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2 CHAPTER 1. INTRODUCTION

1.1 Astrophysical evidence of dark matter

Dark matter is one of the most intriguing present-day scientific mysteries. Observations
show that visible (baryonic) matter is not enough to explain the dynamics of galaxies,
galaxy clusters, and the Universe as a whole. To fix the discrepancy, we have to either in-
troduce a new type of (unseen, i.e., dark) matter, or to alter the laws of gravity, i.e., general
relativity. To date, the first approach is more widely used and developed.
In the first two sections, we will present the observational evidence of missing matter and
possible explanations in the dark matter framework. We will briefly discuss competing the-
ories in the third section.

Vertical motions in the Milky Way. Historically, the first indications of missing matter
came from the analysis of the vertical motion of stars in the Solar neighbourhood. The stars
can be used as tracers of the galactic gravitational potential, which, itself, can be recon-
structed from the distribution of visible matter. First estimates of the vertical gravitational
potential using this technique date back to the 20s and 30s of the past century (Kapteyn,
1922, Oort, 1932). A theory describing the vertical force was developed by Kapteyn and
Oort in the same works, and was later refined by Spitzer (1942) and Bahcall (1982).
Current estimates show that in the solar neighbourhood about 1/5 of the matter density
is in dark matter with roughly 0.02 M�/pc3 (see, e.g., Hagen & Helmi, 2018, for the local
dark matter density and, e.g., Table 2 in Kramer & Randall, 2016, for the local densities of
visible galactic components).

Dynamics of galaxy clusters. The dynamics of galaxies in galaxy clusters also points
to an invisible massive component. Assuming that a galaxy cluster is virialized (i.e., in
dynamical equilibrium), the velocities of its individual galaxies are found to be much higher
than expected from the visible matter distribution. Without an additional dark matter
component, they should fly apart.
This observation was first made by Fritz Zwicky in 1933 on the Coma cluster (Zwicky, 1933)
and was since confirmed on many other galaxy clusters. More recent analysis of X-ray emis-
sion from hot gas that fills galaxy clusters also confirms a deeper gravitational potential
than produced by visible matter (e.g., Pointecouteau et al., 2005).

Galaxy rotation curves. Rotation curves of galaxies are another key observation of
missing matter, and the main focus of this thesis. A rotation curve shows the rotation
velocity of the galaxy as a function of radius, from which the gravitational potential can be
deduced. From Newtonian gravity, the rotation curve is predicted to decline from a certain
radius on, both for a spherical (Kent, 1986) and a disk-shaped (Casertano, 1983) mass dis-
tribution. However, observed rotation curves are found to be flat. First observations of this
discrepancy come from observations of ionized gas and date back to the 1960-70s (Burbidge
et al., 1959, Rubin et al., 1970, 1978, 1982). They were confirmed by rotation curves of
neutral hydrogen gas, HI, which extends farther out than the stellar body of the galaxy
and hence traces the gravitational potential up to larger radii (Rogstad & Shostak, 1972,
Bosma, 1978, van Albada, 1985, Begeman, 1987).
The stellar mass of a galaxy is not directly measurable. It is estimated from the galactic
luminosity using an empirically determined proportionality factor, the mass-to-light ratio
(M/L). Historically, the flat rotation curve shape was explained by a steep rise of this ratio
with radius, associated with the existence of a faint, but massive stellar population in the
outskirts of galaxies (e.g., Oort, 1940, Roberts, 1975). However, this hypothesis was ruled
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out as no stellar populations with M/L values high enough were found. Also, a more massive
stellar type would not fit into the stellar evolution sequence or into galaxy evolution models
(as developed by Tinsley, 1972a, 1972b, 1975). Therefore, the missing matter is associated
with a so-called dark matter halo, in which the galaxy is embedded.

Stability of disk galaxies. In 1973, Ostriker & Peebles found from numerical calcu-
lations that thin rotating disks become thicker and form a bar during only one rotation
period, and are eventually destroyed by instabilities. Since this clearly contradicted the ob-
servations of stable disk galaxies, a stabilizing mechanism was needed, for example a large
spherical mass distribution enveloping the galaxy. This theoretical consideration supports
the dark matter halo concept.

Gravitational lensing. Since the assumed dark matter halo is thought to be very massive,
it should be deflecting by-passing light by its gravitational potential. Indeed, strong and
weak gravitational lensing shows evidence of dark matter haloes in galaxies and in galaxy
clusters. It also shows that the majority of the dark matter is not self-interacting, i.e., it
does not clump when two galaxies or galaxy clusters pass through each other, as does, for
instance, gas (Markevitch et al., 2002, Clowe et al., 2004).

1.2 Cosmological evidence of dark matter

By the late 1970s, there was plenty of astronomical evidence for the need of missing mass,
and, since its properties could not be described by known stellar types or gas, non-baryonic
dark matter has already been suggested. The real evidence for the non-baryonic nature of
the dark matter, however, comes from cosmology. To understand the implications of the
various observations, we need to introduce the Big Bang Theory. We sketch below a brief
overview. Explaining the theory in more detail is beyond the scope of this thesis. For more
information, please consult Zeldovich & Novikov (1983), or recent reviews (e.g., Samtleben
et al., 2007 on CMB, Mukhanov, 2016 on inflation, Mukhanov, 2004 on primordial nucle-
osynthesis, etc.).

The Big Bang Theory. The Big Bang theory describes the evolution of the Universe
starting from the first moments of its existence until present time. According to this theory,
the Universe originated from a ’big bang’, being very hot and dense in the beginning and
gradually cooling by expansion. This process is marked by several important stages.
In the very beginning, there was a stage known as inflation. In this stage, the young Universe
experienced a phase of exponentially accelerated expansion. During this expansion, quan-
tum vacuum fluctuations, that were present in the pre-inflationary universe, got stretched
to galactic scales, staying at nearly the same amplitude. This short period is crucial for
structure formation in the Universe (see Guth, 1981, Linde, 1982, Steinhardt, 1983).
After inflation ended, the Universe continued to expand and cool, but at a slower rate. The
details of particle physics processes happening at these early evolution stages are not rele-
vant for this thesis. It is sufficient to say, that eventually the temperature got low enough
for protons and neutrons to form light nuclei like deuterium, helium and lithium. The ef-
ficiency of this process, known as the primordial nucleosynthesis, depends on the matter
density and therefore decreases with time. Since unbound neutrons are unstable, the nu-
cleosynthesis is highly time-restricted, ending when all free neutrons decay. The amount
of primordial baryons in the Universe is constrained by this short evolution period (for a
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historical and physical review of the primordial nucleosynthesis, see Schramm, 1998, and
refernences therein).
As the temperature and density of the Universe dropped further, electrons bound to the
nuclei. This process is known as recombination. Photons are scattered much less by neu-
tral atoms than they are by plasma, so this is when the Universe became transparent. We
observe the freed photons in the cosmic microwave background (CMB). This background
radiation is highly isotropic and has a blackbody spectrum (Smoot et al., 1992).
After recombination, gas filling the Universe started to collapse due to gravitational forces.
(Before, the radiation pressure was preventing this). These initial density perturbations
evolved to the structures we observe today, like galaxies and clusters.

The Cosmic microwave background. In 1964, the cosmic microwave background was
discovered. This was one of the first important confirmations of the Big Bang Theory. It
was found to be largely isotropic, in agreement with expectations (Doroshkevich & Novikov,
1964). As the measurement quality improved, anisotropies in the CMB temperature were
measured. While the dipole anisotropy comes from the superposition of the movements of
the Earth, the Sun and the Galaxy, higher order anisotropies map density fluctuations at
recombination, which acted as seeds of structure formation. The scale of these anisotropies
is of the order of 10−5 (Smoot et al., 1992).
Today, at z = 0, we observe complex structures in the Universe: galaxies are not distributed
uniformly, but form a ’Cosmic Web’, with galaxy-rich filaments and galaxy-poor voids. It
can be calculated that, to form these structures in the provided time, density fluctuations
at z ∼ 1000 have to be of the order of 10−3, so 100 times larger than observed.
In 1978, White & Rees proposed a non-baryonic explanation to structure formation con-
sistent with much smaller fluctuations in the CMB. They could explain a deepening of the
gravitational potentials by introducing a non-baryonic matter component, which decoupled
from the ordinary matter before recombination and could already cluster at the density
fluctuations coming from the pre-inflational Universe. After recombination, the baryonic
matter falls into the already existing potential wells of the non-baryonic matter, speeding
up structure formation and explaining the large-scale structure at z = 0.
The type of matter introduced above is called Cold Dark Matter (CDM), as it needs to
have small velocities to efficiently cluster. Its particle nature is not known, although there
are many competing theories and the experimental search for it is ongoing. We will not
introduce any particle candidates for the CDM as this is beyond the scope of this thesis.

The power spectrum of the CMB. More insight about the Universe comes from analysing
the structure of the CMB anisotropy (see, e.g., Bennett et al., 2003, Komatsu, 2009). For
that, the CMB is decomposed into spherical harmonic functions, analogous to 2D Fourier
decomposition, but on a sphere. The derived power spectrum of the CMB depends crucially
on the matter-energy content of the Universe. The position of the first peak of the spectrum
shows that the Universe is flat to a high accuracy, i.e. that the density of the Universe is
equal to ρcrit, where ρcrit = 3H0

8πG with the Hubble constant H0. If this value was different, it
would suggest that we live in an either open or closed Universe. Since the big bang nucle-
osynthesis predicts that baryons make up 5% of the critical density of the Universe, 95% of
the mass-energy must be in some other form.
From the positions and heights of the next several peaks the total matter density can be
derived. According to the latest measurements (Planck Collaboration et al., 2018), it is
(31.5 ± 0.7)% , so ca. 26% of the matter must be of non-baryonic nature. The remaining
69% is assigned to another poorly understood component of the universe, the dark energy,
which drives the accelerated expansion of the Universe that we observe with Type-Ia super-
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novae (Riess et al., 1998).

Simulations. The cosmological picture presented above is known as the ΛCDM cosmology,
in which Λ denotes the cosmological constant (possibly related to dark energy), while CDM
stands for cold dark matter. In this framework, a consistent picture of galaxy formation
can be developed, known as hierarchical structure formation (Toomre, 1977). According
to it, small dark matter haloes formed on the initial density perturbations. They grew
through mergers and accretion of diffuse dark matter. Baryonic matter fell into the dark
matter haloes after recombination and formed galaxies. The whole process becomes quickly
non-linear, so numerical simulations are needed to probe whether the theory is correct.
Starting from the late 1970s, such N-body simulations have become feasible. They simulate
the evolution of the Universe, starting from initial perturbations and taking into account the
tested models of cosmology (for reviews, see Ciardi & Ferrara, 2005, Borgani & Kravtsov,
2011). When ΛCDM is probed, initial conditions are set to mimic perturbations predicted
by inflation theory.
The results of these simulations reproduce the structure of the Universe remarkably well on
supergalactic scales (see, e.g.,Navarro et al., 1996, Springel et al., 2005, Boylan-Kolchin et
al., 2009), but there are some discrepancies between the simulations and the observations
on galaxy scales (e.g., Bullock & Boylan-Kolchin, 2017).

1.3 Competing theories

We have described how cold dark matter can explain various astrophysical and cosmological
observations. There are, however, competing theories that try to solve the missing mass
problem not by introducing a new particle, but by altering the theory of gravity. The most
prominent example is the Modified Newtonian Dynamics theory (MOND) by Milgrom (Mil-
grom, 1983), which proposes a different law of gravity in the non-relativistic regime when
the accelerations are smaller than a critical value. At higher accelerations, Newtonian laws
act as usual. This theory gives a surprisingly good phenomenological description of galactic
dynamics, finding the same critical acceleration for different types of galaxies (see Lelli et
al., 2016 and references therein). However, a fully satisfactory extension of the theory to
general relativity does not exist yet, so a MOND-like approach cannot currently explain the
CMB and the cosmological evolution of the Universe (Sanders & McGaugh, 2002, Famaey
& McGaugh, 2012).
Theories of modified gravity will not be discussed for the rest of this thesis.

1.4 Galaxies as island universes

Galaxies can be classified based on their morphology and physical properties. Edwin Hub-
ble was the first to perform such a classification (Hubble, 1926) and his naming scheme for
galaxies is still used, although it has been shown that his underlying ideas of galaxy evolu-
tion have been erroneous (Buta, 2013). This scheme is presented in Fig. 1.1 and known as
the ’tuning fork diagram’.
All the galaxies on the left side are Early Type galaxies (ETGs). They can be either el-
lipticals (E) or lenticulars (S0). The galaxies in the ’forked’ part of the diagram are Late
Type Galaxies (LTGs). These are disk galaxies that are divided into branches depending
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Figure 1.1: The Hubble sequence of galaxies, known as the ’tuning fork’. Figure credits: Fahad Sulehria,
www.novacelestia.com (Astronomical illustrations and space art).

on whether they have or do not have a bar. Their position on the diagram is defined by the
visible features and the winding of their spiral arms. Not included in the initial Hubble di-
agram are the Irregulars. These are galaxies that host lots of gas and star formation (Keel,
2007). Irregulars form a heterogeneous class of galaxies: they are either gas-righ galaxy
mergers or low-mass dwarf galaxies (the so-called dwarf irregulars, dI).
LTGs are spirals and irregulars. Their stellar component can be divided into several parts:
a disk, a stellar halo and, if existent, a bulge and/or a bar. The stellar halo is a roughly
spherical, low-luminosity structure that contains a low percentage of the stellar mass. The
halo stars are old and metal-poor and exhibit chaotic motions.
Most of the stellar mass is confined in the disk and the bulge. The disk generally exhibits
circular motions, with random speeds less than 10% of the circular speed. Therefore, it is
dynamically cold and thin. The disk luminosity can be approximately modeled by exponen-
tial functions both in the radial and the vertical direction, with the characteristic scaleheight
being related to the characteristic scalelength. For most spiral galaxies, the disk extends
for several kiloparsecs, and may abruptly end at a maximal radius, where, star formation is
supposedly no longer efficient (see van der Kruit & Freeman, 2011, for a review).
The stars in the disk form multi-armed patterns, known as spiral arms, that typically con-
tain younger stars and therefore are brighter in the optical (Roberts, 1969).
Spiral galaxies host considerable amounts of cold gas (109−1012M�, e.g., Lelli et al., 2016),
which is usually aligned and co-moving with the stellar disk. Typically, spiral arms contain
giant molecular clouds, in which star formation is happening (Roberts, 1969). The amounts
of hot gas tend to be small, so LTGs are faint in X-rays.
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Many spiral galaxies have a bulge in the center. This is an ellipsoid stellar structure that has
a higher star density and older stars than the disk. It is typically devoid of gas expect for
its innermost part, where it may host star formation and nuclear star clusters. In contrast
to disk stars, bulge stars have considerable random motions (for more information on spiral
galaxies, see, e.g., Sparke & Gallagher, 2007, Keel, 2007).
In this thesis, we focus on ETGs. They are characterized by exhibiting no (or very weak)
spiral structure and a ellipsoidal, rather than disky, shape. They have old stellar popula-
tions and host (nearly) no star-formation, therefore appearing redder than spiral galaxies.
They also contain gas with lower densities than LTGs (Cappellari et al., 2011).
The breakthrough in the investigation of ETGs came when it has been discovered that ETGs
exhibit a well-defined dichotomy (see Davies et al., 1983 Bender, 1988, Bender et al., 1989,
Cappellari et al., 2011, and references therein). They can be subdivided into the classes
of so-called slow and fast rotators (Kormendy & Bender, 1996, Emsellem et al., 2007) that
not only have very different properties, but also differ in their evolution histories. These
observations were later confirmed with integral-field spectroscopy (IFS), which provides ve-
locity measurements at each point of the galaxy, rather than just along the main axis, as
it was with long-slit spectrographs. Over the last 20 years, several large scale IFS surveys
(SAURON, ATLAS3D, etc.) collected data for hundreds of ETGs.
The slow rotators tend to be more massive (MV . −21.5mag), have a very old, metal rich
population (Thomas et al., 2005) and a boxy isophote shape1(Bender, 1988). They contain
hot X-ray emitting gas (Bender et al., 1989), but host (nearly) no atomic or molecular gas
that is needed for star formation (Kormendy & Bender, 2012). As the name suggests, the
rotation support of these galaxies is negligible over pressure support (Illingworth, 1977).
These galaxies probably form in a series of mergers of massive, not star forming galaxies
(although their formation history is still debated, see, e.g. Cappellari, 2016, Kormendy et
al., 2009).
The fast rotators, on the other hand, are less luminous (MV & −21.5mag), have younger
populations with respect to the slow rotators, and have disky isophotes, indicative of stellar
disks with large bulges. While slow rotators typically exhibit cores (Ferranese et al, 1994),
fast rotators are usually core-less (Faber et al., 1997). Also, they are not α-enhanced and
do not contain X-ray emitting gas, but host small to medium amounts of cooler radio emit-
ting gas and can have small amounts of star formation. Typically, they are axisymmetric,
while slow rotators are triaxial (Kormendy & Bender, 2012, Cappellari, 2016). The angular
momentum content and morphology of these galaxies suggest that they evolve from spirals
with large bulges. Either through tidal interactions with the bulge or through outflow effects
from supernovae and AGNs, the star formation in the galaxy gets quenched, while interac-
tions with the environment might strip the galaxy of its gas and puff it up vertically. For
more information on the ETGs and their evolution, see, e.g., Cappellari, 2016, Kormendy
et al., 2009, Kormendy & Bender, 2012.

1.5 Gas as a tracer of galactic kinematics

The visible component of a galaxy is made of stars and gas. The stellar component can
be used by itself to trace the gravitational potential of the galaxy. Gaseous disks, when
existent, can cover different radial ranges. The HI disk can extend about twice as far as the
stellar distribution does (van der Kruit & Freeman, 2011). Disks of other gaseous phases,

1isophote - curve of constant brightness
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like molecules and ionized gas, are only found in the central parts of the galaxy.
The larger size of the HI disk is beneficial for using it as a tracer of the gravitational potential.
Another advantage in looking at HI kinematics comes from its velocity dispersion. It is much
lower than the velocity dispersion in the stellar disk, hence it provides a direct tracer of the
circular velocity of a test particle, without the need of corrections for pressure support (so-
called asymmetric drift).
From the elemental composition of the universe it is known that hydrogen forms 74% of the
gas, helium makes up about 24% and heavier elements form . 2% of the gas (Wagoner et
al., 1967). As mentioned above, HI disks can be very extended and therefore are a good
dynamical tracer. However, they often have holes or depletions in the central parts, so other
gas types have to be considered to fill the gap.
Using gas as a tracer of galactic kinematics requires three conditions: the gas of choice is
present in sufficient concentration to be detected (as we have seen above, ETGs have been
long thought to be devoid of gas due to its low surface densities), the gas has to have a
strong and well identifiable emission line, and this emission line has to have a wavelength
at which it can be well observed from Earth. The last one is a crucial factor in the choice of
the lines used for observations, as the Earth atmosphere absorbs light at several frequencies.
In the following sections, we will introduce the gases chosen for tracing the gravitational
potential in this work.

1.5.1 The 21 cm line of atomic hydrogen

For tracing the HI emission, we use observations of the famous 21 cm line. The name
is referring to the corresponding wavelength, which lies in the radio and can readily be
measured from Earth.
Atomic hydrogen consists of an atom and an electron. The energies associated with level
transitions of the electron lie in the optical and infrared. However, these wavelengths are
subject to dust absorption, while radio waves penetrate dust clouds without alteration.
Therefore, it is desirable to use transitions that emit photons of radio frequencies, i.e.
transitions with the lowest energies possible.
Such a transition for the hydrogen atom comes from the hyperfine energy level splitting. In
the ground state, the spins of the two particles can be either aligned or anti-aligned, the two
states having slightly different energies. Naturally, the system goes to the state of minimal
energy, namely the one where the spins are anti-parallel. The energy difference of 5.874 µeV
is emitted in the form of a photon with the corresponding frequency of 1420.4 MHz (and
wavelength 21.106 cm).
As the transition between the two states of different spin is forbidden, it happens only with a
transition rate of 2.9 ·10−15 per second. The extremely long lifetime of the hyperfine excited
level together with the very big number of hydrogen atoms in the galaxies ensure that we
can observe the 21cm line continuously and independent of the origin cloud temperature, as
the process does not require any specific excitation temperature. This fact, together with
the natural abundance of HI, explain the extensive use of 21 cm observations in astrophysics.
The 21 cm line was predicted by van de Hulst in 1944 (van de Hulst, 1944) and first time
observed by Ewen and Purcell in 1951 (Ewen & Purcell, 1951).

1.5.2 CO as a tracer of molecular hydrogen

For the innermost parts of the galaxies, we need a different gas tracer since ETGs often
show central HI holes. Molecules emit light from electron transitions, just as atoms, but
they can also emit light when they transition between different rotational and vibrational
states. These processes have excitation energies much lower than the ones associated with
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e− transitions and hence emit in a different frequency range.
Cold molecular clouds are still dominated by hydrogen, now in the form of H2. This
molecule, however, is neutral, diatomic and symmetric. As it is made of two identical atoms,
it possesses no dipole moment. The first rotational transition it possesses is quadrupolic.
The corresponding radiation is very weak and lies in the far infrared. Both higher order
rotational and vibrational transitions have higher excitation energies, making cold H2 effec-
tively invisible (see, e.g., Bolatto et al., 2013).
The next most abundant elements are helium (which, being monoatomic, is also very hard
to observe), oxygen and carbon. The latter two form CO molecules that, being made out
of two different atoms, possess a rotational dipole moment. The first rotational excitation
energy of CO is very small (corresponding to roughly 5 K), making the J = 1→ 0 transition
with 2.6 mm the perfect aim for millimetre and sub-millimetre astronomy (Bolatto et al.,
2013). The first observation of the CO(J = 1 → 0) line was performed by Wilson et al. in
1970.
The problem arises when trying to relate the measurable CO flux to the total molecular gas
mass. Over the last 40 years, there have been debates about the accuracy of such a con-
version (see Dickman et al., 1986, Bolatto et al., 2013, Clark & Glover, 2015 and references
therein).
Commonly, the measured (velocity-integrated) luminosity of CO is related to a H2 mass by
an factor empirically established from observations in the Milky Way (Dame et al., 2001).
Following Bolatto et al. (2013), we use the factor XCO = 2 · 1020cm−2(K km s−1)−1 as
estimated in the disk of the Milky Way.

1.5.3 Deriving the emitter velocity

The physically measurable observable in astronomy is not the velocity, but the frequency
of the radio wave emitted by the object in consideration. To retrieve the velocity of the
emitter from this measurement, one makes use of the relativistic Doppler effect (Einstein,
1905). In general it is given by

ν = ν0 ·
√

1− (v/c)2

1− v/c · cos θ
, (1.1)

where ν and ν0 are the measured and the emitted frequencies, respectively, v is the velocity
of the emitter and θ is the angle between the velocity vector and the emission direction in
the system of the receiver. θ = 0 corresponds to the velocity and emission vectors aligning,
i.e. the emitter moving right towards the receiver, while θ = π corresponds to the emitter
moving straight away from the receiver.
However, galaxies rotate at velocities much smaller than the speed of light, therefore we can
expand eq. 1.1 to first order in v/c to find

ν = ν0(1− v/c), (1.2)

where we also assumed that the galaxy is moving straight away from us.
From this, the velocity of the emitter can be expressed as

v = c · (1− ν/ν0). (1.3)

1.6 This thesis

The aim of this master thesis is to exploit interferometric observations of HI and CO lines
to derive the rotation curves of early type galaxies. All previous rotation curve estimates



10 CHAPTER 1. INTRODUCTION

of ETGs are derived from stellar motion due to the low surface brightness of their gas.
The increased observational power gives us the possibility to check whether rotation curves
derived from gas motions and extending to higher radii fit our expectations. Also, it is
interesting to test whether some empirical relations derived for late type galaxies also hold
for the ETGs and can therefore be imposed as constraints on theoretical dark matter models.

This work will concentrate on the properties of fast rotators. To date, there are no ex-
tended rotation curves available for galaxies of that type. Lelli et al. (2017) attempted at
estimating rotation curves for 9 slow rotating and 16 fast rotating ETGs, but for the fast
rotators only two rotation curve points per galaxy were available. Another group, den Heijer
et al. (2015), used the same observations of fast rotating ETGs as our work, but only derived
the rotation velocity of the flat part of the rotation curve (i.e. at large radii). In this work,
we derive the detailed rotation curves for three early type galaxies: NGC3626, NGC2824
and UGC6176. These are the only galaxies from the ATLAS3D survey that have an inner
CO disk and an outer extended HI disk. This allows us to trace the rotation curves from
the inner parts (using CO) out to the very outer parts (using HI). We then fit various dark
matter profiles to our rotation curves and place our findings in the context of knowledge
acquired from galaxies of other types.

1.6.1 The data

We use data from ATLAS3D (Cappellari et al., 2011), a large multiwavelength survey that
focused on a volume-limited2 sample of 260 nearby ETGs. It provides observations of these
objects in radio, millimetre and optical. We use the observations of HI (Serra et al.) and
CO (Alatalo et al.), specifically.
ATLAS3D was one of the groundbreaking surveys verifying that ETGs do contain gas.
Initially, ETGs have been thought to be devoid of interstellar gas due to its low surface
brightness. Results of radio, millimetre- and submillimetre measurements by the ATLAS3D

collaboration showed that 40% of the observed non-cluster galaxies (and 10% of galaxies in
the Virgo cluster) contain gas, but also this gas is found in different states - in some galaxies
it is in regular structures such as disks and rings, while in others it is clumpy and disturbed,
indicating recent or ongoing accretion events.
The ATLAS3D group classified the HI morphology of the galaxies as D (when most of the
gas forms regularly rotating disk or ring structures larger than the stellar body), d (when
the disk or ring structures are smaller than the stellar body), u (when the gas is unsettled,
forming tails or streams) or c (when the gas is found in clumps in or around the galaxy)
(see Serra et al., 2012). Of the three galaxies chosen in this work, NGC2824 is characterized
as d, while NGC3626 and UGC6176 are classified as D. Deeper observations of NGC2824,
however, show that this galaxy also hosts an extended HI disk, so it should be re-classified
as D (P. Serra, private communication). All of them are located outside of the Virgo cluster.

Additionally to the information about galaxy kinematics, we need the luminosity profiles of
the galaxies. For those, we use data from SPARC (Lelli et al., 2016), which is the largest
database to-date of galaxies with available 3.6 µm (hereafter [3.6]) Spitzer images and ro-
tation curves from various sources. SPARC contains information on 240 galaxies, including
25 ETGs and, in particular, the three objects chosen in this work.
The SPARC database provides the stellar density profiles and the decomposition of those

2D < 42 Mpc, |δ − 29◦| < 35◦, |b| > 15◦
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into disk and bulge components, as well as distances to the galaxies determined from the
Hubble flow. For our three objects, we compare the latter ones to distance estimates from
Cappellari et al. (2011) in Tab. 1.1. While the distances to NGC2824 and UGC6176 in
Cappellari et al. (2011) are also estimated from Hubble flow, the one to NGC3626 is de-
termined from surface brightness fluctuations, which explains the larger difference to the
SPARC estimate. Although distances estimated by surface brightness fluctuations in general
have smaller errors, in this work we decide to use the distance estimates from the SPARC
database for consistency, since the difference between the values is within 1 sigma.

1.6.2 The galaxy sample

In this section, we summarize existing information about the three galaxies we investigate
in this thesis. We show optical images of the galaxies from the Sloan Digital Sky Survey at
623.1µm in Fig. 1.2. In Tab. 1.1, we summarize their known properties.

NGC2824 is classified as S0, i.e. a lenticular. HI is seen in absorption in the central
parts. It hosts nuclear H2O masers that can be associated with parsec-scale jets or outflows
(Zhao et al., 2018).

UGC6176 is characterized as SB0, i.e. a barred lenticular. It is a regular field rota-
tor. In Alatalo et al. (2013) it is marked to have a ring and filaments in CO. Its HI and
CO disks are co-rotating and aligned with the stellar disk (Serra et al., 2014). However, in
Serra et al. (2012) it is marked to have a warp.

NGC3626 is characterized as (R)SA0ˆ+(rs), i.e. an unbarred lenticular galaxy with struc-
tures transitioning to rings (rs) in the inner parts and an outer ring (R). It has a minor spiral
structure seen in near-IR, and a series of inner rings in the innermost parts (R < 5′′) seen
in the CO (T. Davis, private communication) and the stellar body (Silchenko et al., 2010).
The stellar rings are formed of young stars. Silchenko et al. (2010) find they have ongoing
star formation with an average age of 1 Gyr, while the age of the galaxy is estimated to
be 11.5 Gyrs (Mazzei et al., 2014). NGC3626 has a companion galaxy with significant HI
emission. We remove its emission for all of our analysis.
NGC3626 is an off-center galaxy in the X-ray bright group Leo II. It has been largely inves-
tigated as it was one of the first detected galaxies to have a large-scale counter-rotating gas
disk (Ciri et al., 1995, Jore et al., 1996). NGC3626 exhibits a complex inner structure both
from morphology and from kinematics. Haynes et al., 2000 found a separate gas population
co-rotating with the stars in the innermost region of the galaxy (R < 6′′), which must lie in
a different plane than the plane of the galaxy (Silchenko et al., 2010).
Silchenko et al. (2010) found that the galaxy can be modeled by two disks and a compact
bulge. They find a projected orthogonal gas disk in the innermost parts of the galaxy
(R < 8′′). This disk is accompanied by higher velocity dispersion in the stellar disk, point-
ing to the existence of a stellar counterpart, the motion of which is superimposed with the
motion of the main stellar population. They also note a strong warp in the inner parts of
the galaxy (R < 500pc).
Silchenko et al. (2010) offer three possible explanations for the observed features: a recent
merger with a dwarf galaxy, the remains of which are observed near the center of NGC3626,
an interaction with a companion galaxy that moves in the equatorial plane of NGC3626 in
the other direction than its stellar rotation, or interactions with a bar that recently dissolved
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NGC2824 NGC3626 UGC6176

RA (J2000) [hms] 09 19 02.22648 11 20 03.79392 11 07 24.66072
DEC (J2000) [hms] +26 16 11.9964 +18 21 24.4476 +21 39 25.8660

Morph. type S0 (R)SA0ˆ+(rs) SB0
DSPARC [Mpc] 39.6 22.9 39.3
DATLAS [Mpc] 40.7 19.5 40.1

MK [mag] −22.87 −23.65 −22.56
logMHI/M� 7.19 12.32 8.66
logMH2/M� 8.43 11.47 8.41
L[3.6] [109L�] 39.6 74.6 29.0

Reff [kpc] 1.09 2.43 1.18
Σeff [L�/pc2] 5209.91 2017.58 3317.65

Table 1.1: Information on the galaxy sample. The galactic centre coordinates are from Cappellari et al.
(2011). We show the distances determined in Cappellari et al. (2011) and Lelli et al. (2016). For this thesis,
we adopt the distances from the SPARC database. MK , the total galaxy absolute magnitude (corrected
for the foreground galactic extinction), and the total masses of atomic and molecular hydrogen are from
Cappellari et al. (2011), Serra et al. (2012) and Alatalo et al. (2013), respectively, and converted to distances
from Lelli et al. (2016). L[3.6], the total galaxy luminosity from Spitzer [3.6], Reff, the effective radius
encompassing half the total luminosity and Σeff, the associated surface brightness of the galaxies, are from
from Lelli et al. (2016).

or nearly dissolved. The second possibility is interesting, since NGC3626 has a companion
galaxy, but not further discussed in the literature. Chemo-photometric smooth particle hy-
drodynamical simulations by Mazzei et al. (2014) favour the merger scenario.

1.6.3 Outline

The thesis is structured as follows: in chapter 2, we derive the moment maps and velocity
fields for our galaxies, which we use in chapter 3 to derive the rotation curves. We proceed
by modeling the galaxies and calculating the rotation curves predicted by the visible mass
distribution. We compare these predictions to the measured rotation curves in chapter 4.
Finally, in chapter 5 we fit four dark matter profiles to our rotation curves and analyse our
results in the context of the ΛCDM theory. We summarize our work and provide a brief
outlook in chapter 6.
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(a) NGC2824

(b) NGC3626

(c) UGC6176

Figure 1.2: SDSS images (in the red filter) of our three galaxies. Please note that these images are rotated
by 90 degrees with respect to all other images in this thesis, having the right ascension along the y axis.
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Chapter 2

Analysis of data cubes

In this chapter, we explain the methods and procedures to work with the observed data.
We derive several parameters and maps of our galaxies that are used for a deeper scientific
analysis in the following chapters.

15
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2.1 Radio and millimetre/sub-millimetre observations

As explained in section 1.5, HI emits at radio wavelengths, while CO emits in the sub-
millimetre range. The angular resolution θ of a telescope with one antenna dish is given
by

θ = 1.22
λ

D
(2.1)

where the wavelength λ and the dish diameter D are in meters and θ is in radians.
This shows that the angular resolution is limited by the physical size of the telescope, which
cannot be arbitrarily large. For example, for HI obsevations at 21 cm, a single-dish telescope
with a diameter of 100m would give an angular resolution of ca. 15 degrees, which is not
sufficient to resolve the distribution and kinematics of galaxies outside the Local Group. To
increase the resolution of observations, one makes use of interferometry.
In interferometry, one source is observed by multiple antennas located at different positions,
a so-called array. The distances from the source to the individual antennas differ, so be-
tween each two measured light rays there is a difference in phase and amplitude, which gets
recorded. The observations of all antennas are combined to create the interferometric image
of the source. The resolution of this image is limited by two values: the smallest scale that
can be resolved is given by the largest distance between two antennas. However, the bigger
the distance between two antennas, the smaller the structures that can be observed, i.e. the
large scale diffuse emission cannot be detected (see, e.g., Jackson, 2008).
Interferometric observations measure the Fourier components of the physical image (so-
called visibilities). The image is then obtained by a Fourier transformation of these. The
quality of the physical image depends on how well the uv-plane (which is the Fourier equiva-
lent of the xy-plane) is sampled. The measurement is typically performed in frequency bins
that cover the range of frequencies in which the source emits. The Fourier transformation
is performed for each frequency bin.

2.2 Data cubes

Radio and mm/submm interferometry, as well as integral-field spectroscopy (IFS), provide
so-called datacubes. These have right ascension and declination along the x and y axes and
velocity (or frequency) along the z axis.
In general, datacubes contain not only line emission, but also continuum emission. In the
case of radio observations, the continuum emission comes from synchrotron radiation. Since
we are interested in gas emission lines, the continuum is estimated in line-free channels and
subtracted from the datacube. Hence, scrolling through the continuum-subtracted cube
along the z axis, one sees gas moving with a specific velocity, as projected along the line
of sight. For the HI, we use datacubes that have been reduced and continuum-subtracted
by the ATLAS3D collaboration (Serra et al., 2012). For the CO, no continuum subtraction
was performed, as there is nearly no continuum emission in the relevant frequency range
(Alatalo et al., 2013).
Compressing the data cube along the velocity axis shows areas that emit at all observed
frequencies, resulting in an intensity map. Maps of other quantities can be derived by com-
pressing the data cube, as described below. This way, the dimensionality of the data can
be reduced, facilitating the analysis process. One must note, however, that in this process
some information is bound to be lost.
Another way of getting 2D information out of the data cube is by taking slices of it along a
given direction in the (RA, DEC) plane. The resulting dependency of velocity on position
can be plotted in so-called position-velocity diagrams. Typically, one takes slices along the
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major or the minor axis of the galaxy, so one can visualize the dependency of the velocity
on position along that axis.

2.3 Masking

The data contains noise, which we want to minimize when building moment maps. The
noise can be distinguished from real signal as it is of the order of the size of the beam and
does not appear in adjoining velocity frames. There are two main methods to analyze only
the physical emission. One could perform sigma-clipping to remove all emission fainter than
a particular value. Unfortunately, this also removes signal that is faint, but adjoining to
brighter regions and continuous in velocity, e.g., signal at the edges of the galaxy. Therefore,
this method is not preferable.
The alternative is masking the data cube. In this case, one creates and applies a mask that,
in each velocity frame, identifies the region of emission. For all further operations, one can
then use only the regions inside the mask. To create such a mask, the cube is smoothed
in space and velocity. In the process of the smoothing, the signal is averaged over bigger
areas, resulting in the physical signal being boosted and the noise going down, as positive
and negative noise regions get averaged. Estimating the noise of the smoothed cube and ap-
plying sigma-clipping now, one will remove less of the physical emission than when applying
sigma-clipping directly to the full resolution cube. Setting regions above the sigma-clipping
threshold to 1 and those below to 0, one gets a Boolean mask cube with continuous 3D
regions that show where the emission is located in the initial data cube. Now, one can
apply this mask to the data cube at full resolution, working only with the signal inside the
mask. After the masking process, there may be some noise left, but these noisy regions are
small enough to be neglected in the analysis. The degree of smoothing required to create a
good mask is cube-dependent.
For many computational tasks in this thesis, we have used the gipsy software (the Groenin-
gen Image Processing System), which was developed continuously starting from the 1980s
by R.J. Allen, K. Begeman, M. Voogelar and other staff members and students of the Uni-
versity of Groeningen1. It is a package for image processing which is specifically targeted to
work with datacubes and deriving rotation curves. We determine the average noise in the
cubes with the gipsy task stat selecting channels that are free of line emission. Then, the
cubes are being smoothed in space and velocity with the gipsy tasks smooth and velsmo.
The velocity smoothing redistributes the signal among the channels such that 0.5 of the
signal stays in the initial channel and 0.25 of it is shifted to the two adjacent channels. This
weighting scheme is called Hanning smoothing.
In the smoothed cubes, the noise is determined again and sigma-clipping to a 3 sigma level
is performed with the gipsy task combin. The resulting masks are visually expected and the
grade of the smoothing is increased until the results are satisfactory. The properties of the
full-resolution and smoothed cubes are provided in Tab. 2.1.
The masks are applied to the cubes with the gipsy task combin.

2.4 Moment maps

As mentioned above, summing the emission from the cube along the velocity axis gives a
flux density map of the observed galaxy. This map is also referred to as the moment-0 map.
We create intensity maps using the gipsy task moments with option 0, i.e. summing up

1https://www.astro.rug.nl/~gipsy/

https://www.astro.rug.nl/~gipsy/
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all channels without weighting. For HI, the flux can be uniquely related to the density of
the emitting gas, while for CO one has to relate the amount of the latter to a H2 column
density, as described in subsection 1.5.2.
Getting a map of the line-of-sight velocities is more tricky, since this procedure is not unique.
At each position (x,y), the profile of the emission line, i.e., the dependence of intensity on the
frequency, is measured. This profile has a finite width and usually one peak value, although
there might be several peaks if there are multiple sources emitting along the line-of-sight.
The profile is not always symmetric. Estimating the line-of-sight velocity at a particular
position of the sky means characterizing the line profile with a single value. There are
several sensible possibilities for the choice of this value leading to slightly different velocity
estimates (see also de Blok, 2008).

Peak value. The value of the velocity at the peak emission along the line profile is a choice
that is independent of further assumptions about the shape of the profile. However,
it gets easily biased for small S/N levels. Therefore, the velocity estimation with this
method may be unreliable at the edges of the emitting regions.

Intensity weighted mean value The choice of the intensity-weighted mean value is very
sensitive to asymmetries in the line profile such as broad wings on one side, which
would give values far from the peak value. This estimate is also easily biased if the
noise is not properly removed. Traditionally, maps created with this estimate would
be referred to as moment 1 maps. In this work we will use this term also for maps
created with other velocity estimates.

Single Gaussian fit. Fitting a Gaussian to the line profile and choosing its central value
is a more stable estimate of the adopted velocity, although it also is subject to asym-
metries in the line profile.

Multiple Gaussians. To better describe the profile shape, one might fit multiple Gaus-
sians to the line. This way, one can disentangle separate components of the measured
velocity, such as those coming from the main galaxy rotation, non-circular motions
etc. One would typically fit a number of Gaussians simultaneously. To reduce the
degeneracies in the parameters, one might also fit a Gaussian, subtract this from the
line profile and fit another Gaussian to the remaining signal.

Gauss-Hermite polynomial fit. Fitting a Gauss-Hermite polynomial that has a h3-term
(skewness) accounts for possible asymmetries in the line profile.

In this work, we use two different methods. On one hand, we use moments with option 1,
which is defining the intensity-weighted mean velocity in the masked cube. On the other
hand, we construct the velocity fields using the central value of a single Gaussian fit using
the task xgaufit. For each galaxy and tracer gas, the same velocity field is used for all ana-
lytical tasks. Which of the methods was chosen is galaxy-specific depending on the quality
and S/N of the cubes.

One can also construct higher order moment maps, but their physical meaning gets more
obscured and depends substantially on the quality of the data. The moment 2 map, which
measures the broadening of the profile line can be used to characterize the gas velocity
dispersion. However, the construction of this map is a delicate procedure. For data with
low signal-to-noise the peak in the line profile might be only a little above noise level, so its
width is hard to quantify. The resulting maps might turn out strongly biased by the noise.
A more serious concern is beam smearing, as we discuss in the following paragraph. We do
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not construct moment 2 maps for our data.

An important effect in the construction of moment maps is known as beam smearing. The
signal that is measured within one beam gets averaged. This is very important in areas with
high intensity or velocity gradients. If the characteristic gradient scale length is comparable
with the beam size, the gradient will appear shallower in the observation. Beam smearing
generally leads to an underestimation of the observable. The line profiles in these areas will
get broadened and asymmetric, so also higher order moment maps will be biased. In par-
ticular, the moment-2 map (velocity dispersion) will be systematically over-estimated since
most of the line broadening is not physical but driven by the low spatial resolution. The
beam smearing is especially significant near the galactic center, where the velocity growths
steeply. If not accounted for, it may lead to crucial underestimates of the rotation curve.

2.5 Estimating the noise in moment-zero maps

When a mask is used to construct a moment zero map, a special caveat is that the usual
definition of the noise for N channels (

√
N times the average noise) can no longer be used for

the final maps. This is because a different number of channels is summed at each position
(x,y) due to the masking process. Moreover, if the cube was continuum subtracted, the
subtraction increases the noise in each channel. This is not a problem for defining the noise
value in each channel, but has to be accounted for when calculating the noise for a sum of
the channels.
It is therefore useful to introduce an alternative measure of the noise: the pseudo 3 sigma
noise level. The derivation of the pseudo sigma value consists of two steps. First, we take
into account effects coming from continuum subtraction and possible velocity smoothing of
the data in the cubes. The derivation of the corresponding σcor values can be found in the
appendices of Verheijen & Sancisi (2001) and Lelli et al. (2014), depending on the form of
the correlated noise in the data.
In our case, the cubes are Hanning smoothed, so adjacent channels are not independent
any more. Therefore, we use the formula from the appendix of Verheijen & Sancisi (2001),
namely

σcor
N (x, y) =

√
N(x, y)− 0.75 +N2(x, y)A2 · 4√

6
σ0, (2.2)

where σ0 is the noise, N is the number of channels with signal at each position (x,y), σcor
N

is the value of sigma corrected for continuum subtraction, and A is depending on the way
the continuum is subtracted in each data cube.
For the HI data of NGC2824 and UGC6176, A is given by

A =
1

2
·

√
Nl − 0.75

N2
l

+
Nh − 0.75

N2
h

, (2.3)

where Nl and Nh are the number of channels used for estimating the continuum at the low
and high velocity ends of the data cube, respectively.
For the HI data of NGC3626, additional channels in the middle of the velocity range of the
data cube were used to model the continuum, so a further term (Nm − 0.75)/N2

m has to be
added under the square root in eq. 2.3, as well as the factor in front of the root changed
from 1/2 to 1/3.
For the CO cubes, no continuum subtraction was performed, so A can be set to 0.
As the next step to estimate the pseudo sigma value, for each galaxy and tracer, we construct
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a signal-to-noise map using the intensity map and the sigma value from eq. 2.3. Then, a
pseudo 3 sigma value is estimated as the average intensity in the region that has a value
between 2.75 and 3.25 in this signal-to-noise map. This mean intensity is what we define to
be roughly 3σpseudo. This way we account for the different number of summed channels in
each pixel. This value is used to plot the contours in all moment-zero maps.

2.6 Results

In Figs. 2.1 to 2.3, we present the intensity and velocity maps for our galaxy sample. We also
show optical images taken with Palomar Observatory’s 48-inch Samuel Oschin (Schmidt)
Telescope at 645 µm. In the upper row of each figure, we show HI moment maps, while in
the lower row, we show a zoom into the CO region in the optical image together with the
CO moment maps.
From the intensity maps, one can see that the HI distribution is more extended than the
stellar body for all three galaxies, while the CO distribution is concentrated near the galactic
center. The HI intensity map shows that NGC2824 and NGC3626 are strongly inclined. In
the HI intensity map of NGC3626, a ring feature of higher density can be seen, in agreement
with previous results outlined in chapter 1.6.2. The NGC2824 HI intensity map shows an
off-center over-density.
The velocity fields display regular rotation.
On large scales, the morphological position angle in the emission line maps agrees with
the kinematic PA from the velocity maps. It also agrees with the orientation of the stellar
bodies for NGC2824 and UGC6176. For NGC3626, the PA suggested by the elongation of
the stellar disk differs from the average HI position angle, being a possible indication of a
warp.
In the lower left corner of each map, the size of the beam is shown. The emission that lies
within one beam size gets averaged, so features smaller than the beam cannot be resolved.
On these scales, there might be beam smearing effects. We will quantify them in the next
chapter.
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Figure 2.1: Optical image, intensity maps and velocity fields for NGC2824. In the top panels, we show the
optical image (left), the HI intensity map (middle) and the HI velocity field (right). In the bottom panels,
we show a zoom-in of the optical image (left), the CO intensity map (middle) and the CO velocity field
(right). The intensity map contours correspond to multiples of 3σpseudo. Contour levels in the velocity fields
are chosen for optimal visualization. The black box in the top panels shows the sky region in the bottom
panels. The HI and CO beams are shown in the bottom-left corner of each panel. The physical scale for the
assumed galaxy distance is shown in the bottom-right corner.
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Figure 2.2: Same as Fig. 2.1, but for NGC3626.
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Figure 2.3: Same as Fig. 2.1, but for UGC6176.



Chapter 3

Rotation curves

In this chapter, we describe how rotation curves can be derived from the data and present
the results for our sample. We use two different methods to derive the rotation curves and
show that they provide consistent results.

25
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3.1 Tilted-ring modeling

Galaxy disks have random orientations on the sky. The tilt of the disk plane with respect to
the sky plane can be characterized by two angles: the position angle (PA) and the inclination
angle (i). The inclination measures the angle between the normal vector to the plane of the
gas disk and the line of sight, while the position angle specifies the orientation of the major
axis in the plane of the sky. Conventionally, it is defined as the angle taken anti-clockwise
between the Northern direction on the sky and the major axis of the galaxy.
The projection of the rotation velocity on the line of sight depends on both PA and i.
Assuming that the gas disk is infinitely thin and purely rotating (i.e., exhibits no strong
non-circular motions), the observed velocity at a radius R is given by

v(x, y) = vsys + vrot(R) sin(i) cos(φ) + vrad(R) sin(i) sin(φ), (3.1)

where φ is the azimuthal angle in the plane of the galaxy and depends on the position angle
in the following fashion:

cos(φ) =
1

R
(−(x− x0) sin(PA) + (y − y0) cos(PA))

sin(φ) =
1

R cos i
(−(x− x0) cos(PA)− (y − y0) sin(PA)).

(3.2)

Here, (x0, y0) denotes the position of the centre of the galaxy. It has to be stressed that
eqn. 3.1 is the first term in the harmonic expansion of a general velocity field. Hence, it can
only be used when non-circular or random motions are negligible compared to the rotation
velocity.
It is obvious from eqn. 3.1 that the projection of the rotation velocity along the line of
sight is maximal at the major axis of the galaxy and null along the minor axis. Indeed, at
the major axis the rotation velocity is perpendicular to the plane of the sky. On the other
hand, at the minor axis the rotational velocity component is entirely on the plane of the
sky. Here, one can directly measure the systemic velocity of the galaxy, given by the sum
of the recession velocity (from cosmological redshift) and the galaxy peculiar velocity.
Therefore, to derive the rotation curves of galaxies, we have to choose objects with an incli-
nation that is neither too big nor too small. For a face-on galaxy one would only measure
its systemic velocity. Meanwhile, for an edge-on galaxy the emission of different parts of the
galaxy moving at different speeds is projected at the same position on the sky and require
a different approach to be disentangled. This is called the envelope tracing method (e.g.
Gentile et al., 2004, Fratenali et al., 2011), and goes beyond the scope of this thesis.

To determine the rotation curve of the galaxy, we need to fit eqn. 3.1 to the observed
velocity field. For this, one divides the galaxy into rings, that become ellipses when con-
volved with i and PA to reproduce the visible orientation of the galaxy on the sky. The
widths of the rings are commonly set to be equal and roughly equivalent to the spatial
resolution of the data. For each ring, one can determine centre, inclination, position angle,
and the systemic and rotation velocities by a χ2 fit of eqn. 3.1 to the observations. Given
the large number of free parameters, the fit is performed in several iterations, fixing the
parameters one by one until only the rotation velocity is the only remaining variable (a
more detailed discussion of this procedure is provided in section 3.2).
The galactic centre and the position angle of the galaxy can be double checked with the
optical observations of the galaxy. Also, first estimates can be provided from inspecting the
density maps. Another easy-to-estimate parameter is the systemic velocity. As the rotation
velocity points perpendicular to the line of sight at the minor axis, the observed velocity
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must be equal to the systemic one.
The inclination and position angle might vary with radius, which would suggest that the
disk is warped. For each galaxy, it has to be decided whether a warp is present and should
be modelled, or whether the angles should be kept fixed for all radii.

3.2 Deriving the rotation curves

In this work, we use two methods to determine the rotation curves. On one hand, we
perform the traditional analysis, using 2D maps and the gipsy task rotcur to derive the
rotation curves. Then, we use these rotation cuvres as inputs to construct 3D kinematical
models with the task galmod. On the other hand, we use the program 3DBarolo that
determines the rotation curve fitting the entire datacube and using a full 3D approach.

3.2.1 Deriving the rotation curve with rotcur

To derive the rotation curves from moment maps, we use the gipsy task rotcur. It performs
the tilted ring fit, as described in section 3.1, provided a velocity map. The user should
also provide first estimates for the systemic velocity, galaxy center, position angle and incli-
nation, as well as vexp, a parameter that describes radial motions within the galaxy plane,
which we set to zero.

We summarize our parameter choices in table 3.2. The inital guesses for the systemic ve-
locity, galactic center and PA are estimated by visual inspection of the cube (with karma’s
kvis and gipsy ’s sliceview) and cross-checked with values provided by Serra et al. (2012),
Alatalo et al. (2013) and on the NASA NED website. The width of the rings is chosen to be
either equal to the width of the beam major axis or

√
(bmaj · bmin), if the beam is strongly

elongated and not aligned with the PA of the galaxy. Here, bmaj and bmin are the major and
minor axes of the beam, respectively. The number of the rings is determined such that the
major axis of the galaxy is fully covered. In all cases, we simultaneously fit both halves of
the galaxy, neglecting possible asymmetries between the different sides as they cannot be
investigated at the given resolution. The pixels in the velocity maps are weighted using a
cosine function in order to give more weight to points close to the major axis, which provide
most information regarding the rotation velocity.
We perform a series of iterations, keeping vsys, x0, y0, i, PA and vrot free in the first one and
fixing vsys, x0 and y0 to the retrieved values in the second one. In the next two iterations,
the inclination and position angle get fixed to the values estimated by the code in arbitrary
order. We have verified that the order does not change the resulting rotation curve within
error bars. The last run of rotcur is performed having only vrot as a free parameter.

3.2.2 Checking the rotation curve with galmod

The procedure described in section 3.1 depends on 5 parameters that might be degenerate.
The latter is especially true for i and vrot(R) as they enter into equation 3.1 as a direct
product. On the other hand, as mentioned in section 2.6, the beam smearing flattens out
velocity gradients in the observed velocity field and always leads to an underestimation of
the rotation velocity, especially in the innermost parts of the galaxy. Hence, one needs to
double check if the determined parameters are correct, i.e., if a mock galaxy constructed
with these parameters reproduces the observations.



28 CHAPTER 3. ROTATION CURVES

In this section we describe how to construct 3D model using the derived rotation curve and
a density distribution mimicking the observations.

Deriving the density distribution

To construct a model cube that reproduces the observations as closely as it is possible, we
need information not only on the kinematics of the gas, but also on its density distribution.
We derive the latter from the intensity map, using the gipsy task ellint. This task divides
the galaxy into rings (of provided radii and widths) and calculates the mean intensities
or surface brightnesses (depending on settings) for each ring, averaged over the area of ei-
ther the ring or all non-blank pixels in the ring. The task returns also face-on flux values,
corrected for the galaxy inclination. We use the task with option 2, calculating the mean
surface brightness averaged over the total area.
From the latter, we can retrieve the mass surface density of the HI using the known rela-
tionship

NH =
1.25

1.13
· 1024 · Itotal∆v ·

Apix

xbeam ybeam
. (3.3)

Here, Apix is the area of the pixel. Regarding the H2, its flux density is determined from
the one of CO as described in subsection 1.5.2 with

NH2 = XCO · ICO(J = 1→ 0). (3.4)

We adopt the value of XCO = 2 · 1020cm−2(K km s−1)−1 following Bolatto et al. (2013).

Constructing a model cube

Now we can proceed to create model cubes using the task galmod. This task creates a 3D
mock galaxy from a user supplied density distribution and rotation curve. It is assumed that
the galaxy is axis-symmetric. The task divides the galaxy into rings and populates them
with gas clouds. Within each ring, the algorithm chooses the azimuthal angle and the rota-
tion radius of the clouds randomly in a way to make the distribution in the galactic plane
uniform. The height of the clouds is drawn from a probability distribution proportional to
the chosen function for the vertical density distribution. The clouds are assigned velocities
calculated from the systemic velocity and the rotational velocity at the given radius with
a provided velocity dispersion. The resulting model is projected on the sky for the given
center, vsys, PA and i. Later, it is convolved with the observational beam.
For the CO cubes, galmod is not applicable, because it is converting the supplied surface
density into the observed surface brightness in Jy/beam assuming HI emission. This con-
version is frequency dependent. There is no analogue for the CO. We use a variation of
galmod developed by F. Lelli, galmodvert, which performs the same operations as galmod,
but independently of the frequency of the input data. However, as a simple conversion re-
lation from H2 surface density to CO surface brightness does not exist, the resulting model
has arbitrary units. Therefore, we renormalize the total flux of the model cube to be equal
to the one of the original cube to get sensible results.
To compare the model with the data, one creates moment maps. The comparison can be
performed visually or by subtracting the maps from one another and plotting the residuals.
The better the model is, the smaller the residuals will be.
As the maps probe only the similarity between the 2D compressions of the data cubes, we
also construct position-velocity diagrams to see whether the inner 3D structure of the model
cube reproduces the observations. For this, we take slices through the cubes along the major
and minor axes. Like for the maps, we examine both the visual agreement of the PVs and
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their residuals.

A disagreement between the data and the model indicates that the inputs for the mod-
eling were not accurate enough. Typically this is an effect of beam smearing on the input
rotation curve or the input surface density profile that can be corrected manually. If the
intensity maps do not agree, the central part of the density distribution might need an
adjustment. As beam smearing always flattens and lowers the profile, the innermost points
can be placed a little higher until a good agreement is achieved.
Once the intensity maps agree, any discrepancy in the PVs comes from beam smearing
effects on the rotation curves. Also here beam smearing will always result in an under-
estimation of the velocity. The rotation curve points are adjusted manually (especially in
the innermost regions) until the residuals between the model and the data get as small as
possible.

3.2.3 Deriving the rotation curve with 3DBarolo

As mentioned in subsection 2.2, when the analysis is performed using moment maps, some
information that is contained in the originally three dimensional data-cubes is lost. Addi-
tionally, biases are induced by the intermediate steps of moment map creation. These come
from the dependence of the derived velocity field on the ambiguous definition of the velocity
value, as described in subsection 2.4, as well as problems arising when the line profile at
some given position has two peaks, which may happen if the galaxy displays complex kine-
matics like non-circular motions, inflows or outflows, so the emission of two components at
different velocities is measured.
It is therefore clearly favourable to use methods that analyze the entire data cube without
reducing its dimension as described in section 2.4. Programs to do so have been recently de-
veloped. Since there exist no analytic three dimensional fitting procedures, these programs
rely on Monte Carlo simulations. Model data cubes are created and compared to the origi-
nal one, until the χ2 between the observed cube and the model cube is minimized. This is
similar to what we have interactively done with galmod, but it is performed in an automatic
fashion by a fitting algorithm. Although computationally intensive, this procedure allows
to model asymmetries in the line profiles that might be lost in creating the velocity map,
avoids the above mentioned problems with velocity extraction and, last but not least, does
not suffer from beam smearing since the model cubes are convolved with the instrumental
resolution.
Programs that perform 3D fits are naturally very sensitive to the quality of the input data.
In this work, we use 3DBarolo (Di Teodoro & Fratenalli, 2015), as this program is specifically
developed to work with low resolution cubes.
This program performs a 3D fit on a ring by ring basis, using the tilted ring model, until
a good fit is achieved. The simulation happens in six dimensions (space and velocity), and
gets projected into the 3D space of a data cube (two spatial and one velocity dimensions),
convolving the model with the beam as in the observations. The surface density of the
model is normalized to reproduce the one of the observations.
The user can supply initial guesses for the parameters either globally or on a ring by ring
basis, and can also fix parameters during the fit, similar to working with rotcur.
For our galaxies, we ran 3DBarolo iteratively, fixing first the position of the center of the
galaxy and the systemic velocity, then the velocity dispersion of the gas, position angle
and inclination (in varying order depending on the case), finally leaving only the rotation
velocity as a free parameter. We have checked that the order in which the parameters are
fixed does not alter the final rotation curve within the errors.
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We also use 3DBarolo to estimate the uncertainty on each of the free parameters. For that,
we run the code with all parameters (including the rotation velocity) fixed to the final esti-
mated value and only the parameter of interest left free.
The errors on the rotation velocity and the inclination can be simply propagated into a
total error on vrot. Errors on the other parameters cannot be easily propagated, but rather
systematically change the result. For example, if the position angle was estimated wrongly,
it would lead to a systematically under-estimated rotation curve, as the latter would have
not been estimated along the major axis. So this error cannot be accounted for merely by
Gaussian error propagation.
We calculate the error on vrot as

∆vrot =

√
(∆vBarolo)2 +

(
vBarolo ·

∆iBarolo

tan(< iBarolo >)

)2
, (3.5)

where vBarolo is the rotation velocity estimated by 3DBarolo and < iBarolo > is the mean
value of the inclination estimated by 3DBarolo for the different radii.
As for the errors on the other parameters, we find that they are small, so our estimates are
trustworthy.

3.3 Results

In this section, we present the rotation curves we derived for our galaxy sample. The manual
rotation curves estimates agrees well with the ones from 3DBarolo, but occasionally fit the
data a little better, so these are our fiducial ones. We compare the two methods in section
3.3.4.

3.3.1 NGC2824

In Figs. 3.1 and 3.2, we show our results for the CO and the HI emission of NGC2824,
respectively. The figures are structured in a uniform way. In the top panel, we present the
intensity maps of the observed and modeled cubes together with the residual map calculated
by subtracting them from one another. In the two bottom panels, we show the position-
velocity diagrams taken along the major and the minor axes. Again, the left column shows
the data, the middle one shows the model, and the right one displays the residual. In the
major axis PVs, we project the rotation curve we have derived accounting for the best-fit
inclination. We also show the outermost contour of the model PV in blue over the observed
PV to facilitate the comparison.
For the HI, the agreement between data and model is quite good, although the model slightly
overpredicts the density along the major axis. In the HI data, negative signal can be seen in
the center of the galaxy, associated with HI absorption, which our model cannot reproduce.
The residual intensity maps show no regular structures. The over-density in the northern
part of the HI distribution cannot be reproduced by the axisymmetric model.
For the CO, the measured PV diagrams display asymmetries. Specifically, the two halves
of the PV along the major axis have different extensions, making them hard to model. We
decide to put more trust to the receding half of the galaxy due to the small clump (repro-
duced by our rotation curve) at the corresponding position in the approaching half. Due
to the small amount of rings available for the fit, the model is the best representation we
could achieve.
A comparison of individual channel maps from the observed cube and the model cube is
presented for the CO in Fig. 3.3 and for the HI in Fig. 3.4. In red, we overplot a contour
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R [kpc] v [km/s] δv [km/s] Σ [M�/pc2]

0.38 140. 29 105.1
1.15 194 29 59.48
1.91 211 29 28.91

0.96 160 10 1.30
2.88 160. 13 1.35
4.80 160. 11 1.25
6.72 160. 8 0.98
8.64 160. 10 0.55

Table 3.1: Rotation curve and density profile of NG2824. Top section: H2, bottom section: HI.

of the optical image, giving an idea of the extent of the gas compared to the stellar body
of the galaxy. The data is plotted in grey, the model in blue. Again, it can be seen that
the model cannot reproduce the asymmetric features and absorption features around the
galactic center that are visible in the HI data. However, the overall agreement is quite good
for both for the HI and the CO data.

3.3.2 NGC3626

Our results for the HI and the CO of NGC3626 are presented in the Figs. 3.5 and 3.6. The
figures are structured as for NGC2824.
The HI residual map shows that our model reproduces the data well except for the ring fea-
ture at approx. 3 arcminutes. In the CO, the intensity residual map shows no peculiarities.
The rotation curve traced by HI shows a prominent dip. Since the the dip is seen on both
sides in the observed PV diagram along the major axis, we think it is a physical feature
(not, i.e., an effect of non-circular motion). Apart from some asymmetry, the minor axis
PV is also reproduced well in the HI.
The CO observations unfortunately did not cover all the frequency range of galaxy emission,
as can be seen in the sharp cut of the PVs at low velocities. Since rotcur cannot take this
into account, we adjust the rotation curve points by hand to reproduce the receding part
of the PV. It can be seen that this rotation curve also reproduces the approaching half,
including the non-measured part of it. The density distribution in the model is slightly
different than in the observations, as can be seen from the residual maps for both PVs. The
model still gives a very good description of the data.
The CO data confirms a dip in the total rotation curve of NCG3626. The rotation velocity
inwards from the dip might be lower if the inclination of the CO disk was determined incor-
rectly (for example, due to a misinterpreted, broken CO disk in the outer parts). However,
a dip feature would still be present. Even for the extreme case of an edge-on CO disk (which
is clearly not the case as seen in Fig. 2.2), the rotation velocity at low radii stays around
200 km/s.
We find that our PA estimates in the outer parts of the galaxy are about 10◦ bigger than the
literature values (Silchenko et al., 2010), which, nevertheless, is still within the estimated
uncertainty on there values. Our rotation curve is about 50 km/s higher in the innermost
parts of the galaxy than the one presented in Mazzei et al. (2014), which might be due to
the data quality in previous works, beam smearing or modeling effects.
We found indications of a warp from the comparison of the inclinations and position angles
for the CO and the HI, and 3DBarolo also attempts to model a warp. The extension of this
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Figure 3.1: Top-left panel: CO intensity map derived from ATLAS3D observations, overlaid in blue with
the outermost contour of the model intensity map. Top-central panel: model intensity map. Top-right panel:
residual intensity map. Bottom panels: position-velocity diagrams taken along the major and minor axes
from the observed datacube (left), model datacube (middle) and residual datacube(right). The white squares
show our derived rotation curve. The outermost contour of the model is plotted in blue over the observed
PVs for comparison. The density contours in the PV diagrams correspond to -1.5σ, -3σ, -6σ, and so on
(dashed) and 1.5σ, 3σ, 6σ, and so on (solid), where σ is the measured noise in the cube (see Tab. 2.1). The
contours in the maps correspond to 1σpseudo, 2σpseudo, 4σpseudo, 8σpseudo, and so on.
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Figure 3.2: Same as Fig. 3.1, but for the HI of NGC2824.
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Figure 3.3: CO channel maps for NGC2824. In black - the observed cube, in blue - the model, in red -
the extent of the stellar body. The line-of-sight velocity is shown in the upper left corner. The contours
correspond to 1.5σ, 3σ, 6σ, and so on.
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Figure 3.4: Same as Fig. 3.3, but for the HI of NGC2824.
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R [kpc] v [km/s] δv [km/s] ΣHI [M�/pc2] iBarolo [◦] PABarolo [◦]

0.22 168 15 58.73 47 170
0.66 216 15 45.15 47 170
1.11 241 15 34.37 47 170
1.55 251 16 19.06 50 170

1.67 256 10 0.93 50 170
4.50 154 12 0.74 60 178
8.33 127 13 0.71 67 181
11.66 148 13 0.76 67 181
14.99 163 10 0.81 66 181
18.32 175 10 0.73 65 181
21.65 185 13 0.49 65 181
24.99 195 20 0.23 65 181

Table 3.3: Rotation curve and density profile of NGC3626. In 3DBarolo, we modeled the warp, fixing the
inclination and position angles to the values in the last two columns.

warp is much bigger than the warp structures near the galactic center described in section
1.6.2. We modelled the warp with 3DBarolo and compared to the rotation curve derived
interactively where the warp is modelled very roughly by assuming different i and PA for
CO and HI and not modeling any transition between the values. The values of the angles
we fixed for the 3DBarolo modeling together with the estimated rotation curve values can
be found in Tab. 3.3. We find that the rotation curve is not very sensitive to the modeling
we performed.
In Figs. 3.8 and 3.7 we display the individual channel maps of the observations and the
model in the same manner as in subsection 3.3.1. Good agreement is observed.

3.3.3 UGC6176

The results for the CO and the HI of UGC6176 can be seen in Figs. 3.9 and 3.10, organized
as in the previous figures. Due to the elongated beam, in both HI and CO observations we
can divide the galaxy only in a few rings. The shape of the beam leads to an extreme beam
smearing in the intensity map, so we have to multiply the derived density by 1.25 to better
reproduce the observed density distribution. The resulting model reproduces the density
distribution quite well, although the CO intensity residuals show that the density is slightly
overpredicted. The modeled density profile of the HI model is also not quite accurate, as can
be seen from the residuals of the major axis PV diagram. However, these small deviations
do not significantly influence the shape of the derived rotation curve and will be accounted
for in the uncertainty estimation.
The strong beam smearing can be seen also in the PVs of the HI, with a roughly constant
rotation velocity at all radii. The CO helps to determine the rotation curve shape in the
inner part of the galaxy, as the velocity determined for it is slightly smaller than the one
for the HI.
Although the ATLAS3D collaboration denotes UGC6176 as a warped galaxy, we find no
evidence for that. Both the position angles and the inclinations of the HI and the CO are
consistent with each other and show no big variation with radius.
In Figs. 3.11 and 3.12, we present the channel maps of the data and the model for the
CO and the HI respectively. Again, the model cannot reproduce asymmetric features, but
overall the contours agree, showing that the rotation curve estimate is accurate.
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Figure 3.5: Same as Fig. 3.1, but for the CO of NGC3626.
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Figure 3.6: Same as Fig. 3.1, but for the HI of NGC3626.
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Figure 3.7: Same as Fig. 3.3, but for the CO of NGC3626.
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Figure 3.8: Same as Fig. 3.3, but for the HI of NGC3626.
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R [kpc] v [km/s] δv [km/s] ΣHI [M�/pc2]

0.29 135. 14 287.3
0.86 135. 14 73.01

3.81 140. 8 1.39
11.43 140. 8 0.81
19.05 140. 8 0.30

Table 3.4: Rotation curve and density profile of UGC6176.

3.3.4 Comparing the two methods to derive rotation curves

In Fig. 3.13 we plot the rotation curves derived with the two methods (rotcur plus galmod
vs 3DBarolo) to check whether they agree.
For the CO of NGC2824 and both the CO and the HI of UGC6176, we chose smaller radius
widths for the 3DBarolo modeling, as the small number of radii used in the manual deriva-
tion was not sufficient to get a reasonable result with the algorithm.
In general, a good agreement between the different curves is seen, especially for NGC3626.
An exception is the CO of NGC2824, where the spatial resolution and signal-to-noise levels
of the galaxy were not high enough. Also, this galaxy has an absorption feature in the
galactic centre, which 3DBarolo cannot process. Together, this is leading to an unphysical
rotation curve estimate by 3DBarolo. In fact, the 3DBarolo estimate of the rotation curve
does not lie on the position-velocity diagram. This is highlighting the importance of visual
inspection of each galaxy.
In NGC3626, the dip in the rotation curve gets reproduced also with 3DBarolo. The deter-
mined inclination values are close to the ones we found in the interactive modeling, giving
support to the rotation velocities we adopt inwards of the dip.
In the bottom panels of Fig. 3.13, we show the inclination and position angle values adopted
for the 3DBarolo fits. We model the warp in NGC3626, but not in NGC2824, due to the low
resolution of the data. As stated before, we do not see evidence for a warp in UGC6176.
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Figure 3.9: Same as Fig. 3.1, but for the CO of UGC6176.
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Figure 3.10: Same as Fig. 3.1, but for the HI of UGC6176.
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Figure 3.11: Same as Fig. 3.3, but for the CO of UGC6176.
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Figure 3.12: Same as Fig. 3.3, but for the HI of UGC6176.
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Figure 3.13: Comparison of the rotation curves derived with rotmod and galmod and with 3DBarolo. In
the bottom panels, the inclination and position angle used for the 3DBarolo fit.



Chapter 4

Mass models and Radial
acceleration relation

In this chapter, we will discuss what can be inferred about the mass composition of our
three sample galaxies using the rotation curves derived in chapter 3. For this, we need to
estimate the mass contained in the visible components of the galaxies, calculate the expected
rotation velocities, and compare them with the observed rotation curves.

47
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4.1 Estimating the mass distribution of luminous galactic
components

Estimating the mass of the gas and the stars inside a distant galaxy is not a straightforward
task. For the gas, the total mass can be estimated quite accurately due to the known
element abundances in the universe. Hydrogen dominates the universe with 74%, followed
by helium with 24%. Heavier elements contribute only with roughly 2%. With the relations
described in section 3.2.2, one can calculate the mass of atomic hydrogen in a galaxy from
its 21cm flux. To estimate the H2 mass from the CO luminosity, we use the conversion
ΣH2 = XCOTCO (Bolatto et al., 2013), with the emission temperature

TCO = 1.222 · 106 SCO∆v

ν2 · xbeamybeam
· xpxlypxl (4.1)

where SCO is the measured intensity, ∆v is the channel width and ν is the rest frequency
of the emission and the rest are the sizes of the beam and the pixel.
The total hydrogen mass can be then scaled, taking into account the contribution of helium,
such that Mgas = 1.33MH. Measurement uncertainties in the surface brightness profile and
the absolute flux calibration translate into an error of roughly 10% on this mass estimate.
As for the mass of the stars, it is harder to assess, as in most galaxies individual stars
cannot be resolved. Therefore, the mass has to be concluded from the integrated color and
luminosity of the whole galaxy. In general, the mass of the galaxy can be related to its
luminosity by a mass-to-light ratio (M/L), derived empirically. This ratio depends on the
observation wavelength. For instance, in the UV, recent star formation has a very strong
effect, while in the IR one probes the bulk of old stars.
Typical M/L values for the different galaxy colors can be found from stellar population
synthesis models that take into account the star formation history and stellar evolution as
a function of age. It has been shown (e.g., Rix & Zaritsky, 1995) that these values are the
most robust and suffer the least from star-formation fluctuations in the near-IR, probing
old stars that contain most of the mass of the stellar body. Therefore, typical values of the
M/L can best be provided at these wavelengths.
We use [3.6] Spitzer images to derive the luminosity profiles of the bulge and the disk. We
then adjust the M/L values for the disk and the bulge contributions to the rotation curve
in order to achieve a maximally satisfying fit to the observations.

4.2 Luminosity profile decomposition

We use the [3.6] luminosity profiles from Lelli et al. (2017) and non-parametrically decom-
pose them into the bulge and the disk components.
The SPARC database already provides a luminosity profile decomposition for all its galax-
ies. However, in this work, we repeat the decomposition procedure for our three galaxies to
estimate the impact of the ambiguity involved in this process and results derived from it.
For the decomposition, a characteristic radius Rbul is identified up till which the bulge
dominates the intensity profile. The bulge contribution beyond this point and the disk
contribution inward from it are modeled by exponential profiles. The rest of the surface
brightness gets assigned to the respective other component.
We estimate by trial and fail the largestRbul, for which the decomposition into bulge and disk
is physically possible and also sensible. We compare the achieved decomposition with the
decompositions provided by SPARC in Fig. 4.1. We find that for NGC3626 and NGC2824
the bulge and disk components nearly do not change, while for UGC6176 the bulge in the
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SPARC decomposition is significantly smaller than estimated in this work. We decide to
use our decomposition for the rest of this work. However, we performed all analysis also
using the SPARC decomposition and have seen that the results are mostly not sensitive to
this choice.
The outer parts of the disk also get fitted by an exponential profile to be able to extrapolate
it continuously beyond a certain radius, where the intensity profile is not reliably traced.
This allows us to avoid abrupt, unphysical truncations in the outer disk profile.

4.3 Mass models

To find out how much each individual component of the galaxy contribute to the rotation
velocity, one needs to calculate the contribution of each component to the gravitational po-
tential. This is done using the task rotmod in gipsy. The task takes the density distribution
and (if provided) an estimated total mass of the component, and calculates the gravita-
tional potential as a function of R in the galactic plane for a given 3D geometry. For the
bulge, we assume spherical geometry, while the disk is assumed to be thick with a vertical
exponential profile. We set the characteristic scale heights of the HI and CO disks to be 100
pc, while for the scale height of the stellar disk we assume it correlates with the disk size as
zchar = 0.196R0.633

d . This relation is derived by studying edge-on galaxies (Bershady et al.,
2010).
If a total mass is provided, rotmod norms the resulting profile to reproduce this mass.
For the spherical profile, the force can be found to be

∂Φ

∂r
=

2πG

R2

∫ R

0
uΣbulge(u) du+

4G

R2

∫ ∞
R

(
arcsin (R/u)− R

(
√
u2 −R2)

)
uΣbulge du, (4.2)

where Σbulge is the projected surface brightness (Kent, 1986).
For the disk,

∂Φ

∂r
= 8πG

∫ ∞
0

uΣdisk(u)

∫ ∞
0

∂ρ(u, z)

∂u
· K(p)− E(p)

π
√
rup

dz du, (4.3)

where p = x−
√
x2 − 1, x = (r2 + u2 + z2)/2ur, K(p) and E(p) are the complete elliptical

integrals of the first and second kind respectively. ρ(u, z) = Σ(u) · Z(z), where Σ(u) is ob-
served and Z(z) = exp (−z/z0)/z0 is the adopted exponential vertical density distribution
in the disk (Casertano, 1983).

From the forces, the circular velocity as a function of the radius in the disk can be de-
rived as

v2
c (R) = r

∂Φ

∂r
. (4.4)

In Tabs. 4.1 to 4.2, we display rotation velocities and density profiles for the individual
components of our galaxies at radii, with measured rotation velocities.

4.4 The total rotation curve

From the density distribution of the individual components, we can calculate their con-
tribution to the gravitational force. Hence, we can also calculate the rotation velocity
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Figure 4.1: Comparison of the luminosity profile decomposition performed in Lelli et al. (2016) and in this
work. Only for UGC6176 a significant difference is seen. We use the decomposition derived in this work in
all further analysis.
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v2
rot = R ∂Φ/∂R of the test particle at every radius. The gravitational potential of the com-

ponents adds linearly. It follows that the velocities of the components add in quadrature.
Therefore, the expected rotation curve is given by

v2
tot(R) =

(
M

L

)
disk

· v2
disk(R) +

(
M

L

)
bulge

· v2
bulge(R) + 1.33 · (v2

HI(R) + v2
H2(R)), (4.5)

where the contribution of the stars has been decomposed into the individual contributions
of the disk and the bulge and the contributions of HI and H2 account for the gaseous
components. Here, (M/L) denotes the mass-to-light ratio for the stellar disk and the bulge
(as indicated), while the 1.33 factor in front of the gaseous components takes the mass
contribution of helium and heavier elements into account.
The error on vtot(R) can be estimated by error propagation as

∆vtot(R) =
1

2vtot

√(
v2

disk∆M/Ldisk

)2
+
(
v2

bulge∆M/Lbulge

)2

+
(
∆Mgas · (v2

HI + v2
H2)
)2

+
(vtot

2D
∆D

)2
, (4.6)

where we denote the relative error on the gas mass by δMgas. We take it to be 10%. We
estimate the relative errors on the mass-to-light ratios to be 30% in all cases. For the
distances, we assume the relative error to be 10%.

4.5 Results

4.5.1 Maximum disk mass models

Using equation 4.5, we have calculated the shape of the rotation curve predicted from the
luminous matter distribution for our galaxy sample. These rotation curves depend on the
adopted mass-to-light ratios for the disks and the bulges of the galaxies (see eq. 4.5). We
adjust the mass-to-light ratio values in a way to achieve the best agreement in the inner
parts of the galaxies between the observed and the predicted rotation curves. This is known
as a maximum disk fit (van Albada & Sancisi, 1986), as, in this fit, the inner rotation curve
shape can be fully described by baryonic matter.

Our best fits can be seen in Figs. 4.2 and 4.3 for the disk-bulge decompositions from
SPARC and this work, respectively. The parameters for these fit are summarized in Tab.
4.4.
The calculated rotation curves do not agree with the observed ones at large radii. This was
to be expected and suggests the presence of dark matter in the galaxies. We will fit various
dark matter haloes to the data in chapter 5.
Clearly, the choice of both the disk-bulge decomposition and the mass-to-light ratio affect
the shape of the predicted total rotation curve. However, these changes are only important
in fitting the inner parts of the rotation curve and have to be considered when quantifying
the uncertainty of the latter, not influencing the shape of the expected rotation curve at
large radii.
For comparison, in Fig. 4.4 we show a model where we set the M/L to 0.5 for all components
(using the decomposition from this work). This choice shifts the rotation curve contributions
of the disk and the bulge up with respect to our best fit, with the result that the calculated
rotation curve overpredicts the velocities in the inner parts of the galaxies.
The best fit values we found for the M/Ls are much lower than expected for ETGs, being
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Figure 4.2: Density profiles (top) and maximal disk mass models (bottom), using the disk-bulge decompo-
sition from SPARC.

Decomposition Galaxy M/Ldisk M/Lbulge

this work NGC2824 0.5 0.45
NGC3626 0.2 0.4
UGC6176 0.65 0.3

SPARC NGC2824 0.5 0.45
NGC3626 0.2 0.4
UGC6176 0.35 0.3

Table 4.4: Mass-to-light ratios derived for a maximum disk fit. The fitting is performed using the disk-bulge
decomposition derived in this work and using the one provided by SPARC. Since the two decompositions
vary significantly only for UGC6176, this is also the only galaxy where one can see a change in the M/L
values. Assigning more mass to the bulge, one has to significantly decrease the M/L value of the disk to
achieve a fit of comparable quality. From now on we will only use the decomposition derived in this work.

rather in the range typical for star-forming spiral galaxies (see Schombert, McGaugh &
Lelli, 2019). This suggests that the three galaxies have only recently stopped forming stars
and therefore are faded spirals.
This observation is consistent with the findings of Yildiz et al. (2017), who use a sample
of HI-rich and HI-poor galaxies from the ATLAS3D survey. They compare the UV colors
of the stellar populations of the two samples and find that HI-rich ETGs are bluer than
HI-poor ETGs. The most gas-rich galaxies are as blue as outer parts of typical LTGs. They
conclude that gas-rich ETGs host young stellar populations in their outskirts. They also
find evidence of low efficiency star formation in these regions. Although our galaxies are
not part of their sample (for NGC3626 and UGC6176 no UV observations were available,
while NGC2824 was not considered, due to its small HI extension), their HI mass places
them among the gas rich ETGs, so our findings of low, LTG-like M/L values are consistent
with Yildiz et al.’s suggestion of recent or ongoing star-formation.
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Figure 4.3: As Fig. 4.2, but for the bulge-disk decompositions derived in this work.
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Figure 4.4: Rotation curves for a constant M/L of 0.5 for all stellar components.
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4.5.2 Radial Acceleration Relation

In the 1970s, Tully and Fisher observed an empirical relation between galaxy luminosity
and rotation velocity in the flat part of the rotation curve. This relation, however, breaks
down for low-mass galaxies, where the gas mass is generally higher than the stellar mass.
McGaugh et al. (2000) found a more general relation substituting the stellar mass by the
total baryonic mass (stars plus gas) of the galaxy, leading to a baryonic Tully Fisher relation
(BTFR). The BTFR is valid for a large range of galactic morphologies and masses. This
relation links the baryonic content of galaxies to their rotation velocity at large radii (where
the rotation curve is flat). The relation presumably is driven by the dark matter halo and
thus has to follow from the assumed cosmological model. It is still up to debate whether it
is consistent with ΛCDM predictions (McGaugh, 2005).
However, the BTFR only considers the outer part of the rotation curve, neglecting its shape
at smaller radii. The specific slope and scatter of the relation can depend on the definition
of this velocity value (see, e.g. Lelli et al., 2019).
Lelli et al. (2017) and McGaugh et al. (2016) have investigated the link further, taking into
account the full rotation curve shape, and found a radial accelaration relation (RAR), which
relates the measured gravitational acceleration at each radius to the acceleration predicted
from the baryonic galaxy components. They find that different galaxies follow the same
relation over many orders of magnitude in mass. More surprisingly, galaxies of different
types, such as LTGs and dwarf spheroidals (dSphs) seem to follow the same relation. The
scatter around the RAR is remarkably tight, dominated by observational scaller and leaving
little space for intrinsic scatter in the relation. Several empirical relations can be derived
from or explained by the RAR.
Due to the local nature of the RAR, it places severe problems for ΛCDM models. Since it
gives a way of predicting the total rotational velocity from the baryonic mass distribution
at all radii, it cannot be explained by hierarchical structure formation theories without
substantial fine-tuning. The authors argue that the radial acceleration relation might be an
indicator of a law of nature.
It is of particular interest to see whether the radial acceleration relation is universal for
galaxies of different types. Lelli et al. (2017) tried to use the ETG data derived in den
Heijer et al. (2015), but, as noted in the introduction, the rotation curves derived in this work
consist of only two points for fast rotating ETGs, giving limited insight on the behaviour of
ETGs of the RAR.
We place the rotation curves of our three galaxies on the RAR to see whether they lie on it.
Following Lelli et al. (2017), we calculate the observed centripetal accelerations (gobs) and
the ones predicted from the baryonic content (gbar) as

gbar = v2
rot(R)/R (4.7)

and
gobs = v2

tot(R)/R. (4.8)

Here, v2
rot is the rotation curve we found in chapter 3 and v2

tot is the rotation velocity pre-
dicted from the baryon distribution in section 4.4. It is evaluated at the radii for which we
have values of vrot. The errors on the accelerations are estimated as ∆g = 2v

R ∆v with ∆v
calculated as in chapter 3 and section 4.4, respectively, with the difference that in eq. 4.6
the term with the distance dependence is dropped. The uncertainty in distance estimation
is accounted for in ∆gobs.

Our results can be seen in Fig. 4.5. On the left side, we present the RAR calculated
for a constant mass-over-light ratio of 0.5 as in McGaugh (2016), Lelli et al. (2017). On the
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Figure 4.5: The radial acceleration relations derived from our data, using a for constant mass-to-light ratios
of 0.5 for all stellar components (left) and the maximal disk M/L’s from Tab. 4.4 (right). Black and dashed
lines correspond to the mean and 1σ values of the RAR derived for LTGs from the SPARC database.

right - for our best-fit values of M/L as estimated in section 4.5.1. The solid line indicates
the radial acceleration relation found for the LTGs in Lelli et al. (2017), the dashed lines
show a 1σ deviation from the relation. The data points for our galaxy sample are displayed
in colors.
We find that our data points lie on top of the RAR derived for late type galaxies within
1σ. From comparison of the two panels it is clear that the exact location of the points
depends on the chosen mass-to-light ratio, although this dependency is reasonably weak.
As expected, the agreement is better for our best-fit M/L values.
This finding is very important in the context of galaxy formation. Although we have argued
in chapter 4 that the three galaxies in our sample have recently transitioned to being ETG
from being spiral, our result hints that for ETGs the shape of the rotation curve at all radii
can be predicted from the total baryonic mass by the same relation, as for LTGs. This
points again to the possible universality of the radial acceleration relation. A bigger ETG
sample including older and more settled early type galaxies is needed to confirm this result.
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Chapter 5

Dark matter halo fits

In the previous chapter, we have seen that the baryonic matter distribution predicts a dif-
ferent rotation curve at large radii than we have observed. In this chapter, we attempt at
fixing this discrepancy by adding a dark matter halo.

59
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5.1 Halo profiles

As mentioned in the introduction, there are various dark matter models available that can be
potentially differentiated with the help of data as they predict different measurable effects.
Specifically, they predict different profiles of the dark matter halo.
The dark matter halo has to explain the observed rotation curve. In the inner parts of
massive galaxies, the potential of the visible components strongly contributes to the total
potential or even dominates it. Meanwhile in the outer parts the visible matter hardly
contributes such that the dark matter halo has to come up for nearly all of the total potential
to ensure a flat rotation curve. The density of the halo therefore has to change with radius
to explain both effects.
We fit several dark matter haloes to our data to see which of the models provides the best fit.
The differences between the models as well as their functional forms are explained below.

5.1.1 Isothermal profiles

Pseudo-isothermal profiles are empirically motivated as they provide the most satisfactory
fits to galaxy rotation curves (e.g. van Albada, 1985, de Blok, 2008). They can be described
by

ρPI = ρc ·
1

1 + r/r2
c

(5.1)

with ρc and rc being density and the radius of the core.
From observations of dwarf galaxies, a good fit to the data is provided if the velocity
component induced by the dark matter is growing linearly with radius, which, for a spherical
dark matter distribution, implies a constant density core. The pseudo-isothermal profile
ensures this feature as well as a constant velocity at large radii.
However, this profile is unphysical, as the enclosed mass diverges with radius.

5.1.2 NFW profiles

The Navarro-Frenk-White profile is derived from dark matter only N-body simulations based
on ΛCDM (Navarro et al., 1996). Therefore, this model is not empirical, but motivated by
cosmology.
The profile can be described by

ρNFW =
δcρcrit

r/rs · (1 + r/rs)2
, (5.2)

with ρcrit =
3H2

0
8πG the critical density of the Universe and δc, the so-called critical overdensity.

rs is the characteristic radius of the halo. One can define the concentration c200 = r200/rs
with r200 being the radius at which δc = 200. The velocity at this radius can be defined to
be v200 = 10H0 c200 rs (with the Hubble constant H0 = 73 km s−1Mpc−1).
The NFW profile fits simulated haloes very well over a large range of masses. However,
in the innermost parts it goes as ρ ∼ r−1, much steeper than suggested by observations
of dwarf galaxies. Profile types such as predicted by NFW are referred to as cuspy. The
discrepancy between the observations and the prediction is called the core-cusp problem (de
Blok, 2001, 2008, de Blok & Bosma, 2002) .
Using the NFW profile, one implicitly assumes that baryonic feedback effects on the DM
halo are negligible, as they are not included in the N-body simulation.
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5.1.3 Einasto profiles

As the resolution of simulations improved, it has been seen that the profile shape in the
galactic center goes even steeper than suggested by NFW, with a logarithmic slope about
−1.3±0.2 at 1 kpc (with the exact value varying from simulation to simulation, see de Blok,
2010). This exacerbates the core-cusp problem.
A profile found to fit the simulations better and for a bigger range of masses than NFW is
the Einasto profile (Navarro et al., 2004), described by

ρE(r) = ρs exp
{
− 2

αε

[( r
rs

)αε
− 1
]}
, (5.3)

where αε is the parameter modeling the variation of the profile slope with radius, ρs and rs
are as above.
This profile also is derived from dark matter only N-body simulations, so it also ignores
baryonic feedback.

5.1.4 Di Cintio (DC14) profiles

While baryonic feedback on the DM halo is ignored in the simulations used to derive NFW
and Einasto profiles, it has often been suggested as a solution to the core-cusp problem.
Indeed, there are various effects by which baryonic matter could influence the DM halo.
Stellar and AGN feedback can cause gas outflows large enough to alter the total gravita-
tional potential of the galaxy, causing a re-distribution of the dark matter to a more cored
profile (Di Cintio et al., 2014a, Di Cintio et al., 2014b). However, there are also processes
steepening the inner DM profile, driven by the gravitational pull of baryons falling and set-
tling in the dark matter halo (for a discussion, see Katz et al., 2014, and references therein).
The effectiveness of the dark matter redistribution depends on the ratio between the stellar
and the halo mass. If this parameter is too small, there is not enough energy stored in super-
novae to impact the DM distribution. On the other hand, if it is too large, the gravitational
potential of the stars deepens the total potential in the center enough to not only counteract
the outflow effects, but even induce a steeper cusp. There is therefore a parameter range
where the core creation is the most effective, found to be around M?/Mhalo ∼ 0.5 · 10−3 (Di
Cintio et al., 2014b).
A DM profile taking into account stellar (but not AGN) outflows was derived by Di Cintio
et al. (2014b). It is given by

ρDC14(r) =
ρs

(r/rs)γ
[
1 + (r/rs)α

](β−γ)/α
, (5.4)

with the parameters

α = 2.94− log
(
(10X+2.33) · (10−1.08 + 102.29)

)
β = 4.23 + 1.34X + 0.26X2

γ = 0.06 + log
(
(10X+2.56) · (1 + 10−0.68)

) (5.5)

where X = log(M?/Mhalo) is the mass ratio and ρs and rs are as above.
For X < −4.1, i.e. M?/Mhalo < 8 · 10−5, the profile effectively reproduces the NFW profile.
For X > −1.3 the feedback of AGN, not included in the simulations, is expected to get
important, making the DC14 profile potentially inaccurate. For the galaxies in our sample,
we find X to be −1.1711, −2.3166, −1.4507 for NGC2824, NGC3626 and UGC6176, respec-
tively, so we can safely use the DC14 model for the last two. NGC2824 is slightly outside
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of the applicability range of the model, so the results derived for it have to be taken with
caution.
It has to be noted that the mass ratios of our galaxies are rather high, therefore we expect
to not see huge outflow effects as they get counteracted by the gravitational pull of the stars
in the center. Thus, the DC14 results are expected to be similar to the NFW or Einasto
ones.

5.2 ΛCDM expectations

The ΛCDM cosmological model is introduced in section 1.1. The dark matter in this model
is cold and not self-interacting. To understand the implications of this model on the shape
of dark matter halos, N-body simulations of structure formation are performed. Usually,
the baryonic impact on the halo formation is neglected. From statistical analysis of the sim-
ulations, predictions can be formulated. One can derive various relationships for the halo
and galaxy parameters that can be tested with observations. As effects of the cosmological
model on the properties of the DM halos are non-linear, small parameter changes in the
models can have non-negligable consequences for the halo structure, hence comparison to
the data is crucial.

5.2.1 Concentration mass relation

One can find relationships between different halo parameters. Dutton & Macciò (2014)
performed DM-only N-body simulations with different box sizes, studying a huge range of
halo masses, from dwarf galaxy hosts to cluster sizes. They find a relationship between the
concentration of the halo at a characteristic radius and the halo mass confined within this
radius, given by

log c200 = a− b log (Mhalo/[1012h−1M�]), (5.6)

with an intrinsic scatter of 0.11 dex. Here, h = 10H0, and a and b are cosmology-dependent
parameters. The parameter values used in this work will be specified in section 5.3.
For our work, this relationship is important in two ways: on one hand, we can check if our
galaxies follow it and hence confirm or challenge the results of Dutton & Macciò (2014).
On the other, we can impose constraints on the dark matter halos we fit, such that they
would follow the relationship a priori, leaving less freedom to the fit parameters to break
several parameter degeneracies. This way, the halos we fit are necessarily be sensible in the
cosmological context.

5.2.2 Multi-epoch abundance matching

Apart from exploring the properties of the dark matter halos themselves, one can also find
relationships between their properties and the ones of the hosted galaxies. There are two
main approaches to explore these relationships: one being to model the underlying physical
processes of galaxy formation using cosmological hydrodynamical simulations and the other
to match observed number of galaxies to dark matter halos from N-body simulations (so-
called abundance matching).
Moster et al. (2013) use the second method and employ the multi-epoch abundance matching
technique to match halos from two large DM-only N-body simulations to observations of
galaxies from several large-scale surveys for a redshift range of 4 < z ≤ 0. In this process,
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the functional form of the stellar-to-halo-mass (SHM) relation is assumed to be

M?

Mhalo
= 2N

[(Mhalo

M1

)β
+
(Mhalo

M1

)γ]−1
, (5.7)

where M1, N , β and γ are parameters. This relationship was found in previous works
(Moster et al., 2010), but the analysis in Moster et al. (2013) improves on those by taking
into account the evolution of the galactic stellar mass with time and hence making the
matching procedure more self-consistent.
From the galaxy population resulting for the matching, a stellar mass function (SMF) is de-
rived and the fitting parameters of the SHM are adjusted to make it reproduce the observed
SMF. This way, the parameters log(M1) = 11.59, N = 0.0351, β = 1.376 and γ = 0.608 are
found.
Similarly to the concentration-mass relation, we can either try to recover this SHM relation
from our data, or impose it on our dark matter halos to make sure that the halos we fit are
cosmologically sensible.

5.3 Fitting DM profiles

In fitting the dark matter profiles, we follow Li et al. (2019) and use the same python code
as was used in that paper. The fitting is performed with the python MCMC package emcee
(Foreman-Mackey D. et al., 2013). The code is supplied the total rotation curve and the
rotation curves of the individual baryonic components. Additionally, a dark matter rotation
curve for one of the profiles described in section 5.1 is calculated. The respective parameters
of the dark matter halo, as well as the mass-to-light ratios of the stellar components, the
disk inclination, and the galaxy distance, are the parameters of the fit. The priors are
Gaussians, which for D and i are centered around the estimated values with a dispersion
equal to the calculated error, listed in Tab. 5.1. For the mass-to-light ratios, the central
values are chosen to be 0.5 for the disk and 0.55 for the bulge with a standard deviation of
0.1 dex.
For the dark matter halos, the walkers are initialized within the ranges 90 < V200 < 100,
10 < c200 < 15, 0.9 < αε < 1.1. We use two approaches. In one case, we use so-called ’flat’
priors. In that case, the DM halo parameters can take any value with no prior knowledge on
cosmological scaling relations like the mass-concentration and SHM relations. Loose cuts is
applied to keep them in a physically sensible range: 10 < V200 < 500 km/s, 0 < c200 < 100,
and for the Einasto profile 0 < αε < 2.
In the other approach, we impose ΛCDM priors on the dark matter parameters that follow
from 5.2. For this, we need to rescale the DC14 profile concentration, as it is defined in a
slightly different way than the concentration of the NFW and Einasto profiles (Di Cintio et
al., 2014b). Following Katz et al. (2017), we adopt

crescaled
200 = cDC14

200 ·
[
1 + 10−5 exp(3.4(X + 4.5))

]−1
. (5.8)

For the concentration-mass relation, we use the values a = 0.830 and b = −0.098 for NFW
and DC14, which use the WMAP5 cosmology. For the Einasto profile, only values for the
Planck cosmology are available, given by a = 0.977 and b = −0.130. We also impose an
additional constraint on αε found by Dutton & Macciò (2014), describing the dependence
of this parameter on the halo mass. It is given by

αε = 0.0095ν2 + 0.155, (5.9)
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Parameter NGC2824 NGC3626 UGC6176

D [Mpc] 39.6 ± 9.9 22.9 ± 2.5 39.3 ± 9.8
i [◦] 60 ± 10 55 ± 10 56 ± 2

Table 5.1: Mean values and standard deviations used for prior calculation, derived from the tilted ring
analysis. As ∆i from Tab. 3.2 is smaller than the difference in i between the CO and HI disks for each of
the galaxies, we use the latter value as a standard deviation estimate.

with log ν = −0.11 + 0.146m + 0.0138m2 + 0.00123m3 and m = log(Mhalo/1012h−1M�).
This relation has a scatter of 0.16 dex.
The SMH relation is derived for the WMAP7 cosmology. However, as stated in Li et al.
(2019), the difference induced by the use of the different cosmology models is nearly neglig-
ble and will only play a role for the values of the final distance estimates.

For each fit, we perform at least 2000 burn-in steps and at least 1000 iterations after that.
Then, we re-initialize the walkers around the determined best fits values and perform at
least 1000 more iterations. We visually check that the chains have converged. In cases when
the posterior distributions had complex shapes, we checked that changing the number of the
burn-in steps,nor the number of the walkers does not improve the results. These comples
posteriour distributions occur in fits with flat priors due to strong parameter degeneracies,
which are broken when imposing ΛCDM priors.

5.4 Fit results

We present our results for the dark matter profile fits in Figs. 5.1 to 5.10. We show the fits
of every profile to each galaxy in one figure, followed by the corner plots for these 4 fits.
We first show the fits for the flat priors, then for the ΛCDM priors on the DM profiles. In
Tabs. 5.2 to 5.7 we summarize the retrieved values for the fitting parameters.
We note that the posterior distributions for the flat priors are in general not as well behaved
as for the ΛCDM priors. Closer inspection shows that these distributions are multimodal.
To get a better estimate of the uncertainty of the dark matter parameters, for future work
we would like to decompose these posteriors following Katz et al. (2017).
In general, the fits are good in reproducing the rotation curve both in the inner and the
outer parts. We note, that all fits are nearly maximal disk fits, i.e., the inner part of the
rotation curve is accounted for mostly by the baryonic component.

5.4.1 NGC2824

For NGC2824, all dark matter profiles achieve fits that look equally well. However, this
galaxy is in a mass range for which the DC14 profile might be inaccurate due to unac-
counted AGN feedback, so the results for this profile have to be taken with a grain of salt.
The retrieved distance, inclination and M/L estimates agree within errors between all pro-
files and also between fits with and without cosmological constraints, suggesting that these
estimates are robust. The recovered M/L values agree with our estimations in chapter 4.
Fits without constraints on dark matter tend to place the galaxy a little closer than the
literature value. However, all distance estimates are consistent with each other and within
error bars.
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The χ2 values suggest that the pseudo-isothermal halo fit describes the data better for the
ΛCDM priors, however the differences between the different calculated rotation curves are
within the error bars. The pseudo-isothermal corner plots show a strong degeneracy between
c200 and v200. As for the flat priors, all halo parameters show strong degeneracies due to
the mentioned multimodality. This suggests that the rotation curve can be fitted for a large
variety of dark matter halo parameters, among which there is a subset of cosmologically
reasonable values.
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Figure 5.1: Best fits for NGC2824 for the four dark matter profiles with flat priors. Blue − total rotation
curve, red − stellar component, green − gaseous components, black − dark matter component. Points show
the observed rotation curve with error bars. The gray band indicates 1σ around the predicted rotation curve.
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Figure 5.2: Corner plots for NGC2824. Fit with flat priors.
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Figure 5.3: Same as 5.1, but with ΛCDM priors (the pseudo-isothermal profile is not shown, as cosmological
priors cannot be imposed).
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Figure 5.4: Same as Fig. 5.2, but with ΛCDM priors.
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5.4.2 NGC3626

For NGC3626, we find that for the flat priors, the Einasto, DC14 and pseudo-isothermal
profiles fit the data, including the rotation curve dip. NFW performs worse in fitting the
dip. Constraining the profiles to cosmologically sensible values significantly worsens the fit
quality around the dip.
The dip in the rotation curve of this galaxy can give stronger constraints on galactic com-
position than usual, rising, rotation curves, as the declining rotation velocities at small radii
can be explained only by the baryonic components, while the rising rotation velocity in the
outer parts is a sensitive measure of the halo profile. As seen from Figs. 5.5 and 5.7, it is
best modelled by a cored profile, suggesting the existence of slow rotating ETGs with large
cores. The physical origin of such extended cores is interesting: while feedback models as
suggested by Di Cintio et al. (2014b) cannot provide them, they might, in the ETG forma-
tion picture by Kormendy & Bender (2012), be indicative of recent mergers. This is also
consistent with the findings of Silchenko et al. (2010) and Mazzei et al. (2014), that both
favor a recent merger scenario of NGC3626.
The estimated galaxy parameters agree amongst the different halo fits. In all fits, the recov-
ered M/L values are slightly higher than our interactive estimates. The recovered distance
is consistent with the literature value within error bars, although the estimated mean values
tend to be larger.
As for the corner plots, we notice that the isothermal halo concentration is poorly con-
strained. We also again see strong tails for the halo parameters of all models for the non-
constrained case, while with ΛCDM priors the halo posterior distributions are well behaved.
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Figure 5.5: Same as Fig. 5.1, but for NGC3626.
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Figure 5.6: Same as Fig. 5.2, but for NGC3626.
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Figure 5.7: Same as Fig. 5.3, but for NGC3626.
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Figure 5.8: Same as Fig. 5.4, but for NGC3626.
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Figure 5.9: Same as Fig. 5.1, but for UGC6176.

5.4.3 UGC6176

For UGC6176, all halo models yield essentially indistinguishable fits to the rotation curve.
Interestingly, the recovered galaxy parameters vary strongly. For the flat priors, the distance
to the galaxy is strongly underestimated for all halo profiles (ca. 25 ± 5 vs. the literature
value of 39 Mpc). The recovered M/L values also differ from our interactive estimates.
The fits find the mass-to-light ratios of the disk and the bulge to be very similar, while we
estimated M/Lbulge to be higher (0.65), and M/Ldisk to be much smaller (0.3).
Imposing ΛCDM parameters, the distance estimates get close to the literature value for
the NFW and DC14 profiles (which in this case are very similar due to the large mass of
UGC6176). For the Einasto profile, the distance estimate stays too low. The estimates of
the disk M/L get closer to the values we found in chapter 4. Surprisingly, the bulge M/L
values decrease.
The corner plots show the same behaviour as for the other galaxies, namely poorly con-
strained halo parameters for the flat priors and well behaved halo posteriors for the ΛCDM
priors. We notice degeneracies between the distance and the M/L values in all cases, which
might explain the discrepancy between our fiducial values and the best fit values.
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Figure 5.10: Same as Fig. 5.2, but for UGC6176.
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Figure 5.11: Same as Fig. 5.3, but for UGC6176.
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Figure 5.12: Same as Fig. 5.4, but for UGC6176.
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5.5 Comparison with ΛCDM expectations

In this section, we compare the halo parameters we derived from the fits to the expectations
from ΛCDM we outlined in section 5.2. We will only discuss the NFW, Einasto and DC14
profiles in this section, as no cosmological parameters can be imposed on the (cosmologically
non-motivated) pseudo-isothermal profile.
First, we double-check whether the halos derived from fits with imposed ΛCDM priors re-
produce the relationships from 5.2, which we would expect unless our fitting procedure
malfunctioned. We present the stellar-to-halo-mass relations and concentration-mass rela-
tions derived for our galaxies in the top and bottom panels of Fig. 5.13, respectively.
We see that for the SHM relation, NGC3626 is an outlier for all three dark matter profiles.
This is likely caused by the dip in its rotation curve, which puts a hard constraint on the
dark matter component.
The concentration-mass relation is reproduced within errorbars for the NFW and Einasto
profiles. We note that the data seems to lie off the relationship for the DC14 profile, which
overpredicts the concentration of NGC3626 and UGC6176.
In Fig. 5.14, we show the same relationships derived from our fits without priors on the
halos. We find, that also in this case, the literature curves are reproduced fairly well. This
is less expected than for the previous case, and shows that the halos chosen by the DM
prior-less fit are still in the cosmologically sensible regime. An exception, again, is the
concentration-mass relation for the DC14 profile, where the concentration is systematically
overestimated.
As noted in section 5.4, the posterior distributions of the dark matter parameters for the
flat prior fit are multimodal, so a sensible assignment of error bars is very hard. We can-
not advocate calculating the σ value, as it would have no physical meaning, and therefore
display the 95 percentiles in Fig. 5.14, to show where the bulk of the estimated values lies.
A better approach would be to decompose the posterior distribution and display the mean
value and the error bars only for the part with more counts. We leave this to future work.

Lastly, in Fig. 5.15 we compare our results from the fit with ΛCDM priors to the ones
of Li et al. (2019) derived for the SPARC sample. We find that our halos follow the same
general relations for the characteristic radius and density as functions of the galaxy lumi-
nosity as the other galaxies in SPARC. Therefore, our galaxies live in the same halos as
LTGs, which is another indication that they have been spirals and quenched star formation
only recently. This statement is also consistent with the fact that our galaxies follow the
LTG radial acceleration relation. We note that the values of log10(rs · ρs) estimated for our
galaxies are on the high side, but still consistent within error bars with the SPARC sample.
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Figure 5.13: Stellar-to-halo-mass relation (upper panel) and concentration-mass relation (lower panel) for
our results from fitting with ΛCDM priors imposed. The black solid line and the grey shaded areas show the
literature relations together with their intrinsic scatter. The errorbars on our data points correspond to 1σ.
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Figure 5.14: Same as Fig. 5.13, but for fit without imposed constraints on DM halos. In this case, the
errorbars on the data are 95 percentiles, as the posterior distributions are not well-behaved enough to be
able to reasonably assign σ intervals.
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Figure 5.15: Comparison of the general dark matter halo parameters of our galaxies with the SPARC
sample (grey dots) from Li et al. (2019).
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In this thesis, we have investigated the dynamical properties of the three early type galaxies
NGC3626, NGC2824 and UGC6176.
We have derived their intensity maps and velocity fields from HI and CO observations.
Then, we proceeded to derive the rotation curves of these galaxies using two different meth-
ods (rotcur + galmod and 3DBarolo) and showed that the results were consistent. The
rotation curves we found are flat in the outer parts.
We have calculated the total baryonic mass of the galaxies from their stellar and gas lumi-
nosities and showed that these components alone predict a rotation curve decreasing at high
radii. Therefore, we trace the dark matter haloes of these early-type galaxies. Based on
the low mass-to-light ratio values we found in the maximum disk fits, we conclude that our
three objects have recently transitioned to the early type, having evidence of recent or even
ongoing star formation. This hypothesis is backed up by findings of Yildiz et al. (2017),
based on optical and UV imaging, and Silchenko et al. (2010) in the case of NGC3626.
We have found that our three galaxies follow the same radial acceleration relation as late
type galaxies and dwarf spheroidals from the SPARC database. This is another indication
that the RAR is a universal relationship, independent of morphological type, gas content,
or star-formation activity.
Finally, we have fitted four different dark matter profiles to each of our galaxies. We found
that adding dark matter, we can model the rotation curves at all radii. In all cases, the
best fits are given by the maximum disk, so the dark matter contribution plays a role only
at large radii.
The retrieved dark matter parameters are poorly constrained when left entirely free, leading
to broad and multimodal posterior distributions. Although the best-fit values are in over-
all agreement with expectations from cosmology, it is hard to properly quantify this, as a
different analysis of the posteriors is needed to calculate sensible errors on the parameters.
We leave this to future work.
Imposing ΛCDM constraints on the dark matter halo before the fitting, we find rotation
curves that reproduce the observations just as well as the unconstrained halos, while the
posterior distributions of the halo parameters are much better behaved.
An exception is NGC3626. The rotation curve of this galaxy shows a prominent dip, which
cannot be produced by a dark matter contribution to the potential and hence is a purely
baryonic feature, helping to break the degeneracies between baryonic and DM contributions.
For this galaxy, the cosmologically motivated rotation curves struggle to reproduce both the
dip feature and the rising rotation curve at larger radii. The best fit is achieved by a cored
DM halo, suggesting that large cores may exist also in slow-rotating Early Type galaxies.
Consistently with Kormendy & Bender (2012) and Silchenko et al. (2010), the core might
be a result of a recent merger of NGC3626 with a smaller galaxy.

In future work, we would like to perform a fit of our galaxy sample to the mean radial
acceleration relation derived from the SPARC database. It is of great interest to see if the
recovered values of the distances, inclinations and mass-to-light ratios will be physical and
close to our previous estimates. Should this be the case, it would point to another success
of MOND as a phenomenological description of galactic dynamics.
The analysis of a bigger ETG sample would yield statistically more valuable results. In the
ALTAS3D sample there are another 15 ETGs with outer HI disks, but they do not have
inner CO disks. One could, however, use Hα velocity fields to trace the inner kinematics
and combine it with the outer HI kinematics.
Also, some ETGs from the ATLAS3D sample, including NGC2824, have been observed with
higher resolution by ALMA. It is desirable to repeat the analysis of NGC2824 using the
ALMA data.
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• Jérémy Fensch, who helped me to maintain my French.

• although it’s unreasonable: an extensively long list of artists, who inspired me over
the 5 years of my studies and beyond.

• my amazing best friend Allison: I don’t know how you can bear me, but it’s wonderful
that we have each other!

• my dancing partner Dino: for teaching me literally all I know in dancing.

• all my other friends!

• my sister and my parents for their love and constant support. ♥

• again: my Dad, who, not only in this work but all through my studies, had the infinite
patience to help me, coach me and support me. Without you I would never get this
degree! I love you!





Erklärung:
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