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Abstract

We exploit N-body simulations (GalactICS, Illustris, NIHAO)1 to study the impact

of inclination on the estimates on various photometric and spectroscopic quantities of

galaxies such as sizes, surface brightnesses, stellar masses, velocities and dynamical

masses. With the help of radiative transfer codes, we create mock images of galax-

ies to study the variation in sizes and various structural parameters as a function

of inclination. We also generate observed rotation curves for Illustris and NIHAO

galaxies to derive dynamical masses after correcting the rotation curves for inclina-

tions. We find that in the dust-free (transparent) case, sizes derived for edge-on and

face-on orientations differ on average by 10%(6%) for the half-light (isophotal) radii

of massive galaxies. However, for the same galaxies, the relative change in stellar

masses due to inclination is insignificant, as expected for transparent systems. We

compare our simulated size and mass measurements against the observed size-mass

relation of CALIFA galaxies and conclude that inclination effects can contribute up

to 20% of its slope. The inferred slope of the simulated size-mass relation remains

in agreement with the observed relation within calculated errors. After correcting

rotation curves of galaxies for basic projection effects, we also find variations of the

maximum circular velocity, Vmax, for Illustris galaxies by as much as 17%. Moreover,

1All acronyms are defined in the glossary.
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the velocity-stellar mass relation of Illustris galaxies is a poor match to observations

(Ouellette et al. 2017). These discrepancies are attributed to numerical resolution

issues and inadequate feedback prescriptions in Illustris. To circumvent these issues,

we use NIHAO zoom-in simulations given their more adequate and robust sub-grid

physics implementation and find better agreements with observations. The future

extension of this study will involve high-resolution zoom-in simulation that account

for dust attenuation in a clumpy medium. With dust in the mix, projected galaxy

sizes are expected to change significantly.
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Chapter 1

Introduction

Galaxies are gravitationally-bound systems of stars, gas and interstellar dust embed-

ded in a halo of dark matter with a SMBH or a nuclear star cluster at the center.

Intertwined complex gravitational and radiative physical processes (star formation,

galaxy mergers, feedback, cooling flows) are responsible for the formation and evolu-

tion of galaxies. Galaxy scaling relations, or the depiction of tight correlations be-

tween key galaxy properties such as size, luminosity and circular velocity (Courteau

et al. 2007; Lange et al. 2015) are an integral component of the development of and

thorough understanding of galaxy formation and evolution models (Dutton et al.

2007; Trujillo-Gomez et al. 2011; Dutton et al. 2017). Galaxy properties and their

evolution were a result of primordial fluctuations in the matter density of the early

universe. A wealth of information about these galaxy properties and their evolu-

tion can be depicted by the slope, intercept and scatter of various scaling relation.

These fundamental parameters (slope, intercept, scatter) used to characterize scal-

ing relations may also be biased by systematic errors which conspire to skew most

physically-motivated interpretations. We shall, in this thesis, pay very close atten-

tion to those biases that may spoil our understanding of the most basic galaxy scaling
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relations and galaxy formation models.

The dawn of charged coupled devices (CCDs) greatly improved our recording of

fundamental properties for a large number of galaxies. From an observational stand-

point, we are now able to compile efficiently large samples of galaxies covering a

range of size, luminosity, colour, stellar mass, rotation velocity, age, and metallicity,

in order to contrast the data against theoretical models. An important effort in the

collection and dissemination of large-scale data bases is the Sloan Digital Sky Survey

(SDSS) (York et al. 2000). Various attempts to compile catalogues of galaxy struc-

tural properties from the SDSS have been made (Brinchmann et al. 2004; Blanton

et al. 2005; Hall et al. 2012). These measurement of galaxy structural parameters are

often subjective and may depend on the wavelength and the nature of the measure-

ments itself. For instance, the size of a galaxy is ill-defined (e.g. how is the boundary

of a fuzzy system defined?) and changes if the stellar population traced for these

measurements is young (e.g. blue) or old (e.g. red). The perception of colour also

degenerates considerations about the dust content of the galaxy, as well as the age

and metallicity of its stars (Conroy and Gunn 2010; Courteau et al. 2014).

Understanding the relation between various wavebands and the distribution of

luminosity at all wavelengths is indeed critical for modelling galaxy structural prop-

erties. Galaxy sizes, in particular, are especially important ingredients for charac-

terizing mass profiles and galaxy scaling relations, such as the size-mass relation.

However, numerous limitations thwart an accurate characterization of such distribu-

tions and ultimately bias the derived parameters. Size measurements, for example,

can be derived via either highly subjective models (e.g. bulge-to-disk decomposi-

tions) or model-independent methods, for isophotal or effective radii, which strongly
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depend on the assumed three-dimensional structure of the system (Byun et al. 1994).

Limitations on these methods include the uncertain tilt of galaxies on the sky and

the amount of dust present along the line-of-sight (both within the Milky Way and

within the observed targets). These impact the amount of detected light per unit

area from the object and increase the uncertainty on the calibrations of not only size

but total stellar mass and the velocity structure (Conroy and Gunn 2010).

For instance, the apparent size of a galaxy viewed face-on or edge-on will likely

differ even though they should, by all measures, be the same. There have been

attempts to correct such line-of-sight biases using galaxy properties (Holmberg 1958;

Valentijn 1990) at all inclinations but those can only be inferred since galaxies cannot

be viewed from all possible angles/inclinations. The effect of stellar populations and

dust extinction can further amplify the uncertainties in size determination. Pioneering

analytical models to correct for the impact of inclination, dust extinction and stellar

populations on calculations of sizes were also presented in the nineties (Disney et al.

1989; Choloniewski 1991; Byun et al. 1994); then and now, these models were most

severely limited by our rudimentary knowledge of the spatial distribution of dust

and stellar populations throughout a galaxy. If analytical treatments suffer from

ill-constrained assumptions in analytical models, perhaps high-resolution numerical

simulations of galaxy of formations can shed new light on this problem? The goal of

this thesis is indeed to quantify the impact of line-of-sight effects on various galaxy

properties.
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1.1 Galaxy Photometry and Inclinations

It has been long known that the photometrically-derived quantities of galaxies de-

pend on the inclination along the line-of-sight. Choloniewski (1991) highlighted a

couple reasons for quantifying the inclination dependence of various galaxy proper-

ties. Firstly, one must obtain galaxy properties independent of the projection on the

sky; and secondly, inclination studies of galaxies enable the characterization of the

distribution of light emitting and absorbing material, namely stars, dust, and gas.

Galaxy sizes are a fundamental property that can be measured photometrically. Tra-

ditionally, apparent galaxy sizes can be defined via: Re, which is the radius within

which half of the total integrated light is contained, or via an isophotal radius, the

radius at which a certain threshold surface brightness level is reached.

The inclination dependence of galaxy size, brightness and mass estimation has

been explored over the past several decades. For instance, Holmberg (1958) studied

300 spiral galaxies to conclude that the effective surface brightness is proportional to

the co-secant of the inclination along the line-of-sight, i.e. galaxies become fainter

when observed edge-on. However, he explicitly assumed that isophotal radii of galax-

ies are inclination-independent. Assuming inclination-independent luminosities, de

Vaucouleurs (1959) used 37 galaxies and found that isophotal radius strongly de-

pends on the viewing angle. de Vaucouleurs (1959) concluded that galaxies seen

edge-on with an axis ratio of b/a = 0.2 have almost twice their face-on isophotal

radius. For an optically thick disk, the total luminosity decreases sharply with an

increasingly edge-on orientation (Burstein et al. 1991). Yet another study by Valen-

tijn (1990), using the largest dataset available at that time (9000 galaxies), found

instead that neither central surface brightness nor effective surface brightness showed
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any significant correlation with inclination. All such results are heavily dependent

on the sample selections applied to each sample (Burstein et al. 1991; Choloniewski

1991); for example, galaxies selected by angular size will produce completely oppo-

site results to a sample selected by luminosity. These contradictory results can be

removed using accurate galaxy distance estimates. Errors on distance, however, can

range from ∼ 5− 25% depending on the method used to measure distances (Willick

1999) and are propagated into the uncertainties of the measurements of other galaxy

properties.

There have been some more recent works that used modern large datasets to

study the impact of inclination and dust on various structural properties. Using 8000

galaxies from SDSS, Maller et al. (2009) attempted to remove the effect of inclination

and recover intrinsic properties of galaxies. They found that galaxy luminosity in the

g band due to inclination are needed to be corrected by a median value of 0.3 mag

reaching a maximum of 1.2 mag. Furthermore using 1000 galaxies, Graham and

Worley (2008) presented formulations to correct observed scalelengths and surface

brightness for inclination and dust. They found that inclination and dust can affect

size and surface brightness by 40% in the optical bands.

The inability to observe galaxies from all possible angles and the difficulty of

retrieving basic information like distances makes observations insufficient for such

a problem. Numerical investigations, such as cosmological simulations, become a

powerful tool to investigate such a scientific problem. Theoretical models of spiral

galaxies suggest that if a system is optically thin; the isophotal radius and the surface

brightness (measured at some standard radius) will increase as the system inclination

increases, while the total luminosity remains the same. Conversely, for optically
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thick systems the isophotal radius and the surface brightness decrease slightly with

inclination (depending on the radiation transfer model of the simulation) and a sharp

decline in luminosities will be observed for a more edge-on system (Heidmann et al.

1972; Burstein et al. 1991). The interpretation of these results changed with Byun

et al. (1994) who, through the use of numerical simulations, found that isophotal

radius should increase as a function of inclination regardless of the dust content in the

galaxy. They concluded that the total dust extinction in spiral galaxies is strongly

correlated with the dust content, and one could estimate the amount of dust by

studying the luminosity-inclination relation. These remarkable results, however, lack

reliability as the numerical investigations did not take into account complex galaxy

physics such as stellar population effects and the complex dust geometries that real

galaxies possess.

The dramatic increase in the understanding of physical processes involved in

galaxy evolution and computing power now makes it possible to produce models

of galaxies that are in qualitative agreement with observations. Mock images of sim-

ulated galaxies can be produced from high resolution zoom-in simulations (e.g. the

MassiveFire simulation (Hopkins et al. 2014), which implement the stellar population

synthesis model described in Bruzual and Charlot 2003 and dust extinction presented

in Calzetti et al. 2000). Using such mock images, Price et al. (2017) suggested that

variations in viewing angles can produce an uncertainty of ∼ 25% in inferred sizes

and masses for high-redshift galaxies. Such size uncertainties can propagate into

mass measurements and result in overestimation of the slopes in scaling relations like

galaxy size-mass. Unfortunately, these results are still preliminary, and rely on lim-

ited samples of a few high mass galaxies and lack a proper accounting of the dust
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extinction over different viewing angles.

González-Samaniego et al. (2017) also explored the problem of inclination and

applied it to mass estimates of dwarf galaxies in the FIRE simulation to confirm that

it is indeed uncertainties in Effective radius that dominate the error budget on mass

estimates. They contend that using analytical fits to the surface brightness profile

rather than light summation to calculate Effective radius yields a ∼ 25% improvement

in mass accuracy, since those fits are more robust to mapping between apparent and

3D sizes. This provides another compelling motivation for this project; we should

investigate how inclination and the distribution of dust affects the derivation of galaxy

sizes, dynamical mass profiles and an array of galaxy scaling relations. Ultimately,

our thesis exploration will actually stop short of including dust extinction effects.

1.2 Cosmological Simulations

In order to explore the variations in various photometric parameters of stellar systems,

simulations are a powerful tool. In contrast to observations, simulations allow us to

observe galaxies at various viewing angles. Cosmological simulations, in the Cold

Dark Matter paradigm (ΛCDM) (Planck Collaboration et al. 2014), allow us to study

the simultaneous evolution of dark matter and baryons over cosmic time, and provide

a direct comparison with observational data. The physics injected in cosmological

simulations seems to yield galaxies that broadly match the observed stellar mass and

luminosity functions.

Observations of the Cosmic Microwave Background (CMB) confirm that our uni-

verse is comprised of three elements: baryons, dark matter and dark energy; the

ΛCDM. Simulations of the universe can be broadly divided into two broad categories;
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Semi-Analytic Models (SAMs) and N-body cosmological simulations (Somerville and

Davé 2015). Both kinds of simulations start with initial conditions from the CMB

and dark matter particles that clump together through gravitational interactions to

form halos. These dark matter halos provide the gravitational potential well into

which baryons, in the form of gas, fall toward the galaxy core (White and Frenk

1991). The gas then cools through radiative processes and collapses into giant molec-

ular clouds, leading to star formation to form galaxies that evolve through time. The

evolution of the dark matter and baryonic structure in the universe has traditionally

been followed through the use of SAMs (Somerville and Davé 2015). SAMs typically

involve two parts: first, a dark matter simulation which enables tracking mergers of

dark matter halos through merger trees; and secondly, analytical physical prescrip-

tions that govern the evolution of baryons (stars, gas and dust) through cooling flows

and feedback prescriptions (Somerville et al. 2008; Guo et al. 2016; Henriques et al.

2015; Hirschmann et al. 2014). More recently, the evolution of the universe has also

been studied through taking account of the co-evolution of baryons and dark matter

through gravity and hydrodynamics in cosmological simulations (Di Matteo et al.

2005; Crain et al. 2009; Vogelsberger et al. 2014; Schaye et al. 2015; Genel et al.

2014).

The deeply-rooted fundamental and predictive nature of cosmological hydrody-

namical simulations, along with numerous sub-grid physical recipes, make it a great

tool for the creation of large statistical samples of galaxies. The large volume of

simulated galaxy populations offers the ability to compare extensive observational

datasets to further constrain the physics of galaxy evolution (Clauwens et al. 2017;

Chaves-Montero et al. 2016; Bird et al. 2014; Torrey et al. 2015; Sales et al. 2015).
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However, a great disadvantage of hydrodynamical simulations is the lack of compu-

tational power which results in limited spatial and mass resolution. Cosmological hy-

drodynamical simulations generally probe physics on a scale of ∼ 1 kpc with particles

of mass ∼ 106M�. Such limited resolution results in the loss of crucial information

in the internal structure of galaxies such as spiral arms, stellar population effects,

dust contents, star formation physics and magnetic fields. In order to alleviate such

resolutions and computational issues, cosmological “zoom-in” simulations are used.

In zoom-in simulations, a region of interest within the simulated universe is selected

and is simulated again with significantly higher resolution. As a result, one can easily

resolve internal structure of the galaxies and study the sub-grid and feedback physics

in greater detail (Hopkins et al. 2014; Muratov et al. 2015; Feldmann et al. 2016;

Wang et al. 2015; Dutton et al. 2016; Macciò et al. 2016b).

Cosmological hydrodynamical simulations seem to have a tight grasp on the dark

matter interactions through gravitational collapse. However, they struggle in re-

producing galaxy morphological abundances and assembly histories at intermediate

redshifts (Somerville and Davé 2015). Observational studies suggest that the early

universe was populated by more massive galaxies, whereas the less massive galaxies

formed later and have more complex formation histories. Elliptical galaxies, which

are older, are often more massive, live in a dense environment and seem to consist

of older stellar populations with low star formation rates, whereas spiral galaxies

are younger, isolated and seem to be forming stars rapidly and to host a younger

stellar population. This phenomenon, referred to as ‘downsizing’, is not observed in

simulations (Fontanot et al. 2009; Somerville and Davé 2015).

Another problem in simulations has massive galaxies forming more stars through
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gas cooling. Such massive galaxies are not observed, leading to the so-called ‘over-

cooling’ problem. Fortunately, these problems can be mostly remedied through the

introduction of feedback mechanisms to regulate star formation in galaxies over cosmic

time. Feedback mechanisms are implemented in simulations via either stellar feedback

or Active Galactic Nucleus (AGN) feedback. Stellar feedback is the injection of energy

due to high mass stars by stellar winds and supernovae, whereas AGN feedback is due

to the energy injected into the environment by SMBH and accretion disks (Torrey

et al. 2014).

Stellar winds seem to be a consequence of a large amount of energy and momentum

injected into the interstellar medium by the young and massive stellar populations

(Torrey et al. 2014). The injection of energy from such phenomena in simulations is,

however, complicated. The necessity of implementing stellar feedback in cosmological

simulations is due to two observed inefficiencies. Firstly, the conversion of gas in giant

molecular clouds (GMCs) into stars seems to be very inefficient at approximately

∼ 1% per free-fall time (Krumholz et al. 2012). This inefficiency in star formation is

attributed to turbulence generated by stars and supernovae explosions in GMCs. This

inefficiency, in cosmological simulations, is accounted for by various normalizations of

the star formation law (Kennicutt 1998). Secondly, the stellar and baryon fractions

within galactic sized halos generally fall short of the universal value, ranging from

few to 20% (Behroozi et al. 2010). These fractions are connected to the large scale

outflows powered by the formation of massive stars and supernovae. Star formation

feedback, in cosmological simulations, is generally prescribed by injections of thermal

energy into the interstellar medium through SNe. However, this prescription seems

to have little to no impact on regulating star formation. This is because short cooling
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times cause energy to radiate away quickly, causing negligible outflows. In order to

correct for these inefficiencies, ad hoc recipes such as turning off cooling flows for a

short period or super heating the gas have been implemented, with moderate success

(Katz et al. 1996; Stinson et al. 2006).

The energy and momentum output by the central SMBH is comparable to the

gravitational binding energy of a galaxy, and hence can have a significant impact on

the evolution. Along with the gas present in the galaxy, the energy and momentum

created by an AGN can impact physical processes like SMBH growth, cooling flows

and star formation. In general, feedback from AGN can heat up the gas (thermal

feedback), eject gas out of the disk through winds and jets (mechanical feedback) and

ionize or photodissociate the gas (radiative feedback; Somerville and Davé 2015. It

is thought that radiative feedback is the main heating mechanism in active galaxies.

Such a feedback may create small-scale winds that drive galactic-scale winds, even-

tually ejecting material from the galaxy. Furthermore, AGN might produce giant

radio jets that lead to heating mechanisms through the formation of bubbles, shock

waves and sound waves. Three dimensional simulations, without cosmological initial

conditions, of AGN feedback have shown that even depositing ∼ 5% of the bolometric

luminosity from the AGN can result in strong galactic outflows that can stop SMBH

growth and remove nearly all the cold gas from the galaxy quenching star forma-

tion (Di Matteo et al. 2005). Such simulations have resulted in self-regulated SMBH

growth and a tight SMBH mass and bulge velocity dispersion relation, MBH−σ, that

is in good agreement with observations (Häring and Rix 2004; Jahnke and Macciò

2011).
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In the Illustris simulations (Vogelsberger et al. 2014), the AGN feedback is mod-

elled in three different modes: quasar mode, radio mode and radiative feedback. In the

quasar mode, the AGN bolometric luminosity is directly proportional to the SMBH

accretion rate given a radiative efficiency. For radio mode, hot gas bubbles are placed

in a sphere around the SMBH at random. The thermal energy of the hot bubbles is

related to the SMBH mass growth via radiative efficiency and thermal coupling effi-

ciency (Sijacki et al. 2015). The transition between quasar and radio modes for AGN

feedback is fixed by introducing a threshold value for the ratio between the SMBH

accretion rate and the Eddington accretion rate, where quasar mode is at high accre-

tion rate (Sijacki et al. 2007). Lastly, the radiative AGN feedback is accounted for

by modifying the net cooling rate of the gas. This is done by interaction with strong

ionizing radiation that is generated from the central SMBH (Sijacki et al. 2015).

The most fundamental test for cosmological simulations is to naturally repro-

duce statistical distribution of global galaxy population properties such as luminosity

functions (LFs) and Stellar Mass Function (SMF) in different epochs. Cosmological

simulations in the ΛCDM paradigm produce a slope of αH ∼ −2 for the dark matter

halo mass function (Genel et al. 2014). However, observed SMFs report a slope of

αg ∼ −1.3 (Baldry et al. 2008; Moustakas et al. 2013). Differences in those slopes

obtained from models and observations may be explained by supernova (SN) feed-

back. SN feedback is expected to flatten the SMF at low-mass end by suppressing

star formation (White and Frenk 1991; Somerville and Davé 2015). Furthermore, the

cooling times in very massive halos are seen to be longer but sufficient to explain

inefficient star formation and hence the number of massive galaxies (Rees and Os-

triker 1977). Despite the discrepancies with observations, ΛCDM simulations create
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galaxies that slowly assemble stellar mass over cosmic time and qualitatively agree

with observations.

1.3 The Method

As mentioned before, our aim is to study the impact of galaxy inclination on vari-

ous galaxy properties derived photometrically and spectroscopically. Previous studies

with the same scientific question either used observations or crude numerical simula-

tions (Holmberg 1958; Byun et al. 1994). Our inability to image a galaxy from various

angles makes observations an inadequate choice for this question. Early numerical

simulations lacked the complex physics that real galaxies display, however significant

improvements in understanding the physics of galaxy formation and computational

power have led to statistical galaxy properties that actually match observed ones

(Somerville and Davé 2015). Consequently, cosmological simulations may be opti-

mally suited for our scientific investigation.

We perform our analysis in a three-step process, each increasing in complexity

and realism. The first step in the study is a purely geometrical analysis. We desire

an arbitrary number of particles in the same galaxy potential. These distributions

of particles can then be imaged from different angles and various properties of the

system can be calculated. This step is performed using the GalactICS code (Widrow

et al. 2008) that generates n particles in a disk-bulge potential to replicate the stellar

distribution in the galaxy. For the second step, complex physics of star formation,

feedback, stellar populations effects, and environment are taken into account by using

cosmological hydrodynamical simulations. Galaxies from the Illustris cosmological

simulation (Vogelsberger et al. 2014) are used to calculate the same properties as in
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the first step. The choice of the Illustris simulation is based on the work of Torrey

et al. (2014) who demonstrated generation of “mock” images from Illustris. Therefore

with moderate modification of the codes, it is possible to create the desired framework

for our analysis. However, the Illustris simulation does not have the appropriate mass

and spatial resolution to capture detailed galaxy physics. We address this problem in

step three using the NIHAO high-resolution zoom-in simulations (Wang et al. 2015)

and compare our results with the first two steps.

Additionally, our understanding of different stellar populations and radiation

transfer through various media enables us to model the Spectral Energy Distribution

(SED) over a broad range of wavelengths (Baes and Dejonghe 2001; Steinacker et al.

2013). The SED of a galaxy can be propagated through the transmission functions

of telescope filters to generate “mock” images of galaxies. These mock images are

generated using models of radiation transfer and stellar populations that very closely

represent the observations from surveys like SDSS. We generate images of galaxies

from simulations and perform surface photometry as we would for observed galaxies

on the sky. The extracted light profiles can then be analysed to extract galaxian

structural parameters such as size, luminosity, morphology etc. As these galaxies are

imaged at various angles, galaxy properties can be studied as a function of tilt on the

sky.

1.4 Overview

This thesis is organised as follows: In §2, a description of the simulations and im-

plemented radiation transfer code is presented. We have created axisymmetric, equi-

librium models for Late-Type Galaxies (LTGs) using the GalactICS code (Widrow
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et al. 2008). We also use the Illustris cosmological hydrodynamical simulations (Vo-

gelsberger et al. 2014) and high resolution NIHAO zoom-in cosmological simulations

(Wang et al. 2015). We also discuss the radiation transfer code used to create mock

SDSS images these simulated galaxies; SUNRISE(Jonsson 2006). Furthermore, the

process of deriving photometric parameters through azimuthally averaged radial sur-

face photometry is also described. Finally, we describe the algorithm to generate

Rotation Curves (RCs) from the Illustris and NIHAO simulations. §3 explores the

impact of inclination on various photometric quantities extracted from GalactICS

and the Illustris simulations. §4 discusses the derivation of stellar mass estimates and

their variation due to inclination for Illustris galaxies. We also discuss the change

in stellar mass surface density as a function of inclination. §5 discusses the change

of rotational speed estimates with inclination, and their impact on dynamical mass

estimates of galaxies. Finally, §6 presents the conclusions and discusses the future

avenues for the extension of this project. The work performed in this thesis provided

us with the framework to perform the analysis on simulated galaxies with complex

dust geometries.
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Chapter 2

Data and Methods

This chapter is concerned with providing an in-depth description of the simulations

and code used in this project. We start by describing the N-body cosmological hydro-

dynamical simulations and equilibrium models of LTGs created using cosmological

initial conditions. We describe the radiative transfer code needed to generate multi-

band mock images of galaxies using a model for the SDSS filters. Finally, we discuss

the process of extracting azimuthally averaged surface brightness profiles for the mock

images. We also discuss the methods used to extract photometric parameters from

surface brightness profiles. Lastly, we describe the method to extract RCs at all

inclinations from the simulations.

2.1 N-Body Simulations

2.1.1 GalactICS

We use GalactICS to create axisymmetric, equilibrium, collisionless models for LTGs

that consist of an exponential disk, a spherical bulge and a cuspy dark matter halo

(Kuijken and Dubinski 1995; Widrow et al. 2008). Such models of galaxies are an
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excellent tool for the study of structural and dynamic properties such as surface

brightness profiles and RCs of real galaxies given their intrinsic 3D densities and

velocity distributions. Such models are built using a Distribution Function (DF)

which describes the density of the particles within a phase space element. For an

astronomical system, each component (disk, bulge, halo) can be described by a unique

DF (Eq. 2.1). In this equation, E ≡ −E is the relative energy, Lz and Ez are the

angular momentum with respect to the axis of rotation and energy associated with

the vertical motion of stars in the system:

f(E , Lz, Ez) = fd(E , Lz, Ez) + fb(E) + fh(E). (2.1)

One can then obtain the density distribution as a function of the gravitational poten-

tial, Φ, in cylindrical coordinates, R and z by integrating Eq. (2.1) over all velocities.

This is presented in Eq. 2.2;

ρ(R, z,Ψ) = ρd(R, z,Ψ) + ρb(Ψ) + ρh(Ψ), (2.2)

where Ψ ≡ −Φ is the relative potential. It is required that both the potential and the

density satisfy the Poisson equation which is reached through an iterative scheme.

In order to produce self-consistent bulges and halos, the DF of the bulge and

halo are constructed using the Abel integral transform (Binney and Tremaine 1987)

which results in target density profiles. However, the Abel integral transform DFs

are valid in spherical symmetry, a condition which is broken in the presence of a disk.

This is circumvented by using the monopole term for spherical harmonic expansion

to evaluate the disk potential (Widrow et al. 2008). The bulge and halo output in the
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Model Halo Disk Bulge

Rh[kpc] σh[100km s−1] Mdisk[1010M�] Rd[kpc] Rh[kpc] n Rb[kpc]

Model 1 20.1 4.25 15 2.7 0.36 2 1.0
Model 2 20.1 4.25 15 2.7 0.36 2 0.75
Model 3 20.1 4.25 15 2.7 0.36 - -
Model 4 20.1 4.25 5 2.2 0.36 2 1.3
Model 5 20.1 4.25 5 2.2 0.36 2 0.7

Table 2.1: A summary of the GalactICS models used here. We present the scale
length, Rh, the velocity dispersion, σh for the dark matter halo; the stellar mass,
Mdisk, the disk scale length, Rd and scale height, Rh for the disk; Sérsic indices, n
and the radius Rb for the bulge.

final model end up being axisymmetric instead of spherically symmetric. Moreover,

the dark matter halo and the bulge are indeed flattened by interactions with the

disk (Widrow et al. 2008). In order to constrain their Milky Way models to match

observations, Widrow et al. (2008) used available observational data present for inner

and outer RCs, the Oort constants, the vertical force in the solar neighbourhood,

total mass at large radii, local circular speed, local velocity ellipsoid, bulge dispersion

and surface photometry.

For this project, we generate five different isolated equilibrium LTGs that differ in

the bulge-to-disk mass and surface brightness. Each model also has ndark ' 107 and

nstar ' 106 particles with each star particle having Mstar ' 104M�. Further descrip-

tions of the models are provided in Table 2.1. The GalactICS models used for this

study allow us to develop ‘toy models’ that can be used to compare to hydrodynamical

simulations.
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Model 1

Face-on Edge-on

Model 2

Model 3

Model 4

Model 5

Figure 2.1: Face-on and edge-on stellar moment distribution (images) for a late-type
models generated using GalactICS. For the creation of these images, a mass-to-light
ratio of 1 M�/L� was assumed.
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Image Generation

In order to perform surface photometry on GalactICS galaxy models, we generate

stellar moment maps at a constant position angle with different inclinations. The

total signal from an extended object can be viewed as the sum of all signals coming

from individual star particles. Image generation is then a two-step process: (a)

generation of a Data Cube (DC) and, (b) generation of the image. The DC is created

in order to set up the particles for image generation. The DC algorithm selects target

particles, shifts particles to new centres of mass and velocity, rotates the particles,

and smears particles into cells using a Gaussian kernel. The output from the DC

algorithm is then used to create images by calculating the total light in each pixel

through summing up the light in all channels.

Each DC has the dimensions of nl × nb pixels of the same size in the galactic

longitude and latitude directions and nc channels velocity. Using the Data Cube

Maker (DCM), the stellar particles are selected from the simulation snapshot. These

simulated galaxies must be re-centred as they can drift during the simulations. This

is done by calculating of the Centre of Mass (CoM) for the selected particles. The

calculation of the CoM is done in an iterative fashion in order to eliminate the influ-

ence of particle scattering. The set of particles used for the calculation for the CoM

may not be the same particles that are the target particles for the DC production.

In order to get the desired orientation, inclination of the galaxy, the centred particles

are rotated using a standard rotation matrix.

Once the particles are rotated, DCM smears the light/mass from each particle

across a DC cell using a Gaussian kernel. The brightness B of a pixel is given by

Eq. (2.3), where L is the luminosity of the particle, px is the position, σ is the width
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of the Gaussian smoothing function (σ = FWHM/2.355), and the integration limits

are the limits of the cell,

B = L

∫ xh

xl

1√
2πσ2

e−
(x−px)2

2σ2 dx. (2.3)

The units for the brightness can be specified using a mass-to-light ratio which is

chosen to be 1.0 for simplicity. Figure 2.1 shows a sample image with the face-on and

edge-on orientations for a GalactICS model.

2.1.2 ILLUSTRIS Simulation

We use the Illustris project, a series of large scale hydrodynamical simulations for

galaxy formation and evolution, to generate mock SDSS images. We make use of the

highest resolution simulation, Illustris-1, that is simulated over a cosmological volume

of (106.5 Mpc)3 with a dark particle resolution of 6.26×106M� and a baryonic matter

mass of 1.26×106M� (Vogelsberger et al. 2014). The simulation starts at z = 127 and

follows the evolution of 3×18203 particles that include dark matter, hydrodynamical

cells and Monte Carlo tracers. At z = 0, gravitational softening length is on scales

of 710 pc and the smallest hydrodynamical cell has the radius 48 pc which is the

smallest scale over which the hydrodynamical Euler equations are solved using the

moving mesh technique AREPO (Springel 2010).

At z = 0, Illustris produces about 40,000 well-resolved galaxies that cover a wide

range of morphologies including Early-Type Galaxies (ETGs), LTGs and irregulars.

The Illustris simulation also incorporates a wide range of astrophysical processes that

include gas cooling with self-shielding corrections, energetic feedback from SMBHs

and supernovae, stellar evolution, chemical enrichment, stellar mass loss and radiation
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proximity effects for AGNs (Vogelsberger et al. 2014). These astrophysical feedback

processes all have free parameters associated to them and are assigned a numerical

value and carry a physical meaning. It should be noted that the AGN feedback in the

simulation is tuned to match the observed SMF and star formation rate density at

z = 0 (Torrey et al. 2014). In the simulation, the following cosmological parameters

are used: Ωm = 0.2726, ΩΛ = 0.7274, Ωb = 0.0456, σ8 = 0.809, ns = 0.963 and

H0 = 100h km s−1Mpc−1 with h = 0.704 (Hinshaw et al. 2013).

In order to generate images from Illustris, the radiative transfer code SUNRISE

is used. The details for the radiation transfer code are described later (see section

2.2). Using SUNRISE, a full spectrum is assigned to each star depending on its age

and metallicity. These spectra can be convolved with the transmission function of

the broadband filters that are desired. Therefore, it becomes possible to generate

images of galaxies with arbitrary field of view and pixel sizes for several camera

positions. Images and Spectral Energy Distributions (SEDs) are created for ∼ 7000

galaxies, where M∗ > 1010M� as galaxies with lower stellar masses are not spatially

resolved very well (Torrey et al. 2015). Figure 2.2 demonstrates an example of a

mock transparent sprial galaxy image generated with SUNRISE. The image shows

a composite SDSS gri and resolves the structures in the system. We refer to Torrey

et al. (2015) for an in-depth discussion on the generation of images for Illustris.

We use images generated for 95 Illustris galaxies in all five SDSS bandpasses with a

resolution of 512×512 pixels. The camera is placed 50 Mpc from the object. For each

Illustris galaxy, we generate 19 images for a constant azimuth at different elevations

5◦ intervals. The first and last images in our series of images are edge-on and face-on

orientations (See figure 2.2). These orientations are found by performing a Principal
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ID=283832

Figure 2.2: SDSS gri composite face-on and edge-on images for a spiral galaxy from
the Illustris Simulation. Images are produced using the SUNRISE radiative transfer
code (Jonsson 2006) and the stellar light using Bruzual and Charlot (2003) stellar
population synthesis model with dust along the line-of-sight turned off.
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Component Analysis (PCA) on the spatial distribution of the stellar particles. This

allows us to calculate directional vectors pointing towards the three principal axes

for a triaxial distribution of stellar particles with the first (semi-major axis) and the

third (semi-minor axis) giving us the edge-on and face-on images, respectively. For

the Illustris simulation, we generate images of galaxies where starlight attenuation

along the line of sight is turned off. The main selection criteria for the Illustris galaxies

was the absence of significant neighbour systems. Having completely isolated galaxies

simplifies the process of surface photometry and yields more reliable results.

Figure 2.3 shows various properties of the selected sample of simulated galaxies.

Panel (a) shows the three dimensional shapes of the galaxies through axis ratios

calculated through a PCA of stellar particles. Using the b/a calculated for the selected

samples, it can be said that most of the galaxies are circular in the face-on x− y

plane. The c/a ratio informs us about the flattening of our galaxies. Most galaxies

of our selected sample includes disky galaxies; however, some of these systems have

rather thick disks (c/a > 0.25). Panel (b) shows the distribution of stellar masses

of our simulated galaxies. It demonstrates that our sample contains a wide range of

morphologies. Panel (c) shows the distribution of gas masses of our galaxies, giving

us an insight on the morphology/star formation rates for the systems. Galaxies with

significant amount of gas are expected to be star forming and disky. Panel (d) shows

the distribution of the amount of gas in the simulated subhalos with respect to the

stellar mass. Most galaxies in our sample have low gas fractions.
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Figure 2.3: Distribution of various properties for the selected Illustris galaxies. Panel
(a) shows the three dimensional axis ratios of Illustris galaxies obtained using a PCA.
Panels (b) and (c) show distribution of stellar and gas mass of the selected subhalos
respectively. Panel (d) shows the amount of gas relative to the stellar mass of our
selected galaxies.
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2.1.3 NIHAO Zoom-in Simulations

In order to understand the complex physics of stellar populations and dust attenuation

in simulated galaxies, a spatial and mass resolution that is smaller than ∼ 1 kpc and

∼ 106M� is needed. Cosmological hydrodynamical zoom-in simulations are a suitable

choice for our science requirements. For this project, we use project NIHAO, a set of

100 cosmological zoom-in simulations performed with the GASOLINE code (Wadsley

et al. 2004), with an improved implementation of the SPH algorithm (Wang et al.

2015). The simulation is run in a flat ΛCDM cosmology with parameters from the

Planck Collaboration et al. (2014): H0 = 100h km s−1Mpc−1 with h = 0.671, Ωm =

0.3175, ΩΛ = 0.6824, Ωb = 0.049, σ8 = 0.8344 and n = 0.9624. NIHAO simulated

galaxies have been shown to match numerous observed properties of galaxies (Buck

et al. 2017; Macciò et al. 2016a; Dutton et al. 2017; Obreja et al. 2016).

All NIHAO galaxies are allowed to form stars provided that the gas follows

the Kennicutt-Schmidt law (Kennicutt 1998) with suitable density and temperature

thresholds, T < 15000 K and nth > 10.3 cm−3. Energy is reinjected back into the in-

terstellar medium (ISM) from stars through blast wave supernova feedback. Massive

stars also ionize the ISM before their explosion as supernovae (Stinson et al. 2006;

Wang et al. 2015). Supernova feedback in the simulation is implemented in two dif-

ferent modes: in the first, the “early stellar feedback” mode, 10% of the total stellar

flux, or 2 × 1050 erg of thermal energy per M� of the entire stellar population, is

injected. This happens before any supernova explodes. In the second mode, massive

stars 8 M� < Mstar < 40 M� inject both energy and metals into the ISM. The energy

is injected into gas that has a high density and therefore it would radiate away due

to efficient cooling. For particles that are inside the blast radius, cooling is delayed
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Simulation ID nDM nStar log10(M∗/M�) log10(MGas/M�)

g2.79e12 1, 366, 525 7, 950, 097 11.18 10.79
g1.12e12 2, 279, 037 10, 798, 321 10.78 10.27
g8.26e11 1, 406, 722 4, 094, 417 10.52 10.50
g7.66e11 1, 638, 183 8, 237, 123 10.54 10.20
g7.08e11 2, 025, 932 4, 829, 272 10.30 10.31

Table 2.2: Details of the NIHAO galaxies used for this project, with the name of
the simulation ID, the number of dark matter particles; nDM , the number of stellar
particles; Nstars, the stellar and gas mass, Mstar and Mgas (Buck et al. 2017).

by 30 Myr (Stinson et al. 2013; Wang et al. 2015).

For this project, we use five LTGs to generate RCs using the description provided

in section 2.4. Table 2.2 shows the details for the systems used in this study.

2.2 Radiation Transfer Codes

2.2.1 SUNRISE

SUNRISE is a parallel, Monte Carlo code for the calculation of radiative transfer

through an astronomical medium (gas and dust) using an adaptive mesh refinement

grid to describe arbitrary geometries for media that emit and absorb/scatter light

(Jonsson 2006). This code is a valuable tool to study the effect of dust and stellar

population models in hydrodynamic simulations. The radiative transfer problem in

the code is solved through statistical sampling of the processes of photon emission,

scattering and absorption. Hydrodynamical simulations emit light from finite-sized

stellar particles that are tracked by the smoothed particle hydrodynamics (SPH) code.

The use of an adaptive mesh refinement grid allows the presentation of arbitrary

geometries of such particles that is only limited by the amount computational power

(Jonsson 2006).
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Ray Tracing

The main objective of SUNRISE is to efficiently generate images of emerging radiation

from the astrophysical object. In the simplest sense, a Monte-Carlo radiative trans-

fer follows a photon’s movement after being emitted and then scattered/absorbed

through a medium. Such an algorithm can efficiently run by calculating probabili-

ties of a photon packet in which energy is proportional to the energy in the packet

(Jonsson 2006).

Another way to make the code more efficient is to estimate the amount of radiation

that would be generated in the direction in which the object is being imaged. For

this, SUNRISE uses the Next-Event Estimator to calculate the flux from a source

at a point (Dupree and Fraley 2002). Using these estimators, the radiation at the

observer is calculated analytically at each point of emission and scattering. Scattering

through the dust grains is an elastic process; the photon is either completely absorbed

or scattered without changing the wavelength. Using this approach, ray tracing is

a wavelength independent process. SUNRISE uses a biasing method in order to

implement a polychromatic approach to sample rays at every wavelength (Jonsson

2006).

Every wavelength for ray tracing is treated independently. This is valid as scat-

tering via dust a purely elastic process where wavelength remains unchanged. Using

biasing, ray tracing is done in a “polychromatic” algorithm where every ray samples

every wavelength (Jonsson 2006).
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Ray Propagation

In SUNRISE, the ray is initially propagated in the direction of propagation from cell

to cell. At each cell, the optical depth is increased by ∆τ = ρcκ∆l where ρc is the

density of the dust in the cell, κ is the opacity of the dust, and ∆l is the path length

traversed by the ray inside the cell. However, if the medium is optically thin, most

rays leave the medium with no interaction and do not contribute to the scattered

flux. In the case of interaction with the medium, SUNRISE uses the concept of force

scattering where every ray must contribute to the scattered fluxes (Cashwell et al.

1959; Jonsson 2006). After computing the final optical depth, the ray is split into

two parts; the non-scattered part with Ii,0e
−τei,0 and the scattered part that interacted

somewhere along that path with an intensity Ii,0(1− e−τei,0). τ ei,0 is the optical depth

from the first interaction site of the i′th ray at the edge of the medium. The ray is

then propagated through the medium until it leaves or reaches a final optical depth.

The above process is repeated until the ray either leaves the volume or until the

intensity of the ray drops below a threshold value of Imin. If the ray’s intensity

falls below Imin, it is eliminated. In order to conserve energy, the rays are given a

probability of survival and a random draw is used to check if the ray survives. If it

does, the intensity of the ray is multiplied by the inverse of the probability and the

ray continues to be tracked; otherwise it is deleted.

Output Images

The final number of rays that are calculated to make it to the observer are projected

onto an image plane using a virtual pinhole camera. The camera can be placed

arbitrarily far away from the object with a specified field of view and resolution. The
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output image returns the surface brightness associated with each pixel as,

Σp =

∑
i,j Fi,j

Ωp

, (2.4)

where the sum is over the number of rays (i) and the number of interaction, j that

fall onto the pixel from the point of origin, Ωp is the surface angle subtended by the

pixel at the observer and Fi,j is the flux through a pixel (Jonsson 2006).

The reader is referred to Jonsson (2006) and Jonsson et al. (2009) for details of

the radiative transfer code.

2.3 Photometry

We now describe the process of galaxy photometry on the SDSS gri images using

an astronomical image analysis software, XVISTA1. Generating a surface brightness

profile from a simulated image is a four-step process. The sky background of the gen-

erated simulated image is set through SUNRISE is set to be 10−21 W m−1 m−2 sr−1.

Such a small value translates in the sky background in XVISTA to be 0.0.

The first step in the extraction of surface brightness profiles is to find the center of

the galaxy images. We also set the radial extent to which the first isophotal solution

will be applied. The center of the galaxy is actually identified as the center of the

image. The initial isophotal solution is performed and extended out to the optical

edge of the galaxy. In the first step, we also mask unwanted objects, such as satellite

galaxies and inflowing gas clumps. Such masks are applied to filter out any unwanted

light.

The isophotes near the center of the galaxy are calculated using high accuracy

1http://ganymede.nmsu.edu/holtz/xvista/

http://ganymede.nmsu.edu/holtz/xvista/
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(a)

ILLUSTRIS ID = 283832

(b)

(c) (d)

Figure 2.4: Demonstration of the four-step process for the extraction of surface bright-
ness profiles for simulated Illustris images. Panel (a) shows the face-on orientation
of the simulated galaxy. Panel (b) shows unwanted objects being removed (yellow
circles) and center selection (yellow box). Panel (c) shows the computation of the first
isophotal solution, whereas panel (d) shows the smooth, corrected profiles after fitting
the position angle and ellipticity of the isophotes with a second-order polynomial fit.
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interpolation whereas a simple and faster interpolation is applied to the other isopho-

tal contours. In the galaxy’s outskirts where surface brightness becomes too low to

perform photometry, the position angle and the ellipticity of the isophotal contours

are poorly constrained. Thus a contour from the brighter regions of the galaxy disk

is selected and extended out to a predetermined maximal radius.

The isophotal contours are interactively smoothed in noisy areas. The final step

consists of converting the surface brightnesses to the AB magnitude system. The

isophotal solution for our reference band is also applied to the images from other bands

to extract consistent surface brightness profiles. All four steps are demonstrated in

Figure 2.4. More details about the extraction of galaxy surface brightness profiles

using this method is found in Courteau (1996), McDonald et al. (2011), Hall et al.

(2012) and Gilhuly and Courteau (2018).

Using the surface brightness profile, we can extract the effective radius, an isopho-

tal radius, central surface brightness, effective surface brightness and concentration

index. The effective radius is the projected radius within which half of the total light

is enclosed. The effective surface brightness is the surface brightness of the isophote

at the effective radius. An isophotal radius is the projected radius at which a surface

brightness, in this case 23.5 mag arcsec−2, is reached. Finally, we calculate the con-

centration of light as the ratio C28, where R20 and R80 are the projected (2D) radii

enclosing 20% and 80% of the light,

C28 = −5 log

(
R20

R80

)
. (2.5)
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2.4 Velocity Analysis

In addition to studying the effects of inclination on sizes, RCs and dynamical mass

profiles will also be examined. The Illustris and NIHAO simulations provide us with

the phase space and mass information for all the particles in a subhalo. We can

therefore extract RCs for simulated galaxies while emulating the observational method

of recording the line-of-sight velocities as close as possible.

We start by selecting stellar and gas particles within eight times the stellar half

mass radius of the subhalo. This choice allows us to sample the subhalo as far as

possible whilst avoiding interacting systems or satellites. The choice of eight times

the half mass radius is somewhat arbitrary however it is sufficient to capture the

structure and dynamics of the galaxy (see Figure 2.5). For the calculation of the half

mass radius, a center is required to change the frame of reference from the center

of the box to the center of the galaxy. The galaxy centres for Illustris and NIHAO

are calculated differently. For Illustris, the center of the subhalo is defined as the

Cartesian position of the stellar particle experiencing the minimum potential. For

the RCs, we use the stellar and gas particles from the subhalos. In order to adhere to

observational practices, one would, ideally, use just the gas particles. However with

the moderate resolution provided by Illustris simulations, using all baryons helps

improve the S/N of our calculations. With the NIHAO simulation, the center of

the galaxy is defined as the mean of the Cartesian position of the baryons. NIHAO

does not suffer the resolution issues encountered with Illustris, so we just use the gas

particles to calculate the RCs. Beyond this point, the process of extracting RCs is

identical for NIHAO and Illustris.

Once truncation is complete, we perform a PCA on the truncated particles of
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Figure 2.5: Original (top panel), face-on (middle panel) and edge-on (bottom panel)
projections for two Illustris galaxies (ID = 283832 & 261085) after conducting PCA
and carrying out the described rotations.
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each galaxy. PCA yields the principal components of the distribution of the particles,

~a, ~b and ~c in decreasing order of importance. Figure 2.5 shows the distribution of

the stellar particles for two Illustris galaxies; before and after applying the PCA. The

original, face-on and edge-on orientations do not show any companion or interacting

object and therefore the RCs should be reliable in the outer parts of the galaxies

outskirts.

Using the principal component vectors, we carry out rotations to the positions

and velocity of the stellar and gas particles such that the semi-major axis, ~a aligns

itself with the projected x-axis and the semi-minor axis ~c aligned with the projected

z-axis. These rotations are relative to the Cartesian z and y-axes are given by:

θz = cos−1

(
cx√
c2
x + c2

y

)
,

θy = cos−1(cz),

where cx, cy and cz are the components for the unit vector of the semi-minor axis.

The postscript denotes the rotation axis about which the rotation is carried out using

a rotation matrices. These rotations matrix are given by;

Ry =


cos(θy) 0 − sin(θy)

0 1 0

sin(θy) 0 cos(θy)

 Rz =


cos(θz) sin(θz) 0

− sin(θz) cos(θz) 0

0 0 1

 .
Once the transformations are applied, we calculate the radial velocity along the

line of sight for each stellar and gas particle using Eq. (2.6), where ~p and ~cp are the

positions of the particles and the camera (position of the observation) and ~v is the
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velocity of the particle with respect to the center of the galaxy. The radial component

of the velocity along the light-of-sight is then given by:

vr =
(~p− ~cp) · ~v
|(~p− ~cp)|

. (2.6)

Once vr for each particle is calculated, we create a 2D histogram of the positions

of the particles and take the median of radial velocities within each bin. We now

have an n × n matrix of median radial velocities for the projected inclination of the

galaxy. The RCs of the galaxy are extracted by taking a ∼ 1 kpc slit through the

center of the galaxy along the x-axis. Once we have vr(R), we fit the RCs with

a parametric function from Courteau (1997); here reproduced in Eq. (2.7) where

h = 1/R = rt/(r− r0), r0 is the spatial center of the galaxy, rt is the transition radius

between the rising and the flat parts of the RCs, v0 is the velocity of the center and

vc is the asymptotic velocity. β and γ are additional parameters that describe the

slope and the shape of the flatter part of the RCs. For further details see Courteau

(1997).

v(r) = v0 + vc
(1 + h)β

(1 + hγ)1/γ
. (2.7)

The parametric representation of the RCs, vr(R), enables us to compute (inter-

polate) velocity estimates at any given radius. In this thesis, we will be especially

concerned with vr(Rp) where Rp = 8r1/2, where r1/2 is the stellar half mass radius

and vr(Re). We extract the RCs for a simulated galaxy at various inclinations and

correct for projection using vcorrc = vr/ sin i, where i is the inclination of the galaxy

on the image plane. We derive the dynamical mass profiles and calculate the total
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mass of the galaxy at fiducial radius. Assuming a spherical mass distribution, the

dynamical mass is given by:

Mdyn =
(vcorrc )2R

G
, (2.8)

where R is the 2D radius at which the dynamical mass is calculated. This in-

formation is stored and the galaxy is rotated by an angle of 5◦ and this process is

repeated again.
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Chapter 3

Photometric Quantities

Scaling relations such as those involving size, luminosity and rotational speed may

be affected by inclination effects and our goal is to quantify those effects. Galaxies

created using the equilibrium models generated from GalactICS and the Illustris sim-

ulation are transparent. As such, any variation of size and brightness with inclination

is strictly a result of projection on the image plane. Our discussion begins with an

examination of galaxy sizes, such as effective radius, Re, and the isophotal radius,

R23.5, measured at an isophote of 23.5 mag arcsec−2, for a range of inclinations from

face-on to edge-on projections. We also consider the effect of projection on effective

(µe) and central (µ0) surface brightness as well as concentration of light, C28. The

trends that we measure for these quantities are similar for both GalactICS and Il-

lustris, and match those presented in the landmark study of Byun et al. (1994) and

subsequent literature.



3.1. GALACTICS 39

3.1 GalactICS

3.1.1 Galaxy Sizes

Figure 3.1 shows the effective radii and isophotal radii, measured at an isophote

of 23.5 mag arcsec−2, respectively, for a range of inclinations and different models.

An inclination of 0◦ is the face-on orientation and an inclination of 85◦ is close to

edge-on orientation. We exclude the fully edge-on (90◦) case as the image radial

coordinates would then correspond to the physical height where azimuthally-averaged

radial photometry becomes invalid. The details for all GalactICS models have been

provided in Table 2.1.

Opposite trends are seen for the effective and isophotal sizes as a function of

inclination. With an increasing inclination angle, Re decreases (top panel, Fig. 3.1).

That behaviour is just as expected. While the total light is conserved, which is the

case in the absence of dust, half of the total light depends on the column density of

stars along the line of sight. The stellar column density along the line of sight peaks

at an edge-on orientation where Re is reached at a closer distance from the center.

This explains the decreasing behaviour of Re as a function of inclination. Model 1

and Model 3 show a 17% and 3% variation for Re, respectively between edge-on and

face-on cases.

A completely exponential disk, Model 3, should provide the largest variation be-

tween the edge-on and face-on Re estimates. However, the biggest difference between

edge-on and face is found for Model 1 which contains a massive bulge and has a bulge-

to-disk mass ratio of 0.5. This interesting result can be explained by an interaction

between the disk and the bulge particles. In GalactICS, a disk component can flatten

a bulge over time, as may have happened in Model 1. This also explains why the pure
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Figure 3.1: Variation of Re and R23.5 with inclination for the five simulated GalactICS
model. Points are the sizes measured for each model, and the dashed lines are a fit
using a cosine function. The error bars shows the uncertainty introduced by the
photometry.
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exponential disk case shows such small deviations in Re.

With increasing inclination, isophotal radii increase for all simulated models (see

the bottom panel of of Fig. 3.1). This increase in R23.5 with inclination is expected.

For an isophotal radius, the stellar column density along the line of sight increases

the surface brightness, and therefore a particular threshold for surface brightness is

reached at increased distance from the center as the galaxy is progressively inclined.

Therefore, the curve is expected to peak at closer to edge-on orientation. A 19%

difference is recorded for edge-on and face-on R23.5 for Model 1 and a 35% variation is

recorded for Model 3. There is a clear demarcation between Models 1-3 and Models 4-

5 isophotal size values because of the disks in Models 4-5 are of low surface brightness

galaxies and therefore lower mass galaxies.

Model 1 has the smallest Re because of its significant bulge. The light in the

bulge is more concentrated than the disk and therefore accumulating half the light

happens faster than with all other models. This difference this not seen in R23.5 values

calculated for Model 1 because the isophotal radius, R23.5, probes the disk structure,

which might not be the case as prominently for Re.

For models with high bulge-to-disk ratios, R23.5 values decrease at high inclination.

The surface brightness profiles for these galaxies at various inclinations provides an

insight about this drop in isophotal size. Fig 3.2 compares the surface brightness at

various inclinations for Model 1 and Model 3, which are structurally different. Surface

brightness profiles for a bulge less disk are shown in the top panel. As expected for a

bulge-less disk, surface brightness at every radius increases with inclination. As the

model galaxy becomes more inclined, more and more stars are integrated along the

line-of-sight, thus yielding a bigger R23.5.
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Figure 3.2: Surface brightness profiles for GalactICS Model 1 and Model 3 at different
inclinations.
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However, the same is not true for the surface brightness profiles shown in the

bottom panel that depicts a model with a massive bulge and a disk. At an inclination

of 85◦, the surface brightness profile in the outskirts of the galaxy dips below every

other inclination. We see in the bottom panel of Fig 3.1 that the curves of isophotal

radii for Model 1 and Model 3 peak at an inclination of 70◦. At higher inclinations,

the projected shapes of the bulge and the disk are considerably different. The bulge

remains circular on the image plane whereas the disk is progressively more elliptical

with increasing inclination.

3.1.2 Surface Brightness

Figure 3.3 depicts effective surface brightness (top panel), µe, the surface brightness

measured at Re, and central surface brightness (bottom panel), µ0, as a function of

galaxy inclination. As the galaxy is tilted from a face-on to an edge-on orientation,

the effective surface brightness decreases by 2 mag arcsec−2 or becomes ∼ 6 times

brighter. The effective surface brightness should indeed increase with inclination as

Re decreases with inclination. All five curves in Fig. 3.3 are arranged according to

their mass. Model 1 is the most massive galaxy and hence brightest, whereas Model

5 is the least massive and hence of lowest surface brightness.

The bottom panel in Fig. 3.3 shows variations of central surface brightness with

inclination. It is seen that, for most of the models, µ0 only has a very slight increase

with inclination. The central surface brightnesses for this exercise have been calcu-

lated non-parametrically: defined as the average of the surface brightness recorded

within the first 3”. The increase seen in central surface brightness is due to the fact
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Figure 3.3: Variation of effective surface brightness, µe, (top panel) and central surface
brightness, µ0, (bottom panel), with inclination for the five simulated GalactICS
model. The points are the surface brightness measured for each model and the dashed
lines are a fit using a cosine function. The error bars shows the uncertainty introduced
by the photometry.
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that inclining the galaxy results in integrating through more stars along the line-of-

sight which are a part of the disk. However, it is only a slight increase because of

the presence of a bulge which heavily dominates the light at the center of the galaxy.

Given that the distribution of light is more concentrated compared to the disk, adding

more stars from the disk due to inclination only makes a small difference. This result

is further consolidated with the curve of Model 3, which is a pure exponential disk

and shows a dramatic increase in the central surface brightness of ∼ 1.5 mag.

3.1.3 Concentration Index

Figure 3.4 shows the deviations in concentration index with inclination for all Galac-

tICS models. The concentration indices are measured at radii where 20% and 80%

of the total light is enclosed. For all models, the concentration index increases with

inclination. For a pure exponential disk, the concentration index only increases by a

value of ∼ 2%. The integration of more stars for a disk system along the line-of-sight

due to inclination does not make a very big difference in the concentration of light.

On the other hand for Model 1, C28 varies by ∼ 10% with inclination.

Therefore, it can be concluded that the presence of a bulge causes a non-negligible

change in the concentration of light as a function of inclination. Models 1, 2, 4 & 5

all have a bulge leading to a more concentrated system and a bigger change in the

concentration of light with inclination. It is emphasized here again that our bulges are

not perfectly spherical. It was shown earlier (§3.1.1) that the presence of a flattened

bulge causes the biggest variation in luminosity sizes with inclination.
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3.1.4 Uncertainties

This section presents a discussion on the uncertainties inherent to our analysis §3, and

holds for the rest of our study as well. We start by discussing systematic uncertainties

such as errors in distance and inferred inclination. Depending on the method, the

error in distance estimates can range from 5 to 25%. Secondary distance indicators,

such as Cepheids or RR Lyra pulsating stars, can produce enviable distance errors

(5 − 10%) on the estimates, whereas global indicators like line width-luminosity (or

mass) relations entail much larger (∼ 25%) distance errors (Willick 1999). Projected

physical sizes of galaxies are acutely sensitive to distance error. Angular size, θ, can

be converted to physical size, R, using a distance, D, to the object using:

ηθ =
R

D
, (3.1)

where η is a constant used for unit conversion (arcseconds to radians or Mpc to kpc).

We can take the derivative of the above equation to find that the errors are related

in the following way:

∆R = ηθ∆D. (3.2)

The uncertainty, ∆D, thus translates directly and linearly into a size error DeltaR.

Inferring inclination and their associated errors is also a non-trivial task, inferred

inclination of observed galaxies can carry an uncertainty of ∆i ∼ 5◦ that can be

associated to the intrinsic thickness of disks, and non-axisymmetric features such as

spiral arms, bars etc. (Holmberg 1946; Barnes and Sellwood 2003).

The inclination of a galaxy can be calculated using the principal axes, a, b and c,



3.1. GALACTICS 48

of the stellar distribution using (Holmberg 1946; Haynes and Giovanelli 1984)

cos2 i = ((b/a)2 − (c/a)2)(1− (c/a)2)−1. (3.3)

Therefore, it should be expected that galaxy photometric quantities would be related

to inclination via a cosine behaviour like Eq. (3.4) where a, b, c, d are the fitting

parameters and θ is the inclination of the galaxy.

R = a cos(bθ + c) + d. (3.4)

For all GalactICS models, all photometric quantities as a function of inclination

can be fit using a cosine function given in Eq. 3.4. The error bars presented in figures

3.1, 3.3 and 3.4 are representative of the random fluctuations that are injected in the

results due to the photometry. Given that GalactICS systems are optically thin, the

total luminosity is expected to be independent of inclination; any fluctuation in the

total luminosity as function of inclination is due to the photometric algorithm. We

take the standard deviation in total luminosities measured at each inclination. This

deviation is then propagated through the calculation of various structural parameter

such as the effective radius (which depends on L/2). For all three figures mentioned

above, our cosine function model fits well with the measured data points. This agree-

ment between the fit and the observed data is expected as the projected axis ratio on

the image plane is related to the inclination through a cosine function.
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3.2 ILLUSTRIS

We perform the same analysis for the 95 Illustris simulated galaxies. We generated

simulated images of Illustris galaxies in three different SDSS filters and extracted

surface brightness profiles at multiple inclinations. Fig. 3.5 shows a mosaic of surface

brightness profiles for a simulated Illustris galaxy at multiple inclinations. From these

surface brightness profiles we calculate Re, R23.5, µe, µ0 and C28. We perform the same

analysis as in the previous section and compare our results.

3.2.1 Galaxy Sizes

Fig. 3.6 shows the variation of effective and isophotal projected radius, Re and R23.5,

as a function of inclination for Illustris galaxies. We emphasize here again that the

dust attenuation along the line-of-sight is absent. As mentioned before, the 95 galaxies

are divided into two mass bins about a threshold mass of log(M∗/M�) = 11.0. Such a

separation is motivated by the fact that different galaxy morphologies are encountered

in each mass bin. Spiral galaxies in the Illustris simulation lie below log(M∗/M�) =

11.0 whereas more elliptical systems are found above the mass threshold. These bins

are shown using different colours. The points show in Fig. 3.6 the median projected

size for all galaxies in the bin at a particular inclination whereas the shaded region

shows the median absolute deviation.

The top panel shows Re variations as a function of inclination. We see a change of

∼ 6% for galaxies with log(M/M�) < 11.0 and∼ 10% for galaxies with log(M∗/M�) >

11.0 in Re. The variation of Re with inclination will be small if the intrinsic ratio

between the semi-major and semi-minor axis (c/a) for a disky galaxy is large (i.e.

thick disk) or if the galaxy has a massive bulge. It is seen in Fig. 2.3 that Illustris
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Figure 3.5: Multiband surface brightness profiles for an Illustris galaxy (ID = 265345)
at various inclinations. The colours represent the SDSS filter for each profile.
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galaxies possess galactic disks with large scale heights, c/a ≥ 0.25. These thick galac-

tic disks would explain the low variation in size. This is not seen in galaxies with

log(M/M�) > 11.0, which are expected to be triaxial, more concentrated elliptical

systems. These show larger variation and also a declining curve for Re. It is also no-

ticed that the less massive population of galaxies has a greater Re relative to the more

massive sample. This is expected since their light distribution is less concentrated.

The bottom panel of Fig. 3.6 shows isophotal radii, measured at a surface bright-

ness of 23.5 mag arcsec−2, R23.5, as a function of inclination for Illustris galaxies. For

both mass bins, the change in isophotal sizes is ∼ 6%. Lower/higher mass galaxies

have smaller/higher R23.5 values. For lower mass galaxies, we see a general increase

of R23.5 with inclination. The change in R23.5 due to inclination, for higher mass

galaxies, is actually curved but largely contained within point to point fluctuations

(see Fig. 3.6, bottom panel). Massive, elliptical galaxies tend to be rounder and show

little change in isophotal radius.

Overall, size variations for Illustris galaxies (Fig. 3.6) and GalactICS galaxies (Fig.

3.1) are quite comparable. In both simulations, Re decreases and R23.5 increases with

inclination. For low mass galaxies, the variations of Re with inclination stays within

the point-to-point fluctuations which is suspected to be due to structurally thicker

galactic disk.

3.2.2 Surface Brightness

Figure 3.7 shows the change in effective surface brightness, µe, and central surface

brightness, µ0, as a function of inclination for Illustris galaxies. The colour and point

type are the same as described in Fig. 3.6. The top panel shows the variation of µe
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Figure 3.6: Variation of Re (top panel) and R23.5 (bottom panel) as a function of
inclination for Illustris galaxies using the SDSS-r band. The red and blue colours
correspond the different stellar mass bins. The points show the median size that is
calculated for all galaxies at a particular inclination; the shaded region shows the
median absolute deviation.
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Figure 3.7: Variation of µe and µ0 with inclination for Illustris galaxies using the
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with inclination. For low mass galaxies, galaxies become brighter by 0.3 mag arcsec−2

from face-on to edge-on corresponding to ∼ 30% brightening. On the other hand, µe

is relatively constant with inclination for higher mass (rounder) systems. Their ∆µe

is ∼ 0.2 mag arcsec−2 which corresponds to a ∼ 20% brightening. These results agree

with the results obtained for GalactICS galaxies where surface brightness increases

with inclination (see Fig. 3.3).

The bottom panel of Fig 3.7 shows variation in µ0 with inclination for Illustris

galaxies. For both low mass and high mass galaxies, the central surface brightness

increase by the same amount as µe. This is consistent GalactICS simulated galaxies

where central surface brightness, µ0, only increases as well.

3.2.3 Concentration Index

Figure 3.8 shows the variation of concentration index as a function of inclination for

Illustris galaxies. Low mass galaxies in Illustris tend to be more disky and therefore,

have a lower concentration of light. The slight increase in concentration index with

inclination is in agreement with the results for GalactICS galaxies (Fig. 3.4) which

are all disk systems and show a gentle increase of C28 with inclination. For high mass

galaxies, C28 stays fairly flat with inclination on account of their dominating round

bulge.

3.3 Discussion

This chapter presented the impact of inclination on various photometric quantities

such as size, surface brightness and the concentration of light. We find that Re for
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GalactICS and Illustris galaxies decreases by an amount of ∼ 7% and ∼ 10% respec-

tively, as a function of inclination. This is expected as stellar column densities along

the line-of-sight increase with inclination and Re decreases. This variation should be

amplified once these systems become optically thick due to dust extinction. Our find-

ings for isophotal sizes (R23.5) for GalactICS and Illustris optically thin galaxies show

an increase of ∼ 30% and ∼ 6%, respectively, as a function of inclination (see figure

3.6). These findings are consistent with the study of Huizinga and van Albada (1992)

where isophotal radii, measured at an isophote of 25 mag arcsec−2, increases by 30%

with inclination and the optical depth is significant only in the central regions. The

validity of our results is further strengthened using Fig. 17 (a) of Byun et al. (1994)

which depicts an increase, almost by factor 2, in isophotal radius, measured at an

isophote of 24 mag arcsec−2, as a function of inclination for a fully-transparent case.

Fig. 8 of Byun et al. (1994) shows central surface brightness, µ0, for a pure disk

vs. inclination for various optical depths. The curve corresponding to a transparent

bulgeless galaxy is very similar to our Model3 in the bottom panel of Fig. 3.3 that

shows an increase of 1.5 mag. Furthermore, the slight increase in central surface

brightness vs. inclination also agrees with the results shown in Valentijn (1990)

and the results found in Holmberg (1958) who report that central surface brightness

and effective surface brightness (∆µeff,0 ∼ 0.5 mag) show a negligible change with

inclination. This is also seen for central surface brightness vs. inclination for Illustris

galaxies in Fig. 3.7. This analysis shows that various photometric estimates not

only suffer systematic errors but are strongly affected by inclination effects. Even in

the absence of dust, photometric quantities require corrections for inclination. For

observed galaxies, those corrections also suffer from errors in inferred inclinations.
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Barnes and Sellwood (2003) show that axisymmetric feature in galaxies can lead to

an uncertainty of ∼ 5◦ on inclinations. In the next chapter, we study how stellar

mass measurements for these optically thin systems vary due to inclination.

The aim of this thesis is to model inclination effects on structural parameters such

that a correction could be provided, e.g.. face-on corrections. Such corrections involve

taking the difference between the face-on parameters and observed parameters at any

inclination and fitting these differences with a cosine or a logarithmic function of

inclination (Burstein et al. 1995; Graham and Worley 2008). We start such modelling

with figure 3.9 that shows ∆ = X0 − X(i) with inclination. Each panel shows

a different photometric quantity for all GalactICS models presented in Tab. 2.1.

However, such simple functional fits assume a homogeneous distribution of baryonic

mass and thin disks, and therefore do not work for our galaxy sample. We aim to find

a fit that can be used for face-on corrections where the fitting parameters represent

physical quantities such as stellar column density as a function of inclination, total

stellar mass etc. Even in the absence of dust, such a task is non-trivial and is in

progress.
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Chapter 4

Stellar Masses

Stellar mass of galaxies are a fundamental property that helps trace galaxy forma-

tion efficiencies, feedback histories and galaxy dynamics, and more (Conroy 2013;

Courteau et al. 2014). Stellar masses are also a significant parameter present in var-

ious correlations such as the stellar mass - halo mass relation, the star formation

main sequence or the size-mass relation (Brinchmann et al. 2004; Vale and Ostriker

2004; Behroozi et al. 2010). Therefore, it is of utmost importance to estimate the

stellar mass and their inherent errors accurately (Roediger and Courteau 2015). In

§3, we quantified the variation of different galaxy size metrics due to galaxy inclina-

tion. These variations in size should thus, more than likely, impact the stellar mass

measurements for galaxies. In this chapter, we derive stellar masses of the Illustris

galaxies using photometric data we derived in §3. We also discuss how stellar mass

profiles and stellar mass measures at some radius are affected by the inclination of

galaxies in the sky.

In order to measure the stellar mass for galaxies it is required to accurately measure

the average M∗/L of the various stellar populations. This can be done through one

of two ways; fit a stellar population synthesis model to the SED of the galaxy, or



4.1. ILLUSTRIS 60

estimate M∗/L through maximal disk fit or calculate a relationship between M∗/L

and broadband colors (Roediger and Courteau 2015). For this part of the study, we

will derive stellar masses of galaxies using the linear relationship between M∗/L and

broadband colors of the galaxies.

4.1 ILLUSTRIS

4.1.1 Colour

Figure 4.1 shows colour versus inclination for Illustris galaxies using the photometry

presented §3. The colours are measured at three different places: a global colour

(top row) encompassing the whole galaxy; a colour measured at Re (middle row);

and a colour enclosing light at R23.5 (bottom panel). The panel columns correspond

to SDSS colours and each panel includes the two mass bins for our Illustris galaxies.

As expected, low/high mass galaxies are bluer/redder in all colours measured at all

places in the galaxies.

In the top row, galaxies with log(M/M�) > 11.0, show no considerable change

with inclination. The same is true for less massive galaxies log(M/M�) < 11.0,

albeit with stronger fluctuations at each inclination. These fluctuations appear to

be amplified in the g − r colour which may be attributed to stochastic star forming

regions. Indeed, the SDSS-r band encompasses significant flux from Hα emission

coming from star forming regions. These star forming regions in both the SDSS-r and

g bands could explain the fluctuations in global colour as a function of inclination.

Using photometry of disk galaxies from SDSS data sets and total magnitude in

J, H, and Ks from the 2MASS survey, Maller et al. (2009) performed a similar

analysis to quantify the relationship between g−Ks galaxy colour corrected for dust
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Figure 4.1: Galaxy colours as a function of inclinations for Illustris galaxies in two
stellar mass bins. The shaded regions show the median error. The figure columns
correspond to the different SDSS colours whereas each row shows a color: the top
row shows the global colour, the middle row shows the colour measured at Re, and
the bottom row shows the colour measured at R23.5.
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by subtracting face-on g −Ks galaxy colour as a function of inclination. They find

that galaxies of all morphologies become redder by almost a magnitude as they are

inclined. Given that these images are largely insensitive to dust extinction, there is

strong evidence that galaxies becoming redder with inclination is predominantly a

stellar population effect. Stellar populations within a galaxy would not be uniformly

distributed throughout the galaxy, thereby causing colour gradients. For instance,

spiral arms mainly consist of younger stellar populations and inter spiral arms have

older stellar population (Davies et al. 2009; Bovy et al. 2014; Khoperskov et al. 2018).

These may well be responsible the colour fluctuations as a function of inclination.

Our results for transparent Illustris galaxies are slightly different. We see a change

of ∼ 0.2 mag in colour as a function of inclination which is less than the variation

of ∼ 1 mag reported by Maller et al. (2009). Our smaller variations may result from

the choice of optical colours. The g − Ks baseline of Maller et al. (2009) is larger

and encompasses different stellar populations compared to our g − i, g − r and r − i

colours that either cover a small baseline or encounter similar stellar populations.

In the high stellar mass bin with log(M/M�) > 11.0 in Fig. 4.1, we expect to

encounter more ETGs, where we also see a colour change as a function of inclination.

Our findings are consistent with literature where color gradients are seen ETGs where

they become bluer by ∼ 0.1 mag in the outskirts. These gradients can be associated

to metallicity gradients and metal absorption features (Barbera et al. 2010; Kennedy

et al. 2016). Such colour gradients could explain the variation of global colour as

a function of inclination. These findings are further consolidated through chemo-

dynamical simulations of ETGs that show metallicity gradients pointing to various

stellar population gradients (Kobayashi 2004).
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We notice that all colours follow similar trends; in some cases the point-to-point

fluctuations for colour at Re and colour at R23.5 are amplified largely as a result of

arm-interarm stellar population contrast, star-forming regions, star clusters etc.

We wish to characterize the variation of mass-to-light ratios with inclination. In

order to derive mass-to-light ratios from colour information, we use the transforma-

tions of Roediger and Courteau (2015) given by:

log10

(
M∗
Lr

)
= mr · (g − i) + br, (4.1)

where mr = 1.110 and br = −0.861.

This simple relation between color and mass-to-light ratio offers a straight forward

estimate of stellar masses for galaxies. We will now derive stellar mass estimates for

Illustris galaxies using their SDSS g−i galaxy colours. The r-band mass-to-light ratios

in that transformation are stable sky background fluctuations and are representative

of the bulk of the stellar mass.

4.1.2 Stellar Mass

Figure 4.2 depicts the stellar mass profiles for an example Illustris galaxy at all 19

inclinations shown as the shaded regions as a function of the radius. The red dashed

line shows the stellar mass profile calculated using the simulation particles. The zero

point for converting from apparent magnitude to luminosity has been adjusted to

ensure a global match between the numerical results and observations. The choice

of the zero-point is verified as we see a strong agreement between the observed and

theoretical stellar mass profiles except in the very inner regions (∼ 1 kpc) of the

galaxy which can be explained due to over saturation of pixels.
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Figure 4.2: Stellar mass, measured in SDSS − r broadband as a function of physical
radius for a simulated Illustris galaxy. The red dashed line shows the stellar mass
profile calculated using the simulation particle information. The shaded regions depict
the range, calculated as the difference between the maximum and minimum stellar
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Figure 4.3: Stellar mass a function of inclination for Illustris galaxies. The stellar
mass is measured at the effective radius, the 23.5 mag arcsec−2 isophotal radius and
the total stellar mass. The red and the blue colours show the different intrinsic axis
ratio bins defined in the legend. The points show the median stellar mass calculated
for all galaxies at a particular inclination and the shaded region is the error in the
median.
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The bottom panel of Fig. 4.2 shows the variation between the inclinations for

stellar mass as a function of radius in logarithmic space. It is seen that variation due

to inclination peaks at ∼ 50% at around 15 kpc. Beyond that radial distance, the

variation settles quickly to zero. The variations in the inner stellar mass profiles can

be attributed to the effect of spiral arms. For most of our simulated Illustris galaxies,

stellar mass profiles vary by 30− 40%.

Fig. 4.3 shows the variation of SDSS-r band total stellar mass (bottom panel)

and SDSS-r band stellar mass measured at effective radius (top panel) and isophotal

radius (middle panel) as a function of inclination. The colour of the points and the

shaded region show the two bins created using the intrinsic axis ratio between the

semi-minor and semi-major axes (c/a). It is expected that galaxies in the bin with

c/a < 0.4 would largely be disk galaxies whereas galaxies with c/a > 0.4 would be

ETGs. All three metrics of stellar mass measurements seem to stay constant, within

the error, as a function of inclination. Given that these galaxies are transparent, it

is expected that the total stellar mass stays constant with the inclination angle. The

light coming from stars is not attenuated or scattered due to dust and therefore the

total light at any radius should stay constant. Therefore, any fluctuations (∼ 30%)

seen in the top and middle panel are because of variations in Re and R23.5 as a function

of inclination. The dominant source of error in mass measurements comes from the

variation in M/L ratios derived from broadband colour. It was found that M/L ratio

can vary by a maximum factor of ∼ 2 − 3 particularly when NIR data is taken into

account for colour (Conroy 2013).
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Figure 4.4: Estimated stellar mass surface density as a function of inclination for
Illustris galaxies. The stellar mass surface density is measured at two different places;
within a radius of 1kpc, Σ∗1 (top panel) and within the effective radius Σ∗e (bottom
panel). The plot is organised in the same order as figure 4.3.
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4.1.3 Stellar Mass Surface Density

Figure 4.4 shows the variations of projected stellar mass surface density with incli-

nation for Illustris galaxies. The colors show the two bins based on the intrinsic

flattening of the system. The top panel shows stellar mass surface density measured

within 1kpc, Σ∗1. As expected, the galaxies in the blue bin (c/a > 0.4) are dominated

by elliptical galaxies and show negligible change with inclination. Massive, triaxial

systems are not expected to show large changes in stellar column density along the

line of sight in the central regions and therefore are expected to show no change in

Σ∗1 as a function of inclination. The galaxies in the red colour bin (c/a < 0.4) are less

massive, flattened systems that change stellar column densities along the line-of-sight

as the system is inclined. The galaxies in the red bin show an increase in Σ∗1 as a

function of inclination. This increase (∼ 25%) in the central stellar mass surface

density can be associated with adding stars from the disk in the 1kpc region as the

system becomes more inclined.

The bottom panel of Fig. 4.4 shows the stellar mass surface density measured

within the effective radius, Σ∗e as a function of inclination for the two Illustris galaxy

populations. We expect the variations in effective stellar mass surface density to

be dominated by the variation in effective radius due to inclination. The flattened

systems (c/a < 0.4) show no change in Σ∗e as a function of inclination. This reflects

the results seen in Figure 3.6 where low mass systems, which are disky, show no

variation in effective radius. For the more massive, elliptical systems, Σ∗e increases as

a function of inclination because of the decrease in effective radius as a function of

inclination. Smaller radii within the same system should probe higher stellar surface

densities as seen in the blue curve in the bottom panel. At this point it is worth
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mentioning that both quantities, Σ∗e and Σ∗1 are linearly correlated with a slope of

m = 1.093 ± 0.021 and a scatter around the slope of σ = 0.286 ± 0.004 dex. The

errors on the slope and scatter in the Σ∗e - Σ∗1 relation have been calculated using

a bootstrapping technique. Even though there seems to be a one-to-one relation

between Σ∗e and Σ∗1, the scatter, however, seems to be large. The scatter on this

relation can be ascribed to inclination effects. The variation of stellar mass surface

density with inclination and the large scatter (see bottom panel figure 4.4) in the

relation can lead to a large scatter in this Σ∗e - Σ∗1 relation. However, it should be

noted that Σ∗1 is prone to a lot of systematic errors from distances, over-saturation

of pixels in the image and seeing effects. With our Illustris systems, a 1 kpc region

corresponds to only 16 pixels in the central regions making our estimate of Σ∗1 prone

to large uncertainties. Furthermore, in real galaxies, the central regions are obscured

by dust and measurement of Σ∗1 or Σ∗e should be treated with caution.

4.2 Discussion

In this chapter, we have studied the variation in photometric colour measured at

various radii, derived stellar mass and stellar mass surface density as a function

inclination. We have shown that global galaxy colour and colour measured at Re

and R23.5 change negligibly with inclination. Point-to-point fluctuations for different

inclinations in low-mass Illustris galaxies are likely associated with stochastic star

forming regions, arm or inter-arm regions especially if the flux is recorded in the

SDSS-r band.

Stellar mass measurements of galaxies as a function of inclination show no change

within errors for both mass bins as expected for mostly transparent galaxies. The
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light from all the stars independent of the inclination the system is fully recovered.

Finally, we plot the stellar mass surface density as a function of inclination in Fig. 4.4.

The variation of Σ∗1 as a function of inclination is dominated by galaxy morphology.

Intrinsically flattened systems show a systematic increase of ∼ 30% in Σ∗1 as more

stars are added from the disk in the central regions. Rounder systems show little

change in Σ∗e with inclination. The variations in Σ∗e as a function of inclination are

significantly affected by the variation of effective radius with inclination.

Finally, Fig. 4.5 shows the stellar mass - size relation for our Illustris galaxies,

using all inclinations, edge-on and face-on orientations. We also compare our results

with the isophotal size - stellar mass relation derived for the Calar Alto Legacy Integral

Field Area Survey (CALIFA) galaxy sample (Sánchez et al. 2012; Walcher et al. 2014).

The stellar mass - size slope for CALIFA is ∼ 18% steeper than the slope recorded for

Illustris galaxies. Our results for the simulated galaxies agree well with the CALIFA

sample within the errors. Our dust-free models are representative of observed galaxies

in the stellar mass - size relation as observed galaxies are essentially transparent at

R23.5. With this plot we confirm the results of Price et al. (2017) that uncertainties

in the size estimates can propagate to the size-mass relation and produce a variation

of the slope. Within the three Illustris best fits, the variations in size and masses can

lead to the slope varying by ∼ 20%. Performing a similar study, Price et al. (2017)

quote a variation of ∼ 25% due to inclinations in the stellar mass - size relation. Even

though we follow similar method to Price et al. (2017), the difference in the variations

can be attributed the absence of dust in our analysis.
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Chapter 5

Dynamical Masses

The dark matter content of a disk galaxy can be studied using its dynamical prop-

erties (Rubin and Ford 1970; Freeman 1970; Bosma 1978; van der Kruit and Allen

1978). Once a stellar mass is assumed it can be subtracted from the observed mass

profile of a galaxy to infer its dark matter content. These RCs can be obtained

through spatially resolved profiles extracted from emission lines such as Hα, CO and

HI. Using these RCs, one measures the radial component of the circular velocity

along the line of sight (Courteau et al. 2014) and the total mass enclosed within a

radius is calculated using Eq. 2.8. This is often referred to as the dynamical mass

measurement. These velocity, and therefore mass measurements, are prone to various

sources of measurement uncertainties such as inclination, redshift broadening, dis-

tance and dust. The inclination uncertainties are especially conspicuous for face-on

systems (i < 30◦).

In this chapter, we study the variation of RCs and dynamical mass measurements

with inclination. We have generated “observed” RCs for Illustris and NIHAO galaxies

while emulating the observational method as closely as possible (see §2). Using a

fitting function (Courteau 1997), we have derived the circular velocities at various
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radii for each galaxy at various inclinations. Using Eq. 2.8, dynamical mass is

derived. Illustris galaxies with an intrinsic axis ratio of c/a < 0.4 are included in our

analysis. All five NIHAO high-resolution galaxies are disks and therefore are used for

the analysis. We currently do not possess the photometry for the NIHAO galaxies

and therefore cannot measure velocities at various radii (e.g.. Re, R23.5 etc.)

5.1 Dynamical Mass

Our study of dynamical masses in galaxies first relies on a study of RCs as a function

of inclination. Fig 5.1 shows the velocities measured at various radii as a function

of inclination for Illustris galaxies. Velocities are measured at the location where

the RCs reach maximum (Vmax), the last recorded velocity in the RCs (Vlast), the

circular velocity measured at Re (Veff) and the circular velocity measured at R23.5

(V23.5). For most Illustris galaxies, all measured velocities show negligible change as

a function of inclination. The Veff and V23.5, in the bottom panels, are quite similar

on account of the fact that the RCs flatten out by the time the half light radius is

reached. Additional evidence of flat RCs is that the velocities recorded at Re and

R23.5 show similar changes with inclination. This tell us that the sin i for RCs is

sufficiently robust (Sofue and Rubin 2001). Therefore, any variation of velocities as

a function of inclination would indicate that matter from out of the disk has been

included in the calculation of RCs for Illustris. Recall that the latter are not perfectly

flat. For improved statistics, stellar and gas particles are used for RCs calculation. It

is plausible that star particles in Illustris have significant Vz and can dilute the line

of sight radial velocity and cannot be rectified by just a sin i correction.

Furthermore, a few Illustris galaxies show drastic changes in the velocity as a
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Figure 5.1: Velocities measured at different positions in a galaxy RC as a function of
inclination. Each curve shows a different Illustris galaxy.

function of inclination. These are suspected to be highly triaxial elliptical system

(E7’s) which fall into the axis ratio cut that is made to single out disk galaxies. It is

evident that the axis ratio threshold is high. The choice of c/a < 0.4 is valid because

massive Illustris spirals also seem to have unusually thick disks. The minimum axis

ratio recorded for our sample of Illustris galaxies is c/a ∼ 0.26. At the same time,

observations of edge-on spiral galaxies show that the intrinsic flattening in the range
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of 0.1− 0.25 (Reshetnikov et al. 2003; Padilla and Strauss 2008; Masters et al. 2010;

van der Kruit and Freeman 2011). Such thick disks can be the result of very strong

stellar feedback prescriptions implemented at high redshifts (z ∼ 2 Dobbs et al.

2011). A combination of inadequate feedback prescriptions and moderate resolution

makes Illustris unsuitable choice for such an exercise. A suitable choice would be a

high-resolution zoom-in simulation, the NIHAO simulation with a mass resolution of

9000M� and a softening length of 170pc. This is almost 2 order of magnitudes better

than Illustris. We therefore turn to NIHAO for the continuation of our exercise.

The left vertical axis in Fig. 5.2 shows the last recorded velocity point, Vlast, as a

function of inclination for five high resolution galaxies from the NIHAO simulations.

Due to the lack of photometry for the NIHAO galaxies, we are unable to measure the

velocity at other radii. As resolution and statistics are as expected with NIHAO, we

only use the gas particles in order to calculate the RCs. Given that gas dissipates

energy, it should form a thinner disk and thus enable the measurement of more

realistic RCs. Once corrected for inclination, Vlast shown in Fig. 5.2 does not change

significantly (∆V/V ∼ 4%) as a function of inclination. Using NIHAO also removes

morphological bias that was present with Illustris; all galaxies used for this analysis

are disk galaxies. Therefore, the 4% fluctuations can be associated with the motions

out of the disk which would cause a slight decrease in Vlast as a function of inclination

that cannot be removed just by correcting for inclinations. Another reason for such

small fluctuations can be due to stochastic variations in the gas velocities caused by

stellar feedback prescriptions.

The right vertical axis in Fig. 5.2 shows the dynamical mass enclosed within the

last point where the RCs is recorded, Mdyn(Rlast), as function of inclination. The
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Figure 5.2: Velocity (left axis) and dynamical mass (right axis) as a function of
inclination for 5 NIHAO galaxies. The legend shows the model ID from NIHAO.
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dynamical mass is calculated using Eq. 2.8 and assuming spherical symmetry. It is

expected that the trends for Mdyn(Rlast) as a function of inclination will match those

for Vlast (Fig. 5.2). Therefore, similar interpretations can be made for dynamical

mass. If the RCs are corrected for inclinations, dynamical mass measurements don’t

show any dependence on inclination either.

5.2 Discussion

In this chapter, we have examined the dependence of dynamical properties of galax-

ies on inclination. We have generated observed RCs for galaxies for the Illustris and

NIHAO simulated galaxies. Using the Illustris RCs, circular velocities measured at

various radii are studied as a function of inclination. However, due to lack of pho-

tometry with the NIHAO galaxies, we can only measure velocities at physical (kpc)

radius, but the rotation curve cannot be scaled in terms of photometric parameters

such as Re.

If the RCs are flat, the distinction is moot and the measure Vmax is representative

for all disk radii. We find with both simulations, velocities are mostly independent of

inclinations. Furthermore, Illustris galaxies display signficant non-circular velocities

that cannot be corrected with sini division (see section 2.4). This is important because

the Illustris simulation suffers from limited resolution and the gas particles alone are

not enough to recover reliable spatially resolved RCs. While we see evidence of flat

RCs with Illustris, the inadequacy of their feedback prescriptions appear to produce

especially thick disks and likely incorrect RCs. The resolution issues are alleviated

by using high-resolution zoom-in simulations, NIHAO. Using NIHAO, velocities and

dynamical masses show no dependence with inclination. It can thus be stated that
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dynamical properties are not affected by inclination for transparent galaxies.

Now that we have velocity measurements for our simulated galaxies, a TFR can

be constructed for our simulated systems. TFR makes for a good test for the feed-

back models implemented in cosmological simulations. Inadequate sub-grid physics

recipes also generate systems that do not match reality (Dutton and van den Bosch

2009). Figure 5.3 shows the stellar TFR for the Illustris and NIHAO simulations, in

comparison with the observation study of Ouellette et al. (2017). With Illustris (red

triangle), the stellar masses are measured using colours (§4) and V23.5 calculated for

inclination as shown in Fig. 5.1. The green circles show the NIHAO galaxies, where

velocities are averaged over all inclinations. The latter values are reasonable given

the small fluctuations due to inclination. At this point, it is worth mentioning that

for NIHAO we are presenting Vlast instead of V23.5. However, it can be argued that

the RCs have flattened out by the time R23.5 is reached and therefore it should make

little difference to the TFR. The stellar masses are taken directly from the simulation

due to lack of photometry for the five galaxies. For both simulations, the error on

velocity represents the amplitude of the vertical motions in the galaxies calculated

as the standard deviation of the recorded velocities in the face-on orientation. The

uncertainties on stellar mass for Illustris are not shown but are assumed to be of the

order of factor two (Courteau et al. 2007; Conroy 2013). NIHAO galaxies, on the

other hand, has negligible uncertainties in stellar masses.

We notice that the Illustris galaxies fall short of the observed TFR. This discrep-

ancy can be linked to low resolutions and inadequate stellar feedback prescriptions

that results in lower V23.5. As mentioned earlier, low numerical resolution result in a

polluted sample with elliptical systems in the RC calculations. We also notice with
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be zero as it is the sum of the stellar particles.



5.2. DISCUSSION 80

Fig. 2.3 that Illustris galaxies have unusually thick disk which is suspected to be

due to too strong a feedback mechanism in high mass spiral galaxies. Though NI-

HAO galaxies come closer to the observed TFR within the uncertainties. However,

the deviations from TFR could also be linked to non-spherical potential created by

the flattened mass distribution. In these cases the assumption of spherical symmetry

presented in Eq. 2.8 breaks down. However, these variation should only disturb the

circular velocity by ∼ 10− 15% (Binney and Tremaine 1987) in the galaxy outskirts.

It can be suggested that the sub-grid physics implementation in NIHAO is a closer

step to creating realistic galaxies.
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Chapter 6

Summary

6.1 Conclusions

We have presented an analysis of the impact of inclination on different photometric

and spectroscopic galaxy observables using N-body simulations. From foundational

works, it is expected that, for an optically thin systems, Re should decrease whereas

R23.5 should increase with inclination. Further, as an optically thin system is inclined,

it becomes brighter regardless of the definition of the surface brightness, µe and µ0

(Holmberg 1958; Burstein et al. 1991; Choloniewski 1991; Byun et al. 1994). These

works either used preliminary simulations with poor stellar population models or dust

distributions or observed galaxies that cannot be rotated and imaged from all pos-

sible angles. This work analyses the impacts the inclination for galaxies developed

in a more cosmological context where gastrophysics is taken into account. Galac-

tICS and the Illustris cosmological hydrodynamical simulations are used to develop

the methodological framework that would handle high-resolution zoom-in simulation,

such as NIHAO, that better capture the local physics of a galaxy.

We have created stellar moment maps for GalactICS to develop our hypothesis
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about various photometric quantities as a function of inclination. We generated

mock SDSS gri images from the Illustris simulation at different camera angles to

study various photometric quantities in a cosmological hydrodynamical setting. The

dust attenuation along the line-of-sight is not modelled and we consider only optically

thin systems. We also generated RCs modelled on an observational approach for the

Illustris and NIHAO zoom-in simulations to derive dynamical properties.

Performing azimuthally averaged radial surface photometry on the stellar moment

maps, we extracted surface brightness profiles to derive the following structural pa-

rameters: Re, R23.5, µe, µ0 and C28. According to our expectations, Re decreases

whereas R23.5 increases with inclination. Due to the highly concentrated light in the

bulge, Re and its behaviour with inclination are dominated by the light and the shape

of the bulge. In GalactICS, galaxies with the largest bulge-to-disk ratios show the

largest change in Re. Further, we see that µe increases by ∼ 1 mag with inclination

as a direct consequence of the decreasing Re. As the central parts of a galaxy are

brightest, it is natural to see an increase in µe with inclination. Galaxies with a bulge

show negligible change for µ0 with inclination. Adding more stars from the disk by

tilting the galaxy should make a very small difference because of the concentration of

mass/light in the bulge. For bulgeless galaxies, largest variations for µ0 are seen with

inclination yielding an increase of µ0 by ∼ 1.5 mag. Our results with the Illustris

simulation show the same general trends of photometric quantities with inclination

as seen for GalactICS. Results from both simulations are consistent with Holmberg

(1958) for an optically thin scenario.

We also derive stellar mass measurement from colours for Illustris galaxies. We

notice large stochastic fluctuations for galaxy colours as a function of inclination.
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These can be linked to stochastic star forming regions and inhomogeneous stellar

population concentrations in galaxies such as the varying stellar populations in spiral

arm and inter spiral arm regions. This may be confirmed in future work by studying

the variations of colour and metallicity with inclination for high resolution simulations

(Strom et al. 1976; Sanders et al. 2013). This examination is beyond the scope of

our study. High resolution zoom-in simulations with small softening length should be

preferred to probe local physics such as NIHAO (Wang et al. 2015).

The large colour fluctuations do not affect stellar masses as a function of inclina-

tion, especially for transparent systems. For the latter, the total luminosity should

remain constant with inclination and therefore, so should the stellar mass estimates

(Holmberg 1958). The top and middle panel in Fig. 4.3 show stellar masses measured

at Re and R23.5. The ∼ 10% variation in size doesn’t affect stellar mass measurements

since most of the mass lies in the central regions of the galaxy. So, size variations

make a negligible difference in stellar masses as only small amount of mass is being

added at Re. This seems to be a morphology independent phenomenon as stellar

masses for both flattened and round systems stay constant.

Next, Σ∗1 and Σ∗e estimates are studied as a function of inclination. Σ∗1 for flattened

systems increases with inclination whereas Σ∗e stays constant. Projected density for

disk galaxies should increase with inclination as more stars from the disk are being

added along the line-of-sight. As we see no change in Re for flattened system, a con-

stant Σ∗e is expected. Conversely for rounder systems, Σ∗1 generally stays constant and

Σ∗e increase. The increase in Σ∗e is related to the decrease in Re which probes higher

stellar mass surface density towards the bulge. From our discussions in §3 and §4, it

can be concluded that correcting photometric quantities for inclinations is non-trivial.
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This could be studied either through simple numerical prescriptions on observed sys-

tems (Bottinelli et al. 1995) or studying large observational datasets (Maller et al.

2009). However, observed galaxies are not the best tool because these systems cannot

be rotated to capture all possible angles. Furthermore, non-axisymmetric features in

the galaxy leads to an uncertainty of ∼ 5◦ on the inferred inclination itself, making

the situation more complicated (Barnes and Sellwood 2003). Cosmological simula-

tions are a better tool to study the inclination impact. Simulations allow us to rotate

and image the system at all possible angles. However limited resolution and ad-hoc

sub-grid physics induce uncertainties to the analysis as well.

The study of inclination dependence on dynamical properties of galaxies is easier,

at least in the transparent case (Bosma et al. 1992). With our analysis of RCs, we see

that velocities measured at various radii and the dynamical mass measurements do

not change with inclination. Various effect due to non-circular velocity fields in the

galaxy associated with feedback processes are not corrected for. In Illustris, we see

a 17% fluctuation in velocities with inclination that can be associated with strong

stellar feedback mechanisms which is unrealistic. This predicament is alleviated by

using high-resolution zoom-in simulations that capture the small-scale physics more

accurately. Using NIHAO, a variation of ∼ 4% in Vlast is recorded as a function of

inclination. Similar variations are reported for dynamical mass as a function of incli-

nation. In order to get the dynamical masses, an assumption of spherical symmetry

is made which may not always be accurate. The interplay between baryons and dark

matter results in a triaxial dark matter halo that have non-spherical potential shape

(Vera-Ciro et al. 2011).

The studied photometric and spectroscopic quantities of galaxies can be used to
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build scaling relation such as size-mass or TFR. Given that photometric quantities

suffer inclination issues, these can propagate into the slope of these relations as well.

Figure 4.5 shows the size-mass for the Illustris galaxies. Compared to the CALIFA

size-mass relation (Sánchez et al. 2012; Walcher et al. 2014; Gilhuly and Courteau

2018), the Illustris slope gets shallower by 20%. This is further validated by the

findings of Price et al. (2017) who, using the FIRE simulation found that the slope of

the size mass relation can be overestimated by ∼ 25% due to inclination effects. The

TFR provides a great test for cosmological models of galaxy formation and evolution

and also suffers inclination uncertainties from stellar mass measurements. Stellar

masses are only weakly affected by inclination; however, the radius at which the

measurement is made can vary due to inclination and dust. Such variations in sizes

can cause deviations from the slope of the TFR and disagreements with observation

and therefore misinterpretation in the physics of galaxy formation and evolution.

6.2 Future Work

Since most spiral galaxies are not optically thin, at least in their inner parts, a more

realistic comparison to the real universe would be to study the impact of dust with

inclination on various galaxy observables. The formalism developed in this study

provides just the right platform for such an extensive investigation. We are currently

using NIHAO simulations to generate high-resolution SDSS mock images galaxies

with a clumpy distribution of dust around massive O and B stars. This effort uses

the GRAZIL− 3D radiation transfer code (Domı́nguez-Tenreiro et al. 2014). As

stated throughout this thesis, it is expected that the complex dust distribution in a

galaxy severely impacts size measurements. Large size uncertainties due to projection
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effects and dust will also propagate into stellar masses and velocities. As we were

able to investigate for the dust-free GalactICS, Illustris and NIHAO simulation, we

plan a detailed photometric analysis of these mock dusty NIHAO images in order to

quantify the impact of dust extinction of optically-based galaxy observable and on a

broad suite of galaxy scaling relations.

We will build upon the results presented in this thesis and the study of Price et al.

(2017). For our well-resolved simulated galaxies (e.g.. with NIHAO or Illustris-TNG

Pillepich et al. 2018), we can build a TFR, Fundamental Plane or color-magnitude

relation etc. An ultimate goal is to correct, statistically if anything, the impact of dust

extinction with inclination on galaxy structural parameters and the scaling relations

that result from their combinations. In Fig. 3.9, we presented the fractional variation

of different galaxy structural parameters with respect to the face-on orientation as a

function inclination. We endeavour to perform a similar analysis for more complex,

inhomogeneous dust geometries in galaxies, and to quantify the variations of galaxy

observables as a function of inclination, expected column densities, and inclinations.

We also wish to fit a model that is dependent not only on the parameters discussed in

§3.3 but also, for example, on extinction as a function of wavelength and inclination.

Repeating these exercises with the new Ilustris-TNG (Pillepich et al. 2018), which

implements magnetohydrodynamics and improved stellar and AGN feedback mech-

anism, should produce mode realistic galaxies and thus be especially valuable. An

advantage of cosmological hydrodynamical simulations is the availability of a variety

of galaxy morphologies and robust statistics, something the zoom-in simulation do

not provide.
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formation of massive, quiescent galaxies at cosmic noon. MNRAS, 458:L14, May

2016.

F. Fontanot, G. De Lucia, P. Monaco, R. S. Somerville, and P. Santini. The many

manifestations of downsizing: hierarchical galaxy formation models confront obser-

vations. MNRAS, 397:1776, Aug 2009.

K. C. Freeman. On the Disks of Spiral and S0 Galaxies. ApJ, 160:811, June 1970.

S. Genel, M. Vogelsberger, V. Springel, et al. Introducing the Illustris project: the

evolution of galaxy populations across cosmic time. MNRAS, 445:175, Nov 2014.

C. Gilhuly and S. Courteau. An extensive photometric catalogue of CALIFA galaxies.

MNRAS, 477:845–862, June 2018.

V. Gonzalez-Perez, F. J. Castander, and G. Kauffmann. Colour gradients within

SDSS DR7 galaxies: hints of recent evolution. MNRAS, 411:1151–1166, February

2011.
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K. Jahnke and A. V. Macciò. The Non-causal Origin of the Black-hole-galaxy Scaling

Relations. ApJ, 734:92, June 2011.

P. Jonsson. SUNRISE: polychromatic dust radiative transfer in arbitrary geometries.

MNRAS, 372:2–20, October 2006.

P. Jonsson, B. Groves, and T. J. Cox. High-Resolution Panchromatic Spectral Models

of Galaxies including Photoionisation and Dust. MNRAS, art. arXiv:0906.2156,

June 2009.

N. Katz, D. H. Weinberg, and L. Hernquist. Cosmological Simulations with TreeSPH.

ApJ Supplement, 105:19, Jul 1996.
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