCG-01-27-013  2.39 £ 0.01 80+1.6 —0.03+0.01 0.34+0.04
MCG-02-13-009 2.33 £0.02 9.6 +1.2 0.05 £ 0.02 0.36 £ 0.02
MCG-03-26-030 2.47 £0.01 145+ 0.2 0.15 £ 0.03 0.27 £+ 0.01

On average, our isolated galaxies have central luminosity-weighted total metallicities of
[Z/H], = 0.29 £ 0.03. Mehlert et al. (2003) quotes values of 0.24 £+ 0.06 and 0.12 £+ 0.17
for the Coma cluster galaxies of types E and E/SO respectively and Collobert et al. (2006)
found an average of [Z/H], = 0.27 for their cluster galaxies. Using the published stellar
population parameters in Thomas et al. (2005), we find that the early-type galaxies in their
HDE subsample have an average of [Z/H], = 0.29 4 0.02, while their galaxies in low density

environments are more metal-rich by about 0.05-0.1 dex.

The average central luminosity-weighted [E/Fe|, of our isolated galaxies is 0.17+£0.03. Com-
paring to the mean value of [E/Fe], ~ 0.26 £ 0.06 reported by Mehlert et al. (2003) for
cluster galaxies, our isolated galaxies show lower values by order of 0.1 dex. Although, if
we arbitrarily divide our sample in half, then 8 out of 17 of our galaxies are significantly
enhanced with 0.20 <[E/Fe]< 0.36. These eight galaxies are comparable to those mea-
sured by Proctor, Forbes & Beasley (2004a) for galaxies in massive and compact groups
([E/Fe], = 0.26 = 0.04). The other nine galaxies resemble the solar element abundance with
[E/Fe], ~ 0.06 £ 0.03 which is lower than what Proctor et al. obtained for field galaxies
([E/Fe]=0.12 £ 0.02).

Central parameters correlations

Above we have compared the central stellar population parameters of the isolated galaxies
with their counterparts in HDEs. However, such parameters are known to vary with galaxy
velocity dispersion (e.g. Kuntschner et al. 2001; 2002; Mehlert et al. 2003; Collobert et al.
2006; Sanchez-Blazquez et al. 2006b; Brough et al. 2007). Next we compare the correlatio

ns between central stellar population parameters of our isolated galaxies to those in HDEs.

Bernardi et al. (2006) identified a sample of 490 early-type galaxies in HDEs from the SDSS
at redshifts of z < 0.06. They define the HDESs as those galaxy systems of total luminosity
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Figure 4.2: Relations between the central age, velocity dispersion (o,), total metallicity [Z/H],
and a-elements abundance [E/Fe],. Solid lines are correlations from Bernardi et al. (2006) for
low redshift < 0.06 galaxies in HDEs, and dotted lines represent their 1o scatter. In panel (a),
isolated galaxies exhibit slightly more scatter towards younger ages for their velocity dispersion than
those in dense environments. In panel (b), the [Z/H], and velocity dispersion of isolated galaxies
follow a similar trend as the HDE galaxies with a tendency to higher metallicities. In panel (c),
isolated galaxies follow a similar age-metallicity relation as those in HDE with a tendency to higher
metallicities. In panels (d) and (e), isolated galaxies exhibit more scatter towards lower [E/Fe], for
their velocity dispersion and age than those in HDEs. In all panels, solid symbols are data of the
present sample, the solid triangle represents NGC 2865, the open circle is NGC 821 from Proctor
et al. (2005) and open triangles are data for galaxies from Denicolé et al. (2005a). We plot data for
NGC 1045 from our present study only. Error bars in the bottom right corners are the systematic
error of +0.1 dex for age, [Z/H],, [E/Fe], and +0.05 for log(o,).

more than 10 times the luminosity of a typical early-type galaxy. To obtain a high S/N ratio
for their spectra, they co-added similar objects by using narrow bins in luminosity, size,
velocity dispersion, and redshift (Bernardi et al. 2003d). The 490 galaxies produced 105
composite spectra of S/N~ 100. Using their published stellar population parameters and
correlations between those parameters, we have measured the 1o scatter of their galaxies
about these correlations. In Fig. 4.2, solid lines are the best fit relation from Bernardi et al.,
and dotted lines represent the 1o scatter calculated by us. Similar trends to Bernardi et al.
were found for galaxies in HDEs by previous studies (e.g. Kuntschner et al. 2002; Mehlert
et al. 2003; Collobert et al. 2006; Sénchez-Blazquez et al. 2006b).
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For our isolated galaxies, trends between the stellar population parameters in the central
regions and the central velocity dispersion (a proxy for mass) are examined in Fig. 4.2
(a),(b) and (d), while panels (c¢) and (e) show correlations of [Z/H] and [E/Fe| with age.
Isolated galaxies follow similar trends to those in HDEs with more massive galaxies being
older, more metal-rich and with higher [E/Fe], than less massive ones. Isolated galaxies
show slightly higher scatter towards younger ages, higher [Z/H], and lower [E/Fe], for their
velocity dispersion than those in HDEs. In panels (d) and (e), the two galaxies NGC 4240
and MCG-01-27-013 are the most deviant galaxy from the correlations with very low [E/Fe|,

for their velocity dispersion and age.

Similarly, comparing galaxies in low density environments with those in Fornax cluster,
Kuntschner et al. (2002) found that both samples follow similar log(o,)-metallicity trends,

although galaxies in low density environments show higher metallicities by ~ 0.15 dex.

Panel (c) shows the observed age-metallicity relation for the isolated galaxies. Although the
correlated errors of the age and metallicity may be partly responsible for this correlation (e.g.
Kuntschner et al. 2001), our isolated galaxies follow a similar correlation to HDE galaxies.
While the effect of the correlated errors is expected to reduce the measured metallicity of
old galaxies, we note that the oldest three of our galaxies (ESO218-G002, MCG-03-26-030
and NGC 2271) with age > 11 Gyrs, tend to be more metal-rich than the average galaxy.
On the other hand, the galaxy NGC 6172 tends to be younger and less metal-rich than the
general trend of the correlation. The stellar population of this galaxy is extracted from the
emission corrected Lick absorption indices from D05a, which perhaps leads to measuring a

younger age.

As a function of central age, panel (e) shows that many of the isolated galaxies have low
[E/Fe], for their age compared to their counterparts in HDEs. Low values of [E/Fe], have
been previously reported by Collobert et al. (2006) for their galaxies in low density environ-

ments.

In summary, isolated galaxies in our sample span a large range of ages. Scaling relations
between central stellar parameters are similar to those for galaxies in higher density envi-

ronments albeit with a tendency to younger central ages, higher [Z/H] and lower [E/Fe].

4.3.2 Kinematic and stellar population radial profiles

The radial recession profile of the stellar population parameters are fit with a weighted least
squares method to measure the gradient for all apertures beyond the seeing limit of 1”.
The linear fits of o, log(age), [E/Fe] and [Z/H] versus log(R/R.) are listed in Table 4.5.
We note that our measurements of [Z/H] and [E/Fe| gradients of the galaxy NGC 2865 are
comparable to those found by Sanchez-Blazquez et al. (2007), although they found a steeper
age gradient of 1.15 4 0.05. Throughout this paper we use our measurements for this galaxy

which is shown in all plots as a solid triangle.
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Figure 4.3: Rotational velocity profiles for our sample of isolated galaxies. Stars symbols represent
apertures of lower S/N and are not used for the stellar population analysis.

In the following sections we examine the radial profile of each parameter in detail.

Rotation velocity and velocity dispersion profiles

The radial velocity profiles of the galaxies are shown in Fig. 4.3, while those of the velocity
dispersion for each galaxy are shown in the top panels of Figures 4.4. The detailed kinematics
of our sample of galaxies have been previously studied by HF06. Reproducing the velocity
profiles (see Sec 2.3), we confirm their findings of kinematic substructures in some of these
galaxies. Rapidly rotating cores are detected in seven galaxies, three reveal fast rotating

outer discs, while three galaxies show central peaked velocity dispersion profiles (see HF06
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for details).

Age profiles

Although having a wide range of ages, Figures 4.4 show that the majority of our sample of
isolated early-type galaxies show statistically insignificant age gradients with an average of
0.04 + 0.08 dex per dex. Four of these galaxies (NGC 2271, ESO153-G003, ESO218-G002
and MCG03-26-030) have uniform ages older than 10 Gyrs indicating a formation epoch at
z > 2. Two galaxies, ESO318-G021 and MCGO01-27-013, show intermediate ages of 8.9 and

8.0 Gyrs which indicate an extended star formation history to z ~ 1.

Although two galaxies, NGC 682 and NGC 4240, show insignificant age gradients, they are
composed of both old and relatively younger populations, which suggests a secondary star
formation epoch for these two galaxies. NGC 682 shows a global age of ~ 8.0 & 0.6 Gyrs,
with a younger population of about 4.0 & 0.5 Gyrs in the region around log(r/r.)= —0.5.
The stellar kinematics at the same region and outwards indicates the presence of a rotating
disk with a rotational velocity of 150 km/s combined with a low velocity dispersion which
declines from about 200 km/s at r/r. = 0.15 reaching 130 km/s at the outer regions. For
NGC 4240, despite its statistically insignificant age gradient of +0.16 £+ 0.12, it has evidence
for younger stars (~ 7.4 £ 0.5 Gyr) in the central regions at r/r. < 0.1.

Remarkable positive gradients, with the central regions being younger, are seen in two galax-
ies. The galaxy NGC 1162 shows a gradient of 4-0.2940.07 with the central stellar population
having an intermediate age of about 6.8 + 0.4 Gyr for r/r. < 0.13 compared to an age > 10
Gyr in the outer regions. NGC 2865 is the youngest member of our sample with a central
stellar population as young as 1.7 Gyr for r/r. < 0.2 and intermediate age stars of ~ 7
Gyr outwards. This galaxy shows the steepest overall age gradient of 40.63 4 0.07. The
kinematics of the central (r< 4”) regions of these two galaxies suggest rotationally supported
cores (Fig. 4.3; see also HF06).

NGC 1045 and MCG-02-13-009 show negative age gradients of —0.194+0.04 and —0.58 +0.27
respectively. The former galaxy has a population of intermediate age stars (~ 7 Gyr) beyond
r/re ~ 0.2. This galaxy also shows asymmetrical rotation and a declining velocity dispersion
profile outwards indicating velocity substructure (see also HF06). While the later galaxy
shows a steady age decrease outwards, a peaked central velocity dispersion and a slowly

rotating body.

We note that in the HDE of the Coma cluster, Mehlert et al. (2003) measured insignificant

age gradients for 91 per cent of their galaxies.
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Figure 4.4: The logarithmic radial profile of the velocity dispersion o, log (age), [E/Fe] and [Z/H]
in terms of the effective radius. Squares and triangle symbols represent the apertures on different
sides of the galaxy centre. The vertical dashed line represents the seeing limit. The solid line is the
weighted linear least square fit to all apertures beyond the seeing limit.
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Table 4.6: The radial gradients of the age, [E/Fe| and [Z/H] parameters.

Galaxy log(age) [E/Fe] [Z/H]

NGC 682 -0.03 £ 0.08 -0.01 £0.03 -0.25 = 0.03
NGC 1045 -0.19 £ 0.04 -0.05 +£0.03 -0.24 + 0.03
NGC 1162 0.29 £ 0.07 -0.02 = 0.04 -0.44 £ 0.03
NGC 2271 0.03 £0.07  0.07 £ 0.06 -0.05 £ 0.04
NGC 2865 0.63 £ 0.07 -0.03 £0.03 -0.47 = 0.05
NGC 4240 0.16 £ 0.12 -0.01 £0.06 -0.30 = 0.06

ESO153-G003 0.02 £0.08 0.03£0.07r -0.22 &£ 0.05
ES0218-G002 -0.04 £ 0.04 -0.04 £ 0.07 -0.28 + 0.04
ES0318-G021 -0.16 £ 0.11  0.06 £ 0.07  0.01 £ 0.07
MCG-01-27-013 0.07 £0.25 -0.14 £0.13 -0.05 £0.14
MCG-02-13-009 -0.58 £ 0.27 -0.13 £0.10 -0.15+£0.15
MCG-03-26-030 0.01 £0.04 0.05+0.08 -0.10 £ 0.02

Metallicity profiles

The mean metallicity gradient of the 17 isolated galaxies is —0.25 £ 0.05. The two youngest
galaxies of the sample NGC 1162 and NGC 2865, both have steep positive age gradients,
and show steep metallicity gradients of —0.44+0.03 and —0.47+0.05 respectively. NGC 821
also has a young central stellar population and a very steep [Z/H] gradient of —0.72 £+ 0.04
(Proctor et al. 2005).

On the other hand, three galaxies (ESO318-G021, MCG -01-27-013 and MCG-02-13-009)
which show statistically insignificant age gradients, also show negligible change of the metal-
licity between the centre and the outer regions with average radial gradients of —0.06 4+0.03.
The flat metallicity gradient of these three galaxies, can perhaps be due to the short cov-
erage of our spectra, i.e. only to r./3. While Mehlert et al. (2003) measure on average
zero age gradients for galaxies in the Coma cluster, the total metallicity gradient was more
pronounced (although with a large scatter) with their galaxies having a mean negative gra-
dient of —0.16 £ 0.12. Sanchez-Blazquez et al. (2007) measure an average [Z/H] gradient of
—0.31 £ 0.13 for a sample of galaxies in mostly HDEs.

a-element profiles

Figures 4.4 show that our sample galaxies have insignificant radial gradients of [E/Fe| with
an average of —0.03 £ 0.02. Despite the measured flat gradient of [E/Fe| for the galaxy
NGC 2865, visual inspection reveals fluctuations between [E/Fe]=-0.1 and 0.1 which may
be related to the shell structure of this galaxy. Insignificant radial gradients of [E/Fe| were
also found by Mehlert et al. (2003) for the early-type galaxies in the Coma cluster with an
average of 0.05 £ 0.05.
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Figure 4.5: The radial gradient of the age shows a strong correlation with central values for galaxies
younger than ~ 11 Gyr, while older galaxies show flat age profiles. Symbols as in Fig. 4.2.

Radial gradient correlations

Although most of our galaxies reveal statistically insignificant age gradients, Fig. 4.5 shows
that while galaxies older than 11 Gyrs show no age gradients (i.e. uniformally old stellar
populations), the age gradients of young galaxies are strongly anti-correlated with the central
age. A non-parametric Spearman rank order correlation coefficient gives level of significance
lower than 1% (which indicate a probability of correlation of 99%). No significant dependence
of the age gradient on the central velocity dispersion, [Z/H]|, or [E/Fe], was found. This
suggests that galaxy mass and star formation timescale plays little role in establishing age
gradients. Thus as a young starburst evolves, the age gradient flattens from positive to

almost zero.

Fig. 4.6 panel (a) shows the total metallicity gradient as a function of its central value. The
dashed line represents the trend found by Sénchez-Bldzquez et al. (2007) for galaxies mostly
in HDEs of clusters and groups. Excluding galaxies with flat metallicity gradients (see Sec.
4.4), our galaxies follow the trend. This trend indicates that galaxies with steeper gradients
have more metal-enriched inner regions. The galaxy NGC 2271 is the most deviant from the

relation with a very shallow gradient for its central metallicity.

A correlation between the metallicity gradient and central age was detected in many previous
studies for galaxies in different environments (e.g. Sénchez-Blazquez, Gorgas & Cardiel
2006a; Sanchez-Blazquez et al. 2007). Excluding the three galaxies with flat metallicity
gradients (see Sec. 4.4), Fig. 4.6 (b) shows that our galaxies follow similar trends as those
found by Sanchez-Bldzquez et al. (2007) for galaxies in higher density environments. Galaxies
with young central ages tend to have steep metallicity gradients while galaxies with uniform

old stellar populations reveal shallower metallicity gradients. Since the galaxies with young
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Figure 4.6: The radial gradient of the total metallicity [Z/H] versus (a) the central total metallicity
[Z/H], and (b) the central age. The dashed line represent the trend found by Sénchez-Bldzquez
et al. (2007) for HDE galaxies. Excluding galaxies with flat metallicity gradients (see text), our
isolated galaxies follow similar trends. Symbols as in Fig. 4.2.

central ages are those with the steepest age gradients (Fig. 4.5), we expect the gradient of
the total metallicity and the age gradient to be strongly correlated. Fig. 4.7 shows that
galaxies of steep positive age gradients also show steep negative metallicity gradients (a non-
parametric Spearman rank order coefficient gives probability of no correlation of 5%, i.e. less
than 20 significance). This implies that the young central stellar populations are also more

metal-rich than the old metal-poor stars in the outer regions of the galaxies.

Fig. 4.8 shows that galaxies of smaller mass (lower log(o,)) tend to reveal steeper metallicity
gradients than more massive galaxies (larger log(o,)). A hint of a similar trend was found
by Sanchez-Blazquez et al. (2007) for galaxies of log(c,) > 2.2 (~ 160 km/s). A change
in the trend direction at this velocity dispersion, has been reported in several studies (see
Sanchez-Blazquez et al. 2007 and references therein). Thus for galaxies with log(o,) < 2.2,
metallicity gradients appear to get shallower for lower mass (e.g. Forbes, Sanchez-Blazquez
& Proctor 2005). We note that NGC 4240 (log(o,)= 2.09) is consistent with this suggestion.

Examining the correlation of the metallicity gradient with galaxy dynamical mass log(o>r,)
and the absolute magnitude in the K-band (as other proxies of mass) gives similar trends to
that of Fig. 4.8.

For a sample of early-type galaxies, Ferreras & Silk (2002) found a correlation between [E/Fe]
gradient and its central value. A steep negative gradient for low [E/Fe| galaxies changes to a
steep positive gradient for enhanced [E/Fe| galaxies. Using a simple model of star formation
and a standard prescription for the rates of supernovae Type II and la, Ferreras & Silk
found that negative gradients imply inside-out formation which is suggestive of a dissipative

collapse formation. On the other hand, a positive gradient is a sign of outside-in formation
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Figure 4.7: The radial gradient of [Z/H] is correlated to the age gradient. Symbols as in Fig. 4.2.

which may be a result of a past merger events which induce central star formation in the
merger remnant. For our isolated galaxies, although they show insignificant [E/Fe| gradients
on average, Fig. 4.9 shows that there is no obvious correlation between [E/Fe] gradient and

its central value or the central age.

4.4 Discussion

Several galaxies in our isolated sample reveal a number of features such as tidal tails, dust,
shells, discy and boxy isophotes and highly rotating central discs (Reda et al. 2004; Reda,
Forbes & Hau 2005; Hau & Forbes 2006). These structures indicate recent merger/accretion
events during the evolutionary history of these galaxies. Measuring the age of the stellar
populations of the isolated galaxies reveals that several galaxies have central young stars

which also requires a recent gaseous accretion or merger.

If isolated galaxies formed purely by dissipative collapse we would expect uniformly old
stellar ages. We find both young central ages and age gradients in some isolated galaxies.
Collapse models (e.g. Carlberg 1984; Chiosi & Carraro 2002; Kawata & Gibson 2003) predict
steeper metallicity gradients in more massive galaxies. For the bulk of our sample, with
velocity dispersions > 160 km/s, we find the opposite behaviour with more massive galaxies
have shallower metallicity gradients. A collapse also implies a largely inside-out formation
with the inner galaxy regions forming first which predicts a negative [E/Fe| gradient (e.g.
Ferreras & Silk 2002). We find isolated galaxies to reveal no overall [E/Fe| gradient. Thus
we conclude that pure dissipative collapse can not explain our sample of relatively massive

isolated early-type galaxies.
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Figure 4.8: The radial gradient of [Z/H] as a function of the central velocity dispersion log(c,). An
anti-correlation is seen for galaxies with log(o,)> 2.2. Symbols as in Fig. 4.2.

The expectations for stellar population parameters in a hierarchical merger scenario are more
varied depending on the gas fraction of the progenitors and their mass ratio (e.g. Kobayashi
2004). Gas-rich mergers are expected to induce central star formation (e.g. Mihos & Hern-
quist 1996; Springel 2000). The gradients of age and metallicity are predicted to correlate
strongly with central young stars that are also metal-rich (Bekki & Shioya 1999). The
metallicity gradient is also predicted to be shallower for a merger remnant (e.g. Kobayashi
2004).

The age gradient for the majority of our isolated galaxies (11 out of 13) are found to range
from flat to positive. These age gradients are also correlated with the central age which
implies that a young burst dominates the luminosity in the central region where it takes
place, and thus produces a steep gradient. As these young populations get older and fade, the
observed gradient of the luminosity-weighted age becomes shallower. However, two galaxies
(NGC 1045 and MCG-02-13-009) show significant negative age gradients. The radial age
profile of NGC 1045 reveals a stellar population of intermediate age at r/r. ~ 0.2 and
outward, which implies a secondary star formation event induced in the outer regions of the
galaxy. That suggests either a late gas accretion or merger with a gas-rich satellite galaxy
(Kobayashi 2004). Such accretion may form a star forming ring. Deep imaging of this galaxy
reveals strong boxy isophotes and extensive extra tidal light (Reda et al. 2004) which argues
in favour of a recent merger. While deep imaging is not available for MCG-02-13-009, its
negative age gradient and flat metallicity gradient in the central region is predicted by the
simulations of Kobayashi (2004) to be the result of late gas accretion rather than a major

merger.

Most of our isolated galaxies (8 out of 13) are found to have negative metallicity gradients, as

galaxies with central metal-rich stars tend to have steeper metallicity gradients. The three
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[E/Fe], and (b) the central age. No obvious correlation are found in the two panels. Symbols as in
Fig. 4.2.

galaxies NGC 1162, NGC 2865 and NGC 821 have both significant age gradients as well as
metallicity gradients, with the young central stellar population also being more metal-rich

than the old metal-poor stars in the outer regions.

NGC 1162 has an intermediate central age of 6.8 Gyrs suggesting a secondary star formation
event. A major merger of two massive progenitors is expected to produce a more metal-rich
stellar population and shallower metallicity gradient than observed. However, a minor merger
with a satellite of mass less than 0.2 times that of the primary galaxy is more likely to explain

the intermediate central metallicity and the gradient (Kobayashi 2004).

The galaxy NGC 2865 is the youngest (1.7 Gyrs) and most metal-rich ([Z/H], = 0.48) galaxy
of our sample. Its central velocity dispersion of 178 km/s indicates an intermediate mass
galaxy. Deep imaging revels a surrounding shell structures (Hau, Carter & Balcells 1999;
Reda et al. 2004) and kinematics reveal a kinematically decoupled core in the central 4
arcsec or 6.4 kpc (Hau, Carter & Balcells 1999; Hau & Forbes 2006). The kinematics and
stellar population of this galaxy suggest a gas-rich accretion or merger origin for the shell
and kinematics structures (Hau, Carter & Balcells 1999). However, the steep metallicity

gradient of —0.47 prefer a gas-rich accretion by a metal-rich parent galaxy:.

The galaxy NGC 821 has a central stellar population of 5.6 Gyrs old and a high metallicity
of [Z/H], = 0.4, which indicates a secondary star burst. Gas accretion or a minor merger
would produce a lower central metallicity, while a major merger would have reduced the very
steep metallicity gradient of —0.72. In the detailed study of Proctor et al. (2005), NGC 821

is speculated to consume its own gas to fuel a secondary central burst of star formation.

The metallicity gradient of isolated galaxies are found to be steeper for less massive galaxies.



4.4. Discussion 91

This result is consistent with a major merger history for the massive galaxies (e.g. Bekki
& Shioya 1999). During the merger process, the high metallicity stars in the centre of the
galaxy are transported to the outer regions which dilutes the metallicity gradient (Bekki &
Shioya 1999). On the other hand, the induced star formation during the merger at the centre
of the merger remnant is expected to maintain the metallicity gradient to some extent. The
final metallicity gradient of the merger remnant is shallower than the progenitors and the
newly formed central stars will also produce relatively steep age gradients for these galaxies
(Kobayashi 2004). The gas-rich merger simulation of Bekki & Shioya (1999) predicts a one-
to-one correlation between the age gradient and metallicity gradient. However, our isolated

galaxies show a correlation of slope 0.6 + 0.1.

Both isolated galaxies, and those in HDEs, show similar age-mass relations as more massive
galaxies are older than smaller ones. That suggests either the less massive galaxies have had
successive star formation events (bursts induced by mergers) continuing until recent epochs,
while more massive galaxies did not suffer such events. Alternatively, all galaxies started
forming their stars in a single burst (similar to a dissipative collapse) at the same epoch
which stopped earlier in more massive galaxies, while less massive galaxies continue forming
new stars for extended epochs. Several mechanisms have been introduced to suppress the
star formation processes in more massive galaxies such as a central active galactic nuclei (e.g.
Springel, Di Matteo & Hernquist 2005; De Lucia et al. 2006). The dependence of the star
formation efficiency on the circular velocity of the galaxy can also delay the star formation in

small galaxies relative to more massive galaxies (e.g. De Lucia, Kauffmann & White 2004).

The old galaxies in our sample (NGC 2271, ESO153-G003, ESO218-G002 and MCG-03-
26-030) with central age > 11 Gyrs show flat age gradients which indicates that all stars
are formed at same time at z > 2. They also tend to be the most massive galaxies. This
can be a result of a single burst of star formation during a rapid collapse of a single cloud
(Larson 1974; 1975; Carlberg 1984). The observed metallicity gradient of these galaxies
(< —0.28) is much less than the predicted gradients of the dissipative collapse models. The
major merger scenario can explain the shallow metallicity gradients of these galaxies but
not their uniform old populations. Another mechanism such as developing central active
galactic nuclei (e.g. Springel, Di Matteo & Hernquist 2005; De Lucia et al. 2006 is necessary
to stop any further star formation after the merger. The low metallicity of ESO153-G003
([Z/H], = 0.19) suggests progenitors of relatively small size for this galaxy. The galaxy NGC
2271 has the highest metallicity among these galaxies ([Z/H], = 0.44) with a flat metallicity
gradient of —0.05 4 0.04. It also shows elongated shape (¢ = 0.3) and a solid body rotation
(Fig. 4.3) with (V/o,)* = 1.45 £ 0.12 (Hau & Forbes 2006) which may indicate a massive
disk progenitor.

The shallow metallicity gradients of the two galaxies NGC 682 and NGC 4240 indicate past
major mergers. On the other hand, their uniform luminosity weighted intermediate ages

suggest a very small fraction of induced star formation.
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The magnitude of the metallicity gradients are found to correlate to the age gradient. The
suggested mechanism causing these gradients is that each star formation event will enrich
the ISM, followed by radial inflow, causing the subsequent stellar generations at the galaxy
centre to be more metal-rich, as well as younger. A natural result of this process is the
observed age-metallicity relation. The dynamical effect of supernova feedback is expected
to be relatively weaker in more massive galaxies, consequently the star formation rate is
more efficient in these galaxies than in less massive ones. The deep potential well of massive
galaxies maintains their gas long enough to perform more complete chemical processes to
produce higher metallicities (e.g. Arimoto & Yoshii 1987; Edmunds 1990; Matteucci 1994)

resulting in the observed mass-metallicity relation.

Independent of the galaxy mass, or the details of the merging process, the observed correla-
tion between the metallicity gradient and its central value can be reproduced by the gas-rich
merger simulations of Bekki & Shioya (1999). The results of these models are also consistent
with the observed insignificant gradients of [E/Fe|] within 1 effective radius of the isolated

galaxies.

The parameter [E/Fe], measures the abundance ratio of the a-element to the Fe-peak ele-
ments which are predicted to be released to the interstellar medium by supernovae type II
and Ia and on different time scales. In that sense, [E/Fe|, is commonly used to quantify
the duration of star formation (Worthey, Faber & Gonzalez 1992; Matteucci 1994; Thomas,
Greggio & Bender 1999; Thomas et al. 2005). For the isolated galaxies as well as in HDEs,
the lower [E/Fe|, of the less massive galaxies points to extended star formation for these
galaxies. However, the isolated early-type galaxies tend to have younger ages and lower
[E/Fe], for their central velocity dispersion than their counterparts in HDEs. Furthermore,
we also note that isolated galaxies of intermediate ages tend to have lower [E/Fel, than the
galaxies in HDEs. This is expected if the extended star formation is triggered with recent
mergers which have stopped in HDEs at higher redshifts but continue to recent epochs for

galaxies in low density environments such as our isolated galaxies.



Chapter 5

Scaling relations of isolated early-type

galaxies

This chapter is based upon Reda, Forbes ¢ Hau 2005, MNRAS, 360, 693. The velocity
dispersion measurements from Hau & Forbes (2006) are replaced by new measurements by

the author from chapter /.

5.1 Introduction

The effect of local environment on a galaxy’s formation history and fundamental parameters
has been the motivation for many studies. Environmental effects have been seen in galaxy
scaling relations. For example, in a comparison study of early-type galaxies in the field,
groups and rich clusters, de Carvalho & Djorgovski (1992) found that field galaxies showed
more intrinsic scatter from their FP than those in clusters, especially when stellar population
variables were included. In a study of 9000 early-type galaxies from the Sloan Digital Sky
Survey, Bernardi et al. (2003b) found that the scatter from the FP correlates weakly with the
galaxy local environment. The results of both de Carvalho & Djorgovski (1992) and Bernardi
et al. (2003b) suggest a more extended formation epoch for galaxies in the field versus those
in clusters. This is supported by studies that measure the luminosity-weighted age of galaxies
in different environments (e.g. Terlevich & Forbes 2002; Proctor et al. 2004b). Interestingly,
Evstigneeva, Reshetnikov & Sotnikova (2002) have reported no significant difference in the

tilt and scatter of the fundamental plane for strongly interacting early-type galaxies.

Previous studies of the FP in different environments have not been extended to the very
low densities of truly isolated galaxies. In such extreme low-density environments we can
eliminate the effect of many physical processes, such as tidal interactions, ram-pressure
stripping, strangulation, high-speed galaxy-galaxy interactions and ongoing mergers, all of

which may affect the evolution of galaxies in denser environments.

93
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The main aspect of this chapter is to investigate the FP for isolated galaxies and compare
it with that for galaxies in higher density environments. Our photometric and kinematic
parameters are supplemented by data from the literature. Based on the results of this study,

we briefly discuss the implications for the formation of isolated early-type galaxies.

5.2 Data sources

5.2.1 The photometric parameters

In Chapter 3 (see also Reda et al. 2004 and 2005) the effective radii R, and mean effective
surface brightnesses < p. > are obtained for 18 galaxies of the sample. Additional data
are taken from the photometric catalogue by Prugniel & Heraudeau (1998; PH98) which
includes total B magnitudes and < p, >p for 21 galaxies of our total sample. PH9S8 fit their
data using a linear interpolation between the de Vaucouleurs (R'/*) and exponential profiles.

We calculate 7. for galaxies from PH98 using their B and < p, >p values as:

log(r.) = (< pte >p —B — 5.885)/5 (5.1)

To check any systematic differences between our measurements and PH9S for r. and < p. >p,
we have computed the quantity log(r.)—0.352 < p. >p for the 12 galaxies in common
with our observations. This is the edge-on projection of the FP from Jgrgensen, Franx &
Kjaergaard (1993; JFK93). Fig. 5.1 shows this quantity for the 12 galaxies in common.
The inset in Fig. 5.1 shows the distribution of the residuals of our measurements from the
one-to-one relation. Our measurements show a slight systematic offset of 0.04 with small
scatter of 1o = 0.07 which indicates good agreement. The final photometric parameters

used in the present study are summarized in Table 5.1.

5.2.2 The kinematic parameters

In Chapter 4, the kinematical parameters of 12 galaxies are measured (see also Reda et al.
2007), and the previously detected kinematical substructures in Hau & Forbes (2006; HF06)
are confirmed. The central velocity dispersion (o,) is obtained as the average of all apertures
within 1/8 of the effective radius. The radial profile of the velocity dispersion (see Figures
4.4) show our galaxies to have nearly constant central velocity dispersion and normalization

to a fixed physical diameter is not essential.

DO0b5a measured o, for 8 early-type galaxies of our isolated sample. The galaxies were ob-
served at the 2.12-m telescope of The Observatorio Astrofisico Guillermo Haro, in Cananea,

Mexico. On average, they have eight observations for each galaxy in their study. These
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Figure 5.1: Comparison of our measurements of 7. and < p. >p and those of Prugniel & Heraudeau
(1998; PH98), using the edge-on projection of the fundamental plane from Jgrgensen, Franx &
Kjaergaard (1993). The solid line is the one-to-one relation. The inset shows the distribution of
the residuals of our measurements from the one-to-one relation. The long-dashed line is the mean
value of the residuals and the dotted lines represent the 1o dispersion. The common measurements
are consistent within the errors.

repeated observations per galaxy, and the deviation from the mean value, give an error on
the mean velocity dispersion quoted. Their velocity dispersion (o,) measurements were then
normalised to a diameter of 3.4" for a galaxy at the distance of Coma using the method of
Jorgensen, Franx & Kjaergaard (1995; JFK95).

Another source of internal kinematics for our galaxy sample is Prugniel & Simien (1996;
PS96). In this catalogue, Prugniel & Simien compiled central velocity dispersions of 1698
galaxies from 3147 measurements. To homogenise the data that they collected from different
literature sources, they identified a set of galaxies that have measurements from three or
more references with deviations of 20 km/s or less. Using this list of “standard” galaxies,
a scale factor was determined for each source and used to scale the velocity dispersion
measurements for that source. Then, o, values were computed as the mean of the re-scaled
measured velocity dispersion, weighted by the inverse of the squared mean error for each

source. Errors in the PS96 catalogue are 1o rms from the mean value.

The o, values quoted in PS96 were not normalized to the aperture size as in D05a. In
JFKO95, they applied the aperture normalization technique to 220 galaxies in a range of
environments. Their sample has 35 galaxies in common (after excluding galaxies with low

S/N ratio) with the sample of PS96. Using the o, measurements of these common galaxies
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Table 5.1: Photometric and spectroscopic properties of the sample.

Galaxy Mg < lle >B + log(r.) £ Photo log(o) + o
(mag) (mag/sq.”) (pc) source (km/s) source
NGC 0821 -20.5 21.6 0.03 3.70 0.03 PHO98 2.33 0.06 DO05a
NGC 1045 -20.9 20.8 0.10 3.66 0.10 Ch3 2.42 0.01 T44
NGC 1132 -21.8 22.5 0.10 4.12 0.05 Ch3 2.38 0.05 DO05a
NGC 1162 -20.7 21.0 0.05 3.62 0.05 PH98 2.29 0.01 T44
NGC 2110 -20.0 20.7 0.10 3.59 0.02 Ch3 2.40 0.01 HFO06
NGC 2271 -20.0 20.9 0.06 3.47 0.07 PHO98 2.37 0.01 T4.4
NGC 2865 -20.7 20.8 0.10 3.68 0.01 Ch3 2.25 0.02 T4.4
NGC 3562 -21.8 21.8 0.09 4.02 0.07 PHO98 2.43 0.02 PS96
NGC 6172 -204 20.8 0.10 3.61 0.06 Ch3 2.13 0.04 DO05a
NGC 6411 -21.2 21.9 0.12 3.90 0.04 PH98 2.25 0.03 DO05a
NGC 6653 -21.1 21.6 0.10 3.92 0.02 ESO 2.34 0.04 PS96
NGC 6702 -21.5 22.3 0.05 4.04 0.04 PHO98 2.24 0.01 PS96
NGC 6776 -21.7 21.1 0.10 3.90 0.11 ESO 2.32 0.03 PS96
NGC 6799 -21.1 21.3 0.10 3.77  0.02 ESO 2.18 0.02 PS96
NGC 6849 -21.6 22.2 0.10 4.16 0.01 ESO 2.33 0.01 PS96
NGC 7796 -21.0 21.1 0.10 3.71 0.02 ESO 2.41 0.02 PS96
IC 1211 -21.0 21.9 0.03 3.88 0.06 PHO98 2.29 0.03 PS96
ESO107-G004 -20.4 214 0.20 3.68 0.06 ESO 2.24 0.11  PS96
ESO153-G003 -20.9 20.6 0.10 3.62 0.06 ESO 2.34 0.01 T4.4
ESO194-G021 -19.7 21.0 0.10 3.47 0.02 ESO - - -
ESO218-G002 -20.9 21.5 0.10 3.76 0.11 Ch3 2.43 0.01 T44
ESO318-G021 -20.7 21.7 0.04 3.77 0.01 PHO98 2.37 0.01 T4.4
ES0O462-G015 -22.0 21.3 0.20 3.90 0.02 ESO 2.38 0.09 DO05a
MCG-01-27-013 -21.4 22.0 0.10 3.98 0.05 Ch3 2.39 0.01 T44
MCG-01-03-018  -21.0 22.3 0.10 3.96 0.01 ESO 2.28 0.03 DO05a
MCG-03-26-030  -21.7 214 0.10 3.92 0.02 Ch3 2.47 0.01 T44

Notes: The adopted data for the fundamental plane study. The sources of the photometric parameters are
Tables 3.3 and 3.4 (Ch3) and Prugniel & Heraudeau (1998; PH98). Sources for the velocity dispersion are
Table 4.4 (T4.4), Hau & Forbes (2006; HF06) and Prugniel & Simien (1996; PS96). The galaxy ESO194-G021

does not have available velocity dispersion.

from JFK95 (0o srKes) and PS96 (oopseg ), we obtained the transformation:

log(Uo[JFK%]) =—0.11+1.04 x log(Uo[Psgﬁ}) (5.2)

which is used to convert the o values from PS96 to be consistent with those of D05a. These
35 galaxies cover the redshift range from cz ~ 750 km/s to 6500 km/s, which encompasses
the range for our isolated galaxy sample. Any redshift-dependent aperture effect on the
0, values is less than the dispersion of + 10 km/s about the one-to-one line shown in Fig.
5.2. The inset in Fig. 5.2 shows the distribution of the residuals of the corrected PS96
measurements from the one-to-one relation. The mean value of the residuals show a slight
systematic offset of 0.0003 from the one-to-one relation with small scatter of 1o = 0.022

which indicates good agreement.

The catalogue of PS96 contains velocity dispersions for 18 galaxies of our sample. For the
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Figure 5.2: Comparison between the velocity dispersion values of 35 galaxies from Prugniel &
Simien (1996; PS96) and values from (Jorgensen, Franx & Kjaergaard 1995; JFK95) after applying
the transformation 0,795 = —0.11 + 1.04 X 0,psgs]- The solid line is the one-to-one relation.
The inset shows the distribution of the residuals as in Fig. 5.1. Good agreement is seen.

common galaxies between PS96 and ours (5 galaxies) and D05a (4 galaxies), we use our
values and values from DO05a. Fig. 5.3 shows a comparison between our values of o, and
values from D0ba with those from PS96 for the 8 galaxies in common. For the galaxy NGC
2271, we use the velocity dispersion from Koprolin & Zeilinger (2000) who quote a similar

value to ours.

The most deviant galaxy in Fig. 5.3 is the galaxy ESO318-G021 which has a velocity
dispersion from PS96 (logo, = 2.17) that is significantly smaller than our measurement
(log(o,)=2.37) and that of HF06 (log(c,)= 2.39). We have examined the possible cause for
this discrepancy and suggest it is largely due to a mismatch of the template standard star.
In the subsequent analysis we adopt our value velocity dispersion for ESO318-G021 (Table
4.4). Considering all 9 galaxies in Fig. 5.3, the inset shows a mean value of the residuals

from the one-to-one line of 0.04 with a scatter of 1o = 0.08.
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Figure 5.3: Comparison between the velocity dispersion values from Table 4.4 (T4.4) shown as
solid circles and Denicolé et al. (2005b; D05b) shown as solid triangles with those of Prugniel &
Simien (1996; PS96). For NGC 2271 we use the value quoted in Koprolin & Zeilinger (2000). The
solid line is the one-to-one relation. The inset shows the distribution of the residuals as in Fig. 5.1.
Reasonable agreement is seen, except for ESO318-G021 (see text for details).

5.3 The fundamental plane in log(r.), < u >. and log(c)

space

JFKO93 used their imaging observations in the Johnson B and Gunn r-bands, and the central
velocity dispersion measurements from Faber et al. (1989) and Dressler (1987), for 33 early-
type galaxies in the Coma cluster to compute the FP tilt and scatter. In the B-band, they
found a FP of the form:

log(r.) = 1.203 log(o) 4+ 0.352 < p1 >, — 6.642 (5.3)

where 7, values are in pc, and the intrinsic scatter is 0.027 dex. In Fig. 5.4, we show the
edge-on projection of the FP for our isolated early-type galaxies using the parameters of
JFK93. The solid line is the FP of the Coma cluster galaxies (Eq. 5.3). Considering a
typical observational error in our data of 0.05, 0.1 and 0.05 in log(r.), < p >p and log(o,)
respectively and the intrinsic scatter of Coma galaxies, the 1o scatter of the FP is shown in
Fig. 5.4. Our galaxies show a similar tilt and scatter as the Coma cluster galaxies, except for
the four galaxies NGC 2865, NGC 6172, NGC 6776 and NGC 6799 which deviate strongly
from the FP. The 3 former galaxies are ‘young’ galaxies of age less than 3.2 Gyrs (Table 4.4;
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Figure 5.4: The edge-on view of the fundamental plane for the isolated galaxies in Table 4.1. The
solid line is the fundamental plane of galaxies in Coma cluster from Jgrgensen, Franx & Kjaergaard
(1993). The short-dashed lines represent the 1o dispersion of galaxies in Coma cluster from the
same reference. Filled circles are our isolated galaxies in Table 2. Open triangles are galaxies in
Hickson Compact Groups and stars are galaxies in the field or loose groups (de la Rosa, de Carvalho
& Zepf 2001). Galaxies NGC 2865, NGC 6172, NGC 6776 and NGC 6799 are the most deviant
isolated galaxies from the FP and have young ages. The young loose group galaxy NGC 1700 also
deviates from the FP. A typical error bar is shown. The inset shows the distribution of the residuals
as in Fig. 5.1. The majority (15/23) of our isolated galaxies show negative residuals.

TF02; D05b), while NGC 6799 has no published age. We note that such ages are luminosity-
weighted central ages based on Lick absorption lines and single stellar population models
to break the age-metallicity degeneracy. Such ages should not be considered absolute but
rather relative ages. Several other caveats about the application of Lick-style ages to galaxy

populations are discussed in Terlevich & Forbes (2002).

Considering the all 23 isolated galaxies in Fig. 5.4, their residuals from the FP of the Coma
cluster show a mean offset of —~0.08 and a lo dispersion of ~ 0.15 (see inset of Fig. 5.4).

About two thirds (15/23) of our isolated galaxies show negative residuals.

From de la Rosa, de Carvalho & Zepf (2001), we take data for 12 elliptical galaxies in
Hickson Compact Groups and 7 galaxies in the field or loose groups as a comparison sample.
These galaxies cover the same range of r., < i >, and ¢ as our galaxies. We have excluded
galaxies with spectra of S/N < 45. We also excluded NGC 4552 which was reported by
Caon, Capaccioli & Rampazzo (1990) as a tidally distorted elliptical galaxy with an odd
luminosity profile. We find that the sample of de la Rosa et al. also follows a FP similar to
that of the Coma cluster ellipticals and the isolated galaxies (Fig. 5.4). The only exception
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Figure 5.5: The edge-on view of the FP of the isolated galaxies in the ki-x3 space. Filled circles
are our isolated sample. The solid line is the FP for Virgo cluster galaxies from Bender, Burstein
& Faber (1992). The short-dashed lines represent the typical observational errors added to the lo
intrinsic scatter of 0.05 in k3 for Virgo cluster galaxies (Nipoti, Londrillo & Ciotti 2003). Solid
circles are the isolated galaxies. Open triangles are galaxies in Hickson Compact Groups and stars
are galaxies in the field or loose groups (de la Rosa et al. 2001). The highly deviant galaxies from
the FP in Fig. 7 show a tendency to have smaller k3 values than the average. A typical error bar
is shown. The inset shows the distribution of the residuals as in Fig. 5.1.

is NGC 1700 which is also a young galaxy of age ~ 2 Gyrs (TF02).

5.4 The fundamental plane in k-space

By a simple orthogonal coordinate transformation (i.e., a rotation), Bender, Burstein &
Faber (1992) introduced a different expression for the FP in terms of kappa (x) space. The

axes of this coordinate system are directly proportional to the galaxies physical parameters

and defined as.

_ 2 log(o) + log(r.)

iy 7 (5.4)
2 log(o) +2 log(I.) — log(re.)

o " (5.5)

ey — 2 log(o) —log(I.) — log(re) (5.6)

V3
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The edge-on view of the FP is represented by x; and k3, where k; is a measure of the galaxy
mass (log(M)) and k3 is related to the M/L ratio.

In Fig. 5.5 we show the distribution of our isolated galaxies in the xi-x3 space. They show a
similar tilt and dispersion to those of Virgo cluster galaxies from Bender, Burstein & Faber
(1992). The 5 galaxies that show a strong deviation from the FP in Fig. 5.4, also show a
tendency to have smaller r3 values i.e. smaller M/L ratio as expected for their young ages.
The residuals of the isolated galaxies show a mean value of about —0.01 with 1o dispersion
of ~ 0.11 (see inset of Fig. 5.5) which indicates a good symmetry of our isolated galaxies

about the FP of the Coma cluster in the x space.

5.5 The < u. >p-r. relation

In Fig. 5.6, we show the projection of the FP in the plane of the mean surface brightness
within the effective radius < p. >p and effective radius r. in the B-band. The solid line

represents the Hamabe & Kormendy (1987) relation

1e(V) = 2.941og(r.) + 19.48 (5.7)

shifted from V' to the B-band assuming typical colours of B—V = 0.9. We also transformed
the surface brightness () at r. to < p. > using the relation of Graham & Colless (1997).
Our isolated galaxies are generally consistent with the Hamabe & Kormendy relation for
luminous galaxies. In the figure we also show the galaxies in the field and group sample of
de la Rosa et al. (2001) which also show good consistency with the original relation. We
note that, while the two galaxies NGC 6172 and NGC 6799 lie on the relation, the two
isolated galaxies NGC 2865 and NGC 6776 and the group galaxy NGC 1700 show significant

deviations.

In the inset in Fig. 5.6 we show the distribution of the residual of our isolated galaxies from
the Hamabe & Kormendy relation. The mean values of the residuals show a slight negative
offset of about —0.05 and 1o dispersion of 0.32.

5.6 Discussion

In Figures 5.4 and 5.5 we have compared the FP for our isolated early-type galaxy sample
with that for galaxies in higher density environments. We find that galaxies in a wide range
of environments are consistent with the same FP of similar tilt and scatter. In Fig. 5.4,
the four galaxies NGC 2865, NGC 6172, NGC 6776 and NGC 6799 of our isolated sample
and the group galaxy NGC 1700 of de la Rosa, de Carvalho & Zepf (2001) deviate strongly
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Figure 5.6: The projection of the FP in the plane of the mean surface brightness within the
effective radius < p. >p and effective radius 7. in the B. The solid line represents the Hamabe
& Kormendy (1987) relation. The zero-point of the original relation has been shifted from V' to
the B-band assuming typical colours of B — V = (0.9. Symbols as in Fig. 7. The inset shows the
distribution of the residuals as in Fig. 5.1. Our isolated galaxies are generally consistent with the
Hamabe & Kormendy relation for luminous galaxies.

from the main trend of the FP. In Fig. 5.5, the same five galaxies show a tendency to have
smaller k3 in the direction of lower M/L ratios which can be explained by the young age of

their stellar population.

We note that the isolated galaxies NGC 2865 and NGC 6776 and the group galaxy NGC
1700 also deviate from the < p, >p-7. relation (Fig. 5.6). This indicates either a relatively
large effective radius or high surface brightness. The isolated galaxies NGC 6172 and NGC
6799 lie on the Kormendy relation. The deviation of these two galaxies from the FP can be
accounted for by their small velocity dispersions which are about 75 per cent of the expected

values for their luminosities (Forbes & Ponman 1999).

The relative mean age of our galaxy sample can be estimated using the values quoted in
TF02 and DO05b. In their catalogues, the authors used HB and [MgFe] absorption line
indices to break the age/metalicity degeneracy. These ages reflect the young stars the central
regions which were presumably formed during the last gaseous merger event. Therefore, the
measured ages of these stellar populations give an estimate of the time elapsed since the last
gaseous merger. Twelve galaxies (out of 23) of our sample have available published ages.
The mean age of these galaxies is 4.6 £1.4 Gyr, which is approximately similar to the mean

age quoted by Proctor et al. (2004b) for galaxies in small groups and field (5.9 £ 0.7 Gyr)
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but younger than galaxies in cluster environments (> 8.5 £ 0.7 Gyr).

In Fig. 5.4, we note that the most deviant galaxies from the FP are the 4 youngest galaxies of
our sample with ages < 3 Gyr. NGC 2865 has a relatively blue colour of B— R = 1.3 (Table
3.2) and reveals many fine structures such as shells, tidal light, dust and a kinematically
distinct core (Chapter 3; Hau, Carter & Balcells 1999) which implies a past merger involving
at least one gas-rich progenitor. In Chapter 4 we measured an age of 1.7 Gyr for NGC 2865
which is comparable to that of Hau, Carter & Balcells (1999) who quoted an age estimate
of ~ 1.1 Gyr since the last merger, and the < 1.5 Gyr estimated by TF02.

NGC 6776 has a tidal tail, shells and extensive extra tidal light. The tidal tail suggests at
least one of the progenitors was a disk galaxy. In a detailed photometric and spectroscopic
study of NGC 6776, Sansom, Reid & Boisson (1988) measured a rapid rotation of ~ 100
km/s and a velocity dispersion of ~ 200 km/s. They detected no dust or young stars which
led them to conclude that the merger occurred > 1 Gyr ago. TF02 measured an age of 3.2
Gyr for its stellar population.

While the residual image of NGC 6172 (Fig. 3.4) did not reveal any obvious features, the
unsharp-masking and colour map by Colbert, Mulchaey & Zabludoff (2001) revealed a weak
shell and some dust near the centre of the galaxy. Its global blue colour (B — R = 1.3; Table
3.2) and the young age of 1.8 Gyr (D05b) suggest a recent starburst induced by a merger.

NGC 6799 has a large dust lane along its eastern edge (Colbert, Mulchaey & Zabludoff
2001). The residuals from the FP, using the method of PS96, is —0.37 which suggests the
presence of a young stellar population of age < 1.5 Gyr (Forbes, Ponman & Brown 1998).
This evidence supports the suggestion of a merger past for NGC 6799.

Despite the young age of 2.6 and 5.4 Gyr for NGC 1045 (note that we measured 10.4 Gyr
in Chapter 5) and ESO462-G015 respectively (D05b), and the tidal tail that was detected
in NGC 1045 (Fig. 3.4) indicating a recent merger, they both lie within 1o of the FP.

The two galaxies NGC 6849 and MCG-01-03-018, have very old ages (TF02; D05b). The
old age for their central stellar populations and the absence of fine structures suggests that

there has not been a gaseous merger in the recent past for these two galaxies.

The galaxy NGC 1132 reveals an extended group-like X-ray structure. This lead Mulchaey
& Zabludoff (1999) to speculate that this galaxy was a remnant of a merged group of galaxies
(a fossil). The absence of fine structure and an old central stellar population (D05b) suggests

that it formed at early epochs and has not accreted any gas-rich galaxies recently.

Numerical simulations show that dissipational mergers between two disk, star-forming and
gas-rich galaxies can produce non-homologous galaxies reproducing the observed tilt and
scatter of the FP (Bekki 1998). Dissipationless mergers can also reproduce the FP (Hjorth
& Madsen 1995; Capelato, de Carvalho & Carlberg 1995; Levine 1997; Dantas et al. 2003;
Nipoti, Londrillo & Ciotti 2003). However, as Nipoti, Londrillo & Ciotti (2003) point out,
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dissipationless merging has difficulty explaining other scaling relations such as the colour-
magnitude and black hole mass-o relations. Unlike major mergers, neither accretion of
smaller galaxies or a simple monolithic collapse are plausible scenarios to reproduce the
FP (Dantas et al. 2003; Nipoti, Londrillo & Ciotti 2003), however more realistic collapse

conditions need to be explored.

An equal-mass merger of two massive galaxies would be expected to lie on the Kormendy
(1977) relation (Evstigneeva et al. 2004) as we have seen in Fig. 5.6. If the elliptical galaxy
was initially located on the < p. >p-r. relation, then the accretion of small dwarfs will not

have a strong effect on its size nor on its overall luminosity.



Chapter 6

Conclusions and future work

6.1 Conclusions

This thesis represents a contribution to the outstanding debate regarding the formation and
evolution of elliptical galaxies. The majority of these galaxies are found in high density
environments such as groups or clusters. Elliptical galaxies in low density environments
are rare but hold important clues about galaxy formation and evolution. We introduce a
sample of 36 highly isolated elliptical galaxies as candidates for this study. These galaxies
are required to be at least 2 B-band magnitudes brighter than the next brightest galaxy

within 0.67 Mpc in the plane of the sky and recession velocity of 700 km s~!.

This study investigates the luminosity, colour, morphology, kinematics and stellar population
of subsamples of our isolated elliptical galaxy sample. Satellite galaxies in the field of several
galaxies are also detected and used to quantify the environmental effect on the primary
galaxy. Results are compared to the predictions of the competing models of galaxy formation
and evolution which are discussed to determine the most probable formation scenario of

elliptical galaxies.

Here we present wide-field imaging for 20 isolated elliptical galaxies. We also include imaging
of four group galaxies and an isolated galaxy pair for comparison. Our images cover a field-of-
view of about 30.6 x 30.6 arcmin, corresponding to an area of hundreds of square kiloparsecs
surrounding each galaxy. From our CCD images we confirm the early-type morphology of

each of our sample galaxies.

A mean effective colour of (B—R). = 1.5440.14 is measured for our isolated galaxies which is
similar to the colour of early-type galaxies in denser environments. Also, they are consistent
with the slope and scatter of the colour-magnitude relation for Coma cluster galaxies. This
result suggests an early formation epoch for the bulk of stars in our isolated and group
galaxies at z > 2 (10.3 Gyrs ago in the ACDM cosmology). The scatter in this relation is

explained as a result of a secondary starburst, resulting from a gaseous merger at a later

105
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epoch.

However, there are also some morphological fine structures indicating recent merger /accretion
events. The radial profile of the isophotal parameters, as well as the model-subtracted im-
ages reveal some fine structures such as plumes, dust, shells, discy and boxy structures in
several isolated galaxies. About 60 per cent (11 galaxies) of our isolated galaxies revealed
evidence of past mergers such as shells, dust, plumes, discy and boxy structures. Four of

these eleven galaxies are the youngest members of our sample with ages < 3 Gyrs.

The distribution of these different morphological features in our isolated galaxies is similar
to that of luminous early-type galaxies in loose groups and clusters, suggesting a similar

frequency of mergers and interactions.

We also briefly discuss possible formation scenarios for isolated galaxies. We conclude that
the major merger of two massive galaxies could explain several of our sample galaxies. An
alternative scenario of a collapsed poor group of a few galaxies is also possible, specifically
to explain the observed high central density of dwarfs in the field of the isolated galaxy.
The collapse of a large, virialized group does not appear to explain the most of our isolated
galaxies. Mergers of many gaseous fragments or the accretion of several dwarfs by a large
elliptical galaxy would not give rise to the observed fine structures seen in some of our

isolated galaxies.

We also present the fundamental plane for our sample of isolated elliptical galaxies. It shows
a similar tilt and scatter to that for galaxies in denser environments. However some galaxies
deviate from the relation due to the young age of their stellar populations or lower velocity
dispersions. These young galaxies also show a tendency to have smaller mass-to-light ratios
in x-space. The distribution of these galaxies in the < pu. >p-R. projection is consistent

with this interpretation.

Elliptical galaxies in such isolated environments show a relatively young mean age which is
similar to that of galaxies in the field and small groups, but is younger than that for galaxies
in clusters and Hickson Compact Groups. This result is qualitatively consistent with the

expectations of hierarchical galaxy formation.

Long slit spectra along the semi-major axis of the galaxy were used to explore the kinematic
substructure and spatial distribution of the stellar populations in twelve isolated ellipticals.
Highly rotating disks in the core, fast rotating outer parts and centrally peaked velocity
dispersion profiles are detected in several galaxies. This evidence suggests a merger event in

the past of these galaxies.

Regarding the stellar population parameters, isolated galaxies show a wide range of ages,
metallicities and a-elements abundance in their central stellar populations. More massive
galaxies tend to be older, more metal-rich and more a-element enhanced than less massive
galaxies in the same sense as galaxies in high density environments. Although isolated

galaxies tend to be slightly younger, more metal-rich and have lower a-elements abundance



6.2. Future work 107

for their mass.

The majority of the isolated galaxies in our sample show insignificant gradients of both age
and a-elements abundance. Although a correlation between the age gradient and central age
indicates the tendency for the newly formed stars to be located closer to the galaxy centre.
The metallicity gradients range from very steep to flat. Metallicity gradients are found to
correlate with parameters of the central stellar populations such as central metallicity, age
and velocity dispersions. Metallicity gradients also show a remarkable correlation with the

age gradients.

From these results we conclude that mergers at different redshifts, of progenitors of different
mass ratios and gas fractions, are needed to reproduce the observed properties of these
galaxies. However, for other isolated galaxies, which show neither fine structure nor young
stellar populations, we speculate that they formed at early epochs and have evolved passively

thereafter.

6.2 Future work

This thesis has presented the stellar population, photometric and kinematical properties of
a number of isolated elliptical galaxies. These galaxies are a subsample of the original list of
36 galaxies which are identified as highly isolated galaxies in the local Universe. Imaging and
spectroscopic observations of the other galaxies of the sample will add more details to our
understanding of the formation and evolution of these unique objects and also quantify the
environmental effects on the evolution of their counterparts in the environments of higher

densities.

In Sec. 3.5.6 we show that for 10 of our isolated ellipticals, the magnitude difference between
the isolated galaxy and the second brightest galaxy in its environment is comparable to
those of fossil groups (Ri2 > 2 mag). Our isolated galaxies also have magnitudes which
are comparable to the total magnitude of loose groups. These two facts suggest that these
isolated galaxies could be a merged remnant of a previous loose group. The presence of an
extended X-ray halo around isolated galaxies will be a fossil evidence of the suggested merged
group. The number of our isolated ellipticals with available X-ray data is very limited and
further observations of the entire sample (e.g. with the XMM satellite) will help to determine

the merger history of these galaxies.

Determining the actual number and dynamics of dwarf satellite galaxies in the field of the
isolated galaxies are important for at least two reasons. First, these dwarf galaxies provide
an observable tracer of the outer regions of the dark matter halo which is hosting the isolated
galaxy. The velocity dispersion of these dwarfs is required to determine the mass of the host
halo (e.g. Gill et al. 2004). Second, despite the general success of the standard ACDM

paradigm in explaining many observed features of the Universe, this theory predicts about
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two orders of magnitude more satellite galaxies orbiting their host haloes than are observed
(e.g. Moore et al. 1999). Therefore, spectroscopic observations of the detected satellites in

the field of our isolated ellipticals is essential to identify the genuine dwarf satellites.

In the present work, we detected the satellite galaxies in the field of 10 isolated galaxies
of our sample. Due to the importance of these dwarfs in understanding the formation and
evolution of the primary galaxy and also the hosting dark matter halo, further wide field

imaging for the other galaxies of our sample is required.

Identifying a sample of highly isolated early-type galaxies at high redshift will help determine
if these galaxies are the earlier progenitors of our sample, or isolated galaxies in the local
Universe were formed by very recent merger/accretion events. Previous attempts to define
galaxies in low density environments at high redshift such as those of Bernardi et al. (2003a;
2006) are useful. However, their selection criterion are not strict enough to provide the
required isolation condition to match our sample in the local universe. Isolated galaxies are

like gems, although rare, worthy of additional mining...
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Table A.1: List of the candidate satellite galaxies in the field of NGC 1045.
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isolated galaxy. Column 1 gives the serial number as given by SExtractor. Column 2 and 3
gives the Right Ascension and Declination in J2000 coordinates. Columns 4, 5 and 6 give the
as that in Table 3.1 for the parent isolated galaxy. Column 7 is the absolute magnitude in

the R-band, assuming the object is located at the same distance from the Sun as the parent
isolated. Column 8 gives the projected distance (in kpc) on the sky between the candidate

SExtractor. The R magnitude is corrected for galactic extinction (Ag) assuming same values
satellite galaxy and the parent isolated galaxy.

List of the candidate satellite galaxies within a projected radius of ~ 15 arcmins of an
R magnitude, object class and the radius A (in arcsecond) of the object as measured by the

A list of candidate satellite galax
the field of the isolated galaxies
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Table A.1: Candidate satellite galaxies in the field of NGC 1045 (continued).
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Table A.1: Candidate satellite galaxies in the field of NGC 1045 (continued).
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122 Appendix A. A list of candidate satellite galaxies in the field of the isolated galaxies
Table A.1: Candidate satellite galaxies in the field of NGC 1045 (continued).
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Table A.2: List of the candidate satellite galaxies in the field of NGC 1132.
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Table A.2: Candidate satellite galaxies in the field of NGC 1132 (continued).
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Table A.2: Candidate satellite galaxies in the field of NGC 1132 (continued).

Dist (kpc)
8

)

(

Mg (mag)
7

A (arcsec)
(5) (6)

Class

e

(

DEC (J2000)
3)

RA (J2000)
(2)

(1)

Number

LOOOLO 0000 DLOLY (A O =D O M) LOLO OO IO AL=LOD= I~ A = —1OLOMO MO S HrOLOH _ Hh=d O~ _ Nt
=N OO - A0 00LO H Ly =N~ NN HO—HOHANHNOLODD=HHHIOR OO I OO H oy F A FON S en
R <FOFAIFN ™ MO 00 T N —I1OM<FLO—ANO<H O NN —<HOMOMNOHOD— ™~ TN — AT XM ~ OO < 5

D~ OLOLO<FN<HFANN— O 00D FHF O OO O=D-VAIN O D= O <F H 00~ OO WOFO OO M =00 D=L <H OO <H
A A A A A A A O O O O OO OO OO OO O OO T0000 00000 G000 M= === === P~ OO O OLOLOLOLO<H<H M DO

[OLOLOOOOOOOOLOOLOLLOOOLOOOOOOOOOLLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLO
A A = A A e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e
L T T T T T L L L e e e e e T T T e

Ne=leelooloolnlnl nieel nl plvelNealoe)iniarles] ol wicsNoNalanle ol » NoNeNeNel wlep) o Neol o NeNele sNeNeNeolr sNeNe) s Siale) inNeNel o NeNeolo sNalesNo) In) In} InNoNa}

OO OOOOOOOOOOOOOOOOOT—OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO—OOOOOO

PO N —HFOMN—HOHON—HOON DN IOO—H—HI~-—HO OO IO IO —=<HOO O —HANI—LONMNON—=-1LONNLO O SHO 0=~
OO0 OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOoOOO

OO0 OOOOOOOOOOOOOOOOOOOOOOOOO

[SILOOOI=I == OOO I~~~ DO = == <H<H 0O D = AN AN SHLOO O O M SHLOLOLO D= r— O O OO -OANI~-O
RO OO O OOOOOOI=D= === D=D=D=D=D=D~D~00000000 00 000 0NV NNO OO O OO rAr~ I =~ NN D <H <A <A~

[50 G0 G0 G0 G0 GO GO GO GO GO GO GO B0 B0 B0 GO GO GO GO GO GO GO GO B0 GO GO B0 O B0 AV AV AV AV VAV VAV AV VAV HISHISHISHISISISIAIIIIIIHIISISISISID
A A A A A A A A A e e e A e e e e e A e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e

CMNONONONMNHOIHOOMO-HO OO <HANNNO<H I~ << 000 0O M AN OM <FH<HAN N = OLO<H P~ OO SO

OO =LA O HM D= r—HOLO =M~ HO O F AN O F MO O~ HO IO ==Y OOLO DO HHOIOLOHOI O r—H A OO —
POLO<HFOANO M OLMN—ANANI<H<FO—<FMLO O AN = <HFLOMLO 1O MM ANO AN OLOM MM HAN AN OO O AN LM OO —<HO—

OO OMN—H A HONMN—OON— LD — O -1L.O-ONO YOO M MNI=S OO~ SHON OLOLO —<HLO 0O —HOLOO~0<F O O
AN—ANOOOANON—OO—ONAN——ANLO—1LONOANANANOLOANNOAN NN O OLOANO—IOLOAN AN — O~ r— O N~ r—1 O O QN — O — AN

A~ A A A A A A A A A A A A A A A O A O~ A O O O A A oA O A 4 O O~ r A —— r~ rH S o S o S o — — ]
I i St ottt i v St o St v it it St i it it v S o

AN DIO—HMNO~-ANSHI OO —0ONNON DA ~-<HMN I~ O<FOHO DO NO—<H A= <H < <HLON OO =0 N0

<AL =r—H 00— O~ A0 IO P-IHMN O =P~ H O N0 O 0 0LOONMOOFHO DN FANFANF I-ONO O N—HO 01O
C—MNO<FONNM<FFNO<FOOMOLOMOLOMO<H O A <H<HAN— L0 OLOOLOT N OO — N OLO<F N O N O < —LO<F O M

ariaplapian [aplaplaplania [ania [N (nplanian (o) o) [aplania) (o) (o) [aphs o [aplaplan () [aplaplanian [N In) [apla) [aplaplaplanianlan (o) [N (o) [a) [apla) (o) [aplaplaplapnianlanian (o) RSN
EOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOIOLOLOLOLOLOLOLOLOLOLOIOLOLOLOLOLOLO)

AIAIAIAIAIAIAIAIAIAIAIAIAIAIAIAIAIAIAIAIAIAIA A IAIAIAIAIAIAIAIAIAIAIAIAIAIAIAIAIAIAIAIAIAIAIAIAIAIAIAIAIAIAIANIAIAIANAIN
OO0 OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

37807185515943855497710012830464921125045875397942118772166386
7084457163213988618732874140054734011046368450844457787855838
9085890061457747027413692650822713111280462148652797196534
i i i i i i i i i i i — i i

Table A.3: List of the candidate satellite galaxies in the field of NGC 2110.
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Table A.3: Candidate satellite galaxies in the field of NGC 2110 (continued).
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126  Appendix A. A list of candidate satellite galaxies in the field of the isolated galaxies

Table A.3: Candidate satellite galaxies in the field of NGC 2110 (continued).
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Table A.4: List of the candidate satellite galaxies in the field of NGC 2865.
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Table A.4: Candidate satellite galaxies in the field of NGC 2865 (continued).
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Table A.4: Candidate satellite galaxies in the field of NGC 2865 (continued).
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Table A.4: Candidate satellite galaxies in the field of NGC 2865 (continued).
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Table A.4: Candidate satellite galaxies in the field of NGC 2865 (continued).
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Table A.4: Candidate satellite galaxies in the field of NGC 2865 (continued).
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Table A.4: Candidate satellite galaxies in the field of NGC 2865 (continued).
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Table A.4: Candidate satellite galaxies in the field of NGC 2865 (continued).
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Table A.4: Candidate satellite galaxies in the field of NGC 2865 (continued).
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Table A.5: List of the candidate satellite galaxies in the field of NGC 4240.
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Table A.5: Candidate satellite galaxies in the field of NCG 4240(continued).
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136  Appendix A. A list of candidate satellite galaxies in the field of the isolated galaxies

Table A.5: Candidate satellite galaxies in the field of NCG 4240(continued).
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Table A.5: Candidate satellite galaxies in the field of NCG 4240(continued).

)

(

A (arcsec) Mg (mag) Dist (kpc)
(6) (7) 8

(5)

Class

DEC (J2000)
(3)

RA (J2000)
(2)

(1)

Number

O i D HOMODIHOHFON PO (A OLOH
koL D= = =D~ 2 S SR B o e Ot NS ™ Nelnpiia]
et L QOO0 L SO00O=OD =y = e o P v Oy ST " —

D=~ OLOLO<F AN O 000D~ 1LOLOLO<HOOAIAN O O 0= 1O D~00 NN — N — O D~
M OO 000 NN NN VAN AN AN AN N —— O O

(N In\ [ [ [aN [N [aN [N [N [} [t [ [ [ [N [N [\ [N [t [\ [N [N [N [\ [t [opt [an [apN [ [ [N [t [ [ [ [
= e e e e e e e e e e e e e e e e e e e e e e e e e e e e ]
L T T e e e

aNel b NeNeNelos] D NeNeNeNeNa) ol wiNe] DNl bl bl b iNeNeNeal bl B Nele o) B iNeNoNoNoNoNoNe)

COOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

KOO N0 AN LD <H O 0L D 0O === =00 =00 O N —HOO NI D <HOD=1LOLO
COOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOoO

COOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

PO HLOLOO 0TI —H AN HOLOLOD= D=0 O —HAIMLO MV IIII— N
[POO0 0 0G00I O OO OO O r i r = = QNI

PYOISHIISIIIOIOIOIIISIIOIOYOYOYOYO OO OO [ev]ev]eviaslas]aslav]aw]
= e e e e e e e e e e e e A e A NN O [a\ [a\ (o [aN[aN [aN [ [aN]

20
20
20
20

D~D=OO<FOOMVAIANLOANM M OO AN MO ANI<H O 0O <H =00 AN AN —

PO 1LOP~O = 1LO<H<FH D= DO N OO IO OO OO =D —HO N OMOM
= O O = = LD <F AN O = O = M= O N O M OLO O HODI AN — — D

D~ O ANNOOLO =< —1L.OCO<HO D= D=~ O~ O O 00 O <H 00— O 0P~ <H <
CLOLFFOFHOFOOFIOFOOMNFOOFOOLOOOHOHOLOOHLOLOLO

OO NODOODNDOODDOONOONOONDDONONIDD
DA N N A e T G A AT Ar R S A AN i s

ROD=r—1L.0O00LW 001~ 0O H O <HLOMOANONOMD —LO<HO < LO— 001D

Y=L HOO M N OO MO DAL= <F<FLOLOOM—OD-OLOODLOIOLON-00
ENLOMLOLO ) r—<FO<FLOFOO — AN AN~ OLO— AN DN <F A <H— AN AN OLO

eeleslNelroNaNal bl wleoNel l uld il bleelee] wleeleelocle sl wNelesleel pleel wlee] wleeleelee] wiNaleo)
e L e e e e e D e e L e e e e e L e L e e e e D]

(a(a\at(at(at (ot [at ot ot o) [al [ah [N (e (e (aN(aNaN(aN[a (o [a) [al [al [a} [al [al [a) [aN e (e (e[ (ot (o o]
A A A A A A A e e e e e e e e e e e e e e e e e e e e e e e e

ROLOO AN O L=~ <HOINHOFH OO OO0 —LOMINI—HSHIOLO0

D=0 A=A <H = <H OO SHYOLO —OOLOH < - <H<H D=0 00 OLOD-OLO<H O 00LO— 00

%%4845281154638103398642820302803652
i i

a A A O AN AN — AN AN —— AN a

Table A.6: List of the candidate satellite galaxies in the field of NGC 6172.
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Table A.6: Candidate satellite galaxies in the field of NCG 6172(continued).
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Table A.6: Candidate satellite galaxies in the field of NCG 6172(continued).
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140 Appendix A. A list of candidate satellite galaxies in the field of the isolated galaxies
Table A.6: Candidate satellite galaxies in the field of NCG 6172(continued).
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Table A.7: List of the candidate satellite galaxies in the field of ESO 218-G002.
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Table A.7: Candidate satellite galaxies in the field of ESO 218-G002 (continued).
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142  Appendix A. A list of candidate satellite galaxies in the field of the isolated galaxies

Table A.7: Candidate satellite galaxies in the field of ESO 218-G002 (continued).
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Table A.7: Candidate satellite galaxies in the field of ESO 218-G002 (continued).
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Table A.7: Candidate satellite galaxies in the field of ESO 218-G002 (continued).
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Table A.7: Candidate satellite galaxies in the field of ESO 218-G002 (continued).
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Table A.8: List of the candidate satellite galaxies in the field of ESO318-G021.
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Table A.8: Candidate satellite galaxies in the field of ESO318-G021 (continued).
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Table A.8: Candidate satellite galaxies in the field of ESO318-G021 (continued).
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Table A.9: List of the candidate satellite galaxies in the field of MCG-01-27-013.
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148 Appendix A. A list of candidate satellite galaxies in the field of the isolated galaxies

Table A.9: Candidate satellite galaxies in the field of MCG-01-27-013 (continued).
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Table A.9: Candidate satellite galaxies in the field of MCG-01-27-013 (continued).
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150 Appendix A. A list of candidate satellite galaxies in the field of the isolated galaxies

Table A.9: Candidate satellite galaxies in the field of MCG-01-27-013 (continued).
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Table A.9: Candidate satellite galaxies in the field of MCG-01-27-013 (continued).
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Table A.10: List of the candidate satellite galaxies in the field of MCG-03-26-030.
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152  Appendix A. A list of candidate satellite galaxies in the field of the isolated galaxies

Table A.10: Candidate satellite galaxies in the field of MCG-03-26-030 (continued).
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Table A.10: Candidate satellite galaxies in the field of MCG-03-26-030 (continued).
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154  Appendix A. A list of candidate satellite galaxies in the field of the isolated galaxies

Table A.10: Candidate satellite galaxies in the field of MCG-03-26-030 (continued).
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Table A.10: Candidate satellite galaxies in the field of MCG-03-26-030 (continued).
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156  Appendix A. A list of candidate satellite galaxies in the field of the isolated galaxies

Table A.10: Candidate satellite galaxies in the field of MCG-03-26-030 (continued).
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Table A.10: Candidate satellite galaxies in the field of MCG-03-26-030 (continued).
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158 Appendix A. A list of candidate satellite galaxies in the field of the isolated galaxies

Table A.10: Candidate satellite galaxies in the field of MCG-03-26-030 (continued).
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