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Abstract

In this thesis, I probe the stellar and dark matter component of galaxies in order to infer their
evolutionary histories. I am doing this by studying two distinct galaxy population samples:
(i) a high redshift sample at z ~ 1, and (ii) a high density environment sample of galaxies in
the nearby Coma cluster. By comparing these samples to a sample of galaxies in the local
Universe in a low density environment, I infer variation in their properties as a function of
time and environment.

For both samples, I create accurate dynamical models to infer the stellar Mass-to-Light
ratios of the galaxies and their dark matter fractions. Furthermore, I model the stellar
population of the galaxies using a full-spectrum technique while reproducing their star
formation history in a non-parametric manner. In addition, I use IFS data for a subset of
galaxies in the high density sample to create detailed dynamical models that strengthen the
results found in that sample.

Based on the quantities derived from these analyses, I present results on the IMF normali-
sation and dark matter fraction of galaxies in both samples. Furthermore, I studied the scaling

relations of these galaxies and compared them to that observed for the ATLAS3P

sample,
which serves as a low density sample of the Local Universe, to infer variation in galaxy

properties as a function of time and environment.
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Chapter 1

Introduction

Galaxies have been used as tools for Cosmology, Astrophysics and Particle Physics since
their discovery as objects distinct from the Milky Way. A study of the recession velocities
of galaxies was the pioneering discovery that led to the currently accepted paradigm of
an expanding Universe, while the Active Galactic Nuclei of galaxies provides insights into
high-energy physics and particle physics that cannot be studied on Earth. However, the
formation and evolution of galaxies themselves have remained shrouded in dust. Great
progress has been made in understanding the formation and evolutionary processes that
effect the evolution of galaxies however, no conclusive paradigm has been established. In
this Chapter, I present the context upon which I have carried out my research to probe the
evolution of galaxies. The initial section presents the Cosmological context which led to
the formation of galaxies. This is followed by a brief summary of what we understand of
their evolution. The third section provides details on the methods used in this study, and is

followed by an outline of the remainder of the thesis.



2 Introduction

1.1 ACDM Paradigm

1.1.1 Cosmological Background

The process of galaxy formation is one that is closely entangled with the formation of the
Universe. At present, the ACDM paradigm for Cosmology is the widely accepted model
of the Universe we live in (Hinshaw et al., 2013; Planck Collaboration et al., 2014, 2015).
Within this paradigm, the observable universe, i.e. the baryonic matter observed in galaxies,
stars, gas etc., constitutes ~ 5% of the Universe while the rest is composed of mysterious
dark matter and dark energy. Dark matter is as of yet, unobserved by any telescope or
instruments, however this hypothetical matter is required to explain the observed kinematics
of the stars and gas in galaxies and galaxy clusters (e.g: Zwicky, 1933; Rubin et al., 1985;
van Albada et al., 1985). Despite the lack of direct observations, several contenders for what
this matter may consist of have been proposed, such as weakly interacting massive particles
(WIMPs), axions, sterile neutrinos etc (Bergstrom, 2009; Feng, 2010). The temperature of
dark matter particles plays an important role in the formation and evolution of the large scale
structure of the Universe. The two primary models for this are the warm dark matter and cold
matter. Assuming a cold dark matter particle, the ACDM model has been highly successful
in modelling the structures that astronomers observe today (White & Rees, 1978; Blumenthal
et al., 1984). One such example is presented in Fig. 1.1 where the simulated large-scale

structure of the Universe appears statistically indistinguishable from its observations.

As per the ACDM paradigm, this matter constitutes ~ 25% of the energy density of
the Universe. The remaining ~ 70% of the energy density of the Universe is comprised of
dark energy. Though the source of this energy density is yet to be determined, its effect is
observed in the accelerating rate of expansion of the Universe as observed by Supernovae
surveys, CMB etc (Riess et al., 1998; Perlmutter, Turner & White, 1999; Eisenstein et al.,

2005; Percival et al., 2010; Mortonson, Weinberg & White, 2014).
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Fig. 1.1 In this plot, the top cone depicts the large scale structure of the Universe in the
northern sky, as seen by the CfA2 (small cone) (Geller & Huchra, 1989) and SDSS (larger
cone) (York et al., 2000). The left presents similar observations made of the southern sky by
the 2dFGRS (Colless et al., 2001). The cones in the bottom and the right represent mock
galaxy surveys made using semi-analytical techniques applied on the cosmological dark
matter simulation of the Millennium simulation. [Credit: Springel, Frenk & White (2006)]
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It is commonly accepted today that the Universe began ~13.8 Gyrs ago in a singularity
event known as the Big Bang (Dodelson, 2003). Not much is understood of the event itself,
however today cosmologists have a firm understanding of the evolution of the Universe
after 1073 seconds after. Due to the high energies involved, the Universe at this phase was
radiation dominated and, due to Thomson scattering, opaque. At this time the Universe
underwent an epoch of rapid expansion that froze the quantum density fluctuations of the time
as perturbations of density in the Universe. Due to the coupling of the baryonic matter and the
radiation, these over-densities were in a state of fluctuating equilibrium as the collapse of the
matter due to gravity was compensated by the pressure due to the photon-matter interactions.
These fluctuations later gave rise to the Baryonic Acoustic Oscillations that are observed
today (Sakharov, 1966; Peebles & Yu, 1970; Sunyaev & Zeldovich, 1970). At 10! seconds
after the Big Bang, the free electrons in the Universe combined with nucleons in the Universe
that formed at ~ 10? seconds. This lead to the decoupling of the radiation from the baryonic
matter as the mean free path of the photons grew and hence made the Universe transparent
for the first time. These photons are observed today as the Cosmic Microwave Background
and provide us with a glimpse of the Universe at that stage (Hinshaw et al., 2013; Planck
Collaboration et al., 2014, 2015). This decoupling allowed the baryonic matter to collapse

within the density perturbations, which eventually led to the formation of galaxies.

1.1.2 Galaxy Formation

As the baryonic gas in the early Universe decoupled from radiation, this gas collapsed into
the gravitational potentials of the dark matter halos and began forming stars (Blumenthal
et al., 1984). At this time the baryonic physics, such as stellar formation, feedback, cooling,
metallcitiy enrichment, AGN feedback etc., began influencing the evolution of the galaxies
(White & Rees, 1978; Springel, Di Matteo & Hernquist, 2005), making it difficult following

their evolutionary path to present day.
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There are two proposed models for the formation of galaxies that are observed today: the
Monolithic model (Eggen, Lynden-Bell & Sandage, 1962; Larson, 1975) and the Hierarchical
Model (White & Rees, 1978; Blumenthal et al., 1984; Cole et al., 2000). The Monolithic
model proposes that the galaxies we observe today formed in a single event of star formation,
wherein a large cloud of primordial gas collapsed instantaneously to form the galaxies we
observe today. However in light of recent observations, this model is no longer widely
accepted. The second model, the Hierarchical model, proposes that the galaxies formed in
a “bottom-up” manner, i.e. galaxies grew by the merger of smaller galaxies. Though there
is a growing evidence for this model, such as observed mergers of galaxies and evolution
of scaling relations of galaxies that are explained by the Hierarchical model (such as the
size growth of galaxies etc), many aspects of galaxy formation within the hierarchical model

remain unclear.

One approach to distinguish between the two models is through cosmological scale
hydrodynamical simulations, that evolve a large volume of space from what is known of the
initial conditions of the Universe up to the present day. However, such a simulation would
require parsec scale resolution to resolve the complexity of the baryonic physics and would
require a volume of a few Mpc? to derive sufficient statistics on galaxy populations. Such a
simulation is practically limited by today’s technology and technical knowledge, however
recent simulations using a phenomenological implementation for the core process that affect
galaxy evolution have been successful in predicting some of the scaling and cluster relations
of galaxies, e.g: ILLUSTRIS (Vogelsberger et al., 2014), EAGLE (Schaye et al., 2015), FIRE
(Hopkins et al., 2014), ezw (Davé et al., 2013) etc.

In light of this, astronomers have developed other innovative techniques to reduce the
computational requirements for galaxy simulations. The most popular amongst those are
Semi-Analytical Models (SAMs) (Kauffmann et al., 1999; Gonzalez-Perez et al., 2014; Lu

et al., 2014; Porter et al., 2014) and Zoom simulations. Both of these simulations build upon
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the results of cosmological dark matter simulations, which follow the evolution of the dark
matter in the Universe since their formation to present day. Based on the assembly history of
these dark matter halos, SAMs use an analytical prescription to translate the dark matter halo
distribution of the simulation into a set of galaxy predictions which can then be compared
to observations. As expected, these simulations greatly reduce the needed computational
resources to create a simulated cosmological prediction. However, it does so using simplified
analytical prescriptions for complex physical processes, which are then fine-tuned to ensure
that simulated galaxies reproduce observations. Zoom simulations on the other hand select
regions of interest within pre-existing cosmological dark matter simulations, based on the
research question being studied, and run a full hydrodynamical simulation for these regions.
Such an approach is efficient when studying particular galaxy population, however the limited
number of simulated galaxies don’t permit the interpretation of general galaxy properties
from such simulations.

Due to these limitations of numerical simulations, a complete picture of galaxy formation
and evolution cannot be attained using only theoretical arguments. However, the simulations
have been successful in narrowing down the dominant processes that influence galaxies
and, taken together with observations of galaxies, promise to place strong constraints on the

models.

1.2 Observations

1.2.1 Stellar Populations

Most observations of galaxies are comprised of the light emitted by the stars that inhabit the
galaxies, hence it is critical that the stellar populations of galaxies are well understood before
a strong interpretation of galaxy evolution can be made through observations. Furthermore,

studying the mass assembly of galaxies can give insights into the formation and evolution
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history of the galaxies. The stellar mass assembly history of galaxies can be probed using a

number of techniques.

Lilly et al. (1996) used spectroscopic and photometric survey of galaxies at redshift
0 < z < 1 to study their rest-frame UV luminosity function, the number density of galaxies
as a function of their absolute luminosity. The result showed that an evolving luminosity
density, wherein the rest frame UV luminosity declined with lowering redshift. This result
can be interpreted as a decrease in the star formation rate of galaxies since redshift of z ~ 1.
Expanding on this work, a number of studies measured the luminosity function of galaxies at
different redshifts and in other regions of the wavelength spectrum. These works concluded
that the the star formation history of the Universe peaked at z ~ 2, and that more than half of

the observed stellar mass today was formed in z > 1 (Madau, Pozzetti & Dickinson, 1998).

Another technique to study the stellar populations of the galaxies is to model them. Early
works was based on studying the colour-central velocity dispersion relations of galaxies
(Bower, Lucey & Ellis, 1992) however such work was based on significant assumptions.
Gradually, the reliability of the stellar population model increased with the use of empirical
stellar libraries and an understanding of the alpha-abundances of galaxies. This led to the
confirmation of results on the stellar mass assembly by Heavens et al. (2004) (see Fig. 1.2).
It should be noted that the modelling of stellar populations is vulnerable to a degeneracy
between the age and metallicties of the galaxies (Worthey, 1994) and hence one must be

careful when interpreting results of such analysis.

Astronomers attempted to further examine the stellar populations of galaxies, and study
the correlations of their parameters of age, metallicity, and alpha-abundances with the physi-
cal properties of galaxies. Since these parameters effect all features in a galaxy spectrum,
disentangling their effect has proven to be difficult in a galaxy-by-galaxy case, and hence,
most results are based on large number statistics and deal with mainly ETGs due to their

simpler populations (Schiavon, 2007; Thomas et al., 2010; Johansson, Thomas & Maraston,
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Fig. 1.2 This plot is fig. 1 of Heavens et al. (2004), where the authors analysed the spectra
of 96,545 nearby galaxies to determine their star formation histories to conclude that most
of the star in nearby galaxies formed at z < 2, with the star formation history peaking at
7z~ 0.3 —0.8. [Credit: Heavens et al. (2004)]
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2012). These studies demonstrate that the mean luminosity-weighted age of galaxies are cor-
related to their stellar mass, in that the most massive galaxies tend to have older populations.
This scenario is known as “downsizing” (Cowie et al., 1996; Brinchmann & Ellis, 2000;
Bundy, Ellis & Conselice, 2005). Meanwhile the [Fe/H] metallicity of galaxies demonstrate
almost no trends, though the total metallicity and alpha-abundance present a strong positive
trend similar to that found in the stellar ages. These results have been confirmed by Conroy,
Graves & van Dokkum (2014), where the authors have used a sophisticated stellar spectrum

fitting code, that is robust to the varying the abundance ratios of galaxies and their IMF.

Attempts have been made to complement these results with that from high redshift. A
study of the high redshift quiescent galaxies illustrate that there has been very little metallicity
evolution since z ~ 1 (Schiavon et al., 2006; Choi et al., 2014; Gallazzi et al., 2014). However,
a comparison of their ages with their local counterparts suggest that the quiescent galaxy
population has had small amounts of star formation since z ~ 1 (“frosting”) or recently
quenched star-forming galaxies, with metallicities close to that of quiescent galaxies, have

recently joined the quiescent galaxy population.

1.2.2 Initial Mass Function

The main tool that astronomers use to study the stellar populations of galaxies are the synthetic
stellar populations models. Additionally, these models are crucial for the development
of simulations of cosmological simulations, and for the comparison of the models with
observations. However, these models and their implementation are based on certain explicit
and implicit assumptions and it is important that these assumptions are tested and understood
to ensure that the results of stellar population analysis are interpreted accurately. One
assumption used in stellar population modelling of galaxies is that of the universal Initial

Mass Function (IMF) of galaxies (See Bastian, Covey & Meyer 2010 for review).
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The IMF is the functional form of the distribution of the stars formed within bins of stellar
mass during a single event of star formation. This function was first studied by Salpeter
(1955) over 50 years ago. Using direct star counts in star clusters within the Milky Way,

Salpeter (1955) showed that the IMF is an universal function of the form:

dN
— m_a

o (1.1)

where m is the stellar mass, N is the number of stars within mass bin, dm and o ~ —2.35

form > 0.4M,.

Evidence based on the observation of stars in the Milky Way and other nearby galaxies
demonstrated an universal IMF within the Milky Way (Kroupa, 2001; Bastian, Covey &
Meyer, 2010, and refereneces within) described accurately by the Chabrier IMF (Chabrier,
2003) and the Kroupa IMF (Kroupa, 2001), which differ from a Salpeter IMF due to a smaller
fraction of low mass stars. This universality was further supported by extragalactic studies,
where authors have used sub-maximality arguments for the disks of spiral galaxies to rule

out Salpeter IMF for these galaxies.

Early results based on gravitational lensing suggested that ETGs may have Salpeter-like
IMF mass normalisation (Auger et al., 2010). These studies however could not rule out a
Chabrier-like IMF due to the degeneracy in these results between the IMF normalisation
of the galaxies and their dark matter fraction. A solution for this degeneracy was provided
by van Dokkum & Conroy (2010) who used spectral features sensitive to low mass stars
(Schiavon, Barbuy & Singh, 1997; Schiavon et al., 1997; Schiavon, Barbuy & Bruzual A.,
2000; Cenarro et al., 2003) in the spectra of 8 ETGs to discover that these galaxies are very
abundant in such stars and that this abundance cannot be explained by the IMF found in the
disk of the Milky Way. Furthermore, application of this method on globular clusters found

that the IMF of these clusters were consistent with that of Chabrier-like IMF.
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Fig. 1.3 Each panel in this figure represents the stellar Mass-to-Light ratio of 260 early type
galaxies derived via stellar population modelling (y-axis) and dynamical modelling (x-axis),
for various assumptions of their dark matter content. Independent of the dark matter model
used, the panels demonstrate a non-universal IMF that varies as a function of the velocity
dispersion of the galaxies, depicted by the colour trend. [Credit: Cappellari et al. (2012)]
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Using the dynamical modelling of 260 ETGs, Cappellari et al. (2012) explained these
results as part of a systematic variation of the IMF normalisation of external galaxies, as
demonstrated in Fig. 1.3. These models robustly accounted for the dark matter fraction
of the galaxies and show that a systematic variation in the IMF of galaxies is required to
reproduce the observed kinematics of galaxies. Since then, this result has been confirmed
by other authors using other techniques such as lensing, dynamical modelling and stellar
population modelling (e.g: Spiniello et al., 2012; Ferreras et al., 2013; Tortora, Romanowsky
& Napolitano, 2013). Nonetheless, the study of IMF variation remains a very interesting
and actively debated topic, with a variety of unsolved issues and inconsistencies between

different approaches (e.g: McDermid et al., 2014; Smith, 2014).

1.2.3 Dark Matter

Dark matter is the most dominant form of matter in the Universe, outweighing baryonic
matter by factor of five. As mentioned in Section. 1.1.1, the dark matter creates the foundation
upon which the galaxies form and evolve. Since its discovery by Zwicky (1933), Astronomers
have observed evidence for the presence of dark matter in the observations of gas and stellar
kinematics in the outer regions of galaxies, where the contribution by stars and gas to the
gravitational potential drops significantly (Rubin et al., 1985; van Albada et al., 1985). In
addition, X-ray observations of hot interstellar gas and gravitational lensing by galaxies and
galaxy clusters have independently suggested the presence of dark matter (Walsh, Carswell

& Weymann, 1979; Soucail et al., 1988).

For over a decade, there has been a convergence of the cosmological simulations of dark
matter in the Universe which has resulted in significant improvement in our understanding
of the growth of structure in the Universe (e.g: Springel et al., 2005). Despite their success,

discrepancies exist between observations and simulations, particularly in the small scales.
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One such problem has to do with the over-prediction of the number of the massive
subhaloes that a Milky-Way-like halo would host in present day (Boylan-Kolchin, Bullock
& Kaplinghat, 2011, 2012). Unless the Milky Way halo is an anomaly in the sample, the
brightest dwarf galaxies around the Milky Way would require dark matter haloes ~ 5 times
more massive than that observed to be consistent with the theoretical predictions. Another
such issue is regarding the shape of the dark matter distribution of dwarf spheroidal and
low surface brightness galaxies, whose observed kinematics are not consistent with that
predicted by the cusp-like distribution predicted by these simulations (Flores & Primack,
1994; de Blok, 2010; Kuzio de Naray & Kaufmann, 2011). Though there are indications
that these discrepancies between the models and observations could be resolved by the
inclusion of baryonic physics in the simulations, so far such attempts have been unsuccessful

(Garrison-Kimmel et al., 2013; Chan et al., 2015; Dutton et al., 2015a)

1.3 Methodology

1.3.1 Stellar Kinematics

To model the observed spectra of galaxies during this thesis, I used the penalised pixel fitting

pPXF method and code by Cappellari & Emsellem (2004)'. This code fits the observed

galaxy spectra with a set of template spectra in pixel space using a Gaussian-Hermite

parametrisation for the line-of-sigh velocity dispersion (LOSVD) of the galaxy (Gerhard,
1993; van der Marel & Franx, 1993). The code solves for:

k L
G(x) = k;wk[B* Ti] (x) +;Oble(x>, Wi >0 (1.2)
Where the galaxy spectra (G) is modelled as the summation of each template (7j)

convolved to the LOSVD of the model (B) and multiplied by its weight (wy). The additive

Uhttp://purl.org/cappellari/software
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term accounts for the variation in the continuum of the galaxy spectra and that of the template
spectra due to the fact that the observed galaxy spectra is a combination of millions of stellar
spectra, all of which cannot be accounted for. In pPXF, this is done using the Legendre
polynomial (7;) of order [ and coefficient b;. In addition to this, pPXF also permits the use of
multiplicative Legendre polynomials to account for the variations in the continuum shape
of the templates and galaxies that are due instrumentation systematics as the template and

observed spectra are not observed by the same instruments.

1.3.2 Dynamical Modelling

Classically, dynamical models of galaxies are based on the Jeans equations (Jeans, 1922).

These equations are the solution to the collision-less steady state Boltzmann equation

3
Z( of ‘M)ﬁ):o (1.3)

5% " o an
Where the distribution function of the stars (f) is a function of their position (x;) and
velocity (v;) along each spatial dimension (i), and & describes the gravitational potential in
which the stars exist. In cylindrical coordinates, and the assumption of axial symmetry, this

equation can be rewritten as:

) — -
WR— W, 8(vv12e) d(vgv;) L 0P

R oR + 9z = vﬁ (1.4)
wer;  d(w?)  d(wpy) 9P

R " a. T or Vo (1.5)

These equations however are not sufficient to uniquely solve for the kinematics of the
galaxies, further assumptions are required to converge on a specify solution. Previously,
this additional constraint assumed that the velocity ellipsoid of the galaxies were circular,

implying that v_% = g and v,v; = 0. This assumption provided unique solutions to the Jeans
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equations and were used widely (e.g: Nagai & Miyamoto, 1976; van der Marel, Binney &
Davies, 1990; Carollo et al., 1995; Cappellari et al., 2006). However observations of the
dynamical structure of galaxies have demonstrated that the velocity ellipsoid of fast rotator
and spiral galaxies are not circular, but are in fact flattened along the axis parallel to the
axis of symmetry (Cappellari et al., 2007; Thomas et al., 2009). Making this assumption

simplifies the equations to:

b2 — w2 9 (b2 od
9 wi) _ JP
R oR 'R (1.6)
o(w?) 9P
= (1.7)

Where b represents the velocity anisotropy of the stars and is defined as g = bv%. The
models also take advantage of the multi-Gaussian expansion formalism (MGE; Further
details are provided in Section. 1.3.3) that provide a simple description of the luminosity

density and gravitational potential of the galaxy (Emsellem, Monnet & Bacon, 1994):

WRD=Y B e (R 2)} (18)
7 k=1 (\/ﬁﬁk)3 b 207 a; .

M
\/2/7rG/ M% du, (1.9)

u? 2 2
exp{—ﬁ {R + 1—(1Z—q§)u2] }
() = ' ' (1.10)

The Jeans Anisotropic Modelling (JAM)? method (Cappellari, 2008) uses these equations
to solve Eq.(1.6)-(1.7) and predicts the second moments of velocity, %, for a given MGE
parametrisation of the surface brightness and mass distribution, the velocity anisotropy and

inclination of a galaxy. In addition, the code can take into account the effect due to seeing

Zhttp://purl.org/cappellari/software
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and aperture size to make practical predictions of the line of sight velocity moment of the
galaxies. In Cappellari et al. (2007), the authors demonstrate that Vi, = V'V2 + 62, where

V and o are the velocity and velocity dispersion, is a good approximation to this prediction.

1.3.3 Photometric Parametrisation

Traditional methods used to parametrise galaxy photometry have been based on fitting
the observed galaxy light profile to pre-established models, such as 2D Sérsic profile for
elliptical galaxies. These models are generally based on empirical fits to the galaxies and its
parametrisation can be used to infer information on the galaxies (e.g: Graham et al., 2001).
However, in this study I have used the Multi-Gaussian Expansion (MGE) formalism
to parametrise the light profile of galaxies (Monnet, Bacon & Emsellem, 1992; Emsellem,
Monnet & Bacon, 1994; Cappellari, 2002). This technique fits the observed galaxy photome-
try using a series of 2D Gaussian functions and, due its multiple degrees of freedom, can
robustly fit for galaxies with multiple components. In addition, this formalism allows the
user to take the effect of the point spread function of the instrument, and the deprojection
of the observed light into three dimensional distributions in a trivial manner. The latter is
particularly helpful when creating dynamical models for the galaxies. For my work I use the

robust MGE fitting method and code by Cappellari (2002)°.

1.4 Thesis Outline

In this chapter, I have presented a summary of our understanding of galaxy evolution,
particularly that of the stellar populations and dark matter in the central regions of galaxies.
In this thesis, I attempt to further probe the stellar populations and dark matter content of

galaxies to get a better understanding of the evolution of galaxies. I have done this in two

3http://purl.org/cappellari/software
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parts; by probing the stellar populations and dark matter of galaxies at redshift z ~ 1 via
dynamical and stellar population modelling, and by studying galaxies at dense environments
using similar tools.

Accordingly, the research conducted during the course of this doctoral study is presented

in three chapters. A summary of these chapters are provided below:

* Chapter 2 : This chapter highlights the results on the IMF normalisation of galaxies at
z ~ 1. Here, I have used dynamical modelling of 68 galaxies, based on the anisotropic
Jeans equations which in recent years has been demonstrated to be a good assumption
when modelling the dynamics of most ETGs. Based on these models and the stellar
population modelling of galaxies, I have derived an accurate estimate of the IMF
normalisation of massive ETGs (M, > 10'°M,,). This chapter is a published manuscript

and can be found at Shetty & Cappellari 2014 (ApJL, 786, L10).

* Chapter 3 : This chapter develops the work carried out in the previous chapter. In
the chapter, I have developed the dynamical models of these 68 ETGs by including
dark matter halos for these galaxies. These models are based on Abundance Matching
techniques and further strengthen the results presented in the previous chapter. In
addition, this chapter expands the original sample of 68 galaxies to 154. For this
expanded sample, I have analysed the star formation history of galaxies at these
redshifts and their scaling relations. This chapter is also a published manuscript and

can be found at Shetty & Cappellari 2015(MNRAS, 454, 1332).

* Chapter 3 : This chapter presents the analysis of galaxies in the Coma cluster. This
project has observed 53 galaxies in the Coma cluster using the SAURON IFS and
publicly available photometric data from SDSS. In addition to this, I have also had
access to an additional 100 galaxies in the Coma cluster with spectral and photometric

data from SDSS. For this project, I have created detailed dynamical models for 42



18

Introduction

galaxies of the original 53 galaxies, along with the less sophisticated modelling for the
additional sample. Taken together, and along with the stellar population modelling of
the galaxies using SDSS spectra, I have derived the most accurate IMF normalisation
for galaxies. I also present results on model free dark matter fractions of these galaxies,
and their morphology-density relation based on their dynamical models. This work
is in the final stages of its completion and its results are currently being written up in

Shetty et al. (in prep.).

Chapter 4 : In this chapter, I bring together the results of this thesis and present
the current state of the field. I shall also be highlighting the areas where further

development is required and how such developments can be made.



Chapter 2

Salpeter normalization of the Stellar
Initial Mass Function for massive

galaxies at 7 ~ 1

The stellar initial mass function (IMF) is a key parameter to study galaxy evolution. Here
we measure the IMF mass normalization for a sample of 68 field galaxies in the redshift
range 0.7 to 0.9 within the Extended Groth Strip. To do this we derive total (stellar + dark
matter) mass-to-light [ (M /L)ayn] using axisymmetric dynamical models. Within the region
where we have kinematics (about one half-light radius), the models assume: (i) that mass-
follows-light, implying negligible differences between the stellar and total density profiles;
(ii) constant velocity anisotropy (B, =1 — GZZ / GI% = 0.2); (iii) that galaxies are seen at the
average inclination for random orientations (i.e. i = 60°, where i = 90° represents edge-on).
The dynamical models are based on anisotropic Jeans equations, constrained by HST/ACS
imaging and the central velocity dispersion of the galaxies, extracted from good-quality
spectra taken by the DEEP2 survey. The population (M /L)pop are derived from full-spectrum
fitting of the same spectra with a grid of simple stellar population models. Recent dynamical

modelling results by the ATLAS®® project and numerical simulations of galaxy evolution
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indicate that the dark matter fraction within the central regions of our galaxies should be
small. This suggest that our derived total (M /L)ayn should closely approximate the stellar
M /L. Our comparison of (M /L)ayn and (M /L)pop then imply that for galaxies with stellar
mass M, > 1011 M., the average normalization of the IMF is consistent with a Salpeter
slope, with a substantial scatter. This is similar to what is found within a similar mass range
for nearby galaxies.

Published : Shravan Shetty and Michele Cappellari, 2014, ApJL, 786:L10

2.1 Introduction

Knowledge of the stellar mass of galaxies has long been pivotal to the study and testing
of galaxy formation and evolution theories, but an economical method for it’s estimation
has remained elusive to astronomers for decades (see Courteau et al., 2014, for a review).
The main reason for this is the fact that the galaxy photometry doesn’t sufficiently constrain
the stellar mass, which is dependent on both the stellar populations of the galaxy and the
stellar Initial Mass Function (IMF) of those populations. The IMF represents the distribution
of stellar masses at a single star formation event. The form of the IMF is critical for
estimating the mass of the galaxies and in understanding the stellar feedback and the chemical
enrichment processes taking place within them.

It is currently accepted, from direct star counts, that the IMF shape in our Milky Way can
be approximated by a power-law d N /d m o< m* with the Salpeter (1955) slope x ~ —2.35,
above a stellar mass m 2 0.5 M., and a more shallow slope below m < 0.5M, (Kroupa, 2001;
Chabrier, 2003). Though this IMF seems universal within the Milky Way its applicability
to external galaxies has been uncertain for decades (see Bastian, Covey & Meyer 2010 and
Kroupa et al. 2013 for recent reviews).

Early attempts, comparing the dynamical mass-to-light ratio M/L to the value inferred

from stellar population synthesis, concluded that at least some spiral galaxies (Bell & de Jong,
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2001; Kassin, de Jong & Weiner, 2006; Bershady et al., 2011; Dutton et al., 2011; Brewer
et al., 2012) and ETGs (Cappellari et al., 2006; Ferreras, Saha & Burles, 2008; Thomas et al.,
2011) require an overall Kroupa/Chabrier mass normalization of the IMF like the Milky Way.
By studying the variation of the average M/L of galaxies in clusters at different redshifts,
Renzini (2006) concluded that a Salpeter IMF slope was required for the mass range of

1<M<1.4M,.

More recently van Dokkum & Conroy (2010, 2011) studied near-infrared spectral features,
where the contribution from dwarf stars is easier to measure. They concluded that massive
elliptical galaxies have a dwarf dominated IMF, unlike the Milky Way. Auger et al. (2010)
studied the IMF by comparing stellar masses from strong gravitational lensing to stellar
masses from population synthesis. Their models assume massive ETGs are spherical, satisfy
a power law dependence of IMF normalization with galaxy mass, have dark halos following
the mass-concentration relation predicted by simulation and the total to stellar mass derived
by halo abundance matching. They concluded massive ETGs as a class have a Salpeter-like

mass normalization of the IMF.

Cappellari et al. (2012) used more general axisymmetric dynamical models allowing
for the IMF, the stellar profiles, the halo slope and the stellar fraction to freely vary in
different galaxies to reproduce the data. The models were constrained by integral-field stellar
kinematics for a sample of 260 ETGs spanning a large range of masses and ¢. They found a
systematic trend in the IMF normalization. The average IMF varies from Kroupa/Chabrier
to Salpeter and heavier with increasing o, which was shown to trace the bulge fraction

(Cappellari et al., 2013a).

A number of recent works appear so far consistent with a systematic IMF variation. These
used either spectral synthesis to study absorption features (e.g. Spiniello et al., 2012; Conroy
& van Dokkum, 2012; Smith, Lucey & Carter, 2012; Ferreras et al., 2013; La Barbera et al.,

2013), dynamical scaling relations (Dutton et al., 2013) or approximate spherical dynamical
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models (Tortora, Romanowsky & Napolitano, 2013). However quantitative agreement
between the different approaches has not yet been achieved and full consensus has not been
reached (e.g. Maraston, 2013).

The study of IMF in galaxies at high redshift is so far dominated by dynamical mass
derivations using the virial estimator (e.g. Renzini, 2006; van de Sande et al., 2013). In this
study, we constrain the IMF normalization at redshift z ~ 1 using axisymmetric dynamical
models and compare the results with findings in the local universe. This is one of the few
studies to attempt dynamical modelling at higher redshift (van der Marel & van Dokkum,
2007; Cappellari et al., 2009) but is the first to place constraints on the IMF normalization of
galaxies at high redshift.

In section 2, we give a description of the data used for this study and a description of
the galaxy set. We describe our methodology in section 3, while we present our results in
section 4. In section 5, we discuss the results. We used the following cosmological constants:

Qn=0.3,Q4=0.7, H)=70 km s~! Mpc~!.

2.2 Data and Sample

2.2.1 Spectral Data

The 1-D spectrum of the galaxies was obtained from the DEEP2 spectrographic survey
(Newman et al., 2013c¢). It is a magnitude limited, Rap < 24.1, galaxy redshift survey. In
this study, we use the Extended Groth Strip (Groth et al., 1994) field of the survey due to
the availability of HST imaging (Davis et al., 2007). The data was taken by the DEIMOS
multi-object spectrograph, mounted on the Keck-2 telescope, with a observed wavelength
range of 6500-9100A, in a spectral resolution of R ~ 6000 at 7800A. The typical total
exposure time for each galaxy is 1 hour, with average seeing of 0.85”. The 2-D spectra of

the galaxies were observed using slitlets of dimensions 1” x 7”. 1-D spectra of the galaxies
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were then derived using the boxcar technique, within extraction windows of ~ 1” x 1”. Due
to the design of the survey, the spectra of the objects are divided into 2 halves. For our study,
we use the blue half of the wavelength range so as to observe the CaK and G stellar lines for

our given redshift range.

2.2.2 Photometric Data

A HST/ACS survey of the EGS was done by the GO program 10134 [P.I: M. Davis] (Davis
et al., 2007). The survey was done with the F606W (V) and F814W (I) filters, at 5 ¢
magnitude limits of Vrgoew = 26.23(AB) and Igg14w = 25.61(AB). The observations were
done in a four point dither pattern, which was processed by the STSDAS MultiDrizzle

package to produce a final mosaic of the field with a pixel scale of 0.03" .

2.2.3 Selection

The DEEP2 survey has observed ~ 49,000 galaxy spectra. For this study, our initial selection
criteria are: the galaxies have reliable redshift between 0.7 < z < 0.9 and have high-resolution
HST photometry. This meant selecting galaxies with “secure” and “very secure” redshifts in
the DEEP?2 catalog. These criteria reduced the sample to ~ 1,350.

The galaxy spectra were then logarithmically rebinned to 60 km s~! per spectral pixel
and a signal-to-noise (S/N) > 3 cut-off was applied. We visually inspected the spectra after
their initial spectral fits (Section 2.3.1) and retained galaxies showing clear and well-fitted
stellar absorption lines. This reduced the sample to ~ 200.

After the photometric analysis (Section 2.3.2), a visual inspection of the contour fits of the
galaxy photometry and the model was done to ensure that the models accurately reproduce
the galaxy photometry, removing galaxies with non-axisymmetric features, e.g. disturbed

morphology or strong dust. This reduced our sample to 87.
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Another selection criterion implemented on our galaxy sample was that of luminosity-
weighted age of the galaxies, derived by identifying the best-fitting single stellar population
model with solar metallicity via full-spectrum fitting. Galaxies with best-fitting template age
<1.2 Gyr were removed. A similar selection was made by Cappellari et al. (2012, 2013a)
who found that young galaxies have strong stellar population gradients, hence breaking the
assumption of constant stellar M/L. Finally we removed galaxies with strong evidence for
multiple population using full-spectrum fitting (Section 2.3.3), leading to a final sample of
68 galaxies.

These galaxies consists of massive ETGs (stellar masses 10'! < M, /M., < 1012), except
for seven galaxies at lower masses. More information on these galaxies will be given in a

follow up paper.

2.3 Methods

2.3.1 Velocity dispersion measurements

To create dynamical models for our galaxies, we first extracted reliable velocity dispersion
for the galaxies, using the pPXF code! (Cappellari & Emsellem, 2004). The spectrum fitting
was done with a subset of 53 stellar spectra taken from the Indo-US Library of Coudé Feed
Stellar Spectra Library (Valdes et al., 2004). These spectra were selected so that: (i) each
spectrum is gap-free and (ii) the subset is a good representation of the library’s atmospheric
parameter range (T.g Vs [Fe/H]). During the fitting process, the telluric features in the galaxy
spectra were masked, along with any significant gas emission feature. Examples of spectral
fits are given in Fig. 2.1.

A bootstrapping technique was used to estimate the real errors on the derived single

aperture velocity dispersions. The technique involved re-sampling the residuals between the

! Available at: http://purl.org/cappellari/idl
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Fig. 2.1 Summary plots of spectrum fitting for 9 galaxies. The galaxy spectrum is shown in
black, while the best-fit is in red. The galaxy spectrum has been rebinned to 60 km s~ ! spectral
pixel resolution and gauss-smoothed to make the absorption features clearer to the eye. The
green dots below the galaxy spectrum are the residuals of the fit while the blue features are
the masked pixels. The portion of the spectrum around ~ 3800 and ~ 4100 are the telluric
features that have been masked.
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observed spectrum and an initial best fit. The bootstrapped spectra are then fitted with an
“Optimal” template which is the summation of the templates used for the initial fit of the
spectrum, multiplied with their respective weights. The process was iterated 500 times, and
the distribution of the stellar kinematic values was used to estimate the velocity dispersion

and its error.

We compare our derived velocity dispersion with that of Ferndndez Lorenzo et al. (2011),
for our 40 common galaxies, using the LTS_LINEFIT routine!, modified to constrain the
slope to 1. We find that our velocity dispersion are consistent with those of Ferndndez
Lorenzo et al. (2011) with negligible offset of 0.013 +-0.013 dex and an observed rms scatter
of 0.094 dex.

2.3.2 Calculating Dynamical M/L

The photometry of our galaxies was parametrized using a Multi-Gaussian Expansion (Em-
sellem, Monnet & Bacon, 1994), using the mge_ﬁt_sectors1 code of Cappellari (2002). To
ensure that our MGE fits reflect the underlying mass distribution of galaxies, we adopt the
technique used by Scott et al. (2013) (Section 3.2.1). We also force the surface brightness
profile at the largest observed radius to have an outer slope of R~*. Examples of MGE fits

are shown in Fig. 2.2.

We create our dynamical models using the JAM method! (Cappellari, 2008) which solves
the anisotropic Jeans equations for a given light and mass profile of axisymmetric galaxies,
while allowing for orbital anisotropy. The code also allows for rigorous application of seeing

and aperture effects.

We adopt this method over the more commonly used virial estimates based on Sérsic
spherical Jeans models since spherical models cannot reproduce the variety in the stellar

kinematics of galaxies (Cappellari et al., 2013b, Fig. 1). In addition, Cappellari et al. (2013b,
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Fig. 2.2 Summary plots of the MGE fits for 9 galaxies. The black contour lines represent
the observed light distribution of the galaxies, while the red represents the model. Since we
calculate the (M /L)jam for the inner regions of the galaxies, it is important to reproduce the
inner light profile accurately.
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Fig.14), show that virial estimates suffer from large scatter and potential biases in the absolute

M/L normalization, which is critical for our work.

We assume for all galaxies the average inclination i = 60° for random orientations
(i =90° being edge-on). For a few galaxies for which this inclination is not allowed by the
deprojection of the MGE model, we assign the lowest allowed inclination. We adopt an
anisotropy 3, =1 — GZZ / GI% = 0.2 which is the typical value, within one half-light radius R,
for early type galaxies in the local universe (Cappellari et al., 2007; Gerhard et al., 2001).
Previous studies have shown the M /L to be very weakly sensitive to the adopted inclination
(Cappellari et al., 2006, Fig. 4). However, our quoted errors do not include the effect of our

constant anisotropy assumption.

Given our lack of spatially resolved data, we are unable to separate luminous and dark
matter in our galaxies. Hence we use mass-follow-light models, which were shown to
robustly recover the fotal M /L within 1R., even when dark matter is present (Cappellari et al.,
2013b), when the data extend out to the same radius. The dynamical M /L of our galaxies
is given by (M/L)jam = (6/Vims)? (Table 1), where o is measured within the DEEP2 1”
slit (Table 1) and Vi is the value predicted by the JAM model within the same aperture for

M/L=1.

The extensive modelling study of Cappellari et al. (2013b) measure a low dark matter
fraction (< 30%), within 1R., for nearby galaxies of similar mass as ours. Numerical
simulations by Hilz, Naab & Ostriker (2013) provide a general argument as to why dark
matter should further decrease with increasing redshift. These results indicate that the dark
matter fraction in the central regions of our galaxies should be negligible, hence indicating
that our (M/L)jam should closely approximate the stellar M /L. Without this assumption,

our M /L would only provide an upper limit to the IMF mass normalization.

We use the parametrization of the photometry and the redshift of the galaxies to derive

their absolute magnitude. Since the F814W filter observes the rest frame B band for galaxies
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DEEP2 ID No. Redshift Mg R, (o} Ao (M/L)JAM (M/L>Sal

() (km/s) (km/s) (Mo/Lo) (Mo/Lo)

(1 2) 3 @ 6 (6) (7) 8)
11050845 0.840 -21.76 040 298 28 6.10 3.55
12004136 0.812 -21.62 050 202 21 3.09 2.92
12004516 0.820 -21.44 044 176 28 2.85 1.97
12008254 0.745  -21.51 041 250 33 4.92 4.32
12008360 0.828 -2097 0.18 185 31 2.63 2.39
12008441 0.832  -21.34 0.53 257 64 9.26 1.79
12011900 0.719  -20.88 0.23 318 57 9.75 4.46

Column (1): DEEP2 galaxy identifier. Column (2): DEEP2 estimated redshift. Column (3):
Absolute B (Vega) band magnitude. Column (4): Effective radius as derived from MGE
(without re-scaling). Column (5): Aperture velocity dispersion. Column (6): Error on
aperture velocity dispersion. Column (7): Dynamical mass-to-light ratio with a median error
of 0.11dex. Column (8): Population mass-to-light ratio with a scatter of 0.08dex.
Table 2.1 Results of dynamical models and multiple population fitting. The table is published

in its entirety in the electronic edition of the letter. A portion is shown here for guidance
regarding its form and content. Please refer to Appendix. A to view the table in its entirety.

at redshift ~ 0.8, all magnitudes and (M /L)s presented in this study are in the B (Vega)

system.

2.3.3 Calculating Stellar Population M/L

We derive the population M/L of the galaxies using the MILES stellar evolutionary models
(Vazdekis et al., 2010). These models use the MILES empirical stellar spectral library
(Sanchez-Blazquez et al., 2006) to derive single age and metallicity models for the entire

optical wavelength range. We use the Salpeter IMF as the reference IMF for this study.
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The full-spectrum fittings were done using pPXF with a template grid of 40 logarithmi-
cally spaced ages, between 0.089 to 7.9 Gyrs, for metallicities [M/H] of -0.4, 0.00 and 0.22.
The upper limit of the age was constrained to the age of the universe at the adopted redshift
while the metallicity range is justified by the results of Schiavon et al. (2006) who find that
galaxies at 0.7 < z < 0.9 have nearly solar metallicities. The (M /L)saipeter in the B (Vega)
band was calculated as

pghosas

Wi
M/L =)y L= 2.1
( / )Salpeter ; w; Ly ) (2.1)

where w; is the weight of each template, M} %" is the mass of stars and stellar remnants, and

Ly is the B (Vega) band luminosity of the model.

To test the robustness of our results to model selection, the (M /L)saipeter Was calculated
using 2 different template sets: (1) unregularized fitting with solar metallicity templates and
(ii) a regularized fitting with the entire SSP model grid. The M/L derived from these template
sets are offset by only 0.07 dex and have an intrinsic scatter of 0.08 dex. We find that our
results are robust to variations of this scale and so we present our results here using the latter

set.

2.4 Result

In this study, we derive accurate total dynamical (M /L)jam and stellar population (M /L)saipeter
for 68 galaxies. In Table 2.1, the reader will find the list of physical parameters derived in

the study.

Our results allow us to compare the M /L from detailed models with the virial estimate:

R.0?

(M/L)Virial =50x GL s

(2.2)
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Fig. 2.3 Mass Plane (R, vs Stellar Mass) of our final galaxy set, with R rescaled using the
offset observed between (M /L)jam and the virial estimate. The thick red line represents the
Zone of Exclusion from Cappellari et al. (2013a), which approximates the 99% boundary
for the nearby galaxy population. The colored diagonal dashed lines are predicted lines of
constant velocity dispersion according to the scalar virial equation. Part of the trend in mass
normalization with mass must be due to the correlation between Myanm and (M /L)pyn.
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Fig. 2.4 log(M/L)jam versus log(M/L)saipeter- The thick magenta line represents the
Salpeter IMF. The dashed red line represents the Chabrier IMF, while the dashed blue line
represents a single power-law with a slope of -2.8. The points are color coded to the velocity
dispersion smoothed with LOESS method of Cleveland (1979).Though there is an indication
of a trend of the mass normalization with the velocity dispersion of galaxies, part of this
must be due to the correlation between ¢ and (M/L)jam. A representative error bar is shown
at the top left. The histogram on the bottom-left shows the log((M/L)pyn/(M/L)sa). The
best-fitting Gaussian peaks at 0.00 and has a dispersion of 0.29. We note that part of the
trend of velocity dispersion with (M /L)jawm is likely due to correlated errors.
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where o, is the measured velocity dispersion within R, (Cappellari et al., 2006). In our
study, we have measured the R, using MGE and use the aperture correction for the velocity
dispersion as given in of Cappellari et al. (2006, Eq. (1)). We use a virial coefficient of 5.0
since Cappellari et al. (2013b, Fig. 13) shows that it is applicable to virial mass estimations
that use MGE derived R.. We find that the equation (2.2) under estimates the dynamical

masses by 0.16 dex with an rms scatter of 0.04 dex.

We investigated the origin of the offset via a process of elimination. Since the virial
estimate, using the MGE derived sizes better reproduces the dynamical mass of galaxies than
a non-homology dependent virial coefficient (Cappellari et al., 2013b, Fig. 14), we argue
that the structural evolution of galaxies can not account for this offset. An under-estimation
in velocity dispersion and luminosity will have the same effect on both quantities, apart from
effects of seeing, which is only accounted for in the models. Hence our investigation suggests
that the offset observed is mostly caused by an under-estimation of the R, specifically due to

shallow observations of galaxy photometry and our non-extrapolated radii.

In Fig. 2.3, we show the mass plane (R, vs Stellar Mass) of the galaxies. The R, used
in the plot is rescaled to match the (M /L)jam and (M /L)yisia estimates. It is an attempt to
recover the true R, of the galaxies, but this is assumption dependent. Regardsless, none of
our results on the IMF mass normalization are dependent on this. A number of galaxies
appear slightly smaller than local galaxies, and lie below the zone-of-exclusion of Fig. 1 of
Cappellari et al. (2013a). This illustrates that our S/N selection criterion tend to select dense

and massive galaxies.

By comparing the M/L calculated via the two independent methods, dynamical modeling
and stellar populations, we are able to study the IMF normalization of the galaxies. In
Fig. 2.4 we have plotted the M/L calculated by the two methods, along with a color code to

represent velocity dispersion. The velocity dispersion is smoothed using the LOESS method
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of Cleveland (1979) 2 to ease comparison of the plot with the results of the local universe, as

done in Cappellari et al. (2013a).

The analysis of our results show that, on average, massive (10" SM. /Mg < 10'%)
galaxies at z ~ (0.8 are more consistent with a Salpeter-like, than a Milky Way-like, IMF mass
normalization provided our assumption of negligible dark matter in the central regions of the
galaxies is valid. The IMF scatter appear larger than our error estimate, suggesting it must be
intrinsic. However the extreme cases must be driven by systematics in our ¢ determinations.
Fig. 2.4 can be directly compared to Fig. 11 of Cappellari et al. (2013a) representing the
local galaxy sample. The two plots look qualitatively similar, and in both cases they are
characterized by a nearly complete lack of correlation between the dynamical and population

M/L for galaxies with the largest .

2.5 Summary

We used the JAM modeling method to derive dynamical (M /L)jam for 68 massive galaxies
(M, = 10" — 10'? M) at redshifts z = 0.7 — 0.9. Our results show that using the virial
equation at high redshifts can lead to severe under-estimation in the dynamical masses of
galaxies, which is likely due to the under-estimation of the R.. The under-estimation must
depend on the depth of the photometry as well as on the adopted extrapolation of the profiles,
making the virial estimates assumption dependent (see also Cappellari et al., 2013b). The
(M /L)jam doesn’t suffer for this problem as it only requires the knowledge of the light and

mass distribution within a region comparable to where the stellar kinematics are available.

Our result suggests that stellar population estimates of stellar masses of massive galaxies

at high redshift should assume a Salpeter IMF normalization for more accurate results,

2As implemented in the CAP_LOESS_2D routine of Cappellari et al. (2013b), available from
http://purl.org/cappellari/idl
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instead of the Kroupa/Chabrier IMFs which are often adopted. This IMF normalization is

the same inferred for nearby galaxies of similar masses.






Chapter 3

Observed trend in the star formation
history and the dark matter fraction of

galaxies at redshift z ~ 0.8

We study the star formation history for a sample of 154 galaxies with stellar mass 1010 <
M, < 1012My, in the redshift range 0.7 < 7 < 0.9. We do this using stellar population
models combined with full-spectrum fitting of good quality spectra and high resolution
photometry. For a subset of 68 galaxies (M, > 10'' M., ) we additionally construct dynamical
models. These use an axisymmetric solution to the Jeans equations, which allows for velocity
anisotropy, and adopts results from abundance matching techniques to account for the dark
matter content. We find that: (i) The trends in star formation history observed in the local
universe are already in place by 7 ~ 1: the most massive galaxies are already passive, while
lower mass galaxies have a more extended star formation histories, and the lowest mass
galaxies are actively forming stars; (ii) we place an upper limit of a factor 1.5 to the size

growth of the massive galaxy population; (iii) we present strong evidence for low dark

matter fractions within 1R, (median of 9 per cent and 90th percentile of 21 per cent) for
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galaxies with M, > 10"\ M, at these redshifts; and (iv) we confirm that these galaxies have,
on average, a Salpeter normalisation of the stellar initial mass function.

Published : Shravan Shetty and Michele Cappellari, 2015, MNRAS, 454, 1332-1357

3.1 Introduction

Currently, one of the key quests of Astrophysics is to understand and model the processes
that guide the formation and evolution of galaxies. Great strides have been made over the
past few decades and with the advancement of technology, such as ever larger telescopes
taking ever larger surveys of thousands of galaxies within an ever larger redshift range (e.g.
York et al., 2000; Colless et al., 2001; Le Fevre et al., 2005; Newman et al., 2013c; Coil et al.,
2011; Kochanek et al., 2012), the advent of new techniques such as gravitational lensing
(e.g. Bolton et al., 2006a; Heymans et al., 2012), and galaxy surveys using integral field
spectroscopy (e.g. de Zeeuw et al., 2002; Cappellari et al., 2011a; Sanchez et al., 2012; Scott
et al., 2015; Bundy et al., 2015).

Recent observational evidence suggests that the star formation rate of the universe peaked
at z ~ 2.5 and that by z ~ 1 half of the stellar mass of the universe today was already in
place (Bundy, Ellis & Conselice, 2005; Mortlock et al., 2011; Muzzin et al., 2013). The
decreasing star formation rate, referred to as quenching, is mass dependent with the more
massive galaxies being quenched earlier. Also, the comparison of the most massive galaxies
(M, > 10" M) at high and low redshifts show that these quiescent galaxies have undergone
a size evolution; with the size of the galaxies increasing with decreasing redshift (Daddi et al.,
2005; Trujillo et al., 2006; van der Wel et al., 2008; Bezanson et al., 2009; van Dokkum et al.,
2010). This size evolution has been associated with minor mass growth, suggesting that these
growths may be driven by minor merger where the size of the galaxy grows to the second
power of the added mass through virial arguments, unlike major mergers where the size grows

linearly to the increase in mass (Naab, Johansson & Ostriker, 2009; Bezanson et al., 2009;
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van der Wel et al., 2009). Additionally, recent work have pointed out that a significant
part of the observed size growth in the populations of quiescent galaxies, especially at
lower masses, may be due to progenitor bias, wherein the addition of large recently quenched
galaxies contribute to the observed increase in the mean size of the population (e.g. Carollo

et al., 2013; Poggianti et al., 2013).

Regardless of what the process for the growth of the galaxy size, and its stellar mass
may be, there is strong evidence indicating that, for the most massive galaxies, most of the
additional stellar mass is added to the outskirts of the galaxies, while the central regions
remain mostly unperturbed (Trujillo et al., 2006; Bezanson et al., 2009; van Dokkum et al.,
2010). As a result of these mergers the most massive galaxies in the nearby universe
are slow rotators (Emsellem et al., 2011; Cappellari et al., 2013a), have cores in their
surface brightness profiles (Faber et al., 1997; Ferrarese et al., 2006; Krajnovi¢ et al.,

2013), and are embedded in extended stellar envelopes (Kormendy et al., 2009).

The situation appears radically different for less massive (M, < 10''M.,) passive galaxies.
At the present day, they are structurally different, and appear to have followed a different
evolution path (Cappellari et al., 2013a). They are axisymmetric (Krajnovic et al., 2011),
they contain disks like spiral galaxies (Cappellari et al., 2011b) and are dominated by rotation
(Emsellem et al., 2011; Cappellari et al., 2013a). These fast rotating galaxies follow the same
mass-size relation, and have the same mass distribution, both in dense clusters as in the field

(Cappellari, 2013), indicating they experienced an insignificant amount of merging during

their evolution, in agreement with redshift evolution studies (van Dokkum et al., 2013).

Due to the recent advances in the techniques of stellar population modelling and redshift
surveys, a key addition to this emerging picture of galaxy evolution is provided by studies of

the stellar populations of galaxies through cosmic time.

The work of Schiavon et al. (2006), using spectra from the DEEP2 survey (Newman

et al., 2013c), compared to local SDSS (York et al., 2000) results, suggests that the evolution



40 Galaxies star formation history at z ~ 0.8

of the red-sequence galaxy population is not consistent with a passive evolutionary model.
Instead, they propose that the red-sequence population should either continue to host some
level of star formation (“Frosting”) to present day or have newly quenched galaxies joining

the red-sequence galaxies between z ~ 0.9 and today.

Choi et al. (2014) study quiescent high redshift galaxies via a full spectrum fitting of
stacked galaxy spectra to derive the stellar ages and elemental abundances of Fe, Mg, C, N
and Ca. The work uses optical spectra of local galaxies taken from the SDSS and spectra
from the AGES (Kochanek et al., 2012) survey within a redshift range of 0.1 < z < 0.7.
They find negligible evolution in elemental abundances at fixed stellar mass. For the most
massive galaxies they measure an increase in stellar age consistent with passive evolution
since z ~ 0.7. While at masses below ~ 10'%> M, the data permit the addition of newly

quenched galaxies.

Gallazzi et al. (2014, Hereafter G14) study a sample of 70 quiescent and star-forming
galaxies at z ~ 0.7, above a stellar mass of 10'°M_,. They derive the stellar age-mass relation
of the galaxies, which they compare with that derived in a similar manner in the local
universe. They find that taken as a whole, passive evolution cannot represent the evolution of
galaxies in the last ~ 6 Gyr. In fact, although the shape of the stellar age-mass relationship
between the two redshifts is similar, the offset is inconsistent with passive evolution. This
is in agreement with their observed metallicity differences with redshift. They propose a

mass-dependent star formation history (SFH) to explain the observations.

Here we use full-spectrum fitting to explicitly determine trends in the star formation
history of a sample of 154 galaxies at 0.7 < z < 0.9. Furthermore, we investigate the
correlation between the stellar population and the physical parameters of the galaxies. We
also present results on the dynamical modelling of a subset of 68 galaxies. This subsample is
the same we analysed in our previous work (Shetty & Cappellari, 2014), where we studied

the Initial Mass Function (IMF) mass normalisation and concluded it is consistent with a
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Galaxy Sample vs Parent Sample
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Fig. 3.1 In this plot, we compare our galaxy samples: 68 galaxies in our secondary sample (red
points) and 154 galaxies in our full sample (blue and red points), against the parent sample of
2,896 galaxies in the same redshift range and field from the DEEP2 survey (orange points).
In the left panel, we present the colour-magnitude plot where we can distinguish between
the red sequence and blue cloud of the parent sample. It is evident that our galaxy samples
have a measurably higher magnitude cut-off, compared to the parent sample, which is due to
our selection criteria. Within this higher magnitude cut-off, our full galaxy sample provides
a good representation of both the red sequence and the blue cloud. We also notice that our
secondary galaxy sample is a good representation of the red sequence, while also including
a few very luminous galaxies of the blue cloud. If we assume that the Rap magnitude is a
tracer of stellar mass, the right panel can be approximated as a stellar mass-size plot for the
galaxies. We see here that our galaxy samples mainly consist of galaxies above a certain
surface brightness.

Salpeter (1955) slope. Here, we improve upon the dynamical models by accounting for the

dark matter of the galaxies via abundance matching techniques.

In Section 2 of the paper, we describe the observational data that we use within this study
while in Section 3 we discuss the selection criteria that have been implemented in the course
of this analysis, along with a comparison of our galaxy sample with the parent sample. In
Section 4, we present the various methods used to analyse the data followed by a discussion

of the results in Section 5. In Section 6, we provide a summary of the results.

In this study, we assume a flat universe with the following cosmological parameters:

Qn=03,Q,=0.7, Hy=70 km s~ Mpc~!.
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3.2 Data

3.2.1 Spectral Data

The spectral data used in this study was taken from the DEEP2 survey. The survey is an
apparent magnitude limited, R4p = 24.1, spectroscopic redshift survey of 4 fields covering an
area of 2.8 deg” across the sky characterised by low extinction. The observation targets for
the survey were selected using an algorithm based on the Canada-France-Hawaii Telescope
(CFHT) observed object size, luminosity, (B-R) and (R-I) colours (Coil et al., 2004) and
a surface brightness cut-off which eliminated wrongly classified objects (Newman et al.,
2013c). Of the four fields of DEEP2, only the Extended Groth Strip (EGS; Groth et al. (1994))
has the required high resolution HST data to construct dynamical models and accurately

measure galaxy siz. Hence this study is restricted to this field of the DEEP2.

The observations for the survey were done using the DEIMOS spectrograph on the
Keck-2 telescope, covering an observed wavelength range of 6,100A - 9,100A. The highest

resolution grating, 1,200 line mm!

, was used to achieve a spectral resolution of R ~ 6,000
within the 1”7 x ~ 7" slitlets of the instrument. The observations were taken in 3 exposures of

20 minutes each, with the FWHM generally ranging between 0.5” and 1.2” due to seeing.

The reduction of the 2D spectrum of each galaxy and the extraction of its 1D spectra was
done by the DEIMOS spec2d pipeline. In our study we use the 1D spectra extracted via the
Boxcar technique from the central ~ 1” x 1” window. Due to the design of the survey, the
observed 1D spectra is divided into 2 halves along wavelength. Here we use the blue half of
the two, since the CaK (3,934A) and G band (4,304A) stellar lines fall within this half for

galaxies in the redshift range that we are studying.
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3.2.2 Photometric Data

Our photometric data was taken from the AEGIS data product (Davis et al., 2007), specifically
from the Hubble Space Telescope (HST) GO program 10134 (P.I.: M. Davis). These are
HST/ACS images taken in the F606W (V band) and F814W (I band) filters. The observations
are limited to 50 measurements of Vigoew = 26.23(AB) and Igg14w = 25.61(AB) within a
circular aperture of 0.3”. This program covered 0.197 deg? of the EGS, overlapping entirely
with the region observed by DEEP2. The observations were made in a four point dither
pattern, which was processed by the STSDAS MultiDrizzle package to produce a final mosaic
of the field with a pixel scale of 0.03”. In this work, we use the F814W photometry as this

translates to the vega B band at the redshifts that we are studying.

3.3 Galaxy Samples

In this study we use two samples extracted from the large DEEP2 survey catalog. The first
one consists of 154 galaxies and was used to measure trends in the galaxies star formation
histories via full-spectrum fitting. The second one is a subsample of 68 galaxies of the
first, for which we construct dynamical models. Details of the adopted selection criteria are

presented below.

3.3.1 Selection Criteria

Our first selection criterion is based on the quality flags provided by the DEEP2 survey
catalogue, i.e. we selected galaxies that have either “secure” or “very secure” redshift
estimation based on the automated and visual spectral redshift estimation by the DEEP2
team. We select galaxies with redshift 0.7 < z < 0.9. In this study we have only used galaxies
in the EGS field due to the lack of availability of high resolution HST photometry in the

remaining fields. By extracting 9” x 9” thumbnails, from the AEGIS mosaics, centred at the
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galaxy coordinates provided by the DEEP2 catalogue, we visually confirm the presence of
photometry of the galaxies. These thumbnails are later used to parametrize the photometry
of the galaxies and further details on this is provided in Section 3.4.3. From a total of
43,569 galaxies in the DEEP2 Galaxy Redshift survey 1,249 galaxies passed this stage of the

selection process. Of these, 1,240 (99.3%) galaxies have an apparent Irgjaw < 24(AB).

The second selection criterion is based on the quality of the galaxy spectra. We calculate
the mean signal-to-noise (S/N) of a galaxy spectrum as the median flux in the galaxy
spectrum divided by the standard deviation of the residuals of the spectral fit to that spectrum.
In this instance, the spectral fitting was done with a set of empirical stellar spectral library,
while masking gas emission features. Further details on this spectral fitting is presented in
Section 3.4.1. We only select galaxies with S/N > 3. We further eliminate galaxies that
do not appear to have significant absorption features, i.e. clear spectral absorptions which
stood out visually above the noise. This selection criteria reduced the galaxy sample to 175
galaxies. To give the reader a sense of the quality our spectral data, in Appendix C we present

the reader with the spectra of our final sample.

Our third selection criteria is based on the visual inspection of the thumbnails of the
galaxies, taken from the F814W images by the HST/ACS. We have removed 21 irregular
galaxies from our final sample as these galaxies are likely to be disturbed and would confuse
the trends being investigated in this study. The selection criteria based on the galaxy spectra

and imaging quality, dramatically reduces our galaxy sample to 154 galaxies.

In this study, we also create dynamical models for our galaxy sample, however this
requires some additional selection criteria. To create the dynamical models we need to
parametrize the photometry of our galaxies to high accuracy within the central regions from
which the stellar kinematics are observed. We exclude galaxies that have disturbed photome-
try, such as dust lanes, or non-axisymmetric features, and hence this galaxy subsample is

biased towards early-type galaxies with smooth light profiles. Further details on this selection
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criterion is given in Section 3.4.3. We also provide the reader with contour plots representing
the quality of the photometric parametrization in Appendix B for our secondary galaxy
sample, for which we have successfully created dynamical models.

Also, the dynamical modelling of galaxies assume a spatially constant stellar mass-to-
light ratio (M /L), however this assumption becomes inaccurate for galaxies with multiple
significant star formation events. Therefore, after deriving the SFH of our galaxies, we
eliminate galaxies that require more than one significant star formation episode to reproduce
their spectrum. In addition to this, the ATLAS®P group found that young galaxies, as inferred
by their strong H 3 absorption feature, tend to show strong gradients in the stellar M /L. For
this reason, these galaxies where removed from their IMF studies (Cappellari et al., 2012,
2013b, hereafter C13b). In this study, we use full-spectrum fitting to the galaxy spectra to
identify the best fitting single stellar population (assuming solar metallicity) of the galaxies.
We then classify any galaxy with the best fitting population of 1.2 Gyrs or younger as a young
galaxy and eliminate them from our secondary sample. This narrows our secondary galaxy
sample to 68 galaxies for which dynamical models were created. This sample is identical to

that used in Shetty & Cappellari (2014).

3.3.2 Sample Bias

Given our strict selection criteria, our sample cannot be representative of the general galaxy
population at z ~ 1. To illustrate the effect of the selection criteria on the sample, in Fig. 3.1
we compare our galaxy samples to a larger parent sample of galaxies. This parent sample
contains 2,896 galaxies selected to have “secure” or “very secure” redshift 0.7 < z < 0.9
in the EGS field of the DEEP2 survey. We compare the galaxy samples using data from
the photometric catalogue provided by the DEEP2 survey, which is derived from Coil et al.
(2004). The catalogue contains the observed Bag, Rap and Iag magnitudes of the galaxies

calculated from observations made by Canada-France-Hawaii Telescope using the CFH12K
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camera. The catalogue also contains an estimate of the Gaussian radius of the galaxies which
we use as a proxy for the size of the galaxies. For further details on the the catalogue, we

refer the reader to Coil et al. (2004).

In the left panel of Fig. 3.1, we compare the Bog — Rap colour of the galaxies against
their absolute Rap observed band magnitude. The plot depicts the Rag magnitude limit of
the DEEP2 survey and clearly separates the blue cloud and red sequence of the field. The
plot demonstrates that our sample have a higher Rap cut-off than the DEEP2 which can be
explained by the S/N cut-off that we place on our galaxy spectra. This is further demonstrated
in the right panel of Fig. 3.1, where we plot the Rap of the galaxies against a measure of the
size of the galaxies. Due to the design of the survey, particularly the fact that each galaxy
has a fixed exposure of 3 x 20 minutes and fixed aperture size, galaxies with lower surface
brightness will be of lower quality. Hence, our S/N cut-off can be roughly approximated as

a surface brightness cut-off.

The left panel of Fig. 3.1 also demonstrates that our secondary sample, indicated by the
red points in the plot, is a good representation of the red sequence along with a few galaxies
in the blue cloud. This is likely the consequence of the additional selection that we place
on the secondary sample, whereby only galaxies with smooth light profiles and without
significant star formation younger than 1.2 Gyrs are selected. Our full sample, indicated by
the red and the blue points, appears to represent all but the bluest galaxies over a certain
magnitude cut-off. This under-representation may be the result of the visual inspection of the
galaxy spectra, where the presence of hydrogen emission or apparent high frequency noise

make the spectrum fits look unreliable.
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3.4 Methods

3.4.1 Spectrum Quality Criteria

We measure the mean S/N by fitting the observed galaxy spectra with an empirical stellar
spectral library. Our choice for an empirical stellar library, rather than population models, to
estimate the S/N is done to allow for maximum freedom to the optimal template combination,
especially for very young ages. This avoids potential bias in the stellar velocity dispersion,
which is also extracted during this step. However our results are quite insensitive to this
choice, due to the rather low S/N of our spectra. The spectral fitting is done using the pPXF
method and code (Cappellari & Emsellem, 2004) which uses a penalised maximum likelihood
fitting technique in pixel space. Before fitting we logarithmically rebin the observed galaxy
spectrum to 60 km s~! per pixel. As templates we use a subset of empirical stellar spectra
taken from the Indo-US Library of Coudé Feed Stellar Spectra Library (Valdes et al., 2004).
The subset of 53 templates is made such that: (i) each spectrum is gap-free and (ii) the subset
is a good representation of the library’s atmospheric parameter range (Tegr vs [Fe/H]). We
use pPXF to fit for the velocity and velocity dispersion of the galaxies using 4 additive and
one multiplicative polynomial. During the fit of the galaxy spectra gas emission features are
masked. The residuals of the fits are found to be random, suggesting that our spectral fitting
is not biased by template mismatch.

Using these fits, we derive the S/N of each galaxy spectra as the ratio of the median of
the galaxy spectra and the standard deviations of the residuals. We remove galaxies that have

S/N < 3 from our final sample as we found the fits to their spectra unreliable.

3.4.2 Recovering Star Formation History

We derive the star formation history of our main sample of 154 galaxies via a full-spectrum

fitting technique using the pPXF code (Cappellari & Emsellem, 2004). For our templates,
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we use the MILES stellar population models (Vazdekis et al., 2010). These models are based
on the MILES empirical stellar spectra library (Sdnchez-Blazquez et al., 2006) and have
a resolution of 2.5 A FWHM (Falcon-Barroso et al., 2011). To ensure realistic fits of the
galaxy spectrum with the template models, we placed certain constraints on our template
grid. We use stellar population models logarithmically spaced into 40 age bins within the
age range of 0.08-7.9 Gyrs to restrict the age of stellar populations to that less than the age
of the universe at the redshift under study. We have also restricted our template metallicities
to [M/H] of -0.4, 0.0 (Solar metallicity) and 0.22. This constraint is based on results by
Schiavon et al. (2006) where the authors studied the absorption line strengths of stacked
spectra of the DEEP2 sample at redshifts 0.7 < z < 1 and concluded that these galaxies
have metallicities close to solar. Since Schiavon et al. (2006) use [Fe/H] to measure their
metallicities, we should note that for our template models the [M/H] is equivalent to [Fe/H]
(Vazdekis et al., 2010). For this analysis we adopt the Salpeter IMF (Salpeter, 1955) for our
stellar population models, however the derived trends in the SFH are insensitive to the IMF

choice, as demonstrated in Panter et al. (2007).

In this study, we do a full-spectrum fitting for the spectral features and continuum
shape of the observed galaxy spectra. In order to account for the effect of dust in
the galaxy and the uncertainties in the calibration of the detectors used to observe the
galaxy and stellar template spectra, we use a fourth order multiplicative polynomial
during the fitting process. The fractional weight assigned to each template indicates the
fraction of the galaxy spectrum contributed by that stellar population. We do not use
any additive polynomials when fitting for the stellar populations as these polynomials can
artificially change the line strengths of the model templates. During the fitting with pPXF,
the code convolves the model spectra with a Gaussian Line-Of-Sight Velocity Distribution

(LOSVD), which is optimized to best fit the spectrum.
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Test of Stellar Mass Accuracy
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Fig. 3.2 Here we present a comparison between the stellar mass derived via our population
modelling with the same derived by Bundy et al. (2006). The linear fitting is done via Least
Trimmed Square fitting described in C13b with the code modified to fit the slope at one. The
best-fitting coefficients for the fitted relationship, y = a + b(x — x), are presented in the top
left corner of the plot. The solid red line is the best fitting relation between the two quantities,
while the dashed and dotted red lines enclose regions of 1A and 2.6A respectively, where A is
the observed rms scatter around the relation. For comparison, the solid black line represents
the one-to-one relation between the quantities.
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We derive the star formation history of the galaxies by fitting their spectra with the above
mentioned template grid while enforcing a smoothness criterion on the distribution of the
weights in a mass weighted manner. This smoothness criterion is enforced by penalising the
x? for weight distributions with non-zero second partial derivatives. In this way, for infinite
regularization, the 2-dimensional solution converges to a plane. Regularization is a standard
method to solve general ill-posed inverse problems (e.g. Engl, Hanke & Neubauer, 1996)
like the recovery of the SFH from a spectrum. It is implemented in pPXF using the classic
linear-regularization approach as in equation (19.5.10) of Press (2007) and is enforced via
the REGUL keyword in pPXF. The value assigned to the REGUL keyword specifies the
strength of the penalisation of the ¥2. A common guideline is to penalise the model till
Ax? =y - x&nregul = /2 X NpoF, Where xfnregul is the 2 of the model without penalisation

and NpoF is the number of degrees of freedom (Press, 2007, section 19.5).

We should note that the regularization approach is not similar to smoothing the solution
after the fit. In fact regularization does not prevent sharp features in the recovered star
formation or metallicity distribution, as long as these are required to fit the data. The
regularization only influence the weight distribution when the solution is degenerate and
many different and noisy ones can fit the data equally well. In this case the smoothest solution

is preferred over the noisy ones. This is a general feature of all regularization approaches.

For a few galaxies, we find the value of REGUL is poorly constrained by the Ay? criterion,
due to the rather large noise in the galaxy spectra. For this reason pPXF is able to fit the
spectrum using a perfectly smooth weight distribution before Ay = /2 X Npor. Hence, to
be conservative, and to avoid our results from being driven by the regularization, we lowered

the requirement on A%z from the standard one mentioned above to sz = /2 X Npor/10.

As a consistency check, we have compared the stellar masses of 151 common galaxies
derived in this study and that of Bundy et al. (2006), where the authors use BRIK colour

to derive the stellar mass for a sample of ~ 8,000 galaxies in the DEEP2 survey under the
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assumption of a Chabrier IMF (Chabrier, 2003). We calculate our galaxy stellar mass (M%)
by multiplying the absolute luminosity of the galaxies by the (M, /L) inferred from the
spectral fits

(M. /L)sg = =22 3.1)

where w; is the weight attached to the jth template by the regularised mass-weighted fit to
the galaxy spectrum, M, ** is the mass of the template that is in stars and stellar remnants,
and Lg ; is the B-band (Vega) luminosity of the template. Note that all M/Ls derived in this
study are in the B (Vega) band. We derive this luminosity using the MGE parametrization
of the HST/ACS galaxy thumbnails, mentioned in Section 3.4.3, using the galaxy redshift
and equation (10) of C13b.

The comparison between the 151 common galaxies is shown in Fig. 3.2, where we
compare the two stellar masses using the LTS_LINEFIT method ! (C13b) which has been
modified to derive the best fit with a fixed slope. The solid red line in the plot represents the
best fitting unitary-slope relation to the points, with the coefficients presented in the top left
corner. The A parameter is the observed rms scatter around the relation, while the dashed
and dotted red lines indicate the A and 2.6A deviations from the best-fit. The solid black line
indicates the one-to-one relation of the quantities. We see that a relation with slope unity
is a good fit between the two datasets, though there is a significant offset of 0.11 dex and
some scatter. The cause of the scatter and offset is likely the effect of differences in the
assumed IMF between the two quantities, ie this study assumes a Salpeter IMF while Bundy
et al. (2006) assume a Chabrier IMF, and the differences between the photometry and its
analysis. Also, the work by Gallazzi & Bell (2009) found that based on the techniques used
to model the (M, /L) of the galaxies, uncertainties and systematics of the order 0.1-0.2 dex

are expected.

! Available at http://purl.org/cappellari/software
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Given that the stellar masses derived in this study and that of Bundy et al. (2006) are
completely independent, use very different data and approaches, and suffer from different
systematics, we adopt A/+/2 = 0.16 dex as our very conservative errors in the estimation of

the stellar mass of an individual galaxy via stellar population modelling.

To estimate a conservative uncertainty in our derived (M, /L)s,, we derive our (M, /L)
under 2 model sets and fitting conditions: (i) a regularised fitting to the complete model
grid of 120 single stellar population models and, (i1) a non-regularised best fit to the model
grid limited to 40 models with solar metallicities. Our comparison of the two in Fig. 3.3
shows a linear relation between the two values. The observed scatter is A = 0.12 dex, which
corresponds to an error of A/v/2 = 0.08 dex or 22% in each (M, /L), assuming their errors

are comparable.

For comparison we also derived the error on the derived (M, /L)s, via a more standard
bootstrapping technique. We reshuffled the residual and repeated the determination of
(M, /L)sa multiple times. This yielded a median error of 0.05 dex in (M. /L)sy for the full
sample, which is smaller than the error of 0.08 dex derived above. To be conservative, and to
account at least in part for systematic effects, in this study we adopt the intrinsic scatter of

0.08 dex between the two quantities as the error in the derived (M. /L).

3.4.3 Photometry Parametrization

To study the scaling relations, we measure the luminosities and size by parametrising the
photometry of the galaxies. In this study, we choose the F814W photometry taken by the
HST/ACS to do so. The need for HST photometry comes from the requirement, in the
dynamical models, of an accurate description of the tracer population producing the observed
kinematics. This also motivates our choice for the F814W filter, which is as close as possible

to the wavelength range from which the stellar kinematics is obtained.
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Fig. 3.3 In this plot, we compare the stellar M/L derived under two different assumptions for
the stellar population of the galaxies. The comparison between the derived quantities is done
using the Least Trimmed Square (LTS) fitting described in C13b. The best-fitting coefficients
for the fitted relationship, y = a + bx, are presented in the top left corner of the plot. The solid
red line is the best fitting relation between the two quantities, while the dashed and dotted
red lines enclose regions of 1A and 2.6A respectively, where A is the observed rms scatter
around the relation. The solid black line is the one-to-one relation between the quantities.
The independence of the quantities of systematic bias indicates that our fits do not suffer
from template mismatch.
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We parametrize the photometry of the galaxies using the Multiple-Gaussian Expansion
technique (Emsellem, Monnet & Bacon, 1994; Cappellari, 2002). This technique fits a series
of two dimensional Gaussians, each defined by an amplitude, standard deviation and axial
ratio, to the observed surface brightness of the galaxy image in a non-parametric manner, i.e.
without the use of a predefined light profile function like the Sérsic profiles. The advantage
of this technique is that the convolution and deprojection (i.e. conversion of the 2D model
into the intrinsic 3D luminosity distribution) of the MGE models is analytically simple. The

fit is performed with the robust method and software (see footnote 1) by Cappellari (2002).

In this study, we use the MGE parametrisation of the photometry to construct our dynam-
ical models. These models assume axisymmetry, but galaxies can show non-axisymmetric
features, such as bars. Scott et al. (2013, Sec. 3.2.1) tried to reduce the effect of bars in the
models by essentially ignoring them during the fits, while forcing the MGE to only describe
the light distribution of the underlying galaxy disk. In this study, we also adopted the same

approach for all galaxies.

The luminosity of the galaxies are calculated from the analytic sum of the Gaussian
luminosities equation (10) of C13b, while the projected half-light radii (R.) were computed
from the circularised Gaussians using equation (11), of C13b. For our galaxies, we also
calculate the RQ”‘"‘J', the major axis of the isophote containing half of the light of the galaxy
as these are found to be a more robust measurement of the galaxy size due to its lower
dependency on galaxy inclination (Hopkins et al., 2010, C13b). We derive this value as
described in section 3.3.1 of C13b. The quality of the MGE fits to the galaxy photometry is

illustrated by contours plots in Appendix B.

In Shetty & Cappellari (2014) we show that, for the subset of 68 galaxies for which we
construct dynamical models, the R. derived using the MGE parametrization are consistently
offset from the R, one can predict from the virial equation M, = 5.OReGe2 /G, when using

the coefficient of Cappellari et al. (2006). We found that those galaxies required a 0.16 dex
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increase in R, for M,;, to match the Mjap derived via JAM models. Since we use the same
data, at the same redshift, for all 154 galaxies, we apply the same fractional correction to the
R and Rg/laj of all galaxies of this study. Since the F814W filter approximates to the B band
at the redshift range of our galaxies, we state all luminosity and photometric quantities in the

B band.

3.4.4 Dynamical Modelling

To further understand the evolution of galaxies since z ~ 1, we created dynamical models for
a subsample of our galaxies. In this study we use the Jeans Anisotropic Modelling (JAM; see
footnote 1) method and code of Cappellari (2008), which solves the Jeans (1922) equations
under the assumptions of axisymmetry, while allowing for orbital anisotropy and rigorously
accounting for seeing and aperture effects.

The models require as input an accurate description of the projected light distribution of
the galaxy and a parametrization for the unknown total mass. As the galaxy inclination is
generally unknown, we assume a standard inclination of 60°, the average inclination for a set
of random orientations. When this inclination is not allowed by the MGE model, we adopt
the lowest allowed one. Here an inclination of 90° corresponds to an edge-on view. Another
quantity required by JAM is the velocity anisotropy 3, = 1 — GZZ / G,%, where o0, and of are
the velocity dispersion along the symmetry axis and along the cylindrical radius, respectively.
In this study, we adopt B, = 0.2 as this is found to be a typical value for ETGs in the local
universe (Gerhard et al., 2001; Cappellari et al., 2007). Tests by Cappellari et al. (2006) and
Lablanche et al. (2012) show that the derived M/L through the JAM code is weakly sensitive
to the effects of inclination and spatially constant velocity anisotropy.

The 68 galaxies in our modelling subsample are the same for which we created dynamical
models in Shetty & Cappellari (2014), and we adopt the stellar velocity dispersion from that

study. The stellar kinematics were derived from the DEEP2 spectra within a 1 arcsec slit. In
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Shetty & Cappellari (2014) our JAM models assumed the total mass is distributed like the
luminous one, hence our derived dynamical M/L incorporates the effect of stellar and dark

matter.

Here we improve our dynamical models by explicitly including dark matter using results
from the abundance matching techniques. This infers a relation between the stellar and
halo mass by matching simulated dark halo mass functions to observed galaxy luminosity
functions, under the assumption that the most massive galaxies reside in the most massive
halos (e.g. Kravtsov et al., 2004; Conroy, Wechsler & Kravtsov, 2006; Vale & Ostriker, 2006;

Vale & Ostriker, 2008).

Here we try two different relations between the stellar and halo mass. The first is taken
from Leauthaud et al. (2012), where the authors fit a log-normal Stellar-to-Halo mass relation
(SHMR), with a log-normal scatter, to the results of weak galaxy-galaxy lensing, galaxy
clustering and galaxy number density analysis of the COSMOS survey (Scoville et al.,
2007). We use equation (13) of Leauthaud et al. (2012) and the parameter values for model
SIG_MOD1 within the relevant redshift bin to derive the halo mass associated with a galaxy
of given stellar mass. The second SHMR we use is equation (2) of Moster, Naab & White
(2013). Here the authors use high resolution N-body simulations to derive the dark halo mass
function at different redshifts, and match them to the observed galaxy stellar mass functions,

hence allowing one to derive the halo mass for a galaxy of a given stellar mass.

We further assume that the dark matter of our galaxies is distributed spherically with an
NFW profile (Navarro, Frenk & White, 1996). We constrain the concentration of the halo
using equation (12) of Klypin, Trujillo-Gomez & Primack (2011), where the authors study
the evolution of the concentration of the galaxies with redshift using the Bolshoi simulation.
Using the above equations, we calculate the NFW density profile, which is fit using the one

dimensional MGE fitting code of Cappellari (2002, see footnote 1), to use in JAM.
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In practice, starting from a trial (M, /L)jam for a galaxy, we compute the total stellar
mass by multiplication with the total luminosity. We then associate a corresponding dark halo
mass using the SHMR, and a NFW profile using the halo mass versus concentration relation
mentioned above. For given stellar and dark matter distributions we use JAM to predict the
stellar Vims = V/V2 + 62, integrated within the adopted slit and convolved by the seeing. The
model Vi 1s matched to the observed velocity dispersion by varying the only free parameter,
(M, /L) of our model, using a root finding algorithm. In this manner we account for the dark

matter content of the 68 galaxies in our sample, and derive their dynamical stellar (M /L)

((M./L)jam).

3.5 Results

3.5.1 Observed Star Formation History

In Fig.3.4, we have plotted the SFH of the galaxies after having collapsed them along the
metallicity axis. The galaxies are sorted along the x-axis of the plot in order of increasing
stellar mass as derived by stellar population modelling. In the top panel, we present the
regularised SFH and we can clearly see that there is a gradual trend in the presented SFH
with stellar mass. It appears that galaxies with low stellar mass tend to have a significant
mass fraction of their stellar populations younger than 1 Gyr, unlike the typical SFH of high
stellar mass galaxies, where the significance of this young stellar population weakens.

For comparison in the bottom panel we have presented the unregularised mass distribution
for the full-spectrum fitting of the galaxies. In this case the weights distribution is much
noisier and consists of discrete peaks, as expected. But the main trend in SFH with galaxy
mass can still be recognized. This shows that the recovered trend is robust.

To further illustrate this trend, we have coadded the galaxy spectra into 3 bins: 10'!"! <

M3, 101975 < pSal < 10111 and M3 < 101975, The full-spectrum fitting of these coadded
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Trend in Star Formation History
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Fig. 3.4 These plots illustrate the fraction of mass represented by stellar populations of
different ages for each galaxy. Along the y-axis are stellar populations of different ages,
while along the x-axis are the stellar masses of the galaxies, sorted such that the stellar masses
increases from the left to right. The intensity of the blue shade represents the fraction of
mass of the galaxy composed of stellar populations of a certain age. The top panel represents
the SFH of the galaxies derived through the mass-weighted regularised full-spectrum fitting
of the galaxy spectra to the entire template grid, while the bottom panel represents the
mass distribution from a mass-weighted unregularised full spectrum fitting to the stellar
populations with only solar metallicities. Both plots demonstrate that galaxies with lower
stellar mass tend to have a significant fraction of young stellar populations unlike those with
the highest stellar masses where the bulk of their stellar populations are formed very early on
in the history of the universe. This correlation is further demonstrated in Fig. 3.5, where we
have coadded the galaxy spectra based on their stellar mass. The bin sizes of these stellar
mass bins are represented here in vertical red dashed lines at stellar masses.
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spectra, along with their associated SFH, are shown in Fig. 3.5. As the S/N is much higher
for the coadded spectrum of the galaxies, we adopt the standard Ay? = /2 X Npor criterion
for regularization (for further information, please refer to Section 3.4.2).

Also, the significantly high S/N allows us to confidently fit the coadded spectra using the
entire metallicity range of the MILES models, [M/H] = -1.7 to 0.22. We should point out that
the [M/H] is not equivalent to [Fe/H] for the low metallicity models, however Vazdekis et al.
(2010) state that the this doesn’t effect the galaxy age and metallicity estimates significantly.
The same trend that we could see in the individual spectra appears cleaner in the stacked
ones: (i) the most massive galaxies require a maximally old and nearly solar population
to reproduce the observations, with little room for recent star formation. (ii) The galaxies
with intermediate masses still peak at the oldest ages, but allow for a more extended star
formation history. (iii) The lowest mass galaxies do not peak at the oldest ages any more and

additionally show clear evidence for ongoing star formation.

The well known age-metallicity degeneracy of stellar population models implies that
the effect on a galaxy spectrum due to a decrease in its mean age can be negated by an
increase of its metallicity (Worthey, 1994; Renzini, 2006). This degeneracy is reduced by
the use of full-spectrum fitting, which tries to reproduce a large number of spectral features
(Conroy, 2013), but the general trend is still present in our recovered age and metallicity
distributions. An example of this can be seen in the bottom right panel of Fig. 3.5: The ridge
of equally-large weights going from an age of 2 Gyr with nearly solar metallicity, to an age of
7 Gyr with the lowest metallicity is likely due to the degeneracy, combined to our relatively
narrow wavelength range. In Table. 1, we present the relevant stellar modelling quantities of
the full galaxy sample of the study. The complete version of this table is available online

with the published article.
In this study, we calculate the mean age of the galaxies from the SFH as follows:

Y jwjlog(Age;)
Yjwj ’

(log(Age)) = (3.2)
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DEEP2ID Redshift R, R Mg  (M./L)3 Mass- Luminosity-  log(M3*)
(Regul.)  weighted Age weighted Age
(kpe) (kpc) (Mag) (Mo/Ls) (Gyrs) (Gyrs) (Me)
(1) (2) B @ (5) (6) (7 () C)
11044628  0.824 9.7 100 -22.06 0.5 1.65 0.28 10.686
11050845  0.840 44 52 -21.76 35 4.85 4.57 11.429
11051246  0.777 44 46 -21.18 0.9 2.47 0.71 10.592
12003915  0.749 32 51 -20.89 0.7 2.52 0.34 10.391
12004067  0.748 9.4 102 -21.76 0.8 2.26 0.54 10.784

Column (1) : DEEP2 galaxy identifier. Column (2) : DEEP2 estimated redshift. Column (3) : Effective
radii of the galaxies derived analytically from the circularised MGE model. This R, has been corrected for
the underestimation that was shown in Shetty & Cappellari (2014). Column (4) : Major axis of the isophote
containing half of the observed light of the galaxy. Similar to the R., this value has also been corrected for
the underestimation. Column (5) : Absolute B (Vega) band magnitude of the galaxies derived analytically
through MGE models of the F814W photometry. Column (6) : The mass-weighted M, /Lg derived through the
regularised full-spectrum fit using the entire template grid. In this study, we adopt the intrinsic scatter between
the (M, /L) derived through the different methods and template grids as their error, i.e. 0.08 dex. Column (7)
: Mass-weighted age of the galaxies calculated from the regularised full-spectra fit using the entire template
grid. Column (8) : Luminosity-weighted age of the galaxies calculated from a regularised full-spectra fit using
the entire template grid. Column (9): The log of the stellar mass, in units of M, derived using the values in
Column (7) and Column (5). Adopting the intrinsic scatter between our value and that of Bundy et al. (2006),
0.16 dex is a good approximation to the error in this value.

Table 3.1 Results of Stellar Population Modelling. The table below is a partial representation
of the complete set, which is presented in Appendix. D.
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where w; is the weight associated to the jth template during the regularised luminosity-
weighted full-spectrum fit and Age; is the corresponding age. To obtain luminosity-weighted
quantities one can simply normalize all the SSPs to the same mean flux within the fitted
wavelength range, before the pPXF fit. Of course the luminosity weighting refer to the fitted
wavelength, which in our case lies between the U and B band. When the SSP spectra used in
the pPXF fit have the flux as given by the models, namely corresponding to a unitary stellar

mass, this equation provides mass-weighted quantities.

In Fig. 3.6, we present the luminosity-weighted ages of the galaxies against their respec-
tive stellar masses. The black points represent the full sample of 154 galaxies of this study,
while the red triangles represent the luminosity-weighted ages of the entire sample of ~ 70
galaxies of G14, at similar redshift. On the bottom right of the figure, we plot a representative
error bar for the 154 galaxies in this study. The error on the stellar mass is based on the
scatter in Fig. 3.2, ie 0.16 dex. To estimate the error on the ages we bootstrap the galaxy
spectra to derive their age multiple times. From this distribution of ages for each galaxy, we
calculate robust standard deviations and take the median of these as the representative error.
This bootstrapping is done using only the templates with solar metallicities and without the

regularisation of the template weights.

The two sample appear to largely overlap, however our sample includes a larger number
of low-mass and correspondingly younger galaxies. The solid black line is the resulting
best-fit to our galaxy sample using a similar formula as G14:

Ageb Mb v
ey (22 3.3
Age(M,) +(m)’ )

which describes an age trend as a function of stellar mass M, following a power-law Age o< M
at small masses and reaching the asymptotically constant value Age;, above the characteristic
mass Mj,, with a smooth transition in between. The best-fitting coefficients for the luminosity-

weighted and mass-weighted (not shown) ages of our 154 galaxies are presented in Table. 2.
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SFH vs Mass trend from stacked spectra
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Fig. 3.5 The plots above present the spectral fits and star formation history derived for the
coadded spectra for the three stellar mass bins: 10''1 < M523 101075 < p3al < 10111 and
M3 < 10075 The plots on the left hand side illustrate each coadded spectra (Black line)
along with the best fit from pPXF (Red line) plotted on top. The green points below are
the residuals of the fit vertically shifted to -0.5. For reference, we have also plotted the
location of stellar absorption and gas emission lines within the observed wavelength. By
eye it is clear that the quality of the coadded spectrum is far superior to that observed for
each individual spectrum. In this case, the pPXF fit includes both stellar SSP models and gas
emission line templates. For the latter, we included in the fits the Balmer emissions and the
[OIT]A3727 doublet, for which we adopted the same kinematics. This allows us to use the
full spectral range without the need for masking the emission lines. Along the right hand side,
we have plotted the mass fraction of the fitted stellar population models of various ages and
metallicities. We clearly see a trend between the star formation history of the galaxies along
with the stellar mass of the galaxies. The coadded spectra of the highest masses indicate that
these galaxies are likely to form the bulk of their stars in the early epochs of the universe and
undergo a passive evolution thereafter. In the case of the intermediate masses, the galaxies
appear to have an extended SFH while the lowest mass spectra require recent star formation,
along with a very old population, to match the observed spectra.
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Stellar Mass vs. Age
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Fig. 3.6 Above we present the observed trend between the regularised luminosity-weighted
stellar ages of galaxies and their stellar masses. The black points represent our sample of
154 galaxies at redshift 0.7 < z < 0.9 with the solid black line representing the best fit to the
trend using Eq. 3.3. A representative error bar for the galaxies is presented in the bottom
right of the plot. The red triangles in the plot are the luminosity-weighted ages of Gallazzi
et al. (2014). The plot demonstrates the trend between our luminosity-weighted ages and the
stellar mass of the galaxies. In this plot we also present two samples of the local universe for
reference. The solid red line represents the best fitting relations for the galaxies of Gallazzi
et al. (2006) with the red band enclosing the 161 and 84" percentiles of the distribution. The
blue contours represent the probability density of the ATLAS?P sample. The dash-dotted red
line represents the trend expected from the local galaxies of Gallazzi et al. (2006) at z ~ 0.8
if these galaxy have evolved passively since then.
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In Fig. 3.6, we also present two local samples. The median luminosity-weighted age
trend of the sample of both spirals and ETGs from Gallazzi et al. (2005) is represented by the
red solid line, with the red band enclosing the 16 and 84 percentiles of the age distribution.
The blue contour lines represents the probability density distribution of the single stellar
population ages (similar to luminosity-weighted ages) of the volume-limited 260 ETGs of
the ATLAS3P survey (Cappellari et al., 2011a), as determined by McDermid et al. (2015,
Hereafter MD15). This was calculated using the Epanechnikov kernel, with a smoothing
template that was optimised for each dimension, based on Silverman (1986). The dot-dashed
red line in the plot represents for reference the passive back evolution of the trend observed
in Gallazzi et al. (2005). These two samples provide a local universe reference for our results,
and given the differences in the two samples selection give a sense of the possible ranges in
the local trends. Our most massive galaxies are not consistent with passively evolving into
the corresponding sample of spirals and ETGs of the Gallazzi et al. (2005) sample, but they
are consistent with evolving passively into the massive ETGs of MD15. This is not only
true according to their mean ages but, most importantly, it is also true also for the actual
SFH, which in both cases shows the galaxies essentially consists of a maximally old stellar

population.

The results presented in Fig.3.4 and Fig.3.5 are in line with the results of G14, where
the authors predict that the SFH of galaxies has to be a function of their stellar mass. We
note that since our analysis is based on the spectra of galaxies taken within the central 1” of
the galaxies, these results are relevant only to that region. Our analysis is unable to give any

direct insight into the evolution of the outer regions of these galaxies.

By directly studying the SFH of galaxies at half the age of the universe, our study serves
as a stringent test to the scenario of galaxy formation and evolution that was presented in
the Introduction of this paper. Work by Onodera et al. (2012), where the authors use stacked

spectrum of 17 passively evolving galaxies at redshifts of z 2 1.4, demonstrated that those
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Fig. 3.7 The two panels above illustrate the mass size plot for the 154 galaxies in our full
galaxy sample and dynamical stellar mass against the velocity dispersion for our secondary
galaxy sample. In the left panel, the mass is derived from the mass weighted regularised
stellar population modelling while the galaxy size is represented by RS“J. The solid red line
of the plot defines the Zone of Exclusion (ZOE) determined by the ATLAS3P group (C13a),
beyond which the probability distribution of galaxies is negligible. The dashed blue lines are
lines of constant velocity dispersion. The colour trend observed in the plot is the LOESS
smoothed (C13b) luminosity weighted age. This plot looks similar to its dynamical variant
in the local universe (See fig. 6 and fig. 7 of MD15), where the authors find that the age of
the stellar population within a galaxy is correlated to the its velocity dispersion. The left
panel also demonstrates that some quiescent galaxies are on the other side of the ZOE and
would require to grow by a factor of ~ 1.5 to be consistent with local observations. The
right panel is equivalent to the Faber-Jackson relationship for the galaxies. In this plot, the
dashed blue lines depict lines of constant size. Since the quantities of this plot is derived in a
manner independent of those in the left panel, this plot illustrates the robustness of the results
discussed. In the lower right corner of both panels, we present a representative error bar for
the quantities.
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Technique logAge, logM,/Ms vy
Mass-weighted Ages 9.70 10.66 1.15
Luminosity-weighted Ages 9.83 11.35 1.18

Table 3.2 Best fitting parameters for equation 3.3

massive galaxies had been quenched since z ~ 2.5. This is consistent with work by Juneau
et al. (2005) and Behroozi, Wechsler & Conroy (2013), where the authors use observational
data covering a large redshift range, to show that the star formation rate peaks at redshift
of ~ 3 for the most massive galaxies and that this peak evolves to lower redshifts for lower
mass galaxies.

This trend in the star formation rate of the galaxies has been known for about two
decade from observations of the fossil record in the local Universe (e.g. Cowie et al.,
1996; Heavens et al., 2004; Thomas et al., 2005; Panter et al., 2007, MD15). However
the local studies require a significant extrapolation to describe the SFH over the full evolution
of the Universe. While our study directly recovers the SFH at an epoch when the Universe
was half its current age, it is reassuring to find that the extrapolated local SFH trends are
consistent with what we observe. Our result further strengthens these results and the picture
of galaxy evolution that they support, by demonstrating that the bulk of stars of the massive
galaxies had formed in the early epochs of the Universe and have been evolving passively,
while low mass galaxies were/are still forming significant mass fractions of their stellar

populations till z ~ 0.8.

3.5.2 Mass-Size Distribution

In C13b, the authors demonstrate that by replacing the luminosity with mass, and the
circularised R, with Rénaj, the Fundamental Plane evolves into a Mass Plane, which follows

the virial equation. This shows that the Fundamental Plane is due to virial equilibrium,
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combined with a smooth M /L variation with the galaxy velocity dispersion 6. Most of the
information on galaxy evolution is contained in the non edge-on views of the plane, e.g.
the Mass-size and Mass-o distribution. Cappellari et al. (2013a, Hereafter C13a) shows
that galaxy properties, namely the stellar age, colour, M /L, IMF and gas content, all best
follow lines of constant ¢, which they demonstrate traces the bulge mass fraction. MD15
additionally showed that metallicity and non-solar abundance are also driven by o. Below we
present the trend of the stellar population in the mass plane of galaxies at z ~ 1 and compare

it with that observed in the local universe.

Using the physical parameters derived in this study we are able to study the mass plane
of our galaxies which are presented in Fig.3.7. In the left panel of Fig. 3.7, we plot the stellar
mass, derived through stellar population modelling, and the galaxy size for the 154 galaxies
in our full sample. In the lower right corner, we plot a representative error bar for the derived
quantities. The error on the stellar mass derived using stellar populations modelling is based
on the scatter observed in Fig. 3.2, ie 0.16 dex. The error on the galaxy size is based on our
comparisons with Ferndndez Lorenzo et al. (2011), where the authors fit a de Vaucoleurs
stellar profile to I-band photometry of 40 galaxies present in our sample. We compare the
effective radii calculated by these authors with that calculated using the MGE models of
this study and derive an error of 0.05 dex on the galaxy size. The colour of the symbols in
the two plots represents the luminosity-weighted age (Gyrs) of the stellar population in the
galaxy. This was LOESS smoothed (Cleveland, 1979) using implementation (see footnote
1) of C13b. This plot can be directly compared to fig. 1 and fig. 3 of C13a and to fig. 7 of
MD135, where the authors respectively show that for the ATLASP volume limited sample
of ETGs the observed stellar population indicators and stellar age of the galaxies correlate

with their velocity dispersion. Our plot suggests that this trend is in place by z ~ 1.

The solid red line in the left panel of Fig. 3.7 is the Zone of Exclusion (ZOE) for the

nearby galaxies as prescribed by C13a, beyond which the probability of finding galaxies
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within a volume-limited sample is ~ 1%. The left panel demonstrates that some galaxies
in the full sample would lie a factor of ~ 1.5 below the ZOE in the local universe. The
robustness of this result is demonstrated in the right panel of Fig. 3.7, where we have plotted
the dynamical stellar mass against the stellar velocity dispersion for the secondary galaxy
sample. This plot is equivalent to the Faber-Jackson relationship with the galaxy luminosity
substituted for the dynamical stellar mass derived by the multiplication of (M, /L)jam with
the total luminosity of the galaxies. The solid red line in this plot is the ZOE translated
into this Faber-Jackson plot via the Virial equation. Despite the stark contrast between the
methodology used to derive the physical parameters in the two plots, both plots present
a consistent picture. Considering that the ATLAS?P sample is volume-limited and thus
provides a representative reference for the local population, while our z ~ 1 sample is biased
towards the most dense objects (Sec. 3.3.2), this implies that the factor of 1.5 provides
a stringent upper limit to the to the growth of galaxies since z ~ 1. To aid the reader in
accurately interpreting this plot, a representative error is presented. This error bar is based
on the median error of the velocity dispersion, derived via bootstrapping (see section 3.1 of
Shetty & Cappellari (2014)), and the propagation of this error onto the derived dynamical

mass via eq. 8 of Cappellari (2008).

Our upper limit to the size growth of the most compact galaxies since z ~ 1 is consistent
with previous works such as Newman et al. (2012), where the authors fit the observed
mass-size relation for galaxies in bins of redshift. Their fits suggest that a galaxy of mass
M, = 101" M, within their redshift bin of 0.4 to 1 grow by a factor of 1.2 by redshift of
0.06. In the work presented by van der Wel et al. (2014), the authors use 3D-HST and
CANDELS data to study the evolution of the mass-size distribution of 30,958 galaxies with
stellar masses > 10°M, and 0 < z < 3. Their comparison of the size evolution of the median
sizes of galaxies from z = 0.75 to z ~ 0 demonstrates a size growth of ~ 1.4, consistent

with our findings. There have been recent suggestions that part of the observed size growth
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in quiescent galaxies may be due a progenitor bias, i.e. the increase in the average size of
the quiescent galaxy population with cosmic time is due to the inclusion of larger recently
quenched galaxies into the quiescent galaxy population (e.g. Poggianti et al., 2013; Carollo
et al., 2013). However, the results of recent work (e.g. Krogager et al., 2014; Belli, Newman
& Ellis, 2015) have shown that the progenitor bias isn’t sufficient to accommodate the size

growth that has been observed since z ~ 2.5.

3.5.3 Dark Matter Fraction and IMF

In Shetty & Cappellari (2014), we had modelled the stellar kinematics of the galaxies
assuming that mass-follows-light and using the total M /L to account for the dark matter
contribution. When making our inferences on the IMF of those galaxies we made the
empirically-motivated assumption that the dark matter fractions within their central regions
were negligible. The basis for our assumption were mainly the results of C13b and Hilz,
Naab & Ostriker (2013). In C13b, the authors were able to derive the dark matter fraction
of their 260 local ETGs using integral-field data and dynamical modelling, and accounting
for the dark matter via multiple dark matter profiles. Their results robustly proved that the
dark matter fraction of the central regions of massive ETGs is <30 per cent. Furthermore,
galaxy merger simulations of Hilz, Naab & Ostriker (2013) find that the dark matter fraction
of galaxies would increase with time, i.e. with decreasing redshift.

A robust test of the assumption would be a direct measurement of the dark matter fractions
in these galaxies, however this is not feasible from the stellar dynamics without spatially-
resolved information, which is still difficult to obtain with current instruments. Therefore, to
test this assumption, we place our galaxies within dark matter haloes predicted by abundance
matching techniques. Furthermore, to get robust results on the dark matter fractions of the
galaxies, we have derived the dark matter fractions for our galaxies using two independent

SHMRs (Sec. 3.4.4).
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Fig. 3.8 The plot above represents the dark matter fraction within 1R, for the 68 galaxies
for whom we have created dynamical models. The dark matter fraction is the dark matter
enclosed within a radius of 1R, divided by the total mass (i.e. stellar + dark matter) enclosed
by that radius. In the top panel, the dark matter haloes are assigned based on the SMHR
derived by Leauthaud et al. (2012) while the SMHR by Moster et al (2013) is used to derive
the dark matter haloes for the bottom panel. Despite the difference in the absolute value of
the dark matter fraction, both results demonstrate a low dark matter fraction for the inner
regions of massive galaxies.
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Fig. 3.9 Presented is the IMF normalisation for the 68 galaxies with dynamical models. This
is an updated version of the fig. 4 in Shetty & Cappellari (2014) the difference being that
here we use the (M, /L)jam derived from dynamical models, instead of the total one. Along
the x-axis, we have plotted the (M, /L) derived via dynamical modelling while the y-axis
represents the stellar (M, /L) derived via stellar population modelling, assuming a Salpeter
IMF. The colour trend shown here is the LOESS smoothed (C13b) central velocity dispersion
of the galaxies. Representative errors on the (M. /L) is presented in the top left corner of the
plot, based on Fig. 3.2 and eq. 8 of Cappellari (2008).
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The results of the dynamical modelling are presented in Table. 3 and illustrated by Fig. 3.8.
The plots demonstrate that, to be consistent with the observed surface brightness and velocity
dispersion, as well as with the halo matching results, massive galaxies at this redshift must
contain low dark matter fraction fpy(Re) within a sphere of radius 1R.. The inferred median
value for our sample of 68 galaxies is fpm(Re) = 9 and 13 per cent, while the 90th percentile
is fpm(Re) = 21 and 34 per cent, using the SHMR of Leauthaud et al. (2012) and Moster,

Naab & White (2013) respectively.

In the two panels of Fig. 3.8, the green line represents the robust parabolic fit to the dark
matter fractions of the 260 galaxies (C13b) derived using SHMR relation of Moster et al.
(2010), while additionally requiring the models to best fit the integral-field kinematics and
photometry. This is similar to our dark matter fraction results derived using Moster, Naab &
White (2013). Comparing our results to that of ATLAS?P | the dark matter fraction appears to
have increased in the last ~ 7 Gyrs. The lower dark matter fraction derived at higher redshifts
is consistent with the numerical simulation prediction of Hilz, Naab & Ostriker (2013) and
is also consistent with recent results by Beifiori et al. (2014), which found that the ratio of
the dynamical mass (dark matter + stellar mass) to the stellar mass of the galaxies reduces
with increasing redshift. However, we do note that this trend may be in part influenced by

the differences in the sample selection.

In the work presented in Shetty & Cappellari (2014), the IMF normalisation of the
68 dynamically modelled galaxies was shown in fig. 4. The plot illustrated that the IMF
normalisation for massive ETGs at z ~ 1 was Salpeter-like, however a caveat of the work
was the assumption that the dark matter fractions in the central regions of high redshift
galaxies was not significant. In this study we include dark matter explicitly and in Fig. 3.9
present an updated version of the plot, with the dark matter contribution explicitly removed.

This confirms the assumption that dark matter fraction has a negligible effect on the IMF
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DEEP2 ID c 5o (My/L)japr  log(MPM)  fpy
(kms™!) (kms™h)  (Mo/Lo) (Mo)

(6] 2) 3) “4) S (6)
11050845  298.2 28.7 5.74 11.644  0.088
12004136 202.4 21.7 2.80 11275  0.178
12004516 176.4 28.6 2.56 11.164  0.146
12008254  250.7 33.3 4.56 11.444  0.103
12008360  185.2 31.1 2.54 10.974  0.035
12008441  257.7 64.3 8.53 11.646  0.141
12011900  318.5 57.1 9.30 11.499  0.042

Column (1) : DEEP2 galaxy identifier. Column (2) : Velocity dispersion as
measured by full-spectrum fitting of the galaxy spectra. Column (3) : Error on
the derived velocity dispersion of the galaxy through a bootstrapping technique.
Column (4) : B-band (M../L) derived through dynamical modelling, where the
dark matter halo was assigned using the SHMR of Leauthaud et al. (2012).
Column (5) : The log of the stellar mass, in units of M, of the galaxy derived
using the absolute luminosity (Column (5) of Table. 1) and the M/L of Column
(4). Column (6) : Fraction of dark matter within 1R, of the galaxy. This was
derived by using the SHMR of Leauthaud et al. (2012).

Table 3.3 Results of Dynamical Modelling. The table below is a partial representation of the
complete set, which is presented in Appendix. E.
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normalisation of the galaxies, i.e. the average IMF normalisation of massive ETGs at redshift

of ~ 1 is still consistent with a Salpeter IMF. This result is independent of the SHMR used.

This confirmation of our Shetty & Cappellari (2014) result is also in agreement with
recent work by Sonnenfeld et al. (2015), where the authors have used a joint lensing and
stellar dynamics modelling of massive galaxies out to z ~ 0.8, including about ten galaxies
within our resdhift range. The authors found that the stellar IMF normalisation was close
to Salpeter IMF for M, = 11.5. Also, work by Martin-Navarro et al. (2015a), using IMF
sensitive spectral features, determined that more massive galaxies have a bottom heavier IMF
at redshifts between 0.9 and 1.5. The Salpeter normalization of the IMF is also consistent
with the non-universality of the IMF reported in the nearby Universe (e.g. van Dokkum
& Conroy, 2010; Cappellari et al., 2012). In fact, if the centres of massive galaxies at
z ~ 1 passively evolve into the massive ETGs population, their IMF is expected to have a
Salpeter normalization as observed locally (Auger et al., 2010; Conroy & van Dokkum, 2012;

Cappellari et al., 2013a).

3.6 Summary

In this study, we have determined the SFH of the galaxies at redshift 0.7 <z <09 in a
non-parametric manner, using full-spectrum fitting. From a parent sample of 2,896 galaxies
from the DEEP2 survey, we apply strict quality selection criteria to extract 154 galaxies
with 1010 < M, < 10'2M,, for which we derive our SFHs. For a subsample of 68 galaxies,
with M, > 10''M, we additionally construct dynamical models. Due to these selection
criteria, our galaxy samples have a higher magnitude cut-off than the DEEP2 survey and
preferentially selects galaxies with high surface brightness. However, we show that the full
galaxy sample is representative of the red sequence and all but the bluest galaxies of the blue

cloud, while the secondary sample mainly consists of galaxies from the red sequence.
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The derived SFH for the full galaxy sample indicates that the most massive galaxies
formed the bulk of their stars in the early epoch of the universe unlike low mass galaxies
which are forming stars at a significant rate even at redshift of ~ 1. This is qualitatively
consistent with previous fossil record studies in the local universe, where authors have found
that the star formation rate of the most massive galaxies peaked early in the age of the
universe, and hence provides a robust and independent test of these results and the narrative
of the formation and evolution of galaxies that these results have produced. Our results based
on Fig. 3.4 and Fig. 3.5 demonstrate that the difference between the SFH of galaxies evolves
gradually and is a function of stellar mass.

We study the distribution of galaxy ages on the mass-size diagram. This demonstrates
that the velocity-dispersion dependence in the age of the stellar populations of the central
regions of the galaxies was already in place by z ~ 1. We also place an upper limit of a
factor of ~ 1.5 to the size growth of individual galaxies since z ~ 1, in agreement with other
studies.

Finally, using the dynamical models of the 68 galaxies in our secondary sample, which
account for the dark matter in the galaxies using results from abundance matching techniques,
we measure a median dark matter fraction fpy(Re) & 10 per cent per cent, within a sphere
of radius R., for the most massive galaxies, with small variations depending on the adopted
Stellar-Halo mass relation. Comparing this to the dark matter fraction determined locally, we
find that the dark matter fraction of galaxies has marginally increased in the last 8 Gyrs, but
is otherwise insignificant. This result confirm the study of Shetty & Cappellari (2014) stating
that the average IMF normalisation of the most massive galaxies is on average consistent

with a Salpeter IMF.






Chapter 4

A Stellar and Dynamical Analysis of

Galaxies in the Coma Cluster

In this chapter, I present the analysis and results of the dynamical modelling and stellar
population synthesis of galaxies in the Coma cluster. This work aims to probe the luminous
and dark matter of these galaxies. Utilising the SAURON Integral-Field Spectrograph data
for 53 galaxies in the cluster and their corresponding photometric data obtained from SDSS,
[ created detailed dynamical models for their observed kinematics and consequently deriving
accurate mass-to-light ratios and robust Dark Matter fractions. Motivated by the results of
their dark matter fractions, I extend the study to a large sample of 148 galaxies in the cluster.
Taking advantage of the spectral and photometric data made available by SDSS, I derive
the dynamical and stellar properties of this larger sample using techniques employed in the
previous two chapters. Taken together, these results provide insights into the properties of the

luminous and dark matter content of the galaxies in the cluster.
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4.1 Galaxy Samples

The galaxy sample for this study was taken from that used in Cappellari (2013), where the
authors selected galaxies within one square degree of the Coma cluster with total K-band
absolute magnitude limit of Mg < —21.5 (M, > 6 x 10° M_). This sample was designed to

be identical to the ATLAS3P parent sample, from which the ETGs of the ATLAS3P were

extracted. This Coma cluster sample contained a total of 161 galaxies.

Of this sample of 161 galaxies, I construct a sample of 148 galaxies based on the
availability of spectral data in SDSS catalogue (York et al., 2000). These 148 galaxies
constitute the full Coma sample analysed and discussed in this chapter. For a subset of 53
galaxies, data was taken using the SAURON Integral-Field Spectrograph (IFS) mounted
on the William Herschel Telescope. These galaxies were to be observed by the SAURON
Integral-Field Spectrograph (IFS), with an observational strategy that began at the cluster
centre and observe galaxies at progressively larger radii. This strategy ensured that the
observed sample was mass-complete within the observed projected radii. Of these 53
galaxies, due to issues regarding the Signal-to-Noise (S/N), leftover artefacts from the data
reduction process and others, dynamical models for only 42 galaxies could be made. Of
these 42 galaxies, two galaxies did not have SDSS spectral observations. For simplicity
of exposition, we ignore this fact in what follows and we still refer to the galaxies with

SAURON data as a subset of the main sample.

In Fig. 4.1, I present the My, distribution of the full sample and the SAURON subset, and
compare them to the original sample of 161 galaxies. Making the common assumption of
a constant K-band M/L within the cluster, the histogram demonstrates that the full sample,
and the SAURON subset, present the entire mass range of the original sample. To quantify
this, I conducted the two sample Kolmogorov-Smironov test (Please see chapter. 7 of Pratt
& Gibbons, 1981) which calculated that the null hypothesis, i.e. two samples are derived

from the same parent sample, is accepted with p-values of 1 and 0.99 for the full sample
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Fig. 4.1 Here I present the histogram distribution of the original sample of 161 galaxies in
blue, and compare it to the two sample sets used in this study; the full sample represented in
red and the SAURON subset represented by green. The histogram demonstrates that both
samples represent the original in an unbiased manner, allowing the results of this study to be
applicable to the cluster in general.
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and SAURON subset respectively. The unusually high p-values for these tests are due to
the fact that p-values are random variables that are biased to lower values when the null
hypothesis is false and hence, the high value of p-value is only indicative of the acceptance

of the hypothesis and not a measure of the goodness of fit (Bland, 2013).

4.2 Data

4.2.1 SDSS Data

To make a prediction for the stellar kinematics, which is compared to the observed one, the
dynamical models require one to specify (i) the distribution of the total mass, from which
the gravitational potential is generated and (ii) the distribution of the “tracer” population, for
which one wants to predict the kinematics with the models. The latter is typically obtained
by deprojecting the parametrised surface brightness of the galaxies. In this study, we use
the r-band mosaic images observed by SDSS (York et al., 2000) to do this. This band was
selected for its high S/N relative to the other bands in SDSS, and to keep the photometric data
close to the wavelength range used to derive the stellar kinematics. The second reason for
this is to ensure when modelling, the deprojected luminosity density correspond to the stellar
populations whose kinematics have been observed. The median r-band Point Spread Function
(PSF) width of the survey is 1.43”, and the images used in this study have a resolution of
0.396" /pixel.

In addition to the photometric data, I also obtained SDSS spectral data for the 148
galaxies in the full sample. While most galaxies were observed as part of the SDSS-I/II
survey (York et al., 2000), two galaxies were observed in the BOSS survey in SDSS-III
(Dawson et al., 2013). Consequently, the data were observed either using the original SDSS
spectrographs, or the BOSS spectrograph. The instruments observe using different aperture

diameters, i.e. 3" and 2" respectively, which is vital to note when modelling the dynamics
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of the galaxies. Furthermore, both these instruments observe in similar wavelength ranges,
around 3,800 — 9,200A, though the BOSS instrument does observe out to slightly higher
and lower wavelengths. For a detailed comparison of the two instruments, I would refer the

interested reader to Ahn et al. (2012).

4.2.2 SAURON data

Additionally, I have 42 galaxies with IFS data obtained using the SAURON instrument on the
William Herschel Telescope in the La Palma Observatory. Of these 42 galaxies, 40 galaxies
are common to the full sample while 2 galaxies are found only within the sample Cappellari
et al. (2015). The SAURON instrument is a lenslet-based IFS, consisting of ~ 1,400 spaxels,
capable of observing between the wavelength range 4,810 — 5,350A (Bacon et al., 2001a).
We observed our galaxies in the low resolution mode of SAURON, which observes 41” x 33"
of the sky at a spatial resolution of 0.94"/spaxel. The spectral resolution of the instrument is

3.9A FWHM which corresponds to an instrumental velocity dispersion of 98 km s~!.

The data was reduced using the XSAURON software (Bacon et al., 2001b; Emsellem
et al., 2004) which implements bias subtraction, flat-fielding, wavelength calibration and
sky-subtraction on the observed data to produce the final “data cubes”, where each (x,y)
coordinate in the file has a corresponding spectrum. Though this software is intended to
produce the final reduced data cubes, in some instances the data requires manual tweaking
to guarantee the data quality. This optimisation is currently being undertaken by a member
of the collaboration, however it is unlikely that the optimisation will significantly effect the

results presented in this study.
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4.3 Analysis

4.3.1 Parametrisation of Surface Brightness

As mentioned previously, the dynamical modelling of galaxies requires a parametrisation
of the galaxy surface brightness. I do this using the MGE parametrisation, described in
Section. 1.3.3 of this thesis, and have discussed it in the previous chapters (Emsellem, Monnet
& Bacon, 1994; Cappellari, 2002). Briefly, the MGE algorithm fits a series of 2-dimensional
Gaussians to the observed galaxy surface brightness. These Gaussians permit the convolution
and deprojection of galaxies in a simple and efficient manner, while demonstrating to be

robust to the light profiles of multi-component galaxies.

For the galaxies in the Coma cluster, I modelled the surface brightness of the galaxies
using their r-band mosaic images obtained from SDSS DR12 (Alam et al., 2015). The
images were downloaded as thumbnails of size 75” x 75” for most galaxies, however for
smaller galaxies these thumbnails were reduced to 40” x 40”. Visual observations of these
thumbnails verified the complete coverage of the galaxy light with additional sky coverage
so as to estimate the sky and noise levels. In the case of the two massive central galaxies,

NGC4889 and NGC4874, thumbnails of size 252" x 252" were obtained.

When fitting for the surface brightness of galaxies, it is critical to ensure that the pixels
used for the procedure contain information of the intrinsic light profile of the galaxies. During
the parametrisation process, I realised that light halos, caused by the internal reflection of the
galaxy light within the telescope’s optical components (Slater, Harding & Mihos, 2009), had
a significant effect on the final result. Though these faint effects are not visually observable
in the SDSS images, due to their low surface brightness, they do bias the parametrisation
algorithm towards more extended profiles. To avoid this artificial extension, I visually

fine-tune the minimum counts for the pixels that were eventually used in the algorithm.
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I model the surface brightness of the galaxies using the MGE_FIT _SECTORS package
I (Cappellari, 2002). Before fitting the galaxy photometry, the code is processed by the
find_galaxy code in the package to derive the global parameters of the galaxies, such as
position angle, ellipticity etc. To minimise the effect that bars in galaxies would have on
these properties, it is good practice to derive these quantities by fitting the outermost regions
of the galaxies. However, given the high density environment of the cluster, these quantities
are occasionally affected by the presence of nearby galaxies. In such scenarios, the derivation
of these global quantities were based on the observations of the inner region of the galaxies,
and where possible the photometric position angle of the galaxies is manually changed to
match the observed kinematic position angle of the galaxy.

Furthermore, the presence of non-axisymmetric features, such as bars, can affect the
results of the fit and force the fit away form the underlying stellar distribution. I reduce this
effect by adapting the prescription described in Scott et al. (2013). As per this, following
an initial fit to the galaxies I iteratively constrain the allowed axial ratios of the Gaussians
being fitted to the galaxies until the subsequent change in the mean absolute deviation of the
fits grows by > 10%. By doing so, the MGE model is pushed away from modelling these
perturbations and instead models the underlying stellar distribution. In Scott et al. (2009), the
authors state that doing so significantly improves the dynamical models, providing improved
predictions of the galaxy kinematics and better predictions of the galaxy inclination when

compared to that inferred from the shape of the galaxy disk.

4.3.2 Gravitational Potential

Knowledge of the underlying gravitational potential is crucial to predict the kinematics
of particles in them, and when realistic models for the potential of the galaxies are used,

the dynamical models provide insight into the structure of the galaxies. In galaxies, these

Uhttp://purl.org/cappellari/software
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gravitational potentials are generally dominated by their stars and dark matter. Hence, to
understand the galaxies being modelled it is vital that realistic models for the distribution of
their luminous and dark matter be used when modelling their kinematics. Currently, much
about the distribution of matter in galaxies in unknown and it is not possible to confidently

model “realistic” gravitational potential for galaxies.

In this study, I model the dynamics of the full sample using two distinct assumptions for
their gravitational potential. For the SAURON subset, I model the observed two dimensional
stellar kinematics with these assumptions and an additional third to robustly constrain the

dark matter fraction of the galaxies.

It is important to note here that though the stars and dark matter dominate the gravitational
potential of galaxies, this is not true in their innermost regions. In the innermost parsecs of
galaxies, the gravitational potential of galaxies are dominated by their Supermassive Black
Holes (SMBHs). The JAM models used in this study incorporate the effect of SMBHs and 1
model them using the My — 0, relation (Ferrarese & Merritt, 2000; Gebhardt et al., 2000)
with the parameters given by Kormendy & Ho (2013, eq. (7)). However to further ensure
that these SMBHs do not affect the results presented in this study, I have masked the spaxels
within the inner 1” of the galaxies which at its assumed distance of 100 Mpc (Carter et al.,

2008) effectively masks the inner ~ 0.8 kpc.

Self-Consistent Model

The first model that I use for dynamical modelling is the Self-Consistent model, which
assumes that the total mass distribution of a galaxy follows the distribution of its light.
Assuming such a model, the dynamical model of the galaxies can be described by just
three free parameters: (i) the inclination of the galaxy, (ii) the velocity anisotropy, defined

as B, =1-— (g—;)z, and (iii) the mass-to-light ratio, (M/L) 4. Optimising the first two
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parameters predicts the shape of the stellar kinematics, while the (M/L)jam scales the stellar

kinematics to match that observed using the IFS data.

The deprojection of the observed surface brightness into a corresponding three dimen-
sional density distribution, needed to model and predict kinematics, is a mathematically
degenerate problem (Rybicki, 1987). This problem is generally solved by ad hoc assumptions
on the intrinsic shape of the galaxies. The MGE method provides a unique solution for
the deprojection of the observed surface brightness of galaxies, for a given inclination, by
enforcing roundness of the models. This solution does not break the intrinsic degeneracy
of the problem, however it has been known to usually provide luminosity densities that
resemble realistic surface brightness when viewed at any angle. Concurrently, the MGE
parametrisation places limits to the possible values of inclination of the galaxies, to permit
realistic density distributions. Given an MGE parametrisation of an axisymmetric galaxy,
one can constrain the possible range of inclinations by requiring that the minimum axial ratio
of every Gaussian be positive and larger than a small value, like 0.05 used in this study. This

is done using eq. (10) of Cappellari (2002):

5 g% —cos?i

- - 4.1
1 sin?i *-1)

Here, ¢’ is the minimum axial ratios of the Gaussians to the galaxy photometry, i is its
inclination (i = 90° is edge-on) and q is the intrinsic axial ratio of the galaxy.

The velocity anisotropy, defined as 3, = 1 — (g—R)z, describes the shape of the velocity
ellipsoid. In this study, I fix the B, of a galaxy to be constant at all radii. The effect of this
assumption was tested by Cappellari (2008) and Lablanche et al. (2012), where the authors
concluded that this assumption had a minor effect on the derived (M/L) and inclinations
of the galaxies. More recently, Li et al. (2016) assessed the ability of the JAM models to
accurately model the kinematics of 1,413 realistic galaxies in the ILLUSTRIS simulation

(Vogelsberger et al., 2014). They conclude that the models recovered the “total” density
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profiles of the galaxies with good accuracy and negligible bias. Furthermore, I limit the
values of 3, to between 0 and 1 as previous studies, using the more general Schwarzschild’s
models (Schwarzschild, 1979), demonstrate that the 3, is well within this range (Cappellari

et al., 2007; Thomas et al., 2009).

As mentioned earlier, the inclination and velocity anisotropy of the galaxies constrain the
shape of the stellar kinematics, which can then be matched to the observed stellar kinematics
of the galaxies to calculate the dynamical (M/L) of the galaxies. However, for the full sample,
no information on the shape of the stellar kinematics is available. Hence, to model these
galaxies, I assign i = 60° and 8, = 0.2. If an inclination of 60° is inconsistent with Eq. 4.1,

then the lowest permitted inclination for the galaxies is used as its inclination.

Abundance-Matched Model

For this model, the total mass profile is described as the sum of the stellar and dark matter
distribution. The shape of the stellar distribution is defined by surface brightness of the
galaxies, while the dark matter is modelled based on Abundance matching. For each value
of stellar (M*/L);}% , the total luminosity of the galaxy constrains the stellar mass of the
galaxy. Using the relation between the Stellar-to-Halo Mass relation (SHMR) of Moster,
Naab & White (2013) and o090 — Moo relation by Klypin, Trujillo-Gomez & Primack (2011)
then constrains the parameters of the halo. For this study, I describe the dark matter halo
of galaxies as a spherical NW profile (Navarro, Frenk & White, 1996). Hence, the stellar
(M*/L)ﬁyMn of a galaxy constrains the total density profile, and the gravitational potential, of
the galaxy. This technique is similar to the one used in Chapter. 3. Since both relations used

to constrain the dark matter profile of the galaxies are based on cosmological simulations,

this model is heavily reliant on the theoretical assumptions of Abundance Matching.

As with the previous model, I solve for the best-fitting dynamical models of the galaxies

by optimising for the three parameters of the galaxies: (i) the inclination of the galaxy,
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(11) the velocity anisotropy, and (iii) (M*/L)‘;}yl‘:[1 . The solution for the full sample is also

derived similarly to the previous model, i.e. by fixing the values of the inclination and 3, and

AM

optimising for (M,/L) dyn -

Power-Law Model

The third dynamical model is motivated by the empirical results of lensing studies (See
review by Treu, 2010) and dynamical modelling (Cappellari et al., 2015). These results
suggest that the total density profile of galaxies, within the region that this study samples,
is well reproduced by a single nearly-isothermal profile, p;,; < ¥~ 7. In this study, I model a

galaxy’s gravitational potential using the generalised NFW profile, i.e.:

NS T A e
Prot = Ps (r_s) (5 + 57’_;) 4.2)

Where p; is the density of the galaxy profile at scale radius, rg. The break in the profile
takes place at large radii, well outside the region sampled in the study and hence, this
profile is indistinguishable from that of a pure power-law and its shape is affected only by 7.
Concurrently, the kinematics analysed in this study cannot reliably constrain the rg of the
profile, and hence I fix its value to 20 kpc. Therefore, the predicted stellar kinematics of this
model is defined by only 4 free parameters: (i) galaxy inclination, (ii) velocity anisotropy,

(iii) ps, and (iv) 7.

This assumption on the total density profile is only used to model the two dimensional
stellar kinematics of the galaxy subset with SAURON data, as it has degrees of freedom that
are not yet understood and hence cannot be constrained using just one dimensional kinematic

data.
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4.3.3 Stellar Kinematics

Similar to previous chapters, the kinematics of galaxies is derived using the pPXF code?
(Cappellari & Emsellem, 2004). This code models the observed galaxy spectrum with an
input set of template spectra in pixel space. To model the observed spectra in this study, we
use the Indo-US Library of Coudé Feed Stellar Spectra Library (Valdes et al., 2004). This
library consists of 1,273 stellar spectra covering the wavelength range of 3,460 — 9,464A ata
resolution of ~ 1.35 FWHM (Beifiori et al., 2011). The Indo-US stellar library was selected

for this study for two reasons:

» Extensive coverage of stellar parameters: To minimise the effect of template mismatch,
it is critical that the template set used to model the galaxy spectrum is representative
of the stars within the galaxy. In an effort to test this, Winge, Riffel & Storchi-
Bergmann (2009) derive the stellar kinematics for a two dimensional dataset using
different template sets. Depending on the template set used, the authors report varying
kinematics offset and false detections of kinematic structures. Hence, to derive accurate

kinematics it is crucial that one uses a diverse set of template spectra.

* High resolution: To make full use of the spectral resolution of the galaxy spectra to
derive the kinematics of the galaxies, one should use template stellar spectrum that have
a higher resolution than that of the galaxy spectrum. In this study, the SDSS spectra is
shown to have a resolution of ~ 2.3A FWHM at the wavelength range within which
I derive the stellar kinematics. Despite the MILES stellar spectral library (Sanchez-
Blazquez et al., 2006) having a more extensive coverage of stellar parameters, it has
a resolution of ~ 2.54A FWHM (Beifiori et al., 2011) compared to that of 1.35A of
the Indo-US library. Hence in this study, I use the latter of the two to derive the stellar

kinematics of the galaxies.

Zhttp://purl.org/cappellari/software
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SAURON Kinematics

Due to the light profile of galaxies, the S/N in each spaxel of any IFS data cube commonly
span a large range of values. Hence, when working with IFS data it is common practice to
spatially bin the results over the plane of the IFS so as to recover information within spaxels
with low S/N. For the SAURON data, I bin such spaxels using the voronoi_2d_binning code?
(Cappellari & Copin, 2003) which bins the spaxels according to Voronoi tessellations. The
Voronoi tessellation allocates the pixels on a plane to the point, called a generator, closest to it.
By inputting the signal and noise for each spaxel and the minimum desired S/N in the field of
IFS data, the voronoi_2d_binning solves for a set of generators that minimises the scatter of
S/N around the desired S/N. The code does not force the solution to ensure all bins are above
the desired S/N as this may result in the loss of spatial information, and additionally binning
too many spaxels with drastically low S/N could lead the bins into becoming dominated by

systematics and hence produce artificial features in the kinematics of galaxies.

As mentioned above, the binning of the spaxels via Voronoi tessellation requires that the
signal and noise within each spaxel is known. Though the signal and noise are theoretically
well understood quantities, their accurate determination is non-trivial and only estimates
of their true values (or formal values) are used in practice. The data reduction software,
XSAURON, does include within the data cube the formal error for each spectral pixel. Hence,
a straightforward estimate of the signal and noise of each spaxel is possible. This is, however
a formal estimate and hence, to test its robustness, I compared this estimate with the S/N
derived by spectral fitting for a few galaxies. I did this by coadding the spectrum within
the central 3" spaxels of a galaxy to generate a spectrum with very high S/N. I then fit this
spectrum using pPXF with the entire Indo-US stellar library. I used the results of this fit
to generate an optimal template, which is the sum of the templates used multiplied by its

corresponding weight. Utilising this optimal template, I fit each spaxel in the data cube and

3http://purl.org/cappellari/software
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measure the S/N of each spaxel as the median of the best fit spectrum divided by the standard
deviation of its residuals.

Fig. 4.2 presents an example of the relation between the S/N derived from the formal
errors of the XSAURON against the S/N derived from the spectral fitting of each spaxel. In
the plot I compare the two quantities using the LTS_LINEFIT method* (Cappellari et al.,
2013b) which robustly fits a linear relation to the data and intrinsic scatter. This method is
used throughout this study, when comparing or fitting linear relations to quantities. Fig. 4.2
demonstrates a tight correlation between the two estimates with a slight offset. The practical
nature of the S/N through the spectral fitting technique gives confidence in the reliability of
the formal errors produces by XSAURON. Interestingly the S/N estimated by the spectral
fitting of the spaxel spectra suggests that the formal error by XSAURON overestimates the
noise. The value of this offset varies for the galaxies and hence to normalise the quality of
the data of the galaxies, I calibrate the error estimate by XSAURON for each galaxy based on
the spectral fitting of the central spaxels of the galaxy data cubes.

Based on these calibrated noise estimates, I clip spaxels with S/N less than 1, as these
spaxels are noise-dominated, and then use voronoi_2d_binning to bin the spaxels to a target
S/N of 25. The value of 25 was selected to ensure the highest resolution in the kinematics
maps while reproducing the observed maps at higher target S/Ns.

As mentioned earlier, template mismatch can have serious consequences on the derived
kinematics of galaxies and hence, it is crucial to take steps to minimise the effect that this may
have on the derived stellar kinematics of galaxies. To make our results robust to this effect,
for each galaxy I derive an optimal template by fitting the high quality spectrum derived by
coadding the spaxels within the effective radii of the galaxy. This optimal template is then
used to fit for the kinematics of all the bins within the data cube.

Furthermore, I realised that bins with S/N less than 15 exhibited a dramatic increase

in the kinematic errors and unrealistic velocity dispersion values. These issues were likely

“http://purl.org/cappellari/software
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Fig. 4.2 This plot compares the formal S/N estimated by the XSAURON reduction pipeline,
represented along the x-axis, to the S/N estimated by the spectral fitting of spaxels using the
Optimal template of the galaxy, represented along the y-axis. The solid black line represents
the best fit result using the LTS_LINEFIT code (Cappellari et al., 2013b), while the dashed
and dotted red lines enclose the 1 o and 2.6 o error of the fit. The parameters of the best fit
are shown on the top-left corner of the plot. The plot demonstrate that the S/N derived by
XSAURON is a good estimate of the true S/N.
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systematic issues and hence, I clipped these bins from the dynamical modelling process. In
addition to this, I manually clip bins that appear spurious and bi-symmetrise the observed
Vims field (e.g: Cappellari & Emsellem, 2004). Following this, I smooth the V¢ map using
the LOESS smoothing techniques described by Cappellari et al. (2013a). This approach
is similar to that used by Cappellari et al. (2015) where the authors successfully removed

outliers and reproduced the smooth velocity fields consistent with the smooth galaxy images.

SDSS Kinematics

The kinematics of the full sample was derived using the SDSS spectra of the galaxies. The
technique used to derive the stellar kinematics was similar to that used for the SAURON
subset. To permit the direct comparison of the results between the two distinct datasets, 1
derive the stellar kinematics of the full sample within the wavelength range of the SAURON,

i.e. 4,810 — 5,350A.

4.3.4 Stellar Population Modelling

The modelling of the stellar populations of these galaxies was done via the full-spectrum
fitting technique used in the previous chapter. Briefly, this technique involves the fitting of
the observed galaxy spectrum with a template grid of single stellar population spectra with a
range of ages and metallicities. The pPXF code, which is used for the fitting process, then
solves for the best fitting linear combination of the population that best represents the galaxy
spectrum and hence providing the maximum-likelihood solution for the problem. However,
the solution for the star formation history of galaxies is degenerate and hence, to break this
degeneracy I regularise the weights associated with population models along the template
grid until the y? of the galaxy spectrum fit increases with respect to an unregularised fit by

v/2 X Npor (Press, 2007, section 19.5).
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For these galaxies, I model the stellar populations using the MILES stellar population
models which are based on the MILES empirical stellar spectrum library (Vazdekis et al.,
2015). The template grid covers an age range of 0.08 — 14.1 Gyrs, which is sampled
logarithmically, and samples six metallicities within the range [Z/H]=-1.71-0.22. The stellar
population models span a wavelength of 3,540 — 7,410A. I model the stellar population of
the galaxies using their SDSS spectrum, however due to limit in the wavelength range of the
model spectrum only 3,900 — 7,5001& of the SDSS spectra is used. These models assume a
Salpeter IMF (Salpeter, 1955) and use 0.1 Mg, and 100 M) lower and upper stellar mass

cut-offs respectively.

Since the MILES population models are based on the MILES empirical stellar spectra
library, the models have a resolution limit of 2.54A as well. However, the instrumental
resolution of the SDSS spectra is lower in a significant region of its wavelength range, and
hence I lower resolution of the SDSS spectrum to match the resolution of MILES. It must be

noted that doing so does not affect the results of the stellar population modelling.

Based on the resulting weights of the regularised spectral fitting, I derive the stellar

(M*/L)‘;Zéf and age of the models using Eq. 3.1 and Eq. 3.2.

4.4 Consistency tests and Error Analysis

Before interpreting the results of an analysis, it is critical that one is confident of the values
derived and has a good estimate of the errors in the derived quantities. In this section, |
present the tests and further analysis conducted to assess the accuracy of the quantities and

to estimate their error.
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4.4.1 Surface Brightness Parametrisation

In order to ensure the accurate parametrisation of the photometry of galaxies, it is crucial
to inspect the quality of the fits visually. This was done using contour plots, such as those
presented in Fig. 4.3, which demonstrate the quality of the fits for the SAURON subset. These
plots demonstrate that the models can reproduce the observed surface brightness of galaxies
within the region where reliable kinematics can be extracted, typically 10” x 10”. To quantify
the reproducibility of galaxy global parameters, I compare the derived magnitudes and sizes
of the galaxies with that published by SDSS and 2MASS, respectively. The comparison of
the quantities to the same derived independently, via different techniques, provides a robust

test of the quality of the fits and provides an estimate to the error in the measured values.

In Fig. 4.4 I compare the apparent magnitudes derived from the MGE parametrisation of
the galaxies with that published by SDSS which used a simultaneous fit of a de Vaucouleurs
profile and exponential disk to the galaxy photometry. The plot illustrates a strong one-to-one
relation between the two apparent magnitudes, with a few outliers. Upon visual verification,
it was found that these outliers have nearby light sources, such as other galaxies or stars, that
could have contaminated the measured photometry. It is consistent with the results of Scott
et al. (2013), where the authors compare the magnitudes derived using MGE from r-band
SDSS images with the magnitudes published by SDSS DRS to find the results consistent with
an observed rms scatter of A = 0.17 mag. This scatter is expected to reduce for this study,
as the published magnitudes of SDSS DR8 were based on an earlier version of the SDSS
photometric data which was later updated utilising an improved sky subtraction technique
described by Blanton et al. (2011).

Fig. 4.5 compares the circularised effective radii of the galaxies derived by the MGE
parametrisation of this study and that from 2MASS (Skrutskie et al., 2006). For the MGE
models, I first circularise the MGE Gaussians by replacing (o}, q’j)—>(6j q},l), where 0

and q’j are the dispersion and observed axial ratio of the j* guassian. I then use eq. (11)
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Fig. 4.3 Here, I present the contour plots of the SAURON subset for the Coma cluster. The
black lines represent the observed galaxy surface brightness while the red lines represent the
best fit MGE models to it. So as to inspect the quality of the MGE fits, these images depict
the inner 25” x 25" thumbnails of the galaxies, while for the two massive central galaxies I
present the inner 40” x 40” thumbnails. These plots depict the ability of the MGE models to
represent the observed surface brightness of the galaxies, particularly in the inner regions of
the galaxies where the stellar kinematics is observed. The contour plots for the full sample is
available in Appendix. F.

of Cappellari et al. (2013b) to derive the radius which contains half of the total light of the
MGE model. The effective radii of 2MASS was calculated using the eq. (6) of Cappellari
et al. (2011a), i.e. median of semi-major axes of the half-light ellipse of the galaxy in the
J,H and K;band (j_r_eff, h_r_eff and k_r_ef f of the 2MASS catalogue) times its axial
ratio (kp,).

The near unity slope and small scatter (A = 0.077 dex) is indicative of the robustness of
the two quantities as both measurements were taken from distinct datasets and techniques.
In Cappellari et al. (2013b), the authors find that the effective radii they derived using the
MGE method underestimated the sizes derived by 2MASS, when 2MASS was calibrated to
the RC3 catalogue (de Vaucouleurs et al., 1991). Since this study uses the same photometric
data (SDSS r band photometry) and technique, I calibrate the MGE R, estimates using the
offset observed by ATLAS?P | i.e. factor of 1.35.

4.4.2 Stellar Kinematics

To test the accuracy of the stellar kinematics of the full sample, I compare the velocity

dispersion derived in this study, within the limited wavelength range of SAURON (4,810 —
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Fig. 4.4 This plot contrasts the apparent magnitude of the full sample published by the SDSS,
shown along the x-axis, and the same quantity derived using their MGE models, plotted
along the y-axis. The SDSS magnitudes used in this plot are those based on their cModel
profile fits, i.e. those derived by fitting a de Vaucouleurs profile and exponential disk profile
to the observed surface brightness of the galaxies. The comparison demonstrates a tight
one-to-one relation between the two quantities as would be expected given that they are both
measured from the same data. Some galaxies in the sample are significantly offset from this
relation, however they are due to contamination by nearby galaxies and/or stars.
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Fig. 4.5 Here I compare the circularised effective radii derived using the MGE fits of galaxies
to that published by 2MASS. The plot above presents the effective radii of the galaxies
derived using the MGE models along the y-axis, and compares it to the effective radii of
the galaxies derived by the 2MASS collaboration along the x-axis. The effective radii by
2MASS is calculated using eq. (6) of Cappellari et al. (2011a), i.e. the median of semi-major
axes of the half-light ellipse of the galaxy in the J,H and K band (j_r_eff, h_r_eff and
k_r_ef f of the 2MASS catalog) times its axial ratio (kp,). This radii has been corrected for
its PSF effects using eq. (1) of Cappellari (2013), which is relevant for radii > 2", however
the result is robust when only galaxies with sizes > 5" are considered. The plot presents
a strong correlation between the two quantities with a slope near unity. The observed rms
scatter in the plot (0.077 dex) is comparable to that in fig. 7 of Cappellari et al. (2013b),
where the authors compare MGE derived effective radii with that of 2MASS, recalibrated to
the RC3 catalogue (de Vaucouleurs et al., 1991).
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5,350&), with that derived by Bolton et al. (2012). These catalogued kinematics are derived
using the ELODIE stellar spectral library and are available within the spectral files of
SDSS. In Fig. 4.6, the comparison suggests that the two quantities are consistent with a
near one-to-one relation for values greater than 100 km s~'. The plot does report a slight
offset between the two quantities (0.022 dex or ~ 5%), the relation is excellent given the
differences in the techniques, wavelength range and the templates used in the derivation
of the two quantities. At values lower than the 100 km s~!, a systematic bias arises in the
comparison of the two quantities. This bias is likely caused by the instrumental resolution
limit of the SDSS spectra. In this study, I use the “OverSample” keyword in pPXF during
the derivation of the stellar kinematics, which over samples the template spectra so as to
improve the reliability of the derived stellar kinematics when the velocity dispersion is lower
than the instrumental resolution. Based on the observed rms scatter in the plot, which would

correspond to A/+/2 = 0.019 dex error on each quantity.

To test the consistency of the kinematics derived for the SAURON data, I compare the
kinematics derived using the SAURON data with that derived with the SDSS spectra. To
reduce the effect due to other sources, velocity dispersion for the SAURON subset is derived
from the coadded spectrum approximately within the aperture size of the corresponding SDSS
spectra. The comparison of the two quantities is presented in Fig. 4.7, which demonstrates a
strong linear relation with slope unity for galaxies with velocity dispersion greater than 60
km s~!, when derived using the SDSS spectra. The discrepancy between the two quantities
is likely due to the effect of low S/N, combined with a velocity dispersion lower than
the instrumental resolution of SDSS. In this scenario, the derived velocity dispersions are
quite unreliable and essentially only upper limits can be derived, but the derived velocity
dispersion can scatter down to quite low values as observed. As the plot demonstrates, though
the “OverSample” keyword does improve the reliability of the stellar kinematics below

the resolution limit, at velocity dispersion below 60 km s~! the derived quantities become
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Fig. 4.6 In this plot, I compare the velocity dispersion derived for the full sample using pPXF,
presented along the y-axis, with that publish by SDSS (Bolton et al., 2012), plotted along the
x-axis. The error bars along the x-axis are the errors on the individual values provided by
SDSS. The plot demonstrates the consistency of the derived stellar dispersion for galaxies
with 6 > 100 km s~!. The large scatter between the two quantities at lower dispersion values
can be attributed to the resolution limit of the galaxies.
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Fig. 4.7 This plot illustrates the consistency between the velocity dispersion derived using
the SDSS spectra and the SAURON IFS data within a similarly sized aperture. The x-axis
represents the kinematics derived using the SDSS spectra while the y-axis represents the
same derived using the SAURON IFS data. The strong correlation between the two quantities
is encouraging, as it demonstrates that the derived stellar kinematics in this study are robust.

extremely unreliable. Hence in this study, SDSS galaxies with derived velocity dispersions

below 60 km s~ ! are not used in the interpretation of the results.

The observed rms scatter in Fig. 4.7 is the quadratic sum of the errors on each of the two
quantities of velocity dispersion. Given that from Fig. 4.6 we estimated that the error in the
kinematics derived from the SDSS dataset is 0.029 dex. Taken together, the rms scatter in
Fig. 4.7 indicates that the kinematics derived using the SAURON data have a error of 0.026
dex. These error estimates is similar to those in literature such as Emsellem et al. (2004);

Cappellari et al. (2013b).
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4.4.3 Dynamical Modelling

In order to test to the dynamical modelling code for the SAURON subset, I have used my
code to model the dynamics of the ATLAS3P galaxies. I did this using the stellar kinematics
(Cappellari et al., 2011a) and MGE parameters (Scott et al., 2013) of the ATLAS?P galaxies®
and inputting them to my code. The dynamical modelling was done using the Self-consistent
model and though the quality of a few galaxies were visually verified, a complete verification
and manual tweaking (e.g. removing bad spaxels) for any individual galaxies was not done. In
Fig. 4.8, the plot compares the dynamical (M/L);4)/derived by my code against that published
by Cappellari et al. (2013b). The one-to-one relation between the two quantities, with an
observed scatter of just 2%, suggests that the dynamical modelling code can accurately model

the dynamics of most galaxies.

In addition to testing the dynamical modelling code, I visually verified the quality of
the dynamical models created for the SAURON subset of the Coma cluster. This was done
by comparing the observed V,,,; maps, after being bi-symmetrized and LOESS smoothed,
and the <v120 S>1/ > for the best fit dynamical model. Examples of these plots are presented in
Fig. 4.9. Based on these plots I visually classify galaxies into three groups using similar clas-
sification as Cappellari et al. (2013b): galaxies with good dynamical models that reproduce
the observed kinematic structures (Qual = 2 in Table. 4.1), galaxies acceptable dynamical
models that reproduce some of the observed kinematic structures (Qual = 1), and galaxies
for reliable kinematics couldn’t be derived (Qual = 0). The results of the classification,
along with a brief reasoning behind them, can be found in Appendix. J. During the visual
verification, it was realised that the observed Vs in the innermost regions of the galaxies
are larger than that predicted by models for a significant number of galaxies. The cause of
this is yet to be determined, though preliminary results that allowed the models to fit for the

mass of the SMBH did resolve the issue. This is a potentially interesting result suggesting

Shttp://www-astro.physics.ox.ac.uk/atlas3d/
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Fig. 4.8 This plot compares the dynamical (M/L)jam derived by my code and that by
ATLAS3P . The plot above demonstrates the consistency between the dynamical (M/L)jam
derived by the ATLAS?P collaboration (presented along the x-axis) and the same derived
using my code (presented along the y-axis). The plot indicates that the dynamical modelling
in this study is unlikely to be effected by any errors in the modelling technique or code.
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that these galaxies have SMBHs more massive than those predicted by the My — o, relation.
However, further tests are needed to eliminate other sources of the discrepancy. For the
purpose of the visual classification, I have focused solely on the reproduction of kinematic
features that are sufficiently far from the centre that they are not affected by an inaccurate
estimate of the SMBH.

To optimise for the free parameters of the dynamical models, I adopt a Bayesian inference
technique. In particular, I compute the posterior distribution of the free parameters of
each model using the emcee ® (Foreman-Mackey et al., 2013) implementation of the affine-
invariant Markov-Chain Monte Carlo (MCMC) proposed by Goodman & Weare (2010). The
prior distribution of the free parameters is a constant within given reasonable limits and
falls sharply beyond them. The distribution is centred on the results of an initial fit for the
dynamical models using the Python implementation of the mpfit’ code, a global optimisation

code. I model the probability of a model for a set of parameters as :

)
P(data|model) o< exp (TX) (4.3)

Where the 2 is defined as

2 j_rmsg
= 4.4
x ; AV (4.4)

Here <v120 S>;/ ?is the predicted second moment of velocity for the dynamical model being
evaluated, while V, j and AV, ; are the observed stellar kinematic and its error, in the j’h
bin of the galaxy’s two dimensional kinematic map. The best fit values of the free parameters,
and their associated uncertainties, are derived from their respective posterior distributions.

Having tested the reliability of the models used in the SAURON subset, I test the

dynamical modelling of the full sample by comparing its (M/L) 43/with that derived for

®http://dan.iel.fm/emcee/current/
Thttp://cars.uchicago.edu/software/python/mpfit.html
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Fig. 4.9 — continued
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Fig. 4.9 In the panels above, I present the bi-symmetrised and LOESS smoothed observed
V.,ms of the galaxies (top panel) with the best fitting Self-Consistent model (bottom panel)
for the SAURON subset. In the top panels, the black contours represent the observed surface
brightness of the galaxies, while the contours in the bottom panel represent the contours of
the MGE model fits to the galaxy.

the common galaxies in the SAURON subset. This comparison is presented in Fig. 4.10,
which demonstrates that a linear relation with a slope of unity is a good fit between the two
quantities. This comparison is done within a small range of M/L values and suffers from a

small number of galaxies, hence one should be cautious of over-interpreting its results.

4.4.4 Stellar Population Models

Similar to Fig. 4.8, to test the code used to model the stellar populations of the galaxies I
model the stellar populations of the ATLAS3P galaxies. I do this using the SAURON data
cubes for the galaxies obtained from the ATLAS3P website®. I model the stellar populations
of the galaxies with the spectrum obtained by coadding the spaxels within the effective radii
of the galaxies and do so using my code. In Fig. 4.11, I compare the stellar (M*/L)f,ﬁl,ﬁ) derived
by my code with the same quantity published (referred to as (M/L)g,,) in Cappellari et al.
(2013a). The plot indicates a near unity slope and a small offset, however this offset is within
the typical zero-point uncertainties.

In Appendix. G, I exhibit the summary plots of the stellar population models for the

galaxies. These plots present the results of the full-spectrum fit to the observed galaxy spectra

8http://www-astro.physics.ox.ac.uk/atlas3d/
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Fig. 4.10 This plot presents the dynamical (M/L)jam for the 15 galaxies in the full sample
whose two dimensional stellar kinematics (SAURON kinematics) are well reproduced by
the models (Qual = 2 in Table. 4.1). Comparing the these values, modelled using identical
assumptions, demonstrates the consistency between the two techniques and gives confidence

on the values derived in the study.
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Fig. 4.11 This plot compares the (M*/L)f,f,%’ derived for the ATLAS?P sample using my
code against those published by the ATLAS>P group (See quantity (M/L)gy; p in Cappellari
et al., 2013a). The comparison illustrates a near unity slope between the two quantities and a
negligible observed rms scatter of 0.04 dex (10%). The plot also demonstrates an offset of
0.04 dex (10%) which is typical of the uncertainties associated with the model zero-points.
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and the weight distribution of the templates used along a grid of model age and metallicity.

These plots demonstrate the quality of the models and their results in an clear manner.

4.5 Results

Based on the above mentioned analysis, Table. 4.1 and Table. 4.2 present the physical
quantities derived for the SAURON subset and full sample respectively. In the following
subsections, I use these quantities to study the properties of the galaxies and the dark matter
halo that they reside in. To do this, I first present the (M/L) 45~ O, relation of the galaxies
and compare this to the previous results. This exercise serves as test for the quantities derived
in the study and as a test of the robustness of the relationship. Next, I use the dynamical
models of the SAURON subset of galaxies to study the density profiles of the galaxies, and
separate the stellar component and dark matter halo. This provides an excellent opportunity
to study the dark matter halo of the galaxies. Next I study the IMF normalisation of the
galaxies and compare this to previous results. In addition to these results, I study the scaling
relations of these galaxies to infer trends in the properties of galaxies and contrast that with

the same found for galaxies in lower density environments.
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4.5.1 (M/L) - o Relation

In Fig. 4.12, I present the (M/L) 45 — O, relation for the full sample and the SAURON
subset of this study. The (M/L)4,for these relations are derived using the Self-Consistent
dynamical models of the two samples. The o, for the SAURON subset is derived from the
spectral fitting of the spectra integrated within an R.. For the full sample, for which spectral
data within fixed apertures are available, I use eq. (1) of Cappellari et al. (2006) which
presents an aperture correction for the o, of ETGS based on IFS observations of local ETGs.
Previous studies have indicated these quantities are tightly correlated and that exhibited
minimal variations within intermediate redshifts and different environment (e.g: Cappellari
et al., 2006; van der Marel & van Dokkum, 2007). This makes the relation an ideal test for
the accuracy of the dynamical analysis conducted in this study, and the consistency of the

results between the two datasets.

Fig. 4.12 presents the (M/L) 45 — © relation for the SAURON subset and the full sample
of the study, and compares the relation to that seen in the ATLAS?P galaxies Cappellari
et al. (2013b). The relation derived for the full sample and the galaxies with Qual = 2 of
the SAURON subset, are consistent within their 16 errors, establishing the reliability of the
analysis of the full sample to accurately model the galaxies in the cluster. In the plot, the solid

green line represents the (M/L);ay — O, relation observed in the global ATLAS3P

sample.
The consistency of the slopes between the Coma galaxies and ATLAS>P is encouraging
and is as expected given that both samples should be dominated by fast rotators (Cappellari
et al., 2013b; Cappellari, 2013). However, the plots exhibit an offset of 0.06 dex (15%)
between the ATLAS?P and Coma cluster galaxies, which is persistent in both datasets of this
study. A possible reason for this is the uncertainty in the distance to the Coma cluster, in

fact M /L o< D™!, where D is the adopted cluster distance. This issue is further discussed in

Section. 4.5.3.
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Fig. 4.12 These plots depict the dynamical (M/L)- o, relation for the SAURON subset (top)
and the full sample (bottom). The blue points in the top panel represent the galaxies with
Qual = 2, with the green triangles and red crosses depict galaxies with acceptable and bad
dynamical models respectively. The plots show that the best fit relation to both datasets,
SAURON (Qual = 2) and SDSS, of this study are consistent within their 1 ¢ error, and
demonstrates the reliability of the quantities derived in the full sample and hence probe
the overall cluster properties. The solid green line represents the relation observed for the
ATLAS?P sample (Cappellari et al., 2013b). It is also reassuring to see that slope of the
relation observed in Coma cluster is consistent to that observed in ATLAS?P | which is
to be expected given the tested robustness of the relation. There is an observed offset of
0.06 dex (15%) between cluster results and that of ATLAS3P , however this is discussed in
Section. 4.5.3.
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4.5.2 Dark Matter in Galaxies

To probe the dark matter content in the galaxies, I model the SAURON subset using two
assumptions for the gravitational potential of the galaxies. The Abundance Matching model
(AM model) is based on the Stellar-to-Halo Mass relation derived from matching the dark
halos in the Millennium simulation (Springel et al., 2005) with the observed stellar mass
functions of galaxies. On the other hand, the Power Law model (PL model) is motivated by
the empirical results, from gravitational lensing and dynamical modelling Sand et al. (2008);
Auger et al. (2010); Newman et al. (2013b); ?); Cappellari et al. (2015), that demonstrate
that the total mass distribution of galaxies can be well approximated by an isothermal profile,
i.e. Pror o< r~ 7. These model assumptions are sufficiently distinct to provide a sense of the

expected systematic uncertainties in our dark matter determinations.

In Fig. 4.13, I present the distribution of the best fit ¥, slope of the power law density
distribution in Eq. 4.2, for galaxies with good dynamical models, Qual > 1, depicted by
the green distribution, and for galaxies with good or acceptable fits, Qual > 0, depicted
by the blue distribution. Galaxies with Qual > 1 appear to have (y) = —2.14, consistent
with previous works using lensing and dynamical modelling of galaxies (Auger et al., 2010;
Cappellari et al., 2015). Since galaxies with Qual = 1 have a significant spread in the derived
(7), T only refer to the galaxies Qual = 2 to infer the dark matter fraction of galaxies in the

Coma cluster.

To quantify the dark matter content in galaxies, I measure their dark matter fractions
within a sphere of radius 1R.. For the Abundance-Matched model, I use the best fit
(M*/L)‘;}yMn to define the dark matter halo of the galaxy, as described in Section. 4.3.2. Using
mge_fit_Id (which is part of the mge_fit_sectors package) to parametrise this halo profile,

I use the following equation to determine the mass of each component within an effective

radii:
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Fig. 4.13 This histogram illustrates the distribution of the best fitting slope to the power law
density distribution of the Power Law model, i.e. y of Eq. 4.2. The blue distribution represents
galaxies with unreliable dynamical models, i.e with Qual = 1, while the green distribution
represents galaxies with good dynamical models i.e. Qual = 2. The plot demonstrates that
most galaxies with Qual = 2 have a slope around -2.2, consistent with the inner slopes
measured by Auger et al. (2010) and Cappellari et al. (2015). Hence in this study I refer only
to these galaxies when inferring the dark matter fraction of galaxies.
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(4.5)

(4.6)

Here, M is the mass of each gaussian of the MGE fit, while 6; and g are their dispersion
and intrinsic scatter respectively. Within this framework, the dark matter fraction is simply
Mpu(Re)/[M.(Re) +Mpp (Re)].

To calculate dark matter fraction for the Power Law model, one needs to disentangle the
stellar and dark matter component of the galaxy. The dynamical modelling of the galaxy
kinematics using the Power Law model provides the best fitting total density profile for each
galaxy. In this study, I define the total density profile of the galaxy as the sum of the stellar

and dark matter profile, i.e.:

-1 1 1 -2
Pron(r) = (M./ L)y, X Pu(r) + Pors X (f) (5 + Eri) (4.7)

N

Where the total matter density of the galaxy at radius r, Py (r), is described as the sum
of the stellar component, (M, / L)gyLn X p«(r), and dark matter component, defined in the later
half of the equation. In this equation, the stellar mass density profile of the galaxy is defined
as the product of the stellar M/L, (M*/L)gyLn , and the stellar density profile, p.(r). The stellar
density profile is derived from the deprojection of the observed surface brightness profile
using the MGE models for each galaxy and the best fitting inclination for the Power Law
dynamical model. The dark matter component of the galaxy is described using a NFW profile
and is normalised by the density at the scale radius, i.e. ppm;s.

Based on the above model, the shape and normalisation of the best fitting Power Law
model is described by the sum of the shape and normalisation of the stellar and dark

matter components of the galaxies. The shape of the two components are fixed using the
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observed surface brightness profile, best fitting inclination to the galaxy kinematics and the
assumption of a spherical NFW profile for the dark halo. Hence the normalising factors for
the two components, i.e. (M*/L)gyLn and ppwm s, are the only remaining parameters needed
to disentangle the contributions of the stellar and dark matter to the total density profile of

galaxies.

These free parameters are derived by solving for the best fitting combinations for the
parameters such that the residuals between the linear sum of the two components and that
of the best fitting Power Law model are minimised. This minimisation was done using a
least-square fitting algorithm. The minimisation of the residuals was done within the radius
range of the kinematic data used in the dynamical modelling, i.e. between the radius of 2"

and the maximum radius within which the kinematics of the galaxies were derived.

In Fig. 4.14, I present a couple of examples of the decomposition of galaxy profiles. In
the figure, the blue line represents the best fitting Power Law density profile based on the
dynamical modelling of the galaxy, while the dashed red and dashed black lines represent
the disentangled contributions of its stellar and dark matter components. The yellow line
indicates the sum of the contributions of the two components. The figure demonstrates a
good fit of the best-fitting density profile from the dynamical model of the galaxies with the
sum of the stellar and dark matter components. Both plots demonstrate that the best-fitting
power law is steeper than the sum of the two components in the inner region, which may be

due to the fact that the SMBH may influence the stellar kinematics in this region.

In Fig. 4.15, the dark matter fractions for the SAURON subset is presented for both
models. Given the results of Fig. 4.13, I refer only to galaxies with Qual = 2 for the derived
dark matter fractions. Hence in Fig. 4.15, galaxies with Qual < 2 are represented by red
crosses, while galaxies with Qual = 2 are presented with blue points. As depicted by the
plots, the dark matter fraction for both galaxies under both models are low. Quantifying this

result for the Abundance Matched model, 90™ percentile of galaxies classified as having
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Fig. 4.14 The above two panels demonstrate the decomposition of the best fitting Power Law
total matter density into stellar and dark halo components. The x-axis presents the log of
the radius in the units of effective radii, while the y-axis represents the density at that radii.
The solid light blue line represents the best fitting power law derived from the dynamical
modelling, while the dashed red and dashed black lines depict the best fitting stellar profile

(M,/ L)gyLn X p«(r)) and dark matter profile (ppm s X <—>

1
r <% + %r—’s>) respectively. The

s

solid yellow line displays the sum of the best fit stellar and dark matter profiles (p;,). The
panels represent the region within which the kinematics of galaxies are modelled. The plot
demonstrates that the sum of the stellar and dark matter profiles are a good fit to the best fit
power law profile.
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good models and excluding the two massive central galaxies, have a dark matter fraction of
20% and a median of 10%. For the Power Law model, these quantities are 30% and 17%
respectively. Taken together, the models robustly constrain low dark matter fractions for the

galaxies in the Coma cluster.

Having shown that the two models consistently predict low dark matter fractions for the
galaxies in SAURON subset, the two massive central galaxies are significant outliers to that
claim. The assessment of the quality of the JAM models for the two galaxies in Fig. 4.16
conclusively indicates that the AM model does not reproduce the observed kinematics for
either BCG. These plots suggest that the Abundance Matching technique used in this study
may over-predict the halo concentrations for the two massive BCGs of the cluster. Similar
results have been found by authors such as Newman et al. (2013a), where the authors used
lensing and stellar kinematics of 7 cluster BCGs to discover that, within a radius comparable
to the effective radius of the BCGs, the dark matter distribution are shallower than that
predicted by the canonical NFW profile. Furthermore, in ? the authors further developed on
their results by demonstrating a correlation between the halo profile and mass. The detailed
dynamical modelling of the two BCGs in this study provides a strong evidence for inadequacy
of the Abundance Matching techniques in predicting the properties of the haloes in which
these massive galaxies formed. It is suggested that this difference between the measure inner
dark matter profile of massive galaxies and the results of dark matter only simulations could
be due to the dynamical heating of the dark matter by infalling satellites and/or feedback
effects (Newman et al., 2013a; Dutton et al., 2015b; ?; Remus et al., 2016). The results of
this study, and those mentioned above, demonstrate that the baryons in the universe have a
significant effect on its dark matter distribution, hence would have serious consequences on

our understanding of the formation of galaxies and the large scale structure of the universe.
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Fig. 4.15 The plots above present the dark matter fractions within a sphere of radius 1R, for
the SAURON subset, calculated from the best fit dynamical models using the Abundance
Matching model (top) and the Power Law model (bottom). The blue circles represent the
galaxies with Qual = 2, while the red crosses represent the rest. The solid blue line represents
the curve fit to the dark matter fraction derived for the ATLAS3P galaxies using a model
similar to that of the Abundance Matching model in this study. A comparison between the
dark matter fractions derived from the two distinct models, robustly indicates that the dark
matter fraction of these galaxies are low. However, the plot represents a discrepancy between
the dark matter fractions of the two massive central galaxies. Upon further investigation,
it was discovered that the Abundance Matching model failed to accurately reproduce their
observe stellar kinematics and hence, is likely an unrealistic model for their potential.
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Fig. 4.16 These panels represent the observed V,,,; and the kinematic prediction of dynamical
models, based on the Abundance matched and Power Law model, for the two central
massive galaxies of the Coma cluster; NGC4874 and NGC4889. The top panel depicts the
observations, while the middle and bottom panels represent the best fitting predictions for
the Abundance Matched and Power Law model, respectively. The plots indicate that the
Abundance Matched models are not a good representation of the underlying gravitational
potential for these galaxies, with the model over predicting the total mass along the outer
edge of the plots.
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4.5.3 IMF Normalisation

In recent years, a flurry of studies have indicated a systematic variation in the IMF of external
galaxies using lensing/dynamical techniques (e.g: Cappellari et al., 2012; Dutton et al., 2013)
and stellar population techniques (Conroy & van Dokkum, 2012; Spiniello et al., 2012).
These studies have indicated that the IMF normalisation of galaxies is correlated to its
observed stellar velocity dispersion (Cappellari et al., 2012; Dutton et al., 2013; Posacki

et al., 2015) and its metallicity (Conroy & van Dokkum, 2012; Martin-Navarro et al., 2015b).

In Fig. 4.17 I present the IMF normalisation—o, relation for the galaxies in the Coma
galaxies. In the plot, I have presented the results of the SAURON subset (red triangles)
and the full sample (blue circles and green diamonds, the latter are points that were clipped
by LTS_LINEFIT), with the solid black line representing the best fit relation to the full
sample. The dashed and dotted red lines are the 1 ¢ and 2.6 ¢ error to the fit. The plot also
presents the relation derived by Posacki et al. (2015), where the authors extend the dynamical
determinations for the ATLAS?P sample (Cappellari et al., 2013a) with 55 massive ETGs
of the SLAC survey (Bolton et al., 2006b). The extended sample of Posacki et al. (2015)
derives the trend for an extended velocity dispersion range and further strengthens the result

of ATLAS3D .

The plot demonstrates a low observed rms scatter in the relationship between the two
quantities. The best fit results of the relation depicts an observed rms scatter of just 0.088
dex (23%), compared to the relation found in Cappellari et al. (2013a) and Posacki et al.
(2015) where both authors calculate an scatter of 0.12 dex (32%). The lower scatter in study
verifies the analysis of Cappellari et al. (2013b), where the authors concluded that the relative
uncertainty in the distance to galaxies is a significant source of the error observed, and hence
the results of this study present the most accurate IMF normalisation of galaxies to date. The
slope of this relation is steeper than that seen in the previous studies. The reason for this may

be due to the assumptions in the dark matter content of the galaxies. To test the authenticity
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Fig. 4.17 In this plot, I present the IMF normalisation—o, relation for the galaxies in the Coma

cluster. The IMF normalisation is derived using the stellar (M/L)/4¥ from the Abundance

Matching model and the stellar (M/L)ffgf7 calculated from the regularised mass-weighted fit

to the galaxy spectra. The black line represents the best fit to the full sample, depicted in
blue circles, and the dashed and the dotted red lines are the 1 o and 2.6 o lines respectively.
The solid green line is the IMF normalisation—o, relation for the extended sample of the
ATLAS?P + SLACS galaxies. As expected, due to the low relative uncertainty in distances,
the galaxies in the Coma cluster illustrate a tighter IMF normalisation — o, relation than
previous studies. This relation appears to have a steep slope, and a significant offset.
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Fig. 4.18 This plot is identical to that in Fig. 4.17, with the difference that here I derive the
IMF normalisation using the dynamical (M/L);45s derived using the Self Consistent model.

of this trend, in Fig. 4.18 I reproduce the IMF normalisation — o, relation using the results
of the Self-Consistent model for the galaxies. The slope of this relation is consistent with
the preferred relation of Cappellari et al. (2013a) within the 1 ¢ errors. Taken together,
Fig. 4.17 and Fig. 4.18 demonstrate the range of systematic uncertainties present in the study.
Crucially, by eliminating a key source of systematic bias and scatter, this study confirms the

robustness of this relation for galaxies in different samples and environments.

When comparing the relation found in the Coma cluster with that seen for the global
ATLAS3P + SLACS galaxies, represented by the solid green line in the plots, an offset of
~0.01dex is observed. This offset is present in the full sample and the SAURON subset,

as would be expected given the results of the previous section indicating low dark matter
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fractions for the galaxies. It is likely that this offset is caused by the uncertainty in the
distance to the Coma cluster. In this study, we assumed the distance to the Coma cluster
to be 100 Mpc, however independent studies have measured its distance to be 85 +6 Mpc
to 108 £12 Mpc. If the observed offset in the full sample is entirely due to the uncertainty
in the distance, then the upper limit of the distance to the Coma cluster must be 115 Mpc.
This distance measurement is strongly dependent on any offset in the velocity dispersion
estimation of the galaxy kinematics and hence, based on the error of the slope and the typical
offset in velocity dispersion measurements (please refer to Fig. 4.6 and Fig. 4.7) and the error

in the calculated offset, I estimate the uncertainty on the measurement to be +9 Mpc.

In addition to the contribution of distance, a systematic offset in the derived (M*/L)gﬁlf can

also cause the observed offset which can, as demonstrated in Fig. 4.11, account for the entire
offset observed in the plot. Since the contribution of the uncertainty in the distance to the
offset observed cannot be accurately determined given the uncertainties from various other
sources, I do not recalibrate the derived quantities with the proposed distance in the rest of

the study.

4.5.4 Scaling Relations

Several publications in recent years have indicated that the stellar populations and (M/L)s
of galaxies correlate well with its physical parameters (Kauffmann et al., 2003; Cappellari
et al., 2006; Franx et al., 2008; Graves, Faber & Schiavon, 2009; Graves & Faber, 2010).
Taking advantage of the detailed dynamical modelling of galaxies, Cappellari et al. (2006);
Bolton et al. (2007); Auger et al. (2010); Cappellari et al. (2013b) demonstrate that the tilt in
the Fundamental plane (e.g: Djorgovski & Davis, 1987; Dressler et al., 1987) was caused
by the smooth variation of the (M/L) of the galaxies, correcting for which the edge-on view
of the Fundamental Plane only exhibited the Virial equilibrium condition. Following this,

the authors proposed that the non-edge on projection of the Mass Plane (M4, Rg/[aj, o.)
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contained the information on the evolution of the galaxies, and utilises these projections to
conclude that the most galaxy properties are strongly correlated to its velocity dispersion.

In Fig. 4.19, I present two projections of the Mass Plane of the Coma galaxies, the
Mass-Size and Mass-0, relations, to study their stellar populations. The size of the galaxy
in the Mass-Size plot is represented by major axis of the isophote containing half of the
galaxy. This quantity is preferred over the more standard effective radii due to its robustness
against the inclination (Hopkins et al., 2010). The coloured points in the plots represent the
LOESS-smoothed (as implemented in Cleveland, 1979; Cappellari et al., 2013b) trends in
the regularised mass-weighted ages of the galaxies. The solid red line in both plots cuts out
the Zone of Exclusion (ZoE) of the plane, beyond which the probability of finding a galaxy
drops significantly in the ATLAS®P sample (Cappellari et al., 2013a).

From the figure, it can be seen that the galaxies in the Coma cluster occupy the same
regions in the two scaling relations, and the mass-weighted ages of the galaxies follow a sim-
ilar trend, as the ATLAS3P sample (Cappellari et al., 2013a; McDermid et al., 2015). Since
the galaxies in the SAURON subset with masses Mjay < 10!1°M, and good dynamical
models exhibit significant rotation in their observed stellar kinematics, they are likely the fast
rotator population of the cluster. Furthermore, as the regions populated by these fast rotators
are the same as those populated by the galaxies of the full sample with Myam < 1011 M, it
is likely that they represent the fast rotator population of the cluster. When contrasting these
fast rotators with those in the ATLAS3P sample, it would appear that the cluster galaxies are
significantly older than their field counter-part, and in general these cluster galaxies exhibit a
smaller range in stellar ages than ATLAS?P . Taken together this would suggest that despite a
considerable influence of the environment (Boselli & Gavazzi, 2006; Haines et al., 2007), the
evolutionary processes of the fast rotators are likely similar to that of their field counter-part,
i.e. driven by the growth of their bulges (Cappellari et al., 2013a). This result is consistent

with the paradigm of galaxy evolution as described by Cappellari (2013).
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Fig. 4.19 The two plots here represent two projections of the Mass Plane (M43, O, R’X“f );
The Mass-Size relation (top), and the Mass-o relation (bottom) of the galaxies (Cappellari
et al., 2013b). The circles in these plots denote the galaxies of the full sample, while their
colour represents the LOESS smoothed mass-weighted age of the galaxies. The dashed blue
lines represent lines of constant o and size in the Mass-Size and Faber-Jackson relation
respectively. The galaxies in the Coma cluster appear to occupy similar regions of the
Mass Plane as the ATLAS?P sample. However, the range of ages in the cluster sample is
significantly lower than that of the observed in their field counterpart, providing evidence of
the environmental quenching of the cluster galaxies.






Chapter 5

Conclusions

With the aim of understanding the structure and evolution of galaxies, this thesis examines
two samples of galaxies; one at redshift z ~ 1, and another in an high density environment,
as that found in the Coma cluster. I do this using the dynamical models of Cappellari (2008)
which, under the assumption of flattened velocity ellipsoids, reproduces the observed stellar
kinematics of galaxies in a simple and efficient manner. These dynamical models probe the
underlying gravitational potential of galaxies, and using empirically or theoretically motivated
models, can disentangle the stellar and dark matter components in galaxies. In addition,
these results are complemented by the stellar population synthesis of the galaxies, conducted
in this study using a full-spectrum fitting technique that can model for the star formation
histories of galaxies in a non-parametric manner. Taken individually and collectively, these
results place strong constraints on the evolutionary history of galaxies.

In Chapter. 2, I present the results of using dynamical models to study the IMF normal-
isation for 68 massive (M, > 10''M.) ETGs at high redshift, i.e. z ~ 1. These dynamical
models were demonstrated to be robust to the techniques used to derive the global galaxy
parameters used for the Virial estimators, which is generally the popular method to derive
galaxy masses dynamically. The results of this analysis indicated that the IMF normalisation

of the galaxies in at these redshifts are, on average, Salpeter-like. This is consistent with
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what is found locally where dynamical and lensing studies of dynamical galaxies suggest
that massive ETGs have Salpeter-like IMF (e.g: Cappellari et al., 2012; Auger et al., 2010;
Cappellari et al., 2013a; Dutton et al., 2013; Tortora, Romanowsky & Napolitano, 2013),
while stellar population studies suggest that these galaxies tend to have a bottom-heavy IMF
(e.g: van Dokkum & Conroy, 2010, 2011; Spiniello et al., 2012; van Dokkum & Conroy,
2012; Ferreras et al., 2013). Furthermore, consistent results with our study were found using
joint dynamical and lensing study of 81 strong lens (Sonnenfeld et al., 2015) and a stellar
population study by Martin-Navarro et al. (2015a) for a sample of massive quiescent galaxies

at0.9 <z<1.5.

In the following Chapter. 3, I expand upon the analysis of the high redshift sample of
galaxies by modelling the star formation history for an expanded sample of 154 galaxies.
These galaxies cover a wider mass range, M, > 10'°M, and include some galaxies within
the blue cloud of my parent sample. The results indicate that the star formation histories
of galaxies follow a systematic trend with their final stellar mass, such that while galaxies
with the lowest stellar mass in my sample are actively undergoing significant star formation,
galaxies with higher stellar mass have had no significant star formation for over 1 Gyr. This
systematic trend was also observed in (Heavens et al., 2004; Thomas et al., 2005; Panter et al.,
2007; McDermid et al., 2015) and this result indicates that this trend has been established by
redshift of z ~ 1. This scenario of star formation is consistent with the results of Schiavon
et al. (2006) and Gallazzi et al. (2014) who demonstrate that the passive evolution of galaxies
from z ~ 1 to present day cannot explain the stellar ages of galaxies observed at these epochs.

This result is also consistent with the result of Choi et al. (2014), where the authors found a

lack of chemical evolution for massive quiescent galaxies since redshift of 0.7.

In addition to the stellar population synthesis of high redshift galaxies, in Chapter. 3 1
also present the updated results of dynamical modelling of the 68 galaxies in Chapter. 2. In

the previous models of Chapter 2, the dynamical models of the galaxies were made using
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a self-consistent model, which assumed that the mass distribution of galaxies follows the
distribution of the observed light, hence effectively assuming negligible dark matter for
the galaxies. In Chapter. 3 I improve upon this result by accounting for the dark matter,
using the results of Abundance Matching. These models demonstrated that the dark matter
fraction within 1R, for 68 massive galaxies in the sample are low, and hence the assumption
of negligible dark matter in the galaxies is valid. This result gives weight to the theoretical
results of Hilz, Naab & Ostriker (2013) where the authors use merger simulations to predict
that galaxies at higher redshifts had dark matter fractions lower than that observed today.
Also, in this chapter I present the Mass Plane of galaxies at high redshifts. Comparison of
these scaling relations with that observed in the local Universe (Cappellari et al., 2013a)
suggest that the most massive quiescent galaxies in this sample require some size growth so

as to be consistent with observations of the local Universe.

In Chapter. 4, I present the results of an ongoing study of galaxies in the Coma cluster.
Here, I study a sample of 148 galaxies selected using identical selection criteria as the
ATLAS3P Project (Cappellari et al., 2011a), and based on the availability of SDSS spectral
data. For these galaxies, I create one dimensional dynamical models and stellar population
models based on the techniques used in the previous Chapters. In addition, I create detailed
dynamical models for a subset of 40 galaxies of this sample, and an additional two that did
not have SDSS spectral data available but that had SAURON IFS observations available.
This study virtually eliminates the error introduced by the relative uncertainty in galaxy
distances to the derived dynamical Mass-to-Light ratios (M/L). Based on this, the study
presents the most accurate relation between the IMF normalisation of galaxies and their
velocity dispersion, which were found to be consistent with that found by ATLAS3P | within
the systematic uncertainties. The persistence of this trend, even when distance errors and

possible distance biases are removed, and in such a dense environment, is a demonstration of

its robustness.
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Furthermore, Chapter. 4 also presents the dark matter fraction of galaxies for the
SAURON subset of galaxies. These detailed dynamical models indicate a low dark matter
fraction within a sphere of radius 1R, of the galaxies. The robustness of this result is tested
by the use of two models for the gravitational potential of the galaxies; (i) a model based on
the Abundance Matching of the observed stellar mass and the simulated dark matter halo,
and (i1) a model based on the empirical results of dynamical modelling and lensing which
conclude that the total density distribution of galaxies can be well reproduced by a singe
isothermal power law, p,,; o< 2. Also in this Chapter, I present the age distribution on the
Mjam, RQ/Iaj ) plane of the full sample of galaxies in this study. This relation is consistent
with the age distribution presented in McDermid et al. (2015), however the mass-weighted
age of low mass galaxies in the Coma cluster are lower than that seen in the ATLAS>P . This

is likely evidence of the environmental quenching taking place in these galaxies.

Final Remarks

The two results taken together provide an intriguing picture of galaxy evolution, and both
galaxy samples promise more insights if followed up with future work. The results of the
high redshift sample demonstrates the average IMF normalisation of the galaxies, however
fails to provide evidence towards the presence of its systematic variation observed in the local
universe. In this study, the lack of low mass galaxies needed to test for the IMF normalisation
is a consequence of the selection criteria of the galaxies and hence, a study aimed at studying
the IMF normalisation relation of galaxies at high redshift would require better data. In
addition to the IMF normalisation, this thesis also suggests a possible evolution of the Mass
Plane of the galaxies, however due to the errors in the quantities derived, a conclusive result
is not possible and hence, these results stand to be tested with better data.

The analysis of the Coma cluster galaxies has provided some interesting results, how-

ever further research is yet to be conducted on the data. One such topic of interest is the
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Morphology-Density relation of the galaxies. The results of the Coma cluster provide an
extension of the relation observed in Cappellari et al. (2011b), where the results indicated
a potential rise in the fraction of fast rotators, compared to spirals, at high density. Also,
as mentioned in Chapter. 4, some galaxies in the SAURON subset had peaks in the central
regions of the their observed V,,,,s maps that could not be reproduced without a SMBH with
mass greater than that predicted by the Mpy-0, relation. Further tests to eliminate other
sources of this effect, and an improvement in the dynamical models of the galaxies, using

photometric data from the Hubble Space Telescope, will be needed to resolve this issue.
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Appendix A

Results for massive galaxies at z ~ 1

Table A.1 Results of dynamical models and multiple population fitting. Column (1): DEEP2
galaxy identifier. Column (2): DEEP2 estimated redshift. Column (3): Absolute B (Vega)
band magnitude. Column (4): Effective radius as derived from MGE (without re-scaling).
Column (5): Aperture velocity dispersion. Column (6): Error on aperture velocity dispersion.
Column (7): Dynamical mass-to-light ratio with a median error of 0.11dex.

DEEP2 ID No. Redshift Mp Re (o Ao (M/L)JAM (M/L)Sal
(") (km/s) (km/s) (Mo/Lo)  (Mo/Lo)

€] 2 3 @ O (6) (7 ®)
11050845 0.840 -21.76 040 298 28 6.10 3.55
12004136 0.812 -21.62 0.50 202 21 3.09 2.92
12004516 0.820 -21.44 044 176 28 2.85 1.97
12008254 0.745 -21.51 041 250 33 4.92 4.32
12008360 0.828 -2097 0.18 185 31 2.63 2.39
12008441 0.832 -21.34 053 257 64 9.26 1.79
12011900 0.719  -20.88 0.23 318 57 9.75 4.46
12011905 0.718 -22.03 0.68 253 44 6.20 243
12012829 0.744  -22.14 042 213 14 2.07 292
12012898 0.835 -2233 044 241 19 2.60 343
12015451 0.713  -21.85 040 180 15 2.05 3.38
12015693 0.836 -20.86 0.11 154 26 1.24 2.52
12015735 0.714  -20.48 0.21 123 20 1.86 3.21
12015909 0.722  -21.28 0.29 209 22 3.24 3.98

Continued on next page
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Table A.1 — Continued from previous page

12016736 0.747  -22.17 0.81 221 57 5.14 2.12
12019617 0.820 -21.30 031 249 36 6.27 2.73
12019681 0.819 -21.03 024 166 27 2.27 2.78
12019978 0.734  -21.20 022 222 20 3.46 3.46
12020055 0.719  -21.28 0.28 93 14 0.62 4.13
12020404 0.809 -21.43 035 209 26 3.29 5.00
12021111 0.716  -21.38 0.26 177 17 2.20 3.82
12021121 0.744  -21.07 031 205 53 4.11 271
12021129 0.717 -2196 039 234 17 2.76 5.32
12023514 0.833 -21.45 0.25 235 26 3.29 342
12023935 0.842  -21.27 032 275 40 7.57 3.16
12024057 0.736  -20.98 0.18 203 22 3.01 5.04
12024136 0.729 -21.72 0.86 109 30 1.03 1.79
12024878 0.782 -21.74 033 207 23 241 3.24
12025292 0.813 -2097 0.16 237 27 3.86 3.10
12025294 0.732  -2093 038 134 34 3.34 2.36
12028330 0.820 -21.41 039 316 47 10.12 2.69
12028349 0.758 -21.22 031 255 43 5.87 4.67
12028846 0.761  -2195 034 189 29 1.65 3.28
13003868 0.781 -2194 050 224 41 2.98 5.36
13010426 0.821  -20.63 0.16 85 20 0.64 2.27
13011780 0.810 -2091 0.20 233 32 5.49 5.61
13011785 0.808 -21.04 0.26 216 32 4.39 4.38
13011809 0.882 -21.31 0.26 261 43 4.80 2.23
13012297 0.806 -21.13 0.26 119 20 1.26 241
13018001 0.740 -21.73 0.84 157 30 4.01 3.28
13019278 0.707  -21.41 0.25 175 18 1.83 291
13019286 0.737  -21.20 0.22 229 23 3.80 4.70
13019294 0.851 -2135 0.12 188 18 1.37 1.72
13019820 0.850 -21.82 0.58 206 34 3.49 3.23
13025397 0.736  -22.13 054 218 19 3.86 2.60
13025469 0.761  -20.09 0.14 57 26 0.43 2.57
13025494 0.739  -21.14 050 261 31 8.81 4.09
13025532 0.745 -21.05 040 151 35 2.86 1.86
13027442 0.768 -21.92 0.51 246 42 4.85 3.26
13033202 0.710  -21.77 0.80 233 58 11.76 2.53
13033906 0.744  -2047 0.27 153 27 3.70 2.58
13033944 0.763  -20.67 0.14 217 40 3.67 3.66
13033965 0.750 -2096 0.21 236 21 491 3.95
13034882 0.744  -20.63 0.25 82 19 0.83 2.83
13035168 0.782 -2135 0.63 183 35 4.98 2.73
13035209 0.740  -21.59 030 207 15 2.62 541

Continued on next page
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13035326
13040619
13040632
13042352
13043049
13049668
13049901
13050512
13050545
13050602
13057979
13058235

0.744
0.711
0.743
0.737
0.780
0.715
0.887
0.808
0.807
0.736
0.742
0.714

-21.41
-20.85
-20.71
-21.63
-21.04
-20.61
-21.19
-20.82
-21.55
-21.79
-20.54
-20.80

0.31
0.25
0.22
0.28
0.33
0.28
0.36
0.42
0.31
0.32
0.14
0.28

153
176
201
230
137
244
195
159
278
181
247
174

16
20
20
23
17
50
26
45
20
20
35
34

1.67
2.97
4.40
2.96
1.94
9.05
3.89
5.39
4.68
1.71
5.13
3.40

5.24
4.11
3.62
4.37
3.53
2.75
4.88
2.56
3.55
5.92
5.60
2.60




Appendix B

MGE Summary of Secondary Sample at

7z~ 1
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152 MGE Summary of Secondary Sample at z ~ 1
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Fig. B.1 Here I present the quality of photometry parametrization through contour plots for
the 68 galaxies in my secondary sample of galaxies at z ~ 1, for whom we create dynamical
models. In the plots, the black contours are the contours of constant surface brightness as
observed for our galaxies, while the red contours are the contours of the best fitting models.
The numbers on top of each plot is the DEEP2 ID number for each galaxy.
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Fig. C.1 Here we present the stellar population modelling of our full galaxy sample at redshift
z~ 1. We present the observed galaxy spectra, reproduced by the solid black line, along
with the best fit spectra in the solid red line. The green points are the residuals of the fits
normalised at -0.5 with the blue points representing the penalised pixels. The blue line
represent the masked pixels of the galaxy spectra. The best fit to the galaxy spectra were
calculated using the keyword REGUL of pPXEF, so that the y? increases by /2 x Npixels from
the unregularised fits. The panel below the galaxy spectra represents the regularised weight
distribution along the galaxy template. Please note that compared to Fig.3.5, the colour map
in these panels have been inverted. The x-axis of the panel represents the logarithmic age
distribution of the stellar population templates, while the y-axis represents distribution in
metallicity.
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Appendix E

Results of Dynamical modelling of

galaxies at z ~ 1

Table E.1 Results of Dynamical Modelling. Column (1) : DEEP2 galaxy identifier. Column
(2) : Velocity dispersion as measured by full-spectrum fitting of the galaxy spectra. Column
(3) : Error on the derived velocity dispersion of the galaxy through a bootstrapping technique.
Column (4) : B-band (M, /L) derived through dynamical modelling, where the dark matter
halo was assigned using the SHMR of Leauthaud et al. (2012). Column (5) : The log of the
stellar mass, in units of M, of the galaxy derived using the absolute luminosity (Column (5)
of Table. 1) and the M/L of Column (4). Column (6) : Fraction of dark matter within 1R, of
the galaxy. This was derived by using the SHMR of Leauthaud et al. (2012).

DEEP2 ID c do (M./L)jape  log(MAM)  fpy
(kms™") (kms™)  (Mo/Le) (M)

(1) (2) (3) (4) (5) (6)
11050845  298.2 28.7 5.74 11.644  0.088
12004136  202.4 21.7 2.80 11275  0.178
12004516  176.4 28.6 2.56 11.164  0.146
12008254  250.7 33.3 4.56 11.444  0.103
12008360  185.2 31.1 2.54 10.974  0.035
12008441  257.7 64.3 8.53 11.646  0.141
12011900  318.5 57.1 9.30 11.499  0.042
12011905  253.8 44 4 4.93 11.684  0.268
12012829  213.5 14.1 1.91 11.317  0.117

Continued on next page
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Table E.1 — Continued from previous page

12012898 241.0 19.2 2.35 11.483 0.122
12015451 180.1 15.7 1.88 11.193 0.120
12015693 154.1 26.4 1.20 10.605 0.020
12015735 124.0 20.8 1.73 10.611 0.074
12015909 209.9 22.8 3.07 11.177 0.072
12016736 221.6 57.2 4.26 11.677 0.256
12019617 2494 37.0 5.85 11.467 0.059
12019681 166.1 27.8 2.15 10.926 0.062
12019978 222.2 20.8 3.36 11.185 0.039
12020055 93.6 14.4 0.54 10.422 0.165
12020404 209.7 26.2 3.06 11.238 0.100
12021111 177.5 17.9 2.10 11.055 0.062
12021121 205.3 54.0 3.87 11.194 0.073
12021129 234.1 17.6 2.55 11.373 0.116
12023514 2354 26.1 3.15 11.259 0.051
12023935 275.3 40.0 7.23 11.549 0.062
12024057 203.2 22.7 291 11.034 0.030
12024136 109.4 30.7 0.82 10.782 0.474
12024878 207.0 23.9 2.28 11.234 0.083
12025292 237.4 27.3 3.77 11.144 0.022
12025294 134.1 34.0 291 11.017 0.122
12028330 316.1 479 9.50 11.723 0.076
12028349 255.6 44.0 5.54 11.412 0.064
12028846 189.4 29.8 1.53 11.144 0.089
13003868 2249 41.5 2.70 11.388 0.163
13010426 85.2 20.3 0.58 10.191 0.097
13011780 233.2 32.1 5.23 11.263 0.030
13011785 216.8 32.6 4.16 11.214 0.055
13011809 261.9 43.5 4.57 11.362 0.052
13012297 119.1 20.8 1.15 10.694 0.093
13018001 157.5 30.7 3.03 11.355 0.355
13019278 175.7 19.0 1.75 10.987 0.060
13019286 229.8 23.3 3.64 11.221 0.042
13019294 188.3 19.0 1.34 10.847 0.019
13019820 206.5 34.6 3.02 11.388 0.209
13025397 218.8 19.6 3.37 11.560 0.187
13025469 57.2 26.4 0.36 9.765 0.159
13025494 261.5 31.2 7.73 11.525 0.184
13025532 151.9 35.6 2.62 11.019 0.129
13027442 246.8 42.7 4.39 11.589 0.128
13033202 233.2 58.9 8.38 11.813 0.373
13033906 153.6 27.3 3.48 10.910 0.074

Continued on next page
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13033944
13033965
13034882
13035168
13035209
13035326
13040619
13040632
13042352
13043049
13049668
13049901
13050512
13050545
13050602
13057979
13058235

217.3
236.5
82.6
183.3
207.7
153.1
176.8
201.2
230.2
137.8
244.6
195.4
159.4
278.7
181.3
247.8
174.9

41.0
21.9
19.3
35.2
15.7
16.5
20.9
20.5
23.9
17.1
50.6
26.9
45.5
20.8
20.5
35.5
34.9

3.59
4.72
0.71
4.33
2.49
1.56
2.82
4.22
2.80
1.77
8.55
3.59
4.93
4.45
1.59
5.02
3.19

11.003
11.237
10.283
11.358
11.211
10.938
10.971
11.090
11.278
10.846
11.358
11.209
11.202
11.448
11.098
11.096
11.005

0.019
0.034
0.174
0.216
0.069
0.091
0.064
0.039
0.063
0.124
0.060
0.106
0.123
0.065
0.094
0.016
0.075
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MGE Summary plots for Coma Cluster
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Fig. F.1 Here, I present the contour plots of the full sample for the Coma cluster. The black lines represent the
observed galaxy surface brightness while the red lines represent the best fit MGE models to it. So as to inspect
the quality of the MGE fits, these images depict the inner 25” x 25” thumbnails of the galaxies, while for the two
massive central galaxies I present the inner 40” x 40” thumbnails. These contours plots demonstrate how well the
MGE model represent the observed surface brightness of the galaxies.
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SPS Summary plots for Coma Cluster
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188 SPS Summary plots for Coma Cluster
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Fig. G.1 Here I present the stellar population models for the observed galaxy spectra. In the top panels, the
observed galaxy spectra (black line) is presented with the best fit spectra (red line) overlaid. The green diamonds
underneath the spectra and its best fit are the residuals of the fit, with the clipped residuals represented by blue
diamonds. These residuals are offset to allow visual clarity. The bottom panels represent the distribution of weights
along the template grid, with the age represented along the x-axis and the metallicities along the y-axis. These
galaxy spectra were modelled in a mass-weighted manner and the template weights have been regularised.



Appendix H

Results of Coma cluster: SAURON
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Appendix I

Results of Coma cluster: Full Sample
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Appendix J

JAM model Summary of Coma Cluster

Fig. J.1 Visual inspection of the velocity dispersion field of the galaxy
suggests that the observed extension of the bulge along the major axis
is likely due to noise and is not a real feature. Given the well modelled
shape and normalisation of the stellar kinematics, I assign this model a
QUAL of 2.

For this galaxy, I assign a QUAL of 1 since the observed symmetric
peaks in the stellar kinematics aren’t reproduced by the model but
general normalisation of the kinematics is well matched.




Similar to the IC3973 (above), the QUAL value of this galaxy
is set to 1 due to the contrast in the shape but well matched
normalisation between the observed and model kinematics.

arcsec

arcsec

IC3998 QUAL:1

In this galaxy, due to offset of the position of the peaks along the
major axis between the observation and the model, I selected a
value of 1 for the QUAL keyword.

arcsec

arcsec

1|0C401 1 QUAL:1

-~
©
N\

Here I set QUAL to 1 due to difference in the shape of the the kinematics
despite the well modelled normalisation.

For IC4012, I set the QUAL to 2 despite the contrast in the shape of
the kinematics. This was because the visual inspection of the velocity
dispersion of the galaxy suggests that this extension is likely due to
noise in the data.

arcsec



1C4021 QUAL:1

In this plot, it is clear that the model has not been successful in modelling
the shape of the galaxy kinematics, however the normalisation of the
kinematics does look reliable. Hence for this galaxy I have set the QUAL
to 1.

Here we see that the model for the galaxy has reproduced the
features of the stellar kinematics of the galaxies while having a
reliable normalisation and hence I assign this model a QUAL if 2.

The two plots for NGC4867 demonstrate that the model is unable to
reproduce the extended shape of the central bulge of the galaxy and
hence for this galaxy, I assigned QUAL as 1.

For the model fo NGC4869, I assign QUAL as 1 due to difference in the
shape of the kinematics but well reproduced normalisation.




Similar to previous galaxy (NGC4869), the model for NGC4871
doesn’t reproduce the features of the observe stellar kinematics and
hence QUAL was set to 1.

QUAL:2
_s AR

These pltos illustrate the well reproduced shape of the stellar kinematics
of the galaxies. Hence, this model was assigned a QUAL of 1.

Despite the slight difference in the two plots, the dynamical model
of NGC4873 reproduces the all the observed kinematics features and
hence is assigned a QUAL of 2.

In these plots, the model accurately reproduces the lack of significant
rotation of the observed, while not modelling the light blue feature which
is likely to be the result of noise. Hence for this model, I assign the
quality keyword, QUAL, to be 2.




Here, I assign the keyword QUAL to 2, despite the contrast in the shape
of the kinematics in the central region of the galaxy. This is because
the central 2” of the galaxy is masked during the dynamical modelling
process because of the significant effect of the SMBH on the galaxy
kinematics. Neglecting the central region, the model reproduces the
twin peaks in kinematics along the major axis (though the X-shape
present in the observed kinematics is unrealistic and likely due to some
spurious points).

In the case of NGC4883, the dynamical modelling process is unable to
reproduce the observed shape of the stellar kinematics and hence for
this galaxy I set the QUAL to 1.

In the case of NGC4889, the JAM models reproduce the kinematic
structure of the galaxy (the high kinematics along the y-axis of the

plot are likely driven by noise and hence ignored) and hence for this
galaxy I set the QUAL to 2.
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NGC4894 QUAL:2

Similar to NGC4874, here we see that model accurately models the
lack of significant rotation within the galaxy kinematics. Hence, |

arcsec




PGC044546 QUAL:0

|
4

For PGC044546, due to the low S/N of the observations, the derived
kinematics is unreliable and consequently the dynamical modelling
process is unable to reproduce the shape of the kinematics. Hence for
this model, I set QUAL to 0.

For PGC044581, the velocity dispersion field couldn’t be
reliably derived due to low S/N and hence a constant velocity
dispersion field of value, equal to velocity dispersion derived
in the central spaxel, is used to calculate the second kine-
matic moment of the galaxy. Hence, despite the fact that
the dynamical modelling process reproduces the observed
kinematic field, I assign QUAL=1.

arcsec

Here the plots demonstrate how well the dynamical model of the galaxy
reproduces the observed kinematics. Hence for this galaxy, I assign
QUAL to 2.

Similar to PGC044581, the low S/N of the data prevents the derivation
of reliable stellar dispersion field and hence I use a constant velocity
dispersion field. Due to this reason, I set QUAL to 1 for this model.
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arcsec



PGC044597 QUAL:2

1= 4 Since the dynamical model of the galaxy reproduces the observed
5- stellar kinematics, I fixed QUAL to 2.
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PGC044598 QUAL:2 .
Y P = o

@)
] %?%Q# Similar to PGC044581, the low S/N of the data prevents

the derivation of a reliable velocity dispersion. Due to this
reason, I set QUAL to 1 for this model.
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GC044602 QUAL:1

For this galaxy, the dynamical model do reproduce the features of the
observed stellar kinematics, however these features aren’t accurately
reproduced. Hence for this galaxy I set the quality of the dynamical
model, QUAL, to 1.

As the plots demonstrate, the dynamical model of the galaxy is unable
to reproduce the observed feature and hence QUAL is set to 0.
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arcsec



Given the good representation of the observed kinematics of the galaxy
by the model, QUAL for this galaxy is set to 2.

Similar to PGC044581, the derived velocity disperion of this
galaxy is unreliable and hence QUAL is set to 1.

The two panels here illustrate the good match between observed and
the model of the stellar kinematic of PGC044649 and hence I set QUAL
to 2 for this galaxy.

PGC044652 QUAL:1

Due to the low S/N observation of the galaxy, the velocity
. disperion of the galaxyw as derived accurately and hence
QUAL for this galaxy was set to 1.




PGC044654 QUAL:1

2’ In this galaxy, I find that the low S/N of the galaxy doesn’t
; permit the accurate derivation of velocity dispersion of the
galaxies and hence QUAL is set to 1 for this model.

.0
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PGC044662 QUAL:1
<

Despite the reproduction of most aspects of the observed kinemat-
ics by the model, the noisy nature of the unsmoothed kinematics
maps make the observed kinematics unreliable and hence I set
QUALto 1.

arcsec

Here, the stark contrast between the observations and the model, and
the fact that low S/N of the data lead to unreliable velocity dispersion
estimation, I assign QUAL=1 for this galaxy.

Due to the significant disparity between the observation and model,
I characterise the quality of the model, QUAL, as 0.

arcsec



For this galaxy, I set QUAL to 1 due to the low S/N of the galaxy
observations leading to the use of a constant velocity dispersion map
for the galaxy.

arcsec

PGC844679 QUAL:0

Due to the large disparity between the observed and model kinematic
maps of the galaxy, I assign the model’s quality keyword, QUAL, to 0.

arcsec

PGC044716 QUAL:1
=

Similar to PGC044581, the unreliable estimation of the veloc-
ity dispersion map of the galaxy, I assign the model a quality
keyword, QUAL, value of 1.

arcsec

PGC044723 QUAL:2
1+~ N

Though the central region of the galaxy is not well reproduced by the
model, the outer kinematic features are well reproduced and hence I
assign the model a quality value of 2.

arcsec
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PGC044736 QUAL:1

Q

Due to the close proximity of this galaxy to another in the sky, it
makes the derived kinematics of the galaxy unreliable and hence the
QUAL keyword of the model is set to 1.

arcsec

PGC044740 QUAL:1
e i

Despite the apparent good reproduction of the observed galaxy kine-
matics by the model, the observed twin peak in the kinematics along
the major axis of the galaxy is driven by two low S/N spaxels and
hence may be unrealistic and hence this model quality, QUAL, is
assigned 1.

arcsec

PGC044763 QUAL:2

Since the model reproduces the different aspects of the kinematic field,
I set the quality keyword QUAL, to 2.

arcsec

PGC044771 QUAL:1
S

Due insufficient S/N in the galaxy observations, reliable velocity dis-
persion maps couldn’t be derived and hence the model quality is set to
1.

arcsec
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