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Abstract

In this thesis I present an investigation into the presence, nature and origin of the thick

disk component in late-type galaxies. I use ground-based wide-field observations to

study two edge-on low-mass galaxies in the Local Universe: NGC 4244 and NGC 55.

The large field-of-view of the ground-based data enables me to inspect the radial and

vertical structure of each galaxy. The vertical profiles are studied up to larger distances

from themid-plane than in any previous study and the presence of a second disk com-

ponent beyond the thin disk with a larger scale height is revealed for both galaxies.

The high-quality data allows me to carry out stellar population and metallicity stud-

ies for stars above and below the plane. Furthermore, direct comparisons with two

simulated low-mass galaxies provided by the Preston group at the University of Cen-

tral Lancashire are carried out. By putting the results for NGC 4244 and NGC 55 into

context with the thick disk properties from these simulations and from the literature,

the most likely thick disk formation scenarios can be pointed out.

The bulgeless low-mass systemNGC 4244 lies at a distance of 4.4 Mpc and is stud-

ied using V- and I-band wide-field images taken with Suprime-Cam on the Subaru

telescope, Hawaii. The extra-planar regions of NGC 4244 show the presence of a

large population of Red Giant Branch (RGB) stars and some Asymptotic Giant Branch

(AGB) stars. The best strategy to study the presence and structure of a thick disk com-

ponent is to use the vertical diffuse light profiles in the crowded central regions and

RGB star counts in the sparser and sky background dominated outskirts. The profiles

show evidence for the presence of a sparsely populated second structural component

beyond ∼ 2 kpc above and below the mid-plane. The profiles are fitted with a two-

disk model, where each disk is approximated by an isothermal, self-gravitating sheet.

A Bayesian model comparison confirms the need for a second disk component in the

profile fit. Furthermore, the AGB profiles are inspected and are found to have a lower

scale height than the RGB profiles. Metallicity studies of the RGB population in the

thick disk component reveal that the metallicity is much lower than the solar metal-

I



licity. Last, the scale length of the thin disk is quantified from the diffuse light radial

profiles.

At a distance of 1.9 Mpc the Magellanic type low-mass galaxy NGC 55 is studied

using V- and I-band images from the VIsible MultiObject Spectrograph (VIMOS) in

imaging mode on the Very Large Telescope (VLT, UT3) on Cerro Paranal, Chile. The

very central regions of the galaxy are not covered by the VIMOS pointings so I use

additional images from the Curtis-Schmidt telescope on Cerro Tololo. As for NGC

4244, I find that the RGB star count profiles extend to larger scale heights than the

AGB profiles. The combined diffuse light + RGB profiles show evidence for a very

prominent second disk component beyond ∼ 2 kpc above and below the plane. The

metallicity studies of the RGB population show, that there is no trend in themetallicity

with height above or below the plane. As for NGC 4244 the metallicity is significantly

lower than the solar metallicity. Furthermore, the scale length of the thin and thick

disk is derived from the radial profiles.

The properties of thick disks in galaxies of all masses is studied by compiling the

results from observed and simulated galaxies in the literature in addition to the results

for NGC 4244, NGC 55 and the two simulated low-mass galaxies provided by the

Preston group. By studying the similarities, differences and global trends with mass

in the thick disk properties it is possible to confront the thick disk formation models. I

find that none of the formation scenarios can be ruled out and even a hybrid scenario

is possible.
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CHAPTER 1

Introduction

1.1 The Standard Model of Cosmology

1.1.1 The State of the Universe

This project focuses on the structure and formation of thick disks in spiral galaxies.

The observations are discussed and placed into context of galaxy formation models.

Most of the galaxy formation models nowadays are based on the standard cosmologi-

cal model. In this section I give a basic overview for this standardmodel of Cosmology

which is the most broadly accepted description of the Universe among physicists.

Three fundamental assumptions are made:

• The “Cosmological Principle” says that the Universe looks the same as seen from

any arbitrary point in it. Essentially this means that the Universe should be

spatially homogeneous1 and isotropic2.

• Furthermore, the same physical laws should apply throughout the Universe, on

small as well as on large scales.

• The Universe is expanding while its temperature and density are decreasing.

The expansion is such that all points at a certain distance should be at the same

1Homogeneity: at any place in the Universe the observational evidence is the same.
2Isotropy: looking in any direction the observational evidence is the same.
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CHAPTER 1. INTRODUCTION

stage of development. Essentially this means that the Universe should be homo-

geneous and isotropic at all points in time.

These key assumptions are strongly supported by observational evidence. For ex-

ample the isotropy of the Universe is observed in the large scale spatial distribution

of galaxies. Although the galaxy distribution is clumpy on small scales, where the

Universe consists of clusters and voids, it is uniform on scales larger than a few hun-

dred Mpc. Galaxy surveys like the Sloan Digital Sky Survey (SDSS) and 2dF Galaxy

Redshift survey are used to construct 3-dimensional maps of the galaxy distribution.

Using statistical tests it is possible for example to demonstrate the isotropy of the

distribution at different points within the observed volume (see Peacock (2002) for a

summary). The isotropy of the Universe is further reflected in the Cosmic Microwave

Background (CMB) radiation. This relic radiation from the very early Universe (see

Section 1.1.4) is constant in all directions with variation smaller than 1:105. Although

the homogeneity of the Universe cannot be proven directly, observations are consis-

tent with it.

There is evidence that suggests that the laws of physics are the same in distinct

regions of the Universe. Atomic transition frequencies in absorption spectra can be

used to measure the fine-structure constant3 on Earth and in quasars, as has been

shown by Savedoff (1956). It has been shown that the variation between the constants

is in the range of 10−5 or smaller (see Berengut et al. (2009) for a summary).

Finally, the expansion of the Universe shows in the redshifting of light from far-

away objects. The spectra of distant galaxies have a fairly uniform distributions of

redshifts which implies that the expansion of space, also called the present dayHubble

flow, should be isotropic. The velocity with which galaxies move away from us is

described empirically by the Hubble Law (Hubble, 1929):

v = H0r (1.1)

where v and r are the vector velocity and position and H0 is the Hubble constant (see

next Section 1.1.2) which has a present value of ∼ 70 km s−1Mpc−1.

The dynamics of a Universe with such properties is described in the next section.

3The fine-structure constant characterises the strength of the electromagnetic interaction. It was first

introduced in order to describe the fine structure of the energy levels of the hydrogen atom and is a

fundamental physical constant.
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1.1. THE STANDARD MODEL OF COSMOLOGY

1.1.2 Dynamics of an Expanding Universe

The Robertson-Walker Metric and Redshift

The Robertson-Walker metric is the most general metric possible to describe an ex-

panding (or contracting), isotropic, homogeneous Universe. It describes the separa-

tion between two events in a 4-dimensional space-time and is therefore dependent on

the curvature of space and rate of expansion. The Robertson-Walker metric can be

written as

(ds)2 = (cdt)2 − R(t)2
(

dr2

1− kr2
+ r2(dθ2 + sin2θdΦ2)

)

(1.2)

where the space-distance ds is described by the co-moving coordinates r, θ and Φ, the

curvature k, the speed of light c and the time-dependent scale factor of the expansion

R(t). In a homogeneous and isotropic Universe the geometry of space must be one

of the three: 1) a “spherical” Universe with positive curvature 2) an Euclidean or flat

Universe 3) a “hyperbolic” Universe with negative curvature. The value of k in these

cases would be k = +1, 0 and −1 respectively.

The redshift effect is derived by integration in space and time over the path of a

light wave that travelled from the initial position r=R(te) at a time t=te to a position

r=R(t0) at a time t=t0. This gives

dt0
dte

=
R(t0)

R(te)
(1.3)

The Universe expands as expressed by the time dependent scale factor. In direct pro-

portion to the scale factor the wavelength becomes longer and the equation above can

be expressed as

λ0

λe
=

R(t0)

R(te)
≡ 1+ z (1.4)

where z is the redshift.

The Friedmann Equations and the Density Parameters

The dynamics of the Universe can be described in the form of a differential equation

for the scale factor R(t). This equation is derived by combining the Robertson-Walker

metric with Einstein’s field equations from the theory of relativity. The so-called Fried-

mann equation (Friedmann, 1922) can be expressed as
[

(

Ṙ(t)

R(t)

)2

− 8

3
πGρ(t)

]

R2 = −kc2 (1.5)
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where ρ(t) is the density at the time t, G is the gravitational constant, and where the

fractional rate of expansion called the Hubble Parameter is defined by

H(t) =
Ṙ(t)

R(t)
(1.6)

At present-day the time-dependent Hubble Parameter is the Hubble Constant H0 =

H(t0) = Ṙ
R . The Friedmann equation describes a non-static Universe that is evolving

with time (i.e. R(t) is not constant). Hubble’s discovery of an expanding Universe had

not been made at the time Friedmann established his equations and Einstein added

an additional term, the “cosmological constant”, Λ, to maintain a static Universe. The

cosmological constant got popular again in the 1990’s although the motivation behind

it is now a different one (see section about Dark Energy in 1.1.3). The Friedmann

equation with a cosmological constant has the form
[

H(t)2 − 8

3
πGρ(t) − 1

3
Λc2

]

R2 = −kc2 (1.7)

Each term in this equation can be replaced by the dimensionless density parameters

so that

Ωtotal ≡ Ωm + Ωk + ΩΛ = 1 (1.8)

with the spatial curvature density

Ωk =
kc2

H2R2
(1.9)

the energy density

ΩΛ =
Λc2

3H2
(1.10)

and the total matter density (dark plus baryonic matter)

Ωm =
8πGρ

3H2
≡ ρ

ρc
(1.11)

where ρc is the critical density. Equation 1.8 most clearly shows how the presence of

matter or other energy forms affects the curvature of space.

As discussed later on, observations show that the Universe is flat (k=0) and the

expansion today is dominated by ΩΛ. The Wilkinson Microwave Anisotropy Probe

(WMAP) has mapped the CMB across the full sky. The most recent estimations from

WMAP 7 (Komatsu et al., 2010) yield Ωm = 0.27±0.03 and ΩΛ = 0.73±0.03, where the

matter density Ωm can be subdivided into the dark and baryonic matter density (see

next section) with Ωc = 0.22±0.026 and Ωb = 0.045±0.0028.
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1.1.3 The Present Composition of the Universe

Dark Matter

The mass-energy density parameters express that ∼ 22% of the energy density of the

Universe is composed of dark matter (DM) (see pie chart in Figure 1.1, top panel). In

fact ∼ 83% of all matter in the Universe today is in the DM component (note that only

the non-baryonic DM component is counted as DM in the density parameters while a

small percentage of the DM is in fact baryonic as explained below). Its presence can

be inferred from various pieces of observational evidence, such as:

• From the velocity dispersion of galaxies in a cluster environment. For example

Zwicky (1933) showed that the amount of visible matter in the Coma galaxy

cluster was too small to bind the cluster. However, the concept of DM was only

discovered much later.

• From the high energy of gas particles within a cluster. The gas temperature of

a cluster is a direct indicator of the mass of the cluster because the gravitational

pull is responsible for increasing the pressure and therefore the temperature in

the gas component. X-ray measurements showed that the hot intra-cluster gas

has temperatures of 106 - 107 K. To explain these high temperatures, more matter

is necessary than has been observed.

• From strong gravitational lensing. The laws of general relativity predict that

light is bent by large masses. The effect can be observed for example when the

light of background galaxies gets bent by the large mass of a cluster which pro-

duces distortions in the image in the form of visible arcs

• From the rotation curves of individual spiral galaxies. The velocity of stars in

the disk is described by v2 = GM
r where M is the mass within radius r. However,

the observed rotation curves of large spirals do not drop off as expected from

the mass distribution of the visible light. The presence of a DM component that

dominates the outer regions of galaxies can explain this effect.

The true nature of DM is still unknown but various possibilities have been suggested.

For example, DM can come in the form of baryonic matter, the so called MACHOs

(Massive Compact Halo Objects) and non-baryonic particles called WIMPs (Weakly

InteractingMassive Particles). The first consists of atoms that interact with “ordinary”

matter via electromagnetic forces. However, for different reasons they emit no or only
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little radiation and can therefore be described as “dark”. Examples are brown dwarfs,

neutron stars or black holes. It has been shown via microlensing observations that

only about 14 - 20% of the Milky Way’s (MW) DM halo can be up by this type of DM

(e.g. Alcock et al., 2000; Crézé et al., 2004; Calchi Novati et al., 2009). The non-baryonic

DM makes up the vast majority of the DM component. Non-baryonic DM does not

interact with electromagnetic radiation and can only be detected by its gravitation.

The existence of non-baryonic DM is vastly acknowledged among scientists nowa-

days. It appears to be gravitationally dominant on large scales and is believed to be

the driving force in large scale structure formation. Furthermore, it seems to plays a

very important role in the formation process of single galaxies as they are believed

to form in the potential well of DM halos (see Section 1.2). The most striking evi-

dence for the non-baryonic nature of the majority of the DM component stems from

1) baryon acoustic oscillations (BAOs) 2) the CMB 3) the primordial nucleosynthesis.

BAOs are believed to stem from the interaction of photons with baryonic matter. In

the primordial plasma before the epoch of recombination (see Section 1.1.4) the grav-

itational force that attracts matter to the over-dense regions counteracted the heat of

photon-matter interactions. This created expanding shockwaves. After the phase of

recombination when the photons decoupled from the matter the ”sound horizon” was

imprinted into the CMB. The imprint of the sound horizon can be seen in the large

scale structure at every epoch and makes it possible to infer the expansion history

of the Universe. The epoch of nucleosynthesis is described in more detail in Section

1.1.4. The amount of Deuterium (21H) manufactured in the early Universe depends on

the initial conditions. In a dense Universe more Deuterium gets turned into helium

(42He) and subsequently a smaller amount of Deuterium remains. There are no known

processes during which large amounts of Deuterium could be synthesised after the

epoch of nucleosynthesis (for example see Wagoner, 1973; Epstein et al., 1976). Hence,

the amount of Deuterium in the Universe is a direct measure of the primordial abun-

dances. However, the abundance of Deuterium observed in the Universe today is too

large assuming all matter consists of protons and neutrons. This further suggests the

presence of non-baryonic matter in the Universe.

Three different types of non-baryonic DM have been suggested in Carroll & Ostlie

(2006):

• Hot Dark Matter (HDM): The candidates for HDM moved with relativistic ve-

locities at high redshift (therefore “hot” DM). As the Universe expanded they

cooled and became non-relativistic. The best candidate for this type of DM

6
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would be the neutrino with a mass of a few eV. However, their large energies

at the time of structure formation would have hindered the development of self-

gravitating structures on small scales. Furthermore, the estimated number den-

sity of neutrinos is too small to account for the large amount of DM in the Uni-

verse.

• Warm Dark Matter (WDM): These particles have properties intermediate be-

tween those of HDM and CDM. They are still believed to move relativistically at

high redshift but do not interact with matter. Typical masses are expected to lie

around ∼1 keV.

• Cold Dark Matter (CDM): CDM is the most promising candidate for WIMPs.

CDM particles are massive enough to move non-relativistically at all redshifts.

Candidates are currently hypothetical particles suggested by supersymmetry4.

Those could be neutralinos that have masses between 10 GeV up to several TeV

or light-weight axions with masses of ∼ 10−5 eV. CDM is the only form of DM

that could have clumped together enough in the early Universe to produce the

structures seen today through a so-called bottom-up scenario.

Baryonic Matter

Baryonic matter is composed primarily of protons, neutrons and electrons. It makes

up only∼ 4.5% of the total energy-matter density of the Universe today. This includes

the dark baryonic matter component, the MACHOs, described in the section above.

The remaining luminous matter component consists of gas and stars. Even though

only a very small fraction of the Universe is made up of luminous matter some struc-

tures in galaxies, for example the thin disk, are dominated by it. Luminous matter

provides a good tracer for the DM component but furthermore, the luminous and in

particular the stellar component bears age and abundance information. Within that

lies the potential to increase our knowledge about a whole range of topics, from the

nucleosynthesis processes in the early Universe to the assembly history of galaxies.

Dark Energy

The Dark Energy component is accounted for by a non-zero energy density, ΩΛ, in

equation 1.1.2. Einstein first introduced the cosmological constant in his equations

4In particle physics supersymmetry predicts that for every type of boson there exists a corresponding

fermion.
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Figure 1.1: These pie charts shows the com-

position of the Universe today (top) and

360,000 yrs after the Big Bang. Dark en-

ergy dominates the Universe today while

the dark matter contributes 23%. Baryonic

material or atoms only make up less than

5%. In the early Universe the DM com-

ponent dominated the energy-matter den-

sity while the dark energy played almost

no role. This graph was made by the

NASA/WMAP Science Team (http://map.

gsfc.nasa.gov/news/)

of General Relativity in order to account for a static Universe as this was the current

picture of the time. Later, when Hubble found that the Universe is in fact expanding,

Einstein removed Λ from the equations. However, in the late 1990’s observational

evidence for the acceleration of the Universe was found which made it necessary to

re-introduce Λ again.

The discovery that the expansion of the Universe is accelerating wasmade through

studies of distant Supernovae type Ia (SNIa) (see Perlmutter et al., 1997; Riess et al.,

1998) A supernova explosion of this type is caused by the explosion of a binary star

system. A carbon-oxygen white dwarf is “fed” with material from a main sequence

star until a critical mass, the Chandrasekhar limit, is reached. Just before the critical

mass is reached the onset of thermonuclear reactions in the degenerate core starts

explosively. A core-collapse is produced by exceeding the Chandrasekhar limit and a

shockwave travels outwards from the core which finally causes the explosion. These

processes happen at the same mass for all systems and there is a well-known relation

between luminosity and timescale of the explosion. The well-known luminosity and

the large absolute brightness of MV ∼ −19.3 mag makes this type of SN an excellent

distance indicator for the far Universe.

SNIa have been found to be too faint at a given redshift larger than z ∼ 0.5 which

implies that the distance of SNIa increases non-linearly at high redshifts. While a

Universe with Λ=0 decelerates and predicts a shorter distance for a given redshift the

observed properties predict a Universe with Λ > 0, in other words an accelerating

8
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Figure 1.2: The constraints on the cosmological constant ΩΛ and the total mass density Ωm

from measurements of the CMB, BAOs and SNe taken from Kowalski et al. (2008). The con-

tours indicate the 68.3%, 95.4%, and 99.7% confidence level on the density parameters obtained

through the different methods. In a flat Universe (i.e. with a curvature density equal to zero)

ΩΛ and Ωm would add up to one as indicated by the solid black line. The combination of all

data sets occurs around Ωm = 0.27 and Ωm = 0.73 and is shown by the grey contour. Within

the plotted confidence levels a flat Universe is predicted.
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Universe. Further evidence for a non-zero cosmological constant has been given later-

on by CMB studies and cluster surveys, and by BAOs.

Dark Energy counteracts gravity and drives the Universe to expand, yet it remains

unclear what its exact nature is (for example see review by Carroll et al., 1992). Quan-

tum theory describes it as a vacuum energy. Because the vacuum in fact describes the

lowest possible quantum state rather than a completely empty space it can have val-

ues different from zero. However, to the present time it remains unclear if the vacuum

energy properly describes the Dark Energy component.

The pie chart in Figure 1.1 shows the composition of the Universe today and

360,000 yrs after the Big Bang and was made by the NASA/WMAP Science team

(http://map.gsfc.nasa.gov/news/). The expansion of the Universe over the last

∼13.7 billion years made the dark matter and baryonic component less dense. The

expansion of space causes neutrinos and photons to lose energy and their energy den-

sity decreases even faster than that of the dark and baryonicmatter. On the other hand,

while the Dark Energy made only a very small contribution to the total energy-mass

density ∼13.7 billion years ago it is now the dominating component. If this trend of

acceleration continues, the Universe will expand forever until all matter reaches near-

zero temperature. However, up to this point in time, too little is known about the

properties of the Dark Energy to make any reliable predictions.

Figure 1.2 shows the constraints put on the dark energy density ΩΛ and the total

matter density Ωm from studies of the CMB, supernovae and BAOs. The different con-

tours show areas with a 68.3%, 95.4%, and 99.7% level of confidence. A flat Universe

(Ωk=0) implies that ΩΛ and Ωm add up to unity which is shown by the solid black

line in the figure. Within the confidence regions the combination of the three surveys

as indicated by the grey area predicts a flat Universe.

1.1.4 The Big Bang

The Big Bang theory is vastly accepted among scientists nowadays. Evidence for the

validity of this theory and insight into the physics of the big bang epoch can be gained

by three means, listed in Carroll & Ostlie (2006). First, the Universe is expanding as

described empirically by the Hubble law (Hubble, 1929). This implies that the entire

Universe once was located at a single point (or event) in space-time. The expansion

rate can be extrapolated back to the time of the Big Bang which gives a rough estimate

of the age of the Universe. Second, the relic of the thermal radiation of the pre-galactic

10
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Figure 1.3: The evolution of the Universe as illustrated by the NASA/WMAP Science Team

(http://map.gsfc.nasa.gov/news/). The “afterglow light patterns” or cosmic microwave

background (CMB) on the left mark the phase of recombination after which the Universe be-

came transparent to radiation. Small over-densities induced by early quantum fluctuations

that grew in the phase of inflation can still be seen in the CMB nowadays.

Universe can be observed in the form of the CMB, first discovered by Penzias & Wil-

son (1965). Small temperature fluctuations in the CMB attest to anisotropies in the

early Universe from which all structure formed. Third, the element abundances of

the oldest stars imply that the nucleosynthesis of light elements like helium (32He and

4
2He), deuterium (21H) or lithium (73Li) must have taken place in the first few seconds

after the Big Bang (see Boesgaard & Steigman, 1985, for a review). Detailed studies of

the abundances of these elements give insight into the conditions directly after the Big

Bang.

CMB studies like WMAP (see Section 1.1.2) date the Big Bang back 13.7±0.2 bil-

lion years (for example WMAP 7 (Komatsu et al., 2010)). The expansion starts from a

state of infinite density and temperature which is caused by an infinite curvature of

space-time. Physics fail to describe the state of the Universe at this gravitational sin-

gularity. The most important processes in the Universe shortly after the Big Bang are

outlined briefly in the next subsections. Figure 1.3 illustrates the evolution of the Uni-

verse from its first stages until today and was taken from the NASA/WMAP Science

Team (http://map.gsfc.nasa.gov/news/).
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The Planck Era and the Grand Unification Epoch

Little is known about the Early Universe in the first∼ 10−43 s after the Big Bang. Time

is believed to be quantised in the same way as space where the Planck length is the

smallest possible length. The shortest possible time interval called the Planck time

is ∼ 10−43 s. Space and time can not be studied on scales smaller than the Planck

length and Planck time or otherwise they would lose their meaning. However, super-

symmetry predicts that the four fundamental forces - electromagnetism, weak nuclear

force, strong nuclear force and gravitation - have been unified in one fundamental

force before this time (Georgi & Glashow, 1974). One Planck time after the Big Bang

the gravitational force spontaneously separated itself from the other forces as the Uni-

verse expanded and cooled. This process is called spontaneous symmetry breaking

because it causes changes in the symmetry of the mathematical equations involved. It

is the beginning of the Grand Unification epoch which ends 10−36 s after the Big Bang

with the separation of the strong force from the remaining two in another episode of

spontaneous symmetry breaking. The theory of this so-called electroweak unification

has been established by three physicists in the 1960’s (Glashow, 1961; Salam & Ward,

1964; Weinberg, 1967).

Four major problems that occur from this picture are described in Carroll & Ostlie

(2006):

• The horizon problem. The cosmic microwave background radiation is very

smooth with variations in the range of only 1:105. However, “causal contact” be-

tween different regions of the CMB that are now separated is impossible because

information cannot travel faster than the speed of light. Furthermore, when trac-

ing the photons back to the time they were emitted during the phase of recombi-

nation (see further down) it is clear that the regions that emitted them were not

in direct contact. The scenario above therefore struggles to explain the observed

uniformity of the CMB.

• The flatness problem. As described in Section 1.1 results from WMAP showed

that the universe today is flat to the accuracy of a few percent, i.e. Ω0 = 1±0.02.

However, curvature grows with time. Had Ωtotal only differed slightly from

unity in the early Universe the value for Ω0 would differ significantly from unity

today. It is highly implausible that such fine-tuning should happen by coinci-

dence.

• The monopole problem. During the Grand Unification epoch, the decoupling of

12
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the strong force from the unified electromagnetic and weak force must have pro-

duced a large number of heavy, stable magnetic monopoles. These monopoles

have not been observed in the Universe today. It is puzzling how the number

of stable monopoles could have shrank by such a large amount or could have

disappeared completely.

• The structure problem. The Universe is populated by galaxies and clusters and

therefore not precisely homogeneous. It is believed that these structures stem

from initial perturbations that caused gravitational instabilities. However, it is

unclear where these initial perturbations came from.

Inflation

Apossible solution to the problems that arise in the Big Bang theorywas first proposed

by Alan Guth. According to Guth (1981) the Universe has gone through a phase of ex-

ponential growth between 10−36 s and 10−32 s after the Big Bang. Thus, during the

first fractions of a second, the Universe must have been much more compact than pre-

viously believed.

Guth (1981), Linde (1982) and Albrecht & Steinhardt (1982) showed how this the-

ory provides an explanation to all of the major inconsistencies. For the horizon prob-

lem the theory implies that the regions that are far away today could have been in

causal contact before the phase of inflation which would explain why the temperature

is so uniform in all directions. The inflation theory gives a natural explanation for the

flatness problem. The rapid expansion would flatten the Universe regardless of its

initial state. Furthermore, the number density of monopoles has been hypothesised

to drop exponentially during inflation and reach a density below the detection level.

This could explain why magnetic monopoles that formed during the grand unifica-

tion epoch before the phase of inflation are almost non-existent in the Universe today.

Finally, the origin of structure in the Universe is explained by the inflation theory. The

seeds for structure formation were laid by the quantum fluctuations in the Universe

prior to inflation. During the rapid expansion, the space around these over-densities

expands more slowly than in the surrounding areas, making the density there higher

in relation to the surrounding areas. All structure in the Universe stems from these

over-densities as explained in more detail in Section 1.2.

Guth (1981) suggested that the rapid expansion most probably was triggered by

the decoupling of the strong force from the remaining two forces, the electromagnetic
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and the weak force, at the end of the Grand Unification epoch. Before the point of

spontaneous symmetry breaking, the Universe was in a state called false vacuum.

This vacuum does not represent the state with the globally lowest energy density.

However, when the phase transition into the real vacuum finally happened it gener-

ated a strongly repulsive force. The rapid expansion increased the size of the Universe

by a factor of ∼ 1026 in only a fraction of a second.

Later stages of the Universe

As described in Carroll & Ostlie (2006), the energy released by the false vacuum in-

duced a burst of particle-antiparticle production that filled the Universe with quarks,

leptons, photons, and other hypothetical, exotic particles. For reasons that are not

quite understood yet, the number of particles produced was slightly larger than the

number of antiparticles and a permanent excess of quarks over anti-quarks devel-

oped.

The last symmetry breaking at 10−11 s after the Big Bang separated the electro-

magnetic and the weak force. Further cooling finally led to the production of baryons

and anti-baryons from the still surviving quarks and anti-quarks. The subsequent

particle-antiparticle annihilation eliminated all of the antimatter but left a small excess

of matter. The baryons in our Universe today all stem from this so-called baryogene-

sis. The photons produced during these reactions cooled and became the background

radiation. Until today these photons outnumber any other source of photons in the

Universe, such as stars.

The energy density and the dynamics of the Universe at that stagewere dominated

by the radiation and the expansion led to cooling. When temperatures dropped below

∼ 109 K about three minutes after the beginning of the Universe, the epoch of nucle-

osynthesis started. As described in detail in Boesgaard & Steigman (1985), the temper-

ature was low enough to allow the production of Deuterium nuclei (21H) and through

a number of reaction chains 3
2He and the very stable 4

2He nuclei formed. Due to its

higher binding energy, 42He is more stable than protons and neutrons and at the end of

the epoch of nucleosynthesis almost all neutrons were locked up in Deuterium nuclei

that continued producing 4
2He. However, as explained in Section 1.1.3 the conversion

rate of Deuterium into 4
2He is sensitive to the density. In the expanding Universe the

helium production therefore stopped about 20 minutes after the Big Bang.

The mass fraction of hydrogen at the end of the phase of nucleosynthesis lies at

roughly 75% while ∼ 25% of the mass fraction is in 4
2He. Only a tiny amount of heav-
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ier elements like 7
3Li and

7
4Be formed. The reason for the lack of even heavier elements

is that elements with a mass number of 5 and 8 from which heavier elements would

synthesise are unstable. Furthermore, nuclear reactions like the triple-alpha process

during which three 4
2He nuclei form one 12

6 C happen on timescales much longer than

the phase of nucleosynthesis. There is no time for significant amounts to exist before

the density of the Universe drops and essentially ends the phase of nucleosynthesis.

Most of the light elements in the Universe today stem from the Big Bang nucleosynthe-

sis and the theory predicts the abundances rather well. Heavier elements like carbon,

oxygen, and iron were synthesised later in the cores of stars.

Over the following 377,000 yr (until z≈1100) the Universe stayed in an ionised

state where photons, electrons, and the previously produced heavier nuclei existed

as a hot and dense plasma. The photons were scattered repeatedly through the free

electrons which made the Universe opaque to any radiation. Only when the tempera-

tures dropped below a few thousand Kelvin was the formation of atoms energetically

favoured. The formation of electrically neutral hydrogen atoms at this stage is called

recombination although electrons and protons in fact combined for the first time. It was

then possible for the photons to decouple from thematter in the Universe and to travel

freely - the Universe became transparent for radiation. This was already predicted in

early studies by Gamow, Alpher and Herman (Gamow, 1948b,a; Alpher & Herman,

1948).

When we observe the CMB in the Universe today we in fact observe the radiation

at this so-called surface of last scattering. As it travels through space the radiation gets

redshifted. The CMB today can be observed as the spectrum of a black body with a

temperature of 2.725 K (e.g. as estimated from WMAP7, Komatsu et al., 2010).

However, the temperature of the CMB shows tiny fluctuations. While a 10−3 dipole

anisotropy arises from the Earth’s motion, an anisotropy of about 10−5 K traces fluc-

tuations in the density of the matter in the early Universe. As described above it is be-

lieved that the small over-densities caused by quantumfluctuations increased through

the rapid expansion during the phase of inflation. The ”snap shot” of the surface of last

scattering we see in the CMB carries the information about the substructure present

∼377,000 yr after the Big Bang. All structure in the Universe, like galaxies and galaxy

clusters, evolves from the gravitational pull of these substructures. The anisotropies

in the CMB can therefore be used to test the recent models of structure formation.

Results from space missions like the Cosmic Background Explorer (COBE) or its suc-

cessorWMAP can be combined with studies of the cosmic structure like SDSS in order
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to test current theories of structure formation.

1.2 The Hierarchical Model of Galaxy Formation

A successful model of galaxy formation has to explain the large variety in the mor-

phology and sizes of galaxies seen in the Universe today, such as, for example, spiral

galaxies, irregular galaxies, dwarf galaxies, or large elliptical galaxies. Furthermore,

it has to explain the presence of different sub-components in galaxies, such as thin

disks, bulges, thick disks or halo components. The way in which galaxies form as well

as the way in which the different sub-components form might be very different. The

currently most favoured scenario is the hierarchical model of galaxy formation.

The hierarchical model of galaxy formation was first proposed by White & Rees

(1978). Previously, Press & Schechter (1974) had developed an analytic formalism for

the process of structure formation from density perturbations with a Gaussian distri-

bution. As discussed in the previous section it is believed that quantumfluctuations in

the early Universe grew following the period of inflation. After the epoch of recombi-

nation the Universe was therefore not completely homogeneous and around the small

over-densities the non-baryonic DM condensed. The model clearly requires the bulk

of the material to be cold dark matter (for example Carroll & Ostlie, 2006, Section 30.2)

as opposed to warm or hot dark matter because the high velocities of the latter two

would counteract the gravity and hinder the development of structure. These DM

lumps grew over time and, after recombination, started to attract the baryons which

at that time existed in the form of hydrogen and helium.

The cooling and subsequent collapse of gas in those DM halos caused the first stars

and star clusters to form. It is believed that they might have taken part in inducing

the epoch of re-ionisation after which most of the neutral hydrogenwas ionised again.

However, at that stage the Universe had expanded and diluted enough so that electron

scattering was rare and the Universe stayed transparent.

Tidal interaction with the asymmetrically distributed matter around them and

transformation of orbital momentum into angular momentum during mergers in-

duced tidal torques in the DM halos throughout their build-up (e.g. Peebles, 1969;

White, 1984; Gardner, 2001; Porciani et al., 2002). The effect of the angular momentum

on the non-dissipative DM and stellar component is different from the effect on the

dissipative gas component. The rotating proto-galaxy has an angular momentum of

ωr2 which opposes the gravitational pull GM
r

2
that forces the matter to the centre. The
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spherically shaped DM cloud flattens somewhat because the gravitational force on

material around the equator is smaller than on the poles relative to the counteracting

force from the angular momentum. However, the energy of the DM is high enough to

hinder the flattening to some extent. The same forces are effective in the ionised gas

component but unlike in the DM component energy is radiated away through cooling

processes like thermal Bremsstrahlung5 and to a small extend collisional excitation6

and ionisation7 (Silk, 1977; Rees & Ostriker, 1977). At high redshift, Compton scatter-

ing of the cold microwave background photons off hot electrons plays an important

role (Jones & Wyse, 1983). These energy losses lead to a collapse of the rotating gas

component which subsequently forms a disk.

In the hierarchical model of galaxy formation galaxies keep undergoing interac-

tions and mergers throughout their history. The stellar halo of spiral galaxies is still

growing through the accretion of smaller satellite systems which can be observed di-

rectly in the MW (Ibata et al., 1994) and the Andromeda galaxy (Ibata et al., 2001).

Simulations for example by Helmi et al. (1999) demonstrate that about 10% of the halo

population outside the solar circle could stem from a once coherent structure. Fur-

thermore, Bullock & Johnston (2005) show that in a ΛCDM cosmology8 a MW type

galaxy accrets 100 to 200 luminous satellites throughout its 12 Gyr long assembly his-

tory whose debris later populates the halo.

In addition to the stellar halo component some galaxies exhibit a smaller spher-

ical component in the centre called bulge. It is believed that the stellar bulge of a

galaxy forms from gas that collapsed in the centre of the DM halos before they ac-

quired angular momentum. This is in agreement with the age of the MW bulge which

has been found to be old (although the stellar ages may range over several Gyr, e.g.

Feltzing & Gilmore, 2000). However, it has been found that the metal abundances of

Red Giant Branch (RGB) stars in the bulge have a wide spread. Their mean value of

[Fe/H] ≈ −0.25 dex (see Section 1.3.2) resembles more that of the old thick disk stars

than the very old halo or globular cluster stars. It has been proposed that bulges either

form later-on or that more material is added later-on in the history of a galaxy. A sum-

5Energy is radiated away due to the deceleration of free electrons in the Coulomb field of the the ions.
6A free electron knocks a bound electron into an excited state. The excited electron then decays again

emitting a photon.
7A free electron knocks a bound electron out of its bound state and ionises it. The formerly bound

electron hereby takes energy from the free electron.
8A cosmology that assumes cold dark matter and a non-zero cosmological constant as described in

Section 1.1.

17



CHAPTER 1. INTRODUCTION

mary of the proposed formation scenarios can be found inWyse (2009b). For example,

during mergers angular momentum gets redistributed and low angular momentum

material (existing disk stars as well as gas to fuel star formation) ends up in the centre

(e.g. Kauffmann, 1996). Bower et al. (2006) suggested that, before ending up in the

centre, this material might form a massive disk that becomes unstable. The stripped

core of an accreted satellite galaxy could itself end up in the centre of the galaxy due to

dynamical friction if it is dense and massive enough. Further mechanisms have been

proposed. For example gas can flow into the centre due to gravitational instabilities

in the disk that are induced by the presence of bars (e.g. Englmaier & Gerhard, 1999).

As described in the review paper by Freeman & Bland-Hawthorn (2002), large

bulges that exhibit a surface brightness profile that follows a r
1
4 -law (see for exam-

ple Pritchet & van den Bergh, 1994, for a study of the surface brightness profile of

the bulge in M31) and that are structurally and chemically rather similar to elliptical

galaxies (e.g. see Jablonka et al., 1996, for a study of the bulges of 28 spiral galaxies)

and are believed to have formed rapidly. Smaller bulges on the other hand have been

found to follow an exponential surface brightness distribution and are more likely to

have formed from secular processes (e.g. Courteau et al., 1996).

An additional thick disk component has been discovered in the MW and other

spiral and S0 galaxies (see Section 1.3). This thesis focuses on studying the thick disk

component in external galaxies. Therefore, the proposed formation mechanisms shall

be discussed in great detail in the next Section, 1.5.

Finally, large objects like the massive elliptical galaxies are believed to be the result

of two or more major mergers. These disk-less elliptical galaxies are populated by

predominantly old stars on random orbits and have little or no dust or gas. They are

usually found in more populated environments such as galaxy clusters. It is believed

that during the merger of two objects of similar size stars can lose any memory of their

previous orbit. Further, gas clouds that are colliding during the merger will produce

rapid star formation which uses up the majority of the gas and leaves no supplies

to form stars later-on. It is very likely that major mergers were much more common

in the past than they are now. This explains why elliptical galaxies consist of an old

stellar population.

However, there are still several problems that occur with the hierarchical model

of galaxy formation. The number of CDM subhalos predicted from simulations is too

large compared to the number of satellite galaxies known to exist in the Local Group

(e.g. Kauffmann et al., 1993; Klypin et al., 1999; Moore et al., 1999a). For example, sim-
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ulations by Klypin et al. (1999) predicted about 50 satellites on orbit around a galaxy

the size of the MW. However, as summarised and discussed in Mateo (1998) only

about 11 MW satellites can be observed. One solution to this problem within ΛCDM

is, that a large fraction of the DM halos do not form detectable galaxies. The reason

for this might be that feedback from star formation in the form of supernova-driven

winds leads to gas loss in low-mass halos which subsequently suppresses star forma-

tion (Dekel & Silk, 1986). Furthermore, it has been proposed that the presence of a

UV background radiation field heats and reduces cooling of the baryonic material and

inhibits star formation in dwarf galaxies (Rees, 1986; Efstathiou, 1992). However, it is

not clear if either mechanism (or both mechanisms together) can account for the large

number of undetected dwarf satellite galaxies. Modifying the properties of the dark

matter particle (Spergel & Steinhardt, 2000) and replacing it by warm dark matter (e.g.

Bode et al., 2001) is still considered as a possible solution.

Another problem of the hierarchical scenario is that the DM halos in simulated

dwarf galaxies are too concentrated compared to the observations as suggested by

Navarro et al. (1996). In accordance with that, Moore et al. (1999b) found that the pre-

dicted rotation curves of CDM halos do not match measurements of a sample of dark

matter dominated low surface brightness galaxies, which indicates that the CDM ha-

los are too cuspy. Beside a modification of the properties of the dark matter particle

(see above) a possible solution is, that the density profile in the very centre of dwarf

galaxies might be altered during the subsequent galaxy formation process. An alter-

native solution has been proposed by Governato et al. (2010). They show that realistic

DM cores can arise from supernova-driven outflows (see Section 5.1.1).

Last, a severe problem arises from the failure of the hierarchical formation sce-

nario to consistently describe the halo build-up as a function of mass. Cowie et al.

(1996) found that more massive galaxies formed at higher redshift and that the bulk

of star formation since z ∼ 1 has taken place in intermediate mass galaxies and not

in the most massive ones. Further evidence for this has been reported throughout the

literature. For example, as reported by Drory et al. (2005), the stellar mass function of

galaxies shows that a substantial number ofmassive galaxies has already been in place

at z > 1. This ”downsizing” problem contradicts the hierarchical scenario where large

objects are expected to form at recent epochs. However, even thoughmassive galaxies

are predicted to have formed more recently, this does not necessarily mean that their

stellar mass was assembled recently. In fact, it has been shown that galaxy environ-

ment has an influence on the SF in the sense that in a denser environment, for example
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in a galaxy clusters, the SF is shifted to earlier epochs (see Baugh et al., 1999). Then, in

the subsequent, typically gas-poor mergers the galaxy grows but with no significant

SF taking place (e.g. Baugh et al., 1996). Recent models further assume that feedback

from active galaxy nuclei (AGN) (e.g. Bower et al., 2006) or supernova-driven winds

(e.g. Kereš et al., 2009) help to supress the SF activity inmassive galaxies at low redshift

and bring the downsizing problemmore and more into accordance with the hierarchi-

cal clustering scenario. However, problems remain to reproduce the observations of

the stellar mass function for high-mass and intermediate-mass galaxies, as feedback

and SN winds have to be assumed to be effective as well.

1.3 The Structure and Components of the Milky

Way

1.3.1 Overview

The MW is currently the best studied large spiral galaxy and is taken as a proto-type

for all others. Simulations that model galaxy formation are often tuned to reproduce

its properties. The basic properties described below are summarised in Carroll &

Ostlie (2006). The MW has a total mass of ∼ 6× 1011M⊙. The luminous content pro-

vides only∼ 10% of the mass in theMWwhile 90% is in the DMwhich mostly resides

in the halo. The luminous mass is made up of stars (∼ 7× 1010M⊙) and to a small

extent of gas (∼ 6× 109M⊙). However, many formation processes in the galaxy can be

revealed by analysing the stellar distribution and density or by studying the detailed

properties of individual stars in the solar neighbourhood. A detailed description of

the stellar content in each of the MW’s components, the thin disk, the thick disk, the

bulge and the halo, will be given in the next Section, 1.3.2.

The gas component in the MW fills up the space between the stars and is therefore

called the interstellar medium (ISM). As discussed in Section 1.1.4 the most common

gas in the Universe is hydrogen (∼ 75%). After a dissipational collapse (see Section

1.2) most of the gas can be found in a thin disk. Three states of hydrogen are observed

in the MW.

The most abundant gas in the disk is in the neutral hydrogen, HI. The HI disks

of galaxies can be measured by using the 21 cm emission line. A photon with an

energy that corresponds to a wavelength of 21 cm is emitted when the electron in the
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hydrogen atom flips its spin. Although the probability for this to happen is very low,

there is enough HI present in galaxy disks for this effect to become measurable.

Further, a small fraction of ionised hydrogen (HII) is present in the MW. It is usu-

ally observed around very hot, newly born stars. High energy photons from the

central star will provide enough energy for the electrons to escape their bound state

within the atom. During the recombination of an electron with an ion, the electron

falls through the main energy levels emitting photons with each transition. Emission

line spectra are used to study these so-called HII-regions.

Last, some of the gas in the MW is found in the form of molecular gas, most of

which stems from molecular hydrogen, H2. However, the H2 molecule is the hardest

one to measure. While molecules are usually detected via their rotational or vibra-

tional transitions, H2 has no dipole moment because of its high symmetry. It does not

produce a measurable emission line in the radio or optical wave-band. The presence

and abundance of H2 is therefore usually traced by measuring the CO abundance and

applying a translation factor.

The atomic and ionised hydrogen in the MW resides in a thin layer that extends

to scale heights smaller than the stellar thin disk. Its radial extension on the other

hand is much larger than the MW’s stellar disk. Observations of the MW and other

galaxies show that the gas does not always follow the stellar distribution. In the MW

the gaseous disk is believed to be warped and flared toward the outskirts, (Burton &

Lintel Hekkert, 1986; Diplas & Savage, 1991), but is not clear if the stars follow the

warp as well.

The molecular gas in usually found in massive dense clouds which lie close to the

mid-plane. Their masses can range from a few solar masses to∼ 106M⊙. If the cloud is

cold and dense enough it will collapse under gravity and fragment into smaller clouds

that host star formation.

1.3.2 Stars in the Milky Way

Information about the stellar content of the Milky Way can be gained by studying

the six-dimensional location and velocity phase space, the chemical properties of

stars, and their ages. While photometric data can provide the proper motion, po-

sition, and distance information which already determines five components of the

six-dimensional phase space information, stellar spectra are needed to gain accurate

knowledge of the stars radial velocity, its chemical composition and other useful pa-
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rameters like its effective temperature and surface gravity.

The ground-breaking studies of Eggen et al. (1962) and later Searle & Zinn (1978)

showed how knowledge of the structure and sub-structures of the MW’s stellar con-

tent leads to valuable information about its formation and evolution. The sample sizes

have been greatly increased in the following years, most recently thanks to large scale

surveys like the 2 Micron All Sky Survey (2MASS), or SDSS and its first extension,

SDSS-II. The latter two surveys provide multi-colour images and stellar spectra for

more than a quarter of the sky. The SDSS sub-survey SEGUE (Sloan Extension for

Galactic Understanding and Exploration) provides another 3,500 square degrees of

imaging and spectra for 240,000 stars. The current state of knowledge from this and

other surveys is summarised in the next sections.

The Thin Disk

The primary stellar component in the MW is the thin disk which has a stellar mass

of ∼ 6× 1010M⊙ (Carroll & Ostlie, 2006). It has an exponential scale height between

240 - 350 pc (e.g. Robin et al., 1996; Siegel et al., 2002; Chen et al., 2001; Robin et al.,

1996) with the most recent estimate from SDSS being 300 pc (Jurić et al., 2008). The

stars in the thin disk rotate with a velocity of about 220 km s−1 and their total velocity

dispersion has a value between 60 - 80 s−1 (Edvardsson et al., 1993; Binney et al., 2000;

Rocha-Pinto & Maciel, 1998; Holmberg & Flynn, 2000, see also Section 1.5.1) with a

vertical velocity dispersion of ∼ 20 km s−1.

It has been found that the velocity dispersion of the stars is dependent on their

age with older stars having larger velocity dispersions, i.e. scale heights (e.g. Carroll

& Ostlie, 2006). The youngest stars in the galaxy are found within the central plane

where they formed in the clouds of molecular gas as described above. However, the

thin disk contains stars of all ages and a small fraction, about 10%, of very old stars

with ages between 10 - 12 Gyr is also present (e.g. Haywood, 2006; Holmberg et al.,

2007).

The scale length of the thin disk has long been subject to discussion. Earlier at-

tempts yielded values between 2.0 and 2.8 kpc (Ortiz & Lepine, 1993; Robin et al., 1996;

Ruphy et al., 1996; Porcel et al., 1998; Drimmel & Spergel, 2001; Ojha, 2001). Other es-

timates took the flaring of the disk into account. Those studies yielded a higher value

of 3.5 kpc (e.g. López-Corredoira et al., 2002; Larsen & Humphreys, 2003, who study

data taken from 2MASS). The most recent estimate from SDSS is 2.6 kpc (Jurić et al.,

2008).
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The metallicity of the thin disk in the vicinity of the sun is believed to be roughly

comparable to the solar metallicity. The peak in the metallicity distribution function

(MDF) of thin disk stars in the solar neighbourhood has been found to lie at [Fe/H] =

−0.15 to −0.1 dex (e.g. Kotoneva et al., 2002; Allende Prieto et al., 2004).

The disk is further inhabited by metal-rich globular clusters. Since Zinn (1985) it

has been common knowledge that the disk globular cluster population is metal rich

([Fe/H] > −0.8 dex) compared to their metal week equivalents in the halo ([Fe/H] <

−0.8 dex).

The Bulge

The next dominant stellar component is the central bulge which has a total stellar

mass of ∼ 1010M⊙. The mean rotation speed of this component is ∼50 km s−1 and

it has a total velocity dispersion of about 100 km s−1. The MW stellar bulge follows

an exponential surface brightness profile instead of the ”classical” r
1
4 profile and is

therefore more likely to have formed from secular processes (see Section 1.2).

The bulge consists mainly of old stars with ages between 10 and 12 Gyr (Ortolani

et al., 1995; Feltzing & Gilmore, 2000; Kuijken & Rich, 2002; van Loon et al., 2003). A

globular cluster in the MW bulge with a stellar population as old as ∼ 13 Gyr was

found by Zoccali et al. (2001). The metallicities of the bulge stars are slightly below

solar with [Fe/H] ≈ −0.25 dex (e.g. McWilliam & Rich, 1994; Ibata & Gilmore, 1995;

Fulbright et al., 2006). The stellar properties of the bulge resembles more that of the

oldest inner disk stars than that of the very old metal-poor halo stars and globular

clusters. This gives further support to the idea that the bulge might have formed from

secular processes.

The Thick Disk

The thick disk of the Milky Way was first detected by Gilmore & Reid (1983). In the

solar neighbourhood the thick disk makes up only 3% - 10% of the stellar density (see

Siegel et al., 2002, for a summary). The rotation of the thick disk lags the thin disk

rotational velocity by about 20 - 50 km s−1 (Chiba & Beers, 2000; Soubiran et al., 2003;

Carollo et al., 2010). Studies of the vertical velocity dispersion yield a value of ∼40-50

km s−1 which implies a scale height of ∼ 1 kpc (Norris, 1986; Sandage, 1987; Sandage

& Fouts, 1987; Carney et al., 1989; Beers & Sommer-Larsen, 1995; Chiba & Beers, 2000;

Bekki & Chiba, 2001; Soubiran et al., 2003). However, until now no agreement about
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the exact value of the scale height has been found and the numbers vary between

600pc (e.g. Chen et al., 2001) and 1400 kpc (e.g. Reid &Majewski, 1993). There is a cor-

relation between the local normalisation and the disk scale height in the sense that a

low normalisation corresponds to a larger scale height. This correlation possibly origi-

nates in the set-up of the survey. In most surveys a single line of sight is probed which

is not representative of the complex structure of the thick disk (Jurić et al., 2008). The

most recent estimates from SDSS favour a high-normalisation in combination with a

low thick disk scale height. For example Jurić et al. (2008) find a scale height of 900

pc and Carollo et al. (2010) report a value of 510 pc, both using SDSS data. Further-

more, Jurić et al. (2008) find a thick-to-thin disk normalisation of 12% which is higher

than what was reported in previous studies (for example Larsen & Humphreys, 2003,

found 3%). In the following, the ratio between the thick and the thin disk scale height

is therefore assumed to lie between 2 and 4.

Throughout the recent literature the radial scale length of the thick disk is mea-

sured to be larger than the scale length of the thin disk. It has a value that lies between

2.5 kpc and 4 kpc (Reylé & Robin, 2001; Chen et al., 2001; Siegel et al., 2002; Larsen &

Humphreys, 2003; Jurić et al., 2008) and the most recent estimates from SDSS are 3.6

kpc (Jurić et al., 2008) and 2.2 kpc (Carollo et al., 2010).

Chiba & Beers (2000) first proposed the existence of a two-component thick disk.

They find that the population with a metallicity between −2.2 < [Fe/H] < −1.7 dex

shows different rotational properties than the rest of the thick disk population with

metallicities in the range between −0.7 < [Fe/H] < −0.6 in their sample. The pres-

ence of this metal weak thick disk (MWTD) was recently confirmed by Carollo et al.

(2010). They report that this component is probably rotating with a rotational lag be-

tween 70 and 120 km s−1 which differs from previous results for the main thick disk.

The vertical velocity dispersion of the stars in the MWTD is reported to lie between

35 and 45 km s−1 by the same authors. This is only slightly smaller than the values

found for the ”traditional” thick disk. Themost recent metallicity estimates by Carollo

et al. (2010) quote a peak metallicity of [Fe/H] = −1.3 dex and [Fe/H] = −0.6 dex for

the MWTD and the traditional thick disk respectively. If the thick disk forms through

direct accretion of satellite stars the metal weak part could stem from debris that has

not yet been completely assimilated into the thick disk (Carollo et al., 2010).
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The Halo

The most sparsely populated component in the MW is the stellar halo. In the solar

neighbourhood it has been found that only 0.3% (Larsen & Humphreys, 2003) to 0.5%

(Jurić et al., 2008) of the stars are halo stars and its total mass lies around 2× 109M⊙

(e.g. Carney et al., 1990). Besides the field star population, the halo is further inhabited

by globular clusters which make up roughly 2% of the mass of the luminous halo. The

overall density profile along the disk plane has been traced with RR-Lyrae stars and

follows a power-law with a half-light radius of re ≈ 3.1 kpc (e.g. Vivas & Zinn, 2006).

Evidence has been found that the halo has a complex structure (Preston et al., 1991;

Majewski, 1992; Kinman et al., 1994; Norris, 1994; Carney et al., 1996; Chiba & Beers,

2000; Kinman et al., 2007; Carollo et al., 2007; Lee et al., 2007; Miceli et al., 2008; Carollo

et al., 2010) and since Carollo et al. (2007) it is assumed that it consists of at least two

components. While the inner halo component dominates the regions out to 10 - 15 kpc

and is flattened with an axis ratio of ∼ 0.6, the outer halo component can be found

beyond 15 - 20 kpc and is less flattened with an axis ratio of ∼ 0.9 (e.g. Carollo et al.,

2010; Wyse & Gilmore, 1989, for a study of the flattening of the halo).

The stellar halo is believed to be supported by the velocity dispersion of its stars.

In fact, halo stars have been found to travel on highly eccentric orbits and some of the

stars are energetic enough to reach beyond 100 kpc. Typical velocities for the velocity

ellipsoid are for example (σVR
,σVφ , σVZ

) = (150,100,85) km s−1 for the inner halo and

(σVR
,σVφ , σVZ

) = (159,165,116) km s−1 for the outer halo as reported by Carollo et al.

(2010). The same authors report that the net rotation of the inner halo is close to zero

and the outer halo has been found to have a retrograde rotation with a velocity of

∼ −80 km s−1.

The MDFs of the inner and outer stellar halo component peak at [Fe/H] = −1.6

dex and [Fe/H] = −2.2 dex respectively (see Carollo et al., 2007, 2010; Ishigaki et al.,

2010). The most metal poor field halo stars have metallicities as low as [Fe/H] ≈ −5

dex. The stars in the halo are predominantly old. For example, Lineweaver (1999) av-

erage over the findings from eight independent surveys and yield a value of 12.2±0.5

Gyr.

The stellar halo of the MW shows a multitude of substructure. Ibata et al. (1994)

first discovered that the Sagittarius dwarf galaxy is currently being cannibalised by

the MW leaving behind a stream of debris. Since then more substructure has been

revealed (e.g. Newberg et al., 2002, 2007; Belokurov et al., 2006; Bell et al., 2008). These
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observations support the hierarchical formation model described in Section 1.2 where

galaxy formation still proceeds through the accretion of smaller satellite systems.

The globular clusters in the halo have been found to bemetal weak ([Fe/H] < −0.8

dex). The oldest globular clusters might be as old as ∼ 13 Gyr which is older than

the oldest halo field stars. Even though they have similar metallicities as the halo

field stars their MDFs do not extend to metallicities quite as low ([Fe/H] ≈ −2.2 dex

compared to [Fe/H] ≈ −5.0 dex for the field stars). It has been proposed that some

globular clusters were brought into the galaxy through a merging event or might even

be the stripped nuclei of the merging satellite galaxy (e.g. Freeman, 1993). This idea

is supported by the finding of clusters with multiple stellar populations. Ever since

this was first discovered in ωCentauri by Lee et al. (1999) multiple stellar populations

have been detected in more and more galactic and extragalactic globular clusters.

1.4 The Thick Disk in External Galaxies

Even though the thick disk of the MW is often used as a proto-type it is not expected

that the thick disk properties are the same for galaxies of different mass and type or

for galaxies in different environments. The first discovery of a thick disk in external

edge-on galaxies was made by Burstein (1979a,b,c). He found that the vertical sur-

face brightness profiles of the four lenticular galaxies9 (Hubble-type S0) which they

analysed using photographic plates showed the presence of a low-luminosity compo-

nent beyond the thin disk. Because of its disk-like distribution and larger scale height

compared to the inner thin disk the author called it a “thick disk”. At the same time,

Tsikoudi (1979, 1980) found what she called an “exponential envelope“ around three

S0 galaxies, two of which were also studied by Burstein (1979c). Not long after that

van der Kruit & Searle (1981) announced the detection of a highly flattened compo-

nent with colours indicative of an old stellar age at large distances from the plane in

the MW analogue NGC 891.

Since then thick disks have been found to be a rather ubiquitous feature in disk

galaxies. Diffuse light studies have targeted several tens of galaxies and revealed or

confirmed the presence of a thick disk in a number of late-type disk galaxies (NGC

6504 (van Dokkum et al., 1994); NGC 891 (Morrison et al., 1997); IC 5249 (Abe et al.,

1999); NGC 4565 (Wu et al., 2002); ESO 342-017, (Neeser et al., 2002)) and lentic-

9A lenticular galaxy is a disk galaxy which shares many properties with an elliptical galaxy. Typical

characteristics of these galaxies are little ongoing star formation and an ill-defined spiral structure.
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ular galaxies (NGC 4710, NGC 4762 (de Grijs & van der Kruit, 1996); ESO315G-

20, ESO358G-29, ESO311G-12,ESO322G-87, ESO435G-50, ESO505G-03, (de Grijs &

Peletier, 1997); NGC 2310, ESO311-012, NGC 3564, NGC 3957, NGC 4179, NGC 5047

(Pohlen et al., 2004)) and in the “superthin” spiral galaxy UGC 7321 (Matthews, 2000).

For some galaxies the finding of a halo yet no thick disk was reported (NGC 5907

(Sackett et al., 1994); ESO 240-G11 (Rauscher et al., 1998)). Sackett et al. (1994) state

that the component they found in NGC 5907 is a thick disk rather than a halo because

of its large scale height (∼ 3 times larger than that of any known thick disk) and its

low surface brightness. Later, this was confirmed by Lequeux et al. (1996) and Rudy

et al. (1997), although Zheng et al. (1999) claim that the detection might be an arte-

fact from unaccounted faint PSF wings of foreground stars and from light from a ring

surrounding the galaxy. No attempts have been made so far to fit the galaxy with a

combined thin + thick disk + halo model. Rauscher et al. (1998) argue that, because

of the small amount of flattening the second component beyond the thin disk in ESO

240-G11 must be a halo.

However, some diffuse light studies resulted in the non-detection of a thick disk,

even down to low surface brightness levels (NGC 5907 Morrison et al., 1994) or were

not able to confirm the existence of a thick disk nor a halo (NGC 4244 Fry et al., 1999).

The diffuse light studies are limited by the sky background brightness and can typi-

cally only trace the light down to levels brighter than a few percent of the night sky

(µR ≈ 27 mag arcsec−2). It is unclear if non-detections really reflect the absence of a

thick disk in some galaxies or rather are due to the faintness of these components and

the difficulty in attaining reliable flat-fielding and sky-subtraction. Furthermore, it is

difficult to study the thick disk - halo transition at these surface brightnesses from the

diffuse light.

Dalcanton & Bernstein (2000, 2002) apply a new technique in order to study the

diffuse light of the thick disk of a large sample of galaxies. By smoothing the images

with a Gaussian ellipse of variable size they are able to study a sample of 47 galaxies

down to surface brightnesses of µB ∼ 29.5 mag arcsec−2 and µR ∼ 29 mag arcsec−2.

They find that all galaxies are surrounded by a red envelope with an abrupt transition

between this envelope and the blue thin disk. By using optical as well as infrared data

in order to eliminate an age-metallicity degeneracy (Bruzual & Charlot, 2003) they find

that the red colour of the envelopes is indicative of an older age compared to the thin

disk.

Yoachim &Dalcanton (2008a) studied a sample of 6 edge-on low-mass galaxies us-
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ing Lick absorption-indices10 of the integrated spectra of these galaxies (Burstein et al.,

1984). The metallicities for the thick disk are derived at a minimum offset of 0.9 - 2.0

kpc from the mid-plane and typically extent out to 6-10 kpc from the mid-plane. The

slit width of the spectra cover an area of ±1 scale length around the centre. Yoachim

& Dalcanton (2008a) find that the metallicities range from [Fe/H] ∼ −1.2 dex to −0.5

dex, except for one case which has an unusually high metallicity of [Fe/H] ∼ 0.2 dex.

Later, Yoachim & Dalcanton (2006) present a structural study of 34 of the 47 galax-

ies. The two-dimensional least-square fitting of the galaxies yields values for the scale

length, scale height, and the central surface brightness of the thin and thick fromwhich

the total luminosity and mass of each component are estimated. Their results and

comparisons to previous results show that these values vary with galaxy mass. The

authors find that

• the thick disks have a ∼2 times larger thick disk than thin disk scale height

• the thick disks have a larger scale length than the thin disks

• most of the R-band luminosity stems from the thick disk

• about 5% - 40% of the total baryonic mass is in the thick disk

In the early 90’s, the star count technique was revived (e.g. Pritchet & van den

Bergh, 1994). For an old stellar population, the biggest fraction of the luminosity in

the V-band stems from the RGB population. These stars reach an absolute maximum

brightness of MI = −4 mag and it is possible to resolve the upper RGB in external

galaxies at distances of several Mpc. This method is not restricted by the night sky as

generally when studying the diffuse light. However, this method is expected to suf-

fer from contamination from background galaxies and foreground stars. Good seeing

allows the contamination level to be partially quantified and it can subsequently be

subtracted from the data set.

Using resolved star counts, it is possible to assess evidence for faint thick disk

components down to lower surface brightnesses. Furthermore, they can be detected

in galaxies at greater distances which makes it possible to increase the sample size.

In addition to that, thick disks can be studied in greater detail. Seth et al. (2005b) use

10The behaviour of certain absorption line features with stellar properties like metallicity or age have

been calibrated using stellar spectra of MW stars and globular clusters from the Lick-Observatory in Cal-

ifornia. These so called Lick-indices can then be used to determine the properties of a stellar population

for example from integrated galaxy spectra.
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data from the Advanced Camera for Surveys (ACS) and the Wide Field and Planetary

Camera (WFPC2) aboard the Hubble Space Telescope (HST) to study the resolved stel-

lar content of the edge-on galaxies IC 5052, NGC 55, NGC 4144, NGC 4244, NGC 4631

and NGC 5023. They find that the RGB population has a systematically larger scale

height than the Asymptotic Giant Branch (AGB) population or stars from the Young

Main Sequence (YMS) and attribute this to a vertical age gradient induced by heating

of the thin disk. The RGB population at large scale heights in all galaxies has an aver-

age metallicity of [Fe/H] = −0.9 - −1.2 dex and no metallicity gradient is measured.

The data studied by Seth et al. (2005b) reaches up to 5 - 10 thin disk scale heights and

in one case up to more than 20 times the scale height of the thin disk. Because the old

RGB population shows a flattened distribution with an axial ratio of ∼3:1 and a low

metallicity, the authors claim that they are studying a thick disk component similar

to the one in the MW. However, the lack of a field that could probe the contribution

from the background galaxies and the foreground stars precluded a detailed structural

analysis and the vertical profiles were fit with a single disk plus background model.

No clear inflection point that would indicate the transition from a thick to a thin disk

can be seen in their profiles and it is unclear if the HST fields are probing the old thin

disk, or separate structural component or both.

Tikhonov & Galazutdinova (2005) and Tikhonov et al. (2005) used some of the

same plus some additional archival HST fields to search for a faint outer component

beyond the thin disk in late-type galaxies. They announced or confirmed the detection

of a thick disk in the edge-on galaxies NGC 891, NCG 4144, NGC 4244 and NGC 55

using HST/ACS and HST/WFPC2 fields at different locations above and below the

plane of each galaxy. Similar to Seth et al. (2005b) they argue that the RGB population

extends out to larger scale heights than the AGB or YMS population. However, the

RGB contains stars older than 2 Gyr and it is neither clear if the population detected

beyond the young thin disk is particularly old nor if it represents a component that

is distinct from the thin disk. Furthermore, Tikhonov et al. (2005) report the detection

of a thick disk in NGC 300 and M81. However, because of the face-on nature this is

highly uncertain and the population detected could be a member of the extended thin

disk or halo.

Other investigations of the extra-planar populations include metallicity studies of

8 late-type galaxies of different inclination (NGC 55, NGC 247, NGC 253, NGC 300,

NGC 3031, NGC 4244, NGC 4258 and NGC 4945) by Mouhcine et al. (2005c) and an-

other 4 galaxies ( NGC 1560, UGC 1281, NGC 784 and UGCA 442) by Mould (2005).
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They use one HST/WFPC2 field at significant distances from the centre and find that

an RGB population dominates in these areas with no evidence for the presence of a

younger stellar population. They infer photometric metallicities of the RGB stars be-

tween [Fe/H] ≈ −0.8 dex and [Fe/H] ≈ −1.9 dex for all galaxies. It is not clear if

whether their fields probe the thick disk, halo, or extended thin disk.

Using data from the Gemini South telescope, Davidge (2005) finds that the colour-

magnitude diagram (CMD) of stars in the extra-planar regions of NGC 55 at distances

of more than 1.2 kpc from the plane is well matched by theoretical stellar isochrones

with metallicities between [Fe/H]∼ −1.1 dex and −0.6 dex. The isochrones are also

indicative of an age older than 10 Gyr for the AGB population above the plane. How-

ever, this method is prone to uncertainties and the authors state that possible ages

range from 8 Gyr - 12 Gyr. In addition to that, the small field-of-view of the obser-

vations makes it impossible to derive meaningful vertical profiles and it is therefore

unclear which component is probed by the author. Similar results were obtained in

another nearby system, NGC 247 by Davidge (2005).

The Galaxy Halos, Outer disks, Substructure, Thick disks and Star clusters

(GHOSTS) survey (e.g. De Jong & GHOSTS team, 2006) uses HST observations for

almost 30 galaxies beyond the Local Group. This ongoing survey uses between one

and 10 HST/ACS and WFPC2 fields per galaxy and aims to analyse the morphology,

stellar populations and metallicities of thick disks and halos in galaxies beyond the

Local Group. To date, the detection of a thick disk has not been published for any

of the galaxies. Again, the small HST/ACS and WFPC2 field-of-view will make the

distinction between different components difficult.

The most detailed study of an extra-galactic thick disk to date has been carried

out by Ibata et al. (2009), Rejkuba et al. (2009) and Mouhcine et al. (2010). In this

series of publications the authors study the resolved stellar populations of the thick

disk and halo of NGC 891 using three overlapping HST/ACS fields. Still, altogether,

these fields cover less than 50% of the thick disk. The authors derive the scale height

and scale length of the thick disk. Metallicity studies yield an average metallicity of

[Fe/H] = −1.13 dex in the thick disk. Only a very small metallicity gradient perpen-

dicular to the plane is present and the authors state that this is most likely due to the

contamination of halo stars at larger distances from the mid-plane. The AGB/RGB ra-

tio of the thick disk stars is furthermore indicative of an old stellar population. Finally,

the authors detect a giant stream that loops around the parent galaxy. It is currently

unclear how this affects the stellar populations in the fields.
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1.5 The Thick Disk in Galaxy Formation Models

In this section, I present an overview of several popular scenarios for the formation

of the thick disk. These scenarios will eventually be tested against the observations in

this thesis in Section 5.4.

1.5.1 Heating of the Thin Disk and Stellar Migration through

Internal Mechanisms

The simplest way to form a thick disk is through heating processes within the thin

disk. It has been shown that irregularities in the galactic potential can scatter stars to

different orbits. Different mechanisms have been proposed.

Spitzer & Schwarzschild (1951, 1953) were the first who suggested that molecu-

lar clouds (see Section 1.3.1) in the thin disk could influence stellar velocities. They

showed that gravitational encounters between the clouds with masses up to 106M⊙

and the stars in the thin disk would significantly increase the velocity of the stars in

order to act towards the equipartition of energy. Their calculations showed that while

this could increase the velocity dispersion of the older stars by a factor of 2, there

would not be enough time to speed up the youngmain sequence stars. However, only

the effects of stellar motions in the plane were considered, neglecting vertical effects.

In the early eighties Lacey (1984) analytically studied this effect in three dimen-

sions. He found that molecular clouds could steadily heat the thin disk which in-

troduced an age gradient. No large variation of the scale height with radius was

predicted. The velocity dispersion of young stars in Lacey (1984) reflected the obser-

vations at that time (for example Wielen, 1974, 1977). However, two inconsistencies

occurred. First, the total velocity dispersion of σ ≈ 60-80 km s−1 found by Wielen

(1974) for the oldest stars in the solar neighbourhood was significantly larger than his

predicted value of σ ≈ 10-40 km s−1 for a 12 Gyr old population. Second, the ratio

between the vertical and radial velocity dispersion was overestimated compared to

the observations. He stated that a higher star formation rate at early times could ac-

count for the large total velocity dispersion of the oldest stars in the sense that it would

speed up the velocities in the plane.

Heating of the thin disk by transient spiral density waves in the thin disk has been

proposed by Barbanis & Woltjer (1967) and later revived and extended by Carlberg

& Sellwood (1985). Their work shows that irregularities in the galactic potential can
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steadily heat the stars and produce realistic velocity dispersions within the plane.

Later, Jenkins & Binney (1990) argued that the characteristic scale-length of the

irregularities caused by spiral arms are much larger than the typical vertical scale

heights of the disk stars. Therefore, this mechanism cannot be responsible for the disk

heating in vertical direction. Jenkins & Binney (1990) proposed that spiral density

waves are responsible for scattering stars in radial direction while molecular clouds

are responsible for heating the disk in vertical direction.

Other internal processes that can heat the thin disk have been proposed. For ex-

ample black holes with 106M⊙ in the halo (Lacey & Ostriker, 1985) or dark clusters

of similar masses (Carr & Lacey, 1987) could scatter stars via two-body encounters.

Black holes with masses larger than 106M⊙ are very unlikely to occur because they

would either destroy the spiral structure of the thin disk (Kamahori & Fujimoto, 1986)

or end up in the centre of the galaxy due to dynamical friction (Hut & Rees, 1992).

In the latter case this would lead to the accumulation of a central black hole with a

mass much larger than is compatible with observations in theMW (Hut & Rees, 1992).

However, because the black holes or dark clusters act outside the thin disk they could

heat stars throughout their lifetime without reaching saturation as is the case for the

mechanisms described above that act in the thin disk. While it might be possible that

black holes or dark objects in the halo either dominate or add to the disk heating there

is no direct observational evidence for either of these phenomena.

Subsequently, the disk heating models have been further tested using N-body sim-

ulations. Results by Hänninen & Flynn (2002) show that the scattering throughmolec-

ular clouds saturates at ∼ 5 Gyr and produces a vertical velocity dispersions of ∼20 -

30 km s−1 for the oldest stars. Observations from the Hipparchos mission report that

the total velocity dispersions of stars in the solar neighbourhood rises from ∼20 km

s−1 for the youngest stars to 60 - 80 km s−1 for stellar ages between 10 and 12 Gyr (e.g.

Edvardsson et al., 1993; Binney et al., 2000; Rocha-Pinto & Maciel, 1998; Holmberg

& Flynn, 2000). This result clearly rules out molecular clouds as the only source of

disk heating. Including heating from black holes, Hänninen & Flynn (2002) produce

vertical velocity dispersions that are only slightly smaller than the values reported

from the observations. Seabroke & Gilmore (2007) recently revisited the simulations

of Hänninen & Flynn (2002). Although they find that previous simulations used the

empirical in-plane age-velocity relations from data that was contaminated by stellar

streams they still come to the same conclusion. They suggest that dynamical disk

heating through the accretion of a satellite galaxy could explain the large scale heights
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of the oldest stars in the disk of the MW.

Recently, the chemical and dynamical consequences of radial mixing of stars and

gas by spiral arms have been simulated by Schönrich & Binney (2009a,b). A thick

disk can form naturally from stellar migration processes without the need of a merg-

ing event or gravitational interaction. Strictly speaking, the thick disk in the scenario

described by Schönrich & Binney (2009a,b) does not form through heating of the thin

disk but it is still discussed in the same section. This is reasonable because it is an

internal mechanism that leads to the formation of the thick disk. Previously, Sellwood

& Binney (2002) hadmodelled the effect of spiral waves in galaxy discs. They find that

resonant corotation of stars leads to stellar migration along the spiral arms and the in-

wards and outwards moving takes place in a way that the overall angular momentum

stays approximately constant while individual stars experience a change in angular

momentum up to 50% throughout the lifetime of the disk. Subsequent simulations

confirmed that stellar migration is indeed an important process in disks that might be

responsible for some unexplained phenomena, for example disk breaks (e.g. Roškar

et al., 2008). Minchev & Famaey (2009) find that stellar migration can also be triggered

by central bars. Although heating of the thin disk by spiral arms is negligible in the

vertical direction, Schönrich & Binney (2009a,b) propose that a thick disk can still form

through radial migration. Kregel et al. (2005) found that the thickness of the disk is

dependent on the surface brightness. Hence, through radial migration kinematically

hotter stars from the centre of the galaxy can end up at larger radii which results in

the formation of a thick disk. The processes that change the angular momentum of

the gas and individual stars and therefore lead to inward and outward radial migra-

tion, are later referred to as “churning” by Schönrich & Binney (2009a). Scattering that

causes a change in the epicycle amplitude of a star without changing its angular mo-

mentum is called “blurring” by the authors. In Schönrich & Binney (2009b) the same

authors show, that the metallicities and dynamics of stars in the solar neighbourhood

are reproduced in their simulations and that a realistic thick disk naturally arises from

a simulation that models the churning and blurring of the stars and gas flows in ra-

dial direction caused by spiral arms. They state that a thick disk can form in galaxies

without the need of mergers or gravitational interaction.
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1.5.2 Violent Dynamical Heating of the Thin Disk through

Satellite Accretion

It is believed that during a minor merger the orbital energy of a satellite that is cap-

tured by its host galaxy will be translated into kinetic energy of the thin stellar disk

that subsequently gets ”puffed up” to larger scale heights. Even though it has been

known for a long time that minor mergers can heat the thin disk (e.g. Quinn & Good-

man, 1986), Quinn et al. (1993) were the first who proposed that this mechanismmight

be the origin of the thick disk.

Figure 1.4 shows the orbital decay due to dynamical friction of a satellite that

merges with its host galaxy taken from Walker et al. (1996). Walker et al. (1996) study

the interaction and dynamics of the encounter with and N-body simulation. The satel-

lite falls in on a prograde, circular orbit with an inclination of 30◦. The upper left panel

illustrates the radial decay with time while the lower left panel shows the vertical de-

cay with time. It is clear that the satellite comes to a complete halt after 1 Gyr. The

upper right panel shows a face-on viewwhile the lower right panel illustrates an edge-

on view of the satellite’s path. The satellite settles into a low-inclination orbit while

it is still at large radii and continues its orbit within the plane until, after almost two

orbits, it arrives at the centre. The authors report that half of the satellite’s mass is

still intact at that time. The thin disk thickens by ∼ 60%. Flaring of the disk is visible

towards the edges.

The initial conditions of the accretion event simulated by Walker et al. (1996)

should be seen as a special case. The mass, orientation, and inclination of the infalling

satellite play an important role in determining the properties of the resulting thick

disk. Due to resonance effects a satellite on a prograde orbit is much more disruptive

than one on a retrograde orbit would be. Velazquez & White (1999) find that in their

simulations even a very massive satellite does not necessarily destroy the thin disk if

it is on a retrograde orbit. They state that the presence of a massive bulge can further

reduce or hinder the heating and thickening of the stellar disk.

The satellite will stay intact until its density is comparable to the density of its

environment. For example Quinn et al. (1993) find that the debris of the satellite is

either deposited on inclined orbits, or on circular orbits near the disk plane, or in the

centre. Only the densest satellites will reach the centre of the galaxy before being

disrupted completely. From there, they can heat up the thin disk more effectively.

The thin disk of a galaxy responds to a merger by scattering stars into the verti-
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Figure 1.4: Decay of a satellite galaxy that falls into its host galaxy on a retrograde orbit with

an inclination of 30◦, taken from Walker et al. (1996). The radial and horizontal decline are

shown in the top left and bottom left panel and suggest a decay time of ∼1 Gyr. The top right

and bottom right panel show a face-on and an edge-on view of the satellite orbit respectively.
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cal direction as well as into the radial direction. A larger inclination of the infalling

satellite will translate more of its orbital energy into kinetic energy in the vertical di-

rection and therefore lead to larger scale heights. A lower inclination on the other

hand has a larger effect on the radial velocity dispersion of stars within the disk plane

and will give rise to a component with a larger scale length (see for example Quinn &

Goodman, 1986). Furthermore, it can be shown that the scale height of the resulting

thick component is directly proportional to the mass of the satellite squared (see for

example Hayashi & Chiba, 2006).

While the earlier work described above (Quinn et al., 1993; Walker et al., 1996; Ve-

lazquez &White, 1999) present the simulation of only one minor merger, recent efforts

by Villalobos & Helmi (2008) or Kazantzidis et al. (2008) have focused on simulating

multiple mergers in a fully cosmological context. In particular, it is important to take

the distribution, the angular momentum, and the amount of mergers these galaxies

have undergone into account to produce more relevant results. It has been found that

the constant heating over time produces realistic thick disks comparable to that of the

MW. However, depending on the amount of destruction caused by the merger, a thin

disk may have to form again after the last significant accretion event. The thin disk

can either regrow from leftover gas or through slow accretion of gas from the cosmic

web11. These mechanisms have not been included in the simulations by Villalobos &

Helmi (2008) or Kazantzidis et al. (2008). However, it shall be noted that Villalobos

et al. (2009) recently found that the reformation of the thin disk might have a signifi-

cant effect on the structure and kinematics of the thick disk. In particular, the thin disk

will deepen the potential well of the system and lead to a smaller scale height and

scale length of the thick disk. It is therefore currently unclear if the values produced

by the simulations are realistic predictions.

Finally, in order to maintain an intact thin disk, the galaxy cannot undergo any

more significant merger events until today. The ages of the youngest stars in the thick

disk would then be expected to reflect the time of the last significant merger. How-

ever, according to the discussion in Wyse (2004), mergers with a mass ratio of less

than 10% after a redshift of z=2 only happen for 4% of the MW analogues. All other

large spirals will have undergone larger and therefore more destructive mergers. This

poses a problem not only for the formation of the thick disk but for galaxy formation

models in general, and it is not clear yet how the large fraction of thin disks observed

11It has been found that in the early Universe the gas preferably collapsed into a network of filamentary

structures called the cosmic web. Some of this gas is still present and might ’feed’ the galaxies.
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in galaxies today stayed intact.

1.5.3 Direct Accretion of Satellite Stars

In this scenario the thick disk assembles from material of one or more accreted satel-

lites. Unlike the scenario described in the previous section the thick disk does not

consist of stars that formed in-situ and were subsequently heated, but of scattered

satellite debris.

Statler (1988) showed that a satellite’s orbit can be circularised prior to its dis-

ruption given the right initial orbit, mass, and density. The degree of circularisation

determines if the satellite’s content contributes to the thin disk, the thick disk, or the

spheroid. For example, a satellite will contribute its stars to the disk only if it is dense

enough to survive until it is circularised into an orbital plane that coincides with that

of the disk.

Abadi et al. (2003b) study a galaxy that was simulated in a fully cosmological con-

text and assembled its thick disk from various accretion events after z ∼1 slowly over

time. The satellites that mostly contribute to the thick disk have masses between∼0.1

and 0.6× 1010M⊙ compared to a baryonic mass of the host galaxy of ∼ 1011M⊙. The

authors demonstrate the close correlation between circularity of the satellite orbit at

the time of disruption and the fraction of satellite stars that end up in the thick disk.

They propose that a fraction as large as 9 out of 10 stars in the thick disk might be

accreted.

In this scenario the thin disk remains intact and accretes some of the satellite stars

itself. It also implies that the ages and metallicities12 of the stellar content of the thick

disk must coincide with those of the satellite galaxies.

1.5.4 Thick Disk Formation at High Redshift in a Gas-Rich

Proto-galaxy

An alternative thick disk formation scenario has been proposed by Brook et al. (2004,

2005). They suggest that a thick disk forms from violent merging of gas rich galaxy

building blocks followed by a dissipational collapse of gas in the early stages of galaxy

12The metallicity is defined as the fraction of matter other than hydrogen or helium. It is usually

given as the stellar metallicity in relation to the solar metallicity where [Fe/H] = log10

(

NFe
NH

)

star
−

log10

(

NFe
NH

)

sun
.
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formation. Bournaud et al. (2007) suggest that at high redshift the thick disk forms

rapidly as a results from strong stellar scattering in the clumpy primordial disks of

gas-rich galaxies.

Brook et al. (2004) conducted a chemo-dynamical simulation of a galaxy in which

a thick disk component developed. They use the age-velocity relation of the stars in a

volume comparable to that of the solar neighbourhood as a diagnostic to distinguish

between thick and thin disk stars. Stars identified as thick disk stars seem to have

formed during an epoch of chaotic mergers about 8 - 10.5 Gyr ago. At that time the

galaxy in their simulation assembled from 4 gas-rich proto-galaxies. As described in

Section 1.2 the angular momentum induced by tidal torques from the surrounding

density field leads to the rotation and flattening of the dissipational gas component.

However, because of the violent nature of the gas-rich mergers at that time the gas

disk stays kinematically hot. The stars that form from the gas subsequently in a rapid

burst of star formation adopt the high velocity dispersion of the disk. In this scenario

the thin disk forms over the next 8 Gyr from smooth accretion of gas. In a follow-

ing publication Brook et al. (2005) examine four more galaxies simulated with their

chemo-dynamical code and find that these galaxies have thick disks that are relatively

metal rich ([Fe/H] ∼ −0.8). The enhancement of α-elements in thick disk stars com-

pared to thin disk stars is in agreement with observations in the MW. In contrast to a

dissipational galaxy formation scenario, for example a slow pressure-supported col-

lapse as proposed by Larson (1976), the formation timescale for the thick disk is much

shorter in the scenario described above. The chemical abundances therefore stay well-

mixed.

Bournaud et al. (2007) propose, that the thick disk formed at high redshift, yet

from a scenario that does not involve gas-rich mergers. If the baryonic mass enters the

galaxy in cold gas flows from the cosmic web instead, then the disk velocity disper-

sion is higher and a larger fraction of the baryonic mass is expected to settle into a disk

component. Gravitational instabilities in such a primordial disk can lead to the forma-

tion of clumps. Because no violent gas-rich mergers take place, the thick disk must

form from interal processes, for example stellar scattering off of these clumps. In fact,

galaxies at redshifts larger than z ∼ 1 show 108 - 109M⊙ sized clumps. Simulations by

Bournaud et al. (2007) show that clumpy galaxies can evolve into spiral galaxies with

a bulge and two exponential disks through stellar migration, disruption and interac-

tion with the disk. As long as the clumpy structure and the gravitational instabilities

in the disk are still present, the stars and gas get distributed rapidly to larger scale
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heights and then collapse to form a bulge. In the simulation, the thin disk forms sub-

sequently over the next 6 Gyr from remaining gas or gas inflow from the cosmic web.

Bournaud et al. (2009) study the properties of the thick disk in the simulation and find

that realistic scale heights are produced.

1.6 Photometric Systems and Transformations

In this thesis I study the stellar content of two galaxies beyond the Local Group using

various data sets and filter systems. In the following, the concept of different photo-

metric systems, photometric transformations and colour equations is explained.

1.6.1 Magnitudes and Colours

For historical reasons the apparent brightness of two stars in the optical and infrared

with measured fluxes F1 and F2 is defined in terms of apparent magnitudes, m1 and

m2:

m1 −m2 = −2.5log10(F1/F2). (1.12)

The magnitude and apparent brightness of a star usually refers to specific spectral

range, for example a certain standard filter bandpass used for the measurement. If the

fraction of light transmitted by the filter at wavelength λ is τ(λ) with 0 ≤ τ(λ) ≤ 1

where τ(λ) = 1 means that all of the light and τ(λ) = 0 means that no light is passed

at wavelength λ, then the stars apparent brightness can be written as an integral over

the wavelength

F =

∫ ∞

0 τ(λ)Fλ(λ)dλ
∫ ∞

0 τ(λ)dλ
(1.13)

with the denominator being the normalisation. For a space-based telescope τ(λ) is a

purely instrumental quantity, also called instrumental response. Three main effects

dominate the instrumental response: the reflectivity of mirror surfaces, filters and the

detector response (quantum efficiency). For ground-based telescopes τ(λ) accounts

for the atmospheric extinction as well as the detector response.
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1.6.2 Zero-points and Photometric Systems

The Vega System

In historical visible photometric systems a common choice of zero-point is to set the

colours of Vega (α Lyr) to be zero i.e. the magnitudes of Vega are the same in all

wavebands. Then

m = −2.5log10

∫ ∞

0
τ(λ)Fλ(λ)dλ − log10

∫ ∞

0
τ(λ)Fλ(Vega)dλ (1.14)

However, more modern definitions use a set of A0 stars to define the zero-point and

Vega now has apparent magnitudes in the optical that are slightly different from zero.

The most common photometric systems that are calibrated onto this zero-point are

the Johnson system or the UBV system (Johnson & Morgan, 1953) and its extension,

the UBVRI system (Johnson, 1966). However, for ultraviolet wavelengths there is no

well-measured set of standard stars available and other zero-point definitions need to

be used.

The ABsolute (AB) System

The AB system (Oke, 1974) defines the colours of an ideal source with constant flux

per unit frequency interval, Fν, to be zero. In this system, the flux density of Vega at

the effective wavelength of the Johnson V-band, which lies around 5500Å, is zero. A

source with a monochromatic flux density Fν then has an AB magnitude of

ABν = −2.5log10Fν − 48.60 (1.15)

The STandard MAGnitude (STMAG) System

In the STMAG system (Stone, 1996) the colours are zero for a source with a constant

flux per unit wavelength interval (as opposed to unit frequency interval in the AB sys-

tem), Fλ. Similar to the AB magnitude system, the zero magnitude corresponds to the

flux density of Vega at the effective wavelength of the Johnson V-band around 5500Å.

It is therefore defined as

STMAGλ = −2.5log10Fλ − 21.1 (1.16)

This is the standard normalisation system for the HST photometry.
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1.6.3 Photometric Transformations

Transformations between different photometric systems can usually be approximated

by one or more linear equations of the form

(M1 −M2)sys1 = B+ A(M1 −M2)sys2 (1.17)

(e.g. Bessell, 1979), where M1 and M2 are the magnitudes at a certain wavelength de-

fined in the photometric system 1 or system 2, and B is a constant. The transforma-

tion is usually depending on the colour which is accounted for in the colour term

A(M1 − M2)sys2. Transformation equations are derived by comparing a preferably

large set of stars with large colour ranges to photometric standard stars measured

for example by Landolt (1992b,a) or Stetson (2000), or to synthetic photometry. E.g.,

Sirianni et al. (2005) provide transformation equations to convert between ACS pho-

tometry and UBVRI photometry or Lupton (2005)13 can be used to convert between

SDSS magnitudes and the UBVRI system.

1.7 Motivation and Outline of the Thesis

The best studied thick disk to date is the MW’s thick disk. However, because of our

position within it, we can only study it locally. Furthermore, in order to reveal similar-

ities, differences and trends in the thick disk properties of the disk galaxy population

in the Universe it is necessary to study external galaxies.

Several thick disks in galaxies beyond the Local Group have been discovered in the

literature. All of them study either the diffuse light which gives a global view of the

structural properties of the thick disk but no information about the stellar populations.

Or they study the resolved stellar content using space-based or ground-based data

with a small field-of-view for which it is often not clear what component within a

galaxy is studied, the thick disk, the halo, or the extended thin disk.

In this thesis I present the first global study of the resolved stellar populations in

thick disks, using ground-based wide-field images taken with two different 8-m class

telescopes, Subaru/Suprime-Cam on Hawaii, and VLT/VIMOS in Chile. I focus on

the study of two galaxies beyond the Local Group, NGC 4244 and NGC 55. Their al-

most perfect edge-on orientation makes them an excellent target to study the structure

and stellar content of the thick disk component.

13http://www.sdss.org/dr6/algorithms/sdssUBVRITransform.html#Lupton2005

41



CHAPTER 1. INTRODUCTION

By compiling a catalogue of the properties of thick disks in the literature to date,

it is possible to get a better understanding of the generic thick disk properties or the

variation of the thick disk properties among galaxies of different masses and types.

Theoretical models of thick disk formation can then be confronted with the observa-

tions in order to find out which processes are important during the formation of the

thick disk.

In particular, the observations can be used to test if the proposed scenarios produce

realistic thick disk scale heights, scale lengths, element abundances and stellar ages

and how homogeneous these properties are throughout the thick disk of a galaxy.

For example, some formation mechanisms lead to a flared thick disk and therefore

a variation in the scale height with radius while other scenarios do not necessarily

produce flares. The scale length of the thick disk is expected to differ from the scale

length of the thin disk for some scenarios while for others it is expected to be similar.

A powerful discrimination criteria is the metallicity or element abundance if an

exact analysis is possible. For example, any scenario that involves slow heating of the

thin disk is expected to produce a vertical metallicity gradient while other scenarios

predict no such trend. The metallicities or element abundances are rather well defined

for formation mechanisms where satellite stars are accreted directly into the thick disk

or for scenarios where the thick disk forms very early in a galaxy’s history involv-

ing rapid star formation. At the same time, some overlap of the thick and thin disk

metallicities is expected if the thick disk formed through steady heating of the thin

disk.

The age of the stellar content of the thick disk could be a very useful discriminator

although to date it is almost impossible to gain accurate age information for stars in

galaxies beyond the Local Group.

Some formation scenarios predict a great variation in thick disk properties among

galaxies, possibly depending on their environment (e.g. dynamical heating through

satellite accretion or direct accretion of satellite debris) while other scenarios imply

that there should be a trend with mass (e.g. slow heating of the thin disk or early

formation from gas rich mergers). Finally, if the observations could show that the thick

disk is not a generic component in disk galaxies most scenarios could be excluded.

Chapter 2 describes the two data sets and the analysis carried out for both galaxies.

I useNGC 4244 as a test case to find outwhich photometry strategy andmorphological

source classification is the most successful for this type of data set, and process final

point-source catalogues for both galaxies using the established method.
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Chapter 3 presents the results for NGC 4244. I find several different stellar popu-

lations above the mid-plane of NGC 4244. The vertical diffuse light plus RGB count

profiles show that a second disk component beyond the thin disk of NGC 4244 might

be present. A Bayesian model comparison indicates that a two-disk model provides a

better fit to the vertical profiles than a single diskmodel. In addition to that, I show the

vertical AGB count profiles and derive the scale length for the thin disk. Metallicity

studies for the RGB population in the extra-planar regions of NGC 4244 are presented.

Chapter 4 presents the results for NGC 55. The CMDs and vertical diffuse light

plus RGB star count profiles are shown. The profiles clearly show the presence of a

second disk component beyond the thin disk and can be fitted with a two-disk model.

The AGB count profiles are presented. It is possible to study and compare the radial

profile and scale length of the thin and thick disk in NGC 55. In addition to that, two

dimensional fitting is carried out. I give a value for the average metallicity of the RGB

stars in the extra-planar regions and check for a vertical metallicity gradient.

In Chapter 5, direct comparisons of the structure and metallicity of NGC 4244’s

and NGC 55’s thick disk component with two simulated low-mass galaxies provided

by the Preston group are carried out. Furthermore, I discuss the results for NGC 4244,

NGC 55 and the two simulated galaxies in the context of thick disk studies from the

literature. The implications of these results for the most popular thick disk formation

models are discussed.

Chapter 6 summarises the results of this work and gives a short outlook on how

our knowledge about thick disks and their formation could be increased in the future.
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CHAPTER 2

From Observations to the Final Star

Catalogues

2.1 The Galaxy Sample

The goal of this thesis is to explore the vertical structure of normal disk galaxies to low

surface brightness levels using resolved stellar populations. Thus, we need to target

highly inclined galaxies which have a small to no bulge component that would con-

taminate the extra-planar light. Furthermore, the targets need to be close enough to

resolve the upper ∼ 2 magnitudes of the RGB which poses a limit of about 5 Mpc up

to which stellar populations from the ground can be resolved. Last, the galaxies are

required to be relatively isolated. The presence of a nearby large spiral can lead to tidal

interactions between the galaxies that would disturb the vertical structure. Tidal inter-

action can furthermore trigger the star formation and lead to the presence of a young

stellar population which could confuse the interpretation of the thick disk properties.

The presence of a young stellar population in the thick disk is inconsistent with three

of the four proposed formation scenarios discussed in Section 1.5. For example, the

formation of a thick disk at a high redshift naturally leads to the presence of old stars

in the thick disk. The steady heating scenarios predict that only the oldest stars have

been dynamically heated enough to form the thick disk. While dynamical heating of

the thin disk by a very recent infall of a satellite galaxy would lead to a young stellar
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Figure 2.1: Image of NGC 4244 taken from the Digitized Sky Survey (DSS). The whole image

has a size of ∼(60 × 60)’ which corresponds to about (84 × 84) kpc at the distance of NGC

4244. North is up and east is to the left.

population in the thick disk, this would mean that the thin disk has to reform on an

implausibly short timescale. A young population of stars is therefore not expected to

be present in the thick disk in this scenario. Only the scenario where satellite debris

is accreted directly into the thick disk does not exclude the presence of a young stellar

population in the thick disk if it is assumed that the accreted satellite contained young

stars. The presence of large galaxies within the tidal radius of NGC 4244 would there-

fore lead to favouring this last scenario. However, the galaxies in this sample have

no neighbours with a luminosity larger than 10% of the sample galaxies’ luminosity

within 100 kpc.

2.1.1 NGC 4244

The late-type edge-on spiral galaxy NGC 4244 is shown in Figure 2.1. The image

is taken from the “Digitized Sky Survey” (DSS), produced at the Space Telescope

Science Institute from photographic sky survey plates taken at the Palomar 48 inch
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Figure 2.2: The neighbouring galaxies

of NGC 4244 with an absolute B-band

brightness brighter than -15 mag as re-

ported by Karachentsev et al. (2003b).

NGC 4244 is marked with a red cross.

It lives in a rather isolated environment

and all its closest neighbours are signif-

icantly fainter (see text). Its next neigh-

bour of similar brightness is NGC 4214

which has a 3-dimensional distance of

∼ 1.6 Mpc.

Schmidt telescope. NGC 4244 forms the second brightest member of the Canes Ve-

natici I group1 (CVnI) (de Vaucouleurs, 1975) or, as it is sometimes called, the B4 group

(Kraan-Korteweg & Tammann, 1979). The CVn I group is a loosely clustered group of

galaxies that are only weakly gravitationally-bound and its members have a recession

velocities smaller than 400 km s−1 (Karachentsev et al., 2003b). It occupies an area

of about 35◦ in diameter (Karachentsev, 2005). This converts to 2.7 Mpc assuming a

distance modulus of(m−M)0 = 28.2 (see below for a discussion about the distance

modulus). In the following, angular units will be converted into pc using this distance

modulus.

Figure 2.2 shows the nearby environment of NGC 4244. Table 2 in Karachentsev

et al. (2003b) gives a list of the galaxies located in the CVnI cloud and was used to pro-

duce this plot. Only the brightest galaxies with absolute B-band magnitudes brighter

than −15.0 mag are shown. This is about 2.5 mag fainter than NGC 4244 which has a

magnitude of −17.7 mag in the B-band. NGC 4244’s closest bright neighbour is NGC

4214 which has a similar brightness and a 2-dimensional distance of 1.6◦ or 118 kpc

from NGC 42442. Taking the line-of-sight distance into account, their 3-dimensional

distance from each other is 1.6Mpc as reported by Karachentsev et al. (2003b)2. Hence,

NGC 4244 lives in an isolated environment.

Throughout the literature, NGC 4244 has been classified as a bulge-less galaxy. In

1A ”group“ of galaxies is defined very loosely as an aggregate of galaxies. Galaxy groups are smaller

than clusters, usually contain less than 50 members and have a diameter of a few Mpc.
2This value was calculated using the distance of 4.37 Mpc for NGC 4244.
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the revised Shapley-Ames Catalogue of Bright Galaxies (Sandage & Tammann, 1981)

which was established from deep photographic plates it is listed as a Hubble type Scd

galaxy which is in agreement with more recent catalogues like the newest edition of

the Third Reference Catalogue of Bright Galaxies (RC3) (de Vaucouleurs et al., 1991).

This confirms the trend according to which the bulge-to-disk ratio is tightly correlated

with the Hubble type in the sense that early lenticular galaxies have the largest and

Sc or later type spirals have the smallest values (Simien & de Vaucouleurs, 1983; Kent,

1985). This result has most recently been confirmed by Mosenkov et al. (2010) using

2MASS photometry of edge-on galaxies. The fraction of bulge-less galaxies in the Uni-

verse has been estimated by Kautsch et al. (2006) using a uniformly selected sample

of more than 3000 edge-on galaxies taken from SDSS. Classifying their galaxies into

three categories - bulge-less Sd, intermediate Sc, and galaxies with a bulge (Sa/Sb) -

they find that each class represents about one third of the galaxies in their catalogues.

A well-known relation is the morphology-density-relation (MDR) according to which

the fraction of late-type galaxies decreases with increasing local galaxy density while

at the same time the fraction of early-type galaxies increases with local galaxy density

(e.g. Dressler, 1980). In the same way, simple disk systems without bulges are prefer-

ably found in an isolated to moderately densely populated environment, like NGC

4244, and might therefore emerge from a relatively undisturbed formation process

(Kautsch et al., 2009).

NGC 4244 is believed to show very little star formation which can be inferred

from the low radio continuum emission from hot ionised gas (Condon, 1987) and very

weak CO emission which traces the presence of H2 regions (Sage, 1993). However, the

galaxy shows the presence of an extended HI disk. The gas disk is not expected to fol-

low the stellar distribution. Olling (1996) find that the gas disk extends out to at least

14 kpc which is at least 4 kpc beyond the break in the optical disk (see below). The gas

disk is flared with a thickness of∼ 400 pc at about 5 kpc from the centre and∼ 1.5 kpc

at about 13 kpc from the centre. The authors report that the disk is warped. However,

the warp and the flaring of the gas disk are highly asymmetric. The inclination of the

gas disk is 84.5◦ and was derived through kinematic measurements by Olling (1996).

A value for the inclination of the optical disk has not been derived throughout the

literature. Only the Uppsala General Catalogue (UPC Nilson, 1973) which measures

the inclination on a scale from 1 (face-on) to 7 (edge-on) classifies NGC 4244 as a 7 us-

ing prints from the Palomar Observatory Sky Survey (POSS). Throughout the analysis

I use the right ascension (RA), declination (DEC), and the position angle (PA) taken
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from the RC3 (see Table 2.1). The rotation velocity in the RC3 catalogue is reported as

the line width at a level of 50% of the peak flux in the HI data, W50. The maximum ve-

locity of the optical rotation curve Vc,opt approximately equals W50,c/2 (Haynes et al.,

1997). In Table 2.1 the values for the optical rotational velocity are reported.

Several methods have been used to determine the distance of NGC 4244. The

Tully-Fisher (TF) relation (Tully & Fisher, 1977) correlates the intrinsic luminosity of a

galaxy in a given pass-band with the maximum rotation velocity. By measuring the

line-width broadening, the intrinsic luminosity in a given pass-band can be inferred.

Because the luminosity is directly related to the absolute magnitude, M, the distance

modulus, (m−M), and therefore the distance itself can be derived by measuring

the apparent brightness, m. An extinction-corrected distance modulus of (m−M)0

= 27.78 ± 0.4 was derived for NGC 4244 from the Tully-Fisher relation by Aaronson

et al. (1986). Later, Willick et al. (1997) revisited two previously published TF cluster

samples and four TF field samples in order to re-calibrate the TF relation. They find a

revised distance-modulus of (m−M)0 = 28.65± 0.47 for NGC 4244

Karachentsev & Drozdovsky (1998) determine the distance to NGC 4244 using the

mean B-bandmagnitudes of blue supergiants. The relation is calibrated using galaxies

with distances determined from the Cepheid method by Karachentsev & Tikhonov

(1994). Their derived extinction-corrected distance modulus is (m−M)0 = 28.28 with

no quoted error. However, there is no fundamental physical reason for why the three

brightest stars in a spiral galaxy should have similar brightnesses and Rozanski &

Rowan-Robinson (1994) found that this method is affected by large uncertainties.

Other attempts of getting accurate distances use the TRGB. The RGB phase of a low

mass star ends in a so-called helium flash, an explosive onset of helium burning in the

core. The reason for the explosive nature is the degeneracy of the core helium. In the

RGB phase, most of the energy production is provided through the contraction of the

inactive helium core while hydrogen is still burning on a shell around the core. Even-

tually the core gets so dense that the material becomes degenerate. The degeneracy is

caused by the overlap of the positions of the electrons which forces them into higher

quantum states according to the Pauli-Principle3. This has the effect that the pres-

sure and density are almost completely independent of the temperature. An increase

in the temperature will not lead to an expansion and cooling of the star because the

physics of the degenerate gas are dictated by the Pauli-Principle instead of the ideal

3The Pauli-Principle, formulated by Wolfgang Pauli in 1925, states that two fermions cannot occupy

the same quantum state simultaneously.
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gas law. The onset of helium-burning in the degenerate core increases the temperature

and without the possibility of cooling it causes a runaway process. In low-mass stars

the onset of helium-burning always takes place in an explosive way which causes a

sudden drop in the luminosity function due to the extinction of the hydrogen burning

shell leading to a well defined tip, the TRGB. In the I-band it has only a very weak

dependence on metallicity. The absolute I-band magnitude of the TRGB was found

to be I = −4.04± 0.12 mag by Bellazzini et al. (2001). For the calibration they use a

large photometric database of RGB stars in the globular cluster ω Centauri and de-

termine an independent distance measurement from an eclipsing binary in order to

derive the zero-point of the relation. They calibrated the relation for metallicities up

to [Fe/H] = −0.2 dex, a much larger range of metal abundance than done in previ-

ous studies. Due to its brightness and only very weak dependence on metallicity the

TRGB brightness provides a good tool for distance measurements of external galaxies.

However, in order to identify the TRGB within a luminosity function, it is necessary

to employ an edge-detection technique. Karachentsev et al. (2003b), Mouhcine et al.

(2005a) and Seth et al. (2005a) apply an edge-detectionfilter to data from theWFPC2 or

ACS cameras aboard the Hubble Space Telescope. While Mouhcine et al. (2005a) use a

WFPC2 field located several kpc above the plane, Seth et al. (2005a) use an ACS field

located at the very centre of the galaxy and Karachentsev et al. (2003b) use a WFPC2

field located off-centre on the major axis. Distance moduli from Karachentsev et al.

(2003b) and Seth et al. (2005a) are in good agreement ((m−M)0 = 28.26 ± 0.24 and

(m−M)0 = 28.2 ± 0.06) while Mouhcine et al. (2005a) find (m−M)0 = 27.88 ± 0.06

(random error) ± 0.16 (systematic error). Although all distance moduli are derived

from HST data the ACS field used by Seth et al. (2005a) provides the largest field-of-

view and the largest sample of stars. For these reasons it is expected to provide the

most accurate edge-detection. Throughout the analysis I therefore use the distance

modulus of (m−M)0 = 28.2± 0.06 derived by Seth et al. (2005a) but note that this is

consistent with most other measurements derived this far. The absolute distance of

NGC 4244 derived from this distance modulus is 4.37 Mpc.

Several studies of NGC 4244’s radial and vertical diffuse light profiles have been

reported in the literature. Van der Kruit & Searle (1981) applied a two-dimensional

single-disk fit to NGC 4244 using photographic plates from the Palomar 122-cm

Schmidt telescope. Their detection limit lies at the 27.5 mag arcsec−2 isophote in the J-

band. Down to this surface brightness no thick disk was detected and a single isother-

mal disk model was an adequate description of their data. The scale length of the disk
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was found to be 2.3 kpc with a radial cut-off at 12.0 kpc or ∼ 5 radial scale length

from the centre4. The scale height was found to be 253 pc as reported by the same

authors4. The vertical structure of NGC 4244 was revisited by Fry et al. (1999) using

deep wide-field R-band images taken with the Burell Schmidt telescope at Kitt Peak

National Observatory. They traced the vertical diffuse light profiles reliably down to a

surface brightness of µR = 27.5 mag arcsec−2. Down to this surface brightness they find

that the profiles are best fit with a single exponential with a scale height of (299± 2)

pc4. Because no clear inflection point can be seen in their profiles they conclude that

no second component (a thick disk or halo) is present at a surface brightness brighter

than µR = 27.5 mag arcsec−2 which is about 1.5 kpc from the mid-plane. They also fit

radial profiles and confirmed the previous finding by Van der Kruit & Searle (1981)

that the disk has a radial cut-off at ∼ 5 scale length.

More recently, the vertical structure of NGC 4244 was studied by Seth et al.

(2005a,b) using star counts. They used one HST/ACS field that is centrally-located

on the major axis of NGC 4244 and spans −2 - 3 kpc below and above the disk plane.

While this resolved star data offered much more insight into NGC 4244’s stellar con-

tent than ever before, the small field-of-view hindered a global analysis. In particular,

the fact that they did not have a suitable background field available meant that they

could not fit their vertical profiles free of background contamination and were forced

to include the undetermined background as a free parameter in their fitting-function.

While they found that the scale height varied with population in the sense that the

youngest stars are confined to areas close to the disk while the older RGB stars popu-

late the largest scale heights, they did not see a clear inflection point in their profiles

that would indicate the presence of a structurally distinct second component. The au-

thors also fit a two-dimensional single-disk model to a 2MASS image of NGC 4244

in the Ks-band. They find a thin disk scale height of 257 pc and the scale length is

reported to be 1.8 kpc.

Furthermore, Seth et al. (2005b) study the metallicity of NGC 4244 using the

HST/ACS fields described above. They find an average metallicity of [Fe/H] = −1.0

dex in their field which extends up to a height of almost 3 kpc above the plane. No

error for the average metallicity is stated but they estimate that the uncertainties at

[Fe/H] = −2.3 dex are as high as 0.5 - 0.8 dex while they are smaller for higher metal-

licities (0.2 dex at [Fe/H] = −0.4 dex)

In agreement with Seth et al. (2005b), Tikhonov & Galazutdinova (2005) state that

4All values were recalculated using the distance of 4.37 Mpc for NGC 4244.
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the star counts in their 3 HST fields extent to different scale heights depending on the

population. The authors furthermore claim to see a second component beyond the

thin disk in the old RGB population. However, the detection in their profiles is more

likely due to contamination of their star catalogue by background galaxies which are

accounted for at no point during their study.

NGC 4244 was also included in the study of Mouhcine et al. (2005b,c) and

Mouhcine (2006) who probe the metallicities for stellar populations in a WFPC2 field

at about 3 kpc from the mid-plane of NGC 4244 and 7 more galaxies. They call the

component a halo based on the fact that the location of the field is 3 kpc away from

the plane. They find an average metallicity of [Fe/H] = −1.51 dex with no error

quoted. This metallicity is far lower than what was detected by Seth et al. (2005b). The

reason for this is unclear. It is possible that the data is contaminated by an additional

component or stellar stream. In fact, in a following paper (Mouhcine, 2006) show that

it is possible to fit the metallicity distribution function (MDF) of each of their probed

galaxies with a combination of two Gaussian functions. Therefore, two different stel-

lar populations might be present, a metal poor and a metal rich one. For NGC 4244,

they have metallicities of [Fe/H] = −1.05 dex and [Fe/H] = −1.86 dex. About 80%

of the stars is in the population with the lower metallicity. This metallicity is in good

agreement with what was detected by Seth et al. (2005b).

The most extensive study of NCG 4244 to date was carried out by de Jong et al.

(2007). The authors used 8 HST fields along the major axis spanning a range of more

than 40 kpc. de Jong et al. (2007) focus on studying the radial profile of NGC 4244

and do not examine the vertical structure. They find that the radial profile cuts off

at about 9 kpc from the centre, independent of the underlying stellar population or

height above the plane. This is significantly smaller than the value of 12.0 kpc found

by Van der Kruit & Searle (1981). Finally, de Jong et al. (2007) do not apply a fit to their

profiles so no value for the scale length is reported.

2.1.2 NGC 55

The DSS image of the late-type edge-on galaxy NGC 55 is shown in Figure 2.3. NGC

55 is believed to be one of the closest members of the nearby collection of galaxies

called the Sculptor Group. The Sculptor group is the nearest group of galaxies to the

MW and can be observed close to the South Galactic Pole. The distribution of galax-

ies in the Sculptor group taken from Karachentsev et al. (2003a) is shown in Figure
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Figure 2.3: Image of NGC 55 taken from the DSS. The image has a size of (50× 50)’ which

corresponds to about (28× 28) kpc at the distance of NGC 55. North is up and east is to the

left.

Figure 2.4: The locations of the neigh-

bouring galaxies of NGC 55 taken from

NED web interface. NGC 55 is marked

with a red cross. The closest large

spiral is NGC 300 which lies at a 3-

dimensional distance of only ∼ 330 kpc

from NGC 55. This equals a separation

of ∼ 7.5◦ on the sky.
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2.4. Only galaxies with an absolute brightness larger than −15 mag in the B-band

are shown, which is ∼ 2.5 mag fainter than NGC 55’s B-band brightness. NGC 55’s

closest neighbour is NGC 300. NGC 55 and NGC 300 both lie on the border of the

Local Group and have accurate Cepheid distances (Gieren et al., 2004, 2008). In both

cases the distance is 1.9 Mpc. The 3-dimensional distance between the two galaxies

therefore equals the 2-dimensional distance which is ∼ 10◦ or 330 kpc4.

NGC 55 has been classified as a Magellanic type galaxy (Hubble type SBm) that is

similar in structure to the Large Magellanic Clouds (LMC) by de Vaucouleurs (1961)

and in the RC3. Bright emission line objects in NGC 55 were first studied by de Vau-

couleurs (1961). They also detected a bar with an end-on orientation and reported that

the rotation curve further suggested an asymmetric mass distribution with respect to

the bar. This is in accordance with more recent HI studies carried out by Hummel

et al. (1986). They find that the HI mass distribution is not centred on the bar. They

claim that about 20% of the mass resides in a component that is off-centred by 2.1 kpc

from the centre of the disk, which comprises 80% of the mass. The asymmetric HI

mass distribution is confirmed by Puche et al. (1991). The detection of a large variety

of ionised gas features in the extra-planar regions suggests that NGC 55 is a rather

actively star-forming galaxy (Ferguson et al., 1996; Tüllmann et al., 2003).

For the inclination a variety of values is reported ranging from 78◦ measured by

Puche et al. (1991) using HI data and 79◦ measured from optical data in the same

publication up to 85◦ as reported in the Lyon-Meudon Extragalactic Database (LEDA)

(Paturel et al., 2003a,b). The RA, DEC, position angle and rotation velocity were taken

from the RC3 in accordance with NGC 4244 and are reported in Table 2.1.

Several distance moduli for NGC 55 have been reported in the literature. From

the TF relation Karachentsev et al. (2003a) derive a distance modulus of (m−M)0 =

26.28 with no quoted error for NGC 55. They use the results from Puche & Carignan

(1988) but with a new re-calibration of the TF relation. This distance measurement

is expected to come with a large uncertainty because the TF relation is calibrated for

spiral galaxies while NGC 55 is an irregular galaxy for which the relation might not

hold.

The distance to NGC 55 has been derived by various groups using the TRGB

method. In a recent study Tikhonov et al. (2005) report a distance modulus of

(m−M)0 = 26.64± 0.10 using 3 HST/WFPC2 fields which are all located more than 2

kpc from the mid-plane. Seth et al. (2005a) established (m−M)0 = 26.63 ±0.08 (ran-

dom error) and ±0.15 (systematic error) from 2 HST/ACS fields centred on the major
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axis of NGC 55. Davidge (2005) finds a distance modulus of (m−M)0 = 26.5± 0.10

based on TRGB brightness measurements from GMOS data at the Gemini South (GS)

telescope. As previously explained, the TRGB method relies on the accuracy of the

edge-detection technique and usually involves larger uncertainties than that of the

Cepheid period-luminosity (PL) relation.

The distance modulus of NGC 55 has been determined by Pietrzyński et al. (2006)

and Gieren et al. (2008) using observations of the bright Cepheid stars in NGC 55.

The largest sources of systematic uncertainty for the PL relation of the Cepheids are

intrinsic reddening, blending effects and metallicity dependency of the PL relation.

Gieren et al. (2008) find a distance modulus of (m−M)0 = 26.434 ± 0.037 (random

error) by improving their previous distance estimation reported in Pietrzyński et al.

(2006). Gieren et al. (2008) use near infrared (NIR) photometry for a subsample of

Cepheids in addition to the optical data used in Pietrzyński et al. (2006). This has

various advantages, most importantly the total and differential reddening is signifi-

cantly reduced in the NIR and by combining the data with the optical wave-band the

total reddening can be derived. The effect of blending is also be reduced because stars

that are bright enough to cause contamination are expected to be blue. It adds to the

accuracy of the distance modulus determination via the Cepheid method that the PL

relation is calibrated onto the Large Magellanic Cloud (LMC). The LMC happens to

be a Irr/SB(s)m, the same Hubble sequence type as NGC 55, so the uncertainty due to

a metallicity dependency of the PL relation is expected to be small. Throughout the

analysis I therefore use a distance modulus of (m−M)0 = 26.434± 0.037 as reported

by Gieren et al. (2008). This converts to a distance of 1.9 Mpc for NGC 55.

The radial structure of NGC 55 has been studied by Puche et al. (1991) using pho-

tographic plates from the UK Schmidt telescope. They find a scale length of 1.9 kpc

for NGC’s optical disk in the B-band5. Seth et al. (2005b) apply a two-dimensional fit

to a 2MASS image in the K-band. They find a scale length of 1.0 kpc for the thin disk5.

The same authors also studied the vertical structure of NGC 55 using resolved stel-

lar populations over a small field-of-view. Seth et al. (2005b) obtained two HST/ACS

fields for NGC 55, both located on the major axis (see Figure 4.3). While one field

lies exactly on the centre of NGC 55 the other one, called the ”disk” field, lies further

east on the major axis at about ∼ 3 kpc from the centre. The disk field reaches from

∼ −1.7 kpc below the mid-plane to ∼ 1.3 kpc above the mid-plane, the central field

from ∼ −1.4 kpc to ∼ 1.3 kpc. As for NGC 4244 they detect a change in scale height

5This value was recalculated using the distance of 1.9 Mpc for NGC 55.
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Galaxy RA DEC B R25 PA i Vrot,max DM

(J2000) (J2000) mag [kpc] [km s−1]

NGC 4244 12 17 30.0 +37 48 27.0 −17.7 10.5 48◦ 84.5◦ 102 28.2

NGC 55 00 15 8.5 −39 13 13.0 −18.0 8.9 108◦ 85.0◦ 86 26.43

Table 2.1: The properties of the two edge-on galaxies NGC 4244 andNGC 55. The columns are

1) Galaxy name; 2) right ascension; 3) declination; 4) absolute B-band magnitude calculated

from the apparentmagnitude reported in the RC3 using the assumed distancemodulus of each

galaxy reported in the last column; 5) radius measured at a surface brightness level of B = 25

mag arcsec−2; 6) position angle (from north through east); 7) inclination; 8) rotational velocity;

9) distance modulus (m−M)0. The values were taken from the RC3 except for: the inclination

which was taken from Olling (1996) for NGC 4244 and from LEDA for NGC 55; the distance

modulus which was taken from Seth et al. (2005a) for NGC 4244 and from Gieren et al. (2008)

for NGC 55; the absolute B-bandmagnitude which was calculated from the relative brightness

reported in Karachentsev et al. (2003b) and Karachentsev et al. (2003a) for NGC 4244 andNGC

55 respectively.

depending on the underlying stellar population. The metallicity of NGC 55 was also

studied by Seth et al. (2005b) using the HST/ACS fields described above. They find

an average photometric metallicity of [Fe/H] = −1.0 dex and −1.1 dex for the central

and the disk field respectively close to the mid-plane. No error for the average metal-

licity is stated but the uncertainties at [Fe/H] = −2.3 dex are found to lie around 0.5 -

0.8 dex but are smaller for highermetallicities (0.2 dex at [Fe/H] = −0.4) Furthermore,

metallicity studies are carried out by Mouhcine et al. (2005c) using one HST/WFPC2

field at ∼ 3 kpc above the plane of NGC 55. They report an average metallicity of

[Fe/H] = −1.54 dex with no quoted errors. As described in the previous section in a

later publication Mouhcine (2006) find that their fields might contain the contribution

from at least two different stellar populations with a metallicity of [Fe/H] = −1.06

dex and [Fe/H] = −1.78 dex. The more metal rich population makes up about 75% of

the stars in the field.

Finally, NGC 55’s extra-planar stellar content was also studied by Davidge (2005)

using infra-red data from the Canada-French-Hawaiian telescope and optical data

from GMOS. He found no evidence for an intermediate or young population within a

distance between∼ 1.2 kpc and ∼ 2.4 kpc from the plane which he arbitrarily defined

as the thick disk. He estimated the photometric metallicity within this region to lie be-

tween [Fe/H] = −1.1 dex and [Fe/H] = −0.6 dex. This is in agreement with previous

HST studies.
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Figure 2.5: Layout of the 10 CCD chips of Subaru/Suprime-Cam. The image is taken from the

Subaru homepage (http://www.naoj.org/Observing/Instruments/SCam/ccd_mit.html).

2.2 Observations and Data Reduction

2.2.1 The Data for NGC 4244

The data from the Subaru telescope

Observations of NGC 4244 were carried out in January 2005 using Suprime-Cam

(Miyazaki et al., 2002) on the 8-m Subaru telescope, Hawaii. On the nights of the

7th and 8th January, 11 x 630s exposures in the V band (6930s) and 20 x 215s exposures

in the I-band (4300s) were obtained. Suprime-Cam consists of a mosaic of 10 charge-

coupled devices (CCDs) each with a size of about 14′ × 7′, arranged in a 2× 5 pattern

that leaves small gaps of 16′′ - 17′′ between the chips. This yields a total field size of

34′ × 27′ (43.2 kpc × 34.3 kpc at the distance of NGC 4244). The layout of the chips

taken from the Suprime-Cam homepage6 is shown in Figure 2.5. Figure 2.6 shows the

Subaru V-band mosaic of NGC 4244 and the location and numbering of the 10 CCD

chips is overplotted. It can be seen that the large field-of-view makes it possible to

monitor the whole galaxy within a single pointing which is later used to carry out

both diffuse light and star count studies. The images were dithered between expo-

sures by ∼ 30′′ to fill the gaps between the chips. The pixel size on Suprime-Cam is

0.2′′/pixel and the seeing in the stacked images averaged 0.8 - 1.0”, with a slightly

better seeing in the V-band than in the I-band. The chips were run with a gain7 G =

6http://www.naoj.org/Observing/Instruments/SCam/ccd_mit.html
7The gain g is defined as the mean ratio between the signal output to the signal input. However, it is

not uncommon to use its inverse value G instead. For a CCD chip this is the conversion factor between

the “raw” data value in Analogue-to-Digital Units (ADU) and the electron counts. Unless stated else-

wise I use the inverse gain G in units of electrons/ADU.
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Figure 2.6: The V-band mosaic of Subaru/Suprime-Camwith a field size of 34’× 27’ (43.1 kpc

× 34.4 kpc at the distance of NGC 4244) is shown. The location and numbering of the 10 chip

of the Suprime-Cam are indicated. North is up and east is left.

2.6 e−/ADU and a readout noise r = 10 e− as reported on the Subaru/Suprime-Cam

homepage8. Patchy thin cirrus clouds were present during the observations.

Preliminary processingwas done byMike Irwin from the Institute of Astronomy at

the University of Cambridge using the Cambridge Astronomical Survey Unit (CASU)

pipeline that was originally developed for the Isaac Newton Telescope (INT) Wide

Field Survey. The processing steps are described in detail in Irwin (1985), Irwin (1997),

Irwin & Lewis (2001) and Irwin et al. (2004) and are summarised for example in Barker

et al. (2009) and below. They include de-biasing, trimming, and non-linearity correc-

tions for each of the 10 CCDs. Bad pixels and columns were interpolated over using

neighbouring regions. All science images were divided by a master flat that was pro-

duced from 6 individual flatfield exposures9 in order to smooth out global variations

and gradients over the field and to correct for varying sensitivities in the CCDs. In

8http://www.naoj.org/Observing/Instruments/SCam/parameters_mit.html
9A flatfield exposure is taken by illuminating the telescope by a uniform light source (dome light or

the sky at dusk or dawn) at an average value of 30% - 50% of the saturation level.
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order to bring the different pass-bands onto the same sky level a gain correction was

applied. So called “fringes” often appear as the result of a thinned-film interference

effect between the CCD’s silicon layer and distinct emission lines produced in the

atmosphere and is worst towards redder colours. However, the level of fringing arte-

facts is low in the Subaru images and no defringing was carried out.

Prior to stacking, an approximate World Coordinate System (WCS) solution for

the individual frames was estimated based on the nominal telescope pointing, rotator

angle, and the CCD characteristics. The astrometry was progressively refined using

2MASS point source catalogue (Cutri et al., 2003). Optical systems are generally ex-

pected to have a non-uniform plate scale. A Zenithal polynomial projection (ZPN) as

described in Greisen & Calabretta (2002) accounts for any image distortions over the

field and the astrometric transformations can be carried out with a 6 parameter linear

plate model. Hereafter, the internal astrometric error is generally smaller than 0.1′′

(Barker et al., 2009) while the global uncertainty is 0.25′′ (Ségall et al., 2007). The up-

dated WCS information then allowed an accurate alignment of the individual image

frames.

The stacking process was optimised by adjusting the sky variations between the

individual images. Confidence maps were produced for the individual chips. In these

maps, all pixels that fall onto a bad column are appointed a value of zero. All other

pixels were weighted according to the value of the variance of the sky which is caused

mainly by the lack of overlap between the dithered images (and therefore lower ef-

fective exposure times) along the field edges. The values were normalised so that

the median confidence level is 100%. The images from the 10 chips of Suprime-Cam

were then mosaiced in order to reduce these effects and the confidence maps were

updated accordingly. A final pass astrometric calibration for the mosaic was carried

out using SDSS data instead of the 2MASS catalogues because in the SDSS data more

common sources were identified. The astrometric uncertainties are similar to those for

the 2MASS catalogues, i.e. 0.1′′.

After carrying out aperture photometry and applying a morphological classifica-

tion as described in Section 2.3.1, the Subaru instrumental magnitudes were converted

onto a Vega-like system, the V- and I-band magnitudes of the Johnson-Cousins system

(see Section 1.6). For this, the Lupton transformation equations from the SDSS home-

page10 were applied. The absolute zero-point was derived by comparing the stellar

magnitudes of the Subaru images to the stellar magnitudes of matching stars from the

10http://www.sdss.org/dr6/algorithms/sdssUBVRITransform.html#Lupton2005
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Figure 2.7: The Subaru V-band mosaic of NGC 4244 is shown. The overlaid squares indicate

the location of the publicly available HST/ACS fields with a size of 200′′ × 200′′ each. North

is up and east is left.

SDSS. This results in a zero-point of 26.85 mag and 26.74 mag in the V- and I-band

respectively with an accuracy of ∼ 0.05 mag (see also Barker et al., 2009). Note that

none of the results presented in this thesis depends critically on the accuracy of the

zero-points because the relevant quantities are relative rather than absolute, as for ex-

ample in the structural studies.

The data from the Hubble Space Telescope

In addition to the ground-based data, 6 HST/ACS fields (program ID 10523) of NGC

4244 were downloaded from the HST archive. The space-based data is used in our

analysis to check the quality of themorphological classification of the sources detected

with the Subaru telescope and to test the completeness of the Subaru point-source cat-

alogue. The HST data were processed by Dougal Mackay from the Royal Observatory,

Edinburgh using DOLPHOTDolphin (2000) as described in Section 2.3.4. The location

of the fields is indicated in Figure 2.7. The square shaped ACS fields have a field-of-

view of 200′′× 200′′ each. The observationsweremade in the F606W and F814W filters

at a wavelength of 595µm and 794µm respectively and were converted into the V- and
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Figure 2.8: The two pointings for NGC 55 observed with VIMOS on the VLT are overlaid onto

an image from the Digitized Sky Survey (DSS). Each VIMOS pointing is made up of 4 CCD

chips. The chips are separated by gaps ∼ 2′ wide. North is up and east is left.

I-band magnitudes of the Johnson-Cousins system using Sirianni et al. (2005).

2.2.2 The Data for NGC 55

The VLT/VIMOS Data for Resolved Star Count Studies

The data were taken with the VIsible Multi-Object Spectrograph (VIMOS Le Fèvre

et al., 2003) in imaging mode with the Very Large Telescope (VLT), Unit Telescope 3

(UT3) on Paranal, Chile in service mode in 2004. On the nights of the 19th June and

the 22nd September 9 × 400s exposures in the I-band (3600 s) and one 1200s exposure

in the V-band were taken for two different pointings located to the north and south of

NGC 55 as indicated in Figure 2.8. The layout of the VIMOS imager is shown in Figure

2.9. VIMOS consists of 4 chips of 2048× 2440 pixels or about 7′ × 8′ each, separated

by a cross ∼ 2′ wide. The individual images were dithered by ∼ 15′′. The whole field-

of-view yields ∼ 18′ × 18′ and the pixel size is 0.205 arcsec/pixel. It can be seen that

the VIMOS field-of-view is smaller than the galaxy and samples only the extra-planar

regions. The gain and readout-noise is G = 1.7 e−/ADU and r = 3 e− is respectively.
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Figure 2.9: The layout of VLT/VIMOS. The size and orientation of the 4 chips is shown. The

image is taken from the VIMOS homepage12.

The conditions were photometric and the seeing averaged 0.5′′ in the I-band and 0.7′′

in the V-band. The VIMOS images were again pre-processed by Mike Irwin from the

Institute of Astronomy at the University of Cambridge using the CASU pipeline in a

similar manner to that described in the previous section.

The zero-points for the VIMOS data of NGC 55 are taken from the VLT/VIMOS

homepage13. No zero-point calibration is available for the nights the observations

for NGC 55 were made. Figure 2.10 shows the I-band zero-points detected between

January and July 2004 in e−. The average over all data points is shown as a solid line

and the 3σ thresholds are plotted as dashed lines. The red data points mark the 3σ

outliers. It can be seen that there is a sudden increase in the value of the zero-points

around the 20thMarch 2004. Except for the outliersmarked in red, the zero-points stay

at an approximately constant level before and after that. A sudden increase around the

same date is seen in the V-band (not shown here). The zero-points for the calibration

of the V- and I-band images of NGC 55 are therefore calculated by averaging over

the zero-points derived after the 20th March 2004. The outliers marked in red are not

included in the calculation. The average zero-points and their standard deviation for

each chip and band-pass are listed in Table 2.2.2. Note that the zero-points provided

13http://www.eso.org/observing/dfo/quality/VIMOS/reports/2004/ZEROPOINTS_V/trend_

report_ZEROPOINTS_V_2004_1.html
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Chip number V I

1 27.30± 0.04 26.45± 0.057

2 27.23± 0.04 26.36± 0.092

3 27.13± 0.02 26.24± 0.030

4 27.26± 0.03 26.45± 0.038

Table 2.2: Average zero-points and their standard deviation used to calibrate the V- and I-band

images of each chip. Only zero-points derived from observations after the 20th March 2004 as

reported on the VIMOS homepage13 are used.

in the table are in ADU while the zero-points in the plots are in e−. The difference is

2.5 log10(g) ≈ 0.58 mag where g is the gain.

The Data for Diffuse Light Studies from the Curtis-Schmidt Telescope

The VIMOS field-of-view is smaller than the galaxy and captures only the extra-planar

regions. Therefore I use additional V-band images taken with the 0.6m Curtis-Schmidt

telescope of the Inter-American Observatory (CTIO) on Cerro Tololo. On the nights

of the 15th, 17th, 19th and 20th of September 1998 15 × 600s exposures in the V-band

(Johnson-Cousins filter system) were obtained. The CCD Camera consists of 2048 ×
2048 pixels and covers a 1.3◦ × 1.3◦ field. With its 2.3′′ pixels the images are slightly

under-sampled. However, because the images will be used for the diffuse light studies

in the central region of the galaxy, the low resolution that results from the large pixel

size will not lead to any disadvantages.

The standard image reductionwas carried out by Annette Ferguson from the Royal

Observatory, Edinburgh. Of the 15 images taken in the V-band 3 images have to be

rejected. The stellar PSFs in these 3 images are noticeably elongated because the tele-

scope guiding was not switched on. The IRAF14 (Tody, 1986, 1993) routine imalign

was used to shift all the images onto a common grid using the positions of 5 registra-

tion stars. The IRAF routine imcombine was used to combine the remaining 12 aligned

V-band images using the median option with all 3σ outliers being rejected.

The large field-of-view of the Schmidt data enables a photometric calibration by

measuring the magnitudes of stars on the image around the galaxy and comparing

14IRAF is distributed by the National Optical Astronomy Observatories, which are operated by the As-

sociation of Universities for Research in Astronomy, Inc., under cooperative agreement with the National

Science Foundation.
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Figure 2.10: I-band zero-points for the four VIMOS chips derived between January and July

2004. The chip number is reported in the upper left corner of each panel (compare Figure 2.9).

The average of all zero-points is plotted as a solid line, the 3σ thresholds are shown as dashed

lines. All 3σ outliers are marked in red.

64



2.2. OBSERVATIONS AND DATA REDUCTION

them to the photometricmeasurements previously carried out, for example byAlcaino

& Liller (1984). The zero-points are calculated using

mcalib = minst −A + ZP+ κX + a(V− I) (2.1)

where mcalib is the calibrated and minst the instrumental magnitude, A an arbitrary

constant which is often added to the instrumental magnitude (for example 25 mag

for magnitudes provided by DAOPHOT-II Stetson, 1987), ZP the zero-point, κ the at-

mospheric extinction coefficient, X the airmass and a(V-I) a colour term that arises

from the mismatch between the effective bandpass of the filters on the Curtis-Schmidt

telescope and those of the standard system. The airmass X is a measure for the opti-

cal path length through the Earth’s atmosphere for a source observed under a certain

zenith angle z. It is usually given as the ratio of the path length relative to that at

the zenith where the path length is shortest. In its simplest form, assuming a homo-

geneous atmosphere and ignoring the Earth’s curvature, the airmass can therefore be

written as X = 1/cos(z).

Alcaino & Liller (1984) carried out photometric measurements of stellar sources in

several Sculptor Group galaxies using data taken with photo-multipliers in the UB-

VRI bands. The magnitudes of the stars lying within the field-of-view of the Curtis-

Schmidt telescope can be used to calibrate the instrumental magnitudes. Because the

intrumental system is close to the standard UBVRI system used by Alcaino & Liller

(1984), a, and therefore the colour term, a(V−I), gets very small and is considered

to be negligable. I determine the offset Zeff = ZP + κX which I refer to as effective

zero-point in the following, although strictly speaking the value for the extinction is

absorbed in this parameter as well. Equation 2.1 then simplifies to

mcalib = minst + Zeff. (2.2)

Alcaino & Liller (1984) report V-band magnitudes for 24 stars in the vicinity of

NGC 55 measured in this and one previous study (Alcaino, 1980) using a 16′′ circular

diaphragm. They derive an uncertainty for each measurement by taking the standard

deviation between three different measurements and find them to be remarkably con-

sistent, typically around ±0.22 for stars with magnitudes fainter than V = 14 mag.

The 10 brightest stars measured by Alcaino & Liller (1984) are saturated in the Curtis-

Schmidt images, however, 14 remaining stars can be used to carry out the zero-point

calibration. In Figure 2.11 these stars are indicated by the red circles. Magnitudes

for these stars were determined from aperture photometry carried out with the IRAF
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Figure 2.11: The stacked V-band image taken with the Curtis-Schmidt telescope on Cerro

Tololo is shown. The 14 stars used for the zero-point calibration are indicated by the red

circles. The axis scales are given in pixels where each pixel has a size of 2.3′′ × 2.3′′. North is

right and east is down.
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Figure 2.12: The difference between the V-band magnitudes for stellar sources around NGC

55 reported by Alcaino & Liller (1984) and the magnitudes measured on the V-band images

from the Curtis-Schmidt telescope is plotted. The horizontal line marks the mean at 4.13 mag

with a standard deviation of 0.03 mag.

routine phot using a constant circular aperture. I choose an aperture with a diameter

of 16′′. Using equation 2.2, the mean value of the difference between the magnitudes

established by Alcaino & Liller (1984) and the magnitudes measured on the Curtis-

Schmidt image results in an effective zero-point of Zeff = 20.87 mag with a standard

deviation of 0.03 mag. Figure 2.12 shows the difference between the V-band magni-

tudes reported in Alcaino & Liller (1984) and the V-band magnitude measured on the

Curtis-Schmidt image. The mean value is indicated by the horizontal line.

2.3 Photometry and Object Classification

Two methods of photometry were conducted: aperture photometry using the CASU

pipeline and PSF-fitting photometry carried out in Edinburgh using DAOPHOT-II.

Both methods were applied to the NGC 4244 data set and tests revealed that the PSF-

fitting method provided the most complete and least contaminated point-source cata-

logue. As a result, only the latter method was applied in the analysis of NGC 55.
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2.3.1 Aperture Photometry

Aperture photometry is the most straightforward procedure to obtain photometry for

point-sources in uncrowded regions. In aperture photometry, the flux of a star is mea-

sured within a circular aperture of constant size. An aperture that is too small leads

to missing flux from the outer wings of the stellar profile while an aperture that is too

large leads to a worse signal-to-noise ratio. The size of the aperture is usually chosen

to be approximately the same as the typical full-width-half maximum (FWHM) of the

stellar sources in the field. An aperture correction has to be applied in order to ac-

count for light in the faint outer wings of the stellar profile. However, contributions

to the flux within the aperture from other sources such as the sky background or light

from nearby stars or galaxies will inevitably distort the measurement and have to be

considered in the calculation of the stellar fluxes. Aperture photometry for NGC 4244

was carried out by Mike Irwin using the CASU pipeline.

The flux for each source is estimated within a fixed aperture that has a size that

equals the FWHM of the point-sources. The aperture noise within this fixed aperture

is minimised by using a so called “soft-edged” aperture 15. The CASU pipeline then

calculates the curve-of-growth of the flux within different concentric soft-edged aper-

tures of increasing radius. The fluxes within these concentric apertures are used to

derive the aperture correction. Furthermore, the curve-of-growth is used to establish

a morphological classification.

For the point-like objects, the total flux within apertures of different radii corre-

sponds directly to the integral over the PSF out to these radii. Within the same image

frame the integral is expected to be independent of magnitude if the point-source has

not saturated. Any deviation from this well-defined curve-of-growth can be used to

identify non-stellar sources such as elliptically shaped background galaxies. A clas-

sification scheme is developed in which a likeliness is assigned to each object. If its

likeliness lies within 2σ or 3σ of the stellar likeliness then the object is classified as

−1 or −2 respectively. In this classification scheme, the most complete point-source

catalogue would include all sources with a classifier of −1 and −2. However, this

point-source catalogue might contain a higher number of contaminating background

galaxies than a point-source catalogue with sources that only have a classifier of −1.

As explained below, tests using theHST data ledme to include sourceswith a classifier

15“Soft-edged” means, that for pixels close to the aperture edges only the fraction of the flux that

corresponds to the fraction of the pixel that lies within the aperture is used.
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of −1 or −2.

2.3.2 Point Spread Function Fitting Photometry for the Sub-

aru and the VLT-VIMOS Data

As an alternative to the photometry and object classification carried out with the

CASU pipeline I also conducted PSF-fitting photometry. In densely populated

(“crowded”) fields, most stars overlap with the image of at least one of their near-

est neighbours. For these blended stars, it will lead to high inaccuracies if the flux

within a constant aperture is summed up prior to the subtraction of the diffuse sky

emission. This is because the aperture will inevitably contain a blend of the light of

the adjacent star. PSF-fitting photometry can be used to carry out accurate photome-

try even in crowded fields. The technique is based on the assumption that the image

of each star on the CCD chip is a two-dimensional intensity profile. Consequently

the profiles of blended stars can be fit by a super-position of these model stellar pro-

files given a certain underlying local diffuse sky light. In practice this means that the

PSF model has to be designed for each image frame separately and with high accu-

racy. If present, variations of the stellar profile over the frame have to be taken into

account. PSF fitting photometry yields reliable performance and accurate photometry

in crowded fields and is expected to perform better than aperture photometry at faint

magnitudes. Furthermore, the quality information parameters of the PSF fit to each

object provide a means to classify the source morphology.

To carry out PSF fitting photometry, I use the stand-alone version of DAOPHOT-II

and ALLSTAR (Stetson, 1987). For NGC 4244, I run the program on the stacked V- and I-

band mosaic images of Subaru/Suprime-Cam as opposed to running it on each of the

10 chips separately. This reduces the impact of regions of low confidence as described

in Section 2.2.1 The mosaic image has to be cut into four smaller quadrants in order to

make processing through DAOPHOT-II and ALLSTAR possible. In the following, these

quadrants are referred to as upper left, upper right, lower left and lower right quad-

rant whereas right being east and left being west. For NGC 55, I run DAOPHOT-II and

ALLSTAR on the stacked V- and I-band images from each chip of the two VLT/VIMOS

pointings. (Note that these chips have no overlap and therefore were not combined to

a mosaic before.)

Prior to running DAOPHOT-II, all the images were prepared by trimming the low

signal-to-noise regions around the edges and creating a mask of the saturated objects
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and diffraction spikes. After the V- and I-band images were aligned using the IRAF-

routine imalign the same mask was used for the V- and I-band images to ensure that

the sources that are detected in one band can also be detected in the other band.

Source detection and the first run of aperture photometry

In the first run the routine find creates a list of sources by searching for peaks with a

certain minimum central height above the local sky value. This minimum threshold

is computed as a multiple of the standard error in one pixel multiplied by the relative

error which is defined as mentioned below. The error per pixel, ǫstd, is composed of

the error in the sky value s (in ADU) and the readout noise per pixel r (in electrons) or

R (in ADU). In units of electrons this results in ǫstd =
√
s×G+ r2 with a gain factor of

G electrons per ADU. To convert this into units of ADU one has to divide the equation

by G:

ǫstd[ADU] =
ǫstd[electrons]

[electrons/ADU]
(2.3)

=

√

s

G
+ R2 (2.4)

If the image frame is the average of a number of data frames, as is the case for the

Subaru and the VIMOS data, then the gain and the readout-noise have to be adjusted

accordingly:

G(N) = N×G(1) (2.5)

R(N) =
R(1)√

N
(2.6)

where N is the number of averaged images. The error per pixel is then:

ǫstd(N) =

√

s

N×G(1)
+

R2

N
(2.7)

In order to compensate for a smooth gradient in the local background level, the

image is convolved with a Gaussian function using the typical FWHM as measured

by the user. The relative error ǫrel is the factor that the standard error in one pixel has

to be multiplied with in order to scale the error to this convolved picture. This results

in a star-finding threshold of

n× ǫstd = n×
√

s

N × G(1)
+

R2

N
× ǫrel (2.8)
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The user can choose what multiple (n) of σ is most suitable for a particular data set.

For the Subaru and the VIMOS data, I estimate the value for the finding threshold

using Figure 2.13. This Figure shows the results of running find with a number of

different thresholds ranging from 2 - 9σ for NGC 4244 (left) and NGC 55 (right) for

a subsection of the V-band image. It can be seen that, in both cases, the number of

detections increases steadily as the threshold is lowered until ∼ 3.5σ at which point

there is a sharp increase.

Visual inspection shows that the bulk of detections below 3.5σ do not stem from

“real” sources but from noise. For the I-band frames it is found that 3.5 σ and 3.0 σ

provide a good detection threshold for NGC 4244 and NGC 55 respectively. Addition-

ally an upper threshold above which the detector response becomes non-linear has to

be provided for DAOPHOT-II. The radial profiles of bright stars show that this level

is reached at 25,000 ADU and 30,000 ADU for the Subaru Suprime-Cam and the VLT-

VIMOS images respectively.

The routine find is run on the V- and I-band images separately and the source de-

tections from each band are then combined to provide the most complete possible

initial source list. Indeed, sources that are only found in one band by the algorithm

might still provide good enough photometry in the other band although too faint to

be picked up independently.

A first pass of aperture photometry for these sources is conducted using the routine

phot. The aperture size for NGG 4244 is chosen to be 6 pixel (1.2”) which is somewhat

larger than the typical PSF of 4 - 5 pixels measured for stellar sources in the Subaru

images. For NGC 55 an aperture size of 4 pixel (0.82”) is used. This is slightly smaller

than the aperture size chosen for the Subaru/Suprime-Cam images which is a conse-

quence of the smaller stellar PSF of 2 - 3 pixels which results from the better seeing in

the VLT/VIMOS images.

The PSF-model

To develop a PSF-model for the stellar sources in the image, suitable PSF stars have

to be selected on the basis of their brightness, isolation, shape, and radial profile. The

PSF needs to be defined independently for each band pass. In the case of NGC 4244

the 100 brightest sources in each quadrant were visually inspected and the ∼ 20 with

the cleanest radial profiles were retained. For NGC 55 the same procedure resulted

in between 10 - 20 stars being retained per chip per band. With the routine psf an

analytic function can be developed which fits all selected PSF stars within a user-
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defined radius. A Moffat function is found to fit the data best in all cases.

Finally, the (possibly overlapping) point-spread function is fit to all sources in each

frame (pointing, band pass) using the program ALLSTAR. Tests indicated, that a non-

varying PSF across the field worked best for NGC 4244 while a linearly varying func-

tion was chosen for NGC 55. ALLSTAR iteratively fits and subtracts all the stars from

the frame according to the best guess of their position and magnitude and inspects the

residuals. If the fit of a star has converged, the star will appear in the output file with

a more accurate position and the instrumental PSF magnitude. ALLSTAR also returns

the object-subtracted image for the user to inspect. In all case a subsequent run of find,

phot and ALLSTAR is carried out to detect faint stars that were missed on the first pass.

At this stage the PSF model is improved by running the routine psf on an image

from which all but the PSF stars have been subtracted. This way, I can better weed out

PSF stars that are contaminated by nearby neighbours.

The final object catalogue in the V- and I-band contain ∼181,000 and 168,000

sources for NGC 4244 and ∼164,000 and ∼133,000 sources for NGC 55 respectively.

For each source and pass band the image diagnostic parameters merr, CHI and SHARP

are also reported in the output file. Those are discussed in more detail below.

The position of objects in the V- and I-band are cross-correlated for each data set.

Outside a critical radius of 0.5′′ called the “matching radius” correlations are rejected

and furthermore only the minimum-distance match is kept. The final object catalogue

contains 152,074 and 89,076 objects for NGC 4244 and NGC 55 respectively.

Extensive tests are carried out which show that the PSF-fitting process can be op-

timised as described above. I try 1) to run the routines on the unmasked images 2)

to use a non-variable, linearly or quadratically varying PSFs or a Gaussian function

instead of a Moffat function 3) to detect the objects in each band separately. Most of

these changes lead to large residuals in the object-subtracted image and none of them

leads to deeper or more well defined colour-magnitude diagrams.

Zero-point and aperture corrections

There are three corrections required in order to bring the magnitudes to the standard

system. Firstly, a correction is applied to calibrate the PSF-based magnitudes onto

the aperture photometry magnitudes. It is calculated as the mean of the difference

between the instrumental PSF-basedmagnitudes and the aperture magnitudes gained

from the DAPHOT-II routine phot for all PSF stars.

Next, an aperture correction is applied in order to correct for light in the outer
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Figure 2.13: The number of detections in the V-bandmade by the routine find is plotted against

the star-finding threshold in multiples of σ for subsections of NGC 4244 (left panel) and NGC

55 (right panel). The detection threshold of 3.5 σ in the V-band for each of the data sets was

chosen on the basis of these curves and visual inspections.

wings of the stellar profile. I use the DAOGROW software (Stetson, 1990) to derive the

“total” magnitude for each star. DAOGROW performs a growth-curve analysis by mea-

suring the flux within several concentric apertures around each PSF star and fitting a

smooth curve to the flux values as a function of radius. Cumulative corrections from

each of the smaller apertures are then calculated by summing up the average mag-

nitude differences between successive apertures from the smallest to the largest. In

order to derive the correction I run DAOGROW on the image frame fromwhich all but the

PSF stars have been subtracted. The correction is calculated as the weightedmean dif-

ference between this “total” magnitude and the aperture magnitudes of the PSF stars.

Typically, the two corrections amount to ∼ 0.15 mag and ∼ 0.17 mag in the V- and

I-band respectively.

Finally, the magnitudes are calibrated to their real zero-points according to:

mag = zeropt− zeroptDAO + 2.5 log

(

f

t

)

(2.9)

= zeropt− zeroptDAO + maginstrumental + 2.5 log (t) (2.10)

where zeroptDAO is the zero-point assumed by DAOPHOT-II and equals 25 mag, zeropt

is the real zero-point of the combined exposure as reported in Section 2.2.1 and 2.2.2, f

is the flux and t is the exposure time.
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Morphological classification

The DAOPHOT-II image diagnostic parameters merr, CHI and SHARP can be used to

distinguish between point-sources and resolved, extended background galaxies. merr

is the standard error of themagnitude returned by the routine ALLSTAR and is expected

to be higher for the faint sources because of their lower signal-to-noise ratio. The CHI

value is a measure for the goodness of the fit and describes the discrepancy between

the modelled PSF and the actual profile of the measured source. It is derived from

the ratio of the observed pixel-to-pixel scatter in the fitting residuals to the expected

scatter which is calculated from the read-noise and the gain value. A successful fit to

a stellar source yields a value close to unity. Finally, SHARP measures the broadness

of an object relative to its PSF. It is calculated as the difference of the measured width

of an object and the width of the PSF model according to SHARP2 ∼ σ2(observed) −
σ2(PSF). It should be close to zero for isolated stars and significantly greater than

zero for extended sources as background galaxies or blended stars. For bad pixels or

cosmic rays, SHARP is expected to be significantly smaller than zero. However, while

some resolved background galaxies and blended stars are expected to be present in

the object catalogue, most cosmic rays should already have been removed during the

stacking process.

It is possible to “prune” resolved non-stellar detections from the data set by mak-

ing use of the fact that for point-sources sources these parameters are expected to scat-

ter around certain values as explained above. The aim is therefore to choose values

which retain as many point-sources as possible while removing the bulk of the con-

taminating extended background sources. Parameter values characterising the stellar

locus are derived for each band-pass and each of the 4 quadrants of the Subaru mosaic

and the 4 chips of each VIMOS pointing individually. Within each data set the param-

eters are similar and the cuts adopted in each band do not differ much. As an example,

Figure 2.14 shows the behaviour of each parameter with magnitude for all sources in

the V-band (left panel) and I-band (right panel) of the upper right quadrant of the

Subaru mosaic. Saturation occurs at ∼ 21.6 mag in the V-band and at ∼ 20.5 mag in

the I-band. The assumption is made that the point-sources dominate the catalogue in

all cases. At discrete magnitude intervals, indicated by the green asterisks, the mean

value µ and the standard deviation σ is derived via 2σ-clipping. For each parameter, a

function is fit to the envelope (µ ± σ) indicated by the red lines. The number density

of sources decreases significantly towards the bright and the faint end. At the bright
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Figure 2.14: The three panels on the left and right show the image diagnostic parameters

merr, SHARP and CHI versus magnitude for all sources from the upper right quadrant of the

NGC 4244 Subaru object catalogue in the V-band and the I-band respectively. The behaviour

is typical for the entire Subaru data and the VLT/VIMOS data set. The red lines indicate the

envelopes at 2σ from the mean calculated for the discrete data points marked by the green

asterisks. At the bright and faint ends the number of sources is too small and the sigma-

clipping statistic is no longer useful. A constant limit as indicated by the turquoise dashed

lines is assumed instead. In each pass-band, detections that are classified as extended sources

by at least one but not all of the three image diagnostic parameters are marked in yellow. Only

sources that fulfil the criteria for all three parameters are retained for the final point-source

catalogue and are marked in blue.
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end, at around 24.2 mag for the Subaru sources and around 22.4 mag for the VIMOS

sources, the TRGB is reached while at the faint end both catalogues suffer from incom-

pleteness. In these regions it is not sensible to take the average and I define a constant

limit for each parameter value as indicated by the turquoise dashed horizontal lines

in the figure.

The black dots in Figure 2.14 represent all sources from the unmatched V- and I-

band object catalogues, yellow dots show sources that satisfy at least one or two of

the selection criteria and blue dots show sources that satisfy the selection criteria in all

three cases. Only the latter are retained for the final point-source catalogue. Typically,

25% - 30% of the original sources in the catalogue are classified as extended back-

ground sources. Finally, I repeat the cross-correlation of the V- and I-band positions

after pruning, resulting in a catalogue with ∼ 95, 000 point-sources for NGC 4244 and

∼72,500 for NGC 55.

2.3.3 Comparing the Photometric Catalogues for NGC 4244

The spatial distribution of sources detected in the NGC 4244 data set is shown in Fig-

ure 2.15. The point-sources (top panels) and extended sources (bottom panels) are

classified by aperture photometry (left panels) and PSF-fitting photometry (right pan-

els) respectively. The small ellipse indicated in red marks the most crowded regions

of the galaxy and has a semi major axis of ∼ 12 kpc and a semi minor axis of ∼ 1 kpc

and is provided for reference. In the forthcoming analysis, the detections within the

small ellipse are discarded due to their high blending fraction. The large ellipse has a

semi major axis of ∼ 18 kpc and a semi minor axis of ∼ 8 kpc.

It can be seen in Figure 2.15 that the PSF-fitting photometry picked up more

sources in general. The point-source distribution in the top panels shows a high num-

ber density and smooth distribution of point-sources at great distances from the cen-

tre. The smoothness of the distribution at these distances from the galaxy suggests

that those detections stem from unresolved background galaxies. Any intrinsic point-

source population would be expected to decline with radius. The severity of the con-

tamination in these regions is further tested in Section 2.4.

Figure 2.16 shows the CMDs produced from aperture photometry (left panels) and

PSF-fitting photometry (right panels). The top panels show the CMDs of point-sources

locatedwithin the large ellipse and outside the small ellipse shown in Figure 2.15 in or-

der to avoid the most crowded regions in the centre as well as the most contaminated
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Figure 2.15: Spatial distribution of all sources in NGC 4244 in the catalogues constructed from

the aperture photometry (left panels) and PSF-fitting photometry (right panels). The top pan-

els show the point-sources while the bottom panels show the spatial distribution of extended

sources. The coordinates are rotated using the values from Section 2.1.1. The small red ellipses

have a size of ∼ 12 kpc for the semi major axis and ∼ 1 kpc for the semi minor axis. fThe large

red ellipses have a size of ∼ 18 kpc for the semi major and ∼ 8 for the semi minor axis. A

smooth background of point-like extended sources can be seen across the field. The former is

likely due to unresolved background galaxies.
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Figure 2.16: The non-reddening correctedCMDs are shown. The left panels are produced from

the aperture-photometry point-source catalogue with∼ 25, 000 sources within the two ellipses

indicated in Figure 2.15 and from the extended source cataloguewith∼ 11, 000 sources outside

the small ellipse (top and bottom panel respectively). The right panels show the point-sources

(∼ 31, 000) and extended sources (∼ 18, 000) derived from PSF-fitting photometry accordingly.
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areas in the outskirts. The CMDs of extended sources are drawn from all sources out-

side the small ellipse. In addition to PSF-fitting photometry detecting more sources

these CMDs also demonstrate that it reaches ∼ 0.5 mag deeper. Two pronounced

sequences starting at (V − I) ∼ 0.5 and (V − I) ∼ 1.5 are present in the CMDs of

point-sources. The blue sequence starting at (V− I) ∼ 0.5 is also clearly seen in the

CMD of extended sources produced through the aperture photometry (bottom left

panel). These detections are therefore assumed to be largely due to background galax-

ies. A similar sequence is not seen as clearly in the CMD of extended sources pro-

duced through PSF-fitting photometry (bottom right panel). It should be noted that

during the PSF-fitting procedure with DAOPHOT-II, clearly extended sources already

have been rejected due to the PSF-fit failing to converge. Therefore, the “extended

source” catalogue from DAOPHOT-II is far from complete, especially for the bright

extended sources. Furthermore, the CMD of extended sources shows a sequence of

bright sources whith I > 24.0 mag. These sources are most likely objects from the

central regions whose images overlap with the image of a neighbouring object due to

the high stellar density. If two or more sources with slightly different positions are

blended they are not recognised as point-sources anymore and DAOPHOT-II classifies

them as extended. In order to explore whether the bright sequence is due to blends

in the crowded inner regions of the galaxy I show in Figure 2.17 the CMD of the ex-

tended sources within the small red ellipse in Figure 2.16, bottom right panel. Indeed,

Figure 2.17 shows that these bright sources correspond to the mostly blended sources

from the centre.

The photometry in the point-source catalogues is compared in Figure 2.18. This

figure shows the magnitude difference versus magnitude for the V- and the I-band

point-sources (left and right panel respectively). Only sources within the two ellipses

marked in red in Figure 2.15 are used for this comparison. The magnitude difference

(VDAO − VAP) has a mean value of −0.057 mag in the V-band and −0.059 mag in the

I-band and a standard deviation of 0.16 mag and 0.18 mag in the V- and I-band re-

spectively. The absolute photometry produced by the two methods therefore is in

good agreement.

2.3.4 PSF-fitting Photometry for the HST Data

The 6 archival HST/ACS frames were photometered by Dougal Mackay using the

ACS module of the software package DOLPHOT (Dolphin, 2000). This photometry pack-
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Figure 2.17: CMD of extended sources in the DAOPHOT-II-catalogue from the most crowded

regions of the galaxy within the small red ellipse shown in Figure 2.15, bottom right panel.

Due to their large brightness these objects are identified with blended sources.

Figure 2.18: The magnitude difference of point-sources in the V- and I-band (left and right

panel respectively) from the catalogues produced through aperture photometry and PSF-

fitting photometry. The magnitude difference has a mean value of −0.057 mag in the V-band

(0.059 mag in the I-band) with a standard deviation of 0.16 mag (0.18 mag).
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age functions much like DAOPHOT-II but is optimised for measuring stars on dithered

ACS images. For PSF-fitting, it utilises a library of PSFs created with Tiny Tim (Krist,

1995) with slight adjustments, based on the measurement of bright isolated stars on

the image frames. For each detected object, DOLPHOT reports a position, object type,

magnitude, magnitude error, signal-to-noise, sharpness, roundness, χ2, crowding and

error flag.

A point-source catalogue was obtained by “cleaning” the DOLPHOT output to re-

move obvious extended objects and artefacts. Only those detections classified as object

type “point-source” and with sharpness and crowding values within specific ranges

were retained. The sharpness parameter is similar to that provided by DAOPHOT-II

and measures the broadness of an object relative to its PSF. The expected value is close

to zero for a well-fit star. The crowding parameter is measured in magnitudes and

quantifies how much brighter a star would have been measured had nearby stars not

been simultaneously fit. Large values of this parameter indicate that a star’s photom-

etry (including PSF-fit) was significantly affected by crowding and hence unreliable.

After various tests, values of −0.2 ≤ sharp ≤ 0.2 and crowding < 0.3 in both pass-

bands were chosen to define a clean sample of point-sources. Although this sample

will still contain some fraction of unresolved background galaxies, the superior spatial

resolution of the HST observations means that it will be much less contaminated by

these objects than our ground-based catalogue.

The positions of the retained point-sources in the V- and I-bands are cross-

correlated with a matching radius of 0.5′′ to yield a final catalogue of 110,400 sources

distributed over 6 separate fields.

2.4 Testing the Object Classification for NGC 4244

A critical aspect of our analysis is the ability to separate genuine RGB stars in the tar-

get galaxies from contaminants such as foreground stars and resolved and unresolved

background galaxies. The latter contaminants are expected to significantly outnumber

the population of intrinsic RGB stars at large scale heights, as can be seen from Figure

2.15.

There are two possible ways in which stars intrinsic to the target galaxies can be

separated. Firstly, as already alluded to in Section 2.3.3, the background galaxy popu-

lation tends to be somewhat bluer than the RGB population so an appropriate colour

cut can go some way to distinguishing these sources. Furthermore, if the galaxies
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are even marginally resolved, it should be possible to use the morphological infor-

mation to further clean the catalogues. In this section, I explore the success of the

object classification through a variety of tests using NGC 4244 as a test case. I also

conduct comparisons with HST/ACS data to assess the fraction of unresolved back-

ground galaxies that are present in our point-source catalogues. Given the NGC 4244

data set was taken in the poorest seeing conditions, and that its RGB population is 2

magnitudes fainter than NGC 55’s due to distance, we expect it to give a worst-case

picture of the contamination in our catalogues.

2.4.1 Comparing Galaxy Number Counts

In this section I calculate three independent estimates of the background galaxy con-

tribution which I ultimately compare to my measured extended source counts. The

first method I use is to run SExtractor (Bertin & Arnouts, 1996) on the Subaru

V- and I-band images. SExtractor is a software for source detection that was es-

pecially designed for large scale galaxy-survey data. It works well on moderately

crowded fields and provides the user with a morphological classification. A detec-

tion in SExtractor is defined as a group of connected pixels that exceed some user-

defined threshold. I chose the detection threshold to be similar to the detection thresh-

old used in DAOPHOT-II. The detection threshold in SExtractor is defined in a differ-

ent way than the threshold in DAOPHOT-II. While SExtractor calculates the detection

level threshold as a user number multiplied by the RMS above the background value,

DAOPHOT-II calculates it as a user input number multiplied by the relative error and

the standard error in one pixel (see Section 2.3.2). Because of the different ways the

detection thresholds are defined in the two source detection programs, I use a value of

2σ in SExtractor which corresponds to the value of 3.5σ used in DAOPHOT-II. To re-

duce the contamination of noise peaks and to better detect faint extended objects, the

user can also apply some filtering prior to detection. I apply the default filter option

which uses a small pyramidal function as a filter. Further, a de-blending procedure is

applied to detect overlapping peaks separately. SExtractor classifies objects on the

basis of a neural network output. As described in Bertin & Arnouts (1996), six hun-

dred simulated images containing galaxies and point-sources were used to “train” the

network to distinguish between point-sources and galaxies on the basis of 10 input pa-

rameters: 8 different isophotal areas, the peak intensity of each object, and the seeing.

A classification parameter is established which has a value between 0 and 1. By def-
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inition, anything classified with 0 is an extended source and anything classified with

1 is a point-source. After cross-correlating the positions of detections in each filter

in the SExtractor output catalogue with a matching radius of 0.4′′, I define all ob-

jects present in both filters with a classification parameter lower than 0.4 as extended

sources. The number counts of extended sources above a magnitude limit of I = 25.5

mag then averages 43 arcmin−2. No completeness corrections are applied.

The second method is using GALAXYCOUNT (Ellis & Bland-Hawthorn, 2007), a JAVA

calculator for estimating the galaxy number counts and completeness for magnitude

limited surveys. Hereby, the faint and bright magnitude limit, the field size, exposure

time, seeing, signal-to-noise, telescope aperture, instrument throughput and a choice

for the preferred variation of the correlation amplitude with magnitude (see below)

have to be provided by the user. To predict the galaxy number counts from these in-

put parameters, Ellis & Bland-Hawthorn (2007) compiled the results of several surveys

from the current literature with a large sky-coverage and depth and combined them

in a homogeneous way. The surveys are completeness corrected taking the instru-

ment throughput, the telescope aperture and the observing conditions into account.

All the magnitudes are transformed onto a common magnitude system. GALAXYCOUNT

allows the user to choose between the Kron-Cousins and Johnson UBRIKmagnitudes,

and the SDSS u’g’r’i’z’ magnitudes. The differential number density is then calcu-

lated by fitting the average magnitude of bins with a width of 1 mag. Furthermore,

GALAXYCOUNT takes the effect of the angular correlation function into account. The

galaxies are not distributed smoothly over the sky but tend to cluster which is ex-

pressed in the amplitude of the angular correlation function. For faint magnitudes the

amplitude of the correlation decreases which means that the distribution of galaxies

becomes more homogeneous. This is the case because the redshift of the sources and

therefore the sampled volume increases. However, it is not clear if the function de-

creases monotonically with magnitude (e.g. McCracken et al., 2001; Wilson, 2003; Coil

et al., 2004) or if the amplitude flattens off at the faintest magnitudes (e.g. Brainerd &

Smail, 1998; Postman et al., 1998). The user can interactively choose between the two.

In the case of the Subaru data there is no difference between the number counts the

JAVA calculator finds with either of the correlation functions. Assuming a complete-

ness limit of I = 25.5 mag in the Subaru data, the JAVA calculator returns a galaxy

number density of 59 extended sources arcmin−2 and a completeness level of 71%

for the Subaru field. The completeness corrected number density of the background

sources therefore is 83 extended sources arcmin−2.
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As a third independent estimate of the galaxy number density I use the results

from Smail et al. (1995). The authors report an estimation of the number of galaxies at

high galactic latitudes from two random fields observed with the 10m Keck Telescope

onMauna Kea down to a limiting magnitude of 25.5 mag in the I-band. The two fields

cover a total area of 76.3 arcmin2. Before the completeness corrections are applied,

the number of extended sources above the limiting magnitude of I = 25.5 mag is ap-

proximately 47 extended sources arcmin−2 in the I-band. The completeness corrected

number is ∼ 113 extended sources arcmin−2.

The independent estimates of the number of galaxies on the sky in this magnitude

range agrees reasonably well and averages 49.7± 8.3 extended sources arcmin−2. This

can be compared to the number of extended sources derived in the aperture photome-

try and the DAOPHOT-II catalogues which is ∼ 11 extended sources arcmin−2. Coinci-

dental, these numbers are the same which has to do with the fact that the DAOPHOT-II

catalogue goes down to fainter magnitudes but also is highly incomplete because ex-

tended sources already get rejected during the PSF-fitting. In any case it is clear that

the photometry is misclassifying a significant fraction of background galaxies as point-

sources, which has to be taken into account in the later analysis.

2.4.2 Comparing the Three Catalogues

Matching the Catalogues - The Methods

In this section I compare the three catalogues derived by independent means to assess

how consistent the object classification is. The HST data has a higher resolution than

the ground-based data and allows to assess the fraction of unresolved galaxy contam-

ination. To cross-correlate the object positions from the two ground-based catalogues

with the ones from the HST catalogue, all coordinates need to be transformed onto

the same astrometric system. The transformation is carried out by converting the high

resolution image plane onto the low resolution image plane, i.e. the Subaru pixel co-

ordinates are used as the reference system onto which the HST pixel coordinates are

transformed. One possibility to carry out the coordinate transformation is to use the

IDL routines ad2xy and xy2ad which transform the coordinates from RA and DEC into

pixel coordinates and vice versa. These routines use the header information of the

images, in particular the coordinates of a reference pixel in RA and DEC and in pixel

coordinates, and the projection type with its specific transformation parameters.

After transforming the HST pixel coordinates into Subaru pixel coordinates us-
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ing ad2xy and xy2ad , the positions of the band-merged HST and Subaru point-source

catalogues are cross-correlated using the IDL routine srcor. With a matching radius

of 0.4′′ it is only possible to cross-correlate the positions of a very small fraction of

the sources. However, the number of matches increases dramatically by choosing a

bigger matching radius of 1′′. The majority of sources that are successfully matched

within this radius show a systematic offset somewhat smaller than 1′′ between the po-

sitions reported in the HST point-source catalogue and the positions reported in the

Subaru point-source catalogues. The HST handbook reports that the absolute astro-

metric accuracy of the ACS and WFPC2 data is poor. The source of this inaccuracy is

an uncertainty of about 1′′ in the guide star position which can lead to uncertainties

as high as 0.5′′ in the astrometry. In combination with a global uncertainty of 0.25′′ in

the Subaru astrometry (see Section 2.2.1), this explains the observed offset. However,

the HST handbook reports that the relative positions have an accuracy of about 0.005′′

for targets on one chip and 0.1′′ for targets on different chips. The large absolute astro-

metric uncertainty but high relative astrometric accuracy suggests that it is necessary

to establish a direct coordinate transformation without using the header information.

In order to do this, I use the IRAF routine xyxymatch to compute an initial, linear

approximation of the transformation from the input coordinate system (HST pixel co-

ordinates) to the reference coordinate system (Subaru pixel coordinates). For this I

choose three reference stars which can be easily identified on both images. These stars

are used as tie points to cross-correlate the positions of an input list of the 100 brightest

objects in the HST catalogue against the 100 brightest objects in the Subaru catalogue.

This cross-correlation typically results in ∼ 60 matches. Using the IRAF task geomap

I compute a 4th order polynomial transformation from the HST to the Subaru pixel

coordinates where the cross-correlated list provides the control points. The result-

ing transformation can be used to convert the positions of all the HST point-sources

onto the Subaru pixel coordinate system using the IRAF routine geoxytran. Once all

coordinates are on the Subaru reference frame the transformation can be improved

iteratively by cross-correlating the full catalogues and by then using this extended

list of cross-correlated sources to re-calculate the polynomial transformation. I iterate

this procedure several times for each field until the difference in the root-mean-square

(RMS) of the average offset between the sources gets smaller than 0.1′′. Throughout

the comparisons between the different catalogues I cross-correlate the positions with

a matching radius of 0.4′′.
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Comparing the Subaru Aperture and PSF-fitting Photometry Catalogues

I cross-correlate the positions of the sources from both ground-based catalogues out-

side the small ellipse indicated in Figure 2.15. Without applying any magnitude cuts,

the total number of objects detected with PSF-fitting photometry outside this ellipse

is about 10% bigger than the number of objects detected with aperture photometry.

With DAOPHOT-II it is possible to detect sources down to fainter magnitudes which

is clear from Figure 2.16. The second detection run on the object-subtracted image,

as explained in Section 2.3.2, makes it possible to pick up fainter sources than with

the aperture photometry, especially in moderately crowed regions. There are almost

3 times more sources in the DAOPHOT-II point-source catalogue than in the aperture

photometry point-source catalogue. Cross-correlation of these catalogues reveals that

about 90% of sources from the latter match the sources from the first so the two point-

source catalogues are in good agreement for the sources they have in common.

Comparing the Subaru catalogues with the HST catalogue

The detections made with the ground-based data and the HST data are compared

for the area that is covered by the HST fields shown in Figure 2.7. All the sources

from the ground-based point-source catalogues are expected to be present in the HST

point-source catalogue but not vice versa because the HST catalogue reaches to fainter

magnitudes and therefore is more complete. In order to make the data sets compara-

ble I introduce an I-band magnitude limit of 25.2 mag for all the catalogues.

In general the number of point-sources above the 25.2 mag I-band limit that got

picked up with the ground-based data is somewhat higher than the number of point-

sources picked up with the space-based observations. This already indicates that the

ground based point-source catalogues must be contaminated by non-stellar detec-

tions. In the more densely populated HST fields (fields number 4,7 and 11 as marked

in Figure 2.7) about 50% of the point-sources in the ground-based catalogue match the

point-sources from the HST catalogue. For the sparse fields (number 1,2 and 9) only

about 20 % of the point-sources in the ground-based catalogues match with the HST

star catalogue. This is the case for both ground-based point-source catalogues, the one

provided through PSF-fitting photometry and the one provided through aperture pho-

tometry. In other words, the ground-based point-source catalogues are contaminated

up to 80% in the sparse fields. However, while the level of contamination is the same

for both ground-based catalogues, the absolute number of detections that is classified
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as point-sources is lower in the aperture photometry catalogue. This means that the

point-source catalogue provided through PSF-fitting photometry with DAOPHOT-II is

more complete at the same level of contamination. Throughout this thesis I will there-

fore only present results from the PSF-fitting photometry. Note that the analysis for

NGC 4244 described in chapter 3 has also been carried out for the aperture photometry

and results in the same conclusions.

The origin of the contamination in the DAOPHOT-II point-source catalogue

Figure 2.19 shows a plot of the image diagnostic parameters merr, CHI and SHARP

provided by DAOPHOT-II versus the magnitude in the V- and I-band (left and right

panel respectively) for all detections. In Figure 2.19 detections from the DAOPHOT-II

point-source catalogue that do not match with the HST point-source catalogue (i.e.

sources that are most likely extended sources) are over-plotted in red. This shows

that sources that are in fact extended do have merr, CHI and SHARP values similar

to point-sources and must therefore be unresolved. It is impossible to distinguish

between stellar sources and these unresolved background galaxies with the ground-

based data. The contamination from unresolved background galaxies has to be taken

into account when studying the vertical profiles e.g. by carrying out a careful back-

ground subtraction as described in the chapter 3.

2.4.3 Implications from the Tests

The number of extended sources in the ground-based catalogues is highly under-

predicted. Furthermore, the comparisons with the HST data showed that a signif-

icant number of contaminants (non-stellar sources) are present in the ground-based

point-source catalogues. The bulk of these contaminants are therefore most likely

background galaxies. The reason for the large amount of background galaxies in the

point-source catalogue is, that these extended sources are unresolved and therefore

point-like. The fraction of contaminants in the point-source catalogues processed from

aperture photometry and PSF-fitting photometrywith DAOPHOT-II as established from

the HST data is similar for both photometries. With PSF-fitting photometry it was

possible to detect sources down to fainter magnitudes. In the forthcoming analysis I

therefore use the more complete DAOPHOT-II catalogue. To deal with the contamina-

tion I use the colour information in the following to avoid the bulk of the unresolved

background galaxies and carry out a background subtraction to account for any con-
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Figure 2.19: Similar to Figure 2.14 these plots show the image diagnostic parameters merr,

SHARP and CHI versus the magnitude in the V-band (left panel) and I-band (right panel)

which are used to prune non-stellar detections from the data set. Only detections from the

DAOPHOT-II point-source catalogue that lie within one of the HST fields shown in Figure 2.7

are plotted. Detections from the DAOPHOT-II point-source catalogue that do not match with

the HST point-source catalogue (i.e. sources that are most likely extended sources) are marked

in red. This plot shows that it is impossible to produce a clean star catalogue using object

classifications alone.

88



2.4. TESTING THE OBJECT CLASSIFICATION FOR NGC 4244

taminants within the colour cuts.
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CHAPTER 3

Results for NGC 4244

3.1 Colour-Magnitude-Diagrams and Spatial Distri-

bution

Figure 3.1 presents the reddening-corrected CMDs of the 95,000 detections from the fi-

nal Subaru point-source catalogue (top panel) and the 110,400 detections from theHST

point-source catalogue (bottom panel) for NGC 4244. Note that the central, crowded

regions of the galaxy were removed from the catalogue as described in Section 2.3.3.

The average photometric errors in the I-band and the uncertainties in the colour as

returned by DAOPHOT-II and DOLPHOT are plotted on the right side in each panel. Both

CMDs reveal the presence of many different stellar populations: RGB and AGB fea-

tures which can be be populated by stars older than 2 Gyr with a broad range in

metallicities and YMS stars with ages less than 100 Myr. Isochrones fromMarigo et al.

(2008) are overlayed onto the CMDs. The RGB has been found to be much more sen-

sitive to metallicity than to age and the old isochrones all have an age of 10 Gyr. The

metallicities range from [Fe/H]1 = −2.3 dex (yellow) over [Fe/H] = −1.7 dex (blue)

and [Fe/H] = −1.0 dex (green) to [Fe/H] = −0.68 dex (blue) assuming a solar iron

1The metallicity is usually expressed as the logarithm of the ratio of a star’s iron abundance compared

to the solar abundance: [Fe/H] = log10

(

NFe
NH

)

star
- log10

(

NFe
NH

)

sun
where NFe and NH are the number of

iron and hydrogen atoms per unit volume.
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Figure 3.1: Reddening-corrected CMDs of the Subaru point-sources derived from PSF-fitting

photometry (top panel) and the HST point-source catalogue (bottom panel). The different

boxes show regions occupied by RGB stars (red), background galaxies (green), AGB stars (ma-

genta), and YMS and blue helium burning stars (blue). Isochrones from Marigo et al. (2008)

are over-plotted. The old isochrones have an age of 10 Gyr and the metallicities from left to

right are [Fe/H] = −2.3 dex (yellow), [Fe/H] = −1.7 dex (blue), [Fe/H] = −1.0 dex (green),

[Fe/H] = −0.68 dex (blue). The young isochrones marked in turquoise all have a metallicity

of [Fe/H] = −0.4 dex and ages of 15.8, 31.6, 50.1 and 100 Myr from left to right.The median

photometric error and the uncertainty in the colour are given by the error-bars on the right

side of each panel.
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abundance of 0.019. The isochrones overlayed in turquoise onto the YMS have young

ages of 15.8, 31.6, 50.1 and 100 Myr from left to right and a constant metallicity of

[Fe/H] = −0.4 dex. The boxes over-plotted on the CMDs have been chosen to isolate

stars in different evolutionary stages. These are the RGB (red), AGB (magenta) and

YMS (blues). Unresolved background galaxies are indicated by the green box. The

motivation for choosing these particular selection boxes is given at the end of the sec-

tion.

The extinction due to dust from within the Milky Way for the sources in the CMDs

in Figure 3.1 is estimated using the dust maps from Schlegel et al. (1998). The maps

provide the column density of the interstellar dust derived from the infrared emis-

sion at 100 µm and can be used to estimate the extinction along any line-of-sight. This

technique is inadequate for extinctionmeasures from complex and dense clouds in the

MW’s thin disk. However, NGC 4244 is observed at a Galactic latitude of 77.16◦ and is

therefore expected to be affected by foreground dust only to a small extent. The mean

colour excess toward NGC 4244 taken from the dust maps is E(B-V) = 0.03 mag. The

typical uncertainty in the reddening as reported by Schlegel et al. (1998) is∼ 16%. The

shape of the extinction curve for different wave-bands is characterised by the param-

eter R(V) = A(V)/E(B− V) with a value of 3.1 found by Cardelli et al. (1989). This

results in an extinction of A(V) = 0.09 mag in the V-band and A(I) = 0.06 mag in the

I-band, using the normalisation factor provided by Schlegel et al. (1998). The varia-

tion of E(B− V) across the Subaru field-of-view is < 0.005 mag which corresponds

to a variation in the extinction < 0.01 mag, which is small compared to the average

photometric error (for example < merr > = 0.12 mag in the I-band). As a result, only

a mean value of A(V) = 0.09 mag and A(I) = 0.06 mag for the extinction in the V- and

I-band is applied without accounting for any variation across the field.

In addition to the foreground reddening from the MW, dust internal to NGC 4244

can affect the measurements. Driver et al. (2007) determined the dependency of the

dust extinction internal to the disk and bulge on inclination by measuring the turn-

over luminosity for samples of galaxies with different inclinations i. The turn-over

luminosity at which the galaxy luminosity function drops is a characteristic feature

for a galaxy sample and independent of the inclination of the galaxies. They state that

the total dust attenuation close to the mid-plane seen edge-on is severe, even in the

near infrared (up to ∼ 1 mag in the I-band). However, the study aims to reveal dust

properties in the thin disk of their galaxy sample and no studies are carried out at the

distances above and below the mid-plane where the thick disk component is expected
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to dominate.

In order to get an estimate of the size of the effect at larger distances from the mid-

plane, the dust properties of edge-on galaxy NGC 891, which have been studied in

detail in the literature, shall be used as an example. While Howk & Savage (1997) find

structures of diffuse interstellar dust up to a distance of 1.5 kpc from the mid-plane

less dust is present at distances > 2 kpc where the thick disk component is expected

to dominate. Burgdorf et al. (2007) find some evidence for continuum emission from

heated dust in the mid-infrared at these distances. This emission is believed to stem

from circumstellar dust with the most likely candidates being RGB or AGB stars as

the star formation is tied to the thin disk (Rand et al., 1990; Dettmar, 1993; Howk &

Savage, 1999).

In fact, the contribution of circumstellar dust from relatively old and cool stellar

populations is expected to be small. Using data from the Large Magellanic Clouds

(LMC) Zaritsky (1999) study the effect of the extinction in stars with a low effective

temperature between 5500 K and 6500 K. They derive the effective temperature and

extinction at four optical wavelengths for LMC stars by fitting stellar models to the

colours of real stars derived from the photometric data. After accounting for the MW

foreground extinction they find that the internal extinction for stars with low effective

temperatures between 5500 K and 6500 K peaks at only ∼ 0.03 mag (see Figure 12

of their publication), while it is several tenths of a magnitude larger for stars with

effective temperatures greater than 12000 K. The RGB and AGB population, which

have effective temperatures lower than 5000 K, are therefore least affected by internal

extinction.

A quantitative estimate of the reddening introduced by dust up to large distances

from the plane in NGC 891 has been carried out by Ibata et al. (2009). They use the HI

map of Oosterloo et al. (2007) to estimate a value for E(B− V). They find that, while

the dust extinction is large near the mid-plane, it quickly declines and is very uniform

with E(B− V) < 0.001 mag at about 10 kpc from the mid-plane. The low extinction

value is in agreement with the findings by Zaritsky (1999) for circumstellar dust of

relatively old and cool stars. In general the dust content is expected to be larger in

NGC 891 than in NGC 4244 which is almost 2 mag fainter than NGC 891. Finally,

because of the small size of the effect, a correction for internal extinction is not applied

to the photometry of NGC 4244.

Figure 3.2 shows the expected CMD of foreground stars in the direction of NGC

4244 based on the predictions of the Besançon model of the Milky Way (Robin et al.,
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Figure 3.2: CMD of the Galactic foreground stars in a field 5 times the size of the Subaru field-

of-view as predicted by the Besançon model. Stellar colours and magnitudes were scattered

according to the errors of the real data. The selection boxes are the same as in Figure 3.1. The

RGB and AGB selection boxes shown in red and magenta are located in a region where fore-

ground contamination is present. However, the estimated contamination from the foreground

is smaller than 2% in all cases.
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2003). The Besançon model attempts to reproduce the stellar content of the popu-

lations in the thin disk, thick disk, spheroid and bulge of the Milky Way. For each

population a specific star formation rate (SFR), initial mass function (IMF), age, spe-

cific evolutionary tracks, kinematics and metallicity characteristics are estimated from

previous studies and used as input parameters for the model. A web interface2 set up

by the same group allows the user to predict the numbers and magnitudes of the stars

in any given direction, and is shown in Figure 3.2. This simulation is calculated for an

area of sky that is 5 times larger than the ∼ 0.3 square degrees of the Subaru field in

order to accentuate the distribution of sources on the CMD. The model simulation as-

sumes a default value of extinction, no additional corrections for extinction within the

thin disk and an exponential distribution of errors in the colour and magnitude. For

comparison, the selection boxes for the RGB, AGB and YMS stars and the selection box

for the unresolved galaxies are over-plotted on the CMD of the modelled foreground.

The predicted contamination from the foreground is 4.7 % for the whole point-source

catalogue. The stellar selection boxes avoid the most serious but not all of the con-

tamination from the Milky Way foreground population. However, the fraction of the

foreground stars within the RGB, AGB and YMS box is very small and stays well be-

low ∼ 2% in each case. Therefore no specific corrections to account for the foreground

contamination are made at this point.

The completeness of the Subaru point-source catalogue is estimated by carrying

out comparisons with the HST point-source catalogue. For the completeness checks I

choose HST field number 1 (see Figure 2.7) which ranges from 1.3 kpc - 5.8 kpc above

the mid-plane. The stellar density in this field offers a good compromise between

keeping the Poisson noise small without suffering the loss of sources due to crowding

in the central regions. Prior to plotting the luminosity function of the point-sources,

the positions of all Subaru point-sources are cross-correlated with the positions of the

HST point-sources in field number 1 using a matching radius of 0.4′′. The dereddened

luminosity functions of cross-correlated sources for the HST point-sources (solid line)

and the matched Subaru point-sources (dash-dotted line) are shown for the I- and

V-band in the left and right panel of Figure 3.3 respectively. The error-bars reflect the

Poisson noise. Up to I0 ≈ 25.2 mag and V0 ≈ 25.6 mag the completeness of the Subaru

data is larger than ∼ 50% compared to the HST data as indicated by the dashed ver-

tical line in the figure. In order for the completeness limits to be meaningful the HST

catalogue needs to be complete down to these limits. The completeness of the HST

2http://model.obs-besancon.fr/
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Figure 3.3: The dereddened I-band (left panel) and V-band (right panel) luminosity function of

point-sources in the HST-field number 1 (see Figure 2.7) is plotted as a solid line. The dashed

line indicates the dereddened luminosity function for matched point-sources from the Subaru

catalogue. The Poisson error is shown for each bin. For I0 < 25.2 mag and V0 < 25.6 mag, as

indicated by the vertical line, the catalogue has a completeness greater than ∼ 50%.

catalogue could in principle be assessed through detailed artificial star tests. How-

ever, this is a complicated and time-consuming procedure and rather peripheral to the

analysis I am conducting here. Instead, I note that the luminosity function of the HST

data in Figure 3.3 continues to rise steeply over the range of magnitudes where the

Subaru luminosity function turns over and starts to decline indicating it is still very

complete in both bands here. This appears to hold true down to at least one magni-

tude below the point at which the Subaru counts fall to 50% of theHST ones. Although

this method of assessing completeness is fairly crude, it suffices for the present analy-

sis which does not depend critically on characterizing the faint end of the luminosity

function.

To identify the colour and magnitudes of the unresolved background galaxies a

Hess-diagram of sources taken from outside the large red ellipse in Figure 2.15 is

shown in Figure 3.4. A Hess-diagram is a 2-dimensional histogram of the source

densities that is scaled in a logarithmic manner and illustrates the relative density

of sources better. The stellar selection boxes are overplotted as before. It is obvious

that a strong blue sequence, indicated by the green box, is still present at those large

distances from the galaxy while all stellar populations have mostly disappeared.

The choice of the selection boxes first shown in Figure 3.1 can now be motivated

using the information about the completeness, MW foreground and unresolved back-
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Figure 3.4: 2-dimensional

histogram (Hess diagram)

of point-sources at large dis-

tances from the plane which

probe the smoothly dis-

tributed unresolved back-

ground sources. These

sources populate mainly the

colour sequence between 0

< (V− I)0 < 1. For compar-

ison the population selec-

tion boxes are over-plotted.

Areas with heavy contam-

ination from these unre-

solved background galaxies

are mostly avoided.

ground galaxies. The red box encloses RGB stars with 24.2 mag < I0 < 25.2 mag and

31.8 - 6.0 (V− I)0 < I0 < 35.1 - 5.0 (V− I)0. On the blue side the selection box ends

before the contamination from the unresolved blue background galaxies with colours

and magnitudes indicated by the green box gets severe. On the red side only con-

tamination from the MW foreground is expected which is not severe, and hence the

box is extended further out. The faint limit of the stellar selection box is given by the

50% completeness limit at I0 ∼ 25.2 mag. The upper magnitude limit of the RGB box

equals approximately the TRGB (see Section 2.1.1) at I0 ∼ 24.2 mag. Stars brighter

than the TRGB belong to the AGB shown by the magenta box. The blue box encloses

the YMS and blue helium burning stars and avoids the most severe contamination

from the unresolved background galaxies.

Finally, Figure 3.5 shows the spatial distribution of the RGB, AGB, YMS and the

blue sequence of background galaxies. As expected, the distribution of unresolved

background galaxies is uniform over the whole field-of-view except for the very cen-

tral region. There, the sources are blended due to the high stellar density and can end

up in the wrong selection box. The YMS population is very sparse and most concen-

trated close to the plane. The AGB population extends to larger scale heights than the

YMS population. However, the AGB stars are still located closer to the mid-plane than

the RGB population. In order to study the scale heights of the RGB and AGB in de-
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Figure 3.5: Spatial distribution of point-sources from the Subaru catalogue, selected from the

boxes indicated in the top panel of Figure 3.1. Counted clockwise the panels show the RGB

stars, the AGB stars, the YMS and blue helium burning stars and the blue background galax-

ies. For convenience the galaxy was rotated counterclockwise using the parameters reported

in Section 2.1.1. The YMS populates a very tight region along the mid-plane, while the dis-

tribution of AGB stars stars is more spread out. The RGB population reaches to even larger

scale heights than the AGB. The unresolved background galaxies are distributed smoothly as

expected, but note that a similar behaviour is seen in the RGB because of the large fraction of

contaminating background galaxies in that sample.
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tail, the vertical density profiles of the stellar populations are constructed in the next

section.

3.2 The Vertical Structure of NGC 4244

By studying the profiles perpendicular to the mid-plane of edge-on galaxies it is pos-

sible to assess evidence for the presence of a second structural component beyond the

thin disk and, if present, reveal its scale height and symmetry. In addition, the vari-

ation in the scale heights of the different stellar populations can be determined. The

strategy is to use the diffuse light in the centre where the stellar density is too high to

resolve single stars. The RGB and AGB star count profiles are used to study the fainter

regions at larger scale heights where the diffuse light is severely affected by the sky

background. The star counts can be converted into a surface brightness by using the

diffuse light for the calibration.

In the next section, I describe the curve fitting applied to all vertical profiles. This

is followed by a detailed description of the diffuse light analysis and the analysis of

the star count profiles. In Section 3.2.4 I present the combined diffuse light + star count

profiles.

3.2.1 Curve Fitting

The volume density ρ of a locally isothermal self-gravitating disk with scale height zh

and central density ρ0 can be expressed as

ρ = ρ0sech
2(

z

zh
) (3.1)

which was first proposed by Van der Kruit & Searle (1981).

The equation of state describes the equilibrium for a single stellar population with

non-varying Gaussian velocity dispersion σ in which the compression due to the grav-

itational potential Φ is balancing out the pressure gradient force. The vertical force

resulting from the pressure difference dP with height z above the plane for a volume

element with surface area dA can be expressed as

dFP = dPdA (3.2)

with the pressure

P = σ2ρ (3.3)
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Figure 3.6: The vertical strips for the star count and diffuse light profiles are overlaid onto the

masked, rotated Subaru mosaic. The solid lines indicate the vertical cuts between the centre

of NGC 4244 and ±12.4 kpc while the dashed lines indicate the vertical cuts at ±6.2 kpc. The

vertical profiles are created for the two 12.4 kpc wide strips east and west to the centre and for

one large and one small centred strip with a width of 24.8 kpc and 12.6 kpc respectively.
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in vertical direction. The gravitational force on this volume element is

dFgrav =
GM

z2
ρdzdA (3.4)

The equation of hydrostatic equilibrium therefore is:

1

ρ

dP

dz
+

dφ

dz
= 0 (3.5)

This differential equation can be solved using Poisson’s equation

d2φ

dz2
= 4πGρ (3.6)

which results in equation 3.1 given above. It can further be shown that the scale height

zh is proportional to the velocity dispersion of the stellar population with

zh =
σ2

2πGρ0
. (3.7)

For z >> zh equation 3.1 becomes:

ρ ≈ ρ0e
− 2z

zh = ρ0e
− z

hz (3.8)

where hz is the exponential scale height and equals half the sech2 scale height, zh. In

most of the literature exponential scale heights are reported and in order to simplify

any comparisons I use exponential scale heights throughout this thesis.

Assuming cylindrical symmetry the volume density directly translates into a sur-

face density or surface brightness if the mass-to-light ratio is constant:

Σ(z) = Σosech
2

(−|z|
2hz

)

(3.9)

It is common practise to use the superposition of two self-gravitating isothermal sheets

to fit two disk components, a thin disk and a thick disk, to a vertical surface brightness

profile:

Σ(z) = Σthin
o sech2

( −|z|
2hz

thin

)

+ Σthick
o sech2

( −|z|
2hz

thick

)

. (3.10)

However, this equation is an empirical fitting formula and is not identical with a two-

component self-gravitating solution.

The curve fitting is carried out with the IDL routine mpfit (Markwardt, 2009). The

program uses a Levenberg-Marquardt algorithm to find the set of parameters that

minimises χ2. The Levenberg-Marquardt algorithm is a numerical method for non-

linear models in which the χ2 is computed iteratively. The program requires a set
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of starting values as a user input that get adjusted after each iteration and follows

the gradient of the χ2-function in a downhill direction. If a change in the parameters

causes a change in the χ2 that is smaller than some predefined value << 1 the algo-

rithm has converged. The program can also be supplied with the standard deviations

of each data point to get the weighted χ2 = ∑ (yi,obs−yi,fit)
2

σ2
i

. In order to test if the fit

has converged to a global best solution (the global minimum of the χ2-function) as

opposed to a local solution I explore a range of starting values. If the algorithm comes

up with the same solution for a range of (reasonable) starting values this suggests that

indeed the global solution has been returned. The routine mpfit further calculates an

error value for each of the returned parameters from the diagonal elements of the co-

variance matrix. The covariance matrix is the matrix of the second order derivatives

(or Hessian matrix) of the χ2-function. The correct interpretation of the error given by

the program is important. This covariance matrix gives a purely statistical error and

does not provide any information about the adequacy of the model that was used. In

order to yield information about the quality of the fit I carry out a Bayesian analysis

as described in Section 3.3.

3.2.2 The One-Dimensional Vertical Diffuse Light Profiles

The diffuse light studies are carried out on the rotated, masked Subaru V-band image

seen in Figure 3.6. Masked out regions and pixels with a confidence value lower than

80% (see Section 2.2.1) are regarded as defect pixels in the following analysis. Figure

3.6 shows the location of the vertical strips used throughout the analysis of NGC 4244.

The position of the strips in this Figure is over-plotted onto themasked Subarumosaic.

I study the profiles along two 12.4 kpcwide strips east andwest to the centre, indicated

by the solid lines. In addition to that a broad single strip with a width of 24.8 kpc and

a narrower strip with a width of 12.4 kpc (dashed lines) centred on the galaxy are

used. The signal-to-noise ratio is highest in the large 24.8 kpc wide strip. The narrow,

centred strip on the other hand avoids the areas beyond the break radius at 9.2 kpc3

(de Jong et al., 2007) where the profiles might be distorted because the drop in density

varies for different stellar populations. The data is binned up along the vertical strips

and the mean pixel value Cgal within each bin is taken. I use∼ 30 bins north and ∼ 30

bins south to the plane with three different binsizes, 12′′, 18′′ and 190′′. The binsize

was chosen to be largest in the faint regions in order to minimise the Poisson noise.

3This value is calculated using the same distance modulus as in this thesis.
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Finally, data points above and below the plane are averaged in order to increase the

signal-to-noise ratio.

Next, the sky background is established. It is computed from 10 fields around the

field-of-view edges. Each field has a size of 3′ × 3′ and is chosen to be located well

away from the galaxy centre (> 3.3′ or 4.2 kpc). The mean of the median photon

counts within each field results in an average sky brightness Csky = 2564.5 ADU/px

with a standard deviation σsky = 6.2 ADU/px between the boxes. The pixel-to-pixel

variation within each box lies typically below∼ 12 ADU. The raw data values in ADU

can be converted into magnitudes using

SB = zeropoint− 2.5log10

(

C

texpA

)

(3.11)

where C is the pixel count in ADU/px, texp the exposure time and A the size of a pixel

on Suprime-Cam. The average sky brightness of 2564.5 ADU/px then converts to a

surface brightness of 21.83 mag arcsec−2. I check for a gradient in the sky background

across the field by plotting up the sky values along four vertical columns and four

horizontal lines of the Subaru image. No large scale gradient is detected. The sky

background value Csky in ADU/px is finally subtracted from the mean pixel value

Cgal in each data bin along the strips.

It is important to get an accurate error estimation for the profiles because the errors

are used for the error-weighted χ2-minimisation carried out to compute the profile-

fits below and for the model comparison described in Section 3.3. In addition to the

uncertainty in the sky background possible sources of uncertainty are photon noise,

readout noise, flatfielding errors and surface brightness fluctuations. For the error

budget discussed below the gain G = 2.6e−/ADU and the read-noise r = 10e− reported

on the Subaru/Suprime-Cam homepage are used.

The contribution from the photon noise or Poisson noise in a given pixel is calcu-

lated from the number counts on the image in electrons. If Cgal is the number count

on the image in units of ADU, the Poisson error is
√

CgalG. The error is minimised

by stacking several images. Averaging over Ng images reduces the photon noise by

a factor of 1/
√

Ng. Because the Subaru images were stacked using the median value

of all frames rather than the average, an efficiency reduction factor is required. The

readout noise per pixel is in fact 1.22/
√

Ng (seeMorrison et al., 1994). Hence, the error

from the photon noise is

σPoisson[e
−] =

1.22
√

CgalG
√

Ng
. (3.12)
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For example, the contribution to the uncertainty from photon noise on the V-band

image in a pixel with Cgal = 5000 ADU (signal from the galaxy plus background) is 42

e− or 16 ADU.

The error from the readout noise of the image stacks is

Reff[e
−] =

1.22r

Ng
(3.13)

Compared to the photon noise the error from the readout noise is negligible because
√

CgalGNg >> 10e−.

The error in themaster sky flatfield can introduce an error in the flatfielded images.

The main source of error in the master flatfield is assumed to be the Poisson noise. A

master sky flatfield that is produced by taking the median of Nf images introduces an

uncertainty of

σff[e
−] =

1.22
√
CfG√

Nf

1.22
√

Ng
(3.14)

in the flatfielded image where Cf is the number of counts in ADU/px in the final

master flat image. The error can be reduced by using a large number of individual

flatfields in order to produce the master sky flatfield. For the Subauru V-band image,

6 flatfields were stacked. The uncertainty σff then becomes much smaller than the

photon noise σPoisson and can be neglected.

Another source of error arises from surface brightness fluctuations (SBFs) intrinsic

to the galaxy. A certain number of individual objects contribute to the light in each

pixel and fluctuations between different pixels occur simply from counting statistics.

The amplitude of these variations was calculated by Tonry & Schneider (1988) to esti-

mate the distances of elliptical galaxies up to 10 Mpc. Assuming that most of the light

in a pixel stems from giant stars they find that the variance at a certain point is given

by

σ2
L[ADU] = Csubt

(

10pc

d

)2

10−0.4(M−m1) (3.15)

where Csub is the mean, sky subtracted signal from the galaxy, t the exposure time, d

the distance to the galaxy, M the average absolute magnitude of a typical giant star,

and m1 the magnitude of an object that corresponds to 1 ADU per pixel and second.

Predictions for the behaviour of M with galaxy colour have first been made by Tonry

et al. (1990) using observations of 13 Virgo cluster galaxies. Later studies provided

values in various pass-bands from theoretical stellar evolution models as well as from
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observations. Themost recent values are provided by Lee et al. (2010) using theoretical

stellar evolution models. The approximation for an old, metal poor population is

M ≈ 0.3 mag in the V-band. Using M ≈ 0.3 mag, t = 600 s, d = 4.5 Mpc, m1 = 26.85

mag corresponding to 1 count per pixel per second on the Subaru V-band image, and

Csub = (5000− 2564.5) ADU/px on the galaxy, the pixel-to-pixel fluctuation σL is 514

ADU. This further reduces to σL/
√
n where n is the number of pixels per data bin.

Furthermore, the atmospheric seeing has a smoothing effect on the image. This leads

to a reduction of the error which is even greater than 1/
√
n if the binsize is larger than

the seeing PSF (Morrison et al., 1994). I do not simulate the changing effects of seeing

depending on the bin scale but apply the error σL/
√
n as an upper limit. For example,

the error for a bin with a typical size of 5 arcmin2 or 90000 pixels and an average

number count of Csub = (5000− 2564.5) ADU/px is 2 ADU. The effect is small but is

included in the error budget.

Finally, the only errors included in the error budget are the Poisson noise, the

SBFs and the uncertainty in the sky background. They can be added up using
√

σ2
photon + σ2

L + σ2
sky. The error model can be tested by comparing the calculated error

to the measured pixel-to-pixel variation in the sky. Using the arguments above the

only error contributing at large distances from the galaxy before the subtraction of the

sky background is the Poisson noise and the SBFs in the bins with a size of 900 × 900

pixels used for the sky estimation. The predicted error for the Subaru V-band stack is

38 e− = 15 ADU. This is in good agreement with the pixel-to-pixel variation of ∼ 12

ADU measured on the V-band image.

The number counts of the sky subtracted values are converted into magnitudes

using Equation 3.11 and the vertical surface brightness profiles are presented in Figure

3.7. The profiles are shown for 4 different vertical strips as indicated in Figure 3.6, one

east and one west to the semi-minor axis, and two central strips of different width.

For clarity, adjacent profiles have been shifted by 4 kpc and the position of the vertical

strip is reported above each profile. To get the best possible signal-to-noise ratio for

the diffuse light profiles I average over data points below and above the plane. This

decreases the error contribution from the photon noise by a factor of 1/
√
2. Coloured

error-bars apply to detections with a significance < 1σ. At low surface brightness the

error-bars are large. This reflects the uncertainty in the sky that leads to correlated

errors. The diffuse light can be traced down reliably to µV ∼ 27 mag arcsec−2. This is

about 5 mag arcsec−2 below the sky background level. Below ∼ 27 mag arcsec−2 (at

a distance of z ∼ 2 kpc from the plane) the significance of the data points falls below
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Figure 3.7: Vertical diffuse light profiles averaged above and below the plane along the vertical

strips indicated in Figure 3.6. Adjacent profiles have been shifted by 4 kpc for clarity. The

position of the vertical strip in kpc is reported on top of each profile. Error-bars include photon

noise, the uncertainty from the sky value and SBFs (see text). Coloured error-bars indicate

detections with a significance < 1σ. The single component and the two-component sech2-

function that was fit to data points beyond 225 pc from the plane is shown by the dashed

and the solid line respectively. Resulting scale heights and the statistical errors of the fits are

reported in Table 3.1.

the 1 σ level. I fit a single component (dashed line in Figure 3.7) and a two-component

(solid line) sech2-function via χ2-minimisation (see Section 3.2.1) to all data points,

excluding the central dust lane within ±225 pc from the mid-plane. The resulting

exponential scale heights and the statistical errors of the fit are reported in Table 3.1. It

can be seen from Figure 3.7 that the single component fit provides a good description

of the data down to a surface brightness of µV ∼ 27.0 mag arcsec−2. It is possible to fit

a two-component fit to the data but the errors become large and the result of the fit is

very sensitive to the starting values.
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Strip two-component fit single component fit

h1
z [kpc] h2

z [kpc] hz [kpc]

(−12.4 < R < 0) (0.303 ± 0.006) (1.914 ± 11.200) (0.305 ± 0.004)

(0 < R < 12.4) (0.271 ± 0.005) (1.915 ± 5.292) (0.273 ± 0.003)

(−6.2 < R < 6.2) (0.292 ± 0.003) (1.150 ± 0.891) (0.296 ± 0.002)

(−12.4 < R < 12.4) (0.292 ± 0.003) (1.150 ± 0.988) (0.296 ± 0.002)

Table 3.1: Resulting scale heights from the two-component and single component sech2-

function fit to the diffuse light profiles (Figure 3.7). The reported errors are taken from the

covariance matrix as explained in Section 3.2.1 and are large for the two-component model.

3.2.3 The One-Dimensional Vertical Star Count Profiles

Using star counts, the vertical profiles can be traced down to fainter magnitudes more

reliably without being limited by the sky brightness. The RGB and AGB star count

profiles are derived from the Subaru point-source catalogue for data points above and

below the plane of NGC 4244 along the same four vertical strips as before.

Confidence maps

The confidence map for the Subaru V-band image is shown in Figure 3.8. The black

and grey areas in the Figure designate areas with a confidence value higher and lower

than 80% respectively. The position of the vertical strips along which the star count

profiles are plotted is indicated by the red lines. Some of the areas with a low con-

fidence overlap with the location of NGC 4244 on the image. When counting the

number of point-sources and pixel area for each bin along the vertical strips, I only

use objects that fall on a pixel with a confidence value higher than 80% and discard all

the pixel area with a confidence value lower than that.

Subtraction of the contaminants

I carry out a background count subtraction in order to account for any contaminants

that fall within the RGB or AGB selection box. The RGB population is used as a test

case and the AGB population is analysed accordingly thereafter. Strictly speaking, the

subtraction accounts for the MW foreground as well as the unresolved background

galaxies. However, because the fraction of contaminants from the MW foreground is

small I use the term “background” subtraction throughout this thesis. The number

of contaminants in the RGB selection box is estimated in three different ways: (1) as
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Figure 3.8: Confidence map for the V-band image. Black areas designate areas of confidence

higher than the threshold value of 80% while grey areas show areas of confidence lower than

80%. The map is rotated in the same sense as the mosaiced image of NGC 4244. The red

vertical lines indicate the vertical strips along which the profiles are plotted.

field 1 2 3 4 5 6 7 8 9 10 11 12

15.7 17.6 19.9 17.5 22.9 13.0 13.2 18.6 16.8 24.0 13.5 12.1

Weighted mean and standard deviation of all fields: 17.1 ± 3.8

Table 3.2: For each of the 12 test fields used to determine the contamination in the RGB box

the number density of objects in counts arcmin−2 is provided in the second line. The test fields

are 3′ × 3′ each and were chosen to avoid masked out bright foreground stars and regions of

low confidence. The number of background counts varies across the field but without any

significant trend or gradient.
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Figure 3.9: Top: Location of the 12 test fields used to estimate the average background galaxy

contamination in the field. The fields were chosen randomly but avoid the masked regions

and regions of low confidence indicated by the bright areas in the confidence maps in Figure

3.8. North is up and east is to the left.
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a constant for all vertical profiles calculated from the average of 12 fields around

the field-of-view edges; (2) as a ”local” background value for each of the strips by

averaging over the outermost data points of each profile; (3) by using the background

as a free parameter in the fit to the non-background-subtracted profiles.

The constant background value is calculated by averaging over the number of

sources per square arcminute in 12 test fields located around the field-of-view edges.

The 12 test fields with a size of 3′ × 3′ each are shown in Figure 3.9. Table 3.2 pro-

vides the number of sources per square arcminute in each test field as well as the

average and standard deviation of all test fields. Fields that include areas of low con-

fidence probe a smaller total area and therefore have larger Poisson errors. By using

the weighted mean these fields will contribute less. The weighted mean is calculated

as

Nback =
∑

n
i=1 ωiNi

∑
n
i=1 ωi

(3.16)

where ω is the fraction of area with a confidence higher than 80% normalised accord-

ing to ∑
n
i=1 ωi = 1 The above equation therefore reduces to

Nback =
n

∑
i=1

ωiNi (3.17)

The value for the number density of the contaminants then yields 17.1 ± 3.8 counts

arcmin−2. Furthermore, I inspect the variation in the number density across the field.

The number counts above themid-plane of NGC 4244 are higher than below the plane.

The average number density above the mid-plane is drawn from field number 1, 3, 4,

5, 8, 9, 10 shown in Figure 3.9 and the number density below the mid-plane is drawn

from field number 2, 6, 7, 11, 12. With a value of 19.3± 3.1 galaxies arcsec−2 the num-

ber density of galaxies above the plane is higher than the 13.9± 2.1 galaxies arcsec−2

below the plane. It is unclear what the reason for this could be. The difference be-

tween the two values lies within 3σ which is only marginally significant and therefore

not accounted for in the forthcoming analysis. There is also a variation east and west

to the centre of NGC 4244, although even less significant. While the number density

to the east is 15.9± 3.4 galaxies arcsec−2 it is 18.5± 3.7 galaxies arcsec−2 to the west.

Figures 3.10 and 3.11 show the non-background-subtracted RGB count profiles for

different vertical strips which are used to estimate the “local” background. The posi-

tion of each vertical strip is reported in the top line of each panel. The sources along

each vertical strip were binned up using a binsize of ∼ 0.8′ each and the number of

sources per square arcminute within each bin is plotted versus the distance from the
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Figure 3.10: Non-background-subtracted vertical RGB star count profiles above the plane for

the four different vertical strips. The position of each vertical strip is reported in the top of

each panel. The “local” background (see text) was estimated from the outermost 17 data points

marked with a cross in every profile. It is plotted as a horizontal dotted line and its value is

reported in each panel. It can be seen that the distribution of background galaxies varies on

scales less than ∼ 0.8′ or 1 kpc at the distance of NGC 4244.
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Figure 3.11: Same as Figure 3.10 but for the RGB point-sources below the plane.
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plane. The “local” background contamination in the RGB selection box is computed

by averaging over the outermost 16 data points marked with a cross in Figures 3.10

and 3.11. The contamination level is reported and over-plotted as a horizontal line in

each panel.

Figure 3.12 and 3.13 show the same non-background-subtracted RGB count pro-

files. The variation in the number density of sources C with distance from the mid-

plane z is described by a function of the form

C(z) = C0sech
2(

z

2hz
) + nb (3.18)

with the central number density of point-sources C0, the exponential scale height hz

and the background number density nb. The fit to all the data points is shown as a

dashed line in each panel of Figure 3.12 and 3.13. The background number density nb,

is indicated by the horizontal dotted line. Its value is reported in the second line of

each panel.

The “local” background estimate and the one from the fit to the non-background-

subtracted profiles shown in Figures 3.10 - 3.13 are in good agreement. The difference

between the number density at large scale heights above and below the plane is even

less significant in those estimations. The Figures also show that the fluctuations in the

spatial distribution of the unresolved background galaxies as seen in the outermost

∼ 8 kpc of each strip vary on scales of one data point or∼ 0.8′ (1 kpc at the distance of

NGC 4244). Because these variations are random and the gradient detected is not sig-

nificant, the most accurate estimation of the background can be obtained by averaging

over a preferably large amount of test fields. The standard deviation between these

fields then provides the most realistic error estimation. In the forthcoming analysis I

subtract a value of (17.1± 3.8) counts arcmin−2 from the vertical RGB count profiles.

The contamination from the unresolved background galaxies andMW foreground

in the AGB population box is computed accordingly. The average value derived from

the 12 test fields shown in Figure 3.9 is (5.7± 1.7) counts arcmin−2. This value is much

lower than for the RGB population because the AGB box probes brighter magnitudes

above the TRGB where the contamination from the unresolved background is low.

Error Analysis

The dominant sources of error in the RGB and AGB star count profiles are the Poisson

error in each data bin and the uncertainty introduced by the subtraction of the average

number density of contaminants. With the total number of detections per bin, Ntot, a
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Figure 3.12: Same as Figure 3.10 except here, the unknown number density of the con-

taminants is treated as an additional free parameter in the single-component fit to the non-

background-subtracted profiles. All data points above the plane are shown and the fit to the

profile is indicated by the dashed line. The number of contaminants returned by the fit is

reported in each panel and plotted as a horizontal dotted line.
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Figure 3.13: Same as Figure 3.12 but for RGB point-sources below the plane.
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bin area A and the Poisson error σNtot , the error for an individual bin with f = Ntot
A

counts/area (before the background subtraction) is

σ2
f =

(

∂f

∂Ntot

)2

σ2
Ntot

+

(

∂f

∂A

)2

σ2
A =

Ntot

A2
(3.19)

⇔ σf =

√
Ntot

A
(3.20)

where σA is the uncertainty in the bin-area which equals zero. With the standard

deviation of the average background galaxy density, σsky, the total error results in

σcounts =
√

σ2
f + σ2

sky (3.21)

=

√

Ntot

A2
+ σ2

sky (3.22)

3.2.4 Joint Diffuse Light and Star Count Profiles

The RGB and AGB star count profiles are matched to the diffuse light profiles by an ar-

bitrary shift to bring them into agreement in their region of overlap. Figures 3.14 - 3.16

show the RGB star counts (red squares) and the diffuse light profiles (blue triangles)

for data points above and below the plane respectively. In the top panels the diffuse

light is cut off at z ∼ 2 kpc while in the bottom panel the whole data range is shown.

The same four vertical strips are used as before and the position of the strip is reported

in the top panels. The RGB counts along each vertical strip were binned up using bin-

sizes of 0.1′, 0.2′ and 0.7′ (or 0.1 kpc, 0.3 kpc, 0.9 kpc at the distance of NGC 4244)

whereas the largest binsize is used in the sparsest regions at large distances from the

plane. The RGB count profiles are computed with an average background subtraction

as described previously. The horizontal dashed line indicates the average background

galaxy level in the star count profiles. Yellow error-bars are used for data points with

a significance smaller than 1σ for both the diffuse light and the star counts. For the

calibration only data points with a significance larger than 1σ are taken into account.

In the bottom panels it can be seen that there are usually 1-3 data points with a sig-

nificance larger than 1σ from each the diffuse light and the star count profile in the

overlap region. In order to estimate how sensitive the profile fits are to the calibration,

I let the calibration factor change by about 10% and fit these clearly misaligned pro-

files. The change in the profile fitting parameters is smaller than 1% for the thin disk

and smaller than 6% for the thick disk in all cases.

Matching the star count and diffuse light profileswith just an arbitrary shift is valid

only if the luminosity function is spatially invariant across the galaxy. This is probably
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a good assumptionwhen considering old stellar populations dominated by RGB stars.

It also implies that the V-band light is dominated by the RGB stars. As shown in

Figure 2 of Renzini & Fusi Pecci (1988) the integrated light of their synthesised stellar

population with a solar metallicity and an age older than ∼ 2 Gyr is dominated by

the light from RGB stars which make up between 30% and 50% of the integrated light.

The fraction of light from the RGB population contributing to the V-band light for a

relatively metal-poor population with [Fe/H] = -1.4 dex as reported by Bruzual (2009)

using single stellar population synthetic libraries lies around a similar value of 40%.

All data points beyond 225 pc from the plane are fittedwith a single sech2-function

and a two-disk sech2-function as indicated in the top panels by a dashed line and a

solid line respectively. Curve fitting is carried out in linear space and all quantities

are transformed into mag arcsec−2 afterwards. The resulting exponential scale heights

and their formal 1σ-error from both fits are reported in each panel. As described in

Section 3.2.1 the quoted errors for the parameters are derived from the diagonal ele-

ments of the covariance matrix of the χ2-function and have to be interpreted as purely

statistical errors that do not reflect the adequacy of the model. Furthermore, the di-

agonal elements of the covariance matrix report in fact the variances and therefore

represent uncorrelated errors. However, in particular for faint data points the errors

are correlated as discussed in Section 3.2.2. Therefore the quoted errors have to be

interpreted as a lower limit to the uncertainty in the parameters.

Figure 3.17 shows the profiles for the AGB counts and the V-band diffuse light.

Because of the lower number density of AGB stars only the centred strip with a width

of 12.4 kpc is shown. The AGB counts are binned up along the vertical strip using

binsizes of 0.1′, 0.2′, 0.5′ (or 0.1 kpc, 0.3 kpc and 0.6 kpc at the distance of NGC 4244).

An average background is subtracted as described previously. While the RGB counts

and the diffuse V-band profiles are in very good agreement as can be seen in the bot-

tom panels of Figures 3.14 - 3.16, this is not the case for the AGB profiles and there is

a clear misalignment between the AGB counts and the V-band diffuse light profiles.

This misalignment can be seen in the overlap region above 28 mag arcsec−2 but also at

fainter magnitudes. While an inflection point is hinted at ∼ 2 kpc from the mid-plane

in the diffuse light and the RGB counts, no clear inflection point is seen in the AGB

counts. The V-band light is dominated by the RGB population at these distances from

the plane and the AGB counts are therefore not calibrated onto the diffuse light. Fig-

ure 3.18 shows the vertical AGB profiles only. Data points below the plane (left panel)

and above the plane (right panel) are presented. The AGB profiles, which are available
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Figure 3.14: The vertical profiles above the plane of NGC 4244 along three different vertical

strips are shown. The RGB star count profiles (red squares) were shifted until they overlapped

with the vertical diffuse V-band light profile (blue triangles). In the top panels the diffuse light

profiles are only plotted out to ∼ 2 kpc for clarity. The bottom panels show the whole data

range and the overlap region. Yellow error-bars indicate detections with a significance smaller

than 1σ. The data points beyond 225 pc are fitted with a single component (dashed line) and

a two-component (solid line) sech2-function. The position of each vertical strip is reported in

each panel along with the resulting exponential scale heights from both fits.
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Figure 3.15: Same as Figure 3.14 but for data points below the plane of NGC 4244.
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Figure 3.16: Same as Figure 3.14 but for the centred bin with a width of 12.4 kpc. Data points

below the plane (left panel) and above the plane (right panel) are shown.
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Figure 3.17: The AGB counts for the small central vertical strip are calibrated onto the dif-

fuse V-band light. Similar to Figure 3.14 the blue triangles show the diffuse light and the red

squares indicate the star counts. Yellow error-bars mark detections with a significance smaller

than 1σ. Data points above and below the plane are shown in the left and right panel respec-

tively. It can be seen that the AGB counts do not trace the V-band light as well as the RGB

counts.

Figure 3.18: The AGB star count profiles are shown for the small centred vertical strip with a

width of 12.4 kpc. Data points below the plane (left panel) and above the plane (right panel)

are shown. The yellow error bars mark detections with a significance smaller than 1σ. The

exponential scale heights from a single component fit to all data points is reported in the each

panel.
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Figure 3.19: Same as Figure 3.18 but for the RGB star counts. For comparisons, the profiles

are fit with a single-component fit over the same range as the AGB star count profiles. The

resulting exponential scale height is reported in the each panel.

at distances larger than 1 kpc above and below the plane, are fitted with a single disk

fit and the resulting exponential scale height is reported in each panel. For compari-

son, the RGB star count profiles are fitted over the same z-range as the AGB star count

profiles as shown in Figure 3.19. It can be seen that the scale height of the AGB count

profiles is smaller than the scale height of the RGB count profiles. However, it should

be noted that the number density of AGB stars at these distances is very low and no

strong conclusions can be drawn from the AGB population.

Finally, the exponential scale height and the central surface brightness from the fits

to the RGB count plus diffuse light profiles in the small centred bin and the exponen-

tial scale height from the uncalibrated AGB and RGB count profiles are provided in

Table 3.3. The results from the fits to data points above and below the plane have been

averaged.

3.3 Model Comparison between a Single and a

Two-Component Fit

In this section, a Bayesian likelihood analysis is carried out in order to establish con-

fidence in the estimated parameters of each model, the single-disk and the two-disk

model. In the Section 3.2.4 a fit was applied to the vertical profiles from which the
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Profile h1
z Σ1

0 h2
z Σ2

0

RGB counts + diffuse light, 296± 1 22.19± 0.02

single component

RGB counts + diffuse light, 245± 4 22.13± 0.03 644± 45 25.71± 0.4

two components

AGB counts, 522± 43

single component

RGB counts, 788± 32

single component

Table 3.3: The exponential scale height in pc and the central surface brightness in the V-band

in mag arcsec−2 from the two-component fit and the single component fit to the RGB count

plus diffuse light profiles are provided in the first two lines. The exponential scale height in pc

from the single-component fit to the AGB count and RGB count profiles (without the diffuse

light) beyond 1 kpc above and below the plane are provided in the bottom two lines. In all

cases the profiles were plotted for the centred, 12.4 kpc wide vertical strip, and the results from

above and below the plane were averaged.

average number of contaminants in the field, nb, had been subtracted. Here, I treat

the number of unresolved background galaxies as an additional parameter, and the

non-background-subtracted profiles are fitted with a single-disk plus background and

a two-disk plus background model. The exact value of nb is not of direct interest.

Therefore a technique called “marginalisation” is used, as described below, in order to

quantify the marginal probabilities of the estimated parameter set taking into account

the likelihood distribution of nb.

Furthermore, a Bayesian model comparison is carried out. While the likelihood

analysis indicates if the parameter estimation was successful for each model, the

model comparison indicates which of the models is preferred given the data.

Bayes Theorem states

P(M|D) =
P(D|M)P(M)

P(D)
(3.23)

with the model or hypothesis M and the data D. The vertical bar indicates, that any

probability assignment for the term on the left is dependent on the information given

on the right. The term P(M) is called “prior probability” and is “prior” in the sense

that it is the “prior belief” in the model M before information from the data D is taken

into account. For example any additional information that is not drawn directly from

the data set is expressed in this quantity. The term P(M|D) is called “posterior prob-
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Figure 3.20: The 2σ (solid line; ∆χ2 = 6.2) and 3σ (dashed line; ∆χ2 = 18.4) confidence lim-

its for a single-disk plus background model is shown. The background galaxy density nb is

marginalised over (see text).

ability” and is “posterior” in the sense that it depends directly upon the information

drawn from the data set D. For a fixed data set, as is the case here, the factor P(D|M)

is called the “likelihood distribution” and describes the conditional probability of the

data set given the model. In the case where the data set is not fixed the factor de-

scribes how the posterior probability would change with the acquisition of new data.

For pure parameter estimation (as opposed to model comparison), the denominator

P(D) is a normalisation constant that can be ignored.

In the following I briefly present the theoretical background of the likelihood anal-

ysis carried out for the single sech2-function plus background fit with a total of 3 free

parameters, θ(Σ1, h1, nb), and the two-component sech2-function plus background fit

with a total of 5 free parameters, θ(Σ1, h1,Σ2, h2, nb), where Σ1 and Σ2 are the central

surface brightness and h1 and h2 the exponential scale height for the inner and outer

component respectively and nb is the value for the unresolved background galaxy
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counts. The probability that the given data set is described by the parameters θ is

P(D|θ,M) = ∏
i

P(Di|θ,M) (3.24)

for each of the models M where Di are the independent data points. The probabilities

of the errors in the parameter estimation are assumed to be scattered in a Gaussian

distribution. While the distribution in bins with only few data points is best described

by a Poissonian distribution, I usually find more than 80 data points in each bin for

the vertical profile of NGCV 4244. In the Gaussian case the likelihood function can be

expressed as

P(Di|θ,M) = ∏
i

1√
2πσi

e
− (Di−µi)

2

2σ2i (3.25)

= ∏
i

1√
2πσi

e−
χ2i
2 , (3.26)

where the sum runs over all data points. The parameter µ is the value from the model

prediction, and σ is the uncertainty of the model prediction which is calculated using

σ =
√

µ/A. µ is given in units of counts per arcmin2 and A is the total area of the bin

in arcmin2 so that µ× A is the absolute number of counts for each data bin. By taking

the natural logarithm on both sides of the equation this simplifies to

ln (P(Di|θ,M)) =

[

∑
i

(

−χ2
i

2

)

− ln
(√

2πσi
)

]

≈ −χ2

2
− const (3.27)

and the likelihood function is

P(D|θ,M) = const e
−χ2

2 . (3.28)

Instead of studying the details of the whole probability distribution of errors in

the parameter estimation, it is common practise to study certain confidence regions

around the best fitting parameters established by χ2-minimisation. Assuming that

θ0 is the set of parameters for which χ2 is at its minimum, χ2
min, then χ2 increases if

θ is perturbed away from θ0. The value by which χ2 increases is ∆χ2 = χ2 − χ2
min

and it defines the confidence region around θ0. Assuming that the term ln
(√

2πσi

)

in equation 3.27 is approximately constant for different parameter sets θ, ∆χ2 can be

expressed as

∆χ2 = −2ln

(

P(D|θ,M)

P(D|θ0,M)

)

. (3.29)
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Figure 3.21: The 2σ (solid line; ∆χ2 = 6.2) and 3σ (dashed line; ∆χ2 = 18.4) confidence limits

for a two-disk plus background model are shown. In all cases the galaxy background density

is marginalised over. For each combination of parameters shown here, all other parameters

are held constant at their best value.
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The dimension of the confidence region span open by ∆χ2 equals the dimension of the

parameter space. ∆χ2 is a function of the confidence level and the degree of freedom.

The table in section 15.65 of “Numerical Recipes” (third edition) by Press et al. (1992)

gives the relation between the ∆χ2 and the confidence level in several dimensions.

For example, in the two-dimensional case the probabilities of 68%, 99.45% and 99.99%

correspond to a ∆χ2 of 2.3, 6.2 and 18.4. These are the 1σ, 2σ, and 3σ probabilities that

the true parameters lie within the range of parameters that increase χ2
min by ∆χ2.

Finally, in order to get the probability for a subset of the parameters θ, a marginal-

isation technique can be applied. For this, the parameters that are not of interest are

integrated over:

P(D|M)marg =
∫

a
P(D, θ|M)daθ (3.30)

=
∫

a
P(D|θ,M)P(θ|M)daθ (3.31)

where a is the index for the parameters that are marginalised over, or, for discrete

variables:

P(D|M)marg = ∑
a

P(D|θ,M)P(θ|M)∆θa. (3.32)

The uncertainty of these parameters is absorbed in the value of the resulting marginal

probability and the dimension of the confidence region decreases accordingly.

The Bayesian analysis is presented for the profile derived for the centred vertical

strip with a width of 12.4 kpc above the plane. Note that the results for data points

below the plane do not differ significantly. The parameter-space which defines the

confidence region is represented by a 3-dimensional and a 5-dimensional grid with

n=300 grid-points along each dimension for the single-disk plus background model

and the two-disk plus background model respectively. For a first estimate of the start-

ing values for Σ1, h1 and nb in the single-disk case and Σ1, h1, Σ2, h2 and nb in the

two-disk case I use the values for the parameters established from the RGB count plus

diffuse light profiles for the centred vertical strip above the plane in the previous sec-

tion. In addition to that, the value for the constant background of nb = 17.1 counts

arcmin−2 as derived in Section 3.2.3 is used as a starting value. The starting values are

reported in Table 3.4. For the one-disk model the parameter space around the starting

values between 22.5 mag < Σ1 < 27.0 mag and 0.15 kpc < h1 < 0.4 kpc is explored.

The parameter ranges for the two-disk model are chosen under the assumption that

h1 < h2 and Σ2 < Σ1. This assumption is valid because the thick disk, per definition,
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Profile h1 Σ1 h2 Σ2

Starting values, 294± 1 22.04± 0.02

single component

Starting values, 267± 3 21.96± 0.02 791± 61 26.70± 0.50

two components

Resulting parameters, 300 23.38

single component

Resulting parameters, 250 23.24 550 26.67

two components

Table 3.4: The starting parameters for the single and two-component fit are reported in the first

two lines of this table. The following two lines show the parameters with the largest marginal

likelihood as established from the Bayesian analysis. The exponential scale heights h1 and h2

are given in pc, the central surface brightness Σ1 and Σ2 are given in Vmag arcsec−2.

has a larger scale height and therefore a lower central surface brightness than the thin

disk. For the two-component model I explore the data range around the starting val-

ues, more precisely between 22.5 mag < Σ1 < 27.0 mag and 0.15 kpc < h1 < 0.4 kpc

for the thin disk and between 26.0 mag < Σ2 < 30.0 mag and 0.4 kpc < h2 < 0.7 kpc

for the thick disk.

In all cases I marginalise over the background nb. This is done by taking the sum

over the likelihoods for values of nb that range from 4 counts arcmin−2 below the av-

erage number of background galaxies of 17.1 counts arcmin−2 to 4 counts arcmin−2

above it. Figure 3.20 shows the logarithm of the likelihoods contoured up for the sin-

gle disk model. The χ2 is at its minimum at h1 = 0.30 kpc and Σ1 = 23.38 mag arcsec−2

(see also Table 3.4). The solid and the dashed contours mark the 2σ (∆χ2 = 6.2) and 3σ

(∆χ2 = 18.4) confidence levels.

Figure 3.21 shows the contour plots of the logarithm of the likelihoods for the two-

disk model. The parameter nb is marginalised out using the same parameter range as

for the single disk model. For every possible combination of the remaining four pa-

rameters, the two parameters that are not shown are held constant at their best value.

The χ2 is at its minimum at h1 = 0.25 kpc, h2 = 0.55 kpc, Σ1 = 23.24 mag arcsec−2, and

Σ2 = 26.67 mag arcsec−2 (see also Table 3.4). It can be seen in Figures 3.20 and 3.21 that

the 2σ and 3σ confidence regions extend over a larger parameter range for the single-

disk model than for the two-component model. This implies that the uncertainty in

the parameters for the single component model is larger than for the two-disk model.
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The above analysis is useful to establish confidence in the parameters of each

model. However, it does not give any information about which model to prefer, the

single-disk or the two-disk model. In order to do a model comparison, the so-called

Bayesian factor B12 needs to be derived. There is no prior information about which

model is more likely, the single-disk or the two disk model. The prior probability in

each case therefore is P(M1) = P(M2) = 1
2 and the so-called Bayes factor is

P(M1|D)

P(M2|D)
=

P(M1)P(D|M1)

P(M2)P(D|M2)
(3.33)

=
P(D|M1)

P(D|M2)
(3.34)

= B12 (3.35)

where the numerator in Equation 3.34 is the marginal likelihood (compare Equation

3.32) of all parameters for model 1 and the denominator is the marginal likelihood of

all parameters for model 2 accordingly. B12 > (<) 1 means an increasing (decreasing)

probability that model 1 should be favoured. The Bayes factor for the single compo-

nent vs. the two-component fit is computed within the parameter range stated above.

Outside this range the probability is therefore assumed to be zero. I find a Bayes factor

of B12 ≈ 1012/10302. However, because the probability outside the assumed parameter

range is not necessarily equal to zero, this ratio depends on the choice for the param-

eter range. Increasing the parameter range, for example to 22.5 mag < Σ1 < 30.0 mag

and 0.0 kpc < h1 < 1.1 kpc for the one-disk model and to 22.5 mag < Σ1 < 27.0 mag,

0.0 kpc < h1 < 0.9 kpc, 26.0 mag < Σ2 < 31.0 mag and 0.0 kpc < h2 < 2.0 kpc for

the two-disk model however only decreases the Bayes factor by a factor of 10 which

still indicates a strong favour towards the two-component model. Thus it can be con-

cluded that the two disk model provides a much better fit to the data than the single

disk model which suggests the presence of a thick disk component in NGC 4244.

3.4 The Radial Structure of the Thin Disk

In this section, the radial profile of NGC 4244’s thin disk is presented. At scale heights

lower than 2 kpc the fraction of blended objects is high and the star counts are affected

by incompleteness. At scale heights larger than 2 kpc the number of stars from the sec-

ond disk component dominates over the number of stars from the thin disk. However,

the stellar density is low there and the ratio between stars and unresolved background

galaxies falls below 2. Therefore, the radial profile for the thick disk is not presented.
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I use the diffuse V-band light to derive the radial profile and the scale length of NGC

4244’s thin disk for a horizontal strip at −2 kpc < Z < 2 kpc. The procedure is similar

to the vertical diffuse light profiles. Foreground stars and the thin dust lane at −8 kpc

< R < 8 kpc and−225 pc < Z < 225 pc are masked out. Themean pixel counts in ADU

within data bins with a size of 0.5′ and 1.0′ (or 0.6 kpc and 1.3 kpc at the distance of

NGC 4244) along the horizontal strip is calculated, the sky background is subtracted,

all values are transformed from ADU into magnitudes, and plotted versus radius in

Figure 3.22. Data points east to the minor axis are plotted as circles and data points

west to the minor axis are shown as triangles. Error-bars are calculated as described

in 3.2.2.

The radial profile of an S0 or late-type galaxy empirically is described best by an

exponential profile out to a certain truncation radius (Freeman, 1970). With the expo-

nential scale length hR and the central brightness L0, the face-on brightness, L, in the

plane varies as

L(R) = L0e
−
(

R
hR

)

. (3.36)

Assuming that the vertical distribution of light is independent of the distance from the

centre this can be converted into an edge-on surface brightness distribution with

µ(R) = 2L0hR

(

R

hR

)

K1

(

R

hR

)

(3.37)

(van der Kruit, 1979), where 2L0hR equals the central edge-on brightness µ0 and K1 is

the Bessel-function4. For R > hR the following approximation is valid:

(

R

hR

)

K1

(

RR

h

)

=

√

π
R

2
hR e

−
(

R
hR

)

. (3.38)

In Figure 3.22 all data points with 4 kpc < R < 8 kpc are fitted using

µ(R) = µ0

√

π
R

2
hR e

− R
hR . (3.39)

The fitting range is well within the break radius which has been found to occur be-

tween 9 kpc and 13 kpc (e.g. Fry et al., 1999; de Jong et al., 2007, corrected to the

distance of 4.37 Mpc assumed here). The resulting exponential scale length is hR =

2.3±0.1 kpc.
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Figure 3.22: Radial V-band profile of NGC 4244. The profile is derived for a strip within ±2

kpc from the mid-plane. Points to the east of the minor axis are shown as circles while points

to the west of the minor axis are shown as triangles. All profile points with 4 kpc < R < 8 kpc

are fitted with equation 3.39 and the resulting exponential scale length is reported in the top

of the panel.

132



3.5. THE METALLICITY OF THE EXTRA-PLANAR REGIONS

Figure 3.23: Left: The CMD of sources that lie within a distance of ±2 kpc and ±4 kpc from

the mid-plane. The RGB selection box as described in Section 3.1 is overplotted in red. The

isochrones indicated in blue have an age of 10 Gyr and are taken from Marigo et al. (2008).

The metallicities from left to right range from [Fe/H] = −2.3 dex to [Fe/H] = −0.2 dex with

a spacing of 0.3 dex. The metallicity of the closest isochrone is assigned to each star within the

RGB box. Right: The same sources are shown in the V0, (V− I)0-plane. It can be seen that the

error in the colour is smaller than ∆(V− I)0 ∼ 0.5 mag down to V0 ∼ 26.8 mag.
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3.5 The Metallicity of the Extra-planar Regions

In this section, the metallicity distribution functions (MDFs) are derived from a fine

grid of isochrones. It has been shown that the RGB stars of an old simple stellar pop-

ulation are much more sensitive to metallicity than they are to age. Small shifts in

colour to the blue can be achieved either by a large decrease in age or a small decrease

in metallicity (Mouhcine et al., 2005b). Red stars are therefore usually more metal-rich

and blue stars are more metal-poor and the width of the RGB is an indicator for the

spread in metallicity. Figure 3.23, left panel, shows the CMD of objects that are asso-

ciated with the thick disk component at distances of 2 kpc < Z < 4 kpc above and

below the mid-plane. The overlaid isochrones have an age of 10 Gyr and are taken

from Marigo et al. (2008). Note that the results of this section do not change substan-

tially if a set of isochrones with an age of 8 Gyr or 12.5 Gyr is used. The metallicities

of the isochrones range from [Fe/H] = −2.3 dex - −0.2 dex in steps of 0.3 dex. The

metallicity for each object in the CMD can be derived by comparing their (V− I)0, I0

values to the isochrone grid and assigning the metallicity of the closest isochrone. The

right panel of Figure 3.23 shows the same sources as the CMD in the left panel but

in the V0, (V− I)0-plane. It can be seen that the error in the colour is < 0.5 mag for

V0 < 26.8 mag while it is < 0.5 mag for I0 < 25.2 (the completeness limit) as shown

in the left panel. In the following I therefore carry out metallicity studies for sources

with magnitudes smaller than 26.8 mag in the V-band and smaller than 25.2 mag in

the I-band. The possible effect of these magnitude limits on the metallicity estimation

is discussed together with the error estimation below.

Metallicity studies are carried out for the RGB population of the thick disk at a

distance of 2 kpc < Z < 4 kpc above and below the mid-plane. Beyond 4 kpc the bulk

of the objects stem from the unresolved background galaxies. Furthermore, only RGB

stars within ±6.2 kpc from the minor-axis of NCG 4244 are considered. At these radii

the objects lie well within the break radius. In addition to that, I derive an MDF of

the contaminants. For this, I assign metallicities to all objects within the RGB selection

box that lie at a distance of ±8 kpc < Z < ±12 kpc from the mid-plane. No stellar

objects that are members of NGC 4244 should be present at these distances. Figure

3.24 shows the original MDF of RGB stars in the thick disk (left panel) and the MDF

of the contaminants (right panel). The number of sources in each metallicity bin is

4The Bessel functions provide the solution to a certain type of differential equation of second order

called the Bessel’s differential equation.
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Figure 3.24: The original MDF of the RGB population associated with the thick disk of NGC

4244 (left panel). The contamination is not yet accounted for. The average metallicity and the

one sigma dispersion are reported in the bottom line on the left while the number density of

sources is reported on the right. The vertical dashed lines indicate the one sigma dispersion

from the mean. The number of sources in each metallicity bin is normalised with respect

to the total number of sources. A Poisson error is associated with each metallicity bin. The

right panel shows the MDF of sources at large distances from the mid-plane which are mostly

unresolved background galaxies. The average number density is reported on the right side of

the panel. The number of sources in each metallicity bin are normalised with respect to the

total number of sources and the Poisson error is shown.

Figure 3.25: Same as Figure 3.24 left panel, but the contaminants have been subtracted off this

MDF. Furthermore, the two horizontal error-bars indicate the uncertainty in the metallicity at

[Fe/H] = −1.7 dex and [Fe/H] = −1.1 dex estimated from the uncertainty in the colour at I0

= 25.2 mag.
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normalised to the total number of sources. A Poisson error is associated with each

metallicity bin and plotted as a vertical line. In the left panel, the average metallicity

and the one sigma dispersion of the distribution of the original MDF is reported on

the left and the total number of sources in the MDF is reported on the right. For

the MDF in the right panel only the total number of the sources is reported. After

normalising both MDFs to the same area, the MDF of the contaminants is subtracted

from the original MDF. The resulting MDF reflects the metallicities of the RGB stars

without any contamination and is shown in Figure 3.25. The average metallicity, the

one sigma dispersion and total number of sources in the fields is reported in the panel

similar to Figure 3.24.

Uncertainty in the photometric metallicity estimates is inevitably introduced by

the large number of unknowns in the isochrone synthesis models such as for exam-

ple α-element abundances, the initial mass function or the lack of precise knowledge

of the population age. However, the uncertainty in the colour of the RGB stars leads

to further uncertainties in the derivation of the metallicity distribution function. In

particular, at the faintest magnitudes in our selection bin, colour uncertainties and the

crowding together of the isochrones mean that a given star could plausibly be asso-

ciated with a range of metallicities. In order to estimate this non-systematic error, I

adopt a Monte Carlo approach where each RGB star is randomly varied within its

photometric uncertainty in magnitude and colour and the MDF recomputed from the

resulting CMD. The photometric uncertainties are taken from the DAOPHOT-II out-

put, assuming a Gaussian error distribution. The 1 sigma scatter in the metallicity of

100 random realisations is then assumed to be the metallicity error for each individual

star. Figure 3.26 shows the average error for each metallicity bin, < σ[Fe/H] >, versus

the metallicity, [Fe/H], as derived from the Monte Carlo simulation. As expected, the

error is much larger for smaller metallicities which is a result of the finer spacing of

the isochrones in this part of the CMD. The typical error at [Fe/H] = −1.7 dex and

−1.1 dex is 0.5 dex and 0.35 dex respectively and is indicated as a horizontal error-bar

in Figure 3.25.

The average metallicity taken from the background-subtractedMDF has a value of

[Fe/H] = −1.5 dex. The one sigma dispersion of the MDF is δ[Fe/H] = 0.7 dex. The

random metallicities computed from a set of Monte Carlo simulations as described

above are used to test for any bias in the average metallicity that could arise from the

correlation between [Fe/H] and < σ[Fe/H] >. For each of the 100 realisations, the

average metallicity of the resultant MDF is calculated. The mean of the average metal-
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Figure 3.26: The uncertainty in the metallicity, <σ[Fe/H] >, as derived with the use of Monte

Carlo simulations is plotted over the metallicity, [Fe/H]. As a result of the finer spacing of the

isochrones towards lower metallicities the uncertainty decreases with increasing metallicity.

licity of all MDFs is [Fe/H] = −1.5 dex with a standard deviation of 0.002 i.e. the

average metallicity is essentially invariant when considering the effect of photometric

uncertainties. Furthermore, the effect of using different magnitude limits in the V- and

I-band is studied by using magnitude limits of V0 < 27.5 mag and I0 < 26.0 mag. The

resulting average metallicity changes by less than 0.02 dex. I therefore assume a non-

systematic error in the average metallicity smaller than 0.4 dex taken from the error in

the metallicity at [Fe/H] = −1.5 dex.

As discussed above, the photometricmetallicity is prone to some uncertainties but,

over the relatively bright range of magnitudes considered here, these do not cause

gross differences in the overall properties of the MDF. The thick disk in NGC 4244 is

populated very sparsely. Although it would have been very interesting to study the

behaviour of the MDF with distance from the midplane, this requires using small bin

sizes in the vertical direction which leads to a signal-to-noise ratio between the RGB

stars and the contaminants much smaller than 2:1. This results in such large uncer-

tainties that the analysis is not useful.
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3.6 Summary for NGC 4244

In this chapter I have presented the results from studying the vertical light distribution

and the resolved stellar content above and below the mid-plane of NGC 4244. A key

result is the detection of a structurally distinct disk component beyond NGC 4244’s

thin disk.

The CMD of point-sources in NGC 4244 reveals the presence of a large popula-

tion of RGB stars, a well populated AGB, and some YMS stars. The vertical RGB

count profiles follow the V-band light well and an inflection point is seen in the com-

bined vertical RGB count + diffuse light profiles at about 2 kpc from the mid-plane. A

Bayesian model comparison shows that a two-disk model provides a better fit to the

profiles than a single-disk model. The second disk component starts dominating the

vertical surface brightness profiles at µV ≈ 29 mag arcsec−2. The scale height of the

thick disk to both sides of the minor axis is 2 - 3 times larger than that of the thin disk.

While the scale height of the thick disk is very constant to the east and to the west

of the semi minor axis, its scale height is systematically higher above the plane than

below the plane. No such trend is seen in the thin disk. However, the difference in

the thick disk scale height above and below the plane is smaller than 3σ and therefore

only marginally significant. It is possible that the difference in scale height above and

below the plane is introduced by the asymmetry in the number density of unresolved

background galaxies seen in that direction.

The average exponential scale height above and below the plane as derived from

the RGB plus diffuse light profile for a central vertical strip with a total width of

12.4 kpc is 245 ± 4 pc and 644 ± 45 pc for the thin and thick disk respectively. The

central surface brightness of the two components is 22.13± 0.03 Vmag arcsec−2 and

25.71 ± 0.4 Vmag arcsec−2 respectively. The V-band light is dominated by the RGB

population and the AGB population does not trace the V-band light well. The AGB

profile is therefore not calibrated onto the diffuse light. The average exponential scale

height of the AGB population above and below the plane for the same vertical strip as

used above is 522± 43 pc. This is smaller than the scale height of the RGB component

which is 788± 32 pc when fitted over the same radial range as the AGB component.

The sparsely populated YMS is most concentrated towards the mid-plane. The spatial

distribution shows that it has almost completely disappeared at a distance of 2 kpc

from the plane. The photometric metallicity of the thick disk component measured

beyond 2 kpc from the mid-plane is [Fe/H] = −1.5± 0.4 dex with a one sigma disper-
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sion of δ[Fe/H] = 0.7 dex. However, because of the low signal-to-noise ratio between

the RGB stars and the contaminants this value is somewhat uncertain.

In previous studies it was not possible to unambiguously detect a second disk

component beyond NGC 4244. As described in Section 2.1.1 several attempts have

been made. The early study made by Van der Kruit & Searle (1981) using photo-

graphic plates has a limiting isophote of 27.5 mag arcsec−2 in the J-band which makes

it impossible to reveal the presence of the second component which has a much lower

surface brightness. Even in the more recent study carried out by Fry et al. (1999) using

deep CCD R-band images, the authors are only able to trace the light down to µR =

27.5 mag arcsec−2. Their vertical surface brightness profiles are best fit with a single

exponential with a recalculated5 exponential scale height of (308 ± 3) pc. This is in

acceptable agreement with the value of (245 ± 4) pc I find for the Subaru data con-

sidering that Fry et al. (1999) us a 2-dimensional fitting method and pass-band which

differs from the method and pass-bands presented in this thesis.

Furthermore, Seth et al. (2005b) report a variation in scale height depending on

the underlying stellar population, similar to the tentative result I find with the Sub-

aru data. Seth et al. (2005b) fit all their data points, which lie between −2 kpc < Z <

3 kpc, with a single-component sech2-function. Seth et al. (2005b) find that the YMS

population has a scale height of (325 ± 20) pc. The scale height of the AGB popula-

tion is (443 ± 24) and with (551± 9) pc the RGB shows the largest scale height. The

scale heights of (522± 43) pc and, respectively, (644± 45) for the AGB and RGB pop-

ulation derived in this thesis are somewhat larger than their values. Note that the

same distance modulus was used. Considering the different fitting methods and fit-

ting ranges used, the discrepancy lies within an acceptable range. However, while

Seth et al. (2005b) find a change in scale height with the underlying stellar population

they do not see a clear inflection point. In their publication it is therefore not clear if

the “thick disk” is a structurally and kinematically distinct component or a continua-

tion of the thin disk. This result clearly differs from what I find with the Subaru data.

There, the thick disk is noticeable as an abrupt change in scale height which suggests

the presence of two kinematically distinct components with well defined scale heights

which permeate each other.

The exponential scale length of 2.3± 0.1 kpc of the radial profile in the V-band de-

rived from the Subaru data agrees well with the the one reported by Van der Kruit &

Searle (1981) who found hR = 2.3 kpc using photographic plates and Fry et al. (1999)

5All values were recalculated using a similar distance modulus for NGC 4244 to the one in this thesis.
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who found hR = (2.2± 0.02) kpc using deep R-band surface photometry5. Seth et al.

(2005a) report a smaller exponential scale length of hR = 1.78 kpc with an error < 4%

using 2MASS K-band images using the same distance modulus for NGC 4244 as in

this thesis. The different methods and pass-bands might again explain this discrep-

ancy.

As described in Section 2.1.1, metallicity studies have been carried out by

Mouhcine et al. (2005b,c). Their HST/WFPC2 field is placed on the minor axis of

NGC 4244 at a distance of about 3 kpc from the mid-plane. It therefore lies within

the horizontal strip at ±2 kpc and ±4 kpc from the mid-plane that was used to derive

the metallicity for NGC 4244’s thick disk from the Subaru data. The average metal-

licity of [Fe/H] = −1.51 dex (no error quoted) is in excellent agreement with the

[Fe/H] = −1.5± 0.4 dex I find with the Subaru data. Mouhcine et al. (2005b,c) claim

that their field probes the stellar halo rather than the thick disk. The only evidence for

this given by the authors is the large distance from the plane. In Chapter 5 I discuss the

nature of the second component beyondNGC 4244 in more detail and give reasons for

why it is a thick disk and not a halo. With the additional structural information from

the Subaru data I suggest that the component probed by Mouhcine et al. (2005b,c) is

in fact the thick disk.
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CHAPTER 4

Results for NGC 55

4.1 Colour-Magnitude-Diagrams and Spatial Distri-

bution

Figure 4.1 shows the reddening corrected CMD for the point-sources in NGC 55, de-

tected with PSF-fitting photometry. Sources in the central most crowded region indi-

cated by the red ellipse in Figure 4.5 are excluded from the catalogue. It can be seen

that a wealth of stars in different evolutionary stages is present. Similar to NGC 4244,

the majority of stars populate the RGB indicated by the red selection box while several

AGB stars (magenta box) and only a small amount of YMS stars (blue box) can be seen.

Similar to NGC 4244, a number of sources at (V− I)0 ∼ 0.5 mag is present which are

most likely unresolved blue background galaxies (marked by the green selection box).

The selection boxes are described in more detail at the end of this section.

Theoretical isochrones fromMarigo et al. (2008) are shifted to the distance of NGC

55 using a distance modulus of 26.43 and are overlayed onto the CMD. The turquoise

lines track a young population with ages of 15.8 Myr, 31.6 Myr, 50.1 Myr and 100.0

Myr (from left to right) at a metallicity of [Fe/H] = −0.4 dex. The isochrones for the

RGB have an age of 10 Gyr and metallicities of [Fe/H] = −2.3 dex, [Fe/H] = −1.7

dex, [Fe/H] = −1.0 dex and [Fe/H] = −0.7 dex (left to right). All metallicities were

calculated assuming a solar metallicity of Z = 0.019.
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Figure 4.1: CMD of point-sources in NGC 55. The most crowded regions in the centre are

not included. The boxes mark stars in different evolutionary stages: the RGB (red), the AGB

(magenta), and the YMS and blue helium burning stars (blue). The box in green is located on

the unresolved background galaxies. The isochrones are taken from Marigo et al. (2008). The

young evolutionary tracks over-plotted in turquoise all have a metallicity of [Fe/H] = −0.4

dex and ages of 15.8, 31.6, 50.1, and 100.0 Myr (left to right). The isochrones for the RGB have

an age of 10 Gyr and metallicities of [Fe/H] = −2.3 dex, [Fe/H] = −1.7 dex, [Fe/H] = −1.0

dex and [Fe/H] = −0.7 dex (left to right).
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Figure 4.2: Besançon model of the estimated Galactic foreground in a field with 10 times the

size of one VIMOS pointing located in the direction of NGC 55. The stellar selection boxes for

the RGB (red), AGB (magenta) and YMS (blue), and the box which is used to select mostly

unresolved background galaxies (green) are over-plotted. The stellar selection boxes avoid the

most heavily contaminated areas. Contamination from foreground stars within the RGB box

is predicted to be < 1%.

Similar to NGC 4244, the foreground reddening towards NGC 55 is estimated us-

ing the dust maps from Schlegel et al. (1998). I find E(B − V) = 0.046 mag, AV =

0.15 and AI = 0.09. The variation of the extinction over the VIMOS field is small

(∆E(B − V) < 0.001 mag) and is not considered when correcting for the reddening.

As described in Section 3.1, an additional correction for the internal extinction is un-

necessary.

I use the Besançon model of the Milky Way (Robin et al., 2003) to get a predic-

tion for the colours and magnitudes of the Galactic foreground stars in the direction

of NGC 55. Due to NGC 55’s high Galactic latitude of −75.7◦ there are only few fore-

ground stars within the VLT/VIMOS field. To accentuate the distribution of stars I

simulate theMW foreground stars within a field ten times larger than the VLT/VIMOS

field which has a size of ∼ 215 arcmin2. Similar to NGC 4244, the model assumes

a default extinction, no additional correction for the extinction within the disk, and

an exponential distribution of errors in the colour and magnitude. In Figure 4.2 the

selection boxes from Figure 4.1 are overplotted onto the predicted CMD of the MW

foreground. The stellar selection boxes in red (RGB), magenta (AGB), and blue (YMS)
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Figure 4.3: 15 fields from the

HST archive are overplotted

onto a DSS image. North

is up and east is to the left.

The approximate position of

the four chips (1-4) of the

VLT/VIMOS pointings one (PI)

and two (PII) is indicated by the

dashes lines. Photometry for

the ACS and WFPC2 fields can

be downloaded from the AN-

GRRR homepage. The two ACS

fields are square shaped while

the WFPC2 fields are smaller

and almost L-shaped. For com-

pleteness checks the northern

WFPC2 field with ID 9086 was

used.

avoid themost populated areas of the CMD. The contribution ofMW foreground stars

to the selection boxes is predicted to be < 1% in all cases.

In order to derive an estimate for the 50% completeness limit for the stellar sources

in the VLT/VIMOS catalogue, I use photometry from the Archive of Nearby Galaxies:

Reduce, Reuse, Recycle (ANGRRR)1. The archive provides photometry for exposures

of non-Local Group galaxies within 3.5 Mpc taken with ACS and WFPC2 on board

the HST. TheWFPC2 photometrymeasurements provided in the online star catalogue

were produced using the HSTphot pipeline described in Holtzman et al. (2006). Star-

galaxy separation was carried out as described in Dalcanton et al. (2009) by using

quality cuts for the sharpness, crowding, signal-to-noise and flag parameters. The

archive provides the final catalogues in the HST filter system. I transform the magni-

tudes from the HST/WFPC2 f814 and f606 filter into I- and V-band magnitudes using

the equations and the transformation parameters in Holtzman et al. (1995) and Siri-

anni et al. (2005) respectively.

Photometry is available for 15 HST fields in the vicinity of NGC 55. Figure 4.3

shows the position of the 2 square-shaped ACS fields and the 13 L-shaped WFPC2

1http://archive.stsci.edu/prepds/angrrr/
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fields overplotted onto a DSS image. In addition to that, each of the four chips of the

two VLT/VIMOS pointings are shown. Ten of the HST fields are located on the major

axis with a distance of < 1.3 kpc from the plane. At these small distances from the

mid-plane the PSF of the stars taken with the ground-based telescope overlap due to

stellar crowding. These regions are excluded from the analysis and hence cannot be

used for the completeness checks. Of the remaining five fields, two lie outside the

VIMOS pointing and two are located mostly within the gaps of pointing II. However,

the WFPC2 field with archive identifier 9086 lies within chip number 2 of pointing I at

a distance of ∼ 3 kpc above the mid-plane and is ideal to carry out the comparisons.

The field avoids the heavily crowded areas but is close enough to the galaxy to in-

clude stars belonging to NGC 55. There are more than 300 stars in the HST catalogue

that lie within the overlap between the images which keeps the Poisson noise at a 5%

level. The ANGRRR star catalogue is cross-correlated with the VLT/VIMOS point-

source catalogue. The luminosity functions of point-sources from the HST catalogue

and the cross-correlated point-sources from the Subaru catalogue are shown in the left

and right panel of Figure 4.4 for the V- and the I-band respectively. The luminosity

function of the HST point-sources is plotted as a solid line while a dashed line is used

for the Subaru point-sources. It can be seen that the VLT/VIMOS point-source cata-

logue has a completeness> 50% compared to the HST data down to∼ 24.9 mag in the

I-band and down to ∼ 25.7 mag in the V-band. The completeness limit is only mean-

ingful if the HST data is complete down to the VLT/VIMOS data completeness limit.

Similar to NGC 4244 the continual steep rise in the HST luminosity function where

the VLT/VIMOS luminosity function has already dropped indicates a high level of

completeness in the HST data. No drop in the HST luminosity function and therefore

no indication of a drop in completeness can be seen down to at least half a magnitude

below the VLT/VIMOS 50% completeness limit in the V- and I-band. Furthermore,

artificial star tests for the same HST field were carried out by Tikhonov et al. (2005)

and Mouhcine et al. (2005c), providing a good sanity check. They both find that the

completeness of the HST star catalogue in the field with archive identifier 9086 stays

above ∼ 80% down to 25.1 mag in the I-band, which is 0.2 mag fainter than the∼ 50%

completeness limit determined for the VLT/VIMOS star catalogue in the I-band.

The cuts for the selection boxes shown in Figure 4.1 can now be motived using

the findings described above. The red box encloses RGB stars with 24.4 mag < I0 <

25.4 mag and 30.35 − 6.5(V − I)0 < I0 < 30.0− 4.0(V− I)0. The upper limit on the

RGB selection box coincides with the TRGB at I0 = 22.4 mag using NGC 55’s distance
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Figure 4.4: The luminosity functions for the dereddened I-magnitudes (left panel) and V-

magnitudes (right panel) of point-sources in HST field number 9086 (see Figure 4.3) is plotted

as a solid line. Overplotted arematched sources from the VLT/VIMOS point-source catalogue.

The comparison shows that the 50% completeness level for the ground-based point-source cat-

alogue lies at I0 ≈ 24.9 mag and V0 ≈ 25.7 mag.

modulus of 26.43 and an absolute TRGB brightness of I0 = −4.04 mag (Bellazzini

et al., 2001). The lower limit of I0 = 24.4 mag of the RGB box is defined by the 50%

completeness limit. The box further avoids most of the contamination from the unre-

solved background and the MW foreground stars. Stars brighter than the TRGB are

AGB stars. This selection box is mostly free from background or foreground contami-

nation. Last, the blue box including YMS and blue helium burning stars is positioned

to avoid the contamination from unresolved background galaxies and is mostly free

from MW foreground stars.

Figure 4.5 shows the spatial distribution of sources from different regions of the

CMD. From left to right and top to bottom the panels show the RGB population, the

AGB population, the YMS, and the unresolved background galaxies from within the

green box in Figure 4.1. Regions close to the centre that are affected by crowding have

been cut out as indicated by the red ellipse with a semi-major axis of 6.6 kpc and a

semi-minor axis of 1.5 kpc. The size of the ellipse has been chosen on the basis of

finely binned vertical number density profiles of the point-sources by determining the

point where the number density profiles drop off due to crowding in the central re-

gions. The spatial distribution shows that a large number of RGB stars is still present

at distances up to 4 kpc from the plane while the AGB population disappears beyond

2 kpc and only very few YMS stars can be seen up to 2 kpc. The spatial distribution of
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Figure 4.5: Spatial distribution of point-sources from different areas of the CMD (Figure 4.1).

The ellipse has a semi-major axis of 6.6 kpc and a semi-minor axis of 1.5 kpc and marks the

most crowded region within which stars are discarded. From left to right and top to bottom

the sources are: the RGB; the AGB; the YMS; sources from within the green box in Figure 4.1,

mostly unresolved background galaxies.
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Figure 4.6: CMDs of all point-sources. The 6 panels show isochrones taken from Marigo et al.

(2008) with and age of 3, 5, 7, 9, 10 and 12.7 Gyr (left to right and top to bottom). The metal-

licities of the isochrones in each panel are [Fe/H] = −2.3, −1.0 and −0.7 dex (left to right).

According to these isochrones the AGB could contain stars of all ages.

unresolved background galaxies shown in the bottom right panel is smooth at large

scale height as expected. However, the larger source density towards the mid-plane

shows that sources the belong to NGC 55, most likely RGB stars, are picked up as

well. Yet, the RGB selection box cannot be extended further towards the blue side of

the CMD because this would only decrease the signal-to-noise ratio between the RGB

stars and unresolved background galaxies.

The ages of the AGB stars are studied in more detail. In Figure 4.6, isochrones

with a large range of ages taken fromMarigo et al. (2008) are overplotted onto a CMD

of all point-sources. Each panel in the figure shows a set of isochrones with a different

age. These are (left to right and top to bottom) 3 Gyr, 5 Gyr, 7 Gyr, 9 Gyr, 10 Gyr and

12.7 Gyr. The metallicities of each set of isochrones are [Fe/H] = −2.3, −1.0 and −0.7

dex (isochrones from left to right). Most of these isochrones overlap and therefore a
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Figure 4.7: The spatial

distribution of all point-

sources. The horizontal

red lines at Z = 1.3, 2.0,

3.3, 5.3 and 7.3 kpc in-

dicate the distances from

the plane for which the

CMDs are shown in Fig-

ure 4.8. The same cuts are

used to probe the metal-

licity distribution func-

tions with distance from

the plane (see Section

4.5).

particular age cannot be assigned to the AGB stars. However, the figure shows that

it is possible that the AGB consists of stars with a broad range of ages. Figure 4.7

shows the spatial distribution of all point-sources. The horizontal red lines indicate

the cuts used to study the CMDs of the point-sources with distance from the plane

and to carry out metallicity studies (see Section 4.5). A CMD for each of these hori-

zontal bins is shown in Figure 4.8. The distance Z from the mid-plane is reported in

each panel and ages and metallicities of the old isochrones are reported in the caption.

The uncertainties in the (V− I) colour and in the I-band magnitude are shown on the

right. While the RGB can still be seen in the CMD at 3.3 kpc < Z < 5.3 kpc (bottom left

panel) it has disappeared in the CMD at larger distances from the plane (bottom right

panel). The sources in the CMD beyond 5.3 kpc are therefore unresolved background

galaxies or Milky Way foreground stars. The distribution of the stellar sources can be

studied in detail by inspecting the vertical surface density profiles as described in the

following section.

4.2 The Vertical Structure of NGC 55

In this section the one-dimensional profiles perpendicular to the major axis are stud-

ied in order to assess evidence for the presence of a second component beyond NGC

55’s thin disk. Similar to NGC 4244, I use the vertical diffuse light profiles at small dis-

tances from the mid-plane where the incompleteness in the star counts is high due to
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Figure 4.8: CMDs of sources with increasing distance from the mid-plane of NGC 55. The

sources are taken from within the horizontal bins indicated by the red lines in Figure 4.7. The

distance Z of the sources from the plane is also reported in the upper left corner of each plot.

10 Gyr isochrones from Marigo et al. (2008) are overlaid. The metallicities (left to right) are:

[Fe/H] = −2.3 dex, [Fe/H] = −1.7 dex and [Fe/H] = −1.0 dex. The error-bars on the right

side of each panel indicate the average uncertainties in the photometry.
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Figure 4.9: The approximate position of the vertical strips for which the profiles are generated

and the two VLT/VIMOS pointings are overplotted onto an image from the Curtis-Schmidt

telescope. If the image was rotated counterclockwise by about 14◦, north would be up and

east would be left. Each strip has a width of 1.9 kpc. The central strip enclosed by the two

solid lines cannot be used for the star count analysis because the 2′ wide gaps between the

four VIMOS chips fall into that region. Note that the vertical profiles are not exactly mirrored

because the two pointings are not exactly mirrored. They are shifted west by 0.4 kpc −0.7 kpc

in order to make use of the whole width of the pointing.

crowding. I combine them with the vertical RGB star count profiles at larger distances

from the plane where the diffuse light is highly affected by the uncertainty in the sky

background.

4.2.1 The One-Dimensional Vertical Diffuse Light Profiles

The images from the Curtis-Schmidt-Telescope are used to probe the diffuse light. The

diffuse light profiles are generated similarly to those for NGC 4244 which is described

in more detail in Section 3.2.2. Foreground stars in the image stack are masked. The

profiles are generated for four 1.9 kpc wide vertical strips and one broad vertical strip

with a width of ∼ 10 kpc that extends over the whole VLT/VIMOS field-of-view.
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Figure 4.10: The test fields used

to estimate the sky value for the

diffuse light profiles are over-

plotted onto an image from the

Curtis-Schmidt telescope. North

is right and east is down. The

median value in ADU/pixel for

each of the fields is reported in

Table 4.1. The sky background

has a mean value of 1414.6

ADU/pixel and a standard de-

viation of 2.0, and no large scale

gradients are measured.

Figure 4.9 shows the 1.9 kpc wide vertical strips and the two VLT/VIMOS pointings

overlayed onto the rotated images from the Curtis-Schmidt telescope. The vertical

strips are arranged to cover a maximum of the area of the VLT/VIMOS chips. They

are therefore not exactly mirrored above and below the mid-plane as shown in the

figure but are shifted west by 0.4 - 0.7 kpc below the mid-plane. The most central

vertical strip that lies between the two solid lines cannot be used for the star count

studies because it falls onto the gaps in the VLT/VIMOS chips. The vertical surface

brightness profiles are generated by binning up the data in the vertical direction using

a binsize of 10 pixels or 320 pc. Then, the mean pixel value of each bin is calculated,

with masked pixels being treated as missing data. To estimate the value for the diffuse

sky background I average over the median pixel value of 12 3′ × 3′ sized test fields

around the field-of-view edges. The location of these test fields is overplotted on the

Curtis-Schmidt image in Figure 4.10. The median values for each of the 12 test fields

is provided in Table 4.1. The sky background is very constant across the field and

has mean value of 1414.6 ADU/pixel and a standard deviation of 2.0 ADU/pixel. No

gradient is present in the sky background. The mean sky value is subtracted from

the profiles. An error is estimated for each data point as described in Section 3.2.2.

The pixel counts are converted into a surface brightness using Equation 3.11 with texp

= 600s, A = 2.32, Csky = 1414.6 ADU
pixel , a zero-point of 20.87 (see Section 2.2.2) and the

median photon counts on the galaxy in ADU
pixel . The diffuse light profiles are shown and
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Field Xmin Xmax Ymin Ymax Median Std Dev

[pixel] [pixel] [pixel] [pixel] [ADU/pixel] [ADU/pixel]

1 202 279 144 221 1416.2 42.9

2 1154 1231 329 406 1414.0 40.6

3 958 1035 411 488 1411.4 10.6

4 1116 1193 809 886 1413.9 9.1

5 950 1027 1203 1280 1414.8 20.5

6 364 441 1065 1142 1415.6 32.1

7 914 991 212 289 1412.1 78.6

8 204 281 1286 1363 1414.7 25.6

9 1127 1204 565 642 1412.8 60.8

10 98 175 1203 1280 1414.9 11.9

11 149 226 798 875 1417.9 43.9

12 202 279 552 629 1417.3 42.9

Mean and std dev: 1414.6 ± 2.0 ADU/pixel

Table 4.1: The median pixel value in ADU/pixel and the standard deviation in each of the 12

3′× 3′ sized test fields shown in Figure 4.10 is reported. The columns are: 1) number of the test

field; 2) - 5) X and Y pixel position of the test field; 6) median pixel value; 7) standard deviation

within each field. The mean and standard deviation between the 12 fields is reported in the

last line.
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Figure 4.11: Example for a confidence map for the VLT/VIMOS I-band image (pointing num-

ber 1, chip number 4). Regions of low confidence are regions with a high variance in the sky

value and are marked in darker colours here. Only the deep black areas on the edges have a

confidence level < 80% and are discarded.

discussed in Section 4.2.3 along with the star count profiles.

4.2.2 The One-Dimensional Vertical Star Count Profiles

The vertical RGB star count profiles are created similar to NGC 4244 (see Section 3.2.3).

The point-sources within the RGB selection box are binned up along the four vertical

strips shown in Figure 4.9 and one broader strip as before. Only stars that fall onto a

region in the confidence map with a value larger than 80% are counted. An example

of a confidence map for chip number 4 of the VLT/VIMOS pointing number one is

shown in Figure 4.11. The edgeswere trimmed during the previous analysis, so only a

very narrow strip of low confidence shown in black is left around the edges. A careful

estimation of the number density of the contaminants (referred to as “background”

as before) in the RGB selection box is carried out. The background number density is

estimated in three different ways: 1) as the average value of several small fields around

the edges of the chips that are furthest away from the galaxy’s mid-plane; I refer to this

as the “constant” background; 2) as a “local” background value determined from the
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Poin- Chip Field counts Poin- Chip Field counts

ting arcmin−2 ting arcmin−2

I 3 1 15.23 II 1 1 26.65

I 3 2 15.23 II 1 2 11.42

I 3 3 11.42 II 1 3 19.04

I 3 4 19.04 II 1 4 22.84

I 3 5 11.42 II 1 5 19.04

I 4 1 34.27 II 2 1 11.42

I 4 2 26.65 II 2 2 15.23

I 4 3 34.27 II 2 3 15.23

I 4 4 15.23 II 2 4 22.84

I 4 5 19.04 II 2 5 22.84

Mean and std dev (I): 20.54 ± 8.87 Mean and std dev (II): 19.02 ± 5.40

Mean and standard deviation (total): 19.78 ± 7.19

Table 4.2: This table provides the number densities of the contaminants in the RGB selection

box. Themean and standard deviation is estimated by using 5 0.5′× 0.5′ sized test fields on the

two outermost chips of each pointing (see Figure 4.12). Pointing I is located above the plane of

NGC 55 while pointing II is located below the plane. The fields (1-5) lie at large distances (> 7

kpc) from the galaxy. The average number of background counts and its standard deviation

for all fields is shown in the last line of the table.
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end of each strip; 3) from a fit to the non-background-subtracted vertical profiles.

To estimate the constant background number density I calculate the average num-

ber density of 5 test fields placed on the two outermost chips of each pointing with a

size of 0.5′ × 0.5′ each. The test fields are chosen to be as far away from the mid-plane

as possible in order to avoid picking up stars that belong to NGC 55. The fields are

marked in red in Figure 4.12 and the value for the RGB number density within each

of them is provided in Table 4.2. The mean value of the number density of the con-

taminants in the RGB box is 19.78 counts arcmin−2 with a standard deviation of 7.19

counts arcmin−2. While the standard deviation between the fields is large, pointing I

and pointing II have very similar background number densities of 20.54± 8.87 counts

armin−2 and 19.02± 5.40 counts arcmin−2 respectively. Hence, the number density of

the contaminants varies on small scales of a few arcminutes across the field, but no

gradient between the number densities above and below the plane is present.

The “local” background number density is measured directly at the end of each

strip. It is estimated from the outermost two data points. Finally, I use the IDL routine

mpfit (Markwardt, 2009) to fit each strip with a function of the form

C(z) = C0sech
2(

z

2hz
) + nb (4.1)

where C0 is the value for the maximum number density in the centre in

counts/arcmin2, hz is the exponential scale height and nb the background.

The RGB count profiles are shown in Figure 4.13 (above the plane) and Figure 4.14

(below the plane). The columns from left to right are: vertical star count profiles with

a local background subtraction; non-background-subtracted profiles from which the

local background is estimated; profiles with a constant background subtraction; non-

background-subtracted profiles for which the background counts are estimated from

curve-fitting. The rows top to bottom show the four vertical strips indicated in Figure

4.9 and the exact position of the strip is reported in each panel. The error-bars for

the star count profiles are discussed in Section 3.2.3. Detections with a significance

smaller than one sigma have an error-bar marked in green. The number density of

the contaminants in the RGB box derived from the different methods is plotted as a

vertical dotted line and its value is reported in each panel.

All background subtracted data points are fit with a single component sech2-

function using Equation 3.1:

ρ(z) = ρ0sech
2(

z

2hz
) (4.2)
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Figure 4.12: The test fields used to estimate the average background number density and

are overplotted on the outermost two chips of each VLT/VIMOS pointings. These are: chip

number 3, pointing 1 (top left), chip number 4, pointing 1 (top right), chip number 1, pointing

2 (bottom left) and chip number 2, pointing 2 (bottom right). The fields (1-5) were chosen to

be on the edges far away from the galaxy centre. For the exact location of the chips see Figure

2.8. Note that for the correct positioning (e.g. as shown for the star counts in Figure 4.7) each

of the chips needs to be mirrored on the orthogonal axis (top left to bottom right) and rotated

about 72◦ clockwise. The number density within each test field and their mean and standard

deviation are given in Table 4.2.
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The resulting exponential scale heights are reported in each panel. Note that the errors

quotedwith the scale height are purely statistical as before. The difference between the

scale heights resulting from different background subtraction techniques lies within

∼ 1σ. Despite the large variation in the background number density on small scales,

it is therefore possible to estimate the scale height of this component accurately. Fur-

thermore, the non-background-subtracted profiles in column 2 show that the profiles

have fallen to a constant level beyond 4 kpc. If a halo component was detected at these

distances above the plane it would be noticeable in profiles. In the forthcoming anal-

ysis I use a constant background subtraction. With no gradient present, this provides

the most realistic estimate for the background value and error.

The number density of contaminants in the AGB box is derived using the same

test fields as described above for the constant background subtraction. The average

number density of contaminants is 1.36± 1.26 counts arcmin−2 and is subtracted from

the AGB count profiles in the forthcoming analysis.

4.2.3 Joint Diffuse Light and Star Count Profiles

The diffuse light and the RGB star count profiles are calibrated onto each other using

the same bootstrap method described in Section 3.2.4. Figures 4.15 - 4.18 show the

diffuse light (blue triangles) with the star counts (red squares) overlaid for the four

1.9 kpc wide vertical strips as before. In all cases, profiles above and below the mid-

plane are shown. Figure 4.19 shows the profiles above and below the mid-plane for

the broad vertical strip. The exact position of each vertical strip is reported in the top

of each panel. In the top panels the whole data range is shown while in the bottom

panels the diffuse light is cut off at z ≈ ±2.5 for clarity. Error-bars for the detections

with a significance smaller than 1σ are plotted in yellow.

In the top panels it can be seen that the overlap region between the star counts

and the diffuse light usually contains between 4 and 9 data-points which allows an

unambiguous calibration. Similar as for NGC 4244, I test the effect of a possible mis-

alignment by letting the calibration factor change about 10% which causes a clear mis-

alignment between the profiles. Evenwith thismisalignment, the parameters returned

by the fit change by less than 2.5% compared to the “properly” aligned profiles.

All the vertical profiles show an inflection point at z ∼ 2 kpc from the mid-plane.

The position of the inflection point changes for the different vertical bins by up to 0.3

kpc. A possible reason for this could be that the rotation angle of 108◦ used here is not
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Figure 4.13: RGB count profiles from pointing I (above the plane). The number density of the

contaminating background is estimated in 3 different ways. Left to right: average background

subtraction; no background subtraction (estimation of the local background); local background

subtraction; estimation of the background as a 3rd parameter in the profile fit. Values for the

background, nb, are reported in the bottom line on the top right of each panel along with the

resulting exponential scale height and the error from the single component fit (second line).

The position of the vertical strip as shown in Figure 4.9 is reported in the top line of each panel.
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Figure 4.14: Same as Figure 4.13 but for pointing II (below the plane).
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Figure 4.15: Vertical RGB star count profiles (red squares) calibrated onto the diffuse light (blue

triangles) for data points above the plane. The top panels show the whole data range for both

profiles while the bottom panels show the same profiles but with the diffuse light cut-off. The

position of the vertical strip is reported in the top line of the top panel. The exponential scale

heights resulting from a two-component fit shown as a solid line in to each profile is reported

in the bottom panel. The single component fit to all data points is shown as a dashed line. The

horizontal solid line indicates the brightness of the contaminating unresolved background

galaxies/foreground stars in the RGB box.
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Figure 4.16: Same as Figure 4.15 but for different vertical strips above the plane.
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Figure 4.17: Same as 4.15 but for data points below the plane.
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Figure 4.18: Same as 4.15 but for different vertical strips below the plane.
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Figure 4.19: Joint diffuse light and RGB star count profiles for a broad vertical strip below (left)

and above (right) the plane. The top panels show the whole data range while in the bottom

panels the diffuse light is cut off. The position of the vertical strip is indicated in the top panels

and the exponential scale height from the two-component fit, shown as a solid line, is reported

in the bottom panels. The single component fit is shown as a dashed line.
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Figure 4.20: Using the images from the Curtis-Schmidt telescope the vertical diffuse light pro-

files are plotted along the different vertical bins reported in the top line of each panel in kpc.

The image was rotated by −72◦. The top row shows the vertical profiles east to the minor axis

while the bottom panels show similar profiles to the west of the minor axis. The average peak

position lies −0.25 kpc as indicated by the dotted vertical line. This shows that the rotation

angle is not chosen correctly. Figure 4.21 shows the same profiles but with a position angle of

−76.02◦.

accurate and that the galaxy was not aligned properly with the horizontal. This or the

presence of a warp could affect the profiles in the sense that the distance of the inflec-

tion point from the mid-plane would depend on the radius at which it was measured.

Prior to the profile fitting I therefore test the accuracy of the position angle of 108◦

(from north through east) or −72◦ reported in the RC3 and check for a possible warp

in the V-band light of the galaxy. Using the images from the Curtis-Schmidt telescope

rotated by −72◦, the vertical diffuse light profiles are plotted for several different ver-

tical strips with a width of 0.69 kpc each and are presented in Figure 4.20. The position

of each vertical strip is reported in the top line of each panel. The top panels show the

vertical profiles to the east of the minor-axis and the bottom panels show the vertical

profiles to the west of the minor-axis accordingly. I calculate the position of the peak

for each profile by Gaussian curve fitting. The resulting position of each peak is re-

ported in the panels. The average peak positions is expected to be zero if the galaxy

is aligned properly. However, using a position angle of −72◦ the position of the peak
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Figure 4.21: Same as Figure 4.20 but the galaxy was rotated by −76.02◦. The dotted vertical

line shows the mean peak value which lies at 0.00 now. The profiles to the east show the

tendency to peak to the right while the profiles to the west from the centre show the tendency

to peak to the left. This shows that NGC 55s disks is slightly warped.

lies systematically below the plane, for example at Z = −0.25 kpc on average using

all but the outermost vertical profiles at -4.38 kpc < R < -3.69 kpc and 3.69 kpc < R

< 4.38 kpc where the profiles show no clear peak anymore. The galaxy is therefore

rotated further until the peak position is approximately zero on average. This is the

case when using a position angle of −76.02◦. Figure 4.21 shows the vertical profiles

similar to those in Figure 4.20 but derived after the galaxy was rotated by this “new”

position angle. It can be seen that position of the peak fluctuates around zero now.

Figure 4.22 illustrates how the offset of the peak position from the mid-plane changes

with radius. The solid horizontal line indicates the average peak position which lies

at 0.00. Note that the first and the last data point in this plot are uncertain because

the vertical profile has flattened of at theses radii and no clear peak can be seen any-

more. These data points are therefore not used to estimate the average peak position.

It can be seen in Figure 4.22 that the peaks to the east are located systematically above

the plane while the peaks to the west are located below the plane. This indicates the

presence of a small warp along the major axis of NGC 55 which can shift the profiles

up to ∼ 0.3 kpc relative to each other. The warp in the plane is a possible explanation

for why the position of the inflection point in the vertical profiles in Figures 4.15 - 4.19
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Strip First component Second component

hthin
z Σthin

0 hthick
z Σthick

0

RGB counts + diffuse light above the plane:

−2.6 < R < −0.7 166.1±7.1 21.29±0.04 523.1±18.5 23.44±0.15

−0.7 < R < 1.2 196.8±5.5 20.72±0.03 573.7±11.4 22.99±0.08

3.1 < R < 5.0 337.3±15.6 22.10±0.05 873.2±49.2 24.39±0.25

5.0 < R < 6.8 300.5±18.5 22.29±0.06 804.4±35.6 24.02±0.20

−3.3 < R < 6.9 294.5±9.8 21.78±0.04 859.0±25.1 24.59±0.11

RGB counts + diffuse light below the plane:

−3.3 < R < −1.4 363.1±99.1 22.18±0.04 1003.2±13.4 25.85±0.13

−1.4 < R < 0.5 286.6±31.9 21.05±0.03 691.5±7.9 23.90±0.36

2.7 < R < 4.6 313.8±36.5 22.07±0.04 874.9±12.8 24.65±0.26

4.6 < R < 6.5 311.1±55.0 21.9±0.04 850.0±12.2 24.86±0.24

−3.3 < R < 6.9 307.3±27.3 21.85±0.04 825.0±10.2 24.65±0.26

RGB counts + diffuse light, average above and below the plane:

−3.3 < R < 6.9 300.9±18.6 21.68±0.04 842.0±17.6 24.62±0.18

AGB counts, average above and below the plane:

−3.3 < R < 6.9 526.2±48.4

Table 4.3: Parameters from the two-component fits to the vertical RGB counts plus diffuse light

profiles above and below the mid-plane of NGC 55 and from the single component fit to the

AGB counts (last line). The columns are: 1) position of the vertical strip in kpc; 2) exponential

scale height of the first component in pc; 3) central surface brightness of the first component in

Vmag arcsec−2; 4) exponential scale height of the second component in pc; 5) central surface

brightness of the second component in Vmag arcsec−2. The errors are the statistical errors of

the fit.
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Figure 4.22: The position of the peak in the ver-

tical profiles shown in Figure 4.21 is plotted

vs. radius. The galaxy was rotated with the

“new” rotation angle of −76.02◦. The triangles

show data points east to the minor axis and di-

amonds indicate data points west to the minor

axis. The vertical solid line shows the average

offset which is zero. The single peaks cannot be

brought into alignment with the centre but are

off-centred up to about ±0.15 kpc in all cases.

varies by ∼ 0.3 kpc.

The whole range of data points below and above the plane are finally fitted with

a two-component and a single component sech2-function. The resulting exponential

scale heights for the two-component fits are reported in the second and third line of

each panel in the figures. The resulting exponential scale height and central surface

brightness of each profiles is also provided in Table 4.3. In addition to the values for

the fits to the data-points above and below the plane, the average exponential scale

height and central surface brightness above and below the mid-plane is provided for

the broad vertical strip.

The left and right panel of Figure 4.23 shows the change in scale height with

radius for the thin and thick disk respectively. Data points above the mid-plane are

marked with squares while data points below the mid-plane are marked with circles.

It can be seen that for both the thin and the thick disk there is tendency for data points

at larger radii to have larger scale heights although this is not strictly true for all data

points. Furthermore, this trend is very similar for the thick and thin disk. In fact, the

ratio between the thick and thin disk scale height stays rather constant at an average

value of 0.36 with a standard deviation of only 0.03.

The AGB profiles are computed similar to the RGB profiles. The number density

of AGB stars in the field is much lower than the number density of RGB stars. In

order to keep the Poisson error small I compute the vertical profiles over the whole

width of the VLT/VIMOS chips. The profiles are presented in Figure 4.24 for data

points below (left panels) and above the mid-plane (right panels). In the top panels,

the background-subtracted AGB count profiles are overlaid onto the diffuse light. The
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Figure 4.23: Change in scale height with radius for the thin disk (left panel) and thick disk

(right panel). Squares show data points above the mid-plane, circles show data point below

the mid-plane. The vertical dashed line marks the symmetry-axis of the galaxy with east being

left and west being right. It can be seen that both disks show a similar trend for most data

points at large radii to have larger scale heights.

position of the vertical strip is reported in the top of these panels. The V-band light

is dominated by the RGB stars and it can be seen in the figures that the AGB profiles

deviate from the diffuse V-band profiles. Therefore, the AGB profiles are not calibrated

onto the diffuse light. A single component fit is applied to the AGB count profiles only

as shown in the bottom panels. The resulting exponential scale heights are reported

in each panel and provided in Table 4.3. The RGB star count profiles are shown for

the same vertical strip and are fitted over the same z-range as the AGB profiles for

comparison. The profiles are shown in Figure 4.25. Similar to NGC 4244 it can be seen

that the scale height of the RGB population is larger than that of the AGB population.

4.3 The Radial Structure of the Thin and Thick

Disk

In this section the scale length for the thin disk is derived from the diffuse light profile

of the V-band image taken with the Curtis-Schmidt telescope. As for NGC 4244, the

inner disk is too crowded to carry out star count studies. In addition to the thin disk

scale length, I derive the thick disk scale length from the radial RGB count profiles.

The diffuse light is highly affected by the sky background at these distances from the

plane while the stellar density has decreased enough so that blending of neighbouring
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Figure 4.24: Top: Brightness profiles for a large vertical bin below (left) and above (right) the

mid-plane of NGC 55 for the AGB counts plus diffuse V-band light. It can be seen that the V-

band light does not follow the light from the AGB stars and the profiles are in poor agreement.

The bottom panels therefore show the AGB star count profiles only and a single-component fit

is applied as shown by the dashed line. The position of the vertical strip is indicated in the top

panels while the exponential scale height from the one-component fit is reported in the bottom

panels. The solid line indicates the number density of the contaminants in the AGB box which

has been subtracted from the profiles.
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Figure 4.25: Same as Figure 4.24 but for the RGB star count profiles. The star count profiles are

fitted over the same z-range as the AGB star count profiles for comparison. The position of the

vertical strip is the same as before and reported in the first line in each panel, the exponential

scale heights from the single component fit are reported in the second line.

objects is not an issue anymore.

The radial diffuse light profile of the thin disk within ±2 kpc from the mid-plane

of NGC 55 is shown in Figure 4.26. I bin the data into bins with a size of 0.7′ (0.4 kpc

at the distance of NGC 55) and 1.15′ (0.6 kpc) and take the average value within each

of these bins. Data points to the east of the minor axis are plotted as triangles while

data points to the west are plotted as circles. All data points with 4 kpc < R < 8 kpc

are fitted with equation 3.39 which describes the radial surface brightness profile for

edge-on galaxies. Below 4 kpc there are large asymmetries between the profile to the

east and to the west of the minor axis. This is most likely due to the presence of a bar

and these regions are therefore not included in the fit. Beyond 9 kpc the profiles show

an increase in brightness, possibly hinting the presence of an anti-truncation2 of the

disk. The resulting exponential scale length is hR = (1.5± 0.1) kpc.

The radial profile of the thick disk is shown in Figure 4.27. It is derived from the

RGB counts at distances between 2 kpc and 5 kpc above and below the mid-plane.

The RGB counts are binned up along the radial strip using a decreasing binsize of

2Since van der Kruit (1979) and van der Kruit (1987) it has been known that the outer parts of galaxy

disks show a varied behaviour. In most galaxies the disk truncates at a certain radius. Beyond this break

the profile can be downward-bending (truncation) or upward-bending (anti-truncation).
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Figure 4.26: Radial diffuse light profile within ±2 kpc from the mid-plane of NGC 55. The

profile is derived from the Curtis-Schmidt V-band image. Triangles show the data points to

the east of the minor-axis while circles show the data points to the west of the minor-axis. The

fit indicated by the solid line was applied to all data points with 4 kpc < R < 8 kpc. The

resulting exponential scale length is (1.5± 0.1) kpc.
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Figure 4.27: Radial RGB star count profile of the thick disk component derived from sources

with distances of ±2 kpc to ±5 kpc from the mid-plane. Triangles show the data points to the

east of the minor axis and circles show the data points to the west of the minor axis. All data

points within 3 kpc < R < 5 kpc are fit with function 3.39 as indicated by the solid line and the

resulting exponential scale length is (1.8± 0.1) kpc.

0.72′ (0.4 kpc at the distance of NGC 55), 0.54′ (0.3 kpc), and 0.36′ (0.2 kpc) from the

centre outwards. Data points above and below the mid-plane are averaged. Similar

to the diffuse light, data points east and west to the minor axis are plotted as triangles

and circles respectively. A fit using equation 3.39 is applied to all data points with 3

kpc < R < 5 kpc and shown as a solid line. Because of the limited field-of-view of the

VLT/VIMOS images the profiles cannot be traced further out than 5 kpc and within

3 kpc the profile east to the minor axis starts deviating from the profile west to the

minor axis. Again, this is most likely due to the presence of a bar in the central region.

The resulting exponential scale length of the thick disk is hthick
R = (1.8± 0.1) kpc which

is somewhat larger than the scale length of the thin disk.

4.4 The Two-Dimensional Fitting

In this section I describe the two-dimensional fitting carried out on the images from

the Curtis-Schmidt telescope. The fit is applied to the galaxy light distribution using
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the GALFIT software package v.3 (Peng et al., 2002). The software allows the user to

fit and decompose objects with one or more analytic functions. It uses a Levenberg-

Marquardt algorithm in the style of Numerical Recipes (Press et al., 1992). The user

provides certain starting parameters which are used for the estimation of the initial

χ2. In the 2-dimensional case the definition of χ2 is

χ2 =
nx

∑
x=1

ny

∑
y=1

(fluxx,y −modelx,y)2

σ2
x,y

. (4.3)

GALFIT creates a sigma-image which is a map that gives the Poisson uncertainty of

the flux in every pixel and weighs the image with this sigma-map in order to get a

normalised chi-square. The program then explores the gradient of the χ2 function

in a downhill direction and adjusts the free parameters accordingly. The algorithm

stops if a change in the parameters causes only a negligible change in the χ2-value

(≪ 1). The error-bars for each parameter are derived from the Hessian-Matrix, the

square matrix of second-order partial derivatives of the residuals (chi-squares). There

is no guarantee that the algorithm does not converge to a local minimum instead of

a global minimum. As a check it is therefore important to try different reasonable

starting values and see if the program still comes up with the same solution. The

program produces an image of the residual χ2s which can be inspected visually and

gives a good indication of the quality of the fit.

The functions that can be fit by GALFIT in the latest version (v.3) are: a Nuker law,

an edge-on disk function, a Sérsic profile, an exponential, a modified Ferrer profile, a

deVaucouleurs profile, a Gaussian profile, an empirical King profile, aMoffat function,

and finally a pure (stellar) PSF. In addition, the user can choose to fit the background

sky with a flat plane that can tilt in x and y. The profiles are all expressed as axis-

symmetric, generalised ellipses. The radial distance r of a pixel with the coordinates

(x,y) from an object at (xc,yc) therefore is

r = (|x− xc|c+2 + |y− yc
q

|c+2)
1

c+2 (4.4)

where q is the axis ratio and c a parameter that indicates to which degree the galaxy

can be described as “boxy” or “disky”. In addition to that, the major axis of the ellipse

can have a position angle different than 0. Version v.3 also uses a coordinate rotation

technique to rotate the isophotes as a function of radius in order to deal with isophotal

twists. The radial profile is hereby still fit with a simple ellipse and the rotation tech-

nique accounts for a complicated azimuthal shape. The fitted ellipse is therefore not

necessarily axis-symmetric anymore but still provides the basic parameters like scale
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Figure 4.28: Unmasked V-band image from the Curtis-Schmidt telescope used for the two-

dimensional fitting (top left). North would be up and east would be left if the image was

rotated by about 14◦ counterclockwise. The top right panel shows the mask used to produce

the model and residual image in the central right and bottom right panel respectively. For the

left panels, the same mask is used except that the very central region is not masked out there.

The central panels show the model image and the bottom panels show the residual image that

result from fitting a two-disk function.
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x0 [pixel] y0 [pixel] Σ0 [Vmag arcsec−2] hs [kpc] rs [kpc]

1 736.12±0.04 811.68±0.01 20.27±0.00 0.57±0.00042 1.27±0.00085

2 463.92±0.06 807.02±0.06 21.87±0.00 0.91±0.0019 1.75±0.0044

Table 4.4: Parameters from fitting two edge-on disk functions with a constant sky value of

1414.6 ADU and no gradient in the background. The rows labelled 1 and 2 show results for

the inner (1) and outer (2) component. Errors from the covariance matrix are reported. The

columns are: 1) central x-coordinate; 2) central y-coordinate; 3) the central surface brightness;

4) the exponential disk scale height; 5) the disk scale length.

length, scale height and central surface brightness.

While the VLT images provide the resolution necessary to study single star counts

out to the faintest regions at large distances from the mid-plane, the field-of-view re-

stricts those structural studies to radii / 5 scale lengths to the west and / 2.5 scale

lengths to the east of the minor axis. The Curtis-Schmidt image has a large field of

view that covers the whole galaxy and with two-dimensional fitting it will be pos-

sible to make use of these regions at large radii to get a “global” scale height, scale

length and central surface brightness for the whole galaxy. The advantage of the two-

dimensional fitting as opposed to fitting the vertical profile in a one-dimensional way,

is the improved signal-to-noise ratio.

To fit NGC 55 I use a mask that covers up the bright foreground sources. I use two

edge-on disk functions provided by GALFIT. Each of their surface brightness profiles

Σ(r, h) is described by

Σ(r, z) = Σ0

(

r

hr

)

K1

(

r

hr

)

sech2
(

z

zh

)

(4.5)

where Σ0 is the central surface brightness, hr the scale-length, zh the sech
2-scale height,

K1 the modified Bessel-function. Note that in the following the sech2-scale height is

always converted into the exponential scale height hz = 0.5 zh. The fit therefore has

2 × 6 free parameters, x0, y0, P.A (position angle), Σ0, hr and hz for each of the edge-

on disk functions. The sky value is well determined as described in Section 4.2.1 and

is held constant at a value of 1414.6 ADU with no gradient. The P.A. of the galaxy

was previously estimated and the galaxy was aligned with the horizontal (see sec-

tion 4.2.3). Therefore, the P.A. is held constant as well. This reduced the number of

free parameters to 2× 4. Furthermore, the profiles are best fitted with perfect ellipses

(boxiness/diskiness parameter c=0) and no isophotal twists are needed for the algo-

rithm to converge. The resulting model and the residual image are shown in Figure
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4.28 for a fitting run with and without masking of the central regions in the right and

left panel respectively. The cuts for the image and model display are chosen to be the

same (1200 - 2500 ADU) but I use lower cuts and a higher contrast for the residual

images (0 - 300 ADU). Masking out the central region of the image does not produce

considerable improvements on the residuals. Therefore, I do not mask out the centre

in the following. Tests using more components (for example an additional Sérsic pro-

file) or a single edge-on disk profile show that this leads to images with much larger

residuals.

The final parameters from fitting two edge-on disks are listed in Table 4.4. The

best fit is provided by using two components, a thinner one with an exponential scale

height of 0.57 kpc and a thicker one with an exponential scale height of 0.91 kpc. Note

that the errors quoted in Table 4.4 are strikingly small. These errors are the statistical

errors from the fit and should not be interpreted as the real uncertainty in the model

parameters. The central coordinates reported in Table 4.4 show that the centre of the

thicker component in the fit is offset in x-direction by almost 6 kpc from the centre

of the thinner component. A possible reason for that is the central bar and resulting

asymmetry in NGC 55. Keeping the central coordinates fixed at a pixel position of

x0=736.12 pixels and y0=811.68 pixels, which corresponds to the central coordinates

for NGC 55, as reported in the literature, leads to large residuals. This can be seen in

Figure 4.29 where the model (left panel) and residual image (right panel) from this fit

is shown.

The only two-dimensional model in GALFIT that returns a fit with small χ2-

residuals is a two edge-on disk model. A one-component fit fails to fit the galaxy.

However, the second disk component in the two-disk fit is off-centred by almost 6

kpc. Although this is the best fitting-solution, a physical interpretation of this result is

not possible.

Least-square techniques as the one used in GALFIT are not robust, i.e. they are not

resistant to outliers and the estimated parameters can be unduly affected by these.

Beside the generic components a real galaxy shows many irregular features and sub-

structure which can have a large impact on the fitting and lead to bizzare results. Even

though GALFIT is designed to fit galaxy substructures and irregularities by using sev-

eral fitting models simultaneously, in the case of NGC 55 it is not possible to find a

robust solution. From the two-component fit to the Curtis-Schmidt images the pres-

ence of a second component beyond the thin disk can therefore not be confirmed nor

eliminated.
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Figure 4.29: Model galaxy (left panel) produced by fitting two edge-on functions to the Curtis-

Schmidt telescope V-band image using GALFIT. The central coordinates are hold fixed at x0 =

736.12 pixels and y0 = 811.68 pixels. The residual image in the right panel shows the quality of

the fit. For both images north would be up and east would be left if the images were rotated

counterclockwise by about 14◦. A large residual is left to the east of the centre. Fitting an

additional Sérsic profile does not result in a realistic model.

4.5 The Metallicity of the Extra-planar Regions

In this section I probe the metallicities of the RGB stars above and below the plane

of NGC 55. In order to detect a possible vertical metallicity gradient I determine the

MDF of RGB stars within each of the horizontal strips indicated by the red lines in

Figure 4.7. The width of the horizontal strips increases with increasing distance from

the plane in order to keep the Poisson noise at bay in the outer, sparsely populated

regions. The horizontal strip closest to the mid-plane starts at z = 1.3 kpc and the strip

furthest away from the mid-plane extends up to z = 7.3 kpc from the mid-plane. I use

isochrones with ages of 8 Gyr, 10 Gyr and 12.7 Gyr. However, as explained in Section

3.25 the RGB is much more sensitive to metallicity than it is to age and the results and

conclusions from this section are not dependent on the particular set of isochrones

used. Therefore I will only present results from the 10 Gyr isochrones.

To derive the MDFs I first overlay a fine grid of isochrones of different metallicities

taken from Marigo et al. (2008) onto the CMD of point-sources and assign to each ob-

ject at (V− I), I the metallicity of the isochrone with (V− I), I values that lie closest to

that of the object. The RGB sequence of the 10 Gyr isochrones with metallicities rang-

ing from [Fe/H] = −2.3 dex to−0.2 dex in 0.3 dex steps is overplotted onto a CMD of

all point-sources in Figure 4.5. The error in the colours for stars fainter than I0 = 24.0

mag make it impossible to assign accurate metallicities to these stars, especially for the

metal poor regions where the isochrones are more finely gridded. I derive the MDFs
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Figure 4.30: Left: CMD of all point-sources detected with VLT/VIMOS. The 10 Gyr old

isochrones are taken fromMarigo et al. (2008) and are used to assign metallicities to the stellar

sources above and below the plane. The metallicities range from [Fe/H] = −2.3 dex to −0.2

dex in steps of 0.3 dex. Right: CMD of all point-sources plotted in the V,V− I-plane.
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for the RGB stars with 2 different magnitude cuts, a faint one at I0 < 24.0 mag and

V0 < 25.8 mag, and a brighter one at I0 < 23.0 mag and V0 < 24.8 mag. The brighter

magnitude cuts in particular limit the influence of the unresolved background. In the

following I call the first the fainter population and the latter the brighter population.

Figure 4.31 shows the MDFs at different distances from the mid-plane for data

points combined above and below the plane. The position of the horizontal strip is re-

ported in the top of each panel. The MDF of the fainter stars is plotted as a solid line,

while the MDF of the brighter stars is shown as a dashed line. The average metal-

licity and the one sigma dispersion δ[Fe/H] are reported in each panel for both the

fainter population (second line) and the brighter stars (third line). The total number of

sources in the horizontal bin is reported on the top right in each panel. In the top left

panel, the typical uncertainty introduced by the uncertainty in the colour and magni-

tude is plotted as a solid line for the fainter population and as a dashed line for the

brighter population. Similar to NGC 4244, this uncertainty was derived by generating

a set of Monte Carlo simulations by randomly varying the colour and magnitude of

each star within its photometric uncertainty given in the DAOPHOT-II output. The one-

sigma dispersion in the metallicities derived from 100 randomCMDs is assumed to be

the metallicity uncertainty for each star. The metallicity is binned up and the average

uncertainty for each metallicity bin within a distance of 1.3 < Z < 2.0 kpc from the

plane for the fainter population and the brighter population is shown respectively in

the left and right panel of Figure 4.32. As for NGC 4244 the uncertainty in the metal-

licity increases with decreasing metallicity. This is the result of the finer spacing of the

isochrones towards lower metallicities. At [Fe/H] = − 1.7 dex the typical error is 0.7

dex while at [Fe/H] =− 1.1 dex the typical error is 0.4 dex for the fainter population.

For the brighter population the typical error at [Fe/H] = − 1.7 dex is 0.5 dex while at

[Fe/H] = − 1.1 dex it is 0.2 dex. Note, that even though the behaviour of the error

for stars within a distance of 1.3 < Z < 2.0 kpc from the plane are presented here the

behaviour does not change with distance from the plane and is representative for all

MDFs shown in Figure 4.31.

In order to estimate the influence of the uncertainty in the metallicity on the av-

erage metallicity estimated from the MDFs I generate 100 random realisations of the

MDF of stars within a distance of 1.3 < Z < 2.0 kpc from the plane for the fainter and

the brighter population and calculate the average metallicity resulting from each of

the 100 MDFs. The mean of the 100 average metallicities and its standard deviation

can then be used to check for any bias that might be introduced through the correla-
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tion between uncertainty and metallicity shown in Figure 4.32. However, similar to

NGC 4244, the estimated standard deviation is very small for both, the fainter and the

brighter population (lower than 0.002 dex). This estimate does not change notably for

stars further away from the plane.

The studies of the vertical structure in Section 4.2 show, that the stellar density

drops below the density of unresolved background galaxies at a distance of ∼4.5 - 5.5

kpc from the mid-plane. The bottom right panel in Figure 4.31 shows the MDF for ob-

jects with a distance Z > 5.3 kpc from the mid-plane which is therefore dominated by

unresolved background galaxies. The MDFs at smaller distances from the plane (top

left and right panel and bottom left panel) all have a signal-to-noise ratio larger than

5 and no further corrections to account for the background galaxies is applied. The

distribution of the metallicity for stars with Z < 5.3 kpc looks very similar no matter

what brightness cut is applied (I0 < 24.0 mag and V0 < 25.8 mag, or I0 < 23.0 mag

and V0 < 24.8 mag). This gets clear when comparing the solid and dashed line in each

panel except for the bottom left panel which is dominated by contaminants. In the fol-

lowing I therefore use the results derived from the brighter population with I0 = 23.0

mag and V0 = 24.8 mag which are less affected by photometric errors or background

contamination.

The average metallicity at different heights from the plane for a 10 Gyr old popu-

lation is shown in Figure 4.33. The error-bars represent the typical uncertainty in the

metallicity at [Fe/H] = −1.7 dex (dashed error-bars) and [Fe/H] = −1.1 dex (solid

error-bars) derived from the Monte Carlo simulations as described above. Within the

error-bars the metallicity stays constant with distance from the plane. The average

metallicity at a distance of 1.3 kpc < Z < 5.3 kpc from the plane is [Fe/H] = −1.2 dex

with a 1σ spread of 0.007 dex between the metallicities at different distances from the

plane. The non-systematic error of the average metallicity is finally assumed to be not

larger than the uncertainty of ∼ 0.2 dex in the metallicity at [Fe/H] = − 1.2 dex.

The metallicity studies in this section show that the average metallicity of the RGB

stars between 1.3 kpc and 5.3 kpc above and below the plane is [Fe/H] = − 1.2± 0.2

dex. Taking into account the uncertainties I find no metallicity gradient greater than

∼ 0.2 dex. The one sigma dispersion of the mean metallicity is very constant at all

distances from the plane and has a value of δ[Fe/H] ≈ 0.7 dex. Note that the MDFs

are presented for data points above and below the plane simultaneously. I study the

metallicity distribution for RGB stars above and below separately but no significant

differences are found.
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Figure 4.31: MDFs for a 10 Gyr old population at different distances above and below the mid-

plane. The distance from the mid-plane is reported in the top line of each panel along with

the average metallicity and one sigma dispersion derived from the MDF of the fainter RGB

population (second line) and the brighter RGB population (third line). The first is represented

by a solid line and the second by a dashed line in the figure. The typical error at [Fe/H] = −1.7

dex and [Fe/H] = −1.1 dex is plotted on the top of the graph in the first panel and is derived

from the uncertainty in the colour. The number on the top right reports the total number of

stars in the given horizontal bin for stars above the fainter (top line) and the brighter (bottom

line) magnitude limit.
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Figure 4.32: The uncertainty in the metallicity, < œ[Fe/H] >, as derivedwith the use of Monte

Carlo simulations is plotted over the metallicity, [Fe/H] for the fainter (left panel) and the

brighter population (right panel). The uncertainty in the metallicity decreases with increasing

metallicity as a result of the finer spacing of the isochrones towards lower metallicities. While

at low metallicities the uncertainties for both populations are high, the uncertainties for the

brighter population are lower than the uncertainties for the fainter population at the high

metallicity end.

Figure 4.33: The average metallicity of stars at different distances above and below the plane

for a population with an age of 10 Gyr. A brightness cut of I0 < 23 mag was used to avoid stars

with large photometric errors and the most contaminated and incomplete regions of the CMD.

Error-bars are estimated from the uncertainty in the colour at [Fe/H] = −1.7 dex (dashed

error-bars) and [Fe/H] = −1.0 dex (solid error-bars). Note that beyond ∼4.5 - 5.5 kpc the

background dominates.
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4.6 Summary for NGC 55

In the following section the results of this chapter are summarised and discussed in

the context of previous results for NGC 55 from the literature. A key result is the detec-

tion of a second disk component beyondNGC 55’s thin disk. The average exponential

scale height and central surface brightness of the thin disk derived from the vertical

diffuse light plus RGB star count profiles for a broad vertical strip is (300.9± 18.6) pc

and (21.68± 0.04) mag arcsec−2 respectively. The exponential thick disk scale height

and central surface brightness is (842.0± 17.6) pc and (24.62± 0.18) mag arcsec−2 re-

spectively. The scale height shows a large variation with radius, for example about

200 pc for the thin disk and almost 500 pc for the thick disk. No systematic difference

between the scale height above and below the plane is seen. However, there is tenden-

tial evidence for flaring in both the thin and the thick disk. Furthermore, the variation

in scale height with radius is very similar for the thick and the thin disk and the ratio

between the thick and thin disk scale height at different radii is rather constant.

Similar to NGC 4244 the V-band light is dominated by the RGB population. The

AGB profiles are steeper than the RGB profiles and deviate away from the V-band

light, in particular at faint surface brightnesses. As a consequence, the AGB star count

profiles are fitted separately with a single component fit. The average exponential

scale height is (526.2± 48.4) pc. This is significantly smaller than the scale height of

the RGB population at similar distances from the mid-plane.

The exponential scale length for the thin and thick disk has been derived from the

radial diffuse light profiles and the RGB count profiles respectively. They are hthin
R =

(1.5± 0.1) kpc and hthick
R = (1.8± 0.1) kpc.

The average metallicity at Z > 1.3 kpc from the mid-plane in NGC 55 is [Fe/H]

= −1.2± 0.2 dex with a one sigma dispersion of δ[Fe/H] = 0.7 dex. The one sigma

dispersion is constant with scale height and no metallicity gradient larger than ∼ 0.25

dex with distance from the mid-plane is detected.

Two-dimensional fitting of two edge-on disks results in an exponential scale height

of 570 pc and 910 pc for the two disks respectively. The exponential scale length

of these disks are 1.27 kpc and 1.75 kpc respectively. The results from the two-

dimensional fitting cannot be compared directly to the one-dimensional fit because

the central coordinates of the disks differ by almost 6 kpc and a physical interpreta-

tion of this result is not possible.

The results from this thesis chapter are compared to Seth et al. (2005b) who use
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two HST/ACS fields that are located on NGC 55’s major axis, one field that is placed

directly on the centre of NGC 55 and one “disk” field that lies about 3 kpc to the east of

the minor-axis. They find an exponential scale height of (701± 3) pc for the RGB pop-

ulation in the central field and (999± 6) pc for the “disk” field. Note that their scale

heights are measured from the star counts within ∼ −1.4 kpc < Z < 1.3 kpc from the

mid-plane for the central field and within ∼ −1.7 kpc < Z < 1.3 kpc for the disk field,

while the thick disk component I find in this thesis dominates at distances larger than

Z = 2 kpc from the mid-plane. Taking into account the different fitting ranges and fit-

ting methods, their results are in good agreement with the average exponential thick

disk scale height of (842. ± 17.6) pc I find. The difference in scale height with radius

found by Seth et al. (2005b) is also in agreement with the large variation of the scale

height between the different narrow vertical strips found in this thesis.

For the AGB profiles Seth et al. (2005b) find (644± 10) pc for the central field and

(741± 15) pc for the disk field. This is slightly larger than the (526.2± 48.4) pc I find

for the AGB profiles beyond a scale height of 1.3 kpc from the mid-plane. Again, the

discrepancy is not surprising given that the profiles probe the scale height at different

distances from the mid-plane and at different radial positions, and given the different

fitting methods.

The exponential thin disk scale length for NGC 55 derived in this thesis lies in-

between the scale length of 1.9 kpc reported by Puche et al. (1991) and the 1.0 kpc

found by Seth et al. (2005a)3. A possible reason for the large spread in values might be

the asymmetric structure of NGC 55.

Furthermore, Seth et al. (2005b) find an average metallicity of [Fe/H] = −1.0 dex

and−1.1 dex for the central and the disk field respectively. Their quoted uncertainty at

[Fe/H] = −2.3 dex is as high as 0.5 - 0.8 dex while it is smaller for higher metallicities

(0.2 dex at [Fe/H] = −0.4 dex). The authors detect no gradient with distance from the

mid-plane. Within the uncertainties the average metallicity compares very well with

the [Fe/H] = −1.2± 0.2 dex I find in this thesis. Similar to Seth et al. (2005b), I do

not detect a vertical gradient in the metallicity. The values are also in agreement with

estimates by Davidge (2005) who finds that the metallicity between 1.2 kpc and 2.4

kpc from the mid-plane lies between −1.1 and −0.6 dex. However, with a metallicity

of [Fe/H] = −1.54 dex (no quoted error) the value found by Mouhcine et al. (2005c)

is much lower than my estimates. As mentioned before the field studied by Mouhcine

et al. (2005c) might be contaminated. In Mouhcine (2006) the authors state that their

3All values were recalculated using the same distance modulus for NGC 55 as in this thesis.
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data is best fit by two populations, a metal rich component with [Fe/H] = −1.06 dex

which makes up ∼ 75% of the stellar content in the field, and a metal poor population

with [Fe/H] = −1.78 dex. Within the uncertainties the metallicity of the dominant

component is in good agreement with the value found in this thesis.
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CHAPTER 5

NGC 55 and NGC 4244 in the

Context of Simulations, the

Literature and Thick Disk

Formation Scenarios

In this chapter, the results for NGC 4244 and NGC 55 are compared directly with

two simulated low-mass galaxies with different assembly histories provided by Chris

Brook and Elisa House from UCLan in Preston. Furthermore, the results are put into

context with the up-to-date literature of thick disk properties in simulated and ob-

served galaxies of all masses. The most popular thick disk formation scenarios are

discussed in the context of the findings from literature and this thesis. The chapter is

structured as follows: First, I describe details about the simulations of two low-mass

galaxies carried out by the UCLan Group. After comparing their results with the re-

sults from the observed galaxies, NGC 4244 and NGC 55, I discuss the nature of the

second components found in the simulated and observed galaxies. After a compari-

son of the MW’s faint outer components with the thick disks in NGC 4244 and NGC

55, I present a complete study of the literature of thick disks up to date and point out

trends of the thick disk properties with galaxy mass. Finally, I discuss the various
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thick disk formation scenarios in the context of my results.

5.1 Comparisons of NGC 55 and NGC 4244 to Sim-

ulated Galaxies

The simulations of the two dwarf galaxies described in this section are exclusively

carried out by Chris Brook from UCLan. Any figures in this section that show the

results for the simulated dwarf galaxies, i.e. the spatial distribution of stars, their

rotation velocities, the vertical brightness profiles and the metallicity with distance

from the plane, as well as the values for the average rotational velocities, scale heights

and metallicities are kindly provided by Elisa House from UCLan.

5.1.1 The Two Simulated Dwarf-Galaxies

The two dwarf-galaxies are simulated by Chris Brook fromUCLan using the GASOLINE

code. Details of the simulation can be found in Governato et al. (2009) and a summary

is given below.

The N-body+SPH Code: GASOLINE

A successful simulation of the formation of a disk galaxy requires modelling of both,

the non-dissipative (collisionless) components, like Dark Matter (DM) and stars, and

the dissipative gas component. The GASOLINE code is a fully parallelised N-body +

smoothed particle hydrodynamics (SPH) code which implements both components.

A detailed description of the GASOLINE code can be found in Wadsley et al. (2004)

and an overview of the specific implementation used for the low-mass galaxies here

is given in Governato et al. (2009). The following section shall provide the reader

with a basic summary. Table 5.1 provides the numerical parameter values used for the

simulation.

Gravity is the key driving force in the collisionless component. In GASOLINE the

collisionless DM continuum is modelled with a discrete representation. However,

particle-particle interactions (e.g. two-body heating) take place as a purely numerical

effect and increase the kinetic or thermal energy. The problem is tackled by decreasing

the gravity of a particle at small distances.

The SPH code models the flow of fluids which represents the gas dynamics (Gin-
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gold &Monaghan, 1977; Monaghan & Gingold, 1983; Hernquist & Katz, 1989; Evrard,

1988). This method differs from grid-based, “particle-in-cell” methods (e.g. Harlow,

1964) in which a system of particles is converted into a fixed grid of density values for

each of which the gravitational potential is solved for. In fixed grid methods the grav-

itational potential each particle feels only depends on the position of the cell it is in

and the resolution corresponds to the size of these cells. However, in SPH, co-moving

coordinates and derivatives are used to follow the evolution of a fluid “particle” over

time and space. SPH methods do not refer to fixed grids and require a deforming

mesh or no mesh at all. A “particle” in SPH is not a particle in a physical sense but

a discrete element within the fluid. It is assumed that the properties of each particle

are effective over a certain distance called smoothing length and that the effective-

ness decreases with distance from the particle. The resolution then corresponds to the

smoothing length.

The discrete representation of the fluid in SPH leads to artifacts which is accounted

for by introducing an artificial viscosity term (Hernquist & Katz, 1989; Monaghan,

1992). This can lead to damping of the angular momentum and other unwanted nu-

merical effects which do not occur in grid-based methods. However, the SPH method

has several advantages. The particle-based nature makes it ideal to combine with the

discrete representation of the collisionless component described above. Furthermore,

even with a small amount of particles, the global behaviour of the solution can be

reproduced in SPH. However, for an accurate solution a large number of particles is

needed and fixed grid methods and SPH methods require similar computing power

(e.g. Steinmetz & Mueller, 1993). A striking advantage of SPH lies in the possibility

to assign a different smoothing length for each particle and let it vary over time. That

way it is possible to get a higher resolution in the regions of interest while saving

computing time by increasing the smoothing length in regions that are either not of

interest or do not require a high resolution for other reasons. In particular, a high res-

olution might be desirable in very dense regions where the distance between particles

is small. For sparse regions a low resolution can already provide a satisfying descrip-

tion. Therefore, optimal use of the computing time can be made with SPH, while with

fixed grid methods large voids might be sampled unnecessarily.

Renormalisation

The formation of a single galaxy is modelled by following the development of struc-

ture in a volume of several tens of Mpc. This is much larger than the volume filled in
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by the galaxy itself. As described in the hierarchical model of galaxy formation (see

Section 1.2) the large scale tidal field induces angular momentum in the primordial

DM halos and galaxies build up subsequently through merging of these subunits. It

is therefore important to model the enviroment realistically on a large scale.

Computer power and the efficiency of the algrorithms is limited. Modelling a

larger volume and therefore higher mass will lead to a poorer resolution which makes

it impossible to allow studies on a sub-kpc scale. Insufficient resolution can also pro-

duce disks with sizes and angular momentummuch smaller than that observed in real

galaxies. It is therefore crucial to meet certain resolution requirements when studying

simulations of galaxy sized objects.

To optimise the use of computing power a technique called volume renormalisa-

tion is used (Katz & White, 1993). The idea is to run a fully cosmological DM simula-

tion for a large volume and then to resample smaller regions of interest, for example,

a volume that includes the virial radius of the galaxy being studied. This technique

allows the use of the N-body+SPH technique described above in a fully cosmological

context. The parameters for the adopted flat ΛCDM cosmology (see Section 1.1) are

reported in Table 5.1.

Star Formation, Supernova Feedback and the Clumpy Interstellar Medium

In simulations up to date it is impossible to resolve any processes that are taking place

below parsec scales. In particular the physics of the multiple phases of the interstel-

lar medium (ISM) and the process of star formation (SF) cannot be followed directly.

However, with the resolution of 86 pc used here it is possible to resolve the cold neutral

medium (CNM). The unresolved phases of the ISM, e.g. the warm ionised medium

or the warm neutral medium, as well as processes that occur below the smallest scale

resolved have to be accounted for in a fully phenomenological way.

The resolved CNM acts as a proxy for the amount of molecular gas (Stinson et al.,

2006; Robertson & Kravtsov, 2008) and is therefore closely related to the star forma-

tion rate (SFR). Schmidt (1959) found that the SFR is proportional to the underlying

gas density to the power of n. In this simulation, the formation and destruction of

molecular hydrogen (approximated by the amount of CNM) as a function of density

is modelled directly assuming an exponent of n=1.5. Further, the star formation is

only switched on above a certain threshold density of ρthreshold = 100 atoms cm−3 in

the CNM. The assumed values for the exponent n and the density threshold are typical

for observed star forming regions.
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In this implementation of GASOLINE, radiative cooling at high temperatures is de-

scribed by a standard cooling function and for low temperatures the code takes into

account the effects of metal cooling. Radiative cooling can be modelled down to a

certain critical density but at temperatures below T ∼ 104 K internal photoionisation

halts the cooling and the complex cooling processes that take place are described in a

phenomenological way.

Radiative heating takes place on the one hand due to the radiation background

produced by stars or through cosmic ray and x-ray heating, and on the other hand

through energy injection from supernovae (SNe) explosions or accreting massive black

holes into the gas surrounding each star particle. The GASOLINE code accounts for a

uniform background radiation field as well as for SN explosions. The rate at which

the energy from a SN is released is tied to the lifetime of each particle (Stinson et al.,

2006). While for the resolved cold gas component the energy injection is modelled

directly, in the unresolvedwarm and hot gas component the SN feedback is accounted

for by switching off the cooling in order to prevent the thermal energy from being

radiated away too quickly. The time scale for this is estimated by solving the blastwave

equation for the local density and temperature of the gas and the amount of energy

involved. Values for the SF efficiency (ǫSF) and the fraction of SN energy coupled

to the ISM (ΣSN) were tested in a previous study by the same group using isolated

galaxy models (Governato et al., 2007) and are reported in Table 5.1.

It is particularly important to account for the effect of SNe not only because it

regulates the SF but also because the winds the SNe produce can redistribute the mass

in galaxies. The effect of the SN feedback can be simulated realistically if the CNM

is resolved and if the SF is tied to the dense regions of the ISM. An unresolved ISM

or a low SF threshold leads to star formation in the diffuse regions. The energy from

SN feedback in these regions is distributed more evenly and does not lead to realistic

outflows of gas.

Modelling Bulgeless Low-mass Galaxies with Flat DM Distributions

In the past, models based on the CDM scenario were not able to successfully describe

the properties of low-mass galaxies. In particular it is difficult to model the central

regions of these galaxies. Observations have shown that the core is nearly of constant

density (e.g. de Blok et al., 2008, “THINGS”) but simulations have inevitably produced

dense stellar bulges and steep central DM profiles (e.g. Governato et al., 2007; Abadi

et al., 2003a; Moore et al., 1999b).
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In this simulation here it was possible, for the first time, to produce low-mass

galaxies without dense cores. Only realistic models of the clumpy multi-phase ISM

and the introduction of a high SF threshold, as described in the previous paragraph,

produce efficient gas outflows due to SN winds. These SN explosions remove low-

angular momentum material from the galaxy that would otherwise lead to the for-

mation of a stellar bulge. At the same time only a clumpy ISM can transfer angular

momentum to the centrally concentrated DM due to dynamical friction. The decrease

of total mass in the centre lets the DM core expand subsequently which removes the

cuspy shape of the DM profile. Simulating dwarf galaxies that way reproduces realis-

tic properties in low-mass galaxies.

Producing Mock Images and Testing the Simulations

The observable properties of galaxies are finally mimicked which makes it possible

to compare the photometric and kinematic properties of the simulated galaxies to real

observations. The artificial optical images and spectral energy distributions (SEDs) are

produced using the Monte Carlo code SUNRISE (Jonsson, 2006). The code calculates

the radiation transfer through astronomical dust and produces mock observations for

wave-bands similar to those of SDSS. Finally, extensive tests have been carried out

by running the simulation for galaxies with different merging histories at different

numerical resolutions and SF implementations. An analysis of these galaxies showed

that the results presented here are robust.

Assembly History of the Two Simulated Galaxies

Chris Brook and Elisa House focused their studies on two galaxies, DG1 and DG2,

each with a different formation history. DG1 assembled at z ∼ 3 from three proto-

galaxies which have similar masses but different assembly histories themselves. The

gas and mass particles from these proto-galaxies later make up the in-situ population

of DG1. At z ∼ 1.2 DG1 merges with a satellite that has a mass one-third that of the

parent galaxy which is the last major merger undergone by this galaxy. Several smaller

satellites are accreted throughout the formation history. The thin disk that is visible at

z=0 starts assembling around z ∼ 2 which is the point in time when the star formation

peaks. DG1 has no stellar bulge and the stellar disk is surrounded by an HI disk. In

contrast to that, DG2 has a quieter merging history. DG2 has its last major merger

with a mass ratio of 1:1 at z ∼ 2. At z ∼ 1.5 DG2 undergoes one last 1:5 merger event.
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Basic setup mDM 1.6 104 M⊙

mgas 3.3 103 M⊙

zstart 100

ǫ 86 pc

λspin 0.05

VU 25 Mpc

Cosmological parameters Ω0 0.24

Λ 0.76

h 0.73

σ8 0.77

Ωb 0.042

Parameters for SF and SN-feedback ǫSF 0.1

ΣSN 0.4

SFR ρ1.5gas

ρthreshold 100 atoms cm−3

Table 5.1: The numerical parameters used in the simulation are listed in this table. They are

(top to bottom): 1) mass of a DM particle; 2) mass of a gas particle; 3) redshift at which simu-

lation is started; 4) resolution; 5) halo spin parameter; 6) box size of the simulation; 7) the DM

density; 8) the cosmological constant; 9) the dimensionless Hubble constant; 10) fluctuation

amplitude; 11) baryon density; 12) star formation efficiency; 13) fraction of supernova energy

coupled to the ISM; 14) star formation rate (Schmidt-law); 15) star formation threshold density.
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Figure 5.1: Edge-on spatial distribution of the stellar particles in DG1 (left panel) and DG2

(right panel). The in-situ population is shown in blue and the accreted population is marked

in red. It can be seen that a large fraction of the stellar content at large distances from the

mid-plane in both galaxies is accreted. The figures are provided by the UCLan Group.

After that, no more luminous material is accreted. Like in DG1, no bulge component is

present in DG2. The rotation curves of both galaxies at z=0 have a maximum velocity

of Vrot,max = 60 kms−1.

The Accreted and the In-Situ Population in the Simulations

In the simulations it is possible to determine which stars formed in-situ and which

stars were accreted. Only stars with positions that coincide with the position of the

host halo by the time they are born are classified as the in-situ population. The re-

maining stars that fall into the host halo at a later point in time are classified as accreted

stars. Once the different populations have been identified in the simulated galaxies,

the kinematic properties for the in-situ and the accreted stars can be inspected.

The spatial distribution of the stellar particles in DG1 and DG2 seen edge-on is

provided by the UCLan Group and shown in the left and right panel of Figure 5.1 re-

spectively. It can be seen that in DG1 the accreted populationmarked in red dominates

at large distances from the mid-plane while the in-situ population marked in blue can

be found closer to the mid-plane. For DG1, some fraction of the stellar particles at

large distances from the plane are accreted but some in-situ stars are also present.

The left and right panel of Figure 5.2 provided by the UCLan Group show a his-

togram of the rotation velocities of the stellar particles in DG1 and DG2 respectively.

The accreted population is marked in red while the in-situ population is indicated in

blue. The black line shows the sum of both. The rotation curves in the left panel show,
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Figure 5.2: Histogram of the rotational velocities of the stellar particles in DG1 (left panel) and

DG2 (right panel). The red line indicates the accreted population while the blue line shows

stellar particles that formed in-situ. The sum of both populations is shown by the black line.

In DG1, the accreted population has a rotational velocity of zero while the in-situ stars rotate

at ∼ 40 km s−1. In DG2, the in-situ population rotates with ∼ 30 km s−1, ∼5 km s−1 faster

than the accreted population. The figures and numbers are provided by the UCLan Group.

that the accreted stellar particles, which are found at large distances from the plane in

DG1, have an average rotation of zero while the in-situ population of the disk rotates

at ∼ 40 km s−1. The rotation curves in Figure 5.2, right panel show that the in-situ

population of DG2 rotates with a velocity of ∼ 30 km s−1 which is only ∼ 5 km s−1

faster than the accreted population.

The last major merger of DG2 at redshift z=2 had a mass ratio of 1:1. The angu-

lar momentum of the system today most likely stems from the time of the last major

interaction during which the in-situ and the accreted population must have adopted

similar velocities and formed a flattened component. Elisa House and Chris Brook

are currently undertaking further inspections of the merging partners at z=2. DG1 on

the other hand is quite different from DG2. It had a later major merger of mass ratio

3:1. The accreted stars in DG1 do not show similar rotational velocities as the in-situ

population and they are found at larger distances from the mid-plane. The specific

circumstances of the merger like the mass ratio, time, orbit and density of the merg-

ing partners therefore quite possibly have an influence on the properties of the second

component beyond the thin disk.

Previous observations of the kinematics of thick disks in low-mass galaxies by

Yoachim & Dalcanton (2008b) showed that thick disks can take a whole range of rota-

tional velocities. The rotational lag of the thick disk compared to the thin disk in their

sample of 9 galaxies ranges from almost no lag to one counter-rotating thick disk.

197



CHAPTER 5. NGC 55 AND NGC 4244 IN THE CONTEXT OF SIMULATIONS, THE

LITERATURE AND THICK DISK FORMATION SCENARIOS

Stellar halos on the other hand have a rotational velocity close to zero. It is therefore

possible that a halo component rather than a thick disk component is detected. The

nature of the second component in the simulated and observed galaxies is discussed

in more detail in 5.2.

5.1.2 Quantitative Comparisons of the Structure and Metal-

licity of the Simulated and the Observed Galaxies

Setup of the Comparisons

The comparisons between the simulations and the observations are carried out for the

vertical profiles and metallicities within one broad vertical strip for each galaxy. In

all cases the width of the vertical strip is chosen to lie within at least 5 scale length in

order to avoid any contribution from stars that might lie beyond a disk break.

With a maximum rotation velocity of 86 km s−1 and 102 km s−1 for NGC 55 and

NGC 4244 the observed galaxies are somewhat more massive than DG1 and DG2

which both have a maximum rotation velocity of 60 km s−1. However, NGC 55 and

NGC 4244 still fall into the category of low-mass galaxies. For example, the low-

mass galaxies in Seth et al. (2005b) have a rotational velocity Vrot,max < 130 km s−1

or Yoachim & Dalcanton (2008a) use Vrot,max < 100 km s−1. Furthermore, it has been

found that the bulge-to-disk ratio in galaxies increases with mass. Although NGC 55

and NGC 4244 are more massive than the simulated low-mass galaxies, they both do

not exhibit a bulge. Their morphology and mass resembles that of a typical low-mass

galaxy and the comparisons are therefore valid.

The SDSS V-band filter used for the mock-observations is similar to the V-band

filter of the Curtis-Schmidt telescope and the Subaru telescope used for the observa-

tions. No corrections have to be applied.

I derive the total luminosity for both components of each galaxy. For this, I need to

know the thin and thick disk scale length. While the thin disk scale length was mea-

sured for all four galaxies, it was only possible to measure the thick disk scale length

directly for NGC 55. The thick disk in NGC 4244 is populated too sparsely to get an

acceptable signal-to-noise ratio. The scale length of the thick disk in the simulated

galaxies is not provided. I therefore make an assumption about the scale length of the

thick disk in these galaxies: Yoachim & Dalcanton (2006) report that in their sample

of low-mass galaxies the scale length of the thick disk has a value of 1.0 to 1.6 times

that of the thin disk. The mean and standard deviation of the thick-to-thin disk scale
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Name Vrot,max hthin
r hthin

z µthin
0

Lthin
L⊙

hthick
r hthick

z µthick
0

Lthick
L⊙

Lthick
Lthick

DG1 60 0.9 270 24.9 6.1 106 1.1 1130 29.4 5.0 105 0.08

DG2 60 0.7 210 25.5 2.1 106 0.8 780 31.1 5.1 104 0.02

N55 86 1.5 295 21.8 1.9 108 1.8 859 24.6 5.1 107 0.27

N4244 102 2.3 267 22.0 2.2 108 2.7 791 26.7 1.0 107 0.05

Table 5.2: The properties and results from the two-disk fits to the vertical profile of the sim-

ulated galaxies DG1 and DG2 and the observed galaxies NGC 55 and NGC 4244 are listed.

The columns are 1) galaxy name; 2) maximum rotational velocity in km s−1; 3) thin disk scale

length in kpc; 4) exponential thin disk scale height in pc; 5) thin disk central surface bright-

ness in mag arcsec−2; 6) total luminosity of the thin disk in multiples of L⊙; 7) thick disk scale

length in kpc; 8) exponential thick disk scale height in pc; 9) thick disk central surface bright-

ness in mag arcsec−2; 10) total luminosity of the second component in multiples of L⊙; 11)

ratio of the luminosities.

length ratio is 1.18± 0.21. In the following, I use a thick disk scale length of hR,thick =

1.18 hR,thin for NGC 4244, DG1 and DG2.

It is now possible to derive the total luminosity for both the thick and the thin disk.

First, the edge-on central surface brightness has to be converted into a face-on central

surface brightness. The relation is

µ0,faceon = µ0,edgeon − 2.5log10

(

hz

hr

)

(5.1)

For example, for NGC 55 the face-on surface brightness is µ0,faceon,thin = 23.6 mag

arcsec−2 for the thin disk and µ0,faceon,thick = 25.4 mag arcsec−2 for the thick disk. Then,

assuming a pure exponential disk in the face-on view, the total luminosity is given by

L = 2πµ0,faceonh
2
R (5.2)

For example, for NGC 55 the total luminosity of the thin and thick disk is Lthin = 2.2

106L⊙ and Lthin = 6.0 105L⊙ respectively.

The properties of the simulated and the observed galaxies, including the thick disk

scale length and the luminosity of the thin and thick disk, are summarised in Table 5.2.
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Figure 5.3: The vertical V-band surface brightness profile for the simulated galaxies DG1 (left)

and DG2 (right). Each profile is plotted along a broad vertical strip as reported in the third

line of each panel. A two-component sech2-function is fitted to data points beyond 300 pc

(turquoise dash-dotted line). In addition to that, each of the two components is fitted sepa-

rately as shown by the dotted red and dashed green line. The exponential scale heights re-

sulting from the two-component fit are reported in the top lines of each panel. The figures are

provided by the UCLan Group.

Figure 5.4: The vertical surface brightness profile for NGC 55 (left) and NGC 4244 (right). The

position of the broad vertical strip along which each profile is plotted is reported in the third

line of each panel. A two-component sech2-function is fit to the data points and is shown as a

solid line. The resulting exponential scale heights are reported in the top lines of each panel.

Red and blue data points mark the star counts and the diffuse light respectively. Yellow error-

bars mark detections with a significance lower than 1σ. Note that data points above the plane

are shown but I come to the same conclusions using data points below the plane.
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Comparisons of the vertical profiles

Figure 5.3 shows the vertical V-band surface brightness profile for the simulated galax-

ies DG1 and DG2 provided by the UCLan Group. The profiles are plotted along one

broad vertical strip. The position of the vertical strip is reported in the bottom line

of each panel. All data points beyond 300 pc from the plane are fitted with a two-

component sech2-function. Below 300 pc low-resolution effects dominate the simu-

lations. In addition to that, each component is fitted separately with a single sech2-

function which yields similar exponential scale heights. The exponential scale heights

from the two-component fits are reported in the top two lines on the left in each panel.

The vertical profiles for the real galaxies, NGC 55 and NGC 4244, are shown in

Figure 5.4 accordingly. The exponential scale heights from the two-component fit are

reported in the top lines of each panel together with the position of each vertical strip.

For details about the profiles and fitting see Section 3.2.4 and Section 4.2.3.

It can be seen that the exponential scale heights for the thin disk are in very good

agreement for all four galaxies. The exponential scale heights for the thick disk for

NGC 4244, NGC 55 and DG2 match reasonably well. However, the simulated galaxy

DG1 shows a much more extended second component than the other three galaxies.

Comparisons of the metallicities

The left and right panel in Figure 5.5 shows the average metallicity vs. distance from

the mid-plane for DG1 and DG2 respectively. The metallicity in each case is derived

for a broad vertical strip as before and averaged above and below the plane. In both

panels in Figure 5.5 the metallicity of the in-situ population associated with the thin

disk is plotted in blue, the accreted population associated with the second component

is shown in red. The black line shows the metallicity of all stellar particles. The av-

erage metallicity of all stellar particles beyond 2 kpc from the mid-plane, where the

second component starts dominating the vertical profiles, is [Fe/H] = −1.8 dex with

a standard deviation of 0.1 dex for DG1 and [Fe/H] = −2.0 dex with a standard de-

viation of 0.2 dex for DG1. Note that these metallicities are provided by Elisa House

from UCLan.

This can be compared to the metallicity of the second component in NGC 55 and

NGC 4244. The change in metallicity with distance from the plane for NGC 55 has

been studied in Section 4.5 and is shown in Figure 5.6. Note that the signal-to-noise

ratio of the second component in NGC 4244 is too low to study the change in metal-
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Figure 5.5: The average metallicity above and below the plane as a function of distance from

the mid-plane in the simulated galaxies DG1 (left panel) and DG2 (right panel). The red line

indicates the accreted stellar content, located in the extra-planar regions, while the blue line

indicates the in-situ population, mainly located in the thin disk. The black line shows both

populations. No metallicity gradient can be seen beyond the thin disk at a scale height > 2

kpc. The figures are provided by the UCLan Group.

licity at different heights above and below the plane. The average metallicity for NGC

55 and NGC 4244 is [Fe/H] = −1.2± 0.2 dex and [Fe/H] = −1.5± 0.4 dex respec-

tively. In all cases the metallicities in the observed galaxies are larger than what is

found for the simulated galaxies. For NGC 55, DG1 and DG2 no vertical gradient in

the metallicity is detected.

5.2 Halo or Thick disk? The Nature of the Second

Component beyond the Thin Disk

Previously, the second component beyond the thin disk in the simulated and the ob-

served galaxies was fitted with a sech2-function. This implies that the second com-

ponent has a disk structure and is different from a halo component. In this section

I discuss the validity of this assumption. There are three main criteria summarised

below that can be used to distinguish between a thick disk and a halo.

The flattening. The thick disk per definition is a highly flattened component.

The sample of thick disks from Yoachim & Dalcanton (2006) show an axial ratio

hthick
R /hthick

z larger than 2 in all cases and up to 6 in the most extreme case. For the

MW, an exact value for the flattening cannot be quoted because of the high uncer-

tainty in the thick disk scale height and scale length. However, it is expected to be

202



5.2. HALO OR THICK DISK? THE NATURE OF THE SECOND COMPONENT

BEYOND THE THIN DISK

Figure 5.6: The average metallicity of RGB stars above and below the mid-plane in NGC 55 vs.

distance from the mid-plane. The error-bars are the errors in the metallicity at [Fe/H] = −1.7

dex (dashed error-bars) and [Fe/H] = −1.0 dex (solid error-bars) as derived from Monte

Carlo simulations. Beyond ∼ 5 kpc the unresolved background galaxies dominate the profile.

Within the error-bars no gradient is detected.

larger than 2, as can be calculated from the values given in Section 1.3. The MW halo,

which is the best studied halo to date, shows some flattening, too. However, the most

recent results from the SDSS reported by Carollo et al. (2010) are hthick
R /hthick

z = 1.1 for

the outer halo and hthick
R /hthick

z = 1.7 for the inner halo.

The observed galaxies NGC 55 and NGC 4244 show a flattening of 3.4 and 2.1 re-

spectively using the values provided in Table 5.2. This strongly suggests that the sec-

ond component in these galaxies is disk-like. The simulated galaxies DG1 and DG2

on the other hand show a flattening of 0.9 and 1.1 respectively (see also Table 5.2). It

is therefore possible that a halo rather than a thick disk is detected in these galaxies.

The brightness. There is a large scatter in the central surface brightness among thick

disks in different galaxies, as demonstrated in Yoachim & Dalcanton (2006). While the

central surface brightness of the thin disk increases with galaxy mass, the values for

the central surface brightness of the thick disk show a scatter of ∼ 3 mag arcsec−2 in

the R-band and no clear trend with mass. Furthermore, the value of the ratio of the

exponential scale height between the thick and thin disk varies between 1 and 4. Both,

the central surface brightness and the scale height determine the shape of the vertical

surface brightness profile. In particular, they determine at what surface brightness

the thick disk starts dominating the profile. The above considerations suggest that

this value varies by several magnitudes among galaxies. It is therefore not possible to

place a definite lower limit on the value for the surface brightness down to which a
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thick disk is expected to be detected.

However, it seems that the stellar halo in galaxies is particularly faint. In a recent

study of 1510 nearby edge-on galaxies with SDSS, Bergvall et al. (2009) find that the

halos in their sample of low-surface brightness galaxies start dominating the profile

at µi ∼ (28 - 29) mag arcsec−2. Zibetti & Ferguson (2004) report the finding of a halo

around a galaxy in the Hubble Ultra Deep Field which is detected at a surface bright-

ness of µV,i = 29 mag arcsec−2. Morrison et al. (1997) find that the halo component in

the MW analogue NGC 891 is ∼ 3 mag arcsec−2 fainter than the thick disk. By stack-

ing up images from the SDSS, Zibetti et al. (2004) are able to do a statistical analysis of

1045 edge-on galaxies simultaneously. They find a trend for less luminous galaxies to

have fainter halos. On the other hand Jablonka et al. (2010) find a comparatively bright

halo in the lenticular (S0) galaxy NGC 3957. The halo stretches out beyond the thick

disk. This thick disk was previously detected at a surface brightness just above 26 mag

arcsec−2 by Pohlen et al. (2004) using the diffuse light from ultra-deep VLT/VIMOS

images in the V- and R-band. Likewise, Sackett et al. (1994) detect a rather bright sec-

ond component in the massive spiral NGC 5907. Its surface brightness lies just above

26 mag arcsec−2 in the R-band and the authors claim that it is a halo rather than a thick

disk because of its large scale height.

This shows, that typical halos described in the literature are ∼ 3 - 4 mag arcsec−2

fainter than the component in NGC 55 and ∼ 2 - 3 mag arcsec−2 fainter than the com-

ponent in NGC 4244, except for the rather bright halos found in NGC 5907 and NGC

3957 which start dominating the vertical profile already at ∼26 mag arcsec−2. How-

ever, NGC 5907 is much more massive and more luminous than NGC 55 and NGC

4244, and following Zibetti et al. (2004) it is therefore expected to have a brighter halo.

NGC 3957 is an S0 galaxy which is an intermediate between a spiral and an ellipti-

cal galaxy. Currently, not much is known about the properties of halos in lenticular

galaxies and it is not clear to what extent comparisons between lenticular galaxies and

low-mass spirals hold. The second component beyond the thin disk in the simulated

galaxies DG1 and DG2 on the other hand is much fainter and starts dominating the

profiles at 31.5 mag arcsec−2 and 29.5 mag arcsec−2 in DG1 and DG2 respectively. This

further suggests that this component is a halo.

The metallicity. Recent estimates of the metallicity of the thick disk component in

the MW yield [Fe/H] = −0.6 dex. The MWTD however might have a metallicity as

low as [Fe/H] = −1.3 dex. The inner and outer halo component of the MW peak at a

metallicity of [Fe/H] = −1.6 dex and [Fe/H] = −2.2 dex respectively.
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Figure 5.7: This figure was taken from Binney & Tremaine (2008), Figure 4-6a and shows the

V/σ, ellipticity plane for elliptical galaxies (black dots) and spheroids (crosses) with luminosi-

ties lower than 2.5 1010L⊙. The value for the simulated galaxies DG1 and DG2 is plotted as a

grey dot and a grey cross respectively.

With an average metallicity of [Fe/H] = −1.1+0.1
−0.2 for NGC 55 and [Fe/H] =

−1.5 ± 0.4 dex for NGC 4244, the second component beyond the thin disk in these

galaxies has a metallicity comparable to the one in the MWTD of the MW. The metal-

licities of [Fe/H] = −1.8± 0.1 dex and [Fe/H] = −2.0± 0.2 dex of the second compo-

nent in DG1 and DG2 are lower than the metallicity of the MWTD and resemble more

that of the MW halo population.

Finally, the simulated galaxies DG1 and DG2 are shown in the V/σ, ellipticity1

plane in Figure 5.7. The figure was taken from Binney & Tremaine (2008) and shows

elliptical galaxies and spheroids with luminosities lower than 2.5 1010L⊙ as black dots

and crosses respectively. DG1 and DG2 are shown as a large grey dot and a large grey

cross respectively. The velocity dispersion σ0 for the simulated galaxies was derived

using σ0 =
√

2πGρ0zh where G is the gravitational constant, ρ0 the central surface

density and zh the exponential scale height (see Section 3.2.1). The central surface

density for DG1 and DG2 was derived from the central surface brightness, assuming

a mass-to-light ratio of 14. This mass-to-light ratio was calculated by averaging over

the values of the sample of elliptical galaxies reported in Binney & Tremaine (2008),

Table 4-2. Then, the values for the velocity dispersion of the stars in the extended

1The ellipticity here differs from the value for the flattening and is defined as 1− hz/hR.
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component in DG1 and DG2 are 113 km/s and 42 km/s respectively. The rotational

velocity of the extraplanar stellar content in DG1 is almost zero on average which leads

to very small V/σ-value. However, because of its small ellipticity1 it fits the trend of

the non-rotationally supported elliptical galaxies. The extraplanar regions of DG2 on

the other hand rotate with a velocity of 25 km/s which leads to a high V/σ-value con-

sidering its small ellipticity. This galaxy is clearly much more rotationally supported

than the ellipticals.

I conclude that the second component beyond the thin disk in the observed galax-

ies NGC 55 and NGC 4244 is a thick disk. NGC 55’s thick disk is clearly flattened and

too bright and metal rich to be a halo. While NGC 4244’s second component has a

surface brightness and metallicity which lies inbetween that of the MW’s thick disk

and halo it is highly flattened and therefore clearly disk-like. However, the second

component in the simulated galaxy DG1 shows a flattening, surface brightness and

metallicity that is clearly indicative of a halo component. Furthermore, its value in the

V/σ, ellipticity plane resembles that of the non-rotationally supported elliptical galax-

ies. For DG2 the exact nature of the component beyond the thin disk remains unclear.

While the shape, brightness and metallicity of this component resemble those of a

halo, the stellar content above the thin disk is rotating as shown in Section 5.1.1. Plot-

ting DG2 in the V/σ, ellipticity plane shows that the extended component is indeed

rotationally supported and therefore also disk-like. Finally, all four galaxies, NGC 55,

NGC 4244, DG1 and DG2 are included in the forthcoming comparison of the proper-

ties of thick disks in the literature in Section 5.3.2 regardless the exact nature of their

extended components.

5.3 The Thick Disk in the Milky Way and Other

Galaxies: Comparisons with NGC 4244, NGC

55 and the Simulated Galaxies

The findings for NGC 55’s and NGC 4244’s thick disk are compared to studies of the

MW’s thick disk in the next Section 5.3.1. Furthermore, comparisons of the results

from NGC 55, NGC 4244, DG1 and DG2 to the properties of thick disks in previous

observations and simulations taken from the literature are made. This is presented in

Section 5.3.2.
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Figure 5.8: The red line shows what the vertical surface brightness profile would look like if

NGC 55 had a thick disk similar to that in the MW. The black lines indicate the decomposition

into thin disk (dash-dotted line) and thick disk (dashed line) for a MW type galaxy normalised

onto the thin disk of NGC 55. For comparison, the two-disk profile as derived in 4.2.3 is shown

in blue.

5.3.1 Comparisons between NGC 55, NGC 4244 and the Milky

Way’s properties

The properties of NGC 55’s and NGC 4244’s thick disk are compared to the thick disk

of the MW which is the best studied thick disk to date. However, direct comparisons

between this large spiral and the low-mass galaxies should be made with caution be-

cause the properties of the thick disk and halo have been found to vary with global

galaxy properties such as total galaxy mass and luminosity (see for example Yoachim

& Dalcanton, 2006). The red line in Figure 5.8 shows a model of the vertical surface

brightness profile of a galaxy that has the same central surface brightness and expo-

nential thin disk scale height as NGC 55 but has thick disk properties comparable to

those of the MW. As discussed previously, the vertical surface brightness profile of the

thin disk and thick disk are represented by a function of the form

Σ(z) = Σthin
0 sech2

( −|z|
2hthin

z

)

+ Σthin
0 sech2

( −|z|
2hthick

z

)

(5.3)

The black lines indicate the decomposition of the red profile where the thin disk is

plotted as a dash-dotted line and the thick disk as a dashed line. The properties of
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Figure 5.9: Same as Figure 5.8 but here, the red line shows the two-disk model if NGC 4244

had a thick disk similar to that in the MW. The two-disk model of NGC 4244 is plotted in

turquoise. The black lines indicate the decomposition into thin disk (dash-dotted line) and

thick disk (dashed line) for the MW-type profile.

the MW are discussed in detail in Section 1.3.2 but the values used here are repeated

in short: The ratio between the thick and thin disk scale height has been found to lie

between 2 - 4 for the MW. I use an average ratio of 3 and a thick-to-thin disk density

normalisation of 12% (Jurić et al., 2008). It can be seen in the figure that a MW-type

thick disk would start dominating the profile at a surface brightness of µV ∼ 24.5 mag

arcsec−2. The blue line in Figure 5.8 shows the two-component fit to the data points

above the plane for NGC 55 (4.2.3). Note that I come to the same conclusions using

data points below the plane. The thick disk component in NGC 55 is very similar

to the one in the MW, although slightly less pronounced. In NGC 55 the thick disk

starts dominating the surface brightness profile at µV ∼ 25.0 mag arcsec−2. The ratio

between the thick and thin disk scale height from the two-component fit to NGC 55

yields a value of 2.8 which is in very good agreement with the value found for the

MW.

Figure 5.9 shows what the vertical profile of NGC 4244 would look like if it had a

thick disk comparable to the one in the MW. Similar to Figure 5.8, the MW-like profile

is plotted as a red line and the decomposition of this profile into thin and thick disk

is shown as a dash-dotted and a dashed black line respectively. The two-disk model
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for NGC 4244 is plotted as a turquoise line. The thick disk in NGC 4244 is much less

pronounced than the thick disk in theMW.While a MW type disk in NGC 4244 would

be visible already at ∼ 24.5 mag arcsec−2, the thick disk in NGC 4244 gets visible just

below 26.0 mag arcsec−2. However, the thick-to-thin disk ratio for NGC 4244 is 3.0

which is in good agreement with the value found for the MW.

The luminosity ratio between the thick and thin disk for NGC 55 and NGC 4244 is

0.27 and 0.05 respectively using the luminosities from Table 5.2. The ratio for the MW

is ∼ 0.23 using the thick and thin disk scale length reported in Jurić et al. (2008) and

their thick-to-thin disk normalisation of 12%. This is only slightly smaller than what I

find for NGC 55 but much larger than the value for NGC 4244.

While the thick disk in NGC 55 resembles that of a MW-type thick disk, the thick

disk in NGC 4244 is much fainter. These comparisons show that the properties of thick

disks can vary a lot among different galaxies.

5.3.2 Simulations and Observations of low-mass Galaxies in

the Local Universe

In this section I study the properties of the thick disk in galaxies taken from the liter-

ature and in NGC 4244 and NGC 55. The sample of galaxies from the literature com-

prises simulated galaxies as well as observed galaxies. Furthermore, DG1 and DG2

are included in the comparisons although the second component beyond the thin disk

in these simulated galaxies is believed to be a halo and not a thick disk.

Table 5.3 lists the sample of galaxies from Dalcanton & Bernstein (2000) and the

results for the disk fits from Yoachim & Dalcanton (2006). Details about this study

are presented in Section 1.4. All 35 galaxies in their sample are low-mass galaxies

(Vrot,max < 150 km s−1) that show no obvious bulge component. The circular velocity

of a galaxy in the sample from Dalcanton & Bernstein (2000) is assumed to be W50,c/2

where W50,c is the corrected2 line width at a level of 50% of the peak flux in the HI

data. W50,c/2 is comparable to the maximum velocity of the optical rotation curve

Vrot,max. (Haynes et al., 1997). For consistency Vrot,max is used in all cases. If provided,

these values are adopted from Dalcanton & Bernstein (2000) and Yoachim & Dalcan-

ton (2006) unless stated otherwise. For 6 galaxies, no values for Vrot,max or W50,c are

available in the literature. These galaxies are not included in this study. In addition to

2Corrections account for redshift stretch, instrumental broadening (noise) and smoothing through

convolution of the spectrum
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Figure 5.10: Left: The exponential scale height of the thin disk in the sample galaxies is plotted

versus the rotational velocity. The values for the observations from the literature are plotted

as diamonds while the simulations are shown as filled circles. NGC 55 and NGC 4244 are in-

dicated by the red and blue cross respectively and the simulated galaxies, DG1 and DG2, are

marked with a red and blue filled circle. The MW is shown as a magenta square. Note that for

four of the six S0 galaxies observed by Pohlen et al. (2004) no rotation velocities are available.

The horizontal dashed error-bar on this data point, which indicates the velocity range of the

galaxies, might therefore be larger. The vertical error-bar on this data point indicates the mea-

sured range of exponential scale heights. Right: The exponential scale height of the thick disk

in the galaxy sample is plotted versus the rotational velocity. The symbols are the same as in

the left panel.

that, the observed properties of another 19 thick disks in galaxies of different masses

and types, including theMW, are reported in Table 5.4. More details about these stud-

ies can be found in Section 1.4. Furthermore, the results from 4 simulations are shown

in the same Table. They are discussed in Section 1.5. Together with NGC 55, NGC

4244, DG1 and DG2 (see Table 5.2) the catalogue comprises 56 galaxies.

The left and right panels in Figure 5.10 show the exponential scale heights of the

thin and thick disk, respectively, as a function of the rotational velocity. The observa-

tions from the literature are indicated by diamonds, while the results from the simula-

tions from the literature are plotted as filled black circles. DG1 and DG2 are shown as

as a filled red and blue circle respectively. NGC 55 and NGC 4244 are marked with a

red and a blue cross respectively. The value for theMW is plotted as amagenta square.

The scale heights for NGC 55, NGC 4244, DG1 and DG2 lie within the range of values
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Figure 5.11: Left: The ratio between the thick and thin disk scale height versus the circular

velocity is shown. The average of the sample lies at 2.7± 0.9. The scale height of DG1 is larger

than that by almost two sigma. Right: This figure illustrates the increase of the scale length of

the thin disk with rotational velocity.

found for all the other galaxies although they have a comparatively small thin disk

scale height and the scale height of DG1’s thick disk lies on the high value end. This

leads to a particularly large thick-to-thin disk scale height ratio for DG1, which can

be seen in Figure 5.11, left panel. A large ratio is typically expected for a halo com-

ponent. The only other galaxy with an even larger scale-height ratio is IC 5249 (Abe

et al., 1999). In fact, the authors state that the component beyond 3 kpc they detect in

this galaxy is equally well fit with a halo profile. The average of the ratio hthick
Z /hthin

Z

and its standard deviation for all galaxies except IC 5249 yields 2.7± 0.9. While NGC

55 and NGC 4244 clearly lie within one sigma of the average, DG2 lies just within one

sigma and DG1 is clearly larger. This further attests to the possible halo nature of the

component detected in DG1 and DG2.

The scale length of the thin disk typically increases with mass which is shown in

Figure 5.11, right panel. The luminosity is proportional to the scale length squared (see

Equation 5.1.2) and therefore the observed trend is a modification of the Tully-Fisher

relation. NGC 55’s, NGC 4244’s, DG1’s and DG2’s thin disk fits very neatly into this

trend. However, it can be seen that the MW’s thin disk, the thin disk of one other

observed galaxy and two simulated galaxies have a particularly small scale length

that does not follow the trend. The outlier with a very large scale length of hR
thin = 11

kpc is again IC 5249 which has an unusually large, extended disk.
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Galaxy Vrot,max µthin
0 hthinR hthinZ µthick

0 hthickR hthickZ
Lthick
Lthin

[kms−1] [
mag

arcsec2
] [kpc] [pc] [

mag
arcsec2

] [kpc] [pc]

FGC 0031 72 22.0 2.01 427 23.8 2.96 729 0.40

FGC 0036 96 22.2 2.66 392 21.4 2.90 745 4.20

FGC 0130 - 21.1 9.71 1808 24.1 10.73 4407 0.25

UGC 00971 60 22.4 3.21 508 23.7 4.13 1592 0.72

UGC 01417 150 21.3 6.54 889 22.1 7.69 1779 0.23

UGC 01484 86 21.3 2.73 756 21.3 3.06 1368 0.39

FGC 0227 107 21.3 4.68 780 22.7 4.37 1690 0.26

FGC 0277 95⋆ 21.9 3.29 69 3 23.5 4.65 1852 0.47

FGC 0310 101 21.3 3.29 626 22.5 3.76 1136 0.55

FGC 0349 106 21.2 3.99 798 22.3 4.16 1368 0.62

UGC 02584 - 21.3 5.82 847 24.8 5.93 3391 0.07

FGC 0436 122 21.1 3.86 900 23.0 5.24 2223 0.40

UGC 02852 67 20.8 6.20 1240 23.9 6.92 1966 0.14

UGC 04524 75 21.6 2.23 517 22.6 2.68 1400 0.93

FGC 0901 101 21.2 4.38 826 23.1 5.59 1844 0.39

FGC 0913 77 21.2 2.36 424 22.4 2.75 757 0.52

UGC 05347 105 20.2 3.00 579 21.7 3.27 1285 0.67

UGC 05537 144 20.8 4.68 655 22.3 2.74 1675 0.33

FGC 1063 70 22.3 1.31 218 21.5 1.99 656 6.91

UGC 06594 75 21.2 1.57 401 22.2 2.15 920 1.08

FGC 1303 67 22.2 1.98 350 22.4 2.25 827 1.93

UGC 07394 87 20.9 2.78 519 22.1 3.91 1225 0.95

UGC 07607 150 20.6 5.39 790 22.7 5.91 1718 0.38

FGC 1642 55 21.8 2.05 550 24.6 3.46 1774 0.19

UGC 10025 55 22.5 1.80 286 22.4 2.32 644 3.56

UGC 10852 70 21.3 1.88 566 22.7 2.12 990 0.29

FGC 2135 111 21.2 3.94 668 22.3 5.16 1518 0.88

FGC 2369 - 22.2 2.40 405 23.3 2.69 985 0.75

FGC 2548 71 21.9 2.66 377 22.6 2.64 943 1.18

FGC 2558 89 21.8 3.00 930 22.4 3.61 1288 0.47

ESO 338-G001 131⋆⋆ 21.2 3.44 64 2 22.9 2.92 1361 0.27

ESO 398-G034 - 21.6 2.51 480 22.4 3.39 812 1.12

FGCE 1498 - 20.9 5.05 788 23.8 5.45 2496 0.19

FGCE 1623 - 21.3 8.10 1139 22.5 7.97 2278 0.53

Table 5.3: The galaxy sample from Dalcanton & Bernstein (2000). The results from two-

dimensional fits to the R-band images by Yoachim & Dalcanton (2006) are provided. Rotation

velocities marked with ⋆ and ⋆⋆ are taken from Matthews & van Driel (2000) and Yoachim

& Dalcanton (2008b), respectively. The columns are: 1) galaxy name; 2) maximum rotation

velocity; 3) peak edge-on surface brightness of the thin disk; 4) scale length of the thin disk;

5) exponential scale height of the thin disk; 6) - 8) same as 3) - 5) but for the thick disk; 6)

luminosity ratio between the thick and the thin disk.

212



5
.3

.
T

H
E

T
H

IC
K

D
IS

K
IN

T
H

E
M

IL
K

Y
W

A
Y

A
N

D
O

T
H

E
R

G
A

L
A

X
IE

S
:

C
O

M
P
A

R
IS

O
N

S
W

IT
H

N
G

C
4
2
4
4
,
N

G
C

5
5

A
N

D
T

H
E

S
IM

U
L
A
T

E
D

G
A

L
A

X
IE

S

Galaxy technique Vrot,max hr,thin zthin µ0,thin hr,thick zthick µ0,thick
Lthick
Lthin

Reference

[kms−1] [kpc] [pc]
mag

arcsec2
[kpc] [pc]

mag
arcsec2

IC 5052 star counts 79 1.57 195 - - 655 - - Seth et al. (2005b)

NGC 4144 star counts 67 1.10 229 - - 934 - - Seth et al. (2005b)

NGC 4631 star counts 131 1.32 256 - - 1154 - - Seth et al. (2005b)

NGC 5023 star counts 77 1.28 149 - - 391 - - Seth et al. (2005b)

ESO 342-G017 diffuse light, V 127 5.9 380 - - 760 - 0.3 Neeser et al. (2002)

IC 5249 diffuse light, R 110 11.0 570 - 6.0 1690 - - Abe et al. (1999)

NGC 6504 diffuse light, R 110 - 323 18.2 - 1270 23.8 0.4 van Dokkum eta al. (1994)

NGC 0891⋆ star count 224 4.19 570 - 4.8 1440 - - Ibata et al. (2009)

NGC 0891 diffuse light, R 224 - 400-650 19.58 - 1500-2500 20.15 0.12 Morrison et al. (1997)

NGC 4565 diffuse light, 6660
◦
A 244 8.05 1170 22.32 11.0 3 2550 25.52 0.2 Wu et al. (2002)

NGC4710 diffuse light, V 147 1.6 170 - - 470 - - de Grijs & van der Kruit (1996)

NGC4762 diffuse light, V 110 2.24 130 - - 700 - - de Grijs & van der Kruit (1996)

UGC7321 diffuse light, R 105 2.1 185 - - 423 - - Matthews et al. (2000)

6 galaxies diffuse light; R,V ∼ 130 1.3-9.6 400-2500 19.2-20.7 2.6-16.7 1100-8300 21.9-22.9 0.33-1.0 Pohlen et al. (2004)

MW star counts 220 2.6 300 - 3.6 900 - 0.23 Juriç et al. (2008)

Simulation - 240 - 575 - - 2700 - 0.3 Abadi et al. (2003)

Simulation - 150 4.1 500 - 2.6 1300 - 0.8 Brook et al. (2004)

Simulation - ∼ 220 2.7 - 4.0 500-600 - 3.96 - 4.59 1250 - 1780 - - Villalobos et al. (2008)

Simulation - ∼ 220 2.82 300 - - 800 - - Villalobos et al. (2008)

Table 5.4: Properties of thick disks in the literature. For galaxies where there are two fields or studies available only the one marked with a star is

used. For galaxies with measurements in different pass-band only the one that is used here is listed. The columns are 1) galaxy name; 2) detection

technique; 3) maximum rotation velocity; 4) scale length of the thin disk; 5) exponential scale height of the thin disk; 6) central edge-on surface

brightness of the thin disk; 7 - 9) same as 4 - 6) but for the thick disk; 10) ratio of the luminosities; 11) reference.213
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Figure 5.12: Left: The axial ratio between the exponential scale length and the exponential

scale height for the thin disk. Right: The axial ratio between the exponential scale length and

the exponential scale height of the thick disk. All galaxies have a scale length to scale height

ratio larger than ∼ 1.5 except DG1 and DG2 and some of the S0 galaxies.

The axial ratio of the scale height and the scale length of the thin disk of all galaxies

is shown in the left panel of Figure 5.12. The same ratio is shown for the thick disk

in the right panel. There is a trend for galaxies with higher masses to have larger

hR
thin/hZ

thin and hR
thick/hZ

thick ratios. Furthermore, all galaxies have hR
thick/hZ

thick-

values larger than ∼ 1.5 except some of the S0 galaxies from Pohlen et al. (2004) and

the simulated galaxies DG1 and DG2. The second component in these galaxies is more

spherical. As discussed before, this suggests that the second component beyond the

thin disk in DG1 and DG2 is a halo and not a thick disk.

In Figure 5.13 I show the central surface brightness of the thin and thick disk versus

the rotational velocity in the left and right panel respectively. The central surface

brightness of DG1’s and DG2’s thin and thick disk is exceptionally small. For most

of the other galaxies the central surface brightness of the thin disk increases with the

mass of the galaxy which can be clearly seen in the left panel. The same trend is not

seen for the peak surface brightness of the thick disk shown in the right panel. Beside

DG1 and DG2, for which the second component has a very low surface brightness as

expected for a halo, NGC 4244’s thick disk central surface brightness is the lowest in

the sample.

In Figure 5.14 I show the luminosity ratio between the thick and thin disk for the

galaxy sample. There is a trend for low-mass galaxies to have a larger fraction of
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Figure 5.13: The central edge-on surface brightness vs. rotation velocity. A clear trend between

central surface brightness and circular velocity is seen for the thin disk (left panel) but is not

present in the thick disk. While NGC 55’s and NGC 4244’s thin disk is in good agreement with

this trend, the central surface brightness of the NGC 4244’s thick disk is comparatively low.

their light in the thick disk. Compared to other galaxies in the sample the second

component in NGC 4244, DG1 and DG2 has a very low luminosity ratio that does not

fit very well into the trend.

Finally, the metallicity beyond the thin disk component has been studied for a

number of galaxies. The various surveys are summarised in Section 1.3 and the metal-

licities and rotational velocities of the galaxies are reported in Table 5.5. Figure 5.15

shows the metallicity versus the rotation velocity for the galaxies from the literature

and NGC 55, NGC 4244, DG1 and DG2. The range of values available from the sam-

ples of Seth et al. (2005b), Mouhcine et al. (2005c) and Mould (2005) is plotted as a

single data point with error-bars that indicate the range of values. For the galaxies in

the sample of Yoachim & Dalcanton (2008a) the rotational velocity was not available

in some cases. However, the authors state that all galaxies are low-mass galaxies and

a possible velocity range is shown as a dashed line. In most cases in the literature

it is unclear which component is detected, the halo or the thick disk. In particular,

Mouhcine et al. (2005c) probe the metallicities at large distances from the centre and

some of their galaxies are seen face-on. Therefore the authors possibly detect a halo

component in some cases. Most metallicities shown here are photometric and there-

fore prone to uncertainties. However, the figure still clearly shows that the thick disk

in NGC 55 is among the more metal rich ones, while the thick disk in the second com-
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Figure 5.14: The luminosity ratio between the thick and thin disk in the galaxy sample. The

ratio decreases with increasing mass. The values for the luminosity ratio for NGC 4244, DG1

and DG2 is much lower than for the other galaxies.

ponent of DG1 and DG2 has a rather low metallicity. For DG1 and DG2 this can be

considered as further evidence for the halo nature of the detected component. Still it

can be seen that thick disks come with a large spread in metallicity.

The previous section showed that thick disks are ubiquitous in galaxies. However,

the thick disk properties can vary largely among galaxies. While there is a trend for

galaxies with higher masses to have larger thin and thick disk scale heights, the ratio

between the thick and thin disk scale height shows no clear trend and has values be-

tween 1.5 and 4 for galaxies of all masses. The thick disk is clearly flattened with a

thick disk scale-length-to-scale-height ratio larger than 1.5. No clear trend with mass

is seen for the surface brightness of the thick disk. The luminosity ratio between the

thick and the thin disk clearly decreases with increasing galaxy mass. The metallicity

of the thick disk component is smaller than [Fe/H] ≈ −0.5 dex in all sample galaxies

but because the sample might be contaminated by halo detections it is unclear what

the lower limit to the metallicity could be. However, certainly the metallicity can get

at least as low as the [Fe/H]∼ −1.5 dex found for the thick disk in NGC 4244 in this

thesis.
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Figure 5.15: Metallicities beyond the thin disk in galaxies from the literature and in NGC 55,

NGC 4244, DG1 and DG2. Some data points represent the average metallicity of a whole

sample of galaxies with rotational velocities indicated by the horizontal error-bar. For some

of the galaxies in the sample of Yoachim & Dalcanton (2008a) no rotational information is

available which is indicated by the dashed horizontal error-bar. Note that some of the data

points in this figure might show the metallicity of the halo rather than the thick disk.

Galaxy Vrot,max [km s−1] [Fe/H] Reference

3 Galaxies 67-79 −0.9 - −1.0 dex Seth et al. (2005)

NGC 247 105 −1.39 dex Mouhcine et al. (2005)

NGC 253 205 −1.17 dex Mouhcine et al. (2005)

NGC 300 75 −1.86 dex Mouhcine et al. (2005)

NGC 3031 211 −1.25 dex Mouhcine et al. (2005)

NGC 4258 208 −1.26 dex Mouhcine et al. (2005)

NGC 4945 180 −1.03 dex Mouhcine et al. (2005)

NGC 891 220 −1.1 dex Ibata et al. (2009)

6 Galaxies ∼ 139 −1.2 - 0.2 dex Yoachim & Dalcanton (2008)

4 Galaxies 47 - 63 −1.0 - −0.78 dex Mould et al. (2005)

MW 220 −0.6 dex Carollo et al. (2010)

Table 5.5: Metallicities for the thick disks and halos of galaxies reported in the literature.

217



CHAPTER 5. NGC 55 AND NGC 4244 IN THE CONTEXT OF SIMULATIONS, THE

LITERATURE AND THICK DISK FORMATION SCENARIOS

5.4 Discussion

The results for NGC 55, NGC 4244, DG1 and DG2, along with the findings from the

literature for observed and simulated external galaxies and the MW indicated trends

in thick disk properties in galaxies with a range of masses. Any successful model

must reproduce how thick disk formation has occurred within that sample. The key

properties are

• ubiquity of the thick disk: with the detection of a thick disk in NGC 4244 there

is no galaxy left that has been studied in depth and not showed a thick disk

component

• a thick-to-thin disk scale height ratio between ∼1.5 and 4 (see Figure 5.11, left

panel)

• an axis ratio between ∼2 and 4 for the thick disk, indicating a high degree of

flattening (see Figure 5.12, right panel)

• a larger scale length for the thick disk than for the thin disk for the majority of

galaxies studied to date (see results for NGC 55 from this work and Yoachim &

Dalcanton, 2006) but note that not all galaxies fit this trend.

• a larger scale height for the RGB than for the AGB population (see Seth et al.,

2005b, and NGC 55, NGC 4244 from this study)

• metallicities between [Fe/H] = −1.5 - −0.5 dex (possibly lower) and no verti-

cal metallicity gradient (NGC 55 and NGC 4244 in this study Seth et al., 2005b;

Mould, 2005; Yoachim & Dalcanton, 2008a)

• a decrease in the thick-to-thin disk luminosity ratio with increasing galaxy mass

(see Figure 5.14).

I now proceed to discuss how these findings agree with predictions for a variety of

popular thick disk formation models and what further observations would be re-

quired to distinguish between the various models.

5.4.1 Heating of the Thin Disk and Stellar Migration through

Internal Mechanisms

The disk heating scenario is described for example in Lacey (1984), Carlberg & Sell-

wood (1985), Jenkins & Binney (1990) and Schönrich & Binney (2009b) and is sum-
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marised in Section 1.5.1. Steady heating of the thin disk through internal mechanisms

like gravitational interaction with molecular clouds or to some extent spiral arms will

scatter stars to larger distances from the mid-plane. Assuming a constant SFR, stars of

different ages end up having different velocity dispersions which introduces a smooth

age or population gradient in the thin disk in the vertical direction. Rather than a

structurally and kinematically distinct component, this scenario produces the contin-

uation of the thin disk in the vertical direction often referred to as the “old thin disk”

in literature. It is still controversial if this mechanism can explain the observations in

the MW.

The Shape

The vertical heating processes saturate at some point because stars at a high enough

distance from the plane are not affected by the heating processes that take place in the

disk plane anymore. Hänninen & Flynn (2002) simulated the effect of giant molec-

ular clouds (GMCs) in the thin disk. Comparisons to observational measurements

for data from the Hipparchos satellite showed that their models rule out GMCs as

the primary heating mechanism because the number density of GMCs that is needed

to heat the disk by the right amount is many times larger than the observed num-

ber density. Furthermore, Quillen & Garnett (2001) observe an abrupt increase in the

stellar velocity dispersion for nearby stars older than ∼ 9 Gyr which cannot be the

result of steady heating. However, using the Geneva-Copenhagen survey of the solar

neighbourhood, one of the largest surveys at that time provided by Nordström et al.

(2004), Seabroke & Gilmore (2007) find that the vertical velocity distribution of stars

is in fact Gaussian which is consistent with steady disk heating scenarios. Still, com-

parisons of their observations with the models by Hänninen & Flynn (2002) show that

GMC’s are unable to produce the observed amplitude in the vertical velocity disper-

sion. While Hänninen & Flynn (2002) propose that heating by black holes might play

a role, Seabroke & Gilmore (2007) suggest that the stars with high velocity dispersions

in the MW might be the signature of a minor merger.

Schönrich & Binney (2009b,b) very recently showed that transient spiral waves in

the thin disk can in fact lead to the formation of a thick disk. As explained in Section

1.5.1, resonant co-rotation leads to churning and blurring which means that stars end

up rotating around epicentres and/or on orbits that differ from the ones they were

born in. That way, stars with a large vertical velocity dispersion from the centre of the

galaxy migrate to different radii which leads to the formation of a thick disk. The au-
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thors claim that the simulated dynamics and chemical properties of the stars in their

simulation predict the properties of stars in the MW correctly. However, if the scale

height of the thick disk is constant with radius, i.e. if σz/σR is independent of radius,

then, following equation 3.7, the radial velocity dispersion σR is proportional to
√

ρ.

Assuming a radial density profile with ρ = ρ0e
− R

hR this leads to a radial velocity dis-

persion of σR =
√

σ2
R,0e

− R
Rh at radius R, where e

− R
hR is the radial velocity dispersion

in the centre. In order to produce a radial velocity dispersion of about 40 km/s as

observed in the solar neighbourhood at R = 3Rh, the radial velocity dispersion in the

centre must be larger than 180 km/s. This is much faster than the values from obser-

vations of bulge stars in the MW (see Section 1.3.2). Unless the assumption that σz/σR

is independent of radius is wrong, the observed central velocity dispersion in the MW

cannot produce a thick disk with a constant scale height over several scale lengths.

Metallicity

Heating of the thin disk inevitably introduces a metallicity gradient. If stars formed

at a constant SFR in the past and subsequently migrated to larger distances from the

mid-plane, then the metallicity is expected to get lower with distance from the plane.

This is because the old and therefore metal poor stars underwent kinematic heating

throughout their lifetime and rose to large distances from the plane while the young

and metal rich stars did not yet migrate away from the thin disk where they were

born. Nometallicity gradient in the thick disk has been detected throughout literature

nor for the galaxies studied in this thesis. Seth et al. (2005b) propose that a possible

explanation for this is a SFR that is not constant and that a large fraction of the RGB

stars formed at early times from uniformly enriched material. In this scenario there

would still be some younger and more enriched RGB and AGB stars closer to the mid-

plane but they would present only a minority and not contribute much to a metallicity

gradient. Note that a higher SFR at early times was already proposed by Lacey (1984)

in order to account for the high total velocity dispersions of old stars.

Occurrence and Diversity

Internal heating mechanisms are expected to take place in all galaxies independent of

their individual assembly history although they might be less effective in low-mass

galaxies. This is because the low-mass galaxies lack large amounts of molecular gas

and the spiral arms are less pronounced which decreases the efficiency of the con-
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ventional, internal heating mechanisms. In fact, a vertical age gradient in the stellar

component has not only been detected for the MW but also for the external low-mass

galaxies studied by Seth et al. (2005b). They find that the RGB component extends to

larger distances from the plane than the AGB component which is accordance with

what is detected for NGC 55 and, tentatively, for NGC 4244 in this thesis. The ratio

of the surface densities of the different stellar populations in the galaxies studied by

Seth et al. (2005b) clearly indicates that the stellar ages are increasing with distance

from the plane. The exponential scale heights of the different stellar populations

furthermore imply heating rates smaller than α = 0.15. Heating therefore happens at

a much slower rate in the low-mass galaxies than in the MW where values of α = 0.3

- 0.6 have been found (e.g. Hänninen & Flynn, 2002). This is in agreement with the

scenario where the thick disk forms from conventional, internal heating mechanisms.

My results support the conclusions from Seth et al. (2005b) that disk heating must

have played a role in order to account for the observed vertical population gradient. A

mixture of continuous star formation and steady heating of the diskwill puff up differ-

ent stellar populations to different scale heights. While internal disk heating processes

can produce the observed gradient in the stellar populations, it is still controversial if

these mechanisms can account for the RGB stars at large distances from the mid-plane

that make up the thick disk.

5.4.2 Violent Dynamical Heating of the Thin Disk through

Satellite Accretion

The merger scenario is described for example in Quinn et al. (1993), Walker et al.

(1996), Velazquez & White (1999), Villalobos & Helmi (2008) and Kazantzidis et al.

(2008) and is summarised in Section 1.5.2. While conventional internal heating mech-

anisms might not be able to explain the large scale heights of the RGB stars above the

mid-plane found in NGC 55, NGC 4244 and other galaxies, merging events can puff

up a previously thin disk to larger scale heights. Note that this scenario is fundamen-

tally different from the accretion scenario described in the next section. The thick disk

here forms through merger induced heating of the in-situ population while in Section

5.4.3 the thick disk is composed of accreted stars that originate in the merging partner

and not in the host galaxy.
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The Shape

Recent simulations by Villalobos & Helmi (2008) produce MW-type galaxies with ver-

tical surface brightness profiles that can be fit by a two-component sech2-function.

They find that the simulated galaxies develop a thick disk with a 3 - 6 times larger

scale height than the thin disk and a scale length up to 1.4 times larger. The specific

properties of the thick disk depend on the exact mass, orientation, and inclination of

the orbit of the infalling satellite; a lower inclination orbit has a larger effect on the

radial velocity and a higher inclination orbit results in larger vertical velocity disper-

sions. The range of values for the scale height and scale length is in good agreement

with the observations.

Thick disks that formed from merger or accretion events usually show flaring in

their outer parts (see Quinn & Goodman, 1986; Walker et al., 1996; Read et al., 2009;

Kazantzidis et al., 2008, the latter two fro DM disks). Quinn & Goodman (1986)

showed that selective heating is taking place in the z-direction which leads to flar-

ing in the disk. The effect is increased when the self-gravity of the disk is taken into

account because the dense inner regions of the disk exert a stronger gravitational force

than the less dense outskirts. Kazantzidis et al. (2008) simulated the accretion history

of a MW type DM halo that is experiencing a satellite accretion history similar to the

one in the MW. Their simulations show that repeated encounters of an initially thin

disk with satellites of up to 0.5 times the mass of the host galaxy cause a disk that

shows only little flaring out to a radius of one scale length, hR. However, at a radius

of 4 hR the scale height will be increased by a factor of 4. This rather large increase in

scale height should be clearly visible in the data for NGC 55. The field of view covers

an area up to ∼ 5hR but within that range I do not observe any trend for flaring. Note

that due to the low signal-to-noise ratio the result for NGC 55 is tentative and flaring

of the thick disk was not studied for NGC 4244. Furthermore, Kazantzidis et al. (2008)

study the DM and do not simulate the effects that the subsequent formation of a thin

disk has and it is not clear how this would affect the flaring.

Metallicity and Age

Because disk heating by a merger or accretion event takes place on a rather short

timescale compared to internal heating processes, a vertical age or metallicity gra-

dient is not expected to be present. However, the time of the last “significant merger”

(a merger that would heat the thin disk, typically 10 - 20% of the disk mass Quinn &

222



5.4. DISCUSSION

Goodman, 1986; Quinn et al., 1993) is reflected in the ages of the youngest stars in the

thick disk as well as the metal abundances at the time of the last merger. As stated by

Wyse (2009a) for the MW this means that the last significant merger must have taken

place more than 10 Gyr ago or at a redshift of & 2. Thus, at that time the stellar thin

disk must have already been in place.

Occurrence and Diversity

As discussed above, the shape, kinematics, and ages of stars in the thick disk are de-

pendent on the specific circumstances of the merger. This implies that the properties

of the thick disk can change from galaxy to galaxy depending on its specific merging

history. It has been shown that within a Λ-CDM cosmology, significant mergers are

fairly commonplace (Abadi et al., 2003b; Kazantzidis et al., 2008; Stewart et al., 2008).

The latter demonstrated by means of N-body simulations that over the last ∼ 10 Gyr,

∼ 95% of the MW-sized halos (∼ 1012M⊙) have accreted at least one object with a

mass greater than that of the present MW disk (m > 5 × 1010M⊙ ) and more than

70% have accreted an object of twice that mass. A merger of that mass is certainly

expected to heat the thin disk. It is therefore unlikely (although not impossible) that a

galaxy without a thick disk should emerge.

Themerging scenario is in agreementwith the observations for NGC 55, NGC 4244

and other galaxies from the literature. It explains the observed scale height and scale

length in the thick disk and accounts for the lack of a metallicity gradient. Although

it has been shown that most galaxies are expected to have undergone a merging event

that would produce a thick disk, it is not impossible that some galaxies might have

survived without significant disturbances. While the detection of a galaxy without a

thick disk would provide a clear way to exclude the disk heating scenario by internal

mechanisms described in the previous section, it would not rule out the disk heating

scenario by a merger or accretion event.

5.4.3 Direct Accretion of Satellite Stars

As discussed in detail in Section 1.5.3 a satellite that falls into its host galaxy will be

disrupted and its stars can end up on co-rotating, eccentric orbits at large distances

from the mid-plane (Statler, 1988; Abadi et al., 2003b). As opposed to the scenario

described in the previous section, the stellar content of this thick disk does not form
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in situ but stems from the stripped material of the infalling satellite galaxy itself. To

some extent, the component beyond the thin disk in the simulated galaxies DG1 and

DG2 must have formed that way because some of the extra-planar material in these

galaxies was clearly accreted.

The Shape

A dynamical decomposition of the simulation by Abadi et al. (2003b) reveals the pres-

ence of a thin disk, thick disk and a spheroidal component. The vertical profiles are

fitted with two exponentials with a scale height of 575 pc and 2.7 kpc. While the scale

height of the thin disk is in good agreement with the observations of bulgeless late-

type galaxies discussed in Section 5.3.2, the scale height of the thick disk lies on the

large end of values (see Figure 5.10, right panel). However, the authors report that

the Tully-Fisher relation of the simulated galaxy resembles that of an S0 galaxy much

better than that of a late-type spiral. The six lenticular galaxies studied by Pohlen et al.

(2004) have larger thick disk scale heights than the late-type spirals (for example see

Figure 5.10, right panel) and show a better agreement with Abadi et al. (2003b) than

most of the other galaxies. Abadi et al. (2003b) do not apply a fit to the radial profile

of the thin and thick disk and it is therefore unclear if the two disks have a different

scale length. However, it is not inconceivable that for certain orbital inclinations of the

infalling satellite a second disk with a scale length different from the thin disk scale

length is produced.

The Luminosity Ratio

The simulations by Abadi et al. (2003b) suggest that the thick disk contributes ∼ 10%

of the total light of the galaxy while the thin disk contributes∼ 30%. The thick-to-thin

disk luminosity ratio therefore is ∼ 0.3. This is in good agreement with the obser-

vations of late-type galaxies shown in Figure 5.14 but the value lies on the low end

compared to the observations of lenticular galaxies which have thick-to-thin disk lu-

minosity ratios between 0.33 and 1.0 (see Pohlen et al., 2004, and Figure 5.14).

Metallicity

In accordance with observations of NGC 55 and other galaxies, the direct accretion

of satellite stars into the thick disk would not introduce a metallicity gradient. How-

ever, if the thick disk is made up from the accreted material, it should have chemical
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abundances similar to those of the satellite galaxies. The metallicity of the thick disk

stars in NGC 55 can then be used to put constraints on the mass of the satellite from

which it might have assembled. There is a well-known correlation between galaxy

mass and metallicity which was first discovered by Lequeux et al. (1979). Two differ-

ent explanations were suggested. First, the escape velocity for gas in galaxies depends

on the galaxy mass which has the effect that metals are blown out more easily from

low mass galaxies, for example by SN winds (Larson, 1974). Second, the dependency

of the metallicity on the galaxy mass could result from the lower SFR in less massive

galaxies (Köppen et al., 2007). At lower SFRs fewer massive stars are produced and

therefore the metal production is lower. Whatever explanation is correct the relation

has been observed formany nearby galaxies. Tamura et al. (2001) show the relation for

11 Local Group dwarf spheroidals which he divided into high and low mass dwarfs.

Their masses range from ∼ 107M⊙ to ∼ 109M⊙. The thick disk of NGC 55 for exam-

ple has a mean metallicity of [Fe/H] = −1.2 dex and a satellite with that metallicity

would clearly fall into the range of a high mass dwarf with mass M > 108M⊙. This

is ∼ 10% of the mass of the MW thin disk (MMWdisk ∼ 1010M⊙). The stellar disk of

low-mass system NGC 55 is less massive than that of the MW and therefore NGC 55

must have had encounters with satellites that have masses that are even larger than

10% of NGC 55’s thin disk. However, Quinn et al. (1993) found that such an encounter

even at zero inclination would puff up the thin disk by 20%. Toth & Ostriker (1992)

state that a satellite with a mass 4% that of the total galaxy mass (a mass of ∼ 5× 109

assuming a total galaxy mass of ∼ 1012) would give rise to a scale height similar to

that of the MW thick disk. The fact that any satellite that could deposit stars above the

plane of NGC 55 would also inevitably heat and/or destroy the thin disk is one of the

big controversies about the accretion scenario.

Occurrence and Diversity

The accretion scenario demands the accretion of stars from satellites on suitable orbits.

If and how much satellite debris can be found at large distances from the mid-plane

depends on the galaxy’s specific assembly history and thick disks might come in a

variety of sizes and are expected to have different dynamical properties. The direct

accretion scenario is in fact the only scenario that could produce counter-rotating

thick disks. If the finding of a counter-rotating thick disk by Yoachim & Dalcanton

(2008b) is proved correct, this gives strong support to the idea that at least some thick

disks must have formed from the direct accretion of satellite material.
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The accretion scenario produces realistic thick and thin disk scale heights and lu-

minosity ratios. It predicts no metallicity gradient which is in agreement with the

observations. However, the scenario struggles to explain how the thin disk can sur-

vive the impact of satellites without any heating. Slow accretion of small satellites over

time is not an option because the predicted metallicities of these objects are too low to

explain the metallicities found in the thick disks of observed galaxies. It is therefore

implausible that the thick disk should be purely made up of stars from accreted satel-

lites. As Wyse (2004) state it is possible that some fraction of stars at large distances

from the plane were accreted directly while the rest stems from a different formation

process.

5.4.4 Thick Disk Formation at High Redshift in a Gas-Rich

Proto-Galaxy

Details about the proposed formation mechanisms are described in Brook et al. (2004,

2005) and Bournaud et al. (2007, 2009) and are summarised in Section 1.5.4. The thick

disk in these scenarios forms rapidly in the early stages of the universe more than 8

Gyr ago in the gas-rich proto-galaxies. In this scenario the thick disk consists of in-situ

stars.

The Shape

In Brook et al. (2004, 2005) the thick disk forms after the merger of at least 4 gas-

rich proto-galaxies. The simulated MW-type galaxy described in Brook et al. (2004)

and the additional four galaxies simulated using the same code as described in Brook

et al. (2005) yield an exponential thin and thick disk scale heights of 0.45 - 0.6 kpc

and 1.1 - 1.4 kpc respectively. While the scale heights are in good agreement with the

observations presented in Section 5.3.2, there is a fundamental difference between the

simulated and the observed scale length. The simulated galaxy in Brook et al. (2004)

has a smaller thick disk than thin disk scale length (2.6 kpc compared to 4.1 kpc).

In most galaxies discussed in the previous Section (5.3.2), the opposite behaviour is

observed. While for the four galaxies presented in Brook et al. (2005) no scale length is

reported, Brook et al. (2007) show that a thick disk with a larger scale length than the

thin disk can form after one significant gas-rich 2:1 merger.

In Bournaud et al. (2007) the thick disk forms without the need of violent mergers
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between galaxies in the early universe. The thick disk in this scenario arises from

the clumpy structure of gravitationally unstable disks at a redshift between z∼ 2 and

z∼ 1. The exponential scale height of the thick disk in the simulation reported by

Bournaud et al. (2009) is ∼ 1.5 kpc which is in reasonable agreement with the value

found in the observations. The authors further state that scattering off of the clumps

leads to a constant scale height of the thick disk at all radii while heating of the disk

through satellite accretion as described in Section 5.4.2 would lead to flaring of the

disk. For NGC 55 I find that, although the scale height of the thick disk is not constant

at different radii, no clear trend for flaring towards large radii is seen.

Metallicity

With a mean metallicity of [Fe/H] = −0.5 to −0.8 dex the thick disks of the 4 sim-

ulated galaxies in Brook et al. (2005) are more metal rich than the observed mean

metallicity of [Fe/H] = −1.2± 0.2 dex in NGC 55 and the [Fe/H] = −1.5± 0.4 dex

found for NGC 4244. Still, the metallicities in the simulated galaxies lie within the

range of metallicities observed in the thick disks of the other galaxies shown in Fig-

ure 5.15. For the simulated galaxies in Brook et al. (2005) there is a trend for galaxies

with higher halo masses to have higher thick disk metallicities. The gas-rich building

blocks from which the thick disk forms are more enriched for larger masses which

provides a natural explanation for the trend. Because the thick disk stars form in-situ

from well-enriched material over a relatively short period, no significant metallicity

gradient is present in any of the simulated galaxies. This is in good agreement with

the observations. The models presented by Bournaud et al. (2007) do not allow for a

chemical analysis.

Occurrence and Diversity

Brook et al. (2005) report that for their MW-type DM halos, most of the significant

merging events happenedmore than 5 Gyr ago and peaked between∼8 and∼11 Gyr.

Within those MW-type DM halos, thick disks emerge inevitably. Low-mass galaxies

have been found to be even more gas rich at low redshift (Schombert et al., 2001) as

well as at high redshift (Erb et al., 2006) and are therefore expected to produce even

more pronounced disks.

In the scenario described by Bournaud et al. (2007) the thick disk is a generic

feature of disk galaxies as well.
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The properties of thick disks that arise naturally during the galaxy formation pro-

cess, either through gas rich mergers or from scattering of stars by the clumpy struc-

ture of galaxies in the early universe, are in agreement with observations of thick disks

in NGC 55, NGC 4244 and in other galaxies. The simulations predict the observed

scale heights and, in the case of Brook et al. (2004, 2005), the metallicities correctly.

The thick-to-thin disk scale length ratios of < 1 found by Brook et al. (2004) do not de-

scribe the general trend found in the observations. However, the constraints for this

ratio in the observations are poor and the discrepancy does not rule out the formation

model. Note also that under the right conditions thick-to-thin disk scale length ratios

> 1 are produced (Brook et al., 2007). Finally, the models described by Brook et al.

(2004) and Bournaud et al. (2007) predict that thick disks are ubiquitous in galaxies

which, up to now, is supported by the observations.

5.5 Conclusion

In this section, I studied and compared the properties of the thick disk in several galax-

ies taken from the literature and from this thesis to the most popular formation sce-

narios. All scenarios are consistent with a large range of observations, yet some of

the models are challenged by some of the observational evidence. However, the ob-

servational evidence that could be brought up against the models often suffers from

large uncertainties. While the lack of a vertical metallicity gradient could rule out the

formation of the thick disk through internal, steady heating as the dominant mecha-

nism, the metallicities reported for the thick disk in galaxies beyond the Local Group

are photometric metallicities which are prone to large uncertainties and not sensitive

to small metallicity gradients. In a similar way, the detailed structure of the thick disk,

for example the presence of a flare towards the outer parts of the disk or the ratio of

the thick-to-thin disk scale length, can challenge formation scenarios. However, it is

difficult to accurately reveal the detailed structure of this notoriously faint component.

Therefore, no clear trend towards any of the models is indicated by the observa-

tions to date. I conclude that it is still too early to point-out a single favourite formation

mechanism. Considering the large range of thick disk properties, the formation mech-

anisms might even differ among galaxies and it is possible that in some galaxies more

than one mechanism is effective.
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Conclusions

6.1 Summary of Work Presented

In this thesis I present the results of an investigation into the nature and origin of

thick disks, based on a global analysis of the stellar populations and structure of two

edge-on galaxies beyond the Local Group, NGC 4244 and NGC 55. These galaxies are

studied using deep wide-field ground-based data taken with Subaru/Suprime-Cam

and VLT/VIMOS, as well as auxiliary data from smaller telescopes. My analysis re-

veals for the first time the clear presence of thick disks distinct from the thin disk com-

ponents, in both systems. Furthermore, the thick disk components have metallicities

much lower than the solar value. By comparing my results to findings from numer-

ical simulations and observations in the literature, I have been able to confirm and

extend previously discovered relationships between thick disk properties and galaxy

mass. I discuss the most popular thick disk formation scenarios in the context of these

galaxies.

In Chapter 2, I describe the observations, data reduction and photometry of the

two galaxies. NGC 4244 was used as a test case to establish the best method for car-

rying out the photometry and morphological classification of objects in the images. I

found that the contamination from unresolved background galaxies in the final point-

source catalogues is severe for all photometries and classification schemes which com-

prises the main challenge when studying the resolved stellar content of galaxies be-
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yond the Local Group with ground-based observations. However, this problem was

tackled by a careful analysis and subtraction of the contaminants in the later analysis.

In Chapter 3, I present the results of a global analysis of the stellar content and

structure of NGC 4244. I found that a wealth of RGB stars, several AGB stars and some

YMS stars are present in the extra-planar regions. The combined vertical diffuse V-

band light plus RGB count profiles showed evidence for a second component beyond

the thin disk in NGC 4244. A Bayesian model comparison indicated that the vertical

profiles are better fit by a two-disk model than a single disk model. The second disk

component was found to have a scale height about 3 times larger than the thin disk

scale height. The vertical AGB count profiles showed a tentatively smaller scale height

than the RGB population. I derived the photometric metallicity of the RGB stars in the

second disk component and obtained a value of [Fe/H] ≈ −1.5+0.1
−0.3 dex.

In Chapter 4, I present the results of the search for and the analysis of the thick disk

in NGC 55. Similar toNGC 4244, I found that the CMDs of the extra-planar regions are

dominated by RGB stars and that several AGB stars and some YMS stars are present.

A structurally distinct component beyond the thin disk with a scale height 3 times that

of the thin diskwas clearly detected in the vertical RGB count plus diffuse V-band light

profiles. The AGB count profiles show a smaller scale height. The thick disk compo-

nent is populated by RGB stars with an average metallicity of [Fe/H] ≈ −1.2+0.1
−0.2 dex

and no change in metallicity with distance from the mid-plane was detected. Finally, I

found that the scale length of the thick disk component is larger than the scale length

of the thin disk component.

In Chapter 5, the structure and metallicity for NGC 4244 and NGC 55 were com-

pared to two simulated low-mass galaxies, DG1 and DG2, provided by the Preston

group. I found that the flattening, metallicity and general vertical structure of the

second component beyond the thin disk in NGC 4244 and NGC 55 is indicative of a

thick disk component, while the second component in DG1 and DG2 is more likely

to be a halo. I discuss the findings for the observed and the simulated galaxies in the

context of thick disk properties of a sample of more than 50 galaxies taken from simu-

lations and observations in the literature and was able to confirm and extend trends in

thick disk properties among galaxies of different masses. With my discovery of a thick

disk in NGC 4244, it is now the case that every galaxy studied in sufficient detail has

been shown to have a thick disk component indicating these are generic components

of galaxies. Furthermore, the thick disks in all late-type galaxies show an axis ratio

larger than 1.5 and a large spread in metallicity between at least [Fe/H] ∼ −1.5 dex to

230



6.2. FUTURE WORK

[Fe/H] ∼ −0.5 dex. I confirm that there is a trend for galaxies with increasing mass to

show a) an increase in the thin disk scale height b) an increase in the thick disk scale

height c) an increase in the thin disk scale scale length d) an increase in the thin disk

surface brightness e) an increase in the luminosity ratio between the thick and thin

disk. I find no clear trend with mass for the thick disk central surface brightness or

the thick-to-thin disk scale height ratio. However, the latter is larger than ∼ 1.3 in all

cases and can be as high as 4 (excluding results for galaxies for which a halo rather

than a thick disk was detected).

Finally, the results are discussed in the context of the most popular thick disk for-

mation models. Non of the models are in direct conflict with the ubiquity of thick

disks. Some of the observational evidence might challenge some of the formation

models. For example the absence of a vertical metallicity gradient in the thick disk

contradicts the predictions of the scenario where a thick disk arises through steady

heating mechanisms in the thin disk. However, the photometric metallicity estima-

tions are prone to uncertainties and are not sensitive to small gradients. Furthermore,

it is possible that several mechanisms have contributed to the growth of the thick disk

in one galaxy, or that the thick disk formation mechanisms vary among galaxies. The

large range of thick disk properties gives support to this latter idea. I conclude, that

our understanding the properties of thick disks in galaxies to date is not sufficient to

strongly rule out or support any of the formation scenarios currently being discussed.

All scenarios are consistent with the observations and even hybrid models are possi-

ble.

6.2 Future Work

One possibility to test thick disk formation models in the future is to study the kine-

matics of thick disk stars in more detail. This can be achieved most successfully in

the Milky Way where the three dimensional motions of individual stars can be deter-

mined. Recent simulations of disk galaxies reveal how the dynamical state of the thick

disk today depends on origin (e.g. see Sales et al., 2009). For example, by analysing the

predicted eccentricity distributions to the samples of nearby thick disk stars, it is pos-

sible to trace back the origin of theMW thick disk stars. Galactic surveys, like the SDSS

spectroscopic sub-survey SEGUE or the RAdial Velocity Experiment (RAVE) carried

out with the Schmidt Telescope of the Anglo-Australian Observatory (AAO), are mea-

suring velocities and element abundance ratios for more than one million stars. In the
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more distant future, the Gaia space mission is planned to conduct a survey that pro-

vides the full phase space information of about 109 stars. Thosemissions will certainly

deepen our understanding of the origin of the thick disk in the MW significantly.

However, even with a full understanding of the origin of the MW’s thick disk it is

not possible to answer the question of how thick disk formation takes place in general

throughout the disk galaxy population in the Universe. While we need to await the

era of 30m-telescopes to carry out kinematic studies of individual stars in the thick

disk of galaxies beyond the Local Group, it is currently possible to study the rotation

of the thin and thick disk component from spectral absorption features and emission

lines in the integrated light, as has been shown by Yoachim & Dalcanton (2008b). For

example, the finding of a large fraction of counter-rotating thick disks could rule out

any disk heating scenario as the main formation mechanism. Further studies of this

sort are clearly needed.

Furthermore, age information of the thick disk stars can put constraints on thick

disk formation models. A discontinuous age distribution between the thick and thin

disk argues against slow heating of the thin disk through internal mechanisms and

stellar migration scenarios. On the other hand, if the thick disk formed from violent

dynamical heating of the thin disk through satellite accretion, the ages of the thick

disk stars are not expected to overlap with the ages of the thin disk stars. Instead, they

would reflect the time of each accretion event. In particular, the presence of a young

population of thick disk stars could rule out this scenario as the only formation mech-

anism because the last significant accretion event has to take place early enough to

leave time for the thin disk to re-grow. If, however, the stars from an infalling satellite

were accreted directly, some overlap in the age distributions between thick and thin

disk stars is not impossible as the satellite could distribute its debris in both disks.

Last, the scenario where a thick disk forms at high redshift in a gas-rich proto-galaxy

leads to a consistently old age of the thick disk stars. There are several ways to gain

age information of thick and thin disk stars in the MW. For example, the ages of in-

dividual stars can be determined from the CMD if a star is a turnoff or sub-giant star.

A more recently established technique is the so-called nucleocosmochronology where

the amount of various radioactive elements in the photosphere of a star is studied

and the age is estimated from the decay of the radioactive isotopes. If known, the

luminosity function for white dwarfs can be fitted with cooling tracks to provide age

information or stellar isochrones can be fitted to groups of stars.

Even for MW stars it is difficult to gain accurate age information for example be-
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cause of the mixture of stellar populations in the solar neighbourhood and the diffi-

culty to separate the thick from the thin disk stars (e.g. Feltzing & Bensby, 2009). How-

ever, for galaxies beyond the Local Group it is impossible yet to obtain stellar spectra

to study the detailed element abundances in the photosphere to carry out nucleocos-

mochronology. At these distances it is also impossible to resolve stars fainter than a

few magnitudes below the TRGB, alone resolve stars at the main sequence turn-off

or white dwarfs. And while the RGB is an excellent metallicity indicator it is unfor-

tunately almost insensitive to age. Very rough age estimates can only be gained for

example by studying the RGB-to-AGB stellar ratio. Even 30m-class telescopes strug-

gle to resolve stars in galaxies beyond the Local Group to the turnoff point and only

with 100m-class telescopes it will be possible to get CMDs deep enough to extract age

information for a larger amount of thick disks.

Finally, some global studies of the faint outer components of galaxies can be carried

out using systematic space-based surveys like the ACS Nearby Galaxy Survey Trea-

sury (ANGST Dalcanton et al., 2009). ANGSTmonitors almost 70 galaxies in the Local

Universe using several HST/ACS and WFPC2 fields for most of the objects. How-

ever, only a small number of them are edge-on spirals and have a coverage over the

full radial extent and the extra-planar regions. More systematic space-based surveys

with large coverage or ground-based wide-field surveys similar to the one carried out

in this thesis are needed to increase our detailed understanding of the structure and

stellar populations of thick disks in the Local Universe.
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V. P., House, E., Steinmetz, M., and Villalobos, Á.: 2009, MNRAS 400, L61
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