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Abstract

Galaxies are the basic building blocks of the large scale structure of the Universe.
They comprise a large number (1057'2) of stars, gas, dust and dark matter and
present themselves in a variety of morphologies. The first attempt at classification
of galaxies was the famous tuning fork diagram proposed by Hubble (1936). In this
scheme, the elliptical shaped galaxies are placed on the left hand side and comprise a
single component of stars. The spiral galaxies, both barred and unbarred are placed
on the right, arranged in the decreasing order of the bulge size and winding of the
spiral arms. These galaxies, at minimum, are made of two basic stellar components
namely the central bulge and the outer disk. Apart from these two classes, there are
also galaxies which have a bulge and a disk but contain no spiral arms. These are
known as SO galaxies. As a large fraction of these are found to contain a lens-like
structure in their disk, they are also known as lenticular galaxies.

Any classification scheme in any branch of science cannot be a random collection
of objects. The scheme should capture the inter-relationships between the various
classes and their broad properties. Hubble originally placed the SO galaxies in be-
tween the ellipticals and spirals as a single class. Several decades later, the tuning
fork continues to remain a starting point for any introductory treatment on galax-
ies. However, the implication of this position given to SO galaxies can be debated.
The Hubble tuning fork suggests that the SO galaxies are all alike, have properties
intermediate to ellipticals & spirals, and are a transition class. In recent decades, ob-
servational evidence suggests that this class encompasses a diverse range of objects
with vastly different properties and hence formation histories.

When SOs are taken as a single class of objects and the correlations between
their structural properties are investigated, they show a large scatter. In other
words, they don’t follow the trends otherwise followed by ellipticals or by spiral
galaxies. However, Barway et al. (2007, 2009) show that it is possible to divide SO
galaxies into two bins of luminosity. The bright SOs and faint SOs behave differently
indicating a different formation process at work. In particular, the bright SOs are
more like elliptical galaxies and have likely formed in a similar manner viz. by
hierarchical clustering and through mergers at an early epoch. The faint SOs on the

other hand show signs of having formed through secular processes over a much larger
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period of time. In Barway et al. (2011), they find that bar fraction in SO galaxies is
also a function of luminosity. In all these studies, environment i.e. whether a galaxy

is isolated or lives in a group / cluster, also plays an important role.

If it is indeed true that the formation mechanisms of bright and faint SO galax-
ies are different, this difference should be reflected in the star formation histories
as well. The signatures of the star formation history can be found in the spectral
energy distribution of these galaxies. As a part of this thesis, we have used mul-
tiwavelength data from ultravoilet through mid-infrared from surveys such as the
Galaxy Evolution Explorer (GALEX), the Sloan Digital Sky Survey (SDSS), the
Two Micron All Sky Survey (2MASS) and the Wide-field Infrared Survey Explorer
(WISE) to check the luminosity dependence of star formation histories. The sample
of galaxies used for the study is derived from the Uppsala General Catalog (UGC).
We use various diagnostics such as the FUV — NUV vs NUV — K color-color dia-
gram, the NUV —r color and the D,,(4000) index to compare the stellar populations
as a function of luminosity and environment. We find that indeed bright SO galaxies
are consistent with a single coeval population of stars with age ~ 10°7!° yr. The
faint SOs however have a more complicated star formation history. The environment

is found to have a secondary effect.

While in the first part of the thesis, the properties studied are of galaxies taken
as a whole, the second part of the thesis focusses on individual properties of the
bulges and disks. In particular, the dichotomy of bulges in the context of SO galax-
ies is studied. By this we refer to the known existence of at least two types of
bulges - the classical bulges which can be viewed as ellipticals surrounded by a disk
(Renzini, 1999), and the pseudo-bulges which are currently understood to be inner
disk-like components formed through secular evolution (Kormendy and Kennicutt,
2004). For this study, the surface brightness profiles of a sample of SOs and spirals,
as captured in the 3.6 micron imaging provided by the Spitzer Space Telescope’s
Infrared Array Camera, are decomposed into the bulge, disk (and bar) components
using the technique of 2-d image decomposition. The properties of the bulges are
used to classify them on the basis of criteria established in literature by, for exam-
ple, Fisher and Drory (2008) and Gadotti (2009). However, the data obtained by
the Spitzer Space Telescope requires significant amount of preprocessing before the
standard technique of 2-d image decomposition can be employed. Before presenting
the results based on the obtained structural parameters, the thesis covers in great

detail the steps needed for this preprocessing and their importance.

A comparison of the disk properties of classical and pseudo-bulge hosting SOs
reveals differences depending on the type of bulge hosted. In particular, the scale
length of the disk is on average smaller for pseudobulge hosting SOs compared to

that of classical bulge hosting SOs. The SOs hosting these two types of bulges are



also found to obey an offset relation between the central surface brightness of the
disk and its scale length. Pseudobulges evolve through secular processes in which
the disk gas and stellar matter fall inwards as a result of instabilities within the disk,
like a bar for example, leading to the formation of an inner disk like component.
One can interpret the differences in the disk properties as signatures of the process
that lead to the formation of the pseudobulges. An alternate interpretation can also
be that there is a bimodality of disks in the Universe and at least for SO galaxies,
disks with lower scale length have a higher probability of hosting pseudobulges.

Another possible hypothesis to explain the differences in the disk properties of
pseudobulge hosting SOs is that they are a signature of the processes responsible for
transforming the spiral galaxies into SOs. For example, if a spiral galaxy is subjected
to gas stripping, it will extinguish the star formation leading to the fading of spiral
arms. This will cause the spiral to transform and appear like an SO galaxy. In order
to verify if this is possible, we compare our sample of pseudobulge hosting SO galaxies
with a sample of pseudobulge hosting spiral galaxies. We find that among them, the
early-type galaxies are consistent with being the progenitors of pseudobulge hosting
SOs in the gas stripping scenario while the late-type galaxies cannot transform into
present day pseudobulge hosting SOs in the same manner unless aided by additional
processes such as accretion of dwarf galaxies through minor mergers.

The first two parts of the thesis are statistical studies carried out using detailed
analysis of imaging data for various samples of SO galaxies. However, a true un-
derstanding of the formation history and properties of SO galaxies requires detailed
modelling and analysis of their spectrum. In the third part of the thesis, we review
the methods by which long-slit spectra of the galaxies can be used to comment on
their properties and describe an ongoing project with the Southern African Large
Telescope (SALT). The thesis describes the pipelines developed for the basic data
reduction, the determination of rotation curves and the modelling of spectra using
Starlight (Cid Fernandes et al., 2005). Results for a subset of galaxies in the form of
age gradients, change in population abundances as a function of the position along
the major axis of the galaxy are presented. The consistency of the results with
currently accepted formation mechanisms for these objects is discussed.

The thesis concludes with a summary of all the studies and a description of the
potential work that can be done to further the understanding of SO galaxies and

galaxies in general.
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Chapter 1
Introduction

Galaxies serve as the basic building blocks of the large scale structure of the Universe
just as atoms serve as building blocks of our everyday lives’ gross material. It
is therefore essential to study the properties of galaxies and to understand their
formation and evolution in order to grasp the overall workings of Nature when it
comes to forming large scale structure. Galaxies are a conglomeration of 106712
stars and also contain gas, dust and dark matter. Much progress has been made
since the times of Shapley and Curtis when astronomers were not even sure whether
the first discovered galaxies, the spiral nebulae, were actually a part of the Milky
Way or separate island universes. Thanks to powerful telescopes capable of seeing
objects at unimaginable distances and powerful computers that not only enable the
extraction of the last bit of useful science from data gathered by these telescopes but
also the simulation of the the complex physics, there is much we now know about
galaxies. And as is the case with the general pursuit of science, there are many
voids in our knowledge and the thirst to try and fill as many as possible exists. The
work done in this thesis is an attempt to try and fill one such void. The first section
of this chapter focusses on a general introduction to galaxy morphology while the
next section discusses a special class of galaxies known as SO and its importance in
understanding galaxy evolution in general. We then end with a discussion of the

bulges of galaxies and a summary of what we know about their formation.

1.1 Galaxy Morphology

The morphology of a galaxy refers to its physical structure and form which in turn
are products of how they formed, the nature of their interactions with the environ-
ment, internal processes responsible for their long term evolution, the effects of the
elusive dark matter and their general star formation history. When a class of objects
presents itself with a variety of forms, a logical starting point in understanding its

members is to come up with a classification scheme. Ideally, such a classification
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1.1. Galaxy Morphology
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Figure 1.1: The Hubble tuning fork diagram of galaxy classification.

scheme arranges the various types in a manner that the arrangement itself speaks
volumes of their commonalities and inter-relationships. The earliest attempt at
classifying galaxies was made by Hubble (1936) who, in his book The Realm of the
Nebulae, proposed a tuning fork diagram of galaxy classification, which even today

remains a starting point for any introductory academic treatise on this subject.

A version of this famous tuning fork diagram is shown in Figure 1.1. On the left
are galaxies that appear to have an elliptical shape and are arranged in increasing
order of their ellipticity. Intrinsically, these are three dimensional ellipsoids and
largely comprise an old and evolved stellar population as made evident by their red
and dead appearance. To the right are two prongs of the tuning fork, with one prong
reserved for galaxies containing a bar-like structure while the other prong for those
without. On each prong, galaxies are arranged in decreasing order of the prominence
of the nuclear region and the winding of the spiral arms. These galaxies have a more
complicated structure than the ellipticals with at least two components - a bulge
(explained in detail in the next section) and a disk. The disk in turn has spiral
arms which show knots of star formation. Typical examples of an elliptical, a spiral
and a barred spiral galaxy are shown in Figure 1.2. At the junction of the tuning
fork are a class of galaxies that in appearance at least are somewhere in between -
the SO galaxies. These galaxies have a well defined central bulge and a disk but the
disk has no spiral arms. They may or may not contain a bar like structure. These
galaxies are often referred to as lenticular galaxies due to the presence of a lens-like

structure in the disks of a vast majority of them.
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1. Introduction

Figure 1.2: Examples of an elliptical galaxy (NGC 4621), a spiral galaxy (M100)
and a barred spiral galaxy (NGC 1300). Images, from WikiSky/SDSS, ESA/VLT
and NASA/ESA/HST respectively.

The ellipticals together with the SOs are known as early-type galaxies while the
spirals, both barred and unbarred, are known as late-type galaxies. This terminology
seems to suggest a hypothesis that elliptical galaxies represent a very early phase
in the evolution of the galaxies and somehow ellipticals evolve into spirals. We now
know beyond reasonable doubt that this view is not true but astronomers, living up
to the reputation of devising eccentric and often confusing terminology, continue to
use these terms even today. There are of course a lot of galaxies which have shapes
so different from ellipticals and spirals that they cannot be placed anywhere on the

tuning fork - they are called irreqular galazies.

Increasing observational data soon revealed the limitations of the original Hubble
classification scheme and led to several attempts to either revise it or to propose a
completely different formation scheme altogether. For example, Sandage (1961)
using the incomplete notes of Hubble released The Hubble Atlas of Galazries and
proposed another dimension, that of the presence or absence of a ring in a galaxy.
de Vaucouleurs (1959) introduced a concept known as a classification volume, where
the classification scheme became more complicated with ellipticals being split to
stages such as Et, F~, same with SOs etc. In 1976, van den Bergh introduced a
trident classification scheme to overcome what he argues are severe limitations of the

Hubble scheme. In the last decade or so, authors such as Cappellari et al. (2011) and
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1.2. Lenticular or SO Galaxies

Figure 1.3: Example images of SO galaxies. The galaxies are IC 5267, NGC 0936
and NGC 4026. All images are taken at 3.6 micron by the Spitzer Space Telescope.

Kormendy and Bender (2012) have in turn used modern data, both photometric and
kinematic (spectroscopic) to try and come up with an ideal classification scheme.
Many of these changes made to the original Hubble tuning fork are in part due
to the large body of observational and simulation studies done to understand the
SO class of galaxies. The present thesis also focusses on various aspects of these

galaxies. A brief review of this class is provided in the next section.

1.2 Lenticular or SO Galaxies

As defined earlier, these are galaxies which have a central bulge component and a
disk without any apparent spiral structure. Galaxies classified as such can have other
structures such as bars, rings or ovals (see Figure 1.3 for examples). Let us consider
the position given to these galaxies on the Hubble tuning fork as shown in Figure
1.1. As argued earlier, a classification scheme cannot be a random arrangement of
objects but should capture as much information as possible about the classes and

their inter-relationships. The position given to SO galaxies, implies three important
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1. Introduction

Figure 1.4: The trident classification scheme proposed by van den Bergh (1976).

points about this class of objects:

e They are a transition class. Processes responsible for transforming galaxies
from one side of the fork to the other produce objects in the intermediate

stage that resemble SO galaxies.

e The properties of SO galaxies are intermediate to those of the ellipticals and
spirals. For several years, the observational data supported this - statistically,
the average properties of SOs such as bulge-to-total luminosity ratios B/T,
abundance of dust, star formation rates, amount of molecular gas etc were

found to be intermediate to those of ellipticals and spirals.

e All SO galaxies, as defined above are homologous to each other. In the words,

they are all alike except for scale and share a common evolutionary process.

The beginning of the realization that the above picture painted by the Hubble
tuning fork for SO galaxies may not be correct can be traced back to van den Bergh
(1976). He proposed an alternate classification scheme - a trident, shown in Figure
1.4 in which SO galaxies were removed from their position at the junction and given
a separate third prong. van den Bergh hypothesized that all SO galaxies cannot
be alike simply because the bulge-total ratio spanned a large range of values and
it was unlikely that a single common formation mechanism could be responsible.
He also created a class known as anaemic spirals, spiral galaxies whose arms are
fading or have faded away. Omne of the motivations in creating the three prongs
was to account for possible effects of environment such as gas stripping via ram
pressure or galaxy harassment which could transform galaxies along the vertical
direction. That such a transformation from a spiral to an SO galaxy can occur is

often said to be responsible for the morphology-density relation found by Dressler
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1.3. Bulges of Galaxies

(1980). According to this relation, the abundance of SOs in a cluster increases and
that of spirals decreases with decreasing redshift.

Barway et al. (2007, 2009) showed that with respect to various well known corre-
lations between structural parameters of the galaxies (refer to Chapter 2 for further
details on how correlations can be used for commenting on the underlying formation
mechanisms) SO galaxies exhibit a large scatter. As these correlations are expected
to arise in specific formation scenarios, this large scatter in turn implies a diversity
in the formation mechanisms at work. The authors further show that the process
dominantly responsible for the formation of the galaxy depends on the luminosity
with the environment playing a lesser role. They divide SO galaxies into bright and
faint bins based on the K-band near-infrared luminosity and show that properties
of bright SOs are consistent with having formed through major merger like events,
as in the case of ellipticals, while the fainter SO galaxies have likely formed through
secular processes. If this is true, one expects the star formation histories, which are
captured in the spectral energy distribution of the galaxies, to be markedly different
for the bright and faint SO galaxies. Investigating this possibility using multiwave-
length photometry data was the goal of one the studies carried out as a part of
this thesis. The results and techniques of this investigation have been explained in
Chapters 3 and 4.

1.3 Bulges of GGalaxies

What are bulges? While a large number of studies exist which comment on bulges,
their properties and formation mechanisms, there is no clear consensus among as-
tronomers as to how one can define them. Below we present a few ways in which
bulges can be defined and provide the definition adopted in this thesis with justifi-
cation.

The simplest method to define a bulge, although vague and subjective, is based
on visual classification. In many galaxies, one can, by eye, see a central component
of stars looking more concentrated and standing apart from the outer regions of
the disk. However, defining a bulge this way has various issues. Firstly, it is a
subjective process which means that the process of identification of bulges is not a
reproducible one. Secondly, it does not allow to quantify the properties of the bulge.
For example, to what radial distance the bulge dominates in terms of stellar light,
is not well defined. This does not allow us to study bulge and disk properties in
isolation, in a well defined manner.

Another method involves a study of isophotes, which are contours of equal inten-

sity. One can choose to mark contours on the images using a utility like ds9* or one

Lds9 is a program designed by the Smithsonian Astronomical Observatory which enables a user
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1. Introduction

— Total
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Figure 1.5: The photometric definition of a bulge. The red shade marks the excess
light towards the centre of the galaxy which cannot be explained as an inward
extrapolation of the exponential profile obeyed by the outer disk. (This figure is a
reproduction of a similar figure by Gadotti.)

can actually fit ellipses to them using a suitable tool such as the ellipse program,
which is a part of the Image Reduction and Analysis Facility (IRAF). The isophotes
in the central region form a different family from those of the outer regions indi-
cating physically distinct components. This definiton is physicallly well motivated
but still lacks certain objectivity. The difference in isophotes is with respect to the
position angle and ellipticity. How much change in these is enough to mark out the
bulge component as separate from disk is where the subjectivity arises.

If the galaxy is edge-on, one can see the disk clearly and often a central compo-
nent which is thicker or extends well above the plane of the disk. This component
can be defined as the bulge. But this method will work only for edge-on galaxies
which are rarer as can be deduced using a simple probability argument. This leads
us to the photometric definition of a bulge, which despite some limitations, is the
most commonly adopted definition in current astronomical literature.

Freeman (1970) showed that the light distributions of disks can be described
using an exponential profile. Most of the light from the outer parts of late type
galaxies is from the disk and thus can be modeled using an exponential profile
(the details of modeling are covered in Chapters 2 and 5). However, when one
extrapolates the disk profile inwards, one sometimes finds an excess of light. This is
illustrated in Figure 1.5. The region where the excess of light arises can be defined
as the bulge. This definition has two major advantages - it is objective and allows

us to clearly define regions whose light is dominated by bulge and that by the disk.

to both view and analyze astronomical images
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1.3. Bulges of Galaxies

Thus this definition is adopted for the rest of the thesis.

Types of Bulges. Observational studies carried out before the mid-90s, showed

that bulges of most late-type galaxies exhibit the following common trends:

They are smooth and featureless, even when examined in high resolution imag-
ing data of the kind provided by the Hubble Space Telescope (HST).

They are kinematically hot components, i.e., they are random rotational ve-
locity supported rather than rotationally supported systems. A mathematical
definition of being kinematically hot is to say that V/o < 1, where V is the
stellar circular rotational velocity while o is the velocity dispersion, a measure

of the random motion of stars about the galaxy centre.

They have a brightness profile close to the de Vaucouleurs r'/* profile which

is known to describe the profile of elliptical galaxies.

They contain a largely red and dead stellar population. Most of the stars have

likely formed in a single burst of star formation at a very early epoch.

They obey various correlations obeyed by elliptical galaxies. (Details of the

correlations and their physical significance can be found in Chapter 2)

However, as better and more sensitive observational data became available, it

became clear that some bulges in late-type galaxies exhibit properties quite different

from those mentioned above.

A close examination of the bulges in high resolution imaging revealed the
presence of rich structure such as nuclear spirals, rings, and bars (Erwin and
Sparke, 2002; Carollo et al., 1997).

They are rotationally supported i.e kinematically cold systems. Mathemati-
cally, in such systems, V/o > 1 (Kormendy, 1993).

Their brightness profile is better described using an exponential profile as
opposed to an r'/* profile (Andredakis and Sanders, 1994).

They exhibit signs of recent and ongoing star formation. The stellar population
is almost as young or perhaps even younger than that of the outer disk (Fisher,

2006).

They do not obey some correlations which otherwise hold true for elliptical
galaxies (Khosroshahi et al., 2000).
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The bulges obeying the latter set of properties are clearly different from those
obeying the first set of properties. It is reasonable to assume that the processes
governing the formation of the two types of bulges should be different. Based on
simulation studies, it is expected that the first type of bulges have likely formed
through mergers - major and minor. These are known as classical bulges (Kor-
mendy and Kennicutt, 2004) and can be described as ellipticals surrounded by a
disk (Renzini, 1999). Bulges of the second type have likely formed through secu-
lar processes i.e. processes taking place slowly due to the build up of instabilities
within the disk. A bar, for example, due to its non-axisymmetric potential leads
to an orbital structure that causes gas to lose angular momentum and fall inwards,
thus building up central gas density (Debattista et al., 2004) This can lead to the
rise of a second component of stars which we would call a bulge. Such bulges are
referred to as pseudobulges.

In current literature there is a certain ambiguity about the term pseudobulges.
Boxy / peanut shaped bulges are also sometimes referred to as pseudobulges. These
are inner parts of a bar that have buckled away due to vertical instabilities pro-
duced within it (Athanassoula, 2005). However, the process of formation is entirely
different from the secular evolution scenario described above. In brief, boxy/peanut
bulges are different from pseudobulges, which evolve secularly through material in-
fall. In the current thesis, whenever the term pseudobulge is used, it refers to
products of secular evolution satisfying the properties described above.

Many studies have been carried out in last few years by various researchers to
study the differences in the properties of the pseudobulges and classical bulges.
Fisher and Drory (2008) used high resolution imaging data obtained from HST to
classify bulges and a follow up study, Fisher and Drory (2010), tried to explore
the consistency of pseudobulges having formed through secular processes. Gadotti
(2009) made detailed comparisons between ellipticals, classical and pseudobulges
using a sample of ~ 1000 galaxies from the Sloan Digital Sky Survey (SDSS). A
common theme in these studies was to study the bulge dichotomy without any
emphasis on the global morphology of the host galaxies. Given the peculiarity of
the SO class of galaxies, we thought that the bulge dichotomy in the context of SO
galaxies and a comparison with spirals would be interesting. Chapter 5 describes
the sample and analysis techniques used for such a study while Chapters 6 and 7

describe the findings.

1.4 Outline of the Thesis

The thesis is broadly divided into three main parts following the introduction in

Chapters 1 and 2. In Part 1, we study the dependence of the star formation histories
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of SO galaxies based on a sample derived from the Upsalla General Catalogue (UGC)
with available multiwavelength photometry. Chapter 3 describe the sample itself
and an outline of the kind of techniques and diagnostics used in this study. Chapter
4 describes the results and their implications for the formation of SO galaxies in
general.

The second part of thesis describes a quantitative morphology based study of SO
galaxies using deep mid-infrared imaging obtained with the Spitzer Space Telescope.
Chapter 5 describes in the detail both the sample and the analysis while Chapter
6 describes possibly the first systematic study of SO galaxies aimed at bulge clas-
sification and exploration of disk properties as a function of bulge type. Chapter
7 compares the pseudobulges of SO galaxies with the bulges of spiral galaxies to
unravel an evolutionary link between the two classes.

In the third part of the thesis, the study of SO galaxies based on spectroscopic
analysis done using long-slit data obtained from the Southern African Large Tele-
scope (SALT) is described. Chapter 8 provides a general overview of spectroscopy,
Chapter 9 describes SALT and its instruments while Chapter 10 presents detailed

spectroscopic analysis of a sample of pseudobulge hosting SO galaxies.
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Chapter 2

Photometric Studies of Galaxy
Morphology

"You can’t do astrophysics by just taking pictures with little colored pieces of glass”

from “Astronomical Spectroscopy” by Phil Massey

The above quote stresses the importance of spectroscopy for gaining information
about the properties of an astronomical source. This quote, however, downplays
(intentionally or unintentionally) the power of image analysis and what it can tell
us about the properties and the formation of the galaxies. In this chapter, we review
quantitative methods of studying galaxy morphology and the nature of astrophysical

insights that have been possible as a result of such image analysis.

2.1 Parametric Methods

Given an image of the galaxy one can construct a 1-d surface brightness profile - a
plot of the surface light intensity or the brightness as a function of the distance from
the centre of the galaxy. There are multiple methods to achieve this - the simplest
being that one can take a slice along the major axis. Independent of the method
used, what is important is that such a profile can be obtained and its behavior can
be described using a simple mathematical function. de Vaucouleur found that in
case of elliptical galaxies, the brightness varied as a function of R4, with R being
the distance from the centre. Figure 2.1 shows the surface brightness profile of a
galaxy obeying such a law. The X-axis is deliberately chosen to be R'/* so that the
plot appears as a simple straight line and brings out in a better way, the validity of
RY* profile.

47



2.1. Parametric Methods

20_||

v
na
I

. [mag arcsec2]
¥
-
I T

26 C 1
0.5 1 1.5 P 2.5 3
R [arcseci/t]

Figure 2.1: A surface brightness profile of a elliptical galaxy in a cluster. The X-axis
is deliberately chosen as R'* so that any galaxy obeying a R'/* profile results in a
simply straight line on this plot. Courtesy: Lopes de Oliveira et al. (2006)

The de Vaucouleur profile can be written as:

1Ry = 1, "] (2.1)

I, represents the intensity at the effective radius R.. The quantity b can be chosen
such that R, represents the radius containing half the total integrated intensity. It
can be shown that b = 7.669 if R, is defined this way. It was later found that
several elliptical galaxies do not obey this law and deviate systematically from it.
Sersic (1968) generalized de Vaucouleur’s law so that it could explain the brightness
profiles for a wider sample of elliptical galaxies. This profile, referred in modern

astronomy literature as the Sérsic law, can be written as:

I(Ry=1I¢ " ()] (2.2)

Here, n is referred to as the Sérsic index. The quantity b, is not an independent
parameter defining the profile but is a function of n, again chosen such that R,
contains half the total light. The exact expression of b, is quite complicated but it
can be approximated using a simple polynomial b, = 1.9992n — 0.3271 (Capaccioli,
1989). Thus the elliptical galaxy’s structure can be quantified using the following

parameters,
e R., a measure of the size.

e 1, a measure of the concentration of light towards the centre. (To understand
this better, refer to Figure 2.2 which shows the profile for a given effective

radius but different values of n.)
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The Sersic Profile
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Figure 2.2: Sérsic profiles for a fixed effective radius but with varying values of n.
Courtesy: Peng et al. (2002)

e /., a measure of the overall surface brightness of the galaxy. Generally, as-
tronomers prefer to use the equivalent quantity u., the surface brightness in
mag per square arcseconds. I, and the distance are independent quantities so

long as one works in nearby Universe.

The technical difficulties associated with the exercise of deriving these parameters
are deferred to Chapter 5.

The parameters derived for a single galaxy by themselves do not reveal much
about it. But if a statistically signifcant and meaningful sample of galaxies is assem-
bled and parameters are derived for all the galaxies, one finds various correlations
between them which provide some insight on the common underlying astrophysics
behind these objects. For example, Kormendy (1977) discovered a correlation be-
tween the surface brightness at effective radius and the effective radius of bright
elliptical galaxies. This correlation implies that large galaxies have lower surface
densities and which has implications for how galaxies formed. In modern literature,
instead of plotting the brightness at effective radius, astronomers prefer to use the
average surface brightness within the effective radius since it can be determined with
a lower level of uncertainty.

By invoking relatively simple astrophysical arguments, it is possible to explain
the physics behind the formation of elliptical galaxies knowing that the above corre-
lation is valid and specifically the value of the slope of the relation. The Kormendy

relation implies R ~ I7%%. Assuming the virial theorem and a constant mass-to-
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Figure 2.3: The fundamental plane as studied in Jorgensen et al. (1995).

light ratio, it can be shown that if elliptical galaxies form via dissipationless (dry)
merging of two galaxies, R ~ I~! while if they form through rapid dissipative col-
lapse of gas, via R ~ I7%%. That elliptical galaxies obey R ~ I~%% implies that a
combination of the two processes is at work.

Later, it was shown that the Kormendy relation is actually a 2-d projection of a
higher dimensional relation, today known as the Fundamental Plane (Djorgovski and
Davis, 1987; Dressler et al., 1987). This is a 3-d relationship between the velocity
dispersion of the stars about the galaxy centre and the two quantities involved in

the Kormendy relation. Mathematically, this relationship can be written as follows.

logr. = Alogo + B (), + C (2.3)

The relation as studied by Jorgensen et al. (1995) is shown in Figure 2.3. The

Fundamental Plane serves several purposes:

e From a practical standpoint, the relation offers a method to estimate the
distance of these objects. One can measure the average brightness and the
velocity dispersion, which are distance independent quantities, to deduce the
effective radius. Knowing the effective radius in units of kiloparsec in this
manner and angular units from observations allows one to estimate the angular

distance to the object.

e From a physical perspective, the relation tells us about the underlying physics
governing the formation of elliptical galaxies. For example, by assuming the
virial theorem, a smooth functional dependence of the mass-to-light ratio M/L
on luminosity and that ellipticals form a homologous family, we can derive the

fundamental plane and show that M/L ~ L~%2?>. That elliptical galaxies obey
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2. Photometric Studies of Galaxy Morphology

this correlation over a wide range of luminosities and other properties is a

testament to common underlying formation processes.

Another example of a correlation is the photometric plane (Khosroshahi et al.,
2000) which involves purely photometric parameters namely n, 7. and p(0) (the cen-
tral surface brightness). Studies such as Lima Neto et al. (1999) have interpreted this
and other correlations from the point of view of systems attaining a local maximum
in specific entropy.

Thus far, we have looked at the concept of quantitative morphology for elliptical
galaxies. Freeman (1970) showed that the brightness profile of late-type galaxies
on the Hubble tuning form which contain very little contribution from a bulge-like

component, can be described using an exponential profile.

I(R) = I(0) e~/ (2.4)

rq here is the disk scale length and defines the distance from the centre at which the
intensity falls to 1/e times the intensity at the centre, represented by I(0). Thus the
two key parameters describing the morphology of a disk are its central brightness
and the scale length. For most late-type galaxies, the total surface brightness profile
can be described by a combination of Sérsic and exponential profile. The process of
fitting such a combination allows us to decompose the brightness distribution into
the bulge and disk contributions.

So far, we have looked at examples of correlations involving parameters, all of
which describe an elliptical galaxy or bulges of late-type galaxies, which earlier were
thought to be ellipticals surrounded by disks. Courteau et al. (1996), however, found
a strong correlation between the bulge effective radius and the scale length of the
disk. This r, — ry correlation offers insight into the dominant formation processes
at work. Several studies have shown through simulations, that mergers of two disk
galaxies or a series of mergers can form elliptical galaxies. These simulations can
also reproduce the correlations described above. In the most extreme case, such a
merger will lead to a pure bulge galaxy i.e. an elliptical. However, when sufficient
amount of gas is present, bulge + disk systems can also form. This was considered as
a viable mechanism for formation of a bulge+disk system for several years. However,
in this process, the bulge forms first and later, the disk forms through accretion of
cold gas under the gravitational potential of the dark matter halo and the bulge. In
such a scenario, one does not expect the bulge and the disk parameters to correlate
as the processes that form them are independent. Several authors have argued that
the presence of the r, — ry correlation rules out mergers as a possible mechanism to
form a galaxy comprising a bulge and disk.

The alternate mechanism of formation invoked to explain this coupling between
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the bulge and disk parameters is that of secular evolution. In this scenario, the disk
forms first and later, instabilities in the disk such as a bar cause gas to fall inwards
leading to a building up of central density viz. bulges. This way, the bulge formation
is directly coupled with the disk and hence one expects bulge and disk parameters

to be well correlated.

2.2 Non-parametric Methods

In the parametric approach, summarized in the previous section, the quantities used
to describe the structure of the galaxy are free parameters of analytical functions
used to describe a component of the galaxy. This assumes that a given model fully
describes the target component. However, this need not be true. Cases in which
this assumption breaks down are unrelaxed systems which have recently undergone
a merger. Such galaxies exhibit a disturbed morphology and their light distribu-
tion cannot be fully described using conventional analytical models. Other cases
are that of high redshift galaxies (z > 1) which are still forming and have not at-
tained the structures as seen on the Hubble tuning fork. Another problem with the
parametric approach to galaxy morphology is that (as explained in Chapter 5) it is
not straightforward to implement automatically though pipelines such as PyMorph
(Vikram et al., 2010) make a good attempt to to achieve this.

To overcome these limitations, a few researchers (Conselice, 2003; Lotz et al.,
2004) have tried to develop alternate ways of describing the quantitative morpholgy
of a galaxy, in a manner where no or minimal assumptions are made about the
brightness distribution. These methods will be briefly mentioned for completeness
but they have not been used in this thesis. In such a scheme the quantities used to

describe the galaxies are

e Concentration. A ratio of radii containing specific fractions of the total galaxy
light. This will be larger for elliptical galaxies and classical bulges while lower

for late-type galaxies.

e Asymmetry. A difference of the original image and its version rotated by 180
degrees. This brings out global distortions in the shape of the galaxy and
hence can comment on whether a galaxy is an unrelaxed merger remnant, for

example.

e Clumpiness. The difference between the original image and a smoothened
version of the same - highlights the high spatial frequency structure. This

brings out star formation regions, spirals etc.
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e Gini Coefficient. A measure of how unequally the light is distributed in a
galaxy. This is similar to the Gini coefficient used in economics to estimate

the inequality of wealth distribution.

e The My coefficient. The moment of 20% brightest pixels in a galaxy.

Using these coefficients, one can construct parametric spaces in which galaxies

can be separated into various classes such as star bursts, ellipticals etc.

2.3 Summary

In this section, a review of quantitative methods of studying galaxy morphology
have been presented with emphasis on the parametric approach. The parametric
approach is a very powerful method by which the behavior of a sample of galaxies
with respect to various correlations can be studied to unravel various aspects of the
formation mechanisms at work.

Chapter 5 explains the details of the use of this technique. Chapter 6 explains
the use of correlations for classification of bulges while Chapter 7 demonstrates the

use of correlation studies in uncovering the connection between SOs and spirals.
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Part 1

Dependence of Star Formation
Histories of SO Galaxies on Their

Luminosity and Environment
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Chapter 3

The UGC SO0 Sample; Study of
Stellar Populations

As we have seen in Chapter 1, there is strong observational evidence for the existence
of sub-populations within the SO class of galaxies, with rather different properties
and formation histories (Barway et al., 2007, 2009). The conclusion reached by these
studies is based on the difference in behavior of the SO galaxies with respect to well
known correlations among the structural parameters of the galaxy, depending on
their luminosity and environment.

Barway et al. (2007) plot the correlation between the bulge effective radius r,
and the scale length of the disk r4 for a sample of SO galaxies. This correlation, first
studied by Courteau et al. (1996) is important to constrain the dominant formation
mechanism at work in building up a galaxy. In order to build a bulge-disk sys-
tem, one can invoke two commonly discussed scenarios in galaxy formation. In the
first scenario, two disk galaxies undergo a major merger and form a central bulge
component; later, as the system settles down, conditions become suitable for the
surrounding gas to get accreted under the gravitational influence of the dark matter
halo and form a disk. In this case, the processes responsible for the formation of the
bulge and the disk are independent and thus one does not expect the parameters
describing bulge and disk properties to correlate strongly. In the second scenario,
the disk forms first and later the instabilities in the disk cause gas to fall inwards
leading to a bulge-like component forming at the centre. In this secular evolution
scenario, one expects the parameters of the bulge and disk to correlate strongly.

Barway et al. (2007) find that SO galaxies, considered as a single population, do
not obey such a correlation. But when they divide the galaxies based on luminos-
ity, clear trends emerge - bright galaxies are responsible for the large scatter in the
relationship and obey a weak anti-correlation while faint galaxies obey a tight pos-
itive correlation. A figure from Barway et al. (2007), showing this correlation, has

been reproduced in Figure 3.1. This clearly implies that the SOs can have diverse
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Figure 3.1: Figure 3 of Barway et al. (2007) showing SO galaxies on r, — r4 diagram.
The empty circles and filled circles indicate bright and faint SO galaxies respectively.

processes at work in shaping them and which process is responsible seems to be
strongly dependent on the luminosity. In subsequent work reported in Barway et al.
(2009), other correlations such as the Kormendy relation etc were studied and again
the differences for bright and faint SOs were found to hold true. Environment does
play a role as well but as a second order effect. Barway et al. (2011) find that even
bar fraction appears to be a function of luminosity and environment with fainter SO

galaxies more likely to host a bar than their bright counterparts.

If it is indeed true that different formation processes are at work for the bright
and faint SO galaxies, this must reflect in the star formation histories as well. The
signature of whether a galaxy has formed its stars in one catacylsmic event at very
early epochs or whether through slow/secular processes, will be embedded in its
spectral energy distribution. The aim of the current study is to verify and study
these differences using population synthesis techniques. This involves modelling the
evolution of the integrated spectrum of the galaxy as a function of time. As obtaining
spectra for a statistically significant sample of galaxies is uneconomical in terms
of telescope time, we aim to use broadband photometry from wavebands ranging
from ultraviolet (UV) to mid-infrared (mid-IR). The current Chapter focusses on
a description of the process of sample construction and the techniques used while
Chapter 4 explains the results and the significance of these results for the evolution

of SO galaxies.
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3. The UGC SO Sample; Study of Stellar Populations

3.1 Description of the Sample

3.1.1 Considerations in assembling the sample

Light from different wavelength regions brings with it information about different
physical phenomena, conditions etc of the astrophysical source from which it eme-
nates. Consider a galaxy which has experienced a recent burst of star formation
- its population has a component of young and hot, blue stars which contribute
significant amount of light in the UV region. These stars, being very massive, live
for relatively short time. The low mass stars in the burst which emit most of their
light in the infrared, live for a longer time. Thus, by using a color! based on photo-
metric measurements in the UV and infrared, it is possible to distinguish between
galaxies which have experienced recent star formation and those with the bulk of
stars formed at an early epoch. This provides insight on the star formation history
of the galaxies, which is the aim of the current study.

The Sloan Digital Sky Survey (SDSS) is an important and influential sky survey
carried out since 2000 which collects information, both photometric and spectro-
scopic, of all astronomical sources within its detection limit. The data are distributed
through a series of data releases. The photometry is done in five bands namely u,
g, r, 1 and z. Using the spectra collected through a 3” fiber placed on the center
of the objects, various quantities such as the redshift or the D,,(4000) index (to be
described later) are also determined and made available to astronomers. Using the
data from SDSS, studies such as by Tago et al. (2010) determine the environments
of these galaxies. Thus, the SDSS presents itself as an invaluable resource to any
study such as ours requiring multi-wavelength photometry as well as environment
information. Note that the SDSS is not an all-sky survey but is constrained to a
specific region largely in the northern celestial hemisphere.

Photometric measurements from other wavebands can be acquired through var-
ious surveys. The Two Micron All Sky Survey (2MASS) (Skrutskie et al., 2006)
is an all sky survey conducted in the J, H and K,? near-infrared wavebands. The
Galaxy Evolution Explorer (GALEX) has conducted surveys of the sky and mea-
sured the near ultraviolet (NUV) and far ultraviolet (FUV)? magnitudes of sources.
The Wide-field Infrared Survey Explorer (WISE) (Wright et al., 2010) has con-
ducted an all-sky survey in mid-infrared wavebands centered at 3.4, 4.6, 12 and 22
microns. Data from these surveys combined with those from the SDSS are ideal for

our intended study.

LA difference in magnitudes measured in two wavebands/filters for the same source.

2The K, band is similar to the K-band except that it has a more abrupt cut-off at a shorter
wavelength.

3NUV and FUV bands have effective wavelengths of 2267 and 1516 angstroms.
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3.1.2 Sample Construction

Since the study was intended to be carried out on SO galaxies, a catalogue with
detailed visual classification was needed. We used the Uppsalla General Catalogue
(UGC) (Nilson, 1973) which is essentially complete to a limiting major-axis diameter
of 1 arcmin or to a limiting apparent magnitude of 14.5 on the blue prints of the
Palomar Observatory Sky Survey for the sky north of declination —2.5 degrees.
Detailed visual classification has been done by expert astronomers for all the galaxies
in this catalogue.

All galaxies classified as SO in the UGC and having a total integrated B-band
magnitude greater than 14.0 form our parent sample, comprising 635 galaxies. This
sample was cross-matched with the SDSS DR7 (Abazajian et al., 2009) - 387 galaxies
were found having imaging data in all the five bands. Of these 387 galaxies, all but
two galaxies have imaging in the near-infrared bands of 2MASS. The images of the
remaining two galaxies are affected by artifacts rendering them useless. Further,
redshift information was not available for four galaxies plus another ten galaxies
were found to be classified as ellipticals or spirals, according to the homogenized
classification available on the NASA Extragalactic Database (NED)* and Hyper-
Leda®. These databases, operated and maintained by the National Aeronautics and
Space Administration (NASA) of USA and the University of Lyons of France re-
spectively, collate information on objects from a variety of sources and use various
methods to homogenise the information, which is thus likely to be more accurate
than that in the UGC, which is based on the relatively shallow images from the
Palomar Observatory Sky Survey. As a result of the filtration, the sample at this
stage consists of 371 SO galaxies.

In the next stage, these 371 galaxies were cross matched with the GALEX GR6
(the sixth major GALEX data release) and FUV and NUV data were found for 243
galaxies. The galaxy UGC 9094 has a very noisy image in both the bands and was

thus excluded from the sample.

3.1.3 Verification of Morphological Classification

The morphological types listed in the UGC catalogue were determined visually using
blue photographic plates obtained from the Palomar Observatory Sky Survey. It is
possible that spiral features may not be seen without deeper imaging and thus a
galaxy is classified as SO despite having spiral arms. To reduce the possibility of
contamination of the sample of SOs from spirals or ellipticals, we visually inspected

images of all galaxies classified as SO in the UGC.

4http:/ /nedwww.ipac.caltech.edu/
Shttp://leda.univ-lyonl.fr/
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For this purpose, two sets of images were used.

e The coloured JPEG images provided by the SDSS website.

e High signal-to-noise ratio images produced by combining images from g-, r-

and i- bands using a prescription provided by Lisker et al. (2006).°

In the first set of images, any spiral features can be easily discernable by the eye while

the overall depth of the second set of images reveals any underlying faint features.

These sets of images were inspected independently by two researchers involved in
the study and it was found that

e The five galaxies UGC 1157, UGC 4596, UGC 4963, UGC 5638, UGC 8204

were misclassified as S0. They contain spiral arms as revealed in the images
used for visual inspection and were removed from the sample. These images

are shown in Figure 3.2.

A few galaxies show very weak asymmetries and traces of possibly faded spiral

arms. These have been kept in the sample.

Five objects were found which resembled elliptical galaxies. However, it is
not possible for visual inspection alone to be able to differentiate between
ellipticals and SOs, especially when they are face-on. As the number of such
ambiguous cases relative to the total number of objects present in the sample

is low, these objects were retained.

The final sample comprises 237 objects, classified as SO and with broadband
imaging data in the bands - FUV & NUV from GALEX; u, g, r, i & z from SDSS;
H, J & K from 2MASS and 3.4, 4.6, 12 and 22 micron from WISE.

6In this prescription, the following steps are carried out:

Smoothen the image by convolving it with a Gaussian kernel. This can be done using the
Image Reduction and Analysis Facility (IRAF).

Run SExtractor and produce a segmentation image - this marks all the pixels occupied by
the sky as zero and those occupied by the objects as non-zero.

Use the imstat task in IRAF to estimate the background in each image and subtract it.

Use the imshift task in IRAF to shift the g-band and i-band images to match the r-band
image.

Apply a weight of wy; = Sy 07 /Sy 0, ; to the g- and i-band images.

Co-add the weighed, shifted and background subtracted images.
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Figure 3.2: The SDSS color images of five galaxies, originally classified as SO but

found to contain spiral arms. From top-bottom, left-right, there are UGC 1157,
UGC 4596, UGC 4963, UGC 5638, UGC 8204.

3.2 Basic Corrections to Photometry

Magnitude System The AB magnitude system’ (Oke and Gunn, 1983) was
adopted for the current study. The magnitudes reported in the data releases of
GALEX, SDSS and WISE are already in the AB magnitude system while those in
the 2MASS are in the Vega system. To convert the K-band Vega magnitudes of
2MASS to the AB system, we add 1.84 as suggested by Cohen et al. (2003) and
Munoz-Mateos et al. (2009). The J and H-band magnitudes have not been utilized

in the study and thus no conversions were applied to them.

Foreground Extinction The light from any galaxy is affected by the dust present
in our Galaxy - the Milky Way. This is known as foreground extinction and in order
to correct the photometry measurements for it, we require two pieces of information
- (i) a redenning map which, based on data collected from observational studies,

determines how much dust the light from a given source located at a certain point

"Unlike the Vega magnitude system where magnitudes are assigned relative to the energy flux
received from the Vega star, the AB system is directly defined in terms of absolute flux. If f, is
the flux measured in units of Jansky (IO’QGWHzflm’Q), then the AB system magnitude is given
by

map = —2.5 log f, + 8.90
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in the sky will pass through, and (ii) an extinction law which describes the intensity
of light attenuation due to dust as a function of wavelength. For (i), the redenning
maps from Schlegel et al. (1998) were used while for (ii) the extinction law de-

scribed in Cardelli et al. (1989) and Wyder et al. (2005) was used. All photometric

measurements were corrected for foreground extinction in this manner.

K-correction The median redshift of the sample is ~ 0.01. Thus, one does not

need to perform any K-corrections to the photometric measurements.

3.3 Sample Subdivision Based on Luminosity and

Environment

In the introduction to the current chapter we reviewed in detail the dependence of
the dominant formation histories of SO galaxies on their luminosity as established by
Barway et al. (2007, 2009). The authors used the technique of 2-d image decomposi-
tion (descibed in Chapter 5) and measured the bulge effective radius r. and the disk
scale length r4. They found that SOs did not obey such a correlation i.e. there was
a large scatter. But when the SOs were divided into bright and faint groups using
the K-band absolute magnitude of -24.5 (Vega system), they found that the bright
SOs were responsible for the scatter while the faint SOs obeyed a tight correlation.
This division line of -24.5 is somewhat arbitrary i.e. there is no physical reason why
this boundary must be used. But its use results in the sample being divided into
roughly equal halves and also distinguishes their behavior on other correlations. A
small shift (0.5-1 magnitude) in this boundary does not result in any appreciable
change in the results.

For the current sample, we adopt the same K-band absolute magnitude limit to
divide our sample into bright and faint luminosity bins. Since the original division
line was derived in the Vega system while the current study uses the AB system, we
first transform the boundary by adding 1.84 (following Munoz-Mateos et al. 2009 ).
A galaxy is then classified as bright if My < —22.66 and faint if Mg > —22.66. The
distribution of absolute K-band magnitudes along with this division line are shown
in Figure 3.3.

To obtain the environment information for these galaxies, we use the results
from Tago et al. (2010) who use a friends-of-friends algorithm on the entire SDSS
DR7 data set to identify groups of galaxies. In the catalogue by Tago et al. (2010),
only those galaxies which are members of a group are present along with group
IDs and number of members in the group. Using this information, the galaxies are

classified as either field galaxies (absent in the catalogue of groups) and group/cluster
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Figure 3.3: Distribution of total K-band absolute magnitudes for the current sample.

galaxies (present in the catalogue of groups). The Tago et al. (2010) catalog does
not offer any information about whether a galaxy belongs to a group (a relatively
loose but bound collection of galaxies) or a cluster (a tightly bound collection of
galaxies). The information about whether a galaxy belongs to a cluster comes from
literature survey done using NED as a starting point. For convenience, galaxies from
either a group or cluster will be simply referred to as group galaxies. Of the 237
galaxies being used in the final sample, 64 are in the field while 173 are in a group
environment. This low fraction of SO galaxies in the field environment is consistent
with the morphology-density relation found by Dressler (1980), according to which
the relative fraction of the SOs present in groups/cluster environment increases with
cosmic time i.e. towards smaller redshift while the fraction of spirals decreases. This
finding has often been interpreted as lending strong support to the hypothesis that
spiral galaxies transform into SOs through various intra-cluster processes.

In Figure 3.4 is shown the break-up of the number of galaxies in different lumi-

nosity and/or environment bins.

3.4 Tracing the Evolution of a Galaxy on a Color-

Color Diagram

As mentioned earlier, the regions in galaxies which have experienced recent star

formation dominate in the UV light and are thus well traced by images obtained
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Bright

Faint

Figure 3.4: The distribution of the final sample of 237 SO galaxies into luminosity
and environment bins. The pie chart on the top shows that more or less equal
fraction of SOs reside in both bright and faint bins. However, as the pie chart on
the bottom shows, a very small fraction of SOs are found in field environments -
this high fraction of SOs in group environments is consistent with studies such as
Dressler (1980).
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from GALEX. On the other hand, the near-IR images obtained from 2MASS trace
the older stellar population of the galaxies which are dominated by low mass stars.
The NUV detector on the GALEX is very sensitive to the presence of a young stellar
population enabling us to detect very small fractions (1-3%) of young stars formed
in the last few billion years (Schawinski et al., 2006). Thus one can separate out
galaxies with dominantly old and dominantly young stars by making a color-color
diagram with NUV as a common filter.

On such a plot, we would like to draw a curve which traces out the galaxy’s
position as a function of age. At low ages, the young & hot stars dominate the stellar
light budget but since these stars are massive, they consume their fuel rapidly and
die out. So, at later times, the galaxy is dominated by the longer-lived, cooler low

mass stars. In order to draw such a curve, one needs the following information

e a library of stellar spectra; how the spectrum of a star with given mass, metal-

licity and temperature looks like at any given point in its lifetime

e evolutionary tracks or models; how the stars move along the Hertzsprung-

Russel® diagram as a function of time

e an initial mass function; when the star burst occurs, what is the distribution

of stellar masses?

e a growth function which describes the star formation rate as a function of

time.

S0 galaxies have traditionally been believed to form at an early epoch via a
major merger or rapid collapse and so a single instantaneous burst of star formation
is a good approximation to its star formation history (called SSP, a Simple Stellar
Population). Using a variety of tools such as GALAXEV (from Bruzual & Charlot
2003 ), FSPS or Flexible Stellar Population Synthesis (Conroy et al., 2009) or EzGal
(Mancone and Gonzalez, 2012), it is possible to evolve the integrated spectra as a
function of time. These tools are able to construct the spectra using a simple

procedure outlined below:

e Use the initial mass function (IMF) to find the relative contributions of stars

of various masses.

e Locate the spectra corresponding to each consitituent star from the stellar

library.

e Add these spectra weighed by their relative contribution as determined above

to find the integrated spectrum at ¢t = 0.

8 A plot between luminosity and temperature of stars which is used for studying stellar evolution
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Figure 3.5: A plot of NUV — Kt against FUV — NUV with a line marking the
evolution of an SSP as a function of age. The numbers along the curve denote the
logarithm of the age of the SSP.

e Using evolutionary tracks, one can find where on the Hertzsprung-Russel dia-

gram, the initial population has evolved to.

e Construct the integrated spectrum by adding appropriate spectra with appro-

priate weights.

e Repeat the process for subsequent ages.

At any given time in the life of a stellar population, the integrated spectra can be
convolved with a filter response function® to obtain the broadband magnitude of the
object. This in turn allows one to construct colors and thus see how an SSP evolves
on a color-color diagram. We model an SSP using stellar library and evolution tracks
from Charlot & Bruzual (2007), which are an improved but unpublished version of
those described in Bruzual and Charlot (2003), along with a Salpeter IMF. This is
shown in Figure 3.5. The numbers along the curve are logarithms of the age.

How sensitive are the trends in Figure 3.5 to the choice of the IMF and the
libraries? The libraries and the evolution tracks are a result of several researchers
creating radiative transfer and atmospheric opacity models and evolving them as
a function of stellar age. These models are well determined for stars in the main

sequence and several other branches but a lot remains unclear about certain specific

9A function which describes the fraction of light allowed to pass through by a filter as a function
of the wavelength.
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Figure 3.6: The integrated spectrum of a Simple Stellar Population at ages 100
million years (top) and 1 Gigayear (bottom). The blue and red strips mark the
regions in which flux is integrated to measure the D,,(4000) index. These spectra
have been constructing using a suite of tools called GALAXEV made available by
Bruzual & Charlot at the URL http://www2.iap.fr/users/charlot /bc2003/.

phases of evolution. For example, the Asymptotic Giant Branch (AGB) or the
Thermally Pulsating (TP) stars are not well understood. Different libraries and
evolution tracks differ with regards to these phases. For studies aimed at star burst
galaxies or those whose populations are of the order of few million years old, the
choice of tracks and libraries can make significant difference. However, when dealing
with SO galaxies, such a choice is unlikely to make a difference since SOs formed at
early epochs as well as those which have assembled their mass recently would have
a majority of stars whose properties are well understood. Thus the choice of stellar
libraries or even the IMF are not expected to affect the broad trends explored in
this study.
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3.5 The D,(4000) break

Consider a galaxy whose stars have formed in a single instantaneous burst of star
formation. At an age of 100 million years, it will have an integrated spectrum as
shown in the top panel of Figure 3.6. The stars in such a galaxy are allowed to evolve
for about a Gyr. During this time, several changes take place - the very massive
blue stars evolve off the main sequence and die away in a display of cosmic fireworks
known as supernovae. The older, low mass stars synthesize heavier elements or
metals which generally exist in ionized state. Their presence in the atmospheres
cause absorption at several closely spaced wavelength in the < 4000 angstrom part
of the spectrum. As a result, there is a sudden break in the flux at the 4000 angstrom
wavelength. This can be seen in the second panel of the Figure 3.6.

This break can be quantified in a number of ways. For the present study, the
definition provided by Balogh et al. (1999) is adopted. The total fluxes in the blue
continuum in the wavelength range of 3850-3950 angstroms and that in the red
continuum with wavelength range 4000-4100 angstroms are measured. The ratio of
the flux in red continuum to the blue continuum is defined as the D,,(4000) index.
Referring again to Figure 3.6, it can be clearly seen that the value of the index
will be larger for a dominantly older stellar population while smaller for a recently
formed stellar population. Another virtue of this index is that it very insensitive to
redenning effects of dust owing to the very closely spaced red and blue continuums
used for determing it.

In the SDSS DR9 (Ahn et al., 2012), spectra of galaxies as measured by a 3" fiber
have also been provided. The SDSS pipeline automatically determines the D,,(4000)
index and makes it available in the galspecindx table. However, this index is not
available for all the 371 galaxies available in the SDSS. Owing to the design of the
instrument, there is a cut-off at the bright magnitude end beyond which the detector
saturates and experiences cross-talk. So, data for only 180 galaxies are available.
Thus, when exploring the behavior of the SO galaxies in the current sample with

respect to this index, only this subset will be utilized.

In the next chapter, the behavior of SO galaxies on these and other diagnostic
plots, as a function of luminosity and environment is described, along with implica-

tions of these results.
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Chapter 4

Dependence of Star Formation
History of SOs on Luminosity and

Environment

4.1 Nature of Stellar Populations in SOs

4.1.1 Examining the FUV — NUV vs NUV — K Color-Color

Diagram

A detailed description of how the FUV —NUV vs NUV — K color-color diagram can
be used to get a quick overview of the nature of the stellar population in a galaxy, has
been presented in section 3.4. The sample of SOs, the construction and properties
of which were described in the previous chapter is plotted on such a diagram as
shown in Figure 4.1. The bright SO galaxies are denoted as empty circles on this
diagram while the faint SOs are denoted by filled circles. A close inspection of this
figure reveals that the bulk of the bright SOs sit in a region corresponding to an SSP
of age ~ 10719 years. Thus the dominant population of stars in these galaxies is
of the old, low mass type. These stars could have all formed in the same galaxy
by a rapid collapse-like mechanism or it is also possible that a series of dry major
mergers between ellipticals or disk galaxies at a very early epoch is responsible for
such a stellar population.

This result means that these bright SOs resemble ellipticals both in terms of the
dominant stellar population as well as possible formation mechanisms. This result
is not surprising because in several earlier studies, the SO galaxies have indeed been
found to resemble elliptical galaxies in their ‘red and dead’ appearance except that
they are surrounded by a disk. Even the place of the SOs on the Hubble tuning fork

was motivated by the close similarities in the optical colors of the ellipticals and
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Figure 4.1: A plot of NUV — K color plotted against the FUV — NUV GALEX color
with empty and filled circles respectively denoting the bright and faint SO galaxies.
The contour traces the evolution of a Simple Stellar Population as a function of
time. The numbers denote the logarithm of the age in years. A bright SO galaxy
which is removed from the region occupied by most has been marked with a black
circle.
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Figure 4.2: The SDSS color image of the galaxy UGC 1597. This galaxy is a strong
outlier in the plot shown in Figure 4.1. Inspection shows a disturbed appearance
which in turn implies a recent merger.

SO0s. This result is also consistent with the those of Barway et al. (2007, 2009) who
find that bright SO galaxies obey similar correlations as their elliptical counterparts.
That the ellipticals obey these correlations indicate they are virialized, pressure
supported and dynamically hot systems, known to form through major merger as
various simulations studies have demonstrated. So it is likely that bright SOs formed

in a similar manner.

A close inspection of the empty cirlces on Figure 4.1 reveals one which is removed
from the rest - towards the lower left - implying extreme blue colors known to be
quite uncharacteristic of elliptical galaxies. This galaxy is UGC 1597. A close
inspection of the SDSS image, shown in Figure 4.2, of this galaxy reveals a disturbed
appearance, indicating a recent merger. The spectrum obtained from the SDSS fibre
shows a strong H, emission line, a sign of strong star formation. Further, the galaxy
is known to be a Seyfert galaxy. All these properties can explain why this galaxy
breaks away from the trend shown by other bright SO galaxies. For subsequent

analysis, this galaxy is removed from the sample.

The faint SO galaxies, indicated as filled circles, show a much larger scatter in
Figure 4.1. More than half of these galaxies are well away from the contour expected

to be followed by an SSP. This means that the stellar population in these galaxies
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cannot be explained as having formed in a single episodic burst of star formation
- the star formation history is more complicated. If we consider a scenario where
disk instabilities cause gas infall leading to slow star formation sustained over a
long period of time, the spectrum and hence colors of such galaxies would look
significantly different from those formed in a single episodic burst. The bulges of
such galaxies would not be expected to follow the trends of elliptical galaxies and
hence one would expect them to deviate from the tight correlations obeyed by the
ellipticals. This is precisely what was found by Barway et al. (2009). It should be
noted that not all faint SOs exhibit this trend, a good fraction of them in fact are

consistent with an SSP.

4.1.2 UV-Optical Colors

It’s been shown by various studies such as Schawinski et al. (2006) that UV-optical
colors can be used to differentiate between younger and older stellar populations.
In particular, Schawinski et al. (2006) show that galaxies with recent star formation
will have NUV — r < 5.4. Having both NUV measurements from GALEX and r-
band photometry from SDSS, we plot in Figure 4.3 a color-color diagram between
FUV — NUV and NUV —r. The division line proposed by Schawinski et al. (2006)
has also been marked. The symbols of empty and filled circles are used to denote
the bright and faint SOs.

Out of 237 galaxies plotted on this diagram, 135 are above this division line,
indicating a dominantly old stellar population while 102 galaxies are below the
division line, indicating recent star formation. Of the 135 galaxies with older stellar
populations, 83 (61%) are bright. This number of bright galaxies drops to 17 (17%)
for the galaxies with recent star formation. This trend can also be seen in Figure
4.4 which shows the distribution of the NUV — r color, with bright and faint SO
populations indicated by solid and dotted lines respecitvely. Thus, the fainter SOs

show clear signs of recent star formation.

4.1.3 Comparison with an Earlier Study

In Donas et al. (2007), star forming SO galaxies were identified by the authors
through similar techniques involving color-color diagrams. The sample used by
them comprised both elliptical galaxies as well as SO galaxies, commonly considered
together as early-type galaxies in the literature. The sample is based on the RC3
(de Vaucouleurs et al., 1991) catalogue. They plotted a color-color diagram using
B—V from the RC3 and FUV-NUV and found a large scatter in case of SO galaxies.
Their interpretation of this result was that some SOs were exhibiting low-level star

formation thereby causing the scatter.
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Figure 4.3: A plot of NUV — r color against the FUV — NUV GALEX color with
empty and filled circles representing bright and faint SOs respectively. The line
marks NUV —r = 5.4, which can be used to identify recently formed stars.
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Figure 4.4: Distribution of the NUV —r colors for the current sample of SO galaxies
with solid and dotted lines respectively denoting bright and faint SO galaxies. The
vertical dashed line marks NUV —r = 5.4, used to identify a recently formed stellar
population.
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Figure 4.5: The Figure from Donas et al. (2007) but with SO galaxies separated into
bright and faint.

We have replotted the figure of Donas et al. (2007) with their sample. The
ellipticals are marked by an asterisk but instead of treating all SOs alike, as done
by Donas et al. (2007), our plot distinguishes between bright and faint SOs (using
K-band luminosities obtained from 2MASS measurements). The SOs noted by them
as causing a large scatter and speculated to be star forming, are all faint SOs. The
two ellipticals with extremely blue colors are star forming and were explained as
such by Donas et al. (2007).

4.1.4 Environmental Dependence

The environment in which a galaxy resides can play a major role in its evolution. Per-
haps the strongest evidence for this is the morphology-density relation first pointed
out by Dressler (1980). This relation shows that the relative abundance of SOs and
spirals in clusters of galaxies changes with redshift. This means that there are pro-
cesses at work in these environments which change the morphology of the galaxies
from spiral-like to lenticular-like. One example of such a process is ram-pressure
stripping. A galaxy with abundant gas moves through the intra-cluster medium
(ICM) which in turn exerts a pressure on the gas causing it to be expelled. The
loss of gas in the galaxy extinguishes star formation regions in the galaxy leading

to an overall change in both the global structure as well as population abundances.
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Figure 4.6: Distribution of NUV — r for SO galaxies in groups (top panel) and in
fields (lower panel). In both panels, the solid and dotted lines denote bright and
faint SOs respectively while the dashed line marks the NUV — r = 5.4 boundary
used to identify recently formed stellar population.

Ram pressure stripping is only one of many rich processes possibly at work inside
clusters and groups. The key point here is that the environment is expected to be

important.

As pointed out in the earlier chapter, the SOs in the current sample have been
divided into field and group!. The distribution of NUV — r is shown in Figure
4.6 for bright and faint SOs in groups (top-panel) and for those in fields (bottom-
panel). The trend found in Figure 4.4 that in galaxies with no recent star formation
bright galaxies outnumber faint ones, is found in both the cases in Figure 4.6 but is
stronger in the field environemt. But it should be noted that the overall number of
SOs in the field environment is much smaller. So, the stronger separation seen in the
case of field environment is less statistically robust - the separation may not be as
significant as it appears to be in lower panel of Figure 4.6. Overall, it is evident that
luminosity is the primary differentiator in case of SOs with the environment playing

a second order but significant effect.

L As pointed in Chapter 3 galaxies, group here means both group and/or cluster
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Figure 4.7: Distribution of the D,,(4000) index for the subset of 180 SO galaxies
(for which the index measurements were available). The solid and dotted lines
respectively denote the bright and faint SO galaxies.

There are a few caveats in studying effects of environment that deserve attention.
Consider a galaxy currently found to be in a group. It is not necessary that this
galaxy has always been there, it is possible for the galaxy to have evolved in a field
and under the gravitational influence of group, fallen into it. On the other hand,
it’s also possible that the galaxy we see as isolated, underwent interactions with
a group in the past. In other words, the environment we find a galaxy in today
may be very different for the environments the galaxy has experienced in its past.
Another caveat is that when we decide to compare bright and faint SOs in different
environments, we implicitly assume a homology between the two classes; the key

finding of this study is that two classes are sufficiently different.

4.1.5 D, (4000)

For reasons explained in the previous chapter, the D,,(4000) index measurements
are only available for a subset of 180 galaxies. The distribution of the D,,(4000)
index is plotted in Figure 4.7. The distribution for the bright SOs (solid line) is
sharply peaked around D,,(4000) = 2 which indicates that most of these objects are
similar in their stellar population to the elliptical galaxies. The fainter SOs, on the

other hand show a much wider distribution indicating a mixed population of both
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Figure 4.8: Figure 12 from Wright et al. (2010) which shows a color-color diagram
plotted between [3.4] = [4.6] and [4.6]-[12.0]. The utility of this diagram lies in its
ability to differentiate between various interesting astrophysical objects based on
their location.

old and young stars.

4.1.6 The WISE Mid-IR Color-Color Diagram

Photometry in the 3.4, 4.6, 12 and 22 micron wavebands is available for the current
sample of SOs through the Wide-field Infrared Survey Explorer (WISE). Using data
from three of these bands, Wright et al. (2010) have plotted a color-color diagram
as shown in Figure 4.8. Different bands probe different components of the astro-
physical source. For example, the polycyclic aromatic hydrocarbons (PAHs) have
a signature that contributes to the 3.4 micron band. Different astrophsical sources
have different abundances of these components under different conditions and thus
can be differentiated based on their position on such a color-color diagram. This
figure plots the [3.4]-[4.6] color against the [4.6]-[12.0] color and marks the regions
occupied by different classes of astronomical sources.

A similar diagram for the current sample of SOs has been plotted in Figure 4.9.
The dark shaded ellipse marks the region of elliptical galaxies. The lighter ellipse

marks the region of spiral galaxies which have ongoing star formation in them and
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Figure 4.9: The WISE color-color diagram plotted between [3.4] - [4.6] and [4.6]-
[12.0] showing the SOs in the current sample with bright and faint SOs denoted by
empty and filled circles respectively. The darker and lighter shaded ellipses mark
regions typically occupied by elliptical and spiral galaxies respectively.
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much of their stars have formed recently. Again, we see that the bright SOs dominate
in the region of elliptical galaxies while the faint SOs dominate in the region of spiral
galaxies. This result shows that there is a group of SOs (bright) which are similar to

ellipticals and another group (faint) which show stronger similarity to the spirals.

4.2 Conclusions and Summary

The work done by Barway et al. (2007, 2009, 2011) shows that SO galaxies exhibit
vastly different properties depending on their luminosity and environment. The
bright SO galaxies show tell-tale signs of having formed in a manner similar to the
ellipticals while the faint SO galaxies show signs of having formed secularly with a
possible connection with spiral galaxies. The implication of this finding is expected
to be evident in the star formation histories of these galaxies as can be traced using
their spectral energy distributions and exploiting the technique of stellar population
synthesis. The primary goal of this study is to investigate whether this implication
holds true.

The current study shows, using multiwavelength broadband photometry from
UV to mid-IR wavelengths that in particular, bright SO galaxies predominantly
contain a coeval stellar population with a large age (~ 10'° years) with very little
or no sign of recent star formation, while a good fraction of faint SOs show a mixed
population and signs of recent star formation. These faint SOs are likely to have a
complicated star formation history with multiple episodes of star formation. There
are multiple scenarios which can be invoked that are consistent with such a history.
For example, if a galaxy’s evolution is largely secular in which disk instabilities drive
gas inwards, the star formation will occur over extended times and thus will not be
explainable as a single burst. Other processes that can lead to a complicated history
include those experienced in rich environments such as minor mergers, ram pressure
stripping or galaxy harassment. It is speculated that SOs were once spiral galaxies
whose spiral arms faded because of ceased star formation due to gas stripping.

The study, consistent with earlier studies, reveals luminosity to be the prime
factor governing the evolution with the environment playing a secondary role. It
should be noted that near-IR luminosity is a reasonable proxy for stellar mass and
it is therefore possible that it is stellar mass which is the primary factor governing
the dominant formation mechanism. Any attempt at using the spectral energy dis-
tribution to arrive directly at the mass in order to confirm this will involve assuming
some models.

From the point of view of understanding broad trends for a statistically signif-
icant sample, the use of broad band photometry is justified. However, the ideal

investigation will involve using detailed 2-dimensional or long slit spectroscopy or
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maybe even 3-dimensional spectroscopy to study detailed kinematics and star for-
mation histories of these objects. These techniques will allow computation of the
fractional contributions of stellar populations of different ages and metallicities to
the integrated spectrum of the galaxies thus allowing one to further constraint the
formation history. A long term observational program with the Southern African
Large Telescope (SALT) is being carried out for such a detailed study. The analysis

and results for a limited subset of SOs is presented in Chapters 9 and 10.
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Part 11

A Mid-IR Spitzer Study of the
Bulges and Disks of SO Galaxies

85






Chapter 5

The mid-IR RC3-Spitzer Sample
of SOs, Data Reduction and 2-d

Decomposition

Two key concepts were introduced in Chapter 1 concerning the assembly and evo-
lution of galaxies. We discussed the definiton of SO galaxies and their place in the
overall scheme of formation and evolution of galaxies. As described in detail earlier,
S0s were originally thought of as a mere transition class of objects but observational
studies carried out by e.g. Barway et al. (2007, 2009, 2011, 2013); Laurikainen et al.
(2005, 2010) demonstrate that this is not entirely true. SO galaxies in fact comprise
distinct sub-populations with vastly different formation histories with luminosity
playing the primary role in the dominant formation mechanism and environment
playing a secondary role. The second important concept highlighted in the first
chapter is that of bulge morphology. A bulge can be defined as a morphological
component, which manifests as an excess of light in the central region of the galaxy
over the value predicted by an inward extrapolation of the outer disk described by an
exponential function. Bulges come in two distinct flavors and in current literature,
they are commonly referred to as classical and pseudo-bulges. Studies carried out
by e.g. Fisher and Drory (2008, 2010); Gadotti (2009) adopt a common approach
where surface brightness profiles of all galaxies with a bulge and disk component are
decomposed to extract the bulge parameters which are used to classify them. The
global morphology of the galaxy is not considered i.e. classical bulges and pseudob-
ulges are compared independent of whether the galaxies in which they reside are

SOs or spirals.

We know that SOs are a unique class of objects with some bearing closer resem-
blance to elliptical galaxies and others bearing closer resemblance to spiral galaxies.

Hence it is important to consider a study of quantitative morphology of SO galaxies

87



5.1. Considerations in Sample Construction

aimed at identifying the nature of the bulges and performing due comparison with
ellipticals and spirals. The study described in this and following two chapters has

been done with these goals in mind.

5.1 Considerations in Sample Construction

Construction of a sample of SOs often begins with a catalogue which provides de-
tailed visual classification of galaxies done by expert astronomers. Examples of such
catalogues include the Uppsala General Catalogue (UGC) (Nilson, 1973) and the
Third Revised Catalogue of Galaxies (RC3) (de Vaucouleurs et al., 1991). Both
catalogues are complete with respect to various criteria but the UGC however is
constrained largely to the northern celestial hemisphere while the RC3 catalog is an
all-sky catalogue. Thus we use the RC3 catalogue as a starting point to construct
the sample of SO galaxies needed in the current study.

The next important consideration is that of the source of imaging data. Our
eventual goal is to use the technique of 2-d image decomposition to extract pa-
rameters describing the bulge, disk and/or bar of a galaxy by fitting well known
parametric models to describe each component. In the ultraviolet and optical wave-
bands, one encounters various issues that render imaging data at these wavebands
not ideal for the intended analysis. In case of the ultraviolet wavelengths, the light
is a probe of recent or ongoing star formation and has little contribution from lower
mass stars which by being present in large numbers, dictate the global morphology
of the galaxy. Light at optical wavelengths as well as ultraviolet are subject to dust
effects - dust both within the galaxy of interest as well as in our Milky Way. The
former is referred to as intrinsic extinction while latter is commonly referred to as
foreground extinction. This problem can be circumvented by choosing galaxies at
high galactic latitudes (where foreground extinction is minimal) and by demanding
the sample to consist of only face-on or near face-on galaxies (this reduces effects of
intrinsic extinction). However, such a sample is bound to contain a lesser number of
objects. Given that the numbers will further reduce during the process of searching
for high quality archival data and the prior expectation that the fraction of pseu-
dobulge hosts in SO galaxies is low!, such a constrained sample is not suitable to
meet the goals of the current study.

Light coming from near- and mid-infrared is most suitable for studying the mor-
phology of galaxies quantitatively. The light is little affected by both intrinsic and
foreground extinction and takes into account the contribution of the numerous low

mass stars present in a galaxy. Well known imaging surveys that cover these wave-

'In general, it is known that the fraction of pseudobulges tends to rise towards the later Hubble
types. By extrapolation, one expects a lower fraction of pseudobulges in the SO galaxies.
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lengths include the Sloan Digitial Sky Survey (SDSS), the 2 Micron All Sky Survey
(2MASS) and data obtained by the Spitzer Space Telescope. While not being a
survey telescope, the Spitzer telescope has been used by several observers to study
galaxies of different morphological types. The SDSS is constrained largely to the
northern skies. The 2MASS has no such restriction but being a ground based survey
with an exposure time ~ 7.8s, it does not produce high signal-to-noise ratio (SNR)
imaging except for the brightest and nearest galaxies. Apart from the low expo-
sure time, another major cause of the very low SNR is the brightness of the sky at
infrared wavelengths. The Spitzer Space Telescope overcomes this disadvantage as
it operates outside of the Earth’s atmosphere and also has the benefit of not being
constrained to certain regions of the sky as is the case with SDSS.

The Spitzer Space Telescope has three instruments on board. One of them is
the Infrared Array Camera (IRAC) which takes images at four mid-IR wavebands
namely 3.6, 4.5, 5.8 and 8 microns. We chose to use the 3.6 micron imaging data
from the IRAC onboard the Spitzer Telescope for the current study. The process of

sample construction is described in the next section.

5.2 Sample Construction

For reasons described in the earlier section, the RC3 catalogue was used as a starting
point in the construction of the sample. The catalogue can be accessed with ease
using the Vizier service?. This service has been developed by CDS, Strasbourg,
France and offers a convenient way to astronomers for accessing more than 10,000
catalogues made available as a result of several decades of research. It has an easy-
to-use web interface which allows one to download a catalogue in its entirety or a
subset satisfying certain criteria. For the current study, only those 3657 galaxies
having a Hubble stage parameter —3 < T' < (0 were selected®. This way one selects
SO and S0/a galaxies, the latter being a transition class of objects believed to be
galaxies transforming from spirals to SOs. Traditionally, these galaxies have been
considered as lenticular galaxies and thus have been included in the present sample.

Next, a magnitude cut on the total B-band apparent magnitude of By < 14.0
is imposed. This assures a high signal-to-noise ratio for the imaging data, needed
for the intended 2-d decomposition analysis. At this point, the sample is reduced
to 1031 galaxies, which was then cross-matched with archival data from the Spitzer

Space Telescope using the Spitzer Heritage Archive (SHA)?. Only imaging data taken

Zhttp:/ /vizier.u-strasbg.fr/viz-bin/VizieR

3The Hubble stage parameter is used to denote the class of a galaxy and was assigned by de
Vaucouleur to all the galaxies in his catalogue viz. RC3. The value ranges from -6 to +10, from
elliptical to late-type spirals.

4The Spitzer Heritage Archive is maintained by the Spitzer Science Centre and is a public inter-
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using the IRAC at 3.6 micron wavelength was used for this cross-match. The SHA
contains imaging data obtained through various observation programs executed over
the lifetime of the Spitzer telescope. In some cases, the observations were aimed at
obtaining imaging data for the object in question while in other cases, the objects
were observed serendipitiously. Imaging data were found for 247 galaxies and were
divided into two groups - “primary” referring to imaging obtained for an object
directly and “secondary” in which case the object was observed serendipitiously.
The motivation behind such a division was to exercise extra caution with the data
in the latter case and check for quality as the object was not the intended target
and thus the data may not be optimized for it.

Next, a thorough examination of the imaging data was conducted for all the 247
galaxies and several images had to be discarded due to one or more of the following

reasons:

e Poor signal-to-noise ratio - the morphological parameters recovered using 2-
d decomposition technique as implemented in the program GALFIT (Peng
et al., 2002) are reliable only if the image has sufficient signal-to-noise ratio.
So, images not satisfying this condition were discarded. The occurrence of

such images was more in the “secondary” group, as expected.

e Galaxies with disturbed morphologies due to recent interactions or mergers.
The 2-d image decomposition technique assumes that various components of
the galaxies obey certain simple analytical profiles. This assumption breaks
down for galaxies that have been disturbed by interactions and it is therefore

not meaningful to analyze such objects.

e Galaxies for which “meaningful” fits were not obtainable. For some galaxies,
the decomposition analysis did not find any meaningful model or solution and

such galaxies had to be discarded as well®.

The final sample used to obtain the results described in Chapters 6 and 7 contains
185 galaxies. The Hubble stage T" distribution for this sample is shown in Figure
5.1. The distribution of K-band absolute magnitudes in AB system is shown in
Figure 5.2. This figure also shows the line used in Barway et al. (2007) to divide SO
galaxies into bright and faint luminosity bins. The sample is biased towards fainter
S0 galaxies compared to the sample described in Chapters 3 and 4. The K-band

absolute magnitudes were obtained using the following procedure.

face to all archival data taken using the three instruments on board the Spitzer Space Telescope.
( http://irsa.ipac.caltech.edu/applications/Spitzer/SHA /)

5The detailed analysis technique is described in the subsequent sections but for convenience of
presentation, the data discarded post analysis is being described here.
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bright and faint galaxies used by Barway et al. (2007).
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e The sample of 185 galaxies was cross-matched with the 2MASS Extended

Source Catalogue to obtain the integrated K-band magnitudes for all galaxies.

e These magnitudes are reported in the Vega system and were thus transformed
to the AB system (Oke and Gunn, 1983) by adding 1.84 to the Vega magnitude
as suggested by Munoz-Mateos et al. (2009).

e The redshifts for these galaxies were obtained from the NASA Extragalactic
Database (NED)S.

e The redshifts were used to obtain the distance moduli using the Python imple-
mentation of Ned Wright’s cosmology calculator” written by James Schombert.
For this purpose, the standard concordance cosmology was assumed where
Hy=T70km s~! Mpc_l, Qn=0.3and Q) =0.7.

e The original divison line of -24.5 was transformed in a similar manner by
adding 1.84.

The median redshift of the sample is ~ 0.005 with a standard deviation of
~ 0.002. Thus the sample, while not being complete, is a representative sample of
S0 galaxies in the nearby Universe. The 2-d decomposition technique applied on

this sample is described in the next section.

5.3 2-d Image Decomposition

The technique of decomposing the surface brightness profile of a galaxy into its
components was briefly touched upon in Chapter 2. This section covers some details
with emphasis on how the code GALFIT was used in the current study.

Given an image of a galaxy, there are a number of ways in which the 1-d surface
brightness profile can be constructed. The simplest method is to take a slice along
the major axis of the galaxy (Burstein, 1979) and measure the surface brightness
at different points on the galaxy. However, one could then argue as to why such a
slice cannot be taken along the minor axis of the galaxy. In fact, it has been obser-
vationally shown that the profiles of galaxies along the two axes can be significantly
different (Ferrarese et al., 1994). Another method in which the complete image of
the galaxy is utilized involves fitting ellipses to the isophotes of the galaxy. One then
gets an azimuthally averaged surface brightness as a function of the semi-major axis

of the galaxy. However, there are a few disadvantages of working with a 1-d profile.

Shttp://ned.ipac.caltech.edu/
"http://www.astro.ucla.edu/ wright /CosmoCalc.html
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e By obtaining an azimuthally averaged profile, one is inherently assuming the
axial asymmetries in the distribution of light in a galaxy can be ignored. This

need not hold true in many cases - for example, in the case of barred galaxies.

e The use of azimuthally averaged profiles also ignores changes in the position

angles (isophotal twists) and the ellipticities of the isophotes.

e Several studies have also demonstrated the existence of strongly degenerate
solutions to the brightness profile when fitting with more than one component
i.e. more than one combination of the two models being summed can explain
the observed profile thus leading to an ambiguity of which combination is a

better representation of the true profile.

e The residual obtained by subtracting the best-fit profile from the observed pro-

file does not reveal much about the unaccounted structure within the galaxy.

e In case of galaxies where the bulge and disk do not share a common centre,

the use of a 1-d profile is not correct.

If one is able to fit a 2-d analytical model over the observed image of the galaxy,
many of the above limitations of the 1-d analysis can be overcome. The price one
pays is an increase in the number of free parameters that need to be optimized to
get the best-fit model. For a 2-d analytical profile, the X-centre, Y-centre, position
angle, ellipticity/axis ratio are additional free parameters that need to be optimized.
Apart from an increase in computational costs, this also means that parameter space
is more complex and thus obtaining the best-fit solution becomes trickier. However,
with modern computational power, the pros of the 2-d technique easily outweigh the
cons. A 2-d analysis therefore offers far more reliable and richer information than
its 1-d counterpart.

At the simplest conceptual level, the process of fitting a model on a galaxy
image is about defining a merit function which can be minimized to obtain the

best-fit parameters. A y? function is most often used, with

z,Y)

where

O(z,y) — Observed Image,
M (z,y) — Model,

o(z,y) — Uncertainties.
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But the process becomes rather involved due to a number of factors such as

e Which model is best suited to describe the given galaxy? How many compo-
nents are needed? There are no straightforward answers to these questions.
One generally starts by fitting a single component for an elliptical galaxy,
usually described by a Sérsic profile or two components in case of late-type
galaxies - a bulge and a disk, described by a Sérsic profile and an exponential
profile respectively. Other components such as a nuclear source or a bar may

be added depending on the science goal, available resolution etc.

e Estimation of uncertainties. Incomplete estimation of uncertainties may still
allow a best-fit model to be obtained using }? but it is then not possible to

use the statistical properties of y? to measure the goodness-of-fit.

e Instrumental signatures in the observed image. For example, if there are severe
optical distortions in the image, it may not make sense to use it for decompo-
sition. Leakage of current from neighbouring pixels due to a very bright star
can render the whole image unusable. If the flat-fielding of the image has not
been done correctly, inter-pixel variations in detection efficiency can lead to

incorrect representation of the distribution of light in the galaxy.

e [f the galaxy is being modelled in a crowded field, the model is bound to be
biased due to contamination by light from the neighbours. In such cases it
is essential to construct suitable 'masks’ to flag the pixels that should not be
used when fitting an image. Masks are also needed to flag pixels that are

damaged or contain signatures as described earlier.

e A given galaxy can have slightly different distribution of light depending on
the telescope - detector combination used to image it. This is because no
instrument ever produces a point image of a point source owing to diffraction
and other effects. Thus one needs to know the Point Spread Function (PSF)
in order to correct for the effect of the instrument on the actual distribution of
light of the galaxy. For space based observations, the broadening effects due

to Earth’s atmosphere are not important.

As will be shown eventually, each of the above practical difficulty requires sig-
nificant amount of preprocessing to be carried out on the observed images from the
Spitzer Space Telescope before they can be used for modelling the distribution of
light. This is described in the next section.

The code used in this study for 2-d decomposition of the galaxy image is GALFIT
(Peng et al., 2002). GALFIT is a very flexible program which can fit a variety of

functions including Sérsic, exponential, Moffat, Gaussian, Ferrer etc. The user can
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Figure 5.3: A diagram illustrating the use of GALFIT.

construct any combination of these profiles and also has flexibility in keeping any
subset of parameters frozen or free. The user can also specify constraints which can
be used to couple the parameters of the model or restrict their parameter range as

required.
As input, GALFIT needs the following:

e The observed image on which the fit has to be performed.

e A mask file which flags the pixels that should not be used in the process of
fitting.

e A PSF image file which it uses to account for the seeing of the instrument. The
PSF image is allowed to have smaller pixel scale than the image itself which
is important in case of space-based telescopes where the PSF is generally

undersampled (see Section 5.6).

e An input configuration file which specifies details such as the models to be
fitted and the starting guess parameters along with a constraints file, if any

constraints need to be applied.

GALFIT uses the fast Levenberg-Marquardt algorithm for finding the best-fit
parameters by minimizing y2. A key limitation of this algorithm is that it can easily
get stuck in a local minima and thus the solutions have to be checked manually for
correctness and physical meaningfulness. To account for the seeing effects of the
instrument, GALFIT first convolves the model image constructed using the current

set of parameters, with the PSF using a Fast Fourier Transform (FFT) routine
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before subtracting it from the observed image. If the PSF is sampled more finely
than the observed image, it constructs a model with a pixel scale matching the PSF
and then bins it to match the observed image. The process of convolution is the
most computationally expensive step carried out by GALFIT and can be turned off
by appropriately tweaking the configuration file.

As output, GALFIT provides the following data

e A fit.log file which summarizes the final set of best-fit parameters found by
GALFIT.

e A GALFIT compatible input file which contains the same information as above

but can be used as a starting point for further fitting.

e An output image cube which contains a cut-out of the observed image, the
final model and the residual image. Using appropriate command line options,
GALFIT can be made to output model images of individual components as

well.

The overall working of the GALFIT program is captured in the Figure 5.3.

5.4 Spitzer and Its Data

This section describes the Spitzer Space Telescope, the nature of data collected by
it and its suitabiltity for 2-d decomposition.

The Spitzer Space Telescope has three instruments onboard:

e The Infrared Array Camera (IRAC), which takes imaging data in four mid-
infrared wavebands - 3.6, 4.5, 5.8 and 8 microns - referred to in Spitzer parlance

as channels.

e The Multiband Imaging Photometer (MIPS), which works at far-infrared wave-
lengths.

e The Infrared Spectrograph (IRS), which is used to obtain spectroscopic data

at mid- and far-infrared wavelengths.

A large fraction of the light coming from a galaxy at 3.6 micron is stellar with
little contribution from polycyclic aromatic hydrocarbons. But this dominance of
stellar light drops significantly at 4.5 micron and higher wavelengths (Leitherer
et al., 1999). Hence, for the intended analysis, we choose to work with the 3.6
micron imaging data taken using the IRAC.
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Figure 5.4: IRAC Cryogenic Assembly model, with the top cover removed to show
the inner components. (Courtesy: The IRAC Instrument Handbook)

5.4.1 Brief Description of IRAC

Figure 5.4 sketches the layout of the IRAC instrument. IRAC contains four detectors
or channels which can take images at 3.6, 4.5, 5.8 and 8 microns. The two lower
wavelength detectors are made of InSb while the two higher wavelength detectors are
made of SiAs. Each detector is an array of 256 x 256 pixels, each pixel capturing ~
1.22" x 1.22" of the sky. Thus each detector captures a field of view of ~ 5.22' x 5.22".

The light from the source hitting the telescope is split into a higher and lower
wavelength component through a beam splitter and reaches the four detectors. The
arrangement of the optics is such that the channels 1 and 3 have the same field of
view which is different from the field of view common to channels 2 and 4 at any
given time. The two fields of view are separated by a gap of 1.52 arcmin.

The IRAC is placed off-axis relative to the Spitzer focal plane as a result of which
images captured by IRAC have optical distortions - these distortions can be as severe
as 2.2 pixels relative to a regular undistorted grid. The use of beam splitters in turn
implies the existence of a lateral chromatic abberation which is generally less than a
pixel. Any resultant astrometry errors are recorded in the form of header keywords
in all data obtained following the prescription of Shupe et al. (2005).

There are various read-out modes for the IRAC detectors such as

e A full array read-out mode - data obtained in this mode is the most used in

the current study

e A stellar photometry mode - this uses shorter exposures for channels 1 and 2
while longer exposures for channels 3 and 4 to account for differences in flux

as well as efficiency levels. This mode is not used for extended objects like
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galaxies.

e A sub-array mode - where only a 32 x 32 sub-array is read out. This is again

useful only for bright star photometry.

e A High Dynamic Range mode, few imaging data in the current study were

observed using this mode.

In the next subsection, details on basic data obtaind from IRAC are described

and their suitability for the intended analyis is explored.

5.4.2 Description of IRAC Data

The Spitzer Science Centre, through the SHA, offers three types of data products.

e Level 0 data. This is the raw imaging data which contains several instrumental

signatures. These data are seldom used for scientific analysis.

e Level 1 data. These are raw data extensively processed by various pipelines
to free them of various instrumental signatures. These are also called Basic
Calibrated Data (BCD). The basic pipelines do not however correct for various
specific effects such as leaked currents, ghost images etc. These are corrected
by running a separate set of software tools by the Spitzer Science Centre and
such data are referred to as Corrected BCDs or CBCDs.

e Level 2 data. These are constructed by coadding all the BCDs captured in a
single observation request. These are also referred to as Post-BCDs or PBCDs

and are meant to serve as quick preview data.

When the software pipeline processes Level 0 data to construct Level 1 data, it
performs several operations such as data sanity checks, header keywords population,
bit conversion, data inversion, Fowler sampling, response linearization, wrap-around
corrections, mirror image effects, bandwidth corrections, background estimation etc.
The entire process is captured in Figure 5.5, taken from the IRAC instrument hand-
book. A detailed discussion of all these corrections is beyond the scope of this
thesis and can be found in the IRAC instrumemt handbook. The current discussion
will focus on features of Level 1 data to check for their suitability for the intended
analysis.

In order to determine the amount of dark current to be subtracted from the im-
age, the telescope is pointed to the ecliptic pole and several exposures are obtained.
These exposures are then combined and contribution from stars and other sources is
removed. The remainder is then subtracted from all science images. As a result, in

the process of removing dark current and bias a fraction of the celestial background
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Figure 5.5: Overview of RAW image processing to construct Basics Calibrated Data
(BCDs), taken from the IRAC instrument handbook.
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is also removed. To compensate for this, the processing pipeline uses a COsmic
Background Explorer / Diffuse Infrared Background Experiment (COBE/DIRBE)
estimation of the background and adds it to the header. As a result, the true ce-
lestial background can never be determined in IRAC data. This, however is not a
major problem for our analysis since any residual background and the galaxy model
can be fitted simultaneously by GALFIT.

In order to perform flat-fielding, the telescope takes dithered images of well
defined regions of the zodiacal background, 22 in number. The uncertainty of the
flat-fielding is found to be 2.4% in Channel 1. However, the flat-field response over
several observational cycles was found to be very stable and hence a super-flat was
constructed which has an improved uncertainty of 0.4%. Since the Level 1 pipeline
uses these flats, the inter-pixel response variation is not a problem. It is interesting to
note that since the zodiacal background used for flat-fielding is a rather red source,
the accuracy of the flat-field will degrade to as much as 10% should a source be
observed that peaks in far infrared.

As mentioned earlier, IRAC is placed off-axis relative to the focal plane of the
telescope. This results in optical distortions which can manifest as three different

effects in the images:
e The pixel size in arcseconds changes across the image.
e The pixel scale in vertical and horizontal directions can be different.
e The axes of the image may not remain perpendicular.

As can be seen, these problems render an image unusable for a 2-d decomposition
code like GALFIT which assumes a distortion free image. The variations in the solid
angle subtended by a pixel can be as high as 1.5%. For this reason, the BCD images
are not presented in the usual units of ADUs (analog-digital units) but calibrated
directly in units of MJy/str. If one needs to perform aperture photometry, a suitable
software can reconvert into pixel units by multiplying the solid angle and obtain
accurate photometry. But this still does not help the case for image’s usability for
a tool such as GALFIT.

Solutions to Problems with Level 1 images: While optical distortions
do exist in BCDs, they can be quantified and represented using suitable header
keywords as described in Shupe et al. (2005). These corrections are generally upto
second order but can also be as high as third order corrections. A software tool
capable of understanding the header keywords which represent optical distortions
can suitably reproject the images using an equal area projection scheme (TAN-
TAN). This involves construction of a grid or a frame of equal area elements and

projecting the BCD images onto it, correcting for optical distortions when doing so.
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The Spitzer Science Center provides a tool called MOsaicking and Point EXtraction
(MOPEX) which can perform this operation. In fact, this is exactly what is done
by the pipeline responsible for constructing Level 2 data or PBCDs. The process of
constructing Level 2 data this way has not only the advantage of providing a final
image free of optical distortions i.e. images where every pixel subtends the same

solid angle but also provides other collateral benefits -

e Instead of reprojecting a single image, several exposures can be coadded to

give a higher signal-noise ratio final image.

e The Spitzer data analysis team has found that if dithered exposures are ob-
tained for any object and combined this way, the flat-fielding accuracy in-

creases.

e By extracting point sources in the image and cross-matching them with a
catalogue such as the 2MASS point source catalogue, the overall astrometry
can be made more accurate. This is called pointing refinement but since our
science goals do not require very accurate astrometry, this is just an added

bonus and not a critical improvement.

Ready-made Level 2 Data from SHA At the time when the analysis de-
scribed here was conducted, the Level 2 products made available by SHA, which
were prepared by the version S18.14 of their pipeline, were more quick-look images
than science-ready. These images particularly suffered of an artifact as can be seen
in the upper panel of Figure 5.6. This is a Level 2 image of the galaxy NGC 4374 and
clearly there is something severely wrong with this image. For reference, a better
image of the galaxy taken using the SDSS is shown in the lower panel of Figure 5.6.
The Spitzer Help Desk, in private communication, explained that the pipeline being
used at that time, had an inbuilt mechanism to detect a near-saturated source and
replace it with an image of the PSF, thus producing images as shown in Figure 5.6.
Further, the interpolation scheme and several other important settings are also not
ideal for obtaining good quality level 2 data.

In summary,

e Level 1 products have several artificacts which do not allow their use for image

decomposition.

e Level 2 products circumvent these problems but those made available by the

version S18.14 of their pipeline have other issues which render them unusable.

Thus, the final strategy adopted for this study involves obtaining Level 1 data
from the SHA and using the MOPEX tool to construct custom Level 2 data free

from artifacts.
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Figure 5.6: Top: Level 2 or PBCD image of the galaxy NGC 4374 made available on
the SHA, showing a strong artifact in the image. Bottom: The image of the same
galaxy taken by SDSS for comparison.
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Figure 5.7: A screenshot of the MOPEX software’s Graphical User Interface.

5.5 Construction of Custom Level 2 Data

In the earlier section, the need for constructing custom Level 2 data using (C)BCDs
downloaded from the SHA, was discussed. The current section explains the working
and use of MOPEX in achieving this.

MOPEX stands for MOsaicking and Point EXtraction. It is a tool provided by
the Spitzer Science Centre and is specifically designed for use with data obtained
from the Spitzer Space Telescope. Compared to the standard set of tools provided by
the Image Reduction and Analysis Facility (IRAF), often used in optical and infrared
astronomical image analysis, MOPEX can handle the keywords representing optical
distortions and images calibrated in units of MJy/str with ease.

MOPEX can be run using both a graphical user-interface mode as well as a
command line mode. In the former, the user can specify the files to be processed and
the processes to be performed by using a simple system of menus. In the latter case,
the user is expected to provide all the input in the form of a file known as a namelist
and run the pipelines which are presented as Perl scripts. The namelist not only
specifies the input files but also the sub-modules which should be executed within
the pipeline and the various configuration parameters governing their behavior.

A screenshot of the graphical user interface to MOPEX is shown in Figure 5.7.
Any pipeline may be added to the workflow by simply clicking it. For every pipeline,
there is a dialog box marking all the sub-modules within it that are currently in the
workflow. This can be used to easily add or remove the sub-modules. Each sub-
module performs a specific task - for example, one submodule can be used to detect

cosmic rays, another to detect spatial and temporal outliers etc. To aid the pro-
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cess of selecting the pipelines, their submodules and the configuration parameters,

MOPEX comes with built-in templates. There is one template for each pipeline for

a given channel of a given instrument. The default parameters provided for Chan-
nel 1 of IRAC were sufficient to obtain usable, high quality mosaics/PBCDs in the

current study.

5.5.1 Brief Description of Pipelines and Their Modules

There are three principal pipelines that are available in MOPEX

Overlap Pipeline: This pipeline is used to match the background levels in all
the (C)BCDs being combined. Without this matching, the resultant mosaic

will be patchy due to unequal background levels.

Mosaic Pipeline: This executes the actual process of constructing the final

grid of pixels and projecting/coadding all images to produce the final mosaic.

APEX Pipeline(s): This pipeline and its variants deal with point source de-

tection and photometry. This was not used in the current study.

Any pipeline in MOPEX requires a set of input files which include:

Image Stack File - this contains a list of input files that should be combined

in order to produce the final mosaic.

Sigma List File - this contains a list of uncertainty images for each file and
allows MOPEX to construct an uncertainty mosaic which represents an ap-

proximate estimate of the uncertainty on each pixel.

Mask files - there are various types which serve the general purpose of marking

those pixels which, owing to various reasons, do not have reliable data.

The Overlap Pipeline: This pipeline works by running the following modules in

order-

Fiducial Image Frame (FIF) maker - this is used to construct the final grid
of pixels onto which the (C)BCDs are projected. The grid is constructed to

provide a sufficient edge padding so that all images may be combined suitably.

MedFilter - Performs an estimate of the background level in the image to allow

for the object detector module to work correctly.

Detect - this attempts to detect the bright sources within an image which
allows to mark those pixels which cannot be used reliably for background

estimation.
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e Interpolate - performs the actual projection of the images onto the fiducial im-
age frame generated previously using a specified interpolation scheme. Avail-

able schemes include coarse gridding, linear, bicubic and drizzle.

e Compute Overlap Correction - computes the additive constant to be added to

each image in order to equalize their background.

e Quick Look Mosaic - constructs a crude mosaic whose sole purpose is to allow
a user to verify whether overlap corrections have been performed correctly. If
overlap correction is not correct, the mosaic will look patchy due to unequal

backgrounds in the combined images.

The Mosaic Pipeline: The main modules in order of how they appear in the

workflow are described below.
e Fiducial Image Frame Maker - see above

e Mosaic Geometry - use the FIF generated above to determine how and which
(C)BCDs to combine.

e MedFilter - creates temporary background subtracted versions of the images to

enable subsequent modules to attempt cosmic ray and other outlier detections.

e Radhit - search for cosmic radiation hits using concentration of flux within

pixels as a criterion

e Mosaic interpolate - perform the projection of images onto the FIF using a

suitable interpolation scheme.

e Outlier Detection - this is actually a collection of four modules, which in

tandem perform outlier detection using various schemes or methods.

e Mosaic RMask - Constructs a final mask based on the outliers detected using

the previous set of modules.

e Reinterpolate - use the information of bad pixels and reinterpolate only the

bad pixels using a suitable interpolation scheme.

e Mosaic Coadder - combine information for a pixel using contributions from all
overlapping (C)BCDs.

e Mosaic Combine - construct the final output mosaic using the combined infor-

mation from individual frames
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For the purpose of this study, a handful of images were manually reduced using
the GUI and were checked for image quality. Having established that the default
template parameters for Channel 1 were producing high quality final data, the de-
fault parameters were exported to a namelist which was then used in testing MOPEX
in command line mode. A bash script was then written which given a directory con-
taining .zip files downloaded from the SHA, containing BCDs, performs the following

steps:
e Decompress or unzip the data.

e Scan and identify actual images, masks and uncertainty images to construct
file lists.

e Invoke the Outlier and Mosaic Perl scripts with suitable name lists to construct

the final mosaic.

Using the above script, one can generate the required level 2 data for the down-
loaded images of all galaxies in an automated fashion. The process required ap-
proximately ~ 48 hours to process all 247 galaxies’ imaging data. At this point,
two basic inputs required by GALFIT become available - the observed image and
the uncertainty/sigma image. The next section discusses construction of the PSF,

which is an important input required by GALFIT.

5.6 Determining the Point Spread Function for
Spitzer IRAC

As described earlier, a point source appears to be extended, when imaged, due to
the effects of the telescope-detector system on the incoming light. The spreading
of the light from a point source is often termed as seeing and the complete effect
is described using a Point Spread Function (PSF). The process of constructing the
final image of an astronomical object using a telescope can then be mathematically
described as a convolution of two functions, one representing the intrinsic light
distribution of the source and the second being the PSF. The image of a galaxy
represents the distribution of light in the galaxy but convolved with a PSF. Thus, one
needs to first deconvolve the image and then study the light distribution. However,
deconvolution tends to add noise to the image and is thus not a feasible solution
especially for images which already have a low SNR (Peng et al., 2002). An alternate
solution adopted by GALFIT is to convolve the model image with the PSF before
subtracting it from the observed image, when computing the x2. Without a PSF,
the parameters determined by GALFIT will be biased by any systematics specific
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to the given telescope-detector combination and the bias becomes more acute for
galaxies whose sizes are comparable to the Full Width at Half Maximum (FWHM)
of the seeing. The PSF can be supplied as a 2-d FITS image to GALFIT. This
feature of GALFIT is important since it takes away the need to approximate the
PSF as some analytical function.

There are a number of methods by which the PSF can be determined. Some of
these methods are highlighted below.

e Coadding images of stars. As explained earlier, the image of a star is
the PSF itself. Thus, the simplest method of determining the PSF is to take
cut-outs of isolated & bright foreground stars and coadd them to produce a
high signal-noise ratio image of a star. The final image needs to be subtracted
of any background and should be centered properly. If the sky background
subtraction or centering is not done correctly, there will be artifacts which can
affect the model fitting.

e Assuming an analytical profile. For ground based telescopes, the PSF can
be approximated using a profile such as a Gaussian or Moffat function. One
way to understand why a Gaussian is a good approximation is to invoke the
central limit theorem. In the ideal scenario, the photon from a point source
will travel along a perfectly straight path towards the detector. However,
in realistic cases, the photons undergo random changes in their path due to
various effects including those due to the atmospheric turbulence, due to their
bouncing off the telescope walls, due to the optical elements, the filters and
detectors. As such the probability distribution of paths taken by the photons
from a source is a sum of several distribution functions, each describing the
scatter of the photon due to a given effect - by the central limit theorem, one
can approximate this using a Gaussian. Using, for example, the imexamine
task in IRAF, it is possible to determine the FWHM of a Gaussian fit to a
star. This information can then be used to construct a 2d Gaussian of a given
width. If GALFIT is provided no input image but just an input configuration
file with some model parameters, it constructs a model image and does no
fitting. This feature can be used to construct the PSF given an analytical

representation.

e Semi-analytic approach. The above method works well only if any extended
non-Gaussian features in the PSF are small enough that they can be ignored
and there are no optical distortions introduced by the telescope-detector sys-
tem which can introduce asymmetries in the Gaussian. When an analytic func-

tion is not adequate, another more involved method can be adopted, which
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Figure 5.8: The core regions of the PSFs determined by the Spitzer Science Centre

from in-flight calibration data, for the four channels of IRAC. The images are shown
in logarithmic scaling. (Image Courtesy: Spitzer Science Centre)

involves identifying several bright foreground stars in the image and simultane-
ously fitting an analytical profile, such as a Gaussian or Moffat, to them. The
average parameters needed to describe the stars are determined. The best-fit
function is subtracted from the stellar profiles to determine the residuals. Any
residuals due to non-symmetric or extended structures thus determined are
added to the best-fit model. A PSF obtained this way thus takes into account
both a smooth component of the PSF as well as any irregularities. Such a
method can be implemented using the DAOPHOT package within IRAF.

The first two of the three methods can be used only if the PSF is sufficiently
sampled i.e. the FWHM of the PSF should not be less than three pixels theoretically
though in practice, a FWHM of atleast 4-5 pixels is needed. In other words, the PSF
cannot be undersampled. If the PSF is undersampled, the first method does not
work since for a given set of images of stars, the centroid of the PSF is difficult to
constrain. This makes the process of aligning the images of the stars before coadding
unreliable. In case of the second method, the number of data points available to

reliably fit any profile to the stars to determine their FWHM is very low. The
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third method may be used in case of undersampled PSFs by adopting a resampling
method. The end result however can be strongly dependent on the interpolation
scheme adopted etc. If the core of the PSF is quite asymmetric, the third method
cannot be used anyway.

The typical FWHM of the PSF for the 3.6 micron IRAC data is ~ 1.6 — 1.7
pixels. Thus the PSF is severely undersampled. The detailed, simulated instru-
mental PSFs for the four channels of IRAC are shown in Figure 5.8. A close look
at these also shows a highly asymmetric core that cannot easily be described using
Gaussian/Moffat functions which generally work well for ground-based telescopes.
Thus, none of the conventional methods apply to the Spitzer IRAC data.

In such cases, one has to rely on the simulated PSFs, a library of which is provided
by the Spitzer Science Centre. There are 25 PSFs provided for each IRAC channel
corresponding to 25 evenly spaced positions on the CCD. As described earlier, the
BCD data of Spitzer is plagued with optical distortions, which cause the PSF to
change across the CCD. Thus instead of a single PSF| a library of PSF's is provided.
These PSFs have a pixel scale which is five times finer than the pixel scale of a
BCD image. However, we do not use individual BCD images for our analysis here.
Instead we coadd several dithered exposures of the galaxy to construct a mosaic. In
such cases, the PSFs get scrambled and thus an important question to address is -
which PSF does one use?

Any PSF can be described as having two main components, the central core
which dominates its FWHM and the extended features. From the point of view of
2-d image decomposition, the FWHM of the PSF is of primary importance while
accurate knowledge of the extended features is secondary especially if the galaxies are
big and bright (Peng, in private communication). The PSFs do not vary in terms of
the core structure across the CCD but largely in terms of extended structure. Thus,
it was felt reasonable to use the PSF corresponding to the centre of the CCD as a
decent approximation to the PSF usable with the final mosaic image i.e the PBCDs.

The simplest method for verifying how well the PSF works is to fit it to bright
foreground stars in the image. This can be achieved using GALFIT. The only free
parameters GALFIT optimizes in such a case are the centroids, the normalization
and a constant sky background. It should be remembered that the PSF provided by
Spitzer Science Centre is five times finer sampled than the final constructed mosaic.
This information needs to be conveyed to GALFIT by setting the fine sampling
factor to 5. GALFIT constructs a model image at a finer scale and then intregrates
the flux in neighbouring pixels to degrade the model to match the pixel scale of the
observed image. Only then the model image is subtracted from the observed image
to carry out the optimization of the parameters.

The typical residual obtained when the central PSF is fitted to the stars in a

109



5.6. Determining the Point Spread Function for Spitzer IRAC

Intensity

X 145 150

155

Figure 5.9: A surface plot of the residue of a star. As can be seen clearly, the centre
has a negative residue while the wings have a positive residue.
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Figure 5.10: A plot along the central column of the residue described in Figure 5.9.
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295

Figure 5.11: Gaussians representing the library PSF (solid line) and the mosaic PSF
(dotted line). The Gaussians have a common centre and normalisation but different
width.

mosaic is shown in Figure 5.9. As can be seen the PSF is unable to account for
the general structure of the observed stars. There is a strong negative residual at
the centre while the wings show a positive residual. This can be seen in a clearer
fashion if a slice is taken along the surface plot through the centre as shown in Figure
5.10. A careful measurement of the amplitude of the residuals shows that within
background noise levels, the total central negative residual (~ 6 — 15%) is equal to

the positive residual found in the wings. This result can be explained as follows.

Consider that one is dealing with imaging data where the PSF can be described
by a Gaussian. We use a given method to determine the FWHM of the PSF but
due to some systematic error in the process of measurement, the FWHM is under-
estimated. So, the FWHM of the PSF being used for fitting is less than the actual
FWHM for a given image. In other words, we are trying to fit a Gaussian of lower
FWHM to a Gaussian of a higher FWHM. The best one can do is to adjust the
centroids and the normalizations - the widths cannot be altered. In such a case,
after the best-fit has been obtained the observed and fitted profiles appear as shown
in Figure 5.11. Subtracting the fitted Gaussian from the observed profile results in
a residual as shown in Figure 5.12. This residual is similar to what is observed when
fitting the central PSF to a star in a mosaic. Thus it can be concluded that the

overall width of the central PSF is lesser than that of the mosaic.

Why are the FWHMs different? Now that the incompatibility between
the central PSF applicable to a BCD image and that valid for a mosaic has been

explained as a difference in widths, one needs to understand the process responsible
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Figure 5.12: The difference obtained by subtracting the two Gaussian curves, as
explained in the text. The central part shows a negative residue while positive
residue is seen in the outer parts.

for the increased width in case of mosaics. The answer lies in the method by which
mosaics are constructed. First, a grid of desired pixel size is constructed, known as
the fiducial image frame. Individual BCDs are then projected onto this grid taking
into account the distortions. Seldom will a pixel of the BCD align with a pixel of the
final grid and thus one needs an interpolation scheme to redistribute the flux within
a pixel among the pixels of the final grid onto which a given pixel is projected. The
side-effect of this projection and interpolation is an increase in the width of the PSF

in the final image.

Modifying instrumental PSF. As shown above, it is clear that the FWHM
of the library PSF has a lower width. It is essential that FWHMSs match since
this has a first order effect on the final parameters of the galaxy. To make the
central PSF suitable for use with a mosaic, its width must be increased i.e. it must
be broadened. This can be achieved by convolving the PSF with a Gaussian of
suitable parameters. The parameters needed to describe a Gaussian are its FWHM,
position angle and axis ratio. To determine these, we ask GALFIT to fit a Gaussian
convolved with the central PSF on bright but unsaturated field stars simultaneously.
Further, a constraints file is provided to GALFIT requiring the FWHM, position
angle and axis ratio must be equal for all the stars. This way, one obtains the best-fit
parameters for a Gaussian averaged over all the stars used in this fit. An example
of such an input file is shown in Figure 5.13 and the corresponding constraints file

is shown in Figure 5.14.

When performing the above process, a border mask image is needed to avoid
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# IMAGE and GALFIT CONTROL PARAMETERS

A) mosaic.fits # Input data image (FITS file)

B) composite outl.fits # Output data image block

C) mosaic unc.fits # Sigma image name (made from data if blank)

D) Central PSF.fits # Input PSF image and (optional) diffusion
kernel

E) 5 # PSF fine sampling factor relative to data

F) Border Mask.fits # Bad pixel mask (FITS image or ASCII coord
list)

G) Constraints # File with parameter constraints (ASCII file)

H) 1 450 1 1103 # Image region to fit (xmin xmax ymin ymax)

I) 50 50 # Size of the convolution box (x y)

J) 20.472 # Magnitude photometric zeropoint

K) 1.223 1.223 # Plate scale (dx dy) [arcsec per pixel]

0) regular # Display type (regular, curses, both)

P) 0 # Choose: 0=optimize, 1l=model, 2=imgblock, 3=subcomps

# Component number: 1

0) gaussian # Component type

1) 189 607.5 1 1 # Position x, y

3) 16.2115 1 # Integrated magnitude

4) 0.7670 1 # FWHM [pix]

9) 0.8897 1 # Axis ratio (b/a)

10) 4.1940 1 # Position angle (PA) [deg: Up=0, Left=90]

Z) 0 # Skip this model in output image? (yes=1, no=0)
# Component number: 2

0) gaussian # Component type

1) 216.5 617 1 1 # Position x, y

3) 16.2115 1 # Integrated magnitude

4) 0.7670 1 # FWHM [pix]

9) 0.8897 1 # Axis ratio (b/a)

10) 4.1940 1 # Position angle (PA) [deg: Up=0, Left=90]

Z) 0 # Skip this model in output image? (yes=1, no=0)
# Component number: 3

0) gaussian # Component type

1) 277 577.5 1 1 # Position x, y

3) 16.2115 1 # Integrated magnitude

4) 0.7670 1 # FWHM [pix]

9) 0.8897 1 # Axis ratio (b/a)

10) 4.1940 1 # Position angle (PA) [deg: Up=0, Left=90]

Z) 0 # Skip this model in output image? (yes=1, no=0)
# sky

0) sky

1) 0.08 1 # sky background [ADU counts]

2) 0.000 0 # dsky/dx (sky gradient in x)

3) 0.000 0 # dsky/dy (sky gradient in y)

Z) 0 # Skip this model in output image? (yes=1, no=0)

Figure 5.13: An example GALFIT input file used to determine the parameters of
the Gaussian needed to broaden the library PSF.

1234567891011 12 13 14 15 re offset
1234567891011 12 13 14 15 q offset
1234567891011 12 13 14 15 pa offset

Figure 5.14: An example GALFIT constraints file used to determine the parameters
of the Gaussian needed to broaden the library PSF.
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Figure 5.15: An example of a border mask image needed for the process of con-
structing a modified PSF.

segmentation faults when running GALFIT. In the process of fitting, GALFIT may
utilize pixels that have been assigned a NaN value by MOPEX since the corre-
sponding region of the sky was not observed in any BCD image. This leads to a
segmentation fault and can be circumvented by providing a border mask. The bor-
der mask is an image of the same size as the mosaic but marks as 0 all the pixels
with valid flux values while all pixels lying outside coverage area are marked as 1
or any other non-zero value. To construct this, the imreplace task in IRAF is used.

First, this task is run with the following parameters -

images=Border_Mask.fits
value=max_value + 1000
lower=0

upper=0

This basically means that all pixels with value zero will be replaced with a value
significantly larger than largest value in the science image (the largest value can be
determined using imstatistics tool in IRAF). This works because imreplace treats
NaN values as zeros. Thus an image is constructed where all pixels outside coverage
area are given a very large value. Next, the imreplace task is rerun with following

parameters -

images=Border_Mask.fits
value=0
lower=min_value

upper=max_value

This takes all pixels with values encompassing the range of all possible values in the
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# IMAGE and GALFIT CONTROL PARAMETERS

A) none # Input data image (FITS file)

B) NGC3990 PSF.fits # Output data image block

C) none # Sigma image name (made from data if blank)

D) Central PSF.fits # Input PSF image and (optional) diffusion
kernel

E) 1 # PSF fine sampling factor relative to data

F) none # Bad pixel mask (FITS image or ASCII coord list)

G) none # File with parameter constraints (ASCII file)

H) 1 128 1 128 # Image region to fit (xmin xmax ymin ymax)

I) 128 128 # Size of the convolution box (x y)

J) 20.472 # Magnitude photometric zeropoint

K) 1.223 1.223 # Plate scale (dx dy) [arcsec per pixel]

0) regular # Display type (regular, curses, both)

P) © # Choose: Q=optimize, 1=model, 2=imgblock, 3=subcomps

# Component number: 1

0) gaussian # Component type

1) 65.0 65.0 1 1 # Position x, y

3) 11.0000 1 # Integrated magnitude

4) 4.988 1 # FWHM [pix]

9) 0.8832 1 # Axis ratio (b/a)

10) 5.9882 1 # Position angle (PA) [deg: Up=0, Left=90]

Z) 0 # Skip this model in output image? (yes=1l, no=0)

Figure 5.16: Example of the GALFIT input configuration file needed for constructing
the final PSF using the parameters of the Gaussian determined from the field stars.

science image and sets them to zero. The final image thus obtained is the border
mask and is shown in Figure 5.15.

Once GALFIT is executed by supplying the required input file, constraints file,
science image, uncertainty image and border mask, the best-fit parameters of the
Gaussian are obtained. Note that these parameters, particularly the FWHM is
reported in terms of the units of the science image i.e. if the best-fit FWHM is, say
1.2 pixels, the pixels here refer to the pixel in the science image. We now want to
construct a final PSF which is the convolution of the library PSF with the Gaussian.
But the width obtained is not in terms of the pixels of the PSF and thus should be
multipled by 5 to take this into account. As mentioned earlier, when GALFIT is
not provided any input image, it exits by constructing the model image. Thus, a
final PSF can be constructed by using the obtained parameters of the Gaussian. A
typical configuration file for this step is shown in Figure 5.16.

Testing the Final PSF To test whether the final PSF truly represents a point
source as present in the mosaic, we again ask GALFIT to fit it onto a selection of
stars. The average residual obtained using the modified PSF is shown in Figure

5.17. The residuals are well within the typical noise level in the image.

5.6.1 Modules for PSF Construction

The parameters of the Gaussian may vary depending on a number of factors such as

the coverage level (the number of images contributing to a pixel in the final image),
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Figure 5.17: A surface plot of the residue of the star as in Figure 5.9 but now fitted
with a modified PSF. Notice how the systematic feature found earlier is now replaced
with noise like fluctuation.

the dithering pattern etc. Thus the process of constructing a modified PSF must
be performed for all science images. To ease this process, a set of modules were

developed in Python and bash which do the following;:

e The image is opened in ds9. The user is required to mark the stars required for
the estimation of the Gaussian parameters by clicking on them. This causes
circles to appear on the stars, called regions in ds9 terminology. These regions

are saved by the user as a file called ds9.reg, the default file name used by ds9.

e The ds9.reg file is parsed by a Python module to construct the required input

and constraints file.

e A script is invoked to construct the border mask needed by GALFIT.

e GALFIT then performs the best-fit using these inputs.

e The output of GALFIT is parsed by another program which generates the
required final file needed to construct the modified PSF.

e GALFIT is executed with the final input file.

At this point, the following information needed for running GALFIT is available
to us - science/observed image, uncertainty image and the PSF. The next section
deals with the construction of the final mask needed during the process of fitting

the galaxy and the basic input file needed for performing the preliminary fit.
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5.7 Final Masks and Preliminary Fit Input Con-

figuration

5.7.1 Final Masks

The process of modelling the light distribution in a galaxy, as described in detail

earlier, requires minimizing a y?*:

2 = ;; (O(xa?ﬁ(;’M(xay))Q

Y)

The data points O(z,y) in the above equation refer to the pixels of the image but
all pixels do not belong to the galary. What is meant is that the flux recorded in a
given pixel may not be dominated by the light from the galaxy but by light from
other astrophysical sources in its vicinity. Such pixels can affect the reliability with
which the best-fit parameters are recovered. Thus, it is essential to construct a mask
image, an image where all pixels that should be considered for fitting have a value
0 and those which should not be considered while fitting, have a non-zero value.

The simplest method to construct such an image is to use the ellipse task in
IRAF which is used to fit ellipses to the isophotes of a galaxy. It allows users to
interactively mask out pixels by simply pointing the cursor to a pixel and pressing
the m key. The information about the masked pixels is stored in a .pl file which can
be renamed as .fits with pixel data type changed to real and made compatible with
GALFIT. However, the process of manually masking out the pixels in this manner
is cumbersome and is not feasible when dealing with a sample of a few hundred
galaxies. A more efficient method is described below.

SExtractor (Bertin and Arnouts, 1996) is a powerful astronomical software tool
which uses neural networks to analyze images to auto-detect the sources in them.
The software requires an input configuration file which determines various parame-
ters used to distinguish a true source from noise spikes and estimate a probability
for the source to be a star or a galaxy. The tool is also capable of providing various
measures of flux for the sources it detects. In its typical usage, the tool’s eventual
goal is to produce a catalogue of all sources detected by it in an image with various
quantities measured for each source. However, the tool also allows for the generation
of a segmentation image. This is an image with the same dimensions as that of the
input image with the value of the pixels indicating the object identifier, as assigned
by SExtractor, to which the pixel belongs. For example, if a galaxy has been as-
signed the identifier 1 in the generated catalogue, all the pixels dominated by light
coming from the galaxy have a value 1. If the identifier is 2, then pixels belonging

to this source have a value 2, and so on. The pixels dominated by background flux
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and not by any source have a value zero.

Thus, the following steps can be adopted to construct a mask:

e Run SExtractor on the observed / science image with suitable configuration

input requesting for a segmentation image.

e Identify the galaxy that needs to be modelled in the catalog and note its object

identifier.

e Replace all pixels in the segmentation image having the same value as the

above identifier with zero using imreplace task.

The above steps only represent a general approach applicable for any image. To
deal with IRAC 3.6 micron data, a few changes need to be adopted. The primary
difference between IRAC final data and data typically used with SExtractor is that
the former is in units of MJy/str while latter is in counts. Thus, the default SEx-
tractor configuration cannot efficiently detect sources in IRAC images owing to the
low range of values in MJy/str. One way to overcome this problem is to modify
the SExtractor default configuration to make it suitable for IRAC images or to con-
vert the IRAC images to approximate counts or counts/sec units. The latter can
be easily achieved by creating a temporary copy of the image where each value is
divided by the FLUXCONYV parameter that can be found in the image header. In
the present work, the latter method was adopted. So, before executing the above
steps, the entire image is divided by FLUXCONYV.

A few points worth noting here -

e SExtractor’s output photometry with the above method may not be reliable.
But the objective here is to detect the sources and construct the segmentation

image and not perform accurate photometry of every source detected.

e The BCD images for which the original FLUXCONYV parameter is computed
by the software pipeline responsible for constructing BCDs from RAW data un-
dergo significant amount of processing when they are coadded to construct the
final mosaic. As a result, it does not make much sense to be actually dividing
the image by FLUXCONYV - it will not yield a true estimate of counts/sec. But
for the purpose of letting the default SExtractor configuration detect sources

efficiently, this is sufficient.

At this point, the modified segmentation image masks all pixels that do not
belong to the galaxy or the background. But this image still does not mask out
all the pixels lying outside the coverage area. The border mask used in the process

of constructing the modified PSF, described in the earlier section, however masks
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all pixels lying outside coverage area but not the pixels belonging to other objects.
The final mask needed for use with GALFIT must mask both varieties of pixels.
The simplest way to construct this mask is to perform an image addition of the
border mask and the modified SExtractor segmentation image. This is referred to
as a master mask and is supplied to GALFIT when performing the decomposition

analysis.

5.7.2 Final Input File

A typical example of an input file aimed at fitting a bulge+disk model to a galaxy
image is shown in Figure 5.18. At this stage, the observed image, the PSF image
and the mask image have all been constructed. We need to specify the initial
guesses to the Sérsic and exponential profiles used to model the bulge and the disk
respectively. The most important of these are the centroids. Without a proper
initial guess of the centroid, GALFIT is unlikely to recover good model parameters.
To determine the centroid, the catalogue generated by SExtractor, described in
the previous subsection, is used. Knowing the object identifier of the galaxy, its
centroid as determined by SExtractor and made available in the generated catalogue

is supplied as the guess centroid.

Based on quick look study of all the images, it was found that a common image
cut-out of 300 x 300 pixels was sufficient to be able to model the galaxy. Thus the
coordinates (g, Yge) — (150, 150) and (x4, yge) + (150, 150) were supplied as image
cut out regions to GALFIT where (x,, y4.) represent the x- and y-coordinate of the
guessed centroid. The convolution box was chosen to be 150 x 150 based on experi-
ence. A smaller convolution box could potentially affect recovered parameters while
a larger convolution box would increase computational overhead without significant
improvement in the accuracy of the recovered parameters. Other initial parameters
were kept common to all galaxies as well, based on experience. It should be noted
that the key goal here was to perform an initial decomposition on all galaxies in an
automated fashion followed by a manual case-by-case inspection. Thus no special
attention was paid in performing tests to intelligently guess the other initial pa-
rameters for each galaxy. Such estimates are however possible - read Vikram et al.
(2010) for more details.

The details of how the zero point magnitude, one of the parameters required by

GALFIT, is computed are provided in the following section.
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# IMAGE and GALFIT CONTROL PARAMETERS

A) mosaic.fits # Input data image (FITS file)

B) BD1l.in out.fits # Output data image block

C) mosaic_unc.fits # Sigma image name (made from data if blank)

D) NGC3990 PSF.fits # Input PSF image and (optional) diffusion
kernel

E) 5 # PSF fine sampling factor relative to data

F) Master Mask.fits # Bad pixel mask (FITS image or ASCII coord
list)

G) none # File with parameter constraints (ASCII file)

H) 385 685 136 436 # Image region to fit (xmin xmax ymin ymax)

I) 150 150 # Size of the convolution box (x y)

J) 20.472 # Magnitude photometric zeropoint

K) 1.223 1.223 # Plate scale (dx dy) [arcsec per pixel]

0) regular # Display type (regular, curses, both)

P) 0 # Choose: 0=optimize, 1l=model, 2=imgblock, 3=subcomps

# Adding a Sersic representing a bulge.

0) sersic # Component type

1) 535 286 1 1 # Position x, y

3) 13.5459 1 # Integrated magnitude

4) 9.4520 1 # R e (effective radius) [pix]

5) 3.4525 1 # Sersic index n (de Vaucouleurs n=4)

9) 0.75475 1 # Axis ratio (b/a)

10) -45.5484 1 # Position angle (PA) [deg: Up=0, Left=90]

Z) 0 # Skip this model in output image? (yes=1, no=0)

# Adding an expdisk representing a disk.

0) expdisk # Component type

1) 535 286 1 1 # Position x, y

3) 14.5452 1 # Integrated magnitude

4) 32.5414 1 # R s (disk scale-length) [pix]

9) 0.8455 1 # Axis ratio (b/a)
10) -47.2540 1 # Position angle (PA) [deg: Up=0, Left=90]

Z) 0 # Skip this model in output image? (yes=1, no=0)

# Adding a variable sky pedestal.

0) sky # Component type

1) 9.123e-02 1 # Sky background at center of fitting region
[ADUs]

2) 0.000e+00 0 # dsky/dx (sky gradient in x) [ADUs/pix]

3) 0.000e+00 0 # dsky/dy (sky gradient in y) [ADUs/pix]

Z) 0 # Skip this model in output image? (yes=1l, no=0)

Figure 5.18: A typical configuration file used to perform a preliminary bulge+disk
decomposition using GALFIT.
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5.8 Zero Point Magnitude

GALFIT requires a zero point magnitude in order to compute the integrated mag-
nitude of the components fitted by it. Given a model with total integrated flux
Fio, the corresponding integrated magnitude is computed by GALFIT using the

following standard equation.

Fio :
m = —2.5 log < L t) + zero point (5.2)

exp
IRAC images are calibrated in units of MJy/str. Strictly speaking, these are units
of surface brightness and it is not an additive quantity. But from the point of view
GALFIT, the numbers in a pixel are scaled versions of counts and hence can be
treated as additive provided that an adjustment is made to the zero point to reflect
this scaling. As opposed to the Vega magnitude system which computes magnitudes
by using the flux received from Vega as a reference, the AB magnitude system (Oke
and Gunn, 1983) uses absolute flux measurements. Given the calibration of IRAC
images in absolute flux units, the AB system is a natural choice in the present study.
The zero point magnitude can be derived as follows.

The equation defining the AB magnitude system is -
map = —2.5 log(F) — 48.60 (5.3)

Here, F is in the units of ergs 'em 2Hz!. Transforming the units of flux in the

above equation, we can arrive at a zero point that can be provided to GALFIT.

map = —2.5 log(F,107*%) — 48.60
= —2.5 log(Fy,) + 8.9
= —2.5 log(Faryy/str X 10° X Qpizer(str)) + 8.9

The Qpizei(str) can be computed given the pixel scale of the mosaic is 1.22 arcsec

as 3.5 x 107! str. Substituting this in the above equation, we get

map = —2.5 log(FMJy/str) + 20.039 (5.4)

Comparing equations 5.2 and 5.4, we get the zero point magnitude as 20.039. This
is supplied to GALFIT through the input file.

The 1-d surface brightness profile of a galaxy or a model is a plot of the surface
brightness in magnitudes per square arcsecond as a function of the semi-major axis

of the galaxy, usually represented in kiloparsec units, though sometimes arcseconds
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are also used. To determine the surface brightness profile, the ellipse task in IRAF
is used. This task fits ellipses to the isophotes of the galaxy by expanding the
intensity about the ellipse in terms of a Fourier series. The details can be found in
Jedrzejewski et al. (1987). This task also needs to be supplied with a zero point in
order to obtain the surface brightness profile. The above zero point is not valid if one
needs a profile in magnitudes per square arcsecond. To obtain this, one modifies the
above equation as follows. For convenience of notation as well as understanding, the
Firgysser is simply represented as C, which is some unit associated with the image,

which from the point of view of the ellipse task is functionally same as counts.

pap  [mag/arcsec’] = —2.5 log(C/(1.22")?) + 20.039
= —2.5 log(C) 4 20.470
= —2.5 log(Fyy/ser) + 20.470 (5.5)

Note that the above equation is valid not only for an image bearing a 1.22 arcsec
pixel scale but for any pixel scale so long as the image is calibrated in units of

MJy/str.

5.9 Summary of Workflow

In the last several sections, details of how various input images / quantities, required
by GALFIT to perform 2-d decomposition, are processed, have been presented. This
section summarizes all the steps involved in the complete workflow. The next section

discusses how the quality of fits was inspected and the addition of a bar component.

e All BCDs of each galaxy are downloaded from SHA as .zip files. A bash
script, given a path where all .zip files are stored runs the overlap.pl and
mosaic.pl MOPEX pipelines to construct the final mosaic images along with

their uncertainty images.

e Next, the user is shown all mosaic images in a sequence. For each image,
user marks the stars needed for determining the PSF as ds9 regions. Once
this is done, the pipeline constructs the border mask, required GALFIT input
and constraint files to determine the parameters of the Gaussian that should
be convolved with the library PSF to make it compatible with a mosaic. A
sub-module reads the determined FWHM, scales it appropriately, and uses it
to make a GALFIT configuration file to construct the PSF.

e A new pipeline is executed which runs SExtractor on all constructed mosaics

in order to generate the segmentation image. The user is shown the science
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mosaic and the segmentation image as a blink sequence and asked to enter
the object identifier of the galaxy to be fitted. The final mask is constructed
by adding a border mask to the segmentation image. Using the SExtractor
catalog to determine centroids, a GALFIT input file for a bulge+disk model

is prepared.

e A module is run which allows GALFIT to sequentially perform the initial
bulge+disk decomposition, logging any encountered errors and flagging them

for manual inspection.

e Finally, a new module applies the ellipse task to construct surface brightness
profiles for observed and model images. The module also constructs position

angle and ellipticity profiles. The need for this is explained in the next section.

At this point, a bulge+disk model has been fitted to all the galaxies. The
subsequent steps involve a manual inspection of the fits, any necessary refitting and

the addition of a bar component.

5.10 Quality of Fits, Adding a Bar Component

5.10.1 Evaluating Quality of Fits

The ideal method of evaluating the quality of fits is to examine the x? , i.e. the
minimum x? normalized by the number of degrees of freedom. For a model that
describes the data well, we know that the expectation value of x? ; ~ 1. This can
be inferred from the properties of x? (see for example Chapter 15 on data modelling
- Press et al. (1992)). However, the use of x? in judging the goodness-of-fit assumes
that the estimation of the uncertainties, which go into the denominator part of x?
are accurate. Wrong estimation of the uncertainty will nullify the usefulness of y?
to gauge goodness of fit. For example, if one underestimates the error, even for a
good model, x2 ;> 1. Blind use of x? will reject this model as bad despite it being
a good fit.

In the case of Spitzer IRAC data, we start with BCDs and build mosaics by
projection and interpolation onto a grid. Even if the uncertainties in the BCDs are
known, the method by which the final uncertainty mosaic is constructed does not
guarantee a true representation of the final uncertainties. MOPEX constructs the
final uncertainty image by simply mosaicking the individual uncertainty images in
exactly the same manner as the science images. Further, consider a single pixel in
a BCD with a well known noise. When it is projected onto a grid, its flux will most
likely be distributed between four pixels of the final image through interpolation.

This will lead to the noise in adjacent pixels being correlated. Thus noise will be
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likely underestimated for a given mosaic pixel. In brief, determinining the uncer-
tainties of the final pixels in the mosaic is non-trivial. As a result x? is not useful
for judging the goodness of fit. However, its utility as a merit function which can
be optimized to determine the best-fit parameters in a model still persists.

In such a situation, the goodness of the parameters obtained has to be assessed
through other diagnostic methods as described in Vikram et al. (2010). Some of

these and other diagnostics used in the current study, are summarized below.

e Physical meaningfulness of parameters: The Sérsic index n in GALFIT is not
allowed to exceed 20. However, in practice, it is rare to find bulges n > 8.0. So
any model where this value is unreasonably large raises a warning flag that the
fit is unlikely to be reliable. This argument is not only valid for just the Sérsic
index but also for other quantities. For example, an effective radius or disk
scale length larger than the image itself or the size of a galaxy as estimated
visually in an image viewer like ds9. Or, a bar with length far exceeding that
of the disk. With experience, an observer can reject or flag solutions with such

strong discrepancies.

e Local Minima: The specific algorithm used in GALFIT for minimization of
x? - the Marquardt Levenberg method - is known for its speed but since it
partly uses a downhill gradient method, it is prone to finding or getting stuck
in local minima on the y? surface. This can lead GALFIT to yield a solution
which is not truly optimum. Thus, it is essential that for every fit, the best-fit
parameters are perturbed reasonably and the fit rerun, to ensure that the same
fit is obtained again. If the solution changes, the values of x? can be compared

to judge whether the earlier or the later solution was/is a local minima.

e Background Flux: Some observers prefer to find an independent estimate of
the background flux and freeze its value in the GALFIT input file. In the
current study, the background flux was left as a free parameter but during the
inspection of the fit, it was ensured that the best-fit background value matches
an independent estimate, which can be obtained by computing statistics such
as mean or median of the pixels in regions of images unoccupied by any source.
In most cases, GALFIT’s estimate of the background and the independent
estimate agreed and there was no need to rerun the fit with a fixed sky. This
test is important since an underestimation or overestimation of the background
can lead to systematically incorrect estimations of other parameters of the

model.

e Examination of the residue: GALFIT provides, in its output image block, a

residual image obtained by subtracting the model image from the observed
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Figure 5.19: On the left, the residual image obtained when a bulge+disk model is
fitted to a barred galaxy. On the right, the observed galaxy showing clearly the bar
structure.

image. Ideally, the residual should be perfect noise. But this is seldom the
case. The high signal-to-noise ratio images of the Spitzer IRAC probe several
structures in the galaxy which otherwise get washed out in noise. In most
cases, such structures contribute weakly and one can ignore their presence.
However, it is possible that such structures contribute too much flux to be
ignored. This is true in the case of bars which can account for as high as 20%
of the total flux in some cases. In such a case, an additional component needs

to be added to account for it.

e Comparison of 1-d surface brightness profiles: Using a routine like the ellipse
task in IRAF, it is possible to determine the azimuthally averaged surface
brightness as a function of the semi-major axis for both the observed image
and the model image constructed by GALFIT. One can then plot them to-
gether to make a comparison. A good agreement as judged visually is a good
discriminator especially against solutions obtained when GALFIT hits a local

minimum.

Employing the diagnostics outlined above, it is possible to qualitatively evaluate
the model fitted by GALFIT. In the course of the above process, it may be found that
many galaxies have an unaccounted bar component. The identification, the need to

account for a bar and the modelling process are described in the next subsection.

5.10.2 Fitting Bars

Is there a bar? There are a few methods by which the presence of bars can be
detected. The easiest in this study is the examination of the residual images. An

example of a residual image obtained when bulge+disk model is fitted to a barred
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Figure 5.20: The position angle and ellipticity profile for the galaxy illustrated in
Figure 5.19

galaxy is shown in Figure 5.19. It is clear that there is a large non-axisymmetric
structure in the galaxy which has not been accounted for, by the fitted model. This
can be seen in the observed image shown on the right panel of the same figure. But
it is not always straightforward to detect a bar in this way. When a bulge+disk
model is fitted, the Sérsic profile which is used to fit the bulge does not know it has
to fit only the bulge. It fits the bulge and bar partly and thus the clear presence of a
barred structure in the residue is not assured. In such a case, one can independently
verify the existence of a bar by studying the position angle and ellipticity profiles.
These profiles can be obtained from the output of the ellipse task in IRAF.
In the region dominated by the bulge, the isophotes will be of low ellipticity but
as one leaves this region and moves to a bar dominated region, the bar being an
elongated structure with a specific position angle, the isophotes become more and
more elongated i.e. have higher ellipticity, while the position angle remains the
same. As one moves further outwards, one leaves the bar dominated region and
enters the disk dominated region. Here, the isophotes lower their ellipticity and
change their position angle to match that of the disk. This results in a peak in the
ellipticity profile at a specific semi-major axis (SMA). Around the same SMA, the
position angle profile shows an abrupt jump. In this way, these profiles can be used
to establish or verify the existence of a bar in a galaxy. An example of such a profile,

for the galaxy shown in Figure 5.19, is shown in Figure 5.20. The profiles shown in
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Figure 5.21: Figure 24 from the Meert et al. (2015) paper. The Figure illustrates the
systematic effects in the measurement of bulge parameters due to an unaccounted
bar.

this figure are however more complicated because the galaxy also contains a ring-
like structure in the outer disk. The study of both the position angle and ellipticity
profiles as well as the initial residual image can help identify barred galaxies.

Can bars be ignored? As mentioned earlier, the Sérsic profile used to model
the bulge does not necessarily model only the bulge component. It can partly
account for the bulge as well as the bar. In such a case, the parameters of this
profile get systematically affected by the presence of the bar but the observer treats
them as bulge properties. This effect has been systematically studied in Laurikainen
et al. (2005); Gadotti (2008); Meert et al. (2015). Figure 26 from Meert et al. (2015)
is reproduced in Figure 5.21 and shows the distribution of various properties of
the "bulge’ for bulge+disk model fits to both barred and unbarred galaxies. The
differences in these distributions are not a result of some real physical effect of the
bar but a result of systematic effects of bar flux not being accounted for correctly.
The figure shows that not accounting for bars can systematically overestimate the
bulge-total ratio, the bulge effective radius, the Sérsic index and underestimate the
bulge axis ratio. Thus, to recover reliable bulge parameters, bars need to be modelled
simultaneously.

How can bars be modelled? Bars have a flat distribution of flux with an
almost abrupt cut-off at outer radii. There are two profiles preferred for modelling

such a flux distribution. One is to use the Ferrer’s profile, shown below.

«

Z<T) = Z0 (1 - (r/rout)Q_B) (56)
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Here, a governs the sharpness of the truncation, 5 denotes the central slope and 7,
the truncation radius. The other method involves using a Sérsic profile with a low
value of the n and a high ellipticity (low axis ratio). In an initial test by us, when
using the Ferrer’s profile, it was found that the overall computational time taken
by GALFIT was higher and also in many cases, GALFIT encountered numerical
singularities and crashed. This was however not the case with the Sérsic profile
which gave reliable results in all test cases. Further, it is also not necessary for bars
to have a perfectly flat profile like the one Ferrer’s provides. Bars can be cuspy at the
centre and thus a more flexible function like Sérsic works better. Moreover, the key
purpose here in modelling a bar is not to get the most perfect parameters that can
describe the bar, but to be able to take into account the flux contribution and prevent
or minimize any systematics affecting the bulge parameters. Thus, it was decided to
model the bars using a Sérsic profile. The isophotes of a bar are not only elongated
but are also boxy. GALFIT allows for fitting a boxiness parameter to account for
non-elliptical isophote shapes. However, the effect of introducing boxiness as an
additional free parameter is minor from the point of view of recovering accurate
values of other parameters but major from the point of view of computation time.
Thus, boxiness was not included in a bar.

A modified version of the pipeline was used for performing the initial bulge+disk
fits to the galaxies was used to add a bar component to those galaxies, which during
the course of inspection were found to contain bars. These fits were again inspected

manually and any necessary refitting was carried out to obtain the final parameters.

5.11 Final Parameters

Of the 247 galaxies for which 3.6 micron images were found in the SHA, the final
sample comprises 185 galaxies. The reasons for this reduction of the sample size
are highlighted in the sections dealing with the sample construction. One of the
reasons for the reduction in the sample size is that GALFIT was unable to find any
meaningful solution for some galaxies. By that we mean that the final fit could not
satisfy many of the criteria laid down in the previous section expected from a good
fit.
For the final 185 galaxies, GALFIT provides the following sets of parameters.

e For bulges - The bulge integrated magnitude, the bulge effective radius (along
semi-major axis) in pixels, the Sérsic index, the position angle and the axis

ratio.

e For disks - the integrated magnitude, the scale length, position angle and axis

ratio.
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e For bars - the same as bulges.

From these parameters output by GALFIT, various derived quantities were ob-
tained. This section summarizes all the quantities contained in the final table of

parameters and how they were computed.

e Redshift: Obtained from the NASA Extragalactic database.

e Age, Distance, kpc/arcsec conversion factor and Distance Modulus: The red-
shift obtained from NED was input to a modified version of the Python script
written by Schombert that implements Ned Wright’s cosmology calculator.
These quantities are all output by this program. The standard concordance

cosmology model was adopted for these calculations.

e Effective Radii and Scale Lengths: The pixel scale used to construct the final
mosaics allows for the conversion of the radii and scale lengths output by
GALFIT in pixels into arcseconds. These can then be converted into kiloparsec
units using the conversion factor obtained from the cosmological calculator as

explained above.

e Average Surface Brightness within Effective Radius: Using the summary of the
mathematical properties of the Sérsic profile from Graham and Driver (2005),

we can obtain the formula for computing this as

<:U’€<< T€)> = Mpy + 2.5 log(zﬂ-rg(arcsec)) (57)

In the above equation r(resecy is 7e output by GALFIT multiplied by the
square root of the axis ratio. This correction is needed since GALFIT’s r, is

measured along semi-major axis. The units for this quantity is magnitude arcsec=2

e Disk Central Surface Brightness: The exponential profile used for modelling
the disk is a Sérsic profile with n = 1. Thus again using the mathematical
properties of this profile from Graham and Driver (2005), we can obtain the

formula for the central surface brightness in magnitude arcsec™2.

Mo = Mgisk — 1.123 4+ 2.5 10g(271'<1678 * Td2(amsec))) (58)

Here again, 7q(aresecy is 74 output by GALFIT corrected by multiplying the

square root of the axis ratio.
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5.12. Chapter Summary

e B/T, D/T and Bar/T Ratios: The total integrated magnitudes of all compo-

nents were converted into fluxes using the standard equation

F = 107 0A(m+apt), (5.9)

The B/T, D/T and Bar/T ratios are the respective fluxes divided by the sum

of all fluxes.

A table of all the relevant parameters for the final sample of 185 galaxies is shown in
the Table 5.1. The data from this table have been used for the study of SO galaxies

presented in chapters 6 and 7.

5.12 Chapter Summary

This chapter covers the motivation behind the methods used in assembling the RC3-
Spitzer sample of SO galaxies. The primary motivation is that we need high SNR
imaging data where effects from both intrinsic and foreground extinction can be ig-
nored with the light representing well the underlying stellar mass of the galaxy. The
technique of 2-d decomposition and the subtleties involved in its practical execution
have been explained in detail as well. We have seen that there are several inputs
required by a program like GALFIT used for performing the 2-d decomposition.

Discussed in this chapter are the characteristics of the Spitzer imaging data in
the context of the intended analysis and the need for constructing custom PBCDs or
mosaics and the method used. A detailed treatment of the PSF, its importance to
2-d decomposition, the challenge in finding it for the Spitzer IRAC Level 2 data and
the solution, and the methods for determining quality of fits, checking for presence
of bars, the need to fit for the bars and the fitting method. A snapshot of the total
workflow involved in 2-d decomposition of Spitzer images has been presented along
with the final parameters derived for the sample of 185 SOs.

In the next chapter, the demographics of pseudobulges in SO galaxies have been
discussed along with a study of possible signatures imprinted onto the correlations
between the structural parameters, by the processes responsible for forming these

systems.
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Name T | Bulge | Lk Bulge parameters | Disk parameters | Bar Parameters | B/T Bar/T
Type < e > Te n Hod rq Mpar  Mpar Te(bar)
ESO079-007 | 4.0 1 -18.73 21.72 0.87 0.53 | 20.95 1.72 0.00 0.00 0.00 0.04 0.00
ESO085-030 | -0.4 1 -18.76 20.23 0.86 1.41 | 19.25 0.78 0.00 0.00 0.00 0.64 0.00
ESO358-025 | -2.6 1 -19.04 19.84  0.73 0.74 | 21.08 1.59 0.00 0.00 0.00 0.41 0.00
ESO420-013 | -1.1 0 -22.21 13.94 0.29 1.91 | 18.49 1.52 0.00 0.00 0.00 0.60 0.00
ESO506-033 | -2.0 0 -20.12 16.11 0.46 1.81 | 20.14 1.16 0.00 0.00 0.00 0.71 0.00
I1C0051 -2.0 1 -19.85 | 18.80  1.00 1.20 | 20.28 1.34 0.00 0.00 0.00 | 0.56 0.00
1C0335 -2.1 0 -20.82 22.17 5.09 5.45 | 17.43 1.69 0.00 0.00 0.00 0.48 0.00
1C0719 -1.9 0 -20.61 18.08 1.49 1.35 | 24.67 4.20 0.00 0.00 0.00 0.94 0.00
1C2035 -2.6 0 -20.92 14.29 0.13 341 | 17.14 0.52 0.00 0.00 0.00 0.34 0.00
1C2040 -0.8 1 -18.70 19.99 0.98 0.83 | 21.60 1.44 0.00 0.00 0.00 0.68 0.00
1C2085 -1.2 1 -18.48 18.86 0.53 0.88 | 20.16 1.24 0.00 0.00 0.00 0.41 0.00
1C2569 -1.1 0 -23.43 17.30 2.40 1.97 | 19.42 14.68 0.00 0.00 0.00 0.28 0.00
1C5267 -2.9 0 -16.76 17.80 1.06 2.15 | 19.64 3.89 0.00 0.00 0.00 0.31 0.00
NGC0059 -2.0 0 -19.25 20.94  0.27 2.89 | 20.98 0.57 0.00 0.00 0.00 0.26 0.00
NGC0148 -3.3 0 -19.73 17.89 0.78 6.93 | 18.81 1.44 0.00 0.00 0.00 0.65 0.00
NGC0507 -1.2 0 -23.35 | 1819  2.89 3.54 | 20.69 14.05 0.00 0.00 0.00 | 0.31 0.00
NGC0524 -1.7 0 -22.51 19.06 4.74 4.09 | 19.98 3.86 0.00 0.00 0.00 0.79 0.00
NGC0695 -1.1 0 -26.75 17.43 2.54 1.64 | 18.05 2.53 0.00 0.00 0.00 0.67 0.00
NGC0838 -2.6 0 -21.61 | 17.97  1.57 4.94 | 15.73 0.60 0.00 0.00 0.00 | 0.52 0.00
NGC1023 -2.4 0 -18.20 17.09 0.67 3.16 | 19.12 2.80 0.00 0.00 0.00 0.47 0.00
NGC1167 -2.5 0 -26.18 19.27  4.53 4.55 | 20.50 8.99 0.00 0.00 0.00 0.46 0.00
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19.12
21.12
20.09

17.27
1.62
7.03
4.31
2.27
1.71
3.21
2.14
5.66
2.28
0.49
6.23
11.39
1.47
7.72
0.34
6.00
1.58
6.02
1.49
1.46
1.83
1.40
3.50

0.00

0.00

0.00

0.00

0.00

14.07
13.07
13.90
10.58
13.35
9.17

13.49
10.59
11.48
13.74
11.12
12.58
12.94
10.80
11.78
12.26
15.56
13.91
14.58

0.00
0.00
0.00
0.00
0.00
0.05
0.29
0.22
0.34
0.10
0.54
0.22
0.46
0.28
0.44
1.12
0.32
0.50
1.57
0.73
0.55
0.01
0.58
0.05

0.00
0.00
0.00
0.00
0.00
0.29
2.29
1.32
7.44
2.70
4.02
2.73
4.25
7.7
2.74
241
3.22
0.89
2.15
0.56
0.42
1.87
0.96
5.17

0.62
0.62
0.78
0.67
0.68
0.30
0.29
0.26
0.52
0.22
0.08
0.53
0.51
0.29
0.19
0.42
0.29
0.22
0.22
0.23
0.41
0.40
0.39
0.40

0.00
0.00
0.00
0.00
0.00
0.16
0.18
0.18
0.39
0.11
0.57
0.04
0.08
0.26
0.10
0.56
0.54
0.07
0.23
0.19
0.10
0.01
0.29
0.05
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NGC3301
NGC3412
NGC3489
NGC3896
NGC3941
NGC3945
NGC4106
NGC4203
NGC4245
NGC4262
NGC4371
NGC4385
NGC4421
NGC4442
NGC4454
NGC4457
NGC4461
NGC4477
NGC4488
NGC4526
NGC4596
NGC4612
NGC4643
NGC4722

-2.0
-1.2
0.2
-2.0
-1.2
-1.2
-2.7
0.1
-2.7
-1.3
-0.5
-0.3
-1.9
0.0
0.4
-0.8
-1.9
0.0
-1.9
-0.9
-2.0
-0.6
0.0
-0.7

SO O O O O BFH O O o0 OO0 O O 0O koo oo+ o oo

-20.62
-20.02
-20.40
-21.33
-17.11
-22.11
-23.06
-21.69
-20.34
-21.23
-21.07
-20.80
-21.15
-20.25
-21.79
-20.87
-22.34
-22.23
-19.45
-20.70
-22.82
-21.62
-22.14
-22.70

15.76
15.36
15.32
21.23
15.57
16.67
17.11
16.42
17.13
15.55
17.74
16.51
17.02
17.03
18.14
15.89
17.40
16.77
18.95
15.63
17.47
16.35
17.20
17.48

0.28
0.13
0.14
0.53
0.19
0.49
0.92
0.39
0.24
0.21
0.63
0.34
0.24
0.32
0.63
0.24
1.00
0.44
0.36
0.16
0.97
0.28
0.68
1.02

3.08
1.78
2.58
0.66
1.72
0.97
2.47
3.18
1.23
1.06
1.93
2.93
1.74
3.16
4.21
2.70
3.99
1.77
1.36
1.26
2.69
1.68
2.53
2.79

19.11
19.06
18.32
22.14
18.59
21.58
20.67
19.78
20.04
19.27
18.96
19.80
20.24
17.78
20.30
21.22
23.00
19.64
22.46
19.09
20.68
21.72
18.01
19.03

1.56
1.56
0.92
1.65
1.42
7.19
4.35
2.38
1.58
1.25
1.06
1.86
3.03
0.35
3.78
3.19
9.92
3.23
5.48
1.70
8.09
6.14
1.50
4.43

12.24
12.70
12.43
16.65
12.23
11.24
12.96
14.08
12.86
13.26
11.38
13.09
13.12
10.97
14.21
11.66
11.56
12.06
12.58
10.31
11.56
11.83
10.96
15.67

1.43
0.44
0.29
0.01
0.32
0.59
0.33
0.04
0.35
0.45
0.35
0.32
0.64
0.82
0.25
0.44
0.84
0.45
0.75
0.88
0.45
0.87
0.33
0.03

3.24
0.60
0.36
0.34
0.95
2.04
2.83
0.91
1.66
0.79
.80
4.75
1.77
2.45
4.02
1.68
2.83
1.71
2.50
0.60
4.68
2.21
7.23
1.32

0.37
0.19
0.29
0.23
0.23
0.23
0.45
0.36
0.22
0.41
0.31
0.30
0.10
0.42
0.16
0.33
0.50
0.18
0.12
0.16
0.20
0.15
0.30
0.25

0.33
0.10
0.11
0.05
0.12
0.27
0.12
0.02
0.14
0.12
0.34
0.44
0.15
0.37
0.07
0.20
0.40
0.11
0.43
0.31
0.15
0.37
0.36
0.03
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NGC4856
NGC4984
NGC5105
NGCH473
NGC5750
NGC5770
NGC6684
NGC7079
NGC7280
NGC7465
NGC7679
NGC7743
UGC01385
NGC2950
NGC4143
NGC4267
NGC4386
NGC4435
NGC4754
NGC5574

-0.8 0 -22.11 16.67  0.51 229 | 19.27 3.46 12.18 0.56
5.0 0 -21.71 1552  0.24 1.08 | 18.74 1.57 12.54  0.67
-2.7 0 -20.56 | 17.68  1.66 3.67 | 18.54 4.36 10.79  0.19
0.4 0 -22.10 | 16.14  0.31 1.15] 19.26 2.39 13.13  0.52
-2.0 1 -21.62 1757 032 0.98 | 19.35 2.56 13.64 0.20
-1.9 0 -20.60 | 16.65  0.25 3.93 | 20.44 1.74 13.48 0.66
-1.8 0 -21.60 | 16.17  0.21 2.14 | 19.47 2.15 11.64 0.80
-1.3 0 -22.50 | 16.51  0.47 1.37 ] 19.12 3.09 14.28 0.22
-1.8 0 -21.19 | 1529  0.14 1.83|19.90 2.44 13.80 0.54
-1.3 0 -20.85 1553  0.27 2.53 | 20.83 1.93 13.70  0.76
-0.9 0 -22.48 | 1775 0.76  1.97 | 20.95 0.74 14.11 0.54
0.6 0 -21.67 | 1795 0.84 6.64 | 20.41 3.43 13.74 0.23
-2.0 0 -22.05 1425  0.35 245 | 19.81 2.42 15.00 0.35
-2.0 0 -21.67 | 1542  0.26 1.55 | 20.32 2.84 11.93 0.63
-2.7 0 -2097 | 1642  0.22 0.73 | 18.05 0.96 14.06 0.19
-2.0 0 -21.10 | 16.20  0.22 1.60 | 20.07 2.12 13.00 0.72
-2.0 0 -21.55 16.78  0.46 2.24 | 20.08 2.77 13.12 0.33
-2.4 0 -21.14 | 16.34  0.24 1.20 | 19.17 1.16 12.27 0.41
-2.8 0 -22.16 | 1647 047 2.73 ] 20.16 4.46 11.90 0.48
-2.0 0 -2048 | 18.71 1.15 276 | 22.18 3.98 13.93 0.28

1.37
0.57
21.93
1.15
2.23
1.36
0.99
2.59
0.86
1.21
4.33
4.44
2.36
1.52
0.86
0.66
2.21
1.06
1.50
1.95

0.28
0.26
0.25
0.22
0.09
0.33
0.14
0.23
0.19
0.56
0.20
0.33
0.49
0.36
0.26
0.25
0.33
0.31
0.28
0.60

0.13
0.12
0.37
0.13
0.09
0.19
0.17
0.05
0.13
0.19
0.21
0.07
0.14
0.24
0.04
0.08
0.14
0.16
0.16
0.15

Table 5.1: Important parameters for the sample of 185 SO galaxies.

Notes: Column 1 - The common name of a galaxy; Column 2 - Hubble stage parameter 7', Column 3 - Type of Bulge, CB=Classical
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Bulge and PB = Pseudo-bulge, Column 4 - K-band absolute magnitude (AB system), Column 5 - the average surface brightness of the
bulge within its effective radius, in mag per arcsec?, Column 6 - bulge effective radius in kpc, Column 7 - the bulge Sérsic index, Column
8 - disk central brightness in mag per arcsec?, Column 9 - disk scale length in kpc, Column 10 - integrated apparent magnitude of the bar,

Column 11 - Sérsic index of bar, Column 12 - Bar effective radius in kpc, Column 13 - Bulge-Total ratio, Column 14 - Bar-Total ratio.
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5.12. Chapter Summary

140



Chapter 6

Pseudobulges in SO Galaxies -

Secular Evolution of Disks?

The present chapter describes the first systematic study of pseudobulges in SO galax-
ies, published in the Astrophysical Journal Letters in 2013 (ApJ 2013 767L 33V).

As discussed already, SO galaxies are an interesting class of objects known to con-
tain diverse types with different formation histories. When the bulges of all types
of galaxies are considered, a similar trend is seen i.e. there are two types of bulges -
classical and pseudo. Prior studies on SO galaxies (Barway et al., 2007, 2009, 2011;
Laurikainen et al., 2005, 2010) have focussed on the differences exhibited by bright
and faint SO galaxies with respect to various well known correlations between the
structural parameters of the galaxy. These studies however considered the galaxy as
a whole and did not attempt at classifying the bulges and constraining their forma-
tion mechanisms. Studies dealing with bulge dichotomy such as Fisher and Drory
(2008, 2010), and Gadotti (2009) have dealt with bulges and their properties with
no emphasis on the global morphology of the galaxy hosting the bulges. Samples
used in Fisher and Drory (2008) and Fisher and Drory (2010) were small and it
was not possible to divide them into morphological bins without losing statistical
significance. The sample used in Gadotti (2009), while being large, did not have
any visual classification information available. The present study aims at overcom-
ing the limitations of the previous studies on SO galaxies and bulge dichotomy. The
chapter is organized as follows. The first section, for the convenience of the reader,
summarizes the sample which has been described in detail in the earlier chapter,
the second section focusses on the methods for bulge classification and the ratio-
nale behind the final method adopted for this study; the third section focusses on
bulge demographics in SO galaxies and differences in the disk properties of SOs as a

function of the bulge type hosted by them.
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6.1. Summary of Sample and Data Analysis

6.1 Summary of Sample and Data Analysis

The sample was constructed so as to have a statistically significant number of SO
galaxies using the RC3 catalogue (de Vaucouleurs et al., 1991) as a starting point.
The catalogue contains 3751 galaxies classified as S0 i.e. having a Hubble stage
parameter —3 < T' < 0. A total B-band magnitude cut of By < 14.0 brings down
the sample size to 1031 galaxies.

The goal of this study is to employ the technique of 2-d bulge-disk-bar decom-
position and recover the structural parameters. For this, we choose to work in
mid-infrared waveband covered by the 3.6 micron channel of the infrared array cam-
era (IRAC) on board the Spitzer Space Telescope to minimize high sky background
and extinction and to maximize light from low mass stars which contribute the most
to the total mass of the galaxy.

The parent sample of 1031 galaxies was cross-matched with the Spitzer Heritage
Archive and imaging data for 247 galaxies were found. Filtering images based on
data quality, disturbed morphologies of target galaxies and failure in modelling the
components of the galaxies meaningully brought down the number to 185.

The 2-d image decomposition was carried out using GALFIT (Peng et al., 2002)
employing the Sérsic profile to fit the bulge and bar components while employing
the exponential profile to model the disk. The bar component was modelled to
prevent systematic uncertainties from affecting the recovered bulge parameters if
bars actually present are not taken into account, as demonstrated by Laurikainen
et al. (2005) and Gadotti (2008).

6.2 Identification of Pseudobulges

In the introductory chapter, the classification of bulges into classical and pseudo
was discussed. Several methods that can be used to distinguish between the two
bulges were also outlined. This section revisits these methods with emphasis on
convenience of application and reliability.

Fisher and Drory (2008) used V-band images obtained using the Hubble Space
Telescope’s (HST) to classify the bulges in their sample. The images obtained by
HST offer a high resolution, close-up view of the structure of the central bulge region.
If the bulge exhibited structure such as the presence of nuclear spiral arms, bars or
rings it was classified as a pseudobulge, while any bulge that appeared smooth even
at the high resolution of the HST, as a classical bulge. Classical bulges are virialized
pressure supported systems likely built by merger events and are thus expected to
be featureless. Pseudobulges, on the other hand, may be considered to be inner

disks formed by rearrangement of gas and stars, what is termed in the literature
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6. Pseudobulges in SO Galaxies - Secular Evolution of Disks?

iy

N3245 PC2 F547M ¢ N3259 PC2 F606W p  N3277 PC2 F606W ¢ N3338 WF2 F606W p

N3351 PC2 F606W p  N3368 PC2 F606W p  N3423 PC2 F606W p  N3521 PC2 F606W ¢

Figure 6.1: Examples of HST images used by Fisher and Drory (2008) to classify
bulges. For each image, the name of the galaxy, the HST filter used and the type of
bulge is denoted(p = pseudo, ¢ = classical). The images cover the central regions
of the galaxy having a size of a few hundred parsecs.

as secular evolution of galaxies. Such disks, being unstable structures in general,
produce features used by Fisher and Drory (2008) in the classification. Example
images from the study by Fisher and Drory (2008) for classical and pseudobulges
are show in Figure 6.1. Note that only the central regions having a size of a few
hundred parsecs are being shown in this image.

Having classified bulges into classical and pseudo types, Fisher and Drory (2008)
go on to study various properties. Apart from finding that the classical bulges
behave like elliptical galaxies with respect to the usual correlations and pseudobulges
deviating from them, they found that most classical bulges have Sérsic index n > 2
while most pseudobulges have n < 2. They therefore suggested that the Sérsic index
n alone, obtained from the surface brightness profile fits could be used to classify
bulges with n = 2 being treated as the boundary between the two types.

Adopting this criterion, we find that of the 185 galaxies in our sample 111(60%)
host classical bulges and 74 (40%) host pseudobulges. Of the 74 pseudobulge hosts,
only 13 belong to the bright luminosity class while the remaining 61 belong to
the faint luminosity class, as defined by Barway et al. (2007)!. There are however

important reasons to not rely wholly on using n classify bulges.

e Physical motivation. There is no clear physical motivation as to why n = 2

is a reliable boundary to distinguish the bulges built from different physical

'The division of SO galaxies into bright and faint luminosity classes is done by adopting a
division line of -24.5 Vega magnitude (or -22.66 AB magnitude) in the K-band.
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6.2. Identification of Pseudobulges

processes at work. This method is empirical and in fact comes from an obser-
vational study by Fisher and Drory (2008). This of course does not discount
the fact the pseudobulges are indeed expected to have relatively lower values

of n.

e The value of n is not easy to determine. The typical error bars are large relative
to the complete range of values found in case of observed bulges (typically 0.5
- 8). Our own experience shows that the error bar on n can be as large as
20%. Gadotti (2008) reports error bars as large as 0.5. So, if one is given
a bulge with a n = 2.2 £+ 0.3, for example, can it be securely classified as
a pseudo- or a classical bulge? This picture is further complicated by the
presence of a degeneracy between n and the effective radius r, (Trujillo et al.,
2001). What is meant by this is an over or under-estimation of one of the
parameters leads to a systematic error in the estimation of the other, since the
errors on these parameters are coupled. For example, an over-estimation of
n implies an over-estimation of the concentration of light towards the centre
and since r, is defined as the radius containing half the total integrated flux

of the bulge, this naturally gets underestimated.

Thus classifying bulges using n alone is not the most reliable method of bulge

classification.

It is more reliable to adopt the original method used by Fisher and Drory (2008).
Following their method, the Hubble Legacy Archive, a web interface to all publicly
available observations made by the HST, was searched for high resolution imaging
data of all the 185 galaxies in our sample - this was available for only 110 galaxies.
In the absence of homogeneous availability of HST data for our sample, it was not
possible to classify bulges of our sample based on this method.

An approach used by Gadotti (2009) helps overcome the difficulties associated
with the method of using n alone to classify the bulges. Pseudobulges are kine-
matically cold and rotationally supported systems formed likely through secular
evolution while classical bulges are dynamically hot and pressure supported sys-
tems, similar to elliptical galaxies. Elliptical galaxies are known to obey a well
known relationship between the effective radius r, and the average surface bright-
ness within it (u,(< 7)), known as the Kormendy relation (Kormendy, 1977). This
relation is a projection of a higher dimensional relationship known as the funda-
mental plane (Dressler et al., 1987; Djorgovski and Davis, 1987),between these two
quantities and the central velocity dispersion of the galaxy. Classical bulges, like
ellipticals, are expected to be virialized and pressure supported systems and hence
must obey the Kormendy relation. On the other hand, disks are not expected to

obey this correlation and observational studies have confirmed this (Pierini et al.,
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6. Pseudobulges in SO Galaxies - Secular Evolution of Disks?

2002). As explained earlier, pseudobulges are in fact inner disks. It should therefore

be possible to distinguish bulges based on their position on the Kormendy relation.

Gadotti (2009) uses bulge-disk-bar decomposition for a sample of ~ 1000 galaxies
from SDSS containing ellipticals, classical bulges and pseudobulges. A straight line
is fitted to the ellipticals on the Kormendy relation, the rms scatter about the best-
fit line is computed and 30 boundaries are marked on the diagram. All bulges lying
below this boundary are classified as pseudobulges. The the efficiency of this method
is discussed in Gadotti (2009).

To employ this method, we need a sample of elliptical galaxies for which Sérsic
profiles have been fitted to the 2-d surface brightness distribution of the galaxy.
These decomposition data were taken from a K-band study of elliptical galaxies in
the Coma cluster, by Khosroshahi et al. (2000). To make the data compatible with
those used in the current study, the magnitudes were transformed from K-band to
3.6 micron using K — m3g = 0.1 (Toloba et al., 2012; Falcén-Barroso et al., 2011)
and then to the AB magnitude system by adding 1.84 following Munoz-Mateos
et al. (2009). The best-fit line for these ellipticals on the Kormendy relation is then

obtained as

(p(< 1)) = (2.567 + 0.511) log 7o + 16.595 + 0.296. (6.1)

The rms scatter in (u,(< re)) for the Coma cluster ellipticals is 0.592. The best-fit
line is shown as a solid line in Figure 6.2 while the dashed lines in the diagram
enclose a region where all the points three times within the rms catter can be found.
Following Gadotti (2009), galaxies corresponding to points below this region can be
classified as pseudobulge hosts and there are 50 such points. Of these 50 points, only
three of the 37 bright galaxies in the present sample can be found while the rest are
all faint. This reinforces the finding of Barway et al. (2007, 2009) that bright SO
galaxies share more in common with the ellipticals while the faint SOs do not. The

statistical robustness of this result can be verified as follows.

We know that 32% of the SO galaxies, taken as whole, have pseudobulges in them,
as classified using the Kormendy relation. Let us assume that this fraction is valid
for both the bright and faint SO galaxies. Using a binomial distribution we can then
compute the probability of finding only three bright galaxies having pseudobulges.
This probability is found to be ~ 10~* suggesting that it is highly unlikely for bright

and faint galaxies to have the same chance of hosting a pseudobulge.

Several criteria for identification of pseudobulges are listed in the review by Ko-
rmendy and Kennicutt (2004). The more criteria the bulges satisfy, the more secure
the classification becomes. For example, instead of using the structural parameters

and high resolution images, it is also possible to measure the D,,(4000) index, intro-
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6.2. Identification of Pseudobulges

8 | I 1 T T 1
e Bright SOs
10k~ o FaintSOs

12
14
16
18

20

(m, (<r,)) [ mag/arcsec” ]

22

24 | | | | | |
-20 -15 -10 -05 00 05 1.0 15

log r, (kpc)

Figure 6.2: Kormendy relation with filled and open circles representing bright and
faint SOs respectively. The solid line is the best-fit line to Coma cluster ellipticals
while the dashed lines mark the 3¢ limits of the scatter of the elliptical galaxies
around the best fit line.
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6. Pseudobulges in SO Galaxies - Secular Evolution of Disks?

Figure 6.3: Examples of HST images from the present RC3 based sample of SO
galaxies. In the order of left-right, top-bottom, the images show the central regions
of NGC 1023 (classical), NGC 3773 (pseudo), NGC 3870 (pseudo) and NGC 5854
(classical).

duced in Chapter 3. The pseudobulges are expected to have a younger and a more
complicated mixture of stellar populations than classical bulges. A good estimator
of whether a population of stars is extremely old is the D,,(4000) index which can
thus can be used to differentiate the two bulges to some extent. However, this re-
quires the availability of homogeneous spectral data. The SDSS software pipelines
automatically measure the D,,(4000) index for all galaxies for which it obtains spec-
tra, but since the SDSS is constrained to the northern hemisphere, such data were
not available for most of our galaxies. Another method involves measuring the ratio
of rotational velocity and velocity dispersion to comment on whether a system is
rotationally supported or pressure supported. This too requires spectral data and
thus none of these indicators could be employed for the current sample.

In absence of other indicators, but with the intent of making the classification
more secure, we decided to impose the requirement that n < 2 on all bulges classified
as pseudobulges based on their position on the Kormendy relation. Therefore, all
bulges having both n < 2 and lying 30 below the Kormendy relation are classified
as pseudobulges. This reduces the final sample of pseudobulges to 27 (of which two

are bright). All other bulges are classified as “classical”. In order to verify the
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6.3. Disk Correlations as a Function of Bulge Type

efficiency of our adopted classification method, we took all pseudobulges for which
HST data were available and examined the central structure. All these galaxies
exhibit a disturbed morphology. Similarly, wherever possible, the HST data for
classical bulges were checked and most of these galaxies were found to exhibit a
smooth central morphology. Example images for four galaxies (two with classical
and two with pseudobulges) are shown in Figure 6.3. This leads us to firmly believe
that our classification method is secure. With this classification our sample contains

27 pseudobulges and 158 classical bulges.

6.3 Disk Correlations as a Function of Bulge Type

In a scenario where mergers play a dominant role in forming a galaxy, the bulge
and disk parameters are not expected to be correlated (Laurikainen et al., 2010).
In such scenarios, the bulge forms during the merger and after it has relaxed, the
surrounding gas is accreted and it forms a disk. Thus the process responsible for
forming the disk and the process responsible for forming the bulge are independent -
thus the parameters are not expected to be coupled. But as we have seen, Courteau
et al. (1996) found that the bulge effective radius (r.) and the disk scale length (74)
are well correlated for most late-type galaxies. This famous relation, referred to as
re — rq correlation is often cited as a case against mergers playing a dominant role
in formation of late-type galaxies. In case of pseudobulges, where the bulge is but
an inner disk formed through secular evolution, this relation is naturally expected
to hold good. Since the secular evolution involves the disk, it is expected that some
signature or imprint may be left on the disk parameters.

In Figure 6.4, we plot r. against r4 with filled and empty circles respectively
denoting classical bulge hosting SOs and pseudobulge hosting SOs. Examination of
this figure shows that the empty circles are shifted towards the left relative to the
filled circles. In other words, the average disk scale length for pseudobulge hosting
SOs is shorter relative to that of classical bulge hosts. To clearly bring this out, a
histogram of disk scale lengths for the two populations is shown in Figure 6.5. The
mean scale length of pseudobulge hosting disks is 1.6 kpc while that of the classical
bulge hosts is 4 kpc. We find from a Student’s t-test that the difference in the mean
values is significant at > 99.9 % confidence level.

This indicates that pseudobulges preferentially occur in disks with low scale
length.

The nature of the bulge largely depends on the formation history, in particular
whether the bulge has grown as a result of mergers or whether the bulge has evolved
through secular processes within the disk. If we assume that there is no reason to

believe that only disks with larger scale length should undergo mergers while those

148



6. Pseudobulges in SO Galaxies - Secular Evolution of Disks?

1.5 T I T I
1.0 . ® . —
® o ® o9 .
05_ L ..‘ ® ‘ ]
o] [ ] ')
o * e ... ° a '.‘z e
@ 0.0+ o 0 Qo 0.-2 9 -
[ J
" 4
all oo .'\ *
—-0.5 ® ) _
& o QoA ¢
c @%@ ..‘ °
_10_ ® ° ]
®
-1.5 e CBI
| | | PB
205 o3 0.0 0.5 1.0 1.5

log r; (kpc)

Figure 6.4: Plot of r, vs rq with filled and empty circles denoting classical bulges
(CB) and pseudobulges (PB), respectively.
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Figure 6.5: Scaled histogram showing the distribution of log r4. The solid and dotted
lines represent distributions for classical and pseudobulges, respectively.
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Figure 6.6: Plot of disk central surface brightness as a function its scale length. The

filled and empty circles represent the classical and pseudobulges, respectively. The
best-fit straight lines to them are the solid and the dashed lines.

with smaller scale length must evolve secularly, it is required that the formation
process is responsible for the lowered scale length.

In order to search for further imprints of the processes that might be responsible
for bulge formation, we plot another well known correlation between the central
surface brightness of the disk p4(0) and its scale length r,. This plot is shown in
Figure 6.6. The central surface brightness being used in this plot is derived from
the structural parameters obtained from GALFIT and therefore this quantity is
corrected for seeing since the effects of PSF have been taken into account. The
Figure 6.6 shows that overall there is a correlation between the two quantities with
fainter central surface brightness corresponding to a large disk scale length but there
is a clear offset between the disks of pseudobulge hosts and classical bulge hosts.
For a given ry, the disks hosting a pseudobulge are on the average fainter at the
centre than disks hosting a classical bulge.

To verify that the disks hosting the two types of bulges could not have been
drawn from the same parent populations, we perform Kolmogorov-Smirnov tests on
a) disk scale length, b) central surface brightness and c) total disk luminosity. These
tests rule out a single parent population at greater than 99.9% confidence level.

In his study, Gadotti (2009) finds that the disks of pseudobulge hosts are more

extended and have a fainter surface brightness compared to those of classical bulge
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hosts but the overlap between the two kinds of galaxies is significant. Our result

differs from his in two ways.

e The trend is partly opposite i.e. disks of pseudobulge hosts in our sample are
less extended but as found by Gadotti (2009), are fainter.

e The probability of these disks belonging to different parent populations is also
higher.

These differences in the results obtained by us and Gadotti (2009) are most likely due
to the differences between the samples used. Our sample comprises SO galaxies while
Gadotti (2009) focusses on bulge dichotomy using a sample comprising a mixture of

different morphological types.

6.4 Conclusions and Summary

The present study is the first systematic study of pseudobulges in SO galaxies aimed
at searching for signatures of the evolutionary processes on their progenitor disks.
The sample of SOs used in the current study is based on the RC3 catalogue and
the structural parameters have been obtained using the technique of 2-d image
decomposition, employed on 3.6 micron imaging data obtained using the Spitzer
IRAC.

The position of the bulges on the Kormendy diagram has been used as an ini-
tial classification criterion for determining the nature of the bulge. To make the
classification more secure, the criterion proposed by Fisher and Drory (2008) has
also been used, which involves using the n = 2 division line on Sérsic index. We
find that among the 185 SO galaxies, 27 are pseudobulge hosts while 158 are clas-
sical. Of these 27 pseudobulge hosts, only two belong to the bright luminosity
class (Mg < —22.66, AB system) while rest belong to the faint luminosity class
(Mg > —22.66, AB system).

The disks of pseudobulge hosting SOs have on average smaller scale lengths, a
lower central surface brightness and luminosity. There are two possible interpreta-
tions for these main results. One may claim that disks in the Universe fall in at
least two distinct populations and that pseudobulges preferentially form in those
possessing lower scale length and central surface brightness. The other interpreta-
tion is that the processes responsible for their formation result in the different disk
properties. Is it possible that secular evolution alone can cause the disk to fade at
the cost of bulge growth? If yes, is it possible to explain the numbers obtained in
this study? One of the problems with the interpretation of observational results is

that of a one-one correspondence between simulations and quantities measured from
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observations. The evolution of the quantities derivable from observational studies
is not fully predicted though a few recent studies such as Eliche-Moral et al. (2012)
have been taking steps in this direction. We could not find in the literature a direct
prediction of whether and by how much disk scale lengths are expected to change
when the material within the disk (both gas and stars) rearranges to give rise to a
pseudobulge. Only detailed hydrodynamical simulations may be able to say whether
secular evolution can bring about such changes.

A possibility is that these pseudobulge hosting SO galaxies were originally spiral
galaxies which transformed into SOs through gas stripping or other environmentally

driven processes. This is discussed in the next chapter.
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Chapter 7

Spiral Galaxies as Progenitors of

Pseudobulge Hosting SOs

The present chapter describes a study comparing the disk properties of pseudob-
ulge hosting SO and spiral galaxies, published in the Monthly Notices of the Royal
Astronomical Society (2015 MNRAS 450 873V).

In the study presented in the previous chapter, it was found that disks of SO
galaxies which host pseudobulges have a lower scale length than the disks of SOs
with classical bulges. This result has been interpreted to imply either that disks
with lower scale lengths preferentially host pseudobulges OR that the lowered scale
length is a consequence of the process responsible for the formation of the bulge
or the galaxy as a whole. Whether pure internal secular evolution can explain
these differences in the disk properties is something more likely to be verifiable in a
simulation study - which is beyond the scope of this thesis. However, whether these
differences can arise due to processes responsible for the transformation of spirals to
SOs can be verified using a suitable comparison sample. This is one of the goals of
the study presented in this chapter, the primary goal being to constrain formation
mechanisms for pseudobulge hosting SO galaxies.

The details of the sample of SOs and the technique of 2-d decomposition have been
provided in the earlier chapters and the present chapter focusses on the propeties
of the sample of spirals and its suitability to serve as a comparison sample of SO
galaxies. The first section covers sample description while the subsequent sections

discuss the results and their implications.

7.1 The Comparison Sample of Spirals

The sample of spirals used in the present study was part of another independent
multiwavelength study (Ghosh et al., 2008a,b; Mathur et al., 2010) and possesses

153



7.1. The Comparison Sample of Spirals

0.5

0.4

e
w
T

Fraction

o
N

I N

|

|

| |

0.1 | 1
| |

| |

|

0.0 I . —

0 2
Hubble Stage T’

Figure 7.1: Distribution of the Hubble parameter T for the sample of SOs (solid
line) and the spirals (dashed line). The Hubble parameter was determined from the
Hyperleda database and does not always agree with the Hubble stage for the galaxy

in RC3.

properties that make it a suitable comparison sample. This sample was constructed
from the Nearby Galaxy Catalog (Tully and Fisher, 1988). as a quasi-volume-
limited sample by taking all galaxies within 20Mpc with following filters: (1) close
to face-on with inclination less than 35°, to ensure minimum obscuration by the
disk of the target galaxy, (2) Galactic latitude |b| > 30° to avoid obscuration and
contamination from our own Galaxy, and (3) no known starburst or AGN activity.
E and SO galaxies brighter than Mp = —18.50 as well as galaxies with types later
than Sdm were avoided. The final sample consists of 56 galaxies; this sample was
used in Ghosh et al. (2008a,b) and Mathur et al. (2010) to look for nuclear AGNs
with X-ray observations. For this sample, 3.6um imaging data were available for 35

early and late-type spiral galaxies.

Among these 35 galaxies, there were four S0/a galaxies (1" ~ 0) which are already
a part of our sample of 185 S0 galaxies. These galaxies were chosen to be treated as
SO as has commonly been done in other studies such as Laurikainen et al. (2010).
They have therefore been removed from the sample of spiral galaxies. Our sample

of spiral galaxies therefore has 31 objects.

The distribution of the Hubble stage parameter T for the sample of 185 SO
galaxies as well as the sample of 31 spirals is shown in Figure 7.1. As can be
seen from this figure, the sample of spirals contains both early- and late-type spiral
galaxies and reasonably spans the complete range of Hubble stages. Note that the

values of the T parameter used to plot this figure have been obtained from the
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Figure 7.2: Distribution of the absolute K-band magnitudes for the sample of SOs
(solid line) and the spirals (dotted line).

HyperLeda database! and thus need not agree with the Hubble stage as given in
the RC3 catalogue, in case of SO galaxies. Note that the four S0/a galaxies found
common to both the samples, on visual inspection, are found to contain evidence of
faint spiral arms. This is expected in the case of objects classified as such. These
objects are speculated to be a transition class between SOs and the spirals.

It is clear that the criteria employed to obtain the sample of SO galaxies and the
sample of spirals are different. This leads one to question whether it is meaningful to
make a comparison between the two samples. However, there are enough similarities
in the properties of these samples that make them suitable for a comparitive study.
As already mentioned, the sample of spirals contains both early- and late-type spi-
rals in almost equal proportions. Figure 7.2 shows the distribution of the K-band
absolute magnitudes of both the samples (in the AB magnitude system). The data
used for plotting this diagram has been obtained from the 2MASS Extended Sources
Catalog, as described in Chapter 5. The near-IR luminosity is known to be a good
tracer of the stellar mass and hence the similarity in K-band luminosity indicated by
the figure implies that the masses of the galaxies in the two samples are comparable.
In Figure 7.3, the distribution of total B-band magnitudes is also shown. Without
specifically imposing a B-band cutoff, the sample of spirals nonetheless obeys the
criterion By < 14.0 originally employed for assembling the sample of SOs. Further,
as is shown in the following section, the fraction of pseudobulges in the sample of
spirals is comparable with the known fractions in literature and the total number of

pseudobulges is comparable with that found in the case of SOs. These similarities

thttp://leda.univ-lyon1.fr
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Figure 7.3: Distribution of the apparent B-band magnitudes for the sample of SOs
(solid line) and the spirals (dotted line).

motivate us to use the sample of spirals for comparison. It should be noted that
neither sample is complete but is a fair representation of SOs and spirals respectively
in the nearby Universe.

For all the galaxies, the bulge-disk-bar decomposition has been carried out as
explained in Chapter 5. A note on decomposition of spiral galaxies - it is possible
to model spiral arms using the latest version of GALFIT (v3.0 and later) by using
Fourier modes. However, the spirals are not known to have any systematic effects in
determining the bulge properties. This is because unlike a bar which occupies the
same physical space as a bulge and can thus skew the parameters of a Sérsic profile
used to model the bulge, the spirals contribute less to the total light budget and
also dominate only in the outer parts of the disk. Therefore the spirals arms have
not been modelled and allowed to be a part of the residuals.

The final parameters for the sample of 31 spirals are presented in Table 7.2, at
the end of the chapter.

7.2 Bulge Classification

We have shown in Figure 7.4 the Kormendy diagram for the bulges of SOs (filled
circles) and spiral galaxies (empty circles). The solid line is the best fit for the
Coma cluster ellipticals as in Figure 6.2, with the points representing the ellipticals
left out for clarity. The dashed line represented the 30 boundaries, where ¢ is the
root mean square scatter of the ellipticals around the best-fit straight line. One

notices an offset between bulges of SOs and the best-fit line to the ellipticals, which
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Figure 7.4: The Kormendy diagram showing the position of the bulges of SO galaxies
(filled circles) relative to the bulges of our sample of spiral galaxies (empty circles).
The solid line is the best-fit to ellipticals while the dashed lines mark the 30 bound-
aries. Points representing elliptical galaxies have been left out for clarity.

is consistent with the findings of Barway et al. (2009). The bulges of spiral galaxies
exhibit a greater offset, which is consistent with studies such as Ravikumar et al.
(2006) and Laurikainen et al. (2010)

Among 185 SO galaxies, 25 are classified as pseudobulge hosts using the above
criterion. For the same data set, in Vaghmare et al. (2013), explained in the Chapter
6, a different number (27) galaxies is reported as the number of pseudobulge hosts.
During the course of study from the time when the pseudobulges were systematically
investigated to the point in time of this study, we updated the structural parameters
and found that two of these were no longer classified as pseudobulges. This change in
number of pseudobulges does not affect the essential findings reported in Vaghmare
et al. (2013) and in Chapter 6. In case of spiral galaxies, we find 24 of 31 to be
pseudobulges. In Table 7.1, we summarize, for comparison, the distribution of the
bulge types in the two samples as found using various criteria described in Chapter
6. For the remainder of the chapter, we use the bulge classification based on both

Sérsic index and the Kormendy relation to identify bulge type.
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Table 7.1: Distribution of the bulge types in the two samples according to various
criteria.

Criterion Used Bulges S0’s Spirals
Kormendy only  Classical 137 2
Pseudo 48 29
Sérsic only Classical 111 6
Pseudo 74 29
Both Classical 160 7
Pseudo 25 24

7.3 Results

Our primary motivation in this study is to try and systematically compare the pseu-
dobulges in SOs with those in spirals and find clues to the origin of pseudobulges.
In Figure 7.5, we replot the Kormendy diagram showing only the pseudobulges of
both samples. This plot reveals an interesting feature. Along the effective radius
axis, one does not find any appreciable difference in the distribution between the
pseudobulges of the two morphological classes. Along the average brightness axis
though, one finds that pseudobulges of spiral galaxies tend to be fainter on aver-
age. The difference in the mean surface brightness is ~ 0.9 mag/arcsec? with a
significance of more than 95% as determined using a t-test.

We discussed the correlation between the bulge effective radius r. and the disk
scale length r; (Courteau et al., 1996) in the previous chapter. As already mentioned,
models or simulations where the bulge forms via a major merger and the disk forms
later via gas accretion do not predict a strong correlation between these parameters.
However, such a correlation is expected in a scenario where the disks form first and
internal processes then build up the bulge by rearranging disk material. Barway
et al. (2007) found that bright SOs show a weak anticorrelation while the fainter SOs
show a strong positive correlation between r. and r4. The authors concluded that
fainter SOs likely evolve through secular processes. In the previous chapter we saw
that classical bulge and pseudobulge hosting SOs obey different correlations with a
significant offset along the disk scale length axis.

In Figure 7.6, we plot the r, — ry diagram for the pseudobulge hosts of the two
samples to find that both samples show a correlation but with an offset. For a given
re, one sees that on average the disk scale length r; in the case of SOs is smaller
than in case of the spiral galaxies. The mean disk scale length for SO galaxies is 1.6
kpc while for spirals it is 2.8 kpc. The significance level of this difference as per the
t-test is greater than 99.9%.

It is seen that there are outliers on either side i.e. there are SOs which possess
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Figure 7.5: Same as Fig. 7.4, but plotting only the psuedobulges identified using
both the criteria discussed in the text, for SOs (filled circles) and spirals (open
circles).
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Figure 7.6: A plot of bulge effective radius against the disk scale length for the
pseudobulges in our sample of SO galaxies (filled circles) and spiral galaxies (empty

circles). The outliers in both the samples are higlighted in grey.
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a scale length typical of spirals and vice versa. We now comment on these outliers,
which have been shaded in grey in Figure 7.6. The same outliers have also been
marked in Figures 7.7 and 7.9. The five SO galaxies found “amidst” the spiral
galaxies on the r, — ry diagram are NGC 4488, NGC 4421, NGC 7371, NGC4880
and NGC 5750. Of these NGC 4488 and NGC 4421 are classified as S0/a galaxies
with T" ~ 0 and are known to reside in the Virgo cluster. NGC 7371 and NGC
5750 are also classified as S0/a galaxies, with NGC 5750 known to be a part of a
rich group environment while reliable environment information for NGC 7371 is not
available. Together, these four objects are the same objects in our sample which
were initially found to be common to the sample of SOs and spirals but were chosen
to be kept as a part of the sample of SOs, as described in Section 7.1. The remaining
galaxy is NGC 4880 which is classified as SAO A +(r). Its SDSS color composite
image suggests that this galaxy may have had a spiral structure which is now nearly
lost. All these five objects can be thought of as having started as spirals which are
now in transition and may eventually acquire the morphology of a typical SO galaxy.

The three spiral galaxies NGC 1341, NGC 4571 and NGC 4136 lying “amidst”
SOs in the r. — ry diagram, also share an interesting commonality. NGC 1341 is
an SAab galaxy residing in the Fornax cluster, NGC 4571 is an SAd galaxy in the
Virgo cluster and NGC 4136 is an SAc galaxy, known to be a member of a group.
Apart from being in rich environments, these three galaxies are observed to have
anaemic spiral arms and have been speculated to be transition objects between SOs
and spirals (van den Bergh, 1976; Kormendy and Bender, 2012).

Another correlation that was discussed in the previous chapter was that between
the central surface brightness of the disk and its scale length. In Figure 7.7 we
plot this diagram for the pseudobulge hosts of the two samples. As was the case
with Figure 7.6, a separation is seen only along the disk scale length axis while
no separation is found on the disk central brightness axis. In other words, the
disk central brightness is the same on average for disks in both populations. The

difference is largely seen in disk scale length.

7.4 Discussion

The study presented in this chapter is the first known systematic comparison be-
tween SOs and spiral galaxies hosting pseudobulges. In the previous section, we
compared these two populations and found that the disk scale length of SOs is lesser
on average than that of spirals, for a given bulge effective radius. We further find
that there is no significant difference between these two populations with respect
to disk central brightness. A difference is seen in average surface brightness within

r.. In this section, a discussion of these results and possible explanations within

161



7.4. Discussion

N [ = [
o (o] (o] ~

1y [Mag/arcsec? ]
N N
N i

N
W

24

25

o :;O ©
o 0
o ®
o’
°
°

o

-0.6 -04 -0.2 00 0.2 04 06 08 1.0

logr, [kpcl]

Figure 7.7: A plot of disk central surface brightness against the disk scale length
for the pseudobulges in our sample of SO galaxies (filled circles) and spiral galaxies
(empty circles). The outliers described in Section 4 are shaded in grey.
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Figure 7.8: A plot as in Figure 7.6 but with counterpart red points indicating the
change in disk scale length if inclination corrections, valid for the K-band, are taken
into account. As can be seen, the shift in the points is not sufficient to explain the
key result of the thesis as an inclination effect.

the context of various formation scenarios of both pseudobulges and SO galaxies is
presented.

Before we discuss the results, we need to consider an important question con-
cerning the robustness of the results. While the samples have a similar K-band
luminosity (and hence mass) range and represent well the galaxies in the nearby
universe, the sample of SOs has no cut-off on inclination while the sample of spirals
does have such a cut-off. One is thus led to question whether this can explain the
difference in scale lengths of disks of pseudobulge hosts, which is the major result in
this study. There is no literature examining inclination corrections to scale lengths
and other quantities at 3.6 micron wavelength. So, the corrections for K-band used
by Laurikainen et al. (2010) which in turn are based on studies by Graham and
Worley (2008) and Driver et al. (2008), were used and it was ensured that the dif-

ferences in scalelengths cannot be explained as a projection effect as the corrections
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are too small relative to the difference found. The mean correction in the disk scale
length is ~ 0.02 dex and as can be discerned from Figure 7.6, is not sufficient to
account for the observed differences in the disk scale lengths. To visualize how small
the corrections are, the Figure 7.8 shows the positions of the points on the r, — ry
diagram before and after employing corrections in black and red color respectively.

As can be seen, the result that the scalelengths are different, is unaffected.

The differences in corrections for 3.6 micron and K-band (2.2 micron) are ex-
pected to be fairly small. Note that the parameters listed in the tables and those
used for plotting are not corrected for inclination effects as it is not strictly correct
to use K-band corrections on 3.6 micron images. Even the bulge parameters are sub-
ject to projection effects, but determing these is difficult and involves performing
detailed simulations with prior assumptions about the three dimensional structure
of the bulge. An example of such a study is the one carried out by Pastrav et al.
(2013). The key result in the current thesis is however based on the differences in the
disk parameters and further, based on experience, it is unlikely that the corrections
in the bulge parameters will be significant though this needs to be proved through

simulations.

7.4.1 Pseudobulge Fraction in Spiral Galaxies

In the present study, a sample of 31 spiral galaxies was used of which 24 have been
classified as pseudobulge hosts. This fraction (77%) is consistent with that found
by Weinzirl et al. (2009), for example, who use optical imaging while we use mid-
infrared imaging. Lorenzo et al. (2014) used a sample of 189 isolated spiral galaxies
and found that 94% of the bulges in their sample are pseudobulges. A major reason
for such a high fraction is due to their adopted criterion - they classify all bulges with
n < 2.5 as pseudobulges, while we use a more conservative classifcation scheme. We
have discussed at length, the possible misclassification of bulges and pseudobulges if
the value of n is used as the sole criterion. Fisher and Drory (2011) find that classical
bulges only account for 12% of the total population of disk galaxies with the rest
being pseudobulges or galaxies with very low B/T ratios. This high fraction in turn
implies that a large number of spiral galaxies have likely not experienced evolution
driven by external influences and that their evolution is largely secular, with possibly
some aid provided by minor mergers. As pointed out by studies such as the one by
Fisher and Drory (2011), this poses a challenge to the currently accepted paradigm of
galaxy formation where most galaxies form through hierarchical clustering, through

a series of merger events.
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Figure 7.9: A plot of disk absolute magnitude against the disk scale length for the
pseudobulges in our sample of SO galaxies (filled circles) and spiral galaxies (empty
circles). Shown in the right panel is the distribution of disk absolute magnitudes
with solid lines representing SOs and dashed lines representing spirals. The outliers
described in Section 7.4 are shaded in grey in the left panel.

7.4.2 Lowered Scale Length - Role of Gas Stripping

A common explanation invoked to explain the formation of SO galaxies is that they
form as a result of spirals losing their spiral arms due to gas stripping. The density-
morphology relation (Dressler, 1980) has often been interpreted as evidence for this.
However, Burstein et al. (2005) carefully measured total K-band absolute magni-
tudes of a sample containing both SOs and spirals (both early- and late-type) and
found that SOs are more but not less luminous than spirals. This, according to the
authors, rules out gas stripping as a viable mechanism as a difference of ~ 0.75
magnitudes, with SOs being fainter, is expected. When the difference in the mean
total magnitude for two populations of pseudobulge hosts was computed, it was
found that pseudobulge hosting SOs are indeed brighter by ~ 0.24 magnitudes. But
if we divide our pseudobulge hosting spirals into early-type (T' < 5, 12 galaxies) and
late-type(T > 5, 19 galaxies), we find that pseudobulge hosting SOs are fainter by
~ 1 magnitude than pseudobulge hosting early-type spirals while brighter by ~ 1
magnitude than pseudobulge hosting late-type spirals. Thus pseudobulge hosting
early-type spirals transforming to pseudobulge hosting SOs via gas stripping cannot
be ruled out based on the arguments of Burstein et al. (2005).

Thus we see that we should not treat spiral galaxies as a single population; early-
type and late-type spirals have different properties and the PB hosting early type
spirals may in fact transform into PB hosting SOs via gas stripping. It is also the

case that we should not treat all the SOs as a single population; they have different
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properties depending on luminosities as shown by Barway et al. (2007, 2009) and
on the bulge-type found in them, as shown in Chapter 6.

The disk scale length is a free parameter of an exponential function which is used
for describing the light distribution in a disk. The total flux received from a disk
with central surface brightness 1104 and a disk scale length r, is given by ~ 2w 1;(0)r3;
where I;4(0) is the central intensity of the disk corresponding to jiog. Thus a lowered
scale length as in the case of SOs would imply a lowered disk luminosity if I;(0)
remains the same. This relation between disk luminosity and scale length can be
checked easily using Figure 7.9, which shows a plot of the disk absolute magnitude
against disk scale length. Unlike previous plots involving disk scale length where
trends were found only along the disk scale length axis, this plot shows trends
along the disk absolute magnitude as well. Disks of pseudobulge hosting SOs tend
to be less luminous than the disks in pseudobulge hosting spirals. The mean disk
absolute magnitudes for pseudobulge hosting SOs and pseudobulge hosting spirals are
~ —18.16 and —19.57 respectively. This difference of 1.41 mangitudes is significant
at a level better than 99.9%. This is expected in a scenario where SOs have spirals as
their progenitors which undergo gas stripping to acquire a morphology resembling
S0s.

We can see that early-type pseudobulge hosting spirals cannot be ruled out as
progenitors of pseudobulge hosting SOs in the gas stripping scenario. The comparison
of disk absolute magnitudes lends further support. Let us now consider the bulge
absolute magnitudes to try and answer the question whether gas stripping alone
is sufficient enough to bring about the transformation from early-type pseudobulge
hosting spirals to SOs. If gas stripping is the only process at work, then one should
not, for example, notice an increase in bulge luminosity. The mean bulge absolute
magnitudes for pseudobulge hosts in SOs and spirals are respectively -17.16 and -
16.45. If we treat the spirals separately as early- and late-type, the mean values
are -18.19 and -15.41 respectively. So, pseudobulges of SOs are fainter than those of
early-type spirals but brighter than those of late-type spirals.

If early-type spirals hosting pseudobulges undergo gas stripping, subsequent
growth in the pseudobulge is also hindered - the lower luminosity of pseudobulges
in SOs compared to those in early-type, is consistent with this. So, no additional
process seems to be necessary to bring about this transformation. In the case of
pseudobulge hosting late-type spirals though, this is not the case i.e. the SO pseudob-
ulges are more luminous. It is thus not possible for gas stripping alone to transform
pseudobulge hosting late-type spirals into SOs unless an external process, such as a
minor merger or an accretion of a nearby dwarf builds up the bulge luminosity. In
general, it seems more viable for early-type pseudobulge hosting spirals to be the

progenitors of pseudobulge hosting SOs.
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7.4.3 Dynamical Formation Scenarios

By dynamical formation scenarios, we refer to any scenario for forming pseudobulge
hosting galaxies which involves a mechanism other than (a) internal secular evolu-
tion and (b) evolution caused due to environmental effects such as gas stripping.
One such formation scenario, as described in Guedes et al. (2013) and Okamoto
(2013), is that pseudobulges formed as inner disks at z ~ 2 through a series of
star bursts and evolved to their present day forms. However, it is difficult to ver-
ify whether such a formation mechanism is viable for pseudobulges in our sample
mainly because there are no specific signatures predicted by these simulations. If
any such simulations predict, say, a low disk luminosity, one may be able to comment
on whether pseudobulges have formed in this manner.

Another possible dynamical evolution scenario is that a pseudobulge of lower
than typical observed mass forms via secular processes and its eventual bulge growth
is caused through minor mergers, as demonstrated in Eliche-Moral et al. (2012), who
suggest that dry minor mergers can cause growth in the overall pseudobulge mass
without really affecting scaling relations such as the r. — ry correlation, provided
such a correlation already exists. This opens the possibility for late type spirals to
evolve into SOs too but that will still require some process to enable the removal of

the spiral arms.

7.5 Summary

A comparison of pseudobulges in SO and spiral galaxies is presented using struc-
tural parameters derived from 2-d decomposition of mid-infrared images taken at
3.6um by Spitzer IRAC. We find that among spiral galaxies, 77% of the bulges are
classified as pseudobulges. As pointed out by various studies, the presence of such
a large fraction poses problems to our current picture of galaxy formation. How-
ever, our primary result is that the disk scale length of pseudobulge hosting SOs is
significantly smaller on average than that of their spiral counterparts. This can be
explained as a lowered disk luminosity which in turn implies that SOs have evolved
from spiral progenitors. We also argue that early type spirals are more likely to be
the progenitors based on total luminosity arguments. We speculate that if late type
spirals hosting pseudobulges have to evolve into SOs, a mechanism other than gas
stripping of spirals is needed.

We have also investigated the effect of environment on pseudobulges in the two
samples. But no significant trends were found in the properties of the pseudob-
ulges as a function of the various structural parameters. The study is made more

difficult because of the low number statistics one deals with when the sample is
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sub-divided based on whether it is in a field or group/cluster environment. The
study of pseudobulges based on environment, however, is an interesting one and is
something that can be considered for the future by carefully selecting a sample with

statistically meaningful number of objects from diverse environments.
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Name T | Bulge | Lk Bulge parameters | Disk parameters | Bar Parameters | B/T Bar/T
Type < He > Te n Hod rq Mpar Mbar Te(bar)
ESO079-007 | -2.0 PB -18.73 23.25 0.87 0.53 | 21.23 1.72 0.00 0.00 0.00 0.04 0.00
ESO085-030 | -0.4 PB -18.76 20.50 0.86 1.41 | 20.94 0.78 0.00 0.00 0.00 0.64 0.00
ESO358-025 | -2.6 PB -19.04 | 20.42 0.73 0.74 | 21.72 1.59 0.00 0.00 0.00 0.41 0.00
1C0051 -2.0 PB -19.85 19.85 1.00 1.20 | 20.74 1.34 0.00 0.00 0.00 0.56 0.00
1C2040 -0.8 PB -18.70 20.58 0.98 0.83 | 22.26 1.44 0.00 0.00 0.00 0.68 0.00
1C2085 -1.2| PB |-1848 | 20.37 0.53 0.88 | 21.79 1.24 0.00 0.00 0.00 | 0.41 0.00
NGC1510 -1.8 PB -20.24 19.18 0.24 1.18 | 21.41 0.82 0.00 0.00 0.00 0.40 0.00
NGC1522 -2.3 PB -18.33 20.63 0.36 0.44 | 21.83 0.81 0.00 0.00 0.00 0.37 0.00
NGC3413 -2.0 PB -20.10 19.96 0.23 0.70 | 20.80 0.54 0.00 0.00 0.00 0.29 0.00
NGC3773 -1.7 PB -18.70 18.87  0.22 1.06 | 20.71 0.79 0.00 0.00 0.00 0.29 0.00
NGC3870 0.6 PB -19.43 19.44  0.29 1.31 | 20.94 0.53 0.00 0.00 0.00 0.54 0.00
NGC3990 -2.1 PB -18.13 17.29 0.12 1.38 | 19.13 0.34 0.00 0.00 0.00 0.41 0.00
NGC4336 -0.6 PB -20.50 20.64  0.45 1.74 | 20.48 1.09 0.00 0.00 0.00 0.13 0.00
NGC4460 -2.0 PB -20.10 20.32 0.39 0.75 ] 21.03 0.91 0.00 0.00 0.00 0.26 0.00
NGC4544 -2.0 PB -20.26 20.98 0.91 0.49 | 20.57 1.04 0.00 0.00 0.00 0.34 0.00
NGC4880 -1.9| PB |-21.70 | 21.36 1.72 1.94|21.31 2.78 0.00 0.00 0.00 | 0.27 0.00
NGC7371 -1.6 PB -23.06 18.46 0.55 1.52 | 19.73 3.00 0.00 0.00 0.00 0.10 0.00
NGCT7709 -1.9 PB -20.92 20.65 0.72 0.41 | 21.03 1.70 0.00 0.00 0.00 0.20 0.00
1C0676 -1.2 PB -20.02 20.62 1.14 1.13 | 20.89 1.71 14.07 0.05  0.29 0.30 0.16
NGC1533 0.1 PB -18.79 16.73 0.22 095 ] 19.77 1.58 12.94 0.50 0.89 0.22 0.07
NGC3896 -2.0 PB -21.33 21.54  0.53 0.66 | 22.77 1.65 16.65 0.01 0.34 0.23 0.05




0LT

NGC4245 -27| PB |-2034 | 1732 024 1.23]20.28 1.58 1286 0.35 1.66 | 0.22 0.14
NGC4421 -1.9| PB |-21.15 17.35 024 1.74 | 20.59 3.03 13.12 0.64 1.77 | 0.10 0.15
NGC4488 -1.9| PB |-19.45 19.59  0.36 1.36 | 24.09 0.48 1258 0.75  2.50 | 0.12 0.43
NGC5750 -20| PB |-21.62 17.84 032 0.98 | 19.94 2.56 13.64 020 2.23 | 0.09 0.09

Table 7.2: Important parameters for the sample of 31 spiral galaxies.

Notes: Column 1 - The common name of a galaxy; Column 2 - Hubble stage parameter 7', Column 3 - Type of Bulge, CB=Classical
Bulge and PB = Pseudo-bulge, Column 4 - K-band absolute magnitude (AB system), Column 5 - the average surface brightness of the
bulge within its effective radius, in mag per arcsec?, Column 6 - bulge effective radius in kpc, Column 7 - the bulge Sérsic index, Column
8 - disk central brightness in mag per arcsec?, Column 9 - disk scale length in kpc, Column 10 - integrated apparent magnitude of the bar,

Column 11 - Sérsic index of bar, Column 12 - Bar effective radius in kpc, Column 13 - Bulge-Total ratio, Column 14 - Bar-Total ratio.
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Chapter 8

Spectroscopy as a Tool to Study

Galaxies

In the first part of the thesis (Chapters 3 and 4), we have used broadband photom-
etry at multiple wavelengths to construct various color-color diagrams and evaluate
other diagnostic quantities to study the broad trends of stellar populations in SO
galaxies. From the point of view of finding statistical differences, these techniques are
immensely useful and as already shown, reveal interesting trends among SO galaxies.
However, if we need to study the star formation history in detail for an individual
object, we need to move from broad band imaging and photometry to very narrow
band photometry i.e. spectroscopy. As we know, astronomers are severely hand-
icapped. By that we mean that unlike other branches of science where scientists
have the luxury of performing experiments in controlled conditions, astronomers
can perform no experiments. Barring the exception of the nearby planets where
probes can be sent, they cannot even touch the objects that they study. All they
have access to is the light emenating from these astrophysical sources that reaches
the Earth and everything that can be deduced about these objects has to be done
through the study of this light. The technique of spectroscopy allows astronomers
to study these objects in-depth and learn a lot about them despite their handicap.

The current chapter begins with a brief primer on the basic principles of spec-
troscopy and the steps involved in moving from a raw spectrum captured by a
spectrograph on a CCD to a ‘final spectrum’, free from any artifacts added by the
instrument. The next chapter i.e. Chapter 9 provides details of the Robert Stobie
Spectrograph used on the Southern African Large Telescope (SALT) and the details
of the analysis pipelines developed to perform basic data reduction on the data ob-
tained from this instrument. The results obtained using these pipelines for a sample
of SO galaxies, identified as pseudobulge hosts using photometry based criteria are

presented in Chapter 10.
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8.1. Basic Principles of Spectroscopy

collimator

camera
lens

grating

detector

Figure 8.1: A basic schematic of a spectrograph. (Image from Astronomical Spec-
troscopy by Phil Massey.)

8.1 Basic Principles of Spectroscopy

Every spectrograph is designed in a different way motivated by the goals of the
science team that designs it and the level of technology available to them. The
technology used and the implementation can vary but a generic spectrograph can
be described using a simple diagram as shown in Figure 8.1. As can be seen, a

spectrograph consists of four essential components -

e A glit: It is placed on the focal plane of the telescope i.e. where the final
image generated by the telescope optics is focussed. A slit is characterised
by a width w. Generally, the slit can be oriented along the image in any
direction. The choice of the width is governed by the desired resolution and
detector sensitivity. If the width is too small, the signal-to-noise ratio (SNR)
can be too low even for high exposure times, whereas a wide slit reduces
the spectral resolution i.e. the ability to resolve spectral features along the

wavelength axis.

e A collimator: The purpose of the collimator is to collect the light passing
through the slit and render its rays parallel. This is necessary since we want
the angle of incidence of the light falling on the grating (see below) to be
equal for a given wavelength of the light in a narrow band d\. Without this, a
systematic wavelength dependent dispersion of the light cannot be obtained.
The collimator is generally designed in accordance with the telescope optics

so that the complete beam can just fill the collimator.

e Dispersion Element: Any device which, for light incident on it at a given angle
of incidence, refracts it by an angle which depends on the wavelength, can be
used as a dispersion element. This allows light to be split into its consitituent
wavelengths. Typically, the dispersion element used in most spectrographs is a

grating which is a glass slab with many grooves engraved on it. The behavior
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8. Spectroscopy as a Tool to Study Galaxies

of light wrt to the grating is governed by a grating equation, which is written

as

mA = o(sini + sin ) (8.1)

The grating equation tells us what the angle of diffraction 6 will be, for a
given angle of incidence i, given a light of wavelength A. m here can be any
positive integer while ¢ is the number of grooves engraved per unit length.
It is easy to see that wavelengths which are integral multiples of each other
can have the same angle of diffraction. For example, 8000 angstrom light with
m = 1 and a 4000 angstrom light with m = 2 can have the same angle of
diffraction and thus will be incident at the same point on the detector. To
prevent this mixing, suitable filters need to be used with the detector so that

non-interesting wavelengths can be blocked.

e Detector: This records the light split by the grating. In modern instruments,
a charge coupled devices unit (CCD) is used.

In principle, a spectrograph is just a suitable combination of the above four
elements. The light captured by the telescope is cast in the form of a slit, the light
from which is rendered parallel by a collimator, which in turn is split by a grating
into its constituent wavelengths and recorded on a suitable detector. However, the
final spectrum recorded by the CCD has in it several signatures of the insrument
itself and the wavelength distribution is thus not the real distribution emitted by
the source. The process of correcting for this is a rather involved one and the details
can vary depending on the science goals and the nuances of the specific spectrograph

used. A brief description of the process is given in the next section.

8.2 Basic Spectral Reduction

The present section briefly covers the important steps involved in the reduction of a
typical spectrum obtained from a generic spectrograph containing the four essential

elements described in the previous section.

e Bias Subtraction: A CCD contains an array of pixels, each converting the
incident photons into a charge. The charge is read out by a suitable read-out
circuit and converted into a digital number (DN) using an Analog-Digital Con-
verter (ADC). The ADC is made of bit registers which represent the number
in binary system as a series of Os and 1s. So long as the number is guaranteed

to be positive, the entire range of numbers accommodated by the bits can be
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8.2. Basic Spectral Reduction

Figure 8.2: An example of a ‘flat field’ image from the Robert Stobie Spectrograph
on the Southern African Large Telescope. Due to the non-uniformity of the pixel
sensitivity as well as the transmission efficiency of the grating, the flat-field itself
has a large scale illumination structure. To truly correct for intra-pixel variations,
it is necessary to first model and remove the illumination.
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Figure 8.3: An example of an Argon lamp arc spectrum taken using SALT. Credit:
Atlas of Reference Spectra for RSS Observations by Alexei Kniazev

176



8. Spectroscopy as a Tool to Study Galaxies

used. However, if a charge of opposite polarity is read out, one of the bits will
be used to represent the sign of the DN produced. To prevent this, an artificial
level of charge is added to the CCD which needs to be subtracted before the

data can be used for scientific analysis.

e Trimming: The image of the slit captured on the CCD does not cover the

entire area of the detector and thus all other regions must be removed.

e Dark subtraction: As the instruments are at a non-zero temperature, there is a
thermal current in the detector circuits which accumulates over the integration
time of the detector. This needs to be removed and the process is refered to

as dark subtraction.

e Flat fielding: This accounts for varying quantum efficiency in the pixels of the
CCD. In imaging, this is achieved by taking an image of a bright region of the
sky near the horizon around sunset or the image of a uniformly illuminated
dome wall. However, the standard steps of flat-fielding assume that the source
being captured is uniform. In case of a spectrograph, this can never be achieved
because the different wavelengths of light fall on different parts of the CCD
and the quantum efficiency of the pixels is a function of the wavelength. As a
result, the flat-field spectrum has a large scale illumination structure as shown
in the Figure 8.2. In this figure, the wavelength axis is along the horizontal
and the bluer wavelengths towards the left. As a result of the combined effect
of the grating transmission efficiency as well as the wavelength dependence
of the quantum efficiency of the pixels, there is a large scale structure in the
illumination. The astronomer thus needs to fit for this and remove it. One
can then perform the usual steps of normalization and flat-field corrections.
Sometimes the process of flat-fielding introduces noise and degrades the quality
of the data. In such a case, this step is often skipped since the errors introduced

by the correction process are larger than the corrections themselves.

e Wavelength Calibration: The spectrum captured on the CCD can be imagined
to have two axes - a spatial axis which is aligned with the slit and a dispersion
axis which represents the direction of changing wavelength. A plot of a series
of pixel values along the dispersion axis gives a spectrum but the wavelength
axis represents pixel numbers and not wavelengths. One therefore has to find
a function A = f(z) where A is the wavelength and z is the pixel number, in
order to get the actual spectrum. To obtain such a function, a well known
spectrum of a hot gas such as He, Ar etc. is obtained. The user then identifies
well known emission lines in the spectrum and manually assigns a wavelength

to them. These data are then used to determine the above function. Note
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8.2. Basic Spectral Reduction

that this wavelength solution may be different along different positions on the
spatial axis and may need to be adjusted for each poition. An example of an

arc spectrum is shown in Figure 8.3.

Background Subtraction: Along the spatial axis, there are regions filled with
light from the background and those filled with the sources lying along the slit.
The regions dominated by background light need to be marked and a suitable
function needs to be found to describe it. This function can then be used to

subtract the background from the spectrum.

Spectral Extraction: This step is similar to the background subtraction except
that one marks the regions occupied by the source and sums up all the pixel
rows lying in that region to obtain a high SNR spectrum. However, the process
of summing up the rows assumes that there is no tilt in the spectrum. But due
to various instrument limitations and mechanical errors, a perfect alignment
of the slit is not assured. This can cause the wavelength axis to be tilted
relative to the CCD geometry. This can be checked by tracing the centroid
of the spatial light distribution as a function of wavelength. Ideally it should
be a constant but it seldom is. The behavior of the centroid can be modelled

using a suitable function and a tilt correction can be performed.

Flux Calibration: The spectrum obtained by this stage is usually free from
most instrumental signatures but for one. The quantum efficiency of any given
pixel on the CCD is a strong function of the wavelength. Even the dispersion
element used in the spectrograph has a wavelength dependent transmission
efficiency. In general, as a result of these two effects combined, the spectro-
graph is more sensitive to red light than blue. So, the spectrum at this stage
under represents the blue light relative to the red. To correct for this, one
observes a spectrophotometric standard star. This is a star whose spectrum is
well known. Thus by comparing the spectrum recorded on the CCD with the
known spectrum, one can determine a sensitivity function which can be used

to correct for the wavelength dependent response of the spectrograph.

The above are common generic steps that need to be carried out to perform the

basic reduction of a spectrum. Depending on the peculiarities of the data unique

to a given instrument or on the eventual scientific goal for which the spectrum is

being obtained, additional steps may be needed or the above steps may need to be

performed in a different manner. As we will see in the next chapter, SALT is a

unique telescope with peculiarities perhaps absent in many other telescopes. The

data from SALT needs to be reduced in a somewhat different manner. Apart from

this, the intended scientific analysis in this thesis is also complicated. Therefore
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For convenience, points with large errors not plotted.
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Figure 8.4: A rotation curve obtained using the H, emission line for the galaxy ESO
085G-030 using SALT spectra. The Y-axis shows the heliocentric radial velocity
while the X-axis shows the distance from the centre in arc seconds.

a few of the above steps have been modified and custom reduction pipelines have
been written. The details of the instrument and the pipeline are provided in the
next chapter. In the next section we will discuss the basic principles of how various

aspects of galaxy formation can be studied using their spectra.

8.3 Probing Galaxies Using Spectra

We discussed in Chapter 2 how the images of galaxies can be used to study the
physics responsible for their formation. Recall that the properties of a galaxy derived
using the photometric analysis described in that chapter do not mean much for a
single galaxy. Their usefulness lies in statistical studies where correlations can be
studied to make general comments on a given class of objects. Spectroscopy in
contrast allows astronomers to study in-depth a given object and study its properties
and formation history. However, obtaining spectra is difficult and expensive in terms
of telescope time and the detailed analysis involved in the reduction. Thus statistical
studies with large samples are often difficult. In this section, we comment on a few

aspects of the nature of information provided by a spectrum.
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8.3.1 Redshifts, Kinematics

Owing to the expansion of the Universe, any given distant galaxy is moving away
from us (after random and proper motions are subtracted) and thus the spectrum of
this entire galaxy will be redshifted. The redshift of the galaxy can be obtained by
comparing the spectrum obtained from the centre of the galaxy with a rest-frame
template spectrum. The template can be fitted on top of the observed spectrum by
adjusting the overall normalization of the flux and a shift along the wavelength axis.
The shift allows one to determine the redshift of the galaxy and thus the velocity
with which it is receeding away from us due to Hubble expansion. The process of
template matching can be done using a number of methods. Tools such as frcor use
an advanced cross-correlation algorithm to determine these parameters while other

tools may rely on a simple least squares approach.

Similar template cross-matching can be done for spectra obtained from regions
away from the centre, say along the major axis of the galaxy to obtain the shifts for
each part. One can then plot the velocities calculated from the shifts as a function of
the distance from the centre. The contribution to these velocities from the Hubble
flow can be subtracted from all the obtained velocities and this gives us the rotation
curve. The rotation curve gives the rotation velocity V' as a function of R, the
distance from the centre. An example of a rotation curve is show in Figure 8.4.
The rotation curves of galaxies were the first hints for astronomers to allow them to
deduce the existence of dark matter. If we assume the gravitational potential of the
galaxy to be governed only by the visible mass one expects a rotation curve with
certain features. However, to explain the rotation curves of most galaxies including
the one shown in Figure 8.4, one needs mass additional to the mass which can be

deduced from the total light coming from the galaxy.

Another method to determine the rotation curve involves modelling of individual
lines. Unlike in the previous method, where the whole spectrum is matched against
a template, this method involves using specific emission and absorption lines and
tracing their centroid as a function of the position along the spatial axis of the slit.
This can be done by fitting the lines with a suitable profile such as a Gaussian or a
Voigt profile. A major advantage of this approach is that it allows one to detect any
differences in the rotation of the different components of the galaxy. For example,
it is possible that the rotation curves from the emission lines and absorption lines
are different. The emission lines are emitted by the hot gas present in the galaxy,
heated by ongoing star formation while the absorption lines come from the stellar
atmospheres. A difference in the rotation curves deduced by these indicates that the
gas and the stars are not rotating in a similar manner i.e. they are kinematically

decoupled. Examples of such galaxies and possible implications for their formation
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can be found in Katkov et al. (2014). The difference generally indicates a recent
disturbance in the galaxy, such as a merger, and can offer several insights into the
nature of the formation mechanism of the galaxy.

One can also measure the velocity dispersion of the galaxy. This is a measure
of the random motion of the stars about the centre of the galaxy. Such a random
motion is found typically in elliptical galaxies and classical bulges and leads to the
broadening of a spectral line. The width of the spectral lines can be measured by
modelling them suitably to obtain the velocity dispersion of the stars. A higher
velocity dispersion relative to rotational velocity often indicates a dynamically hot
system which is pressure supported while a lower velocity dispersion indicates a
rotationally supported system.

In the present study, rotational curves have been obtained for a sample of SO
galaxies by modelling individual lines. However, the use of these rotation curves
for dark matter modelling etc is not the main objective of the present study, which
is to study the stellar populations of the galaxies as a function of position to find
clues about the star formation histories of the galaxies. However, in the process, the
determination of the rotation curve is a crucial step as will be described in the next

chapter.

8.3.2 Stellar Population Modelling

Consider an instantaneous burst of star formation at a given instant of time. This
can happen due to a rapid collapse of a giant gas cloud or due to a wet merger
event i.e. a merger involving gas-rich galaxies. The star formation history can
be mathematically expressed as a suitable Dirac d-function. This episode of star
formation leads to a collection of a large number of stars of different masses and

1

hence different spectral types'. To be able to see how the integrated spectrum of

such a collection of stars looks like, one needs two basic pieces of information:

e The distribution of the different types of stars in such a collection.

e The spectrum of each type of star.

The distribution of the different types of stars is the same as the distribution
of the mass of the stars, given a metallicity. This is described by an initial mass
function (IMF). The knowledge of the spectrum of different types of stars can be
obtained by observing the respective stars and recording their spectra. The spec-

trum can also be obtained theoretically by working out the models of radiative

'From basic theory of star formation, we know that the properties and the evolution of a star
is largely a function of its mass with an additional role played by metallicity of the gas leading to
the star formation.
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transfer and atmospheric opacities for a given stellar type. Due to limitations in the
understanding of the theory as well as limitations in computational power, in the
past the agreement between the models and the actual spectra was not very good.
However, with modern advances in the field, the two approaches today are almost
equivalent. Given the distribution of the masses of stars and spectra of different
types of stars the process of obtaining the integrated spectrum of such a collection
of stars is straightforward. It is simply the weighted sum of all spectra, the weights

being governed by the IMF.

All these stars of different masses start out on the main sequence of the Hertzspreng

- Russell diagram but follow different evolutionary tracks depending on their masses.
The nature of these evolutionary tracks is quite well known except for a few phases
of stellar evolution that stars of specific types go through, such as the Asymptotic
Giant Branch or the Thermally Pulsating phase. However, the overall difference
made by stars in these phases to the optical spectrum of a galaxy is negligible. Us-
ing the evolutionary tracks, it is possible to say what the spectrum of the different
stars looks like after a certain time has lapsed since the initial burst that created
them. Once again, to obtain the integrated spectrum of the stars at this epoch,
one simply finds the relevant spectra and obtains a weighted sum. Models today
can also take into account the dying of the stars in supernovae and the chemical
enrichment caused by it. The population of stars born in a single burst is referred
to as a Simple Stellar Population (SSP).

In constructing the spectrum of a galaxy with a given star formation history,
the SSP is the most fundamental building block. Any star formation history can be
expanded or written as a series of instantaneous star bursts. This means that the
spectrum of a galaxy at any instant of time can be written as a sum of spectra of
SSPs. The spectrum of a galaxy at time ¢, with a star formation rate v (t) and a

metal enrichment law ((¢) can be written as (Bruzual and Charlot, 2003):

B [ o= 08— (5.2)

Here Sy[t/,((t — ¢')dt] is the flux per unit wavelength per initial mass of an SSP
with age ¢ and a metallicity ((t —t').

In this manner, the integrated spectrum of the galaxy has embedded in it the
star formation history of the galaxy. This history can be obtained by modelling the
spectrum using a suitable combination of SSPs. This can be achieved using various
tools such as the ULySS (University of Lyons Spectroscopic analysis Software) (Kol-
eva et al., 2011), Starlight (Cid Fernandes et al., 2005) and NBursts (Chilingarian
et al., 2007). The present thesis uses Starlight for stellar population modelling. The

details of the working of this tool and the software pipelines written to interface
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with Starlight are described in the next chapter.
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Chapter 9

SALT RSS Spectroscopy - Basic
Reduction, Kinematics and Stellar

Modelling Pipelines

The previous chapter offered a quick overview of the basics of spectroscopy and basic
spectroscopic data reduction. The chapter also covered briefly the different types of
information that can be obtained from a spectrum. In this chapter, we will revisit
these topics but stress on the implementation of the steps with respect to the data
obtained from the Southern African Large Telescope (SALT) using its Robert Stobie
Spectrograph (RSS). In the first section, we will briefly discuss the construction and
features of the SALT and the RSS. The second section is a summary of the proposals
submitted to the SALT over a period of several years and the type of observations
carried out. In the third section, we discuss the basic data reduction pipeline written
while in the fourth section we focus on the tools used for the determination of the

rotation curve and population modelling using Starlight.

9.1 SALT and RSS

9.1.1 A brief description of SALT

The design of SALT is inspired by the Hobby Eberly Telescope (HET) at the Mec-
Donald Observatory in Texas, USA. The telescope is designed in such a way that
it always has a fixed altitutde of 37 degrees'. The telescope is allowed a complete
rotational freedom of 360 degrees along the azimuth. At the top end of the telescope

is a tracker beam which can follow an object of interest for about 12 degrees. This

I'The HET has a fixed altitude of 35 degrees. However, if SALT had been constructed with the
same fixed altitude, a fraction of the Large Magellanic Cloud, a prime object of interest in the
southern celestial hemisphere would not be easily observable. Hence SALT was fixed at a slightly
different altitude of 37 degrees.
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Figure 9.1: A schematic diagram showing the structure of SALT. Credit: Peter
Martinez
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Figure 9.2: A plot of declination against the hour angle with an annulus showing the

region visible to SALT. Humorously referred by many as the ‘toilet seat’ diagram.
Credit: The South African Astronomical Observatory.
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means that only those objects can be observed which are within a 12 degree annu-
lus around the fixed altitude of 37 degrees. While this appears as a disadvantage,
it must be noted that since the telescope remains at a fixed altitude, the overall
requirements of the supporting structure are significantly reduced thus allowing the
construction of a 11 metre class telescope at a significantly lowered cost. The overall
construction of the SALT is illustrated in Figure 9.1 while the observable annulus

is illustrated in Figure 9.2.

Taking into account the latitude of Sutherland where the telescope is located
and the restrictions imposed by its design, the telescope is able to observe objects
between a declination of —75d 22" and +10d 47’. Objects close to the equator can
at worst be observed for no more than 48 minutes including acquisition overheads?
while objects further to south (< —58 degrees) can be observed upto a time of 90
minutes. As a result, all observations using SALT are done using a queue mode,
where all programme objects observable in a night are queued to maximize telescope

time utilization.

The spherical primary mirror has a maximum diameter of 11m and comprises 91
hexagonal mirror segements, each having an inscribed diameter of 1m and a radius of
curvature 26.165m. In comparison to the HET, the SALT uses an improved design
of the spherical abberation corrector which allows the total reflecting area of the
primary mirror to be equivalent to that of a 9.96m telescope. An important aspect
of the entire design is that the image pupil changes during the process of tracking
/ exposure. This means that the effective area of the telescope changes during an
observation thereby not allowing absolute photometry or spectrophotometry. It is
still possible to observe spectrophotometric standards in order to achieve a relative
calibration i.e. it is possible to get a spectrum with the correct relative shape. The
primary objective of the spectral study carried out in this thesis does not require ab-
solute flux calibration as the tools used for spectral fitting can work by accepting an
input spectrum with relative flux calibration. However, the spectra obtained cannot
be used for measurement of stellar masses since this requires absolute photometric

calibration.

The variation in the effective area of the telescope across single or multiple ob-
servations also has another important consequence. A general observation strategy
is to divide a single long exposure into several frames of smaller exposures and then
take a sum or a mean spectrum. Even though each frame is taken with the same
exposure time, they have different levels of signal. Thus it may become necessary for

the effective exposures to be equalized using a suitable technique before combining

2 Acquisition overhead refers to the time taken for any telescope to physically move the structure
to be able to observe an object and take the necessary images needed to be able to fine tune the
pointing and the instrument configuration.
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the spectra.
There are various instruments / payloads on SALT which allow for various types
of data to be acquired. For completeness, we mention all of them but the current

thesis solely uses the data acquired using the RSS.

e SALTICAM: This is an imaging and acquisition camera operating in the wave-
length region of 320 - 900nm. It has capabilities of high time resolution imaging
and also supports, in a limited way, tracking of non sidereal sources. Unless a
secondary photometric standard occupies the same field of view as the source
of interest, it is not possible to do any absolute photometry with this imager
given the variable pupil. In the present thesis, images from SALTICAM were

purely used for source acquisition and verification.

e RSS: The Robert Stobie Spectrograph is the main instrument of SALT and
since it has been extensively used in the present study, a separate section is

devoted to a detailed discussion of the instrument.

e HRS: The High Resolution Spectrograph is an Echelle spectrograph capable
of achieving resolutions between 14000 and 65000. The HRS instrument has
been only recently deployed on SALT (c. 2014).

e BVIT: The Berkeley Visible Imaging Tube camera is a photon counting cam-
era capable of very high time resolution (from milli- to micro- arcseconds)
photometry in the B, V, R and H-alpha bands.

9.1.2 A brief description of RSS

The RSS has been named after late Robert Stewart Stobie, a former director at the
South African Astronomical Observatory and is the main instrument on board the
SALT. The instrument is designed to be versatile and offers various modes to cater
to a diverse range of scientific goals. It is sensitive in the wavelength range of 320
to 900 nm. Using slits of different widths and suitable gratings, a resolution over a

wide range upto 9000 can be achieved across different wavelength regions.
The available modes of RSS include

e Long-slit spectroscopy - this is the mode used for all data presented in this

thesis
e Narrow band imaging
e Multi-object spectrograph (MOS)

e Low resolution (LR) Fabry-Perot imaging spectroscopy and tunable filter (TF)

narrow-band imaging
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e Single-etalon medium resolution (MR) Fabry-Perot imaging spectroscopy for

emission line studies

e High time-resolution spectroscopy

e (Future) A near infrared extension to the spectrograph is being developed and
is scheduled to be deployed in 2016.

RSS has six transmission gratings of which five are Volume Phase Holographic
(VPH) gratings while the sixth is a standard surface relief grating. An important
characteristic of the VPH is that its transmission efficiency is a function of the
angle of incidence. Thus the wavelength range to be covered with high efficiency
can be tweaked by adjusting the angle between the collimated beam and the nor-
mal to the grating. Thus the grating angle is an important parameter to adjust
when planning observations with the RSS. The SALT science website offers a Java
based tool known as the RSS Simulator®, which allows astronomers to determine the
wavelength coverage, resolution and SNR as a function of wavelength and exposure
time.

As mentioned in the previous chapter, the grating equation implies that wave-
lengths bearing an integral ratio can have the same angle of diffraction and thus
overlap. To avoid this it is necessary to use a blocking filter, which blocks required
wavelengths and prevents overlap. For this purpose, the RSS offers five common
blocking filters namely PC00000 (clear), PC03200, PC03400, PC03850 (UV) and
PC04600 (Blue).

The most commonly used mode in the RSS is the longslit spectroscopy mode.
As mentioned earlier, a choice of slits is available allowing the user to choose the
right combination of SNR and spectral resolution. Available widths include 0.6, 1,
1.25, 1.5, 2.0, 3.0 and 4.0 arc seconds, each offering a length of 8 arcmin. These slits
are placed in a slit-mask magazine and can cover a wide range of requirements of
spectral resolution.

The detector onto which the spectrum is recorded comprises an array of 3 CCDs.
Each CCD has 2048 x 4096 pixels, each pixel 15 microns in size. The gap between
each CCD is 225 microns wide (15 pixels) and the plate scale is 117 microns/arcsec.
The presence of CCD gaps implies that certain wavelengths of the spectrum will
not be captured. If an important feature of the spectrum lands in the gaps, the
spectrum will not be usable for studying the given feature. However, the distribution

of wavelengths can be adjusted by adjusting the grating angle as mentioned earlier.

3http://astronomers.salt.ac.za/software /rss-simulator /
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Proposal ID | Proposal Code Title Total
Obs.
Time
758 2010-1-RSA-OTH- Star formation histories in | 15.3h
IUCAA-001 Lenticular galaxies
1447 2011-3-RSA-TUCAA- | Star formation histories in | 8h
OTH-001 Lenticular galaxies
2136 2012-1-IUCAA-RSA- | Star Formation Histories in | 8.7h
OTH-001 Pseudobulges
2624 2012-2-IUCAA-RSA- | Star Formation Histories in | 6.7h
OTH-001 Pseudobulges
4619 2014-1-TUCAA-RSA- | Pseudobulges in SO Galax- | 18.7h
OTH-001 ies

Table 9.1: Note: The 2010 proposal is a commissioning phase proposal.

9.2 Proposals and Data

Long-slit data for 50 objects were obtained through a series of proposals from
2010 to 2014. About 33 objects among these are SO galaxies spanning a wide range
of luminosities and bulge types while the remaining 17 are spirals known to host
pseudobugles as established in Fisher and Drory (2010). The proposal codes, IDs
and titles are given in the table 9.1. The present thesis does not aim at providing
detailed analysis results for all objects for which data were obtained. Instead, the
thesis aims at describing the detailed pipeline developed for the analysis and present
stellar population analysis carried out on a subset of SOs known to host pseudobulges
as established in the studies described in Chapters 6 and 7. Given the volume of
the data, the entire process of analysis will be a long term study with the common
scientific goal of learning as much as possible about the star formation histories of
these objects.

The tentative? distribution of the bulge types and galaxies is captured in Figure
9.3. As mentioned earlier, the thesis focusses on a detailed analysis of pseudobulge
hosting S0s.

We conclude this section with a quick summary of the technical specifications of

the observational modes used in all the proposals.
e Slit used: 1 arcsec.

e Grating used: PG0900

4Based on prior information obtained from various studies and thus need not be a reflection of
the actual nature of the objects.
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S0s with
Classical Bulges*

SO0s with
Pseudobulges

Pseudobulges
in spirals

Figure 9.3: The distribution of the objects observed using SALT / RSS. *Since all
these objects are not a part of the photometric studies described in the previous
chapters, the exact nature of their bulges is unknown. They have tentatively been
classified as classical for the purpose of making this chart.

e Resolution achieved: ~ 1500
o Wavelength coverage: ~ 3640 — 6765 Angstrom

e Pixel binning used for improving signal-noise ratio: 2 x 4 (wavelength and

spatial axes)
e (Calibration data: Flats, Argon arc lamps, and spectrophotometric standards.
e Typical grating angle: 13.25 - 14 degrees.

e Typical SNR: variable across the galaxy, but of the order of 20.

9.3 Basic Reduction Pipeline

This section explains the basic spectral reduction pipeline used for reducing the
SALT / RSS spectra. The pipeline has been written by us using Python® and largely
uses the PyRAF interface which allows IRAF tasks to be called as regular functions
within Python. Each module performs one of the basic operations highlighted in

5Python is an freely distributed and open source high level programming language. It has
become, in recent times, the preferred choice for coding astronomical data reduction tools and
pipelines.
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Understand Combine
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Levellmages Extract
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Figure 9.4: A flow chart illustrating the sequence in which the modules of the basic
spectral reduction pipeline are executed.

the previous chapter. The order in which the modules are executed is captured in
Figure 9.4.

Before a detailed description of all modules is presented, we will quickly sum-
marize the preprocessing carried out by the SALT science team on the RAW data
obtained using RSS. The preprocessing is done using a pipeline called PySALT
(Crawford et al., 2010) and the end result is referred to as product data. The prod-
uct data in most cases were of acceptable quality and did not require any custom

preprocessing. The basic steps carried out by PySALT are:

e Data Preparation: This includes addition of necessary keywords in the headers
to allow other modules including those in IRAF to identify the images, the

observing conditions, noise etc.

e Gain Correction: Recall that the entire spectrum is captured by three CCDs.
Each CCD has a different level of gain which will result in artificial jumps in
the counts when moving from one chip to the other. To account for this, the

gain of the read-out amplifiers for all CCDs needs to equalized.

e (Cross-Talk correction: The read-out circuits for the three CCDs experience

cross-talk which needs to be corrected.

e Bias Correction: This is a standard step involved in reduction of any CCD
data.
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Figure 9.5: An example of the product data obtained from PySALT for the galaxy
NGC 1533.

Figure 9.6: An example of the product data shown in Figure 9.5 after it has been
transformed using the wavelength and coordinate transformation solutions obtained
from the arc spectrum.

e SALT Mosaic: We eventually want to work with a single FITS file containing
the entire spectrum as opposed to three pieces of the spectra stored as three
individual files. For this, we use a suitable geometry configuration and mosaic

all the CCDs onto a single frame.

The typical product data obtained at the end of these steps is shown in Figure
9.5. It is clear that there are several artifacts in these images which need to be
corrected. For example, one can see spectral emission lines of the sky exhibiting
a curvature due to a variation in the wavelength distribution along the vertical
direction. One can also see several cosmic ray events captured in the spectrum.
The corrections for these along with the standard spectral reduction procedures are
carried out using the basic reduction pipeline. The basic modules in this pipeline

are:

e Understand: By default, the science FITS image comes as a multi-extension
FITS file. One extension contains basic observational information while the
second extension contains detailed parameters describing the instrument modes
/ settings. Further, each file is named using an observation code made up of
the date of observation and its queue ID for the given observation night. This
step performs two basic operations - 1) Merging of the header information to
obtain a simpler and easier-to-handle single extension FITS file, 2) Renaming

of the files using object names. The module also creates files which contain
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information identifying the flats, arc lamp and science frames. These files are
used by subsequent modules to identify the different types of files. The mod-
ule also offers the user to trim away any part of the data not relevant to the

reduction by accepting the image coordinates.

Preprocess: This module performs two important operations - 1) CCD gap
filling and 2) Cosmic Ray correction. The CCD gaps represent an abrupt
change in the intensity along the wavelength axis. In the flat-fielding step,
a function is fitted to the large scale illumination structure. This process
of fitting can get severely affected by the presence of discontinuities in the
spectrum and so the gaps are filled using the gradient of flux across them.
This step is also crucial for background subtraction as is explained below.
The cosmic ray correction is carried out using the L A Cosmic routine (van
Dokkum, 2001).

Flat: As a first step, the module identifies the flat-field images as marked by
the Understand routine and combines them to produce a high SNR flat frame.
Using mkillumflat task of IRAF, the large scale illumination is fitted separately
in the vertical and horizontal directions and removed. The flat obtained at
this stage now purely represents the intra-pixel variations in efficiency, which

is then normalized and applied to all the science frames (except the arc).

Levellmages: Recall the issue of the moving pupil in case of SALT. As a
result, individual frames though obtained using the same exposure time have
different signal levels. After reducing all the frames we will need to combine
them into a single frame of high SNR. During the combination, we will also
construct a standard deviation frame which will be used to determine the
error spectrum. For these steps to be meaningful, it is important to equalize
the effective exposures of all the frames. This can be done by equalizing the
median, the maximum or the mean flux level in the spectra. The module
allows user to choose any of the options, preview the equalization and approve

one that works best.

Identify: The Identify module is an interface to the PyRAF tasks identify
and reidentify. The identify task in IRAF presents the arc spectrum to the
user who is required to identify the emission features interactively. A handful
of features covering a broad wavelength range are identified and a prelimiary
solution is obtained. This preliminary solution can be used to auto identify all
the other features in the arc spectrum. At this stage it is important to ensure
that this auto identification has been done correctly. It was found useful to

delete some of the features near the CCD gaps since the curvature introduced
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by optical distortion can cause these features to disappear into the gaps at
some points along slit. A Chebyshev polynomial fit of high order was mostly
used for obtaining a good solution with a root mean square scatter of 0.4

Angstroms.

At this stage, the solution is obtained only for the central part of the slit. As is
clear from Figure 9.5, this solution changes across the slit. The task reidentify
is thus invoked to adjust the solution as a function of the position along the
slit. This information is stored in a database file by IRAF. The module then
allows the user to preview the coordinate transformation that will be needed

to remove this variation.

e Transform: As we move along the slit, the wavelength changes due to a com-
bined effect of the telescope optics and grating response. For ease of reduction,
it is imperative that the wavelength remain the same across the slit. For this,
the entire frame has to be transformed. The information of this transforma-
tion is stored in the form of the varying wavelength solution along the slit,
obtained in the previous step. The Transform module uses this information
to reconstruct the entire frame. The spectrum now looks as shown in Figure
9.6.

e Background: At any given point along the slit, the spectrum obtained is a sum
of the flux from the object as well as the sky. In order to remove the latter,
regions along the slit unoccupied by any astrophysical source are identified.
A polynomial is then fitted to the flux in these regions as a function of the
position along the slit which is then used to subtract the background spectrum
from the entire frame. Recall that we had filled the CCD gaps using gradient
information. If this step had not been carried out, it would be difficult to

determine the best-fit polynomial owing to the sudden flux jumps in the CCD
gaps.

e Extract: When the science goal is to obtain a single 1-d spectrum of the object
of interest, the process of extraction is simple. One adds all the rows occupied
by the spectrum and produces a high SNR 1-d spectrum. However, the goal of
the current study is to obtain a 2-d spectrum so that changes in the spectrum
along the (major) axis of the galaxy can be studied. One might therefore
simply “cut out” the relevant portion of the FITs file, however this assumes
that the dispersion axis is perfectly aligned with the CCD. This is seldom the
case and thus one needs to perform trace correction which involves tracing
the centroid of the spatial axis as a function of wavelength and applying a

transformation to remove this variation. The apeztract task with strip mode

195



9.4. Kinematics and Population Modelling

is used for this purpose.

e Fluxcal: This step extracts the spectrum of the spectrophotometric standard
star and uses it to determine the variation of the sensitivity as a function of
the wavelength. The sensitivity function is then applied to all object frames

to equalize the wavelength response.

e Foreground: The dust in the Milky Way alters the spectrum of an object
by attenuating the flux. The attenuation is a well known function of the
wavelength as well as the position of the object relative to the Milky Way plane.
This module communicates the object information to the NASA Extragalactic
Database to determine the coefficient of reddening A, and then uses then

deredden task in IRAF to correct the spectrum for foreground extinction.

e Combine: At this point, every object frame is corrected for instrumental sig-
natures as well as the effects of extinction due to Milky Way. This module
combines all the frames into a common frame. Before combining, the module
displays a blink sequence of all frames so that we can check for the presence
of any shifts. During extraction, it is possible to specify the region of extrac-
tion in a way that the spectra are always aligned across the frames. Thus,
normally no further corrections are needed and the frames can be combined
directly. This step also produces a standard deviation frame along with the
mean frame. The standard deviation frame is divided by the square root of
the number of frames so that it reflects the error frame of the combined mean.
Note that it is not meaningful to construct the standard deviation frame if the

effective exposures are not equalized as done by the Levellmages module.

At this stage, one has a 2d spectrum of the galaxy corrected for all possible
instrumental signatures and a corresponding 2d error spectrum which represents
the uncertainty in the actual spectrum. This is the final reduced spectrum which

can be used for scientific analysis.

9.4 Kinematics and Population Modelling

The primary goal of the analysis for which spectra were obtained is to study the
formation history of these galaxies. For this, we need to model a spectrum as a
suitable linear combination of SSPs as described in the previous chapter. Typical
programs which are used to perform such modelling accept a 1-d input spectrum
and output suitable parameters. As opposed to studies which aim at obtaining
a spectrum from just the centre of the galaxy, we aim at obtaining spectra from

multiple positions along the major axis and model each spectrum. This will allow
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Figure 9.7: The intensity profile along the slit with a scheme of marking apertures
to obtain high SNR 1d spectra from several points across the slit.

us to construct age and metallicity gradients as well as other diagnostics which will
help us to infer how the galaxy assembled its stellar populations. For this, we need

a method of obtaining spectra from multiple positions across the slit.

The simplest method by which this can be done is to simply take one row starting
from the centre, treat it as one spectrum and model it. This way, one obtains as
many spectra as there are rows. However, there are several problems associated with
this approach. The SNR of a spectrum obtained from a single row may be sufficient
near the centre of the galaxy. However, as one moves away from the centre, the
SNR degrades rapidly so that one is not able to securely model the spectrum. A
solution to this problem is to mark out equal apertures of N rows each along the
slit and sum up the N rows to construct a high SNR spectrum representative of the
light at a given position on the slit. However, this still does not alleviate us of the
problem of degrading SNR. A more suitable approach will be to mark apertures of
varying widths across the slit, with the width being inversely related to the total
flux in that aperture. This way, one will mark out smaller apertures at the centre
where the flux is high and larger apertures in the outer area. This is illustrated by
the plot in Figure 9.7 which shows the intensity profile along the slit and a scheme

of marking apertures as described.

Let us now assume that the apertures are marked and we know which rows need
to be summed up in order to produce a 1-d spectrum for a specific position on

the slit. However, it is not possible to directly add the rows due to the rotation
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Figure 9.8: The H,, NII and SII emission lines in the 2d spectrum for the galaxy
IC 2085. The lines exhibit bending which is due to the rotation of the galaxy.

of the galaxy. The 2-d spectrum of the galaxy IC 2085 near the H,, NII and SII
emission lines is shown in Figure 9.8. As can be seen in this figure, the spectral
lines are bending about the centre. This is due to the rotation of the galaxy - the
spectrum on one side of the centre is redshifted due to the systematic motion of
the stars away from us while the other side is blue-shifted due to the systematic
motion towards us. A simple addition of rows will mix up the spectra and the final
spectrum obtained this way will be unusable for modelling. For this reason, it is
necessary to derotate the spectra before addition. This can be done by modelling
the rotation curve of the galaxy. The details of the pipeline used for this (referred
to as the kinematics pipeline.) are described in the following subsection while the

modules used for population modelling are described in a later subsection.

9.4.1 Kinematics Pipeline

This pipeline is a collection of modules which allow one to determine the rotation
curve of a galaxy, fit it using a suitable function and perform the spectral extraction.
The pipeline is written by me largely in Python and uses PyRAF, a Python interface
to the tasks in the IRAF package. A module by module description of the pipeline
is provided below.

GetCurve.py: This program determines the intensity weighted centroid along
the spatial axis and displays the central spectrum to the user. The user is allowed to
provide an approximate redshift of the galaxy so that the spectrum can be displayed
in a deredshifted form. The program is interactive and the user can mark the
absorption or emission feature of interest using the mouse to locate the boundaries
and pressing the ‘m’ key. Once the spectral feature is marked, the user is asked to
provide the number of components that should be used to model it. For example,
when modelling the Mg absorption lines at moderate resolution, two of its features

appear blended while a third one appears as distinct. It was found that such a
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Figure 9.9: Example of a rotation curve produced by the GetCurve.py module. The
example is that for the H, emission in the galaxy ESO 085G 030.

feature is best modelled using a combination of two Gaussians.

The spectral feature is modelled using the following analytical function.

k
F(A) =a+bA+c\+ > Gi(\ p,0) (9.1)
i=1
G refers to a Gaussian function in A characterized by a centroid (mean) and a width.
The quadratic at the beginning of the equation is used to model the underlying
continuum while the remaining terms represent individual spectral features. The
fitting is done using the Marquardt Levenberg method implemented in the Imfit
package in Python. The parameters of the Gaussians are not left entirely free.
Instead a constraint, that the difference in the centroids remains a constant equal
to the difference in the rest-frame wavelengths, is imposed. A further constraint is
that the widths of the Gaussian are kept equal to each other. This is motivated
by the reasonable assumption that both the spectral features are emitted by the
same stellar system and thus cannot have varying separations in their centroids and
different widths.

However, in order to achieve a sufficient SNR, a certain number of rows (cus-
tomizable using a configuration file) are summed before the fitting is carried out.
The routine then moves on either side of the central row in steps with a configurable
step size, fitting the centroid in each case. This way, one can map the variation of

the centroid of the spectral features along the spatial axis. The difference between
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the centroid and the corresponding rest-frame wavelength can be converted into a
velocity to which heliocentric corrections can be applied. The final rotation curve
obtained in this manner looks as shown in Figure 9.9.

The routine runs in an infinite loop till the user wishes to exit, allowing them
to model individual rotation curves. The advantage of this method, as mentioned
earlier, is that it allows us to check for differences in curves obtained for emission
and absorption lines which in turn indicate a kinematic decoupling between the gas
and the stars. All rotation curves approved by the user are stored in the form of
ASCII tables which can be read by other modules in the pipeline.

MakeMeanCurve.py This routine detects all rotation curves obtained and
approved by the user and displays them on a common plot. This allows the user to
verify if there is any significant difference between the rotation curves determined
for various features. Having allowed a comparison of the rotation curves, the user
can then select those curves which can be combined to construct a mean rotation
curve. If the gas is found to be kinematically decoupled, the user may wish to use
purely the stellar rotation curves else both emission and absorption line based curves
can be combined. The module then constructs the mean curve and allows user to
approve it or discard it.

EditCurve.py Sometimes, the quality of the data does not enable the deter-
mination of the data points on a rotation curve at all locations on the slit. In
such cases, one can get highly unphysical outlier points that can affect the fitting
of the rotation curve. For such cases, the user can run this simple utility which
allows points to be either deleted or replaced by a value determined using suitable
interpolation between the neighbouring points.

FitRotationCurve.py This program accepts a rotation curve table as an input
and allows the user to fit it using a polynomial. It was found that the use of spline
and regular polynomials was unsuitable for this purpoe. The spline fit is too flexible
and overfits even outlier points while regular polynomials can be ill behaved for
higher orders. It was thus decided to use Chebyshev polynomials to fit the rotation
curve. The program sequentially fits the curve with increasing order and offers
a preview of the fit each time. It also shows the change in the residual. The
point at which the improvement in the residual is less than 1% is usually accepted
as a sufficiently high order of the polynomial. Once the user approves this, the
polynomial solution is saved to the disk.

DerotExtract.py At this point, we have a model of the rotation curve which
allows to infer the redshift correction to be applied to each row before it can be
added to form a 1-d spectrum at a given point on the slit. This program begins by
displaying the intensity profile along the spatial axis and allows the user to mark

regions to be used for spectral extraction. Having marked the region, the user is
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then asked to choose the number of apertures to be extracted from this region. The
algorithm used for deciding the apertures works by first marking a central aperture
and calculating total flux enclosed. Then the number of rows in the outer aperture
is increased iteratively till approximately the same amount of flux is obtained. The
process continues until all the apertures have been marked.

The information about the apertures is determined using a separate routine
which conveys the same to the main program. The main program then takes each

aperture and performs the following operations on them:
e Copy each row into separate 1-d spectrum files.
e Determine redshift using the model of the rotation curve.
e Use IRAF task dopcor to perform the correction to each row spectrum.

e Use PySynphot, a Python package for handling spectra developed by STScl

to resample the spectrum over a common grid of wavelengths.
e Find the mean spectrum.

e A similar operation is carried out for rows from error spectrum except that

the addition is done in quadrature and a suitable normalization is carried out.

Each spectrum is stored as a table file containing the wavelength, the flux and
the error on the flux. The sampling is done at integral steps of wavelength as this is
required by Starlight, the program used for population synthesis modelling. At this
stage, one has converted the entire 2-d spectrum into a collection of 1-d spectra,
one for each position on the slit. The information of the one-one correspondence
between these spectra and their positions on the slit is stored in a file referred to
as an aperture map. These 1-d spectra are formatted in a form compatible with
Starlight.

9.4.2 Population Synthesis Pipeline

Before describing the actual population synthesis pipeline, we will first discuss the
program used for modelling the spectrum.

Starlight

The Starlight code was developed by Cid Fernandes et al. (2005) and is written
in FORTRAN 77. The primary purpose of the code is to model the input spec-
trum as a linear combination of some base spectra which are generally SSPs of a

suitable range of metallicities and age bins. The model spectrum can be written
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as My(Z, Ay, AY., v, 0.) where ¥ is known as the population vector and is made of
N, components, with N, being the total number of SSPs that constitute the base.
Ay is the global extinction parameter while A}, is the optional selective extinction
parameter. V, and o, represent the kinematical parameters - the overall velocity
shift and the velocity dispersion respectively.

The model can be written as

N*
My =" L3; * G(v,,0,)107 044 (9.2)
j=1

Here, L& ; refers to the jth base spectrum without any extinction or kinematic filters
applied, G refers to a Gaussian characterized by a centroid v, and a width o,. The
operation * implies a convolution.

To determine these parameters, a y? minimization is carried out using a mixture
of simulated annealing plus Metropolis plus Markov Chain Monte Carlo techniques.

Here, x? is defined as,

X* = [wA(Ox = My)]? (9.3)

O, refers to the observed spectrum while w), refers to the weights. The weights ap-
plied are generally the inverse of the error spectrum except for those points declared
as bad using a mask in which case a zero weight is used.

The following inputs are required for the execution of Starlight:

e An input spectrum: This should be at minimum a two column ASCII table
which contains wavelengths in the first column and the flux in the second
column. Ideally, the error spectrum should be supplied as the third column
and an optional weight can be supplied as the fourth column. Starlight de-
mands the spectrum be sampled at integral wavelengths else it uses a crude
resampling algorithm to achieve this. To prevent this from happening we use
PySynphot’s resampling features to construct a Starlight compatible spectrum
in the spectral extraction step of the kinematics pipeline. If an error spectrum
is not provided, Starlight computes a signal to noise ratio in a predefined range
of wavelengths and uses an isoskedastic error bar on all flux values. While this
might be helpful in getting a crude model spectrum, the overall results are not

completely reliable.

e Mask file: All bad wavelength data points should be masked so that they
do not contribute to the value of x2. Even emission lines should be masked.
This is because emission lines originate from hot gas while Starlight is used to

purely model the stellar spectrum. The mask file is a two column ASCII text
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file marking the beginning and end of the wavelength regions to be masked.

The base file: This file contains the total number of base spectra on the first
line followed by a description of the actual base spectra. This information
needs to be provided in the form of a table, the first column specifying a file
name where the base spectrum is stored, the second column the age of the
spectrum, followed by metallicity, a nick name, fraction of initial mass of stars
still present, a flag specifying the nature of extinction modelling to be applied
to the base spectrum and the [a/Fe] ratio. All the base spectra should be kept

in a common directory.

Configuration File: This file controls all the technical parameters used in the
algorithm used to explore the parameter space to minimize the x2. The param-
eters set at their default values work best for most science cases and seldom
need to be modified.

The grid file: This file contains information about all the above inputs. It is
used to specify the total number of fits, the input spectra, their path, the base
spectra, their location, the configuration file, the redenning law, the guess kine-
matical parameters, the seed number used for generating the Markov chains

and parameters for the resampling algorithm.

The output files produced by Starlight, one per each input spectrum fitted con-

tain a huge amount of information including details of the various parameters used

for the exploration of the parameter space. Below, we list the important parameters:

The value of reduced y? and the average deviation in percent.
The kinematic parameters vy and o,.
Ay extinction parameter.

The population vector presented as a table with parameters describing the
constituent spectra as specified by the user in the base file. The population
vector represents the percentage contribution of light from a given base com-
ponent to the input spectrum. An equivalent mass vector is also provided

which provides mass contributions in percentage.

The input and model spectra in the form of a table.

Using the above information, it is possible to derive further parameters namely

Light weighted mean age.

Light weighted mean metallicity.
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Mass weighted mean age.

Mass weighted mean metallicity.

Fraction of young stellar populations (< 10® years)

Fraction of intermediate age stellar populations (> 10%& < 109 years)

e Fraction of old stellar populations (> 10'° years)

The above parameters represent summary versions of the information provided by
the complete light and mass population vectors determined by Starlight. Note that
the fractions of young, intermediate and old stellar populations are dervied using

the light population vector.

Base Selection

As mentioned in the previous section, Starlight models the input spectrum as a linear
combination of SSPs. The SSPs are selected by the user and input to Starlight. So
naturally one is led to ask the question - what is the best method to choose these
SSPs that constitute the base? Starlight comes equipped with a default base of 45
SSPs based on the stellar population libraries of Bruzual and Charlot (2003). This
base comprises 15 spectra of different ages, each for three different metallicities.
The spectra are hand picked and thus it is not guaranteed that they will prove to be
adequate for representing a realistic spectrum through a suitable linear combination.
A realistic galaxy will be a sum of SSPs picked from a continuum of ages and
metallicities. A hand picked base does not assure a uniform sampling of the age and
metallicity parameter space.

However, it is not feasible to model the galaxy spectrum using an infinite number
of base spectra. Thus it seems reasonable to choose a large base with as much
coverage of parameter space as possible. Asari et al. (2007), for example, use a
base of 150 spectra. But the computational overhead in the fitting process scales as
N2 ie. as the square of the number of base spectra. Thus the computational time
needed when such a large base is used will be very high. Also, many of the spectra of
such a large base look sufficiently similar i.e. there is an inherent degeneracy which
makes the solutions unstable.

An ideal strategy, one which alleviates all these problems, is to devise a suitable
method to automatically select base spectra for which degeneracies are minimum
and the sampling of the parameters is as even as possible so as to mimic a smooth
continuum. In order to do this, the prescription by Richards et al. (2009) is fol-

lowed. This method involves using the diffusion mapping technique which is used
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Figure 9.10: The top panel shows the spectra from the standard base of 45 spectra
provided by Cid Fernandes et al. (2005) while the bottom panel shows the recon-
structed base obtained from the algorithm of Richards et al. (2009).

for dimensionality reduction. The algorithm accepts a large number of base spectra
and returns a reduced set of spectra which satisfy the above properties.

In the present study, we used the latest stellar libraries made available by MILES
(Medium resolution Isaac Newton Library of Empirical Spectra) to construct a large
base of 150 spectra spanning three bins of metallicities with 50 age steps for each
metallicity. These are then cast into a form compatible with the MATLAB code
provided by Richards et al. (2009) which is then executed to reduce the number
of base spectra to 45. A base of 45 spectra is commonly accepted in literature
as a compromise between having too many and too few base spectra. The effect
of this technique of diffusion mapping is best illustrated using Figure 9.10. This
shows spectra of various properties of a hand selected base in the top panel while
the spectra reconstructed using this technique are shown in the bottom panel. This
figure clearly shows the base spectra constructed using this algorithm offer a more
uniform coverage and hence have lesser degeneracy. The authors also argue that

this technique significantly reduces the classic age-metallicity degeneracy.

Stellar Modelling Pipeline

The following are the Python modules which constitute the stellar modelling pipeline-

Masker.py The spectrum from the intensity weighted centroid along the spatial

direction is displayed to the user who is then expected to mark out those regions
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on the spectrum that should not be used for fitting. As already explained, this
largely consists of the emission lines from the hot gas in the galaxy. In case of SALT
spectra, it is also important that the regions occupied by the CCD gaps be masked.
Having marked all the regions, a preview is offered to the user who can then approve
or reject the mask constructed. The mask, which at this point appears as regions
marked on a plot is then translated into a form compatible with Starlight and stored
with an appropriate file name.

PrepareStarlightInput.py As the name suggests, this module uses the infor-
mation about the spectra extracted by DerotExtract.py module and prepares all the
necessary input files needed for Starlight to run on the same. Once this module is
done executing, the user has to invoke Starlight by passing the created grid file as
input. For example, if the spectrum is named as NGC1553_2d.fits, then the grid file
created is named as NGC1553_2d_grid.in. The user can run Starlight on this using

the command -

starlight < NGC1553_grid.in

A general caveat to watch out for comes from a limitation of Starlight that it cannot
handle file paths containing more than 100 characters. Thus it may become nec-
essary to actually change the location of the directory where the analysis is being
carried out so that the complete path is less than 100 characters.

Starlight Output.py This module is not an executable but contains a Python
class which constructs a Pythonic object representation of the output generated
by Starlight. The output file is provided to the class constructor and the object
generated has several attributes and methods which allow easy access to the different
portions of the output. For example, the fraction of old, intermediate and young
stars can be accessed by saying s.young_fraction where ‘s’ is a Starlight output
object. This class is utilized by other routines in the pipeline to parse the Starlight
output but is designed in a general manner so that it can be used outside of the
pipeline as well.

Starlight_Error.py, Parse_Errors.py Starlight does not provide any estimate
of the errors on the various parameters output by it. However, without error bars,
it is not possible to comment on whether a gradient of some property across the
galaxy is statistically significant. In order to derive error bars, this module uses
the error spectrum in order to construct several realizations (~ 100) of the input
spectrum. For each realization, Starlight is executed, its output parsed and all
derived parameters recalculated. The dispersion in the parameters obtained for
these realizations is used as an estimate of error bar. The error estimates obtained

this way are stored in suitable output tables.
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CompleteSLOutput.py The final step in this pipeline is to generate the out-
put of the complete analysis. This program generates three PDF files. The first
PDF file contains the output, model and residual spectrum for each aperture along
with some important parameters. The second PDF file contains summary plots of
age, metallicity and population fraction gradients while the third PDF file contains
histograms representing the formation history of various regions of the galaxy.

All the tools described in this chapter have been made available on a public
GitHub® repository with the URL: https://github.com /kaustubhvaghmare/ksda_tools.
Equipped with these tools it is possible to derive the rotation curves from 2-d spectra,
perform aperture extraction using a suitable weighing scheme, perform population
synthesis and derive the trends in populations along the slit. The results obtained
from the application of these tools to the pseudobulge hosting SOs are described in
the next chapter.

6GitHub is an online project code and repository management tool that is compatible with the
git version control system.
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Chapter 10

A Spectrosopic Study of
Pseudobulge Hosting SO (Galaxies

In Chapter 8, a general overview of how a spectrum of a galaxy can be obtained and
used for unravelling its star formation history was presented. Chapter 9 presented
details of SALT and RSS along with a description of the working of the custom
software tools constructed for the analysis of the data. A total of 50 objects were
observed through a series of proposals of which the present thesis aims at studying
those SOs which host pseudobulges, as determined from photometric studies de-
scribed in Chapters 6 and 7. In this chapter, we present results obtained using the
pipelines and techniques described in the previous chapter for a sample of pseudob-
ulge hosting SOs. The first section describes the sample and the technical details
of the observations carried out using SALT. The next section describes individual
galaxies while the concluding section offers details of other techniques / analyses

that can be carried out on this sample.

10.1 The Sample and Observations

The RC3 based sample of SO galaxies was described in detail in Chapter 5. The
final sample comprising of 185 SO galaxies, for which 3.6 micron archival imaging
data observed using Spitzer IRAC are available, were analyzed using the technique
of 2-d image decomposition. Using the determined bulge properties, those bulges
which had a Sérsic index n < 2 (Fisher and Drory, 2008) and found to deviate more
than 3 o below the best-fit line to ellipticals on the Kormendy relation (Gadotti,
2008), were classified as pseudobulges. These are 25 in number and the differences
between them and the classical bulges based on their photometric properties, are
discussed in Chapters 6 and 7.

Recall that the accepted formation mechanism for pseudobulges is through disk
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Object Name | R.A. (J2000) | Dec (J2000) | Mag. (Filter) | Obs. Time
ESO079-007 00h 50m 04s | -66d 33m 10s 13.7 (B) 4500
ESO085-030 05h 01m 30s | -63d 17m 36s 13.8 (B) 4500

NGC1533 04h 09m 52s | -56d 07m 06s 11.8 (B) 3600

1C2085 04h 31m 24s | -54d 25m 0Ols 14.2 (B) 5000
NGC1522 04h 06m 08s | -52d 40m 06s 14.0 (B) 5000
NGC1510 04h 03m 33s | -43d 24m Ols 13.4 (B) 4500
NGC1326 03h 23m 56s | -36d 27m 53s 11.4 (B) 3600
NGC7709 23h 35m 27s | -16d 42m 18s 13.6 (B) 4500
NGC7371 22h 46m 04s | -11d 00m 04s 12.7 (B) 4500
NGC5750 14h 46m 11s | -00d 13m 23s 12.5 (B) 4500

Table 10.1: Targets observed in the SALT proposal 2014-1-IUCAA-RSA-OTH-001.

instabilities such as a bar, which cause gas infall towards the centre, leading to the
rise of an inner disk-like component. If this is true, one can expect certain signatures
in the spectra of these galaxies. For example, if the pseudobulge indeed has formed
through disk matter rearrangement, the stellar population at the centre of the galaxy
dominated by the bulge, is expected to have a larger fraction of younger stars relative
to the disk. Using the tools described in the previous chapter, we are in a position
to derive such information and test various formation mechanisms for pseudobulges
and their host galaxies.

Of the 25 pseudobulges identified in photometric studies of SO galaxies, a subset
of 15 were within the declination limits of SALT. A proposal was submitted to
observe as many of these galaxies as possible and obtain RSS long-slit spectra. A
total of 10 galaxies were observed through the proposal 2014-1-IUCAA-RSA-OTH-
001. Table 10.1 summarizes the list of objects along with some basic information.

In Chapter 9, we covered details concerning the observational limits imposed by
the design of SALT. There is an annular region on the sky with a width of ~ 12
degrees accessible to SALT. This means that there is an upper limit on the maximum
exposure that can be achieved for a given object depending on its RA and Dec. In
case of 7 of the 10 objects in this sample, the track time was not sufficient to achieve
the required SNR. For these objects, two independent observations were carried out
on different nights and later coadded to achieve the required SNR. However, the
reduction of the spectra for these objects requires great care owing to the following

factors.

e The effect of the variation in the pupil is even greater and thus significant
corrections need to be applied to equalize the effective exposure of all the
observations. While equalizing the mean flux levels generally works, the cosmic
ray corrections sometimes not being perfect can render the use of mean as

inefficient. In such cases, equalizing based on median of flux needed to be
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carried out.

e The position of the object along the slit can significantly vary from one night
to the other. To account for this, in the process of aperture extraction, the
aperture widths were chosen in a manner such that the spatial centroids as
well as the sizes of the final frames match. One can then combine the frames

without any need for shift corrections.

The steps of flat-fielding, wavelength calibration and flux calibration need to done
independently for both sets of observations. All observations were taken within a day
or two of each other and in largely similar conditions. So, no systematic variations

in wavelength or flux calibration solutions were observed.

10.2 Star Formation Histories

In this section, we will describe in detail every object in the sample of pseudobulge
hosting SO galaxies and comment on the overall consistency of the findings with cur-
rently accepted formation mechanisms for pseudobulge hosting galaxies. Figure 10.1
shows the optical images of the galaxies for which detailed comments are presented
in the subsections that follow. These optical images have mostly been obtained
from NED and are a part of the Digitized Sky Survey (DSS). The 2-d spectra can
be found in Figure 10.2. In these figures the vertical direction represents the spatial
position along the slit while the horizontal direction represents the wavelength axis.
Each row in this image represents a spectrum corresponding to a specific position
on the long slit.

In Figures 10.3, 10.4 and 10.5, are presented the formation histories of the galax-
ies whose images are shown in Figure 10.1 and 2-d spectra in Figure 10.2. The
formation history is described by a histogram which is constructed using the popu-
lation vector output by Starlight, as described in the previous chapter. Recall that
the population vector is a collection of percentages representing the contribution of
a particular base SSP (Simple Stellar Population) to the total flux in the observed
spectrum. Each SSP is associated with a particular age and metallicity. To construct
the formation histories represented in figures like 10.3, we divide the complete age
range of the base SSPs into equal bins and measure the contributions in each age bin
using the population vector. Knowing this information, a histogram is constructed,
which shows the fraction of the total stars in a galaxy born at various epochs. For
example, if the histogram has a large collection of peaks at log(age) = 9 — 10, it
means that most of the stars have formed at a very early epoch. On the contrary,
if the histogram has a large collection of peaks around log(age) ~ 7, most of the

stars have formed relatively recently. According to the current theories of large scale
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-

ESC079-G00T ESGDEE-GSD | IC2085

MNGEC1 326 NGC1510 MGC1522

NGC1533 NGC5750 NGCT709

Figure 10.1: The optical images of the galaxies whose population histories are de-
scribed in this chapter. Note that the data for the galaxy NGC 7371 were not of
sufficient quality to present any analysis. This galaxy has not been included in this
figure.

212



10. A Spectrosopic Study of Pseudobulge Hosting SO Galaxies

(a) ESO079 G007

(b) ESO085 G030

(c) IC 2085

(d) NGC 1326

(e) NGC 1510

(f) NGC 1522

(g) NGC 1533

(h) NGC 5750

(i) NGC 7709

Figure 10.2: The final 2-d reduced spectra for the galaxies described in this chapter.
The vertical direction is the direction of the slit while the horizontal direction is
that of the wavelength. Each row here is a spectrum corresponding to a particular
position on the long slit.
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Figure 10.3: Formation histories for the galaxies discussed in this chapter.
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Figure 10.4: Formation histories for the galaxies discussed in this chapter.
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Figure 10.5: Formation histories for the galaxies discussed in this chapter.
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structure formation, we know that such a young stellar population is unlikely to have
formed through major mergers as those become less common at smaller redshifts.
Please note that the pipeline described in the previous chapter generates as many
formation history plots for a galaxy as the number of apertures extracted from a 2-d
spectrum. If, for example, for a given galaxy, 20 apertures are marked and hence
20 spectra are extracted - for each spectrum, one formation history diagram can be
plotted using the Starlight output for it. However, for the current study, we are
showing only the formation history diagrams for the central region of the galaxy.
The parameters derived using 2-d image decomposition as well as the Hubble
stage T', for the current sample of galaxies, have already been presented in the
Table 5.1 presented at the end of Chapter 5. To illustrate the important spectral
features produced by early-type and late-type galaxies and the differences in their
spectra, we show in Figure 10.6 two spectra, one for an early-type galaxy and the
other for a late-type galaxy with ongoing star formation. Familiarity with these

spectra will aid the reader in understanding the following sections.

10.2.1 ESOO079-007

According to the RC3, this galaxy is classified as an SO galaxy with a Hubble stage
T = —2.0 % 0.8. On NED, the galaxy is described as being peculiar owing to
some non-axisymmetric structure atypical of SO galaxies. There are no clear spiral
arms discernable from the image taken by the Palomar 48-inch telescope shown in
Figure 10.1. The reduced 2-d spectrum obtained from SALT for this galaxy reveals
several strong emission lines (Figure 10.2a), likely to be hot gas emission from HII
regions spread across the galaxy. The truly interesting feature of this galaxy is the
asymmetry in the distribution of the emission lines about the continuum. To explain
this asymmetry, a narrow portion of the spectrum near the H,, NII and SII emission
lines is shown in Figure 10.7. The stellar continuum has been marked in this region
along with the emission lines. It can be clearly seen that there are more emission
line regions below the continuum than there are above the continuum. This in turn
implies an asymmetric star formation i.e. strong formation on one side of the galaxy
as opposed to the other side of the galaxy.

The program used for extracting the rotation curve of a galaxy sums the spatial
profile along the wavelength axis and then uses a centroiding algorithm to determine
the spatial centre of the galaxy. When extracting the rotation curve of this galaxy,
the centroiding algorithm always inferred a position away from the continuum due
to the overall strength of the emission flux relative to the stellar continuum. To get
a non-biased estimate of the centroid, a part of the spectrum was obtained free from

emission lines and the centroiding algorithm was rerun. The central spectrum, the
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Figure 10.6: A template spectrum for an early-type galaxy (top panel) containing
an old stellar population and a late-type galaxy (bottom panel) which is dominated
by a younger stellar population and exhibits ongoing star formation. (Image Credit:

SDSS)

218



10. A Spectrosopic Study of Pseudobulge Hosting SO Galaxies

}Conﬁnuwﬂ

Emission
Lines

Figure 10.7: A narrow region of the 2-d spectrum of the galaxy ESO079-003, near
the H,, NII and SII emissions. The continuum has been marked along with the
emission lines. As can be seen, the distribution of the emission lines about the
continuum is asymmetric.

best-fit Starlight model and the residue obtained from subtracting the model from
the observed spectrum are all shown in Figure 10.8.

The galaxy is a nearly face-on galaxy, thus the rotation curve obtained was fitted
using a low order polynomial in order to extract the apertures along the slit. As can
be seen in the spectrum, the absorption features of this galaxy are hard to model,
so the H, emission based rotation curve was used. Using the fits obtained for each
aperture, an age gradient i.e. the variation of age as a function of distance from the
centre, was derived. In the case of this galaxy, variation in light weighted average
age from 8.1 to 8.4 Gyr was found. Such a small variation at this age range cannot
be easily captured by stellar synthesis models. The difference such a small step in
age has, on the overall shape of the optical spectrum, is small relative to the typical
noise levels in the spectra. Therefore, it is better to rely on an alternate quantity
which is more robust. In this study, we have defined the fraction of stars older than
10° yr, computed using Starlight and mapped its variation as a function of distance
from the centre. Note that this fraction is derived using the light population vector
output by Starlight which means the fraction here is terms of flux. As a binned
statistic, this quantity is more reliable and is more easy to interpret from the point
of view of understanding the star formation history. The variation in this quantity
is captured in the lower left part of Figure 10.8.

A similar plot (not shown here), for intermediate age stars ( between 10% and
10° yr ) indicates that no such stars are found in this galaxy along the major axis,
while a plot for young stars (< 10® yr) shows an opposite trend. The fraction of
older stars increases towards the centre while that of younger stars decreases. If this
galaxy indeed hosts a pseudobulge and if it is true that the pseudobulges form after
disks through instabilities, one does not expect a rise in the fraction of older stellar
population in the galaxy towards the centre, a region dominated by the bulge. One
possible explanation could be that this is a reflection of the distribution of stellar

population in the disk itself rather than that of a bulge. The bulge contributes
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Figure 10.8: The observed spectrum from the centre of the galaxy ESO079-G007,
along with the best-fit Starlight model are shown in the first panel while the second
panel shows the residual. Important emission lines have been marked in the residual
spectrum in this figure. The lower left and lower right plots are age and metallicity
gradients respectively.
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only ~ 4% to the total flux in 3.6 microns. Thus it is reasonable to assume that
this observed gradient is more a reflection of the disk population rather than the
bulge population. A caveat with this argument is the assumption that the B/T ratio
determined at 3.6 microns can be used to make comments on the optical spectra. But
the shallow rise in the age at the centre seems consistent with most disk formation
scenarios which support an inside-out formation i.e. stars at the centre form first
followed by formation outside.

The metallicity gradient is shown in the lower right plot of Figure 10.8. Two
interesting features stand out. Omne is the overall asymmetry in the metallicity
trend around the galaxy centre. This seems to reflect the overall asymmetry of the
distribution of emission regions in the 2d spectra. The emission line regions in some
way are affecting the metallicity gradients though the the exact mechanism is not
known. The second feature of this plot is the sub-solar range of values of metallicity.

Overall, this object is quite interesting, exhibiting strong star formation, lack of
a conspicious bulge, an asymmetric distribution of emission lines and an unconven-
tional morphology. Further investigations will be needed to understand more about
this object.

10.2.2 ESO0085-030

ESO085-030 is the second galaxy in this sample and exhibits spectral features sim-
ilar to that of ESO079-007 except for the distribution of emission lines being less
asymmetric. Presence of strong emission regions with no easily discernable spiral
arms has resulted in this galaxy being classified as a peculiar SO with a Hubble stage
T = —141.7 (note the large error bar indicating high ambiguity as to the nature of
the galaxy). The spectrum, model and residue for the central region of the galaxy
are shown in Figure 10.9. The spectrum reveals a dominant population of young
and hot stars as can be judged by the 4000 angstrom break.

On studying the behavior of the fraction of old stars, as done for the previous
galaxy, one finds that about 40% of the total light at the centre comes from old stars
- this fraction falls to 15% as one moves outward. This can be seen in Figure 10.9.
Also shown in this figure is the metallicity gradient. Note that this gradient is similar
to the age gradient and thus rules out the effects of age-metallicity degeneracy. This
is a common problem with fitting galaxy spectra - a similar spectrum can be obtained
for two cases: 1) a younger population but with high metallicity, and 2) an older
population with low metallicity. If we find opposite trends of age and metallicity,
an alarm flag can be raised that the numbers obtained are unreliable and likely an
effect of the degeneracy between these parameters. However, in this case, we find

both quantities exhibiting a similar trend and thus it is safe to assume that this
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Figure 10.9: The observed spectrum from the centre of the galaxy ESO085-G030,
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gradients respectively.
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degeneracy is not playing a role here.

The B/T ratio of this galaxy is quite high with almost 60% of the total light
accounted by the bulge. Thus unlike in the previous case where one could argue that
the trends were dominated by a disk, this is clearly a reflection of the underlying
pseudobulge. The pseudobulge shows signs of an inside-out formation with stars
towards the centre having an older age. This can perhaps be said to be consistent
with gas infall. However, it is difficult to say how much of this gradient is due to
the bulge and how much due to the disk. Further, to explain the higher B/T ratios
in pseudobulges, we had argued that gas stripping could fade the disk. However,
there is clear evidence for high star formation given the strength of the H, emission
line. Independent of whether this star formation is happening in the disk or the
pseudobulge, it hints at an abundant supply of gas. These two arguments seem
contradictory. One may resolve them by arguing that the bulge has acquired mass
through a minor merger involving a gas rich dwarf. This can explain both the
induced star formation as well as the increased B/T ratio. According to Eliche-
Moral et al. (2012), a minor merger can increase B/T ratios without destroying the

bulge-disk coupling typical of pseudobulges.

10.2.3 NGC 1533

NGC 1533 is a barred lenticular galaxy with a smooth and featureless morphology,
atypical of a pseudobulge hosting SO. The spectrum too is indicative of an old and
coeval stellar population. However, the bulge’s effective radius and Sérsic index have
led to its classification as a pseudobulge. The typical age of the stars is ~ 1010 yr
as expected, again exhibiting both a metallicity and age gradient showing a rise in
the fraction of older stars towards the centre with more than 95% of the stellar light
contribution coming from them. The bulge effective radius is about 16 arcsec and
thus in these plots, we are not even probing the region dominated by the disk. It
is thus not possible to compare the disk and bulge stellar populations in this case.
The metallicity is more or less the same as solar metallicity which is expected given
the other characteristics of this galaxy.

Overall, the results for this galaxy come as a clear surprise. Despite having
selected pseudobulges using a highly conservative criterion, it is clear that this is
not a pseudobulge host galaxy and shows all the tell tale signs of being a classical
bulge formed at a very early epoch. This misclassification is unlikely to be due
to the lack of accounting of a bar since the bar light has been taken into account
when modelling the surface brightness profile. Other possible reasons could be the
presence of a small unresolved pseudobulge within the classical bulge. Erwin et al.

(2015) and others have studied such cases, known as composite bulges. However,
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Figure 10.10: The observed spectrum from the centre of the galaxy NGC 1533,
along with the best-fit Starlight model are shown in the first panel while the second
panel shows the residual. The lower left and lower right plots are age and metallicity
gradients respectively.
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since the sample is small in size, statistical comments on the behavior of such systems
cannot be made. Concerning the disk of this galaxy, the spectrum does not contain

an adequate signal from it to comment on its contributions.

10.2.4 1IC 2085

IC 2085 is a highly inclined SO galaxy with Hubble stage T' = —2.0 £ 0.8 with no
prior spectral studies carried out on it. The overall quality of the spectrum as can
be judged from the 2-d image shown in Figure 10.2¢c, is not too high. But the SNR
is sufficient for the intended analysis as can be seen from Figure 10.11. Its central
spectrum shows a unique feature. The consecutive absorption features below 4000
Angstrom indicate a young population while the H,, NII and SII emission lines
indicate some level of star formation and hot gas. Along with these signs, seen in
earlier galaxies, one also sees a substantial break at 4000 Angstrom, a feature of an
older and evolved population.

Figure 10.11 captures the age and metallicity gradients. However, what is seen
does not appear to make physical sense. The age on one side of the centre is higher
than the other side, a trend not found in any of the previous galaxies. However,
whether the trend is real, is open to debate because the metallicity gradient shows an
opposite trend. It is well known that age and metallicity are degenerate quantities.
In this case, it seems like the overall variation in the age captured by these plots
is being produced as a result of degeneracy rather than being a real trend. What
is perhaps the only reliable conclusion, which one expects from a simple visual
inspection of the spectrum as shown in Figure 10.11, is that the population is an
almost equal mixture of old and young stars.

In Figure 10.3c we plot the percentage of light contribution coming from pop-
ulations of various ages. One can clearly see a bimodal distribution, a population
of stars which is very old (~ 10%° yr) along with a younger population of stars
(~ 107 yr). A similar trend is seen in other galaxies as well though it is significantly
pronounced in this case. Thus in the formation history of this galaxy, there seem to
be two distinct epochs of star assembly, one at an early epoch and another at more
recent times. It should be noted that this figure appears to indicate the youngest
stellar population has age ~ 107 yr. This age obtained however could be a reflection
of the fact that this is the youngest population of stars considered in the base used
for fitting the spectrum. It might be worthwhile to try and use a base especially
constructed to have more representative spectra of even younger SSPs. The current
base was selected keeping in mind the expected range of ages for SO galaxies. But
independent of the base used, it is clear that this galaxy’s formation history is not

a simple one.
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Figure 10.11: The observed spectrum from the centre of the galaxy IC 2085, along
with the best-fit Starlight model are shown in the first panel while the second panel
shows the residual. The lower left and lower right plots are age and metallicity
gradients respectively.

226



10. A Spectrosopic Study of Pseudobulge Hosting SO Galaxies

The star formation in the central region of this galaxy seems consistent with an
induced gas infall due to disk instabilities. However, to explain the presence of very
old stars, not typical of a disk, one might imagine that there was an already formed
classical bulge in place before the second episode of star formation took place. In
other words, we could be looking at a composite bulge system - an inner disk growing

through gas infall within an already existing classical bulge.

10.2.5 NGC 1522

NGC 1522 is classified as a peculiar SO with 7" = —2.3 + 0.7. The spectrum of this
galaxy (Figure 10.12) hints at a stellar population dominated by very young stars
population with little to no sign of older stars. The age and metallicity gradients
reveal hardly any consistent trend across the galaxy. Given that 95% of the total
light budget comes from very young stars with a very low subsolar metallicity, it is
clear this object is indeed special. This galaxy has a well defined bulge contributing
~ 40% of the total galaxy light but it is clear that the bulge has no signs of being
a classical one. The high B/T ratio is also surprising for a galaxy with so many
young stars, which has ongoing star formation and is metal poor. It could be that
this high B/T is a manifestation of the faded disk. But the level of star formation
seems to suggest presence of a lot of gas.

Okamoto (2013) used simulations to suggest an alternative mechanism for form-
ing a pseudobulge hosting galaxy. In these simualations, what is defined as a pseu-
dobulge by us manifests as an inner disk at z ~ 2. This inner disk forms at an early
epoch but not through secular processes as is envisioned for most pseudobulges but
through a series of star bursts possibly caused by minor merger events. In other
words, the pseudobulge does not form through a secular process but a dynamical
one. If one were to rule out the fading of the disk as an explanation for the high
B/T ratio of a pseudobulge host and the unlikeliness of secular evolution building up
such a high B/T, this mechanism seems to offer an alternate explanation. It must be
remembered however that the B/T ratio used in all these arguments is derived using
analysis of 3.6 micron imaging which especially probes the low mass stars while the
spectral analysis is being done in the optical where younger and more massive stars

dominate.

10.2.6 NGC 1510

NGC 1510 is an SO galaxy termed as ‘peculiar’ and has a Hubble stage T'= —2.3 +
0.7. This galaxy is known to be one of a pair of galaxies with the other member
being NGC 1512. This system is famous for being a pair of starburst galaxies with

a common HI envelope (Meurer et al., 2006). That it is a star burst galaxy requires
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Figure 10.12: The observed spectrum from the centre of the galaxy NGC 1522,
along with the best-fit Starlight model are shown in the first panel while the second
panel shows the residual. The lower left and lower right plots are age and metallicity
gradients respectively.
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Figure 10.13: The observed spectrum from the centre of the galaxy NGC 1510,
along with the best-fit Starlight model are shown in the first panel while the second
panel shows the residual. The lower left and lower right plots are age and metallicity
gradients respectively.
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nothing more than a glimpse of its central spectrum as shown in Figure 10.13. The
spectrum shows very strong H, emission and the light is completely dominated by
a young hot population.

The age and metallicity gradient show peculiar features as well with more than
95% of the light coming from young, hot stars. The average age of this population
is ~ 10% yr. There is an asymmetry in the distribution of old stars - the regions
dominated by these also being slightly metal rich. This could be explained by the
known fact that this galaxy is a part of a pair. Some form of tidal interaction with the
neighbor may cause star forming regions dominated by young stars to be distributed
non-uniformly in this galaxy. The bulge-disk decomposition of this galaxy using 3.6

micron imaging data reveals a B/T ratio at this wavelength of ~ 0.4.

10.2.7 NGC 1326

NGC 1326 is a barred S0 galaxy which has a ring. It has Hubble stage T" = —1.040.3.
Overall, most of the features of this galaxy resemble those of NGC 1533. Almost
90% of the central flux can be accounted for by an old stellar population with a
metallicity only slightly below solar metallicity. It is interesting to note that this
is the second galaxy in our sample which despite a stringent criterion for selecting
pseudobulges having been applied to it, the bulge clearly appears to be classical.
What is also interesting is that both galaxies i.e. NGC 1326 and NGC 1533, are
barred. With the usual caveat of over interpreting results for a very small sample,
one is led to ask the question whether this criteria somehow fails for barred galaxies.

There are several ways to understand this:

e We are fitting the bar using a Sérsic profile. However it is not necessary
for all features of a bar to be completely accounted by it. This can lead to
systematics in the estimation of bulge parameters leading to their classification
as a pseudobulge when photometry based criteria are employed. This seems
to be unlikely given studies such as Gadotti (2008); Laurikainen et al. (2005)
which demostrate that once a bar has been accounted for, most systematics

in the bulge parameters disappear.

e There is some effect that bars have on classical bulges which causes them to
stray off the Kormendy relation and also acquire a lower Sérsic index. Again,
if this is true, one should be noticing a general trend between barred and
unbarred galaxies on the Kormendy relation. This is not the case as studies
like Barway et al. (2009), Gadotti (2009) and Laurikainen et al. (2010) clearly
show. Even with the sample of SOs described in Chapter 5, this has not been

found.
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Figure 10.14: The observed spectrum from the centre of the galaxy NGC 1326,
along with the best-fit Starlight model are shown in the first panel while the second
panel shows the residual. The lower left and lower right plots are age and metallicity
gradients respectively.
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e Bars lead to the rise of an inner component within an existing classical bulge
which when modelled using relatively low resolution imaging such as that
of Spitzer IRAC, induces systematics in bulge parameters that lead to their

classification as pseudobulges when using photometric criteria.

Please note that all this speculation is subject to the possibility of over-interpreting

a sample with a low number of objects.

10.2.8 NGC 7709

NGC 7709 is a highly inclined galaxy classified by NED as a peculiar SO galaxy with
a Hubble stage T" = —2.0 4+ 0.8. In terms of features, this galaxy resembles NGC
1522: strong ongoing star formation, very little contribution from old stars and a
sub-solar metallicity. All conclusions about NGC 1522 should apply more or less to

this galaxy as well.

10.2.9 NGCT7371

This object is among the 7 targets for which two telescope visits were needed to
get the required SNR as described at the beginning of this chapter. Unfortunately,
during the second visit there were technical problems leading to a fluid spill over
the optics of the telescope, rendering the data useless. The spectrum obtained by
combining frames from the first visit did not have enough SNR to be able to even

derive a rotation curve. As a result, the object could not be studied.

10.2.10 NGC5750

NGC 5750 is truly an interesting object. Classified as a barred S0/a galaxy with
Hubble stage T' = 0.0£0.3, it has what appears to be a ring like structure though in
The Carnegie Atlas of Galaxies, Sandage speculates it to be two very tightly bound
spiral structures emenating from the ends of the bar. The spectrum of the galaxy
is similar to NGC 1326 and NGC 1533 - dominated by more old stars than young.
This can be discerned from both the 2d spectrum shown in Figure 10.2h and the
central spectrum shown in Figure 10.16.

The age and metallicity gradient shown in Figure 10.16 lend support to this.
About 85% of the light comes from an old stellar population with slightly sub-
solar metallicity. This galaxy becomes the third pseudobulge hosting galaxy in this
sample to show an unusually high dominance of old stars and is also barred, thus

reinforcing some of the speculations offered when discussing NGC 1326.
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Figure 10.15: The observed spectrum from the centre of the galaxy NGC 7709,
along with the best-fit Starlight model are shown in the first panel while the second
panel shows the residual. The lower left and lower right plots are age and metallicity
gradients respectively.
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Figure 10.16: The observed spectrum from the centre of the galaxy NGC 5750,
along with the best-fit Starlight model are shown in the first panel while the second
panel shows the residual. The lower left and lower right plots are age and metallicity
gradients respectively.
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10.3 Conclusions

The previous section discussed the properties of each object based on their SALT
spectra, the best-fit models found by Starlight and the age-metallicity gradients.
Recall that all these objects have been classified as pseudobulge hosting galaxies,
based on their photometric properties derived using 3.6 micron Spitzer IRAC imag-

ing data.

Of the 10 galaxies considered, 6 show signs of very recent star / ongoing star
formation. This is consistent with the expectation from pseudobulge hosting galaxies
(Refer to Chapters 1 and 6 for more details on bulge dichotomy and properties of
bulges). While the presence of a significant fraction of a young population of stars
in these galaxies is consistent with these galaxies being pseudobulge hosts, it is not
consistent with their being SO galaxies. By this we mean that traditionally we do
not expect SO galaxies to exhibit ongoing star formation of the nature found in
these galaxies. This is because SO galaxies are either thought of as end products of
(major) mergers likely to contain an old coeval population of stars like ellipticals, or
are thought of as transformed spirals. For spirals to be progenitors of SO galaxies,
we often invoke the mechanism of gas stripping in order to explain the fading of the
spirals arms of the progenitors. But if this is true, how can gas poor galaxies exhibit
such activities of recent star formation, as made evident by the presence of intense

H,, and other emission lines?

One possible way to circumvent this problem is to invoke minor mergers. A gas
poor SO with its lack of gas caused by it having undergone gas stripping, accretes
a neighbouring dwarf which is gas rich. This gas rich satellite replenishes the gas
supply in the SO allowing star formation to be seen in these galaxies. Another
possible explanation, one that seems more likely to the author personally, is that
pseudobulge hosting SOs do not have a relationship with spirals at all. They are not
transformed spirals through gas stripping and hence the presence of a very young
population along with ongoing star formation is not a problem at all. However, as
we have seen in Chapters 6 and 7, these pseudobulge hosting SOs have on average
a lower scale length than their spiral counterparts and classical bulge hosting SOs.
Earlier, this lower scale length was thought to be due to the fading of the disk, but if
we imagine a scenario where these SOs formed without going through a spiral phase,

we are left with an unexplained property for these objects.

Three objects were found which showed tell tale signs of being a classical bulge,
formed at a very early epoch. However, the interesting commonality between all
these objects is the presence of a bar. While lacking statistical significance, one
can imagine these objects getting classified as pseudobulges as having much to do

with the presence of a bar. An interesting speculation is that the classical bulges of
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these galaxies host an inner pseudobulge grown as a result of the bar. The spatial
resolution in SALT data is unlikely to allow one to investigate this possibility using
spectra while a similar problem with Spitzer imaging does not allow investigating
this using image analysis. It might be worthwhile to obtain spectroscopic or imaging
data at higher resolutions to investigate these objects further. At the time of writing
this thesis, the preparation of a manuscript describing these results has begun.
This chapter presents first results for this sample of objects. However, there are
many more methods by which the spectra can be analyzed to allow one to study
and explore further. We conclude this chapter with a list of further analyses that

may be carried out using these data.

e Use of Lick indices: These are ratios of various emission and absorption lines
which can be used as proxies for age and metallicity of an object. This method
offers an independent way of verifying the trends revealed using Starlight. Pro-
grams such as Lector allow for the measurement of such indices. However, the
measurement of some of these indices requires the emission part of the spec-
trum to be removed first. Tools are being developed to automate this process
for all apertures along a galaxy and map the variation of these quantities along
the slit.

e Usage of alternate bases: One of the caveats pointed out in the previous section
was regarding the lower limit of the age of the stars in the galaxy. In Figure
10.3c, for example, we see a large fraction of stars with an age around ~ 107
yr. This does not rule of the presence of a younger population since the base
itself has this lower limit of age. It might therefore be worthwhile to redo the
analysis using a base which has a much lower age cut-off. Use of alternate
bases will also allow us to unravel the dependence of the results of the choice

of the base, if any.

e Accurate kinematics: In principle, Starlight will provide the value of velocity
dispersion for a given spectrum. However, the value is systematically affected
by the instrumental resolution, which may vary across wavelengths. This is
one of the reasons why detailed kinematic analysis of these galaxies was not
presented in the current study. If detailed kinematics can be obtained, the
ratio of rotation velocity to dispersion velocity could be determined along the
axis to study the overall nature of the dynamics of these objects. Even without
the information about velocity dispersion, the rotation curve itself can be fitted

to infer properties of dark matter distribution, for example.

e Spectral decomposition: There have been attempts in recent times to de-

compose a spectrum into bulge and disk components. It is worthwhile to
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investigate if such a study is feasible with the available SALT data.

e Comparison with other objects: As explained in Chapter 9, data for a total of
50 objects have been obtained through SALT through various proposals. The
complete analysis of the data is a part of a long term study which will even-
tually allow comparison of pseudobulge hosting SOs with pseudobulge hosting

spirals and classical bulge hosting SOs.
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Chapter 11
Summary and Future Directions

Real knowledge is to know the extent of one’s ignorance.

- Confucius

11.1 Summary of the Thesis

The general goal of the study described in this thesis is to study the class of galaxies
known as SOs or lenticulars. As already described, SOs are a very important piece of
the puzzle concerning the formation and evolution of galaxies. While typically clas-
sified as a single class in the earlier classification schemes of galaxies, they encompass
a wide variety of objects with diverse properties and formation histories.

Barway et al. (2007, 2009) find a dependence of structural parameters of SO
galaxies and their correlations on luminosity and environment. The inference drawn
by these studies is that bright and faint SO galaxies have different formation mecha-
nisms. The aim of the first part of this thesis was to verify this using multiwavelength
data ranging from ultraviolet to infrared wavelengths and studying various color-
color relationships. The photometric data comes from GALEX, SDSS, 2MASS and
WISE. Using various color based diagnostics, we find that the stellar population
of most bright SOs is consistent with having formed in a single episodic burst. In
case of faint SOs however, such a consistency is not found implying a more complex
formation history with star formation taking place over extended periods of time.
Environment is also found to play an important role in these differences.

In the second part of the thesis, we aimed at studying the bulges of SO galaxies
using the technique of 2-d image decomposition on 3.6 micron imaging data obtained
by the Spitzer Space Telescope. Chapter 5 describes the pre-processing required to
be able to use these data for 2-d image decomposition and the techniques developed
to perform the analysis. Once the analysis was done the properties of the bulge,
namely the Sérsic index, effective radius and the average surface brightness within

it were used to classify the bulges as classical or pseudo. In Chapter 6 we showed
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that the disk properties, mainly the disk scale length, is a function of the bulge type,
with pseudobulge hosting SOs having a lower scale length on average, compared to
the classical bulges. This can be interpreted as either a preference of pseudobulges
to arise in disks of small scale length or a signature of the process responsible for
bulge growth. Another alternative explanation is that this lowered scale length is
a result of the processes capable of transforming spirals to SOs. In Chapter 7, we
investigate this using a comparison sample of spiral galaxies. We conclude that early
type spirals can transform into SOs, in the case of pseudobulge hosts, without any
process except gas stripping. However, for late-type spirals, additional assistance
via minor mergers, for example, is required.

While the study described in the first part of the thesis allows broad statistical
trends of the stellar populations and formation histories, to be investigated, only
detailed analysis of individual spectra can help constrain formation histories for
individual objects. This is the goal of an ongoing study where long-slit spectroscopic
data obtained using SALT-RSS are fitted using a linear combination of SSPs. The
third part of the thesis presents such an analysis of pseudobulge hosting SOs, as
identified using Spitzer IRAC photometry. Of the 10 objects studied, data for one
were found to be of poor quality. Of the remaining nine, six were found to contain a
dominantly young stellar population consistent with their being pseudobulges. For
the remaining three, a surprisingly old stellar population was found. Interestingly,
all these three galaxies are barred. This fact may have interesting consequences for
the role played by bars in determining the photometric properties of classical bulges.

In the next section, we describe future studies that can be carried out on the

basis of the findings and analysis carried out in this thesis.

11.2 Future Directions

Some S0 galaxies appear to be closely related to ellipticals in terms of their forma-
tion histories while others are closer to spirals. In some cases, it is possible that
the objects are a stand-alone class of galaxies with a very different route of forma-
tion altogther. We have discovered these differences using photometric as well as
spectral analysis. The differences found are in terms of structural parameters and
their inter-correlations, their colors and spectra which in turn imply different stellar
populations. Finding more such differences can provide further clues concerning the
link between SOs and other elliptical galaxies. For example, differences in properties
of dark matter haloes is not a well explored area. Using rotation curves obtained
from long-slit spectra, it may be possible to model them as a sum of contributions
from bulge, disk and the dark matter halo. Information about dark matter poten-

tials in which these galaxies reside can provide important clues to help understand
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galaxy formation in general.

Among the many conceptions developed about SO galaxies, that they are rela-
tively dust free is a common one. But it is clear from all the studies presented in
this thesis that there should be many SO galaxies with an abundance of dust. Using
Spitzer data from higher wavelength bands i.e. mid- and far-infrared, it should be
possible to study the dust emission properties of SO galaxies. In particular, it would
be interesting if the signatures of PAH emissions can be isolated and studied. This
can be done using the 8 micron channel of IRAC as well as the data from MIPS at
24 micron and higher wavelengths.

Using the multiwavelength sample of SO galaxies described in the first part of
the thesis, one can move beyond simple color diagnostics and attempt detailed mod-
elling of the complete UV-optical-IR-midIR spectral energy distribution. Further,
performing a detailed 2-d decomposition analysis for this sample can help in explo-
ration of correlations between the structural parameters and color information. Such
a study will allow mass determination of individual stellar components of galaxies,
providing further insights about them.

One of the missing pieces of information for many of the galaxies in all the
samples used is that of the environment. By this we do not refer to the group/cluster
and field classification used in the first part of the thesis. Instead we refer to a more
physically motivated and quantitative description of the environment - for example,
how strong is the influence of the group or cluster potential on the galaxy? A study
that aims at obtaining such information will require sensitive surveys and detailed
modelling techniques which take into account not just the apparent separation of the
objects on the sky but the physical separation, by incorporating a third dimension
of radial distance. Such a study will also require better models for the dark matter
haloes of the galaxies.

A powerful technique used in study of galaxies using their images, not covered
in detail in this thesis, is that of isophotal fitting. In this technique, the isophotes
of the galaxies are fitted with ellipses using a Fourier series expansion. The higher
order coefficients that remain after such a fit, represent deviations of isophotes from
perfect ellipses. For example, the coefficient of cos46 term allows such isophotes
to be classified as either boxy or disky. In case of elliptical galaxies, significant
differences have been found between galaxies that exhibit these deviations and those
that do not. A similar analysis in case of SOs should be interesting.

It would not be an understatement to say that we have barely scratched the
surface in terms of extracting information from the long-slit spectra described in
the third part of the thesis. Chapter 10 describes in detail the kind of analysis that
can be done with these data. Over and above what is described there, one of the

projects being planned by us using SALT is to identify SOs with strong emission lines
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and acquire Fabry - Perot imaging data. This will allow for detailed 3-d kinematical
modelling of these galaxies.

A recent trend in the study of galaxies has been to move beyond conventional
long-slit spectra and use either multi-object spectrographs or even better, Integrated
Field Units. One can obtain 100s of spectra for a single galaxy, one from each point
on the surface, analyze them and construct 2-d maps showing variation in age,
metallicity and other properties. However, the process of data reduction for such
instruments is very complicated and requires high performance computing. But the
dividends in terms of the information that can be extracted are very high. One future
direction would be to take advantage of future telescopes with such instruments to
study SOs.

Despite decades of research, the study of SOs, especially their evolution is far
from being complete. Nature is incomprehensibly complicated and vast. To be able

to understand even the feeblest part of it is a privilege.
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