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Abstract

Recent studies of neutral atomic hydrogen (H i) in nearby galaxies find that all isolated

star-forming disk-dominated galaxies, from low-mass dwarfs to massive spirals systems,

are H i saturated, in that they carry roughly (within a factor 1.5) as much H i fraction as

permitted before this gas becomes gravitationally unstable. By taking this H i saturation

for granted, the atomic gas fraction fatm of galactic disks can be predicted as a function

of a stability parameter q / j/M , where M and j are the baryonic mass and specific

angular momentum of the disk (Obreschkow et al., 2016). The (logarithmic) di↵erence �fq

between this predictor and the observed atomic fraction can thus be seen as a physically

motivated way of defining a ‘H i deficiency’. While isolated disk galaxies have �fq ⇡ 0,

objects subject to environmental removal/suppression of H i are expected to have �fq > 0.

Within this framework, we revisit the H i deficiencies of satellite galaxies in the Virgo

cluster (from the VIVA sample), as well as in clusters of the EAGLE simulation. As

expected, we find that observed and simulated cluster galaxies are H i deficient and that

�fq increases as we get closer to the cluster centres. Hence, the (q, fatm)-plane o↵ers

a practical diagnostic of environmental e↵ects. The �fq values are found to be similar

to traditional H i deficiency estimators. By tracking the simulated H i deficient cluster

galaxies back in time, we confirm that �fq ⇡ 0 until the galaxies first enter the cluster, at

which moment they quickly loose a significant amount of H i by environmental e↵ects in

less than a dynamical time. Finally, we use the simulation to investigate the links between

�fq and quenching of star formation.
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Chapter 1

Introduction

1.1 Hydrogen in the universe

Hydrogen is the most abundant element in the universe. As the universe expanded and

cooled after the Big Bang, quarks combined and formed neutrons and protons. Protons

are the hydrogen nuclei. As the most massive baryonic component, the hydrogen played

a non-negligible contribution to the formation of cosmic structure. Within this structure,

galaxies form when gas condenses at centres of gravitationally bound dark matter halos

(White and Rees , 1978). In this process, cooling ionised hydrogen (H ii) recombines to

neutral atomic (H i) material. This atomic gas fuels the formation of molecular material

(H2) and new stars.

Physically, H i plays a considerable role as the bridge between the cosmic web and the

stellar disks, as H i is the predominant phase of the interstellar medium in most late-type

galaxies (Haynes et al., 1984). H i is di�cult to be detected observationally as it only emits

weakly in a forbidden hyperfine transition of 21 cm rest-frame wavelength, see Figure 1.1.

The H i emission line was first detected by Ewen and Purcell (1951). Since then, this

line has been an extremely useful tool for studying galaxy formation and evolution. Not

High	energy	state	 �ow	energy	state	

Spin	of	electron	and	
proton	are	aligned	

Spin	of	electron	and	
proton	are	�pposed	

p+	 p+	e-	 e-	

High energy state Low energy state

Spin of electron and
proton are aligned

Spin of electron and
proton are opposed

Figure 1.1: Energy states of hydrogen. A hydrogen atom consists of one proton and one
electron. When the energy changes from the high energy state, where the spin of electron
and proton are aligned, to the low energy state, where the spin of electron and proton
are opposed, energy is emitted at a radio wavelength of 21-cm. This 21-cm emission line
corresponds to 1.420 GHz frequency.
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1 Introduction 2

only is H i the primary fuel for star formation (SF), but also it traces the large-scale dis-

tribution and kinematics of galaxies in the universe and is detectable in most nearly spiral

galaxies and some elliptical galaxies (Haynes et al., 1984). Because the H i component in

galaxies typically extends to larger scales than the stellar material, H i emission line mea-

surements o↵er good estimations of the local environment of a given galaxy, e.g. the dark

matter halo mass, environmental interactions, etc. Hence H i properties reflect the evolu-

tionary history of galaxies in given environments and help us understand the structure of

galaxies and how they evolve through environmental interactions.

1.2 Angular momentum of galaxies

Why do galaxies rotate, or, more generally, how do they acquire their angular momentum

(AM)? This question is not easy to answer. Early analytical arguments (Peebles, 1969;

Fall and Efstathiou, 1980) stressed the importance of three quantities to describe galax-

ies: mass M , energy E and AM J . In this theoretical framework, dark matter haloes

acquire their AM from gravitational torques with neighbouring haloes. The AM then gets

funnelled down to individual galaxies while the baryons cool. Modern simulations only

approximately confirm this picture and show that the acquisition of AM by galactic disks

is a far more nuanced process, which probably involves a significant deal of self-regulation

by feedback (Combes, 2018).

The AM of galaxies can be computed as

J =
X

i

ri ⇥ vimi, (1.1)

where ri vi mi are the radius, rotation velocity and mass of pixel/particle i. Since J , as

computed in eq. 1.1, is directly proportional to the mass of the considered galaxy, it is often

more useful to introduce the specific AM j = J/M , which contains information on the

scale length and rotational velocity of a galaxy, but not on its mass. Fall and Efstathiou

(1980) were the first to study the location of local galaxies in theM–j plane (now known as

the ‘Fall relation’). Considering only the stellar components (M⇤ and j⇤) of a few dozen of

local galaxies of all morphological types, they found that galaxies of di↵erent morphologies

occupy di↵erent power-law relations in the M⇤ -j⇤ plane. These relations are o↵set, such

that spiral galaxies have more AM than ellipticals of the same mass. However, all the

power laws have approximately the same slope of roughly j / M2/3. Interestingly, this

is the slope predicted for dark matter haloes. Already Mo et al. (1998) showed that by

assuming that AM is approximately conserved during the collapse of gas in a galaxy, the

observed basic scaling relation of disk galaxies can be explained.

In the last five years, researchers found that the ratio of specific AM j and mass

M (j/M) relates to other galaxy properties (Fall and Romanowsky , 2013; Genel et al.,

2015; Lagos et al., 2018b; Teklu et al., 2015; Pedrosa and Tissera, 2015). For example,

Figure 1.2 shows the empirical evidence for the fundamental importance of the baryon
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Figure 1.2: (a): Mjmorphology relation. The morphology is measured by bulge to total
mass ratio B/T . (b): j/M vs. the cold gas fraction. (c): j/M vs. the depletion time
(gas mass per star formation rate (SFR)). [reprinted with permission from Obreschkow
and Glazebrook (2014)]

(stars+cold gas) specific AM j (Obreschkow and Glazebrook , 2014), which clearly relates

to the morphology, the cold gas fraction, j/M and the depletion time in SF.

In addition, AM is relevant to the stability of galaxies. For a rotating disk galaxy,

the shear force, which is provided by AM, can act against the gravity. In the low AM

regions, the shear force is not strong enough to hold against gravity. Thus, the H i is

unstable and likely to collapse into clouds and form H2. Therefore, for stable isolated

galaxies, the higher the amount of AM, the more H i they can support. In other words,

high-AM galaxies can support higher H i gas fractions. Obreschkow et al. (2016) presented

a quantitative theory for this argument, predicting the H i mass fraction of galaxies as

a function of j/M , hence explaining the empirical finding of Fig. 1.2b. We discuss the

details in Chapter 2.

As Equation 1.1 shows, in order to measure the AM of galaxies, the surface density

maps and velocity maps are needed. Improvement of kinematic observational techniques,

such as integral field spectroscopy (e.g. ATLAS3D, CALIFA, MaNGA, SLUGGS, PN.S,

KROSS, SAMI Survey) and radio interferometry (e.g. THINGS on the VLA) and future

instruments (e.g. KMOS, MUSE, SINFONI, HECTOR, ALMA, NOEMA, JWST, SKA

and precursors), enable us to measure AM in a more accurate way. Many recent hydro-

gravitational simulations contribute to the AM discussion as well (e.g. Illustris, EAGLE,

Horizon, Magneticum, MAGICC, CLUES, NIHAO). These observations and simulations

provide us a deeper insight in AM science.

1.3 H i properties of galaxies in clusters

A cluster of galaxies is a structure that consists of hundreds or thousands of gravitationally

bound galaxies. The dense environment has an impact on the galaxies, e.g. their mor-

phology: ⇠ 90% of the population in the core of rich clusters consists of elliptical or S0’

galaxies, while spiral galaxies dominate in the field (Dressler , 1980). Furthermore, single
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Figure 1.3: The optical image and the H i contours (the white lines) of NGC4522. The
H i is being pushed out orthogonally to the galactic disk by ram pressure. [reprinted with
permission from Chung et al. (2009); Wong et al. (2014)]

dish 21 cm observations (e.g. Davies and Lewis , 1973; Giovanelli and Haynes , 1985) have

found that cluster galaxies are deficient in H i gas, compared to field galaxies. Many mech-

anisms can drive such deficiencies; for example (1) stripping of H i by the ram pressure of

the hot intra-cluster medium (Gunn and Gott , 1972), see Figure 1.3, (2) tidal stripping

by gravitational forces (Merritt , 1983), (3) heating by dynamical friction causing the H i

to be ‘harassed’ (Moore et al., 1996), (4) merger-driven starbursts consuming a lot of H i

(Hopkins et al., 2006), (5) losing gas by the tidal e↵ect from the halo when falling into a

cluster (strangulation) (Peng et al., 2015), etc.

Within a cluster (< 3Rvir), Solanes et al. (2001) showed that H i deficiency increases

as the projected distance decreases from the cluster centre. In the meanwhile, SFR follows

a similar trend (Lewis et al., 2002; Gómez et al., 2003).

An interesting question is raised up: does deficiency of H i a↵ect the morphology or

SFR? The dense environment enables us to study what happens when H i removed from

galaxies. For instance, Cortese et al. (2011) suggested that SF would be suppressed when

H i is stripped.

However, the definition of a ‘H i deficiency’ parameter is not obvious. This motivated

us to investigate a new physical model to measure such ‘H i deficiency’. We discuss it in

details in Chapter 2.

1.4 Thesis structure

We investigate the relationship between AM and the neutral atomic gas fraction of galaxies

in clusters, both in observations and simulations.

This thesis is composed of 3 chapters. Chapter 2 corresponds to the submitted journal
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paper from this master project, consisting of the introduction of an analytic model of H i

saturated galaxies and the AM-neutral atomic gas fraction relation for galaxies in clusters.

We used public observational data and hydrodynamical simulations to do the analysis.

In Chapter 3, we extend the analytical model of Chapter 2, and apply this model to

quenched galaxies. Also, we discuss future work in this chapter.



Chapter 2

Angular momentum-related probe

of cold gas deficiencies

submitted to MNRAS

2.1 Introduction

Neutral atomic gas (H i) is the dominant cold gas constituent in most galaxies. It is also a

pivotal way-station in the evolution of galaxies: cooling accretion flows deliver H i gas to

galactic disks (e.g. van de Voort and Schaye, 2012; Faucher-Giguère et al., 2015), where,

given the right conditions, the H i can collapse into clouds and combine into molecular gas

(H2) and further into stars. In turn, H i can also be the exhaust product of stellar winds

and supernovae and get pushed out of galactic disks by energetic feedback (e.g. Faber and

Gallagher , 1976; Faucher-Giguère et al., 2015; Ford et al., 2013; Lagos et al., 2014).

Because of the physical importance of H i, the amount of this gas in a galaxy is a key

parameter in galaxy evolution studies. However, since star-forming galaxies span many

(> 5) orders of magnitude in stellar (and halo) mass, the quantity that matters for the

qualitative physics is the atomic mass fraction, rather than the absolute amount of H i. In

this work, the neutral atomic gas fraction of a galaxy is defined as

fatm ⌘ 1.35MHI

M
, (2.1)

where M = M⇤ + 1.35(MHI +MH2) is the baryonic mass, M⇤ is the stellar mass, MHI is

the H i mass, MH2 is the molecular hydrogen mass and the factor 1.35 accounts for the

universal Helium fraction, which is hard to measure directly.

Observations of H i in rest-frame 21cm emission revealed that fatm varies considerably

between di↵erent galaxies (Maddox et al., 2015; Catinella et al., 2018; Chung et al., 2009).

These empirical variations hold interesting clues on qualitatively di↵erent physics. How-

ever, a priori, it is not obvious whether these di↵erences are due to internal di↵erences

(i.e. di↵erences in other galaxy properties) or to external di↵erences related to the galactic

environment. In fact, both can be important. As for internal di↵erences, it is well estab-

6



2 Angular momentum-related probe of cold gas deficiencies 7

lished that fatm exhibits a weak but systematic dependence on stellar mass (Catinella

et al., 2010) and a pronounced dependence on the morphology (Haynes and Giovanelli ,

1984), size (Boselli and Gavazzi , 2009) and angular momentum (Huang et al., 2012) of

the galactic disk. Even without an understanding of the causalities between these observ-

ables, it is thus clear that fatm relates strongly to internal physics. In turn, it is also well

established that fatm can be strongly reduced by environmental e↵ects, especially in dense

cluster environments. Already early observations (e.g. Davies and Lewis, 1973; Giovanelli

and Haynes , 1985) have found that spiral galaxies near the core region of clusters are

very deficient in H i, compared to field galaxies of similar morphology and size. Many

mechanisms can drive such deficiencies as we discuss in Chapter 1.

In studying environmental e↵ects on H i, it is crucial to separate the most important

internal e↵ects on fatm from external ones. In other words, we would like to measure the

deficiency (or excess) in fatm due to external e↵ects. The definition of such a ‘deficiency’

parameter is not obvious, as it requires to calibrate the typical H i content of galaxies

against a property that is not (or significantly less) a↵ected by the environment than the

cold gas reservoir. From an observational point of view, the concept of H i deficiency has

originally been introduced by Haynes and Giovanelli (1984) as the di↵erence, in logarith-

mic units, between the observed H i mass and the value expected for an isolated galaxy

with the same morphological type and optical diameter. While empirical, this relation has

similar foundations of the one presented here (i.e., for pure exponential disks total mass

and sizes are tightly linked) and is based on the assumption that environment a↵ects H i

without a↵ecting the optical size. Admittedly, this definition has hampered a quantitative

comparison with predictions from theoretical models for which visual morphologies cannot

be easily obtained. Thus, in recent years, significant e↵ort has gone into calibrating new

H i-deficiency parameters using physical quantities directly comparable with predictions

from models. Among them, the combination of stellar surface density and ultraviolet

colour presented by Catinella et al. (2010, 2018) is the one that mimics most closely the

original definition, and has allowed detailed comparisons with semi-analytical models of

ram-pressure and starvation (see Cortese et al., 2011). Conversely, calibrations based on

just stellar mass or optical luminosity perform quite poorly as mass is a poor predictor of

fatm (see Catinella et al., 2010; Brown et al., 2015).

An interesting alternative to an empirical calibration of fatm is o↵ered by a recently

proposed parameter-free physical model for fatm in field galaxies (Obreschkow et al., 2016,

hereafter O16). This model (detailed in Section 2.2) relies on the assumption that star-

forming disk field galaxies contain as much H i as they can, given their mass and AM,

before this gas becomes partially locally unstable. Apart from the straightforward physical

interpretation of this calibration, the model of O16 has the advantage that it can be applied

to observational data in the same way as to numerical simulations (e.g. Stevens et al., 2018;

Wang et al., 2018), hence providing an alternative way for an unbiased comparison.

In this thesis, we use the O16 model to revisit H i deficiencies in the satellite galaxies of

the Virgo cluster, studied in the VIVA survey, and compare these measurements to cluster
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galaxies in the EAGLE simulation (Schaye et al., 2015; Crain et al., 2015; McAlpine et al.,

2016). The objective is to critically discuss the use of the O16 model as a diagnostics of

environmental e↵ects which a↵ects primarily the gas fraction but not the AM, as well as

to use this model as a bridge between observations and simulations to better understand

the nature and implications of such e↵ects.

This chapter is organized as follows. We start by summarising the O16 model and

defining a H i deficiency estimator based on this model (Section 2.2). Section 2.3 explores

this H i deficiency in Virgo cluster galaxies and compares this deficiency to traditional

estimators. Section 2.4 explores the OG16-based H i deficiency estimator in the EAGLE

simulation and compares the results to observations. Conclusions and a summary are

given in Section 2.5.

2.2 Physically motivated H i deficiency

In an e↵ort to explain the observed correlations between the H i content and AM in

star-forming galaxies, O16 introduced an analytical model for the atomic gas mass that

can be supported against gravitational collapse in a flat exponential disk with circular

rotation. Relying on Toomre (1964) like stability considerations, they found that the

maximum stable value of fatm depends on the mass and kinematics of a disk through a

single dimensionless parameter q, defined as

q =
j�

GM
, (2.2)

where G is the gravitational constant, M and j are the baryonic (stars+cold gas) mass

and specific AM and � is the one-dimensional velocity dispersion of the ‘warm’ H i gas. We

take this dispersion to be � = 10 km/s, consistent with the observational results (Walter

et al., 2008; Leroy et al., 2008) that nearby spiral galaxies exhibit a galaxy-independent

and radius-independent dispersion between roughly 8 km/s and 12 km/s. Incidentally, this

dispersion approximately corresponds to the thermal motion of hydrogen at a temperature

of 104 K, characteristic for the phase transition from H ii to H i. To the extent that � is

considered fixed by such fundamental physical considerations, the O16 model is completely

parameter-free.

The exact relation between q and fatm depends on the rotation velocity as a function

of radius. However, this e↵ect of the rotation curve is small (see di↵erent lines in Figure 2

of O16) and the q–fatm relation is generally well approximated by the truncated power

law

fatm = min{1, 2.5q1.12}. (2.3)

This function is plotted as the solid line in Figure 2.1.

All isolated star-forming disk galaxies with su�cient H i and optical data for an accu-

rate determination of q and fatm, analysed so far, satisfy this relation within about 0.2 dex

scatter, as shown in Figure 2.1. The data shown here spans five orders of magnitude in
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HI oversaturation

HI undersaturation

∆fq

HI undersaturation

Figure 2.1: Atomic gas fraction versus the q-parameter for local field galaxies from di↵erent
samples. The black line is the approximation (Eq. (2.3)) to the O16 model, with its
uncertainty region due to the variance of the velocity dispersion shown as gray shading.

stellar mass and include galaxies that have very high H i fractions (Lutz et al., 2018;

Džudžar et al., 2019) and low H i fractions (Murugeshan et al., 2019) for their stellar mass

and absolute r-band magnitude, respectively. In other words, these H i extreme galaxies

have extremely high/low AM, but for their AM, their H i content is, in fact, normal. This

result suggests that isolated, star-forming galaxies in the local universe reside at the H i

saturation point, approximated by Eq. (2.4). Besides, Džudžar et al. (2019) suggested that

galaxies in small groups (su↵er less environmental e↵ects) also agree with the saturation

relation. Interestingly, a recent analysis of cosmological zoom-simulations (Wang et al.,

2018) showed that this statement holds true for most isolated star-forming disk galaxies

at any redshift. Eq. (2.3) hence appears to be a nearly universal and physically motivated

relation for star-forming disk galaxies with negligible environmental e↵ects.

Given the accuracy of the O16 model in predicting the H imass of undisturbed galaxies,

it seems sensible to define the H i deficiency of galaxies by their o↵set from Eq. (2.3), i.e. as

�fq = log10
�
min{1, 2.5q1.12}

�
� log10 (fatm) . (2.4)

The higher the value of �fq, the more H i deficient a galaxy is.

With respect to more common definitions of the H i deficiency (e.g. see Section 2.3.5),

�fq has the advantages that it can be directly interpreted as the H i deficiency relative

to the saturation point and that it does not require any tuning to a reference sample.

As we will demonstrate in the following, �fq can be accurately measured in kinematic

observations and simulations and thus o↵ers a new bridge for comparing them in a like-

to-like fashion.
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2.3 Clues from the VIVA observation

2.3.1 Sample and data

To study the position of real cluster galaxies in the (q, fatm)-plane, we rely on the data

from the VLA Imaging of Virgo in Atomic gas (VIVA, Chung et al., 2009) survey. These

data are optimal for this purpose because they provide us with spatially resolved 21cm

spectral line data, showing both the amount of H i and its Doppler velocity along the

line-of-sight at a spatial resolution of 15” (1.2 kpc at 17 Mpc). The use of such resolved

kinematic data permits us to avoid the usual assumptions that (1) most material orbits

the galaxy at the maximum circular velocity and (2) that this velocity is measured by the

21cm line width (e.g. W50). In fact, both these assumptions, especially the second one, are

hard to justify in stripped systems. The full VIVA sample counts 53 galaxies (48 spirals

and 5 irregulars), all showing at least some rotation.

Our analysis also requires stellar masses and optical sizes. These were drawn from

the analysis of the GALEX-enhanced Herschel Reference Survey (HRS) data by Cortese

et al. (2012), where stellar masses were derived using a (g-i)-colour-dependent mass-to-

light ratio. Of the 53 VIVA objects, 41 are given stellar masses. We deliberately exclude

merging or strongly interacting systems, where two galaxies are visibly connected in H i.

These are four galaxies (NGC 4294/4299, NGC 4567/4568), of which one was already

rejected because it had no separate stellar mass. This leaves us with a sample of 38

galaxies for the present analysis.

The definitions of fatm and q both refer to all baryons (stars+cold gas). Sometimes,

the cold gas can have a significant molecular component. In the analysis of this chapter,

we include molecular masses determined from 12CO(1–0) emission in the cold gas study

of the HRS (Boselli et al., 2014a). We used the data corresponding to a constant CO-

to-H2 conversion XCO = 2.3 · 1020 cm�2/(K km s�1) – the typical Milky Way value, not

accounting for helium (Bolatto et al., 2013). Of our 38 galaxies, 37 have CO data. The

molecular mass of the remaining object NGC 4606 is neglected.

All data are analysed assuming that the galaxies are situated at a distance of 17 Mpc,

except for NGC 4380 and NGC 4424 which are assumed to lie at the Virgo B distance of

23 Mpc and NGC 4561 at a Hubble flow distance of 20.14 Mpc (following the HRS data).

2.3.2 Angular momentum measurements

In order to measure the specific AM of the stellar and cold gas components, we assume that

the galaxies rotate in a thin disk and that the stars co-rotate around the galactic centre

at the same velocity as the gas, hence neglecting so-called asymmetric drift due to the

di↵erent dispersion of stars and gas. This approximation is consistent with spectroscopic

observations in large late-type galaxies, but tends to over-estimate the stellar rotation by

up to 20% in more dispersion-rich systems (Cortese et al., 2016). This error is comparable

to other measured uncertainties in j, e.g. due to inclination uncertainties (see the end of

this section).
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N4536 (object 30)

20 kpc

NGC 4536
N4501 (object 26)

8 kpc

NGC 4501
N4654 (object 39)

20 kpc

NGC 4654
N4424 (object 23)

20 kpc

NGC 4424

Figure 2.2: H i velocity-intensity maps of four galaxies in the VIVA sample. Stripping
becomes stronger from the left to the right. Intensity represents the H i surface density
(moment 0 map), while colours from red to blue represent the rest-frame velocity (mo-
ment 1) from �250 km/s to +250 km/s. The grey circles show the approximate resolution
(FWHM) of 1500. The orientation and aspect ratio of the ellipses show the position angle
and inclination of the galaxies (from Chung et al., 2009). The sizes of these ellipses are
such that they contain half of the r-band emission (solid) and H i (dashed).

The specific AM of stars (j⇤) and H i (jHI) can be evaluated from the 2D kinematic data,

some examples of which are shown in Figure 2.2. Explicitly, the j values are computed as

jphase =

P
k mkrkvkP

k mk
, (2.5)

where the sum goes over the pixels k in the images and each pixel has a mass mk, a

galacto-centric radius rk and a circular velocity vk. These three quantities are evaluated

as follows.

• The mass map {mk} of H i is taken as the 21cm moment 0 map. For stars, the

mass map is approximated by an exponential disk model, m / exp(�r/rd), where

the scale radius rd is computed as rd = Re/1.678 with Re being the r-band e↵ective

radius from Cortese et al. (2012). Exponentials o↵er a good approximation of j⇤ and

allow us to extrapolate the optical data into the noise-dominated parts of the images

(e.g. OG14; Romanowsky and Fall , 2012). In galaxies with a significant stellar bulge

(i.e. the NGC4606 Sa-Sb types in the sample), Re/1.678 underestimates the scale rd

of the exponential profile at large radii, leading to an underestimation of j⇤. This is

partially compensated by the overestimation of j⇤ caused by neglecting asymmetric

drift.

• The radii {rk} in the plane of the galaxy are obtained from the radii sk in the plane

of the sky using the standard deprojection equation r = F (x, y;↵, i)s with a function

F that depends on the (x, y)-position in the image, as well as on the position angle

↵ and inclination i of the galaxy. The explicit expression can be found in Eq. (B3)

of OG14.

• The circular velocities {vk} in the plane of the galaxy are computed from the line-

of-sight velocities vz (1st moment of H i line) using the deprojection equation v =

C(x, y;↵, i)vz, given in Eq. (B4) of OG14.
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The H i images of VIVA are large enough and deep enough (typical H i column density

of 3–5 · 10�19 cm�2) for the values of jHI to be converged within a few percents (based

on the detailed convergence study in OG14). However, in some galaxies the optical disk

extends beyond the H i disk, meaning that no velocity data is available in their outer parts.

In these cases, the moment 1 map of H i is extrapolated beyond the observations assuming

a flat rotation curve with a velocity fixed at the 90% quantile of the observed pixels. The

relative increase of j⇤ due to this extrapolation varies between 0% and ⇠ 100% with a

mean of 25%.

When deprojecting the data, care must be applied to divergencies: F diverges for

edge-on galaxies (i = 90�), whereas C diverges for face-on galaxies (i = 0�), as well as

on the minor axis for galaxies of any inclination. Measurement errors of pixels close to a

divergency can lead to large uncertainties in j. To avoid this problem, the sums in Eq. (2.5)

are only taken over pixels where F < 3 and C < 3. In other words, the observed radii

and velocities are never multiplied by more than a factor 3 in the deprojection procedure.

In axially symmetric galaxies, this rejection of pixels has no systematic e↵ect on j, since

the numerator and denominator in Eq. (2.5) are reduced by the same factor. Since the

minimum of |C| is sin�1 i (along the major axis), the requirement that |C| < 3 implies

that only galaxies with sin�1 i < 3, i.e. i > 20� can be used. All galaxies in our sample

satisfy this condition, since the minimum inclination is 30�.

Given the measurements of the stellar j⇤ and atomic jHI, we can calculate the baryonic

j, defined as the ratio J/M between the AM and mass of the baryons (stars+cold gas).

As we do not have su�cient data for good measurements of molecular AM values, jH2 ,

we assume that these values are identical to j⇤. This is justified by the approximate

congruence between molecular and stellar material in nearby star-forming galaxies (Walter

et al., 2008). The total baryonic specific AM can then be written as

j =
J

M
=

(M⇤ + 1.35MH2)j⇤ + 1.35MHIjHI

M⇤ + 1.35(MHI +MH2)
. (2.6)

where the factor 1.35 ensures that Helium is accounted for in the atomic component.

However, for heavily stripped objects, jH2 is closer to jHI. We test these heavily stripped

galaxies (�fq > 0.5) and find that the assumption of jH2 ⇡ j⇤ makes the di↵erence below

1%, which means the q does not significantly depend on the assumption. For the one

galaxy without CO data, the H2 mass is neglected. The error made in doing so is at most

a few percent, based on the other 37 galaxies with CO data.

Measurement uncertainties of j are computed through linear propagation of inclination

uncertainties of 10� and assuming an additional extrapolation error of 10%, roughly the

uncertainty in the maximum rotation velocity used for this extrapolation.

In environmentally perturbed and stripped systems, the assumption of a flat disk at

constant inclination and position angle potentially introduces significant systematic errors

in j, which are hard to estimate. However, the H i mass fraction in stripped regions,

is generally very small and often exaggerated in non-linear luminosity scales, such as in

Figure 2.2. In fact, even in one of the most heavily stripped galaxies NGC 4424, only
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Figure 2.3: Atomic gas fraction versus parameter q. Diamonds are the Virgo galaxies
from the VIVA survey. Gray points are the field galaxies from Figure 2.1. The color bar
represents the ratio between the projected distance to the giant elliptical galaxy M87 at
the centre of Virgo A and the virial radius 2.2 Mpc.

35% of the H i resides in the non-symmetric tail and the stellar mass fraction in this tail

is significantly smaller. Neglecting this material only moves the point in Figure 2.3 by

roughly the size of the point (towards the bottom and left).

2.3.3 Measurement of H i deficiencies

To evaluate �fq using Eq. (2.4), we first evaluate the actual atomic gas fractions fatm

using Eq. (2.1). Where available molecular masses are included. The parameter q is

calculated via Eq. (2.2), as explained, with a fixed velocity dispersion of � = 10 km/s for

all galaxies; note that the velocity resolution (10 km/s) of VIVA is insu�cient for a direct

measurement. We determine the uncertainties of fatm and q by propagating the mass and

AM uncertainties are given in Table 2.1.

2.3.4 Results of the Virgo sample

The diamonds in Figure 2.3 show the 38 Virgo galaxies of our sample in the (q, fatm)-

plane. As expected, most of these galaxies lie below the analytical relation, in the H i

undersaturated region. All our Virgo galaxies, except for those right at the edge of the

cluster (green–yellow colours in the figure), lie significantly (> 0.2 dex) below the analytical

relation, whereas all field galaxies of the reference sample (grey stars) lie on the analytical

relation. This suggests that the (q, fatm)-plane is a useful diagnostic for the presence of

environmental e↵ects which would not a↵ect q much.

The o↵set of the galaxies from the analytical q–fatm relation of H i saturated systems

can be quantified using the logarithmic distance�fq, defined in Eq. (2.4). Figure 2.4 shows
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Table 2.1: Key properties of the galaxies in our subsample of VIVA. Columns are as follows.
(1) Galaxy names; (2) stellar masses from Cortese et al. (2012), with a typical uncertainty
⇠0.15 dex; (3) total H i mass from Chung et al. (2009); (4) H i mass uncertainty; (5) H2

mass from Boselli et al. (2014a); (6) H2 mass uncertainty; (7) half-mass radii in r-band
from Cortese et al. (2012); (8) half-mass radii of H i (determined from the VIVA moment
0 maps); (9) stellar specific AM; (10) specific AM of H i; (11) typical uncertainty of j⇤ and
jHI; (12) parameter q; (13) neutral atomic gas fraction; (14) H i deficiency �fq. In the
units, lg stands for the base-10 logarithm.

ID M⇤ MHI �MHI MH2
�MH2

Ropt

e
RHI

e
j⇤ jHI �j q fatm �fq

– lg(M�) lg(M�) lg(M�) lg(M�) lg(M�) kpc kpc lg(kpc km/s) lg(kpc km/s) lg(kpc km/s) – – –
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

IC 3392 9.77 7.69 0.34 8.62 0.19 2.60 1.60 2.56 2.20 0.05 0.129 0.010 1.39
NGC 4192 10.65 9.68 0.04 9.39 0.20 9.70 16.50 3.41 3.52 0.04 0.113 0.119 0.27
NGC 4216 11.00 9.30 0.09 9.21 0.20 6.30 13.60 3.22 3.66 0.04 0.038 0.026 0.40
NGC 4222 9.31 8.86 0.10 8.06 0.19 3.80 7.40 2.68 3.06 0.04 0.501 0.308 0.51
NGC 4254 10.39 9.70 0.04 10.02 0.05 5.10 9.90 3.06 3.30 0.21 0.065 0.149 -0.10
NGC 4298 10.10 8.75 0.08 9.16 0.18 3.90 4.10 2.75 2.71 0.07 0.085 0.050 0.50
NGC 4302 10.44 9.22 0.07 9.29 0.18 7.90 10.30 3.29 3.38 0.04 0.142 0.069 0.61
NGC 4321 10.71 9.51 0.02 9.91 0.05 8.10 10.70 3.33 3.34 0.18 0.075 0.066 0.32
NGC 4330 9.52 8.70 0.10 8.61 0.19 6.00 4.90 3.13 3.05 0.04 0.674 0.149 0.83
NGC 4351 9.17 8.53 0.06 8.11 – 2.60 2.90 2.21 2.17 0.09 0.175 0.217 0.21
NGC 4380 10.06 8.16 0.19 8.84 0.19 5.90 5.60 2.94 2.80 0.07 0.160 0.015 1.32
NGC 4383 9.42 9.52 0.05 8.48 0.09 1.40 9.90 1.94 3.16 0.06 0.277 0.595 -0.00
NGC 4388 10.14 8.62 0.26 8.78 0.20 5.00 4.50 3.26 3.04 0.04 0.275 0.037 1.20
NGC 4396 9.25 8.99 0.09 8.55 0.18 4.50 5.80 2.75 2.94 0.04 0.439 0.369 0.43
NGC 4402 10.04 8.62 0.18 9.31 0.05 4.70 4.10 3.00 2.77 0.04 0.160 0.039 0.91
NGC 4419 10.24 7.82 0.62 9.11 0.05 2.60 2.50 2.91 3.01 0.05 0.098 0.005 1.60
NGC 4424 9.91 8.34 0.07 8.86 0.18 5.20 6.70 2.35 2.01 0.06 0.054 0.031 0.48
NGC 4450 10.70 8.51 0.08 9.07 0.20 4.70 5.80 3.07 3.07 0.11 0.052 0.008 1.04
NGC 4457 10.43 8.34 0.11 9.19 – 2.00 2.50 2.38 2.38 0.18 0.019 0.010 0.47
NGC 4501 10.98 9.27 0.06 9.88 0.05 6.00 8.20 3.30 3.36 0.06 0.043 0.023 0.50
NGC 4522 9.38 8.58 0.13 8.90 0.18 4.10 4.10 2.93 2.81 0.04 0.481 0.129 0.89
NGC 4532 9.21 9.34 0.03 8.30 0.18 2.70 6.20 2.27 2.58 0.05 0.146 0.610 -0.32
NGC 4535 10.45 9.57 0.02 9.55 0.05 8.60 13.20 3.25 3.37 0.10 0.113 0.132 0.22
NGC 4536 10.26 9.73 0.02 9.45 0.05 7.80 12.80 3.20 3.33 0.05 0.137 0.248 0.04
NGC 4548 10.74 8.86 0.03 8.88 0.05 6.10 8.70 3.16 3.19 0.14 0.059 0.017 0.79
NGC 4561 8.99 9.20 0.03 8.57 – 2.40 5.40 1.83 2.54 0.18 0.149 0.591 -0.30
NGC 4569 10.66 8.85 0.10 9.69 0.05 8.70 4.90 3.41 3.00 0.05 0.111 0.018 1.07
NGC 4579 10.94 8.80 0.12 9.36 0.05 4.80 6.60 3.15 3.27 0.14 0.036 0.009 0.81
NGC 4580 9.99 7.50 0.34 8.60 0.18 2.50 1.20 2.57 2.32 0.13 0.083 0.004 1.57
NGC 4606 9.77 7.45 0.23 – – 3.00 0.80 2.48 1.83 0.06 0.118 0.006 1.55
NGC 4607 9.60 8.39 0.16 8.80 0.19 3.50 3.30 2.87 2.76 0.04 0.329 0.064 1.05
NGC 4651 10.13 9.66 0.03 8.96 0.21 3.20 8.20 2.87 3.24 0.08 0.115 0.295 -0.12
NGC 4654 10.14 9.52 0.03 9.61 0.05 5.10 7.80 2.95 3.06 0.07 0.092 0.188 -0.04
NGC 4689 10.19 8.73 0.05 9.31 0.05 5.10 4.50 2.93 2.79 0.15 0.103 0.038 0.71
NGC 4698 10.52 9.27 0.03 8.65 – 4.30 16.90 3.00 3.55 0.05 0.076 0.069 0.30
NGC 4713 9.22 9.51 0.03 8.72 0.18 2.60 8.70 2.40 2.80 0.08 0.172 0.648 -0.27
NGC 4772 10.25 8.97 0.06 8.48 – 4.40 6.20 3.07 3.28 0.06 0.146 0.065 0.65
NGC 4808 9.49 9.61 0.03 8.59 0.19 2.40 12.40 2.42 3.25 0.05 0.300 0.603 0.03
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Figure 2.4: �fq as a function of projected distance from galaxies to the cluster centre
M87. The solid line is a two-parameter exponential fit �fq = p1 exp(�d/p2), only used as
a visual reference line later (e.g. in Figure 2.7).

this theoretically motivated ‘H i deficiency’ �fq as a function of the projected distance of

the galaxies to the central cluster galaxy M87. As naively expected and well-established

(e.g. Davies and Lewis , 1973; Giovanelli and Haynes , 1985; Chung et al., 2009), there is a

trend for the H i deficiency to increase with the proximity to the cluster centre. However,

this qualitative statement is subject to a list of caveats:

• This trend is stronger than usually observed when all cluster galaxies are consid-

ered, for instance, the average of �fq drops two times faster than the larger sample

by comparing their slopes, and it is mainly a consequence of the criteria used to

select VIVA galaxies. The number of galaxies in VIVA is a small fraction of the

whole sample of Virgo galaxies, and tend to select the HI-richer galaxies in the clus-

ter. Indeed, Figure 2 in Boselli and Gavazzi (2006) showed a decreasing trend of

‘distance-H i deficiency (�fD)’ with a significantly large scatter, likely a consequence

of the un-relaxed dynamical state of Virgo.

• Some galaxies might already have had a peri-centre passage, where they might have

been stripped of their H i content, even if now they are situated at large radii.

• Other environmental e↵ects than stripping could have a↵ected selected galaxies. For

instance, NGC 4772 (the orange point in Figure 2.4) is likely to have experienced a

minor merger (Haynes et al., 2000).

Numerical simulations, such as the one discussed in Section 2.4 can resolve these caveats,

as they provide access to three-dimensional geometries and a look back in time.
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2.3.5 Comparison between di↵erent H i deficiencies

Let us now compare the new H i deficiency estimator �fq to two more familiar empiri-

cal estimators, mainly used in simulation-based studies (Section 2.3.5) and observational

environmental studies (Section 2.3.5), respectively.

H i deficiency relative to stellar mass

A simple way of defining a H i deficiency, often used for simulations (e.g. Crain et al., 2017;

Stevens et al., 2019), is to measure the o↵set of a galaxy from the mean stellar mass-H i

mass relation, or, equivalently the baryon mass-H i fraction relation, M–fatm. Formally,

this definition of the H i deficiency can be written as

�fM = log10

"
0.5

✓
M

109M�

◆�0.37
#
� log10 (fatm) , (2.7)

where the first term on the right-hand-side denotes the mean value of fatm at baryonic

(stellar+cold gas) mass M in a volume-complete sample of galaxies, given by O16 and

consistent with the optically-selected GASS sample Catinella et al. (2010).

The advantage of this definition is its simplicity, only requiring global stellar mass

(light) and H i-mass measurements. However, this simplicity comes at the cost of several

disadvantages. Firstly, the definition of �fM is purely phenomenological, providing no

insight into the physical causes of H i-rich and H i-poor galaxies. Secondly, the M–fatm

distribution exhibits a large intrinsic scatter (⇠ 0.5 dex, see O16 Figure 3), even for spi-

ral galaxies that show no evidence of environmental e↵ects, hence making �fM a poor

diagnostic of such e↵ects. Thirdly, H i-selected samples are biased towards H i-rich galax-

ies in the M–fatm space. Thus H i deficiency relative to stellar mass is rarely used in

observations. However, we make the comparison here for reference.

Figure 2.5(a) shows the comparison of�fM and�fq in our sample of 38 Virgo galaxies.

From this figure, �fM -�fq is close to one-to-one relation despite a small o↵set (⇠ 0.1 dex)

due to aforementioned selection e↵ects. In this case, �fM can be used to identify H i

deficient galaxies.

Cosmological simulations can bypass concerns of selection bias, since they are limited

by volume rather than sensitivity. Also, the mean M–fatm relation (or M⇤–MHI relation)

is well-defined. For instance, one can select all central galaxies (as opposed to satellites)

to determine the median value of MHI as a function of stellar mass and then compute

the deficiency �fM of the satellites relative to this relation. Such an approach has been

presented, for instance, by Crain et al. (2017) for the EAGLE simulations, Stevens et al.

(2018) for the Illustris-TNG simulations and Lagos et al. (2011, 2018a) for semi-analytic

models.
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H i deficiency relative to optical size

Traditional definitions of H i deficiencies, used in observational environmental studies,

compare the H i mass of individual galaxies to that of field galaxies of the same optical

size and (sometimes) same morphological type (Haynes and Giovanelli , 1984). Formally

this can be written as

�fD = log10M
ref
HI � log10M

obs
HI , (2.8)

where M ref
HI is the expected H i mass of field galaxies and Mobs

HI is the observed value of

an individual object. The variation of M ref
HI with morphological type is often modelled as

using a power law approximation

log10h
2M ref

HI = A+ Blog10(h
2D2) (2.9)

where D is optical diameter (e.g. at the 25 mag/arcsec2 isophote), h ⇡ 0.7 is the Hubble

parameter and A and B are numerical constants. Sometimes these constants A and B

are calibrated separately to each morphological Hubble type, such as shown in Table 3 of

Boselli and Gavazzi (2009).

Indeed Figure 2.5(b) shows that �fD and �fq follow a one-to-one relation with no sig-

nificant trend, the similarity between �fD and �fq can be understood from the similarity

of q and the surface density. In fact, (Obreschkow and Glazebrook , 2014, Eq.(23)) show that

q is inversely proportional to the surface density in the case of single-component baryonic

disks with a universal density profile. The surface density of most baryonic disks is indeed

comparable to the optical surface density. However, in very high H i-rich galaxies, the

value of �fD can even be negative, while �fq ⇠ 0, because the optical diameter is much

smaller than the baryonic diameter, meaning that the optical diameter will underestimate

the amount of H i a stable disk can carry.

In environmental observational studies of H i, �fD is widely used. However, in cosmo-

logical simulations, the definition and measurement of morphological types is somewhat

cumbersome and thus �fD is not normally used.

In summary, the estimator �fD often has similar values to �fq, but the latter has the

advantages of (1) being easily useable with observations and simulations, as well as (2)

having a more straightforward physical interpretation in terms of the H i saturation point.

2.4 Insights from the EAGLE simulations

In this section, we investigate how the cluster galaxies in a hydrodynamics cosmological

simulation evolve in the q�fatm plane. The advantage of such a simulation is that we can

trace the history of the galaxies and explore the evolution of fatm through cosmic time.

We use the EAGLE simulation (Schaye et al., 2015; Crain et al., 2015; McAlpine et al.,

2016), which successfully reproduce several statistical gas properties of a volume-complete

sample, such as the total neutral gas (H i +H2)-stellar mass relation (Bahé et al., 2016),

the scaling relation between H2 mass and stellar mass, star formation rate and stellar
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Figure 2.5: Comparison between the di↵erent H i deficiency estimators �fD, �fM and
�fq. The colour bar shows the atomic gas fraction. Dashed lines are the one-to-one
relations.

surface density of galaxies (Lagos et al., 2015), and reasonably well the H i-stellar mass

relation of galaxies (Crain et al., 2017). Particularly relevant to our work are the results

of Marasco et al. (2016), who showed that EAGLE reproduces the observed decrease in

the H i-to-stellar mass ratio with increasing parent halo mass (up to 1014.75M�). We here

use the largest EAGLE simulation box with a volume of (100Mpc)3, which contains 10

galaxy clusters of halo masses > 1014M�.

2.4.1 EAGLE simulation

The EAGLE simulation suite (details in Schaye et al. 2015, Crain et al. 2015 andMcAlpine

et al. 2016) consists of a large number of cosmological hydrodynamic simulations with

di↵erent resolutions, cosmological volumes, run with a modified version of the parallel N-

body smoothed particle hydrodynamics (SPH) code GADGET-3. The simulation follows

the formation and evolution of galaxies and supermassive black holes in a standard ⇤ cold

dark matter universe, and uses several subgrid physics modules including (1) star formation

(Schaye and Dalla Vecchia, 2008), (2) stellar evolution and chemical enrichment (Wiersma

et al., 2009b), (3) radiative cooling and photoheating (Wiersma et al., 2009a), (4) stellar

feedback (Dalla Vecchia and Schaye, 2012), and (5) black hole growth and active galactic

nucleus (AGN) feedback (Rosas-Guevara et al., 2015). Table 2.2 provides the parameters

of the Ref-L100N1504 simulation used in this chapter.

Calculation of the H i fraction

The temperature and density of the gas in EAGLE are calculated directly as part of

the hydrodynamic simulation, accounting for radiative cooling and feedback processes

using subgrid models. A global temperature floor, Teos(⇢), is imposed, corresponding to

a polytropic equation of state, P / ⇢�eosg , where �eos = 4/3. This equation is normalised

to give a temperature Teos = 8⇥ 103 K at nH = 10�1 cm�3, which is typical of the warm
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Table 2.2: Basic properties of the EAGLE run Ref-L100N1504. Here, cMpc and ckpc refer
to comoving Mpc and kpc, respectively, while pkpc refers to physical kpc.

Property Units Value
(1) Comoving box side L cMpc 100
(2) Number of particles 2⇥ 15043

(3) Gas particle mass M� 1.81⇥ 106

(4) DM particle mass M� 9.7⇥ 106

(5) Gravitational softening length ckpc 2.66
(6) Max. gravitational softening length pkpc 0.7

interstellar medium (e.g. Richings et al., 2014).

Hence, the ionised, atomic and molecular gas phases of the interstellar medium are not

separated while running the simulation (and thus not fully consistent with the instanta-

neous star formation rates). Therefore, the amount of atomic material was calculated in

post-processing by Lagos et al. (2015). They first computed the neutral (atomic+molecular)

gas fraction of each particle following the prescription of Rahmati et al. (2013), which was

calibrated to cosmological simulations coupled with full radiative transfer calculations.

Rahmati et al. (2013) presented fitting functions to calculate the neutral fraction on a

particle-by-particle basis from the gas temperature and density, and the total ionization

rate (photoionization plus collisional ionization). Given the neutral gas fraction of a par-

ticle, Lagos et al. (2015) applied the Krumholz (2013) model to split this gas further into

its atomic and molecular phases. This model assumes that the dust-to-gas ratio and the

radiation field are the driving processes setting the H i/H2 ratio. It further assumes that

the dust catalyses the formation of H2, while the UV radiation destroys the dust, prevent-

ing the formation of H2. Lagos et al. (2015) assume the dust-to-mass ratio to scale with

the local gas metallicity and the radiation field to scale with the local surface density of

the star formation rate.

Given this way of computing H i masses in EAGLE, we then compute the atomic gas

fractions fatm of each cluster galaxy using the definition of Eq. (2.1), as in the observations.

Calculation of the q parameter

The parameter q remains as defined in Eq. (2.2). We assume � = 10 km/s for the H i

(� ⇠ 15 km/s is typically found in EAGLE, but a 50% change in the dispersion would

hardly change the results) and the global specific AM j is calculated via:

j =
M⇤j⇤ + 1.35Mgasjgas

M⇤ + 1.35Mgas
, (2.10)

where M⇤ and j⇤ are the mass and specific AM of stars, and Mgas and jgas are the mass

and the specific AM of the neutral hydrogen (H i +H2). This equation slightly di↵ers

from Eq. (2.6), because the neutral gas phases have been combined into a mean jgas in

Lagos et al. (2017), but note that this does not a↵ect the global baryonic j. Lagos et al.
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computed j⇤ and jgas by summing over all relevant particles k,

jphase =

����
⌃kmkrk ⇥ vk

⌃kmk

���� , (2.11)

where mk are the particle masses and rk and vk are the position and velocity vectors,

relative to the centre-of-mass. To estimate j⇤, they used star particles only, while the

estimation of jgas made use of all gas particles that have a neutral gas fraction > 0. Lagos

et al. showed that the stellar M⇤–j⇤ relation in EAGLE galaxies of di↵erent morphologies

has good agreement with measurements in the local universe by Romanowsky and Fall

(2012); Obreschkow and Glazebrook (2014); Cortese et al. (2016).

The resolution limit of the simulation constrains the galaxy selection. Schaye et al.

(2015) suggested that the results are consistent between the simulations being used here

and higher resolution, smaller volume simulations for M⇤ � 109M�. Lagos et al. (2017)

showed that the estimation of j⇤ is converged for M⇤ � 109.5M� (see their Appendix

A). We analyze galaxies with M⇤ � 109.5M� in this thesis. In addition, the simulated

isolated field galaxies with this selection turn out to be consistent with the analytical

q-fatm relation of O16. We discuss the analysis on EAGLE isolated galaxies in details in

Section 3.1. This suggests that we can trust �fq as a H i deficiency estimator in EAGLE.

EAGLE clusters

In EAGLE, haloes are identified using a friend-of-friends algorithm (FoF, Davis et al.,

1985). There are 10 clusters with Mhalo > 1014M� and 205 smaller clusters (or ‘massive

groups’) with 1013M� 6 Mhalo < 1014M� at z = 0. In this thesis, we use the 10 massive

clusters for comparing �fq between EAGLE and VIVA (Section 2.4.2), while we also

include the smaller clusters in the following time-evolution analysis (Section 2.4.3) for

increased statistical power.

We measure the distance of satellite galaxies from the centre of their cluster and

compare the results with the observation. The coordinates of each galaxy are available

from the EAGLE public database (McAlpine et al., 2016). We use the centre of potential

of the FoF group as the cluster centre and measure the 3D distance to the satellites in

units of R200 (of the particular cluster). The shapes of the clusters are irregular because

they are defined by as FoF groups. We select the galaxies at z = 0 that lie within less

than 1.75R200 from the cluster centres, regardless of whether these galaxies belong to the

cluster, to do our analysis and comparison.

2.4.2 H i fraction in EAGLE cluster galaxies at z = 0

We now compare the EAGLE clusters against the VIVA data. For consistency, we only

select the 10 most massive EAGLE clusters (Mhalo > 1014M�) against the VIVA data and

we only select the simulated satellite galaxies with fatm > 0.01 and q > 0.01 (as accessible

to the observations).

Figure 2.6 shows the comparison in the q�fatm plane (at z = 0). Most of the simulated
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Figure 2.6: (q, fatm)-distribution of the EAGLE satellite galaxies in clusters with Mhalo >
1014M�, selected as described in Section 2.4.2 and including 149 galaxies. The solid line
and shading show the q � fatm relation for field galaxies as in Figure 2.1. The colour bar
shows the 3D distance from the satellite galaxies to the cluster centre.

satellite galaxies lie in the H i undersaturated region, similarly to the observational data

(Figure 2.3). An advantage of the simulation is that we can investigate the causes of H i

deficiencies. Following Marasco et al. (2016), the dominant cause of H i deficiencies in

EAGLE clusters more massive than 1013.5M� is ram pressure stripping, with a significant

secondary contribution from high-speed satellite-satellite encounters, causing dynamical

heating of the cold gas. Tidal stripping plays a negligible role in our EAGLE satellites,

but becomes important in group-scale haloes (< 1013.5M�).

In Figure 2.7, we show the�fq-distance relation in EAGLE compared to VIVA. We find

that the tendency of galaxies in EAGLE, through very weak, becomes more H i deficient

as they get closer to the cluster centre, which is qualitatively similar with the VIVA.

Quantitatively the trend is more pronounced in VIVA because of the selection e↵ects.

Galaxies with higher H i content are preferentially selected by VIVA. However, Figure

2 in Boselli and Gavazzi (2006) presents the �fD-distance relation for a larger sample

of Virgo galaxies. The latter sample is characterised by a large scatter, similar to the

EAGLE galaxies. According to these observations, satellite galaxies in the outer parts

(R/R200 > 1.25) are hardly H i deficient (�fq ⇡ 0). However, in EAGLE, these satellite

galaxies are still significantly stripped even far away from the cluster centre. Because

clusters in EAGLE are identified by the FoF algorithm, they usually are not spherical

and galaxies outside the virial radius may still be significantly a↵ected by the dense gas

environment and hence su↵er from stripping.
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Figure 2.7: �fq as a function of the 3D distance to the centre of potential of EAGLE
galaxies. The blue points represent the galaxies identified inside the clusters by friends-
of-friends (FoF). The purple pluses mean the galaxies outside the clusters. The bigger the
size of the symbols, the larger the baryonic mass of a galaxy. The green diamonds and
line represent the mean value of all the selected EAGLE galaxies in di↵erent radius bins.
The red line is the �fq-distance relation of Virgo galaxies from Figure 2.4, normalized by
the virial radius 2.2 Mpc of Virgo cluster.

2.4.3 Tracing the H i evolution history of cluster galaxies

Part of the reason for the large scatter in the simulated distance–�fq relation (Figure

2.7) is that satellite galaxies with similar distances to their cluster centres have di↵erent

histories. To understand the variety of these histories, we traced the satellite galaxies

identified at z = 0 back in time to redshift z = 2 across 13 simulation snapshots. The time

interval between snapshots is ⇡ 0.5 � 1 Gyr, depending on the snapshot (see McAlpine

et al., 2016). We use the merger trees from Qu et al. (2017), which are available in the

public database, to reconstruct the history of the satellite galaxies. In addition, we record

the halo mass, stellar mass, the H i mass from Lagos et al. (2015) and the specific AM from

Lagos et al. (2017) for each galaxy at di↵erent redshifts, from which we can reconstruct

their q and fatm histories.

In order to increase the statistical power of this evolution analysis, a less restrictive

selection was applied than in the VIVA comparison of Section 2.4.2. We selected all

galaxies at z = 0 with M⇤ > 109.5M�, q > 0.01, fatm > 10�5 in (low-mass and high-mass)

clusters with Mhalo > 1013M�. The sample includes 724 galaxies. (Note that there are

many more cluster satellites without atomic gas in EAGLE.)

Figure 2.8(a) shows the most typical scenario, representative for about 75% of the

simulated satellite galaxies in the samples. A field galaxy evolves near the analytical

saturation relation until it enters a cluster, at which point its H i starts getting stripped

almost immediately, i.e. within the time spacing of 1–2 snapshots (. 1 Gyr). Some galax-
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(a)

(b)

(c)

Figure 2.8: Three tracks of EAGLE galaxies in the q � fatm plane from z ⇡ 2 to z = 0.
Arrows show the direction of time. The colours of the points represent the mass of the
parent halo. The top panel is the most common history among the satellite galaxies in
our sample ( 75%), while the middle and bottom panels show rarer cases of pre-processing
( 7%) and lack of stripping ( 15%) respectively.
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ies (about 7%) are already ‘pre-processed’ in massive groups (1012M�–1013M�) before

entering a cluster. Such an example is shown in Figure 2.8(b). The pre-processing often

occurs in relatively massive groups, with halos masses very close to the threshold we are

using, Mhalo ⇠ 1013M�, and can also involve tidal stripping according to (Marasco et al.,

2016). Finally, there is a fraction (15% ) of galaxies which show a more curious behaviour

in that they stay near the saturation relation despite entering a massive group or cluster

(e.g. Figure 2.8(c)). These galaxies are mostly found in the lowest mass ‘clusters’ (i.e.

large groups, near the threshold of 1013M�). We find that the galaxies which stay near

the saturation relation despite becoming satellites, tend to have large stellar masses (typi-

cally > 1010.5M�) and hence have high stellar-to-halo-mass ratio (log10M⇤/Mhalo ⇠ �2.0

compared to log10M⇤/Mhalo ⇠ �3.5, which is the typical value of galaxies in the cases

of Figure 2.8(a) and (b)). Another factor is that some of them can be on the far out-

skirts (> 0.8R200), where environmental e↵ects are indeed expected to be small. Recently,

Wright et al. (2018) using EAGLE, showed that the stellar-to-halo-mass ratio of satellites

was a strong predictor of whether quenching happens and the e�ciency of quenching (i.e.

in terms of quenching timescale). Satellites with large stellar-to-halo-mass ratios tend to

have important inertia against quenching, and if they do quench, they tend to do it over

long timescales (> 4 Gyr). Our results are therefore consistent with this picture, and

add to it in the sense that we see the gas content being una↵ected for the tail of high

stellar-to-halo mass ratio satellites. Observationally, a similar trend is detected in that

the quenched fraction of satellite galaxies decreases steeply with increasing stellar-to-halo

mass ratio (Davies et al., 2019). An additional e↵ect to halo mass, is the stellar mass of

the satellite galaxies, and more specifically the stellar-to-halo-mass ratio.

A way of representing the statistical evolution of �fq of all 724 satellite galaxies is

shown in Figure 2.9. This figure displays the histogram of �fq in four di↵erent snap-

shots: immediately before entering a halo of Mhalo > 1013M�, two snapshots later, three

snapshots later and at z = 0. The time interval between each snapshot is di↵erent and

we hardly know the exact time when galaxies fall into a cluster. Thus we estimate the

possible shortest and longest time range between the falling time and these snapshots, as

the legends show.

In Figure 2.9(a), the galaxies exhibit a rather symmetric distribution in �fq with

a mean close to zero, showing that no significant H i deficiencies are seen, on average.

The only exception is the few systems in the skewed positive tail at �fq > 0.5, which

correspond to pre-processed systems such as shown in Figure 2.8(b).

At later times (panels (b)–(d)), the galaxies become increasingly H i deficient. The

sparse snapshots in EAGLE limit a precise determination of when exactly the galaxies

enter a cluster and how quickly their H i removal occurs. On average, the galaxies are

5–100-times H i deficient at z = 0, i.e. their H i mass is 5–100 times smaller than the

saturation mass (16- and 84-percentile range).
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(a)

(b)

(c)

(d)

Figure 2.9: �fq distributions of satellite galaxies in clusters more massive than 1013M�
(other selection criteria described in Section 2.4.3). The four panels represent four di↵erent
snapshots, relative to the time the galaxies first entered their cluster.
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2.4.4 Discussion of quenching of EAGLE cluster galaxies

Let us finally discuss the link between the H i deficiency estimator �fq and the suppres-

sion of star formation. Observations (e.g. Cortese and Hughes, 2009; Boselli et al., 2014a)

present a tight relation between the specific star formation rates and traditional H i defi-

ciency parameters, indicating that the removal of gas changes faster than the quenching

of the star formation activity. In hydrodynamic simulations and semi-analytic models,

galaxies with suppressed star formation (SF) are typical also very H i poor or even have a

complete absence of gas (Lagos et al., 2014; Marasco et al., 2016; Crain et al., 2017; Lagos

et al., 2018a; Stevens et al., 2019, among ohters). Among the physical processes behind

this relation are galaxy-galaxy encounters (Marasco et al., 2016), ram pressure stripping

(Stevens et al., 2019), strangulation (Lagos et al., 2018a).

Here, we define the amount of quenching as the o↵set of a galaxy from the ‘main

sequence’, i.e. the mean M⇤–Ṁ⇤ relation at the considered redshift. The o↵set is measured

in logarithmic units along the Ṁ⇤-axis,

�Ṁ⇤ = log10(Ṁ
MS
⇤ )� log10(Ṁ

gal
⇤ ), (2.12)

where the reference value ṀMS
⇤ is drawn from a redshift-dependent power-law fit to the

M⇤–Ṁ⇤ relation, for the subsample of galaxies with stellar masses between 109M� and

1010.5M� and with specific star-formation rates (sSFR = Ṁ⇤/M⇤) whose log10

⇣
sSFR
Gyr�1

⌘
>

�2+0.5z. This sSFR cut (for z < 2) was proposed by Furlong et al. (2015) for the EAGLE

simulations to exclude passive galaxies from the fit.

In other words, we fit the main sequence to EAGLE galaxies that are considered as

star-forming at their redshift, and we use this fit to estimate the distance to the main

sequence for individual galaxies.

Figure 2.10 presents the�fq��Ṁ⇤ relation for the same snapshots (relative to entering

the cluster) as shown in Figure 2.9. When the gas is removed (�fq becomes positively

skewed), galaxies also get quenched (�Ṁ⇤ becomes larger). In a recent analysis of the

Illustris-TNG simulation, Stevens et al. (2019) also found that the quenching occurs ‘as

soon as’ (i.e. within the time resolution of 140 Myr) the H i is environmentally stripped.

Interestingly, the �fq–�Ṁ⇤ is not a one-to-one relation, in that the relative amount

of quenching is smaller than the H i deficiency, irrespective of how long ago the quenching

started. This finding is qualitatively consistent with observations in the range of �fq < 1

(e.g. Cortese and Hughes , 2009) and explainable by the fact that stripping preferentially

acts on the low-density outskirts of galactic disks, where the specific star formation rates

of H i are very low. Removing this H i only implies a relatively small e↵ect on star-

formation. However, in heavily stripped systems (�fq > 1), the results of observations

and our simulated sample are in tension. Cortese and Hughes (2009); Boselli et al. (2014b)

showed that when �fD > 1 (which is similar to �fq), few galaxies are still in the SF main

sequence while most of them are quenched. In our simulated sample, however, many

galaxies still are on the SF main sequence despite them having �fq > 1. One caveat is
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that our EAGLE galaxies are selected to have high H i masses; even though the abundance

of H i is small relative to the galaxy’s mass and AM, enough gas particles remain to form

new stars. We are limited by our resolution, as at the limit of heavily stripped galaxies,

the HI abundance suddenly goes to zero, and hence we cannot reliably track the loss of

HI below MHI ⇡ 5⇥ 107M�. These galaxies with zero gas are excluded from our sample

and not shown in the plots.

A direct comparison of the slope in the �fq–�Ṁ⇤ between di↵erent models is not

straight forward. For instance Figure 8 of Stevens et al. (2019) shows that �Ṁ⇤ and

�fq covary, but a direct comparison to our study is complicated by di↵erent analysis

techniques. A comparison of the �fq–�Ṁ⇤ between models and observations could o↵er

an interesting avenue for future research, which might benefit from the use of �fq as a

uniform definition of H i deficiencies.

2.5 Conclusions

In this chapter, we analysed the H i deficiencies of environmentally a↵ected cluster galax-

ies in the theoretical framework of the (q, fatm)-plane, where q is the atomic stability

parameter introduced by O16. Isolated star-forming galaxies lie on a tight relation in

this plane, which matches the analytically predicted relation for H i-saturated exponen-

tial disks. The o↵set �fq from this relation is thus a sensible definition of a galaxy’s H i

deficiency accounting for its baryonic mass and AM, i.e. its major dynamical properties.

By applying �fq to the galaxies in the VIVA survey, we confirmed the validity of �fq

as a sensitive probe of environmental removal/suppression of H i (e.g. due to stripping).

In doing so, the q-values of the VIVA galaxies were computed using AM measurements

from spatially resolved kinematic 21cm data. By calculating �fq for cluster galaxies in the

EAGLE simulation, we confirmed that this simulation exhibits a qualitatively similar trend

of H i-deficiencies as a function of cluster-centric distance, although a more quantitative

comparison would require more than one observed cluster. The simulation allowed us to

trace stripped galaxies back in time and determine the moment when the H i deficiencies

first become detectable. Through a statistical analysis of 724 galaxies in clusters more

massive than 1013M�, we found that the �fq distribution morphs significantly (towards

positive values) as soon as the galaxies first enter their cluster’s viral sphere. This is

paralleled by a slightly delayed quenching in the star-formation activity.

Compared to standard non-kinematic empirical definitions of H i deficiencies (such as

the stellar mass based �fM , or the optical size+morphology based �fD), �fq exhibits a

list of interesting advantages: (1) it has a direct physical interpretation in terms of the

H i saturation point; (2) In the case of disk-dominated systems, �fq does not require any

calibration to a reference sample of field galaxies, although we used such a reference sample

to demonstrate that �fq ⇡ 0 in this case; (3) �fq can be measured in observations and

simulations in a like-to-like way. These advantages come at the prize of requiring kinematic

data, ideally kinematic maps with . 1 kpc spatial and . 10 km/s velocity resolution in

the rest-frame.
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(a)

(b)

(c)

(d)

Figure 2.10: The �fq��Ṁ⇤ relation of the galaxy sample for the same snapshots (relative
to entering the cluster) shown in Figure 2.9. Light and dark grey shaded regions represent
1/5 to 5 and 1/3 to 3 factors and above the SF main sequence, respectively. These factors
are commonly used in the literature to define the SF main sequence width (Béthermin
et al., 2015).The black squares and lines show the mean value of �Ṁ⇤ in bins of �fq.
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With the fast rise of integral field spectroscopy surveys (e.g. SAMI, HECTOR, MANGA)

and radio interferometry surveys of H i (e.g. WALLABY and DINGO) on the Australian

Square Kilometre Array Pathfinder (ASKAP) will move the field of survey astronomy to-

wards large galaxy samples with su�cient data for accurate mass and AM measurements

and hence good determinations of �fq. Data from these surveys, as well as unresolved

H i data from optically complete alternative surveys (e.g. Catinella et al., 2018) will en-

able much more systematic analyses of galaxies in the (q, fatm)-plane. These studies will

allow testing detailed theoretical predictions emerging from cosmological simulations and

semi-analytic models. For instance, Stevens et al. (2018), using the semi-analytic model

DARK SAGE, qualitatively predicted the di↵erent q–fatm distributions of galaxies, whose

H i was removed by entirely di↵erent mechanisms, such as ram pressure stripping, minor

mergers and quasar-mode feedback.



Chapter 3

Supplementary materials and

outlook

This chapter expands on the discussion of the EAGLE simulation. In particular, it dis-

cusses (1) the (q, fatm)-distribution of field galaxies in the local universe (z = 0), (2) the

factors, which a↵ect the e�ciency of H i stripping, and (3) the evolution of �fq of the

quenched galaxies. In the end, we summarise this thesis and present a brief outlook.

3.1 Supplementary EAGLE discussion

We now reproduce the q � fatm relation of the local universe using the simulated field

galaxies at z = 0. We select the simulated galaxies with 1011M� < Mhalo 6 1012M�,

M⇤ > 109.5M�, q > 0.01, fatm > 0.01. This results in a sample of 2212 field galaxies. Field

galaxies su↵er less from environmental e↵ects and are thus expected to be H i saturated.

Figure 3.1 shows the (q, fatm)-distribution of simulated galaxies. Most of these galaxies

lie close to the analytical H i saturation relation. However, some galaxies are markedly H i

undersaturated, similar to the 149 cluster galaxies in Figure 2.6. In order to verify that

field galaxies are indeed less H i deficient than cluster objects, we compare their respective

�fq-histograms in Figure 3.2. This comparison demonstrates that the simulated cluster

galaxies are indeed more frequently H i deficient than the field galaxies. At this moment it

is not entirely clear, why some field galaxies are quite strongly H i deficient. They might,

for instance, have passed through a dense cluster/group environment at an earlier time.

A more robust analysis would require more field galaxies in the H i undersaturated region.

Another aspect of Section 2 that needs some more consideration is the mass limit placed

on our simulated cluster sample: In Section 2.4.4, we enlarged our sample to galaxies in

massive groups whose final halo mass (at z = 0) satisfies Mhalo > 1013M�. We concluded

that stripping happens after galaxies fall into a massive group. We now want to verify that

the same conclusion can be drawn if the final cluster masses are limited to Mhalo > 1014M�

at z = 0. This restricted case is shown in Figure 3.3. Note that we still keep tracking the

galaxies when they enter a group of 1013M�, but the data in this figure only shows the

galaxies that lie in a 1014M� halo at z = 0. From the comparison of Figure 3.3 with figure

30
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Figure 3.1: (q, fatm)-distribution for EAGLE field galaxies.

Figure 3.2: The �fq number distribution for EAGLE field and cluster galaxies. The y-axis
shows the normalised number density. The field galaxies shows a peak at �fq ⇠ 0, while
the cluster galaxies have been more stripped. The p-value from Kolmogorov-Smirnov test
for these two distributions is 3.6⇥10�7, indicating that the two distributions are di↵erent.
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2.9, we can see that the qualitative result stays the same (obviously with vastly di↵erent

numbers of galaxies).

Moreover, as we discuss in Section 2.4.3, ‘pre-processed’ galaxies often occur in rel-

atively massive groups. In order to demonstrate this point, we compare the halo mass

distribution of the snapshots before they fall into a halo with Mhalo > 1013M� between

the pre-processed galaxies, selected by �fq > 0.5, and the ‘normal galaxies’, defined by

�fq ⇠ 0. Figure 3.4 displays di↵erent distribution of their halo mass, in which a larger

fraction of ‘pre-processed’ galaxies stay in the relatively massive groups.

Nearly 15% of the simulated galaxies still stay near the saturation relation despite

becoming satellites. These galaxies tend to have higher stellar mass and/or higher stellar

mass-to-halo mass ratios, with the deeper gravitational potential protecting them against

environmental e↵ects. Figure 3.5 and Figure 3.6 tests this scenario by comparing the M⇤

and M⇤/Mhalo distributions between less stripped and stripped galaxies. This comparison

supports our argument.

In Section 2.4.4, we discuss the link between the H i deficiency estimator �fq and

the suppression of star formation. Gas in the outskirts of galactic disks is preferentially

stripped, the e↵ect of which to the star forming region in the inner part is insignificant.

To better understand this scenario, we distinguish between outer and inner regions of the

galaxy for the j calculation at z = 0. In Figure 2.10 fourth panel (the same with Figure

3.7 top panel), j is calculated within 60 kpc (where j becomes constant) to obtain �fq.

In Figure 3.7 bottom panel, j is calculated within the half stellar mass radius. �Ṁ⇤

remains unchanged. �fq–�Ṁ⇤ is closer to one-to-one relation if we only account for j

within the inner part, but the scenario is the same: the removal of gas changes faster than

the quenching of the star formation activity.

3.2 EAGLE quenched galaxies

In Chapter 2, we discuss the relationship between the SFRs and the H i gas removed from

galaxies. We focused on the star-forming galaxies in that sample. This section investigated

whether the star formation stopping and H i gas removal happen at the same time, but

for quenched galaxies at z = 0 instead.

Large observational galaxy surveys have demonstrated a distinct bimodality in the

galaxy color-magnitude diagram (CMD) (Strateva et al., 2001). Most galaxies tend to

fall into two separate color locations: ‘red sequence’ and ‘blue cloud’. The red sequence

contains galaxies which are typically early-type and have lower star formation rates. The

blue cloud includes galaxies which are typically late-type and have higher star formation

rates. Between these two populations is called the green valley. The galaxies in the green

valley are sparse but imply that the galaxies evolve from the blue cloud to the red sequence

rapidly as their star formation rates get slower. This color transformation is referred to

as galaxy quenching.

The motivation of this chapter is similar to Section 2.4.5: does the star formation

stop after the atomic gas is removed? But the selection of galaxies is di↵erent. Our work
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Figure 3.3: �fq distributions of satellite galaxies in clusters more massive than 1014M�
at z = 0 (other selection criteria described in Section 2.4.3), including 167 galaxies. The
four panels represent four di↵erent snapshots, relative to the time where the galaxies first
entered a massive group (Mhalo > 1013M�).
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proceessed

Figure 3.4: Histograms of Mhalo for pre-processed galaxies and normal galaxies. The
former one is defined as �fq > 0.5 before entering a cluster, while the latter one is defined
as �0.3 < �fq < 0.3 before falling into a cluster and �fq > 0.5 at z = 0.

Figure 3.5: Histograms of M⇤ for less H i stripped galaxies and H i stripped galaxies.
The former one is defined as �fq < 0.08 at z = 0, while the latter one is defined as
�0.3 < �fq < 0.3 before falling into a cluster and �fq > 0.5 at z = 0.
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Figure 3.6: Histograms of M⇤/Mhalo for less H i stripped galaxies and H i stripped galaxies.

Figure 3.7: The �fq��Ṁ⇤ relation of the galaxy sample for the same snapshots (relative
to entering the cluster) shown in Figure 2.9. Top panel: �fq with j accounted for outer
part of galaxies; Bottom panel: �fq with j only accounted for inner part of galaxies.
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Figure 3.8: Upper panel: �fq distribution before the galaxies left blue cloud. Middle
panel: �fq distribution when the galaxies left blue cloud. Lower panel: �fq distribution
when the galaxies joined red sequence.

is based on Wright et al. (2018). The authors selected the EAGLE galaxies in the red

sequence at z = 0 and traced the galaxies’ histories by using the merger tree. Also, the

authors determined when these galaxies left the blue cloud and when they joined the red

sequence by using the color-diagram.

We calculated q and fatm as the same with Chapter 2. Then we measured �fq of the

selected galaxies in three time steps: the time step before the galaxies left blue cloud, the

time step they left blue cloud and the time step they joined red sequence.

Figure 3.8 shows the �fq number distribution at these time steps. In the upper panel,

there is a peak at �fq = 0 as well, but the scatter is larger than Figure 2.9. Gas is already

stripped in some galaxies. The middle panel presents a broader distribution. When the

galaxies left blue cloud, the stripping becomes stronger. When the galaxies joined red

sequence, the distribution becomes widely spread. We conclude that H i gas removed

before the star formation quenching.

3.3 Outlook

We investigate how the galaxies in clusters evolve in the (q, fatm)-plane and define a

physically motivated H i deficiency �fq, related to galaxy saturation points. This new
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H i deficiency can be measured in observation and simulation easily and hence, o↵ers a

bridge for comparing them in a like-to-like fashion. By using this definition, we are able to

discuss the gas removal processes and the other sub-galactic processes, e.g. star-formation

and quenching.

AM is a door to understand sub-galactic astrophysics, global galaxy evolution studies

and large-scale cosmology. With the advancement of radio interferometers, such as SKA

and its pathfinders, the AM can be measured more accurately and deeper into the universe.

This o↵ers us an opportunity to study fundamental physical quantities. The on-going

surveys, such as DINGO and WALLABY, enable us to explore the HI in the deeper

universe. Potentially, we can explore the origins of disk galaxies, AM evolution at higher

redshift by using DINGO and WALLABY data. These future work will pave the way

towards the rich AM science with SKA.
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M. P. Haynes, The H I Content of Spirals. II. Gas Deficiency in Cluster Galaxies, ApJ ,

548 , 97–113, 2001.

Stevens, A. R. H., C. d. P. Lagos, D. Obreschkow, and M. Sinha, Connecting and dissecting

galaxies’ angular momenta and neutral gas in a hierarchical universe: cue DARK SAGE,

MNRAS , 481 , 5543–5559, 2018.



REFERENCES 43

Stevens, A. R. H., et al., Atomic hydrogen in IllustrisTNG galaxies: the impact of envi-

ronment parallelled with local 21-cm surveys, MNRAS , 483 , 5334–5354, 2019.

Strateva, I., et al., Color Separation of Galaxy Types in the Sloan Digital Sky Survey

Imaging Data, AJ , 122 , 1861–1874, 2001.

Teklu, A. F., R.-S. Remus, K. Dolag, A. M. Beck, A. Burkert, A. S. Schmidt, F. Schulze,

and L. K. Steinborn, Connecting Angular Momentum and Galactic Dynamics: The

Complex Interplay between Spin, Mass, and Morphology, ApJ , 812 , 29, 2015.

Toomre, A., On the gravitational stability of a disk of stars, ApJ , 139 , 1217–1238, 1964.

van de Voort, F., and J. Schaye, Properties of gas in and around galaxy haloes, MNRAS ,

423 , 2991–3010, 2012.

Walter, F., E. Brinks, W. J. G. de Blok, F. Bigiel, R. C. Kennicutt, M. D. Thornley, and

A. Leroy, Things: the H I Nearby Galaxy Survey, AJ , 136 , 2563–2647, 2008.

Wang, L., D. Obreschkow, C. D. P. Lagos, S. M. Sweet, D. B. Fisher, K. Glazebrook,
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