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Abstract

Mapping galaxy mass distribution is an important means of understanding galaxy morphol-

ogy and the nature of dark matter haloes, and therefore build up our knowledge of galaxy

formation and evolution. Analytical and numerical dynamical models are powerful methods

to model galaxy mass distributions based on galaxy stellar kinematics, and are strengthened

by including gaseous kinematics.

In this thesis, I start my research with using descriptive analytical models to identify thin-

disc components in galaxies. I kinematically classify the sample into disc-dominated, non-disc-

dominated and disc-free galaxies and measure the dynamical mass for disc-dominated galaxies

to study their mass budget. I find a dichotomy of lenticular galaxies in my classification, which

is explained by the deficiency of molecular gas. Realising the limitation of analytical models,

I continue my research with numerical models. I develop an orbit-based method with stellar

kinematics modelled by the Schwarzschild technique, and cold gas (H I ) assumed as a thin disc

aligned with stars. The application of this method to early-type galaxy NGC 2974 shows that

including extended cold gas kinematics significantly narrows down the measurement of the

dark matter inner slope. I then further generalise this method to be adapted for galaxies with

misaligned stellar and gas discs and apply the generalised method to early-type NGC 3626.

The results suggest that with very extended cold gas discs out to 10 Re, there is a chance to

determine the overall shape of dark matter halo and even distinguish between different halo

models. I finally model a larger sample of galaxies which have two-aperture stellar kinematics

using the Schwarzschild technique to study their orbital components and dark matter profiles

across a wider mass range. The dark matter fraction is typically 40%-70% at 3 Re, and I find

no clear trends between the dark matter fraction and stellar mass.
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1
Introduction to galaxies

Galaxies are gravitationally bound systems of stars and interstellar medium formed in dark

matter haloes. Galaxies of various morphologies are widely distributed in the Universe, tracing

the structure of the Universe. The mass distribution is one of the most fundamental properties

in galaxies, which hold important clues to the formation and evolution history of galaxies.

Among all kinds of galaxy data obtained with the development of observational techniques,

galaxy stellar and gaseous kinematics are of great importance, because they not only reveal

the internal dynamics of galaxies, but also provide an important method to measure the mass

distributions of the stellar components and dark matter haloes.

In this thesis, I will present my work of mapping galaxy components with stellar and

gaseous kinematics for galaxies with various morphologies, to study the formation and evo-

lution of their stellar components and dark matter haloes. For a better understanding of this

thesis, I make an introduction to galaxies in this section as follows: I will first introduce the

galaxy morphology and classification schemes as a background. I then introduce some obser-

vational technologies which are used to obtain the data in this thesis. I also make an overview

1



Chapter 1. Introduction to galaxies

Figure 1.1: The Hubble tuning fork diagram (credit: Hubble, 1936). Galaxies are arranged according
to their apparent shapes. Elliptical galaxies are one the left of the tuning fork, and from left to right the
shapes are more flattened. There are two branches of spiral galaxies on the right of the tuning fork:
the upper branch is unbarred spirals and the lower branch is barred galaxies.

of stellar populations and dark matter in galaxies, respectively. Lastly, I review the some im-

portant results about galaxy evolution in regards to the scope of this thesis.

1.1 Galaxy morphology and classification

Galaxy classification is a fundamental topic for galaxy research, because classifying galaxies

into populations with common intrinsic features is the prerequisite of understanding them.

Therefore, establishing galaxy classification schemes which can reflect the internal physics of

galaxies is of great importance.

Hubble (1926) first invented a morphological classification scheme now called the Hubble

sequence, which arranges regular galaxies into a tuning fork according to their visual appear-

ance (see Figure 1.1). On the left of the tuning fork are the elliptical galaxies with smooth and

featureless light distribution, indicated by the letter E followed by an integer n. n is conven-

tionally 10 times of galaxy ellipticity ✏= 1� b/a rounded to the closest integer, where a and b

stand for the semi-major and semi-minor axes. Therefore, E0s stand for spherical shapes and

E7s are highly flattened. The lenticular galaxies (or S0 galaxies) lie in the middle of the tuning

fork, consisting of a bright central bulge surrounded by disc structures. S0 galaxies connect

two branches of spiral galaxies: bar galaxies with a central bar-shaped structure are denoted

by SB, and galaxies without a bar are denoted by S, followed by a lower-case letter (a, b or c)

describing how tightly the spiral arms are wound and the brightness and size of the bulge, in

2



1.1. Galaxy morphology and classification

(a) NGC 7793 (Sd) (b) IC 4182 (Sm) (c) DDO 155 (Im)

Figure 1.2: The images of Sd galaxy NGC 7793 (de Paz et al., 2007), Sm galaxy IC 4182 and Im galaxy
DDO 155 (Baillard et al., 2011).

which Sa (SBs) galaxies have most tightly wounded spiral arms and most bright bulges.

The Hubble sequence was then complemented by the de Vaucouleurs system (de Vau-

couleurs, 1959), with more detailed definitions for spirals and irregular galaxies. Sd (SBd)

is introduced to describe galaxies with very diffuse spiral arms and a faint central bulge. Sm

(SBm) is introduced for irregular, bulgeless spirals and Im stands for highly irregular galaxies.

I show images for Sd, Sm and Im galaxies in Figure 1.2. This morphological classification

scheme includes structural components such as bulges, discs, bars and spiral arms. It is im-

portant to understand the definitions and descriptions of these components before studying

their features and formation processes. Bulges (classical) are the spherical bright component

at galaxy centres. They have similar surface brightness distribution to elliptical galaxies, which

can be modelled empirically by the de Vaucouleurs profile (de Vaucouleurs, 1953) or a more

generalised Sérsic profile (Sérsic, 1968)

I(R) = Ie exp

⇢
�bn

Å
R
Re

ã1/n
� 1

��
, (1.1)

where Ie is the intensity at the effective radius Re (or half-light radius, defined as the radius

within which half of the luminosity of a galaxy is contained), n is the Sérsic index and bn

is approximately 2n � 0.33. n = 4 indicates the de Vaucouleurs profile. Discs are extended

components usually surrounding the bulge following an exponential profile, and the surface

brightness of spiral galaxies can be decomposed with a bulge and a disc (Freeman, 1970).

Spiral arms are a typical feature of spiral galaxies, and bars are discovered in one thirds of disc

galaxies (e.g. de Vaucouleurs et al., 1991; Masters et al., 2011).

Based on the recognition of galaxy structural components, the de Vaucouleurs system is
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Chapter 1. Introduction to galaxies

widely used as collected in galaxies catalogues (e.g. de Vaucouleurs et al., 1964, 1976, 1991).

To deal with large amounts of galaxies observed by sky surveys, other techniques are intro-

duced. For example, the Galaxy Zoo project (e.g. Lintott et al., 2008; Willett et al., 2013)

involves amateur volunteers to do visual classification for galaxies instead of professionals

through a web interface, significantly enhancing the efficiency of classification. The popu-

lar Deep Learning algorithms also have a great advantage of handling large amounts of data

and have been successfully applied in morphological classifications (e.g. Gravet et al., 2015;

Domínguez Sánchez et al., 2018).

However, it has been argued that morphological classification schemes are purely descrip-

tive and not physical enough to distinguish galaxies by their evolution modes. Physical classi-

fication schemes are therefore constructed, such as classifications according to the dominant

stellar populations of galaxies (e.g. Morgan, 1958; Morgan & Osterbrock, 1969). Conselice

(2003) developed a CAS classification system adopting three nonparametric diagnostics: the

concentration (C), asymmetry (A), and clumpiness (S) of a galaxy. Principal component anal-

ysis (PCA) is also used for building physical classification schemes using nonparametric diag-

nostics (e.g. the ZEST by Scarlata et al., 2007; Peth et al., 2016).

Galaxy kinematics, which provides information of intrinsic kinematic states of galaxies,

also show a strong potential in building galaxy classification schemes linking to galaxy evolu-

tion modes. Using well-defined parameters, such as the proxy for projected stellar momentum

�R or the ratio between the ordered and random motion V/� together with ellipticity, early-

type galaxies are divided into fast-rotators and slow-rotators with different dominant motions

of stars (Emsellem et al., 2004, 2007; Cappellari et al., 2007). van de Sande et al. (2017)

further include high-order stellar kinematic moments for galaxy classification.

1.2 Galaxy observations

Galaxy classification schemes rely on comprehensive observations of galaxies: morphological

classification requires galaxy images while kinematic classification requires galaxy kinematics

obtained from galaxy spectra. I therefore introduce the major techniques for galaxy obser-

vations in this section, including photometry, spectroscopy and integral field spectroscopy for

optical and near-infrared observations, and particularly the radio observations of neutral hy-

drogen.
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1.2. Galaxy observations

1.2.1 Photometry and spectroscopy

Photometry is a technique which measures the flux of astronomical objects with photometers

(e.g. CCD photometer and photoelectric photometer) installed on telescopes. The develop-

ment of photometric surveys has provided images at multiple wavelengths for nearby (e.g.

Abazajian et al., 2009; de Jong et al., 2015; Chambers et al., 2016) and even high-redshift

galaxies (e.g. Grogin et al., 2011; Zou et al., 2017). Galaxy images are widely used not only

for galaxy morphology classifications, but surface photometry and galaxy component decom-

position as well.

Surface photometry is a useful tool to study extended objects as galaxies. It can obtain

galaxy basic parameters such as the effective radius. By fitting ellipses of the isophotes, sur-

face photometry can also obtain the variations of galaxy parameters (e.g. position angle and

ellipticity) with radius. The shape of isophotes is analysed by measuring its deviation from

an ellipse using the coefficient of the fourth order cosine term a4 of the Taylor series (Ben-

der et al., 1989), and are classified into boxy-like (a4 < 0), discy-like (a4 > 0) and nearly

elliptical (a4 ⇠ 0) isophotes accordingly, as shown in Figure 1.3. The shape of isophotes is

one of the fundamental properties for elliptical galaxies, which is related to different forma-

tion processes of elliptical galaxies (e.g. Kormendy & Bender, 1996; Kormendy et al., 2009).

Fitting the surface brightness of galaxies is a fundamental analysis for galaxy images. It is a

relatively simple fitting for elliptical galaxies with one component, while it involves the tech-

nique of galaxy component decomposition for lenticular and spiral galaxies to decompose their

structural components, mainly bulges and discs. The results of earlier 1-dimensional (e.g. Ko-

rmendy, 1977; Kent, 1985; Baggett et al., 1998) and later 2-dimensional component decom-

position (e.g. de Jong, 1996; Simard et al., 2011; Méndez-Abreu et al., 2017), which provided

large amounts of measurements for galaxy structural components and revealed a number of

connections between galaxy properties, have notably promoted the understanding of galaxy

formation and evolution.

Galaxy images show the light distributions of stars and gas, but they have a clear dis-

advantage in obtaining further information of galaxies, such as their kinematic motions and

chemical compositions. Therefore, it is essential to measure galaxy spectra with the technique

of spectroscopy.

The spectrum of a galaxy shows its energy distribution as a function of wavelength and
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Chapter 1. Introduction to galaxies

Figure 1.3: Sketch for boxy and discy isophotes. The black curve stands for an ellipse (a4 = 0), the
red curve stands for a boxy isophote (a4 < 0) and the blue curve stands for a discy isophote (a4 > 0).

provides the redshift and line-of-sight velocity dispersion according to the shift and width

of emission and absorption lines, respectively. Single fibre-based spectroscopy generates a

spectrum for each galaxy, and has been employed in galaxy redshift surveys (Huchra et al.,

1983; Colless et al., 2001; Dawson et al., 2012; Huchra et al., 2012) for the study of galaxy

clustering (e.g. Vogeley et al., 1992; Norberg et al., 2001; Crook et al., 2007; Alam et al., 2017)

and luminosity functions (e.g. Marzke et al., 1994; Cole et al., 2001), which are important for

the study of the large-scale structures of the universe and cosmological models. However,

this fibre-based spectroscopy fails to provide spatially resolved kinematics within a galaxy for

the study of galaxy dynamics. This problem is partly solved by long-slit spectroscopy which

takes an aperture of a narrow long slit, and has been widely used to measure galaxy line-of-

sight velocities along its major axis and then obtain its rotation curve for spiral galaxies (e.g.

Rubin et al., 1978, 1980, 1985; Vogt et al., 1996; Spekkens et al., 2005). By arranging two

long-slits along both the major and minor axes, long-slit spectroscopy also provides nearly 2-

dimensional kinematics for elliptical galaxies (e.g. Schechter & Gunn, 1979; Couture & Hardy,

1988; Binney et al., 1990; Cinzano & van der Marel, 1994).
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1.2. Galaxy observations

1.2.2 Integral field spectroscopy

Photometry and spectroscopy can provide spatial resolutions and spectral information, re-

spectively. In order to combine the abilities of both photometry and spectroscopy, a powerful

technique called integral field spectroscopy (IFS) was developed. IFS can provide spatially

resolved spectral information of a galaxy with Integral Field Unit (IFU) instruments, which

significantly enhances the capability of exploring galaxy dynamics. There are several major

approaches of integral field spectrographs which have been applied in astronomical surveys

for nearby galaxies: the lenslet approach, the fibre approach and the image slicer approach.

I introduce these approaches and show their applications in the IFU surveys. I also include

some technical details for the instruments which I will use in thesis.

In the lenslet approach, a lenslet array is placed in the slits plane before entering the spec-

trograph to result in a spectrum for each lenslet. This approach allows observations with high

spatial resolution within a continuously sampled field of view, although it has relatively nar-

row wavelength coverage. It has been adopted by the Spectrographic Areal Unit for Research

on Optical Nebulae (SAURON) integral-field unit on the William Herschel Telescope (Bacon

et al., 2001) as the instrument in the SAURON survey (de Zeeuw et al., 2002) and the opti-

cal observations of the Atlas3D Survey (Cappellari et al., 2011). It has a wavelength range of

4800� 5380 Å with a spectral resolution of 98 km/s (instrumental dispersion).

In the fibre approach, the light of astronomical sources is transported to the spectrograph

with fibres to generate a spectrum for each fibre. This approach is used in the Calar Alto

Legacy Integral Field Area survey (CALIFA; Sánchez et al., 2012) which includes a sample of

about 600 nearby galaxies and the Sydney-Australian-Astronomical-Observatory Multi-object

Integral field Spectrograph Galaxy survey (SAMI; Bryant et al., 2015) which observed a sample

of about 3000 galaxies across a variety of galaxy environment. This approach is also adopted

by the Mapping Nearby Galaxies at Apache Point Observatory survey (MaNGA; Bundy et al.,

2014) which employs 17 IFUs, and each of IFU consists from 19 to 127 fibres arranged in a

hexagonal bundle (Drory et al., 2015). The multi-object spectrograph covers a wavelength

range of 3600 � 10000 Å with a spectral resolution of 60 km/s (Smee et al., 2013). The

MaNGA survey has a sample of about 10,000 nearby galaxies in the fourth-generation Sloan

Digital Sky Survey (SDSS-IV; Blanton et al., 2017) on the 2.5 m Sloan Telescope (Gunn et al.,

2006), which are selected depending on i-band absolute magnitude and have a spectroscopic
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coverage from 1.5 to 2.5 effective radii (Re) Wake et al. (2017). The disadvantage of the fibre

approach that the field of view is not continuously sampled is overcome by dithering, which

means to shift the pointing of the telescope slightly to cover the gaps between fibres. However,

the spatial resolution is limited by the size of fibres.

In the image slicer approach, an image is segmented into slices and rearranged by an image

slicer to obtain a spectrum for each slice. This approach allows a high spatial resolution, a wide

wavelength coverage and a continuously sampled field of view, however, high costs limits the

usage of this approach to a small number of instruments, such as the Multi Unit Spectroscopic

Explorer (MUSE) on the European Southern Observatory’s Very Large Telescope (Bacon et al.,

2010).

1.2.3 Neutral hydrogen observations

Neutral hydrogen (H I ) is atomic hydrogen which is widely distributed in galaxies. It emits

radiation at the wavelength of 21.1 cm because of a change in the energy state of hydrogen

atoms. As cold gas, H I is expected to be a good tracer for the circular orbital velocity of galaxies

which provides strong constraints on the mass distribution of galaxies, and therefore used in

this thesis.

The simplest way to obtain H I rotation curves is to measure H I line spectra for galax-

ies. The spatial resolution requirement to obtain rotation curves is hard to achieve by most

of single-dish radio telescopes except for the radio telescopes with large diameters, therefore,

there are only a few H I line spectral surveys conducted by single-dish radio telescopes, such

as the H I Parkes All-Sky Survey (Koribalski, 2002) and the Arecibo Legacy Fast ALFA Sur-

vey (Giovanelli et al., 2005). Such difficulty is overcome by the advent of radio interferometry

which significantly enhances the spatial resolutions of radio telescopes and therefore makes it

possible to measure H I line spectra. For example, the Westerbork Synthesis Radio Telescope

(WSRT) contributes a number of early H I line spectral measurements for rotation curves of

spiral galaxies (e.g. Bosma, 1981; Warmels, 1988; Begeman, 1989).

The development of radio interferometry also allows the observations of 2-dimensional H I

velocity fields for galaxies with radio telescopes. For example, there are the Westerbork HI

Survey of Irregular and Spiral Galaxies (WHISP; van der Hulst et al., 2001) and the HI Nearby

Galaxy Survey (THINGS; Walter et al., 2008) for late-type galaxies observed with the WSRT

8
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and the Very Large Array (VLA), respectively. H I velocity fields are also obtained for early-type

galaxies with these telescopes (e.g. Morganti et al., 2006; Weijmans et al., 2008; Oosterloo

et al., 2010). These observations further increase the understanding of H I kinematics and the

ability of constraining galaxy mass distributions.

1.3 Stellar populations in galaxies

Galaxy observations show that the major component of the luminous matter in galaxies are

stars. Therefore, stellar properties, such as their mass distribution and chemical composition,

are fundamental to the study of galaxy formation and evolution. The stellar mass distribu-

tion of a galaxy can be traced by its surface brightness with the consideration of the stellar

mass-to-light ratio (M/L). M/L varies in different types of galaxies: elliptical galaxies usually

have higher M/L than the disc galaxies (e.g Faber & Jackson, 1976; Schechter, 1980), and

empirical scaling relations show a correlation between M/L and galaxy colours (e.g. Bell &

de Jong, 2001; McGaugh & Schombert, 2014). Galaxy colours also give clues to the chemical

compositions (age, metallicity) of a galaxy (e.g. Li et al., 2007; Tortora et al., 2010). Detailed

research of stellar populations are essential for a better understanding of stars in galaxies.

The concept of stellar populations dates back to Oort (1926) and Baade (1944) who char-

acterised stars in the Milky Way into two stellar populations, metal-rich young stars and metal-

poor old stars. In a stellar viewpoint, a galaxy is composed of various single stellar populations

(SSPs). Each SSP is a group of stars of the same age and metallicity, which almost forms si-

multaneously from the same origin and has similar kinematic characteristics. The initial mass

function (IMF) which describes the mass distribution of the stars at birth is also a principal

feature of an SSP. There are several IMFs proposed to describe various types of galaxies. For

example, the Salpeter IMF (Salpeter, 1955) is a power-law IMF from the solar neighbour-

hood which agrees with the mass distribution well at the high-mass end, while the Kroupa

IMF (Kroupa, 2001) and the Chabrier IMF (Chabrier, 2003) are measured for Milky Way-like

galaxies. Bottom-heavy IMFs with higher fractions of low-mass stars (e.g. Cenarro et al., 2003;

van Dokkum & Conroy, 2010) and top-heavy IMFs with higher fractions of massive stars (e.g.

Dabringhausen et al., 2009; Bartko et al., 2010) are also proposed for massive elliptical galax-

ies and starburst galaxies, respectively. Figure 1.4 shows the number density profiles for these

IMFs. However, it has been argued that there might not be a universal IMF for all galaxies.

There is research suggesting that the IMF experienced a cosmic evolution (e.g. van Dokkum,
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Chapter 1. Introduction to galaxies

Figure 1.4: The number density profiles of IMFs as marked in the legends. The Chabrier and Kroupa
IMFs have lower fractions of low-mass stars compared to the Salpeter IMF, while the IMF of van Dokkum
& Conroy (2010) and Bartko et al. (2010) have a steeper and shallower power-law slope compared to
the Salpeter IMF, respectively.
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2008; Davé, 2008) and depends on galaxy properties such as star formation rate (SFR) (Gu-

nawardhana et al., 2011) and metallicity (Martín-Navarro et al., 2015b). Besides, an IMF

gradient has been found within a number of galaxies (e.g. Martín-Navarro et al., 2015a; Old-

ham & Auger, 2017; La Barbera et al., 2019), which further increases the complexity of this

problem.

If the properties of each SSP is well known, the properties of a galaxy such as the stellar

mass, age and metallicity can be obtained by decomposing the spectrum of the galaxy into

a combination of spectra of SSPs, which is the idea of the stellar population synthesis (SPS)

technique. In this technique, the star formation history (SFH), which is the SFR over time, is

represented by the generation of stellar populations of all ages. There is usually a degeneracy

between the SFH and the IMF, making it difficult to determine both of them without any

assumptions.

The SPS which takes the evolution of SSPs into consideration is called the evolutionary

stellar population synthesis (eSPS; e.g. Tinsley, 1972; Tinsley & Gunn, 1976; Renzini & Voli,

1981; Bruzual et al., 1983). The eSPS technique assumes an IMF and a SFH in advance and

decomposes the spectrum of a galaxy into a combination of the evolutionary spectra of SSPs

using stellar evolution models (e.g. Bruzual & Charlot, 2003; Maraston, 2005; Maraston &

Strömbäck, 2011). Compared to the traditional SPS technique which fits the spectrum of the

galaxy with the empirical spectra of SSPs, the eSPS technique is able to avoid the unphysical

solutions caused by the degeneration of SSPs with different ages and metallicities.

The integrated spectral energy distribution (SED) fitting is a useful technique to obtain

stellar populations for a galaxy. The principle of the SED fitting is similar to the SPS technique,

but it fits the broadband photometry instead of spectra. Apart from the IMF and the SFH, the

effect of the dust emission is also important in the SED fitting. Mobasher et al. (2015) present

that there is no significant bias between the stellar masses from the SED fitting and the SPS with

the same assumptions. The SED fitting and the SPS technique are powerful tools for obtaining

the stellar mass of galaxies, which also provide important constraints on galaxy parameters

such as stellar M/L and therefore improve our understanding of galaxy evolution.
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1.4 Dark matter in galaxies

The concept of dark matter was first proposed by Zwicky (1933) which introduced a kind

of unseen dark matter to explain the large velocities of several galaxies in the Coma cluster.

Rogstad & Shostak (1972) confirmed that dark matter is essential to explain the extremely

high M/L obtained from the neutral hydrogen (H I ) rotation curve in the outskirts of 5 late-

type spiral galaxies, and this conclusion was then supported by Bosma (1981). The existence

of dark matter is also verified by a series of optical observations which studied the optical

rotation curves of the edge-on spiral galaxies (e.g. Rubin et al., 1978, 1980, 1985). Most of

the early evidence for the dark matter haloes in galaxies was obtained from late-type spiral

galaxies. It was discovered later that early-type disc galaxies with declining rotation curves

still require the existence of the dark matter haloes (e.g. Noordermeer et al., 2004, 2007).

However, whether the dark matter halo assumption is essential to early-type galaxies was

debated for a long time, until Bertola et al. (1993) observed flat rotation curves for the H I

discs in elliptical galaxies and confirmed the necessity of dark matter haloes. Other research

also obtained similar results (e.g. Morganti et al., 1997; Sadler et al., 2000). The existence of

dark matter is also an important assumption of the standard cosmological model, ⇤ cold dark

matter (⇤CDM) model (e.g. Blumenthal et al., 1984; Davis et al., 1985), and it is confirmed by

the observations such as the Wilkinson Microwave Anisotropy Probe (WMAP; Spergel et al.,

2003), which shows that matter contributes to 27% of the mass-energy density in total, and

85% of the matter is not visible, even though dark matter particles have not been directly

detected yet.

The properties of dark matter haloes are not only crucial for investigating the nature of

dark matter and testing cosmological models, but for galaxy formation and evolution as well.

Galaxies form in dark matter haloes, and the accumulation of baryons reshapes the dark matter

haloes. Therefore, studying the structure of dark matter haloes is a way to understand the co-

evolution processes of dark matter and baryons in galaxies.

To describe the dark matter haloes in galaxies, different forms of dark matter profiles

have been proposed. For example, Bahcall & Soneira (1980) and Kent (1984) used a pseudo-

isothermal profile for dark matter haloes with a central core, which has the following form

⇢(r) =
⇢c

1+ (r/rc)2
, (1.2)
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where ⇢c is the central density, and the rc is the core radius. The mass density of the pseudo-

isothermal sphere is proportion to r�2 in the outskirts of a galaxy. Navarro et al. (1996)

presented the Navarro–Frenk–White (NFW) profile with a cusp instead of a core in the centre

to fit dark matter haloes in simulations, which has a generalised form

⇢(r) =
⇢0

(r/rs)�(1+ r/rs)3��
, (1.3)

where rs is the scale radius, ⇢s is the characteristic density, and � is the inner slope of the

density. � = 1 stands for the original NFW profile, while it can take values within [0, 3].

This profile becomes the Moore model (Moore et al., 1999) if � = 1.5, and it becomes a core

model if �= 0. The Einasto profile (Einasto, 1965; Navarro et al., 2004), which has the same

mathematical form as the Sérsic profile, is also used to describe the density profiles for dark

matter haloes,

⇢(r) = ⇢�2 exp
�
�2n

⇥
(r/r�2)1/n � 1

⇤�
, (1.4)

where n decides the shape of the profile, and ⇢�2 is the density at r�2, the radius at which the

logarithmic slope equals �2.

One of the undetermined questions related to the properties of the dark matter haloes is

the core or cusp problem, which concerns whether the central profile of dark matter haloes

is cored or cusped. High-resolution cosmological N-body simulations show that the standard

⇤CDM model predicts a central cusp for dark matter haloes. Earlier simulations found that the

inner part of simulated dark matter haloes is well described by a power-law slope with �= 1,

where the density profile ⇢(r)/ r�� (e.g. Dubinski & Carlberg, 1991; Navarro et al., 1996,

1997), and then a number of simulations generated dark matter haloes with steeper cusps (e.g.

Moore et al., 1999; Ghigna et al., 2000; Klypin et al., 2001) and shallower cusps (Taylor &

Navarro, 2001). There are also simulations which obtain dark matter haloes with central

cusps, however, their slopes are turning flatter inwards at smaller radii instead of converging

to a constant (e.g. Navarro et al., 2004; Stoehr, 2006; Stadel et al., 2009). However, the results

obtained from observations are contradictory and seem to be correlated with galaxy masses.

Many observations of dwarf galaxies (e.g. Moore, 1994; Simon et al., 2003; Battaglia et al.,

2008; Walker & Penarrubia, 2011) and low surface brightness (LSB) galaxies (e.g. de Blok

et al., 2001; de Naray et al., 2008) prefer shallow core-like inner slopes which might indicate

warm dark matter particles although exceptions are also found (van den Bosch et al., 2000;
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Swaters et al., 2003). There is a similar inconsistency for high-mass galaxies as well. A number

of massive elliptical galaxies favour central cusps (e.g. Grillo, 2012; Sonnenfeld et al., 2015),

while the core model is also preferred in some cases (e.g. Forestell & Gebhardt, 2010; Oldham

& Auger, 2018). Since this undetermined core or cusp problem is important for the study of

galaxy evolution, I will explore it by measuring dark matter inner slopes in this thesis.

1.5 Galaxy evolution

The previous sections about stellar population and dark matter provide a background to study

the co-evolution of baryonic and dark matter in galaxies. In this section, I will introduce some

important results about galaxy evolution, including galaxy morphological transformation and

galaxy quenching.

The colour-magnitude or colour-mass diagrams obtained from galaxy surveys has revealed

a bimodality of galaxy populations: the blue cloud with relatively low mass and blue colours

and the red sequence with relatively high mass and red colours (e.g. Strateva et al., 2001;

Baldry et al., 2004; Bell et al., 2004; Willmer et al., 2006; Brammer et al., 2009), as shown

in Figure 1.5. Despite other factors such as galaxy environments (e.g. Bamford et al., 2009;

Skibba et al., 2009) and the activity of active galactic nucleus (AGN; e.g. Salim et al., 2007;

Schawinski et al., 2007), galaxy morphology is the main driver of this bimodality; the blue

cloud is mainly composed of spiral galaxies and the red sequence has a large fraction of ellip-

tical galaxies, although it has been confirmed that the fractions of blue lenticular and elliptical

galaxies (Schawinski et al., 2009) and red spiral galaxies (Masters et al., 2010) in the Galaxy

Zoo classification project are not negligible.

Morphological transformation is a fundamental issue of galaxy evolution, which is usually

accompanied with the growth of galaxy bulges or spheroids, a type of spherical stellar halo.

The major mechanisms of morphological transformation include mergers and disc instabili-

ties. Since Toomre (1977) proposed that elliptical galaxies result from major mergers of spiral

galaxies, this hypothesis has been supported by a number observational evidence (e.g. Toomre

& Toomre, 1972; Schweizer, 1982; Shier & Fischer, 1998; van Dokkum, 2005). Although ma-

jor mergers contributes dominantly to the formation and assembly of bulges and spheroids,

the contribution of minor mergers is not negligible (e.g. Hopkins et al., 2010; López-Sanjuan

et al., 2012; Rodriguez-Gomez et al., 2016). Disc instabilities of galaxies at high redshift is
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Figure 1.5: The u � r colour-mass diagram taken from Schawinski et al. (2014). There is a clear
bimodality on this diagram: galaxies in the blue cloud (lower left) are bluer (low u � r value) with
lower stellar mass, while galaxies in the red sequence (higher right) are redder with higher stellar
mass. Galaxies between the two green lines on the diagram are the green valley galaxies.
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another reason to form bulges and spheroids (e.g. Elmegreen & Elmegreen, 2005; Schreiber

et al., 2006; Genzel et al., 2008; Dekel et al., 2009). In this scenario, the galaxy disc becomes

unstable globally and break into clumps, then these clumps migrate to the galaxy centre and

build up classical bulges. The instability of stellar discs is described with the Toomre’s insta-

bility criterion (Toomre, 1964)

Q =
�R

3.36G⌃
, (1.5)

where  is the epicyclic frequency at which radial oscillations happen, �R is the radial velocity

dispersion and⌃ is the surface density. For gas discs, the factor 3.36 should be replaced with⇡.

The disc is axisymmetric stable only if Q > 1, or it will break into clumps. Additionally, bulge-

like dense components which have more nearly exponential surface brightness (Andredakis &

Sanders, 1994; Fisher & Drory, 2008) and higher rotations (Kormendy & Illingworth, 1982)

compared to classical bulges, namely pseudo-bulges can build up through secular evolution

majorly driven by bars (Kormendy & Kennicutt Jr, 2004; Sellwood, 2014), leading to galaxy

morphological transformation.

There is another galaxy population sparsely distributed between the blue cloud and the

red sequence in the colour-magnitude diagram, which is denoted as the green valley. It is

regarded as the transition phase between the star-forming blue cloud and the quenched red

sequence (e.g. Bell et al., 2004; Faber et al., 2007; Martin et al., 2007; Schawinski et al., 2014)

and therefore holds important clues to understand the quenching of galaxy star formation.

Quenching can be caused by the deficient of gas in galaxies, in which galaxy environments

play an important role (e.g. Kimm et al., 2009; Peng et al., 2012). There are several mecha-

nisms to remove the gas reservoir of galaxies. The halt of gas accretion from the environment

is the major mechanism for galaxy quenching, which leads to a gradually declining star for-

mation (starvation or strangulation; e.g. Larson et al., 1980; Balogh et al., 2000; Peng et al.,

2015). Alternatively, galaxies lose their gas because of the dense intergalactic medium which

directly strips gas from galaxy discs during passing through (ram-pressure stripping; e.g. Gunn

& Gott III, 1972; Abadi et al., 1999; McCarthy et al., 2008) or the gravitational tidal forces of

galaxy clusters (tidal stripping; Mayer et al., 2006). Starbursts triggered by continual inter-

actions with nearby galaxies (galaxy harassment; Moore et al., 1998) or galaxy mergers (e.g.

Mihos & Hernquist, 1994a,b, 1996) can also exhaust the gas reservoir in galaxies and lead to

quenching. For galaxies with a dark matter halo above a critical mass of 1012M�, the star
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formation can be shut down because the infalling gas is shock-heated to the viral temperature

of the halo and kept hot because of other heating mechanisms such as AGN feedback (mass

quenching; e.g. Cattaneo et al., 2006; Dekel & Birnboim, 2006).

Quenching can also happen without removing the gas reservoir. Martig et al. (2009) in-

troduce a scenario called morphological quenching. In this scenario, the growth of bulges can

stabilise the gas disc and therefore quench the star formation in galaxies, while this morphol-

ogy transformation itself can be a result of mergers or disc instabilities.

1.6 This thesis

In this thesis, I present my work of mapping galaxies components by modelling stellar and

gaseous kinematics in analytical and dynamical ways. I model a sample of galaxies from the

MaNGA survey using a disc-dominated analytical model to obtain their dynamical mass and

analyse the results. I also model a sample of early-type galaxies with H I observations using

dynamical models mainly to obtain the properties of their dark matter haloes. This work

involves multiple topics introduced in previous sections, such as galaxy classification, the IMFs

and dark matter profiles of galaxies, and galaxy quenching process.

This thesis is structured as follows:

• Chapter 2 presents the application of an analytical model to MaNGA galaxies. I briefly

introduce analytical models based on distribution functions (DFs) in Section 2.1, and

then build an analytical model for stellar velocity and dispersion based on a thin-disc as-

sumption (Section 2.2). I apply this model to a sample of MaNGA galaxies with regular

stellar and gaseous rotation fields and kinematic position angle and inclination measure-

ments (Section 2.3). The galaxies are classified into different kinematic types according

to a series of criteria using parameters obtained from this model. I measure the dynam-

ical mass and explain their difference with stellar mass for galaxies dominated by a thin

disc. I study a number of galaxy properties and fit the result in a quenching scenario in

Section 2.4.

• Chapter 3 includes an introduction to galaxy numerical dynamical models. I review the

development of a number dynamical models, including DF-based models, the Jeans mod-

els, orbit-based and particle-based models (Section 3.1). I then introduce the method-
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ology of Schwarzschild orbit-superposition technique in detail (Section 3.2), which I

will use in the remaining chapters of this thesis. I show an example of applying the

Schwarzschild technique in Section 3.3.

• Chapter 4 presents a dynamical model using combined stellar and cold gas kinematics.

I first introduce previous applications of using combined tracers to model dark matter

haloes (Section 4.1). I then describe this model in which the stellar kinematics is mod-

elled with the Schwarzschild orbit-superposition technique and the cold gas is assumed

to form a thin disc (ring) in the equatorial plane of the galaxy (Section 4.2). I apply this

model to early-type galaxy NGC 2974 and compare it with a model using only stellar

kinematics to show the significance of including the cold gas kinematics in (Section 4.3).

• Chapter 5 presents a generalisation of the dynamical model described in Chapter 4,

which is able to model galaxies with misaligned stellar and cold gas disc. I first review

previous studies of misaligned stellar and gas discs (Section 5.1). I then introduce the

geometry of misaligned discs, describe the behaviour of the cold gas disc in the gravita-

tional potential and deduce the uncertainty for modelling cold gas kinematics (Section

5.2). I apply this model to early-type galaxy NGC 3626 (Section 5.3), which has two-

aperture stellar kinematics (i.e. high-resolution central stellar kinematics and extended

stellar kinematics out to 3 Re) and a cold gas disc misaligned with the stellar disc and

extended to over 10 Re. I show the results of this application and discuss the results

(Section 5.4).

• Chapter 6 presents the Schwarzschild modelling of 10 early-type galaxies with two-

aperture stellar kinematics, to obtain the dark matter properties for these galaxies. I

first introduce the application (Section 6.1) and then discuss the result (Section 6.2),

focusing on their dark matter properties and stellar orbit distributions.

• I summarise the conclusions of my thesis in Chapter 7, which highlights the major results

of Chapters 2 and Chapters 4-6 (Sections 7.1-7.4). I then make a critical discussion about

this thesis (Section 7.5). Lastly, I briefly introduce a future research plan based on this

thesis (Section 7.6).
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2
Galaxy classification based on an analytical

model

In this chapter, I introduce an analytical galaxy model based on the asymmetric drift correction

with a thin-disc assumption, its application to detect thin discs in galaxies and how to build a

classification scheme accordingly (Yang et al., submitted). It is organised in the following way:

I first review the theoretical work of analytical models. I then describe this analytical model

and show its application to MaNGA galaxies, including the process of building a classification

scheme according to this model. Finally, I explain the results which focus on the link between

this classification scheme and galaxy evolution scenarios.

2.1 From collisionless Boltzmann equation to analytical models

Galaxies are collisionless systems. In a collisionless system, the probability of finding a particle

at position x and velocity v in the phase space at time t can be described as the distribution
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Chapter 2. Galaxy classification based on an analytical model

function (DF) f (x,v, t), which satisfies

Z
d3

xd3
v f (x,v, t) = 1. (2.1)

The DF follows the collisionless Boltzmann equation,

@ f
@ t
+ q̇
@ f
@ q
+ ṗ
@ f
@ p
= 0, (2.2)

where (q,p) is an arbitrary system of canonical coordinates of the phase space which becomes

(x,v) for the Cartesian coordinates, and (q̇, ṗ) denotes a time derivative.

The observables are related to the DF. Defining the probability per unit volume of finding

a star at x is

µ(x) =
Z

d3
v f (x,v), (2.3)

the mean velocity and velocity-dispersion tensor are then obtained by

v(x) =
1
µ(x)

Z
d3

v v f (x,v), (2.4)

�2
i j(x) =

1
µ(x)

Z
d3

v (vi � vi)(vj � v j) f (x,v)

= vi vj � vi v j .

(2.5)

By choosing a set of orthogonal axes, �2 can be diagonal with �2
i j = �

2
i �i j . The velocity

ellipsoid at x is hence defined as the ellipsoid which has the orthogonal axes as its principal

axes and �i as its corresponding semi-axis.

The Jeans theorem (Jeans, 1915) demonstrates that any steady state solution of the col-

lisionless Boltzmann equation corresponds with a function of the integrals of motion in the

given potential and vice versa. Therefore, a number of analytical models are developed from

the DF for particular systems. For an isotropic spherical system, the DF is determined by the

energy E and can be deduced given a spherical distribution in a potential (Eddington’s formula

Eddington, 1916). For anisotropic spherical systems, the DF is determined by the energy E

and total angular momentum L, and various models have been proposed to describe these

systems with different anisotropies, such as the Osipkov-Merritt Models (Osipkov, 1979; Mer-

ritt, 1985) and a quasi-separable model defined by Gerhard (1991). Compared to spherical

systems, axisymmetric models are more close to the reality of galaxies, which conserves the
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2.1. From collisionless Boltzmann equation to analytical models

energy E, the angular momentum along the symmetry axis Lz and a non-classical third inte-

gral I3. Since I3 usually has a complicated function form, it is practical to adopt the DF being

a function of E and Lz for axisymmetric systems. Even so, fully analytical models are only

built in a limited cases with specific form of DFs (e.g. Fricke, 1951; Toomre, 1982) including

the Evans model (Evans, 1993, 1994; Evans & de Zeeuw, 1994) which constructed a set of

power-law galaxies with the gravitational potential as a power of spheroidal radius. Other

two-integral DFs are also found using different methods, such as the integral transform with

strict requirement of density distributions (e.g. Lynden-Bell, 1962; Hunter, 1975; Dejonghe,

1986) or a contour integral with less restrictions (e.g. Hunter & Qian, 1993; Qian et al., 1995)

which is an analogue for the axisymmetric case of Eddington’s formula. However, numeri-

cal computation is often inevitable in searching for two-integral DFs (see also e.g. Dehnen &

Gerhard, 1994; Dehnen, 1995; Kuijken, 1995).

Therefore, it is useful to develop methods which avoid using a particular form of DF. Jeans

(1919) first applied the following Jeans equations in Cartesian coordinates to the motion of

the stars,

µ
@ v j

@ t
+µvi

@ v j

@ xi
= �µ @�

@ x j
�
µ�2

i j

@ xi
, (2.6)

where µ is the stellar density and � is the gravitational potential. In the cylindrical coordinates

for an axisymmetric system in a steady state, the Jeans equation becomes (Jeans, 1922)

µ(v2
R � v2

�
)

R
+
@ (µv2

R)
@ R

+
@ (µvRvz)
@ z

+µ
@�

@ R
= 0,

µvRvz

R
+
@ (µv2

z )
@ z

+
@ (µvRvz)
@ R

+µ
@�

@ z
= 0.

(2.7)

In this case, the mean velocity v� is different from the circular velocity Vc (Binney & Tremaine,

2008),

V 2
c = v2

� ��2
R,d

ñ
@ lnµd

@ ln R
+
@ ln�2

R,d

@ ln R
+ 1�

�2
�,d

�2
R,d

+
R
�2

R,d

@ vRvz

@ z

ô
. (2.8)

This difference is called the asymmetric drift of galaxies. Quantifying the asymmetric drift in

galaxies offers us a starting point to analyse galaxy dynamics. The asymmetric drift correc-

tion has been proved practical to obtain circular velocity curves for lenticular galaxies (e.g.

Neistein et al., 1999; Weijmans et al., 2008) and early-type spirals (e.g. Noordermeer et al.,

2008; Williams et al., 2010). It also provides strong dynamical constraints to the model of
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Chapter 2. Galaxy classification based on an analytical model

spiral galaxies (e.g. the Diskmass Survey: Bershady et al., 2010a; Westfall et al., 2011). The

robustness of asymmetric drift correction within 1 Re is also supported by the test performed

by Leung et al. (2018) with a sample including galaxy types from lenticular to late-type spiral.

2.2 An analytical model of thin discs

In this section, I first introduce this analytical model, including the descriptions of the stellar

velocity and dispersion profiles and the asymmetric drift correction of the stellar velocity based

on a thin-disc assumption. I then introduce the strategy of valuing this model based on the

result of asymmetric drift correction. Lastly, I introduce the method to obtain the dynamical

mass densities for these thin discs.

2.2.1 Stellar model

Stellar velocity

I assume the galaxy is axisymmetric with an inclination i and use the cylindrical coordinate

system (R,�, z) to describe this galaxy. The stellar azimuthal velocity v� has the following

form as taken from the Evans model (Evans, 1993; Evans & de Zeeuw, 1994)

v� =
A · R

(R2
c + R2 + z2/q2

�
)1/2+�/4

, (2.9)

where A is a constant, Rc is the core radius, � stands for the logarithm slope of the rotation

curve, and q� reflects the flattening of the equipotentials. Assuming the galaxy has a flat

rotation curve, the logarithmic slope of the rotation curve � = 0 and A becomes the maximal

rotation velocity vmax. The model is then simplified to

v� =
vmax · R«

R2
c + R2 + z2/q2

�

, (2.10)

In the disc plane (z = 0), the stellar velocity reduces to

v� =
vmax · R∆
R2 + R2

c

, (2.11)
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2.2. An analytical model of thin discs

and the line-of-sight (LOS) velocity is projected with

vlos = v� cos� sin i. (2.12)

Stellar dispersion

The velocity dispersion model is built with an anisotropic component �d and an isotropic com-

ponent �iso. The anisotropic dispersion component describes the rotation-dominated compo-

nent in galaxies under a thin-disc assumption, whose radial component �R,d follows an expo-

nential profile of �R,d = �0,d exp(�R/h�,d). Then the LOS velocity dispersion �los,d follows

as:

vlos = vz cos i + (vR sin� + v� cos�) sin i, (2.13)

�2
los,d ⌘ v2

los � v2
los

= �2
z,d cos i2 +�2

R,d sin i2 sin�2 +�2
�,d sin i2 cos�2 + vRvz sin 2i sin�,

(2.14)

with vR(v� � v�) = 0 and vz(v� � v�) = 0, which means the velocity ellipsoid is aligned with

the azimuthal direction.

In the (R, z) plane, vRvz = 0 if the velocity ellipsoid is aligned with the cylindrical coordi-

nate system, while vRvz = (�2
R,d � �2

z,d)(z/R)/[1 � (z/R)2] if the velocity ellipsoid is aligned

with the spherical coordinate system. I follow the method of parameterising vRvz by Weijmans

et al. (2008),

vRvz = (�2
R,d ��2

z,d)
z/R

1� (z/R)2 , (2.15)

where  reflects the shape of the velocity ellipsoid, is between 0 and 1 indicating the velocity

ellipsoid is aligned from the cylinder coordinate system to the spherical one.

In the disc plane, vRvz = 0, then the light-of-sight velocity dispersion reduces to

�2
los,d = �

2
R,d

Ç
sin i2 sin�2 +

�2
z,d

�2
R,d

cos i2

å
+
�2
�,d

�2
R,d

sin i2 cos�2. (2.16)

�2
z,d/�

2
R,d and �2

�,d/�
2
R,d are deduced from the collisionless Boltzmann equation by Weijmans
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et al. (2008) (see Appendix A of their paper),

�2
z,d

�2
R,d

=
z2(1+ @ ln v�/@ ln R)

z2(1+ @ ln v�/@ ln R)� (R2 � z2)@ ln v�/@ ln z
, (2.17)

�2
�,d

�2
R,d

' 1
2

ñ
1+

@ ln v�
@ ln R

+ 
1��2

z,d/�
2
R,d

1� (z/R)2
@ ln v�
@ ln z

ô
. (2.18)

I then bring equation 2.10 in and obtain

�2
z,d = �

2
R,d

ñ
1� R2

q2
�
(R2 + 2R2

c) + R2

ô
, (2.19)

�2
�,d = �

2
R,d


1� R2

2(R2 + R2
c)

�
, (2.20)

�2
los,d = �

2
R,d

ñ
1� R2 cos2 i

q2
�
(R2 + 2R2

c) + R2
� R2 sin2 i cos2�

2(R2 + R2
c)

ô
. (2.21)

 and q� are both related to the flattening of the galaxy and they are correlated. I therefore

deduce their relation in the Evans model. Considering z << R in equation 2.15 and taking the

partial derivative with respect to z,

@ vRvz

@ z
= 
(�2

R,d ��2
z,d)

R
. (2.22)

According to equation 104 in Amendt & Cuddeford (1991),

=
R2�,Rzz

3�,R + R�,RR � 4�,zz

����
z=0

, (2.23)

where �,R = @�/@ R, �,RR = @ 2�/@ R2 etc. Since I have assumed the stellar velocity v� follows

the form in equation 2.10 instead of circular velocity Vc , the gravitational potential � is not

known directly, but I make the approximation to the following form

� ' vmax

2
ln (R2

c + R2 + z2/q2
�). (2.24)

I then bring � into equation 2.23 and obtain that

' R2

(2� q2
�
)R2 + 2R2

c(1� q2
�
)
. (2.25)
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2.2. An analytical model of thin discs

For a spherical gravitational potential with q� = 1,  ' 1, which means that the velocity

ellipsoid is aligned with the spherical coordinate system. For a highly flattened gravitational

potential with q� = 0, ' R2/2(R2
c + R2).

From equation 2.19 and 2.21,  and q� appear in this model only through the form of

q2
� . I assume that the velocity ellipsoid is aligned with the spherical coordinate with q� = 1 at

galaxy centre considering the existence of a possible bulge, and at galaxy outskirts 0< q� < 1.

Therefore, I parameterise q2
� in the form of q2

� = (1 � t)exp(�r/ht) + t with 0 < t < 1.

Then

'
q2
�(2R2

c + R2) + R2

2(R2
c + R2)

. (2.26)

The isotropic component is introduced to fit the velocity dispersion field, which might

represent the non-rotational motions. I also assume it follows an exponential profile �los,iso =

�0,iso exp(�R/h�,iso). Then LOS velocity dispersion becomes

�2
los = �

2
los,d +�

2
los,iso (2.27)

The modelled velocity and velocity dispersion should be convolved with the PSF before

comparing with observations. I follow the convolution procedure as outlined in Begeman

(1989) for the case that the spatial pixel size of stellar observations is comparable to the PSF

size.

2.2.2 Asymmetric drift correction

The asymmetric drift is the difference between the stellar velocity v� and the circular velocity

Vc . In this model, I assume Vc is the velocity of H↵without asymmetric drift correction because

gas is collisional. Since this model is based on a thin-disc assumption, I will obtain Vc through

the asymmetric drift correction of stellar velocity v� correctly only for the galaxies dominated

by a thin disc. Therefore, the asymmetric drift correction provides a kinematic way to identify

thin discs in galaxies.

I bring equation 2.19, 2.20, 2.22 and 2.26 in equation 2.8 and also assume that the flux

density of the disc follows an exponential profile with µd/ �2
R,d (Binney & Tremaine, 2008),
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then the asymmetric drift correction becomes

V 2
c = v2

� ��2
R,d

Ç
2@ ln�2

R,d

@ ln R
+

R2

R2 + R2
c

å
, (2.28)

where all the parameters are obtained by fitting the velocity and velocity dispersion mod-

els (equation 2.12 and 2.27). Here I only adopt the velocity dispersion of the anisotropic

component �2
d for asymmetric drift correction, while the isotropic component �2

iso, which is

introduced only for the fitting of velocity dispersion and might represent the non-rotation com-

ponent with low tangential velocities, is not included in the thin-disc model and then ignored

in the correction.

2.2.3 Dynamical mass density

The dynamical mass density is the total mass density obtained with a dynamical method. It

can provide constraints on the amount of dark matter if the luminous mass density, such as

stellar and gas mass densities are known beforehand. Therefore, I obtain the dynamical mass

density of the thin discs identified with this model.

The dynamical mass density of an isothermal thin disc is derived by Binney & Tremaine

(2008)

⌃dyn,d =
�2

z,d

k⇡Ghz
, (2.29)

which is a function of vertical velocity dispersion �z,d, which is already resolved in the velocity

dispersion model, and disc scale height hz . I adopt k = 1.5 for exponential vertical mass

distributions (Bershady et al., 2010b), and the only non-disc-dominated parameter is hz .

To model the velocity dispersion profile of the galaxy, the galaxy should be nearly face-on.

However, it is difficult to measure the disc scale height for nearly face-on galaxies. Therefore,

I estimate the disc scale height from scaling relations. To obtain a robust disc scale height,

I adopt two two independent scaling relations and take the weighted average for them. The

first is the scale height versus the rotation velocity (van der Kruit & Freeman, 2011),

hz,1 = (0.45± 0.05)(Vrot/100km/s)� (0.14± 0.07)kpc. (2.30)

I take the maximal velocity vmax of the Evans model as the rotation velocity Vrot. The second
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2.3. Application to MaNGA galaxies

relation is the scale height versus the scale length (Kregel et al., 2002),

log(hµ/hz,2) = 0.367 log(hµ/kpc) + 0.708± 0.095, (2.31)

where hµ = 1/2h�,d is obtained from the fitting of the velocity dispersion profile. I then take

the weighted average value of hz,1 and hz,2 as the scale height hz .

2.3 Application to MaNGA galaxies

In this section, I apply this analytical model to sample galaxies and set a set of standards to

identify galaxies dominated by thin discs.

2.3.1 Data and sample

I employ the MaNGA (see Section 1.2.2) data released in SDSS data release 15 (DR15, Aguado

et al., 2019) obtained from MaNGA output datacubes with the official software package, the

MaNGA data analysis pipeline (DAP) (Westfall et al., 2019). DAP generates the stellar kine-

matics and gaseous kinematics simultaneously by penalised pixel-fitting (pPXF) (Cappellari

& Emsellem, 2004) using the MILES stellar template library (Sanchez-Blazquez et al., 2006;

Falcón-Barroso et al., 2011) and Gaussian emission line templates. DAP also provides the maps

of several binning strategies, such as non-binning, radial binning, and the Voronoi binning

(Cappellari & Copin, 2003) adaptive to S/N= 10. With consideration of galaxy 2-dimensional

details and S/N, I adopt the Voronoi binned stellar and gaseous kinematics, including the LOS

velocity and velocity dispersion maps of the stars and the LOS velocity map of H↵ emission

line.

The parent sample is selected from MaNGA DR15 with a classification in Galaxy Zoo 2

(Willett et al., 2013; Hart et al., 2016). The cross sample between DR15 and Galaxy Zoo 2 is

3841 galaxies. This analytical model requires galaxies to have the following features: i) regular

morphologies; ii) nearly face-on to model the velocity and velocity dispersion fields together;

iii) regular kinematic fields including aligned stellar and gaseous velocity field. Therefore, I

set up these three standards to select proper sample galaxies:

1. Galaxies do not have odd features in their images according to Galazy Zoo 2

(t06_odd_a15_no_flag = 1.0)

2. The axis ratio of the Sérsic profile in NASA Sloan Atlas (NSA) catalogue (Blanton et al.,
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Chapter 2. Galaxy classification based on an analytical model

Figure 2.1: The colour-mass map of this sample (red dots) and the full DR15 sample (black dots).

2011) should be between 0.5 and 0.996.

3. The stellar and H↵ velocity fields are aligned without other irregular kinematic features

by visual check.

I selected 558 galaxies according to these standards, and show the colour-mass map of this

sample and full DR15 sample in Figure 2.1. This sample is representative of the colour and

mass distributions of the DR15 sample, containing not only red and blue galaxies, but also a

number of green valley galaxies.

2.3.2 Position angle and inclination measurements

The application of this model strongly relies on accurate measurements of position angles (PA)

and inclinations (i). Therefore, I measure the kinematic PA and axis ratio (Q), in which case

Q = cos i, from stellar velocity fields of the sample galaxies to avoid influences of the thickness

for the measurements using images. The kinematic PA and Q are obtained with the package

KINEMETRY (Krajnovic et al., 2006), which is a tool to analyse the maps of kinematic moments

by generating the best-fitting ellipses and high-order moments through making harmonic ex-

pansions along every ellipse. I also employ the following strategy for robust measurements.

For each galaxy, I reconstruct 100 velocity maps by adding Gaussian noise to LOS stellar ve-

locity fields, with the standard deviation of the Gaussian noise being the uncertainty of stellar

velocity. Then I measure the best-fitting PAs and Qs on ellipses at the same radii for all the

velocity maps with KINEMETRY and get the distributions of PA and Q at different radius. Here

I show a typical distribution of PAs and Qs of a galaxy 8135-12704 in Figure 2.2.
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2.3. Application to MaNGA galaxies

Figure 2.2: The distribution of PAs and Qs on each ellipse of an example galaxy 8135-12704. Blue
plus signs stand for the values on the ’good’ ellipses which are included in the average, and the black
plus signs show the values on the remaining ellipses. The red solid and dashed lines show the PA and
the Q of the galaxy and their 1-� uncertainties. The fitting boundaries for Q are [0.2, 1.0].
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Figure 2.3: The distribution of the ’effective’ inclinations of 8135-12704. The red solid and dashed
lines shows the inclination and 1-� uncertainties.

PAs are usually stable across the galaxy, however, that is not the same for Qs. Qs tend

to have a wide distribution or hit fitting boundaries (set to [0.2,1.0]) at the galaxy centre

because of the existence of a bulge or a bar and limited data points on the ellipse, while at

galaxy outskirts Qs are usually not well measured because of large bin sizes due to low S/N.

I therefore adopt the following steps to obtain a robust inclination for each galaxy. Firstly, I

empirically exclude the radii at which the standard deviations of Qs are higher than 0.1 or over

half of the measured Qs hit the fitting boundaries. Then I select a continuous ’good’ radius

range from the remaining radii for measurements, as marked in red lines in Figure 2.2.

For data points within the ’good’ radius range, I kick out the outliers hitting the fitting

boundaries, leaving the ’effective’ data points marked in blue in Figure 2.2. Lastly, I take the

average of these ’effective’ data points to obtain the PA and the inclination of the galaxy. I

note that Qs are converted to inclinations before measuring, for that I assume the inclinations

follow a Gaussian distribution instead of Qs. The inclination distribution of galaxy 8135-

12704 is shown in Figure 2.3. I also show the range of ‘good’ ellipses in its SDSS r-band

image and velocity field for galaxy 8135-12704 in Figure 2.4, which indicates that the central

region affected by a bulge or bar and the outskirts with a large bin size are excluded from the

measurements of PA and Q.

I excluded the galaxies with an unrealistic standard deviation of the inclination (e.g. caused

by an uniform inclination distribution) from the sample, because I cannot decide a best-fitting
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Figure 2.4: The ‘good’ range of 8135-12704 overlapped with its SDSS r-band image (left panel) and
velocity field (right panel). The region between the dashed lines in each panel marks the radial range
where we measure PA and Q.

inclination for them. I finally measure the best-fitting PA and inclination for 465 galaxies.

2.3.3 Examples of modelling MaNGA galaxies

I successfully modelled the stellar velocity and dispersion fields of 430 galaxies, and show

their histograms of reduced-�2 in Figure 2.5. According to the distributions, I make a cutoff at

reduced-�2
svel = 4.0 and reduced-�2

svd = 4.0 to exclude the galaxies which are poorly modelled

and 404 galaxies remain. I show examples of fitting in Figure 2.6 and 2.7.

I then make the asymmetric drift correction for the stellar velocity according to equa-

tion 2.28 and obtain its LOS projection vcorr. Then I compare vcorr with the observed LOS

H↵ velocity vgas standing for the circular velocity and obtain a relative residual defined as

(vgas � vcorr)/vgas. The corrected stellar velocity is consistent with H↵ velocity for the major-

ity of galaxies, while for part of galaxies, these two velocities have a significant difference,

indicating the failure of the thin-disc assumption. Here I show an example for each case in

Figure 2.8.

Finally, I obtain the dynamical mass density ⌃dyn,d and compare it with the stellar mass

density in MaNGA DR15 FIREFLY value added catalog (VAC, Goddard et al., 2017). The stellar

mass density is obtained with spectral fitting code FIREFLY using the high spectral resolution

stellar population models (Maraston & Strömbäck, 2011) and a Kroupa IMF (Kroupa, 2001).
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Figure 2.5: Reduced-�2 distribution of the stellar velocity (the upper panel) and the stellar velocity
dispersion (the lower panel). The galaxies lie right to the dashed lines are regarded as poorly modelled.
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Figure 2.6: Stellar velocity fittings of 8135-12704 (above, reduced-�2
svel ∂ 4.0) and 8311-6101 (bot-

tom, reduced-�2
svel > 4.0). From left to right: data, model and residuals.
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Figure 2.7: Stellar velocity dispersion fittings of 8135-12704 (above, reduced-�2
svd ∂ 4.0) and 8139-

12705 (bottom, reduced-�2
svd > 4.0). From left to right: data, model and residuals.
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Figure 2.8: Comparison between H↵ velocity and asymmetric drift corrected stellar velocity of galaxy
8135-12704 and 7957-3701. From left to right: H↵ velocity, corrected stellar velocity and the relative
difference. 8135-12701 represents the sample with matched corrected stellar velocity and H↵ velocity,
while 7495-3701 represents the sample with inconsistent velocities.
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Figure 2.9: Comparison between dynamical and stellar mass densities of galaxy 8135-12704 and 7957-
3701. From left to right: dynamical mass density, stellar mass density and the relative difference.

There are two examples in Figure 2.8, and here I show the mass densities of the same examples

in Figure 2.9 as well. For galaxy 8135-12704, the dynamical mass density is in accordance with

the stellar mass density at galaxy outskirts indicating a small fraction of non-stellar matter. At

galaxy centre, the dynamical mass density is higher than stellar mass density with a different

contour shape which suggest a small bulge. In contrast, the dynamical mass density of galaxy

7495-3701 is strongly deviated from the stellar mass density, indicating the disc assumption

is failed in this galaxy.

Since the mass densities are not intuitive for further study, I also obtain the total dynam-

ical and stellar mass within the MaNGA field of view Mdyn and M⇤ and the corresponding

uncertainties for the sample galaxies.

2.3.4 Model validation and classification

This analytical model are built based on a thin-disc assumption, which is expressed in the

following way.
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Figure 2.10: ⇣-distribution of the sample. The galaxies right to the dashed line are regarded as disc-free
galaxies.

1. For galaxies with a successful thin disc detection, the LOS stellar velocity corrected for

asymmetric drift vcorr matches the H↵ velocity vgas, and disc parameters are measured

robustly.

2. For galaxies dominated by a thin disc, the influence of the isotropic component is negli-

gible compared to the disc component in the stellar velocity dispersion model.

I parameterise each condition to measure its validation and then classify the sample into dif-

ferent types correspondingly.

To describe the consistency between vcorr and vgas, I introduce a parameter ⇣ defined as

the median of the relative residual map,

⇣ =median(|(vgas � vcorr)/vgas|). (2.32)

I avoid using a definition similar to reduced-�2 because of the strong non-circular motion and

low S/N data in the H↵ velocity fields. According to the ⇣ distribution in Figure 2.10, I make

a cut-off at ⇣ = 0.4. Galaxies with ⇣ > 0.4 are regarded as no detection of thin discs.

The disc parameters are regarded to be measured robustly only if I obtain an acceptable

relative uncertainty from the fitting of stellar velocity and dispersion fields. Since the uncer-

tainty of disc parameters are passed to the uncertainty of the dynamical mass Mdyn, I adopt a

simple shortcut that if Mdyn of a galaxy has an relative uncertainty e(Mdyn) > 1dex , the disc
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definition explanation
Disc-dominated ⇣ ∂ 0.4 & e(Mdyn)∂ 1dex & ⌘ ∂ 1 thin disc dominated
non-disc-dominated ⇣ ∂ 0.4 & e(Mdyn)∂ 1dex & ⌘ > 1 thin disc detected, not dominated
disc-free ⇣ > 0.4 or e(Mdyn)> 1dex no thin disc detection

Table 2.1: Definitions and explanations of this kinematic classification.

parameters of this galaxy are not measured robustly. It also means the detection of a thin disc

(if there is a detection) is not reliable in this galaxy, so I classify it into the case of no disc

detection as well.

I also introduce a parameter ⌘ to measure the influence of the isotropic component of the

stellar velocity dispersion, defined as

⌘ =
�0,iso · h2

�,iso

�0,d · h2
�,d

, (2.33)

including the magnitude and influence area of both dispersion components. For galaxies with a

thin disc, low ⌘ values indicate that the thin disc is dominating. I also make a cutoff empirically

at ⌘ = 1.0.

With these parameters, I finally classify the sample into three kinematic types: disc-free,

disc-dominated and non-disc-dominated galaxies. The definition and explanation of each kine-

matic types are shown in Table 2.1. I also show the colour-mass relation of the classifications

in Figure 2.11, in which disc-dominated galaxies are bluer and disc-free galaxies are redder.

2.4 Results and discussions

By applying this analytic model to the sample, I have classified them into disc-dominated,

non-disc-dominated and disc-free galaxies and obtained their dynamical mass. In this section,

I will further explore other properties of the sample, such as stellar angular momentum, gas

mass fraction and morphologies, to explain their mass composition and study their evolution

scenario.

2.4.1 Stellar angular momentum

Stellar angular momentum reflects the kinematic motions of galaxies. The origin of stellar

angular momentum are crucial for studying galaxy formation and evolution process. Emsellem
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Figure 2.11: The colour-mass relation of the classifications. Blue triangles stand for disc-dominated
galaxies, yellow squares stand for non-disc-dominated galaxies and red circles stand for disc-free galax-
ies.

et al. (2004) introduced a parameter �R defined as

�R ⌘
hR|V |i⌦

R
p

V 2 +�2
↵ , (2.34)

which is a proxy of projected stellar angular momentum by taking the luminosity-weighted

average of 2-dimensional kinematic fields. Together with the observed ellipticity ✏, the intrinsic

morphology and dynamics of galaxies are then revealed. Emsellem et al. (2007) classify early-

type galaxies into fast and slow rotators according to their �R values, while late-type galaxies

are expected to be dominated by circular motions (e.g. Falcón-Barroso et al., 2019).

The final sample should contain late-type galaxies and fast-rotators because this model

requires that galaxies have a regular velocity field. Furthermore, disc-dominated galaxies of

this classification are dominated by circular motion while disc-free galaxies should have low

fractions of circular motion. To examine this classification, I check the positions of the sample

galaxies on the �R � ✏ diagram. I adopt the catalogue obtained from Graham et al. (2018),

which contains the spin parameter �Re
introduced as a proxy for the stellar angular momentum

within the half-light ellipse and ✏ and the ellipticity ✏ for MaNGA DR14 sample, which covers

a sub-sample of 237 galaxies of the full sample. I plot the �Re
�✏ diagram for this sub-sample

in Figure 2.12. The �Re
�✏ diagram shows a clear distinct in between disc-dominated galaxies
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Figure 2.12: �Re
versus ellipticity ✏ for the sub-sample of 237 galaxies. Blue triangles stand for disc-

dominated galaxies, yellow squares stand for non-disc-dominated galaxies and red circles stand for
disc-free galaxies. The contours show half the maximum densities of the corresponding type. The
black solid line �Re

= 0.31
p
✏ distinguishes fast and slow rotators (Emsellem et al., 2011), and the

green solid line corresponds with the theoretical curve that the anisotropy � = 0.7✏intr, where ✏intr is
the intrinsic ellipticity (Cappellari et al., 2007). The green dotted lines show the location of galaxies
with the intrinsic ellipticity ✏intr is varied between [0.35, 0.95] with a step of 0.1. The disc-dominated
galaxies and disc-free galaxies are clearly distinct in the plot, and the non-disc-dominated galaxies lie
in between.
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and disc-free galaxies. 98% of disc-dominated galaxies have �Re
> 0.5, while 53% disc-free

galaxies have �Re
< 0.5. The non-disc-dominated galaxies lie in between as an intermediate

state. This result supports that this analytical model is capable of discerning thin discs in

galaxies and the classification hence is based on galaxy intrinsic dynamics.

2.4.2 Mass property

The dynamical mass Mdyn is the total mass distributed in the disc, which provides crucial

constraints on stellar mass M⇤ and dark matter. Therefore, I show the Mdyn �M⇤ correlations

for the classification in Figure 2.13. There is a tight correlation between the dynamical and

stellar mass for disc-dominated galaxies, while the correlation for non-disc-dominated galaxies

has a larger scatter and several outliers. There is no clear correlation between the "dynamical"

and stellar mass for disc-free galaxies: since I detect no thin discs in disc-free galaxies, the

measurements of dynamical mass based on the thin-disc assumption are not physical.

The dynamical and stellar mass are close to the 1-to-1 line, but at the high-mass end the

dynamical mass is slightly higher than the stellar mass. I first note that the dynamical mass

density is obtained based on the thin-disc assumption without considering the dynamics of

a possible bulge. This usually leads to an overestimation of the dynamical mass density in

the bulge-dominated area at the galaxy centre as shown in the top-right panel in Figure 2.9. I

therefore obtain a similar dynamical and stellar mass Mdyn,nc and M⇤,nc by excluding the central

area within a radius equals to 0.25Rhex for each galaxy to reduce the influence of bulge, where

Rhex is the radius of the MaNGA hexagon bundle. I also show the Mdyn,nc �M⇤,nc correlations

for the classification in Figure 2.14. The Mdyn,nc�M⇤,nc correlation for disc-dominated galaxies

show the same properties with the Mdyn � M⇤ correlation, indicating the effect of the bulge

is negligible for explaining the mass difference at the high-mass for disc-dominated galaxies.

Therefore, I explore other reasons to explain this mass difference.

The most probable explanation is that the dynamical mass is consistent with the total

baryonic mass, which contains not only stellar mass but also the mass of other baryonic matter,

such as gas and dust. Since disk-dominated galaxies are mostly spiral galaxies, the mass of the

gas is not negligible. I obtain gas mass for disc-dominated galaxies within the MaNGA coverage

obtained from the MaNGA DR15 PIPE3D VAC (Sánchez et al., 2016b,a), which contains the

mass of H I and H2 estimated from the dust attenuation as described in Barrera-Ballesteros

et al. (2020). According to Martinsson et al. (2013), the atomic and molecular gas densities
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Figure 2.13: Dynamical mass versus stellar mass within the MaNGA field of view. From top to bottom:
disc-dominated galaxies, non-disc-dominated galaxies and disc-free galaxies. The black solid line is the
1-to-1 line.
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Figure 2.14: Dynamical mass versus stellar mass excluding the central area. The black solid line is the
1-to-1 line.
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Figure 2.15: Dynamical mass versus baryonic mass within MaNGA coverage. The baryonic mass con-
tains stellar mass (Kroupa IMF), atomic and molecular gas mass. The black dashed line is the 1-to-1
line.

can be obtained from the H I and H2 densities by

⌃atom = 1.4⌃H I, (2.35)

⌃mol = 1.4⌃H2
. (2.36)

Therefore, I multiply a factor of 1.4 to the gas mass given in the PIPE3D VAC as the total

gas mass within MaNGA coverage. I adopt the sum of stellar and gas mass as a proxy of

total baryonic mass, and compare it with the dynamical mass in Figure 2.15. The correlation

between dynamical and baryonic mass falls to the 1-to-1 line at the high-mass end, but at the

low-mass end, the total baryonic mass exceeds the dynamical mass for some of the galaxies.

The slope of the correlation between dynamical and total baryonic mass is still higher than

1. There are two possible reasons for that. First, the mass density for neutral hydrogen is

overestimated for part of low-mass disc-dominated galaxies. Secondly, there is an IMF gradient

and low-mass galaxies prefer an IMF producing lower stellar mass.

The stellar masses I adopt are measured with a constant Kroupa IMF, which is obtained

from the Milky Way. However, massive early-type galaxies have an excess of low-mass stars

compared to the prediction of the Kroupa IMF, resulting in a bottom-heavy IMF (van Dokkum

& Conroy, 2010). A Salpeter-like IMF is also preferred by a number of early-type galaxies (e.g.

Zhu et al., 2016). I therefore investigate the possibility that the IMF varies with stellar mass for

disc-dominated galaxies by removing the gas mass from the dynamical mass and comparing
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Figure 2.16: Stellar mass (Kroupa IMF) versus dynamical mass removing gas mass within MaNGA
coverage. The black dashed line is the 1-to-1 line.

it with the stellar mass in Figure 2.16. The correlation almost falls on the 1-to-1 line, sug-

gesting that if there is an IMF gradient across stellar mass for disc-dominated galaxies, it is a

small gradient that low-mass galaxies prefer a lighter IMF producing less stellar mass than the

Kroupa IMF while high-mass galaxies prefer a heavier one.

I note that there is a systematic error existence in the dynamical mass. The MaNGA MPL-

7 data tend to overestimate the velocity dispersion systematically because of MaNGA DAP

underestimate the line spread function. This over-estimation is mass dependent and ranges

from 5% for the highest mass galaxies (M⇤ > 1011M�) to 40% for the lowest mass galaxies

(M⇤ < 109.5M�), which results in a sleeper slope in Figure 2.13 by about 2 percent, within

1�� uncertainty due to sample variance and random errors, and also suggests a higher IMF

gradient by increasing the slope Figure 2.16 by about 15 percent, at the marginal edge of 1��
uncertainty.

These results about dynamical and baryonic mass also show that within the MaNGA cov-

erage (typically 1.5Re), the dark matter content is negligible in galaxy discs.

2.4.3 Morphology

I have classified the sample into three kinematic types: disc-dominated, non-disc-dominated

and disc-free galaxies. I am interested in the morphology distribution of each type. Therefore,

I adopt two morphological catalogues, the Galaxy Zoo catalogue (Willett et al., 2013) which in-

volves volunteers for visual classification, and the Deep Learning catalogue (Domínguez Sánchez
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Deep Learning Galaxy Zoo
Spiral TType > 0.0 t01_a01_d < 0.8 & t04_a08_d æ 0.5
S0 TType ∂ 0.0 & P_S0 > 0.5 t01_a01_d < 0.8 & t04_a08_d < 0.5
Elliptical TType ∂ 0.0 & P_S0 ∂ 0.5 t01_a01_d æ 0.8

Table 2.2: Morphology definition of two catalogues. The description for the Deep Learning catalogue:
TType < 0 for early-type galaxies, TType > 0 for late-type galaxies, TType ⇠ 0 for S0s; P_S0 stands for
the probability of being a S0 rather than a pure elliptical for galaxies with T-Type∂ 0. The description for
the Galaxy Zoo catalogue: t01_smooth_or_features_a01_smooth_debiased is the debiased vote fraction
of the question if the galaxy is smooth; t04_spiral_a08_spiral_debiased is the debiased vote fraction of
the question if the galaxy has spiral arms.

et al., 2018) which trains Convolutional Neural Networks with a robust visual classification

sample and then obtains the classification of a large dataset. I classify the sample into spirals,

lenticulars (S0s) and ellipticals according to the schemes of these two catalogues, as shown in

Table 2.2.

I then compare this kinematic classification with the Deep Learning catalogue in Table 2.3.

The kinematic and morphological classification are correlated. Disc-dominated galaxies are

mainly composed of spiral galaxies and a number of S0 galaxies, while disc-free galaxies are

mostly elliptical and lenticular galaxies. non-disc-dominated galaxies have an even morphol-

ogy distribution, which is not well explained yet. I also notice the unexpected disc-dominated

ellipticals and disc-free spirals in Table 2.3. By checking their images and kinematic fields, I

find the following reasons. Spirals have failed to be modelled because of their poor data qual-

ities of H↵ velocity or stellar velocity dispersion. Most of the disc-dominated ellipticals are

actually S0s or spirals according to the Galaxy Zoo classification scheme, which is confirmed

by the spiral arms or disc features found in their images in my visual check. They are wrongly

classified as ellipticals because of the contamination of machine learning.

I also notice a clear dichotomy of S0 galaxies. I detect a dominating thin disc in the ma-

jority of S0 galaxies, while there are no thin discs detected in part of S0 galaxies. I therefore

investigate various galaxy properties to explain this dichotomy. Finally, two major differences

are found between disc-free S0s and disc-dominated S0s: the star formation rate and the

molecular gas fraction. I find no clear differences in their distributions of stellar mass or

other properties, including their environments in the Galaxy Environment for MaNGA DR15

VAC (Argudo-Fernández et al., 2015; Etherington & Thomas, 2015).

I adopt the integrated star formation rate (SFR) derived from the amount of stellar mass

formed in the last 32 Myr provided by the PIPE3D VAC. The molecular gas fraction is defined
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Spiral S0 Elliptical
Disc-dominated 244 40 10
non-disc-dominated 11 9 8
disc-free 10 23 38

Table 2.3: Morphology statistics (Deep Learning catalogue) for the kinematic classifications. The kine-
matic and photometric morphology are well correlated. There are disc-free spirals because of poor data
quality and disc-dominated ellipticals because of machine learning contamination, which are classified
as spirals and lenticulars according to the Galaxy Zoo classification scheme.

as the ratio between the molecular gas and stellar mass within MaNGA coverage obtained

in Section 2.4.2. I show the corresponding distributions for disc-dominated S0s and disc-

free S0s (disc-dominated spirals and disc-free ellipticals are also included for comparison) in

Figure 2.17 and 2.18, respectively. In general, disc-dominated galaxies have the highest SFRs

and the molecular gas fraction, while disc-free S0s and ellipticals have the lowest SFRs and

molecular gas fractions. The disc-dominated S0s appear to be an intermediate class lying in

between.

The descending SFRs between disc-dominated and disc-free S0s shows the quenching pro-

cess of S0 galaxies. Since I have selected a sample with regular kinematics, this quenching is

unlikely a result of violent processes (e.g. major mergers). The result that there is no clear dif-

ference between the environment of disc-dominated and disc-free S0s also suggests that there

is no clear evidence that the quenching is caused by a process related to galaxy environments

(e.g.ram-pressure stripping). Since the molecular gas takes a dominant role in the gas mass

budget (Leroy et al., 2008, 2009), therefore, the depletion of gas in Figure 2.18 is majorly

driven the depletion of molecular gas, which probably accounts for the quenching process in

these S0 galaxies. This depletion of molecular gas is possibly a result of the gas consumption

by star formation, AGN or stellar feedback (e.g. Fabian, 2012; Hopkins et al., 2014). This con-

clusion is consistent with the scenario proposed by Zhang et al. (2019) that massive quiescent

disk galaxies are quenched because they have significantly reduced molecular gas content.

These results also suggest an in-situ evolution path of S0 galaxies. As the quenching process

goes on, galaxy kinematic states change gradually. The kinematic similarity between disc-

dominated S0s and spirals indicates that thin discs can remain stable in a period of time after

the molecular gas fraction starts to decrease. As the molecular gas fraction further decreases,

thin disc structures gradually dissolve in S0 galaxies, which leads to different kinematic types

for S0s. Finally, as the molecular gas of disc-dominated S0s is used up (comparable to disc-free
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Figure 2.17: The histogram of the integrated SFR derived from stellar mass formed in the last 32 Myr
for disc-dominated spirals, disc-dominated S0s, disc-free S0s and disc-free ellipticals. The solid lines
stand for the corresponding cumulative distribution functions.

Figure 2.18: The histogram of the gas fractions for disc-dominated spirals, disc-dominated S0s, disc-
free S0s and disc-free ellipticals. The solid lines stand for the corresponding cumulative distribution
functions.
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Figure 2.19: The Sérsic index distribution obtained from the 1-component fitting of PyMorph.

ellipticals), the quenching process finishes.

2.4.4 Structural parameters

Structural parameters (e.g. the Sérsic index and bulge-to-total ratio) hold clues to disclose

galaxy morphology and components and are widely applied as criteria to distinguish the mor-

phology of quantitative galaxies. I therefore investigate the distribution of two structural pa-

rameters for the kinematic classification, the Sérsic index of 1-component fitting and bulge-to-

total ratio (B/T) of 2-component decomposition obtained from MaNGA DR15 PyMorph photo-

metric catalogue (Fischer et al., 2018), which provides the result of a Sérsic fitting and a Sérsic

+ Exponential component decomposition to the 2-dimensional surface brightness profiles of

the MaNGA sample with the PYMORPH algorithm (Vikram et al., 2010).

The distributions of the Sérsic index for the kinematic types are shown in Figure 2.19. Disc-

dominated galaxies in general have lower Sérsic indices while disc-free galaxies have higher

ones. As an intermediate state, non-disc-dominated galaxies have a similar distribution to disc-

dominated galaxies These properties are consistent with the trend that Sérsic indices increase

from disc galaxies to spherical galaxies. However, the overlap of disc-dominated galaxies and

disc-free galaxies indicates that Sérsic indices are a reference instead of an accurate classifica-

tion for galaxy morphologies.

The B/T distribution obtained from the 2-component decomposition is also shown in Fig-

ure 2.20. Similar to the Sérsic index, the distributions of B/T also follows the trend that B/T
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Figure 2.20: B/T distribution obtained from the two-component fitting of PyMorph.

increases from disc galaxies to spherical galaxies: the disc-dominated galaxies have lower B/T

while disc-free galaxies are the opposite; the distribution of the non-disc-dominated galaxies

are widely spread, different from both disc-dominated and disc-free galaxies.

There is a correlation between the Sérsic index distributions of disc-dominated and non-

disc-dominated galaxies but not for the B/T distributions, which shows a clue to understand

the formation of the non-disc-dominated galaxies. There are disc features in both types, lead-

ing to their similarity in their kinematics and their Sérsic index distribution, however, disc

features play a dominant role for disc-dominated galaxies but not for non-disc-dominated

galaxies, which causes different B/T distributions.

2.5 Summary

In this section, I built an analytical model to describe observed stellar velocity and velocity

dispersion based on a thin-disc assumption. I then corrected the stellar velocity for asymmetric

drift and compared it with the H↵ velocity. By examining whether this model is successfully

applied with introduced parameters, I can judge whether a thin disc is detected and whether

it takes a dominant role in a galaxy, and obtain a kinematic classification scheme. The sample

is finally classified into disc-dominated, non-disc-dominated and disc-free galaxies according

to this classification scheme.

• The �Re
�✏ diagram supports the kinematic classification. Disc-dominated galaxies have
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different dynamic features from disc-free galaxies, while non-disc-dominated galaxies lie

in between as an intermediate state.

• The difference between the dynamical and stellar mass for disc-dominated galaxies is

explained by including the mass of atomic and molecular gas. These disc-dominated

galaxies prefer a Kroupa-like IMF, while a slight IMF gradient is also acceptable. The

dark matter is negligible in galaxy discs within 1.5Re.

• I found a clear dichotomy in the kinematic classifications for S0 galaxies. The majority

of S0s are dominated by a thin disc, while I failed to detect a thin disc in some of the S0s.

By comparing their SFRs and molecular gas fractions with disc-dominated spirals and

disc-free ellipticals, I propose that an in-situ quenching process changes the kinematic

state of galaxies, and the quenching starts because of the depletion of molecular gas.

This analytical model provides a simple method to identify thin discs in galaxies. Consider-

ing that surveys are producing large amounts of data nowadays, analytical models are valuable

tools for modelling galaxies and then studying galaxy evolution because of their simplicity and

efficiency.
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3
Numerical dynamical modelling of galaxies

Most galaxies are usually regarded as stellar systems in dynamical equilibrium, therefore, they

can be modelled based on the Jeans theorem (Jeans, 1915). Modelling such a stellar system

in dynamical equilibrium is usually referred to as dynamical modelling, which is an important

method to measure the most fundamental properties of galaxies: the mass distribution and

orbital state of galaxies. Dynamical modelling can be implemented in analytic and numerical

ways. Fully analytic models based on distribution functions (DFs) are developed for galaxy

modelling, but the difficulty in searching for analytical DFs constrains the implementation of

these models in a limited number of cases. In contrast, numerical dynamical models, which

can recover the observational data and infer galaxy internal mass distribution, are more ap-

plicable for galaxy modelling and have been widely applied to observational data. Therefore,

I introduce dynamical modelling of galaxies in this chapter.
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3.1 Numerical dynamical models

Multiple numerical dynamical modelling techniques have been developed following different

strategies. The first strategy is that a dynamical model is built self-consistently to infer the

mass distribution of the stellar system, in which the density derived from DF is consistent with

the density derived from the gravitational potential according to the Poisson equation. The

second strategy is that a dynamical model focus on recovering the observational data to infer

the mass distribution of the galaxy including the non-stellar mass such as a dark matter halo

and a central black hole, regardless of the request of self-consistency. Here I briefly introduce

several popular dynamical models, including DF-based models based on the first strategy, and

the Jeans models, orbit-based and particle-based models based on the second strategy.

DF-based models

There is a long history of searching for DF for galaxies, however, analytic models built based

on the DFs are still rare. Even if an analytic DF is found, it needs numerical methods to

calculate the observables. Therefore, numerical dynamical models are developed based on

various forms of DFs.

One strategy is to build dynamical models with a given form of DF, including DFs for a

single component (e.g. bulges and discs) and multiple components as in real galaxies. For

example, spherical models are built from two-integral DFs which conserve their energy E and

total angular momentum L, to describe galaxy bulges (e.g. Jarvis & Freeman, 1985; Rowley,

1988; Shaw, 1993) and discs (Batsleer & Dejonghe, 1995). Axisymmetric models based on

three-integral DFs, which conserve the energy E, the angular momentum along the symmetry

axis Lz and a non-classical third integral I3, are more realistic and have been successfully

applied to early-type galaxies to obtain their black hole masses (e.g. Emsellem et al., 1999;

Gebhardt et al., 2000; de Bruyne et al., 2001). Self-consistent models considering multiple

components including bulges, discs and dark matter haloes are also developed (e.g. Kuijken

& Dubinski, 1995; Widrow & Dubinski, 2005; Widrow et al., 2008) and applied to nearby

disc galaxies with IFS observations (Taranu et al., 2017) to reproduce the surface brightness,

rotation curves and velocity dispersion profiles of galaxies.

An alternative way of building DF-based models is to obtain non-parametric DFs from ob-

servations. Non-parametric DFs are the superposition of analytic DFs. The observables are
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calculated for each DF component and the weights of DF components are then solved by com-

paring with observations. Theoretical models with different specific forms of DF components

and methods of superposition are developed (e.g. Dejonghe, 1989; Merritt & Saha, 1993; Pi-

chon & Thiébaut, 1998; Magorrian, 2014) to infer galaxy gravitational potential and mass

distribution.

The major advantage of DF-based models is that galaxy kinematic states can be clearly

known with the phase-space DFs. They are also continuous and therefore suitable for both

continuous and discrete observational data. However, DF-based models require the galaxy

gravitational potential to be integrable, which limits their implementation.

Jeans models

The Jeans models based on finding solutions of the Jeans equation (Jeans, 1922) to fit observed

moments (line-of-sight velocity and velocity dispersion) of galaxies, and are widely applied for

modelling galaxies. The Jeans models can either be built self-consistently to obtain the mass

distribution of stellar systems, or be built non-self-consistently to infer the mass distribution

of dark matter haloes as well. There are several types of Jeans models, according to their

assumptions for the velocity anisotropy, which describes whether stars move tangentially or

radially.

The spherical Jeans model, in which the mass distribution, velocity profile and velocity

anisotropy are spherically symmetric, was first applied to elliptical galaxy M 87 by Binney &

Mamon (1982), however, the spherical Jeans model suffers a mass-anisotropy degeneracy that

the velocity dispersion, the velocity anisotropy and gravitational potential cannot be solved

simultaneously without further assumptions to lift this degeneracy (e.g. Merrifield & Kent,

1990; Wilkinson et al., 2002; Walker & Penarrubia, 2011; Mamon et al., 2013).

For axisymmetric galaxies, several assumptions of galaxy anisotropy are introduced to sim-

plify the case. One assumption is the semi-isotropic assumption, which has a circular velocity

ellipsoid in the meridional plane and is popular for its simplicity. It was applied to galaxies

by Satoh (1980) who modelled elliptical galaxy NGC 4697. This technique was then extended

and applied to a larger sample of galaxies with long-slit stellar kinematics along major and

minor axes (e.g. Binney et al., 1990; van der Marel et al., 1990; van der Marel, 1991; Cortés

et al., 2008) and even galaxies with IFS observations (Cappellari et al., 2006) for the study
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of rotation and mass-to-light ratios. Another popular assumption is the cylindrical assump-

tion that the velocity ellipsoid in the meridional plane is aligned with the cylindrical coordi-

nates. The implementation based on this assumption is called the anisotropic Jeans model,

which is developed by Cappellari (2008). The package for this implementation of the Jeans

Anisotropic MGE (JAM, see section 3.2.1 for the explanation of MGE) is frequently used for

modelling galaxies observed with IFS surveys, such as the Atlas3D (Cappellari et al., 2013b),

CALIFA (Leung et al., 2018) and SDSS-IV MaNGA (Li et al., 2017) surveys, and also assessed

by modelling simulated galaxies (Li et al., 2016).

The Jeans models has an advantage of requiring low computational resources, which

makes it suitable for modelling the mass distribution of a large sample obtained from IFU

surveys. Its ability to model discrete kinematic data, such as the velocities of planetary nebu-

lae (PNe) and globular clusters (GCs), also expands its applicability. However, this technique

usually requires a high symmetry of galaxies (spherical or axisymmetric) and therefore is not

suitable for modelling triaxial galaxies.

Orbit-based models

Schwarzschild (1979) proposed an orbit-superposition technique which computes a large orbit

library in a given potential and then solves the weights of orbits to reproduce the observations.

This powerful technique to explore the mass distribution of galaxies is called the Schwarzschild

orbit-superposition technique. There are a number of implementations of the Schwarzschild

technique to the spherical (e.g. Richstone & Tremaine, 1984; Rix et al., 1997; Breddels et al.,

2013) and axisymmetric geometry (e.g. Cretton et al., 1999; Gebhardt et al., 2000; Valluri

et al., 2004). Although there have been theoretical studies for the triaxial geometry since the

appearance of this technique (e.g. Schwarzschild, 1979, 1993; Merritt & Fridman, 1996; Siopis

& Kandrup, 2000), this technique was not implemented to observational external galaxies

until van den Bosch et al. (2008) proposed a triaxial code for modelling early-type galaxies

which was then generalised to late-type galaxies by Zhu et al. (2018c). Vasiliev (2013) also

proposed an implementation of this technique and developed it to model galaxies with bars

or figure rotations (Vasiliev & Athanassoula, 2015; Vasiliev & Valluri, 2020).

The most significant advantage of the Schwarzschild technique is its ability of modelling

triaxial galaxies and infer the total mass distribution, including a dark matter halo and a cen-

tral black hole. This model is based on stellar orbits and therefore provides an advantage of
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studying galaxy stellar dynamical structures with no requirement of a specific form of DF or

self-consistency. However, this technique is applied to discrete data, such as PNe and GCs, only

in limited cases (Chanamé et al., 2008; Magorrian, 2019) because it is difficult to evaluate the

probability of discrete orbit-based models using discrete data. Compared to the DF-based and

Jeans models, orbits-based models have higher demands for computing resources. I will in-

troduce this method in more detail following the methodology of van den Bosch et al. (2008)

and Zhu et al. (2018c) in Section 3.2, as I will make use of this method to develop new orbit-

based models and model the mass distribution of early-type galaxies in Chapters 4, 5 and

6.

Particle-based models

Particle-based models are constructed for the realisation of N-body systems in dynamical equi-

librium. Syer & Tremaine (1996) proposed a made-to-measure (M2M) algorithm which inte-

grates a N-body system while adjusting the weights of particles slowly until the time-averaged

density field converges and the observables predicted by the model match the observations.

This algorithm was then developed to allow an evolving gravitational potential to form a self-

consistent model (Bissantz et al., 2004) and implemented as the N-particle Made-to-measure

AlGorithm mInimizing Chi squared (NMAGIC) code (de Lorenzi et al., 2007), which is applied

to model nearby elliptical galaxies (e.g. de Lorenzi et al., 2008, 2009; Das et al., 2011; Mor-

ganti et al., 2013). Other implementations of M2M algorithms (e.g. Long & Mao, 2010; Hunt &

Kawata, 2013) which can model disc galaxies have also been applied to observations (Long &

Mao, 2012; Zhu et al., 2014). Iterative methods of constructing N-body models were also pro-

posed for creating initial conditions for N-body simulations and modelling galaxies (Rodionov

et al., 2009; Yurin & Springel, 2014) with applications for the latter purpose (e.g. Rodionov &

Athanassoula, 2011; Saburova et al., 2018).

Particle-based models have similar properties with orbit-based models: it can model triax-

ial galaxies and infer their total mass distribution without requiring self-consistency or a spe-

cific form of DF; it has difficulty to model discrete kinematic data that they need to be binned

to compute the likelihood of the model; it also requires high computational resources. How-

ever, orbit-based models have the advantage of decomposing dynamical components based on

stellar orbit types, while it is not straightforward to obtain stellar orbit information in particle-

based models.
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3.2 Schwarzschild orbit-superposition technique

In this section, I introduce the Schwarzschild orbit-superposition technique in detail following

the triaxial implementation described in van den Bosch et al. (2008) and Zhu et al. (2018c),

which has been applied to galaxies with CALIFA and MaNGA observations (Zhu et al., 2018a;

Jin et al., 2019). It includes the following steps: I first introduce how to regularise the stel-

lar mass distribution from galaxy surface brightness using the Multiple Gaussian Expansion

method to obtain galaxy gravitational potential; I then introduce the characteristics of stellar

orbits and the strategy of orbit sampling to build orbit libraries. Lastly, I introduce the method

of solving the weights for orbits in the orbit libraries.

3.2.1 Multiple Gaussian Expansion

The stellar mass distribution in galaxies are hardly directly described by an analytic function,

therefore, it needs to be parameterised. The Multiple Gaussian Expansion (MGE) method

was introduced for this purpose by Emsellem et al. (1994), which generalised the approach

described by Monnet et al. (1992). This MGE method can provide analytical spatial luminosity

density distribution for any assumed triaxial shape at a given line of view, which significantly

simplifies the computation in numerical dynamical modelling. The fitting algorithm of MGE

which I adopt in this work is described in Cappellari (2002).

The MGE method follows a principle that the surface brightness of a galaxy S(R0,✓ 0) can

be written as a sum of Gaussian profiles,

S(R0,✓ 0) =
X

j

S j(x 0j , y 0j) =
X

j

0
@ L j

2⇡�̃2
j q̃ j

exp

2
4� 1

2�̃2
j

 
x 0j

2 +
y 0j

2

q̃2
j

!3
5
1
A , (3.1)

with

x 0j = R0 sin (✓ 0 � 0j)

y 0j = R0 cos (✓ 0 � 0j)
(3.2)

where (R0,✓ 0) are the polar coordinates on the sky plane, Sj(x 0j , y 0j) is the surface brightness

distribution of each Gaussian component with corresponding luminosity Li , scale length �0 i ,

axis ratio q0 i and position angle  0j .
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3.2. Schwarzschild orbit-superposition technique

The observed scale length �̃ j and axis ratio q̃ j are influenced by the point spread function

(PSF). Assuming the PSF can be represented by a single normalised circular Gaussian with

a scale length �PSF, the intrinsic parameters of each Gaussian profile �0j and q0j follows the

relations below,

�̃2
j = �

0
j
2 +�2

PSF

�̃2
j q̃

2
j = �

0
j
2q0j

2 +�2
PSF

(3.3)

For each single Gaussian component S(x 0, y 0) (the subscript j is omitted here), the intrinsic

luminosity density can be written as (Cappellari, 2002),

⇢(x , y, z) =
L

(�
p

2⇡)3pq
exp


� 1

2�2

✓
x2 +

y2

p2
+

z2

q2

◆�
, (3.4)

where (x , y, z) are aligned with the principal axes of the Gaussian with the x-axis aligned

with the long axis and z-axis aligned with the short axis, � is the scale length, p and q are

the intrinsic axis ratios with 0  q  p  1. To describe the space orientation of the galaxy,

a group of viewing angles (✓ ,�, ) are introduced: (✓ ,�) define the line-of-sight direction

with respect to the principal axes, and  defines the rotation on the sky plane around the

line-of-sight to align the major axis of the innermost Gaussian with the x 0-axis ( = 90� for

an oblate asymmetric case). At given viewing angles (✓ ,�, ), (p, q, u ⌘ �0/�) are decided

according to the following equations:

1� q2 =
�0[2 cos2 0 + sin2 0(sec✓ cot� � cos✓ tan�)]
2 sin2 ✓[�0 cos 0(cos 0 + cot� sec✓ sin 0)� 1]

,

p2 � q2 =
�0[2 cos2 0 + sin2 0(cos✓ cot� � sec✓ tan�)]
2 sin2 ✓[�0 cos 0(cos 0 + cot� sec✓ sin 0)� 1]

,

u2 =
1
q0

q
p2 cos2 ✓ + q2 sin2 ✓ (p2 cos2� + sin2�),

(3.5)

where �0 = 1� q02. In an oblate axisymmetric geometry (p = 1), only one viewing angle ✓ is

essential, representing the inclination. Then the above relations reduce to

q2 =
q02 � cos2 ✓

sin2 ✓
. (3.6)

This introduces a potential problem that there should be cos2 ✓ < q0j for all Gaussian com-

ponents, which means the minimum inclination ✓ is decided by the minimum q0j (Cappellari,
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2002). Therefore, the fitting of MGE should be repeated until the minimum q0j allows a rea-

sonable range for the inclination.

The gravitational potential corresponding to the mass distribution in equation 3.4 is given

in Emsellem et al. (1994) and also referred in van den Bosch et al. (2008). Here I only note

that this gravitational potential is not analytic and has to be integrated numerically.

3.2.2 Stellar orbit library

The Schwarzschild technique is based on the superposition of stellar orbits to recover galaxy

kinematic fields, therefore, it is important to build stellar orbit libraries containing orbits rep-

resentative for all kinds of stellar orbits through a proper strategy of orbit sampling. To sample

orbits efficiently, we need to understand the characteristics of stellar orbits.

The gravitational potential generated by Gaussian components are separable, i.e. �(x , y, z) =

�(x)�(y)�(z). All orbits in a separable potential are regular and conserve three analytical inte-

grals of motion: E (energy), I2 and I3. The orbits can be characterised into four orbit families:

three types of tube orbits (short axis tubes, outer and inner long axis tubes) and the box or-

bits, as shown in Figure 3.1. These orbit families cross well-defined regions in the (x , z) plane

perpendicularly (Schwarzschild, 1993; van den Bosch et al., 2008), as shown in Figure 3.2.

All tube orbits except thin orbits cross the (x , z) plane perpendicularly twice in two separate

regions, while the box orbits also cross the (x , z) plane perpendicularly only once in another

region. All these regions can be obtained analytically for a separable potential. These features

are very important for orbit sampling.

A strategy for orbit sampling is built according to the properties of the orbit families (Schwarzschild,

1993; van den Bosch et al., 2008). Since orbits cross the (x , z) plane perpendicularly, their

positions on the (x , z) plane are defined as their start points. These start points and their cor-

responding orbit energy E are the initial conditions of orbit sampling. The energy E is linked

with a grid radius ri such that E equals the potential at position (x , y, z) = (ri , 0, 0). ri is sam-

pled logarithmically with the minimum at least an order of magnitude smaller than the pixel

size of the observations and the maximum includes over 99.9% of mass. For each energy E,

the start points on the (x , z) plane is then sampled using a open linear polar grid (R,✓ ). It is

only essential to sample between the thin orbit and the equipotential (the grey region in Fig-

ure 3.2), because all orbits cross this region perpendicularly only once. The initial velocity in
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3.2. Schwarzschild orbit-superposition technique

(a) inner long axis tubes (b) outer long axis tubes

(c) short axis tubes (d) box orbits

Figure 3.1: Orbit families in a non-rotating triaxial potential taken from Binney & Tremaine (2008).
Short axis tubes rotate around the shortest axis of the galaxy potential. Inner and outer long axis tubes
rotate around the longest axis. Box orbits can go through the centre, and the longest axis also emerges
from the convex faces of box orbits.
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Figure 3.2: The (x , z) plane of a triaxial galaxy with a separable potential for the energy E high enough
to generate all orbit families, taken from van den Bosch et al. (2008). ’B’, ’S’, ’I’ and ’O’ denote the box,
short axis tube, inner and outer axis tubes respectively. The regions show where the corresponding
orbit family crosses the (x , z) plane perpendicularly. Box orbits cross the (x , z) plane once in the grey
region, while tube orbits cross twice, once in the white region and once in the grey region. In summary,
all orbits cross the (x , z) plane within the grey region between two thin orbit curves once.
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3.2. Schwarzschild orbit-superposition technique

the y-direction is then decided by v2
y,0 = 2[V (x , 0, z)� E] with vx ,0 = vz,0 = 0. The directions

of orbital motions decide whether the orbits are prograde or retrograde, however, it is more

efficient to set up the orbits in one direction and then include the counter-rotating orbits when

calculating orbit weights, because these two types of orbits have the same trajectories.

This orbit library (referred to as the ordinary library, to be distinguished from the addi-

tional box library mentioned below) sampling the start points on the (x , z) plane includes few

box orbits at large radii. However, a number of box orbits are essential to recover the mass

distribution of triaxial galaxies (Statler, 1987). Therefore, an additional box orbit library is

introduced. Since the box orbits always touch the equipotential, this library is sampled on the

equipotential surface using two spherical angles ✓ (inclination) and � (azimuthal angle) for

each energy E. This is called the stationary start space which results in box orbits or boxlets

(resonant box orbits avoiding the centre) only (Schwarzschild, 1993). To keep the consistency

between the ordinary and additional box libraries, E and ✓ in this box orbit library are sampled

in the same way as the first library, and � is also linearly sampled with the same number of

grids as R in the first library.

With the start points, the orbits in the two orbit libraries are then integrated numerically.

However, these single orbits correspond to �-functions instead of smooth DF as expected in

galaxies. The dithering method is then introduced to smooth the model. For each start point,

nd adjacent initial conditions are constructed along each dimension to form an orbit bundle of

n3
d orbits. nd needs to be an odd number to clearly define a central orbit in the orbit bundle.

The observables for each orbit bundle are co-added.

3.2.3 Orbit weights

The observational data contains luminosity and kinematic data, which is reproduced simulta-

neously in a single Schwarzschild model by a superposition of all orbit bundles. The weights

wk of each orbit bundle k are obtained by solving the linear minimum �2 problem, which is

�2 = �2
lum +�

2
kin. (3.7)

The luminosity data contains two parts: the surface brightness described by 2-dimensional

MGE, and the corresponding deprojected 3-dimensional luminosity density, as described in

Section 3.2.1. The surface brightness data are binned to the same apertures as the kinematic
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data with a value Sl and an uncertainty �Sl for each aperture l. The luminosity density is

binned with each bin n having a corresponding value ⇢n and an uncertainty �⇢n. Assuming

each orbit bundle k contributes Sk
l to the surface brightness of the aperture l and ⇢k

n to the

luminosity density of the bin n, the fitting needs to minimising

�2
lum = �

2
S +�

2
⇢

=
X

l

Ç
Sl �

P
k wkSk

l

�Sl

å2

+
X

n

Ç
⇢n �

P
k wk⇢

k
n

�⇢n

å2

.
(3.8)

Since the uncertainties �Sl and �⇢n are usually not included in the MGE, they are set to

�Sl = 0.01Sl and �⇢n = 0.02⇢n empirically.

The observational line-of-sight velocity profiles (VPs) are usually described with a Gaussian-

Hermite (GH) expansion (Gerhard, 1993; van der Marel et al., 1993; Rix et al., 1997)

GH(v;�, V,�, hm) =
�

2⇡�
exp


�1

2

Å
v � V
�

ã2�X

m=0

hmHm

Å
v � V
�

ã
, (3.9)

where � is a velocity scale, and Hm are the Hermite polynomials and hm are the GH moments,

which are usually truncated at the fourth or second order for observational data. Figure 3.3

shows the effects of h3 and h4 to the VP on a Gaussian, which are related to the skewness and

kurtosis of the VP.

For an observational aperture l, its VP fl is usually expanded to fl = GH(vl ;�l , Vl ,�l , hm,l)

around its observational velocity and velocity dispersion (Vl ,�l) with a fixed h0,l = 1 and

h1,l = h2,l = 0. Since �l is a scale parameter, it can be treated as 1.

This observational VP fl is fitted by the superposition of VPs contributed by orbit bundles,

with each orbit bundle k contributing a modelled VP of f k
l , which is also expanded around the

same (Vl ,�l) by GH expansion f k
l = GH(vk

l ;�k
l , Vl ,�l , hk

m,l). Then the fitting of observational

VP fl becomes the fitting of observational GH moments hm,l .

There is a degeneracy of �k
l and hk

0,l in the GH expansion of modelled VPs. In practice of

modelling early-type galaxies, �k
l is fixed with �k

l = 1 and hk
0,l is allowed to vary. The fitting

of h0,l have to be skipped, because �2
h0
=
P

l

Å
Slh0,l�

P
k wkSk

l hk
0,l

Sl�h0,l

ã
and �2

S =
P

l

⇣
Sl�

P
k wkSk

l
�Sl

⌘2

cannot be minimised simultaneously, while the latter should be guaranteed anyway as a nor-

malisation. Therefore, the fitting of observational GH moments hm,l becomes fitting (h1,l =
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3.2. Schwarzschild orbit-superposition technique

Figure 3.3: The effect of h3 and h4 on the VP of a Gaussian (credit: van der Marel et al., 1993). The
top panels show ↵(v)H3(v) and ↵(v)H4(v) where ↵(v) is a standard Gaussian profile. The lower panels
show ↵(v)[1+ h3H3(v)] and ↵(v)[1+ h4H4(v)].

0, h2,l = 0, h3,l , h4,l) with the corresponding errors (�Vl/
p

2�l ,��l/
p

2�l ,�h3,l ,�h4,l) with

hk
m,l which are expanded from the VPs contributed by orbit bundles (van der Marel et al., 1993;

Magorrian & Binney, 1994) . Then �2
kin becomes
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l hk
m,l

Sl�hm,l

å2

(3.10)

The Schwarzschild technique builds a number of single models from parameter space, with

different combinations of free parameters such as inclination, stellar mass-to-light ratio and

dark matter halo parameters. Orbit libraries are then generated for each single model and

orbit bundle weights wk are then solved by fitting to the data. Once the orbit bundle weights

wk of a single model are solved, the �2 for this model is fixed. Finally, the best-fitting model

is selected by finding the model with the minimum �2 among all the models.

In practice, the luminosity data are well fitted anyway and the residual of fitting luminosity

data �2
lum varies little between different single models compared to the residual of fitting stellar

kinematics �2
kin. Therefore, �2

lum is usually negligible and �2 = �2
kin is adopted.
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3.2.4 Examples of applying the Schwarzschild technique

Here I show two examples of the application of the Schwarzschild technique which are taken

from Zhu et al. (2018c) in Figure 3.4. The upper panels show the images of early-type galaxy

NGC 6278 and late-type galaxy NGC 4210, and the lower panels show the orbit distribution of

the corresponding best-fitting model for each galaxy. The orbit distribution is displayed on the

phase space of the circularity �z versus the intrinsic radius r (mentioned as ri in Section 3.2.2),

where �z is defined as the ratio of circular motion and total motion �z = Lz/(rVc). The orbits

are characterised with their �z in the following way: |�z | = 1 indicates a circular orbit, and

orbits with high |�z | (|�z |> 0.8 in this work) are dynamically cold; |�z |= 0 indicates a box or

radial orbit, and orbits with low |�z | (|�z | 0.1 in this work) are dynamically hot. Orbits with

0.1 < |�z |  0.8 are dynamically warm. The orbit distributions explain galaxy morphologies:

early-type galaxy NGC 6278 has a dominant hot component contributing to the dominant

bulge, and a minor warm component contributing to the thick disc. Late-type galaxy NGC

4210 has a dominant thin disc which is mainly contributed by the dominant cold component.

However, the dynamical components are not one-to-one correspondent to the morphological

structures: the spiral arms cannot be reproduced by the Schwarzschild technique, the bar in

NGC 4210 is mimicked but not fully recovered by a counter-rotating component (�z < 0) in

the centre, and it is hard to find a structure corresponding to the warm component in the

image of NGC 4210.

Applying the Schwarzschild technique to 300 galaxies in the CALIFA survey, Zhu et al.

(2018b) further show that there are more stars on the warm orbits (defined in their work as

0.25  |�z |  0.8) than cold or hot orbits across various morphological types and a stellar

mass range of 108.7 � 1011.9M�, which allows a direct comparison with the orbit fractions in

simulations and therefore provides a constraint on the simulations of galaxy formation in a

cosmological context.

3.3 Summary

In this chapter, I first introduced the concept of dynamical modelling and the development of

several popular dynamical modelling techniques. Although DF-based models are self-consistent

with clear physical meaning, they can only model a stellar system without considering other

content such as the dark matter and central black hole, therefore, its application is limited.
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(a) NGC 6278 (b) NGC 4210

(c) Circularity of NGC 6278 (d) Circularity of NGC 4210

Figure 3.4: The images and circularity map of NGC 6278 and NGC 4210 (credit: Zhu et al., 2018c).
NGC 6278 is an early-type galaxy and has a large fraction of box orbits with low |�z |. NGC 4210 is a
late-type galaxy and mainly composed of short axis tubes with high |�z |.
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Among the other techniques which are able to recover the mass distribution of real galaxies,

the Jeans models are simple but can only be applied to galaxies with high symmetry, while

orbit-based and particle-based models are able to model triaxial galaxies with high demands

to computational resources. Therefore, orbit-based models are superior in studying stellar

dynamical structures of galaxies. I then described the formalism of the Schwarzschild orbit-

superposition technique in detail following the triaxial implementation of van den Bosch et al.

(2008) and Zhu et al. (2018c), which is widely applied to model galaxies observed with IFU

surveys.

In the next chapter, I will introduce a new orbit-based technique to model combined stel-

lar and cold gas kinematics, in which I adopt the Schwarzschild technique to model stellar

kinematics.
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4
Orbit-based models with combined stellar and

cold gas kinematics

In this chapter, I introduce an orbit-based model involving combined stellar and cold gas kine-

matics (Yang et al., 2020). I first demonstrate the formalism of this technique. I then show its

application to early-type galaxy NGC 2974 to obtain its dark matter properties. By compar-

ing this to the result of dynamical modelling without including the cold gas, I will show the

capability of this technique in mapping the dark matter profile in galaxies.

4.1 Dynamical models with combined tracers - an overview

Mapping the mass distribution of galaxies with dynamical models relies on spatially resolved

stellar kinematics provided by IFS. For example, Cappellari et al. (2013b) modelled the Atlas3D

sample of 260 early-type galaxies with the JAM modelling method; Taranu et al. (2017) built

a self-consistent dynamical model to reproduce the properties of SAMI galaxies; Zhu et al.

(2018a) adopted the Schwarzschild technique to decompose the orbital components of 250
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CALIFA galaxies across Hubble sequence; and MaNGA galaxies were also modelled with these

techniques (e.g. Li et al., 2017; Jin et al., 2019).

The studies above are measured with stellar kinematics, however, the coverage of galax-

ies obtained with stellar kinematics is usually limited, as the surface brightness of galaxies

decreases fast at the outer regions of galaxies, which makes them too faint to observe with

IFS. The typical coverage of stellar kinematics is 1 � 2 Re. Even though recent surveys have

increased the coverage of their sample, it is still difficult to make a significant difference. Only

50% of CALIFA galaxies and 40% of SAMI galaxies have coverage extended to 2 Re (Walcher

et al., 2014; Bryant et al., 2015), and 80% of the MaNGA Secondary sample (⇠ 3300 galaxies)

are covered to 2.5 Re (Bundy et al., 2014). The limited coverage of stellar kinematics makes it

difficult to constrain the properties of the dark matter halo in galaxies with dynamical models.

The dark matter fraction in galaxy centre of early-type galaxies varies with measurements, but

in general it takes no dominant role. Tortora et al. (2009) reported a typical dark matter frac-

tion of 30% within 1 Re for 339 early-type galaxies. Cappellari et al. (2013b) found a median

dark matter fraction of 13% within 1 Re for 260 Atlas3D early-type galaxies. Jin et al. (2019)

also measured the dark matter fraction within 1 Re for 149 early-type galaxies in MaNGA and

summarised that the low-mass early-type galaxies have an average dark matter fraction of 20%

while this value is 40% for high-mass early-type galaxies. Other measurements (e.g. Gerhard

et al., 2001; Thomas et al., 2011) obtained similar results using a smaller sample size, and the

measurement of individual early-type galaxies (e.g. Weijmans et al., 2008; Das et al., 2011;

Zhu et al., 2016) also support this conclusion.

In contrast, dark matter usually dominates the gravitational potential in the outer regions

in galaxies. For example, Alabi et al. (2017) found that the dark matter fractions are higher

than 60% within 5 Re in most of their sample which contains 32 nearby early-type galaxies.

The results of individual galaxies also show that dark matter fraction increases several times

from galaxy centre to outskirts (e.g. Weijmans et al., 2008; Das et al., 2011; Zhu et al., 2016).

Therefore, seeking for datasets extended to galaxy outskirts is essential to overcome the cover-

age limitation of stellar kinematics and obtain the properties of dark matter halos for galaxies.

It is possible to obtain more extended stellar kinematics. For example, Boardman et al.

(2017) present the stellar kinematics of early-type galaxies outside 3 Re obtained with Mitchell

IFS. Long-slit spectroscopy can also provide stellar kinematics even extended to 5 Re (Napoli-
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tano et al., 2011). However, the extended stellar kinematics obtained with IFS usually have low

spatial resolutions and large bin size because of low S/N, while the stellar kinematics obtained

with long-slit spectroscopy are not suitable for dynamical modelling alone for it cannot pro-

vide 2-dimensional information of the galaxy. With these disadvantages of adopting extended

stellar kinematics for dynamical models alone, a combination of central (within ⇠ 1 Re) and

extended (to ⇠ 4 Re) stellar kinematics is proposed and proved to be successful in a number

of cases, for both extended IFS (e.g. Boardman et al., 2016) and long-slit spectroscopy (e.g

Forestell & Gebhardt, 2010; Cappellari et al., 2015). Unfortunately, the difficulty of observing

faint galaxy outskirts outside 3 Re still limits the sample size of extended stellar kinematics and

the application of this combination. Therefore, combing stellar kinematics with other tracers

extending out to over 5 Re in galaxies, including discrete and continuous tracers, are of great

importance.

The discrete tracers used for dynamical models are mainly planetary nebulae (PNe) and

globular clusters (GCs). PNe kinematics were first used alone to detect the existence of the

dark matter halo for the early-type galaxy NGC 5128 (Hui & Ford, 1993), and then used to

measure dark matter distribution of early-type galaxies in more cases (e.g. Tremblay et al.,

1995; Napolitano et al., 2007). Recently, PNe kinematics are also used together with long-slit

stellar kinematics in dynamical models (e.g. Napolitano et al., 2009, 2011). PNe kinematics

in these researches are extended to 4� 7 Re, which shows a significant advantage in tracing

dark matter profiles.

GCs are good tracers for early-type galaxies because of their ubiquity and adequate lu-

minosity for spectroscopic observation to a far distance (Norris et al., 2012), and they also

contain the information of stellar populations. The GC system of M87 is a well-studied case. It

was first modelled using a sample of 278 GCs by Côté et al. (2001) in a global (for the entire

sample) and a separate (for the metal-rich and metal poor sample) way. Zhu et al. (2014) then

modelled M87 together with stellar kinematics using a sample of 922 GCs extended to 25 Re.

For other early-type galaxies, GCs kinematics exceeding 5 Re also contributes to constrain their

dark matter content with dynamical models (Norris et al., 2012; Alabi et al., 2017).

Unlike discrete tracers such as PNe and GCs, cold gas is a continuous tracer following

the intrinsic shape of the gravitational potential. There is a long history of ascertaining the

dark matter content of late-type galaxies with cold gas (typically neutral hydrogen H I ), by
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modelling rotation curves obtained from integrated line profiles and velocity fields (e.g. Rubin

et al., 1978; Bosma, 1981; van Albada et al., 1985). However, the existence of H I in early-

type galaxies was underestimated, until a series of observations discovered that H I gas are

also present in early-type galaxies, although typically with lower surface brightness than in

late-type galaxies (e.g. Morganti et al., 1997; Oosterloo et al., 2007). The detection rate of H I

depends on galaxy environments. Serra et al. (2012) detected H I in about 40% of early-type

galaxies outside the Virgo cluster in their sample and about 10% in the Virgo cluster. Moreover,

H I exists in the form of regularly rotating disc or ring in half of the early-types galaxies with

H I detection (Morganti et al., 2006; Oosterloo et al., 2007, 2010), which makes it a suitable

tracer for the gravitational potential.

Combining stellar kinematics and discrete tracers can provide further insights, and has

been applied in a number of dynamical models, including a series of Jeans models and M2M

methods, and provided crucial measurements of the dark matter profile in early-type galax-

ies. There are a number of applications of Jeans models and I highlight the following studies.

Napolitano et al. (2009) constructed Jeans models with PN kinematics and extended long-slit

stellar kinematics for an elliptical galaxy NGC 4494 and a similar method was also applied

to another elliptical galaxy NGC 4374 (Napolitano et al., 2011). (Napolitano et al., 2014)

applied the Jeans models to central long-slit stellar kinematics and GCs kinematics for a giant

elliptical galaxy NGC 5846, and Zhu et al. (2016) modelled the same galaxy using a more

comprehensive dataset, including stellar kinematics obtained with SAURON IFS, GCs and PNe

kinematics. Bellstedt et al. (2018) applied the JAM modelling method to a large sample of 21

fast-rotating early-type galaxies with a combination of the Atlas3D IFS stellar kinematics and

GCs kinematics. For the M2M method, de Lorenzi et al. (2008) first modelled long-slit stellar

kinematics and PNe kinematics with �2-made-to-measure (�2M2M) particle code NMAGIC for

early-type galaxy NGC 4697. This method was then applied to more early-type galaxies to

obtain their dark matter halo properties (e.g. de Lorenzi et al., 2009; Das et al., 2011), and

Morganti et al. (2013) also included the stellar slitlet data in this model. These combina-

tions have provided various measurements of dark matter properties, especially dark matter

inner slopes which are related to the core or cusp problem. However, a combination of stellar

kinematics and discrete tracers still lacks application based on the Schwarzschild technique.

As an orbit-based model, the Schwarzschild technique faces the same difficulty of computing

likelihood for discrete datasets.
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Cold gas kinematics can easily sidestep this likelihood computation problem for discrete

dynamical models (e.g. M2M and the Schwarzschild technique). Furthermore, if cold gas

forms a regular thin disc in the galaxy, its simple kinematic properties with low velocity disper-

sion (< 10km/s) make a rotation model applicable, instead of complicated dynamical models.

Therefore, cold gas kinematics can be used as an additional tracer of the gravitational potential

and total mass distribution for galaxies, regardless of the modelling method of stellar kinemat-

ics or other tracers. An example is that adopting the molecular gas as a gravitational potential

tracer while modelling the stellar kinematics with the JAM modelling method (Tsukui, 2019),

and similar applications are promising for other dynamical models.

I therefore developed a combination of stellar kinematics modelled by the Schwarzschild

technique, and cold gas kinematics as a tracer of the gravitational potential at large radii. The

trial of modelling stellar kinematics with Schwarzschild technique while using an independent

tracer for the gravitational potential for early-type galaxies was already done by Cretton et al.

(2000), although they adopted the long-slit stellar velocity and the ionised gas kinematics

within 1 Re. In this chapter, I first demonstrate this technique. I then apply this technique

to early-type galaxy NGC 2974, which is one of the well-studied early-type galaxies with cold

gas: it is a lenticular galaxy with an extended regular H I ring (Kim et al., 1988; Weijmans

et al., 2008), and its stellar kinematics was modelled by the axisymmetric Schwarzschild tech-

nique (Krajnović et al., 2005).

4.2 Methods

In this section, I describe my orbit-based model with combined stellar and cold gas kinematics.

Stellar kinematics are modelled with an orbit-superposition Schwarzschild model, while cold

gas kinematics are modelled as an ideal thin ring aligned with the stellar disc. First, I introduce

the method of defining a gravitational potential based on a choice of parameters (e.g., stellar

mass, dark matter profile). I then describe how I build a stellar orbit library and construct

a cold gas ring separately from this potential. Finally, I introduce the combined weights of

stellar and cold gas kinematics to select the best-fitting model.

4.2.1 Gravitational potential

The gravitational potential of a galaxy consists of contributions from the following compo-

nents: stellar mass, gas mass, dark matter mass and the mass of a central supermassive black
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hole. The mass distribution of these components should be parameterised to compute their

gravitational potential. Therefore, I adopt a technique to obtain the parameterised mass dis-

tribution.

Stellar mass

The stellar mass distribution of a galaxy can be obtained from IFS observations, however, IFS

datasets have limited field of view which is not suitable for computing the gravitational po-

tential. Therefore, I obtain the stellar mass distribution M(x 0, y 0) of a galaxy using its surface

brightness S(x 0, y 0) and stellar mass-to-light ratio ⌥ (x 0, y 0), which have the following relation,

M(x 0, y 0)⌘ S(x 0, y 0) · ⌥ (x 0, y 0). (4.1)

The surface brightness profile can be expanded to a series of Gaussian profiles using the 2-

dimensional MGE method described in Section 3.2.1,

S(x 0, y 0) =
X

i

Si(x 0, y 0), (4.2)

where Si(x 0, y 0) is the surface brightness distribution of each Gaussian component.

To approximate the stellar mass distribution also with an MGE model, based on the surface

brightness, I introduce a group of free parameters ⌥̃ j ,

M(x 0, y 0) =
X

j

⇥
Sj(x 0, y 0) · ⌥̃ j

⇤
. (4.3)

Here M(x 0, y 0) is the stellar mass distribution, and each ⌥̃ j is a proxy for the mass-to-light ratio

of the corresponding Gaussian component, albeit with no attached physical meaning. Then

the mass-to-light ratio ⌥ is defined as,

⌥ (x 0, y 0)⌘ M(x 0, y 0)
S(x 0, y 0)

=

P
j

⇥
Sj(x 0, y 0) · ⌥̃ j

⇤
P

j S j(x 0, y 0)
. (4.4)

which is a function of a group of unknown parameters ⌥̃ j and the MGE parameters of the

surface brightness.

If ⌥ (x 0, y 0) = ⌥0 is a constant in the galaxy, all the ⌥̃ j have the same value of ⌥0. However,

⌥ (x 0, y 0) usually is not a constant. Therefore, I decide ⌥̃ j by fitting the mass-to-light ratio ⌥ .
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The stellar mass and consequently ⌥ are affected by the initial mass function (IMF): for ex-

ample, a Chabrier IMF (Chabrier, 2003) produces almost 40% less stellar mass than a Salpeter

IMF (Salpeter, 1955) with the same observables (Santini et al., 2012). Here I introduce a IMF

factor ↵ to indicate the stellar mass variation caused by the choice of IMF as a free parameter

in the Schwarzschild modelling. Thus, the stellar mass distribution used in the Schwarzschild

modelling becomes,

Mmod(x 0, y 0) = ↵ ·M(x 0, y 0) = ↵ ·
X

j

⇥
Sj(x 0, y 0) · ⌥̃ j

⇤
. (4.5)

Dark matter mass

To study the dark matter profile of galaxies, especially to establish the presence of a core or

cusp, I adopt a spherical generalized NFW (gNFW) dark matter halo (Navarro et al., 1996;

Zhao, 1996) with a density profile of

⇢r =
⇢s

(r/rs)�[1+ (r/rs)⌘](3��)/⌘
. (4.6)

This halo model has four free parameters: ⇢s is the scale density, rs is the scale radius, � is the

inner slope, while ⌘ controls the turning point. The outer slope of this profile becomes �3 for

r � rs. When � = 1 and ⌘ = 1, the gNFW halo profile reduces to the NFW profile. For � = 0,

the halo model has a core in its centre.

To avoid calculating the gravitational potential of the gNFW profile analytically, I expand

the halo density profile to an MGE as well. As the halo is spherical, I employ the 1-dimensional

MGE expansion of Cappellari (2002).

Black hole

The central black hole of a galaxy is regarded as a point source with the following gravitational

potential form,

�c,BH = �
GMBHq
r2 + r2

soft

. (4.7)

Here rsoft is the softening length of the black hole, which is introduced to avoid the computing

problems caused by a singular point. It is set to rsoft = 10�3 pc empirically.
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Gas mass

The gas mass distribution can also be parameterised by the 2-dimensional MGE method. Gen-

erally, for the early-type galaxies in which H I forms a thin disc, the gas mass is negligible

compared to the dark matter halo mass in galaxy outskirts and therefore not included in the

model.

4.2.2 Stellar orbit sampling

The stellar orbit structure of Schwarzschild models is already introduced in Section 3.2.2. Here

I only describe how I sample the stellar orbits in this model.

I sample the initial conditions of the orbits with their energy E and their starting point

on the (x , z) plane according to van den Bosch et al. (2008). Each E is linked with a grid

radius ri such that E equals the potential at position (x , y, z) = (ri , 0, 0), and ri is sampled

logarithmically. For each energy, I then sample the starting point (x , z) from a linear open

polar grid (R,✓ ) in between the location of the thin orbits and the equipotential of this energy.

The number of sample points across three dimensions nE ⇥ n✓ ⇥ nR = 21⇥10⇥7. I introduce

3 ditherings in every dimension (E,✓ and R) and create an orbit bundle of 3⇥3⇥3 dithering

orbits for each orbit in the libraries to smooth the model, and this results in 39,690 orbits in

total. More details of the orbits sampling can be found in van den Bosch et al. (2008).

This orbit library includes mostly short and long axis tubes and hardly contains box orbits

in the inner region. In practice however, early-type galaxies are not perfectly axisymmetric

and should contain a number of box orbits. To generate enough box orbits for a triaxial shape,

I also add an additional box orbit library dropped from the equipotential surface following the

method in Zhu et al. (2018c), using energy E and two spherical angles ✓ (inclination) and �

(azimuthal angle). Energy E and inclination ✓ are sampled in the same way as the first library,

while � is linearly sampled. The number of sample points nE ⇥ n✓ ⇥ n� for this library also

equals 21⇥10⇥7. I also smooth the model by introducing 3 ditherings in E,✓ and � for each

orbit and create 39,690 orbits in the box orbit library.

4.2.3 Model of cold gas kinematics

I assume that the H I gas forms an axisymmetric thin disc aligned with the stellar disc in the

equatorial plane of the galaxy. The H I gas moves on circular orbits on the disc plane with a
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velocity of

Vc =

vt
r
@�

@ r

�����
z=0

, (4.8)

where � is the total gravitational potential, including stars, dark matter halo and black hole.

As shown, the H I velocity allows us to constrain the total gravitational potential although it

provides no constraints on the stellar orbit distribution.

In this model, the H I gas is assumed to be dynamically cold, and its velocity dispersion is

hence neglected. Since the typical H I velocity dispersion in discs is less than 10 km/s on the

same order of typical H I velocity errors, this is a reasonable assumption.

The model light-of-sight velocity is given by

vmod = Vc sin✓ cos�, (4.9)

where � is the azimuthal angle from the major axis and ✓ is the inclination. To compare the

model and observational velocity directly, I then convolve the model velocity to take the beam

smearing into account. I adopt a homogeneous H I mass distribution, therefore, I can directly

convolve the model velocity map with the beam.

4.2.4 Combining kinematics weights

This method requires fitting two different data sets: the stellar kinematics (including the zero

moment or surface brightness, as described by the MGE model), and the cold gas kinematics.

The total �2 for each model built from the model parameters therefore contains two terms:

�2 = �2
star +�

2
gas. (4.10)

The best-fitting models are determined by selecting the models with the minimum �2.

The stellar surface brightness and kinematics are reproduced simultaneously in a single

Schwarzschild model by a superposition of all orbit bundles. Each orbit bundle k has a weight

wk. The weights of these orbit bundles are solved by minimising �2
star as:

�2
star = �

2
s,lum +�

2
s,kin. (4.11)

In practise I only take residuals of stellar kinematics �2
s,kin into consideration, because the
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residual of the surface brightness distribution fitting �2
lum is negligible compared to the other

terms as described in Section 3.2.3. Once the orbit bundle weights of a model are solved, the

�2
s,kin for this model is fixed.

The model confidence level for all Schwarzschild models is enlarged by the fluctuation of

�2
s,kin, which has a standard deviation of ⇠p2Ns,kin. I therefore set ��2

star =
p

2Ns,kin as the

1�� confidence level. A more detailed description of this method for calculating �2
star can be

found in van den Bosch et al. (2008); van den Bosch & van de Ven (2009); Zhu et al. (2018c).

The residual of cold gas kinematics for each model �2
gas equals

�2
gas =

XÅ
vmod � vlos

✏los

ã2
, (4.12)

with ✏los the error in observed velocity.

In practice, the 1 � � confidence level for fitting the cold gas kinematics is larger than
∆

2Ng,kin. I perturb the H I velocity by adding random Gaussian noise to the kinematic data

with the standard deviations of the Gaussian noise being the 1�� uncertainties of H I velocity,

and measure the standard deviation ��2
gas of �2

gas fluctuation as the 1�� confidence level for

fitting the cold gas kinematics.

Combining the confidence intervals for stellar and cold gas data, the 1�� confidence level

for all models is

��2
tot =��

2
star +��

2
gas. (4.13)

4.3 Application to NGC 2974

In this section, I introduce the application of the model with combined tracers to early-type

galaxy NGC 2974 to obtain its properties. I particularly focus on its dark matter inner slope �,

which decides whether this galaxy has a core or cusp for its dark matter halo. I first introduce

the data sets I need to model this galaxy, including its surface brightness, stellar and cold gas

kinematics. I then show the results of this application and compare the results obtained with

the Schwarzschild models with stellar kinematics only.
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Parameter Value
Hubble type S0a

Distance 20.89 Mpc
Distance scale 101.3 pc/arcsec
Position Angle 41�

Effective radius (Re) 24 arcsec
K-band magnitude (MK) -23.62 mag
Effective stellar velocity dispersion (�e) 226 km/s

Table 4.1: Basic Properties of NGC 2974. a NGC 2974 was first classified as an E4 galaxy, and then Cin-
zano & van der Marel (1994) found it to be a lenticular (S0) galaxy. All other values were taken
from Weijmans et al. (2008), except MK (Cappellari et al., 2011) and �e (Cappellari et al., 2013b).

4.3.1 Data

To construct the dynamical models of NGC 2974, I make use of a variety of datasets, including

surface brightness, stellar kinematics and H I velocity, which I describe below. I first list the

basic properties of NGC 2974 in Table 4.1 and show an image of this galaxy on the left panel

of Figure 4.3.

Stellar kinematics

The stellar kinematics of NGC 2974 (velocity, velocity dispersion and Gaussian-Hermite mo-

ments h3, h4) were first presented by Emsellem et al. (2004) as part of the SAURON sur-

vey (de Zeeuw et al., 2002), and then re-reduced as part of the Atlas3D Survey (Cappellari

et al., 2011). The spectra of NGC 2974 were Voronoi binned (Cappellari & Copin, 2003) to

a S/N of 40 and fitted using the penalised pixel fitting method pPXF(Cappellari & Emsellem,

2004). In this work, I use the kinematic maps as published by Atlas3D, as shown Figure 4.1.

The stellar kinematics show that NGC 2974 rotates regularly and the h3 field is anti-correlated

with its velocity field. There is a single peak in the centre of the velocity dispersion field, while

there is a dip in the centre of the h4 field.

Cold gas kinematics and mass

I use the H I kinematics (velocity) of NGC 2974 presented by Weijmans et al. (2008). The H I

observations were obtained by the Very Large Array (VLA) in C-configuation. The data were

reduced and calibrated using the MIRIAD software package (Sault et al., 1995), resulting in a

data cube with spectral resolution 20 km/s and a spatial beam of 19.9⇥17.0 arcsec2. The H I

velocity map of NGC 2974 is shown in Figure 4.2: note that the stellar and cold gas discs are
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Figure 4.1: The stellar kinematic maps of NGC 2974 observed with SAURON, including velocity (km/s),
velocity dispersion (km/s), the third and fourth orders of Gauss-Hermite moments. The maps are
orientated so that north is up and east is to the left-hand side. The 1-Re ellipse is plotted in dashed
grey line. The data show that NGC 2974 rotates regularly and the h3 field is anti-correlated with its
velocity field. There is a single peak in the centre of the velocity dispersion field, while there is a dip in
the centre of the h4 field.
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Figure 4.2: The H I velocity map (km/s) of NGC 2974 observed with the VLA. The map is orientated
so that north is up and east is to the left. The H I ring is aligned with the stellar disc (see Figure 4.1).
The 1-Re ellipse is plotted in dashed grey line.

kinetically aligned.

The H I intensity is also included in the H I observations, from which I can calculate the H I

mass distribution and parameterise it with the MGE method. However, as the total H I mass of

NGC 2974 is three orders smaller than the stellar mass (Weijmans et al., 2008), its contribution

to the gravitational potential is negligible compared to the dark matter halo. Therefore I do

not include the H I mass in the dynamical model.

Surface brightness and mass-to-light ratio

To trace the stellar mass, I choose compatible surface brightness and mass-to-light ratio dataset.

The surface brightness of NGC 2974 is the r-band imaging taken from the Panoramic Survey

Telescope and Rapid Response System (Pan-STARRS), as shown in Figure 4.3(a). The mass-

to-light ratio ⌥ (x 0, y 0) is the SDSS r-band mass-to-light ratio distribution (Poci et al., 2017,

⌥ -maps available on Atlas3D website). These datasets are compatible because the Pan-STARRS

r-band filter is comparable to the r-band filter of the Sloan Digital Sky Survey (SDSS) (Gunn
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(a) r-band image (b) contour map

Figure 4.3: The r-band image of NGC 2974 from Pan-STARRS; (b) The surface brightness contours of
NGC 2974 (black) and its Multi Gaussian Expansion (MGE) model (red). There is also a foreground
star in the image, which is masked in the MGE model.

et al., 2006; Doi et al., 2010), avoiding additional calibration for surface brightness.

The Pan-STARRS images are stacked from short exposure images, to reach a limiting mag-

nitude of 23.2 in r-band. In NGC 2974, this correspond to a radius of 3.5 Re, which is beyond

the extent of the stellar kinematic data sets. More descriptions of Pan-STARRS can be found

on the Pan-STARRS website and in the Pan-STARRS papers (e.g. Chambers et al., 2016).

I apply the MGE technique to the r-band Pan-STARRS image of NGC 2974. The resulting

MGE model contains 7 Gaussians as shown in Table 4.2. The contour map of the MGE fitting

results is shown in Figure 4.3(b). The 1-dimensional residuals (shown in Figure 4.4) are within

2% in the inner region and about 10% in the outskirts of the galaxy.

I then adopt the r-band mass-to-light ratio distribution in Poci et al. (2017) as ⌥ (x 0, y 0) to

fit the free parameters ⌥̃ j based on the MGE result. The resulting 1-dimensional fit of ⌥ (x 0, y 0)

is shown in Figure 4.5, and the corresponding MGE central mass density Mj = L j · ⌥̃ j is shown

in Table 4.2.
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Figure 4.4: 1-dimensional residuals of MGE. From top to bottom are the fittings along the directions
varying from the major to the minor axis of the galaxy with a step of 15�.

j L j(L�/pc2) � (arcsec) qj Mj(M�/pc2)
1 4276.01 0.54153 0.83144 16208.47
2 7782.37 0.88097 0.82501 26366.23
3 2853.55 1.44526 0.94271 13148.71
4 3171.34 3.81993 0.67267 11329.50
5 220.000 6.64704 0.99990 1966.17
6 970.160 10.7437 0.55375 2890.09
7 252.150 28.4453 0.61238 778.71

Table 4.2: MGE Parameters of the surface brightness and stellar mass distribution of NGC 2974. From
left to right: index, central luminosity intensity, width (standard deviation), axis ratio, central mass
density of each Gaussian. The values of central mass density Mj are already rescaled to the stellar
mass-to-light ratio according to the Chabrier IMF.
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Figure 4.5: The r-band mass-to-light ratio of NGC 2974. The diamonds are data from Poci et al.
(2017) but rescaled to the Chabrier IMF; the solid line is the best fitting ⌥ ; the dashed line is a constant
extension of ⌥ because of the limited radial coverage in Poci et al. (2017).

To be noticed, the mass-to-light ratio in Poci et al. (2017) is obtained with a constant

Salpeter IMF. Here I still assume NGC 2974 has a constant IMF, the choice of which is indi-

cated by a constant IMF factor ↵, but I rescale the values of Mj such that the Chabrier IMF

corresponds to ↵ = 1 and the Salpeter IMF corresponds to ↵ = 1.7 (Speagle et al., 2014) for

the convenience of calculation in this method.

I also notice that there is a dip in the r-band mass-to-light ratio at the galaxy centre (r = 0)

in Figure 4.5, which is caused by a single data point. However, it is unusual to claim there is

a significant change of mass-to-light ratio in the galaxy centre based on a single data point.

Furthermore, there is an AGN (Maia et al., 2003) in the centre of NGC 2974, which could

possibly affect the measurement of the mass-to-light ratio of this central data point and cause

this dip. I therefore neglect this single data point in the fitting of ⌥ (x 0, y 0). The influence of

including this dip in the fitting of ⌥ (x 0, y 0) is discussed in Section 4.3.4.

4.3.2 Model setting

Here I introduce my strategy to set the model parameters, including the IMF factor ↵, the

viewing angles, the parameters for the dark matter profile and the black hole mass.

The IMF factor ↵ is a free parameter, varies from 1.0 to 2.0 in steps of 0.1, to represent the
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total mass produced by different IMFs, from the Chabrier IMF (↵ = 1) to the bottom-heavy

IMF (↵⇠ 2).

I deproject the 2-dimensional mass distribution to 3-dimensional mass density following

Cappellari (2002); van den Bosch et al. (2008), and introduce the intermediate and minor axis

ratio pi and qi . Since NGC 2974 is nearly axisymmetric with pi ⇠ 1, I adopt only one viewing

angle, the inclination ✓ as a valid parameter in the model, with minor triaxiality still allowed.

As Weijmans et al. (2008) have already shown that the H I ring has an inclination of 60± 2�,

I fix the inclination ✓ to 60�.

There are four free parameters in the gNFW dark matter halo model. After running test

models, I found that the turning point of the dark matter profile ⌘ was not well constrained

even with cold gas kinematics. Therefore, I fix ⌘ to 2 in the model. For the other parameters

of the dark matter profile, the central density ⇢s and the scale radius rs are sampled on a

logarithmic grid, log[⇢s/(M� f · pc�3)] 2 [�5, 1] and log(rs/pc) 2 [3, 5]. The inner slope of

the dark matter profile, � 2 [0,1] is in a linear grid with a step of 0.1, and has a minimum

step of 0.05 around the best-fitting model.

Based on the MBH�� relation (e.g. Tremaine et al., 2002), a black hole mass for NGC 2974

is expected to be MBH = 2.5⇥108M� (see also Krajnović et al., 2005), which gives a radius of

influence of just 0.2 arcsec. As this is below the spatial resolution of the SAURON spectrograph

(0.8 arcsec), I at first neglected the contribution of the black hole to the gravitational potential.

However, after running a few testing models, I found that the observed velocity dispersions of

the central regions could not be reconstructed in the models without the inclusion of the black

hole or with a black hole mass setting smaller than 106M�. Therefore, I include the black hole

mass as a free parameter sampled on a logarithmic grid, with log(MBH/M�) sampled on the

interval [6, 10] in steps of 0.25.

In summary, I have 5 free parameters in the model: these are the IMF factor ↵, the three

parameters of the dark matter halo profile (⇢s,rs,�) and the black hole mass MBH.

4.3.3 Results

I introduce the result of application of this modelling technique to NGC 2974. In total I gener-

ated dynamical models of NGC 2974 from 4,259 groups of parameters, and these models are

selected in two different ways: by including both the cold gas kinematics and stellar kinemat-
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Figure 4.6: The grids of parameter space with cold gas kinematics. The best-fitting model is marked
with a cross sign. The coloured dots represent models within 3 �� confidence level, and larger and
redder dots stand for models with smaller �2

tot. The small black dots are the remaining models.

ics, and by fitting the stellar kinematics only.

Parameter grids

The free parameters of this modelling technique form a 5-dimensional parameter space. Here

I plot the parameter grids which are the 2-dimensional projections of this parameter space

in Figure 4.6 and 4.7. The dots represent all the models I have run, and the coloured dots

are the models within 3 � � confidence level, where 1 � � confidence levels are defined as

�2
tot �min(�2

tot) < ��
2
tot, and �2

star �min(�2
star) < ��

2
star for the cases with and without cold

gas kinematics, respectively. Here��2
tot =��

2
star+��

2
gas where��2

star =
p

2Ns,kin = 118 and

86



4.3. Application to NGC 2974

Figure 4.7: The grids of parameter space without cold gas kinematics. The best-fitting model is marked
with a cross sign. The coloured dots represent models within 3 �� confidence level, and larger and
redder dots stand for models with smaller �2

star. The small black dots are the remaining models.
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↵ ⇢s(10�3M�/pc3) rs(kpc) � MBH(109M�)

star + gas 1.8+0.2
�0.1 10.1+10.0

�3.3 40+23
�20 0.6+0.2

�0.3 1.6+1.2
�1.3

star only 1.9+0.1
�0.1 2.1+31.8

�1.6 16+84
�6 1.0+0.0

�1.0 1.0+0.7
�0.4

Table 4.3: The best-fitting parameters for two cases: with and without cold gas kinematics. The
uncertainties are the lower and upper limits of all models within 1�� confidence level. Here ⇢s and
MBH are already multiplied by ↵ to obtain their actual values.

��2
gas = 310 obtained by perturbing the gas kinematics.

It is obvious that cold gas kinematics significantly lessen the models within 3�� confidence

level. Using stellar kinematics only, 1110 of 4259 models are within the 1 � � confidence

interval, and I have not looped over the parameter space to generate all the models within

3 � � confidence interval. While including the cold gas kinematics in the model, only 48

models fall within the 1�� confidence interval.

The parameters of the models are also more tightly constrained with smaller uncertainties

by cold gas kinematics, especially the parameters related to the dark matter profile ⇢s, rs and �.

This clearly demonstrates the importance of including the cold gas kinematics as a constraint

to the gravitational potential.

Best-fitting model

I show the best-fitting parameters for the modelling in Table 4.3. The best-fitting parameters

are the values of the best-fitting model identified as having the smallest �2, and the uncer-

tainties quoted as the lower and upper limits of all models within the 1�� confidence level.

I list both the best-fitting parameters for the models with and without cold gas kinematics.

The parameters of the dark matter profile are better constrained by including the cold gas

measurements.

↵ is around 1.8, and it produces a total stellar mass 6% more than the total mass produced

by the Salpeter IMF in Poci et al. (2017). I would like to emphasise that although the total

mass produced by the actual IMF is similar to the that produced by the Salpeter IMF, the shape

of this actual IMF cannot be inferred from the value of ↵ within this modelling technique.

The stellar ⌥ in r-band is 5.4M�/L� in the outskirts and rises up to 6.8M�/L� in the centre.

Cappellari et al. (2013a) measure a stellar ⌥ in r-band of 8.9M�/L� with the assumption of a

NFW halo, which is significantly heavier than my measurements. However, when they assume
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Figure 4.8: The data (top), model (middle) and relative residual (bottom; defined as (model-
data)/error) of the surface brightness, stellar velocity, velocity dispersion, the third and fourth orders of
Gauss-Hermite moments and cold gas velocity of NGC 2974 from left to right for the case of including
cold gas kinematics.

a Salpeter IMF, their ⌥ within 1 Re is 6.1M�/L�, consistent with my measurements.

Krajnović et al. (2005) included a central black hole in their Schwarzschild model of NGC

2974 with a fixed mass as predicted by the MBH � � relation (2.5 ⇥ 108M�)(e.g. Tremaine

et al., 2002). My best-fit models return a black hole mass of 1.6+1.2
�1.3 ⇥ 109M�. However, this

result might be biased due to the spatial resolution of the data, the existence of an AGN, as

well as the not well understood behaviour of ⌥ in the very central parts of the galaxy. Besides,

whether a higher sampling of orbits will change the best-fitting value of the black hole mass is

not tested yet. Therefore, I do not make any claims about the true mass of the supermassive

black hole in NGC 2974 from these models.

The corresponding best-fitting surface brightness and kinematics maps for the model with

and without cold gas kinematics are shown in Figure 4.8 and 4.9. The residual plots of stellar

moments do not show strong sub-structures for both cases. However, there is a strong differ-

ence between the residual maps of H I velocity. Using stellar kinematics within 1� 2 Re alone

may cause a strong deviation of the gravitational potential outside 4 Re.
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Figure 4.9: The data (top), model (middle) and relative residual (bottom; defined as (model-
data)/error) of the surface brightness, stellar velocity, velocity dispersion, the third and fourth orders of
Gauss-Hermite moments and cold gas velocity of NGC 2974 from left to right for the case of including
stellar kinematics alone.

Enclosed mass profile

The enclosed mass profiles of NGC 2974, which describe the enclosed masses within a certain

radius, are shown in Figure 4.10, both for the cases with and without cold gas kinematics.

The black, red and green solid lines stand for the enclosed total, stellar and dark matter mass,

respectively. The corresponding dashed lines show the lower and upper limits for the models

within 1�� confidence level. The stellar mass profile changes little between the two plots, as it

dominates the inner region within 2 Re and is mainly constrained by the stellar kinematic data.

The dark matter fraction is 7% within 1 Re, consistent with the measurement in Cappellari et al.

(2013a) and smaller than the measurements of Weijmans et al. (2008) and Poci et al. (2017).

The dark matter fraction is 66% within 5 Re with an uncertainty of 10% for the case with cold

gas kinematics, which is significantly better constrained with the cold gas covering the region

outside 4 Re, where the dark matter begins to be dominating. The dark matter fraction within

5 Re is hardly constrained with stellar kinematics alone. This again emphasises the importance

of including extended tracers for dark matter measurements.
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Figure 4.10: The enclosed mass profile of NGC 2974: (a) modelling with cold gas kinematics, (b)
modelling without cold gas. The black, red and green solid lines stand for the total, stellar and dark
matter mass, respectively. The corresponding dashed lines are their 1 � � uncertainties. The dark
matter fraction is measured with much smaller uncertainty for the model that includes the cold gas
kinematics. The red dashed line representing the lower uncertainty overlaps with the red solid line in
the right-hand panel.

Dark matter profile

I show the dark matter density profiles for the models within 1�� confidence level for both

cases with and without the cold gas kinematics in Figure 4.11. In each plot, the orange line

shows the dark matter profile for the best-fitting model and the grey lines show the dark matter

profiles for the other models within 1�� confidence level. It is apparent that the dark matter

profile is constrained much better by including the cold gas kinematics.

Figure 4.11 again highlights the significance of the cold gas kinematics. Including the cold

gas kinematics in the model significantly reduces the uncertainties of � and shows that NGC

2974 prefers a shallow cuspy dark matter profile. As shown in the right panel of this figure,

with the stellar kinematics only the 1�� uncertainties include the full parameter range for �,

indicating � cannot be constrained without the cold gas kinematics.

Two parameters are commonly utilised to describe the dark matter halo: the virial mass

M200, which is defined as the enclosed mass within the virial radius r200, where the average

density within r200 is 200 times the critical density (⇢crit = 1.37 ⇥ 10�7M�/pc3, adopting a

Hubble constant H0 = 70km/s/Mpc); and the concentration c, which is defined as the ratio
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Figure 4.11: The dark matter profiles of all models within 1�� uncertainties: (a) modelling with cold
gas kinematics, (b) modelling without cold gas. Each grey line represents the dark matter profile of a
model, and the orange line is the profile of the best-fitting model. I also list the inner slope � of the
best-fitting model and its uncertainty. The dark matter halo inner slope is much better constrained by
including the cold gas kinematics.

of the viral radius r200 and the scale radius rs. These parameters are listed in Table 4.4 for

the best-fitting models, which shows again that the dark matter profile is better constrained

by including the cold gas kinematics in the modelling. However, I would like to emphasise the

following facts. The turning point of the dark matter halo ⌘ is fixed to 2 and the outer slope

of the dark matter halo is �3, which are not covered even with cold gas kinematics as shown

in Figure 4.11, therefore, the measurements of M200 and c are strongly model-dependant.

Stellar orbit distribution

The stellar orbit distribution offers information on the galaxy components and morphology,

based on their model kinematics. I characterise the stellar orbits with their circularity, defined

as the ratio of circular motion and total motion as:

�z = Lz/(rVc), (4.14)

where Lz = x vy � yvx , r =
p

x2 + y2 + z2 and Vc =
r

v2
x + v2

y + v2
z + 2vx vy + 2vx vz + 2vy vz ,

taken the average for each orbit. Based on this parameter, I classify the orbits in the model

into three dynamical components: hot (|�z |  0.25), warm (0.25 < �z < 0.8), and cold

(�z � 0.8). The circularity map (Figure 4.12) shows that three major dynamical components
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r200(kpc) M200(1013M�) c

star + gas 560+340
�200 2.0+6.3

�1.5 14+4
�2

star only 130+1430
�80 0.022+43.125

�0.021 8+14
�4

Table 4.4: The dark matter halo parameters (virial mass M200, virial radius r200 and concentration c)
deduced from the best-fitting models for the two fitting cases: with and without cold gas kinematics.
The uncertainties are the lower and upper limits of all models within 1�� confidence level.

are distinguished in this dynamical modelling of NGC 2974: an extended hot component re-

lated to a prominent bulge, a central warm component possibly representing a thick disc, and

an extended cold component linked to a thin disc. This is consistent with NGC 2974 being a

lenticular galaxy. The cold gas kinematics lead to little differences in the stellar orbit distri-

bution in the best-fitting model, because the stellar orbit distribution is mainly decided by the

stellar kinematics.

Krajnović et al. (2005) modelled NGC 2974 with an axisymmetric orbit-superposition

model, which generated a strong counter-rotating component, while in this model, a strong

hot component is produced and there is hardly any counter-rotating component. The reason

for this difference is that box orbits are forbidden in an axisymmetric model, and the corre-

sponding kinematic features are mimicked by a combination of rotating and counter-rotating

orbits. I allow a triaxial shape and also sample enough box orbits by adding an additional box

library, therefore, my modelling technique can recover the hot component in this galaxy.

Galaxy anisotropy reveals the intrinsic motions of early-type galaxies. Therefore, I also

measure two parameters of galaxy anisotropy. The first parameter is the vertical-orthogonal

parameter �, which is defined as,

� = 1�
�2

z

�2
x
⌘ 1�

�2
z

(�2
R +�

2
�
)/2

. (4.15)

The second is the tangential-radial parameter �r , which is defined as,

�r = 1�
�2

t

�2
r
⌘
(�2
� +�

2
✓ )/2

�2
r

. (4.16)

I plot their 1-dimensional distributions in Figure 4.13. The figure clearly reveals that the galaxy

anisotropy is not constant, but varies with radius. �r is in general below 0, indicating that NGC

2974 has tangential anisotropy. Cappellari et al. (2007) measured the global anisotropy with
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Figure 4.12: The stellar orbit distribution on the phase-space of �z vs. r of the best-fitting model
to NGC 2974: (a) modelling with cold gas kinematics, (b) modelling without cold gas. The colour
bar indicates the probability density of orbits. There are a hot central component, an extended warm
central component, and an extended cold component in both cases.

similar definition for NGC 2974 with � = 0.24 and �r = �0.20, which are consistent with my

results.

4.3.4 Discussion

Dark matter inner slope

In this work I constrain the inner slope � of the gNFW dark matter profile of NGC 2974, which

decides whether the dark matter halo of this galaxy has a core or cusp. Here I review the

wide range of values quoted in literature for � in early-type galaxies for a comparison. Most

measurements prefer the cusp model, such as an NFW-like or steeper inner slope. For example,

Wasserman et al. (2018) modelled the massive elliptical galaxy NGC 1407 and found an NFW-

like inner slope �= 1.0+0.2
�0.4, consistent with the average inner slope �= 0.80+0.18

�0.22 of 81 strong

lenses early-type galaxies as obtained by Sonnenfeld et al. (2015) using a constant mass-to-

light ratio. Grillo (2012) showed that the average logarithmic slope of 39 strongly lensed

early-type galaxies is �= 2.0±0.2 or �= 1.7±0.5 with a Chabrier or Salpeter-like IMF and a

constant mass-to-light ratio as well, respectively. Mitzkus et al. (2016) also found �= 1.4±0.3

in a gNFW dark matter profile for lenticular galaxy NGC 5102 with stellar kinematics. Oldham

& Auger (2018) obtained similar results using strong lensing, showing that the majority of

massive early-type galaxies have an average � = 2.01+0.19
�0.22. However, a core-like dark matter
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Figure 4.13: 1-dimensional anisotropy distributions. The vertical-orthogonal anisotropy � = 1 �
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profile is not ruled out for early-type galaxies: Forestell & Gebhardt (2010) found a power-law

slope of 0.1 in their best-fit dark halo model and rule out the NFW profile at 99% confidence

level for NGC 821 using the Schwarzschild model assuming a constant mass-to-light ratio. Zhu

et al. (2016) made JAM models with stellar kinematics combined with GCs and PNe assuming a

constant mass-to-light ratio and found that a core model is preferred for massive elliptical NGC

5846, although a cusp model would still be acceptable. A small number of early-type galaxies

in Oldham & Auger (2018) are also consistent with cored models (average � = 0.10+0.33
�0.10). I

obtain a shallow cuspy dark matter profile for NGC 2974, with an inner slope of � = 0.6+0.2
�0.3,

which is not frequently reported in early-type galaxies. However, my result is still consistent

with Wasserman et al. (2018) and Sonnenfeld et al. (2015) on 1�� confidence level.

I emphasise that the measurements of dark matter inner slopes are carried out in vari-

ous techniques with different assumptions. It is concerning that a number of measurements

failed to consider a spatially varying stellar mass-to-light ratio (e.g. Sonnenfeld et al., 2015;

Grillo, 2012; Forestell & Gebhardt, 2010; Zhu et al., 2016), which is degenerate with the

dark matter inner slope, while some of the measurements have no extended tracers to con-

strain the measurements of dark matter profiles (e.g. Mitzkus et al., 2016; Oldham & Auger,

2018). Therefore, more measurements with detailed assumptions and extended datasets are

still needed to understand the behaviour of the dark matter in early-type galaxies.
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Figure 4.14: The circular velocity of NGC 2974. The black solid line is the rotation curve calculated
from the gravitational potential and convolved with the SAURON PSF; the red and purple solid lines are
the stellar and dark matter contributions without the PSF convolution; the corresponding dashed lines
are their 1�� uncertainties. The error-bars are from Weijmans et al. (2008): the green error-bars are
the stellar velocity after asymmetric drift correction and the orange error-bars are the H I velocity. The
difference at 1 kpc is because Weijmans et al. (2008) adopt an analytical model based on asymmetric
drift correction.

Asymmetric drift correction

Weijmans et al. (2008) corrected observed stellar velocities of NGC 2974 for asymmetric drift,

to obtain the circular velocity representative of the gravitational potential of the galaxy. I

compare the rotation curve extracted from my best-fitting model for the case with cold gas

kinematics with their rotation curve in Figure 4.14. The black solid and dashed lines are the

rotation curve and corresponding uncertainties generated from the gravitational potential of

my models with cold gas kinematics within the 1�� confidence level. The rotation curve of

Weijmans et al. (2008) has two parts: the orange dots show the H I velocity data extracted from

the H I data which I also used for my models; the green dots are the stellar velocities corrected

for asymmetric drift. My model is therefore consistent with the earlier work by Weijmans

et al. (2008), confirming the effectiveness of obtaining rotation curves with asymmetric drift

correction.
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Figure 4.15: The r-band mass-to-light ratio of NGC 2974 including the central data point.

Influence of the central dip in mass-to-light ratio

There is a dip in the galaxy centre in the r-band mass-to-light ratio as I mentioned in 4.15 and

I excluded the single data point in the fitting. Here I will discuss the influence of including

this data point to the results, especially the dark matter inner slope �.

I show the fitting of including the central single data point in Figure 4.15. This results in a

group of different stellar mass MGE parameters Mj (see Table 4.5), especially for the first two

MGEs. I construct 1,609 models based on this MGE model, with the exact same procedures as

for the other models. The parameter space around the best-fitting models are looped, however,

the 1�� confidence intervals might not be accurate because of a possible missing of models.

I show the comparisons of the best-fitting parameters in Table 4.6.

In general, including the single data point in the mass-to-light ratio fitting does not sig-

nificantly change the best-fitting parameters. However, fitting this dip does change the dark

matter profile, including the dark matter inner slope �, instead of changing the mass of central

black hole only. Surprisingly, the change caused by this single data point in the galaxy centre

has an influence on the dark matter profile other than the mass of the central supermassive

black hole, which demonstrates the degeneracy between the stellar mass distribution and the

dark matter profile might be strong in dynamical modelling. To obtain reliable measurements
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j Mj(M�/pc2) Mj(M�/pc2)
(with dip) (no dip)

1 10624.64 16208.47
2 29155.03 26366.23
3 12573.17 13148.71
4 11440.99 11329.50
5 1851.09 1966.17
6 2975.66 2890.09
7 753.48 778.71

Table 4.5: The comparison of stellar mass MGE Parameters of NGC 2974 for the case for including and
excluding the central data point.

of the dark matter inner slope, the behaviour of stellar mass distribution (e.g. the mass-to-light

ratio and IMF gradient) should be fully considered and treated with caution.

4.4 Summary

In this chapter, I introduced a newly developed orbit-based method with combined stellar and

cold gas kinematics and applied it to early-type galaxy NGC 2974. The main results are as

follows.

1. This modelling shows a preference for a shallow cuspy dark matter halo profile, with

the inner slope of the halo � = 0.6+0.2
�0.3 in a gNFW profile. The dark matter halo has a

total mass of M200 = 2.0+6.3
�1.5 ⇥ 1013M� and a concentration of c = 10.8+3.2

�1.5. I also find

that the stellar mass is slightly heavier than the mass produced if assuming a Salpeter

IMF, with a corresponding stellar ⌥ in r-band decreasing from 6.8M�/L� in the centre

to 5.4M�/L� in the outskirts.

2. The comparison between the results of the modelling with and without cold gas kinemat-

ics clearly shows that extended tracers are essential to constrain the dark matter profile

in galaxies. Including the cold gas kinematics does an excellent job on obtaining the in-

ner slope � of the dark halo profile and constraining the dark matter fraction. The cold

gas kinematics excluded more than 95% of models within the 1 � � confidence level

of the Schwarzschild modelling with stellar kinematics only and reduced the relative

uncertainty of the dark matter fraction to 10% within 5 Re.

3. I characterise the stellar orbits of NGC 2974 into three principal components: an ex-

tended hot component, a central warm component, and an extended cold component,
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↵ ⇢s(10�3M�/pc3) rs(kpc) � MBH(109M�)

with dip 1.8+0.1
�0.1 5.1+7.6

�0.3 79+0
�54 0.70+0.05

�0.20 1.6+0.1
�1.1

no dip 1.8+0.2
�0.1 10.1+10.0

�3.3 40+23
�20 0.6+0.2

�0.3 1.6+1.2
�1.3

Table 4.6: The best-fitting parameters for two cases: including and excluding the central data point.
The uncertainties are the lower and upper limits of all models within 1�� confidence level. Here ⇢s
and MBH are already multiplied by ↵ to obtain their actual values.

corresponding to a prominent bulge, a central thick disc or a core, and a thin disc, respec-

tively. As the cold gas kinematics are outside the field-of-view of the stellar kinematic

data, the introduction of cold gas kinematics does not alter the orbit distribution signif-

icantly.

This orbit-based method with combined tracers has been proved successful. However, this

method can only be applied to galaxies with aligned stellar and gaseous discs, which limits

its application. Therefore, I will further develop this technique for galaxies with misaligned

stellar and gaseous discs in the next chapter.
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5
Generalised orbit-based models to misaligned

stellar and cold gas discs

In Chapter 4, I described an orbit-based method with combined stellar and cold gas kinematics

and applied this method to early-type galaxy NGC 2974 to study its mass distribution, assuming

that the cold gas (H I ) disc is a thin disc sitting in the equatorial plane of the galaxy. This

assumption describes the case of NGC 2974, however, the stellar and gas discs are not always

aligned in galaxies. Therefore, I will introduce the case that the stellar and gaseous discs are

misaligned in galaxies as a further study, and then generalise this method to model galaxies

with misaligned stellar and cold gas discs in this chapter. I will also apply this method to

early-type galaxy NGC 3626 with misaligned two-aperture stellar kinematics and cold gas

kinematics, to explore the prospect of this new modelling method for a wider application to

galaxies.
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5.1 Misalignment between stars and gas in galaxies

Galaxies with kinematically misaligned stars and gas are commonly observed in the universe.

Early observations found over 20% misaligned stars and ionised gas in lenticular galaxies (Bertola

et al., 1992; Kuijken et al., 1996). Despite of a small sample size, Kannappan & Fabricant

(2001) found the fraction of such misalignment depends on galaxy morphology: they detected

misalignment in early-type galaxies but not in spiral galaxies. The development of IFU surveys

provides a much larger sample for this problem, and confirms the earlier conclusion. In the

SAMI Galaxy Survey, 11% of galaxies on average have misaligned stars and ionised gas, but

the result has strong morphology dependence: the fraction is 45% for early-type galaxies and

5% for late-type galaxies (Bryant et al., 2019). Duckworth et al. (2020) found a similar mor-

phology dependence for about 2600 galaxies in the MaNGA Survey: 28% of elliptical galaxies,

10% of lenticular galaxies and 5% of spiral galaxies are misaligned. Barrera-Ballesteros et al.

(2015) reported a higher fraction of misalignment between stars and ionised gas in interacting

galaxies than non-interacting galaxies in the CALIFA survey. Apart from the ionised gas, mis-

alignments between stars and molecular gas (Young, 2002; Young et al., 2008; Crocker et al.,

2011) or atomic gas (Morganti et al., 2006) were also found in a small sample size of early

type galaxies. Davis et al. (2011) further found that all the detected gas content in galaxies,

including ionised, molecular and atomic gas, are always aligned with each other, even though

the ionised gas of 36% of fast-rotating galaxies are misaligned with stars in the Atlas3D Survey.

This common existence of misaligned stars and gas provides an additional sample for the

application of dynamical modelling with combined stellar and gaseous kinematics, however,

whether misaligned gas can be modelled depends on the dynamical process of its formation.

The misalignment between stars and gas is regarded as evidence supporting the external ori-

gin of gas, such as galaxy mergers (Balcells & Quinn, 1990; Hernquist & Barnes, 1991; Barnes

& Hernquist, 1996) and gas accretion from haloes (Roškar et al., 2010). Galaxy mergers

are violent processes, and the misaligned gas formed in mergers can hardly be in dynamic

equilibrium. On the contrary, simulations have shown that the accreted gas discs can re-

main misaligned with stars consistently for a time scale longer than 2 Gyr in early-type galax-

ies (Starkenburg et al., 2019; van de Voort et al., 2015). It is reasonable to assume that a

misaligned gas disc with a regular shape is in a dynamical equilibrium and therefore can be

modelled either analytically or numerically. Therefore, I expanded the orbit-based model in
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Chapter 4 for galaxies with misaligned stellar and gaseous disc. This will enlarge the galaxy

sample with combined stellar and extended gaseous kinematics, and further benefit the study

of dark matter properties.

5.2 Generalisation to misaligned discs

In this section, I describe the generalised orbit-based model for misaligned stellar and gaseous

discs, which contains two parts: I first discuss the geometry of a misaligned stellar and cold

gas discs and then the behaviour of the cold gas disc inclined from the equatorial plane of

the gravitational potential. I then introduce a method to predict the 1 � � confidence level

for the cold gas kinematics theoretically, which replaces the perturbation method described in

Chapter 4.

5.2.1 Deprojection of misaligned discs

In this section, I will show the method to deproject the misaligned discs in 3-dimensional space.

Here I assume the cold gas disc to be circular, because cold gas usually moves in circular orbits.

The stellar disc is also assumed to be circular, described by a nearly axisymmetric model.

First, I deproject misaligned discs to 3-dimensional space. Assuming the PA and inclination

of the stellar disc are (PA1, i1) and those of the gas disc are (PA2, i2), each disc has two possible

positions in 3-dimensional space: rotating clockwise or counter-clockwise around its major

axis, as shown in Figure 5.1. Considering the symmetry, the relative position between the

stellar and gas discs have two cases: both discs rotate in the same direction (clockwise or

counter-clockwise), or they rotate in different directions (one clockwise and the other counter-

clockwise), as shown in Figure 5.2. The angle ✓ between the symmetry axes of the stellar and

gas discs is given by the following equation

cos✓ = cos i1 cos i2 ± sin i1 sin i2 cos (PA1 � PA2)

= q1q2 ±
q

1� q2
1

q
1� q2

2 cos (PA1 � PA2)
(5.1)

where q1,2 = cos i1,2 is the kinematic axis ratio which can be measured with the method de-

scribed in Chapter 2, and the sign of ± decides the case: the + sign stands for the same

direction and the � sign stands for the opposite direction.

Here I note that the galaxies with so-called ‘aligned’ stellar and gas discs are only aligned in
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(a) stellar disc, clockwise (b) gas disc, clockwise

(c) stellar disc, counter-clockwise (d) gas disc, counter-clockwise

Figure 5.1: Deprojections of stellar (red) and gas (blue) discs. The line-of-sight (LOS) axis stands for
the LOS direction and the PA axis stands for the major axis of each disc. Each disc has two possible
projection: rotating clockwise or counter-clockwise around the PA axis from the sky plane.
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Figure 5.2: Relative positions between stellar (red) and gas (blue) discs. The LOS axis stands for the
LOS direction and the PA axis stands for the major axis of each disc. The relative positions between two
discs have two cases considering the symmetry: both rotating clockwise/counter-clockwise around the
PA axis of each disc, or one rotating clockwise and the other rotating counter-clockwise around the PA
axis of each disc.
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Chapter 5. Generalised orbit-based models to misaligned stellar and cold gas discs

Figure 5.3: The behaviour of the gas disc misaligned with the stellar disc. The stellar disc is marked
in red and the gas disc is in blue. The stellar disc sits in the xy-plane, and the gas disc rotates an angle
✓ around the x-axis.

the 2-dimensional projection. Even if the stellar and gas discs have the same PA and inclination,

the possibility of case 2 where two discs rotate in different directions exists, which means they

are still misaligned in 3-dimensional space. However, case 2 is usually neglected for so-called

‘aligned’ discs because the possibility that two misaligned discs happen to be projected with

the same PA and inclination is negligible.

5.2.2 Gas disc behaviour in gravitational potential

I now discuss the behaviour of the gas disc which is misaligned with the stellar disc, as shown

in Figure 5.3. The stellar disc is marked in red and the gas disc is marked in blue. The stellar

disc sits in the x y-plane with its rotation axis aligned with the z-axis, and the gas disc rotates

at angle ✓ around the x-axis. A particle in the gas disc at radius r0 only has a circular motion

vc around the z0-axis. Assuming that this particle has coordinates of (R0, z0,�0) in the stellar
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cylindrical coordinates, its projection along the �-direction is

v� =
r0 cos✓

R0
vc , (5.2)

I assume that there is a dynamical equilibrium along the R-direction as

v� =
∆
�AccRR0

· R0, (5.3)

where AccRR0
is the gravitational acceleration along the R-direction at R0, which can be com-

puted with the MgeFit package (Cappellari, 2002).

The modelled light-of-sight velocity of the gas is given by

vmod = vc sin i2 cos�0, (5.4)

where �0 is the azimuthal angle from the major axis of the gas disc. The modelled velocity is

then convolved with the beam of the observation for a direct comparison with the observational

velocity.

5.2.3 Uncertainty of cold gas kinematics

In Section 4.2.4, I adopted the residual of cold gas kinematics as

�2
gas =

X

i

✓
vmod,i � vlos,i

✏los,i

◆2

, (5.5)

where vmod is the modelled gas velocity, vlos is the observational gas velocity and ✏los is the

corresponding error. The 1�� uncertainty of �2
gas was obtained with the perturbation method

numerically, which adds random Gaussian noise to the kinematic data with the standard de-

viations of the Gaussian noise being the 1�� uncertainties of H I velocity, and then measures

the standard deviation ��2
gas of the �2

gas. Here I deduce a theoretical prediction for ��2
gas.

Adding random Gaussian noise to the kinematic data is actually introducing a random
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variable xi to each data point i for �2
gas,p,

�2
gas,p =

X

i

✓
vmod,i � (vlos,i + xi · ✏los,i)

✏los,i

◆2

= �2
gas +

X

i

2xi · (vmod,i � vlos,i)
✏los,i

+
X

i

x2
i

(5.6)

where every xi follows the standard normal distribution. Although the x2
i term does not fol-

low a Gaussian distribution, in practice it is much smaller than the other term and therefore

negligible. Then �2
gas,p becomes

�2
gas,p ' �2

gas +
X

i

2xi · (vmod,i � vlos,i)
✏los,i

, (5.7)

which has a mean of �2
gas and a standard deviation of

��2
gas = 2

«
�2

gas, (5.8)

which is adopted as the 1�� uncertainty of �2
gas. For NGC 2974, �2

gas = 24086 with a theo-

retical corresponding ��2
gas = 2

q
�2

gas = 310, which is consistent with the 1�� uncertainty

obtained with the perturbation method in Section 4.3.3.

5.3 Application to early-type galaxy NGC 3626

Boardman et al. (2017) selected 12 early-type galaxies from the Atlas3D survey with stellar

kinematics within 1 Re and presented their observations out to 3 Re by the Mitchell integral

field spectrograph (IFS; Hill et al., 2008) on the Harlan J. Smith telescope. The presence of

extended H I discs had been detected in these galaxies by the observations of the Westerbork

Synthesis Radio Telescope (WSRT; Serra et al., 2012), and only 5 out of 12 galaxies have

settled H I discs. Among these 5 galaxies, NGC 3626 has a regular H I disc which is clearly

misaligned with the stellar one. I therefore choose NGC 3626 as a test case for this misaligned

method, because the combination of its extended Mitchell stellar kinematics and very extended

H I velocity provides a valuable opportunity to explore the ability of this method to constrain

dark matter profiles. I list the basic information of NGC 3626 in Table 5.1 and show an image

in Figure 5.4.
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Parameter Value
Effective radius (Re) 25.7 arcsec
K-band magnitude (MK) -23.30 mag
Distance 19.5 Mpc
Stellar mass (log M⇤/M�) 10.71
Effective stellar velocity dispersion (�e) 131 km/s

Table 5.1: Basic properties of NGC 3626. The values are taken from (Cappellari et al., 2011), except
M⇤ Boardman et al. (2017) and �e (Cappellari et al., 2013b).

Figure 5.4: The r-band image of NGC 3626 from Pan-STARRS (Chambers et al., 2016). NGC 3626 is
a lenticular galaxy with disc structures. We can also see dust in the centre of this galaxy.
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5.3.1 Two-aperture stellar kinematics

The stellar kinematics of NGC 3626 has two datasets, an Atlas3D observation and a Mitchell

observation. The instrument of the Atlas3D survey is the SAURON integral field spectrograph,

which has a field-of-view of 33⇥ 41 arcsec2 sampled with 0.94 arcsec2 lenslets and a instru-

mental velocity dispersion of 105 km/s (Emsellem et al., 2004; Cappellari et al., 2011). The

Mitchell IFS has a large field-of-view of 1.68 ⇥ 1.68 arcmin, a large fibre size of 2.08 arcsec

and a maximum instrumental velocity dispersion of 42 km/s (Boardman et al., 2017). I show

the stellar velocity fields of NGC 3626 in the left panel of Figure 5.5.

Two-aperture stellar kinematics were modelled with the Schwarzschild technique in Copin

et al. (2004) for the central black hole in NGC 3377. Boardman et al. (2016) also modelled

NGC 3998 with the SAURON and Mitchell stellar kinematics. To include two-aperture stellar

kinematics, I adopt two independent stellar apertures in the process of solving the orbital

weights for each dataset and minimise the residual of stellar kinematics

�2
s,kin = �

2
s,kin,1 +�

2
s,kin,2, (5.9)

where �2
s,kin,i stands for the residual of the i-th dataset.

There is a problem that there are overlaps between the Atlas3D and Mitchell stellar kine-

matics. To deal with this problem, I follow the strategy of Boardman et al. (2016) to mask the

low-resolution Mitchell stellar kinematics in the central overlapped area. I adopt this strategy

for the following reasons: including both stellar kinematics in the dynamical modelling will

increase the weights of the central data, and therefore makes it difficult to fit the stellar kine-

matics at the outskirts; the Atlas3D stellar kinematics have higher spatial resolution than the

Mitchell ones, providing more detailed structures in the galaxy centre.

5.3.2 Cold gas kinematics

The H I kinematics (velocity) of NGC 3626 was obtained by the WSRT. The data were reduced

and calibrated using the MIRIAD software package (Sault et al., 1995), resulting in a data

cube with spectral resolution 16 km/s and a spatial beam of 41.2 ⇥ 11.8 arcsec2. The other

technical details of this observation were identical to those presented in Serra et al. (2012),

except that the observing time was 9 times longer.
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5.3. Application to early-type galaxy NGC 3626

Figure 5.5: The stellar and H I velocity fields of NGC 3626. Upper left: the SAURON stellar velocity;
Lower left: the Mitchell stellar velocity; Right: the WSRT H I velocity. The Mitchell instrument only
covers one half of the galaxy to reach galaxy outskirts within the limited field-of-view. The H I and
stellar discs are misaligned.

The H I velocity field of NGC 3626 is shown in the right panel of Figure 5.5, in which

there is a clear misalignment between the H I and stellar discs. I note that I make a cutoff

at 10 Re of the H I observation to exclude the blobs around the H I disc and the noisy data

at the outskirts. Using the method to measure PA and inclination described in Chapter 2,

Section 2.3.2, I measure the H I disc of NGC 3626 has PA2 = 180.5� and a kinematic axis ratio

q2 = 0.625, while the stellar disc has PA1 = 340.5�.

5.3.3 Mass distribution

The mass budget contains three components for each galaxy: the stellar mass, a dark mat-

ter halo and a central black hole. Here I introduce the process of parameterising the mass

distribution using the method described in Chapter 4, Section 4.2.1.

In Chapter 4, I introduced the method to obtain stellar mass distribution with the Mult-

Gaussian Expansion (MGE), which first obtains the MGE parameters (central luminosity in-

tensity L j , width �, axis ratio qj for each Gaussian) from galaxy surface brightness profiles,

111



Chapter 5. Generalised orbit-based models to misaligned stellar and cold gas discs

Galaxy j L j(L�/pc2) � (arcsec) qj Mj(M�/pc2)

NGC 3626

1 16953.60 0.54231 0.99990 31284.82
2 7062.40 1.60892 0.47412 15850.34
3 4455.16 2.24908 0.87134 4.46
4 2113.40 3.74169 0.65303 3994.76
5 425.85 15.17164 0.46503 992.46
6 164.81 31.60752 0.64170 534.15

Table 5.2: MGE Parameters of the surface brightness and stellar mass distribution of NGC 3626. From
left to right: index, central luminosity intensity, width (standard deviation), axis ratio and central mass
density of each Gaussian.

and then fits the mass-to-light ratio distribution ⌥ (x 0, y 0) to obtain the central mass density

Mj for each Gaussian. The initial mass function (IMF) factor ↵ is also introduced to indicate

the IMF of the galaxy.

Here I again adopt the compatible r-band images taken from the Pan-STARRS as the surface

brightness profile for Multi-Gaussian Expansion. The mass-to-light ratio distribution ⌥ (x 0, y 0)

contains two parts: the first part is the SDSS r-band mass-to-light ratio distribution derived

from the SAURON observations taken from Poci et al. (2017); the second part is the V -band

mass-to-light ratio derived from the Mitchell observations taken from Boardman et al. (2017),

which is then rescaled to match the SDSS r-band mass-to-light ratio. I show the MGE for the

surface brightness and the corresponding central mass density in Table 5.2. The MGE fitting of

the surface brightness and the 1-dimensional fitting of ⌥ (x 0, y 0) are shown in Figure 5.6. The

stellar mass-to-light ratio is obtained with assuming a constant Salpeter IMF across the galaxy.

I still assume the IMF is constant, introducing the IMF factor ↵ to indicate the IMF choice. I

note that the values of Mj is not rescaled as I did in Chapter 4. Therefore, ↵= 1 indicates the

Salpeter IMF.

I include a generalised-NFW dark matter halo for each galaxy, which is described with

its central mass density ⇢s, scale radius rs, inner slope � and turning point ⌘. The density

distribution of the dark matter black hole is described with the MGE method to generate its

gravitational potential. A central black hole is also included as a point source.

5.3.4 Orbit sampling and model settings

Following the method described in Chapter 4, Section 4.2.2, I sample the initial conditions

of the orbits with energy E and their starting points on the (x , z) plane using the (✓ , R) co-
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(a) Contour map (b) r-band mass-to-light ratio ⌥r

Figure 5.6: Left: The surface brightness contours (black) and its MGE model (red) of NGC 3626.
Foreground stars are masked in the image. Right: The r-band mass-to-light ratio of NGC 3626. The
red dots are data from Poci et al. (2017) and the blue dots are data from Boardman et al. (2017). The
solid line is the best fitting ⌥r .

ordinates with nE ⇥ n✓ ⇥ nR = 32 ⇥ 10 ⇥ 7. I also sample the initial conditions for the box

orbit library using energy E and two spherical angles ✓ (inclination) and � (azimuthal angle)

with nE ⇥ n✓ ⇥ n� = 32⇥ 10⇥ 7. The sampling nE for NGC 3626 is higher than that of NGC

2974, because its stellar kinematics are extended to over 3 Re and therefore require more high

energy orbits. For each orbit, 3 ditherings are introduced in every dimension to create an orbit

bundle, resulting total orbits of 60,480 for each orbit library.

Here I summarise the free parameters in the model. The first is the IMF factor ↵ 2 [0.5, 1.5]

with a step of 0.1, where ↵ = 1 indicates the Salpter IMF. There are three free parameters

for the dark matter halo profile: the central density ⇢s and the scale radius rs are sampled

logarithmically in the same way as described in Chapter 4, Section 4.3.2; the inner slope

� 2 [0,2] is in a linear grid with a step of 0.1 and the parameter ⌘ which controls the turning

point is fixed to 2. The mass of a central black hole MBH is also a free parameter sampled on a

logarithmic grid with MBH 2 [6,10] in a step of 0.1. There is one free parameter regarding the

projection of discs: the inclination of the stellar disc i1, while the inclination of the gas disc i2

and the PAs for both discs are already determined in Section 5.3.2.
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Galaxy i1(�) ↵ ⇢s(10�3M�/pc3) rs(kpc) � MBH(107M�)

NGC 3626 72+0
�7 1.4+0.2

�0.3 8.8+7.5
�4.4 5.6+1.4

�3.4 2.0+0.0
�0.0 3.5+12.4

�3.4

Table 5.3: The best-fitting parameters for NGC3626. The uncertainties are defined the lower and upper
limits of all models within 1�� confidence level. Here ⇢s and MBH are already multiplied by ↵ to obtain
their actual values.

5.4 Results

In this section, I introduce the results of fitting NGC 3626 and then evaluate the model ac-

cording to the results. I show the best-fitting models, the enclosed mass profile, dark matter

profile and stellar orbit distribution.

5.4.1 Best-fitting model

The best-fitting parameters are shown in Table 5.3, which are defined as the values of the

best-fitting model identified as having the smallest �2 = �2
s,kin + �

2
gas. The uncertainties are

defined as the lower and upper limits of all models within 1�� confidence level. The fitting

shows that the stellar and H I discs of NGC 3626 rotate in the same direction, and the angle

between the rotating axes of the stellar and H I discs ✓ = 120.3�.

The best-fitting model of stellar kinematics is shown in Figure 5.7, and that of the H I ve-

locity field is shown in Figure 5.8. The central stellar kinematics (within 1 Re) covered by the

SAURON observations are well-fitted, however, the model failed to recover the stellar velocity

and velocity dispersion at the galaxy outskirts (1�3 Re) covered by the Mitchell observations.

The recovery of H I velocity field shows a similar property: there is a strong inconsistency be-

tween the observational and modelled H I velocity within 3 Re. This inconsistency of modelling

Mitchell kinematics and H I velocity field indicates that the gravitational potential of NGC 3626

is not modelled well. I will discuss the reason for this inconsistency by investigating the mass

distribution. I also note that there seems to be a little misalignment between the observational

and modelled H I velocity field, which might be a result of an inaccurate PA or a twist of the

H I disc. Since the gravitational potential is not well modelled, it is difficult to determine the

reason for this misalignment.

Given the inconsistency between the observed and modelled stellar and H I kinematics, I

note that the best-fitting values and its 1 � � uncertainty might not be robust at this stage.

Since the gravitational potential is not fully recovered yet, the parameters related to the dark
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Figure 5.7: Stellar kinematics of NGC 3626. The upper panel is the SAURON data and the lower panel
is the Mitchell data. For each panel, there are the data (top), model (middle) and relative residual
(bottom; defined as (model-data)/error) of the surface brightness, stellar velocity, velocity dispersion,
the third and fourth orders of Gauss-Hermite moments from left to right. The grey regions in the
Mitchell data show the masked region in the galaxy centre. The SAURON kinematics are well fitted,
while there are features which are not fully fitted in the velocity and velocity dispersion of the Mitchell
data.
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Figure 5.8: H I velocity of NGC 3626. From the to right: data, model and residual (defined as (model-
data)/error). The residual map shows that the H I velocity is not perfectly fitted.

matter profile are not reliable. The following parameters related to the mass distribution and

stellar kinematics within 1 Re should be reliable: NGC 3626 has an inclination of 72� and

an IMF producing 1.4 times more stellar mass than the Salpeter IMF. Considering that the

influence radius of the central black hole with a mass of 3.5⇥107M� is lower than the spatial

resolution of the SAURON spectrograph as stated in Chapter 4, Section 4.3.3, the black hole

mass might not be an accurate measurement.

5.4.2 Mass distribution

I plot the enclosed mass profile of NGC 3626 in Figure 5.9. It shows that its stellar mass

distribution within 3 Re covered by the Mitchell observations, while the dark matter takes a

dominant role outside 10 Re. The dark matter fraction is 35% within 3 Re and rises up to

over 50% at 10 Re. I note that the dark matter fraction here might not be robust, for the total

gravitational potential is not perfectly constrained.

The dark matter profiles of all models within 1�� uncertainties are shown in Figure 5.10,

which reveals the reason that the total gravitational potential is not well constrained. There

are several settings of the fitting parameters responsible for the inconsistency between the

observational and modelled velocity: the dark matter inner slope � hits the upper limits of

the fitting; the parameter ⌘ which controls the turning point is fixed to 2; the outer slope

of the dark matter halo is �3, which is determined by the form of gNFW halo. Since the

H I observation is very extended, the turning point is located within the range of the data.
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Figure 5.9: The enclosed mass profile of NGC 3626. The black, red and green solid lines stand for
the total, stellar and dark matter mass, respectively. The corresponding dashed lines are their 1 � �
uncertainties.
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Figure 5.10: The dark matter profiles of all models within 1�� uncertainties of NGC 3626. The orange
line represents the dark matter profile of the best-fitting model, and the grey line represents the profile
of the other model within 1�� uncertainties. The left dashed line marks the position of 1 Re and the
right dashed line marks 10 Re. I also list the inner slope � of the best-fitting model and its uncertainty.

However, these settings prevent the model adjusting the dark matter distribution appropriately.

Therefore, the dark matter distribution is not well described by the model, which affects the

modelled gravitational potential and velocity fields.

The solution to this problem is to increase the freedom of the dark matter distribution in

the way of freeing the turning point controlling parameter ⌘ and introducing the dark matter

outer slope as a free parameter in the gNFW dark matter halo. If the gravitational potential

cannot be recovered with a gNFW dark matter halo, I will have to adopt a different form of

dark matter halo, such as the Einasto profile (Merritt et al., 2006).

5.4.3 Stellar orbit distributions

I plot the circularity (�z , see definition in Chapter 4, Section 4.3.3) map of NGC 3626 in

Figure 5.11, which shows NGC 3626 has a central bulge composed of hot and warm orbits and

an extended disc composed of cold and warm orbits. However, I note that the hot component

might be far more extended than 1 Re, because the stellar velocity dispersion of the Mitchell

observation in the galaxy outskirts (1� 3 Re) is not fitted well as shown in Figure 5.7.
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Figure 5.11: The stellar orbit distribution on the phase-space of �z vs radius of the best-fitting model
to NGC 3626. The colour bar indicates the probability density of orbits. In the central region within 10
arcsec, there are mainly hot and warm stellar orbits, while outside 10 arcsec, there are cold and warm
orbits.
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Chapter 5. Generalised orbit-based models to misaligned stellar and cold gas discs

5.5 Summary

In this chapter, I generalise the orbit-based model to galaxies with misaligned stellar and

gaseous discs. I then apply this method to NGC 3626, an early-type galaxy with central

SAURON stellar kinematics (1 Re), extended Mitchell stellar kinematics (3 Re) and a very

extended H I velocity field (10 Re), as a first exploration of this new orbit-based modelling

approach.

With these extended data, this method shows an exciting prospect of constraining dark

matter halo profiles. The current results show an inconsistency between the modelled and

observational kinematics in the outskirt of this galaxy, because the halo model adopted in this

chapter did not provide enough degrees of freedom to adjust the shape of dark matter profiles.

This problem can be solved by freeing the fixed parameter of this gNFW dark matter profile,

or adopting halo models. This method will be able to constrain the overall shape of dark

matter haloes or even distinguish different halo models, which will significantly benefit the

measurements of dark matter halo profiles, and therefore improve our understanding of the

nature of dark matter.
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Dark matter fractions of early-type galaxies

In previous chapters, I showed that including extended cold gas discs in orbit-based models

can significantly improve their ability to constrain dark matter halo profiles by showing their

applications to NGC 2974 and NGC 3626. However, extended cold gas discs are not available

for all galaxies, which leads me to turn to galaxies with extended stellar kinematics for a larger

sample. Exploring the mass distribution of a larger sample will allow me to study galaxy

stellar orbits and dark matter profiles across a wider mass range, and therefore investigate

the formation of galaxy components and the co-evolution of baryonic and dark matter. In this

chapter, I model a larger sample of galaxies, which have SAURON stellar kinematics within 1 Re

and Mitchell stellar kinematics extended to 3 Re, with the Schwarzschild orbit-superposition

technique. Together with NGC 2974 and NGC 3626 modelled in previous chapters, I will build

a larger sample to study the stellar orbit components and dark matter distributions.

There are 12 nearby early-type galaxies with both the SAURON and Mitchell stellar kine-

matics presented in Boardman et al. (2017). Here I list the basic information of these galaxies

in Table 6.1. Since the combined SAURON and Mitchell stellar kinematics of NGC 3626 and
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Chapter 6. Dark matter fractions of early-type galaxies

Re (arcsec) MK (mag) Distance (Mpc) log M⇤/M�
NGC 680 14.5 -24.17 37.5 11.09
NGC 1023 47.9 -24.01 11.1 11.02
NGC 2685 25.7 -22.78 16.7 10.48
NGC 2764 12.3 -23.19 39.6 10.66
NGC 3522 10.2 -21.67 25.5 9.99
NGC 4203 29.5 -23.44 14.7 10.77
NGC 5582 27.5 -23.28 27.7 10.70
NGC 5631 20.9 -23.70 27.0 10.89
NGC 6798 16.9 -23.52 37.5 10.80
UGC 03960 17.4 -21.89 33.2 10.09
NGC 3626* 25.7 -23.30 19.5 10.71
NGC 3998* 20.0 -23.33 13.7 10.73

Table 6.1: Basic properties of the sample galaxies, including the effective radius Re, K-band magnitude
MK , distance taken from (Cappellari et al., 2011) and stellar mass M⇤ taken from Boardman et al.
(2017). * NGC 3626 and NGC 3998 will not be modelled in this chapter, but will be included in the
analysis.

NGC 3998 were modelled with the Schwarzschild technique in Chapter 5 and Boardman et al.

(2016), respectively, I will refer to those results in my analysis instead of modelling these

galaxies repeatedly in this chapter.

6.1 Methods

In this section, I introduce the application of the Schwarzschild technique to the sample, in-

cluding the mass budget and the model setting.

6.1.1 Mass distribution

The mass budget is modelled with the same method as described in Chapter 4, which includes

the stellar mass parameterised with MGE, a generalised-NFW dark matter halo and a central

supermassive black hole.

I adopt the r-band images taken from Pan-STARRS (Chambers et al., 2016) as the surface

brightness profile to trace the stellar mass distribution for each galaxy. I apply MGE to the

r-band image of each galaxy and show the contour maps and the resulting MGE models in

Appendix A of this chapter. Here I particularly note that to fit the central twist of NGC 680,

I introduce a twist angle  j to the MGE fit, which allows the major axis of each Gaussian

deviating  j from the PA of the galaxy. For the other galaxies in the sample, the major axes of

all the Gaussians for each galaxy are aligned.
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6.1. Methods

I then fit the r-band mass-to-light ratio distribution ⌥ (x 0, y 0) to obtain the central mass

density Mj for MGE of the stellar mass distribution. The r-band mass-to-light ratio distri-

butions are composed of the SDSS r-band mass-to-light ratio distributions taken from Poci

et al. (2017) and V -band mass-to-light ratio taken from Boardman et al. (2017), which is

then rescaled to match the SDSS r-band mass-to-light ratio. The mass density Mj and the

1-dimensional fittings to ⌥ (x 0, y 0) for all galaxies can also be found in Appendix A.

The stellar mass-to-light ratio are obtained assuming a constant Salpeter IMF. The IMF

is assumed to be constant in the model, and the IMF factor ↵ is introduced such that ↵ =

1 indicates the Salpeter IMF. I adopt the generalised-NFW dark matter halo as described in

Chapter 4, which is parameterised with its scale density ⇢s, scale radius rs, inner slope � and

turning point controller ⌘ fixed to 2. A central black hole is also included as a point source.

6.1.2 Orbit sampling and model settings

The initial conditions of the orbit library are again sampled with energy E and their start-

ing points on the (x , z) plane using the (✓ , R) coordinates, and the initial conditions of the

additional box orbit library are sampled with their energy E and two spherical angles ✓ (in-

clination) and � (azimuthal angle). As the stellar kinematics are extended to more than 3 Re,

I adopt a different sampling of the energy E to balance between the number of orbits and

computing speed. For all sample galaxies except NGC 1023 and NGC 2685, nE ⇥ n✓ ⇥ nR =

nE ⇥ n✓ ⇥ n� = 25⇥10⇥7 with 3 ditherings in every dimension, resulting in 47,250 orbits in

each orbit library. For NGC 1023 and NGC 2685, the settings above are not enough to repro-

duce their galaxy orbits, therefore, I set nE ⇥ n✓ ⇥ nR = nE ⇥ n✓ ⇥ n� = 32⇥ 10⇥ 7 also with

3 ditherings in every dimension, resulting in 60,480 orbits in each orbit library.

The free parameters in the model are summarised as following: The inclination ✓ of each

galaxy has a step of 1�. The IMF factor ↵ varies within [0.5, 1.5] with a step of 0.1, where

↵ = 1 indicates the Salpter IMF. The dark matter halo has three free parameters, in which

the central density ⇢s and the scale radius rs are sampled logarithmically, and the inner slope

� 2 [0, 2] is sampled in a linear grid with a step of 0.1. The black hole mass MBH is sampled

on a logarithmic grid with MBH 2 [6, 10] in steps of 0.1.
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Chapter 6. Dark matter fractions of early-type galaxies

Galaxy ✓ (�) ↵ ⇢s(10�3M�/pc3) rs(kpc) � MBH(107M�)

NGC 680 69+0
�15 0.8+0.0

�0.2 8+24
�6 10+30

�7 1.0+0.6
�1.0 8+0

�2

NGC 1023 65+3
�0 0.6+0.1

�0.0 12+0
�6 20+12

�0 1.0+0.2
�0.0 19+3

�0

NGC 2685 85+0
�1 0.8+0.3

�0.1 12+3
�5 10+1

�4 1.2+0.0
�0.1 1.6+0.9

�1.2

NGC 2764 80+3
�2 1.3+0.3

�0.7 13+17
�7 10+10

�4 1.2+0.4
�0.6 1.6+4.3

�0.6

NGC 3522 82+3
�1 0.7+0.1

�0.1 8+8
�6 8+12

�3 1.2+0.2
�0.6 1.4+1.4

�0.9

NGC 4203 55+3
�2 0.6+0.0

�0.0 6.0+9.1
�5.5 1.6+14.3

�0.6 1.0+0.6
�0.4 5+14

�2

NGC 5582 65+4
�2 0.9+0.1

�0.0 9+5
�0 10+0

�0 1.2+0.0
�0.4 1.8+69.6

�1.5

NGC 5631 40+8
�2 0.8+0.2

�0.0 20+16
�16 13+37

�6 1.0+0.4
�0.6 10+4

�4

NGC 6798 65+7
�3 1.1+0.5

�0.6 11+71
�9 2+60

�0 1.4+0.6
�1.4 4.4+77.6

�3.9

UGC 03960 80+5
�3 1.5+0.1

�0.5 24+8
�21 4+16

�1 1.0+0.6
�0.8 1.2+7.6

�0.9

Table 6.2: The best-fitting parameters for all galaxies. The uncertainties are the lower and upper limits
of all models within 1 � � confidence level. Here ⇢s and MBH are already multiplied by ↵ to obtain
their actual values.

6.2 Results

Following the method described in Chapter 5, Section 5.3.1, I model the sample galaxies which

have two-aperture stellar kinematics (the SAURON and Mitchell stellar kinematics) with the

Schwarzschild technique. The orbital weights of each model are solved by minimising the

residual of stellar kinematics, and the best-fitting model is defined as the model with the min-

imum residual within all models. In this section, I show the results of this modelling, which

contain three parts: the best-fitting models, the mass distributions and the stellar orbit distri-

butions.

6.2.1 Best-fitting models

The best-fitting values for the free parameters in the model of all sample galaxies are listed

in Table 6.2. There are two parameters regarding the mass distribution of galaxies which are

particularly interesting: the IMF factor ↵ and the dark matter inner slope �.

The IMF factor ↵ varies between 0.6 and 1.5, which produces a wide total mass range.

The IMF factors of NGC 680, NGC 1023, NGC 3522 and NGC 4203 show a preference for the

Kroupa IMF; while NGC 2685, NGC 5582 and NGC 5631 are close to the Salpeter IMF, and

UGC 03960 prefers a heavier IMF than the Salpter one. The IMF factors of NGC 2764 and
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6.2. Results

Figure 6.1: IMF factor ↵ versus stellar mass for all sample galaxies. The length of lower/higher error
bar equals 0 means that the best-fitting value equals the lower/higher limit of 1�� uncertainties.

NGC 6798 are not well constrained. I show a plot of the IMF factor ↵ versus stellar mass in

Figure 6.1, in which I find no clear correlation between the IMF factor and stellar mass. The

average of the IMF factors is consistent with previous results that early-type galaxies have a

Salpeter-like IMF, but my result is inconsistent with the trend that there is a positive correlation

between the IMF factor and stellar mass (e.g. Cappellari et al., 2012; Sonnenfeld et al., 2015).

For the dark matter inner slope �, a central cusp is supported by all the sample galaxies

with an average of � = 1.1. However, the core model (� ⇠ 0) is favoured by NGC 680, NGC

6798 and UGC 03960. Although the cusp model is preferred by all sample galaxies, the core

model is not yet fully ruled out for NGC 2764, NGC 3522 and NGC 5631. The plot of the

dark matter inner slope � versus stellar mass is shown in Figure 6.2, and there is no clear

correlation between the dark matter inner slope � and stellar mass. The average stellar mass

of this sample is lower than previous measurements for early-type galaxies (Sonnenfeld et al.,

2012, 2015; Newman et al., 2013, 2015; Oldham & Auger, 2016, 2018; Wasserman et al.,

2018), therefore, this work fills in the gap at this mass range (1010�1011M�) for the study of

dark matter inner slopes in early-type galaxies.

The best-fitting stellar kinematics of all sample galaxies are shown in the Appendix B, in

which I discuss more details of the fittings. In general, the SAURON stellar kinematics within

1 Re are well-fitted with almost no structures in the residual maps, while the Mitchell stellar

kinematics are fitted relatively worse with some structures left in the residual maps, mainly

because of low signal-to-noise ratio (S/N) and large bin sizes in the galaxy outskirts.
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Chapter 6. Dark matter fractions of early-type galaxies

Figure 6.2: Dark matter inner slope � versus stellar mass for all sample galaxies. The length of
lower/higher error bar equals 0 means that the best-fitting value equals the lower/higher limit of 1��
uncertainties.

6.2.2 Enclosed mass and dark matter profiles

Studying the dark matter content in early-type galaxies is important for understanding the co-

evolution of early-type galaxies and their host dark matter haloes. Therefore, the dark matter

profiles of early-type galaxies are my main focus in this chapter.

I plot the enclosed mass profiles for all the sample galaxies in Figure 6.3. As I expected, the

stellar content dominates the enclosed mass profiles in the galaxy centre and the dark matter

fraction within 1 Re is commonly very low. The stellar mass content almost stops increasing at

4 Re and dark matter dominates the growth of the enclosed mass profile. These results again

indicate the importance of including extended tracers to study the dark matter in galaxies.

The dark matter profiles for all the sample galaxies are shown in Figure 6.4. This figure

shows that the slopes of the dark matter profiles begin to vary within 3 Re for some galaxies

(NGC 2764, NGC 4203, NGC 5582 and NGC 6798 and UGC 03960), suggesting that the turn-

ing point ⌘ might be constrained with these two-aperture stellar kinematics. The dark matter

slopes change to �3 at 10 Re for all galaxies, which confirms the conclusion of Chapter 5 that

the orbit-based models with very extended cold gas kinematics will be able to constrain the

overall shape of dark matter haloes (including the outer slope) or even distinguish different

halo models.

These results point out one direction of next steps. There are four galaxies which have

very extended H I kinematics (NGC 2685, NGC 4203, NGC 5582 and NGC 6798), and I will
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Figure 6.3: The enclosed mass profile. The black, red and green solid lines stand for the total, stellar
and dark matter mass, respectively. The corresponding dashed lines are their 1�� uncertainties. The
vertical dashed lines mark the radii of 1 Re and 4 Re.
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Chapter 6. Dark matter fractions of early-type galaxies

remodel them with orbit-based models with a halo model which the overall halo shape can be

adjusted. For the other galaxies with two-aperture stellar kinematics only, I will try to free the

turning point ⌘ to see if this parameter can be constrained.

I show the dark matter fractions within 1 Re ( fDM(Re)) and 3 Re ( fDM(3Re)) of all sample

galaxies in Table 6.3, including NGC 2974 and NGC 3626 modelled in Chapters 4 and 5, and

NGC 3998 modelled in Boardman et al. (2016). I also include the dark matter fraction within

1 Re measured with the JAM method taken from Cappellari et al. (2013a) for comparison.

For most of the galaxies, the dark matter fractions are between 10%-30% within 1 Re and

rise up to 40%-70% at 3 Re, showing again the importance of measuring dark matter with

extended stellar kinematics My measurements of fDM(Re) are consistent with (NGC 680, NGC

3522, NGC 4203, NGC 6798) or slightly different from (NGC 1023, NGC 2685, NGC 5582,

NGC 5631, UGC 03960) the measurements of Cappellari et al. (2013a). Since Cappellari et al.

(2013a) adopted an NFW halo model and a constant mass-to-light ratio to model stellar kine-

matics within 1 Re, these slight inconsistencies are within my expectation. However, there is a

significant inconsistency between my measurement and the measurement of Cappellari et al.

(2013a) for NGC 2764, where I obtain fDM(Re) = 0.56 while Cappellari et al. (2013a) found

no dark matter. This significant inconsistency is partly caused by the different assumptions

and less extended data adopted by Cappellari et al. (2013a), however, the imperfect fitting of

NGC 2764 might also cause an inaccurate measurement of dark matter fraction, which I will

discuss in Appendix B.

I show the dark matter fractions versus stellar mass for all sample galaxies (including

NGC 2974, NGC 3626 and NGC 3998.) in Figure 6.5. I also include the fitting curve for

the dark matter fractions within 1 Re of the Atlas3D sample with NFW halo models presented

in Cappellari et al. (2013b), which shows a trend that galaxies at the low-mass and high-mass

ends have higher dark matter fractions than galaxies with intermediate mass (⇠ 1010.6M�).

My measurements of the dark matter fractions show no trends with stellar mass within both

radii. Although this sample has a narrower mass range than the Atlas3D sample, fDM(Re) in the

intermediate mass range (⇠ 1010.6M�) are too far away from the fitting curve of the Atlas3D

sample to establish such a trend. This result is not surprising because their fitting curve was

obtained with a NFW halo model, and it reminds us to be cautious to make any conclusions

about galaxy evolution with such kind of trends.
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(c) NGC 2685
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Figure 6.4: The dark matter profiles of all models within 1�� uncertainties. Each grey line represents
the dark matter profile of a model, and the orange line is the profile of the best-fitting model. The
vertical dashed lines mark the radii of 1 Re and 10 Re, and the position in the middle of the two vertical
lines is about 3 Re for each plot. 129



Chapter 6. Dark matter fractions of early-type galaxies

Galaxy fDM(Re) fDM(3Re) f 0DM(Re)
NGC 680 0.09 0.40 0.08
NGC 1023 0.13 0.64 0.00
NGC 2685 0.39 0.72 0.18
NGC 2764 0.56 0.76 0.00
NGC 3522 0.20 0.51 0.24
NGC 4203 0.01 0.02 0.00
NGC 5582 0.26 0.56 0.37
NGC 5631 0.29 0.66 0.10
NGC 6798 0.18 0.45 0.16
UGC 03960 0.28 0.60 0.04
NGC 2974* 0.07 0.40 0.07
NGC 3626* 0.32 0.35 0.23
NGC 3998* 0.07 0.28 0.15

Table 6.3: The dark matter fractions of all sample galaxies. From left to right: fDM(Re) is the dark
matter fraction within 1 Re, fDM(3Re) is the dark matter fraction within 3 Re and f 0DM(Re) is the dark
matter fraction within 1 Re f 0DM(Re) taken from Cappellari et al. (2013a) for comparison. * The data
for NGC 2974 and NGC 3626 are taken from Chapters 4 and 5, and the data for NGC 3998 are taken
from Boardman et al. (2016).

Figure 6.5: Dark matter fractions versus stellar mass for all sample galaxies including NGC 2974, NGC
3626 and NGC 3998. The red dots stand for the dark matter fractions within 1 Re and the blue triangles
stand for the dark matter fractions within 3 Re. The green line is a parabolic fit for the dark matter
fractions within 1 Re of the Atlas3D sample presented in Cappellari et al. (2013b).
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6.2.3 Stellar orbit distributions

The stellar orbit distributions of galaxies exhibit the orbit components of galaxies, and there-

fore are important to the study of galaxy dynamical components. Following the method de-

scribed in Chapter 4, Section 4.3.3, I characterise the stellar orbits with their circularity �z ,

as shown in Figure 6.6. Emsellem et al. (2011) classified these galaxies into fast and slow

rotators according to their spin parameter �Re
and ellipticity ✏e (see more details in Chapter

2, Section 2.4.1), and I also include their classifications and �Re
values in the subtitle for each

galaxy in Figure 6.6. In general, the stellar orbit distributions are consistent with this classifi-

cation that fast rotators have large fractions of cold and warm orbits while slow rotators are

dominated by hot orbits as I expected. The only exception is NGC 1023, which is dominated

by a hot component but classified as a fast rotator. This is due to the fitting problem of NGC

1023, which leads to an underestimation of cold orbits for this galaxy (there is a minor cold

component in NGC 1023), and I will discuss this fitting problem in detail in Appendix B. There

is another interesting question that NGC 5631 and UGC 03960 are classified as fast rotators

with �Re/2 but slow rotators with �Re
in Emsellem et al. (2011). This inconsistency is easy to

explain with the stellar orbit distributions that NGC 5631 and UGC 03960 have more warm

orbits within Re/2 while they mainly have hot orbits with �z = 0 outside Re/2.

There are several typical orbital structures shown in the stellar orbit distribution, and here

I discuss them in detail.

• Central hot component with �z = 0. This hot component dominates NGC 1023 and

NGC 3522 within 0.5 Re. It also appears in NGC 2685 within 1 Re alongside with a disc

component. This component is merely composed of box or radial orbits, which suggests

such hot components might form in a common origin, such as mergers.

• Central hot/counter-rotating component with double �z peaks (�z ⇠ 0 and �z ⇠ 0.25).

This component is composed of box and short-axis tube orbits. NGC 6798 and UGC

03960 have such components within 1 Re. Although there is a disc component in UGC

03960, their similar central hot/counter-rotating components suggest that these galaxies

might experience a similar formation process in the past.

• Central hot/warm component with extended �z distribution (peaking at �z ⇠ 0 and

�z ⇠ 0.5). This component covers the inner region of NGC 680, NGC 4203, NGC 5582
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(a) NGC 680 (F/0.406)
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(b) NGC 1023 (F/0.391)
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(c) NGC 2685 (F/0.691)
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(d) NGC 2764 (F/0.658)
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(e) NGC 3522 (S/0.058)
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(f) NGC 4203 (F/0.305)
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(g) NGC 5582 (F/0.564)
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(h) NGC 5631 (S/0.110)
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(i) NGC 6798 (F/0.483)
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(j) UGC 03960 (S/0.119)

Figure 6.6: The stellar orbit distribution on the phase-space of �z versus radius of the best-fitting model
for all sample galaxies. The colour bar indicates the probability density of orbits. The letters ’F’ and
’S’ are denoted as the fast rotators and slow rotators classified by Emsellem et al. (2011), followed by
their �Re

values used for this classification.
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and NGC 5631. This component is also composed of box and short-axis tube orbits, and

might form in more complicated formation processes.

• Cold component with �z ⇠ 1.0. The cold component appears in NGC 2685, NGC 2764,

NGC 4203, NGC 5582 and NGC 6798, indicating these galaxies are lenticular galaxies.

Among these galaxies, NGC 4203 is particularly interesting because it shows a clear

narrow thin ring feature instead of an extended thin disc.

Although I found some characteristic orbital features within this sample, it is difficult to link

them with particular formation processes. There are two methods to further explore this ques-

tion: modelling simulated galaxies for which the formation history is already known, or in-

cluding galaxy population information into dynamical models (e.g. age and metallicity; Zhu

et al., 2020).

I classify the orbits in the model into four dynamical components: hot (|�z |  0.25),

warm (0.25 < �z < 0.8), cold (�z � 0.8) and counter-rotating (�z < �0.25), and I show

the fractions of each component for all sample galaxies together with the �Re
values taken

from Emsellem et al. (2011) in Table 6.4. I found a relation between the �Re
and the fractions

of dynamical components with the linear regression analysis, as shown in Figure 6.7. The

regression function shows that �Re
can usually reflect whether a galaxy has strong rotation

motions or radial motions: fcold has a strong positive correlation with �Re
, fwarm has a weak

correlation and fhot correlates little with �Re
. However, �Re

will not be a good indicator in the

case of strong counter rotations, because fcounter cancels the contribution of fcold and fwarm ,

making it difficult to distinguish counter-rotating galaxies from slow rotators with �Re
only.

6.3 Summary

In this chapter, I applied the Schwarzschild orbit-superposition method with two-aperture stel-

lar kinematics to a sample of early-type galaxies, which have high spatial resolution SAURON

stellar kinematics within 1 Re and extended Mitchell stellar kinematics out to 3 Re.

The stellar kinematics of some galaxies are well fitted, although the Mitchell stellar kine-

matics of other galaxies are not well recovered mainly because of low S/N and large bin size

in the outskirts. The best-fitting results show a wide range of IMF factors and a universal pref-

erence for a cusp dark matter halo, although a core model is not ruled out for several galaxies.

133



Chapter 6. Dark matter fractions of early-type galaxies

Galaxy fhot fwarm fcold fcounter �Re

NGC0680 0.396 0.438 0.062 0.104 0.406
NGC1023 0.390 0.451 0.108 0.051 0.391
NGC2685 0.266 0.487 0.181 0.067 0.691
NGC2764 0.349 0.456 0.125 0.070 0.658
NGC3522 0.388 0.260 0.060 0.291 0.058
NGC4203 0.364 0.436 0.061 0.139 0.305
NGC5582 0.289 0.424 0.203 0.084 0.564
NGC5631 0.309 0.382 0.059 0.250 0.110
NGC6798 0.346 0.375 0.090 0.189 0.483
UGC03960 0.434 0.236 0.087 0.244 0.119
NGC3626* 0.255 0.534 0.163 0.048 0.660
NGC2974* 0.219 0.457 0.212 0.112 0.663

Table 6.4: The fractions of four dynamical components for all sample galaxies: hot (|�z |  0.25),
warm (0.25 < �z < 0.8), cold (�z � 0.8) and counter-rotating (�z < �0.25). The �Re

values taken
from Emsellem et al. (2011) are also included. * NGC 3626 was modelled with two-aperture stellar
kinematics with misaligned H I disc, and NGC 2974 was modelled the central stellar kinematics with
aligned H I disc.

Figure 6.7: The regression of �Re
with fwarm, fcold and fcounter, and the black dashed line is the 1-to-1

line. Since fhot = 1 � fwarm � fcold � fcounter is not an independent variable, it is not included in the
regression but used to replace the constant in the regression function.
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I found that both the IMF factor and dark matter inner slope have no clear correlation with

stellar mass. The dark matter profiles show the importance of including extended stellar kine-

matics to model dark matter haloes, and support the conclusion of Chapter 5 that the shape

of dark matter haloes could be better determined with cold gas kinematics extended to 10 Re.

The dark matter fraction within 1 Re is usually between 10%-30%, and it rises up to 40%-70%

at 3 Re. I found no clear trends between the dark matter fraction and stellar mass, which is

inconsistent with the result of Cappellari et al. (2013b), because they adopted an NFW halo

model with central stellar kinematics within 1 Re.

I found that there are some characteristic features in the stellar orbital distributions, which

suggests they originate from different formation processes. However, it is difficult to link them

to any specific mechanism without stellar population distributions or merger histories. I also

obtained the fractions of different stellar orbit components for all sample galaxies, and studied

their relations with the spin parameter �Re
. The result shows that �Re

is in general a good

indicator of fast and slow rotators, but not very suitable for distinguish fast-rotating galaxies

with strong counter-rotating components.

Appendix A: Mass models

In this section, I show the mass models of all sample galaxies. NGC 680 is fitted with the twist

MGE method which allows the major axis of each Gaussian deviating  j from the PA of the

galaxy, while other galaxies are fitted without the twist. Figure 6.8 contains the contour maps

for the MGE fitting of the surface brightness profile and the 1-dimensional fittings to the r-band

mass-to-light ratio distribution ⌥ (x 0, y 0) for all galaxies. Table 6.5 shows the MGE parameters

of the surface brightness and stellar mass distribution, including central luminosity intensity

L j , width � j (standard deviation), axis ratio qj , central mass density Mj and relative position

angle of each Gaussian only for NGC 680  j .
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(a) Contour map of NGC 680 (b) ⌥r of NGC 680

(c) Contour map of NGC 1023 (d) ⌥r of NGC 1023

136



6.3. Summary

(e) Contour map of NGC 2685 (f) ⌥r of NGC 2685

(g) Contour map of NGC 2764 (h) ⌥r of NGC 2764

(i) Contour map of NGC 3522 (j) ⌥r of NGC 3522
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(k) Contour map of NGC 4203 (l) ⌥r of NGC 4203

(m) Contour map of NGC 5582 (n) ⌥r of NGC 5582

(o) Contour map of NGC 5631 (p) ⌥r of NGC 5631
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(q) Contour map of NGC 6798 (r) ⌥r of NGC 6798

(s) Contour map of UGC 03960 (t) ⌥r of UGC 03960

Figure 6.8: Left: The surface brightness contours (black) and its MGE model (red). Foreground stars
are masked in the image. Right: The r-band mass-to-light ratio. The red dots are data from Poci et al.
(2017) and the blue dots are data from Boardman et al. (2017); the solid line is the best fitting ⌥ .
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Galaxy j L j(L�/pc2) � j (arcsec) qj Mj(M�/pc2)  j(�)

NGC 680

1 1156.58 0.25800 0.78540 17603.04 -30.00

2 6126.21 0.59817 0.89077 37755.57 -30.00

3 1412.26 1.09693 0.61895 1.41 7.82

4 3779.23 1.20486 0.91512 32301.89 -24.36

5 1547.05 2.04657 0.99990 1605.07 -0.01

6 978.39 2.80364 0.69142 11469.52 -0.89

7 735.31 5.33008 0.78026 1960.83 -6.05

8 75.11 8.41520 0.56310 1755.87 30.00

9 106.88 11.00219 0.99990 566.59 -0.75

10 82.02 13.27689 0.54616 0.08 -30.00

11 23.77 26.12805 0.78434 0.02 30.00

12 50.12 31.77651 0.56890 243.38 -25.49

NGC 1023

1 16306.87 0.75647 0.78560 87673.39

2 10815.33 1.60448 0.86584 75676.20

3 5234.06 3.53124 0.83321 34464.11

4 2134.50 7.48736 0.80103 12727.27

5 835.37 19.89070 0.58097 5512.77

6 309.76 50.43351 0.46734 1495.29

NGC 2685

1 3352.88 0.62174 0.74221 12562.72

2 4205.54 1.59578 0.49139 18334.12

3 424.58 2.42846 0.99990 0.42

4 1687.04 3.33709 0.43096 7270.42

5 212.92 6.47909 0.99990 0.21

6 1054.43 6.56803 0.36612 4695.01

7 488.86 19.04572 0.27513 2126.71

8 106.75 31.26491 0.58728 158.83
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Galaxy j L j(L�/pc2) � j (arcsec) qj Mj(M�/pc2)  j(�)

NGC 2764

1 443.95 0.47110 0.89710 773.32

2 675.20 1.13043 0.96622 1057.72

3 365.31 5.49309 0.38997 434.70

4 168.43 9.85028 0.27302 603.21

5 224.41 13.18530 0.43023 15.26

6 39.05 24.37662 0.49756 104.19

NGC 3522

1 4248.58 0.46580 0.99866 18457.75

2 2675.56 1.02574 0.62610 14095.84

3 1351.80 1.79349 0.73379 5771.59

4 502.43 3.64760 0.76576 2483.96

5 90.96 5.54363 0.32530 199.02

6 202.74 9.25535 0.55984 675.62

7 51.21 19.04030 0.54919 193.86

8 11.86 35.45227 0.36580 0.01

9 2.54 91.58851 0.16573 0.00

NGC 4203

1 6942.93 0.48545 0.96083 44590.58

2 7702.94 1.02305 0.93006 45509.91

3 3503.09 2.03714 0.94590 23083.96

4 2596.83 3.26032 0.99990 16569.52

5 757.37 7.86818 0.64494 4299.56

6 575.68 10.33409 0.93968 3214.23

7 143.33 38.41405 0.83391 584.09

NGC 5582

1 6143.40 0.52906 0.78262 34768.39

2 3583.28 1.16920 0.75049 18493.49

3 1948.79 2.47521 0.74193 11914.86

4 783.66 5.03676 0.70009 3918.37

5 244.37 10.54088 0.66338 1135.10

6 33.40 22.16161 0.99990 171.90

7 57.98 37.57404 0.50788 185.86
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Galaxy j L j(L�/pc2) � j (arcsec) qj Mj(M�/pc2)  j(�)

NGC 5631

1 4248.58 0.46580 0.99866 18457.75

2 2675.56 1.02574 0.62610 14095.84

3 1351.80 1.79349 0.73379 5771.59

4 502.43 3.64760 0.76576 2483.96

5 90.96 5.54363 0.32530 199.02

6 202.74 9.25535 0.55984 675.62

NGC 6798

1 2353.80 0.50865 0.94883 10711.71

2 1600.75 1.27743 0.67308 6262.45

3 1345.39 1.75292 0.80425 6410.54

4 577.19 3.49335 0.76825 2723.09

5 303.30 9.70910 0.52051 1284.22

6 10.03 14.24625 0.99990 71.29

7 65.89 26.44594 0.49854 154.24

UGC 03960

1 1418.94 0.45277 0.99220 5113.24

2 1106.13 0.89960 0.90465 4100.06

3 604.77 1.70147 0.90085 2169.88

4 267.54 2.99375 0.99990 1063.41

5 125.87 5.99112 0.87847 312.22

6 21.18 11.48793 0.99990 65.03

7 28.61 22.91414 0.60697 50.28

8 1.77 75.84200 0.23047 4.72

Table 6.5: MGE parameters of the surface brightness and stellar mass distribution for the sample galax-
ies. From left to right: index, central luminosity intensity, width (standard deviation), axis ratio, central
mass density and relative position angle of each Gaussian only for NGC 680 to accurately describe the
twist.

Appendix B: fitting two-aperture stellar kinematics

In this section, I first introduce more details of the fitting of two-aperture stellar kinematics,

and then show the best-fitting stellar kinematics for all sample galaxies.

There is a mask problem of fitting two-aperture stellar kinematics. As I discussed in Chapter
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5, Section 5.3.1, the central low-resolution Mitchell kinematics should be masked to avoid

inconsistency between the SAURON and Mitchell data or increasing the weights of the central

region. However, only three galaxies (NGC 4203, NGC 5582, NGC 6798) were masked in

this way in this sample. The other galaxies (except NGC 1023) were not masked for the

following reason: this mask strategy left only a few data points in the galaxy outskirts because

of the low S/N and large bin size of the Mitchell stellar kinematics for these galaxies (NGC

680, NGC 2685, NGC 2764, NGC 3522, NGC 5631, UGC 03960), which causes the Mitchell

stellar kinematics to be almost neglected in the fittings. NGC 1023 was not masked because

it was initially forgotten in the mask list, however, this happens to provide an example for the

inconsistency between the SAURON and Mitchell observational data.

The Mitchell kinematics of NGC 2685 (also NGC 3626 in Chapter 5) only cover one half of

the galaxy in its field-of-view. These galaxies were observed in this way to cover the outskirts

within a limited field-of-view, which hardly affects the Schwarzschild modelling. The only

potential problem is that the weights of galaxy outskirts are decreased because of fewer data

points.

Both problems above could be solved in the same way: manually increasing the weights

(decreasing the error) of the Mitchell stellar kinematics by a constant factor. This constant

should be carefully determined to fit the outskirts of Mitchell stellar kinematics and avoid

over-fitting. I have not developed a proper strategy to decide this constant yet, but this will be

the next step for this project.

The best-fitting stellar kinematics of all sample galaxies are shown in Figure 6.9-6.18. In

each figure, the upper panel is the SAURON data and the lower panel is the Mitchell data.

The rows from top to bottom are the data, model and relative residual defined as (model-

data)/error) for each panel. The columns from left to right are the surface brightness, stellar

velocity, velocity dispersion, the third and fourth orders of Gauss-Hermite moments.

A good fitting is decided visually with the following criteria. Firstly, there are no clear

structures in the residual maps. Secondly, the modelled and observed stellar kinematics look

similar. According to this standard, I summarise the fitting results for all sample galaxies as

follows.

• NGC 4203, NGC 5582 and NGC 6798: well-fitted galaxies with no clear structures in the

residual maps of both SAURON and Mitchell stellar kinematics. These are the galaxies
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with high S/N in the outskirts and are therefore properly masked, which indicates they

are described well with the current dark matter halo models.

• NGC 1023 (forgotten to be masked): The SAURON stellar kinematics are fitted well,

while there are clear structures left in the central regions of the Mitchell stellar kine-

matics, which reflects clearly the inconsistency between two datasets. This galaxy will

be well fitted by including the mask. In Section 6.2.3, I mentioned that NGC 1023 is

dominated by a hot component but classified as a fast rotator, and the reason for that is

clearly shown in the Mitchell residual maps. The velocity residual map indicates that the

rotation (cold component) is underestimated and the velocity dispersion residual map

indicates the random motion (hot component) is overestimated.

• NGC 680, NGC 2685, UGC 03960: The SAURON stellar kinematics are fitted well with

no clear structures, while the residual maps of the Mitchell stellar kinematics have clear

structures. These galaxies need to be centrally masked, and the weights of the Mitchell

stellar kinematics need to be adjusted.

• NGC 2764, NGC 3522, NGC 5631: There are no clear structures in the SAURON residual

maps, however, the modelled velocity dispersion have strong features which do not ap-

pear in the observed data, which I point out in the caption of their figures. The residual

maps of the Mitchell stellar kinematics have clear structures. These galaxies also need to

be masked, and the weights of the Mitchell stellar kinematics need to be adjusted. The

orbit samplings for these galaxies might need to be increased to see whether the fitting

of the SAURON velocity dispersion can be improved.
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Figure 6.9: Stellar kinematics of NGC 680. The SAURON stellar kinematics are fitted well with no
clear structures, while the residual maps of the Mitchell stellar kinematics have clear structures.
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Figure 6.10: Stellar kinematics of NGC 1023. The central region of SAURON velocity was not well
fitted because of an asymmetry in the data. The Mitchell stellar kinematics show that the model under-
estimate the circular motions (velocity) and overestimated the random motion (velocity dispersion).
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Figure 6.11: Stellar kinematics of NGC 2685. The velocity dispersion, h3 and h4 of both SAURON and
Mitchell data are fitted well, except that the central region of Mitchell velocity dispersion needs to be
masked. The Mitchell velocity is not fitted well, and the outskirts of SAURON velocity is slightly fitted
unwell.
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Figure 6.12: Stellar kinematics of NGC 2764. The modelled SAURON velocity dispersion has a central
vertical structure, which is not clearly seen in the observed data. However, there are no clear structures
in the corresponding residual map. In Section 6.2.2, I mentioned that NGC 2764 has a high dark matter
fraction within 1 Re ( fDM(Re) = 0.56), which might be a result of this fitting problem in the SAURON
stellar kinematics.
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Figure 6.13: Stellar kinematics of NGC 3522. There is a two-sigma structure in the modelled SAURON
velocity dispersion map, and an asymmetry in the modelled SAURON h3 map, which cannot be seen in
the observed data. However, there are no clear structures in the corresponding residual maps.
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Figure 6.14: Stellar kinematics of NGC 4203. This galaxy is well fitted with no clear structures in the
residual maps of both datasets.
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Figure 6.15: Stellar kinematics of NGC 5582. This galaxy is well fitted with no clear structures in the
residual maps of both datasets.
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Figure 6.16: Stellar kinematics of NGC 5631. There is a clear structure in the modelled SAURON
velocity dispersion but not in the observed one. The corresponding residual map shows no structures.
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Figure 6.17: Stellar kinematics of NGC 6798. This galaxy is well fitted with no clear structures in the
residual maps of both datasets.
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Figure 6.18: Stellar kinematics of UGC 03960. The SAURON stellar kinematics are fitted well, but the
model hardly reproduce the structures in the Mitchell stellar kinematics, possibly because of the low
S/N of Mitchell data for this galaxy.
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7
Summary and future work

The picture of galaxy formation and evolution is not fully clear yet, and there are many im-

portant processes in galaxy evolution remain to be ambiguous, such as the process of galaxy

quenching and the co-evolution of baryonic and dark matter in galaxies. Galaxy mass distri-

bution, as one of the most fundamental properties of galaxies, is a key to the study of these

processes.

One important way to explore galaxy mass distribution is to make use of galaxy kine-

matics, including stellar and gaseous kinematics in analytical and numerical dynamic models.

In recent decades, the appearance of various IFU surveys, such as the SAURON (de Zeeuw

et al., 2002), Atlas3D (Cappellari et al., 2011), CALIFA (Sánchez et al., 2012), SAMI (Bryant

et al., 2015) and MaNGA (Bundy et al., 2014), provides spatially resolved galaxy kinematics

for galaxies across the Hubble sequence. These IFU surveys also provide abundant data to

build dynamical models for mapping galaxy mass distributions and therefore enhances the

understanding the formation and evolution of galaxy structures.
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Chapter 7. Summary and future work

In this thesis, I make use of stellar and gaseous kinematics to map galaxy components

with dynamical models. I constructed an analytical model for a sample mainly composed of

late-type galaxies from the MaNGA survey to study their mass distribution of thin discs. I also

constructed dynamical models for early-type galaxies and focused on constraining their dark

matter profiles. With these models, I explored several unsolved problems related to galaxy

evolution, including galaxy quenching process and the core or cusp problem of dark matter. I

summarise the main results in the following sections.

7.1 An analytical model to identify thin discs in galaxies

I started mapping galaxy distributions to explore galaxy morphology transformation and quench-

ing process with analytical models using central stellar and gaseous kinematics within 1 Re,

whose major advantage is its simplicity. In Chapter 2, I presented an analytical model for disc

galaxies using a thin-disc assumption. This model adopts a stellar velocity profile taken from

the Evans model (Evans, 1993; Evans & de Zeeuw, 1994) and a two-component stellar velocity

dispersion profile which includes a disc component and an isotropic non-disc component. I

also assumed the corrected stellar velocity for asymmetric drift should match the H↵ velocity

which represents the circular velocity of the galaxy. I applied this model to a sample of MaNGA

galaxies with regular rotating velocity fields and robust kinematic PA and inclination measure-

ments. By parameterising the validation of each assumption, I finally classified a full sample

of 393 galaxies into three kinematic types: disc-dominated galaxies which are dominated by a

thin disc, non-disc-dominated galaxies with a detected, non-dominating thin disc and disc-free

galaxies without a thin disc detection.

I plotted the �Re
�✏ diagram (Figure 2.12) for a sub-sample of 237 galaxies which has the

measurements of the spin parameter �Re
as a proxy for stellar angular momentum within Re,

and ellipticity ✏. There is a clear dichotomy for the disc-dominated and disc-free galaxies in

this diagram, which indicates this analytical model is successful in detecting thin discs in galax-

ies and classifying galaxies based on their intrinsic dynamics: almost all the disc-dominated

galaxies occupy an upper position with �Re
> 0.5; about one half of the disc-free galaxies have

�Re
< 0.5. The non-disc-dominated galaxies lie between disc-dominated and disc-free galaxies

as an intermediate state.

Following Binney & Tremaine (2008), I obtained the dynamical mass density and the total
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7.2. Orbit-based models with combined stellar and cold gas kinematics

dynamical mass within MaNGA coverage for disc-dominated galaxies. I compared the dynam-

ical mass with the stellar mass (Goddard et al., 2017) obtained with the Kroupa IMF (Kroupa,

2001), and showed that the difference between these two masses can be explained by includ-

ing the mass of atomic and molecular gas, and a slight IMF gradient across galaxy masses is

also acceptable. This result shows that the fraction of dark matter is negligible in galaxy centre

(typically 1.5Re) for disc-dominated galaxies.

I finally studied the morphologies of all three kinematic types using the Deep Learning cat-

alogue (Domínguez Sánchez et al., 2018). As expected, disc-dominated galaxies are composed

of spiral galaxies and a small fraction of S0 galaxies, and disc-free galaxies are mainly ellipti-

cal and S0 galaxies. I noticed a dichotomy of the kinematic types of S0 galaxies, therefore, I

studied a number of properties and found that the star formation rate and the molecular gas

fraction is the major difference between disc-dominated and disc-free S0s. With references

to disc-dominated spirals and disc-free ellipticals, I further explained this dichotomy with a

quenching scenario that the clear depletion of molecular gas accounts for the quenching pro-

cess in these S0 galaxies, which is consistent with the conclusion of Zhang et al. (2019). I also

proposed that the quenching of S0 galaxies leads to an in-situ evolution of the kinematic state

in galaxies, which will finally dissolve the disc-structures.

7.2 Orbit-based models with combined stellar and cold gas kine-

matics

Although the analytical model was successfully applied to MaNGA disc galaxies, its disad-

vantages (e.g. the model is descriptive and difficult to include a bulge) make me switch to

numerical dynamical models to map galaxy mass distribution with high accuracy. I also found

that it was difficult to measure dark matter fractions with central kinematics within 1 Re, and

therefore realised the importance of including extended tracers to constrain dark matter pro-

files. In Chapter 4, I developed orbit-based models which include combined stellar and cold

gas kinematics to map the mass distribution of galaxies. In this method, the stellar kinemat-

ics are modelled with the Schwarzschild orbit-superposition technique (Schwarzschild, 1979)

following the triaxial implementation described in van den Bosch et al. (2008) and Zhu et al.

(2018c) as I previously described in Chapter 3. The cold gas (H I ) is assumed to be an ax-

isymmetric thin disc (ring) which sits in the equatorial plane of the galaxy aligned with the
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stellar disc, and moves on circular orbits with a circular velocity which directly reflects the

gravitational potential of the galaxy, with a negligible velocity dispersion. The surface bright-

ness distribution is modelled with the MGE method (Emsellem et al., 1994; Cappellari, 2002).

I also adopted a radially variable mass-to-light ratio profile to fit the stellar mass distribution

obtained from the IFU observation and introduced a parameter to represent the variation of

the stellar mass scale due to the choice of IMF. The dark matter halo follows a gNFW profile

with four parameters including the scale density, the scale radius, the inner and outer slopes.

The mass of a central supermassive black hole is also considered.

I applied this method to early-type galaxy NGC 2974, which has stellar kinematics obtained

from the SAURON survey (de Zeeuw et al., 2002) and H I observation presented in Weijmans

et al. (2008). I adopted the r-band image taken from the Pan-STARRS Survey (Chambers

et al., 2016) and a compatible mass-to-light ratio mass distribution presented in (Poci et al.,

2017, ⌥ -maps available on Atlas3D website). I adopted 5 free parameters in this methods (the

IMF factor, three parameters of the dark matter halo profile with a fixed outer slope and the

black hole mass) and finally generated 4,259 dynamical models for NGC 2974.

The main results are as following: NGC 2974 prefers an IMF which generate a total stellar

mass close to the Salpeter IMF (Salpeter, 1955). It also prefers a shallow cuspy dark matter

halo profile with the inner slope of 0.6+0.2
�0.3. The dark matter fraction is 7% within 1Re, which is

consistent with previous research Cappellari et al. (2013a), and rises to 66% at 5Re. Including

the cold gas kinematics significantly improves the ability of constraining the dark matter pro-

file: there are more than 1000 models within the 1�� confidence level of the Schwarzschild

modelling with stellar kinematics only, only less than 5% of these models are remained within

the 1 � � confidence level of this method using combined stellar and cold gas kinematics.

The inner slope of the dark matter profile and the dark matter fraction are also much better

constrained, which the former cannot be constrained without the cold gas kinematics and the

relative uncertainty of the latter are is significantly reduced to 10% within 5Re. These results

show that extended cold gas kinematics are crucial to understand dark matter halo profiles.
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7.3 Generalised orbit-based models to misaligned stellar and cold

gas discs

The orbit-based models described in Chapter 4 are only applicable to galaxies with aligned

stellar and gaseous discs, however, the stellar and gas discs are not always aligned in galaxies.

I therefore generalised the orbit-based model to galaxies with misaligned stellar and cold gas

discs for a wider application in Chapter 5. I first introduced the geometry of stellar and gas

discs. There are two cases for the deprojection of stellar and gas discs in 3-dimensional space

considering the direction of inclination: both discs rotate in the same direction, and two discs

rotate in different directions. I then discussed the behaviour of the gas disc in the gravitational

potential. I adopted a Cartesian coordinate system that the stellar disc sit in the x y-plane with

its rotation axis aligned with the z-axis. I assumed gas moves circularly within the gas disc,

and it reaches a local dynamical equilibrium along the R-direction in the stellar cylindrical

coordinates. Therefore, the circular velocity of the gas is decided in a given gravitational

potential, which can be obtained with the MGE method. I also made a theoretical deduction

for the uncertainty of modelling the cold gas kinematics, whose prediction is consistent with

the result obtained with the perturbation method in Chapter 4.

I applied this generalised model to early-type galaxy NGC 3626, which has two-aperture

stellar kinematics, consisting of the central SAURON observation within 1 Re and the extended

Mitchell observation out to 3 Re. It also possesses a very extended H I disc out to 10 Re

misaligned with the stellar disc observed with the Westerbork Synthesis Radio Telescope. I

adopted the same mass model technique as that in Chapter 4. There are 6 free parameters,

including 5 parameters inherited from Chapter 4 (the IMF factor, three parameters of the dark

matter halo profile with a fixed outer slope and the black hole mass) and the inclination of

the stellar disc, while the inclination of the gas disc and the PA of both discs are decided with

the method described in Chapter 2, Section 2.3.2. I increased the total number of orbits to

recover the more spatially extended stellar kinematics.

The results are preliminary and promising: the SAURON stellar kinematics are well recov-

ered, while between the modelled and observational Mitchell kinematics and H I velocity field.

Considering that the SAURON stellar kinematics are well fitted, the following measurements

regarding the central mass distribution are robust: NGC 3626 has an inclination of 72� and

an IMF producing a total mass 1.4 times more stellar mass than the Salpeter IMF. The incon-
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sistent fitting in the galaxy outskirts is caused by not providing enough degrees of freedom

to adjust the shape of the dark matter halo: the turning point and outer slope are fixed, or

the gNFW halo model is not suitable for this galaxy. This problem can be solved by freeing

the fixed parameter of this gNFW dark matter profile, or adopting other halo models, such

as the Einasto profile. Although the measurements regarding the dark matter halo are not

robust with the current model setting, further exploration is now possible thanks to extended

stellar and H I coverage. This will provide an opportunity to determine the overall shape of

dark matter profiles in galaxies and even distinguish different dark matter halo models, and

therefore improve our understanding of the nature of dark matter.

7.4 Dark matter fractions of early-type galaxies

I modelled two early-type galaxies NGC 2974 and NGC 3626 which have extended cold gas

kinematics, however, extended cold gas discs are not available for all galaxies. I therefore mod-

elled 10 other early-type galaxies with two-aperture SAURON and Mitchell stellar kinematics

with the Schwarzschild orbit-superposition technique in Chapter 6. With the SAURON stellar

kinematics within 1 Re and Mitchell stellar kinematics extended to 3 Re, I explored the dark

matter profiles and stellar orbit distributions of galaxies in a wider mass range, and therefore

investigated the formation of galaxy components and the co-evolution of baryonic and dark

matter. The mass model in this chapter was built in the same way as described in Chapter 5,

and I also included the same 6 free parameters (the inclination, the IMF factor, three param-

eters of the dark matter halo profile with a fixed outer slope and the black hole mass) in the

model.

The results show that the current model setting is able to recover the stellar kinematics

for some galaxies, although the Mitchell stellar kinematics of other galaxies are not well fitted

mainly because of low S/N and large bin size in the outskirts. The best-fitting results show a

wide range of IMF factor and a universal preference of a cusp dark matter halo, although a

core model is not ruled out for several galaxies. There are no clear correlations with stellar

mass for both the IMF factor and dark matter inner slope.

The dark matter profiles show the importance of including extended stellar kinematics to

model the dark matter halo, and also support the conclusion of Chapter 5 that the shape of

the dark matter halo will be better determined with cold gas kinematics extended to 10 Re.
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The dark matter fraction within 1 Re is usually between 10%-30%, and it rises up to 40%-70%

at 3 Re. I found no clear trends between the dark matter fraction and stellar mass, which is

inconsistent with the result of Cappellari et al. (2013b), because they adopted an NFW halo

model with central stellar kinematics within 1 Re. The dark matter profiles show again the

importance of including extended stellar kinematics to model dark matter haloes, and support

the conclusion of Chapter 5 that the shape of dark matter haloes could be better determined

with cold gas kinematics extended to 10 Re.

I found several typical orbital structures in stellar orbit distributions, which suggests they

formed in different processes. I also obtained the fractions of different stellar orbit components

and studied their relations with the spin parameter �Re
. The result shows that �Re

is in general

a good indicator to distinguish fast and slow rotators, but it might have difficulty to identify

fast-rotating galaxies with strong counter-rotating components.

7.5 Discussion

In this section, I would like to share some thoughts about modelling stellar and gaseous kine-

matics with analytical and dynamical models in this thesis.

The development of computing sources makes it possible to model a large sample of galax-

ies obtained from galaxy surveys (e.g. Zhu et al., 2018a; Li et al., 2017). However, analytical

models still have their unique advantages other than simplicity. Analytical models have a

higher tolerance of poor data quality than dynamical models. Analytical models can describe

galaxies approximately with relatively low resolution or S/N data at a lower cost to reach

statistical conclusions, while it is difficult or not worthy for dynamical models. This property

makes analytical models useful in dealing with large amounts of galaxy survey data.

The nature of dark matter haloes is not determined yet, and one important reason is the

contradictive measurements of the slopes of the dark matter halo at galaxy central, which is

called the cusp or core problem. I would like to emphasise here that the current measurements

in literature have adopted various assumptions, some of which might not describe the baryonic

matter well and therefore affect the measurements of dark matter properties. For example,

some measurements of the dark matter inner slope do not consider the gradient of mass-to-

light ratio, which leads to systematic bias of the results. The IMF gradient within a galaxy

has not yet been considered in the measurements of the dark matter profile even in this thesis,
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although such a gradient has been discovered in massive early-type galaxies (La Barbera et al.,

2019).

The importance of including extended kinematic data in constraining dark matter profiles

has been clearly shown in this thesis. Very extended H I velocity fields out to 10 Re can not only

provide accurate measurements for dark matter fractions and dark matter inner slopes, but also

constrain the overall shape of dark matter haloes and even distinguish different halo models.

Since the detection rate of H I in field early-type galaxies is about 40% (Serra et al., 2012),

and H I exists in the form of regularly rotating discs or rings in half of the early-types galaxies

with H I detection (Morganti et al., 2006; Oosterloo et al., 2007, 2010), the application of

extended H I discs in dynamical modelling is promising. For galaxies without H I discs, stellar

kinematics extended to 3 Re can also improve the measurements of dark matter, which points

out a direction to increase the galaxy coverage for future IFU surveys.

The deprojection of misaligned discs is also an important issue for the study of misaligned

galaxies. The misalignment between stellar and gaseous discs is usually measured with the

difference between their position angles �PA, however, this observable might not be a good

indicator of the misalignment in 3-dimensional space. Instead of�PA, the misalignment is bet-

ter described by the angle between the rotating axis of two discs. This angle is not only related

to �PA, but also affected by the inclinations of two discs with two possibilities as I described

in Chapter 5. This deprojection problem makes it imprudent to tell whether the misalignment

is large or small just by �PA, therefore should be paid more attention to when seeking for the

connection between the misalignment of galaxy discs and other galaxy properties.

7.6 Future work

I have investigated galaxies of various morphology using stellar and gaseous kinematics in this

thesis, and have shown that the combination of stellar and gaseous kinematics in dynamical

modelling is powerful in exploring galaxy evolution by mapping galaxy mass distributions.

This thesis has discussed several topics, including the link between galaxy kinematics and

quenching, the cusp / core problem of dark matter haloes, and possible links between dark and

baryonic matter. However, further work is still needed to establish more decisive conclusions.

I have proposed that the deficiency of molecular gas causes galaxy quenching in-situ and

finally changes the kinematic state of galaxies by analysing the disc structures in lenticular
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galaxies. However, the sample size of lenticular galaxies is limited. Besides, the analytical

model adopted cannot include a bulge or quantify the strength of the disc structures. There-

fore, this scenario needs further evidences to support or disprove it. I would like to keep

working on this scenario with a large sample of lenticular galaxies, which had better be mod-

elled with dynamical models for a detailed study of their structures to reveal their link with

molecular gas, star formation rate or other galaxy properties.

I also would like to expand my work by applying the orbit-based models developed in

these thesis to a large sample of observed nearby galaxies to continue the research of galaxy

mass distributions and galaxy dynamics. This method has shown its advantage in breaking

the degeneracies between different properties, such as the IMF, the inner slope of dark matter

haloes and the mass of the central black hole, therefore, a further study is promising. Recent

IFU surveys and upcoming H I surveys (e.g. WEAVE-APERTIF; Hess et al., 2020) will signifi-

cantly increase the number of galaxies with combined stellar and cold gas kinematics. Besides,

gaseous kinematics within 1Re (e.g. H↵ and molecular gas) with high spatial resolution can

also play the role of H I kinematics in this methods, for high spatial resolution gaseous kinemat-

ics can also constrain the galaxy gravitational potential and break the degeneracies at galaxy

centre by providing accurate black hole and stellar masses (Tsukui, 2019).

As I have mentioned, although multiple dynamical modelling techniques have provided

plenty of measurements of galaxy properties such as the inner slopes of dark matter haloes

and dark matter fractions, the conflicting results make the conclusion indecisive because of

various assumptions adopted in literature. Therefore, I also plan to carry out a systematic

evaluation of dynamical models to enhance the understanding of these methods and interpret

previous results correctly. This evaluation needs simulated galaxies with properties known

beforehand, which can be provided by cosmology simulations (e.g. Schaye et al., 2015; Nelson

et al., 2019). By making mock observations of different resolutions, I will be able to apply

multiple dynamical models to simulated galaxies covering various galaxies morphologies, dark

matter haloes and stellar properties, e.g. stellar ages, metallicities and mass-to-light ratios.

Finally, I would like to further develop the dynamical modelling technique. Although IFU

observations provide spatially resolved spectra for galaxies, the stellar and dynamical mass dis-

tributions are obtained with the stellar population synthesis techniques and dynamical mod-

elling techniques, respectively, which makes it difficult to reveal the spatial distribution of
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a particular single stellar population (SSP). From an orbit-superposition view of point, an

SSP with similar origin probably stays on similar orbits during evolution, therefore, a chemo-

dynamical model which combines the orbit-superposition technique and stellar population

synthesis techniques can finally disclosure the intrinsic connections between SSPs and galaxy

orbits, and significantly broaden our knowledge of galaxy formation and evolution process.
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Journal, 132, 2685

Merritt, D., & Saha, P. 1993, The Astrophysical Journal, 409, 75

Mihos, J. C., & Hernquist, L. 1994a, The Astrophysical Journal, 425, L13

——. 1994b, The Astrophysical Journal, 431, L9

——. 1996, The Astrophysical Journal, 464, 641

Mitzkus, M., Cappellari, M., & Walcher, C. J. 2016, Monthly Notices of the Royal Astronomical
Society, stw2677

Mobasher, B. et al. 2015, The Astrophysical Journal, 808, 101

Monnet, G., Bacon, R., & Emsellem, E. 1992, Astronomy and Astrophysics, 253, 366

Moore, B. 1994, Nature, 370, 629

Moore, B., Lake, G., & Katz, N. 1998, The Astrophysical Journal, 495, 139

Moore, B., Quinn, T., Governato, F., Stadel, J., & Lake, G. 1999, Monthly Notices of the Royal
Astronomical Society, 310, 1147

Morgan, W. 1958, Publications of the Astronomical Society of the Pacific, 70, 364

Morgan, W., & Osterbrock, D. 1969, The Astronomical Journal, 74, 515

Morganti, L., Gerhard, O., Coccato, L., Martinez-Valpuesta, I., & Arnaboldi, M. 2013, Monthly
Notices of the Royal Astronomical Society, 431, 3570



Morganti, R. et al. 2006, Monthly Notices of the Royal Astronomical Society, 371, 157

Morganti, R., Sadler, E., Oosterloo, T., Pizzella, A., & Bertola, F. 1997, The Astronomical Jour-
nal, 113, 937

Napolitano, N. et al. 2007, Proceedings of the International Astronomical Union, 3, 289

——. 2011, Monthly Notices of the Royal Astronomical Society, 411, 2035

——. 2009, Monthly Notices of the Royal Astronomical Society, 393, 329

Napolitano, N. R., Pota, V., Romanowsky, A. J., Forbes, D. A., Brodie, J. P., & Foster, C. 2014,
Monthly Notices of the Royal Astronomical Society, 439, 659

Navarro, J. F., Frenk, C. S., & White, S. D. 1996, The Astrophysical Journal, 462, 563

——. 1997, The Astrophysical Journal, 490, 493

Navarro, J. F. et al. 2004, Monthly Notices of the Royal Astronomical Society, 349, 1039

Neistein, E., Maoz, D., Rix, H.-W., & Tonry, J. L. 1999, The Astronomical Journal, 117, 2666

Nelson, D. et al. 2019, Computational Astrophysics and Cosmology, 6, 2

Newman, A. B., Ellis, R. S., & Treu, T. 2015, The Astrophysical Journal, 814, 26

Newman, A. B., Treu, T., Ellis, R. S., & Sand, D. J. 2013, The Astrophysical Journal, 765, 25

Noordermeer, E., Merrifield, M., & Aragón-Salamanca, A. 2008, Monthly Notices of the Royal
Astronomical Society, 388, 1381

Noordermeer, E., van der Hulst, J., Sancisi, R., Swaters, R., & van Albada, T. 2007, Monthly
Notices of the Royal Astronomical Society, 376, 1513

Noordermeer, E., van der Hulst, T., Sancisi, R., & Swaters, R. 2004, in Symposium-
International Astronomical Union, Vol. 220, Cambridge University Press, 287–292

Norberg, P. et al. 2001, Monthly Notices of the Royal Astronomical Society, 328, 64

Norris, M. A. et al. 2012, Monthly Notices of the Royal Astronomical Society, 421, 1485

Oldham, L., & Auger, M. 2016, Monthly Notices of the Royal Astronomical Society, 457, 421

——. 2017, Monthly Notices of the Royal Astronomical Society, 474, 4169

Oldham, L. J., & Auger, M. W. 2018, Monthly Notices of the Royal Astronomical Society, 476,
133

Oort, J. 1926, The Observatory, 49, 302

Oosterloo, T. et al. 2010, Monthly Notices of the Royal Astronomical Society, 409, 500

Oosterloo, T. A., Morganti, R., Sadler, E. M., van der Hulst, T., & Serra, P. 2007, Astronomy &
Astrophysics, 465, 787



Osipkov, L. 1979, Pisma v Astronomicheskii Zhurnal, 5, 77

Peng, Y., Maiolino, R., & Cochrane, R. 2015, Nature, 521, 192

Peng, Y.-j., Lilly, S. J., Renzini, A., & Carollo, M. 2012, The Astrophysical Journal, 757, 4

Peth, M. A. et al. 2016, Monthly Notices of the Royal Astronomical Society, 458, 963

Pichon, C., & Thiébaut, E. 1998, Monthly Notices of the Royal Astronomical Society, 301, 419

Poci, A., Cappellari, M., & McDermid, R. M. 2017, Monthly Notices of the Royal Astronomical
Society, 467, 1397

Qian, E., de Zeeuw, P., van der Marel, R., & Hunter, C. 1995, Monthly Notices of the Royal
Astronomical Society, 274, 602

Renzini, A., & Voli, M. 1981, Astronomy and Astrophysics, 94, 175

Richstone, D., & Tremaine, S. 1984, The Astrophysical Journal, 286, 27

Rix, H.-W., de Zeeuw, P. T., Cretton, N., van der Marel, R. P., & Carollo, C. M. 1997, The
Astrophysical Journal, 488, 702

Rodionov, S., & Athanassoula, E. 2011, Monthly Notices of the Royal Astronomical Society,
410, 111

Rodionov, S., Athanassoula, E., & Sotnikova, N. Y. 2009, Monthly Notices of the Royal Astro-
nomical Society, 392, 904

Rodriguez-Gomez, V. et al. 2016, Monthly Notices of the Royal Astronomical Society, 458, 2371

Rogstad, D., & Shostak, G. 1972, The Astrophysical Journal, 176, 315

Roškar, R., Debattista, V. P., Brooks, A. M., Quinn, T. R., Brook, C. B., Governato, F., Dalcanton,
J. J., & Wadsley, J. 2010, Monthly Notices of the Royal Astronomical Society, 408, 783

Rowley, G. 1988, The Astrophysical Journal, 331, 124

Rubin, V. C., Burstein, D., Ford Jr, W. K., & Thonnard, N. 1985, The Astrophysical Journal, 289,
81

Rubin, V. C., Ford Jr, W. K., & Thonnard, N. 1980, The Astrophysical Journal, 238, 471

Rubin, V. C., Thonnard, N., & Ford Jr, W. 1978, The Astrophysical Journal, 225, L107

Saburova, A. S., Chilingarian, I. V., Katkov, I. Y., Egorov, O. V., Kasparova, A. V., Khoperskov,
S. A., Uklein, R. I., & Vozyakova, O. V. 2018, Monthly Notices of the Royal Astronomical
Society, 481, 3534

Sadler, E. M., Oosterloo, T. A., Morganti, R., & Karakas, A. 2000, The Astronomical Journal,
119, 1180

Salim, S. et al. 2007, The Astrophysical Journal Supplement Series, 173, 267



Salpeter, E. E. 1955, The Astrophysical Journal, 121, 161

Sánchez, S. et al. 2012, Astronomy & Astrophysics, 538, A8

——. 2016a, Revista mexicana de astronomía y astrofísica, 52, 171

——. 2016b, Revista mexicana de astronomía y astrofísica, 52, 21

Sanchez-Blazquez, P. et al. 2006, Monthly Notices of the Royal Astronomical Society, 371, 703

Santini, P. et al. 2012, Astronomy & Astrophysics, 538, A33

Satoh, C. 1980, Publications of the Astronomical Society of Japan, 32, 41

Sault, R. J., Teuben, P. J., & Wright, M. C. 1995, in Astronomical Data Analysis Software and
Systems IV, Vol. 77, 433

Scarlata, C. et al. 2007, The Astrophysical Journal Supplement Series, 172, 406

Schawinski, K. et al. 2009, Monthly Notices of the Royal Astronomical Society, 396, 818

Schawinski, K., Thomas, D., Sarzi, M., Maraston, C., Kaviraj, S., Joo, S.-J., Yi, S. K., & Silk, J.
2007, Monthly Notices of the Royal Astronomical Society, 382, 1415

Schawinski, K. et al. 2014, Monthly Notices of the Royal Astronomical Society, 440, 889

Schaye, J. et al. 2015, Monthly Notices of the Royal Astronomical Society, 446, 521

Schechter, P. 1980, The Astronomical Journal, 85, 801

Schechter, P. L., & Gunn, J. E. 1979, The Astrophysical Journal, 229, 472

Schreiber, N. F. et al. 2006, The Astrophysical Journal, 645, 1062

Schwarzschild, M. 1979, The Astrophysical Journal, 232, 236

——. 1993, The Astrophysical Journal, 409, 563

Schweizer, F. 1982, The Astrophysical Journal, 252, 455

Sellwood, J. 2014, Reviews of Modern Physics, 86, 1

Serra, P. et al. 2012, Monthly Notices of the Royal Astronomical Society, 422, 1835

Sérsic, J. L. 1968, Cordoba, Argentina: Observatorio Astronomico, 1968, 1

Shaw, M. 1993, Astronomy and Astrophysics, 280, 33

Shier, L., & Fischer, J. 1998, The astrophysical journal, 497, 163

Simard, L., Mendel, J. T., Patton, D. R., Ellison, S. L., & McConnachie, A. W. 2011, The Astro-
physical Journal Supplement Series, 196, 11

Simon, J. D., Bolatto, A. D., Leroy, A., & Blitz, L. 2003, The Astrophysical Journal, 596, 957



Siopis, C., & Kandrup, H. E. 2000, Monthly Notices of the Royal Astronomical Society, 319, 43

Skibba, R. A. et al. 2009, Monthly Notices of the Royal Astronomical Society, 399, 966

Smee, S. A. et al. 2013, The Astronomical Journal, 146, 32

Sonnenfeld, A., Treu, T., Gavazzi, R., Marshall, P. J., Auger, M. W., Suyu, S. H., Koopmans, L. V.,
& Bolton, A. S. 2012, The Astrophysical Journal, 752, 163

Sonnenfeld, A., Treu, T., Marshall, P. J., Suyu, S. H., Gavazzi, R., Auger, M. W., & Nipoti, C.
2015, The Astrophysical Journal, 800, 94

Speagle, J. S., Steinhardt, C. L., Capak, P. L., & Silverman, J. D. 2014, The Astrophysical Journal
Supplement Series, 214, 15

Spekkens, K., Giovanelli, R., & Haynes, M. P. 2005, The Astronomical Journal, 129, 2119

Spergel, D. N. et al. 2003, The Astrophysical Journal Supplement Series, 148, 175

Stadel, J., Potter, D., Moore, B., Diemand, J., Madau, P., Zemp, M., Kuhlen, M., & Quilis, V.
2009, Monthly Notices of the Royal Astronomical Society: Letters, 398, L21

Starkenburg, T. K., Sales, L. V., Genel, S., Manzano-King, C., Canalizo, G., & Hernquist, L.
2019, The Astrophysical Journal, 878, 143

Statler, T. S. 1987, in Structure and Dynamics of Elliptical Galaxies (Springer), 487–488

Stoehr, F. 2006, Monthly Notices of the Royal Astronomical Society, 365, 147

Strateva, I. et al. 2001, The Astronomical Journal, 122, 1861

Swaters, R., Madore, B., van den Bosch, F. C., & Balcells, M. 2003, The Astrophysical Journal,
583, 732

Syer, D., & Tremaine, S. 1996, Monthly Notices of the Royal Astronomical Society, 282, 223

Taranu, D. et al. 2017, The Astrophysical Journal, 850, 70

Taylor, J. E., & Navarro, J. F. 2001, The Astrophysical Journal, 563, 483

Thomas, J. et al. 2011, Monthly Notices of the Royal Astronomical Society, 415, 545

Tinsley, B. M. 1972, Astronomy and Astrophysics, 20, 383

Tinsley, B. M., & Gunn, J. E. 1976, The Astrophysical Journal, 203, 52

Toomre, A. 1964, The Astrophysical Journal, 139, 1217

Toomre, A. 1977, in Evolution of Galaxies and Stellar Populations, 401

——. 1982, The Astrophysical Journal, 259, 535

Toomre, A., & Toomre, J. 1972, The Astrophysical Journal, 178, 623



Tortora, C., Napolitano, N., Cardone, V., Capaccioli, M., Jetzer, P., & Molinaro, R. 2010, Monthly
Notices of the Royal Astronomical Society, 407, 144

Tortora, C., Napolitano, N., Romanowsky, A. J., Capaccioli, M., & Covone, G. 2009, Monthly
Notices of the Royal Astronomical Society, 396, 1132

Tremaine, S. et al. 2002, The Astrophysical Journal, 574, 740

Tremblay, B., Merritt, D., & Williams, T. 1995, The Astrophysical Journal, 443, L5

Tsukui, T. 2019, in ALMA2019: Science Results and Cross-Facility Synergies, 40

Valluri, M., Merritt, D., & Emsellem, E. 2004, The Astrophysical Journal, 602, 66

van Albada, T. S., Bahcall, J. N., Begeman, K., & Sancisi, R. 1985, The Astrophysical Journal,
295, 305

van de Sande, J. et al. 2017, The Astrophysical Journal, 835, 104

van de Voort, F., Davis, T. A., Kereš, D., Quataert, E., Faucher-Giguere, C.-A., & Hopkins, P. F.
2015, Monthly Notices of the Royal Astronomical Society, 451, 3269

van den Bosch, F. C., Robertson, B. E., Dalcanton, J. J., & de Blok, W. 2000, The Astronomical
Journal, 119, 1579

van den Bosch, R., van de Ven, G., Verolme, E., Cappellari, M., & de Zeeuw, P. 2008, Monthly
Notices of the Royal Astronomical Society, 385, 647

van den Bosch, R. C., & van de Ven, G. 2009, Monthly Notices of the Royal Astronomical
Society, 398, 1117

van der Hulst, J., van Albada, T., & Sancisi, R. 2001, in Gas and Galaxy Evolution, Vol. 240,
451

van der Kruit, P., & Freeman, K. 2011, Annual Review of Astronomy and Astrophysics, 49, 301

van der Marel, R. P. 1991, Monthly Notices of the Royal Astronomical Society, 253, 710

van der Marel, R. P., Binney, J., & Davies, R. L. 1990, Monthly Notices of the Royal Astronomical
Society, 245, 582

van der Marel, R. P., Franx, M., et al. 1993, Astrophysical Journal, 407, 525

van Dokkum, P. G. 2005, The Astronomical Journal, 130, 2647

——. 2008, The Astrophysical Journal, 674, 29

van Dokkum, P. G., & Conroy, C. 2010, Nature, 468, 940

Vasiliev, E. 2013, Monthly Notices of the Royal Astronomical Society, 434, 3174

Vasiliev, E., & Athanassoula, E. 2015, Monthly Notices of the Royal Astronomical Society, 450,
2842



Vasiliev, E., & Valluri, M. 2020, The Astrophysical Journal, 889, 39

Vikram, V., Wadadekar, Y., Kembhavi, A. K., & Vijayagovindan, G. 2010, Monthly Notices of
the Royal Astronomical Society, 409, 1379

Vogeley, M. S., Park, C., Geller, M. J., & Huchra, J. P. 1992, The Astrophysical Journal, 391, L5

Vogt, N. P., Forbes, D. A., Phillips, A. C., Gronwall, C., Faber, S., Illingworth, G. D., & Koo, D. C.
1996, The Astrophysical Journal Letters, 465, L15

Wake, D. A. et al. 2017, The Astronomical Journal, 154, 86

Walcher, C. et al. 2014, Astronomy & Astrophysics, 569, A1

Walker, M. G., & Penarrubia, J. 2011, The Astrophysical Journal, 742, 20

Walter, F., Brinks, E., de Blok, W., Bigiel, F., Kennicutt Jr, R. C., Thornley, M. D., & Leroy, A.
2008, The Astronomical Journal, 136, 2563

Warmels, R. 1988, Astronomy and Astrophysics Supplement Series, 72, 19

Wasserman, A. et al. 2018, The Astrophysical Journal, 863, 130
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